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1 Introduction
The most of nonlinear equations can be represented in a form
(1.1) Lz = N(x)

where L is a linear operator on Banach spaces and N is a nonlinear map. We shall
study the existence of a solution for (1.1) and the lower bound for the number of
solutions (the last is referred as multiplicity results). Obviously, the linear part L
is not determined uniquely but the study of the equation is simpler if one uses an
appropriate linear part. For example, the nonlinear elliptic Dirichlet problem

(1.2) Au = f(u), uloQ =0

usually has the linear part A — the Laplace operator considered on appropriate
Sobolev or Holder spaces — and the nonlinear part being the superposition operator
u — f owu, but if the function f is asymptotically linear:

(1.3) Jm =~

one can use the linear part « — Au—Au and the nonlinear one u — fou—Au =: fou

with f being sublinear )
i
im ——=

u—too U

=0.

The second approach is much simpler if one uses topological methods, fixed point
theory and so on.

Thus, let us consider equation (1.1) with L : X D dom L — Z, N : X — Z,
where X, Z are Banach spaces, dom L is a linear subspace (usually dense) and N
is a continuous nonlinear operator. We do not assume that the linear operator L is
continuous. The main question is whether there exists a solution.

If L is invertible and its inverse is continuous (as it is in applications), then we
have the equivalent equation

r=L"'N(x)

and the existence of a solution follows from one of fixed point theorems. For example,
in the case of the above mentioned elliptic problem (1.2), if A given by (1.3) is not an
eigenvalue, then A — \[ is invertible on appropriate Sobolev spaces and its inverse is
compact. Hence the existence of a solution is a consequence of the Schauder Fixed
Point Theorem on a sufficiently large ball.

One finds the first difficulty when L is not invertible but only a Fredholm operator
of index zero, i.e. the kernel of L is nontrivial and finite dimensional, the image of
L has a finite codimension in Z and

dim ker I = codimyz im L.



For our elliptic problem (1.2), this is the case if A is an eigenvalue. The abstract
equation (1.1) can be reduced to the system

{ v=KN(x)+wv

(1.4) N(z) €im L,

where v is an arbitrary element of the kernel and K is a right inverse of L :
LK = Ling.

This case can be examined by using Mawhin’s coincidence degree [27, 53] or by the
perturbation method [63, 64, 65, 66, 67] if K is compact. If N is sublinear

N@)

m —F—m— =
el =00 ||z]]

(1.5)

then the existence of a solution depends on the behaviour of N|ker L.
To be more precise: let uy,... ,u, be linear bounded functionals on Z being
linearly independent such that

imL = ﬁkeruj

Jj=1

— they always exist if codim im I = m — and let v, ... ,v,, constitute the basis of
the kernel of L.. Then, if for any j € {1,... ,m}, d,... ,dj_1,dj11,... ,dy €R

djuj(N(i d;v;)) <0

for sufficiently large d;, then equation (1.1) has a solution.

The above result is, in fact, the abstract version of the famous theorem from the
first paper on boundary value problems at resonance by Landesman and Lazer [46],
thus we call the assumption as Landesman-Lazer type condition (see [63, 65, 67]).
For the example (1.2) and A being the first eigenvalue, we have m = 1, v; is a positive
function on €, uy(z) = [, v1 - z and the solvability follows from the assumption:

— two limits lim, .+, f(u) have opposite signs.

The method can be applied to higher eigenvalues and the nonlinearities with a
linear growth,

|f (u)| < alul +b,

but assumptions are more complicated (comp. [64]). The nonlinearity f can also
depend on the independent variable x and then Landesman-Lazer condition has the
usual integral form. We shall see it below.

The method works for ODEs as well; typical problems are

¥ = f(t,z), x(0)=z(T), —periodic problem,
2" +n’z = f(t,z,2'), x(0)=0=ax(r), -—Dirichlet problem

and by another kind of problems (functional-differential equations, impulsive differ-
ential equations, nonlocal equations).



2 Coincidence degree

Let L : X DY — Z be a linear operator and N : X — X a nonlinear one. We
suppose that L is Fredholm operator of index zero:

dimker L = dim Z/im L < oo,

P — a linear continuous projector on ker L, () — a projector along im L onto its
topological complement. Denote by Kp the inverse operator to

Llker PNY :ker PNY — im L.

We assume that N is L-completely continuous, i.e. QN and Kp(I — Q)N are
completely continuous. In applications usually Kp is completely continuous and N
is continuous and maps bounded sets on bounded ones.

Theorem 2.1. (Mawhin Continuation Principle) Let Q be a bounded open set
in X, all equations Lx = AN (x) have no solutions x € 0QNY for A € (0,1] and
the Brouwer degree

deg(JQN|ker L,Q Nker L,0) # 0,

where J :im @ — ker L is an arbitrary isomorphism, then equation Lx = N(x) has
a solution in 2.

The Brouwer degree from this theorem is called the coincidence degree of the pair
(L,N) and is denoted by deg,,;((L, N), ). Its properties are similar as properties
of the Leray-Schauder degree and can be found in [53]. This is a generalization of
this degree:

deg;s(I — N,Q,0) = degy, (L, N), Q).

The coincidence degree has found a lot of applications in proving the existence of
a solution to BVPs. A crucial question is (as for invertible linear part and the
L-S. degree) to get a priori estimates for a homotopical family of problems, but
now, one needs some extra assumptions to guarantee the finite-dimensional degree
does not vanish. This assumptions are especially simple when the kernel ker L is
1-dimensional. Then €2 Nker L is an interval and QN should takes opposite sign at
its both ends. This is again the Landesman-Lazer condition.

An interesting generalization of the theory can be found in the paper by L.
Nirenberg [59], where an index of L can be arbitrary positive number p. However,
in this case, one needs the homotopy invariant of mappings S™*? — S™: Nirenberg
applied its stable homotopy class. Since the stable homotopy groups are complicated
and there is no correspondance between them and the group 7Z, for instance, the
Nirenberg’s theory is difficult for application.

We can find similar approaches in the literature, we refer to [22].



3 Perturbation method

Let as above X and Z be Banach spaces, Y a linear subspace of X and L strongly
continuous family of operators Y — Z depending on real parameter A

Suppose that L(\) are invertible for A # Ao and L()\g) is Fredholm operator
with nontrivial kernel. Its index is then 0. Moreover, suppose the family of inverse

operators L(A)™' =: G()\) can be represented in the form:
(3.1) G(A) = Go(N) + D &Ny (V), )w; V),
j=1

where Go(\) € L(Z, X) are completely continuous, u;(\) € Z* (space of all con-
tinuous linear functionals on Z), w;(\) € Y are continuous functions of A having
continuous extensions for A = A\g, and ¢;(\) € R provided that

Jim e;(A)] = oo,

for all j = 1,...,n. Let moreover, w;(\), j = 1,...,n, be linearly independent
vectors that span ker L(\g) for A = A,

im L(/\()) = m ker Uj()\()).
j=1

Then vectors w;(A), 7 = 1,...,n and covectors u;(\), j = 1,...,n, are linearly
independent for \ sufficiently close to Ag. At last assume operator Go(Xg) is a right
inverse to L(\g), i.e.

L(Ao)G()()\())Z =z, Z € 1m L()\())

Let N : X — Z be a nonlinear continuous operator mapping bounded sets into
bounded ones. The equation

(3.2) L(Xo)y = N(x).
is equivalent to the system

x = Go(Ao)N(z) + 37, djw;(Mo),

3.3 .
(33) (uj(Xo), N(x)) =0, j=1...,n,
Real constants dy, ... ,d, are arbitrary.
There is natural question, when the family L()) admits representation 3.1. We
present a simple sufficient condition. Let wy, ... ,w, constitutes a basis of ker L(\g).

Assume that there exist limits

(3.4) /\li_)n/\lo [IL(\)w;|| ' L(N)w; =: h;, j=1,...,n



and
(3.5) im L(X\g) @ Lin{hy,... ,h,} =2

We construct 3.1. Let X, be a topological complement of X; = ker L()\g). For
A # Ng define u;(\) € Z*, j =1,... ,n, by the formula

(uj(N), L(A)w;) = 05 L(A)w;,
ui(M|L(AN)Xe =0,

These functionals depend continuously on A and have limits as A — Ay denoted by
u;(Ag) such that

(uj(Ao), hi) = bij, w;(Xo)[im L(Ae) = 0.

