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Refined asymptotic expansions for nonlocal diffusion equations
Liviu I. IGNAT AND JULIO D. ROSSI
Abstract. We study the asymptotic behavior for solutions to nonlocal diffusion models of the form u; = J*u —u

in the whole R? with an initial condition u (x, 0) = ug(x). Under suitable hypotheses on J (involving its Fourier
transform) and u, it is proved an expansion of the form

—1)lel
u(u) — Z ( 3 ([uo(x)xadx> ¥ K, <cr 4,
al
o] Sk La®d)

where K is the regular part of the fundamental solution and the exponent A depends on J, ¢, k and the dimension d.
Moreover, we can obtain bounds for the difference between the terms in this expansion and the corresponding

s
ones for the expansion of the evolution given by fractional powers of the Laplacian, v;(x, 1) = —(—A) 2 v(x, 1).

1. Introduction

In this paper we study the asymptotic behavior as t — oo of solutions to the nonlocal
evolution equation

us(x, 1) =Jxu—u(x,1), >0, xeRY,
u(x, 0) = up(x), x e R4,

(1.1)

where J : R? — R verifies [pq J(x)dx = 1.

Equations like (1.1) and variations of it, have been recently widely used to model diffusion
processes, for example, in biology, dislocations dynamics, etc. See, for example, [1],
[2], [4]1, [5], [8], [9], [6], [11] and [12]. As stated in [8], if u(x, t) is thought of as the
density of a single population at the point x at time ¢, and J(x — y) is thought of as the
probability distribution of jumping from location y to location x, then (J % u)(x,t) =
fRN J(y — x)u(y, t) dy is the rate at which individuals are arriving to position x from all
other places and —u(x, ) = — fRN J(y — x)u(x, f) dy is the rate at which they are leaving
location x to travel to all other sites. This consideration, in the absence of external or internal
sources, leads immediately to the fact that the density u satisfies equation (1.1).
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Equation (1.1), is called nonlocal diffusion equation since the diffusion of the density
u at a point x and time ¢ does not only depend on u(x, f), but on all the values of u in
a neighborhood of x through the convolution term J * u. When J is nonnegative and
compactly supported, this equation shares many properties with the classical heat equation,
Uy = ClUyy, such as: bounded stationary solutions are constant, a maximum principle holds
for both of them and perturbations propagate with infinite speed, see [8]. However, there
is no regularizing effect in general. For instance, if J is rapidly decaying (or compactly
supported) the singularity of the source solution, that is a solution of (1.1) with initial
condition a delta measure, ug = §p, remains with an exponential decay. In fact, this
fundamental solution can be decomposed as w(x,7) = e '8y + K;(x) where K,(x) is
smooth, see Lemma 2.6. In this way we see that there is no regularizing effect since the
solution u of (1.1) can be written as u(f) = w(t) * ug = e 'ug + K; * ug with K; smooth,
which means that u (-, 7) is as regular as uy is.

For the heat equation a precise asymptotic expansion in terms of the fundamental solution
and its derivatives was found in [7]. In fact, if G; denotes the fundamental solution of the
heat equation, namely, G;(x) = (4rr)—9/ 2e""‘z/ @0 under adequate assumptions on the
initial condition, we have,

—_1)lel
u(x,)— =D /uo(x)x“ G, <cr A (1.2)

C('

~
o <k a RS

with A = (%l)((]‘%l) +(1— é)). As pointed out by the authors in [7], the same asymptotic
expansion can be done in a more general setting, dealing with the equations u; = —(—A) Tu,
s > 0.

Now we need to introduce some notation. We will say that f ~ gas & ~ 0if | f(§) —
g®| = o(g(®) when &€ — 0 and f < g if there exists a constant ¢ independent of the
relevant quantities such that f<cg. In the sequel we denote by 7 the Fourier transform
of J.

Our main objective here is to study if an expansion analogous to (1.2) holds for the
non-local problem (1.1). Concerning the first term, in [3] it is proved that if J verifies
:7(5) — 1 ~ —|&|® as & ~ 0, then the asymptotic behavior of the solution to (1.1), u(x, £), is
given by

. d
lim ¢s max |u(x,t) —v(x, )] =0,
t——+00 X

where v is the solution of v, (x, 1) = —(—A)%v(x, t) with initial condiltion v(x, 0) = ug(x).
As a consequence, the decay rate is given by [[u(-, )|l oo re)y<C =5 and the asymptotic
profile is as follows,
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t—+00

tim et (vt 1) - /uo G () o0,
d L°(R4)

where G*(y) satisfies 6}(5) = ¢ 8,

Here we find a complete expansion for u (x, f), a solution to (1.1), in terms of the deriva-
tives of the regular part of the fundamental solution, K;. As we have mentioned, the
fundamental solution w(x, ) of problem (1.1) satisfies

w(x, 1) = e '§o(x) + K;(x),

where the function K, (the regular part of the fundamental solution) is given by
R@=e (7 -1).

