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Abstract

We consider on arbitrary Riemannian manifolds the Leibenson equation dyu = Apuf.
This equation is also known as doubly nonlinear evolution equation, and it comes from
hydrodynamics where it describes filtration of a turbulent compressible liquid in porous
medium. It was proved by the authors in [17] that if g(p — 1) > 1 then solutions to this
equation have finite propagation speed. In this paper we obtain a sharp estimate of the
propagation rate of solutions, although under additional restrictions on p, q.
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1 Introduction
We are concerned here with a non-linear evolution equation
Oru = Apu? (1.1)

where p > 1, ¢ > 0, u = u(z,t) is an unknown non-negative function, and A, is the p-
Laplacian
Apv = div (|Vv|p_2Vv) .

For the physical meaning of (1.1) see [26, 27, 17].

The equation (1.1) is referred to as a Leibenson equation or a doubly non-linear parabolic
equation. In the case ¢ = 1, it becomes an evolutionary p-Laplace equation d;u = A,u, and
if in addition p = 2 then it amounts to the classical heat equation dyu = Au.

Barenblatt [3] constructed spherically symmetric self-similar solutions of (1.1) in R™, that
are nowadays called Barenblatt solutions. If

gqp—1)>1 (1.2)
then the Barenblatt solution u(z,t) has the property that
w(x,t) =0 whenever |z| > ct'/?,

where
B=p+nlgp—1)-1] (1.3)

and c is a large enough constant (see also Proposition 5.1); thus, u(+,t) has a compact support
for any ¢t > 0. One says in this case that u has a finite propagation speed, and the propagation
rate is given by ct!/?.

On the other hand, if ¢(p — 1) < 1, then the Barenblatt solution is positive for all x € R"
and t > 0, which means an infinite propagation speed.

In [17] the authors proved that, under condition (1.2), solutions of (1.1) have finite prop-
agation speed also on an arbitrary Riemannian manifold (in the case ¢ = 1 this was also
proved in [8]). However, the estimate of the rate of propagation in [17] was not optimal.

The purpose of this paper is to obtain better estimates for propagation rate for solutions
of (1.1) on Riemannian manifolds although under the additional restrictions

1

Moreover, if in addition
2

p—1
then our estimate of the propagation rate is sharp for a large class of manifolds (including
R™).

From now on let M be a geodesically complete Riemannian manifold. We understand
solutions of (1.1) in M x Ry in a certain weak sense (see Section 2 for the definition). The
main result of the present paper is as follows (cf. Theorem 4.1).

qg< (1.5)

Theorem 1.1. Assume that (1.4) is satisfied and let u be a bounded non-negative solution
to (1.1) in M x Ry with an initial function uy = u(-,0). Let o be a real such that

oc>lando >q(p—1)—1. (1.6)



If ug vanishes in a geodesic ball By in M of radius R then
o1
u=0 1in iB(] x [0, to],

where

(p—1)—1 — —1)—
to = np(Bo) 7 RP[Juol [ .45 Y, (1.7)

and the constant n > 0 depends on the intrinsic geometry of By.

Hence, the solution u has a finite propagation speed inside ball By, and the rate of
propagation is determined by ty that depends on the intrinsic geometry of By via the constant
! Let us mention for comparison that a similar result was obtain in [17] but with a different
value of tg:

to = nRP|luol| 14 Y, (1.8)
(the same value of ty was obtained also in [8] in the case ¢ = 1). Clearly, (1.8) matches (1.7)
with 0 = oo, and (1.7) gives a larger value of ¢( for o < oo as it takes into account the volume
1(Bo).

The value of ¢y from (1.8) leads to the following estimate of the propagation rate: if
K = supp ug is compact, then

supp u(-,t) C K 1/p

while in R™ the sharp estimate is
supp U(',t) - Kctl/ﬁ (19)

where > p is given by (1.3). The value of g from (1.7) leads in R™ to the sharp result (1.9)
provided p and ¢ satisfy (1.4) and (1.5), which allows to choose o =1 in (1.7).

Of course, Theorem 1.1 allows us to obtain a sharp propagation rate also on a larger class
of Riemannian manifolds.

Corollary 1.2. Let M satisfy a relative Faber-Krahn inequality (see Section 3 for definition).
Assume that (1.4) is satisfied and let u be a bounded non-negative solution in M x R, with
the initial condition u (-,0) = ug; set K = suppug. Assume that, for some o € K, a > 0
and all large enough r,

w(B(zo,1)) > cr, (1.10)

where ¢ > 0. Then, for allt > 0,
supp u(-,t) C Keyys,

where

B=p+al

(p—al)—l (1.11)

with o as in (1.6) and the constant C depends on |uo ;o ,p, ¢, @, C.

For example, this result applies on all manifolds of non-negative Ricci curvature as the
relative Faber-Krahn inequality is satisfied on such manifolds (see [5, 13, 33]).

In R™ we have (1.10) with & = n. Comparing the values of 5 in (1.3) and (1.11) we see
that Corollary 1.2 gives a sharp propagation rate in R™ provided ¢ = 1. By (1.6), we can
take 0 = 1 if g¢(p — 1) — 1 < 1, which is equivalent to (1.5).

In Proposition 5.1 we show that the propagation rate of Corollary 1.2 is sharp also in a
class spherically symmetric (model) manifolds under the above restrictions on p and q.



Let us discuss the differences in methods of the proof of finite propagation speed in [17]
and the present paper and how they yield different rates of propagation. Even though, in both
papers, the finite propagation speed follows from a certain non-linear mean value inequality
for solutions, these mean value inequalities are different and their proofs are carried out in
entirely different ways.

