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On bifurcation intervals for nonlinear eigenvalue problems

by JOLANTA PrRzZYBYCIN (Krakéw)

Abstract. We give a sufficient condition for [p — M, pn+ M] x {0} to be a bifurcation
interval of the equation v = L(Au + F'(u)), where L is a linear symmetric operator in
a Hilbert space, u € r(L) is of odd multiplicity, and F' is a nonlinear operator. This
abstract result provides an elementary proof of the existence of bifurcation intervals for
some eigenvalue problems with nondifferentiable nonlinearities. All the results obtained
may be easily transferred to the case of bifurcation from infinity.

1. The abstract result. Following Berestycki [1], by a bifurcation inter-
val we understand an interval which contains at least one bifurcation point.
The purpose of this paper is to provide a sufficient condition for bifurcation
of equations of the form

(1) u=LOwu+ F(u).

Let (E,|| ||g) be a real Banach space imbedded in a Hilbert space (H, || ||z)-
We assume that L is a linear symmetric operator in H, Range . C F, and
L: E — E is compact. We denote by r(L) the set of characteristic values
of L. The nonlinear operator F : ' — H satisfies the following conditions:

(2) LoF:E — Eis compact and Jprs0 Vuer ||F(u)||lg < M||ullg.

By a solution of (1) is meant a pair (A, u) € RxFE satisfying (1). In particular,
(1) has the line of trivial solutions.

Now we show that (1) possesses no nontrivial solutions when A ¢
[ — M, pu+ M] for per(L).

THEOREM 1. If (A, u) is a nontrivial solution of (1), then
(3) dist(A, (L)) < M.
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Proof. The pair (A, u) satisfies (1). For A & r(L), I — AL is invertible,
so that (1) is equivalent to

uw= (I — ALY 'LF(u).
Hence
lullzr < 12 = AL) L] - |1F ()l < (= AL)T'L|| - M - JJull g,
o)
1< |(I=XL)"'L|- M.

From the spectral mapping theorem for symmetric operators ([3], p. 273)
we have ||(I — AL)~1L||=! = dist(\,7(L)), which completes the proof.

We can now formulate the main theorem.

THEOREM 2. If p € r(L) is of odd multiplicity and dist(p,r(L) — {u})
> 2M, then [ — M, + M| x {0} is a bifurcation interval for (1).

Proof. It is sufficient to show that for any 6 > 0 there exists a solution
(A, u) of (1) with [Ju||g = 0 and A € [u— M, u+ M]. Fix ¢ and set B = {u €
E : |lul|g < d}. By assumption, there exists € > 0 such that dist(u,r(L) —
{u}) =2M +¢c. Set A\=p— M —¢/2 and A = pu+ M +¢/2. It is clear that
(4) dist(A, 7(L)) = dist(\, (L)) = M +¢/2.

From (3) it follows that it suffices to prove the existence of a solution (A, u) €
A, ] x OB.

We argue by contradiction, so suppose that u # L(Au + F(u)) for all
u € OB and A € [\, \]. Since Lo (M + F) is compact on B, the Leray—
Schauder degree d(®()\), B,0) of ®(A\) =1 — Lo (A + F) with respect to B
and the point 0 is well defined for all A € [\, A]. By the homotopy invariance
of the degree,

d(®(N\), B,0) = const  for A € [\, A].

In particular we have

(5) d(9()), B,0) = d($(X), B, 0).

Consider now the first term in (5). Notice that u # L(Au + tF(u)) for
u € OB and t € [0,1]. If not, proceeding as in the proof of Theorem 1, we
obtain dist(A, (L)) < M, which contradicts (4).

So, using the homotopy invariance again we obtain

d(®(A), B,0) =d(I — AL, B,0) = i(A).

The same argument can be used for X\. Hence i(\)=4()\). Since y is the only

characteristic value of L in A, A] and p is of odd multiplicity k,,, it follows
that i()\) - (—=1)% = i()\) # 0, which is impossible. The theorem is proved.



Bifurcation intervals 41

Assuming additionally that
(6) Imer (Lo F)'(0) =mL
we obtain

THEOREM 3. Under the assumptions of Theorem 2, if moreover (6) holds,
then the bifurcation interval [ — M, + M) x {0} degenerates to the point

(:u -m, 0)

Proof. Let (A,0) € [u— M, u+ M] x {0} be a bifurcation point for (1).
This means that there exists a sequence R x E 3 (A, u,) — (\,0) satisfy-
ing (1). Dividing (1) by ||u,| g and setting w, /||u, ||z = w, yields

[un e

which is equivalent to

L(F(uy)) — mLu,
[unl| '

The second term on the right tends to 0 as n — oco. Since L is compact, a sub-
sequence of Lw,, converges. Hence the left-hand side of (7) has a convergent
subsequence wy,, — w with ||w||g =1 and w = (A + m)Lw. Consequently,
A+mer(L).

