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ABSTRACT. We investigate the well-posedness of the fast diffusion equation (FDE) on
noncompact Riemannian manifolds. Existence and uniqueness of solutions for L' initial
data was established in [5]. However, in the Euclidean space, it is known from [22] that
the Cauchy problem associated with the FDE is well posed for initial data that are merely
in Li,.. We establish here that such data still give rise to global solutions on general
manifolds. If, moreover, the radial Ricci curvature satisfies a suitable pointwise bound from
below (possibly diverging to —oo at spatial infinity), we prove that also uniqueness holds,
for the same type of data, in the class of strong solutions. Besides, assuming in addition
that the initial datum is in L2, and nonnegative, a minimal solution is shown to exist,
and we establish uniqueness of purely (nonnegative) distributional solutions, a fact that to
our knowledge was not known before even in the Euclidean space. The required curvature
bound is sharp, since on model manifolds it is equivalent to stochastic completeness, and it
was shown in [15] that uniqueness for the FDE fails even in the class of bounded solutions
when stochastic completeness does not hold. A crucial ingredient of the uniqueness result
is the proof of nonexistence of nonnegative, nontrivial distributional subsolutions to certain
semilinear elliptic equations with power nonlinearities, of independent interest.

1. INTRODUCTION

We study existence and uniqueness of solutions to the Cauchy problem for the following
nonlinear parabolic equation, known as fast diffusion equation (FDE):

ug = Au™ in M x (0,+00),

u = ugp on M x {0}, (1)

where m € (0, 1), the initial datum ug belongs to a suitable class that will be specified below,
M is a complete, connected, noncompact n-dimensional Riemannian manifold and A is the
Laplace-Beltrami operator on M (Laplacian for short). When dealing with sign-changing
solutions, we adopt the usual convention u™ := sign(u)|u|™. Let o0 € M be a fixed reference
point, and let r(z) denote the geodesic distance between x and o. In most of our results we
will assume that the radial Ricci curvature with respect to o satisfies the following bound
from below:

Ricy(z) > —(n — 1) m Vz € M\ ({o} Ucut(o)), (1.2)

where cut(o) is the cut locus of o, for some function 1 such that

P € C((0,00)) NC([0,00)), ¢ >0, ¥(0)=0, ¢'(0)=1

o [T n—1
/0 Wdr:oo. (1.3)

and

r
1
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In particular, we can consider the relevant case (let C' > 0)
Rico(z) > —C [1 + r(z)?] Ve e M\ ({o} Ucut(o)). (1.4)

The fast diffusion equation has widely been investigated in the Euclidean setting, see
e.g. [35] and references quoted therein for a thorough discussion. In that setting it takes
origin as a model for plasma physics [35, Chapter 2|, it comes into play in the diffusive limit of
kinetic equations [28| and, for a special value of m, in the evolutionary Yamabe problem (see
for instance [9]). Note that the FDE is a singular equation in the sense that the diffusion
coefficient m|u|™~1 diverges as |u| — 0, but at the same time it is also degenerate since
the diffusion coefficient vanishes as |u| — oo. Solutions to (1.1) exhibit infinite speed of
propagation in R™, to such an extent that finite-time extinction can occur if m is sufficiently
close to zero.

The investigation about nonlinear diffusions of the type of (1.1) on Riemannian manifolds
has begun just recently, dealing especially with the case m > 1, known in the literature
as porous medium equation (PME) or slow diffusion. We mention in this connection the
papers [34, 17, 20, 3, 18, 19, 21|, where several well-posedness issues have successfully been
addressed. Nevertheless, it should be pointed out that the methods used in the PME regime
are often very different from the ones that are suitable for the analysis of the FDE, and
the results themselves exhibit significant dissimilarities: for example, the natural class of
initial data for which existence and uniqueness of solutions to the FDE is guaranteed in R"
is considerably larger than the one corresponding to the PME.

The Cauchy problem (1.1) in the case M = R™ and m € (0, 1) was thoroughly investigated
in the seminal paper [22] by Herrero and Pierre. They show that, for any L] (R") initial
datum, there exists a global solution, which is also unique under the additional assumption
that u; is locally integrable, i.e. in the class of strong solutions. In particular, no requirement

at all on the behavior at infinity of ug is necessary.

A crucial tool in their proofs is the celebrated Herrero-Pierre estimate, that allows one to
bound the L' norm of the solution (at some time) in a ball by means of the L' norm of
the solution (at a different time) in a larger ball, plus an explicit remainder term. More
importantly, the same estimate applies to the difference of solutions, see Propositions 2.1
and 2.2 below for analogues in the present setting. We mention that uniqueness of purely
distributional solutions was not addressed in [22], and to our knowledge it had not yet
been studied so far even in the Euclidean space. Nevertheless, we recall that uniqueness of
nonnegative bounded distributional solutions for problem (1.1) (M = R™) with the additional
absorption term —u” in the right-hand side, for ug € L*°(R™), was achieved in [32, Theorem
2.1| provided m > (1 —2/n)* and p > n(1 — m)/2.

As concerns the Riemannian setting, a first contribution was given by [5], where the FDE
is investigated in the special class of Cartan-Hadamard manifolds, namely complete, simply
connected Riemannian manifolds with everywhere nonpositive sectional curvature. In par-
ticular, problem (1.1) is shown to admit a unique strong solution, in the H~!(M) sense, if
ug is globally integrable and belongs to H~'(M) (see Theorems 3.2 and 3.4 there for the
details).

In the recent paper [3]|, uniqueness of strong solutions to (1.1) for locally integrable data
is proved on general manifolds, following the Herrero-Pierre strategy, by means of a careful
construction of appropriate cut-off functions, under the additional requirement that the
(negative) curvature decays sufficiently fast at infinity. More precisely, it is assumed that

Ric(x) > ¢

2z —m Vee M (1.5)
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for some C' > 0 and m > m,, where m, is a suitable exponent depending on C' and n, larger
than 1 — 2/n. If C' = 0, the result holds for every m € (0, 1) (see [3, Theorem 4.9]).

In [15], uniqueness of (nonnegative) globally bounded solutions for the FDE is proved to be
fully equivalent to the stochastic completeness of the manifold, a property that does hold
under (1.2)—(1.3) [14, Corollary 15.3]. Furthermore, on model manifolds, namely spherically-
symmetric Riemannian manifolds where (1.2) is in fact an identity, condition (1.3) turns
out to be equivalent to stochastic completeness [14, Proposition 3.2|. In particular, if one
considers power-type curvature bounds, uniqueness of (nonnegative, bounded) solutions to
the FDE is ensured under (1.4), but it fails as soon as Sec,(r) < —Cr(x)**¢ for some
C,e > 0 and large r(x), where Sec,(x) stands for the radial sectional curvature (here o is
required to be a pole, namely to have empty cut locus).

We finally mention [16]|, where fine long-time asymptotics for solutions to (1.1) corre-
sponding to a restricted class of (radial) initial data is investigated in the special case of the
hyperbolic space H".

In the present paper, we focus on the main open well-posedness issues related to the Cauchy
problem (1.1). We will prove the following results:

e Theorems 1.2 and 1.3: existence of distributional solutions for general data ug €

Ll (M), and of the minimal solution for nonnegative data ug € LZ (M), without
curvature bounds.

e Theorem 1.5: uniqueness of strong solutions under the curvature bounds (1.2)—(1.3),
provided they have a common L{ (M) initial trace in a suitable sense.

e Theorem 1.6: uniqueness of nonnegative distributional solutions under the curvature
bounds (1.2)-(1.3), provided u € L2 (M x [0,400)). In fact, we will show that
any such solution must coincide with the minimal one constructed in Theorem 1.3.

Apparently, this property was not known even in R".

In the light of the nonuniqueness results of [15], the curvature conditions appearing in
Theorems 1.5 and 1.6 are sharp. Indeed, if o is a pole and Sec,(x) < —"(r(z))/¢(r(x))
for some function 1 as above that does not meet (1.3), then M is stochastically incomplete
[14, Corollary 15.3]. Hence [15, Theorem 1.1] implies that any nonnegative initial datum
ug € L*°(M) gives rise to at least two different nonnegative bounded solutions to (1.1).
As mentioned above, this occurs in particular on manifolds with superquadratic negative
curvature.

In order to prove our uniqueness results for (1.1) it will be crucial to deal, for every p > 1
and a > 0, with the semilinear elliptic equation

AW =aW |WP~t  in M. (1.6)
More precisely, we will establish the following nonexistence property:

e Theorem 1.7: for every p > 1 and a > 0 equation (1.6) does not admit any nonnega-
tive, nontrivial, distributional subsolution, namely any nonnegative function W # 0
with W e L} (M) such that

AW >aWP  inD'(M). (1.7)

In other words, should such a function satisfy (1.7), then it is identically zero. As an
immediate corollary, in view of Kato’s inequality one can deduce that neither (1.6) admits
(possibly sign-changing) distributional solutions.

