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Abstract

We study the multiplicity of critical points for continuously differentiable functionals on real Banach spaces. We
prove that a functional which satisfies the assumptions of the Saddle Point Theorem and moreover is bounded from
below has at least three critical points. Apparently, there is a global minimizer and a saddle point and we show the
existence of a third critical point. The idea of the proof is based on the minus-gradient flow. This result is closely
related to the three critical points theorem of H. Brezis and L. Nirenberg which assumes a local linking. Finally,
we apply the result on the Dirichlet problem for semilinear stationary PDEs. The analysis includes, for example,
the existence of multiple stationary solutions of bistable (or Allen-Cahn) equation and semipositone problems.
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1 Introduction and main result

The critical point theory has proved to be a very important and efficient tool in mathematics. It readily became
one of fundamental building blocks of nonlinear analysis. Especially, the connection with the existence theory for
differential equations has attracted a lot of attention. Now it is a standard way of proving miscellaneous results
such as bifurcation theorems, mentioned existence results for differential equations, stability results in the theory
of dynamical systems and many others (see, e.g., J. Mawhin, M. Willem [24]).

We study the multiplicity of critical points for continuously differentiable functionals on real Banach spaces
which has certain saddle-type geometry. In 1978 P. H. Rabinowitz [32] introduced the Saddle Point Theorem which
became quickly an essential part of the critical point theory and one of principal minimax theorems. It relies on
a special geometrical assumption which naturally abstracts the idea of saddle points in finite dimension. In this
paper we show that if the considered functional satisfies the P. H. Rabinowitz’s saddle assumption (denoted below
by (R)) together with the Palais-Smale compactness condition and additionally is bounded from below, it has at
least three critical points.

The following theorem is our main result. We denote by By (R) the open ball with the radius R > 0 in the
subspace Y C X centered at the origin, by dBy (R) the corresponding sphere in Y and by X ™ the dual space of X.

Theorem 1.1. Let X be a real Banach space, X =Y @ Z where Y # {o} is finite dimensional. Assume that
F € C*(X,R), is bounded from below and satisfies

(R) there exists R > 0 such that max F(u) < inf F(u),
u€dBy (R) uweZ

and the Palais-Smale condition

(PS) every sequence {un} C X such that {F(un)} C R is bounded and |F'(un)||x= — O possesses a convergent
subsequence.

Then F' has at least three critical points.

The existence of two critical points in Thm. 1.1, specifically the global minimizer and a saddle point, follows
immediately from one of minimization principles and from the Saddle Point Theorem. More ambitious problem is
to show the presence of a third critical point.

Thm. 1.1 uses the splitting X =Y & Z where Y is a finite dimensional subspace. For dimY = 1 there exists a
mountain range of F' formed along the subspace Z separating X into two parts. Consequently, there is a minimizer
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on each side of that mountain range, since we assume that the functional is bounded from below. However, the
subspace Z does not have the separation property provided dimY > 1. Hence, there need not be a second minimizer
in this case.

As an example consider the function F : R* — R defined by

F(z,y,2) = (2 +97) (@ +9° - 1) + 4 + 2% (1.1)

One can easily show that the function F satisfies assumptions of Thm. 1.1 with Y = {(z,y,0)} and Z = {(0,0, 2)}
for which dimY = 2. Nonetheless, the function F' has a unique minimizer. More precisely, F' has the global
minimizer and two saddle points (see Fig. 1a).

Consequently, we encounter a challenging aspect in the proof of existence of third critical point. We treat the
case in which the dimension of subspace Y in X =Y @ Z is not necessarily equal to one and thus, Z need not have
the separation property.

There is a well-known result of H. Brezis and L. Nirenberg which is very similar to Thm. 1.1. We formulate it
in the following way (see H. Brezis, L. Nirenberg [6, Thm. 4]).

Theorem 1.2. Let X be a real Banach space, X = Y ®Z whereY is finite dimensional. Assume that F € C*(X,R),
F(0) =0, is bounded from below with inf,cx F(u) < 0, satisfies

(BN) there exists R > 0 such that -
F(u) <0 for ué€ By(R),
F(u) >0 for we Bz(R),

and the Palais-Smale condition (PS). Then F has at least two nonzero critical points.

The difference between Thm. 1.1 and H. Brezis’ and L. Nirenberg’s Thm. 1.2 is in the saddle geometry as-
sumptions (R) and (BN). The assumption (BN) puts conditions on the local linking and is restricted only to
the neighborhood of the origin which is supposed to be a critical point. Nevertheless, it controls the behavior of
the corresponding functional on whole balls By (R), Bz(R). Consequently, for example the function F : R*> = R
defined by

F(z,y) = (y—27) (y — 227) +2° +¢°, (1.2)
does not satisfy (BN) (see Fig. 1b). Note that F(0,0) = 0, (0,0) € R? is a saddle point and the zero sublevel set

F* = {(z,y) €R*: F(x,y) <0},

lies between two parabolas, specifically,

F° C {(z,y) eR*: 2® <y < 22°}. (1.3)

Hence, there is no splitting X = R? =Y @ Z such that (BN) is satisfied (see Fig. 1c).

On the contrary, the assumption (R) is not local and bounds the infimum of the functional over the whole
subspace Z. However, it controls the behavior of the functional only on the sphere 0By (R) and not on the whole
ball By (R) in the subspace Y. Consequently, the assumption (R) involves other types of saddles (e.g., the function
F given by (1.2)). Moreover, in the case of Thm. 1.1 the initial saddle point guaranteed by the Saddle Point
Theorem is not a priori localized at the origin.



