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1. Introduction

Let © be an open set in RY and consider the quasilinear, parabolic, partial
differential equation of the second order

uw€ L (0. T; Wil () . p>1;

up — div A(z, t,u, Vu) = B(z,t,u, Vu) weakly in Qp .
Here T' > 0 is given, Qp = Q2 x (0,T) and V denotes the gradient with respect
to the space variables x = (x1,...,zx). The functions A = (A44,..., Ay) and

B are real valued, measurable with respect to their arguments, and satisfying
the structure conditions

(1.2) Co|VulP=2|Vu|* = C < A(z,t,u,Vu) - Vu ;
o |A(I’t’u’ VU>| + |B($,t7u7 vu)’ S C(]- + |Vu|p71) )

(L1),

where Cy and C are given positive constants. The quantity Co|Vu|P~? is
the modulus of ellipticity of the equation. If p > 2 it vanishes whenever
|Vu| = 0 and the equation is said to be degenerate at those (x,t) € Qp where
this occurs. If 1 < p < 2 the modulus of ellipticity becomes infinity whenever
|Vu| = 0 and the equation is said to be singular at those (z,t) € Qp where
|Vu| = 0.

Along with (1.1)1;(1.2)117 consider also the quasilinear equation,

{ € Lis(0,T; Wil () ;

w — div A(z, t,u, Vu) = B(x,t,u, Vu) weakly in Qp ,
with structure conditions,

Colu|™ Y Vul* - C < A(x,t,u,Vu) - Vu ;

{ |A (2, t,u, Vu)| + |B(z, t,u, Vu)| < Clu[™ (1 + |Vul|),

where m is a given positive number. The prototype example of (1.1),,—(1.2),,
is

(1.1)m

(1.2),,

(1.3), w—Alu|"u =0 for somem >0,
and a the prototype example of (1.1) ~(1.2),, is,
(1.3), w—div |VulP*Vu =0 for somep > 1.

The first is called the porous medium equation. If m > 1 the modulus of
ellipticity vanishes for © = 0 and the equation is degenerate at those points
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of Qp where the solution u vanishes. If 0 < m < 1 the modulus of ellipticity
is infinity whenever w = 0 and the equation is singular at those points of Q)
where v = 0. If m > 1 the equation is referred to as the slow diffusion case
of the porous medium equation. The case 0 < m < 1 is the fast diffusion.

The equation in (1.3), is the p-Laplacian equation and its modulus of
ellipticity is |Vu[P"2. If p > 2 such a modulus vanishes whenever |Vu| = 0
and at such points the equation is degenerate. If 1 < p < 2 the modulus of
ellipticity becomes infinity whenever |Vu| = 0 and the equation is singular
at these points.

If m =11in (1.3),, or p = 2 in (1.3), one recovers the classical heat equation
for which information are essentially encoded in the fundamental solution

-yl

1
[(z,y;t, 1) = WGXP{ m

} r,yeRY, t>7. (14)
The porous medium equation in (1.3),, admits an explicit similarity solution
that “resembles” the fundamental solution of the heat equation. Such a
solution is called the Barenblatt similarity solution and it is given by ([17])

1

. B 1 |z — | 1
(1.4)’” I‘m(x,y,t,T) = m {1 - ’Y’HL |:(t_7-)1/)\:| . t >T

where for a real number «, {a}; = max{a;0}, and

I1m-—1
(1.4) A= N(m—-1)+2, V= — ———.

A2
An examination of this solution reveals that it is well defined for all positive
values of m for which A > 0. One also verifies that I, — ' as m — 1. In
this sense I'y, is the fundamental solution of the porous medium equation.

Also the p-Laplacian equation (1.3), admits explicit similarity solutions,

! ool |7
Tyl |7
1.4), T, i, T) = ———— 1 — Y | ——— t
( )p p(xvya 7T> (t_,]_)N/n { Tp |:(t_7-)1//{} }+ T
where
1\i1 p—2
(1.4, =N = ()
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This is well defined for all p > 1 such that k >0 and I'y = 'asp — 2. In
this sense I', is the fundamental solution of the p-Laplacian equation.

e Issues of compact support and regularity

Assume first m > 1 and p > 2. The first difference between these fundamental
solutions and the fundamental solution of the heat equation is in their support
with respect to the space variables. For fixed ¢t > 7 and y € R, the functions
z +— [p(z),Tp(x) are compactly supported in RY, whereas z +— ['(x) is
positive in the whole RY. The moving boundaries separating the regions
where I, and I', are positive from the regions where they vanish are,

(t — 7')2//\ = 'Ym|x - y|2 for F"”
7€R, y <€ RY fixed .
(t—7p" = 4t~y for T,

The second difference is in their degree of regularity. For fixed ¢ > 7 and
y € RY the function z — [y, () is Holder continuous with Holder exponent
1/(m—1). The function = — I'y(z) is differentiable and its partial derivatives
are Holder continuous with Holder exponent 1/(p—2). Such a modest degree
of regularity is in contrast to the fundamental solution of the heat equation
which is analytic in the space variables.

Let now 0 < m < 1 by keeping A > 0. Then I',, is positive and locally
analytic in the whole RN x {t > 7}. Thus I';, seems to share the same
properties as I'.

If 1 < p < 2 by keeping k > 0 then T, is positive in the whole RN x {t > 7}
but still it maintains a limited degree of regularity.

e Issues of Harnack inequalities

Non—negative, local solutions of the heat equation in Qr satisfy the Harnack
inequality. This is a celebrated result of Hadamard [89] and Pini [144] and
it takes the following form. Fix (xg,?y) € Qr and for p > 0 consider the ball
B, () centered at xp and with radius p and the cylindrical domain

Qplxo,to) = By(xo) x (to = p*, to + p*) - (1.5)

These are the parabolic cylinders associated with the heat equation and also
to (1.3),, since these equations remain unchanged under a similarity trans-
formation of the space-time variables that keeps constant the ratio |z|?/t.
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There exists a constant C' depending only upon N and independent of
(x0,1tp) and p, such that

Cu(zo, to) > 51(1p u(zo, to — p*) provided  Qa,(xo,t0) C Qp . (1.6)
B,(zo

The proof is based on local representations by means of the heat potentials
(1.4). In particular, for fixed 7 € R and y € R", the fundamental solution
(x,t) — I'(x,t) satisfies such a Harnack estimate. It is then natural to ask
whether the fundamental solution (1.4),, would satisfy a Harnack estimate.
Take for example the T, for 7 = 0 and y the origin of R". Assume first that
m > 1 and fix (x¢,%p) on the moving boundary, so that I';,(x,to) = 0. If p
and |z| are sufficiently large, the ball B,(x¢) intersects the support of I';, at
t = tg— p*. Therefore for such choices the left hand hand side of (1.6) is zero
and the right hand side would be positive.

If 0 <m < 1and A > 0, take xg = 0 and t; > 4p*>. Then a direct
calculation shows that (1.6) cannot be verified for a constant C' independent
of p and t.

Consider now (1.3), and the corresponding I',. The similarity rescaling
that keeps (1.3), invariant is |x|?/t = const. Therefore the natural parabolic
cylinders associated with (1.3), are of the type

(1.5)p Qp(wo, to) = Bpy(xo)x (to—p”, to+p") -

Similar arguments show that I', does not satisfy the Harnack inequality for
all p > 1 such that £ > 0, even in its own natural parabolic geometry (1.5),.

e Local behavior of solutions

These issues suggest a unifying theory of the local behavior of weak solu-
tions of degenerate or singular parabolic equations. A cornerstone of such a
unifying theory would be that weak solutions of (1.1),,,(1.2),,, are Holder
continuous.

Another key component would be an understanding of the Harnack esti-
mate in the degenerate or singular setting of (1.1),,,~(1.2),,. Whether for
example there is a form of such an estimate that replaces (1.6) and that
would reduce to it when either m — 1 or p — 2. The general structure
in (1.1),,(1.2),, is not an artificial requirement. To illustrate this point
we return briefly on the issue of regularity of solutions of (1.3),. We have
observed that the space-gradient of the fundamental solution I', for p > 2 is



6 E. DIBENEDETTO, J.M. URBANO AND V. VESPRI

locally Holder continuous in RY x (7,00). It is then natural to conjecture
that the same would be true for local solutions u of (1.3),. For such solutions,
it turns out that v = |Vu|? formally satisfies ([55],[165])

v — (aijv z v’“)wj <0 where aij = 0;j +(p—2) |Vu]2] )
This is a quasilinear version of (1.3), with m = p/2. Thus an investiga-
tion of the local regularity of solutions of (1.3), requires an understanding
of degenerate or singular equations with the general quasilinear structure

(1.1)-(1.2),,.

1.1. Historical background on regularity and Harnack estimates.
Considerable progress was made in the early 1950s and mid 1960s in the
theory of elliptic equations, due to the discoveries of DeGiorgi [47] and Moser
[132], [133]. Consider local weak solutions of

(aiju:m)wi =0 weakly in ; u € W2 () (1.7)
where the coefficients z +— a;j(x), 7,5 = 1,2,..., N are only bounded and
measurable and satisfying the ellipticity condition

ajififj > CO|£|2 a.e. in ), V&€ RN, for some Cy > 0 . (18)

DeGiorgi established that local solutions are Holder continuous and Moser
proved that non-negative solutions satisfy the Harnack inequality. Such in-
equality can be used, in turn, to prove the Hélder continuity of solutions.
Both authors worked with linear p.d.e.’s. However the linearity has no bear-
ing in the proofs. This permits an extension of these results to elliptic quasi-
linear equations of the type

div A(z,u, Vu) + B(z,u,Vu) =0 weakly in Q; wu€ VVJ)CP(Q) :op>1

(1.9)
with structure conditions
Co|VulP — C < A(z,u, Vu) - Vu ; o
(A2, u, Vo)l + [Bla,u, Vu)| < C(1+ [Vul™) |

for a given Cy > 0 and a given non—negative constant C'. By using the
methods of DeGiorgi, Ladyzhenskaja and Ural’tzeva [120] established that
weak solutions of (1.9)—(1.10) are Hélder continuous, whereas Serrin [157] and
Trudinger [163], following the methods of Moser, proved that non-negative
solutions satisfy a Harnack principle. The generalisation is twofold i.e., the
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principal part A(x,u, Vu) is permitted to have a non-linear dependence with
respect to Vu, and a non-linear growth with respect to |Vu|. The latter is
of particular interest since the equation in (1.9) might be either degenerate
or singular.

A striking result of Moser [134] is that the Harnack estimate (1.6) continues
to hold for non-negative, local, weak solutions of

ue L™ (07T; LQ(Q)) N L2 (O,T; WLQ(Q)) ;
1.11
Uy — (aij(x7t>uwi)zj =0 in QT s ( )

where a;; € L™(Qr) satisfy the analog of the ellipticity condition (1.8).
As before, it can be used to prove that weak solutions are locally Hoélder
continuous in . Since the linearity of (1.11) is immaterial to the proof,
one might expect, as in the elliptic case, an extension of these results to
quasilinear equations of the type

u — div A(z, t,u, Vu) = B(z,t,u, Vu) in Qp (1.12)

where the structure condition is as in (1.10). Surprisingly however, Moser’s
proof could be extended only for the case p = 2, i.e., for equations whose
principal part has a linear growth with respect to |Vu|. This appears in the
work of Aronson and Serrin [16] and Trudinger [164]. The methods of De-
Giorgi also could not be extended. Ladyzenskaja et al. [121] proved that
solutions of (1.12) are Holder continuous, provided the principal part has
exactly a linear growth with respect to |Vu|. Analogous results were estab-
lished by Kruzkov [110], [111], [112] and by Nash [136] by entirely different
methods. Thus it appears that unlike the elliptic case, the degeneracy or sin-
gularity of the principal part plays a peculiar role, and for example, for the
p-Laplacian equation in (1.3), one could not establish whether non-negative
weak solutions satisfy the Harnack estimate or whether a solution is locally
Holder continuous.

In the mid-1980, some progress was made in the theory of degenerate
p.d.e.’s of the type of (1.12), for p > 2. It was shown that the solutions
are locally Hélder continuous (see [51]). Surprisingly, the same techniques
can be suitably modified to establish the local Holder continuity of any local
solution of quasilinear porous medium-type equations. These modified meth-
ods in turn, are crucial in proving that weak solutions of the p—Laplacian
equation (1.3), are of class Clu% (Qr).
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Therefore understanding the local structure of the solutions of (1.12) has
implications to the theory of equations with degeneracies quite different than
(1.12).

In the early 1990s the theory was completed ([37]) by establishing that
solutions of (1.1),,—(1.2),,, are Hélder continuous for all p > 1 and all
m > 0. For a complete account see [55].

1.2. A new approach to regularity. These results follow, one way or
another, from a single unifying idea which we call intrinsic rescaling. The
diffusion processes in (1.3),,, evolve in a time scale determined instant by
instant by the solution itself, so that, loosely speaking, they can be regarded
as the heat equation in their own intrinsic time-configuration. A precise
description of this fact as well as its effectiveness is linked to its technical
implementations which we will present in §2.

The indicated regularity results assume the solutions to be locally or glob-
ally bounded. A theory of boundedness of weak solutions of (1.1),,,(1.2)m
is quite different from the linear theory and it is presented in §3. For
example weak solutions of (1.1),-(1.2), are locally bounded only if x =
N(p —2) 4+ p > 0 and weak solutions of (1.1),,—(1.2),, are locally bounded
only if A = N(m — 1) +2 > 0. It is shown by counterexamples that these
conditions are sharp.

The same notion of intrinsic rescaling is at the basis of a new notion of
Harnack inequality for non—negative solutions of (1.3),,, established in the
late 1980s and early 1990s ([54], [66]). Consider non-negative weak solution
of (1.3),, for m > 1. The Harnack inequality (1.6) continues to hold for such
solutions provided the time is rescaled by the quantity v (x, ). Similar
statements hold for (1.3), in their intrinsic parabolic geometry (1.5),. In §4
we present these intrinsic versions of the Harnack inequality and trace their
connection to the Holder continuity of solutions.

A major open problem is to establish the Harnack estimate for non—negative
solutions of (1.1),,, with the full quasilinear structure (1.2),,,. The proofs
n ([54], [66]) use in an essential way the structure of (1.3),,, as well as
their corresponding fundamental solutions I'y, ,. The leap forward of Moser’s
Harnack inequality was in bypassing the classical approaches based on heat
potentials, by introducing new harmonic analysis methods and techniques. It
is our belief that a proof of the intrinsic Harnack estimate for non—negative
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solutions of (1.1);,,(1.2)m, that would bypass the potentials Iy, ,, would
have the same impact.

The values of p > 1 for which non-negative solutions of (1.3), satisfy
Harnack’s inequality are those for which kK = N(p —2) 4+ p > 0. Likewise the
values of m > 0 for which non—negative solutions of (1.3),, satisfy Harnack’s
inequality are those for which A = N(m — 1) + 2 > 0. These limitations are
sharp for a Harnack estimate to hold (§4).

1.3. Limiting cases and miscellanea remarks. The cases k, A < 0 are
not well understood and form the object of current investigations. The case
1 < p < 2N/(N+1) seems to suggest questions similar to those of the limiting
Sobolev exponent for elliptic equations (see Brézis [30]) and questions in
differential geometry. As p \, 1, (1.3), tends formally to a p.d.e. of the type
of motion by mean curvature. Investigations in this directions are due to
Evans and Spruck ([79]). As m — 0 the porous medium equation (1.3),, for
u > 0 tends to the singular equation

u—Alnu =0 weakly in Qp . (1.13)

When N = 2 the Cauchy problem for this equation is related to the Ricci
flow associated to a complete metric in R? ([90], [182], [59], [60]). A charac-
terization of the initial data for which (1.13) is solvable has been identified
and the theory seems fairly complete ([59], [46], [78]). The case N > 3 how-
ever is still not understood and while solvability has been established for a
rather large class of data ([59]), a precise characterization of such a class still
eludes the investigators.

Degenerate and singular elliptic and parabolic equations are one of the
branches of modern analysis both in view of the physical significance of the
equations at hand ([8], [10], [11], [91], [92], [113], [114], [119], [126], [127],
[161], [183]) and the novel analytical techniques that they generate ([55]).

The class of such equations is large, ranging from flows by mean curva-
ture to Monge-Ampére equations to infinity-Laplacian. These are implicitly
degenerate or singular equations in that the solution itself determines, im-
plicitly, the regions of degeneracy. Explicitly degenerate equations would
be those for which the degeneracy or singularity is a priori prescribed in
the coefficients. For example if the modulus of ellipticity Cj in (1.8) were a
non—negative function of x vanishing at some specified value z,, such a point
would be a point of explicit degeneracy. There is a vast literature on all these
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aspects of degenerate equations. We have chosen to present a subsection of
the theory that has a unifying set of techniques, issues, physical relevance,
and future directions.

1.4. Singular equations of the Stefan—type. In this framework fall sin-
gular parabolic evolution equations where the singularity occurs on the time—
part of the operator. These take the form

u € Cloc(oaT; VV]})?(QT)) )
B(u), —div A(z,t,u, Vu) 3 B(z,t,u, Vu) in D'(Qr) ,

where A and B have the same structure conditions as (1.2),, for m = 1
and f(-) is a coercive, maximal monotone graph in R x R. The prototype
example is

(1.14)

B(u), —Au>0 in D'(Qr) (1.15)
for a ((-) given by
S for s<0;
B(s) =+ [0,1] for s=0; (1.16)

14+s for s>0.

Graphs () such as this one, i.e., exhibiting a single jump at the origin,
arise from a weak formulation of the classical Stefan problem modelling a
solid/liquid the phase transition such as water—ice. In the latter case a nat-
ural question would be to ask whether the transition of phase occurs with
a continuous temperature across water/ice interface. This issue, raised ini-
tially by Oleinik in the 1950s and reported in the book [LSU] is at the origin
of the modern and current theory of local regularity and local behaviour of
solutions of degenerate and/or singular evolution equations. The coercivity
of (+) for a solution to be continuous is essential, as pointed out by examples
and counterexamples in [61].

It was established in [31], [48], [149], [150], [184] that for 5(-) exhibiting a
single jump, the solutions of (1.14) are continuous with a given quantitative
modulus of continuity (not Holder). This raises naturally the question of
a graph [(-) exhibiting multiple jumps and or singularities of other nature
(85). For these rather general graphs, in the mid 1990s it was established
in [72] that solutions of (1.14) are continuous provided N = 2. For dimen-
sion N > 3 the same conclusion holds provided the principal part of the
differential equation is ezactly the Laplacian, as in the first of (1.15). Several
recent investigations have extended and improved these results for specific
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graphs ([86], [87]). It is still an open question however, whether solutions
of (1.14) with its full quasilinear structure and for a general coercive maxi-
mal monotone graph ((-) and for N > 3, are continuous in their domain of
definition.

1.5. Outline of these notes. The issues touched on here will be expanded
in the next sections. We will provide precise statements and self-sufficient
structure of proofs.

In section 2 we deal with the question of the regularity of the weak so-
lutions of singular and degenerate quasilinear parabolic equations, proving
their Holder character. We start with the precise definition of weak solution
and the derivation of the building blocks of the theory: the local energy and
logarithmic estimates. In §2.2 we briefly present the classical approach of De
Giorgi to uniformly elliptic equations. We introduce De Giorgi’s class and
show that functions in De Giorgi’s class are Holder continuous. The two main
sections §2.3 and §2.4 deal, respectively, with the degenerate and the singular
case. There we present in full detail the idea of intrinsic scaling and, at least
in the degenerate case, prove all the results leading to the Holder continuity.
We have decided to present the theory for the model case of the p-Laplace
equation to bring to light what is really essential in the method, leaving aside
technical refinements needed to deal with more general equations. We close
the section with remarks on the possible generalisations, namely to porous
medium type equations.

Section 3 addresses the boundedness of weak solutions. The theory dis-
criminates between the degenerate and the singular case. If p > 2, a local
bound for the solution is implicit in the notion of weak solution. If 1 < p < 2,
local or global solutions need not be bounded in general.

In section 4, we first give a review about classical results concerning Har-
nack inequalities. Then we consider the degenerate case and we point out the
differences with respect to the nondegenerate one. We sketch a proof of the
Harnack inequality both in the degenerate and singular case. We show that
for positive solutions of the singular p-Laplace equation an ”elliptic” Harnack
inequality holds. We also analyze the phenomenon of the extinction of the
solution in finite time. Through a suitable use of the Raleigh quotient, we are
also able to give sharp estimates on the extinction time and to describe the
asymptotic profile of the extinction. In the whole section we point out the
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major open questions about Harnack inequalities for singular and degenerate
parabolic equations.

In section 5 we give physical motivations concerning Stefan-like equations
and show, through the Kruzkov- Sukorjanski transformation, the deep links
between degenerate equations and Stefan-like equations. Then, we describe
the approaches made by Aronson, Caffarelli, DiBenedetto, Sachs and Ziemer
in the 1980’s. Thanks to their contributions the case of only one singularity
was completely solved. Lastly we analyze the new pioneering approach of [72]
where, through a lemma of measure theory, the case of multiple singularities
was totally solved in the case N = 2. Moreover we show that this approach
also works in the case NV > 3 but only under strong assumptions. In this
section we also point out the major open questions.

We have chosen not to present existence theorems for boundary value prob-
lems associated with these equations. Theorems of this kind are mostly based
on Galerkin approximations and appear in the literature in a variety of forms.
We refer, for example, to [121] or [123]. Given the a priori estimates pre-
sented here these can be obtained alternatively by a limiting process in a
family of approximating problems and an application of Minty’s Lemma.

These notes can be ideally divided in three parts:

1.: Holder continuity and boundedness of solutions (§2-3)
2.: Harnack type estimates (§4)
3.: Stefan-like problems (§5)

These parts are technically linked but they are conceptually independent,
in the sense that they deal with issues that have developed in independent
directions. We have attempted to present them in such a way that they can
be approached independently.

Acknowledgements. The research of J.M. Urbano was partially supported
by CMUC-FCT and Project POCTI/34471/MAT /2000.

2. Regularity of weak solutions

We address the question of the regularity of weak solutions of singular and
degenerate parabolic equations by proving that they are Holder continuous.

We will concentrate on quasilinear parabolic equations, with principal part
in divergence form, of the type

up — div |[VulP*Vu =0, p>1. (2.1)
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If p > 2, the equation is degenerate in the space part, due to the vanishing
of its modulus of ellipticity |Vu[P™2 at points where |Vu| = 0. The singular
case corresponds to 1 < p < 2: the modulus of ellipticity becomes infinity at
points where |Vu| = 0.

The results in this section extend to a variety of equations and, in particu-
lar, to equations with general principal parts satisfying appropriate structure
assumptions and with lower order terms. We have chosen to present the re-
sults and the proofs for the particular model case (2.1) to bring to light
what we feel are the essential features of the theory. Remarks on generalisa-
tions, which in some way or another correspond to more or less sophisticated
technical improvements, are made at the end of the section.

Results on the continuity of solutions at a point consist basically in con-
structing a sequence of nested and shrinking cylinders with vertex at that
point, such that the essential oscillation of the function in those cylinders
converges to zero when the cylinders shrink to zero. At the basis of the
proof is an iteration technique, that is a refinement of the technique by De-
Giorgi and Moser (cf. [47], [132] and [121]), based on energy (also known
as Cacciopolli) and logarithmic estimates for the solution, that we briefly
review in §2.2. In the degenerate or singular cases these estimates are not
homogeneous in the sense that they involve integral norms corresponding to
different powers, namely the powers 2 and p. The key idea is then to look at
the equation in its own geometry, i.e., in a geometry dictated by its intrinsic
structure. This amounts to rescale the standard parabolic cylinders by a
factor that depends on the oscillation of the solution. This procedure, which
can be called accommodation of the degeneracy, allows one to recover the
homogeneity in the energy estimates written over these rescaled cylinders.
We can say heuristically that the equation behaves in its own geometry like
the heat equation. In the sequel, we first treat the degenerate case in §2.3
and then the more involved singular case in section §2.4. We conclude the
section with some remarks on generalisations, namely to porous medium type
equations.

2.1. Weak solutions and local estimates. A local weak sub(super)-
solution of (2.1) is a measurable function

u € Cloe (0,T; LY () N L, (0, T3 W2 ()

loc
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such that, for every compact K C € and for every subinterval [t,¢s] of (0,77,

/K up dx

for all ¢ € W, (0,75 L*(K)) n L}, (0, T; I/Vol’p(K))7 @ > 0. A function that

loc
is both a local subsolution and a local supersolution of (2.1) is a local solution

of (2.1).

It would be technically convenient to have at hand a formulation of weak
solution involving the time derivative u;. Unfortunately, solutions of (2.1),
whenever they exist, possess a modest degree of time-regularity and in gen-
eral u; has a meaning only in the sense of distributions. To overcome this
limitation we introduce the Steklov average of a function v € L*(Q7), defined
for 0 < h < T by

: + /tth/K {ups + |VuP?Vu -V} dedt < (2)0, (22)

%ff’h v(-,7)dr if te (0,7 — hl
v =
0 it te(T—nT |

and observe that the notion (2.2) of solution is equivalent to:

for every compact K C Q and for all 0 <t <T — h,
/Kx{t} {(uh)t ©+ (|Vu|p72Vu)h . Vgp} de < (>)0, (2.3)

for all o € Wy?(K) N LX.(), ¢ > 0.

