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§0. Introduction.

Newlander and Nirenberg proved that a sufficiently differentiable
almost complex manifold satisfying the complete integrability conditions is a
complex manifold. From a different point of view we may consider this
Newlander-Nirenberg theorem as an extension of the Beltrami equation to
several complex variables. Vekua [15], established the theory of gener-
alized analytic functions which are solutions of the so-called generalized
Cauchy-Riemann equation s f= a(z, 2)f+b(z, 2)f, where a(z, 2), b(z,2) are
defined in a domain in z-plane and satisfy some conditions there, where the
differential operator 07 is used in the sense of distributions and is defined
by (1/2)(0,+10,), z= x-+1iy, in the case of ordinary derivations, and where we
denote the conjugate of a complex number by a bar. The generalized analytic
functions preserve a number of fundamental topological properties of analytic
functions of one complex variable (the identity theorem, the argument prin-
ciple, etc.). Moreover such analytic facts as the Taylor and Laurent expan-
sions, the Cauchy integral formula, etc. remain valid.

In the theory of generalized analytic functions the representation formulas
of the first (the reciprocal formula) and second (the generalized Cauchy integral
formula) kinds play important roles. Bers called the representation
formula of the first kind the similarity principle.

Accordingly from the above-mentioned it is seen that in order to extend
the Vekua’s theory to several complex variables we shall need the analogous
representation formulas for several complex variables.

We can ask the following question: Under what conditions can we have
such formulas? Since the system of first order differential equations, with
which we want to deal in the present paper, has the conjugate f of the
unknown function £, so long as we have the compatibility conditions, we are
compelled to take the additional first order differential equations. Therefore
for the purpose of making full use of such additional differential equations
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we shall impose some integrability conditions on the coefficients of our system
and then there exists a change of variables such that our system is reduced
to a single differential equation of one variable. Though the additional
differential equations still remain, the above problem is solved locally by
reducing to the case of one complex variable. Moreover for the purpose of
showing that our discussion in the present paper is not empty we shall show
examples satisfying the above integrability conditions.

We should remark that if the coefficients of our system are anti-holo-
morphic, we have a necessary and sufficient condition in order that a non-
trivial solution may exist, and remark that from this we obtain that any
solution of our system is written in the composed form f{a(z,, -, Zn, Z1, =+ » Zn)}»
where f is the solution of a generalized Cauchy-Riemann equation of one
complex variable and ¢ is determined by the coefficients and is holomorphic.
Furthermore we shall remark that, when a domain of the definition of coef-
ficients is a simply connected domain, we obtain global solutions and the
above problem is solved.

On the contrary if the coefficients of our system have a smoothness only,
we must have several integrability conditions which are local properties.
Therefore, so long as we globally consider our system, we must check the
compatibility of conditions, but such a problem is solved. And we obtain
locally the same result as the case of the coefficients being anti-holomorphic.

Here we explain the notations used in this paper.

C=(U) is the set of all functions defined in U whose partial derivatives
of all orders exist.

C"=CX -+ XC is the Cartesian product of n copies of the complex plane
C which we identify with R*". '

For the points of C™ we shall use the notation z=(z, -, z,), where
z;=x;+1y;€C and x;, y; are real numbers. However, since we shall mainly
think of the functions of class C*=, the function of z will be denoted by f(z, 2)
and hence in case of holomorphic functions we shall use the notation f(2).

4d(a, r) is a polydisc defined by a subset {zeC"||z,—a;|<7r, 1<j=<n};
the point a = C™ is called the center of the polydisc, and r is called the
polyradius.

As a convenient notation we shall introduce the first order partial operators

1 . 1 .
0,.= azj—za,,j) and a,—jo(a,j+zayj),

j 7(
where z;=x;+1y;.
By 9,, d; we shall denote the notations a,j, a;,. respectively.
Whenever we speak of a neighborhood in C®* we mean that it is homeo-

morphic to a polydisc.
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§1. Reduction to the normal form.

We first consider the following system of first order partial differential
equations (overdetermined system for n=1):

(LD Lif=3,/— 3 a;d.f=a; f+5,7, 1=j=n,
p=

‘where all the coefficients are, for simplicity, of class C* in a neighborhood
-of the origin in C", and where ,,(0)=0, 1 =<p, ¢=<n.

REMARK 1.1. Suppose that the nXn matrix A(0) = (a,,(0)) is not the zero
one. We put

1z D=3 a0 a2, 2), 1=pv=n.
s=1

‘We define two nXn matrices A and I' as follows :
A=0(a,4(2,2) and I =(yp(z, 2)).

‘We denote the transposed matrix of A(0) by A(0)*. Suppose that det (E—TI")
=+ 0 at the origin and that

E  A0)*
det #0,
A0)* E

‘where E is the nXxXn unit matrix. For example, if |a,,(0)], 1=<p, ¢g=n, are
sufficiently small, then such conditions are fulfilled.
Then, by introducing new independent variables

w=z+A0)*z,

‘we may reduce the equations (1.1) to the case a,,(0)=0, 1=<p, ¢ =n, where
w, z are n-dimensional column vectors and Z is the conjugate vector of z.
We want to find a solution of (1.1) of the following form

f=gexp .
Inserting this into (1.1), we obtain
Li(g)=b;{exp @—D}g+{L,(D)—a;}g, 1=j=n.

1f we may take a solution £ of the system of differential equations
1.2y Li{(Q2)=a;, 1=j=n,
then we may reduce the system (1.1) to the system of equations
(1.3) Li{f)=b,f, 1=j=n.

We first require the hypothesis: the commutators vanish, that is,

[Lj; Lk]:O)
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and hence

(Cy Ljaw)=L(a;), 1=jkt=n.
Then we obtain the compatibility conditions

(0% Lj(a,)= L(a;), l=sj,k=n.

Changing the variables z into the variables {, with the aid of the Newlander-
Nirenberg theorem [12], we may transform (1.2) into

(1.4) or2=a;, 1=j=n,

where

a; = Z (acjz#)dﬁ ,
#=1

2=0{2, 0, 2, ) and a=a{z(C, &), 2 D)}

Then it is verified by some computations that
1.5 0z = agjak , 1<j,kzZn.

In fact, using the relations

” -
asz/z+ 2‘ av.u(ac_jzv) =0, 1=y, )4 =n (see ’
we obtain

(16) azkdi

I
M=

(d.a;— i)‘au,,agaj)(ackzu)
1 a=1

il

v

b2 L.(a,)@¢,2.)

I

b Li(a,)@.,2,) (by™(CY)).

On the other hand, using [(1.6), we have
1.7 P50 = TGz Z0tt 3 L0 2,057,

Since the right-hand side of is symmetric with respect to j, 2, we obtaimr
(1.5).

Without loss of generality, we may assume that the neighborhood of the-
origin into which is transformed by the above change of variables is a
polydisc {{=C"||{;|<r, 1=j=n}. Therefore it is seen that a solution of
(1.4), under the compatibility conditions [(1.5), is given explicitly (see [1Z]..
Thus we have reached the following

LeEMMA 1.1. Under the assumptions (C,), (Cy) there exists a solution of (1.2)
in a neighborhood of the origin.

REMARK 1.2. This lemma is contained in Hérmander’s theorem (see [97])..

It is seen from Lemma 1.1 that under the assumptions (C,), (C,) the system
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of equations (1.1) is reduced locally to the system [L.3).
Furthermore, by using the change of variables in the proof of Lemma 1.1,
we may reduce the system into the following normal form :

1.8 5,f=5,f, 1=j=n.

In the case of L;=4,, that is, all a,, of the system (1.1) being identically
zero, our reduction to the normal form is carried out globally :
Let D be a polydisc 4(z° r). General solutions of the equations

(1.9) 9, f=a;f, 1=j=n,
are given under the assumption (C,) in the following form (see [10],
(1.10) f(z,2=¢(2)exp 2(z, 2) ,
where ¢(z) is a holomorphic function in D and 2(z, 2) is defined as follows:
(L.11) 06 2=3 (( +11);‘ ST, 3, Tids,Telas)
‘where T'; denotes the integral operator

(T;a)(z, 2) = 2m le s Ay 2,0, Gy ey 2y G o ngzC
and 3 denotes the summation over all (s+1)-tuples with j,, -+, j;, 2 mutually
distinct.

Let D be a domain of holomorphy. With the aid of Hérmander’s theorem
9], it is seen that (1.9) has a solution in D under the assumption (C,).
Therefore the system of equations (1.1) (L, =24,) can be reduced to the type
(1.8).

REMARK 1.3. We note that in case of D being a polydisc solutions of the
system (1.9) are given explicitly in the form (1.10).

REMARK 1.4. We may consider a polydomain instead of a polyd1sc in the
formula (1.11).

