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DIRECT METHODS FOR A DUAL TEMPERED FRACTIONAL
PARABOLIC PROBLEM

Yuxia Guo, YICHEN Hu, AND SHAOLONG PENG

Abstract: In this paper, we consider the dual tempered fractional parabolic problem
A u(z,t) — (A + p)Tu(a,t) = f(t,u(z,1), QxR,

where Q may be R or R} := {z € R" | z1 > 0}, s € (0,1), a € (0,2), and p is a sufficiently small
positive constant. We prove that the positive solutions are strictly increasing in the x; direction
without assuming the solutions to be bounded. We will introduce two methods for dealing with
the above dual tempered fractional parabolic problem: the method of moving planes and sliding
methods. Unlike previous articles, we investigate the problems that involve both the fractional time
derivative 97 and the tempered fractional Laplacian —(A + p)%. First, by establishing the narrow
region principle and averaging effects for the dual tempered fractional parabolic operators 95 — (A +
p)%7 and then developing the direct moving planes to derive the monotonicity of solutions for the
dual tempered fractional parabolic problem in R} x R. Second, by establishing mazimum principles
in unbounded open sets for problems involving dual tempered fractional parabolic operators, we
develop direct sliding methods for the tempered fractional parabolic problem, and derive the one-
dimensional symmetry of solutions to the dual tempered fractional parabolic problem in R™ x R.
As applications, we also prove the Gibbons conjecture for entire solutions to the dual tempered
fractional parabolic problem.
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1. Introduction and results

In recent decades, fractional PDEs have become popular as effective models for
characterizing Lévy flights or tempered Lévy flights. In fact, nonlocal (especially
fractional-order) pseudo-differential equations derived from microscopic models are
the most commonly used and effective models for studying abnormal diffusion in
physics. The solution of fractional partial differential equations is usually the proba-
bility density function of the particle position where the abnormal dynamics occur;
with the deepening of research, it can also be used to describe the functional distribu-
tion of particle trajectories (see [35]). There are usually two ways to derive fractional
partial differential equations from models. One way is based on the Montroll-Weiss
equation (see [32]) and uses Fourier transforms. Another way is based on the charac-
teristic function of the stable Lévy motion.

This paper is devoted to a study of qualitative properties of solutions for a dual
tempered fractional parabolic equation of the form

(1.1) Oiu(w,t) — (A+p)2u(z,t) = f(t,u(z,t), QxR,
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where 0 may be R™ or R} := {z € R" | z; > 0}, s € (0,1), a € (0,2), and p is a
sufficiently small positive constant, 0; is the Weyl-Marchaud fractional derivative of
order s € (0,1):

s b x,t) —u(x, 7
(1.2) Ou(w,t) = r(1_3>/ ((t)—7>1(+8 .

— 00

with ' denoting the Gamma function. The tempered fractional Laplacian opera-
tor —(A 4+ p)? is defined as

o . u(z,t) — u(y,t)
(A+p)2u(x,t) :== —cp.o P.V. /R Ay e

)

where P.V. stands for Cauchy principal value, and
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Cn,a =
r(3)
m, forp>0anda7él.

o
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It is easy to verify, as p — 0+, that the tempered fractional operator —(A + p)
degenerates into the familiar fractional Laplacian (—A)%.

In 1695, L’Hopital wrote to Leibniz asking how to define the derivative dz{); (fc ) when
the order n = % is not an integer. Since then, various forms of fractional derivatives

have been proposed. Later, many physicists discovered that fractional derivatives
can be used to describe many physical phenomena and probability theory, such as
fluid mechanics, molecular dynamics, relativistic quantum mechanics of stars, con-
formal geometry, particle systems with sticking and trapping phenomena, magneto-
thermoelastic heat conduction, plasma turbulence, and so on (see [21, 22, 24]). To
this end, more and more mathematicians have studied the qualitative properties of
the solutions of fractional partial differential equations.

Next, let us recall the origin of tempered fractional Laplacian —(A + p)z. Micro-
scopically, diffusion is the net movement of particles from a region of higher concentra-
tion to a region of lower concentration. And diffusion is divided into normal diffusion
(also known as Brownian motion) and anomalous diffusion (or non-Brownian diffu-
sion). In fact, in physics, most diffusion phenomena are anomalous diffusion. The
models for describing anomalous diffusion are also varied, such as continuous-time
random walks (CTRW), Langevin-type equations, Lévy processes, subordinated Lévy
processes, fractional Brownian motion, etc. Two of the most important CTRW models
are Lévy flights (Lévy flights are generally regarded as Brownian motions belonging
to the Lévy process) and Lévy walks (see [17, 31, 38]). From a macroscopic per-
spective, fractional (nonlocal) partial differential equations derived from microscopic
models are the most commonly used and effective models for the study of anomalous
diffusion. In fact, the fractional Laplace A% is the generator of the a-stable Lévy pro-
cess, but in this process, all second and higher moments diverge. When it is applied
to the physical experiment process, it is believed that there is a defect. Therefore,
physicists introduce a small parameter p to regulate the Lévy process, and thus the
fractional tempered Laplacian comes into being. Compared to the Lévy flight, the
tempered fractional Lévy flight has a finite second moment; the tempered Lévy flight
exhibits the dynamics of the Lévy flight, while after a sufficient period of time, it
turns to normal diffusion.

o
2
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The last three decades have witnessed the presence of significant advances in
the theory of nonlocal elliptic equations. These equations have their root in vari-
ous branches of pure and applied mathematics. The following methods are commonly
used to deal with nonlocal ellipse problems. The earliest method dates back to the
early work of Caffarelli and Silvestre [4], who first proposed the extension method.
Another, more convenient method is to obtain an equivalent integral equation, and
then combine the method of moving planes in integral form (see [5, 10, 11]), the
method of moving spheres in integral form (see [30, 33, 26, 29]), and the method
of scaling spheres in integral form (see [19]) to get some properties of the solution;
the advantage of this method is that the calculation results are more accurate. The
third commonly used method is the direct method (including the direct method of
moving planes, direct sliding methods, etc). The direct method of moving planes was
first proposed by Chen, Li, and Li [9]. Subsequently, this direct approach was also
applied to the fractional p-Laplacian ([7]) and a fully nonlinear fractional-order equa-
tion [8]. Direct sliding methods were first proposed by Wu and Chen ([36]) to deal
with the fractional p-Laplacian problem. The key to the direct method is to establish
various maximum principles (especially unbounded maximum principles). Afterward,
such effective direct methods have been widely applied to establish symmetry, mono-
tonicity, nonexistence, and even to obtain estimates in a boundary layer of solutions
for various elliptic equations and systems involving other nonlocal operators, such us
pseudo-relativistic Schrédinger operators (—A +m?)* with s € (0,1) and mass m > 0
(see [20, 27]), the nonlocal Bellman operators F (refer to [18, 33]), or the tempered
operators —(A + p)% (see [28]).

Above, we mainly introduce the research progress of the fractional-order nonlocal
elliptic problem. Recently, many results have been obtained on fractional-order non-
local parabolic equations. For example, Chen et al. ([13]) considered the following
nonlocal fractional parabolic equation:

(1.3) %(m,t) + (=A)’u(z,t) = f(t,u), (z,t) € RY x (0,400).

They developed a systematic approach in applying an asymptotic method of moving
planes to investigate qualitative properties of positive solutions for problems (1.3).
Then, Chen et al. ([16]) further considered the fractional parabolic equations with
indefinite nonlinearities:

%(m,t) + (—=A)u(z,t) = zyuP(x,t), (z,t) e RN x R.

They derived nonexistence of solutions to the above problem with 1 < p < +o00. Next,
Chen and Wu ([15]) derived Liouville-type theorems and proved that each positive
solution u(x,t) is strictly increasing with respect to x; in R’ for any ¢t € R to the
following fractional parabolic problems:

Owu(x,t) + (=A)°u(x,t) = f(u(z,t)), inRY xR,
u(z,t) =0, in (R"\R%}) xR.

Afterward, Wu and Chen ([37]) considered ancient solutions to

0
(1.4) S @0+ (=8)u(et) = f(tw), (2,1) € R x (~00,T].
They developed a systematic approach in applying the method of moving planes to
study qualitative properties of solutions for problem (1.4). In the four references men-

tioned above, they used the method of moving planes. Recently, Chen and Wu ([14])
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developed sliding methods and obtained the one-dimensional symmetry and mono-
tonicity of entire positive solutions to fractional reaction-diffusion equations. Not long
ago, Chen and Ma ([12]) considered the following dual fractional parabolic problem:

ofu(x, t) + (=A)*u(x,t) = f(u(z,t)), in R} xR,
u(z,t) =0, in (R*\ R%}) x R.

They obtained the monotonicity of the unbounded solution of the parabolic equation
for the first time. Meanwhile, Caffarelli and his group have made a series of research
results on the existence, uniqueness, and regularity of nonlocal parabolic equations
(see [1, 2, 3]).

Inspired by the above work, in this paper, we mainly study nonlocal parabolic
equations involving the fractional time derivative and the fractional tempered Laplace
operator (see (1.1)). We have already introduced some recent results on fractional par-
abolic equations. But the results for tempered fractional parabolic equations are very
few. Not long ago, Peng ([34]) considered the following parabolic equation involving
the tempered fractional operator:

6u o
3¢ @) = (A +p)7ulz,t) = f(u(z,1)).
He derived monotonicity results of solutions to the above tempered fractional para-
bolic problem in various domains via sliding methods.
Throughout this paper, in order to ensure that the singular integral in (1.2) is well

defined, we may assume that u(z,t) € {CLN(Q)NLo(R™)} x {CH(R) x £ (R)}, where

loc

(1.5)

L7 (R) is a class of slowly increasing functions given by
_ |u(z, T)
L, (R):= {( ye L (R |/ 1+H1+sd7<+oo,foranyt€R ,
and

u(z, t)|e Pl
£Q(Rn) = {U(',t) S Llloc(Rﬂ) | an | 1(4: |i,|n+a
Although many scholars have made many achievements in parabolic equations,
there is a lack of research on the geometric properties of solutions to nonlocal para-
bolic equations with both fractional time derivatives and fractional tempered Lapla-
cian. Inspired by the previous literature, in this article, we will investigate qualitative
properties of solutions of the dual fractional parabolic problem (1.1) in various do-
mains.

da:<+oo}.

