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ASYMPTOTIC BEHAVIOUR FOR LOCAL AND NONLOCAL
EVOLUTION EQUATIONS ON METRIC GRAPHS WITH SOME EDGES
OF INFINITE LENGTH

LIVIU I. IGNAT, JULIO D. ROSSI, AND ANGEL SAN ANTOLIN

ABSTRACT. We study local (the heat equation) and nonlocal (convolution type problems
with an integrable kernel) evolution problems on a metric connected finite graph in which
some of the edges have infinity length. We show that the asymptotic behaviour of the
solutions to both local and nonlocal problems is given by the solution of the heat equation,
but on a star shaped graph in which there is only one node and as many infinite edges as in
the original graph. In this way we obtain that the compact component that consists in all
the vertices and all the edges of finite length can be reduced to a single point when looking at
the asymptotic behaviour of the solutions. For this star shaped limit problem the asymptotic
behaviour of the solutions is just given by the solution to the heat equation in a half line with
a Neumann boundary condition at z = 0 and initial datum (2M/N)d.—o where M is the
total mass of the initial condition for our original problem and N is the number of edges of
infinite length. In addition, we show that solutions to the nonlocal problem converge, when
we rescale the kernel, to solutions to the heat equation (the local problem), that is, we find
a relaxation limit.

1. INTRODUCTION

The aim of this paper is to study solutions to diffusion equations both local and non-local
in a metric graph. A metric graph is by definition a combinatorial graph where the edges,
denoted by {e;} are considered as intervals of the real line {/;} with a distance on each one
of them. These edges/intervals are glued together according to the combinatorial structure.
We assume here that at least one of the edges is not bounded (it has infinite length).

Metric graphs have received lot of attention in recent years both from the point of view of
pure mathematicians and also from potential applications. The name quantum graph is used
for a graph considered as an one-dimensional singular variety and equipped with a differential
operator (local or in some cases nonlocal). There are several reasons for studying quantum
graphs. They naturally arise as simplified (due to reduced dimension) models in mathematics,
physics, chemistry, and engineering (e.g., nanotechnology and microelectronics), when one
considers propagation of waves of various nature (electromagnetic, acoustic, etc.) through a
quasione-dimensional system (often a mesoscopic one) that looks like a thin neighborhood of
a graph. We refer to the survey [35] and references therein.

Key words and phrases. Nonlocal diffusion, local diffusion, quantum graphs, compactness arguments, as-
ymptotic behaviour
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Let I be a metric graph I' = I'y U ', where I'y is made from the finite length edges of
the graph I' whereas I'y, collects all the infinite edges. First of all in this paper, we introduce
Ar, the Laplace operator on a metric graph I'. Associated to the Laplacian we have an initial
valued problem; the classical heat equation on I'. This problem is well-posed and its solutions
decay as time goes to infinity in a similar way as the solutions of the Cauchy problem on the
whole line [25], [20], [34]. We prove that the asymptotic behaviour (in terms of the existence
of an asymptotic profile) of those solutions is comparable to the solution of the classical heat
equation in the half line with Neumann boundary conditions at * = 0 and initial data at
t = 0 given by a multiple of a Dirac mass at x = 0.

Theorem 1.1. Let u the solution to the heat equation in I' with integrable initial datum.
Then, for any 1 < p < o0,

B0 Dlu(t) - Un @l -0, ast— oo,
and
1
t2flu) = Un(®)llzer,) — 0, ast — 0o,
where M is the total mass of the initial datum and
2M G(z/Vt), x€Tw,
(1.1) Uy, t) = —t_% ( / )
N G(O), S Ff.

Here G(s) is given by the classical Gaussian profile,

1 52
G(s) = e T,

Notice that here the classical Gaussian profile appears as Uy (x,t) is the solution to the
heat equation in a half-line with Neumann boundary conditions.

Now, let us turn our attention to nonlocal diffusion equations with a convolution kernel.
Equations of the form

(1.2) w(a,t) = (J % — )z, 1) = /R J(& — y)uly, t) dy — u(z, ),

and variations of it, have been recently widely used to model diffusion processes. Here, and
in what follows, J : R — R belongs to L'(R) N L' (R, |z|?) and is assumed to be symmetric,
J(z) is non-increasing for z > 0, nonnegative in R and strictly positive in neighbourhood of
the origin. To simplify a little the statements we will also assume that A = 1 where

A:zl/zzJ(z)dz<oo
2 Jr

and comment on the general case when appropriate. Notice that, when ¢ is a smooth
function, a simple Taylor expansion gives

= [ (EZD) 0 - etanan =~ (5 [ 16020 st

for x an interior point of an interval I. As a consequence for a general A the limit profiles
should be rescaled correspondingly.
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When J has unit integral, as stated in [21], if u(x,t) is thought of as a density at the point
x at time ¢t and J(z —vy) is thought of as the probability distribution of jumping from location
y to location x, then [, J(y — z)u(y,t)dy = (J * u)( t) is the rate at Which individuals
are arriving at position z from all other places and —u(z,t) = — fR u(z,t) dy is the
rate at which they are leaving location x to travel to all other sites. ThlS consu:leratlon, in
the absence of external or internal sources, leads immediately to the fact that the density u
satisfies equation ([2]). These kind of nonlocal equations are used to model very different
applied situations, for example in biology (see [10], [36]), image processing ([32], [24]), particle
systems ([7]), coagulation models ([22]), etc.

Our next goal is to study nonlocal evolution problems with a convolution kernel on the
metric graph I', that is, we deal with

(t, ) /J (z,y))(u(t,y) —u(t,z))dy, zeTl,t>0,

u(0,z) = up(z), xel.

Here d(x,y) is the natural distance in T', see Section @2l Now, particles can jump inside
the graph from position x to position y according to the probability kernel J(d(x,y)) (an
interpretation similar to the one previously given also holds here). Notice that particles may
jump from one edge to another when the distance between points in the edges makes J(d(z,y))
positive.

(1.3)

For general nonlocal problems of this kind we refer to [41] that contains closely related
results concerning existence and uniqueness of solutions and for different problems of this
kind in the Euclidean setting to [12, 14 16l 17 23] 26, B0, 28] and the book [1]. For the decay
rate and the asymptotic profile in the real line (that coincides with the ones for the local heat
equation) we refer to [I4]. For a class of kernels that give exponential decay we quote [31].

Here, we show that nonlocal problems are closely related to the local heat equation. In
fact, one can obtain solutions to the heat equation by approximating them by solutions to
nonlocal problems. To see this, for a rescaling parameter that acts in the kernel, ¢ > 0,
considering J.(d(z,y)) = e 3J(d(z,y)/e), we deal with a relaxation limit for this nonlocal
evolution problem and obtain that its solutions converge to the solutions of the local one
when ¢ goes to zero.

Theorem 1.2. It holds that the solutions to the rescaled nonlocal problem with a fized initial
datum verify
u® — u weakly in L*([0,00), L*(T)).

where u is the unique solution to the heat equation in I' with the same initial condition.

Also we obtain the decay of the solutions to the nonlocal problem on metric graphs, and
realize that the asymptotic behaviour of those solutions is comparable to the solution of a
related problem with the classical heat equation that we studied first.

Theorem 1.3. Let 1 < p < oo and ug € LY(I') N LP(T"). For any 1 < q < p the solution to
(T3) satisfies
#2079 |[u(t) — Upr(t) o) — 0, as t — oo,

where the asymptotic profile Uy is given by (ILI)).
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We end this introduction with a very brief description of the methods used to prove our
results. Notice that here we can not use the Fourier transform as in [I4], 27] instead for the
proof of the asymptotic behaviours, both for the local and the nonlocal problems, we have
to rely on energy and rescaling methods, see [29] 26] and also [IT]. This scaling argument is
delicate since it changes the graph in which the rescaled solution is defined. When we pass
to the limit what remains is the unbounded part of the graph, while the finite edges collapse
to a single point. This is the main reason why the asymptotic behaviour (both for the local
and nonlocal cases) is given by the Gaussian profile in a half line with the total mass equally
distributed according to the number of edges of infinite length. For the relaxation limit we
use ideas from [I 26] where a compactness result is proved (see the Appendix at the and of
this paper).

Related works concerning shrinking of a finite part of the graph can be found in [4] @].
Remark that in our rescaling procedure every edge of the graph is rescaled, while in the
previously mentioned references only some edges are changed.

The paper is organized as follows: first, in Section 2] we introduce some notations and
include the definition of the Laplcian in the graph; in Section B we collect more precise
statements of the main results of this paper (making clear the meaning of ~ and the hypothesis
on the initial datum in Theorems [Tl and [[3]). The proofs are postponed to the next two
sections. Section [ is devoted to the study of the local problem (the heat equation), and in
Section [l we tackle the nonlocal problem proving the relaxation limit and the asymptotic
behaviour. Finally, Section [Bl is an appendix where we include a compactness lemma that is
needed when studying the relaxation limit for the nonlocal equation.

2. NOTATIONS AND BASIC DEFINITIONS

Before we present our results, we need to introduce some notations and basic definitions
on metric graphs that we will use along the paper. Let I' = (V, E) be a graph where V is a
set of vertices and FE the set of edges. For each v € V we denote E, = {e € E : v € e}. We
assume that I" is a finite connected graph. The edges could be of finite length and then their
ends are vertices of V' or they have infinite length and then we assume that each infinite edge
is a ray with a single vertex belonging to V (see e.g. [35] for more details on graphs with
infinite edges). Here we assume that we do not have any terminal vertices, that is, vertices
with degree one, and if we have a vertex with degree two, then we just remove it from our
graph. Therefore, we will always assume that the degree of each vertex is greater or equal
than three.

