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THE HEAT EQUATION ON NONCOMPACT RIEMANNIAN MANIFOLDS
UDC 517.9

A. A. GRIGOR'YAN

ABSTRACT. The behavior of the Green function G(x, y, t) of the Cauchy problem
for the heat equation on a connected, noncompact, complete Riemannian manifold
is investigated. For manifolds with boundary it is assumed that the Green function
satisfies a Neumann condition on the boundary.

Let M be a geodesically complete, noncompact, smooth, connected Riemannian
manifold of dimension n. Let A be the Laplace operator (or, equivalently, the
Laplace-Beltrami operator) on M . As we know, in local coordinates x;, ..., X, the
Laplacian A has the form

1 «— @ ]
A: g - ( U_—) ’
\/Ei,]Z=1 ax; \/gg ax,-

where the g?/ are the contravariant components of the metric tensor (in contrast to
the covariant components g;;), and g = det|/ gl .

The paper is devoted to the type of estimates of positive solutions of the heat
equation

(0.1) ur—Au=0

(where u=u(x,t), x e M, t >0) called Harnack’s inequality.
The classical Harnack inequality states that a positive harmonic function v(x)
defined in a Euclidean ball By of radius R satisfies the estimate

(0.2) supv/ igfv <P,
where B, is a concentric ball of radius r < R, while the constant P depends only
on the ratio of the radii R/r (and on the dimension of the space).

From (0.2) one can deduce many important properties of harmonic functions,
and it is therefore not surprising that much effort has been expended to generalize
Harnack’s inequality to solutions of elliptic and then parabolic equations. In R” it
was established by Moser in [4] and [5] for uniformly elliptic and uniformly parabolic
equations in divergence form. After that it beame possible to approach directly the
question of just what geometric properties of the space entail Harnack’s inequality
(and also other properties of solutions).

If v is a harmonic function on a Riemannian manifold M (i.e., Av = 0) defined
and positive in a precompact geodesic ball Bg C M, then, considering the Laplace
equation in local coordinates as a uniformly elliptic equation, one can obtain (0.2).
It is true—and this is most essential—that the constant P will depend on R and r,
and not just on their ratio.
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48 A. A. GRIGOR'YAN

This sort of Harnack inequality, which is naturally called /oca/ (in contrast to a
global inequality when P depends only on R/r), makes it possible to study only
local properties of solutions, but not properties such as, for example, Liouville’s
theorem and others. The same applies to the heat equation (a formulation of the
corresponding Harnack inequality is presented in §4).

The purpose of this paper is to obtain the weakest possible conditions on the
manifold M under which a (global) Harnack inequality is satisfied for the heat
equation (and thus also for the Laplace equation).

Bombieri and Giusti [2] (see also Yau [3]) carried out the first geometric analysis
of Moser’s proofs. They established that Moser’s proofs can be carried over to a
manifold M if it satisfies the following conditions:

(a) The ratio of the volumes of any two concentric balls of radii R and 2R does
not exceed A4, where A is the same for all balls.

(b) The first eigenvalue of the Neumann problem in any ball of radius R is not
less than a/R?, where a > 0 is the same for all balls (Poincaré’s inequality).

(c) For any function f € C§°(M)

[ terad sz b ( / |f|"/<"-‘>)("_w" ,

where b > 0 is a constant not depending on f (Sobolev’s inequality).

As is known, in R" all these conditions are satisfied. Other known proofs of
Harnack’s inequality in R” | for example, Landis’ proof [13] (see also [24]), actually
use the same geometric properties of R” but in another form (thus, properties (b) and
(c) can be derived from the isoperimetric partition property in a Euclidean ball: if a
hypersurface I" divides a ball into two parts having volume > v, then meas,_;I" >
cnv"=D/" where ¢, > 0; see [13] and [22]).

One of the basic results of our paper is that Harnack’s inequality for equation
(0.1) (and thus also for the Laplace equation Au = 0) is satisfied if the manifold
M satisfies only conditions (a) and (b). Moreover, condition (b) can be relaxed,
replacing it by condition (b’) (to be formulated in §1).

Simple examples show that the superfluous condition (c) is not a consequence of
(a) and (b). It is not hard to show that in a cylinder K x R, where K is a compact
manifold, (a) and (b) are satisfied (this follows from results of [26]), but (c) is not
satisfied (since Sobolev’s inequality implies growth of the volume of a ball of radius
R — oo like R"). Condition (a) alone does not guarantee Harnack’s inequality.
Corresponding examples have long been known; see, for example, [19]. Violation of
Harnack’s inequality in these examples occurs due to the presence on the manifold of
“narrow” places along which a solution may vary strongly. Condition (b) (and (b’))
forbids just such situations. It remained unclear whether condition (b’) is necessary
for Harnack’s inequality. As shown in §5, condition (a) follows from Harnack’s
inequality for the heat equation and is thus a necessary condition.

Condition (b’) is not altogether transparent. In §2 we show that (a) and (b’)
result from the following rather graphic geometric condition. We denote by Iy a
homothety of the manifold M along the shortest geodesic with center at the point
x and with coefficient g € (0, 1). Suppose I'; for g € [1/2, 1] reduces the volume
of any ball by no more than C times, where C > 1 does not depend on x, ¢, or
the ball. Then (a) and (b’) are satisfied. For example, this “homothety” condition
holds on manifolds of nonnegative Ricci curvature, By the way, on such manifolds
Harnack’s inequality for the heat equation was proved by another method by Li and
Yau [6] (and by Yau for the Laplace equation still earlier [9]).

The structure of the paper is as follows. Some consequences of conditions (a)
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and (b’) are derived in §1. The “homothety condition” mentioned above is proved
in §2. A mean-value theorem used in §4 for the proof of Harnack’s inequality is
proved in §3. Necessary conditions for Harnack’s inequality are proved in §5, and
consequences are discussed.

The basic results of the paper were announced in 1987 in [25].

I am grateful to E. M. Landis for fruitful discussions of the questions touched on
in the paper, and to A. K. Gushchin for useful remarks.

Notation. d(x, y) is the geodesic distance between points x, y € M ; By is the
geodesic open ball with center at the point x € M and of radius R; meas; 4 is the
k-dimensional Riemannian volume of a set 4 lyingin M orin M x R; and

meas, 4 ifdac M,
meas, A if ACMxR;
fi= 3+ = (f1)%

All integrals unless otherwise mentioned are taken with respect to the Riemannian
measure of M or of the Riemannian product M x R.

|A| = meas A = {

§1. INEQUALITIES OF POINCARE TYPE

Everywhere in this paper M denotes a noncompact, smooth, connected Riemann-
ian manifold of dimension ». It may have a boundary &M . The manifold M is
always assumed to be metrically complete, i.e., any ball Bf is a precompact set (in
the case of an empty boundary this is equivalent to geodesic completeness).

