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We consider the nonlinear eigenvalue problem posed by a parameter-dependent semilinear
second-order elliptic equation on a bounded domain with the Dirichlet boundary condition.
The coefficients of the elliptic operator are bounded measurable functions and the boundary
of the domain is only required to be regular in the sense of Wiener. The main results establish
the existence of an unbounded branch of positive weak solutions.

1. Introduction

Let Q be a bounded domain (nonempty open connected subset) in R”. We consider
weak (or generalised) solutions of the semilinear boundary-value problem

Lu(x)+ f(x,u(x), 1)=0 for xeQ,

(1.1)
u(x)=0 for xe0Q,

where L is a second-order elliptic operator with bounded measurable coefficients
and, for each 1€ R, f is a function of Carathéodory type. Concerning the boundary
0Q, we assume just enough regularity to ensure that weak solutions of (1.1) belong
to WH(Q)nC(Q) and fulfill the Dirichlet boundary condition pointwise. (For
example, the requirement that every point of 0 satisfies an exterior cone condition
is sufficient.) In this setting we discuss the global behaviour of the principal compo-
nent C of weak solution pairs (4, u) of (1.1).

We treat two common situations:

(i) (Bifurcation) We assume that f(x, 0, A) =0 for all 1 € R, in which case C denotes
the branch of solutions bifurcating from the line of trivial solutions, R x {0}, at a
principal eigenvalue of the linearisation of (1.1).
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(i) (Continuation) We take f(x,0,0)=0 and then C is the solution branch
containing (0,0) e R x C(Q).

In both cases our main result is that for non-trivial elements (/, u) € C the solution
u must be of one sign on Q.

In the pioneering work of Rabinowitz [9, 10], a similar result was obtained for
regular problems (1.1) on regular domains via the Hopf maximum principle.
Specifically, for nontrivial elements of C, it is shown that ue K (or —u € K), where
K is the open cone

) 2
K={uec1(9):u>0m 9,5%<0and 4=0 on ag}.

(Here du/dn denotes the outer normal derivative of u.) Clearly, in our situation,
solutions of (1.1) need not have C!(Q) regularity, and the cone of positive functions
in W§2(Q)n C(Q) is not open. Consequently, the arguments employed in [9, 10] are
not readily generalised to the problem at hand. We overcome this difficulty via
another refinement of the maximum principle that was first introduced in the context
of regular versions of (1.1) on polygonal domains with corners in the presence of
symmetries [6].

The plan of the paper is as follows. In Section 2 we state our basic assumptions
on L and fin (1.1), and then recall a few well-known consequences. We then establish
a refinement of the maximum principle in Section 3. In Section 4 we reformulate
our generalised problem as an operator equation in the form of a compact pertur-
bation of the identity; this is crucial to the global bifurcation and global continuation
analyses presented in Sections 5 and 6, respectively. In Section 7 we indicate the
applicability of the results from Section 6 to the anti-plane-shear problem of nonlinear
clasticity.

The main results of the paper are presented in Sections 5 and 6: we establish the
positivity (negativity) of generalised solutions along global solution branches. A
novel feature of our treatment of the bifurcation case in Section 5, is that our results
hold with a weak odd-crossing hypothesis that ensures the existence of global
continua of nontrivial solutions. Moreover, in the continuation case, presented in
Section 6, we separate the zero-order perturbation into the sum of a nonlinear part
and an inhomogeneous “forcing” term. In this way, we are able to place separate
hypotheses upon each term. In particular, our results hold for each of two distinct
hypotheses concerning the (local) sign of the nonlinear term (cf. (6.6) and (6.7)).

NotaTioN 1.1. For 1 < p < o0 and Q a bounded open subset of R”, the usual norm
on the space IP(Q) will be denoted by ||, or | |l.»q. as the context requires.
Similarly, the usual norm on C(Q) will be expressed as || ||...

2. Preliminaries

In this section we define the linear operator L and the nonlinearity f. Let Q be a
bounded domain in R". Using the summation convention, we define a differential
operator L on Q by

Lu(x) = D;{a"(x)D;u(x) + b'(x)u(x)} + ¢'(x)D;u(x) + d(x)u(x), (2.1)
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Positive weak solutions of semilinear elliptic problems 373
where the coefficients satisfy the following conditions:
() a’=a", b, c,de L*(Q) fori,je{l, ..., n};
(i1) there is an a > 0 such that
a¥(x)¢¢; 2 alé* for almost all xe Q, £ e R” > (2.2)

(iii) f (dv—b'D,v) dx <0 for all non-negative v e W'(Q).
Q ~
REMARK 2.1. By (2.2(ii)), L is uniformly elliptic on Q. We can extend L to an operator
L having the same properties on all R” by setting a”(x) = ad,;, b'(x) = ¢'(x) = d(x) =
0 for xe R"\Q, 1<i j<n Then inequality (2.2(iii)) holds for all non-negative
ve WYHR"). It is for this reason that we have replaced the usual condition ([5,
(8.8)] by the stronger form (2.2(iii)).
For the nonlinearity we consider a function

f:Qx R?>R of the form f(x, s, 1) = g(x, 1) + h(x, s, A)s, where )
(i) f(-,s, 1): Q- R is measurable for all (s, 1) € R

(ii) for almost all x€ Q, g(x, *):R—>R and h(x, -, - ):R2 >R
are continuous;

(iii) there is a 4 > 0 such that for almost all x € Q the partial derivative % (2.3)
of f(x, -, -) with respect to s exists and is continuous on V where
V=(-9,0) xR,

(iv) the functions g, h, f; are bounded on bounded subsets of their
domains of definition, respectively. )

For (4, u) e R x C(Q), we introduce
F(4, u)(x) = f(x, u(x), 4),
A(Au(x) = hx, 0, Lu(x).

