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ABSTRACT. In this work we give optimal, i.e. necessary and sufficient, conditions for
integrals of the Calculus of Variations to guarantee the existence of solutions — both weak
and variational solutions — to the associated L2-gradient flow. The initial values are merely
L2-functions with possibly infinite energy. In this context, the notion of integral convexity,
i.e. the convexity of the variational integral and not of the integrand, plays the crucial role;
surprisingly, this type of convexity is weaker than the convexity of the integrand. We
demonstrate this by means of certain quasi-convex and non-convex integrands.
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1. INTRODUCTION

The aim of our research is twofold. First, we have in mind to introduce a model to
handle evolutionary problems in nonlinear elasticity, following the celebrated approach
introduced by Ball [4] in 1977 for the stationary case. Secondly, we refer to L.C. Evans,
who stated in 2013 that one of the most fundamental open problems for quasi-convex
variational integrals

F(u) ::/Qf(Du)dx

is the study of existence, uniqueness and regularity issues for the L?-gradient flow associ-
ated to F

dyu — div (De f(Du)) = 0.
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The precise references is [ 19, Section lc, (ii)]; see also the introduction in [20] for a similar
statement. In this paper we give a partial answer to these questions for general integral
functionals of the Calculus of Variations of the form

(1.1) F(u) ::/Qf(x,mDu) dz

Here f: Q x RN x RV*™ _ R is a Carathéodory integrand, quasi-convex with respect
to the gradient variable. We work in the context of variational solutions, which have
been introduced by Lichnewsky & Temam [30]. The related theory is the natural para-
bolic counterpart to the classical Calculus of Variations in the stationary setting. Indeed,
for parabolic problems variational solutions play the same role as minimizers for integral
functionals. For the precise notion we refer to Definition 2.1 below. In this context of
lack of convexity of the integrand we investigate necessary and sufficient conditions for
the existence of variational solutions. One of the main results of this paper is:

Theorem 1.1. Let F: W1P(Q,RYN) — [0, o] with p > 1 be a coercive integral functional
as in (1.1) with a quasi-convex Carathéodory integrand f(x,u,). Then, there exists a

variational solution to the L?-gradient flow associated to F for any initial datum u, €
L2(2,RN) if and only if F is convex.

Of course, to the list of assumptions on a quasi-convex integrand f certain growth con-
ditions have to be added in order to guarantee the lower semi-continuity of F; cf. [1, 33].
Precise statements will be given in § 2. At first glance, one might think that the convexity
of the integral — in the sequel we denote this by the notion infegral convexity — implies the
convexity of the integrand f with respect to (u, Du). However, this is not the case. We
emphasize, that in the vectorial setting N>1la quadratic integrand of the type

(1.2) Fla,u, &) = Z Z (@)&rel + Z cap(@)uu?,

4,j=1a,8=1 a,Bf=1

whose coefficients a B( x) satisfy the Legendre-Hadamard condition

Z Z (@)nin9°0° > vinl?[9>  VpeR", 9 € RN

i,j=1a,f=1
for some v > 0, leads to a convex integral F'; cf. Section 4.2. Indeed, if the coefficients
afyjﬁ(x) are uniformly continuous and if the lower order coefficients c,g(z) are chosen
large enough in the sense of positive definite matrices it can be established that the varia-
tional integral F' satisfies Garding’s inequality, which implies the integral convexity of F.
This is essentially the content of Theorem 4.6. Note that f in (1.2) is quasi-convex but
not necessarily convex. Of course, this specific integrand can be perturbed by adding any
non-negative Carathéodory integrand g: Q x RY x RVN>*" — [0, c0) which is convex with
respect to u and Du. Other prototypes of non-convex integrands which are integral convex
are

(13)  flau) = | + o) (juP —1)* and  fla,u8) = |¢* - e()|uf
with b(z) > 0 and ||b]| (), ||| L () small enough. For the precise statement and more
general cases we refer to § 5.

The above considerations show the importance of the notion of integral convexity in
the context of evolutionary variational problems. The main assertion of Theorem 1.1 re-
mains true also in the more general setting of functionals F: W1P(Q, RY) — [0, oo] with
p > 1, which are coercive and sequentially lower semi-continuous with respect to weak
convergence in W1P(Q, RY). For such functionals we prove:

Theorem 1.2. For any initial datum u, € L?(2, RY) there exists a variational solution
to the gradient flow associated to ¥ if and only if F is convex.
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Some comments on the assumptions of Theorem 1.2 might be helpful. For a gen-
eral Carathéodory integrand f(x,u,£) the lower semi-continuity of the associated inte-
gral functional F with respect to the weak*-W1>°(Q, R"V) topology implies the quasi-
convexity of the integrand f. This is a well known result by Morrey in his pioneering
work in 1952 [36]; see also [14, Second Edition; Theorem 8.1] and [24, Theorem 5.2]. On
the contrary, under certain growth assumptions on the quasi-convex integrand the lower
semi-continuity of the associated integral functional F' can be deduced; cf. [1, 33].

The above arguments show that the quasi-convexity assumption in a certain sense is a
necessary condition for the existence of variational solutions associated to energy integrals
of the Calculus of Variations. However, Theorem 1.1 shows that quasi-convexity alone is
not enough to guarantee the existence of variational solutions; in fact we establish in §4.1
that quasi-convexity of the integrand in general does not imply integral convexity even with
fixed boundary data. Therefore one has to impose integral convexity. This is the essential
difference to the stationary setting in which quasi-convexity — and not integral convexity —
is the main assumption for existence of minimizers.

The whole picture will be completed by the fact that certain standard growth assump-
tions on the integrand f allow to derive that variational solutions are indeed solutions of the
associated parabolic system. This means that we can prove the existence of weak solutions
to the L2-gradient flow for some classes of quasi-convex integrals as in (1.1). That is, they
weakly satisfy the parabolic system

Oyu — div (Dgf(x, u, Du)) + Dy f(x,u, Du) = 0.

In summary, our results can be interpreted as the parabolic analogue of the existence theo-
rem for quasi-convex integrals in the Calculus of Variations, in combination with the char-
acterization of those integral functionals which are weakly lower semi-continuous. Indeed,
quasi-convex integrands satisfying certain growth and coercivity assumptions are weakly
lower semi-continuous and this allows to derive general existence theorems for minimizers
by the direct methods of the Calculus of Variations. Vice versa, if the integral functional
is weakly lower semi-continuous, then the integrand is quasi-convex and, under certain
growth conditions, the minimizers solve the associated Euler-Lagrange system. On the
contrary we cannot expect in general that weak solutions minimize the associated varia-
tional integral, unless the integrand is convex with respect to v and Dwu or, more generally,
under integral convexity. Our paper shows that the same conclusion can be drawn for
parabolic problems: if the integral is convex, then weak solutions of the parabolic Euler-
Lagrange system are in fact variational solutions, see §7.4. Finally, we emphasize that
variational solutions are unique provided F is convex; this differs from the stationary case,
where strict convexity of F is needed.

Let us briefly recall some prior work related to this research. We already mentioned the
paper by Lichnewsky & Temam [30] related to evolutionary minimal surfaces. Necessary
conditions for existence of parabolic minimizers have been derived by Wieser [43] in the
case p = 2 under standard growth conditions; see also Daneri & Savaré [17]. Existence
results, for instance in a metric context, have been obtained by Ambrosio [2], Ambrosio,
Gigli & Savaré [3], Mielke & Stefanelli [35], and Rossi, Savaré, Segatti & Stefanelli [40];
for weak and variational solutions we refer to [8, 9, 11]. The innovation of this paper is
the precise characterization of those not necessarily convex integrands from the Calculus
of Variations for which existence of unique variational solutions holds. Moreover, we deal
with L?(Q)-initial data with possibly infinite energy.

In contrast, Miiller, Rieger & Sverik constructed in [39] a smooth quasi-convex inte-
grand f: R?*? — R with quadratic growth and inhomogeneity g: Qr — R2, such that
the associated Cauchy-Dirichlet problem with « = 0 on the parabolic boundary of {27 has
at least two solutions. One of the solutions is nowhere of class C! in 7, while the other
one is smooth. Due to the non-uniqueness the associated integral functional can not be
integral convex.
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Finally, we mention that linear parabolic systems with principal part satisfying the strict
Legendre-Hadamard condition have been treated with different approaches in the litera-
ture. For instance, in [25] Dong & Kim considered the case of second order linear par-
abolic systems with leading coefficients satisfying bounded mean oscillation (BMO) and
vanishing mean oscillation (VMO) in the spatial variables, by means of methods intro-
duced by Krylov [28, 29] for linear elliptic and parabolic systems in non-divergence form;
see also [21, §9] for similar results. We also quote [26] from the same authors; they deal
with higher-order linear parabolic systems in the general context of the strict Legendre-
Hadamard condition. Similar results for higher order systems are due to Boccia [5], Boc-
cia & Krylov [6] and Gallarati & Veraar [22]. Finally, we refer to [12, 31] for classical
existence results related to maximal monotone operators.

We conclude this introduction recalling a result by Evans [18] concerning partial regu-
larity of minimizers of quasi-convex integrands: is it possible to prove a similar result in
the context of parabolic variational solutions?

Acknowledgments. V. Bogelein has been supported by the FWF-Project P31956-N32
“Doubly nonlinear evolution equations”. P. Marcellini is a member of the Gruppo
Nazionale per 1’Analisi Matematica, la Probalita e le loro Applicazioni (GNAMPA) of
the Istituto Nazionale di Alta Matematica (INdAM).

2. NOTATION AND RESULTS

Throughout the paper we denote by 2 a bounded domain in R™ with n € N. By
Qr :=Q x (0,T) C R"™! we denote the space-time cylinder with base . We consider
functionals F: W1P(Q,RY) — [0, oo] with p > 1 and Dirichlet boundary values

2.1 u, € L2(Q,RY) nWLP(Q,RN)  with F(u,) < oc.
We assume that F satisfies the following conditions
Flu] > v||Dull}, o gny  forall u € u, + Wy (Q,RVX™),
(2.2) F is sequentially Isc w.r.t. weak convergence on u, + I/VO1 P(Q,RNxn),
F is finite on u, + C§°(Q, RY).
In particular, (2.2); implies that F is coercive in u, + Wol’p (Q, RN ), i.e. that the level sets

of F are bounded in u, + W "* (2, RY).

Definition 2.1. Suppose that F: W1?(Q,RY) — [0, o0] is a variational functional, u, €
WLP(Q,RY) with F(u,) < co and u, € L*(Q,RY). A measurable map u: Qp — RY
in the class

u € CO([0,T); L2 (L, RN)) N LP (0, T; uw + Wy P(Q,RY))

is a variational solution associated to the functional F if and only if the variational inequal-

ity
/ F(u)dt < / F(v)dt + // O - (v —u) dadt
0 0 Q,
(2.3) + 5 10(0) = wollF2(0) — 3I(v = w)(7)[Z2 (e
holds true, for any 7 € (0,T] and any v € LP(0,T;u, + Wy P(Q,RN)) with dv €
L3(Q7,RY) and v(0) € L2(Q,RY). O

Remark 2.2. Note that the variational inequality (2.3) implies that the initial values are
assumed, in the sense that (0) = u,. This will be shown in §7.2.6.

