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Abstract

We investigate linear and quasilinear evolutionary partial integro-differential equations
of second order which include time fractional evolution equations of time order less than
one. By means of suitable energy estimates and De Giorgi’s iteration technique we establish
results asserting the global boundedness of appropriately defined weak solutions of these
problems. We also show that a maximum principle holds for such equations.
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1 Introduction

Let T > 0, and € be a bounded domain in RY. In this paper we are concerned with linear
partial integro-differential equations of the form

6t<k:*(u—uo)>—£u=f+divg,tE(O,T),xEQ, (1)
as well as related quasilinear problems
Oy (k: * (u — uo)) —diva(t,z,u, Du) = b(t,z,u, Du), t € (0,T), z € Q, (2)

where in both cases k € Ly jo.(R4) is a nonnegative kernel that belongs to a certain kernel class
(see (H1) and Definition 2.1 below), and k * v denotes the convolution on the positive halfline

w.r.t. the time variable, that is (k *v)(t) = fot k(t —m)v(r)dr, t > 0.
As to (1), L is a second order operator w.r.t. the spatial variables in divergence form:

Lu = div (A(t, ) Du + b(t, x)u) + (e(t, )| Du) + d(t, z)u.

Here A is RV*N_valued, b and ¢ take values in RY, and d is a real-valued function. Further,
Du stands for the gradient of u, and (-|-) denotes the scalar product in RY. The functions
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ug = wo(x), f = f(t,x), and g = g(t,z) are given data; the function ug plays the role of the
initial data for w.

Concerning the leading coefficients of £ we merely assume measurability, boundedness, and a
uniform parabolicity condition. The coefficients of the lower order terms are assumed to belong
to certain Lebesgue spaces of mixed type, so they need not be bounded.

In (2), the functions a : (0,7) x @ x R¥*1 — RN and b : (0,7) x Q x R¥N*! — R are
measurable and satisfy suitable structure conditions, see (Q1)—(Q5) in Section 4.

An important example for the kernel £ we have in mind is given by

k) = gi_a(t)e™™, t>0, a€(0,1), u>0, (3)
where gg denotes the Riemann-Liouville kernel

Pt

In this case, (1) and (2) amount to time fractional equations of order o € (0,1). Recall that
for a (sufficiently smooth) function v on R, the Riemann-Liouville fractional derivative D{*v of
order o € (0,1) is defined by Dv = % (g1—a * V).

As to applications, problems of the form (1) and (2) arise for example in mathematical
physics when describing dynamic processes in materials with memory, e.g. in the theory of heat
conduction with memory, see [13] and the references therein. Time fractional diffusion equations
also appear in the context of anomalous diffusion, see e.g. [11].

Letting Qp = (0,7) x Q and I'y = (0,T) x 99 one of the main objectives of this paper is to
derive results asserting the boundedness on Q7 of appropriately defined weak solutions of (1) and
(2), respectively, that are bounded on I'r. We further establish the analogue of the well-known
weak maximum principle for weak solutions of the parabolic equation corresponding to (1), i.e.
Ou — Lu = f + divg, see e.g. [12, Theorem 7.2, p. 188].

In the literature one finds many papers where equations of the form (1) and (2), as well
as abstract variants of them are studied in a strong setting, assuming more smoothness on the
coefficients and nonlinearities, see e.g. [1], [3], [6], [8], [9], [13], [15], [16]. The purpose of the
present paper is to develop further a theory of weak solutions to (1) and (2). In this sense the
boundedness results are an important first step towards a De Giorgi-Nash-Moser theory for time
fractional evolution equations in divergence form of order « € (0,1).

Our proofs of the global boundedness results use De Giorgi’s iteration technique and are based
on suitable a priori estimates for weak solutions of (1) and (2), respectively. These estimates,
which by partly standard arguments (c.p. [12, Chapters IIT and V]) lead to suitable Caccioppoli
type inequalities, are derived by means of the basic inequality (10) (see below) for nonnegative
nonincreasing kernels. We point out that the basic Ly energy estimate for (1) has already
been established in [17], under conditions on the coefficients and data which are slightly more
restrictive than the ones assumed in the present paper.

One of the technical difficulties in deriving the desired estimates in the weak setting is to
find an appropriate time regularization of the equation. In the classical parabolic theory this is
achieved by means of Steklov averages in time. In the case of equations (1) and (2) this method
does not work any more, since Steklov average operators and convolution do not commute.
It turns out that instead one can use the Yosida approximation of the operator B defined by
Bv = 0y(k#v), e.g. in L2([0,T]), which leads to a regularization of the kernel &k (not of u!). This



method has already been used in [14] and [17], we also refer to [9], where a more general class of
integro-differential operators (in time) is studied.

The paper is organized as follows. In Section 2 we introduce the class of kernels used in this
paper, and explain the approximation method in more detail. We also state the basic inequality
(10) and collect some further auxiliary results. In Section 3 we describe the weak formulation
of (1) and prove the global boundedness of weak solutions as well as the maximum principle. In
Section 4 we extend these results to the quasilinear case.

