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Multiple Solutions to a Dirichlet Problem on the Sierpinski Gasket

Marek Galewski

Abstract. We investigate the existence of at least two nontrivial solutions to a Dirichlet
problem on the Sierpinski gasket. We develop some general abstract multiplicity
theorem which we apply to problem under consideration. Our approach relies on
the fact that the action functional is a difference of two continuously differentiable
convex functionals and therefore we can apply the ideas related to the Fenchel-Young
conjugacy together to get one critical point together with the mountain pass geometry
to get the other one.

1. Introduction

Let V stand for the Sierpinski gasket, Vj be its intrinsic boundary, let A denote the weak
Laplacian on V' and let measure p denote the restriction to V' of normalized log N/ log 2-
dimensional Hausdorff measure, so that p(V) = 1. The aim of this paper is to consider
the existence of at least two nontrivial solutions to the following boundary value problem
onV

Ax(y) +a(y)z(y) = \g(y) f(z(y)) for ae y eV \ T,

x‘vo = 0,

(1.1)

where A > 0 is a numerical parameter and where f: R — R is a continuous function.
Solutions to (1.1)) are understood in the weak sense which we will describe in a more
detail later.

Define F: R — R by F(§) = fog f(x)dx for every y € R. Concerning the nonlinear

term, we will employ the following conditions.

Al. a € LY(V,p) and a < 0 almost everywhere in V;

A2. g € C(V) with g <0 and such that the restriction of g to every open subset of V' is

not identically zero;
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A3. there exist constants § > 2, M > 0 such that for v € R with |v| > M,
0<0F(v) <vf(v);

A4. there are positive constants M7, and § such that

M, .
(B+1)(2N +3)?’

<
jeax lg(y) f(v)] < 5

A5. function v — F(v) is convex on R.

We note that Assumptions A1-A4 lead to the existence of a solution to for any
value of parameter A > 0 by the Mountain Pass Theorem as suggested in [12].

On the other hand some convexity relations pertaining to the usage of a Fenchel-
Young transform allow for the restriction of a numerical parameter A to some interval
with Assumptions A1, A2, A5 we get the existence of at least one solution located in
some closed ball in the space H&(V). Coining the two approaches together we obtain
the existence of at least two nontrivial solutions. To the best of author’s knowledge such

problem was not studied in the setting of the Sierpinski gasket before.

Remark 1.1. Note that Assumption A4 implies that lim,_q Ll 0, while not the other

[v]
way round. This provides some difference as concerning the application our ideas to the

classical Laplacian for which the behaviour around zero must be assumed.

Our approach towards multiplicity is as follows. The first critical point (which lies
in the ball, perhaps on the boundary of the ball) is obtained through the Weierstrass
Theorem, direct method of the calculus of variations and convexity relations with the use
of a Fenchel-Young conjugacy. The second critical point, under assumption that the PS-
condition is satisfied, is obtained with the aid of a general type of a Mountain Pass Lemma.
The first critical point corresponds to the argument of a minimum of a functional over a
closed ball which need not belong to the interior of the ball. Therefore we cannot use the
classical variational tool such as Ekelenad’s variational principle in order to demonstrate
that the minimizer is a critical point. Ekelenad’s variational principle is used in [2] for a
functional satisfying the PS-condition and also considered on a closed ball. This approach
towards obtaining a critical point over some not necessarily open set is sketched in [24]
and further developed in several papers, see for example [15] and references therein.

The Sierpiniski gasket has the origin in a paper by Sierpinski [29]. This fractal do-
main can be described as a subset of the plane obtained from an equilateral triangle by
removing the open middle inscribed equilateral triangle of 1/4 of the area, removing the
corresponding open triangle from each of the three constituent triangles and continuing

in this way.
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The study of the Laplacian on fractals started in physical sciences in [1,|26,[27]. The
Laplacian on the Sierpinski gasket was first constructed in [16,19]. Among the contribu-
tions to the theory of nonlinear elliptic equations on fractals we mention [6,(104(12}18}30].
Concerning some recent results by variational methods and critical point theory pertain-
ing to the existence and the multiplicity of solutions by the recently developed variational
tools we must mention the following sources [4.[5|7}23].

