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NEW GRADIENT ESTIMATES FOR PARABOLIC EQUATIONS

PAOLO BARONI AND JENS HABERMANN

ABSTRACT. We prove sharp Lorentz- and Morrey-space estimates for the gradient of so-
lutions w to nonlinear parabolic equations of the type

ut — diva(z, Du) = g, onQr = Q x (-T,0),
where the vector field a is assumed to satisfy classical growth and ellipticity conditions
and where the inhomogeneity g is only assumed to be integrable to some power v > 1.

In particular we investigate the case where «y stays below the exponent allowing for weak
solutions u € L2(—T,0; WH2(Q)).

1. INTRODUCTION AND RESULTS

In this paper we investigate regularity properties of solutions to Cauchy-Dirichlet prob-
lems

(1.1)

uy —diva(z, Du) = g in Qr,
u=~0 on Oparfdr.

We assume that  C R™ is a bounded open subset, n > 2 and 7" > 0. Here, Qp :=
) x (=T,0) denotes the usual parabolic cylinder. The vector-field a: Qp x R — R"
is assumed to be a Carathéodory map which satisfies the following classical growth and
monotonicity conditions:

{ v|wy — we|? < {a(z,w1) — a(z, w2),w; — ws) (1.2)

la(z, w)| < L(1 + |wl)

for every choice of z € Qr, wy, wy € R™. In particular z — a(z, w) is a measurable map
forevery w € R™ and w — a(z, w) is continuous for a.e. z € Qp. Unless otherwise stated
the structure constants v and L are assumed to fulfill

O0<rvr<1< L. (1.3)

We will focus mainly on the situation g € L7(€27),y > 1 in which the right hand side
does not necessarily belong to the Lebesgue space which allows to obtain existence of
energy solutions u € L2(—T,0; W,"*(€2)) to problem (1.1). However, a by now clas-
sical approach towards “subdual” problems as mentioned above is to set up a suitable
approximation scheme to obtain a unique so-called SOLA (Solution Obtained by Limits
of Approximations, see Section 2.1) for which holds v € L'(=T,0; W' (2)). Starting
from such a unique solution, we are interested in finding optimal integrability estimates for
solutions to equations of the type (1.1) depending on the regularity of the inhomogeneity.
A by now classical result of Boccardo, Dall’ Aglio, Gallouét and Orsina [9, Theorem 1.9]
asserts the existence of a (unique) solution

N~y
N —~
to the Cauchy-Dirichlet problem (1.1) under the assumption (1.2), provided the datum g
satisfies

ue LI(=T,0; W, %(Q) with ¢=

2N
N+2

g€ L'(Qr) forsome 1<v<

1



2 P. BARONI AND J. HABERMANN

Here N := n + 2 denotes the homogeneous dimension. Moreover, the solution u belongs
to L7 (2r) with o given by o = NA_’ "57. This result is optimal in the scale of Lebesgue
spaces. However, one may ask for a more accurate scale to describe regularity of Du in
dependence on the inhomogeneity g. Let us focus for a moment on elliptic equations. For
those ones, Mingione presented in his paper [48] a non-linear potential theory version of
the fundamental papers of Adams [4] and Adams & Lewis [5], giving optimal regularity
results on the Morrey and also Lorentz-Morrey scale. Since we are dealing in this paper
with equations with linear growth, we recall the results of [48] not in their whole generality
but only for the special case p = 2. Mingione proved for solutions u € VVO1 - () of elliptic
equations that

039 20
geL(Q) = Duc L] (Q), 1<’y§9_|_727 2<0<n,
and where the definition of the (elliptic) Morrey spaces L% (£2) can be adapted from (1.6),
by replacing parabolic cylinders Cr C Q7 of radius R > 0 by balls Br C 2. Note at this
stage that L7""™ = L7 and therefore the mentioned result covers the classical implication

ny 2n
€ L'(Q) = Due L " (), 1<y< ;
geL’(Q) u () TS

loc
going back to Talenti [56] and in the non-linear situation p # 2 to Boccardo & Gallouét
[10]. In fact, the above mentioned implication is a special case of the more general result
in [48] which provides estimates on the scale of Lorentz-Morrey spaces of the type

(1.4)

ge L%y,q) = Due L’ (09_%’ Gg_—q,y) locally in €2, (1.5)

for exponents 1 < v < 92—4?2, 2 <6 <nand0 < g < oco. For the definition of the
Lorentz-Morrey spaces we refer the reader to Section 3 and we mention again that the
elliptic version of the spaces can be obtained by replacing in the parabolic definition the
cylinders Cr C )7 by balls B C Q.

On the other hand, classical counter examples show that even in the linear case (1.4)
fails for the borderline choice v = 1. Indeed imposing some further L log L-integrability
on the inhomogeneity, the sharp implication

0
g€ LY (Q)N Llog L(Q) = Du e L] " (),

loc

holds true (see [10, 48]), where the space Llog L(2) is defined analogously to the para-
bolic one in (3.5).

The aim of this paper is to extend the above mentioned results to the situation of non-
linear parabolic equations of the type (1.1) fulfilling structure conditions of the form
(1.2) and therefore in particular to provide a non-linear parabolic analogue of the classical
Theorems of Adams [4] and Adams & Lewis [5]. Our results in detail will be presented
in the following section. As we already mentioned, we finally point out that the results
presented in this paper hold for SOLAs, and therefore by writing of weak solution to (1.1)
we will always mean the solution obtained via the approximation procedure described in
Section 2. It is therefore natural to wonder whether these results can be extended to some
other notion of solutions to (1.1). This becomes trivially true for the notions of solutions to
measure data problems holding uniqueness in the case of L' data. In particular, in [51] a
suitable definition of renormalized solution is given for nonlinear parabolic problems with
measure data, and this definition provides uniqueness in the case of data in L. All our
regularity results could therefore also be stated in terms of renormalized solution.

1.1. Morrey space estimates. We start by considering a Morrey-type condition of the
form

RefN/C lg"dz < M and 6 € [2,N], (1.6)
R
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whenever Cp C Q7 is a parabolic cylinder with radius R. For the definition of parabolic
cylinders see Section 2 below. Functions g satisfying (1.6) are said to belong to the Morrey-
space L% (Q7) and one sets

Nl a0 = sup RN / o dz.
L79(Qr) CrCOr Cn ‘

The range of exponents on which we will put our main focus in the sequel is

1<’y§%, and 2<O0<N. (1.7)
Our first result is concerned with Morrey-space regularity for Du and it represents the
parabolic counter part (for p = 2) of [48, Theorem 1]. The theorem is a special case of
Theorem 6.1 which is the main theorem of our paper and is concerned with the more gen-
eral Lorentz-Morrey space regularity, the parabolic extension of (1.5). Indeed, Theorem
1.1 follows from Theorem 6.1 by the special choice ¢ = .

Theorem 1.1 (Non-linear parabolic Adams theorem). Under the assumptions (1.2) and
g € LY9(Qq) with v, 6 as in (1.7) the solution u € L*(—T,0; Wy (Q)) to the Cauchy-
Dirichlet problem (1.1) is such that
Oy
Due L7 (Qp,R).

loc

Moreover, the quantitative local estimate

b= _ N
||DU||L9%,9(C < cR7 1+ [Dulll i) + e llgllrocn)

R/2)
holds for any parabolic cylinder Cr C Qr with a constant ¢ = ¢(n, L, v, 7).

Here we note that the special choice § = N in the above theorem — by the identity
L N5 N = LNLJW — gives back the classical result of Boccardo, Dall’ Aglio, Gallouét and
Orsina [9] on the Lebesgue scale. On the other hand, Theorem 1.1 fails in the borderline
case 7 = 1. Here, analogously to the elliptic case we have to impose some further L log L

integrability on the inhomogeneity g and we obtain the following

Theorem 1.2 (Borderline parabolic Adams theorem). Under the assumptions (1.2) and
g € LY(Qp) N LlogL(Qr) with 2 < 6 < N, the solution v € L' (-T,0;
Wy () to the Cauchy-Dirichlet problem (1.1) is such that
_6
Du e Ly ' (Qr,R").

Moreover, the quantitative local estimate

6
{][ |Du|% dz} §c][ (14 |Du|) dz
Cry2 Cr

1 g [
+CQZ1,9(CR)|:][CR |g\log (€+W) dZ:l y
' (1.8)

holds for any parabolic cylinder Cr C Qr with a constant ¢ = c¢(n, L, v).

Indeed, also Theorem 1.2 can be seen as the particular case § = N of the more general
Theorem 6.5 which provides Morrey-space regularity of the following type
0
g€ LlogL?(Qr), 2<0<N = Due LT " (Qr,R").
Moreover we mention that the particular choice § = 2 is allowed in the above theorem,
since we are in the case v = 1. With this particular choice we reach the maximal regularity,
thatis g € LY?(Q7) N Llog L(Qr) = Du € L2 (7, R™).

loc
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Remark 1.3. In the case we don’t impose a L log L condition on g, still an estimate in
Marcinkiewicz spaces holds true:

geLM(Qr), 2<0<N=— Duc Mloc (Qr,R™).
This is the parabolic analogue of [46, Theorem 1.8].

On the other hand, in the case of v > 9 +2 the techniques applied for Theorems 1.1 and
1.2 also provide Morrey-Gehring regularity in the following sense:

Theorem 1.4 (Morrey-Gehring regularity). Under the assumptions (1.2) and with g €
L9 (Qr) for 7,0 satisfying 92—& < yand 2 < 0 < N the solution u € L'(-T,0;
Wy () to the Cauchy-Dirichlet problem (1.1) is such that

Due Ll G(QT,R”) Sfor some h = h(n,L,v,v,0) > 2. (1.9)

loc

Moreover, for a constant ¢ = ¢(n, L, v,~) the quantitative local estimate

o_
IDullpro(cryay < ¢ REN1 4 [Dulllpien) + ¢ llgll Lo cn) (1.10)
holds for any parabolic cylinder Cr C Q) with radius R < 1.

1.2. Lorentz-Morrey space regularity. As we have already mentioned above, the results
of Theorems 1.1 to 1.4 are particular cases of more general results in Lorentz-Morrey
spaces. For the further discussion in this section let us briefly give the definitions of the
involved spaces. A more detailed discussion on these spaces involving also basic properties
and embeddings we refer the reader to Section 3. Letting Qp := Q x (=T, 0) be the space
time cylinder, where 2 C R™ (n > 2) denotes a bounded open subset, a measurable map
g : Q7 — RF is said to belong to the Lorentz space L(p, ¢)(Qr, RF), with 1 < p < oo
and 0 < ¢ < oo, iff

> Lad
191 ey = | (WHE €2 1) > 0)7 T

Here we refer also to Section 3 for the definition in the case ¢ = co. The parabolic
Lorentz-Morrey spaces are then defined in the following way: We say that a measurable
function g : Q7 — RF belongs to L (p, q)(Qr,R¥) for 1 < p < 00,0 < ¢ < oo and
6 € [0, NY, iff

||9||L@(p,q)(QT,Rk) ‘= sup Q¥||g”L(p,q)(CQ,Rk) < 0.
C,COr
The main theorem of our paper — which contains also Theorem 1.1 for a particular choice
of the parameters — is Theorem 6.1 and asserts the following implication for solutions
u € LY(=T,0; W(Q)) of the Cauchy-Dirichlet problem (1.1) under the structural as-
sumptions (1.2) and for exponents y, 8 as in (1.7):

g€ Ly, q)(Qr), 0<q<oo=|Dule Le(e‘%, Q‘i—qv) locally in Q7.

For the special choice ¢ = v, having in mind that L (p, p)(Qr) = LP%(Qr), we obtain
the statement of Theorem 1.1. Moreover, in the borderline case § = N, we arrive at
the following sharp estimate in Lorentz spaces, which is the content of Theorem 6.6: For

exponents 1 < v < 1\2[12 and 0 < ¢ < oo the following implication holds for the solution

u e LY(=T,0; Wy (€2)) of the problem (1.1) under the condition (1.2):

9 € L(v,q)(r) = |Du| € L( ,q) locally in Q7.
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1.3. Equations with more regular coefficients. We would now like to focus on the sit-
uation where the vector-field a(z,w) in (1.1) satisfies stronger assumptions, especially
more regularity with respect to the variable z. We therefore consider weak solutions
u € LY(=T,0; W1(Q)) to the equation (1.1) under either one of the following two set-
tings:
e The vector-field a(z, w) = a(x, t, w) satisfies the structure assumptions
la(z, ¢, w)| + (1 + [w])|Bwa(z, t,w)] < L1 + |w])
(Owala, t, w)d,w) > v|w|? (L.11)
|a(x,t,w) - a(:z:g,t,w)| < Lw (|I - IOD (1 + "LUD )
for any choice of z,zy € Q,t € (—T,0) and w,w € R™. Moreover we assume
that the structure constants v, L satisfy (1.3). Finally, we assume that w : [0, 00) —
[0,00) is a bounded, concave modulus of continuity satisfying lim,jow(p) =
0 = w(0) and w < 2 on [0,00), and that (z,t,w) — a(z,t,w) and (x,t,w) —
Owa(z,t, w) are Carathéodory maps.
e The vector-field has the structure a(z,w) = a(z,t,w) = c(z)a(t,w), where

a: (=T,0) x R™ — R™ satisfies the growth and ellipticity conditions:
t w)] + (14 fw)2ua(t,w)] < LG+ o) W)
(Owa(t, w)w,w) > v|w|?, '

for any choice of t € (—T,0) and w,w € R™. For the structure constants v, L we
assume (1.3) and we also assume that (¢, w) — a(t,w) and (¢, w) — Oya(t, w)
are Carathéodory maps. For the function ¢ : {2 — R we shall assume that

0<v<e(r)<L< oo, Ve, (1.13)

and VMO-regularity, which means that the function c satisfies

limw(R) =0, where  w(R):= sup ][ le(x) = (¢)B,|dz.  (1.14)
R10 B,eQ JB
0<o<R
For solutions u € L'(—T,0; W, (Q)) to the Cauchy-Dirichlet problem (1.1) under one of
the above mentioned settings, i.e. either the structure assumptions (1.11) or the conditions
(1.12) to (1.14) the implication

g€ L'(3,q)(@r) = |Du| € L (32, %) locally in Q7

e

holds true for all 0 < ¢ < oo and all pairs of exponents (6, ) satisfying the condition
1<y<f<N. (1.15)

The concrete statement is the content of Theorem 6.7 and the proof can be performed us-
ing the same technique as in the case of Theorems 1.1, 6.1, respectively but exploiting the
stronger estimates, proved by Duzaar, Mingione & Steffen [28] for solutions to homoge-
neous equations, fulfilling the structure conditions (1.11) or (1.12) to (1.14).

