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A Singular Non-Linear Equation

By W. Fuiks® and J. S. MAYBEE®

1. Introduction

To begin with, we wish to illustrate the physical problem which
leads to the following mathematical work.

Let R be a region of three dimensional space occupied by an electrical
conductor. Then each point in R becomes a source of heat as a current
is passed through R. Let u(x,#) be the temperature at the point x€ R
and at time ¢, and suppose that a function E(x, #) which describes the
local voltage drop in R is given as a function of position and time.
Then if o(u) is the electrical resistivity which is, in general, a function
of the temperature u, the rate of generation of heat at any point x at
time ¢ is E%x, f)/o(u). Let ¢ and « be the specific heat and thermal
conductivity of R, respectively, which we take to be constant. Then the
temperature satisfies the equation,

cu;—rxAu = E*x, 1)[o(u) ,

in the simplest case o(#)=au where « is a positive constant. More
generally o can be assumed to be a positive function of # which is
increasing with # and which tends to zero with #. Thus the differential
equation is singular in the sense that the right hand side becomes
unbounded at #=0.

This physical problem leads naturally then to the study of the
differential equation

u,—Au = F(x, t, u)

where A is the Laplace operator in EN. We will write Hu=wu,—Au and
call H the heat operator. Our equation then becomes

(1) Hu = F(x, t, u) .
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We study this equation in a bounded region (open connected set—
but not necessarily simply connected) R in EY, or rather the space time
cylinder built on K. We consider both the case where the time interval
is finite and the steady state case where the time becomes infinite. In
the latter case we adjoin the improper point #=cc to the #-axis and
carry out our study in the resulting compactified space time cylinder.

We set up some standard notations which we will use consistently :

B is the boundary of R,

R;=R®(0, T) T< oo, and

R_=R®(0, =]

Br={BQL0, T} v{R®(0)}, 0<T<oo.

B, will be called the Jower boundary of R;. In general the lower
boundary of a space time cylinder will be the union of the bottom and
the sides.

In the steady state cases time dependent functions, (e.g. F(x, ¢, u))
which have values at £=co will have the ¢ variable suppressed at f=oo :
F(x, oo, u)=F(x, w). And by Hu(x,t)=F(x,t, u(x,t)) at t=co0 we will
mean Au(x)= —F(x, u(x)).

Throughout the paper we will make the following assumptions on
F(x,t, u). These will be referred to as assumptions A :

A: (a) For no £, >0 is F(x, t, u)=0 for 0< ¢t<¢,.
(b) F(x,t, u)=>0 (x,t)e Ry, u>0.
(c) F(x,t, u) is locally Holder continuous for (x, #) € Ry, u_>0.
(In case T=co local Holder continuity means what it says for
finite ¢, and that F(x, u) is locally Holder continuous for x € R,

u >0.)
(d) For each ¢ >0, there is an M(c) for which

—M(c)_<_F(x’ 2 u)—f‘(x, 2 U)_<_0 for all u>c, v>c.
u.—.

Finally in case T=c we also assume

(e) For each ¢ >0, &0 there are two positive numbers 8(&, ¢), T(, ¢)
so that

(F(x) t) u)_F(x) U)l<6
if
lu—v|<8, t>T,u>c,v>c.

In particular it should be noted that these assumptions place no
restrictions on the rate of growth of F near #=0. For example
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F(x,t,u) = ¢(x, hu™, n_>0
and
F(x,t, u) = {(x, t)e'™

where ¢ satisfies reasonable regularity conditions are perfectly admissible
functions. On the other hand F need not grow at all, in fact F can be
zero in large portions of the space time cylinder. (The assumption A(a)
is of course a normalization rather than a real restriction.) Or of course
the growth can be mixed: of a mild even bounded character in parts
of R,, and of a wild unrestrained sort in other parts.

