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Abstract. Let s € (0,1) and N > 2s. In this paper, we consider the following class of
nonlocal semipositone problems:

(=A)'u = g(z)fa(u) in RY, w>0inR"Y,

where the weight ¢ € L'(RY) n L>®(RY) is positive, a > 0 is a parameter, and
fa € C(R) is strictly negative on (—o0,0]. For f, having subcritical growth and weaker
Ambrosetti—-Rabinowitz type nonlinearity, we prove that the above problem admits a moun-
tain pass solution u,, provided a is near zero. To obtain the positivity of u,, we establish
a Brezis—Kato type uniform estimate of (u,) in L"(R") for every r € [25-, 00].
Keywords: semipositone problems, fractional operator, uniform regularity estimates, positive
solutions.
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1. INTRODUCTION

In this present paper, we deal with a class of nonlocal semipositone problems on R¥.
Precisely, for s € (0,1) and N > 2s, we consider the following nonlocal semilinear
equation:

(=A)*u = g(@)fa(u) in RY, (SP)
where the weight g € LY(RY) N L>°(RY) is positive, a > 0 is a parameter, and

fa € C(R) has the following form:

with f € C(R™) satisfying f(0) = 0.

fa(t){f(t)—a, if t >0,

—a, ift <0,

© 2024 Authors. Creative Commons CC-BY 4.0 445



446 Nirjan Biswas

Moreover, f satisfies the following hypothesis:

f®) f) _ f@®) "
(f1) }m .= =0, tl_mo .= and tliglo pm < C(f) for some vy € (2,2%) and
c(f) >0,
t
(f2) there exists R > 0 such that y is increasing for ¢t > R,
where 27 = NQi\gS is the critical fractional exponent. The linear operator (—A)* is

called the fractional Laplacian defined as

(—A)Y’u(z) := 2 lim / W dy, zeRV,

e—0t
RN\B, (2)

where B.(z) denotes the ball of radius € and centred at . Due to the presence of the
strictly negative quantity on the R.H.S. of (SP) in the regions where v < 0 and certain
portion of u > 0, the problem (SP) is called semipositone in the literature. Semipositone
problems have applications in mathematical physics, biology, engineering etc. More
preciously, in the logistic equation, mechanical systems, suspension bridges, population
model, etc.; see for example [25, 28].

In the local case, the semipositone problems were first observed by Brown and
Shivaji in [7] while studying the perturbed bifurcation problem —Au = A\(u — u3) — ¢
inQ,u>0inQ, u=0on 02, where \,e > 0 and {2 is a bounded domain. In this work,
the authors used the sub-super solution method to get positive solutions. Observe
that v = 1 is a supersolution for this problem since the R.H.S. of the equation is
negative at u = 1. To obtain an appropriate positive subsolution, the authors used the
anti-maximum principle due to Clément and Peletier. Later, many authors studied
the following semipositone problem on a bounded domain :

—Au=Af(u)inQ, w>0inQ, and wuw=0ondQ, (1.1)

where A > 0, f : Rt — R is continuous, increasing and f(0) < 0. For example, we refer
[10-12, 14, 17] where various growth conditions and nonlinearities on the function f
are 1mposed to find the existence of positive solutions for (1.1). In [1], Alves et al.
considered the following semipositone problem:

—Au = g(x) fo(u) in RY, (1.2)

with f,(t) = f(t)—afort > 0, f,(t) = —a(t+1) fort € [-1,0],and f,(t) =0fort < —1,
where the function f € C(R™) satisfies f(0) = 0, is locally Lipschitz, has superlinear
growth conditions and Ambrosetti-Rabinowitz (see [2]) type nonlinearities. Meanwhile,
the weight function g is assumed to be positive, radial, lies in L*(RY) N L>°(RY) and
satisfies the following bound:

||V~ 2/ o — |y||N 5 dy <C(g), forze RN\ {0}, where C(g) > 0. (1.3)
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The authors used the regularity estimate by Brezis and Kato in [6] and the Reisz
potential for the Laplace operator to establish uniform boundedness of mountain pass
solutions of (1.2) in L®(RY), with respect to the parameter a near zero. The authors
then obtained a positive solution of (1.2) using this uniform regularity estimate,
the strong maximum principle, and the condition (1.3). For more results related to
semipositone problems, we refer [9, 16] and the references therein.

Now, we shift our discussion to the nonlocal case. In the past years, a significant
amount of attention has been given to the study of fractional laplacian due to its
numerous applications in mathematical physics, engineering and related fields. For
example, in linear drift-diffusion equations [15], image denoising [21], quasi-geostrophic
flows [3], and bound-state problems [26], to name a few. Several authors recently studied
the nonlocal semipositone problems on a bounded domain . In [18], the authors
considered a multiparameter fractional semipositone problem (—A)%u = A(u?—1)4+pu”
in Q, u>0in Q, u=01in RNV \ Q, where \,u > 0 are parameters, N > 2s, and
0 <g<1<r<2:—1. For a certain range of A and y, the authors proved the
existence of a positive solution for this problem. Their proof relies on the construction
of a positive subsolution. Later, in [23], the authors studied the nonlocal nonlinear
semipositone problem (—A)Su = Af(u) in Q, u =0 in RN \ ©, where (—A)3 is the
fractional p-Laplace operator, A > 0, f € C(R) has superlinear, subcritical growth and
f(s) =0 for s < —1. The authors obtained at least one positive solution provided the
parameter A is sufficiently small. Their proof uses regularity results up to the boundary
of Q and Hopf’s Lemma for ( —A);. To our knowledge, nonlocal semipositone problems
on an unbounded domain have not been studied yet.

