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Abstract

We study the asymptotic behaviour of solutions of a class of linear non-
local measure-valued differential equations with time delay. Our main
result states that the solutions asymptotically exhibit a parabolic like
behaviour in the large times, that is precisely expressed in term of heat
kernel. Our proof relies on the study of a — self-similar — rescaled family of
solutions. We first identify the asymptotic behaviour of the solutions by
deriving a convergence result in the sense of the Young measures. Then
we strengthen this convergence by deriving suitable fractional Sobolev
compactness estimates. As a by-product, our main result allows to obtain
asymptotic results for a class of piecewise constant stochastic processes
with memory.

Key words: Non-local diffusion; Time delay; Self-similar behaviour; Fractional
Sobolev estimates; Central Limit Theorem.

1 Introduction

Mathematical models with non-local diffusion arise in various applicative fields
including physics and biology. Here, by non-local diffusion we mean convolution

equation of the form
ou(t
dult, z) = / J(z — ) [u(t,y) —u(t,z)]dy, t >0 and 2 € RV,
ot .

wherein .J denotes a probability kernel on RV, for some given and fixed integer
N > 1. As described by Fife in [12], if v = u(t,x) denotes the density of a



population at time ¢ and spatial location 2 € R¥, the first term in the right
hand side of this equation describes the rate at which individuals jump to =
from all other locations y weighted with the probability kernel J(z — y), while
the second term u(t,z) = u(t,z) [~ J(dy), corresponds to the rate at which
individuals are leaving the location x to move to some other places.

As mentioned above, such a motion equation arises in various applications.
We refer to [3, 7, 8, 9, 12, 13, 16, 21] and the references therein for analysis of
models coming from physics, mathematical biology and population dynamics.
We would like to emphasize that in such models, the jumps of particles or
individuals are supposed to be instantaneous.

We can extend the above non-local diffusion equation by taking into account
the travel time to jump from y to x. Typically, the travel time depends on the
distance to travel (z—y) so that the above non-local motion law can be extended
as follows. For t > 0 and € RY, a typical non-local diffusion equation with
time delay reads as

% :/RN J(x—y) [ult—7(x—vy),y) —u(t,z)] dy, (1)

wherein 7(z — y) denotes the time needed to jump from y to z. This work is
concerned with the asymptotic analysis of such a non-local diffusion equation
with time delay. To that aim, we will consider more general version of this
problem such as the equation

Pt [ b+ 0=y - u(t ) QU >0, (2)
ot [—1,0] xRN

supplemented with a suitable initial data u(0,x) for € [~1,0] and z € RY.
In the above equation, @ = Q(dd,dy) denotes a probability distribution on the
infinite strip S := [~1,0]x RY. This distribution captures the information about
both the jump process and the time needed to perform jumps. For instance,
if we choose Q(df,dy) = d_,(,)(df) ® J(y)dy, we recover the typical equation
presented in (1) above. Below we will describe a first stochastic representation
of such a problem.

Observe that when Q(df, dy) = do(df) ® J(dy), Equation (2) becomes

Pt [ e ) u(t.0)] ().

This equation corresponds to the usual random walk equation with instanta-
neous jumps and associated with the jump measure J. Under suitable assump-
tions on this jump measure J, namely the existence of second moments and the
non degeneracy of the covariance matrix, the positive solutions of this equation
satisfy a central limit theorem. We refer to Ignat-Rossi [15] for a detailed study
of this equation using Fourier analysis. We also refer to Chasseigne et al in [6]
for a refined study in the case where the Fourier transform of the kernel J has
lower regularity close to zero and the connexion with the self-similar solutions



of the heat equation with fractional Laplace operator. More general stochas-
tic representations of the solution to equation (2) are considered in Section 2.
The corresponding stochastic processes are piecewise constant processes with
memory. The main result of the present paper allows to study the asymptotic
behaviour of such stochastic processes.

Indeed, the aim of this work is to study the large time behaviour for the
delayed equation (2). For the sake of generality and also for future applicative
uses, we shall consider a slightly more general version of such an equation. In
order to present the equation we will consider throughout this work, we denote
by P(RY) the set of Borel probability measure on RY. In the sequel, we will
simply write P instead of P(R"™) when there is no possible confusion. This
space is endowed with the usual metrizable narrow topology (see Appendix A).
Let o : [0,00) x [-1,0] = (0,00) be a given bounded and continuous function.
We consider the following problem:

0
&u(t, dzr) = / a(t,0) [u(t + 60,dx — y) — u(t,dz)] Q(dd,dy), ¢t > 0,
s

u(9,dz) = u°(9,dz), V0 € [-1,0] and v° € C ([-1,0]; P(RY)) .
Similarly to (2), in the above problem @ belongs to P(S), the set of Borel
probability measures on the strip S = [—~1,0] x RV,

Remark that the above equation is posed for probability measures allowing
us to handle lattice equations with time delay. Indeed, consider for instance the
case where

Q(do,dy) = Zajé,ﬁ. (d0)®6;(dy) with —7; € [-1,0], a; > 0 and Zaj =1,
JEL JEL
then, when equipped with initial data of the form
u(f,dw) = > uf(0)6;(dw) € C ([-1,0; PRY)),
i€z
the solutions of the above equation takes the form w(t,dx) = >, ., ui(t)d;(dx)
where the functions (u;(t));.,, satisfy the delayed lattice system of equations

uf(t) = ajuij (t—75) — wi(t), t >0,
JEZ , Vi e Z.
ul(e) = ’U,?(H), 0 [_170]

We now come back to Problem (3). Before stating our main result, we
describe the main set of assumptions that will be used to study the asymptotic
behaviour of (3).

Assumption 1 We assume that:

(i) The function o = «(t,0) defined from [0,00) x [=1,0] into (0,00) is
bounded and continuous and there exist M > 0 and 8 > 0 such that

la(t,0) — aso(0)| < Me™Pt, ¥Vt >0, 6 € [-1,0],

wherein s = io(#) > 0 is a continuous function on [—1,0].



(ii) The function (6,x) ~ |z| belongs to L? (S;Q(d6,dx)). Here we use the
symbol | - | to denote the Euclidean norm in RY.

Throughout this work, we fix u® € C ([-1,0]; P(RY)) and we consider the
solution u = wu(t,dz) of (3) associated with the initial data u®. Here, by a
solution we mean an element p = pu(t,dz) € C ([—1,00); P(RY)) that satisfies:

(i) for all # € [~1,0], one has u(0,dz) = u°(9,dz);

(ii) for any f € Cy(RY), the space of bounded and continuous functions on
RY, one has:

ila) the map t — [~ f(x)u(t,dx) is continuously differentiable for ¢ €
R K
(0, 00);
(iib) for all ¢ > 0 one has

G [ f@ntan = [

dt Jr~ s

—/ f(:zc),u(t,dx)/a(t,H)Q(dH,dz).
RN 5

a(t,0) [ RNf(x + 2)u(t + 0, dx)} Q(do, dz)

Note that the existence and uniqueness of such a solution simply follows from a
usual contraction fixed point argument in the metric space C ([—1,T]; P(RY))
for T > 0.

Our main result reads as follows.

Theorem 2 (Self-similar behaviour) Let Assumption 1 be satisfied. Then
there exists a vector K € RN and a probability measure m € P(RN) with zero
mean value such that the function t — p(t,dz) € C ([~1,00); P(RY)) satisfies

the following asymptotic behaviour: for all test functions f € Cy (RN) one has

. z— Kt
g [ (o utean) = [ syt

The vector K is given by

0rae(0)2Q(d0, A=) with T = / (—0)aw(0)Q(d0, d2),  (4)

14T Jg s

while m(dz) = I1(1,dz) where I1(t,dx) € C(RT, P) denotes the unique (tempered
distribution) solution of the heat equation

1. D
O Il = §d1V (1 —|—OF VH) + 04—0 ® do(dx). (5)

Herein Dy denotes the non-negative symmetric matriz defined by

Dy = / e (0) [ + 0K [ + 0] " Q(d6, d2). (6)
S



If we denote by k = dimker Dy > 0 and A\; > 0,..., Ay_x > 0 the nonzero

eigenvalue of 1J%FDO then there exists an orthogonal matrix P such that

1
——Dy = P"diag (A1, -+, AN—k, 0, -+ ,0) P.
1+F0 13%(17 s AN—k» Y, 7)
Using this orthogonal basis one obtains an explicit formula for II(¢, dz) and thus
the following explicit formula for 7 = II;:

™ (dy) = P ®

N—k
Q) £ (vi)dy;
=1

QNZ) 8o (dyi)H :

i=N—k+1

Here, # denotes the usual push forward operator for Borel measures while for
each A > 0, the function f) : R — R denotes centred normal distribution with

variance A, that is
A = e (-L)
=——exp|—=- ).
Ay Y p S\

In other words, the measure II; is the multidimensional Gaussian law with
variance-covariance matrix given by H%Do- We refer to [26] for a complete
treatment of the relation between Gaussian processes and Fokker-Planck equa-
tions of the form (5).

The proof of Theorem 2 will be divided in two parts. Our proof relies on
the study of a self-similar rescaled family of solutions. In Section 3, we first
identify the asymptotic behaviour of the solutions by deriving a convergence
result in the sense of the Young measures. Then, in Section 4, we strengthen
this convergence by deriving suitable fractional Sobolev compactness estimates.

Before going to the proof of Theorem 2, we apply it to some example of an
hyperbolic equation with time delay. More specifically consider the equation

A + qg u(t,z) = a/ u(t+0,z)n(dd) — bu(t,x), t >0, z € R, (7)
ot ox [—1,0]

where ¢ € R\ {0}, @ > 0 and b € R are fixed parameters while n € P([—1,0]) is a
given probability measure on the interval [—1, 0]. This equation is supplemented
with the initial data

u(f,z) = u’(0,z) with u” € C ([~1,0]; L} (R)) and u®(0,-) # 0.