1.4. Integrability of u. The technique of establishing Calderén-Zygmund type estimates
for the maximal function for the spatial gradient Du of the solution leading to the state-
ments of Theorems 1.1 and 6.1 can also be applied on the level of the solution w itself and
provides — under certain modifications — also Lorentz-Morrey space estimates for the so-
lution u. More precisely, in Theorem 7.1 we prove for solutions v € L*(—T, 0; WO1 Q)
to the problem (1.1) under the conditions (1.2) the implication

9€L'(7,9)(Qr) = ue L‘g(ef’g’y7 efqz-y) locally in Q7,

for all 0 < g < oo and all pairs of (6, ) satisfying the conditions
1<y<?$, 2 <6 <N. (1.16)
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Also here, we may establish a “borderline” estimate in Lorentz spaces, coming up in the
special case # = N, in the sense that

g€ L(v,¢)(Qr) = ue L(NNfgv,q) locally in Qr,

forany0 < g <oocoand1 < v < % On the other hand, the borderline case v = 6/2,q =

oo provides the following BMO-estimate for the solution . € L'(—T,0; Wy"' (Q)) of
(1.1) under the structure assumptions (1.2):

g€ MG/Q,@(QT)’ 2 <0 <N = ueBMO(Qr).

Here M%/29(Qr) = L?(0/2,00)(27) denotes the Marcinkiewicz-Morrey space and the
above statement is the content of Theorem 7.4.

1.5. Some notes about the techniques of the proofs. The proof of our theorems is based
on the method developed in [48] for elliptic equations, which we carry over to the frame-
work of parabolic equations. The key point to the proof of Theorem 6.1 is an estimate
which allows to control the level set of the Hardy-Littlewood maximal function of the spa-
tial gradient | Du| locally by the level sets of a suitable parabolic Riesz potential operator.
More precisely (see (6.20) together with Lemma 4.3 for the exact estimate) we establish
for some exponent y > 1 an estimate of the type

{M(IDul) > TA}| £ T~ [{M(|Dul) = \}| + c(T)[{L1(lg]) = A},  (1.17)

where M (|Dul) denotes the maximal operator of |Du|, A is a number large enough and
T > 11is a constant. Here, the parabolic Riesz potential operator for 5 € (0, V) is defined
as

l9(2)] . nt1
Is(|g])(z) == /}Rn+1 Wdz, z e R,
and dp,, denotes the parabolic metric (see (4.3)). The precise definitions of the other
involved quantities can be found in Section 4.1. All the Lorentz- and Lorentz-Morrey es-
timates and also the borderline cases can then be derived with the help of (1.17). In order
to prove the decay estimate (1.17), we apply the classical Calderén-Zygmund covering
Lemma in the parabolic setting to suitable level sets of the maximal function. Indeed, to
verify the conditions necessary to apply the Calderén-Zygmund Lemma in our setting, we
take use of a comparison strategy to the solution v to an associated homogeneous prob-
lem. For the solution to homogeneous problems, well known Holder continuity and higher
integrability results coming up from the De Giorgi-Nash-Moser theory provide suitable
reference estimates. Since u is merely found to be of the class L*(—T, 0; WO1 1 (Q)), com-
parison estimates have to be established on the level of L!-norms, involving not more than
the L!-norm of the inhomogeneity. The proof of such a comparison estimate is established
via certain truncation techniques, which already go back to the contributions of Boccardo
& Gallouét [10] and are used also in the more recent papers [26, 7].

In the case of general equations, as (1.1), fulfilling the structure conditions (1.2), the
decay estimate of the type (1.17) can be established for some fixed exponent xy > 1, de-
pending on the data of the equation. This, in turn leads to restrictions on the range of
exponents which are allowed in the Lorentz and Lorentz-Morrey estimates, and we come
up with the desired estimates for exponents fulfilling (1.7). On the other hand, assuming
more regularity on the data, especially having certain continuity conditions on the vector-
field a(x,t,w) with respect to the space variable x, integrability and Holder continuity
estimates for solutions to homogeneous equations have been established by Duzaar, Min-
gione & Steffen in [28] in a stronger form (in particular there holds Holder continuity to
any exponent o € (0,1)) and therefore the decay estimate (1.17) can be found to hold
true for any exponent ¥ > 1. As a consequence, we derive Lorentz and Lorentz-Morrey
estimates in this case for the full range of exponents, as in (1.15).
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Concerning the level of the solution w itself, the decay estimate (1.17) can be substituted
by an estimate of the form

[{M (u) = TAY S T72X[{M (u) 2 A}| + e(T)[{12(lg]) = A},

which holds for any A large enough and 7' >> 1, and for any exponent y > 1. Here, instead
of the Riesz potential I (|g|), we have the potential I5(|g|) involved on the right hand side.
This finally allows to establish the desired Lorentz-Morrey estimate for « for the range of
exponents declared in (1.16).

1.6. Other recent developments on measure data problems. Let us finally focus on
further developments which have recently been made concerning regularity for equations
with right hand sides below the duality exponent. In very recent contributions, Duzaar &
Mingione [26] established for elliptic and also parabolic equations with measure data right
hand side pointwise estimates for the spatial gradient Du of solutions. The results extend
the well known potential estimates by Kilpeldinen & Maly [40] for solutions to the gradient
of solutions. The authors in [26] prove their results under slightly stronger assumptions
on the vector field a(¢, z,w) and they involve a local version of the Riesz potential of
the measure x4 on the right hand side. In this way, for equations satisfying these slightly
stronger structural assumptions, our results can be recovered naturally from their pointwise
results. See also [43] for an overview on recent potential results for parabolic equations.

2. PRELIMINARIES, NOTATION

Throughout the paper we denote by c a general constant that may vary from line to line.
In general we shall have ¢ > 1. Peculiar dependencies on parameters will be emphasized
in parentheses when needed. Special constants will be denoted by ¢, cg, ¢ . ... Points in
Euclidean n-space R™ are denoted by x = (z1, ..., x,), while points in R"** are denoted
by z = (z,t) € R" x R. With 2y € R™ we denote by Br(zo) = B(xo, R) := {x € R":
|z — xo| < R} respectively Qr(xo) = Q(xo, R) := {z € R" : max; |z; — x04| < R}
the open ball and cube, respectively, with center xy and radius R, respectively sidelength
2R in the case of the cube. We shall often use the short hand notation Br = B(zg, R) and
Qr = Q(zo, R), when no ambiguity will arise and all the balls/cubes considered have the
same center. With zg = (z¢,%0) € R™+1, we denote by

Cr(20) = C(z0, R) := B(zo, R) x (to — R*,to + R?)

the open (symmetric) parabolic cylinder with center zy having a ball with center x(y of
radius R as horizontal slice and height 2R?, while

Qr(z0) = Q(20, R) == Q(wo, R) x (to — R, to + R?)

denotes the open parabolic cylinder with center z; having a cube Q(zo, R) with center
7o of sidelength 2R as horizontal slice and height 2R2. Moreover, with B and @ being
balls and cubes respectively, by vB, v we shall denote the concentric balls and cubes
with radius/sidelength scaled by a non-negative factor v > 0. Finally, with C and Q
being parabolic cylinders with horizontal slice being a ball or cube respectively we shall
denote by vC and yQ the concentric parabolic cylinders scaled by the factor v > 0; i.e.
1C(20, R) = B(xo,vR) x (to — (YR)?, to + (YR)?) and yQ(20, R) = Q(x0,vR) x (to —
(YR)?,to+ (yR)?). Throughout the paper all the cubes considered will have sides parallel
to the coordinate axes in R™ and will have positive sidelength.

For a measurable set A C R¥ with finite positive measure and an integrable function
g: A — R’ the average of g over A is

1
(9)a = ]{4 ola)doi= /A o) d
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2.1. Regularized problems, and solvability of (1.1). By a solution u to (1.1) we under-
stand a function u € L' (—T,0; I/Vol’1 (Q)) solving (1.1); in the distributional sense

/ (upr — a(z, Du)Dy) dz = —/ gpdz, Ve Cy(Qr). 2.1
QT QT

The existence of such a solution is obtained in [9, 10] by an approximation argument,
which is by now standard in the theory of measure data problems. For convenience of the
reader we briefly sketch the strategy: One considers a sequence g € L>®(Qr), k € N,
such that g, — g in L'(Qr) when k — oo. Then by standard monotonicity arguments one
finds, for each fixed k, a unique solution ug, € CO([—T,0]; L2(Q)) N L2(—=T,0; W, *(Q))
to the Cauchy-Dirichlet problem

(ug): — diva(z, Dug) = gk in Qr, 2.2)
ur =0 on aparQT-

The arguments from [9, 10] yield the existence of a solution u € L'(-T,0;
W, (£2)) such that for a not relabeled subsequence

up — u  strongly in L'(=T,0; W, "' (€2)) and a.e.

and (1.1) is solved in the distributional sense (2.1). For the rest of the paper we understand
by {ug} € CO([—T,0]; L2(Q)) N L2(=T,0; W, *(2)) the sequence obtained by solving
(2.2) for the specific choice

gx(2) := max{—k, min{g(z), k}}, keN. (2.3)

2.2. Calderéon-Zygmund coverings, inner and outer parabolic cylinders. Let Qy =
9Q(z0, R) = Q(z0, R) x (to— R?, to+ R?) be a parabolic cylinder in R"*! with horizontal
cross section being a cube. By D(Q) we shall denote the class of all dyadic parabolic
cylinders obtained from Qg by a finite number of dyadic subdivisions. The construction
of a dyadic subdivision is as follows: If Q is as above then we subdivide @)y into 2"
congruent sub-cubes @ having sides parallel to Qo and (to — R?,to + R?) into four
disjoint intervals I’ of equal length R?/2. Then, the set of all parabolic sub-cylinders
obtained by this dyadic subdivision consist of all cylinders of the form Q' x I’. The total
number of sub-cylinders obtained from a parabolic cylinder Q by one dyadic subdivision
is 2V, N = n + 2. We note that Q, ¢ D(Qyp). For later use we mention a few simple
facts of the class D(Qy): First, if Q1, Qs € D(Qy) then either Q1 N Q> = B, or one
of the parabolic cylinders contains the other one, i.e. Q7 C Qs or Qs C Q7. We shall
denote Q € D(Qy) the predecessor of Q if Q has been obtained by exactly one dyadic
subdivision from the parabolic cylinder Q. The following is a Calder6n-Zygmund-Krylov-
Safanov type covering lemma in the parabolic setting; for the elliptic (classical) version we
refer to [14].

Proposition 2.1. Let Qg C R™*! be a parabolic cylinder. Assume that X C'Y C Qg are
measurable sets such that the following properties (i) and (ii) hold:
(i) there exist § > 0 such that | X| < §|Qo|;
(ii) if Q € D(Qy), then | X N Q| > 0|Q| implies Q C Y, where Q denotes the
predecessor of Q.
Then there holds | X| < §]Y|.

The proof of the preceding proposition can be inferred using arguments from [14]. For
convenience of the reader we give the simple adaptation to our parabolic set up. The
starting point is the following version of the classical Calderén-Zygmund type covering
lemma.
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Lemma 2.2. Let Qy C R""! be a parabolic cylinder and X a measurable subset of Qg
satisfying
0 < |X| < 6]Qo]
for some 0 < § < 1. Then there exists a sequence (Q;);en of disjoint dyadic sub-cylinders
of Qg such that there holds:
(i) | X\UZ, Q| =0,
(ii) ‘X n QZ‘ > 6|Q1| and
(iit) |X N Q[ <4]Q|if Q € D(Qo) and Q; & Q.
Proof. We divide Q into 2"V dyadic sub-cylinders ng ) and select those satisfying
[xnof| > 407
Now, we take those cylinders that were not chosen, divide each of them again into oN
dyadic sub-cylinders and repeat the selection argument from above. Proceeding iteratively
in this way we obtain a sequence of disjoint dyadic cylinders Q; € D(Qyp), i € N. By
construction each of these cylinders satisfies (i7) and (iii). For z € Qg \ | J;=, Q; we have

a sequence of dyadic cylinders Py, with |Px| — 0 as k — oo, each of them containing z,
such that

|Pk ﬂX| < (5|'P19‘7
or equivalently
- | PenX
][ xx(z)dz=y<6<l.
Pr P

By Lebesgue’s differentiation theorem the left-hand side of the preceding inequality con-
verges to yx(z) for a.e. z as k — oo, and therefore we have z € Qg \ X for a.e.
z € Qo \ U2, Qi- Hence | X \ U;2; Qi| = 0, proving finally (3). O

Proof of Proposition 2.1. We apply Lemma 2.2 to have a sequence of disjoint dyadic cylin-
ders (Q;)ien covering almost all of X. By (4¢) of Lemma 2.2 we have | X N Q;| > 0]|Q;/;

therefore by assumption (74) the predecessor Q; of Q; is contained in Y. Now, from the
sequence of predecessors (Q;);cn We can extract a sub-covering (Q;);ex of X, where the
Q,; are pairwise disjoint and & C N. Then, using Lemma 2.2, (4i%), the fact that Q; C Y,

as well as the disjointness of the @Z for ¢ € K we obtain

X] <D IXNQi| <6 [Qil <dlYl,
i€R i€R
proving the claim of Proposition 2.1. (]

For a given ball B C R"™ we denote by Qinn(B) and Qout(B) the largest and the
smallest cubes with sides parallel to the coordinate axes concentric to B contained in B
or containing B, respectively; i.e. if B = B(zg, R) we have Qinn(B) = Q(zo, R/\/n)
and Qout(B) = Q(xo, R). These cubes we shall call inner and outer cubes. Moreover,
for a given parabolic cylinder C = B(xg, R) x (to — R%,tg + R?) C R"*! we will
denote by Q,ut(C) the smallest parabolic cylinder with horizontal cross section a cube
with sides parallel to the coordinate axes containing C, i.e. Q(xo, R) X (to — R?,to + R?).
Similarly, the largest parabolic cylinder with cross section a cube contained in C is denoted
by OQinn and given by Q(zo, R/\/n) X (to — (R//n)?,to + (R//n)?). Note that due to
the parabolic scaling we have to decrease the time interval in the case of Q;,, (C). Without
abuse of confusion we will call Q;,,(C) and Q¢ (C) inner and outer parabolic cylinder
(associated to C). Finally, we mention the following classical iteration lemma:

Lemma 2.3. Let ¢: [0, Rg] — [0, 00) be a non-decreasing function such that

5
plp) <A [(é) g 5} @©(R) +BR™  forevery0 <9< R<R,  (24)
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where A, B > 0and 0 < §; < &y. Then there exist g = £¢(d0,01,A) > 0and ¢; =
c1(00, 01, A) such that whenever (2.4) holds for some 0 < € < gq then
0

o1
p(o) < [<R> o(R) + Bgél] forevery0 < o < R < Rj.