Let us first discuss the mean value inequality of the present paper (cf. Lemma 3.2), which
says the following. Assume that (1.4) holds. Let u be a non-negative bounded subsolution of
(1.1) in a cylinder

Q = B x [0,1]

where B is a geodesic ball in M of radius R. Assume that w (-,0) = 0 in B. Then, for the
cylinder

Q= %B < [0,4]
we have n
Cp i
Il < (i L) (112

where A > 0,0 = A+ ¢q(p — 1) — 1, and Cp depends on the intrinsic geometry of the ball B,
namely, on a Faber-Krahn inequality in B (see Section 5).
The mean value inequality (1.12) allows to get the recursive estimate

PN
Jpi1 < COp2k/A (RP> IR, (1.13)
for the integrals J, = ka u?, where Qi is a certain sequence of shrinking cylinders in-

terpolating between @ and Q'. Tterating (1.13) and using that ¢ > )\, we obtain then a
super-exponential decay of Jy provided ¢ <ty (where ¢¢ is given by (1.7)), which leads to the
proof of Theorem 1.1.

In contrast to (1.12), the mean value inequality of [17] says that, under the above as-

sumptions,
ull < ( Cg Hqu(p—l)—l/ uA> 1/A 1)
Le=(Q") w(B)Rp *(@) Q ’

where again A > 0. However, one obtains from (1.14) only the recursive estimate (1.13) for
Jr. = |[ul| L~ (q,), Which in the end leads to (1.8) and hence, to the non-optimal propagation
rate.

Let us also make some comments on the differences in the proofs of the mean value
inequalities (1.12) and (1.14).

The mean value inequality (1.14) was proved by the authors in [17] using a modification
of the Moser iteration method [30]. In the present paper we use a different approach based
on the following observation, which is interesting in its own right: if u is a non-negative
subsolution of (1.1), then the function

(u® — )1/ (1.15)
is also a subsolution of (1.1), provided # > 0 and

glp—1) —1
=—_ € (0,1 1.16
a:= T e (0,1 (1.16)
(cf. Lemma 2.6). In particular, the condition a € (0, 1] in (1.16) is satisfied provided (1.4)
holds. The proof of (1.12) employs then a modification of the classical De Giorgi iteration



argument [7]. Namely, we consider a shrinking sequence of cylinders {Qy},-, interpolating
between Qo = @ and Q- = @', and a sequence of truncated functions

up = (u“ - (1 - 2"“) 9)?, k>0,

for some fixed 6 > 0, where a is given by (1.16). Using a Caccioppoli type inequality (Lemma
2.8) and the Faber-Krahn inequality, we prove that, for J; = ka uy,

C AF
Jep1 < ———— 1, (1.17)
(M(B)HERP)
where A, C are some positive constants and the exponent v > 0 comes from the Faber-Krahn
inequality in B (see Lemma 3.1 for details). Iterating (1.17), we then show that if

0 (M(g;;om)i, (118)

then Jp — 0 for £ — oo, which implies

[ e -oy] =0,

and hence u® < in @)’. Choosing # minimal from (1.18), we conclude (1.12).

Note that if ¢ = 1 then @ = 1 by (1.16). In this case, the fact that (u—80), is a subsolution,
was known before, and it was used to obtain similar mean value inequalities for subsolutions
of the p-Laplacian in [10, 12] in R” and in [8] on manifolds.

For mean value inequalities in various other settings see also [1, 16, 19]. Related results
from the theory of the p-Laplace equation can be found, for instance, in [9, 11, 22, 23]. See
also [2, 29, 32, 34] for other results about the asymptotic behaviour of solutions of (1.1).

The structure of the paper is as follows.

In Section 2, we define the notion of a weak solution of the Leibenson equation (1.1).
In this section we prove in Lemma 2.6 that the truncated function (u® — G)i/ * is again a
subsolution.

In Section 3 we prove the central technical result of this paper — the mean value inequality
for subsolutions (Lemma 3.2).

In Section 4 we prove our main results about finite propagation speed.

In Section 5 (Appendix) we construct the exact solutions of (1.1) on the model manifolds
(generalizing the Barenblatt solutions) that show sharpness of our estimates of propagation
rate.

2 Weak subsolutions

2.1 Definition and basic properties

We consider in what follows the following evolution equation on a Riemannian manifold M:
Oru = Apuf. (2.1)
By a subsolution of (2.1) we mean a non-negative function u satisfying

Oru < Apu (2.2)



in a certain weak sense as explained below.
We assume throughout that
p>1 and ¢ > 0.

Set
d=(p-1qg—1

Let 4 denote the Riemannian measure on M. For simplicity of notation, we frequently
omit in integrations the notation of measure. All integration in M is done with respect to
du, and in M x R — with respect to dudt, unless otherwise specified.

Let Q be an open subset of M and I be an interval in [0, 00).

Definition 2.1. We say that a non-negative function u = u(x,t) is a weak subsolution of
(2.1)in Q x I, if
ue L, (I;L1(Q)) and u? € LY

loc

(L;Whr()) (2.3)
and (2.2) holds weakly in 2 x I, that is, for and all non-negative test functions
v e W (LL=@) N I}, (LWEP(Q), (2.4)

and for all t1,t9 € I with t; < t9, we have

to to
[ / uw} + / / —udph + |[Vul|P~2(Vui, Vi) < 0. (2.5)
Q t1 t1 Q

For different notions of weak solutions see also [11, 35]. Existence and uniqueness results
for the Cauchy problem with the above notion of weak solutions of (2.1) were obtained in the
euclidean case, for example, in [20, 21, 25, 31] and on manifolds in [18].

If w is of the class (2.3), we define

-1, 1—q q
g TV (u), u>0,
Vu = { 0, u=0.

Remark 2.2. Note that it follows from (2.3) and (2.4) that the integrals in (2.5) are finite.
Indeed, we have by Holder’s inequality

/ [ v, vw\</ [ vt
<(f" frowanr)™ ([ frosr)

From now on in this section, let I = [0,7T"), where 0 < T' < 0.