We fix an orientation of I', that is, each edge e is oriented. Given an edge e, we denote
by I(e) the initial vertex and by T'(e) the terminal one. In the case of infinite edges we have
only initial vertices. We identify every edge e of I' with an interval I., where I, = [0,[]
if the edge is finite and I. = [0,00) if the edge is infinite. This identification introduces a
coordinate z. along the edge e. With this in mind we define a metric in I', d(z,y) stands for
the distance between two points in the graph, that is given by the length of the minimal path
that joins them. In case both z and y belong to the same edge we have d(x,y) = |z — y|,
when they belong to adjacent edges, d(x,y) = |x — e| + |y — e| with e the vertex that is
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common to the two adjacent edges, when the minimal path involve three edges we have
d(z,y) = |z —e1| +|ex — e2| + |y — e2], etc. In the special case when the graph is star shaped
(only one vertex and N edges), we have

d( ) |3§‘—y|, z,y € I, k=1,...,N,
x,y) = .
Y lz| + |y|, =€ lyy€ljk#j.

In this way ' is a metric space that is often named as a metric graph, see e.g. [35].
Moreover, we can write
'=TyUl'yx
where I'y is made from the finite length edges of the graph I" whereas I'o collects all the
infinite edges. In the special case in which there is only one infinite edge I' is just a half
line. Let v be a vertex of V' and e be an edge in F,. We set for finite edges e
) 0 if v=1I(e),
j(v,e) = .
le if v="T(e)
and
jlv,e) =0, if v=1I(e)

for infinite edges.

We identify any function u on I' with a collection {u€}.cp of functions u® defined on the
edges e of I'. Each u® can be considered as a function on the interval I.. We will use the
notation u to denote a function in the whole graph I' and u¢ to denote the function on the
edge e. In fact, with some abuse in the notation, we will use the same notation u¢ for both
the function on the edge e and the function on the interval I. identified with e. For a function
u:I' = R, u={u}ecp, and f: R— R we denote by f(u): I' — R the family {f(u®)}ccr,
where f(uf) : e — R is given by f(u®)(ze) = f(u(z¢)).

We introduce C(I') the space of continuous functions on I'. A function u = {u}ecp is
continuous on I' if and only if u® is continuous on I, for every e € E, and we have continuity
at the vertices, that is,

!

u¢(j(v,e)) = u® (j(v,e)), Ve €E,.

The space LP(T'), 1 < p < oo consists of all functions u = {uc}eerp on I' that belong to
LP(I.) for each edge e € E and we endow it with the norm

”U-Hip(p) = Z ”ueHI[),p(]e)’
eck

Similarly, the space L®°(T") consists of all functions that belong to L*°(I,) for each edge e € F
and

lll oo ry = max [l peo(r,)-

The Sobolev space H'(I'), consists in all functions on I' that belong to H'(I.) for each

e € F and
Ml ey = D 1wl -
eck
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Sobolev spaces with higher differentiability H™(I"), m > 2, can be defined in an analogous
way. The spaces L?(I') and H'(T") are Hilbert spaces with the inner products

(V) = S (W 0 oy = 3 /I U (0 () de

ecl ecl
and ; ;
. e - € e
(u, V)Hl(r) = Z(U , U )Hl(Ie) = Z/I E(l‘e)%(%)d%-
eckE ecE " e
Notice that this defines an inner product in H*(T).

We now define the exterior normal derivative of a function u = {u®}.cr at the endpoints
of the edges. For each e € F and v an endpoint of e we consider the normal derivative of the
restriction of u to the edge e of E, evaluated at j(v,e) to be defined by:

ou’ B —uf(0+) if j(v,e) =0,
ane(j(v’e))_{ ub(le=) if j(v,e) =le.

We now introduce the Laplace operator Ar on the graph I'. This is a standard procedure
and we refer the interested reader to [I5]. The operator Ar has domain
ou®
One

D(Ar) = {u = {u}ecr € H*(T) : u continuous and Z
eck,

(j(v,e)) =0 forallve V}

and it applies to any function u € D(Ar) as follows
(Aru)® = (u®)y, forallee E.

In other words, D(Ar) is the space of all continuous functions on I', u = {u®}.cp, such that
for every edge e € E, u® € H?(I.), and the following Kirchhoff-type condition is satisfied,

doublem) = > ui(0+)=0 forallveV.
ecE:T(e)=v ecE:I(e)=v

In the particular case when I" consists on only one edge these conditions reduce to the classical
Laplacian with Neumann boundary conditions.

The quadratic form associated to Ar is given by
Or(u,u) = (ug, ug)r2(n)
for all u € D(Qr) where
D(Qr) = D((—Ap)Y2) = {u — {u)een € HY(T) : u continuous}.

In particular D(Qr) with the H*(I')-norm is a Banach space and Qr(u,u) = —(u, Aru) for
all u € D(Ar). For other kinds of Laplace operators on metric graphs, we refer to [3] [33].

It is easy to verify that (Ap, D(Ar)) is a linear, unbounded, self-adjoint, dissipative oper-
ator on L*(T'), i.e. (Aru,u)zzry < 0 for all u € D(Ar). Since @, .p C°(I) C D(Ar) we
obtain that D(Ar) is dense in any LP(I"), 1 < p < oco. The analysis of the operator Ar on
LP(T")-spaces will be discussed in Section @l
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The main results of this paper are proved by rescaling the solutions with a parameter that
we will call A\, considering uy(z) = Au(Az). Since the equation is defined on edges that are
either finite or infinite we have to rescale properly not only the solutions of our equations but
also their domain of definition T* = (V, E*). The graph I'* is obtained from T' = (V, E) by
rescaling properly the intervals I that parametrize the edges E* of the graph T'*. We set

o { [0,1/)], if I < oo,

c [0,00), ifl, = o0.

In this way we have M= F?UFOO since ', remains invariant under the above transformation.

3. MAIN RESULTS

In this section we collect the statements of the main results of this manuscript. We postpone
their proofs to the next sections. We also write related literature and motivation to research
in local and nonlocal evolution problems on metric graphs.

3.1. The local evolution problem. Associated with the Laplacian we consider the heat
equation on I':

w(t,z) — Aru(t,z) =0, ze€I',t>0,
(3.4) { i(t,z) — Aru(t, z)

u(0,z) = up(z), xzel.

We point out that the well-posedness for this problem is a direct consequence of Hille-Yosida-
Phillips theorem. For example if the initial data uy belongs to L!(T') then there exists a
unique solution u € C([0,00), L'(T")) and it satisfies

Aummm=zﬁmmm, ()l < luollzm.

Moreover, the ultracontractivity of the semigroup generated by the operator Ar gives us that
the solution u also decays when the time increases

—1l-1
(3.5) la(®)llzo) < €TI0 ol 1<p<oo
More details about the well-poesedness of problem (B.4]) will be given in Section [l

Starting from these estimates and using a rescaling procedure we can prove that for a
connected graph with a finite number of edges the long time behaviour of the solution is given
by the same problem in the star-shaped tree that is obtained when the bounded segments,
the compact core of the graph, collapse to a single point. In this case the asymptotic profile is
given by the solution to the classical heat equation in the half line with Neumann boundary
condition at x = 0 and as initial datum at ¢ = 0 a Dirac mass at x = 0. This last solution is
self similar with a well known Gaussian profile. To obtain the limit profile for our evolution
problem, we just repeat this Gaussian profile in any infinite line and multiply by 2M /N,
being M the total mass, and N the number of infinity length segments.

Theorem 3.1. Let ug € LY(T') and u the solution of the problem [BA). Then for any
I<p<o

(3.6) 22070 [u(t) - U)oy = 0, ast— o0,
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and
(3.7) t2u(t) — Un ()| moe,y =0, ast— oo,
where M is the total mass of the initial datum uy and

oM { G(z/VE), x €T,

(3.8) U, t) = St co).  ser,

3.2. The nonlocal evolution problem. Now, let us look at nonlocal equations on a metric
graph I'. We consider the evolution problem,

+(t, ) /J (x,y))(u(t,y) —u(t,z))dy, zel,t>0,

u(0,z) = ug(x zel.

(3.9)

The kernel J € LY(R) N LY(R, |z|?) is assumed to be symmetric, J(z) is non-increasing for
z > 0, J is nonnegative in R and positive in neighborhood of the origin. Notice that we are
not assuming the solution u to the nonlocal evolution problem (B.9]) to be continuous, and
hence, we do not impose any condition on the vertices.

The assumption that J € L!(R) guarantees that operator

u s L(u) == /F J(d(z,y))(u(y) — u(z))dy

is bounded between any LP(T") spaces, 1 < p < co. It generates a contraction semigroup in
these spaces which is positive preserving and Markovian. Results about the well posedness
are given in Theorem [5.1]

Both local and nonlocal models are similar in the sense that they share some properties
such as existence and uniqueness of solutions, conservation of the total mass of the initial
datum and the validity of the strong maximum principle. However, solutions to the nonlocal
problem do not have a regularizing effect in time. Solutions are as smooth in space for ¢ > 0
as the initial data are (this fact is due to the integrability of the kernel .J). If uy belongs to
a suitable space X, then u(t) € X for all times and it is no better (there is no regularizing
effect in strong contrast with the local heat equation). This lack of smoothing is a major
difficulty for the analysis of the asymptotic behaviour of solutions since it implies some lack
of compactness of the trajectories, {u(t)}¢>o. Since there is a lack of regularizing effect we
cannot analyze the ultracontractivity property in the classical sense ([I9]): for initial data in
LY(T') \ L>(T) the semigroup is not in L>(I") at any positive time. However, we can prove
that for initial data in L!(T') N LP(T') the solution has a certain decay in the LP(I') norm, see
Theorem

3.2.1. A relaxation limit. First, we establish one more evidence to support that the non-
local problem ([B3.9) and the local heat equation (3.4) are closely related. To this end let us
consider the following relaxation problem: for each € > 0 consider the problem

u; (t,z) = g3 /F J(M)(u‘g(t,y) —u(t,z))dy, zel,t>0,

u®(0,z) = ugp(z), zel.
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and analyze the limit problem when ¢ — 0. We recall that to simplify the presentation we

assume that
1

(3.10) g/RzZJ(z)dz =1

Theorem 3.2. For any ug € L?(T") it holds that
u® — u weakly in L*([0,00), L*(T)),

where u € C([0,00), L?(T")) is the unique solution of the heat equation [B.4) with the same
initial condition.