By standard arguments we then obtain the following results:

(2.4)

ProPoOSITION 2.2. Let Q be a bounded domain in R" and let p e [1, 00). Suppose that
[satisfies all of (2.3).Then the mapping F as defined in (2.4) has the following properties:

(i) F:R x C(Q)—> I7(Q) is bounded and continuous;

(i) 4:R—ZL(C(Q), [P(Q)) is continuous, where ¥ denotes the space of linear and
bounded operators;

(iii) F:R x C(Q)— IF(Q) is continuously Fréchet differentiable with respect to u at
all (A, w) e R x C(Q) such that |u|, <9, and D,F(A, 0) = A(A).

By imposing further restrictions on f we can also ensure that F is twice continuously
differentiable with respect to A and u near (4, 0).

ProrosiTiON 2.3. Let Q be a bounded domain in R” and let p € [ 1, o). In addition to
the hypotheses (2.3), suppose that f satisfies:

there is a 6 > 0 such that f(x, -, -) € C2(V) for almost all x € Q, where
V=(—46,0) xR, and D, f is bounded on bounded subsets of Q x V, (2.5)
where D, f denotes any partial derivative of order £2 with respect to ’
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A and s.
Then F:RxC@Q)—I1P(Q) is twice continuously Fréchet differentiable on
{ALuweR x CQQ): |uly < b6}Y. In particular,

D,D,F(, 0)w(x)= %(x, 0, A)v(x) (2.6)

for (A, v)eR x C(Q) and x € Q.

3. A maximum principle

In this section we formulate a version of the maximum principle for L. In connection
with components of solutions of (1.1), it was first introduced in [6] to deal with
regular problems on polygonal domains in the presence of the symmetry of a lattice
in R" We first need the following well-known result (cf. [3]. Theorem IX.17] or [6,
Appendix]):

LemMMA 3.1. Let Q be a bounded open subset of R". Suppose that ue WH2(Q)nC(Q)
and that u(x) =0 for all x € 8Q. Then ue W3*(Q).

Proof. This is the implication (i)=>(ii) of [3, Theorem IX.17]. We note that the
proof of this assertion does not require any restriction on the boundary of Q. [

THEOREM 3.2. Let Q be a bounded domain in R" and let L satisfy the conditions (2.2).
Suppose that v € L*(Q) and that v € WL2(Q)n C(Q)\{0} satisfies

Lo+rv=0inQ

in the generalised sense (cf. [5, equation (8.2)]. Let s* =max {s, 0} for seR. Then
there exists a number y > 0, depending only upon max; ||b* — c'| ., |(d +7)* ||, @, and
n, such that

meas {x € Q:v(x) <0} <y
implies v(x) > 0 for all x € Q.

Proof. Let v~ =min {v,0}. Then by [5, Lemma 7.6] v~ € W"2(Q). Setting & =
{x e Q, v(x) <0}, we suppose that & # (. Then v~ € WH*(2)n C(D) since v~ =0
on 0% (see Lemma 3.1). By Poincaré’s inequality (cf. [ S, equation (7.44)]).

9 1/n
v |12 = <%> Vo~ |12 (w,=volume of unit ball). (3.1)

n

Since v~ =0 and Vv~ =0 almost everywhere on Q\ 2, this yields

g 1/n
o~ ”LZ(Q) = <|w_|> Vo~ HLZ(Q)- (3-2)

Since v~ € W%(Q) and v~ <0 in Q, it follows from the hypothesis Lv +rv £0 in Q
(in the generalised sense), that

f {aiijv +b'w}D;v” — (¢'Dyv + (d + o)~ dx Z0. (3.3)
o
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Positive weak solutions of semilinear elliptic problems 375

Consequently,

J a’Dp D~ dx < f (' =bYw ™ Dy~ +(d+ 1)) dx
Q Q
i € -2 Loz * mlF;
S 6 =5 1007 ey + 5, 107 Iz ) + 1+ 1) e 107 Iz

<M vz M e d+n* |2 34
=7 Vo™ llz2) + % +Hd+1) " =@ | 177 2@ (34)
where M = max; | b' — ¢'|| ;= (q-

Using uniform ellipticity (2.2(ii)), we then obtain

_ Me _ Mn _
a|Vo “22(9) = 7 Vv “%,Z(Q) + <E + 1+ ")+ ||L°°(Q)> flv ”%,Z(Q)a (3.5)

and choosing ¢ = a/M this yields

o M?n _
> (Vo™ HIZ}(Q) < (7 +ld+nT “L°°(Q)> v ||i2(n)‘ (3.6)
Recalling (3.2), we have
0, \ "o M?n _
<|@|> 5 v ”12}(9) < ( 2 + |(d + 7')+ ||L°°(Q)> v ||i2(g)- (3.7)
Hence, since & # ¢J implies || v |2 # 0, it follows that
M?n 2 2
|@|§wn< 2 +&”(d+r)+”L°°(Q)> =7 (3.8)

With that definition of v, it follows that either |2]| =y or 2 = . Hence, if |2]| <7y,
then v 2> 0 on Q. But then

O0=Llv+rmw=Lv+r v+r"v=Lv+r vonQ 3.9)

in the generalised sense. Since L + r~ satisfies all three conditions in (2.2), it follows
from [ 5, Theorem 8.19] and the connectedness of Q that either v =0 on Q or v(x) >0
forall xe Q. [

REMARK 3.3. We emphasise that Theorem 3.2 holds without imposing any sign
condition on the function r. This follows immediately from inequality (3.9), which
was first observed by Serrin [127].

4. Problem formulation

Let L be an elliptic operator satisfying conditions (2.2) and let f be a function having
the properties (2.3).