Definition 2.3. Let u = u(x,t) be a measurable function in Q x [0,7") and u(-,0) = up.
Then we define, for h € (0,7),

and



Lemma 2.4. Let p > 1 and suppose that uw € LP(2 x [0,T)). Then

6" ooy < Il ze@oxo.m)

and
|unl Loxjory < lullLe@xjory + AP lluol | o),

h

Moreover, u" — u and up, — u in LP(Q x [0,T)) as h — 0 and

Opup, = %(u —up) € LP(2 x [0,T)). (2.6)

The properties of u" and uy, stated in Lemma 2.4 are proved in Lemma 2.2 in [24] and in
Lemma B.1 and Lemma B.2 in [4].

Lemma 2.5. [17] Let 2 be an open subset of M and v = u(x,t) be a non-negative bounded
weak subsolution of (2.1) in Q x [0,T). Then

/0 ' /Q (O + ([ VP2V ut)h, Vb < 0, (2.7)

for all 7 € (0,T) and ¢ € LP ([0,7‘]; Wol’p(Q)).

Lemma 2.6. Let u be a non-negative bounded weak subsolution of (2.1) in Qx[0,T). Assume
that either

1 1
p>2 and 71<q§1 or 1<p<2 and 1§q<71. (2.8)

For any 8 > 0, define
f(s) = (s = )",

where

gp-1)—-1 6
p—2 p—2
Then f(u) is also a weak subsolution of (2.1).

(2.9)

Figure 1: Function f(s)

Remark 2.7. For the p-Laplacian, that is when ¢ = 1, we have ¢ = 1. In this case, it is
proved in [8] that f(u) = (u — 0)+ is a subsolution of (2.1).



Proof. On {s® > 0} we have

f'(s) = (f(s)>1_a- (2.10)

S

Noticing that the condition (2.8) is equivalent to 0 < a < 1, we obtain that f is locally
Lipschitz in [0, 00) and in particular, f is continuously differentiable when 0 < a < 1. Consider

. . a a/a 1— .

in [0, 00) also the function ®(s) = (sq - 0> . By (2.8), ¢ —a= pfg > 0, so that using the
_l’_

same arguments as for f, ® is also a locally Lipschitz function. Because ®(0) = 0, it follows

that f(u)i(-,t) = ®(ud)(-,t) € WHP(Q) for all t € [0,T), which proves that f(u) is in the
class (2.3).
Hence, it remains to show that f(u) satisfies (2.5), that is,

[/Q f(uw] Zj * /: /Q —f(Wde + [V f(w) P~V f(w)!, Vi) <0, (2.11)

for all ¢ in the class (2.4).
On {u® > 6} we have

Vi(u)! =& (u!)Vul = (f(“)>q V. (2.12)

u
and thus,
(g—a)(p—1)
w2 syt = ()T e,

Since (¢ —a)(p — 1) = 1 — a, using (2.10) the inequality (2.11) is therefore equivalent to
to to
] 7] e+ ramer e, <o @)
Q t1 t1 Q

Clearly, the fact that 0 < a < 1 implies on {s* > 6},

P'(s) = (1 a) (F(s)1~205%72 — 52 (s)10)
— (1 a)f(s)! 002 ((f()) 1)z

Let us consider, for v < 1(ty —t;), the function

0, t < t1,
Lt—t), ti<t<ti+v,
0,(t) =< 1, th+v<t<ty—uv, (2.14)
Lta—t), ta—v<t<ty,
0, t >ty

(cf. [28]). In order to prove (2.13), we want to apply (2.7) with test function

Z&k = fllc(u)weln

where v is a bounded function of the class (2.4) and fj, is a sequence of C2([0, 00)) functions
such that
fr — fand fi, = f ask — o

and, for all k,
7 >0and f;(s)=0on {f(s) =0} = {s* <6}



For that, let us first show that for all k, ¥,(-,¢) € VVO1 P(Q) for all fixed t. Indeed, we have
Yi(+,t) € LP(Q) since ¢(-,t) € LP(2) and on the other hand,

Viby, = fL(w)0, V¢ + f{ (u)yf, Vu.
Using Vi € LP(Q2) and
1 (W Vu =gt fil (w)pd,u IVl € LP(Q),

where the latter holds because f; is bounded on bounded subsets of [0,00), f;/(u) = 0 on
{u=0} C {f =0} and Vu? € LP, we get v, € Wol’p(Q).

Hence, applying (2.7) with ¢ = f;(u)18,, we deduce

/Q(atuh)fé(u)ﬂ)@u + (VP2 V(ff,(w)9))8, <0,
where Q = [t1,t2] x Q. Let us write
| o siurt = | o simws+ | oSt~ im)wh.

By (2.6), we see that

[ ovan w0 — fitan)v0, =5 [ (= un)(Fiw) — FiGn)) o6, >0,
Q Q

because s — f;(s) is non-decreasing.
Whence, we obtain

/Q Deun FL(un )y + ([[VuT[P2Vu]" V ( F(u)1))0y < 0. (2.15)

By using

to
/Q Dyun f(un )6, = /Q Or( fu(uun) 6, = [ /Q fk<uh>wey}tl— /Q fu(oun) 6, — /Q Fulun)pdib,,
we get, since 0,(t1) = 0,(t2) =0,
- /Q Fu(un) i, + /Q (Va2 ut), V(£ (u)$))6, — flun)b, <0.  (2.16)

We now want to let h — 0 in (2.16) and apply Lemma 2.4 and then let v — 0. Note that
|VulP~1 ¢ Lﬁ(Q), so that by Lemma 2.4, for h — 0,

[Vt P2ul]* — [Vl [P2Vul in Li1(Q).
Together with |V (f; (u)y)]0, € LP(Q), we obtain

fim | 9w 2 V00, = [ (90200, DA )0

For the convergence of the remaining terms in (2.16), we will use the boundedness of u. Note
that by assumption u € L'(Q) whence Lemma 2.4 implies that uj, — v in L'(Q). Since the



function s — fi(s) is Lipschitz on any bounded subset of [0, 00), we get fi(up) — fr(u) in
LY(Q) and thus,

ti [ w0, = [ i,
h—0 Q Q

The convergence
lim/ fk(uh)watﬁ,,—/ fr(u)o 8,
h—0 Q Q

follows by the same arguments. Hence,

—/ fr(u) 900, +/ {[IVuP=2Vul], V(fi(w)))8y — fr(w)Orpb, < 0.
Q Q

Sending now v — 0, we deduce

[ / fk<u>w] + /Q (VP2 Vut), (L)) - few)ay < 0.