1.1. Direct method of moving planes and applications. First, we consider {2
to be a half-space R"}, that is,

{8§u( t) = (A+p)Fu(z,t) = f(t,u(z,t), R? xR,
u(z,t) =0, R\ R%}) x R.

Applying the direct method of moving planes, we will explore the monotonicity of
possibly unbounded solutions for the nonlocal parabolic problem (1.6). The key ingre-
dients are different forms of mazximum principles and averaging effects.

Recently, under significantly weaker conditions than those in [15], specifically, al-
lowing solutions to tend to infinity at some rate, Chen and Ma ([12]) have proved
that the solution of (1.5) is strictly increasing with respect to x; in R? for any t € R.
Unlike in [12], however, our operators exhibit tempered properties, introducing new
challenges. This necessitates novel approaches to overcome difficulties stemming from
dual space-time nonlocality. We address these challenges systematically following each
theorem’s introduction below.

(1.6)
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We are now in a position to state the main results of this paper. The first one is
the narrow region principle for anti-symmetric functions in unbounded domains.

Theorem 1.1 (Narrow region principle for anti-symmetric functions). Let Q be an
unbounded narrow region which can be contained in the narrow slab {x € X | A\—2l <
x1 < A} with some small . Suppose that w(z,t) € (CL1(Q) N Ly(R™)) x (CHR) N

“loc
L7 (R)) is lower semi-continuous with respect to x on ), satisfying
(1.7) w(z,t) > —C( + |z|7), for some 0 <y < a,
and

Ow(w,t) — (A +p)2w(z, t) = clx, )w(x,t), (z,t) € Q xR,

(1.8) w(z,t) >0, (x,t) € (Zx\ Q) xR,
w(z,t) = —w(z, 1), (z,t) € Ty X R,
where c(x,t) is bounded from above.
Then
(1.9) w(z,t) >0, in Xy xR

for sufficiently small l. Furthermore, if w(x,t) attains zero at some point (z°,tg) €
Q xR, then

(1.10) w(z,t) =0, in R" x (—o0, tg].

Remark 1.1. Here we need to point out that the region 2 given in Theorem 1.1 need
not be a narrow region (for example, € is an unbounded domain in X with a finite
width in the 21 direction), so we only assume that the positive part of coefficient c¢(z, t)
is small; to be more precise, ¢(z,t) < ¢g in Q X R for some small positive constant ¢
(where we only need ¢y < %, C4 to be the same as the constant of formula (A.1)),
and the same conclusions are still valid.

One of the most important innovations we have made in this paper is that we are
thinking about unbounded solutions. The most critical step to obtain the properties
of unbounded solutions is to establish the following averaging effects.

Theorem 1.2 (Averaging effects). Let D € R™ be a domain and t9 € R be a real
number. For any 20 € R"™, suppose that there exists a positive radius r > 0 such that
B.(2°)N'D = @, and satisfies

(1.11) u(z,t) > Cy >0, in DX (tg — 1% ,tg+7%].

Furthermore, suppose that

u(w,t) € (Cioa (By(a)) N La(R™)) x (CN([to == 1o + 7)) N L] (R))

loc

is lower semi-continuous in x on B,(x0), and satisfies
Ffu(x,t) — (A+p)Tu(e,t) > —e, (2,1) € Bp(2%) x (to — 5, t0 +77],
(112)  qu(z,t) >0, (z,t) € BS(a20) x (to — r¥,to + %],
u(z,t) >0, (z,t) € Br(2°) x (—00,tg — 7],
for some sufficiently small £ >0. Then there is a positive constant C_'(a, n,a, Cy, D, 2°)

such that )
u(2°,t0) > C(a,n, o, Co, D, z°) > 0.

For the convenience of using the method of moving planes, we also need the fol-
lowing averaging effects for anti-symmetric functions.
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Theorem 1.3 (Averaging effects for anti-symmetric functions). Let D C Xy be a
domain and tg € R a real number. For any z° € Xy, suppose that there exists a

ball B, (z°) C ¥y such that B,.(z°)N'D =& and r < %OT*) Suppose that
w(z, ) € (Cpt(Br(a®)) N La(R™)) x (CY([to — 7=t +75]) N L5 (R))

loc

is lower semi-continuous in x on B, (x0), and satisfies

Ofw(x, t)+(—A)w(z,t) > —, (z,t)€B,(z%) x (to — v 4 —&—r%}
(L13) {020 (@) € (5 \ B () x (1o = 7% to £ 15,

w(x,t) Z O, ($,t) ( ) (—OO,to—’r‘a]’

w(z,t) = *w(IE)‘,t), (z,t) €y xR,

for some sufficiently small € > 0, and

(1.14) w(z,t) > Co >0, ian(o—ra to—i—r%]

Then there exists a positive constant Cy = Cy1(a,n, s, Co, D, 2% T\) such that
w(mo,to) >(Cy > 0.

By using maximum principles and averaging effects as established above, we will
apply the direct method of moving planes to investigate monotonicity of solutions to
a dual tempered fractional parabolic problem in the half-space R} .

Theorem 1.4 (Monotonicity in a half-space). Let

u(z,t) € (Cige (RY) N La(R™)) x (CH(R) N L] (R))

loc

be a positive solution of (1.1). Assume that u(z,t) is uniformly continuous with respect
to x, satisfying
u(z,t) < C(1+ |z|7), for some 0 <y < 2s.
Assume that the nonlinear term f(t,-) satisfies the following conditions:
(Fy) f(t,u) is of class C1 in u uniformly with respect to t, in other words, functions f
and f, are continuous on R x (0,400);
(F2) f(t,0) =0, fu(t,0) <0, in (—o0, +00);
(F3) fu(t,u) is bounded from above, that is, there exists a constant C such that

ftun) = f(t,ug)

sup <C.
teR Up — u2

Then we have that u(x,t) is strictly increasing with respect to x1 in R’} for
any t € R.

Remark 1.2. In contrast with previous works, we first study unbounded solutions
to the nonlocal parabolic equations involving the fractional time derivative 0; and
the tempered fractional Laplacian (—A + p)%. On the other hand, unlike in the
elliptic problem, we give the corresponding average effect for the tempered parabolic
problem (in general, we consider bounded solutions, where the average effect is mainly
to remove the boundedness assumption on solutions). The averaging effects depend
on the distance between such two regions.
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1.2. Direct sliding methods and applications. Next, we consider €2 to be whole-
space R™, that is,

(1.15) Ofu(x,t) — (A+p)2u(z,t) = f(t,u(z,t), R™xR.

By developing direct sliding methods for the dual tempered fractional parabolic prob-
lem (1.15), we will explore the monotonicity of solutions to the dual nonlocal parabolic
problem (1.15). The key ingredient is to establish mazimum principles in unbounded
open sets (see Theorem 5.1). After this, turning back to the dual tempered fractional
parabolic problem, we will apply the direct sliding method to investigate monotonicity
and one-dimensional symmetry (with respect to the space variable x for each fixed t)
of solutions to the dual nonlocal parabolic problem (1.15).
The result reads as follows.

Theorem 1.5. Let u(z,t) € {L,(R™) N C’llocl(Q)} x (CYR) N L5 (R)) be a bounded
solution of

(1.16) Oiu(x,t) — (A + p)2u(z,t) = f(t,u(z,t), (z,t) €R" xR
with
lu(z, t)] <1,
and
(1.17) w(@', Ty, t) P—— +1 uniformly in ' = (z1,...,2,—1) and in t.

Suppose that f(t,u) is continuous in R x ([—1,1]) and for any fixred t € R,
(1.18) f(t,u) is nonincreasing for |u| > 1 —§ with some § > 0.

Then u(x,t) is strictly increasing with respect to x,,, and furthermore it depends on x,,
only:
u(z,t) = u(xn,, ).

Remark 1.3. One should note that the De Giorgi-type nonlinearity f(¢,u) = u — u®

and the Zeldovich nonlinearity f(¢,u) = u? —u? satisfy the conditions of Theorem 1.5.
Our Theorem 1.5 proves the Gibbons conjecture in the fractional parabolic setting.

The remainder of this paper proceeds as follows. In Section 2, we establish the Nar-
row region principle for anti-symmetric functions involving dual tempered fractional
operators, which is Theorem 1.1. And then, we will prove the averaging effects in
Section 3, which are Theorem 1.2 and Theorem 1.3. As applications, in Section 4, af-
ter extending the direct method of moving planes, we show monotonicity of solutions
to the dual tempered fractional parabolic problem in a half-space, which is Theo-
rem 1.4. In Section 5, by developing direct sliding methods, we complete the proof of
Theorem 1.5. We put some basic estimates and important lemmas in the appendix.

From now on and in the following of the paper, we always use the same C to
denote a constant whose value may be different from line to line, and only the relevant
dependence is specified.

2. Maximum principles

In this section, we will establish the narrow region principle (which is Theorem 1.1)
in unbounded domains for anti-symmetric functions (without assuming any decay or
boundedness conditions on the anti-symmetric function w(x,t) with respect to the
space variable z). These maximum principles are key ingredients in applying the
direct method of moving planes.
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First, we introduce the following two simple maximum principles in bounded do-
mains.

