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A BIFURCATION RESULT FOR STURM-LIOUVILLE
PROBLEMS WITH A SET-VALUED TERM

Georg Hetzer

Abstract

It is established in this note that —(k’ul)l + g(-, u) S MF(-, u), uI(O) =0=
u/(1), has a multiple bifurcation point at (0, 0) in the sense that infinitely many con-
tinua meet at (0, 0). F' is a “set-valued representation” of a function with jump dis-
continuities along the line segment [0, 1] X {0} The proof relies on a Sturm-Liouville
version of Rabinowitz’s bifurcation theorem and an approximation procedure.

1. Introduction

Of concern is

—(ku') (z) + g(z,u(x)) € uF(z,u(z)) =z € (0,1) a.e. (1)
' (0)=0, «/(1)=0,

under hypotheses motivated by the situation found for Budyko-North type energy
balance climate models (cf. [5, 6, 7, 8, 9] and the references therein). In particular,
the set-valued right hand side arises from a jump discontinuity of the albedo at
the ice-edge in these models. By filling in such a gap (this is the solution concept
we adapt), one arrives at the set-valued problem (1). We are here interested in a
considerably simplified version as compared to the situation from climate modeling,
e.g. a one-dimensional regular Sturm-Liouville differential operator substitutes for
a two-dimensional Laplace-Beltrami operator or a singular Legendre-type operator,
and the jump discontinuity is transformed to v = 0 in a way, which resembles only
locally the climatological problem. The latter suffices for our purposes, since the
global structure has already been investigated in [8] and [3], where the existence of
an S-shaped principal solution branch is established. Computer simulations actu-
ally suggest that the branch structure of the original problem is very different from
what we obtain for (1) in this paper. Here the effect of the discontinuity at zero
is a solution branch which consists of infinitely many subbranches all meeting in
(0,0). Two subbranches are distinguished by the number of zeroes of the respective
solutions. Thus, one would expect such a “multiple” bifurcation to occur on the
relevant segment of the principal solution branch in the climatological setting, too.
Unlike in our case, the subbranches would however be bounded (mushrooms in the
sense of [13]). An example in Appendix B of [16], a Sturm-Liouville problem of
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Budyko type with infinitely many solutions, seemingly supports such a conjecture.
But, numerical computations do not reveal any bifurcation point on the principal
branch, rather the branch structure resembles that for Sellers-type models (continu-
ous setting, cf. [10, 12] and [11] for a survey). Thus, our results are to be understood
as an incentive for further investigations in order to clarify this issue.

Let us illustrate what is going on by means of the following simple example

—u” 4+ bu € usgnu on [0, 7]a.e. (2)
W'(0)=0 u'(m)=0,

with b > 0 and

- {{ 1201

Assume that one approximates sgn by a sequence of functions h; € C*°(R) satisfying
hJ(O) = 0, h]/(O) = j, h’j|(—oo,—1/j] = —1, hj|[1/j,oo) = ]_, hjl(y) > 0 for Yy €
(—1/4,1/j) and (h;);jen uniformly convergent on (—oo,—r) U (r,00) for r > 0 to
y + y/|y|. Then results of Rabinowitz and Crandall and Rabinowitz ensure that
Wjn = (n* +b)/j is a bifurcation point for n € Z, of

—u" +bu=phjou on [0,7]a.e.
W(0)=0 u(r)=0,

that the branch S;, emanating from (1, ,,0) is unbounded in Ry x C([0,7]) and
that (u, w) € S;,, implies that w has exactly n zeroes, which are all simple. Letting
Jj — oo yields p;,, — 0 uniformly for n in any finite subset of Z_, hence any finite
number of bifurcation points comes arbitrarily close to 0 for a sufficiently large j € N,
thus one expects infinitely many curves of solutions of (2) bifurcating from (0,0). In
fact, these subbranches can be described explicitly as curves p +— (|u|,u,,;) (1 € R),
where u,, o = p/b (no zeroes),

cosh(\/E;c) .
Uy (2) 1= -] Heebay)
o T cosh(Vb(z—m .
“hr- et e e (r/2.q]

(one zero) or

cosh(v/bx) .
41— hCie) | it @ € 0,7 /4]
cosh(vVb(z—m .
u'mg(f}?) = —% |:]. — W] if x € (7'('/4, 37'('/4]
cosh(vb(z—)) .
-] e G

(two zeroes) and so on.