Let us mention [2,25] for some recent results concerning a general type of critical point
theorem on a bounded set (with the PS-condition which we do not need as concerns one
critical point). Note that in [25] the bounded critical point theorem due to Schechter
is investigated, so the setting is in a Hilbert space, while in [2] it is a Banach space.
The application of another type of critical point on closed sets has just been developed
by Marano, see [21], and to [22] for applications to differential inclusions, and also some

earlier result [20].

2. Remarks on the abstract fractal setting

Concerning the Sierpinski gasket we follow remarks collected in [5]. Let N > 2 be a
natural number and let p,...,py € RV~1 be so that |p; — pj| = 1 for i # j. Define, for
every i € {1,...,N}, the map S;: R¥V~-! — RN~1 by

1 1
Sl(l‘) = ix + §pi.

Let S := {S,...,59x} and denote by G: P(R¥~1) — P(RN~1) the map assigning to a
subset A of RV~! the set

N
G(A) = Si(A).
=1

It is known that there is a unique non-empty compact subset V of RN~! called the
attractor of the family S, such that G(V) =V (see, [11, Theorem 9.1]).

The set V is called the Sierpiriski gasket in RN~ It can be constructed inductively
as follows:

Put Vp := {p1,...,pn} which is called the intrinsic boundary of V and define V,, :=
G(Vin—1), for m > 1, and put Vi := J,,>g Vim- Since p; = S;(p;) for i € {1,..., N}, we
have Vp C Vi, hence G(V;) = V. Taking_into account that the maps S;, i € {1,...,N},
are homeomorphisms, we conclude that V, is a fixed point of G. On the other hand,
denoting by C the convex hull of the set {pi,...,pn}, we observe that S;(C) C C for
i=1,...,N. Thus V, C C for every m € N, so V, C C. It follows that V, is non-empty
and compact, hence V = V.

V' is considered to be endowed with the relative topology induced from the Euclidean

topology on RV—1,
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Denote by C(V') the space of real-valued continuous functions on V' and by
Co(V):={ue V) |uly =0}.

The spaces L%(V, ), C(V) and Cy(V) are endowed with the usual norms, i.e., the norm
induced by the product

(v,h) = /V o(y)hy) dy

and supremum norm ||-||, respectively.

For a function u: V — R and for m € N, let

(21) o) = (E2)7 % o) -

z,YEVim
lz—yl=2"""

Since W, (u) < Wy,41(u) for every natural m, we can put

W(u) = lim Wy, (u).

m—00
Define now

HY(V) = {u e Co(V) | W(u) < o0}

H{ (V) is a dense linear subset of L?(V, i) equipped with the ||-||, norm. We now endow
H} (V) with the norm
[ul| = VW (u).

There is an inner product defining this norm: for u,v € H}(V) and m € N let

N +2\"
W) = (2352 3 (ale) -~ u)ote) o)
lz—y[=2"""

Put
W(u,v) = lim W, (u,v).

m—0o0
W(u,v) € R and the space H}(V'), equipped with the inner product W, which induces

the norm ||-||, become real Hilbert spaces. Moreover,
(2.2) Julls < @N +3)|Jull, for every u € HY(V),
and the embedding

(Hg(V), [ = (Co(V), Ill)

is compact, see also, [14] for further details.
Note that (H}(V),|-||) is a Hilbert space which is dense in L*(V,u), that W is a
Dirichlet form on L2(V, u1). Let Z be a linear subset of H{ (V) which is dense in L2(V, u).
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Then, in [12] it is defined a linear self-adjoint operator A: Z — L2(V,u), the (weak)
Laplacian on V, such that

—W(u,v) :/ Au-vdp, for every (u,v) € Z x HY(V).
v
Let H=1(V) be the closure of L?(V, 1) with respect to the pre-norm

lull_y = sup [{u, )|,
heH (V)
llAll=1

ve L*(V,u) and h € HY(V). Then H~(V) is a Hilbert space. Then the relation
“W(u,v) = (Au,v) Vv € HJ(V),

uniquely defines a function Au € H=1(V) for every u € H} (V).
While we mainly work with the weak Laplacian, there is also a directly defined version.
We say that Ay is the standard Laplacian of u if Agu: V — R is continuous and

lim sup |(N +2)"(Hpu)(z) — Asu(z)| =0,
m—00 IEV\VO

where

(Hnu)(z) = Y (u(y) —u(@)),

yEVm
lz—y|=2""

for x € V,,. We say that u € Cy(V) is a strong solution of (1.1]) if Asu exists and is

continuous for all z € V' \ 1}, and
Au(z) + a(x)u(z) = Ag(z) f(u(z)), VeV \W.
The existence of the standard Laplacian of a function u € HJ (V) implies the existence of

the weak Laplacian A (see, [12]).