Theorem 2.1 (Maximum principle in bounded domains). Assume that Q is a bounded
domain in R™ and t1 < ty are two real numbers. Suppose that

u(z,1) € (Cige () N La(R™) x (C([t1, t2]) N L7 (R))

1s lower semi-continuous in x on 2, and satisfies

Ou(z,t) = (A+p)2u(z,t) >0, (1) € Qx (t,ta],
(2.1) u(z,t) >0, (x,t) € Q° X (t1,12],
u(z,t) >0, (z,t) € Q X (—o0,11].
Then u(x,t) > 0 in Q x (t1,t2].
Proof: Suppose that the conclusion is not valid; then there exists (z°,t9) € Qx (t1, t2]

such that

u(z® ty) = Q><H(1tllIlt2]U(I ,t) < 0.

Moreover, by applying the exterior condition with the initial condition in (2.1), we
have

I u(a®,to) — (A + p)2u(a’, )

to _ 0 _
—C/ u(x® to u(x, T)d +CnaPV/ u(z”,to) U(y,to)d

0_
0 _ 7—)1+s IO _ y|n+aep|m y|

n

(20 to —u(2°,7) o (20 tg) — u(x®, 1)
=C, dr + Cj : > d
/ (to —7)t+> ’ t (to —7)tFs "

0
+Cps P.V/ u(r?,to) — u(y,to) dy +Cna/ | u(z®,to) — uly, to) d
X

Q |x0 — y"fﬁ”aeﬁ‘mof?ﬂ 0 _ y|”+aep‘$0*y‘

<0,

which contradicts the first equation in (2.1). Hence, this finishes the proof of Theo-
rem 2.1. O

Theorem 2.2 (Maximum principle for anti-symmetric functions in bounded do-
mains). Let Q C Xy be a bounded domain and [t1,t2] C R be a finite interval. Suppose
that

w(z,t) € (Clyt () N La(R™) x (C([t1,t2]) N L7 (R))

1s lower semi-continuous in x on 2, and satisfies

O w(z,t) — (A+p)2w(z,t) >0, (2,t) € Qx (t1,1a],
(2.2) w(z, )>07 (z,t) € (XA \ Q) x (t1,ta],
w(z,t) >0, (z,t) € Q x (=00, t1],
w(z,t) = —w(z?,t), (z,t) € B\ x R.

Then w(z,t) > 0 in Q x (t1,1ta].
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Proof: Theorem 2.2 can be proved via contradiction arguments. Indeed, suppose on
the contrary that there exists (2°,tg) € Q x (¢1,t2] such that

0 .
w(x,ty) = min xz,t) <O0.
( ) 0) ZAX(ltLtz] w( ) )

The exterior condition and the initial condition, together with the anti-symmetry
of w(x,t) in z, yields that

0fw(a®,to) — (A + p) Tw(a”, to)

to 0 _
_C / l‘ tO ’U)({IJ T) dT+Cna P.V. ’U)(:E >t0) w(yatO) dy

0 _ 7-)1+s - |1.0 _ y|n+aep|9307y|
t1 to 0
(29, t9) — w(2® (20, t9) — w(2®,7)
= C d Cq d
/ tO _ 7—)lJrs + / tO _ 7—)lJrs T

w(z®, to) — w(y, to) (2%, t0) — w(y, to)
oo PV [ e e O [ G iy

t t t t
<Cna/ | Ox 0) —w(y,to) dy +Cna/ w(z®, 1) + w(y, to) dy
X

)\|n+aep|1:07y\ — y>\|”+aep|$0*y>‘|

1
|$0 _ y>\|n+a6p|a:07y>\|

= 2C’n7aw(x0,t0)/ dy < 0,

PN
where in the last inequality we used the fact that |20 — y| < [2° — y| for y € ).
However, the above estimates contradict system (2.2). This completes the proof of
Theorem 2.2. O

Proof of Theorem 1.1: Theorem 1.1 can be proved via similar contradiction argu-
ments.

Indeed, condition (1.7) implies w(x,t) goes to negative infinity as |z| — oo; hence,
the minimizing sequence of w(z,t) in x may leak to infinity and the minimum may
not be attained. To overcome this difficulty, we set

o= [(1- ==ty

for some v < 3 < a to ensure that

(1412 P)?

(aj t)
lim w(x,t) := lim

It follows that for each fixed ¢ € R, if there is a point x € Q with w(z,t) < 0, then
there must exist x(t) € © such that

(2.3) w(x(t),t) = glég?f)(ﬂ?,t) < 0.

> 0.

One can further deduce from (1.7), the definition of w(z,t) and v < 8 that w(z(t),t)
is bounded. Therefore, if (1.9) is not valid, then there exists a positive constant m
such that

(2.4) g121;f w(x,t) = ilﬂéfw(a:(t)J) = —m < 0.

This implies that there exists a sequence {(x*,)} C  x R such that

o(zF ) = —mp — —m, as k — oco.
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Picking e, := m — my, then it is obvious that e, > 0 and €, — 0 as £ — 0. Denote
vg(z,t) = w(x,t) — exni(t)

to remedy the scenario that the infimum of w(x(t), t) may not be attained due to ¢t € R,
where

m(t) = n(t —tr) € C((—=2 + th,2 + tr))

is a smooth cut-off function satisfying
Ne(t) = 11in [—1 4 tg, 1 + tx], and nk(t) € [0,1].
On one hand, we have
vk(mk,tk) = w(mk,tk) —€p=—mL —Mm+my = —m.
On the other hand, if |t — tx] > 2 and = € Q, then it follows from (2.4) that
vg(z,t) = w(z,t) > —m.
Consequently, there exists (7%, %) € Q x (=2 + tg,2 + t) such that

—m —e€p < Uk('fk7tk) lgfﬁvk(xat) < —m.

It is easy to verify that
(2.5) —m < w(@*, ) < —m+ep =—my <0.
Through direct computations, we have

(%, 1) — v (2, 7)

dr <0.
tk—T)1+S T=

78
8svk($ tk =C /

Again with the definition of vg(x,t) and Lemma A.2, we get
(2.6) 85@(:2’“,&) < erpdink(ty) < Cey.

Next, recalling Lemma A.1, and collecting the definition of w(x,t), (1.8), (2.3), (2.5),
the truth of |zF — y| < |zF — y*| and h(y) > h(y") for y € ¥\, we derive immediately

[—(A +p)Flw(@", fr) = [~ (A + p) F](w (2", 1) h(z"))

h) (@, ) — oly, )

n eplo’c’“—y*||jk — y|nte

= B(7*,5) [~ (A + ) Ih(E) + Cra PV. /

(A T () — w(y, )
< w(@® ty)[-(A+p)2] +Cna/ |mk_y/\|n+aep\w’“—y*l dy

2.7 37 tk)"'w(yvtk)]
27 +Cm/m I:B’f—yAI”“ePIl’“—y*l dy

I 2 w(ik tr)
B (8 + ) + O | IR ay

IN
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Then we can deduce from (1.8), (2.5), (2.6), (2.7), and the boundedness of ¢(z,t)
that

— e mh(E") = 2wt 1)

= —h(@")Ow(TF, T) + c(@, B)h(EH )0 (2, Ty

> —Ceph(z®) — Cmh(z%).
The above formula implies that

gegﬂgcgk—i—c—)C as k — oo.
[ * m m

This will lead to a contradiction if we take the sufficiently small [, which proves that
(1.9) is true.
Now we aim to prove (1.10). It follows from (1.9) that

0 .
ty) = t) =0.
w(z”, to) zr;rknxrkw(gc, )

If w(z, tp) # 0in Xy, on one hand, through straightforward calculations, we deduce
that

to
B3 w(2°, to) ——C/ t0—7-1+9d <0,

and

— (A +p)2w(z, to)

1 1
= Cn,(x pP.V. \/EA U)(y,to) (|$0 — y>\|n+aep|x°—y*\ - |l‘0 — y|n+aep|xo_y|> dy <0.

And therefore

Dw(x® to) + [~ (A + p) 2 |w(z°, to) < 0.
On the other hand, it follows by (1.8) that
(2.8) fw(x® to) — (A + p)2w(2’,t) = 0.

That again implies that w(z,to) =0 in 2.
In addition, thanks to the anti-symmetry of w(z,t) with respect to x, we obtain

w(z,tg) =0, in R™.

Note now that, for any fixed z € ¥ such that w(z,t) # 0 in (—o0, tp), through a
very similar proof to the above, we have

to
ow xto——C’/ 0—71+9d T<0
and
(A+p)% (-T,to) :Oa
which also means that

Opw(z, to) = (A+ p)Fw(,to) < 0.
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This contradicts the equation (2.8), so w(x,t) = 0 in Xy X (—o0,tp]. Recalling the
anti-symmetry of w(x,t) with respect to x again, we deduce that

w(z,t) =0, in R™ X (—o0, tg)-

Therefore, we conclude the proof. O

3. Averaging effects

In this section, we develop two averaging effects (Theorem 1.2 and Theorem 1.3)
of the dual nonlocal operator 95 — (A + p) %, which will play crucial roles in the proof
of our main results and will become powerful tools in studying fractional problems,
particularly in the cases where the solutions are unbounded. We start by presenting

the proof of Theorem 1.2.

Proof of Theorem 1.2: We will prove Theorem 1.2 by constructing a subsolution,

namely
2\ 2
) n(t),
+

where 7(t) is a smooth cut-off function whose compact support is contained in (to —
TS, to + 7%, satisfying

.TZ‘—IO

P(x,t) = p(x)n(t) :== C (1 -

0<n(t) <1, and n(t) =1in [to—rg,to—l—;}

In fact, it is well known that
o C
(3.1) — (A )T = o in B,(a0)

for some positive constant C, where we use the fact of ¢(x) = 0 in BE(z"). More
precisely, we consider the following function:

Q(xvt) = u((t,t)XD(l') + 5¢(£B,t),

where § is a positive constant to be determined later, and xp is the characteristic

function on D, that is,
(2) 1, ifze D,
€Tr) =
Xp 0, ifxédD.