Now we are in the position to present the precise formulation of our main result.
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Theorem 2.3. Assume that p > 1 and that u, and F: WP(Q,RYN) — [0, 0] satisfy
hypothesis (2.1) and (2.2). Then, for any u, € L?(Q, RY) there exists a unique variational
solution u to the gradient flow for F in the sense of Definition 2.1 if and only if F is convex
on L2(Q,RN) N, + W, P(Q,RN).

Note that Theorems 1.1 and 1.2 are direct consequences of Theorem 2.3. The necessity
part of the Theorem will be proven in § 6, while the sufficiency part will be shown in § 7.
In §7.1 we first consider the special case u, = u.. Here, we proceed by the so called
method of elliptic regularization. The general case will be treated in § 7.2 with the method
of minimizing movements.

Remark 2.4. The variational solution from Theorem 2.3 additionally satisfies 0;u €
L3(Q x (g, T),RN) and Du € L= (g, T; WHP(Q,RN*")) for any ¢ € (0,T); see §7.2.

Remark 2.5. In §7.1 we will prove the sufficiency part of Theorem 2.3 under the stronger
assumption u, = u,. In this case hypothesis (2.2)3 is not necessary. Moreover, the varia-
tional solution u satisfies O;u € L?(Q7,RY) and Du € L*°(0,T; WHP(Q,RVN*")); see
also Lemma 3.4. In this case the variational inequality (2.3) we can be re-written as

/OTF(u)dtS/OTF(v)dt—i—/Q Opu - (v — u) dedt

for any v € L2(Qp, RN) N LP(0, T; u. + Wy P (€, RY)).
As one particular case we deduce in §4 the existence of weak solutions u to Cauchy-
Dirichlet problems associated to a class of parabolic linear systems
uy — div (A(z)Dyu) + C(z)u =h  inQr,

%ﬁ (z)) and the positivity

of the matrix C(z) = (¢*#(z)). To perform this existence result we study the convexity
of the quadratic energy-integral

F(u) = /Q [(A(z)Du(z), Du(z)) + (C(x)u, u)|dz.

We also consider some properties related to the convexity of the energy integral in some
other non-quadratic cases; see §4.1.

under the Legendre-Hadamard rank-one condition for A(z) = (a

3. PRELIMINARY LEMMAS

Before starting with the proof, we give two preliminary results which will be needed.
The first result is a lower semi-continuity result for the integral functional F with respect
to strong convergence in L'. The precise result is

Lemma 3.1 (lower semi-continuity). Letp > 1 and u. € L*(Q, RN )NW1Lr(Q,RY), and
assume that F : WhP(Q,RN) — [0, 00] is coercive in u, +W, P (2, RY) and sequentially
lower semi-continuous with respect to the weak topology in u, + WO1 P(Q,RN). Then,
for any sequence {uy}ren C LP(0,T;u. + WoP(QRN)) with uj, — u strongly in
LY (Qr,RY), we have

T T
/ F(u)dt < liminf F(uy) dt.
0 k—oo Jo
Proof. Without loss of generality we may assume that
T
liminf/ F(uy)dt < oo,
k—oo  Jo

since otherwise there is nothing to prove. By Fatou’s lemma we have

k—o0

T T
(3.1) / lim inf F(ug) dt < liminf/ F(ug) dt < oo,
0 k—o0 0
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so that lim infy,_, o F(ux(t)) < oo for a.e. t € [0,T]. This means that for a.e. ¢ € [0, 7]
there exists a subsequence K(t) C N such that

lim F = liminf F .
o (ux(t)) = liminf F(uy,(t)) < oo

The coercivity of F' and Poincaré’s inequality then ensure that

el (0) ) < o0

Therefore, there exists another subsequence K;(t) C K(t) such that
ug(t) — u(t) weakly in WEP(Q,RN) as Ky (t) 3 k — oc.

Note that the limit u(t) is uniquely determined due to the strong convergence u(*) — u in
LY (Q7,RY) as k — oo. The lower semi-continuity of F with respect to weak convergence
in WHP(Q,RY) implies that

o e _
F(u(t)) < ,c}éﬁffof(“k(”) lim inf F (uy (1))

At this point, the claimed inequality follows with (3.1). O
Remark 3.2. The assumptions in the preceding lemma can be weakened in the sense

that the strong L!-convergence on Q7 can be replaced by uj, — wu strongly in L(2 x
(e,T],RN) for any ¢ € (0,T). O

We will frequently use a well known time regularization. For v € L'(Qp,RN), v, €
LY (9, RY) and h > 0 we define

t
(3.2) [W]n(t) = e Fu, + %/ e 7 u(s)ds.
0
A straight-forward computation shows that
(3.3) Oelvln = — 7 ([vln —v).
For more properties of the mollification we refer to [9, 27]. The next lemma ensures that
F is continuous with respect to the time regularization [v],.
Lemma 3.3. Let p > 1 and u. € L*(Q,RY) N WLP(QRYN), and assume that
F : WL(QRN) — [0,00] is coercive in u, + WyP(Q,RN), sequentially lower
semi-continuous with respect to the weak topology in u, + WO1 P(Q,RN), and convex on
L2(Q,RY) Nu, + Wy P(Q,RY). Consider
ve L*(Qr,RY) N LP(0, T;us + Wy (Q,RY)),  with F(v) € L*(0,T)

and v, € L*(Q,RN) Nu, + Wy P(Q,RY) with F(v,) < oc. Then, for anyt € [0,T)] we
have

F([v]a(t) < [F(v)]a(t),
where [F(v)]y, is defined according to definition (3.2) with v, replaced by F(v,). Moreover,
F([v]n) € L*(0,T) and

T

im | F([v]h)dt:/o F(v) dt.

Proof. We first observe that

1 t s—t
7t/ e ds=1.
h(l—efﬁ) 0

This allows us to interpret the mollification [v], — modulo a multiplicative factor — as
a mean with respect to the measure et ds. Accordingly to this interpretation we first
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rewrite F([v];,) and afterwards use the convexity of F and Jensen’s inequality. This proce-
dure yields the following point wise bound:

F([v]n(t)) = F<e—ivo + h(ll__e;) /Ot v(s)e’ ds)
ge—iF(uo)Jr(l—e—h)F(h(l 716 é)/otv(s)e z ds>

Since F(v) € L'(0,T) and F(v,) < oo by assumption, an elementary calculation yields
the uniform bound

T T
/ [F(v)]pdt < / F(v)dt 4+ hF(v,) < 00,
0 0

which proves F([v],) € L'(0,T). Moreover, from well-known properties of the time
mollification, we infer [v];, — v in L}(Qr,RY) as h | 0, so that Lemma 3.1 is applicable.
Combining this lemma with the preceding inequalities, we find that

T T T T
/0 F(v)dt < lir}rbiionf/o F([v]n(t)) dt < 1imsup/0 [F(v)]p dt S/o F(v)dt.

hlO

This proves the last claim of the lemma. (]

The next statement ensures the existence of the time derivative in L?(Qg, RY), pro-
vided the initial values coincide with the lateral boundary values.

Lemma 3.4. Let p > 1 and assume that u, satisfies (2.1) and F : WHP(Q,RY) — [0, o0]
is coercive in uy + VVO1 P(Q,RYN), sequentially lower semi-continuous with respect to the
weak topology in u. + Wy P(Q,RN), and convex on L2(Q, RN) N u, + W, P(Q,RN).
Then, any variational solution u to the gradient flow associated to F in the sense of
Definition 2.1 with initial values u, = wu, satisfies Oyu € LQ(QT,]RN) and Du €
L0, T; WhP(Q,RN)).

Proof. Using u, as comparison map in the variational inequality (2.3), we observe that
the assumption F(u,) < oo from (2.1) implies F(u) € L'(Q7). Next, we choose the
mollification in time [u], defined in (3.2) with v, = w, as comparison function in (2.3).
Since [u]x(0) = u. = u,, we obtain

/ F(u)dtg/ dt+/ Olulp - ([uln — v) dadt,
0 0

for any 7 € (0, 7). Due to (3.3) and Lemma 3.3 thls implies

// |01 [u] | dwdt = _*/ Oelulp - ([u]p — u)dadt

<t [ [P - Fw) o
<} [ PGl - Fw) at

/ Ou[F ()

= F(u.) = [F(u)]n(7)
< F(u*> < o0,



8 V. BOGELEIN, B. DACOROGNA, F. DUZAAR, P. MARCELLINI, AND C. SCHEVEN

where [F(u)]), is defined according to (3.2) with v, replaced by F(u.). This ensures
that the time derivative d;u exists with 9;u € L?(Qp, RY) together with the quantitative

estimate
// |0yuPdedt < F(u,).
Qr

Moreover, since F is nonnegative, we deduce from the preceding chain of inequalities
[F(w)]n(7) < F(u.)

for any 7 € (0,7 and every h € (0, 7). Letting h | 0 and using the coercivity of F, we
conclude the second claim Du € L°°(0,T; W1P(Q,RY)). This finishes the proof of the
lemma. O

4. CONVEX INTEGRALS UNDER THE LEGENDRE-HADAMARD CONDITION

In this section we consider some notions specific for systems of differential equations,
as well as for the vector-valued calculus of variations, such as for instance quasiconvexity,
polyconvexity, null Lagrangians (or quasiaffinity). We refer to the original work by Morrey
[38], to Ball [4] and to the book of Dacorogna [14]. Specifically we are interested in
conditions (either necessary or sufficient conditions) for the convexity of the integral

F(u):/f(x,u,Du)d:c, with u € u, + Wy P (Q,RY),
Q

when u, is a fixed function in WP (Q, RY) and therefore u has the same boundary values
as u,. In particular, we consider integrands whose second derivatives

o2 f
(%fasf )

satisfy the Legendre-Hadamard rank-one condition in the following sense.

Definition 4.1. We consider coefficient functions a?jﬁ :Q —» Rfora,8=1,2,...,N
and i, = 1,2,...,n. We say that (a?jﬁ (z)) satisfies the Legendre-Hadamard condition
iff

n N
4.1) Z Z a?f(x)@o‘Hﬁmnj >0

i,j=1a,f=1

holds true for every x € Q and every § € RY, € R™. We say that (afjﬁ (x)) satisfies the
strict Legendre-Hadamard condition iff

n N
(42) > D @il @0 nm; = vloPn)
Lj=la,f=1
holds true for a constant v > 0, every = € 2 and every § € RY, 7 € R".

