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Initial-boundary value problem for distributed
order time-fractional diffusion equations

Zhiyuan LI*, Yavar KIANT and Eric SOCCORSI'

Abstract

We examine initial-boundary value problems for diffusion equations with distributed
order time-fractional derivatives. We prove existence and uniqueness results for the weak
solution to these systems, together with its continuous dependency on initial value and
source term. Moreover, under suitable assumption on the source term, we establish that
the solution is analytic in time.

1 Introduction

The time-fractional diffusion model of constant order (CO) «, 0f'u—Au = f, has received great
attention within the last few decades from numerous applied scientists, see e.g. [1, 2, 6, 14], due
to its relevance for modeling anomalous diffusion processes whose mean square displacement
(MSD) scales like t* as the time variable ¢ goes to infinity. But, more recently, it was noticed
in [3, 22, 26] and the references therein that several application areas such as polymer physics
or kinetics of particles moving in quenched random force fields, exhibit ultraslow diffusion
phenomena whose MSD is of logarithmic growth. There are several approaches for modeling
such processes. One of them uses time-fractional diffusion equations of distributed order (DO),
see e.g. [13, 20, 24], but we also mention that a diffusion model with variable fractional order
time-derivative was proposed in [27] to depict ultraslow diffusion processes. In this paper, we
are concerned with the DO fractional diffusion model. More precisely, we consider the following
initial-boundary value problem (IBVP),

DMu+ Au=F inQ:=Qx(0,7T),
’U/(O7 ) = Uo in Q; (1)
u=0 on ¥ := 00 x (0,T),
where € is an open bounded domain in R%, d > 2, with C!*! boundary 952, and A is the following
symmetric and uniformly elliptic operator

d
Ap(x) == Y 95,(aij(2)0s,0(x)) + a(2)p(2),

i,j=1

associated with a suitable real-valued electric potential ¢ and symmetric coeflicients a;; = aj;,
1 <i,j5 < d, fulfilling the uniform ellipticity condition

d
3 aij(@)&8 > calél?, 2 €Q, €= (&1, €a) ERY, (2)
i,j=1
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for some positive constant ¢,. Here, ]D)l(t” ) denotes the distributed order fractional derivative

(l‘) I ! « a)da
DI () = / O (t)u(ar)day,

induced by the non-negative weight function p € L*°(0,1), and 9¢ is the Caputo derivative of
order «, defined by:

e(t) if @ =0,
P o(t) = F(11, ) /0 (t(p/(:_gadr if & € (0,1),
¢'(t) ifa =1,

the sysmbol I' denoting the usual Gamma function.

From a mathematical viewpoint, the forward problem associated with these equations was
investigated in [13, 18, 19, 21]. Namely, the fundamental solution to the Cauchy problem for
both ordinary and partial distributed order fractional differential equations with continuous
weight function was derived and investigated in detail in [13]. A uniqueness result for the
solution to diffusion equations of DO was derived in [19] with the aid of an appropriate maximum
principle and a formal solution was constructed by means of the Fourier method of variables
separation. Unfortunately, there is no proof available in [19] of the convergence of the series
describing this formal solution. Further, explicit strong solutions (and stochastic analogues)
to DO time-fractional diffusion equations with Dirichlet boundary conditions were built in [21]
for C'-weight functions. For the asymptotic behavior we refer to [18], where logarithmic decay
of the solution to DO diffusion equations was established for t — oo, while this solution scales
at best like (t|logt|)~! as ¢ — 0. These results are in sharp contrast with the ones derived
for single- and multi-term time-fractional diffusion equations, see e.g. [8, 15, 25], which seem
unable to capture the time asymptotic trends of ultraslow diffusion processes.

Formally, single- or multi-term time-fractional diffusion equations can be seen as DO time-
fractional diffusion equations associated with a density function of the form p = E§:1 q;0(- —
o), where ¢ is the Dirac-delta function. The definition of a weak solution for single- or multi-
term time-fractional diffusion equations was recently introduced in [5, 7] by taking advantage of
the fact that the domain of the L?(0, T)-realization of the operator 9%, « € (0, 1), is embedded

in the fractional Sobolev space of order o, H*(0,T'). However, as it is still unclear whether the

domain of ]DE“ ) can be described by fractional Sobolev spaces, the scheme developed in [5, 7]

does not seem to be relevant for DO time-fractional diffusion equations. Another approach,
initiated by [28] and recently applied to DO time-fractional diffusion equations in [9], is to
consider (1) as an abstract evolutionary integro-differential equation. This strategy is suitable
for both autonomous and non-autonomous equations but there is a serious inconvenience to
this method, arising from the dependency of the functional space of the solution on the kernel
function of the corresponding integro-differential operator, which causes numerous technical
difficulties in performing computations based on this model.

In this paper, since the system under study is autonomous (the coefficients appearing in
(1) are all space-dependent only), we rather follow the idea of [12] and characterize the weak
solution to (1) as the original of the solution to the Laplace transform of (1) with respect
to the time variable. With reference to the analysis carried out in [15] for multi term CO
time-fractional diffusion equations, we aim to study the existence, uniqueness and regularity
properties, and the stability with respect to the diffusion coefficients and the weight function
u, of a weak solution to (1).



1.1 Settings

In this paper, we assume that ¢ € L*(§2) for some k € (d, +00), is non-negative, i.e.
q(z) >0, x € Q, (3)

and that the coefficients a; ; = a;, € C}(Q,R), 1 < 4,5 < d, satisfy the ellipticity condition (2).
We denote by A the operator generated in L?(§2) by the quadratic form

d
u Y /Qai,j(x)amu(x)amj (x)dx+/ﬂq(x)|u(x)| dz, u e HY(Q).

ij=1

Due to (2), A is selfadjoint in L?(Q2) and acts as the operator A on its domain D(A) :=
H}(Q) N H?(Q), in virtue of [11, Section 2.1].

Moreover, since H{(2) is compactly embedded in L?(Q), the resolvent of A is compact
in L?(Q), hence the spectrum of A is purely discrete. We denote by {\,, n € N}, where
N := {1,2,...}, the sequence of the eigenvalues of A arranged in non-decreasing order and
repeated according to their multiplicity. In light of (2)-(3), we have

Ap>¢e >0, neN. (4)

For further use, we introduce an orthonormal basis {¢,, n € N} of eigenfunctions of A in
L?(Q), such that
Apyn = Apn, on € D(A), neN.

1.2 Weak solution

As already mentioned in the introduction, the usual definition given in [5] of a weak solu-
tion to CO time-fractional diffusion equations, is not suitable for DO time-fractional diffusion
equations. Hence we rather follow the strategy implemented in [11] (which is by means of the
Laplace transform of tempered distributions), that is recalled below.

Let S'(R, L3(Q)) := B(S(R, L?(£2)), R) be the space dual to S(R; L()), put R := [0, +00),
and denote by §'(R;, L3(Q)) := {v € §'(R, L*(2)); supp v C Ry x O} the set of distributions
in &'(R, L?(2)) that are supported in Ry x Q. Otherwise stated, v € S'(R, L?(2)) lies in
S'(Ry, L*(2)) if and only if (v, ¢)s/(r L2(0)),s(R,22(2)) = 0 whenever ¢ € S(R, L?(£2)) vanishes
in R, x Q. As a consequence we have

(-, ), 0)s/m),s® = V(- 2), V) s wr),s®), ©;YP € S(R),

provided ¢ = 4 in R;. Further, we say that ¢ € S(R;) if ¢ is the restriction to Ry of a
function ¢ € S(R). Then, for a.e. x € 2, we set

W z), )s®)s®) == V(- 2), D) s®)s®) vES Ry, L*(Q)).

Notice that ¢ may be any function in S(R) such that $(t) = ¢(t) for all t € R..
For allp e Cy :={z € C; Rez € (0,+00)}, where Re z denotes the real part of z, we put

ep(t) :=exp(—pt), t € Ry.

Evidently, e, lies in S(R;) so we can define the Laplace transform L[v] of v € S'(Ry, L?(12)),
with respect to t, as the family of mappings

L](p): 2 € Q= (v(-,2),ep) s/ R, ),5ms)s PECy.

Notice that p — L[v](p) € C=(Cy, L3(2)).
Inspired by [11, Definition 2.2] we may now introduce the weak solution to (1) as follows.