Let f=f(x, t) be a given continuous function defined on B;:

P(x) ¥€ER, t=0
x€B, 0<t<T, T< oo
Slx, t) = < Pz, 8) or
xEB, 0_<_t_<__00, T=co.
$(x) = (x, 0) x€B.
We seek a solution to the Dirichlet problem
I Hu =F (x, 1) e Ry

u=1fp (x,8)e Br.

That is, we seek a function #(x, #) continuous in R, B; which satisfies
conditions I. In case T=co, this means we specify that f(x,#) shall
converge uniformly to f(x) on B as {— oo, and we ask for the solution
u(x, t) to converge uniformly to the solution #(x) of the problem

A —F X€R

u f—

u=7f x€B.

This will be handle(_i_ by proving continuity of u(x,{) in the compact
space time cylinder R_=R_VUB,.

The region R will be called regular for Laplace’s equation (Au=0)
if for every continuous function f(x) given on B, the Dirichlect problem
for Au=0 has a (unique) solution, that i_s, if for each continuous f on
B there is a function #(x) continuous in R for which

Ay =0 x€R,
u=1f x€B.

We can now state our “Hauptsatz”

Theorem. If R is regular for Laplace’s equation, and if F(x,t, u)
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satisfies assumptions A, then problem I:
Hu = F (x,)e Ry
u = f (x, t) € BT
has a wunique solution for every comtinuous non-negative data function f
given on By for all T, 0< T< oco.
In the case T=co this theorem contains the convergence to the
steady state and thereby the existence of the solution of the problem
Ay = —F(x, u) x€R
u=f x€B
if f is continuous on B, and if F satisfies (b), (c), (¢) of assumptions A.

For (a) is clearly superfluous and (d) will be automatically satisfied. If
we define ¢(x) to be e.g. the solution to

Ay =0 xeR

u=171 X€EB,
and
_ [Px)  xeR, t=0
e B = {f(x) xEB, 10,

then the steady state of the problem

Huy = F XER,
u=1fz x€B,
leads to the desired solution of the problem posed at the beginning of
this paragraph.
Similar problems have been recently considered by Friedman [37]",
but he does not consider the case where F' becomes singular.

2. Uniqueness and Preliminary Existence Theorem
Let # and v be two solutions of Hu=F. Denote by w their diffe-
rence: w=u—v. Then w satisfies

F(x, t, u)—F(x, ¢, v)w
U—v '

Hw = F(x, t, u)—F(x, t, v) =

that is, w satisfies a linear equation
II Hw = cw, c<0,

from which it follows (Nirenberg [5]) that w cannot attain a positive

1) Numbers in brackets refer to the bibliography at the end of the paper.
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interior maximum nor negative interior minimum without being constant
for all previous time. Hence if, as (x, #)— B, we have for m, k=0

—m < lim inf w(x, ) < lim sup w(x, #) < k
then
—m<wx, )<k, (x,t)eRy.

In case T=oo, the previous inequality holds for all #< oo, and hence
for t=co also, by passing to the limit.

This maximum principle establishes uniqueness of the solutions of
boundary value problems for R, in the class of functions which do not
vanish in the interior. For if # and v were two such solutions then w
would achieve zero boundary and inital values, so m and k£ could both

be 0.

REMARK : By virtue of the fact that F>0 any solution of Hu=1F
is a super-parabolic function. And it is a well known property of such
functions that they cannot attain a minimum at an interior point without
being identically constant for all previous time. If by super-parabolic
in R, we mean super-parabolic for #< co and super-harmonic at f=oo,
then the minimum cannot be attained on the plane #=co without being
identically constant for all #, 0<¢<oco. This is an easy extension of
the theorem for finite £. In particular this implies then that all solutions
of Hu=F in R; are larger than or equal to the infimum of their
boundary limits. (See Doob [2] for some of the ideas mentioned here.)

We turn now to existence of the solution in the finite case where
T< o, and where the data function f is bounded away from zero.