Notice that, when u is a smooth function, a simple Taylor expansion gives

o [ () )~ wnay = (5 [ 96120 ) el

€

for  an interior point of an interval I. What is remarkable here is that in the limit as ¢ — 0
we recover the Kirchoff conditions on the nodes without assuming any condition on u® (not
even continuity). For other relaxation limits of this kind we refer to [18] [37] and the book [I]
and references therein.

It will be interesting to analyze under which conditions on function J we can recover in
the relaxation limit more general operators A4 p like the ones described in [33], [3]. These
acts exactly as the laplacian on the edges but there are different coupling conditions at the
vertices of the type Au’(v) + Bu(v) = 0 with suitable conditions under the matrices A and
B. This will be investigated in a future work.

3.2.2. Asymptotic behaviour for the nonlocal problem. In spite of this lack of regu-
larizing effect, in the one dimensional case, when the problem is posed in the whole R, is it
shown in [I4] that solutions to the equation

wn(t, ) = /R J(x — y)(ult, y) — ult, 2))dy

have the same asymptotic behaviour as solutions to the classical heat equation u; = ugy.
Therefore, we expect that solutions to ([B.9) in the graph also have the same asymptotic
behaviour (the same decay bounds ([BX) and asymptotic profile) as solutions to the heat
equation, ([B.4]), that we analyzed first in Theorem [B.1]

Theorem 3.3. Let 1 < p < co. For any ug € LY(T') N LP(T) the solution to [B9) satisfies

_ Cllaoll L (ry, llaoll Lo ry)

u(t , Vt>0.
H ( )HLP(F) > (1 +t)%(l_%)

For any 1 < q < p the asymptotic profile Uy is given by (B.8]):

(3.11) t%(l_%)Hu(t) —Un(t)||paqry — 0, ast — oc.

Remark 3.1. The asymptotic profile is the same as the one that we obtained for the local
problem. If we don’t assume % [, 2%2J(2)dz = 1, we just let 0 < A = [ 22J(2)dz < +o0
and we obtain that the asymptotic profile U4 ps verifies Uy = AApU and U(0) = Mdg so
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U m(t,x) = Upr(At, x). The convergence of the compact part of the graph can be slightly
improved in the following sense: for a fixed 1 < p* < p the following holds for any 1 < ¢ < p*:

12075 u(t) = Uns ()]l o) — 0, as £ — oc.

4. ASYMPTOTIC BEHAVIOUR FOR THE HEAT EQUATION

Let us consider the heat equation on I':
{ w(t,z) — Apu(t,x) =0, z€T,t>0,

(4.1)
u(0,x) = up(x), xel.

In this section we show that for a general graph the long time behaviour of the solution
is given by the problem in a star-shaped tree that is obtained from I' when the bounded
segments, the compact core of the graph, collapse to a single point. In this case the asymptotic
profile is given by the solution in the half line with Neumann boundary condition at x = 0
and initial data a Dirac mass at z = 0 multiplied by an adequate constant that takes into
account the number of infinite edges and the mass of the initial condition (we multiply by
2M /N, being M the total mass, and N the number of infinit length segments).

We now present few well know facts about the semigroup generated by the Laplacian on
metric graphs. For the sake of completeness we prefer to include here some details for the
interested reader. In the L2-setting, using the fact that (Ap, D(Ar)) is maximal dissipative we
easily obtain that it generates a strongly continuous semigroup of contractions in L?(T") that
we denote by S(t). This means that for any uy € D(Ar) there exists a unique solution u(t) =
S(t)ug of system (@I) that satisfies u € C(]0,00), D(Ar)) N C*(]0,00), L?(T)). Moreover
since Ar is self adjoint we also have more regularity on the solution, in particular u €
C*((0,00), D(Ar)). Thus, for any ug € D(Ar) system (4I)) can be written in an explicit
way as follows:

u® € C([0,00), H*(I)) N C'([0,00), L*(L.)), e€E,
uf (t, x) —uS, (t,z) =0, x €It >0,
(4.2) for all v € V, uf(t,j(v,e)) = uf (t,j(v,e)), Ve,e' € E,,t >0,
Z uS(t,le—) — Z us(t,04) =0, forallveV.
\ ecE:T(e)=v c€B:I(e)=v

In the context of the LP-spaces, 1 < p < oo there are several papers on the subject. We
refer to recent paper [20] where using a direct method it is proved that more general second
order operators under more general conditions generate a strongly continuous semigroup of
contractions in LP(T'), 1 < p < oo. In particular, Ap with Kirchhoff conditions fulfill the
hypotheses in the previously mentioned reference [20]. Other approaches are possible. For
example, if one starts from the L?-theory and then use interpolation theory one can obtain
similar results. We cite here [38] and [34] where the authors treat graphs with finitely many
edges of finite length but general couplings. Their method allow to first prove that the L*-
semigroup is positive and contractive in L>°(I"). The proof relays on the characterization in
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[39] based on Kato-type inequalities, i.e.
(4.3) (Aru, (Ju|] — 1)t sgn(u)) <0, Vue D(Ar).

Observe that when [[ug|| ooy < 1 and we try to show that the solution satisfies [[u(t)|| oo () <
1 for all positive time, one derivative in time of [|(u(t) — 1)+H%Q(F) leads to

1

3 [ lutta) =)o = [ w(t.o)ulta) — ) sentutt.)de = (Aru, (ful = 1) sgnw)

and inequality ([4.3]) gives the desired result.

A classical argument (see [39] p. 56]) involving Riesz-Thorin interpolation theory shows that
S(t) = e!Ar can be extended to a strongly continuous semigroup of contractions in LP(T') for
each 2 < p < co. By duality e’r is strongly continuous and contractive for 1 < p < 2. An
approximation on compact sets shows that it is also in L!(T"). This also follow arguing as in
[2 Section 7.2.1].

A special attention has been paid to the L' — L> estimates of the semigroup. In [25], see
also [38] for compact graphs, it has been proved that
1/3 2/3
L2(T) L)
holds for a graph having some infinite edges attached to the compact part of the graph. In
view of [19] these estimates allow to prove the ultracontractivity of the semigroup, i.e.

A ol| poo(ry < C V@l 2y, V@ € LA(D).

Duality arguments give us a similar L' — L? estimates, which together with the previous one
show an L' — L estimate on the semigroup. This shows that for any ¢ € L!(T") the solution
u belongs to C((0,00), LP(I")) for any 1 < p < co. In particular we can use the L?-theory for
t > to with ty > 0 arbitrary to obtain regularity properties for the solution and justify all the
formal computations done in the rest of the paper.

lallL2(r) < Cllugl 7zl

le

Therefore, the following existence and uniqueness result holds.

Theorem 4.1. For any uy € D(Ar) there exists a unique solution u(t) of system (A1) that
satisfies u € C([0,00), D(Ar))NCL([0, 00), L3(T')). Moreover, for any ug € LP(T'), 1 < p < oo,
there exists a unique solution u € C([0,00), LP(T")) that satisfies

lu@ ey < lluollzeey  for allt > 0.
Remark 4.1. For any ug € D(Ar)NLY(T), there exists a unique solution u € C([0, 00), D(Ar)N
LY(I)).
In the next result we obtain some decay bounds for the solutions.
Theorem 4.2. For any ug € L'(T') the solution of system @I satisfies

a(@lLr @y < llollLrry,

/F u(t, v)dz = /F wo(z)dz,

_ 11
(4.4) la(®)l| ey < Cp, D)t 2878 || iy, 1< p < o0,
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3
(4.5) [z @)l 22y < OO 2 |lwoll L1 (rys

and an energy estimate

T
(4.6) / / w2(t,@)dadt = [[0(0)] 2 — ut) 3.

Proof. The first property is the contractivity in L'(T') of the semigroup discussed above.
The mass conservation follows by considering initial data ug € D(Ar) N L}(T), proving the
property for these solutions and finally using an approximation argument. Indeed when the
solution is regular we integrate in space variable equation (A2 to obtain that the mass is
constant in time. Indeed, since u(t) € D(Ar) and 1 € D(Qr)

d

— [ u(t,x)dz = (Aru,1) = —Q(u,,1,) =0
dt Jr

The third property follows from [25, Th. 2.].

The estimate on the derivative of u follows since Ar is self-adjoint (see [I3, Section 3.2,
p.35]). Indeed, for any vo € L?(T") we have that S(t), the semigroup generated by Ar, satisfies
S(t)vg € D(Ar) for any ¢ > 0 and

IALS(E)voll L2y < ™ HIvollre(r).-
Using this property with vop = S(¢)ug and estimate (4] we obtain
_ 1,1 _5
IALS(2t)ugll 2y < tHISE) ol p2ry < C(O)E 73 Jugl g1y = C(D)E 2 ugl 11 (r)-
Now, since S(t)ug € D(Ar) for any ¢t > 0 we get
(0x(S(t)uo), 02(S(t)uo)) = Qr(S(t)ue, S(t)ug) = (S(t)uo, Ar(S(t)uo)).
Using the above inequalities on the semigroup we obtain
_1 _5
192 (S (D) wo) 172 (ry < 1S ()0l 2y I AT (S () woll L2y < ¢ l|wol|Lrryt ™ [woll 21y

which gives us the desired estimate. O

Now we are ready to proceed with the proof of our main result in this section, namely
Theorem [3.11

In order to prove this result we use the method of rescaling the solutions. For any solution
u of system (EI) we introduce the family uy : I'* — R, A > 0:
wy(t,z) = u(A\2t, \x), zeTrt>0.
It is immediate to see that uy satisfies the system
(47) { wy(t,7) — Apuy(t, ) =0, €At #£0,
u) (0, z) = upy (), reTh

If ug € L'(I')N D(Ar) the rescaled solution u, satisfies a similar equation as (2] but on the
rescaled intervals I instead of ..
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First, we need to obtain some bounds. From now on we will look for constants that are
independent of \. We will use the standard notation < to denote a less or equal bound in
which the involved constant does not depend on the relevant quantities.