§ 2. Definitions, and properties of solutions,

Let G be a domain (connected open subset) in C" and the coefficients b;
be of class C~(G).

We shall call the system (1.8) the “ generalized Cauchy-Riemann equa-
tions”

Let D be any subdomain of G whose closure is contained in G (we denote
by DEG). We call a function f, which is not identically zero and is of class
CY(D), a regular solution (or merely solution) of (1.8) in D, when f satisfies
the system of equations (1.8) at every point of D.
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Unless otherwise stated, it will be assumed that all the functions under
discussion are of class C* in a domain considered.

Let D be a bounded domain. Following the definition of one variable,
we call two functions f(z, 2), g(z, 2), defined in D, similar if the ratio f/g is
bounded, bounded away from zero and continuous on the closure of D (see
11 [7D.

Let #(D) denote a class consisting of all functions which satisfy a certain
condition on D and let M, (D) denote a subclass of H(D). We say that a
given system of the differential equations defined in G satisfies the similarity
principle with respect to the class M, D), when every solution of the system
of differential equations considered is similar to a function in H#,(D) and,
conversely, to correspond a given function in #,(D) there exists a solution
of the system of differential equations such that two functions are similar.

If D is a neighborhood of a point, then we shall use the following ter-
minology : local similarity principle.

Let A(D) be the class consisting of all holomorphic functions in D and
AD) be a subclass of A(D) such that A,(D) satisfies a certain condition
given later on. Of course, we may consider A, (D)= A(D). Then, under
what assumptions will the system of differential equations (1.8) satisfy the
similarity principle with respect to A,(D)? The author [10] proved the
following

THEOREM 2.1. Let all b; be holomorphic functions in G and not zero at a
point 2° in G. Assume that in a neighborhood U of 2°, UC G,

X, (b7'0;)— X ;(b;'6,) =0, 1=5,k=n—1,

where we put X;h=b,0,h—b0,h. Then (1.8) has a solution in a neighborhood
Vof 2° VCU, if and only if d,b;=20,b; in G. And the system (1.8) satisfies
the local similarity principle with respect to ALV) which is defined as follows:
Let ¢ be a holomorphic function in 'V which is a solution of the differential
equations
b,0;6—b;0,6=0, 1=7=n-1.

The class A(V) consists of all the composite functions o ¢ = @{¢(2)}, where ¢
is a regular analytic function of a complex variable defined in ¢(V).

In section 10 we shall give another formulation and proof of this theorem.

Let the class O(K) denote the set of all functions which are defined in
an open disc K and satisfy except, possibly, for isolated singularities, the
Beltrami equation

0;8+a0d, g=0, la|=c,<1.

We shall denote by Q(K) a subclass of Q~(K), whose elements do not have
singularities.
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Here we state the following lemma for a complex variable, which we shall
use later. The conditions on coefficients are, for convenience, very strong
(see [T, [Z] [3] [£]. [7] and [T6D.

LEMMA 2.1. Let K be an open disc with center the origin and radius v in
the complex plane. Suppose that the junctions «, B and y are defined in a
neighborhood of the closure of K and that |a|=<c, <1 in K, where c, is a positive
number. Then the differential equation

Osf+ad, f=Bf+rf

satisfies the similarity principle with respect to the class Q(K).

In case of a =0 we have the so-called similarity principle. In this case
O(K) is identical with the class A(X) which is composed of all regular analytic
functions in K except, possibly, for singular points.

In order that we may obtain a sufficient condition under which the system
(1.8) has a solution having not zero points, we have the following lemma.

LEMMA 2.2. Let f(z,2) be a function of a complex variable z defined in an
open disc K and satisfy the system of differential equations

cf=af+bf, 0,f=Af+Bf,
where a,b, A and B are defined in a neighborhood of the closure of K. Then

f has no null point in K.
In fact, assume that f has a null point z, in K. By we have

f=(z—z)"expg
=(Z—Z,)"exph
in a sufficiently small neighborhood of z,, where m is a non-negative integer
and g, h are defined and of class C in that neighborhood. By considering
arg (z—z,) we obtain m=0.
Putting
a:(aly"' :an)’ g:(an ""gn),
af:(alf,"' xanf)’ af:(gxf’”"anf)’
we now define two matrices B, C by
of of \
) el
— ] _}
of af
Let f be of class C'(D). We may assume, removing, if necessary, a suit-
able relatively closed and nowhere dense set from D, that rank (B, C) is a
constant in D. So, let rank (B, C) equal 1 in D. Then, in a neighborhood U

of every point of D there exist two functions 4, # of class C'(U) such that
they satisfy [A]4|p¢l==0 and fulfill
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(2.1)

A0, f+pd;f=0, :
{ l=)=n.

A3, f+pd; f=0,

Let 20 at a point z, U. If f satisfies the system of differential equations
(1.8), then we obtain from the first part of and (1.8) that

0;f=—2"'ub;f, 1=j=n,

in a still smaller neighborhood V of z,, With the aid of it is seen
that f has no null point in V. Thus we obtain the following

THEOREM 2.2. Let f be a solution of (1.8) such that rank (B,C)=1 in D.
Then f has no null point in D.

We next shall consider the case that a solution f of (1.8) has null points
in D.

Let M, be the set {ze D| f(z,2)=0} and let M, be not empty. Suppose
that M, has an interior point 2. Since D is connected, without loss of
generality we may assume that D is a polydisc 4(z°, »). Then there exists a
positive number ¢ such that the polydisc 4(z° ¢) is containéd in M,. Now,

since for any fixed (z,, -, 2,-,) the function f satisfies the n-th equation of
(1.8), so, by the identity theorem for one complex variable, f is identically
zero in the open disc |z,—z} | <r for any fixed z,,---, z,_, such that |z;—2}| <e,

1<j=n—1, and hence f is identically zero in the polydisc {ze C"||z;—Z2}| <,
|za—25| <7, 1=j=n—1}. By repeating this procedure we shall attain a
contradiction that f is identically zero in D. Thus we obtain the following

THEOREM 2.3 [10]. M, has no interior point.

It is known that in the case of n =1 the null points of solutions of the
differential equation in are isolated points (see [1], [3], and
[16]. For n=2 we obtain the better result than Theorem 2.3.

We suppose that f is a solution of (1.8) such that rank (B, C)=2 in D.
Then we know that the set M, defined above is a real (2n—2)-dimensional
differentiable regularly embedded submanifold of C”. On M, we have
rank B=1 and hence, with the aid of the Levi-Civita-Sommer theorem (see
[14]), we obtain the following

THEOREM 2.4. Let f be a solution of (1.8) such that f satisfies rank (B, C)=2
in D. If M, is not empty, then M, is a complex pure (n—1)-dimensional analytic
manifold.

REMARK 2.1. Let E be the nowhere dense set mentioned above, that is,
such that for every point of D—E there exists a neighborhood in which
rank (B, C) is constant. If for a point of D—FE rank(B,C)=0, then f is
identically zero in D by Theorem 2.3.

In case of holomorphic functions of one or several complex variables, since
D is connected, the set D—F is also connected [8] So if we assume that
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D—E is connected, then the alternatives are rank (B, C)=1 and rank (B, C)=2
in D—FE. And hence we obtain the following

THEOREM 2.5. Let f be a solution of (1.8) such that rank (B, C)=2 in D—E.
If M, is not empty, then M,—E is a complex pure (n—1)-dimensional analytic
manifold.

REMARK 2.2. Let f be any function defined in D (it is not always a
solution of the system of equations (1.8)) such that rank (B, C)=1 in D. Then
the image f(D) is nowhere dense [11].

§3. Assumptions on the coefficients.

Let f be a solution of (1.8) in D. Note that the coefficients of (1.8) are
defined in a domain G in C" and solutions of (1.8) are defined in a subdomain
D such that D&G. Unless stated to the contrary, from now on we shall
mean that the domain of definition of solutions & the domain of definition
of the coefficients. If f is identically zero for some coordinate, say z,, then
f is identically zero in D by Theorem 2.3. Hence we shall also assume that
f is not identically zero for any coordinate.

As it is readily seen, f must satisfy the additional first order differential
equations

@1

X(J',k)f: “bjkf, .
{ 1=, k=n,

j(:u,rof: 0,
where
X(j’k):bkaj—bjak, X(j,k):b-kaj—gjﬁky

We can obtain the first part of in another way:
We set a;=(b,7/f) for z& D—M,, 1 <j<n. Then we obtain the differ-
ential equations of the type (1.9) in D—M,, that is,

5, f=a,f, 1=j=n.

Since the integrability conditions are 6,a,=20;a;, 1<j, k<n, we have the
additional relations X, /= —b;rf, 1<j=n. Then by virtue of Theorem 2.3
the first part of is obtained.