Prior work to the present article can be found in [13, 15, 16], and [14, first edition].
They concern the scalar setting and mostly the case N = n = 1.

4.1. The case without lower order terms. We first discuss the special case where f €
C?(RN*"), and

F(u) = /Qf(Du(x))da; with u € u, + Wy (2, RY).

We have the following relationship between integral convexity and rank one convexity.

Theorem 4.2.
(1) IfF is convex on u, + VVOLOO(Q, RN), then f is rank one convex.
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(ii) If f is quadratic and rank one convex, then F is convex on u, + WOI’OO (Q,RM).

Proof. The convexity of F is clearly equivalent to the convexity of
g(t) =F(u+tp) = / f(Du(z) + tDg(z))dz,
Q

where u € u, + W, (Q,RY) and ¢ € Wy ™(Q,RY). Since our hypotheses imply
g € C%(R), the convexity of F is equivalent to

0§d%®=ié<D3ﬂDUWDD¢@%D¢@Ddx

4.3) = / (Du(z)) o3 ¢y da.
aneh Ti 7T
Q521 a1 96706
We first prove assertion (i). To this aim we choose z,, € €2 and o > 0 sufficiently small
so that B,(z,) € € and then ¢ with spt ¢ € B,(z,). For & € RN*™ we choose any
U € uy + W™ (Q,RY) so that Du = ¢ in B,(z,). Since F is convex, we thus deduce
that

n N

/ > > Al (©)p® P dz >0
Pl ogrog] T

i,j=1a,8=1

for any ¢ € Wy ™(Q,RY) with sptp € B,(z,). Using Fourier transform (cf. [14,
Lemma 5.27]), we deduce the Legendre-Hadamard condition (4.1) for the second deriva-
tives ( 0y

€L agf

For the proof of assertion (ii) we may assume that f is quadratic and rank one convex.
In particular, D? f is constant. Therefore, using Fourier transform, the computation in (4.3)
implies the convexity of F. (]

Remark 4.3.

(i) In the scalar case N = 1, rank one convexity and convexity are equivalent and
the theorem is then stronger, since the convexity of f is then equivalent to the
convexity of F'.

(i) Note that the convexity of F' does not imply the polyconvexity of f. Indeed if
n, N > 3 and f is quadratic, there are examples (see [ 14, Thm. 5.25]) of quadratic
functions that are rank one convex but not polyconvex. This shows, in particular,
that the convexity of F' does not imply that f is a sum of a convex function and
a quasiaffine function (also called null-Lagrangian). However when n = 2 or
N = 2 and f is quadratic, the convexity of F' implies that f is indeed a sum of a
convex and a quasiaffine function, see [32, 41, 42].

(iii)) We also give below a non-quadratic example (cf. Proposition 4.4) showing that,
even when N = n = 2, polyconvexity and therefore rank one convexity does not
imply, in general, that F' is convex.

@iv) If p > 2 and

€9 )) in the sense of Definition 4.1, showing that indeed f is rank one convex.

[D2f(&)] < a+blgP~?
we can replace the affine space u, + Wy (2, RY) by u, + W, P(Q,RN), as
for example in the quadratic case where p = 2.

We now turn to a non-quadratic example.

Proposition 4.4. Let n = N = 2 and f(§) = (det&)?. Then F is not convex over
Wy™(Q,R?).

Proof. Before starting with the proof, let us introduce the following notation. For

_ f% g% ) 2x2
5‘(& g )<k
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- (g —f%)
f—(s; e )

det (€ + 1) = det £ + (€,7) + det .
We then let Q = (0, 27) x (0, 27) and consider

we let

so that

g(t) = F(u+tp) = /Q (det(Du + thp))de.

foru, ¢ € Wol’oo(Q, R?). As in the proof of Theorem 4.2, we compute
g"(0) = 2/ [(<m, Dap>)2 + 2 det Du det D@} dz.
Q

Choosing
u(z) = (sinzy,sinze) and () = (sinxe,sinzy),
we find that ¢”’(0) < 0. This shows that F' is not convex. O

4.2. Quadratic forms and the Garding inequality. In this section we consider the qua-
dratic form Q: u, + Wy *(Q, RY) — R defined by

n N
4.4 Q(u) :/ Z Z afjﬁ(x)ugiui dz.
Q

ij=1a,B=1
The following lemma is inspired by Garding’s inequality, cf. [23, § 1.1] and [37, § 6.5].
Lemma 4.5. Let Q@ C R"™ be a bounded open set and let a%ﬂ € C%Q) fori,j =

1,2,....,nand o, = 1,2,..., N satisfy the strict Legendre-Hadamard condition (4.2).
Then there exists a constant ¢ > 0 such that Q(u) + c||u||%2(Q gn) IS @ convex functional

on the affine space u,. + VVO1 ’2(97 R™N) and also coercive, in the sense that
(4.5) Q(u) + cllull7zqryy = 571 DullZ2 (0 pyxn)

for every u € u, + VVOI’Z(Q7 RN). The constant c depends on n, N, v, Q, ||a%ﬁ”Loo, and

on the modulus of continuity of the coefficients a?j’g .

Proof. The proof is divided into six steps.
Step 1: The convexity of the functional

G(u) = Q(u) + CHU||2L2(Q,RN)
is reduced to the convexity of the real function g: [0, 1] — R defined by
g(t) = G(tuy + (1 — t)uz) = G(uz + t(ur — ug)),

for every uy, us € u, + Wol’z(Q, R”Y). We compute the second derivative g’ of g att = 0,
and check whether or not ¢”’(0) > 0. With the abbreviation v = u; — uy € Wy ?(2,RY),
this condition can be rewritten as

n N
(4.6) g" (0) = 2/Q Z Z a%’g(x)vivgj dz + 20/Q |v|?da > 0.

i,7=1 a,f=1

Note, that this property is equivalent to the convexity of G. The condition should hold for
every v € W, 2 (Q,RV).
Step 2: To make the presentation clearer, we shall use the more compact abbreviation

A(z) = (aff (x)).
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Note that A € C° (€2, RV*™). Moreover, for £ € RV*" we write

n N
(A@e8) =3 3 af@ere).

i,j=1a,p=1

Now, since Q is a compact set in R™ and A continuous on Q, for every € > ( there exists
6 > 0 such that

4.7 |A(z) — A(z")| < e, whenever |z — 2'| <.
Moreover, there exists a finite set of points s in Q, s = 1,2,...,.5, and open balls Bs(x)
centered in x with radius J, such that
s
Q C | Bs(as).
s=1

For every index s = 1,2, ..., S we find test functions s € C§°(Bs(xs)) with0 <n, <1
and |Drn;| < M, for a constant M,, independent of s, such that

S

Z(ns(x))2:1 Ve,

s=1

i.e. the family (7,)? forms a partition of unity subordinate to the covering (Bs(x)). We
extend v € WO1 (€2, RY) to be equal to zero outside of 2. We then have

S
4.8) / (ADv, Dv)dx = Z/ <A7}SDU, T]SDU> dz.
Q s=1 Bs(zs)
Step 3: We now compute the gradient
(4.9) D(nsv) = nsDv +v & D,

and thus from (4.8) we obtain

s
/Q (ADv, Dv) dz = ;/B (A(D(nsv) — v ® Dny), D(nsv) — v @ D) da

s(xs)

(4.10) = T+ T+ T +1V,

with the obvious abbreviations
S

=y (A, DO

11 :

S
_Z/ <AU®D77$7D(77$'U)>d$a
s—1 7 Bs(zs)

5
Il := — Z /B (AD(nsv),v ® Dn,) dz,
s=1 5(zs)

s
v ::Z/ <Av®Dns,v®Dns>dx.
s=1"7 Bs(zs)

In the next steps we estimate separately the four addenda. -
Step 4: We let My := [|Al| oo (g xn), 50O that [A(z)| < M4 for all z € Q. For the
last addendum in (4.10) we have

s
(4.11) V] < Mal|v]|720rv) Z D517 (0 mmy < SMaMZ 0] 720 pvy-
s=1
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The second and the third addenda in (4.10) can be estimated similarly. Indeed, we have

s }
11| + 1] < 2\@MAMn||UHL2(Q,RN) [Z ||D(778v)|%2(35(zs),RN):| .
s=1
With (4.9), we obtain

ID(s0) 1223y (2. vy < 2/

nf|Dv|2dm+2M$/ |v|? da.
Bs(xs)

Bs ()

Summing over s = 1,...,S and taking into account that (nf)szl,,,,ys forms a partition of
unity we obtain that

Z ||D(77sU)||%2 (Bs(zs),RN) = 2HDUHLZ(Q RN xn) +2‘S’M2”U”L2 QRN

Inserting this above, we get for ; > 0 that

[V

I + [I| < V8SMaM,y|[v]|r2(0ry) [HDUHiz(Q,RNXn) + SM??HUH%P(Q,RN)}

25 M3 M?

(4.12) < EIHDUH?L?(Q,RNX") + 515M$H“||2L2(Q,RN) + Ll 22y

For the first addendum in (4.10) we use the uniform continuity in (4.7). With the abbrevi-
ation

I, ::/ (A(zs)D(nsv), D(nsv)) dz
Bs(zs)

we have
s s
I= ZIS +Z/B ( )<(A(SC) — A(zs))D(nsv), D(ns )>d
s=1 s=1 s(Ts
s s
(4.13) > ZIS - EZ/ |D(nsv)|? d.
s=1 =17 Bs(®s)

Therefore it remains to estimate I, from below. This we shall do in the next step.

Step 5: Here we make use of the Fourier transform, a tool already shown to be useful in
the vector valued context of quadratic forms satisfying the Legendre-Hadamard condition
(see [38], [14]). We start from the expression of the quadratic form with frozen coefficients
forfixeds € {1,2,..., S} and with n,v extended to be equal to zero out of the ball Bs(z5).
Using Plancherel’s formula twice and the strict Legendre-Hadamard condition (4.2), we
obtain

Iy = - <A(Z5)D/(77;)am)> dé = /Rn <A($s)@®§,ﬁs\v® §> d¢
_ 2., —— 2. ,
> V/]R" 10 @ €] = 1//]Rn |D(nsv)|"dé = I//BMS) |D(nsv)|?da

for every s € {1,2,...,S}. Joining this inequality with (4.13) and recalling that (n?) is a
partition of unity of 2 subordinate to the covering (B;(x5)), we obtain

(v—oe¢) Z/ D(nsv) |2dx
fv—e) Z/B

4.14) > %(V—E)/Q|DU|2(1£L'—(V—E)SM3/9|’U|2C1(E.

Vv
l\’)

n?|Dvl*de — (v — ¢ Z/ |v®D77S |*dz

s(zs)
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Step 6: We can conclude the proof of Lemma 4.5. Joining (4.10) with the estimates of
the four addenda (4.11), (4.12), and (4.14), we obtain

/Q<ADU’DU> de > [3(v —¢) — e /Q | Dv|*dz

2M2
—SM$|:MA+61+ €A+(V—E)}/|v|2dx.
1 Q

At this stage we choose € and €; small enough such that %(V —€)—¢e > %1/. These

particular choices specify the constant in front of the second integral on the right-hand side.