Lemma 4.1. For anyug € LY(T') the family {uy}a~o satisfies the following uniform estimates

/FuA(t,a;)da;:/Fuo(a;)da:,

11
(4.8) @) llrry < C. D)2 o 1y,
and
_3
(4.9) [ur e ()]l 2y < Cp, T)t % |lugl| 1 (r)-
Moreover, for any T > 0,
T
(4.10) / /uim(t,x)da;dt < C(F)T_%HuOHQLl(F).
T r
Finally, there exists a positive constant C' such that for any A > 1,
CMt
(4.11) / luy (¢, z)|dx < / lug(x)|dz + Tz
Too,|z|>2R Foo,|z|>R

Proof. The first three estimates follow directly from Theorem The forth bound follows
by using the energy identity (46]) with initial data at time 7 and the uniform decay of the
L?norm of uy.

We prove estimate (A.II]) for nonnegative solutions since the general case follows imme-
diately. Let us consider ui, e ,uﬁ\v the restriction of uy to I'ss. We will prove the desired
estimate only for ui since the others cases are similar. Summing the estimates for each u’}\
gives us the desired estimate.

Let us consider a smooth function 1 : (0,00) — R such that 0 < <1 and ¢ =0 in (0,1)
and ¥ = 1 in = € (2,00). We define ¢p(z) = ¢(x/R). Multiplying the equation satisfied by
ui with ¥ r and integrating in space and time we obtain:

/O Tl () () de /O "0l (0,2) 0 (x)de + /0 /0 " 4l (5, 2) () () dds
Mt

S/0 ux (0, 2)Yg(x)dx + ﬁW”HLw((o,oo))

o Mt
< [ k0 a)vnte/Nde + 5 1V ooy
AR
Since g =1 on (2R, 00) and A > 1 we obtain
bt < [ b + T
2R R R
which finishes the proof. U
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Proof of Theorem [31]. We divide the proof in several steps. We will prove the results for
ug € LY(T) N D(Ar) and then by an approximation argument we will obtain the result for
L'-initial data.

Step I. Compactness of the family u,. We prove that up to a subsequence \; — oo
the family {uy} >0 converges to some function U.

Let us choose 0 < 7 < T < oo. Using the estimate (£.9) in Lemma [A.I] we obtain that
uy, is uniformly bounded in L>((7,T), H'(I's,)). Moreover each of its components on I'y,,
ouplr., = (Owul,...,0uY) are uniformly bounded in L?((7,T),H'(0,00)). These esti-
mates and Aubin-Lions compactness argument (see for example [42]) imply that each com-
ponent is relatively compact in C((7,T), L2 ((0,00)) so (up)aso is relatively compact in
C((r,T),L? (T's)). Cantor’s diagonal argument implies that, up to a subsequence, (uy)x>o

loc

converges toward a function U in C((0,00), L2 (I's)). In view of estimate () this conver-
gence implies in particular that for any positive time ¢ the sequence uy(¢) — U(t) in LP(T')

for any 1 < p < oo and the bound in (X)) transfers to U.

Moreover the above convergence in C((,T),L? (I's)) implies that the convergence also

holds in C((0,00), Li,.(T'so)). The uniform tail control (@II) in Lemma FI] shows that the
convergence also holds in C((0,00), L'(T's)). In particular, at time ¢ = 1, uy(1) — U(1) in
L'(T'y) and this proves (B.6) when p = 1. Assume for the moment that we identified the
profile U in ' to be the one given by ([B.8]), precisely Ujs. This means that all the family
converges to this profile, not only a subsequence. Using that both u and U are uniformly
bounded in LP(T), 1 < p < oo, with a bound of order t~1/2(0=1/P) and the convergence in
L' (T's) we deduce that (3.6) holds for all p € [1,00). Moreover, since U have been identified
to be Uy explicit computations give us

U2 (#)|l2rey < C(M, N2 vt >0.

A similar estimates for u obtained in Theorem so to treat the case p = oo we can argue
as follows

1 i 1
u®) = U@l ree) S ([0e®)llz2re) + Ue@llz2 o)) ? [a(t) = U@ 72 ) = ot 2).

Step II. Identification of the limit. Let us now consider a test function
¢ : C([0,00), H'(Ts)) N C1([0,00), L*(To),

compactly supported in time and such that ¢¢(¢,0) = o (t,0) for all e,e’ € T'w (that is, we
ask for continuity at the unique node of I's). For each t > 0, we extend ¢(t) to the whole
', to this end we take a function @) : [0,00) x I'* — R such that @ is constant in the finite

part of the graph F}, that is,

o(t,z) ifzely,

5 (6.0) —
it ) {cp(t,O) if # € T,
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It follows that @ € C([0,00), Q(T?), i.e. it is not only in H'(T'}) but it is also continuos.
Since uy, € C([0,00), LY (') N D(Ar)) we multiply equation ([T by @, and obtain

0—/ / urpr — //u)\m()ax

+/ /A(UA&AJ, — Uy Prz) T /A uy (0, 2)9x (0, z)dx
r

/ /oo u\pt — / /w Uy 2Pz + / /F U,\QDAtJr/ u)(0,2)@x (0, z)dz
:/0 /Oo U.)\SDt_/O /oo UA,zwar/O got(t,o)/r} uAJr/FA ux (0, 2) 3 (0, 2)da

=1} — I3 + I3 + I},
where we used that ¢, is constant on F}.

Using the decay of the L2-norm of u, we obtain that u, is uniformly bounded in L?((0,T), L?(T)):

T , T 4 /T
t dt < —dt < VT.
| lasolepye s [z

This means that up to a subsequence uy — U in L?((0,T),L*(T)). Using that ¢ has
compact support in time we get

n— / U(t, z) gy (t, z)dzdt.
0 Jre

For the third term, Ig, we use again the decay in the L?-norm to obtain

l/A 1O )|h10HL1
‘AAuAtxdx‘<Z/ Wt 0)ldz < 3 (1) g (le/N)F < — L OIEHD)

eel’ eel’ Azt

Integrating in time and using that ¢ has compact support in time we obtain that I§‘ — 0 as
A — 00.

For the last term I} we split it as follows

n= / u(0,2) @ (0, 2)da + / W (0,2)7:(0,2)da
oo I
f

:/ u)(0,2)p(0,z)dz —I—/A u)(0,2)p(0,0)dx

- r)

= ¢(0,0) /FA uy (0, z)dx + /oo u) (0, 2)(p(0,2) — ¢(0,0))dz
= ¢(0.0) [ () + [ wla) (0(0.9) ~ £(0.0)) o

— ¢(0,0) / ug(z)dr, as \— oo.
r
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It remains to prove that
o0
I —>/ U, (t, x)p, (t, x)dxdt.
0 Jree

First, we prove that for any 7 > 0 the integrals in (0, 7) are small independently on A. Indeed,
using ([4.9) we have

T 1
‘/0 / uA,x(tw)st(t’!E)dedt‘ < uxnzllzro,m), L2 192 | oo ((0,7), L2 (Ps0)) S T4

We recall that at the begining of Step I we proved that uy () — U(¢) in LP(I's) for any 1 <
p < o0. Moreover, (uy ()0 is uniformly bounded in L?(I's,). Hence, up to a subsequence

uy () = U,(t) in L?(I'). Estimate @) transfers to U so Uy (t)ll2r.) S =1 for all
t > 0 and a similar estimate holds for U

T 1
‘/ Uwgpmdzn‘ S Ti.
0 JTw
In view of ([LI0]) we get

/ / Una(t, 2)a(t, 2)dedt — / / U.(t,2)pn (1, 2)dcdt,
T I'o T I

which proves the desired limit for 1.

In view of the above results it follows that the limit point U satisfies

/0 h / (UGt 2)p1(t.2) — Ut 2) et 2) ) dedt + Mip(0.0) = 0.

From Step I we know that the limit point U belongs to C((0,00), L!(T'«)) and moreover
U z1rey < lluollzry,)- Also the energy estimate ([ALIO) shows that uy is uniformly
bounded in L2((7,T), D(Qr..)) hence the limit point U belongs to L*((7,T), D(Qr..)) for
any 7 > 0. This implies that U(t) € D(Qr_) for a.e. t > 0.

The continuity of U at the common vertex of I's, (or the Neumann boundary condition
if ', has only one edge) guarantees that for a test function ¢ which is more regular, ¢ €
C([0,00), D(Ar_.)) N CY([0,00), L?(T»)) and compactly supported in time, we can perform
one more integration by parts and obtain that U satisfies

(4.12) /0 h : U(t, 2)(pi(t, ) + @ua(t, ) ) dadt + Mp(0,0) = 0.

For the above equation we need only U € L], ((0,00), L' (I's)) in order to apply the arguments
in [6] and prove the uniqueness of the profile U satisfying ({LI12]).