Remark 1.1. Results on nonexistence of nontrivial solutions for elliptic problems of the form
(1.6) or (1.7) have widely been studied in the literature, even for more general operators
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and nonlinearities. In particular, similar properties are known to hold without requiring
curvature bounds, but assuming an a-priori growth condition on the solution instead (see
[33] and references therein). On the other hand, when a suitable curvature bound from
below is satisfied, it was shown in [30] and [33, Theorem 1.9| that the so-called Omori-Yau
maximum principle is valid. The corresponding curvature condition does single out quadratic
growth, however it can be checked that it is slightly stronger than (1.2)—(1.3), since the non-
integrability constraint (i.e. the analogue of (1.3)) actually involves . Nevertheless, if such
a maximum principle holds [33, Theorem 1.31] establishes first that all C?(M) nonnegative
subsolutions to (1.6) are bounded, and as a consequence must vanish identically by previous
results. Therefore, up to a small gap in the curvature bounds, the thesis of Theorem 1.7
was already known for smooth subsolutions. Our main contribution consists of dropping
the regularity assumption, since we deal with merely distributional subsolutions. Clearly
distributional solutions to (1.6) are at least C?(M) by elliptic regularity, but it should be
commented that our results do not depend in any way on regularity (we only exploit local
boundedness) and hence are potentially applicable to more general contexts. It should
however be pointed out that in [33] the right-hand side of (1.7) includes a wider class of
nonlinearities.

We stress that, under assumptions (1.2)—(1.3), we extend the results of [15] so as to cover the
whole class of initial data and solutions from L*° to L120c- Moreover, note that the methods
of proofs used in [22] and in 32| to obtain uniqueness do not work in our framework. To be
specific, the arguments exploited in [22] require a sort of homogeneity which is typical of R™,
and is in general lost on Riemannian manifolds. Furthermore, the authors take advantage
of the classical mean-value property for (sub-) harmonic functions; the latter remains true
also on general Riemannian manifolds, however it has a different local form (see [27]) which
makes it unsuitable for a straight application of the methods of proof developed in [22]. On
the other hand, the main argument of [32] (and also of [3, Theorem 4.9] under (1.5)) relies
on the fact that the volume of balls has polynomial growth, whereas in our setting, in view of
the possible negative curvature, geodesic balls can even grow exponentially or faster. Hence,
although we take inspiration from various ideas of [22| and [32], here we exploit a different
strategy to achieve uniqueness. In this regard, some techniques will also be borrowed from
the “bounded” framework of [15].

1.1. Statements of the main results. We start by providing the definitions of solution
that we will deal with. In the following, we let du denote the Riemannian volume measure
of the manifold at hand M, which hereafter is assumed to be complete, connected and
noncompact (unless otherwise specified).

Definition 1.1 (Distributional solutions). Let m € (0,1) and ug € L} (M). We say that
a function u € LL (M x [0,+00)) is a (distributional, or very weak) solution of the Cauchy

problem (1.1) if it satisfies

up = Au™ in D'(M x (0,+00)) (1.8)
and (in the sense of essential limits)
lim u(z,t)Y(x) dp = / uo Y dp Vi € C°(M) . (1.9)
t—0t J s M

Our main existence result, without further assumptions on uyg, is the following.

Theorem 1.2 (Existence of solutions). There ezists a solution u of problem (1.1), in the
sense of Definition 1.1. In addition u € C([0,4+00); Li (M)).

loc
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For nonnegative initial data that also belong to L2 (M), we can establish existence of the
minimal solution in the class of nonnegative distributional solutions.

Theorem 1.3 (Existence of the minimal solution). Given ug € LE (M), with ug > 0,

there exists a nonnegative distributional solution u € L% (M x [0,+00)) of problem (1.1),
i the sense of Definition 1.1, which is minimal in the class of monnegative distributional
solutions belonging to L2 (M x[0,+00)). That is, for any nonnegative distributional solution

u € L2 (M x [0,400)) of (1.8) with the same initial datum according to (1.9) we have

loc

u<u a.e. in M x (0,+00).

In some of our results below we will need to require a further property of solutions, which
amounts to asking that the time derivative is a locally integrable function, so that (1.8)
holds pointwise.

Definition 1.4 (Strong solutions). We say that a function u is a strong solution of problem
(1.1) if it is a distributional solution in the sense of Definition 1.1 and in addition

wp € Lho(M x (0, +00)).

If moreover the Ricci curvature complies with conditions (1.2)—(1.3), we obtain a uniqueness
result for strong solutions. We stress that, even in the Euclidean setting, uniqueness of
possibly sign-changing solutions was proved within the class of strong solutions only (see
[22, Theorem 2.3]).

Theorem 1.5 (Uniqueness of strong solutions). Let the curvature conditions (1.2)—(1.3) be
satisfied. Let u and v be any two strong solutions of problem (1.1), in the sense of Definition
1.4, such that |u(-,t) —v(-,t)| = 0 in LL (M) ast — 07. Then u = v almost everywhere
in M x (0,4+00).

Note that in the above result the initial condition (1.9) is irrelevant. The sole important
requirement is that the difference between u and v vanishes in L{. (M) as t — 0F. Clearly
this is the case for strong solutions taking the same initial datum uy € L] (M) which also
belong to C([0, +00); L. .(M)). In this regard, we point out that in principle a solution to
the differential equation in (1.1) need not have a well-defined trace at t = 0. It is known that
the latter does exist, at least in the sense of measures, when M = R" (see e.g. |8, Theorem
3.11] or [6] in the case of L!(R™) solutions). It is likely that by suitable adaptations of the
corresponding methods similar results can be proved in our Riemannian setting, but this is
out of the scope of the present paper.

For nonnegative initial data belonging to L (M), we do not need solutions to be strong

in order to establish uniqueness. Indeed, we can show that any nonnegative distributional
solution must coincide with the minimal one, constructed in Theorem 1.3. To the best of
our knowledge this is new also in the case M = R", since in the literature uniqueness is
typically proved for strong solutions (see again [22, Theorem 2.3 and remarks below|) or for
bounded solutions [32, 15] only.

Theorem 1.6 (Uniqueness of nonnegative distributional solutions). Let the curvature con-
ditions (1.2)-(1.3) be satisfied and ug € L% (M), with ug > 0. Letu € L% (M x[0,+0c)) be
a nonnegative distributional solution of problem (1.1), in the sense of Definition 1.1. Then
u = u almost everywhere in M x (0,400), where u is the minimal solution provided by

Theorem 1.8.

Both our uniqueness results rely on a crucial nonexistence theorem for the nonlinear elliptic
equation (1.6), in the spirit of Keller and Osserman [24, 31]. Let us emphasize that the latter
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is of independent interest and the proof we will provide is self-contained and does not exploit
methods of parabolic equations.

Theorem 1.7 (Nonexistence for the elliptic equation). Let p > 1, a > 0 and the curvature
conditions (1.2)~(1.3) be satisfied. Then:

(i) there exists no nonnegative, nontrivial, distributional subsolution to (1.6);

(ii) there exists no nontrivial distributional solution of (1.6).

1.2. Plan of the paper. The paper is organized as follows. In Section 2 we provide a
concise adaptation to the present setting of the Herrero-Pierre estimates established in [22],
that will allow us to prove Theorem 1.2. Section 3 contains some technical but key tools
involving an integration-by-parts formula for nonsmooth (distributional) supersolutions to
suitable parabolic equations that are relevant to our purposes, which will first be qualita-
tively discussed in Subsection 3.1 and then precisely addressed in Subsection 3.2. After the
construction of a candidate minimal solution for nonnegative initial data in Subsection 3.3,
such tools will be exploited in Subsection 3.4 to show a local comparison principle, which
will permit us to infer that the constructed solution is indeed minimal, namely Theorem
1.3. The nonexistence results for the elliptic problems (1.6) and (1.7), i.e. Theorem 1.7, are
proved in Section 4. The latter will be employed in Section 5 to carry out the proofs of
Theorems 1.5 and 1.6.

2. HERRERO-PIERRE ESTIMATES AND EXISTENCE OF GENERAL SOLUTIONS

The aim of this section is to first introduce some basics of exhaustion functions, which on
general manifolds allow one to replace balls (that may not be regular enough), and then
establish some key local estimates for (approximate) solutions to (1.1) that will be crucial
in order to prove Theorems 1.2 and 1.3.

