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Abstract. We establish the expansion of positivity of the nonnegative, local, weak solu-
tions to the class of doubly nonlinear parabolic equations

0;(u1) — div (|Du|P~2Du) = 0, p>landg >0

considering separately the two possible cases §+1—p > 0and 4+1—p < 0. The
proof relies on the procedure presented by DiBenedetto, Gianazza and Vespri for both
the degenerate and the singular parabolic p-Laplacian equation.
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1 Introduction

In this work we consider the class of doubly nonlinear parabolic equations
0;(u1) — div (|Du|P?Du) =0, inQr, p>1landg>0, (1.1)

where Qr = Q x (0, T], being Q a bounded domain in RN and T a real positive number;
which models, for instance, the turbulent filtration of non-Newtonian fluids through a porous
media (see [4]).

Along the past years many authors have studied this class of evolutionary equations: the
simpler case g = 1 was widely study (see for instance [2,3] and the references therein); the
Trudinger’s equation, corresponding to g = p — 1, is still object of intensive study (cf. [16,18,19]
and more recently [5]; and, for the general case, there are already some results (see [12-14]).
In a certain extend, this class of doubly nonlinear equations can be seen as

o — div (|u|" Y| Du|P7>Du) =0, inQr, p>1
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and many are the works concerning its weak solutions (just to mane a few, we refer to [6-10,
15,20-22]).

The doubly nonlinear equation (1.1) presents several difficulties: forg > 1 (0 < g < 1)
equation (1.1) has a degeneracy (singularity) in time, since u7~! is zero (explodes) at the
points where u = 0; while for 1 < p < 2 (p > 2) (1.1) exhibits a singularity (degeneracy) in
space, since the modulus of ellipticity |Du|P~2 explodes (is zero) at the points where Du = 0.
One aspect to always have into consideration is that in order to compensate the degradation
of equation’s parabolic structure one needs to consider proper cylinders within which the
equation behaves as the heat equation — this is known as intrinsic scaling.

The main goal of this work is to give one more contribution to the study of the properties
of the weak solutions to this class of doubly nonlinear evolutionary equations (1.1), for p > 1
and g > 0, namely to present the expansion of positivity for its nonnegative bounded weak
solutions, which roughly speaking means that the information on the measure of the positivity
set of u, at a certain time level s over a cuber K,(y), can be expanded to the measure of
the positivity set of u both in space (say from K,(y) to Kp,(y)) and in time (from the time
level s to all further time levels s + 6p?). The proof relies on energy estimates and DeGiorgi-
type lemmas and comprehends two steps. The first step consists on the propagation of the
positivity information known at a cube located in some time level, say K,(y) x {s}, to upper
times levels. Not only this is the easiest step but also it holds for all values of p > 1 and q > 0.
As for the second (more demanding and crucial) one, the spacial propagation of positivity
is derived from the cube K,(y) to the bigger cube Ky,(y): the proof is more evolving and
requires the cases g +1—p > 0and g+ 1 — p < 0 to be studied separately.

The expansion of positivity is the key ingredient to derive Harnack estimates and it can
also be an important tool to prove local regularity of the weak solutions. If not only for the
mathematical interest per si, these two arguments give extra and relevant reasons for the study
at hands.

The paper is organized as follows. In Section 2, we present the notation and some known
results needed along the sections to come. In Section 3, we deduce the energy estimates and
prove two DeGiorgi-type lemmas which are the core results for the expansion of positivity. The
proofs of the main results, that is of the expansion of positivity, both for g +1 —p > 0 and
g+1—p <0, are presented in Section 4.

2 Setting the framework

Notation and known results

We start by presenting some notation and some already known results just to keep the text as
self contained as possible.

Due to the parabolic nature of our evolutionary equation, we will work with parabolic
cylinders and parabolic Sobolev spaces. For that purpose let (xo, tp) be an interior point in
the space-time domain Q x (0, T]. For a cylinder with vertex at (xo, f), of radius R > 0 and
height T we can define: the backward cylinder

(Xo,to) + Qf (T,R) = KR(X()) X (to —T, to)
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the forward cylinder
(Xo, to) + Q+ (T, R) = KR(X()) X (i‘o, to + T),
where

Kr(xp) = {x € O : max |x — x| < R}.

Let p > 1. The Sobolev space H'*(Q) is defined to be the completion of C*(Q) with
respect to the Sobolev norm

1/p
sl = (f (10w )

A function u belongs to the local Sobolev space Hllof(ﬂ) if it belongs to H'*(K) for every
compactly contained subset K of (). Moreover, the Sobolev space with zero boundary values
Hé’p (Q) is defined as the completion of C§°(Q2) with respect to the Sobolev norm.

The parabolic Sobolev space LF(t1,to; HY(Q)), with t; < tp, is the space of functions
u(x, t) such that, for almost every t € (t1,t) the function u(-,t) belongs to H*(Q)) and

tr
/ /(\u|”+|Du|"’) < oo,
t (@]

The following result establishes an estimate for the gradient of a certain regular function
v at the points where k < v < [, k,1 € R.

Lemma 2.1. Let v € HYY(K)NC(K) and k,1 € R, k < 1. There exists a positive constant -,
depending only on N and p, such that

I—k)|KNo>1]| <y———5 Vo|. 2.1

The result to come establishes a Sobolev embedding.

