arXiv:2012.05518v2 [math.AP] 3 Sep 2021

AN EXTENDED VARIATIONAL THEORY FOR
NONLINEAR EVOLUTION EQUATIONS VIA MODULAR SPACES

ALEXANDER MENOVSCHIKOV, ANASTASIA MOLCHANOVA, AND LUCA SCARPA

ABSTRACT. We propose an extension of the classical variational theory of evolution equations that
accounts for dynamics also in possibly non-reflexive and non-separable spaces. The pivoting point
is to establish a novel variational structure, based on abstract modular spaces associated to a given
convex function. Firstly, we show that the new variational triple is suited for framing the evolu-
tion, in the sense that a novel duality paring can be introduced and a generalised computational
chain rule holds. Secondly, we prove well-posedness in an extended variational sense for evolu-
tion equations, without relying on any reflexivity assumption and any polynomial requirement on
the nonlinearity. Finally, we discuss several important applications that can be addressed in this
framework: these cover, but are not limited to, equations in Musielak—Orlicz—Sobolev spaces, such
as variable exponent, Orlicz, weighted Lebesgue, and double-phase spaces.

1. INTRODUCTION

In this paper we deal with evolution equations on a Hilbert space H in the form
Ou+ A(u) > f, u(0) = ug, (1.1)

where A := 0y is the subdifferential of a proper, convex, and lower semicontinuous function
p: H — (—00,+00]. Moreover, f: (0,T) — H is a prescribed forcing term, with 7" > 0 being the
final reference time, and the initial datum wg is given in H.

From the mathematical perspective, nonlinear evolution equations in Hilbert or Banach spaces
have been extensively investigated in the last decades. Starting from the pioneering literature of
the 70s, for which we refer the reader to Barbu [6, Ch. 4], their study represents nowadays one
of the most flourishing fields of modern mathematical analysis, with applications ranging from
partial differential equations to functional analysis. In this regard, we point out the contributions
[20,21,26,68,69] on doubly nonlinear evolution equations, and [3,4,57| on variational principles, as
well as the references therein. Well-posedness for equations in the form (1.1) has been tackled in
several frameworks, and various concepts of solutions have been proposed. The specific regularity of
the solutions strongly depends on the assumptions on the initial datum uy and the forcing term f.

The most classical (and the strongest) assumption on the initial datum is that ug € D(A), where
D(A) stands for the effective domain of the maximal monotone operator A on H. In this framework,
existence of strong solutions for (1.1) has been thoroughly studied in the Hilbert case in relation
to the nonlinear extension of the celebrated Hille—Yosida theory: this was first accomplished by
Komura [43] and then the result was well reviewed in the monograph by Brezis [13], not necessarily
requiring A to be cyclically monotone. More in detail, the corresponding homogeneous equation
(i.e. with f = 0) admits a unique strong solution u, in the sense that u € W1>°(0,T; H) and
the differential inclusion (1.1) is satisfied almost everywhere on (0,7'). In the nonhomogeneous
case, existence of strong solutions in W1°°(0,T; H) is ensured if the forcing term satisfies at least
f € BV(0,T;H). In the special case of subdifferential operators A = Jyp, existence of strong
solutions in WP (0,T; H), for p € [2,400), is ensured if f € LP(0,T; H). Here, the proof can be
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based on a regularisation and passage-to-the-limit procedure based on a Yosida-type approximation
of the operator A.

However, in several situations the assumption that the initial datum belongs to the domain of
A is too restrictive. In this direction, weaker concepts of solution have been proposed in order
to give appropriate meaning to equation (1.1) in more general frameworks. In this direction, the

initial datum can be required to satisfy only ug € D(A), the closure in H of the domain of A, and
the forcing term is only taken as f € L'(0,7; H). Under these condition, in Brezis [13] existence
and uniqueness of a weak solution u € C°([0,T]; H) is proved, in the sense that there exist some
sequences of data (ug ., fn)n C D(A) x LY(0,T; H) and a sequence of respective strong solutions
(un)n € WHL(0,T; H), satisfying (1.1) for every n € N, and such that, as n — 0o, ug, — ug in H,
fn — fin LY0,T; H), and u, — u in CY([0,T]; H). This concept of weak solution is certainly
satisfactory, as it allows to give sense to the equation in more general settings, and it generalises
the notion of strong solution. Furthermore, whenever A is cyclically monotone with A = 0y, every
weak solution is also a strong solution as soon as ug € D(dyp) and f € L*(0,T; H), for example.

Alternative concepts of weak solutions have been proposed and studied, also for evolutions in
Banach spaces, especially relying on the notion of mild and integral solutions. In this direction, the
reader can refer to the classical pioneering works by Bénilan [10], Bénilan & Brezis [11], Crandall
& Evans [22], Crandall & Liggett [23], Crandall & Pazy [24,25], Kato [40,41], and Komura [44,45].

One of the main drawbacks of the above-mentioned notion of weak solution is that the differential
inclusion f — dyu € A(u) is not explicitly specified. More precisely, for weak solutions u the
meaning of the differential inclusion is somehow passed by: although u is obtained as limit of
suitable approximations (strong solutions, time discretisation, etc.), each one solving the differential
inclusion almost everywhere, it is not granted that u itself satisfies (1.1) in some sense on (0, 7).
This issue has been successfully overcome by proposing a further concept of weak solution for the
problem, for which the differential inclusion could be made explicit in some appropriate sense:
it is the case of the well-celebrated variational theory introduced by Lions [51]. The main idea
behind this is to introduce, apart from the given Hilbert space H, a further Banach space V,
which is assumed to be separable, reflexive, and continuously and densely embedded in H. If one
identifies H with its dual H*, then it is possible to work on the variational triplet V «— H < V*.
The maximal monotone operator A is then considered as an operator A: V — 2V satisfying some
natural coercivity and boundedness conditions in the form

p

W, o)y Zclel” s uli= <CA+ely)  YeeV, VyeAlyp), (1.2)
where p > 1 is a given constant. In this framework, for every initial datum ug € H and forcing term
f € LY(0,T; H) there exists a unique variational solution u, in the sense that u € Wl 0, 7;V*)N
LP(0,T; V) satisfies the differential inclusion (1.1) as an equality in V*, almost everywhere on (0, 7T").
Let us stress that variational solutions are effective in rendering the differential inclusion explicitly
for u, and not only as limit of suitable approximations: indeed, one is actually able to prove that
the inclusion f — dyu € A(u) holds in V*, almost everywhere on (0, 7).

The main downside of the classical variational theory is that the operator A needs to possess
relatively nice polynomial behaviour. While on the one hand this is certainly enough to cover
several classes of evolution equations, such as reaction-diffusion and p-Laplace equations, on the
other hand numerous important applications are left out. This happens in particular when the
operator A fails to satisfy the coercivity-boundedness polynomial conditions (1.2) for a certain
exponent p. Quite common A is actually needed to be coercive and bounded in some spaces, but
the respective exponents are different: this is very classical, for example, for p(z)-Laplace and
double-phase equations, as well as equations in weighted Sobolev spaces. Alternatively, it may
happen that A is coercive and bounded as required, but the natural space V associated to it is not
reflexive or not separable: this is the case, among many others, of reaction-diffusion equations with
singular (i.e. superpolynomial) potentials. In all these pathological scenarios, if the initial datum
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only satisfies ug € H an appropriate concept of variational solution is not known so far: one is only
able to obtain strong solutions to (1.1) by forcing the initial datum to belong to D(A).

These issues naturally call for an extension of the classical variational theory, in order to establish,
in some appropriate variational sense, weak well-posedness of evolution equations in the form (1.1)
with general initial datum up € H, also when assumption (1.2) is not satisfied. This is the main
focus of the present paper.

The idea is to abandon the introduction of the Banach space V', and to work instead in the
modular spaces naturally associated to ¢. Indeed, one can define the small and large modular
spaces as, respectively,

Ly={veH: 3a>0: ¢lav) < +4oo},
E,={veH:Va>0: ¢(av) < +oo}.

As E,, is generally dense in H (details are given in Section 3 below), by identifying H with its dual
one has the natural variational structure

Ey, < Ly, — H < Ej,.
In the classical variational theory, one is implicitly assuming that £, = L, = V is separable and
reflexive: this is satisfied only in very specific situations, for example when ¢ satisfy some suitable
Ay and V3 conditions (details are given in Section 6 below). In general, however, the spaces F,
and L, are different and not necessarily reflexive. The pivoting idea of the entire work is to work
in the variational triplet

L, — H < Ej.

Beyond the reflexivity issue, a further problem is that EZ is not the dual of Ly, hence no duality
pairing is in principle defined between EZ and Ly. The preliminary step is then to show that,
nonetheless, it is possible to define a new duality [,-] between E7 and L, generalising the scalar
product of H. This guarantees indeed that the triple (L, H, E:;), despite being unconventional
in this sense, is suited for framing the evolution problem in a variational way: the solution u is
expected to be Ly-valued, and the differential inclusion (1.1) will be intended in E7.

The first main result of the paper is a fundamental computational tool collected in Theorem 3.6
below, establishing that the novel variational triplet (L., H, E:,) endowed with the novel duality
pairing |-, -] satisfies the well-known “chain rule” formula for the square of the H-norm. This is
highly nontrivial, since the spaces L, and E7, are not reflexive and separable in general, hence
the classical results do not apply. In particular, the non-separability of the spaces in play forces
to introduce a different notion of measurability for vector-valued functions, as the classical strong
measurability in the Bochner sense is too restrictive in this framework. The chain rule is proved
using an elliptic-in-time regularisation by convolution and passage to the limit, where a key role is
played by an abstract version of the Jensen inequality proved by Haase [34].

The second main result of the paper is contained in Theorems 3.7-3.8 and establishes the vari-
ational well-posedness of equation (1.1) is the new variational setting (L, H, EJ;). The structure
of the prof is based on a Yosida-type approximation on dy and passage to the limit. Let us stress
that due to the lack of reflexivity several compactness issues arise, especially in the direction of
identifying the nonlinearity d¢ at the limit.

The main novelty of this paper is to provide an extended variational structure that allows to frame
also singular evolution equations in possibly non-reflexive spaces. This is fundamental as it provides
a unifying variational framework for a wide variety of problems, such as equations in Musielak—
Sobolev—Orlicz spaces, that so far have been studied independently by hand. In this regard,
Musielak—Orlicz spaces and their special cases are receiving much attention at the present time.
A survey of nonlinear PDEs in Musielak—Orlicz spaces is presented in Chlebicka [17], especially
in the cases of variable exponent, Orlicz, weighted Lebesgue, and double-phase spaces. Further
contributions on Musielak—Orlicz—Sobolev spaces are also given in the recent articles [15,19, 31|
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and [36,62,70]. Such spaces were introduced in the late 50s in the works of Musielak and Orlicz
[59,60]. The theory has then been viewed as a special case of a more general approach, based on
modular spaces: the main idea is to consider a convex functional (a so-called modular) on a vector
space instead of the usual integrals of convex functions involved in Musielak—Orlicz spaces. This
approach is widely employed already in several fields, such as approximation and interpolation
theory (e.g. [1,39,46,71]) and in operator theory (e.g. [8,42,63,65]). Also, metric space theory on
such spaces is developed (see Chistyakov [16]). Recent results concerning existence of solutions to
parabolic equations in Orlicz spaces have been obtained in [9, 18,19, 29,30, 33, 72]. For a highly
detailed presentation of the existing literature we refer specifically to [17, § 3.

The importance of the extended variational approach introduced in this work is extremely evi-
dent in all those scenarios where existence of strong solutions is out of reach, due to some specific
pathological structure of the problems themselves. In this regard, a special mention goes to non-
linear evolution equations with random forcing. Indeed, in the stochastic setting existence of
analytically strong solutions may be severely problematic if the nonlinearity A is too singular,
due to the presence of extra second order contributions in the energy balance (see for example
Gess [32] for the case of sub-homogenous potential). Consequently, forcing the initial datum to
belong to D(A) does not help in this case, and it is fundamental to have at hand a valid well-
posedness theory in a variational sense, in order to give appropriate meaning to possibly singular
evolution equations with general ug € H. For these reasons, we believe that the current work
represents also a preliminary step in the direction of building a generalised variational theory for
stochastic evolution equations. The variational theory for SPDEs was originally introduced by Par-
doux [64] and Krylov & Rozovskil [47] (see also [52] and the references therein) under the classical
reflexivity—separability conditions on the space V' and under the polynomial requirements (1.2)
on the nonlinearity. Some first contributions in the spirit of Orlicz spaces have been given so far
only in very special cases, namely in Barbu & Da Prato & Rockner [7, Ch. 4] for the stochastic
porous media equation, in [5,55,56,61] for semilinear stochastic equations, in [53,54] for stochastic
divergence-form equations, and in [66,67] for the stochastic Cahn—Hilliard equation. Nonetheless, a
general extended variational theory for stochastic evolution equations taking into account possibly
non-reflexive spaces and non-polynomial nonlinearities is missing: in this direction, the present
work represents a valuable candidate for obtaining an extension to the stochastic case, which is
itself currently in preparation.

