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Abstract: In this paper, we investigate the asymptotic behavior and decay of the solution of the
discrete in time N-dimensional heat equation. We give a convergence rate with which the solution
tends to the discrete fundamental solution, and the asymptotic decay, both in L? (RN). Furthermore,
we prove optimal L2-decay of solutions. Since the technique of energy methods is not applicable, we
follow the approach of estimates based on the discrete fundamental solution which is given by an
original integral representation and also by MacDonald’s special functions. As a consequence, the
analysis is different to the continuous in time heat equation and the calculations are rather involved.
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1. Introduction

The linear heat equation u; = Au is one of the most studied problems in the theory
of partial differential equations. It was introduced by J. Fourier (see [1]) to model several
diffusion phenomena. Since then, it has been applied in the study of different processes in
many mathematical areas such as PDEs, functional analysis, harmonic analysis, probability,
among others. The nature of this problem is well known and we will not further explain it.

One of the aspects of interest, see [2—4], is the large-time behavior of solutions of the

heat problem
{ ur(t, x) = Au(t, x),
u(0,x) = f(x),
where the Laplacian operator A is taken on the spatial variable(s) x. If f € L!(RV), the

solution of (1) on LP(RN) is u(t) = G; * f, where * denotes the classical convolution on
RN and

t>0, xRN,
1)

1 x?
Gi(x) = ——e~'ir,

e t>0,x€RN,
(47ct)N/2

is the heat kernel. It is known that integrating over all of RV, we get that the total mass of
solutions is conserved for all time, that is,

/RNu(t,x) dx = /RNu(O,x) dx.

This fact leads us to think that the total mass of solutions should have importance in the
asymptotic behavior of solutions. Indeed, it is well known that if M = [y (0, x) dx then

2Dy, ) = MG(+)||, = 0, ast — oo, @)
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for 1 < p < oo, where || - ||, is the classical norm on LP(RN). The previous estimate shows
that the difference on L? (RN) between the solution u(t, -) and MG;(-) decays to zero like

1 o e
o (t%ll/m ) as t goes to infinity.
It is also known that the p-norms of the solution vanish as t — oo for p > 1. This fact
is known the fact of the p-energy not being conservative. More precisely,

_Gpliflla _ Gllfllg
Y /g-1/p)’ N/g-1/p)+1/2

Cpllfllg

£y < N /a1/p) i1
[ult, )y < N (1/g-1/p)+1

IVt )l < [Au(t, )y <
for f € L1(RN),1 < g < p < 0.

One can consider the first moment as the vector quantity [p, x u(t, x) dx. It can be seen
that such moment is also conserved in time for the solution of (1) whenever (1 + |x|)f €

LY(RN), that is,
/Rqu(t,x)dx = /]RN xf(x)dx.

To prove the previous identity it is enough to use that u(t,x) = (G¢ * f)(x) and
that fRN ijt(x) dx=0forallj=1,---,N. Moreover, under such assumption, for each
1 < p < o there is C > 0 such that

t%(lfl/p)Jrl/ZHu(t, )= MGi(-)|l, <C, forallt >0,

see, for example, equation (1.11) in [5]. However, if (1 + |x|?)f € L!(RN) observe that

/RN 1|2 (0, x) dx = /RN Ix[? £ (x) dx,

and integrating by parts, we obtain
./RN |x |2 u(t, x) dx = /RN |x|> Au(t, x)dx = ZN/RN f(x)dx,

where we have used that [y x%%u(t, x)dx = 0fori # j. Thus,
j

/RN |x[2u(t,x)dx = /RN x| f(x) dx—i-ZNt/RN f(x)dx,

and the second-order moment is not conservative. In fact, it is known that only integral
quantities conserved by the solutions of (1) are the mass and the first moment.

This type of large-time asymptotic results have been also studied for several diffusion
problems. For example, in [5-9], the authors studied large-time behavior and other asymp-
totic estimates for the solutions of different diffusion problems in RY, and similar aspects
are studied for open bounded domains in [7,10]. Estimates for heat kernels on manifolds
have been also studied in [11-13]. In [14], the author obtains Gaussian upper estimates for
the heat kernel associated to the sub-Laplacian on a Lie group, and also for its first-order
time and space derivatives.

On the other hand, finite differences, sometimes also called discrete derivatives, were
introduced some centuries ago, and they have been used along the literature in different
mathematical problems, mainly in approximation of derivatives for the numerical solution
of differential equations and partial differential equations. The most knowing ones are
the forward, backward and central differences (the forward and backward differences are
associated to the Euler, explicit and implicit, numerical methods). We denote them in the
following way: let h > 0, for a function u defined on the mesh Z, := {nh : n € Z} we write

5rightu(nh) = ulln + I)Z) — u(nh), Oesett (nh) = u(nh) - u}f(n — 1)h),
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and

Seuu(nh) = (W)u(nh) _ u((n+ 1)h)2—hu((n —1)h)

In the last years, and taking as a guide the paper [15], several authors have been work-
ing in the context of partial difference—differential equations (see [16-21]) from a specific
point of view; in these papers, the approach is focused on mathematical analysis, more
precisely, harmonic analysis, functional analysis and fractional differences. Particularly
in [16], it is shown that the operators dyjght and st generate Markovian Cp-semigroups
on (P(Z). Additionally, in [18], the authors study harmonic properties of the solution of
the heat problem on one-dimensional graphs (the mesh Z;), and the wave equation on
graphs is studied in [21]. An abstract approach for discrete in time Cauchy problems is
given in [20]. Furthermore, non-local problems in the discrete framework appear in [17,19].