Let v(x, ) be the unique solution of

Hv =20 (x,8)e Ry
v:f (xyt)EBT

where f is a given continuous data function on B;. v exists since R is
regular for Laplace’s equation and hence for the heat equation (Tychonoff
[6], or Fulks [3]). From the regularity of R for Hu=0 it also follows
that Green’s function for the heat equation exists for R.

LEMMA 1. Let F satisfy assumptions A, and suppose that f is conti-
nuous and f>o >0 on By (« constant). Then the solution of the Dirichlet
problem I is equivalent to the solution of the integral equation

t

M w(x, ) = o, t)+S S G(x, 9, t—)F(y, =, u(y, r) dydr

0vR

where dy=dy, dy, --- dyn, and v(x, t) is defined above.
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This is a standard result.

LemmA 2. Under the conditions of Lemma 1, the integral equation III
has a ungiue solution w(x,t) for 0< t< r, where v, depends only upon «,
if R is regular for Laplace’s equation.

Proof : We will need the following well known properties of Green’s
function G(x, y, ) for the heat equation for R:
(i) H,Gx, y t)=H,G(x,y,t) =0 for x€R, yeR, t >0
(ii) G(x, 5,8t =0 if either x€ B or y€B
(iii) 0<<G(x, y, Y<Ek(x—y, 1) for x€R, yeR, t >0

where % is the fundamental solution for the heat equation :
N
k(x—y,t) = (4=t) M exp {—[ 2 (x;—,)"1/4t}

We solve the integral equation III by iteration. Let #,=wv, and for
n>0 set

t
(%) Uy = D+ SO SRG(x, y, t—a)F(y, 7, u(y, 7)) dydr .

Now since our boundary values f are bounded away from zero:
f>a, >0, so is v>a and hence so is u,>a_>0 for all n.
Denote sup |u,—#,_,| bY |[ty—ty_|ls,

0<ies,
Then
un+1_un|£ S:RGIF(% T, un)"F(y’ Ty un—1)|dydT
t
<M@ (| Glu—u.|dydr.
0JvR
Hence for any ¢,<T

ty
[t =ty < Nt =t 1 M@0 || Gayar
But SRGdyg Sdey_<_SEdey=1, so that

Wots =ty < Nt — s [ M(@) -, -

Hence if we take #, to be any fixed number < 7,=1/M(«a) we will have
uniform convergence for 0<{¢< #,. The limit function # is clearly a
solution to the integral equation III for 0<#< r,, for one can pass to
the limit in (%) since F is bounded because u,_>«.

This proves the existence. The uniqueness has already been estab-
lished.
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LemMmA 3. If F satisfies assumption A, and if f is continuous and
f=>a >0 on By (a constant), then problem I has a unique solution for T<oo.

If T<s, of Lemma 2 the proof is complete. If T _>¢, then let
u,(x, ) be solution defined for 0<¢< +,. Now choose any ?¢,< =, and
pose the problem

Hu, = F(x, t, u,) t >t
uz(x> to) = ul(x’ to)
u,(x, t) = fl(x, 1) x€B, t >14,.

By Lemma 2 this has a solution for ¢,<t< f¢,+7,. By iterating this
procedure we build up a function, continuous in R;u Bz, in a finite
number of steps. It obviously takes on the appropriate boundary vlues,
and initial values. But is it a solution of the equation? In each layer
this is clear. But to see that it is a solution compare #, and %, in the
interval ¢,<¢{< t,. They achieve the same values at f#=¢,, and they
achieve the same boundary values. Hence by the uniqueness argument
given earlier they are identical, so that #, is a continuation of #, into
the second layer in such a manner as to make the resulting function a
solution of Hu=F across the plane {=¢,. By induction the argument
proceeds from one layer to the next.
We wind up this section with the following :

Lemma 4. Let wu,,u,, - ,u,, -+, be a sequence of solutions of Hu=F
in a space time cylinder Ry, and suppose that on each compact subset of
R, we have u, converging uniformly to a non-vanishing limit function u,
then u is also a solution of Hu=F in R.