Next, we want to prove that u(z,t) is a subsolution of u(x,t) in B,(z°) x (to —
r%,to + 5] For (z,t) € Bp(2°) X (to — 75,49 + r¥], thanks to (1.11), (1.12), (3.1),
and Corollary A.3 with B,.(z) N D = @, we directly calculate

0; (ul,t) — u(z,t)) — (A +p) % (u(e, 1) — u(z,1))
> — = 86(2)9n(t) + (A + ) (u(e, t)xp(x)) — an(t)[~(A + p) F]¢(2)

1 )
—+C,aC dy — —
£+ uno |, e

v

2_€+02_%f.
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Now choose € = @ and § = 0228 , so that the following holds:

0% (u(z, t)—u(x, t))+[—(A4p) 2 J(u(z, t)—u(z, ) >0, (x,t) € B(a°)x (tg—r%, to+r+].

For (x,t) € BE(z°) x (to — r%,to + r%], by the definition of ¥(x,t) and the exterior
condition in (1.12) we conclude

u(z,t) — u(z,t) = u(z, t) — u(z, t)xp(z) > 0.

On the other hand, if (x,t) € B,.(2°)x(—00, to—7 %], with the initial condition in (1.12),
we get

u(z,t) — u(z,t) = u(z,t) > 0.

In summary, we have obtained

07 (u(w,t)—u(, t) = (A+p) % (u(z,t) —u(z, 1)) 20, in Bp(z°) x (to — 7%, to +7¢],
u(z,t) — u(x,t) >0 in BE(z%) x (to —r%,tg +775],
w(z,t) —u(x,t) >0 in B,.(2°) x (—o0,ty — 7]

Applying the maximum principle established in Theorem 2.1 implies that
u(x,t) > u(x,t) for (z,t) € Bp(z°) x (to — 7% ,tg +1%].

Hence, we verify that u(x,t) is a subsolution of u(z,t) in B.(x°) x (tg —r%,to+17%).
Finally, it follows that

u(2%, o) > u(2®, o) = dp(a°)n(te) = C6 =: C > 0.

Now the proof of Theorem 1.2 is completed. O

Now we turn our attention to the proof of Theorem 1.3 regarding the averaging
effects for the anti-symmetric functions.

Proof of Theorem 1.3: This proof argument is very similar to the one in the proof of
Theorem 1.2. First, we construct an anti-symmetric subsolution of w(z,t). Denote

2\ 2 2\ %
o(x) := (1 - ) and ¢y (x) := (1 — > ,
+ +

and use that
®(z) := ¢(z) — Pa(x)

is an anti-symmetric function with respect to the plane 7. We denote

0

T —1x A 0

r —

r

n(t) € Cg°((to — %, to +7%)),

which is a smooth cut-off function whose value belongs to [0, 1], satisfying

o o

nt)=1, in |tg—

r
2’ 2
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Let D* be the reflection domain of D with respect to the plane Ty and

w(z,t) = w(z,t)xpup» (z) + 6@(z)n(t),

where ¢ is a positive constant to be determined later, and x p_p» () is the character-
istic function in the region D U D?.

Similarly, we also aim to show that the anti-symmetric function w(z,t) is a subso-
lution of w(z,t) in B,.(z°) % (to —7% ,tg+75]. For (z,t) € B.(2°) x (tg — 7%, tg+7%],
thanks to (1.14) with (1.13), (3.1), Corollary A.3, and r < %O’TA), we can choose

— O — Cor®
€= 3 and § = 3,

obtaining

07 (w(,t) —w(z, 1)) — (A +p)F (w(z,t) — w(z,1)

> —e — 6D (@)O (L) + (A +p)F (1(w, )xpups (@)~ o) (A+p) F](6() —6a(x))
1
2—5+Cna/ M y_@_cna(s/ 4 dy
" Jpups fe—y[rteerlemyl TR pe TR @0y [ =yl eerly
1 1 co
Z — 4+ On,aCO /D |:|ZE _ y|n+aep|x—y\ - |l’ _ y)‘n+OéePZEy>‘:| dy - 7«7

Co
Z—E-FCQ—TTZQ

For (z,t) € (Bx\ B, (2°)) x (to—7%,tg+7%], one can further deduce from the exterior
condition in (1.13) that

’IU(LL', t) - w(l', t) = U)(.T, t) - U}(.T, t)XDUD* (iL') 2 0.
Finally, taking into account (z,t) € B,(z°) x (—o0,tg — r%], we apply the initial
condition in (1.13) to derive

w(z,t) — w(z,t) = w(z,t) > 0.
Through the above arguments, we have deduced that
0 (w(,t) —w(z,t)) — (A + p) % (w(z, 1)

—w(z,t)) >0, in B.(2%) x (tg —7%,tg +7%],
—w(z,t) >0, in (X \ Br(2°)) x (tg —r%,tg +77%],
—w(z,t) >0, in B,(2°) x (—o0,tg —r¥],
w(z,t) —w(z,t) = —(w(@? t) —w(@ 1)), in Xy xR.

Again with the maximum principle for anti-symmetric functions established in The-
orem 2.2, we obtain
w(x,t) > w(z,t), in B.(z°) x (tg — %, tg +75].

Hence, we conclude that w(z, t) is a subsolution of w(z, t) in B, (z°) x (to—7r% , to+r=].
As a consequence, we have

w(z® tg) > w2, to) = dp(x)n(te) = 6 =: C; > 0.

This completes the proof of Theorem 1.3. O
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4. Monotonicity in a half-space

Based on the maximum principles and the averaging effects introduced in the previ-
ous section, we establish the monotonicity of positive solutions for nonlocal parabolic
problem (1.1) in a half-space by virtue of the direct method of moving planes. For
readers’ convenience, we first introduce some notation used throughout the paper.

In what follows, we denote

Ty :={z = (z1,2") € R" |21 = X for A € R}
to be the moving planes perpendicular to the z;-axis,
Uy i={reR"|z; <A} and Q) :={z e R} |z <A}

to be the region to the left of the hyperplane T3 in R™ and in R’} respectively. We
denote the reflection of x with respect to the hyperplane T} as

= (2N — 1, 29,...,Tp).
Let u(z,t) be a solution of (1.1) and wuy(x,t) := u(z*,t). Define
U}A(Z',t) = u)x(x7t) - U(Z‘, t)a

which represents the comparison between the values of u(z,t) and u(x?*,t). It is obvi-
ous that wy (x,t) is an anti-symmetric function of « with respect to the hyperplane T}.
Now we show the details.

Proof of Theorem 1.4: Through direct calculations, we consider the following prob-
lem:

FFwa(z,t) — (A + p)2wy(z,t) = Ox(z, t)wa(z,t), (7,t) € Q) X R,

(4.1)  qwx(z,t) >0, (z,t) € (Ex\ ) xR,
UJA(Z',t) = —U))\(Jf)\,t), (xat) € X\ X Rv
where the coefficient function is
_ [ _ ftua(,t) — ftu(, 1)
Cy(z,t) = ; fut,sux(z,t) + (1 — u(x,t)) ds = ux( ) —u(e D) .

Recalling the assumption (F3), we know that there exists a positive constant C' such
that Cy(z,t) < C. In order to prove the strict monotonicity of u(x,t) with respect
to x1, our aim is to show that, for any A > 0,

(4.2) wy(z,t) >0, in Q) x R.

We divide the proof of Theorem 1.4 into three steps. In Step 1, we show that
for A > 0 sufficiently close to 0 (which means €2 is a narrow region), equation (4.2)
holds. In Step 2, we prove that the plane T moves continuously to the right along the
x1-axis as long as inequality (4.2) is valid, to its limiting position (move to positive
infinity). Finally, in Step 3 we prove u(z,t) is strictly increasing with respect to
in R} for any t € R.

Step 1. Start moving the plane T} from z; = 0 to the right along the x;-axis. For any
positive A small enough (sufficiently close to 0), one can infer from the assumptions in
Theorem 1.4 that ) is a narrow region. Applying Theorem 1.1 to the problem (4.1),
we get

(4.3) wy(z,t) >0, in Q) x R.
Inequality (4.3) provides a starting point to move the plane T).
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Step 2. In this step, we continue to move the plane T) to the right along the z;-axis,
as long as (4.3) holds, to its limiting position. Let

Ao :=sup{A | wy(z,t) >0, (z,t) € ¥, x R for any p < A}
We aim to prove that
)\0 = +OO

Otherwise, suppose on the contrary that 0 < Ay < +o00; from the definition of Ag,
there exists a sequence of A\, > Ay such that A\ — A\g as £ — oo, along which

I\ X Rei={(=,1) € By, xR wy (z,t) <0} # 2,

and _inf wy, (z,t) < 0. We first claim that
E)‘k xR

inf wy, (z,t) = 0, as k — oo.
E)\k xR

If not, then there exists a uniformly positive constant M such that

inwaAk (xz,t) < —M < 0.

Z’\k X
The above equation implies there exists a sequence {(x*,#)} C Xy, x R such that
(4.4) Wy, (l‘k, ty) < —M <0.

If 2% is between Ty, and Ty,, then by virtue of Ay, — Ao as k — oo, we have
|zF — ()| — 0 as k — oo. Recalling that u(x,t) is uniformly continuous with
respect to x, we derive

W, (:ck,tk) = u((zk))"“,tk) — u(xk,tk) — 0, as k — oo,

which contradicts (4.4). In the other case, if 2 € €0, then together with the uniform
continuity of u(z,t) in = with Ay — Ao, we have

wy, (2% 1) — wa, (2, 1) = u((@®) 1) — (@) 1) — 0, as k — oo.

Using equation (4.4) and the truth of wy, (z*,#x) > 0, we must derive a contradiction
that

w,\k(zk,tk) — w)\o(xk,tk) <-M <O0.
Hence, we deduce that

(4.5) inf wy, (z,t) =1 —my — 0, as k — oo.
ZAkX

Next, we denote the sequence

qr = sup Cj,(z,1).
E;ka

Hence, one of the following two cases may occur as k — oo.

