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ABSTRACT. The aim of this paper is to derive the self-improving property of
integrability for the spatial gradient of solutions to degenerate parabolic ob-
stacle problem with irregular obstacles and p(z, t)-nonstandard growth. More
precisely, we prove that the spatial gradient of the solution is integrable to a
larger power than the natural one determined by the structural assumptions
on the involved differential operator.

1. INTRODUCTION

In this paper we establish higher integrability properties of solutions to degen-
erate parabolic obstacle problems with p(z,¢)-nonstandard growth, i.e. solutions
to parabolic variational inequality satisfying an obstacle constraint. In general, the
idea of the self-improving property of integrability is the following: In principle
the proof is based on certain reverse Holder inequalities and an application of the
Gehring’s Lemma. To conclude a reverse Holder inequality, we need a Caccioppoli
estimate. Note that a Caccioppoli estimate has the structure of a reverse Poincaré
inequality. Such a Caccioppoli estimate follows by considering the weak formulation
of the elliptic or parabolic equation resp. system, then applying the structure con-
dition on the vector-field and an application of Sobolev-Poincaré inequality. This
yields the desired Caccioppoli estimate and therefore, the reverse Holder inequality.
In the nonstandard case, it is necessary to use additionally a localization argument,
which allows to homogenize the estimates, to derive a reverse Holder type inequal-
ity. This estimate is comparable to the one from the standard case and the key to
the higher integrability.

Historical background. In the elliptic case with standard p-growth, it is a by now
classical fact that weak solutions are locally higher integrable in the sense of Meyer’s
higher integrability result for the spatial gradient. This was first proved for the
Jacobian of quasiconformal mapping by Gehring [28] and later on, for solutions to
elliptic systems by Elcrat and Meyers [21], see also the monograph [29]. The result of
higher integrability is already stated for parabolic systems with standard p-growth
by Kinnunnen and Lewis [35]. In the stationary nonstandard case, there are results
of higher integrability by Zhikov in [43], while in the nonstandard p(z)-growth case
there is the higher integrability result for the homogeneous p(z)-Laplacian, i.e.

dyu — div(|DulP*)~2Du) = 0in Qp
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by Antontsev and Zhikov in [6]. Moreover, there is the p(z)-analogue to [35] on
the one hand by Bogelein and Duzaar [13] and on the other hand by Zhikov and
Pastukhova in [44]. Zhikov and Pastukhova established independently and slightly
earlier a higher integrability result, which is very similar to the one of Bégelein and
Duzaar in [13]. Bogelein and Duzaar have shown a Meyer’s type higher integrability
result for the spatial gradient of weak solutions to parabolic systems of the form

dyu — diva(z, Du) = div(|[F|P®~2F) in Qp. (1.1)

Their result ensures that weak solutions of the preceding equation belong to a
slightly higher Sobolev space than the natural space uniquely by the growth of the
vector-field a(z, ) and therefore, obey a certain self-improving property of integra-
bility. This result we may also extend to solutions to parabolic equations of the
from:

dyu — div a(z, Du) = f — div(|F|P®~2F) in Q. (1.2)

Finally, the higher integrability of solution to obstacle problems with p-growth, is
a result by Bogelein and Scheven [15].

Motivation of parabolic problems with variable exponents and obstacles. Obstacle
problems are interesting objects in the theory of partial differential equations and
the calculus of variations. In general, the theory of obstacle problems is motivated
by numerous applications, e.g. in mechanics or in control theory. We refer to
[10, 34] for an overview of the classical theory and applications. Moreover, obsta-
cle problems have been exploited in nonlinear potential theory for approximating
supersolutions by solutions to obstacle problems, see [31, 33, 36]. Up to now, the
theory for elliptic problems is well understood, as well the theory for elliptic obsta-
cle problems and also the nonstandard case. Therefore, parabolic problems arouse
interest more and more in mathematics during the last years. Also parabolic prob-
lems are motivated by physical aspects. In particular, evolutionary equations and
systems can be used to model physical processes, e.g. heat conduction or diffusion
processes. There are many open problems, e.g. the Navier-Stokes equation, the
basic equation of fluid mechanics. Furthermore, some properties of solutions of the
system of a modified Navier-Stokes equation, describing electro-rheological fluids
are studied in [3]. Such fluids, which are recently of high technological interest,
because of their ability to change the mechanical properties under the influence of
exterior electro-magnetic field, see [27, 38]. For example, many electro-rheological
fluids are suspensions consisting of solid particles and a carrier oil. These sus-
pensions change their material properties dramatically if they are exposed to an
electric field, see [39]. Most of the known results concern the stationary models,
see for example [1, 2]. Other applications are the models for flows in porous media
[5, 32].

Turning towards obstacle problems, it observes that the stationary case with
standard growth is well developed, also the nonstandard case. Furthermore, in the
last four till five years, a gap in the parabolic theory of obstacle problems with
standard p-growth was closed, see [8, 14, 15, 16, 17, 19, 25, 41]. Moreover, in the
last two till three years there were several regularity for the nonstandard growth
case results developed, see [18, 22, 23, 26].
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A short overview of the theory of parabolic obstacle problems. First existence re-
sults for parabolic problems with time-independent obstacles have been achieved
in the linear case by Lions and Stampacchia [37] and for more general parabolic
problems by Brezis [11]. Obstacle functions that depend in some sense continu-
ously on time are treated in [12]. The article [4] by Alt and Luckhaus contains
existence results for elliptic and parabolic problems in great generality, but the
results on obstacle problems are limited to time-independent or bounded obstacle
functions. However, the case of non-linear problems with general obstacle func-
tions remained open for a long time. First results were achieved very recently by
Bogelein, Duzaar and Mingione [14] and then, by Scheven [40, 41]. Here, we want
to highlight that in [14] the authors established the first existence result to par-
abolic problems with irregular obstacles, which are not necessarily non-increasing
in time. They consider general obstacles with the only additional assumption that
the time derivative of the obstacle lies in LP". This is required since their method
relies on a time mollification argument, combined with a maximum construction in
order to recover the obstacle condition, where the pointwise maximum construction
is not compatible with distributional time derivatives. Moreover, they established
the Calderén-Zygmund theory for a large class of parabolic obstacle problems, i.e.
they proved that the (spatial) gradient of solutions is as integrable as that of the
assigned obstacles. Then, in [40, 41] Scheven introduced a new concept of solution
to parabolic obstacle problems of p-Laplacian type with highly irregular obstacles,
the so-called localizable solutions, see Definition 1.3. The main feature of localizable
solutions is that they solve the obstacle problem locally, which is a priori not clear
by the formulation of the problem, cf. the remarks preceding Definition 1.3. This
new concept allows to consider more general settings, i.e. it is no more necessary
to assume that the time derivative of the obstacle function lies in LP'. Tt suffices
to consider obstacles with distributional time derivatives. Moreover, we want to
emphasize that the concept of localizable solutions allows to prove more general
regularity results. Scheven also proved Calderén-Zygmund estimates for parabolic
obstacle problems. The main difference between the result of Scheven and the
result of Bogelein, Duzaar and Mingione is that in [14] they need an additional
assumption on the boundary data, which seems to be unnatural for proving regu-
larity in the interior. The reason for the additional assumption on the boundary
data arises from the fact that the formulation of the obstacle problem is not of local
nature. Bogelein, Duzaar and Mingione used a complex approximation argument
to approximate the solutions by more regular ones and since the given solution was
not known to be localizable, this approximation procedure had to be implemented
on the whole domain. This problem could be avoid by the concept of localizable
solutions. Moreover, this concept enables to prove the Holder continuity of the spa-
tial gradient of solutions to the parabolic obstacle problem without any additional
assumption on the boundary data, see [25].

1.1. General assumptions. We consider a bounded domain €2 C R™ of dimension
n > 2 and we write Qp := Qx (0, T) for the space-time cylinder over €2 of the height
T > 0. In this paper, u; respectively 0;u denotes the partial derivate with respect
to the time variable ¢t and Du denotes the one with respect to the space variable x.