Proof: Let (x,,%,) be a point in R, (if T=co the case f,=c will
be handled later). Then let S be a sphere centered at x, with S entirely
in R. We consider the space time cylinder built on S from time #,—¢&
to #,+¢&, where & is sufficiently small that the closed cylinder lies in R;.
On the lower boundary of this cylinder, ie., for x€S, t=¢—¢ and for
x €3S, t,— &< t<t,+€, u, defines a continuous function. Let v, be the
solution of the problem Hwv=0 in the interior and v=w#, on the lower
boundary of the cylinder. Now since v, converges uniformly on the
boundary, then by the maximum principle it must do so in the interior.
And if G'(x, y,t) is the Green’s function for S for the heat equation,
then

t

", — v,,+g SSG“’ ¥, =) F(p, 7, u(y, 7)) dydr .

to-¢

Now since u, is bounded away from zero in this cylinder F(y, -, u,)
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converges uniformly to F(y, v, u) so passing to the limit on both sides
we get

u = v+ St SSG’(x, Y, t—7)F(y, v, u(y, v))dydr
to-¢

-so that #» is a solution of Hu=F at (x,,?,), and hence for all (%, ¢) in
R, for finite time.

If T is infinite we discuss the surface #=co separately. There u,
solves the equation Au= —F(x, #). Then the same sort of analysis based
on the equation

() = 0,(2) + SSG’<x, 9 F(y, un(3)) dy

where G’ is the Green’s function for Laplaces equation for the sphere S,
yields the same result. This proves the lemma.

3. Certain Steady State Problems

We begin with the study of the steady state solution of
(2) Hu = g(x, t).

This is covered by recent work of A. Friedman [3] but the proof pre-
sented here is of a more elementary nature.

We assume that g(x, #) is given as a bounded continuous function
in R_, and that as ¢{— c we have g{x, #) converging uniformly to g(x, )
=g(x) for x€¢ R. We also assume that g(x, #) is locally Holder continuous
in R,. By this we mean that it is locally Hélder continuous in R, for
every finite T and that g(x) is locally Holder continuous in R. We then
can prove

LemmA 5. Let R be regular for Laplace’s equation, and let f be
continuous on B.,. Then the Dirichlet problem
Hu=g (x,t)eR,
u=f (xt)€B,
has a unique solution in B_, if g satisfies the conditions of the previous

paragraph.
For finite ¢ the solution is given by
t
u(x, 1) = v(x, t)+S SRg(x, ¥, t—) gy, T)dydr
0

where, as before, v is the solution of
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Hu =0 x,t)eR,,
u=f (x,)eB,.

For t=co the solution is given by

u(x) = v(x)+ §Rc(x, & dy,

where v(x) is the solution of

Ay =0 XER
u=1f x€B.

and G(x, y) is Green’s function for Laplace’s equation for R.

Our task is to prove that as f{— oo, u(x,t) converges uniformly to
u(x).

It is known (Tychonoff [6]) that v(x, #) converges uniformly to o(x),
and, from the same source, that

SmG(x, » 0dt = G(x, y).

Actually Tychonoff proved this relationship between G(x, y, #) and
G(x, y) only for N=3. But the proof is valid without change for N >3
and is not difficult to establish for N=2 and N=1.

It is therefore sufficient to establish the uniform convergence to
zero of

t
I:S § G(x, y, t—7) &(y, T)dydfr—g G(x, y) g(y)dy.
0VvR ®
We write this in the form
! t
= SR{ SOG("’ ¥, t—7) gy, 7)d7—g(3) SOG(x, 9 t—T)dT}dy

t
+5Rg(y) { SOG(x, ¥, t—7)dr—G(x, y)}dy
= I,+1, respectively.