In this paper, we consider the nonlocal counterpart of —Au = g(x)(f(u) —a) in RY,
u > 0in RY (studied in [1]). On the weight function g, we impose a nonlocal analogue
of (1.3). With subcritical, superlinear and without Ambrosetti-Rabinowitz growth
conditions (see [2]) for f, our primary concern is to establish the existence of positive
solution to (SP), depending on the parameter a. The techniques used in [18, 23] to get
positive solution are not adoptable in this context. Our procedure to find non-negative
solution for (SP) is motivated by [1], where the uniform regularity estimate (with
respect to a) of solutions in L>(RY) plays a major role. In [20, Proposition 5.1.1],
for g € LY(RN) N L2(RY), and |f(z,t)| < C(1 + [t[P);1 < p < 2% — 1, the authors
proved that every non-negative solution to the problem (—A)*u = g(z)f(x,u) in RV
is bounded. However, this regularity result is not applicable in our situation. Also, the
Brezis—Kato type regularity estimate for weak solution to (SP) is unknown.

We consider the homogeneous fractional Sobolev space H*(RY) (introduced in [20])
defined as

H*(RY) := closure of C}(RY) with respect to Il s mv)»

where [ o vy 1= [laz 22 v and

o ] S

RN xRN
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is the Gagliardo seminorm. A function u € H*(RY) is a weak solution of (SP) if the
following identity holds:

[ MO = daay — [ gt utwrota)de, Vo€ HURY).

RN xRN RN

We say a weak solution u is a mountain pass solution of (SP) if it is a critical point of
C! energy functional associated with (SP), which satisfies the mountain pass geometry
and a weaker Palais—-Smale condition (see Proposition 2.5 and [27, Theorem 2.1]), and
moreover, the value of the energy functional at u possesses a min-max characterization
(see (3.1)).

Theorem 1.1. Let s € (0,1) and N > 2s. Assume that f satisfies (f1) and (f2).
Let g € LY(RN) N L*°(RYN) be positive. Then there exists a; > 0 such that for each
a € (0,a1), (SP) admits a mountain pass solution. Moreover, there exist as € (0,a1)
and C > 0, such that |[ua| g gny < C, for all a € (0, az).

From the above theorem, observe that the mountain pass solutions of (SP) are
uniformly bounded in L2 (RM). In the following theorem, we prove a Brezis-Kato type
regularity result which says the uniform boundedness of the mountain pass solutions
in L"(RY) with r > 2*, under an additional growth assumption on f near infinity:

(f1) lim /(t)

t—o0 t2§_1

=0.

Theorem 1.2. Let s € (0,1) and N > 2s. Let f,g,as be as given in Theorem 1.1.
In addition, assume that f satisfies (f1). Then for r € [25,00] and a € (0,as),
u, € L"(RYN) N C(RYN). Moreover, there exists C(r,N,s, f,g) > 0 such that
[tallr @y < C, for all a € (0, az2).

Next, we state the positivity of the solutions to (SP). To state the result, we invoke
further hypothesis on f and g:

(f3) f is locally Lipschitz,

Theorem 1.3. Let s € (0,1) and N > 2s. Let f,g,as be as given in Theorem 1.2.
Then the following hold:

(g1) |:cN25/|3[;_g?5y]3[_2S dy < C(g), where z € RV \ {0} and C(g) > 0.
RN

(i) There exists az € (0,aa) such that for every a € (0,a3), ug >0 on RV,
(ii) In addition, if f satisfies (f3) and g satisfies (g1), then u, >0 on RY.

Let us briefly discuss our approach to prove the above theorems. The existence of
mountain pass solution is based on variational methods. To establish the Brezis—Kato
type regularity result for (SP), we use the Moser iteration technique and the uni-
form boundedness of the mountain pass solutions in H* (RY) along with the growth
assumption ( f 1). With this regularity result and using the Riesz representation for
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the operator (—A)® ([29, Theorem 5]), we show that a sequence of mountain pass
solutions uniformly converges to a positive function in C(R") near a = 0. In the
end, we conclude the positivity of the solutions by using the properties (f3) and (g1).
At this point, it is clear that the range of a, the growth of f near infinity, and the
behaviour of the weight function g are essential for the existence of positive solutions.
One example of f, g satisfying all these properties is demonstrated in Example 4.1.

We organize the rest of this paper as follows. In Section 2, we obtain some
embeddings of H*(RN) and set up a variational framework associated with (SP).
Section 3 contains the proof of the existence and regularity of the mountain pass
solutions to (SP). We establish the positivity of the solution in Section 4.

2. EMBEDDINGS OF H* (RM) AND THE VARIATIONAL SETTINGS

In the first part of this section, we discuss compact embeddings of H $(RY) into specific
Lebesgue spaces and weighted Lebesgue spaces. Using these embeddings, in the second
part, we prove qualitative properties of the energy functional associated with (SP).
In the rest of this paper, we denote C' as a generic positive constant, and denote the

norm ||'HLP(]RN) by ||'||p~

2.1. EMBEDDINGS OF H*(RY)

Recall that, the homogeneous fractional Sobolev space H S(RJ\{ ) is the closure of C}(RY)
with respect to []s2 + ||‘[l5.. In view of [19, Theorem 1.1], H*(R™) has the following
representation:

H(RYN) = {u: RY — R : u is measurable, [u]; o + ||ully. < oo} .

Henceforth, H*(RN) < L% (RY). Moreover, by [8, Theorem 2.2.1] and using the
density of CL(RY), we get

[ullye < C(N,8)[uls, Yuec HRY). (2.1)
The above inequality infers that [-]s 2 is an equivalent norm in H* (RN ), i.e., there exists
C1 depending on N, s such that [uls,2 < [[ul| g2 gay < Ci[uls,2 holds for allu € H® (RM).
In the following proposition, we prove that F* (R™) is compactly embedded into spaces
of locally integrable functions.

Proposition 2.1. Let N > 2s. Then H*(RY) — LE (RN) compactly for every
q€(1,23).