Since |\ — p| < M and |m| < M we obtain |\ +m — pu| < 2M, which is
only possible when A = p — m. The proof is complete.

(7) wy, = (A, +m)Lw, +

2. Applications to differential equations. Perhaps the nicest ap-
plications of Theorem 2 are to nonlinear Sturm—Liouville boundary value
problems with nondifferentiable nonlinearities. Consider

(8) Lu=—(pu) +qu=Iu+ f(-,u,u/) in (0,m)
together with the separated boundary conditions
(81) (Ll’LL(O) - OQU/(O) = 07 ﬁlu(ﬂ-) + ﬁQu,(ﬂ-) = 07

where o, 8; > 0 and (o +03)(8i+063) # 0. As usual we assume p e C*[0, 7,
q € C[0,7] and p > 0, ¢ > 0 on [0, 7]. Suppose f is continuous on [0, 7] x R?
and satisfies

EIM>O V(z,g,n)e[o,w]xRZ |f(x>£a77)| < M|£|

For f = 0 the boundary value problem (8),(8.1) becomes a linear Sturm-—
Liouville problem, which has an increasing sequence of simple eigenvalues
0 < p1 <po<... withlimg_oo(pr — pr—1) = co. This means in particular
that the intervals [uy — M, uy + M| are disjoint for k large enough.
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The boundary value problem (8), (8.1) is equivalent to the integral equa-
tion

u() = gCu) ) + £y, u), v ) dy = L+ F(u)),
0

where
s

Lu = Sg(7y)u(y) dy7 F(U) = f('auau,)7
0
and g is the Green function for £ with (8.1).
Taking H = L?(0,7) and E = {u € C'[0, 7] : u satisfies (8.1)} it is easily
seen that all the requirements on L and F' are satisfied. Thus we have the
following theorem.

THEOREM 4. For every k>ky = min{k € N : jup —pp_1>2M for k>k},
[k — M, g + M) x {0} is a bifurcation interval for (8),(8.1).

REMARK 1. This result is well known and may be found in many papers
([1], [2], [7]) presenting different viewpoints and different methods.

The same theorem is formulated and proved in [5] for compositions of
Sturm—Liouville operators.

REMARK 2. If we assume additionally that

f(z,&m)

EI??L vx T l - - = 9
R Veelml D00 € "

then, according to Theorem 3, the bifurcation interval [pg — M, i+ M]x {0}
degenerates to the point (ur —m,0).

We conclude this section with some applications to nonlinear elliptic
partial differential equations.

Let £2 C R™ be a bounded domain with a smooth boundary. Consider
the Dirichlet boundary value problem

9 0
(9) Nu = — Z %<aij871{>+qu:)\u+f(-,u,Du) in £2,
ig=1"" J
ulpn =0,

where Du = (Ou/0x1,...,0u/dzy,).
We assume that N is uniformly elliptic in {2, a;j = aj; >0, a;; € C(02)

and 0 < g € C(£2).
Suppose f is continuous on 2 x R x R™ and satisfies

>0 Vigemeaxexen (@& < Mg
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For p > 1, let WP (£2) denote the closure of CJ*(2) = {u € C™(9) :
u|s = 0} with respect to the norm

iy = (X [ID%u(@)rar) "

|| <m £2

and let | -|o, = | - |,. Clearly Wy (2) = LP(R2).

Let E = C}(£2) with its usual norm |u|p = 2o <1 MaX,e 5 [DYu(z)].
For p > n, Wg’p(ﬂ) is compactly imbedded in E. A couple (A\,u) € R x E
is said to be a solution of (9) if u € WP (2) and (\, u) satisfies (9).

If f =0 then the linear problem Nu = pu in 2, ulg = 0 has a smallest
positive eigenvalue p; which is simple.

Using the LP theory for uniformly elliptic partial differential equations
([4], §2.5) we can convert (9) into an equivalent operator equation in R x E
of the form (1). Namely, let (A\,u) € R x E and consider the linear boundary
value problem

(10) Nw=XM+ f(,u,Du) in 2, wlsn=0.

Since the right-hand side of (10) as a continuous function on {2 is in LP({2)
for all p > 1, there exists a unique solution w = G(\,u) € Wg*(£2) of (10)
satisfying

(11) |w|2,p < const [Au+ f(-, u, Du)|p.

Thus choosing any p > n we obtain the compactness of G : R x F — E.
Any solution of (9) satisfies u = G(\,u) and conversely.