Overall, the constant depends on n, N, v, Q, ||a§¥jﬂ ||, and the modulus of continuity of

the coefficients a?jﬁ , but it is independent of u. Altogether we have shown that

ADwv, Dv)dz > v Dvl?dz — ¢ | |v]?dz,
2
Q Q Q

so that the second derivative ¢’ in (4.6) is positive and the integral functional Q(u) +
c||u||i2(Q gy is coercive as stated in (4.5). This concludes the proof of the Lemma.  [J

Now, Lemma 4.5 leads to the main theorem of this section.

Theorem 4.6. Let €2, a%ﬁ be as in Lemma 4.5. In particular we assume that the strict
Legendre-Hadamard condition (4.2) is satisfied. Let ¢ € L>(Q) for every a, 8 =
1,2,..., N. Furthermore, assume that
N
Z P (2)uu’ > colul®,  foranyu € RN,
a,f=1

for a certain constant c, > 0. Let

G(u) :/Q { i i a?jﬁ(x)ug‘iugj + i caﬁ(x)u“uﬂ} dz.

ij=1a,=1 a,f=1
Then for c, large enough the functional G is convex and coercive on u, + VVO1 -2 (Q,RN).

Proof. If ¢, > ¢, where c is the constant from Lemma 4.5 the energy integral G is convex
and coercive on u, + VVO1 2 (,RYN). In fact, if Q is the quadratic form as in (4.4) and if
we denote by I the identity N x N matrix, we have

G(u) = Qu) + /Q<C’(:v)u,u> dz

= Q)+ el + [ (€)= D).

i.e. G(u) is the sum of the convex and coercive functional Q(u) + c||uH%2(Q gwy and the

integral [,((C(z) — ¢ I)u,u)dx, which is a convex and nonnegative functional, since the
matrix (C(x) — ¢I) is positive semidefinite. O

4.3. Linear parabolic systems under the Legendre-Hadamard condition. Let n, N €
N with n, N > 2. We are interested in the existence of weak solutions to the Cauchy-
Dirichlet problem associated to the linear parabolic system of N partial differential equa-
tions

ou™ n N 9 5 ous N y
4.15 gro_ 0 [ apOuly . . -
o ot Uzzl ;:1 O (a” 0z ) Z cu in Qp

for « = 1,2,..., N with continuous coefficients afjﬂ = a%ﬂ(x), B = c*B(x), for
a,f=1,2,...,Nand i,j = 1,2,...,n. As before, u = u(x,t) is a map defined on the
parabolic cylinder Q7 with values in RY. Finally, h € L?(Q2,R") is a given right-hand
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side. We note that the system has a variational structure; i.e. in the stationary case when
u(x, t) is independent of ¢ > 0, the differential system (4.15) is the Euler-Lagrange system
associated to the first variation of an energy functional as in (1.1). In the general nonlinear
case the first variation takes the form

div (D¢ f(z,u, Du)) = Dy f(z,u, Du).

For the specific quadratic case considered in (4.15) the integrand f is given by

N
l‘ uvg Z Z €z §ﬁ+ Z uﬁ,Zhﬁ(x)uﬂ
B=1

i,j=1 «,B=1 a,B=1

At this stage, we need to explain in which sense the considered linear operator is coer-
cive: here we consider the strict Legendre-Hadamard rank-one condition (4.2) as stated
in Definition 4.1. We emphasize that (4.15) is a linear parabolic system satisfying the
strict Legendre-Hadamard rank-one condition, since we do not assume the simpler and
less general ellipticity condition

Z Z “’H 5“5’3 > vl€?,  forevery £ € RVX™,
j=1a,6=1
which guarantees existence of the solution to the Cauchy-Dirichlet problem associated
to the parabolic system (4.15), cf.[21]. Both conditions are equivalent only the one-
dimensional case n = 1 and in the scalar case N = 1.

The existence of stationary weak solutions to the Dirichlet problem associated to (4.15)
under the strict Legendre-Hadamard condition (4.2) can be retrieved for example from
[23]. A similar result for the Cauchy-Dirichlet problem associated to (4.15) can be obtained
by applying Theorem 7.5 below. We only need to assume the strict Legendre-Hadamard
condition (4.2) and the continuity a, J c*? € C9(€Q)). Under these hypotheses the Cauchy-
Dirichlet problem associated to (4. 15) has a unique weak solution provided the zero-order
terms c*?(x) are sufficiently large in the sense that

N
Z P (z)uu’ > colul?,
a,B=1
holds true for every « € 2 and for some sufficiently large constant ¢, € R.

5. INTEGRAL CONVEXITY WITH NON-CONVEX INTEGRANDS

In this section we consider a Carathéodory integrand f: Q x RN x RV*" — R satis-
fying for every (x,u, &) €  x RN x RV*" the growth condition

(5.1) |f (2, u, &) < mo (14 €% + |u]?)

for some constant my > 0 and some exponent ¢ > 2. We note that we do not require
that ¢ remains below the Sobolev exponent 2*. Throughout this section we assume that €2
is a bounded domain in R™. Under the above growth condition, the associated variational
integral F from (1.1) is well defined for any u € W2(Q,RY) N LI(Q,RY). The main
purpose of this section is to find suitable conditions on the integrand f under which the
integral functional F: u, + W, 2(Q,RY) N LY(Q,RY) — R is convex. Here, u, €
W2(Q,RN) N L9(Q, RY) denotes some fixed Dirichlet boundary value. Of course, this
question can be reduced to the study of the real-valued function g: [0,1] — R defined by

g(t) = F(tuy + (1 — t)us),
for every uy,uz € u, + Wo2 (€, RY) N L4(Q,RY). In addition to the growth condi-

tion (5.1) we assume that the partial maps RY x RY*" 5 (u,€) — f(z,u, ) are twice
continuously differentiable for a.e. # € €2, and that the second derivatives D2 f(z, u, £),
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Dy D¢ f(x,u,§), Dgf(ac7 u, &) remain bounded as long as (x, u, ) stay in bounded sub-
sets of Q x RY x RVX"_ Note that the second order derivatives exist for a.e. z € 2. As
mappings defined on Q x RY x RV X" they are also Carathéodory functions.

In order to establish the convexity of the functional F on the affine space u, +
Wy(2,RN) N L9(Q, RY) we first consider the special case when u, € W1>°(Q,RN)
and uq, us € u, + WO1 °°(Q, RY). To simplify the notation we write u instead of u; and v
instead of us — u;. Note that v € WO1 "°°(Q, RY). Under these conditions, the real-valued
function

g(t) = / f(z,u+ tv, Du+ tDv) dw
Q

is twice differentiable. This can be justified by considering difference quotients. The
boundedness of the second derivatives of f on bounded subsets allows us to pass to the
limit inside the integral by using Lebesgue’s dominated convergence theorem. Therefore,
differentiation under the integral is allowed. We omit the details and give only the outcome
of this procedure. We compute

Jg'(t) = / [Duf(x, u—+ tv, Du + tDv) “v+ Dgf(:c, u + tv, Du + tDU)DU} dz,
Q
and
g"(0) = / [<DZf(;z:, u, Du)v,v) + <D§f(:1:, u, Du) Dv, Dv)
Q

=+ 2<D5Duf(:n, U, Du)Dv, v>} dz.
We now impose the following assumptions on the second derivatives of f:
<D§f(x, u, &), )\> > my| A
(5.2) (D3f(@,u,£)0,0) > —ms|6]®
| DeDuf (,u,€)| < ms

for every x € Q, u,0 € RN and £, \ € RY*", For the constants appearing on the
right-hand side we require that m; > 0, mo € R and mg > 0. This gives

g”(O)Z/ {fmg\vﬁmeg\Dv||v|+m1|Dv|2}dx
Q

> /Q [f (ms 4+ ma)[v]? + (m1 — m3)|Dv|2]dx.

At this stage we recall the Poincaré inequality

/|v|2dx§Po/ | Dv|? da
Q Q

which holds, because v = u; — uy € Wy °(Q,RN). Here P, = P,(n) denotes the

Poincaré constant. For instance, in the two dimensional case n = 2 it is known that
2 . .

P, < (£)”, where d is the diameter of 2. We therefore get

g"(0) > [(m1 — mg) — P,(mq —|—m3)] /Q |Dv|? dz .

Therefore, if we require
(5.3) m1 > Poma + (14 Py)ms,

we have ¢”(0) > 0 and the functional F from (1.1) is convex on u, + WOI’OO(Q, RM).
In the general case of mappings u, € W1H2(Q,RY) N LI(Q,RY) and uy, us € u, +
WOI’Q(Q,RN )N L9(2,RY) we use a standard regularization procedure. In the strong

topology of W12(Q, RN)N L4(Q2, RY), we approximate u,, by a sequence of maps ul) e
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Whee(Q,RY), and u; — u,, i = 1,2 by sequences vl@ IS Wol’oo(Q,]RN). Then, we

let u!® = ul + v/ for i = 1,2. The convexity of F on the affine subspace u" +
Wy ™ (Q, RY) implies
(5.4) Ftul? + (1 — )ul?) <tF () + (1 - )F (uf)).

Now, the growth condition (5.1) and the dominated convergence theorem together ensure
the continuity of F in the strong topology of W12(€, RV) N L4(Q, RN), that is

: (C A -

lslﬁ)lF(uf ) =F(u;) fori=1,2,

and also
lig)lF(tugs) + (1= t)us)) = Ftuy + (1 — t)ug).

Therefore, we can pass to the limit € | 0 on both sides of (5.4) and obtain the validity of
the convexity condition on u, + Wy ?(Q, RN) N L4(€2, RY). Altogether, we have proved
the following result.

Theorem 5.1. Let Q be bounded domain in R"™ and f: Q x RN x R¥N*X" 5 R be a
Carathéodory integrand. Assume further, that the partial map (u,&) — f(x,u,€) is
twice continuously differentiable for a.e. x € ) and that the derivatives D? fz,u,8),
Dy Dg¢f(z,u,§), D2 f(x,u, &) are bounded on bounded subset of QxRN xRN X" Finally,
we require that the growth and coercivity conditions (5.1), (5.2) and the smallness condi-
tion (5.3) are in force. Then the energy integral F: u, + W, >(Q,RN) N LY (Q,RN) — R
in (1.1) is convex.