We will show that locally bounded solutions of (2.1) are locally Holder
continuous within their domain of definition. No specific boundary or initial
values need to be prescribed for u. Although the arguments below are of
local nature, to simplify the presentation we assume that u is a.e. defined
and bounded in Q7 and set

M = lull @y -

See section 3 for results on the boundedness of weak solutions.

2.1.1. Local energy and logarithmic estimates. Given a point zg € RY,
denote by K,(z() the N-dimensional cube with centre at zy and wedge 2p:

K,(xo) == {:E € RY : max |z; — x| < p} ;

I<i<N
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given a point (zo,tp) € RV, the cylinder of radius p and height 7 > 0 is
(o, to) + Q(7, p) := Kp(wo) x (to — 7, 0) -

Consider a cylinder (zo,t) +Q(7, p) C Qr and let 0 < ¢ < 1 be a piecewise
smooth cutoff function in (x, ty) + Q(7, p) such that

V(| <oo and ((z,t) =0, z¢& K,(x) . (2.4)

We start with the energy estimates. Without loss of generality, we will
state them for cylinders with “vertex” at the origin (0,0), the changes being
obvious for cylinders with “vertex” at a generic (zo, to).

Proposition 2.1. Let u be a local weak solution of (2.1). There exists a
constant C'= C(p) > 0 such that for every cylinder Q(r, p) C Qr,

0
sup /pr{t}(u — k)i ¢Pdr + LT /Kp IV(u—k)<C|P dedt

—7<t<0
0
< /pr{#}(u — k)2 ¢Pda+ 0/4 /Kp(u — k)2 V¢ da dt

+p /_U ; /K (u—k)3 ¢t o¢drdt . (2.5)

Proof. Use ¢ = +(u, — k)+(? as a testing function in (2.3) and perform
standard energy estimates (cf. [55, pages 24-27]).
[
Given constants a, b, ¢, with 0 < ¢ < a, define the nonnegative function

+ = |1 ¢
Viaper (5) ( " { (atc)—(s—b)s })+
I {Grtm ) if be S s 5 bE(ak

0 if s3bte

whose first derivative is

Gt i bEe s S bE(ato)

IV
)

+ "(g) =
<¢{a:b=°’}> (5) 0 if ssbxc

" !/ 2
and second derivative, off s = b+ ¢, is (1/@’{7’6}) = {(Z/}E:a,b,c]) } >0.
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Now, given a bounded function w in a cylinder (zo,tg) + Q(7,p) and a
number k, define the constant

Hy,= ess sup |(u—k)i| .
' (0,t0)+Q(7,p)

The following function was introduced in [48] and since then has been used
as a recurrent tool in the proof of results concerning the local behaviour of
solutions of degenerate PDE’s:

U (Hyp (u—k)x,c) = ¢ink7k,<;}(”) , 0<c<Hg,.

From now on, when referring to this function we will write it as ¢*(u),
omitting the subscripts whose meaning will be clear from the context.

Let  +— ((z) be a time-independent cutoff function in K,(zy) satisfying
(2.4). The logarithmic estimates in cylinders Q(7, p) with “vertex” at (0,0),
are

Proposition 2.2. Let u be a local weak solution of (2.1), k € R and 0 < ¢ <
Huik There exists a constant C' > 0 such that for every cylinder Q(7,p) C
QT;

jgtgo TKpx{t} [wi(u)}z ¢dr < ./pr{ﬂ'} wi(u)]z (P dx
w0 vt | @[TV dear . (26)

Proof. Take ¢ = 2¢*(uy,) [(wi)/(uh)] (P as a testing function in (2.3) and
integrate in time over (—7,t) for t € (—7,0). Since 9,( =0,

/_tT /K,, Ayun {297 (up) [(Qﬁi)/(uhﬂ ¢’} dzdt = /_tT -/K,, at{[ﬁ’i(uh)f} P drdt
0! [0 ()] e — /pr{ﬂ} [0 ()] ¢"de .

From this, letting h — 0,
[, e {20 ) [0 )] @} dwde — [ )] e
B /K,JX{—T} [wﬂ:(u)f ¢rde .

As for the remaining term, we first let A — 0, to obtain

/jr /Kp ]Vu]p_2Vu -V {2 wi(u) [(wi)l(u)} Cp} dz dt
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= [ 19ur {2 (L) [0 @) ) da
tp [ [ IVaPIVe- V¢ (2 0% () (05 @)] ¢ dede
> [ Jio IVul {2 (1% () = v () () ()] ¢} deat
20— 1yt [ [ ) |0 @) Ve dedr
>-c [ fi @ ) () [VCP dzdt |

Since t € (—7,0) is arbitrary, we can combine both estimates to obtain (2.6).
[

2.1.2. Some technical tools. We gather a few technical facts that, although
marginal to the theory, are essential in establishing its main results.

Given a continuous function v : 2 — R and two real numbers k < [, we
define

v>1] = {z€Q : v(z)>1},
v<k] = {z€Q : v(x) <k}, (2.7)
k<v<l = {ze€Q : k<v(z)<l}.

Lemma 2.3 (DeGiorgi, [47]). Let v € WU (B, (x0)) NC (B,(x0)), with p > 0
and vg € RN and k <1 € R. There exists a constant C, depending only on
N and p (so independent of p, xg, v, k and 1), such that

N+1
P

Remark 2.4. The conclusion of the lemma remains valid, provided € is
convex, for functions v € WHH(Q) N C(Q). We will use it in the case
is a cube. In fact, the continuity is not essential for the result to hold.
For a function merely in v € W1(Q), we define the sets (2.7) through any
continuous representative in the equivalence class. It can be shown that the
conclusion of the lemma is independent of that choice.

The following lemma concerns the geometric convergence of sequences.
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Lemma 2.5. Let {X,}, n=0,1,2,..., be a sequence of positive real numbers
satisfying the recurrence relation

X, < CH X
where C.b > 1 and o > 0 are given. If

X, < Cfl/a b—l/a2
then X, — 0 as n — oo.

Let V¥ (Q7) denote the space
VI (Qr) = L>(0,T; LP(Q)) N LP (0, T3 Wy P ()
endowed with the norm
[ul[Vo0y) = ess Sup [u(- e + IVullyq,

for which the following embedding theorem holds (cf. [55, page 9]):

Theorem 2.6. Let p > 1. There exists a constant v, depending only upon
N and p, such that for every v € V{(Qr),

9 P 1
[vllp0r <7 1ol > 0% ([0l q,) -

With C or C; we denote constants that depend only on N and p and that
might be different in different contexts.

2.2. The classical approach of De Giorgi. Results concerning the Holder
continuity of weak solutions u consist essentially in showing that for every
point (zg, ) € Q7 we can find a sequence of nested and shrinking cylinders
(x0,t0) + Q(7u, pn) such that the essential oscillation of w in these cylinders
approaches zero as n — 0o in a way that can be quantified.

The approach to regularity introduced by De Giorgi is based on the fol-

lowing embedding theorem (see [47] for the elliptic case and [121] for the
parabolic case):
Proposition 2.7. Assume that v € L2,.(0,T; W,:2(Q) N W20, T; L2 (Q))
is locally bounded and satisfies the Caccioppoli inequalities (2.5) with p = 2.
Then u is locally Holder continuous, with the modulus of continuity depending
only upon the data.
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A solution of a non-degenerate parabolic equation with the full quasilinear
structure satisfies these inequalities. One uses the structure of the equation
to prove the Caccioppoli estimates for a solution u and this is the only role
of the equation. Once such inequalities are derived, the Holder continuity of
u is solely a consequence of (2.5) for p = 2.

Alternative approaches are in Kruzkov ([110], [111], [112]) and, through
the use of the Harnack inequality, in Moser ([132], [134]), Trudinger ([164]),
Aronson-Serrin ([16]) and, for equations in non-divergence form, in Krylov-
Safonov ([117]).

Set Q. = Q(r%, 1), fix a point (z9,ty) € Qr, and let py be the largest radius
so that (z9,%) + @, is contained in Q. For a constant ¢ € (0,1), consider
the sequence of decreasing radii,

pn=20"po , n=20,1,2,... (2.8)
and the family of nested shrinking cylinders, with the same “vertex”
(o, t0) + Q,, , n=20,1,2,... (2.9)
Set
SR, SR ST, e e

Proposition 2.8. Let u satisfy the Caccioppoli inequalities (2.5) for p = 2.
Then there exist constants C' > 1 and d,n € (0, %), that can be determined a
priori only in terms of the data, such that for every (zo,to) € Qr and every
n € N, at least one of the following two inequalities holds

ess sup  u < pb — nwp, (2.10)
(I(J7t(l>+Qp,L+1

essnf u > p, + nwy. (2.11)
(20:t0)+Qp, 11

A nontrivial proof can be found in [121]. This proposition can be interpreted
as a weak maximum principle. For example (2.10) asserts that the supremum
of u over the cylinder @), , is strictly less than the supremum of u over the
larger coaxial cylinder @),,. In other words, the supremum of u over @,, can
only be achieved in the parabolic shell @,, \ @,,., that can be considered as
a sort of parabolic boundary of @), .

A consequence of such a weak maximum principle is:
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Proposition 2.9. Let u be as above. Then there exist constants C > 1 and
o,m € (0, %), that can be determined a priori only in terms of the data, such
that for every (zo,to) € Qr and every n € N,

Wnt1 < (1 —=n)wy, . (2.12)
This in turn implies that u is locally Holder continuous in Qp.

Proof. Fix (xg,t)) € Qp. Assume that (2.10) holds. By subtracting i,
from the left hand side and ., from the right hand side,

Wil = g1 = My < oy — Hy = T = (1 =)y .
If (2.11) holds one can argue in a similar way. By iteration,

wn < (1 =n)"wy Vne N . (2.13)

The numbers 7 and § are related by (1 —n) = §* and o = ln(hl;sn) € (0,1).
Therefore,

o
wn < w <&> , VneN . (2.14)
Po
Since (g, tg) € Qp is arbitrary, we conclude that u is locally Holder contin-
uous in {27 with exponent a. |

Remark 2.10. The cylinder (¢, ) + (), must be contained in Q7. Thus
from (2.14) it follows that the Holder continuity can be claimed only within
compact subsets of 2y and that the Holder constant wypy® deteriorates as
(x0,to) approaches the parabolic boundary of Q.

2.3. The degenerate case p > 2. We go back to equation (2.1) and focus
on the degenerate case p > 2. The energy and logarithmic estimates of §2.1
are not homogeneous in the space and time parts due to the presence of the
power p # 2. To go about this difficulty we will consider the equation in a
geometry dictated by its own structure, which is designed, roughly speaking,
to restore the homogeneity of the various parts of the Caccioppoli inequalities
(2.5). This means that, instead of the usual cylinders, we have to work in
cylinders whose dimensions take the degeneracy of the equation into account,
in a process that we call intrinsic rescaling. Let’s make this idea precise.
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2.3.1. The geometric setting and the alternative. Consider R > 0 such that
Q(R* R) C Qr, define

i=ess sup u g _:=essinf w ; w:=ess osc u = py — p_
" Q(R27RE) : Q(R*.R) Q(R%,R) +

and construct the cylinder

) w\x?

Q(apR?, R) = Kr(0) x (—aoR?,0) with ap = (§> . (2.15)
where A > 1 is to be fixed later depending only on the data (see (2.55)).
Note that for p = 2, i.e., in the non-degenerate case, these are the standard
parabolic cylinders reflecting the natural homogeneity between the space and
time variables.

We will assume, without loss of generality, that
w
R < o
because if this doesn’t hold there is nothing to prove since the oscillation is
comparable to the radius.
Now, (2.16) implies the inclusion

Q(agR?, R) C Q(R*,R)

(2.16)

and the relation

ess osc u < w (2.17)
Q(aoR?,R)

which will be the starting point of an iteration process that leads to our
main results. Note that we had to consider the cylinder Q(R?, R) and assume
(2.16), so that (2.17) would hold for the rescaled cylinder Q(agR?, R). This is
in general not true for a given cylinder since its dimensions would have to be
intrinsically defined in terms of the essential oscillation of the function within
it - the stretching procedure is commonly referred to as an accommodation
of the degeneracy.
We now consider subcylinders of Q(agR?, R) of the form

2-p
(0,t") + Q(dR",R), with d= (%) (2.18)
that are contained in Q(aoR?, R) if

RP
p—2 _ oA(p—2) *
(2 2 ) —= <" <0. (2.19)
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The proof now follows from the analysis of two complementary cases. We
briefly describe them in the following way: in the first case we assume that
there is a cylinder of the type (0,¢*) + Q(dRP, R) where u is essentially away
from its infimum. We show that going down to a smaller cylinder the oscilla-
tion decreases by a small factor that we can exhibit. If that cylinder can not
be found then u is essentially away from its supremum in all cylinders of that
type and we can compound this information to reach the same conclusion as
in the previous case. We state this in a precise way.

For a constant 1y € (0, 1), that will be determined depending only on the
data, we will assume that either

The first alternative:

There is a cylinder of the type (0,t*) + Q(dRP, R) for which

{(z,t) € (0,") + Q(AR?, R) : u(z,t) < p_ +£}|
|Q(dRP, R)|

< (2.20)

or

The second alternative:
For every cylinder of the type (0,¢*) + Q(dR?, R)

{(z,1) € (0,t*) + QUR”, R) : u(w,t) > . — 4]
QAR R)|

<1l-wy  (2:21)

2.3.2. Analysis of the first alternative.

Lemma 2.11. Assume (2.20) holds for some t* as in (2.19) and that (2.16)
is in force. There exists a constant vy € (0,1), depending only on the data,
such that

u@t) > p+ 5 ae (x,t)e(O,t*)+Q(d(§>p,§>.

Proof. Take the cylinder for which (2.20) holds and assume, by translation,

that t* = 0. Let R R
Rn:§+2n+1’ n=01...,
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and construct the family of nested and shrinking cylinders Q(dRE, R,,). Con-

sider piecewise smooth cutoff functions 0 < ¢, < 1, defined in these cylinders,
and satisfying the following set of assumptions

Cn =11in Q (dR?z-&-la Rn+1) ¢ =0 on 817@ (dR R )

n?

ntl p(n+1)
VG| < 2 0< 0 < Z
Write the energy inequality (2.5) for the functions (u — k,,)—, with
kn = p_ +4+2”+2, n=0,1,...,

in the cylinders @ (dRE, R

n?

_ 2 rp 0 -
sup [ = k)2Gdet [ [ V(= k)Gl dedt

—dR},<t<0

<C / s Sy, (0= B VG d 4 p [ s S, (0= Bn)2 GO A dt

) and with ¢ = (,,. They read

21) (n+1)
i Lo o b [ [ dsar)
(2.22)
Next, observing that
w w w
(u—ha)o = (- —uw)+ 5+ 55 <5

and )
-p

(U B k”)Q— = (U - k”)Z—ip (U - kn)‘zi > <§> (u — k’n)[i )

we obtain from (2.22)

w\2? 0
nd _ p D _ p
(2) i /Kn” x{t}(u )G+ /—dRﬁ /Kn,,, [V (u = kn)-Gul” da dt

—dR}, <t<0

21) n+1
{ }/dRp Kn, X{(u—ky,)_>0} dzdt . (223)
5)

Recall that d = ( 2 " and divide (2.23) by d to get

_ prp - _ p
i bi<o /mnx{t}(u )2 Gl + deRﬁ, /KRn V(= kn)-Gol” ddt

21)(n+1) (w

p 1
=C Rp 2) dR%’,/ X{(u—k,)_>0} dzdt . (2.24)
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Now we perform a change of the time variable in (2.24), putting ¢ = ¢/d and
defining

a(-,t) = u(-,1) and @(ﬁ) = Gu(+1)
and obtain the simplified inequality

_ 20" NP 0
H(ﬂ - kn)* C”H;{’(Q(Ri’h <C ﬁ <§> /—Rf’,, Ik, X{(@—k,)->0} dzdt .
(2.25)

Define, for each n,

A, = /j)Rﬁ /KRn X{(i—k)_ >0} dz dt

and observe that

1 w\? ,
W (5) A7L+1 S |kn - kn+1|p An+1

< ”(H - k”)_HZQ (B 41 Bns1)
<@~ ka)-Gulh o,y < € 1T~ En) CnH R A0
Cﬂ (5) 4. (226)

The first three of these mequahtles follow from the definition of A, and
kniy1 < kp; the fourth inequality is a consequence of Theorem 2.6 and the
last one follows from (2.25). Next, define the numbers

A7L
|Q(Rn, Rl
divide (2.26) by |Q(R% 1, Ry+1)| and obtain the recursive relation

Xn =

X7L+1 < C4m X JFNer 7
for a constant C' depending only upon N and p. By Lemma 2.5 on fast
geometric convergence, if

_ (N4p)?

Xo< O T =y (2.27)

then
X, —0. (2.28)

Therefore,
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]
Our next aim is to show that the conclusion of lemma 2.11 holds in a full
cylinder Q(7, p). The idea is to use the fact that at the time level

—t=t"—d(§) (2.29)

the function u(z, —t) is strictly above the level 11~ + ¢ in the cube Kg, and
look at this time level as an initial condition to make the conclusion hold up
to t = 0. As an intermediate step we need the following lemma.

Lemma 2.12. Assume (2.20) holds for some t* as in (2.19) and that (2.16)
is in force. Given v, € (0,1), there exists s. € N, depending only on the
data, such that

Kg , Vte (—570) .

{x€K§ ©ou(x,t) <,u_—|—2%}‘ <,

Proof. We use the logarithmic estimate (2.6) applied to the function (u—k)_
in the cylinder Q(%, %)7 with the choices

w w
k::,u,—kz and C= s
where n € N will be chosen later. We have
k—u<H,, = ess sup‘(u—u_—£> ’Sg. (2.30)
’ Q@) 4/-17 4

w

ItH,, < g the result is trivial for the choice s* = 3. Assuming H,; > 3

the logarithmic function is defined in the whole Q(¢, %) and it is given by

H .
1H{H+ lt,kk+ w } ifu<k,_#
A - wr Fu— o
U —w{H;k,k,#}(u)_ ’ -

0 if >k — g2,
From (2.30), we estimate
H- w
U~ <nln2  since — wh <A —9m (231)
Hu,k tu—k+ on+2 on+2
and

() ()| " = (Hytu— ko) < ( )H . (2.32)

| &
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Now observe that as a consequence of Lemma 2.11, we have u(x, —t) > k in
the cube K i, which implies that

U (z,—1) =0, J;GK;.

Choosing a piecewise smooth cutoff function 0 < ((z) < 1, defined in K n
and such that
(=1in Kz and [V <5,

inequality (2.6) reads
W) ¢de< e L v (@) @) VP ddt
’ (2.33)

sup

—t<t<0 ° K§ {1}

The right hand side is estimated above, using (2.31) and (2.32), by

p=2 P
e (53
since, by (2.29)

Kg

< Cn 22 \KE

2-p
t <agRF = <%> RY .
We estimate below the left hand side of (2.33) by integrating over the smaller
set

w
S(t) = {[E € Ks - u(z,t) < p- + W} C Kz
and observing that in S, ( = 1 and
Hu_k; %) Z %‘5_3 _ 2n—1 ,

— > ,
Hyptu—ktgn = (Hp—9)+zm o
since (H; E ‘jz’) < 0. Therefore,
[ (@)]* > [ (2" )] = (n - 1))(In2)> on S(t).

Combining these estimates in (2.33) we get
n

) ot A(p—2)
{x € Kn :ulx,t) <p-+ 2”+2} <C CEE AP }K§ ,
for all t € (—£,0) and to prove the lemma we choose
2
s,=n+2 with n>1+ 20 -2 (2.34)

Vy
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We now state the main result of this section.

Proposition 2.13. Assume (2.20) holds for some t* as in (2.19) and that
(2.16) is in force. There exist constants vy € (0,1), s; € N, depending only
on the data, such that,

w ~ R
u(z,t) > p- —|—25+17 a.e. (x7t)€Q(t7§> )

Proof. Consider the cylinder for which (2.20) holds, let

R R
Rn = g + W )
and construct the family of nested and shrinking cylinders Q(%, R,), thrc
t is given by (2.29). Take piecewise smooth cutoff functions 0 < ¢,(z) <

independent of ¢, defined in Ky, and satisfying
Cn =1 in KR |VCVL| <

Write the local energy inequalities (2.5) for the functlons (u — ky)— in the
cylinders @ (f, R”) with

n=0,1,...

2n+4

n+1

kn=p_ + n=0,1,...,

231+1 + 9s1+1+4n
and ¢ = (,. Observing that, due to Lemma 2.11, we have u(z, —t) > p_+% >
ky in the cube K 5D Kpg,, which implies that

(u—ky)_(r,~t) =0, v€Kp,, n=0,1,...,
they read

(w—ka)2¢hdo+ [ f | )Gl dadt

sup

“fetco TRrnx{t}

p(n+4)

RP //KR u—k,)? dzdt. (2.35)

From (2.29) we estimate t < agRP = (27)2 "RP where aj is defined in (2.15).
From this,

2—p 951\ P 2 tA
2 W ) )
(U - kn)_ Z <251> (U - kn)[i Z <2)\> RP (u - kn)[i

t
R _ p
Z Rp (u kn)_ bl

<C// (u—Fkn)? IVCn!”dxdt<(j
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t
provided s; > A. Dividing now (2.35), by —p— ( 7 gives
—_ p »
A e T ) Gl? ddt
<C—/ /KR w— k) dzdt

The change of the time variable t = t(

ﬂ(az) = ’U,(,t) )
leads to the simplified inequality

20"/ w \P 0 _
(@ — kn)- Cn” VE(Q((2).R,)) < C@ <%> /_(E)p - X{(@—kn)_>0} dxz dt .
2 2 n

Define, for each n,

An:/_§ / X{uk >0}dxdt

By a reasoning similar to the one leadmg to (2.26):
1 w \? ,
W <g> An+1 S |kn - kn+1|p An+1

<H(u— n) ” (R’R+1)

2

<@ = k)-Gall gy S C 1T = k)= Glpoqaeny) AN

W[\ e
C iy <7> AT

IN

Next, define the numbers
An
Xn = TA 7 Re b N\
Q) Ra)

R

()R
divide the previous inequality by }Q ( g) n+1)‘ to obtain the recursive re-
lations

)

n 1+ﬁ
Xn-H S C 47 X’VL "
By Lemma 2.5 on fast geometric convergence, if

N+g (N+P)2

Xo<C v r =, €(0,1) (2.36)
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then
X,—0. (2.37)
To verify (2.36), apply Lemma 2.12 with such a v, and conclude that there

exists s, = s1, depending only on the data, such that

<

w
{xGKg s ou(z,t) <u_+%}‘

Kr
4

, Vte (—t,0).

Since (2.37) implies that A,, — 0, we conclude that

@D eQ((By. ) awh <p+ 2
8 2

_ H(x’t> €qQ <f, ?) pu(zt) < pe+ 2:j+1}

=0.

Corollary 2.14. Assume (2.20) holds for some t* as in (2.19) and that
(2.16) is in force. There exist constants vy, 00 € (0,1), depending only on
the data, such that

ess osc u < opw . (2.38)
Q(a)%)

Proof. By Proposition 2.13 there exists s; € N such that

infou> o+ —2
T

From this,

1
c(sés(a%s)c u < <1 — —281“) w

Since d (g)p <t=—t"+d (%)p7 t* < 0, we have

ofo(2) H)ealit).

and the corollary follows with oy = (1 — 2T1+1>
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2.3.3. Analysis of the second alternative. Assume now that the second al-
ternative (2.21) holds true. We will show that a conclusion similar to (2.38)
can be reached. Recall that the constant vy has already been quantitatively
determined by (2.27), and it is fixed. We continue to assume that (2.16) is
in force.

Lemma 2.15. Assume (2.21) holds and let (2.16) be in force. Fiz a cylinder
(0,t*)+ Q(dRP, R) C Q(agRP, R) for which (2.21) holds. There exists a time
level

e [t* —dRP ¢ — %dPJ’}
such that

o w 1 -

Proof. Suppose not. Then, for all ¢t € [t* —dRP t" — %QdRp},

t*— D dRP w ’
> [ e Kn s uten) > e S a7 > (1-w) [QURY R

which contradicts (2.21).
[
The next lemma asserts that the set where u(-,t) is close to its supremum
is small, not only at the specific time level ¢°, but for all time levels near the
top of the cylinder (0,t*) + Q(dR?, R).

Lemma 2.16. Assume (2.21) holds and let (2.16) be in force. There exists
1 < s9 € N, depending only on the data, such that

2
{xGKR : u(x7t)>u+—%}‘§ (1—(%)) |Kr| ,

Jor all t € [t — %dRP ).