Finally, let us briefly present the structure of the paper. In Section 2 we collect some preliminary
general results on modular spaces, while in Section 3 we introduced the novel variational setting
and state our main results. Section 4 contains then the proof of the generalised chain rule, and
Section 5 is focused on the proof of well-posedness. Eventually, in Section 6 we collect several
important applications that can be treated in this framework.

2. PRELIMINARIES ON MODULAR SPACES

In this section, we recall the main definitions and properties concerning the theory of modular
spaces, and we prove some preliminary abstract results that will be useful in the sequel. For the
details on the theory of modular spaces, we refer the reader to Musielak [58].

Let X be a real Banach space with dual X*. The norm in X and the duality between X* and
X will be denoted by the symbols |||y and (-,) v« y, respectively.

Definition 2.1. A convex semi-modular on X is a convex functional p: X — [0, 00| satisfying the
following conditions:

=0 for all a > 0, then x = 0;
o(x) forallx € X.

[ ]
5
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~
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If also p(x) = 0 iff © = 0, then ¢ is called convexr modular.

In this section, ¢ is a lower semicontinuous convex semi-modular on X. It is possible to naturally
associate to ¢ the modular spaces

Ly={zreX:3Ja>0: ¢(ar)<4oo}, (2.1)
E, ={xeX:Va>0: ¢lax) < +oo}. (2.2)
It is not difficult to check that E, and L, are real linear spaces, with
E,CcL,CX.
Furthermore, we set
llz]|, == inf{A >0: @(z/\) <1}, x € Lg. (2.3)

It is well-known (see for example [58, Chapter I]) that ||-[|, defines a norm on E, and Ly, called the
Luzemburg norm, so that (E, [|||,) and (L, ||-||,) are linear normed spaces. From the definition
of [|-[|,, the properties collected in the following Lemma are well-known: we refer for example to
Musielak [58, Thms. 1.5-1.6, Lem. 2.4].

Lemma 2.2. The following properties hold:
(1) for every x1, 22 € Ly, if p(ax1) < p(axs) for all o> 0, then ||z1]|, < [lz2[,;
(2) for every x € Ly, with [|z|[, <1, it holds p(z) < |[z||,;

(3) for every x € Ly, with [|z|[, > 1, it holds p(z) = |[z||,;

(4) for every sequence (xy)n C L, and x € Ly, it holds

lim ||z, — ||, =0 iff ,}LH;OSD(Q(QJ” —z))=0 VYa>0;

n—0o0
(5) for every sequence (x,)n C Ly, it holds
lim ||z, — 2k, =0 iff lim ¢(a(z, —z) =0 Ya>0.
n,k—o00 ® n,k— 00

Since we are interested in applications to evolutionary PDEs in modular spaces, we look now for
sufficient conditions on ¢ ensuring that (E, |-[|,) and (Lg, [|-||,) are actually Banach spaces. In
the direction, we have the following result.

Proposition 2.3. Suppose that there exists a strictly increasing function p : [0, 4+00) — [0,4+00)
with p(0) = 0 such that

p(@) 2 p(llellx)  VeeX. (2.4)
Then, (Eqy,|[l,) and (Ly, ||| ,) are Banach spaces, and the following inclusions are continuous:

E,— L, — X.
Proof. STEP 1. Firstly, we prove that (E, [|-||,) is a Banach space. Let (zn)n C E, be a Cauchy

sequence: then, there exists an index m € N such that, for every n, k > m we have ||x,, — x| o <L
Consequently, by Lemma 2.2 (2) and the assumption (2.4) we have

pllzn — 2k x) < @lan — k) < Hxn_wngp Vo, k=m.

In particular, it follows that (z,), is a Cauchy sequence in X. By completeness of X, there exists
x € X such that x, — x in X, hence also ax, — ax in X for all @ > 0. Let now a > 0 be
arbitrary: since (x,), is Cauchy in E, C L., by Lemma 2.2 (5) we have that

lim p(a(z, — 1)) =0,

n,k—o00

so that there exists m, € N such that
pla(zn —ap)) <1 Vn,k>m,.
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By lower semicontinuity and convexity of ¢ in X, since x5, € E, we deduce that

(37) < iminte (5o)
p(57) <liminfe (S,

n—oo

1 1
= liminf ¢ <§o¢(azn — T, ) + —ozxma>

n—oo 2

IN

1 1
3 liminf p(a(z, — zm,)) + ze(azm,)

n—00 2
1
<1+ 5@(04367%) < 400.

Hence, o(§x) < 400 for all a > 0, from which x € E,. Moreover, again by lower semicontinuity
of ¢, for every a > 0 we have

ola(z, —x)) < likminfcp(a(xn — 1)), VneN,
—00

which yields
lim sup p(a(z, — x)) < limsup ¢(a(z, —x)) =0.

n—00 n,k—00

Hence z,, — z in E, by Lemma 2.2 (4). This shows that (E,, [-[|,) is a Banach space.

STEP 2. We prove now that also (Ly,||[|,) is a Banach space. Let (zn)n C Ly be a Cauchy
sequence. Arguing exactly as in STEP 1 we deduce that there exists € X such that x,, — x in X:
we have to show that © € L, and z,, — « in L,. To this end, note that since (z,), is Cauchy
in Ly, by the triangular inequality the real sequence (||xn\|¢)n is Cauchy in R, so that there exists
A > 0 such that A, == [[2,[|, = A as n — oo. Now, if A =0, then 2 =0 € Ly, and ,, — 0 in Ly,
so the conclusion is trivial. Let us suppose that A > 0: then A\, > A\/2 for every n sufficiently large.
It follows that

1

. Ty T
limsup ||— — < — ==

hence z, /A, — x/\ in X. By lower semicontinuity of ¢ and definition of \,, we have then

e(x/A) < liminf p(z,/A,) <1,
n—o0

:0’

2 . .
< Zlimsup 2, — | + 2]  limsup
n—oo n—o0

which implies that « € L, and |[[z| » < A. Finally, let @ > 0 be arbitrary: then, again by lower
semicontinuity of ¢ we have

ola(z, —x)) < ligninfcp(a(xn — 1)), VneN,
—00

which yields
lim sup ¢(a(z), — x)) < limsup ¢(a(z, —x)) =0.

n—o0 n,k—o0
Since a > 0 is arbitrary, we have 2, — x in Ly, by Lemma 2.2 (4). This shows that (L, [|],) is a
Banach space.

STEP 3. We prove here the continuous inclusions E, < L, < X. We already know that
E, C L, C X as inclusions of sets. Moreover, the continuous inclusion E, < L, is trivial since

2l g, = lzllp, = llzl,  Vzek,.
Let now = € L, and A > 0 such that ¢(z/X) < 1. Then by assumption on ¢ we have
plllz/Alx) < ¢(z/A) <1,

from which ||z||y < p~ (1)), where p~! denotes the generalised inverse of p. By arbitrariness of A
and definition of ||-||,, we have then

lzllx <p ')z, Vo€ Ly,

as required. O
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Proposition 2.3 ensures then that for a lower semicontinuous convex semi-modular ¢ satisfying
condition (2.4), the respective modular spaces (Ey, |-[|,,) and (Ly, ||-,) are actually Banach spaces.
The next main issue in studying the variational structure of E, and L, concerns density properties.
In this direction, although the inclusion E, < X and L, < X may be dense in the majority of
applications, let us stress that the inclusion E, < L, is not necessarily dense in general: see
Section 6 for details. This calls for the introduction of a weaker concept of convergence in L,
namely the so-called modular convergence: see Musielak [58].

Definition 2.4 (Modular convergence). A sequence (), C L is called modular convergent to
x € Ly, if there exist an o > 0 such that p(a(x, —x)) = 0 as n — oco.

Thanks to Lemma 2.2, it is clear that modular convergence is weaker than the norm convergence.
Actually, the former is strictly weaker than the latter, and they are equivalent if and only if
o(xn) — 0 implies ¢(22,) — 0, for every sequence (xy,), C L.

We conclude the preliminary section with an overview on the duality properties of E, and L.
These are indeed crucial in order to build a suitable variational framework for PDEs in modular
spaces.

Definition 2.5. The convex conjugate ¢*: X* — [0,00] of ¢: X — [0,00] is defined as
" (y) =sup{(y,z) x. x —¢(x)}, yeX.
zeX

Lemma 2.6. If ¢ is a lower semicontinuous conver semi-modular on X and L, — X densely,
then ¢*: X* — [0,400] is a lower semicontinuous conver semi-modular on X*.

Proof. We know that ¢* is lower semicontinuous, proper, and convex. It is also immediate to check
using the definition that ¢*(0) = 0 and ¢*(—y) = ¢*(y) for all y € X*. Moreover, let y € X* be
such that ¢*(ay) = 0 for every o > 0. Take now an arbitrary = € L, and choose n > 0 such that
p(nx) < +oo. Then, by the Young inequality and the symmetry of ¢, for all & > 0 we have

Ena(y, z) x« x < p(Enz) + ¢ (ay) = p(nz),
yielding

p(nz)
N < — 7
| {y, ) x ,X|— no v

Since p(nz) < 400, letting o« — 400 we have

a>0.

(y,x)X*7X:0 Ve Ly,

from which y = 0 in X* be density of L, in X. Hence, ¢* is a semi-modular on X*. O

This lemma ensures that ¢* is always a (lower semicontinuous convex) semi-modular whenever so
is ¢ and L, is dense in X. However, note that even if we additionally require that ¢ is a modular,
it is not necessarily true that ¢* is a modular as well. Without additional assumptions on ¢, this
is actually false (as it happens for example for p(z) = ||z[ y, z € X).

The last results that we present here concern the duality properties of the restriction of ¢ to K.
These will be fundamental in the paper.

Lemma 2.7. Let ¢ be a lower semicontinuous convex semi-modular on X satisfying condition (2.4).
Then, the restriction

¢: By — [0, +00), = PlE, >
is a lower semicontinuous convexr semi-modular on E,, and its convexr conjugate
@*: E:; - [07 +OO] ) (ﬁ*(y) = SuEp {<y7x>E;,E9, - @(m)}7 Yy € E:;7
TEL

1s a lower semicontinuous convex semi-modular on E;‘,.
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Proof. It is clear that ¢ is proper, convex and lower semicontinuous, since E, — X continuously
by Proposition 2.3 and ¢ is lower semicontinuous on X. It is also trivial that ¢(0) = 0 and that
¢(—x) = ¢(x) for all x € E,. Moreover, if z € E, satisfies ¢(ax) = 0 for all v > 0, then clearly
p(ax) = 0 for all @ > 0, hence x = 0 since ¢ is a semi-modular. This shows that ¢ is a lower
semicontinuous convex semi-modular on F,. Consequently, since £z = Ly = I, (so in particular
Ly is trivially dense in E,), by Lemma 2.6 with the choice X = E, we have that ¢* is a lower
semicontinuous convex semi-modular on E. O

Lemma 2.7 ensures then that the modular spaces
Ly ={yeE;: Ja>0: ¢*(ay) < +oo},
Eg={y€E,: Ya>0: ¢ (ay) <+oo},
endowed with the norm
Iyl = mf QA >0 F@/N) <1}, ye Ly,

are well-defined normed spaces and satisfy Eg+ C L+ C E7. The following result gives a further
characterization in terms of completeness.

Proposition 2.8. Let ¢ be a lower semicontinuous convex semi-modular on X satisfying condi-
tion (2.4). Then, it holds that

19llg < l9llgz <2lwlly- Yy e le . (2.5)

In particular, the modular spaces (L=, |||l 5+) and (Ep-,

!-H@) are Banach spaces, and it holds

Moreover, if s > 1 in (2.4) and E, — X densely, then also X* — Eg continuously.

