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ABSTRACT. We discuss some basic properties of the eigenfunctions of a class
of mixed local and nonlocal operators whose prototype is

~Apu— (~Ap)"u = AP,

for any summability exponent p € (1,00) and any differentiability order s €
(0, 1).

1. INTRODUCTION

In these notes we investigate some basic properties of the eigenfunctions related
to a class of mixed local and nonlocal equations. Let Q C RY be a bounded domain.
For any p € (1,00), s € (0,1), and any A > 0, we consider the following equation,
(1.1) —div V H(z, Vu) — Lru = Au’ *u in Q.

Above, the integro-differential operator Lx of order (s,p) given by
(12)  Lrxu():=P.V. [ K(z,y)u(z) —u@y)"*(u(z) —uy)dy, =€,
RN
is driven by its measurable kernel K : RY x RY — [0, c0) satisfying the following
assumptions

K(x,y) = K(y,x) for a.e. z,y € RY,
(1.3) K kA

— < K(z,y) < ————

|z — M TPA ) | — VP

where A > 0 and « € (0, 1] are fixed constants.

The Carathéodory function H : Q x RY — RT satisfies the following assumptions

2z H(z,z) is C' and convex;
H(z,tz) = [t|PH(z, 2) for any t € R, (z,2) € Q x RY,

for a.e. z,y € RV,

(1.4)

for a fixed constant A > 0, as above.
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Mixed local and nonlocal equations are a subject of largely growing interest.
Basically, the main object under investigation is an elliptic operator that combines
two different orders of differentiation, the simplest model case being —A + (—A)%.
As expected, the simultaneous presence of a leading local operator and a lower order
fractional one does constitute the essence of the matter. Despite its very recent
history, the related literature is really too wide to attempt any comprehensive list
of references here. We would like to mention only the very interesting results in the
recent papers [2,[5/7,|{11H13,|16], since those are focused on the same topic we are
dealing with; that is, properties of eigenvalues of some mixed-type operators. See
also the references therein.

In view of the assumptions in . the natural setting is the family X P
of functions given by

XpP(Q) = {u e WHP(RN) tuq € WyP(), u=0a.e in RN\ Q};

compare also with [4, Section 1]. We immediately notice that for any u € X(l)’p ()

— as one can check in [10, Lemma 2.3] — the following inequality does hold,
[ulwsw@yy S VullLr )

In the display above we denoted by [']Ws,p(RN) the standard Gagliardo seminorm;

see [8] and the references therein for the basics on fractional Sobolev spaces.

We now need to recall the natural definition of weak solutions to (L.1)), by also
providing the related definition of eigenvalues and eigenfunctions.

Definition 1.1. For any p € (1,00), for any s € (0,1), and for A\ > 0, we say
that u € X3P () is a weak solution to (1)) if it satisfies

[ [ Kl - )= (u) - uw) (6(e) - 6()) dody
RN JRN
(1.5) +1 /Q (V. H(z,Vu), Vo(x)) dz = A /Q lu(z) [P *u(z)p(x) dz,

p
for any ¢ € X;P(Q).
A number X > 0 is called mixed eigenvalue if there exists a non-trivial weak
solution u € Xé’p(Q) to (1.1). In such a case, the function w is called mixed
eigenfunction associated with A.

As in the classical framework when the leading operator is the p-Laplacian one
(the fractional p-Laplacian operator, respectively), mixed eigenfunctions are re-
lated to the problem of minimizing, among all functions ¢ € Xé’p (Q), the related
(mized) Rayleigh quotient Rmix,

(1.6) Runin (@) 1= S0 £ E(9)

1617, oy

)

where the energy functionals i (+) and £3(-) are defined as follows

(1.7 o= / K@, )l0(2) - 6(p)]” dudy,

and

(1.8) En(o) :Z/Q”H(I,Vqﬁ)dx
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Our main result stated below responds to a natural question and it is in clear
accordance with both the classical nonlinear counterpart and the nonlocal counter-
part.

Theorem 1.2. Let p € (1,00), s € (0,1). Assume that the variational problem

(1.9) Al ,(Q) = min  Ryix(e)
’ $€Xy " ()

admits at least one solution, with Rumix being defined in (1.6), and let u € Xé’p(ﬂ)
be a mized eigenfunction associated with A such that u > 0 in Q. Then, under (1.3)

and (1.4), it holds
(1.10) A= AT ,(9Q).

The proof will extend to the mixed framework the one presented in the purely
fractional framework in [9] and the one firstly described in the purely local frame-
work in [3], which relies on the convexity of the involved (semi)norms along suitable
curves connecting pairs of functions. For pioneering important results in this di-
rection, it is worth mentioning the relevant paper [1]. We notice that, because of
the chosen strategy, no regularity assumptions are needed on the weak solutions
to , whose boundedness is proven via a suitable iteration based on a (mixed)
energy estimates.