Besides this closest result of H. Brezis and L. Nirenberg, we want to emphasize another related references.
G. Bonanno in [4, 5] studies a characterization of the mountain pass geometry introduced firstly in the Mountain
Pass Theorem by A. Ambrosetti and P. H. Rabinowitz in [2] and which was lately generalized by P. Pucci and
J. Serrin in [29] and by N. Ghoussoub and D. Preiss in [15]. He proves in [4] that the generalized mountain pass
geometry is equivalent to the existence of two local minima provided the functional is bounded from below as in our
case. The proof is based on the above mentioned separation of the underlying space into two parts by a mountain
range which is formed along a sphere given by the mountain pass geometry. As an immediate consequence he
obtains a three critical points theorem. In [5] the author studies a more general case of functionals bounded from
below only on bounded subsets.

The literature about the critical point theory is wide and rapidly increases. There are many related references
connected with uniqueness or multiplicity of critical points. Let us briefly mention some other relevant and extending
papers to our issues. From the papers which deal with the uniqueness of critical points we emphasize the works
of A. C. Lazer, E. M. Landesman, D. R. Meyers [19] and R. Mandsevich [23] where the uniqueness of global
saddle points is shown. Their results are based also on the splitting X = Y & Z and use concavity and convexity
assumptions on the functional on these subspaces.

From the papers that deal with the multiplicity of critical points we want to highlight the following ones besides
the above discussed works of H. Brezis, L. Nirenberg [6] and G. Bonanno [4, 5]. Let us mention the paper of
P. H. Rabinowitz [30] which studies, using topological degree, whether the presence of two critical points implies
the existence of a third one. This work was later followed by A. Castro and A. C. Lazer in [7]. They also use the
splitting X =Y @ Z and concavity and convexity assumptions. More recently, three critical points problems was
studied by B. Ricceri in, e.g., [33], and four critical points theorems by Z. Liu and J. Sun [22].

Furthermore, there are many works that use symmetry assumptions, e.g., the evenness of the functional, to
show that there exist multiple and possibly infinitely many critical points (see, e.g., P. H. Rabinowitz [31, Sec. 8-
9]). As an example, one can mention the result of D. C. Clark from [10] which is based on the properties of the
Ljusternik-Schnirelmann category. There are also several extensions of these results for perturbations of symmetric
functionals (see, e.g., P. H. Rabinowitz [31, Sec. 10]).

Many authors follow the above listed results. For example, D. Kandilakis, N. C. Kourogenis, N. S. Papageor-
giou [17] and X. Wu [34] generalize Thm. 1.2 of H. Brezis and L. Nirenberg for nonsmooth functionals. Further,
S. Li and M. Willem extend Thm. 1.2 in their paper [20] into the case in which the dimension of Y in X =Y & Z
is not finite.

Our paper is organized as follows. In Sec. 2 we sum up all needed fundamental results and tools. Further, in
Sec. 3 we show a topological lemma, whose application is crucial in the proof of Thm. 1.1. Then in Sec. 4 we present
the complete proof of Thm. 1.1 based on the idea of minus-gradient flow. In the last Sec. 5 we apply Thm. 1.1 on
the Dirichlet boundary value problem for stationary semilinear PDEs which include, e.g., stationary problems for
bistable (or Allen-Cahn) equation and semipositone problems.

2 Preliminaries

In this preliminary section we sum up fundamental results which are later needed in the proof of Thm. 1.1. The
first statement is one of minimization principles which we apply to show the existence of the global minimizer of
the functional F' in Thm. 1.1 (see, e.g., P. H. Rabinowitz [31, Thm. 2.7]).

Theorem 2.1. Let X be a real Banach space. Assume that F € C'(X,R), is bounded from below and satisfies
(PS). Then ¢ = infucx F(u) is a critical value of F.

The second result is the Saddle Point Theorem due to P. H. Rabinowitz [32] which guarantees the existence of a
second critical point of F' in Thm. 1.1 besides the global minimizer (see also the survey paper P. H. Rabinowitz [31,
Thm. 4.6]).

Theorem 2.2. Let X be a real Banach space, X =Y @& Z where Y # {o} is finite dimensional. Assume that
F € CY(X,R) and satisfies (R) and (PS). Then I possesses a critical value ¢ > inf,ez F(u).

The idea of the proof of a third critical point of /' in Thm. 1.1 is based on the construction of a minus-gradient flow.
However, the notion of gradient is not available, since we work on a Banach space. Despite this fact, we can use
the so-called pseudo-gradient vector field introduced by R. S. Palais [28] who also proved the following statement
about the existence of a pseudo-gradient for smooth functionals on Banach spaces (see also P. H. Rabinowitz 31,
Lem. A.2]).

Theorem 2.3. Let X be a real Banach space. If F € C'(X,R), then there exists a pseudo-gradient vector field
v: X\T' = X for F, where T = {u € X : F'(u) = o}, i.e., a locally Lipschitz mapping v : X \T' — X such that for
allu € X\ T the following hold:

(i) v(w)llx < 20F (u)]x-,

(i) (F'(u),v(w)) > [|F'(u)| %
The last result presented in this section is a consequence of the Ekeland Variational Principle which provides

the existence of a Palais-Smale subsequence (i.e., a subsequence satisfying the assumptions of the Palais-Smale
condition) of every minimizing sequence of a functional which is bounded from below (see I. Ekeland [13, Thm. 2.2]).



Theorem 2.4. Let X be a real Banach space. Assume that F' : X — R is Fréchet differentiable, bounded from
below and a sequence {un} C X satisfies F(un) — infucx F(u). Then there exists a sequence {vn} C X such that
the following hold:

(i) F(vn) < F(uy) for alln € N,
(i3) ||un — vallx — 0,
(ii) |F'(vn)|lx= — 0.

3 Topological lemma

Besides the fundamental results from Sec. 2, we apply a topological argument as is usual in proofs of variational
statements. We need the following lemma, which says in other words that a continuous homotopy in a finite
dimensional space which deforms a sphere centered at the origin into a convex set separated from the origin has to
cross the origin.

Lemma 3.1. Let Y # {o} be a finite dimensional normed linear space. Assume that h:[0,1] x 0By (R) =Y is a
continuous mapping such that:

(i) h(0,u) =u for all u € OBy (R),
(i) there exists a convex set K CY such that o ¢ K and h(1,u) € K for all u € 0By (R).
Then there ezxist to € (0,1) and up € OBy (R) such that h(to,uo) = o.