Proof. Combining the embeddings H*(RY) — L% (RN) and LIQEC(RN) — LI (RY)
with g € (1,2%), it is evident that H*(RY) < L (RV) for ¢ € (1,2}). First, we show
that H*(RY) is compactly embedded into L? (RY). Let (u,,) be a bounded sequence

loc

in A*(RY), and K C RY be a compact set. Then there exists M; > 0 such that
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lunllp2(y < Cllunl gs@ay < My for every n € N. Consequently, the sequence (“"|K)
is bounded in L?(K). Further, using [5, Lemma A.1] for every n € N, we have

. /(un(:ﬂ +h) —un(2))” < O(N)un 2. (2.2)

[h|>0 |h|2s
RN

The boundedness of (u,,) in H*(RY) and (2.2) confirm that for all n € N,

/(un(x +h) = up(2)) de = 0
RN

as |h| = 0. Now by applying the Riesz—Fréchet—Kolmogorov compactness theorem on

(tn| x) C L*(K), we conclude (Un| ) is relatively compact. Hence, it has a convergent
subsequence in L?(K). Therefore, H*(R") is compactly embedded into L7, (RY).
For g € (1,2), using L} (RY) — LI (RY) we directly get the compact embeddings
of H*(RN) into LI

£ (RN). Next, we consider ¢ € (2,2%). In this case, we express

g =2t+ (1—1)2;, where t = =% € (0,1). Using H*(RY) < L,

is bounded in LY(K). Applying the Holder inequality with the conjugate pair

(RY), the sequence

nlge)
, 75) and (2.2) we obtain the following estimate for every |h| > 0 and n € N:

/|un(x + h) —up(z)|?dz

RN
1—-t

2 dz

< /(un(:rJrh) —up,(x))? dz /\un(erh) — up ()
RN RN

s 2: 1— S
< O(N) (11 [un]s.2)™ Nlun 15277 < CON) B2 |

s(RN)

Again the boundedness of (u,) in H*(RY), and the Riesz-Fréchet-Kolmogorov com-
pactness theorem confirm a convergent subsequence of (un‘ i) in LI(K). Therefore,

H*(RN) is compactly embedded into L (RN) for ¢ € (2,2%) as well. This completes

loc

the proof. O

We now prove the compact embeddings of H $(RY) into weighted Lebesgue spaces.

Proposition 2.2. Let N > 2s and q € [2,2%). Let p be the conjugate exponent of %:,
and g € LP(RN). Then the embedding H*(RN) — LI(RY,|g|) is compact.

Proof. Let u, — u in H*(RY). We need to show u,, — u in LI(RY|g|). Set

L = sup{||u, — ull3. : n € N}.
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Clearly, L is finite from the boundedness of (u,) in H*(RY). Let € > 0 be given.
Since C.(RY) is dense in LP(RY), we choose g. € C.(R™) such that ||g — ell, < 3T

We estimate
Jlsliun =it < [l gltun =+ [ lgcljwn =l 23)
RN RN RN

Using the Holder inequality with conjugate pair (p, %) we estimate the first integral
of the above inequality as

€

- (2.4)

t/w—%Wm—UWSHg—%MW%—U%;<
RN

Suppose K is the support of g.. Using the compact embeddings of HS(RN) into
L} (RY) (Proposition 2.1), there exists n; € N such that

loc
€
Jlodtun =t = [lgdtun =it < 5. Yoz
RN K

Therefore, from (2.3) and (2.4) we obtain

)
/|g\|un —ul?<e, Vn>n.
RN

Thus u, — u in LY(RYN, |g|). O

2.2. THE VARIATIONAL SETTINGS

For the existence of a solution of (SP), this subsection sets up a suitable functional
framework. In the following remark, we identify some bounds (upper and lower) for

fa and its primitive F,, defined as Fj(t) = fot fa(T)dT.

Remark 2.3. (i) Let ¢ > 0 and v € (2,2%]. Using subcritical growth on f and
behaviour of f near zero (see (f1)), there exists ¢1(¢) > 0 such that f(¢) < et, for
0<t<tyand f(t) < Ct7"1fort > t1, where C = C(f,t1(¢)). Hence f(t) < et+Ct7~!
for t € R, and

Ifa(®)] < e€lt| + Ot —a and |Fu(t)] <et* +C|t|" +alt| forteR, (2.5)

where C' = C(f,t1(€)). Again using the subcritical growth on f, f(t) < C(f)t?~! for
t > to. The continuity of f infers that f(¢) < C on [0,¢2]. Hence for a € (0,a), we get

[fa@®I < CA+ ™) and  [Fo(t)] < O(t] + [t]) for t €R, (2.6)

where C' = C(f,t2,a). Using (f1), there exists t3(¢) > 0 so that f(t) < et?~* for all
t > t3. Hence for a € (0,a), we also obtain

[fa(t)] < C + €t
where C' = C(e, t3(e€), a).

%l for t € R, (2.7)




452 Nirjan Biswas

(ii) Let M > 0. Since f is superlinear (see (f1)), there exists a constant C' = C'(M)
such that f(t) > Mt—C, for every t € R*. From the superlinearity of f, it also follows
that limy_, o y = 00, and hence F(t) > Mt* — C(M) for every t € RT. Accordingly,

fa(t) > Mt — (C 4+a) and F,(t) = F(t) —at > Mt* — (at + C) for t € RT,
(2.8)

where C' = C(M).
For g € L'(RN) N L>(RY) and a > 0, we consider the following functionals
on H*(RY):

N,(u) = /gFa(u) and I, (u) = %[u]iZ — Ny (u).
RN

Using the upper bound of F,, (Remark 2.3) it follows that N, and I, are well-defined.
Moreover, one can also verify that No,I, € C'(H*(RY),R) and N/ (u),I}(u) for
u € H*(RY) are given by

Ny = [ afau)e
(2.9)

I(’L(u)(v) — // (u(m) — u(y)(v(a;) — U(:U)) dzdy — N,;(U)(’U)7

|z —y[ N2
RN xRN

where v € H*(RN). Every critical point of I, corresponds to a solution of (SP). In the
following proposition, we prove the compactness of N, and N..

Proposition 2.4. Let N > 2s and v € (2,2%). Let g € LY(RN) N L=°(RY). Assume
that f satisfies (f1). Then the following hold for a > 0:

(i) The functional N, is compact on H*(RN). Moreover, if u, — u in H*(RN) and
a, — a in RT, then N, (uy,) — No(u).

(ii) The map N/, : H*(RN) — (H*(RN))' is compact. Moreover, if u,, — wu in H*(RN)
and a, — a in RY, then N, (u,)(v) = N.(u)(v) for every v e H*(RV).