A special case of the above equation (with n(df) = §_1(df) and parameter
conditions) has been studied by Laurent et al in [17]. In this paper the authors
derived conditions ensuring a parabolic behaviour for the solution of such a
problem. Here we will show how our general result, namely Theorem 2, may
apply to (7), with general time delay dependence, to obtain similar results as in
[17].

Set v(t,z) = u(t,z + qt)e® that satisfies the equation

du(t,x) _ a/ e ot + 0,z — q8)n(do).
ot [—1,0]




Set y = y(t) = [z v(t,x)dz and observe that it satisfies the linear delay differ-
ential equation

O =a[ Myt o), >0
o ®)
y(0) = y°(0) := /Ruo(ﬁ,a:)dx, Vo € [-1,0].

Since u°(0,-) # 0 then y° € C ([-1,0];RT) with 4°(0) # 0 and y(t) > 0 for all

t > 0. Hence, for ¢ > 0, the function w(t,z) = ”;E;;) satisfies

du(t,x) / YEH0) 00 1yt 4 0. — g) — wi(t, )]
[~1,0]

ot y(t)
_ /3 a(t, 0) [w(t + 0,7 — ) — w(t,z)] Q(d6, dy),
with

a(t,0) = ae_bgy(z/(—it—)e) and Q(dd,dy) = n(df) @ d,0(dy) € P([-1,0] x R).
As a consequence Problem (7) re-writes as (3). To conclude this section, it
remains to check that Assumption 1 is satisfied for this specific example. To that
aim, one may first notice that Assumption 1 (i7) is satisfied. And, Assumption
1 (i) also holds true with the limit function ase = aoo(f) defined by @ () =
ae~e? where v > 0 is the unique real solution of the equation

v = a/ =0 (dg).
(-1,0]

This latter property will be checked in Appendix B. This example will be further
developed in the next section.

2 A probabilistic representation for some non-
local diffusion equations with delay

In this section, we construct a RY-valued cadlag process whose law satisfies the
equation (3). Let (Q,.A,P) be a probability space on which is built a nonho-
mogeneous Poisson point process (N(t))ier, with intensity function given for
te RJ’_ by

A(t) = / a(t,0)Q(d,dz)
s
and corresponding intensity measure given by A((0,t]) = fot A(s)ds. As usual,

the sequence of times associated to the Poisson point process is defined by
To = 0 and, for n € N, by T,, = inf{¢t > 0; N(¢t) > n}. Notice that Assumption



1 implies that the intensity function stays positive and converges towards Ao, =
Js @ (0)Q(d#,dz) > 0 such that we do have that the T,’s form a increasing
sequence going to infinity, P-a.s.

We also define, on the same probability space, a sequence (0, Z.)neN
of S-valued random variables such that conditional on (T},),cn, the sequence
(©n, Zn)nen is a sequence of independent random variables with law given, for
n € N, by

qr, (d6,dz) = T,,0)Q(db, dz).

Tl
AT
Let also (U(6))ge[—1,0) be a RY-valued cadlag process such that for any

6 € [~1,0], U(#) has for law u°(0, dxr). We are now ready to define a R¥-valued
process X with suitable law:

1. For 0 € [—1,0], we set X () = U(0) such that X (Tp) = U(0);
2. For t € [Ty, Th), X(t) = X(Tp) and then, at time T3,
X(Ty) = X(T; +61) + 7.
3. And so on: for n € N, assume that the process X is built up to the time T,
then, for ¢t € [T, Th41), X(t) = X1, and X(Tq1) = X(T,, 1 + Ony1) +
T

By construction, the process X is piecewise constant and cadlag on Ry. In
the following proposition, we verify that the law of X satisfies the evolution
equation (3). In this setting, one obtains the following proposition.

Proposition 3 Let f € Cy(RN) be given. The function t — E(f(X(t)) is
continuously differentiable on (0,00) and we have, for any t > 0,

SEUXM) = A1) /S E(F(X(t 4 6) + 2)) — E(F(X(0)]gr(d0,dz).  (9)

Proof. We use the decomposition of the process induced by the sequence of
times (7}, )nen. For any ¢ > 0, we get

i=0
For any integer ¢, by conditioning on the history up to the time T}, we have

E(lr, 1) (OF (X1)) = E (e ™MD (X (D))

Since Ty = 0 is deterministic, we distinguishes this time and then use the law
of T}, for n € N to write:

E(f(X (1) = e BAOVE(FU0) + B (1rcee T (X (1))
= MOME(F(U(0))

+ i /Otel\((s,t])E(f(X(Ti)”Ti = s)/\(s)/\(((i(’v_s]l);leA«o,s])d&



Using the fact that X (T;) = X(I;” + ©;) + Z;, we obtain

E(f(X (1)) = e NODE(£(U(0)))
oo tefA((S’tD s . P
+2/0 /SE(f(X( +6) + 2))qs(d, dz)

/\(S)A(((iO,_S]l))Z! o MO0.8]) g5

Finally, by summation (using the fact that f is bounded),
E(f(X (1)) = e ODE(f(U(0))

tefA((s,t]) s s z ) z)ds.
+/0 A( )/SIE(f(X( 1) + 2))g:(d6, d=)d

The result follows by derivation. m

Denoting by u(t,dz) the law of X (t), equations (9) and (3) are equivalent.
Thus, the process X gives a probabilistic representation of the evolution equa-
tion studied in the present paper. Notice that in general, X is not a Markov pro-
cess: the variables ©,,’s introduce memory and model the delay in the evolution
equation (3). When there is no delay, that is when Q(df,dz) = Jo(df)Q(dz),
the studied process is simply an inhomogeneous continuous time Markov chain,
as already mentioned in the introduction. Let us also notice that this is always
possible to recast a non-Markovian process into a Markovian one: for processes
very similar to the process X under consideration, this has been done in [22].
However, the fact that the evolution of the law of X satisfies equation (3) allows
for a more direct approach.

Theorem 2 is the central limit theorem associated to the process X. Its
proof will be the object of Section 3. In probabilistic term, Theorem 2 reads as
follows.

Theorem 4 The process (VE(X(t)/t — K))ie(0,00) converges in law towards a
centred Gaussian random variable with variance-covariance matriz given by

Ass

= TE(@OO)E((ZOO + 0uK)(Zs + 0K) ),

Q

where the couple (Ouo, Zoo) has for law ase(0)Q(d0, dz)/Aeo-

Of course, this central limit theorem implies that the process (X (t)/t)e(0,00)
converges in probability towards K. We can strengthen this convergence using
the explicit construction of the process and obtain the following strong law of
large numbers.

Theorem 5 Assume the result of Theorem 2. Then, the process (X (t)/t)ie(0,00)

Ao E(Zoo)

converges almost-surely towards K = T ke where the couple (Oso, Zoo)

has for law e (0)Q(d0,dz)/Aso-



Proof. First, notice that for any ¢ > 0,

Therefore,
N(t)
(X@| _1 (
< - U —_— f
e g max 00+ 2 5 > 121

We have, almost-surely,

lim N() = lim A0, 7)) = Aoo-

t— 00 t t—o0 t

Thanks to Assumption 1 and the conditional independence of the Z;’s, we can
use the conditional law of large number, see for instance [23] and obtain that
we almost-surely have,

N(#)

1
t—)oo N Z| Zi| = /S|Z|04<>o(9)Q(d9,dz).

The process (X (t)/t)te(0,00) is thus almost-surely asymptotically bounded. There-
fore, its convergence in probability towards the deterministic value K implies
its almost-sure convergence towards this same value. m

Remark that since the process (X ()/t):e (0,00 is bounded for ¢ large enough,
we can use a slight refinement of equation (9) in order to include an explicit
dependence in time and obtain, for y(t) = E(X (¢)/t) with t > 0,

0 =30 [+ 6) =0 |1+ ¢ atat.a2

+% [_y@ <1 — )\(t)/SHqt(dH,dz)> + )\(t)/SZQt(d‘gadZ):| :

Notice that since K is the limit of (X (¢)/t,¢ > 0) then, by dominated conver-
gence, K is also the limit of (y(t),t > 0), a fact that is, at first glance, far to be
obvious if you only look at the above differential equation with delay.

Let us give a first illustration of the two above results by considering the
case where X () = 0 for all § € [—1,0] and

alt,0) =1,  Q(df,dz) = 6o(d6)d, (dz).

Then X is the classical Poisson process satisfying

lim X _ 1 as., lim vt <Xt(t) — 1) = N(0,1) in law,

t—oo t t—o00

where A(0,1) denotes the centred gaussian law with variance 1. Now, with a
one unit time delay, namely with

alt,0) =1,  Q(df,dz) = 5_1(d0)& (d2),



our results give

lim X = % a.s., lim vt <let) — 1> =N (O7 1) in law.

t—oo t t—o0 2 8

In this example, we see that the delay slow down the process and reduces its
scattering.

As a second illustration, we consider the stochastic process associated to the
hyperbolic equation with delay (7) considered at the end of the previous section.
In this setting, for ¢ > 0 and 6 € [—1, 0], the parameters are

o bb y(t+0)

a(t,0) =a o0

and Q(df, dy) = n(d) © 5,6(dy) € P ([~1,0] x B),

(10)
such that

= e} zZ) = ae*bew
A(t) = /H (t,0)Q(d0. d2) /[] (a0,

For our simulation purpose, as in Laurent et al in [17], we set n(df) = §_1(d6).
In this case,

where
y'(t) = aely(t — 1), t >0,

y(0) = y°(0) := /Ruo(&x)dx, Vo € [-1,0],

(11)

such that the intensity measure is given by A((0,¢]) = log(y(t)/y(0)). In Figure
1, the law of large numbers as well as the associated central limit theorem are
illustrated for this process. We also display, in Figure 2, another illustration of
these two limit theorems with Q(df,dy) = d_1(df) ® 1{_1/2,1/2)(y)dy, all other
things being equal.