2.1. Exhaustion function and regularized distance. By well-known results, for which
we refer e.g. to [26, Propositions 2.28, 5.47 and Theorem 6.10], on any connected, non-
compact, n-dimensional Riemannian manifold M there exists a regular exhaustion function,
namely a (surjective) smooth function £ : M — [0,00) having the following property: for
almost every R € (0,00) the sublevel set

Qrp:={ze M: &) < R} (2.1)

is a regular precompact domain of M, i.e. Qg is an n-dimensional compact submanifold with
boundary which is properly embedded in M. By construction, the boundary of Qr equals
the level set {x € M : £(z) = R}, and its outward-pointing normal field with respect to Qg
is provided by x +— VE&(x)/|VE(x)|. We call all such R regular value for £, having in mind
Sard’s Theorem [26, Theorem 6.10]. The term “exhaustion” comes from the fact that, by
the definition, for every strictly increasing sequence R — 0o we have

oo
Qr, €Qp,,, and | JQp =M.
k=1

More in general, we say that a sequence of open sets {Dy} C M is a regular ezhaustion of
M if each Dy is a regular precompact domain and it satisfies

(o)
Dy €Dy and UDk:M.
k=1
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In fact, if M is complete, we can assume that for every € > 0 there exists an exhaustion
function & as above which in addition fulfills

|E(z) —r(x)| <e  VeelM, (2.2)

where M > = — r(x) := d(z,0) stands for the geodesic distance from a (fixed) reference
point o € M. This is a consequence of [13, Proposition 2.1], since r(x) is a 1-Lipschitz
function. For every R > 0, let Q. be the sublevel set

Qre:={zreM: &(x) <R}. (2.3)
In particular, by virtue of (2.2) we deduce that
Br_:(0) C Qre C Brye(0) VR > ¢, (2.4)

where B,(0) denotes the geodesic ball of radius p > 0 centered at 0. Sard’s Theorem (we refer
again to [26, Proposition 5.47 and Theorem 6.10]) guarantees that there exists a negligible
set Nz C (0, 00) such that for every R € (0,00) \ N; the sublevel set Qg is indeed a regular
precompact domain of M.

2.2. Existence proof through Herrero-Pierre estimates. In order to establish the
analogues of the Euclidean Herrero-Pierre estimates (we refer in particular to |22, Lemma
3.1] and the beginning of the proof of |22, Theorem 2.3|), first of all it is important to provide
a suitable family of regular cut-off functions. This can easily be done as follows. Fix any
g0 > 0 and set £ = &, and Qr = Qpg, for every R > 0. Let ¢ € C*°([0,00)) be any
function satisfying

0<op<1, ¢p=1 in[0,1], ¢=0 in[2,00).
For every R > 0, we put
or(z) = qb(gl(s)) Ve e M. (2.5)

We are now in position to prove the claimed estimates of Herrero-Pierre type on the general
class of manifolds we deal with. Since the techniques employed are basically the same as in
[22], only a concise argument will be provided for the reader’s convenience.

Proposition 2.1. Let m € (0,1). Let u,v € L} (M x (0,400)) with uw > v. Suppose that
up = Au™  and vy = Av™ in D'(M x (0,+00)). (2.6)
Let R > 0. Then the following estimate holds:

[u(z,t) —v(x,t)] dp o < [u(z,s) —v(x,s)] du o +Hr|t — s| (2.7)
1, | =[L., |
for almost every t,s € (0,+00), where

Hp := Ky, SUP {|V¢RI2 + |A¢>R|} [1(Q2r \ QR (2.8)
Q2r\QR

the constant Ky > 0 depending only on m.

Proof. By the proceeding along the lines of the proof of [5, Proposition 7.3|, which in turn
relies on [22, Lemma 3.1|, one can show the validity of the following inequality:

1-m

[ et —otwovwra] <[ [ s v da 29
HI=m) O - o
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for almost every ¢, s € (0, +00), for any nonnegative ¢ € C2°(M ), where

1-m

C(y) =2 [ /M AT T dp| (2.10)

Note that, in contrast to [5] and [22], here we do not ask solutions to be continuous curves

in L} _(M); this is not an issue, since such a requirement was used only to ensure that (2.9)

(and subsequent estimates) holds at every ¢,s > 0, whereas in this case it is enough to

consider Lebesgue points of u and v as curves in L{ ((0,+00); Li. .(M)). In order to bound

the quantity C'(¢)), we make an appropriate choice of 1. That is, let us pick ) = gb’f% for any
integer k > 2/(1 —m), where ¢ is precisely the cut-off function given in (2.5). We have:

1 km

1 m _ _ Tom 1o
|AY|T=m T = k(k — 1) 85 2 [Vorl* + kol *A¢r| ™ ¢5’

(2.11)

k(l—m)—2

<lk(k =177 o, = (IVorl® +18¢R])

In view of (2.10), (2.11), the support properties of ¢ and the fact that ¢p < 1, we can
therefore infer that

1-m
C() =C(gr) =2'"" [ /M | A= o~ T du]

I—m, (2.12)
< 217m k:(k' — 1) sup {|V¢R‘2 + ‘A¢R|} [/Q \Q du] '

Qar\QR
Hence, from (2.9) with ¥ = ¢p (exploiting again the support properties of ¢) and (2.12),
the thesis follows. O

An analogue of Proposition 2.1 can be shown without assuming u > v, provided solutions
are strong; see the first part of the proof of [22, Theorem 2.3] in the Euclidean space, in
particular formula (3.32) there.

Proposition 2.2. Let m € (0,1) and u,v € LL (M x (0,400)) satisfy (2.6). Suppose in

loc

addition that uy,v; € Li (M x (0,+00)). Let R > 0. Then the following estimate holds:

loc

1-m

1-m
[ e —said] <[ s —u@olan] o+ Hal-s
Qr Qar
for every t,s € (0,+00), where the constant Hp is the same as in (2.8).

Proof. Since us and vy, thus Au™ and Av™, are locally integrable functions, we can apply
Kato’s inequality [23, Lemma A] to infer that

—Au™ — 0" < —sign(u —v) A (u™ —0™) in D'(M x (0,+00)).
Thus, using (2.6), we obtain:

%|u—v| < Alu™ — o™ in D'(M x (0,+00)). (2.13)

As a consequence, for any nonnegative ¢ € C°(M) we have:
d m m
& ) = o 00 i < [ et = o) 1800
M M

<) ( [ 1.0 - vw0lvia) du)m,
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where C(v)) is defined by (2.10). This implies the validity of (2.9) (with moduli inside the
integrals), whence the thesis follows by arguing exactly as in the proof of Proposition 2.1.

In view of Proposition 2.1, we are able to prove Theorem 1.2 upon exploiting essentially
the same strategy as in [22, Theorem 2.1|, with minor adaptations. Nevertheless, we write
a complete proof for the reader’s convenience.

Proof of Theorem 1.2. First of all, we observe that for every ug € L'(M) N L®(M) there
exists a (unique, weak) solution u € C([0,4o00); L*(M)) N L>(M x (0,+00)) to problem
(1.1). The latter can be constructed in a standard way by using basically the same methods
as in the case M = R™: see e.g. |35, Chapter 9| or [5] for a manifold setting. Consider now

an initial datum ug € L%OC(M ). By means of a classical truncation and cut-off argument, it

is always possible to pick two nondecreasing sequences of nonnegative functions {&}, {nn} C
LY (M) N L>®(M) such that

lgm & (z) = ud (z) and }lLle nr(x) = uy () Ve e M.

For each k,h € N, let uy, j, be the solution of (1.1) with initial datum
up (-, 0) = & —np, € LY(M) N L*(M),
and let z; be solution to the same problem with initial datum
2(-,0) = & € LY(M) N L>®(M) .

Since zj(+,0) > 0 and 2x(+,0) > up(+,0), by the comparison principle (see again the above
references) we have

2z, >0 and wupp < zp a.e. in M x (0,400).