Proof. Let w € h(1,0By (R)) be arbitrary and fixed. Construct a continuous homotopy H : [0,2] x 0By (R) — Y
as

h(t, u), te[0,1],
H(t,u) =
h(1,u) + (¢t — 1)(w — h(1,u)), te(1,2].
Furthermore, let 7 : Y \ {0} — 0By (R) be the radial projection of Y \ {0} onto 0By (R), i.e., m(u) = 2%

llully "

Obviously, 7 is continuous on Y \ {o}.
Assume by contradiction that the statement of lemma does not hold, i.e., h(t,u) # o for all ¢ € [0,1] and all
u € OBy (R). Then also

H(t,u)#o0 forall t€(0,2] and wu € IBy(R). (3.1)
Indeed, for ¢ € [0,1] there is H(¢,u) = h(t,u) # o for all u € By (R) via the assumption. For ¢ € (1, 2] there is

H(t,u) = h(1,u) + (t — 1) (w — h(1, 1)),

i.e., H(t,u) is a convex combination of w € K and h(l,u) € K. Since K is a convex set and o ¢ K by the
assumption, we obtain that H(t,u) # o also for all ¢ € (1,2] and u € 0By (R). Hence, (3.1) holds true.
Therefore, the mapping 7o H : [0,2] x By (R) — 0By (R) is well-defined and continuous. Moreover,

m(H(0,u)) = w(h(0,u)) =m(u) =u forall wu € dBy(R),

and
Rw
m(H(2,u)) = m(w) = —— for all w € By (R).
[[wlly
This shows that the sphere By (R) is contractible into the point Hfﬁ € OBy (R) (see, e.g., P. Drébek, J. Milota [12,
Def. 5.1.8]). However, every finite dimensional sphere is not contractible (see, e.g., P. Drébek, J. Milota [12,
Lem. 5.1.10]), a contradiction. O

4 Proof of Theorem 1.1

After the brief summary of required tools, we present in this section the complete proof of Thm. 1.1 divided into
several steps. Throughout the section we suppose that the assumptions of Thm. 1.1 are satisfied. We introduce the
following notation for the brevity

a= max F(u), b= inf F(u).
u€IBy (R) u€”zZ

Hence, there is a < b by (R).
Let us start with the following lemma about the existence of at least two critical points of the functional F'. It
is an immediate consequence of Thm. 2.1 and Thm. 2.2.



Lemma 4.1. Let the assumptions of Thm. 1.1 be satisfied. Then there exist at least two critical points unr,us € X
of F' such that

F(um) = n’élg F(u), F(us)>b.
Particularly, there is F(un) < F(ug).

Denote by I' = {u € X : F'(u) = o} the set of all critical points of the functional F. We prove Thm. 1.1 by
contradiction. Hence, we suppose that uas, us are the only critical points of F, i.e.,

I'={um,us}. (4.1)

Since F € C'(X,R), Thm. 2.3 provides the existence of a pseudo-gradient vector field v : X \T' — X satisfying
forallu e X\T

[o(w)llx < 2[1F"(w)]|x+, (42)

(F'(uw),v(w) > || (u)|| X+ (4.3)

The continuity of F and the inequalities F(us) > b > a imply that there exists ps > 0 such that F(u) > “t* > a
for all u € B(us, ps), where B(us, ps) denotes the closed ball in X with the radius ps > 0 centered at us € X.

We define sets
H = Bl(us, ps), G:B@&E). (4.4)

Similarly, for every n € N there exists p, > 0 such that B(uam,pn) N H = 0 and F(u) < F(uym) + L for all
u € B(un, pn). We define further the sets
By = Bluat, pn), An:JE(uM,%?)‘ (4.5)
Let n € N be given. Define mappings h: X — [0,1], fn : X — [0,1] as

0, 'LLEG, 0, ueA'ru
h(u) = %Hu —us|lx —1, uwe H\G, Sn(u) = %Hu—uMHX -1, uweBy\A,, (4.6)
1, we X\ H, 1, ue X\ By.

Furthermore, define 7 : [0,00) — (0,1] as

L selo1], e
r(®) = %, s € (1,00). (4.7)

It is not hard to see that all the mappings h, f,, r are Lipschitz on their domains. Finally, we define the following
operator g, : X — X via the mappings h, fn, r and the locally Lipschitz pseudo-gradient vector field v as

{ —fa(wh(u)r(v(w)lx)o(u), weX\T,

gn(u) = (4.8)

01 u€erl.

Thus, the mapping g, is locally Lipschitz on X (thanks to the definition of h and f,) and ||gn(u)||x < 1 for all
ueX.

We consider the following initial value problem on the Banach space X with an initial condition © € X which
defines a minus-gradient flow for the functional F’

dw(¥)
dt
w(0) = u.
The construction of the minus-gradient flow (4.9) is adopted from P. H. Rabinowitz [31, Thm. A.4] where one can
find also the proof of the following statement.

Lemma 4.2. Let the assumptions of Thm. 1.1 and (4.1) be satisfied and n € N be given. Then the following hold:

= ga(w(®)), 1€ [0,00), (4.9)

(i) For every given u € X there exists a unique solution of (4.9) and it exists for all t € [0, 00).

(i) Denoting by wy,(t,u) the image of the unique solution of (4.9) with given u € X at t € [0,00), the operator
wy, 1 [0,00) X X — X is continuous on [0,00) x X.

(#ii) The function F (wn(-,u)) : [0,00) = R is decreasing for every given u € X.



In the rest of this section we analyze the restriction of the mapping w, from Lem. 4.2 () to [0, 00) x 0By (R).
In other words we deform the finite dimensional sphere 0By (R) C Y into the whole space X by the minus-gradient
flow (4.9). We find a third critical point of F via this deformation which contradicts (4.1).