Now

t t
[ &0 6y t—mdray = | gt 'Gtx, 3, mdray,
R 0 R 0
and the integrand of the outer integral, namely

() S:Gu, y, 7 dr
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is monotone increasing. By the monotone convergence theorem we can
pass to the limit under the integral sign to obtain

S g(y) StG(x, Y, 'r)d'rdyﬁg gy G(x, y)dy
R 0 R

for each fixed x. To see that the convergence is uniform we note that
the left hand side is converging monotonically to the right hand side.
Both sides are continuous functions of x in R. Thus by a theorem of
Dini (Courant-Hilbert Vol. 1 [17]) the convergence is uniform. That is,
I, converges uniformly to zero.

We now consider the integral I,. Let

M = maxg G(x, »)dy .
*ER R
and given & >0 choose T so large that

lg(y, t)—g(y)l<2%4 for all ye R if t>T.

Then for ¢ >T we have
t—-T
I = L j G(x, 3, ) [ g9, t—3)— g(»)1dsdy

+S S G, 3, )[g(9, t—s)— g(3)1dsdy
R Ji-T

= I+ 1, respectively.
Now

|I|<‘SSS’"TG( dsdy< £ { G, yd
3 _m 2 ) x, ¥, s)ds y’—éﬁ&e (x, ¥)dy

_<_% uniformly for x € R.
If M’ is a bound for g(x, £) in R and if V is the volume of R, then
t .
mgS S G(x, 9, ) 2M’ dyds
R JVt-T
_<_2VM’St E(x—y, s)ds

t-T

_<_2VM’St (47s) N2 ds
t-T
log t/(t—T) if N=2
< const.{ 1 1 )
gy N=3.
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These two estimates prove uniform convergence by the Cauchy criterion.
This establishes the lemma for N>2. For N=1 it is not difficult to

t
see that S G(x, ¥, t)dt converges uniformly as ¢—co for x € R (which is
0

now an interval). This is sufficient by the Cauchy criterion to again
guarantee that I, can be made uniformly small for ¢ large. This secures
the lemma for the case N=1.

Let us now return to equation (1): Hu=F. We want to examine
the steady state, i.e., the solution of the Dirichlet problem in R_. We
assume of course that F satisfies assumptions A and that f>a >0 on
B.,. We examine the equivalent integral equation III and iterate as

=3

before, taking #,=v and
Uppy = v+$t SRG{F(y, T, U,)dydT .

These iterates are each defined in R, for every T< co (though conver-
gence of the sequence was proved only for 0<{¢<7, for =, sufficiently
small). It is the behavior of these functions in R_ that we will now

examine.
Now as remarked before w,=uv(x,?) converges to a steady state
solution (Tychonoff [6]). That is «, is the unique solution of

Hu,=0 x,)eR,
U, = f (x,)eB,,.

Hence F(x, t, u,(x, ¢)) is defined, locally Holder continuous, bounded (since
u,>«) and F(x, t, u,(x, t)) converges uniformly to F(x, u,(x)) as {— co by
(e) of assumptions A and by the uniform convergence of u(x,%) to u,(x).
Thus F(x, t, u,(x, ¢)) is an admissible g(x, ) for Lemma 5, hence by this
lemma the problem

Hu = F(x, t, u,) (¥, )eER,_
u=7f x,t)e B,

has a unique solution. In other words u,(x,f) is continuous in_ R _=
R_uB,_. It is clear that by induction #,.,(x, ) is continuous in R_ and
solves the problem

Hu, = F(x,t u,) (x,t)€R,
Uit =f (x, Z‘)EBm

for each #=0,1,2,---.

Now let ||u,—u,_,||=|lu,—u,_,||.,= sup |u,—u,,,| and observe
Reo
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(=t | dydr

t p—
Iun+1_un|£ So gRG(x’ Y, t—'T)’F(y’ kL uz:)__f(y’ k! u"—l)

< IIun—u,.-lllM(a)-SR S:G(x, Y, s)dsdy.
Thus
st = 4| < Ny, || M(@)- [ Glx, 3)dy.