In contrast with the previous analysis done in [3] where the long time behavior is studied
in the L°°(R?)-norm, here we also consider L7(R¢) norms. We focus in the case 2<g<o0
where we use Hausdorff-Young’s inequality and Plancherel’s identity as main tools. The
case 1 < g < 2 will be treated elsewhere.

THEOREM 1.1. Let be s and m positive such that

JE —1~—gf, &~0 (1.3)

and

-~ 1
IJ(E)ISW, €] — oo. (1.4)

Then for any 2<q<oo and k + 1 < m — d there exists a constant C =
Cg, O lI1xI*+uoll 11 (ray such that

1yl
u(x, ) — Z ( ;) /uo(x)x“ K, <Ccr 4 (1.5)

|

|| Sk d LIRY)

forallug € L'(RY, 1+ [x|**1). Here A = &0 4 d(q - %).

REMARK 1.2. The condition k + 1 < m — d guarantees that all the partial derivatives
%K, of order || = k + 1 make sense. In addition if J decays at infinity faster than any
polynomial,

VY m > 0, 3 c(m) such that |7(§)|§%, |&] — oo, (1.6)

then the expansion (1.5) holds for all .
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Note that, when J has an expansion of the form 7(5) —1~—|& |2 as & ~ 0 (this happens
for example if J is compactly supported), then the decay rate in L>°(R¢) of the solutions
to the non-local problem (1.1) and the heat equation coincide (in both cases they decay as
t_%). Moreover, the first order term also coincide (in both cases it is a Gaussian). See [3]
and Theorem 1.1.

Our next aim is to study if the higher order terms of the asymptotic expansion that we
have found in Theorem 1.1 have some relation with the corresponding ones for the heat
equation. Our next results say that the difference between them is of lower order. Again
we deal with 2 < g < o0.

THEOREM 1.3. Let J as in Theorem 1.1 and assume in addition that there exists r > 0
such that

JE — (1 [&°) ~ BIgP*™,  £~0, (1.7

for some real number B. Then for any 2 < g < 00 and |a| <m — d there exists a positive
constant C = C(q, d, s, r) such that the following holds

_d(1_1 | +r
10“K: — 3G}l Lamay<Ct (1 ")f%, (1.8)
where G is defined by its Fourier transform é?(&) = exp(—t|&]%).

Note that these results do not imply that the asymptotic expansion ZI <k
%?M ( f uo(x)x"‘) 0% K, coincides with the expansion that holds for the equation u; =
—(=A)3u: Z|a|<k %3'0(‘ (f uo(x)x"‘) 0°Gj7. They only say that the corresponding terms
agree up to a better order. When J is compactly supported or rapidly decaying at infinity,
then s = 2 and we obtain an expansion analogous to the one that holds for the heat equation.

Finally, we present a result that gives the first two terms in the asymptotic expansion
with very weak assumptions on J.

THEOREM 1.4. Letug € L' (R?) with ity € L' (R?) and s < [ be two positive numbers
such that 7(5) — (1 — |£]%) ~ BI|, when & ~ O, for some real number B.
Then for any 2 < g < 00

N L
tim 2 U5 | — vy — Br [(—A)Z U] (0) H -0, (1.9)
t—00 L4(RY)
where v is the solution to v; = —(—A)% v with v(x, 0) = ug(x).
Moreover
. d 1 1 1
Tim |5 (u (yts,t) — (yts,t)) — Bh(y) /uo =0,  (1.10)
d L°(R4)

where h is given by /h\(é') = e gl
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Let us point out that the asymptotic expansion given by (1.5) involves K; (and its deriva-
tives) which is not explicit. On the other hand, the two-term asymptotic expansion (1.9)
involves G7, a well known explicit kernel (v is just the convolution of G} and up). However,
our ideas and methods allow us to find only two terms in the latter expansion.

2. Proofs of the results
2.1. Preliminaries

First, let us obtain a representation of the solution using Fourier variables. A proof of
existence and uniqueness of solutions using the Fourier transform (see [10]) is given in [3].
We repeat the main arguments here for the sake of completeness.

THEOREM 2.5. Let ug € L'(R?) such that ity € L](Rd). There exists a unique
solution u € C9([0, 0); L! (Rd)) of (1.1), and it is given by

A = eTO D @),
Proof. We have
(e, 0) = J xu —u(x, 1) = / JGx — uly, 0 dy — u(x, 1).
Rd

Applying the Fourier transform we obtain u,(S N = u(, t)(J (§) — 1). Hence, u(&, 1) =
V- 1)tuo(é) Since iy € L (Rd) and e(J@) D1 is continuous and bounded, the result
follows by taking the inverse of the Fourier transform. O

Now we prove a lemma concerning the fundamental solution of (1.1).

