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ABSTRACT. This paper presents an abstract theory on well-posedness for time-
fractional evolution equations governed by subdifferential operators in Hilbert
spaces. A proof relies on a regularization argument based on maximal monotonic-
ity of time-fractional differential operators as well as energy estimates based on
a nonlocal chain-rule formula for subdifferentials. Moreover, it will be extended
to a Lipschitz perturbation problem. These abstract results will be also applied
to time-fractional nonlinear PDEs such as time-fractional porous medium, fast
diffusion, p-Laplace parabolic, Allen-Cahn equations.

1. INTRODUCTION

1.1. Time-fractional derivatives and PDEs. A notion of fractional derivative
already appeared in a letter of Leibniz to I’'Hopital in 1695 and afterword several
notions of fractional derivative were proposed by Riemann, Liouville, Riesz, Ca-
puto and so on. In particular, notions of fractional derivative were also employed
during the last decade or two to improve physical models to cover various phenom-
ena beyond the scope of classical theories in Physics. Among those, time-fractional
derivatives are particularly attracting much attention in the study of anomalous
diffusion, in which the MSD (Mean-Squared Displacement) ((x(t) — z(0))?) of ran-
domly moving particles exhibits a nonlinear growth in time ¢, and hence, the dif-
fusion coefficient (= MSD/t) cannot be determined as a constant. In [25] (see
also [35]), Fokker-Planck equations including time-fractional derivatives are de-
rived from the so-called CTRW (Continuous-Time Random Walk, see [37]), which
is a stochastic process and in which each jump-length Ax and waiting-time At
of each particle are randomly determined by certain probability density functions
(e.g., Brownian motion is reproduced by determining Az and At by means of nor-
mal and exponential distributions). For instance, if Az and At are determined
by a normal distribution and a power distribution (of power «), respectively, then
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evolution of the (density) distribution u(z,t) of particles is described in terms of a
time-fractional partial differential equation (PDE for short),

07 [u(z,-) = uo(x)] (t) — Au(z,t) = 0,

where ug is an initial distribution and 95 is the Riemann-Liouville fractional de-
rivative defined by
1 d
Nf(t) =Dy f(t) i = =————
Here we also remark that 0f[u(x,-) — ug(x)] coincides with the Caputo deriva-
tive “D2u(z,-) for smooth u(z,-) (see Remark 3.1 below). Therefore such linear
PDEs involving time-fractional derivatives have been studied vigorously so far (see,
e.g., [43, 28], [20, 33, 34] and references therein).

t
/(t—s)_o‘f(s)ds, t>0, 0<a<l.
0

1.2. Nonlinear PDEs involving time-fractional derivatives. Time-fractional
PDEs have been studied mostly based on linear technique such as Laplace and
Fourier transforms; indeed, they are two of the few effective methods to handle
fractional derivatives; however, they are not always effective for nonlinear problems
(e.g., degenerate and singular diffusion equations). On the other hand, studies on
time-fractional PDEs are recently extending to nonlinear problems. Here, let us
give a couple of typical examples.

The dynamics of fluids in unsaturated non-swelling soils is often described by
means of the Richards equation,

Oyu(z,t) = div (C(u)Vu(z,t)),

where u = u(z,t) denotes the local volume fraction of water and C'(u) > 0 is the
diffusivity depending on u. The Richards equation is derived from a conservation
law as well as Darcy’s law, and the nonlinearity residing in the soil-water diffusivity
C'(u) arises from water retention curves, which characterize each medium (e.g., soil,
sand, clay, silt) and are determined by experiments. On the other hand, anomalous
diffusion is also observed in experiments of moisture dispersion in building materials
(see [48, 31, 18, 45]). However, a nonlinear scaling (x?) ~ t* of moisture dispersion
into building materials is not reproduced by means of the Richards equation. In [19,
3], to bridge a gap, the following time-fractional Richards equation is introduced:

O [u(z, ) —uo(x)] (t) = div (C(u)Vu(z, 1)),
where 0 < a < 1 and ug := u|=o.

Moreover, in [40, 41, 42|, time-fractional porous medium equations, where C(u)
is a power of u, are also considered. In these papers, numerical schemes for non-
linear PDEs involving time-fractional derivatives are proposed and applied to the
equations. Furthermore, long-time behaviors of solutions for such time-fractional
nonlinear PDEs are investigated in [52; 50, 17, 1], where existence and regularity
of solutions are simply assumed. Theoretical analysis on nonlinear PDEs involving
time-fractional derivatives has just begun and has not yet been fully pursued, and
there still remain open questions on fundamental issues such as well-posedness for
fractional variants of degenerate or singular parabolic PDEs (e.g., time-fractional
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porous medium equation). The main purpose of this paper is to present a general
theory which is concerned with an abstract Cauchy problem for nonlocal gradient
flows and guarantees well-posedness for a wide class of time-fractional (possibly,
degenerate or singular) parabolic PDEs.

Finally, we also refer the reader to [38, 49] for an approach based on wiscosity
solutions to time-fractional nonlinear PDEs.

1.3. Abstract setting. In this paper, we shall present an abstract theory on time-
fractional evolution equations, which include only most significant common features
of time-fractional PDEs mentioned above. To this end, let us first give an abstract
setting and formulate a problem. We refer the reader to Section 6 below, concerning
how to apply the following abstract theory to concrete time-fractional PDEs.

Let H be a real Hilbert space and let ¢ : H — [0,+00] be a proper (i.e.,
¢ # +00) lower semicontinuous convex functional with effective domain D(p) :=
{w € H: p(w) < +00}. Here, ¢ is supposed to be non-negative. However, it is
not restrictive in view of affine boundedness from below for each lower semicon-
tinuous convex functionals (see, e.g., [4, Proposition]). We shall discuss existence,
uniqueness and continuous dependence (on prescribed data) of (strong) solutions
w: (0,7) — H to the equation,

% ek (1 — uo)] (1) + dp(u(t) 5 f(t) in H, 0<t<T, (1.1)

where T' > 0, up € H and f : (0,7) — H are given, the convolution k * (u — )
with a kernel k € L _([0,00)) is defined by

(k*w)(t) := /Otk(t —s)w(s)ds for we L ([0,00); H), t >0

and Op : H — 2% is the subdifferential operator of o, that is, for w € D(y),
Op(w) :={&€ H: p(z) —p(w) > (§,z—w)y forall ze€ H}, (1.2)

with domain D(9p) := {w € D(p): dp(w) # 0}. It is well known that every
subdifferential operator is maximal monotone in H (see [8]). Throughout this
paper, keeping Riemann-Liouville derivative in our mind, we assume that

(K): The kernel k € L ([0, +00)) is nonnegative and nonincreasing. More-

loc
over, there exists a nonnegative and nonincreasing kernel £ € L ([0, +00))

such that
kxtl=1.
A typical example of (k,¢) satisfying (K) is the Riemann-Liouville kernel,
th ¢!
ks(t) = T —3) ls(t) = T3 0<pB<1. (1.3)

Then the nonlocal derivative (d/dt)[ks * (v — ug)] coincides with the Riemann-
Liowville derivative 97 (u — ug) of u — ug of the order 3 (see also Remark 3.2).
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1.4. Related results. By convolving (1.1) with ¢ and by using (K), equation (1.1)
is reduced into a nonlinear Volterra equation,

u(t) + (&) (t) = (€ [)(t) +uo, &(t) € Op(u(t)), 0<t<T.

Nonlinear Volterra equations (in Hilbert and Banach spaces) were already studied
in 1960’s (see, e.g., [36]) in the following general form,

u(t) + (ax&)(t) =g(t), &) € A(ut), 0<t<T, (1.4)

where A : X — X is a nonlinear operator in a Hilbert or Banach space X, g :
(0,7) — X is given and a : [0,400) — [0,+00] is a kernel function. In [7, 6, 5],
Barbu studied an abstract nonlinear Volterra equation (1.4), which arises in the
study of mechanical systems with memory effects, under assumptions that a is
of class W2 ([0, +00)) (in particular, a is differentiable and finite at ¢ = 0) and

positive, g € W2(0,T; X) and A = dy in a Hilbert space X. Due to the regularity
of the kernel, by differentiating both sides of (1.4) in time, we have

W(1) + a(0)6(0) + (@ €)(1) = ¢'(1),  E(1) € Ault), 0<t<T.

which can be regarded as a nonlocal (in time) perturbation problem of a (local)
nonlinear evolution equation. We also refer the reader to [15, 22, 32, 27, 11, 2].

Concerning singular kernels, Clément and Nohel [12, Theorem 3.1] studied (1.4)
for completely positive kernels a € Li ([0, 4+00)) and proved existence of a general-
1zed solution, that is, a weak limit of certain class of approximate solutions. More-
over, the abstract theory is also applied to a couple of nonlocal (in time) PDEs (see
also [13]). The literature [23] may be also related to the present paper (see also [26,
Theorems 2 and 3]). Indeed, Theorem 1 of [23] is concerned with existence and
uniqueness of strong solutions for (1.4) under (K) and some assumptions, which
particularly require g of (1.4) is sufficiently smooth, e.g., g € W21 ([0, +00); X) and
g € BVioe([0,4+00); X). Moreover, evolution equations including nonlocal deriva-
tives (e.g., Riemann-Liouville derivative) are also studied in [10, 24, 14] by finding
out that nonlocal differential operators are m-accretive in Bochner spaces under
(K). On the other hand, most of existence results are established for generalized
solutions and, to the best of author’s knowledge, there had been no result corre-
sponding to strong (in time) solutions for a long while.

In [56], under a Gelfand triplet setting,
Ve H=H" <V~

where V and V* are a Hilbert space and its dual space, respectively, and H is a
pivot Hilbert space, Zacher proved existence and uniqueness of strong (in time)
solutions to the abstract equation

%( [k (u — u)] (£),v) ,, 4+ b(t, u(t),v) = (f(t),v)y forallveV,

where (+,-)g and (-,-)y stand for an inner product of H and a duality pairing
between V' and V*, respectively, k is a completely positive kernel, f : (0,7) — V*
and ug € H are given and b(¢, -, -) is a (time-dependent) bounded coercive bilinear
form defined on V', by employing two important devices: m-accretivity of nonlocal
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differential operators and nonlocal energy identities (see, e.g., Lemma 3.3 below).
In [51], convergence of solutions of nonlocal (in time) gradient flows in Euclidean
spaces R? to equilibria is studied under (K) and additional assumptions (which
may exclude Riemann-Liouville and Caputo derivatives). We also refer the reader
to [55], [30], [52, 50, 53] on various properties of solutions such as boundedness,
regularity, decaying property, blow-up phenomena and so on. In [47], a nonlinear
variant of the above equation is studied and further extended to stochastic PDEs.

1.5. Construction of the paper. Section 2 presents main results. We shall
first give a definition of strong solutions to (1.1) and then state a theorem on
existence and uniqueness of strong solutions to (1.1) and continuous dependence
on prescribed data along with regularity of strong solutions and energy inequalities
for up € D(¢) (see Theorem 2.3). It can be regarded as a fractional variant of
the celebrated Brézis-Komura theory for gradient flows in Hilbert spaces (see [§]
and [29]). Moreover, we shall give a proposition on initial condition (see Proposition
2.5). Indeed, it is delicate in which sense initial condition is fulfilled by strong
solutions to (1.1); it still holds true in a classical sense under a certain additional
assumption on ¢, which corresponds to the case that the order  of the Riemann-
Liouville fractional derivative is greater than 1/2. Let us emphasize that, even for
f < 1/2, a strong solution is uniquely determined by each initial datum according
to Theorem 2.3, and therefore, there is a one-to-one correspondence between initial
data and strong solutions. A further smoothing property of strong solutions for ug
belonging to the closure of D(p) in H will be also discussed under some additional
assumptions of kernels in Theorem 2.8. Furthermore, we shall also give a corollary
on a contraction property of the solution operator for (1.1) under some additional
assumptions (see Corollary 2.7).