The setting. First of all, we should mention that we denote by dpQp = (2 x
{0}) U (022 x (0,T)) the parabolic boundary of Q7. Furthermore, we write
z = (x,t) for points in R"*!. We shall consider vector-fields a : Qr x R* — R"
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which are assumed to be Carathéodory functions - i.e. a(z,w) is measurable in the
first argument for every w € R™ and continuous in the second one for a.e. z € Qp -
and satisfy the following nonstandard growth and monotonicity properties, for

some growth exponent p : Qp — (f—f27 o0) and structure constants 0 < v <1< L
and p € [0, 1]:
la(z,w)] < L1+ |w])P®~, (1.3)

p(z)—

(a(z,w) = a(z,wo)) - (w = wp) > v(yi® + [w]? + Jwo[) 7w —wol>  (1.4)

for all z € Qp and w, wg € R™. Furthermore, the growth exponent p : Qp —

(f—f27 o0) satisfies the following conditions: There exist constants 1, 2 < 0o, such
that
mra <M =p(2) <2 and [p(z) — p(z)| < wldp(a1, 22)) (1.5)

holds for any choice of z1, 22 € Qr, where w : [0,00) — [0, 1] denotes a modulus of
continuity. More precisely, we shall assume that w(-) is a concave, non-decreasing
function with lim, o w(p) = 0 = w(0). Moreover, the parabolic distance is given

by dp(z1, 22) := max{|z1 — xa|, \/|t1 — t2|} for z1 = (z1,t1), 20 = (2,t2) € R*TL.
In addition, for the modulus of continuity w(-) we assume the following weak
logarithmic continuity condition to hold:

1
lim sup w(p) log <) < +o0. (1.6)
pl0 p

By virtue of (1.6) we may assume for a constant L; > 0 depending on w(-) that

w(p) log <1) < Ly, for all p € (0,1]. (1.7)
p

At this stage it is worth to mention that assuming the existence of such 71, 3 is not
restrictive, since the results we are going to prove are of local nature. We mention
that the previous lower bound on 7; is a typical assumption in the regularity theory
of nonlinear parabolic equations and systems.

1.2. The function spaces. The spaces LP(Q2), W'P(Q) and W,?(Q) stand for
the usual Lebesgue and Sobolev spaces.

Parabolic Lebesgue-Orlicz spaces. We start by the definition of the nonstandard
p(z)-Lebesgue space. The space LP(*)(Qp, RF) is defined as the set of those mea-
surable functions v : Q7 — R¥ for k € N, such that [v[P() € L1(Qp,RF), ie.

LPA) (Qp, RF) = {v : Qp — R* is measurable in Qrp : / lw|PHdz < +oo} .
Q

T

The set Lp(')(QT7 R*) equipped with the Luxemburg norm

p(+)
V]l e (@r) = inf{)\>0:/ E‘ dz<1}
Qr 1A

becomes a Banach spaces. Finally, for the right-hand side of (1.2) we assume

F e LPY(Qp,R") and f € L7(Qy). (1.8)
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Parabolic Sobolev-Orlicz spaces. By Wg(')(QT) we denote the Banach space
WP (Qr) == {u € [g+ LY 0,T; Wy ()] N LPO(Qr) | Du € LPO(Qp,R™)}
equipped by the norm
lullwre) @py = Ul oo @) + DUl oo (0r)-

If g =0 we write Wg(')(QT) instead of Wf(')(QT). Here, it is worth to mention
that (u — g) € WP (Qr) respectively u € g + WP (Qr) to indicate that u agrees
with g on the lateral boundary of the cylinder Qp, i.e. u € ng(') (Qr). We are now
ready to give the definition of a weak solution to the parabolic equation (1.2):

Definition 1.1. We identify a function v € L'(Qr) as a weak solution of the
parabolic equation (1.2), if and only if u € C°([0,T]; L?(Q)) N WP0)(Q7) and

/ [u- ¢ — a(z, Du) - D] dz = */ [f'WrIFIZ"(')’QF-D%7 dz  (L9)
QT QT

holds, whenever ¢ € C§° (7).

Moreover, we denote by WP()(Qr)’ the dual of the space Wé)(')(QT). In the
following, we write ((-, ), for the pairing between WP (Qr) and Wé’(‘)(QT), see
23, 24].

1.2.1. Obstacle function, boundary, initial values and energy bound. At this stage,
we state the assumptions for the obstacle function, boundary data, initial values
and the obstacle constraint. These assumptions we need to define the function
spaces in which we will formulate the obstacle problems. Therefore, we consider on
the lateral boundary 99 x (0,7) Dirichlet boundary data given by

g € C°([0,T); L*(Q)) N WPO)(Qr) and dyg € L7 (7). (1.10)

Moreover, we consider initial values ug € L?(2). The obstacle constraint will be
given by a function ¢ : Qp — R with

¥ e CO([0,T); L*(Q)) N WP (Q7) and dyp € LM (Qp). (1.11)
For the boundary and initial values, we assume the compatibility conditions

g > on 9N x (0,T) and ug > ¥(-,0) a.e. on £, (1.12)

where the first one is to be understood in the L'-W,'-sense, i.e. (¢ —g); €

Wé’(')(QT). Now, we are in a situation to introduce the function spaces in which
we will formulate the obstacle problem. These spaces are defined as follows:

Ko (Qr) = {u € CO([0, T]; L*(Q)) N WPO(Qr), u> 1 ae. on QT} ,
and the function space
Kopg(r) = {“ € Xy, g(Qr) | Oru e Wp(')(QT)/}7

whose members play the role of admissible comparison functions.
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1.3. Parabolic obstacle problems with nonstandard p(z)-growth. The main
problem we are going to deal with, are the obstacle problems. More precisely, time
dependent obstacles with the obstacle ¢ : Qr — R. It turns out that in our sit-
uation, the solution to the obstacle problem does not necessarily possess a time
derivative in the distributional space W?()(Qr)’, but only satisfies u € Ky 4(Qr).
In this case, only the following formulation makes sense:

Definition 1.2. We identify a function u € Ky 4(€27) as a solution of the weak
formulation of the variational inequality if

(@00~ b, + | a(zDu)- D= u)da + [o(,0) - uolFExce
o (1.13)
> [ flv—u)+|FPO2F . D(v—u)dz
Qr
holds for all test functions v € X7 (Qr).

1.4. The concept of localizable solutions. The concept of localizable solutions
goes back to Ch. Scheven, see [40, 41], and the idea of this concept is the following:
In the general situation that we are considering, the solutions do not necessarily
satisfy 9;u € WP()(Qr), so that the variational inequality can only be written in
the weak formulation (1.13). However, this formulation does not seem to be the
most suitable notion of solution, since it is not of local nature. More precisely, for
a given parabolic cylinder Oy = O x (t1,t2) C Qrp, it is a priori not clear that the
restriction ujy, of a solution u to the weak formulation of the variational inequality
(1.13) again satisfies a variational inequality on O;. Even more, it is unclear if
the space X, ,(Oy) of admissible comparison maps is not empty. In fact, it is not
evident from the formulation (1.13) that there exists any map that agrees with u
on the lateral boundary of O; and at the same time possesses a time derivative in
the distributional space WP()(Qr)’, which would be necessary for the construction
of suitable comparison maps. These considerations motivate the following concept
of a localizable solution to a parabolic obstacle problem.

Definition 1.3. We say that ©v € Ky 4(Qr) is a localizable solution of the
weak formulation (1.13) of the obstacle problem if for every parabolic cylinder
07 := 0 x (t1,t2) C Qr, where O = ONQ with a Lipschitz regular domain OCR"
and a time interval I = (t1,t2) C (0,7") C R, the following two conditions hold.
(i) The map u satisfies the extension property, i.e. there holds &, ,(Or) # 0.
(ii) For all comparison maps v € X, ,(Or), there holds

(@00~ who, + [ a2, Du)- D= s + (v = )12 o
or (1.14)
> (v —u) +|F[PY2F . D(v — u)dz,
O
where ((-, )y, denotes the dual pairing between WP (0r) and Wé’(')(OI).

1.5. Statement of the result. The higher integrability result reads as follows.

Theorem 1.4. Let Q C R” be a bounded domain, o > 0 and p : Qr — [v1,72]
satisfies (1.5)-(1.7). Then, there exists a constant €9 = eo(n,v1,7v2,v, L, L1,0) €
(0,0], such that the following is true: Whenever uw € XKy (1) is a localizable
solution - see Definition 1.3 - to the obstacle problem (1.13) with the initial values
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u(+,0) = wug, where (1.8), (1.10) and (1.11) are in force. Moreover, the growth and
monotonicity conditions (1.8)-(1.4) are valid and higher integrability assumptions
to the inhomogeneities and the obstacle function

IF|, [Dy| € LL ) (9, R™) (1.15)
and
17, 10 e L (@) (1.16)
are fulfilled, then
Du e LPVUF=0) 0 R™), (1.17)

Further, for M > 1 there exists a radius ro = ro(n, 1,72, L, L1,w(), M) > 0, such
that there holds: If the energy bound M satisfies

u|PV 4 z < M, .
DulPO) + 0 dz < M 1.18
Qr

then for any parabolic cylinder Qa2 = Qa2 (30) C Qr with r € (0,7], there holds the
following estimate:

14ed
][ | Du|PO0+e) g7 < c(][ |DulP) + \1de> + c][ g+e) gz (1.19)
2r 2

where ¢ = ¢(n,v1,v2,v, L, L1) and € € (0,e0]. Thereby, d is defined as follows:
e if po < 2,

d=ﬂm%:{mW“F%

o _ (1.20)
2 lfpo > 2,

with po = p(30)-

Plan of the paper. Finally, we briefly describe the strategy of the proof to our main
result and the technical novelties ot the paper. We start by proving a Reverse
Holder type inequality of a localizable solution w [cf. Definition 1.3] to our obstacle
problem. Here, we will use a comparison argument and the Reverse Hélder type
inequality stated by Bogelein and Duzaar in [13], see Section 3. Then, we will apply
our Reverse Holder type inequality to gain the higher integrability estimate (1.19)
and a localization argument to prove the self-improving property of integrability for
the spatial gradient of solution to degenerate parabolic obstacle problem, see Section
4. Before, we start with the proof, we mention some notations and preliminary
results in the next section.

