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PARABOLIC EQUATIONS AND THE BOUNDED SLOPE
CONDITION

VERENA BOGELEIN, FRANK DUZAAR, PAOLO MARCELLINI,
AND STEFANO SIGNORIELLO

ABSTRACT. In this paper we establish the existence of Lipschitz-continuous
solutions to the Cauchy Dirichlet problem of evolutionary partial differential
equations

Oyu —divDf(Du) =0 in Qp,
u=1u, on OpQr.

The only assumptions needed are the convexity of the generating function
f: R® — R, and the classical bounded slope condition on the initial and
the lateral boundary datum u, € W1 (). We emphasize that no growth
conditions are assumed on f and that —an example which does not enter in the
elliptic case — u, could be any Lipschitz initial and boundary datum, vanishing
at the boundary 0f2, and the boundary may contain flat parts, for instance 2
could be a rectangle in R™.

1. INTRODUCTION

Throughout the paper let Q@ C R™ be a bounded, open and convex set and
f:R"® — R a convex integrand. We define the energy functional F': W1>(Q) — R
by means of

(1.1) F(v) ::/Qf(Dv)dx.

A by now classical result, following the pioneering paper by Haar [14] and then
Hartman-Nirenberg [15], Stampacchia [31], Miranda [26], Hartman-Stampacchia
[16], which can nowadays be retrieved from textbooks (cf. [13, Chapter 1]), ensures
to given boundary values U,: 92 — R satisfying the bounded slope condition the
existence of a Lipschitz continuous minimizer u to the variational functional F' with
boundary values U,. We refer to [7, 8, 9, 10, 21, 22, 23, 24] for more recent research
in the context of existence of Lipschitz solutions — bounded slope condition — clas-
sical Calculus of Variations. Surprisingly enough, a time dependent counterpart
to this semi-classical theory is to our knowledge not known so far. Instead, many
sophisticated techniques (such as Galerkin methods, monotone operators, nonlin-
ear semigroup theory, etc.) lead to a huge variety of different existence results.
However, the construction of Lipschitz continuous solutions to evolutionary equa-
tions related to general convex integrands f (without any further assumption on
the growth of the integrand) does not fall into the range of these theories, and
remained an open problem.

The aim of the present paper is to close this gap in the existence theory for
parabolic equations. We present the corresponding parabolic analogue of the above
mentioned elliptic existence result, i.e. the existence of a unique classical solution
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u € L>=(Q7) N CO([0,T]; L*(2)) with Lipschitz continuous spatial gradient Du €
L>(Qp,R™) to the following Cauchy-Dirichlet problem
atu —div Df(Du) = 07 in QT,
(1.2)
u=1u, OpSr,
will be established for any given Lipschitz continuous initial datum u, on 2, whose
restriction to the boundary 9f2 satisfies the bounded slope condition. Here, and in
the following, the parabolic boundary of the space-time cylinder Q7 := Q x (0,7)
is defined by
opQr == (2 x {0}) U (0 x (0,7)).
Prominent examples of variational integrands which are included in this framework

are the area integrand
f&) = v+,

integrands with ezponential growth, such as

F(&) = exp €],

or Orlicz type functionals like

f(&) = gl 1og(1 + [€]).

Any other convex function f(£) not necessarily depending on the modulus of &,
without any growth assumption, enters in our theory.

1.1. The class of parabolic Lipschitz solutions. In the parabolic case the for-
mulation of Lipschitz continuous variational solutions accesses certain classes of
functions, which can be interpreted as the parabolic analogue of the Lipschitz func-
tions from the stationary case. In this circumstance we use the identification be-
tween the space of Lipschitz continuous functions C%1(€2) and the Sobolev space
Whee(Q); see Proposition 2.1. Firstly, we define the class

K(Qr) := {v e L*(Qr)nC°([0,T]; L*(Q)): Dv € L>®(Qr,R"™)}.
Next, for given L € (0, 00) the class KX (Q7) is defined by
KB (Qr) := {v € K(Qr): |Dv|| oy rm) < L}

In the sequel we write K& for L in the whole range (0,00], with the meaning
that K(>) := K. Now, given u, € W*(Q) and L such that || Du,| =) < L,
the subclasses Kﬁf)(QT) then consist of those v € KX (Qr) coinciding with u, on
the lateral boundary 92 x (0,7). Observe that for a.e. t € (0,T) the restriction
v(t) :=v(-,t) of v € K(Q7) to the time slice Q x {t} is of class W°(Q). This allows
to define the trace in the classical sense on these good times slices. Following an idea
by Lichnewsky & Temam [19], that was first used in the context of the evolutionary

parametric minimal surface equation, the natural formulation of (1.2) can be given
in terms of variational solutions.

Definition 1.1 (Variational Solutions). Assume that u, € Wh°(€2). A map
u € K, (Qr), with T € (0,00), is called a variational solution on Qp to the
Cauchy-Dirichlet problem (1.2) if and only if the variational inequality

/QT f(Du)dzdt < //QT [0v(v — u) + f(Dv)]dadt

(1.3) +5[0(0) = uollf2 () — 31 (v = w(D)[Z20

holds true for any v € K, (Qr) with 9,0 € L?(Qr). Finally, a map u € K, (Q)
is termed a global variational solution (or variational solution on Q) if u is a
variational solution on Q¢ for all 7" > 0. O



1.2. The main results. Our main result concerning the existence of Lipschitz
(with respect to the spatial variable) solutions to the Cauchy-Dirichlet problem is
the following:

Theorem 1.2 (Existence of Lipschitz solutions). Let  C R™ be a bounded, open
and convez set and suppose that f: Q — R is a conver function, that u, € WH>(Q)
and that U, = u(,|aQ satisfies the bounded slope condition (see Definition 2.2 below)
for some constant Q. Then, there exists a unique global variational solution w on
Qoo in the sense of Definition 1.1, satisfying the following gradient bound:

|1 Dul| Lo 0 my < max {Q, | Duol| = (.rm) }-

Moreover, if f is of class C*, then u is the weak solution to the Cauchy Dirichlet
problem (1.2).

We emphasize that the variational solution is unique even if the integrand f is
convex, but not strictly convex. This includes the case of the total variation, i.e. the
integrand f(£) = || is included in the theorem (apart form the final assertion
concerning the weak form of the parabolic equation).

The existence result is completed by the following assertions on regularity prop-
erties of variational solutions.

Theorem 1.3 (Regularity of variational solutions). Suppose that f: Q — R is
conver and that u, € WH>(Q). Then, the variational solution in the sense of
Definition 1.1 on Qr, T € (0,00], satisfies

S e L*(Qr) and we C%:([0,7;L%(Q)) V7 eRN(0,T).
Further, for the time derivative O,u there holds the quantitative L?-bound

Qr BL(0)

where L > || Du|| g oy rey- If f is of class Ct, then u € COM1/2(Qy).

Finally, if the integrand f is more regular, then also variational solutions are
more regular. For a short discussion on this subject we refer to §8.

We note that in general it is not possible to treat functionals depending on =
and v within this context, because u(z) and u(x + h) must be at the same time
parabolic minimizers of the same functional; also u(x) + const, for different values
of the constant, must have this property. This rules out general assumptions on
the integrand. However in the elliptic case the treatment of some special cases has
been possible; cf. [16, 21]. We could then expect that similar results hold in the
parabolic setting too.

1.3. The method of proof. The proof of the classical elliptic result (see for ex-
ample [13]) is divided into three steps. The first step consists in minimizing the
functional F in classes of Lipschitz functions coinciding with the given boundary val-
ues on 0f) and possessing a Lipschitz constant below a given fixed number L. This
can be viewed as the solution of an obstacle problem, where the obstacle is given
by a gradient constraint. In general the solutions u(™) of this gradient constrained
obstacle problem are not minimizing among all Lipschitz functions (without the
constraint). However, if Lip uY) < L, then v minimizes F. The proof of this
fact is the content of the second step. In the third step, the bounded slope condition
with a constant Q is used to ensure that the unique minimizers u(*), i.e. the mini-
mizers to the gradient constrained obstacle problems with threshold L > @, satisfy
the gradient bound Lipu(®) < @ and therefore are the unique minimizers among
all Lipschitz functions satisfying the prescribed Dirichlet boundary condition.
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Maybe, the purely nature of this variational approach was the reason why a
corresponding parabolic analogue was not derived. This is quite surprising, since a
variational formulation of parabolic problems as variational solutions, an idea going
back to the work of Lichnewsky & Temam [19], was known in the literature since
1978. However, even with the notion of variational solutions at hands, the theories
(time independent versus time dependent) do not seem to have common features.
The missing link (connecting the theories) can be found in the formulation of a
conjecture going back to De Giorgi [12] on the existence of global weak solutions
to the Cauchy problem for nonlinear hyperbolic wave equations, and of Ilmanen’s
proof of Brakke’s existence theorem for motion by mean curvature via elliptic regu-
larization; see [17]. In the latter case solutions to Brakke’s mean curvature flow are
constructed as limits of translative solutions of a variational problem involving the
time variable as a further independent variable. De Giorgi suggested to establish the
existence of solutions to nonlinear wave equations by means of limits of minimizers
of convex variational integrals on R™ x (0,00). That this conjecture holds true for
wave equations with super-critical nonlinearity of the type u; — Au = |u|972u at
least up to subsequences was proved by Serra and Tilli in [29]. A related approach
has been used in [4] to treat evolutionary problems with variational structure. Sim-
ilar results form a more abstract point of view have been obtained in [1, 2, 25]; see
also the references therein.