The same structure has been observed in another context by [2; Theorem 2.1.] for
a similar reason. The paper deals with a quasilinear Sturm-Liouville problem; the
differential operator is the radial part of a p-Laplacian and the right hand side
vanishes at zero with a slower rate than |z[P~!, thus the “derivative” is infinite
relative to the intrinsic scaling associated with the nonlinear diffusion.
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Of course, the use of approximating branches is standard in numerical bifurcation
theory, and limiting processes for sets go back at least to the work of Kuratowski.
Nowadays, the technical tool for the latter is a so-called Whyburn Lemma, which
will be stated in Section 3. It should be mentioned that the approach outlined above
has been used in [2].

Our findings are also related to results in [4, 15], where bifurcation from intervals
was investigated. In a sense, here the real line is the bifurcation interval, and
therefore the (extended) Rabinowitz alternative established in these papers becomes
meaningless.

We have not attempted in this note to strive for generality, but shall present the
method for the case we are interested in. Obtaining other versions is then a matter
of routine. The precise result is stated in the next section, proofs are given in Section
3, which is followed by a concluding remark.

2. The Bifurcation Result

Throughout we assume:

(H1) k€ C1([0,1]), inf k > 0;

(H2) g € C([0,1] x R), g(x,-) strictly increasing for = € [0,1], g1(x) := lin% 9(z,9)
y— Y
exists uniformly for z € [0, 1];

(HS) f+ S C([O? 1]XR+? (O?OO))’ inff+ > 0? f— € C([Oa I]XR—? (—O0,0)), Supf— <0.

Let F in (1) be given by

{f+($7y)} U [07 1]7 y> 0,
F(.’L’,y) = [f—(wao)af-‘r(wao)] T € [Oa l]a
{f-(z,9)} z€[0,1], y <0

and set S = {(p,w) € R x W%>([0,1]), (1, w) solves (1)}. Throughout S will
be considered as subset of the Banach space Y := R x C*(]0,1]) under the norm
|-y : (@, w) — max{|ul, [|[w|oo, |||} It is useful to note:

Remark 1. The hypotheses (H1)—(H3) imply that
SN ((—oo,O] x CL([0, 1])) — (—00,0] x {(0,0)}.

In fact, denoting by u™ and u~ the positive and negative parts of u, respectively,
one gets for (u,u) € S with u <0 that

/0 k(o) (2)? + g u(e)u())dz

= M/O [f+ (@, u(@)u™ (2) + | f- (2, u(@))[u” (z)]dz <0,

i.e. u =0 in view of g(z-) strictly increasing and g(-,0) = 0.

Our main result is.
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Theorem. Let (H1)-(H3) be fulfilled. Then there exist sequences (C,f)n cz, of

unbounded, closed, connected subsets of S with (0,0) € C:F and the property that
u has exactly n zeroes, which are all simple, if (u,u) € C\ {(0,0)}. Moreover,
u is positive (negative) on an interval (0,%) for some & € (0,1], if (p,u) € C,;F
((p,u) € C;) and u # 0.