Definition 1.1. Let p € L>(0,1;R,), let a € L*(Q) and, depending on whether T € (0, +00)
or T = +oo, let F € L*>(0,T;L*(Q)) or lett — (1 +t)"™F(t,-) € L=(Ry, L?(2)) for some
m € Ng := NU{0}. We say that u is a weak solution to the IBVP (1) if u is the restriction to
Q of a distribution v € S'(Ry, L?()), i.e. u=v|g, whose Laplace transform v := L[v] fulfills

(A + sw(s))(s) = w(s)ug + F(s), s € Cy, (5)
with w( f s~ 1p(a)da and F(s) = LIFLomnl(s) = fOT e S'F(t,-)dt. Here 1 1y stands
for the chamctemstzc functzon of (0,7).

We stress out that Equation (5) imposes that 0(s) € D(A) for all s € C,..
In the coming section we state several existence and uniqueness results for the weak solution
to (1).

1.3 Main results

We first address the case where the initial state ug € L?(£2). The corresponding result is as
follows.

Theorem 1.1. Let p € L*°(0,1) be non-negative and fulfill the following condition:

IU’(QO) > 0. (6)

Jag € (0,1), 3 € (0, ), Ya € (ag — §,a9), ula) > 5

Depending on whether T € (0,+00) or T = +00, we assume either that F € L>=(0,T; L*(Q))
or that t — (1 +t)"™F(t,-) € L®(R, L*(Q)) for some natural number m € Ny.

Then, for all ug € L?() and all F € L>(0,T; L*(R)), there exists a unique weak solution
u € C((O,T],LQ( )) to (1). Moreover, we have u € C([0,T], L*(R)) provided uo = 0.

Here and in the remaining part of this text, the notation (0,7] (resp., [0,T]) stands for
(0,4+00) (resp., [0,400)) in the particular case where T = +oo. For a finite final time T', we
have the following improved regularity result.

Theorem 1.2. Fiz T € (0,+00) and let v be the same as in Theorem 1.1.

(a) Pickug € D(AY) for~ € (0,1], and let F' = 0. Then, the unique weak solution u to (1) lies
in C([0,T], L*(Q)) N C((0,T], H () N H?(Q)) and satisfies the two following estimates

[u(®)]lm2(0) < Ce” lluol| piant”™*, t € (0,T], (7)
and
[0cu(t) || L2y < Ce’l|uollpiant™, B (1—aoy,1), t€(0,T], (8)
where C' is a positive constant which is independent of T, t and uy.

(b) Assume that ug = 0 and F € L>*(0,T;L?(Q)). Then, for all k € [0,1) and all p €

{1, m), the unique weak solution u to (1) lies in LP(0,T; H**(2)). Moreover, there

ezists a positive constant C, independent of T and F, such that we have
Hu||Lp(o,T;H2~(sz)) < CGCT||F||L1(O,T;L2(Q))- )

Notice that the second claim of Theorem 1.1 states that w € LP(0,T; D(A")) for suitable
values of p, provided ug = 0 and F € L>(0,T; L*(9)). Here s can be arbitrarily close to 1
without actually becoming 1, except for the special case treated by the following result, where
the density function p vanishes in a neighborhood of the endpoint of the interval (0, 1).



Theorem 1.3. Let € C([0,1],R}.) satisfy (6). Assume moreover that there exists oy € (ag, 1),
where ag s the same as in (6), such that

pla) =0, a € (ag,1). (10)

Then, for ug =0 and F € L>(0,T; L*()), there exists a unique solution u € L*(0,T; H*(2))
to the IBVP (1), satisfying

[ullz20,7;m20)) < CllFl L)

for some positive constant C, which is independent of F'.

It turns out that the statement of Theorem 1.3 remains valid without the technical assump-
tion (10), but this is at the price of greater difficulties in the derivation of the corresponding
result. Hence, in order to avoid the inadequate expense of the size of this article, we shall go
no further into this direction.

The following result claims that the solution to (1) is analytic in time, provided the source
term can be holomorphically extended to a neighborhood of the positive real axis. This state-
ment is of great interest in the analysis of inverse coefficient problems associated with time-
fractional diffusion equations, see e.g. [10, 11, 17].

Theorem 1.4. Let the conditions of Theorem 1.1 be satisfied with T = 4+o00. Assume moreover
that there exists p € (0,+00) such that the source termt — F\(t,-) is extendable to a holomorphic
function of the half-strip S, := {z € C; Rez € (—p,+00), Imz € (—p,p)} into L*(2), where
we recall that Rez (resp., Ims) stands for the real (resp., imaginary) part of z. Then, the
weak-solution t — u(t,-) to (1), given by Theorem 1.1, can be extended to an analytic function
of (0, +00) into L?(9).

The last result of this paper is similar to [15, Theorem 2.3], which was established in the
framework of multi-terms time-fractional diffusion equations with positive constant coefficients.
It is useful for the optimization approach to the inverse problem of determining the weight
function p together with the diffusion matrix a := (a; ;)1<ij<q and the electric potential g,
appearing in the definition of the operator A, by extra data of the solution to (1). Namely,
we claim for all a priori fixed M € (0,+00) that the weak solution to the IBVP (1) associated
with F' = 0, depends Lipschitz continuously on (u,a,q) in W x D(M) x Q(M), where W :=
{p € L=(0,1;R,) satistying (6)} is the set of admissible weight functions,

D(M) = {a = aT = (ai’j)lgi’jgd S Cl(ﬁ, Rdz) fulﬁlling (2) and ||a||Cl(§) S M},
with a7 the transpose matrix of a, denotes the set of admissible diffusion matrices and
Q(M) := {q € C°() obeying (3) and gl g0 < M},

is the set of admissible electric potentials.

Theorem 1.5. Let T € (0,+00), fix M € (0,+00) and pick (p,a,q) and (i, a,q) in W x
D(M) x Q(M). For ug € D(AY), where v € (0,1] is fized, let u (resp., ) denote the weak
solution to the IBVP (1) (resp., the IBVP (1) where (i, a,q) is substituted for (u,a,q)) with
uniformly zero source term, given by Statement (a) in Theorem 1.2.

Then, for all K € (0,1) and all p € [1, m), there exists a constant C € (0, +00),
depending only on T, M, u, v, k, p and c,, such that we have

|lw = @llze(0,7;20(02)) < C <||,u = fillL=o,1) + lla = all i + lla — E1V||co(§)) . (11)



1.4 Generalization of the results

In Theorems 1.1, 1.2 and 1.3, the function F' is assumed to be bounded in time over (0,7T)
but it turns out that in many applications the relevant source term appearing in (1) lies in
LY(0,T;L?(Q)). In such a case the Definition 1.1 of a weak solution to the IBVP (1) is no
longer valid but it can be easily adapted to the framework of FF € L'(0,T;L?(Q)) with a
density argument we make precise below.

Let us start by introducing the following notation: for all ¢ € L>(0,T; L*(Q)) we denote
by u(p) the L1(0,T; H}(Q))-solution to the system (1) associated with ug = 0 and F = ¢,
which is given by Statement (b) in Theorem 1.2 with p =1 and & = 3. Then, for T € (0, +00),
up =0 and F € L'(0,T; L*(Q)), we say that u € L' (0,T; H(9)) is a weak solution to (1) if u
is the L1(0,T; HY(Q))-limit of {u(F,), n € N}, where {F,, n € N} € L>(0,T; L%(Q))Y is an
approximation sequence of F' in L'(0,T; L?(2)), i.e.