2 Preliminaries

The following class of kernels has been introduced in [17] and is basic to our treatment of (1).

Definition 2.1 A kernel k € L1 1,c(Ry) is said to be of type PC if it is nonnegative and non-
increasing, and there exists a kernel l € Ly 1,c(Ry) such that k1 =1 in (0,00). In this case,
we say that (k,1) is a PC pair and write (k,1) € PC.

An important example is given by
K(®) = gia(Be ™™ and U(t) = gu (e + u(1 < [ga()e D), >0,  (5)
with o € (0,1) and p > 0. Both kernels are strictly positive and decreasing; observe that

[(t) = go(t)e ™ < 0, t > 0. Their Laplace transforms are given by

A _ 1 Sy 1 I
k(A) = W» I\ = W(1+ X)’ Re A >0,

which shows that k[ =1 on (0,00). Hence we have both (k,1) € PC, and (I, k) € PC.
We next discuss an important method of approximating kernels of type PC. Let 1 < p < o0,
(k,)) e PC, T > 0, and X be a real Banach space. Then the operator B defined by

Bu kxu), D(B)={u€ Ly([0,T];X): k*u€coH)y([0,T];X)},

:%(

where the zero means vanishing at ¢ = 0, is known to be m-accretive in L,([0,T]; X), cf. [2],
[5], and [9]. Its Yosida approximations B,,, defined by B, = nB(n + B)~!, n € N, enjoy the
property that for any u € D(B), one has B,u — Bu in L,([0,T]; X) as n — oo. Further, one
has the representation

B,u = %(kn*u), u e Ly([0,T]; X), n €N, (6)

where k,, = ns,, and s,, is the unique solution of the scalar-valued Volterra equation
sn) +n(spx)(t) =1, t>0, neN,
see e.g. [14]. Denoting by h, € L1, 10c(Ry) the resolvent kernel associated with nl, we have

ha(t) + n(hn + 1)(t) = nl(t), t>0, neN, (7)



and hence, by convolving (7) with k,
(kxhp)(t)+n(kxh,x)(t)=n, t>0, neN,

which shows that
k, =mns, =k+*h,, necN. (8)

From (k, 1) € PC it follows that [ is completely positive, see e.g. Theorem 2.2 in [4]. Consequently,
l and h,, are nonnegative, and the kernels s,, are nonnegative and nonincreasing for all n € N,
see e.g. [13, Proposition 4.5] and [4, Proposition 2.1]. From s, = 1 — 1 % h,, we further see that
sp € HL([0,T)). In view of (8) we conclude that the kernels k,,, n € N, are also nonnegative and
nonincreasing, and that they belong to H{ ([0, 7).

Note that for any function f € L,([0,7];X), 1 < p < oo, there holds h, * f — f in
L,([0,T]; X) as n — oo. In fact, defining v = I  f, we have u € D(B), and

d d
Byu= %(kn*u) = ﬁ(k*l*hn*f) =h,*f — Bu=f inLy([0,T];X)
as n — oo. In particular, k, — k in L1([0,7T]) as n — oo.

We next state a fundamental identity for integro-differential operators of the form %(l@ k).
Suppose k € H{([0,T]) and H € C*(R). Then a straightforward computation shows that for a
sufficiently smooth function w on (0,7") one has for a.a. ¢t € (0,7T),

H(u(t)) 5 (b w)(6) = 5 (b G)(0) + (= H0) + B (ult)ult) ) k(1)

+ / (H(u(t = ) = Hu(®) = B (u(@)[ut - 5) = u(®)] ) [=k()] ds. (9)

We remark that an integrated version of (9) can be found in [10, Lemma 18.4.1].

Define now H(y) = 3(y+)?, y € R, where y; := max{y,0}. Evidently, H € C*(R) with
derivative H'(y) = y+, y € R. Assume in addition that the kernel k € H{([0,T]) is nonnegative
and nonincreasing. Then it follows from (9) and the convexity of H that for any function
u € Ly([0,17),

u(t)+% (k * u)(t) > %% (k * (u+)2)(t), aa.te(0,T). (10)

The next lemma concerning the geometric convergence of sequences of numbers will be needed
for the De Giorgi iteration arguments below. It can be found, e.g., in [12, Chapter II, Lemma
5.6] and [7, Chapter I, Lemma 4.1]. Its proof is by induction.

Lemma 2.1 Let {y,}, n=0,1,2,..., be a sequence of positive numbers, satisfying the recursion

inequality
Yni1 < OO"yt™, n=0,1,2,...,

where C, b > 1 and v > 0 are given numbers. If
yo < C—l/vb—l/’yz’

then y, — 0 as n — 0.