In this section it is everywhere assumed that the following conditions are satisfied
on the manifold M :

For some numbers 4 >0, a>0,and N> 1,and forany xe M and R>0

(a)

(1.1) |B3g| < A|Bgl;
(b’) For any function f € C>*(Byz)
a
1.2 / v 2z—mf/ — )2
(1.2) (VP it (-0
(as is known, the infimum is achieved when £ is equal to the arithmetic mean of f
in BY).

We observe that if in (1.2) we set N = 1, then we obtain precisely Poincaré’s
inequality (b). As we know, the validity of Poincaré’s inequality for domains of
Euclidean space depends on the smoothness of the boundary of the domain. Since
smoothness of the boundary of a geodesic ball has no direct relation to the geometric
properties of the manifold of interest to us, inequality (1.2) under the condition
N > 1 is a more natural characteristic of the manifold than Poincaré’s inequality
(b). On the other hand, the fact that the integrals in (1.2) are taken over distinct
balls creates considerable technical difficulties for the application of this inequality.
Consequences of conditions (1.1) and (1.2) more convenient for applications are
presented in the theorems of this section.

Everywhere below const denotes a positive constant depending only on 4, a, and
N . We suppose that the number N is sufficiently large, for example, N > 2.

Theorem 1.1. For any two intersecting balls B¥ and B}, where R>r >0,
(1.3) Ay(R/ry™ < |Bgl/IBY| < A1(R/r)™,

where the positive numbers A, Ay, ay, and o, depend only on A.
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Proof. Let m be an integer such that 2” < R/r < 2™*! From (1.1) it follows that

|BR| < Byl < |Bjmis,| <A™ |BY| < A(R/r) 84| BY)|.

2R+r 2m+3yp

Thus, the right inequality in (1.3) is satisfied for 4; = 4> and «a; = log, 4.
Before proving the left inequality, we show that

|Bjxl > (1+A47%)|Bg].

Indeed, if z is any point a distance 2R from x, then, by what has been proved
above,

|B3rl = | Bkl + |Big\Bg| > | Bkl + | Bzl
> |Bx| + A7|BE| = (1 + 47%)| Bx|.
Suppose, further, that m is an integer such that 3™ < R/r < 3™*!  Then
|BR| > A7%|B}| > A7} (1 + 47%)"|BY|
> (4% + 1)7Y(R/ryPs(1+47) By|,
Thus, 4; = (1 + 4%)~! and o, =log;(1 + A~3). Theorem 1.1 is proved.

Theorem 1.2. For each ¢ > 0 and for each Lipschitz function f in the ball Bj LR
where z € M and R >0,

1.4 / Af,|? > const——— Ll 2
( ) B(zl+s)R| f+| RZ,BZI BZ *
where H = {f <0}N B, and
(1.5) / IV > const g ~inf / (f — &2

B(ZI+5)R

Here o > 0 depends on A.

Proof. 1t obviously suffices to restrict attention to infinitely smooth functions f. We
shall first show that (1.4) implies (1.5). Indeed, there exists ¢ such that each of the
sets {f > ¢} and {f < ¢} occupies at least half the volume of B . Applying (1.4)
to the functions f — ¢ and & — f and adding the inequalities thus obtained, we get
(1.5).

We proceed to the proof of (1.4).

Lemma 1.1. Let f € C>*(B%,), and suppose that the volumes of the sets {f <t} N
BX and {f > VYN BF, where t' > t, are equal to V and V' respectively. Then

' -02vv’
(1.6) / |V f1? > const———-———.
{t<f<t'} | r?| By

Proof. We apply inequality (1.2) to the function ® equalto ¢ in {f <t},to ¢ in
{f>t},andto f in {t < f < ¢'}. For some ¢ we obtain

/ VSP > / vopR > 2 / (@&
(t<f<t'} B, R* Jp:

> %(V(t—é)z LV 8 > a(t’ — t)2vv’ S a(t' — t)"-VV’.

rr(Vv+vy — r2|Bx|
Here we use the fact that the minimum of the quadratic function of ¢

V-8 + V(¢ =&
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(1+&)R

FIGURE 1

is equal to
¢ =0VV' |V + V).
The lemma is proved.
In order to use this lemma we must first decompose the region {f > 0} N B{, . ¢
into the sets of the form {# < f < #,}, and then for each of these sets find a
suitable ball in which we can apply (1.6). We set

m(t) = meas{f > t} N B, m(t) = meas{f >t} N B;.
We construct an increasing sequence {{,} such that
(1.7) to=0 and mM(tey) > (1 -)m(t),

where we shall choose J > 0 later. We fix k and seek a ball B¥ of radius r = ¢eR/2N
such that the volumes of the sets Q, N BF and H, N B, where

Qe={/>u}NB, Hc={f<u}nBg,
are sufficiently large (see Figure 1).
We set
mi(x) =B N&4|/IBY|,  pa(x) = |Bf N Hy|/|B7|.
We introduce the function
1 ifd(x,y)<r,
X(x,y)—{o ifd(x,y)>r,

where x € B%_ . and y € ;. Obviously,

R+r

X(x,y)dx = |B|, /QX(x,y)dyzm(X)lBi‘l-
k

z
BR+r

[ogay=[ [ Xeropdxdy
Qk .Qk BlZH-r

= [ ax [ Xeeoydy= [ mnizdx

z
R+r &

Therefore,

R+r
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Hence, for some x and y we have

_ _ |BY | | Qx|
11(x) > |Bg,, |1 B ‘/ BY|dy > A2l
R+r r o I r| ‘Blz(+r| |B;‘|

> [l IBR| |B7| | <%l 1B;| IB/]
IBR| [BRyr| 1BF| ~ |BR||Bigl |Big

_ o |Q ~ o
247 ) gt =4 )

(1.8)

In exactly the same way, for some x € B, we have
- o |Hy|
_ > 4-2 (& [Hk
(1.9) i) 2 47 (g3 ) gy
Since for all x € B},
o Q| b |H|

p(x) + pa(x) = 1> Ay (SN) |BZ|+A1 (8LN) |BZ|’

there exists a point x for which (1.8) and (1.9) are satisfied simultaneously. We fix
this point and apply Lemma 1.1 in the ball B}, for ¢ = and ¢ = ¢, (the ball
%, lies in the domain of the function f by the choice of ).
We note that |Hy| > |H|, and hence

(1.10) meas{f < t;} N B = u(x)|B;}| > conste™ ‘le‘| | BF|.