An easy computation shows that Uy = (U, ..., U") given by

2M
UJk\Z(t,ZE) = WGt(x), kzl,...,N,

where
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is the classical heat kernel, verifies identity ([4I2]). Assume that we have two solutions Uj
and Uj of problem [@IZ) in L} .((0,00), L'(Ts)). Then v = Uy — Uy € L} ((0,00), L' (T's))

loc loc

satisfies
(4.13) / / V(o + pza) = 0,
0 oo
for all functions ¢ € C([0,00), D(Ar. ) NCY([0,00), L?(I's,)). We show what all the compo-
nents vq,...,vy of v are equal and vanish identically. Let us fix a 7" > 0 and a function 1 €

C12([0,T) x [0,00)) with ¥(T) = 0, ¥(0,t) = 0 for ¢ € [0,T]. Choosing ¢ = (¢, —1,0,...,0)

we obtain that
/ / (01 — 02) (¢ + thr) = .
0 oo

Using [6, Lemma 3] we obtain that v; = vy in [0,7]. Similarly all the components of v are
identical. Let us now choose a similar ¢ but now assume that ¢, (¢,0) = 0 instead of the
Dirichlet boundary condition at = 0. Choosing ¢ = (¢, ...,%) in (£I3) and using that all
the components are identical we obtain

/OT/Ooovl(ibt-i-"l/Jm) = 0.

For any f € L?((0,T), L?(0,00)) we solve the backward heat equation (notice that here the
"initial condition” is taken at t = T and time is reversed)

wt"i_wxx:fa xE(O,oo),tG(O,T),
Y(T,z) =0, x€(0,00),
Y. (t,0) =0, te€(0,T),

and obtain a function that ¢ that can be used as test function in the integral identity satisfied
by v1. This shows that v1 =0 in (0,7") x (0,00) so v =0 on (0,7) x I'soc. We conclude that
every limit point of uy, U, is given by (£I12]) and therefore the results in Step I hold for the
whole family (u)) and not only for a subsequence.

Step III. Convergence on the compact part of the graph.

Let us consider w(t) € D(Qr_,), defined as follows
w(t) =u(t) — Up(t).

Since the graph I'; is finite it is sufficient to prove (B.1) in the case p = co. Let us recall that
since I" has at least one infinite edge we have for any v € D(Qr_ ) that

1 1
lollzoery < COoal 2 ol
We apply the above inequality to w
1 1
W (B[ Lo (ryy < NW(E)[ Loy < CONIWell 2 WO 72y

Observe that w,(t) = ug(t) — Upre(t, 2)1r (z). Explicit computations on Uy; and (43
gives us

[wa(®)l2ry < lue®llce@y + 1Unmz Ol 2y < CO)(lollprry + M)t=3/4,
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It is then sufficient to prove that |[w(t)||p2r) = o(t_i) as t — oo. This estimate on I', has
been proved in Step I. For I'y we use ([4.4]) for p = oo and the explicit form of uy; on I'y:
[w(@)ll2ry) < CONWE) oo (ryy < CO)NNa(@)l ooy + 10 @)l Lo (ry))
<Otz = o(t™ 1), t — oo
This complete the case of the finite graph and finishes the proof. O

5. THE NONLOCAL PROBLEM

In this section we consider the nonlocal problem in the metric graph I,

+(t,x) J(d(z u(t —u(t,x))dy, ze€l,t>0,
(5.1) / y))(u(t,y) —u(t, z))dy

u(0,x) = up(x), xel.

Here d(x,y) stands for the distance between two points in the graph. As we mentioned in the
introduction, this distance d(z,y) is the length of the minimal path that joins  and y. The
kernel J € L*(R) N LY(R, |z|?) is assumed to be symmetric, J(z) is non-increasing for z > 0,
J is nonnegative in R and positive in neighbourhood of the origin.

Our first goal is to show existence and uniqueness of solution for the problem (G1I).

Theorem 5.1. For any ug € LP(I"), 1 < p < oo, there exists an unique solution u €
C([0,00), LP(T")) of system (&) satisfying
[u(®)|| ey < [[aollze(r)

Also, for nonnegative initial datum the solution remains nonnegative.

For any ug € L*(T') the following energy estimate holds

/ (ta dm—l—/ // u(s,z) — (s,y))2d:pdyds:/ru(2)(x)dx.

Moreover,

up|?,
(52 &l / / alt,2) — ult, ) Pdedy < 12O

t

Proof of Theorem [51l. The existence and uniqueness follow easily since the operator
wes L) i= [ Jdle,)(aly) - u(o)dy

is bounded between any LP(T") spaces (we refer to [41] for extra details). Therefore, problem
(51) has a unique strong solution u € C*°(R, X), for any X = LP(T") given by u(t) = euy.
The mapping t € (0,00) — u(t) = el*uy € X is analytic. Moreover, the mapping (¢, ug)
elug is continuous and contractive, that is, [[u(t)||»r) < |[uol/Le(r) holds. Indeed, for any
function p € C'(R) with p’ nondecreasing we have

2 [ ottt ) = (1) ¢ (u(1))) = (Lu(t) ¢ (u(t))) = & (u(e), /(1)) < 0.
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An approximation argument shows that for any convex function p the map t — [, p(u(t, z))dx
is nonincreasing. Particular cases p(s) = |s|P, 1 < p < oo show the contractivity in the LP-
norms. When p = oo we consider p(s) = (|s| — M)™ and M = |[ug|| oo (ry. For p(s) = s* we
obtain the positivity property of the semigroup.

In particular we have that

%%/Fu% :——// u(t, z) — u(t, ) dady.

Estimate (5.2]) is classical for any self-adjoint operator L satisfying (Lu,u) < 0, see for example
[13, Th.3.2.1] which finishes the proof. O

5.1. Relaxation limit. Let us now consider the following relaxation problem: for each € > 0
consider the system

d(z,

u; (t,x) = 5_3/ J( ( . y)>(u€(t,y) —u(t,x))dy, zel,t>0,
r

u®(0,z) = up(x), zel.

and analyze the limit problem when € — 0. Let us mention that here we fix the initial datum

in contrast with the analysis of the first term in the asymptotic behavior of the solutions

by self-similarity where we also have to rescale the initial data. Here we use compactness

arguments instead of scaling ones (the kernel of the nonlocal operator is rescaled with e, but
the spatial domain I' in which solutions are defined is unchanged). Recall that we assumed

1/22J(z)alz: 1.
2 Jr

Proof of Theorem [3.2. Let us remark that we have the following energy estimate

(5.4) /F(ue)2(t,x)dx+a_3 /OT/F/FJ(@) (e (t,y) — us(t,z)) dadydt = /Fug(a;)da:.

We will use the above identity in three different ways, by taking the same edge, two adjacent
edges or two edges that does not have a vertex in common.

(5.3)

As before, we divide our arguments into several steps.

Step I. We observe that u® is uniformly bounded in C([0,T ] L2(F)), so in particular
in L2((0,T),L*(T")). So there exists U = (Ug)ecr € L*((0,7T),L (F)) such that, up to a
subsequence, u® — U in L2((0,7), L?(T")). In particular u¢ — U, in L2((0,T), L?(e)) for any
any edge e € F.

Let us consider an arbitrary edge e parametrized by [0, (] or [0, 00). In both cases by Lemma
the estimate above guarantees that for any 7' > 0

—3/ /e/e (t,y)—ue(t,x))2dxdydt§/Fug(a:)dx

and then U € L2((0,T), H'(e )) such that
w5 U i L2((0,T), L2 (e)).
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This shows that U € L2((0,T), H'(T")). Moreover, in view of the results in Lemma B.2], for
any ¢ € L2((0,T), H'(e)) we have

[ (D) 0 0) o000ttt

€

T
— A(J)/ /Ux(t,a:)gpx(t,x)da:dt, ase — 0,
0 e
where A(J) = [, J(2)z%dz.

Step II. We now show that U € L?*((0,7), D(Qr)), i.e. it belongs to L?((0,T), H'(e))
and U(¢) is also continuous at any vertex for a.e. t > 0.

Let us now consider two edges e and ¢’ that have a common vertex v. We first prove that
the limit function U = (U,). is continuous at any internal vertex, i.e. U.(t,v) = U (t,v), for
a.e. t. Let us assume that the two edges are parametrized by I C (—o0,0] and I’ C [0, 00).
In view of energy estimate (5.4]) it follows that the function w® defined by

us(t,z), =xe€l,
wit,x) =4 °
S (t,x), zel,

satisfies

Thus w® converges, up to a subsequence, weakly to a function w € L?((0,T), H*(IUI")). From
Step I we know that u converges to ue, u;, converges to u.s where the function obtained from
the pair ue, uy belongs to L2((0,T), H-(I U I")). Hence, it follows that

Ue (t7 0_) = ue’(t7 0+)

for a.e. t > 0. Thanks to this property the limit U belongs to L*((0,7), D(Qr)) for any
T > 0. Moreover, by Lemma [63] for any ¢ € L*((0,7), D(Qr)), we have

g3 /OT /e/e, J<@) ((t,y) — o(t,z))*dedydt — 0

and then we get
- /OT /e /e J(@) (u®(t,y) — us(t,2))(o(t, y) — (t, x))dxdydt — 0.

Step III. Let us consider two edges e and ¢’ which do not have a common endpoint. In
this case we will prove that for any function ¢ € L2((0,7), L?>(eU¢’))

g3 /()T/e/e' J(@) (o(t,y) — p(t,z))*dzdydt — 0, as € — 0.

As a consequence using (5.4]) we obtain

(5.5) 73 /(]T/e/e/ J(@)(us(t,y) —u®(t,2))(p(t,y) — p(t,x))dedydt — 0, as e — 0.
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Let us now prove the first limit. Indeed, we have

e~? /OT/e/e,J(@)(w(t,y) — (t, ) dedydt

< 9¢73 /OT / @2(t,y)/eJ(@)dxdydt+2e—3 /OT/6<,02(15,$) /e,J<@)dydxdt.