Section 3 contains materials related to nonlocal time-derivatives which will be
used later. In §3.1, we arrange some preliminary facts on nonlocal time-derivatives.
In particular, we shall recall maximal monotonicity of nonlocal derivatives (d/dt)[kx*
u] under the assumption (K) as well as some well-known and useful facts for en-
ergy methods. In §3.2, we present a chain-rule for convex functionals and nonlocal
derivatives, which will play a crucial role to prove the main result. Subsection 3.3
is concerned with maximality of the sum of two maximal monotone operators, that
is, a standard differential operator and a nonlocal one. Indeed, the maximality of
the sum of two maximal monotone operators is not always obvious and one needs in
particular to pay careful attention for it, when the domains of two operators have
no interior point. This part will be also used to construct approximate solutions
for (1.1) (see §4.1) and to derive a priori estimates for them (see §4.2).

Section 4 is concerned with a proof of the main result (i.e., Theorem 2.3). It
consists of several steps. We first assume f € W42(0,T; H) to derive additional
regularity of strong solutions and energy inequalities. Then we introduce approxi-
mate problems,

du>\ d

E(t) Ty [k (un — uo)] (8) + Opa(ua(t)) 3 f(¢) inH, 0<t<T,
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where A € (0,1), dp, denotes the Yosida approximation of dp, along with the
initial condition u)(0) = w in a classical sense. Existence of strong solutions
for the approximate problems will be proved based on maximal monotone operator
theory and some facts developed in §3.3. Moreover, in §4.2, some a priori estimates
will be established by applying materials developed in §3.1 and 3.3. In §4.3, a
limiting procedure is discussed by proving that (u,) forms a Cauchy sequence and
by employing standard techniques such as demiclosedness of maximal monotone
operators. Thus existence of a strong solution for (1.1) will be proved for f €
W12(0,T; H). In §4.5, we shall prove continuous dependence of strong solutions
on prescribed data. In §4.6, we shall set about proving existence of solutions to
(1.1) for f € L?(0,T; H). Here the nonlocal chain-rule developed in §3.2 will play
a crucial role. Furthermore, §4.7 is devoted to a proof of Corollary 2.7. Finally, we
shall give a proof for Theorem 2.8 in §4.8.

In Section 5, we shall treat a Lipschitz perturbation problem,

% e (1 — )] () + Dp(u(t) + F(tu(t) 5 f(t) in H, 0<t<T,
where F' = F(t,w) is a mapping from (0,7) x H into H, measurable in ¢ and
Lipschitz continuous in w. Indeed, the Lipschitz perturbation theory enhances
applicability of the abstract theory to (time-fractional) nonlinear PDEs and also
extends the main result to abstract fractional gradient flows for the so-called -
convex functionals, which may not be convex for A < 0. The proof relies on a
classical contraction argument. However, the choice of a certain function space
and the proof of a contraction property of an associated mapping are somewhat
delicate due to the nonlocal nature of the equation.

Section 6 concerns applications of the preceding abstract results to simple but
typical examples of nonlinear PDEs including time-fractional derivatives. More pre-
cisely, we shall apply the main results in §2 to time-fractional p-Laplace parabolic
equations in §6.1 and time-fractional porous medium and fast diffusion equations
in §6.2. Furthermore, the Lipschitz perturbation theory developed in §5 will be
applied to a time-fractional Allen-Cahn equation in §6.3.

2. MAIN RESULTS

This section is devoted to presenting an abstract theory for (1.1). Throughout
this paper, we are concerned with strong solutions of (1.1) in the following sense:

DEFINITION 2.1 (Strong solution of (1.1)). A function u € L*(0,T; H) is called a
strong solution of (1.1) on [0,T] if the following conditions are all satisfied:

(i) It holds that
ko (u—up) € WH(0,T; H), [k * (u—u)] (0) =0,
u(t) € D(Op) for a.e. t € (0,T).
(ii) There exists € € L*(0,T; H) such that
d

3 Fx (w—uo)] (t) +&(t) = f(t) and £(F) € Op(ult)) in H (2.1)
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for a.e. t € (0,T).

REMARK 2.2 (Further integrability of strong solutions). (i) The definition of
strong solution entails
ko llu—uollz € L2(0,7),  k()|lu(-) — uollz; € L'(0,T) (2.2)

(see §A in Appendix). Furthermore, it also follows immediately that
p(u()) € L'(0,T)
from the definition of subdifferential.

(ii) Let k be the Riemann-Liouville kernel (of the order ) defined by (1.3).
Then the following regularity is directly derived from the definition above:

: {Lf?ﬂ’“(o,T; H) i e (0.1/2)

! (2.3)
NpesoclP®(0,T; H) if B=1/2,

where LP>° stands for the weak LP-space. As for the case § > 1/2, we shall
obtain u € C([0,T]; H) in Proposition 2.5 below.

Our main result reads,

THEOREM 2.3 (Well-posedness of (1.1)). Assume that (K) is satisfied. For any
T >0, fe L*0,T;H) and ug € D(p), the Cauchy problem (1.1) admits a unique
strong solution uw € L*(0,T; H) on [0,T]. Moreover, there exists a non-increasing
function F : [0,T] — (—o0,0] satisfying F(0) = 0 such that

d 2

|
| = w0

. + i}“(t) <0 forae te(0,7T) (2.4)

L dt

and

F10) = [k (otu) = (w0~ [ (), 5 o (= o) <T>>Hdr (25)

for a.e. t € (0,7T).
In addition, if f € WY2(0,T; H), it is then satisfied that

d 2
i (= )]

ue L>®0,T,H), {x € L>=(0,7T), o(u(-)) € L=(0,T),

" (2.6)

and the following energy inequality holds:

- (z ; ) (1) + plu(t)

< @(uo) + (f (), u(t))u — (f(0), uo)m — /0 (f'(7),u(r))y d7 (2.7)

for a.e. t € (0,T). Moreover, (2.5) holds for all t € [0,T].

The unique strong solution continuously depends on prescribed data in the follow-
ing sense: let uy and uy be strong solutions on [0,T] to (1.1) with (uo, f) replaced

2

d
i (= wg)]()

H
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by (uo1, f1), (uoa, f2) € H x L*(0,T; H), respectively. Then w := u; — uz and
Wo = U071 — U072 fulﬁll

T
A|m@—wm%ﬂsomﬁ—ﬁﬁmmm+ww@ (2.8)
for some constant C' depending only on ||k| t1or) and ||€|| 101

REMARK 2.4 (Energy inequality). (i) The regularity (2.6) and the energy in-
equality (2.7) do not follow from Definition 2.1. Indeed, it can be obtained
by formally testing (1.1) with «'; however, u is not supposed to be of class
Wh2(0,T; H) in the definition. Hence, (2.7) can be regarded as an extra
regularity of strong solutions under the assumption f € W1H2(0,T; H).

(ii) If f =0, then the inequality (2.4) can be regarded as a fractional variant
of Lyapunov property (in particular, the non-increase of the energy t —
o(u(t))) of classical gradient flows (i.e., the case & = 1). In particular, if
k is given by (1.3), then the inequality can be formally regarded as

|

However, it does not imply the non-increase of the energy ¢t — ¢(u(t))
due to the nonlocal nature of the fractional derivative. Indeed, it is known
that functions are not always monotone on some interval, even though
their fractional derivatives of some order 5 € (0,1) are signed on the
interval (see [16, Example 2.1]). On the other hand, the function ¢ —
[k (p(u(+)) — ¢(ug))](t) is non-increasing, provided that f = 0.

(iii) As for the classical case a = 1, the following simpler relation holds true:

9P (u — o) 2+ O To(u(-)) — p(ue)] <O for t> 0.

t
lus (8) — wa ()]l < fluos — uosllm +/ 1/1(7) = fa(m)||m A7 for all >0,
0

which particularly assures that (1.1) (with o = 1) generates a contraction
semigroup (see [8, Lemma 3.1]). Corollary 2.7 below is a counterpart for
fractional gradient flows. Here we also remark in advance that log s is
convex and (5 € LY17%)2°(0, +00), when (kg, {5) is given as in (1.3).

Let us next remark that the initial condition, u(0) = ug, holds true in a classical
sense, when the conjugate kernel ¢ belongs to L?(0,T).

PROPOSITION 2.5 (Initial condition in a classical sense). In addition to (K), assume
that £ € L*(0,T). Then for any f € L*(0,T; H) and ug € D(p) the unique strong
solution has a continuous representative, u € C([0,T]; H). Moreover, u(t) — wug
strongly in H ast — 0.

Proof. Convolve (2.1) with ¢. Then

@*%%*@—um)@+w*@—ﬁuw:m (t) € Dplu(t))
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for a.e. t € (0,T). Note by [k * (u — u0)](0) = 0 that
£ S e (= )] = S [0 o (= wg)] = S 1 (1 — )] = —
dt u Ug)| = dt u Ug)| = dt u Ug)l = U Ug

for a.e. t € (0,T). By £ € L*(0,T) and (d/dt)[k * (u — ug)] € L*(0,T; H), we find
that u — uy has a continuous representative with values in H on [0,7], and then,
we denote it by u — uy again. Thus we find that

[u(t) = ol = [+ (€ = NID)
< /0 ()€ =) = f(t = 8)[lu ds < [[e]l 2 1€ = Sl

for any t € [0,7]. Therefore we conclude that u(t) — wug strongly in H as t —
0,. 0

REMARK 2.6 (Classical initial condition for fractional derivatives). As for the
Riemann-Liouville kernel ks(t) = t=°/I'(1 — B3), the conjugate kernel l5(t) =
tP=1/T(B) is of class L?(0,T) for any T > 0 if and only if 3 > 1/2.

As in [11], we have
COROLLARY 2.7 (Contraction property). In addition to (K), assume that
>0 and logl(t) is convex. (2.9)

Fori=1,2, let up; and f; fulfill the same assumptions as in Theorem 2.5. Let w;
be the unique strong solution on [0,T] of (1.1) with uy and f replaced by uy,; and
fi, respectively. Then it holds that

Jur(t) — ua(t)| g < lluog — woplle + (€ || fr — falla) () (2.10)

for a.e. t € (0,T). In particular, if ¢ € L*(0,T), then (1.1) generates a mon-
expansiwe (in H) mapping S(t) : D(p) — D(p), ug — u(t) for t € [0,T], where
u(+) stands for the unique solution to (1.1) with the initial datum ug.

Finally, let us consider the case ug € D(y) , where one can no longer expect
that every strong solution u of (1.1) lies on the domain of the nonlocal derivative
(more precisely, k * (u — ug) does not belong to W2(0,T; H)). Therefore we need
to modify the notion of strong solutions defined by Definition 2.1. The following
theorem is concerned with a further smoothing effect.