3 Self-similar rescaling and limit identification
In this section, we deal with rescaled solution and we shall prove that such a
family of rescaled solution converges toward the solution of the possibly degen-
erate parabolic equation (5) for a suitable topology.

Before going further let us introduce some notations that will be used in the
sequel. We define I' > 0 and the vector K € R by

1
P /S(—G)ozoo(H)Q(dH,dz) and K = m/saoo(ﬁ)zQ(dG,dz). (12)

10



X

@ o 3 E E o
t 2(100)

Figure 1: Left: 40 trajectories of X (one color per trajectory) with the pa-
rameters defined in (10) with a = 1.01, b = 1, ¢ = 1 and initial condition
u®(#,dz) = 1jp1j(z)dz (uniform law on [0,1]). The dashed line has slope
K ~ —0.25. Right: distribution of Z(100) = vI00XU020-E (/Q =~ 0.18),
obtained from 1000 trajectories, compared to the density of the normal law.

o w E E kY o
t 2(100)

Figure 2: Left: 40 trajectories of X (one color per trajectory) with the pa-
rameters defined in (10) with ¢ = 1.01, b = 1, ¢ = 1 but Q(df,dy) =
6_1(d0)®1(_1 2,1/ (y)dy and initial condition u®(0, dz) = L[y /2,1 /2)(z)dz (uni-
form law on [—1/2,1/2]). The dashed line has slope K = 0. Right: distribution
of Z(100) = \/@% (v/Q = 0.20), obtained from 1000 trajectories,

compared to the density of the normal law.

11



Remark 6 Note that the vector K satisfies the following identity, that will be
used latter,

/ 0 (6) [ + OK] Q(d6, d2) = K.
S

We also define the function H = H(t) : [-1,00) — RY by

H(t) = _H%A /Sa(t,G)xQ(dH,dx)ds, V> 1, (13)

As mentioned above we aim at investigating the large behaviour of ¢ +—
p(t,dz). Thus we need to shift this function in order to follow the mass and
to not lose its transportation. As it will appear clearly in the proofs presented
below, a suitable shift is to follow the solution along the path ¢ — H(t) intro-
duced above in (13). Hence we translate the measure solution t — p(t,dz) by
introducing the measure

l/(lf7 ) = 5H(t) * ‘u(t, ) eP,Vt>-—-1. (14)
In order to be more precise, the above convolution product, *, means that for
all p € Cp(RV):
[ e@witdn) = [ o+ H@ndo), ez -1
RN RN

Notice that with the notations of Section 2, v(t,dx) is the law of the process
X 4+ H at time t.
The following lemma holds true.

Lemma 7 The map t — v(t,dx) is continuous from [—1,00) into P. It further-
more satisfies, for each test function ¢ € W1 (0, 00; Co(RY))NL* (0, 00; CL(RY)),
the equation

/R+ o~ (0 + H'(t)V) ¢(t, ) v(t,dx)dt = — (0, z)v (0, dx)

.
N /0 - /R ) { /3 a(t,@)Q(d&,dz)] B(t, 2wt de)dt
_/()Oo/sa(t,a) /RN¢(t7x+z+G(t,9))u(t+0,dx)Q(d9,dZ)dt,

wherein we have set G(t,0) = H(t) — H(t + 0).

Proof. Let us first note that since the map ¢t — H(t) is continuous, it follows
from Portemanteau theorem (see Theorem A.1 in Appendix A) that the map
t — v(t,dx) is also continuous.

12



Let ¢ = ¢(t,r) € Wh! (O7oo;Cb(RN)) NnLt (O,OO;C,}(RN)) be a given test
function. Then, one has:

/ (0 + H'(t)V) ¢(t, z)v(t,dx)dt
R+ xRN
/ (0 + H'(t)V) ¢(t,x + H(t))u(t,dz)dt
RN
_ / Oyt 2t dw)dt,
0 RN

wherein we have set 1/1( x) = ( x + H(t)). It is worth noticing that ¢ €
Wil (O 00; Cp(RY) ) ( ,00; C( )) Then, integrating by parts yields

/ (0, + H' (H)V) 6(t, 2)(t, dw)dt
R+ xRN

/ #(0,z)v(0,dx) / /RN {/ )Q(0, dz)} o(t, x)v(t,dz)dt

—/ /a<t,9)/ 6 (t 2+ 2 + H(L) p(t + 6, de)Q(d, dz)dt
0 S RN
On the other hand one has
/ h / at,0) [ o(ta+ 2+ HE)u(t + 0, dz)Q(dd, d=)dt
0 S RN
_ /OO / at,0) [ &tz + 2+ G(t,0)) vt + 0, dr)Q(d0, d=)dt.
0 S RN

The result follows by coupling the above computations. m

In order to derive the asymptotic self-similar behaviour of ¢ — v(t,dz) for
t >> 1 we are interested in the asymptotic as A — oo of the rescaled family of
probability measures p*(t, dz) defined, for t > —\~2 and for each test function
¢ € Cy(RY) by

/RN o(x)p*(t,dz) = /RN ® (;) v(\%t,dx), Vt > -2 (15)

To study its behaviour for A >> 1, we first write down the equation satisfied by
p* by noticing that

/ o(z)v(t,dz) = / oA\x)p* (A2t dx), Vi > —1, Vo € C(RY).
RN RN

Notice that with the notations of Section 2, p*(¢,dz) is the law of the rescaled
X(A2t)+H(\%t)
process —=———"—.

The equation for p* is expressed in the next lemma:

13



Lemma 8 Let A > 0 be given. Then the function t — p*(t,dx) satisfies, for
each test function ¢ € W (0, 00; C,(RY)) N L* (0, 00;CL(RY)),

/ (8,5 + \H’ ()\Qt) V) op(t,dz)dt = — #(0, 2)p*(0, dz)
R+ xRN RN

+ A2 /°° / a(A2t,0)6(t, 2)p (¢, dz)Q(dB, dz)dt (16)
0 SxRN
h 0
B Az/o /mw AN O+ 20 (t T d”) Q*(\*t,0;d6, dz)dt

wherein, for each A\ > 0, the measure Q*(t,0;d0,dz) is defined, for each t >
—A\"2 for each ¢ = (0, 2) € Cp(S), by

z 1

[ o629 6:00.02) = |
s s
The proof of the derivation of this equation directly follows from Lemma 7
using the definition of the map t + p*(¢,dx).
Here, one may note that we have used a parabolic scaling but the equation
is not invariant under this scaling. We are now interested in the asymptotic
behaviour of p* as A — oo and the main result of this section reads as follows:

Theorem 9 (Young measure convergence) Let Assumption 1 be satisfied.
Recalling the definition of T in (4) and of Dy in (6), the following convergence
holds true for each test function f € L* (0, oo;Cb(RN)):

Jim £t 2)p(t, da)dt = / F(t, 2)TI(, da)dt,

A—00 JR+ xRN R+ xRN

where IT = II(¢, dz) € C ([0, 00); P) is the solution of

1. 1
atH — §le (MDOVH) = 515:0 ® 60'

This results ensures the convergence of p* to II in a rather weak sense, especially
in time. This convergence is not sufficient to prove Theorem 2. It will be
strengthen in the next section to obtain time pointwized convergence. The
proof of the above result will make use of Young measure theory. We refer to
reader to [5, 30] for more details and also to Appendix A where basic properties
of Young measures are recalled.

Note also that if we choose f(t,z) = f(z)fr(t) where f is continuous
and bounded and fr is the density of some positive random variable T', the
above result implies that the measure [~ p*(t,dz) fr(t)dt converges in law to-
wards the measure [ II(t, dz) fr(t)dt. If we denote by Z the rescaled process
(M) , one interpretation is to say that Z(T"), where T is a ran-

teR+
dom variable with density fr independent of Z, converges in law when A\ goes to

14



infinity towards a random variable with law [ II(t,dz) f7(t)dt. As mentioned
above, the objective of Section 4 will be to replace the random variable T' by
the deterministic time 1. The above theorem also tells us that, in the sense of
Young measures, the stochastic process Z) converges towards a N-dimensional

centred Wiener process with variance-covariance matrix given by H%FDO.
In order to prove Theorem 9, we fix a sequence { A, }n>0 C (0,00) such that
lim A, = oo, (17)

n— oo

and we consider the sequence of Young measures
{t — pn (t,dm)}n>0 C L. (0,00; P).

Then, denoting by M™ the set of positive Borel measures on RV, due to
Lemma A.3 there exists a subsequence, still denoted by A, and P = P(t,dz) €
L2, (0,00; M™T) such that

P(t,dr) € MT and / P(t,dx) <1la.e.t>0,
RN

and
lim p** = P weaklys in (L'(0, oo;Cb(]RN)))/ . (18)

n— oo

Above, L2, (0, 00; M™) denotes the set of weakly measurable maps from R* into
M™T and that are essentially bounded (see also Appendix A for more details).
In our next proposition, we will identify the limit measure P = P(t,dx).

Proposition 10 Let Assumption 1 be satisfied. Then the function P = P(t,dx)
is in L2, (0, 00; M) defined above is the unique tempered distribution solution
of (5), that is P(t,dz) = II(¢,dz).