Proof. (i) Let u, — u in H*(RY). We show that N, (u,) — Na(u). The idea of the
proof is similar to Proposition 2.2. Set

L =sup {Junlld, + Il + lunlly, + llully; : n €N},

which is finite since (u,) is bounded in H*(RY). Let € > 0 be given. Let p be the
conjugate exponent of 27 Using the density of C.(RN) into LP(RY) and L2= (RN),
we take g. € C.(R"V) satisfying

€

1
|ge| < |g| and ”g*gerjL”g*geH; < L
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For a > 0, we write

INa(tn) — Na(u)] < / 19— gel| Fa (1) — Fa(w)| + / 0el | Faln) — Faw). (2.10)
RN RN

Using (2.6) and (2.4), the first integral of (2.10) can be estimated as

/ 19— gel| Falun) — Fa(u)]
RN

< / 19— gel (|Faun)] + | Fa(u)])

RN

< c/|gfgsw(|um Ll + ] + )
N (2.11)

< (llg = gell, (J1un 5)

1

;; + [lu

2x T [|w

2:)

where C' = C(f,a). Next, we show that the second integral of (2.10) converges to zero
as n — co. Let K be the support of g.. Since H* (RY) is compactly embedded into
L} (RY) (Proposition 2.1), u, — u in LY(K). In particular, up to a subsequence,
un(x) = u(z) a.e. in K. From the continuity of Fy, F,(un(z)) = F,(u(z)) a.e. in K.
Further, since |F,(un)| < C(Jun|” + |unl), and [i [un|” = [ [u]?, [ lun] = [xlul,
using the generalized dominated convergence theorem, F,(u,) — Fy(u) in L'(K).
Thus

+ (llg = gl llg = gl ) * (lrwn )
< CF (Jlun

< Ck,

;; +[Ju

or + llun

2% + [Ju

/|ge\|Fa<un> )| < ||ge|\oo/|Fa<un> ~ Fu(u)] = 0, as n - oo.
RN K

Therefore, from (2.10), N (un) — No(u), as n — oco. Now for a sequence (a,, ), we write

N, (1) = Naw) < [ lgl1Fuy (n) = Ealwn) + [ gl Fulin) = Falw]. (212)
RN RN

By the compactness of N,, the second integral of (2.12) converges to zero. Further,
by noting that F, (u,) — Fa(u,) = (a — an)u,, the first integral of (2.12) can be
estimated as

W=

1
/ 1911 Fa (t0n) — Faltn)] < lan —af / 9lltn] < Jan — allg]} / gl | . (213)
RN RN

RN
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Thus, combining (2.12) and (2.13), and using Proposition 2.2 we get N, (u,) — Ng(u),
as n — oo.

(ii) The compactness of N/ similarly follows using the splitting arguments shown
above. The proof of the convergence of (N (uy)(v)) holds similarly. O

Now we prove that the energy functional I, satisfies all the conditions of the
mountain pass theorem. It is worth mentioning that I,, may not satisfy the Palais—Smale
condition due to the weaker Ambrosetti-Rabinowitz type nonlinearities for f in (f1).
Nevertheless, in the first two parts of the following proposition, I, satisfies a weaker
Palais-Smale condition, called the Cerami condition introduced in [13].

Proposition 2.5. Let N > 2s and v € (2,2%). Let f satisfies (f1) and (f2). Let
g € LY(RYN) N L=(RY) be positive. Then the following hold:

(i) Let (u,) be a bounded sequence in H®(RN) such that I,(u,) — ¢ in R and
I’ (up) — 0 in (H*(RN))Y. Then (un) has a convergent subsequence in H®(RN).
(ii) For any ¢ € R, there exist n,06,p > 0 such that ||I,(u)||[u]se > B for u €
I ([e = ny e +1)) with [u]s2 > p.
(iii) There exist p > 0,8 = B(p) > 0, and a1 = a1(p) > 0 such that if a € (0,a1), then
I.(u) > B for every u € H*(RN) satisfying [u]s2 = p.
(iv) There exists @ € H*(RN) with [i]so > p such that I,(@) < 0.

Proof. (i) By the reflexivity, up to a subsequence u, — u in H*(RN). We consider
the functional J(v) = [v]s.2, for v € H*(RY). From (2.9),

I (wn) (upn —w) = I (un) (un — ) + Ny (un) (un — ).
By the hypothesis,
(T (un)s tn = w)| < {125 (un)[[[un — uls 2 — 0, as n — oo.
Moreover, since N/ is compact (Proposition 2.4),
N (up)(uy —u) = 0, as n — 0o

Therefore,
J (un)(up —u) = 0, as n — oo.

Further, since u,, — u in H*(RY) and J € C'(H*(RY),R), we also have
J' () (uy —u) — 0.

Therefore,
[t — u]fQ = J (up)(tn, — u) — J'(u)(up —u) = 0,

as required.
(ii) Our proof adapts the arguments given in [4, Proposition 3.6]. On the contrary,
assume that (uy,) is a sequence in H*(RY) satisfying

I(un) = ¢, [unls2— o0, and |1 (uy)|/[un]ls2 — 0, asn— oco. (2.14)



Study of fractional semipositone problems on RY 455

Set w,, = [u:]"sa. Then [wy,]s 2 = 1, and by the reflexivity, up to a subsequence, w,, —= w
in H°(RYN).
Step 1. This step shows that w™ = 0 a.e. in RY. We consider the set
Q={zeR" :w(z)>0}.
On the contrary, we assume || > 0. Using (2.14),

[unE,Q - Nc,z(un)(un) = I(/z(un)(un) = 0.

Hence for each n € N, we have

1
1= T2 /gfa(un)un +eéen |, (215)
RN

[un]s,Q

where ¢, — 0 as n — 0o. From the compactness of H*(RY) < L? (RY) and by the
Egorov theorem, there exists € C Q with |Q;| > 0 such that (w,) converges to w
uniformly on Q7. Thus there exists n; € N such that for n > ni, w, > 0 and hence
upn, > 0 a.e. on Q. This implies that, for every n > nq, Q1 C QF, where

QF ={z e RY 1y, (z) > 0}.