In this paper we present a purely variational approach that utilizes the method
of elliptic regularization. More precisely we consider variational functionals

Fo(v) = //QT e[ 3100f? + L7 (Do) dza

on classes of functions v: Q7 — R defined on the whole space-time cylinder Qp
satisfying the boundary condition v = u, on the parabolic boundary 9p€Qy, while
on Q x {T'} no boundary values are prescribed. Note, that F.(v) is strictly convex
on the class of functions satisfying the initial condition v(0) = u,. As can easily
be seen, there are close ties between our functional F. and the functionals defined
in the works of De Giorgi and Ilmanen. The heuristics behind the approximation
of solutions via elliptic regularization can most easily be explained by formally
computing the Euler-Lagrange equation associated to F.. The computation shows
that minimizers u. of F. formally fulfill the elliptic equation

—Eattug + atue —div Df(Dug) =0 in QT.

Therefore it is natural to expect, that minimizers u. converge (possible after pass-
ing to a subsequence) to a solution of the Cauchy-Dirichlet problem (1.2). This
indicates a possible strategy for a proof of Theorem 1.2. Since we are interested in
Lipschitz solutions, the method has to be adjusted. In a first step, one would like
to construct variational solutions satisfying a gradient constraint. Here we use the
method of elliptic regularization. We minimize F; in the class K&{j) (Qr), provided
this class is non-empty. This is for example fulfilled if L is chosen large enough,
ie. L > ||Duol|fe<(q), in which case the time independent extension of u, to the
whole cylinder Q7 is admissible. Since solutions to obstacle problems in general
will not solve the Euler-Lagrange equation, the heuristics from above has to be car-
ried out on the level of minimizers. This can be achieved by proving certain energy
bounds ensuring the sub-convergence of the sequence of minimizers u. to some limit
function u(%). Using the minimality of u. by direct comparison arguments allows
to establish that u(%) is a solution of the gradient constrained problem.

The second step consists — as in the elliptic case — in the observation that a
variational solution u(%) whose L°-norm of the spatial gradient is strictly less
than the threshold L, actually solves the unconstrained problem in the sense of



Definition 1.1. This follows by a direct comparison argument. With this respect,
it is natural to seek for geometric conditions guaranteeing an a priori gradient
bound. It is exactly this point where the classical bounded slope condition enters
the theory. Utilizing a comparison principle for variational solutions it is possible
to show that the constrained minimizers u*) in K&?(QT) with L > @, where
Q@ is the constant from the bounded slope condition, satisfy the gradient bound
HDU(L)HLOO(QT’Rn) < Q. Together with the previous observation, this proves that
u) is the desired variational solution. In case of a differentiable integrand f one
can pass to the Euler-Lagrange equation. Suitable Poincaré type inequalities (in the
interior, the lateral boundary, the initial time, and the intersection of the latter two)
which can be retrieved for instance from [5, 6], imply that the variational solution
belongs to a certain parabolic Morrey-space. A classical result of Da Prato then
yields that u € C%2 (Qp), i.e. the solution is Lipschitz-continuous with respect to
the parabolic metric. Higher regularity can be shown by standard arguments (the
parabolic De Giorgi-Nash-Moser theory and bootstrap arguments), provided f is
higher regular.

Acknowledgments. V. Bogelein was supported by the DFG-Project BO3598/1-1
“Evolutionsgleichungen mit p, g-Wachstum” and 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 (INAAM).

2. NOTATIONS AND PRELIMINARIES

2.1. Notations. For p € [l,00], n € N and an open set Q C R", the spaces
LP(Q), WP (Q) and W,” (9) denote the usual Lebesgue and Sobolev spaces,
respectively. Moreover, for T' € (0,00], by Q7 we denote the space-time cylinder
Q% (0,T). Further, for a set A the characteristic function of A shall be denoted by
xa. Throughout the paper we often use the identification of the class of Lipschitz
continuous functions C%1(Q) with the space W°°(Q). For later usage we recall
the definition of the Lipschitz constant of a continuous function « on Q:

[U]O,I;Q =  sup M<m

TH#Y,T,yeN |‘T - yl
The connection between the spaces C%1(€2) and W1>°(Q) is given in the following
result:

Proposition 2.1. Let Q C R" be a domain. A map u € LS () admits o weak
derivative Du € L (2, R™) if and only if u is Lipschitz continuous on Q with respect
to the inner metric dg. In this case the (optimal) Lipschitz constant [u]o 1,0 is given

by || Dul| Lo (orn)- o

In the case of a convex domain §2 the inner metric is the Euclidean distance,
i.e. in this case we have dg(z,y) = |z — y| for any z,y € Q. For a nonconvex set
dg, is the minimal distance inside the set.

2.2. Bounded slope condition. As in the case of stationary minimization prob-
lems the bounded slope condition plays a fundamental role, since its validity guar-
antees suitable affine comparison functions. These affine functions can be used in
the comparison principle, yielding pointwise estimates from above and below. The
precise definition is as follows:

Definition 2.2. We say that a function U: 0Q — R satisfies the bounded slope
condition with constant QQ > 0 if for any x, € 0N there exist two affine functions
wy and wl with [wy Joqg < Q and [w] Jo1 < Q such that

wy (z) <U(x) < wi’.‘o (z), for any x € 00
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and w, (z,) = U(x,) = wy (x,) holds true. O

If Q is a uniformly convex, bounded C?-domain and v € C?(R™), then U|DQ
satisfies the bounded slope condition; for more details see [13, 26]. A completely
different example, which has no correspondence in the elliptic case and which is
covered in this context, is a Lipschitz initial boundary datum wu, defined on a
rectangle in R™ vanishing at the boundary; i.e. the boundary of our set can contain
flat pieces.

The following Lemma shows that, given a Lipschitz continuous function whose
restriction to the boundary satisfies the bounded slope condition, we can tilt the
affine functions from the bounded slope condition in such a way that, on the one
hand the bounded slope condition holds true with a larger constant, and on the
other hand the function itself is squeezed on the whole domain between two affine
functions.

Lemma 2.3. Let uy: @ — R with [uy)o,1 < Q1 such that U := u0|69 satisfies the
bounded slope condition with constant Q,. Then for any boundary point x, € 99
there exist two affine functions w, and wi with [wy Jox < max{Q,,Q1} and
[w o1 < max{Q,, Q1} such that

wy (2) < ue(x) < w;fo(x), for any x € Q
and w, (xz,) = U(x,) = wy (x,) holds true.

Proof. Consider u: Q — R with [u]o,; < @1 such that U := “|3Q satisfies the
bounded slope condition with constant @Q,. Let w;r _ denote an affine function —
which exists since U satisfies the bounded slope condition — coinciding with U at
zo with [w} Jo1 < Q and U(x) < wj (), for any x € 9Q. Without loss of generality
we can assume z, = 0 and U(z,) = 0. Further, we can assume ) C R"7! x R,
and that w} takes the form w} (z) = Qw, for some |Q| < Q,. Now, consider
x = (2, x,) € Q and denote by (2/,y,,) € I the unique point in the boundary 99
with 0 < y,, < . Then, we have

u(z) <u(a',z,) = U@, yn) + wf (2, yn)
< Ql(xn - yn) + Qyn
< max{Qo, Q1}Tn.