Since L' (0,00;Co(RY)) is separable, the balls of its dual space are metriz-
able. This implies the following corollary:

Corollary 11 Under the assumptions of Proposition 10, one obtains

lim p* = TI(t, dx) weaklyx in (L1 (O,oo;CO(RN)))/.

A—00

Now note that one has
/ II(t,z)dz = 1 a.e. t > 0.
]RN

This mass conservation property ensures that the family {py}rso is a tight fam-
ily of Young measures. Hence Lemma A.4 applies and leads us to the following
corollary

Corollary 12 Under the assumptions of Proposition 10, for each test function
f € LY(0,00;Cy(RY)) one has

lim f(t,z)p*(t,dz)dt = / f(t, 2)I(t, dz)dt.

A=00 JR+ xRN R+ xRN

15



To conclude these remarks, one has obtained that proving Proposition 10 is
sufficient to complete the proof of Theorem 9. Thus in the remaining of this
section we shall focus on proving Proposition 10.

In order to prove Proposition 10, we shall first derive preliminary lemma.
In the sequel the notation S will be used to denote the Schwartz space, that is
the set of rapidly decreasing functions, while &’ will be used to denote its dual
space, the space of tempered distributions.

Next, using these notations, our first lemma reads as follows.

Lemma 13 Let F € C(RY)NLY(RY) be given. Then the following convergence
holds true:
A—00

lim A2F(\%t) (pr(t,dz) ® dt) = < / F(s)ds> Si—0 ® 6o in S'(RT x RY),
0

that is for each test function ¢ € S(R* x RY) one has

A—00

lim A2 /RNRN F(\2t)o(t, z)p*(t, dx)dt = (/OOO F(s)ds> #(0,0).

Proof. Let ¢ = ¢(t,x) € S(RT x RY) be given. Then from the definition of p*
one obtains:

)\2/ F(\2t)p(t, z)p*(t, dz)dt = )\2/
R+ xRN R+ xRN

:/DWRN F(t)é (;2 ””JFAH“)) u(t, dz)dt
:/WXRN F(t)é (;2 “AH(”) (u(t, de) © dt).

Finally since function (¢,x) — F(t) belongs to L' (RT x RY; u(t,dz) @ dt),
Lebesgue convergence theorem applies and completes the proof of Lemma 13.
]

FO2)¢ (t, %) v(\2t, da)dt

Now equipped with this lemma we shall first prepare the equation before
passing to the limit A — oo and more precisely through the sequence A\, as
n — 0o.

Lemma 14 (Preparation of the equation) Let ¢ € W1 (0, 00;C,(RY)) N
L0, 00; CZ(RN)) be given. For all A > 0 the function t — p*(t,dz) satisfies

[ oot dade == [ 60.2"0.d0)~Tol T+ Tol, (19

wherein we have set
Tl =A [ [ Vot (e ¢ doja
0o JRN

+ A/OOO/S a(Nt,0) [z + G(N\*t,0)] [ - Vo(t,z)pt (t + i,dxﬂ Q(do,dz)dt,

16



T = / h / / S6](t,6,, 2)p* (t+(’27dx) Q(d9, dz)dt;
0 S JRN )\
with ®* defined by

ONo)(t,0,, 2)

1
= a(\’t, 9)/ (1—s)D?*p (t, x+s
0

2
”G(A“a)) [z + GO, 0)]Pds;

and

73 (9]
=\? /Ooo/soz()\Qt,H) - B(t, ) {p’\(t,dx) - (t—i— ;,dx)} Q(do, dz)dt.

The above decomposition directly follows from the formula obtained in (16).

In order to prove Proposition 10 we shall now study the convergence, as
n — oo, of the different terms arising in the decomposition described in the
above lemma with A = \,,. Before doing so, let us recall that, due to Assumption
1, one has

a(t,0) = as(8) + O (e7?') uniformly for 0 € [~1,0] as t >> 1.
As a consequence, recalling the definition of H = H(t) in (13), one obtains

H(t)= —Kt+0(1) and H'(t) = —K + O(e ?") as t — oo,

20
G(t,0) = 0K + O(e~Pt) uniformly for 6 € [—1,0] as t — oo. (20)

These asymptotic expansions will be extensively used in the sequel.

We are now able to investigate the asymptotic behaviour as A — oo of each
term arising in the decomposition provided by Lemma 14. To that aim let us
fix a test function ¢ € S(RT x RY). In the sequel of this proof we shall omit to
explicitly write down the dependence with respect to ¢ in the decomposition of
Lemma 14, that is for i = 1,..,3 we shall write 7;* instead of T;*[¢].

Our convergence proof will be achieved in the next four steps.
Step 0: Recalling (18) one first obtains that

lim dppp™ (t, dx)dt = / i pP(t,dx)dt.
n=o0 JR+ xRN R+ xRN
Next note that for each A > 0 one has

¢(0,2)p*(0,dz) = /

R

K (0, %) 1(0, dz).

RN

Hence as A — oo Lebesgue convergence theorem ensures that

lim #(0,2)p*(0,dz) = ¢(0,0) .

A—00 RN
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Step 1: In this step we investigate the behaviour of 7;* as A — co. To that
aim note that one has

A /S /000 a(N’t,0) [z 4+ G(N*t,0)] - { . Vo(t, z)p* (t + % da:) } dtQ(d6, dz)

=\ /S /OOZ()\Zt —0,0) [+ G(N\°t—0,0)] - {/Rw(t, z)p(t, dx)} dtQ(de, dz)

(i)

Here the remaining term O (%) depends upon [|0;V || 11(0,00;w 1.0 mNY). As a
consequence one obtains that

1
T = )\/ TNV o(t, z)p (¢, dz)dt + O () ,
R+ xRN A
wherein the function J; : RT — R¥ is defined by

Ji(t)=H'(t) + / alt—0,0)[z+ G(t—6,0)] Q(dF,dz).

s
Next note that (20) yields

Ji(t) =0 (eiﬂt) as t — oo.

Hence J; € L'(RT) and Lemma 13 applies and ensures that 7;* = O (%), SO
that
lim 7 = 0.

A—00

Step 2: We are now looking at the second term, namely 7;*. During this step
we write ®* instead of ®*[¢]. Next let us first notice that one has

T :/S ( /90 +/OOO> /RN o (t - ;sz) P (t, dz)dtQ(dh, dz).

Therefore this yields

e 0 1
T = /S/o /RN oA (t — v,&,x,z) pr(t,dz)dtQ(dd,dz) + O ()\2) )

Now we claim that:

Claim 15 The following convergence holds true:

0 1
. A _ _ 1
/\lgn g i) (t 2 0,x, z) Q(do,dz) 2dlv (DoVo),

in L' (0, oo;Co(RN)), Here the matrixz Dy is defined by

Doy = /S oo (0) [ + OK] [ + 0K] T Q(d8, d=). (21)
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The proof of this claim is postponed and we first complete the convergence of
TQA". Here recall that {\, },>0 is the sequence chosen at the beginning of this
proof (see (17) and (18)). Now because of the Young convergence property
p*»(t,dx) — P(t,dz) we obtain that

An An
nhﬁn;}/ /RN/(I) ( )\2,9 J;,z) Q(db,dz)p* (¢, dx)dt

-1 /R”RN div (DyVe) P(t, da)dt.

This re-writes as

lim T3\ = %/w R div (DoV¢) P(t,dz),
X N

n—0oo

that completes the proof of this step.

It remains to prove Claim 15. To do so, let us observe that there exists some
constant C' > 0 such that for all (t,x) € RT x RY, (0,2) € S, s € [0,1] and
A > 1 one has, setting Z = z + G(\*t — 0, 0),

[D2¢> (t — %x + sf) — D%(t,z)] - Z?
/ [[2]* + 1]Q(df, dz) + C |22 + 1]Q(d6, dz)
[

1,0]x {|z|<A1/4} [—1,0]x{|z|>A1/4}

3/4
< GUAAT) c/ (|22 + 1)Q(dh, dz)
A 1,0]x{|z|>A1/4}

Q(dé,dz)

This upper bound converges to zero as A — oo so that

lim
A—00 S

(d9,dz) =0,

0 A
2 2 2
[D ¢><t )\2,x+s/\> - D qs(t,x)] 7
uniformly for (t,z) € RT x RY and also in L(0,00;C,(RY)) since ¢ € S and

using Lebesgue convergence theorem. To complete the proof of the claim, it is
sufficient to show that, for the topology of L!(0,c0;Cy(R™)), one has

lim /D%(t,z)-Z?Q(a,dz) :/D%(t,z)-[z+9K}2Q(d9,dz).
S

A—o0 S

This latter convergence directly follows from the asymptotic expansion of G(t, )
n (20). This complete the proof of Claim 15 by noticing that

/SD2¢(t, z) - [z + 0K]> Q(df, dz) = div (DoVe),

where the matrix Dy is defined in (21). This completes the proof of the claim.
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Step 3: In this last step we investigate the limit, as A — oo, of 73*. In order
to deal with this term, note that

T =\2 /Om/sa()\zt,ﬂ) - B(t, z)p*(t, dz)Q(dh, dz)dt

’ 0
)2 2, 0 \
A /S/e//\2 a(A*t—0) /RN ¢ (t )\2793) p(t,dz)dtQ(dl, dz)
-\ N *t— _ﬁ A
A /0 /SOé(/\ t—0,0) /RN o <t /\273:) p*(t,dx)Q(df, dz)dt.

For the last term, let us observe that one has

~ 27 721’ A X yA
| [ave 0,9>/RN¢(t g )za(t,d)Q(de,d)dt

:/Oo/a()\2t—9,9) 6 (t,z) p(t,dz)Q(d, dz)dt
0 S RN

- /0 /s 5t =0.0) [ 06 () p(t,dx)Q(d0, d=)dt + O (v> .