2. PRELIMINARIES AND NOTATIONS
2.1. Notations.

Intrinsic geometry. Furthermore, we introduce symmetric parabolic cylinders
with center in zg = (zo,t) € Q7 of the form Q,(20) := B, (o) X (to — p2,to + p?),
where (tg — p?,to + p*) C (0,7) and B,(z) C 2 denotes a ball with radius p > 0
and center xo. To obtain the relevant (scaling invariant) local estimates we will use,
in order to re-balance the non-homogeneity of parabolic problems, certain scaled
cylinders, i.e. so-called intrinsic cylinders of the form

2—p 2—p
QEJ)\)(Z()) = Bp(!Eo) X AE)/\)(to), where AEJ)\)(to) = (to — )\TOpQ,tO + )\TO/P) s

where A > 0 and pg := p(29). The reason for such scaled cylinder is based on
the fact (explained by the easiest problem), that a multiple ¢ - u of a solution to
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Oyu — div(|DuP~2Du) = 0 is no longer a solution, except ¢ € {0,1}, p = 2 or
u = 0. Such kind of intrinsic cylinders were introduced in the case p =const. in
the pioneering work of DiBenedetto and Friedman [20]. The way we use the idea
of intrinsic cylinders goes back to Bogelein and Duzaar in [13]. The delicate aspect
in this technique relies in the fact that the cylinders will be constructed in such a

way, that the scaling parameter A > 0 and the average of | Du[P(") over QE,’\)(ZO) are
coupled in the following way:

][ |DulPOdz ~ A
QM (20)

2.2. Preliminaries.

Localization argument. The first important goal, is to control the variable exponent
p(+). Therefore, we use the technique of localization, which is used by Bogelein and
Duzaar in [13], to handle these exponents much more easier. Thus, we assume that,

on a cylinder Qg/\)(zo) C Qr with 0 < p <1 and X\ > 1, the intrinsic coupling

A<k ][ |DulP®) + W dz (2.1)
Q5" (z0)

is fulfilled for some x > 1 with
Ui= 1+ |[FPO 4 |75+ DY + o™, (22)
where F € LPO)(Qr), ¢ € CO([0,T); L*()) N WPO(Qr) and f,8,¢ € L (Qr).

Moreover, we know that |Qf,>‘) (20)| = 20, p" T2\ v , where o, denotes the measure
to the unit ball of R™. Hence, it holds

A —2 / |DulP®) + W dz ).
20, p" 2N 70 \JQpY (20)

This is equivalent to

/\% <R / |Du|p(') + Udz|.
T 209"\ J Q) (o)

Now, we can bound the integral by the energy bound M > 1 from above, where M
is introduced in (1.18). Consequently, we have

/\l < kM < kM
ro < W S C(TL)W

Therefore, this yields a bound to A, which only depends on the radius p, the energy
bound M > 1, a constant § = (n) > 1, as well as on x and py:

A< (m/jﬁ) . (2.3)

Next, we determine a preliminary bound for the oscillation of p(-) on Q(p)‘)(zo).
Therefore, we notice that A > 1 and pg > 1. From (1.5) we can conclude that

2-pg
P2 — p1 < w(dp(z1,22)) < w(2p+ 2\ 70 p2).
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In the case pg > 2, it holds
p2 —p1 < w(4p), (2.4)

2-ro . . s
since in this case A 70 < 1 and w(-) is non-decreasing. While in the case n2—_~’_12 <
po < 2, we have

2zm (=) (nt2)
p 4

2—p
p2—p1 < WA p) < w(4(BprM) 3 )
< w(dy/BarMp" T TE) = w(Tpn T E),
where we defined I' := 44/8,kM > 4. Note also that, the exponent of p is positive,

(2.5)

since y1 > ;2%. Thus, it is essential v, %32 — % > 0. Combining (2.4) and (2.5),
we finally get the following estimate:
2
p2 —p1 <w(Tp%), where o := min {L’hnz — Z} . (2.6)

By means of the weak logarithmic continuity condition (1.6), we can conclude that
@ 1
p~(P2=p1) < p=w(TP%) — oxp {w(Fpo‘)log } < e s exp [oflw(Fpo‘)log r.
p

At this stage, we choose

Qv

L <T—% .= (4 ﬁnlﬁM)i . (2.7)

Hence, we determine p; as a constant, which only depends on n, 7v;, x and M.
Now, we suppose that 0 < p < p; and use (1.6) to the previous estimate. This
yields

p~P2mPL) < e exp [a'w(Ip*) logT'| < e exp [a'w(Dpf) logT] < e%, (2.8)

where we used the bound (2.7). Moreover, we can conclude from (2.3), the definition
of T and (2.6) the following estimate:

- n pP2—p1 ay Li(n+2 - Ly(n42
)\pzyom < (pr#) Srw(Fpl)e 1(a ) SFM(F 1)6 1(“ )

)

where we again used the bound (2.7). Next, we use (1.6) to estimate I'('?1) from
above as follows

r-! r~Ylogl L
I‘W( ):ew( ) log Sel,

where we utilized the fact, that I' > 4 and therefore, the inverse of I" is smaller
than 1,i.e. I~! € (0,1). Hence, we were able to use (1.6). All together, we get

P2—P1 Ly(n+2)+L; 4nLy

Ao <e « <e a . (2.9)

Iteration lemma. In order to "re-absorb" certain terms, we will use the following
iteration lemma, which is a standard tool and can for instance be found in [29, p.
81]. The iteration result reads as follows.

Lemma 2.1. Let 0 <9 < 1, A,C >0 and 8 > 0. Then, there exists a constant
¢ = ¢(B,9), such that there holds: For any non-negative bounded function satisfying

d(t) §19<I>(8)+A(s—t)_ﬁ+Cf0r ald<r<t<s<p,
we have

d(r) <clA(p—r)P+C].



10 ANDRE H. ERHARDT

An ezistence result. Here, we cite from [23, 24] an existence result for parabolic
equations with nonstandard growth. Therefore, we consider the local Cauchy-
Dirichlet problem

ou—div a(z,Du) = f—div (|F|PO72F) in Q,(20),
u = gon dB,(zg) x (to — p*.to), (2.10)
u(-,to — p*) = wp on By(zo) x {to — p*},
where initial values ug and boundary data g are given. The precise statement reads
as follows.

Corollary 2.2 ([23],Corollary 4.5). Let Q@ C R™ be an open, bounded Lipschitz
domain and Q,(z0) C Qr. Assume that p : Qr — [y1,72] satisfies (1.5)-(1.6).
Then, suppose that the vector-field a : Qr xR™ — R™ is a Carathéodory function and
satisfies (1.8)-(1.4). Moreover, assume that F € LPO)(Qp,R™), f € WPO)(Qrp),
g € W(Qr) and ug € L*() are in force. Then, there exist 0y = 0y(n,v1) € (0,1)
and a radius py = po(0,w(-)) € (0,1] with & < 0y, such that the following holds:
Whenever 0 < p < po, there exists a weak solution w € W(Q,(z)) of the local
parabolic boundary problem (2.10).

Comparison principle. In this section we refer a comparison principle, which will
be a key tool for constructing comparison maps that almost everywhere satisfy the
obstacle constraint v > . This technical tool is stated in [23].

Lemma 2.3 ([23], Lemma 3.15). Let Q& C R™ with n > 2 and p : Qpr — [y1,72]
satisfies (1.5)-(1.6). Moreover, suppose that ,v € W (Qr) satisfy in the weak sense

oy —div a(z, DY) < ow —div a(z, Dv) in Qr,
P < v on dpQyp,

where (1.4) are in force. Then, there holds v < v a.e. on Qp.