Now, put P;(\) and Py(\) for complementary projectors of Z onto L(A)X; and
L(A\) X respectively. From 3.4 they have continuous extensions for A = Ay being
projectors onto Lin{hy,... , h,} and im L(\g). Thus, we can set

_ JGRW dla X # A,
Col) = {(L(A0)|X0) 1Py(Ao)  dla A=A,

and the second summand of G(A) = Go(A) + G(A)Pi(\) has the form
)z = Z IZ)wjl| ™ (i (A), 2) wy,

and we get the needed representation with ¢;(\) = |[|L(A)w,||~ .
Condition 3.4 holds, for example, for L(\) = L(0) + A and one-sided limits
A >0 or A < 0. Condition 3.5 means then

ker L(0) Nim L(0) = {0}.

After [65] we repeat the main continuation result for our perturbation method
which corresponds the Mawhin Continuation Principle. Under the above assump-
tions, we have a division of the space X into the topological sum

X=X, ®X,
where X, = Lin{w;(\) : j =1,... ,n}.

Theorem 3.1. Suppose there exists a bounded open set Q@ C X X (Ao, A1]| such that,
for any solution of the system

Sh

(3.6) A (A A1)(Ao — A1) TEGo(A)N (),

i =M (A), N(z),  7=1,....n,

S8



where ¥ = Ty + Y d;w;(N), we have (x,\) ¢ 0. If g = (¢1,... ,9n) : R* — R"
given by
gi(dy, ... dy) = d; — c; (M) {u;(\), Zdwz (A1)

satisfies
deg(g,U,0) #0 (Brouwer degree),

where U = {d € R" : (3_diwi(\1), A1) € Q}, then equation L(Ao)x = N(x) has a
solution x such that (x,\g) € Q.

Proof. Define the homotopy H : X x (A, A1] — X by

H(z,\) = 3Gl +ch Nia)uy ().

From the assumptions, it has no fixed points in the boundary 0f2, which means that
the Leray-Schauder degree

degLS(I - H(a >‘)a Q/\,O),

with 2y = {z € X : (z,)\) € Q} does not depend on A\. But H(-, ) is a finite
dimensional mapping, thus choosing basis w;(\;), j = 1,... ,n, in the space X, we
obtain

deg (I — H(-,M\1),Qy,,0) = deg(g,U,0) # 0.

It follows that, for any A, there exists a solution of the equation x = H(z, ) w ).

Take a sequence A\, — \¢ and denote by x; the last solution, £ € N. This se-
quence is bounded. Due to the complete continuity of Gy, one can choose convergent
sequences (for simplicity, we do not use subindices)

Go(Ak)N(z1) — 0,
cj( M) (uj(Ae), N(xx)) — dj, j=1,...,n.

Thus zp — xo + )Y djw;(Ng) =: x. Since |¢;(Ag)| — oo for all j, we get
(uj(Ao), N(z)) =0,
and by the continuity of Gy i N we have
= Go(Ao)N(2).
Hence, z satisfies system 3.3 and it is the needed solution. O]

Now, we shall prove some results, where a priori estimates are a consequence of
the bounded growth. Without loss of generality we can assume that ¢;(\) > 0.



Theorem 3.2. Suppose that the nonlinear term N 1is sublinear, i.e.

i NG/l =0

and for any sequence () with the properties ||xy|| — 0o and ||zx||tor — Y djw; (M),
where (dy, ... ,d,) € R", there exists j € {1,... ,n} such that d; # 0 and

(3.7) d;j{uj(Ao), N(zx)) <0
for sufficiently large k € N. Then our equation has a solution.

Proof. Take Ay — Ao, A\x # Ao, and consider the equation L(Ap)yr = N(xx) or
equivalently

For any fixed k € N there exists Ry > 0 such that
IN@)I/l=l] < 1G]~

for ||z|| > Rg, and the mapping G(Ax) N maps the boundary of the ball centered at 0
with radius Ry into this ball and, due to Rothe Fixed Point Theorem, the perturbed
equation has a solution. If the sequence (xy) of these solutions is bounded, then as
in the proof of the previous theorem one can pass to a convergent subsequence and
its limit is a sought solution.

Suppose then, this sequence is unbounded, hence (passing to a subsequence)
||zx|| — oo. Thus

k| e = Go(Ne)([Jonl] 7 N ()
+ 205 okl ey (M) (i (An), N (k) yw; (Ar)

and by the sublinearity of N, the first summand tends to 0. Repeating arguments
from the proof of the previous theorem once more, we find convergent subsequences

]| " e; () (uj( M), N(2g)) — dj, 5 =1,... ,n.

Hence

el — Y djw; (M),
j=1
so if j is such that d; # 0 (all d;’s cannot be 0), then for sufficiently large k, the
sign of (u;(XAg), N(xy)) is the same as the sign of d;. This contradicts assumption
3.7 and therefore the unboundedness of the sequence (xy) is excluded.. O

This theorem is proved in [64], and in [65] one can find its another proof. In-
equalities 3.7 is called the Landesman-Lazer type condition and, as we shall see
below, it correspods to the assumption from [46]. The last theorem has a simple
corrolary.



Theorem 3.3. Assume that for any sequence (x) C X such that ||x|| — oo and
]|t — Y- djw;(No), there exists the limit limg_.oo N(z1) depending only on
(dy,...,d,) € R"\ {0} which will be denoted as Nq. Then the following condition
15 sufficient for the solvability of our equation:
for any d € R™ such that || > djw;(Xo)|| = 1, there exists j € {1,... ,n} with
the property
dj{u;j(ro), Na)) < 0.

If n =1, then it suffices
(u1(Ao), N1)) - (u1(Xo), N-1)) < 0.
We shall study the case when the nonlinear term has a linear growth:

7 = limsup [N ()] /]]]] € (0, 0).

||z||—o0

After [64] we state

Theorem 3.4. Suppose that v||Go(No)|| < 1 and there ezist constants R > 0 and

7 > |Go(M)[[/(1 =~|Go(Mo)[)

such that, for any j and |d;| > R, |d;| < |d;| fori # j, X € (Ao, \1], Ty € X\ with
the property ||Z,|| < o|| > dyw;(N)||, we have

(3.8) di(u;(N), N(Ex + Y diwi(N))) < 0.
Then the equation has a solution.

Proof. Taking a less subinterval if it is necessary, we can find € > 0, such that

o = (74 8)|Go(Xo)ll/(1 = (v + €)[|Go(Ao)]])
for X € (Ao, \1], next Ry > 0 so large that
IN(@)[| < (v + &)]|=]]

for ||z|| > Ry. Then choose Ry > R and
Ry > osupl]| S djuy (V]| : d € (R, )"}

with the property: if d € 9(—Ra, Ry)" or ||Z,|]| = Rs, x € Xy, then ||Zy +
> d;wj(A)|| > R;. Consider the set @ C X x (Ao, A\1] being the set of pairs
(Tx + > djw;j(A\), A) such that ||Z,]| < Rs and |d;| < Ry for j = 1,... ,n. We can
apply Theorem 3.1, since 0f includes points for which ||Z,|| = R3 or one of numbers
|d;| equals R,, and the remaining ones satisfy inequalities |d;| < |d;|. Moreover, then
|z|| > R and we can use the assumed inequality. If such a point = has satisfied the
system from Theorem 3.1, then

[123]] < (v + )lIGoo)l(1ZAll + 11 diws(M)]]),

9



what implies
il < ol > dawi(V)]| < Rs.

Then we have |d;| = Ry > |d;|, i # j, and d; = ¢;j(A\){u;(\), N(x)), which contradicts
inequality 3.8.

It remains to calculate the degree of the mapping g from Theorem 3.1. We apply
the homotopy h = (hy,... ,hy) : (—Ra, R2)™ x (0,1) — R" given by the formula

hy(d, .. dy;t) = dj — te; (M) (M), N diwi(M))

that links g with the identity mapping I and does not take the value 0 on the
boundary (—Rs, R2)". Hence deg(g, (—R2, R2)",0) = 1 and the assertion follows
from Theorem 3.1. [

In [65] one can find an existence result for the case when the nonlinearity is
superlinear. The above theorems generalize results of Kannan, McKenna [39], Seda
[80] and many others.

It is interesting that conditions 3.7 and 3.8 are close to necessary ones if the limits
from Theorem 3.3 exist. We shall formulate the result only for the case n = 1.