THEOREM 2.8 (Smoothing effect for uy € ((p)H) In addition to (K), suppose that

-2

t
the function t —t (/ 0(s) ds) belongs to L' (0,T). (2.11)
0
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Then for any f € L*(0,T;H) and uy € D(p) , there exists a function u €
L?(0,T; H) such that

ko llu—uollyy € L2(0,T),  k()llu(-) — uollzy € L'(0,T),

o(u() € L1(0,T), tl/Z%[k ¥ (u— ug)] € L2(0,T: H),

u(t) € D(0¢) for a.e. t € (0,T),
[k * (u—up)](t) = 0 strongly in H as t — 0y,

and there exists ¢ € L2 _((0,T]; H) such that t*/2¢ € L*(0,T; H) and (2.1) holds
true.  Furthermore, any two solutions wy, ug constructed in this theorem sat-
isfy (2.8). In addition, if £ € L*(0,T) and (2.9) is satisfied, then u belongs to

C([0,T]; H) and u(0) = ug. Moreover, (2.10) holds for all t € [0,T].

3. NONLOCAL TIME-DIFFERENTIAL OPERATORS

In §3.1, we shall arrange preliminary facts from a functional analytic theory for
nonlocal time-differential operators. In §3.2, a chain-rule for convex functionals
and nonlocal derivatives will be provided. In §3.3, we shall give a proposition on
the maximal monotonicity of the sum of the standard differential operator and
nonlocal one, which will play a crucial role to prove main results.

3.1. Preliminaries. Let 7" > 0 and p € [1,400] be fixed and let X be a Ba-
nach space. We first recall the (ordinary) time-differential operator A : D(A) C
LP(0,T;X) — L?(0,7; X) defined by
d
D(A) = {w € W"(0,T; X): w(0) =0} and A(w) := d—:’; for w € D(A).
Then it is well known that A is linear and m-accretive in LP(0,T; X).

Let us next define a nonlocal time-differential operator B : D(B) C LP(0,T;X) —
LP(0,T; X) by

D(B)={we LP(0,T;X): kxw € D(A)} (3.1)
and
B(w) = A(k*w) = %(k: xw) for we D(B). (3.2)
Then we note that
D(A) C D(B).

Indeed, for any u € D(A), we find that (k% u)(0) = 0, since k € L'(0,T) and
u e WhH(0,T; X) C L>(0,T; X). Moreover, we infer that k x u € WHP(0,T; X)
by u(0) =0 and u € W'(0,T; X). Hence u € D(B).

REMARK 3.1 (Riemann-Liouville and Caputo derivatives). Assume that (K) is
satisfied. For u € W12(0,T; H) taking an initial datum u(0) = ug € H, we find

that
d du

=l (u = o)) (1) = (k . E) (), 0<t<T. (3.3)
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Hence the restriction of B onto D(A) coincides with the operator C defined on
D(C) := D(A) by
du
Clu) =kx*x—
(u) *
In particular, if &k is given by (1.3), then B and C correspond to the Riemann-
Liouville and Caputo differential operators, respectively.

for uwe D(C).

We recall that B is also m-accretive in LP(0, T'; X') under the assumption (K) (see,
e.g., [10], [24], [14], [51], [56]). Then for n € N the resolvent J, : LP(0,T;X) —
D(B) and the Yosida approximation B, : L*(0,7; X) — LP(0,T; X) of B are given
by

Tn(w) = (I + %B)_ (w), Bp(w):=n(l—T,)(w)=B(Tw)= %(kn kW),

where I stands for the identity mapping (we shall use the same letter for identity
mappings defined on any spaces unless any confusion may arise). Moreover, k, €
Wh1(0,T) is a nonincreasing and nonnegative kernel given by k,, = ns,, where s,
is a unique solution of the Volterra equation,

Sp+n(lxs,) =1 in (0,+00).
Hence k,, depends only on ¢ and n; in particular, it is independent of the choices of

X and p. Then a general theory for (linear) m-accretive operators (see e.g. [39], [4])
ensures that

B,(w) = B(w) strongly in LP(0,7;X) as n — oo, (3.4)
provided that w € D(B). Indeed, B is densely defined in L?(0,7; X), and hence,
for w € D(B), we deduce that B, (w) = B(J,(w)) = J.(B(w)) — B(w) strongly in
LP(0,T; X) as n — +oo. Moreover, (3.4) particularly implies that

k, — k strongly in L'(0,T) as n — oo,
by setting w =1, p=1and X = R.

REMARK 3.2 (Class K'(a,0)). Let us further define a class of kernels (see [44]
and [51, §2] for more details): h € L{ ([0, +00)) is said to be of class K!(«, ) for

loc

some « > 0 and 6 > 0 if the following conditions hold true:

e his of subezponential growth, i.e., [;~ e |h(t)|dt < 400 for any € > 0;
e his 1-regular, i.e., there exists a constant ¢ > 0 such that [A/(A)] < ¢[h(N)]
for all Re A > 0;
o his O-sectorial, i.e., | arg(h)(\)| < 6 for all Re A > 0;
e it holds that
limsup [A(A)|AY < 400, liminf [2(A\)[A* > 0, liminf |A(X)] > 0.
A—+o00 A—=0

A——+o00

Let us give a couple of remarks:

(i) Suppose that h € K'(a, ) for some a € (0,1) and 6 € (0, 7). If w €
L*(0,T;H), h*w € Wh2(0,T; H) and (h * w)(0) = 0, then h x ||w]||% €
W10, T) and (h * ||w]||%)(0) = 0 (see §2 of [51]).
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(i) Any Riemann-Liouville kernel k(s) = s7#/I'(1 — ), 0 < B < 1, is of class
KY(B,Bm/2) (see Example 2.1 of [51]).

(iii) Let X be a Banach space such that the Hilbert transform is bounded in
LP(R; X) for some p € (1,400) (in particular, any Hilbert space satisfy
the property). If k is of class K'(a, #) for some o € (0,1) and 6 € (0,7),
then the domain D(B) of B coincides with the space Hy™"(0,7;X) =
{uljo400): v € H¥P(R; X) and suppu C [0,+00)}, where H*P(R; X) is
the so-called Bessel potential space, ie., u € H*P(R; X) if and only if
u € LP(R; X)) and there exists g € LP(R; X') whose Fourier transform g(p)
coincides with |p|*u(p) (here u denotes the Fourier transform of u). We
refer the reader to [54, Corollary 2.1] and [56, Corollary 3.1] for more de-
tails.

Let us recall the following lemma, which will be frequently used later.

LEMMA 3.3 (See Lemma 2.1 of [56)). Let H be a Hilbert space. For any h €
W0, T) and u € L*(0,T; H), it holds that

d 1d 1

(e @) =35 (e ull) )+ gl

-5 | MO —ue=slas @

for a.e. t € (0,T). Here each term of the right-hand side belongs to L*(0,T). In
particular, if ' <0, then

(50 0.u0) =

d , 1 )
; T (h * Hu||H) () + §h(t)||u(t)||H for a.e. t € (0,T).

N

Here we emphasize that the identity above in (3.5) holds only for absolutely
continuous kernels. Hence one cannot directly apply it to k, ¢ satisfying only (K).

3.2. Chain-rule for convex functionals and nonlocal derivatives. The fol-
lowing proposition provides a chain-rule for convex functionals and nonlocal deriva-
tives (cf. Lemma 2.2. of [50]). Here we denote by ¢* the conver conjugate (or
Legendre transform) of a convex functional ¢ : H — [0, +00], that is,

U*(g) = sup [(g,v)m — ¥(v)] for g € H. (3.6)

veH

Then * is proper, lower semicontinuous and convex, provided that so is .

PROPOSITION 3.4 (Nonlocal chain-rule for convex functionals). Let h € W1(0,T)
and ¥ : H — [0,+00]| be a proper (i.e., » # +00) convez functional. Let u €
LY0,T; H) be such that ¥(u(-)) € L*(0,T). Then for each t € (0,T) satisfying
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u(t) € D(0Y) and for any up € H and g € 0¥ (u(t)), it holds that

(Glh o= wlt0.9)

d
:a[

<+Afﬂﬂﬂwﬁ—ﬂ—UQ%WH+¢@@D—¢W@—TNdT
Moreover, assume that ' < 0. Then one has

(i[h . uO>1<t>7g) > L )] (1) + ) 1 (9) — (uor 9)]

h * ¢(U())] (t) + h(t) [(U(t) — U0, 9)H — %D(U(t))]

dt Lo dt
In addition, if ug € D(v) and h > 0, then
d d

(G0 = wls) > s ) = ) )0

Proof. Let u € L'(0,T; H) be such that ¢(u(-)) € L'(0,T) and let ¢t € (0,T) be
such that u(t) € D(d¢). Then we note that the function ¢ — [hxt(u(-))](t) belongs
to Wh1(0,T). By straightforward computation, one finds that, for any ug € H and

g € 9p(u(t)),

(= wlong)

= 1(0) (u(0) = o)y + [ H(t =) (u(s) =0 9),
— h(O)(u(t)) + h(O)[(ult) — w0, 9)r — V(u(t))]
" / H(t — s)(u(s)) ds + / Wt — ) [(uls) — w0, g)nr — th(us))] ds

= %[h * ¢(U())} (t) — /0 K (7) dT[(u(t) — U, §) i — Q/J(u(t))}

+ h(t) [(u(t) — uo, 9)u — Y (u(t))]
+ /0 h'(7) [(u(t —7)—uo,9)n — Y(u(t — 7'))] dr

_ %[h k p(u(-))] () + b [(wlt) — uo, )i — l(u(t))]

+ [ W0t =) = wlt). )+ 000(0) = vttt — )]
Here we note by definition of 0y that
(ut —7) —u(t), g)m + P(u(t)) — (u(t — 7)) <O0.
On the other hand, we note by the Fenchel-Moreau identity that
(u(t), g)g — ¥(u(t)) = ¢*(g) ifandonlyif g€ dp(u(t))
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In addition, assume that uy € D(¢)) and h > 0. It then follows that
(u(t) = uo, g) — Y (u(t)) = —t(uo),

whence follows

(Gl o= wlg) > [ )] = wtunh(y
> Ll () — vw)] 1)
This completes the proof. O

Lemma 3.3 also follows from Proposition 3.4 by setting ¥ (w) = (1/2)|w]|%.

3.3. Maximality of A+ B. Throughout this subsection, we set X to be a Hilbert
space H and p = 2 and simply write H = L?(0,T; H). We prove the following:

PROPOSITION 3.5. Under the assumption (K), the sum A+B is mazimal monotone
mn H x H.

The maximality of the sum A+ B has already been proved in a more direct way
(see, e.g., [10]). Here, we shall give an alternative proof based on a sufficient condi-
tion for the maximality of the sum of two maximal monotone operators. Moreover,
some part of the following argument will be also used to derive energy estimates
later.

Proof of Proposition 3.5. We first show that
du d
(). B(0)y = (g lks)) =0 (3.7)
for each u € D(A), that is,
u, k+u€ W (0,T; H), uw(0) =0 and (k*u)(0) = 0.

Here we note by (K) that

du  d* d d
—E—@(ﬁ*k*u)—a{f*a(k*u)] (3.8)
Set v := B(u) = (d/dt)(k *u) € H. Then it is satisfied that

(xv=ue D(A).