Proposition 2.2. There exists a positive constant vy, depending on N, p, and m, such that

P
N
// Ela s {// |Dv|p} x ¢esssup [ |o|"p (2.2)
Or Or o<t<T JQ

forv € L®(0, T; L"(QY)) N LP (0, T; W, 7 (QQ)).

The next result concerns algebraic geometric convergence.

Lemma 2.3. Let (Yy,), be a sequence of positive numbers satisfying
Y1 < CHYITE,

where C,b > 1 and a > 0. Then (Y;), converges to zero as n — oo, provided
Yo < CTVapme,

All these results can be found in [2]. The following algebraic result can be found in [1] and
in [11], for 0 < g < 1 and g > 1, respectively.
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Lemma 2.4. For any q > 0, there exists a positive constant 7y, depending on q, such that for all
a,beR

1 _
b7 =] < (la] + [b])" Yo —a| <y [b7—al|, 2.3)

where )
b7 — |b|7~'b, b#0,
0, b=0.
As it will be made clearer in the section to come, in order to deduce appropriate energy
estimates we’ll have to work with the functions

gi(u, k) = j:q/k |s|‘7_1(s —k)+ ds,

for which we need lower and upper bounds. This is the content of the next result (although
the proof follows quite closely the one presented in [5] we decided to presented it for the sake
of completeness).

Lemma 2.5. There exists a positive constant -y, depending on q, such that for all u, k € R, the following
holds

i (Jul + kDT (u = k)3 < g (u, k) <oy (Jua] + k1) (u = K)Z. (24)

Proof. We will present the proof for g (u, k), the other case can be treated in an analogous
way.

Observe that it is enough to considere u, k € R, with u > k, since otherwise g (u,k) = 0.
So, considering u > k, on the one hand

g (k) =q [ 1517 (s =) ds

s (s — k) ds

k+u

2

u—k r _
>q /,(;u|s|“ds

u—k " — k+ul" k4 u
2 2 2

— k)2 q-1
S (u—k) <’k+u —|—|u|>
Y 2

(= k)3 (lul + k)T

=y

>

2=

on the other hand

u
gl k) < (u—k)q [ |51 ds
k
< (= k)% (Jul + [K[)T.
The last inequalities in both lower and upper estimates were obtained realizing that

\u| + |k| < k+u
2 - 2
and using (2.3). O

+ Jul < 2(ful + k)




Expansion of positivity to a class of doubly nonlinear parabolic equations 5

Definition of weak solution and Notion of parabolicity

In what follows we state what we mean by a local weak solution to (1.1).

Definition 2.6. A measurable function

(0, T; HP ()

loc

+1
ueC(0,T; LI () NLy,
is a weak sub(super)solution to equation (1.1) in Q) x (0, T] if, for any compact K C Q) and for
almost every 0 < t; < t, < T, it satisfies

t
J 1wt (012 + [ [ (IDu"2Du- Do —wig:) < (=)0, @5
K h JK
for every nonnegative test function

¢ € H/(0, T; L7"(K) N LY

loc loc

(0, T; Hy? (K)).

A weak solution to (1.1) is a function that is both a weak subsolution and a weak supersolution
to (1.1).

Remark 2.7. Observe that the regularity assumption on u and on test functions # guarantee
the convergence of the integrals appearing in (2.5).

In the case 0 < g < 1, one can consider, and thereby recover, the regularity assumption on
u presented for the p-Laplacian, that is, u € C(0,T;L? (Q)) N L} (0,T; H,P(Q)).

loc loc loc

Equation (1.1) presents two interesting and relevant features: one is that the nonlinearity
exhibit by the time derivative part does not allow us to add constants to the solution and
still have a solution; the other one regards the notion of parabolicity (which does not come
directly from the differential equation). Taking this into account, we say that equation (1.1) is
parabolic if

for all k € R, whenever u is a weak sub(super)solution, the function k + (u — k) is a
local weak sub(super)solution,

where
(u—k)- =max{0,k —u}, (u—k);y =max{0,u—k},

and
k—(u—k)- =min{u,k}, and k+ (u—k); = max{u, k}.

The following result asserts that equation (1.1) is a parabolic equation. The proof follows
closely the one presented in [2], for the p-Laplacian equation, and also the one presented in
[5] for the Trudinger’s equation.

Lemma 2.8. Let u be a local weak sub(super)solution to (1.1). Then for all k € R, the truncated
functions k + (u — k) are local weak sub(super)solutions to (1.1).

Proof. Let (xo,tp) be an interior point of O, which by translation we will assume (xo, fo) =
(0,0). Let u be a subsolution to (1.1) and consider a real number k € R (the case of a superso-
lution can be treat analogously).
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It is well known that the time derivative d;u has to be avoided (its notion may not even
exist in a Sobolev sense) and so we use the regularization, proposed by Kinnunen and
Lindqvist [17],

1 [t e
u*(x,t) = E/ eTtu(x,s) ds, oc>0, (2.6)
0
to overcome this difficulty.

The mollified version of (2.5) is then given by

//QT 3 (u")*) ¢+ (|DulP~2Du)”" - D¢ < /Quq(x,O) ((17 /OTe_sgo(x,s) ds) (2.7)

for all 0 < 57 € LP(0, T; W, (Q)) N LI (Qp).
Consider the test function

(u—k)+
0 t) = 0O s e >0,
being & € C}(Q(t, R)), verifying 0 < ¢ < 1 and vanishing on the lateral boundary of Q(t, R);
and . (t) a piecewise smooth cutoff function defined by

;

0, —T<t<t —¢
1+58, H—e<t<h,
pe(t) =41, hh<t<t,
1-52, h<t<h+e
0, b +e<t<O0.