Theorem 3.5. Suppose that there exist limits

lim N(dwl()\o)) = Nj:.

d—+oo

If, for any v € X
(u1(Xo), N(z)) € ({u1(ro), Ny), (u1(Xo), N-))
and our equation has a solution, then
d{ui(X), N(z)) <0

for sufficiently large ||z||.

4 Application to BVPs for ordinary differential
equations

The most typical resonant BVP for ordinary differential equations is:
(4.1) " +mPr = f(t,x,2), z(0) = z(m) = 0,

where f : [0,7] x R?> — R and m € N. Assume that f is a Carathéodory function
and satisfies the growth condition:

[f(z,y) < an(t), o]yl <M, te[0,7],

10



where ay; € L?(0, 7). The problem is resonant, since for f = 0 we have a nontrivial
solution ¢ — sinmt and the multiplicity of the resonance is n = 1. Set w; (t) = sin md.
Let us assume that there exist limits

fe(t) := lim f(t,rsinmt, mrcosmt),

r—+oo

(it implies the sublinearity of the nonlinear term) and the numbers

(4 2) fsin mt>0 f+ (t) sinmt dt + fsm mt<0 f— <t> sinmt dt7
. Janmiso f- (@) sinmtdt + [ f (t)sinmt dt

have the opposite signs. Put X = HY(0,7), Y = H*N H}, Z = L*(0,7), Lz =
2" +m?x, N(z) = f(-,2(-),2'(")),

(ul,z>:/ z(t) sinmt dt.
0

By Theorem 3.3 a solution to 4.1 exists. We perturb operator L by Al or —AI in
order to get the appropriate sign of ¢(A). Limits f+ can be finite or not but none of
the numbers 4.2 can be a form oo — oo.

If f is sublinear, i.e.

e _
e a0
and does not depend on the derivative z’, one can put
(4.3) fa(t) = limjnff(t, rsinmt), f7(t) = liminf f(¢,r sinmt).

The first number in 4.2 should be positive and the second (with f~ instead of f_)
— negative, or reversely, if we exchange the upper and lower limits.
The problem is more difficult when f has a linear growth, i.e.

. lawd]
]\/IIEHOOT =€ (0,00)

Assume that there exist positive constants @ < a, M and function b € L? such that
(4.4) a < (f(z,u) —bz))/u<a

for |u| > M. L is a self-adjoint operator in the Hilbert space X = Z = L*(0, ) and
from the Hilbert-Schmidt theory, we are able to get a simple formula for the inverse
operator

Go(Nz= Y (A=A (ws, 2)w,

As€Sp L
where w, are eigenfunctions corresponding to eigenvalues A;,. The formula for its
norm is

_ !
1GoI| = g [A, = A~
This method can be applied to more general BVP but here we have:

9 1
)\s:_ 27 5:\/i ' tv €N7 Go(A = ’
S w 7rSlIlS S || 0( 0)|| om — 1

The formula for the norm is valid for m > 1; if m = 1 then this norm equals 1/3.

11



Theorem 4.1. Under the above assumptions, if for m > 1
a

a+ (a—a)?’

v < (2m—1)

and the Landesman-Lazer type condition 4.2 is satisfied, then problem 4.1 has a
solution. For m =1 in the last inequality one should replace 2m — 1 by 3.

The proof is obtained by applying Theorem 3.2. Unfortunately, in the L.-L.
condition for m > 1 we have the forbidden case co — oo and this theorem is valuable
for m = 1 only.

One can use the space of continuous functions with the sup-norm instead of L2.
It is possible, obviously, under assumption of the continuity of f. We cannot find
the exact formula for the norm of the inverse but the estimate only:

s 4.02
< —(142v2 —_—
IGoo)l < 5 (1+2v3) < =

In order to get this estimate, we use as above the Hilbert-Schmidt theory

Go(ho =m?)z = Z(m2 - j2>_1(€ja z)ej,

j#m

where €;(t) = \/2/msinjt, j = 1,2,... , and (-,-) stand for the L?-scalar product.
Then, we find a bound for its supremum. We use notation 4.3 but with the as-
sumption that both limits are uniform w.r.t. t. Take a positive number ¢ < 1 such
that
4.02vy < m—2—.
1+o

Let us divide the interval (0, 7) into three pieces:
A% = {t:|sinmt| <o}, Af:={t:sinmt>oc}, A :={t:sinmt< —0o}.
Denote

M, = / | sinmt|sup | f(t, z)| dt < oo.
AS

HASIN

The L.-L. condition has the following form

fo(t) sinmt dt + f=(t)sinmt dt > M,,
At Ay

f~(t)sinmt dt + [ (t)sinmt dt < —M,.
Af As
All the above results can be generalize to the vector equations
o] +mixy; = fi(t,x, 1)), 2;(0) =z(m) =0, i<k

provided that at least one of m; is an integer to have a resonance.

12



Another kind of BVP is the periodic problem for the first order ODE in R™:
(4.5) o' = ft,z),  2(0)==2(T),

where f : [0,7] x R — R" satisfies f(0,-) = f(7,-) and the Carathéodory condi-
tions. Usually one does not look at it as a resonant BVP but it is such, since the
kernel of the linear part is the subspace of constant functions with values in R™. Let
us assume that f satisfies the following growth condition

(4.6) Lt 2)l| < allz|]” +b(8),  t€[0,T], zeR",

where a > 0, p € [0,1], b€ L'(0,T). Put X = Z = L'(0,T;R"), Y = {z: [0,T] —
R", x is absolutely continuous, z(0) = z(T)}, LNz =2 — Az, Ay =0, N : X — Z
— the superposition operator. Then, after easy calculations,

Go(N)2(t) = e [ e_’\;z(s) ds .
+(1 =)L [T e Az (s) ds + (TA)7! [ 2(s)ds,

T

(uj(N), z) = T_l/ z(s)ds, ci(A) = .

0
wi(A)(t) = (dij)j<n,
j=1,...,n. If p <1, then we have the sublinear case. Condition 3.7 has the form:

for any sequence (z) C L'(0,T;R"™), ||zx|| — oo, ||zk]|"'zx — d € R™, there exists
J such that d; # 0 and for large k € N:

(4.7) d; / ' it ap(t)) dt > 0.

One can assume, instead of 4.7:

/0 s (05t (1)) dt > 0.

One can also add the left-hand side and obtain the following L.-L. condition with
the scalar product:

T
| @nle) st ooy > 0
0
for large k. In [67] we have shown, that the Mawhin’s method leads to the condition:
(d, f(t,d)) >0, for ||d|| = R, t€]0,T],

where R is a positive constant. Both conditions are incomparable.

Now, we consider the case of linear growth (p = 1 in 4.6). We need an estimate
for ||Gp(0)||]. Since all calculations are easier in the supremum norm, we pass to the
space of continuous functions, what is possible if f is continuous and

t
~ := lim sup sup [1£, )]l

lal—o ¢ |lZ]]

€ (0, 00).

13



In R™ we use the norm ||z|| = max;<;<, |z;|. We have

Go(0)=(¢) = %/Otz(s) ds — %/th(s) ds — %/OT(t— 5)2(s) ds.

hence ||Go(0)|] < T. In order to apply Theorem 3.4, we need the sign of

/T F(6, (1) + d) di

for ||z(t)|| < o||d||, t € [0,T], when the greatest coordinate of d is d;, i.e. ||d|| = |d}]
and this number is sufficiently large. If o > 1, then the sign of Z,(t)+d; is determined
by the sign of d;. Moreover, then |Z;(t) + d;| < 2|d;|, i # j. Therefore the following
condition is sufficient for the solvability of 4.5: for j € {1,... ,n},

liminf, 4o infje,j<oje)| fOT fj(t,Txl, ey Xy)dt >0
> lmsup,, o SUp,j<oey Jo filt @1, )L,
and (to get the estimate v||Go(0)|| < o/(1 + o) < 3)
9T < 1.

All inequalities in the L.-L. conditions can be reversed. In the very similar way one
can study the periodic problem for the second order ODE:

= f(t,x,2"), x(0)==x(T), 2'(0)=2(T).
One can observe more interesting phenomenon for
(4.8) " +mPr = f(t,r), z(0)==x(2r), 2/(0)=2'(2n),

where m € N, even in 1-dimensional space. For the last problem, the kernel of the
linear part is 2-dimensional with the basis

wy (t) = sinmt, wsy(t) = cos mt.