Case 1. If g < e — 0 as k — oo, then it infers that Cj, (z,t) < C in X xR
for sufficiently large k and for any given small positive constant C'. Hence, thanks to
Remark 1.1, we can take A = )\ in the problem (4.1), and we conclude that

U)Ak(l‘,t) Z 0, in E)\k x R

for sufficiently large k, which is a contradiction with the definition of Ag.
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Case 2. If g - 0 as k — oo, then there exist a positive constant d; and a subsequence
of {qr} (still denoted by {qx}) such that qx > 6o > 0. In this case, recalling the
assumption (F3) and (4.5), we can deduce that there exist a positive constant g and
a sequence {(z¥,t;)} C X5 x R such that

u(z®,ty) > g0 > 0,
and
wy, (¥, 1) = —my +mi < 0.
Observe that u(z,t) = 0 in (R™ \ R’) x R and the continuity of u(x,t) yields that
there exists a small radius rg > 0 independent of k, such that

(4.6) u(z,t) > %0 >0, in By, (%) x (tp — rO%ﬂfk +7"0%} C R} xR.

Next, we will show via contradiction arguments that 83, := dist(z*, Ty, ) = A\, —z¥ is
bounded away from zero for sufficiently large k. Suppose on the contrary that §; — 0
as k — oo. Let

Uk(x7t) = Wiy (‘T7t) - mink(xvt)’

where the sequence of smooth cut-off functions

x—ak t—t o o
(1) = 77( 5 5k> € C§° (B (a) x (b = 6t + 6)
k

satisfies

5s 5s
0<n <1, andnk(x,t):linBsk(:z:k)x(tk— ;,tk—}— ;)
2

We denote the parabolic cylinder
Qs (2%, t1) 1= By, (&%) x (tx — 67tk +6; ),
after a direct calculation, we know that
vp(xF ) = wa, (28, tr) — ming(2®,ty) = —my +mi —mi = —my,
and
vp(x,t) = wx, (2, 1) > —my, for (2,t) € QF, (2%, t1) N (Zy, x R).

Hence, there exists a point (Z*,x) € Qs, (z¥, 1)) such that

—my —m2 < up(Z*,f) = Zini}Rvk(ac,t) < —my.
Ak

Moreover, it follows from the definition of vy that

—myp < w,\k(fk,fk) < —my +mi < 0.
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Through direct computations, we have

t_k =k T =k

_ ) —

B o (", 1y,) = ca/ Ol 1) — LT 4 <
—o0 (tk - T)1+S

and

o (2%, ) — vk (y, h)
|£k _ y‘n—&-aep\:i’“—m

—(A+p) 2o (3%, ) = Crs P.V./
Sap

’Uk Tk tk —vk(y,tk)

< C'n,s/ 2Uk(fkafk)+m%nk(yvfk)
5

7k _ oMk |ntapp|Tk—ytk
e |x Y k| ef’| Yk |

—2my, +m?
< Cn,s/ k N nta |§k, | dy
Exg -y k| ef Y

- Cmy, Cmi7
I o

where we use the truth of

L dy > 1 d
0 ep|f—?7‘|£ — g|n+a y= D epPlz—yl ‘j — y|ﬂ+a Yy

2519 17_n 2dT
ftge [
Dep|x_y‘n+a 62P (12 +72)

B /2(5;C 1 /% wn_lpn—Q dp &
= 5 e2rtlta o (1+P2)%

26k 1 1 n—2 d
= / 2A 14 / ot n+ap de
o €t o (14p?) 2

206 C
_ Yn,ap
Z Cn,a,p /5]c tl-‘ra dt = (52‘ 5

with D i= {y = (y1,9') € R | 6 < g — (B)1 < 205, |y — (2| < 1}, £ 1= yp — (@)s,
7=y — (2)|, p:=7/t, and w,,_1 = |B1(0)| in R*~1.

Recalling the equation in (4.1) and Corollary A.3, and using the truth of f,, having
an upper bound, we get

7ok (a", 1) + —(A + p) Fup(a", 1) = OFwa, (2%, 1) + [~ (A + p)] Fwn, (T°, 1)

— mp (@, t) — mi [~ (A + p) F i (2", 1)

2
Cmj,

> Oy, (7%, T )wy, (25, 1) — 5o
k

C’mi
oy

—Cmy, —
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This proves that

We multiply the above equation by % and using (4.5) together the assump-

7mk/‘7
tion lim §; = 0, we obtain
k—o0

0<C<Cop+Cmy =0, as k — oo.

This contradiction indicates that J; is bounded away from zero for sufficiently large k.
Furthermore, since A\, — Ag as k — oo, then we deduce that there exists a subse-
quence of {z¥, t;} (still denoted by {z*,t;}) such that {(«*,#;)} C X\, x R and
dist{z* T\, } > do > 0. As a consequence of (4.6), we further select a radius r; :=
min{rg, do } such that

(4.7) u(a,t) > %0 >0, in By, (2F) x (tg — 7 te +77] C Qyy X R.
Now we show that
W, (xk, tk) > 0.
Setting z* = (2\g, (z*)’), since
diSt(TAO, Tg)\o) = )\0 > 2’/‘1,

then we have B, (z%) N By, (%) = @. Next the main purpose is to claim that there
exists a positive constant €1 = e1(«, n, s, €9, Ao, 1) such that

(4.8) u(a,t) > ey >0, in By, (2°) x (tg — ¢ oty + 77 .
Suppose on the contrary that
(4.9) u(z,t) < e, in By (zF) x (), — rl%,tk + rf} for any ¢ > 0.
Then we conclude from assumptions (F7) and (F3) that
If(t,u(x,t)) — £(t,0)] < C|(u(z,t)) — 0| < Ce, in By, (z%) x (tx — r?,tk + rf]
Furthermore, recalling the assumption f(0) > 0, for any € > 0, we have
f(t,u) > —Ce, in By, (2%) x (ty — ri tx + 71
Combining (1.1), (4.7), and the averaging effects (Theorem 1.2), and using the conti-

nuity of u(z,t), we derive

1\ S 1\
u(z,t) > ey > 0, in Bry () x (tk - (51) e+ (51) } ,
where the positive constant €1 = £1(«, n, s, €9, Ao, 71). It apparently contradicts (4.9),
and we conclude that (4.8).
Next, let 2% = (0, (z*)’), using the exterior condition u(z,t) =0 in (R" \ R}) x R
and the continuity of u(z,t) again, we deduce that there exists some positive small

radius 79 < I independent of k, such that
2

(4.10) w(z,t) < 321 in (By,(#%) NR™) x (ty — 1y ot + 75 |,

where £; is given in (4.8). Note that for any point = € B,,(2*) NR", since ry < 2,
then we have
2™ € By, (7") N Xa, C Bry (7°).
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Collecting equation (4.8) and (4.10), for any (z,t) € (By, (2*)NR%) X (t—ry , te+r7 ],
we have
A €1 €1
(4.11) Wi, (z,t) = u(z™,t) —u(z, t) > e1 — 5 =35> 0.
Next, we will show via contradiction arguments that there exists a positive con-
stant e = eo(a, m, 8,0, Ao, 1), such that

s

(4.12) Wy, (x,t) > 9 > 0 for (z,1) € B%(xk) X <tk - (%)

r1\ 5
,thr(?l) ]

Suppose on the contrary that

o3

(4.13)  wy,(z,t) <e, in By (a*) x (tk — (Ll)g e+ (ﬁ) s

5 5 } for any € > 0.

Recalling system (4.1) and the definition of A\, we obtain

Fpwxy (2,1) — (A + p) 3wy, (2, 1)
= Oy, (. Dwsg (2, 8), in Bry (2%) x <tk - () e+ (“)] ,

wolnt) 20 i (9 \ By @) (- (5) e (5)

wy, (x,t) >0, in Bry (zF) x <—oo,tk - (Tz)] .

By using (4.13) and f € C', one can observe that

wle

Cing (@, D)wn, (2, ) = f(t, un,) — f(t,u) > ~Ce, in Bry (a¥) x (tk— (%)UH(%)

for any e > 0. Consequently, combining (4.11) and the averaging effects (Theorem 1.3),
again with the continuity of u(x,t), we conclude that

1\ s 1\ s
Wy, (x,t) > €2 >0, in B%(xk) X (tk — (Zl) st + (Zl) ]
for some positive constant €2 = ea3(a, n, s, €0, Ao, 1), which contradicts the assump-
tion (4.13). Hence, we verify that (4.12) is valid.
Moreover, as a consequence of (4.12) and the continuity of wy(x,t) in A with Ay —
Ao as k — oo, we arrive at

wy, (z, 1) > %2 >0, in By (z%)x (tk - (%)7 e (2)} for sufficiently large k,
which implies that wy, (z¥, ) > 2 > 0 for sufficiently large k. Hence, it contradicts

the assumption that the sequence {(x* t;)} C Yy, x R, therefore we must have
)\0 = +00.
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Step 3. In this step, we will prove that u(z,t) is strictly increasing with respect to a;
in R?} for any ¢t € R. From Step 1 and Step 2, we have deduced that

wy(z,t) >0, in Xy x R for any A > 0.
In fact, we only have to show that
(4.14) wy(z,t) >0, in Q) x R for any A > 0,

and then we can conclude that u(x,t) is strictly increasing with respect to z; in R’}
for any t € R. Suppose (4.14) is violated; then there exist a fixed A9 > 0 and a
point (2°,t9) € Q,, x R such that

wy, (2%, t9) = min_ wy, (z,t) = 0.
)\OXR

Since wy, (z,to) is not identically zero in X, again with the exterior condition u(x,t) =
0in (R™ \R"}) x R and the interior positivity of the solution u(z,t) in R’} x R, then
through straightforward calculations, we can get the following:

97w, (2%, t0) = (A + p) Fwn, (2%, o)

to 0 _ 0 0 _
:Cs/ wko(x ,to) ’w>\0($ 7T) dT—‘rCn’a P.V. ’w>\0($ 7t0) w/\o(y7t0) d
—0o0

CESET en 20 e
<Ch.a PV t : ; dy<0
>Una LV, b W, (Y, to) |20 —y>\0|n+aeP|$°*yA0| a |0 —y|"+“ep|“’°*y| =5
o

which contradicts
a;tson (:L,O, tU) - (A + p)%w/\o (xo?t‘)) = f(t07u>\o (l‘oa to)) - f(to,u(x07t0)) =0.