Since
{f 2 tis1} N B D Quyy N BY = QN \Qi_y) N B
D (e N BION(C%\Qp11) 5
Q| =m(te), Q] =tirr)s 1\t 2 m(ty),
and meas(Q; N BX) = u(x)|B;|, by (1.8)

meas{f > t;,1} N B} > conste™ |1§'Z|) |BF| — dm(ty).
R

IBF| o 4=t (2N _ 4-1( & \™

B 2 (R) =4 (z5)
Setting 6 = 2consts""A (e/2N)* , we obtain meas{f > f,1} N BF > om(ty).
According to Lemma 1.1, from this and (1.10) we have

We note that

(Tes1 — ¢ ) o 1
|V f]? > const —om(ty).
/{fk<f<tk+1} R2 IBRI
Summing over all k and replacing J by its value, we obtain
g |H|
(L.11) 912 2 const®r LS 1y — 12mn).
Biisor |B&l k=0

On the other hand, if m(t;) — 0, then there is the obvious inequality

(1.12) /B 232, (mty) = mtn):
R k=0



THE HEAT EQUATION ON NONCOMPACT RIEMANNIAN MANIFOLDS S3

We now compare the sums on the right sides of (1.11) and (1.12). For this we specify
the choice of the sequence {¢,}. We recall that so far we have required of it only
that (1.7) be satisfied. We set

=0, L =inf{em() > (1 -m(t)}, k=0,1,2,....
Obviously condition (1.7) is satisfied, but together with it we also have
(1.13) M(tiyr) < (1= 8)m(t).
In particular, this implies that m(f;) — 0 as k — oo. We now use a lemma.

Lemma 1.2. Let {t;} be an increasing sequence with ty = 0, and let {my} be a
decreasing sequence of positive numbers for which my,; < (1 — d)my, where é > 0.
Then

oo 6 oo
D ey — ) *my > W >tk — my).
k=0 k=0

Proof. On the positive semiaxis we consider a piecewise linear function ¢(u) deﬁned
as follows: p(my;) =1, ¢@(u) is linear on each interval (my,,, my), and ¢(u) =
on (mg, +oo). We remark that on (mg,,, my)

do _ v — U
du  my — My
Using (1.13), we therefore have
> (e — ) me = (—(M(mk — Myi) Py

3
my —
= k0 k= Miq1)

BN —1)? 5 /oo s
2 - >
Z (mk — Mpr1)? 5 (M My, 1)0mi > 6 | o' ucdp.

On the other hand, since the integral over the segment [m, ., m;] of the quadratic
function ¢(u)? monotone on this segment is not less than 1/3 the product of the
length of the segment by the maximum ¢ +1 Of the function in question (on this
segment), it follows that

Ztkﬂ(mk - M) < 32/

=0 ¥ Mi+1

p(u)ldu= 3/ o(u)*dp.

Finally, according to Hardy’s inequality
e o) 1 o0
/ it dp > Z/ p(u)’du.
0 0

Collecting all these inequalities, we complete the proof of the lemma.
From (1.11), (1.12), and Lemma 1.2 we obtain (1.4) in an obvious manner. The-
orem 1.2 is proved.

Theorem 1.3. Let f be a Lipschitz function in the ball By, and let H = {y ¢
Bl’g/zzf(y) < 0}. Then

2
|H| 2

(1.14) /lVf 2y? > const—y——s /f ,
Bx +| R2|B§|2 B;(z +h

R
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where n(y) = (d(y)/R)*?, « is the constant of Theorem 1.2, and d(y) is the
distance from the point y to 0B%.

Proof. We set Ry = R(1 —27%), k > 1. According to Theorem 1.2, for each pair
of balls By , By =~ we have

|V £i]* > const [Rk _RRkH} |H] / 12
B

R? B

27k H|
> 2
> const R\B| / /i

BX
(1.15) St

We set Q = B; \Bx _, k>1,and Q, = B} . Multiplying (1.15) by 27 and
summing over all k = 1 2, ..., we obtain

(1.16) kgz-ak /Qk |Vf+|22constR2|B ‘Z —ak/ 7.

Since for 2R - 2% > d(y) > R-27% for y € Qy, it follows that 2%« < (d(y)/R)* =
n* and 4% < (d(y)/2R)** = */2%> . Therefore, from (1.16) it follows that

|H| 2 4
IVfil?n? > const——— [ fin*.
/B; + RABY Jpy T

Applying the Cauchy-Schwarz-Bunyakovskii inequality to the right side of this rela-
tion, we obtain (1.14).

Theorem 1.4. Forany y € M and R > 0, for any domain Q, Q C B}, and for any
Lipschitz function u in Q vanishing on 6Q,

o e

where b >0 and S > 0 depend only on A, a, and N .

Before proving the theorem we observe that it admits the following reformulation.
If 1,(Q) denotes the first eigenvalue of the boundary value problem

oul _,
OV lsmna ’

where v is the normal to the boundary M (in the case of an empty boundary
OM this is the Dirichlet problem; in the general case we also call (1.18) the Dirichlet
problem), it follows that

(1.19) Q) > — {lf;nl}

For example, in R" (1.19) is satisfied for f =2/n.

Proceeding to the proof of (1.17), for each ¢ > 0 we consider the set V; = {u > t},
and define m(t) = measV;, and #(¢) = meas}V,. We fix some 7 > 0 and suppose
that ¢/ >t is such that
(1.20) m(t') > (1-3)m(1),
where 6 > 0 will be chosen later. For each point x € V; we construct a ball B}
such that

(1.21) meas(BF N V) = 3B}

(1.18) Au+iu=0, ulyaq=0,
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FIGURE 2

Such an r (depending, of course, on x) exists, since as r — O the left side of (1.21)
is greater than the right side, while for r > R, according to Theorem 1.1,

meas(BS N V;) < |B4 < A7 (R/r)|B}|.
Therefore, if r is so large that
A7H R/ < L,

then the right side in (1.21) is greater than the left side. Hence (1.21) is satisfied for
some r such that

(1.22) r < const R.

The collection of all balls B} covers ¥;. From them we select a countable (or
finite) number By such that the balls B)! do not intersect, while the balis By,
cover V; (see [12], p. 272). By (1.1)

STIBE 2 AT Y B, = A m(),
i

1

and by (1.21) the volume of that part of }; covered by the balls B/’ is not less than
$A=*m(1) (see Figure 2).