Hence v belongs to the domain of the operator B, which is defined by (3.1) and
(3.2) with the kernel k replaced by ¢. Then by (K) there exists £, € W1(0,T)
such that (By), = (d/dt)(¢, * -) and £,, — ¢ strongly in L'(0,7). By Lemma 3.3,
we observe that

A(u)

(A0, B (0), = ( 500,000

1d
> 5o
2dt

H

%HM@MQ+;MWMW@+MNL (3.9)
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where h,, € L'(0,T) is given by

hu(t) = <jt(€*v)(t) (0w (1), v(t))

Here we note that h,, — 0 strongly in L'(0, 7). Indeed, since By is linear maximal
monotone in H, we find by v € D(B,) that

d

—(xv) strongly in H,

(B)u(w) = L (6, #v) - Bfw) =

which implies that h, — 0 strongly in L'(0,7). Integrating both sides of (3.9)
over (0,7"), one has

A (A(w) (), Blu)(1)), dt

H

v

5 (s Ioli%) (1) + /OT ()t

v

T
/hn(t)dt—>0 as n — oo,
0

where we also used the nonnegativity of ¢, and the fact that

(€n  [v[I7)(0) = 0.
Indeed, we note that £, * ||v||% is continuous by ¢, € W11(0,T) and v € H. Then

(6 # 10l t _/|ft—snw 9 ds
< s I |/||v JPZds — 0 as t— 0.

Let J,, denote the resolvent of B, that is, J, := (I + B/n)™' : H — D(B). We
next claim that

Jn(D(A)) € D(A) for any n € N.
Let u € D(A). Then u,, := J,u satisfies

1
Up = U — EBTL(U) e Wh(0,T; H).

Indeed, we find by u € W2(0,T; H) and k,, € W"1(0,T) that
d
dt
Furthermore, we observe that u,(0) = u(0) — 2B,,(u)(0) and that

B(u) = (kn *u) = K (0)u + Ky, % u € WLQ(O,T; H).

1B (w)(®)]lar < Kn(0)[[ut) ]| + /Ot | (t = )| [[u(s) [ ds

< kOOl -+ s (s M/W ) do -0
T7€(0,t

as t — 0, by &/, € L'(0,T) and u € D(A). Therefore J,u = u, € D(A) if
u € D(A).
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The rest of the proof runs as in the classical literature (see [8, Chap.II, §9 and
Chap.IV, §4]). However, for the reader’s convenience, we give the details of the
proof. Let us claim that

(A(u),B,(u))y >0 forall we D(A) and n e N. (3.10)
Indeed, since J,u € D(A) by u € D(A), we observe by the last claim that

(A(w), Bu(w))y, = (A(Tnw), Bu(u))y, + (Aw) = A(Tnw), Ba(u))y

— (A(T), B(Tat))y, + 1 (A() — A(Tot)su— Tty > 0.

Thus (3.10) follows. Now, we are in position to show the maximality of A + B,
which is equivalent to the surjectivity of I + A+ B on H. Let f € H be arbitrarily
given. Since B3, is monotone and Lipschitz continuous in H, the sum A + B,, turns
out to be maximal monotone in H (see, e.g., [8, Lemma 2.4]). Thus one can take
un € D(A) such that

up + A(uy) + Bp(u,) = f in H. (3.11)
Test both sides by u,, and employ the monotonicity of A and B to get
[unllze < [1f 1l
which yields, up to a (not relabeled) subsequence,
u, — u  weakly in H.
Multiplying the both sides of (3.11) by A(u,), we have
(Un, A(“ﬂ))y + HA(Un)”g{ + (Bu(un), A(“ﬂ))?—[ = (f, A(un))H )

which along with (3.10) implies

1A e < 1l
Multiply the both sides by B,,(u,). It also follows by (3.10) that

1B ()3 < [ f -
Moreover, since the graphs of A and B are weakly closed in H (by the weak

closedness of linear maximal monotone operators), we assure that
A(up) = A(u)  weakly in H,
Tnlly, — U weakly in H,
B, (u,) = B(u)  weakly in H.
Indeed, we note that J,u, = u, —(1/n)B,(u,), which derives the second assertion.

Moreover, the third assertion follows from B, (u,) = B(J,u,). Hence, the limit u
fulfills u + A(u) + B(u) = f. Consequently, A + B is maximal monotone in H. O

We also obtain the following corollary, which will be used later to derive a priori
estimates.
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COROLLARY 3.6. Under the assumption (K), it holds that

[ 4. 5@, i
z%@ﬂ@(ﬂ%ﬁ@ 5 (1B ()
v [ €NB@OIE (312)

for a.e. s,t € (0,T) with s < t and u € D(A). In particular, ((-)|]|B(u)(-)||3 is
integrable in (0,T"), and moreover,

/ Bu)(r)) ; dr

z%@ﬂw WO O +3 [ (Bl (313)

for all t € [0,T] and u € D(A). Furthermore, for all u € D(A), the function
t— (0 ||B(w)()||%)(¢) is differentiable a.e. in (0 T), and hence, it holds that
)

)
(AGw) (1), B) (1)) > 55 (Cx IB@OIE) (@) + S COIB@@ I (314

fora.e. t € (0,T). In addition, suppose that { is of class K*(«, ) for some a € (0,1)
and 0 € (0,m). Then the function t — (€ * ||B(u)(-)||%)(t) belongs to WH1(0,T)
(hence it is absolutely continuous on [0,T]) and vanishes att = 0.

Proof Recall (3.9) in the proof of Proposition 3.5. Integrate both sides of (3.9)
over (s,t), 0 <s <t <T,to observe that

/ B(u)(r)) s dr

@*W&)Uﬁﬂ@—%@mww Ol )+ 5 [ GBI

- /T By (7)) dr-

Here we note that (¢, = ||B(u)(-)||%) (s) = 0 if s = 0. Since £, — /¢ strongly in
LY0,T) and B(u) € D(B,) C L*(0,T; H), by Fatou’s lemma, we have £(-)||B(u)(-)||% €
LY0,T) and

/@%Mﬂﬁwmew

>

N | —

> 5 IBOIE) 0= 5 (= 1B0OIE) )+ 5 [ €IB@EEdr

for a.e. 0 < s <t < T (if s = 0, then the second term of the right-hand side can be
neglected). Tt also implies that the function ¢ — (€x||B(u)(-)||%)(¢) is differentiable
a.e. in (0,7"). Therefore dividing both sides by ¢t — s and taking a limit as s — t—0,
we obtain (3.14) for a.e. t € (0,T).
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If { € K'«,0) and v := B(u) € D(By), we deduce by [51, Proposition 2.1] (see
also Remark 3.2) that the function ¢ — (¢ * ||v||%)(t) belongs to W1(0,T) and
vanishes at ¢ = 0. O

4. PROOFS OF MAIN RESULTS

This section is devoted to proving main results stated in §2. We first assume
that

feW(0,T;H) and ug € D(p),

which will be always assumed until the end of §4.4. Furthermore, we also write
H = L*(0,T; H) and use the same notation A and B as in §3.

4.1. Approximate problems. For A\ € (0, 1), we consider the following approxi-
mate problems:

(A + B) (uy — ug) + 0Py (uy) > f in H, (4.1)
where ®, : H — [0, 400) is defined by

D)\ (w) :—/0 ox(w(t))dt  for weH

and ) : H — [0,400) stands for the Moreau-Yosida regularization of ¢ defined
by

(1 2
or(w) == min (5Hw—z\|H—|—g0(z)) for we H.

Let us recall that the minimum of the above is attained by Jyw, where J, :=
(I + X\dp)~ !, and moreover, ¢, is Fréchet differentiable in H and its derivative
coincides with the Yosida approximation of d¢ (see, e.g., [8, Proposition 2.11], for
more details). So we denote by Jp, the derivative of ¢, as well as the Yosida
approximation of dyp.

As in Proposition 3.5, one can check that the sum A A+ B is maximal monotone in
H. Moreover, the (translated) operator w — 0®,(w+up) is maximal monotone and
D(0®,) = H (see, e.g., [8, Proposition 2.16]). Then the sum AA+ B+ 0P, (- +uo)
turns out to be maximal monotone in H. Furthermore, it is also surjective in H,
since A is coercive in H (see, e.g., [8, Chap.Il, §5], [4]); indeed, for any € > 0, one
can take C. > 0 such that, for all w € D(A),

1 , 1 ['d )
ol =5 [ o)l

:Aamamewsawmm@%+@Awww@®

s€[0,t]

which implies

T
sup [[w(t)||3 < C’/ |w'(s)||3 ds  for all w € D(A)
0

te[0,7
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(in particular, A is coercive in H). Thus for each A > 0 and f € H, we obtain a
unique solution uy € WH2(0,T; H) of (4.1) such that uy —ug € D(A).

Here it is noteworthy that the regularization term A A is used not only for deriving
the coercivity (indeed, B is also coercive in H) but also for guaranteeing a regularity
of approximate solutions, i.e., uy € W2(0,T; H). Then B(uy — ug) coincides with
C(uy), and hence, one can employ fine properties of both nonlocal derivatives.

4.2. A priori estimates. We next establish a priori estimates. Fix vy € D(p) #
0.} Let us first test (4.1) by uy — vy € D(A). Then

Sl ® = unlly + (Gl 0 = w0 =) +er(uno)

< @a(vg) + (f(t), ur(t) — vo)u + (AA(ux — ug) + B(ux — up), vo — uo) jy -
Here by Lemma 3.3, we note that

(%[k x (ux — ug)](t), ur(t) — uo) = (%[k‘n * (uy — u)](t), ur(t) — uo) + h,(t)

H H

1d
57 (Rnx llux = woll7) (8) + hon (1),

Y]

where h,(t) is given by

d

hn(t) == (E (k= kp) * (ux — uo)] (t), ux(t) — UO)H

Since k, — k strongly in L'(0,7T), t — |lux(t) — uol|3, € WH(0,T) and |Jux(0) —
up||% = 0, one can deduce that

d d )
E(kn  ||uy — u0||%{) — E(k * |luy — UOH%{) strongly in LI(O,T),

and moreover, as in the proof of Proposition 3.5,
h, — 0 strongly in L'(0,7) as n — +oo.