(2.11)

3. REVERSE HOLDER TYPE INEQUALITY

The aim of this section is to affiliate a Reverse Holder type inequality. This is
an important step to the proof of the higher integrability, since higher integrability
follows from the Reverse Holder type inequality. The Reverse Holder type inequal-
ity we will conclude by a comparison argument. Therefore, let Q&)(zo) C Qr with
A > 1. Here, we have to mention that by the Definition of localizable solution

u € Ky, 4(27), we know that there exists a function with JC;Z}’U(Q&)(ZO)) [cf. Defi-
nition 1.3], i.e. a function in IK%u(Qé’l\))(zo)) with boundary datum u, which possess

a time derivate in W?(") (Qé’l\,)(zo))’ . Thus, we are allowed to use u as boundary da-
tum. Moreover, because of the inhomogeneous behavior of the parabolic variational
inequality, the Reverse Holder type inequality can only be obtained on parabolic
cylinders satisfying an intrinsic coupling of the type (3.1) and (3.2) below. The
result of this section is stated in the following lemma:

Lemma 3.1. Let Q C R™ be a bounded domain and M > 1 the energy bound from
(1.18). Moreover, p : Qr — [y1, V2] satisfies the conditions (1.5)-(1.7). Then, there
exists a radius pa = pa(n, 1,72, L1,w(:), M) € (0,1] and a constant ¢ > 1, which
only depends on n,~v1,v2,v, L, L1, such that the following holds:

Suppose that u € Ky 4(Qr) is a localizable solution - see Definition 1.3 - to the
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variational inequality (1.13) with respect to the structure assumptions (1.3)-(1.4),
the inhomogeneities (1.8), the initial values u(-,0) = ug € L*(Q), the boundary data
(1.10) and the obstacle function (1.11) which satisfy the compatibility condition

(1.12) are given. Furthermore, assume that on some parabolic cylinder Qéz)(zo) C

Qr with 0 < p < pa and X\ > 1, an intrinsic coupling is given in the sense that on

(p’\) we have the lower bound

A g][ | DulPC) + Wdz, (3.1)
Q™ (20)
while on Qéz) the upper bound
][ |DulPC) + Wdz < X (3.2)
Qéz)(zo)
is fulfilled. Then, there holds the Reverse Hoélder type inequality

9
][ |DulP®) dz < ¢ ][ |Du|¥ dz| +e¢ ][ Udz), (3.3)
QM (20) QSN (20) Q%Y (20)

where ¥ is defined as follows

. mn+2) n+2 27y
Y= 1 4
mm{ ™ A/ PR > (3.4)

and U is introduced in (2.2).

Proof. In the following, we will use the notation Qf{\) instead of QE;)\)(ZQ). Now, let

w e CO(A; L(Bsy)) N WPO(QL) with dw € WPO(QF))

the unique solution of the following Cauchy-Dirichlet problem

{atw —diva(z, Dw) = 9 — diva(z, Dy) in Qéﬁ)»

3.5
w =uon &pQé?)), (3:5)

with p < £, where py = po(6,w(:)) € (0,1] with § < 6y = Op(n,71) € (0,1)
is the radius from Corollary 2.2. Therefore, we can refer that w is a solution of
(3.5). Since, w = u > 9 on 83:@%?, we can utilize the comparison argument
from Lemma 2.3 to conclude that w > 1 a.e. on Qéi). Since, u € Ky 4(Qr)
is a localizable solution of the variational inequality (1.13), we know that u €
Kwﬂu(Qé;\,)) is solution of the variational inequality

1
{(Orw, w — U>>Q(SA) + / a(z,Du) - D(w —u) dz + 3 lw(-,0) — uoHiz(ng)

N)
s (3.6)

2/ |FIPE=2F . D(w — u) dz+/ f (w—u) dz.
Qe Qéi)
From the equation (3.5) we have the following weak formulation

(@ g + [ alzDw) Dotz = [ ow-pdst [ a(Dv) D dz
8p Qéi\)) Qéi:) Qéi)
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with admissible test-function ¢ = w —u € Wp( )(Q(/\)). This can be adapt as
follows

{(Orw, (w — )>>QW + /Qg” a(z, Dw) - D(w —u) dz = o O - (w —u) dz

+/m a(z, DY) - D(w — u) dz.
Qs

Now, we subtract the last equation from the variational inequality (3.6) and then,
we estimate the right-hand side from above by the absolute value. This yields

/Qm( a(z, Dw) — a(z, D)) - D(w — 1) dz g/@w 10s||w — ul dz

— _ p(-)—2 . o
+/Q§i) [fllw — ul dz—|—/Q§:) (a(z,D¢) |F| F) D(w —u) dz

= I+I1I+1I1

with the obvious meaning of I, II and III. Here, we apply the monotonicity
condition (1.4) to the left-hand side. Finally, we can conclude that

p()—=2
u/ (1? +\Dw|2+|Du|) 2 |Dw Dul*dz < I + II + III. (3.7)
Q

Next, we estimate the term I11 by the absolute value and utilize the growth prop-
erty (1.3) from above. Therefore, we have

I1I < L/ ((1 + | Dyp|)PO~t 4 |F|P<'>—1) | D(w — u)| dz.
Qs

After that, we apply the Young’s inequality (in the e-version) with exponents p€§21

and p(-) to the last inequality. This yields
1 pp( )1
1717 gL/ g_ﬁp()i[(l_i_‘Dpr() 1+|F|p() 1} @) dx
Qs p()
1
+ L-s/ —|D(w_u)|p(~) dz.
Q) p()

This inequality we estimate from above and get

III < L[ 2% 172_1/ Ok
")/1 Q(/\)

(14 |Dy|+ [F)PY dz

L
+ = / |Dw|p()+|Du|p()dz
71 Q()\)

The factors which are smaller or equal than 1, e.g. 2721—1_1, we estimate from
above by 1 and summarize the others factor by a constant, which depends on
c(v1,72, L) > 1. Thus, it yields

[T < (L) / =7 (1 + [Dy| + [F)P

QO\)

895 (3.8)
+ oLy y,72) - */ | Dw[P) + | DulPt) dz
Al Qé;)
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Now, we use the Young’s inequality to I (also in the e-version) with exponents
p(")

=T and p(-). Therefore, we can conclude the following estimate

1< Zep) [ fw-ude + T T e [ 10 de
7 g o

Next, we apply the standard Poincaré inequality slicewise to the first term on the
right-hand side. This yields

II<=e /
71 QW

)
8p

Sic / |ID(w —u)|PY) + 1dz | + zsfﬁc/ |fidz
" QY Qs

with ¢ = ¢(n,v1,72). Note that we used the fact that 8p < pg = po(n,y1,w(-)) €
(0,1]. Moreover, we use the Young’s inequality as above to I, such that

1 / S
I<e 71*1/ |Opth| " dz + —/ |w —u|" dz
Q) g

ga*ﬁ/ 0" dz + = / |D(w — )P + 1dz

with ¢ = ¢(n,v1,72), where we again used the standard Poincaré inequality slice-
wise. Plugging (3.8), (3.9) and (3.10) into (3.7) and estimating the left-hand side
from below, this yields

ID(w —w)["dz ) + a—ﬁc/ £ dz
Q)

(3.9)

(3.10)

U/ |Dw — Du|PVdz <e - ¢ / |Dw|P®) + | Du|POdz + ca/ Vdz (3.11)
Q) Q) Q)

for any QE(S;) C Qp with 8p < po and constants ¢. = c.(e,n,71,72,L) and ¢ =
c(n,y1,v2, L) with £ € (0, 1), where we used ¥ which is introduced in (2.2). Hereby,
we can along estimate the inequality (3.11) from below. Here, we can deduce the
following energy estimate

/ |DwPY) dz < ¢ (/ |DuP®) 4+ W@ dz) (3.12)
™) o)
Q8p QSp

for any Qéﬁ) C Qr with 8p < py with a constant ¢(n,~1,7v2,v, L) > 1, where we
had chosen ¢ depending on (n,v1,72,v, L) in (3.11). Next, we combine (3.12) with
(3.11) and get, where we have to choose conveniently € (e.g. € = d/¢), the following
comparison estimate

/ |Dw — DulP®) dz < (5/ |DuP®) dz + ¢s (/
Q) Qg Q

for any Qé’;) C Qp with 8p < pg with ¢ € (0, 1] and a constant ¢5 = (J, n, 1,72, v, L).

LU dz> (3.13)

(
8p

Our next aim is to show that the cylinder Qg)‘) is also, with respect to the compar-
ison function w, an intrinsic cylinder, i.e. there holds also the lower bound (3.1)
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and the upper bound (3.2) for Dw instead of Du. We start with the lower bound

for ][ o |Dw[P®) dz. Therefore, we consider the following relation
P

|Du|p(') = |Du — Dw + Dw|p(') < 2p(')_1|Du — Dw|p(') + 2p(')—1|Dw|p(').