Let v, be such that (ve)? = (uf)”.
The parabolic and elliptic terms appearing in (2.7) will be treated separately. As for the
parabolic term

I ortwtrye = [l o e en (5,57 )

+// Ve (G )
By observing that

) (8T =K oy ey (@0 —K)
at</ld (s;—k)++hd> % m))(vg—k)++h

o ul— (ve)T
o0 ((va)?) = s ((u)") = U= Vel
the second integral appearing in the right hand side of the previous integral identity is non-
(s1/7—k)
T R)

and

negative, since both factors have the same signal due the fact that f(s) = is a mono-

tone nondecreasing function. As for the first integral, note that

ST B S Ul T
ot ((Vee)?) ((Ug'_k)+ _|_h> =9 </k‘l (s% —k)+ +h ! )

(kq—kq/ \s\q ! ds)
def

=0 (Z(vs, k,h,+)) .
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Gathering these informations we arrive at

/QT o (u1)*) @ > //Q(T,R) 0t (Z(Vee, k, h,+)) EP e
= ] Tk ) (&4 @)

The regularity assumptions considered allow us to, first pass to limit as ¢ — 0, and then let
e — 0, getting thereby the inferior bound

. Tk @)~ [ Tlwkh4) Tl k h, +)E.
Q(T,R) KRX{tz} KRX{fl}

As for the elliptic term, we start by letting ¢ — 0 and then € — 0 to arrive at

/t/ \Du|P~2Du - < (<k)++h> /t /KR|Du|P 2Dy D(gp)((k;i)ih

tr h
+/tl /KR|D<u—km(<u_k)++h)zgp

2 - (u—k)t
E/tl /KR’DI’[V) ZDM'D(CP)(u_k)++h,

since the last integral appearing in the integral identity is nonnegative. The proof is complete
once we let 1 — 0; just take notice that

u
Z(vg, k,h,+) — (kq —|—q/ 171 ds> Xusk) = (k+(u—k) )T, ash—0 O
k

Remark 2.9. The purpose of this work is to present (and prove) the expansion of positivity
for the nonnegative, local, weak solutions to (1.1). The results to come will be stated in this
context (note that for u > 0, u? = u¥).

3 Energy estimates and DeGiorgi-type lemmas

The following result comprehends local integral estimates that are the starting point to the
proof of the expansion of positivity, the so called energy estimates.

Proposition 3.1. Let u be a nonnegative, local, weak sub(super)solution to (1.1) in Qr in the sense
of (2.5). There exists a positive constant C, depending on N, p and q, such that for every cylinder
(x0,t0) + Q (7, R) C Qr, every real number k € R and every piecewise smooth nonnegative cutoff
function & vanishing on the the lateral boundary of (xo, to) + Q(t, R) one has

ess sup gi(u,k)§p+// |D(u—k),|P&r
xo,t0 +Q TR)

t—T<t<tp KR(xO) ( ’ ) (/ (3 1)

= wk)gr +C u—k)2|DEP + g (1,k) 24 (7))} -
St &R HC [ (@ RLDE + g k) 21 (@)1)

Proof. The proof follows quite closely the one presented in Lemma 2.8. In fact, we start
by considering a nonnegative, local, weak subsolution u to (1.1) and then work with the
mollified version (2.7), taking as test function ¢(x,t) = &P(x,t)pe(t)(u — k)4, where ¢ and
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e are precisely the same as before. Observe that ¢ is an admissible test function due to the
regularity assumptions on u.
By considering v, to be such that (v,)7 = (u)* we get

3 ((vs)") @ + (|Du|P2Du)" - Do < | u(x,0) 1 Te’gqo(x,s) ds | .
Qr Q 0 Jo

The left-hand side is estimated as follows. The term evolving the time derivative

o 2@ e= [ o (@) &peler k)

+/Q 9 ((ve)") ((u — k)4 — (vo —k)4) EP e
- //QTat (8+(vo, k)) EFpe
_|_//0Tuq_(vg)q((M—k)+—(va_k)+)§pll)€

g

> //Q 9t (8+(vo, k)) EFpe

T

= —//QTng(v(,, )0 (EP) ¥ / 8+ (v, k)SP Y.

The inequality relies on the fact that f1(s) = (s — k)4 and f2(s) = s, g > 0, are monotone
increasing functions. We now let ¢ — 0 and thereby get

tr+€ tr+€
/ /‘ (k)3 () —f/ /’ ukéﬁ% /
h KR Xo t KR xO KR xO

since u € LI*! O L7 we have (v,) — u in L7. We then pass to the limit as € goes to zero,
obtaining

15}
_ 1, k)9 P—/‘ 10, k)P + k)P
/tl/I<R(x0)g+( o (€") KR(xo)X{tl}g+( ) Kr(xo)x{t2} g+l ke

and this completes the estimate of the parabolic term. As for the integral evolving the space
derivatives, we start by letting ¢ — 0, then we apply Young’s inequality to get the inferior

estimate
3 JJL D =g = @lp -1y [ - 2iDery.

and finally, by letting e — 0, we obtain

2 1
il T iy i AR
Kg(x0) t1/Kg(x0)