We conclude this section by noticing that in the pure fractional case one can
also deduce that the positive fractional eigenfunctions corresponding to A{ ,(€2) are
proportional, via the convexity mentioned above. This is done in Theorem 4.2 in [9]
by using the very definition of the Gagliardo seminorms. The same strategy cannot
be plainly applied in the mixed framework here. For this, we refer the reader to
the very interesting paper |11], where it has been pointed out that a related result
for sequences can be achieved via the inverse iteration method; see in particular
Theorem 2.7 there.

Outline of the paper. The paper is organized as follows. In Section [2] we prove
that weak solutions to (1.1]) are globally bounded. Sectionis devoted to the proof
of Theorem [L.2]
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2. CACCIOPPOLI AND BOUNDEDNESS ESTIMATES

This section is devoted to establish some local and global estimates for mixed
eigenvalues. In particular, we state and prove a mixed Caccioppoli-type inequality
together with a global boundedness for weak solutions to . For the sake of the
reader, notice that the tailored Caccioppoli-type estimate presented in Theorem [2.1
below is not needed in the proof of our main result in Theorem [I.2] However, we
believe that it could be valuable for future developments especially in the nonlinear
case. For more general Caccioppoli-type inequalities in the mixed local nonlocal
scenario, we refer to [4, Sections 4-5].

Before going into the proofs, we need some further notation. Indeed, together
with the regularity and homogeneity properties in (|1.4), a natural p-growth as-
sumption will be required; that is,

1) A7 2P < H(x,2) < Alz|P for (z,2) € Q x RY;
‘ V. H(x, 2)| < Alz]P~ for (z,2) € Q@ x RV.

Moreover, in order to lightening a bit the notation, we will denote with

Alu(e),uly) = Julx) — um)”> (u@) — u(y))

also, in order to control the growth of a function at infinity, we recall the definition
of the nonlocal tail of a function u with respect to a ball B,.(xo),

. @l T
Tail(u; zg,r) := rSp/ —— e dy :
RN\ B, () |T0 — Y[V TP

as firstly introduced in [6].

The first main result in the present section is the following Caccioppoli-type
estimate for weak solutions to (1.1f).

Theorem 2.1. Let p € (1,00), s € (0,1), and let v € XyP() be a weak solution
to (L.1). Then, for any m > 0 and any B,(x¢) € B.(z0) € Q, it holds

/ / K (2, 9)[o(z) — ()| dady
{v>m}NB,(xzg) J{v>m}NB,y(xo)

—|—/ |Vol? dz
{v>m}NB,(xo)

NT il _ . p—1
(2.2) o T Tai ((v m])VJ:L,S:vo,r) / (v —m), da
(r—o)Ntsp {v>m}NB,(z0)

C
—|—7/ (v—m)E do + c)\/ [v|P dz ,
(1= 0)? J B, (20)~ B, (z0) * {v>m}NB, (o)

where ¢ > 0 depends only on n,p,s, 2, A and k.

Proof. Fix a smooth function ¢ € C§°(B, (), with 7 := o+ 272(r — 0) such
that ¢ = 1 on By(zo) and |Vy| < 1/(r — 0). For any m > 0, choose in the weak
formulation (1.5]) the test function ¢ defined as ¢ = (v — m)YP =: vV, YP.
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This yields

p=2 P(z) dx
A / (@) 20(@)omy? () d

_! / (V. H (2, Vo), V(00" () dz

PJa
+ / A(v(@), v(y)) (v ¥? (z) — v ? (y)) K (z, y) dzdy
RN JRN

(2.3) =: 11 + I,.

We separately estimate the integrals on the right-hand side in (2.3). We be-
gin by estimating the local contribution given by the integral Z;; we get, by the
homogeneity of H(-) and Young’s Inequality that

1
T = B/(VZH(JJ,VU,VU"L>¢Z7 dx
Q

+f (V- H(z, T2, T~ o
B (20)\Bo(xo)

2 ' /H(z,Vum)w” dx

Q

1 c
- L Fonly? - U;) A
/Br(m\Bg(xo) (2 | (r— o)

1
*/ |Vol? dz
2 J{w>m}nB,(wo)

C
—_— (v—m)t dz,
(r—o)P /Br(xo)\Bg(ﬂco) "

where we have made the substitution below (compare with [14, Lemma 1.19]),
Vv on {v>m},
VU, =
0 on{v<m}.