RN

This allows us to re-write 73 as follows:
T =\2 / / F(\2t)p (¢, dz)dt
0 JrN
0 0 \
- )\2/ / a( A%t — 9)/ & (t ~ 3z x) pM(t,dz)dtQ(de, dz)
5 Jo/x2 RN
o 1
+/0 /Sea(vt—w) . O (t,2) p*(t,dz)Q(dh, dz)dt + O (Xl> .
In the above decomposition we have set
F(t) = / [a(t,0) — a(t —0,0)] Q(d, dz).
s

Now, recalling (20), one has F(t) = O(e=?*) as t — oo so that F € L'(R*) and
Lemma 13 applies and ensures that

: 2 >~ 2 A _ > s)ds
lim A /0 /R _FOp(t,da)dt = 6(0,0) /0 F(s)ds.

A—00

Next, using the same argument as for the proof of Lemma 13, one has

0
lim )\2/ / a( Nt — 9)/ b (t - 92:5> p(t, dz)dtQ(dh, dz)
A—00 s Jo/xz RN A

0
:qS(O,O)/S/e a(t — 6)dtQ(de, dz).
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And, for the last term we get, along the sequence {\,},>0 (see (18)),
lim / / Ba(N2t —0,0) / v (t, ) p (t, dz)Q(dh, dz)dt
noeeJo  Js RN
= / / Gaoo(O)Q(d&dz)/ O (t,x) P(t,dz)dt
0o Js 0 JRN

=-T /00 O (t,x) P(t,dzx)dt.
o JR¥

To summarize we have obtained the following property:

[e%S) 0
i An — s)ds — alt — z
Jim 7 =0(0.0) [ Fe)as =00, [ [ ate - o)aQas, dz)
T / 0,6 (¢, ) P(t, dw)dt.
0 RN

And, to complete this step, note that

/Ooo F(s)ds—/s/oooz(t—ﬁ)dtQ(dH, dz)
=W, l L] " a(1.6) — aft - 0.0 Q(d0,d2) / "t - 9)1 y

M—6
— lim /S /M ot 0)dtQ(d0, dz) — /S fa (0)Q(0, dz) = —T.

M—o0

Hence we get

oo
lim 73" = —T'¢(0,0) — T / O (t,x) P(t,dx)dt.
n—oo 0 RN

We now conclude the proof of Proposition 10 and thus the one of Theorem
9.
Conclusion of the proof of Proposition 10:

From the four previous steps we have obtained the following convergence: for
all € S(RT x RY), on the one hand, one has

lim Orp(t, x)p (t, dz)dt = / drp(t, z)P(t,dz)dt,
o0 JRE RN R+ xRN

and, on the other hand, one has
lim D1 (t, x)p* (¢, dx)dt = —(1 4 T)¢(0,0)

n—oo R+ xRN

- 1/ div (DoV¢) P(t,dz) — F/ O (t, ) P(t,dz)dt.
R+ xRN

2 R+ xRN
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Hence P € S'(RT x RY) is a solution of the equation

1 D
815]:[ = 5t:0 X 50 -+ ile (1 +OFVH> in S/(R+ X RN)
The latter equation has a unique tempered distribution, II, that satisfies II €
C (RT,P). Finally, since the limit function II is unique, one obtains P(t,dz) =
II(¢,dz) and this complete the proof of Proposition 10 and thus the one of
Theorem 9 since the sequence (\,,) is arbitrary.

4 Proof of Theorem 2

In this section, we complete the proof of Theorem 2. To that aim we will
prove that the family {p*(¢,dx)}ss¢ is relatively compact with respect to a
stronger topology (in time) than those of the Young measures. We shall more
specifically show that this family is relatively compact for the topology of
Cloc ((O,oo);ngg(RN)) for some parameter ¢ > 0 large enough. And, this
compactness property will be sufficient to complete the proof of the Theorem 2
by using the identification of the weak limit as described in Theorem 9.

The main result of this section reads as follows.

Theorem 16 Let R >0, 0 < e < T be given. Let o > % + 2 be given. Then
there exists X > 0 such that the family {p*t,dx)}, . 5 is relatively compact in
C(le,T); H-°"Y(Bg)). Herein B C RN denotes the ball of radius R centred
at the origin while for all s > ¥ +1, H=*(Bg) = (H§(Bg))" denotes the dual
space of the Hilbert space H(BR).

The proof of this key result is postponed and we first complete the proof of
Theorem 2.
Proof of Theorem 2. Recalling the definition of p*(t,dz) given in (15), to
prove Theorem 2, it is sufficient to prove that

tlim p*/{(l, dz) = II; (dz) for the narrow topology of P. (22)

To prove the above statement, fix o > % +2 and consider a sequence {\,, },,>0 C
(0,00) such that A, — oo as n — co. Then because of Theorem 9, Theorem
16 and using a diagonal extraction process, there exists a sub-sequence, still
denoted by A,, such that

lim p*(t,dz) = II; locally uniformly for ¢ € (0, 00) with value in H=°~1(Bg).

n—oo

Note also that, possibly along a sub-sequence, the sequence of probability mea-
sure {p*~(1,dx)} converges to some positive measure with respect to the vague
topology of measures. Hence, one obtained that

p*(1,dz) — I (dx) as n — oo,
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wherein the above limit holds with respect to the vague topology of measures.
Finally, since IT; (R") = 1, II; is also a probability measure and the above limit
holds for the narrow topology of probability measures. Now, since the sequence
{A\.} is arbitrary and P, endowed with the narrow topology, is a metrizable
space, one obtains that

lim p*(1,dz) = II; for the narrow topology of P.

A—00

Thus (22) holds true by choosing A = v/¢. This completes the proof of Theorem
2.

(]

In the remaining parts of this section, we prove Theorem 16. The proof of
this result relies on the formulation of the equation for p* obtained in Lemma
14. Here we re-write it with a slightly different form, as follows: for ¢ €
W (0,00;Co(RY)) N L0, 00; CZ(RY)) and A > 0, the function ¢ — p*(¢,dz)
satisfies

/R . [13,0:0] (1) 1. ) / (0, 2)p™(0, dw) — T[4
— T3 [¢] + RMg),

(23)

wherein 7 and 73" are defined in Lemma 14, T 1+ denotes the nonlocal operator
A2
defined by

g(tvx) - [Trgf](ta 1')

& glt,z) = f(t,x) + N / ) /0 7 F( 4 1L 2)dIQ(dR, d2),

S

while

Mol =2 [ [ [a0326,6) — ane (0)]
I

(;S(t,x) [pk(t,dx) —pM(t ( )\HZ,dx)] Q(de, dz)dt

+/\2/aoo / /RN ( oL )ﬁ(t,d@dt@(da,dz).

Now, in order to prove Theorem 16 we will investigate some regularization
properties for the nonlocal operator T 1 3, defined above when A >> 1 is large.

And, we will be used to complete the proof of the theorem. In the sequel we
will first investigate some properties of the linear operator T’ i before going to
A

the proof of Theorem 16.
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4.1 Regularity properties

Let (X, ] - |lx) be a reflexive Banach space. For each h > 0, consider the linear
operator T}, defined from S (R*; X') into itself by

1

—h6
—/am(ﬁ)/ ot +D)AIQ(dY, dz), t > 0.  (24)
S 0

Talo](0) = 6(t) +

Here X’ denotes the dual space of X. Then the main result of this sub-section
reads a s follows:

Theorem 17 (Sobolev semi-norm estimate) Let {u”},~¢ be a family of
X -valued tempered distribution on R, namely {up}tnso C S’ (RT; X). We
assume that there exist some constant M > 0 and o € (0,1) such that for all
h >0 and all p € S (RT; X') one has:

[(The',u")|
1
<M |[|@ll poe et x7y + [Pl L1 m;x7) + Sl;lgsjﬂqﬁ(' +5) = ¢l me;xny| - (25)

Herein the symbol (-,-) is used to denote the duality pairing between S(R™; X”)
and S'(R*; X). Then, for each p > 1 and s € [a, 1) with ps > 1, one has

uh e WL (R X)), VA > 0,

where p’ denotes the conjugate exponent of p. Moreover for each given T > 0,
there exists some constant C = C(p, s,T) such that
h
[U :IWI’S’ZD/(O,T;X) S C, Vh > 0
In the above estimate, the bracket denotes the X —walued Sobolev semi-norm
described below.

The proof of this result relies on several preliminary studies. As announced
in Theorem 17, the estimates we shall obtain make use of Banach valued frac-
tional Sobolev spaces. For that purpose let us first introduce further notations,
definitions and some well known results and estimates related to Banach valued
fractional Sobolev spaces. We refer to [1, 25] and the references therein for more
details on such a topic.

Let (Y, - |ly]]) be a given Banach space. For each open interval I C R, each
p € [1,00] and @ € (0,1), we define the Sobolev space WP (I;Y) as follows:

WO (LY) = {y € LP(I;Y) : [$lwow(ry) < 0},

where the Sobolev semi-norm [-]yye.»(s,y) is defined by

Wlwer = (//let—swwznydtd)‘ 2
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The Sobolev norm is then defined as

IVllwerryy = 1¥lLryy + [Wlweor vy, Vi € WP (1,Y).

Now we define Sobolev spaces with negative index. When I C R is a given
bounded interval, then for p € [1,00] and 6 € (0,1) we define the Sobolev
space W™1T9P(I;Y) as the image of the distributional derivative 9;, that is
WOP(1,Y) C D'(I;Y), the set of Y —valued distributions. In other word it is
defined as the following;:

ue€ WP(LY) & e WP(LY), u=0dwin D'(I;Y).