JimJu = w(Fn)l| L1 0 1111 (02 = 0 (12)

where F,, € L*°(0,T; L?(2)) for all n € N and lim,, o || F — Eullpor,02(0)) = 0-

Notice that the above definition is meaningful in the sense that, firstly, there exists a unique

function v € L'(0,T; H}(Q)) obeying (12), and secondly, u depends only on F and not on
the choice of the converging sequence {F,, n € N}. Indeed, the first claim follows from
the fact that {u(F,), n € N} is a Cauchy sequence in L'(0,T; H}(£2)). This can be seen from
the estimate [[u(Fnir) — w(Fn)|l 110,711 () < CeCT|lu(Fpyr) — u(Fo) 11 (0,712 (0)) arising for
all n and k in N by applying (9) with p = 1 and k = 3 to the L'(0,T; H}(£))-solution
w(Fpntx) — u(Fy) of the system (1) associated with ug = 0 and F = F,, — F,,. Moreover, if
{F‘n, n € N} is another L (0, T; L?(Q))-sequence fulfilling lim,, . F,=Fin LY(0,T; L*(Q)),
‘u(Fn) —u(Fy,) < CeCT‘ F,—F, from (9) with p =1
L1(0,T;H(R)) L1(0,T;L2(Q))
3, since u(F,) — u(F),) is a solution to the IBVP (1) associated with uy = 0 and
F = F, — F,. As a consequence Theorem 1.1 with 7' € (0, +00) and Theorem 1.2 remain valid
with F' € LY(0,T; L?(2)). In particular, we infer from (9) that the solution u to (1) associated
with up = 0 and F € L'(0,7T; L*(Q)), fulfills

then we have

and Kk =

1
cr
lull oo 1 m2e(02)) < C™ N F N 11 0,7:22(0))> £ €[0,1), p € [L 1_%0_@) - (13)

Similarly, it is apparent that the statement of Theorem 1.3 still holds for T' € (0,4+oc0) and
F e L*(Q).

1.5 Brief comments and outline

To our best knowledge, the only mathematical paper besides this one, dealing with the existence
and uniqueness issues for solutions to DO fractional diffusion equations, is [9]. But the analysis
carried out in [9] is different from the one of the present paper in many aspects. As already
mentioned in Section 1, the approach of [9] is variational whereas we study the original function
of the solution to the Laplace transform of (1). This allows us to show existence of a unique weak
solution to (1) within the class C((0, T, L*(Q)) (and even C([0,T], L?(2)) if ug = 0), whereas the
solution exhibited in [9] lies in L?(Q). Similarly, it is unclear whether the improved regularity
estimates (7)-(9) or the time analyticity of the weak solution can be derived from the scheme of
[9]. This being said, we stress out once more that the approach of [9] applies to non-autonomous
systems, which is not the case of the analysis presented in this text.

Finally, we point out that Definition 1.1 of a weak solution to (1) (as the original function
of the solution to the Laplace transform with respect to the time variable of this system) is
inspired by the analysis carried out in [11], which is concerned with space dependent variable



order (VO) time-fractional diffusion equations. It is well known that the weak solution to CO
time-fractional diffusion equations can be expressed in terms of Mittag-Lefller functions, see
e.g. [4, 12]. Nevertheless, such an explicit representation formula is no longer valid for DO or
space-dependent VO time-fractional diffusion equations, as the inversion method of the Laplace
transform is technically more involved in these two cases. This specific difficulty arising from
the non-constancy of the order of DO or VO time-fractional equations is the main difference
with the analysis of their CO counterpart.

The article is organized as follows. In Section 2 we prove Theorem 1.1 by showing existence
of a unique weak solution to the IBVP (1), enjoying a Duhamel-like representation formula.
Section 3 contains the proof of Theorems 1.2 and 1.3, based on careful analysis of the above
mentioned representation of the solution. In Section 4 we establish the time analytic property
of the solution to (1), claimed in Theorem 1.4 . Next, in Section 5, we prove Theorem 1.5
stating that the weak solution to (1) depends continuously on the distributed order weight
function, the diffusion coefficients and the electric potential. Finally, in the appendix presented
in Section 6, we collect the proof of an auxiliary result used in the derivation of Theorem 1.3.

2 Representation of the solution: proof of Theorem 1.1

The proof of Theorem 1.1 is based on an effective representation of the solution to the IBVP
(1), that is derived in Section 2.2 and presented in Proposition 2.1. As a preamble, several
useful properties of the function s — w(s) = fol s 1p(a)da, that are needed by the proofs of
Proposition 2.1 and Theorems 1.1 and 1.3, are collected in the coming section.

2.1 Three auxiliary results on w

We start by lower bounding |sw(s) + A| with respect to A, uniformly in s € C\ R_ and A €
(0,400), where R_ := (—00,0].

Lemma 2.1. Let u € L°°(0,1) be non-negative. Then, for all A € (0,+00) and all s = re®#,
where r € (0,+00) and S € [0,7), we have

sw(s) + Al > Cg\ with C ::{sin ; x
|sw(s) + Al = Cp 5 15 e (2,7).

Moreover, if B € (g,ﬂ'), then we have in addition:

M sw(s)|' 2

sw(s) + A~ smp S [0,1]. (15)

Proof. We start with (14). The case of § € [0, g] is easily treated, as we have

1
Re (sw(s)) = /0 % cos(af)pu(a)da > 0,

since p is non-negative, and consequently Re (sw(s) + A) > A. In order to examine the case
where § € (g,w), we put

1

f(s):= /Oﬁ r* cos(af)p(a)da and g(s) ::/ | cos(af) | () dey, (16)

iy

28

in such a way that we have

Re (sw(s)) = f(s) — g(s), (17)



Im(sw(s)). (18)

with
> n < <
f(s) >0and 0 < g(s) < S0 g

In the last inequality of (18), we used the fact that sin(af) > sin8 > 0 for all a € {%, 1] in
Asin 8

1 r%sin(aB)p(a)da
z Therefore, if Im (sw(s)) < =5

order to write g(s) < fllﬂ r*p(a)da < Py
2

then we get from (17)-(18) that Re (sw(s)+ A) > 3, which yields (14).

We turn now to proving (15). To this end, we infer from (17)-(18) that

A (Im (sw(s)))' ™ 2 \"
|sw(s) + Al = (sinﬁ) » v €[0,1].

Indeed, we have already noticed that for Im (sw(s)) < % we have Re(sw(s) +\) > 3,

(19)

whence

[sw(s) + Al > \/ (;) + (T (su(s))? > (;) (Im (sw(s))) ' . v € [0.1].

On the other hand, if Im (sw(s)) > # then it holds true that
Asi v _
smﬁ) (Im (sw(s)))' ™, v e 0,1].

|sw(s) + Al > Im (sw(s)) > <

Having established (19), we are now in position to prove (15). To do that, we refer once more
to (17)-(18) and examine the two cases f(s) > g(s) and f(s) < g(s) separately. We start with

f(s) > g(s), involving Re (sw(s)) > 0 in virtue of (17). Thus we get

[sw(s) + Al > 1/ A2+ \sw(s)|2 > )\”\sw(s)|17”, v e [0,1],

since A € (0,400), which entails (15). On the other hand, if f(s) < g(s) then it holds true that
Im (sw(s))
= - < B S A
[ Re (su(s)| = g(s) — £(5) < gl6) < o]

1
sin 8

2
) Im (sw(s)), which, combined

from (17)-(18). As a consequence we have [sw(s)| < 4/1+ (
O

with (19), yields (15).
The second result provides for all s € C\ R_ and all A € (0,+00), a suitable lower bound

on |sw(s) 4+ A|, expressed in terms of |s|.
Then, there exists a constant C, depending only

Lemma 2.2. Let p € L>(0,1;Ry) fulfill (6).

on 0, ag and w, such that we have

lsw(s) + A| > Cmin(|s|*°~°,]s|*), se C\R_, A€ (0,400). (20)

Proof. Let us first consider the case where s = re!® with r € (0,+00) and 8 € [~3, Z]. Since

@o

cos(af) > 0 for every a € [0, 1], then we have
1
[sw(s) + Al > / r* cos(af)u(a)da + A > /
0 aof(;

r* cos(af)pu(a)da,



in virtue of (6), so we obtain (20) with C := 6“(2%) cos (24
from (6) that

). Similarly, if [8| € (3,7) we infer

1 @0
su(s) + M = [ rfsin(ad)luta)da = [ rlsin(@d)lu(a)da,
0 O(()—(s
: ; : o Op(ao) s (s [ (o—8)7 :
which yields (20) with C':= =% min (sm <#> 7sm(oz(ﬂr)). O

Finally, we estimate from above the mapping s — |w(s)| (resp., s — |sw(s)|) by a suitable
continuous monotically decreasing (resp., increasing) function of |s|.