In particular,
upr <z ae in M x (0,+00). (2.14)

We are therefore in position to apply Proposition 2.1 with u = 2z and v = 0, which yields
(for every R > 0)

m

_1
/ z(z,t) dp < 2T-m U ug dpu+Hp " tllm} vVt >0 (2.15)
Qr Qopr

due to the fact that z;(-,0) < ug. Note that we are allowed to choose s = 0 and assert the
validity of (2.7) for every t > 0 because zj is by construction a continuous curve in L'(M).
As a result, from (2.14) and (2.15) we obtain

m _1
/ wy p(@,) dpp < 27-m [/ ug dp+Hy " tl—lm] vt > 0. (2.16)
Qr Qor

Since the sequence {{;} is nondecreasing, still by comparison we infer that also {up i}y is
nondecreasing. Hence, thanks to (2.16), there exists the limit

up = lim u
p=

pointwise, in L{ (M x[0,+00)) and in L (M) for every t > 0. Note that the same holds for
u}?k and u}* as m € (0,1). Upon passing to the limit in the distributional formulation of the
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equation, it is clear that each wy, still solves (1.8). We claim that uy, € C([0,+00); Li .(M)).
Indeed, since up, > uyp, k, for every t,s > 0 it holds

/QR lup(x,t) — up(z, s)|du < /QR [up(x,t) —upi(z,t)] dp + /QR |un i (x,t) — up k(z, )| du

+ /QR [up(z,s) — up iz, s)] du.

(2.17)
As recalled above, the sequence {up}i is nondecreasing, so that for every j > k we can
apply Proposition 2.1 with u = u, ; and v = uy j to obtain the estimate

m

m_ = 1
/ [up,j(x,t) — upp(z,t)] dp < 2T-m / [upj(x, s) — unp(x, s)] dp+Hg ™ [t — s 1—M} ,
Qr L/ Q2R

valid for every ¢,s > 0. Upon taking limits as j T co, we end up with

r 1
/ fun (2, £) — wp i (a, £)] dp < 27° / MM%Q—UM@JWM+H§mH—ﬂfﬂ,
Qpr L/ Qar

(2.18)
still for every ¢,s > 0. Because for every (fixed) k € N we have uy, € C([0, +00); L}(M)),
in view of (2.17) and (2.18) we can infer that

limsup/ lup(z,t) — up(z, )| dp < (1 + Qﬁ) / [up(x, 8) — upi(z,s)] du;
Qr

t—s Qor

I

a further passage to the limit as k T co ensures that the r.h.s. is in fact zero, whence
up, € C([0,400); Lo (M)) . (2.19)

Note that, by construction, up(+,0) = ug — 1. The thesis then follows by letting h 1 oco.
Indeed, the sequence {uy} is nonincreasing, so that it admits a limit
=i .
T e
Upon replacing z; with the solution that takes the initial datum —mn;, and exploiting (2.19),

it is not difficult to check that one can repeat the previous argument to prove that u is a
solution of (1.1) and belongs to C([0, +00); Li. .(M)). O

loc

3. NONNEGATIVE DISTRIBUTIONAL SOLUTIONS AND EXISTENCE OF THE MINIMAL ONE

The existence proof of the minimal solution, in the class of nonnegative distributional
solutions, requires first the validity of a local comparison principle. To this aim, we need
to develop some technical tools involving an integration-by-parts formula for nonsmooth
supersolutions to certain elliptic/parabolic problems.

3.1. Integration by parts: introduction to the problem. Before stating the rigorous
formula, see Proposition 3.1 below, we briefly recall the classical counterpart in the smooth
setting and explain its connection with the nonsmooth one. Let f € C?(M) and g € C(M).
Suppose that we have

Af<g in M. (3.1)

Then, for every R > 0 and every nonnegative test function n € C? (ER(O)) with n = 0 on
0Br(0), by (3.1) and the divergence theorem we obtain:

0
[ ganip- [ pTlio< [ gndn=ir), (3:2)
Br(o) dBR(o) v Br(o)
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where do stands for the (n — 1)-dimensional Hausdorff measure on dBg(0), v is the outward
normal direction and we are implicitly assuming that balls are regular sets. In general,
we can interpret F as a functional on C.(M), upon extending 1 to zero outside Bg(o).
Furthermore, on the one hand the first addendum in the left-hand side of (3.2) is well
defined provided f merely belongs to Li..(M); on the other hand, it is not difficult to show
that for locally integrable functions the second addendum is also well defined at least for
almost every R > 0. Thus, the following natural question arises: can (3.2) be proved only
upon assuming that f € Ll (M) and (3.1) holds in D'(M) with right-hand side in the dual
of C.(M), i.e.

/ JAEdy < F(€)
M

for every nonnegative £ € C°(M), where F is a continuous functional on C.(M)? We
will now show that the answer is indeed positive, provided one replaces Br(0), which on
general manifolds need not be more than Lipschitz regular, by the sublevel sets of a suitable
exhaustion function of M (recall Subsection 2.1). This is basically the content of the next
Proposition 3.1. Note that in formulas (3.3)—(3.5) below f and the test functions also depend
on time, so that the functional is actually defined on C.(M x [0,T]) x C.(M x [0,T7).
Nevertheless, this is irrelevant to the above discussion.

3.2. An integration-by-parts formula for merely integrable functions. We are ready
to state and prove the key result of this section, namely a generalized version of (3.2).

Proposition 3.1. Let M be a connected, noncompact Riemannian manifold of dimension
n. Let T >0 and f € L (M x [0,T)) satisfy

loc

T
| [ racduie<Feg)  veeciarxo): ¢zo, (3.3)
0 M

where F' is a continuous functional on Ce(M x[0,T]) x Ce(M x[0,T7). Let € be an exhaustion
function of M and Ry, — oo be any strictly increasing sequence of reqular values for £. Then
there exists a reqular exhaustion {Dy} C M, possibly depending on f, such that

ﬁRk €D, C Dy e QRk+1 (3.4)

and

T T 8?7
fAndudt—/ f=—dodt < F(7,7
/o Dy o Jop,  Ov .7) (3.5)

V77 € 02(Ek X [O,T]): "7|8Dk><[0,T} =0, n=>0,

for every k € N, where v is the outward-pointing normal field on 0Dy, do is the (n — 1)-
dimensional Hausdorff measure on 0Dy and 7 is the extension of n to M x [0,T], set to zero
outside Dy x [0,T].

Proof. Given € > 0 and any regular value R for £, let Q% denote the set of all points of Qg
(defined in (2.1)) whose geodesic distance from 0Qp is less than e:

@ ={x€Qr: d(z,00r) < €}.

Because 00 is a smooth (n — 1)-dimensional submanifold of M, we can and will suppose
that € is so small that the projection m(z) of a point z € Q% onto dQp is single valued,
regular and the map II that with each x € Q, associates the pair (7w(z),d(z,7(x))) is a
diffeomorphism between Q% and 0Qg x (0,¢€). In this way, one can completely describe Qf,
by means of the coordinates (y,d), as y ranges on 02 and § ranges in (0,¢). We refer
e.g. to [12]| for more details on such a local construction (the fact that the setting there is
Euclidean is inessential).
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Let ¥ := 9Qpg. The integrability properties of f yield f € L'(Q% x (0,7)), which is
equivalent to claiming that the function f : X x (0,¢) x (0,7') — R defined by

fly,6.6) == F(I71(y,8),t) Wy, d:t) € £ x (0,€) x (0,T),

namely the original function f written in terms of the above coordinate system, belongs to
the space L'(X x (0,¢) x (0,7)) with respect to the product measure d¥ ® dj ® dt, where
d¥ stands for the (n — 1)-dimensional Hausdorff measure on ¥ and dd ® dt is the standard
Lebesgue measure in (0,€) x (0,7"). Clearly the actual volume measure of % with respect to
(y,0) is not just dX ®dd, but it is represented by a regular density A(y, §) which is bounded
and bounded away from zero. As a consequence, f can also be seen as an element of the
space L((0,¢€); L*(X x (0,T))); hence, thanks to the Lebesgue differentiation theorem for
vector-valued functions [1 Theorem K.5|, we deduce that for almost every dg € (0, €)

d0+2h
lim — / /)fy,at F(y, b, )‘dZdtch:O,
h—0+ h So+h
which is in fact equivalent to
do+2h

lim / / ‘f Y, 6,) — f(y, do, )‘ Aly, ) dsdtds = 0. (3.6)

h—0Tt h 60+h
If we let 3y denote the set of points of Q, at distance dg from X, by mo(x) the projection of
z € Q% onto X and by Xf the set

Yhio={reQ%: h<d(z,m(x)) <2h}n{zecQ%: d, n(x) > d},

then (3.6) can be rewritten as

t) t)| dudt =0.
Jim // (2,2) ~ F (o), 1) d

Indeed, letting & vary at a ﬁxed y € X is equivalent to moving along the geodesic given by
the inward normal direction at (y,0) = 7(x) (see e.g. [11, Theorem 4.8 (12)] in the Euclidean
setting), so that the point identified by (y,d) actually represents the projection of x onto
the submanifold II=1(X x {6}), for all 6 € (0, ¢).