Suppose the function v isequalto ¢ —¢ and Vp,to u—¢ in V\F,,and to O
outside V;. Applying inequality (1.4) for the function v in the balls B/’ and B3,
and considering that the set {v < 0} occupies half of the volume in the ball B;',

we obtain
Xi
/ > const / v2.
BZI, r|2 B::»i

Adding these inequalities over all / and noting that
1B 2 | By const| = const(ri/R)*'| B

{where const on the left side is the same as in (1.22)), i.e.,

ri < const R(|B}|/|BR|)!/*" < const R(IQ|/|BR])"/,
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2/a
/ |Vul? = / [Voj? > const {Eﬁ} l/ v2.
VAV, M - R? 1| U, B

Since the balls B cover in ¥; a volume at least 14=%m(¢), in V, they cover
(by (1.20)) a volume at least %A“‘m(t) —dm(t), which is not less than dm(¢) for
d = 347*. Since vly, = ¢ —¢, it follows that

we obtain

[ _vP > (¢ - 0)em(n),
Bl

[

and so
(1.23) / Va2 > Somst {ﬁ}m' (¢ - )’m(2)
' N7 TR '
On the other hand, obviously,
(1.24) / ur < t*m(t) — m(t)).
ViAVy

Finally, in analogy to what was done in the proof of Theorem 1.2, we choose a
sequence {f;} satisfying condition (1.7). Setting t = ¢, and ¢ =t;,, in (1.23) and
(1.24), summing over k, and using Lemma 1.2, we obtain (1.17).

§2. MANIFOLDS WITH A “HOMOTHETY CONDITION”

In this section we assume that on the manifold M a homothety is defined in the
following manner. Suppose any two points x,y € M are joined by a piecewise
smooth, non-self-intersecting curve yx , (where y. , = 7, x). A homothety with
center at the point z € M and coefficient q, 0 < g <1, is a mapping I';: M — M
given by

I7(x) = vx,y(q0),
where 7y, «(£):[0, 6] — M is the natural parametrization of the curve y with
72,x(0) = z and y, «(o) = x. We also assume that this homothety satisfies the
following conditions:

DIf zey,,,,then 7 ; Cyx,y.

2) For some constant N > 1 and all x,ye M

(2.1) meas) Yx,y < Nd(x, y).

3) For any point z € M, any g € (1/2, 1), and any bounded domain B ¢ M
the image I'7(B) is a measurable set and

(2.2) measI';(B) > c|B|,
where ¢ > 0 is a constant.

Examples. 1. Let M be a convex unbounded domain in Euclidean space. If y. ,
is a line segment joining the points x and y, then conditions 1)-3) are obviously
satisfied with constants ¢ =2"" and N=1.

2. Let yx,, be a segment of the shortest geodesic on an arbitrary manifold without
boundary (if the points x and y can be joined by several shortest ones, we choose
one of them arbitrarily). Conditions 1) and 2) are satisfied by the general properties
of geodesics. Condition 3) is a strong condition on the geometry of the manifold.
It is easy to see, for example, that in Lobachevsky space and, more generally, on
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Cartan-Hadamard manifolds with negative curvature bounded away from zero it is
not satisfied (at any rate because on such manifolds the volume of a ball of radius
R grows exponentially as R — oo, while condition (2.2) implies power growth).
As Sullivan [20] and Anderson [21] have proved, on such manifolds there exists a
nontrivial bounded harmonic function, and thus Harnack’s inequality for the heat
and Laplace equations is not satisfied.

3. To the contrary, we shall prove that if the manifold M has nonnegative Ricci
curvature, then condition (2.2) is satisfied. Suppose first that the domain B lies away
from a cut site S of the point z. We set B, = I'’’(B). For each point x ¢ S the
curve p(t) = I'?(x) is a phase curve of the variable vector field (1/7)d(x)Vd(x),
where d(x) =d(x, z). By the Liouville-Ostrogradskii formula we have

|BT|_/ div (iV_d)S/ 1+dAd
dt : T g T

If the Ricci curvature is nonnegative, then Ad < (n — 1)/d (see [23]), so that
(d/d7)|B;| < (n/1)|B:|, |B| < t7"|B:|, and it is possible to set ¢ =27".
If B intersects a cut site, then we have
|B| = |B\S| < v "measI'Z(B\S) = 1 "measIZ(B),
since |S| = 0 = measI7(S). Indeed, S is the image of the exponential mapping of

a cut site S in the tangent space 7,M , while S has measure zero as the graph of a
function on the unit sphere (see [16], p. 100). The same applies to I'Z(S).
The following theorem is the main result of this section.

Theorem 2.1. If on the manifold M there is a homothety satisfying conditions 1)-3),
then conditions (a) and (b') of §1 are also satisfied.
Proof. We first note that inequality (2.2) extends in an obvious way toall g € (0, 1) :

(2.3) C(g)measI;(B) > |B|,

where C(q) = c¢~%, and k is the smallest positive integer such that g > (1/2)% (the
composition of k& homotheties with coefficient g!'/¥ > 1/2 is equal to one homothety
with coefficient ¢).

We first prove (a). According to (2.3), for any ball Bx we have

(2.4) C(g)measI'y(Bsg) > |Bigl-

We set ¢ = 1/2N . From (2.1) it follows that I';(B5;) C By, while condition (a)
with coefficient 4 = C(g) follows from (2.4).

We proceed to the derivation of (b’). We denote by const a positive constant
depending only on N and c¢. We first prove that, for any ball Bj,, and any
function f smooth in it,

(25) f,. 1972 gy [, 1 - f0)Pdxay.

We note that if x, y € B, then by (2.1) meas; ¥x , < 2NR, so that in any case
Vx,y C Biyg . Since

2
If(X)—f(y)lzs{ / IVfI} < 2NR / V2,

Vx, Yx.y

setting F = |V f|?, we find that in place of (2.5) it suffices to prove

const
2.6 > // / FY dxdy.
(2.6) o, R|BR| . { - } Y

x
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By the linearity and continuity in F of both sides of (2.6), it suffices to prove
(2.6) for the case where F is the characteristic function of a sufficiently small ball
B C BZyp. We denote by X(x, y) the function equal to 1 if y. , intersects the
ball BS and equal to zero otherwise. It is obvious that

/ F <2NpX(x,y).

Yx,y

Therefore, the integral on the right side of (2.6) does not exceed
2.7) 2Np/ X(x, y)dxdy.
7 Y BR

We decompose the region of integration in (2.7) into two parts. We set
Q,:Bﬁz,ﬂBﬁ, I=1,2,....

Let m be the least integer such that Q,, = Bi. Then, in particular, 2"p < 12NR.
Obviously the direct product B} x B is the union of sets of the form

(QA\Q_1) xQ,  Qx(Q\Q_,), 2<I<m, and Q xQ.