Let us focus now on Zy. We have that
o= [ A o) (o @) e ) K ) dady
r(Zo (o
+2

/ [ A0, o) 0ne) @)K ) dsdy
RN\B,(z0) J Br(x0)

:
= / / Kz, y)|o(x) - ()" dedy
{v>m}NB,(xz0) J{v>m}INB,y(xo)

NTail _ . p—1
Do~ ory™ [ (v~ m). de
(r—o)N+tsp {v>m}NB, (z0)
o
- (v —m)k d=,
(T - Q)p B, (20)\B,(zo) "
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where we have estimated the nonlocal contribution by following the same approach
used in the purely nonlinear fractional framework in |6, Theorem 1.4] and recalling
that

|z — 2o <7

M < 14 sup sup S .
v supp(¥) 1T — Y YERN\ B, (20) 2€ B, (z0) [Y — To| — 2o — x| T r—p

As for the left-hand side in (2.3)), we have that, on the level set {v > m} N B,(x),
it holds

—2
/{v>m}mB (z0) (@)l v@)umy?(z) dv < /\||U‘|ip({v>m}ﬁBr(xo))'

Combining all the previous estimates in ([2.3]), we finally arrive to the desired re-

sult in (2.2). O

We now turn to the proof of the global boundedness of the mixed eigenfunctions.
The proof below follows the strategy in the standard elliptic regularity theory and it
involves a classical iterative scheme together with a (fractional) Sobolev embedding
theorem.

Theorem 2.2. Let p € (1,00), s € (0,1), and let v € X{P() be a weak solution
to (1.1). Then, v € L=(RY).

Proof. With no loss of generality we assume sp < n. If the reverse inequality
holds true then by Morrey-Sobolev embedding [8, Theorem 8.2] the theorem plainly
follows. Moreover, once we get the result in the case when sp < n, the borderline
case when sp = n will follows in a similar fashion by rearranging the exponents;
see, e. g., the last part of the proof of Theorem 1.1 in [15].

We first remark that the desired result will follow once proved that
(2.4) ||U+||L°°(RN) <1 if ||U+||LP(RN) <9,
where § > 0 will be fixed later on. Fix now m € N and define

Wy 1= (v -(1- 277”))

4
Note that the following inequalities hold true:

(2.5) Wma1() < wp(z), a.e in RY,

and

(2.6) v(z) < (2™ = Dwp(x), for z € {wpy1 > 0},
as well as the following inclusions

(2.7) {Wma1 > 0} C {wp > 27D for all m € N,

Now, observe that the desired global boundedness will follow once we estimate Y,,, :=
||wm||ip(RN). For this, we firstly apply the fractional Sobolev inequality [8, Theo-

rem 6.5] — recall that we denoted by p* := np/(n—sp) the fractional critical Sobolev
exponent — and then we can estimate as follows via (1.3)), (1.4]) and (2.1),

P
*

/ wﬁ;l dx
{w”rn«l»l >0}
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fg/gNjéN.A«mxxlmx»(wm+1@»-—wm+1@n)dwdy

o —y[ N
<o [ A0 (Emia(a) —omia 1)) )ty
L
: C/RN o (@) (@) (i 1(@) = w1 (1) ) K () dady

+ 7/ (V. H(z,Vv),Vv)dz
p {wm+1>0}ﬂ§l

15

c/ lv(x) [P %0(2) w1 () da
{wm41>0}

E3-E9
< (2™t -1ty

where we have also used that
o@) = o) P (v(@) = v(®)) (€ms1(2) = mi1(9)) 2 [wmi1(@) = W2 ()]s

see for example |9, Formula (14)].

Moreover, an application of Hoélder’s Inequality (with p*/p and n/sp) yields

spP
||Wm+1||1[),p({wm+1>o}) < me-‘rl||1£p*({wm+1>o})|{wm+l > 0} ™.

Finally, by Chebyshev’s Inequality we get
€3.e3

Hwme1 >0 — < Hwm > 27 MY < op(m+Dy,

All in all, we obtain

(2.8) Vg1 < eA(2PUnHDy, 1+ < omy 18,
which will permit us to apply the classical iteration scheme in order to get
(2.9) lim Y, =0,

m— o0

once we note that
_ L
Yo = [[o4l, < CF% = o7,

Finally, since Y, converges to (u — 1) pointwise a.e., we can deduce that condi-
tion (2.9) implies the desired boundedness estimate in (2.4)). O

3. UNIQUENESS OF MIXED EIGENFUNCTIONS

This section is devoted to the proof of Theorem [I.2} The proof combines to-
gether the convexity property along geodesics of both the local part, see [3], and
the nonlocal one, see [9]. It is worth noticing that a different proof of the result
presented here in a general linear setting under mixed Dirichlet/Neumann bound-
ary conditions can be found, amongst other related interesting results, in the very
recent paper [12]; see, in particular, Section 3 there.
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Before going straight into the proof of our main results we can see that minimizers
of the Rayleigh quotient Rix in (1.6) are nonnegative functions. Indeed, if one
considers a minimizer u, it is sufficient to observe that the following inequality,

u(y) —u(@)| = |luw)] - u(@)]].

is strict at almost all points x,y such where u(z)u(y) < 0, and that when consider-
ing @ := |u|, in view the homogeneity in the z-variable of H, one has that H(x, Vi) =
H(x, Vu) almost everywhere.

