Introduction

We shall study non-negative solutions u of the nonlinear evolution equations

ou
5=A<p(u) xeR" 0<t<T < +00 (1)
where the nonlinearity ¢ is assumed to be continuous, increasing, with ¢(0) = 0 and
satisfies the growth condition
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for some constant a € (0, 1) and the normalization condition ¢(1) = 1. We shall
denote the class of such nonlinearities ¢ by I',.

The growth condition (2) is a natural generalization of the pure power case
¢(u) = u™, which is well known in the literature and arises in a number of physical
problems. When m = 1 it reduces to the linear heat equation. When m > 1 equa-
tion (1) describes the flow of an isotropic gas through a porous medium (the porous
medium equation), cf. [110]. Another application refers to heat radiation in plasmas
[136]. When m < 1, equation (1) arises in the study of fast diffusions, in particular in
models of gas-kinetics [35], [44], in diffusion in plasmas [21], and in thin liquid film
dynamics driven by Van der Waals forces [64], [63]. Also it arises in geometry; the
casem = (n —2)/(n+2), in dimensions n > 3 describes the evolution of a conformal
metric by the Yamabe flow [135] and it is related to the Yamabe problem, the case
m = 0, n = 2 describes the Ricci flow on surfaces [77], [53], [133], and the case
m < 0 in dimension n = 1 describes a plane curve shrinking along the normal vector
with speed depending on the curvature [72], [68]. For a survey on the porous medium
and fast diffusion equations see [111], [127].

The main objective of this book is to present the main results regarding the solv-
ability of the Cauchy problem and the initial Dirichlet problem for equation (1) for a
wide class of nonlinearities ¢. The local regularity theory for equations of the form (1)
will be presented as well. Special emphasis will be given to the various techniques,
which although have been developed to study nonlinear equations of the form (1) may
be applied to other nonlinear parabolic problems.

In the 1940s D. Widder [132] studied the characterization of the class of all non-
negative solutions of the heat equation

]
a—”; = Au in Sy =R" x (0, T. 3)
In this case, the notion of solution is clear: u € LIIOC(ST) and the equation holds in

the distribution sense (weak solution). It follows by classical regularity theorems that
u € C®(Sr).
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The Widder theory can be expressed as follows. Let u be a non-negative weak
solution of the heat equation in the strip S7. Then:

(A.1) The solution u satisfies the growth condition

sup /u(x, 1) eI gy < oo %)
0<t<T)/2

where C is an absolute constant.

(A.2) There exists a non-negative Borel measure ¢ on R” such that
limu(-, 1) =du in D'(R™).
tl0

We shall call the measure u the trace of u. Furthermore, the trace u satisfies
the growth condition

2
/e_c M dp < oo 5)
where C is an absolute constant.

(A.3) The solution u satisfies the pointwise estimate
2
u(x, 1) < Co(u) e

where C is an absolute constant and C;(u) depends on u and ¢.

(A.4) The trace u determines the solution uniquely; if #, v are two non-negative weak
solutions of equation (3) and

limu(-,¢t) =limv(-,¢
tlw u(-,t) tlw v(-, 1)
thenu = v.

(A.5) For each non-negative Borel measure ; on R” satisfying the growth condition
(5) there is a non-negative continuous weak solution u of (3) in Sy, with trace
u, and

C 2
u(x,t) = t"72 /e |x—yl|*/4t du(y)
for an absolute constant C,, depending only on dimension 7.

Let us note that the assumption that the class consists of non-negative solutions is
necessary for the Widder theory to hold true, as there are specific examples of oscillating
solutions with initial data identically equal to zero which do not satisfy condition (4).