We shall estimate the integral of X(x, y) over (Q\Q,_|) x Q;, 2 </ <m. Let
x € Q\Q_;,and let Y = Y(x) = {y € Q:yx,, intersects B5}. We shall obtain
an upper bound for |Y|. Let ¢ be the natural parameter on the curve y, ,, where
y € Y, with y, ,(0) = x. For brevity we set 2/p =r. Since x, y € BY, it follows
that d(x, y) < 2r and meas; yx,, < 2Nr. Let 7 be the first point of entry of the

curve y.,, into the ball §f; (see Figure 3). If the homothety I] with coeflicient

q =2Nr/(2Nr+ p) > t/(t + p) is applied several times, then any point y, ,(¢) for
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t > 7 finally lands in the segment [7, T+ p] of the curve y, ,. The largest number
of homotheties needed for this does not exceed

meas; Yy, y/(1g"! — 1) < 16N?r/p.
We have here used the fact that
1>d(x,B5)>r/2—p=r/2-27r>r/4,
since x € Q\Q;_;.

For each & > 0 we denote by Y, the set of points y € Y which after k& ap-
plications of the homothety I'; land in the segment [7, T + p] of the curve y, .

Obviously,
Yi< S Y
k<16NZr/p
According to (2.3),

Y| < C(g*)meas T (Yx) < C(g%)|Yol.

2Nr L6N"r/p p \~l6Nr/p
k > _— = _ > —8N
7= (2Mr+p) (1+2Nr) e

it follows that C(g*) < C(e~%") and |Y;| < C(e~%)|Y,|. Further, if y € Yy, then
d(x,y) < 2p,sothat |Yo| <|Bj,| < 4|Bj|. Combining these inequalities, we obtain

Since

r —
Y] < 17N2;C(e 8N)4|B2|.
Finally, noting that |Q,\Q,_,| < |B|, we get
/ X(x,y)dxdygf |Y (x)ldx < 1TN*2!C(e™3¥) A|B5| | Bl
QA\Q;, & A2y

The analogous integral over £; x (€2,\Q,;_;) can be estimated in the same way. For
the integral over Q; x Q; we obviously have

/ X(x, y)dxdy < |BY | |BE| < 4|BZ| | B|.
Ql Ql

Adding all the estimates of the integrals of X(x, y) and noting that 2! +2%4...42" <
2m+1 < 24NR/p , we obtain

/ X(x,y)dxdy < 1000N3§C(e—8N)A|Bg; |BE|.
Bz JB?

Noting that the integral on the right side of (2.6) does not exceed the expression (2.7),
which we actually just estimated, while the integral on the left side is equal to |Bj|,
we obtain the desired estimate (2.6).

We shall now prove that

(2.8) / B, / (f - &)2dx,

3NR
i.e., condition (b’). For this we find & such that each of the sets Q. = {f > ¢} N B;
and Q_ = {f <&} n B} has volume > {|BZ|. Since

/BZ /B |f(x)—f(y)|2dxdy2/n_ /Q |f(x) - f)Pdxdy

2101 [ (70~ &7 dx
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and in the same way
[ [ 1= rorraxdy 21040 [ (70 -e2dx,
Bf /B Q_

adding these inequalities, we obtain

/BZ/ If(x) = fO)2dxdy > = IBRI/ _&)dx.

From this and (2.5) we obtain (2.8). The theorem is proved.

§3. A MEAN-VALUE THEOREM

We say that an isoperimetric inequality with function A(v) (where A is a positive,
continuous, monotone decreasing function on (0, +oc)) is satisfied in a region Q C
M if for any open set D, D C Q, we have

(3.1 A(D) 2 A(|ID)),

where A;(D) is the first eigenvalue of the Dirichlet problem in D (see (1.18)). For
example, in R" and on Cartan-Hadamard manifolds there is an isoperimetric in-
equality with the function

(3.2) AWW) = av™ ",

where a = a(n) > 0 (this follows from results of [7]} and [18]).

On any manifold M, infA{(D) over all domains D C M is equal to the spec-
tral radius of M, and we denote it by A;(M). As is known (see [8]), on a sim-
ply connected manifold with sectional curvature < —k? < 0 we have A,(M) >
(n — 1)2k2/4, so that for such manifolds we can set

(3.3) A(v) = max(av~2", (n — 1)*k2/4).

If M is a manifold of nonnegative Ricci curvature, then, as follows from Theo-
rems 2.1 and 1.4, in each ball |Bj| there is an isoperimetric inequality with function

(34) Ao = 2 {12

v

where b, f# > 0 depend only on #.

Before formulating the main results of this section, we introduce some notation.
The function v/A(v) is obviously strictly monotonically increasing on (0, +oo) with
range (0, +oo). It therefore has an inverse function on (0, +0o0), which we denote
by w. We define functions V(¢) and W(r) (where ¢t > 0 and r > 0) by the
equalities

_ 40 dé B w(r) dé
(3.5) Ct—A 5‘(2)—, cr = A _——éw(é) s

where ¢ > 0 is an absolute constant which will be determined in the course of the
proof. Everywhere below we assume that the integrals in (3.5) converge to zero. This
is clearly the case if in a neighborhood of zero we have A(v)>v~¢, ¢ > 0.

Theorem 3.1. Suppose in some ball B} there is an isoperimetric inequality with func-
tion A(v). Let 1 = B x(0,T), T > 0, and suppose that in the cylinder 11 a
function u € C®(I0) satisfies the inequality

(3.6) U —Au <0
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and the Neumann condition on the boundary of the manifold (if it is nonempty)
(3.7) Oulovixeomngz = 0.
Then

4
(3.8) u(z, T): < TR (T W) /uui.

Examples. 1. If A(v) is the function (3.2), then
V()= Cl(n)a"/zt("+2)/2 , W(r) = Cz(n)a"/zr"” ’

and (3.8) acquires the form

2 C(n)a~"/? 2
(3.9) u(z, T); < min(\/T,R)"”/uu"L'

In R” for T = R? this inequality was proved by Moser [5].
2. If A(v) =max(av~¥", 4), A >0, then

V(t) < a™?min(t, A~)"*2/2exp(cAt),
W (r) < a™?min(r?, A~H)"*2/2 exp(cV Ar),

where the symbol < means “is in finite ratio with”, and the constants bounding the
ratio of right and left sides in these relations depend only on n.