Such a function v is called a representation of u. The set of the representations
of u is given by v +Y where v is a representation of u. The space W1 +0P(I;Y)
becomes a Banach space when endowed with the norm || - |lyy1+6.5(s,y) defined
as

Hu||W1+9=P(I;Y) = ;Ielf, v+ y”LP(I;Y) + [U]W9=P(I;Y)7

where v is a given representation of u. Note that such a definition does not
depend upon the choice of the representation v.

Now let us recall a duality representation that will be used to prove Theorem
17. The proof of this result can be found in [1].

Lemma 18 Let I C R be a given interval. Let (Y, - |ly) be a given separable
Banach space. Let p € (1,00) and 0 € (0,1) be given. Then one has

W (1Y) = (Woe’p(l; Y’))/ :

Here p’ denotes the conjugate exponent associated to p, Y’ is the dual space of
Y while WEP(I;Y") is the closure of D (I;Y") in WP (I;Y"). The above dual-
ity representation holds with respect to the duality pairing (-; -) on D(I;Y) X
D(I;Y’) defined by

(v;0') = /<U(t);vl(t)>y7y/dt, V(v,0") € D(I;Y) x D(I;Y").
I
Before recalling some important estimates that will be used in the sequel, let
us introduce further notations. Let I C R be a given interval and let (Y, || - |ly)
be a Banach space. For each p € [1,00] and s € (0,1) let us define the Besov
semi-norm for a function ¢ € LY (I;Y) by

loc

[QS]B(;F(I;y) = i{;% hiS”(Zs( + h) — ¢||LP(I;L;Y) with I, = {117 cl: z+he I}

We now turn to derive some important estimates. Using straightforward
computations we can derive the following estimates:
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Lemma 19 Let 6 € (0,1) be given. Let T > 0 be given. Then for all ¢ €
D(0,T;Y) one has

_ 4 1-6
[Plworwyy < Wlweaory) + mHT/JHLw(o,T;yy
Here 1) denotes the extension by zero of 1.
Next let us recall the estimate derived by Simon in Corollary 24 of [25]:
Lemma 20 Let I C R be a given interval and let (Y, | - |ly) be a Banach space.
Let 0 € (0,1) and p € [1,00) be given. Then for each 1 € W9P(I,Y) one has
2
[w]B&P(];Y) < 5[¢]W9=P(I;Y)~

Now in view of proving Theorem 17, we are concerned in deriving some
properties of the linear operator T}, defined above in (24). Roughly speaking,
we shall show that such an operator is invertible on L!'(R; X’) and that the
inverse operator is a kernel operator that enjoys nice estimates. To that aim,
we first investigate some properties of the function A : C — C defined by

Als) = 5 — /S rmo () — 1] Q(d0, ).

The following lemma holds true:
Lemma 21 The analytic function A enjoys the following property: there exists
o > 0 such that
R _
(s) > —eo, = s=0.
A(s) =0,

Proof. Note that A(0) = 0. Next let s = o + 4w with @ > 0 and w be such
that A(s) = 0. Let us show that o = w = 0.

To do so, let us first observe that the function z — A(z) is increasing on R.
Hence s = 0 is the only real root of A. Next the equation A(a + iw) = 0
re-writes as

o+ [o s (0)Q(dO,dz2) = [g ass(0)e™ cos(wh) Q(dF, dz),
w — [ Qoo (8)e?? sin(wh) Q(dF,dz) = 0.

Hence, from the first equation one gets A(a) < 0, that implies that o < 0 and
thus o = 0 since o > 0. Next the first equation becomes

/ trae (0)[1 — cos(wd)]Q(dh, dz) = 0,
S

and, since a, > 0, this implies that cos(wf) = 1 Q —a.e. for (0, z) € S and thus
sin(wf) = 0 Q — a.e. for (6,2) € S. Plugging this information together with
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a = 0 into the second equation in the above system yields w = 0. The above
argument shows hat

R(s) >0and A(s) =0 = s=0.

Recalling that A is an analytic function, to complete the proof of the lemma, it
is sufficient to note that if s € C satisfies A(s) = 0 then

1S(s)l S/Saoo(e)emﬁ(s)Q(dO,dz).

Indeed the above estimate ensures that there is no sequence of roots for A

approaching the imaginary axis. This completes the proof of the lemma. =
Observe furthermore that A’(0) = 1— [ fas(0)Q(df,dz) > 0 so that s =0

is a simple root and the function s — ﬁ is holomorphic on the half plane

(s€C: R(s) > —co). ’

Lemma 22 For each function 1) € L*(R, X"), for each parameter h > 0, there
exists a unique function ¢ = ¢y, € L*(R; X') such that

Y = Th[9].

Moreover there exists a real valued function K € L'(R;R) such that there exist
eo > 0 small enough and some constant My > 0 such that:

|K ()] < Mpe™®ol*l vz e R, K(z)=0 a.e. z<0, (27)
and such that for all 1 € L*(R, X"), for all h > 0, one has

S

v=Tldl & o0 =v0)+ 3 [ K (57 ) vlas ter @)

In the sequel we shall denote for each h > O:

Koe) = 1K (7).

Note that the above bound, namely (27), for the convolution kernel K}, ensures
that
| Knll gy < Mogg ™, Vh > 0.

Proof. Let h > 0 be given. Let v € L'(R; X’) be given. We aim at solving
the equation Tj[¢] = ¥. We shall denote by F the Fourier transform. Then
applying the Fourier transform yields

FTn[¢l(§) =

) o B
Hﬁ/sa“(e)/o eiEdl Q(df, dz) | Fo(€) =

Now we claim that:
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Claim 23 There ezists a function K : R — R and € > 0 such that
K(z)=0(e %), x = 00, K(z)=0 forz <0,
and ]
€
A(i€)
Before proving this claim we first complete the proof of Lemma 22. Indeed, due
to the above claim, one has

ih€
A(ihg)

Hence the function ¢ € L'(R; X’) is uniquely defined by (28) and Lemma 22
follows. m

It remains to prove Claim 23.
Proof of Claim 23. Recall that the function A : C — C is defined by

=1+ FK(&), VE€R.

=1+ FKu(&), VEE€R, h> 0.

A(s) =s— /Saoo(ﬁ)[ese —1] Q(do,dz), Vs € C,

and that there exists € > 0 such that s — ﬁ is analytic on the half plane
H:={seC: R(s) > —¢}.
Next setting

= n s) = o es? z
y = /S 0100 (0)Q(d0, d2) and I(s) /S o (0)eQ(d6, dz),

one has

s s+ 1(s) S _ s+ 1)
_s+1(s)  I(s)(v —1(s))

sty Als)(s+7)

, Vs € H.

Hence one obtains the following decomposition, for any s € H,

gl I(s) , _ 1)U (s) =)
- + P + R(s) with R(s) := A5 17)

G(s)=1-

Up to reducing € > 0 if necessary, one may suppose that 0 < € < « so that each
term arising in the above decomposition is analytic of the half plane H.
Next consider the function E = E(z) defined by

0 ifz <0
E(x) = -7 29
() {e_”“' if x > 0. (29)

And first observe that, for all £ € R, one has

v
i FIVE(y)] (§)-
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Observe that one also has, for any ¢ € R,

1(i€)
i€ +y

s [ /S E(y- +0)Q(d0, dz) | (¢).

On the other hand, observe that the function I = I(s) is bounded on the complex
half plane H. Indeed, one has

[I(s)] < M := /Sa‘g(ﬁ)e_seQ(dH,dz), Vs € H.

As a consequence, there exists some constant C' > 0 such that

C

< -
R €

Vs € H.
As a consequence of this fast decay at infinity and since R is analytic on H, one
obtains, for all x € R and all kK > —¢, that

Knlz) = F R = 5 [ @ Rligde = 5o [ e H i RGs g,

Hence choosing k = —e, we conclude that the function Ky has an exponential
decay at infinity. In addition, because of the uniform bound in (4.1), Theorem
4.4 in [27] ensures that there exists a tempered distribution 7' supported in
[0, 00) such that for all k > 0 and £ € R one has

RGEE+i(k—¢))=F (e_“'T) 9).
Choosing kK = € > 0 yields Kr = e T and one concludes that supp Kr C

[0, 00).
As a consequence of the above steps, one obtained that for each £ € R,

Glie) =1+ F [—WE(W') n /S E(y- +0)Q(d6,d2) + K| (6).

Finally, recalling the definition of F in (29), supp Kr C [0,00) and the expo-
nential decay of Kg, this completes the proof of Claim 23.
]

Remark 24 Note that if ¢ € D(R; X') then, for each h > 0, the solution
¢ = Ty " satisfies ¢ € C(R; X'). Moreover one has supp ¢ C supp ¢ + [0, 00)
and, for each k >0, ¢F)(x) = O(e==0%/") as & — co. Hence ¢ belongs to the
Schwartz class, namely T, 'D(R; X') € S(R; X').

Before going to the proof of Theorem 17, we need to derive further regularity
estimates described below.