Since OBy (R) is a compact set and F(wn(t,-)) : 0By (R) — R is continuous for every given ¢ € [0, 00), there
exists

F (wn(t, f t € [0,00).
ueggi,x(m (wn(t,u)) for every [0, 00)
Lemma 4.3. Let the assumptions of Thm. 1.1 and (4.1) be satisfied and n € N be given. Then the limit
cn = lim  max F (wn(t,u))
t—oco u€dBy (R)

exists, can be also characterized as ¢, = inficj o0) Maxycon, (r) F (wn(t,u)) and satisfies ¢, < a.

Proof. Consider the function ¢ : [0,00) — R defined as
t) = F (wn(t, .
() uggnax( ) (wn (t,u))

The function ¢ is bounded from below, since the functional F' is bounded from below as well. Moreover, ¢ is
decreasing. Indeed, let ¢1 < t2. Using the compactness of the set OBy (R) and the continuity of the mapping
F(wn(t,-)) for every given t € [0,00), we find u1,uz € OBy (R) such that

Flua(tu) = max P(wa(tiw), Floatsw) = max F(wa(ts,w).

Then using the definition of u; and the fact that F (wx (-, u2)) is decreasing by Lem. 4.2 (iiz), we obtain the following
estimate

p(t1) = Fwn(tr,u1)) = F(wn(ti, u2)) 2 Flwn(tz, u2)) = ¢(t2).
Thus, ¢ is bounded from below and decreasing. This implies that there exists ¢, € R such that
n = li t) = inf t) < (0) =a. O
on = Jim o(t) = inf o) <p(0)=a

We distinct two qualitatively different cases in the proof of the existence of a third critical point — the existence

of a second global minimizer or a second minimax. This corresponds to the following two possibilities, respectively:
(i) for allm € N there is cn < F(unm) + =,

(i) there exists no € N such that cng > F(unm) + %,

where ¢, € R are defined by Lem. 4.3. We treat these two cases separately for the sake of lucidity.

4.1 Second global minimizer

In this subsection we analyze the case in which

1
cnSF(uM)—l—E for all n € N.

From the decomposition of the space X into X =Y @& Z, there exist unique yp € Y and zy € Z such that the
global minimizer uas € X of F' given by Lem. 4.1 satisfies

UM = YMm + zZMm-

Since F'(uar) < b, there is uar ¢ Z or equivalently yar # o. Hence, there exists § > 0 sufficiently small such that

o ¢ By (yum.9),
where By (yar,6) denotes the closed ball in the subspace Y with the radius 6 > 0 centered at ya € Y.

Moreover, let P : X — Y be the projection of X onto Y along Z. Thus, P is a linear mapping such that
ker P = Z and thanks to the finite dimension of Y also continuous (see, e.g., P. Drébek, J. Milota [12, Rem. 2.1.19]).
Obviously, P(un) = ym-

Lemma 4.4. Let the assumptions of Thm. 1.1 and (4.1) be satisfied, cn < F(un) + % for allm € N and 6 > 0 be
sufficiently small that o ¢ By (ym, 8). Then for every n € N there exist t, € [0,00) and u, € OBy (R) such that

2
F(wn(tn,un)) < Fluar) + - and |[P(wn(tn, un)) = yullx > 4.



Proof. Assume by contradiction that there exists 7 € N such that for all ¢t € [0,00) and u € 9By (R) there is

F(wa(t,u)) > F(um) + % or ||P(ws(t,u)) —ym|x <. (4.10)

From the definition of ¢z and from the assumption that ca < F(ua) + + there has to exist ¢ € [0, 00) such that for
all u € OBy (R) there is

2

F(wa(t,u)) < max F(t,u) < F(um) + = (4.11)

w€ABy (R)

This implies that for ¢ = £ the former inequality in (4.10) does not hold for any u € 8By (R) and thus, the latter
one has to be true,

|P(ws(,u)) —ym|x <6 forall u € dBy(R). (4.12)

Applying Lem. 3.1 with K = By (yar,d) for the continuous mapping P o ws : [0,%] x 8By (R) — Y, we obtain that
there exist tg € (O,f) and up € OBy (R) such that P(ws(to,uo)) = 0. Then

wﬁ(to,uo) S Z,
because of ker P = Z. This is a contradiction, since the following inequality holds using the fact that the function
F(wa(-,u0)) is decreasing by Lem. 4.2 (i)
F(ws(to, o)) < F(wa(0,u0)) = F(ug) <a<b= nele F(u). O

Lem. 4.4 guarantees the existence of a sequence {wn (tn,un)} C X such that

F(wn(tn,un)) < Flum) + % and ||P(wn(tn,un)) —ym|lx >0 forall neN.

Particularly, there is F(wn(tn,un)) — F(um) = mingex F(u) for n — co. Moreover, the following inequalities
hold for all n € N

§ < [[P(wn(tn; un)) = yarllx = [|P(wn(tn, un) = unr)llx < IPllecxy)llwn(tn, un) — uar|x.
Since Y # {o}, the projection P given by the decomposition X =Y @ Z satisfies ||P||z(x,y) > 1 and there is
5
lwn(tn,un) — upml|x > 75— >0 forall neN. (4.13)
[1Pllzexv)

Consequently, {wy, (tn, un)} C X is a minimizing sequence and Thm. 2.4 yields that there exists a sequence {v,} C X
such that:

(i) F(vn) < F(wn(tn,un)) for alln € N,
(“) ||wn(tn7un) - VnHX — 0,
(iii) || F"(vn)llx= — 0.

Taking into account the statements (z) and (i7) and the Palais-Smale condition (PS), we obtain

vn — o € X (at least for a subsequence).
Since F' € C''(X,R), the statements (i) and (4i) yield moreover

F(vn) = F(w) = F(um) = irgg F(u) and F'(vn) = F'(v0) = o.

Hence, vy is a global minimizer and thus, a critical point of F. Furthermore, the statement (i:) yields

lwn (tn, un) — vollx < llwn(tn, un) = vnllx + lvn — vollx — 0.