Proof. STEP 1. Let y € Lg«: by definition of dual norm and by the Young inequality we have

9l g = sup { (g, 2) : @€ By, o, <1} < () +sup {o(2) : @ € By, fall, <1} -

Now, let « € Ej, be such that ||z, < 1. If (), C (0,1) is such that d 1 as k — oo, then we
have that |65z, <1 for every k, hence also, by Lemma 2.2 (2),

¢(kz) < |6k ||, = O [|2ll, < O -
Since dpx — = in X, letting k — oo we get, by lower semicontinuity of ¢,
(x) < lilggf@(dkx) <1 VzekE,: |zf,<1.
Putting this information together, we deduce that
Iyllgs <1+¢"(y)  Vy€ Lg-.

Now, let A > 0 be such that ¢*(y/A) < 1. The inequality just proved implies, by arbitrariness of
Yy € L@*, that

1 _x
Sl = /Ay <1+ @ (/A <2,

from which |ly||z. < 2A. By arbitrariness of A the right-inequality in (2.5) follows. As for the
)
left-inequality, for y € £ \ {0} we have

x Y (, x>E*,E
7 | = s e e < sup e, — el
y‘ E €, Hy‘ E €,
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Now, if z € E, and |zf|, > 1, from Lemma 2.2 (3) we know that ¢(z) > |[lz[|,, hence also
[z, — ¢(z) < 0. It follows then that

—x Y
? < sup {llzll, - p(@)} < sw {Jall, - w@)} <1.
1Yllgs )~ zer., el <1

|z

This yields that y € Lg+ and ||y
a byproduct, this implies also that Lg« = E7, and that the dual norm on EF is equivalent to the
I
Let us show now that Eg« and Lg- are Banach spaces. To this end, let (y,), C Eg be a Cauchy
sequence: then, by (2.5) it follows that it is also Cauchy in E7,. By completeness of E7, there is
y € E7 such that y, — y in E7. Proceeding now as in the proof of Proposition 2.3, by the lower
semicontinuity of ¢* on EZ, we deduce that y € Ejz«, hence again by (2.5) that y, = y in Eg«. The
case of Lg+ is entirely analogous.

STEP 2. Let us suppose that s > 1 and E, < X densely, and show that X* < Fg.. First of all,
note that we can identify X* with a closed subspace of EZ: indeed, denoting by i: E, — X the
inclusion, it is easily seen that since E, — X densely the adjoint operator i*: X* — EZ is linear,
continuous, and injective. Hence, we can identify X* = i*(X*) < E7, getting

E,— L, — X, X" = Ej.

5+ < Iyl g« as desired. Hence, the inequality (2.5) is proved. As
)

B* -norim.

Secondly, let us show that (¢*)x+ < ¢*. Indeed, for every y € X* we have

7W) = s {{y,2) g, — (@)}

= sup {<y,£ﬂ>X*,X - gp(x)}
€,

< sup{(y,$>X*7X —p(x)}
zeX

= ¢ (y).
Finally, we are now ready to conclude. Indeed, recalling that s > 1, taking conjugates in (2.4)
yields, after a standard computation,

py) <>

which implies that actually ¢*: X* — [0, +00) is everywhere defined on X*, and also that ¢*(ay) <
+o00 for every y € X* and o > 0. Since (¢*)x+ < ¢, this shows that X* C Egz«. Moreover, for
every arbitrary y € X* and for any A = A(y) > 0 such that

-1 __1 T "
(cs)” T [lyllx- Vye X*,

s—1

s—1 1\ s
3 (e ) e

it clearly holds that
S —

_s
s—

1 __1 T\ ———
(cs) o T [lyllx AsT < 1.

P (y/\) < ¢*(y/A) <

Hence, by definition of |||

e+ We have then that
s—1

s—1 1\ s N
o = (es) 1) yllx-  Vye X7,

so that the inclusion X™* < Ez-« is continuous, as required. O

1yl

3. EXTENDED VARIATIONAL SETTING AND MAIN RESULT

In this section, we fix the assumptions and introduce the extended variational setting that will
be used in the paper. After this, we present the main well posedness result.



10 ALEXANDER MENOVSCHIKOV, ANASTASIA MOLCHANOVA, AND LUCA SCARPA

3.1. Assumptions. Throughout the paper, we will work in the following framework.

HO: H is a real separable Hilbert space, ¢: H — [0,00] is a lower semicontinuous convex
semi-modular on H, and there exist constants ¢ > 0 and s > 1 such that

o(z) > cllz||y VeeH.

By Proposition 2.3 applied with p(z) = ¢z*, z > 0, this implies that the modular spaces (Ey, [|-[|,,)
and (Lg, [|||,) are well-defined Banach spaces with continuous inclusions E, < L, < H. From
now on, H is identified to its dual space H* by the Riesz isomorphism, and norm and scalar product
in H are denoted by ||-||;; and (-,-), respectively. The convex conjugate of ¢ is defined as

" H — [0, +00], 9f@%=§gﬁ@Jﬂ—¢@H, reH.

H1: E, is dense in H, and there exists a separable reflexive Banach space Vy < E, contin-
uously and densely, such that ¢ is bounded on bounded subsets of Vj.

The existence of such Vj is an assumption of technical nature, and can be seen a separability-type
requirement for E,. This is satisfied in the majority of applications (see Section 6). The density
of E, ensures first that we can identify H with a closed subspace of EZ. More specifically, denoting
by i: E, — H the (continuous) inclusion and recalling that H = H*, we have that the adjoint
operator i*: H — EZ is linear, continuous, and injective: indeed, linearity and continuity follow
trivially by the continuous inclusion E, < H, while the injectivity is an immediate consequence
of the density. Hence, one can identify H with the closed subspace i*(H) C E7,. We have then the
following continuous inclusions
Ey, < Ly, — H < Ej,.

We introduce the restricted semi-modular

¢: E, — [0,400), P =g,
and its convex conjugate
@": By, — [0, 00], P (y) == sué) {(y,x>E$,Ew —p(x)}, ze€kE,.
TEL

By Lemma 2.7 and Proposition 2.8, we know that ¢* is a lower semicontinuous convex semi-
modular on Ej, with (¢*) 7 = ¢, and that the modular spaces (Eg+, ) and (Lg-, ||| 5-) are
well-defined Banach spaces, with continuous inclusions

[Nl

H2: either one of the following conditions holds:
H2i: £, — L, densely, or
H2ii: H < Ly« densely.

The main consequence of this assumption is that it allows to properly define an extended concept of
duality between the spaces L, and Lg+. Specifically, by HO—H1 we have the continuous inclusions

Vo= Ep = Ly~ H < Eg« — Lg« = E;, = V.

However, a priori it is not true that there exists a duality pairing between L, and Lz« generalizing
the scalar product of H. This is because L, may be strictly bigger than E,, and Lz may be
strictly bigger than H (see Secction 6). Assumption H2 is fundamental as it allows to extend the
scalar product of H to a duality between L, and Lg«. Due to the importance of this result, we
collect it in the following lemma.

Lemma 3.1. Assume HO—H2. Then, there exists a unique continuous bilinear form

[): Lge x Ly = R,



NONLINEAR EVOLUTION EQUATIONS VIA MODULAR SPACES 11

extending the scalar product of H, in the sense that [y,-]: L, — R and [-,x]: Ly« — R are linear
and continuous for every y € Lz« and x € Ly, respectively, and such that

ly, 2] = (y,x) Veecl,, VyecH,
[yaw] = <yax>E;7E¢ Vz e Egzm Vy € L@* :

Furthermore, the following generalized Hélder inequality holds:

[y, 2] < 2|yl 5 [l V(z,y) € Ly X Ly~ (3.1)
@ ®

Proof. CASE 1. We prove here the lemma in the case of H2i, i.e. if F, < L, densely. Let = € L,
and y € Lg« = EJ,. If either x = 0 or y = 0, then we set [y, z] :== 0. Let us suppose that x # 0 and
y # 0. Take a sequence (Zy,)nen C E, such that x, — = in L, and define

[y’xn] = <y’xn>E:ﬂE(p 9 n e N

Now, for every n, k € N, by the Young inequality we have
Ty — T Ty — T
< Y ’ n k > (P*< Y >+(P< n k >
lylle= " llzn — zille E3,E, [yl &~ |zn — zxlle

Iy — X
7 (i) (=)
ol ) 7 \llow =l
2

)

IN

IN

yielding
[y, zn — zi]] < 2yller|lzn — zilly = 0.

Hence, ([y,zn],)n is a Cauchy sequence in R, and we can define
ly, ] := lim [y, zn].

A similar argument shows that this definition is independent of the choice of the approximating
sequence (p)nen. Moreover, it is straightforward to check that [-,-] is a continuous bilinear form
extending the scalar product of H. It is also the only continuous bilinear form on Lz« x L, doing
so: indeed, if [-,-]; and [, ]2 are continuous bilinear forms extending the scalar product of H, they
would coincide on Lz« x E,, hence they coincide on the whole Lz« x L, by density of E, in L.

CaAsge 2. In the case of H2ii, i.e. when H < Ly« densely, the argument is very similar, so we
omit the details. Let x € L, C H and y € Ly, with x # 0 and y # 0 (otherwise the definition is
trivial). Take a sequence (yn)neny C H such that y, — y in Lg+, and define

[yn, x] := (yn, x).-
As before, for every n, k € N, by the Young inequality we have

Yn — Yk z * Yn — Yk T
(st mn )l < (s ++ ()
lyn — vklle= " [1zlp 9n — Yl [zl
— X
[9n — yrll g~ e

<2,

yielding |[yn — ym, ]| < 2|lyn — ykllg+[|z[, — 0. Therefore, we can define
y, ] := lim [y, ], .

As before, this definition is independent of the choice of the approximating sequence (yy,)n, and
[-,-] is the unique continuous bilinear form on Lz« x L, extending the scalar product of H. O
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Remark 3.2 (Assumption HO). Assumption HO is very natural in applications to nonlinear evo-
lution problems: for example, for a wide class of evolutionary PDEs of parabolic type a natural
choice for the space H is L*(Y), with Q being a sufficiently smooth domain in RY, while ¢ is the
convex part of the energy driving the evolution. Several examples are given in Section 6.

Remark 3.3 (Assumption H1). As far as assumption H1 is concerned, one can easily check
that this is verified by a huge class of potentials ¢, not necessarily of polynomial growth. More
importantly, H1 includes several interesting examples in which E, is not reflexive, hence cannot be
framed in classical variational structures: again, a spectrum of applications is given in Section 6. It
excludes, however, some singular Orlicz—Sobolev spaces associated, for instance, to convex functions
defined of bounded intervals and blowing up at the extreme points. In these extreme cases, the space
E, often reduces to the trivial space {0}.

Remark 3.4 (Assumption H2). Let us spend a few words on the idea behind H2. This hypothesis
requires the density either of E, in Ly, or of H in Lg«. In the former case, we are supposing that
the modular spaces E, in L, are “not too different” this is verified when the potential ¢ satisfies
a so-called Ao-type condition (see Section 6), and in such a case it actually holds that E, = L.
In the latter case, by contrast, what we are supposing is that the modular space Lg« is not “too
much bigger” than H itself. Again, this happens when the conjugate function ¢* satisfies a Aq-type
condition. The main advantage of assumption H2 is that in the majority of applications either ¢
or ©* always satisfy a Ay-condition: the rough idea is that whenever ¢ is not Ay (for example if it
grows super-polynomially at infinity) then by contrast its conjugate @* behaves in a Ag-fashion (it
grows sub-polynomially), and viceversa. This allows to include in assumption H2 a wide variety of
very singular problems, where E, and L, are not necessarily reflexive.

3.2. The extended variational setting. The main idea is to work on the triplet
L, — H < Lz,

where both inclusions are continuous, the first one is also dense, and the second one is dense if
H2ii holds. Let us point out that such variational setting is non-standard for the following main
reasons. First, the space L, is allowed to be non-reflexive, thus including several applications to
singular PDEs of evolutionary type. Secondly, the space Lg« is not the dual of L, and the duality
pairing between them is not given by the classical duality, but by the generalized bilinear form [-, -|.
Finally, the space L, and Lg+ are not necessarily separable.