We now define the affine function @ () := max{Q,, Q1 }2,. The previous estimate
implies that u(z) < @; () for any x € Q. Moreover, we have U(z,) = 0 = w;} (,)
and u < w;ra < @;LO on 02, i.e. U satisfies the bounded slope condition for the
larger constant max{Q,, Q1 }. O

2.3. Mollification in time. In the definition of variational solutions we are not
going to assume any condition on their derivative with respect to time. Therefore,
in general we are not allowed to use them as comparison maps in the variational
inequality (1.3) and a suitable mollification procedure in time is thus needed. To
this end, for X a separable Banach space, an initial datum v, € X and 1 <r < oo,
let v € L"(0,7;X) and define the mollification in time of v for h € (0,77 and
t € [0,T] by means of

(2.1) [W]a(t) == e Fu, + %/0 e%v(s) ds.

In the applications we are going to use for instance X = L"(£2, RY) and the related
parabolic space L™(0,T; L" (£, RY)). One of the features of the mollification in time



is that [v],, solves the ordinary differential equation
(2.2) Ol = 1 (v —[v]n)
with initial condition [v],(0) = v,. Note that, since [v], solves the ordinary differ-
ential equation (2.2) above, then clearly any common membership of both v and its
regularization [v], to a Banach space is passed also to the time derivative of [v]},.
This fact will be exploited in §5.3 in deriving the uniform a priori bounds for the
sequence of F.-minimizers u. which later on imply in particular that the variational
solution u possesses a time derivative in L?(Qr).

The basic properties of the mollification in time are summarized in the following
lemma (cf. [18, Lemma 2.2] and [3, Appendix B] for the proofs).

Lemma 2.4. Suppose X is a separable Banach space andv, € X. Ifv € L"(0,T; X)
for some r > 1, then also [v]y, € L"(0,T; X), and [v], — v in L" (0,T;X) as h 0
if r < co. Further, for any t, € (0,T) there holds

1
_tor\ 17
Nodalzr o) < 10liro + [2 (1= %)) luollx
In the case r = oo, the bracket |.. .]I/T in the preceding inequality has to be inter-
preted as 1. Moreover, O;[v], € L™ (0,T; X) with
O[vln = + (v —[v]a).
If additionally also Oyv € L"(0,T;X), then

t
Ov]n = %/ e%asv(s)ds
0

and

”at[v]hHLp(O,T;X) < ||8tUHLp(0,T;X)'
Finally, if v € C°([0,T); X), then also [v]n, € C°([0,T); X), [v]n(0) = v, and [v] —
v in L*([0,T]; X) as h ] 0. O

In the following we want to show that the time mollification of the f-energy
satisfies f([v]) < [f(v)]n on [0, T] and [f(v)]n — f(v) in LY(0,T) as h | 0 if v and
v, are chosen properly. The first estimate will be used frequently throughout the
paper, while the convergence is only needed to show that the variational solution
u is also a variational solution on any subcylinder 2, C Qrp.

Lemma 2.5. LetT > 0 and f: R™ — R be convex. Suppose further thatv € K(Qr)
and v, € WH*(Q). Then, [v], € K(Qr) with

ID[]allLe < max {||Dvo|[Le, | Dv]| Lo },
f(D[v]n) € LY(Qr) and
f(D]n) < [f(Dv)]n on Qr.
Moreover, in the limit h | 0 we have
f(D[]n) — f(Dv) in LY(Qr).

Here, [v]y, and [f(Dv)]n are defined according to (2.1) with v, and f(Dwv,) as initial
datum.

Proof. The first assertion is a direct consequence of the definition of the mollifi-
cation, since for t € (0,7) we have

t
[Dw]n(t)l[Loe < e [[Duol| Lo + %/ e "7 || Dv(s) | L= ds
0

< max {||Dv,| =, | Dv| g~} =: R.
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In turn, this implies f(D[v]y) € L'(Qr). Observing that

t
s—t
% e h dSEl,
h(l—e h) 0

usage of the convexity of f gives the estimate

s—t

F(Dll) < e~ % f(Du,) + (1+e*%) f(* /Ote w Du(s) ds)

h(14e™ h)

< ek f(Duy) + F /t e’ T f(Du(s))ds
0

= [f(DU)]h'

Since D[v]}, is strongly convergent in L(Qr,RN) for any ¢ € [1,00) to Dv as h . 0,
we can extract a not relabelled subsequence such that D[v], — Dv pointwise almost
everywhere on p. Therefore, the continuity of f implies the pointwise almost
everywhere convergence f(D[v]p) — f(Dv). Taking into account that |f(D[v]s)| <
SUpP g (0) |f], the dominated convergence theorem implies the strong convergence
f(D[v]n) — f(Dv) in L*(Q7) for the chosen subsequence. Note that the limit does
not depend on the subsequence. Therefore, we can repeat the argument starting
with an arbitrary subsequence, proving that the convergence holds for the whole
sequence. (|

3. GRADIENT CONSTRAINED OBSTACLE PROBLEMS

In this section we consider variational solutions satisfying a gradient constraint
of the type |Du| < L on Qp for some constant L > 0. This can be achieved in a
fairly general setting, in particular without assuming the bounded slope condition.
Therefore, we will work with weaker assumptions throughout this section. We
consider a bounded open set 2 C R™, a convex integrand f: R"™ — R and some
initial datum wu, satisfying u, € W1*°(€).

Definition 3.1 (Variational solutions, gradient constraint). Let L > 0 and u, €
Wheo(Q) such that L > |[Du|| o (o). A map u € Kﬁf)(QT) with T € (0, 00) is
called variational solution (of the gradient constrained obstacle problem) in K&f) (Qr)
if and only if the variational inequality

/QT f(Du)dzdt < //{;T [0,0(v — u) + f(Dv)]dadt

(3.1) +5[0(0) = wollF2(0) = 31 (v = W(D)Z20

holds true for any v € K% (Qr) with dv € L2(Qr). Furthermore, if T = o0, a
measurable map u: Qo — R is termed global variational solution of the gradient
constrained obstacle problem if and only if its restriction to any finite cylinder Qp
with 7' € (0,00) is a variational solution in K&?(QT). O

Observe that the time independent extension of u, to Qr, i.e. the map @, (x,t) :=
uo(x) for (x,t) € Qp, belongs to the class K&?(QT) and satisfies 0;11, = 0. Hence,
the class of admissible testing functions in (3.1) is non-empty. In the sequel we
establish in a first step, that variational solutions of the gradient constrained prob-
lem in the sense of the preceding definition on the cylinder Q7 with T € (0, o),
also solve the variational inequality (3.1) on any smaller subcylinder . C Q7 with
7 € (0,T). Note that the following lemmata also apply to variational solutions of
the unconstrained problem in the sense of Definition 1.1. The precise statement is
as follows:
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Lemma 3.2 (Localization in time). Let L € (0,00], & C R™ be a bounded, open
set, f: R" — R a conver integrand and u, € W1>°(Q) with [| Do || oo () < L, if

L € R, or || Dul| oo (o,rn) < 00, if L = 00, respectively. Suppose that u € K&?(QT)

is a variational solution in K&?(QT) in the sense of Definition 3.1 (respectively
Definition 1.1 in the case L = 00) on some cylinder Qp with T € (0,00). Then, u is

also a variational solution in Kg?(QT) on any smaller cylinder Q. with T € (0,T).
Proof. For # € (0,7) we consider the cut-off function
€o(t) == X[o,r—0)(t) + T35 X (r—a,7) ().
For v € K&?(QT) satisfying 9;v € L%(€),) we define a function vg: Q7 — R by
vg = Epv + (1 — &) [u],
where [u],, is defined according to (2.1) with u, and u instead of v, and 1) respec-

tively and &v has been extended from €, to Q7 by 0. Since vy € K (QT) and
dyvg € L2(Q7) we are allowed to choose vy as comparison map in (3.1). Th1s yields

/ f(Du)dzdt < / [Orvo(vg — u) + f(Dvg)]dadt
Qr Qr

(3.2) +5l1v(0) = uollZ2 = 5l ([uln — w) (D)2

In the following we want to pass to the limit 6 | 0. Therefore, we have a look at
the first two terms on the right-hand side of the previous inequality. The first one
can be rewritten to

/ Orvg (v — u)dadt
Qr

= // Ov(v — u)dxdt + // O¢lulp ([u]p, — u)dadt
QOx(0,7—0) Qx(1,T)

4 //() €)Es|v — ful] dadt + //() ([l — u) (v — [u))dzdt

+ // [E00v0 + (1 — €0)Ohuln] [Eo (v — w) + (1 — &) (fuln — w)]dadt
Qx(r—0,7)
=:Ip + Iy + 111y + IVy + Vy,

where the meaning of the terms Iy - Vg is obvious in this context. Note that the
properties of the appearing functions imply

hm I, = // (v — u)dzdt, hm Iy = —1||(v — [ul,) (7) 132,
Qx(0,7)

and

E%Vg =0, hmisup IVy < ||([u]n — u) (v — [u]h)(T)HLl,
so that

lim sup / Opvg(vg — u)dxdt
Qr

010
< //Qx(o,T) 8tv(v—U)d9cdt+//QX(TT) Oplulp ([u]p, — w)dadt
— 31w =[ul,) (™) 172 + || ([uln — w) (v = [u]n) (7)) .-

The second term appearing on the the right-hand side of the minimality condition
(3.2) is given by

/ F(Dvg)dadt — // F(€9Dv + (1 — &) D[u]y)dadt
Qr Qx(r—0,7)
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+//Q><(O,T—9) f(Dv)dde—//QX(T’T) f(Dluly)dzdt.