Both these functions ,,interferes” one with the other. One can apply Theorem 3.2
assuming
) < au(®),  J2l <M, teo,2n)

where ayr € L'(0,27) and limy; oo M |aps||zr = 0. Problem 4.8 has a solution,
if there exist limits fi(t) = lim, 4o f(£,2) and, for (di,ds) € R?, d? + d3 = 1, we
have: the numbers

/A+wf++/Awf, /A+wf+/ wf,

have the opposite signs, where w(t) = dy sinmt+dy cosmt, Ay = {t : sgn(d; sinmt+
dy cosmt) = +1}.
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Example 1. Set f(t,x) = p(t)g1(xT)+7r(t)g2(x™), where p and r belong to L>(0, 27),
g1,92 : [0,00) — R are continuous and

91(0) = g2(0),

lim g;(z)/z =0, lim gj(x)="y; € (0,00), j=12.

T—00

Then, if p(t) < 0 < r(t) almost everywhere and at least one of two inequalities
p(t) < 0, 0 < r(t) hold on the set of positive measure, then problem 4.8 has a
solution. Similarly, for p(t) = r(t) =0, t € (7, 27|, 71 = 72 = o0 and

/ p(t)sintdt < 0.
0

If the nonlinear term f in 4.8 has a linear growth, we have no means to get L.-L.
condition. Here, one can better see an interference of w; and ws.

5 Problems of another kind

One can apply the perturbation method to the general boundary value problem for
ODE. We follow [68]. Let E be a Banach space, A : [0,1] — L(F) — a continuous
function taking values in the space of bounded linear operators of E, f : [0,1] X £ —
E — a continuous function, By, By € L(E), and let Bs : C([0,1],E) — E be a
nonlinear continuous mapping defined on the Banach space of continuous functions
[0,1] — E. We look for a solution of the first order differential equation

(5.1) ¥ — A(t)x = f(t,z)

satisfying the boundary condition

(5.2) By1z(0) + Byz(1) = Bs(x).

System 5.1-5.2 is at resonance, which means that the linear homogeneous problem
o — At)r =0, Byz(0)+ Byx(1) =0,

has a nonzero solution. We shall assume that there exists an operator Ay € L(F)
commuting with the resolvent U : [0,1] — L(FE) of the operator 2’ — A(t)x such that
B1+ B exp Ay U(1) is an authomorphism of E for A from a neighbourhood (nhbd)
of 0 € R. Usually, Ay = I — the identity operator. Moreover, let B; + ByU(1) be
a linear Fredholm operator (its index must be 0 by the above). Our assumptions
mean that the problems

(5.3) ¥ — A(t)r — Moz =0, Byz(0) + Boz(1) =0,

have only the zero-solution for A # 0 belonging to the nhbd of 0, the subspace of
initial points of solutions to 5.3 with A = 0 is finite dimensional, and that the range
of the operator By + ByU(1) has a finite codimension.
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Take any basis z1,...,z, in ker(B; + ByU(1)) and suppose that the following
limits

(5.4) lim Bz /| Bl =: by, j=1,...,m,

where B(\) = B; + BU(1) exp Ay, exist and constitute a linearly independent
system such that
Lin{hy,. .., hy} ®imB(0) = E.

Then, of course, this condition is satisfied for each basis.
Let Ey = ker B(0) and let Ej be its topological complement:

E,®Ey=FE.
We have B(A\)E; @ B(A\)Ey = E for A # 0 sufficiently close to 0. Moreover,
Lin{hl, ce ,hn} S7) B(O)EO =F.

Define the system of linear bounded functionals on £ : v;(A), 7 =1,... ,n, for A # 0
by the formulas

(0;(N), BO)zi) = 0| [ BN il|, i=1,....n,

v (\) | BOYE, = 0.

Obviously, v, are continuous functions of A and have continuous extensions to 0 such
that
(v;(0), hi) = bi5,  v;(0) | B(0)Ep = 0.

If we denote by P;(\) (resp. Py(A)) the projectors on B(A)E; (resp. B(A\)Ey) along
B(X)Ey (resp. B(A)Ey) for A # 0 and similarly for A = 0 with natural changes, then
we can find the representation of B(\)™! :

B(\)™ =B\ R() + Z 1B ;|17 (v; (V) )

where the first summand has a continuous extension to 0 : (B(0) | Ey)~'Py(0). We
shall denote this summand by R(\), and

¢i(A) =Bzl ™ j=1,...,m,

are the only parts which make A\ = 0 a singular point of B(\)~!. We have
(5.5) BT = RO + ) ¢ (N (0N, )
j=1

which is similar to the corresponding formula from the previous sections.
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It is easy to see that V)(t) = exp(AtAg)U(t) is the resolvent for the operator
' — A(t)x — AMApz. This implies that the unique solution to the BVP

' — A(t)x — Moz = b(t), Biz(0) + Byz(1) = 0,

is the function .
z(t) = Vi(t)zo + VA(t)/ V)\_l(s)b(s) ds
0

with the initial vector xg for which
1
B(\zo = —Bs exp(Ay)U(1) / exp(—As Ag) U~ ()b(s) ds.
0

We shall denote the right-hand side of the last equality by C(\,b) where b €
C([0,1], E). Applying 5.5, we get, for A # 0,

CA) + 2 &N (w5 (N), CO b))

and

x(t) exp(AtAg)U (£) R(A)C'(A, b)+
exp(MA)U(t) fo exp(—AsAg)U~ ()b(s)ds+

2251 6 (A(w;(A), C(A, b)) exp(AtAg)U (1)

Now, we are able to write down the system equivalent to the BVP

(5.6)

+ + |

¥ — A(t)x — Moz = f(t,x), Byz(0) + Byx(1) = Bsz,

for N # 0 :
zo = R(A)(C(A N(z)) + Bs(x))
(5.7) + 2N (A), €A N (@) + Bs(@))z;,
z(t) = VA()RA)(CA N(z)) + Bs(z)) +
+ V,\(t)/o Vi (s)N(z)(s) ds +
(5.8) + Y (M {(A), C(\, N(2)) + Bs(2))Va(t)z;,

i=1

where N(z)(t) = f(t,z(t)). We can show that the operator defined by the right-
hand sides of 5.7, 5.8 on E x C(][0, 1], E) is completely continuous, if f(¢,-) is com-
pletely continuous, functions f, := f(-,x) are equicontinuous for x belonging to
each bounded set and Bj is completely continuous. Then, we can find solutions to
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5.7-5.8 for A\ # 0 if f and Bs are sublinear, by the Rothe Fixed Point Theorem [19],
and prove that the existence of a bounded sequence of solutions for A,, — 0 implies
the solvability of the studied resonant problem. Next, we should find conditions
excluding the existence of unbounded sequence of solutions (the Landesman-Lazer
type condition). Here it is:

for any (™) C C([0,1], E) with the properties ||2™||c — 00 (the supremum
norm in C([0,1], E)), ||z™||ta™ — > d,;U(-)x; for some (di,...,d,) € R", there
exists j € {1,... ,n} such that

lim sup d;{v;(0), D(z™)) <0

m—00

where
D(z) = —ByU(1) /o U~'(s)f(s,2(s))ds + Bs(z).

The proof is similar to that of Theorem 3.2. The case of nonlinearities with a linear
growth is examined separately by homotopy arguments in the above mentioned [68].

BVPs of different kinds are considered with additional property of a solution:
the positivity. In our abstract framework, it means that one look for a solution
belonging to a prescribed cone, i.e. a closed set P C X (the space of functions) with
properties:

T1,T9 € P = 2, + a9 € P, re€P, AN>0=— \r€P, PN (—=P)={0}.

In applications, we usually think about P C C([a,b],R") or P C L*([a,b],R") with
all coordinates x;(¢) > 0. Our method work also for problems of this kind [66]. We
need some assumptions on the behaviour of the nonlinear term on the boundary of
the cone and define another nonlinearity which equals the given one on the cone.
A solution for the second equation exists by our method and, a possibility that it
sticks out the cone is excluded. Thus, it is a solution of the given problem.

Similar applications, as presented in the previous section, of Theorems 3.2 and
3.4 can be obtained for elliptic partial differential equations. One have to work in
appropriate Sobolev or Holder spaces but all calculations and arguments are more
complicated.