3. If A(v) is the function (3.4), then we essentially have the situation of Example
1 for a = b|B;|#/R? andn = 2/ . Substituting into (3.9) and noting that |B3|T =
|L) , we obtain

C(B)b—'1# 1 /
1 2 < — — [ 2.
(3.10) u(z, T)+ = mln((T/RZ)l/ﬂ’RZ/T) ] L[u+
For T = R? the coefficient in front of the integral depends on 7 and R. Inequality
(3.10) is the reason why we called Theorem 3.1 a mean-value theorem.

Lemma 3.1. Suppose, under the conditions of Theorem 3.1, that v = (u— 0),, where
0 > O is an arbitrary number. Let n(x,t) be a Lipschitz function in M x [0, +00)
equal to zero for t =0 and having support in B for each t > 0. Then

1
Gan [ v Ddx+ g [ V@R <5 [ 02(on? + ).
B 2 Ju I
Proof. We first prove that for any function ¢ € C§°(Bg), for each 1€ (0, T),
(3.12) / w92 < —/ (V(vg?), Vo).
B} B:

Indeed, if 6 is a regular value of the functions u and u|ss , then from (3.6) and
(3.7) we obtain

/ vv,¢2=/ ’Uu,¢2§/ 9 vAu
B {u>6} {u>6}

ou 4 / ou  , / 2
= —vp° + — VP — Vu, V(v
/{u:e} av"? omng; OV v {u>0}( (ve%)

=— [ (Vu,V(vg?)
B;

z
R
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(here, in particular, we have used the fact that v = 0 on the hypersurface {u = 8}).
This same argument goes through if 6 does not lie in the range of u. If 6 is a
nonregular value, then (3.12) can be established by passing to the limit from regular
values. We note that by this limiting procedure (3.12) extends also to Lipschitz
functions ¢ with support in B.

Setting ¢(x) =n(x, ¢) in (3.12) and integrating on ¢, we obtain

/vvmz < —/ |Vo|? 2—2/(V'v, vi)un.
8 I I

—2(Vu, Vnun < §|Von® + 20%| v,
IVul*n® > IV (un)|? - Vv

1 5
[vvar <=5 [ [w@ni+3 [ 19npv
0 it 1

The left side here is equal to

1 1 T
5/(1)2):'72 = 5/ 2)2’72|o —/112;7,;7,
I B i

and since 7|;—9 = 0, from the last two inequalities we obtain (3.11).

Noting that

We obtain

Lemma 3.2. Suppose, under the conditions of Theorem 3.1, that 1 = Bg x(T1, T),
where 0 < Ty < T, O< Ry <R. Set

H:/ui, ﬁ=/~(u—0)i, g > 0.
I I
Then

~ CH
(3.13) H< sxcsTa72m)
where 6 = min(T;, (R — R\)?) and C > 0 is an absolute constant.
Proof. In (3.11) we set n(x, t) = n1(x)n(¢), where the function 7,(x) is equal to 1
in the ball B, R))/2 and to zero outside the ball B%, and is linear along the radius
in the layer B§\B(ZR VR the function #,(¢) is equal to 1 for ¢ > 7} and equal
to t/Ty for t < Ty. In (3.11) we also set v = u,, and in place of T we take an
arbitrary time 7 € [T}, T]. We obtain

(3.14) /
Blrir,)

We have here used the fact that |V#|2 <4/(R—R,)? < 4/6 and |nn,| < 1/T; <1/6.

We now apply (3.11) to the function v = (¥ — 6), (where 8 > 0); we set 7(x)
equal to 1 in By and to zero outside B, g, and take it to be linear between
these two balls, while the function 7, remains as before. We then obtain

(3.15) /u v < /u 3

Since for each fixed ¢ the function v#n has support in D,, where D, = {x €
/2" u(x, t) > 0}, according to the variational property of the first eigenvalue,

25H
ux, i dx <5 [ w(vn b < 5

B(ZR+R|

(3.16) VP 2 4Dy / (w)?.
B B
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L R
uK
t'K
u
0
FIGURE 4
For t € [T}, T} it follows from (3.14) that
1 R 25H
(3.17) meas, D, < 7 ), up(x, t)dx < 225

z
(R+R})/2

Using the isoperimetric inequality (3.1), from (3.15)-(3.17) we obtain

50 2 251 r 2 —25—1y717

— | v* > A(25HO07°67") (vm)- > A(25HO <57 )H.

o Ju 7 JB;
Finally, noting that [, v? < H, we obtain (3.13) for C = 50.

We are now ready to proceed directly to the proof of Theorem 3.1. We consider

a sequence (Figure 4) of imbedded cylinders Ly = B} x (t,T), k=0,1,2, ...,
where 0 = fp < )y < tp < - < T/2, R=ry >r >r, > ---> R/2, and,
moreover, (ry — r41)? =t — & = . Let 6 > 0. Weset 6, = (2—2"%)0 and
H, = fuk(u — Bk)i. Obviously, the sequence {H,} decreases monotonically. We
shall find 6 for which H tends to 0 as k — oco. Obviously, then,

T
[ ] w-202=0,
Bz, JT)2
so that u(z, T) < 20, i.e.

(3.18) u(z, T2 <402,

whence (3.8) follows (for suitable ).
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Using Lemma 3.2 for the cylinders L, D LI;,; and the functions u — 6, and
u — Oy, , we obtain

CH;
3.19 Hpyy < :
(3.19) 1= 5 A(Coy Tkt 0-2H,)

We shall show that for a suitable choice of the number 6 and sequence {J,} it is
possible to arrange that forall k=0,1,2, ...

(3.20) H, < H/16%,

where H = fu u? . For k =0, (3.20) is obviously satisfied. Suppose for some k = m
that the numbers d;, ..., d,_; have already been chosen so that (3.20) is satisfied
for k < m. We shall choose J,, so that

(3.21) ¢ .

SmA(Cop'4—m+10-2H) 16
If we have succeeded in doing this, then from (3.19) and (3.21) we obtain H,,, <
H, /16 < H/16™*!  We shall show that there actually exists J,, for which (3.21) is
satisfied. We transform this equation to the form
Cé,;l4_m+10_2H 4—m+10—2H

A(CO;'4-m+19-2H) 16 ’
whence, using the definition of the function « given at the beginning of this section,
we obtain

Co,'4 M9 H = w4~ 1972H),

3.22
(3.22) Om = 16C(A™" 102 H) [wx(4~™ 1072 H).
We now choose @ so that forall k=0, 1, 2, ... the inequalities ¢, < 7/2 and
ry > R/2 are satisfied, or, equivalently,
(3.23) Y &<T/2, > Ve <R/
k=0 k=0

From (3.22) it follows that

ad 16C(4%072H) 4-k9-2H dk
Z(sk_kz; ST <16C/ @ T

Making the change & = 4~%¥9~2H in the integral and noting that In4 > 1, we obtain
00 07H
k=0 0 )

In exactly the same way

WCFFGTH
ZV"_—Z,r——4 e <ve [

Thus, conditions (3.23) are clearly satisfied if

0 %H df 9 H df
T, R
/0 w(é) /o Ew(E) =¢

\/fw(é)
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(where ¢ < 1/32C, for example, ¢ = 0.0001)}, i.e.,
67 H < V(T), 672H < W(R).
We set
2 H
- min(V(T), W(R))’
from (3.18) we then obtain (3.8). Theorem 3.1 is proved.