Given any (small enough) h > 0, let 1, : [0,00) — [0,00) be a smooth cut-off function
enjoying the following properties:
0<y, <1, P =0 in[0,50+h], Y =1 in[60—|—2h,oo) (37)
and

lille <. il <52 (38)

for a suitable constant ¢ > 0 independent of h. We can then transplant v, onto Q% by
setting

on(z) == Yp(d(z, m(x))) Vo e Q%,

that is, in the chosen coordinate frame,
®h (H_l(ya 5)) = éh(y75) = wh(é) V(y,é) € X x (07 6) :

Because ¢ is a geodesic coordinate in 2% and qgh only depends on 4, the Laplace-Beltrami
operator applied to ¢, reads (we refer e.g. to |2, Formula (3.35)] or to the proof of [29,
Lemma 2.13])

Agp(z) = ¥ (8) + m(y, 8) ¥, (6) Ve = (y,d) € X x (0,¢), (3.9)
where m(d,y) is precisely the Laplace-Beltrami operator applied to the distance function
0 = d(z,m(x)), which is in fact a regular function that coincides with the partial derivative
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of (y,8) — log A(y, d) with respect to d. If g is a C?((Q5% \ Q?}g) x [0, T]) function and g is
its representative with respect to the coordinates (y,0) in 0%, it follows that

g

(Vén(x),Vg(x,t)) = (o )55 W 0,t) V(@ t) = (y,6,t) € X x [do,€) x [0, T, (3.10)

where (,) stands for the inner product in the tangent space of M at x. On the other hand,
by the product rule we have

Adrg) = onAg+2(Vey,Vg) +gAg,  in (QF\ Q%) x [0,7]. (3.11)

Let D := QR\ﬁfg, so that 0D = Xy, and replace for the moment Dy, with D in the statement
(at the end of the proof we will explain how to pick the sequence D). From here on we take
for granted that the test function 7 as in the statement, along with 7, can be continuously
extended to 0 in (M \ D) x [0, T] and ¢, can be smoothly extended to 0 in M \ Qg and to 1
in Qg \ Q%, provided h is small enough. By applying (3.3) to the (admissible) test function
& = ¢pn, in view of (3.11) (with g = 1) we obtain

T
| [ ondn 296, 90+ ndon) dude < Fown.omm) . (312
0o JMm
By construction, it is plain that

T T
i [ [ fondnapdr= [ [ fAndpar  and  lim F(ounom) = P
M 0 D h—0+

h—0t Jo

(3.13)
We now focus on the last two terms of the integral in the left-hand side of (3.12). As for
the first one, by virtue of (3.7) and (3.10) (still with ¢ = ) we deduce the identity

//fwﬁh,vn dudt = /jjh/ /fy,at O 0,6, 04(6) Aly, 6) dSdtds,

(3.14)
whose right-hand side can be rewritten in the following way:
do+2h
/ /f (9:5,8) 231, 5,) 0}, (6) Aly, ) dSidtds
do+h 85
do+2h 87’] )
[ ] 7000~ Fwn )] 920080 0) Aoy dmaas—— (a15)
do+h

i /0 [ fwan.t) ( /;: O 0,6, 04,(5) Aly. ) dé) axt.

Thanks to (3.8) and (3.6), it is not difficult to check that the first integral in the right-hand
side of (3.15) vanishes as h — 07
do+2h

lim sup
h—0*+

(50+2h
<)Vl hhn.g; N //)fy,at (.80, A(y. 5 dSdtds = 0.
0

on
F08.0) = £, ) 521016, 6)| At 6) maa
50+h

On the other hand, because A and 8—757 are locally uniformly continuous in ¥ x [dg, €) x [0, T']
and ¢},(9) is converging to a Dirac delta centered at dp as h — 07, it follows that

do+2h 8 ~

Y, d0,t) A(y, do)

5,1) U4(9) Aly,5) do = 01

lim — (y,
h—0+ 50+h 85<y
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uniformly on ¥ x [0,7]. Since f(-,8,-) € L1(E x (0,T)), upon recalling (3.14) we can thus
assert that

T T . aA
im [ [ £ (960 Vo) dudt = /0 /Z F(w.00,) S (9,60, 1) Aly, o) e . (3.16)

h—0t Jo

Let us turn to the last integral in the left-hand side of (3.12), which is the most delicate
term. By virtue of (3.7) and (3.9), we have:

/OT /M fnAdy dudt

So+2h T
/ / F.8.0) 2y, 6,1) [1011(6) + m(y, 8) v}, (6)] Ay, 6) dSdtds
do+h b

Since ) = 0 on ¥ x {dp} x [0, 7] and /) € C1(X x [0, €] x [0, T]), the following estimate holds:
0y, 0,01 <2Vl V(y,6,) € X x [ + h,do + 2h] x [0, T7; (3.18)

furthermore, thanks to (3.8) and the fact that m(y,d) is a smooth function, there exists a
positive constant independent of h, which is still denoted by ¢, such that

(3.17)

m Y
|¢Z(5)} + M < h2 Y(y,0) € ¥ X [do + h,dp + 2h]. (3.19)
Therefore, by combining (3. 18) (3.19) and reasoning as in (3.15), it is apparent that
do+2h
lim / / F(y,6.8) (. 6,) [1,(6) + m(y, 8) Y4(6)] Aly, 6) ddtds
h—0t 50+h (3 20)

T R 60+2h
=i [ [ e ([ aws0vio Aws @) asa.
h—0t Jo Jx So+h

An elementary integration by parts with respect to 0 yields (let us observe that by construc-
tion ¢;z((50 + h) = wﬁl((so +2h) =0)

do0+2h
/6 A(y,6,) 1(6) Ay, ) d

o+h
So+2h gp bo+2h oA
== o 50O VO A0 45— (y,6,0) Y4(0) 5 (4:0) 40
do+h So-+h
whence
] do+2h X , aﬁ

fim iy, 8,6) 7{(9) Aly, 0) b = =5y, do, ) Ay, &) , (3.21)
h—0+t So+h BN

still uniformly on ¥ x [0,7]. As a result, thanks to (3.17) and (3.20)—(3.21) we can infer
that

T T ~
im [ [ soaonduat = [ [ Fonbon S don Ay asa. (3:2)
h—0t Jo Jm 0 Ju 00

Since ¢ is the geodesic coordinate along the inward normal direction —v on 9D (see again
[11, Theorem 4.8 (12)]), the 1dent1ty

T a,r}
/ /f y,éo, 85 y,ég, ).A(y, 50) dZdt—/O anadO'dt (323)

holds, where do is precisely the (n — 1)-dimensional Hausdorff measure on dD. Hence by
combining (3.12), (3.13), (3.16), (3.22) and (3.23), we end up with

T T 877
/ / fAndudt — / f = dodt < F(7,7;) . (3.24)
o Jp o Jap~ 0

v
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We are left with providing an appropriate choice of the sets {Dy} as in the statement. Let
Ri — o0 be a given strictly increasing sequence of regular values for the exhaustion function
E. For each k € N, we define Dy, to be the set D obtained in the above construction with
R = Rj41 and the further requirement that € € (0, dy), where dj stands for the (positive)
minimum of the distance between points of the level sets 0§2g, and d€g, . This ensures
the validity of (3.4), whence {Dy} is indeed a regular exhaustion of M. Note that (3.5) is
just inequality (3.24) with D = Dy,. O

For simplicity, in (3.3) we required the test functions £ to be compactly supported and
C? instead of C*, so that the differential inequality is not exactly in distributional form.
Nevertheless, a routine local approximation of C? functions with C* functions allows one
to establish the same result even starting from (3.3) in distributional form.