At this point, one should emphasize that condition (5.3) holds, for instance, if mq is
positive and sufficiently small and mg is equal to zero. The one-dimensional case with
mg = 0 was already considered in [14, §3.2.2 and Prop.2.5]. An other example can
be found in [40, §8.1]. An energy integral (1.1) whose integrand f = f(z,u,&) is not
necessarily convex with respect to (u, £) and satisfies (5.2) is

F(u) = /Q [f(x, Du) + g(x,u) + h(z,u, Du)} dz,

where (DZ f(z, &)\, X) > ma|A|* and (DZg(z,u)f,60) > —mo|6]?, while the integrand
h is of the form

n N
h(z,u,€) =Y ci(m)ue = (u®c(x),§)

i=1 a=1
with ¢ € L*>(€2,R"). Then, |D,De¢h(z,u,§)| < [lc||pe(@rn) = m3. Assuming that
m1 > 0, me € R and ms > 0 satisfy (5.3), then the hypotheses of Theorem 5.1 are
satisfied. In particular, for the integrand

g(z,u) = b(x) (Juf* — 1),

with a nonnegative function b € L>°(2) we have

(D2g(w,1)6,0) = 4b(x) [2(u - 0)* + (Juf> = 1)|O2] = ~4[bl| 1 o 0]

so that (5.2); is satisfied with mo = 4/|b|| = (). Therefore, the integral
5.5) F(u) = / [F(e. Du) + b(@)(ul? ~ 1)” + - (Duc)] d
Q

is convex on the affine subspace u € u, + Wy >(2, RN)N L (Q, RY) provided we assume
that b > 0, that <D§f(ac7 EA,A) > mq|A%, and that

my = 4B, ||b]| e () + (1 + Po)llcl| e o,rn) -



INTEGRAL CONVEXITY AND PARABOLIC SYSTEMS 17

6. INTEGRAL CONVEXITY AS NECESSARY CONDITION FOR EXISTENCE

Here we prove that the convexity of F is a necessary condition for the existence of varia-
tional solutions. In particular, the convexity of the integral functional can not be weakened
to quasiconvexity of the integrand. This seems to be a fundamental difference between el-
liptic and evolutionary variational problems. For integrands with quadratic growth this fact
has already been observed by Wieser [43, Thm. 5.1]. For a more recent result we also refer
to [17]. Here we give Wieser’s result in a more general setting with a completely different
proof. With our proof we are able to treat the case p # 2 and general functionals without
growth conditions from above. We point out that the following result is slightly stronger
than the necessity part of Theorem 2.3 in the sense that we only need to assume existence
for initial values u, € L2(Q, RV)NWLP(Q, RY) and not for any u, € L?(2, RY). More-
over, it suffices to assume that F' is coercive in u, + Wol’p (Q, RN ) instead of the stronger
assumption (2.2);.

Theorem 6.1. Let p > 1, u, € WHP(QRY) and F: WHP(Q,RY) — [0,00] be a
variational functional which is coercive and sequentially weakly lower semi-continuous
on u, + WyP(Q,RN).  Suppose that for every initial datum u, € L*(€,RN) N
Uy 4+ Wy P(QRYN) there exists a variational solution v € C°([0,T]; L*(€,RN)) N
LP(0,T;u. + Wol’p(Q,RN)) to the gradient flow for F in the sense of Definition 2.1.
Then F is convex on L*(Q, RN) Nu, + Wy P (Q,RY).

Proof. We fix wo, w; € L2(Q,RY) Nu, + W, P (Q,RY) with F(w;) < oo fori € {1,2}.
For \ € [0, 1], we consider the convex combination wy := (1—\)wo+Aw; € L2(Q,RY)N
Uy + WO1 P (QJRN ) as initial values. According to the above assumptions, there exists
a variational solution u € L>(0,T; L2(, RN)) N LP(0, T; u. + Wy P (2, RN)) to the
gradient flow for F with the initial datum w). We exploit the variational inequality (2.3)
for this solution u once with the comparison map v(x,t) = wo(x) and once with v(z, t) =
w1 (x), which yields the inequalities

/O F(u) dt < 7 F(wo) — Lwo — u(r)|2cmm) + Lllwo — 2o n,
= 7F(wo) — (wo, wx — u(T)) L2(0,rN)

+ %||w/\||2L2(Q,RN) - %HU(T)H%P(Q,RN)

and

/ F(u)dt < 7F(wi) — lwn — u(r)|Zaqmm, + w1 — wa|2aqmm,
0

= TF(wl) — <’u}1,w)\ — U(T)>L2(Q,RN)
+ %”wAHZL?(Q,RN) - %HU(T)HQL%Q,RN)’

both for a.e. 7 € [0, 7). We multiply the first inequality with (1 — \)/7, the second one
with A\/7, and sum up the results. This leads us to

][T F(u)dt < (1 = NF(wo) + AF(wy)
0

= L(wr, wr = u(ramy) = SlwalBaomy + 3B ozy
= (1= N)F(wo) + AF(w1) = 5k Jwx = u(r) |32 0 )
(6.1) < (1= \)F(wo) + AF(wy)

for every 7 € Ay, for asubset A; C [0, 7] with |A;| = T. From Remark 2.2 we know that
u(t) — u(0) = wy strongly in L2(Q, RY) as ¢ | 0. Next, we consider the set Ay C [0,7]]
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of times ¢ € [0, 7] with u(t) € W1P(Q,RY), which satisfies |As| = T, and claim that
. < limi .
(6.2) F(wy) < liminf F(u(t))

If the right-hand side is infinite, there is nothing to prove. In the other case, we choose a
sequence A O t; | 0 for which the limes inferior is attained, i.e.

i ) = liminf F .
Jim F(u(ti)) = lminf F(u(t)) < oo

Since the functional F is coercive in u, + Wol’p (22, RY), we deduce that the sequence
u(t;) is bounded in W1P(Q,RY). By passing to a not relabelled subsequence, we can
therefore assume that u(t;) — v weakly in WP (€, RY) in the limit i — oo, for some
v € u, + Wy P(Q,RY). Since we know already that u(t;) — wy in L2(Q,RY), we
conclude v = w). Now, the claim (6.2) is a consequence of the lower semi-continuity
of F with respect to weak convergence in u, + WO1 P(Q,RY). From (6.2) we deduce
furthermore that
6.3)  F(wy) < lixflait%F(u(t)) < h]%nf]g F(u(t))dt < li?%fjg]g F(u(t))dt
holds true. Combining the estimates (6.1) and (6.3), we deduce

F((l - )\)’U)Q + /\wl) = F(w)\) < (1 - )\)F(wo) + )\F(wl),
which yields the claimed convexity of F in the case F(w;) < oo for i € {1,2}. If either
F(wp) or F(w) is infinite, the inequality holds trivially. This concludes the proof of the
theorem. O

7. INTEGRAL CONVEXITY AS SUFFICIENT CONDITION FOR EXISTENCE

7.1. Proof via Elliptic Regularization. In this subsection we prove the sufficiency part
of Theorem 2.3 in the special case u, = ..

Theorem 7.1. Assume that p > 1 and that u, and F: WIP(Q,RYN) — [0, 0] satisfy
(2.1) and (2.2)1 2, and that F is convex on L*(Q,RN) N u, + T/Vol’p(Q7 RYN). Then, there
exists a variational solution u € C°([0,T]; L*(€, RN)) N L(0, T; u. + Wy P (Q,RY))
to the gradient flow for F in the sense of Definition 2.1 with initial datum u, = ..

7.1.1. Elliptic Regularization. We now consider for ¢ € (0, 1] variational integrals on the
space-time cylinder Qp := Q x (0,7T) defined by

Folv) = /()Te_z[/ﬂé|8tv2dx+;F(v(t)) dt

for mappings v: Qr — RY. To deal with the associated problem of existence, one first
has to specify the function spaces in which the minimization of . should take place. The
natural class /C of functions consists of those v € LP (0, T; WO1 P(Q,RY )) with dyv €
L?(Q7,RY) and v(0) = 0. We now consider
Dy, (F) := (uo + K) N {F(v) € L'(0,T)},
which is non-empty. Indeed the time-independent extension of u, to {21 belongs to this
class, since
T
Fe(uo) = (1—e =)F(uo) < o0.
At this stage it is worth to remark, that the hypothesis 9;v € L?(7, R™) can be used to

derive an L?-bound for v in terms of d;v and u,. Indeed, for v € D, (F) and t € (0,7
we have

”U(t)H%Q(Q,RN) <2|jv(t) - Uo||2LZ(Q,RN) + 2”“0”%2(9,1@)

t 2
< 2/ / O (T)dr
alJo

dz + 2[|uol|72(q mvy
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< QtHGtUH%?(QT,RN) + 2[Juo || L2 rN) -
We integrate the preceding inequality with respect to ¢ € (0,T") and obtain
HUH%%QT,RN) < T2||8tv||%2(szT,RN) + 2T||u0||%2(£2,RN)’

which is the desired L?-bound in terms of u, and 9,v. Next, we observe that F is well
defined on D, (F). Moreover, with (2.2); we can easily estimate F.(v) from below.
Indeed we have

Folv) > // et [31nf? + | Dop]dedt > &7/ // (41000 + £[Dof?]
QT QT
On the one hand this implies for any v € D, (F) that

||’UH%2(Q,RN) + ||3tU||2L2(Q,RN) <2014 T%)e" e F.(v) + 2T||u0||2L?(Q,RN)’

while on the other hand, we have

lollze@n) + 1DVl oo pysny < (14 Cp) | luollwrnmyy + I1Dv] Lo g

< (1+4Cp) {HUOHWLP(Q,RN) + (%QT/E.'FE(’U)) %} .

Therefore, any F.-minimizing sequence (uy)ren in Dy, (F) is bounded in L#(Q,RY) N
Lr (O,T; whr(Q RN )), and the associated sequence of time derivatives O;uy, is also
bounded in L?(2,RY). This implies that (u)gen is also bounded in W11 (Q7p, RY).
This allows us to pass to a non-relabeled subsequence such that

up —u  strongly in L*(Q7, RY),
Oup — Opu weakly in L2(Qp, RY),
up —u  weakly in L7 (0, T; WP (Q,RY)).
Note that u € u, + KC. Taking into account Lemma 3.1 we have
Fe(u) < likrgioréf Fe(ug),

proving that v € D,,_(F) is the desired minimizer of F.. In view of the convexity of F,
this minimizer is unique. We have thus proven the following existence result.

Lemma 7.2. For any given ¢ € (0, 1] there exists a unique F.-minimizing map u. in the
class D, (F).

7.1.2. Minimality revisited. For fixed € € (0, 1] let u. denote the unique minimizer of the
functional . in the class D,,, (F). We consider mappings ¢ € LP(0,T; Wy*(Q,RY))
with time derivative 0;¢ € L?(Qp, RY), initial values ¢(0) € L?(£2,R"), and such that

(7.1) /0 F((ue + ¢)(t)) dt < oo.