Proof. The proof consists in using the logarithmic inequalities (2.6) applied
to the function (u — k)4 in the cylinder Kp x (t°,¢*), with the choices

w
= on+1

k=u+—§ and ¢
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where n € N will be chosen later. We have

(vomv3)
u— et
K+ 2),

If H, <% the result is trivial for the choice of sy = 3. Assuming H,;, > ¢
the logarithmic function ¥* is defined in the whole Kp x (¢°,¢*), and it is
given by

+
u—Fk<H, = ess sup
Krx (o,

w
< —. 2.39
<2 @)

H+

m{m ik/f'F . } it u>k+ 55
o — U ST

Rl ZSSIUES B

on+1

0 if uw<k+55
From (2.39), estimate
oy v
Ut <nln?2 since - L < I =2" (240)
Hiyy—utk+537 " 7
and,
2— _ p—2
() )| "= (B —ut k) < (g . (2.41)

Choosing a piecewise smooth cutoff function 0 < ((z) < 1, defined in Kp
and such that, for some o € (0,1),

(=1in Ki_gr and [V( < (oR)™,
inequality (2.6) reads

tsgg /KRX{t} [¢+(u)}2 ¢"dr < ,/KRX{tO} [Wr(u)}z ¢Pdax
+ C/:* /KR w+(u) ‘(w“‘)’(u)f*p ’Vdp dedt . (2.42)

The first integral on the right hand side can be bounded above using Lemma
2.15 and taking into account that U" vanishes on the set

{zre€Kp : u(z,-) <k} .
This gives
1 —y
/KRX{tO} [0 (u)]® dz < n?(In2)? (722) K| .

1—V0



32 E. DIBENEDETTO, J.M. URBANO AND V. VESPRI
To bound the second integral we use (2.40) and (2.41):
t* 929
C L. fo v @ |@H @] Ve dudt
w\P2
<Cnw2) (5) @R)7 (@ - t) 1Kl
w\P=2 /7 1 \P
<C — — | dRP |K
= <2> (aR) 1l
1
S C n ; |KR| s

since t* —t° < dRP. The left hand side is estimated below by integrating over
the smaller set
w
S = {a: € Ki—o)r  ulz,t) > py — W} C Kg
and observing that in S, ( = 1 and

Jr

Huak > > 72'”71
H' kE+s2 = (Hf —« v T e ’
wk— Ukt gt T (Hi = %) + 5

since (H, — %) < 0. Thercfore

[z/}*(u)}2 > [ln (2"“1)]2 =(n—1)*(In2)%.

0 |E
[SEIIES

D]

From this

s [ [ () ¢ dx > (n— 1)*(n2)? |5 .

Combining these three estimates, we arrive at
n \? 1 -1y n 1
S| < K C —— |K
151 < <n—1> 1—1y/2 Krl+ (n—1)2 or Kl

n 2 1—V0 C
K|+ — |Kg| .
<n—1> (1—u0/2>| Bl + 5o 1Kl

On the other hand

w
{JJGKR ©ou(x,t) >M+_ﬁ}

< + |Kr\ K(1_o)r|

w
{[E € Ki—o)r  ulz,t) > py — ﬁ}
< |S|+ No |Kg|
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thus

w
{xGKR s u(z,t) >u+—W}

n \2(1-y C
< .
_{(n—l> (1—1/0/2)+n01’+NU} | Kl

for all t € (t°,t*). Choose ¢ so small that No < %Vg and n so large that

n \? v _ c 3,
Note that f > 1. With this choice of n, the lemma follows with sy =n + 1.
[ ]

The same type of conclusion holds in an upper portion of the full cylinder
Q(apR?, R), say for all t € (—“—;R’ZO). Indeed, (2.21) holds for all cylinders
of the type (0,t*) + Q(dRP, R) so that the conclusion of the previous lemma
holds true for all time levels

t > —(ag— d)R" — %dR" .

So if we choose
oA-1=2) > 9 (2.44)

a
we get EO > 2 — vy, which is equivalent to

—(ag — d)RP — %dPJ’ < —%Rﬂ .

Corollary 2.17. Assume (2.21) holds and let (2.16) be in force. For all
te(—%Rr0),

{xGKR : u(x7t)>u+—%}‘§ (1_<%>2> |Kg| .

The main result of this section states that in fact w is strictly below
its supremum gt in a smaller cylinder with the same vertex and axis as

Q (%R R).

Proposition 2.18. Assume (2.21) holds and let (2.16) be in force. The
choice of A can be made so that

w

u(z,t) < py — o e (z,t) € Q <% (%)P , g) ) (2.45)
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Proof. Define
R R R
(N 5 + ﬁ )
and construct the family of nested shrinking cylinders ) (Jan7 R, ) Consider

piecewise smooth cutoff functions 0 < (,, < 1, defined in these cylinders and
satisfying the following set of assumptions:

(=11 Q(%Rh,\, Rup1) ¢ =0 in 9,Q (%R0, R,)

gnt1 2p(n+1)
|VCH| < R 0< atCn < %lRp

n=0,1,...,

The energy inequality (2.5) for the functions (u — k)4, with
b - w w
n = H+ — M1 oatifn

in the cylinders @ (—QRP n) and with ¢ = (,, read

n’

0
_ 2 rp .
sup /KRHX{t}(u ka)2Chda + [ s /. V(= k)Gl dedr

n=0,1,...,

— L RE<t<0
/ s S (=R VIVG P drdt+C [ [ (= k)2 BG, et
p(n+1)
<C Rp {/ . Ji, (o= Fa) dedt 4 = / s /KR dxdt} .
(2.46)

Observe that
2-p
(= k)2 = (u— k)2 (w0 — k)2 > (%) (u— k).

Therefore, from (2.46),

w\2P 0
<§> sup /KRnX{t}(u —kp)B P da + L%Rﬁ /KRn IV(u—ky) Guff dadt

—20 R <t<0

op(n+1) w\P 2 fw\2) 0
<cC T {(§> + — (§> }/—“"RP X{(u,kn)+>0} dzdt . (2.47)

Now recall that ag = (%) , and divide (2.47) by ag to get

— prp . o
sup /KR”X{t} (U k‘n)+gn dx + o L%QRﬁ, V/KR” |V(u ”)+C”| dx dt

—20 R <t<0 -
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o1 P 0
< % <%> aio/a;m /KR” X{(u—ky)y>0) dz di . (2.48)
Next, perform a change in the time variable in (2.48), putting
ot
ap/2

and defining

u(,t) =u(-t) and G5, 1) = Gl 1)
and obtain the simplified inequality

— o2 fwN\P 0 -
_ p
H(“ — kn)+ C”HX{)’(Q(R?,,,Rn)) < "Rr <§> /_Rg K, XA @hn)+>0} dzdt .
(2.49)
Define, for each n,
0 -
A, = /7R,n, /KR“ X{(a—k,), >0y dz dt
and estimate
1 w\? »
W ? An+1 S |kn+1 - kn| A7L+1
< ”(H - k’”)+”§,Q(R’n’H,RnH)
_ ——||p _ =P ip
< H(u - kn)+Can,Q(Rf,,,Rn) <C H(u o k”)+ Q”HX{]’(Q(R?,,,Rn)) n
C2P" [ w\P 1442
O (o) A

The first three inequalities are obvious; and the last is a consequence of the
imbedding theorem 2.6. Define the numbers
Ay
|Q(Rn, Rl
divide (2.50) by |Q(RL,, Ru+1)|, and obtain the recursive relation
Xy < C 4 X ©5

By Lemma 2.5 on fast geometric convergence, if

Xn -

Ntp _ (N+p)?

Xo<C 4T =, (2.51)

then
X, — 0. (2.52)
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Thus if (2.51) holds,

2

{(J;t) €qQ (% <R>p,§> sou(z,t) > py — %}

and the result follows.
We are left to prove (2.51). To simplify the symbolism introduce the sets

B,(t) = {x € Kp : u(x,t)>p" — %}

and
B, = {($7t) €Q (%R”7R> D ou(r,t) > g — %} ,
With this notation (2.51) reads

|B)\| < v

Q <@RP, R)‘ .

2
We'll use the information contained in Corollary 2.17 to show that this holds,
i.e., that the subset of the cylinder Q (%’R’Z R) where u is close to its supre-
mum gt can be made arbitrarily small. Consider the local energy inequalities
(2.5) for the functions (u — k)4 in the cylinders @ (apR?, 2R), with
W
? )
where s will be chosen later satisfying so < s < A (recall that s, was chosen

on Lemma 2.16). Take a piecewise smooth cutoff function 0 < ¢ < 1, defined
in @ (agRP,2R), and such that

(=1 in Q(%R"R) (=0 in 9,Q (apR?,2R)

k=ps —

0<0¢ <

1 2
R agRP
n

Neglecting the first term on the left hand side of the estimates, we obtain for
the indicated choices,

./j)i?flm /KR |V(u—k)y|" dedt

C 0 C 0
- _ I\P _ )2
< / . /KQR(u R dodt 4+ Ik . /Km(u k)2 dedt . (2.53)

We estimate the two terms on the right hand side of this inequality as follows:

C 0 ) C [w\? ap .
~ AV el el @0 pp
RP /—aORP /KQR(U k)i dzdt < Rp (28> Q < 9 R ’R>’
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and, recalling the definition of ag,

C o ) C (w\P2(w\?| (a0,
it L S B < o (5 () Q(yr.R)
C [w\? ap
< (= 0 pp
£ (2o
since s < \. Putting this in (2.53) gives,
C [(w)P o
» ~ (£ 40 pp
[, 1vupdedt < — <2> Q(QR ﬁ)‘ . (2.54)

We next apply Lemma 2.3 to the function u(-,t), for all =9 RP <t <0, and
with

w w w
k:,u+—§, l:MJF_F’ l—k:28+1~
Observing that, owing to Corollary 2.17,
2
w v
{x €Ki ¢ ule,t) < iy — 5} = K| - |By(1)] > (f) \Kn| |

we obtain

Yo < 2 Vu|dxdt ,
st | .+1( )| = V02 |KR’ /Bs(t)\Bsﬂ(t)| u| T

for t € (—%QRP, 0). Integrating over this interval, we conclude that

w CR
s, |Bsi1] < I/—g//Bs\BsH |Vu|dxdt

< (’;jf (//B ]Vu]pdxdt)’l’ 1B,\ Byt |7

Clw ap .,
< [z 20 pp
Ty <2S>‘Q<2R’R>

using also (2.54). Taking the z% power and dividing through by (2;‘11)5%,
we obtain

1
D p—1
’ |BS\BS+1|‘T )

By \ Boy| -

2p

|Bop1|7T < C (1) 71

oft)

Since these inequalities are valid for sy < s < A, we add them for

§=89,8+1,50+2,...,A—1,
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and since the sum on the right hand side can be bounded above by the
quantity ‘Q (%R”, R) , we obtain

L

ag p—1
—RP R
Q(gr.r)

2p

(A= s2) [By|7T < C (1) >

that is,

C _
|B)\| < m () ~?
)5

We obtain (2.51) if A is chosen so large that
¢ <

1 S Uk

B (N —s9) 7

o[

We finally make the choice

C o\ 1
/\:max{32+( B) > 71+m} (255)

VyVx

(recall that sy is given through (2.43), vy is given by (2.27), and v, is given
by (2.51)) thus concluding the proof of the proposition. ]

Remark 2.19. Observe that the choice of A was made so that (2.44) holds,
and a larger A is admissible. Choosing A determines the length of the cylinder
Q(apR?, R), since ay = (%)2_11. The proposition has a double scope: we
determine a level p1y — 5% and a cylinder (fixing A and consequently ag)
such that the conclusion holds in that particular cylinder.

Corollary 2.20. Assume (2.21) holds and let (2.16) be in force. There exist
constants vy, 01 € (0,1), depending only on the data, such that if (2.21) holds
then

essosc u < 01 W .
Qp&rL)

Proof. It is similar to the proof of Corollary 2.14 for the choice
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2.3.4. The Holder continuity. We finally prove the Holder continuity of weak
solutions. An immediate consequence of Corollaries 2.14 and 2.20 is

Proposition 2.21. There exists a constant o € (0,1), that depends only on
the data, such that
essosc U < OwWw.
Qd(&p.2)

Proof. Assume (2.16) is in force. Then by Corollaries 2.14 and 2.20

essosc u < Oow where o = max{og, 01} , (2.56)

Qakyrsy
p p
i(5) <3 (3)
8) =2 \2
[ |

We define now an iteration process that will lead to the Holder continuity
of u.

since

Proposition 2.22. There exists a positive constant C, depending only on
the data, such that defining the sequences

R,=C™"R and Wy, = o0"w
n n b)

forn =0,1,2,..., where o € (0,1) is given by (2.56), and constructing the
family of cylinders

, . wn\ 7P
Qn - Q(anR‘fn Rn) ) with ap = <§> )
where A > 1 is given by (2.55), we have

Qni1 C Qn and ess 0sc u < wy , (2.57)

foralln=0,1,2,...
Proof. Recall the definition of ay = (5”7)2_17 and the construction of the

initial cylinder so that the starting relation

ess 0sC u <w (2.58)

0
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R\? w\2P RP
() -5 &
W\ZP (PP w1\27P RP
-GG G
w\2P [P wi\27P RP
-@)E) 6B

= P 220123 o RP

holds. We find

= CLlR{) s
where Ry = C~ 'R, provided C is chosen from
C=072 4 > 8.

From Proposition 2.21, we conclude

essosc u< essosc U < oOw=w
Q Qd(£)r. %)
which puts us back to the setting of (2.58). The entire process can now be
repeated inductively starting from Q.
]

Remark 2.23. The proof of Proposition 2.22 shows that it would have been
sufficient to work with a number w and a cylinder Q(aoR?, R) linked by
(2.17). This relation is in general not verifiable a priori for a given cylinder,
since its dimensions would have to be intrinsically defined in terms of the
essential oscillation of w within it.

The role of having introduced the cylinder Q(R? R) and having assumed
(2.16) is that (2.17) holds true for the constructed box Q(aoR?, R). It is part
of the proof of proposition 2.22 to show that, at each step, the cylinders ),
and the essential oscillation of u within them satisfy the intrinsic geometry
dictated by (2.17).

Lemma 2.24. There exist constants v > 1 and o € (0,1), that can be
determined a priori in terms of the data, such that for all the cylinders

Qaoe’,p) ,  with 0<p< R,

p a
ess osc u < yw <—> .
Q(aop”,p) R
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Proof. Let 0 < p < R be fixed. There exists a non-negative integer n such
that
C*(n+1)R < p < C"R

. Ino
S0, putting a = ———, we deduce
InC
n+l

C*(n+1)<£<:> u<£<:> 7L+1<<£>Ot'
=SRT7"=RT7 R

Thus N
wp, =0"w<yw (%) , with y=o0"1.

To conclude the proof, observe that the cylinder Q(agp”, p) is contained in
the cylinder @, = Q(a, R, R,,) since w, <w and p < C"R = R,.
]
Let I' = 0,27 be the parabolic boundary of {)7. Introduce the degenerate
intrinsic parabolic p-distance from a compact set K C Qp to I', by
p—2 1
—dist(K;T") = inf —y|AM > |t—slp) .
p—dist(K:T) = inf (Je ] [t~ s|?)
(y,8)el’
Theorem 2.25. Let u be a bounded local weak solution of (2.1) in Qp and
M = ||u|lsc.0p- Then w is locally Hélder continuous in Qr, i.e., there exist
constants v > 1 and « € (0,1), depending only upon the data, such that, for
every compact subset K of Qr,

_ ML?t 4 1\ @
[u(z1, th) — u(za, t2)| <YM (|$1 2ol + M7 |t — tofr

p — dist(K;T)

for every pair of points (x;,t;) € K, 1 =1,2.

Proof. Fix (x;,t;) € K, i = 1,2, such that ¢t > ¢; and construct the cylinder
(22, t2) +Q (MQ*”R”, R) C Qp. This is realized if we choose

.

R < inf |x—y], and MR <inftr.
zeK teK
yeO)

Thus in particular we may choose

2R = p —dist (K;T') .
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To prove the Holder continuity in the t—variable assume first that (to —¢;) <

M?7PRP. Then there exists p € (0, R) such that (to —t;) = M>7PpP, ie.,
—2

p=M pT|t2 — t1|z%. The oscillation inequality of Lemma 2.24, applied in the

cylinder (z2,t2) + Q(app?, p) implies

M5 |ty — mi)“

— <~yM
|u(x27t2) u($27t1)| —_ ’Y (p _ dlSt(K, 1")

If (t2 — t1) > M*PRP we have

p—2

M |ty — ]
p—dist(K;T) | -

The Holder continuity in the space variables is proved analogously.

|u(x2,t2) — U(l’g,tl)| S 2M S 4M (

Remark 2.26. The theory extends to full quasilinear equations and includes
statements of regularity up to the parabolic boundary of Qr (see [55]).

2.4. The singular case 1 < p < 2. We now turn to the singular case
1 < p < 2, still for the model equation

up — div |[Vulf ?Vu=0, 1<p<2. (2.59)

The analysis for this case is somehow more involved, but several of the pre-
vious techniques apply. As before the Holder continuity of w will be solely
a consequence of the Caccioppoli inequalities (2.5) and the logarithmic in-
equalities (2.6). Throughout this section the function u is merely assumed
to satisfy such inequalities. To avoid repetition of arguments, we will outline
the approach to regularity emphasizing the main differences with respect to
the degenerate situation.

A key point is again the choice of the appropriate intrinsic geometry in
which to carry the iteration argument. Fix a point (zg,ty) € Qr and, as
before, assume (g, ) = (0,0). Consider a cylinder

B,;(0) x (—R?,0) = Q(R", R%) C Qr
where R > 0 is taken such that the inclusion holds. Now, let

p_:=essinf w ; py:=esssup w ; wW:=esSO0SC U= by — [
Q(rr.RY) Q(R?.RY) Q(rr,RY)
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and construct the cylinder

o2
p . w P

QR coR) with co = <§> (2.60)
where ) is to be determined only in terms of the data (we use the same letter
as in the case p > 2 but the \’s are different in the two cases).

To start the iteration, we assume
p—2
w\ r p—2
(27> < R (2.61)
(otherwise, w < 2*R? and there is nothing to prove) so that
QR,coR) C Q(R, R?)

and

ess osc u < w. (2.62)
QR coR)

Cylinders of the type (2.60) have the space variables stretched by a factor

p—2
(;7)‘7 which is intrinsically determined by the solution. Note that if p = 2
these are just the standard parabolic cylinders. The geometry chosen is not
the only possible. We could have introduced, for example, a scaling with
different parameters in the space and the time variables. Another possibility
would be to work with a scaling formally identical to the one used in the
degenerate case. Our option here was dictated only by a matter of simplicity.
The main result leading to the Holder continuity of solutions is

Proposition 2.27. There exist constants n € (0,1) and C, A > 1, that can
be determined only in terms of the data, satisfying the following. Construct
the sequences

R, = C™R
n=0,1,2,...
wp, = N'w
and the cylinders
p—2
Qn = Q(Rﬁa Can) with ¢, = (%) ' , n=0,1,2...

Then, for alln =20,1,2,...,

Qni1 C Qn and ess osc u < wy, .

n
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This proposition implies an analogue to Lemma 2.24 from which the Holder
continuity follows as in the proof of Theorem 2.25.

The proof of the proposition is, as in the degenerate case, based on the anal-
ysis of an alternative. To begin, consider inside of Q(RP,cyR) subcylinders
of smaller size

w\ 5
(#,0)+ QR doR) ,  dy— (§> " (2.63)
These cylinders are contained in Q(R?,coR) if T ranges over the cube Kg(,,
where

p—2
R(w) = {(QH)T)L — 1} <%> " R=LyyR , (2.64)
2—p

for Ly = (2’\’1)T — 1.

We can regard these cylinders as boxes moving inside Q(RP, coR) as the
coordinates 7 of their centres range over the cube Kg(,). We may arrange Ly
to be an integer and consider the cube K, r as the union, up to a set of mea-
sure zero, of L)) disjoint cubes each of them congruent to Ky z. Analogously,
Q(RP, cyR) is the disjoint union, up to a set of measure zero, of LY open boxes
cach congruent to Q(RP,dyR). Then we can view (7,0) + Q(RP, dyR) as the
blocks of a partition of Q(RP, cyR) (see [55, fig. 3.1, page 82]).

Let vy € (0,1); then either

The first alternative:
There exists a cylinder of the type (z,0) + Q(RP, dyR) for which

{(z,t) € (,0) + Q(R",dyR) : u(x,t) < u_+ %}|
|Q(Rpad0R)|

S 140} (265)

or

The second alternative:
For every cylinder of the type (,0) + Q(RP, dyR)

{(z.) € @0) + QA" dR) - uw.t) <p-+3)|
QURY, o) °

(2.66)
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In both cases, we will conclude that the essential oscillation of u within
a smaller cylinder, centered at the origin, decreases in a way that can be
quantitatively measured.

2.4.1. Rescaled iterations. The study of both alternatives makes crucial use
of a rescaled iteration technique which applies to any subcylinder of Qp. Let
m > 0 be given by

m=mj+ mo, where my > 1, and mo >0

and consider the cube
p—2

KleE{xGRN:Ima)]%|xi]<d1R}, dlz(w> !

<i< 2771,1

and the box

QR(mh mg) = Ky R % (_27n2(p—2)Rp’ 0) . (267)
Fix (z,t) € Qp, and let R > 0 be so small that

(z,t) + Qr(m1,m2) C Qr .
Remark 2.28. Note that, for (z,7) = (0,0), m; = XA and my = 0, the cylinder
(T, 1) + Qr(m1, my) coincides with the cylinder Q(R?, ¢pR). Analogously, if
mo = 0, m; = 1 and ¢ = 0 then, for a suitable choice of Z, the cylinder
(T, 1)+ Qr(my, ms) coincides with one of the boxes (T, 0)+Q(R?, dyR) making
up the partition of Q(RP, cyR).
Lemma 2.29. There ezists a number vy that can be determined a priori only
in terms of the data and independent of w, R and my, my such that:
o Ifu is a super-solution of (2.59) in (T,t) + Qr(mi, msa) satisfying

_ess 0sC u<w
(T,t)+Qr(m1,ma)

and
H(x,t) € (T,1) + Qr(mi, ma) s u(z,t) < p- + 2%} < vy |Qr(m1, m2)|
then
u(@t) 2 gt gy V() € (@0) + Qglmi,m) |

Analogously,
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o If u is a sub-solution of (2.59) in (z,t) + Qr(my, ma) satisfying

_ess 0sC u<w
(T,t)+Qr(m1,ma)

and
_ w
'{(iﬂ,t) € (7,1) + Qr(mi, ma) : u(z,t) > py — ﬁ} < vy [Qr(mi, m2)|
then
w -
U(l’,t) §M+_Wv V(Jl,t) € (xat)+Q§(m1am2) :
Proof. We only prove the statement concerning super-solutions (for sub-
solutions the proof is similar). For simplicity, assume (7,7) = (0,0) and
construct the decreasing sequences of numbers
R R w
R7L:§+W’ k‘n—u +27”+1+W; ’I’L:O,l,2,...,

and the families of nested cubes and cylinders
o2

w P
Kn = Klenv dl = ( m ) )
2my
Q, = Qp, (m1,me) = K, X (—2(”_2)7”2]%%0) .

Consider the energy estimate (2.5), written for the functions (u — k,)_ over
the boxes Q,,, taking as cutoff functions &,

0<& <1 in @, and & =1 in Qnp

=0 on 0,Qn

on+2 w 2—;2 2P("L+2)
\/ 0< &y <2 Pm
Vel T (o) 0 0S6us =
In this context, the energy incqualities read
sup (u— & dr + (u— kyp)-&lP do dt
72(”72)7”2Rp<t<0 /Kn // ’
C_an — P dxdt C’ 9(2-p)mz 2 dzdt
o (o) Iy asa [y, (= k) dadt

Since

w w w
(u — kn)— S Sélp (U — kn)— S om+1 + 72m+1+n S ﬁ
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() - )
2my om om

the two terms on the right hand side of the inequality are estimated above
by

and

2np —p)m:
Cﬁm ») (2_> // Xuhy)_ >0y dzdi .

To estimate below the two integrals on the left hand side, we introduce the

level

7 kn kn
kn = % S (k'rz+17 kn) .

Then, for all ¢ € (—2(’)72)"L2R$n 0),
Jo o= k)2 e = [ (k= (= B €

w \27P
_ (% (n+3)(p—2) P
B <2’"> ? /Kn( R G de
and, since k, > k,,

// |V(u— ky £n|pd$dt>// k_n)_fnlpdxdt.

Combining these estimates and dividing through by
2—
(i) Y o 3)(p-2)
2m

we obtain

. w \P2 .

su u—=ky, pdx—l—( ) 2(n+3)(2-p) V(u—k,)_&,|° do dt

e S (=R & o o IV (k) &l

27L

2 —p)me [ X
< C Rp (2m> // X{(u—ky)_>0} dx dt
Next consider the change of variables

y=d 'z, z = 2@-PImey

which maps the cylinder Q,, into the cylinder @, = Kpg, x (—RE,0), and
define new functions

o(y,2) = u(dy, 27 9™2) &y, 2) = & (diy, 207 P™2)
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and the sets
3 0
A (2)={y e Kg, :v(y,2) <k,},  with |A,]= /ﬂ |A,(2)] dz .