We conclude this preliminary part with an interpolation result which will be frequently used in
Sections 3 and 4.
Let T > 0 and Q be a bounded domain in RY. For 1 < p < co we define the space

V, =V, ([0,T] x Q) = Lap([0,T]; L2(2)) N Lo ([0, T]; H3 (), (11)

endowed with the norm

lulv, (jo.11x9) = [t]L,y, (0.1:L2()) + [UlLo 0, 73:13 (2) -
Suppose that
2 1 1
/ _— = _—— - =
P(1-7)+N(G-5) =t (12
where p’ = p/(p — 1), and
r € [2,2p], [ N—J_V] for N > 2
r € (2,2p], € [2,0) for N =2 (13)
reE {%,2}9}, € [2, 9] for N = 1.
Then V,, — L. ([0,T]; Ly(£2)), and
[ulz, (jo,77:L,(2)) < C(N,9)|ulv, (o, 11x0)- (14)

This is a consequence of the Gagliardo-Nirenberg and Holder’s inequality. The case p = oo is
contained, e.g., in [12, p. 74 and 75]. The proof there easily extends to the general case.

3 Linear equations

In this section we study the linear equation (1). Let 7' > 0, and 2 be a bounded domain in RY.
In what follows (except for Theorem 3.2 and Theorem 3.3) we will assume that

(H1) There exists | € L1, 10(R4) such that (k,1) € PC. Further, [ € L,([0,T]) for some p > 1.
(H2) A€ Loo((0,T) x Q;RN¥*N) and Jv > 0 such that
(A(t, 2)€€) > v|¢|?,  for a.a. (t,z) € Qp, and all¢ € RY.

(H3) wup € La(2), and

2 2 2 .
b + 1ol +1ef” +1d| +171], = Cp < oo,
where p/ N
T -l-h
and
re (l’fﬁ),oo Q€ [Q(ﬁm,oo} Be(0,1) for N >2,
re |y iy | aclod e (0,3) for N=1.



We say that a function u is a weak solution (subsolution, supersolution) of (1) in Qr, if u
belongs to the space

V, := {v € Lyp([0, T); L2(Q)) N La([0, T); H3 (£2)) such that
kxve C([0,T]; L2()), and (k * v)|;—o = 0},

and for any nonnegative test function
ne fyt Q) = H3(0,T) La(R) N L(0, TL 3 (@) (A3(9) = Cgo(@) @)

with n|;=r = 0 there holds

/ / — e[k * (u — up)|+(ADu + bu|Dn) — (c|Du)n — dun) dxdt

(<, >) / A fr] \Dn)dmdt. (15)

It is not difficult to verify, by means of Holder’s inequality and the interpolation inequality (14),
that under conditions (H1)-(H3) the integrals in (15) are finite, c.p. the proof of Theorem 3.1
below. We point out that (1) is considered without any boundary conditions, in this sense weak
solutions of (1) as defined above are local ones. Note that for an energy estimate for weak
solutions u € V}, of (1) one can work with a weaker version of condition (H3), see e.g. Theorem
3.2 below. We further remark that weak solutions of (1) in the class V,, have been constructed
in [17] under the assumptions (H1), (H2), and a stronger variant of (H3). Notice also that the
function ug plays the role of the initial data for u, at least in a weak sense. In case of sufficiently
smooth functions u and k * (u — ug) the condition (k * u)|t=¢ = 0 implies u|¢=¢ = ug, see [17].

The following lemma is basic to deriving a priori estimates for weak (sub-/super-) solutions
of (1) as it provides an equivalent weak formulation of (1) where the kernel k is replaced with
the more regular kernel k,, (n € N) defined in (8). In what follows the kernels h,, n € N, are as
in Section 2.

Lemma 3.1 Let the assumptions (H1)-(H3) be satisfied. Then u € V,, is a weak solution (sub-
solution, supersolution) of (1) if and only if for any nonnegative function ¢» € HL() one has

/Q (w&g [kn*x(u — ug)] + (hy * [ADu + bu]| D)) — (hy, * [(c|Du) + du})d)) dx
— (<, >) /Q ([hn s i — (hn * g|Dz/1)) dr, aate(0,T),neN.  (16)

Proof. We may restrict ourselves to the subsolution case as the remaining cases can be treated
analogously.

The ’if’ part is readily seen as follows. Given an arbitrary nonnegative n € H 21 o1 (Qr) satisfying
N)t=r = 0, we take in (16) (x) = n(t,z) for any fixed ¢t € (0,T), integrate from ¢t =0 to t = T,
and integrate by parts w.r.t. the time variable. Relation (15) then follows by sending n — oo;
here we use the approximating properties of the kernels h,, described in Section 2.



To show the ’only—if’ part, we choose the test function

T T—t
n(t,xz) = /t hn(oc —t)p(o,x) do = /0 ho(o)p(oc+t,x)do, te€(0,T), x€Q, (17)

with arbitrary n € N and nonnegative ¢ € H211(QT) satisfying o[, = 0; 7 is nonnegative since
¢ and h,, are so (see Section 2). Then

T
ne(t, x) = / hn(o —t)po(o,2)do, a.a. (t,z) € Qr.
¢

By Fubini’s theorem, we have

/OT : /tT (o — )01 () do ) (t) dt = /OT o | ot = oalo) o),

for all 91, 12 € La(]0,T]). So it follows from (15) and ky, = hy, * k (c.p. (8)) that
T
/ /Q (= eulkns(u = uo)] + (i * [ADu + bu]| D) = (hn * [(c| D) + du])p) dv it
0

< /OT/Q ([hn s flo — (hn * g|D<p)> drdt, neN.