3.3. Construction of the candidate minimal solution. Given a nonnegative initial
datum ug € L{ (M), an exhaustion function £ of M and a corresponding strictly increasing
sequence of regular values Ry — oo, we set up the following “lifted” and bounded Dirichlet
problems:

up = Au™ in Qg, x (0,400),

u="/ on g, % (0,400), (3.25)

u=~Cl+ug A3 onQg, x{0},
where £, 3 > 0 and we recall that the domains {Qp, } are defined as in (2.1). Note that in this
way the equation implicitly becomes both nondegenerate and nonsingular, i.e. quasilinear
(see e.g. the classical monograph [25] or [35, Chapter 3| in the Euclidean setting, hence it
enjoys several regularity properties. For instance, solutions become classical for positive
times and the initial datum is attained at least in LP(Qp, ) for all p € [1,00). In particular,
standard comparison principles applied to the corresponding solutions, which are denoted
by {uge s}, ensure that

g S uk‘j?ﬁ S uk+17£75 S e + B’ uk’eng S ukzelaﬁ ? uk7£75 S uk,f,ﬁ, (3 26)
vl >¢>0, VB >8>0, VkeN. '
We now show that the nonnegative function u defined as
= 1i =l =i 3.27
w = lim u, =l ke = lm kg (3.27)

is a solution of (1.1), where each wy, is tacitly extended to zero outside Qp,. To this aim,
first of all we observe that the very weak version of (3.25) entails

+00 +oo
/ / k0,8 & dpdt + / / ug'y g A& dpdt + / [+ up(z) A B €&(x,0)dp =0
0 Qr,, 0 Qr, Qr,,

VE € CF(QR, % [0,400)).
(3.28)
By virtue of Proposition 2.1 applied to u = uj ¢, v = 0 and s = 0, we infer that

1-m 1-m
|:/ ’LLkLg(I‘, t) du:| < |:/ (f + UO) d/L:| + /HR t Vit >0 5 (3.29)
Qr Qopr

provided 0 < 2R < Rj. Although Proposition 2.1 was stated for global solutions only,
i.e. existing in the whole of M, from the corresponding proof one can check that it is enough
to ask that they are defined at least in {2or, whence the request 0 < 2R < Rj. In fact we
have also exploited (2.7) for every ¢ > 0 and down to ¢ = 0: this is a simple consequence
of the continuity of ¢ + wugeps(-,t) as a curve with values in L'(Qg,), due to standard
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quasilinear theory (see e.g. [35, Chapter 3|). We are therefore in position to pass to the
limit as B 1 oo; inequalities (3.26) guarantee that § — w3 is increasing, hence it admits
a pointwise limit wuy ¢ which, by (3.29) and monotone convergence, complies with

1-m 1-m
[/ ukyg(x, t) du:| < [/ (€ + o) du:| +Hpt Vt>0. (3.30)
QR Qar

We can then let £ | 0 upon noticing that, still by (3.26), the map ¢ + uy, ¢ is decreasing. As
a result it admits a pointwise limit u; which, by (3.30), satisfies

1-m 1-m
[/ ug(z,t) du] < {/ uo du} +Hpt vVt > 0. (3.31)
QR Qaor

In fact each uy is a solution of the homogeneous Dirichlet problem

= Au™ in Qp, x (0,+00),
u=0 on 0Qp, % (0,+00), (3.32)
U = U on Qp, x {0}.

Let us point out that uy solves (3.32) at least in a weak sense (we refer e.g. to [35, Chapter
5] where an analogous construction is carried out in Euclidean domains), and it turns out
to be Holder continuous for positive times: see [10, Chapter 6] (the fact that our setting
is not Euclidean is inessential). Finally, we deal with the passage to the limit as k — oo,
which is the most delicate. We can claim again, by virtue of (3.26), that the sequence {u}
is monotone increasing, so that by letting & — oo in (3.31) we end up with

1-m 1-m
[/ u(x,t) du} < [/ U du] +Hpt vt >0, (3.33)
Qr Qor

where u is the pointwise limit given in (3.27). From (3.28) and the previous passages to the
limit, it is plain that

/0+oo /MUkﬁtdudt+/O+°° /Mu;nAgdudt+/Muo(x),g(x,o) dy =0

VE € OX(Qp, % [0,+00)).

On the other hand, estimate (3.33) yields u € L{. (M x [0, +00)), hence {uy} converges to
u at least in L] (M X [0,400)) (recall that R > 0 is any number smaller than Rj/2 and

loc
Ry, — o0), therefore we are allowed to let k — oo to obtain

/+oo/ ugtdudt+/+m/ mAgdudt+/ uo(z) (2, 0) dpu = 0 (3.34)
VE € CX°(M x [0,+00)).

A routine time cut-off argument then ensures that (3.34) is equivalent to (1.8)—(1.9), so that
w is indeed a solution of (1.1) in the sense of Definition 1.1.

3.4. Local comparison and minimality. By carefully adapting a strategy introduced in
[32] for the fast diffusion equation with absorption in the Euclidean space R™, first of all
we show a local comparison result between the approximate solutions {uy} of (3.32) and a
general nonnegative solution of (1.1). This is the fundamental tool we need in order to prove
Theorem 1.3. The main issue we have to tackle is the singular character of the equation
near the zero-set of a solution, which is the reason why we introduced the lifting parameter

{ in (3.25).
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Lemma 3.2. Let ug € L} (M), with ug > 0. Let u € L (M x [0,400)) be a nonnegative
distributional solution of problem (1.1), in the sense of Definition 1.1. Given k € N, let uy
be the solution of (3.32) constructed in Subsection 3.3. Then u > uy almost everywhere in
QRk X (0, +OO)

Proof. To begin with, consider the solution wy gz of the approximate problem (3.25) and,
with some abuse of notation, let the same symbol denote its extension to the whole M x
(0,+00) obtained by setting w5 = € in (M \ Qg,) x (0,+00). Because upep > ¢ in
Qg, x (0,400) and upes = £ on 0Qp, x (0,400), it is not difficult to check that such an
extension in fact becomes a subsolution to the same problem in the whole manifold. As a
consequence, we infer the validity of the following inequality:

T
[ @ (0 = ) A€ dya

(3.35)
< [ @ T) — wsle. DI e T dp + £ [ €(o.0)dp
M M
for almost every 7' > 0 and every nonnegative £ € C°(M x [0,7]). We point out that
(3.35) can easily be deduced by a time cut-off argument from the distributional versions of
Oru = Au™ and Oyuy g < Au’,;”eﬁ; moreover, the negligible set of times 7" for which (3.35)
may not hold depends only on u, since as observed in Subsection 3.3 each solution uy, ¢ g is
L' time continuous. We are therefore in position to apply Proposition 3.1 to (3.35). As a
result, there exists a regular exhaustion {Dy} C M satisfying (3.4) such that

T . . T . . aé_
/0 /D [(u = urep) &+ (W™ — iy ) AE] dpudt - /0 /8 ("= ) 5 do

v

(3.36)

< [ e T) — uggp e T T dio £ [ e0)d
Dy, Dy,

for every nonnegative { € C?(Dy, x [0,T]) that vanishes on dDj, x [0,T] (here for notational
simplicity we do not relabel &). It is plain that the normal derivative of any such ¢ is
nonpositive on 9Dy, x [0,T], whence (3.36) entails

T T 8§
/ / [(u— ugep) & + (u™ —ufly 5) AE] dudt + Em/ / B dodt
0 JDy o Jop, oV

<[ )~ v D) D) dp 4 £ €, 0)du
Dy, Dy,

(3.37)

Let us introduce the following function:

u™(zt)—upt, g(@t) .
a(x,t) = ¢ wlet)—urept) if (@, ) 7 ukep(,t),
0 if u(z,t) = ugep(x,t).

Clearly a > 0. Besides, since u > 0 and uy ¢ g > ¢, we have that

m
u
1 <u n > -1 1
a(z,t) = kiﬁ Xu(ot)un o plot) < = for a.e. (z,t) € M x (0,T),
Uk 0.8 (%w) -1

upon noticing that

=1.

Zm—1
sup
2>0,2#41 # — 1
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As a consequence, inequality (3.37) can be rewritten in the following way:

// (u — ugrp) §t+aA§)dudt+€m// dadt
Dy, oD, 0

(3.38)
< /Dk w(@,T) —upep(x, T) (2, T) dp + E/Dk &(x,0)du

Thanks to the fact that @ is nonnegative and bounded, one can pick a sequence of strictly
positive, bounded and smooth functions {as} C C*°(M x [0,T]) such that

T G (L=(Dyg x (0,T)))*. (3.39)

h—o0 ap,

For an explicit construction of an analogous sequence, see e.g. the proof of [18, Theorem
2.3]. Given a nonnegative function w € C2°(Dy) and h € N, consider now the solution &, of
the backward parabolic (dual) problem

§t+ahA§:O inDkX(O,T),
£E=0 on 0Dy x (0,T), (3.40)
E=w on Dy, x {T'}.

In view of standard parabolic regularity, we can claim that &, is smooth in Dy, x [0,T].
Moreover, by the comparison principle it follows that

0 <&, < wllo in Dy x [0,7T]. (3.41)
In order to bound the second term in the left-hand side of (3.38) with & = &, we need to
estimate
’C%h

5 (x,t)| for every x € Dy and t € (0,T).

