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Abstract. In this paper we study a class of fractional Laplace equations with asymptoti-
cally linear right-hand side. The existence results of three nontrivial solutions under the
resonance and non-resonance conditions are established by using the minimax method
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1 Introduction

In this article, we are interested in the following non-local fractional equations:

(=A)Y’u= f(x,u), inQ, (1)

u=0, in RN\, '
where s € (0,1) is a fixed parameter, () is a bounded domain in RYN with smooth boundary
00, N > 2s and (—A)* is the fractional Laplace operator.

In recent years, many papers are devoted to the study of non-local fractional Laplacian
with superlinear and subcritical or critical growth (see [2,4,13,14,16,17] and references therein).
Particularly, in [8], Fiscella et al. studied equations (1.1) with asymptotically linear right-hand
side and obtained some existence results by using saddle point theorem; in [9], lannizzotto
et al. also studied fractional p-Laplacian equations with asymptotically p-linear and obtained
two nontrivial solutions by the use of the mountain pass theorem.

There are many interesting problems in the standard framework of the Laplacian (or higher
order Laplacian), widely studied in the literature. A natural question is whether or not the
existence results of multiple solutions obtained in the classical context can be extended to the
non-local framework of the fractional Laplacian operator. Chang et al. [7] showed the existence
of three nontrivial solutions for asymptotically linear Dirichlet problem via the mountain pass
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theorem and Morse theory. In [11] Qian et al. did similar work for fourth-order asymptotically
linear elliptic problem.

Motivated by their work, we study the following non-local problem with homogeneous
Dirichlet boundary conditions investigated by Servadei et al. [15] and the related works [12,
14]:

—Lyu = f(x,u), in Q, 1.2)

u=20, in RN\ Q,

where L is the integro-differential operator defined as follows:
L) = [ (u(x+y)+ulx—y) = 2u(x)K@)dy, xRV, (1.3)

with the kernel K : RN\0 — (0, +0) such that

(B1)  mK € L'(RVN), where m(x) = min{|x|2,1},

(B2) there exists § > 0 such that K(x) > 0|x|~(N+%) for any x € RN\ {0},
(B3) K(x) = K(—x) for any x € RN\{0}.

For narrative convenience, in this paper, we only consider the particular case of problem
(1.2), i.e, we let K be given by the singular kernel K(x) = |x|~(N+2) which leads to the
fractional Laplace operator —(—A)®, which, up to normalization factors, may be defined as

(—AYu(x) = /RN u(x+y) +‘;‘(§+;y> —~ 2“(">dy, p— (1.4)

Obviously, the corresponding fractional equation in the above model (1.2) changes problem
(1.1). In fact, our methods and results in this paper also adapt for the general problem (1.2).

Let f(x,0) = 0 and F(x,t) fo x,s)ds. Moreover, suppose that the non-linearity f satisfy
the following conditions:

(f1) f e CHOXR,R), f(x,0) =0, f(x,t)t >0forallx € O, t € R,

(f2) f'is subcritical in ¢, i.e. there is a constant p € (2,2*),2* = - such that

lim filx, 1) =0 uniformly for x € (),
e [H[P1
(f3) ‘l‘imo i = fo, ‘l‘lm f (f’t) = [ uniformly for x € (), where fj and [ are constants;
t— t|—o0
(fe) Jim [£(x, )t = 2F(x,1)] = o

Now, we give our main results.

Theorem 1.1. Assume conditions (f1)—(f3) hold, fo < Ay and 1 € (A, Agy1) for some k > 2, then
problem (1.1) has at least three nontrivial solutions.

Theorem 1.2. Assume conditions (f1)—(fa) hold, fo < A1 and I = Ay for some k > 2, then problem
(1.1) has at least three nontrivial solutions.
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Here, 0 < A} < Ay < -++ < Ag < --- are the eigenvalues of (—A)® with homogeneous
Dirichlet boundary data and ¢;(x) > 0 be the eigenfunction corresponding to A;.

In view of the condition (f3), problem (1.1) is called asymptotically linear at both zero and
infinity, which means that usual Ambrosetti-Rabinowitz condition (see [1]) is not satisfied.
This will bring some difficulty if the mountain pass theorem is used to seek nontrivial solu-
tions of problem (1.1). For the standard Laplacian Dirichlet problem, Zhou [18] have overcome
it by using some monotonicity condition. Novelties of our this paper are as following.