3. Abstract critical point theorems

In this section we are concerned with the abstract multiplicity tools. Let us introduce
the space setting and the structure condition required on the action functional under

consideration. We assume that

H1. ®: F — R is a convex, continuously Fréchet differentiable functional with derivative
p: E— E%

H2. H: F — R is a continuously Fréchet differentiable functional with derivative h: F —
£,
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H3. operator h: E — E* is compact;
H4. there exist constants o, a3 > 1, v > 0 such that
Yo% < (p(v),v) forallveE
and

o
lim sup (z)

lzl—oo 12"

H5. H is a convex functional.

(-,+) denotes the action of a derivative on a suitable element or else a duality pairing.
We will determine such a value \* > 0 that for each A € (0, A\*] the corresponding Euler
action functional J: £ — R

J(u) = ®(u) — \H (u)

has a critical point on B, where B, is a arbitrarily chosen closed ball centered at 0 with

radius p. This implies the solvability of

(3.1) o(u) = Ah(u), uekE

in sense of equality in E*, i.e.,

(3.2) (p(u) — Ah(u),z) =0 for any = € E.

This equation may be viewed as the Euler-Lagrange equation for J. In the sequel when
we write equation of type we mean it is satisfied in a sense provided in relation .

We see that Conditions H1-H4 can be regarded as a kind of generic assumptions that
are typically satisfied in problems considered by the critical point theory method. They
easily hold for our model problem as we shall show later. The only demanding one is H5.
Note that convexity of H is related to monotonicity of h.

We begin with some general result following only by convexity. This result involves
only basic convexity calculations and it is close to its counterpart from [15] but since
we provide a shorter and more clear proof, we decided to place it here. Also the abstract
setting in [15] is somehow different. Now, we provide necessary mathematical prerequisites
which are needed for the proof. The Fenchel-Young dual for a convex continuously Fréchet
differentiable function H: E — R, see [9], reads

H*(v) = sup{(v,u)E* E —H(u)}, H*: E* > R.
uel ’

We have the following relations

H(u)+ H*(v) = (v,u) <= v =h(u),
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where h stands for the Fréchet derivative, and Fenchel-Young inequality

(P, w) ge p < H(u) + H"(p)

is valid for any p € E*, u € E.
A functional J € C'(E,R) satisfies the Palais-Smale condition (PS-condition for short)
if every sequence (uy) such that {J(uy)} is bounded and J'(u,) — 0, has a convergent

subsequence.

Lemma 3.1 (Mountain Pass Lemma, MPL Lemma). [17] Let E be a Banach space and
assume that J € C1(E,R) satisfies the PS-condition. Let S be a closed subset of E which
disconnects E. Let xo and x1 be points of E which are in distinct connected components
of E\ S. Suppose that J is bounded below in S, and in fact the following condition is

verified for some b

(3.3) ;Ielg J(x)>b and max{J(xg),J(x1)} <b.

If we denote by T the family of continuous paths v: [0,1] — E joining x¢ and 1, then

;= inf J > J J > —
= inf max J(3(s)) 2 max {J(z0). J (1)} > —oc

s a critical value and J has a non-zero critical point x at level c.

Now our abstract critical point theorem reads.

Theorem 3.2. Assume that H1, H2, H5 are satisfied. Fixz some \* > 0 and let u,v € B
be such that

(3.4) J(u) < Jw) and @(v) = Xh(u).
Then w is a critical point to J, and thus it solves (3.1)).

Proof. We assume for clarity of notation that A* = 1. If this is not the case, we put
H; = M*H and replace H with H; in our reasoning.

We define p = ¢(v) = h(u). Since -£® = ¢ and L H = h, we have by the definition of
p and by the properties of the Fenchel-Young transform

(3.5) ®(v) = (p,v) = ®*(p) and H(u) = (u,p) — H"(p).

By the Fenchel-Young inequality —H (v) < H*(p) — (p,v) and by the first relation in ([3.5)

we have

O(u) — H(u) = J(u) < J(v) = ®(v) — H(v)
= (pv) = %(p) = H{v) < H*(p) = ®*(p).
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So by the Fenchel-Young inequality
(u,p) < @(u) + *(p) < H(u) + H*(p) = (u,p).