To this aim, let Gg(x,y) denote the Green function of the Dirichlet Laplace-Beltrami op-
erator in Dy, and pick a point yg € Qp,. It is apparent that  — G (z,y0) is smooth and
positive in Dy, \ Qg,; in particular, there exists A > 0 such that

AGr(z,90) > ||wlloe V€ 0QR, and AGi(z,y0) > w(xz) Vo e Di\Qg, . (3.42)

Hence, by virtue of (3.41) and (3.42), we infer that = — AGp(z,y0) is a supersolution to
the problem

ve+apAv=0 in (Dy\Qg,) x (0,T),

v=20 on 0Dy x (0,T),
v=_E, on g, x (0,7,
vV=w on (Dk \ﬁRk) X {T},

whereas &, is the solution of the same problem. Hence, we deduce that &, < AGg(-,yo) in
(Dk \ﬁRk) x (0,T). Since both z — Gg(z,yo) and &, vanish on 0Dy, this implies

' o, 0G|,

8y( ) <A T(xyo)

Having estimated the normal derivative of &,, we can complete the proof. First of all,
multiplying the differential equation in (3.40) by A&y, and integrating by parts in Dy, x (0,7,

we obtain:
1 2 T 2 1 2
/ Ven(z, 0)| du+/ / an |0G| dudt—/ Vo2 du,
2 /p, o Jp, 2 Jp,

< A max =X Y(x,t) € 0Dy x(0,T). (3.43)
zE@Dk

2% (. 0)
ay 7y0
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so that

i (u—upep) (a—an) A&y dﬂdt’

0 k
[/ / ju— g pf? 1220 dudt] [/ / an 186 dudt} (3.44)
1
Vw T a—ap|? 2
SHxﬁ”Ql/o /D |U—Uk,e,ﬁ|2‘ahh’dﬂdt] .
k

Since ug 5 € L>°(Dy x (0,T)) and u € L*(Dy x (0,T)) by assumption, thanks to (3.39) we
can infer that

lim/ / u—ukgg‘ ‘ ’ dudt =0. (3.45)
h—o0 Dy, ap,

If we go back to (3.38) with & = &, and let h — oo, recalling (3.40), (3.41), (3.43), (3.44)
and (3.45), we end up with

AT o(dDy) M < / (e, T) — wpe (e, T)) () dpt + ]| o (D) €. (3.46)
Dy,
Upon letting first 8 1 oo and then ¢ | 0 as in Subsection 3.3, from (3.46) it follows that

/ [u(z,T) — ug(z, T)| w(z)du > 0.
Dy

The thesis is therefore established in view of the arbitrariness of T" and the test function w,
along with the inclusion Qg, C Dj,. O

We point out that the extra assumption u € L2 (M x [0, +00)) is purely technical, ensuring
the validity of (3.44)—(3.45). If u merely belongs to Li (M x [0,+00)) such estimates are
not enough in order to show that the remainder term due to the approximations aj, vanishes.

Proof of Theorem 1.3. Let u > 0 be defined by (3.27), namely the monotone limit of the
solutions {uy} of problems (3.32) constructed in Subsection 3.3. We have already established
that w is indeed a solution of (1.1) in the sense of Definition 1.1. The fact that u belongs
to the space L2 (M x [0, +00)) can be deduced by means of an adaptation of the Herrero-
Pierre estimates (3.33) to local LP norms (p > 1), that follows similarly to the proof of |6,
Theorem 2.3]. By passing to the limit as k& — oo in the inequality u > wuy (let ug be set
to zero outside Qp, ), guaranteed by Lemma 3.2, we finally infer that « > u, whence the
minimality property of w. O

4. PROOF OF THE NONEXISTENCE RESULTS FOR THE ELLIPTIC EQUATION

Prior to the proof of Theorem 1.7, we establish two fundamental preliminary results. The
first one is an adaptation, to the type of solutions we deal with, of the mean-value inequality
for subharmonic functions due to Li and Schoen [27, Theorem 2.1].

Hereafter x +— r(z) stands for the distance function from any fized reference point o € M.

Proposition 4.1. Let w € LlOC( ) be a nonnegative function satisfying

Aw >0 in D'(M). (4.1)
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Let Q be a regular precompact domain of M. Let R > 0 fulfill Bsr(o) € Q and set K :=
infzeq Ric(x). Then there exists a constant ¢(n, R, K) > 0 such that

c(n,R,K)/
esssupw(zr) < ———= wdp . 4.2
o " = B St -

Proof. First of all, we observe that [27, Theorems 1.2 and 2.1| remain true for local weak
subharmonic functions as well, i.e. nonnegative functions belonging to the Sobolev space
I/Vlif (©) and satisfying (4.1) in . This can easily be checked from the corresponding
proofs. On the other hand, as we will explain below, it is possible to construct a sequence
{wp} such that wy, > 0, wy, € VV&)COO(Q), wyp, 18 subharmonic in  and wy, — w as h — oo in
LY(2) and almost everywhere in Q. According to the above observations, by applying [27,
Theorem 2.1] with 7 = 1/4 to each wy, we obtain

eln log4 (lJr\/ER)

sup  wp(z) <

wp, dp Vh eN, 4.3
2€Bap(0) w(Br(0)) /BR(O) (43)

where ¢, is a positive constant depending only on n. Hence, by passing to the limit in (4.3)
as h — oo, estimate (4.2) follows.

In the sequel, we show how the sequence {wy} can be provided. By virtue of (4.1), we
know that in fact ¢ := Aw is a nonnegative Radon measure in M (in particular finite in Q).
Moreover, by reasoning along the lines of the proof of Proposition 3.1, it is not difficult to
see that w solves the problem (up to possibly slightly enlarging )

Aw =g in Q,
w=wlpng on N,

in the sense that

/wAgod,u—/ w[aga@dU:/gpdg (4.4)
Q o0 ov 0

for every ¢ € C*°(Q) with ¢ = 0 on 9. Note that w|so € L*(9). We now let w denote
the solution of the following problem:

{AWzO in 2,

(4.5)
w=wlpy on IN.

In order to construct such a solution, we consider first the approximate problems

Awi =0 in Q,
wg =gr on 0f),

where gi := w|pg A k. These solutions can in turn be obtained by approximating each gy,
with regular boundary data, so that every wy satisfies

/WkA(de—/ gkggpd(r:() (4.6)
Q o0 v

for all test function ¢ as above. By the comparison principle we have 0 < wy < wgq in €,
whence {wy} is monotone increasing. Let us pick ¢ as the solution of

—Ap=1 inQ,
p=0 on 0f).
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From (4.6) and the monotonicity of {wg}, we obtain:

/ Iwrr — wi| dp < ‘
Q

This shows that {wy} is Cauchy in L*(Q) and therefore converges to some function w that

satisfies 5
/WA(pdu—/ w|ag—(’0da:0,
0 o9 ov

still for every ¢ € C*°(Q) with ¢ = 0 on 99, namely (4.5).

Let {sn} C C°°(M) be a sequence of nonnegative functions such that ¢, — ¢ as h — oo
vaguely in  (i.e. tested against any Co(€2) function), with ¢,(€2) = ¢(Q2). For each h € N,
we define vy, to be the solution of

dp
ov

/
Lo (69) g0 = grll 150 Vk, keN.

Avy, =¢, inQ,
vp, =10 on 0N2.
By elliptic regularity results, for which we refer e.g. to [4, Theorem 1 and Subsection 4] in

the Euclidean context (the fact that we work in a Riemannian framework is not relevant),
we can claim that for every h € N

Il <€ Vae (L72),

for some positive constant C' depending only on ¢, 2,¢(€2) (in particular independent of h).
As a consequence, up to a subsequence that we do not relabel, we can assert that {vp}
converges in L'() and almost everywhere in (2 to the solution v of

Av=¢ inQ,
v=0 on0Q.
We construct the above sequence {wy} by setting wy := (w+uvp,)". Since both w and

vp, are regular inside €2 and possess a nonnegative Laplacian, we deduce that each wy, is
locally Lipschitz and, thanks to Kato’s inequality, weakly subharmonic in 2. We are left
with showing that {wy} does converge to w. To this end, first of all note that the sequence
{w+wp,} converges in L*() and almost everywhere to the function v := w +v, which solves

Av =¢ in Q,
v=wlpn on N,

in the sense of (4.4), namely the same problem solved by w. This implies

/(v—w)Agpd,u:O Vo € C®(Q): ¢lan =0.
Q
Given any ¢ € C°(Q2), let us pick ¢ as the solution of

Ap=1 inQ,

p=20 on 0f2.
It follows that

/ (U—w)d}dN:O,
Q

whence v = w in view of arbitrariness of ©). We have therefore established that {w + v}
converges in L'(2) and almost everywhere to w; because w is nonnegative, the same holds
for the sequence {wy,}, and the proof is complete. O
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Having in mind the original strategy of Osserman [31]| (see also [7]), we now exhibit a
suitable family of supersolutions to (1.6) in balls that vanish as the corresponding radii go
to infinity. To this purpose it is crucial to recall that, in view of assumption (1.2), the
Laplacian-comparison theorem ensures that

Ar(z) < (n—1) vir(@)) in D'(M). (4.7)

Note moreover that (4.7) also holds pointwise outside the cut locus of 0. We refer for instance
to |29, Theorem 1.11].