The lack of separability and reflexivity in evolution problems is a crucial issue that creates several
difficulties. As for separability, the main issue concerns measurability for vector-valued functions:
indeed, by the Pettis measurability theorem, a necessary condition for a Banach-space-valued
function to be Bochner-measurable is that it is essentially separably-valued (see, for example, [27,
Sect. II, Thm. 2|). This forces us to work on spaces of weakly-measurable functions instead. As
for reflexivity, the main drawback that we need to face is the following. If X is a reflexive Banach
space, then it is well-known that Sobolev-Bochner spaces in the form W1?(a, b; X), where p > 1 and
[a,b] C R is a bounded interval, can be characterized as spaces of absolutely continuous functions
in LP(a,b; X) with almost everywhere derivative in LP(a,b; X). In particular, the reflexivity of X
implies that any absolutely continuous function [a,b] — X is almost everywhere differentiable: see
for example [6, Thm. 1.16]. Nevertheless, if X is not reflexive, these results are actually false, and
such characterization of W'P(a,b; X) spaces is no longer valid. In this case, one has to additionally
require the almost everywhere differentiability, as this is not granted by the absolute continuity
itself (see [14] and [50, Thm. 8.57]). In particular, if X is not reflexive, there exist absolutely
continuous functions [a,b] — X that are nowhere differentiable (e.g. [50, Ex. 8.30 and 8.32]).

Let us introduce some notation for the spaces of vector-valued integrable functions that we will
use. We refer the reader to [27, Sect. II| for the general theory of integration. From now on, 7' > 0
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is a fixed final time. We set
Ly,(0,T;Ly) := {v: [0,T) = Ly, : [y,v] € LY(0,T) VYy€ Ly},
L(0,T;Lg+) :={v: [0,T] = Lg+ : [v,2] € L'(0,T) Vax € Ly},
LY0,T; Ly,) := {v: [0,T] — Ly, strongly measurable :  [|v]|, € Ll(O,T)} ,
LY0,T; Ly+) == {v: [0,T] — Lg- strongly measurable :  [[v]| 5. € Ll(O,T)} .

Let us point out that under assumption H2i we have that L, is separable, since so is £, by HI,
hence elements in L (0, T’; L) are also strongly measurable in this case. Under assumption H2ii,
we have instead that Lz« is separable, since so is H, and in this case elements of LL(0,T; Lg~) are
strongly measurable.

The following result holds also for non-reflexive spaces, hence are fundamental in our setting:
the reader can refer to [6, Thm. 1.17]

Proposition 3.5. Let X be a Banach space and u € LP(a,b; X), with 1 < p < oo and [a,b] C R.
Then uw € WYP(a,b; X) if and only if there exists an absolutely continuous function u®: [a,b] — X,
i.e. u? € AC([0,T); X), which is almost everywhere differentiable on [a,b] with dd—qf € LP(0,T; X),
such that u(t) = u®(t) for almost every t € (a,b). In such case, % coincides with the weak
derivative Oyu of u.

Inspired by Proposition 3.5, it is natural to define

Wet(0,T; L) := {v [0,T) — Lg«: 30 € Ly(0,T; L) :

[v(t),z] = [v(0), 2] —i—/o [V/(s),z]ds Yz € Lw} .

Note that W&,’l(O, T; Ly+) only implies weak™ continuity in E7, = Lg+, and not absolute continuity
as in the classical case.

3.3. Main results. We are ready to present here the main results of the paper. From now on,
T > 0is a a fixed final time.

The first result that we present is a fundamental computational tool in order to handle evolution
equations in singular modular spaces. It ensures that under assumptions HO—H2 the novel varia-
tional setting (L., H, Lg+) with duality given by [, -] is actually suited for dealing with evolution
problems, even without the classical reflexivity /separabilty assumptions. This is an interesting
generalization to the non-reflexive and non-separable case of a well-know “chain-rule” property for
vector-valued functions.

Theorem 3.6 (Generalized chain rule). Assume HO-H2, and let
u € Wy'(0,T; Lg+) N L, (0,T; Ly,)
be such that
Opu = uj + by, with — uh € LL(0,T; L), uh € LY0,T; H).
If there exists a > 0 such that
p(au), ¢*(auy) € LH0,T),

then u € C°([0,T); H), the function t — ||[u(t)||3;, t € [0,T), is absolutely continuous, and it holds

that
d1 )
[Oyu, u] = Ei”uH%{ a.e. in (0,7). (3.2)
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The second result concerns existence of variational solutions for evolution equations in modular
spaces.

Theorem 3.7 (Existence of solutions). Assume HO-H2 and let

ug € H, feLY0,T;H). (3.3)

Then, there exists a unique pair (u,§), with

u € Wy(0,T; L) NCO([0,T]; H) N LL(0,T; L) (3.4)

€ € Lyy(0,T5 Lg-)

p(u), §*(€) € L'(0,T), (3.6)
such that

Ou+&=f inLg ae in(0,T), u(0) = g, (3.7)
and

ou)+ [z —ul <p(x) VeeFE,, ae in(0,T). (3.8)

Moreover, the following energy equality holds:
¢

31O+ [ € ue) ds = 3ol + [ (L) ds viepT (39)

In particular, under H2i it holds that uw € L'(0,T; L), while under H2ii it holds that u €
W0, T; Lg+) and & € L'(0,T; Ly+).

Condition (3.8) is the natural generalization of the classical subdifferential inclusion

£ € 0p(u) a.e. in (0,7). (3.10)

In our setting, £ is less regular than H, as § only belongs to Lg«, hence the classical differential
inclusion (3.10) makes no sense here. Similarly, the classical relaxation of the inclusion (3.10) given
by

£ € 0p(u) a.e. in (0,7, (3.11)
is useless as well, as u is not necessarily E -valued. For these reasons, the introduction of the
novel duality [-,-] is crucial, as it allows to give sense to the subdifferential inclusion in the spaces

L, Lz« as done in (3.8). Clearly, this is a very natural extension of both (3.10) and (3.11): indeed,
whenever £ is H-valued (or u is Ey-valued, respectively) then (3.8) is equivalent to (3.10) (or (3.11),
respectively). An equivalent formulation of the relaxed condition (3.8) is given by

€, u] = ¢(u) + @*(&) a.e. in (0,7). (3.12)

Finally, the last result that we present is a continuous dependence result, with ensures that the
evolution problem is actually well-posed.

Theorem 3.8 (Continuous dependence on the data). Assume HO-H2, and let (ug, f1) and (u3, f2)
satisfy (3.3). Then, for any respective solutions (u1,&1) and (ug,&2) to (3.4)—(3.8), it holds that

2
[Jur — u2||%’0([0,T];H) + & — & u — u2]||L1(07T) <2 <Hué - u%HH + /1= f2H%1(O,T;H)) :

4. PROOF OF THE GENERALIZED “CHAIN RULE”

This section is devoted to the proof of Theorem 3.6. Let us work then in the notation and setting
of Theorem 3.6. The proof is organized in several steps.
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4.1. Time-regularization. First of all, the idea is to regularize u in time using convolutions. For
every n € N, we introduce the convolution operator

T,: L'(0,T7) — L*(0,T),
T
(Tov)(t) == n/o v(s)o((t —s)n)ds, te[0,T], wvelL'0,T),

where ¢ € C2°(R) is nonnegative with [ o(s)ds =1, o(t) = o(—t), and supp o C [—1,1]. Tt is well-
known that 7, is linear, continuous, and sub-Markovian, in the sense that, for every v € L'(0,T),
0<v<1 ae in(0,7) = 0<T,w<1 ae in(0,7).
Also, it holds that
ITwvllior) < lllpiory — YveL'(0,T).
Furthermore, for any Banach space X, it is clear that 7, can be extended to the vector-valued
operator
X L0, T; X) — LY0,T; X),
and it is well-known that for every v € L(0,T; X) it holds that T:Xv — v in L'(0,T; X) as n — oo,
see for instance |50, Thm 8.20-8.21].

4.2. Proof under assumption H2ii. Let us prove the result under assumption H2ii first. As
we pointed out above, this implies that Lg- is separable, so that actually

u e WhHH0,T; L) . (4.1)

In particular, u: [0,7] — Lg+ is Bochner-measurable, hence also Borel-measurable, and [[uf;. is a
measurable function. We show now that actually also [ul|, and [ul|;; are measurable functions.

To this end, we use the following lemma.

Lemma 4.1. Set

lylly fyeH,
W, : Ly — |0, , W, (y) =
e 0, F-oc} ) {—i—oo otherwise ,

and

fye L
Uy H— [07 +QO]7 \IJH(y) — Hy”<p if y ' X
+o00 otherwise.

Then, W, and Vi are convex, proper, and lower semicontinuous. In particular, H is a Borel subset
of Lg+ and that L, is a Borel subset of H.

Proof. 1t is clear that ¥, and Wy are convex and proper. Moreover, the lower semicontinuity of
U, it follows directly from the reflexivity of H. As for Wy, given (y, ), C L, and y € H such that
yn — yin H and [Jy,||, < C for some arbitrary constant C' > 0, we need to check that y € L, and
lylly < €. To this end, we note that the real sequence ([|yn|,,)n is bounded, so that there exists
A = 0 and a subsequence (yn, )k such that Ay := [lyn, ||, — A as k — oo. If A = 0, then trivially
y =0 € L,. Otherwise, if A > 0 then A\, > A/2 for k sufficiently large, so that

. 2 . .
hmsup‘ B9 Ztimsup lyn, — g + ol limsup
—00

=~ —2|=o0
Ao A

Hence yn, /A\x — y/X in H, and by lower semicontinuity of ¢ and definition of A\;, we have
e(y/A) < liminf oy, /Ar) <1,
k—o0

which implies that y € L, and [ly[|, < A < C. Hence, also ¥ is lower semicontinuous.
Eventually, the choice of W, and Wy implies, by lower semicontinuity, that the sets {y € L« :
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U,(y) < K} and {z € H : Yy(x) < K} are closed in Lg« and H, respectively, for all K > 0.
Hence, since

H:U{yeL¢*:\I/*(y)§%}, L¢:U{meH:\IIH(x)§%},

keN keN
we deduce that H is a Borel subset of Lg+ and that L, is a Borel subset of H. O

Consequently, by Lemma 4.1, the facts that u is essentially L -valued and Lg+-Borel measurable
implies that w: [0,7] — L, and u: [0,7] — H are Borel measurable as well. In particular, this
implies that [lull,, [[ullg : [0,7] — R are measurable.

Thanks to HO and the separability of H, the condition ¢(au) € L'(0,T) implies that
uwe L*0,T;H).
Moreover, noting that from Lemma 2.2 (2)-(3) we have a[jul[, <1+ ¢(au), we infer that

lull, € L'(0,T).

Now, for every n € N we set u,, := 77w and note that
u, € C*([0,T];H) VkeN,

where, as n — 0o, we have

u, —»u in L°(0,T;H), (4.2)
Oy, — 0w in LY0,T; L), (4.3)
THu), -y in L0, T; H). (4.4)

Furthermore, note that u, is essentially L -valued: indeed, thanks to the abstract Jensen inequality
for sub-Markovian operators (see Haase [34, Thm. 3.4]), for almost every ¢ € (0,7") we have that

plau (1) = o(T,! (au)(t)) < T [p(aw)] (t) -

Since p(au) € LY(0,T), by definition of T}, one has also that T},(¢(au)) € L*(0,T) for all n € N,
which yields in turn by comparison that ¢(au,) € L'(0,T) for all n € N. This clearly implies that
uy, is essentially L -valued and, after integration in time and by contraction of T}, in L'(0,7T), that

un: (0,T) = Ly, lp(own)llpiom < (o)l L) -
Furthermore, for every y € H and almost every ¢ € (0,7, by definition of T}, and T} we have that
(s un(®)) = (. T u(t)) = Tuly,u(t)) Yy H.
As H is dense in Lg+ by H2ii, this implies that
[y, un(t)] = Thly, u(t)] Vy € Ly, forae te(0,T).
Since [y,u] € LY(0,T) for every y € Lg-, letting n — oo we deduce that
[y,un] = [y,u] in LY0,T), Yy € Lg-. (4.5)

Now, since in particular u, € C*([0,T]; H), it is well-known (see [6, Thm. 1.9]) that
d1

dt 2

yielding, after integration in time

3 len(Oly = 5 a0y = [ Bramlr)wn(ldr, Vst 0.7, (4.6)

HUNH%{ = (aturhun) = [8tun7un] n [O,T] ,
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. . . L5+ . .
By the abstract Jensen inequality, since T}, coincides with T on L'(0,7T; H),

t T
/S[atun(r),un(r)] dr§/0 [[Optin, (1), up (1)]] dr
1 T

T
< b [t b [ e+ [T Tl s
T
< —/ (o +—/ cp*(au'l)—i—/o Hué(s)HHHun(s)HH ds .