3. FUNCTION SPACES

3.1. Parabolic spaces measuring size. Throughout this section {2 denotes a bounded
open subset in R™ and T > 0. By Q1 we denote the space time cylinder 2 x (—T,0).
A measurable map g: Qr — R is said to belong to the Lorentz-space L(p, ¢)(Qr, R¥)
with 1 <p <ooand 0 < ¢ < o0 iff

> 2d)
1918 ey =2 [ (WHz€Qr @ > 2H) S <o @)
when ¢ < oo, while for ¢ = oo it is imposed that
sup \P|{z € Qr : [g(2)] > A} = ||g||’j\4p(QT’Rk) < 00. (3.2)

A>0

The latter is the so called Marcinkiewicz-, or weak-L”-space. Since we always assume {2
to have finite measure the spaces L(p, ¢)(Qr, R¥) decrease in the first parameter p, which
means that for 1 < p < p < coand 0 < ¢ < oo we have a continuous embedding
L(p.q)(Qr) < L(p, g)(Qr) with the estimate |lg]| 5.0 22) < 127177 [gllzapiar)-
On the other hand the Lorentz-spaces increase in the second parameter g, i.e. we have for
0 < ¢ < G < oo the continuous embedding L(p, ¢)(Qr) — L(p, §)(£2r) with the estimate
||gHL(p,¢i)(QT) < C(p, q, q~)||g||L(p,q)(QT)'

The so-called parabolic Lorentz-Morrey-spaces are obtained by coupling definition
(3.1) with a density condition in the following sense: A measurable map g: Qp — R*
belongs to LY (p, ¢)(Qr,R¥) for 1 < p < 00,0 < ¢ < co and 6 € [0, N] iff

o-N
l9ll2e(p,q) () = SUp @ 7 9|l L(p.q)(c,.k%)
CoCQr

= sw o [T (v e ool > A}|)Zdﬂ;

CoCQr 0
(3.3)
while g € LY (p, 00)(Qr, RF) = MPY (Qr, R¥) iff

o-N
||9||MP~9(QT,Rk) ‘= Sup o » ||9||MP(CQ,RI<)
CQCQT
1
— sup o°F sup (AP\{zGCQ:\g(z)|>)\}\)p <oo. (3.4)
CoCQr A>0

Note that the supremum is taken over all parabolic cylinders C, = C(z, ¢) contained in
Qrp.

Remark 3.1. By Fubini’s Theorem we have

o0 dA
19000y = | W1z € Q10 > N T = 9l e

so that LP(Q7) = L(p, p)(27). As an immediate consequence we also have LPf (Q7) =
Le(p,p)(QT) with ||g||Lp,9(QT) = ||g||L9(p,p)(QT)'

A measurable map g defined on Q7 belongs to the space Llog L(Qr) iff

1911 10x £(2r) :inf{/\>0:][ ’g’log<e+‘g‘)dz§1}<oo. (3.5)
0, |\ \
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Note that we have incorporated in the preceding definition a dependence on the measure
|Q7|, by considering an averaged integral in (3.5). The reason for this will become clear
in few lines, when we introduce a Morrey-type variant of the L log L-spaces. Due to a
remarkable result by T. Iwaniec we have

g
9]l 2 10g L2r) = 19| 10g L) = ][ lg|log (6 + f) dz. (3.6)
g L(QT) g L(QT) ar JCQT \g(z)|dz

The constant connecting the Luxemburg-norm || - ||z 10g £ With | - |1, 10¢ 1. is independent of
Qr and g. Moreover, and this is the striking fact of Iwaniec’s result, | - |10 7 defines a
true norm on L log L(r).

In the light of Definition (3.3) for § € [0, N] (3.3) the parabolic Morrey-Orlicz-space
Llog L% (Q7) is defined as the space of measurable function g defined on Q7 satisfying

||9||L10gL9(QT) ‘= sup Qeng”LlogL(Cg)
CoCQr

6—N g
A sup o / gllogle+ ————————)dz <. (3.7
e o [ tollos (e )

The following Lemma concerning the scaling properties of || - || 16, ) respectively || -
|2 10g o is an immediate consequence of the definitions (3.3) resp. (3.7).

Lemma 3.2. Let g € L%(p, q)(C(20,0)) with1 < p < oo and 0 < q < oo. Then, the map
9(y.7) = glwo + 0y, to + 0°7), (y,7) € C1 = C(0,1), belongs to L’ (p, q)(C1) and
. _e
191 e (p.gycy = @ P9l Lo .0y (20.0))-
Similarly, if g € Llog L°(C(zo, 0)) then § € Llog LY(Cy) and

1302108 20 (c1) = €191l L 10g Lo (C(20,0)) -

3.2. Lower semi-continuity of quasi-norms. As we have pointed out before the quantity
Il - | (p,q) (27 is Only a quasi-norm. Nevertheless, the mapping g + ||/ 1o(p.q)(21) 18
lower semi-continuous with respect to a.e. convergence. This can be seen as follows: Take
gr. € L9 (p,q)(Q7) with g.(2) — g(2) a.e. on Qp as k — oo. Then by Fatou’s Lemma
we have

H{z € Qr:lg(z)| > A} < hkrglor;ﬂ{z € Qr : |gr(2)] > A}, (3.8)
whenever A > 0. For ¢ < oo we use (3.8) and again Fatou’s Lemma in (3.1) to have that

) %d)\ %
lolaien = o [ (W1t € 2 Lo > 1) 5
0

IN

> %d)\ %
P1im j .
{p/o (/\ hkmmf|{z€QT. \gk(z)|>/\}\) )\]

Q=

= 5 dX
=1 1 p : —_—
hkmmf {p/o ()\ Hz € Qp : |gr(z)| > )\}|) y ]

= liminf |lgx [ L(p.q)07)-

When ¢ = oo we recall the definition of the Marcinkiewicz norm, i.e ||g| rmr () =
1
supyso (Al{z € Qr : |g(2)| > A}|)*. Hence, by (3.8) for fixed A > 0 each of the

functionals g — (A{z € Qr : |g(2)] > )\}|)% is lower semi-continuous with respect
to a.e. convergence. The lower semi-continuity of the MP-norm now follows from the
general fact that the supremum of an arbitrary family of lower semi-continuous functionals
is still lower semi-continuous. The same argument also implies the lower semi-continuity
of the quantities || || Lo (p,q) (1) ad |||/ L 10g Lo (021) Since they are defined as the supremum
over a family of balls of lower semi-continuous functionals.
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3.3. Additivity of quasi-norms. The following elementary inequality holds

m

(Zai)ﬁ §max{1,m571}zm:af (3.9
i=1

i=1

whenever 5 > 0 and a;, ¢ = 1,...,m are non-negative numbers. We assume now that
Qr C UL, wi, where w; = Q; x (73, ¢;). Then, from (3.1) and (3.9) we infer that

191l (p.0) (@ 25) < Gm,0) D 191 L) (.25 (3.10)
i=1
holds for every 0 < ¢ < oo, where G(m,p,q) = 1if 1 < ¢ < p or ¢ = oo, while
G(m,p,q) = mYP=1/9if ¢ > pand G(m,p,q) = m'/P~1if 0 < ¢ < 1.

4. PARABOLIC MAXIMAL OPERATORS AND RIESZ POTENTIALS

4.1. Maximal Operators. For fixed 8 € [0, N] we consider the (restricted) fractional
maximal function operator relative to a symmetric parabolic cylinder Qy = Q(zp, R) C
R™*! which is defined by

” B | g~
Mio, (D)= sw_[* £ Iz, @1
QCQo,2€Q Q

where the sup is taken with respect to all parabolic cylinders Q contained in Q; having
sides parallel to those of Qg and containing the point z. When 3 = 0 we write M, 50 instead
of M 5790. Moreover, in the case Qp = R™+! we abbreviate M, 3= Mg rn+1 TESPECtively
M = Myg,,1,. Completely similar definitions and notations are given when cylinders with
a cube as horizontal slice are replaced by those ones with a ball as horizontal slices:

" B8 N

Mie,(N@ = swjel* {17 dz.
CCCo, zeC C

where Cy = C(z0, R) is a fixed parabolic cylinder and C is any other parabolic cylinder

contained in Cy containing the point z. From [13, 32] we recall the boundedness of the

maximal operators in Marcinkiewicz spaces, i.e. if g € L7(Qy) then

e € Q1 M5, (0)(2) 2 M) < 28 [ g @)

holds for every A > 0 and ¢ > 1. Moreover, we premise the following standard Holder
type inequality for Marcinkiewicz spaces.

Lemma 4.1. Let g € MP(A) withp > 1 and A C R" ! a measurable subset with finite
measure |A| < oo. Then g € L1(A) for any 1 < q < p. Moreover, we have the estimate

1

p \7, 11
9LA§<> Ala77[|gl| me(a) -
19llLaca) PR [ A7 7 lgllme a)

The next theorem is a standard embedding theorem for the maximal function in Lorentz
spaces. It can be easily inferred from [48, Theorem 7].

Theorem 4.2. Let 5 € [0, N) and p > 1 such that Bp < N; moreover let q € (0, c0] and
C a parabolic cylinder in R™ L. Then there exists a constant c = c(n, p, 3, q) such that for
every map g € L(p, q)(C) there holds

1MEe Dl x2 )y < € N9llemare) -
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4.2. Parabolic Riesz Potentials. For 3 € (0, N) the fractional integral operator I5(-),
also called parabolic Riesz potential, is the linear operator defined by

I5(9)(2) := /[R+ dpar(ngzé))Nﬁ dz,  zeR"MY (4.3)

for all measurable functions g: R**! — R. This specializes the definition given in [39,
p.24, (31)] for a doubling metric space (X, d, i), i.e.

Is(9)(z) = /X w(B(z,d(z,2)))

to the case (R" !, dpar, PYV). We recall that for z = (7,t), Z = (y,s) € R"*! we have
set

dz, z e X,

doae (2, 7) := max {|x oyl V= 5|} .

Moreover, the parabolic Hausdorff-measure PV is equivalent to the Lebesgue measure
in R"*!. The following Lemma is an immediate consequence of the definitions of the
fractional Riesz potential and the fractional maximal operators.

Lemma 4.3. For every non-negative measurable function g defined on R" 1 there holds
I5(9)(=) 2 277 N|Q(O, 1) ¥ Mp(g)(=)  for every z € R"F.

Proof. Let Q(z0, 0) C R™! be an arbitrary but fixed symmetric parabolic cylinder con-
taining the point z. Then Q(2¢, 0) C Q(z, 20) and therefore

Is(g9)(2) > /Q(Z o) dpar(ng?)N—B dz

> (20)%N / g(2) dz
Q(z0,0)

=2‘*N|Q<o,1>|1*%|Q<ZO,Q>|%][ ors
Q(z0,0)

Taking the sup with respect to all parabolic cylinders Q(zg, o) containing z then yields the
result. O

Lemma 44. Let0 < 8 < N,p > 1,0 > 0be such that B < 6/p < N, and let g be a
non-negative measurable function on R™ 1. Then the pointwise estimate

=

I5(9)(2) < c[Mpp(9)(2)] F [M(g)(2)]'~ ¥

holds for every z € R" " with a constant ¢ = c(n, p, 0, B).

Proof. Without loss of generality we may assume that g # 0. Let z € R+, For § > 0 to
be chosen later we decompose R into Q(z,§) and R"*! \ Q(z, ) and write

Iﬂ(g)(Z)z/ ...d2+/ di=1 + Iy,
Q(2,9) Rn+1\ Q(2,5)

with the obvious meaning of I; and I5. Moreover, for k € Z we let

Ap(2) = {2 e R 286 < dpar(2,2) < 28116}
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We first treat the integral [I;:

11<Z/ st

—k(2) dpar (%, 2

< 27k f’*N/ g(%)dz
S )

k=1
< 3 27k5)8=N1Q(z, 2715 2)dz
> Wﬂwkwﬁ”
< a(n)s? ZQ‘ﬁkM(g)(z)
k=1
W) 500 (g)(2)

On the other hand we have for the integral /5:

3 9(2) 3

I < / 9B e
kz—o Ag(z) dpar(Z, Z)N*5
ZWWWN@@yHMf .
k=0 (2.218)

(256)7~N|Q(z, 2516) '~ %7 My, (9) (2)

Mg

k=0
= [2NV*ta(n)] 5ﬂ"22 2 My (9)(2)
N+1 1
_ méﬁ_pM/ (9)(2).

Having arrived at this stage we choose

sty [Mop(9)(2)])
55(”[Aﬂw@>]’
and finally obtain
N\ 2\ F-D)
mwuw«{(mﬁﬁgv M) + (L) a0e)
< 2¢ [My,(9)(2)] ¥ [M(9)(2)]'~ 7,
where ¢ = ¢(n, p, 0, 5). O

Remark 4.5. We note that the constant in Lemma 4.4 blows up either when 3 | 0 - the
case of singular integrals - or when Bp 1 6 - the limiting case in the Sobolev-embedding.
This settles in a certain sense the dependencies of the constants in all following results.
Moreover, as an immediate consequence of Lemma 4.4 we obtain that for any measurable
function g defined on R™*! the pointwise Hedberg-type-estimate

Bp 1— Bp

Is(lg])(2) < ¢ [Myp(9)(2)] 7 [M(g)(2)] =

holds true for every z € R"*! with a constant ¢ = c(n, p, 0, 3).
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Corollary 4.6. Let0 < 3 < N,0 <9 < N, 1 <p< g, 1 <q¢< oo g€ LP(RMY,
E C R"" and My,,(g) € LY(E). Then

Bp 1—8p
HIB(Q)HLT(E) <c HMO/p(g)”Leq(E)||9||Lp(]1%n+1)7

where
1 1 B @

—=-_L5 . 4.4
rop 9+9q 44

Proof. The case ¢ < oo: Integrating the Hedberg-Type inequality from Lemma 4.4 over
E, using Holder’s inequality and (4.4) we infer

JUatahlr @z < [ Maplo)l ¥ (g0 s

= C(/E[Me/p(g)]qdz>?f (/E[M(g)]rllrg% dz)l "

B8P
N
< clMplifen ( [ o1 a:)

This leads to the estimate

0q

=)

p
q

1
G

([ mugmrdz)% < e Moo oy ([ Mz

g
<c ||M9/p(g)HLII(E)HgHLP(RTL‘Fl)’

&y

where we have used the boundedness of the maximal operator between LP-spaces and the
identity (4.4). This proves I5(|g|) € L"(F) and the desired estimate follows easily.

In the case ¢ = oo, instead of using Holder’s inequality in the first step, we have the
trivial estimate

LoD dz < c Mo E s, [ M)

n+1

and we immediately obtain the desired estimate, taking into account (4.4) and ’S—g =0. O

Lemma 4.7. Let 0 < 3 < N, p > 1 such that 8p < N, and assume g € LP(R"*1). Then

N-—B8p 1

p N =

(/ [5(g)| ¥ 57 dZ) " <em,p, 6)(/ Iglpdz)p7
Rn+1 Rn+1

Np
ie. Ig: LP(R"™1) — L~=55 (R"*) is a continuous embedding.

Proof. We apply Corollary 4.6 with E = R"*!, § = N and q = co. Note that

1 - ~
Mapl0)2) = Myp(@)) = s 101F f Jg(2)]dz
QCR"tl 2€Q Q
1
< s ( / |g<z>|pd2) < lgllir e,
QCR"tL 2€0Q Q

so that || My, (9)l| Lo ®nt1)y < [lgllLr@n+1). Moreover, 1/r = 1/p — /N = Njgfp.