For § € (0,e~7/¢] and (x,t) € Qr we define
we 5(2, 1) = ue () + 8/ () p(, 1),

where ¢ € WH°(0,T) with 0 < ¢ < 1. We assume either ((0) = 0 or ¢(0) = 0.
Then it is easy to check that w. s € u, + K and therefore we only need to establish
F.(we5) < co. Indeed, with o(t) := de/*((t) € [0, 1] we can write w, 5(z,t) as convex
combination (1 — o (t))ue(x,t) + o (t) (p(x, t) + uc(z,t)). Therefore, the convexity of F
yields

T T
/O F (1. 4(t)) dt = /O F((1— o(t)us(t) + o(t) (0(t) + ue(t))) dt



20 V. BOGELEIN, B. DACOROGNA, F. DUZAAR, P. MARCELLINI, AND C. SCHEVEN
T
< /0 [(1 — o (t))F(u:(t)) + c(O)F ((¢ + ug)(t))} dt
T T
< / F(u(t)) dt + / F((p+ ue)(t)) dt < oo,
0 0

proving the finiteness of the F .-energy.

Having arrived at this stage, we can argue as in [10, § 5.2]. First we test the minimality
condition against w, 5. The resulting inequality is afterwards re-written. In this step only
the convexity of the integral functional F is used. Here, the restriction on § comes into the
play. Tt ensures that o (t) := de?/¢¢(t) € [0, 1], so that we can re-write w. 5(z, ) as above
as a convex combination. The result is then multiplied by /4. In the resulting inequality
we pass to the limit § | 0. As final outcome of the whole procedure we have

T T
| P < [ copu o) [| o pdd
0 0

Qr

(72) + e // [C’@tus -+ Catus . 825%0] dxdt
Qr

for any ¢ € L?(0,T; Wol’p(Q,]RN)) with 9;p € L?(Qp,RY) satisfying (7.1), for any
¢ € Whee(0,T) with 0 < ¢ < 1, such that either ((0) = 0 or »(0) = 0. It should be
emphasized again, that in the whole argument leading to (7.2) only the convexity of the
integral functional F enters.

7.1.3. Energy estimates, weak convergence and lower semicontinuity. What essentially is
needed to deduce suitable energy estimates, is that on the level of integral functionals the
assertion F([u]p) < [F(u)]s holds true. Here it is of central importance that this can be
achieved assuming only the integral convexity of F. In the above estimate, [u];, is defined
with v, = u,, while [F(u)]y is defined with initial value F(u,). The inequality itself can
be interpreted as Jensen’s inequality for the time regularization, namely that the variational
integral of the time regularization of s — wu(s) lies below the time regularization of the
variational integrals s — F(u(s)). The assertion is proved in Lemma 3.3.

Having these ingredients at hand we can argue along the line of [10, §5.3], to con-
clude that the assertions (5.6) — (5.10) from that paper hold true also in our context. More
precisely, for any e € (0, 1] we have

(7.3) // |Osue|* dadt < F(u,),
Qr
(1.4) HuEH%,?(QT,RN) < T2F(Uo) + 2T||UOH%2(Q,RN)
(7.5) ||u5(t1) — ua(t2)||L2(Q7RN) < \/F(uo)\/ ‘t — S| Vo<t <ty < T7

to
(7.6) / F(uc(t)) dt < (t2 —t1 + 56)F(u,) V0 <ty <ty <T.

t1

Taking into account (2.2)1, the energy estimate (7.6) can be converted into an energy bound
for the spatial derivatives

(1.7) y// |Du.|? dadt < (t2 —t1 + 2e)F(u,) V0 <t; <ty <T.
QX(tl,tz)

By (7.3), (7.4), and (7.7) (with ¢t; = 0 and t; = 7T) the family (Ue)se(o,u of F.-
minimizing functions is bounded in W11 (Q7, RY). Therefore, we infer the existence
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of some sequence ¢; | 0, which we still denote by ¢, and some limit function u €
LP(0,T;u + Wy P (Qr, RY)) with 8,u € L2(Qr, RY) such that
ue —u  strongly in L' (Qp, RY),

Oyue — Opu  weakly in L2(Qr, RY),

Du. — Du  weakly in LP(Qp, RV*"),
At this point it remains to establish that

tz t2
(7.8) / F(u(t))dt < limiionf F(uc(t)) dt < (t2 — t2)F(u,)
tl € tl

whenever 0 < ¢; < to < 7T. This, however, is a direct consequence of Lemma 3.1. Apply-
ing (7.8) with t; = 0 and t5 = T we conclude that F(u(-)) € L'(0,T). It remains to show

that 4(0) = wu,. This can be derived with the argument from [10, proof of Lemma 5.1].
Overall we proved u € D, (F).

7.1.4. Passage to the limit and conclusion of the proof. In this section we pass to the limit
€ } 0 in the sequence of F. minimizers u. on 7. We consider v € LP (O,T; Uy +
W&’p(Q,RN)) with du € L?(Qp,RY) and v(0) € L?(Q7, RY). We can also assume
that F(v(-)) € L'(0,T), since otherwise the variational inequality trivially holds. We de-
fine ¢ := v — u.. Observe that ¢ € L? (0, T; W, (2, RY)) and that 9, € L*(Qr,RY)
and (0) € L2(Qr,RY). Moreover, the finite energy assumption (7.1) holds. This allows
us to apply (7.2) with ¢ and (, with the specific choice (y(t) = 4t fort € [0,6), (y(t) =1
fort € [0, T — 6], and y(t) = (T —t) for t € (T — 6, T]. With these choices (7.2) turns
nto

/0 P () dt
T
< / (1 — Qg(t))F(uE(t))dt —|—/ CoOrue - (v — ue)dadt

0 Qr

T
+/O F(u(t))dt + E//QT {Céatug (v —ue) + CpOrue - Op(v — ue) | ddt.

The integrals on the right can now be treated exactly as in [10, §5.4]. We first pass to
the limit € | 0. Here, we apply the lower-semicontinuity from (7.8) to the left-hand side
integral, while for the initial boundary term we use (7.5). After that we pass to the limit
6 | 0. This yields the variational inequality for the weak limit u, i.e. we have

T T
/0 F(u(t))dtg/o F(v(t))dt—i—/QTatu-(v—u)dxdt

1 2 1 2
+ 5[v(0) - uOHL2(Q,RN) 1 [Che u)(T)HLQ(Q,RN)’
for any v € L?(0,T; WpP(Q,RY)) with 8yv € L?(Q7,RY) and v(0) € L*(Qp,RY),
such that F(v(-)) € L'(0,T). This completes the proof of Theorem 7.1.

7.2. Proof via Minimizing Movements. In this subsection we prove the sufficiency part
of Theorem 2.3 in the general case.

Theorem 7.3. Assume thatp > 1 and that u, and F: WHP(Q,RYN) — [0, oo] satisfy (2.1)
and (2.2) and that F is convex on L?(Q,RN) Nu, + Wol’p(Q, RN). Then, for any u, €
L2(Q2,RN) there exists a variational solution v € C°([0,T); L*(Q,RN)) N LP(0, T; uy +
Wol’p(Q, R™M)) to the gradient flow for F in the sense of Definition 2.1.

We redefine the space D,,, (F) as
D, (F) == {u € u, + Wy P(R"Y): F(u) < c0}.
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7.2.1. Time discretization. For k € N, we consider the step size hy := % and associ-
ated times ¢ ; = ihy for ¢ € {—1,...,k}. The strategy is to construct approxima-
tions u(®): Q x (—hy,T] — R that are constant in time on each of the time intervals
(thyiz1,tri).ie
u® (t) ;= up; fort € (tpi1,tri] withi e {0,...,k}.

The approximations uy, ; on the separate time intervals are determined by solving an elliptic
minimization problem. We begin by defining u o := u,. Then, assuming that the map
ug,i—1 € L*(Q,RY) has already been defined for some i € {1,...,k}, we define uy; €
D, (F) N L?(2,RY) as minimizer of the convex functional

Fi:(v) :=F(v 2hk/ v — up i— 1[2dx

in the class D,,, (F) N L2(2, RY). The existence of this minimizer follows from the Direct
Method of the Calculus of Variation due to the convexity of the functional F. Indeed, from
the coercivity assumption (2.2); and Poincaré’s inequality we have

lvllr@ryy < llusllLe@ryy + Cp||Dv — Dus|| e maxn)

< NJusllzrrny + Crl[ Dl o @zvxny + CpI|Dv| oo rvxn).-

Therefore, an F, ;-minimizing sequence (v¢)¢en of maps vy € D,,, (F) N L2(Qr, RY) is
uniformly bounded in L?(Q,RY) N W1P(Q,RY), and we can pass to (a non-relabeled
subsequence) such that v, — wuy, ; weakly in W1P(Q, RY) and weakly in L%(Q, RY) for
some function ug; € L?(Q,RY) N WHP(Q,RY). Due to the lower semi-continuity of F
with respect to weak convergence we arrive at

79 Fi,; i) <liminf Fy = inf Fi,(v).
7.9 k, (Uk’ ) lfrglolg k, (Ug) ueDu*(Fl)rrITL2(Q,]RN) k, (U)

Note that the minimizer is unique.

7.2.2. Minimizing property of the approximations. We let k € N. For 7 € (0, T] we define
the functional

F® (y) = / F(v(t)) dt + 5 // —u®) (¢ — hy) P dedt
0
for functions v € L2(Qp, RN) N LP(0, T; u. + Wy P (Q, RN)). For j := [7-1 we have

TAihg
F*) (u(k)) Z/( [F(u;m) + ﬁ /Q |u;m~ — uk,i,1|2dx dt

11— 1)hk

TAihg
/ Fk7i<uk7i)dt
(i

(i—1)hg

for any function v as above. This shows that u(*) minimizes the functional F(*) in the
function class L2(Q, RN) N LP(0, T; u. + Wy (€, RY)). Forany s € (0,1) and v €
L2(Q7, RN) N LP(0, T; u. + Wy P(9, RY)) we consider the convex combination of u(*)
and v defined by

w:=sv+ (1—s)u® e L2(Qp,RV) N LP(0,T;us + Wol’p(Q,RN)).
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Using the minimality property of u(¥) shown above and the convexity of F, we obtain

/OTF(u(k))dt
< /OTF(w) dt

+ ﬁ// “w —u® (= h) [ = Ju® —u®(t — hk)ﬂdxdt
QT
< /T {sF(v) (- s)F(u(k))} dt
0
t %// [ 1o = u®* 4 50 = u®) - (@B = u® (@ = hy)) ] daat
Q,

for any v € L2(Qp, RY) N LP(0, T; u. + Wy P(Q,RN)). After re-absorbing the second
integral appearing on the right-hand side on the left, dividing the result by s > 0 and letting
s 4 0, we find

/ F(u(k)) dt < / F(v)dt + lek // (v— u(k)) . (u(k) —u®(t - hy)) dzdt.
0 0 Q.