Since ||wn (tn, un) —unl|x > m > 0 for all n € N by (4.13), there is

0

— % >y,
1Plleex,v)

lvo —unmllx >

and consequently, vy # uas.
This is a contradiction with the assumption (4.1) that uas and ug are the only critical points of F'.



4.2 Second minimax

In this subsection we analyze the latter case in which there exists no € N such that

1
Cng > F(unm) + nio

Let us denote for the simplicity co = cn, and wo = wy,, i.e., we suppose
. 1
co = lim max F(wo(t,u)) > Flum)+ —.
t—o0 u€dBy (R) no
Firstly, we show the following lemma about the realization of ¢y at a point ug € OBy (R).

Lemma 4.5. Let the assumptions of Thm. 1.1 and (4.1) be satisfied and no € N be given. Then there exists
up € OBy (R) such that

co = lim F(wo(t,uo)).
t—o0

Proof. The following inequality holds using the characterization of ¢ via the infimum from Lem. 4.3 and standard
properties of infimum and supremum

co=lim max F(wo(t,u)) = inf max  F(wo(t,u))
t—oo u€dBy (R) te[0,00) u€dBy (R)

> sup inf F(wo(t,u))= sup lim F(wo(t,u)).
w€DBy (R) t€[0,00) w€dBy (R) 1%

We assume by contradiction that the statement of lemma does not hold, i.e.,
tlim F(wo(t,u)) < co forall we dBy(R). (4.14)
—00
Firstly, we show that under the assumption (4.14) there is
sup  lim F(wo(t,u)) < co. (4.15)
uw€dBy (R) t—o0
Suppose that the contrary holds true, i.e., that (4.14) is satisfied and
sup  lim F(wo(t,u)) = co.
w€ABy (R) t®
Thus, there exists a sequence {ux} C 9By (R) such that
klggo tlgglo F(wo(t,ur)) = co. (4.16)
Since 0By (R) is a compact set, there is u — @ for some @ € OBy (R) (at least for a subsequence). From (4.14) we

obtain lim¢—,ee F(wo(t,@)) = co —€ < co for an € > 0. Hence, there exists ¢ € [0, 00) such that F(wo(t, @) < co— §.

Since the mapping F(wo(Z,-)) is continuous, there exists a ball B(i, ) with a sufficiently small radius § > 0 such
that

F(wo(t,u)) < co— % for all w € B(@,0) N 9By (R).

The convergence uy — @ provides the existence of k € N such that ux € B(i,8) N dBy (R) for all k > k. Since the
functions F'(wo(-,u)) are decreasing by Lem. 4.2 (%i), there is

F(wo(t,ur)) < F(wo(t,ur)) < co — % forall ¢>% and k> k. (4.17)

At this place we pass to a limit for ¢ — oo and then to a limit superior for k — oo in (4.17) to obtain
limsup lim F(wo(t, ux)) < co — ‘< co,
k—oo t—o0 2

a contradiction with (4.16). Consequently, under the assumption (4.14), the inequality (4.15) holds.
Denote

S= sup lim F(wo(t,u)).
uw€dBy (R) 17

Since F'(wo(-,u)) are continuous, decreasing and S < ¢o by (4.15), then for all u € 9By (R) there exists

&(u) = inf {t € [0,00) : F(wo(T,u)) < & —; D for all 7 > t} .

The mapping ¢ : 0By (R) — [0, 00) is upper semicontinuous on the compact set 0By (R), i.e.,



limsup & (ur) < & (@)

k—oo

for all sequences {uy} € OBy (R) such that up — @ for some @ € 0By (R). Indeed, let {ur} C By (R) and up — .
We split the sequence {£ (ur)} C [0, 00) into two parts

{¢ (uk,,)} suchthat & (ug,,)>¢&(w) forall meN,

{& (ux,)} such that & (ug,) <§&(a) forall [eN.

Note that if one of these parts is a finite set, we can treat only with the other part, i.e., we suppose without loss of
generality that both parts are infinite subsequences of {£ (ux)}. There is obviously

lifisup € (uk,) < &(a).

Let us show that also limsup € (uk,,) < & (@). Assume the contrary, i.e., there exists € > 0 such that

m— o0

& (uk,,) > &(a) +& (at least for a subsequence). (4.18)

Since F'(wo(-,)) is decreasing, the definition of & (@) implies

Flwo(€ (@) + 2,@)) < S;C‘).

The continuity of F(wo(§ (@) + ¢,+)) and the convergence ug,, — @ yield that for sufficiently large m € N there is

S 4+ co

5
a contradiction with the definition of £ (ug,, ), (4.18) and the continuity of F'(wo(,uk,,)). Therefore, the mapping
& : 0By (R) — [0,00) is upper semicontinuous on the compact set 9By (R). This yields that there exists

F(wo(€ (@) + €, uk,,)) <

. .
T LB S < 0

(see, e.g., P. Drébek, J. Milota [12, p. 451]). The functions F(wo(-,u)) are decreasing by Lem. 4.2 (4ii) and thus,

S 4+ co
2

F(wo(t,u)) < forall t>¢ and u € dBy(R).

This implies that

lim max F(wo(t,u)) <

S+ec
<2720~
t—oo u€dBy (R) 2

a final contradiction with the definition of ¢y. Therefore, (4.14) is not valid and the statement of lemma holds. [
Consequently, if there exists no € N such that co > F(um) + %, Lem. 4.5 guarantees the existence of ug €

OBy (R) such that

. 1
tliglo F(wo(t,uo)) =cCco > F(’(L]\/[) + nio

Since F'(wo(+,uo)) is decreasing by Lem. 4.2 (iii), the following hold

F(wo(t,uo)) < F(wo(0,u0)) = F(uo) <a < 4 ;— b7 ie, wo(t,uo) ¢ H forall te|0,00),

1
F(wo(t,uo)) > co > F(um) + o ie, wo(t,uo) ¢ Bn, forall te]0,00),
0

where the sets H and B,, are defined in (4.4) and (4.5), respectively. This yields that h(wo(t,ug)) = 1 and
fro(wo(t,uo)) =1 for all ¢ € [0,00) (the mappings h and fr, are defined in (4.6)). Thus, wo(+,uo) is the unique
solution of the following initial value problem

dwo (¢, uo) = —r(llolwo (. u v(wo(t, u e8]
= = —rllo(wo(t o))l x)v(wo(t w)),  t € [0,00), (4.19)

11)0(0, UO) = UQ.