Now we have proved (4.14).
Finally, for each fixed ¢t € R, for any points Z = (Z1,2’) and & = (£1,2’) in R%}
with Z; < &1, if choosing A = £t then we must have

0 < wy(Z,t) = u(Z t) — u(Z, t) = u(, t) — u(z,t).

It implies that w(x,t) is strictly increasing with respect to x; in R’} for any ¢t € R.
This concludes the proof of Theorem 1.4. O

5. Sliding methods for a dual tempered fractional
parabolic problem

In this section, inspired by [14, 34], we will establish maximum principles in un-
bounded open sets and develop direct sliding methods for a dual tempered fractional
parabolic problem and apply it to investigate monotonicity of solutions to the prob-
lem (1.15). The study of Gibbons’ conjecture and the sliding method in the context
of the dual fractional parabolic equation has witnessed further notable progress, as
evidenced by works such as [6, 25] and the references therein.

5.1. Maximum principles in unbounded open sets. In order to apply the slid-
ing method on unbounded open sets, the following maximum principles play an im-
portant role.
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Theorem 5.1 (Maximum principles in unbounded open sets). Let Q be an open set
in R™, possibly unbounded and disconnected, and satisfy

.o |90 Br(z)|
5.1 liminf ——————
( ) R—o00 |BR($)|
Suppose that u € {L,(R™) NCLLQ)} x (CY(R) N L] (R)) is bounded from above, and
solves

{6fu(A +p)2u(z,t) + c(x, t)u(z,t) <0, at points z € Q where u(x,t)>0,

ZCO>0, Vz € Q.

u(z,t) <0, in Q° X R,
where c(x,t) is nonnegative in the set {x € Qu(x) > 0}.
Then we must have
(5.2) u<0, inQxR.
Proof: Suppose that the conclusion (5.2) is not valid, together with the fact that u(z, t)

is bounded from above in Q x R; then there exists a positive constant A such that

(5.3) sup  u(z,t):=A>0.
(z,t)eQXR

Note that the domain  x R is unbounded and the supremum of u(z,t) may not be
attained; then there exists a sequence {(x*,4)} C Q x R such that

u(z® ty) = A, as k — oo.
More accurately, there exists a nonnegative sequence {e;} ~\, 0 such that
(5.4) u(x® ty) = A—ep > 0.

Recalling the assumption that v < 0 in ¢ X R and the continuity of v again, without
loss of generality, we may assume that dist{z*, Q2°} > 1. Now we define the following
auxiliary function:

/Uk(x7 t) = ’U/(,CE7 t) + Ekwk(x7 t)7
where Y (x,t) = w(”_wk i_t?’j ) with any fixed r > 0 and ¥(z,t) is given by

e ) [ Capr

_ 11
1, if (z,t) € B%(O) X [—272] )

¢($7t) =
0, if (2,8) ¢ Bi(0) x [-1,1].

It is well known that ¥ € C§°(R™ x R), therefore |(A + p)2v(xz,t)| < Cy for any x €
R™ x R.
Next, for convenience, we denote

k
k o r—x" t—1
Qrepr(x ,tk) = {(m,t) | ‘<T~ep’“ R 7"0‘63‘”")‘ < 1}

It is obvious that

max vk(x,t) > max vi(x,t
TEQ cor (xF,ty) ( ’ ) z€QE pr (T tr) ( ’ )7

which implies the maximum value of v (x,t) in R™ x R is attained in Q,err (2", ty),
along which we will be able to derive a contradiction. More precisely, using the defi-
nition of v (z,t) and (5.4), we arrive at

vk(xkjk) =A>0.
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On the other hand, for any (z,t) € (R" x R) \ Qpeor (2, 1), we have
vg(z,t) < A.
Consequently, there exists (Z¥,x) € Qeor (2%, 1) such that

Atep > (@ 1) =  sup  wp(z,t) > A>0.
(z,t)eR™ xR

A computation leads to

~k I _ T
(A4 )o@ ) = e PV, [ IR Z 0B ) g
p ,

" ep\ikfy”i.k _ y|n+a =

and
i‘k,fk) — Uk(.fk,T)
(tk — 7')1+S

t
Db (ZF,13,) = cs/ Ui dr > 0.
— 00
Collecting the above estimates, we conclude that

0< —(A+p)2vp(, )

= —(A+p)Fu(@, Bx) +en - [-(A+ p) Fun(z®, i)

- _ _ Cie
_9s —k _ =k =k 1ok
< =9Fu(zZ”, ty) — c(Z", ty)u(Z”, tr) + e3prpa
(55) S ~k I lek;
< _8t U(IIJ 7tk) + e3prpa
e n s e - Cieg
= =0 v (T, ty) + Oferthn(Z7, tr) + e3prpa

Cie Ce
16k _ k

s =k I
< Ofertn(Z, ) + edprpa = gdprpa’

where the first inequality holds due to

Rn e/"w_y||x — y|"+a

e V() — Yr(y)
| wo(r

) ep\w—yl |1‘ — y|”+0‘

L PV, V() — Yi(y) dy
Be(x) €PlT Yz — y[nte
(5.6)
2
< / 2¢n,al[Yllcr1 ®n) Lej,f? — dy
B, (x) |Q]‘ - y‘

+

2¢h o
3pr ’ n4+o dy
Be(a) €37 — Y

c c Ch

+ .
— ebprpa edprpa — e3prpa




572 Y. Guo, Y. Hu, S. PENG

Recalling Lemma A.4, we know that, for any r > 0,

(5.7)

_ S (2F T .
) | L e,
Cn,al(r) I(r) Be(zk) ePlet vl |gh — y[nta

where

1 1
Im:—/ Ly,
T JBg(0) |y|n+eerrlyl

Next, our goal is to prove that the left-hand side of the inequality (5.7) is strictly
less than A. Indeed, direct calculations yield

1 1 1 1
I(r)::—/ 7dy:—/ dy
% Jpe(oy [yl Teerrivl % Jpeoy |yl y| eyl

1 1
(5.8) >7/ B S
7 Je(o) ly|nte2erlyl

Cp Cp
_' ratle2pr = pagdpr’

Considering this together with (5.5), we derive that

_ s Tk F o, 3pr
[—(A+p)2]ue(z¥, 1) < C r%e k< ey
Cn,al(T) Cna C, ro%€3rr

Therefore, our goal is to estimate the upper bound of the second term in (5.7). First,
since R > R/ /2, and combining this with assumption (5.1), we know that

_ |(Br(z*) \ By, (@) N Q°
(5.9) RIL%O | Br(z")|

>co >0,

which indicates that there exist two positive constants C' and sufficiently large Ry
such that

((Br(*) \ Br, y3(x*)) NQ°]
|Br(z*)|

(5.10) >C >0, R>Ry.

Combining (5.3) and (5.10), taking r = R/ /2, and noting the fact

vk(yvfk) = u(yafk) < Oa ye Bﬁ(jk) N QC’
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we obtain
(5.11)
1 / u(ya{k) y
I(r) Be(zk) erlzt—yl |ZF — y|nte
- 1 'Uk(yufk) y
- Ry \& zk—y|| 7k n+a
I((%5)°) Jmy,, e e VT —ylnt

1 / vk (y, th) ay
I((Re/¥/2)*) \ /B CORNEC A T

c
Ry / V2

S:

A+ ey,

+ erlZ" —yl|gh — y|nto

dy

S

Ry /ka(3F)nQe

A+eyp

_ . — dy
/B;k/ w3 (E)NQe eplBF—yl| gk — y|nta
/Uk(yﬂ?k)
+/ |zk —y| | 5k n+a dy
Bf, | yp(@)nge €757 |z —y|
< 1 / A+ep y
< 4]((Rk/ W)a) B (@) ep\jkfylﬁk — y|rta
B 1 / A+ep dy
I((Ry/ ¥/2)") By ) wa(@)nQe erlZ" —vl|gh — y|nte
1 A+ep
=A+er— ———r— / Py - dy
I((Ri/ ¥/2)%) By, yp(@F)NQ° erl=t vl |gh — y|nte
1 A+ep
<Atep———r— / ] dy
I(Ri/ ¥/2)%) Jipn, @0\B5, , ytatlnae €17 —VI[Th =yt
A+ ey _k iy 1
<A+e,— —————|[Br. (T B¢  .s(Z7)]NQ°
<Atk ek B )\ By, g (PR N 9]

T | e |

[Br, (T)\ B, | 4z(2")] N Q| —

+1
A+ep [ Rg « 2,. Bk
§A+€k7 ep% k—+
V| g |t

Cp \ V2
<A+en)(1-0C,).
Collecting (5.5)—(5.11), we arrive at

A< E@ o f) 1 / ok (y, t)
Bi(

= en o () N0

- dy
auy AT g — gl

<Cep+ (A+e)(1—-0C,),

and we can immediately get the contradiction as k — co. Therefore, conclusion (5.2)
must hold. O
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5.2. One-dimensional symmetry of solutions via sliding methods. By ap-
plying the maximum principles in unbounded open sets (Theorem 5.1) established
in Subsection 5.1, and employing the sliding method, we derive the monotonicity of
solutions for dual nonlocal parabolic problem (1.15) in whole-space R™.

First of all, we give some useful notations. For any z = (2/,z,) with 2/ :=
(21,...,2n_1) € R" 1 and 7 € R, we denote

e 7 =x+ Te,, with e, = (O/, 1),

o u,(z,t) :=u(r,z, +7,1),

o w(x,t) :=u(x,t) —u,(x,t).

With the previous result we have the key ingredients to prove our main mono-

tonicity and one-dimensional symmetry with respect to the space variable x for each
fixed t.