We extend v to negative times ¢ < 0 by letting v(t) := v(0) € L%(©,R") and continue
the computation as follows:

/OTF(u(k))dt</T (v )dt+r// (v=u®) - (v—v(t = he))dadt

// v — (k)| —hy) = |v—u k)| }dxdt

—m// |v—vt—hk)—u(k)+uk) hk|d:cdt
S/ F(v)dt—i—h—lk// (v—u®) - (v —v(t — hy))dadt
0 Q.

(7.10) _ﬁ// |U—U(k)‘2dxdt+%/ 10(0) —
* QX [r—hg,7] Q

where in the last line we used the fact that v(¢) = v(0) for ¢ < 0. This inequality holds for
any 7 € (0,T] and any v € L2(Q7p, RN) N LP(0, T; u. + Wy P (Q, RN)).

7.2.3. Energy estimates. Our next goal is to derive energy estimates for the sequence of
approximations (%), which will allow us to pass to the limit k& — oco. In (7.10) we choose
v =u, and 7 = jhg with j € {1,..., k}. This yields

Jhie
/ F(u(k)) de + %/ ‘u(k)(jhk) - u*|2dx < TF(us)+ %/ 1y — u,|?de,
0 Q Q

and in turn we obtain

Jhi
(7.11) / F(u(’“>)dt+§/ u® (jhy)|* dz < M,
0 Q
where
M::TF(u*)+/ [Juol® + 3|u.[?] da.
Q

This shows

sup / |u )|2dx§4M,
te[0,T]
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and by assumption (2.2); also

(7.12) // |Du®|? dedt < 2 /F(u(k))dtS%M.
QT

Note that due to Poincaré’s inequality we also have

[ < Tl o @rny + Cr||D(u

u*)HLl’(QT,RNX")
<Cp [T||u*||wl,p(Q,RN) + (%M)E}

We therefore know that «(*) is uniformly bounded in L*(0,T;L*(Q,RY)) and in
LP(0, T; uy + Wy (2, RY)).

Since we do not impose that u, has finite energy, we cannot expect to obtain uni-
form estimates for the difference quotient in time on the whole space-time cylinder 2.
However, solutions become more regular immediately after the initial time ¢ = 0. In
fact, in the following we obtain improved energy estimates on cylinders 2 x (g, 7]
with ¢ > 0. The argument is as follows. For i € {2,...,k}, we consider the func-
tional F'j, ;. From the minimizing property of uz ; in (7.9) we obtain with the choice of
© = uk,i—1 € Dy, (F) N L*(Q,RY) as comparison function that

)HLI’ (Qr,RN) —

-

F(u,i) + ﬁ/ lug,i — ugi—1)?de < F(ug,i—1).
Q

Note that the choice 7 = 1 is not allowed since we do not know that u, has finite energy.
We sum this inequality from i = j; + 1,..., jo with 1 < j; < jo < k. This yields

J2 j2—1
5 [Pt + g [ s —unicaPae] <3 Pl
i=j1+1 Q2 i=J1
which implies
(7.13) F(ug ,) + 2hk Z / [Uk,i — U, i— 1| dr < F(ug,j,)

i=j1+1

for any 1 < j; < jo < k. Since all terms are non-negative this implies in particular that
{1,...,k} 55— F(ug,)is decreasing and hence

F(uka) 2hk Z /|Ukz_ukz 1| d$<F(ukj)

1=j1+1

forany j € {1,...,71}. Recalling the definition of u(®), this inequality can be re-written
as

PG L 1At s S H00)
J1lk,J2N K

forany t € [hg, j1hi], where A_j, denotes the backwards difference quotient in time. We
now let 0 < ¢ < 7 < T. Then, for k € Nwith k > 2L, j; = L] and jo = [7-], we
obtain

F(u®(7)) + %//Q ( )\A_hku(’“>|2dxdt < F(u® (1)),
X (e,

for any ¢ € [hy, e — hg]. Observe that the left-hand side is independent of ¢. Taking mean
values with respect to ¢ € [hy, e — hy| and using (7.12) therefore yields

hk M
(7.14) F(u™(r // |A_p, uUf)y dadt <][ F(u™)dt < ,
Qx(e,7) hi € — 2hy,

forany 7 € (¢,T].
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7.2.4. The limit map. The energy bounds from the last section imply that the sequence
(u®)en is uniformly bounded in the spaces L>(0,T; L?(2,RN)) and LP(0, T;u. +
WP (€, RN)). Therefore, there exists a limit map

we L*(0,T; L*(Q,RY)) N LP (0, T; us + Wy (Q,RY))
and a subsequence £ C N such that
.15 u® %y weakly* in L= (0, T; L*(Q,RY)),
' u®) — u weakly in L7 (0, T; W7 (9, RY)),

as 8 > k — oo. Next, we define an auxiliary function @*): Q x (—hy,T] — RY as
the linear interpolation of wy ;1 and ug; on the interval ((¢ — 1)hy,ihy]. The precise
definition is

M () = (i = 3= )ugio1 + (1 — i+ 7= )upi for t € ((i=1)hy, ihg] withie{1, ...k},
and @®) (t) := u, for t € (—hy,0]. Fort € ((i — 1)hg, ihx] we compute
at’ll(k) = ﬁ(u;“ — uk,i,l) S LQ(QJRN)
which due to (7.14) and hypothesis (2.2); yields
2 M
(7.16) v sup || Da®@)|® s+ 4 // o™ dadt < ————,
2 [DEO gy 3 [ o Parar <

for any € € (0,7). We now fix ¢ € (0,7) and note that (¥ satisfies the same energy
bounds as u*) in L>°(0,T; L?(Q,RN)) and LP(0,T; WP(2,RN)). Therefore, there
exists a limit map
@€ L®(0,T; L2(Q,RN)) N L7 (0, T; uy + Wy P(Q,RY))
with
i€ L™ (e, Tsu + Wy P(Q,RY)) and 0,51 € L2 (Q x (e, T],RV),
and a subsequence £; C 8 such that

i — @ weakly in L7 (0, T; W7 (2, RV)),
(7.17) a® weakly* in L (0,T; L2(Q,RN)),
it — @ strongly in L2422} (Q x (g, T],RY),
o, a® — 0,4 weakly in L2(Q x (¢, T], RY),

in the limit &1 > £ — oo. Since
|(@® — u™) (t)| < |up; — upi—1| fort € ((i — 1)hy, ihy),

we conclude from (7.13) and (7.11) for &£ € N with & > % (which implies hj, < €) that
k
// @™ —u® *dadt < hy, Z/ [up,i — upi1)?de < 203 F(ug) < 2k, M.
Qx(e,T) /e
By Holder’s inequality this implies
// [a™ — u®|dadt < /20, M|Qr],
Qx(e,T)

so that together with (7.17)3 we conclude that also u(*) — @ strongly in L' (2 x (¢, T)) as
£1 2 k — oo. Since € € (0,T) was arbitrary, this implies & = « and hence we have that
Owu € L2(Q x (¢, T),RY) for any € € (0, 7). Moreover, (7.16) yields the bound

M
v sup [DuO ey + 3 [ IDPdedi <2
t€le,T) ’ Qx(e,T) €
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7.2.5. Variational inequality for the limit map. Our aim here is to pass to the limit £ — oo
in (7.10). To this aim we consider

v € LP(0,T; us + Wy P(Q,RN)) with 9,0 € L*(Qp, RY) and v(0) € L*(Q,RV).

We extend v to negative times t < 0 by v(¢) := v(0) € L*(2, R") and integrate inequality
(7.10) with respect to 7 over (t,,t, + ) C [0,7] and divide the result by §. By Fubini’s
theorem we therefore obtain

to
/ F(u(k)) dt + 2%5 // ’v —u® ‘dedt
0 QX (to—hi,to+5)

to+98 T
g][ {/ F(v)dt + // A_pv- (v—u™)dedt|dr
to 0 Q,

+ 5 [v(0) — Uo||2L2(Q,RN)-
On the right-hand side we can pass to the limit k& — oo due to the weak convergence
u® — win L?(Qr,RY) and the fact that A_;,, v — ;v strongly in L?(Qp, RN). For
the first term on the left-hand side we apply Lemma 3.1 and Remark 3.2 and finally for
the second term we use the lower semi-continuity with respect to weak convergence of
u® — win L?(Qp, RYN). Therefore, we obtain in the limit & > k — oo that

to
/ F(u) dt + 55 // |v — ul*dxdt
0 QX (to,to+9)

to+06 T
g][ U F(v) dt +/ O+ (v — ) dadt | dr + L[0(0) — o2 0 m).
to 0 Q,

Passing to the limit ¢ | O this yields the variational inequality
to
| R at = Hie - ) e

to
< / F(v)dt + / O - (v —u)dzdt + 3[lv(0) — uOH%%Q,RN)
0 O,

for any ¢, € (0,7] and any v € L?(0,T;u, + Wol’p(Q,RN)) with ;v € L*(Qr,RY)
and v(0) € L%(Q,RY). This shows that u satisfies the variational inequality (2.3).

7.2.6. Continuity in time. Since Oyu € L*(Q x (¢, T],RY) for any ¢ € (0,7T) we already
know that u € C°((0,T]; L*(Q,RY)). Therefore, it remains to establish continuity in
t = 0. For ¢ > 0 we consider the inner parallel set Q¢ of Q2 and let ¢ € C§°(B1(0), R>0)
be a standard mollifier. We set ¢.(x) := e~ "$(Z), so that ¢. € C§°(B:(0),R>q). We
define the mollification of the initial values u, by

ul® =, + (o — us) X222 ) * P,

where xq2- denotes the characteristic function of Q2. Then, we have u((f) € Uy +

Cs°(Q, RY) and therefore, assumption (2.2)3 implies F(ugg)) < 00, o that Lemma 3.3
is applicable with v, = u'). Moreover, we have ul" — u, € L2(Q,RY). We test the
variational inequality (2.3) with v = [u] ., where [u]) . denotes the mollification with

respect to time from (3.2) with the choice v, = uff) as initial value. This leads to

%H([ub\,e - u)(T)Hiz(QJRN) +-/0 F(U) dt
< Hul - u(,H;(Q,RN) +/O F([u]x.)dt + //Q aufulse - ([ulxe — u)dadt

< gul) — “0H2L?(Q,RN) Jr/0 [F(w)], .,
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for any 7 € (0,7]. In the last line we used Lemma 3.3 and identity (3.3) for the time
mollification which allowed us to discard the negative last integral. Note that [F(u)]» ¢ is

defined according to (3.2) with the choice v, = F(ugf)). In the first term appearing on
the left-hand side we now replace [u]y . by [u]x, Where, according to (3.2), [u] is defined
with initial values v, = u,. This leads to

[ ([ulx —w) (T)HiZ(Q,]RN) S 4/0 “F(“)h,s - F(“)} dt + 4f|uf?) uoHiz(Q,RN)

— [ LR+ 48—l

<AOF () +4[[ul) = |32z

for any 7 € (0,T7]. In the second last line we used again identity (3.3). Now, we consider
a sequence (£;);en with £; | 0 and choose

\; = min {51‘7 F(uff/"))ﬁ},

so that also \; | 0 as ¢ — oo. Using the preceding inequality with \;, we obtain for any
1 € N that
2 v 2
sw(%pT] [ ([ulx, —w) (T)HL2(Q,]RN) S AVt 4Hug€z) - uoHLZ(Q,RN)'
T7€(0,

Since the left-hand side converges to zero in the limit ¢ — co, we conclude that
. 2
lim sup ||([u]x, — u) (T)||L2(Q,RN) =0.