Lemma 4.2. Let the curvature condition (1.2) be satisfied. Let

[T et ]
H( ).—/0 Do dp Vr >0.

Given p > 1 and R > 0, there exists a constant C > 0, depending only on p, such that the
function

Wg(z):=C 5 Va € Bg(o) (4.8)

fulfills
AWgr <WPE in D'(Bg(0)) . (4.9)
Proof. Thanks to the requirement 1)’ > 0, it is readily seen that
[H'(r)) <2H(r)  V¥r>0. (4.10)
Indeed, one can rewrite H(r) as

[H'(r)]”
2

_ rf‘/}/(p) / 2 r
+(n—1) ) [H'(p)]"dp  Vr>0. (4.11)

Note that, by virtue of the assumptions on ¢, we have H € C?([0,00)). With some abuse
of notation, we tacitly use the identification Wg(z) = Wg(r(z)) = Wg(r). The calculation
of the derivatives of Wg yields, for all 0 < r < R,

H(r) =

Whir) = 2o ey,
P H(R) = H(r)]»

7l 2C H(R)p%l 1 2(p+1)C H(R)»—1 / 2
Wg(r) = - H(r 5= [H(r)]"-
T e T e

Upon taking derivatives in (4.11) and dividing by H'(r), we deduce that
H'(r)+ (n—1) () H@)=1 VYr>0. (4.12)

P(r)
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Hence, in view of (4.10), (4.12) and the fact that W}, > 0 along with (4.7) (see in particular
[29, Lemma 1.12]), we have:

AWa(e) < Wh(r(a)) + (0= 1) S Who )
_ H(R)rT 2Ap+1)C  H(R)7T o
T R e
2C  H(R)7 Ap+1)C  H(R)™

H(r) in D'(Bg(0)).

CrbmE) - HE P EE) - B

As a result, recalling that H(r) < H(R) for all 0 < r < R, in order for (4.9) to hold it is
enough to ask that

2 H®FT A+l HERF ., HR)
Pl H®R) -HE) 0D HER) -H@E)T T [H(R) - Hr)lr
which is equivalent to
2 o - Ap+Y) oo 2t
p—1 H(R)»T [H(R) — H(r)] + P H(R)»1 < C*"'H(R) vr e [0,R).

It is immediate to check that the latter inequality is satisfied provided

O

The main idea lying behind the proof of Theorem 1.7 consists of comparing each supersolu-
tion Wg constructed in Lemma 4.2 to the global nonnegative subsolution W in Bg(0). Since
lim, (;)—, g~ Wr(r(z)) = 0o whereas W turns out to be locally bounded, by the comparison
principle it follows that W < Wg in Bg(0). This clearly implies that W is identically zero
upon letting R — oo and using (1.3). Unfortunately we cannot directly exploit this proce-
dure, because 0Bg(0) may not be smooth enough (in general it is only Lipschitz) and W
may not have a trace on dBr(0). In order to overcome such difficulties we need to suitably
approximate Br(o) by the sublevel sets {2 . introduced in (2.3).

Proof of Theorem 1.7. We will consider the case @ = 1 only, which is not restrictive by
virtue of the standard change of variables W, = o~/ @=1 1y

(i) Let W > 0 be a locally integrable function satisfying (1.7). In particular W is subhar-
monic, so that by Proposition 4.1 we can assert that W € LS (M). Let R > 0 be fixed.
Given any € > 0, there exists R. > 0 such that |R — R.| < € and Qp_. is a regular pre-
compact domain of M, the sets {Qp .} having been introduced in Subsection 2.1. This is
possible since the set of regular values of the exhaustion function & has full measure. Let
{WR} be the supersolutions provided by Lemma 4.2. In view of their explicit expression
(4.8), it is apparent that there exists € = £(R) > 0 so small that

||W||LOO(BR+2E(O)) < WR+25(R — 2¢) Ve € (0,2). (4.13)

Now let us fix any € € (0,€). By arguing as in the proof of Proposition 3.1 and recalling
(2.4), we can construct another regular precompact domain Q) such that W has a well-defined
trace on 9 and

Bpr_2:(0) € Q2 C Qg.. € Brya(0). (4.14)
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Hence, thanks to (4.13) and the fact that W is radially increasing, we can infer that
W < W Lo (Bpyan(o)) < Wri2e <00 on 9.

As a result, we have that WR+25 is a bounded supersolution and W is a bounded subsolution
to the following Dirichlet problem:

AU =U?P in 2,
U = Wgqaelyg on o0,

so that in particular their difference satisfies
/Q [(Whioe = W) Ap — (WE 5. —WP) @] dun <0 (4.15)

for every nonnegative smooth function ¢ that vanishes on <. Starting from (4.15) and
taking advantage of a duality argument similar to the one carried out in the proof of Lemma
3.2 (even simpler actually), we deduce that W < Wg, 9. almost everywhere in Q. Recalling
(4.14), for every € € (0,2) we thus obtain

W (z) < Wgryae() for a.e. z in Br_o.(0),
whence, upon letting ¢ | 0,
W(z) < Wg(z) for a.e. z in Bg(0).

The thesis then follows by letting R — oo, as {WR} converges locally uniformly to zero in
view of (1.3).

(ii) Let W € LP (M) satisfy (1.6). One can reason, for instance, as in [7, Lemma 2|. Indeed,

loc
Kato’s inequality ensures that W fulfills (1.7) and therefore is a distributional subsolution

to (1.6). By (i) we then deduce that W+ = 0. Upon applying the same argument to W~ it
follows that also W~ = 0, whence W is identically zero. (]

5. PROOF OF THE UNIQUENESS RESULTS FOR THE FAST DIFFUSION EQUATION

We are finally in position to prove Theorems 1.5 and 1.6. The arguments we exploit are
inspired from [15] and take advantage of the crucial nonexistence results for (1.7) established
in Section 4.

Proof of Theorem 1.5. Given ty > 0, consider the following function:
to
W(z) = / lu(z, s)™ — v(z,s)™| e *ds Vo e M.
0
By assumption we know that |u(-, ) — v(-,t)| = 0in L] (M) as t — 0™, whence in particular

lim /M u(z, £) — v(z, )] (@) dp = 0 (5.1)

t—0t

for every ¢ € C°(M). If we multiply (2.13) by e~ and integrate by parts in (0, ), thanks
to (5.1) we end up with

to
e Ju(x, to) — v(z, to)| —l—/ lu(z,s) —v(x,s)|e *ds < AW (x) in D' (M), (5.2
0
which trivially implies

/0 i lu(z,s) —v(z,s)|e *ds < AW(z)  in D'(M).
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By applying Holder’s inequality to the left-hand side, it follows that

1

1-m

to m
</ lu(z, s) —v(x,s)|™ e ds> (I1—e™)" ™ <AW(x) in D'(M). (5.3)
0
Recalling the elementary inequality
2L gm — b < |a — b|™ Va,beR,
from (5.3) we further deduce that

3=

1—

</0t0 lu(z,s)™ —v(x,5)™ e™* ds> (2—2¢7)" " <AW(x) inD/(M),

=:a>0

namely W satisfies
1
AW > aWm in D'(M).
Hence, thanks to Theorem 1.7(3) with p = 1/m, we can assert that W' = 0. The thesis then
follows in view of the arbitrariness of tg. O

Proof of Theorem 1.6. By virtue of Theorem 1.3, we know that v > w. In particular, we
can infer that (2.13) still holds with v = u by merely using the fact that both u and u
are distributional solutions (i.e. we do not need them to be strong). Hence, thanks to a
standard time cut-off argument, by proceeding as in the proof of Theorem 1.5 we obtain the
inequality
to
e [u(x, to) — u(z,to)] — e [u(x, 7) — ulz, 7)] + / [u(z,s) —u(z,s)| e *ds

to T (5.4)
< A/ [u(z,s)™ — u(x,s)™] e *ds in D'(M),

valid for almost every tg, 7 > 0 with ¢y > 7. If we set
to
W(z) = / [u(z, s)™ —u(z,s)™ e *ds Ve e M
0

and let 7 — 0% in (5.4), using (1.9), we end up with the analogue of (5.2) with v = u. We
can therefore repeat exactly the same passages as above, which lead to W = 0, so that the
thesis follows again in view of the arbitrariness of #. O
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