Using the convexity of f, it is clear that the second term of the previous equality
tends to 0 as 6 | 0, so that

lim // f(Dvg)dadt = // f(Dv)dzdt + // f(D[u]p)dzdt.
640 Qx (0, T) Qx (7,T)

Therefore, after passing to the limit 6 | 0, the variational inequality (3.2) implies
/ f(Du)dzdt < / [Oww(v —u) + f(Dv)]dzdt
Q. Q.

+ 51000 ~ uoll32 = 31w = ) (D)7,
+//QX(T7T) [0u[uln ([u]n — w)dz + f(D[uln) — f(Du)]dzdt

= 311l = ) @72 + [ (e~ w) (0 = () (7).

From Lemmas 2.4 and 2.5 we know that 0¢[u]n([u], —u) < 0 and the convergences
[u], — w in L>°(0,T; L*(Q,RY)) and f(Du]p) — f(Du) in L*(Q7) as h | 0.
Therefore, passing to the limit A | 0 in the last inequality, we conclude that u sat-
isfies the variational inequality (1.3) on the subcylinder €2,. Since v was arbitrary,
u is therefore a variational solution on the subcylinder €. d

As application of the localization in time principle from Lemma 3.2 we establish
that variational solutions fulfill the initial condition u (0) = u, in the strong L?()-
sense. The precise statement is as follows:

Lemma 3.3. Let L € (0,00], Q& C R™ a bounded open set, f: R — R a convex
integrand and an initial datum u, € WH>(Q) with || Duo| 1@~ < L, if L € R,
or HDuoHLm(QR” < o0, if L = o0, respectively. Then, any variational solution u
m Kﬁf)(QT) in the sense of Definition 3.1 (respectively Definition 1.1 if L = c0) on
some cylinder Qp with T € (0, 00] satisfies

4 2 o
ltljg)l Hu (t) — uOHLz(Q) = O

Proof. From Lemma 3.2 we know that u fulfills the variational inequality (3.1) on
any subcylinder Q, for 7 € (0,7). Moreover, for the time-independent extension
Uo(x,t) := uo(x) of u, we have that @, € K&?(QT) and 8,1, € L*(€),). Therefore,
choosing v = 1, as comparison function in (3.1) yields

/ f(Du)dzdt + §[ju(r) — uo||%g(ﬂ) < / f(Duy)dxdt =7 | f(Du,y)dz < 0.
Q, Q. Q

Since M := max{||Dul| e (q, ), | Dto|| ()} < oo (note in the case L < oo we have
M < L), this implies

— Uo %2(52 S yd)-
lu(7) — uo|] < 47|Q| sup |f] VT e (0,T)
B (0)

This proves the claim of the lemma. a

Next, we will establish that any variational solution u to the constrained problem
admits a time derivative dyu in a weak sense and that it belongs to L(Qr). Note,
since the case L = oo is included in Lemma 3.4, the first assertion in Theorem 1.3
follows as a byproduct.

Lemma 3.4. Let L € (0,00], Q a bounded open subset of R™, f: R™ — R a convex
integrand and an initial datum u, € WH°(Q) with | Duol|poe (o rny < L, if L € R,
or || Dol e (rn) < 00, if L = oo, respectively. Suppose that u is a variational
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solution in K&?(QT) in the sense of Definition 3.1 or Definition 1.1 in the case
L = oo on some cylinder Qr with T € (0,00]. Then, we have dyu € L*(Qr) together
with the estimate

// |Opu|?dzdt < 2|Q| sup f,
Qr B (0)

where M > max{||Du|| o ), | Duo|| 1) }- In particular, if L < oo the previous
estimate holds with M = L.

Proof. From Lemma 3.2 we know that u is also a variational solution on any
subcylinder ©; for 7 € RN (0,7]. We define [u], according to (2.1) with (v,,v)

replaced by (ue,u). Then, [u], € K&?(QT) and O;[u], € L?(€;). Therefore, we
are allowed to test the variational inequality (3.1) on £, with the comparison map
v = [u],. Using also Lemma 2.5 and the fact that 3||([u], — u)(T)H%Q(Q) > 0, this
implies

_//m Oululn ([u]p — v)dzdt < //Q, [/ (Dluln) — f(Du)]dzdt
< [ o~ sowjas

— //Q f(Du)laat

- h[ [ awuyas— [ Xm[f(Du)}hdx}

where [f(Du)], is defined according to (2.1) with v, and v replaced by f(Du,)
and f(Du), respectively. We now choose M > max{||Du| 1), [ Dol £ () }-
Observe that in the case L < oo, the choice M = L is possible. Exploiting the fact
that [u], —u = —ho[u];, by Lemma 2.4, this yields the uniform bound

// |0y fuls|*dzdt <20 sup [f|  Vhe (0,7,
Q. B (0)

such that the time derivative ;u exists with dyu € L?(€2,) for all 7 € (0, T] together
with the quantitative estimate

// Oudedt < 20| sup |f| V7 e (0,T].
Q. B (0)

Therefore, if T' < oo, setting 7 = T, or otherwise, if T' = oo, letting 7 — oo, shows
the claim that Oyu € L?(27) together with the asserted estimate. O

4. PARABOLIC MINIMIZERS AND THE COMPARISON PRINCIPLE

Observe, that the assertion of Lemma 3.4, i.e. the fact that variational solutions
admit a time derivative d;u € L?(Qr), allows an integration by parts in the first
term on the right-hand side of the variational inequality (3.1). The integration by
parts shows that

/ o F(Du)dadt < //Q ) [Oru(v — u) + f(Dv)]dwdt

holds true for any v € K&?(QT) with d;v € L?(Qr). This motivates the following
definition:

Definition 4.1 (Parabolic minimizer). Let L € (0,00]. A map u € K (Qr)
with T € (0,00) and Gyu € L*(Qr) is called parabolic minimizer (of the gradient
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constrained obstacle problem in the case L < oo) in K")(Qr) if and only if the
variational inequality

(4.1) /Q f(Du)dzdt < //Q [Oru(v — u) 4 f(Dv)]dzdt

holds true for any v € K7EL)(QT). Further, if T = 0o, a measurable map u: Q. — R
is termed global parabolic minimizer (of the gradient constraint obstacle problem) if
and only if its restriction to any finite cylinder Qr with T € (0, 00) is a parabolic
minimizer in K (Qr). 0

We note that the notion of parabolic minimizers to vector valued integrands with
quadratic growth has its origin in a paper by Wieser [32].

Remark 4.2 (Localization in space). In the proof of the main Theorem 1.2 it is
crucial, that a localization principle with respect to space holds true. By this we
mean that any parabolic minimizer of the gradient constrained obstacle problem in
Qpr, with Q convex, in the sense of Definition 4.1 is also a parabolic minimizer of
the gradient constrained problem on any smaller subeylinder €' x (0,7, with €’
a convex, open subset of ). The proof of this basic fact is elementary and could
be skipped. For completeness reasons we however include the argument, which
is based on the identification of the spaces W1°°(Q) and C%(Q) as explained in
Proposition 2.1. Recall that w € W°°(2) with || Dw|| e (o,rn) < L has a Lipschitz
continuous representative, still denoted by w, with [w]p 1,0 < L.