By symmetry it is sufficient to consider only the first term in the right hand side. Assume
that the distance in the graph between the two edges is @ > 0 and that e is parametrized by
(0,1¢). Then d(z,y) > = + « for any y € €’ and since J is a non-increasing function we have

le/E le/5

le 1
g3 /J(M>dx < 5_3/ J<x i a)d;p = 5_2/ J(z)dz < —2/ J(2)2%dz.
e € 0 € afe a” Ja/e

Using that J has a finite second momentum and that ¢ € L?((0,T), L?(e)) we obtain that
the considered term tends to zero as € — 0 which proves that (&.5]) holds.

Step IV. We prove that U € C([0,7], L?>(T)). In view of Step II it is sufficient to show
that U; € L?((0,T), D(Qr)"). We show that U is uniformly bounded in L2((0,7), D(Qr)’)
so in the limit we obtain the desired property for U.

Let us take a function ¢ € L((0,7T), D(Qr)). Using identity (5.4, it follows that

[ e

2 3 [T d(z,y) ) ) )
B ‘T/O /F/FJ(T)(U (t,y) = U(t,2)) (ot y) — @(t, v)dzdydt

€

-3 T T
<l S [ [ [ IO ett0) ottt

It is sufficient to show that the following holds for any ¢ € D(Qr) and ¢ > 0:

(5.6) =/ JE 4 — () Pdady < O(T, ) [+ as

€

To prove that we split the integral in the left hand side in integrals over adjacent edges or
not. Let us take two edges e and ¢’ having no common point. In view of Step III

= [ [ (FED) i) - vty < ) [ v

€

When two edges e and ¢’ have a common endpoint we can parametrize them as in Step II
and then d(x,y) = |z — y|, ¥ € H' (I UI') and we can use the real line case (see for example

5, Th. 1])

= / /euelj(d«:y))(w(y)—w<x))2dxdyzg—s /M /M 7= (43 = o)ty
< CO(1,1',7) / (V? + ¥2)da.

ur’

Hence (5.6 holds and as a consequence

IO 22 (0,0),D(0ryy < C(I J)|[uoll L2 (ry.-
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Step V. Let us now consider u® € C([0, o0), L?(I")) solution of problem B3). We multiply
equation ([B3) by a function ¢ € C.([0,00), D(Qr)), i € Ce([0,00), L?). Tt follows that,

(
|7 [wesais = [T [ [ o(HED) @)~ ) ott0) — ol

—I—/Fuo(x)go(o,x)dx =0.

Since u¢ — U in L?((0,0), L*(T")) we have

/ /u prdxdt —>/ /Ugotdxdt

In view of Step I and Step III we get under the assumption (310
D) (t9) — w5 (1. 2)) (o(t.1) — olt. )y

SN
R / - / Us(t, 2)pn (£, ) dadt.

Hence the limit point U € C([0,00), L*(T")) N L%, .((0,00), D(Qr)) satisfies

/ /Utxgotta:d:z:dt / /U t:ngpmtx)dxdt+/uo() (0, x)dx = 0.

Classical arguments for the classical heat equation shows that U is the unique solution to the
heat equation in I' with initial datum ug € L?(T').

The proof is now complete. O

5.2. Asymptotic behaviour for the nonlocal evolution problem. Now our goal is to
analyze the behaviour of solutions to the nonlocal problem.

Before entering into the statements and proofs of our main results let us prove two aux-
iliary results that will be needed in order to obtain decay bounds for the solutions and the
asymptotic behaviour. For the first one we follow ideas from [29] but adapted to the graphs
having some infinite edges.

5.2.1. Preliminaries. We now give a decomposition similar to the one done in [29] but on half
line intervals. We assume that function J belongs to L!(R) and it is positive in a neighborhood
of the origin. To simplify the presentation we introduce the bilinear form

Ef (u,v) = /I/IJ(HJ —y)(u(z) — u(y))(v(z) - v(y))drdy.

Lemma 5.1. Let I be the half line (0,00) or the real line R. For any u € L*(I) there ewists
a decomposition u = v + w such that

[vallZ2(ry + l[wll72y < CI)VET (u,u)
and for any a > 0 their norms satisfy

[vllzr(0,0) + Wl Lr0,0) < C)ullLr0,a+1)5 V1<p<oo.
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Proof. The case when I is the whole real line has been proved in [29] Th. 2.1]. We now
consider the case I = (0, 00).

Since J is positive near the origin we can choose a smooth nonnegative function p to be
supported in (—1,0) Nsupp J, with ffl p = 1 and satisfying

p(2) + 10" ()| < (DI (2)], z€R.
In particular this implies that

(5.7) oL@y + 10l Ly < C(J).

For any = > 0 we set

[e%e) z+1
v(z) = /0 p(z —y)u(y)dy = / p(z —y)u(y)dy.

Using Holder inequality integrating with respect to the measure p(z — y)dy we immediately
obtain that

8y < Wolisey [ [ 1o = Dl P < OOl sy
Letting w = u — v we obtain the last property.

We now prove that this decomposition satisfies the first property. Observe that since p is
compactly supported in (—1,0) we have for any x > 0 that

/OOO Pz —y)dy = /m J(2)dz = p(w) = 0.

—00

Thus
wla) = [ =iy = [/ = )ul) — ule)dy
and
oz (2)[* < / |0 (z — y)|(uly) - u(x))2dy/ ¢ (2 = y)ldy.
0
Using (5.7) and the fact that |p'(2)] < C(J)|J(2)| it follows that

| oo < Wl [ [ 19 = wltut) - @) Pdyds < COE] ).
On the other hand, since f_l p =1 and it is supported in (—oc,0) we obtain

/ Coe-ndy= [ itz = [ Ow p(2)dz

and thus function w = v — v can be written as
wia) = [ (o) = utw)pte = iy, = >0
Using that |p'(2)| < C(J)|J(2)| and (57 it follows that w satisfies

0 0 0 %)
/O () Pz < / otz /0 /0 p( — )| (uly) — ule))*dydz < C(J)E] (u,u).



24 L. I. IGNAT, J. D. ROSSI, AND A. SAN ANTOLIN

This finishes the proof. U

Lemma 5.2. Let I be the half line (0,00) or the real line R. For anyp € (1,00) and u € LP(I)
it holds

2p p-1
el ry < Clo, ) (Nl 71 gy B7 (2, [ul2) 575 + B (a2, [up/?) ).

The case p > 2 follows from [I1, Th. 1.1] so the our contribution here is to deal with the
case p € (1,2). Extension to any dimension considering unbounded exterior domains can be
done but it is out of the scope of this article.

Proof. Let us consider p € (1,2) since the other cases have been proved in [I1]. Let w € LP(I).
Then |u|? € L2(I). We consider the decomposition of |u|? = v + w as in Lemma |5:[| or [29,
Th. 2.1] (when I = R). In both cases v = px |u|2 := [ p(x— y)|u|% (y)dy and since = 2 > 1 we
have

D
foll 3,0 = o s ol 3., < Dollosn el 3, < COIelEs
Also by Lemma 5.1
lvallF2) + lwll2 () < CODEL (Jul?, u] ).
Using the interpolation inequality and that H’UHLOO(I < 2[lvel[z2(pyllvllp2(r) we find
p—1 71 p—1
[vllL2r) < H’UHLz/p ol ey < €(J )HUHLl(I el Zepy 101l 2y

71

1
< Ol gy BY (ul?, lul 2) 5 ol

It implies that

[ol2ag0) < OOl Z5y B ful Jul$)553
Finally we get
el 1y = Ml 31321y < 200002y + ol ry)
< O (Ilz T Eful Jul 55 + B(ul?. )
which finishes the proof. U

5.2.2. Decay of the solutions. In this section, our main result read as follows: we prove that
the problem is well posed and a bound for the decay of solutions.

Theorem 5.2. For any ug € LY(T') N LP(T'), 1 < p < oo, the solution u of system (G.1))
satisfies

(HUOHLI(F ,HUOHLP(F )
(1+12)207%

(5:8) la(®)lor) < Vs

In addition, for any ug € LY(I') N L*(T")

3

(5.9) / / u(t, z) — u(t,y))2dzdy < C([uollps s ol 2yt
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Proof of Theorem [5.2. Observe that property (5.9]) is a consequence of (5.2)) and of the decay
property (B.8). Indeed, by (5.2)) the left hand side of (5.9]) satisfies

Ju(t >Hm

N

L (u(2t),u(2t)) <

([[aoll L1 (rys ol 2 ry)t 2.

We now prove the decay property (0.8]). We use the results obtained in the previous section
and the following energy estimate obtained by multiplying (5I)) with |u[’~2u and integrating
in the space variable

1d
— pt
& [ a2

=5 [ [ @ = nutt.a) = ut) et = fu)l (e )dedy
< —c(p) /F /F J(@ = y)(ut,2)|* ~ Ju(ty)|?) dedy = —cp)&] (jut)|%, [u(b)]?).

Let us now fix an edge e. For each such edge we choose a path I'. that connects e with
. It may happen to exist many such paths but we choose one of them. When an edge e
has infinite length we can chose I'. to be exactly e. This path I'c can be parametrized by the
infinite interval I, = [0,00). We set u, to be the restriction of u to I'.. It is clear that

[ue@ll 1) < a2y @y < [laollzr
We apply Lemma [5.2] to each function u.(t) and obtain
2b p,p—L 2} 2}
el ey < O ) (el i €2 el e 35+ &, (e B, e )

2p

< Cp, ) (ol oy & (1l [uf )57 + &2l %, [u#)).