Inserting this in the estimate of Corollary (4.6) then yields the result. U
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Remark 4.8. The preceding lemma yields in combination with the pointwise estimate
from Lemma 4.3 that also the fractional maximal operator Mg is a continuous embedding

N
from LP(R"+1) into L~-5 (R™1). Moreover, we have the estimate

N—Bp

1

Np Np P

( / Mg<g>|wdz) Scm,p,m( / |g|pdz),
Rn+1 Rn+1

whenever 0 < 8 < N and p > 1 such that 8p < N.

Lemmad.9. Let g € L% (p, q)(R"*!) and Cr C R"*! be a parabolic cylinder with radius
R > 0. Then, for any s > 1 there holds

06—

6N
lgxcrllzo g @1y < max {1, [(s = 1)/2] " Hgllzo(p,g)C.n) -
Proof. We consider C, such that C, N Cr # () and remark that
{z € Co: [gxen)(2)] > A < {z € Co : g(2)] > A}

In the case C, C Csr we have

) - oo B PNk
o’ NHgXCR”Z[),(p,q)(Ce) = p/o ()\pQO Ni{z € C, : l(gxen(2)] > )\}|) /\}
r oo B %d)\ %
<l [ (e, o= b))
L Jo
r %) 7 %d)\ %
< p/ (A”g" N{z € Csr:lg(2) > A}\) )\]
L Jo
<

191% 0 (p.a)Com) -

In the remaining case C, ¢ Csg (taking also into account C, N Csg # () we have 2p >
(s — 1)R. This implies

"Mz €Cyt l(gxen)(2)] > A} < [(s = 1)/2 VRV |{z € Cr + [g(2)] > A},
and similarly to the first case this leads us now to the estimate
QG_NHQXCR”i(p,q)(cg) <[(s-— 1)/2]9_]\[”9”29(@(1)(01%) :

Combining the two cases yields the desired estimate. (|

Remark 4.10. Let C, be a parabolic cylinder with radius ¢ > 0. Then, from the definition
of the Lorentz-Morrey-norm (see (3.3)) we infer the bound

No [ B L4\]
lolarey =27 o [ (02N € ¢, lata)l > A1) 5
N-o
<max{Lo 7 }gllpac, -
Lemma 4.11. Let C be a parabolic cylinder in R" . Then for every g € Llog L(C) with
support in C we have

][C M(g)dz < emlglzrogie) ~ )l 1og 1) -

Proof. We define

ho=—
HgHLlogL(C)

Then, we have 2| 1, 10¢ .(c) = 1 and therefore

][ IR log (e + [B]) dz < 1.
C
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Applying (the parabolic analogue of) [21, Theorem 2.15] we conclude
/ M(h)dz < ¢(n)|C| + c(n)/ |h|log (e + |h]) dz < ¢(n)|C],
c c

so that f, M (h) dz < ¢(n). Re-scaling back from h to g then yields the desired estimate.
O

Theorem 4.12. Let 0 < 3 < 0 < N, C a parabolic cylinder in R"*! and s > 1. Then
there exists a constant ¢ = ¢(n, 3,0, s) such that the estimate

-8 1% 1-5
M5, 2, 0, < € 11 F gl e 191530520
holds, whenever g: sC — R is measurable.

Proof. Without loss of generality we may assume that g > 0. Then, Ig(g) > 0. Let
g = gxc- Applying Lemma 4.4 with p = 1 we obtain that

13(3)(177 < ¢ o)) MG)(=) < e 13152 3o, MG)(2)

holds for every z € R"*!. Here we have also used the obvious estimate My(g)(z) <
c||gll 1.0 mn+1) which follows directly from the definitions of the fractional maximal oper-
ators given in (4.1) and the usual one of a Morrey-space. Using the pointwise bound from
below for I5(g) from Lemma 4.3 we infer that

6

[Mp(9)(2)]7F < ¢ ||g||21‘3 ®ni1yM(9)(2)

holds for every z € R™*!. Integrating the preceding inequality on C and using Lemma
4.11 yields

1M (9)l

Recalling the obvious inequality M »(g) < Mg(g) in order to estimate the left-hand side
from below and Lemma 4.9 to estimate the right-hand side from above, i.e. the fact that
19l L1.emnt1y < cllgll 1.0 ¢sc), we conclude the assertion of the lemma. O

G <e Clllglly=s RW)][M dz<¢ |C|||g|| oy 1l L10g Lic) -

-8
L?=F (C)

Theorem 4.13. Let 3,0 € (0,N], p > 1, such that Bp < 6, and let ¢ € (0,00]. Fur-
thermore, let C be a parabolic cylinder in R"*' and s > 1. Then there exists a constant
¢ =c(n,p,q,p,0,s) such that

" Bp 1— 8
1M (Dl yo, 29 ye) < € M9l o p.gyse) 191 iy e
holds whenever g is a measurable map defined on sC. Moreover, if |sC| < 100" we have

||ME,C( )HL( Op )(C) <c HQHLS (p,q)(sC) *

6—pBp’0—pp ﬁp

The constant ¢ blows up, i.e. ¢ — 0o, when q | Qorp | 1.

Proof. In the case ¢ = Qf%p := 00. Once again we may assume without loss of
generality that g > 0. We define § := gx¢. Then for Cr C R™*! we have

_ p ~Ly- P
/ gldz < ———[Cr["" 7 (|l me(cr) =
Cr p—

_ P pN-%
p—1

RN(I# 191l me )

<L RN=3|g|
(Cr) = p_1 gllmp.0 (Rn+1),

where ¢ = c(n, p). This implies in particular that My,,(§)(2) < ;%7 (|Gl pmp.0 (n+1) holds

for every z € R™ "1, Using this in the Hedberg-type inequality from Lemma 4.4 yields

L5@) 75 < e Mayp(@)75 MG)() < ¢ 131 g MG (),
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for every z € R™*!. In the preceding inequality we want to replace the Marcinkiewicz-
norm of g by an appropriate Lorentz-Morrey norm. For this we recall that for ¢ > 0 we

~ 1., . ~ ~
have (1§ arc) < (@/D)7 120y 50 that 3l aaroqanssy < € 13l12ogycensn)-
Inserting this above we immediately find

Bp
0—

. o - _
L@ N < NI e ME)(2),

which leads after integrating in an appropriate way over R"*1 to

1t T = -
”[Iﬁ(g)] 0=pr ||L(p’q)(]Rn+1) <c HgHLS(p&)(RnJrl) ||M(g)||L(p’q)(Rn+l) . 4.5)
Using definition (3.1) and a simple change-of-variable argument we find for the left-hand
side of (4.5) the identity
R
11Z5(9)]7=7% || L(p,q) (r+1)

1
q

= :p/oo (/\P\{Z e R : [I5(3)(2)] 77 > A}I)gdﬂ

0
0-8p . \ & dA
) A}

04/(6—5p)

- 1
0 o _ep " - ap70—5p) At | @
=025 [ (1 e m s 1)) > ) T

Q=

- :p/om (W= € B Iy a)(2) > A

= @7 o oo yniy (4.6)

6—Bp’0—PBp

On the other hand the boundedness of the maximal operator in Lorentz-spaces allows us to
estimate the second term on the right-hand side of (4.5) from above; to be precise we have

M (Dl Lp.g)rn+1) < (D DG Lp,g) ®P+1) -
Using this and (4.6) in (4.5) we arrive at

Bp

- -l 1
||IB(Q)HL( (Rn+1) <c ||g||L90(p7q)(Rn+1)||9HL(p:9q)(Rn+1) .

The first term in the right-hand side of the preceding inequality is estimated by Lemma 4.9,
i.e |9l ze(p,qymn+1y < c(3) gl L6 (p,q)(sc)» While the second term is equal to ||g|| £ (p,q)(c)-
On the other hand from Lemma 4.3 and the definition of the restricted maximal operator
in (4.1) we infer the pointwise estimate ¢='75(g)(2) > Mp(g)(z). Inserting this above
yields

op 9q )
6—pBp’6—pp

Ms () (oo o <cl ||%p | Hl_%
BUINL (5o 5252 ) ) = € NINLo (pg) sy 191 Lip,g) () -

0—Bp’0—Pp
Combining this with M3(g)(z) > Mpc(g)(2), z € C, leads to the first asserted esti-
mate of the theorem. In order to obtain the second assertion we use Remark 4.10 and the
assumption |sC| < 100 to estimate the right-hand side from above. ]

5. BASIC REGULARITY
5.1. L*-regularity for regularized problems. In this section we will consider
ue CO[-T,0); L*()) N L*(=T,0; W"3()),
defined as the unique solution to the regularized Cauchy-Dirichlet problems
{ uy —diva(z, Du) = g € L>®(Qr) in Qr, 5.0)
u=20 on Opardr,

for some fixed g. Associated to a fixed symmetric parabolic cylinder Cr = C(zp, R) C Qr
we consider the unique solution

v e CO[to — R* to + R*); L*(Br(wo))) N L*(to — R*, to + R*; W"?(Bg(x0)))
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to the following homogeneous Cauchy-Dirichlet problem:
{ vy —diva(z, Du) =0 in Cg,

(5.2)
v=1u on OparCr.

Remark 5.1. At certain points in the proofs of our results it is useful to scale from an
arbitrary parabolic cylinder C'(zq, R) to C = C(0,1) via the following scaling procedure:
For Z = (y, s) € C we define

’LNL(E) = R’lu(xo + Ry7 to + st), ’5(2) = Rfl’()(x() + Ry7 to + st),
a(Z,w) := a(xo + Ry,to + R%s,w), §(2) :== Rg(wo + Ry,to + R2s).
Then it is easy to verify that 4, — diva(Z, D) = g and v, — diva(Z, Dv) = 0in C, and
U = U on OpaC. Furthermore it is easy to check that the new vector field a satisfies the
growth and and monotonicity properties described in (1.2).

The following comparison lemma can be inferred from [26, Lemma 4.1], see also [7,
Lemma 6.4].

Lemma 5.2. Let u € CO([-T,0]; L*(Q)) N L*(=T,0; W42(Q)) be a solution to (5.1)
under the assumption (1.2) and C(zo, R) a parabolic cylinder in Qp. Moreover, let v €
CO([to— R?,to+ R?]; L?>(Br(x0))) N L%(to — R?, to + R*; WY2(Bg(20))) be a solution
to the Cauchy-Dirichlet problem (5.2). Then there exists a constant ¢ = ¢(n) such that

/ R u—v|+|Du— Dv|dz<cv 'R lgldz . (5.3)
C(z0,R) C(z0,R)

Lemma 5.3. Let u € CO([-T,0]; L*(Q)) N L*(=T,0; W42(Q)) be a solution to (5.1)
where the structure conditions (1.2) are in force and Cr = C(z0, R) a parabolic cylin-
der in Qr. Moreover, let v € C°([tg — R%,to + R?]; L>(Bgr(z0))) N L?(to — R?,to +
R?%; WY2(Bg(z0))) be the unique solution to the Cauchy-Dirichlet problem (5.2) in C(zo, R)
and g € L%(7y,q)(Cr) for some v > 1. Then there exists a constant ¢ = c(n,v,~y) such
that

-

0
/c( o B el Du = Dol de < e B lgllecom - G4
20,

Proof. Using Lemma 4.1 and the embedding ||g|| s+ (cp) < (q/’y)% 91 (~.q)(c) We can
conclude for the right-hand side in (5.3) that

y _1
R / ol ds < c () R*NOD) gl v e
Cr -1

1
v 4\" Hp14NQA-1)

<cl—)[=]) R

=¢ <'y _ 1> <’y> N9l cer)

_b0=y 6-N
<cRY"F R ||gllniyecn)

N—f=
< e R gllzegr.ayen)s

where ¢ = ¢(n, v, ). Using the preceding inequality in (5.3) yields the result. O
Lemma 5.4. Let u € CO([-T,0]; L*(Q)) N L*(=T,0; W42(Q)) be a solution to (5.1)
where the structure conditions (1.2) are in force and Cr = C(z0, R) a parabolic cylin-
der in Qr. Moreover, let v € C°([tg — R%,to + R?]; L>(Bgr(x0))) N L?*(to — R?,to +
R2; W1Y2(Bg(z0))) be the unique solution to the Cauchy-Dirichlet problem (5.2) in C(zo, R)
and g € LY9(CR). Then there exists a constant ¢ = c(n, v,) such that

/ R Yu —wv|+|Du— Dvldz < ¢ RN_(O_D||g||L1$9(C(z0,R)) . (5.5
C(z0,R)

Proof. For the proof it is sufficient to note that [|g|| 11,y < RV ?|lgllrro(cp)- O
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5.2. Homogeneous problems. The results of this chapter summarize the basic Holder
regularity results from the De Giorgi-Nash-Moser theory of solutions to non-linear, homo-
geneous parabolic equations as well as the higher integrability theory.

Theorem 5.5. Let v € C°([-T,0]; L*>(Q)) N L3(=T,0; W2(Q)) be a weak solution to
the parabolic equation

vy —diva(z,Dv) =0 in Qr, (5.6)
under the assumptions
la(z,w)] LA+ |wl),  vlw = L*/v < {a(z,w), w), (5.7)

for every choice of z € Qp and w € R" where 0 < v <1< L <ooanda: Qp x R" —
R™ is a Carathéodory vector field. Then, there exists « € (0, %] depending only on n and
L/v, such that for every q € (0,2] there exists a constant ¢ = ¢(n, L, v, q) such that the
following holds: Whenever Cr C Qp and 0 < ¢ < R there holds

/ (1Do]? + 1) dz < ¢ (E)qumq/ (|1Do|? + 1) d= (5.8)
C, R Cr

and

/ (ol + 0 dz < e (2)" / (ol + R)dz (5.9)
c, ¢ - \R c . ‘

R

Furthermore, there exists x = x(n, L,v) > 1 such that Dv € L2X (Qr,R™) and

loc

<][ (|Dv| + 1) dz>2x gc<][ (|Dv+1)qdz>q (5.10)
Cry2 Cr

holds for every q € (0, 2], while for every xo > 1 there holds

(][ (Ju] + R)>X dz) < c<][ (o] +R)qdz) " 5.11)
Cry2 Cr

In both (5.10) and (5.11) we have the following dependence of the constant c from the
structural constants: ¢ = c¢(n, L, v, q)

Proof. The statement is a direct consequence of De Giorgi-Nash-Moser’s theory. We give
a very brief hint how to retrieve the estimates (5.8) to (5.11). (5.10) for ¢ = 2 can be
inferred for instance from [50], and we refer the reader also to [12, Lemma 3.1], where the
statement is directly proved at the boundary. From this, the reduction of the exponent 2 on
the right hand side to any exponent g € (0, 2] follows by a standard result on reverse Holder
inequalities. For details, we refer the reader for example to [26, Chapter 4] and Lemma 3.1.
The estimates (5.8), (5.9) and also (5.11) with ¢ = 2 follow for instance from [45], Chapter
6, where De Giorgi’s proof is performed in the parabolic setting. Then, again the arguments
of [26] allow to reduce the exponent 2 on the right hand side to any exponent ¢ € (0, 2].
Note here, that the arguments in [45] are worked out for linear parabolic equations, but as
mentioned in the notes in Chapter 6, the linearity of the equation is actually irrelevant for
the estimates and they hold also for quasi-linear equations fulfilling the structure conditions
(5.7). O

Remark 5.6. Theorem 5.5 actually holds for a much larger class of equations, involving
also p-growth conditions with exponent p # 2, and possibly being degenerate. Indeed the
estimates can be retrieved also from [19, Chapter IIL,V].