As for the right-hand side,

ul(x,0) 1 Te_ggo(x,s) ds | — [ ul(x,0)p(x,0) =0, asoc— 0.
0 o Jo 0

Combining all the previous estimates we have
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pPEP
/I<R(x0)><{t2} 2 /t1/KR (xo) | ¢
g/ (1, k) P+// (11, k)0 (&7
KR(XO)X{tl} % Kr(x Jor (& )
2(p 1)) / / <u—k>+rD¢rP
tl KR xo
< k)9 (&
B /KR(X[))X{tl} /If; T/KR u ‘ t(g )|
2p—1 'H/ / i — k) |DEJP.
p=0y [ [ w=king

By letting t; — to — T and recalling u € C(L97!), we have

u,k)ev — u, ks
/I<R(x0)><{tl}g+( ) KR(XO)X{tO_T}g+( )

as for the left-hand side of the previous inequality we reason as follows: on the one hand, for
to — T < tp < 1y,

1 b
uwk P+7/ / D(u—k Pr’z/ 1, k)2,
/KR(xo)x{tz}g*( H2 fomeSiaiun P T2 et §7 1€

and we then take the essential supremum over the set t) — 7 < t, < to; on the other hand,

1 rt
u,k P+f/ / D(u—k),|P¢P
/Km) mg+< L A AN LICE R

/ (4 — K)o |PEP — = / / ). |PEP,
to—7JKr(x0) to—7J Kgr(x0)

A final remark: to prove the estimate for supersolutions it suffices to take ¢(x,t) =
EP(x, t)pe(t)(u — k) and proceed in a similar way. O

as tp — {o.

The next two results are DeGiorgi-type lemmas, being the second one a variant involving
information concerning initial data. They are presented for nonnegative, locally bounded,
weak supersolutions to (1.1), however, one can state (and prove) similar results for nonnega-
tive, locally bounded, weak subsolutions to (1.1). We recall that the local boundedness of the
nonnegative, local, weak solutions u to (1.1) was obtained in [13] and [14].

To simplify the writing consider

(y,5) +Q (AM20)7,20) = (y,5) + Qy,(A)
(v,5) + QT (M20)7,20) = (y,5) + Q5 (A)

Lemma 3.2. Let u be a nonnegative, locally bounded, weak supersolution to (1.1) in Qr. Let M be a
positive number. There exists a constant ¥ depending on the N, p, q and on M and A, such that, if

|(,5) + Q3 (1) N [ < M| < 7] Q5 (M)

then
u >

M . _
o aein (y,8) +Q, (M)
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Proof. Without loss of generality take (y,s) = (0,0). Construct decreasing sequences of num-
bers (radii and levels, respectively), forn =0,1,...,

1 M 1
Pn—P<1+2n>, kn—2(1+2n>

and define Q, = Q,, (A) and K,, = K,,. Consider the cutoff function 0 < ¢(x,t) = ¢1(x)¢2(t) <
1 defined in Q; and such that

2n+1

o

Ci(x) =1 in K41, ¢1(x) =0 in IRN\Kn; |IDE| <

op(n+1)

ApP
From the energy estimates (3.1) written over Q, for the truncated functions (u# — k,)_, and
recalling the estimates for g_(u, k,) given in (2.4), we obtain

&H(t)=1 fort> —/\pzﬂ; &H(t)=0 fort < —/\pﬁ; 0 <0 <

M1
— esssup/ §P+// )_|Per
1@ ypt<o Knx{t}
< esssup/ (u,ky) (’;F’+// )_|Per
—Aph<t<0 K"X{t}
K’ k‘?“'l—P
p(n+1) Zn n
C(p.q) 2 o7 {1+ (1Al

MP Ma+1=p
pln+1) 7
<C(p.q)2 o7 {1+ ) }\An\,
for |Ay| = |Qu N [u < ki
Observe that, by means of Holder’s inequality together with the Sobolev embedding (2.2),

M
W’A"‘H’ = (k” - kn+1)|An+1| S // (L{ - kn)*
n+1

e (f oos--ar) "™

1

+2

X ( ess sup (u— kn)ch) |An|1_p<NN+2)

Aph<t<0/ Knx{t}

and then, recalling the previous estimates and taking Y,, = %, we get the recursive algebraic
estimate

N+
M‘?Jrlp) P(N+p> 1+ 2N+p+2
Y Nz ,

1
Y1 < C(N,p,q) (M”—W“)A) A <1 + forb =2~z .

The conclusion follows from the fast convergence Lemma 2.3 once we consider

Mat1-p

~ _ _ 2
Ma+i-p 2
(1 + M )




Expansion of positivity to a class of doubly nonlinear parabolic equations 11

Lemma 3.3. Let u be a nonnegative, locally bounded, weak supersolution to (1.1) in Qr. Let M be a
positive number such that

u(x,s) > M forae x € Kop(y) (3.2)

and .
MI+1-p
— |eg0)| (33)

(4,5) + Q3 (A) N [u < M| < vo

for vy depending only upon N, p and q. Then

M
>7
=7

a.e. in Ky(y) + (s,5 + A(20)P].

Proof. Take (y,s) = (0,0), construct decreasing sequences of numbers (radii and levels, re-

spectively),
1 M 1
p”_p< 2”)’ o = 2(1+2n>’ =0

and take a time independent cutoff function 0 < ¢(x) < 1 defined in K,, and, such that, { =1
in K,, ., and |Dg| < 2"*1/p.