Motivated by the importance of the classical heat problem (1) and the knowing of
the numerical approximations of the solutions of evolution problems, we consider the
first-order Cauchy problem for the heat equation in discrete time

{ Sefett(nh, x) = Au(nh,x) + g(nh,x), n €N, xRV, )

u(0,x) = f(x),

with i > 0, where A is the classical Laplacian on LP(RN) (taken on the spatial variable(s)
x), u is defined on N x RN, with N := {nh : n € Ny}, f is defined on RN and g is defined
on N x RN, with N := {nh : n € N}.

Along the paper, we study asymptotic behavior and decay of the solution of (3).
For that purpose, we need to know properties of the fundamental solution of the homoge-
neous problem associated to (3) (when g = 0). In fact, one of the key points to obtaining
such asymptotic properties is an integral representation of the fundamental solution for
the associated homogeneous equation. Furthermore, we describe explicitly this solution in
terms of MacDonald’s functions which arise naturally from the integral representation of
the solution. This representation is quite original and allows to study the decay of solu-
tions for the problem (3) when the initial datum belongs to p-integrable Lebesgue spaces.
Moreover, both the integral representation and the explicit expression via MacDonald’s
functions allow to give a quantitative rate at which the solution converges to M times the
fundamental solution, where M will denote, as in the continuous case, the initial mass of
solution. The techniques used to obtain our results differs to the continuous case because
we have to deal with the integral representation and asymptotic properties of MacDonald’s
special functions. We also note to the reader that obtaining the relation t = nh, the asymp-
totics of G; will be similar to G,, , as t — oo or equivalently n — oo, where G, ;, will denote
the fundamental solution of the homogeneous problem associated to (3).

One can think about the possibility of studying similar problems to (3) but considering
the discrete derivatives dgp; or .. However, as we explain in Remark 2, the fundamental
solutions to that problem do not have good properties.

The paper is organized as follows. Section 2 is focused on the fundamental solution of
the homogeneous problem associated with (3). We introduce an integral representation (5)
and the explicit expression via MacDonald’s functions (6). We deduce basic properties,
we calculate its gradient and Laplacian, and we see that the mass and the first moment
of solutions of the homogeneous problem are conservative in discrete time nh, and not
the second moment. Furthermore, some pictures of the continuous and discrete Gaussian
kernels, with their corresponding comments, are stated. In Section 3, we give pointwise
estimates (Theorem 1) and L? asymptotic upper bounds (Theorem 2) for the fundamental
solution G,, ;,, and we use such estimates to prove in Section 4 that the p-energies of solutions
of (3) are dissipative (Theorems 3 and 4). Section 5 is the main part of the paper; we prove
the asymptotic behavior for the discrete in time heat problem (Theorem 5). In Section 6,
we succeed in proving optimal L?-decay estimates for the solution of the homogeneous
problem associated to (3) (Theorem 6). The proof is based on Fourier analysis techniques.



Mathematics 2022, 10, 3128

4 0f22

Finally, we include an Appendix (Appendix A) where we show some basic properties of
Gamma and MacDonald’s functions, and a technical result about integrability.

2. The Discrete Gaussian Fundamental Solution

In this section, we study the fundamental solution for the homogeneous discrete in
time heat initial value problem on the Lebesgue LP (RN) spaces. Let i > 0, we consider

{ Siefett(nh, x) = Au(nh,x), n €N, x € RN, @

u(0,x) = f(x),

where 1 and f are functions defined on N} x RN and RV, respectively. Formally, one can
write the solution in the following way

u(nh,x) = hin(l/h —A)"f(x), neN, xecRY,

whenever the resolvent operator (1/h — A)~! has sense. It is well known that the Laplacian
operator A associated with the standard heat equation in continuous time on L? (RN) for
1 < p < oo generates the Gaussian semigroup

T(f(x) = [, Gilx=y)f () dy = (Gex )(x),

where * denotes the classical convolution on RN and G;(x) is the convolution kernel which
is given by
1 12

Gt(x)zme_T, t>0,x€RN

From semigroup theory (see Chapter 3, Corollary 1.11 (equation (1.16) ) in [22]), we obtain

;7(1/h —A)"f() = h”l“l(n) /Oooe*”ht”*lT(t)f(-)dt.
Hence,
u(nh, ) = = (1/h— )7 f()
= hnrl(n) /Oooe**/”t”*(Gt*f)(-)dt = (Gun*f)(-), feLPRN),
where . o
G2 () = /O e /Mn=1G,(x)dt, neN, x e RV {0}. )

Remark 1. Note that fixed a positive number t > 0, the approximants (1 — LA)™" given by
the Post-Widder inversion formula (see Chapter 111, Section 5, Corollary 5.5 in [22]) allow to
approximate the Gaussian Co-semigroup Gy * f as n — oo. That is, for f € LP(RN),

to
IGis f = (L= =8)"fll, =0, n— oo,

uniformly for t in compact intervals. Writing h = t/n, the previous convergence shows that the
Gaussian semigroup can be approximated by the solutions of the discrete in time problems (4),
ie, (1—LA)"f =G, * f,as the mesh h — 0.

Remark 2. It is easy to see that if we consider the forward difference &gy on (4), then formally,

the solution of the problem would be u(nh,-) = ;% (1/h+ A)"f(-), which is not defined (bounded)
on LP(RN).
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Additionally, for the central difference 6., the fundamental solution would be given by

/ " Ju(t/)Gi(x) dt,

where ], are the Bessel functions of the first kind. In this case, it is not difficult to prove that
the solution is bounded on LF (RN), however, it does not have as good properties as G,, j, satisfies,
for example, the contractivity on L' (RN).

These are the main reasons we consider the discrete in time heat problem with the backward
difference jep.