Lemma 2.3. Assume that p € L*(0,1) is non-negative. Then, for all s € C\ R_, we have

Isw(s)| < |lullLe(0,1)¢(Is]) and Jw(s)| < ||l zee0,19(]s]), (21)
where:

(a) The mapping

r—1 -
. foer W €(0,1)U(1,+o0),
C""H{ 1 ifr=1,

is continuous and monotonically increasing on (0, +00);

(b) The function ¥(r) = C(Tr) is continuous and monotonically decreasing on (0, +00).

Proof. Since |sw(s)| < fol |s|* p(e)der < ||pll oo 0,1 fol |s|*da from the very definition of w, we

get (21). Next, for all v € (0,1) U (1,400), it holds true that ¢'(r) = ik with A(r) :=

rlogr —r + 1. Further, since h'(r) = logr, we have h(r) > h(1) = 0 for all r € (0, 1), giving

¢’'(r) > 0 and hence Statement (a). Finally, Statement (b) follows from the identity J(r) = ¢ (1)
O

for all r € (0, +00).

Armed with the three above lemmas, we may now turn to showing that the IBVP (1) admits
a unique solution enjoying a Duhamel representation formula.

2.2 A representation formula

For € € (0,+00) and § € (5, 7), we introduce the following contour in C,
1(6,0) = 1 (6, 0) Uele, 0) U (6, 6), (22)
where
vi(e,0) :={se€C, args = =£0, |s| > ¢c} and 7.(e,0) :={s € C, |args| <0, |s|=¢}. (23)

It will prove to be useful for describing the weak solution to the IBVP (1), which is the purpose
of the following result.

Proposition 2.1. Let pu, T, ug and F be the same as in Theorem 1.1. Then, there exists a
unique weak solution

u(t) = So(t)ug —|—/O Syt —7)F(r)dr, t €]0,T], (24)

to the IBVP (1), where we have set



and
1

1 t
= B 2
2mi —_ ([y(s,ﬁ) sw(s) + )\ne ds) W,@n}LZ(Q)@n, (26)

for all v € L*(Q), the two above integrals being independent of the choice of € € (0,+00) and
0 e (%,ﬂ).

S1(t)y

Proof. The proof is divided into two steps, the first one being concerned with the case of a uni-
formly vanishing source term F', whereas the second one deals with an identically zero initial
state wug.

1) Step 1: F = 0. In order to characterize Sy we assume that F' = 0 and put

Y(s)ug := 7; 32091‘110(‘539)"‘)%)@07 On)r2(@)Pn, € C\R_. (27)

For all r € [2,+00) and n € R, it is clear from (14) and the estimate |w(r +in)| < Iellz= 01

log r )

arising from the second inequality of (21) and Statement (b) in Lemma 2.3, that the inequality

|<u0a§0n>L2(Q)| < |<u0790n>L2(Q)‘

Y in)uo, n < < , nEN, 28
|< (7 +in)uo, ¢ >L2(Q)‘ c (2 1 1) c M+ 72) n (28)
holds with ¢ := H“Hf)%. Therefore we have
sup |[[Y/(r +i-)uoll e g 12y < +00, k=1,2. (29)
re(2,400)

From (29) with & = 1, it then follows that the function

g(t) = o— Y (s + 2)uodp = —— / Y (2 + in)uodn,
2mi ) 27

is well defined for each t € R. Moreover, since the mapping s — e**Y (s + 2)uq is holomorphic
in C\ (—o0,—2], we have

1 p+ico
g(t) = —/ e"*Y (s + 2)upds, p € (0,+00). (30)
271 J,

—ico

Indeed, for all R € (1,400) and all p € (0, 4+00), the Cauchy formula yields

iR pHR
/ eY (s + 2)upds = / e"*Y (s + 2)upds — / e*Y (s + 2)upds, (31)
—iR p—iR I3
with IE,,) = [iR,iR + p] and Iy, , := [-1R + p, —iR], and we know from (28) that

’ < Cpel 12+iR| 72 [|uol| 12 (g
L2(Q)
so we find (30) by sending R to infinity in (31).
Further, with reference to (29) with k& = 1, we infer from (30) that

/ e*Y (5 + 2)uods
I

+
R,p

S ‘

p .
/ tTHRY (1 4 2 £ iR)updr
0

L2(Q)

1

15O 2y = 5

ert .
< -— sup ||Y(T+1')u0”L1(R,L2(Q))’

“+oo
/ e PHMY (p+ 2 + in)ugdn
L2(Q) T re[2,400)

— 00

10



uniformly in ¢t € R and p € (0, +00). Then, depending on whether ¢ € (—o0,0) or ¢ € [0, +00),
we send p to either infinity or to zero in the right hand side of the above estimate, and get:

- 1 . .
19 e r2)) < 5= sup Y (r +i)uoll i (g 12(q)) and §(t) = 0 for all £ € (—00,0). (32)
’ 27 re(2,400) ’
As a consequence we have § € L>®(R, L2(Q)) N &' (R, L?(12)).
Moreover, in light of (29), we infer from [23, Theorem 19.2 and the following remark] and
the holomorphicity of s — Y (s + 2) in C4, that L[g](s) = Y(s+ 2) for all s € C;. Therefore,
putting

th +ioco 1 2-+ioco
y(t) == e*(t) = —/ eY (s + 2)ugds = — eStY (s)upds, t € R,
2mi ) i 271 Jo oo
we find that
Lyl(s) =L[Ggl(s —2) =Y (s), se {z€C; Reze (2,+0)}. (33)
Further, since the mapping s + €'*Y (s)a is holomorphic in C\ R_, the Cauchy formula yields
1
y(t) = —/ eY (s)uods, t € Ry, (34)
2 Sy (e0)

for all @ € (Z,7) and all € € (0,1), the contour y(,0) being defined by (22)-(23). Here, we

used the fact that
2+in
lim / e"*Y (s)upds = 0 in L*(Q), t € R,.
N+ Ju((tan 0)—14i)

This can be easily deduced from the following basic estimate, arising from Lemma 2.1, the
second inequality of (21) and the second statement of Lemma 2.3,

2+in
/ e"Y (s)upds
n((tan @) —141i)

2
/ tCENY (1 4 in)ugdr
n(tanf)—1

L2(Q) L2(Q)

< Cezt(Q - n(tan9)_1)77_2||u0|\L2(Q), 1 € (1,400),

where C is positive constant depending only on 6 and p. We turn now to examining the right
hand side of (34). To this purpose, we write for all ¢t € R,

y(t) = Z ye(t) with ye(t) : e'*Y (s)uods for £ € {c, &},

te{c,x} 271 5, (c.0)

and we infer from (14), the second inequality of (21) and Statement (b) in Lemma 2.3, that

H/‘L”L"o(o,l) +oe —2 7r(cos
s 0] ) < Ty ol gy 0(e) [ R (35)

and .

[l4l] £ (0,1)(26) 2 _3 ot
WHUOHLZ(Q)g 29(e)e™". (36)
For t € [0, ], we take & = e~ in (35)-(36) and get [[y (D)l 1o oy 156 (t) | ey < (0 0) ol
where ¢(0, 1) denotes a generic positive constant depending only on 6 and p. Similarly, for
t € (e,+00), we choose € = ™', take into account that J(t~") < ¢, and obtain ||y ()]l 12(q) +

ye ()l 20y < C(H,M)HuOHLZ(Q)t%. Thus, setting (t) := (1+¢2)2, we find that

1Y)l L2) <

5
[yl 20y < e, w)lluoll2)(t)?, t € Ry,

11



which entails ¢ — (£)~2y(t) € L (R, L%(Q)) and hence y € S' (R, L2(Q)), by (32).

Next, as both functions s — L[y](s) and s — Y (s) are holomorphic in C,, (33) yields
L[y](s) = Y (s) for all s € C4, by unique continuation. As a consequence the Laplace transform
of u := 0%y € S'(Ry, L*(Q)) reads

n

£l =2 () = 3 A o, eudisayens 5 € Ca

which establishes for each s € Cy that L[u](s) is a solution to (5) with £ = 0. Moreover, since
the operator A is positive and sw(s) € [0, +o0) for all s € (0,400), then A+ sw(s) is boundedly
invertible in L?(2). Therefore, L[u](s) = (A + sw(s)) " w(s)ug is uniquely defined by (5) and
the same is true for u, by injectivity of the Laplace transform.