Keeping in mind that u verifies (3.2), from the energy estimates (3.1) written over Q, =
Ky, x (0,A(2p)"], for the truncated functions (u — k) -, we obtain, for all t € (0,A(20)"]

o e b ot
L e

<c(p) ], k) 1DEP < Clp) 2 24,

for |A,| = |Qun N [u < ky||. Arguing in a similar way as in the proof of Lemma 3.2, we deduce
M I\IIV+2)
suizlanal < cvp) (f] DGk eP)
1
N+2 N
X | esssup (u — k)2 &P |Ay| P2
0<t<A(20)P / Kon > {t}

and then, recalling the previous estimates and considering Y;,, = %, we arrive at
n

2N+p+2

Y1 < C(N,p,9q) M N AN B y1+N+2, b=2"~ .

The proof is completed once we take vy = C(N, p, q)~(N+2)p~(N+2)?, O

4 Expansion of positivity

As it is now well known the expansion of positivity is a property of nonnegative supersolutions,
to both stationary and evolutionary equations, that allows one to get Harnack inequalities
and to prove regularity results. Heuristically speaking it asserts that the information on the
measure of the positivity set of u, at a certain time level s over a cuber K,(y), can be expanded
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to the measure of the positivity set of u both in space (say from K,(y) to Kz,(y)) and in time
(from the time level s to all further time levels till s + 0pF).

The expansion of positivity is based on energy estimates and DeGiorgi-type lemmas and
comprehends two steps. The first step consists on the propagation of the positivity informa-
tion on a cube K, (y) x {s} to upper times levels. Not only this is the easiest step but also it
holds for all values of p > 1 and g > 0. On the second step, one derives spacial propagation
of positivity from the cube K,(y) to the bigger cube Kj,(y). This is much more demanding
and the proof has to be performed separately for the casesg+1—-p >0andg+1—p <0.

In what follows we adopt the technical scheme devised by DiBenedetto, Gianazza and
Vespri for degenerate and singular p-Laplacian parabolic equations — the results can be found
in [3]: Chapter 4, Sections 4 and 5, respectively.

Along this section we will assume that u is a nonnegative, locally bounded, weak super-
solution to (1.1) in Qr, for p > 1 and q > 0.

Lemma 4.1. Assume that, for some (y,s) € Qr and some p > 0,

[Kp(y) N [u(-s) > M]| > |, (y)

, (4.1)

for some M > 0 and some 0 < a < 1. Then there exist €,6 € (0,1), depending on « and on N, p and
q, such that

[Ko(y) N [u(- 1) > eM]| = 5 [Ko ()], (4.2)

forall t € (s,s+ SMTH1=PpP].

Proof. Without loss of generality we may take (y,s) = (0,0). Consider the cylinder Q =
K, x (0,6M7t1=7pP] and assume Q C Qr (take p as smaller as needed). Write the energy
estimates (3.1) for the cylinder Q, the level k = M and the smooth time independent cutoff
function 0 < ¢ = ¢(x) < 1 defined in K,, vanishing on the boundary of K, and verifying, for

some ¢ € (0,1),

and |D¢| < i

C =1 in K(l—(r)p 0_p

We then have, for all t € (0,6M9TP~1pF],

_(u, k) < (k)&
/K“”)Px{t} 8- (k) /pr{t} g-(w k)
< /K o g—(u,k)gF +C(p) //Q(u _k)mDC‘p

</ ( /qul(M—s) ds> P + C( )£|Q\
= KPX{O} q ” X[M<M} p U,ppp :

The left-hand side is estimated by considering the integration over the smaller cube K(;_y), N
[u(-,t) < eM]

M
[ swh=f (o 09 ) e
: K(lfif)PX{f} K(lfo)px{t} u
M
> (a9 ds) e
Ka—oypoxin u
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M
> / (‘1/ Sq_l(M - S) dS) Xlu<eM]
Ka—oypx {1} eM

= ‘K(l_g)p Nu(-,t) < eM]’ X (q /eijs”’_l(M—s) ds)

and then, for all t € (0,6M7FP~1pF],

prx{O} (‘7 flfw sT7H (M —s) ds) S X u<m]
qfeA]f/Is‘ifl(M —s)ds
oMt 1
o g feAA/Z s9-1(M —s) ds

< {a@erna-a+cpns b Kl

Koy N [u( 1) < eM]| <

+C(p)

Kol

These inequalities were obtained arguing as follows: due to (2.4) and considering 0 < € < %

Mq—H

v(q)

7

M 1
ST M —s)ds > —— M1 (1 —e)?)(1+€)T 1 >
[, (M=) ds > M1 - e (14 e >

and by making use of the same inequality (2.4) and recalling (4.1)

prx{O} <q fuM sT7H(M —s) ds) GP X [u<m]
q feAI(I/I s1=1(M —s) ds
prx{O} (q f:M sT 1 (M —5s) dS) GPXu<m]
= M 1 +/ Xlu<M]
q s UM —s)ds K, x {0}

fOEM sT- 1M ds
fs\d/l s1-1(M —s)

IN

o +1} (1—a)|K,|

< (v(9)e” +1)(1 = a)[K, .

Therefore, for all t € (0,6MT+P~1pP],

Ky lu(0) < eM]] < { (1)l +1)(1 =)+ Clpa) 3y + ON | IKyl

The proof is complete once we choose ¢ € (0,1) such that No < §; then choose

o

5€(0,1) such that C(p,q)ap

<

®| R

and finally choose
1 3
€€ (O, 2) such that (y(g)e7+1)(1—a) <1-— >

Observe that, with theses choices, the parameters 6 and € depend only onx and on N, p,q. O
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Expansion of positivity wheng4+1—p > 0
Consider a point (y,s) € Qr and let p > 0 be such that
Kiep(y) % (5,8 +6MIT1"PpP] C Qr,
where 6 and M are the same positive real numbers presented in Lemma 4.1.
Consider that (4.1) holds. In order to obtain the expansion of positivity, we start to consider

the change of variables: in space, given by z = % and in time, given by

. t—(s+ SMIH1=PpP)
o SMat1-ppp !