DErFINITION 4.1. By a generalised (or weak) solution of the nonlinear problem
Lu(x)+ f(x, u(x), )=0 for xeQ,

4.1)
u(x)=0 for x € 0Q,
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we mean a pair (4, u) e R x (WH*(Q)n C(Q)) such that

f {@'Dju+ b'uyD;v —(c'Diu+du+ f(-,u, Yvdx=0 for all ve CF().(4.2)
Q

This definition is apparently not adequate for a global bifurcation continuation
analysis. To this end, we now pursue a more convenient formulation of our problem.
As a first step we consider the following linear problem:

DErFINITION 4.2. For ge I*(Q), by a weak or generalised solution of the linear
Dirichlet problem

Lu(x)+ g(x)=0 for xeQ,

(4.3)
u(x)=0 for x e 0Q,

we mean a function u € W5*(Q) such that
f {ad"Dju+b'uyD;v —(c'Diu+du+gdx=0 forallveCF(Q). (44)
Q

PROPOSITION 4.3. Let g € I2(Q). Then there exists a unique generalised solution u of
the Dirichlet problem (4.3). (See [5, Theorem 8.37)

DEFINITION 4.4. For g € I*(Q), we denote the unique solution u of (4.4) by Tg. Hence
T is a linear operator from [*(Q) into W}*(Q).

The crucial step in our reformulation of the nonlinear problem is based on the
following properties of T. To obtain them, we impose a well-known restriction on
the boundary of Q.

Q is a bounded domain in R” such that every point x € 0Q

is regular in the sense of Wiener for Laplace’s equation. (43)

(For a definition, see [ 5, Chapter 2.87]). A necessary and sufficient condition for (4.5)
is the so-called Wiener criterion which states that the series (2.37) of [ 5] diverges.
A sufficient condition for (4.5) is that

Q satisfies an exterior cone condition (4.6)

(see [5, Problem 2.127). In two dimensions (n=2), the conditions on dQ can
be considerably generalised (see [5, Chapter 2.8]). The subsequent discussion is
throughout based on assumption (4.5).

THEOREM 4.5. Let pe[2, ©)n(n/2, ).
(i) For ge I7(Q), Tg € C(Q) with Tg(x) =0 for all x € dQ.
(ii) The linear operator T:LP(Q)— C(Q) is compact.

Proof. Let L, be the operator defined by Lyu = Lu — éu, where £ = |[d" || =g, + 1.
Clearly L, satisfies (2.2) and d,(x)=d(x)— (< —1 on Q. For gel*(Q), let
T,g € Wi3(Q) denote the unique generalised solution of that Dirichlet problem
Liu(x) + g(x)=0 in Q, u(x)=0 on JQ, that is given by Proposition 4.3. Suppose
now that g e I”(Q) and let us consider Tg and T,g. Clearly g + {Tg e [*(Q), and a
simple calculation shows that Tg= T(g + ¢Tg).
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Positive weak solutions of semilinear elliptic problems 377
Furthermore, by [ 5, Theorem 8.16], Tg € L™ () and
T:I7(Q)— L*(Q) is a bounded linear operator. 4.7)

Now let B be an open ball in R" such that Q = B. We define a bounded linear
operator

E:[P(Q—»I*(B) by Eg(x)=g(x) forxeQ, Eg(x)=0 for xeB\Q.
(4.8)

Let L, be defined by L,u = Lu — fu, where L is the extension of L to B discussed in
Remark 2.1. For he LP(B), let T,he WL2(B) be the unique generalised solution of
the Dirichlet problem

Liu(x)+ h(x)=0 for x € B,
u(x)=0 for xe JB.

Then, by [5, Theorem 8.22], T, € C(B) and by [5, Theorem 8.24], T;h is in some
Holder space C*(Q) for u (0, 1) and there is some constant C; > 0 such that

(4.9)

|| Tlh ”C“(ﬂ) = Cl( ” Tlh ”LZ(B) + || h “LP(B))- (4'10)
By [5, Corollary 8.7], there is some C, > 0 such that
1Tyl < Callhll2m)s (4.11)
and hence there exists C; > 0 such that
” T1h ”C“(ﬁ) = C3 ” h ||LP(B)- (4-12)

Next we consider the Dirichlet problem

Liw(x)=0 for xeq),
(4.13)

w(x)=ep(x) for x €0Q,,
where ¢ € WE2(B)n C(B). Using [5, Theorem 8.3], there is a unique generalised
solution we W'2(Q) of (4.13) satisfying the boundary condition in the sense that
w—g e Wii(Q). We denote this solution by S¢. By the assumed regularity of the
boundary data ¢, the uniqueness implies that this solution w coincides with a
(generalised) solution w= By € H*(Q) of (4.13) in the sense of [13, Chapter 10].
(Observe that the hypotheses (1.2), (9.1), (9.2) of [ 13] are satisfied by L,.) By [13,
Theorem 7.1] (or [5, Theorem 8.227) w = Sp € C(Q) and, by [13, (10.1)] (or by [5,
Theorem 8.17), we also have that

sup |Se(x)| = max |(x)|. (4.14)
xeN x€dQ

Finally, since by (4.5) every point x, € dQ is regular (in the sense of Wiener) for
Laplace’s equation on €, [13, Theorem 10.2] yields

lim Sg(x)=@(x,) for all x,€ Q. (4.15)

In other words: Sp € C(Q) and (Sp — ¢)(x) =0 for all x € Q. Now for g € [7(Q) we
set

w=Rg—SRg where Rg=T,E(g+ ¢Tp). (4.16)
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From the preceding observations, Rg e W2(Q)nC*(Q) and SRg € W"3(Q)n C(Q).
Hence, by (4.15), Lemma 3.1 and (4.7),

we WEHQ)NCQ), w(x)=0 forall xedQ, and w=T(g+ Ty = Ty
(4.17)

This proves the first part of Theorem 4.5.