We consider multiple solutions of problem (1.1) in the cases of resonance and non-
resonance by using the mountain pass theorem and Morse theory. First, we use the trun-
cated technique and the mountain pass theorem to obtain a positive solution and a negative
solution of problem (1.1) under our more general conditions (f1), (f2) and (f3) with respect
to the conditions (H;) and (H3) in [18]. In the course of proving the existence of a positive
solution and a negative solution, the monotonicity condition (H;) of [18] on the nonlinear
term f is not necessary, this point is very important because we can directly prove existence of
positive solution and negative solution by using Rabinowitz’s mountain pass theorem. That
is, the proof of our compact condition is more simple than that in [18]. Furthermore, we
can obtain a nontrivial solution when the nonlinear term f is resonant or non-resonant at the
infinity by using Morse theory.

The paper is organized as follows. In Section 2, we present some necessary preliminary
knowledge about the working space. In Section 3, we prove some lemmas in order to prove
our main results. In Section 4, we give the proofs for our main results.

2 Preliminaries

In this section, we give some preliminary results which will be used in the sequel. We briefly
recall the related definitions and notes for functional space Xy introduced in [15].

The functional space X denotes the linear space of Lebesgue measurable functions from
RN to R such that the restriction to Q of any function ¢ in X belongs to L?()) and the map
(x,y) — (g(x) —g(y))V/K(x —y) isin L2(RN x RN)\(CQ x CQ),dxdy) (here CQ = RN\ Q).
Also, we denote by X the following linear subspace of X

Xo:={g€ X:g=0ae in RN\Q}.

Note that X and X, are non-empty, since Cé(Q) C Xp by [15]. Moreover, the space X is
endowed with the norm defined as

lgllx = 18]z + ( 180~ g(PK(x - y)dxdy) y @)

where Q = (RN x RVN)\O and O = (CQ) x (COQ) € RN x RN. We equip X, with the following
norm

lglx, = ( | lst) = sl - y)dxdy) 22)

which is equivalent to the usual one defined in (2.1) (see [14]). It is easy to see that (Xo, || - ||x,)
is a Hilbert space with scalar product

(,0)x, = /Q(M(X) —u(y))(v(x) —o(y))K(x — y)dxdy. (2.3)
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Denote by H*(Q) the usual fractional Sobolev space with respect to the Gagliardo norm

x) — 2 2
lelivon = sl + ([ B gy ) @

Now, we give a basic fact which will be used later.

Lemma 2.1 ([14]). The embedding j : Xo — L?(Q) is continuous for any v € [1,2*|, while it is
compact whenever v € [1,2*).

Next, we state some propositions for the operator (—A)°. Let A1 < Ay < A3 < .-+ <
Ak < - - be the sequence of the eigenvalues of (—A)* (see [8]) and ¢ be the k-th eigenfunction
corresponding to the eigenvalues A;. Moreover, we will set

P ={u € Xo: (u,¢j)x, =0, Vj=1,2,...,k}

and
Hy = span{¢, ..., ¢px}.

Proposition 2.2 ([8]). The following inequality holds true
lull%, < Axlulfz o)
forallu € Hyand k € N.
Proposition 2.3 ([8]). The following inequality holds true
lull% > Aesalulage
forall u € Pyyq and any k € N.

Next, we recall some definitions for compactness condition and a version of the mountain
pass theorem.

Definition 2.4. Let (Xo, [ - ||x,) be a real Banach space with its dual space (Xg, | - [|x;) and
J € CY(Xo,R). For ¢ € R, we say that J satisfies the (PS). condition if for any sequence
{xn} C Xo with

J(xn) — ¢, DJ(x,) — 0 in X,

there is a subsequence {x,, } such that {x, } converges strongly in Xy. Also, we say that J
satisfy the (C). condition stated in [5] if for any sequence {x,} C Xy with

J(xn) = ¢, DT (a)llx; (T + fxallx,) = 0,

there is subsequence {x,, } such that {x,, } converges strongly in Xj.

3 Some lemmas

First, we observe that problem (1.1) has a variational structure, indeed it is the Euler-Lagrange
equation of the functional 7 : Xy — R defined as follows:

_ 1
2 JRN KRN

T () 1) = u(y) PK(x = y)ddy — [ F(x,u(x)dx.
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It is well know that the functional 7 is Fréchet differentiable in X, and for any ¢ € Xy

(T0,9) = [ @) =)o) — e)K(x —y)dxdy — [ f(x,u(x)g(x)dx.