—e

which maps the original cylinder Kig,(y) X (s,5 4+ dM7T17PpF] into Ky % (0, +00).
Introduce the new function

u(x, t) e‘HLP

v(z,T) = i
which verifies
aT<7)q) —div (5|Dv|p72Dv) = q—f—lli—p 01 (43)
where D denotes de space derivates of v with respect to z.
Keeping in mind that § and € are already determined and depend only on N, p,q and on

«, the conclusion of Lemma 4.1 now reads

‘K1ﬁ[v(-,r)>eeﬁ] > —|Ky|, VT >0

«
2
0
and therefore, once we take 15 > 0 and consider the level kg = € e?*1-7, we have
b
|KiN[o(-, ) > kol]| > 5 |Ki|, VT >1

and then, for all k < ko,

(44

o
|K8 N [U(',T) > k]| > ‘Kg N [Z)(',T) > ko” > E |K1| = W ’Kg| , VT > T0- (44)

With the time level 15 and the level kg we construct the cylinders
Qr = Ks x (To + kg+1_p, To + 2kg+1_p} C QTo = Kg X (TQ, To + 2kg+1_p}
and introduce smaller levels

ko .
ki = 5 forj=0,1,...,ss,
where s, is to be chosen.
Consider a piecewise smooth cutoff 0 < &(x,t) = & (x)&(t) < 1 defined in Q, and such
that

1 in Kg, 1
xX) = and |Dé&| < =
f(x) {o in RN \ K, D&l =< g
and
0 7T<m, 1
x) = and 0<9 < —
f2(x) {1 >+ KT, =0 = Kr
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At this stage we perform formally (the accurate way to proceed follows the procedure pre-
sented before when deducing the energy estimates): we start by multiplying (4.3) by
(v —kj) &7 and then integrate over Q- Note that the right-hand side is nonnegative, since
v>0and g+1—p > 0, and therefore we have

// dr (07) (v—kj)ér’+5//(jT IDo|P2Do- D ((v —k;)_&) >0

Qo

This integral inequality is equivalent to
//Q (3 (v,k) gP+5// ) [P2D(v—k;)_ D ((v—kj)_&%) <0

from which we get, for all T € (0, 10 + 2kg+1_p],

fl, 10 |P¢P<}S/KSX{TO} o)+ P (k) DR 5 (ko @)

(p, )
— (5 k |QTO‘

We have used (2.4) to obtain an upper bound to g (v, k;)

g (0,k) < 7(q)(0 = k)2 (k; + )7 < 9(q)(kj + 0)7"! < y(q)k! "
< y(q) K (2Ko)T1F.

We now apply inequality (2.1), for the levels k; and k;,1 to arrive at

l;j |Kg N[o(,T< kj+1” 7(N)

< J
= |Ksn (-, T) > kj]| Jrenlk;ia <ol 1)<k

|Dv].

By integrating the previous inequality in time over (7 + kg“fp, To + 2kg+17p |, then making

use of Holder’s inequality and the estimate obtained previously to [, g, |D(v—kj)_[PEF, we
0

get

1
N , q 1 p1
10Nl <kal < T (TED) T 10, b [0u N lkia <0 <]
Take the power ;= - and add this inequality for j = 0,1, . -1
k() Y N,p, 1
‘QTO [U < 5. H < (065];‘7) ,,le |QTO" (4.5)
s

*

The “natural” thought now would be to argue in a DeGiorgi fashion (something like what was
done in Lemma 3.2) to conclude that, for an appropriate choice of s,, this measure theoretical
information (4.5) implies that

Z el in a smaller cylinder,

say Ky x (10 + Akq+1_p T + quﬂ_p ], for some A € (0,1). However, the cylinder’s length

qur " is too big for the level X » at hands; and that is the reason why one needs to work
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within thinner cylinders with length ( )qH P, That is precisely our purpose in what is to
come.

Assume for now that s, is determined. Consider the cylinder Q- sliced into (2% )ati-p

subcylinders of length (A2 )qu P (if necessary take a bigger s, so that (2°)71 7 is an integer)

25x

(Zs*ﬂ*lﬂ’,l
QT() = U Qi
i=0
where
) ) kO qg+1-p
Qi = Kg X Té, T(S —+ (25*>
for

ko \9H1-P
To =1+ kIT P i (2;1) .

In at least one of these subcylinders, say Q;, the previous measure theoretical information (4.5)
holds, that is

]| < M2 el

'Qi [v< 25+ a OF pt
S,

for somei =0,1,..., (25*)q+1_p — 1. Our goal now is to get a lower bound for v in a cylinder
contained in the upper half of the cylinder Q;, via a DeGiorgi argument. For that purpose, we
consider decreasing sequences of radii, cylinders and levels given by, forn =0,1,...