This is equivalent to |Dw[P() > 21=P0)|Dy|P() — |Du — Dw|P(). Thus, we can
conclude

71 |Dw|P") dz > 21—%7[ |DulP®) dz — 71 |Du — Dw|P®) dz.
P P P

The first term on the right-hand side can be estimated from below by the lower
bound (3.1). Then, we gain

|Dw[POdz > 211\ — |Du — Dw|[POdz — 2t Wdz | . (3.14)
QSJ/\) QSJ/\) QE)M

Now, we want to apply the comparison estimate (3.13) to the third term on the
right-hand side. This is only possible, if we exchange from the smaller cylinder QE)A)
into the bigger cylinder Qéi). Since, we consider the mean value, we conserve an

2—pg
L . QLY 8p)" AP0 (8p)?
additional factor, i.e. ! Lo = O‘Z( )" z,pé P — §n+2 where a, denotes the
|Qp | np )\TpQ

measure of the unity ball. Hence, it yields

|Dw[PC) dz >2171 A — 2t™m U dz — 68"+2 |Du|P®) dz
Q</\) Q(/\) Qé/\)
P 3 P

— cs ][ VU dz
QY

with a comnstant ¢5 = ¢(d,n,71,72,v,L). At this stage , we determinate 6 =
2~ =3("+2) " Then, in the second term on the right-hand side of (3.14) we also

exchange from the smaller cylinder ij\) into the bigger cylinder Qé’[\)) and use the
upper bound (3.2). Therefore, we can conclude that

][ |Dw[POdz + ¢ ][ Vdz | > 201\ — 2_'“][ | DulP®) dz
oW Q) oW

8p

— ol=mgnt2 ][ Udz | > 8712277 ),
QLY

where ¢ = ¢(d,n,v1,v2, v, L). This yields the following

][ |DwPY) dz + ][ U dz >,
QWM QLY

for any Qé(;;) C Qr with 8p < pg with a constant ¢ = ¢(n, v1,72, v, L). Furthermore,
we can conclude from the energy estimate (3.12) and the bound (3.2), the upper
bound for the spatial gradient of the comparison function w. Even, it is valid

][ |Dw[PO) + Wdz < ¢ ][ |DuP®) + Wdz | < ex
Qé?)) QO\)

8p
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for any Qég) C Qp with 8p < pg, where ¢ = ¢(n,v1,72,v, L) > 1. Now, we
compose k := ¢(n,y1,7v2, v, L). Hence, we have shown that the comparison function
w satisfies the condition of Lemma 3.2. The next tool we need, is stated by Bogelein
and Duzaar in [13, Lemma 6.1]. This Lemma we will use to prove the Reverse
Holder type inequality by a comparison argument which allows to carry over the
estimate for solutions to certain parabolic equations from [35] to the solutions of
the variational inequality.

Lemma 3.2. Let M,k > 1, where M is introduced in (1.18) and the exponent
function p : Qr — [y1,72] satisfies the conditions (1.5)-(1.7). Then, there exists a
radius p1 = p1(n,v1,7v2, L1, M) € (0,1) and a constant ¢ = ¢(n,y1,7v2,v, L, L1, k),
such that the following holds: Suppose that (1.8) is valid. Further, assume that the
boundary data and the obstacle function satisfy (1.10) and (1.11). Moreover, let
w € CO[0,T); L2(2)) N WP (Q7) a weak solution of the parabolic equation

Oyw — div a(z, Dw) = 0pp — div a(z, DY) on Qr, (3.15)

where the vector-field a satisfies the growth condition (1.3) and the monotonicity
condition (1.4). Moreover, w satisfies the energy bound (1.18) for the given number

M. Then, on any parabolic cylinder Qéi)(zo) CQr withO<p<pyand X\>1, on

which an intrinsic coupling is given, in the sense that on Qf,)‘)(zo) the lower bound

-1 .
KA §][ |Dw|P) dz + ][ ¥ dz 3.16
QM (20) QLY (20) (8.16)

holds, while on Qéi)(zo) the upper bound
][ DO + W dz < kA (3.17)
Q5 (20)

is fulfilled, there holds the following Reverse Holder type inequality

9
][ |Dw[P) dz < ¢ ][ \Dw\% dz| +c ][ Udz|, (3.18)
QM (20) Q% (20) ) (z0)

8p

where ¥ is defined as in (3.4) and U is defined as in (2.2).

Remark 3.3. At this stage, we will explain how we have to modify the proof of
Lemma 6.1 in [13], to prove Lemma 3.2. First, notice that a(z, D) from (3.15)
play the role of F in the equation (1.1) from [13]. Moreover, the additional term
Oy in (3.15) - which does not occur in the preceding equation - can be treat in the
standard way. More precisely, in the proof of the Caccoppoli inequality, see [13,
Lemma 4.1], we get an additional term because we have to include the term ;1 as

follows
o - dz,
-/[;2*><ZO>

where ¢ = O(u — A) with A € R™ and 6 is a admissible cut-off function. This
expression can be estimate Young inequality from above, this yields

/ Db dz < () / 0 + o[ dz.
QM (20) QM (20)
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Therefore, we have with respect to the requirements of Lemma 4.1 in [13] the
following Caccoppoli inequality to the problem (3.15)
2

ro=2 |u(-,t) — A
sup ][ Aro ut,t) =4 dx + ][ | DulP®) dz
teAN (o)’ Br(zo) r QW (wo)
vz lu— AP Ju— APV ,
< c][ A |4 Y + [DY[PO) + 10t + 1| de.
Q4" (o) por P

The necessary modifications in the proof of the Poincaré-type inequality [13, Lemma
5.1] are similar the same. Therefore, we get with respect to the requirements of
Lemma 5.1 in [13] the following Poincaré-type inequality to the problem (3.15)

()P0 P
][ w dz < ][ |Du|19 dz
QM (z0) QM (z0)

2—pg

p
’ p()
+ AP0 ][m (|Du|p(') + |Dz/;|p(') + [Dpp| 1 + 1) dz.
Qp (wo)

O

Now, we will convert the inequality (3.18) into a Reverse Holder type inequality
to the solution w. For this aim, we have to choose a radius p, depending on
(n,71,72, L1,w(+)), such that

':min{p—0 }
p2 - 87/)1 5

where pg is the radius of Corollary 2.2 and p; the radius of Lemma 3.2. This yields

|Du|PC) dz <2721 |Dw|PO) dz + 27271 |Dw — DulP®) dz
\) ) \)
Qp Qp Qp

0 0
<c ][ |Du|%) dz| + ¢ ][ \Dw—Du|¥ dz
Qs Qs
+ c ][
Q

where ¢ = ¢(n,v1,7v2,v, L, L1) > 1. Next, we use the standard Holder’s inequality
with exponents ¢ and ¥/(9 — 1) to the right-hand side of the last inequality. All in
all, we get the following estimate

9
][ |DulP®) dz <c ][ |Du\% dz + c ][ U dz
Q) Q) Qs

+ c][ |Dw — DulP) dz,
oW

8p

v dz) + 272—1][ |Dw — DulPY) dz,
) QY

(A
8p

(3.19)

where ¢ = ¢(n,v1,72,v, L, L1) > 1. At this stage, we estimate the last term on the
right-hand side from above by a version of the comparison estimate (3.13). Notice
here, that the lower bound (3.1) and the upper bound (3.2) imply the following

][ |Du|POdz < A §][ | Du|P)dz +][ Wdz.
Qs Qg Qs
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Combining this with the comparison estimate (3.13), then we get for 0 < 6§ < 1 the
following estimate

][ |Dw — DulP®) dz < 5][ |DulP®) dz + cs ][ U dz (3.20)
ol ot 2

with a constant ¢s = ¢(d,n,v1,7v2,v, L, L1) > 1. Plugging now (3.20) into (3.19)
and choosing J§ small enough, e.g. 6 = 1/2 or similarly, we can reabsorb the term

5][ |DulP*) dz on the left-hand side. Therefore, it follows the desired Reserve

Holder s type inequality to the solution

9
][ |DulP®) dz <c ][ |Du\$ dz] + ¢ ][ U dz
Q™ Q% Qg

with a constant ¢ = ¢(n,y1,v2,v, L, L1) > 1 and radius p < py. This proves the
conclusion of the Lemma. (]