Thus, critical points of 7 are solutions of problem (1.1).
Consider the following problem

{(_A)Su :f+(xru)l in ();

Uu = 0’ in RN\Q,
where
f(x,t), t>0,
x, t) =
fir (o) {0/ o

Define a functional J; : Xo — R by

T (u) = 1

5 [ 110 = () PR G = y)dxdy — [ F(x,ux))dx,
where Fy (x,t) = [} f1(x,5)ds, then J € C* (X, R).
Lemma 3.1. J satisfies the (PS) condition.

Proof. Let {u,} C Xp be a sequence such that | 7| (u,)| < ¢, (J{ (un), ¢) — 0 as n — co. Note
that

(T (un), @) = /wam<””<x> — un(y))(9(x) —90(1/))K(x—y)dxdy—/Qf+(x,un)fpdx
= o([lellx,)

(3.1)

for all ¢ € Xp. Assume that |u,|;2) is bounded, taking ¢ = u, in (3.1). By (f3), there

exists ¢ > 0 such that |fi(x,u,(x))| < clun(x)|, ae. x € Q. So u, is bounded in Xy. If

[un|r2(q) — +00, as 1 — oo, set v, = W, then |0y]12q) = 1. Taking ¢ = v, in (3.1), it
nirs(Q

follows that v, x, is bounded. Without loss of generality, we assume that v, — v in Xj, then
v, — v in L*(Q)). Hence, v, — v a.e. in Q. Dividing both sides of (3.1) by [u4|12(q), we get

f+xun
/RNXRN(W(@—vn(y))((p(x) ¢(y)K(x — y)dxdy — /

’un|L2

(3.2)

\”n\p(o)

Then for a.e. x € ), we deduce that ‘fu*ﬂxizu”) — lvy as n — oo, where v = max{v,0}. In fact,
nl12(q)

when v(x) > 0, by (f3) we have
un(x) = 0 (X)|tn|2(q) = +00
and

f+(xruﬂ) — f-l—(xluﬂ)

[1n] 12(00) Un

v, — lo.
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When v(x) = 0, we have
|”n|L2(Q)
When v(x) < 0, we have
un(x) = 0 (%) |tn|12() — —00

and
f"l‘ (xl uVl) _ 0
|1n |L2(Q)
Since M < c|v,|, by (3.2) and the Lebesgue dominated convergence theorem, we arrive at

‘un 12(Q)

/IRNX]RN(U(x) —o(y))(e(x) — ¢(y))K(x —y)dxdy — /Q lvypdx =0, forany ¢ € Xo. (3.3)

From the strong maximum principle (see [9]) we deduce that v > 0. Choosing ¢ = ¢, in (3.3),

we Obtai]l

This is a contradiction. O
Lemma 3.2. Let ¢ be the eigenfunction corresponding to A with ||p1]| = 1. If fo < Ay <1, then
(a) there exist p, B > 0 such that Jy(u) > B forall u € X, with ||u| = p;

(b) Ji(tdr) = —o0as t — +oo.

Proof. By (f1) and (f3), if I € (A1, +00), for any &€ > 0, there exist A = A(e) > 0 and B = B(¢)
such that for all (x,s) € Q X R,

Fi(x,5) < - (fo+e)s* + AsPHl, (3.4)
(I —¢)s*> — B, (3.5)

where p € (1, ).

Choose € > 0 such that fo 4+ ¢ < Ay. By (3.4) and Lemma 2.1, we get
L2
Tow) = 3 lully, = [ FCx,u)ds
1 1
> Slulk, =5 [ 1o+ + Alul”*]dx