The porous medium equation, i.e. (1) = u™, m > 1, in (1) has been studied
extensively and is by now well understood. In fact, by combining the results of Aronson
and Caffarelli [8], Bénilan, Crandall, and Pierre [20] and Dahlberg and Kenig [45] one
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obtains the complete analogue of the Widder theory for this case. Let u be a non-
negative continuous distributional solution of the equation

3
a_”t‘ —Au"™, m>1, (x,1) € Sr. (6)

Then:
(B.1) The spatial averages of the solution u satisfy the growth condition
1

sup sup—_/ u(x,t)dx < oo.
0<t<T R>1 Rn+2/(m=1) |x]<R

(B.2) The initial trace p exists; for any continuous distributional solution u of (1)
there exists a Borel measure u such that

limu(-,t) =du in D'(R")
tl0

and satisfies the growth estimate

1
SUp ————~ / du < oo. 7
R>1 R2/0m=0" [ g

(B.3) The solution u satisfies the pointwise growth estimate
") < Cow) (L+ k) for 1€ (0,T/2)
where C; (1) = Cr (u(0, T))t ™, A =n/Q2+n(m —1))ast | 0.

(B.4) The trace u determines the solution uniquely; if u, v are two non-negative
continuous distributional solutions and

li 1) =1 ot
tlﬁ)lu( ) t%lv( )

then u = v.

(B.5) Forevery measure i on R” satisfying (7) there exists a non-negative continuous
distributional solution of (6) with trace u satisfying (7).

Let us note that the assumption on the continuity of u is not essential, due to the
result of Dahlberg and Kenig in [49] where it is shown that if u € LfgC(Q), u > 0and
du/dt = Au™ in D'(2), then u is continuous.

In order to extend the above results from the porous medium equation ¢ () = u™,
m > 1 to the case of equation (1) we consider the class 4, of nonlinearities ¢, corre-
sponding to slow diffusion, which is defined by the following conditions:

(1) ¢: [0, 00) — R is continuous, strictly increasing with ¢(0) = 0;
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(i1) there exista € (0, 1) such that for any u > 0
/

_ugl 1

pu) ~a

(iii) there exists ug > 0 such that and for any u > ug

IA

(polynomial growth);

- u @' (u)

14+a

(super-linearity);

(iv) ug = 1 and ¢ (1) = 1 (normalization).
The condition (iv) is only technical and imposed to normalize the class §,. Condi-
tions (ii) and (iv) imply the pointwise polynomial growth condition

u’/® <o) <u® for0<u<1

while conditions (iii) and (iv) imply the pointwise super-linear polynomial growth
condition
ulte < ou) < u’? foru > 1.

Itis clear that the porous medium equation ¢ (u) = u™,m > 1, belongsto §,. However,
the super-linear growth on ¢ (u) € 4, is only assumed for large values of u.

The Widder theory in this case can be described as follows: by hypothesis v (1) =
@(u)/u, for u > 1 is an increasing function, so that we may define A (u) = v w).
Thus if u# is a non-negative continuous weak solution of (1) then the following holds:

(C.1) Growth condition (B.1) holds with A (R?) instead of RZ/ (=1,

(C.2) Condition (B.2) holds with A(R?) instead of R%/=1 in the growth estimate
(7) on the initial trace.

(C.3) The pointwise estimate (B.3) holds with ¥ (u) instead of um—t,

(C.4) and (C.5) are similar to (B.4) and (B.5).

Following the ideas in [49] one can remove the assumption on the continuity of u in
the case where ¢ is convex. For general ¢ in the class 4, an analogous result remains
an open problem.

Consider next equation (1) with nonlinearity ¢ which is either a power ¢ () = u™
with (n —2)/n < m < 1 or, more generally, it belongs to the class ¥, corresponding
to super-critical fast diffusion, which is defined by the following conditions:

(1) ¢: [0, 00) — R is continuous, strictly increasing with ¢ (0) = 0;

(i1) there exists a € (0, 1) such that for any u > 0

a<u¢/(u)
T o)

IA

1
— (polynomial growth);
a
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(iii) there exists ug > 0 such that for u > ug

_2 !
n +a<u<p(u)

< 1—a (sublinearity);

n @(u)

(iv) up = 1 and ¢ (1) = 1 (normalization).
Conditions (ii) and (iv) imply the pointwise polynomial growth condition
ul/® < o) <u® for0<u<1

while conditions (iii) and (iv) imply the pointwise sublinear (since 1 — a < 1) and
super-critical (since (n —2)/n +a > (n — 2)/n) polynomial growth condition

n=2 _
un <o) <u'"% foru=>1.