Using that
V(fe(w)) = fi(w) Ve + ¢ fil (u)pu =TV,

we get
[ 19at vt Vs = [ 1Vt (9ut, £ 96) + a7 Va1 (w)ul-10un)
Q Q
— [ @IV G V) 4 g T )l
Q

Noticing that
AT
Q

we obtain

[ /Q fk(u)¢]i + /Q Fr(u)|[VulP~2(Vul, Vi) — fi,(u)dp < 0.

Using that f;, — f' € C([0,00)) implies f; — f’ in L> on bounded sets, we get that
lim / Few)|[ VutP=2(Vud, Vi) = / F' ()| Vut P72V ul, V).
k—o0 Q Q

Since f(u) <wu € L' and f), € C?, there is a function g so that |fx(u)| < g(u) € L', whence

o] [ o]
hrn/fk )0 = /f )0t

by the dominated convergence theorem. This proves (2.13) and finishes the proof. m

and

Lemma 2.8. [17] Let v = v (x,t) be a non-negative bounded subsolution to (2.1) in a cylinder
Qx[0,T). Let n(x,t) be a locally Lipschitz non-negative bounded function in Q x [0,T) such
that n (-, t) has compact support in Q for all t € [0,T). Fix some real o such that

o > max (p, pq) (2.17)
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and set

A=0-6 and a="2. (2.18)
b
Choose 0 < t1 < ta < T and set Q = Q X [t1,t2]. Then
to
[/ v)‘np] + cl/ |V (v*n)F < / [pv)‘np_l(?tn + cou? |[VnPl, (2.19)
Q t1 Q Q

where c1,co are positive constants depending on p, q, .

In particular, if  does not depend on ¢, then

to
[/ v/\np} +01/ |V (v*n) P Scz/ v | VP (2.20)
Q t1 Q Q

Let us recall for later that

loc

vy e LV ([O,T]; Wol’p(Q)> : (2.21)
Indeed, using o > ¢, we get that the function ®(s) = 54 is Lipschitz on any bounded interval
in [0, 00). Thus, v® = ®(v9) € WP(Q) and
[Vu®] = @' (v!)Voi| < C Vi,

whence
/ IV (v )P < C'/ Vo PP + 0P| VP = C'/ [Vl [P nP + 7|V,
Q Q Q

which is finite since

/v"|V77]p < const HUHZ;M/ VP
Q Q

and proves (2.21).

2.2 Norm decay of subsolutions
Lemma 2.9. Let M be geodesically complete and v = v (z,t) be a bounded non-negative
subsolution to (2.1) in M x [0,T). If X\ > 1, including A\ = oo, then the function
t= ol Ol
is monotone decreasing in [0,T).

Proof. Let fi be a sequence of non-negative locally Lipschitz functions in [0, 00) such that
for all £ > 0, fx(0) =0 and f; > 0.

We want to apply (2.7) with test function ¢, = fi(v?)0,, where 0, (t) is defined by (2.14).
Indeed, since fj is Lipschitz on bounded subsets of [0, 00), fx(0) =0 and v € LP(M x [0, 7])
for 0 <7 < T, we have

Fe@)0, € LP(M x [0,7]).
Therefore, using that
V(- t) € WHP(M) = Wy P (M)

by the completeness of M, we see that

fe(v?) € (- t) € WyP(M)

11



and
V(fe(?)) = fr(v?) Vol (2.22)
Hence, applying (2.7) with this test function, we get

[ unsie6, + (IV0 296, T (ful0))0, < 0
Q
where Q = M x [t1,t9] with 0 <1 <9 <T. Let us write
| ownfio0, = [ a6, + | donhin) - A6,

Q Q Q

By (2.6), we deduce
/ Ao (fr(v?) — fr(vj))o h/ v —vp)(fe(v?) = fi(v]))0, >0,
since s — fx(s?) is non-decreasing. Whence, we obtain
/ Drun S ()0, + ([Vo1P2Vu1), U ( fu(v9)))0, < 0. (2.23)
Q

Setting

= /0“ fr(s?)ds, (2.24)

/Q Deon (010, = /Q Dupu(vn)by = [ /Msokm)e,,]i /Q o (0)046,

Since 6, (t1) = 6,(t2) = 0, we obtain

we get

—/ o1 (V) 00, +/ (IVol|P=2Vu ", V(fi.(v9)))0,, < 0. (2.25)
Q Q
We now want to let h — 0 in (2.25) and apply Lemma 2.4. Note that
VPt e Lm1(Q),
so that by Lemma 2.4, for h — 0,
[V P 2V0?)" — [VolP2Ve?  in Li-1(Q).

Together with |V (fi(v?))|0, € LP(Q), we obtain

o o (VP20 V (fu(v)))8, = /Q (VoI [P=2 Vo, V (fi(v7))0y

For the convergence of the remaining term in (2.25) we have, since v € L(Q),

[ lewton) - o4t =
Q

and thus,

" fr(sh)ds

SC/]vh—vl—>0 for h — 0
Q

lim (pk(vh)é?tel,:/ 0 (0)0:0,,.
0JQ Q

h—

12



Hence, we obtain from (2.25),

- / o0 (0)010, + / (IVoIP=2900, V(£ (v)))6, < 0.
Q Q

By (2.22), we have

/ (VP2 V07, V(£ (%))}, = / Vot £ (1), > 0,
Q Q

| sokw)]z’ <o.