6 Functional-differential equations

Equations of this kind are of the great interest recently, and the class of such equa-
tions is very large. It includes equations with delay, integro-differential equations
and many others. Relatively general formulation of boundary value problems for
functional-differential equations can be found in [53]. Our method can be applied
to this kind of problems.

Let C = C([-r,0],R¥) and for t € [0,1] and = : [—r, 1] — R* put z,(s) = z(t+s),
s € [—r,0]. Let f:]0,1] x C — R* satisfies the following Carathéodory conditions:

e f(-,p) is measurable for ¢ € C,
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e f(t,-) is continuous on C, and the following growth condition

e for any M > 0 there exists ay € L*(0,1) such that

(6.1) &l < am(t),  for t€[0,1], gl < M.

Take A,B € L(C) and ® : C' x C — C being nonlinear completely continuous
operator. We are interested in the solvability of the following BVP:

(6.2) = f(t, ),
(63) A.TO + Bl’l = (I)(LC(), l’l).
By a solution we mean a function z : [—r, 1] — R* continuous and such that z|[0, 1]

is absolutely continuous, for almost all ¢, one has z'(t) = f(¢,x;), and the boundary
condition 6.3 is satisfied (xg = z|[—r,0], z1(s) = x(s + 1) for s € [-r,0]). Now, we
shall perturb the boundary condition but not the f.-d. equation. Suppose we have a
continuous family of linear bounded operators A(A), A in a nhbd of 0, A(0) = A. Put
X =C([-r1,R*), Y = {z € X : 2|[0,1] € WHL(0, 1;R")}, Z = LY(0,1;RF) x C,
LNz = (2/|[0,1], A(N)zo + Bzy), N(z) = (f(-,z.), ®(xg,21)). Introduce two
operators S € L(C), T € L(Z,C) by formulas

Se(s) o(s+1) for s < —1,
s) —
4 0 for s € (—1,0],

0 for s < —1,
Tz(s) = s+1
o z(t)dt for s e (—1,0].
Since the following initial problem: z’ = z(t), x|[—r,0] = ¢ € C has a solution

Loy [0 seln0],
©(0) + fos z(t)dt, s € (0,1],

and the inverse operators to L(\) can be computed if we find a solution to 2’ =
2(t), A(N)zg + Bxy = 1, then the initial function ¢ should satisfy the equation
[A(N) + BS]¢ = ¢ — BTz. Thus, if the operators A(\) + BS are invertible for A # 0
and A + BS is Fredholm operator (it has index 0), then also L(\) hold the same
conditions. Take a basis of ker(A 4+ BS) C C : ¢1,...,¢,. In order to obtain the
needed form of the inverse operators, assume there exist the limits

lim [[[A(\) + BS)g; | ' [AQ\) + BSle; =t by, j=1,...,n,

(6.4) Lin{hy,... ,h,} ®im (A+ BS) =C.
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Then

n

[AN) + BS] ™ = CoA) + Y (N (v (V) ) ey

j=1
with Cy(N) € L(C), v;(A) € C* for j = 1,... ,n, having continuous extensions to
A =0, and ¢;(\) — +oo as A — 0. We can put in our scheme:

Co(N) (¢ — BT2)(s) for s € [—r, 0],

Go(A)(z,9)(s) = {C'OO\)(%D — BTz2)(0) + [, z(t)dt for s € (0,1],

(u;(N), (2,1)) = (v;(\), ¥ — BT%),
ws(s) = pi(s) for s e [-r0],
’ ©;(0)  for s € (0,1],

where j = 1,...,n. Since v;(0) are linear bounded functionals on the space of
continuous functions, there exist functions with bounded variation g;, j = 1,... ,n,
with the property

0
(v5(0), @) = / wdg; the Lebesgue-Stieltjes integral.

T

Denote the nonlinear functional

0 for s < —1,
U(p)(s) = { 05“ f(t,o)dt for s e (—1,0].

If the nonlinearity f is sublinear, i.e.

]\/llgnoo MﬁlHa’MHLl = 07

. (e, 0]
peC, llpli—os, llll—oo ([0 + [[¢]])
then the L.-L. condition guaranteeing the solvability of the problem 6.2-6.3 has the
form:
for any sequence (z,) C X with the properties ||z, || — oo, ||z, || 2, — > dyw;,
there exists j € {1,... ,n} such that d; # 0 and

=0,

dj/ [2((x)o, (z)1) — BY((20)0)]dg; <0

-

for sufficiently large v € N.

If there exist limits lim, .o, ®((z,)o, (2,)1) =: @4 and lim, o f(¢, (x,)¢) =: fa(t)
depending only on d € R", ||d|| = 1, then our problem has a solution, if for any
d € R", ||d|| = 1, there exists j such that

dj /0 [(I)d — B\II(d)]dg] < 0,

-r
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where W(d) stands for a function in C' that equals 0 for s < —1 and

s+1
\If(d)(s):/o fatydt, s (—1,0].

One can write down an appropriate corollary of Theorem 3.4 for the nonlinearities
with the linear growth.
Let us consider a particular case of the problem 6.2-6.3 — the periodic problem

(6.5) = f(t, ), Ty = I7.

If f is 1-periodic with respect to t, i.e. f(t,¢) = f(t + 1,¢) for ¢ € C, then any
solution of 6.5 has a 1-periodic extension on R. The remaining assumptions on f
are withour changes.

Put AN)p =1+ N, Bp=—p, & =0. It is easy to check that A(\) + BS is
invertible for A # 0, A(0) + BS has the kernel built of constant functions and the
range with functions such that ¢(0) = 0. One can take

©;(t) = (0ij)i<k-

For A — 0%, we obtain h; = ¢;, j = 1,... ,n, and condition 6.4 holds. Functionals
v;(0) are given by functions ¢g; = (0,...,0,0,0,...,0), where © is the Heaviside’s
function and the integral over [—r, 0] reduces to the value of the integrand at s = 0.
At last the L.-L. condition for the existence of a solution to 6.5 has a form:

for any sequence (x,) C C([0,1], R*) such that ||z,|| — oo, ||z,|| 'z, — d € R¥
uniformly, there exists j € {1,...,n} such that d; # 0 and

dj /01 fj(t’ (xu)t)dt <0

for sufficiently large v. Obviously, the weaker condition

V—00

limsup / (£,(8), f(t, (2,)0))dt < 0

or, in the case of the existence of limits lim, . f(¢,(x,):) = fa(t) depending on
d =lim ||z, || "'z, € R* only:

/ (d fult))dt < 0,

are suffiecient for the existence of a solution. If we take the left-hand side limits
A — 07 instead of the right-hand ones, then h; = —¢; and instead of g; we get —g;.
As the result all inequalities in the L.-L. conditions should be reversed.

In the similar way, one can study the BVPs for differential equations with delay
or neutral such as

" +mPr = f(t,z, 1), z(0) = z(7) = 0,

or
x + m2z, = ft,x, xp), z(0) =z(7) =0,

and also impulsive differential equations.
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7 Multiple solutions of nonlinear equations with
parameter near bifurcation point

We shall deal with a continuous family of nonlinear equations
(7.1) L(N)z = N(x)

where L(A) : Y — Z are linear bounded operators, Y C X is a linear subspace and
N : X — Z is nonlinear and continuous, A € nhbd A\y. All assumptions about this
family of operators are almost the same as in section 3. Especially, it has an isolated
singularity in Ag, i.e. L(\) are invertible for A # Ay and L()g) is a linear Fredholm
operator of index zero. Moreover, we assume a special form of the family

L™ = Go(N) + 3 e\ s, -y

where Go()\) € L(Z, X) has a continuous extension on Ao, ¢;(A) € R and

li (N)] =

Jim e;(A)] = oo,

the vectors wy, ..., w, forms a basis of the kernel ker L()\g), uy, ... ,u, are linearly in-
dependent covectors on Z anihilating the range imL(\g). The above abstract scheme

can be applied to a great variety of boundary value problems such as, in particular,
those considered by Mawhin and Schmitt [56]:

2"+ Xx +g(t,x) = h(t), z(0)==xz(27), 2'(0) = 2'(2n),
where \g = 0,
"+ Xz + g(t,z) = h(t), x(0) =2z(r) =0, where \g = 1.