Observe that k,, * (u — ug) € oHa([0,T]; L2(2)). Therefore, integrating by parts and using
Yli=r = 0 yields

/ ' / (900 lkow (o — )] + (i [ADu + bl Dig) — (I * [(¢|Du) + dh]) ) v
0 Q
T
< /0 /Q (Iha 7o — (ho # 9lDg) ) dev (18)

for all n € N and ¢ € Hy''(Qr) with ¢|—p = 0. By means of a simple approximation argument,
we infer that (18) holds true for any ¢ of the form o(t,x) = X, ) ()Y (), where x¢, )
denotes the characteristic function of the time-interval (t1,t3), 0 < t; <ty < T, and ¢ € H}(Q)
is nonnegative. Appealing to the Lebesgue differentiation theorem, we then obtain the desired
relation (16). O

Theorem 3.1 Let T > 0 and Q C RY be a bounded domain. Let further the assumptions (H1)
— (H3) be satisfied. Suppose K > 0 is such that ug < K a.e. in Q. Then there exists a constant
C=Cp,q,7 L, o1, T, N,v,Q,Cp) such that for any weak subsolution u € f/p of (1) in Qr
satisfying u < K a.e. on I'p there holds u < C(1+ K) a.e. in Q.

Remarks 3.1 (i) There is a corresponding result for weak supersolutions u of (1) in the situation
where ug > K a.e. in 2, and u > K a.e. on 'y, for some K < 0. This follows immediately from
Theorem 3.1 by replacing u with —u, and ug with —uy.

(ii) The statement of Theorem 3.1 remains true if r and ¢ in (H3) are different for different
coefficients and data, that is when [b|> € L., ([0,T]; Ly, (R2)), |g9|*> € L.,([0,T]; Ly, (£2)), and so



forth with r; and ¢; satisfying the same conditions as r and ¢ in (H3). This can been seen by
working with several functions p, ; and by generalizing the iteration argument for the function
¢, see below. In the classical parabolic case this issue is discussed in [12, Chapter III, Remark
7.2].

Proof of Theorem 3.1. Suppose u € f/p is a weak subsolution of (1) in 7. Then, by Lemma 3.1,
for any nonnegative function ¢ € H2 () relation (16) holds with the <’ sign. For t € (0,T) we
take in (16) the test function ¢ = ul := (u,)4+, where u,, := u — £, and s € R satisfying the
condition

K > Ko := max{0, esssup ug, esssup u }. (19)
Q I'r

The resulting inequality can be written in the form
/ (ut@t(kn * ) + (hy * [ADu + bu)| Duf) — (hy, * [(¢|Du) + du})uﬁ) dx
Q
< [ (1o < £t = (o s D) 0t (w0 = k) d, - aat € (0.7). (20
Q

Clearly,

K

/ uf(ug — k)kpdr <0, aa.te(0,7T),
Q

by positivity of k, and (19). Thanks to (10) we further have
+ 1 +2
wt Oy * ) > §6t(kn* (uF) ) aa. (t,2) € Q. (21)
Using these relations it follows from (20) that
1
/ (5 Bulkn % ()] + (i  [ADu + bu] | Du) = (o * [(€l D) + dul ) da
Q
< / ([hn * flut — (hy, *g|Du;")) dx, aa.te(0,T). (22)
Q

Next we convolve (22) with the nonnegative kernel ! from assumption (H1), and observe that in
view of

ki % (uf)? € oH1 ([0, T]; L1 ()

and k,, = k * h,, we have
%0y (kn * (ui)z) =0 (l * oy * (u:)Q) = hp * (u))2

Sending then n — oo, and selecting an appropriate subsequence, if necessary, we thus arrive at

1

3 /(u;ﬁ)2 dx + 1 * / (ADulDu})drx <1 F, aa.te (0,T), (23)
Q Q

where

F(t) = /Q (— (bu + g|Dul) + [(c|Du) + du + f]ui) dz.



By (H2), we have
/(ADu|Du$)dm = /(ADumDu:)dx > V/ |Dut|? da, (24)
Q Q Q
and thus
/(u:)2 de <21xF, aa.te(0,T).
Q
Young’s inequality for convolutions then gives

|U:|2sz([o,t1];1:2(m) = |(u:)2|LP([0,t1];L1(Q))
< 20z, o0 Flryto,t2)) < 20 L, o, [ L1 (10,421 (25)

for all t; € (0,77.
Returning to (23), we may also drop the first term, convolve the resulting inequality with k,
and use k1 =1 as well as (24), thereby obtaining

VDU, 00110000 < 1FILy (0, (26)

In order to estimate |F|r,([0,¢,]), Which appears on the right side of both (25) and (26), we
proceed similarly as in [12, p. 184]. We denote the Lebesgue measure in RY by Ay and set