Lemma 4.6. Let the assumptions of Thm. 1.1 and (4.1) be satisfied, there exist ng € N such that co > F(unm )+ n%
and ug € OBy (R) be as in Lem. 4.5. Then there exists a sequence {ty} € [0,00) such that:

(i) co < F(wo(tr,uo)) < a for all k € N,
(i) ||F' (wo(tk, uo))|lx= — 0.



Proof. The statement (i) holds for all sequences {t,} € [0, c0), since the unique solution wo (-, uo) of (4.19) satisfies
co < F(wo(t,uo)) < a for all t € [0,00). Assume by contradiction that (i) does not hold, i.e., there exists € > 0
such that for all ¢ € [0, 00) there is

[1F" (wo(t, wo))l| x+ > e (4.20)

The following estimate holds using the chain rule (see, e.g., P. Drdbek, J. Milota [12, Cor. 3.2.13]), (4.19) and the
inequality (4.3) for the pseudo-gradient vector field v

F(wo(t,uo)) = F(w0(07u0))+/0 %W(h

= F(uo)—/0 r(||v(wo(7',uo))|\x)<F’(wo(7',uo)),v(wo(T,uo))>dT (4.21)

IN

F(Uo)—/0 r([v(wo (7, uo))||x)1F" (wo (7, uo)) | 3 -dr.

Let us distinguish between two cases for an arbitrary = € [0,00). Firstly, if ||v(wo(T,u0))||x < 1, there is
r(||lv(wo (7, uo))||x) = 1 by the definition of function r (4.7). Hence, (4.20) implies that

r(|[v(wo (7, uo))||x )1 F" (wo (7, u0)) |5 = I|F" (wo (7, u0)) |5+ > €. (4.22)
Secondly, if ||v(wo (7, u0))||x > 1, then by (4.7)

1
rllo(wo(m wo)llx) = Sy

The inequality (4.2) for the pseudo-gradient vector field v and (4.20) yield the following estimate
_ N E (wo(r uo)|5e o NIF (wo(r,uo))l5- o €

% = o uo)lx = 2[Fwomuo)x =2 )

r([[o(wo (7, u0)) | x )| F” (wo (7, uo))

Putting (4.22) and (4.23) together, we obtain that

r(|lv(wo (T, uo)) || x) | F (wo (T, uo))H?(* > o = min {52, %} >0 forall 7€]0,00).

Consequently, we can continue in the estimate (4.21) as follows

F(wo(t, uo)) < F(UO)—/OT(HU(MO(T,UO))HX)HF'(M(T,u0))||§(*d7

t

< F(uo) — / adr

0

= F(uo) — at.

This yields that
tliglo F(wo(t,uo)) = —o0,

which is a contradiction with the statement of Lem. 4.5 that lim¢ o F'(wo(t,u0)) = co (apparently, this also
contradicts the assumption that F' is bounded from below). O

Lem. 4.6 guarantees the existence of a Palais-Smale sequence {wo(tx,u0)} C X. Hence, applying the Palais-
Smale condition (PS) we obtain that

wo(tk,uo) — vo € X (at least for a subsequence).
Since F' € C'(X,R), there is

F(wo(te,uo)) = F(vo) € [co,a] and F’(wo(tk,uo)) — F'(yo) =o.
Therefore, vy is a critical point of F'. Moreover, vg # un and vy # ug, because of F(un) < co < a < b < F(ug).
This yields a final contradiction with the assumption (4.1). The proof of Thm. 1.1 is complete.

5 Application for semilinear stationary PDE

In this section we present an application of Thm. 1.1 for semilinear stationary PDEs. We study the following
Dirichlet boundary value problem involving superlinear power-function and small spatial perturbation

—Au(z) = du(z) — |u(z)|P*u(z) + flz), z€Q, (5.1)
u(z) =0, x € 09, ’
where @ C RY is an open, bounded domain with a smooth boundary, Au = div (Vu) is the N-dimensional

Laplacian, A > 0 and p satisfies:
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(i) 2<pit N=12,
(ii) 2 <p< 225 if N > 3.
We study the existence of at least three weak solutions of (5.1). The problem (5.1) is widely studied in the

theory of nonlinear PDEs. It describes stationary (or steady state) solutions of the following reaction-diffusion
equation

w — Agu(z,t) = Au(z,t) — [u(z, 0P 2 u(z, t) + f(z), x€Q, tEe [ty,o0),
u(z, o) = uo(z), zeqQ, (5.2)
u(@, ) =0, z €0, tE€ [to,00).

The initial-boundary value problem (5.2) is related to the so-called bistable equation which is used in physics
as a model of phase transitions. As an example we can mention the case of p = 4 which was studied in 1979 by
S. M. Allen and J. W. Cahn in [1] for modeling of phase separation in binary alloy systems. This problem is therefore
often called the Allen-Cahn equation. For the study of stationary problem for the bistable equation with Dirichlet
boundary condition see, e.g., M. S. Berger, L. E. Fraenkel [3] or N. C. Owen, J. Rubinstein, P. Sternberg [27]. Let
us mention that there are also many works dealing with (5.1) or (5.2) with Neumann boundary condition, see, e.g.,
references in N. C. Owen, J. Rubinstein, P. Sternberg [27].