Moreover, using the Hélder inequality and the weighted Young inequality on the last term of the
right-hand side in the form

1
ab < Za2+b2 Ya,b>0,

we deduce that

/ st (), 1 ()] dr < i

T 1 T , ,
plon)+ o3 [ @7 @uh) + o 164 s o

T
_x 1 2 2
E / (o) + 5 [ @) + 3 Nl + Nobl o -

Taking supremum in ¢ € [0,7] in (4.6) and rearranging the terms, we obtain then

1 1
il < 5l +C ¥se0,T)

where

C_i T ( )_{_i T—*( l)+ 7112
T, plav) -5 f v o H“2HL1(0,T;H)

is independent of n € N. Taking square roots at both sides, and integrating with respect to s on
(0,T) we get

T 1
7 lunlzeorim < 5 lunll s my +VOT < fuuumm +VCT,
from which we infer that
HunHLOO(O,T;H) <,
so that w € L*(0,T; H) and
U, = u in L®(0,T;H) . (4.7)

Now, we have
L**
[8tun7 un] = [Tn v u,17 un] + (THu27 un) )

where thanks to (4.7) and (4.4) it holds

/ (THuby(r), wn (1)) dr —>/ (ub(r), u(r)) dr Vs, t€[0,T].

Moreover, thanks to the convergences (4.3) and (4.5) of (uy,),, we have that, possibly extracting a
non-relabelled subsequence,

Y, Un] = |y, u] Vyé& Lz a.e in (0,7T), TnL"S*u' —u}y in Lz ae. in (0,7,
@ 1 1 @

and similarly, since [|ul, € LY(0,T), that

Ty llull, = [lull, ae. in (0,T).
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By the the Holder inequality (3.1), using again the abstract Jensen inequality applied to the convex
function [|-[|,, we also have then almost everywhere on (0,7)

(T ™"ty un] = [, 0] < |[T0 o = wh

+ Hu'l,u—un]‘

< 2Tty — iy

7 TT{{quJ + Hu'l,u - unH

<2 To? wy — uf|

o Tallully + [[uh, u — un]| — 0,
yielding
[TnL@* ul, ] — [ul, ] a.e. in (0,7).
Moreover, thanks to the Young inequality and the abstract Jensen inequality for sub-markovian
operators (see again [34, Thm. 3.4]),
£0? [T o ] < plawn) + @ (T uh) = p(aTTu) + ¢ (T uf)
< Tho(au) + Th@™ (au)) .
This implies that

L 1 .
[T 7" u), ]| < @Tn (p(au) + @*(auy)) a.e. in (0,7), VneN.

Since by assumption ¢(au) + @*(au}) € L'(0,T), the right-hand side of such inequality converges
in L1(0,7), hence in particular is uniformly integrable on (0,7). By comparison, we infer that

the sequence ([TnL ? ), up])y in uniformly integrable on (0,7) as well. By Vitali’s dominated
convergence theorem we obtain

[Tr% o) un] — [Wy,u]  in LN0,T).

taking these remarks into account and letting now n — oo in (4.6), we obtain that

% lu(t) 1% - % lu(s)|% = / (), u(r)dr  for ae. 5.t € (0,T).

Clearly, this implies that ¢ — ||u(t)||%; is absolutely continuous on [0, T]. In particular, the equality
holds for every s, t € [0,7]. Moreover, since u € C°([0, T); E7) by (4.1), we have that the function
t — (u(t),z) is continuous for every x € E,. Now, for any ¢ € [0,7] and (t;)r C [0,7] such that
ty — t as k — oo, since u € L*°(0,T; H) on a non-relabelled subsequence we have u(ty) — y in
H for a certain y € H. Moreover, for any x € E, it holds that (u(ty),z) — (u(t), ), from which
(y,x) = (u(t),x). As E, is dense in H, we deduce that y = w(f). This shows that u: [0,T] — H
is weakly continuous. As we have already proved that t — ||u(t)|/; is continuous, we infer that

u € C°[0,T); H).

4.3. Proof under assumption H2i. Let us consider now the case of assumption H2i. The
proof is very similar to the case H2ii, the main difference being that the roles of L, and Lz« are
exchanged. Indeed, under H2i we have that L, is separable, hence u € LY(0,T; L,) and we can

set for any n € N u,, := Tyf"’u, getting in particular
u, —u in L'(0,T;Ly).
Proceeding as before one can also show that w € L>°(0,T; H) and
U, = u in L®(0,T; H) .
Moreover, dyu, = Ty?" uh + THul, where

THu, — why in LY(0,T; H)
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and

[TnL@*ull,x]—ﬂu'l,x] in Ll(O,T), Vo eL,,

|

On a not relabelled subsequence, by the Hélder inequality we have the almost everywhere conver-
gence

L= /
1,7 uy

a.e. in (0,7").

&* <Tn Hull‘ @*

175" ] = [y, ]| < |70y, = ]| 4 [T o =

L L
< 2T vl e flum — ullp + [T vy — uy, ul] =0,

@*

L L5 .
Hence, writing [y, un) = [Tn % ul, upn) + (TH b, u,), on the one hand we have again

/ (THuby(r), wn (1)) dr —>/ (ub(r),u(r)) dr Vs, t€[0,T],

and on the other hand, proceeding as before using the abstract Jensen inequality and the Vitali
convergence theorem, we infer that

[T ), un] — [uf,u]  in LY0,T).

This allows to pass to the limit as n — oo as in the CASE H2ii and obtain
1 1 t
5 lu@®I = 5 ()3 = / [Dvu(r), u(r)]dr  for ae. st € (0,T).
S

Hence, t — |Ju(t)||% is absolutely continuous on [0,7T], and u € L°(0,T; H). In particular, the
equality holds for every s, t € [0,7]. Moreover, since now u € Wulj’l(O, T; Lg+), we only have that
u is weakly continuous in E7. Still, this ensures that the function ¢ ~— (u(t),x) is continuous
for every x € E,. As u € L*>(0,T;H) and E, is dense in H, this implies that u: [0,7] — H
is weakly continuous. As we have already proved that t — |lu(t)|/, is continuous, we infer that
u € C°([0,T); H). This concludes the proof of Theorem 3.6.

5. PROOF OF WELL-POSEDNESS

This section is devoted to the proof of well-posedness contained in Theorems 3.7-3.8.

5.1. The approximation. Let us denote by A := dp: H — 2 the subdifferential of . We recall
the Young inequality

(y,2) <p(x) +¢*(y)  Va,yeH,
and point out that the equality holds if and only if y € A(x).

For every A > 0, let ¢): H — [0,+00) be the Moreau—Yosida regularization of ¢, defined as

1 2
:= inf — ||z — H.
pa(2) ylgH{tp(y) +oy llz yHH} ,  TE
From classical results of convex and monotone analysis (see [6, Ch. 2]), we have that ) € C1(H),
with Dy = Ay, where Ay: H — H is the Yosida approximation of A. Let us recall that Ay is

defined as
Ax(z) := %M, x € H,

where we have denoted by Jy: H — H the resolvent of A, namely
Ia(x) := (I +2A)" (), r e H.
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It is well known that Ay is %—Lipschitz continuous, Jy is 1-Lipschitz continuous, and that Ay(z) €
A(Jx(z)) for every x € H. Moreover, @) satisfies

o(I(z) <pa(z) <ep(x) VreH,
;i\_‘mosox(w) =p(x) VreH.

We study the approximated problem

Opux + Ax(uy) = f,
ux(0) = up.

Since A) is Lipschitz-continuous, from the classical theory of nonlinear evolution equations (see
again [6] or |13, Prop. 3.4|) such approximated problem admits a unique solution

uy € WH(0,T, H).

5.2. Uniform estimates. Let us prove some uniform estimates on (u))y, independent of A\. To
this end, testing the approximated equation by uy and integrating in time yields, for every ¢ € [0, 77,

1 ! 1 !
3101+ [ (a0 i) ds = 5 fualfy + [ (7).00(5) ds.
Now, on the left-hand side, since Ay(uy) € A(Jx(uy)), by the Young inequality we have

)
(Ax(un),un) = (Ax(ur), Ja(un)) + X Ax(un) |17
P(Ia(ur) + @ (A (un)) + A Ax(un)ll7 -

Consequently, we have

3@+ [ ethte)as+ [

t

wm@mx@»@+AAuAmm@m@d8

= ol + [ () n(s) s

N

1 t
<3 ol +/0 1 () g llua(s)ll g ds-

The Gronwall lemma implies then that there exists M > 0, independent of A, such that

luxllBo oy < M, (5.1)
e (In (@)l 1oz + 1™ (Ax@a) | 1oy + AN 20,7001y < M- (5.2)

Recalling also assumption HO, this implies that
HJ)\(UA)HSLS(O,T;H) <M. (5.3)

Now, by the estimates (5.1) and (5.3) there exist v € L*°(0,7;H) and @ € L*(0,7; H) such
that, as A \ 0,

uy = u in L®(0,T; H), (5.4)
Ja(uy) —a in L°(0,7; H).
Moreover, note that by (5.2) and the definition of A we have
13 (x) = wall 2o oy = MAN N 2o,y < MAY? = 0,

which implies that @ = u and
Ia(uy) —=u in L°(0,T;H). (5.6)
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By the weak lower semicontinuity of convex integrands, convergence (5.6), and estimate (5.2), we
deduce then that

T T
/0 o(u(s))ds < lig\n\i(r]lf/o o(Ja(ux(s)))ds < M.

It follows that ¢(u) € L'(0,T), so that u is essentially Ly-valued. Since by Lemma 4.1 L, is a
Borel subset of H and u is strongly measurable in H, we infer that u is Borel-measurable in L:
hence, by definition of Borel-measurability we have that |lu|/, is measurable. Furthermore, as a
consequence of Lemma 2.2 we have that

lullp <1+ ¢(u) ae. in (0,7,

so that by comparison [ul[,, € LY(0,T). In order to prove that u € L} (0,T; L), we need to show
that [y,u] € L'(0,T) for every y € Lg+. To this end, since u : (0,7) — L, is Borel-measurable,
by definition of weak topology on L, it follows that w : (0,7) — L, is weakly measurable in the
classical sense, i.e. (y,u) Li,Ly, 18 measurable for every y € L7,. Now, under assumption H2i we
have that L, is separable (because so is E,), hence by the Pettis theorem [27, Thm. 2, Ch. II] we
obtain that w : (0,T) — L, is strongly measurable: it follows that in this case we have actually
that w € L'(0,T;L,). In particular, since [y,:] : L, — R is linear continuous by Lemma 3.1,
by composition we infer that also [y,u] : (0,7) — R is measurable, hence v € L (0, T; L,).
Alternatively, under assumption H2ii we observe that [y,u] € L'(0,T) for every y € H since
u € L*(0,T; H): hence, the density of H in Ly« readily implies that [y,u] € L'(0,T) also for every
y € L+, and this shows indeed that u € L} (0,7 Ly).

In order to deduce some compactness for (Ay(uy))x, we need the following lemma.

Lemma 5.1. For any reflevive Banach space Vi such that Vo — E, continuously and densely,
it holds that E7, — V continuously and densely. Furthermore, the convex conjugate of ¢o =
e Vo — [0, 400) is given by

] ¢*(y)  fyeEy,
0: Vo = [0, 4+o0], oy) = , e
Yo Vo [ ] ©o(y) {+ zferO*\E:;.
If also  is bounded on bounded sets of Vi, then

¥o(y)
Iyl —=-+oo [[Y]

= +00. (5.7)

Vo

Proof. The fact that Ej, < V{ continuously is an immediate consequence of the density of Vp in
E,, while the fact that £ < V" densely follows from the reflexivity of V{ by a classical argument.
Let us compute the convex conjugate of pg. If Vy = E,, then the conclusion is trivial, so let us
suppose then that Vy C E, strictly. First of all, we show ¢y = 400 on V' \ E7. Let y € Vf \E;:
this means that y: Vo — R cannot be extended to a continuous linear functional on E, i.e. there
is no constant C' > 0 such that (y,m>vo*7vo <C Hwa for all z € V. Moreover, for all z € E, \ Vp,
by density of Vj in E,, there is a sequence (z,,), C Vp such that x, — x in E,. If for all x € E,\ Vp
there exists C; > 0 such that <y,xn>vo*7vo < Cy ||anl|, for all n € N, then, due to the continous
embedding Vy < E,, one could extend by density y to a continuous linear functional on K.
However, this is not possible since y € V \ E7: consequently, there exists € Ej \ Vo and a
sequence (), C Vp such that

T, =T in E,, <y’xn>v0*,vo >n|znll, VneN.
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In particular, ¢(x,) — ¢(Z) and, since T # 0, <?/’$n>vo*,vo — +o00: hence

23 () = sup { .2}y 5 — 2o(@) } = sup { (y 2a)yge v, — lwn) |
z€Vy 0’ neN 0

> lim sup ((y,$n>v0*7vo - Sp(xn))

n— o0

= limsup <y’ xn>vo*7vo - (P(j') = +00.

n—0o0
This shows that g = +00 on Vi \ E7,. Let us prove now that (SDS)UE;; = ¢". Let y € E arbitrary:
we have

eow) = sup {(n.2)y; vy~ #l@)} < s {2y, — 0(0)} =" W).