Proof: Step 1. We prove that for 7 sufficiently large, there hold

(5.12) wr(z,t) <0, (z,t) e R® xR.

Applying assumption (1.17), then there exists a sufficiently large a > 0 such that
(5.13) lu(z,t)| > 1—6 for |z, >a, (2/,t) eR"! xR.

Suppose (5.12) is violated; then there exists a constant A > 0 such that

sup  wy(z,t) =A>0.
(z,t)ER™ XR

In the following, we consider the function
W (x,t) = wr(x,t) — 7
Our aim is to show that
Wr(z,t) <0, (z,t) e R" xR.

Note that by assumption (1.17), for all ¢ € R, we can choose a sufficiently large
constant M > a such that

(5.14) wy(z,t) <0, for x, > M, (2/,t) e R" 1 xR.
Denote
D =R"! x (—o0, M).
Then equation (5.14) leads to
(5.15) wr(x,t) <0, (x,t) € D°xR.

That implies w,(z,t) satisfies the exterior condition in Theorem 5.1.
Consequently, equation (1.16) implies that w,(z,t) satisfies

Ofwr(z,t) — (A + p)Fwp(2,1) = Ofwr(2,t) — (A + p) Fw,(z,1)
= f(tu(z, 1) — f(t, ur(x,1)).
Next, we claim that, for any (z/,t) € R*~! x R, we have
(5.16) ftu(z, b)) < f(t,ur(z,t)), at the points where w, (z,t) > 0.

We will prove our claim (5.16) by discussing three different cases.
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Case 1. |x,| < a. For any 7 > 2a, then x, + 7 > a, again with (5.13), at the points
where w,(x,t) > 0, we have

u(z,t) > ur(x,t) > 1—0.

Combining this truth with the monotonicity assumption (1.18) on the function f, one
can immediately get claim (5.16).

Case 2. z, < —a. For any (2/,t) € R""! x R, combining with assumption (1.17)
and (5.13), we arrive at

u(z,t) < -1+,
and therefore at the points where w,(z,t) > 0,
ur(z,t) <u(x,t) <=1+,

which implies that we can use the monotonicity assumption (1.18) on the function f
to derive claim (5.16).

Case 3. x, > a. For any (2/,t) € R"™! x R, by (5.13), we have, at the points where
wr(z,t) >0,
u(z,t) > ur(z,t) > 1 -0,

and therefore we use the monotonicity assumption (1.18) on the function f again to
derive claim (5.16). Thus our claim (5.16) must hold.
One can infer from (5.16) that

Ofw,(x,t) — (A + p) 2w, (2,t) <0, at the points in D x R where w, (z,t) > 0.
This is also valid at the points in D x R where @, (x,t) > 0, more precisely,
O, (x,t) — (A + p) 21w, (2,t) <0, at the points in D x R where @, (z,t) > 0,

which together with the exterior condition (5.15) on @, (z,t) and the maximum prin-
ciple in unbounded domains (Theorem 5.1) implies
wr(x,t) <0, (x,t) e R" xR.
It follows that
A
wr ('T’at) < Ea

(z,t) € R" x R,

which contradicts the truth of sup(, 4)egpn g wr(7,t) = A > 0. Therefore, w,(z,t) <
0, for any 7 > 2a and (z,t) € R® x R. This completes the proof of Step 1.

Step 2. Inequality (5.12) provides a starting point for us to carry out the sliding
procedure. In this step, we decrease 7 from close to 7 = 2a to 0, and prove that for
any 0 < 7 < 2a, we still have

(5.17) wr(z,t) <0, (z,t) e R® xR.
To this end, we define
7o = inf{7 | w-(z,t) <0, (z,t) € R" xR}

and prove that 7y = 0.
We first show that

(5.18) sup W, (z,t) < 0.
|zn|<a,(z’,t)ER"—1 xR
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Suppose (5.18) is false; then

sup wry (x,t) =0,
|zn|<ai(z’,t)eR*—TXR

which implies there exists a sequence
{(z*, tp)} c R x [—a,a]) xR, k=1,2,...,

such that

we, (2%, 1) = 0, as k — oo.
More precisely, there exists a nonnegative sequence {e;} \, 0 such that
(5.19) w70($k,tk) = —¢€g.
In order to obtain more information from the supremum of w,(z,t), we introduce
the following auxiliary function:

wi(x,t) = wry (2, 1) + exnp (2, 1),

where

ne(z,t) = n(x — a8t —ty),
with n(x,t) € C5°(R™ x R) and

Denote
Qu(@® tr) := {(a, 1) | [(w,t) — (¥, tx)| < 1}
We can observe that

max vg(z,t) > max  vg(x,t).
re Qi @D 2 ey vl )

Therefore, the maximum value of wy(z,t) in R™ x R is attained in Qq(x*,t;), along
which we will be able to derive a contradiction. More precisely, from the definition
of wg(z,t) and (5.19), one has
wk(zk,tk) =0.
On the other hand, for (z,t) € (R™ x R) \ Q1(z*, 1), since ny(z,t) = 0, we get
wg(z,t) <0.
Therefore, wy(x,t) attains its maximum value in Qi (z*, ), that is,

er > wp(z¥, ) = sup  wi(x,t) > 0.
(z,t)ER™ xR
To simplify the notion, we write
(5.20) oy (x, 1) = we(z + Z%, t + 11,),

which implies
er > wi(0,0) =  sup  wi(zx,t) >0.
(z,t)eR™ xR

Furthermore, we have
Wi (07 0) — Wk (yv 0)

—(A + p)2wg(0,0) = C,, s P.V. T ey dy >0,
and o
S — _ ’LZ)k(O, O) - wk(07 T)
orm(0.0)= ¢, [ ORI >
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Through direct calculations, together with the truth of w,, (z*,%;) — 0, as k — oo,
we derive that

0 < —(A+ p)Zw(0,0)

= —(A+ p) Twey (F°, 1) + ex[—(A + p) i (2", 1)
—0; Wr, (Z*, 1) + f(te, w(@*, 1))
(5.21) = F e, ury (2%, 1)) + ex[— (A + p) F ] (2", 81

s
* ot

= F Ty ury (2%, 8)) + ex[—(A + p) 2 i (2", 1)

< Cep + (fk,u(i‘k,fk)) — f(fk,uTO(i‘k,fk)) — 0, as k — oo.

= —851?%(0, 0) —€ (J_Ck, fk) + f(ik, U(:fk, fk))

Putting (5.20) and Theorem 5.1 together, we arrive at
_ A Qg 1 —
Cnal(T) I(r) Be(z) ep‘y||y|n+0‘

Therefore, we can deduce by using (5.21) and the above average inequality (5.22) that
for any finite r > 0,

dy > w(0,0), for any r > 0.

1 _
/ 0x (9, 0) dy — 0, as k — oo,
I(r) Jpe(oy eP¥l|y|n+e

which implies that for any fixed r > 0,
(5.23) Wk (y,0) = 0, ye€ B:(0), as k — oo.

Due to u(z,t) being uniformly continuous, by the Arzela—Ascoli theorem, up to ex-
traction of a subsequence of uy(z,t) := u(x + 2%, t + ;) (still denoted by itself), we
obtain

ug(z,t) = uso(z,t), (z,t) €ER™ xR, as k — oo,
which together with (5.23) yields

Uoo (2,0) = (Uso)r, (2,0) =0, = € BL(0).

Therefore, for any j € N and any fixed r > 0, we obtain
(5.24) Uoo (T, T1, 0) = Uoo (2, Ty + 70,0) = Uoo (2, 2, + 270, 0)
. :"':Uoo(xlamn +j7-0a0)7 JTEB??(O)

Since the n-th variable Z* of Z¥ is bounded, we deduce from the asymptotic condition
of (1.17) that

Uoo (', Ty, 0) ——— +1 uniformly in 2’ = (z1,...,Tp_1).

Ty —+to0

As a consequence, one can take x, sufficiently negative to let us (', x,,0) be close
to —1, and then take j sufficiently large to let uo (2, x, + j70,0) be close to 1; this
is a contradiction with (5.24). Therefore, conclusion (5.18) must hold.

Now suppose that 79 > 0. We next prove there exists an € > 0 such that
we(z,t) <0, VY(x,t) ER" xR, V7€ (10— ¢,70),

which would contradict the definition of 79.
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First, equation (5.18) implies that there exists a small constant ¢ > 0 such that

(5.25) sup wr(z,t) <0, V7€ (10— ¢,70)
|zy|<a,(z’,t)ER*—1 xR

Consequently, we only need to show that

(5.26) sup wy(x,t) <0, V7€ (10— ¢,70]
|zpn|>a,(z’ t)ER?* 1 XR

Indeed, if (5.26) is not valid, then there exists some 7 € (79 — €,70] and a con-
stant A > 0 such that

(5.27) sup wr(x,t) :=A>0.

|zn|>a, (2’ t)ER? T XR

Applying the asymptotic condition on w in (1.17), there exists a constant M > a such
that

(5.28) we(x,t) <

A
9 |z, > M, (wl,t) eR" ! xR
To this end, we define

FE = {(aj’,$n,t) cR"IxRxR |a < |z, < M, (x’,t) c R « R}

and the following function

vr(x,t) = wr(x,t) — 7

For any 7 € (19 — &,70), (2/,t) € R"! xR, if a < 2, < M at the points in £ x R
where v, (z,t) > 0, we have
u(z,t) > u,(z,t) + g >ur(z,t) >1-94,

using the monotonicity of f, which implies immediately
(5.29) ftu(z,t) — ftur(2,1) <0, a<wz, <M, (2,t)eR" xR
If —M < x, < —a, at the points in E x R where v,(z,t) > 0, we have

ur(z,t) <ul(x,t) < —1+4.
Again with the assumption (1.18), one has
(5.30) flu(z,t) — flur(2,t) <0, —M <z, <—a, (2/,t)€R" xR,

Therefore, in view of (5.29) and (5.30), at the points in E x R where v, (z,t) > 0, we
have

0301 (0,8) — (B + p) B v, (2,6) = Fur (2,8) — (A + p)Fur (1)
= [t u(z, ) = f(t,ur(2,1)) <O.
Thanks to (5.25) and (5.28), we have the following exterior condition:
vr(z,t) <0, (z,t) € E°xR,

which together with (5.26) and the maximum principle in unbounded domains (The-
orem 5.1), gives

vr(z,t) <0, (x,t) e R" xR, V7€ (rg—e¢,70)]

This contradicts the assumption (5.27). Hence (5.26) is valid, which also yields (5.17).
Therefore, we complete the proof of Step 2.
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Step 3. In this step, we will show that u(z,t) is strictly increasing with respect to z,,
and

(5.31) u(z,t) = u(xny, ).
From Step 1 and Step 2, we have deduced that
wy(2,t) <0, (x,t) ER"' xR, Vr>0.