To prove the compactness of T, consider a sequence (g,) that is bounded in L7(Q).
By (4.7) (g, + £Tg,) is a bounded sequence in LP(Q2) as well. By (4.12) (Rg,) is a
bounded sequence in C*(Q) and so, by the Theorem of Ascoli and Arzela, there is a
subsequence such that (Rg, ) also converges in C(Q)). Then (4.14) implies that
(SRg,,) converges in C(€). Since Tg, = Rg, —SRg, , we have established the
compactness of T: [P(QQ)—C(Q). O

We can now restate the nonlinear problem (4.1) in a form amenable to a global
analysis (for the operator F see Proposition 2.2).

PRrOPOSITION 4.6. A pair (4, u) is a generalised solution of the nonlinear problem (4.1)
if and only if (4, u)e R x C(Q) solves u= TF(1, u). This, in turn, is equivalent to the
equation

G(A, u)=0, (4.18)

where G:R x C(Q)— C(Q) is defined by G(A, u) =u— K(J, u) with K(A, u) = TF(J, u).
Moreover, K :R x C(Q)— C(Q) is continuous, bounded and compact. Finally, any fixed
point u= TF(4, u) in C(Q) satisfies u(x) = 0 for all x € 0Q.

5. Bifurcation

In this section we study problem (4.18) under the assumptions of Sections 2 and 4,
and, in addition, we suppose that

g, )=f(x,0,1)=0 forallxeQ, leR. (5.1)

This implies G(4,0)=0 for all 1R, where {(4,0),A € R} is commonly called the
line of trivial solutions. By Proposition 2.2, the map G is continuously Fréchet
differentiable with respect to u near the trivial solution line and D, G(4, 0) = I — T A(J),
which is a compact perturbation of the identity. A necessary condition for bifurcation
from {(4, 0)} at some Ay is that D,G(4y, 0) has a nontrivial kernel: D,G(4,, 0)v =0
for some ve C(Q\{0}. In other words, D,G(J,,0) has eigenvalue zero, which is
isolated, by virtue of Riesz—Schauder theory. The relationship of this problem to the
linearised differential equation is given below.

LemMMA 5.1. The following statements are equivalent:
(@) (4, v)eR x C(Q) satisfies D,G(, 0)v=0.
(b) (4, v)e R x WE(Q) is a generalised solution of

Lo(x) + h(x, 0, Jo(x) =0 in Q,
v(x)=0 on 0Q
Proof. For (b)=(a) recall, by [5, Theorem 8.15], that (b) implies v € L*(Q). Hence

(5.2)
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h(-,0, A)v is essentially bounded on Q and the continuity of v on Q follows from
Theorem 4.5 since v = Th(-, 0, Av.

We denote the differential operator in (5.2) by L+ A(4), cf. (2.4). Since we are
interested in positive solutions, we now give the following definition:

DerFINITION 5.2. A number u, = y(A) is called a principal eigenvalue for L+ A(A) if
there is a v € W§*(Q) such that

v(x)>0 forall xeQ and
Lv(x) + h(x, 0, Jv(x) = pyv(x) 1in Q, (5.3)
v(x)=0 on 0Q,

in the generalised sense. (As shown in Lemma 5.1 such a weak eigenfunction is
automatically in C(Q).)

The existence of a principle eigenvalue for L + A(4) for all A € R can be established
under either one of the following sets of conditions:

L is symmetric, ie. b= —c foralli=1,...,n. (5.4)

al, b, cte CY(Q) and D;a’,D;b',D;c'e L*(Q) for1<i,j<n. (5.5)

For proofs, we refer to [§, Chapter 8.12] in the case of (5.4), and to the recent paper
[2] for the conditions (5.5).

ReMARK 5.3. Using the IP-theory, in particular [ 5, Theorem 9.30], conditions (5.5)
on the coefficients of L and (2.3) on h imply that the positive eigenfunction v
associated with the principal eigenvalue u, has the regularity required in [2]:
v belongs to WZZ(Q) for all finite p > n.

Additional properties of a principal eigenvalue g, are the following:

1ty 1s algebraically simple; and (56)

Re u < py(2) for any other eigenvalue y of L + A(A). ’
Furthermore, if u, is a principal eigenvalue of L+ A(A), then , is also a principal
eigenvalue of the adjoint operator L* + A(4), where L* is obtained by replacing the
coefficients b’ in the definition of L by —c¢' and vice versa. We shall denote by ¢,
and i, eigenfunctions of L+ A(4) and of L* + A(4) associated with the principal
eigenvalue ().

REMARK 5.4. For regular problems (i.e. sufficiently smooth boundary 0Q and
coefficients of L) the existence of a principal eigenvalue having the properties listed
above is a classical result due to Courant and Hilbert in the symmetric case, and to
Krein and Rutman in the non-symmetric case.

Henceforth we assume that either set of conditions (5.4) or (5.5) are fulfilled.
Accordingly, a necessary condition for bifurcation of positive solutions is:
there is some Ay € R such that the principal eigenvalue of

. . (5.7)
L + A(Ay) vanishes, i.e. u;(4g) =0.

Downloaded from https:/www.cambridge.org/core. University of Basel Library, on 30 May 2017 at 14:03:40, subject to the Cambridge Core terms
of use, available at https:/www.cambridge.org/core/terms. https://doi.org/10.1017/S0308210500028535


https:/www.cambridge.org/core/terms
https://doi.org/10.1017/S0308210500028535
https:/www.cambridge.org/core

380 T. J. Healey et al.

By virtue of Lemma 5.1, condition (5.6) implies that D, G(4,, 0) has a one-dimensional
kernel spanned by ¢; : N(D,G(4o, 0)) = span {g;_}.