The above growth conditions generalize the fast diffusion equation ¢ (1) = u™, in the
super-critical range of exponents (n — 2)/n < m < 1, which in particular belongs to
the class F,.

It follows by the results of Herrero and Pierre [81], and Dahlberg and Kenig [47]
that in the fast diffusion case no growth conditions need to be imposed on the initial
trace for existence, as described next:

(D.1) For any non-negative continuous distributional solution u of (1), there exists a
unique locally finite Borel measure  on R” such that

lim u(x,t)lﬂ(x)dx:/ Y(x)du(x)
t}0 Jpn Rn

forall € Cj°(R").

(D.2) The trace p determines the solution uniquely: if u, v are two non-negative
continuous distributional solutions and

Iimu(-,t) =limv(-, ¢
tlwu( ) im v(-, 1)
thenu = v.

(D.3) For any locally finite Borel measure  on R” there exists a continuous distri-
butional solution « of (1) in Soo = R” x (0, co) with trace u.

(D.4) For any non-negative continuous distributional solution u of (1) in Sz, there
exists a non-negative continuous distributional solution & of (1) in S with
u=1iin ST.

The super-critical assumption (iii) is essential for the theory described above. In-
deed, in the sub-critical case m < (n — 2)/n the analogues of the above results do
not hold true. In particular, there is no continuous distributional solution of equation
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uy = Au™, m < (n — 2)/n with initial data the Dirac mass. We refer the reader to
Section 3.3 for details.

One particularly interesting case of fast diffusion is the case where ¢(u) = logu,
corresponding to the limiting case of ¢ (1) = u™, when m — 0. It has been shown by
Esteban, Rodriguez and Vazquez in [69], and Daskalopoulos and del Pino in [52] that a
strong non-uniqueness phenomenon takes place in this case. In the critical dimension
n = 2 this phenomenon is related to the topological properties of solutions to the Ricci
flow, corresponding to evolving metrics on compact surfaces, non-compact surfaces
and orbifolds. We refer the reader to Section 3.2 of Chapter 3 for the details on the
solvability and well-posedness of the Cauchy problem for the logarithmic fast diffusion
equation.

A brief outline of the contents of the book is as follows.

In Chapter 1 we shall collect a series of preliminary, yet very important results, con-
cerning continuous distributional solutions of equation (1). These results will be used
throughout the book. We emphasize the a priori L° bounds, the Harnack inequality
for solutions of slow diffusion, and the equicontinuity of solutions.

Chapter 2 deals with the solvability of the Cauchy problem for equation (1) in
the slow diffusion case ¢ € 4,. We shall provide a complete characterization of
non-negative weak solutions of (2.0.1) in terms of their initial condition, showing in
particular the results (B.1)—(B.5) and their extensions (C.1)—(C.5).

The first part of Chapter 3 is devoted to the solvability of the Cauchy problem for
equation (1) in the super-critical fast diffusion case ¢ € ¥,. We shall present a theory
which completely classifies the class of continuous weak solutions of (3.1.1) in terms
of their initial condition, showing in particular (D.1)—(D.4). The second part of this
chapter is devoted to the Cauchy problem for the logarithmic fast diffusion equation
u; = Alogu, in dimensions n > 2. We give special emphasis to the critical case
n = 2, where many interesting phenomena can be observed with important geometric
applications. We show that in this case a strong non-uniqueness phenomenon takes
place and establish the existence a continuum of solutions with a given initial data.
In the last section of this chapter we comment on the solvability and well-posedness
of equation u; = Au™ in the sub-critical case 0 < m < (n — 2)/n as well as in the
super-fast diffusion case m < 0.