Suppose, L € (0,00) and v € K (Qp) with dyu € L*(Qr) is a parabolic
minimizer in the sense of Definition 4.1. Consider v € K&L)(Q'T). Observe that
v = u on the lateral boundary 99’ x (0,7T). Define the comparison map o: Q7 — R
by
~ v on ) x(0,T)

T w on (\ Q) x (0,7)

Clearly, this construction provides us with a map @ € L>(Q7) N C°([0,T7]; L3(£2))
such that 0,0 € L?(Q7). Further, for a.e. t € (0,T) we have
0(z,t) — o(y, )| < Llz —y|

whenever z,y € Q or x,y € 2\ . In the case that z € Q' and y € Q\ €’ we find
z € 09 N [z, y], which allows for the estimate (note that v(z,t) = 0(z,t) = u(z,t))
[o(z,t) = 0(y, )| < [0(z,1) — 0(z, 1) + [0(2, 1) — 0(y, 1)
= lv(z,t) = v(z, )] + [u(z, 1) — u(y,1)]
< Lz —2[ + L[z —y| = Lz — 4],

establishing [0(t)]o,1;,0 < L. Observing that ¥ = u on 9Q x (0,T), we have shown
that v € KﬁL)(QT) and therefore ¢ is admissible in the minimality condition (4.1).
Since ¥ = u on (2\ Q') x (0,7"), the minimality condition can be re-written as

/ o f(Du)dadt < // [0eu(v = u) + F(Dv)]dadt,

proving that u is a parabolic minimizer in the sense of Definition 4.1 on the sub-
cylinder /..

The localization principle in space will be applied to parabolic minimizers « on
Qp with a bounded, convex open set Q and its translate u,(x,t) := u(z + y,t) on
Q, x (0,T) with Q, := {z —y € R" : x € Q} on the intersection (2N €Qy) x (0,T).
Observe, that the convexity assumptions are clearly fulfilled in this special case. O
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In the next lemma we are concerned with the comparison principle for parabolic
minimizers.

Lemma 4.3 (Comparison principle). Let L € (0,00] and suppose that Q C R"™
is a bounded open set, f: R™ — R a convex integrand and u,u € K(L)(QT) with
Owu, 0yt € L%(Qp) parabolic minimizers in the sense of Definition 4.1 on Qr for
some T € (0,00]. Suppose further that u < @ on OpQr. Then, we have

u<a a.e Q.
Proof. Let 7 € RN(0,7]. We define v := min{u, ¢} and w := max{u, @} on Q, and
vi=wu, w:=ton Qx(r,7). We note that v € K&L)(QT) and w € KéL)(QT). This
ensures that v is admissible as comparison function in the variational inequality

(3.1) on Q, for u and w is admissible in the variational inequality for @. Adding
the two resulting inequalities and using that v(0) = u, and w(0) = ,, we obtain

// F(Du) + f(Dit)]dadt
(4.2) // f(Dv) + f(Dw) 4 dyu(v — u) + 8pti(w — @) |dadt.

We now consider the terms on the right-hand side of (4.2). From the definition of
v and w we have

// f(Dv) + f(Dw)|dzdt = // f(Du) + f(Du)|dzdt.

Again, from the definition of v and w, we observe that v — u = —(u — @)4 and
w—1a=(u—1u), so that

u(v —u) + Otui(w — a) = =0 (u — @) (u — @)y
= —Oi(u— )4 (u—10)y = —30,(u—u),

implying that

//QT [Ou(v —u) + yii(w — @)|dedt = —3 //QT O (u — )2 dadt

= —%/ (u— )3 da.
Qx{r}

Joining the preceding estimates with (4.2), we find that

/ (u—a)3dz <0.
Qx{r}

Since 7 € RN (0, 7] was arbitrary, this proves the claim that v < @ a.e. in Qp. O
The preceding comparison principle can be used to establish the following maz-
imum principle.

Lemma 4.4 (Maximum principle). Let L € (0, 00] and suppose that @ C R™ is open
and bounded, f: R™ — R convex and let u, i € K (Qr) with Oyu, 0yt € L*(Qr)
be parabolic minimizers in the sense of Definition /.1 on Qr for some T € (0, 00].
Then, we have

sup(u — @) = sup (u — ).

Qr opQr
Proof. For (z,t) € 0pQp we have

u(z,t) = a(x,t) +u(z, t) — a(z,t) < a(z,t) + sup (u—a).
dpQr
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Moreover, both u and @-+supy,, ., (u—1) are parabolic minimizers on Q7. Therefore,
Lemma 4.3 yields that

u<u+ sup (u—a) on Qr,
OpQr

which is the same as

sup(u — @) < sup (u—a).
Qr 87791*

Since the reversed inequality holds trivially, this proves the claim. a

5. ELLIPTIC REGULARIZATION

In this section we show, how the method of elliptic regularization can be used to
establish the existence of a variational solution to the gradient constrained obstacle
problem in the sense of Definition 3.1. Let T € (0,00). For € € (0,1] we consider
convex variational integrals of the form

Fl(v) = // et [L1ow]? + Lf(Dv)] azdt
Qr
In the following, for given u, € W>(Q) with |[Du, |z orn) < L we look for a
minimizer of the functional F. within the function space
K (Qr) = {ve K{P(Qr): 8w € L*(Qr),v(0) = u, }.
Keep in mind, that functions v € K$*)(Q7) belong to the space C%3 ([0, T; L2(1)),
due to the L2-bound [|8;v]|12(q,) < 00, and therefore the initial condition v(0) = u,
holds in the strong L%(Q)-sense. Observe that the time independent extension of

U, to the cylinder Qp, i.e. the map u,(z,t) := u,(x) for (z,t) € Qr, belongs to the
class K&?(QT), so that this class is non-empty. Moreover, observe that

Fs(uo):/ﬂf(Duu)dx/oT Lo-tar
= (1—6_5)/ f(Du,y)dz < (1—6_€)‘Q| sup |f].
Q

Br(0)

Furthermore, mappings v € IACSS)(QT) admit the following bound on the time
derivative (note that || Dv||pe (. rny < L):

e*%// 10| dadt < F.(v) — é// e” ¢ f(Dv)dxdt
Qr Qr

r

(5.1) < F.(v)+ (1—e <) sup |f].
Br(0)

Taking an arbitrary point z, € 92, we have for a.e. t € (0,7) and z € Q that
(@, )] < |v(2,t) = v(@o, )] + [uo(@o)| < ||uol| L= () + L diam(€),

so that

(5.2) 0] oo () + 1DV oo (27 Ry < Nttol| oo (02) + L(1 4 diam(€2))

holds true for any v € I?&?(QT) Finally, for any 0 < t; < to < T we have

(5-3) [o(t2) = v(t)l1Z2 () < (t2 = )00l Z2 (s

which together with (5.2) yields that v is a %-Hi)’lder—continuous map from [0, 7] to
L2(Q), ie. v € C%3([0,T); L2(€)) holds true for any v € KX (Qy).
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5.1. Existence of approximations. In this section we establish the existence of
minimizers to the energy functionals Fy.

Lemma 5.1. For any € € (0,1], the functional F. admits a unique minimizer u.
in the class K&?(QT).

Proof. From (5.1) we obtain the lower bound

F.(v) > —(1—e 5)[Q] sup |f],
Br(0)

for the F.-energy of maps v € I?&L)(QT) We now consider a minimizing sequence
u; € K$9(Qr), jeN, e
T

lim F,(u;) = inf  F.(v) < Fo(t,) < (1—e <)|Q| sup |f].
Jroo veR{E (Qr) BL(0)

up

Hence, we can assume without loss of generality that F.(u;) < [Qsupg, (o |f] for
any j € N. Applying (5.1) to the minimizing sequence u; we find that

efg// %\atuj\2dxdt§ (Q—efg)\m sup |f|
Qr Br(0)

holds true for any j € N. The preceding inequality immediately implies the follow-
ing uniform bound for the time derivative:

(5.4) sup// |0pu;|*dadt §4e%|Q| sup |f]-

JjeN S Qar Br(0)
From (5.2) we derive the uniform L —~W1> bound
(55) s [l ) +1Dull )] < Il + L(1 + diam().

J
Thus, there exist a map u., which we will denote for simplicity by u throughout
the proof, satisfying
u e ﬂ LU0, T; WhP(Q)) with dwu € L*(Qr)
q>1

and a subsequence of (u;),cy (still denoted this way) such that

uj; = u  weakly in L9(Qp) for any ¢ > 1,
Duj — Du weakly in L9(Qp,R™) for any g > 1,
Opuj — dpu weakly in L?(Qr).