Let a solution f of (1.8) be defined in a polydomain D. Then f is written
in the form of (1.10) in D— M, and hence it is seen by simple computations
that the terms 0, f/f, 1 <j=<n, appear in the integrals of the right-hand side
of [1.1I). Accordingly we shall have to consider the existence of the integrals
of functions d,f/f. Even though such a problem is solved, we could not
expect the continuity of 2(z, 2) on M, and the existence of the continuation
of the holomorphic function ¢(z) into D without additional conditions.
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In this section we shall consider the following special infinitesimal trans-
formations defined in G:

X(j,k):bkaj_bjak’ X(j,k)zgkaj—gjak: l_g__]! kén’

where all b, are of class C*(G). X, and X, are of type (1,0) and (0, 1y

respectively, and X, , is the conjugate one of X s,

Now we consider a solution f such that rank (B, C)=2 in D, where D is as
given at the beginning of this section. When M, is not empty, then it is
found from the additional equations that

X(j,k)f"_“‘or X(j,k)f:()’ 1§]} kén
at every point of M, Or, putting u=Re f and v=1Im f, we have
(3.2) Xyox=0, X—(j.k)*:(); 1=j5,k=n,

where * denotes u or v. Hence it follows from that at every point z
of M, the contravariant vectors

X(j,k)(zn 2) - bk(Z’ E)aj_bj(zy ‘,Z.)ak ’
Xj,1(2, 2) = bi(z, 2)8,—b (2, 2)3, l=j,k=n

are tangential to the real manifold M, and that such vectors build the (2n—2)-
dimensional complex vector space V#-2 The tangent vector X(z,2) to M,
and the contravariant vector of M, at z correspond 1—1 each other. So,
consider the following real infinitesimal transformations defined in G:

1 _
Y= 2 { X, 0+Xy,0)
3.3) . . .
L= 2 {X(j,m—X(j,k)} .

And let Y%, Z%» be the restrictions of Y i, Z,,» to M, respectively.
Then we may consider that Y ¥,,,(z, 2), Z¥%.:(z, 2) belong to the real tangent
vector space V"% to M, at the point z considered.

Now we suppose that (b,,---, b,) # (0, ---,0) at every point of G. Let b,#0
at a point z, of M, and hence b,# 0 in some neighborhood U of 2z, UCG.
Since we have

X, i(P) = 67"(P){b(P)X(;,ny(P)—b;(P) X ti,ny(P)}
Xoj,i(P) = b7 (P){b1(P) X (j,n(P)—b;(P) X, ms(P)}
where P=U and P=(z, 2), the real tangent vectors Y §,,,(P), Zn(P), 1=j=<n,
form a base of V?2*~% PesU\ M, With the aid of Theorem 2.4 we see that

V-2 is the complex (n—1)-dimensional vector space V3! whose base is
X&w(P), 1=Zj=n—1.

34
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Hence we see that M, is an integral manifold of a system of 2n—2
infinitesimal transformations Y¥,,,, Z%.,, 1 =j =n—1, which we denote by I*.
Accordingly the commutators [ Y., Yéml, [Y & Zéw] and [ZE,., ZE 1
belong to M*, each of which is denoted by the linear combination of elements
in 9t* whose coefficients are of class C*(U\ M,). From this fact we have
reached the following result: on M, "\ U there exists necessarily the following
relationship between the coefficients b, (see [14], Satz 4):

ij?;c.n)bn'—an?;c,n)bj = ka?}.n)bn—bﬁX’k'},n)bk ’
ij?;cm)bn_an?;c,n)bj:O’ 1§],k§n—'1 .

If bz, 2,) +0 for [+ n, then by considering a neighborhood U, instead
of U, we also obtain the same relationship as the case of n, that is, the above
relationship holds with n replaced by [ and with 17, &< n.

We define the sets S and T as follows: for all 7, Rk, 1

S: {Z (S G l ij(k,l)bl_le(k,l)bj = ka(j,l)bl—le(j,l)bk} s
T={zeG|b,Xu,ubi—bXu,n0; =0} .

Then it follows that M,c SN T.
Thus we require, first, that at every point of G

(HO) (bll ) bn) * <0: Tt 0) .

By (H,), corresponding to every point of G there exist a number [ (115 n)
and a neighborhood U of the point such that b, # 0 everywhere in U. Without
loss of generality we can take [=n. Since our argument is local, we fix the
above neighborhood U, that is, we shall discuss about a fixed point of G.
Thus we shall require that at every point of U

(Hpn b X k,mbn—0nX,m0; = 0k Xj,mbn—0nXj,m5br »
(Hy» b; X b= Xk, mb; =0, 1=, k=n—1.

It is easily verified that the assumption (H,), is equivalent to
(H,, bibntbrbnj+byb;, =0, 1=j,k=n—1.

For convenience we set

X1=ch;n>, X=X l=j=n—-1.

If f satisfies
35 - - X, f==buf, X;f=0, 1=j=n—1,
then it is derived by that in U

” Xejioo S = 02 (0x X; f—b; X3 f)
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= b (—birbjntb;bin) f
= 03" (0bentbibap) f (DY bnj=—bjn)
=—brf (by (Hpn)
and similarly
X(J,k)f: 0.

Consequently we see from the assumption (), that it is sufficient to
consider the system of equations instead of the system of equations
in U.

The equations allow us to obtain the additional first order equations
by forming brackets:

3.6) [X;, Xilf=XeX; f— X; X f
= —Xe(0;n )+ X;(bin f)
=(—Xibjn+X;bin) f,
(3.7 [X), X1/ =X X, [~ X, Xi f
= —(Xib;n)f .

On the other side, on account of (H)),, (H,), we have the following
relationship in U:

(3.8) (X, Xil =0 X0 X; (— X0, X 1)
= b;l(—bankbn+banjbn)fy

(39) [X;, Xi] =07 X,bu X, f—b7' X6, X, f
= —(b7'b 2 Xibn) f .
Combining [3.8), with [(3.6) and using that M, has no interior point,

we find that at every point of U there exist the following compatibility
conditions:

(H3)n anjbkn_banjbn = ankbjn_bankbn »
(H4)n. an—kbjn—ban—kbn:O: lé]; kén—“l-

REMARK 3.1. As seen in section 4, the condition (H,), is derived from
(H)). and (H,),, and hence (H,), is not the assumption.

§4. Main lemma and a consideration about assumptions on the coefficients.

In this and the following sections, without loss of generality, we shall
assume that G contains the origin and b, # 0 at every point in a neighborhood



Similarity principle 225

U of the origin, UC G. Let M denote a system of real infinitesimal trans-
formations Y, Z, defined in G ((3.3)). It is seen from (H,),, (H,), that
the system 9 has the dimension (2n—2) and is involutive in U. Therefore,
by virtue of the Frobenius lemma [5], [13], M is locally integrable, and hence
there exist two real valued functions u, v of class C* in a neighborhood V
of the origin, VC U, such that

ou ou
rank ( ) =2
ov ov
and they are solutions of the system of differential equations
“.1) Y;7=0, Z;it=0, 1<;j=n-1,

where we put Y; =Y ny, Z;=Z n

Y; Z, 1=<j=<n—1, build a base of M around the origin. For every
solution g of the equations there exists a real valued function F of a
complex variable w such that F is defined in 4 and g= F(u, v), where 4 is
the image of V by f=u-iv. The function g also is written in the form

g=F H=F{§ (F+D, 5 (F~D}

and for another solution 4 we also see that A= H(f, f). Setting A=F+if
we see that the function A is a solution of the system of differential equations

{Xﬂ:O,
X}ZZO,

Since for every solution 1 of Re 4, Im A are solutions of respec-

tively, it is seen that 4 is written in the form
A=gof=o(f, f),

where ¢ is a complex valued function defined in 4 and f is a solution of (4.2)
such that it satisfies rank (B, C)=2 in V (4 =image f(V)). ‘

Conversely, if a function ¢ is the solution of in some neighborhood
V of any point 2z° of U such that rank (B, C)=2 in V, where we consider
the matrices B, C with ¢ instead of f, then the (2n—2)-dimensional real mani-
fold defined by o=1¢ is the (n—1)-dimensional complex manifold, where ¢ is
any point of the image o(V). For, from that o satisfies and that b, is
not zero at any point of U, we obtain that in V

(4.2) 1<j=<n—1.