It is well known that these problems have at least one solution for A = )\g if ¢
is integrally bounded and the Landesman-Lazer condition holds. In our abstract
framework, this means that N is bounded (or sublinear) and, for any (x;) C X such
that ||ax|| — oo, ||ak|| tey — D djw;, there exists j with the property

djsgnysy, ¢ (A)(uy, N(zg)) <0

for large k (comp. section 3). This solution is an element of a continuum (in X x R)
of solutions to 7.1 for A > Ag and can be extended to A less but close to A\y. Let us
assume that Go(\) take values in topological complements of ker L()) and that the
function

(—1)P det(u;, L(A\)w;)

changes the sign when A\ passes through Ay, where p is the number of coefficients
¢j(A), j < n, which has opposite signs on the left and on the right of A\g. Then there
exists a connected branch of solutions to 7.1 bifurcating from the infinity. It follows
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that there exists 6 > 0 such that 7.1 has at least two solutions for A € (Ag — 9, Ao).
All assumptions on L(\) are satisfied if there exist the limits

lim, (| LAy L(\w; = h
A—AE

and hq, ..., h, forms a basis of a topological complement of L(\g) and n (the geo-
metric multiplicity of the eigenvalue \y) is odd.

Mawhin and Schmitt [56] used conditions closed but different from the Landesman-
Lazer one for their specific equations. They got at least three solutions, since they
can distinguish positive and negative solutions with large norms. However they
needed n = 1 and that all eigenfunctions have constant signs.

8 Multiple solutions — general case

The question of the existence of more than one solution to a nonlinear equation is
usually more difficult than the existence problem of at least one solution. Starting
from the well-known paper by Ambrosetti and Prodi [4] (see also [3]), there appeared
a lot of works based on a similar picture: if a nonlinear map N : X — Z "folds
the Banach space X in two and lays it on the Banach space Z”, then the equation
N(z) = z has one solution for the z’s corresponding the folding place, two solutions
for the z’s lying on one side of this place (being a 1-codimensional manifold) and
no solution for the 2’s lying on the other side. Generalizations can be done in many
directions. Roughly speaking, two kinds of them are possible — the first if N ”folds”
many times, the second if N is homotopically equivalent to the above standard map.
Here, we study the second case.

Each abstract result needs some applications. Most of authors even omit abstract
theorems and give results on typical boundary value problems. Often, it is the
problem

Au+ f(u) = g(z), u|0Q2 = 0,

as in [4], [7], or G depends on an additional parameter [42], [50], [82], or the Laplace
operator A is replaced by a more general elliptic operator and the Dirichlet boundary
condition — by another one [5]. The operator acts as we need if f crosses the first
eigenvalue \; of the linear problem

Au+ u =0, ul0Q = 0.

This last condition can be described by the asymptotic behaviour of f(£)/¢ as £
tends to +00, or by the behaviour of the derivative f’. The study of the problem is
also possible if f crosses more than one eigenvalue (see [76], [51]).

Our approach is different and based on the abstract scheme introduced in [63],
[65]. It was very fruitful when we asked about the existence of at least one solution
(comp. [63]-[68]). We isolate a linear part Ly which is a Fredholm operator with
1-dimensional kernel and cokernel and use homotopy arguments to get at least two
solutions for z sufficiently far from the image of Lj in one direction and no solution
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for such z’s in the other one. The result is largely applicable and works for standard
boundary value problems under different assumptions. Another kind of this theorem
with applications can be found in [69]. However, the present result seems to be more
natural from the applicational point of view.
Let X and Z be real Banach spaces, Ly : X DY — Z alinear Fredholm operator
such that
ker Ly = Lin{w}, imLy = keru,

where w € Y, u € Z*. Fix hy € Z such that (u,hg) = 1. Let N : X — Z be a
nonlinear continuous map which transforms bounded sets into bounded ones and
such that

N
(8.1) ~ := lim sup —H (@)l
lzll—co ||
satisfies
(8.2) YI(Lol X)7'PI| < 1

where X is a topological complement of ker Ly and P : Z — Z denotes the linear
projection onto imLg along Lin{hg}. Let

X=XoX
where X = Lin{Jw}. Suppose that N satisfies the following condition:

: (Lol X) ' P
(C) there exists 8 > g TS SRy such that

lim  sup (u, N(Z+ dw)) = —c0
d=£00 ||3|<B]|dw]|

where & € X, d € R.
We are interested in the equation

where hy € imLg (hence (u,h;) =0) and ¢t € R.

Theorem 8.1. Under the above notations and assumptions, there exists to > 0
(depending on hy) such that equation 8.3 has no solution for t < —ty and at least
two solutions for t > t.

Proof. The first part of the assertion has an elementary proof. Consider the system

(8.4) 9(6—(50>|>2_ (N(z) + ha),

where x = T + dw, which is equivalent to 8.3. Take € > 0 so small that
(v + (Lo X) TP/ = (v + )| (Lo| X) 7' PI|) < 3
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and R > 0 so large that, for ||z|| > R, we have ||N(z)|| < (v 4+ ¢)||z||. If = satisfies
system 8.4 and ||z|| > R, then

2] < (v + )l (Lol X) T PII(1Z]] + lldwll) + [|(Lo| X) ™ Phall,

hence - ~
(v + (Lo X) " P[ [[dw|| + [|(Lo] X) " Ph]l

1= (v + )l (LolX) 1P|
So, there exists dy > 0 such that ||Z|| < [||dw]|| for |d| > dy. From the second
equation of 8.4, ¢ < 0 and condition (C) we get that there exists d; > 0 such that
|d| < dy. Therefore, for = satisfying 8.4, ||z|| < (64 1)d;||w|| or ||z|| < R. Recalling
that N maps bounded sets onto bounded ones, we obtain that equation 8.3 has no
solution if

1Z]] <

t < —sup{[{u, N(z))| : |[z]] < max(R, (6 + 1)du[|w]])}.

For the proof of the second part of the assertion, we need some introductory
remarks. As in [65], consider the continuous family of linear operators L(\) : Y — Z|
A € R, given by the formula

L& + dw) = Loz + Adhg

where & € X. Obviously, L()\) are linear homeomorphisms for A # 0 and L(0) = L.
Moreover,

(8.5) LN 2 = (Lo|X) ™ Pz + A Hu, 2)w
for A # 0 and z € Z. Instead of equation 8.3, we study the family of equations
(8.6) L(N)z = N(z) + hy + thy, A # 0.

They are equivalent to the systems
(8.7)

which we slightly modify by putting

= 222 (Lol X) "' P(N (x) + h),

(5.5) 1= X3 (N} + ),

where « is a small positive constant defined later.

First of all, notice that if 8.8 has a solution x, = T} + dyw for A = A\, A\, — 0,
and the sequence (zy) is bounded, then it has a subsequence converging to a solution
xr = T + dw of system 8.4, hence it is a solution to equation 8.3.

If we find two sequences of such xy’s, the first with di, > n > 0 and the second
with di, < —n, then the subsequent solutions x = = + dw will have d > n and
d < —n, respectively, hence they will be different. In the sequel, we shall find two
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open bounded sets V; and V_ in X (with d > n and d < —n), respectively) such that
there are no solutions of 8.8 on the boundaries OV. For A = +a (or —a), we have a
1-dimensional map given by the right-hand side of the second equation of 8.8 which
has the Brouwer degree +1. This implies the existence of two families x{ and z} of
solutions to 8.8 in V, and V_, respectively. They lead to two different solutions of
our equation 8.3. This is an idea of the proof.

Suppose that © = T+ dw satisfies system 8.8 and take ¢ > 0 and R > 0 as above.
Then ||z|] < R or ||Z|| < B||dw]| for |d| > dy found in the first part of the proof.
Enlarging dy > 0, if necessary, we have that ||z|| > R for |d| > dy and any Z. Fix
t > 0 such that

[ Nl < gt for el < (5 -+ Vo],

and then choose d; > dj such that
(,N@) <=2t for |d=di, [zl] < Blldul].
Define open bounded sets
Vi=A{Z+dw: de(d,dr), [|F[| < Pdillwl]]+1},

Vo ={Z+dw: de (—dy,—dy), ||7|| < Bdi|lw]||+ 1}.

Then OVy = {x : d = +dy or d= +xd, or ||Z|| = Bdi||w|| + 1}. If = satisfies
system 8.8 with lower signs (—«), then x ¢ 0V,. In fact, d = d; is excluded by the
comparison of the signs in the second equation of the system, ||Z|| = Gd;||w]|| + 1
— by the inequality ||Z|| < f||dw|| < Bdi||w||. The last possibility d = dy will be
rejected if we take a sufficiently small o« > 0 so that

I _
do < 504 1t.