Thus (u,p) = ®(u) + ®*(p), and so, recalling the definition of p we see that

d
p = 2-0(u) = (u) = h(u). s
Remark 3.3. Theorem generalizes the main result from [15] in that we do not require
J to be minimized over some set. Instead we impose relations (3.4)) to be satisfied. Note
that merely Gateaux differentiability of both ® and H would suffice for the proof. No

growth conditions are required as well.

In order to apply Theorem we make precise assumptions which lead to have rela-
tions (3.4)) satisfied. Thus a special case of Theorem can now be stated as follows.

Theorem 3.4. Let E be an infinite dimensional reflexive Banach space and let B, be
fized. Assume that H1-H5 are satisfied. Then there exists A* > 0 such that for each
X € (0, \*] there exists u € B, with

(3.6) J(u) = xienép J(x)

and such that u is a critical point to J, and thus it solves (3.1).

Proof. By Assumption H3 we can chose 31 > 0 such that ||y|

g < B for all y € h(B,).
Put \* = %{1 and fix some 0 < A < A\*. Consider J on B,. Observe that J is sequentially
weakly l.s.c. on B,. Indeed, ® has this property as a convex, continuous functional, while
H is weakly continuous since it has a compact derivative. Since B, is weakly compact
some u exists for which holds.

Now consider on E functional J;: £ — R given by the formula

Since ® is weakly l.s.c. and is coercive, so is J; and therefore we get the existence of an
argument of a minimum to J; over E, which we denote by v. Obviously v is a critical

point to J; and so, having calculated a derivative, we obtain
(3.7) (p(v), )y — A(h(u),z) =0 for any z € E.
This means that v solves

(3.8) ©(v) = Mh(u)
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in the weak sense. Observe that v belongs to B,. Indeed, put = v in (3.7). Thus from
H3, the definitions of 81 and A* and since A < A*, we see that

YvlE < {p),v) = Ah(u),v) < Al|A(u)]

g [l < AB vl -

Therefore ||h]|% " < /\% < p*!and h € B,.
The proof that w is a critical point now follows from Theorem since J(u) =
inf,ep, J(z) < J(v) and since (3.8)) holds. O

Some comments on the assumptions are also in order.

1. Instead of assuming that h is a compact operator, we could assume that for all A > 0
functional J is weakly l.s.c. on F since we assume that h is compact only to get the

weak continuity of H.

2. In the setting of a Hilbert space, i.e., when FE is a Hilbert space, instead of assuming
that ® is coercive, we could impose that ¢ is a bounded operator, i.e., bounded on

bounded sets. Then it follows that ® is coercive, compare with [8, Lemma 6.2.18].

In this section we are concerned with the existence of multiple solutions.

Theorem 3.5. Let E be an infinite dimensional reflexive Banach space. Assume that
H1-H5 are satisfied. Take some p > 0. Then there exists A* > 0 such that for each
X € (0, \*] there exists u € B, with

J(u) = xienép J(x)

and such that u is a critical point to J, and thus it solves (3.1)). If for some v € B, it
holds that J(v) < 0 and J(0) =0 or else h(0) # 0 and J(0) = 0, then u is non-trivial.
Assume additionally there exists i < X* that for all X € (0, A]]

(a) J satisfies the PS-condition,
(b) J(0) <infiesm,, J(x) for some p1 > [[ul|g,
(c) there exists w € E'\ By, with J(w) < 0.

Then for all X € (0,\][ functional J has two nontrivial critical points, namely u and

another non-zero critical point z different from w.

Proof. In order to get the second critical point, we use Lemma taking g = u and
x1 = w. Note that condition follows by (b) and (c). The existence of a second
non-zero critical point readily follows by the mountain pass argument. The solutions are
distinct since otherwise we would have that J is constant on level ¢ and so there are

infinitely many solutions in fact. O

Symbol (0, A\j[ means that the interval is either right open or closed.
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4. Multiple solutions for (|1.1))

In this section we apply our abstract results to problem (|1.1)). Firstly we observe that by
(2.2) for every y € V

(4.1) [z(W)] < l#lloe < N +3) 1]l g vy -
Using the first inequality in (4.1]) and the fact that u(V) =1 we get
2/l L2 vy < l2lloe < CN +3) 2] gy vy

for any x € HY(V).
We say that a function # € H} (V) is called a weak solution of (L.1)) if

Wi, v) - /V o)z (y)o(y) dyt + A /V o) ())o(z) dp = 0

for every v € H} (V). Further on whenever we write that we obtain a solution to (1.1 we
mean the weak one. The functional J: H(V) — R given by

1 1
@2 J@ =5l =5 [ @ dies [ sFaw)de vae mw).
is the Euler action functional attached to problem (|1.1J).