From the definition of f,, fu(un)un = —au, > 0 on RN \ QF. Therefore, using (2.15)
and using the lower bound of f, in (2.8), for all n > n; we obtain

w1/
1> gfa(Un)un + €
[“n]%z A
2 Cum + n n
ZM/g 'an2 _ (Cu a)/gu N 52 (2.16)
[unlso  [unlsz2 [unls2  [unls s
QF Qf
C n
EM/gwgl_M/gwﬁ%.
[tn]s,2 [un}s,z
Q1 QF
Further,
/ gw;, — / guw®
Q o

(by Proposition 2.2) and

[ o< [ gun < (lollsl )

Qf RN
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We take the limit as n — oo in (2.16) and using [u,]s,2 — 00, to obtain

1> M/ng7 for arbitrarily large M > 0,

Q1

which is a contradiction. Thus, |Q| = 0.
Step 2. For a fixed n € N, we set

My = sup {1, (tw,) 1 0 <t < [uy]s0} .

Since the map t — I,(twy) is continuous on [0, [uy]s 2], there exists t,, € [0, [tn]s,2]
such that m, = I,(t,w,). First, we claim that m, — oo, as n — oo. Since the
sequence (uy) is unbounded, there exists ng € N so that for n > ng, [uy]s2 > M.
Hence by definition, m,, > I,(Mw,). Using the compactness of N, (Proposition 2.4)
and |©2] =0 (Step 1), we get

M2
lim I,(Mw,)=— — lim /gFa(Mwn)

n—00 2 n—00
RN
M2 2
:7—/gFa(Mw):—+aM gw
RN Qe

Since the quantity MTz + aM fQC gw is sufficiently large, we conclude that

I,(Mw,) — oo, as n — 00, and hence the claim holds. Next, for each n € N,

t% - [unE 2
Lﬁwm—gmm:——7—;+/Mam“_gmwwy (2.17)
RN
Set s, = [ut’f ~. Then s, € [0,1] and s,u, = t,w,. Clearly,

Fo(un(x)) = Fa(spun(z)) =0

whenever wu,(x) = 0. If u,(z) # 0, then for R > 0 given in (f2) we apply
[4, Proposition 3.3] to get

2
Fatn (@) = Falsntn (@) < =200 0) fuun2)) + C(R).
Therefore, (2.17) yields
2
Lo (thwy) — Io(un) < ITSH _[un]ig + /gunfa(un) + O(R)Hng
RN
st -1

= = Lo (un) (un) + C(R) g, -
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Hence, in view of (2.14), the sequence (I, (t,wy) — I4(uy)) is bounded. On the other
hand, individually (I,(u,)) is bounded (see (2.14)) and (I,(t,wy,)) is unbounded,
resulting in a contradiction. Therefore, such an unbounded sequence (u,) in (2.14)
does not exist.

(iii) Let € > 0 be such that eBg||g||% < %, where By is the best constant of (2.1).

Then using (2.5) and the embeddings H*(RN) < L7(RN,|g|) (Proposition 2.2) we get
ul2
= "5 [0 [ g o [ o
RN RN RN (218)
1 _
> ul2s (3 - Byl g - CZ5?) - aClla

where C' = C(f,g,N,s). Taking [u]ls2 = p, I,(u) > A(p) — aCp, where A(p) =
Cp?*(1 — C1p7~2) for some constants C,C; independent of a. Let p; be the first
nontrivial zero of A. For p < py, fix a1 € (0, %Z)) and = A(p) — a1Cp. Therefore,
using (2.18), I, (u) > j for every a € (0,a1).

(iv) We consider ¢ € C*(RY), ¢ > 0, and [¢] 2 = 1. For M, ¢ > 0, using (2.8) we get
Fo(t¢) > M(t¢)* — (até + C(M)).

Hence

Lt9) < 5 =M [90? ) +at [ g6+ OOl

RN RN

Choose M > (2 [p~ g¢2)_1. Then I,(t¢) — —oco, as t — oo, i.e., there exists t; > p
so that I,(t¢) < 0 for t > ¢;. Thus @ = t¢ with ¢ > ¢; is the required function. O

3. EXISTENCE, UNIFORM BOUNDEDNESS,
AND REGULARITY OF THE SOLUTIONS

In this section, we study the existence of solutions to (SP) and their various properties.
This section contains the proof of Theorem 1.1-1.2.

Proof of Theorem 1.1. Recall ay, 8,4 as given in (iii) and (iv) of Proposition 2.5. For
a € (0,a;) using Proposition 2.5 and the fact that []s2 is an equivalent norm in
H*(RY) (from (2.1)), we observe that all the properties of the mountain pass theorem
in [27, Theorem 2.1] are verified. Therefore, applying [27, Theorem 2.1] there exists
u, € H*(RY) satisfying
I.(ug) = inf max I,(y(s)) > B and I,(u,) =0, (3.1)
v€l's s€[0,1]
where '
Ty = {y €C([0,1], H*(R")) : v(0) = 0 and (1) = @} .
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Thus, u, is a nontrivial solution of (SP). First, we show that the set {/,(u,) : a €
(0,a1)} is uniformly bounded. Define 74 : [0,1] — H*(RY) by (s) = s@, where @ = t¢
for some t > ¢;. Clearly, ¥ € I'y and hence using (3.1) for a € (0, ay),

I, (ug) < max I,(3(s)) = max I,(sto). (3.2)

s€[0,1] s€[0,1]

Further, since F,(st¢) > M(st¢)? — aystgp — C(M) (see (2.8)), where M [oy g¢* > 1,
we get

1
I (stg) < Sl I M/ 2 t / M
srg[%’)i] (sto) < sren[zoiﬁ] s 3 9o~ | +star [ g+ C(M)|gll,

RN RN

< tay / g6 + C(M)|gll;.