Thus, passing to the limit as n — 0o, we obtain

d

(5 0 = w0l () =) > 55 ¢ Ja =) 0

for a.e. t € (0,T"). Moreover, we see that

()\A(U,\ — Uo) -+ B(U,\ - Uo)a Vo — UO)H
d

— E()\(uA(t) —ug) + [k * (ux — uo)|(t),vo — uo) ;-

IFor simplicity, one may also take vy = ug
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It follows that

Ad , 1d ,
5&”%@) — upl[r + ST (K * [lux — uollFr) () + @a(ua(t))
< oa(vo) + (f (), ur(t) —vo)m

+ %(A(m(t) —ug) + [k * (ux —ug)](t), v — uo) ,; (4.2)

for a.e. t € (0,7). Integrating both sides of (4.2) over (0,¢) and using ||uy(0) —
ugll% = (k x |Juy — uo|%)(0) = 0 and ux(0) — ug = [k * (ux — up)](0) = 0, we assure
that

Mua(t) = woll + 5 (5 s = woll) )+ [ ontun(r)) e
< Tow)+ [ 15 lalua(r) = vl
+ (Mua(t) — uo) + [k * (ux — uo)](t), vo — uo) (4.3)
for all ¢ € [0,T]. Here we further note that
()\(u)\(t) —ug) + [k * (uy — up)|(t),vo — uO)H
< Fluatt) — ol + (ks = wall) (1) + (1 + Wellsiom) lvo — wolly
Hence it particularly follows that

1

1 Gl = wll) @) < [ 1A llln(r) = ol dr + C.

Convolving both sides with ¢, we infer that

iATmu@—wm@dts(£54vawmmxﬂ—wwﬂdﬁ<w+c

< [l ro.0) | fl 220,80y [|ur — ol 20,7:00) + C,
which yields

1

T
5 ) = wlirat < 20600l Vo1 +C

Therefore, recalling (4.3) again, we obtain

A sup [Jua(t) — uollf + sup (K * [lux — uoll%) ()
te[0,7) te[0,T

[ etm@yar+ [ o) - wliar < c (44)

where C' depends on T, || f|lx, ||k||Lv0.1), [€llr0m), ||uolla and ¢(vo), ||voll#, but
it is independent of .
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We next test (4.1) by ) (t) = A(ux — up)(t) and integrate both sides over (0, ).
Then we see by (3.13) of Corollary 3.6 that

A [ 1AG = )7 dr+ 5 (05 18 = w)OlF) () + oxa(0)

swwwﬁAUﬁMMﬂmdr

<)+ [ 0D, dr= [ ar 6

for all t € [0,7]. Here we also used the chain-rule for subdifferentials (see [8,
Lemma 3.3]),
d
(O (w) (1) Alur = u0) (1)) r = (Opa(ua(t)), ix (1)) r = ealua(?)).
Moreover, note by uy —ug € D(A) C D(B) that

Js(t) = walln = | 1648 % = o)} 0

H

/0 0t —s) (%[k’ * (uy — uo)]) (s)ds
< 12, 0/ (€5 [1Blur — u) ()] (2),

H

which implies

1l o lun(t) = 3 < (€5 1B(un — uo) ()7) (2).

In particular, it follows that
' 2 Lo 2
A i 1ACux = uo) ()7 A7 + Z 1[50 1y 1ur(8) =t
1
+ 7 (CxlIBur = o) ()II7) (8) + pa(ua(®))

s¢ww+uwmmmH—umme—Almﬂmmﬂmdr

By simple calculation along with (4.4) and the fact that f € W2(0,T; H) <
C([0,T]; H), we obtain

t
A/ A (ux — o) (T)[I7 A7 + [lua(t) — uollZ
0

+ (€5 [1B(ux = uo)()lI7) (8) + ealua(t)) < C (4.6)

for any t € [0,7]. Convolving both sides with k and recalling that ¢ x k = 1, we
infer that

/0 | B(uy — uo)(7) |3 dr < C. (4.7)
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By comparison of terms in (4.1), it follows that

100 (un) [ = / 10a(ur(r)|l3 dr < C. (48)

4.3. Convergence of approximate solutions. From the preceding a priori es-
timates (4.4), (4.6)—(4.8), we assure, up to a (not relabeled) subsequence, that

Uy — U weakly in H,
0Py (uy) = & weakly in H,
AA(uy —ug) — 0 strongly in H,
B(uy — ug) — B(u —ug) weakly in H, (4.9)

which yields B(u — ug) + £ = f. Here we used the weak closedness of the linear
maximal monotone operator B in H to identify the limit of B(uy — uo).

We next show that (uy) forms a Cauchy sequence in H. Let uy and wu, be
solutions to (4.1) with parameters A and p, respectively, and set w = uy —u, €
D(A). By subtracting equations,

< (e w) (1) + Da(ua(t)) — Opuona (1)) = puf (6) — Nt (1)

Multiply both sides by w(t) and apply the so-called Komura’s trick (see, e.g., [8,
p.56]) to deal with the term (Opx(ux(t)) — Op,u(wu(t)), ua(t) — wu(t)) . Then it
follows that
d
(3 (=) O0)) < (O + A Ol) 0

H

n # (10 (us )12 + [0, (un())]1%) -

Moreover, note that

(%(k*w)(t),w(t)) :(%(k:n*w)(t),w(t) + hy,
1
2

where h,, is given by

ho(-) = (%[(lﬂ — k) * w](),w())H — 0 strongly in L'(0,T).

Here we used the fact that w = uy — u, € D(A). Moreover, note that

(ko Jullz) = S (ks o) strongly in }(0,7)
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due to the fact that ||w|3 € W1(0,T) and ||w(0)||3 = 0. Hence combining all
these facts and letting n — oo, one deduces that
1d
s K llwllz) (6 < (el @l + Mea@) ) o)
A+
—— 10ex(ur)IlZ + 119, (un (0)131)
for a.e. t € (0,7). Integrating both sides over (0, ¢) and employing (k* ||w||%)(0) =
0, we deduce that

+

1
5 (ko oll) (8) < (ull o+ Ml ) ol
A+
+ 2 (192 (n) [ + 109, (w,) ) for all ¢ € (0,71,

which together with (K), (4.4), (4.6) and (4.8) implies
lwl, < ¢ (Vii+ VA) + C(A+ ) = 0
as A, p — 0. Therefore (uy) forms a Cauchy sequence in H. Thus we conclude that
uy — u  strongly in H, (4.10)
which along with (4.8) implies
Jyuy — u  strongly in H. (4.11)
Due to the demiclosedness of maximal monotone operators, we infer that
u € D(O0P) and £ € 0P(u),
where ® : H — [0, 4+00] is defined by
B) = {wa(mdt it p(u()) € L'0.7),

, for weH,
+00 otherwise

and hence, by [8, Proposition 2.16],
u(t) € D(0p) and £(t) € Op(u(t)) for ae. t € (0,7).

Consequently, the limit u satisfies the relation,

%%*@—wﬂ@+8ﬂmm9f@inﬂ 0<t<T.

4.4. Energy inequality. We next prove (2.7) by recalling (4.5). By (4.10) and
(4.11), one can further take a (not relabeled) subsequence of (u,) and a set I C
(0,7T) satistying [(0,7) \ I| = 0 such that
ux(t) — u(t) strongly in H,
Jyur(t) — u(t) strongly in H
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for all t € I. Hence we have

1

3 (5 1B(ux = uo) ()1%) (8) + palua(t))

< o) + (F(), un(®)) s — (F(0), o) — / (F/(r), ur(r)) dr

> (o) + (F(1), u()) i — (F(0), o) — / (F(u(r)y dr — (412)

for all t € I. From the lower semicontinuity of ¢, it follows that

liminf @) (ux(¢)) > liminf p(Jyur(t)) > @(u(t)) for all t e I.
A—0 A—=0

Moreover, estimate the first term of the left-hand side from below as follows:

iyt (€ 1B = o) ) [) (0 = igaint [ 6(¢ = ) 1B(us = ) (7 o

> / Ut —7)IBu— o)D) dr  (413)
= (L% 1B(ur — uo) ()13 ()
for all t € I. Indeed, for each t € I, we find by (4.12) that
| Va8t = w7 = (€180 ) ) ) < €.

whence follows, up to a subsequence (which may depend on ¢ and will be not
relabeled), that

VAt — ) Bluy —ug) — ¢ weakly in L*(0,t; H)
for some ¢ € L*(0,t; H). We next identify the limit (. For any z € C°((0,t); H),
let us take & > 0 such that supp z C (9, — 0) and observe that

/Ot (\/e(t ") Blus — uo)(7), Z(T))H dr
— /;_6 0t — 1) B(uy — ug)(71), Z(T)) dr

_ /Ot (V=) Blu— u)(r), zm)H dr.

Here we used the fact that 0 < ¢(t — 7) < £(6) < 400 for 7 € (§,t — J). Thus
we deduce that ( = \/l(t — -) B(u — ug). Therefore, the weak lower-semicontinuity
of norm yields the inequality in (4.13). Combining all these facts, we derive (2.7).
Furthermore, repeating a similar argument to (4.6), one can also verify (2.6).
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4.5. Uniqueness and continuous dependence on initial data. In this sub-
section, we shall prove the uniqueness of solutions for (1.1). The uniqueness of
strong solutions has more of a significance for fractional gradient flows. Indeed,
in Definition 2.1, it is still not clear whether each solution satisfies the initial con-
dition u(0) = g (or u(04) = wg) in a classical sense (on the other hand, under
some additional integrability of ¢, one can check it. See Proposition 2.5). However,
the uniqueness ensures that each solution is uniquely determined by specifying an
initial datum as in (1.1).

Assume that fi, fo € L*(0,7;H) and ug1,up2 € H, and moreover, u; and
ug are strong solutions of (1.1) with (uo, f) replaced by (ug1, fi) and (ug2, fa2),
respectively, in the sense of Definition 2.1. Set w := u; — up and wy = up1 — ug2-
Then we observe that w —wy € D(B). Subtracting equations, we see that

% [k (w = wo)] () + Op(ur(t)) — Op(ua(t)) 3 f1(t) — fa(t) in H

for a.e. t € (0,7). Multiplying both sides by w and using the monotonicity of dyp,
one can derive

N —
SR

(K flw = woll7) (¢)
d

< (1)~ £t 0O — (5 0= ) = )] (0, 00) — w0 )

H

S CLAIURIDICRT

H

for a.e. t € (0,7"). The integration of both sides over (0,¢) implies

DO | —

(ko o — wolly) 1)
/ 1) = o) lallo(r) — wollg dr -+ || S [0k = k) » (w0 — wo)]

([F* (w = wo)|(t), wo) y + | = follLr s [woll

lw = wo[
H

for t € [0, T]. Here we used the facts that [k * (w — wp)](0) = 0 by definition and
(n o [[w(-) = woll7,) (0) = 0 by k, € WHH(0,T) C L(0,T) and [w(-) — wollZ €
LY(0,T). Recalling that k, — k strongly in L'(0,T) and B, (w —wq) — B(w —wy)
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strongly in H by w — wy € D(B) and using Fatou’s lemma, one obtains

=) 11(7) = oDl llw(T) = wollmr d7 + [[[k * (w = wo)}(t) |  [[woll &

+[1f1 = felloro,mm llwo |

(/\m, polar) ([ 1) —walfyar)

+3 (k s [lw — woll%) (8) + 1Kl a0 lwoll + 11 = Fallzro.smm lwolla
for a.e. t € (0,7). Hence the convolution of both sides with ¢ further yields that

1 T
5w = wly ae < 200001 — £l
+ 14 0y (1EN e lwollF + 11 = follpr o, llwoll 1)

whence follows (2.8). In particular, if up; = upo and f; = fs, it then follows that

T
&Anmm@azm

which implies w = 0, i.e., u; = us. This completes the proof of uniqueness.