4. PROOF OF THEOREM 1.4

At this stage, we will now show the higher integrability of |Du|. The Reverse
Holder type inequality plays an important role to show that
|Du| c Lp( )(1+€o)(Q Rn)

loc

under the conditions, which will be mentioned in Theorem 1.4. In Theorem 1.4 we
will establish the quantitative gradient estimate, which implies the higher integra-
bility of a localizable solution, see Definition 1.3. A further tool we will need, is
a covering argument. As we have seen in the previous chapter a Reverse Holder
type inequality is only available on intrinsic parabolic cylinders, see Lemma 3.1.
Therefore, the main objective in the proof of the higher integrability theorem is to
find parabolic cylinders covering the upper-level set of the spatial gradient in the
sense of a Vitali-type covering, such that on each cylinder the intrinsic coupling
in the form of (3.1) and (3.2) holds. Here, we will apply a version of the Vitali’s
covering Theorem for non-uniformly intrinsic parabolic cylinders, which is stated
by Boégelein and Duzaar in [13, Lemma 7.1]. The result is the following:

Lemma 4.1. Assume that M > 1, A > 1 and p : Qp — (y1,72) satisfies the
conditions (1.5)-(1.7). Then, there ezists a constant x = x(n,Li,71) > 5, such
that the following is true:

Let = {Qi};cq be a family of azially parallel parabolic cylinders of the from

2—p(z;)

Qi = QW (z1) i= By (a2) x (t ST 2 T p)
with uniformly bounded radii, uniformly in the sense that

2
1} PG (D) } Vied, (4.1)

. p(z;)
pi < min {p:s, |:(BnM) A

where

2
@

= oV
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Then, there exists a countable sub-collection § C F of disjoint parabolic cylinders,

such that
Uec U xe

QeT QeSS

where xQ denotes the x-time enlarged cylinder Q, i.e. if Q = Q(p)‘)(z) then xQ =
(N)
xp (2)-

Now, we have the essential components, on which the proof of the higher inte-
grability is based. Therefore, the next part of this section is treated with the proof
of the higher integrability. As we mentioned above, we have to find cylinders on
which the intrinsic coupling in the form of (3.2) and (3.1) holds. Hence, we will
use a stopping time argument, which exploits in a certain way the continuous
dependence of the integral on the domain of integration. The system of intrinsic
cylinders covering the upper-level set of |Du| however does not yield a Vitali-type
covering in the usual sense. The peculiarity thereby is that the family of intrinsic
cylinders is not uniform - even if the scaling factor A is fixed - in the sense that the

2
scaling of a cylinder around a point 2y is A %" and hence depends on py = p(20).
Our main result of this chapter reads as follows.

Proof of Theorem 1.4. The proof of Theorem 1.4 is divided in several steps. First,
we define

2

1 42 _
Agtm) e ;2][ |DuP?) + Wdz > 1 (4.2)
2r
with p,, :=infg,, p(-) and pys := supg, p(-). Furthermore, we use the following

_ 2pm oy < 2
d(pm) = {pm(n+2)—pm P

P if p, > 2.

Moreover, we consider the concentric parabolic cylinders

Qr g er C QT‘2 g QQT

for fixed radii r < r; < 19 < 2r. Then, the parabolic cylinders of the type

QW (2) with 0 < s < min { A", 1} (7‘2;7“1) R,

are contained in @Q,,, where A > )¢ and 2y € Q, .

Step 1: Choice of the intrinsic cylinders. Now, with the help of a stopping
time argument, we want to construct an appropriate cylinder with center in zy,
which satisfies the lower bound (3.1) and the upper bound (3.2) from Lemma 3.1.
We start by showing the availability of the lower bound (3.1). By the Lebesgue’s
differentiation theorem, we can conclude that for a.e. points zg € @,,, which satisfy
the condition |Du(zp)|”® > A, we have the following estimate

lim ][ |DulPC) + @ dz | > |Du(z)P° > \. (4.3)
S0\ (20)
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This can be shown by the following fact: We know that in the Lebesgue points z
of Du we have (see for example [30], see also [13])

lim |DulPY) dz = | Du(zo)|P°.
540 QS(ZO)
At this stage, it is worth to mention that the averages are taken with respect to the

usual cylinders while in (4.3) we need to have the averages on cylinders Qg/\)(zo).
Since,

QW (20) € Qus(20) for p := max {)\QJTPOO, 1} ,

we get
lim ’ DulPC) — | Du(z0)|P°| dz
i f o, 100 = Dutao)
n+2
< 7 lim |DulP®) — | Du(z)|P°| dz = 0.
)\ 2po 540 QM/S(ZO)

Hence (4.3) is valid. Next, we want to deduce the upper bound (3.2). Therefore,
we consider A\, which satisfies

A > B)\o (44)
with

n+2
BTom) T oar "o ;:( Sxr ) : (4.5)

o —T1

where x = x(n, L1,71) > 5 denote the corresponding constant from Lemma 4.1. In
addition, we observe radii s, which are conform to

1 min{)\m:J} (ro — 1) min{)\pgz;27l}(r2 —71)
o= <s<
2x 5% 2

Notice that the maximal radius Ry is chosen, such that for all points zy € Q,,

and radii s < Ry the inclusion Q™ (20) C Q,, is fulfilled. From this fact and the
definition of g we can conclude that

][ |DufP®) + W dz < L%iﬂ <][ |DulP) + @ dz)
Q™ (20) Q5™ (20)| \VQar

< — =0 DulP U d .
= 10M () ][ e (47

n+2 _ 1 2 2
(27”) )\p%02)\g(10m)+m_m

= Ry. (4.6)

IN

S

holds, where we used (4.2) for the last estimate. Now, we are in the situation to
estimate the right-hand side from above. For this aim, we have to treat the two
cases 2 < p,, < v and 71 < py < 2 separated. In the case p,, > 2, we have

d(pm) — pé”

(4.7) or\ "2 -2 2
DulPO + W dz < () AT A
Q™M (20) §

and min {/\Pﬂ;2 , 1} = 1. Hence, this yields
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4.6 nt2 . 2
(S) ( 8X7‘ ) /\(1)702)\6’1\/1

T —T1
4.4 2 e Far
(<) < 8xr ) 5Bt (A) M
To —T1 B
@y
Therefore, we have
][ |DuP®) + ¥ dz < A (4.8)
Q™ (20)
In the case v1 < p,, < 2, there is d(p,,) = pm(ipﬁ respectively d(;m) = ”T"’Q — p’}n

m—2 m—2
and min {)\p%m ,1} = X\%m , we can conclude, in the same way as in (4.8), that

n+2
(4.6) po—2 1 L 2 _ 2
][(M |Du\p() + W dz < (28XT> A 2,0 )\éi(Pm)+PA4 Pm
Qs (20) A\ 2pm )

DPm

2em (rg — 71

2
sxr \"" A

< 1 ;2 3

ro —T1 Bdem) "pyp pm

SN

This addict the same estimate as in (4.8), even

|DulP®) + W dz < A (4.9)
Q™M (20)

The availability can be shown easily. For that purpose, we consider the following
calculation

+2
1 " po=2 Ly 2 .2 nt2 nt2 Po—2 L 4 2 2
P (Pm) PM Pm _ — — 5 d(pm) PM Pm
()\PM Ao g = Arm T A0 A
2pm

2 2

1
2 )\g(l’vu) +P1\l Pm

2 1 Po—
= Apm  dem) \ PO

1 4.2 2
L—L—m/\g(pm)—i_mu Pm

AN
>~
—
+
3
3

PM

2 2

1
Bam) Ty pm

Now, we have on the one hand a cylinder g’\)(zo), on which the integral is smaller

than A, see (4.8) respectively (4.9), and on the other hand we have shown that
the integral over this cylinder is bigger than A, see (4.3). More precisely, by the
absolute continuity of the integral, we can conclude from (4.3) and (4.8) in the case
Pm > 2 respectively from (4.3) and (4.9) in the case p,, < 2 that, there exists a
maximal radius 0 < p,, < iRO & 0 < 2xpz, < Ro <12, such that

|DulP®) + W dz = A, (4.10)
(X)

Pzg (ZO)

while for any s € (p,, Ro) we have the following estimate

|DulP®) + ¥ dz < A (4.11)
Q™M (20)
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At this stage, notice that Q2xp (20) € Qr,. Thus, we can deduce from (4.10) and

(4.11) with s = 8p,,, that the lower bound (3.1) and the upper bound (3.2) from
Lemma 3.1 are fulfilled. Furthermore, note that 8 < 2y and therefore

i)

are in force. The next desired goal, is to have a situation, where we are able to use
Lemma 3.1. Hence, we still require a upper bound to the radius r, such that

r S o = r0<na717’727L17w(')7M)'