It remains to prove that u is expressed by (24) with F' = 0. This can be done by noticing
for all s € y(e,0) that the function ¢ — Y (s)e*‘uq is twice continuously differentiable in R
and for all t € (0, +00) that s — s¥Y (s)e*ug € L1(v(e,0)) with k = 1,2. As a matter of fact,
we have

21|l o< (o, D g

HSkY(S)e t OHL2(Q) Ay sin 0

()]s 2els 10Oyl 1o ), b =1,2, 5 € v4(e,0), t € Ry,

from the definition (27) of Y, Lemma 2.1 and Statement (b) in Lemma 2.3, whence r —
kY (reti)er(cost ¢ [1(c, +00). Therefore, with reference to (25) we deduce from (34) that
u(t) = So(t)ug for all t € (0,+o0). This yields u € C((0,77], L?(2)) and completes the proof of
the result when F' = 0. We turn now to examining the case where ug = 0.

2) Step 2: ug = 0. For s € C\ R_, we introduce the family of bounded operators in L?(2),

Z (, on) L2(@)Pns ¥ € L3(9), (37)
(sw( An)

and we recall from (20) that
19 () 322y < Cmaxc(|s| 7%, [s] 17 ), s e 2 € C\R_, (38)
for some positive constant C, depending only on p, in such a way that we have

[Sluf : [@(r + 1)l e @ 220y < 00, k=1,2. (39)
rell,4+oo

Thus, by arguing in the same way as in Step 1, we infer from (38)-(39) that

| e 0 if t € (—00,0),
o(t) == o e P(s)ds = { L e*®(s)ds if t € [0, +00), (40)

1—ico 27i Jv(eg,0)

for arbitrary € € (0,1) and § € (3, 7), the contour y(e,6) being still defined by (22)-(23).

Moreover, using (38), we find that
ts (B)7™0p(t) € L®(R, B(L*(R))) with mg := 1 + ag. (41)
As a consequence we have ¢ € S'(R,, B(L*(Q))) and
L[py](s) = D(s)1, s € Cy, ¥ € L*(Q). (42)

Let us denote by F' the function ¢ — F(t,-) extended by zero in R\ (0,7), and put

(6% F)(t /¢t—7 T)dr, t € R. (43)

12



Evidently, ¢  F € S'(R,, L?(Q)) when T € (0,+00), whereas for T = +oc0, the assumption
tes ()"MF(t,-) € L®(Ry, L?(Q2)) yields
[C29310] MmOt € (0, +00),
(44)
and hence ¢ * F' € 8'(R,., L2(2)) as well. Further, as we have inf{e € (0, +00); t — e <¢(t) €
L0, +00; B(L2(Q2)))} = 0 by (41) and inf{e € (0,400); t — e~ F(t) € L'(0, +o00; L2(2))} =0
from the assumption ¢ — (t)"™F(t,-) € L=(Ry, L?(Q)), then it holds true for all s € C that
L[g](s) = [7° ¢(t)e~stdt and F(s) := L[F](s) = [, ° F(t)e~*dt. From this and (44) it then
follows that L[¢ * F|(s) = L[¢](s)L[F](s). As a consequence the function v := 0y(¢ % F) €
S'(Ry, L2()) fulfills

ey S O8N e o 2@ 10T Fll o 12000 8)

+oo
L) = 2067 FY9) = 3 s (Fla) o)y 3 € Co

in virtue of (42), showing that L[v](s) is a solution to (5) for all s € (0, +00).
It remains to show that

v(t) = /t Si(t — 7)F(7)dr, t € (0, +00). (45)

To do that, we refer to (40) and (43), apply Fubini’s theorem, and obtain

1 t ~
(¢ % F)( p(s,t)ds with p(s,t) := / =3 G(5)F(r)dr, t € (0, +00).

" 27 ), 0
Therefore, we have d;p(s,t) = ®(s)F(t) + sfot et="s®(s)F(7)dr for all s € y(e,0) and t €
(0, +00), and consequently

t
e"*dr

IN

+

0. t
[0ip(s, D)l 12 (02) L2(Q)

I

® [Fo]..
| (3)||5(L2(Q)) ( (t) Lo°(0,t41; LZ(Q))>

0

oot

Putting this with (38), we get that [|9;p(s,?)||12(q) < CQ(S’t)HﬁHLw(o . for some pos-

IN

itive constant C' depending only on g, and
(5,1) = max(\s\fl*aow, Is| 71 7)) cos O] T if s € v (e, 6),
nsb) max (g1 @0+ gT1=a0) (1 4 ete) if 5 € 7.(e,0).

As s+ q(s,t) € L1(v(g,0)) for each t € (0, +00), then we have
~ 1
u(t) = O(o+ F)(t) = (9tp(8 t)ds

2mi
= elt=")sg Tds + (e
2m/M/ @(s)F(r)drds + (e, OF(1),  (46)

with (e, 6) = 5= 4(:0) ®(s)ds. The next step is to prove that r(e,) = 0. For R € (1, +00),
put Cr(0) := {Re'?, B € [-0,0]} and ygr(e,0) := {s € ¥(¢,0), |s| < R}. In light of Lemma
2.2, we have for all n € N,

1 1
———ds— / —————ds =0, 47
/YR(Eﬂ) s(sw(s) + M) cn(e) S(5w(s) + Ay) (47)
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mds < 200R~**9 the constant C' being inde-

pendent of R and n. Thus, sending R to infinity in (47), we get that f,y(s 0) st =0

for every n € N, whence fv(e 0) ®(s)ds = 0. From this and (46) we get (45) upon applying the

by the Cauchy theorem, with ‘fcR(f))

Fubini theorem. Hence u := v)q is a weak solution to (5) with ug = 0, expressed by (24), which
establishes that u € C((0,T7], L*()).

Finally, since a weak solution to (5) is necessarily unique in virtue of Definition 1.1 then the
desired result follows readily from Step 1 and Step 2 by invoking the superposition principle. O

Theorem 1.1 being a straightforward byproduct of Proposition 2.1, we may now turn to
proving Theorems 1.2 and 1.3.

3 Improved regularity: proof of Theorems 1.2 and 1.3

The proof of Theorems 1.2 and 1.3 is by means of suitable time-decay estimates for the operators
Sj, 3 = 1,2, introduced in Proposition 2.1, that are established in the coming section.

3.1 Time-decay estimates
We start with Sp.

Lemma 3.1. Let the weight function pu € L>(0,1) be non-negative. Then, for all v and T in
(0,1], with v < 7, there exists a positive constant C, depending only on 0, p, A1, 7 and vy, such
that the estimate

AT So(8)9]| L2(0) < CeT (|9l panyt” ™"
holds uniformly in t € (0,T] and ¢ € D(A”).
Proof. In light of (25), it is enough to estimate

1 w(s) .
Ent)=— | —2_ estq 48
(t) 27 Jy,, sw(s) + PR (48)

for all t € (0,7) and n € N. With reference to (22)-(23), we have

1 w(s)

- — ) estds for j € {c, £}, (49)
27 5 (£.0) sw(s) + Ap { } (

En(t)= Y By, ;(t) where E, ;(t) :
Jj€{e, 1}

We shall treat each of the three terms E, ;(t), j € {c, £}, separately.
We start with E,, .(¢). As a preamble, we choose € € (0, 1) so small that

e < min (nA1, ¢ (A1), (50)

where n = and ¢~! denotes the function inverse to ¢ on (0,+00), whose ex-

1
2[[pll oo (0,1
istence is guaranteed by Statement (a) in Lemma 2.3. As a matter of fact we may take
e := 2min (1,nA1,{"1(nA1)) in such a way that ¢ is entirely determined by A and |||| (0,1

In light of (21) and (50), we have |sw(s) + An| > ’\2” for all s € v.(¢,0), and consequently

eT>\1

n

|E e (t)] < , t€]0,T], neN. (51)

We turn now to estimating E,, +(t). Bearing in mind that v (0,¢) = {re*', r € (¢, +0c0)},
we decompose I, 4 into the sum

Epx(t)= Y Enxx(t), (52)

k=1,2

14



+i6 +io +i6
where E,, 1 j(t) = 5= fI . %e”e dr for k = 1,2, I,,1 := (g,n\,) and I, 5 :=

(nAn, +00). Notice from (50) that € € (0,m)\,) and hence that the interval I, ; is non-empty.
Next, for all 7 € I, 1, it is clear from (14) that [re*%w(re*?) 4+ X, | > A"%me, and from the
second inequality of (21) combined with Lemma 2.3, that

?7)\1 A1

i (e
wre=)] < il 0.9 < Il 009(E) < Millimion . < fllm oy 20 < 2.