Now, we will see the explicit expression of the fundamental solution gn,h in terms of
special functions. By [23] (p. 363 (9)), we have

1 o 2
_ —(t/h+|x2/48) n—N/2-1
Gup(x) = h”F(n)(4n)N/2/() e t dt

B 2 |x| n—N/2 |x|
~ T(n)(47th)N/2 (2\/,7) Kn-N/2 <\/ﬁ> neN,xeRY\{0}.  (6)

Here, the functions K, denote the Bessel functions of imaginary argument, also called
MacDonald’s functions or modified cylinder functions (see Appendix A). Observe that
the identity has no pointwise sense for x = 0if n — N/2 < 0. In fact, for that values
n—N/2 <0, taking |x| — 0in (6) and using (P4), (P6) and (P8) of Appendix A one obtains

Gnn(x) — oo. For the case n — N/2 > 0, by (P4), we have G, ;,(x) — % as x| — 0.

Remark 3. The Gaussian kernel satisfies the semigroup property on time, Gy * Gs = Gyys. Since
Gy 1 is given by natural powers of the resolvent operator of the Laplacian, it satisfies the discrete
semigroup property. Indeed, we also can prove that property using the expression (5) as follows,

(G * Gup) (x) = hn+mr(1n /RN (/ / — - lgmolG, (x—y)Gs(y)dsdt)dy
hnwr(ln)()/ (e s

- wmln)() /w e Go(x) (/0” (g — dt) do

1 R m+n— _
= T ¢ PG B, m) e = G ().

Here, B(n,m) is the Beta function.
In the following, we denote

Pun(t) e M1 neN.

()

Then, we can write

G (x /pnh )Gi(x)dt, x #0. @

The above integral representation is a discretization formula for the Gaussian semi-
group. The case i = 1 was treated in [20] for a general Cp-semigroup on an abstract context.

Next, we refer to the function G, as the fundamental solution for the problem (4).
The following proposition states some basic properties of it.
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Proposition 1. The function G,, , satisfies:
(i) Gun(x)>0, neNx#0;
(ii) /RN Gup(x)dx =1, nel;
1
(ii))  F(Gy = =
(90)(®) = ey

(o) Guh®) _hg”‘l'h(x) = AG,u(x), n>2,x#£0;

(v) /RN |x|*G,,n(x)dx = 2Nnh, n€N.

neN,¢eRN;

Proof. (i) It is clear by (7). (i) Note that [;° p,,(t)dt = 1 and [pn Gi(x)dx = 1, then

the result follows from the Fubini’s theorem. (iii) It is known that F(G;)(¢) = e tleP,
for ¢ € RN, then by (7) one obtains

= 1
FGu)®) = || pusF(GE) dt = oy

(iv) First of all, observe that %pn,h(t) = - % (Pup(t) = pu_1,n(t)) for n > 2. Then, integrating
by parts, we obtain

Gupn(x) — Gy ® J
n(x) . (%) :/0 Pn,h(t)gcf(x) dt

= [" paaci) ar
= Agn,h(x)r x #0,

where we have used that lim;_,y+ p,(t)Gt(x) = 0 and lim;_,eo pu ()Gt (x) = 0. (v) It follows
easily by the second moment of G¢(x) and the representation (5). [

Remark 4. Observe that one can prove the above properties via the expression (6) given by the Mac-
Donald’s function. For example, from (P1) of Appendix A we get the positivity of the fundamental
solution. Furthermore, by [23] (p. 668 (16)), it follows

. n—N/2
/RN G (x) dx = F(n)(427rh)1/2 /RN <2|\x/|ﬁ) Kn-ny2 (%) A

N_
B 21+2 n N7TN/2 /Ooran/ZK < r >d
= N N n—N/2 r
T(n)(4mth)1/2n2-3 \I'(7 +1) Jo Vh

We also note that by % =
]

i

and (P2) of Appendix A, we obtain

i B ) ﬁ |x| n—N/2 m
9, 9 = ) N T (zx/ﬁ) Kn-n/2-1 (\/E> ®)
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and then derivating once more in the previous expression and taking into account (P3) and (P7)
(withv =n — % — 1) of Appendix A, we have

a 1 x| \"7 27 |x|
@g"’h(x) hF(n)(47rh)N/2(2\/E> K”’z”( h)
2 _N_
i 1 (le >” 2 ZK N<|x|
h 2hT (n)(47th)N/2\ 2v/h "2 \Vh
2 N _
N g ) Sev(5)
h AKT (n)(47th)N/2\ 2v/h =31\ /n
X 1 jx] \"2 8 x|
—2(n—1)-L K 1),
03 e ) v ()
) N ¥ x| \2 )
Now, since ijl 7’ = (ﬁ) , we obtain
Agn’h(x) _ g?’l,h(x) - gn—l,h(x) )

h

Finally, observe that the mean square displacement can be also calculated in the following way;
using (6), a change of variables and [23] (p. 668 (16)), we have

2 _ 2 n—N/242 M)
SR = s o W ()

2 NrN/2 o e vy ( r )
— "2 T, — | dr
r(n)(4nh)N/2(2\/ﬁ)N—1/2(r(yﬂ)/o N2 Vh
= 2Nnh.

Remark 5. Note that by Proposition 1 (ii), we have that the total mass of solution of (4) is
conservative in the discrete time nh, that is,

/RNu(nh,x)dx: /RNf(x)dx.