Let z € C(£2) and let w = Lz denote the unique solution of Nw = z
in 2, wlapp = 0. Then L : LP(2) D C(2) — WP(2) is well defined for
any p > 1. In particular L is linear and symmetric in H = L?(£2) (since N
is symmetric and Range N is dense in H) and L : C(2) — E is compact.
Hence G(\,u) = ALu + L(F(u)), where F(u) = f(-,u, Du).

Thus we have shown that problem (9) is equivalent to (1), so the next
result is an immediate consequence of Theorem 2:

THEOREM 5. If dist(py,7(L) —{u1}) > 2M, then [puy — M, py + M] x {0}
is a bifurcation interval for (9).

REMARK 3. The same result may be proved for symmetric and positive
definite operators N' = N7 o Ny, where

"9 [, Ou &
ij=1

with boundary conditions u|gn = 0, Noulgn = 0.
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Consider as an example the following problem:
(12) A?u=Mu+ f(,u,Du) in 2, ulpgp=0, -—Aulsgo=0.

Let £ = {u € C3(02) : ulpg = 0, —Aulspp = 0}, H = L*(£2). We only need
to verify that (12) is equivalent to (1). For fixed (A, u) € R x E the linear
problem

A%0 = du+ f(,u,Du) in 2, v|po =0, —Av|sgg =0,
can be replaced by the following coupled problem:

—Aw =X u+ f(,u,Du) in 2, w|sgn =0,
—Av=w in 2, v|pp=0.

The LP theory implies the existence of a unique w € WZ(2) satisfying (11).
Arguing as above once again we obtain a unique solution v = G(\,u) €
W (£2) satisfying

|v]4,p < const |w|z, < const [Au+ f(-,u, Du)l,.

Since WyP(£2) C E is compact for p > n, problem (12) is equivalent to (1)
with L defined in the same way as in the proof of Theorem 5.

3. Bifurcation from infinity. The theorems obtained may be trans-
ferred to the case of bifurcation from infinity.

Following Rabinowitz [6] we say (A, 00) is a bifurcation point for (1) if
every neighbourhood of (A, 00) contains solutions of (1), i.e. there exists a
sequence (A, uy,) of solutions of (1) such that A\,, — X and |lu,||g — co. We

follow the standard pattern and perform the change of variable w = uju|| ;>
for u # 0. Dividing (1) by ||ul|% yields

(13) w = LOw + F(w)),

where

F(w) = { [l F(w/[lwl)  for w # 0,
0 for w = 0.
Thus (A,0) is a bifurcation point for (13) if and only if (A, 0) is a bifurca-
tion point for (1). Since F satisfies (2) we obtain the “infinite version” of
Theorem 2:

THEOREM 6. If p € r(L) is of odd multiplicity and dist(p,r(L) — {p})
> 2M, then [p — M, p+ M] x {0} is a bifurcation interval for (1).

Applying Theorem 6 to problem (8) mentioned above we find that
[ — M, ug + M] x {oo} is a bifurcation interval for k sufficiently large.
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REMARK 4. The same result may be formulated for compositions of
Sturm—Liouville operators and, for the first eigenvalue py, for elliptic op-
erators N considered earlier.

REMARK 5. It is easy to check that if we replace condition (6) by
|L(F(u)) —mLullg

l[ull p— o0 llul|e

(14) ElmER = 07

then F satisfies (6) and the “infinite version” of Theorem 3 also holds:

THEOREM 7. Under assumption (14), the bifurcation interval [y — M,
w~+ M] x {oo} degenerates to the point (u— m,o0).

ExAMPLE 1. Consider
(15) —u”" = Xu+ |u| cos(u® + /)2 in (0,7), w(0) =u(r) =0,

We have the family of solutions (A,,u,) = (1 — (sgn~y)cos|y|,ysinz) €
[0,2] x E. Tt is clear that [0,2] x {0} and [0, 2] x {oc} are bifurcation intervals
for (15). The interval [0,2] x {0} contains two bifurcation points (0,0) and
(2,0) while all the points of [0, 2] x {oo} are bifurcation points.

ExAMPLE 2. Consider
u® = Au+ warctan[l + (v”)? + (u")?]  in (0,7),

(16) u(0) = u(r) = u”(0) = v’ (r) = 0.

The equation has the family of solutions (A, u,) = (1—arctan(1++?),ysin z)
€ [1—m/2,14m/2] x E. The bifurcation intervals [1—7/2,14+7/2] x {0} and
[1—m/2,14+7/2] x {0} degenerate to the points (1—7/4,0) and (1—7/2,00)
respectively.
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