In order to show that u(z,t) is strictly increasing with respect to x,,, we only need to
show

(5.32) wo(z,t) <0, (2,t) ER" I xR, VY7 >0.
In fact, if equation (5.32) is not true, then there exists a point (z%,t5) € R*™1 x R
and 75 > 0 such that
wry (2°,t0) =0,
which means (2°,9) is a maximum point of w,,(z,t) in R" x R, and
Diwy, (2, t0) > 0.

Through a direct calculation, we have
0= f(t()v u(x07 tO)) - f(th Ury (1,0, tO))

= Ofwry (2%, t0) + [=(A + p)]| Fwr, (27, 10)

—Wr (yato)
Z C’l’hOZ PV/ eplajo_yllxo _ y|n+a dy7

which implies immediately that
Wry (Y, t0) =0, y € R™.
Therefore, for any j € N, we have
u(yl7 Yn, tO) = 'U/(y/, Yn + T0, tO) = U(y/, Yn + 2T07 tO)
= =u(y,yn +j70,t0), yER"
Recalling the asymptotic condition, we can take y,, sufficiently negative such that
w(y', Yn, to) is close to —1, and then take j sufficiently large such that w(z’, z,, + j70,0)
is close to 1, thus we derive a contradiction and obtain (5.32), which yields that
u(x,t) is strictly increasing with respect to x,.

Next, our goal is to prove that u(z) depends on z;,, only. Indeed, it can be seen from
the above sliding procedure that the methods should still be valid if we replace u,(x,t)
with u(z +7v,t), with v = (v1,...,v,) and v, > 0. More accurately, applying similar
sliding methods as in Step 1 and Step 2, for each v with v, > 0, yields

u(z 4+ 7v,t) > u(z,t), Vr>0, (r,t)cR" xR
Letting v,, — 0, again with the continuity of u(z,t), we have
u(x + Tv,t) > ulx,t)

for arbitrary v with v, = 0. Replacing v with —v, for arbitrary v with v, = 0, we
find that

u(z + Tv,t) <u(zx,t).
Therefore,

u(x + Tv,t) = u(x, t),
which indicates that u(z’, z,,t) is independent of z’, hence (5.31) is true. Therefore,
we have proved Step 3. This completes the proof of Theorem 1.5. O
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5.3. Monotonicity in epigraph E. In this subsection, we consider the following
dual tempered fractional parabolic problem on the epigraph E:

Bjula,t) — (A + ) Fule,t) = f(t,ue, 1), ExR
with the epigraph (refer to [23])
E:={z=(2',2,) ER" | z,, > p(2')},

where ¢: R"™! — R is a continuous function. A typical example of epigraph E is the
upper half-space R"! (¢ = 0). We will show the following monotonicity result on the
epigraph F via the sliding method.

Theorem 5.2. Let u € {L,(R") ﬂC’llo’Cl ()} x (CHR)N LS (R)) be a bounded solution
of

Fu(z,t) — (A+p)Tulz,t) = f(t,u(z,t), (z.t) € ExR,

u(z,t) =0, (x,t) ¢ E xR,

where f(t,u) is nonincreasing in the range of u. Assume that there exists | > 0 such
that

u>0, in{(x,t) = (2',2,,t) € EXR| p(2') <z, < p(x') +1}.
Then, either u =0 in R™ X R and f(t,0) = 0, or u is strictly monotone increasing in
the x, direction and hence u >0 in E x R.

Proof: Keep the notations u,, w,, 7 defined in Subsection 5.2. Taking advantage of
the monotonicity of f(t,u), we arrive at

w(x,t) — (A+ N 2w, (z,t) = f(t,u(z,t) — f(t,u(z,t)) <0
at points « € E where w,(z,t) < 0. In addition, for any 0 < 7 < [, we have
wy(x,t) <0, Y(z,t) e {R"\ E} xR.
Recalling Theorem 5.1 again, for any 0 < 7 < [, we get
wy(z,t) <0, V(x,t) € ExR.

Now, suppose that u # 0 in E x R; then there exists a (2,f) € E x R such that
u(Z,%) > 0. Next we need to show that, for any 0 < 7 < I,

(5.33) wr(z,t) <0, VeeFE xR,
If not, there exists a point (z7,%y) € E x R such that
T T7t = 0 = T 7t })
wr (27, 1) max w (z,t)

and by the definition of 07, we have

to T T
w (I atO) —w (I ay)
Ow, (a7, t0) = C [m Ay >0,

On one hand, recalling the definition of —(A + p) 2, we know that

7w7(ya tO)
n ePlz™—yl |Qj"' — y|"+0‘

Dw (27, t0) — (A + p) 2w, (a7, tg) > Choo P.V./ y > 0.

On the other hand, one also has

Opwr (27, to) — (A + X Fwr (27, t0) = f(to, u(a” o)) — f(to, ur (a7, o)) = 0.

That is impossible! Therefore, (5.33) holds and hence w is strictly monotone increasing
in the z,, direction. In particular, v > 0 in F xR, and so we get the desired result. [
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Appendix A

In this section, we mainly present several important derivative estimation lemmas,
as well as several important inequalities, which are used repeatedly in establishing
our main results.

Lemma A.1. Let z = (z1,2'), and h(z) = f(x1)g,(z’), 0 < v < a, where

+1, and g,(z') =1+ 2"})3F, 0<y<a

K'\"
—~
8
5
S~—

Il
VRS
—_
|

=5
N———
)

Then there exists Ch > 0 such that, for all sufficiently smalll, we have

(A1) (A—;(px);() > %’ for any |z1] <.

Proof: Firstly, if |z1| < I, we have

o\ 2
(112) 11

1 a g C
L et =S

—(A+p)? f(z1) = —(A+p)?

and —(A + p) % g,(z') is bounded. Indeed, if |2/| = 0, then

(L+ly*)2 ~1

/|2 + ) "5 ey P

dy’ dy;

[~ (A+p)Fg,(a")| = Co PV. /(

1 /12
< Coa P.V/ %| /| dy dt
e ([ + [y'[22)

1 112\ 2 -1
= Cha P.V/ (L+ [y ) e dy/
e Jy/ 1o (1 1 12)

1+ )2 —1
:CP.V./ A+ly)2 =1,
Rn—1 ‘y/‘nflJra

—+00
1 2—1
—C/ +T dr < +oc.

T1+o¢
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If |2'| = +o0, then

e 9,2 ~ 0,0/}
I~ ()i, @)| = Coo Py, [ BBy,

R
<Cha PV. 197(2) = 9+(3")]
S e (= )
— O PV/ |g’)’(x/) B g'Y(y/)‘ ‘x/ o y/| dS dy/
O e (o =y oy
! /
— 1
¢ PV l9+(=") =g, (W] | dsdy’

N (e

no_ /
—CPV. g'y(l") gw(y)d ’
Rn—1 ‘(El _ y/|n71+a

_ (L4 2% — A+ [y D3]
=CP.V. /Rn_l [ — [T dy’ — 0.

Therefore, we have | — (A + p)2 g, (2")| < C. Similarly, we have

oo PV, fw1)(g, (") — 9,(¥")) al <o

|1’ — y|n+ael3|m*y‘

(A.3)

R™

Secondly, combining (A.2) and (A.3), we derive

~(A+p)Fh(z)=Cpa PV fﬂﬁfﬁz%ﬂiggﬁ@n

R”

_c,. py. [ {E9E) = F41)e @)+ F)os(=) ~ T n)gr W) 4
’ R™ |z — y|nteerlz—yl

~Ca py. [ )=S0 )0 )

|x — y|n+aep|a:fy\

Y

Y

— 0y () =(A + ) E]f(21) + Coa PV, [ LB =000
R ‘x _ y|n+o¢6p|x y|

> l%gAY (') - C.
Therefore,
[~(A+p)Eh(z) 1 (C | ¢
> = —C)>=.
h(z) 2 h \e@) =02
This completes the proof of Lemma A.1. O

Lemma A.2 (Lemma 5.1 in [12]). Let n(t) € C§°((—2,2)) be a smooth cut-off func-
tion, satisfying n(t) = 1 in [=1,1] and 0 < n(t) < 1. Then there exists a positive
constant Cy that depends only on « such that

0n(8)] < Co. Jort € (=2,2).

As a byproduct, we derive the following result by rescaling and translation.
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Corollary A.3. For any tg € R and r > 0, let

t—t o a
no(t) :=n ( = 0) € C§°((—=2r= +to,2rs +1tg)),

rs

then .
0 a a
Oino (O] < —2, fort € (=2r% +10,2r% +1o),
where the smooth cut-off function n(-) and the positive constant Cy are defined in

Lemma A.2.

Lemma A.4 (A generalized average inequality; see Lemma 2.1 in [34]). Assume
u € Lo(R™)N Cllo’i (R™). For any r > 0, if T is a mazimum point of u in B,(T), then
we have

dy > u(z),

(A +p)fu(@t) 1 / u(y, t)

enad ()T iy P g
where the function I(r) is defined by
1 1

I(r):= —/ —— dy.
r® Jpeoy |y Teerrlyl
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