The next theorem is the homogeneous case of a much more general result concerning
Calder6n-Zygmund estimates for weak solutions to non-linear parabolic equations (sys-
tems); see [28, Theorem 1.8, 1.9] for the specific form of the statement. We consider weak
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solutions v € CO([-T,0]; L2(Q)) N L2(=T,0; W%()) to the following homogeneous
non-linear parabolic equation

vy —diva(z, Dv) =0 in Qp, (5.12)

where the vector-field a(z, w) satisfies either the structure conditions (1.11) or the vector
field has the special form a(z,w) = a(z,t,w) = c(z)a(t,w), where ¢(z) and a(t, w)
satisfy the conditions (1.12), (1.13) and (1.14). Then the following theorem holds:

Theorem 5.7. Let v € CO([-T,0]; L%(Q)) N L?(=T,0; W12(Q)) be a weak solution
to the homogeneous non-linear parabolic equation (5.12) where either the structure as-
sumptions (1.11) or the conditions (1.12) to (1.14) are in force. Then for any o € (0,1)
and q € (0,2] there exists a constant ¢ = ¢(n, L, v, «, q) such that the following holds:
Whenever Cr C Qr and 0 < o < R there holds

0 N—g+aq
/ (IDv]? +1)dz < c (7) / (|Dv|? +1)dz . (5.13)
Co R Cr

Furthermore, Dv € leg‘co (Qr,R™) for any xo > 1. Moreover; for any given xo > 1 and
q € (0,2] there exits a constant ¢ = c(n,v, L, xo,w(-),q) such that for any Cp € Qr
there holds

<][ (|Du| + 1) dz> < c<][ (|Dv| + 1)de> " (5.14)
Cry2 Cr

Proof. Estimate (5.14) is the statement of [28, Theorems 1.8, 1.9]. Then, once having
(5.13) for the case ¢ = 2, the general estimate for ¢ € (0, 2] can be retrieved by a sim-
ple application of Holder’s inequality to pass from exponent ¢ < 2 to exponent 2, then
exploiting (5.13) for ¢ = 2, and subsequently using (5.14) to reduce the exponent 2 again
to exponent ¢ < 2. However, (5.13) for the special case ¢ = 2 is a consequence of the
Holder continuity to any Holder exponent « € (0, 1) for solutions to parabolic equations
with linear growth. On the other hand, Holder continuity to every exponent « € (0,1) is a
standard consequence of the fact that the vector field a is sufficiently regular with respect
to x. In this case, Holder continuity can be shown via suitable comparison procedures to
differentiable or constant coefficient equations (see [28, Chapter 8] for comparison esti-
mates in the case of VMO-regular vector fields as well as continuous ones). We note here,
that actually the estimates in [28] are shown for much more general possibly degenerate
p growth equations and systems. Standard references for Holder regularity in the constant
coefficient case are for example [44, 45]. O

Remark 5.8. In the estimates (5.10) and (5.14) we can replace R/2, R by o R, R for any

o € [4,1) as long as we enlarge the constant by factor ~ (1 — U)N(i_%). This can be
inferred along the arguments form [36, Remark 6.12]. On the other hand inequalities (5.8)—
(5.14) continue to hold when replacing the parabolic cylinders C with a ball as horizontal
slice by the cylinders Q having a cube as horizontal cross section.

6. INTEGRABILITY OF Du

6.1. Parabolic Lorentz space estimates. Theorem 6.1 below can be considered as as the
non-linear parabolic analogue of a classical result of Adams & Lewis [5]. The correspond-
ing non-linear elliptic version has been obtained in [48]. Moreover the Proof of Theorem
1.1 follows directly from the more general Theorem 6.1 by the choice ¢ = ~.

Theorem 6.1. Ler u € L'(—T,0; W, (2)) be the solution to (1.1) where the structure
conditions (1.2) are in force. Moreover, assume g € L%(v,q)(Qr) with v, 0 as in (1.7) and
0 < q <00 Then

Dul € L0 (G2, 2 )  locally in Qr. 6.1)
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Furthermore, we have the local estimate

b=y _ N

1Dull o ox o0y S BT L+ [DulllLrer) +ellgllLoraen)» 62)
Sfor any parabolic cylinder Cr C Qr, where the constant ¢ depends only on n, L, v, 7, q.
Proof. The proof is divided into several steps.

Step 1: Level sets decay. On a fixed parabolic cylinder Q satisfying n?Qq € Q7 and
|Qo| < 1 we consider the following maximal operators

M* = MO*-,’HZQ() = M*QQO and Mf = Min2QO .

For the definitions of these restricted maximal function operators we refer the reader to
Section 4.1, especially to (4.1).

Lemma 6.2. Let u(= uy) € CO([—T,0]; L2()) N L2(—T,0; W, *(Q)) be a weak solu-
tion to (5.1) where the assumptions (1.2) are in force and g € L™ (Qr). Then, for every
S > 1 there exists a constant € = £(n, L,v,S) € (0,1) such that if A\ > 1 and Q is a
dyadic sub-cylinder of Qq such that

QN {z€ Qy: M*(1+ |Dul)(z) > ASX and M;(g) < eA}| >@ (6.3)

then the predecessor Q of Q satisfies
QC{z€ Qy: M*(1+ |Dul)(2) > A\}. (6.4)

Here x = x(n, L/v) > 1 is the higher integrability exponent introduced in Theorem 5.5,
while A = A(n, L/v) > 1 is an absolute constant.

Proof of Lemma 6.2. We shall prove the assertion of the lemma by a contradiction argu-
ment. Therefore we assume that (6.3) holds but (6.4) fails. Hence we can find Z such that
there holds

M*(1+|Du)(3) <X and %€ Q. (6.5)
Since Q C 3Q C n?Qy, and trivially Z € 3Q we have

][ (14 |Dul)dz < M*(1+ |Dul)(3) < A 6.6)
3Q

Moreover, from (6.3) we infer the existence of z satisfying

Mi(g)(z) < e and ze€ Q. (6.7)
Now, let C denote — in the sense of Section 2.2 — the unique parabolic cylinder having 39
as inner cylinder, i.e. Qi (C) = 3Q. If Q = Q(z1, 0) x (t1 — 0%,t1 + 0?) then C is given
by B(z1,3v/no) x (t1 — (3v/np)?,t1 + (3v/no)?). Itis easy to check that C C n2Qy.
Next we denote by

ve C([t — (3v/no)*, tr + (3vne)?]; L*(B(x1,3v/no))

N L2 (t1 — (3vne), t1 + (3v/no)*; WH2(B(z1, 3v/no))

the unique solution to the homogeneous Cauchy-Dirichlet problem (5.2)

vy —diva(z, Dv) =0 inC,
(6.8)
v=1u on OparC.
We consider the outer parabolic cylinder to C, i.e. Qout(C) = Q(x1,3v/ng) x (t1 —
(3v/10)?%,t1 + (34/n0)?), which satisfies also Qo (C) C n2Qp. Then the definition of the
fractional maximal operator M7 and (6.7), i.e. Z € Q@ C Qo (C) and M7 (g)(2) < e,
yield that

1-% .
et fioiae < (1220 ot £ lglaz < cwer. 69
€] Qo (©)
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Combining (6.9) with the universal comparison estimate from (5.3) we obtain
/ |Du — Dv|dz < / |Du — Do|dz < cv|C|* / lg|dz < ce)C],
3Q c C
for a constant ¢ = ¢(n)/v. Using |C| = ¢(n)|3Q] in the preceding inequality we arrive at
][ |Du — Dv|dz < e(n,v)el. (6.10)
3Q
Next, we observe that the hypothesis of Theorem 5.5 are fulfilled for the solution v to the

homogeneous Cauchy-Dirichlet problem (5.2) on C. Therefore, we have the local higher
integrability of Dv on 2Q C 3Q C C with the estimate

(][ (1 + | Dvl|)*x dz)h < ¢(n,v, L)][ (1+ |Dv|) dz, (6.11)
2Q 3Q

where x = x(n,v, L) is the higher integrability exponent introduced in Theorem 5.5.
Using the comparison estimate (6.10), (6.6) and 0 < ¢ < 1 the right-hand side of the
preceding inequality is estimated as follows:

][ (14 |Dv|)d= S][ (1+ |Du|)dz—|—][ |Du— Dv|dz < A4+ceA<cA,
3Q 3Q 3Q
with a constant ¢ = ¢(n, v). Combining the preceding estimate with (6.11) yields
][ (14 |Dv|)**dz < ¢(n,v, L)\?X. (6.12)
2Q

In order to proceed further we use the restricted maximal operator on 2Q and here we
abbreviate M™* := M{ 5. Using (4.2) twice, (6.12) and (6.10) we obtain

[{z € Q: M** (1 + |Dul)(z) > ASA}|
<|{z € Q: M*™(1+|Duv|)(z) > %ASA}]

+ |{z € Q: M**(|Du — Dv|)(z) > %AS)\H

<M/ (14 |Dv|)>X dz + C(”)/ |Du — Dvl| dz
20 2Q

= (ASH)2x A5
e(n,v, L) e(n,v)e
< WDQ\ T g 39|
_ Cl(nvyaL) CQ(”?”)‘C:
=| (AS)2x a5 )19 6.13)

Having arrived at this stage we perform the following choices of A and e: We first choose
A= A(n,v,L) > 1 such that

N C1 1

Then we the choose € = £(n, L, v, S) € (0,1) such that

_ 1 Co€ 1
SIS ite] 0 AS T Iow ©.15)
Using these choices in (6.13) we find that
[{z € Q: M™*(1+ |Du|)(2) > ASA}| < S™*|Q]. (6.16)

At this stage it remains to replace in (6.16) the restricted maximal operator M™** = Mg 5o
by the restricted maximal operator M* = Mg ., . Let ¢ = 2p be the side-length of Q
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and z € Q arbitrary. Moreover, let @ denote an arbitrary parabolic cylinder with side-
length ¢ = 2§ contained in n2Qy and containing the point z. We distinguish two cases: In
the case £ < %Z we have Q C 29 C n?Q, and therefore

][A(l +|Dul) dz < M*(1 + | Dul)(z). (6.17)
Q

In the other case 2¢ > £ or equivalently 20 > o, it is possible to enlarge the cylinder @
to another cylinder Q' in such that @ C Q' C n2Qy, |Q’| < 5V|Q| and finally Q C Q,
where Q is the predecessor of Q. In particular we have z € Q’. Therefore, we find

][Au +Dul) d= < 5N][ (14 |Dul)d= < 5V A,
Q Q’

where we have also used (6.6). Since é is an arbitrary cylinder in n?Qy we have shown
M*(1+|Dul)(2) < max {M**(1+ |Dul)(z), 5V A} VzeQ.
Combining the preceding inequality with (6.16) and the particular choice of A in (6.14)
leads us to the estimate
[{z € Q: M*(1 4 |Dul)(2) > ASA}| < S™%¢|Q), (6.18)

which contradicts (6.3) and therefore proves the assertion of the Lemma. U

Step 2: Application of Proposition 2.1. Let Qg as in Step 1. Then, we define

Ao = QCo(n)n2N5'2X][ (1+ |Dul)dz, (6.19)
n2Qo

where ¢y is taken from (4.2). Obviously we have that Ao > 0. The strategy of proof is

now to apply Lemma 6.2 for the choice A := (AS)¥\q for k € Ny. We first show that the

hypotheses of Lemma 6.2 are fulfilled for every £ € Ny. Using (4.2) and (6.19) we infer

that

[{z € Qo : M*(1 + |Dul)(z) > (AS)’“)\O}‘
‘{z € Qo : M*(1+|Dul)(z) > )\0}‘

M/ (1 +|Dul)dz < S™2X|Qy].
Ao Qo

IN

IN

In the light of Lemma 6.2 we can therefore apply Proposition 2.1 with § := S~2X,

X :={z€ Qy: M*(1+ |Dul)(z) > (AS)*T Xy and M;(g)(2) < (AS)Fero}
and

Y :={z€ Qp: M*(1+|Dul)(z) > (AS)k/\O}.
The application of Proposition 2.1 and the definition of X and Y yield that

[{z € Qo : M*(1+ |Dul)(2) > (AS)’“H)\OH

< S7X|{z € Qo : M*(1+|Dul)(2) > (AS)*Xo}|
+ {2z € Qo: M(9)(2) > (AS)kE)\Q}‘ (6.20)

holds for every k € Np. With

pi(H) == |{z € Qo : M*(1+ |Dul)(z) > H}|,

pa(H) = |{z € Qo : M{(9)(2) > H}|,
the preceding inequality turns into

p1 ((AS)FFNo) < S™2Xpy ((AS)*Xo) + pa ((AS)FeXo) . (6.21)
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(+)

by
Multiplying (6.21) by (AS) #=+ A\{~" we find

(k+1) ol

(A8) PN T (4941 20)
oy 01
< AT ST TX(AS) TN g ((AS)FAo)
+(AS/e) 7T (A8)7 (eho) T 2 (AS)Fedo) . (6.22)

Note that v < 6 by (1.7) and therefore 9 5 > 0. On the other hand, condition (1.7)4, i.e.

v < 0 +2, is equivalent to require 9 < 2 and therefore, since x > 1, we have

0
d:=2y — ﬁ >2(x — 1) > 0. (6.23)

‘We now choose

-

S = {4A e"fw} : (6.24)

where A has been determined in (6.14). Note that yse%v < y?, whenever y > 1, and

1 1

therefore S < [4A4%] 7 < [4A42]200 = [24] 7. Recalling the dependencies of A and
X, 1e. A= A(n,L,v)and x = x(n, L,v) we easily infer that S from (6.24) is bounded
by a universal constant depending on n, L, v. On the other hand, we have the estimate

AS/e =41 + ] ASPX < 2 [1+02](2A)1+ =1c.(n,L,v),

Oy ~
so that (AS/e)?=7 < (c./2) =3 Using this and (6.24) in (6.22) we conclude that

(k+1)97

(AS) )\" = 1 ((AS)F1))
< E(AS)%)\S%M ((AS)* o)
+ (%)"%(AS)% (6%)"9%”;12 ((AS)keo) (6.25)
holds for every k € N.