4.6. Existence of a strong solution for f € L*(0,7; H). In this subsection,
we shall discuss existence of strong solutions to (1.1) for f € L2(0,T;H) and
ug € D(¢). Then one can take a sequence (f,) in W20, T; H) such that

fn — f strongly in H. (4.14)

Let u,, be the unique strong solution to (1.1) with f replaced by f,. Repeating a
similar argument as before, one can derive

T T
sup (k * |lu, — wol|;) (t) +/ o(un (7)) dr —i—/ |tn(T) — w3 d7 < C. (4.15)
t€[0,7] 0 0

Now, let us test (1.1) by B, (u, —ug) = (d/dt)[km * (u —ug)]. Then by Proposition
3.4, since ug € D(y), k, < 0 and k,, > 0, it follows that

d d d
(5 5 o = w0 0 U (=) 0)) 5 o (ol ) =

o) ] ()
< (Fale) 5y o s 20— )] )
(4.1

16)
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Here we note that (d/dt)[k,, * p(uo)](t) = kn(t)e(ug). Integrating both sides of
(4.16) over (0,t), we find that

/0 (% [k (wn, — uo)] (1), % [k * (tn — uo)] (T)> A7 + [k * o(un ()] (1)

< /0 t (fn(T),%[k:m*(un—uo)] (7)) dr + o (uo) /0 ()

Letting m — +oo and recalling that k,, — k strongly in L'(0,T), we deduce that

“l d
| o = o) ()
t d t
< / (fn(T), — [k * (u, — up)] (T)) dr + go(uo)/ k(r)dr (4.17)
0 de H 0
for all ¢ € [0,T]. Here we used the fact that B,,(u, — up) = B(u, — ug) strongly
in H and k,, * o(un(-)) = k * @(uy(-)) strongly in C([0,7]) as m — +oo by

U, — ug € D(B) and p(u,(-)) € L>*(0,T), respectively. By comparison of each
term in (1.1), it also follows that

T
AHMM@&SQ

where &,(t) is a section of dp(u,(t)) as in (2.1). Thus we obtain

H

2

; dr + [k: * gp(un())} (t)

Up — U weakly in H,
B(u, —ug) = B(u —uy)  weakly in H,
&n — & weakly in H,

which along with (4.15) ensures p(u(-)) € L'(0,T). Furthermore, by (2.8), we infer
that

Hun - umH’H S Can - fm”H — 0

as n,m — +o0o0. Thus we observe that (u,) forms a Cauchy sequence in H, and
therefore,
U, — u  strongly in H.

Hence by virtue of the demiclosedness of maximal monotone operators, we conclude
that u(t) € D(0p) and &(t) € Op(u(t)) for a.e. t € (0,7, and therefore, u solves
(1.1).

Finally, let us prove (2.4) along with (2.5). Recalling (4.16) with u, and f,
replaced by v and f and integrating both sides over (s, t), we infer that the function

.ﬂﬁ%:U%*@wwr—ﬂwnkﬂ—l(ﬂﬂl%w—wMﬂth

is nonincreasing and F,,(0) = 0. Then by Helly’s lemma, one can take a nonin-
creasing function F : [0,7] — [—o0, 0] such that

Fn(t) = F(t) forall te€]|0,T].
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Then F is differentiable a.e. in (0,7"), and moreover,
t
/ I1B(u — o) (7)||3, dr + F(t) < F(s) forall 0<s<t<T,

which together with the arbitrariness of s,¢ implies

d
1B(u — uo) ()| + E}_(t) <0 forae. te(0,7).

On the other hand, by ¢(u(-)) € L'(0,T) and u —uy € D(B), one can observe that

Fnlt) =[x (p(ul) = luo)) | 1) - / (F(r). Bu—uo)(7))y dr (4.18)

for a.e. t € (0,7). Thus F is finite on [0,7] and (2.4) and (2.5) follow. As for
the case that f € WH2(0,T; H), since p(u(-)) belongs to L>(0,T), it follows that
km * p(u(+))) = k * @(u(-)) strongly in C([0,7]) by using (K), and hence, (4.18)
holds for each t € [0, T]. This completes the proof of Theorem 2.3. O

4.7. Proof of Corollary 2.7. Let (f,) be a sequence in C*°([0,T]; H) such that
fo— f strongly in H (4.19)

as n — 4o00. Moreover, let uy be strong solutions on [0, 7] of the approximate
problems (4.1) with f replaced by f,. Asin [11], convolve (4.1) with ¢ and rewrite
it by (K) as a Volterra equation,

Uy + ANk uy = ug + ATHx Jyuy AN * (fo — M), Ty = (1 ADp)

whose solution u), can be also represented in terms of the resolvent kernel r &€
LL ([0, 400)) of A1 and s € W21 ([0, +00)) satisfying

loc loc
r+ A ) xr =2 s+ (AN W) xs=1

as
uy = sug + 1 x [Jyuy + A (fo — Au))]. (4.20)

Here we recall by (2.9) that » > 0 and s > 0 a.e. in (0, +00) for any A > 0 (see [11]).
Let us denote by u; » the approximate solution corresponding to ug,; and f;, for
i = 1,2. The subtraction of equation (4.20) for u; y, ug ) implies

|ura(t) — w2\ (t) |z
< slluog — woplla + (7 * [Juix — o) (8) + A (r* || fim — foulla) ()
+ A2 (o [Juy y — uhylle) (2)
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for all t € [0,7]. Here we used the non-expansivity of the resolvent J) in H.
Convolving the above with A™'¢ and adding it to the original one, we deduce that

Jura(t) = ug a ()l + A1 (€ Jlugy — upallar) ()

< (s+ A xs)|luog —wopllm + [(r+ AT xr) * |Jury — usn||m] (2)
A [(r+ AT r) x| i — fonllm] (£)
HN [+ AT ) )y — ] (1)

< luon = woallar + A7 (Cx [lurx —uanllm) () + (C* | fin — fonllm) (2)
+A (g * HU/IA - ulz,\“H) (t).

As we have seen so far, by letting A — +0, it holds that u; x — wu;, and Au;, — 0
strongly in H where u;, is the unique solution to (1.1) with uy and f replaced by
ug; and f;, for i = 1,2. Thus noting that £ ||u} , —u) ||z is bounded in L*(0,T),
we obtain

w10 (t) = w2 ()|lm < [Juon — wopllar + (€% || frn — fonlla) (F)

for a.e. t € (0,T) and all n € N. Furthermore, by virtue of (4.19), one can check
that €| f1., — fonlla — €% || f1 — fo|lu strongly in L?(0,T). As in §4.6, for i = 1,2,
we can verify that
Uipn — u;  strongly in H

where u; is the unique strong solution of (1.1) with ug = ug; and f = f; on [0, 7],
as n — +o00. Thus we obtain (2.10) for a.e. t € (0,T). In particular, if £ € L?(0,T),
then we deduce by Proposition 2.5 that u € C([0,T]; H). Thus (2.10) holds for all
t € [0,7], and the family of operators S(t) : ug € D(p) — u(t) € D(p), where u(-)
is the unique strong solution to (1.1) with the initial datum wug, for ¢ € [0, 7] forms
a non-expansive solution operator in H. [

4.8. Proof of Theorem 2.8. This subsection is devoted to a proof of Theorem
2.8. One can take sequences (f,,) and (ug,,) in W'2(0, T; H) and D(y), respectively,
such that

fon— f strongly in L*(0,T; H) and wug,, — uo strongly in H (4.21)

as n — 4o00. Let u, be the unique solution to (1.1) with f and wug replaced by f,
and ug ,,, respectively. We also denote by &,(t) the section of dp(u,(t)) as in (2.1).
Fix vy € D(¢p). Testing (1.1) with f,, and ug,, by u, — vo, one can derive

1 1

3 (= w0al3) 0+ 5 [ Flhualr) = woallrdr + [ plun(r)ar

t
0

< tp(vo) + / (fa(7), un(T) = v0) g AT = ([k % (un — uon)](1), w0 = v0)yy  (4.22)

for all £ € [0, 7). As in §4.2, one can verify

T T
sup (k * |lu, — uonll) (t)+/0 o(uy (7)) dT+/0 |tn (7) =13 dr < C. (4.23)

te[0,7
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Multiply (1.1) with f,, and w, by By, (u, — uo,) and employ Proposition 3.4 to
observe that

(B(un = tton) (£), B (1n — 10,0) (1)) + %[km x o(un(+))] (1)

< (fn<t)’ By (uy — uO,n)<t>)H — k(1) [(un(t) — Uo,n; fn(t»H - @(un(t))}
< (fu), B (= 10.0) (1)) 1 = Fn ()" (€n (1)) + o (][t nl |12 11€n (8) | 22-

Here we employed the Fenchel-Moreau identity, ¢*(&,(t)) = (un(t), &0 (8)) m—p(un(t)).
Moreover, we recall that ¢* is affinely bounded from below (see, e.g., [4]), i.e., there
exists a constant ¢y > 0 such that ¢*(&) > —co(||¢]|g + 1) for any & € H. Multi-
plying both sides by ¢ and integrating both sides over (0,t), we deduce that

/0 T(B(un — o) (T), B (n, — uom)(T))H dr + t[km * gp(un())] (1)
< /0 [km * gp(un())} (1)dr + /0 T(fn(T), B (w, — Uo,n)(T))HdT

el [ () e+ (oalln +0) | (Dl Oldr. @20

Here, recalling the definition of k,,, that is, k,,(t) +m(l * k,,)(t) = m, one finds by

(K) that
o (t) < <% +/Ote(s) ds)_l,

-2

thn(t)? <t (/Ot (s) ds) =: h(t) € L'(0,T)

by assumption. Hence by passing to the limit in (4.24) as m — +00, we obtain

/0 T11B(un — o) ()13 A7 + £ [k % (un ()] (t)

whence follows

t

< [ Br e E)ar+ [ (1) B~ w0a) 7))

t 1/2
1/2
+ Tl + (ol + o) [B1220 ( [ e dT)

for all ¢ € [0, 7). Thus by (1.1), it follows that

5 | 7B = w0, () dr i ()] )

T
< 1kl o / o(un() dr + Tkl 210y
0

t
+CU TN a1 dr + (luomllar + co)” 1Al 1om | (4.25)
0
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which along with (4.23) and boundedness of f,, and g, in H and H, respectively,
yields

/0 7 ||1B(u, — uOH)(T)H?{ dr + sup (t [k‘ * cp(un())] (t)) <C. (4.26)

te[0,T

By (1.1) again, it further follows that

T
/0 FlEa ()3 dr < C.

Thus we obtain
tY2B(u, — upn) — 7 weakly in H,
t1/2¢, — €  weakly in H (4.27)

for some 7, € H. On the other hand, by virtue of (2.8), (u,) forms a Cauchy
sequence in H, and therefore,

U, = u  strongly in H. (4.28)

Hence by virtue of the demiclosedness of maximal monotone operators, as in §4.3,
we can conclude that u(t) € D(dp) and t=1/2£(t) € dp(u(t)) for a.e. t € (0,T). To
be more precise, we may replace (0,7") by (6,7 for each § € (0,7") throughout the
argument of §4.3 and note by (4.27) that &, — t~'/2¢ weakly in L?(6,T; H). Then
one can identify the limit £(¢) for a.e. t € (,7") and finally employ the arbitrariness
of 4.

Now, we observe that, for any w € C'°(0,T),

T T
/B(un—uo,n)(t)w(t)dt /tl/zB( — g, ()t Pw(t) dt
0
— / tY2w(t)dt  weakly in H.