Using that u® = (u¢)|, = 1), and summing over all the edges (a finite number) of graph I" we

get
Ty = D2 I By < D el
eck ecl
,,2% J P p, 1 J P P
< |EIC(p, J) (luol F i €A (@)%, la(t)]5)75 + &2 (ul%, [ufF))
— (& (ul% Julh)),
where

2p

P R
f(s) = |EIC(p, T)(Iluol fi iy s 77 + s)‘

This shows that
1 d

pe(p) dt

—1 +1
Using that f(t) ~ tri1 as ¢ ~ 0 we obtain that () ~ tr-1 as ¢t ~ 0. The same arguments
as in [29, Lemma 3.1] give us the desired decay estimate. O

SN < —F U@ )
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5.2.3. Asymptotic behaviour. Now, let us rescale the solution as we did for the local case, let
uy : I - R, A > 0 be given by

uy(t, ) = A\u(\’t,\x), z el t>0.

It follows that u, satisfies

8tu)\(t7‘r) = )‘3/ J()‘d(‘ray))(u)\(t7y) - uA(t,x))dy, T e F)\at >0,
A

uy(z,0) = Aug(Az), z € T,

Using the estimates obtained in Theorem for u we get that uy satisfies the following
uniform estimates:

Lemma 5.3. Let 1 < p < oo. For any ug € L'(I') N LP(T") it holds that

lax(®) o) < C 0, [0l ey [0l o)t ™27, We > 0.

Moreover, for any ug € L*(T') N L*(T) the following bound
(5.10)
3

A3 /FA /FA J(Ad(z,y))(ax(t, z) — ur(t, y))*dzdy < C(p, [wollprry, luoll 2@yt ™2, V>0,

holds uniformly in A > 0.

Before proving Theorem we need some auxiliary results. For a function ¢ € H'(I's)
such that ¢¢(0) = ¢ (0) for all e, ¢’ € T, denote this common value by (0). We extend
it to function defined on the whole graph T'*, @y : I'* — R, such that to be constant on the
finite part of the graph, i.e.

. {cp, on T,
Px =

A
¢(0), onTI.

Lemma 5.4. There exists a non-increasing function H € L*°(]0,00)) going to zero at infinity
such that for any o € HY(I's)) such that ¢¢(0) = ¢ (0) for all e,e’ € oy we have

e X[ [ IO @)~ p)Pdids < [ E@Hd, A0
o f

oo

Proof. By the way we define the extension function ¢ we have that it is constant on I‘?. Then

o /F (e, ) (7 (0) — $(w)Pdyds =3 [ (o(a) — (02 /F}Jud(x,y))dy)dm.

oo

Take an edge e of ', parametrized by [0, 00). For any « € e and y € F} we have d(z,y) > |z|.
Since J is a non-increasing function we obtain

/FA J(Md(z,y))dy < L3I (Az]) = C(L)A" T(Az]).
f
It is then sufficient to consider integrals of the type

1= /0 (@) — p(0)2 T (Ma])dz
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Using that (¢(z) — ¢(0))? <z [ p2(s)ds we obtain that

Ig/ gpi(:n)/ zJ(z)dz.
0 Az
Denoting H(s) = [°

> 2J(2)dz and using that J € L'(R,1 + |z|?) we obtain the desired
result. O

Lemma 5.5. For any ¢ € H'(I'y,) such that ¢°(0) = cpe/(O) for all e,e’ € T, the following
hold:
i)
e ee) = [ [ IO ) ete) — o) duds < COle e
uniformly in A > 0.
i)
e5.9) = [ [ T0dla ) (6) — o) dyds = 6200 +0(1), A .

Proof. Using the fact that the extension function ¢ is constant on F? we obtain
JA~ ~ JA ~ ~
EX (@, 9) = Er (e, ) + 2>\3/ /FA J(Ad(z,y)(@(x) — ¢(y)) dydz
oo J ¥
Using estimate (5.1I) and the fact that ¢ € H'(I'y,) by Lebesgue convergence theorem we
obtain that the last term is o(1).

Let us now prove the first part. When I', consists only of one edge parametrized by (0, c0)
we extend it to the whole line and use the previous results on the real line [26, Lemma 2.3].

Let us consider two edges e and ¢’ of I'. It is sufficient to estimate each I. . defined by

Lo =X [ [ 0d@)(el@) - o) *duda:

Assume that the two edges are parametrized by (—o0,0] and [0,00). Then d(z,y) > |y — z|
and using that J is non-increasing we get (the continuity at x = 0 guarantees that the function
¢ belongs to H'(R) and we can apply then the result on the real line)

Lo <N /R /R Tz — ) (p(a) — o(y))2dydz < /R J(2)22d /R iz,

Summing this inequality over all the edges e and €’ of I's, we obtain the desired estimate. [J

Now we are ready to proceed with the proof of the asymptotic behavior of the solutions.
Notice that the obtained bound for the decay in L? obtained in Theorem [5.2]is the same that
holds for the heat equation in I'. Therefore, our next task is to show that we also have the
same asymptotic profile.

Proof of Theorem[3.3. We consider the case p > 2 in order to avoid technical difficulties
in order to obtain compactness. In particular ug € L'(I') N L?(I") and we can obtain the
compactness of the rescaled family u) using the energy estimate (B.I0) When 1 < p < 2 we
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have to use the compactness arguments in [26] and to obtain new versions of the Lemmas in
Section [6l

Step A. Existence of a limit profile U € L? ((0,00), D(Qr..)). Let us fix two times, 7,
T, such that 0 < 7 < T' < co. Using the results in Lemma 5.3l and Lemma [6.2] we obtain that
U = (U%eer., € L*((1,T), H'(I's)) and uy — Uin L*((1,T), L? .(I's)). Indeed using (5.10)
for any edge e of I'oy we obtain by Lemma [62 that u® € L?((1,T), H'(e)), u§(t) — U(t) in
L%(e) and u§(t) — US(t) in L2((1,T), L2, .(€)).

We prove that in fact the values of U at the endpoints of e; are equal, that is,

U(t,j(I(e),e) = U (£, j(I(¢), ¢)),

for a.e. t and then U € L?((r,T), D(Qr..)). To do that let us consider two edges, e and ¢/,
of I'so and Y a path in T which contains the two edges. Since the graph T  is finite there
exits a > 0 such that the length of the path T? =T N Y is 2a/\. Let us parametrize e and
¢ with (—o0, 0) respectively (0, 00), T} with (—a/A, a/)\). In the following we will not meke

precise the time dependence of uy unless it is necesarely. We introduce the family (f))x>o
defined by

uS(z +a/X), x<—a/A
fa(@) = § wln (@), [z < a/A,
u (z — /), x> a/

In view of the properties of uy(t) we obtain that (f))xso is uniformly bounded in L?(R) and
it safisfies

3 [ ] I06 =) (@) = fw)Pedy < ).

It follows that there exists f € H'(R) such that fy — f in L? (R) and fy — f in L*(R). In
particular f € C(R) and satisfies | f(b) — f(a)| < |b— a|'/? for all @ < 0 < b. We claim that

fla) = {ue,(a:), x <0,

u® (x), x>0.

This implies that for any a < 0 < b, [u¢(a) — u€ (b)| < |b— a|'/? and then u¢(0—) = u (0+)
which proves the continuity of the limit profile U. It remains to prove the above claim. Let us
consider a < 0, ¢ a smooth function supported in (—o0,0) and A > 0 such that a < —a/\ < 0.

Then
a 0 a
/ hHe= / Sz + / u X)X(—oo,a—i—%)’dy

Using that fy, — f and u§ — u® in L%*((—00,0)) we let A — oo to obtain that f = u® on
(—o0,a). Since a is arbitrary we obtain that f = u, on (—00,0). The same argument shows
that f = ue on (0,00) and the claim is proved.

Step B. Equation satisfied by the limit profile. Let us fix " > 0. Let us now consider
a function ¢ € C([0,00), H'(I's)) with ¢; € C([0,00),L?(I's)) compactly supported in
time in the interval [0,7] and such that ¢¢(t,0) = ¢ (t,0) for all e,¢/ € T, ie. ¢ €
C([0,00), D(Qr..)). Denote this common value by ¢(t,0). We extend it to function defined
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on the whole graph T*, @, : [0,00) x I'*, function that is constant on the finite part of the

graph, i.e.
~ {907 on I'e,
P = A
¢(t,0), on I

Multiplying the equation satisfied by uy with ¢ and integrating in time and space we obtain
T
0 :/ / uyp(t, x)dxdt + / uy (0, 2)px (0, z)dxdt
0o Jr* A
T
+ )\3/ / / J(Ad(z,y))(ux(t,y) — ur(t,x))e(t, x)dydzdt
o JrrJr
1 (T
=)+ 1 — —/ Sf’;*(uA(t), o(t))dt := I} + I3 + I3

2 Jo

where

e 0) =N [ [ TG ) s ) = sl elt,) = ot )y

We claim that the following hold where U € L2 ((0,00), D(Qr..)) is the a limit of uy above

lov
T
(5.12) n —>/ Uy,
0 I'o
(5.13) I3 — (0,0)M,
1 T T
(5.14) I?f‘ — —5/ J(z)zzdz/ U,p, = —/ U,p,.
R 0 I'o 0 I'so

These convergences show that the limit function U € L? ((0,00), D(Qr..)) is a solution to

loc

o0 o
o= [ [ varpoom- [ [ U
0 I'o 0 T'oo

Since U(t) € D(Qr,,) for a.e. t > 0 we have for any ¢ € D(Ar_, ) that

(Us, 02)12(ro0) = (Us @ua) 121

Thus for ¢ € C([0,00), D(Ar_)) N C*([0,00), L?>(T's)) we obtain that the limit point U
satisfies

o | T U o)t 2) + patya))dadt + p(0,0)M,
0 I'o

hence it is a solution to the heat equation in I' with initial condition Md,—y and therefore
the asymptotic profile claimed in Theorem follows from our results for the local case.