At) ={z € Q:u(t,z) >k}, t€(0,T).
Then
IFlL o)) < elDul 1T, 10,0000

+C(e / / |b|2u2 + g1 + le* (un)? + |dulu, + |f|u,.i) dx dt,

for all € > 0. Selecting ¢ sufficiently small and assuming x > 1, this together with (25), and (26)
gives

t1
0 By orpeny < COMITp) [ [ Dlta) ((we)? 4+ 62) du @0
0 JA.@)
Where |l|p = |l|Lp([O,T])7 and
D(t,x) = |b(t,x)]” + |g(t,2)” + |e(t, z)[* + |d(t, z)| + [ f(£, )],

and V,([0,¢1] x Q) is defined as in (11). Using Hoélder’s inequality and (H3) we thus have with
1/r+1/r'=1and 1/q+1/¢' =1 that

w3 0.01x0) < CIPIL, 0.0 Lo@) [ (W) + KX fus s} Lo (001, ()5 (28)

here C' is as in (27), and x{,>,} denotes the characteristic function of the set of points (t,r) €
(0,t1) x  at which u(t,z) > k. We may then estimate, using again Holder’s inequality,

|(u)?|z

T (143)
Lo (0,02 L () < ‘u |L27’(1+5)([0 t1]iLagr 145y () " ’ (29)



with

,u,gz{ ot1 )‘N(An(t))%dt g>1
M{t€(0,t1) : An(Ak(t) > 0}) :g=1,
and 05
T VY (30)

It is not difficult to verify that, by virtue of (H3), the numbers 7 := 2r/(14 ) and ¢ := 2¢’(1+49)
are subject to conditions (12) and (13) with (r,¢) being replaced by (7, q). Therefore, using
inequality (14), it follows from (29) that

)
()L, (0.0):L, @) < CN, @t 3 0.0y (31)

We may further write
1

KX usr} L0 (002D () = KO - (32)
Combining (28), (31), and (32) we obtain

__ 5 1
[ 17, (0.0]x0) < Ol‘D|Lr([O,t1];Lq(Q))(|u:|%/p([0,t1]><ﬂ):uizc kP ), (33)

with C1 = C1(v, ||, T, p, N, q).
We now choose ¢t; = T'/n where n € N is so large that

e 6 1
CLPlL, oLy @)t AN(Q) T < o (34)
Setting C3 = 2C1|D|L, ((0,1);,())> inequality (33) then implies
1
6 B oy < CRR2ET > g += max{, 11 (35)

Define the function L
¢(’i) :lea K 2 ’N{O-
We will show that ¢(2M) = 0 provided M > Ry is sufficiently large. The argument is analogous
to the proof of Theorem 6.1 in Chapter II of [12]. For the sake of completeness we give the
details.
By virtue of inequalities (14) and (35), we have for any ko > k1 > Ko

)1+57 (36)

where C5 = CCy. We take k3 = &pq1 and k1 = &, with §, = M(2—-2""),n=0,1,2,..., and
M > kg being fixed. This gives

(K2 — K1) (k2) < ud [La(o.0)iLs) < CIN, @)|ut v, (0.0]x0) < Carig(k1

B(&nt1) < B(&n)' 0 < AC52" (&) T,

o gn—&-l - fn

which, together with Lemma 2.1, shows that the sequence y, = ¢(&,), n = 0,1,..., will go to
zero as n — oo, provided ¢(&p) is sufficiently small, namely

$(€0) = H(M) < (4C5)~H3271/%, (37)

10



By taking in (36) ke = M = mFko and k1 = Rg, we obtain

Cs Cs

(1+6)/7 (1+9)/d
t AN (Q .
m—1 m—11 N(8)

¢(M) <

G
Hence (37) is satisfied for
m =1+ Cat$" T AN (Q)1+D/T(4C,) 1021/,

It follows that for this m
ess sup u < 2M = 2mkKyg. (38)
[0,t1]xQ

To obtain a bound on the whole time-interval [0, 7], we proceed by induction. Using (38)
we next derive an estimate on [t1,2¢;], which together with (38) is then employed to find an
upper bound on [2t1,3t1], and so forth until we reach T after finitely many steps. Due to the
nonlocalness of the integro-differential operator in time, in each step we have to use the bounds
established in all of the previous steps, that is up to t = 0.

Let Ty € (0,T) and suppose that u € V,, is a weak subsolution of (1) in Q7 which is bounded
above on [0,Tp] x Q. Then as above we have

/Q (wat(kn s ) + (hn % [ADu + bu]| D) — (hy * [(c| Du) + du])u)) da
< / ([hn s 1) — (hn % g| D) + (g — K;)k:n) de, aa.te (T, T), (39)
Q

for any nonnegative ¢ € H}(Q), k € R, and n € N. Recall that k, € H}([0,T]) with derivative
k, < 0. We define

H,{’n(t,x):/o o (t = )Jun(r, 2) dr, tE (T, T), @ € Q. (40)