Choosing fi such that for all s > 0, fi(s) — s for k — 00, we obtain from (2.24),
©p(v) — v* as k — co. Also noticing that ¢, (v) < Cv, we conclude

t2
[ / vﬂ <0,
M t1

so that by sending v — 0 we get

which finishes the proof. m

3 Mean value inequality

Let M be a connected Riemannian manifold of dimension n. Let d be the geodesic distance
on M. For any x € M and r > 0, denote by B(x,r) the geodesic ball of radius r centered at
x, that is,

B(z,r)={y € M : d(xz,y) <r}.

3.1 Faber-Krahn inequality

Let the geodesic ball B be precompact. Then the following Faber-Krahn inequality in B of
order p > 1 holds: if w € WyP(B) is non-negative and

D ={w > 0}

[wur= (L<B>fg)y [ o (3.26)

where v > 0 and «(B) is a positive constant that depends on the geometry of B. In fact, the
value of v is independent of B and can be chosen as follows:

D .

= f

B n=p, (3.27)
any number € (0,1), if n <p.

then

Choosing ¢(B) to be an optimal constant in (3.26) and denoting by r(B) the radius of a
ball B, we obtain that the function

(«(B)u(B))"

B — (B)

(3.28)
is monotone decreasing with respect to the partial order C on balls.

We say that M satisfies a relative Faber-Krahn inequality of order p if (3.26) holds with
t(B) > const > 0 for all geodesic balls B C M. This holds for example, if M is a complete
manifold with non-negative Ricci curvature (see [5, 13, 33]).
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3.2 Comparison in two cylinders

We assume here that

1 1
p>2 and 71<q§1 or 1<p<2 and 1§q<71. (3.29)

Let a be defined by (2.9), that is,

1) -1
aZQ(pp_)2 :pfg. (3.30)

Observe that under condition (3.29) we have a € (0, 1].

Lemma 3.1. Consider two balls By = B (xg,r9) and By = B (z9,r1) with 0 < r1 <19, and
two cylinders

Assume that By is precompact. Let vy be non-negative bounded subsolution in Qg such that
vo (+,0) = 0. (3.31)

Set, for some 6 > 0,
v = (v — )Y,

where a as in (3.30). Let X and o be reals satisfying (2.17) and (2.18). Set also

Jiz/ vy dpdt.
Q.

K3

Then
Crg

(L(B()) (Bo)0? (ro — )P ) (ro —71)?

where v is the Faber-Krahn exponent, 1(By) is the Faber-Krahn constant in By and C' depends
on p, q and .

Jp < Jgt. (3.32)

Proof. From Lemma 2.6 we know that v; is also a subsolution. Let n(x,t) = n(x) be a
bump function of By in By, = B (xg, TOJF”) Recall that by (2.21),

v e L? ([O,T]; Wo'(B))

where « is defined by (2.18), that is a =
(3.26) in ball By for any ¢ € [0,T] we get that

[o< [ < (e ) [ vatar, 539

where we used that ap = ¢ and 7 =1 on B; and

Hence, applying the Faber-Krahn inequality

gaﬁ\q

Dy = {0 (1) > 0} = {v1 > 0} N {n > 0} = {vg (1) > 91/6} N By .

We have 7, = 0 and |Vn| <

. From (2.20) we therefore obtain

2
ro—T1

T
c1/ /| |P<// VAl < ¢ S (3.34)
0 By 7o 7’1)

14



where c3 = 2P and we used that v; < vg.
Let us now apply Lemma 2.8 to function vy in By X [0, ¢] where t € [0,7T]. This time we
take 7)(z, t) = 1 () as a bump function of By ;o = B (0, ©§™) in By. From (2.20) we obtain

t t t
D D o C3 o C3
] zaf [vras ot [ s
[/Bo L 0 JBo (ro —r1)" Jo By (ro —71)?

Hence, by (3.31),

Thus, we deduce

1 s
D < / ’U)\ 'at < Jo.
IU’( t) 9)\/0, B1/2 0 ( ) 0)\/& (’ro _ Tl)p 0
Combining this with (3.33) and (3.34) we obtain
T v
P\P CgJo c3
J :/ / /UU S ll ,r.p J
O <2> ’ (L(BO)M(BO)GA/Q (ro — r1)p> c1(ro — )P "
p 1+v

(]3)19 roC3
2 (L(Bo)u(Bo)G’\/“ (ro — rl)p)" e1 (ro — 11)P

1+v
‘]0

which implies (3.32) and finishes the proof. m

3.3 Iterations and the mean value theorem

Lemma 3.2. Suppose that (3.29) is satisfied. Let the ball B = B (xg,r) be precompact. Let
u be a non-negative bounded subsolution in

Q = B x [0,1]

such that
u(-,0) =0 in B.

Let o and X be reals such that

c>0 and A=0-9>0. (3.35)
Then, for the cylinder
1
Ql — §B X [O,t],
we have
c 1/
Ul pocion < | s [ w7 ) 3.36

where 1(B) is the Faber-Krahn constant in B, and the constant C' depends on p, q and .

15



Figure 2: Cylinders Q and Q’

Proof. Let us first prove (3.36) for o large enough as in Lemmas 2.8 and 3.1. Choose some
6 > 0 to be specified later and define a sequence of functions {ug} by

" ke 1/a
uy = u, U = (uk_l—Q 9)+ for k > 1.

The function fp (s) = (s* — H)i/ “ has the property that fg, o fo, = fg, 16, Hence, we obtain

U = (ua — %0 — = 21]€0>:/a = (ua _ (1 — 2*16) 9)1/(1.