3j0' _ anU .
—ajb-. ‘—ha;& » 1§] §n—‘l,

and hence rank B=1 in V. Therefore the infinitesimal transformations X%,
)—(;“, 1<j<n—1, satisfy the conditions (H,),, (H,), on the manifold considered
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(see section 3). Noting that ¢ is any point of (V) and the point 2° is any
point of U, we see that the conditions (H,),, (H,), are satisfied in U. Thus
we have reached the following

LEMMA 4.1. A necessary and sufficient condition in order that the system
of first order partial differential equations (4.2) may have a solution o in some
neighborhood V of any point in U such that

(4.3 rank (B, C)=2 in V
is that (H),, (Hy,), are satisfied in U. Furthermore, for such a solution
{(4.3)’ rank B=1 in V,

and every solution of [(4.2) is given in the form
(poo)(z, 2)=plo(z, 2), 0(z, 2)} .

Suppose that we impose the assumptions (H,),, (H,),, (H,), and (H,), upon
the coefficients b; in U. Let b,# 0 in a neighborhood U, of the origin, U,C G
(l#n). By we see that the system T of 2n—2 infinitesimal trans-
formations X, X;, 1<j<n—1, defined in U is involutive and hence the
manifold defined by o¢(z, 2)=1¢ is an integral manifold of . The infinitesimal
transformations X, Xy 1=j=n, j+1, are linearly independent in U,.
Hence X5, X 1=j=<n, form a base of M around the origin. Hence it is
seen that there are the conditions (H,),, (H,), in U,nU. As a consequence,
we must assume (H,), (H), in U, U, where (H,),, (H,), denote (Hy),, (H).
with n replaced by [ respectively (see Remark 3.1).

REMARK 4.1. In section 8 we shall see that (H,), is derived from (H;),,
J7j=1,2,4,56,7.

From it follows that in V

b;=0b(z, 2)0,0, 1<;j<n and b+#0.
Then X, X are written in the form

‘ Xj,k):b(akaaj—ajaak) ’

“.4 _ _
X(j,k) - b(akaa.’—a]&ak) .

Now we set
{ Y(j,k)=ak0'aj—ajaak,

4.5) _
Y(j,k) = 5,,& aj—aj&ak .

Remark that these infinitesimal transformations differ from those in sec-
tion 3 and in the proof of Lemma 4.1, From now on, unless stated to the
contrary, the infinitesimal transformations Y are those defined by (4.5).

Then we have
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.6 Xoo=b¥G0, Xop=0Y0,

@ b = 0,(63,0)—04(b3,0) |
= (0x0)(0,;0)—(0,;0)(0:D)
=Y, 00,

@8 Bro=Tosb -

Since b,#0 in U, and Y;,,6=0, ¥,,,0=0, 1<j<n, so it is obtained
that the infinitesimal transformations Y;,;;, Y;,;, also form a base of I around
the origin. Hence we obtain

1 ' :
'(4-9) [Yu‘,u, Y(k,l):l - 5.0 {(Yac,z)azﬂ) Y(j,n—(ch,z)azU) Y(k,l)} ’ 1=j,k=n.

10

REMARK 4.2. We shall see in section 8 that [Y¢;,5, Y] =0.
Now we want to express (H;), by means of ¥;, where Y,;=Y, 157
=n—1. Observe that

anjbkn“ankb}'n = (0*0,0)[ Yy, Y;1b
banan““anXkbn = bZ{( Y]ano') ka—(YkanO') YJb} .

“Then, with the aid of (4.9), (4.10), we can assert that the assumption (Hy),
follows from (H)),, (H,),. Similarly (H,), follows from (H,);, (H,); and hence
from (H)),, (H), in U, U.

At the end of this section we shall have the following corollary as one

of the properties of solutions of [(4.2).
COROLLARY 4.1. Let ¢ be defined in the image o(V) such that

0w 059
awGZ aﬁa
Put M,={zV |(poo)z, 2)=1t}. Then if M, is not empty, the real (2n—2)-

dimensional manifold M, is the complex pure (n—1)-dimensional analytic mani-

JSold.
In fact, since ¢ has the isolated #-points, on account of (4.3) and (4.3) it
is sufficient to note that

(4.10)

rank( ):2 in o(V).

0w O0zP\ |0 0
(os aillar 30)
where @*(z, 2) = (¢ o 0)(z, 2).

op*  odg*
( o0g* og* ) ’
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§5. Reduction to a single differential equation.

In this section we shall see that if the system of differential equations
(1.8) satisfies the assumptions considered in section 3, the system (1.8) is
reduced to a single differential equation of a complex variable by a change
of variables. However, since we have the additional differential equations,
our system (i.e. (1.8) and is not reduced to a single equation. As we
shall see in section 7, by adding suitable assumptions our system is essen-
tially reduced to a differential equation of a complex variable.

We now introduce a non-singular C>”-transformation of variables w;=
¢i(z,2), 1=j=n, such that ¢; are defined in V and its Jacobian is not zero
in V. Then the system (1.8), [(3.5):

ajfzgjf: Xjf: _bjnfr Xjf:(), lé—jéﬂ

(X, denotes the zero infinitesimal transformation) are transformed into
(5.2) and [(5.3) respectively :

(5.1) édsfajws_" id—sfajws-:gjf?,

G.2) >_: Xywodof+ ; X,@.d f=—b;uf,

(5.3) > Xwido f+ 3 X,wd f=0, 1=j=n,
8=1 §==1

where we set d,=4,,, d,= 05, and where / will denote the function into which
f is transformed. From now on we intend to use the symbol ~ in such a
sense. Here, if we choose ¢; as follows:

(5.4) Yi=2;, Pn=0(z, 2), 1<57=n-1,

where o(z, 2) is a solution of which satisfies (4.3) in V and is zero at the
origin, then, observing that

stj = bnaszj'"‘bsanzj' - bn53j y
Xssz,.X_SZj:() N
X,2,=b,0,;, (J;; is Kronecker delta.)

it follows that the system [5.1), [5.2) and [(5.3) are transformed into [(5.5),
and respectively :

(5.5) d,f3,04d.f3,6=b,F, 1=j=n,
(5.6) d;f=—b%;.f, 1=j=n—1,
(6.7) d;f=0, 1=j<n-1.
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The assumptions (H,),, (H,), and assure the existence of such
a transformation. '

Without loss of generality we may assume that
(5.8 lanolz—lén;]2>0 in V.
In fact, from there exists a pair of numbers j, and j, such that
0;,00;,0—0;00;5+0,

where we consider, if necessary, furthermore smaller neighborhood of the
origin than V. Hence, using and considering, if necessary,  instead of
o, we obtain [(5.8).

Again, using [4.2) and considering sufficiently small neighborhood W of
the origin, WV, we see in turn that we can set '

6.9 o= 19
0,0
and can assume that 1—|a|? is bounded away from zero.

Thus, because of b;=100d,0, it is seen that the system [(5.5) is transformed
into a single equation

(5.10) dof+ad,f=bf, |8|<co<1,

where 4, b are defined in W, where W is the image of W under the trans-

formation [(5.4).

§ 6. Properties of the transformed differential equations.

In order to obtain the local similarity principle we shall add another
assumptions on the coefficients to the assumptions (H)), 0=j=4.
We shall consider the following system of differential equations

d;F=A,F, d,F=B,F, 12jsn-1,
6.1) { j j j J

d,F+ad,F= BF+7F.

Now we shall impose a2 number of assumptions upon the coefficients of [(6.1).
Let all the coefficients be defined in a polydisc P={w e C"| lw;| <R, 1sj<=n}.

(i) a is a function of w, and @, only such that |a|=<c¢,<1 for a positive
constant c,,

(ii) d,8=d,A;+ad,A;, d;8=d,B;+ad,B;,

(i) dyy=(A,—B)y, dyy =B,~A)r,

(iv) d;Ay=d A, d;A,=dB;, d;B,=d;B;, 1<j, k<n—1.

Now we introduce a function w(w, ) defined in P:
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n—1 :
w(wr w) = ‘21 ¢l(wlr Wiggs == 5 Wy, wl+1: oy wn)

n—1 ~
+ EI(TIAI)(wl: secy, Wy, wb "ty wn) s
where we put
¢L(wz, Wigrs = 5 Way Wigy, -, Wy) Zfo l(gz—dszﬁt)dCz ’ lw,| < R,

1=sign-1
~ _ =1 ~ ~
A=A,—d, 21(¢y+ TyA,u) s A=A,
u=
s 2=i<n-1)
§z= B,—d, 21(¢.u+T#A#) ’ gl =B,.
l‘:
For each /[, 2=1<n—1, ﬁl and B, do not include Wy, o0y Wioq, Wy, o+, Wiy

It follows from the integrability conditions (iv) that
ﬁz_dszﬁz (zélén—l)
is a holomorphic function of a variable w, in the disc |w,| < R when fixing
other variables. From this it is seen that ¢,(w,, ---) is holomorphic with

respect to w,.
The integral operator 7T, has been defined in section 1, but it should be

noted that the variables z and Z are replaced by the variables w and @

respectively.
LEMMA 6.1. d;w=A;, d;jo=B;, 1<j<n—1.
In fact,

J-1 ~ ~ J ~
dja)= dj I=Z)l ¢l+(Bj_djTjAj)+dj L§1 T[Al
"——Bj .