By Jensen’s inequality,

To
[ Hen(t2)? < (Kt = Tb) = ku(®)) /O [len(t — 7)) [un (7, 2)|? dr, (41)

which shows that Hy, ,, € La([Tp, T] x Q). Therefore we may use the decomposition

t

To
(kp *ug)(t,x) = / kn(t — T)uk(r, x) dr + /0 kn(t — T)u(t,2)dr, te€ (To,T),

To
to rewrite (39) as
/ (wat t kn(t — T)u (T, ) dT + (hp * [ADu + bu]| D)) — (hy, * [(c|Du) + du])w> dz
Q To

< /Q ([hn * [l — (hn * g|DY) + Y(uo — K)ky, +me) de, aa.te (Ty,T). (42)
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We then shift the time according to s = t — Tp. Employing the notation o(s) = v(s 4+ Tp),
s € (0,T —Tp), for functions v defined on (7y,T), (42) becomes

/Q (0 (ko 83) + (o [ADu + bul D) — (o # (el Dur) + ) )

< [ (o 770 = (0 1D) + 0 = 0o+ 601 ) di, - s € (0. =), (43

Setting Ty = t1, we can now argue as above to get an upper bound for u on [t1,2t1] x . We
restrict k to
Kk > K1 := max{Rg,ess sup u} = max{Fko,2mko} = 2mkKyo,
[0,t1]x Q2
which entails that ug — x < 0 as well as ﬁ,.wL < 0. Consequently, the terms involving these
functions can be dropped in (43). We take ¢ = @} and use the analogue of (21). Convolving
the resulting inequality with [, and sending n — oo then yields

1 ~ -
3 /(ﬁ:)de—H*/(ADMDﬂi)dxSZ*F, a.a. s € (0,T —t1),
Q Q

which is the time shifted version of (23). We conclude that

ess sup u < 2mR; = 4m?Ro. (44)
[tl,tQ}XQ
These arguments can now be repeated for the time-intervals [jt1, (j + 1)#1], § = 2,...,n — 1,

thereby obtaining a bound

esssupu < CRg,
Qr

with a constant C' = C(p,q,r, ||y, T, N,v,An(22),Cp). O
As an immediate consequence of Theorem 3.1 and Remark 3.1(i) we obtain the global bounded-
ness of weak solutions of (1) that are bounded on the parabolic boundary of Q.

Corollary 3.1 Let T > 0 and Q C RN be a bounded domain. Assume that the assumptions
(H1) — (H3) are satisfied. Suppose K > 0 is such that |ug] < K a.e. in Q). Then there exists a
constant C' = C(p,q,7, |l|z,0,11), T N,v,,Cp) such that for any weak solution u € Vp of (1)
in Qp satisfying |u] < K a.e. on 'y there holds |u| < C(1+ K) a.e. in Qrp.

For weak subsolutions (supersolutions) of (1) the maximum (minimum) principle is valid in the
subsequent form. Let (H3’) stand for

u € Lo(Q),  |[e*+1d] | € L ([0, T1: Ly(9),

where

and



Theorem 3.2 Let T > 0 and Q C RY be a bounded domain. Suppose the conditions (H1),(H2),
and (H3’) are fulfilled, and assume that b =g =0, f =0, and d <0 in Qp. Then for any weak
subsolution (supersolution) u € V,, of (1), we have for a.a. (t,z) € Qr

u(t, z) < max {0, €ss sup g, €ss sup u} ( u(t,x) > min {0, ess igf ug, €ss irnfu} ),
Q

I'r T
provided this mazimum (minimum) is finite.

Proof. It suffices to consider the subsolution case. Note first that Lemma 3.1 also holds under
the conditions of Theorem 3.2. We take

K = max {O, €ess sup ug, ess sup u}
Q I'r

in (23), assuming that this quantity is finite. By the assumptions on the coefficients and data,
we have

F(t) <G(t) := /Q(C|Du)ui dz, aa.te(0,T).

We may then argue similarly as in the proof of Theorem 3.1 to find that for any ¢; € (0,7
[t 3 0.01x0) < CW Ly o)), 2 TG L (0.2
and thus

e)?

[t 13, (0.021x0) < CWlp,p, T) |u:|%2T/([0,t1];L2q/(Q))' (45)

Lr([()’tl];Lq(Q))

By (H3’), the numbers 2" and 2¢’ are subject to the conditions (12) and (13). Therefore, using
inequality (14), we deduce that

|u:|%/p([0,t1]><ﬂ) < CO’|C|2 ))‘u:‘%/p([o,tl]xﬂ)’

Lv'([01t1]§Lq(Q

with a positive constant Cy = Co(v, |!|p, p, T, N, q). For t; satisfying the condition

Coef?

L. ([0,t1];L4 ()

we then obtain
2
w7, (j0.1x ) < 0,
that is u < k a.e. in (0,%1) x Q. To establish this inequality on Qr we proceed by induction as

in the proof of Theorem 3.1, using the fact that the function H, , defined in (40) is nonpositive
on (Tp,T) whenever u < k a.e. in (0,7p) x Q. O

In all of the previous results we assumed that the kernel | belongs to L,([0,T]) for some p > 1.