On the other hand, for all x € E, there is (z,), C Vp such that x, — = in E,, so that
Y, 2n) g g, = W Tn)ys vy S90(y) +0(2n)  VneN,
hence also, noting that ¢(z,) — ¢(z),
(v 2) gz m, < PoW) +o(x) Ve kE,.
It follows that
ehy) = sup {{y.2)p, 5, — 2@} = &"W).

TEF,
The shows that (7)) By = p*, as required.
Finally, let us show that ¢ is superlinear at co. To this end, by the Young inequality we have that

o) = W m)yey, — @)  Veel, Vyely.

Since Vj is reflexive, for any y € Vi \ {0}, there is x,, € V}, such that (y, xy>vo* vo = 1Yl %,0* = nyH%,O

Choosing = = L, ||y\|‘;01 for arbitrary L > 0 in the last inequality yields

e3®) = Llylly; — ¢ (Lo lylv})  vyeVe\{0}, ¥L>0,

where

|Ezslwizd|, =2 vyewi\fop, vI>o.

Since ¢ is bounded on bounded subsets of Vj, there exists C';, > 0 such that
wow) = Llylly: —Co YyeVg\{0}, VL>O0.
Hence, for all arbitrary K > 0, choosing L = 2K, for all y € V with Hy||vo* > (i /K we have

$0(Y) o Cox
Iyl — lyl

As K > 0 is arbitrary, we can conclude. O

vy o

By assumption H1, Lemma 5.1, and estimate (5.2), we deduce that

T
| it as < ar,

where
poY) _
lyllye —-+o0 lylly-

In particular, there exists an increasing sequence (ry,), of positive numbers such that

o) =nllylly:  VyeVy, lylly:=mm, VneN.
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This readily implies that (Ay(uy))x is bounded in L'(0,T;Vy). Moreover, for any measurable
I C [0,T] we have

[ 14l
1

Ve = /
IN{[Ax (ua))llye <rn}

[ Ax(un))]

it ) A3(0)
Nl AN () llyg 27n}

1 M
< T + / G5(Ax(un)) < Tl + L.
n I n

Hence, for any arbitrary ¢ > 0, choosing 7 = 7(e) sufficiently large such that M/n < &/2, and
setting § = d(¢) := er;, 1 /2, we have that

swp [ sl <= ¥IC0.1), 111<4,
A>0J1

This implies that the family (Ax(uy))y is uniformly integrable in L(0,T;Vy), hence also by the
Dunford—Pettis theorem that
(Ax(uy))a s sequentially weakly compact in L' (0,T;Vy).
We deduce that there exists & € L(0, T} Vi) such that, on a not relabelled subsequence,
M) =€ in ZHOTV). (5.8)

Furthermore, by the weak lower semicontinuity of the convex integrand fOT @4 (+) ds and the estimate
(5.2), we have

T T
/0 po(€(s)) ds < lig\n\j(r)lf/o oo (Ax(ur(s)))ds < M .

Thanks to Lemma 5.1, this implies that actually {(t) € E for almost every ¢ € (0,7") and that
@*(&) € LY(0,T), hence in particular that & is essentially Lg+-valued. Moreover, proceeding as
in the proof of Theorem 3.6 we have that Lg+ is a Borel subset of V", hence £: [0,T] — Lg- is
Borel measurable and ||{[|. is measurable. Since ||y[[;« <1+ ¢*(y) for all y € Lg+, we have that

1€l € LY(0,T). Furthermore, it also holds that £ € L1 (0,75 Ls+). Indeed, under H2ii this is

immediate since Lg« is separable and § € LY0,T; Lg+), while under H2i the weak measurability
follows directly from the density of Vy in L, and the strong measurability of £ in V.

5.3. Passage to the limit. The approximated problem can be written as

u,\(t)—l—/OtA,\(u)\(s))ds:uo—i—/tf(s)ds Vtel0,T].

Fix now ¢ € [0, 7] arbitrary. By the convergence (5.8), it follows that as A ~\, 0

/A)\U)\ ds—\/f in Vg .

By comparison, we deduce that uy(t) converges weakly in Vi, yielding thanks to (5.4) that
ur(t) = u(t) in H.

—|—/O f(s)ds:uo—l—/o f(s)ds  Vte|0,T].

This implies in particular also that u € W&,’l(O,T; Lg+), with Oju = —§ + f, hence also u €
C°([0,T); H) by Theorem 3.6, and (u, ) solves (3.4)—(3.7).

We only need to show that ¢ is the weak realization of Op(u) in Lg«, namely condition (3.8). To
this end, note that we already proved that for every ¢ € [0, 7]

Hence, we have that

t

S+ [ (s n(@) ds =5 ol + [ (7)) ds.
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which yields, by the weak lower semicontinuity of the H-norm and the convergence (5.4),

T

. r 1 I
imsup [ (Ax(us(), 02 (3) s = 5 ol + [ (75t s — 5 tmin s ()

T
< g lally+ [ (FGs) ) ds = 5 1

Furthermore, since we have proved that
Ou+&=f in Ly, u(0) = up,
taking the [-,-] duality with u and integrating on (0,¢), using Theorem 3.6 we get exactly that

3 1Ol + [ ). o) ds = 5ol + [ (o)) as vee .7y,

which in particular proves the energy equality (3.9). Putting this information together we obtain

T T
hril\sglp/o (Ax(ux(s)),ux(s)) ds §/0 [£(s),u(s)] ds. (5.9)

Now, recalling that Ay € A(Jx(-)), we have that
p(Ia(ur)) + (Ax(un), 2 = Ia(un)) < ¢(2) ae in (0,T),  VzeL*(0,T;H),

so in particular it holds that

T T
/m%MW@»“+/(&WW»4$ﬂMM@»@§/¥W@W&
0 0 0

Now, we want to let A N\, 0 in the inequality. To this end, note first that the convergence (5.6) and
the weak lower semicontinuity of the convex integrands yields

T

T T
/ o(u(s))ds < liminf/ o(Jx(ux(s))) ds.
0 0

AN
Secondly, the weak convergence (5.8) readily implies that, for all z € L*>(0,7;V}),
T T T
i [ (Ay(ur(9).2(6))) ds = [ €002y ds = [ [6(5), 250 ds.
ANO Jo 0 0 0
Finally, the limsup inequality (5.9) yields

T
timsup [ (A (5)). aun(5)
AN0 0

T
= liril\sgp/o [(A)\(UA(S))7UA(S)) —A HA)\(uA(s))qu] ds

T T
51u3§3pj£ (AAOM(SNaUA@ﬂ)deéjﬁ 6(s), u(s)] ds.

Hence, letting A \, 0 we infer that, for all
T T T
/ o(u(s))ds +/ [£(s),2(s) —u(s)] ds < / o(z(s))ds Vze L*0,T; Vp).
0 0 0
By a standard localization procedure and by the density of Vj in E, we have
o) + [z —u] < p(x) Vee FE,, ae in(0,7T).

This complete the proof of condition (3.8) and of existence of solutions in Theorem 3.7.
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5.4. Continuous dependence. We prove here the continuous dependence in Theorem 3.8, which
in particular implies uniqueness of solutions.

In the setting and notations of Theorem 3.8 we have that
O(ug —ug)+& — &= fi— fo ae in (0,7), (uy — u)(0) = ub — ud .

Moreover, note that by convexity and symmetry of ¢ we have

U — U 1 1
o (M) < getw) + gelum) € L0.T).

and similarly

_« [ Orur — Opua
14 2

1 1
> < 5@*(8tu1) + 5@*(6tu2) € Ll(O,T).

Consequently, taking the [-, -] duality with u; — us, integrating on (0,¢) and using Theorem 3.6 we
have, for every t € [0, T,

31 =) Ol + [ (6 = €)(s). (= u2)(5) ds

1 t
= 5 llub =gl + /0 ((f1 = f2)(5), (w1 — u2)(s)) ds.
Now, from (3.8) we know that

p(ur) + @"(61) = [§1,u1],  pluz) + @7 (§2) = [€2, ua],

from which

(€1 — &2, u1 — ug] = p(ur) + @*(&1) + puz) + ¢*(&2) — [§1, uz] — [€2,ua].

By the Young inequality we also deduce that

[S1,u2) < @7(61) + p(u2),  [€2,ua] < @ (&2) + p(ua)
so that putting everything together we infer that
[€1 —&,u1 —ug] >0 ae. in (0,7).
We deduce that

3 1o =) < 5 b=l + [ 16 = )l s = 2)5) 1

for every t € [0, T], and the thesis follows then by the Gronwall lemma.

6. APPLICATIONS

In this section, we thoroughly discuss a wide spectrum of applications. First of all, we show
that the classical variational theory in reflexive and separable spaces is covered as a special case of
our results. Then, we show the applicability of our theory to much more general examples, such
as evolution equations in singular Orlicz spaces, in Muselak—Orlicz spaces, and Musielak—Orlicz—
Sobolev spaces. These cover, among many other examples, PDEs in variable-exponent Sobolev
spaces, in double-phase spaces, and PDE with dynamic boundary conditions driven by singular
potentials.
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6.1. The classical variational theory. We show here that the classical variational theory for
evolution equations is covered by our results: in this direction we refer the reader to the main
contributions |6, Thm. 4.10] and [2,12].

Let H be a Hilbert space and V' a separable reflexive Banach space such that V' < H continuously
and densely. Let ¢: V — [0,400) be convex, lower semicontinuous, with ¢(0) = 0, such that
V = D(9¢), where D(dy) denotes a domain of dp, and there exist constants ¢;, ca > 0 and p > 2
such that

Vo<e(l+|z),  VeeV, Vyedp(x),

<y7$> > Hpr ) Hy’

where p/ := -£-. Let also ug € H and f € L?(0,T;H). Then the classical variational theor
po= g y

ensures that there exists a unique (u,§) with
we WW(0,T; V) nc®(0,T); H) N LP(0,T;V),  £e LV (0,T;V*)
such that
Out+&=f, £eipu),  u)=uo.

Let us compare this with our results. In this setting, it is not difficult to check that ¢ (suitably
extended to +00 on H \ V) is actually a modular, and that assumption HO holds with the choice
s = p. Furthermore, the growth conditions on d¢ imply that

A llzlly < el) <1+ |z2lly,)  VYzeV,
for some constants ¢}, ¢, > 0. Consequently, we easily deduce that in this case
E,=L,=V,

so that H1 holds with the trivial choice Vo = V. Clearly, one has then ¢ = ¢, Ef = V*, and
p* = ¢*. The growth conditions on ¢ yields

Ve —=1/cs <o*(y) <1+ lylli.)  yeV™,

¢z [|y]

for some c3, ¢j > 0, so that Eg« = Lg« = E, = V*. Finally, since V' is both reflexive and dense in
H, it is a standard matter to check that both H2i and H2ii are satisfied.

Our main result Theorem 3.7 implies that for all ug € H and f € L?(0,T; H), there is a unique

pair (u, &) with

ue Wyl(0,T;V*)nC®([0,T); H) N LL(0,T;V), &€ LL(0,T;V*),

p(u), " (€) € L'(0,T),
such that

u+&=f, & € 0p(u), u(0) = ug .
Since V and V* are separable, one actually has
we WHH0,T; V) N LY0,T; V), £ LY, T; V).
Moreover, thanks to the growth conditions on ¢, we immediately see that the regularity ¢(u),
¢*(&) € LY(0,T) yields
we LP(0,T;V),  £eLF(0,T;V*).