Moreover, the first moment is also conservative: if (1+ |x|)f € LY (RN) one gets
/RN x(u(nh,x) —u((n—1)h,x))dx = h/RN xAu(nh, x)dx =0,

and so [pn xu(nh,x)dx = [pn xf(x) dx. However, as in the continuous case holds, by Proposition 1
(v), it follows that if (1+ |x|*)f € L'(RN), the second-order moment is

/RN |x|? u(nh, x) dx = /RN |x|? f(x) dx 4 2Nnh /RN f(x)dx.

To finish this section, we show some pictures of the fundamental solution of (4). We
have used Mathematica to make them. The objective is that the reader visualizes the
convergence of G, j, to G as the mesh 1 — 0.

Figure 1 shows, in the one-dimensional case (N = 1), the Gauss kernel G; and
the fundamental solutions of the discrete problems for several values of . As we have
mentioned, the approximants in the Post-Wider inversion formula (which are given by
the fundamental solutions in the discrete setting) converge to the Gaussian semigroup
as h — 0 writing t = nh. Therefore, for the different values of i, we choose n such that
nh = 1. For example, for 1 = 1/2, we have represented the fundamental solution G, 1 /».
Furthermore, observe that for N = 1 the fundamental solution G, ,(x) is defined on the
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whole real line since n — N/2 > 0 for all n € N. However, by (8), and (P6) and (P4) of
Appendix A, we obtain

Ed

, B x B x | x| x
Gin(x) = Ch|x|—1/2K_1/2<ﬁ> =Gy |x|1/2K1/2(ﬁ) ~ —Chmr x| =0,

where Cj, is a positive constant depending on / (the symbol ~ denotes that both functions
are equivalent in the limit, in this case, as |x| — 0). This shows that G, ;, is not derivable in
x = 0 (see Figure 1 for h = 1).

— Gaussian
— h=1

— h=1/2
— h=1/5
— h=1/10
— h=1/50

Figure 1. Behavior of Gauss kernel G4

Figures 2—4 show several approximants to the Gaussian G; in the two-dimensional
case (N = 2). In Figure 2, we observe that G;(x) — +oo taking x — 0, as we have
commented previously (sincen — N/2 =0forn =1,N = 2).

Figure 2. Comparison of G; ; with G; near x = 0.

In Figure 3 we glimpse that G, /> (x) is well defined for x = 0, but it is not differen-
tiable (since n — N /2 = 1). Finally, Figure 4 shows, not only as the approximation improves
as h decreases, but also that the function is smoother.

L. Gaussian
L h=1/2

Figure 3. Comparison of G, 1/, with G; near x = 0.
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Ll Gaussian
Kl h=1/5

Figure 4. Comparison of G, ;, with Gy as h decrease.

3. Estimates for the Fundamental Solution

In this section, we present pointwise and p-norm estimates for the fundamental
solution of (4). In the following, we will assume that the step size & of the mesh will be
fixed because our main aim is to study asymptotic results when the discrete time n goes
to infinity. Therefore, the constants that will appear along the manuscript could depend
on such & (as well as on p), although we do not indicate it. We use the variable constant
convention, in which C > 0 denotes a constant which may not be the same from line
to line.

Theorem 1. There exists a positive constant C (independent on x and n) in each next case such that

(i)
C |x 2
|G (x)] < ORIk for = < landn—N/2>0,
and L
nh X
|gn,h(x)| < ClxlTJrz, for T > 1.
(i1)
2
X b
(VG (x)] < C(th%' for |n_h <landn—-N/2>1,
and .
nh X
|vgn,h(x)’ < C|3C|T+3, for W > 1.
(iii)
Gun(x) = Gu1n(x) C Ix[2
‘ h ‘S (nh)N/2+1'f0rWSlandn—N/2>1,
and 63 " iy
nh\X) = Yp—1,nX C X
, , < x>
LYCE SYCI

Proof. (i) By (6), (P4) of Appendix A and (A1) we have that there is a positive constant C

such that whenever % <landn— N/2 >0, it follows

n

I(n-N/2) _. 1

|gn,h(x)| < Cr(n)(47'ch)N/2 < (nh)N/z.

Along the proof, we will use that

k € No. )
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By (P5) of Appendix A there is C > 0 such that if % > 1, takingk =n+ N +1in (9),

it follows
n3N/4+5/4 nh nh

on |x[N+2 < C|x|N+2'

|G p(x)] < C

(ii) Note that Equation (8) implies that

Y Gon(x)] = 2 ( il )HN/ZK ("") (10)
Tl,h r(ﬂ)(47‘[h)N/2\/E 2\/E n—N/2-1 \/E .
From (P4) of Appendix A and (A1) thereis C > 0 such that if % <landn—N/2>1,
we have r( N/2-1)x] »
n— —1)|x X
IVGun(x)] <C T (n)hN/2+1 < C(nh)N/ZH'

On the other hand, by (10) and (P5) of Appendix A, there is C > 0 such that if % >1,
taking k = n 4+ N + 2 in (9), we obtain

hn(n+1)(n+2)(n+3) nh

< C—.
2| T

[VGun(x)] < C

(iii) Applying (P3) and (P2) of Appendix A in turn, it follows that

Gup(x) = Guorp(x) 2|x[rN/2
h T T (n)(4m)N/2RN/24172 (23 /)= N/2
[x] |x| |x|
X <NKnN/2l <\/E> — ﬁanN/zfz (Jﬁ))
=: () + (II).

|x[2

By (P4) of Appendix A and (A1), there is C > O such thatfor ©r- <Tandn—-N/2 > 1,

(M= Cr(lij(;)ff\{/i:ll) = (nh)l%i/zﬂ'
and P c
(D] < C(nh)N/HZ = (nh)N/zﬂ'
Note that from the part (i), we have there is C > 0 such that for % >1,
hin3N/4+9/4
G (X)), [Gn—1,n(x)] < Cw-
Then
‘gn,h(x> —hgnq,h(x) ‘ <c |x|11\]+2.
O

Now, we present the asymptotic decay of the fundamental solution G, , in Lebesgue
and Sobolev spaces.