In Chapter 4 we study the class of non-negative strong solutions of the initial
Dirichlet problem for equation (1) on D x (0, co0), D C R" open bounded, in the slow
diffusion case ¢ € 4,. We establish the existence of an exceptional solution « with
infinite initial data. We then show that any other strong solution of the initial Dirichlet
problem is uniquely characterized by its initial traces @ and A, namely non-negative
Borel measures that are supported on D and d D respectively. We also study in this
chapter the initial Dirichlet problem for equation (1) in the pure power fast diffusion
case, ¢(u) = u™, in the range (n — 2)1/n <m < 1.

Our last Chapter 5 is devoted to the study of the regularity properties of weak
solutions to the porous medium equation u, = Au’, m > 1. We establish that weak
solutions are continuous.
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The last section in each chapter is devoted to a brief summary of further known
results as well as several open problems related to the theory presented.

Denote by I'; the class of nonlinearities ¢ which satisfy the following conditions:
(1) ¢: [0, 00) — R is a continuous non-negative function with ¢(0) = 0;

(ii) there exist a constant a € (0, 1) such that

/
a < ug () 5(1_1 forall u > 0;
@(u)

(iii)) ¢(1) = 1 (normalization).

For future reference, we close the Introduction with the statement of three results,
proved in following chapters, which will play a fundamental role throughout the book.

The following compactness result due to P. Sacks [118] will be proved in Section 1.5
of Chapter 1, and will be used extensively throughout the book.

Theorem H.1. Let {uy} be a sequence of continuous non-negative distributional solu-
tions of the equation du /0t = A@(u) in R, with ¢ € I',. If {uy} is uniformly bounded
in R, then the uy’s are equicontinuous in S.

In the case that ¢ € 4,, the following stronger result due to DiBenedetto and
Friedman [67] holds: Let u be a non-negative continuous distributional solution of the
equation u; = Ag(u) in a compact domain R C R" x (0, 00), with ¢ € 8,. Then

uGe, ) —u(x', )] < M) {Ix = | + [t = 1]}
for any (x,1), (x', 1) € S CC R, where a = a(a, n) and the constant M is given by
M = sup, [pu(x,1)dx.
In other words, continuous solutions in R are Holder continuous in S. This result

is sharp, i.e. examples show that # need not be more regular than Holder continuous.
To see this consider the Barenblatt self-similar solution of the Cauchy problem

u; = Au™  inR" x RT,
u(x,0)=680) xeR"?,

which has the explicit form

Py 7
B(x,t) =t ¢ [(M —k—) }
).

o= é’ 13 — ;
nm-—1)+2 nm-—1)+2
and M, k specific constants which depend only on m, n. It is clear that for m > 2, the
solution B(x, t) is Holder continuous with exponent o < o (m, n) but not Lipschitz.
We shall use the following weaker version of (C.5) which will be proved in Sec-
tion 1.6 of Chapter 1:

with
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Theorem H.2. Let f € L'(R") be a non-negative function. Then there exists a unique
non-negative continuous distributional solution of the equation (1) in R:’fl such that

sup/u(x,t)dx < / f(x)dx
t>0
and

tim (1) = FOllp1any = 0.
Furthermore if f is radially decreasing so is u( -, t), for each t > 0.

The following uniqueness result due to M. Pierre [113] will be proved in Section 2.4
of Chapter 2:

Theorem H.3. Ifu| and u; are continuous non-negative distributional solutions of the
equation (1) with ¢ € T, such that

SuP/(”l(LU-f—Mz(x,t))dx < 00
t>0

with
ui,uy € L°R" x [1,00)) foreacht >0

and
ltifl(f)l ui(-, 1) = lliin(f)luz(-, 1) in D'(R")

then uy = us.