Finally, by comparison in the equation we have d,u € Lp/(O, T;V*) as well.

Hence, in this simplified setting, our Theorem 3.7 actually coincides with the classical existence
result from the variational theory.
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6.2. Reaction-diffusion equations. We present here a first simple example of a class of PDEs
that falls out of the classical variational setting presented in Subsection 6.1, but that can nonetheless
be covered by our main existence result.

Let us consider partial differential equations in the form
Oy — div(OM (Vu)) + 0N (u) > f in (0,7) x €,
u=0 on (0,7) x 09, (6.1)
u(0) =0 in

where Q C R? is a bounded Lipschitz domain, 7 > 0 is a fixed final time, the data are chosen as
ug € L2(Q) and f € L2((0,T) x Q), and M : R? — [0,400) and N: R — R are convex, even, lower
semicontinuous and polynomially bounded by above and below. More specifically, we suppose that
there exist ¢, co > 0 and p, ¢ > 2 such that

alglP <y-z, |y <c@+|zl)) VzeR? VyedM(z),
alrl? <wr, |wl? <c(1+|r|?)  VreR, YwedN(r),

where p’ and ¢’ are the conjugate exponents of p and ¢, respectively. Here the case M (Vu) = |Vul|P
leads to thoroughly studied p-Laplace operator: see, for example, [48,49].

Since p and ¢ may be different in general, this setting does not fall directly in the classical
framework presented in Subsection 6.1, as the coercivity condition is not satisfied if p # ¢. However,
let us show that it can be treated by using our results.

One can consider the modular ¢: L?(Q) — [0, +-0c] defined as

/ M(Vu) + / N(u)  ifue WyP(Q)nLIQ),
g ’ otherwise .
With this notation, the PDE (6.1) can be written in the abstract form
du+0p(u) > f,  u(0) =ug,
by choosing
H:=1I1*Q), V=WyPQ)nLiQ), V=W Q) +L7Q).
Thanks to the growth conditions on M and N we deduce that

& (I70llh 0 + ooy ) < 0(w) < & (14 IVul gy + ulllyqy) — YueV.

Consequently, assumption HO holds with s = min{p, ¢}. Furthermore, the growth condition readily
implies that V' = E, = L, and Eg« = Lg- = E, = V", so that also H1-H2i—H2ii are satisfied,
with the choice Vy = V. Moreover, the conjugate ¢*: V* — [0, +00) satisfies

0" (v) = (v,u) — @(u) VueV, Vovedp(u),
where by |6, Thm. 2.10] we have that
0p(u) ={—divoy +v2: v; € OM(Vu), va € ON(u) a.e. in Q} VueV.
In this expression, by assumption on M and N we have that v; € Lp/(Q)d and vy € L7 (Q), and

the divergence is intended in the sense of distributions on 2.
The existence Theorem 3.7 ensures then that for all ug € L?(Q2) and f € L2((0,T) x §2) there
exists a unique pair (u, &) with

uwe W0, T;V) N CO[0,T); H) N Ly (0, T3 V), €€ L, (0,T; V"),
p(u), ¢*(€) € L'(0,T),
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such that
Out&=f, £€dp(u),  u(0)=u.

Since V' and V* are separable, these conditions imply the existence and uniqueness of a solution of
(6.1) with

ue LP(0,T; WyP () N LI(0, T; L)),

dyu € LP (0, T; W7 (Q)) + L7 (0,T; LY (2)),

E=—diva+&, &G eLX(0,TLP(Q7), &eLU(0,T;L9(Q),
and

Ou—divér +& > f in V' o ae in (0,7), u(0) = ug .

6.3. Singular PDEs in Musielak—Orlicz spaces. In this subsection, we examine our approach
in the setting of Muselak—Orlicz spaces. For all the abstract theory and general properties we
refer to the classical monograph [58, § 7|. We will show that our results cover several interesting
cases of singular PDEs, including evolution equations in both reflexive and non-reflexive spaces,
such as Lebesgue spaces with variable exponents, double-phase spaces, Orlicz spaces, and weighted
Lebesgue spaces.

Given a bounded domain Q C RY regular enough, we consider ¢y : L2(2) — [0, +00] of the form

z,v(x))dr i U 1
ot = | [ @y e € 2@,
400 otherwise .

where M: Q x R — [0,00) is a generalized strong ®-function [35] in the sense that

(

1) M(-, z) is measurable for every z € R;

2) M(z,-) is convex and continuous for almost every x € ;

3) M(z,0)=1lim, o M(z,z) =0 and lim,_,o, M(x, z) = +o0 for almost all x € ;
4) there is € € (0, 1] such that M(z,e) <1 and M(z,1/e) > 1 for almost all z € Q;
5) if M(x,az) =0 for all @ > 0 and almost all z € €2, then z = 0;

6)

M(z,z) = M(x,—z) for all z € R and almost all x € Q.

In this setting, ojs is a lower semicontinuous convex semi-modular on L%(Q). Let us use the
classical notation LM (Q) := Ly, and EM(Q) := E,,,, for the respective Muselak-Orlicz spaces.
Moreover, if there exists ¢ > 0 such that

M(z,z) > cz? forae.ze€Q, VzelR,

then we have LM (Q) C L?(€2). Hence, we can choose H := L?(f2), and assumption HO holds with
s =2.

We denote by M*: Q x R — [0, +0c] the convex conjugate of M with respect to its second
variable, namely
M*(z,z) :=sup{zy — M(z,y)} , (x,2) e A xR.
yeR

Definition 6.1. A function M: Q xR — [0, +0o0] satisfies the weak doubling condition AY if there
exist a constant k > 2 and h € L*(Q) such that

M(z,22) < kM(z,z) + h(x) (6.2)

for almost all x € Q and all z € R. Similarly, M fulfils the condition V¥ if M* satisfies AY.
Whenever h = 0, the conditions are referred to as strong Ao and strong Vs.
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Definition 6.2. Let M, N: Q xR — [0,4+00]. We say that M =< N if there exist two constants ¢y,
ca >0 and h € LY(Q) such that

M(z,z) < c1N(x,coz) + h(x) for almost every x € Q and for all z € R.
We say that M and N are equivalent if M < N < M.

It is well-known that every function M meeting the AY (VY) condition has an equivalent function
N which satisfies the strong Ay (V2) condition.

Definition 6.3. A generalized strong ®-function M is said locally integrable if, for every measurable
compact subset K C 2 and for every z € R, it holds that

/ M(z,z)dr < +00.
K

We recall the main properties of the Musielak—Orlicz spaces in the following proposition: for
detailed proofs, the reader can refer to [17,37,58,71].

Proposition 6.4. Let M be a generalized strong ®-function. Then, the following holds:

(i) EM(Q) and LM (Q) are Banach spaces w.r.t. || - llorss and L°(82) is continuously embedded
M () -
in EM(Q);

(ii) of M is locally integrable, then the simple functions on Q and the smooth functions with
compact support C(Q) are dense in EM () w.r.t. the norm || -||,,,- In particular, EM ()
is separable. Moreover, we have the characterization of the dual EM(Q)* = LM™(Q);

)

(iii) if M satisfies the Ay condition, then LM (Q) = EM(Q) and there exists p > 1 such that

—Aﬂ(j;z) — 0 as |z| = 400 for almost all x € §2;

(iv) LM(Q) is reflexive if and only if M satisfies both AY and VY conditions.

The evolution equation associated to this choice of ¢ reads

{atu(t,x) +OM(z,ult,z)) > f(t,z)  (t,2) € (0,T) x Q,

u(0,z) = up(z) e, (63)

where, as in the previous subsection, 7" > 0 is a fixed final time, and the data are chosen as

ug € L2(Q) and f € L2((0,T) x Q).

We have already pointed out that in the setting above, assumption HO is satisfied with the
choices H := L?*(Q)) and s = 2. We analyze now in detail the validity of the hypotheses HI1,
H2i—H2ii in connection to the Ay and V4 conditions for M.

M satisfies both Ay and V.
If M satisfies both the Ay and V5 conditions, then EM(Q) = LM (Q) is reflexive. Moreover, if also
M and M* are locally integrable on €2, by property (ii) of Proposition 6.4, E () is separable
and EM(Q)* = LM (Q). In particular, it follows that EM(Q)* = LM (Q) = EM"(Q). Hence,
assumption H1 is satisfied by the trivial choice Vo = EM(Q), and assumptions H2i—H2ii hold
since EM(Q) = LM(Q) and H is dense in LM (Q) = EM"(Q).

In this setting, our Theorem 3.7 ensures then that the equation (6.3) has a unique solution
w€ WHH0,T; LY () n €20, T L Q) N L0, T; LY(Q)), - € € L0, T5 LM (),
such that
M(u), M*(-,€) € LY(0,T).

Let us stress that the separability properties of LM(Q) and LM (Q) ensure actually that the
measurability in time of such solutions is intended in the usual strong sense. Moreover, thanks to
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the characterisation of M in |6, Prop. 2.7| the subdifferential relation (3.8) in this case can be
written pointwise and reads

€ OM(-,u) ae. in (0,7) x Q.

This framework where M is both Ay and Vs allows to cover several interesting cases, coming
mainly from the modelling of anisotropic/non-homogenous phenomena. We refer the interested
reader to the surveys [38] and [17] for more details. For instance, the following well-known examples
are included in this setting:

e Variable exponents spaces: M (z,z) = |2[P®) where p: Q — (1,+00) is measurable and

such that

1 <p :=essinfp(r) < esssupp(z) =:p" < +o0.
e zeN

e Double phase spaces: M (z,z) = |2|P®) + a(z)|z|?®), where a: Q — [0, +00) is measurable

and bounded, and

1<p <p<q<qt <4oo.

e Orlicz spaces: M (z,z) = ®(z), independently of x € Q, where ® is Ay and V.
o Weighted Lebesgue spaces.

M satisfies either Ay or V.

Let us start with M fulfilling the Ag-condition (but not necessarily the Va condition). In this
case, EM(Q) coincides with LM (Q2). Moreover, if M is locally integrable on €, by property (ii)
of Proposition 6.4 the space EM(Q) is separable and dense in L?(€2). Furthermore, by property
(iii) there exists p > 1 such that lim, |, M(z,2)/[2[" = 0 for a.e. z € Q: hence, if we choose
Vo as the space LP(2), then LP(Q) is dense EM(Q), separable and reflexive, and ¢y is bounded
on bounded subsets of LP(€2). This shows that H1 is satisfied. Furthermore, assumption H2 is
trivially satisfied since H2i holds as EM(Q) = LM (Q).

Let us consider now M fulfilling the Vj-condition (but not necessarily the Ag condition). In
this case, EM"(Q) = LM"(Q). Moreover, if M is locally integrable, then as before we have that
EM(Q) is separable and dense in L2(f2). Using also property (ii) of Proposition 6.4, we have that
C>(9Q) is dense in EM(Q) and L>°(Q) — EM(Q) continuously. Hence, supposing that €2 is regular
enough (for example, bounded with Lipschitz-boundary), by the classical Sobolev embeddings one
can choose Vy := W™P(Q) with m > }%l, so that C°(Q) € W™P(Q) — L*°(). This shows that
assumption H1 holds. Furthermore, assumption H2 holds due to to the following argument: M*
is Ay, hence LM (Q) = EM™(Q) is separable, and the collection of simple functions is a countable
and dense subset of LM (Q). Consequently, L?(f2) is dense in L (Q), so that in particular H2ii
is satisfied.

In this setting, Theorem 3.7 ensures then that the equation (6.3) has a unique solution
u € W (0,1 LM () N CO([0, TT; L*(92)) N Ly, (0, T3 LY (Q)) - € € Ly, (0,73 LM (),

such that

M(" u)’ M*(a 5) € Ll(o’ T) :
Let us point out that the measurability in time is not intended in the strong sense. Nonetheless,
if M satisfies the Ay condition, then LY (Q) is separable and actually it holds that also u €
LY0,T; LM()). Similarly, if M satisfies the V5 conditions, then LM (Q) is separable and it holds
also that uw € WH1(0,7; LM (Q)) and ¢ € L'(0,T; LM (Q)). As before, the differential inclusion
(3.8) can be written pointwise in 2.