Hence the sequence converges uniformly in R_ if the volume of R is so
small that

M(x) SRG(x, »Ndy<1.

It is clear that this condition can be achieved restricting only the
volume of R, for if a be the radius of a sphere with the same volume
as R, then

1 1 N-1 . “ — 2
SRGdyg.ﬁng_zr drdo — Sordr /2.
(If N=2 or 1, the calculations are slightly different.)
We have thus proved

LEMMA 6. Suppose F satisfies assumptions A, and that f>a >0 and
is continuous on B_, then there is a number v(c) depending only on o so
that problem I for T=c :

Hu = F x, HeR,
u=f x,t)eB,_,

has a unique solution if R is regular for Laplace’s equation and if the
volume of R is less than v(a).

Suppose R is a bounded region, regular for Laplace’s equation whose
boundary B is the union of two disjoint closed sets B’ and B”. Then
the problem

Hw =0 (x,)eR,
0 x€R, t=0
w=+40 xeB, 0<t<
1 xeB”, 0<t<

has a unique solution, which we will call w, in R_. It is of course not
continuous at the points x € B”, ¢t=0, but it is continuous elsewhere in
R, and lies everywhere between O and 1 (see Tychonoff [6]).
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Now w(x, ¢) cannot attain the value 1 at any point (x, f)e R_: if ¢
were finite then w(x, #) would be identically 1 for all previous time, and
if ¢ were co then w(x)=w(x, o) would be identically 1 in R. But neither
of these can obtain since w(x, #)=0 if x€ B/, 0<{¢{< . Thus for any
compact subset D of R there is a number g, 0< g<1 for which

0<w<q (x, )¢ D®]O0, =].

This is because the set D®[0; ] is a compact set on which w is
continuous, non-negative, and everywhere less than 1.

LemMA 7. Let R be a region regular for Laplace’s equation whose
boundary B is the umion of two disjoint closed sets B’ and B”. Let w
satisfy equation II :

Hw = cw c<0
in R,. Suppose further that
( lir?g w(x, t) =0 if (& 7)e Rx {(0)}
x OH>CE,T
or if £€B, 0<E< o

and that
m=-sup[ lim |w(x, )]
[CHEIE X))

where £€ B" and 0<1<co and the sup is taken over all such points (§,T).
Then for each compact subset D of R there exists a number q, 0< g<1,
depending only on D for which

lw|<mg  for (x,t)€DRIO, oo].
Proof : Let
v = w—mw
where w is the function defined above. Now
Hv = Hu—mHw = cw = cv+cmw .

But cmw< 0, ¢<0 and the boundary values of »<<0. We want to show
that »<{0. For suppose it were positive at some point. Then it would
assume a positive maximum at some point in R,. And by Nirenberg’s
maximum principle it would be constant on a set which reaches out to
the boundary of the set where it is positive, but by continuity it must
vanish there. Hence we have a contradiction. Thus

v<0
or w<mw,
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Similarly, by considering p=w-+mw one sees that x>0 or

w > —mw,
so that
lw| <mw.
Then on DR[O, =] we have
lw | < mw<mgq .

We can now prove

Lemma 8. Let R be a bounded region regular for Laplace’s equation
and suppose F satisfies assumptions A. Suppose also that f is a given
continuous function on B_ with f>a >0 (« constant). Then the problem
I with T=oo:

Huy =F (x,)eR_
u=7f (x,t)€e B,

has a unique solution.

Proof: Our region R is a bounded open set and therefore has finite
volume. We can then represent R as the union of a finite number of
open sets R/, j=0,1, .-, k, with the following properties :

(i) R™D>R/I (ii) R*=R

(iii) each point of the boundary of R; is a regular point for both
the exterior and the interior. (iv) if V; is the volume of R’ then

V, < Via)(1+5)/2.