Lemma 25 LetT > 0 be given. Then, for each h > 0 and each ¢ € D(0,T; X'),
the function ¢p := Th_lw satisfies the following estimates:
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(i) én =0 on (—00,0], ¢, € L>(0,00; X") and
M,
[@nllLo(0,00,x7) < (1 + 500> 91l 0,7x7)3

(i) for each p € [1,00) ¢y, € LP(0,00; X') and
||¢)h||LP(O,oo;X’)

M, 1 M,

e
(i1i) for each o € (0,1) and p € [1,00) one has
My
[Dn] Bar (0,00:x7) < (1 + 50> (V] Br r, x7)-

Proof. Recall that ¢y, is defined by

on =Ty " =+ K, 1,

wherein * denotes the convolution product. Next one has

M,
1én ]l Lo (0,00x) < (L4 [1KnlLr@®)) 19l Lo 0,75x1) < (1 + 500) 191 Lo 0,757 -

This completes the proof of (i7).
Next, for p € [1,00), one also has

|60l 27 (0,00:x 7

1 Mo
< (L4 1 Knl @) 1)l e, xy < T <1 + 60) 1V Lo (0,7;x7),

that proves (i7).
Finally observe that for each s > 0 one has

H(bh( + S) - (bhHLP(O,oo;X’)
<Y(+8) = Yllee@xy + 1 Kn* (Y(-+5) = ¥) || Lomix)

< (14 22 ) 16+ 8) — Yllarears,
and this completes the proof of (iii). m

We are now in position to prove Theorem 17.
Proof of Theorem 17. Let T > 0 and ¢ € D(0,T; X’) be given. Then for
each h > 0 set ¢y, := T}, 'Y € S(R; X') (see Remark 24).

One the one hand, we infer from Lemma 19, 20 and 25 that, for each A > 0,
one has

2 M, AT
[Grlpest(0,00x) S (1 * Eo) [[w]wa'l(O,T;x/) Y

—a) 191 Lo 0,737 | -
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Next, recalling that ¢, € S(R,X’) and T,0; = 0;Ty, applying ¢ = ¢, into
(25) ensues that there exists some constant M > 0 (depending upon 7' but
independent from 1 and h) such that for all h > 0 and any ¢ € D(0,T; X') one
has

|<at¢7uh>$,3/ <M [|[¥ll e o,rix) + 1Wllwe o,mx7)] -

Now let s € [, 1) and p € (1,00) be given such that ps > 1. Then let us recall
that (see for instance Simon in [25]) that the following continuous embedding
holds true:

WeP(0,T; X') — L0, T; X') nW*(0,T; X").

Hence there exists some positive constant, still denoted by M , depending on T'
such that for all h > 0 and ¢ € D(0,T; X’) one has

(B, u") 5,57 < M[9llwe(0.7:x7)-

As a consequence d;u”, the distribution derivative of u”, satisfies
dul € (WEP(0,T; X)) = W=7 (0,T; X)

and e
10" | w—=sp(0,7:x) < M, VB > 0.

Hence, for each T > 0 there exists some constant M = M (T) such that for all
h > 0 one has

u" € W' (0,T; X) and [u"] M(T).

<
Wi=s2"(0,T;X) —

This completes the proof of Theorem 17. =

4.2 Proof of Theorem 16

In this section we complete the proof of Theorem 16. To that aim we apply the
abstract result derived above in Theorem 17.
Our proof will be split into two steps. In the first step we derive a fractional
Sobolev regularity estimate of {p*}r>o using Theorem 17. In the second step
we bootstrap this estimates to conclude the proof of Theorem 16.

In a first step we derive the following lemma.

Lemma 26 For each o > 2+ %, each s € [%, 1) and each p > %, the family of
maps {t — p*(t,dz)}r>1 is bounded in Wlf)zs’p, (0,00; H=7(R™)). This means

that for each T > 0 there exists some constant M = M (o, T, s,p) > 0 such that

Hp)\le—SvP’;H—o(RN)) S M7 VA Z 1.
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Proof. Fix 0 > 2+ % so that the following continuous embedding holds true:

H(RY) — W2(RM). (30)
Now observe that the above continuous embedding ensures that for each A > 0
and each ¢ € H?(RY), the maps t f]RN é(x)p*(t,dx) is measurable. Hence,
since H°(RN) = (H”(]RN))/ is separable then the map t + p*(t,dx) is

strongly measurable from [0,00) into H~°(RY). Moreover, there exists some
constant C = C(c) > 0 such that for any t > 0, A > 0 and ¢ € H° (RY):

¢(a)p*(t, dz)
RN

<l @yy < Clo) ]l o @n)-

Hence, one first conclude that the family of measures {p*}r>0 is bounded in
L™ (O, 00; H“’(RN)), namely

Hp/\HLW(Opo;H*o(RN) S C(J), YA > 0. (31)

To go further, recall that p* satisfies (23). Hence we will apply Theorem 17
to this formulation. To that aim we estimate the different terms arising in the
right hand side of (23).

Estimate for 7;:

Recall that 77" is defined in Lemma 14. Note that, due to (20), 77> re-writes as
follows, for all ¢ € S(R*; H? (RY)),

el = Rl - [ [ otk e dojar
Y /O h /S cao(0) [2 + OK] { [ Vot (t + ;,dxﬂ Q(d9, dz)dt.

Herein I[¢] is a remainder that satisfies that there exists some constant M > 0
such that for all A > 0 and ¢ € S(RT; H7(RY)) one has

M M
|IMe]| < THQS”LI(O,OO;WL"O(RN)) < 7||¢||L1(0,00;HU(RN))-

Next we re-write 7;* as follows:
TMo) = M) — A / / Vo(t, z)Kp*(t,dz)dt
0o JRN

+ A/OOO /S oo (0) [2 4 0K] URN V(s — %,:p)pA (s,dx)] Q(de, dz)ds
+13[¢]

with

6] = A/S/O_*% e (0) [z + OK] { Vo(t, o)p (t + ;,dxﬂ AtQ(dd, dz).

RN
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And note that, as for I3\, there exists M > 0 such that for all A > 0 and
¢ € S(RT; H7(RY)) one has

M M
|I2>\[¢]| < THQSHLI(O,OO;WI’OQ(RN)) < THQS”Ll(O,oo;H"(RN))'

Next recalling the identity for K in Remark 6, 7 re-writes, for any ¢ €
S(R*; HO(RY)) as

THol = o) + I3[¢] + I3 [¢] with

I[¢] = )\/ / Qoo (0) [z + K]
0 A
BN V¢(8 - Fa (E) - v¢(57 (E) p (Sa d(E) Q(dav dz)ds
Hence, one obtains
1 < [ V=ane(0) 11+ 101K Q. )

sup h™ 2 [|¢(- + ) = Ol 11, co oo ®)) -

h>0
As consequence, we obtains that there exists some constant, still denoted by

M > 0, such that for any A > 0 and ¢ € S(R*T; H7(RY))

Mol| < M (AT o
709l < 181122 0,001 ) + H¢”B2 ' (0,00;H7 (RN))

Estimate for 7;:

Recall that 73" is defined in Lemma 14. Hence it directly follows from this defini-
tion that there exists some constant C' > 0 such that, for all ¢ € S(R*T; H(RY))
and A > 0, one has

1T M) < Clloll L1 (0,00;w200 @~y < CllPll L1 (0,00;H7 ®NY))-

Estimate for R*:
Recalling Assumption 1 (), it readily follows that there exists some constant
C > 0 such that for all A > 0, ¢ € S(RT; H?(RY)) one has

IRM]| < Clléll oo r+ ey < Clll| Loo (0,005 (R ) -

Conclusion:
As a consequence of the above estimates, there exists some constant C' > 0 such
that for all A > 1 and ¢ € S (RT; H°(R")) one has:

(7 00.0%)

< € [l oot + 1, .

37 0 0oi o @YY T 1l Lo (0,007 (YY)
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Now since H (RY) = (H‘”(RN))I is a separable reflexive Banach space, The-
orem 17 applies and ensures that for each T" > 0 there exists My > 0 such
that

A
p ]Wl—svl"(&T;H—"(RN)) < Mr, VA2 L.

Finally the uniform bound (31) and the above semi-norm estimate completes
the proof of Lemma 26. m

Before going to the proof of Theorem 16 we will first prove the following
regularity lemma

Lemma 27 Fiz o > 2+ % Let 0 < e <T and p > 2 be given. Then there
exists M > 0 such that for any ¢ € D(e, T; H°(RY)) and all X large enough the
following estimate holds true

/ . Op(t, x)p*(t,dx)dt| < MYl Lo (e 7500 @Y))-
0 R

Proof. Let ¢ € D(e,T; H°(RY)) be given. Let ¢y € S(RT; H?(RY)) be the
function defined by
TA%QSA:z/J, YA > 0.

Here T'1 is the operator defined in (24) with h =1/ A2, Next note that, due to
A
Lemma, 22, for all ¢ €> 0 one has

Gr(t) = (t)+ [ Kape(ut = s (32)
Hence ¢ (t,) =0 for all ¢t € [0, €].

Next using the same notations as above one obtains due to (32) that the follow-
ing decomposition holds true:

[ ] oot = -0 - o + Rl 63

Next we shall estimate each of these terms. We start by the second one by
observing that due to the above computations and Lemma 25 (i), there exists
some constant M > 0 such that

[T DA]| < Mol 1o mre vy, YA > 0.

We now estimate the third term arising in (33). To that aim we first choose
A > 1 so that, recalling that ¢ (t,-) = 0 for t € [0, A7!] C [0, €], R} [¢a] re-writes

A e [T (N2 —a
R 6a] =A / /S [0(A2t,6) — s ()]

RN

oA(t, ) [pA(t, dz) —p (t + % dx)} Q(do, dz)dt;
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Recalling (1) (i), there exists M > 0 such that for all A > 1/¢ one has
_ 2 _ 2
IRY[A)] < N2Me PN || oall 1 (e oo mvy) < N2Me PN || L e b (v ) -

It remains to estimate the first term in (33), namely 7;}[¢5]. To that aim we
will make use of the estimate provided in Lemma 26 above. First note that
coupling the estimate in this lemma together with those in Lemma 19, for all
T > 0 and p > 2 thee exists some constant M = M (T’,p) > 0 such that for
any A > 1 one has

[»]

Using this bound and similar computations as the ones given in the above sec-
tion, for each p > 2 there exists some constant M > 0 such that for all A > 1/e
and any ¢ € D(e, T; H° (RY)) one has

[TMOA| < M| o (e ;110 () -

1 p’ S
B (0,T";H=7(RN))

Finally, coupling all the above inequalities together with Holder inequality com-
pletes the proof of the lemma.