This more general framework where M is allowed to satisfy either the Ay or the Vs condition
(but not necessarily both of them) allows to cover almost all relevant cases of PDEs in Musielak—
Orlicz spaces. For these reasons, the variational theory presented here is widely applicable to most
interesting examples. For instance, let us mention the following [17]:
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e Orlicz spaces: M(x,z) = ®(z), independently of x € €, where ® is either Ay or Va. For
instance, ®(z) =exp|zlP — 1, p> 1, or ®(z) = (|z| + 1) In(|z| + 1) — |z].

6.4. Singular PDEs in Musielak—Orlicz—Sobolev spaces. In this subsection, we show that
our results conver also evolution problems in Muselak—Orlicz—Sobolev spaces. Again, for the ab-
stract theory we refer to the classical monograph [58, § 10]. This framework includes interesting
cases such as singular or degenerate evolution equations in Sobolev spaces with variable exponents,
double-phase spaces, Orlicz—Sobolev spaces, and weighted Sobolev spaces. For simplicity, we will
only focus on homogeneous Dirichlet boundary conditions: other classical choices can be easily
covered with natural adaptation of this approach.

Here, we assume that N and M are generalized strong ®-functions as in Subsection 6.3. Given a
bounded domain Q C RY regular enough, we recall the definitions of the following MuselakOrlicz
Sobolev spaces (see [17]):

WLLM(Q) = {v e WHHQ) : v,|Vu| € LM(Q)} ,
WEEM(Q) = {v e Wl Q) : v, |Vu| € EM(Q)} ,
VO EM(©Q) = {v e Wgh(@) + Vol € 1M (@)}
VEEM(Q) = {v e Wh(Q): Vol € EM(Q)} .

If M is also locally integrable in the sense of Definition 6.3 then all the above spaces are actually
Banach spaces. Moreover, the space of compactly supported smooth functions C2°(€2) is dense in
WiEM(Q) and in V§ EM (Q): a possible proof can be readily adapted to the arguments of [28, § 2|.
Also, if M is Ag and Vy then WELM(Q) = WLEM (Q) is reflexive (see [37, Thm. 6.3]).

We introduce the lower semicontinuous convex semi-modular oy n: L*(2) — [0, +00] as

/Nxv dx—i—/M ,|Vou(z)|) dz

orn(v) = if N(-,v) € LYQ), veWy'(Q), M(-|Vv|) e LY(Q),

+0o0
otherwise .

Supposing again that, for some ¢ > 0,
M(zx,2), N(x,z) > cz? forae.z€Q, VzeR,
we have that LM (Q), LN(Q) c L*(Q) and that WJLM(Q), Vi LM(Q) C H{(Q). Hence, one can

characterize the modular spaces associated to ¢y v in terms of the Musielak—Orlicz—Sobolev spaces
related to N and M as

L ={ve ILNQ)NH;(Q): |[Vv| € LY (Q)} = LN (Q) n Vi LY (Q),
Egpyx ={veEY(QNH Q) : [Vv| € EY(Q)} = EV(Q) NV EY(Q).
As before, we can choose then H := L?(Q2) and assumption HO holds with s = 2.

Now, we set M : Q x R — R as M (x, 2) := M(x,|2|), for (z,2) € Q x R?, so in particular M is
symmetric in the second argument. With this notation, the evolution equation associated to this
choice of ¢y, y reads

Opu(t,z) — divoM (z, Vu(t,x)) + ON(z,u(t,x)) > f(t,x) (t,z) € (0,T) x Q,
u(t,y) =0 (t,y) € (0,T) x 092, (6.4)
u(0,z) = up(x) e,

where again T > 0 is a fixed final time, ug € L*(Q2), and f € L*((0,T) x Q).

PYM,N
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Let us now discuss the validity of the hypotheses H1, H2i—H?2ii. These strongly depend on
whether M and/or N satisfy the conditions Ag and/or Va: for sake of brevity, we only focus on
two cases, the other ones being analogous.

M and N satisfy both A, and Vs.
By the properties above, we have that the space EN(Q) N VEEM(Q) = LY(Q) n VLM (Q) is
reflexive, and separable if also M and N are locally integrable. In particular, it is immediate to

check that H1 holds with the trivial choice Vg := EN(Q) NV EM (), as well as both assumptions
H2i-H2ii.

Theorem 3.7 ensures then that the equation (6.4) has a unique solution
uwe Who,T; EX - )nC([0,T); L*(Q)) N LY(0,T; E ce LMo, T;EX ),

YM,N SOM,N) ) $YM,N
such that

oan (), oign(€) € L0, T).
Let us comment now on the subdifferential relation (3.8). Let us notice that since E

YM,N T
EN(Q)NVEEM(Q) and E is dense in both EV(Q) and Vi EM (), we have the representation
of the dual as

YM,N

Er = IN(Q)+ VEEM Q).

YM,N
Let us show now that the subdifferential relation (3.8) in this case can be written as

§=6& —divee, & €0ON(u), &€OM(-,Vu) ae. in (0,T) x Q.

To this end, we notice that we have the representation yr,n = N + ¥, where ¢ is defined as
in Subsection 6.3 with respect to N, and vy : L*(Q) — [0, +00] is given by

x, |Vu(x)|) dx if v ! v 1
P (v) == /QM( [Vo(z)[) d foeHYQ), M(,|V|)e L),
+00

otherwise .

Lemma 6.5. In this setting, if M satisfies the Ao and Vo conditions, the subdifferential of the
restriction ¥: Vi EM(Q) — R is the operator

Apr: Vg EM(Q) — 20 BYO)"
Ap(v) == {—divn: ne LM, nedM(-,Vv) ae. in Q} .

Proof. The proof can be directly adapted to the arguments of |6, Thm. 2.17-2.18], by taking into
account that under these assumptions the space VolEM (Q) is separable, reflexive, and dense in

L2(9). a

Lemma 6.6. In this setting, if M and N satisfy the Ao and Vo conditions, the subdifferential of
the restriction oprn: EN(Q) N VEEM(Q) — R is the operator

Apy : BY(Q) NV EM(Q) — o @B @)
Avy@)={ —divnte: nel @' ¢elN(@),

n€OM(,Vv), £€0N(,v) ae. in Q} .
Proof. It follows from the classical result [6, Thm. 2.11, Rmk. 2.1]. O

M and N satisfy As.
If M and N fulfil the As-condition (but not necessarily the Vg condition), then we have that
Vot EM(Q) = VELMQ) and EN(Q) = LY (Q). Moreover, these spaces are separable and dense in
L?() if also M and N are locally integrable. As far as the choice of Vj is concerned, combining
the considerations made in Subsection 6.3, we can choose for example V) := VVO1 P(Q), where p
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realises condition (iii) of Proposition 6.4 for M and N. Clearly, V} is separable reflexive and dense

in E, Furthermore, assumption H2 is trivially satisfied since H2i holds as E,), , = L

PM,N " $YM,N*

Theorem 3.7 ensures then that the equation (6.4) has a unique solution

uwe Who,T;E:  )nC([0,T); L*(Q) N LY(0,T; L

YM,N

¢e LL0,T, LM (),

SOM,N) ’
such that
enn (1), ©hrn(€) € LH0,7)

and the differential inclusion (3.8) is satisfied.

6.5. Singular PDEs with dynamic boundary conditions. In this subsection we show that
the variational theory presented in this papers also allows to consider PDEs with possibly singular
dynamic boundary conditions. As a motivating example, let us focus now on problems in the
following form:

Opu — Au+ OM(-,u) 5 f in (0,7) x Q,

u = ur in (0,T)x T, .
dpur + Opu + OMyp(-,ur) 3 fr  in (0,7) x T,

(u, ur)(0) = (uo,uo,r) in QxT,

where Q C R? (d > 2) is a bounded domain with sufficiently regular boundary T', A denotes
the Laplace operator, and n is the outward unit normal vector on I'. Here, f € L?(0,T; L?(2))
and fr € L?(0,T;L*(T)) represent two given forcing terms in the bulk and on the boundary,
respectively, while ug € L?(Q2) and uor € L*(T) are the given initial data. Moreover, M and
Mt are taken as strong ®-fucntions on © and I', respectively, in the sense of conditions (1)-(5) of
Subsection 6.3.

In order to frame the evolution problem (6.5) in the context of modular spaces, it is natural to
consider the Hilbert space H := L?(Q) x L*(T") and define p: H — [0, +00] as

( 1

[ (390t + Mot ) o+ [ et ot
ifve HY(Q), M(,v) e LYQ),

o(v,or) = v, = r, Mr(-,or) € Ll(F),

+0oo

L otherwise .

It is not difficult to check that problem (6.5) can be formulated in an abstract way as
Ou+0p(u) 3£,  u(0) =,

where we have used the bold notation to denote a general element of H, namely u := (u,ur),
f:=(f, fr) € L*(0,T; H) and ug := (ug,uor) € H. Let us point out that for the general element
v = (v,ur) € H it is not necessary true that vr is the trace of v on I'. For this to be ensured, one
needs on v more regularity than just L?: for example, if v = (v,vr) € D(p), then v € H'(Q) and
vr is its trace (which is indeed well-defined in H'/2(T")).

Let us check that this problem can be framed in our variational setting. First of all, using the
notation of Subsection 6.3 for the Musielak—Orlicz spaces on €2 and I', we have that

L,= {v € H(Q) x HYV2(T): v, =vr, ve LM(Q), vp e LMF(P)} ,

E,= {v e H'(Q) x HYV(T): v, =vr, ve BM(Q), v e EMF(F)} ,



34 ALEXANDER MENOVSCHIKOV, ANASTASIA MOLCHANOVA, AND LUCA SCARPA

and the ||| p-norm is equivalent to the norm of the intersection of the spaces appearing on the
right-hand side, namely

1

1Vl < vl +lIvllg,, +llorlly,, < 4lvil, Vv eLe.

PM P My

It is immediate that ¢ is a lower semicontinuous convex semi-modular on H, which is indeed a
separable Hilbert space. Besides, the s-coercivity of ¢ in the sense of assumption HO follows from
the respective hypothesis on M and Mp as in Subsection 6.3 with s = 2 (actually, in this case it is
enough to require the above-mentioned coercivity only on Mr, thanks to a suitable Poincaré-type
inequality and the gradient contribution in ¢).

Secondly, let us check assumption H1. Using property (ii) of Proposition 6.4, we have that
L>®(Q) x L®(T') — EM(Q) x EMr(T) continuously, and C*°(Q) x C>(T') is dense in EM(Q) x
EMr(T). Consequently, a natural candidate for the space Vj is

Vo = {VeHm(Q)me_l/Q(Q): U‘F:UF} ; m>g.
Indeed, clearly Vj is separable, reflexive, and by the Sobolev embeddings we have the continuous
inclusions

H™(Q) = L¥(Q)NnHYT),  H™YXI) < L¥T)nHY2(T).

Recalling the equivalence of the |[|-[| ,-norm above, this ensures that Vy < E,, continuously. As far
as the density of Vj in E, is concerned, given v € E,, since H™(Q) is dense in EM(Q) N H(Q),
there is a sequence (vy,), C H™(Q) such that v, — vr in EM(Q) N HY(Q). Clearly, the traces
(vrn)n © H™ Y2(T) satisfy vr,, — vp in HY2(T). Furthermore, if d = 2, then T has dimension 1
and by the Sobolev embeddings we have H'/?(T") < L>®(T") < EMr(T') continuously, so that also
vr,, — o in BEMP(T), hence v, — v in E,. If d = 3, then I' has dimension 2 and by the Sobolev
embeddings we have H'/2(I') < L*(T"): in this case, if we suppose that My is controlled by a 4-th
power, then L*(I") — EMr(T") and we can conclude as above.

Lastly, let us discuss assumption H2. Following the same line of Subsection 6.3 and without
going into the details, the main idea is that we can either assume As-type conditions in order to
get H2i or Vs-type conditions in order to get H2ii. For example, if both M and Mr satisfy the
Ay condition, then we have EM(Q) = LM(Q) and EMr(T') = LMr(I), so that condition H2i is
trivially satisfied.

Theorem 3.7 ensures then that the problem (6.5) admits a unique variational solution
u € Wyl (0,73 L) 0 CO0, T H) O Ly (0, T5 L), &€ Ly (0,75 L)

such that
o(u), ©*(€) € L'(0,7),
in the sense that

[ woc [t <r+/ [ vu- vc+/[s Cows + /t[fsr,cp]%
/uoC—i—/uorCr—l—//fC—i-//fFCr Vtel0,T], V¢ e E,.
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