Theorem 2. Let1 < p < coandn € N.Then G,,;, € LP(RN) ifand only ifn — § (1—1/p) > 0,

and then
1

<Chp—————.
[Guullp < Cp () ¥a-17p)

Furthermore,
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(i) ifn—5(1—-1/p) > 1/2, then

1

< :
1V Gually < C(;m)%(l—l/p)ﬂ/z

(i) ifn—5(1—1/p) > 1, then

G = Gn-1n 1
h

(nh)%(l—l/p)ﬂ '

p

Here, C is a constant independent of h and n.

Proof. It is well known (see p. 334 (3.326) in [23]) that there exists C > 0 (independent of ¢)

— 1 _ 1 el 1
such that ||Gt||p = Cm, HVGth = CW and ||aGth S Cm fort > 0.

Note that by (7), then one arrives at

A

C © —tn-Na-1)—1
< — nt 2V T dt=C p
1Gnnllp < hnT (n) /o ¢ 5 (nh)%(l—%)

if n — % (1—-1/p) > 0, where we have applied (A1). The boundedness of items (i) and (ii)
follows in a similar way.

Now, we prove that if n — g (1-1/p) <0,thenG, ), ¢ LP(]RN). We distinguish two
cases under assumption n < % (1—-1/p).

First, if n = %, which only could happen if p = cc. In that case, by (6) and (P8) of
Appendix A, we have G,, j,(x) ~ Cp, log(%lﬁ) as |x| — 0,and then G, , ¢ L®(RN).

Secondly, consider n < % In that case, by (6), and (P4) and (P6) of Appendix A, we
have G, ,(x) ~ C”/h\x\l\]%m’ as |x| — 0,and then G, ;,  LP(RYN) (it is enough to use spherical
coordinates to prove the divergence of the integral at zero). [

4. Asymptotic L?-L9 Decay

Let h > 0, and the time mesh N/. Now, we consider the non-homogeneous problem

{ Stefett(nh, x) = Au(nh,x) + g(nh,x), neN,x eRN, a

u(0,x) = f(x),

where u, f, g are functions defined on N, g x RN RN and N x RN, respectively.
Formally, from (11), one arrives at

W, X) = (Gup o F)() + 1Y (Gx g((n =+ D)) (x), neNxeRN,  (12)
j=1

The expression (12) gives a classical solution of (11) on LP(RN) (1 < p < c0) whenever
f,g(nh,-) € LF(RN), for n € N, since G,,;, € L}(RN) for all n € N. For convenience, we
write the classical solution as u(nh, x) = uc(nh, x) + uy(nh, x), where

ue(nh, x) = (G * f)(x) (13)

and
n

up(nh,x) =h g(gn—j-&-l,h *g(jh, ) (x). (14)
=

Next, let us present a result about the L”-L7 asymptotic decay for u..
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Theorem 3. Let 1 < g < p <ocoand f € LY(RN).Ifn— 5 (1/9—1/p) > 0, then uc(nh,-) €

LP(RN), and
. <C——————— .
ey < €y
Furthermore,
. 1 N
(i) ||Vuc(nh, )|, < C(nh)%(l/q VRV Ifllgy n—50/q—=1/p) >1/2.
1

(i) logue(nh, ) < C Ifly n=¥/q-1/p)>1

( h) N(1/9-1/p)+1

Here, C > 0 is a constant independent on h and n.
Proof. Take r > 1suchthat1+1/p =1/g+ 1/r, and applying Young’s inequality, we get

e (nh, )lp = NGup * fllp < (NGunllr Nl fllg-

The results follows from Theorem 2. Items (ii) and (iii) are similar by items (ii) and (iii)
of Theorem 2. [

Now, assuming certain conditions on the function g, we obtain an asymptotic behavior
for uy, given by (14).

Theorem 4. Let 1 < q < p < o0, and g(nh,-) € L1(RN) for each n € N, such that there are
v > 0 and a positive constant K independent on n € N such that

K
gy < =

If% - % < 2/N, then uy(nh,-) € LP(RN) for all n € N. Furthermore,
(i) Ify#1,then
nh)lfmin{l,y}

M,<c 2
l|up (nh, )|, < C(nh)%(l/q_l/p)

(i) Ify=1,
log nh

. <C——2———.
Hup(nh/ )HP — C(nh)%(l/Q*l/p)

Here, C > 0 is a constant independent on n.

Proof. Let r > 1 such that 1 +1/p = 1/9+ 1/r. Note that by Theorem 2, we have
Ginell (RN) for all j € N. Therefore, by Young’s inequality and Theorem 2, one obtains
for each nn € N that

1 1
(n—j+ 1)) 2 (W/9=1/p) (jh)7

n
[[up(nh, ) [lp < hE 1Gn—jsnllrllgCGh,)llq = Ch E
j= j=1

11/2 n 1
_Ch<2—|— 2 =L+ 1.

j= [n/2]+1> ((n—j+1)h)2W/a=1/p) (jh)Y
On one hand, for 1 < j < [n/2] we have n/2 < n — j + 1, which in turn implies that

1 ['g} 1 <C(nh)1fmin{l,7}
(nh) YWa-17) & G = () ¥ @/a-1/p)

L <C

v#1,

log nh _
and I; < Ci(nh)%(l/q—l/p) when ¢ = 1.
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On the other hand,

L <C

1 & 1 (nh)1=%(/a-1/p)

(nh)“Yj * (]'hﬁ(l/qfl/p) - (nh)Y

O

5. Large-Time Behavior of Solutions

In the following, we study the asymptotic behavior of solution of (11), more precisely
we will prove as the solution u, + u, converges asymptotically to a linear combination of
the mass of the initial data f and the mass of the non-homogeneity g. Moreover, we will be
able to state the rate of the convergence. Along the section, we will assume the following;:
@ feLl(RN),

(b) There exists v > 1 such that

. 1 .