Therefore, the Leray-Schauder degree deg;¢(H (-, A), Vi, 0), where

A —«

H(z,\) =z — — (Lo|X)"'P(N(z) + hy) — A ((u, N(2)) + t)w,

is independent of A € (0,a]. For A = «, we have the 1-dimensional map and its
Leray-Schauder degree is equal to the Brouwer degree

deg(h., (do, d1),0)

where h, (d) =d — o™ ({u, N(dw)) + t). Since hy(dy) < 0 and h(d;) > 0, this last
degree equals +1. Thus, for any A € (0, ], there exists xy = ) + dyw such that
H(z,A) = 0. This produces a solution x = Z + dw to system 8.4 with d > dy > 0.
Similar arguments for V_ and system 8.8 with upper signs give a solution to 8.4
with d < —dy. We have obtained at least two solutions to our equation. O

26



Remark 1. If 7y = 0 (N is sublinear), condition (C) can be replaced by:
(C*) for any sequence x, = Iy + dyw, k € N, such that ||Z;||/dr — 0 and
dj, — o0,
lim (u, N(z)) = —o0.

k—o0

If we replace the value of the limits —oco by 400 in conditions (C) and (C*), then
we shall get two solutions for large negative t’s and no solution for large positive t’s.

Let us notice that conditions (C) and (C*) are completely inconsistent with the
Landesman-Lazer type conditions from section 3, where (u, N(Z + dw)) changes the
sign when d passes from large negative values to large positive ones.

We shall show some applications of the above result. First, we shall study the
boundary value problem

(8.9) 2" +mPx = f(t,z) + h(t) + ssinmt,  x(0) = z(7) =0,
where m=1,2,..., f:[0,7] x R — R and h; : [0, 7] — R are continuous functions
with

/7r hy(t)sinmt dt =0

0

and s € R. Put X =7 = C[0,7], Y = {z € C?[0, 7] : z(0) = x(7) = 0},
Loz =a" +m?z,  N(z)(t) = f(t, (1)),

ho(t) = w(t) = sinmt, _
(u,z) = /o z(t) sinmt dt.

It is easy to find the Green operator by using the Hilbert-Schmidt theory:

o0

(LolX)'Pz= ) (m* = %) (e, 2)ey

j=1,j#m

where e;(t) = \/2/msinjt, j =1,2,..., (,
P is an orthogonal projection onto - = X (we restrict all these spaces to C[0, 7]).
It follows that

(-,-) denotes the scalar product in L*(0, ),

(Lol X) Pl <2 D |m? =7
j=1,j#m
On the other hand,

t
~v= lim sup |f(,:c)\
By I
Put ) _—
!y Y M =T
=293 7 7T

&
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For our purposes, we need 3 € (0,1), hence

(8.10) ) o m =T <1
Jj#Fm

is necessary. The only problem is with condition (C). The following assumption
implies it:

(C1) the function f is upper bounded on {(t,z) : sinmt > 0} and lower
bounded on {(¢,z) : sinmt < 0} and the sets

{t: sinmt > (3, lirin f(t,z) = —c0} U {t: sinmt < —0, hril f(t,x) = +oo}

have positive measures (the first set is obtained if we take limits when z — +o0,
the second — when x — —o0).
For v = 0 (f sublinear), the same condition is sufficient with 3 = 0.

Theorem 8.2. Under the above assumptions, problem 8.9 has no solution for s <
—So and has at least two solutions for s > sy, where sg s some positive constant.

For example, the following functions are appropriate:

f(t,z) = —yzmax(sinmt — 3,0),

|z’

f(tvx):_x2+1

where r : [0,7] — R is a continuous function positive on (0,7/m) and vanishing
outside this interval.
When m =1 and f is sublinear, we only need

r(t), ¢ € (0,2),

r—+o0

lim / f(t,x)sint dt = —c0
0
which is true for f(¢,z) = g(z)r(t) provided that g and r are continuous,

lim g(z) = —co,  lim |g()]/[z] =0,

r—+o00

/ r(t)sint dt > 0.
0

If g has a linear growth (8 > 0), then r should vanish on the set {t: sint < g3}.
Similar considerations remain true for the problem

(8.11) Au — Apu = f(x,u) + hi(z) + the(z), ul0Q2 =0,

where )\, is an eigenvalue with the 1-dimensional eigenspace spanned by hg. Bound-
ary value problems such as 8.9 and 8.11 were studied by many authors. They ex-
tensively used the fact that the eigenvalue is the first one which implies not only the
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dimension 1 of the eigenspace but also the positiveness of hy which was important
for their arguments. We omit the last assumption.

The method can be applied to the periodic problem for the second-order scalar
equation

(8.12) = f(t,x,x)+hi(t) +s, x(0)==z(T), 2'(0)=2(T),

where f : R® — R is a continuous function T-periodic with respect to the first
variable, hy is T-periodic and continuous with

T
/ hi(t) dt =0,
0

and s is a real parameter. We can work in the spaces Z = C7p (the space of
T-periodic continuous functions), X = CT, C%, Wlth operators Lx = 2",
N(z)(t) = f(t,z(t),2'(t)). Here, w(t) = 1, fo ) dt, Pz = z — (u, z) and

the Green operator is obtained by the Fourler decomposmon

(LIX) P2 (t) Zk Mz(s) ds.

27r2
We also need a growth condition for f :

(8.13) [F (2, 9)] < allz] + Jy]) + b

that implies 7 < a. The upper bound for the norm of the Green operator can be
found easily:

mm@m<WZk2—

We pass to condition (C). To have it as a property of f, the sign of Z(t) 4+ d should
depend on the sign of d only. Since ||Z|| < f|d|, it is necessary to have § < 1 or,
equivalently, v < % Hence one should suppose that

(8.14) al <6

and there exists 3 < 1 — 4L such that

(8.15) lim sup / ft,z,y)
[21=00 y| <B(1-B)~a|

Theorem 8.3. The periodic problem 8.12 has no solution for sufficiently large neg-
ative s and has at least two solutions for large positive s provided that 8.13, 8.14
and 8.15 hold.

The same result can be obtained for the periodic problem
2 e = (L) £ () 45, 2(0) =a(T), 2(0) = 2(T)
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(comp. [21]) with a slight change. One can compute the Green operator

N > T2 Tec
-1 _ 5
(LX)~ Pz = - Zk:l T2 + Ak2r? ((<Z’ &) + o (5 )k

(=2 (o) + (= ék>>ék)

2km
where e, (t) = \/2/T sin k%t, é,(t) = \/2/T cos k%t and (-,-) stands for the scalar
product in L?.
There are a lot of functions f satisfying our assumptions. For example, all
functions of the form

[tz y) = at)g(x) + B(t, r,y),

where «, g, # are continuous, T-periodic with respect to ¢,

T
/ a(t) dt <0,
0

l9(x)] < alz| 4+ b, limg|—.e g(x) = 0o and 3 is bounded, are appropriate.
The method is applicable for the Neuman problem

" = f(t,z,2") + hi(t) +s,  2/(0)=0=2"(T),

giving very similar results.

Using the arguments from the proof of our main theorem, it is easy to see that
the infimum of the set of t’s such that equation 8.3 has a solution belongs to this
set. This set is, in fact, a closed half-line [¢t;,00). In most papers, for any ¢ > 1,
there exist exactly two solutions. Such a result cannot be obtained under asymptotic
assumptions only and by using topological methods. It is geometric in nature.

Analogous arguments when the kernel of the linear part L is n-dimensional lead
to the existence of at least 2" solutions. One can find it in [71].

9 The general perturbation method

We find the much difficult problem when L is not a Fredholm operator (equations
with Fredholm linear part of nonzero index were studied by Nirenberg [59] but they
are not so important from applicational point of view). This means that either ker L
is infinite dimensional, or im L has infinite codimension or im L is not even closed
subspace of Z. The third situation seems to be the most difficult but this is the case
for many boundary value problems on unbounded domains. It is surprising that the
perturbation method developped in the above mentioned paper [63] for Fredholm
linear part works here, as well.