Step 3: Parabolic Lorentz spaces estimates on level sets. We take 7 € (0, 00) and raise
the terms appearing in (6.25) to the power (9977) This leads us to
T(0—7)

(k+1)6~y } oy

[(49) 0 1 ((49)+100)

T(0—v)

W2} (A9 PN (49 0) ]|
T(0=7)

tcT [(AS)% (£h0) = ((AS)*eA) ] g

_ - )_
We note that here we have also used that % < ‘99—77 < 1 and therefore 2 ! <27

in order to obtain the constant c in the second term. Now, we sum up the preceding

inequality for £ = 0,..., H and finally add the quantity AJ|Qo| =7 1o both sides. In
this way we obtain:

L(H) < 2j|Qp| "7

(12} () + LI (00),
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where we have defined

HA1 (0=

L(H)=Y [(AS)%AOG%M ((AS)’“/\O)] 7 and
k=0
o] 0~ %;’Y)
I(00) i= > [(AS)# (2do) 77 iz ((AS) 200 |
k=0

We note that [o = I5(00) is finite since g(= gi) € L (Qr), but this fact is not needed
here. Re-absorbing the second therm appearing in the right-hand side of the preceding
inequality on the left and then letting I — oo yields

T(0—7)
I1(o0) < ercT [Ag|QO| 7 +12(oo)], (6.26)

where we have abbreviated

-

Using the fact v < % we see that (1/4)7(2% < (1/2)7 so that the constant ¢ in
(6.26) can be replaced by the larger quantity [1 — max{(1/2)7,(1/2)}]~!. This implies
in particular that ¢;¢? can be replaced by a constant of the form ¢” where ¢(n, L, v, 7) :=
c.[1 —max{(1/2)7,(1/2)}]~/7. We note that c is a decreasing function of 7 with ¢ — oo
when 7 | 0 and ¢ — ¢, when 7 — oco. Therefore, ¢ = ¢(7) stays bounded on any interval
[10, 00) with 79 > 0. We will keep this kind of dependence for the rest of the proof. Now,

if k > 0and A € [(AS)*)g, (AS)**1)g) then

(0=) ’ (1/2)}} -

(k+1) ol

A5 (V) < (AS) STy ((AS)F M) | (6.27)

and similarly when k > 1 and A € [(AS)*~1e)g, (AS)*e)\g) we have

(k—1)6~ 0~ 0~

(AS) "7 (eXo) 77 p2 ((AS)Fedo) < A7T-7 pa (). (6.28)

Using (6.27) we find

/000 {)\%Ml()\)} Wd)\)\

Mogy & ATy
- [ Se LR
0 A = sk,

T(0—v)

[(AS)%AOG% i ((A5)x0) |7

LR

/\6 T(0—7)
< —=|Qp| 7
T

+ (AS)" log(AS)

>~
Il

0

+ (AS)T log(AS)I1(00),

Ad (6=
= 70‘90 oy
T
and similarly using (6.28) and the fact that we have chosen € < 1 we infer that

(0

1) = el 4 3 [ (AS)F (220) ™z ((48)*ero) | 7

T(0—7) "edo 77 d\
<\ 2] = A } —
< A5|Qo| log /As)k 15A0 5 pa()

(0-7)
log / [ } e ?

_|_

7(0=v)
= Ao/ Qol 7
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Combining the preceding estimates with (6.26) we conclude
oo 0 1—(9 ) d\
/ P\ T ()‘)}
0 by

)

Ao (o= r(0=)
< 2010 +cT<AS>Tlog<As>[A5|Qo| "+ I(oo)]

1 (0—x)
= [+ 7 (A9) 10g(48) | \f | Qol TF + ¢7(AS)" log(A8) Ix(e0)
00 T(S )
T(0=) 0y dA\
< GN|Qo|“F 4 5 /O P\"*”Mz()\)} Z (6.29)

where we have abbreviated c; = max { [£ + 2¢7(AS)7 log(AS)] g ,c (AS)?}. As for the
constant ¢ the constant ¢co = ¢o(n, L, v, 7) blows up when 7 | 0, while ¢ remains bounded
when 7 is bounded away from zero. Taking into account the definition (3.1) and (3.9) the
preceding inequality turns into

1M (1 + [Dul)ll L 2 700
9’)/ *° 0~ %d)\ ’
_ <97/ [)\Wul(w )\>
- 0
Oy r(o— = S
< _ AT T ol 5 -
. {9_762)‘("9(” 4 +0—v02/o [Ae Mz()\)} By

0 . e o dA :
Sc(T)Cz{( ) )\0|Q0| sw _|_<9 FYW/ [/\G—WPJQ(/\)} o )\) :l
- 0
0—v *
<c(r)ez {%\Qo\ 7 (1M <g)”L(%vT)(Q°)}’

1

where ¢(7) = 4'/7. Here we have used in the last line that (9‘9_—77) T < 27 With the

obvious inequality |Du(z)| < M*(1 + |Dul)(z) for almost every z € Qg we conclude
from the preceding inequality that

0=y *
||D“||L(%,T)(gg) < eXo| Qol ™ + cf My (g)HL(S‘%,T)(QO)’ (6.30)

where ¢ = ¢(n, L, v, T) stays bounded as long 7 is bounded away from zero, and ¢ — oo
when 7 | 0. For 0 < ¢ < oo the choice 7 = % in (6.30) yields

0=~ %
1Dullp o, 2 y(0q) < €Al Qol 77 + ellMT(9) e, 200 - (6.31)

Having arrived at this stage we can apply Theorem 4.13 with f = 1 and p = 7 (note
that Bp = v < ) passing to the outer parabolic cylinder C, i.e. Qi (C) = Qo and
choosing s = 2. Note that, if Qy = Qr x (—=R?, R?) then C = B sp x (—nR?,nR?)
and 2C = B, jmr X (—4nR? 4nR?) C Qu2r X (—n*R?,n*R?) = n*Q. Furthermore,
|Qo| < limplies R < 1, so that v/nR < \/n. Hence, the application of Remark 4.10 at the

n(0—7)

end of the proof of Theorem 4.13 yields a constant max{1, \/n} ™~ 6) %= <yn o <
¢(n, ). Applying Theorem 4.13 with the choice of the parameters described before leads
to

”Ml*(g)HL(%}%)(QO) < c(n, v, A)llgllze v,q) (2 20)- (6.32)
Combining (6.32) and (6.19), i.e. the choice of )\, with (6.31) and noting that S?X <
¢(n, L,v) by the choice in (6.24), we finally arrive at

f—v
I1Dull s, oy o) < c(][zg (+ |Du|)dz)|Q°| 7+ cllgllze g m2 0o
n 0
(6.33)
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where ¢ = ¢(n, L,v,7, q).
We now show how the previous inequality, i.e. (6.33), can be extended to the case
q = oo. We proceed as follows: We first go back to (6.25) and obtain for H € N that

g
Ii(H):= _sup (AS)™525" i ((AS)*0)
= 1 9 KOy Oy
<Ay Qo + 113(H) + ¢ sup(AS) 77 (eXg) 77
k>0

U2 ((AS)kE/\Q) .

Oy
Here we have used that ¢! < cz, since % < 2 and ¢, > 1. Re-absorbing as usual
%I 3(H) in the left-hand side, and then letting H — oo we deduce

Oy
06—~

I3(00) < (4/3)A7 7| Qo| + ¢ igg(AS)% (230) 77 12 ((AS)Feo)

2 y
< (4/3)A] 7| Qol + ¢ sup AT (M),
A>0

Here we have used (6.28) in the last line. On the other hand using (6.27) we can bound the
left-hand side of the preceding inequality from below and obtain

0y
iup)\f’e%vul()\) <A Qol + (AS)%IS(OO) :
>0

We note that (AS)H% can be bounded by a constant ¢ = ¢(n, L, v). Combining the last
two inequalities we have

by
sup A5 (A) < e Ay 7| Qol + ¢ sup AT i (M)
A>0 A>0

where ¢ = ¢(n, L, v). Taking into account the definition of the Marcinkiewicz space from
(3.2) and again the obvious a.e. estimate | Du(z)| < M*(1 + | Du|)(z) we conclude that

[ Dul
Similarly to (6.32) we use Theorem 4.13, now with the choice ¢ = oo, in order to get

M7 (9)

6~
5 <eATNQo| + e || M N . 6.34
i oy SN Qo+ M@ oe (6.34)

”M%(Qo) < C(n77) HgHM’Y*‘)(ano)'

Connecting the last two inequalities and recalling the choice of Ao from (6.19) we infer
that (6.33) extends to the case ¢ = oo.

Proof of Remark 1.3. Note that (6.34) holds also for v = 1, when 6 > 2. In this case it is
enough to estimate the Marcinkiewicz norm on the right-hand side with the same norm of
I1(g) and then recall the classical result of Adams [3]: I : LY — M%. See also Step
6. O

Step 4: Intermediate parabolic Morrey-space regularity of Du.

Proposition 6.3. Ler u(= u;) € CO([-T,0); L2(Q)) N L2(=T,0; W, *(Q)) be a weak
solution to (5.1) where the assumptions (1.2) are in force and let g € L°(vy,q)(Qr) with
2 < 2v <0 < N. Then, for every pair of concentric parabolic cylinders C, € C, C Qr
there holds

11+ [Dul| <clo—o0) 5N
[ LLQ%(C)fc 0o—0

o

1L+ [DulllLr(c,) + cllgllzev,a)c,)s
(6.35)

where ¢ = ¢(n, L,v,, q).
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Proof. Let C, € C, C Qr be two fixed concentric cylinders and let 2y be a point in
C,. Moreover let Cr(z) be a parabolic cylinder with 0 < R < dpar(20,0C,), ie.
C(20,R) C C,. Moreover, let v € C%[to — R?,ty + R?]; L*(Br(wo)) N L*(ty —
R? to + R?; W12 (Bgr(x)) be the unique solution to the Cauchy-Dirichlet problem (5.2)
in Cg(z0). Then, using (5.8) for the choice ¢ = 1 we infer that for any 0 < r < R we
have

/ (1+|Du|)dz§/ (1+|Dv\)dz+/ |Du — Dv|dz
C(zo,1) C(zo,1) C(z0,R)

r N—-1+«
gc(—) / (1+|Dv|)dz+/ |Du — Dv|dz,
R C(20,R) C(z0,R)

where ¢ = ¢(n, L,v) and & = a(n, L,v) € (0,1/2]. Now, the second integral appearing
on the right-hand side of the preceding inequality is estimated by (5.4) from Lemma 5.3,
i.e. we have

_ 0=
/ |Du— Dv|dz < ¢ RN 775 1|9l 1o (.0)Cl20.R))
C(ZQ,R)

where ¢ = ¢(n, v, ). Inserting this above yields

/’ (1+ |Dul) dz
C(zo,7)

r\N—1+a _ 8=
gc(ﬁ) /1 (1+ [Dul) dz + cllgll o e B~ 7
C(Zo,R)

for any choice of 0 < r < R. We remark that 2y < 6§ implies 0_77 > 1 and therefore
N — 9%7 < N —1< N — 1+ a. This allows us to apply the iteration Lemma 2.3 with

o(r) = /C( )(1 + [Dul) dz, A:=c, B:=c “g“Le(v,q)(CQ)a
z0,T

Ry := dpar(20,0C,) and

Go=N_ltasN_2"7_.5
v

Applying (2.4) and taking the choice R = Ry > p — o we obtain in particular

/ (1+|Dul) dz
C(zo,T)

0=~ _ 60—
Sc[(g—a) T N/ (1 + [Dul) dz + 119l 26 (+,q)(c,) N5
‘ (6.36)

whenever C(zg,r) C C,, and with a constant ¢ = ¢(n, L, v, ). Here we have used the
dependence o = «(n, L, v). Inequality (6.36) immediately implies (6.35), and this com-

pletes the proof of the Lemma. (]
Remark 6.4 (Extensions). Proposition 6.3 holds under the assumption 2y < 6 and this
is implied by the assumptions of Theorem 6.1. In fact, vy < % and 2 < § < N imply

that 2y < 6. Therefore, the assumption 2y < 6 can be replaced by the weaker assumption
~v(2 — %) < 0, where a > 0 is the exponent from (5.8). This condition serves for 0777 >
1 — 5 and therefore also for §; = N — 9777 <N-1+5 <N —1+a =y, which
was needed in the proof of Proposition 6.3. When = 1 the proof of Proposition 6.3 still
works, provided 2 < # < N and that we use the comparison estimate (5.5) instead of (5.4).
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Note that in this case N — 1+ « > N — (6 — 1). The final outcome is instead of (6.36)
the following estimate:

/ (1+ |Dul) dz

T

Sc[(@—a)“N /C (1+[Dul)dz + gl 1o, [rV 7Y, 6.37)

where now ¢ = ¢(n, L, v).
With respect to u (instead of Du) we have a statement similar to (6.35), assuming
0
1<y < 5 and 2<O<N
instead of (1.7). This can be seen as follows: Keeping in mind the notation introduced at
the beginning of the proof of Proposition 6.3 we obtain using (5.9) instead of (5.8) and
again (5.4) the following decay estimate:

J/’ ( |1l|) dz
C(z0,7)
<c(—)N/ (R+|u|)dz—|—c||g|| R =
= L (,q)(C, T
R (20.R) (7,a)(Cp)

for any 0 < r < R. We note that 2y < 6 implies that 9_% > (. Therefore we can apply
Lemma 2.3 to the quantity ¢(r) := fC(ZO T)(r + |u]) dz. The final outcome, that follows
along the lines of the proof of (6.36), is
62y
||U\|L1,9’%(c ) <clo—0) 7 Mo+ ulllric, +cllgleqae, (638

o

We note that ¢ — oo when v 1 /2.

Step 5: Full Morrey space regularity of Du. In this section we prove (6.2) for the approxi-
mating solutions u = uy. We consider a parabolic cylinder C, C {27 and scale the problem
as in Remark 5.1 to C; = C(0, 1), switching from v, g, a to @, g, a. Applying (6.33) with
u, g with Qg := Qj/,,4 (note, with this choice of Qg we have n2Qy = Qi/n2 CCiyp) we
conclude that

1Dl o oaye, oy S ell+1DilllLre,, ) +elllzotane,,,2)

<c |1+ Dl e, + < lGLe¢racn)
<cl|l+ |D1~t|||L1,6—v +c ||§HL9(%q)(C1/n)

v cl/n)

SCHl—’_|'D,E”|||L1,9;"’(C +C||§||L9('y,q)(C1)'

9/10)

At this stage we scale back to C, and find
(N-0) %2

||Du||L(%)%)(CQ/7I4) S C(’I’L,L,V,’)/,q) \IJ(CQ)Q oy ) (639)

where we have defined
U(C,) :=|1+|D -
(Co) := I+ 1Dulll o+ l9llovarien)

for every choice of C, C {2r. For a general parabolic cylinder Cr C Q7 we conclude
the proof by means of a covering argument. Let C, C Cr/ be a parabolic cylinder not
necessary concentric to Cg. If Ca, C Cr/2 then applying (6.39) we have

_N)&=x
Q(O N) %5 HDu||L(69_—77,99_—“7)(C9) < C\I/(anlg) < C\I/(CR/Q).