LEMMA 2.6. Let J € S(R?), the space of rapidly decreasing functions. The funda-
mental solution of (1.1), that is the solution of (1.1) with initial condition ug = 8¢, can be
decomposed as

w(x, ) = e '8o(x) + K; (%), 2.1
where the function K; is smooth and given by
Ki® =e'(’® - 1),
Moreover, if u is a solution of (1.1) it can be written as

u(x, ) = (w*ug)(x,r) = / w(x — z, Hup(z) dz.
R4
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Proof. By the previous result we have W, (&, 1) = W(E, ) (7(5) — 1). Hence, as the initial
datum verifies itg = 8¢ = 1, we get

wE 1) = 6(7@_1)t =e 4! (67@)" — 1) .

The first part of the lemma follows applying the inverse Fourier transform in S(R?).
To finish the proof we just observe that w * ug is a solution of (1.1) (just use Fubini’s
theorem) with (w * ug)(x, 0) = ug(x). O

REMARK 2.7. The above proof together with the fact that 7(?;) — 0 (since J €
L! (Rd)) shows that if J € L! (]Rd ) then the same decomposition (2.1) holds and the result
also applies.

To prove our result we need some estimates on the kernel K;.

2.2. Estimates on K,

In this subsection we obtain the long time behavior of the kernel K; and its derivatives.
The behavior of L7 (R¢)-norms with 2 < g < oo follows by Hausdorff-Young’s inequality
in the case ¢ = oo and Plancherel’s identity for g = 2.

LEMMA 2.8. Let 2 < g <00 and J satisfying (1.3) and (1.4). Then for all indexes o
such that |a| < m — d there exists a constant c(q, «) such that

o 7%<17l)7%
10Kl o qmay<c(g, @)t *\' s

holds for sufficiently large t. Moreover, if J satisfies (1.6) then the same result holds with
no restriction on o.

Proof of Lemma 2.8. 'We consider the cases ¢ = 2 and ¢ = co. The other cases follow
by interpolation. We denote by e.s. the exponentially small terms. ~
First, let us consider the case ¢ = oo. Using the definition of K/, 7('\,(?;‘) =e1(e!E 1),
we get, for any x € R,

K, ()] < e f 1 [e7® — 1] g
Rd

Using that |e¥ — 1] < 2|y| for |y| small, say |y| < cg, we obtain that

- _ 2t
17 ® 11 <2t(7(®)| < &
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for all |£] > h(f) = (cof) . Then

H&

Ao eon — e

e’ / &1 ® — 1) dg St f
[&|=h(r) [E1=h (D)

provided that |a| < m —d.
Is easy to see that if (1.6) holds no restriction on the indexes « has to be assumed.

It remains to estimate
e’ / |11 |e"T® — 1)de.

51<<h ()

We observe that the term e’ fl £1<h () |E|1*d is exponentially small, so we concentrate on

1 =c" [ 17O

&< h ()
Now, let us choose R > 0 such that
-~ &I
[JE)|I<1 — > for all |&| < R. 2.2)

Once R is fixed, there exists § > 0 with

7)) <1 -6 forall £ > R. 2.3)
Then
1ol < e [ 1eTOped et [T g
EI<R RIE1<h ()

< / HTO1-D gl ge 4 1 / (£ g

EI<R R IE1<h )
S f 1 4 e

61<R
— 5 / e_@lnllal—i—e.s.ﬁt_‘%‘_%.

| <Re¥
Now, for ¢ = 2, by Plancherel’s identity we have

10K 12 gy < € / 17 122 g,
]Rd
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Putting out the exponentially small terms, it remains to estimate

/

EISR

FOGEY ‘2 Pl g,

where R is given by (2.2). The behavior of 7 near zero gives

/ 1! TO-D 2 el g < / oM g Plel g < 42
l5I<R ISR

which finishes the proof. d
Now we are ready to prove Theorem 1.1.

Proof of Theorem 1.1. Following [7] we obtain that the initial condition ug € L' (R?, 1+
|x[¥+1) has the following decomposition

—1)lel
Uy = Z ( a') (/umc“dx) D8 + Z DYF,

lor) <k ’ lal=k+1

where
[ Foll 1 RS luoll 1 (RY, |x|k+1)

for all multi-indexes « with || = k + 1.
In view of (2.1) the solution u of (1.1) satisfies

u(x, 1) = e up(x) + (K; * uo)(x).