As a consequence we have

1 [P (e (retif)] A\ Mn
> Nl < — : ; —rt|cos€\d < 7/ —7“75|C059‘d
|1 ()] < 27/5 reEi0 (reFif) 4 )\n|e "= 2men, sin 6 . © '

whence

nAn
Bia(t) < —2 / dr _C (53)

Apt™ Y rTY T ATy
Here and in the remaining part of this proof, C' denotes a positive constant depending only

on 6, ||NHL<>0(0,1)= A1, 7 and v, that may change from line to line. Further, applying (15) with
v =0, we get that

+ . - .
IE + 2(t)| < i/ - |Tei19w(rei10)| e—rt\cos@lg < #/ Ooe_rt|cosg‘g
e T2y, reFfw(reFif) 4+ A, r — msind r’

which entails

+oo
B sa(t) < -2 / dr __C (54)

| — T A rltr—y — )\:L_’YtT—'y'
Now, putting (49) and (51)—(54) together, we find that

M IE, (1) < CeT X177 t € (0,7,
Therefore, for all ) € D(A7) and all ¢t € (0,7, we have

)

A7 So ()17 = ZAQ B ()| (4, on) 12| < C22TH200 )ZA?‘(%%)LMQ)

n=1

which yields the desired result. O

We turn now to examining the time-evolution of the operator ;.

Lemma 3.2. Assume that p € L*°(0,1) is non-negative and satisfies (6). Then, for all k €
[0,1) and all B € (1 —ap(l —k), 1), there exists a positive constant C, depending only on 6, Ay,
u, k and B, such that the estimate

|A%S1 ()9 ]| 12 (0) < O™ [[$]l L2yt ™,
holds uniformly in t € (0,T] and ¢ € L*(Q).

Proof. We proceed as in the proof of Lemma 3.1, the main novelty being that the function
€ (0,T] — E,(t), defined by (48) for all n € N, is replaced by

1 1
Glt) = — / ——_ e'ds. (55)
271 Sy sW(S) + A
With reference to (22)-(23), we write
1 1
Z Gr,j(t) with G ;(t) == — —————e®ds for j € {¢c, %}, e € (0,1),

je{c,+} 211y (c0) sw(s) + Ay, »
56
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and set ¢ = 2 min (1,7\1,(" (n\1)), where n = as in the proof of Lemma 3.1.

1
2|l Loe 0,1y
Thus, using (21) and (50), we find upon arguing as in the derivation of (51), that

[eX )|<2)\i te€ (0,7], neN. (57)

n

The rest of the proof is to estimate G, 4 (). Firstly, we split G, +(t) into the sum

n :t Z Gn =+, k (58)

k=1,2

+i6 +i6
where G, 4 i (t) = ﬁf]n.k mere tdr for k = 1,2, I,1 = (5,n\,) and I, o =

(7An, +00). By mimicking the proof of (53), we obtain for all t € (0,T] and all n € N, that

1 An P C
G (B)] € / e < S (59)
n €

where C' is a positive constant depending only on 6, [|u|[z~(0,1) and x. Next, we estimate
G+ 2(t) by applying (15) with v = &,

|G iz(t)\ < 1 /+oo )\fl‘Teiiew(reiig)P—’i e~ Tlcosolt w
n,=k, - 27r/\fL Mhn |reﬂ:i6w(reﬂ:i06ﬂ:i6)+)\n| |Teiiaw(reiig)|1,ﬁ
1 +oo o7l cosft
A sin ' i d 60
)\ﬁSiHQ/ﬂAn ‘reilew(rei19)|17,{ T, ( )

and bounding from below with the aid of (6) the denominator of the integrand in the last
integral. Indeed, we have |reX'%w(re*i?)| > |Im (ret%w(re*i?))| > fol r sin(ad) p(a)da for all
7 € (nAn, +00), hence |retw(re*i?)| > min(sin((ag — 6)8), sin(apb)) O“’) fao r®da. Conse-
quently there exists a positive constant cy, depending only on 6, u and p, such that

’reijgw(reﬂ:ié‘)’ > Co’l“p, pE (040 — 5, ao). (61)

Next, applying (61) with p € (max (ao — 0, i K) ,ao) for some fixed 8 € (1 — ap(1l — k), 1),
we infer from (60) that

—+oo
(Gt a(8)] < C / dr ¢ (62)

<
< N th rBre(l=r) = \r¢B’

where C is a positive constant depending only on 6, Ay, u, x and 8. Now, putting (56)—(59)
and (62) together, we obtain that

T
Gu(0)] < 5 € O.T] neN. (63)

Finally, recalling (26), (55) and (63), we end up getting for all ¢ € L(Q) that

K G K 2 — - 2
A% Sy ()Y [|72 0y = Z NG (O [, n) p2(ey | < C2e2T 727 Z [, en) 2@
n=1 n=1
and the desired result follows from this and the Parseval identity. O

Having established Lemmas 3.1 and 3.2, we may now prove Theorem 1.2.
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3.2 Proof of Theorem 1.2

We examine the two cases F' = 0 and ug = 0 separately.

a) We first assume that a € D(A") for some v € (0,1], and that F = 0. Then, by applying
Lemma 3.1 with 7 = 1, we get that

[ ASo(H)uol| L2y < Ce™ | A ug| 2yt~ ¢ € (0,T].

This and (24) yield (7) in virtue of the equivalence of the norms in H?(Q) and in D(A).
Let us now prove (8). We stick with the notations used in the proof of Lemmas 3.1 and 3.2
and establish for every 8 € (1 — ag7, 1) that

dE,(t _
‘dt()‘ <CeTX1t=P e (0,T], n €N, (64)

where C'is the constant appearing in (63). This can be done with the aid of (48), (55) and the
Cauchy theorem, involving

dE,(t 1 1 An
®_ 1 / IO N / A et = —\,Gall),
dt 271 )y (e,0) SW(8) + A 271 Jye.0) sw(s) + An

upon applying the estimate (63) with k = 1 — . In light of (24)-(25) and (64), we find that

o0

[0vu(t)| 20y = Z

n=1

dE,(t)

2 e’}
dt |<u0, 90n>L2(Q)|2 < Ot Z /\Ef’Huo, <,0n>L2(Q)|27

n=1

which leads to (8).

b) Suppose that F' € L'(0,T;L?(Q2)) and up = 0. We recall for all k € [0,1) and 8 € (1 —
ap(1 — k),1) from Lemma 3.2, that the estimate

JA*S1(t = D) P72y < O (t = ) P F(Dll ey ¢ € (0,T], € [0.0),
holds for some constant C' € (0, +00), independent of T', ¢ and 7. Therefore we have
[A%u(t)|| 20y < Ce’ (777« | F(7)| L2()) (1), t € (0, ],

by (24), where * stands for the convolution operator. An application of Young’s inequality then

yields
. : . - 1
| laet) <ot ( [Ceomar) | ||F<t>||L2<Q>dt7pe[1,],
0 0 0 B

and (9) follows from this and the equivalence of the norms in H?*(£2) and in D(A").

3.3 Proof of Theorem 1.3

The derivation of Theorem 1.3 essentially relies on the following technical result, whose proof
is postponed to the appendix.