Observe that by lower-semicontinuity we have that for any ¢ > 1 there holds

1 1

(5.6) (ﬁ[ |Du\qudt>q < liminf (ﬁ[ |Duj\qudt>q <L
Qr J—e0 Qr

so that || Du|| e rny < L. Turning our attention to the initial condition, we first
observe from (5.3) and (5.4) that

T
luj (t2) = uj(t1)|[72(q) < 4e< | sup |f|(t2 —t1)
B (0)

holds true for any 0 < ¢; < t; < T. Recalling that u;(0) = w,, the last estimate
with t; = 0 and the weak convergence u; — u in L*(Q7) imply

h

h
b u0) = oy dt < timint § [ uy(0) = wol d < 407 9 sup 17]h
0 =0 0 By (0)
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This, however, yields

h

lim + w(t) — wol| 22y dt = 0,
o J, L2(Q)

so that u(0) = u, in the usual L2-sense. Finally, the limit map  fulfills on the lateral
boundary 9pQr the condition that u(t) = u, for almost every ¢t € (0,7 in the sense
of traces in W14(Q), for any ¢ > 1. On the other hand, since u(t) € W1>°(Q) for
a.e. t € (0,T), for those good time slices u(t) can be uniquely extended to Q, which
means that u(t) admits a trace in the usual sense. This trace has of course to
coincide with the trace of u,, proving that u(t) = u, on 99 for a.e. t. All together
we conclude that u € K &f) (Q7), and it remains to prove that u is indeed the unique
minimizer of F. in the class I?gf)(QT) This, however, follows by means of lower
semicontinuity arguments for the functional F. with respect to the convergences
above, i.e. by establishing

(5.7) F.(u) < liminf F_(u;) = lim F.(u;) = inf  F.(v).
jree jree veR ()

Using the weak convergence dyu; — Ozu in L?(Q7) we conclude that

// efﬁ\atuﬁdxdt < li_minf// e e[afuj| dadt.
Qr I Jar

Here, we used [13, Thm. 4.3]. The argument concerning the integral involving the
spatial gradient Dv is more involved, however. Since f is convex on R", there exists
a Borel-vectorfield A: R™ — R™, bounded on compact subsets of R™, such that

fw) > FE)+ME) - (w—§€) Yw, &R

Therefore, we have

//QT e ¢ f(Duy)dadt > //QT e ¢ [f(Du) + M(Du) - (Duj — Du)]dadt.

Turning to the second term on the right-hand side of the preceding inequality,
we observe that Qp 3 (z,t) — e £ A(Du(z,t)) € R™ is bounded and measurable.
Therefore, by the weak convergence Du; — Du in LI(Qp,R™) for any ¢ > 1 we
infer

lim // e~ A\(Du) - (Du; — Du)dzdt = 0.
Qp

But this implies

lim inf// e_ﬁf(Duj)dzdt > // e_gf(Du)dz:dt7
Jj—o0 Qr Qr

eventually proving the first inequality in (5.7). This proves that u is a minimizer of

F, in the class I?ﬁf)(QT) The uniqueness of u follows, because the term involving
the time derivative ensures the strict convexity of the functional F.. a

5.2. The minimality condition revisited. In this section we rewrite the min-
imality condition of the approximations u. in a form, which is more useful in the
derivation of uniform bounds for the time derivative and in the limit procedure € | 0.
For fixed ¢ € (0, 1] consider testing functions ¢ € L (Qy) with Dy € L*>(Qp,R™)
and Oy € L?(Q7), vanishing on the lateral boundary 9Q x (0, T), and satisfying

(5.8) sup |DuE + Dg0| <L.
Qr
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Moreover, let & € W12°(0,T) with 0 < £ < 1, and § € (0,e~¢]. Further, define
o(t) := de&(t) as well as

Bes(a,t) = o(t)p(x,1) = be*E(D)p(a,), (1) € Or,
while assuming either £(0) = 0 or ¢(0) = 0. Then, set

Ue,é(xvt) = ue(w,t) + @6,6(x7 t) = ue(z,t) + 56%5(15)‘10(:57 t)

and observe that v, 5 € L>®(Qr), Dv. s € L*(Qr,R") and Oy 5 € L?(Qp). Fur-
ther, v. 5 = u, on the parabolic boundary dpQ7. To conclude v, 5 € f?1gf)(QT),
i.e. that it is an admissible comparison map in the minimality condition for wu., it
remains to show that supq,. [Dves| < L. But, this follows from the fact that v
is a convex combination of u. and wu. + ¢ on every fixed time slice ¢ € [0,7], the
assumption (5.8) and the fact that 0 < o(t) < 1 by the choice of 4 above. The
minimality of u. thus shows that

Fe(ue) < FE(U6,5)7

which by the convexity of f can be rewritten to

S/QT £(t) f(Dug)dzdt < //QT et [%52@(0%5@”2 +68tu88t(0§§@>}dxdt

+2 //Q ) £(t) f(Due + Dg)dadt.

Multiplying both sides of the previous inequality by £/ and letting 6 | 0, yields

/ o &(t) f(Due)dadt < //Q ) E(t) f(Due + Dy)dxdt + //Q ) E0pu.pdadt

(5.9) +e // (€' Opucp + EDyuc0y 0| dadt
Qr

for any ¢ € L>®(Q7) with Dy € L=(Qr,R") and 0y € L?(Q7), vanishing on the
lateral boundary 99 x (0,T), satisfying (5.8), and for any ¢ € W1>°((0,T)) with
0 < & <1, and such that either £(0) = 0 or ¢(0) = 0.

5.3. A uniform estimate for the time derivative. In this section we shall es-
tablish a uniform L2-bound for the time derivative of F.-minimizers u. € K 1%) (Qr).
This estimate together with the bound
(510)  swp. [||u5||Loc(QT) + |\Du€|\Lw(QT,W>] < o | e 2y + L(1 + diam(Q))

[}
allows the extraction of a converging subsequence in the limit ¢ | 0. Note that
(5.10) follows from (5.2). To this end, define [u.], according to (2.1) with u, and
ue instead of v, and v, respectively. We can use the definition with r = ¢ and
X = Wh(Q), since u. € LU0, T; W;-1(Q)) and u, € Wh9(Q) for any choice of
¢ > 1. By means of Lemma 2.4 we conclude that [uc], € L9(0,T; W, 4(Q)) with
Oy lucln € L*(Qr) and O,[uc]p = (ue — [uc]y). The last identity implies even more,
as the right-hand side is an element of the space L9(0,T;W,(€)) whose time
derivative is an element of L?(€7). Moreover, since [u.], (0) = u, it follows that
Oy [uel, (0) = +(uo — [ue],, (0)) = 0. Further, from (2.1) we conclude that

t
1D Oy < € F Do + 3 [ D3] oy

t
gL|Q|%{e—% +%/ e ds] = L7,
0
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establishing that

1
q
[ﬁ[ }D[ug]h|qdasdt} <L Vg > 1.
Qr
But this implies || Dluc]p| £ (@p,rr) < L, and we conclude that

| D (ue — h;[uc]n < L.

)HLOO(QT,R") = HD[“E]’LHLoc(QT,Rn) =

In other words, we are allowed to take ¢ = —ho; [uc], as testing function in (5.9)
(note that ((0) = 0), which for any £ € W>°(0,T) with 0 < ¢ < 1 implies

h//Q [(€ + e€)Oucdy[uc]h + e€0yucOy [uc]p | dudt
< | eolrDludn) - sDu) s
Qr
< / &(t) Hf(Due)]h — f(DuE)}dmdt
Qr

— / | &Oa[s(Duc)]

by means of Lemma 2.5, where [f (u.)], is defined according to (2.1) with v, and
v replaced by f(Du,) and f(Du,.), respectively. The second term on the left-hand
side of the previous inequality can be estimated further as follows

Ot Oy [Ue]y, = O[ue]n O [ue], + (8tug — O [ue]h)att [ueln
= %at|at[us}h|2 + %lat[ue]h - &:Uef
> 50:|0y [ue], |2

Inserting this estimate in the inequality above and dividing by A > 0, we get

//Q [(5 + &) Opuc Oy [uclp + §§8t\8t[u5]h]2] dxdt

(5.11) <_ / [ a7 dat

We choose € =1 in (5.11) to obtain by means of Fubini’s theorem

/QT OOt [uc]pdadt < — //QT O [f(Due)}hdxdt - %//QT 8t|3t[u5]h|2dxdt
_ /Q [/(Dus)], (0)dz — /Q [/(Dus)], (T)dz

=5 [ (10000 = odua () o

<2|Q[ sup [f].
B (0)

In the last inequality we also used the facts 9;[uc],(0) = 0, |0;[uc]x|?(T) > 0 and the
obvious upper bounds for |[f(Du.)]n(0)| and |[f(Duc)]n(T)|. Taking into account
that O [uc]n — Opue in L?(Qr) due to Lemma 2.4, the last inequality therefore
implies the following uniform bound on the time derivative

(5.12) // |0vue[*dzdt < 2|Q| sup |f].
Qr BL(0)

Moreover, due to (5.3) and the bound this implies

(5.13) e (t2) = ue(t1) |20y < (2|Q|Bsu(p) 171)* Vit — 1
(0
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for any ty,t2 € [0,7]. In other words, (5.13) implies that the family (ue).¢(0,1) of
minimizers is also uniformly bounded in €% ([0, T]; L2(R2)).