Set also

[ 7 = 'h/ .
M RNf(x)dx M, ];/RNg(] x) dx

Next, we consider the intervals Iy (depending on N € N) of values of p, for which the
following result will be valid. We define

1,00, N=1.

Iyi={ [lo), N=2
N

1,&5) N>3.

Taking into account the previous notation, we present the next theorem.

Theorem 5. Let 1 < p < oco. Assume the conditions (a)—(b), and let u. and u, given by (13) and
(14), respectively. If p € Iy, then u(nh,-) € LP(RN) forall n € N.

(i)  Furthermore,

M(l_l)
(nh) 22 P luc(nh, ) = McGup(-)llp =0, as n— oo,

and
() E OB g (nh, ) — hMyGop()lp = 0, a5 1 — co.

(ii)  Suppose, in addition, that |x|f € L1(R), then there exists Ky,r > 0 such that

NZ

1
(n) 2077 Jue ) = MeGup ()l < Ko () ™72,
Proof. Note that by Theorems 3 and 4, we have that u.(nh, ), u,(nh,-) € LP(RN) when
%(1 —1/p) < 1, thatis, when p € Iy.
We start proving the assertion (ii). Next, we can assume that # is large enough. Since
f,|x|f € LY(RN), by Decomposition Lemma A1 there exists ¢ € L' (RN;RN) such that

f =My +dive
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in the distributional sense, and

gl <€ [ I¥lIf(x)]dx < oo.
Then,

uc(”lh/ x) = (gn,h * (Mc50 + le¢()))(X)
= Mcgn,h(x) + (Vgn,h * (P)(X),

which implies (1 large enough such that n > § (1 —1/p) +1/2)

1
nh) 3 =1/p)+1/2’

luc(nh,-) = McGun()llp < CIVGunllplllx[f()lh < Kp,f(

where we have used part (i) of Theorem 2. This implies

1

— < - @ @

(15)

To prove the first part of assertion (i), we choose a sequence (77;) C C§°(RN) such
that [y 77(x) dx = M, for all j,and 77; — f in LY(RN). For each j, by Theorem 2 and (15)
we get

[uc(nh,-) = McGun()llp = 1Gup * f — McGunllp
<|NGup* (f = 1)) lp + 1Gon * 1 — McGunllp
SNGunllpllf = njlls + [1Gup * 17 — McGupllp

1 1
<Cp————If =7 Kpyy———7-
=Gy () ¥0-177) 1f =il + Kpy, (nh) 3 (1-1/p)+3

It follows that

N_
() 2O e (nh, ) = McGopi () p < Cpll f — Ly

which implies

limsup (1) 20=VP) |lue(nh, ) = McGup()llp < Cpllf = il

n—o0

The assertion follows by letting j — oo.
Next, let us prove the second part of (7). We can write

Mﬁjé/RNg(jhx Z/ 8(jh,x)d

j=n+1
It follows from Theorem 2 that

N(—
(nh) 201G () z/ 2(jh,x) d
j=n+1
p
N
)2 pHgnth 2/ g(jh,x)|dx — 0, n— oo.

j=n+1
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Therefore, it is enough to show the following

G 80 DO~ hGua) 1 [ 8y
j=1 j=1

— 0, n— oo.

¥
p

Ir order to prove the assertion, we fix 0 < § < %. In particular, this implies that

1 1
!
1-6 4
Next, we decompose the set {1,2,3,...,1n} x RN into two parts

Q1 :={1,2,..., [n8]} x {y € RN : [y| < (6nh)'/?},

O :={1,2,...,n} x RN\ Q.

Let us start with the set (). By the integral form of the Minkowski inequality, we obtain

1/ o, 120t =)~ W]

U [ o 90l =) = Gun )3 )y

Note that in this set, the following inequalities hold:
(16)

7

N[ S

n>n—j+1>n(l1-46) >

where the second inequality follows from én — [én] > —1. Now, when (j,y) € O, we
consider the following subsets over RN

|x — y| < 2(onh)'/?}, x =yl > 2(6nh)'/?},

A={xecRN: B:={xcRN:

and we write the p-norm over (), in the following way

1/p
19014 =) = Gua Ol < ( [, 160 1a =) = Gua) P )

. 1/p
([ 190 js1x =) = Gl dr)

Let us estimate on () the part A of the p-norm. First, we write

1/p
(/19-ss10x =) = Gualldx) < ([, 1Gu-jinatx =P )
1/p
( |gnh |de>

=L+

1/p

For (j,y) € O and x € A, we have that
x —yP? 49

(—j+h = (1=8 " "
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Since we want to estimate the solution for large values of n, we can assume that n > N.
Thus, (16) implies that n — j +1 > n/2 > N/2. It follows from Theorem 1 (i) that

C
|gn7j+1,h(x_y)| S ((n*]ﬁ“l)l’l)N/z

Then,

Nz

(nh)

1-5 1/p
%( 71) < P h < )
() 2Py < /Adx

_ Clnm) 2PNy g,

T (romyr ST
where in the last inequality we have used (16). Analogously, for (j,y) € Q; and x € A,
we have
which implies that

C
|gn,h(x)| < W
Therefore,
(nh) 2 P)pL, < CheN/2.