Actually, such continua can be obtained as upper limits in the sense of Kuratowski
of sequences of solution continua from associated continuous problems. To this end
one sets dy := min{inf f,,inf|f_|} and selects an approximation sequence (f;) €
C([0,1] x R,R)N of F satisfying

(A1) fi(z,y) =1y for z € [0,1] and y € [ 5f, 5];

(A2) fi(z,y) x sgn(y) > & for z € [0,1] and |y| > U, f; < f on [0,1] x [2F, &L,

fi > f-on[0,1] x [_de’_dQ_{];

(A3) fi(w:y) = f (@) for @ € [0.1] and y = 45 filw,y) = J-(oy) for v € 0,1
and y < —f;

(A4) (fi(z,y))ien nondecreasing for (z,y) € [0,1] x (0,00) and nonincreasing for
(z,y) €0,1] x (—00,0).

It is easy to see thanks to (H2) and (A1) that
—(kvp)'(2) + g(z, vi(2)) = pfilz,u(z)) = €0,1] (31)
v(0) =0 wv;(1)=0.
falls into the scope of the Sturm-Liouville version of the celebrated Rabinowitz bi-

furcation theorem (cf. [14] for a more general, but somewhat different setting).

Indeed, denote the strictly increasing sequence of simple eigenvalues of
—(kY") + g1p = Mp on [0,1] (4)
P'(0)=0 ¢'(1)=0
by (An)nez, and set piy,; := A, /l. Then (g, 1, 0) is a bifurcation point of the solution

set of (3;) for every n € Z, and for each (n,l) € Z4 x N there exist two unbounded
closed connected subsets C’i , of the solution set of (3;) with

e CHNC., = {(tn1,0)}. Moreover, (un,,0) is the only bifurcation point con-
tained in C’i 5

o If (u,9) € CF, and ¥ # 0, then ¥ possesses exactly n simple zeroes (and no
multiple zeroes) in (0,1) and is positive on (0,d) for some § > 0;

e C,, fulfills the previous statement in case that positive on (0,4) is replaced by
negative on (0, 4).

Utilizing a so-called Whyburn Lemma [17] we establish.

Lemma 1. Let (H1) - (H3) and (A1)—(A4) be satisfied and B, denote the ball with
center (0,0) and radius r in Y. Then continua C; fulfilling the properties stated in

the Theorem can be constructed as C+ = U <lim sup(Cfl N Bj)).
: =00 ’
JjeEN
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3. Proof of Main Result

The proof is given for C;F'. Recall Kuratowski’s notion of lower and upper limits
of sequences of sets.

Definition 1. Let X be a metric space and (Z;);cn be a sequence of subsets of
X. limsup Z; = {z € X : lilminf dist(z, Z;) = 0} is called the upper limit of the
— 00

l—o0
sequence (Z;), whereas

liminf Z; := {z € X : lim dist(x, Z;) = 0}
l—o0 l—o0

is called the lower limit of the sequence(Z;).
Whyburn’s result tells us that

Lemma 2. limsup Z; is nonempty, compact and connected provided that X is
l—o0

complete, liln_l> irolf Z; # () and U Z; is relatively compact.
l1eN

Fixing n € Z, and r € (0, 00) we are going to apply this lemma to (C;lﬂBr)leN.
Since ¢ +— —(k¢')" + (g1 + 1)¢ for ¢ € C?([0,1]) with ¢/(0) =0 = ¢'(1) has a com-
pletely continuous inverse from C([0,1]) into C*([0,1]), the relative compactness of
UleN(C:’ ,NB;) inY follows by standard arguments. Moreover, (0,0) € lim inf (C+

B.) holds because of lim;_, o ptn; = 0. Thus, C)f(r) := hmsupl_)oo(C ﬂ B,) is
nonempty, compact and connected in Y. Setting C;\ := |, ien Cr(j) we clalm that
C.t has the properties as stated in the Theorem.

Lemma 3. C, is unbounded, closed and connected in Y and contains (0, 0).
The proof or the above lemma is an easy exercise!
Lemma 4. If (u,u) € C;F, then (u,u) is a solution of (1) and u € W2°°([0, 1]).