6. EXISTENCE OF SOLUTIONS TO THE GRADIENT CONSTRAINED PROBLEM

In this section we establish the existence of variational solutions to the gradient
constrained problem in the sense of Definition 3.1. More precisely, we show:

Theorem 6.1 (Existence to the gradient constrained problem). Let L > 0 and
be a bounded, open set in R™. Further, suppose that f: QQ — R is a convex function
and that u, € W(Q) with | Du,| 1o o,rn) < L. Then, for any T € (0,00] there
exists a unique variational solution u on Qp in the class K&?(QT) in the sense of
Definition 3.1.

Proof. First, we assume 7" < oco. For any ¢ € (0,1] we denote by u. the
unique F.-minimizer from Lemma 5.1 on Q7. In the following we will perform
the limit procedure € | 0 in the sequence (uc)..,. By means of the estimates
(5.10), (5.12), and (5.13) the sequence (ug)e>o is uniformly bounded in the spaces
L>(Qp) and C%2 ([0, T); L2(2)), the sequence of spatial gradients (D). is uni-
formly bounded in L*>(Q7,R™), and the sequence of the corresponding time deriva-
tives (Osuc)eso is uniformly bounded in the space L?(27). Therefore, there exists
a map

we (LU0, T;WhP(Q)) with dyu e L*(Qr)

q=1
and a subsequence of u. (still denoted this way) such that
U — U weakly in L9(Q2r) for any ¢ > 1,

Du. — Du  weakly in LY(Qp,R™) for any ¢ > 1,

Oue — Oyu weakly in L2(Qr).
Moreover, from above convergences and the compactness result in [30] we infer the
existence of a further (not relabelled) subsequence such that

ue — u  strongly in L2(Qrp).

Note that the above convergences together with the fact that u.(0) = u, for any
e € (0,1] imply by a similar argument as in the proof of Lemma 5.1 that u €
C%2([0,T); L%(€)) with u(0) = u,. Moreover, the argument from Lemma 5.1
leading to the validity of the boundary condition on the lateral boundary 92 x (0, 7T)
also applies in the context here, eventually proving the boundary condition u = ug

on OpQr. By lower semicontinuity with respect to weak L2?-convergence and the
uniform bound (5.12) it holds that

// |Opu|?dadt <11m1nf// |0uc 2dadt < 2|Q| sup |f].
Qr Qr BL(0)

Moreover, the lower semicontinuity of the L9-norm with respect to weak conver-
gence and the fact that ||Duc|| s, rn) < L, lead as in the proof of (5.6) to the
assertion that also || Dul|pe (. rry < L holds true.

Next, turning to the lower semicontinuity of the integral related to the integrand
f, we observe that, thanks to the convexity of f, there exists a Borel-vectorfield
A: R™ — R™, bounded on compact subsets of R™, such that

flw) = FE) +AE) - (w—-¢§) Vw,{eR™

Therefore, we have

//QT f(Duc)dzdt > //QT {f(Du) + A(Du) - (Du, —Du)}dxdt.
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The second term on the right-hand side of the preceding inequality vanishes in the
limit € | 0, since Qr > (x,t) — A(Du(x,t)) € R™ is bounded and measurable and
Du, — Du in L1(Q7) for any ¢ > 1. That is,

lim // MDu) - (Due — Du)dadt = 0.
Qp

j—o0

Inserting this above, we arrive at

(6.1) 11g£f //QT f(Duc)dzdt > //QT f(Du)dzdt.

Note that
‘ // f(Du)d$dt
Qp

For u to be a variational solution as in Definition 3.1 it just remains to show, that
u satisfies the minimality condition (3.1). To this end, consider v € L (Qr) with
Dv € L®(Qr,R") and d;v € L*(Qr), such that v = u, on the lateral boundary
and

<Ti0| sup If].
Br(0)

[ Dvl| L 0r) < L.
For fixed 0 € (0,7/2) let

€o(t) == Ex10,0(t) + X(0.7—0) () + T3tx7—0,7) (1)
denote a cut-off function with respect to time. Now, fix ¢ € (0, 1] and consider ¢ =
v —1uc. The properties of v and u. imply that ¢ € L*(Qr) with Dy € L>®(Qr,R"™)
and 9y € L?(Qp,RN). Observe that u. + ¢ fulfills the assumption (5.8). Further,
observe that ¢ vanishes on the lateral boundary and that £(0) = 0. Therefore,
both ¢ and £ = & are admissible in the inequality (5.9). Adding [f;, f(Duc)dadt
on both sides shows

/ f(Dug)dzdt
Qr
< /]QT(l — &) f(Du.)dzdt + -/QT o0 (v — ue) dadt

+ /QT Eof(Dv)dadt + ¢ //QT [{é@tug(v —ue) + EgOru 0 (v — ug)}dasdt.

In the following, we first pass to the limit € | 0 and then let 8 | 0. Due to the
strong convergence u. — u in L?(Qr) and the weak convergence dyu. — O;u in
L2(Qr), the second integral on the right-hand side converges. Moreover, due to
the uniform L2-bunds of d;u. and u. from (5.12) and (5.10), we know that the last
integral on the right-hand side vanishes in the limit ¢ | 0. Finally, for the first
integral on the right-hand side we use the facts that 1 — &y(¢t) =0 for t € (6,7 — 0)
and || Duc||o < L. Therefore, using these facts and the lower semicontinuity of the
integral ] fQT f(Dv)dxzdt with respect to the weak convergences form (6.1) yields

// f(Du)dzdt < / EpOpu (v — u) daedt + / Eo f(Dv)dadt + 20| sup |f].
Qr Qr Qr B (0)
For the first term on the right-hand side we compute

/ EoOwu (v — u) dadt = / EpOrv (v — u) daedt
Qr Q

T
+ %// |v — u|*dadt — %// lv — u|® dadt,
Qx(0,0) Qx(T—6.,T)
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so that

// f(Du)dadt < // & [0w(v — u) + f(Dv)]dadt + 26| sup |f]
Qr Qr B (0)

+ % // lv — ul?dadt — // |v — u|?dzdt,
Qx(0,0) Qx(T—6.,T)

where 6 € (0,7/2) is arbitrary. We may therefore pass to the limit 6 | 0, with the
result that

//QT f(Du)dzdt < //QT [Owv(v —u) + f(Dv)]dadt

+ 3 [0(0) = |72 () — 3lI(v — W) (T)Z2(0)

holds true for any v € L>®(Qr) with Dv € L>®(Qg,R"?) and dv € L*(Qr), coin-
ciding with wu, on the lateral boundary and such that || Dv||peq.) < L, i.e. u is
indeed a variational solution on €27 as in Definition 3.1. This finishes the proof
of Theorem 6.1 in the case T < oo. In order to construct a global variational
solution on €., we consider 0 < T} < Ty < oo and denote by wu; and wuy the
unique variational solutions on Q7, and Qr,, respectively. By means of the local-
izing principle from Lemma 3.2 it follows that us is also a variational solution on
Qp, which by Lemma 4.3 coincides with u; on Q7. Therefore, taking a sequence
0< Ty <Ty < ... with lim; . T; = oo this allows for a construction of a unique
global variational solution. a

7. EXISTENCE OF SOLUTIONS TO THE UNCONSTRAINED PROBLEM (PROOF OF
THEOREM 1.2)

In this section we will complete the proof of Theorem 1.2. At this point, the
main difficulty is to remove the gradient constraint from the variational solutions
to the gradient constrained obstacle problem constructed in Theorem 6.1.

7.1. Affine functions. The following lemma ensures that time independent affine
functions are variational solutions with respect to their own lateral boundary values.

Lemma 7.1. Let Q C R™ be open and bounded and f: R™ — R convex. Then, any
affine function w(z,t) := a+ & - x independent of time with a € R and §& € R™ is
a variational solution in the sense of Definition 1.1 with boundary data u, = w on
the parabolic boundary.