From another point of view, the reaction-diffusion equation (5.2) is motivated from the population biology.
For example for p = 3 its positive solutions describe the evolution of population density of single species whose
reproduction follows the logistic law and which homogeneously diffuses in the environment with hostile boundary,
see J. D. Murray [25, Sec. 11.2]. This problem is often called the Fischer or Fischer-Kolmogorov-Petrovskii-Piskunov
equation after R. A. Fischer, who proposed the problem in 1937 for the modeling of spatial spread of a gene in the
population [14], and A. Kolmogorov, I. Petrovskii and N. Piskunov, who presented the first fundamental results [18].

The original Fischer equation assumes no spatial perturbation, i.e., f(z) = 0 in (5.2). This problem is widely
studied, see, e.g., D. Henry [16]. However, from the biological point of view (e.g., fishery management problems)
there are natural reasons why the spatial sources or sinks should be involved, for example predation or harvesting
of the species could happen. The problems with logistic growth and constant yield harvesting modeled by f(z) < 0,
z € Q, in (5.2) or its stationary version (5.1) have been recently studied in many papers, see, e.g., S. Oruganti,
J. Shi, R. Shivaji [26] or P. Liu, J. Shi, Y. Wang [21].

The problem (5.1) with f(z) < 0, x € Q, is an example of the so-called semipositone problem. Semipositone
problems were introduced by A. Castro and R. Shivaji in [8] as boundary value problems for the following PDE

—Au(z) = g(z,u), z€Q, (5.3)

where the right-hand side is not positone, specifically, satisfies g(z,0) < 0, € Q. For an overview about semiposi-
tone problems see A. Castro, C. Maya, R. Shivaji [9]. They point out that these problems could be mathematically
challenging. For example, the existence of positive solutions which is natural specifically in biological models is
intensively studied (see, e.g., S. Oruganti, J. Shi, R. Shivaji [26], P. Liu, J. Shi, Y. Wang [21] again).

We denote by g, k € N, the k-th eigenvalue of the operator —A on Q with the homogeneous Dirichlet boundary
condition (involving multiplicities). We consider a nonresonant case of (5.1) in which the parameter A > 0 satisfies
Ak < A < Ay for some k € N. Assuming f € L?*(Q) we apply Thm. 1.1 to show the existence of multiple weak
solutions of (5.1). The following definition is well-known (see, e.g., P. Drébek, J. Milota [12, Sec. 5.9A]).

Definition 5.1. The weak solution of (5.1) is a function u € Wy *(2) such that the following equality holds for
any v € Wy ?(Q)

1 P=2 0 (z)v(z)de z)v(x)dx
/ﬂ Vu(z) - Volz)dz = A /Q u()o(a)de - / (@) u(wpo(e)da + | f@)ula)da.

Remark 5.2. One can note that if we assume instead of f € L?(Q) a stronger assumption, e.g., that f is Lipschitz
on Q, then every weak solution of (5.1) is also a classical solution (see, e.g., P. H. Rabinowitz [31, Rem. 2.22]).

We use the equivalent norm on the Sobolev space Wy * ()

= () |Vu(x>|2dx)% e )

and the p-norm on the Lebesgue spaces LF(Q2), p > 1,

full = (| u(w)l”dwf )

In the rest of the section we prove the following theorem about the existence of at least three weak solutions
of (5.1) in the nonresonant case.
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Theorem 5.3. Let Ay < A < Apt1. Then there exists > 0 such that the boundary value problem (5.1) possesses
at least three weak solutions for all f € L*(Q) with ||f|l2 < p.

The problem (5.1) with logistic nonlinearity and constant yield harvesting f (i.e., f(z) < 0 for x € Q) was
also studied in the mentioned paper of S. Oruganti, J. Shi, R. Shivaji [26]. They used the bifurcation theory to
prove (among other things) that under some additional assumptions the following hold for || f|| sufficiently small
(see [26, Thm. 3.1, 3.3]):

(i) if A > A1, there exists a positive solution ui of (5.1),
(i) if Ak < A < Ap41, there exists a second solution uz # u1 of (5.1),
(i5i) if A1 < X< A1+ 0 for some 0 >0 and X # A, the second solution uz of (5.1) is also positive.

Lately, P. Liu, J. Shi, Y. Wang [21] studied the exact multiplicity of solutions and obtained precise bifurcation
diagrams for this problem on symmetric domains. Hence, Thm. 5.3 could contribute to this research and bring new
insights via the critical point theory.

We justify the statement of Thm. 5.3 by an application of Thm. 1.1. Let us define the energy functional
F: W, ?(Q) — R corresponding to (5.1) in the standard way as

F(u) = 1/ Vu(z)|*de — 5/ lu(z)|2dz + 1/ u(@)|? de —/ f(@)u(z)de. (5.4)
2 Ja 2 Ja P Ja Q
Applying the embedding W, %(Q) C LP(Q) one can rewrite the definition (5.4) into a shorter form as

P = gl = Sl + Sl = [ f@u(e)da. (55)
The following lemma can be proved in the same way as, e.g., D. G. Costa [11, Prop. 2.2.1].
Lemma 5.4. Let f € L*(Q). Then for the functional F given by (5.5) the following hold:
(i) F eC (Wy*(Q),R),

(ii) the Fréchet derivative of F is given by
(F'(u),v) = /QVu(m)~Vv(:v)dxf)\/ﬂu(w)v(m)dm+/ﬂ\u(m)|p7 u(m)v(x)dxf/ﬂf(x)v(m)dm, (5.6)

where u,v € Wy (Q),
) u € ’ 15 a weak solution o 1) if and only of u € ’ 15 a critical point of F'.
W3 2(Q) i k solution of (5.1) if and only if u € Wy2() i itical point of F

Consequently, it is satisfactory to show that F' has at least three critical points by Lem 5.4 (i43). Since F €
ct (Wol’2 (Q), ]R) by Lem 5.4 (i), it is enough to verify the remaining assumptions of Thm. 1.1.