Since 1 < p < 2 and w < 1, the coefficient

)

w \P2
(2?> 9(n+3)(2=p)+m2(p-2) _ wp_ZQ(Q—P)(m1+n+3) -1

and we obtain

L 22n w P
P
H(U - k”)*&TLHV,,(Qn) S C ﬁ (ﬁ) |A”| .
Noting that k,,; < k,, by the imbedding theorem 2.6,
WP — ,
9—(n+3)p <ﬁ> |An+1| — (kn _ k’n+1>p |An+1|
~/~/Qn+1 <Fn o k'“"l)p X{v<kni1} dy dz

[, (-F) dyde

— P
< U — kn n
B H( )7{ P,Qn
» — P
< ClA|77 ||(v—Fy) &
- 4] ( )_f VP(Qn)
22n w \P p
< C=— (=) 14,]" .
- Rp <2m> | |
Thus, setting
Y — |A7L|
Q|
we obtain the recursive relation
njp 1+N%
Yoy <C4"PY, "
The result now follows from Lemma 2.5. In fact if
|A0’ ”U<k’0| ]u<,u’+2%| = -1
0= = f— SCD‘ 4p)&2 EV07 268
@]~ 1@ [Qalmnma) €7 (2.68)
where a = NLer’ the lemma guarantees that Y;, — 0 when n — oco. But

this is nothing but the conclusion of the Lemma and (2.68) is precisely the
hypothesis.
]
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Remark 2.30. The proof shows that vy depends upon p, but it is stable as
p /" 2 in the sense that 1y(p) — 1(2) when p 7 2.

Remark 2.31. The conclusion of Lemma 2.29 continues to hold for cylinders
of the type

Qn(m, B) = K, x (—BR",0),  r— (%)TR, 350

provided [ is independent of w and R. In such a case we take m; = m and
vy will also depend upon 5.

2.4.2. The first alternative. Assume that there exists a cylinder of the type
(7,0) + Q(RP, dyR), making up the partition of Q(R?, ¢oR), for which (2.65)
holds. Applying Lemma 2.29 with m; = 1 and my = 0 we conclude that

u(e,t) > p+ %, V(1) € (7,0)+Q ((g)p , d0§> . (2.69)

We view the box (z,0) + Q((£)?,do%) as a block inside Q(RP,coR). The
location of T in the cube Kg(,), where R(w) is defined by (2.64), is only
known qualitatively. However, the positivity of u as stated in (2.69) spreads
over the full cube K g, for all times

R\?
—[=) <t<0.
(5) ==

Proposition 2.32. Assume that (2.69) holds for some T € Kg(,. There
exists a positive number sy that can be determined a priori only in terms of
the data and the number X in the definition (2.60) of Q(RP,coR), such that

More precisely, we will prove

w

u(r,t) > p- + TR Y (x,t) €Q ((?)p,coR> . (2.70)

As a consequence we may rephrase the first alternative in the following way

Corollary 2.33. Assume (2.65) holds for some cylinder of the type (T,0) +
Q(R?P,dyR) making up the partition of Q(RP,coR). There exists a positive
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number sy that can be determined a priori only in terms of the data and the
number X in the definition (2.60) of Q(R?,coR), such that

R
essosc u <nmw, VpéeE (0, —) 2.71
Q(pP.cop) n p 8 ( )

1
281+1 :

where mp =1 —

To prove Proposition 2.32 we regard T as the centre of a larger cube T +
Kge,r which we may assume to be contained in K Ry Otherwise we would
have

16cgR> R? = w<16272"R? .
We work within the box

(2,0) +Q (@)p , 800R>

and show that the conclusion of Proposition 2.32 holds within the cylinder

(7,0) + Q ((?)p,m@ .

This contains ) ((g)p , cOR), regardless of the location of 7 in the cube Kr,).
The proof begins by introducing of the change of variables
r—T 4Pt
T agr T (@

which maps (%,0) + Q ((£)?,8¢R) into Q4 = Ky x (—47,0), and the new
unknown function 5
v=(u—p)—. (2.72)
w
Denoting again with x and ¢ the new variables, the function v satisfies the

PDE

vy —cdiv|VolP Vo =0 in D'(Qu), (2.73)
where ,
1 /2\?
L — 9(A=D(p=2)—4p
c= 21 (2/\> =2 .
The information (2.69) now translates into
1
v(z,t) > a.e. (z,t) € Qho) ={x: |x] < ho} x (—47,0)  (2.74)

2
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where
2—p

dy 172\ 7» O-1p-2)_,
hg=— == =2 < 1. 2.75
07 4oy 4 (2A> (2:75)

We regard Q(ho) as a thin cylinder sitting at the centre of Q4. We prove that
the relative largeness of v in Q(hg) spreads sidewise over Q2 = Ko x (—27,0),
thus obtaining the desired result. Indeed, we want to show that

w

o e sa(1) 2o

which, according to the change of variables and the new function, is the same
as

ua,t) > p- +

o(z,t) > 2i (2.4) € Q1 = K1 x (—1,0) C Qs .

Proposition 2.32 will then be a consequence of the following

Lemma 2.34. For every v € (0,1) there exists a positive number 6* € (0,1),
that can be determined a priori only in terms of v, N, p and the data, such
that

Hz € Ky:o(z,t) <0*} <v|Ky, (2.76)
for all time levels t € [—2P,0].

Remark 2.35. The key feature of the lemma is that the set where v is small
can be made arbitrarily small for every time level in [—27,0].

The proof of this lemma is rather technical, involving the manipulation of
appropriate integral inequalities, and will be omitted; the interested reader
is referred to the book [55, Chap. IV — §6-9] for a detailed proof.

Proof of Proposition 2.32 assuming Lemma 2.34. Let vy be the number
claimed by Lemma 2.29, take v = 1 in Lemma 2.34 and determine the
corresponding §* = §*(vp). Let mg be defined by

27 = 5 (1)

and apply lemma 2.29 with - =0, w =1, m; =0, R = 2, over the boxes
(0,2) + Ko x (207227 0) = (0,7) + Q2(0,m2)

as long as they are contained in ), i.e., for £ satisfying

gma(p=2)9p _ op <t<0.
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Since (2.76) holds true for all time levelsin t € [—2P, 0], each such box satisfies
{(z,t) € (0,7) + Q2(0,ma) : v(w, t) <27™2}| <1 |Qa(0,ma)] .
Therefore, by Lemma 2.29,
v(x, t) > 27 Mt V (z,t) € (0,7) + Q1(0,m2) ,
for all 7 € (2’”2(1’_2) 2P — 2P, 0). Since
(2m2p=2)or — or — 9m2(r=2) () 5 (—1,0)

we conclude that
o(w,t) > 27 Y (2 t) € Q.

Returning to the original coordinates and redefining the various constants
accordingly, we arrive at

< w _ R\?
U(CE,t) > U+ W, V(x,t) € (1’,0) +Q <<§> ,2COR>

and Proposition 2.32 follows with
_N+
si=mat+1,  ma=—log (5 (w) , = (CANP) T
]

Remark 2.36. We comment further on the expansion of positivity of Propo-
sition 2.32. A crucial point in the proof of Lemma 2.34 (which was omitted)
is the use of the information contained in (2.74)—(2.75) to apply a Poincaré
inequality. But for this it is not truly necessary to know that the set {v > %}
is concentrated in a cylinder centered at the origin; it suffices to have the
following information:

Jag, ko >0 : {x e Ky:v>kot >, Vite (—47,0) .

2.4.3. The second alternative. We will omit most of the proofs in this section;
for the details see [55].

Assume that (2.66) holds for all cylinders (%, 0) + Q(RP, dyR), making up
the partition of Q(R?, coR). Since

CU_ +w
H+ 2_/1'— 27
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we can rephrase (2.66) as

H(x,t) € (7,0) + Q(RP,dyR) : u(x,t) > s — %H
|Q(RP, dyR)|

for all boxes (z,0) + Q(RP, dyR) making up the partition of Q(R?, coR).
2=
Let n be a positive number to be chosen and arrange that 2”7 is an
n(2—p)
integer. Then we combine 27 » "N of these cylinders to form boxes congruent

to

S 1-— IZ0) (277)

p=2

Q(R",d.R) = Ky.n x (—R,0), d*:( w ) T a2 . (278)

on+1

We next consider cylinders of the type (z,0) + Q(R?,d.R). These are con-
tained in Q(R?, ¢pR) if the abscissa & of their vertices ranges over the cube
KRl(w)a where

Ri(w) = {2)‘(pr) - 2(7L+1)2_;E} W R

2= e
_ {(2)\—(n+1))72 _ 1} <2:i1> "R
= I1d, R, where L, = (2’\7(”“))2_;2 —1.

We will take A > n 4+ 1 and arrange that L; is an integer. Then we regard
Q(R?, cyR) as the union, up to a set of measure zero, of LY pairwise disjoint
boxes each congruent to Q(R?, d.R). Since each box (Z,0)+Q(R?, d.R) is the
pairwise disjoint union of boxes (7, 0) + Q(RP, dyR), each of them satisfying
(2.77), we can rephrase again (2.66), this time as

{(z,1) € (£,0) + QR d.R) : u(x,t) > py — %
Q(RY, d.R)]

for all cylinders (Z,0) + Q(R?, d.R) making up the partition of Q(RP, c¢yR).

Remark 2.37. The need of introducing a larger cylinder than the one in-
volved in (2.66) is justified by the appearance of the factor 2"(2P) in the
logarithmic estimates (2.6) employed in the proofs. The use of a geometry in
which the space dimensions are stretched by this factor accommodates the
singularity and restores the homogeneity in (2.5)—(2.6).
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Lemma 2.38. Let (z,0) + Q(RP,d.R) be any box contained in Q(RP,cyR)
and satisfying (2.79). There exists a time level

t e (—R” —@RP>
) 2 )
such that, for all s > 2,

~ N w 11—y
rer+ Kip: u(z,t) > e =5y < (1_7%;2> |Ka, r| - (2.80)

Proof. If not,

w
rex+ Kypr: u(x,t*)>,u+—§ >

for all t € (—Rp, —%QR”). Then

(z,t) € (£,0) + Q(R”,d.R) : u(z,t) > iy — ﬂ'

2
0
- /—RP
,’%)Rp
> [w
2R 1-1n
———— | | Ky, g| dt
/7RP (1—1/0/2) | d*R|
= (I-w) |Q(R", d.R)|
which contradicts (2.79).

r €T+ Kyp: u(x,t) >u+—§‘ dt

r e+ Kyp: u(a:,t)>,u+—£ dt

25’

vV

]

The next lemma asserts that a property similar to (2.80) still holds for all

time levels from ¢* up to 0. The proof of the lemma, that we omit, will also
determine the number n.

Lemma 2.39. There exists a positive integer n such that for all t* <t <0,

< (1 - (2)) Fonl . (@281)

- w
re€T+ Kyr: u(m,t)>,u+—ﬁ
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The information of Lemma 2.39 will be exploited to show that in a small
cylinder about (0,0), the solution w is strictly bounded above by
w
Bt~ o for some m>n-+1.

The process also determines the number A that defines the size of Q(R?, ¢yR).
To make this quantitative consider the box

p=2
14

QR .«R) . f==, Co:(%>

We view Q(BRP, cyR) as being partitioned into sub-boxes (z,0)+Q (B8RP, d.R)
where T takes finitely many points within the cube Kg, (). For each of these
cylinders Lemma 2.39 holds.

Lemma 2.40. For every v € (0,1) there exists a number m depending only
on the data and independent of w and R such that, for all cylinders (Z,0) +
Q(BRP,d.R) making up the partition of Q(BRP,coR),

(z,t) € (2,0) + Q(BR", d.R) @ u(z,t) > py — 2% < v|Q(BR’.d.R)| .
(2.82)

Remark 2.41. The proof shows that m must be chosen so that

C
v

This estimate deteriorates as p \, 1, i.e, m /" oo as p \, 1. Nevertheless the
choice of m is stable as p " 2.

To proceed we return to the box Q(BRP,coR) and recall that it is the
finite union, up to a set of measure zero, of pairwise disjoint boxes (z,0) +
Q(BRP,d.R). Therefore lemma 2.40 implies

Corollary 2.42. For every v € (0,1) there exists a number m depending
only upon the data and independent of w and R such that

(z,t) € Q(BR?,coR) : ulz,t) > iy — Qi < V|Q(BRP, cR)| . (2.83)
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We finally determine the size of the cylinder Q(SRP, ¢oR) and consequently
the number A. First, in Corollary 2.42, take v = vy and determine m accord-
ingly. Then let ms be given by

8= % = gm(r-2) (2.84)

and assume that m > my (if necessary take m even larger). Determine A
from

A =my and m=m; +my . (2.85)
With these choices, the cylinder Q(SRP,cyR) coincides with the cylinder
Qr(my, my) introduced in (2.67). By Corollary 2.42, we have

w
(z,t) € Qr(mi,ma) : u(x,t) > py — om < 19 |Qr(m1, ma)|
which implies, using Lemma 2.29,
w
u(amt) < P — W ) V($7t) S Q%(mlamﬂ :

We summarize:

Proposition 2.43. Assume that (2.66) holds true for all cylinders (z,0) +
Q(R?,dyR) making up the partition of Q(RP,coR). Then, for all 0 < p < g

1
ess osc u<nyw , where mg =1

- —. 2.86
Q(BpP,cop) 2m+1 ( )

2.4.4. Proof of the main proposition. The proof of Proposition 2.27 follows
by combining the two alternatives. The conclusion of the first alternative is
that

R
essosc u <M w, Vpe <0,—> , 2.87
ge5,08¢ 4 <M p S (2.87)
where 71 =1 — 2—;2 The conclusion of the second alternative is that
R
essosc u<mnw , Vpe (O, —) , 2.88
Qo) = P 2 (2.88)
where 9 =1 — 2"—1“

Set

n = max{no, m} and C—ﬂp—< o )p .
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Observe that, assuming vy < 1,

1

1 1
C§22+%<g<§ and C<?
Define
Ri=CR; W =nw
and the cylinder
p—2
) w1\ »
Ql = Q(Rll)aclRl) s 1 = <2*;> .

Since n < 1,

p—2 p—2

w P w P p=2
61R1 = (2—i> R1 = (§> nre R1 S Co R1 .

Therefore, combining both alternatives,

ess osc U < wig .
1
The process can now be repeated inductively starting from such relation.
This yields the Holder continuity of u as in the degenerate case p > 2.

2.5. The porous medium equation and other generalisations. As
indicated earlier, the Holder continuity of u is solely a consequence of the
Caccioppoli inequalities (2.5) and the logarithmic inequalities (2.6). For this
reason the techniques just presented are rather flexible and adjust to a variety
of singular and degenerate parabolic partial differential equations. The first
generalisation we want to mention is to equations with the full p-Laplacian
type quasilinear structure

u — div a(x, t,u, Vu) = b(x, t,u, Vu) in D'(Qr), (2.89)
where a : Qp x R¥* — RN and b : Qp x R¥*t — R are measurable and

satisfy the structure assumptions

(Ay): a(x,t,u, Vu) - Vu > Co|VulP — po(x, t);
(AQ): |a(x,t,u, VU)| > Cl|vu|p_1 +901(1'7t)v
(A3): |b(x,t,u, Vu)| > Co| Vul? + @o(z, t),
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forp > 1and a.e. (z,t) € Qp. The C;, i = 0, 1,2, are given positive constants
and the ¢;, + = 0, 1,2, are given non-negative functions, defined in Qp and
subject to the integrability conditions

=) r
©o gpf ) P2 € L% (QT)
with ¢, > 1 satisfying

1 N
-+ —¢€(0,1) (l<p<N).
r o pq

See [55] for the details.

Another family of equations to which the theory applies are degenerate
or singular equations of porous medium type that can be cast in the form
(2.89), for the structure assumptions

(B1): a(z,t,u, Vu) - Vu > Colu|™ | Vul? — ¢o(z, 1), m > 0;
(B2):  a(x,t,u, Vu)| > Cifu|" 7 Vul + @1 (z,1);
(Ba):  [b(o,t,u, Vu)| > Co [Vful™> + (. ),

and the functions ¢;, i = 0,1, 2, satisfy the same conditions as before with
p = 2. We require

we L (0,75 L2 () and  |ul™ € LY, (0,T; Wi2(Q)) -

There is a wide literature concerning this problem. We refer the reader to
the Proceedings [12], [29], [82], [94], as well as the references therein.

Further generalisations can be obtained by replacing s” !, s > 0 with a
function that blows up like a power when s \, 0 and is regular otherwise.
To be specific, consider doubly degenerate equations of the form (2.89) with
structure assumptions

(Cy): a(x,t,u, Vu) - Vu > Co®(|u|)|[VulP — @o(z,t);

(Co): lalw,t,u, Vu)| = Crd(Ju])|Vul"™ + &r (w)ipy (2, 1);

(Co)i bl t,u, V)| = Co®(ju)| Vul + (e, ).
Here ¢;, i = 0,1, 2, satisfy the same conditions as before and the function
®(-) is degenerate near the origin in the sense that

Jo>0 : 71351§<I>(s)§725ﬁ27 Vse(0,0),

for given constants 0 < 3 < 79 and 0 < Gy < (1. For s > o, i.e., away
from zero it is assumed that ® is bounded above and below by given positive
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constants. We require that
w€ Cioe (0,T;L2,(Q))  and 71 (w)|Vu| € LE,(Qr)
and, denoting with F'(-) the primitive of @ﬁ(.)’ that

F(u) € L, (0,T; W2 ()

loc

which allows for an interpretation of the equation in the weak sense. One
recognizes that if ®(s) = 1 the equation is of p-Laplacian type and if ®(s) =
m—

s™~1and p = 2 the equation is of porous medium type. The Holder continuity
of solutions was obtained independently in [147] and [96].

3. Boundedness of weak solutions

The regularity theorems of the previous section apply to bounded weak
solutions of (2.1). The theory of local boundedness discriminates between
the degenerate case p > 2 and the singular case 1 < p < 2. If p > 2
a local bound for the solution is implicit in the notion of weak solution.
If 1 < p < 2, local or global solutions need not be bounded in general.
Another substantial difference between the two cases surfaces when studying
the Dirichlet problem

ue C(0,T; L* Q) N L* (0, T; W(Q)) = V2 (Qr)

w — div|VuP2Vu=0 in Qp

u(+,t) |gg=g(-,t)  traces of functions in V¥ (Qr) o
u(-,0) = up in the sense of L?() ,
or the Cauchy problem
u € C(0,T; L, (RY)) N L (0, T; Wy? (RY))
uy — div|[VuP2Vu =0 in Xpr=RN x (0,7) (3.2)

u(-,0) =u, in the sense of L},.(RY) .

The following weak maximum principle is common to both cases.
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Theorem 3.1. Let p > 1 and let u be a weak solution of (3.1) and assume
that g € L (02 x (0,T)) and ug € L*(2). Then

ess sup |u| < max {ess sup |ugl; ess sup ]g]} .
T Q o0x(0,T

Theorem 3.2. Let p > 1 and let u be a weak solution of (3.2). Then if
ug € L®(RY),

ess sup |u| < ess sup |ug| .
Xr RV

In the next sections we let u be a non—negative weak subsolution of (2.1)
and will state several upper bounds for it. The assumption that u is non—
negative is not essential and is used here only to deduce that u is locally or
globally bounded. If u is a subsolution, not necessarily bounded below, our
results supply a priori bounds above for u. Analogous statements hold for
non—positive local supersolutions and in particular for solutions.

3.1. The degenerate case p > 2.

Theorem 3.3. Let p > 2. FEvery non-negative, local weak subsolution u of
(2.1) in Qr is locally bounded in Qp. Moreover for all e € (0,2], there exists a
constant v depending only upon N,p, A and e, such that ¥V (xq,ty) +Q(T, p) C
Qp and Vo € (0,1),

p\1/ 1 PN i3
sup u < Lpp)mj (// u”’”‘?dxdt) . A (ﬁ> e
(@0,t0)+Q(oT,0p) (1 _ O') B JI(@ost0)+Q(T,p) T

Remark 3.4. In the linear case p = 2 and 7 = p* such an estimate holds
for any positive number € (see [134]). In our case € is restricted in the range

(0,2].

It is of interest to have sup—estimates that involve “low” integral norms of
the solution. The next theorem is a result in this direction.

Theorem 3.5. Let p > 2 and let u be a non—negative, local subsolution of
(2.1) in Qp. There exists a constant v = v(data), such that ¥V (xq,tg) +
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Q(1,p) CQr and Vo € (0,1),

, /2 ,
W/ A
sup u < % ( sup /B ) u(z,t) da:) A <—> .

(20,t0)+Q(o7.0p) (1—0)" = = \tomr<i<to T

3.1.1. Global estimates for solutions of the Dirichlet problem. Consider a
non-negative weak subsolution of the Dirichlet problem (3.1) and let p >
2. If the boundary data are bounded then the weak maximum principle of
Theorem 3.1 holds true. If however uj is not bounded, it is of interest to
investigate how the supremum of u behaves when ¢ — 0.

Theorem 3.6. Let u be a non—negative weak subsolution of the Dirichlet
problem (3.1). There exists a constant vy = y(data), such that ¥t € (0,T),

p/A
sgpu(, )<supg+tN/A (//udxds> ) A=N{p-2)+p.

Results of this kind could be used to construct solutions of the Dirichlet
problem with initial data in L!(€2) or even finite measures. Indeed the reg-
ularity results of the previous section supply the necessary compactness to
pass to the limit in a sequence of approximating problems.

3.1.2. Estimates in Xp. Consider a non—negative weak subsolution u of the
Cauchy problem (3.2) in the whole strip X7. By this we mean that u is a
local weak subsolution of the p.d.e. in (3.2) in Qp for every bounded domain
Q) ¢ RY. To derive global sup-estimates, we must impose some control on
the behaviour of u as |z] — co. We assume that the quantity

ZT,S
lully = sup sup [, S5 e, A=Np-24p. (33

is finite for some r > 0 and for all ¢ € (0,7). This assumption is not
restrictive. It is shown in [64] that it is necessary and sufficient for a non—
negative solution of (3.2) to exist in 3p.

The subsolution u at hand, is not necessarily bounded. However it is locally
bounded and as || — oo grows no faster that |z|72. This is the content of
the next Theorem.
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Theorem 3.7. Let u be a non-negative subsolution of (3.2) in Lr, and
assume (3.3) holds. There exist constants . and v, depending only upon
N,p and A, such that

gl
[u(, )8, < TN lulld - A=N(p-2)+p,
for all 0 <t <, |||u|||?;f} and all p > r.

Information of this kind are of interest in investigating the behaviour of the
solutions for ¢ near zero and in studying the structure of the non—negative
solutions in 7. In this estimate, the functional dependence as t \, 0 is sharp
as it can be verified from the explicit Barenblatt solution (recall (1.4), in the
introduction). The functional dependence as |x| — oo is also optimal as it
follows from the explicit solution

p—1

N(p—2) Lyp—2
T \> D -2 1 P\ et
pen={alz5) T (5 () e

where A and T are two positive parameters.

3.2. The singular case 1 < p < 2. We will give below an example of
a solution with p = J\%—JL, that is unbounded. Thus in the singular range
1 < p < 2, the boundedness of a weak solutions is not a purely local fact
and, if at all true, it must be deduced from some global information. One of
them is the weak maximum principle of Theorems 3.1 and 3.2. Another is
a sufficiently high order of integrability. A sharp sufficient condition can be

given in terms of the numbers
AM=N({p—-2)+rp, r>1.
We assume that u satisfies
ue L. (), for some 7 >1 suchthat A\ >0. (3.5)

The global information needed here is

(3.6)

u can be constructed as the weak limit in Lj .(Qr) of a
sequence of non—negative bounded subsolutions of (2.1) .

The notion of weak subsolution requires « to be in the class u € VX (Qp).

C
This space is embedded into L{ (Qr), where ¢ = p%. Therefore if p is so
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close to one that A\, < 0, the order of integrability in (3.5) is not implicit in
the notion of subsolution and must be imposed.

Theorem 3.8. Let u be a non—negative local weak subsolution of (2.1) in Qr
and assume that (3.5) and (3.6) hold. There exists a constant v = y(data,r),
such that ¥ (xg,t0) + Q(7,p) C Qp and Vo € (0,1),

1 \N/As /A
sup u < % <// urdxdt> A <l>
(z0,t0)+Q(o7,0p) (1 _ 0‘) A P) (wo,t0)+Q(T,p) PP

1
2

T (3.7)

3.2.1. Estimates near t = 0. Fix t € (0,7T") and let us rewrite (3.7) for the
pair of boxes
By, x (at,t), B, x(0,t) .

Corollary 3.9. Let u be a non—negative local weak subsolution of (2.1) in
Qp and let (3.5)-(3.6) hold. There exists a constant v = ~y(data,r) such that
for all0 <t <T and for all o € (0,1),

=N/ t P/ t\ =5
Sgg) u(-,t) < m (/(1/3{, u’dxds) A (pp> . (3.8)
Remark 3.10. Assume that (3.5) holds with r =1, i.e.,
p> 2N
N+1°

Then the behaviour of the supremum of u as t \, 0 is formally the same as
that of solutions of the Dirichlet problem (3.1) for degenerate equations as in
Theorem 3.6.

3.2.2. Global estimates: Dirichlet data. A peculiar phenomenon of these
equations is that, unlike their degenerate counterparts, local and global esti-
mates take essentially the same form. This appears for example by comparing
(3.8) with the next global estimate.