On the other hand,

T
/ Bl — u.0)( / o)) (£ () dt
0
T
- — / [k * (u—up)] (H)w'(t)dt  strongly in H.
0

Thus

d
T [k * (u — ug)]

in the distributional sense. In particular, it follows that 7(t) = t'/2(d/dt)[k * (u —
up)](t) for a.e. t € (0,T).

t*1/277 _
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We next improve the regularity of the limit u. To this end, let us recall (4.22)
again and pass to the limit as n — +00. We here note that

H (k * [Jup — UO,nH%{) (t) — (k * [lu — UOHJ%I) (t)HD(O’T)

¢
< Hk‘IILl(o,T)/O [l (7) = wonlly — u(r) = uoll3| d7
< k[0, 1un — w —tomn + uoll#llun +u — won — uollz — 0,
which implies, up to a subsequence, that
(k * |Jun — uonllFy) (£) = (k* |lu —uol|7;) (¢t) for ae. t € (0,T).
Hence by virtue of (4.28) and Fatou’s lemma, we deduce that

1

3 (b Ju=woll) 0+ 5 [ KOG =~ wlfydr + [ otutr)ar

< to(vg) +/0 (f(m),u(T) — o)y AT — ([k * (u — uo)](t), uo — vo) 5

for a.e. t € (0,T). In particular, it also holds that k * ||u — ugl|%, € L>(0,T),
k()u(-) —uol|? € L'(0,T) and o(u(-)) € L*(€2). Furthermore, we observe that
([k # (1 = )] (), w0 = v0) < [[KII; T Ok # [l = wol[3) (8)/* o = vol -
Thus one can take a set I C (0,7) such that [(0,7)\ I| =0 and
1 ) 1 t ) t
k=l 0+ 5 [ E@lur) — ol dr + [ () dr
0 0

t
< typ(vo) +/ (f(7),u(r) = vo) gy A7 + [[Ell 10|10 — ol
0

for all ¢ € I. Therefore for any sequence (s,) in I converging to 0, it follows that
(k * ||lu — uol|%)(sn) — 0, whence follows that [k * (u — ug)](s,) — 0 strongly in H.
On the other hand, since h(t) := tY/2[k % (u — ug)](t) belongs to W' (0, T; H) for
any r € (1,2), we observe that

dr

H81/2[k} * (u = u)](s) — t"°[k * (u — UO)](t)HH S /ts .

< ||dh/d7| Lo msm s — M,

dh
E(T)

where ' = r/(r —1) > 2, for any 0 <t < s <T. Now, let (¢,) be a sequence in
(0,T") such that t,, — 0. Then one can take a sequence (s,) in I such that

0< s, —t, <t
and hence,
[[(sn /) 21k % (u = wo)] (50) — [k * (u — o) (t)]| ;; < AR/t Lror iyt

Accordingly, we deduce that k % (u — ug)(t,) — 0 strongly in H.
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Finally, if £ € L?(0,T) and (2.9) is fulfilled, then thanks to Corollary 2.7 we have

sup |[un(t) — um ()|l < lluon = womlla + €20l fn = frmlle = 0
te[0,T
as n,m — +oo. Consequently, u, converges to u strongly in C([0,7]; H) as n —
+00, and moreover, u satisfies the initial condition u(0) = wo in the classical
sense. 0

5. LIPSCHITZ PERTURBATION PROBLEM

This section is devoted to discussing well-posedness of the following Lipschitz
perturbation problem for (1.1):

%M*W—UMQwam@y+ﬂumm9f@inH,0<t<ﬂ (5.1)
where F': [0,T] x H — H satisfies:

(L): The function ¢t — F(t,w) is strongly measurable on (0,7") with values
in H for each w € H, and moreover, there exists L > 0 such that

£t u) = E@,0)lln < Lilu = vllu

for all u,v € H and for a.e. t € (0,T). There exists u, € L*(0,T; H) such
that the function ¢ — F(t,u.(t)) belongs to L?(0,T; H).

Then it follows that
|F(t,u)||lg < Lljullg + p(t) forall we H and a.e. t€ (0,7),

where p(+) = Llu.()||g + [[F(-,u.(-))|lz € L*(0,T), and hence, the mapping
u + F(-,u(-)) turns out to be Lipschitz continuous in L?(0,7T; H). Our result
reads,

THEOREM 5.1 (Lipschitz perturbation). Assume that (K) and (L) are satisfied.
Then for any f € L*(0,T; H) and uy € D(p), the Cauchy problem (5.1) admits a
unique strong solution uw € L*(0,T; H) on [0,T].

Before proving the theorem above, we remark that a standard extension strategy
(i.e., a local (in time) solution is first constructed and then extended onto an
arbitrary interval) cannot be applied to construct a global (in time) solution for
(5.1). Indeed, the concatenation of two solutions may not solve the equation due
to the nonlocal nature of (5.1). Here we shall set up a weighted function space in
order to construct a global solution directly.

Proof. Let ;1 > 1 be a number which will be determined later. Set X := {w €
L*(0,T; H): |[w|x < +oc}, where || - ||x is given by

Jw]|% = esssup [ewt (lﬂ * |’wH12q) (t)] for we X.
te(0,T)
Then, we find that (X, - ||x) is a Banach space (see Appendix C). Now, define a

mapping S : X — X by
S()=u for veX,
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where u stands for the unique solution of the Cauchy problem

% ek (1 — uo)] (1) + dp(u(®)) 5 f(t) — F(t,v(t)) in H, 0<t<T. (5.2)

By (L), we infer that F(-,v(-)) € L*(0,T;H) for v € L*(0,T; H). By Theorem
2.3, (5.2) admits a unique solution u € X on [0,T] for each v € X, and therefore,
S : X — X is well defined. We next prove that S is a contraction mapping in X
by choosing 1 > 0 large enough. To this end, let vy, v, € X and set u; = S(vq) and
us = S(v9). Subtracting equations and testing it by u; — us € D(B), we deduce
that

* (kx o —wslfy) (1) < L / lon(7) — wa(r) s () — a7 e b

for all ¢t € [0,T]. Now, let us recall by (K) that
/th(T) dr = ({xkxh)(t) for h e L*0,t).
0
Moreover, note that
(0% k*h)(t) = e /0 t 0t — 7)e MNe T (kx ) (1) dT.
Then
(K [lur = uall7) ()

¢
< 2Le“t/ 0t — T)e_“(t_T)e_‘” [k * (|lvg — vo| g ||ur — uz||)] (7) d7
0

t
< 2Lt / 0t — m)e e (ko oy — val3)" (7) (% lus — wal%) ' (7) dr
0

for all ¢ € [0,7]. Here we used the fact by Holder’s inequality that
hs (FG) < (hs F2)Y2(h« G?)1/?

for nonnegative functions h € L'(0,t) and F,G € L*(0,t). Therefore by Young’s
inequality, we deduce that

sup (e (k * [luy — usll%) (1)]
te[0,7

T
< 2L (/ (T)e M dT) ess sup [e_’” (k * ||vg — ng%{)l/Q (1) (k * ||up — qu%I)l/z (T)]
0

7€(0,T)

1/2 1/2
<2La, (ess sup [e_’” (k: * ||vg — vg||§{) (7’)]) < sup [e_‘” (k * ||up — u2||?{) (7')}) ,

7€(0,T) T€[0,T

where a,, is a positive constant given by

T
a, = / Ur)e ™ *"dr — 0, as pu— +oc.
0
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Thus

sup [e_’” (k: * |lug — u2]|§{) (7')} < 4L2ai ess sup [e“” (k * |lug — v2||§{) (7')] :
T7€[0,T 7€(0,T)

Now, choosing p > 1 large enough, we find that
4L%a? < 1.

Therefore S : X — X turns out to be a contraction mapping. Thanks to Banach’s
contraction mapping principle, we conclude that S possesses a unique fixed point
u, that is, S(u) = u. Equivalently, u solves (5.1) on [0,7]. The uniqueness also
follows from the contraction property. O

The argument of the proof above can be also applied to derive a continuous
dependence of strong solutions for (5.1) on prescribed data. Indeed, let ug 1,2 €
D(y) and let fy, fo € L*(0,T; H). We denote by u;,uy the unique strong solutions
of (5.1) with ug = w1, up2 and f = fi, f2, respectively. As in the proof of Theorem
5.1, setting w := u; — ug, Wy := up;1 — Up2 and g := fi — fo, subtracting equations
for u; and wuy and multiplying it by w, for any K > 0, one can verify that

(K s [lw — woll3) (2)

< o [ ol e+ (52 [l ar— (e - wo)] (.0)

N —

H

for all ¢ € [0, T]. Moreover, we have
(K llw — woll3) (£)
< K ! /t llg()||3; A7 + (K + 2L) et /t ot — T)e’“(t’T)e”” (k * HwH%{) (1)dr
0 0
+ 20kl ol (B aol[30) 2 (8) + 211k o, o 1

t
<K~ / lo(r)li dr + (K +2L) ey sup {77 (k+ Julli) (7))
0 T7€|0,

1/2
+ 20kl o lwoll i (K = wl3)2(8) + 201kl 2 0.1 llwol
which implies

1

5 (k) )

t
§K1/0 lg()Iff; dr + (K + 2L) e"a, sup [e7 (kx |[w]}) (7)]

T€[0,T]

1/2
2kl 1 o Lo (K N[5 (2) + 31Kl o1 lwol -
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Therefore choosing p so large that (K + 2L)a, < 1/4, we deduce that

1 supT [e™ (k * [lw]%) ()]

4 rcpo1)
T 1/2 1/2
< K1/0 Hg(T)HIZLI d7+2”kHL1(07T)Hw0HH 81[(1)12[] [e*MT (k* HwH%{) (7-)}
T7€|0,
+ 3[& L0,y lwo 7, (5.3)

which ensures the continuous dependence of strong solutions u for (5.1) on initial
data ug and f.

REMARK 5.2 (Smoothing effect). As in Therefore 2.8, under (2.11), one can verify

that, for any f € L?(0,T; H) and ug € D(p) , the Cauchy problem (5.1) possesses
a function v € L?(0,T; H) satisfying similar conditions to Theorem 2.8. In addi-
tion, if ¢ € L?(0,T) and (2.9) is fulfilled, then v € C([0,T]; H) and u(0) = wug.
Indeed, let (ug,) be a sequence in D(y) such that ug,, — wug strongly in H. For
n,m € N, we denote by u,, u,, the unique strong solutions of (5.1) with initial data
Uo 1, Uo,m, Tespectively. By (5.3), we obtain

sup e (k* |lup, — unll3) (T)] = 0 as n,m — +oo,

T7€[0,T
which also yields that (u,) forms a Cauchy sequence in L?*(0,7; H). Therefore

u, — u strongly in L?*(0,T; H). The rest of proof runs as in the proof of Theorem
2.8, since F (-, u,(+)) = F(-,u(-)) strongly in L*(0,T; H).

6. APPLICATIONS TO FRACTIONAL PDES

In this section, we shall apply the preceding abstract results to time-fractional
nonlinear parabolic equations. For simplicity, we shall treat only Dirichlet prob-
lems, however, one can also apply the results to other boundary conditions, e.g.,
Neumann, Robin and nonlinear boundary conditions such as

—0yu € f(u) on 09,

where 9( is the boundary of a domain  C R¥, 9, stands for the normal derivative
and f is a maximal monotone graph in R and which is derived from a Stefan-
Boltzmann radiation law. On the other hand, one need to pay careful attention
to consider other boundary conditions (e.g., Neumann problem) for time-fractional
porous medium / fast diffusion equations (see §6.2).

Let Q be a domain of RN and let 7 > 0. We denote by 87 the Riemann-Liouville
time-fractional derivative defined by

OFuent) = 0w i) () = 0 ([ hatt = oot s)as)

where kg is a kernel given by (1.3), 0 < f < 1 and ks fulfills (K) with the conju-
gate kernel £z given by (1.3). Moreover, it is known that kg is of class K'(3,7/2)
(see [51]). Furthermore, (2.11) also holds for any 0 < 5 < 1. Subsections 6.1 and
6.2 are devoted to time-fractional p-Laplace parabolic equations and time-fractional
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porous medium and fast diffusion equations, respectively. These time-fractional
nonlinear problems have already been treated in [50], where optimal decay esti-
mates are provided without ensuring existence of solutions (see also [52]). Fur-
thermore, in Subsection 6.3 we shall also handle a time-fractional variant of the
so-called Allen-Cahn equation, which is an L*-gradient flow of a (possibly) non-
convex free energy functional and describes various phase-separation phenomena.
We also emphasize that there are much more applications of the preceding ab-
stract results to nonlinear PDEs with time-fractional derivatives, as the classical
Brézis-Komura theory does to those with the standard time-derivative.