We now take up sufficient conditions for local bifurcation of nontrivial solutions
of (4.18) at (4, 0). We provide two alternative routes—the well-known transversality
condition of Crandall and Rabinowitz [4], and the more general odd-crossing
condition introduced in [7]. We begin with the former. In this case we require the
additional differentiability assumption (2.5), which, together with Proposition 2.3,
ensures that D, D,G(4, 0)v exists and is given by — T(6h/SA(-, 0, A)v).

For convenience, we define the nontrivial solution set

NS={(L,ueR x C(Q), G(A, u)=0 and u # 0}. (5.8)
PROPOSITION 5.5. Assume (5.7) and that
oh
i (x,0,9) =0 and >0 in a subset of positive measure in . (5.9)

Then there is an open neighbourhood W of (1y,0) in R x C(Q), and there exist
continuous functions A:J—R and z:J— C(Q), where J is an open interval in R
containing 0, such that A(0)= 4y, z(0)=0 and locally the unique nontrivial solution
set is given by

NS W= {(As), s(ps, + 2(5)), s€ J and 5 # 0}. (5.10)
Proof. Following the development in [4], it is enough to show that
D;D,G (4o, 0)p,, ¢ R(D,G (2, 0)). (5.11)

Now for u e C(Q), -
D;D,G(Ay, 0)u € R(D,G(4g,0))
<> there is some v € C(Q) such that D,G(4,, 0)v = D;D,G (1, 0)u
< there is some v € C(Q) such that v — TA(Ay)v = — T(Gh/OA(+, 0, Ap)u)
<> there is some v € W}2(Q) such that v is a generalised solution of
Lv + A(Ag)v = 3h/0A(+, 0, Ag)u
< fq Oh/OA(x, 0, do)u(x)y;, (x) dx =0,
by [5, Theorem 8.6], where /,_ is a positive principal eigenfunction of L* + A(4,).
However, by virtue of (5.9) and the positivity of ¢, and v, , we find that

J % (2, 0, 40) @, (X)W 5, (x) dx > 0, (5.12)

and thus (5.11) follows. O

Using the results of [ 7], we can eliminate the differentiability condition (2.5), and
generalise condition (5.9) to a monotonicity property of A—h(x, 0, 1) (see (5.13)
below). However, in this case we generally have nonuniqueness of local nontrivial
solution branches.

To formulate a weaker version of (5.10), let

K! ={sv,s>0 and veB,(p,)} and K, =-K/,
where O<e<|g@,llo and (5.13)
B,(9;,) = {ve CO): |lv— 0l <&}
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PROPOSITION 5.6. Assume (5.7) and that

h(x, 0, -):(Ag — 8, 4o + ) > R is monotone for some 4 >0
and for all x € Q and strictly monotone for all x in a subset of (5.14)

positive measure in Q.

Then there exist e€(0,31l9, llo] and an open neighbourhood W(e) of (Ao, 0) in
R x C(Q) such that [y — A| + [[u| o < € for all (1, u) € W(e) and (NS U {(A, 0)))n W(e)
is a connected subset of NS L {(4o, 0)} for the R x C(Q) topology. Furthermore, setting
NSE =(NSAW(E)N((Ao— &, Ao+ &) x KI) we have NSnW(e)= NS} UNS; and
NS+ .

Proof. Assumption (5.13) implies that the function (h(-, 0, 4,) — h(-, 0, A))¢;  is non-
negative (or nonpositive) and for A e (1o — 9, 4o+ 6)\{4¢} it is positive (or negative)
in a subset of Q of positive measure. The same arguments as in the proof of
Proposition 5.5 then yield that

T(A(40) — A(Nps, ¢ R(D,G(4,0)) for Ae(do—0, 20+ N\{do},  (5.15)

where we used again Definition (5.2). In the sequel, we denote the function
T(A(Zo) — A(A))@,, by B(Z)g,. By the Definition 4.4 of T this function solves

L(B(l)¢).0) + (h( s O’ /10) - h( ) 0’ j'))(0}.0 =0 in Q:

(5.16)
B(M)p;,=0 on 0Q,
in the generalised sense. Recall, in particular, that by Theorem 4.5 the homogeneous
Dirichlet boundary conditions are satisfied pointwise in the classical sense. By the
strong maximum principle ([5, Theorem 8.197]), it then follows that

B(A)g,, is non-zero in Q for A€ (4o — 3, 4o+ 0)\{4o}

. (5.17)
and changes sign when 1 passes 4q.

Local bifurcation of a continuum is established when we have shown that the family
D,G(4,0)=1— TA(A) has an odd crossing number at A= A, cf. [7]. This, in turn,
is equivalent to a change of sign of the derivative, denoted ®@,(4,0), of a scalar
bifurcation function ®(4, v) with respect to the real variable v that parametrises the
kernel N(D,G(%,0))=span[p, ] (see [7, Theorem 3.1]). Furthermore, such a
change of sign is independent of the choice of @, i.e. independent of the choice of a
complementary space for R(D,G(44, 0)), provided that the orientation is preserved,
cf. [7, Theorem 3.1]. For fixed 4 € (1, — 9, 4o + 6 )\{4o }, We choose the complementing
space E =span {|B(1)g, |} (see (5.15)). The projection of C() onto E along
R(D,G(4y, 0)) is then given by