Thereby, M is the energy bound from (1.18) and rg denotes the radius bound from
Lemma 3.1, i.e. 79 = p2. Now, we can use Lemma 3.1. This yields the following
Reverse Holder type inequality

?
][ |Du|POdz <c ][ |Du| Ydx ) te ][ Udz |, (4.12)
) (20) Q5 (20) Q) (20)

. Pm —
8pzo S (szRo) = (pz(),mln {)\ Pm

Pz

where ¥ satisfies the condition (3.4) and ¢ = ¢(n,y1,72,v, L, L1) > 1.
Step 2: Estimates on the level sets. In the following, we will use the
notation

E(p,\) = {z €Q,: |Duf® > A}
and
G(p,\) ={z€Q,: ¥ > )}

for the upper level sets of |Du|P(") and ¥ on cylinders Q, with p € [r,2r]. For
n € (0,1), which we have to fix later, we consider the level sets F(p,nA) and
G(p,nA). In the case n\ > B\, there exists for a.e. zy € FE(r1,n)\) a parabolic

cylinder Qp)z‘()) (z0), on which (4.10), (4.11) and (4.12) are in force. Moreover, we
have szp (z0) € @y, In addition, we define py := p(z0), p1 := ian(M ( o(+)
2Xxpzq z0)

and po := SUPo) (0 )p( ). Our next aim is to infer a suitable estimate for the
Xl’z

LPO)-norm of Du on the cylinder ngp (20). We start with the Reverse Holder
type inequality (4.12), where p., < pa (r < 1o < [63/Bad]™ %)

v
][ |DulP®) +¥dz < ¢ ][ IDu|* dz)| +e ][ U dz
Q()\> (ZO) \) (ZO) N (ZO)

Pzg 202 8pz

A

1
= ol o Du
|Q2pz (20)] Q(A)O (20)NE(r2,mN)

2p2

1
QS (20)] JQL), zo)\B(ram)

C
+ PO R </ ™ v dz)
|Q8p20( 0)| Qspz, (20)NG(r2,mN)

)
|Du|™7 dz
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Qs (20)] \/@f) zo)\Gran)
Further, we use the facts

Q5 (co)\E(r2,n)) = {= € Q5 (z0) ¢ [Dul"® <A
and
Q4 (0\Glr2m) = {2 € Q) (z0): w <A},
since Qé’;)zo (z0) C Qéi)pzo (z0) € Qr,. This yields

1
QPZZJ (20) |Q2pzo (20)] /@52 (20)NE(ramn)

2pzq

)
|Q8pz0 (ZO)| Qéf,’zu (20)NG(r2,mN\)

where ¢ = ¢(n,v1,72, v, L, L1) > 1. Therefore, we can conclude that

+enA +

][u) |Du|PC) + W dz < enA

pzo (20)

9—1
+ (A)C ][ |Du|% dz ][ |Du|pf9) dz
|Q2920 (ZO)| N (z0)NE(r2,m)) N (z0)

sz sz

— (][ \Ildz>
\Qspz( o)l \/ag), GonGramy)

—c DulP®O + W dz | + — S5 U dz
4 | )
QY (20) Q5. (20)] \/Q§), (z0)nG(raimn)

8pzg
9—1
c ][ |Du|p() (][ \Du|p() ) 7
\Q L (2o)lV@g) zo)nE(ramn) Q). (20)

where ¢ = ¢(n,v1,y2, v, L, L1). Next, we have to choose n = n(n,v1,v2,v, L, L1) > 0
small enough, such that we can reabsorb the first integral on the right-hand side.
In addition, (4.11) yields that

|DulP®) dz < A
Q5 (20)

Now, we multipily the resulting estimate by \Qéz)zo (z0)]. Therefore, we have

/ |DulPC) + 0 dz < c/ AT |Du\% dz
Q) (20) Gy (F0)NE(r2.nX)

Pzg 2pz

+ 4~ +2) ( / U dz> ,
7 (20)NG(ram)

(4.13)
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with a constant ¢ = ¢(n,v1,72,v, L, L1). Next, we use (4.10) and (4.11) with

s = 8Xpz,- Thus, we can bound the left-hand side of the previous estimate from
below by foon () |Du|P()dz. This yields
8Xpz(

/ |Du|p(') dz < c/ /\19%|Du|% dz
QY. (20) Q5. (O)NE(r2m\)

8XxpPz(
+c / Udz |,
Qg (20)NG(r2,mA)

where ¢ = ¢(0,n,7v1,7v2,v, L, L1). At this stage, we establish a further bound for

the radii r < rq
3
r<rg < (6yB,M) =

where « is defined as in (2.6). Moreover, notice that form (2.1) with k = 1 we have
the equation (4.10) and thus, we can conclude from (2.3) that

< (BZH) , (4.15)

20

(4.14)

where 8,, = 8,(n) > 1.
Step 3: The final gradient estimate. Up to now we have indicate that
for arbitrary A > B\ the level set E(r1,A) can be covered by a family F =

{Qé;)pzo (20)} of parabolic cylinders with center in zy € E(r1,A). Thereby, the radii

Pz are bounded by [(,@n )2 1} pO("+2). This follows from (4.14) and (4.15).

Moreover, on each cylinders of the covering the inequality (4.13) holds. By the
meaning of the Covering Theorem of Vitali, i.e. the version for non-uniformly
parabolic cylinders, provided in Lemma 4.1, we can conclude that, there exists a
countable subfamily {Qgﬁl 122, C F of pairwise disjoint parabolic cylinders, such

that the y-times enlarged cylinders Qg;\gpz_ cover the set F(ry,\). That means up
to a set of measure zero, there holds

rla U QQXPz = QT‘Q'

Notice that, by our construction the relation Q2X P, C @, holds. Since, the cylin-

ders of the subfamily {Q2 . 121 C T are pairwise disjoint, we can conclude from
(4.13) that

|DulP®) dz < / | DulP®)
/E(n,x) Z =

2Pz

cz / A%|Du|¥dz+/ Udz
; Q(ziliﬂE(Tz7n>\) QYY) NG(ra,m\)

= 8pz;

gc/ |Du\ Y dr + ¢ / Udz
E(rz,nk) G(r2,mA)

IA

(4.16)
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with a constant ¢ = ¢(n,y1,72, v, L, L1). Furthermore, on the set E(r1,n\)\E(r1, \)
the relation |Du|P() < X is fulfilled and therefore, we have

9 r()

sz

|DulP®) dz S/ A

E(rinM\E(r1,2)

9—1 ()
< / A7 |Dul ™7 dz.
E(r1,m\)

Now, we combine the last estimate with (4.16), then we get the following Reverse
Holder type inequality for super-level sets with increasing domains:

/ |DulP®) dz < c/ )\%\DM% dz + ¢ / Udz |,
E(ri,mA) E(r2,mA) G(r2,mA)

where ¢ = ¢(n,y1,7v2,v, L, L1). Here, we replace n\ by A and recall that n < 1
depends only on n,vy;,7v2,v, L and L;. For this reason, we gain for arbitrary A <
B)g/n =: A1 the following estimate

/ | DuPC) dzgcn*%/ A%|Du\$dz + c / Udz
E(Tl,)\) E(TQ,/\) G(’r‘z,)\)

Sc/ )\%|Du|% dz + ¢ / ¥ dz
E(’l"g,)\) G(’I"Q,)\)

with a constant ¢ = ¢(n,y1,7v2,v, L, L1). At this stage, we multiply the preceding
inequality by A*~!, where ¢ € (0,1]. Then, we integrate the resulting inequality
with respect to A over (A1, 00). This, formally yields the desired higher integrability
of | Du|, where € has to be chosen small enough in order to reabsorb a certain terms
on the left-hand side. However, there is a difficulty in moving terms to the left-
hand side, since they may be infinite. This technical problem can be treated, for
example, by truncating of |Dul, see for example [33]. The precise argument is as
follows: For k > A1 we define the truncation operator

Ty : [0,00) — [0, k], Tr(s) := min{s, k}

—1
7 |Du

/E(mmk)\E(Th)\)

(4.17)

and
Ey(ri, \) i= {z €Q,, : Tu(|DulP®) > A}, i=1,2.