Consider a sequence 7 = (% + Z_k_l) r, and set
Bk =B (x07rk)7 Qk = Bk X [Ovt]

so that
By=B, Qo=@ and Q:= klim Qr=0Q"
— 00

Figure 3: Cylinders Qg

Setting J, = ka uf, we obtain by Lemma 3.1 that

p
Cry,
X

<L(Bk)M(Bk) (2-(+Dg) @ (1), — Tk+1)p>y (1 = Th1)”

Observe that, by monotonicity of the function (3.28), we have

1+
Jit1 < J v,

b D
% r

(e(Br)u(Bg))” ~ (U(B)u(B))"

16



k+2) we obtain

Since ry, — rp+1 = 2~ (
2k P

(«B)u(B)o? (2-G+20r)")" (2 (=2

B C9(k+1) 22 +(k+2) (pr+p) ,ﬁ” _ ikJé+y

(«B)u(B)Y=7) ©

J1+I/

Jp1 < 3

where
A

A =20 and © = ! <L(B)M(B)95rp>y.
Now let us apply Lemma 5.2 with w = v: if
> AV, (3.37)

then, for all k > 0,
Ji < A_k/VJD.

In terms of # the condition (3.37) is equivalent

C (BB > AV gy

92(413%]9@;’

where A is absorbed into a new constant C. Hence, we choose 6 as follows:

~ (i)

and for this choice of § we have J — 0, which implies ©® < 6 in (). Hence, we obtain
HUHLOO(QOO) S\ e
UB)u(B)rp

c 1/A
= ——— g 3.38
(@ L) (333
which was to be proved.

Now we prove (3.36) for any o so that (3.35) is satisfied. Let oo be such that (3.36) is
already known for ¢ = o and let o < 0. Denote

that is,

)\0200—(5 and A\=0c -9
so that A\ < Ag.

For simplicity of notation, for any set E C M, denote E' = E x [0,1].
By the first part of the proof, we have, for any precompact ball B of radius r,

Ao < c )
HUHLOO(%Bt) = X(B)T‘ip /;tu ’

where x(B) = «(B)u(B) and according to our notation B! = B x [0,t]. Consider for k > 0,

a sequence
1
Tk = <1 - 2k+1> T

17



so that rg = %7“ and ri T r as r — oo, and set By, = B(xg, 7). Denoting also B = B(xq, 1),

we see that 1
5BCB;€CB and By T B

as k — 00. Set also pp, = rg41 — g = Qk%r.

Figure 4: Balls By and B(zx, p;,)

For any point = € By, applying Theorem 3.2 in the ball B (z, p;,), we obtain

nrd)
Ao oo
u < —— u
100 = N B p) 4 St
o Wy [
X(B(x Pk )) pp L= (B @py) Bt(z,p;,) ‘

Since B (x, p;) C Byy1 C B, we have by the monotonicity of (3.28)

X(B(@,p)) o x(B)

IN

pz/v = ypp/v
whence
1 < (T'/p P/V _ 2(k+2)p/u
X(B(z, py)) x(B) x(B)

Hence, we obtain

C2kp(z/_1+1)
< —F .
HuHLoo(Bt(x pk))_ X( ) ” HLOO(B /Btu

Covering By, by a sequence of balls B(z, % pi) with x € By, we obtain

C2kp(v1+1) i
e oy < e Iy [ o

Setting Ji = Hu||Loo B%) , we rewrite (3.39) as follows:
Ak AAO Ak

Jp1 < = J° —J,
k+1 =) @

where A = 2P0 +1)
C
-1 _ o
O =B /Btu

18
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Ao

and w = o

—1= ﬁ Applying Lemma 5.2, we obtain

Jp, < Jo et 1w 1/w
‘(W) (ar0) ™,
that is,

s (e (o))

(Mo—A) _

Since Jj > Hu||£oo(Bt) =: const > 0, we see that

1
1/w Dk
lim inf ((Al/‘“@l> / Jk) e >1,

k—o0

whence

Jo > (A—l/we))l/w.

It follows that J;* < AY“*©~1/% that is,

1/w
Mo o gl ¢ / o
ol < A (s f00)

1/
im0 < o3 oo™
L= (1Bx[ot]) = UB)u(B)TP )Xo ’

which was to be proved. =

and thus,

4 Finite propagation speed
In this section we assume that M is geodesically complete and
1
p>2 and —— <g< 1L
p—1

In particular, this implies that
0=¢q(p—1)—1>0.

4.1 Propagation inside a ball

The next result contains Theorem 1.1 from the Introduction.

Theorem 4.1. Let u be a bounded non-negative subsolution in M x[0,T]. Let By = B (xo, R)

be a ball such that
ug = 0 in By.

Let o be a real such that
oc>1ando >94.

Set
s _
to = WL(BO)M(BO)"RpHUOHLg(M) AT,

where n = n(p,q,v,0) > 0 is sufficiently small. Then

1
u=0 1in §BO X [O,tg].

19
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Remark 4.2. Although o = oo is formally not included in this statement, (4.41) is true also
for o = oo, that is, with
to = m(Bo) R | uol| ;% (ppy A T

where n = n(p,q,v) > 0 (see [17]).