Proof. By definition there exist sequences (k;) € NV strictly increasing, and
(Vs vmy)) € YN with (v4,,vs,) € Cf,., for I € N and (v, vs,) — (,u). Since

n,Ky
( fnl(-,vﬁl(-))) is uniformly bounded, we can assume after passing to a subse-
leN
quence, if necessary, that it converges weakly in Lo ([0, 1]) to some ¢. We claim that
¢(z) € F(z,u(z)) a.e. on (0,1).

Let zy € (0,1) with u(xzo) > 0. Then there exist p > 0 and ¢ € (0, min{zo,1 —
xo}) with u(x) > p for all z € (xg — d,29 + J), hence there is an I E N with

Ve, (z) > § forall I > lp and = € (w9 — 6,20 + ). Choose I; > Iy with =L < £.
Then fy,(z,v4,(x)) = f+(z,v4,(x)) for all I > I3 and all x € (xg — J, 20 + 5) which
yields ¢(z) = fi(z,u(z)) for x € (zg — §,x9 + 0) a.e.. Likewise, the case u(zp) < 0
is treated.

Next, let E:= {z € (0,1): ¢(z) > f1+(z,0)}. Suppose that meas(Z) > 0. Then
e := [z[o(x) — f+(2,0)]dz > 0, and one finds n € (0,00) with meas(Z)|f1(z,y) —
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f+(z,0)] < § for z € [0,1] and y € [0,7n]. Choosing I € N with ||v,, — ullc <7 for
[ > Iy and observing that f,,(-,y) < 0 if y < 0, one obtains for I > I5:

/:[ef)(m) = fri (2,0, (z))]de =/[¢(ﬂf) — fr(2,0)]dz

+ [ +(.’L‘,0) - fm (.’L‘,U,ﬂ (l’))]d(L’

[1

which contradicts f, (-, vs, (+)) L2 ¢. Thus, meas(Z) = 0.

Likewise, one derives ¢(z) > f_(z,0) for almost every z € [0,1] with u(z) =0,
hence ¢(x) € F(x,u(x)) holds for = € [0,1] a.e..

Now, let A be the closed linear operator in Ly([0, 1]) defined by dom(A) := {p €
W22([0,1]) : ¢'(0) = 0 = ¢'(1)} and Ap := —(k¢'). Clearly, vy, fu,(,v5,(-)) —
g(-, v, () L puo — g(-,u(+)), hence v,, — u and the fact that A is weakly closed
yield Au = p¢ — g(-,u()), i.e. Au+ g(-,u(-)) € F(-,u(-)) a.e.. Finally, note that
u € W2°°(]0,1]) thanks to the uniform boundedness of u and assumptions (H2) and
(H3).

Let Z, := {z € [0,1] : u(z) = 0} denote the set of zeroes of u for u € C([0,1]) and
SZ, = {x € Z, : v/ (z) # 0} the set of simple zeroes of u for u € C*([0,1]).

Lemma 5. Let (p,u) € S, u# 0 and Z, \ SZ,, # 0. Then SZ, is an infinite set.

Proof. Note that u # 0, hence u > 0 by Remark 1. Let 2 € Z,, \ SZ, be a boundary
point of Z,. Consider the case £ > 0 and assume that there is an € € (0, %) with
(2—¢,2)NZ, = 0. Then either Z,, N0, 2) = 0, and one sets z = 0 or there exists a
z€[0,2—¢] with u(z) =0 and (z,2) N Z, = 0. Let o —sgn(u\(zz)) v := ou and
g :=1inf{ly| : y € R, |g(x,y)| > ds}, where d; has the same meaning as in Section 2.
It follows from (H2) and (H3) that § > 0. Setting

‘_{—i- ifo=1
STl - ifo=-1

and p := ||g(-,u)| o0 /Y, one obtains
po fo(z,ov(z)) — og(x,ov(x)) + pv(x) >0 for x € [z, 2] ae..