We now focus on the proof of our main result. Let us introduce, for any func-
tion ¢g, ¢1 and for any t € [0, 1], the quantity oy given by

1

(3.1) ou(w) = (1= H)so(2)” + tén(2)?) .
We would need the following helpful lemmata.
Lemma 3.1 (Lemma 2.1 — [3]). Let @ C RN be an open set, p > 1, and let Ey be

the functional defined in (1.8) with H : Q x RN — R, being a measurable function
such that

2z H(z,z) is convex and positively homogeneous of degree p, i. e.
H(x,tz) = tPH (2, 2) for any t >0, (z,2) € Q x RV,

Then, for every nonnegative ¢g, p1 € WHP(Q), such that E4(¢;) < oo, fori=0,1,
for oy defined as in (3.1), the function &y satisfies

(3.2) Exl(o(z)) < (1 —t)Ex(do) +tEn (1), Vte|0,1].

Lemma 3.2 (Lemma 4.1 — [9]). Let Q C RY be an open set, p € (1,00), s € (0,1),
and let Ex be the functional defined in (L.7)). Then, for every nonnegative ¢g, 1 €
X(l)p(Q) and for oy defined as in (3.1)), the function Ex satisfies

(3.3) Ex(op(x)) < (1 —t)Ek (o) +tEK(¢1), VYt €[0,1].

We are now in the position to prove Theorem [I.2}

Proof of Theorem L2 Let v € Xy?(Q) be a strictly positive weak solution
to (L.1). Without loss of generality let us assume that [|v]|, g~y = 1. Consider a
solution u to the minimization problem (1.9) with [lul|, g~y = 1. Denote with

Ue 1= U+ €, vei=v+e, Vegl,
and with of the function (3.1)) with ¢g = v. and ¢1 = ue.

By Lemma and Lemma t — 0% is a curve belonging to Xé’p (Q) along
which the energy £ in (1.8) and £k in (1.7) is convex. Thus, by testing (1.5
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with ¢ = v, we get
5K<of>— /‘ K(z,y)[o(z) — v(y)|" dzdy
RN JRN
+ & (o) — / H(z,Vv)da
Q

= exloi) = [ [ K@plola) = o)l dedy

1
+Ex(0f) — E/(VZH(:E,Vv),Vw dz
Q

IN

t(é’K(u) + Eplu) — Ex(v) — 5H(u))
(3.4) - t(A;p(Q) - A), vte[0,1], e < 1

above we have used respectively (3.2)), (3.3]), and the fact that v is a weak solution
to (1.1)) and u a minimizer of (|1.9).

Now, in virtue of the convexity of 7+ |7|”, we obtain that
o7 () = of (W) — |oG(x) — oG (y)[”
(3.5) > plof(@) - i ()P (oh(2) - o5(v))
x (05 (2) = o (v) — ob(@) — 7i(v)

where we have denoted by of = v.. As for the local term, recalling the convexity
of H(x,-), we get

Eﬂ(af)—/ﬂ’i-[(x7Vv)dx

= [ H(z,Voi)dx — | H(z,Vo§)dx
o Q

(3.6) > /(VZ’H(JS,Vcr(E)),V(UtE —o0g)) dz.
Q
Then, inserting (3.5)) and (3.6)) in (3.4)), it yields

<VZH(33,VUS), V"tt_v”> dz

61 N@-az [

Q
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Since the function 0§ —v. belongs to X(l)’p (Q), we can plug it as test function in (1.5),
so that from (3.7 we get

(3.8) 1p() = A > p)\/ v(x)plw_%(x))dx.

Q t

1
Note also that by the concavity of the map 7 — |7|?, we have that

M > v(x)p_l(“(w) - “(x))’

which belongs to L'(Q2). Then, we can apply Fatou’s Lemma on the left-hand side

in to get
)\/Q (%)p (us(x)p — vs(x)p) dz

L (F@) — (@)
< pAliminf [ v(z)P 7' — £~
t—0+ Q t

v(x)P?

de < A7,(9) - A,

for any € < 1 since

4
dt

e _1 4 p P
o7 () = ol (@) (el — vefa)?).

Now, since v > 0 we have that supp(v) = 2, by the Dominated Convergence
theorem, for ¢ — 07 we get

0= )\/ (u(:z:)p fv(os)p) dz < A3, () = A,
Q
by the normalization of the LP-norm of v and v. Thus,

A <AL (),

t=0

and the reverse inequality holds true being A7 ,(£2) the least possible mixed eigen-
value. g
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