Theorem 3.11. Let u be a non—negative weak subsolution of the Dirichlet
problem (3.1) and let (3.5)—(3.6) hold. There ezists a constant y = ~y(data, r)
such that ¥t € (0,T),

VA g N
sgpu@t) < S}ngpg—k N </u/ﬂu dxds) .
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3.2.3. A counterezample. Let a € (0,1) be a positive constant and let B,
denote the ball of radius a in R" centered at the origin. Consider the func-

tions ,
2 2
_ (a — |z )+
e[V In [[2)”
where 3, h > 1 are parameters to be chosen. One verifies that

z€ L"B,), and z¢ L'™(B,), Ve>0.

and  v=(1-ht), 2,

Consider also the Cauchy problem

uy — div [Vu[P?Vu =0 in 3
{ u(-,0) =z . (3.9)
Lemma 3.12. Assume that N(p —2) +p = 0. The constants a € (0,1)
and B,h > 1 can be determined a priori so that v is a non-negative, weak

subsolution of (3.9) in ¥;.

Next we return to (3.9) and observe that by the comparison principle u > v
and therefore u is not bounded.

4. Intrinsic Harnack Estimates

In this section we present some results about Harnack inequalities. More
precisely we consider nonnegative weak solutions of the type:

u € Cloe (0,75 L3,()) N LE, (0, T W2 (), p> 1

(4.1)
uy — div|Vu|P?Vu =0, in Qp

The first parabolic version of the Harnack inequality is due to Hadamard
([89]) and Pini ([144]). Their result is the following:

Let u be a non-negative solution of the heat equation in Qp. Let (zo, to)
Q7 and assume that the cylinder (zo, to)+Q2, C Qr where @, = B,x (—p%,0).
Then there exists a constant 7, depending only upon N, such that

u(xo, tg) > v sup u(z,ty — p°) . (4.2)

B,(xq
The proof is based on local representations by means of heat potentials. A
breakthrough in the theory is due to Moser, who in his celebrated paper [134]
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proved that (4.2) continues to hold for nonnegative weak solution of the type

u € Cloc (0,75 L2,.(2)) N L3, (0, T; Wi (€2))

loc

N (4.3)
w — > Di(a;j(z,t)Dju) =0, in Qp
ij=1
where a;; € L™(Qr) and satisfy the ellipticity condition
N
*'21 ai&& > viE?,  vEeRY (4.4)
i,j=

with v a positive constant. The result of Moser can be extended (see [16],
[164] and [163]) to nonnegative weak solutions of the quasilinear parabolic
equation

up — diva(z, t,u, Vu) + b(z, t,u, Vu) =0, in Qr, (4.5)

where the diffusion field a and the forcing term b are real valued and mea-
surable over 7 x R x RY and satisfy the structure conditions considered in
Section 2.4 for m =1 or for p = 2.

The proof of Moser’s result is based on suitable integral estimates for pow-
ers and logarithm of the solution u; the general structure follows the same
one Moser used in his earlier work on Harnack’s inequality in the elliptic case
([133]) and it is basically articulated in three steps.

First Step: Estimates on positive powers of u - Let u be a nonnegative so-
lution; then for all € > 0 there exists a positive constant ~, depending only
upon N and ¢, such that for every cylinder @Q,(xo,t)) C Qr and for every
o€ (0,1)

1

€

v 1 . )
sup u < 5 u® dxdr | . 4.6
Qgp(;£gt(]> - (1 — O')NQ% (|Qp(:)30,t0)| // o(20,t0) ( )

Let us remark that this estimate holds also for nonnegative subsolutions.

Second Step: FEstimates on negative powers of u - Let u be a positive solution;
then for all € > 0 there exists a positive constant 7, depending only upon N
and €, such that for every cylinder @Q,(zo,%y) C Q7 and for every o € (0,1)

| ~ 1 1
su - < . — dxdr . 4.7
va(l'ﬁto) u - (1 - U)% (|Qp(x07 t0)| // p(Io,to) uf ) ( )
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Quite analogously to what happened in the first step, this estimate holds
also for positive supersolutions.

If we consider the mean values

M(p,D) = (ﬁ//D u? dxdT); ,

it is obvious that (4.6) and (4.7) can be rewritten as

M("'OOaQUp) S Al M(E> Qp)v M(—G, Qp) S’Y?M(_OOaQUp)-
The main point is then to establish a so - called ”crossover inequality”,
namely
M(pa D*) S V3 M(_pv D+)
for sufficiently small p > 0 and appropriate domains D_,D.. Indeed this is
the result of the

Third Step: Crossover Lemma - Let u be a positive solution, Dy = {|z] <
1, y <t<1l}and D, ={|z| <1, —=1 <t < —3}. Then there exist constants
0 > 0 and C' > 0, depending only on NN such that

( s uédxd7-> ( / /D+ u76d$d7> <c (4.8)

We stated (4.8) in a normalized form just for the sake of simplicity.

It is worth saying that the third step is the most difficult part of Moser’s
proof. Inequality (4.8) is a straightforward consequence of an adaptation to
the parabolic case of the well - known lemma of F. John and L. Nirenberg,
which concerns the exponential decay of the distribution function of a func-
tion with bounded mean oscillation. Going from the elliptic to the parabolic
situation the difficulty lies in the special role played by the time variable. In
fact as clearly stated in (4.2), Harnack inequality for a nonnegative solution
of a parabolic equation is an inf-bound on the value of such a solution at a
given time in terms of its value at a previous time and this necessary time
lag has to be reflected in a proper parabolic John-Nirenberg Lemma. This is
precisely what Moser did in his Main Lemma in [134]. Indeed Moser’s proof
is hard to follow and the need for a possible simplification was immediately
felt.

Moser himself published a new proof of Harnack inequality in 1971 (see
[135]), with the expressed purpose to avoid the use of his parabolic John-
Nirenberg Lemma; through estimates on the logarithm of the solution and
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via a measure lemma based on a result of Bombieri ([27], [28]), he showed
that it is possible to estimate in a quantitative way the supremum of w.
Repeating the same argument for ! one gets the quantitative estimates
for the infimum of u. By combining these results the Harnack estimates are
proved.

A few years later Fabes and Garofalo ([80]) came back to Moser’s Main
Lemma and gave a simplified proof, using Calderon’s proof of the original
John-Nirenberg lemma, see also ([81]).

In Moser’s approach the main feature that makes the method work is the
homogeneity of the time and space terms of the equation; in fact Trudinger
([164] - Section 5) shows that things run in the same way in the proof of
Harnack inequality for doubly nonlinear equations of the type

(P~ 1) — div(|Vu[P~*Vu) =0 , in Qp (4.9)

which is p-homogeneous, exactly as (4.3) is 2-homogeneous.

On the other hand, coming back to equation (4.1), quite surprisingly
Moser’s method does not work when p # 2 and this is not simply a matter
of technique. As already discussed in the Introduction, as (4.1) is invariant
by the scaling * — hx and t — h”t, one would guess that Harnack estimates
would hold in the cylinder [(x¢,ty) + B, x (—p”,0)], but this is not the case.
Let us consider the explicit solution of (4.1) introduced by Barenblatt in [17]:

p—1

[\
{“””(M . t>0,p>2, (4.10)

+

>

B(z,t) =1t

where v, = )\ﬁ(p —2)/pand A = N(p —2) + p. Let (x,ty) be a point of
the free boundary {t = |z|*}. If ty is large enough, the ball B,(z,) taken at
the time level ¢y — p” intersects the support of x — B(z,ty — p?) in an open
set. Hence

Sl(lp)B($7t0 —p’) >0 and B(xg,tg) =0

B,(xo
which contradicts (4.2) and we conclude that things must be more compli-
cated.

However a comparison between (4.4) and (4.1) suggests that one may
heuristically regard (4.1) as if it were written in a time scale intrinsic to
the solution itself and, loosely speaking, of the order of t[u(z,t)]* ?. In-
deed if one looks at the Barenblatt solutions once more, one realizes that for
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such specific functions a Harnack estimate holds with an intrinsic time scale
exactly of the order u(wg,t9)*>".
A general result of this kind for (4.1) is proved in [54], [40] and [66]:

Theorem 4.1. Let u be a nonnegative weak solution of (4.1) and let p > ]\2%1

Fiz (xg,t0) € Qr and assume that u(zo,ty) > 0. There exists constants v > 1
and C' > 0, depending only upon N and p, such that

u(xg, to) < W/Bir(}f)u(-, to+96), (4.11)
where o
§ = 7’3274 (4.12)
[u(o, to)]?

provided that the cylinder (zo,t9) + Ba, % (—40,40) is contained in Q.

In the next sections we will give a sketch of the proof both for the degenerate
and singular cases. For the moment let us make some general remarks and
point out some open questions.

Remark 4.2. There is a big difference between the degenerate case (p > 2)
and the singular case (p < 2) and this is due to the different behaviour of
the modulus of ellipticity |DulP~2. In the degenerate situation the modulus
vanishes when Du is zero; hence the evolution phenomenon dominates over
the diffusion process and this holds more and more as p grows to infinity.
We have a direct consequence in (4.11), as the constant C' is larger than
one when p > 2; moreover C' — oo as p — oo. Roughly speaking Harnack
inequality states that the original positivity of u at (xg, %) is spread over the
full ball B,(zy) and is preserved for a large time. On the other hand, when
p — 2%, y(N,p), C(N,p) — ~v(N,2), C(N,2) so that, at least formally, we
recover the classical Harnack inequality for nonnegative solutions of the heat
equation. On the contrary, in the singular case the modulus blows up when
Du vanishes, so that now the previous situation is reversed, the diffusion
dominates over the evolution phenomenon and this is felt more and more as

p — 137]4\:1 Once more we can see this clearly expressed in (4.11), since C' €
(0,1)and C — 0" as p — J\%—JL: under a geometrical point of view, we can say

that the original positivity of u at (o, to) spreads over the full ball B,(z,) but
is now preserved only for a relatively small time. Exactly as in the degenerate
case, when p — 2~ we have that v(N,p), C(N,p) — ~(N,2), C(N,2), so
that once again we recover the classical results in the limit situation. Finally



SINGULAR AND DEGENERATE EVOLUTION EQUATIONS 69

one may naturally ask about the lower bound for p: why p > ]3—];[1 and not
just p > 17 Indeed p > ]3—111 is optimal for Harnack inequality to hold, as

we will see in the next sections, discussing the phenomenon of extinction in
finite time.

Remark 4.3. Let apart the intrinsic height of the cylinder, inequality (4.11)
is obviously equivalent to (4.2). Let us just remark that in the case of para-
bolic equations in non-divergence form, Krylov and Safonov gave to Harnack
inequality exactly the same formulation as in (4.11).

In Theorem 4.1 the level 0 is defined in terms of u(xg, ty) by (4.12). Notwith-
standing the previous discussion about the intrinsic scaling, it is natural to
ask if an estimate holds where the geometry can be a priori prescribed inde-
pendent of the solution. In [54] a positive answer is given when p > 2 by the
following

Theorem 4.4. Let u be a nonnegative weak solution of (4.1) and let p > 2.
There exists a constant B = B(N,p) > 1 such that

V(:)?o,to) € Qp, Vp, 0 >0 s.t. (SL’U,to) + B4p X (—49,49) C Qp

we have L N .
sir=al(ZF (0 [t}

where A = N(p — 2) + p.

At a first glance Theorem 4.1 and Theorem 4.4 could look markedly differ-
ent, as in the second one the positivity of u(zo, ty) is not required and 6 > 0
can be assumed arbitrarily. Indeed (4.13) holds trivially when wu(xg, %) = 0
and both statements are equivalent when u(xg, tp) > 0 in the sense that (4.11)
= (4.13) in any case and (4.13) = (4.11) with a constant (N, p) which may
not be stable as p — 2+,

Assuming u(xg,ty) > 0, let us prove the second implication. Under the
hypothesis that (4.13) is valid for all 6 > 0 s. t. (zo,ty) + Bay x (—46,40) C
Qp, if we choose

2By
[u(zo, to) P~
we immediately conclude that

u(zo,to) <7 ant u(-ty+6) with = 2BNE-2H,
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We postpone the proof of the opposite implication to the next section.

A consequence of Theorem 4.4 is

Corollary 4.5. Let u be a nonnegative weak solution of (4.1) and let p > 2.
There exists a constant B = B(N,p) > 1 such that
V(:)?o,to) € Qp, Vp, 0 >0 s.t. (SL’U,to) + B4p X (—49,49) C Qp

we have
N
P

piN /Bp(wﬂ) u(to)dt < { (%)p12 + <%>_ [u(o, t)]

=

} . (4.14)

Harnack inequalities like the ones stated in Theorems 4.1 and 4.4 hold for
nonnegative solutions of the porous medium equation

u € Cloc (0,73 L2,,(Q)), u™ € L2 (0,T; W2 ()
(4.15)
u — Aum =0, in Qp, m> 1.

In particular Theorem 4.1 becomes

Theorem 4.6. Let u be a nonnegative weak solution of (4.15) and let m >

(A][vf%f Fiz (x,t0) € Qr and assume that u(xg,to) > 0. There exists con-
stants v > 1 and C' > 0, depending only upon N and m, such that
u(xg, to) < yBir(1f>u(-,to +46), (4.16)
p\T0o
where )
C
= P (4.17)

{U(Jfo, to)]m71
provided that the cylinder (zo,t9) + Ba, % (—40,40) is contained in Q.

The different behaviour of the constant C' dependent upon p > 2 or ]3—];[1 <
p < 2 discussed in Remark 4.2 comes up in this context too, where the

degenerate case is given by m > 1 and the singular case by (]yvfzh <m < 1.

Remark 4.7. Similar estimates have been proved also for the solutions of
doubly nonlinear parabolic equations of the type

up = div(|VulP 2 u|™ V)

(see [176]). Equations of this type are classified as doubly nonlinear ([123])
or with implicit nonlinearity ([103]). This class of equations have their own
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mathematical interest (the porous medium equation and the p-Laplacian
equations belong to this larger class) and physical interest (see the review
paper [103]). Also for this larger class, local Holder continuity results hold
(see [96], [97], [147] and [177]).

Remark 4.8. The theory of Harnack estimates is fragmented and incom-
plete. The estimates for p # 2 hold only for homogeneous pdes and this
strongly depends on the method we will present in the following, which ba-
sically relies on the construction of special solutions and subsolutions. The
shortcoming of such a technique is evident even in the framework of homo-
geneous equations since a Harnack-type estimate is not known to hold for
nonnegative weak solutions of (see [123])

N
i=1

The open question is if it is possible to extend the Harnack estimates to
the case of parabolic equations with the full quasilinear structure, as it hap-
pens when p = 2. Results of this kind would probably require a new method
independent of local representations and local subsolutions. Whenever devel-
oped, such a technique would parallel the discovery of the Moser estimates
[134], based on real and harmonic analysis tools, versus the estimates by
Hadamard [89] and Pini [144], based on local representations.

4.1. Harnack estimates: the degenerate case. First of all, let us briefly
comment upon the assumption that the cylinder (zo,to) + Ba, x (—46,460)
is contained in €2p. Under a geometrical point of view, this means that %
should be of the order of # and this is essential. In fact if we consider the
Barenblatt solution given in (4.10) with xy = 0 and ¢, arbitrarily close to
the origin, it is evident that it cannot satisfy (4.13). One might think that
this is due to the pointwise nature of (4.12) and (4.13), but this is not the
case and the reason actually lies in the local character of the solutions we are
considering. Indeed quite surprisingly also the averaged form of the Harnack
inequality (4.14) does not hold without the assumption that the cylinder
(wo, to) + Bap x (—46,40) is contained in Q7. To see this, let u be the unique
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weak solution of the boundary value problem

up — (Jug P 2uy), = 0 in @=(0,1) x (0,00),

w(0,t) =u(l,t)=0  forallt>0

(4.18)
u(z,0) = up(x) € C3°(0,1)
up(z) € [0,1], Vz € (0,1) and ug(z) =1 for z € (3,3).
Thanks to the results of [20], we can say that
1 u
> - in D'(Q).
Uy = D 21 m (Q)
Since 0 < u < 1, by the comparison principle we have
1
—(Jue P 2ug) e € ——, t>0.
At any fixed level ¢, the function x — wu(z,t) is majorised by
5
v p—1 . 1
v(x,t) = 21, 56(—71>7 AP =) (p—1) > ——,
(@) = 1= —1). GO =81 2
as )
—(|vg [P 20,), > and v(0,t) =0, wov(1,t)>0.
(b u)e > g 0.0=0, v(11)
Therefore for every € (’%1, 1) there exists a constant C' = C'(¢), such that
1 C(9)
—,t) < .
U(27 ) — tp_il

Now if (4.14) held for t) = 0, zp =  and p = 1, for ¢ > 1 we would have

1 < const (157’%2 + tfll”) —0 as t— +oo.

In the sequel we will see that the limitation on ¢y in (4.14) can be dropped
when (4.1) is considered in the whole RY.

We can now finally come to the proof of Theorem 4.1 when p > 2. The
technical tools used in the proof are only two: the Holder continuity of
solutions as proved in Section 2 and the comparison principle. This point of
view is somehow reversed with respect to Moser’s approach where the Holder
continuity is implied by the Harnack estimate. Even though not so explicitly
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stated, a method similar to ours is already present in the work of Krylov and
Safonov [117].
We can basically recognize four steps.

First Step: Renormalization of the solution - Let (xo,tg) € Qr and p > 0 be
fixed, assume u(zg,tg) > 0 and consider the box

4C'pP 4CpP
[u(wo, to)P=2"" " [u(wo, )]
where C' is a positive constant to be determined later. We render the equation
dimensionless by the change of variables

P oP u(xo, to)

This maps Q4, into @ = QT U Q~ where QF = B(4) x [0,4C) , Q~ =
B(4) x (—4C,0]. We denote again the new variables with x and ¢ and observe
that the rescaled function v is a bounded nonnegative solution of the equation

vy — div| VP2 Vo = 0 in Q

Qup = {lz — xo| < 4p} x {to -

with ©(0,0) = 1. To prove the Harnack inequality it is enough to find con-
stants 0 < 79 < 1 and C' > 1, depending only upon N and p, such that for
cach x € B(1) we have

v(z,C) > . (4.19)

As a matter of fact if u(xg,?y) = 0, no rescaling is possible and we are led
to consider Theorem 4.4, which is trivially satisfied in this case as already
remarked.

Second Step: Determination of the largest value of v in Q~ - Construct the
family of nested boxes Q. = B; x (—77,0]. Define the numbers M, = sup, v
and N, = (1 — 7)™ where 8 > 1 will be chosen later. Let 0 < 75 < 1
be the largest root of the equation M, = N,. Such a root is well defined,
since My = Ny and as 7 — 17 M, remain bounded and N; blow up. By
construction supy v < N; for all 7 > 7y Moreover, from the continuity of v
in Q, there exists at least a point (x1,t;) € N,, where v(zy,t;) = (1 —79)~".

Third Step: Lower bound on v at the same time - level t1 - Relying on the
Hélder continuity of v ([51]), we can determine a small ball of radius r¢ about
(x1,t1) where v > W Roughly speaking, we have found a small ball

B,,(z1) at time ¢, close to (0, 0), where the largeness of v(-, t1) is qualitatively
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determined. The proof is concluded once we choose the constant 3 > 1 and
C > 1 in such a way that we come up with a quantitative lower bound on v
over the full ball B; at a later time C: otherwise stated, we have to spread
the positivity of v and this is the crucial step in the proof of the Harnack
inequality.

Fourth Step: Ezpansion of the positivity set - The spread of positivity is
achieved by means of a proper comparison function. For ¢t > t; consider the
function

where as usual A = N(p — 2) +p, S(t) = B(N,p)k?2pNe=2(t — ;) + p,
b(N,p) = )\([%)p’l and choose k = W and p = ro. By direct calculation
one verifies that By ,(z,t;x1,¢1) is a weak solution of (4.1) in RY x {t1,t}.
This comparison function was introduced in [17], [143] and [54].

By a proper choice of § and C, the support of By, ,(-, C; z1,t1) contains B
and by the comparison principle

ilrglfv(a:, c)> igf B p(x,Cixi,t1) > v

for a suitable value of 7y and we are finished. [

Remark 4.9. The constant v, tends to 0 as p — 2*. Therefore in order to
have the constants under control as p approaches the non - degenerate case,
a comparison function other than By , is used for p close to 2.

Once we have proved Theorem 4.1, we can show how it implies Theorem
4.4 and therefore conclude about the equivalence between the two different
Harnack estimates. Let (zo,t9) € Qp, p > 0 and 6 > 0 be fixed in such a way
that the cylinder (zg,t) + Bi, x (—46,46) is contained in Qp. Without loss
of generality we can assume that (x¢,%y) = (0,0) and set u, = u(0,0). With
C and ~ as determined in Theorem 4.1, we can assume that

Cpr _ 6
2

R
uf

t' =
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otherwise there is nothing to prove. Relying on this and using the comparison
principle with the function By ,(z,¢;0,¢*) and k = v 'u,, we can prove that

N/A
u(z,0) >y ul? <%> with 71 = 71(N,p).

We have finished once we set B = max{~; */”; (2C)77}. =

The assumption that the cylinder Qu,(¢) be contained in the domain of
definition of the solution is essential for the Harnack estimates of Theorems
4.1 and 4.4 to hold. When the solution is defined in R" any restriction on ¢,
can be avoided because we do not need to impose any restriction on p to have
that the cylinder Q4,(#) belongs to the domain if definition. More precisely,
if we consider nonnegative weak solutions of the type

u € Cloe (0, T L (RV)) N LY, (0, T; WP (RY)) ., p>2

loc loc oc

(4.20)
uy — div|Vu|P?Vu =0, in X7,

where 7 = RY x (0,T], we have

Theorem 4.10. Let u be a nonnegative weak solution of (4.20). Let (xg,to) €
Y, p>0andt > tg. Then

1 o o= t— 1o
. <
pN '/B/;(’l?o) u(wto)dt <y { <t - t()) * < pr )

where v > 1 is depending only upon N, p and A = N(p —2) + p.

N
P

Bp(IO)

inf u(‘7t)}%} . (421)

Remark 4.11. Even if we are still dealing with local estimates as with the
previous Harnack inequalities, it is the switch from Qp to X7 that gives us
a useful piece of global information and allows us to get arbitrarily close to
0 with . Estimate (4.21) contains information on the initial data of (4.20).
Let 7o € RN, r > 0 and € > 0. Apply (4.21) with (t —ty) = T — ¢, divide by
pp% and take the supremum of both sides for p > r and 7 € (0,7 —¢). In
this way one obtains that

P

ulw,m) o H(;)TEU(WT_E)} . (4.22)

by >~
pr
The previous estimate implies that the nonnegative solutions of (4.21) are

su su
b P /Bp(IO) £p—2

0<7<T'—¢ p>r

locally bounded and, as || — 400 they cannot grow faster than ]m|z%
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4.2. Harnack estimates: the singular case. The proof of the singular
case is quite similar to the degenerate case, except for the last part, relative
to the spread of positivity. For the sake of completeness we recall all the
steps.

First Step: Renormalization of the solution - Let (x¢,ty) € Qr and p > 0 be
fixed, assume wu(xg,t9) > 0 and consider the box
Q1p = {2 — wo| < 4p} x {to — [u(zo, t0)* 7 (4p)", to + [u(zo, t0)* " (4p)"}.
We render the equation dimensionless by the change of variables
P oP u(xo, to)

This maps Qu, into @ = Q" U Q™ where Q7 = B(4) x [0,47) , @~ =
B(4) x (—47,0]. We denote again the new variables with x and ¢ and observe
that the rescaled function v is a bounded nonnegative solution of the equation

vy — div|VoP?Vo = 0 in Q

with ©(0,0) = 1. To prove the Harnack inequality it is enough to find con-
stants 0 < 7 < 1 and 0 < C < 1, depending only upon N and p, such that
for each x € B(1) we have

v(z,C) > . (4.23)

As a matter of fact if u(x,ty) = 0, no rescaling is possible and we are led
to consider the Elliptic - type Harnack inequality, we will discuss in the next
Section.

Second Step: Determination of the largest value of v in Q= - Construct the
family of nested boxes Q, = B; x (—d7,0]. Define the numbers M, = sup v

and N; = (1 —7) 77 where 0 < § < 1 will be chosen later and has the effect
of making flat the boxes @),. If we compare the situation with the analogous
one for p > 2, we notice that the cylinders (), are rather thin in the t-variable
and the exponent for N; is fixed and depends only on the singularity of the
equation. Let 0 < 7y < 1 be the largest root of the equation M, = N,. Such
a root is well defined, since My = Ny and as 7 — 1~ M, remain bounded
and N, blow up. By construction

P

M, = (1 - TO)_ﬁ, M- < 2%(1 — TU)_H-
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Moreover, from the continuity of v in @), there exists at least a point (x1,t1) €
Q., where v(z1,t1) = (1 —7) %7 and

sup  v(z,ty) < 275 (1 — 719) T

— 1—7(
|z —z|< =2

Third Step: Lower bound on v at the same time - level t; - Relying on the
Holder continuity of v, we can determine a small ball of radius rg = ¢(1 —7)

_P_
%. € is a small constant that tends to 0 as

about (z1,t1) where v >
p— 2.