Since 35771 [|g(jh, ) [l1 < o0, we get

1/p

NI [ (19 i) = Gl dx) sl dy
, 1

< ChoN' —0, 50

Now, we consider on () the part B of the p-norm. We write

1/p 1/p
(16010 =9) = GualP ) < ( [ 160 poaalx =) = Guopoan)P )

1/p
(L1011 = Guatlr )
=: I3+ I4.

First, let us estimate I3. By mean value theorem, there exists ¥ between x — i and x
(x denote the integration variable) such that

1/p
=l ([, 196 ax)

Since |y| < (6nh)'/2 < I|x —y|, then

. - X —
1> eyl F = ()l = eyl lyl = Y a7

and
1% < |x—yl+ |yl < [x—y|+

X — 3
| 2]/‘ :§|x—y\. (18)
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Equations (17) and (18) show that |%| and |x — y| are comparable. Furthermore, by (16)
and (17), we obtain

|| |x — | 1/2
G+ Dm7 = 2 o2~ )

Now, we will use the asymptotics of [VG,, ;1 ,(%)|, so we divide I3 in two parts, I3
and I3, depending on whether W is less or greater than 1, respectively (we are
assuming J to be small enough).

] 177 > 1, by (18) one obtains

In 132, when W =

) - 3
((n=j+ DM < |2 < Slx—yl.

For this reason, the integration region in I3, is contained in {x € RN : %((n —j+
1)h)Y/2 < |x — y|}. From Theorem 1 (ii), the fact that |y| < (6nh)/2, (16) and (17), we have

—j+ DR\, N\
I <c(5h1/2</ (M)d)
3 < C(onh) Jix=yl> 3 ((n—jr1yy 12 |Z|N+3 x

1/p
< C(onh)/? (/ (nh) de>
x—y|>3((n—j+1)n)1/2 \ |x — y[NT3

_ C(Sl/z(nh)3/2((n —j+ 1)h)N/(2p) (N+3)/2
S C(Sl/Z(nh)*N/Z(lfl/p)‘

Consequently,
(n)N/20=V P15, < Cho'/2.
For I3, by (19) note that the set of integration is contained in {x € RN : 1 >
W > 5/ 2}. Then, from Theorem 1 (ii) (by (16) we can take n large enough,
n > N+2,suchthatn —j+1> ¥ +1), it follows

1/p
Is1 < C(é6nh)'/? %] de
31 = 12« bl o\ (n— j+ 1)h)N/2H

((n— ]+1)h)]/2 -

51/2( h 1/2 Lp
<C—i— / x—y|Pdx
(N S e =yl

) ~— ((n—j+1)h
< C51/2<Tlh) 2(1— l/p)(l _5(N+p)/2)l/p
(

Tlh) N/2(1- 1/p)

which is equivalent to
(nh)N/Z(lfl/p)hISl < Chsl/2.

Next, let us estimate I;. From discrete mean value theorem (see Corollary 2 in [24]),
there existii € {n —j+2,...,n} (whenever j > 2) and C > 0 such that

I; < C(j— 1)h(/B |Grn(x

Recall that in )1 we have n — j +1 < 71 < n, which implies by (16) that nh(1 —J) <
fih < nh. Additionally, in (); and B, we have

) =GP ax) = - 0n( [ lagmoras) . o

x| = |x+y—y| > |x—y| - |y| > (6nh)"/?,
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SO

|x] |x] (onh)'/> 5172
(th)1/2 = (nh)1/2 = (nh)1/2 B 4
and we have again two cases. We denote by I4; and I;p depending on whether Z < 1 or
Z > 1 on the right side of (20).
For Iy, since Z < 1 and |x| > (dnh)'/? the set of integration is contained in {x € RN :
(6nh)Y/2 < |x| < (nh)'/2}. Then, from Theorem 1 (iii) (by (16) we can take 1 large enough,
n> N+42,suchthatii >n—j4+1> % + 1) and the fact that we are in ()1, we have

1 1y
Iy < C(j—1)h ey ¢
41 > C(] ) (/(5nh)1/2<|X|<(ﬂh)1/2 (ﬁh)(N/Z-i—DP x)

Conh < / dx)l/r’
(nh(l — 5))N/2+1 (5nh)1/2§|x‘§(nh)l/2
C(S(l _ 5N/2)1/p(nh)—N/2(1—1/p)

(1 —5)N/2+1 '
Consequently,
(n)N/20-1P) g, < (1_6;’)1;\5]/2“‘
For Iy, we have
x| x|

l<z= (7ih)172 < (nh(1—8))1/2’

which implies that the set of integration is contained in {x € RN : |x| > (nk(1 — 5))'/2}.
Then, by Theorem 1 (iii), we have

1 /p
Ly < C(i—1)h / — @

Co(nh)~N/20-1/p)
- (1 — 0)N/20-1/p)+1"

Consequently,
Ché

1/2(-1/p)
(nh) Phlyp < (1— o)N/20-1/p)+1"

Collecting all above terms over B, we obtain

1/p
A [ ([ 160l =) = G ) gy

Y)EM

n
< col / i, y)|d
< ]; o 180 )ldy

for some positive number #. The upper bound tends to zero as 6 — 0 uniformly in nh.
Now, we consider the set (). Then,

()N 2O [ G =) = GoaCO) ()l
/. 2

< (n\N/20=1/p)p, /
< (nh) Z (jy) e

+ NV [ Gl )y
J(Gy)e

=I5+ I.

||gn—]'+1,h(' =ylplgh y)ldy



Mathematics 2022, 10, 3128 19 of 22

By Theorem 2 (i) (the condition p € Iy implies 1 > 5 (1 —1/p)) one gets
Iy <C 2 / ¢(jh,y)|dy.