On the other hand, if C,,4, ¢ Cr/2 we cover C, with a finite number of parabolic cylinders
C; of radius o/(8n*) and center in C,. Note, that the total number of these cylinders is
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bounded by a constant m(n) independently on the radius . Moreover, for each ¢ we have
niC; C C3r/4- Therefore, (3.10) and (6.39) imply

_N)&=x
T Dull o,y < elnia) 3 0T I Dull o ye
%

c(n, L,v,7,q) Z U(n*C;) < em¥(Cspya)-

Together the last two inequalities (recall definition (3.3)) imply that
||DU||L9(9 %) (Cry2) <c(n,L,v,7v,q )\I/(CSR/4)

= 1+ |D — + }
c|ll | U|||L1,9W (Corrya0) HgHLG('y,q)(CSR/4)
(6.40)

It remains to estimate the first term on the right-hand side of (6.40). For this we proceed
by applying (6.35), i.e. Proposition 6.3 (note that the conditions imposed in (1.7), i.e.
1<~y < 92f2 and 2 < § < N,yield1 < v < g so that the hypothesis 2y < 6 from
Proposition 6.3 is fulfilled) with o := 27R/40 and ¢ := R and conclude that

I+ 1Dulll 1 ozx < e RT V14 1Dul| ey + ellgl o gy ey

Ca7R/40)

and inserting this into (6.40) yields
1Dull oo oo e S ¢ BT NI+ Dulllen + ellglzoaen:

where ¢ = ¢(n, L, v, 7, q). Recalling that in the preceding estimate we have u = uy, g =
gk, where uy, is the approximating solution from (2.2) with right-hand side g, € L ({r)
we see that we have established

LR
[Durllpo e 20 ycpy < € BT L+ [Dunlllrer) + cllgrllzoq.acr) -

with a constant ¢ = ¢(n, L,v,~, q) independent of k. Since the right-hand side g; €
L (Qr) of the approximating problems is constructed in such a way that it satisfies | gy | <
lgl we have ||gx|l Lo (y,q)cr) < 191120 (+,q)(cr) (s€€ (2.3)). Therefore the preceding estimate
can be replaced by

1Dukll oo 20y ey < < e RN+ Duglllnen + elgllorayca
(6.41)

and this is exactly the estimate for the approximating solutions we were looking for.

Step 6: Approximation and conclusion. The proof of (6.2) and therefore the one of Theo-
rem 6.1 follows by the use of the lower semi-continuity of the Lorentz-Morrey-norm with
respect to a.e. convergence. In fact, the approximating solutions u; converge as k — co
to the solution u in L!(—T,0; W' (€2)) and a.e. on Q0 (see Section 2.1). Therefore, we
can pass to the limit £ — oo in (6.41) using the lower semi-continuity of the Lorentz-
Morrey-norms from Section 3.2. This finishes the proof of Theorem 6.1 and therefore also
of Theorem 1.1. ]

Proof of Theorem 1.4. We first recall that v = 02_52 is equlvalent to e“’ﬁ/ = 2. Since > 2

we have 92—& < g < 2%;/2. Therefore the assumption m < 7y yields the existence of g
such that
20

0+2

070

<70<m1n{ /2} and d:=2x — OZ)(—I, (6.42)
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where x = x(n,L,v) > 1 is the higher integrability exponent from Theorem 5.5 and
o = a(n, L,v) € (0, 3] is the Holder exponent from the same Theorem. Using Holder’s
inequality we easily obtain the following embedding for parabolic Morrey spaces:

0(v—"0)

9/l 00 cry < c()R™70 |Igll Lvo(cp) (6.43)

for any parabolic cylinder Cr C Q7. With these preliminaries we proceed along the lines
of the proof of Theorem 6.1 taking into account the following changes: We replace by
o and choose ¢ = 7. Then everything can be carried out, since (6.23) holds with d

defined in (6.42). Moreover, from the definition of vy we see that vo(2 — %) < 6, so

that (6.37) is applicable with vy instead of v (see Remark 6.4). On the other hand we
can also apply Theorem 4.13 in this setting with p = vy and 8 = 1 as in (6.32), since
Bp =0 < ﬁ < 6 by (6.42). Having arrived at this stage we let

_ %
0 -’

and note that by (6.42) we have h > 2. Then (1.9) follows from (6.1) specialized to
Y = q = 7, and the quantitative estimate (1.10) follows from (6.2) and (6.43) for radii
R < 1 as follows:

9=v N
[Dullrocnsy < ¢ B0 L+ |Dull[L1cq) + CHgHLvo G(CR)

0—,

< e RS VUt IDulll ey + e R0 lgllzoen
o _

< cRE N||1+IDUIIILl(cR)+C||9||Lme(cR>~

This completes the proof of Theorem 1.4. (]

6.2. Borderline estimates. Here we consider the cases that g € Llog L(2r), resp. g €
Llog LY (7). We start with the case g € LYY(Qr) N Llog L(Q7) and the

Proof of Theorem 1.2. We proceed as in the proof of Theorem 6.1 taking v = 1; we note
that the proof works with this choice up to (6.29), i.e.

o] T(0—7) 00 T(0—7)
il —oy d\ 0—7) o’ d\
[ PpEmw] TS ool g [ i em] 7T
0 0

A

Taking 7 = 0’%1 and recalling that v = 1 the preceding inequality turns into the following
analogue of (6.30):

6
/ |Du|% dz < (CQAO)%‘Q()l +eft / |M1*(g)|% dz.
Qo Qo
In order to bound the integral appearing on the right-hand side of the preceding inequality
we argue as in the proof of Theorem 6.1 (the paragraph before (6.32)) passing to the outer
parabolic cylinder C and then applying Theorem 4.12 for the choice 3 = 1 and s = 2
instead of Theorem 4.13. Proceeding in this way we have

_6
M7 ()1

0 =T
2o ) <™ C] lgll o oey 19l L10g o)

< Ce ! |n Qo ||g||L1 e(nzgo)HgHLlogL(nQQo)

< e |Qul gl 75 (n200) 191 L 10g L(n2Q0)
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where ¢ = ¢(n, L,v) > 1. Inserting this in the second last inequality and recalling the
definition of \g from (6.19) we find

0
(][ |Du| 7T dz>
Qo

A o =
< [(Cg)\o) o=t 4 (CQC) o—1 ||g||z1,9(n290)||g”LlogL(nQQo):|

6—1
[

N 0-1
< C[)\o + Hg”z1,e(n2go)HgHL?ogL(nQQo)
N o-1
<e ][ oo, (I IPul dz - ellgl fragagy 9l Tog gy 644
n2Qo

with a constant ¢ = ¢(n, L, v). Apart from the fact that the preceding estimate (6.44) holds
for the approximating solutions u = uy, on the concentric parabolic cylinders Qy, n2Q,,
having in mind (3.6), it has exactly the structure of (1.8) from Theorem 1.2. Therefore,
all assertions of Theorem 1.2 follow by a standard covering argument combined with the
usual approximation argument. (|

Theorem 6.5. Assume that (1.2) and g € Llog L?(Qr) with 2 < 0 < N hold. Then the
solution u € L*(—=T,0; Wy (Qr)) to (1.1) satisfies

_6
Due L7 (Qp,R™).

loc

Moreover, the local quantitative estimate

9—1—
1Dl e, <€ RN+ Dalluaen) + 1 iog 1o

holds for every parabolic cylinder Cr C Q, with a constant ¢ = ¢(n, L, v).

Proof. Since g € Llog L?(Qr) we have g € L?(Qr) N Llog L(Qr). Therefore, the
arguments from the proof of Theorem 1.2 apply and we initially end up with (6.44) from
above. At this stage we go on using the strategy from the proof of Theorem 6.1, Step 5, and
scale everything back to C;. Using the thereby introduced notation, in particular passing
to inner and outer parabolic cylinders, we obtain for the re-scaled function @ the following
estimate:

1 =
1Dl 5o e,y S ¢+ D, ) +elldlzio o, o) 19l 0s 10, 20

1 N
<c|1+ |D71|||L1(C9/w) +c ||§||zl,e(c1)||9||L910gL(c1)

1 =t
< c|[L+ Dl pro-1(cy)10) + €19l 10 190 L50g i)
<c |1+ |Dafllpre-1(cy,00) € N9l L10g L0 C1) >

where ¢ = ¢(n, L, v). Here we have used the simple fact that ||| ,1.6(c,) < 1912 10g £ (c1)
in the last line. Scaling back to C, we have

< (N—6) 951
”DUHL%(CQ/#L) — C(TL, L? I/) \P(CQ)Q 4 )
where this time we have defined

U(Co) == |11+ |DulllLro-1(cq,10) + 191 L 10g Lo (C,)-

Having arrived at this stage we can use the covering argument from the proof of Theorem
6.1, Step 5; more precisely, the argument leading us to (6.40) now yields

1Dl g, < el L) Cany)

= ¢ |1+ 1Dulll 201 (cypyun) + N9l Lr0s 20 |- (645)
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whenever Crp C €7 is a parabolic cylinder. Now, as observed in Remark 6.4 Proposition
6.3 works also when v = 1 and g € L"%(Q7). Therefore, we apply (6.37) with o :=
27R/40 and ¢ := R in order to bound |[1 + |Dul||z1.0-1(c,,p,,,)- This leads us to the
estimate

”1 + |DUH|L1’971(C27R/40) S c |:R0717N||1 + |Du|||L1(CR) + ”g”Ll»S(CR)}

< [RT N1+ Dulllis g + gl ios 2oen |

where we have used once again the trivial bound g 1ec,) S 19llL10g 20(cy) in the
second line. Using the preceding inequality in (6.45) we finally arrive at

1Dull, o0, S |BTNIL DU e + 9l Liog 10| (646)

(Cry2)
with a constant ¢ = ¢(n, L, v). Note that in the preceding inequality we have u = uy,
where uy, are the approximating solutions from (2.2) with right-hand side g, € L ({r)
satisfying |gx| < |g|. From the definition of the L log L?-norm we easily have that

9811 2 10g 26 (2r) < 9] L 10g L6 (021)» SO that (6.46) turns into

0—1—N
1Dl e, < e [TV 1Dl e + ol iog oo
where again ¢ = ¢(n, L,v). This is the desired estimate for the approximating solutions
we were looking for and the final result follows again by passing to the limit k& — oo in the
right-hand side and the lower-semicontinuity on the left-hand side. ]

6.3. Further estimates in parabolic Lorentz spaces and a borderline case.

Theorem 6.6. Assume that(1.2)and g € L(v,q)(Qr) with1 < v < ]\2,—52 and(0 < g < o0

hold. Then the solution u € L*(—T,0; W, (Qr)) 0 (1.1) satisfies

N~
N -~

|Dul € L( .q) locally in Qr.

Moreover, the local quantitative estimate

N—v
1Dull L xa gycpye SCR T M1+ [Dulllzrcn) + l9llenaen) 647

N~y
N—~

holds for every parabolic cylinder Cr C Qr, with a constant ¢ = ¢(n, L, v, 7, q).

Proof. Once again we refer to the proof of Theorem 6.1. We start with (6.30) with the
choices 7 = ¢ and # = N and obtain

N—vy «
IDull e gy@0) < Mol Qol ™ + el My ()l 2 )00y (6.48)

with o from (6.19). The second term appearing on the right-hand side of (6.48) is treated
via Theorem 4.2 (again switching to outer and inner cylinders)

ML 22 )20y = € N9l L¢r0) 2 00)-

Combining this with (6.48) and recalling the definition (6.19) of )\ yields the following
analogue of (6.33):

N—~v
1Dl 2 gy(00) < C(][2Q 1+ DuDdz)'QO' ¥+ ellgllLerameeo)-
n 0

Modulo a standard covering argument and the additivity of quasi-norms from Remark 3.3
the preceding inequality is essentially equivalent to (6.47). The conclusion of the Theorem
then follows by approximation. U
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6.4. Parabolic equations with more regular coefficients. In this section we consider
parabolic equations where the vector field a satisfies either the structure assumptions (1.12)
to (1.14) — the VMO-case — or (1.11) — the case of a continuous vector-field. In these cases
we can weaken the assumption (1.7). As we will see below, we can assume that

l<y<0<N (6.49)

holds. The reason for this comes from the fact that the corresponding solutions to homo-
geneous Cauchy-Dirichlet problems satisfy reverse Holder-type inequalities for arbitrarily
large integrability exponents; see Theorem 5.7.

Theorem 6.7. Letu € L'(—T,0; L'(Q)) be the solution to (1.1) where either the structure
conditions (1.12) to (1.14) or (1.11) are in force. Moreover, assume g € L° (v, Q)(Qr) with
v,0 asin (6.49) and 0 < q < co. Then

|Du| € Le(%, %) locally in Q.

Furthermore, we have the local estimate
8= _ N
1Dl o 0n e BTN I+ DUl ey + ellglior aren

for any parabolic cylinder Cr, C Qp, where the constant ¢ depends only onn, L, v, 0, ~,
q.

Since the ideas in the proof of Theorem 6.7 are very close to the ones of Theorem 6.1 we
confine ourselves to sketch the necessary modifications. We deal with the approximating
solutions u = wuy, introduced in Section 2.1, where g = g € L°°(Qr). Keeping in mind
the notation introduced in the proof of Theorem 6.1 we must replace Lemma 6.2 by

Lemma 6.8. Ler u(= uy) € CO([—T,0); L2(2)) N L3(=T,0; Wy*(Q)) be a weak so-
lution to (5.1) where the assumptions (1.2) are in force and g € L (Qr). Then, for
every choice of x0,S > 1 there exist constants ¢ € (0,1) and A > 1 depending on
n, L,v,w(-), S and xo such that if A > 1 and Q a dyadic sub-cylinder of Qg such that if

19l

S2x0

QN {z € Qo : M*(1+|Dul)(z) > ASX and M;(g) <eA}| > , (6.50)

then the predecessor Q of Q satisfies
Qc {z € Qo : M*(1+ |Du|)(2) > A}.

Proof. Due to the fact that we are dealing with parabolic equations with more regular
vector-fields we can use the better higher integrability result from Theorem 5.7 instead
of the ones from Theorem 5.5. Again we shall prove the assertion by a contradiction
argument. We proceed as in the proof of Lemma 6.2 until (6.10). Having arrived at this
stage we observe that the hypothesis of Theorem 5.7 are fulfilled for the solution v of the
homogeneous Cauchy-Dirichlet problem (6.8) (see (5.12)) on C. Therefore, we have the
local higher integrability (5.14) of Dv on 2Q C 3Q C C. This means that for any given
Xo > 1 there exist a constant ¢ = ¢(n, L, v,w(+), Xo) such that the estimate

(][ (1+|D’U|)2XO dz) * SCJ[ (14 |Dvl)dz,
2Q 39

holds. Exactly as in the proof of Lemma 6.2 this leads us to

][ (14 |Du))2X0 dz < e(n, L, v, w(-), xo) A2 .
2Q
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We proceed further using again the restricted maximal operator M** := Mg ,5 on 2Q and
obtain the following analogue of (6.13):

’{z € Q: M*™(1+ |Du|)(z) > AS)\}‘

Cl(ﬂ,L,V,CU('),Xo) CQ(na V)€
< [F s a5 JIol ©3D
Now we perform the following choices of A and e: first we choose A = A(n, L, v,
w(+), Xo0) > 1 such that
1
A=410V[14¢] — a__ < (6.52)

(AS)?x0 = 482x0’
and then choose € = £(n, v, S, xo) € (0, 1) accordingly to

1 Co€ 1

T IS Il te) | AS S 15

These choices in (6.51) yield the following analogue of (6.16):
]{z € Q: M*™(1+ |Du|)(z) > ASA}‘ < §70|Q].

Having arrived at this stage we can argue exactly as in the proof of Proposition 6.2 after
(6.16) to derive the analogue of (6.18), i.e.