Lemma 5.5. Let f € L*(Q). Then for the functional F given by (5.5) the following hold:
(i) F is weakly coercive on Wy'2(Q), i.e., F(u) — oo for |lu|]| — oo,
(i) F is bounded from below.
Proof. Since 2 < p < 2% there is W, *(Q) C LP(Q2) C L*(R) and the Hélder inequality yields

—2
lull2 < (meas(Q))p?T llull, forall we Wy?(Q). (5.7)
Using (5.7) and the Holder inequality again we obtain the following estimate
1 A 1
Flu) = Slull® = Jllullz + ~[lull} —/ f(@)u(z)dx
2 2 P Q
. N ) (5.8)
2
> Sllull® = Sllullz + = (meas(€2) 772 [[ulls — | f]l2/ull2.
2 2 P
Let ||u]| — oo, then distinguishing between two possible cases we obtain:
(i) if ||ul|2 is bounded, then F'(u) — oo thanks to ||u|| — oo,
(#i) if ||ul]|]2 = oo, then F(u) — oo thanks to 2 < p.
Therefore, F' is weakly coercive. Moreover, one can continue in the estimate (5.8) to obtain
A 5 1 2 »
Fu) 2 =gllulls + 7 (meas(@))7== [lullz = [|fllzl]l2- (5.9)

The right-hand side of (5.9) is a function of ||u||2 which is bounded from below for ||ulz2 > 0 (again thanks to
2 < p). Hence, F is bounded from below. O

In the proof of the Palais-Smale condition we apply the following compactness argument which can be proved
in the same way as P. H. Rabinowitz [31, Prop. B.35].
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Lemma 5.6. Let F be given by (5.5). If {un} C Wy'?(Q) is a bounded sequence such that F'(u,) — o, then {u,}
has a convergent subsequence.

Consequently, the proof of the Palais-Smale condition is now restricted to the proof of boundedness of a Palais-
Smale sequence. However, the boundedness follows immediately from the weak coercivity of ' which is guaranteed
by Lem. 5.5 (i). Thus, the following lemma holds.

Lemma 5.7. Let f € L*(Q). Then the functional F given by (5.5) satisfies the Palais-Smale condition (PS).

Let us finally show that F' has the saddle geometry given by the assumption (R). Let ¢;, ¢ € N, be the
normalized eigenfunctions corresponding to eigenvalues A; which form an orthonormal basis of W, *(Q) (see the
Hilbert-Schmidt Theorem, e.g., P. Drdbek, J. Milota [12, Thm. 2.2.16, Ex. 5.9.1]) denoted by

B={p;:ieN}.
Recall that Ay < A < Apt1. We split W, *(Q) into Y @ Z with

k )
Y:{Zai@i:aiER,%EB}7 Z:{ Z aigoi:aieR,cpieB}:YJ‘. (5.10)

i=1 i=k+1
Lemma 5.8. Let Ay < A < Agt1. Then there exists pu > 0 such that the functional F given by (5.5) satisfies (R)
with Y, Z given by (5.10) for all f € L*(Q) with ||f|2 < p-

Proof. We proceed in two steps. Firstly, let u € Z, ie., u = Z;’Zkﬂ aip; and by the Parseval equality ||ul|® =

Dok 41 a?. Since ; are the unit eigenfunctions of —A on Q with the homogeneous Dirichlet boundary condition,
ie.,
)\i/ lpi(2)|? dz = / |Voi(z)]?dz =1 forall i€N, (5.11)
Q Q
and A < Ag41, there is
2 2 > 2 A
/ |Vu(z)]? dz — )\/ ju(z)Pde = > ai (1 - 7) (1 - 7) [lul|?. (5.12)
Q Q i=kt1 Ai

Hence, we can estimate for u € Z applying (5.12) and the Holder and Poincaré inequality

Fl) > (1——) Jull + Sl = [ f@u(o)is
> (1= 52 ) Wl = A7l (5.13)
i

4 (1 - AH1)
The last inequality in (5.13) i i
also

Ml fI3

4 (1 - Ak“)

Secondly, let u € Y, i.e., u =¥ a;p; and |[ul|> = S2F_, a?. Applying (5.11) again and A\, < A we obtain

/|Vu )2 do — A /|u )2 dx—Zal (1_Ai> <1_7) ]2 (5.14)

Since p < 2%, the embedding Wy 2(Q) C LP(Q) is continuous (from the Sobolev Embedding Theorem, see,

e.g., P. Drabek, J. Milota [12, Thm. 1.2.26]) and thus, there exists a constant ¢ > 0 such that (applying also (5.14)
and the Holder and Poincaré inequality)

) < (1= )+ Sl - [ @t

P 1
(17—) Jull + <l + 37 el

Therefore, we realize from (5.13) and (5.15) that (R) is satisﬁed if we find R > 0 such that the following holds
for u € Y with ||ul| = R

<0.

A

(5.15)

IA

13



A c? 1 by 2
(1= 5 ) el + S + 37 8l < -2 (5.16)
k p 4 (1 _ AHl)
We rewrite (5.16) denoting ||u|| = p into
A P 1 by 2
(1—7) P P < AT lap — 2t (5.17)
' : 4 (1 B Al:;l)
Define
A Cp _1 )\ 2
Up) = (1—)\*> PP+ =p", r(p):_)\lznf”w_w.
k p 4 — 5 N )
k+1

One can see that the function [ is independent on || f||2. Furthermore, [ has a strictly negative minimum at some
R > 0 thanks to 2 < p and A\ < A. The function r is a linear function which is nonpositive for p > 0. However,
r(R) — 0 for || f|]2 — 0. Consequently, there is some p > 0 such that

I(R) <r(R) forall [fl2< p.

Thus, for all f € L?(2) such that || f||2 < u and for all 4 € Y such that ||u|| = R there is

A g )
4(1— by T uez ’
Ak+1

which verifies the assumption (R). O

Fu) < —

Finally, we can conclude combining Lem. 5.4, Lem. 5.5 (43), Lem. 5.7 and Lem. 5.8 together, that Thm. 5.3 is
now justified by Thm. 1.1.
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