Lemma 3.3. Assume that p € C([0,1],Ry) fulfills the condition (6) and let G, for n € N, be
defined by (55). Then, we have

Gn(t) = 1 /+<>° ®,(r)e "tdr, t € (0,7), (65)
™ Jo

17



with .
Jo @ sin(ma) () dor

(fol re cos(ma)pu(a)da + )\n)2 + (fol ro sin(wa)u(a)da>

Moreover, there exists a positive constant C, such that we have

“+oo
/ Ealr) g, AQ nen. (67)
0

r n

o, (r) =

- (66)

As a matter of fact we know from (24) that

o
=> A
2(Q) n=1

2

Ol = | [ 4810 -7)F(ryar [ Gutt=E @] e .1,

L

and for each n € N we have

2

T pt
2
/0 /0 Gn(t - 7_)<F(T)v Qon>L2(Q)dT dt = HGn * <F()7 90">L2(Q)HL2(O,T)
2 2
S ||Gn||L1(O,T)||<F(.)7SOTL>L2(Q)HL2(07T)3
by Young’s inequality, whence
o) ) 5
[ull22(0.7:p4)) < Z )\i||Gn||L1(o,T)H<F(')’<Pn>L2(Q)HL2(o,T)- (68)

n=1

Thus, we are left with the task of estimating |G| z1(0,7). This can be done by combining
Lemma 3.3 with Fubini’s theorem, in the same way as in the derivation of [18, Theorem 2.1].
We get for every n € N that

1 [T r 1 [T, C
1Gnllzr 01y = —/ ®,(r) (/ e‘”dt) dr < f/ War< &,
T 0 0 T 0 T An

the constant C' being independent of n. This and (68) yield

400 T
2
||UH2L‘2(0,T;D(A) < CZ/O [(F(t), en)r2(oy| dt < C||FH%2(Q),
n=1

with the aid of the Parseval identity, which establishes the result.

4 Time analyticity: proof of Theorem 1.4

With reference to Duhamel’s representation formula (24) of the weak solution to (1), we may
treat the two cases F' = 0 and ug = 0 separately. We stick with the notations of Section 2.2 and
for any open connected set O in R or C, we denote by A(O, L?(2)) the space of L?(2)-valued
analytic functions in O.

1) Step 1: F = 0. In light of Proposition 2.1, it is enough to show that the mapping ¢ €
(0,400) — So(t)ug, where Sy is defined by (25), is extendable to an analytic map of O into
L%(2), where O := {re™; r € (0,400), w € (—64,6;)} for some arbitrary 6; € (0,6 — %) N
(0,7 — ).

We start by noticing that |+6 +w| € (8 — 61,6 + 6;) C (5,7) for all w € (—61,6;) and
hence that cos(+60 +w) < cos(f — 01). Thus we have |e*3| < el?llsIcos0=01) for all 2 € O and all

18



s € v+(g,0), by (23), and (27) then yields ||e**s%Y (s uOHL2(Q) < %ﬁ( Yel#llslcos(0=01)

with the aid of Lemma 2.1 and Statement (b) in Lemma 2.3. Thus, taking into account that
cos(f — 01) € (—1,0), we get for any compact set K C O that

||ﬂ||Loo(o D g

25 2
||e s7Y (s u0||L2(Q) Ay sin @

(e)edxlsleos@=00) " e K. s € v1(e,0), (69)
where di := min{|z|, z € K} € (0, +00). Next since z — e**s52Y (s)ug € A(O, L*(Q)) for all
s € v+(,0), we derive from (69) that z — 5= f’Yi(E 0) e*5%Y (s )uods € A(O,L?()). Further,
since the path 7. (e, ) is finitely extended, it is easy to see that z — f%(s 0) e**s?Y (s)ugds €
A(O, L?(Q)). Therefore, using (22) we find that

1

2y — e** %Y (s)upds € A(O, L*(Q)).
2mi ~(e,8)

The desired result follows from this, (25) and (27).

2) Step 2: ug = 0. Fix ty € (0,400). We shall prove existence of r € (0,+00) such that
t— fot Sy (T)F(t — 7)dr is extendable to a holomorphic function of D(tg,r) into L?(f2). Here,
Sy is the operator defined by (26), and for all zp € C and all R € (0,+00), we denote by
D(zp,R) :={z € C; |z — 2| € [0, R)} the open disk of C centered at zy with radius R.

First, since F is extendable to a holomorphic function of S, into L?(£2), we may assume
without loss of generality that F' € A(S,, L*(2)). Next we ple 61 € (0,2) N (0,tp) in such
a way that z — 7 € D(0,p) C S, for all (z,7) € D(to,261) x D(tg,261) and obtain that the
mapping

T sB(s)e™ F(z —7,-) € A(D(to,201), L*(2)), z € D(to,26,), (70)
where @ the same as in (37).

Further, for t; € (to — d1,t0) fixed, since [t1, 2] C D(tg,261) for all z € D(tg,261), we see

from (70) that

Ui(s,z) := / s®(s)e™ F(z —1,-)dr, s € C\R_, z € D(to,261) (71)
[tlvz]

is well defined. Moreover, for all z € D(¢g,41) and all h € D(0,6;) \ {0}, we have

U.( sz+h) U.(s,2)

1
= = / s)e"°F(z+h—T,-)dr — s®(s)e™ F(z + h— 7,-)dr
h \Jie, Z+h] 2]
—|—/ (Z+h7T7-)7F(ZfT7.)dT
(t1, Z] h
- s®(s)e™ F(z+h -, )dT+/ s(I)(s)eTSF(ZJrh*T")*F(Z*Tw)dﬂ
[z,2+h] (t1,7] h
and hence
lim U*(S, z+ h) - U*(S)Z) — s(b(s)est(O’ ) + / 8@<s>eTsaZF(z _ 7 )dT
h—0 h o

in L?(Q). As a consequence z — U, (s, z) € A(D(to,d1),L*(2)) for all s € C\ R_.
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Furthermore, using that [t1,z] C D(to,61) C O for each z € D(to, 1), we derive from (71)
that

d(to,01)|s| cos(0+01)
)

||U*(S7Z)HL2(Q) < 251‘3‘Hq)(s)||B(L2(Q))||F||L°0(D(0,251)7L2(Q))e s € 1£(e,0),

with d(to, 1) := inf{|z|; 2z € D(to,61)} € (0,400). Thus, bearing in mind that 6 +6; € (3,7),
we infer from this and from (38) that

||U*(572)HL2(Q) < C|3|717a0+6a z € D(to,61), s € vx(e,0),

for some positive constant C' which is independent of s and z. Therefore z — f’Y:t (c.0) U~ (s,z)ds €
A(D(tg,81), L*(2)) and hence
z / U.(s,z)ds € A(D(tg,61), L*(Q)). (72)
v(e,0)
Similarly, by setting
Ug(s, z) == / s®(s)e™ F(z —1)dr, s € C\R_, z € D(to, 1), (73)
[0,t1]
and arguing as above, we find that
Z / Uy(s, z)ds € A(D(to, 61), L*(2)). (74)
v(e,0)

Finally, putting (24), (26), (37), (71) and (73) together, we obtain that the solution u to (1)
reads

t
u(t, ") :/0 S1(s)F(t—s)ds = % (/( ) U*(s,t)ds+/( ) Uu(s,t)ds) , t € (to—01,t0+61),
v(e, Y€,

and consequently u € A((tg — 61,t0 + 01), L2(R2)) by (72) and (74). Since t, is arbitrary in
(0, +0c0), this entails that u € A((0,4+00), L?(Q2)), completing the proof of Theorem 1.4.

5 Lipschitz stability: proof of Theorem 1.5

The strategy of the proof of the stability inequality (11) essentially follows the lines of the
derivation of [15, Theorem 2.3] and boils down to the estimates (7)-(8) established in Theorem
1.1.

For the sake of notational simplicity, we start by rewriting the IBVP (1) with F' =0 as

Dg”)u =Lg,qu in @,
u(0,) = ug in Q, (75)
u =0 on X,
where L, qu(x,t) := div(a(z)Vu(z,t)) + q(x)u(z,t) is associated with the diffusion matrix a
and the electric potential q. Next, we notice that v := u — u is solution to
Dgﬂ)v =Lsqv+F inQ,
v(0,-) =0 in €,
v=0 on X,
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with N

F =D M+ Loz, 4. (76)
Thus, in light of (13), we are left with the task of estimating the L'(0,T; L*(2))-norm of F.
This will be done with the help of (7)-(8), giving

||ﬂ||L1(O,T;H2(Q)) < CeCTT’Y and HatﬂHLl(O,T;Lz(Q)) < CeCTTaoA/. (77)

Here and in the remaining part of this proof, C' denotes a generic positive constant depending
only on M, ¢,, 7, ap and §, which may change from line to line. Further, using the fact that
(a,q) and (a,q) are in C1(Q) x C°(Q), we obtain that

IN

(la = @llcr ) + la = @l ooy ) il .70
T (lla = @lea + lla = dlleo ) - (78)

with the aid of (77). On the other hand, for all ¢t € (0,7") we have

LG —a.q—qullzr(0,1:22(22))