1
4<Rn:4<1—|—2n> <38,

.1 1 ko \ 9t ko \7H1-P
Qn:KRnx<Té+2(1—2n> <2°> ,T5+<zi> C Qi
ko ko 1 ko
e <K= 5 (1 - 2"> =2

and cutoff function ¢ defined in Q, and such that: 0 < ¢ < 1, in Q,, ¢ = 0 on parabolic
boundary of Q,, § = 1in Q,4+1 and

and

s\ 9+1-=p
IDE <2" and 9| < 2" (i) .
0

We then write the energy estimates (3.1) for v, over Q,,, with k =k,

ess sup / (v, kn) Cp+// )—|PgP
g+1-p KRn{T}

Ti<T<Ti+ (25*>

<Cpa) [ {0 k)2 D2 +5- (0 k) e (@)}
< Clp.q) 27 K |Aul,
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where |A,| = |Q, N [v < ky|. The last inequality was obtained recalling estimate (2.4). To
estimate from below the integral term presenting g (v, k,), we use again (2.4) and the fact
that 25 i <k, < 2";1 to arrive at

1 (ko \7 )
(0,k,)EP > —— (22 — k)2 P
/KRn{r}g (0, kn)e" v(q) <2> /KRn{r}(v )=¢

The previous estimate together with the energy estimates, Holder’s inequality and the
Sobolev embedding (2.2), with m = 2, allows us to get

kn —kp1)|Ansa] <// (v—k // v—k
< {// ((0—ky)— pNﬁz}‘“”*z) A, |

N+p N+p 25* 1 141
C(N P/ q) N+2 kN+2 k ’A ‘ N+2
0

| Al
|Qul”

and from here, by considering Y, = we deduce the algebraic estimate

2N+p+2

1
Y41 < C(N,p,q) b" Y;JFN*Z, forb =282 >1.

The algebraic convergence Lemma 2.3 says that
if Yo < C(N.p,q)_(N+2)b_(N+2)2, then Y, — 0, as n — +o0;
so we just need to choose s, such that
Y N, , 1 _ _ 2
( p q) — C(N,p,q) (N+2)b (N+2) )

o 5p L
sl

Remark 4.2. Observe that with this choice, s only depends on N, p, g and a (since J is already
determined and depends on these parameters as well).

The length of the cylinder Q; is exactly the one needed so that, when arguing in a DeGiorgi
fashion, given by Lemma 3.2, there is an independence of vy on the levels M and the cylinder’s

length A. In fact, in our case M = st‘i and A = (2.;* )qH 7

We thereby obtain the lower bound

kO ) ) 1 kO qg+1-p ) kO q+1-p
szsH a.e.1nK4><(T6+2<25*> ,To+ 7. ;

in particular

for

1- +1-p
1- ko \T P ‘ ko \* 1-
oK < TS <2S> < <T)+ o <142k F.
Returning to the original coordinates and function, we may conclude that

kO € -7

S
u(’h) ze 2sx+1 M = 2s*+leq+1 M ae in K4P(y)
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where t; is defined by

o _ b — (s 6MITIPpP)

—¢ SMA+1=ppp

=t =5+ (1—e 1)IMITIPpP.

We are two steps away to conclude the expansion of positivity. First, by considering M =

0T ~
Zsfﬂeﬂ“ﬂ’ M and choosing A = voMIt1=P where vy = vo(N, p,q), the assumptions of the

variant DeGiorgi-type Lemma 3.3 are verified and we may conclude

u >

M e 1 ,
5 T amra Y M a.e. in Ky, (y)

for all times
tHh <t<t —|—)L(2p)p

Finally, we choose 1y such that
ti + A(20)P = s+ IMITIPpP,

that is, keeping in mind the expressions of ¢; and of A,

B qg+1-p
o0 — 5CN+22(N+2)2—p <ZS H)

€

and from the range of 71 we have
o
t <s+ (1 —e ™ — 26‘7“””(?0) SMITI=PpP <5 4 EM"“”’pP.

Gathering these last estimates, we get

e 2kg+1—p
u(-,t) > 25*+26_ M ace. in Koy (y),
for all
€ (s + (1= A)eMIT"PpP, s + 5M’4+1_”p”] :
We have proved

Proposition 4.3. Let u is a nonnegative, local, weak supersolution to (1.1) in Q. Assume that, for
some (y,s) € Qr and some p > 0,

[Ko(y) N [ul,s) = M]| > a[Ko(y)

4

for some M > 0 and some o € (0,1). Then there exist 5,A, 11 € (0,1), depending on N, p,q and «,
such that

u(-,t) > nM a.e. in Kz (y)

and forall t € (s + (1 — A)SMIT1=PpP, s + sMTH1=PpP] .
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Expansion of positivity wheng+4+1—p <0
Consider a point (y,s) € Qr and let p > 0 be such that

pp—(g+1)

P
oy £ <0

Kgp(y) X (s,s +6

where M is a given positive number and 4, 77, b are positive numbers to be determined.