-1
I—-Q= ( f | B(A@:, ¥, dx) ( j Wi, dX> |B(A)gs,l ve CQ), (5.18)
Q Q
where the left-hand side of the equation coincides with that of [ 7]. Formula (1.14)
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then shows that

sign @, (4, 0) =sign 'f B(M)g, ¥ 5, dx, (5.19)
Q

which, in view of (5.17), yields a change of sign of ®,(4, 0) at A= A,.
All solutions of G(A, u)=0 in NS W for some open neighbourhood W of (4,, 0)
are obtained by the method of Lyapunov and Schmidt and they have the form
(4, 5¢,, + w(4,5)) where (4,5) is in a
neighbourhood W of (44, 0) e R% w: W— C(Q), (5.20)
and ®(4,5)=0
(cf. e.g. [7]). Since @,(4, 0) changes sign at A= 4,, the intermediate value theorem
yields a continuum (NSu {(4y, 0)})~ W. Finally, since w(4, 0) =0 and since the con-
tinuous partial derivative w, satisfies wy(4,,0)=0 (see [7, Chapter 1]), we get
(A, u)= (4, sp,, + w4, 5)) € (A — &, Ao + &) x K" (K, ) provided (4, u) is in some suitable
neighbourhood W(e) of (1y,0)e R x C(Q) and s >0(s <0). O
ReMArk 5.7. We emphasise that in spite of the algebraic simplicity of the principal
eigenvalue p; =0 of L+ A(,) (see (5.6) and (5.7), the eigenvalue 0 of D,G(4g, 0) is
not necessarily algebraically simple. Recall that the eigenvalue y; =0 of L+ A(4,) is
said to be algebraically simple if

Lo+ h(-,0, l)v=9,, inQ,
v=0 on 0Q,

has no solution ve W2(Q) in the generalised sense. On the other hand, by the
definition of G, the eigenvalue 0 of D,G(4, 0) is algebraically simple if

Lo+ h(-,0, )v=—h(-,0, 4o)p;, inQ,
v=0 on dQ,

(5.21)

(5.22)

has no solution v € W§?2(Q) in the generalised sense (see also Lemma 5.1). Clearly
the solvability of problem (5.22) is not generally equivalent to that of (5.21).

REMARK 5.8. By a famous result of Rabinowitz [9] and its generalisations [7], we
obtain a global conclusion concerning bifurcation at A, provided that the Leray-
Schauder degree of ur—G(4, u) = u — K(4, u) (where K is compact) changes sign as 4
crosses A, along the branch of trivial solutions, {(4,0)}. In Proposition 5.5 the
hypotheses (5.7) and (5.9) imply that the transversality condition (5.11) is satisfied,
and, as is well-known [7], this ensures that the degree changes sign as A crosses 4.
Referring to [7], we see that this change of sign also occurs under the weaker
assumptions of Proposition 5.6. We stress that the above conditions imply global
bifurcation at A, without invoking directly the algebraic multiplicity of the zero
eigenvalue of D,G(4g, 0).

Considering NSu {(1o, 0)} as a subspace of the metric space R x C(Q), let C
denote the component of NSu {(4,, 0)} containing (4,, 0).

PROPOSITION 5.9. Under the hypotheses of either Proposition 5.5 or Proposition 5.6, C
has at least one of the following properties:
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(i) C is unbounded with respect to the R x C(Q) topology.
(ii) C (the closure of C in R x C(Q)) contains an element (1, 0) with /. # A,.

We now come to our main result in this section. Let C* denote the union of all
components of C\{(4o, 0)} that contain elements of NS where ¢ is sufficiently small
so that Proposition 5.6 holds. Under the hypotheses of Proposition 5.5, C*(C™)
contains all local solutions of the form {(i(s), s(¢;, + z(s)), s€ J and s >0 (s <0)}. In
general, C* are independent of the choice of & > 0.

THEOREM 5.10. Under the hypotheses of this section:
(i) CteP*={l,weR x C(Q), u(x) >0 in Q};
(ii)) C" P ={(AhuweR x C(Q), u(x) <0 in Q};
(ili) C=C*uC™ U{(4o, 0)}.
Moreover, if we assume that

the principal eigenvalue u,(1) of L+ A(4) vanishes if and only if A=2,, (5.23)

then
(iv) Cn(R x {0})={(4,0)} and C* and C~ are each unbounded subsets of
R x C(Q).

Proof. If we adopt the hypotheses of Proposition 5.5, then C* is connected, and the
proof of (i) amounts to demonstrating that

(@ C*"nP* =g,
(b) C*P™ is closed relative to C*,

5.24
and ( )

(¢) C*nP" is epen relative to C*.

On the other hand, Proposition 5.6 does not necessarily imply that C* is connected,
in which case (by an abuse of notation) C* in (5.24) may actually represent a
component of C* (a maximal connected subset of C*).

Obviously once (5.24) is established, (i) then follows by taking the union of all
components of C™.

(a) Using our earlier notation, let (4, u) € NS . Then there is some s(u) >0 and
z(u) € B,(0) such that u=s(u)(g,, + z(u). Furthermore &> |ul o = s@)(ll@s,llo—
12(0) o) Z S| @3l o — &) Z 35(W) | @1, o and s0 s() >0 and | z(w) ||, >0 as e~ 0.
Also ¢, + z(u) € Wy ( Q)N C(Q) is a generalised solution of

L(ps, + z(w) + k(- , u, Y@, +zw) =0 in Q, (5.25)
and there is an M >0 such that ||A(-, u, A)||., < M for all (4, u)e NS;. Hence, by