From this lemma, (i), (ii) and (iii) we obtain the following

LEMMA 6.2. We set
o= p—d,w—ad,w,

T=y exp(®—w).
Then we have in P
d,po=d;p=d;r=d;r=0, 1<j=<n-—1.

That is, p and t© do not include 2n—2 variables w;, W;, 1<=j=n—1.
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Let F be a regular solution of the system of differential equations
in a subpolydisc P,={we C"||w,|<r <R, 1=j=<n}. Then, setting

g= F(w’ w) exp {_w(wx w)} ’
we obtain from Lemma 6.1, 6.2 that g does not include the variables w;, i,

1<j=<n-1, and satisfies the following differential equation in the disc
K: |w,| <r in the complex plane w,

(6.2) d.gtad,g=pg+7g8, |alsc¢<1.

It follows with the aid of that the function g is similar to a
function of Q(K) and vice versa.

Regarding all functions of a complex variable as functions of several
complex variables, we shall denote the class Q(K) by O(P,).

Thus we are now in a position to state the

THEOREM 6.1. The system of differential equations (6.1) satisfies the simi-
darity principle with respect to the class Q(P,).

§7. Additional assumptions on the coefficients and main theorem.

In this section we return to the system of equations [5.6), [(5.7) and [(5.10):

(5.6) d;f=—b;b,,7, .

- 4 A=j=n-1)
{5.7) djf: 0,
(5.10) d f+ad,f=bf, |8|=c,<1.

It does not always follow that the function a defined by is written
in the composite form aoo, where a is defined in the image o(W). We
remark the following fact: Let G be a domain in C™ and let a function
o(z, 2) be defined such that |0,0|>—|0,0]|2+# 0 in G. Then the image d(G) is
also the domain in the complex plane.

We impose the following condition:

There exists a function a defined in the image o(W) such that a is

{Ho)n written in the form aoco¢ and |a|<c¢, <1 in W.

Furthermore we shall assume that for j, 1<j<n-—1,
<Hs)n ij: -‘Ejnb, (bj:baja)
"(H’z n bnanbm—bmanbn - O .

It is seen that the assumption (H;), is the condition which ¢ must more-
over satisfy. However, giving « in a neighborhood of the origin in the
complex plane such that |a|=c,< 1, we assume (H),:
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There exist a neighborhood W of the origin in C" and a functiom
o(z, 2) such that ¢(0)=0, 0,06 #0 in W and o satisfies the system of

(Hy), first order non-linear differential equations d,06 =(a00)d;6, 1<j=<n.
Moreover ¢ has the property that there exists a function b defined
in W such that b;,=00,0, 1 <j<n.

Then, noting that ¢ in (H,), satisfies [4.2), shows that the assump--
tions (H,),, (H,), and (H;), can be replaced by (Hy)..

To sum up, in order to assure the existence of ¢ which completes the
change of variables we assume (H,), and (H,), and in order that we may
reduce essentially the system of equation (1.8) and the additional equations.
to a single equation of one complex variable we assume (H,),, 4=<j=<7.

In making examples of our system which satisfies the above six assump-
tions we shall use the assumption (H),.

Without loss of generality we can assume that>W corresponds homeo-
morphically to P and hence that P=W. We put

A\
Aj:OY BJ:—_(b]nb;I)r

a=4, =0, r=5sb.

(7.1)

We want to check that satisfles the conditions (i)7(ii),f(iii) and (v}
in section 6 under the assumptions (H)),, 4=<;=<7.
First, (i) is obvious from (H;),. Observe that

(7.2) X;=b,d;, X;=b,d;, 1=j<n-—1.
Then (iii) is equivalent to
(7.3) XjEZEJnE, ngz_bjnl;, ].é]én—l.

The second part of is (Hy), itself.

From [4.6) and [(4.7) we see that the first part of is trivial.

The condition (iv) is transformed by the inverse transformation of (5.4)
into
(7.9 X;(b7';,) =0,
(7.5) X;(b7'bkn) = X070 57) 1=j=n—1.

It is seen that [7.4), are nothing but (H,),, (H,), respectively.

It remains to verify that the condition (ii) is satisfied. To this end, we:
must state the following

LEMMA 7.1. d,B;+ad,B;=0 is equivalent to (H),.
PROOF. Observe first that

(7.6) dB;=0,B,;dz,+8,B,dz,,
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where the symbol d denotes either of the differential operators d,, d, and the
ssymbol - denotes the function into which a function under - is transformed
by the inverse change of variables of [5.4)

From we obtain that

(7.7) d.B;+ad,B;=0,B¥Xd,z,+ad,z,)+5,B¥d,2,+ad,z,),

‘where BY=0b;,/b, and a=aoa0.
By differentiating the both sides of w, = 0(z, Z2) with respect to w,, v,, we
may derive that ‘

dn2, =] 10,7,
{8) {

dnén == _‘]_lana ’
where J=|0,0|>—]|0,0]%
Observe secondly that by (7.8)

dp2n+adyzy = —] (0,0 —a3,0)
(7.9) =0,
dpnZnt+ad,z, = J (0,0 —a0,5)
=(0,0)7".
Inserting (7.9) into the right-hand side of (7.7), we find
d,B;+ad,B;=(3,5)"3,B%

‘which completes the proof.

The following lemma is easily derived.

LEMMA 7.2. Let g is in O(K). Then the composite function goo 1is holo-
morphic in W, which corresponds to the polydisc P, under the change of vari-
ables (5.4).

We shall consider a class A(W,) and a subclass A(W,) of the class A(W)
‘which is composed of functions goo, g being in Q(K).

Remark that, giving the system of equations (1.8) in G, we consider the
assumptions on the coefficients of (1.8) which are restricted to a neighborhood
of a point, say, the origin in G.

We are now in a position to state the following

THEOREM 7.1 (Main Theorem). Suppose that in a neighborhood W of the
origin in C™ the coefficients of the system (1.8) satisfy the conditions (H;),,
7=1,2,4,5,6,7. Then there exists a neighborhood W, of the origin such that
W,CW and the system of equations (1.8) satisfies the similarity principle with
respect to the class A(W).
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§8. Lemmas for an analysis of the coefficients, and an example.

In this and following sections we shall show the existence of the system
of equations (1.8) which satisfies the assumptions of [Theorem 7.1. Viewing
from a different angle, we analyse the coefficients of (1.8).

It follows from (4.5), [4.6) and (4.8) that the assumption (H,), is turned
into

3.1) Y,b*=0, 1<j<n—1,

that is, (H,), is equivalent to [8.1).
From this and with the aid of Lemma 4.1, it turns out that

8.2) |bl|=7ro@c,

where 7 is a non-negative valued function of a complex variable which is
defined in the image o(W).

Similarly, inserting (4.5), and into (H)), and deforming them, we
shall obtain

(8.3) ba, Vi ¥Yb—a, YV ib—b Y, Y0 =0,
where we set a, =0,0.
Before considering we must state the

LEMMA 81. (1) Y,n0;0=0 for j,k=1,2,-,n.
(2) For any number | such that 0,0 +0 in W and for j, k=1,2,---,n,

Y,000=0,
Y00 =0.
Proor. It follows from (H;), that
0,0 =(00)0G .

For s=j, k, by differentiating the above both sides with respect to z; re-
spectively, and by eliminating 0;aco from them, we obtain

3+60,0 ;06— 0,50,;0,0 = (0 0)(0,60;0,;6—0,;50,;0,5) .
Expressing this in terms of Y, we have
Y 10,0 =(ac0o)Y ;0,5
= (a0 o) Y i{(aco)d,o}
=|aoa|*Y ;0
(by Y ,waco=0 and Lemma 4.1).

Because of |aoo| <1, we obtain the required result for either /= or k.
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To complete the proof of the first part of (2), it is sufficient to remark
that we may have

Y 5,100 = (@) e Yj,00— ;¥ 10
where we set a,=0;0, 1 <s=<n.
Next we have
Y 4,6,0:0 = Y10 { (a0 0) 0,5}
=(aOU)Y(j'k)al0_'
=0.
This completes the proof.
From this lemma and the following:lemma is immediately
obtained.
LEMMA 8.2. For any function h defined in the image o(W)

?(j’k)alhoa =0 ’
Y(j,k)alhoaz 0.
With the aid of Lemma 81, we see that is turned into

(8.4) LYY, b—YhTb=0, 1=j,k=n—1.
By b is written in the form
(8.5) b=(roo)exp {i0(z, 2)},

where 6 is a real valued function defined in W.