It turns out that the maximum principle still holds when this assumption is dropped and in
addition we have ¢ = 0.
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Theorem 3.3 Let T > 0 and Q C RY be a bounded domain. Suppose there exists | € L1 10c(Ry)
such that (k,1) € PC. Let further (H2) be satisfied, and assume that ug € L2(Q), b=c=g=0,
f=0,and0>d € L([0,T]; Ly(2)), where g € [N/2,00] for N >3, ¢ € (1,00] for N =2, and
q € [1,00] for N =1. Then for any weak subsolution (supersolution) u € Vi of (1), we have for
a.a. (t,x) € Qr

u(t,x) < max {0, ess Slglzp Ug, ess Sl}lp u} ( u(t,x) > min {0, ess igf Ug, ess IFIle u} ),
T

provided this mazimum (minimum) is finite.

Proof. We proceed as in the proof of the preceding theorem. Observe that the assumptions on
d ensure that duut € Li(Qr). Since ¢ = 0, we have this time F' < 0 a.e. in (0,7), and hence
(Vi(Qr) = L2([0, T]; H3(2)))

|u:‘\2/1([07T]><Q) <0, withx = max {O, ess sgp Ug, €SS Slllp u},
T

which immediately implies the assertion. O

We conclude this section with an example showing that the case p = 1 can occur.
Let (y5)nen be a sequence of positive real numbers such that Y~ v, < oo. Let further
(an)nen be a sequence of numbers in (0, 1) that converges to 0 as n — co. We then set

l(t) = Z ’yngan (t)e_t7 t> O?
n=1

see (4) for the definition of g,, . By Euler’s integral for the Gamma function,

|9, (e L ey =1, neEN,

and therefore | € Ly(Ry) with |I|;,(r,) = >_p—1 Vn. Moreover, for every n € N, go, (t)e™" is

completely monotone, that is (—1)7(ga, e~)Y)(t) > 0, ¢ > 0, for j = 0,1,2,... Consequently,
enjoys the same property. Furthermore, by Theorem 5.4 in Chapter 5 of [10], the kernel [ has
a resolvent k € Ly jo.(R4) of the first kind, that is k*{ = 1 on (0,00), and this resolvent is
completely monotone as well. In particular, k is nonnegative and nonincreasing, and so (k,l) €
PC. Since a;, — 0, there do not exist p > 1 and T' > 0 such that [ € L,([0,T]).

4 Quasilinear equations

In this section we extend the previous results to quasilinear equations of the form (2) with suitable
structure conditions. This is possible, as also known from the elliptic and parabolic case, since
the test function method used above does not depend so much on the linearity of the operator
L but on a certain nonlinear structure.

Let (H1) hold, and ug € La(27). We will assume that the functions a : Qp x RVNT1 — RV
and b: Q7 x RVl - R are measurable and satisfy

(Q1) (a(t,z,&m)n) = Colnl? = colé]” = wolt, @),

14



IN

(Q2) la(t, z,&, )l
(Q3) |b(t, 2, &, n)|

for a.a. (t,z) € Qr, and all ¢ € R, n € RY. Here Cj,¢;, i = 0, 1,2, are positive constants, and

Cilnl + c1|€]7 + ¢a(t, 2),

2(y—1)

Caoln|™ 5 + cal€|" ™! + @alt, x),

IN

(Q4) The parameter v lies in the range

2<v<2y, withy:= Zp?]:,——’Z;TN—Q
(Q5) The functions ¢;, ¢ = 0,1,2, defined on Qr are nonnegative, p; € La(Qr), and g, @2 €
L;(Qr), where
%(p/-l-g) —1-8, Be(01]
A function u € V, is called a weak solution (subsolution, supersolution) of (2) in Qr,

if a(t,z,u, Du) and b(t,z,u, Du) are measurable, and for any nonnegative test function 7 €
Hy' () with 5);—7 = 0 there holds

/OT/Q ( — ek * (w — wo)] + (alt, z,u, Du)|Dn) — b(t, z, u, Du)n) dodt = (<, >) 0. (46)

One verifies using (14), which shows V,, < Lo5(Q2p), and Holder’s inequality that under the
above structure conditions this definition makes sense, see also the estimates below.

Theorem 4.1 Let T > 0 and Q C RY be a bounded domain. Let ug € La(Q), and assume that
(H1), (Q1)—(Q5) are satisfied. Let q be a fized positive number such that

N N
(7—2)(p’+5) < q<27y.

Suppose further that K > 0 is such that ug < K a.e. in . Then any weak subsolution u € f/p of
(2) satisfying u < K a.e. on I'r is essentially bounded above in Qp by a constant C' depending
only on the data, q, and |U|Lq(QT). In the case v = 2, the constant C depends only on the data.

An analogous result holds for supersolutions that are bounded below on the parabolic boundary,
c.p. Remark 3.1(i) in the linear case.