RN

Thus from (3.2), it is evident that I,(u,) < C for all @ € (0,a1). Next, we prove
the existence of ay € (0,a1) such that the set {[uq]s,2 : @ € (0,a2)} is uniformly
bounded, i.e., [ug]s,2 < C for all a € (0,az2) and for some C. On the contrary, assume
that no such ay and C' exist. Then there exists a sequence (a,,) in (0, a;), such that
an — 0, and [u,, |52 — 00, as n — oo. Observe that I, (u,,) = 0 for each n € N, and
up to a subsequence, I, (u,, ) — ¢ in R. Set w,, = uq, [ua];é Suppose w,, — w
in H*(R"). Now using the convergence N,, (w,,) — No(w) (by Proposition 2.4(i)),
we can proceed with the same arguments as given in the proof of Proposition 2.5(ii)
(with a replaced by a,) to get the following contradiction:

la, (ta, wa,) < C(R)glly + Lo, (ta,), Vn€EN,

and
I, (ta, w,,) — 00, as n — oo.

Thus there exists C' such that [u,]s2 < C for all @ € (0,az). Therefore, (u,) is
uniformly bounded in H*(RY). O

Now we discuss the regularity of the mountain pass solution u,. Before proceeding
to the proof of Theorem 1.2, we recall a result in [24, Theorem 1.1], where the author
provided a sufficient condition for Holder regularity of weak solutions to a class of
nonlocal equations. To state the result, we define the following spaces:

|u(z)]|
L%S(RN) =que Llloc(RN) : /MWS dz <oo o,
RN
%
$,2/mp Ny . 2 Ny . (u(z) — u(y))2
WZOC(R )— UGLlOC(R ) (K//Wsdxdy < 0 3
XK

where K C RY is any relatively compact open set.
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Proposition 3.1. Let s € (0,1) and N > 2s. Let h € L{ (RYN) for q > % Assume

loc
that uw € W52 (RN) N LY (RN) is a weak solution of the equation (—A)*u = h in RV,
Then u € Cy2*(RN) for o € (0, min{2s — %, 1}).

Proof of Theorem 1.2. Let ag be as given in Theorem 1.1 and a € (0, az). For 7 > 0,
we consider the truncation function u, € L>(R") associated with u,, defined as

ur = max{—7, min{u,, 7}}.

For r > 2, set ¢ = ug|u,|" 2. Clearly, ¢ € L®°(RN) N H*(RY). Taking ¢ as a test
function in the weak formulation of u,, we have

[ )= @ e O 4y,

|z — y|N+2s
RN xRN (3.3)
- / 9(5) fu () 1a () 1 ()72 .
J

We use [22, Lemma 3.1] and the embedding (2.1) to estimate the L.H.S of (3.3) as

R GG T i TR e P

o =y

RN xRN

4(r—1 Ua () Jur ()] 271 — ug Ur 31
> oy [ Gl e o,

RN xRN

v
o %‘N

> o) | [ fpa@ur s
RN

23
dx

Hence from (3.3) we get for every 7 > 0 that

2

r2

[ I @lE e | < G000 [t

RN RN

Letting 7 — oo the monotone convergence theorem yields
2
25 2

/Iua(w)I% de | = ﬁC(N, S)/g(x)Ifa(ua)llua(x)l“ldx~ (34)

RN RN

Step 1. In this step, for 1y = 2* + 1, we show that |ug|™ € LQTS(RN) and there
exists C such that [||ug|™||2x < C for all a € (0,az). Let € > 0. Using the growth
=

condition (f1), for every a < ag, we have |f,(us)| < C + €|ug|? 1, where C' = C(e, as)
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20 2 .
5, 2&—_2) and uniform
boundedness of (ug) in H*(RY) (from Theorem 1.1), we have the following estimates

for all a € (0, a2):

(see (2.7)). Applying Holder’s inequality with the conjugate pair (

. 9
[ s@lua(@) ds < gl s,y < Clolc
RN
2
23
* * 2*72 g *
/g(m)|ua(x)|25 ug(z) >t do < gl || ua Ho®mN) /|ua(a:)| £ (214D 4y
RN RN
2
2
2% o«
<Clle | [la@FE 0 az|
RN
where C' does not depend on a and e. Hence (3.4) yields
2
/ [ua ()| F 7 do
RN
2 (3.5)
2 . 2
< g Clale | Clean +e | [ @ ar
RN
Now we choose € such that
2
1 1
—C —.
Therefore, from (3.5), there exists C such that
2
23
S f@iEra) < el vee @), Go)
5 Ua T €T > s a ,a2). .
2 Ay — 1) 1l 2

RN
Thus the set {|ug|™ : a € (0,a2)} is uniformly bounded in LQTS(}RN).

Step 2. In this step, we obtain the uniform L*° bound of (u,). Using (2.5) and (3.4),
for r > r1 we have

/ 1a()
RN
2

C(N,s, f, az)/g(x)(l + |uq(x) o

520 dx

(3.7)

= 4(r—1)
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Set mp; = % and my (=1 — 1 — my. Observe that m; < 2% whenever r > ry.
Applying Young’s inequality with ( , 2*2* ) we have the following estimate:

r—1 m1 mo 27 2: _ 2i = *j:r?
e e e e T '
2x 2%
where we can verify 5= = 27 — 24 r. Hence, by Theorem 1.1,
y 2 Yy

28 —24r dx

JIZCIETE / @) et [ uate)
RN RN RN

HS(RN) /|“a($)|2:_2+r dz
RN

<C 1—|—/\ua(m)|2:—2‘”dx ,

where C' does not depend on a. Therefore, from (3.7) we obtain the following estimate:

1+ /|ua(a:) 32
RN

L
< r7 (Clgll )7 1+/\u

2
2% (r—2)

27 —2+4r dz

)

where C' = C(N, s, f,a2). We consider the sequence (r;) defined as follows:

2% 2%

7‘122:4—1,7"2:24—?3(7“1—2) 7"]+1—2+2(j—2).