Substituting in and using we obtain the system of

differential equations with respect to &
(8.6) Y. Y;6=0, 1=j,k=Zn—1.

The following lemma is readily obtained from Lemma 8.1l

LEMMA 83. [Y,, Y. 1=0, that is, ¥; and Y, commute.

COROLLARY 8.1. [Y(1, Y] =0.

Observe that we have, by the change of variables and using
(4.6},
CXp) Yi=a,d;, Y;=a,d;, 1=j=n-—1.
Note that

. — N
8.8) Y;a,=0, Y,;0,0=0 are equivalent to d;a,=0, d;d,0=0, respectively.
. Then it follows that is equivalent to

(8.9) d;di§=0, 1=<j k=<n-—1.

Thus it is seen that & is, for each fixed w,, a pluriharmonic function with
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respect to w,, ;,, 1 <j=<n—1. Since we can assume that the given neigh-
borhood W of the origin corresponds to the polydisc P under the change of
variables considered, § is represented in the form Re ¢, where ¢ is a holo-

morphic function with respect to w,, -+, w,_, in P. And hence # is written
in the form
(8.10) Re ¢{z,, -+ , Zn_1 0(2, 2), 21, -+ , Zn_1, 0(2, 2)} .
Using [(4.7), (8.5), it is derived from that
e To

_ Youl

0,0 °
Differentiating the both sides of (8.11) with respect to Z,, we obtain
3 —i’;’“ = e Youhl—@) Youdo) .

By virtue of these and we obtain the

LEMMA 84.
51—%5 =0 is equivalent to Y ;0,0 =0, 1<j,kI<Zn.

We shall again remark that the symbol ~ denotes the functions into which
our functions are transformed by the change of variables [(5.4).

Note that
Yij0=0ard;—a;d;, 1<j,k<n—1,

3[ = 3ladn+c'z";+&;3,, for [#n R
and 8, =0,0d,+@,d, .

The following lemma is readily obtained from Lemma 7.1 (also Lemma 8.4).
LEMMA 85. (H,), is equivalent to

(8.12) di(d.0+ad,f)=0, 1=j=n—1.

LEMMA 8.6. Under the assumption (H,), we have
Q) Y000 =0 — a,d,df—a;did§=0, 1=<jk=<n—1;
2) Y 5:0=0—dd§=0, 1=<k=n—1.

PrROOF. From 6,0 =(ac0)d,5, we see that
d,=afd,+ady)+d,, 1=1=<n—1.

Observing that Y,&,=0= d,cfm =0,1=Z, m=<n, then (D), (2) are easily obtained
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from Lemmas 8.1,

COROLLARY 8.2. Under the assumption (H;), we have
(1) Y(j,k)alﬁ'-‘—"o;': a,chYlﬁ——ank?ﬁ:O;

) Y0, 0=0—Y,Y,6=0, 1=, k150n-1.

REMARK 8.1. The assumption (H,), [# n, that is, 0,(b;,/6;)=0, 1=j=n,
follows from the assumptions (H;),, 1=<j=<7,7+# 3 and with the aid of Lemmas
8.4, 8.6. Similarly the assumption (H,), [+ n, does so. In fact, it is sufficient
to observe the following relations which are obtained from (8.11) and with
the aid of Lemma 8.1: ‘

?(k,l) Y(j,l) =|a, I —2{0_(161117} Yj_(jkaL 171 Yj_&laj Yk Y+ qpa; ?L Y.},

(J, k#n)
Y. Y= (@) (o; 1, Y, —a, Y, Y;), (J#n)
Yo, Yin,io = (@) %@ Y, Y, — &, Y, Y), (R+mn).
REMARK 8.2. In section 11 we shall discuss about the assumptions (Hj),,

(Hy). |

It is natural for the following question to arise: Will there exist a non-
trivial solution of the system of equations (8.9)? Such a solution surely exists.
That is, we have the following example:

(8.13) b= 5 B+3)+6ws, m),

where ¢ is a holomorphic function with respect to w,,--,w,_; and includes
neither w, nor w, and where 6 is a real valued function defined in the open
disc |w,| < R. Then (8.10) is described as follows:

(814) ' 6 =Re ¢(ZD Tty Zn—l)'l"(@O 0)(2: 2) ’

where ¢(z,, -+, 2,-,) is holomorphic.

To sum up, we have carried out in two stages in order to make examples
which fulfill a number of assumptions (H;),, 1<;7<7, j#3: we find ¢ such
that d;o =(ac0)d,;5, 1 <j<n (see the following section), and find the function
b such that (H,),, (Hy), and (H,), are fulfilled. Thus the desired examples are
obtained by putting b;=b0;0.

As immediately seen, these examples show that the assumption (Hy), is
satisfied.

§9. Non-emptiness of the assumption (H,),.

In this section we shall show that there exists a function ¢ which satisfies
the first part of the assumption (H;),. Nirenberg discussed more general
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system of non-linear first order partial differential equations than our system.
Though our system is a special case of those in [12], -[13], it should be
noted that we need no integrability conditions. Our technique of the proof
is the same as Newlander-Nirenberg’s one and hence we give the out-
line of the proof. '

LEMMA 9.1. Let 4 be an open disc with center at the origin in t-plane.
Let a(t, ) be a complex valued function defined in 4 such that a(0)=0. Then
the system of first order non-linear differential equations

0.1 ajg:(aog)ajgy 1=;=n,

admits a solution defined in a sufficiently small neighborhood N of the origin
such that g(0)=0, 0,g+0, 1=7=<n in N.
For such a solution g, we set M,={ze N|g(z,2)=1t}. Then M, is a com-
plex pure (n—1)-dimensional analytic manifold.
Set
F=(ad,8, ad,8, -+ , a0,8), a=aog
and

TFg:r;z;):» ((5111))’, ST, 3, Tids Tul@og)dug)  (see :

Assume that ¢ is a solution of in some neighborhood of the origin. From
we obtain

9.2) a(z, 2) = p(2)+(TFo)(z, 2),
where ¢(z) is a holomorphic function in that neighborhood.

Observe that without any conditions we have
aj{(aoa)aka}:ak{(aoa)aja} ’ 1=j,k=n.

Conversely, let ¢(z) be a given holomorphic function and o(z,2) be a
solution of [(9.2). Then we have the following relations:

e (1
(93) aja—aajo = §0 (§+2)) !“ Z(J')T.hajl oo TjsajsquJ'k )

qjx = 0;(a0,3)—0,(ad;3),

where 3, denotes the summation over all (s+1)-tuples with j,, -, js &
mutually distinct and different from j.

Setting the left-hand side of p;, we obtain the system of the linear
integro-differential equations with respect to p;, 1=7=<n

n—2 ,__1 8

0.9 ;= E}’(g‘_“_‘z)) i DT 5,05, -+ T5,05,Ti(3x p;—30;bx)
which admits only null solution for sufficiently small neighborhood of the
origin.
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Now, in order to obtain the desired solution we consider the equation of
the following type:

9.5) g= 2 2,+TFg—(TFg),,

where (TFg), is the value of TFg at the origin.

The function space in which we shall solve is the Banach space
6’"*5, which is introduced in [12], where m is any integer == and 0 <d <1.
Each element in C™*% is defined in an open polydisc with center the origin
and polyradius r, »r <(1/4). Making use of the principle of the contraction
mapping and taking, if necessary, a sufficiently small 7, it follows that the
integral equation [ admits a unique solution ¢ and the system of integro-
differential equations [(9.4) has only zero solution.

From the definition of the norm of C™* and for r posmbly restricted stlll
further it is seen that in the polydisc considered

9.6) d0j0+#0, 1=<;=n
and laoca|=c,<1.
Because of
0,0 _ 0,0 _ _ 0,0
0,6 0,0 = 0,6°

the second part of lemma is obvious.

§10. Special cases.

In this section we shall consider the system of equations (1.8) whose

coeﬁicients fulfill some conditions.
It is readily seen from (8.11) that

b;x=0 is equivalent to Y;,0 =0, 1=j,k=<n.
Since @ is a real valued function, we have also
Yind=0, 1</, kZn.

Hence, by Lemma 4.1 and [(85), we can state the

LEMMA 10.1. b;, =0 is equivalent to that b is written in the form voa.

Here we consider the case in which the coefficients are constants, that is,
(10.1) 0;f=Ciif+eyf, 1=j=n.
The domain G considered is a polydisc with center the origin and polyradius
R. Then we obtain

T;C,;=7C1,25, IZj[§R, 1</=n

and herice
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2z, 2)= 3 ¢Z;, |z]l=R, 1=j=n.
=1

Observing that
bj=c,exp(2—2), 1=j=n,

_ Vo5
b =exp(R—9),
we find from that
. Ci1 " Cin
b,k_—-O,lg],k_S_n:rank( )=1.