Proof. Set r = %R and fix for a while a point z € %Bo so that B := B (z,r) C By. Fix also
some t € (0,7] and set

Qr=2"Bx[0,t] and J, :/ u’.
Qk

Figure 5: Cylinders Qj

Since o > §, we have A = 0 — § > 0. By Theorem 3.2, we obtain

. 1/
o0 < ’ ‘
llull, (Qr41) = (L(QkB),u (27FB) (27Fr)? /Qk ‘ >

It follows that

Jpt1 = / u’ < p (2_(k+1)B> 3 HUHZ"O(QICH)
Qr+1

< #lBo)t (L(Q"“B)u BBy /Q “0>m |

Since by the monotonicity of the function (3.28)

(27"B)u (27" B) - UBo)n(Bo)
(27kr)p/l/ - Rp/v

and r = %R, we obtain

_ o/
cokp(v="'+1) Ak
< (Bt | ——-— = gitw
Tt < () (L(BO)M(BO)R”Jk RO
where
w = g — 1 — é7 A _ 2p(V71+1)0'/>\ and @ — (L(BO)Rp)l+w /"L(B )w
A A Ct
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By Lemma 5.2 we obtain

(1+w)F

Al/wjfo*’ w L 1/w
< —1/w
Jp, < ( s <A @) . (4.42)

We have "
Ao CAV (fBX 0.0 Y ")
©  («(Bo)Rr)" u(Bo)*

Since o > 1, we have by Lemma 2.9

/ u? < t/ ug
Bx|0,t] M

and "
Aoy _ CAYEte ([ ug)
© ( (Bo)RP)'™™ pu(Bo)*
We would like to have 1
ATy 1
< = 4.4
5 <3 (4.43)
For that it suffices to have
1 —Ww
t1+w < 5C«flAfl/w (L(BQ)RP)H_W ,U/(BO)W </ ug) ,
M
that is,
w ~Tte
v s ([ ) " (4.44)
M

1
where 1 = (%C’*lAfl/‘”) *e Since w = % = % and - = g we see that (4.44) is satisfied
for t = tg where t is given by (4.41).
Hence, it follows from (4.42) and (4.43) that

(e )k

Jp <27 K,

where K = (A_l/‘”@) e depends on By, R and t but does not depend on x or k; that is, for
any r € %Bo, for t = tg and, for any k > 0, we have

(1+w)F

/ w’ <27 o K. (4.45)
B(z,27%r)x[0,¢]

Let D = D(By) be such that any ball in By of any radius p < %R can be covered by D balls

of radii p/2. Let us cover the ball %Bo by a finite sequence of balls {B (a:,-, 2*’%) }1111 with
z; € 1By. Then the number N is estimated as follows: N < D*. It follows from (4.45) that

w k
/ W < Z/ w’ < DR~ K. (4.46)
Box[0,t] B(xi,27Fr)x[0,t]

Since the right hand side here — 0 as kK — oo, we conclude that

/ u? =0
%BO X [O,t]

that is, u = 0 in %Bo x [0,t] ,which finishes the proof. m
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4.2 Propagation of support

Let u(z,t) be a non-negative bounded subsolution in M x R4 with the initial function
uo = u(+,0). Assume that the support

K = suppug
of ug is compact. For any r > 0, denote by K. a closed r-neighborhood of K.

Corollary 4.3. Assume that M satisfies the volume doubling condition, that is, there exists
a >0 and C > 0 such that for all z,y € M and all R > r > 0,

WB@.R) (Rt dxy)\°
W(B(y.r)) SC( " ) |

Suppose that there exists a point xg € K and a continuous monotone increasing function ¢(r)
converging to +o0o such that for all large enough r,

(4.47)

s
o

(B, (B0 ([ ) 7= o) (4.48)

Then there exists a continuous monotone increasing function p : (0,00) — Ry such that
suppu (+,t) C K4 for all t € (0,00).

Figure 6: The support of u(-,t)

Here p (t) may depend on u. The function p(t) is called a propagation rate or propagation
function of w.
Proof. As a continuous monotone increasing function converging to +oo, ¢ has an inverse
function p = ¢! defined on (0, c0) that is also continuous and monotone increasing.

Let us show that r = p(t) implies

suppu (-, t) C Ky,

that is,
u(,t) =0 in M\ K,.

Let us fix a point « € Ky, \ K,. We have d(z, K) > r and thus B(z,r) N K = (). By (4.48)
and the volume doubling condition, » = p(t) implies that for all large enough r,

o

< o) < Bl DB ([ o)
M
Since u(-,0) = 0 in B(z,r), we conclude by Theorem 4.1 that

u(-,t) =0 in B(z,r/2).
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Since this is true for any x € K», \ K, we obtain that
u(-,t) =0 in Ky, \ K. (4.49)
Let us show that in this case also
u(-,t) =0 in M\ K,. (4.50)

Fix some s >> 2r and let 1 (x) be a bump function of K\ Ky, in Kos \ K,; that is, n is the
following function of |z| := d (z, K):

(% ) |z] < 2r,
1
2

n(r) = NS [27“ s],
(1 'z') 2| > 5.
1 (X))
r 2r K 2s x|

Figure 7: Function n

Applying the inequality (2.20) of Lemma 2.8 with large enough o, we obtain

t t
[/ u’\np} < 62/ / u’ |Vn|P. (4.51)
M 0 0 JMm

Since u (+,0) = 0 on suppn and n = 1 on K\ Ko, the left hand side here is bounded below

by
/ ur(-,t).
KS\K2’I‘

Since n =0 in K;, u(-,7) =0 in Ko, \ K, for all 7 <t (by (4.49)), and Vi =0 in K, \ Koy,
the right hand side in (4.51) is equal to

t
02// u? [Vnl”.
0 JM\K,

Since |Vn| < 1 in M\ K, we obtain that

t t
/ ur(,t) < 62/ / u? |[VnlP < 62/ / u
K\Kar 0 JM\Ks sP Jo Sk,

The right hand side goes to 0 as s — oo, which implies that w(-,t) = 0 in M \ Ka,, thus
proving (4.50). m
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4.3 Curvature and propagation rate

Corollary 4.4. Let M satisfy the relative Faber-Krahn inequality. Fir a reference point
xg € K and assume that, for some o > 0 and all large enough r,

w (B (zo,7)) > cr®. (4.52)
Then u has a propagation function
p(t) = Ct'/P
for large t, where
1)
B=p+a—
o

with o as in (4.40) and C depends on Huo||LU(M) Dy q,n, o and c.