Fourth Step: Time - expansion of positivity - All the previous arguments are
independent of the quantity ¢ and now it is fixed. By means of a proper
comparison function, the positivity of v is spread over a small time interval
without modifying the space size of the box we are working in. More precisely
it is proved that there exist small positive numbers ¢y and § that can be
determined a priori only in terms of N and p such that

o(x,t) > ol — )2, Yz —| <e(l—m), Vi<t<26.

This step (and the next one, too) is the main difference with respect to the
degenerate case when p > 2. Roughly speaking, in that case the positivity is
spread over time and space in one stroke. Here we need to proceed one step
at a time.

Fifth Step: Sidewise expansion of positivity - Using a new comparison func-
tion the positivity of v is spread over the full ball {|z| < 1} at the time level
t = 26. This is done by showing that there exists a constant vy = (N, p)
such that

v(x,20) > v, Viz — 7| <2

and with this we are finished. ]

Remark 4.12. The comparison functions used in the proof were introduced
in [5] and [66]. We also point out that the comparison principle is a conse-
quence of L'-techniques if u; € LL.(Qr). If u; does not belong to L (Qr)
the comparison principle can be proved adapting a technique introduced by
Kalashnikov, Oleinik, Yui-Lin and Chzhou [104] (see also Appendix 9 of [66]).

Remark 4.13. Exactly as in the degenerate case when p > 2, the constant
tends to 0 as p — 27. Therefore in order to have the constants under control
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as p approaches the non-singular case, a different comparison function is used
for p close to 2.

Remark 4.14. In the singular case too, it is possible to state an integral
Harnack inequality that holds for all 1 < p < 2: Let uw be a nonnegative
weak solution of (4.1). Then there exists a constant -, depending only upon
N and p, such that for all (x,ty) € Qp, for all p > 0 such that By,(zy) C
and for all t > t,

1
. t—1g\2»
sup /Bp(zo) u(z,7)dr <~ inf u(z, 7)dr 4+ ( P ) (4.24)

to<T<t to<T<t . ng(l‘o)

with A = N(p — 2) + p. Note that A might be of either sign. Moreover, a
very important difference with respect to the degenerate case is that in the
singular case the L' norm of u(-,t) over a ball bounds the L' norm of u(-, 7)
over a smaller ball for any previous or later time. We stress out that in the
nonsingular case it is only possible a control for later times and NOT for
previous times. Accordingly the constant v deteriorates when p — 27.

4.3. Elliptic-type Harnack estimates and extinction time. In this
subsection we focus our attention on what is peculiar of the case p < 2. As
discussed before, in the singular case, at the points where |Vu| = 0, the
modulus of ellipticity becomes infinite. Hence, roughly speaking, the elliptic
nature of the diffusion dominates the time-evolution of the process itself and
this implies that the positivity of u at some point (zg, ty) spreads at the same
time level. We have already seen a hint of this property in the fifth step of
the proof of Theorem 4.1 but such a feature can be made quantitatively
precise and assumes the form of an elliptic - type Harnack inequality, where
the infimum of u over the ball B,(z) is bound by the supremum over the
same ball at the same time level:

Theorem 4.15. Let u be a nonnegative weak solution of (4.1) and let ]3—]}:1 <
p < 2. Let (zo,t0) € Qr, p> 0 and ty > 0. Let 6 = Clu(zo, to)]* PpP where
the constant C' is defined in (4.12). Assume that the cylinder (xo,to) + Ba, X
(to — 40, to + 40) is contained in Qp. Then

vt sup ul-t) < u(wo, to) <7 inf u(-,t) (4.25)
B,(xo) By (wo)
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wherey > 1 depends only upon N and p and v — oo when either p — (55)"

orp— 27,
This result is proved in [67]. See also [176] for the extension of such a result
to more general operators.

Remark 4.16. Estimate (4.25) fails in the case of nonnegative solutions
of the heat equation and also for nonnegative solutions of the p-Laplacian
when p > 2. To verify this in the case of the heat equation, consider the
fundamental solution in 1-space dimension

1
[(x,t) = re 4.
(4rt)z
If Theorem 4.15 were to hold, we would have for some p > 0 that I'(n, 1) <
I'(n+ p,1). Letting n — oo we obtain a contradiction. That is the reason
why the constants in (4.25) deteriorate when p goes to 2.

The elliptic-like Harnack inequality holds also for the nonnegative solutions
of the porous medium equation. In such a case we get sharp estimates on
the solution

Theorem 4.17. Let u be a nonnegative weak solution of

Uy — A(Um) =0 5 in QT 5 (426)

and let % <m < 1. Let § = Clu(zg, to)]'"™p* where the constant C s

defined in (4.12). Assume that the cylinder (xo,ty) + Ba, % (to — 46,19 + 46)
1s contained in Qp. Then for each multiinder o

C|oz\+1 all
|l)&u($o7 t0)| S %u(wm to) (427)
and for every nonnegative integer k
ak 02k+1 k! 2 e
wu(l’o,to) S %u(l’o,to)l (1 )k (428)

where C' > 1 depends only upon N and m.

Proof. We render the equation dimensionless by the change of variables

T — Xp (t — to)[u(xo, to)]™ ! U

g = Y T = ) U= *
p p? u(o, o)
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This maps Q4, into @ = QT U Q™ where Q" = B(4) x [0,4C) , Q~ =
B(4) x (—4C, 0]. We denote again the new variables with x and ¢ and observe
that the rescaled function v is a bounded nonnegative solution of the equation

vu—A@")=0 inQ (4.29)

with v(0,0) = 1. By the integral Harnack inequality (4.24) and the elliptic-
like Harnack inequality (4.25) we have that there exist positive constants r
and v > 1, depending only upon N and m, such that v~ < v(z,t) < v for
each (z,t) € Q(r3,ry). Using this new piece of information, we have that
in such a cylinder we can apply classical results due to Friedman [83] and
Kinderleher-Nirenberg [106] to the equation (4.29) to obtain the analiticity
of the solution. More precisely we get that for each multiindex «

and for every nonnegative integer k

ak
%U(O, O)
where C' > 1 depends only upon N and m.

By the reverse change of variables we deduce (4.27) and (4.28). [

CQk+1

= (k)2

Remark 4.18. Estimate (4.27) not only implies the analiticity of the solution
in the space variables but it also says that when the solution vanishes at a
point then all the derivatives vanish at the same point. Therefore, for the
analiticity, the solution vanishes in all the domain €2 whenever vanishes at
a point of Q. Estimate (4.27) fails in the case of nonnegative solutions of
the heat equation. Indeed, consider the fundamental solution in 1-space
dimension

1 12
[(x,t) = e .
(4rt)?
If (4.27) were to hold, we would have for some C' > 0

d 1
—TI'(n,1)] = =nl'(n,1) < CT'(n,1).
(1, 1)| = 5al(n,1) < CT(n,1)

Letting n — oo we obtain a contradiction.

Remark 4.19. The previous estimates say that a bounded nonnegative solu-
tion of the singular porous medium equation is analytic in the space variables
and at least Lipschitz continuous in the time variable. We stress that these
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estimates are optimal. Indeed let z be the nonnegative and non trivial so-
lution of the problem z,, = ﬁz# in the interval (10, 1), with boundary
conditions z(0) = z(1) = 0. Then u(z,t) = z# (T — )™ solves the equation
ur = A(u™) and satisfies the above estimates sharply.

Remark 4.20. These estimates hold also in the case of a class of quasilinear
parabolic equations. More precisely for nonnegative, local weak solutions of

w = AW™) + f(x,t,u, Vu),

with &2« < 1, and f locally analytic and such that

N+2
0< fz,t,u, Vu) < Fu™
for some positive constant F' (see [67]).

Another peculiarity of the case p < 2 is that the solution can become
extinct in a finite time. The extinction profile is defined as the set Jfu >
0] N[22 x (0,00)]. By the elliptic-like Harnack principle the extinction profile
is a portion of the hyperplane 2 x {t = T*}.

Let us first consider the case of a bounded domain.

Theorem 4.21. Let Q0 be a bounded domain of RY. Let u be the unique
nonnegative weak solution of

we C(RYSIAQ)NLP (RSWP(Q) ,  1<p<2
uy — div|VulP?Vu =0, in QxRT (4.30)

u(+,0) = up(x) € L>(Q) and  wy>0.

Then there is a finite time T*, depending only upon N, p and ug, such that
u(,t) =0 for all t > T*.

Moreover, if max(1, %) < p <2 then
0 < T" <y fuo 3102 77 (4.31)
with v* depending only upon N and p.
]f1<p§]\2[—if1 and N > 2 then
0<T* <y uoll2f (4.32)
NQ@2-p)

with v* depending only upon N, p and s = —
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Remark 4.22. Note that there is an overlap in the range of p in the previous

estimates. We stress that for 1 < p < ]\%—]J:[l’ the upper estimate of 7% does
not depend upon the measure of €.
Proof. Consider first the case max(l,%) < p < 2. Take u as a test

function in the weak formulation of the equation (4.30) to get

d ,
Sllu®lg +20Vu®)0 = 0.

By Holder’s inequality and Sobolev embedding theorem

N(p-2)+2p N(p—2)+2p

[u(®llz0 < [QF = lu@®)] 2 o < 2121 = [Vu(®)lpo.

In a straightforward way one may deduce that ||u(t)|2,0 satisfies the following
differential inequality

d —
@20 +nllu@®|Eg <0

where 7, = yfp]Q]*N(pgfvmp. Solving the ordinary differential equation one
obtains )
2 —pnt |
[u(®)ll20 < [luoll20 {1 - %} (4.33)
luollza”
and )
0< T < =——7Q 7 ||u|| 2 -
2—p '
Consider now the case 1 < p < ]3—% and N > 2. Let s = N(i;p) and take
u*~! as a test function in the weak formulation of the equation (4.30) to get
1d s+(p-2)
~ Ol + el v Bl =0
where 73 = (s — 1)(;75=;)"- By Sobolev embedding theorem

s+(p—2)

_Np_
lu@ o < AVe (@O)ll,0" -

In a straightforward way one may deduce that ||u(t)||sq satisfies the following
differential inequality

d _
Zilu@®llsa + wllu®)ie <0,
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where v3 = 7 Pv. Solving the ordinary differential equation one obtains

2 —p)yst |77
wwmaéwmm41—%—g%} (4.3)
uUHs,Q 4

and

1 , -
0<T" < —A|uwllsq -
< gy Ml
u

Remark 4.23. The estimate (4.33) is stable as p — (25)". As p — 27 the
boundary value problem (4.30) tends to the corresponding boundary value
problem for the heat equation, for which the extinction in finite time does
not occur. Accordingly, if p — 27, the estimate (4.33) becomes

y < 7”%‘2%
[u(®)ll2.0 < [uoll20e

where ~ is the best constant of the Sobolev embedding of W2 in L%,
The estimate (4.34) deteriorates as p — (]3—]11)_ and is stable as p — 17.

However, as the regularity results of the previous sections deteriorate as

p — 17, we cannot infer the convergence of (4.30) to a boundary value

problem in some reasonable topology.

Remark 4.24. Theorem 4.21 holds for solutions of variable sign. The only
modification occurs in the case 1 < p < N+17 N > 2. For this it is enough to
work with the testing functions |u|*~>

The Harnack principle gives also an estimate on the way the solution ap-

proaches the extinction. Let M = ||u|| 0., where Qs = Q x (0, 00).

Theorem 4.25. Let Q) be a bounded domain of RY. Let u be the unique
nonnegative weak solution of (4.30) and let 1\2/4:71 < p < 2. Then there ezxists
a constant v, depending only upon N and p, such that for all (z,t) € Q X

(5. 1)

u(x,t) < ymax {M2 5 [dlst{x 09} } <T*T* )
)

Proof. Fix 2 € Q and L <t < T*. Assume that u(z,t) > 0 and set
1
P

4p = min {dlst {z,00}; (2]\52 p) } . (4.35)
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Consider the cylinder
Quplw,t) = Bup(x) x {t = [u(z, )PP (4p)" .t + [ulz, ) (4p)"} .

By the choice (4.35 the cylinder is contained in Q.. Apply Harnack inequal-
ity (4.11) over the ball B,(x) and the cylinder Qu,(z,t). We must have

T —t > Clu(x,t)]* ?p?

otherwise, by Harnack estimate, u(z,t) = 0 against the assumption.

]
Consider now the case of the extinction in RY.
Theorem 4.26. Let u be the unique nonnegative weak solution of
we C (R LARY) NIy (REWHRY)) . 1<p<2
uy — div|VulP2Vu =0, in RY x R* (4.36)

u(+,0) = up(x) >0 .

Assume that ug is continuous in a ball B(2R) and vanishes outside B(R).
Assume 1 < p < ]3—111 and N > 2, and let s = N(2p_p). Then there is a positive
number T*, depending only upon N, p and ug, such that u(z,t) = 0 for each
t > T*. Moreover, 0 < T* < W*HuUH%}{’, with ~v* depending only upon N and

p-

Proof. The solution of (4.36) can be constructed as the uniform limit of a
sequence u, of solutions in bounded domains where n is a natural number
and n > R. More precisely,

u, € C(RY; L¥(B(n))) N L? (RY; Wy P(B(n)))
(un)¢ — div|Vu,|P~2Vu, =0, in B(n) x R* (4.37)

Up(+,0) = up(z) .

By Theorem 4.21, the extinction time 7)¢ is independent of B(n). Moreover,
as u, < upy1, we have that u, converges to the solution v and 777 converges
to T™.

[
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Remark 4.27. Theorem 4.26 holds for solutions of variable sign and for
data in L*(RY) with s = N %. The only modification in the proof occurs
in making precise in what sense the solutions of the approximated problems
converge to the solution of (4.36).

Remark 4.28. Theorem 4.26 implies that the range ]\2%1 < p < 2 is optimal
for a Harnack estimate to hold. Let Yoo = RY x R,. Fix (xo,t0) € RY x
(0,77), where t is so close to T* as to satisfy

. C
Tt < it (4.38)

where C'is the constant appearing in (4.12). Now let p > 0 be so large that
C{u(f)f(), to)]Qippp =T — t() . (439)
By the choice (4.38) the cylinder

Qup(t, z) = Buy(x) x {to — [u(xo,t0)]* P (4p), to + [u(xo, t0)]* " (4p)"}

is contained in Y. If the Harnack inequality (4.11) were to hold for 1 <
p < ]3—]:17 N > 2, for some constants C' and ~ independent of p, it would

give 0 < u(zo,ty) < v EiBn(f >u(:):,T*) = 0. We stress that the choice (4.39)
x p\To

is possible in the whole .

The same argument implies that no extinction in finite time can occur for
solutions of (4.36) if ]3—]}:1 < p < 2. In such a range the Harnack estimate
(4.11) holds and if a finite extinction time 7™ were to exists, the choices

(4.38) and (4.39) would give u(z, T*) > 0.

4.4. Raleigh quotient and extinction profile. The Harnack estimates
play a fundamental role in analyzing the asymptotic behaviour of solutions
of singular equations. The physical motivation of such an analysis comes
from the modelling of plasma assuming the Okuda-Dawson diffusion model
(see [74] and [139], see also [22] and [23]). In [118] and [67] this analysis was
carried out through Sobolev embedding Theorem, Harnack estimates and
Raleigh quotient (see also [155], where general singular operators and general
boundary conditions are considered). In this subsection this application of
Harnack inequalities is described.
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Let © be a bounded set of RY. Consider the Cauchy-Dirichlet problem:

we C(RGLAQ))NL (R W(Q) , Fm<p<2
uy — div|VulP2Vu =0 , in QxR

(4.40)
u(-,0) = ug(z) € L*(Q) and  up >0

u(z,t) =0 Ve and Vt>0.

The main result of this section is the following:

Theorem 4.29. Let u be the unique nonnegative weak solution of (4.40) and
let T* > 0 be the extinction time. Let u.(x,t) = u(x,t)(T™ — t)l%2 Then
there is a sequence t, — T* such that u.(x,t) — v(x), where v is a nontrivial
solution of the equation

1
9

satisfying homogeneous Dirichlet boundary conditions.

div|Vol[P 2V =

v, in Q 4.41
’ (4.41)

Remark 4.30. The proof of Theorem 4.29 is heavily based upon the Sobolev
embedding of W'? into L2 For this reason we assume ) bounded and
]3—% <p<2 Ifp< ]3—% the result is false. Indeed if the Theorem were to
hold for such a range of p, it would give the existence of a nontrivial solution
of (4.41) in contradiction with known results of the elliptic theory (see [145]).

We recall that the existence of a nonzero solution of (4.41) when p < 2% is

N1
not true in general, but depends on topological properties of the set Q (see,

for instance, [30]).

Before coming to the actual proof of Theorem 4.29, we consider some aux-
iliary results. First of all let us introduce the Raleigh quotient

[Vulpe)”
Eful(t) = (p’ .
[[ull2.0
Proposition 4.31. The quantity E[u)(t) is not increasing in time.

Proof. Choose u as a test function in the weak form of (4.40) to get

1d
571 ® e + IVu®)lfa =0 (4.42)
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Setting A, (u)(t) = div|Vu(t)[P~2Vu(t), we obtain
| IVu)Pdz = — [ ut t)dz < [|u(t) Hm(/ 1A (u )|2dx)§
(4.43)
On the other hand,

%./Q Vut)Pde = p [ [Vu) > Vat) Vut)de = —p [ u()A(w)(t)de .

(4.44)
Hence p
& IVu®)Pde = —p [ 18, (u)()da . (4.45)
which gives, together with (4.43),
d HVU( )l
—Vu®)lpo < (4.46)
dt P = PR, O30
Directly from the equation one gets
1alVu®)lpe _ 1 gllu@®)30
p IVu®)lpe ~ 2 llu®)l3q
and this implies that E[u](t) is not increasing in time.
[

Let B,q be the best Sobolev constant of the embedding of W1?(Q) in
L*(Q).

Proposition 4.32. The inequalities
By < Elul(t) < £ (0) .
hold.

Proof. It is a straightforward consequence of Proposition 4.31 and the defi-
nition of the Raleigh quotient.
]
The following Proposition gives a sharp estimate on the decay of the solu-
tion at the extinction time.

Proposition 4.33. Let u be the unique nonnegative weak solution of (4.40)
and let T* > 0 be the extinction time. Then

(2 = P)Bpa(T" = £)]77 < [[u()]l20 < [(2 = p)E[]O)(T* — )]77
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and

B,a[(2 = p)Byo(T* — t)]77

IN

[Vu(t)[po
ER0) 2 — PERIO)T - D17
Proof. It is sufficient to note that ||u(t)||2.0 solves the O.D.E.

d _
A O] e

A

—(2=p)Eful(t) .
Hence
_ _ T
0= u(T)od = lu(®)log — (2 —p)/t Elul(s)ds .
Now the statement follows from Proposition 4.32 and the definition of the
Raleigh quotient.
]
Using the previous results we can now conclude with
Proof of Theorem 4.29. Consider the change of variables: t = T* —T*e™".
Let
u(-, T =T e "
w('a T) - ( 1 )
(Tre )

The function w is a nonnegative bounded weak solution of
wy = div|Vw|P2Vw — ﬁw , in Q xR*
w(-,0) = uo(x)T*ﬁ

(4.47)

Consider the functional

F(h) = J,CIVhP = 5"

2o e

and the function
g(1) = F(w(7)).

The function g(7) is a nonincreasing function. Indeed, by using (4.44) and
(4.47), we have

p — 2

1 d
_ 2 a 2
= /thdx—’_Q(Q—p)dt/Qw dx
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Moreover, by Proposition 4.31 v(7) is bounded from below. Therefore there
exists a sequence 7,n — oo such that

From the previous calculations, this implies that w(7,) — 0 in LP(©2). Hence
we get that there is a sequence ¢,, — T™ such that

u(-,ty)
(T )
where v is the solution of (4.41). On the other hand, by Proposition 4.33,
there are two positive constants ¢; and ¢y, such that, for each t,
Vu(-,t,)
(T* - tn)

— U

0<a<]| I < ca.

Therefore
u(e,ty)
(T —t,)
in WP(Q). Applying the regularity results of the previous sections, it is easy
to show that this convergence holds also in C%(Q2). Applying the results of
the previous subsection, we have that v satisfies (4.25). ]

— U

Remark 4.34. If the asymptotic profile of the singular porous medium equa-
tion is considered, arguing as before one can prove that the limiting solution
v satisfies the sharpest estimates (4.27) and (4.28).

The approach through the Raleigh quotient can be applied also in the case
of degenerate parabolic equations using similar arguments (see [125]).

Theorem 4.35. Let p > 2 and let u be the unique nonnegative weak solution
of (4.40). Let u.(x,t) = u(:):,t)tfp. Then there is a sequence t, — 0o such
that u.(z,t) — w(x), where w is a nontrivial solution of the equation (4.41),
satisfying Dirichlet boundary conditions.

Remark 4.36. In the literature there are several papers devoted to the
study of the asymptotic behaviour of the solutions of the porous medium
equation and the p-Laplacian equation. Among them we quote [15], [14],
[24], [25] and [174]. In these papers the approach is different from what
we followed here. Indeed they first study the elliptic equation (4.41), then
using some comparison principles they analyze the asymptotic behaviour of
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the evolution equation. With this approach things are somehow reversed:
the basic properties of the evolution equation allow for the study of the
asymptotic behaviour and the elliptic result follows as a consequence.

Remark 4.37. The proof of Theorems 4.29 and 4.35 is based on Sobolev
embedding and weak convergence arguments. For this reason one can apply
this approach also in the case of initial data with variable sign and in the
case of Neumann or mixed boundary conditions ([155]).

5. Stefan-like problems

In this section we present some results about the local and global behaviour
of weak solution of singular parabolic equations which model physical phe-
nomena like transitions of phase and/or the flow of immiscible fluids in a
porous medium. More precisely let us consider parabolic inclusions of the

type

0

ot
where 3 is a maximal monotone graph in R x R. We assume the coerciveness
of the graph [3(-), i.e., there exists a positive constant -y such that

(u) —div A(z, t,u, Vu) + B(z,t,u, Vu) 30, in Qr , (5.1)

B(s1) — B(s2) > Yo(s1 — 52) , Vs; € R . (5.2)
We also assume that
VM=>0, sup |B(s)|=m<oo. (5.3)
~M<s<M

We stress that we do not assume any further assumptions on the behaviour
of B(-). In particular, in any finite interval, the graph might exhibit infin-
itely many jumps or become vertical infinitely many times with any possible
growth (exponentially fast or faster). Examples of such f(-) are

s if s<0

B(s) =1 [0,1] if s=0 ; (5.4)
1+s if 0<s<1
s if <0
0,1] if s=0

B(s)=4q 1+s if 0<s<1 ; (5.5)
2,3] if s=1

24+s if s>1
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B(s) = s

wsigns, m>1; (5.6)

or
B(s) =14 s —(1—2s)*, (5.7)
where s € [0,1] and «; € [0, 1].

Equation (5.4) describes the enthalpy function in the weak formulation
of a Stefan-like problem modelling a transition of phase, while (5.5) could
be a good prototype to model the behaviour of the enthalphy in a double
transition of phase. There is a wide literature concerning the classical Ste-
fan problem. For a summary of the main results we refer the reader to the
Monographs of Meirmanov [129] and Visintin [178], the review papers by
Danilyuk [45], DiBenedetto [57] and by Visintin, Fasano, Magenes and Verdi
[179], the Proceedings [29], [82], [94], as well as the references therein. Here,
we consider only the aspects related to the local continuity of a weak solu-
tion. Equation (5.6) is the classical porous medium equation, describing the
flow of a single fluid in a porous matrix, that was already mentioned in §2.5.
Equation (5.7) is a first approximation of the flows of two immiscible fluids in
a porous matrix. Once more this is a widely studied problem. For instance,
Van Duijn and Zhang [173] considered a 1-dimensional model in hydrology
(see also [93] for an investigation from a numerical point of view). For multi-
dimensional multiphase models we refer the reader to the Monographs [18],
[19], [34], [44], [156] and to the references therein.

The diffusion field A and the forcing term B in (5.1) are real valued and
measurable over Q7 x R x RY and satisfy the structure conditions:

|A (2, t,0,9)| = po(|v])|BI* — oz, ) ; (5.8)
[A(z,t,0,p)| < pua(|o])[p| — (2, 1) ; (5.9)
|B(Ji,t7v7]3)| < /1,2(|U|)’]5|2 - ¢2(Ji,t) ) (510)

where py : Ry — Ry is a continuous and decreasing function, g, ua(-) :
R; — Ry are continuous and increasing functions and ¢; (i = 0,1,2) are
non-negative and satisfy

90, P2llg.7.00 P1ll2g.20 00 < 13 - (5.11)
Here u3 is a given constant and ¢, 7 are positive numbers linked by
1 N
S =1-r, O<r<l1 (5.12)

T 2q
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with
N 1
1€ | o 3 if N >2 5.13
qc {2(1_1%1),00} , e [1—/@1’00} ) 1 = ( )
1 1 1
j € (1 3 —_— 0 - if N=1.
ge(l,00), Te{l—lﬂ’l—l‘ﬂ ; <k <3, i
(5.14)

The inclusion (5.1) is in the sense of the graphs and in the weak sense.
More precisely a function

we L (0,T; W2 (Q)) (5.15)

loc

is a weak solution of (5.1) if there exists a measurable selection w C §(u),
such that

t— w(-t) is weakly continuous in L7 ()

and

/Qw(xj) o(x,7)dx ]if —5—/:/9 [—w(x,T)agT(]ﬁ(x,T)} dz dr (5.16)

—|—/tt2/Q {A(z,7,u,Vu) -Vo+ B(z,7,u,Vu) ¢ } dedr =0,

for all ¢ € W, (0,7 L .()) N LY. (0,T; WOM(Q)) and all intervals [t1, to] C
(0,77.