C21 *°* Can
Using 0 =1c¢,,2,+€32,+ - +C3,.2,, We have

— n—1 1
Q :{ > (cll-lczn_clnc2;l)zp+clna} .
p=1 Con
Setting
i n—1
o= E(chzn_'cmczp)z;u
Con p=1

FY l »Cln _ 6-:ln g
ot hH= , (cg,,t c'z,,t>’
we know the existence of solutions of equations [(10.1) by [(8.14).
Assume that b;,=0, 1=<j,k=<n, in U. If the system (1.8) has a solution
f which fulfills rank (B, C)=2, then turns into

‘Y(j;k)fzol X(j,k)f:O: 1§]y kény

and with the aid of there must exist the relation (H,), and hence
the relations (H,);, 1<k <n—1, between the coefficients b,, 1 <s<n, and the
solution f must take the form goA where 2 is the function given in Cemma 4.1.

REMARK 10.1. In the above case (H):, 1<k =mn, are free (see (H),),).

In case the coefficients b; are holomorphic, the assumption (#,), alone
assures the existence of solutions of (1.8).

Let all b;, 1 =j=<n (n=2), be holomorphic functions in a domain G which
contains the origin and let b, +#0 at the origin. Then there exists a neigh-
borhoed U of the origin such that b, # 0 there. With the aid of Lemma 4.1
it follows that for a suitable neighborhood V of the origin, VC U, we have
a holomorphic solution ¢ of the system of equations in V such that
0(0)=0. Hence b; is written in the form

(10.2) b,=bd,0, 1=<j=n,

where b is a holomorphic function in V.
It is obvious that b;, being given by [(10.2), fulfills the assumption (H,),.



Similarity principle 24X

Here we may consider a non-singular holomorphic transformation [5.4). We
may assume, taking, if necessary, still smaller neighborhood, that ¥ cor-
responds homeomeorphically to a polydisc W with center the origin and poly-
radius . Then, since @ is holomorphic in W and « vanishes (see section 6),
it is derived that p vanishes. Observe that

(10.3) X =—1X;0,

where the symbol - denotes the function into which a function under is
transformed by the inverse transformation of and we set

(10.4) r=bexp(@—w).
From (6.2) it is seen that ¢ is the function of w,, i, only. Hence
T=«koo0,

where £ is a function defined in the image ¢(V). In other words, the function
7 is the solution of equations

X,h=0, 1<j<n.

And hence we obtain from that @ satisfies the equations X;@ =0, that is,
@ is written in the form & =voo. From this and it follows that

(10.5) b=¢oo,

where v and & are holomorphic in the image (V).

Thus we derive with the aid of that b,,=0, 1=j,k<n. By
virtue of the identity theorem, we obtain the following

THEOREM 10.1. Let the coefficients b; of the system (1.8) be holomorphic in
a domain G, let V be a neighborhood of the point z° of G, and let b, o be holo-
morphic in V such that b;=00,0, 1<j=n, b+0 and 0,06+0 in V. Then a
necessary and sufficient condition in order that the system (1.8) may have a
solution in V is that b be written in the form (10.5) in V and hence that bj, =0
everywhere in G.

Another formulation of [Theorem 10.1] is [Theorem 2.1.

REMARK 10.2. In case of n=2 the assumption (H,), is vacuous and hence
the system (1.8) has locally a solution if and only if b,,=0, that is, 0,b,—0,b,
=0 everywhere in G.

In case that the coefficients b; of the system (1.8) are holomorphic in a
domain G, we may regard the condition (H,), as the necessary condition, so
long as we deal with solutions with the null points. ‘ '

We can scribe the commutators [ X, X;], 1<j, k<n—1, in the following
forms:

n—1
(X, Xi] :s§1 s Xs+ BjknOn 5
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where @, Bjin, 1 =7, # =n—1, are holomorphic in G. We denote the analytic
variety {z € G| Bx:(2)=0, 1=<j, k=<n—1} by S*. Then we have SC S*, where
the set S is as defined in section 3. Let f be any solution in a neighborhood
V, Vc G. Remark that the set of null points of f is contained in S. We
may consider that the system (1.8) has an infinite number of solutions as the
case of one complex variable. And hence the above remark shows that S*
may have an interior point, that is, S* is identical with G. We see readily
that the relations B, =0, 1=<j, k=n—1, are (H,), itself. For that reason,
in case that b;, 1<j=<mn, are holomorphic in G, we may consider that the
condition b;,=0, 1<j<n—1, is a necessary and sufficient one in order that
there may exist a local solution of the system (1.8).

§11. Compatibility of the assumptions.

We supposed a number of conditions (H;),, j#3, 1< =<7 around a point
of G and obtained (Main Theorem). However, even if we suppose
the conditions (H,),, j#3, 1<j=<7, for a number [ such that 1=[/=n, we
shall also obtain the same result. Then it is natural for the following question
to arise: Are the assumptions (H;), compatible with (H)), j#3, 1=5=7,
around the same point? In this section we shall deal with this problem.

Assuming that G contains the origin, as usual we shall discuss around
the origin and hence the notations follow those which are used until now.

Let [ be a number different from n such that 5,0 in a neighborhood
U, of the origin. Assume that the coefficients b; of the system (1.8) satisfy
(H), i#3, 1<j=<7 in U,

It is seen from [(3.4) that in Un\ U, the conditions (H;),, j=1, 2, is derived
from (H;),, j=1, 2, and vice versa.

Let = be a solution in a neighborhood W, U, of the origin of the follow-
ing system of equations

X,;5t=0, Xju,t=0, 1=j=n,

such that in W,

or ot
rank ( )
0t ot
o* and t* will denote the restrictions of ¢ and = to W\ W, respectively.
Then by virtue of there exist functions g and & such that g and
g are defined in o*(WAW,) and (W W, respectively, and such that
t*=gog* and o*=For*. And hence we obtain that §=g* in (W W)).
From now on, for simplicity we shall use the notation ¢ and 7z instead
of o*, t* respectively.
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In order to establish the relationship between (H;), and (H;), we shall
have the following

LEMMA 11.1. Let ¢ and t be defined in a neighborhood W, let o be a
solution of the system [(4.2) such that o fulfills (Hy), and 0,0+ 0 in W,, and let
7 be also a solution of (4.2) such that |G| <&, < 1, where &, is a positive constant
and & is defined by d=0,;7/9;7, 1<j=n. Then t fulfills the following con-
ditions : ;

i) There exists a function g defined in a(W,) such that t=goo, where g
satisfies the condition that |0,g|%— |0zg|%>0,

i) O,z +#0 in W,,

iii) there exists a function @ defined in ©(W,) such that @ is written in the
Jorm d=daor.

PROOF. Since, by virtue' of Lemma 4.1, there exists g such that z=goag,
we have

( ot ot 0wg 0sg \ | 00 oo
oz a-f) ( )(aa aa>'

From that both rank(S; g;) and rank(g; g‘;) equal 2 in W,, we have

that |0,g|2—|0zg|?#0 in W,. From we obtain
(11.2) 10,7 %= 10,7]*=(]0wg|*—|05g]*)(|0,0|*—|d,a]?) .

(11.1)
awg afﬁg

Hence we have
(1—1a|»)|0,7|*= (10w g|*—|0z81H(A—al®)|0,0]*,
where a denotes aoo. This follows i) and ii).
On the other hand, we have
0,7 = (a0, g+ 05 2)0,5 ,

(11.3)
. 5.7 = (0 -y B)3r5 -

From we obtain iii).

By virtue of Lemma 11.1 it is seen that (H,), is derived from (Hj;), in

W W,
Next we shall demonstrate that the assumption (), is also derived from

(Hy), in WNW,. ,
The assumption (H,), is as follows:

(H6 l X(j,l)g: _bjl’gl ].é]én,

where b; =507, 1<j<n.
Since b; =006 =bd,r in W~ W, we have that

aL3) 5:1;-2@"— in WAW,.

nT
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We change the complex conjugate of the left-hand side of (H,), as follows:
(11.4) X;.0b=b(3,73,6—5,75,6)
———5(3,65,5—5,65;5)

=5 ¥ (0 --g:-g- (by (IL3)
o a,

=bY4n (b' an’g":{'o-‘

=b ,afg;o . f’(m)b (by Lemmas B.1,
b

On the other hand, we have that
.ch,u: b];zk (lej—'ijl) ’ l1=j=n.