Proposition 4.4. Let u is a nonnegative, local, weak supersolution to (1.1) in Q. Assume that (4.1)
holds, for some (y,s) € Qr, p > 0and a € (0,1). Then there exist 6,1,b € (0,1), depending on
N, p,q and «, such that

u(-,t) >nM ae. in Ky(y)

—(q+1)
yp—(a+1) p]

- 1
AR )PPIS+(S

and for all t € (s + %(JJJ\Z)W

P
(M
Proof. Assume that (4.1) is verified. Then, for all 0 < 0y < 1, one also has

Ko (y) N [u(,s) > ooM]| > a|K,(y)] -
Consider the energy estimates written over

Ko(y) x (5,5 + 8(ooM)T =P p?]

for the levels k = opM. By proceeding as in the proof of Lemma 4.1, we obtain the same
parameters € and 6, depending on N, p, g and «, for which

[Kply) N[ 1) > € aoM]] = 5 [K, ()], ®6)

for all t € (s,5+ 6 (coM)TH1=FpP].
For T > 0, consider the number

Oy = eflﬂ—(gﬂ) <1.
Since (4.6) holds for all 0 < 0y < 1, it also holds for o+
]Kp(y) Nu(-t) >eoM]| >

|Ko(y)|, Vte (s,5+03 (0:M)TTFpF]

N &R

and, in particular,
‘Kp(y) N [u(-)s+6 (e M)TT17PpP) > e UTM]‘ > % 1K, (y)] -

Introduce the change of variable
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In this new setting, v is a solution to

9. (v1) — div (|Do|P2Dv) = — T 41>0
(o) = div (IDop 2De) = - — s o1 >

and the measure theoretical information on u is translated into the following measure theo-
retical information on v

Ko(y) 1 [o(,7) > e (60" 7o || > S |Ko(v)], 720,
2

Therefore one gets, for all T > 0

[Kap(y) N [0(7) > kol| = 555 [Kap ()

24N

for
ko =€ (6pF) v~ Y (completely determined).

Consider the smaller levels

K — Ko

= 55 forj=0,1,...s" (s* to be chosen),

take the stretching factor 6 as

ko ati=p +1-
o <2> > KT, forall j=0,1,...,", (4.7)

construct the cylinders

Q= (1,0)+Qs(0) and Q= Kyl(y) x (6(40)?,6(80)"], QCQ

and take ¢ = (v —k)_¢P as a test function, where ¢ € [0, 1] is a smooth cutoff function defined
in Q, vanishing on its parabolic boundary and verifying

1

Lo~ 1
=1 inQ |pls g and [l < g

For these choices the arrive at

Jl 1Pk < [ Ip@—k)- I

K kIHp k”
<C(p)+ 1+]T |Aj SC(P)%MH

4p)P

due to the definition of 6 and taking |A;| = |Q N [0 < kj]|. We then proceed in a similar way
as in the case ¢ +1 — p > 0, to find out that

o< ]| < Sz 1

- [Q].

e

This estimate on the measure of the set where v is below the level & will be the starting point
to argument in a DeGiorgi fashion in a backward cylinder, like in Lemma 3.2. Along the way,
the length 0 of the cylinder will be determined. More precisely, consider the cylinder

(y, T") + Q4_p(9) = Kgp(y) x (T* — 0(4p)?, 7] C Q for T* = 0(8p)?
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and the sequences of numbers

1 ko ko 1 ko
2P<Pn:2P<1+2n> < 4p, 25*+1<kn:25*+1<1+2n> SZS*

and of nested and shrinking cylinders
Q. = (y/ ) + Q;i (9),

forn =0,1,... Take a cutoff function 0 < ¢ < 1 defined in Q,; and such that: { = 0 on the
parabolic boundary of Q,/, { =1in Q, ., and

n+1 onp

2
|D¢| < and |d 507

and write the energy estimates (3.1) for v, over Q,;, with k = k,,. Recalling the estimates (2.4)
on g_(v,k,) and the definition (4.7) of 6, we obtain

ess sup / (v, kn) §p—|—// )_|PgP
T —0(0n)P <T<T* Kan{T}

<CP/uU1{U—’ 7D + - (0,k) or ()]}

kP kq+1*p kp
SC(P,q)Z”pP 1+ = IAn!§C<P,q)2”p 5 [Anl,

where, as usually, |A,| = |Q;, N [v < ky]|. Observe that, on the one hand

ko 1
//_(U— ‘§>// (v—k Z(kn—knﬂ)\AnH’:zTgwanrﬂ
n n+1

and, on the other hand, by applying Holder’s inequality with exponent p%, together with
Sobolev’s embedding, we get

n ks N+p+1-—
// v—ky)-¢ <C(N,p,q) <Zp > e kn+h7+z ! ‘An|1+ﬁz_

Aul
Qx|

Consider the numbers Y;, = From the previous estimates we deduce

2N+p+2

Yo < C(N,p,q) " Y72, forb—2"%"5" > 1

and we may conclude that Y}, goes to zero as n — +o0 once we have

4,7+ Q0N [0 < 2]
(5,7 + Q3 (0)]

=Yy < C(N, p,q)" N+2)2=(@N+p+2)(N+2)

Recall that, under our hypothesis, we have (y,7*) + Q,,(6) C Q and

éfo” < CWN.pg 1

’Qﬁ [v<
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and thereby

enl<2]l el _atupe

Yo S b1
I (2 R ] RN G R

We determine the parameter s*, and therefore the length of the cylinder, so that

¥(N,p,q) 1 — C(N, p/q)—(N+2)2—(2N+p+2)(N+2).

This implies

forall T € (" —0(2p)?, %] .
Returning to the original time variable ¢+ and function u(x, t) we get

u(x,t) >n M ae. in Ky (y)

5 pp—(g+1) pr—(a+1)
forallt € <S+ 3 W pp,S‘i‘(SW pp], where
atl-p  op
n= 2€He_(25*€+1) 5 (p—q-1)
S*

This time interval was obtained from the previous range of T and realizing that, on such a
range,

E q+1—p P . g q+1-p 6P
b = gf(zs*ﬁ) -1 < @ T <L e7<25*+1) =11 = b,
and taking
b €
- 25 +1°
O
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