Hence v satisfies —(kv')’ + pv > 0 on (2, 2) and either v'(z) = 0 = v(2) or v(z) =
0 = v(2). Moreover, the fact that v(z) > 0 for = € (z,2) allows us to assume that
v € C?((z,2)), thus the strong maximum principle yields v'(2) < 0, a contradiction.
Consequently, Z is a accumulation point of (0,2) N Z,, and one finds a strictly
increasing sequence (z;)jen such that z; — 2, (225-1,22;) N Z, = 0 and u(z;) = 0.
The same argument as above shows u'(z;) # 0, and SZ, is an infinite set. The other
cases are treated likewise.
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Remark 2. Let (u,u) € C;f. By construction, one finds a sequence (v;)jen with

1
Zy, = 8Z,; for j € N, §Z, contains n elements and v, N u, hence u cannot
have more than n simple zeroes, consequently Lemma 5 implies u = 0 in case that

Z,\SZ, # 0.

The following lemma excludes this latter possibility if u > 0. In order to state
it, we introduce the following notation. The principal eigenvalue of

1
[kl + llga ot = w6 on (0, ——) (5)
1
$(O0)=0 Y(—7) =0

will be denoted by v*(n).

Lemma 6. Let (H1)-(H3) and (A1)-(A4) be fulfilled, n € Z, pu € (0,00) and
lo € N with plg > v*(n). Then there exists a § > 0 such that ||ulloc > ¢ for all

(1,u) € C’;:l with p > p and [ > lp.

Proof. (cf. [2] for a similar reasoning) Let ¢ € (0, 3(ulo — v*(n))) and choose § €
(0, ;Tfo)] with |g(z,y) — g1(x)y| < ¢ly| for all € [0,1] and |y| < . Let I € N with
[ > 1y and (p,u) € C:Lr’ ; With g > p. Let us fix ideas by considering the case, where
one can find z, z € (0,1) with £ — z > u(z) = 0 = w(z) and u(z) > 0 for
z € (z,T).

Assume that u(z) < ¢ for x € (z,Z). Noting that (Al) and the first part of
(A2) guarantee that |fi(x,y)| > loly| for all z € [0,1], |y| < STJ; and | > o, one
obtains:

1
n+1’

(kY (@) + 91 @)u(2) = pfila, u(@) - (9(, u(2)) — g1(2)u(z))
> plou(r) — eu(z)
> 2o+ v (n)u(a)
> v*(n)u(z)
for z € (z,z). The principal eigenvalue v of

(k") +g1(-)p =vy on (z,7) (6)
Y(z)=0 9(z)=0.

satisfies vy < v*(n) in view of T — z > n+r1’ k < ||k|loo and g1 < ||91]|c0, hence

Yo / *y(@)u(z) da

[ @)+ @yt de
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for any nonnegative principal eigenfunction y of (6) which is a contradiction, and
||ul]|oo > d is established in that case.

The case u(xr) < 0 on (z,z) can be handled by dealing with —u as above.
If there is no such interval (z,Z) of length at least 1/(n + 1), one finds either an
Z > 1/(n+ 1) such that u has no zero in (0,Z) or an z <1 — n+r1 such that u has
no zero in (z,1). Noting that the principal eigenvalue of (6) becomes smaller, if one
replaces ¢(z) = 0 by ¢'(0) = 0 or ¢(Z) = 0 by ¢'(1) = 0, one can use the same
reasoning for these two cases, too.

Now, we can finish the proof of the theorem. It follows from Lemma 4 that
C;t C 8. Moreover, Lemma 6 shows that (4,0) € C;F implies 4 = 0. Remark 2
therefore implies that given (u,u) € C;f \ {(0,0)}, u has only finitely many zeroes
which are all simple. The construction of C;' and the fact that the zero number
is constant in a C''-neighborhood of a C'-function with finitely many simple zeroes
imply therefore that u has exactly n simple zeroes.