In order that, we can conclude from (4.17) the following
/ To (| DulP) 5 | Du| 5 dz < c/ AT | Du|* dz
Ek(rl,)\) Ek(’r‘z,)\)

+ c / Wdz | .
G(’l‘z,)\)

Notice that (4.18) trivially holds when k < A, since in this cases Fy(ri,\) = 0.
Whereas, in the case k > A we can conclude (4.18) from the inequality (4.17), since

Ei(ra, \) = E(ry,\) and Ty (|DulP®)) < |DulP®),

(4.18)

Next, we multiply (4.18) by A\*~!, where € € (0,1]. The parameter € have to be fixed
later. Then, we integrate the resulting inequality with respect to A over (A1, 00).
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Consequently, it follows

[ [ moap) S u dz i
)\1 Ek(rl,)\)

oo : oo (4.19)
o o
gc/ / )\T1+5_1|Du|(szd>\+c/ /\6-1/ Wdzd.
/\1 Ek(’l‘z,>\) >\1 G(T27A)
Now, we use the Theorem of Fubini to the left-hand side. This yields
/ A~ 1/ Th(|DulP®) 5 dz d)
A1 Ex(r1,A
v0) Ty (| Dul?)
:/ Ty (| DulP )5 / AL dN dz
Ep(r1,A1) A1
1 =) e v
_! / [T Dup®) T4 | Dl — X T(|Du) 7 | Du| | d.
€ JEp(r1,2)

The first integral on the right-hand side is treated similarly. Therefore, we get

o0 9—1 1
A7 e Dy
A1 JEg(r2,N)

p(2)
oy [TR(Dul=)
= ‘Du| 7 A @
By (r2,A1) A1

1 1)
<[ e m(Dur)s
Ep(r2,M1) 9 +e

=y
<— Du P(Z)
T Lo Ty (| Duf?™)

Finally, for the second integral on the right-hand side we obtain

) v
/ AH/ U dz d\ :/ \1// Al dN dz
/\1 G(’I‘Q,)\) G(Tz,/\l) )\1

< v yte) gz,
- 1 G(T‘z,k])

22 4z da

et dz dA

te \Du| b dz dA

—1)

74| Du| % dz d).

The next step is to plug the preceding estimates in (4.19) and multiply the resulting
inequality by €. Then, this yields

/ Ty(| DuP®)) %5
E(r1,21)

<5 [ (D)
Eg(r1,M1)

50’19 (2)

+ Tr (| DulP )
=1 E(r2,A1)

with a constant ¢ = ¢(n,v1,72,v, L, L1). Additionally, we utilize

—1)

+8|Du|p() dz

Y
+8|Du| Ydr + ¢ / wi+e) gz
U =1\ JG@an)

)+E|Du|p() dz

-1

/ Ty, (| DulP®)) 7
Qry \Ek(r1,A1)

<x [ T(|Dup ) 7 (Dl dz
Qri \Ek(r1,21)

p()
e Dul v dz
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and gain
9 — (- 9 Y o
/ Ty (|Duf?®) 724 Du| "5 dz Sﬁsc 1/ Ty (| DufP@) 5+ | Du| ™7 dz

1 T2

+ [ T(Du) T Dul s

2r

+ ¢ (/ p1+e) dz) .

At this stage, we identify the choice of €. Therefore, we choose

9 -1
0<e<eg=c¢co(n,v1,7v2,v L, L1,0) :=min< o, ——— 5,
2¢0)

thereby, we have the definition of A; in mind, i.e.
€ €
X = (BAO) < BAO’
n n
since B/n > 1 and € < 1. From (4.5) we obtain

_ (- 1 9 (-
/fmww@ﬂﬁ“ww%MSa/iuww@ﬁf“ww%w

71 T2

L(2r)P ¢ o
o (2r) ;g/ T(|Dul ™) 55 | Duf "5 dz
r2—T 2

+c (/ gi+e) dz) :
2r

4x)P 2
c*::(X) and 3 := — n+2 5

d(pm) ' PM Pm

where

Since r < r; < ro < 2r are arbitrary, we are in the position to use the following
iteration lemma - which is stated in [29, p. 81] and can be read in Lemma 2.1 -
with the following choices g, ¥ = %,

ﬂﬁ:/ﬂuww@ﬁfﬁww¥w

s

and

A= @(27‘)5/\8/ Tk(|Du|p(z))w;1) |Du|%dz, C:=c (/ g+e) dz) .

Q2r

This allows to move the first integral from the right-hand side to the left (by the
iteration argument from the proof of Lemma 2.1). Consequently, we get

| BeDul©) T4 pul 5 a:

r

< ¢(B) [250*)\8/ Tk(|Du\p(z))(ﬁ;1) |Du 5 dr 4+ oe (/ g+e) dz)} .
2r 2r
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Passing the limit & — oo, where we use the Lemma of Fatou to the left-hand
side and the Dominated Convergence Theorem of Lebesgue to the right-hand side.
Then, we obtain

/ |Du|PO0+e) gz < ¢ [/\6/ |DulPC) dz + / U dz}
Q 2r 2r

r

with a constant ¢ = ¢(n,v1,72,v, L, L1). At this stage, we remember that the
dependence of 8 can be eliminated, since p,, € [y1,72] and p — d(p) is a continuous
map. In this cases, we get ¢(8) = ¢(n,v1,72). Finally, we apply the averages and
use the definition of Ag, i.e. (4.2). This yields

e[ o+ - |
]l |Du|PO0+e) gz < ¢ <]l |Du|P®) + W dz) .
: 2 (4.20)

+ ¢ <][ p1te) dz) .

After all, we want to replace the term [m +

—1

-1
2 2 B
I pm:| by d(po), where py =

p(30) denotes the value of p(-) at the center 3¢ of the cylinder Q2. := Q2,(30)- Next,
we consider the difference of this two terms. This difference can be estimated from
above as follows

o2 2] L 2w(En] T
< \aom o pm] 4(po) < {d(pm) 72 } 4(po)

d(pm) — d(po) + 277 *d(pm)d(po)w(dr) _ d(pm) — d(po) + 2v; *Dw(4r)
1 — 297 2d(pm)w(4r) 1 — 2y, 2Dw(4r)
where we defined D := max{d(v1),d(y2)}. Now, we rewrite and use the restriction
of rg in the following form

IN

)

w2
< mi —_— . .
w(4r0)_mln{4D,n+2} (4.21)
In order that, we get the bound
1 2 217" D?
4+ = 2 —dp gz[dpm —d(p +2w47‘]. 4.22
o) o pm] (po) (pm) — d(po) 7 (4r) (4.22)

It only remains to bound the difference d(p.,) — d(po). In the cases 2 < p,, < po,
it yields d(pm) — d(po) = %= — B < 0. In the case p,, < po < 2, we have

2pm, . 2po
Pm(n+2)—2n  po(n+2)—2n
_ 4n(po — pm) - 4o (4r)
© (pm(n+2) —2n)(po(n +2) —2n) = [yi(n+2) —2n)2

In the third cases p,, < 2 < pg we use the fact, that p,, > pp — w(4r) > 2 — w(4r)
and conclude from (4.20), that

d(pm) — d(po) =

_ - “m 0 -
Aom) = dlpo) = S " T 2 S @ w12 2
_ 2m _ Pm - 2(n + 2)w(dr)

A—w@r)m+2) 2 - 1
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For this reason, we obtain in all case, that d(p.,,) — d(po) < ¢(n,v1,v2)w(4r). Plug-
ging this into (4.22), this yields
1 2 2
SYETI B
The preceding inequality implies with respect to ¢ € (0,1] and the energy bound
M > 1 from (1.18) the following estimate

(][ |DufP) + Wdz + 1>EH"’(”1"“+”§4’3”} 71*‘1(’)“)]
2r

c(n,y1,72)w(4r)
< <][ |Du|p(') + v dz>
2r

< (C(n)(2T)7(n+2)w(4r)Mu}(4r)

] — d(po) < c(n,71,72)w(4r).

)C(nm,w)

c(n,v1,72)
< eln,.72) ((4r) 72200 .

In order to proceed further, we use the logarithmic continuity condition (1.7) twice
to infer for the two terms in the last bracket, that

(4r)~*U") < ¢(Ly) and MU < ¢(Ly).

The second assumption is fulfilled, since
w(4r) _ 1 L
M = exp [w(4r)log M] < exp |w i logM| <e™t,

provided r < rg < ﬁ. The restriction of rg holds even because of the condition
ro < (6v/8, M) %,
where « is defined as in (2.6). All together, we get

e[t + 22 ] i)
<][ |Du|P) + ¥ dz> <e¢(n, L1,7v1,72). (4.23)
2

From (4.23) together with (4.20), it yields the desired inequality (1.19), since

1+5[1+2_2]_1:1+5d(p0>+<5[ L2 2}_1—65(1?0))

d(pm) PM DPm dpm)  PM DPm

and therefore

e[ mdo+52 - 5= |
<][ |DuP®) + @ dz>
2r
vedoo) e | [ b+ 7~ 7] -t
= <][ |DulP®) + @ dz>
2r

1+ed(po)
< c(n, L1,71,72) (][ |DulP) + @ dZ) :
2

r

—1

This completes the proof of the Theorem 1.4. O
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