Lemma 4.1. Assume that A1, A2 holds. Then, the functional J: H}(V) — R defined by
relation ([4.2)) is a CY(H}(V),R) functional. Moreover,

J (@) (w) = W(u, w) — /Va(y)w(y)w(ﬂc) dp+ A/Vg(y)f(x(y))duv Vw e Hy(V)

for each point x € HS(V). In particular, x € H}(V) is a weak solution of problem (.1

if and only if © is a critical point of J. J is also weakly l.s.c.

Proof. From results in [23] we see that J € C*(HE(V),R). Proposition 4.5 from [6] states
that z — [}, g(y)F(2(y)) du is weakly continuous on H} (V). So all assertions follow. [

With Assumptions A1-A4 and Theorem 3.5 from [12] we have the following

Proposition 4.2. Suppose that A1-A4 hold. Then for any A > 0 problem (1.1) has at

least one nontriwial solution.

Concerning the multiple solutions we have the main result of this section where we
need only assume that F' is convex in addition to assumptions leading to a mountain pass
solution. Recall that constant 3 is defined in A4.
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Theorem 4.3. Assume that Al, A2, A5 are satisfied and that f(0) # 0. Then there exist
A7 > 0, X* < B, such that for all 0 < X < A} problem (1.1) has at least two nontrivial

solutions.

Proof. We need to show that Assumptions HI-H5 of Theorem are satisfied. We must
also define constants \* and \i. We put £ = H}(V), Z = L*(V,u) and ®, H: H}(V) — R
given by

#e) = 5l =5 [ aawdn 1@ =~ [ swPaw)dn
We see that
wmwzwmw—ﬂmwwwwWam mezﬁmwm@mwm

Now by Assumptions Al, A2, A5 and Lemma Assumptions H1, H2, H5 hold. By
Proposition 4.5 from [6] it follows that H has a compact derivative, so that H3 is satisfied.
We see that a, a1 = 2, v = 1 and ¢ = (2N + 3). Thus we also have H4 satisfied.
Theorem 3.5 from [12] suggest that we should take such a ball B, on which the first relation
in mountain geometry conditions is verified. Indeed by formula (3.8) from [12] we
see that for any A < g it follows that

(B =AM
10 2 5 T eN + 3

for any = from 0B, and where p = % Note that |z(y)| < M; for y € V and any

x € B,. By A4 and since u(V') = 1, we have for any x € B,

M,y
(B+1)(2N +3)

lémwﬂmwmus2 = b

where 7 is defined at the beginning of the proof of Theorem Now, we see that

a—1

=22 L _9B+1)2N+3)> 8.
fi B
Thus we can fix A\] < 5 and use Theorem to get the assertion. O

Note that without Assumptions A3, A4 we do not have mountain geometry, but still

Theorem provides us with non-trivial critical point. Indeed, we have the following

Theorem 4.4. Assume that Al, A2 and A5 are satisfied and that f(0) # 0. Then there
exists \* > 0 such that for all 0 < A < X* problem (1.1)) has at least one nontrivial

solution.
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Concerning the applicability of our results for Theorem [4.4] any convex function is
sufficient. As for Theorem we are also a bit restricted by the AR condition from
Assumption A3 thus not every convex function is eligible. For example we may take
function F'(z) = %:L"4 + %CL‘Q +x+sinz in which case we take 6 = 3 and M sufficiently large

so that 2z+3sinz—x cosz+ 322 — 1zt <0 for [x| > M. Note that f(z) = z+cosz+z3+1
FAC)] —_—

[v]

does not satisfy lim,_q

We end this note with some comment concerning regularity of solutions. If we assume
additionally that a € C(V'), then by Lemma 2.16 from [12], it follows that every weak
solution of the problem is also a strong solution.
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