4. Concluding Remark

We have focused in this paper on a class of Sturm-Liouville problems with some
special features that were suggested by Budyko-North type energy balance climate
models. Of course, one can also deal by this technique with other boundary con-
ditions and nonlinearities and can allow nontrivial solutions for negative parameter
values. Furthermore, it is possible to consider radial solvability of second order el-
liptic boundary value problems including degenerate cases similar to [2]; roughly
speaking, the approach works whenever one has sufficient regularity of the solutions
and nodal properties as in the Sturm-Liouville case. One challenge ahead is to come
up with substitutes for this nodal properties (e.g. Morse indices etc.) in order to
address general second order elliptic boundary value problems. The other central
issue is to analyze the more complex situation arising from the climate model.

Acknowledgment. It is a pleasure to thank a referee for suggesting a simplification
in the proof of Lemma 6 and for pointing out several misprints.

References
[1] H. Amann, Fixed-point problems and nonlinear eigenvalue problems in ordered

Banach spaces, STAM Rev. 18 (1976), 620-709.

[2] A. Ambrosetti, J.G. Azorereo and I. Peral, Quasilinear equations with multiple
bifurcation, Diff. Integral Eq. 10 (1997), 37-50.

[3] D. Arcoya, J.I. Diaz, and L. Tello, S-shaped bifurcation branch in a quasilinear
multivalued model arising in climatology, preprint.

[4] H. Berestycki, On some nonlinear Sturm-Liouville problems, J. Diff. Eq. 26
(1977), 375-390.

[5] M.I. Budyko, The effect of solar radiation variations on the climate of the earth,
Tellus 21 (1969), 611-619.

[6] J.I. Diaz, Mathematical analysis of some diffusive energy balance climate mod-
els, pp. 28-56, in J.I. Diaz and J.L. Lions (Eds.), Mathematics, Climate and



[11]

[12]

A Bifurcation Result 117

Environment, Mason, Paris 1993.

J.I. Diaz (ed.), The mathematics of models for climatology and environment,
NATO ASI Series I: Global Environmental Changes, vol. 48, Springer Verlag,
Berlin-Heidelberg-New York-Tokyo 1997.

J.I. Diaz, J. Hernandez and L. Tello, On the multiplicity of equilibrium solu-
tions to a nonlinear diffusion equation on a manifold arising in climatology,

J. Math. Anal. Appl., 216(1997), 593-613.

A. Henderson-Sellers and K.A. McGuffie, A climate modeling primer, John
Wiley and Sons, Chichester, 1987.

G. Hetzer, The structure of the principal component for semilinear diffusion
equations from energy balance climate models, Houston Journal of Mathemat-
ics, 16(1990), 203-216.

G. Hetzer, S-shapedness for energy balance climate models of Sellers-type,
pp. 253-287 in [7].

G. Hetzer, H. Jarausch and W. Mackens, A multiparameter sensitivity analysis
of a 2D diffusive climate model, Impact of Computing in Science and Engineer-
ing 1 (1989), 327-393.

N. Mizoguchi and T. Suzuki, Equations of gas combustion: S-shaped bifurcation
and mushrooms, J. Diff. Eq., 134 (1997), 183-215.

P.H. Rabinowitz, Nonlinear Sturm-Liouville problems for second order ordinary
differential equations, Comm. Pure Appl. Math., 23 (1970), 939-961.

K. Schmitt and H.L. Smith, On eigenvalue problems for nondifferentiable map-
pings, J. Diff. Eq. 33 (1979), 294-319.

L. Tello, Tratamiento matemaético de algunos modelos no lineales en Clima-
tologia, dissertation, Universidad Complutense de Madrid, 1996.

G.T. Whyburn, Topological Analysis, Princeton Univ. Press, Princeton, NJ,
1964.

Georg Hetzer

Department of Mathematics, Auburn University,
Auburn, AL 36849-5310, USA

E-mail address: hetzege@mail.auburn.edu