1 fote 2 +1
= 5 (1= B g el

So, part (a) holds if we choose ||u||x, = p > 0 small enough.
On the other hand, if I € (A1, +00), take € > 0 such that [ — e > A;. By (3.5), we have
1 I—e¢
T+ (u) < Sllullk, — ?‘”&2(0) + B[O
Since I — & > A and ||¢1]|x, = 1, it is easy to see that
T (tdr) < % (1 — l/\_8> >+ B|Q)| - —0 ast— +o
1

and part (b) is proved. O
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Lemma 3.3. Let Xo = Hy @ Pyq. If f satisfies (f1), (f3) and (fs) then
(i) the functional J is coercive on Pyq, that is
J(u) = +oco as ||ul|x, = +oo, u € Pyiq
and bounded from below on Py, 4,
(ii) the functional J is anti-coercive on Hj.
Proof. For u € Py 1, by (f3), for any € > 0, there exists By = Bj(¢) such that for all (x,s) €

O xR,

1

F(x,s) < ~(I +¢)s* + By. (3.6)

N |

So, from Proposition 2.3 we have
1 2
T () = 5 lulf, = [ P u)dx

1 2 1 2

> 2l — 50+ ) o) — Bl
1 I+ ¢ 2

> (1——— — B1]Q)].

> 5 (1505 lulf, ~ Bl

Choose ¢ > 0 such that [ + & < Ayyq. This proves (i).
(ii) We firstly consider the case I = Ay.
Write G(x, t) = F(x,t) — 3Axt?, g(x,t) = f(x,t) — Akt. Then (f3) and (fs) imply that

|l‘im [g(x, t)t —2G(x,t)] = —o0 (3.7)
t|—o0
and
lim 265D _ g (3.8)
[t|—o0 t

It follows from (3.7) that for every M > 0, there exists a constant T > 0 such that
g(x, )t —2G(x,t) < —M, VieER, [t| > T, ae.x € Q. (3.9)

For T > 0, we have
d G(x,7) _ g(x,1)T —2G(x,7)

=I5 - = . (3.10)
Integrating (3.10) over [t,s] C [T, +c0), we deduce that
G(x,s) G(x,t) M,1 1
— <222, 11
2 2 = 2 (52 tz) 311

Letting s — +o0 and using (3.8), we see that G(x,t) > ¥ fort € R, t > T, ae. x € Q. A
similar argument shows that G(x, t) > %, fortc R, t < —T,a.e. x € Q. Hence

lim G(x,t) = 400, a.e.x € Q. (3.12)

[t|—co
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By (3.12) and Proposition 2.2, we get

1
T (0) = 5llol, - [ F(x,o)dx

Lo 1 2
— EHUHXO — E/\k/gv dx — /QG(x,v)dx
< —8lo |13, —/ G(x,v)dx — —oco
0
for v € V with ||v||x, = 400, where v~ € Hy_;.

In the case of Ay < I < Ax;1, we needn’t the assumption (f3) and it is easy to see that the
conclusion also holds . O

Lemma 3.4. If Ay < < Agyq, then J satisfies the (PS) condition.

Proof. Let {u,} C X be a sequence such that |7 (u,)| <c, (J'(ux), ¢) — 0. Since

(T @) = [ () = () (9() = 9K (x = y)dxdy = [ (o, m,)
= o(ll¢lx,)- (613)

for all ¢ € Xo. If [uy|;2(y) is bounded, we can take ¢ = u,. By (f3), there exists a constant
¢ > Osuch that |f(x, un(x))| < clun(x)], a.e. x € Q. So uy is bounded in Xo. If [un|12() — +o0,

asn — o, set vy = e then |0y |12y = 1. Taking ¢ = v, in (3.13), it follows that [|v,||x, is
n L Q

bounded. Without loss of generality, we assume v, — v in Xy, then v, — v in Lz(Q). Hence,
vy, — v a.e. in Q. Dividing both sides of (3.13) by |u, ]Lz(Q), we get

/H{Nx]RN<vn(x) _'Un(y))((P(X) q)(y)) xX—y dXdy / f X, un

|”n|L2

=0 (H(PHXO> , Vo e Xo. (3.14)

|”n|L2(Q)

Then for a.e. x € (), we have ‘i(’ril;:) — Iv as n — oo. In fact, if v(x) # 0, by (f3), we have
ni2(Q)

|tn (2)| = [on ()[40 12(02) = +-00

and
f(x, un) _ f(x, “n)vn Ny,
|“n|L2(Q) Un
If v(x) = 0, we have
1f ()| < clo,| — 0.
’uﬂ’LZ(Q)
Since hACAT < c|v,|, by (3.14) and the Lebesgue dominated convergence theorem, we
‘”n| Q)
arrive at

/]RleRN(v(x) —o(y))(¢(x) — @(y))K(x — y)dxdy — /Q lvpdx =0, for any ¢ € Xj.