100 e (0,T

Keeping in mind that [u]x, € C°([0,T7]; L?(Q,R")) with [u],(0) = u, for any i € N,
we deduce from the above convergence that also v € C([0, T; L*(Q2,RY)) is true and
that ©(0) = u,. This proves the desired continuity property with respect to time. We have
thus proved that u is a variational solution of the gradient flow associated to F in the sense
of Definition 2.1 satisfying additionally d;u € L?(Q x (g,T],RY) for any ¢ € (0,7).
This finishes the proof of Theorem 7.3. (]

7.3. Uniqueness. Here we prove that variational solutions are unique if F' is convex. We
emphasize that we do not need to impose its strict convexity.

Theorem 7.4. Assume that p > 1 and that F: WP (Q,RYN) — [0, 00] is convex and
uy satisfies (2.1). Then, there exists at most one variational solution to the gradient flow
associated to F with initial datum u, € L?(Q,RY) in the sense of Definition 2.1 if one of
the following conditions is satisfied:

(1) uo = ux,
(i) F is finite on u, + C$°(Q, RY).
Proof. We suppose that
ur,uz € CO([0,T]; LAH(Q,RY)) N LP (0, T uy + Wy P (Q,RY))
are two variational solutions in the sense of Definition 2.1. In the following we abbreviate
w = % Adding the variational inequalities (2.3) for uq and uy yields

30 —u) (D72 @rny + 3l (0 — u2) () 720mv) + /OT [F(u1) + F(uz)] dt

(7.18) < 0(0) ~ wolaoery +2 [ F@)dt+2 [ o (0 w)dodt
0 Q.

forany 7 € (0, 7] and any v € L”(0, T; u, + Wy P(Q,RN)) with 9,v € L*(Qz, RY) and
v(0) € L2(Q,RY).
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We first prove the uniqueness in the simpler setting (i) when u, = wu,. In this case we
know from Lemma 3.4 that 0;uy, Oyus € L?(Qr,RY). With the choice v = w and the
convexity of F' we find that

4~ ua) (B + | [FCun) + Fua)] de

32/0 F(w)dt§/0 [F(u1) + F(ug)] dt

for any 7 € (0, 7. This shows that u; = ua.

If assumption (ii) is satisfied we know that dyuy, dyus € L*(Q x (8, T],RY) only for
any 0 € (0,T). Therefore, we have to use a mollification argument. For e > 0 we consider
the inner parallel set ¢ of 2 and let ¢ € C§°(B1(0),R>¢) be a standard mollifier. We
set ¢ (z) 1= e "P(2), so that ¢. € C5°(B:(0),R>¢). We define the mollification of the
initial values by

ul® =, + (o — us) X222 ) * P,
where xq2- denotes the characteristic function of Q2¢. Then, u((f) € u+C3° (9, RN ) and
therefore F(u((f)) < 0o by assumption (ii), so that Lemma 3.3 is applicable with v, = ugf).
Moreover, u'S) — u, € L2(Q,RN) as e | 0. By [u;]y, for i € {1,2} with h € (0,T] we
denote the time mollification of wu; as in (3.2) with initial value v, = ugf). Note that
[uiln € LP(0, T;us + Wy (,RY)) and 9, [us], € L*(Qp,RY), cf. [8, Appendix B].
We now choose v = % ([ul]h + [U2]h) as comparison map in (7.18). Using (3.3) we obtain

28,5’[}-(1}—11)) = at’l}-(v—ul) —l—at’u-(v—UQ) = —2—1]1“111];1 —up + [U,Q]h —UQ|2 S 0

and therefore

3l —u) (DL @ er) + 310 = w2) (D720 +/O [F(u1) + F(uz)] dt
2 T
< Jluf ~ uOHLZ(Q,RN) + 2/0 F(v)dt

< [l = o]y + /0 T ([ur]s) + F([us]a)] dt.

From Lemma 3.3 we know that

li F([ui]p)dt = F(u;)dt.
i | F((wila) /0 (ui)

Therefore, in the limit /~ | O the last inequality simplifies to

[ (ur = UQ)(T)HiQ(Q,JRN) < 4ffuf?) - “"H;(Q,RNV

for any 7 € (0, T]. In the preceding inequality we let € | 0. This proves the desired claim,
that u; = ug a.e. on Q.
d

7.4. Existence of weak solutions. The passage from the minimality condition (2.3) to a
weak solution of the associated parabolic system

(7.19) Oyu — div (Dgf(a:7 u, Du)) + Dy f(z,u,Du) =0

is possible under certain additional assumptions on the integrand f. We assume that
f: QxRN x R¥™ — R is a Carathéodory-function that for a.e. x € € is continu-
ously differentiable with respect to (u, £), whose derivatives satisfy the following growth
conditions

(7.20) | De f(,u,€)| + | Do f (2,0, €)] < e[L+[u] ™ + €],
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for some p, g > 1 and ¢ > 0. Note that if f is convex with respect to (u, £) and
(2, u, &) < L(1+ [ul + [¢7),

then (7.20) is automatically satisfied, cf. [34, Lemma 2.1].

We consider a variational solution with v € L?(Q7, RY). In the variational inequality
(2.3) we use the testing function v = u + sy, with |s| € (0,1) and ¢ € C°(Qr, RV).
Here we recall that the variational solution obtained in Theorem 2.3 satisfies u €
CO([0,T); L2(Q,RN)) N LP(0, T us + Wy P(Q,RN)) and yu € L2 x (¢,T),RN)
for any € > 0. The resulting inequality is divided by s. Afterwards, we let s — 0, which
amounts in taking the derivative of the mapping

(-1,1) > s»—)// flx,u+ sp, Du+ sDyp) dxdt
Qr
in s = 0. The result is that

(7.21) // [u - Opp — D¢ f(x,u, Du) - Do — D, f(z,u, Du) - gp} daxdt =0
Qr

holds true for any ¢ € C5°(Qr, RY). Consequently, the variational solution solves the as-
sociated parabolic system and therefore is a global solution to the Cauchy-Dirichlet prob-
lem associated to (7.19). In order to guarantee the existence of variational solutions with
u € L9(Qr,RY), we strengthen assumption (2.2); to

(7.22) Flu] > v(|[Dull], o gny + lullfeqpny) — L

for all u € u, + Wy *(Q,RN) N LY(Q,RY), where v, L > 0 are given constants. We
note that due to Poincaré’s inequality, assumption (2.2); implies (7.22) with ¢ = p and a
smaller constant v > 0. Examples of integral functionals satisfying (7.22) with p = 2 and
q > 2 are given in (5.5).

Our existence result from Theorem 7.3 continues to hold under assumption (7.22) in-
stead of (2.2); because we may apply Theorem 7.3 to F + L. However, the assumption
(7.22) ensures that the variational solutions constructed in Theorem 7.3 additionally satisfy
u € LY(Qr,RY). Therefore, the following result holds.

Theorem 7.5. Let F be defined by (1.1) with a Carathéodory-function f:  x RN x
RN™ — R that is continuously differentiable with respect to (u, £) for a.e. x € . Suppose
that the lateral boundary values u, satisfy (2.1), that (7.20) holds true for some p,q > 1,
and that F is convex on L*(Q,RN) Nu, + Wol’p(Q, RN) and fulfills (2.2) 3 and (7.22).
Then, for any initial datum u, € L*(Q,RY) there exists at least one weak solution to

the parabolic Cauchy-Dirichlet problem associated to (7.19), and this solution satisfies
u € LY(Qr,RV).

Therefore, under the growth assumption (7.20), every variational solution is a weak
solution, too. Also a reverse result holds.

Theorem 7.6. Under the assumptions of Theorem 7.5 any weak solution uw €
CO([0, T); L2(Q,RN)) N LP(0, T; s + Wy P(Q, RN)) 10 the parabolic Cauchy-Dirichlet
problem associated to (7.19) that satisfies u € LY(Qr,RY) is a variational solution in the
sense of Definition 2.1.

Proof. Let u € C°([0,T]; L*(Q,RN)) N LP(0, T;u. + W, P(2,RY)) be a weak so-
Iution of the parabolic Cauchy-Dirichlet problem associated to (7.19). We consider
0 € C(Qr,RYN). Fort € [0,T] and s € R we define

g(s,t) :==F(u(t) + sp(t)) = /Q [z u(z,t) + sp(x,t), Du(z,t) + sDo(x,t)) dz.
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By the convexity of F we know that for a.e. t € [0, T the function s — g(s,t) is convex.
Therefore, we have
(7.23) 9(1,t) > g(0,t) + ¢'(0,1),

forae. t € [0,T]if ¢'(0,¢) exists. In fact, ¢’ (0, t) exists due to the growth assumptions in
(7.20) and with the same computations as before we have

g'(0,t) = / [Duf(;v,w Du) - ¢ + D¢ f(x,u, Du) - D(p} dz,
Q

for a.e. t € [0, T]. Integrating both sides of (7.23) with respect to ¢ € [0, T'], we obtain

T T
/ Flu+y)dt > / F(u) dt+/ [Duf(:c,u7Du)~g0+D§f(:E7u,Du)~D<p} dzdt.
0 0 Qr

Since u is a weak solution we get from the weak form (7.21) that

T T
/ F(u+ ¢)dt > / F(u) dt+// u - Opp dadt.
0 0 Qr

This implies that u is a variational solution. In fact, with v as in Definition 2.1 we choose
© = xe(t)(v — u), where x.: [0,7] — [0,1] is a cut-off function in time with x.(0) =
0 = xe(T) and x. — x[o,-] @as € | 0, for 7 € [0,T]. Note that due to the differential
equation (7.19) and the growth conditions (7.20), the time derivative O;u is a sum of a term
in L' (0, T; W% (Q,RN)) and one in L% (Qp, RY). The passage to the limit & | 0 can
be realized by the convexity of F', since 0 < x. < 1 and

/0[ F(v) + (1 — x)F(u)] dt

+
/ F(u+ xe(v—u))dt

>
0
/ F(u dt+// u- Oy (xe (v — u)) dadt
0
:/ dt—// Il —ul® + x0 - (v —u)| dadt,
0
for any 7 € [0, T]. At this point the variational inequality (2.3) follows as ¢ |, 0. O
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