The R/ can be constructed, for example, by taking appropriate unions
of spheres.

We proceed by induction: we suppose that we can solve the Dirichlet
problem for R’, j2>1, and we show that we can then solve it for R’
Since we can clearly solve it for R', we are led in a finite number of
steps to R itself. We use a variation of Schwartz’s alternating method.

First we note that the “rings” of the form R7*'—R’"' are regular
for Laplace’s equation. (These “rings” may of course have high con-
nectivity, but we may visualize them as annuli.) This is because the
boundary of the ring consists of the two disjoint sets B’** and B/, the
boundaries of R’™ and R’ respectively. Now each point of B/ is a
regular point for the interiors of R’" and hence for the ring, and each
point of B’~' is a regular point for the exterior of R7' and hence for
the ring.
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Let us denote R7*'—R7~* by S and its boundary by C:

S = Ri*—Ri™
C = Bi*'uUBi™,

Now suppose f given on BZ*', f>«, and f continuous. We want
to show that we can solve the Dirichlet problem with these boundary
values. Define a boundary function f over the lower boundary (see
introduction) of S, i.e., over C_: for x €S, t=0, and for x € B/™, 0<¢<co
we retain the given values of f, but for x€ B/, 0<f{< o we define
fi by

filx, 1) = flx, 0)
ie., we extend f up the generators of the cylinder so as to be constant
on each generator. Then f, is continuous in C_ and f,>a. Now S is
a regular region whose volume is V, ,—V, ,<V(«), so that we can solve
the problem
Hu = F (x, H)e S,
u=f (x,t)eC,_.

Let %, be the solution of this problem. w, is now continuous in C,_
and coincides with f for x€S, t=0. Hence the function ¢, defined on
Bl by

_(f xeRI, t=0
%= {u x€ B, 0< <L oo

is continuous and >«, and by hypothesis the solution of the problem

Hu =F (x, ) e RL
u =, (x, t) € BL

exists. It will be called »,. Now »,>« since it is super-parabolic in
R} for every T, and super-harmonic in R for ¢=co.

The function f, defined to be f for x€ S, t=0 and x€ B/, 0<t<co
and to be v, for x€ B!, 0<{¢t< oo is then continuous and >a. The
problem

Huy = F (x, 1) €S,
u=f (x,)eC,

has then a solution #, in S_. This gives rise to a ¢,:

. _{f XERI, t=0
S xe€B, 0<t< o,
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which leads to a solution v, of the problem

Hy =F (x, )€ R
u=ao, (x,t)e BL.

By continuing this alternate solving of problems for S_ and R’ we
define sequences v, and #, of solutions of Hx=F in R’ and R_ respec-
tively. Each v, is continuous in R’ and each u, is continuous in S..
Also v, coincides with f for =0, x€ R/, and u, coincides with f for
x€S, t=0, and for xe B/*', 0<¢t<co.

Let us now examine w,=u,.,—u, in S:

Huw, — F(x,t, un,)—Fx, t, u”lw,, )
Upir— Uy

Hence Hw,=c,w,, ¢,<0. Now w, vanishes for x€S, #=0, and for
x€ B, 0<¢t< o, and is bounded (by M, say) for x€ B/, 0<¢<oo.
Then by Lemma 7 there is a ¢<1, independent of #, for which

lw, | < gM, for xe B/, 0<t< 0.

We next examine z,=v,,,—v, in R.,. Now 2z, vanishes for £=0,
x € B, and coincides with w, for x€ B/, 0<¢{< . And z, also satisfies
a linear equation of the form II:

Hz, = clz,, ¢, <0,

so, by the maximum principle, |2,|<<M,q in R.. But for x€ B/,
0<¢< c0, we have w,,,=2,, and on the rest of C,_, we have w,, ,=0.
Hence ‘

M, < qM,.
So, by induction
lwul = tpss—u, | < "M, (x,0) €S,
and
12, = V0= 0, < @M, (x, )eR..