Therefore, we have to show (5.12), (513) and (5.I4). As in the local case we have that U
is uniformly bounded in L?((0,T), L?(I's)) so

o0 o0
/ / u\pr — / Ugpy.
0 o 0 I'o
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Moreover, since ¢4(t,0) has compact support in time

o0 _ (o] 1 (o] B
| maldzar < [ @l e @0 4 [T @0l -0
f
This shows (B.12)).

For the second estimate we use the mass conservation an the fact that ¢, is constant on

A
Pf-

R= 40,0 = [ 0.2)(0.0) = 0.0)de = [ 0.2)(o(0.2) ~ p(0.0)ds

oo

_ / (0, 2)(0(0,2/\) — 9(0,0))dz — 0.

Let us analyze the last term I?f‘. We will prove the desired limit in few steps.

Step 1. We prove that

/ £ (u V)t = / 12 (ws (1), (1))t + ol1).
Indeed, since @ is constant in I} we have
5 (ua (1), §(1) = &2 (ur (1), (1))
<ox | /F (e ) s (1 2) — () 6L 2) — @1, )l dyda

< 2R @ @) (¥ [ [ I0d )6 - o) Pdyds)

oor)\

1

<iti (/Foo ©02(t, a;)H(Aa:)da:) ?)

Integrating in time the above inequality we obtain that

2

T 1 %
/ 5 (), 2(1)) — &2 (un(8), ()t S TH sup ( / @2t @) H (\a)de )
0

Using that ¢ € C([0,00), H'(I's,)) we can apply the dominated convergen theorem to obtain
that the last goes to zero as A\ — oc.

Step 2. For any 0 < 7 < T the integrals over (0,7) are small, uniformly in A: it holds that
’ 1
[ 1 s @ o0 S 7l ooy

and i
1
‘/ g U (t,2)px (t, m)drdt| < 710 Loo (0,7, H1 (Tao))-

To check the first one notice that, in view of (5.10]), we have

€82 (ua(t), ()] < E (wn (), wn (1) 2E22 (0(8), 0(1) 7 St a2 ()
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Integrating in [0, 7] we obtain the desired estimate.

For the second limit remark that for each ¢ > 0, we have
& (wn(t), (1) = [ Uslt,z)pu(t, )dz.
Feo
Also [E)_(ux(t),¢(t))] < t_%HcpHLoo([QTLHl(Fw)) € LY((0,T)). The dominated convergence

theorem applied on the time interval (0,7) gives us the desired result.

Step 3. Let us choose 0 < 7 < T. On the interval [7,7T] we apply the third part of Lemma
to D = (0,00) to obtain that

T T
/ ) (un(t), (t))dt — / J(2)22dz / / Us (1, )0 (. 2)davdl.
T R T o
Thus in view of Step II we obtain (5.14]).

Step C. Tail control and conclusion. Using the arguments for nonlocal problems in [20,
Lemma 2.7] together with the ones in Lemma [l to control the tail (£I1]) we obtain similar
results for the solutions uy of the nonlocal problem. It means that the local convergence
obtained at Step A is not only local but it holds in L'(I'y,): for some tq > 0 it holds

U)\(t(]) — UM(t(]) n Ll(FOO).

Then (BII) holds for ¢ = 1. The other cases follows by using the strong convergence in
L'(T's) together with the decay of the solutions in LP(T"). Indeed, choosing « such that

1 o 1-«

q p 1

we obtain
[u(t) = Un ()l zars) < llu(t) — UM(t)IIEF‘FOO)HU(t) = Un(®7e .

< o(1)t7 2070,

On the compact part of the graph for any 1 < ¢ < p we trivially have
a(t) = Un@llzar,) < Clp,a.Tp)l[at) — Un ()| zery)
< Clp, ¢ Tp)(Ia(@) ey + [Oa (Ol Lo ry))
_1(1_1) _1 _1(1_1)
<Clp g, Ty)(t 2 7 +172) =o(t 27 47), t — oo.

The proof is now complete. U

6. APPENDIX

In this Appendix we collect some compactness results that were used when studying the
relaxation limit and the asymptotic behaviour for the nonlocal problem. We will use these
results in 1-dimension (take d = 1 below) but we state them in any dimension since the results
hold with greater generality. For the proof we use ideas from [I]. More general assumptions
on the function p can be found in [40].
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Lemma 6.1. Let D C R? be an open set that has the extension property in H', for example,
D is a bounded C*-domain or le_. Let p: R? = R be a nonnegative L' radial function having
a second momentum in L'(R?), p > 0 in a neighbourhood of x =0, and take

pulw) = np(na).
Let f, be a sequence in L*(D) such that

/ / ol = 9)(fal2) = fuly))Pdady < M.
1. If f, — f in L*(D) then f € HY(D) and

Fa(@,2) = (p(2)2xp (@ + )

weakly in L2(D) x L2(RY).
2. For any f € HY(D)

[ o@lePa [ [9r@pPar <tmintn® [ ] o= )5 - )Py

3. If o € HY(R?) then
712 X — xXr) — X)) — X
©15) 0 [ [ pule =)o) = fa0))el0) — plu)dady
—>/ ]2\2d2/ Vfi(x)Ve(z)de.

Notice that by 1. we have f € H'(D).

4. If D is a smooth bounded domain of R? and p(z) > p(y) if |z| < |y| then {fn}n is
relatively compact in L*(D).
Proof. The first and fourth part are in [I, Th. 6.11, p. 128]. The second part is exactly
equation (36) in [8].

For the third part we claim that the following strong convergence holds in L2(D) x L?(R%):

—p(z) (e

E)gp(x—l-%
n

(6.16) M = (p(2)) 2 xp(@ + )

Then
Frtmizorzen = [ [ o0 T Vo) = [ o@lraz [ 95290

Observe that after the change of variables x 4+ z/n = y we get

(Fa ) 12012 = / [ oot + )(fn(er%)—fn(fc))(cp(H%)—cp(w))dzdw
w2 [ ] oy =) xo@)fuly) = Fu@)oly) = o)y
=n / [ = 2)(a00) = £ule))60) — sty
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which proves (6.10]). It remains to prove the claim ([G.I6]). To this end notice that
_ 2
/ / p(z)‘(p(x +e2) (’D(x)x(x +ez) — ngp(x)‘ dzdx
D JRd 9

S [ oS o o i

/ / 2)[2Vo(z)?|x(x + e2) — 1|*dzda.
The last term goes to zero thanks to the fact that |z|?p(2)|Ve(z)]? € LY(D x R?) and the

dominated convergence theorem. For the first term we use the Fourier transform and again
the dominated convergence theorem to obtain that

oz +ez) — p(x) 2
/D/Rd p(z)‘ . - chp(a;)‘ dzdx
2mie€z 1 2
- 27?@'52‘ 12(6)2de =0, &0

<[ [ ]

The proof is now finished. U

In our analysis we need a version of the last lemma that will involve also integrals in time
and implies convergences in L?((0,7) x D). This is inspired in [26]. The proof follows the
same ideas of the previous lemma and hence it is omitted.

Lemma 6.2. Let D C R? be an open set with the extension property. Let p : R* — R be a
nonnegative L' radial function having a second momentum in L*(R?), p > 0 in neighbourhood
of =0, and p,(z) = np(nx). Let f, be a sequence in L*((0,T) x D) such that

///p""””_ (fn(@) = fuly))?dody < M.

1. If fn — f in L*((0,T) x D) then f € L*((0,T), H(D)) and

fn(z + ﬁl) — fu(2) N (p(z))%z -Vf(x)

Fu(@,2) = (p(2)) 2xp (@ + =)
weakly in L*((0,T), L (D) x L2(R)).
)

2. For any f € L*((0,T), H*(D)
(6.17)

/]Rd p(2)|z*dz /OT/DVf(x)V(P(a:)da: < linnlgan /()T/D/Dpn(a; — ) (f(@) — f(y)) dwdy

3. If p € L2((0,T), H (RY)) then

T
(6.18) n? /0 /D /D ol — ) (fa(@) — Ful)) (0la) — o(y))dedy

%/ |z|dz//Vf \Voo(z)dz.

Notice that by 1. we have f € L?((0,T), H(D
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4. If D is a smooth bounded domain of R%, p(x) > p(y) if |z| < |y| and 10¢ full L2 ((0,1), 51 (D))
is uniformly bounded then {fn}n is relatively compact in L*(D).

Finally, we include a lemma in the one dimensional case.

Lemma 6.3. Let p a nonincreasing L' radially symmetric function with |r|?p(r) € L*(R).
Let —00 < a <0< b< +oo. Then, for any ¢ € H'(a,b), it holds that

0 b
e 1im/ /0 pe(x — y)(p(z) — ¢(y))*dady = 0.

e=0J,

Proof. We use ([617) (see also [8, Th. 2, Remark 5]) to obtain that

619 200 / 72 < liminf e~ / / pe(a — y)(f(z) — f(y))?dedy,

holds for for any interval I of R and f € H'(I). Moreover, applying (6I8) to f, = ¢ = f we
have equality when I = R,

Since we are in dimension one, any function ¢ € H'(a,b) can be extended to a function
¢ € HY(R). Then

/ [ et = uete) ~ ooy <272 [ [t - (@) - plo) vy
e /R /R pel — ) (B(x) — Fly))2dudy
= [ e 0 - @)y
e / / pe( — ) (B(x) — Fly))Pdady.

Using ([6.19) with I = (—o00,0) and I = (—00,0) as well as the fact that it becomes equality
when I =R we get that

0 b
lim sup 262 / /0 pe(& — y)((x) — p(y))2dzdy

e—0
0 e’}
< IITQP(?“)IILl(R)[/RsDi—/ 02 —/O 90?0} =0,

which finishes the proof. O
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