Asn — oo, O — N x RN, This implies that () has measure zero, and since
Y21 Jrv 18 y)|dy < oo, then Zf(j,y)eﬁz lg(jh,y)|dy — 0 as n — oo. It follows that

I¢ — 0asn — oo.
For I5, we have two possibilities: either j < [én] orj > [én]. Thus, we divide

O ={1,...,[6n]} x {y e RN : |y| > (6nh)2}y U {[on] +1,...,n} x RN,

Then,

I < (nh)N/20-1/p) Z/ G- j1 (- = W8GR y) |y

[y|>(6nh)1/2

+ <nh>N/2<1—1/v>h y / 1Go—js10(- = ) Iplg (it y)ldy
(Sn +1

= 151 + 152.

Let us start with Is;. Recall that for j € {1,.. f&ﬂ} the expression (16) holds.
Therefore, by Theorem 2 (i) (the condition p € Iy 1mp11es 1>5 (1 —1/p)) we have that

[on
151<Ch2/ <(jh, y)|dy — 0

ly|>(6n h1/2

asn — oo,
Next, for I5p, again by Theorem 2 (i), v > 1 and % (1—1/p) € [0,1) we obtain
! 1
(o1 ((n— j+ 1)) FA-1/p) 7
C(nh)N/z(lfl/p)h n—[én] 1
(fonT+ 107 & () Fa-1/p)

- Ch(nh)N/20=1/p) (uh — [sn]h)1-N/2(=1/p)
N (6nh)Y

Isp < C(nh)N/20-Vp)p

—0, n—oo.

O

6. Optimal L2-Decay for Solutions
In this section, we prove that the decay rate of the solution u. of (4) given in Theorem 3
(i) is optimal.

Theorem 6. Let u be the solution of (4). Assume that f € LL(RN)NL2(RN) and [pn f(x)dx #
0. Then, there exist ¢, C > 0 such that

¢ C
(N3 = luc(nh, )2 € ——q, nh>1

(nh)N/4’
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Proof. Itis cleat that if f € L?(RN), then u.(nh,-) € L2(RN) foralln € N. Let p > 0, we
have by Proposition 1 (iii) that

lue(nh, )13 = || Fue(n, ) |3 = /RN I FGun @) |FF()PdE

1 2
2 Jyop) RSO
1 2
= W/B(O,p) [Ff@)Pde. (21)

By Plancherel Theorem and the Riemann-Lebesgue Lemma we have that Ff €
Co(RN) N L2(RN). By the Lebesgue differentiation theorem, we may choose py small
enough such that

L 1
9 fo FFOPAE = SIFOF forall pe (0,0

Substituting the previous inequality in (21), we have that for all p € (0, po]

N
a2 0 2
||Mc(l’ll’l, )HZ = 2(1 —|—h|p|2)2n |]:(0)| .

We choose p := (n ;‘L;)O 173 For large enough 1, nh > 1 then p belongs to (0, pg). Hence,
N Py
T+ Hlp) 2\
(nh)N/2 (1 + n°>

N
Lo ¢

= ’ h> 1/
= (nh)N/2e2P% (nh)N/z nn =~

and then we get the first assertion of the result.
Next, let us prove the upper bound. By Plancherel’s Theorem and the Riemann—
Lebesgue Lemma, we have

et ) = [ P @) P
1 1

5 2
<IFFIR [ amemdd < IR [ ammepee
_ ClfI3 L __c
= G o TE PP = G

O
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Appendix A

Here, we present some useful facts which are needed in order to obtain our results.
First, we recall the following asymptotic behavior of the Gamma function. Leta, z € C, then

W =z" (1 + % +O(|z|_2)>, |z| — oo, (A1)

wheneverz #0,—1,—-2,...,and z # —a, —a —1,..., see [25].

Next, we recall the definition of Bessel functions and some basic results which are
used in this work. See [23,26,27] for more information about this topic.

Let v € R\ Z. The Modified Bessel functions of the first kind are defined by

0 X\ 2n+v
zv(x>—n;)r(n+vl+1),ﬂ(z) K

Such functions allow to define, for v € R a non entire number, the Modified Bessel
functions of second kind or MacDonald'’s functions as follows

7 Iy (x) — I,V(x).

Ky(x) = 2 sin(vx)

For the case u € Z, they are defined by

— 1 _ 1 T Iv(x) — I—v(x)
Kux) = 31—% Ky(x) = 1}1—% 2 sin(vx)

These functions arise as the solutions for the ODE
d? v2 1d
ﬁu(z) = (1 + Zz)u(z) — ——1u(z).

Some properties of the MacDonald’s functions used along the paper are the follow-
ing ones:
(P1) Ky(z) = [, e Nt cosh(vt) dt, |Arg(z)| < ForRez=0andv =0.
(P2) zLK,(z) +vKy(z) = —zK,_1(2).
(P3) Z%KV(Z) —vKy(z) = —zK,11(2).
(P4) Tfv > 0,Ky(z) ~ 2 (2)", 2] 0.

z

2\ 1/2
(P5) Ky(z) = (22) e? <1+O(1/z)), zZ — 0.

(P6) Ky =K_y.
(P7) zKy—1(z) — zKy41(z) = —2vK,(2).
(P8) Ko(z) ~log(2), |z| — 0.
We also need in this paper the following decomposition lemma (see [28]).

Lemma Al. Suppose f € LY (RN) such that [py |x||f(x)|dx < oco. Then, there exists F €
LY(RN; RN) such that

f= (./I;&N f(x)dx)éo +divF

in the distributional sense and

1Bl sgaviany < Ca [ Il o)l
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