In the sequel, when possible and for the sake of simplicity, we will work
with the simplest example of (5.1), i.e.,

%ﬁ(u) —Au>0, inQp. (5.17)

We will obviously point out the situations in which the claimed results hold
only for this simplest inclusion.

5.1. The continuity of weak solutions. It is quite natural to investigate if
locally bounded weak solutions of (5.2) are continuous and if their modulus of
continuity can be estimated quantitatively. Let us state this more precisely.
For the sake of simplicity, assume that wu is a solution of (5.2) and that it is
bounded in Q7. Set

[ullocr = M . (5.18)
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We recall that this assumption is not restrictive if we define Qr as the domain
of definition of u. In a similar way, we assume the following integrability
assumption

g0 + 6% + d2llgror =P - (5.19)

We set the numbers
N7 Yi s M7 (I)a Hi (Z:0a172)

as the data. Consequently, we say that a constant C' = C/(data) or a con-
tinuous function w(:) = wqata(+) if they can be determined a priori only in
term of the above parameters. Let © CC 2 be an arbitrary subset. In the
sequel we investigate the problem of the continuity of v in © with a modulus
of continuity wgata(-) depending only upon the data and the distance from ©
and the parabolic boundary of Q.

Remark 5.1. If 5(-) is the identity, we are in DeGiorgi’s setting so any locally
bounded weak solution is Holder continuous in Q7. The assumptions (5.11)
- (5.14) are optimal for this result to hold (see for instance the Monograph
by Ladyzhenskaja, Solonnikov, and Ural’tzeva [121], Chapters 1,2 and 5). In
this section we want to study how the singularity of 3 affects the regularity
of u.

Remark 5.2. The assumption that u is bounded is essential. Even in the
most favourable case when (3(-) is the identity, weak solutions need not to
be bounded (even in the elliptic case; see a counterexample by Stampacchia
[159]). This is due to the critical growth of the forcing term B(z,t,u, Vu)
with respect to Vu. We recall that in the nonsingular case, if we assume that

B(z,t,u,Vu) < po|Vul? + ¢o(z,t) ,

where 0 < ¢ < %—E, instead of (5.10), then any weak solution is locally

bounded. This statement follows by means of a simple adaptation of the
method of [121] (see also [47] and [132]). Even when the solution is not
necessarily locally bounded, if one has some a priori qualitative knowledge
of the boundedness of the solution such a qualitative information can, in
many cases, be turned into a quantitative one (see, for instance, [141], [26],
[175] and the references therein).

In the sequel we assume in addition that the solutions of (5.1) can be con-
structed as the limit in the topology of (5.15) of a sequence of smooth local
solutions of (5.1) with smooth ((-). This assumption is made in order to
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justify some of the calculations and to deal with equations instead of inclu-
sions. We stress that the modulus of continuity of « must be independent of
any approximating procedure and must depend only upon the data. Such a
result gives us some compactness that, in many cases, is fundamental to ob-
tain existence of a solution. Actually if one approximates the equation with
a sequence of regular ones, through the estimate of the modulus of continu-
ity, one obtains that the approximating solutions are uniformly continuous.
Then, via the Ascoli-Arzeld Theorem one gets the convergence in the uniform
norm of a subsequence of approximating functions to a continuous function
v. Thus, in many cases, by applying the method exploited by Kinderlehrer
and Stampacchia [107] and based on Minty’s lemma [130], it is possible to
prove that v is a weak solution of the original equation.
Lastly we recall that if

B(z,t,u, Vu) < po|Vu|? + ¢o(z,t) ,

where 0 < ¢ < %—ig, the questions of existence and uniqueness are well

understood. We refer the readers to the Monographs [84], [121], [123], to the
Proceedings [29], [82], [94] and to the references therein.

5.2. A bridge between singular and degenerate equations. The un-
derstanding of the physical model requires the analysis of the equation (5.1)
in its full generality. For instance, the flow of two immiscible fluids is de-
scribed by a system of two parabolic equations, written in terms of the sat-
urations and pressures of the two fluids (see, for instance, Chap. 9 of [18],
Chap. 6 of [19], Chap. 6 of [44], Chap. 10 of [156] and the article by Leverett
[122]). The transformation by Kruzkov-Sukorjanski [115] reduces the above
system of two equations to a system of a degenerate-elliptic equation in terms
of the mean pressure and a parabolic equation of the type

v —diva(x,t,v, Vu) + b(z, t,v,Vv) =0, in Qp (5.20)

in terms of the saturation v of only one of the two fluids. In equation (5.20),

the forcing term b(z,t,v, Vv) depends essentially on the mean pressure.
The diffusion field a and the forcing term b in (5.20) are real valued and

measurable over 07 x R x R" and satisfy the structure conditions:

la(z,t,v,0)| > ¢(]v])|17]2 — ¢o(x,t) ; (5.21)
a(z,t,0,0)] < o(|v])[o] — ¢1(z,t) ; (5.22)
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|b(z, t,v,0)] < &([v])[o]* — do(x,1), (5.23)

where ¢ : Ry — Ry is a continuous function and ¢; (i = 0,1,2) are non-
negative and satisfy assumptions (5.11)- (5.12).

As the function (z,t) — v(z,t) represents the local relative saturation of
one of the two fluids (see, for instance, [5], [18], [19], [44], [115], [156]), it
is natural to assume it is bounded, for example v € [0,1]. The equation is
degenerate because ¢(-) is allowed to vanish. More precisely we assume that

o(v) >0, Voel01]; »(0)=0¢(1)=0. (5.24)

Obviously v satisfies (5.20) in the weak sense defined previously and we
require that

V(6(v)) € Lige(Qr) - (5.25)

The problem of proving the local continuity of the saturations was studied in
[5], [53] and [170], for example. The continuity of the saturations comes from
the continuity of the solution of (5.20) arguing as in [5] and [53]. Proving
the continuity of the solution is difficult, non only for the double degeneracy
of ¢(+), but also because of the lack of a precise quantitative and qualitative
information on its modulus of continuity. Actually the function ¢ is related
to the permeability of both fluids and the permeability vanishes as one fluid
is totally replaced by the other one (that is, when v = 0 or v = 1); this is
the physical origin of the degeneracy of ¢(-). The information on the rate of
vanishing is limited because it is derived only from hydrostatic experiments
(see [18], [19], [44], [156]), dimensional analysis (see [122]) and heuristic ar-
guments. As a matter of fact, such a limited information on the nature of
the degeneracy is typical of models of flows of a mixture of fluids in a porous
medium. Hence ¢(-) could degenerate at v = 0 and v = 1 at different rates
(exponentially fast or faster). By the phenomenon of connate water it might
be even completely flat in a small right neighborhood of 0 or in a small left
neighborhood of 1 (see Chap. 9 of [18], Chap. 2 of [44], Chaps. 3 and 10 of
[156]). So the problem of the continuity of weak solutions of (5.20) consists
in showing that v is continuous whatever the nature of the degeneracy of ¢(-)
is.

Let u € [0,1] be a solution of (5.1) with 3(-) € C*(0,1) and singular in 0
and 1. For example assume



96 E. DIBENEDETTO, J.M. URBANO AND V. VESPRI

Then, by setting v = B(u) and ¢(-) = F7(-), the singular equation (5.1)
in terms of u is recasted as the degenerate equation (5.20) in terms of wv.
Moreover, all the assumptions on a and b are satisfied. Viceversa, putting

u=[To(s)ds,  Blu)=v,

one gets the singular equation from the degenerate one. In this case, however,
while the assumptions on A are verified, the assumption on the free term B
can not be verified in the case of a superlinear growth with respect to V.
We refer the reader to [5] for a detailed technical analysis of this case.

5.3. Parabolic equations with one-point singularity. Let us consider
the case where f(-) is singular at only one point (the prototype cases are
given by the examples (5.4) and (5.6)). The local continuity of the solutions
was proved in the papers [31], [48], [50], [52], [149], [150] and [184]. However
the situations of (5.4) and (5.6) are very different; actually, for 3(-) of the
type (5.6) it is possible to repeat De Giorgi’s argument (i.e. to find suitable
Caccioppoli and logarithmic estimates such that an embedding in the space
of Holder continuous functions holds) while that procedure is impossible in
the case of (5.4). In this case, the Caccioppoli and logarithmic estimates are
more complicated than in the nonsingular case:

there exists a constant -y, only depending upon the data, such that for each

(y,8) + Q(abp*,op) C (y.5) +QBp*,p) . 0 €(0,1)

_1\2 . 2
sup /erKUp(u k)i(z,t) +/~/(y,.9)+Q(09p2,0p) |V(u—Fk)yl

s—0p2<t<s
<+// (u— k)% (5.26)
T (1 —=0)2p?/ Jys)+Q0p2p) ’
v
S S — k).
+(1 —0)fp? / -/('yvs)+Q(0p27p)(u )+



SINGULAR AND DEGENERATE EVOLUTION EQUATIONS 97

_1\2 . 2
sup /erKUp(u k)i(z,t) +//(y7.9)+Q(09p2,0p) |V(u—k)4|

s—0p2<t<s

T 2
S (1 _ 0-)2p2 / ~/(y7-5’)+Q(9/)27/)> (U k)i (527)
7 [ (1= Bl s = 67°)

/3/+Kap W2 (M, (u = k), 0) (2, 1)

up
s—0p?<t<s

= U(H, (u—k)x,c) (5.28)

vy
(1 —02)p? / /(y78)+Q(0p27p)

+% ek, U2 (HE, (u— k)x,c)(z,5 — 0p?) .

Note that, for the sake of simplicity, we have written the above estimates
only in the case of the prototype equation (5.17).

If N = 2, the existence of the modulus of continuity can be derived from
the above estimates (see [72]). If N > 3 there are bounded discontinuous
functions satisfying the previous estimates (see [158]). So in order to prove
the local continuity of the solutions one has to use the structure of the par-
abolic equation. In [31], [48], [50], [52], [149], [150] and [184] the proof of
continuity has this common point: assume that () is singular only at a
point, say, for example, at 0. Fix a cylinder (y, s) +@Q,. There are two possi-
bilities: (i) either the singularity occupies a small portion of such a cylinder
(and in such a case it plays a negligible role); or (ii) the singularity occupies
a large portion. In such a situation, outside the singular set, the evolution
equation is uniformly parabolic so the solution remains close to 0 because
it cannot grow too fast due to the classical regularity properties of non sin-
gular parabolic equations. This gives us a control on the oscillation of the
solution and allows us to obtain some recursive inequalities that will imply
the local continuity. As it is absolutely evident, the whole argument is based
on the fact that §(-) has only a singularity. The proofs of these recursive
inequalities differ in [31], [48], [50], [149], [150] and [184]. In [31], the authors
use the local representation in terms of heat potentials (for this reason their
approach works only in the case of the prototype equation (5.17)). In [48]
and [50], De Giorgi’s iterations are used following the setting of [121]. The



98 E. DIBENEDETTO, J.M. URBANO AND V. VESPRI

shrinking technique introduced by Krylov and Safonov ([117]) is applied in
[149] and [150]. As this method is genuinely based on the nondivergence
structure of the operator, also in this case the approach works only for the
prototype equation (5.17). Lastly in [184] the Harnack-type techniques of
Moser are applied, following the setting of [16], [132], [134] and [164].

The singularity of ((-) changes the iterative procedure of the nonsingular
case. Actually the singularity affects the sequence of the radii of the nested
cylinders and the reduction of the oscillation. More precisely, let

n.,6:(0,2M] — (0,1);  1(0),8(0) =0 (5.29)

and define
wy = max{2M;Cpé} ;

Pn+1 = 5(W7L)pn; (530)

Wpt+1 = max{(l - n(wn))wn; CP?{} )
where C' > 1 and A € (0, 1) are two given constants. Define also the corre-
sponding family of shrinking nested cylinders (zg, %) + @,

Proposition 5.3. Let u be a weak solution of (5.1) with B(-) a graph of
Stefan type (5.4). Then there exist constants C > 1 and X € (0,1), and two
continuous functions 6(-),n(-) as in (5.29), that can be determined a priori
only in terms of data, such that for every (zo,to) € Qr and every n € N,
ess osc u < wy, , (5.31)
(z05t0)+Qpp,
where A is a number determined only in terms of the integrability conditions
(5.8)-(5.13) and is independent of § and n. As a consequence u is locally
continuous in Qr.

Proof. For a detailed proof we refer the reader to [48]. Here we assume
that (5.31) holds so that to prove the proposition it is sufficient to show
that {w,} — 0 when n — oco. From the definition, the sequences {w,} and
{pn} are non-increasing, so their limits exist when n — oo. It is clear that
lim p, = 0 because the function 6(-) € (0, 1).

n—oo
Now, assume that lim w, = ws > 0. Then
’ n—00

Wnyl = max{(l — N(Weo) )Wn; C5(wé‘o"p’\)}

and hence we get that lim, ., w, = 0, which contradicts the assumption.
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Remark 5.4. The constants C' and \ appearing in (5.30) are due only to
the functions ¢; appearing in the structure conditions (5.8)-(5.10), and they
are zero for the prototype equation (5.17).

Remark 5.5. With respect to the case of a uniformly parabolic equation,
here the modulus of continuity is not explicit but it can be derived quantita-
tively from (5.30). More precisely, in [48], it is proved that d(s),n(s) have the
form K% with K and h large constants, but it is not obtained an explicit
modulus of continuity for u in terms of K and h.

5.4. Parabolic equations with multiple singularities. Graphs 3(-) that
are singular at multiple points, besides their intrinsic mathematical interest,
arise naturally in phenomena of multiple transitions of phase. An example
is a water-ice-vapour triple point and another one is the Buckley-Leverett
model of two immiscible fluids in a porous medium (see the previous sections
for more details about these models).

The first attempt to prove continuity results in such a setting was made
in [5], where some restrictions were made on the singularities. Actually, the
authors considered the case of the Buckley-Leverett model, i.e., the case of
only two singularities. They assumed that §(:) could be singular at any
rate in one point, while in the second point the singularity allowed was only
of logarithmic type. This result was improved in [53], by allowing the sec-
ond singularity to have a power-like behaviour, and in [170] where Holder
continuity was proved assuming that both degeneracies are power-like. The
alternative argument is quite similar to the one of only one singularity. Let
(), be the cylinder where we want to reduce the oscillation of the solution.
If the non restricted singularity occupies a small portion of such a cylinder
it means that it plays a negligible role and the continuity results for porous
medium equation hold. If the singularity occupies a large portion, outside the
singular set, the solution cannot grow too fast due to the regularity properties
of porous medium equations. This gives a control on the oscillation of the
solution and allows one to obtain some recursive inequalities that imply the
local continuity. It is clear, however, that any parabolic approach cannot face
the case of two unrestricted singularities. In the pioneering paper [72], the
approach is based on the energy estimates and on some measure-theoretical
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results. The results obtained in [72] are optimal in the case N = 2 and hold
for the prototype equation (5.17).

Theorem 5.6. Let N = 2. Let u be a locally bounded weak solution of (5.1),
where (B(-) is any mazimal monotone graph satisfying conditions (5.2) and
(5.3), and let the structure conditions (5.8)-(5.14) are satisfied. Then wu is
continuous in Qp. Moreover, for every compact subset K C Qp, there exists
a continuous, nonnegative, increasing function

S = Wdata,K(S) ; wdata,K(O) =0

that can be determined a priori only in terms of the data and the distance
from K to the parabolic boundary of Qr, such that

(@, 1) = u(@s, t2)] < Wi (|21 = 22| + [t — tal?)
for every pair of points (x;,t;) € K, i =1,2.

In the case N > 3, it is necessary to assume some conditions either on the
maximal graph ((-) or on the structure of the elliptic operator. In [72] the
following result is proved.

Theorem 5.7. Let N > 3. Let u be a locally bounded weak solution of
the prototype equation (5.17), where ((-) is any mazximal monotone graph
satisfying conditions (5.2) and (5.3). Then w is continuous in Qp. Moreover,
for every compact subset K C Qp, there exists a continuous, nonnegative,
increasing function

S = Wdata,K(S) ; Wdata.,K(O) =0

that can be determined a priori only in terms of the data and the distance
from K to the parabolic boundary of Qr, such that

(a1, 1) — (@2, t2)| < Waatarc (|21 — To| + |11 — £]?)

for every pair of points (x;,t;) € K, 1 =1,2.

5.4.1. The statement of the alternative. For the moment we consider the
general equation (5.1) in any number of dimensions. We assume that (3(-)
is any maximal monotone graph satisfying conditions (5.2) and (5.3) and
that the structure conditions (5.8)—(5.14) hold. Only later we will point the
differences between N = 2 and N > 3. Without loss of generality, we assume
that the generic point (xg, o) is equal to (0,0).
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Consider the following coaxial cylinders with vertex in (0,%) and congruent
to Qusp

(07 f) + Q45p = K46p X (f_ (46/))27 t~) )
where
t € (—(1—-166%p%0) (5.32)

and 6 € (0, i) is a positive number to be chosen.

By moving the time, one seeks to find a cylinder where one can apply the
techniques developed in the previous sections. More precisely, we look for ¢
such that the subset of (0,%) + Qus, where u is close to p* or to p~ is small.
Denote by w the oscillation of u in @,. Then, one of these two possible
alternatives takes place:

there exists a t € (—(1 — 166%)p%,0) and a positive § such that either

Meas {(:):,t) € (0,8) + Qusp : ulz,t) > p* — %w} < v|Qusp) (5.33)

or

Meas {(x,t) € (0,8) + Qusp : ulz,t) <p” + éw} < V|Qusp| - (5.34)
Otherwise,

both (5.33) and (5.34) are violated Vi € (—(1 — 166%)p*,0) , (5.35)

where v € (0,1) is a number that will be determined a priori only in terms
of the data.

Assume for the moment that one of (5.33) and (5.34) holds. By using an
iterative argument based on the energy estimates, we can show that it is
possible to reduce the oscillation of u in the smaller cylinder (0,%) + Qas,
if one chooses v very small and depending upon w (see Proposition 2.5% of

72)):

Proposition 5.8. There ezists a number v € (0,1), that can be determined
a priori only in terms of the data and w, such that, if (5.33) holds for some
t € (—(1—166%)p%0), then either w < Cp* or

u(z,t) < pt — 1—16w , (z,t) € (0,%) + Q) - (5.36)
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Analogously, if (5.34) holds for some t € (—(1 — 166%)p?,0), then either
w< Cpt or

w(z,t) > p” + %Gw , (z,t) € (0,1) + Qas) - (5.37)

We recall to the reader that C' is a constant depending upon the structure
conditions of equation (5.1).

By using the logarithmic estimates (see Proposition 3.2% of [72]) it is possi-
ble to bring the information of the reduction of the oscillation of the solution
up to the level ¢ = 0. More precisely:

Proposition 5.9. Assume that there ist € (—(1—162)p?, —46%p?) such that
~ 1
u(z,t) <pt — Tk Vo € Ko (5.38)

Then there are constants n,A € (0,1) and C' > 1, depending upon the data
and &, but independent of w and p, such that either w < Cp or

w(z,t) < pt —nw (x,t) € (0,0) + Qsp - (5.39)
Analogously, if there is t € (—(1 — 1662)p?, —46%p?) such that
~ 1
u(z,t) <p  + ¥ Vo € Ko, (5.40)
then either w < Cp* or

u(x,t) > p +nw, (x,t) € (0,0) + Qs - (5.41)

Summarizing, if the alternatives (5.33) and (5.34) are satisfied, then re-
spectively (5.38) and (5.40) hold. Therefore the oscillation of w is reduced
in the smaller cylinder (0,0) + Q;,. If we are able to prove that even when
(5.35) holds we have a reduction of the oscillation of v in a smaller cylinder,
by repeating the arguments of the previous sections, one can deduce the local
continuity of the solution. Therefore, in the sequel, we assume that for each
small § and for each £ € (—(1 — 165%)p%,0)

- 1
Meas {(x,t) € (0,t) + Qusp = u(xw,t) > pt — gw} > v|Qus)]
and

~ 1
Meas {(:):,t) € (0,t) + Qusp = u(z,t) >p + gw} > v|Qusp| -
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By using a lemma of measure theory, the above inequalities will imply regions
where the energy is concentrated. From this fact, we are able to find a
contradiction in assuming (5.35) and hence to prove the regularity of the
solutions. In the next section we state and prove the lemma of measure
theory. We feel that it is of intrinsic interest and that it can be applied in
different fields.

5.4.2. A lemma of measure theory.
Lemma 5.10. Let v be a function in W'P(K,), p > 1, satisfying
/Kp |VolP do < 4PpN P (5.42)
for a given positive constant vy, and let
Meas{z € K, : v(z) <1} > o|K,|, (5.43)

for a given o € (0,1). Then, for every n € (0,1) and A > 1, there exists
z* € K, and a number § € (0,1), that can be determined a priori only in
terms of N,p,v,a, A\, n, such that within the cube K;,(x*) centered at x* with
wedge 20p, there holds

Meas{z € Ks,(z") : v(z) < A} > (1 —n)|Ks,(x")| . (5.44)

If v were continuous, this lemma would be an easy consequence of the
permanence of positivity. For the sake of simplicity, we prove this lemma
assuming N = 2 (the case N > 3 can be proved using an inductive procedure)
and v € C!(K,). Obviously we establish (5.44) with § independent of the
modulus of continuity of v. The assumption v € C'(K,) is made only to
justify some calculations and can be removed via a limiting procedure. For
more details on this proof, we refer the reader to Proposition A.1 of [72].
Before proving the lemma we stress that § goes to 0 when either n goes to 0
or A goes to 1.

Proof. Let (z,y) be the coordinates in R%. Denote by Y (z) the cross section
of the set [v < 1] N K, with lines parallel to the y-axis, i.e.,

Y(z) ={y € (—=p,p) : v(z,y) <1} .
Hence
v<1NK,| = /j’p Y (2)| dz .
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As |[v < 1] N K,| > 2ap, there exists some zy € (—p, p) such that
Y (z0)| > 2ap . (5.45)
For each y € Y (x¢), consider the segment

I5,p(y) = [z0 — dop, w0 + dop] X {y} ,

where ¢y will be chosen later. Denote with Yj,(xg) the set of Y (zg) such
that, in the corresponding intervals I ,(y), the function v(-,y) is less than
1 .

(14 N), ie,

Valoo) = {y € Y(w0)  o(op) < J0+N) . Vo€ L)} -

Now, we want to prove that that, for each 9 < 1 there exists a small §y such
that

Y5, (wo)| = (1= mo)[Y (o) -
Let Y (x0) be the complement of Vs (zo). Fix y € Y (20) and some z €
Is,,(y) such that v(z,y) > 3(1+ A). Then

1 z

(A= 1) s wlz,y) —vlze,y) = /0 Ua(s,y) ds .

By integrating over }/5?(370) and majorising the obtained result via Holder’s
inequality, we get

1 C 50/) 17;

SA— DY@l < [ [ Vol da dy < (1Y, (20)]2000) "7 [Vl
Therefore, using (5.42) and (5.45) one gets:

4’y537’7’

C
|}/5U (JZQ)’ < ()\ _ 1)(40()%

’Y($0)| :

So we have that
[Ys,(zo)| = (1 = no)|Y (z0)]

-3
choosing d; such that ﬁh—)r < 1.

Next, fix y* € Yj,(x). We recall that v(z,y*) < @ for each & € I5,,(y*).
Consider the vertical segment

Jsp(x) = {z} x [y" —dp,y" + p] ,
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where ¢ will be chosen later. Denote with Hs(y*) the set of I5,,(y*)) such
that, in the corresponding intervals Js,(z), the function v(z, -) is less than A,
ie.,

Hi(y") ={x € Ls,p(y") = v(w,y) <X, Vye& Js(v)} .

Now, we want to prove that, for each n < 1, there exists a small § such that

[Hs(y™)| = (1 =) L0 (y7)] -

Let H (y*) be the complement of Hj(y*). Fix x € H{ (y*) and some y €
Jsp(2) such that v(z,y) > X. Then

1()\ —1) <wv(z,y) —v(z,y") = /yy vy(x,s)ds .

2
By integrating over H{ (y*) and majorising the obtained result via Hélder’s
inequality, we get

1

Cr o op 2\1-4
5O = DIHS ()] < /Iw(y*) [ 5, 19l dy dx < (46080%) 5|V, -

Therefore, using (5.42), one obtains

87517% .
I |I50P(y )’ .

Cyr,x*
W < s

So we have that
[Hs(y")| = (1= n)[Ls,p(y")]
_1
choosing ¢ such that 6y < Lpl <.
(A=1)(460)7
Without loss of generality (assuming ¢ smaller) we may assume that % is
a positive integer. Consider the interval I ,(y*) and a partition of it with 2

intervals with length 20p. Let (x;,y*) be the centres of such intervals. Let
x* be one of such indices such that

Meas {(* — dp,z" 4+ 0p) N Hs(y*)} > (1 —n)(2dp) .