*\J
Notice that 2} — 24141 = 2 Srjand iy —2 = (27) (r1 —2). Then (3.8) yields

1+/|ua 2 4y

< (rj+1Cllglle) 1Jr/|ua 1 de
RN

2
25(rj+1-2)

2
25(rj=2)

Set

2
=
25 (rj—2)

D; = 1+/|ua rfdo:
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We iterate the above inequality to get
j+1 1 Jtl 1
Dj+1 < CZk:2 Tk 2 < 7‘,:’“72 Dy, (39)
k=2

where C = C(N, s, f,g,a2). Using (3.6) of Step 1, D; < C for some C independent
of a. Moreover,

25ri i ! TAJ+12
Dy > / ta(2) F de = el 77,
RN L™ (RN)
Therefore, from (3.9) it is evident that
EES 41 J+1
luall %25 < CXila ) C, Vae (0,a2). (3.10)
TRY) k=2

By noting that 7; — oo as j — 0o, we use the above estimate and the interpolation
arguments to get u, € L"(RY) for any r € [27,00), and |u,|, < C(r,N,s, f,g,a2)
for all a € (0, az). Furthermore,

=Ty — 2 2s(2r — 2)

o 2 22 -2)\*
kl;[grkk = exp <(22 DY log (2 ( 5 .

Thus taking the limit as j — oo in (3.10), we conclude that ||u,|., < C(N,s, f,g,a2)
for all a € (0, az).
Step 3. This step verifies the continuity of u,. Now, u, € L®(RY) C LI (RM).

For ¢q > év—s,

and

/(gfa(ua))q < C/gq(l + [ua| %709 < Cllg 201 + ua| V) < €, Va e (0,as).
RN RN

Further, using Proposition 2.1, H*(RN) < L? (RY), and hence from the character-

ization of H*(RN), H*(RN) < W2(RN). Therefore, applying Proposition 3.1 we

loc

conclude that u, € C%(RY) for o € (0, min{2s — %, 1}). In particular, u, € C(RY)

loc

for all @ € (0,az). This completes the proof. O
Next, we prove a uniform lower bound for (u,) in L (RY).

Proposition 3.2. Let f,g,a2,u, be as given in Theorem 1.2. Then there exist
as € (0,a2) and By > 0 such that ||ug|| ., > B, for all a € (0,az).
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Proof. By the definition, F,,(t) > —alt|, for all ¢ € R. For § as given in Proposition 2.5
we see that I,(u,) > B, for all a € (0,az). Hence using the uniform boundedness
of (u,) in H*(RY) (Theorem 1.1), we get for all a < as,

[ua]g,z
2

— 1)+ [oRau) 2 9 —a [olual 2 a0 (lglloly )

RN RN

Choose 0 < Gy < min {501 (||g||1||g||2£)7 ,ag}. Then

[a]? 2 :

2

Hence using | f,(uq)| < C(1+ |ug|? ') and the fact that u, € L=(RY) (Theorem 1.2),
we get

2

> =B =0 (gl gl )" >0, Vae(0,a).

1 *
80 < 5 [ alfutua)ual < Clgly (ol + o).

RN

where C' does not depend on a. Therefore, there exists 31 > 0 such that |lu,| . > 51,
for all a € (0, az). O

4. POSITIVITY OF THE SOLUTIONS

This section contains the proof of Theorem 1.3. Afterwards, we give an example of
a function satisfying all the hypotheses in this paper. The idea of our proof for the
positivity of solutions is motivated by [1, Theorem 1.1] (also, see [4, Theorem 4.14]).

Proof of Theorem 1.3. (i) For dy as in Proposition 3.2, take az € (0,dz). Let (ay)
be a sequence in (0, ag) such that a, — 0 as n — co. We aim to show that u,, is
nonnegative on RY for large n. By Theorem 1.1, u,, € H? (RY) is a mountain pass
solution of (SP), such that the following hold (up to a subsequence):

I, (uq4,) =0, for each n €N, I, (uqa,) — ¢, as n — oo, and [Jug, ||, , < C. (4.1)

Therefore, (ug,) is a bounded Palais-Smale sequence in H*(RY). For brevity, we
denote the sequence (uq, ) by (up). Since I, satisfies the Cerami condition, using the
same arguments as in Proposition 2.5(i) (replacing a by a, ), we obtain that (up to
a subsequence) u,, — @ in H*(RY), and u,(z) — @(z) a.e. in RN. We split the rest of
our proof into two steps. In the first step, we prove that @ is nonnegative and (u,,)
converges uniformly to % on RY. In the second step, we obtain the non-negativity of ,,.

Step 1. We consider the following function:

itt >0
o= Gz
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Since a,, — 0 in Rt and u,, — @ in H*(RY), using (ii) of Proposition 2.4 it follows
that

lim / 9(2) o, () () i = / o(@) fol@)é(x) dz, Vo € H*(RY).

n—oo
RN RN

So we have the following identity for every ¢ € H*(RYN):

D(6(a) = o)
// Ix - yIN“é ey
RN xRN
= ot // Ir*y\N”S dody
RN xRN
= Jin [ g(@)fo, (0n)6()dz = [ g(o) fol@)o(e) d,
RN RN

Therefore, 4 satisfies the following equation weakly:

(=A)*u = g(z) fo(u) in RV, (4.2)
Since |z|?*~¥ is a fundamental solution of (—A)* (see [29, Theorem 5]), we get
a(z) = O(N, s)/W dy >0 ae. in RV, (4.3)
RN

Further, using the similar set of arguments as given in Theorem 1.2, we see that
@ € L®(RY) N C(RY). Moreover, since u, is a solution of (SP), we also have

Up () :C(N,s)/Wdy a.e. in RV, (4.4)

Using (4.3) and (4.4) we estimate |u,, — @] as follows:

|un<x>—a<x>|<c<N7s>< | oty el R,

Bl (m)

(4.5)

+ / 9(y) |z — y[N-2s
RN\ B (z)

[fan (0 (9)) ~ fo(a(y))] dy)
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Take 1 < § < %% Applying Holder’s inequality with the conjugate pair (4,0")
we estimate the first integral of (4.5) as

/ g(y) |fan (un(y)) — fO(a(y))l dy

o — gV

Bl(z)

1
57

=

) , ) ,
< /|xy|<N2S>5dy /g(y)‘s | fa, (un(y)) = fola(y))]” dy

By () B ()

We calculate

1 erl
/ p;_mUV—m*dyWN/MdTSC(N)
Bi(zx) 0

We show that the second integral of the above inequality converges to zero. Observe that

[Fan () = fol@()|” < 27" (aff + [folun(y) = @) ), (46)

where using (2.6) and the uniform boundedness of the mountain pass solution
in L>°(RY) (Theorem 1.2), we get

[folun(®)) = fol@))” < 027 (1 + un (y)| D% + Ja(y)| D) < C.