Obviously v # 0, hence, [ is an eigenvalue of (—A)®. This contradicts our assumption. ]
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Lemma 3.5. Suppose | = Ay and f satisfies (fy). Then the functional J satisfies the (C) condition.

Proof. Suppose u, € X satisfies
J(ug) = ceR, 1+ |lug)| T (un)|]| =0 asn — oo. (3.15)

In view of (f3), it suffices to prove that u, is bounded in Xj. Similar to the proof of Lemma 3.4,
we have

/IRNX]RN(U(X) —o(y))(e(x) — ¢(y))K(x —y)dxdy — /Q lvpdx =0, forany ¢ € Xp. (3.16)

Therefore v # 0 is an eigenfunction of A, then |u,(x)| — oo for a.e. x € Qg (Qp C Q) with
positive measure. It follows from (f;) that

Hm [f(x, un(x))un(x) — 2F(x, uy(x))] = —o0

n—-4o00

holds uniformly in x € g, which implies that
/ (f (x, up)tty — 2F(x,uy))dx — —c0 asn — oo. (3.17)
0

On the other hand, (3.15) implies that
2T () — (T (un), uy) — 2c asn — oo,

Thus
/ (f (x, up)uy —2F(x,u,))dx — 2¢ asn — oo,
0

which contradicts (3.17). Hence u,, is bounded. O

It is well known that critical groups and Morse theory are the main tools in solving elliptic
partial differential equation. Let us recall some results which will be used later. We refer the
readers to the book [6] for more information on Morse theory.

Let X be a Hilbert space and 7 € C}(X,R) be a functional satisfying the (PS) condition
or (C) condition, and H,(X,Y) be the g-th singular relative homology group with integer
coefficients. Let ug be an isolated critical point of J with J(ug) = ¢, ¢ € R, and U be a
neighborhood of uy. The group

Co(J,uo) == Hy(JNU, T NU\{uo}), qeZ

is said to be the g-th critical group of J at ug, where 7¢ = {u € X : J(u) < c}.
Let K := {u € X : J'(u) = 0} be the set of critical points of 7 and a < inf J(K), the
critical groups of J at infinity are formally defined by (see [3])

Cq(j,oo) = Hq(X,j”), qgeZz.
The following result comes from [3, 6] and will be used to prove the results in this paper.

Proposition 3.6 ([3]). Assume that X =V & W, J is bounded from below on W and J (u) — —oo
as ||u]| — oo with u € V. Then

Cr(T,00) 20, ifk=dimV < . (3.18)
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4 Proof of the main results

Proof of Theorem 1.1. By Lemmas 3.1, 3.2 and the mountain pass theorem, the functional 7
has a critical point u; satisfying J. (u1) > B. Since J4(0) = 0, u; # 0 and by the maximum
principle (see [9]), we get u; > 0. Hence u; is a positive solution of the problem (1.1) and
satisfies

C](jJr,ul) 75 0, u; > 0. (4.1)
By (f2), the functional 7 is C2. Using the results in [6,10], we obtain
Co(T,m) = Cq(jcg(ﬁ)rul) = Cq(j+‘cg(ﬁ)/”l) = Cy(J+,u1) =dpZ. (4.2)

Here
ClQ) ={uecCQ):ud " cC'(Q)},

where d(x) = dist(x,9Q) for all x € QO and 0 < v < 1. More detailed topology knowledge
will be seen in [9] and we omit it.
Similarly, we can obtain another negative critical point u; of J satisfying

Cy(T,u2) = 041 Z. 4.3)
Since fo < A1, the zero function is a local minimizer of 7, then
Cy(TJ,0) = d40Z. (4.4)
On the other hand, by Lemmas 3.3, 3.4 and Proposition 3.6, we have
Cr(J,0) 2 0. 4.5)
Hence J has a critical point u3 satisfying
Cx(T,uz) 2 0. (4.6)

Since k > 2, it follows from (4.2)—(4.6) that u1, u; and u3 are three different nontrivial solutions
of the problem (1.1). O

Proof of Theorem 1.2. By Lemmas 3.3, 3.5 and Proposition 3.6, we can prove the conclusion
(4.5). The other proof is similar to that of Theorem 1.1. O
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