The first term being exponentially small it suffices to analyze the long time behavior of
K; * ug. Using the above decomposition and Lemma 2.8 we get

(-~
Kt k Uy — Z ! M()(.X)Xad.x 80th < Z ||8aKt * FO[”L‘I(]Rd)

<k LaRdy 1ol1=k+1
< Y 10 Kill agray I Fall 1 ey
lo|=k+1
—d(1=1) _¢+p
Sl A< q)t s ||u0||L1(R‘1,|x|k+l)'

This ends the proof. O
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2.3. Asymptotics for the higher order terms

In this subsection we prove Theorem 1.3.

Proof of Theorem 1.3. Recall that we have defined G7 by its Fourier transform /G? =
exp(—[§]%).
‘We consider the case ¢ = 00, the case ¢ = 2 can be handled similarly and the rest of the
cases, 2 < g < 0o, follow again by interpolation.
Writing each of the two terms in Fourier variables we obtain
18°K; — 3Gl oo (may < / &1 e (@ — 1) — 78" | .
Rd

Let us choose a positive R such that
|[7&) — 1+ [5°| <CleI™,  for [€I<R,

satisfying (2.3) for some § > 0. For |£| > R all the terms are exponentially small as t — oo.
Thus the behavior of the difference 0“K; — 0“ G, is given by the following integral:

1) = f (1 TE=D) _ =l | g,
[EI<R
In view of the elementary inequality |¢¥ — 1| < c(R)|y| for all |y|<R we obtain that
10 = / et
[EI<R

f 6]l e 8 /(T (&) — 1+ |£%)| dt
|E|<R

o[ el ey

STO—1+E) _ 1‘ dE

A

A

This finishes the proof. O

2.4. A different approach

In this final subsection we obtain the first two terms in the asymptotic expansion of the
solution under less restrictive hypotheses on J.
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Proof of Theorem 1.4. The method that we use here is just to estimate the difference
lu(t) — v(t) — Bt(—A)%v(t) | La(ray using Fourier variables.
As before, it is enough to consider the cases ¢ = 2 and ¢ = co. We analyze the case
q = 00, the case ¢ = 2 follows in the same manner by applying Plancherel’s identity.
By Hausdorff-Young’s inequality we get

lu(e) = () = tB=A) 20Ol oy < / 7.8 9, & — 1B~ A)To(r, )| ds
R4

= [[eTOD — e (s miet )|
Rd

As before, let us choose R > 0 such that

17)I<1 - % lE|<R.

Then there exists § > 0 such that

[TE)I<1 -85, | > R.

Hence
/ 17OV |7 (@) |de<e ™ vl 1 g
le[=R
and
/ |et(J(§)—1)||ﬁB(g)|dé- < ||’/E)||L0<>(]Rd) / e lIEP/2
1< IEI<R 1 <IEI<R
st [ gt
1_1
T
Also
/ e+ BIEN a0 @)1dE S 10 oo e f e g de
eor ] g1
< A5 / e ) de
1_1
|=ts 1
< tl—%—% 1712 / e—lnls/2|n|ld§_
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Therefore, we have to analyze
HOES / e TO=D o~ (1 4 1Blg ] |5(8) | de.
E<r T
We write J(£) = 1 — |&° + BI&|' + || (&) where f(§) — 0 as |§] — 0. Thus
1< () + L(1)
where

no= [ e

_1
517

BT — (14 Brigl gl 1®)) | 10| de

and
Lt = f e P 1g|! £(8)lito (©)| de.

1
l§1< T

For I; we have
h@ < Witol e e f e gl + gl &) de
g1<i1
< / e 21g 2 gg < 542

1
g1 T

and then . z
55 o<y 50, 1 oo

It remains to prove that
d, 1
15757 L) - 0, t— .

Making a change of variable we obtain
d_q141 ~ —IES _1
A D<ol o f et f (5t de

g1t

@l

1

The integrand is dominated by || £l oo ga) |€|' exp(—|€|*), which belongs to L' (RY). Hence,
as f(é/t%) — 0 when t — 00, this shows that

d 1
1557 L) — 0,

and finishes the proof of (1.9).
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Thanks to (1.9), the proof of (1.10) is reduced to show that

lim [75+5 [(—A)%U] (yt%, t) — h(y) /uo —0.
11— 00
d L5°(R4)

For any y € R? by making a change of variables we obtain

10,0 =45 [0 (v, 1) = f e lgll e (5711 )
R4

Thus, using the dominated convergence theorem we obtain

10,1 = h(y) / o < / e 161 iy (&/17) — iio(0) dg — 0

R4 L>® (Rd) R4

ast — o0o. O
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