Moreover, fo(un(y)) — fo(d(y) and a,, — 0 as n — oo. Therefore, by the dominated
convergence theorem,

/ 9% (@ + | folun () — fol@())|*) dy — 0.

Bl(JL’)

Hence using (4.6) and the generalized dominated convergence theorem, we con-
clude that

| 907 1 (0n0)) = S dy =50, a1 > .
Bi(z)
Next, the second integral of (4.5) has the following bound:

oty Lol LB 4y < [ 1ol ~ Folat))]

RN\B; (x) RN\B; (x)

Again by the generalized dominated convergence theorem,

I fan (un(y)) — fola(y))| — 0.

RN\B; (x)
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Therefore, (4.5) yields u,, — @ in L>(RY) as n — oo. Thus (u,) converges uniformly
to @ on RY.

Step 2. Now @ € C(RY) N L (RY) is a non-negative function and satisfies (—A)*@ > 0
in the weak sense in RY (from (4.2)). Suppose @(zg) = 0 for some z¢ € RY. Since @
satisfies all the properties of the strong maximum principle [20, Proposition 5.2.1],
we conclude that @ vanishes identically on RY. Further, from the uniform lower
bound of (u,) in Proposition 3.2 and the uniform convergence of u, — @ (Step 1),
there exists 82 > 0 such that ||@l| ., > B2, a contradiction. Thus @ # 0 on RY
and [20, Proposition 5.2.1] yields @ > 0 on RY. Therefore, again from the uniform
convergence of (u,), there exists ny € N such that for all n > ny, u,, > 0 on RV,

(ii) For a sequence (a,) given in (i), we show u,, (denoted by u,) is positive
on RY for large n. For each n € N, since f,, is locally Lipschitz (from (f3)) and
0 < up, @ < C, we have |f,, (un(y)) — fa, (@(y))| < M|u,(y) — t(y)| for some M > 0.
For z € RN \ {0}, using (4.3) and (4.4) we write

ala . 9(y)|un(y) — aly)] u 9(y)
() — 5(z)| < C(N. ) MR[ )y / et

Since g satisfies (g1), from the above inequality and Step 1 we get

10(0) = (o) < CON.8) (Mt = ]+ )
Hence
sup  {|#|V " |up(z) — a(z)|} — 0, as n — oo. (4.7)

z€RN\{0}

Now we show that lim |z|N~2%4(z) > 0. Using (4.3) we get

|z]| =00

lim |{ZZ|N72S7.~L(.T) _ C(N, 5) lim g(y)fO(ﬂ(y)”m‘Nizs dy

|| — o0 |z|—o00 |$ - y‘N—Zs
“ (4.8)
. 9(y) foli(y)) |V 2 '
> C(N 1 d
= ( 35) \m\linoo ‘Z‘—y‘N_QS Y,
Br

for any R > 0. Choose R > 0 arbitrarily. Then there exists x € RY such that
|z| > 2R + 1. Hence

o =y N2 >l = |yl[V 2 2 laf = RV 2 227N (14 )N, for y € B

Using the above estimate, for y € Br we get

m T N-—-2s
g(y)fi( (;12'2' < 2% g(y) fo(a(y)).
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Further,
9(y) fo(@)|z[¥ %

o — 4V

= 9(y) fo(@) ae. in B,
as |x| = oo. Therefore, the dominated convergence theorem yields

m xN72s
Jim g(y)lf;)(_(;/)]\)ll_% dy = / 9(y) fo(a(y)) dy.
B

R Br

Hence from (4.8) we conclude that

lim |2[¥~2a(x) > C(N,s) / o(v) folaly)) dy.

|| —o0
Br
Letting R — oo and applying the Fatou’s lemma,

‘xlliinoo|x|N_25ﬁ(x) > C(N,s) /g(y)fo(ﬂ(y))dy-
RN

Further, using (4.3) and @ > 0 on R¥ | it follows that gfo(@) = 0 on RY. Hence,

‘ llim |2V 25 1(z) > 0.
xT|—00

Therefore, from (4.7) there exists no € N and R >> 1 such that for n > ng, u, >0
on B%. Moreover, since @ € C(RN)7 there exists n > 0 such that @ > n on Bg.
Therefore, from the uniform convergence of (u,) (in Step 1), there exists nzg € N such
that for n > ng3, u, > 0 on Bg. Thus, by choosing n4 = max{ns, n3}, we see that for

n > N4, U, > 0 on RY. This completes the proof. O
Example 4.1. Let s € (0,1) and N > 2s. For R > 0, we consider the following

functions:

) = 20001+ o), Tor t € R, glo) = O ory € BY,

T+ [y

(i) We can verify that f satisfies (f1)-(f3) and (f1).
(ii) Clearly g € LY(RY)NL>(RY). We show that g satisfies (g1). For x € R\ {0}, split

9(y) 9(y) / 9(y)
———dy = ————d ——————dy.
/ iz — y|N-2s Y / [z — y|N-25 y+ iz — y|N-2s Y
Ry |o—y|>15! |o—y|<l5!
The first integral has the following bound:

N—-2s
9y 2
/ x_;vz/_gsdy < (|$> llgll; -

| ]

|:c—y\2 2



468

Nirjan Biswas

x|

Now consider the case |z — y| < ‘7 Set z = x —y. Then |x — z| > ||z]| — |2|| > %
and hence |z — z| > |z|. Using the fact that g(y) < ¢g(5) and g(y) < g(z) we obtain

/ |_g(y) dy < / (9(5)9(=)*

y‘N72s |Z‘N72s
lo—y|<1gl l2|< gl
<2N72SXBR(O)(%) / dz
SRR S TR
R

N-2s a 2s—1
2 e
<|— N _
~ <$|> W( )/ (1+7“)N725 dr
0

(Q)N_QS o),

||

for some constant C'(N). Here w(NN) is the measure of B;(0) in RY. Therefore,

N—2s
N
21 / < Cla)

for x € RV \ {0}.
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