IN

IN

_ 1
i) =l oy [ WOFTEO 52 apd

1 . -
~ 1 Ha‘ru(T)”LZ(Q)

— o dr | da,
|2 MHL (0,1) /0 T(l-a) ( o (t—1)o

from the very definition of D\, with Hfg %dr‘

L2(Q)

IN

_ T, 4
< 0t 11 0.7, 12(0) Jo tdt,

L1(0,T)
hence
()~ = ~ S
Lt IR YT A e il
OT 1~ 1 Tlfa
< Ce[p = pllpoe o) T 07/0 mdaa (79)

by (77) and the identity I'(2 — a) = (1 — @)T'(1 — «). Since the mapping a — I'(«) is lower
bounded by a positive constant, uniformly in the interval [1,2], we deduce from (79) that

Tl—i—ozg’y
cT ~
IlOng ||/J“ - IU/HLOO(O,I)'

s

L1(0,T5L2(Q)) —
Putting this together with (76) and (78), we obtain that

T1+a0'y ~ ~ _
IPlusrason < 0o (T lln = Al + 77 (o = dles + I~ lena) ) -

With reference to (9), this entails for all £ € [0,1) and all p € [1 ), that

N S
'’ 1—ap(l—k)

. T1+o<0'y _ N N
lu =l oo, 72 () < CeT ( Mog T [ = AllLee(o,1) + 17 (IIa —allorg) +lla— qllco@)>) :

which yields the desired result.
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6 Appendix

6.1 Proof of Lemma 3.3
We stick with the notations used in the proof of Lemma 3.2 and recall from (56) that

1 +oo ei&—i—rteie
Gt () + G (1) :—f/ m{—" " Nar cco1)

T relw(rel?) + A,

Since the integrand in the above integral reads

. i 1 . i0 1
I ( i0+rte 9) R _ i R ( i0+rte ) I i i
mAe ¢ reffw(rei?) + A, +Re (e m reffw(rei?) + A,

and that limg_,, Im (ew”tem) = limg_,, €% sin(# + rtsin ) = 0, we derive from (56) that

Cult) = — 1 / N P / (et (80)
n = - 11m - n )
2mi 6= )y (c,0) SW(S) + )\ne g R e "

where @, (r) := Im (m) is expressed by (66). Here, we used the fact that G, (t) =
7 limg_, fv(sﬁ) me“ds, as the integral in the right hand side of (55) is independent of
0c(5,m).
. est [’ . i Ciﬁcsteiﬁ
Further, since f%(s,e) st ds = JZp fa(e, B)dB with fr(e, B) == I ea:mﬂu(a)daw\n’ and

|fn(e, B)| < 2ce”’ for all B € [—7, 7] provided ¢ € (O,min (17 (77)\1)5>), then we get

ATI,

st
lim | lim / % _as|=o,
e—=0 \ 6> ) S’LU(S) + An

by applying the dominated convergence theorem. Thus, bearing in mind that the right hand
side of (80) is independent of ¢ € (0,+00) since this is the case for the one of (55), we get
(65)-(66) by sending ¢ to 0 in (80).

We turn now to proving (67). To this purpose, for all n € N, we introduce a,, € (0,400)
such that

/0 asp(a)da = - (81)

Notice that the positive real number a, is well defined for every n € N, as the mapping
h:re fol r*p(a)da is one-to-one from [0, +00) onto itself. Moreover, we point out for further
use that

lim a, = +oc. (82)

n—-+oo

This can be understood from the facts that a, = h~! (%"), where h~! denotes the function
inverse to h, that the mapping r — h(r) is increasing on [0, +00), and that lim, 4 h(r) =

lim;, 100 Ay = +00. Next, using (81), we get for all r € [0,a,] that ’fol re cos(wa)u(a)da’ <

’fol r“u(a)da‘ < fol aSp(e)da < 22, whence fol r®cos(ra)p(e)da + A, > 22. Putting this
together with (66) and the estimate sinu < w, which holds true for all u € [0, x|, we find for
every r € (0, a,] that

i 4 ! dm 7 4 !
"r(r) < )\—2/0 r*Lsin(ra)p(a)da < )\—;T/O ar® tu(a)da < )\—Z% (/0 ro‘u(a)da) .

n
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From this and (81), it then follows that

/a" D, (1) 4 1 27
0

dr < — agp(a)da < —. 83
Par < 55 [ agueyda< T (53)

The next step of the proof boils down to the fact that there exist two positive constants Cy
and Ry, both of them depending only on g, such that we have

—+o0
1 C
dr < 0

R fol rotlsin(ra)p(a)da fol R sin(ra)p(a)da

, R € [Ry,+00). (84)

The proof of (84), which is quite similar to the derivation of L’Hospital’s rule, is presented
in Section 6.2 for the convenience of the reader. Prior to applying (84) and upon possibly
enlarging Ry, we notice from (6) that we have

O(Q—(S 1
/ rp(a)da < / r*u(a)da, r € [Ry, +00). (85)
0 a0—5

This follows directly from the two basic estimates foao_é rep(e)da < ||pll o .1y (@0 — 8)r*0~°
and f;o—é rou(a)da > f:OO__g rou(a)da > %4(10)7"0‘07%, which are valid for all r € (0, +00).

Now, in light of (82), we pick N € N so large that ay > Ry and we apply (84) with R = a,,
for all n € Ny := {n € N, n > N}. With reference to (66), we obtain that

+o00 +oo
1
/ (I)”(T)drg dr < o , n € Ny.

n r an fol rotlsin(ra)u(a)da fol a® sin(ra) p(a)da

In view of (10), this leads to
“+o0
/ (I)n(r) dT < CO O < O

,TLENN,

= a1 Qg

n r o5 On sin(ra)u(e)da = [0 sagp(a)de T f;o—é adp(a)da
(86)
by setting C' := min(sm(w(ao@é))7Sin(ml)) € (0,400). Next, applying (85) with r = a,, and

n € Ny, which is permitted since a,, > ay > Ry for all n € Ny, we get that foi,ﬂs a?p(a)da >

1 _«
MQ(O‘)M, Therefore, we have f:;oo é"T(T)dr < & for all n € Ny, from (81) and (86). This
entails (67) since N is finite.

6.2 Proof of the estimate (84)

+
For R € (0,+00), put f(R) := ROO folr“Jrlsin%Tra),u((x)dadr and g(R) := G Sin(ia)u(a)da.

Evidently, f and g are two positive functions in (0, 4o00) that vanish at infinity:

RETOO J(R) = REI‘EOO f(R) =0, (87)

and for all R € (0,+00) and all Ry € (R,+00), we find by applying Rolle’s theorem to the

function r — (f(r) — f(B1))(9(R) — g(R1)) — (f(R) — f(R1))(g(r) — g(R1)) on the interval
[R, Ry], that there exists £ € (R, Ry) such that we have

FR) - F(RY) F(©)
o R) —g(B) ~ 9 (88)

Next, since f0a0_6 r sin(mra)p(e)da < (ag — 6) || pll e (0,1yr* 0% and

1 o
/ r®sin(ra)p(e)da > / r®sin(ra)u(a)da > cro=s

s
0—3 ap—g
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by (6), where ¢ := min (sin ((ag — §) 7) , sin(ao)) W € (0,+00), then there is necessarily
Ry € [1,+00), such that

Ozofé 1
/ r*sin(ra)pu(a)da < / rsin(ra)p(a)da, r € [Ro, +00).
0 Qo*é

From this and the identity ) o

r®sin(ra)p(a)da

obtained for all r € (0,400) by direct

g'(r) — fel ar® sin(ra)p(a)da’
calculation, it then follows that
1 .
! 2 resin(ra)u(a)da 9

£ f“”‘i (, () < ——= 7€ [Ro, +o0).

9(r) ™ (g —6) faoﬂs resin(ro)p(a)da 0 —
Putting this with (88) we get

R)— f(R ! 2

g(R) —g(R1)  g'(§) ~ ag—0’

uniformly in Ry € (R, 400). Thus, taking Ry — 400 in the above estimate, we obtain

 JR-f(R)  f@R) 2 N
W g(R) —g(R)  g(B) = ag o 1€ ool

in virtue of (87), which is the statement of (84).
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