]

Using the two above lemmas, namely Lemma 26 and Lemma 27 we are in
position to conclude the proof of Theorem 16.
Proof of Theorem 16. Note that for any given R > 0 and o > % + 2 then
embedding W5 "*(BR) < H?(RN) is compact. Hence the dual continuous
embedding H~°(RY) < H~°"}(BR) is also compact. In addition we deduce
from the above lemmas that for each 0 < ¢ < T and each p > 2, there exists A >
0 large enough such that the family {p*},. 5 is bounded in L (e, T; H = (R"))
while the family 9;p*,_5 is bounded in LP(e,T; H °~'(Bg)). Thus Aubin-
Lions-Simon lemma ( see [2, 19, 24]) applies and ensures that Theorem 16 holds
true. m
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Various notions of topology on the space of
measures

In this appendix we recall different notions of topology that have been used
in this work. We refer for instance to the textbook of Billingsley [4] for more
details and results on this topic.

We

Here we denote by M the set of bounded Borel - signed — measures on RV,
also denote by M™ and M~ the set of positive and negative Borel measures

respectively.
Total variation norm on M:
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The space M can be firstly endowed with the usual total variation norm,
denoted by ||.||rv and defined trough the Hahn-Jordan decomposition of a signed
measure y € M as

p=pt —p= with gt e MT,
and [|u||7y = pT(RY) + p~(RY). Hence M endowed with the total variation
norm becomes a Banach space.
This strong topology has not been used in this work because translation are
usually not continuous for this norm topology. Indeed if q € RM \ {0} is given,
the map 6 € [—1,0] — dqp € P is not continuous with respect to this norm
topology.
Narrow topology on M:

The space M can be endowed with the so-called narrow topology which is
defined as the weakest topology on M such that for each test function f €
Cy(RY) the functional

weM— fdu € R,
RN
is continuous. The topological space M endowed with the narrow topology will
be denoted by M.
Note that for this topology the map 6 — dqp is continuous.
Let us also recall the so-called Portemanteau theorem:

Theorem A.1 (Portemanteau Theorem) Let {{i,}n>0 C M be a given se-
quence and p € M be given. Then the following properties are equivalent:

(Z) U, — b0 Mnarr;

(i1) [an fdpn — [on fdu for all Lipschitz continuous function on RN ;

(#) lim sup/ fdu, < / fdu for every upper semi-continuous function f
RN RN

n—oo
on RN bounded from above;

(iv) liminf/ fdun, > / fdu for every lower semi-continuous function f
n—oo JpN RN

on RN bounded from below;

(v) lim p,(A) = u(A) for each A € B(RY), the Borel sets of RN such that
n—oo
u(0A) =0.
We can now focus on the subset P C M of probability measures endowed
with the induced narrow topology. The topological space Ppa; is metrizable
with the distance associated to the dual norm of W1 >°(R™). Such a distance is

called bounded Lipschitz distance, denoted by dpr, and it reads for each pu, v € P
as

dpr, (n,v) = [lp = vlw-1o@yy = sup fd(p—v).
11,00 vy <1 B

Vague topology or Weakx topology of M:
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The set M can also be endowed with weaker topology. Denote by Co(RY)
the space of continuous functions on RY tending to 0 at infinity. Endowed
with the usual sup norm, it becomes a separable Banach space. Then the Riesz
representation theorem ensures the following dual representation

M = (Co®RN))".

Hence M can be endowed with the weak topology, that is also called vague
topology. Note that the close balls are compact due to Banach-Alaoglu theorem.
It is also important to notice that since Co(R”) is separable, the closed ball are
metrizable and thus sequentially compact. In the sequel the topological space
M endowed with the vague convergence will be denoted by Myague-

Let us recall the following connexion between narrow and weak topology:

Lemma A.2 Let {pn}n>0 C M™T be a given sequence and pn € M™ be given.
Assume that

lim Hn = b in Mvague and lim d,UqL = / dﬂ,
n—o00 n—oo JpN RN

then ., — p narrowly, namely in M.

Young measures: The notion of Young measure has also been used in this
work. Here we recall some basic facts and properties and we refer the reader
to [5, 30] and the references cited therein for more details on Young measures
theory.

First we say that a function m = m; : RT — M is weakly measurable if for
each test function ¢ € Co(RY) the map ¢ — [;n ¢dm, is measurable from R*
to R. This allows to defined the vector space L (R™T; M) as the set of weakly
measurable map from R™ into M and that is essentially bounded. The elements
of L2 (R+;P) are called Young measures.

Now let us recall (see for instance [10]) the following duality representation

L (RT; M) = (LY(RT;C(RV)))

Recall also that the Banach space L'(R*;Co(RY)) is separable. Therefore
Banach-Alaoglu theorem implies that bounded set in L2, (R™; M) are relatively
(sequentially) compact with respect to the weak topology. This leads to the fol-
lowing fundamental compactness lemma for Young measures.

Lemma A.3 Let {m*};>0 be a sequence of Young measures, that is elements
of L. (R*;P). Then there exists a subsequence {ky }n>0 and a map of measures
m>® =m§° € L (RT; M™) such that

dmi® <lae.te RT,
RN

and such that for all f € L* (RT;Co(R")) one has

lim f(t, z)ymP (dz) dt = / f(t, z)m® (dz) dt. (34)

n—=00 Jr+ xRN R+ xRN
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Similarly to Lemma A.2, one has the following result

Lemma A.4 (Tightness Lemma) With the same notations as in Lemma A.S3,
if the limit measure satisfies the tightness condition

/ dm® =1lae t € RT,
RN

then the above convergence, namely (34) holds for the so-called narrow topology
of Young measures, that reads as for all test function f € L* (R*;Cb(RN)) one
has

lim f(t,z)ymb (dz) dt = / ft, z)m® (dz) dt.

n—=0 Jr+ xRN R+ xRN

B A linear delay differential equation

In this appendix we come back to the linear delay differential (8) and we will
prove that
a(t, ) — ax(0) as t — oo,
y(t+0)
y(t)
e?? as t — oo uniformly with respect to 6 € [—1,0] and exponentially fast.
To that aim, we consider the equation

uniformly for 6 € [—1, 0] and with an exponential rate, that re-writes as —

y'(t) = / y(t +0)K(d), t > 0,
[-1,0]

y(0) = y°(0), V0 € [-1,0].

(35)

wherein K € M™*([—1,0]) denotes a bounded positive Borel measure on [—1, 0]
with K ([-1,0]) > 0 and y° € C ([-1,0]; R™) with y°(0) > 0 so that y(¢) > 0 for
all ¢t > 1.

Next to investigate the large time behaviour of the above equation let us intro-
duce the history function u = (¢, 6) defined by

u(t,0) =yt +6), t>0, 6 [-1,0]
This function formally satisfies the following Cauchy problem:

Ou — dpu =10, t >0, 6 € [-1,0],
Opu(t,0) = f[—l,O] u(t, 0)K(d0), (36)
U(O, ) = yO eC ([_170]) .
Such a linear functional differential problem has been extensively studied in the
literature. We refer for instance to [20, 28|, the monographs [11, 14] and the

references cited therein.
Here to be more precise we consider the Banach space Y = R x C ([-1,0]) and
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Yo = {0} x C ([—1,0]) as well as the linear operator A : D(A) CY — Y defined
by

O+ [y sow)K(de)) |

D(A) = {0} x C*([-1,0)), A (g> - ( v

Then setting U(t) = ( ), Problem (36) re-writes as the following abstract

u(t,.)

Cauchy problem

dU (¢)

= AU(t), t >0 and U(0) = (yoo) €Yy = D(A).

Following [20] (see also the references therein) this problem generates a strongly
continuous linear semigroup {T'(t)};>0 on Y, with infinitesimal generator Ay,
the part of A in Yj, defined as

D(Ap) ={zx € D(A) : Az € Y} and Apgz = Az Vz € D(Ay).

In addition, the essential growth rate wg ess(Ao) satisfies wp ess(Ag) = —00 so
that, due to usual results for spectral theory (see for instance the monograph
[29]), the spectrum of Ay only consists in point spectrum and one has

o(4g) ={z€C: A(z) =0},

wherein the function A : C — C is defined by
Az) =z — / e K (d6). (37)
[7170]

In addition, the growth rate wo(Ag) of the linear semigroup {T'(t) }+>¢ is obtained
by
wo(Ap) = max{Rz: z € 0(4o)}.

Let us now consider the unique v > 0 solution of the equation A(z) = 0. Next
the following lemma holds true:

Lemma B.1 Let z € C be given such that A(z) = 0. Then the following
properties hold true:

(i) One has R(z) < v and R(z) =v = z=1.
(ii) If R(z) > 0 then |3(2)| < K ([~1,0]).

The proof of (i) follows the same lines as the one of Lemma 21 while the proof
of (i7) is straightforward.
As a direct corollary of the above lemma, one obtains that

wO(AO) =7
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and there exists € > 0 such that for all z € C:
A(z)=0and R(z) >y—e¢c = z=1. (38)

Moreover let us notice that

A(y) =1 +/ (—0)e? K (df) € [1, 00).
[_170]
This means that the dominant eigenvalue v is simple.
And therefore, the usual spectral theory ensures that there exists a; > 0 and
B > 0 such that
y(t) = e (a1 +O(e ") ast — oco.

Hence we obtain

y(t+0)

y(t)

uniformly with respect to 6 € [—1,0] and exponentially fast.

— e ast — oo,
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