Proof. Let w(z,t) := a + & -z be an affine function independent of time with
a € Rand £ € R". Observe, that Dw = £ and || Dw|| (o rn) = [§]. Consider
v € Kyw(Qr) with O, € L2(Q7). Then, for ¢ := v — w we have that ¢ € Ko(Qr).
Since f is convex, we find A € R™ such that f(£+1n) > f(§) + X7 for any n € R™.
We apply this with n = Dp(z,t) and obtain that

f(&+ Do(x,t)) = f(§) + A Dp(x,t)  V(x,t) € Qr.
Integrating this over 27 we end up with

/ f(Dw + Dy)dzdt > [Qr|f(Dw) + / A Dpdzdt = / f(Dw) dzdt.
Qr Qr Qr

In the last identity we used an integration by parts via the Gauss-Green theorem.
Assuming that 9, € L2(Qr) we can utilize the identity

/ [ auw+ oo dedt = JelT) iy~ SOy
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Therefore, we end up with

//QT J(Dw)dedt < //QT [0:(w + )¢ + f(Dw + D) dadt

+ 5ll(0)l12 (@) — 5le(Mi2()-

Since ¢ = v—w we conclude that (3.1) holds for any v € K,,(Qr) with ;v € L?(Q7)
coinciding with w on the lateral boundary. This proves that affine functions are
variational solutions of the unconstrained problem. |

7.2. A quantitative Lipschitz bound. We consider a variational solution u with
initial and boundary datum wu, € W1 (Q) such that [| Dt || oo (o,rmy < @ and,
moreover, such that the restriction of u, to the boundary 0f2 satisfies the bounded
slope condition for the same parameter Q). We fix z, € 0. Taking the affine
functions wfﬁ from the bounded slope condition, we have that w,, < u, < w , so
that the maximum principle from Lemma 4.4 implies the estimate
w, (z) < u(z,t) < wl (2) Y (z,t) € Qr,
so that
lu(z,t) — uo(xo)| < Qla — x| V(z,t) € Qp.

Since x, € 9N was arbitrary, this implies that
(7.1) [u@ D) = uo(@o)l - )y a0, (z,t) € Qr.
Next, we consider points x1, o €  with 21 # 2o and t € (0,7). Welet y := 29 —x1
and define
wy(x,t) = u(z +y,t) for (z,t) € Qp := {(z — y,t) € R" : (x,1) € Qp}.
Then, w, is a parabolic minimizer in K(L)(QT) on Qp in the sense of Defini-
tion 4.1. From Remark 4.2 we know that both, u and u, are parabolic minimizers
in KE(QNQ)7) on (QNQ)7 := (2NNQ) x (0,T). Applying the maximum principle
from Lemma 4.4 we conclude that there exists (z,,t,) € Ip((2NQ)7) such that
|u(er,t) — uy(@1, )] < [u(wo, o) — uy(To,to)|-
This, together with the definition of u, yields
(1, ) = u(we, )] = |u(z1,t) — ul@r +y,1)] = |u(z1,t) — uy(21,1)]
< w(@o,to) — uy(wo, to)| = [u(wo, o) — ul@o + y,to)|-
Since either one of the points z, and x, + y belongs to 92, or t, = 0, we can now
use (7.1), respectively the fact that ||Du,||p~ < @ to further estimate
|u($17t) _ u(‘r%t)‘ < |U(I07t0) - u(ro + y7t0)| < Q
|71 — 2 |yl
Since x1,z2 €  with z1 # x4 are arbitrary, this implies that
| Dul| Lo (@7 rm) < Q-

7.3. Removing the gradient constraint. In this section we indicate how the
gradient constraint hypothesis || Du 0 (o rn) < L < oo for a variational solution u

of the gradient constrained obstacle problem in K&?(QT) can be removed. There-
fore, we let Q > 0 as in §7.2 and choose L > ). Then, we have that the strict
inequality

[ Dul| Lo~ rn) < Q < L
holds true. In the following we will establish that the variational inequality (3.1)
satisfied by u actually holds for any comparison map w € K&?)(QT) with dyw €
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L?(Q7). We start with the observation that dyu € L?(Q27) by Lemma 3.4 and
u(0) = u, in the L?(Q)-sense. Therefore, as observed in §4, u is a parabolic
minimizer in K&?(QT) in the sense of Definition 4.1. Consider w € K}j")(QT),
ie. w € L®(Qr) with Dw € L®(Qp,R"), coinciding with u, on 99 x (0,T) and
such that 9w € L2(Qr). As testing function in (4.1) we choose

vi=u+ s(w—u) for 0 < s < 1.

Observe that this choice is allowed, since dyv € L*(Qr) and || Dv|| 1 (0, < L for
s > 0 small enough. Moreover, v = u, on the lateral boundary. From (3.1) and the
convexity of f we infer

/QT f(Du)dadt < //QT [s@tu(w —u)+ f((1—s)Du+ sDw)}dxdt
< //Q [s@tu(w —u)+ (1 —s)f(Du) + sf(Dw)} dxdt.

We re-absorb the second term of the right-hand side in the left-hand side and divide
the result by s > 0. This leads to the inequality

-//QT f(Du)dzdt < //QT [(’)tu(w —u) + f(Dw)} dadt
//QT [@w(w —u) = 30w —u* + f(Dw)} dadt
//QT [&w(w —u) + f(Dw)} duwdt

+ 5 w(0) — wollZa () — 3l (w — W)(D)II72(q)

i.e. the variational inequality (3.1) holds true for any comparison function w €

Kq(tio)(QT) satisfying O;w € L?(Qr) and therefore u is a variational solution of the
unconstrained problem in the sense of Definition 1.1. This finishes the proof of
Theorem 1.2.

8. REGULARITY (PROOF OF THEOREM 1.3)

The first assertion in Theorem 1.3 already follows from Lemma 3.4. Therefore, it
remains to show that the variational solution w is Lipschitz continuous with respect
to the parabolic metric, i.e. u € C%HY/2(Qyp), if f is of class C*.

A first consequence, which holds true in case of differentiable integrands, is
the validity of the associated Euler-Lagrange equation. More precisely, variational
solutions u (recall the gradient bound || Dul|;e ) < max{Q, [|[Du,|| =)} =: M)
are weak solutions of the associated parabolic equation, i.e. we have

//Q [ups — Df(Du) - Dp|dzdt = 0 Yo e C5(Qr).

Using the Poincaré inequality for solutions to parabolic equations (cf. [6, Lemma
3.1]) we obtain

]§[ lu — (u),,.,]*dzdt < C(n) 0 {75[ |Dul*dzdt + sup |Df|*| < Co?,
Qe(20) Qo(20) B (0)

for any parabolic cylinder Q,(2,) := By(zo) X (to — 0%, to + p?) C Qr with 2, =
(Zo,t0) € Qp. We note that € is convex by assumption, and therefore € is a Lips-
chitz domain. This allows to employ the methods from [5] to deduce similar versions
of the above Poincaré inequality for parabolic cylinders with center (z,,t,) € dpQr.
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At this stage, the parabolic version of Campanato’s characterization of Holder con-
tinuity (with respect to the parabolic metric) by Da Prato [11] implies the Lipschitz
continuity of u with respect to the parabolic metric, i.e. u € 00;1,1/2(§T).

Higher regularity can for instance be established, if the integrand f: R™ — R is
of class C?(R™) and strictly convex in the sense that for every R € (0,00) there
exists 0 < Ag < AR such that

Arw]?* < (D*f(&w, w) < Aglw|? Vw e R™, ¢ € Br(0)

holds true. Under this assumption the standard difference quotient method implies
D?u ¢ L2 _(Qp, R™"™) with the following quantitative Caccioppoli-type estimate

loc

sup / | Du|*dz + // |D?uf?dzdt < Cp~? // | Dul?dadt,
to— 502 <t<to By/2(xo) Qo/2(%0) o(20)

for a constant C' = C'(n, Apr/Apr) > 1. Eventually, this gives by differentiating the
equation for any a € {1,...,n} that there holds

// [Dougpy — (D? f(Du)DDyu, Do)|dadt =0 Vg € C3°(Qr),
Qr

i.e. the partial derivatives w := D,u solve a linear parabolic equation with mea-
surable coefficients a(xz,t) := D?f(Du(z,t)) which are symmetric, bounded and
coercive with constants Ay; and Ajs. The classical parabolic De Giorgi & Nash &
Moser theory for linear parabolic equations [27, 28] therefore implies that D,u €

CO;E’B/Q(QT) for some Holder exponent 5 € (0,1) depending on the same param-

lo
eters as the constant C' from the Caccioppoli inequality. Higher regularity follows

by standard bootstrap arguments (using the classical Schauder theory for para-
bolic equations in divergence form, cf. [20, Chapter IV]), provided the integrand f
is regular enough.
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