Hence, by a simple computation we see that (H,), follows
(11.5) X(J',Db = ‘—'Ej;b',

where we use (H),.
From [(11.4) and [(11.5) we obtain that

X;ub=—b;b, 1=sj=n.

This completes the proof.

Thus, by virtue of the above mentioned and Remark 8.1, we obtain the
following

PROPOSITION 11.1. The assumptions (Hy),, j# 3, 1 <j <7 are derived fronr
(Hj)n, 1#3, 1 <7 <7 and vice versa, equivalently that (H;),, j+3, 1<j=<7 are
compatible with (H;),, j+3, 1=7=7.

Since, if b,#0 (I n) at a point of G, we may change the coordinate

numbers, without restricting the generality of the argument we can suppose
that at every point of G

i) b, 0,
i) (Hja, j=1, 2, are satisfied.
With the aid of [Lemma 4.1, corresponding to each point z° of G there

exists a neighborhood W of z° (WC G) such that the system of equations
has a solution ¢. We shall say that a triple (n, W, o) is assigned to each
point z° of G.

We furthermore assume that o satisfies the conditions (H;),, 4<;=7.

In short, we suppose the existence of a solution ¢ of with the
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properties (H,),, 4<j<7 in W. Then by we are now in a
position to state the following

THEOREM 11.1. Under the assumptions stated above the system of equations
(1.8) satisfies the similarity principle with respect to the class A(W,), where W,
is a subneighborhood of 2°, W,C W, simply speaking, the local similarity principle
at each point of G.

REMARK 11.1. The Cauchy-Riemann equations 0,f=0, 1<j=n, has a
solution (i.e. holomorphic function) in any neighborhood of each point of G.
Let W,, j=1, 2, be neighborhoods such that W, W, is not empty and let
¢vj, J=1,2, be the solutions in W;, j=1, 2, respectively. We know that, in
general, no relation between ¢;, j=1, 2, exists.

It is natural for the following question to arise: Will there exist the
system (1.8) such that it satisfies the assumptions of Theorem 11.1. We shall
answer this problem in the subsequent section.

§12. Examples.

In this section we shall give examples which satisfy the conditions of
[Theorem 11.1. In case that the coefficients b; are holomorphic, we can readily
find desired examples, because we may assume the condition (H,), alone. On
the contrary, in case that all b; are of class C*, we make use of [(8.2),
and o, which is given in Lemma 9.1. We give examples of the case n=2.

ExaMPLE 12.1. 4, and 4, denote the following discs: 4,={zeC| |z| <1},
d,={weC)||w|<1}. Let G be the polydisc with the origin deleted: 4,X 4,
—{(, 0)}. Let b,=2z, b,=w—(1/2). Then we have a solution ¢ = z*+(w—1/2)?
such that 6,0,0—b,0,06=0 in G. Let N, denote the set of all non-positive real
numbers in the z-plane, P,,, the set of all real numbers which are not smaller
than 1/2 in the w-plane, and I, the set of all pure imaginary numbers whose
imaginary parts are non-positive in the z-plane. We define 4!, 42 and 4, as
follows: di=4,—N,, 42=4,—1, and 4,=A4,—P,,. Moreover we define W,
W, and W, as follows: W,=4ix 4, W,=4,%X4d, and W,=42x 4,. Let o*, a**
and o*** denote the restrictions of ¢ to W,, W, and W, respectively. We
assign a triple to each point of G as follows: Let the same triple (1, W, v)
assign to each point (z,w)= G such that z€ N, and we< P,,, where v=
exp {(1/2)e***}. From now on we denote the above as follows: (z,w)eG:
ze N, we P,,,—(1, W, v). For other points of G,

(Z,'LU)EG: ZENO, wGEPm-*—‘>(2, W2: T):
(z,w)eG: z& N,, we P, —> (1, W, o%),
(z,w)eG: z& N, we& Py —> (1, Wy, 0%)  (or 2, W,, 7)),
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where 7 =(o**+4):.. Then we see that

bF%a,o*, bzz%awa* in W,,

1

1 -
b W yrrwwrTe bz = q(—amawf

1= G gy 07

b, = {exp (——%—)a***}azv , b,= {exp (—%)a***}awv in W,.

in W,,

EXAMPLE 12.2. Let 4,={zC||z|<r}, dy={weC||w|<r}, where r is
sufficiently small such that »r < (1/4) (see §9). Let G=4,x4,. We define W,
and W, as follows:

le{zECI lz|<r, Imz> ———%—r}xdw,

W,=<zeC||z| <7, Imz<-%—r Xdy .

Let ¢ be a complex number such that sgp lel<l|c|l. We define b;, j=1,2, by

bd;e, j=1, 2, respectively, where ¢ is given by and b=|o+c|

exp {i(Re z+|o])} (see|B.2),[(B.14). Let b* and b** be the restrictions of b to
W, and W, respectively. Let r=o¢*+c and yv=(o**+c)’.. We assign a triple
to each point of G as follows:

(Z, w) €G: Imz> __é_r - (1’ Wl’ T) (Or (2, le t)) ’

(z,w)eG: Imz< —%—r — (2, W, v) (or (1, Wy, v)).

We define & by b/{2(c+c)}. We obtain that
by=b*d,z,  b,=b*d,r in W,,
b,=b**3,v, b,=b**d,v in W,,

where b** is the restriction of & to W,. Thus, putting &, &) = a(é—c, £—0),
we see that

_§; =%W_;._:aor in W,,
0,V 0

where B(&, &) is defined by

1/2
e N )

51/2

and &2 denotes the branch such that (¢*)*=c.
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ExAMPLE 12.3. 4, and 4, are the same as those in Example 12.1. Let
A2=4,—{0}. We define G by 49xd,, and define W, and W, as follows:
W,=d,—Nyx4d,, W,=(4,—1,)xd,, where N, and I, are as defined in Example
12.1. Let b,=1/z and b,=w. We assign a triple to each point of G as
follows: ’

ZweG: zel, — (1, W,, Log z—|——é wz),
. 1 .. 1
ZweG: ze Ny —> (1, W, Logz+-5rmi+—5w ),
2 2
. 1 .,
zw)eG: z& [, UN, —> (1, W,, Logz+ 5 w?)

(or (1, W,, Log z—i—-%-—n-i-{— -%‘w2>) s

‘where Log z denotes the principal value.
As seen from Example 12.3, since log z is not well-defined in G, in general

‘we cannot expect a global solution of the system (1.8). However, for the case
inZwhich all b; are holomorphic in G which is a simply connected domain,

from that b;,=0 in G, we have
oD =0@)+[ Bb(DdC, G,

-‘where the integral takes along a polygonal line contained in G which joins
2 and z€G.

It is obvious that o(2) satisfies the system of equations 0,0;06—b;0,06 =0,
1<j<n. We immediately obtain a solution of the following form: (fo o)z, 2),

-‘where f satisfies the equation

in the image o(D), DEG and b is given by b,/0;0. Remark that b=boo,
where b is a holomorphic function in ¢(G).

Thus the system (1.8) satisfies the similarity principle with respect to the
class A(D).

In short, we always have the global result whenever G is a bounded
-simply connected domain and all coefficients b; are holomorphic there.

On the contrary, when G is merely a domain, the global solutions of the
-system (1.8) are closely related with the analytic continuation of ().

For the case in which the coefficients b; are of class C*(G), we also see
that the existence of a global solution of the system of equations (1.8) is
derived from that of the equations (4.2) which satisfies the conditions (H;),,

4=<j=<mn, in G.



248 A. KooHARA

§13. Solutions with singularities.

Until now we have considered regular solutions of the system (1.8). As
it is seen from [Theorem 7.1, it is possible to extend the definition of solutions-
of the system (1.8).

Suppose that the coefficients b; satisfy the assumptions in [Theorem 7.1.
Let f be defined and of class C! in W,—C, where W, is a neighborhood of
the origin such that W,C W, and where C is as follows:

1) A subset E of the image o(W,), which depends on f, are composed of
isolated points. E may be the empty set.

2) C={complex analytic manifold M,|a(z, 2)=1t, t= E}, that is, C.!is
composed of pairwise disjoint complex (n—1)-dimensional analytic manifolds.

We shall say that f is a solution of the system (1.8), when f satisfies (1.8)
at every point of W,—C.

We extend the class A(W,), AL(W,) considered in section 7 to the following"
class A(W,), AW, respectively :

JA(W,) is composed of all holomorphic functions in W, except, perhaps,.
for singular points.

A(W,) is composed of all composite functions goo such that g is in the
class O(K).

Thus we are in a position to state the following

THEOREM 13.1. Under the assumptions of Theorem 7.1 the system of
equations (1.8) satisfies the (local) similarity principle with respect to the class
AW o).
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