6.1. Time-fractional p-Laplace parabolic equation. This subsection is con-
cerned with time-fractional parabolic equations involving the so-called p-Laplacian
given by

Apu = div (|[Vul'?Vu), 1<p<+oo.
Let us consider the Cauchy-Dirichlet problem,

O (u—up) —Apu=f inQx(0,T), (6.1)
u=0 indQx(0,7), (6.2)

where 1 < p < 00,0 < <1and uy = up(z) and f = f(x,t) are given. In order
to apply Theorems 2.3 and 2.8, we set H = L*(Q) and
o(w) = {% Jo IVw(@)Pde — if w e WP (Q) N LX(Q),

) (6.3)
400 otherwise.

Then ¢ is proper, lower semicontinuous and convex in H with D(p) = Wy(Q) N
L*(€2), and moreover, dp(w) coincides with —A,w equipped with the homogeneous
Dirichlet boundary condition for w € D(dp) = {w € Wy *(Q) N L3(Q): — A,w €
L*(Q2)}. Hence the Cauchy-Dirichlet problem (6.1), (6.2) is reduced to the evolution
equation (1.1). Therefore Theorems 2.3 and 2.8 ensure

THEOREM 6.1. For any f € L*(0,T; L*(Q)) and ug € Wy P(Q)NL*(Q), the Cauchy-
Dirichlet problem (6.1), (6.2) admits a unique L*(Q) solution v = u(z,t) such that

LH0=29000(0, T3 LA(Q) if B € (0,1/2),

U E Ny LP®(0,T5 L3(Q))  if B=1/2, (6.4)
C([0,T]; L2(2)) if pe(1/2,1),
we LP(0,T;WyP(Q), u—uye HY?0,T; LAQ)), (6.5)
Ayu € L*(0,T; L*()). (6.6)
For any ug € L*(Q), there exists a function v € L*(0,T; L*(Q)) solving (6.1), (6.2)

almost everywhere such that u € LP(0,T; Wy P()), tY2Au € L*(0,T; L*(R)),
1207 (u — up) € L2(0,T; L*(Q)) and [ks * (u — up)](t) — 0 strongly in L*(Q) as
t = 04. In addition, if B > 1/2, then v € C([0,T]; L*(Q)) and u(+0) = ug in
12(9).
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6.2. Time-fractional porous medium and fast diffusion equations. In this
subsection, we shall deal with time-fractional porous medium and fast diffusion
equations,

07 (u—up) — A (Jul"u) = f inQx(0,T), (6.7)

u=0 in0Q x (0,7), (6.8)

where 1 < m < 00, 0 < f < 1 and uy = wup(x) and f = f(x,t) are given.
Throughout this section, we assume that the Poincaré inequality holds (e.g., €2 is

bounded). Then the Laplace operator —A : Hj(Q2) — H~*(Q) is invertible. We
set

H= HYQ). p(w) = % fQ lw(z)|™de if we L™(Q)N HY(Q),
’ +00 otherwise

equipped with the inner product (u,v)y = (u, (—A)_lv>Hé(Q) for u,v € H. Then
D(¢) = L™(Q) N H~1(Q2), and moreover, for any w € D(dp) = {w € L™(Q) N
H7YQ): Jw|™ 2w € H ()}, it holds that

f=0¢(w) ifandonlyif (—A)'f=|w/™ *w.
Thus a weak form of (6.7), (6.8) is rewritten as (1.1) (see [9] for more details).
Hence by virtue of Theorems 2.3 and 2.8, one obtains

THEOREM 6.2. For any f € L*(0,T; H'(Q)) and ug € L™(Q) N HY(Q), the
Dirichlet problem (6.7), (6.8) admits a unique H'(Q) solution v = u(x,t) such
that

LA/O=20022(0, T H7H(Q))  if 8 €(0,1/2),

UE Q Mpeoo L0, T; HY(Q))  if B=1/2, (6.9)
C([0,T]; H~1(2)) if Be(1/2,1),

we L™0,T; L™(Q)), |ul™u e L*(0,T; Hy(52)), (6.10)

w—ug € HP?(0,T; H(Q)). (6.11)

For any ug € H™Y(Q), there exists a function v € L*(0,T; H-*(Q)) solving (6.7),
(6.8) almost everywhere such thatu € L™(0,T; L™(S2)), t'/2|u|™%u € L*(0,T; H}(Q)),
11207 (u — wo) € L*(0,T; H(Q)) and [ks * (u — u)](t) — 0 strongly in H~'(Q)
ast — 0,. In addition, if B > 1/2, then u € C([0,T]; H *(Q)) and u(+0) = uq in
H71(Q).

Furthermore, we can also apply the abstract results to fractional variants of
Stefan problem as well as obstacle problem.

6.3. Time-fractional Allen-Cahn equation. In this subsection, we shall con-
sider a time-fractional variant of the Allen-Cahn equation,

O’ (u—up) — Au+W'(u)=f inQx(0,7T), (6.12)

u=0 1in9dQ x (0,7), (6.13)
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where W : R — R is a double-well potential satisfying a \-convezity,
W e C*R), W"(s) >\ forall seR (6.14)

for some A € R. One can assume W (0) = 0 without any loss of generality. Here we
shall treat only the case A < 0, where the double-well potential may not be convex.
Then one can rewrite W into the difference of two convex parts,

o= (vo-39)- (-2)

Here we note that the first-term of the right-hand side is convex. Hence we set
H = L*(Q) and

o) = { 3 Jo V@) Pdr+ o (W(w@) = 3lu@)P) do i we D), o\
—+00 otherwise,
where D(p) = {w € HNQ): W(w(-)) € LY(2)}. Then dp(w) coincides with
—Aw + W' (w) — Aw for w € D(9p) = {w € D(p) N H*(Q): W'(w(-)) € L*(Q)}.
Moreover, set
F(t,w) == v forw € H.

Then the Cauchy-Dirichlet problem (6.12), (6.13) are reduced to (5.1), and there-
fore, by Theorem 5.1 and Remark 5.2 we assure that
THEOREM 6.3. For any f € L*(0,T; L*()) and uy € H}(Q) satisfying W (ug(-)) €
LY(Q), the Dirichlet problem (6.12), (6.13) admits a unique L*(Q) solution u =
u(x,t) such that

LA/0=20022(0, 75 L2(Q)) i B € (0,1/2),

U € { Npeoo LP=(0,T; LA(Q))  if B=1/2, (6.16)
C([0,T); L*()) if Be(1/2,1),
we L¥0,T; HY(Q) N H*(Q)), u—uy e HY?(0,T; L*(Q)). (6.17)

For any uy € L*(QY), there emists a function u € L*(0,T; L*(Q)) solving (6.12),
(6.13) almost everywhere such that w € L*(0,T; H3(Q)), W(u) € L'(Q x (0,T)),
12 A, tV2W(u) € L2(0,T; LA(Q)), tY200 (u — ug) € L2(0,T; L*(Q)) and [ks *
(u — ug)](t) — 0 strongly in L*(QY) as t — 0,. In addition, if B > 1/2, then
u € C([0,T]; L*(Q)) and u(+0) = ug in L*().

APPENDIX A. PROOF OF (2.2)

We shall verify (2.2). By Lemma 3.3, we derive that

(jt [k * (u — ug)] (t),u(t) — uO)

H

(jt[k o <t>,u<t>—uo)H+hn<t>
> 2 (b = o) (1) + ko) u(t) —wolly + (), (A1)
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where h,, € L'(0,T) is given by

at) = (% (e — k) (0 — o)) (), ut) — u)

As u—ug lies on D(B), it follows that h,, — 0 strongly in L'(0, T'). Hence integrating
both sides of (A.1) over (0,t) and passing to the limit as n — +o00, one deduces
by Fatou’s lemma that

H

1 9 1 [t 9
5 (k * |lu — uOHH) () + 5/0 E(T)||u(T) — ugl|7 dr

< /Ot (5—7 [k (u—up)| (1), u(r) — uO)H dr

for all t € [0,7]. Thus (2.2) follows.

APPENDIX B. PROOF OF (2.3)

Let k be given by (1.3). We start with the case 5 € (0,1/2). Convolve both

sides of (2.1) with ¢. Then it follows by (K) that
u—ug=Lx(f=¢), &§€dpu())
Note that F = f — ¢ € L%*(0,T; H) by Definition 2.1 and £(t) = t°~1/T'(8) be-
longs to Lﬁ"”(o, T) (hence, their zero extensions F and ¢ outside [0, 7] belong to
1

L*(R; H) and LT™7"*(R), respectively). By weak Young’s inequality (see, e.g., [46,
§IX.3] and [21, Theorem 1.2.13]), one obtains

=0l e g gy = 164

= [|£= F|’L1*2B’OO(R~H)
S Collll 2 e g 1 2y = Csllell 1 o 1 220,10

for some C3 > 0. Thus it in particular yields u € Lﬁ’oo(O,T;H). Concerning
the case 8 = 1/2, since £ € L*>(0,T), according to the argument above, we have
u € LP>(0,T; H) for any p € [1, 00).

ApPPENDIX C. COMPLETENESS OF (X, - x)

Let (wy,) be a Cauchy sequence in (X, - ||x). Then we observe that
Jwy, — w3 = e (k* [wa(-) — wn()||7) (¢)  for ae. te(0,T).

Convolving both sides with ¢, we have
t
(0 * ") (t)||wn — w3 > / |wn(s) — wp(s)||% ds  for all ¢ e [0,T).
0

Hence (w,,) is a Cauchy sequence in L%(0,7T; H) as well, and therefore,

w, — w strongly in L*(0,T; H). (C.1)
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On the other hand, note that

¢
||wp, — wm||g( = esssup {e_“t/ k(t — s)||wn(s) — wm(s)qu ds}
0

te(0,T)
2

> e[| VT 0l ~ VR shn ) s,

which implies that \/k(t — )w,(-) — f strongly in L?(0,t; H) for some f €
L?(0,t; H). By (C.1), we obtain f(s) = \/k(t — s)w(s) for a.e. s € (0,t). Thus we
deduce that

E(t — Yw,(-) = VE(t —)w(-) strongly in L*(0,t; H) (C.2)

for a.e. t € (0,7).

Since (w,,) is a Cauchy sequence in X, for any € > 0 there exists Ny € N such
that, for all n,m € N, if n,m > Ny, then

t
ess sup {e”t/ E(t — s)||[wa(s) — wm(s)|[3 ds| < g/2.
0

te(0,7)

Hence letting m — +oo and employing (C.2), we have, for all n > Ny,
t
e_“t/ k(t — s)||wn(s) —w(s)||} ds <e/2  forae. t € (0,T),
0
which implies

t
ess sup [e_“t/ k(t — s)||wn(s) —w(s)||} ds| < e.
0

te(0,T)

Thus we have proved that (X, | - ||x) is complete.
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