§4. HARNACK’S INEQUALITY

We fix a point z € M and introduce the abbreviated notation
Br = B3, gz = Bg x (0, R?).

65

Theorem 4.1. Suppose conditions (a) and (b') of §1 are satisfied on the manifold M .

Let u(x,t) be a positive solution of the heat equation in Ugg which is smooth in
Ligr and satisfies the Neumann condition for x € M (if OM is nonempty). Set
Ll = Bg x (3R?, 4R?), and suppose that supju = 1. Then u(z, 64R?) > y, where

y=yp(Ad,a,N)>0.
The scheme of proof of this theorem is close to Landis’ scheme [13].

We shall first prove a number of lemmas, assuming everywhere that conditions (a)

and (b’) are satisfied. All solutions of the heat equation are assumed to satisfy the

Neumann condition on d4M .

Lemma 4.1. Let u be a positive solution of the heat equation in 1og which is smooth

in g, and set

H={(x,t)eUgu(x,t)>1}, Lg=Bgx(3R?, 4R?).

Then for any 6 > 0 there exists ¢ =¢(5, A, a, N) > 0 such that if
(4.1) |H| > 6|Lg|,
then inf~ u>e¢.

803

Proof. We set v =In(1/u). Then, in Iz, v satisfies the equation (Figure 5)

(4.2) v, — Av = —|Vv|?

=1
k-]

u>7

AN

FIGURE $§
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(and also the Neumann condition on 9 M). Moreover, obviously,
H={(x,t) elzv(x,t) <0},
and it suffices to prove that supy v <C(é,A,a,N).
Let n(x) € Cg°(Bar) . We show that for any ¢ € (0, 4R?)

1
(4.3) | wamr <=5 [ o2 [ jonp,
Br Bir Br
Indeed, multiplying (4.2) by #? and integrating over the region

Qo = {(x, 1) € Bar:v(x, t) > 0},

where 6 > 0 is a regular value of the functions v(., ¢) and v(-, )|sa , We obtain

/ v = / [7?Av — |Vo2n?]
Qg Qg

=/ o n? 2/ (Vv, V) — / |Vv)*n?,
8(Qe\OM) o'

where v is the outer normal with respect to Qg . The boundary 8(Q4\0 M) consists
of three parts lying, respectively, on the surfaces 9Bz, {v =6}, and M. Ina
neighborhood of 8B,z we have n2 =0, on {v = 6} we have dv/dv < 0, and on
OM wehave 9v/dv = 0. Thus, the integral over 9(2\0 M) in (4.4) is nonpositive.
Applying the inequality —2n(Vv, V) < 1|Vv|?4? + 2|Vn|? to estimate the second
integral on the right side of (4.4) and letting 8 — 0, we obtain (4.3). Moreover, by
a limiting procedure (4.3) extends to all Lipschitz functions # with support in By .
We set 7(x) = (d(x)/2R)*/?, where d(x) is the distance from the point x to 8Bz,
and a = a(A4) is the constant of Theorem 1.2 (we can assume that it is sufficiently
large, for example, « > 2—we need this below). Then

_a (dx) o/2-1
vi=x(3%)  1V4S g

(4.4)

whence it follows that

2
(4.5) J, 19 < o 1Bl
Let H, = {(x, t) € Bg:v(x, t) < 0}. According to Theorem 1.3,
const|H;| By 2
4.6 / szz_—{/v .
( ) Bix | +| R2|B2R|2 B +1”

Here and below const denotes a positive constant depending only on A, a, and N.
Setting I(¢) = fBZR v,.n?, from (4.6), (4.5), and (4.3) we obtain

(4.7) ;tl( H<-KOIt:+D,

where K(t) = const|H,|/R?|Byg|*> and D = o?|B;r|/8R>.
We deduce from (4.7) that for all 7 € [R?, 4R?]

2 -1
(4.8) I(t) < { ‘ K(r)dr} + Dt.
0
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If I(t*) < Dt* for some t = t* < R?, then for ¢t > t* because (d/dt)] < D we
obtain I(t) < Dt and hence also (4.8). Suppose I(t) > Dt for all t < R?2. We set
J(t) = I(t) — Dt. From (4.7) it then follows that (d/dt)J < —KJ?. Dividing this
inequality by J2 (here we observe that J > 0) and integrating from 0 to R?, we

obtain
R? -1
J(Rz)s{ K(‘L‘)d‘t} i
0

Since for ¢ > R? we have I(t) < I(R*)+ D(t— R?) = J(R?) + Dt, from this and the
preceding estimate for J(R?) we obtain (4.8).

Substituting into (4.8) the values of K(7) and D and noting that t < 4R, d <1,
and

RZ
/ \H,|d7 = |H| > 5|llg| = 6R?|Bx| > R?A~"| Byl
0

we obtain
(4.9) I{(t) < const|Byg|/d

for all ¢ € [R2, 4R?].
We integrate (4.3) with respect to ¢ from R? to 4R?:

2 ] R
/ v |4R < —/ / IVU+|2r]2+const|B2R|.
Bar 2 R? Bag

Since 7?|p,,,, > 1/6°, from this and (4.9) we obtain

const

4R?
(4.10) / /B Vo [ <2. 6“/ v+712|,=R2 + const|Byg| < | B2g|-
SR/3

Byr
We set
ﬁ([) = |B4R/3|_1/ vy (x, t).
Byps3

From (4.9) it follows that 7(f) < const/é for ¢t € [R?, 4R?]. Applying Theorem 1.2
(inequality (1.5)), we have

/ v?<2 72 +2 (v — D)% < 20%|Bagss| + constRZ/ Vo, |2
Barss Bygrss Barys Bsgys

Integrating this inequality with respect to ¢ from R? to 4R? and using the estimate
for 7 and (4.10), we obtain