Consequently the sequences #, and v, converge uniformly in their re-
spective domains of definition. The limit functions, denoted by # and v
respecively, are clearly solutions of the differential equation Hwu=F.
And u=ffor x€S, t+=0, and x€ B, 0<¢<0 and v=f for x€ R/, {=0.

We consider now the difference u,—v, in its domain of definition,
namely R.NS_. For t=0 or for x€ B/, 0<{¢t< o the difference is zero.
For x¢ B/, 0<t< o, u,=v,,,, so there the difference is bounded by
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M,g"*. From this it follows that #=wv in this domain. That is the
function # defined by

d_{u (x,1)eS,
v (x,peRl

satisfies both the differential equation and the boundary values. That is
# is the solution of the problem

Hu = F (x, 1) e R
u=7f (x, t) € B,

This completes the proof of Lemma 8 and gives our general existence
theorem for boundary values bounded away from zero.

4. The Proof of the Theorem

We can now give the proof of the theorem stated in the introduction.
Accordingly we suppose that F' satisfies assumptions A, that f is conti-
nuous on B, (0< T< ), that f>0, and of course that R is regular
for Laplace’s equation. Let «, be a decreasing sequence of constants
with limit zero. Each of the problems

u=f+d” (x,t)EBT
has a unique solution in R, by Lemma 3 or 8 according as T< o or
T = oo,

The differences u,—u,. ., satisfy an equation of type II, so that by
the maximum principle

O._<_ un_un+k_<_ an_an+k< Q,.

From this we can assert that the sequence {,} is non-increasing and
converges uniformly in R;vB; to a limit function # which must there-
fore be non-negative (since each u,>«, >0) and continuous.
We now show that « satisfies the proper boundary values. Consider
for arbitrary »:
OS Up—U = lim (nn—un+k) S il_)m (an_an+k) = 0,.

k>0
Let (x, ¢) tend to an arbitrary point (¢, 7)€ By. Then
O_<_f+an_ﬂ;ﬁu __<_f+an_lu__nu£ «,,

and # tends to infinity we get
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0< f~limu < f-lim#<0.

This implies lim #=f at each point of B.

Next we prove that # does not vanish in R;. To see this we
observe that # is a continuous super-parabolic function since it is the
uniform limit of continuous super-parabolic functions. Hence, by the
remark in section 2, if it vanishes at a point (x,, #,) it must vanish for
all previous time, and thus vanishes at some finite point (x,, ), (for Z,
may be infinite) and for all, ¢, 0<¢<¢,.

By assumption A(a), F(x,t, u)==0 for 0< t<#,, so that there is a
point (¥,%,)€R,, and a number &>0 for which F(x,,¢,, & >0. Thus
by continuity there is a neighborhood of (x,,?,), lying in R, , and a
number 7 >0 for which F(x, ¢, §) >» in the neighborhood. Since the
sequence #, converges monotonically and uniformly to 0 in R, , there is
an #» for which

Unip é Un _<_ & (x’ t) € Rtl .
Then
F(x’ t) un—(»k) EF(x) t) un) ZF(x) tr 8) (x) t) € Rt‘ .
Let »; be the solution to the problem
Hv =0 (x,t)e Ry
Then

4
un+k(x1, tl) = vn+k(x1’ t1)+S SRG(x“ y’ t1“T)F(J’, q-’ un"-k) dyd‘T
21
2 So SRGF(}’» T, un+k) dyd’T
>(*{ 6P, r 9dyar>o0,

the last inequality being true since the integrand is positive in a
neighborhood.
As k tends to infinity this gives
t
uw, =" GF, 7, & dyar >0
0JR
which yields the contradiction.
The proof is completed by invoking Lemma 4 to prove that # is a
solution of Hu=F in R,.

(Received December 1, 1959)
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