[{z € Q: M*(1 4 |Dul)(2) > ASA}| < S™2x|Q|,

which contradicts (6.50). This proves the assertion of the proposition. O
To proceed with the proof of Theorem 6.7 we choose Ay accordingly to
Ao := 2¢o(n)n?N §2xo ][ (14 |Dul) d=.
n2Qq
With the arguments form the proof of Theorem 6.1, Step 3, replacing x by xo everywhere
we arrive at the following proper version of (6.22) (the only change here is the replacement
of x by xo):
(k+1)oy O
(AS) AT (49 20)
. Oy
< AT ST (AS) TN pua ((AS)F )
0y ~y 0y
+ (AS/) 77 (AS) 77 (2h0) 7 iz ((AS)Fedy) .

Since v < 6 by assumption, the quantity 997—77 can be arbitrarily large. Nevertheless, since
Xo > 01is at our disposal, we can choose X large enough to have

di=2xo — 09_—77 >0, (6.53)

arelation playing the same role as (6.23) before. Note, that here we really need the possibil-
ity of taking x¢ large. This fixes xo = x0(8,~y) (for example we could choose xo = %),
d=d(0,v)and also A = A(n, L,v,w(+),0,7) by (6.52). Having fixed xo we choose

5= [147] * (6.54)

where A has been determined in (6.52). Then S admits the same dependencies as A, i.e.
S = S(n,L,v,w(),0,7), and therefore we can write AS/e =: c.(n, L,v,w(-),0,7). In
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view of (6.53) and (6.54) we find that the analogue of (6.25), i.e.

(k+1)6~y

Oy
(AS) o= A7 1 ((AS)FF1N)

1 ko | g k
< J(AS) T iy ((45)50)

+(5) 7T (AS) T (2h0) T 2 ((A8)Fedo) . (655)

holds for every k € Ny with a constant c,. The preceding estimate for the level sets allows
us to proceed as in the proof of Theorem 6.1 after (6.25); i.e. we first sum up (6.55) upon
k € N and then re-absorb the intermediate sum in the left-hand side. Arguing exactly as in
(6.25)—(6.33) we arrive at the following analogue of (6.33):

6—v
1Dl gy @0 < C(][zg (+ |Du|)dz)|Q°| 7+ clgllLoty.g im0
n2Qq
(6.56)

where now ¢ = ¢(n, L, v, 0,7, q). In the next step we have to replace Proposition 6.3 by an
appropriate version valid under the weaker assumption 1 < v < # < N. This is achieved
in the following

Proposition 6.9. Ler u(= u;,) € CO([—T,0]; L2(Q)) N L*(=T,0; Wy *(Q)) be a weak
solution to (5.1) where either the structure conditions (1.12) to (1.14) or the condition
(1.11) are in force and g € L%(y,q)(Qr) with 1 < v < 6 < N. Then, for every pair of
concentric parabolic cylinders C, C C, C Q there holds

8= N
I+ 1Dulll oz < ele=o) 7 T+ [Dulllie,) + ellglzeganc,

o

where ¢ = ¢(n, L,v,7,0,q).

Proof. We first note that by Proposition 6.3 we only have to treat the case v € (6/2,0).
Let zo be a point in C, and C(zo, R) a parabolic cylinder with 0 < R < dpar(20,0C,),
ie. C(20,R) C C,. Moreover, let v € CO([tg — R, to + R?]; L*(Br(xo)) N L3(ty —
R? to + R?;W12(Bgr(x)) be the unique solution to the Cauchy-Dirichlet problem (6.8)
in C(29, R). Then, using (5.13) for the choice ¢ = 1 and with o € (0, 1) to be fixed later
we infer by the argument from the beginning of the proof of Proposition 6.3 that

/ (14 |Dul) dz
C(zo,7)
r\N—1+a
§c<—) / (1+|Du|)dz+c/ |Du — Dv|dz,
R C(20,R) C(20,R)

holds for any 0 < r < R where ¢ = ¢(n, L,v,«). Using (5.4) from Lemma 5.3 the
previous inequality leads us to

/ (14 |Dul) dz
C(zo,r)

r\N—1+a _ _0—~
<o) / (1+ |Dul)dz + ¢ |gll oy gy, BV 05,
R C(20,R)

where ¢ = ¢(n, L, v, q, «). At this stage we remark that v € (0/2,0) yields 1 — Q_T"’ €
(0,1). Therefore we choose o € (0,1) suchthat1 > o > 1 — G_T'y > 0. Note, that here
we really need the possibility of taking « close to 1 at our disposal. For example we could
choose o : =1 — 92_—,;*, fixing @ = «(6,~). Now, we can finish the proof exactly as in the
proof of Proposition 6.3 by the application of Lemma 2.4. U
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Having arrived at this stage the local Lorentz integrability of Du from (6.56) can be
turned into the desired Lorentz-Morrey space estimate via the scaling argument along the
lines of the proof of Theorem 6.1, Step 5, combined with the intermediate Morrey space
information for Du from Proposition 6.9.

7. INTEGRABILITY OF u

Theorem 7.1. Under the assumptions (1.2), g € L% (v, q)(Qr) with 0 < q < oo and

0
1<’y<§ and 2<0<N, (7.1)

the solution u € L'(=T,0, W, () to (1.1) is such that

0~ 0q )
0—2v0—2y

Moreover, the following quantitative estimate

u € LG( locally in Q.

=2y N
lell o oy 09 Y (empmy = CB T MUl t Bllzien +ellgllemraen 72

holds for any Cr C Qp, where ¢ = c¢(n, L,v,v,0,q).

Theorem 7.2. Under the assumptions (1.2) and being g € L(v,q)(Qr) with1 < v < &,
0 < g < o0, then the solution u € L'(=T,0,W,"*(2)) to (1.1) is such that

N
N _727 , q) locally in Q.

Moreover, the following quantitative estimate

uEL(

N—2vy
lel, (s o) enmy SER T Ml Bllsen +ellgllonaien
) C

holds for any Cr C Qr, where ¢ = c¢(n, L,v,7, q).

Since the proofs of Theorems 7.1, 7.2 are very close to the one of Theorem 6.1 we
confine ourselves to outline the necessary modifications only. Again, we deal with the
approximating solutions v = uy, defined in Section 2.1, abbreviating again g = g;. Now,
we go back to the proof of Theorem 6.1 and keep in mind the notation introduced thereby.
Then, Lemma 6.2 must be replaced by

Lemma 7.3. Let u(= uy) € CO([—T,0]; L2()) N L%(=T,0; Wy*(Q)) be a weak so-
lution to (5.1) where the assumptions (1.2) are in force and g € L (Qr). Then, there
exists an absolute constant A = A(n, L,v) > 1 such that: For every S > 1 and xo > 1
there exists a constant ¢ = £(n, L, v, S, xo) € (0,1) such that if \ > 1 and Q a dyadic
sub-cylinder of Qg such that

12l

S2x0’

QN {z€ Qo: M*(1+ |ul)(2) > ASX and M;(g) < er}| > (7.3)

then the predecessor Qo of Q satisfies
QC{z€Qy: M*(1+ [ul)(2) > A\}.

The main changes in the statement of Lemma 7.3 are essentially the replacement of
Mi(g) = My ,20,(9) by M3(g) = Mj 25 (9) and the introduction of the parameter
Xo > 1 which is at our disposal, i.e. x( can be picked large at will, while the quantity x
in Lemma 6.2 was fixed. In principle, the proof of Lemma 7.3 follows the one of Lemma
6.2 replacing M*(1 + |Dul), M (g) by M*(1 + |u]), M5 (g). But for convenience of the
reader we describe the main differences. Since we are dealing with M3 (g), (6.7) has to be
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replaced by M5 (g)(2) < e for some z € Q, yielding in turn the following analogue of
(6.9):
|C|%][ gl dz < c(n)en.
c
Therefore, by (5.3) we have

/ |lu—wv|dz < c(n,y)|C|% / lgldz < ¢(n,v)e.
3Q C

At this stage the proof proceeds exactly along the lines of Lemma 6.2, starting with the
preceding inequality instead of (6.9). This leads us to the following analogue of (6.12):

/ (14 [o])2X0 dz < o(n, L, v) A2,
2Q

Here we have taken into account that the side-length of the cylinders is bounded by 1. Now,
as in the proof of Lemma 6.2 we compare the level set of M **(1 + |u|) in the cylinder Q
with the one of M**(1 + [v]), where M** := Mg ,4. This procedure implies that

ci(n,L,v)  ca(n,v)

(AS)2xo AS
The choices of A and ¢ are performed exactly as in (6.14), (6.15), but everywhere replacing
X by xo. This fixes A = A(n,L,v) > land e = ¢(n, L,v, S, xo) € (0, 1) and leads first
to the analogue of (6.16), and secondly with the arguments from the proof of Lemma 6.2
to the following analogue of (6.18):

{z € Q: M*(1+ [ul)(2) > ASA}| < S~20|Q),

contradicting (7.3). This completes the proof of Lemma 7.3.
We now proceed with the proof of Theorem 7.1 along the lines of Theorem 6.1, starting
at Step 2. We initially choose

[{z € Q: M™ (1 +|ul)(z) > ASA}| < [ “1ig].

Ao := 2¢o(n)n?N §2xo ][ (1+ |ul)dz, (1.4)

n2Qg

and define p1(-), po(+) by
pr(H) == |{z € Qo : M*(1+ |u|)(z) > H}

)

and
po(H) = Hz € Qp: M;(g)(z) > H}
respectively, for H > (0. At this stage we start replacing % by ﬁ everywhere. Ap-

plying Lemma 7.3 and Proposition 2.1 at levels H = (AS)*T1)\g, (AS)*)\ for k =
0,1,2,... we arrive at the following analogue of (6.22):

)

(k+1)6~

_6y
(AS) 0—2v )\5)72«,“1 ((AS)kJrl)\o)

0~ 0~ . Koy 07
< AT ST TIO(AS) T ATy ((AS) )
(AS/e) 75 (AS) 755 (200) 75 ig ((AS)*edo) . (1.5)

We observe that this time we can choose X large enough to have 2y — 03% > 0; see
(6.23) for the corresponding relation in the proof of Theorem 6.1. Note also that at this
stage we need the possibility for choosing x large at will, since 2+ can be arbitrarily close

0 making 02727 large. This motivates the following definitions

d:=2y0 — >0, S:= [4Aef”zw]% :

0~
0 — 2~

s0 that A7-55 §7785 ~2X0 < i. Using this in (7.5) allows us to proceed as in the proof of
Theorem 6.1 after (6.25); i.e. we first sum up (7.5) upon k£ € N and then re-absorb the
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intermediate sum in the left-hand side. Arguing exactly as in (6.25)—(6.30) we arrive at the
following analogue of (6.30):

6—27 «
||uHL(937A2’,Y,T)(Qo) SC)\0|QO| 6~ +C||M2 (g)HL( 0~ T)(Qo)’ (76)

-2~
which holds for every 7 > 0, and where ¢ = ¢(n, L,v,v,0,7). At this stage we take
T= ef‘év in (7.6) and apply Theorem 4.13 with 5 = 2 and p = -y (note that 8p = 2y < 0

by assumption (7.1)); this leads us to

||M2*(g)HL( 0y 99_)(Qo) <c HgHLG('y,q)(nQQO)-

—2~°0—2v

It is worth to remark that this is exactly the point where we use the fact that M5 admits
a higher regularizing effect then M. Combining the preceding inequality with (7.6) and
recalling the definition of Ay from (7.4) we obtain

6—2~
el e 5200y (00) SC(][ZQ (1+|u|)dz)|go| 7+ cllgllze () n2 o)
n2Qo

60—2~v°'6—2v

Having arrived at this stage the local Lorentz integrability of w can be turned into the
desired Lorentz-Morrey space estimate via a scaling argument along the lines of the proof
of Theorem 6.1, Step 5, combined with the intermediate Morrey space information for «
from Remark 6.4, (6.38). Consider C, C Q7. Scaling back to C; as in Remark 5.1 and
arguing along the lines of Step 5 we find

il o sty S AT ez e lglog o -

Scaling back to C, via Lemma 3.2, we find for every parabolic cylinder C, C {7 that

_g)f=2v
||UHL( 0~ 6q )(Cg/nA) S C\IJ(CQ) Q(N ) 6~ s

—2~°0—2+

where this time we have set

v(C,) = - .
(Co)i=lletulll s ozn -+ Dgllervarcea)

Having arrived at this stage we follow exactly the proof of Theorem 6.1, Step 5, after
(6.39). The only difference occurs when using the intermediate Morrey-space estimate
(6.38) instead of (6.35). The desired estimate (7.2) then follows by the approximation
argument from the proof of Theorem 6.1, Step 6.

The proof of Theorem 7.2 follows similarly to the one of Theorem 6.6, taking into
account Theorem 4.2 for the choice 8 = 2.

Theorem 7.4. Under the assumption (1.2) and g € MO/20(Qr) with2 < 0 < N the
solution uw € L'(=T,0;Wy"' (Q)) to (1.1) belongs to BMOyoc(Qr). Moreover; there
exists a constant ¢ = c(n, L, v, ) such that for any parabolic cylinder Cr, C Qr holds

[ulBMO(Cr,0) S € RN[1+ |Dul[Lrcp) + € 91l amer2.0 (1) cr)

Proof. Once again we consider the approximating solutions u = uy, € C°([-T,0]; L*(Q))N
L2(—T,0; W) *(Q)) to (2.2). From [11, Lemma 4.3] we recall that the following Poincaré-
type inequality holds

/ |uf<u>cg/2|dzscg/ |Du|dz+cg2/ 19l dz,
CQ/2 Cg CQ

for any parabolic cylinder C, C Qp, with a constant ¢ = ¢(n, L, v). Therefore, we have

[ulBMO(Cr,s) =  SUP ][|U—(U)cg\d2
0CCr/a JC,

<c [HDUIILLI(cR/z)JrC sup 92][ Igle]
C

oC R/2 o
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The first term appearing on the right-hand side of the preceding inequality can be estimated

with Proposition 6.3 for the choice v = 6/2 and ¢ = oo (note that 9;}92/ 2 = 1); we infer

that

[DullLri(cp,s) < ¢ RN+ [DulllLrcqy + ¢ gl amorzocpys

where ¢ = ¢(n, L,v,0). On the other hand, the second term can be treated by use of
Lemma 4.1 as follows:

6/2 _
92][ lg|dz < m\cd 2/‘992H9||/\/19/2(cg)

0/2
0/2—1

e

o-N
< 2a(n)] %0 7= ||g|| pmor2 (e,

0-N
c(n,0)0 %7 ||gll merzc,)-

Therefore, we have

sup 92][ lg1dz < c(n, O)llglpor2ocs -
CoCCRry2 Co

Combining the preceding estimates leads us to
[WBMO(cr)) < ¢ RN+ [Dulll i) + ¢ gl pmorzocrny,

where ¢ = ¢(n, L, v, ) we note that the constant ¢ blows up, i.e. ¢ — oo, when 6 | 2.
Again the desired result follows by approximation. (]
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