Proof. If M satisfies the relative Faber-Krahn inequality, then it can be shown as in [14],
which uses arguments from [6], that the upper bound (4.47) holds with & = p/v, where v is
given by (3.27). Let compute the function p(¢) from Corollary 4.3. By assumption we have
that the Faber-Krahn constant ¢(B) has a uniform positive lower bound for all geodesic balls

_s
B C M. Using (4.52) and treating ( Jar ug) 7 as constant, we see that the function ¢ from
(4.48) can be taken in this case as follows:

o(r)= P = o,
Finally, we conclude that
p(t) =97 () = CtV?
for large enough ¢, which was to be proved. m
Remark 4.5. Under the hypothesis « € (0, n] the model manifold constructed in Proposition

5.1 satisfies the volume doubling property and the Poincaré inequality, and in particular, also
the relative Faber-Krahn inequality (see Proposition 4.10 in [15]).

Remark 4.6. In R" we have (4.52) with a = n. If 0 = 1, we obtain the sharp propagation
rate 1/, where 8 = p + nd. By (4.40), we can take o = 1 provided 6 < 1, that is, when
q < %. Hence, in the range

1 2
p>2, —— <q<min <,1> (4.53)
p—1 p—1

(see Fig. 8), we get a sharp propagation rate. In this range of p, ¢ we not only get a sharp
propagation rate in R™, but by Proposition 5.1 also in the class of model manifolds satisfying
the relative Faber-Krahn inequality and (4.52) with any a € (0,n].

<.

Figure 8: Range of p, q
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Corollary 4.7. Suppose that M satisfies the following isoperimetric inequality: for any
precompact open set Q C M with smooth boundary,

a—1

1(0) > en(Q) =, (4.54)

for some ¢ > 0 and where o > n and o > p. Also, assume that for some xg € K and all large

enough r,
(B (z0,1)) < Cr?, (4.55)

where C' > 0. Then u has a propagation function

p(t) = C'tV/P
for large t, where

B = ozg +p (4.56)
with o as in (4.40) and C' depends on HUOHL”(M) ,D,q,a,c and C.

Note that the inequality (4.54) implies that for all z € M and r > 0,
w(B(xz,r)) > constre. (4.57)

Proof. The isoperimetric inequality (4.54) implies the following Sobolev inequality: for all
geodesic balls B C M and all non-negative w € W(} ?(B),

—-p

</ waapp> ) gconst/ |[Vwl|P.
B B

H(B):
"Bz )

where v = £ (see Section 3 in [17]). Hence, applying condition (4.55), we deduce for all large
enough 7,

From that we obtain

UB(zo, 7)) > crv® =c.
Substituting this into (4.48) we obtain from (4.57) that ¢ can be taken as follows:

o(r) = ere P,

Thus, we conclude p(t) = C"t*/#, where f is given by (4.56). This completes the proof. m

5 Appendix

5.1 Radial solution on polynomial models

Let M be a model manifold, that is M = (0,+00) x S"~! as topological spaces and M is
equipped with the Riemannian metric ds® given by

ds® = dr? + ¢?(r)d6?,

where () is a smooth positive function on (0, +0c) and df? is the standard Riemannian
metric on S*~'. We define S(r) = 1" 1(r), which is called the profile of the model manifold.
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We search for solutions u of (1.1) on M with finite propagation speed. We always assume
that
p>1 andg(p—1)> 1.

Let u(z,t) = u(r,t), that is, function v depends only on the polar radius 7 and time ¢. Assume
also that d,u < 0, then
1
Apu = —g& (S (—8Tu)p_1>

so that (1.1) becomes
1

S

Proposition 5.1. Assume that, for some « € (0,n] and all r > rg,

o, (s (—aru‘J)p—l) . (5.1)

8tu:—

S(r)y=Cro L.

Then the following function is a non-negative solution of (1.1) in M \ By, x Ry:

1 ro\2\ Y
u(z,t) = 1alB <C— K <W> >+ (5.2)

where C' > 0 and

1 p—1
B=p+algp-1)—1], V=4S T R

—-
pqpr-1

Note that the volume of the central balls on this manifold is of the order r%, and the
propagation rate of the above solution is Ct'/#?, which matches our main results in the case
when we can take o = 1.
Proof. By (5.1) the equation (1.1) for u becomes for r > rq,

_ 1 a—1/ q\p—1
O = o Or (r (—0ru?) ) . (5.3)

We search for a solution of the form
u(x,t) =t f(rt®) for large r,

where f is a decreasing function. Let us require in addition that the solution w (-,t) has
bounded L'-norm. One can show that for that we need to require that a = ab. Using the
variable s = rt’, we obtain that (5.3) is equivalent to

p—1¢(ag+b)(p—1)

a—1
. 0. (s (1@ ).

o (s () = 1

s4~
We also require that

(ag+b)(p—1)+b=a—1,
which together with a = ba yields

1
b=— < 0.
alg(p—1)—=1)+p
Under the above choice of a and b, the powers of ¢ and s in the above equation cancel out,
and we obtain since b < 0,

(b] 5)7T
(B,

f(q—l)—p%f/ — (5.4)
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Note that v := ¢ — —= > 0. Integration of (5.4) yields

p—1

p

f(s)= (C’ — /{510—1)1/7

where

1 1
p—1p|>=T  q(p—1)—1][b[»—T

p q p q

and C is a positive constant. m

5.2 An auxiliary lemma

Lemma 5.2. [17] Let a sequence {Jy}re of non-negative reals satisfy

k

A
Jpi1 < 6J,i+‘“ for all k > 0.

where A,©,w > 0. Then, for all k > 0,

Ji < <<A1/w®1>1/w JO>(1+w)k (A,kfl/w@>1/w.

In particular, if © > Al/‘”J(‘f, then Jj, < A7F/“ ]y for all k > 0.
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