The method is applicable if our abstract equation (1.1) can be embedded into
a continuos family L(A) and, for A > 0 and small (or A < 0), the linear operator
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L(\) is invertible. Usually, its inverse is not compact because L is non-Fredholm,
hence, in order to obtain the solution x,, of L(\,)x = N(x) for A, — 0, we need
assumptions guaranteeing L(\,) ' N to be compact and has a fixed point x,,. This is
the first group of assumptions. The second one is necessary to get that the sequence
(z,) cannot be unbounded. They rely on conditions of the asymptotic behaviour
of N|ker L and are of Landesman-Lazer type. The third question is if the sequence
() which is bounded, is relatively compact. Usually, it does not need additional
assumptions and any cluster point = of this sequence is a solution of 1.1. We shall
show three examples of the above procedure.

In the paper [40], W. Karpinska studied the existence of solutions to an ordinary
differential equation of the first order which are bounded on the whole line. This
question can be considered as the boundary value problem:

(9.1) ' = Ax + f(t,x), xbounded on R,

where A is a linear selfadjoint operator on R¥ with eigenvalue 0, f : R x R¥ — R*
is continuous. The space R* can be represented as a direct sum of linear invariant
subspaces: X, where A has positive eigenvalues, X_ where it has negative eigen-
values, and X, — its kernel. Let f,, f_ and f, stand for respective superpositions of
f with projectors onto these subspaces.

Theorem 9.1. If f is bounded,

(a) limy 400 || f(2, 2)|| = O uniformly on any ball,
(b) the scalar product (x, fo(t,x)) < 0 for vectors x with large projections
on X,

then the problem (9.1) has a solution.

Theorem 9.2. If f satisfies (a), (b) and (instead of the boundedness)
(c) (x, f+(t,z)) > 0 for x with large projections on X,
(d) (x, f-(t,x)) <0 for x with large projections on X _,

then the problem (9.1) has a solution.

The problem is examined in the space of bounded and continuous functions
r : R — RF denoted by BC(R,RF) with the supremum norm; the linear part
L : x +— 2 — Az with the domain domL = {r € BC(R,R* : = € C'}. The
role of the Landesman-Lazer type condition plays assumption (b). The existence
of solutions to perturbed equations is obtain by using the Schauder Fixed Point
Theorem in the case of Theorem 9.1 and the Leray-Schauder degree in the case of
Theorem 9.2. The results of [40] are formulated for general Hilbert space instead of
R¥ but we restrict ourselves for simplicity here.

Karpinska studied separately [41] the case of second order systems and its bounded
solutions. This problem is not a special case of 9.1 — it is the existence of bounded
with the first derivative solutions.

In [73] we look for a solution of the nonlinear parabolic system

(9.2) v =Av— f(v,a-x —ct)
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where z,a € R, Ja| =1,¢> 0,0 = (v,... ,0F), Av = (L, vl )F | f RFxR —

j=1 XLy
R¥. This solution is supposed to be of a special form

v(z,t) =w(a-x — ct)
with w : R — R¥ having finite limits

Sgrinoow(s) = tw,y
and is called a travelling wave (of the front wave type). Usually, f depends on v
only, and the speed c of the wave and its direction a is not determined by the system
(comp. [88]).
If one substitutes w = u + 1 where ¥(s) = w(s)w_ + (1 —w(s))wy with w — a
smooth real function that equals 1 for s < —1 and 0 for s > 1, then the function
should satisfy the second order ordinary differential system in R*

u’ +cu' = flut(s),s) = " (s) — c)’(s)

and vanish at £oo. This is equivalent to an integral Hammerstein equation on the
real line

u(t) = -1 / e=0=3) F(u(s) + (s), 5) ds — % /t " Fuls) + 0(s), ) ds + w, —w.

—00

with the additional condition
| )+ (s),9) ds = e v,

This system of equations can be considered as a kind of equations (1.4). The per-
turbation of the above ODE by Au causes that the linear operator begins invertible
and the condition on integral over the whole line is omitted. This is similar as in
our abstract scheme from section 2.

Theorem 9.3. ([73]). Under the following assumptions on f :
1) continuity;
2) | f(z,s)| < a(s)|z|? + B(s) with p < 1, a and [ vanishing at o0,
sup, |a(s)| < ag with the constant oy sufficiently small;
3) there exists a function vy vanishing at infinity such that for every coordinate f;
of fii=1,...,k, every s, |u;| > vo(s), and every |u;| < |u;| (j # 1)

wifiu+1(s), ) = 0,
the parabolic system 9.2 has a solution being of the above form.

In the proof, we perturb the above ODE by A,u with positive A\, — 0. The
related question is reduced to the fixed point problem for some compact operator
in the space Cy(R,R*) of functions u : R — R¥ vanishing at both infinities. The
sequence uy, of fixed points is then relatively compact in the above space and any
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cluster point is a solution of the main problem. Assumption 3) is the Landesman-
Lazer type condition and excludes the unboundedness of the sequence.

R. Stanczy [83] considers the question of the existence of bounded solutions for
semilinear elliptic problem:

(9.3) Au= f(z,u) for |z| >1, € R* k>3
’ u(x) =0 for |z| =1.

The problem is resonant, since the homogeneous BVP:
Au =0 for |z|>1,

u(z) =0 for |z|=1,

has a nontrivial bounded solution u(z) = 1 — |z|* ™. The Laplace operator is a
natural candidate for linear part L, but there is no natural choice of Banach spaces
X and Z — the space of bonded and continuous functions is too large and Holder
spaces on unbounded domains are not uniquely defined. If nonlinear part f has the
radial symmetry, i.e. f(x,u) = g(|z|,u) where g : [1,00) x R — R, then the problem
9.3 leads to f
v+ Tlv’ = g(r,v), v(1)=0.

When v is a solution of the last problem, then u(z) = v(|z|) is a solution of 9.3
called a radial solution. The complete answer to the question of the existence of
radial solutions gives the following

Theorem 9.4. ([83]). Suppose that the function g is continuous,
(i) for each R > 0,
lim sup |g(r,v)| = 0,

T—00 |’U|SR

(i1) there exists M > 0 such that, for all |v| > M and all r,
vg(r,v) > 0.
Then the boundary value problem (9.3) has a bounded radial solution.

The proof is based on the perturbation scheme; assumption (ii) plays the role of
Landesman-Lazer type condition (notice that it is not asymptotic). When nonlinear
term f is not radially symmetric, the question is much more complicated. The
perturbed linear operator A — A/ is invertible in appropriate Holder spaces but the
boundedness of a sequence of solutions (u,) for A, — 0 is not obvious. However, it
seems almost sure that the existence of a bounded solution to 9.3 can be obtained
under very similar conditions as in Theorem 9.4. The question of the existence of
decaying at infinity solutions is simpler (comp. [84] and its references).

Recently, K. Szymarnska [85] studied the asymptotic BVP on the half-line at
resonance:

2" = f(t,x,2"), 2'(0) =0 = lim 2/(¢).

t—o0
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The perturbation of the linear part z”” by +Ax or Az’ does not lead to satisfactory
results. One can perturb, however, the boundary condition

2'(0) = Az(0), Jim Z'(t) = 0.

The perturbed problems are studied in the space U of functions belonging to
C1(]0, 00), R*) which has the limit 0 at infinity with the norm

|| = maX{!x(O)I,tsup |2 (t)]}-

€[0,00

The nonlinearity f : R x R*¥ x R¥ — R¥ has a linear growth

[f(t, 2, y)| < a)]e] + b(t)|y| + c(t)

with b,c,t — (t + 1)a(t) € L*(0,00). For any A > 0, the perturbed problem has a
solution provided that

there exists M > 0 such that (y, f(¢,z,y)) > for t > 0, x € R* and |y| > M.

We can apply our method and take z, — a sequence of solutions for A\, — 0
which has a convergent subsequence, if one of two conditions holds:

(1) there exists L > 0 such that (z, f(¢t,z,y)) > Bt° for t > 0, y € R* and
|| > L;

(2) there exists L > 0 such that (z, f(t,z,y)) > 0fort >0,y € R*, |[z| > L, and
for some T > 0 and «a > 0, this scalar product is not less than a.

Under the above assumptions, the limit of this subsequence is a solution of the
resonant problem.

There is no abstract condition of Landesman-Lazer type for the case of non-
Fredholm linear part L similar to the condition given in section 3 on asymptotic
behaviour of N restricted to the kernel. However the method works well as we have
seen in the above three applications.

If one can find two (or more) separated sequences (z,), then its cluster points
be two disjoint solutions of equation 1.1 (see [70]). Similarly, if one knows that all
elements of the sequence (x,) belongs to a certain closed set, then its cluster points
have the same property.
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