Proof of Theorem 4.1. We proceed as in the linear case. Note first that one can easily prove
a result analogous to Lemma 3.1. Following the lines in the proof of Theorem 3.1 we obtain for
K > Ko (see (19)), by means of the assumed structure conditions,

t1 2(y—1)
w3, (0.00)x0) < C/ / ( ([lDu| o+ tpz} wl 4+ ul” + <p0) de dt, (47)
0o JA.@)

where the constant C' depends only on |I|,,T,p and the constants appearing in (Q1) and (Q3).
The first term on the right is estimated using Young’s inequality,

2(v—
5

\Dul* 5wt < elDul? + Cle)(uh), > 0.
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Hence, choosing ¢ sufficiently small, the gradient term can be absorbed by the left hand side in
(47). Setting pi == [An (Ax ()| L1 ([0,2])5

20

. , N _
pi=1= -2 +3) €O and = o

we further have (c.p. [12, p. 425, 426))

t1
—2
/0 /A(t)|u|7d$dt§|uzq(QT)|UX{u>n}% e ([0,1]x9)

qa—(v=2)
9 2 W 9 a=(v=2)
< C(N, CI)IuIZq(QT)OuK|Vp([07tl]xmufc TR ) (48)

Recall that V, < La5(Qr), so [u|L, ;) is finite.
As in the proof of Theorem 3.1 we may estimate, with the aid of (Q5),

t1 s ] %
/0 /A (t)(@“: + o) drdt < C(N,§)|e2 + volr,r) (‘“:‘%/p([o,tl]xﬂ)/"g G k2t ), (49)

provided that x > 1; here 4 is defined as § with 3 replaced by 3. From (47)— (49) and the trivial
inequality u, < t1An(92) we then infer that
min { qﬁ(;’fz) ,i,}

w3 0.01x0) < C(|U:\%/p([o,t1]xmtf + K2 s )7 (50)
where .
— 2
p:mm{é(q v+ ), g }
(1+d0)g g1+

and C depends on the data (including Ay (€2)), ¢, and on |u|z_(q,); in the case v = 2 the constant
C depends only on the data. Choose t; so small that C’t’f < % Then

. —(v—2
mln{q (qY )’ }/ }
)

‘u;ﬁi_|\2/p([07t1]><ﬂ) S 20/{2/,611 K Z ’%0 = maX{KO, 1}

Defining ¢(k) = ﬂ,i/q, K > Ko, with

a—(v—=2) (q 2 !
Al O el N 1
2¢'(140): F=—=

_q"/7

2(1+d9)g . 9—=(v—=2) < 1
q= | i

we may then proceed exactly as in the proof of Theorem 3.1, thereby establishing first an upper
bound on (0,%1) x Q, and then also on Qr, by an analogous induction argument. O

The maximum principle holds in the following form.

Theorem 4.2 Let T > 0 and Q € RY be a bounded domain. Suppose there exists | € L1, 10c(R4)
such that (k,1) € PC. Suppose further uy € L2(Q), (Q1) with ¢co = 0 and v = 0, as well as
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(Q2) with 1 € La(27), and assume that b= 0. Then for any weak subsolution (supersolution)
u € Vi of (2), we have for a.a. (t,x) € Qr

u(t,x) < max {O, €8S Sup ug, €SS sup u} ( u(t,x) > min {0, essinf ug, essinf u} ),
Q I'r Q I'r

provided this mazimum (minimum) is finite.

Proof. The proof is analogous to that of Theorem 3.3. O

Finally we consider the case of 'natural’ or Hadamard growth conditions with respect to |Dul.
Suppose for simplicity that

(Q) (at,z,&,n)ln) = Colnl?,  la(t, =, & n)| < Cilnl,  [b(t,z,&,m)| < Cafnl?,

for a.a. (t,z) € Qr, and all £ € R, n € RN where C;, i = 0,1,2 are positive constants. In the
classical parabolic case one knows that weak solutions of the corresponding problem under the
conditions (Q) are in general not bounded. However there exist results (also in a more general
situation) providing L., bounds in terms of the data under the additional assumption that the
weak solution is bounded, see e.g. [12, Chapter V, Theorem 2.2]. It turns out that analogous
results can be proved for (2). Here we only formulate such a result in the case where (Q) holds.

Theorem 4.3 Let T > 0 and Q C RY be a bounded domain. Suppose there exists | € Ly 10c(Ry)
such that (k,1) € PC. Suppose further ug € Loo(S2), and that (Q) is satisfied. Then for any
bounded weak solution v € Vi of (2),

[ul L (r) < maX{|Uo|LOO(Q)7€SSSFUP |U|}~
T
Proof. We proceed as in the proof of [7, Theorem 17.1]. Set
Ko = {|U0|LOO(Q), esssup|u|},
I'r

and assume that K := esssupq,. u > ko. We then take test functions u} where k = K —¢& > ko,
€ > 0, and estimate as above. By (Q) we obtain

[t 13 () < C(Co,Oz)llDu:bIQu:

< 80(00,02))|Du;5\2
L1 (Q7)

Li(Qr)

Thus if € is sufficiently small, we have |ui|%/1(QT) < 0, that is u < k < K ae. in Qp, a
contradiction. Hence, u < kg a.e. in Q7. The lower bound is proved analogously. O
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