Theorem 3.2 there is some constant y >0 such that for any (4, u)e NS/, either
93, +2z()>0 in Q or meas P(u) =y where D(u) = {x € Q:(p,, + z(w)(x) < 0}. For
0>0, set M(0)={xeQ,d(x,0Q)<d}. Since M(5) is an open set, its characteristic
function yx; is measurable and 0=Zy; =1 on Q. Furthermore, for all xeQ,
lim;s_ 4 x5(x) =0 and so by dominated convergence lim,_, meas M(J)=0. But for
each 6 >0, Q\M(J) is compact and there is some u(6) >0 such that ¢, (x) = u(0)
for all xeQ\M(5). Now for xePu), ¢, (x)=0,(x) +zW)(x)—z(u)(x) <
—z(u)(x) £ | z() || » < & Hence for all 6 >0, 2(u) = M(J) if 0 <& < u(d). Choosing J
so small that meas M(6) <y, we conclude that ¢, +z(u)>0 in Q whenever
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(AL, wye NS and 0 <e<pu(d). But NS} # & by Propositions 5.5 and 5.6 and we
have just shown that NS, =« C* A P* for 0 <& < u(3).

(b) Suppose there is some (4, u) € C* and some sequence ((4,, u,)) in C* nP* such
that 4,— 4 and ||y, — u|lo—0. Then u =0 in Q. Since

Lu+h(-,u A u=—h(-,u, ) u<0 inQ (5.26)

in the generalised sense, it follows from [5, Theorem 8.19] that either u >0 in Q or
u =0 in Q. However, by definition, C* does not contain a trivial solution, and thus
(4, u)e C* AP,

() If C* nP* is not open relative to C*, then there is some point (A, u)e C* n P~
and a sequence ((4,, #,)) in C*\P* such that i,— 4 and ||u, — u |, — 0. The functions
u, € Wi(Q)n C(Q) are generalised solutions of

Lu,+h(-,u,, 2,)=0 inQ (5.27)

and by the convergence of (4,, u,) in R x C(Q) there is some constant M, such that
1 A(-, tys 44} o < M for all n e N. Then by Theorem 3.2, there is some constant y >0
such that for any neN, either u,>0 in Q or meas(2,) =y where 9,=
{x e Q,u,(x)<0}. Since u>0in Q and |u,— ul||,—0, the arguments given in the
proof of (a), however, yield meas 2,— 0 as n— oo. Thus, there is some ny € N such
that u, >0 in Q, i.e. (4,,u,) € C* nP™ for all n = ny, contradicting the assumption
on the sequence ((4,, u,)).

Obviously, the proof of (ii) is nearly identical to that of (i), and (iii) is a trivial
consequence of the definition: C\{(, 0)} =C* U C~. Finally, to establish (iv), let
{(A,, u,)} be a sequence contained in C\{(4y, 0)} such that 4,— 4 and |ju,},—0. By
(iii) we may assume that (4,, u,) € P* for all 7. Setting v, = u, /| u, ||, and employing
an argument identical to that in [10, Lemma 2.7], we find that v,—v in C(Q),
lvlle =1, and

v="Th(-,0, Ajp=TA(A)v. (5.28)

Since v, >0 in Q, it then follows from Lemma 5.1 that v =0 in Q is a generalised
solution of (5.2). But by the same observation made in (3.9), we conclude that v >0
in Q (||v]. =1). Thus, L + A(1) has principal eigenvalue 0, and the first part of (iv)
follows from (5.23). The unboundedness of C*(C™) is a consequence of [9,
Theorem 1.27] and C* = P*(C~ <= P7). O

6. Continuation
In this section we consider problem (4.18) assuming that
f(x,0,0)=g(x,0)=0 for almost all xeQ, (6.1)

and also under the hypotheses of Sections 2 and 4 (except (2.5)). Thus, G(0,0) =0,
ie. in contrast to Section 5, we have the a priori existence of merely one solution
point (0, 0) e R x C(Q). Now if

D,G(0,0)=1— TA(0): C(Q) - C(Q) is invertible, (6.2)
then there is a local, unique curve of solutions of (4.18) containing (0, 0), by virtue
of the implicit function theorem. From the Riesz—Schauder theory and Lemma 5.1,
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it follows that condition (6.2) is equivalent to:

v =0 is the only solution of

Lo+ h(-,0,0)p=0 in Q, (6.3)
v=0 on dQ,
in the generalised sense. A sufficient condition for this is the following lemma:
Lemma 6.1. If
h(x,0,0)<0 for almost all x € Q, (6.4)

then (6.3) and hence, (6.2) hold.

Proof. The operator L+ h(-, 0, 0) satisfies all three conditions in (2.2). Hence, (6.3)
follows from a routine application of the maximum (and minimum) principle (cf. [5,
Corollary 8.27). O

By virtue of the implicit function theorem, we now have

PROPOSITION 6.2. If(6.4) holds, then there is a unique local branch of solution of (4.18)
of the form

LS ={(4, a(4)), | 4| <e}, (6.5)
where i:(—¢, &) > C(Q) is continuous, #0) = 0, and G(J, #(A)) =0 for all |A| <e.

In order to establish the main results of this section, we require the following sign
conditions upon the functions g and h (the latter of which implies (6.4)):

(i) for each 1= 0(<0), g(x, H 2 0(<0), )

for almost all x e Q, and g(x,A)#01in a
subset of positive measure in Q if 1 #£0; > (6.6)
(ii) h(x,s,0)<0

for all se R and almost all x e Q.