Then, from the definition of Hs(y*), the cube Kj,(z*,y*) satisfies the as-
sumption of the lemma.
[
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5.4.3. The geometric approach. In this section, we will apply the previous
lemma to get some geometric information about the localization of the energy
of the solution. This is, in essence, the novelty of the approach in [72]. We
recall that we assumed that for each small § and for each t € (—(1—166%)p?, 0)

- 1
Meas {(a:,t) €(0,1) + Qusp = u(z,t) > p* — gw} > v|Qusy)
and
- 1
Meas {(x,t) € (0,8 + Qusp : ula,t) > p + gw} > 0| Qus,| -

Roughly speaking (for more details see sections 5-8 of [72]) it means that
the region where the function w is close to u* (respectively to p~) is relatively
large. By applying the lemma of the previous section (together with energy
and logarithmic estimates) one can get that the set where w is close to ™
(respectively, to ©~) must have a concentration region, even though it might
be scattered in the whole cylinder. Moreover, it is possible to prove that
these two concentration regions are localized at the same time levels. More
precisely it is possible to prove:

Proposition 5.11. Let u be a locally bounded weak solution of (5.1) where
B(+) is any mazimal monotone graph satisfying conditions (5.2) and (5.3)and
suppose that the structure conditions (5.8)—-(5.14) are satisfied. Assume that
the alternative (5.35) holds. Then there exists a time t € (—(1 — 166%)p%,0),
and two points x1,xy € Kys, such that [x; + Kg,|, i = 1,2, have their cross
sections mutually separated by a distance of at least 6%p, and

- 1 -
u(ry,t) > pt — g V(z,t) € (21,t) + Qs (5.46)

and

- 1 -
u(ze,t) < p + g V(x,t) € (w2,1) + Qs2p - (5.47)

Sketch of the proof. Suppose that (5.34) is violated. Then for some time
levels t € (f — 1602p%) we have

1
Meas {x € Kspp + u(z,t) <pm + 1—6w} > v|Ks2p| .
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By setting

we have
Meas {z € Kspo @ v(x,t) <1} > v|Ksp| . (5.48)

Changing the constant v into a smaller positive constant «, it is possible to
find a time 7 such that the following inequalities hold:

Meas {z € Ksp2 @ v(x,t) <1} > a|Kppl ;

/K |V’U(I> 7_)|2 dz < 'Vdata(w)(pé)ZN74 ’

522
where Yqata is independent of 7. Therefore by the lemma of measure theory,
there exists ndy € (0,1) and a cube [* + Kgp24)] C Ky2,2, such that

Meas {x S [JZ* + K§2p250] : ’U(JZ,T) < 2} > (1 — T])’K§2p250| .

It means that u(z,7) < p= + %ﬁw except, at most, at a set of measure less
than 7| K2 2s|. The information at the time 7 is almost complete (with the
exception of an arbitrarily small set). Removing this set of small measure
through the energy and logarithmic estimates, it is possible to get (5.47).
]
Summarizing, if the alternative (5.35) holds, then (5.46) and (5.47) are
verified. Therefore

1
¥ <u(yt) —uly,t) Yy € [vi+ Ksp), i=1,2 (5.49)
for all time levels
te(t—o'p* 1) . (5.50)

In such temporal range, integrate (5.49) over a path, piecewise parallel to the
coordinates axes and joining y; € [x1 + Kj,] and y2 € [x2 + Kj,]. Integrate
the resulting segment-integrals over the remaining N — 1 variables, and then
over the time in the range (5.50). Therefore

N t 2
(W) (p)N < /mw /Kép\K§2p2|vu| dzdr . (5.51)

This inequality has been derived for all £ for which (5.33) and (5.34) are both
violated. Noting that, in the temporal range, the number of cylinders of the
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type (0,%) + Qus, is of order 52, we add (5.51) over the corresponding boxes
to get

B 0
Y(w)dN 2PN < /ﬂﬁ /Kap\Kézpz |Vul? do dr . (5.52)

We may repeat the argument replacing §? with §. Iterating this procedure,
we have that for each n € N

n(N-2) N 0 2
Y(w)o" NN < [ g /Kanp\KWpQ V|2 dz dr . (5.53)

For more details about the estimates of this section, we refer the reader to
Sections 9-12 of [72].

5.4.4. The case N = 2. Adding (5.53) for n =1,...,ny one obtains
N 2
Y(w)nep™ < //Q, |Vul” dz dr . (5.54)
On the other hand, via a standard energy estimate, we have
//Q |Vu|? dz dr < Cp™ | (5.55)

where C' is a constant only depending on the data. Therefore, combining
(5.54) and (5.55), one gets
Y(w)ng < C .
This is a contradiction if ng is sufficiently large depending on the data and
w. It follows that at least one of the alternatives (5.33) or (5.34) holds in the
range (5.50) and for some radius py € [p,0™p]. But we have already shown
that if one of the alternatives (5.33) or (5.34) holds, then the oscillation of u
is reduced in the cylinder Q%o . Hence, the local continuity of the solution is
proved in the case N = 2.

Remark 5.12. The same argument works in the case in which one has
information that essentially reduces the space dimension N to 1 or 2.

Remark 5.13. In the case NV = 2 the previous argument works for a more
general maximal monotone graph 3 = B¢ + G5 of bounded variation, with
Bac an absolutely continuous and strictly increasing function, and 85 > 0 a
nondecreasing function where, roughly speaking, the jumps occur (for more
details, see [77]). This method works also for more general (other than second
order) operators (see [154], [152] and [153]).
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5.4.5. The geometric approach continued. In order to face the case N > 3,
the geometric approach needs to be improved. We stress, that all the results
of this section hold under the most general assumptions.

To prove the continuity of u at a point (z,t) € Qp we assume that such
a point coincides with the origin up to a translation. The novelty of this
improved approach is that we work with a longer cylinder Q(6p?, p), where
is a positive integer number to be chosen. The idea is to find a “long” cylinder
where w is away from p~ (and p™) and this property should allow a space
extension of positivity of the solution. It is clear that the structure itself
of these singular parabolic equations forces us to deal with “long” cylinders.
Actually, if one tries to repeat the argument of intrinsically rescaled cylinders
(used in the case of the porous medium equation) for graphs of the Stefan
type, one realizes that 5'(-) is the Dirac mass at the origin. As a consequence
the time should be intrinsically rescaled into another one that would remain
constant on the transition set v = 0. In other words, one has to work with
cylinders whose length depends upon the singularity of (). We recall that
a similar approach was used for the first time in [52] in the context of the
boundary regularity in the case of a single singularity.

Consider the cylinders

0,t:) + Q(p*, p) , ti=—ip*, i=0,1,...,6 -1 (5.56)

that make a partition of the cylinder Q(6p%, p). Analogously to what was
made in the previous sections we can state an alternative:
there exists i = 0,1,...,0 — 1 such that either

Meas {(2,1) € (0,8) + QU ) 5 ulart) = it — oo} <VIQUA )| (5:57)
2 — 1 2
Meas {(2.0) € (0.1 + Q.p) 5 ulwt) <™ + g} < vIQUP )]
(5.58)

Otherwise
both (5.57) and (5.58) are violated Vi =0,1,...,6 — 1. (5.59)

If (5.57) and (5.58) hold then, as shown in the previous sections, one can de-
duce the reduction of the oscillation of the solution. So we assume that (5.59)
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holds. Analogously this assumption implies that the solution has regions of
concentration in any of the cylinders (0,¢;) + Q(p?, p).

Let us state this result in a different way. Let m be an integer and define
§ = (4m)~'. Consider a partition of the original cube K, into m” pairwise
disjoint subcubes of wedge 8)p and centered at points x; € K,. That is

[0+ Ky CK,, Vi=1,....m"

21+ Kusp) N [ + Kusp) =0, if j #1

m N

K, = Ulzi + Kusp| -
=1

Partition any cylinder (0,#;) + Q(p?, p) into 16m™+2 subcylinders
(z1,ti +56%0%) + Qusp , VIi=1,....m" Vj=1,...,16m?

(21, ti + §6%P%) + Qusp N (T, ti + 56%p%) + Qusp =0, ifr#lLorj#s

m" 16m?
Qp=U U (i, ti +j0%p") + Qusp -
=1 j=1
If (5.59) holds then, for m large enough it is possible to show (see Proposition
23.1 of [72]) that for each i = 0,1,...,0 — 1 there are 1 < [,7 < m”" and
1 < j,s < 16m? such that

1
u(w,t) > pt — g V(x,t) € (21, ti + 50%p) + Qusp (5.60)
and
1
u@t) Sptgw, V(@) € (o ti+ $620%) + Qusp - (5.61)

Using the logarithmic estimates one can bring this kind of information up to
the level zero (see sections 22-29 of [72]). Let mg be an integer and define
do = (4mg)~L. Consider the thin cylinder

(0,0) + Q(p*, d0p) € (0,0) + Q(p*, p)
and consider a partition

(0,t;) + Q(p*, dop) , ti=—i6ap*, i=0,1,...,16m2—1.
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Proposition 5.14. Let u be a locally bounded weak solution of (5.1), with
B(-) any mazimal monotone graph satisfying conditions (5.2) and (5.3), and
assume that the structure conditions (5.8)—(5.14) are satisfied. Then either
the oscillation of u is reduced (in a way that can be quantitatively determined)
in Q(63p?, dop) or there exist € > 0, depending only upon the data, w and &,
and x;,xj € Ks,, such that

u(z,t) > p” +ew V(z,t) € (z1,0) + Q((1 — 65)p°, dop) (5.62)
and
u(z,t) < pt —ew, V(z,t) € (2;,0) + Q((1 = 63)p", dop) - (5.63)
Sketch of the proof. If in some of the subcylinders
(0,t;) + Q(p?, dop) , ti=—iogp*, i=0,1,...,16m2 —1

(5.57) or (5.58) holds, then, as shown in the previous sections, one can de-
duce the reduction of the oscillation of the solution in Q(dp,d3p%). So we
assume that (5.59) holds. Under such an assumption, (5.60) and (5.61) hold.
Therefore, there are 1 < 1,7 < m and 1 < j,s < 16m? such that

1 .
u(w,t) > pt — gw , V(z,t) € (z, —(1 — j6*63)p?) + Qs45p
and
1
u(z,t) < p + ¥ V(2,t) € (2, —(1 — 56262)p%) + Qsisp -

Applying the logarithmic estimates from this box up to level zero, one gets
the statement.
]
If one is only interested in having, at any time level, a set where the solution
is away from p* and p~ (thus losing the geometrical information that this
set has the shape of a very long and thin cylinder) one can prove that the
constant € does not depend on dy. More precisely

Proposition 5.15. Let u be a locally bounded weak solution of (5.1), with
B(-) any mazimal monotone graph satisfying conditions (5.2) and (5.3), and
assume that the structure conditions (5.8)-(5.14) are satisfied. Then either
the oscillation of u is reduced (in a way that can be quantitatively determined)
in Q(62p°, dop) or there exist ,m > 0, depending only upon the data and w,
and z;,x; € Ks,, such that, for each time 7 € [0, (1 — §2)p%,

Meas {x € K5, : u(z,7) > p~ +ew} > n|Ks,| (5.64)
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and
Meas {z € Ks,p : u(z,7) < p* —ew} > n|Ks,l . (5.65)

Sketch of the proof. Reasoning as in the previous proposition, we may
assume that (5.60) and (5.61) hold. Therefore, for each i =0,...,16m3 — 1,
there are 1 < I,7 <m" and 1 < j, 5 < 16m? such that

1 ) .
u(x7t) 2 /J’+ - gw ) V(x,t) € (*Tla _(Z - ]52)58/)2) + Q505P
and
1
u(z,t) < p + gw , V(z,t) € (z,— (i — 352)53p2) + Qsep -

Applying the logarithmic estimates from this box up to t = —(i — 2)63p? one
gets the statement.
=

Remark 5.16. The real open question is to prove under general assumptions
that (5.62), (5.63), (5.64) and (5.65) imply a space extension of positivity.
What seems to be missing is some sort of weak form of the Harnack inequality
for solutions of singular parabolic equations.

Remark 5.17. The estimates (5.64) and (5.65) give us the same piece of
information in the interior of Q0 that a suitable Dirichlet condition gives on
the boundary in [52]. This allows to extend the techniques introduced in [52]
to the case of multiple singularities (see [87]).

If one accepts to work with cylinders whose base is very small with respect
to the length, the previous results can be improved. The next Proposition
is proved in [72] (see Proposition 24.1, page 291) and it is based on a tricky
combinatorial argument.

Proposition 5.18. Let u be a locally bounded weak solution of (5.1), with
B(-) any mazimal monotone graph satisfying conditions (5.2) and (5.3), and
assume that the structure conditions (5.8)-(5.14) are satisfied. Then there
exists € € (0,1), depending only upon the data and w, such that for each
0 > 0 there exists a 0p > 0 such that either the oscillation of u is reduced (in
a way that can be quantitatively determined) in Q(63p?, dop) or there exists
(i, ti) € Q250p), With i = 1,2 such that the cylinders (i, t;) + Q9522 5,0) OTE
contained in the cylinder Q2 5., and

’LL(I)?, t) > p tew, V(l’, t) S (1’1, tl) + Q(€6§p2,50p) (566)
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and
w(x,t) <pt —ew V(z,t) € (w2,t2) + Qszp2.50p) - (5.67)

Summarizing, the previous proposition says that if one wants that the
concentration of the solution still has the shape of a long cylinder and does
not want to pay the price of having € depending upon the length of the
cylinders, then one looses the information about the precise localization of
such a cylinder.

The next proposition is based on energy estimates, a De Giorgi lemma (see
Lemma 2.2 of [55]) and estimates (5.64) and (5.65). For a detailed proof see
Lemma 4.10 of [87].

Proposition 5.19. Let u be a locally bounded weak solution of (5.1), with
B(+) any mazimal monotone graph satisfying conditions (5.2) and (5.3), and
assume that the structure conditions (5.8)-(5.14) are satisfied. Then there
ezist two continuous strictly increasing functions 6(-),n(-), 6(0) = n(0) = 0,
that can be determined a priori only in terms of the data and w, such that
either the oscillation of w is reduced (in a way that can be quantitatively

determined) in Q(6°(s)p*, 8(s)p) or
Meas {(Lﬂ,t) S Q(pQ,é(s)p) : U(CL’,t) <po+ Sw} > 77(8)|Q(p2,5(s)p)| (568)

and
Meas {([EJ) S Q(/ﬂﬁ(s)p) : u(xj) > /J,+ - sw} > T](S)|Q(p275(s)p)| . (569)

Summarizing, one is able to estimate the sets where the solution is close
to ut and pu~ paying the price of considering “thin” cylinders.

5.4.6. The case N > 3. As already stressed, we are not able to prove the
regularity in the general case. We follow the approach of [72] (see also [86] and
[160]) and we prove continuity results using a suitable comparison function.

In [72], the local continuity for weak solutions of the prototype equation
(5.17) is proved. The key point in the proof of the continuity theorem are
some estimates on a proper function v, which is then compared with the
solution u of the original singular parabolic equation. In these estimates the
radial symmetry of the problem is heavily used, but a careful examination of
the whole procedure shows that this assumption can be done away with, pro-
vided the maximum principle and a Harnack inequality for the corresponding
elliptic operator hold for all time levels (see [86]). Let us just remark that the
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basic reason to use the comparison function is to mimic a parabolic Harnack

inequality, whose validity is not known in this context. For a detailed proof

of the results of this section we refer the reader to [72], [86] and [160]).
Consider the singular parabolic equation

Bu)r = Lu (5.70)

where £ is an elliptic operator with principal part in divergence form. We
assume

Lu =" Dj(aijj(x,t)Dju+ a;(x,t)u) + bj(z,t)Diu + e(z, t)u , (5.71)
]
where a;;(z,t), a;(z,t), bi(z,t), e(z,t) are continuous functions with respect

to the time variable and are measurable functions with respect to the spatial
variables, and satisfy

1
—I[€]* <X aii(x, )65 < mlél? (5.72)
H1 ij
HZ a?7 Z bt27 € ‘qﬂ’,QT < p2 s (573)
with ¢ and r such that
1 N
-+ — = 1-— K1
r  2q

and q €

N 1
— € |l— 0<ki<1,N >2.
2(1_K1),OO:| 5 T |:]_—/<J17OO:| 5 K1 ) el

Moreover, we suppose that
VO<t<s<T, /t/Q(ev—Xi:aiDiv) dzdt <0, (5.74)

for all v € C}(Q x (£,5)), v > 0. Assumptions (5.72) and (5.73) mean that
the structure conditions (5.8)—(5.14) are satisfied, while (5.74) is assumed in
order to have the maximum principle in any parabolic cylinder contained in
Qp. Before giving a sketch of the proof, we stress that the only properties of
L(z,t,u, Du) on which we will rely are the following:

(1) L satisfies the maximum principle;

(2) the coefficients of £ are continuous in ¢;

(3) in the case of time-dependent coefficients, the elliptic operator £ sat-
isfies a uniform Harnack inequality ¢ by ¢.
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The most important of the three assumptions is the last one and this shows
once more how the Harnack inequality is crucial when proving regularity
results for solution of partial differential equations.

For the sake of simplicity we consider only the case of time independent
coefficients (the reader finds a detailed proof of the general case in [86] and
[160]). Without loss of generality, assume that (5.66) holds, i.e.,

U(CL’,t) > M7 +ew , V(:E,t) S (:El,tl) + Q(952p2750p>

0
(if not, it means that the oscillation of the solution is automatically reduced
in a smaller cylinder). As in [72], apply the change of variables
4(x — t—1t
ez T) d
|71 P

and introduce the function

u—p
Ew
We have that @ solves the differential equation

(B = @) .

where 3 and £ satisfy the same structural conditions of the operator (5.71)
(for more details see [72]). Moreover, a(x,t) > 1 in K., x (0,0). Without
loss of generality, we may assume that gy < 3. Define Ay, 4,) X (t1,t2) as
the annulus {d; < |z| < da} X (t1,t2). Finally, we are interested in the
behaviour of @ in an annulus contained in A, 44 X (0,0) where we may
assume d > 4 (see [72]). For this reason we introduce a proper comparison
function. Namely, let v solve the following boundary value problem

(B)e = Lv in Ap, g % (0,0)
v(z,t) = 0 on |z|=4d
v(z,t) = 1 on |z|=¢p
v(z,0) = 0

By the maximum principle, & > v. Hence if we are able to prove that there
is a level ¢y € (0,0) such that there is a oy > 0, depending only upon the
data, such that

U

(5.75)

v(z,ty) > op V1<|z|<2d, (5.76)
we have that a similar bound works for 4. By returning to the original
coordinates, we conclude that there exists a time level ¢; such that

u(z,t1) > p- + opew | Vo € K+ ,
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with 0* a positive constant that can be determined a priori only in terms of
the data. Asin [72] (sections 24 and 25), by using the logarithmic estimates,
one can bring this piece of information up to level zero and in this way reduce
the oscillation of u in the small cylinder Q(0*p).

In order to prove (5.76), let ¢ be the solution of the elliptic problem

L = 0 in Agua
((z) = 0 on |x|=4d (5.77)
((z) = 1 on |z|=¢g

By well-known classical results, there is a unique solution ¢ satisfying (5.77)
(see [88], Theorems 8.1 and 8.3). Moreover, ¢ is Holder continuous (see
[121]). Finally, the hypotheses on the coefficients ensure that w belongs
to an elliptic De Giorgi’s class, which in turn guarantees that w satisfies a
Harnack inequality (under this point of view, see for example [124], Chapter
3). Therefore we may assume that there is oy such that

¢(z) > 209, Vi<|z|<2d. (5.78)

The aim now is to transfer this information to v. With this purpose, put

z=wv—Cand set ['(x,-) = B(- — ((x)). It is easy to see that z satisfies
(T(2): = Lz in A 4 x (0,k)

z(z,t) = 0 on |z|=4d
z(z,t) = 0 on |z|= ¢y (5.79)
z(z,0) = —((z) on =€ A a
By the energy estimates, one gets that
k
2
| /A IVz?dzdt < C . (5.80)
There must exist a time level ¢* such that
[, IVefdz <y, (5.81)
Acg.ad

with 79 a proper small quantity. In fact, if it were not so, integrating on
(0, k) we obtain

/Ok /AEOM |Vz|?da > kdy

and it suffices to choose k large enough to get a contradiction.
Now we claim that, if we choose dy small enough, a consequence of (5.81)
is that
Vo e Ao, (C—v)(z,t") <0y . (5.82)
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In fact, if it were not true, reproducing the same argument of [72, §6-8|, and
using the measure lemma, we conclude that there exist a y* € A, 44 and a
small cube K,(y*) C A., 44 such that
00
5
Connecting, through a path, the boundary K,(y*) with the boundary of
Az, 44, 1.e., with a portion of the boundary where |z| = 4d, and working as in
section 9 of [72] we get a lower bound for [y, ,, |Vz(2,t*)|* dz, thus obtaining
a contradiction by choosing dy small enough. Therefore (5.82) holds.

The proof of the local continuity of a bounded solution of (5.70) follows
from the remark that estimate (5.76) is a direct consequence of (5.78) and

(5.82).

Vee K @y),  ((—o)t)>

Remark 5.20. The boundary regularity for singular equations like the ones
we are dealing with here still presents several open questions. In the case
of B with a single jump, interior regularity is again a matter of energy and
logarithmic inequalities and this allows for a complete solution of boundary
regularity for variational data, as in [48].

In the case of a general 3 it remains an open problem to devise a technique
of proof only based on energy and logarithmic estimates. Therefore, for the
moment, it is only possible to consider homogeneous Dirichlet boundary con-
ditions under mild assumptions on 92, without taking into account initial
conditions. Assume, for instance, the compactness and the Lipschitz conti-
nuity of the boundary. By the compactness of the the boundary of 2, we can
cover Of) with a finite number of neighborhoods centered at points of Of2.
The Lipschitz continuity of the boundary allows us to find a map from every
neighborhood into a half ball of R". The transformed equation via this map
has coefficients which are still measurable with respect to z, properly sum-
mable with respect to the pair (z,t), and continuous with respect to ¢t. Now
we reflect the operator through the entire ball and notice that this reflection
does not affect the (8(u)); term, since it is done only with respect to the x
variable. We have therefore reduced the study to a problem in the interior
and we can apply the previous results to prove the boundary regularity.

5.4.7. The case N > 3 continued. In this section, we prove the regularity for
particular cases of equation (5.1). Here we permit the maximal generality
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allowed from conditions (5.8)—(5.14), but we consider a very special [ of the
type
—s—1 if s<0
[—Vl, O] if s=0
B(s) = s if 0<s<1
1,14+ if s=1
s+uvy if s>1

This special § allows us to write explicitly the logarithmic and energy esti-
mates. The use of the estimates, together with the geometrical constructions
of the previous sections, will allow to prove the local continuity of the solu-
tions. This approach is developed in a very detailed way in [87]. A similar
approach can be found in [52] in a different context. We feel that the right
approach to the local continuity is this one, that is, it must be based only on
logarithmic and energy estimates and geometric constructions.

We only give a sketch of the ideas on which the proof is based. Without
loss of generality, we may assume that u* =1+ &9 and u= = —¢gg, with &g
very “small”. The idea is to reduce the oscillation of u such that either u > 0
or u < 1. In this way, the problem has been reduced to the case of only a
singularity. Without loss of generality, we can focus our attention to find a
subcylinder where u > 0. Apply proposition 5.19. Choose sg > gg such that
either the oscillation of u is so reduced in Q(8%(so)p?,d(so)p) that u > 0 in
such a cylinder or

Meas{(a:,t) S Q(p2,5(so)p) . u(xj) < /J,_ + sw} > 7](80)|Q(p2’5(50)p)| . (583)

Note that 7(sg) is very small (in a quantitatively way that will be clear in
the sequel) if g¢ is chosen really small.

Partition the cylinder Q(p2,(5(so)p) in subcylinders Q(52(-9(1)p275(80>p>' Apply the
iteration method based on energy and logarithmic estimates, choosing as test
function (u — 1)_. There are two possibilities:

either in one of the subcylinders the set where u is less than or equal
to zero is negligible; then the iteration method works as in the nonsingular
case. So one can find a small cylinder where v > %. Then, via the logarithmic
estimates, one can bring this positivity up to the level zero if gy is chosen
small enough;

or, in each of the subcylinders, the set where u is less or equal to zero is
not negligible. Then by (5.83) one can deduce that there exists a subcylinder

where the measure of the set where u is less than % is a function of ny. So
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if we choose 7y small enough, the alternative (5.34) holds. So one can find
a small cylinder where u > 1—16 Then, via the logarithmic estimates, one can
bring this positivity up to the level zero if gy is chosen small enough.

Remark 5.21. The fact that 3(-) has only two jumps is not essential. Any
finite number of jumps would be acceptable.

Remark 5.22. This approach seems to work not only with jumps but also
with singularities that grow in a very fast way. It could be of some interest
to start an investigation on such a direction.
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