J

Apart from these conditions on f(x, s, A) = g(x, A) + h(x, s, A)s along the axes of the
(s, A)-plane, we also need one of the following conditions in a neighbourhood of (0, 0):

There exists some ¢ > 0 such that

either
(i) h(x,s,A)=0
or > (6.7)
(ii) h(x,s, A)s=0,
for |s| < é,|4| < é and for almost all x € Q. |

By a now-standard application of the Leray—Schauder degree, the local solution
curve LS is part of a global branch of solutions of (4.18), denoted by C, subject to
an alternative described as follows (cf. [1, 97): Let

S={(Lu)eR x CQ): G(4 u) =0} (6.8)
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be the set of all solutions of (4.18). Define C*(C ™) as the component of S\{(0, 0)}
that contains LS* (LS™) = {(4, #(A4)), 0 < A < &(—e& < 4 < 0)}. Then either

(i) C* and C~ are unbounded in R x C(Q)
or (6.9)
(i) C*~C™ % .

However, our assumptions (6.1) and (6.6) rule out (6.9(ii)). Indeed, (0, w)e S is
equivalent to the statement that u e W§3(Q) is a generalised solution of

Lu(x)+ f(x, u(x),0)=0 in Q. (6.10)

But by (6.1) and (6.6), f(x, u(x), 0) = h(x, u(x), 0)u(x) and h(x, u(x), 0) <0 almost
everywhere on Q. It follows that the operator L+ h(-, u, 0) satisfies the conditions
(2.2) and consequently that SN ({0} x C(Q)) = {(0,0)}. Therefore the components
C* and C~ are separated by the hyperplane {0} x C(Q) in R x C(Q) and by (6.9)
the sets C* and C~ are both unbounded connected subsets of S. We now give our
main result of this section.

THEOREM 6.3. Under the hypotheses of this section,
(i) C*<P*, (i) C- <P, (iii)) C=CTuC uU{0,0)},
where P* are defined as in Theorem 5.10.

Proof. We prove only part (i) by establishing properties (5.24(a)—(c)) as in the proof
of Theorem 5.10. The arguments are obviously similar, and we give only the new
aspects.

(a) A solution (4, #i(1)) € LS™* fulfils

La(A) + h(-, #(A), Yi#(A) = —g(-, )=<0 inQ,

(6.11)
#1)=0 on 0Q,

in the generalised sense. If || fi(4) || . < & and 0 < 4 < §, then assumption (6.7(i)) implies
that h(-, #i(4), ) <0 in Q. Since the linear operator L= L+ h(-, ii(2), A) satisfies all
three conditions in (2.2), it follows from the strong maximum principle that either
iHA) >0 or @A) =0 in Q. However, this second alternative is ruled out by virtue of
(6.6(1)) and (6.11). Therefore (4, #i(A)) € P* and C* nP* # F. For the case (6.7(ii)),
we have Lii{(1) <0 in Q, and we draw the same conclusion.

(b) Assume (4, u)e C* and a sequence ((4,, 4,)) = C* ~nP™* such that 1,— 1 and
|4, — u||.,—0. Then 2> 0 and u(x) =0 on Q. Since u € W2(Q) solves

Lu+h(,u, ) u=—h(u, ) u—g(, <0 inQ (6.12)

in the generalised sense, the rest of the argument identical to the one for (b) given
in the proof of Theorem 5.10.

(c) Here the argument is again similar to that given in the proof of
Theorem 5.10. Observe that, instead of (5.27), we now have

Lun+h('aum)”n)un: _g(’in)éo in Q, (613)

in the generalised sense, and Theorem 3.2 can again be applied. O
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7. Concluding remarks

Before ending this work, we point out the direct applicability of the results of
Section 6 to the anti-plane-shear problem of nonlinear elasticity (e.g. [8, 11]). Let
Q < R?(n=2), and suppose that Z=Q x [0, L] = R? is a stressfree configuration of
an elastic body. Let {i, j, k} denote the standard orthonormal basis for R3. Referring
to (1.1), (2.1-3), we have that u(x,, x,)k is the (anti-plane-shear) displacement of the
body, and f(xy, X5, 4, 2) = g(x1, X2, A) + A(x;, X5, u, A)u is the component of the body
force along k, for all (x, x,, x3) € #. Since g is independent of the displacement u,
it is called a “dead” load, while the configuration-dependent loading k- u is said to
be “live”. Let S(x) € R**3 denote the first Piola-Kirchhoff stress tensor at x € #. We
require part of the shear response to be linear elastic as follows:

Sy=a'Du,i=1,2(j=1,2). (7.1)

Finally, we choose b'=c'=d=0. Then (1.1) expresses the component of (local)
[inear momentum balance along &, and also specifies that the portion of the boundary,
0Q x [0, L] = 04, is immobile. Of course there are two other linear-momentum-
balance equations, but they are decoupled from (1.1). (Generally, other body forces
along 7 and j are required to maintain the anti-plane-shear displacement, although
cf. [8] for special cases in which they are not.)

We now discuss the basic hypotheses of Section 6. Assumption (6.1) says that no
body forces are applied when the control parameter is zero. Conditions (6.4), (6.6(ii))
and either of (6.7) place physically reasonable restrictions upon the local sign of the
live load, while (6.6(i)) is a natural restriction to place upon the dead load. For
example, gravity loading fulfils condition (6.6(i)).

REMARK 7.1. At first glance it appears that the results of Section 5 on bifurcation
should also be applicable to the anti-phase-shear problem. However, conditions (5.1)
seem artificial and are hard to motivate with concrete examples.

RemARK 7.2. For technical reasons, we must restrict ourselves to linear elasticity
(7.1), and more generally to semi-linear equations (1.1). Nonetheless, we are able to
handle “bad” coeflicients and inhomogeneities and rough boundaries. Although there
is nothing wrong with (7.1) (the same is not true for general deformations of three-
dimensional elastic bodies), it is, more generally, nonlinear in Du, in which case (1.1)
becomes quasilinear. It is interesting to note that Rabinowitz’s original results [9]
hold for quasilinear equations—but at the price of smooth constitutive laws and
smooth boundaries.
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