4R?
4.11) / / < COHStRlele
Byrys

Finally, we apply Theorem 3.1 to the function v . For this we observe that by The-
orem 1.4 the estimate (1.19) holds for the first eigenvalue of the Dirichlet problem,
or, in terms of §3, in each ball an isoperimetric inequality with the function A of
(3.4) holds. Then by Theorem 3.1 the estimate (3.10) holds (see Example 3 of §3).
Applying it to the function v (satisfying the inequality v, — Av < 0) in the cylinder
B3 x (t—(R/3)%, 1) C Bagys x (R, 4R?) (where (x, 1) € Ilg), we obtain

v, 1) < const / / const /“R2 / »?
- R IBR/3[ R2/9 x RZIBZRl 2 B4R/3 *
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By (4.11) it now follows that v(x, ¢) < const/d , which was to be proved.
Lemma 4.1'. Let u be a positive solution of the heat equation in g which is smooth

in Myg, and set
H={(x,1t)elgu(x,t) <0}

For any 6 >0 there exists e =¢(6, A, a, N) > 0 such that if |H| > 6|Lg|, then
(4.12) supu > (1 +&)u(z, 4R?).

165

Proof. If u(z, 4R?) < 0, then (4.12) is obvious. Otherwise we set v =1 —u/supu.
Obviously, v > 0, and

H={(x,t)eUgv(x,t)>1}.

By Lemma 4.1, |H|>d|Llg| implies infz v>e, v(z, 4R*)>¢,and u(z, 4R?)/supu
<1 - ¢, whence (4.12) follows.

Lemma 4.2. Let u be a positive solution of the heat equation in g which is smooth
in Mop. Let ' = BY x (1, t+r})CUgp,. Let H={(x,1) e W:u(x,)>1}. If
|H| > 6|LI°|, then

u(z, 4R?%) 2 c(JI°|/|Lir))’
where 0 > 0 is arbitrary, the positive numbers ¢ and | depend on A, a, and N,
and c further depends on ¢ .
Proof. We consider the cylinders (Figure 6)

k
x (1, 7+ 4r), I =B x(1+3-452, 14+ 45412y

2kr

k —
I =B§"r

where kK = 0,1, 2,.... Applying Lemma 4.1 to the solution u in the cylinders
~0 .. . )
1!, II°, and 11 , we obtain 1nfﬁo u>e =¢(d, A,a, N). We consider the function

u/¢, in the cylinders II?, 11!, and fll . Since u/sl|ﬁo > 1 and |L° > (44)~'|0Y{,
by Lemma 4.1

inf ufe; 2 &, = e((44)"1, 4, a, N).

I

(y,7)

FIGURE 6
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. . . ~2 ..
Considering the function u/e;e; in the cylinders L®, I, and LI , we similarly
obtain infﬁz u/e|g; > &, etc. By induction we obtain

inkfu > 81812‘.

Let k be the largest index for which LI* c Lg. The estimate we have obtained
is then satisfied also for k = k. It is not hard to see that 2*¥*!r > R/2, and hence

| = 4 r’|BY | > 16|B sl 2 1/(164%)|Lig|.

Applying again Lemma 4.1 to the function « /8182 in the cylinders Il g, Iz, and
Lk, we obtain 1nf~ u> 8165_‘83, where 3 = £((164)~3, 4, a, N). Since |I°|4% <

LI¥| < |Lig|, it follows that k < log,(|Lig|/|L1°|) . Hence,

infu > gye3(|L°|/|LLg|) ™ 108 %2,
I

whence the required inequality follows.

Lemma 4.3. Let u be a positive solution of the heat equation in Ug which is smooth
in Ug. Let E = {(x,t) € Ug:u(x,t) > 1}. Let u(z, R®) > 2. Then there exists
n(A4, a, N) >0 such that |E| < n|lUg| implies supy, u > 4.

Proof. In Lemma 4.1 we set 6 = 1/2 and fix ¢ = ¢(1/2, A, a, N). We shall find
an integer m such that (1 +¢)” > 3. We set r = R/2m and consider the function
u—1 in the cylinders 13, = By, x (R?—4r?, R?) and II{ = B, x (R>—4r?, R?-3r2).
We choose # so small that |[E N1 < 1|II¢|. For this we note that, according to
Theorem 1.1,

R? R\™
Bl < el < n5 Ay (5 ) 001 = i)l
so that it is possible to set n = %Al_l(Zm)‘z“’” . Applying Lemma 4.1’ to the
function u — 1, we obtain
sup(u — 1) > (1 +&)(u(z, R?) — 1) > (1 +¢).
H(Z)'

We shall find a point (x, £;) € L_Ig, at which # — 1 > 1 + ¢. Applying Lemma
4.1’ to the function u — 1 in the cylinders (Figure 7)
W, =B x (-4, 1), Ll =BYx (-4, 1, -3r%),

we obtain
sup(u — 1) > (1 +&)(u(xi, 1) — 1) 2 (1 +¢)?,
uér
since as above we have |E N1I}| < 1II}|. We further find a point (x;, #;) € ﬁ;,

at which u — 1 > (1 + ¢)2, etc. We obtain a sequence of points (x;, f;) at which
u(xe, ty) — 1> (1 +¢)*, and

d(xXg, Xke1) < 2r, O0<tpy —tgy1 < 4r2,
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Since 4r’m < R? and 2rm = R, we can construct at least m such points. By the
choice of m we obtain supy, # > (1 +¢€)” +1>3+1=4. The lemma is proved.
We proceed directly to the proof of Theorem 4.1. Let

H={(x,t) e apiulx,)> i}

If |H| = J|L4r| (where 6 > 0, depending only on A, a, and N, will be chosen
later), then, by Lemma 4.1, u(z, 64R?) > %8(5 , A, a, N), and everything is proved.

Suppose now that |H| < d|L4g|. Let (xp, fp) be a maximum point of the function
u in the closure of the cylinder I, ie., u(xp, to) = 1. Forany r > 0 we consider the
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cylinder II? = B x (t, — %, to) and the set E® = {(x, ¢) e W u(x, £) > 1/2}. If r

is sufficiently small, then the ratio |E?|/|LI?| can be arbitrarily close to 1. If r = R/2,

then |EP|/|IP| < &|Lagl/|L} 5| < & - 644,8™ . We set d = n(4, a, N)/(644,8),

where 7 is the constant of Lemma 4.3. Then there exists r; < R/2 such that

|E2| = n|LIY|. By Lemma 4.3 we have sup;p « > 2. Let (x;, #;) be a maximum
0

point of the function « in ﬁ?o ; in particular, u(x,, t;) > 2. We consider the cylinder
II! = B x (t; —r?, t;) and the set E! = {(x, t) € U!:u(x, t) > 1}. As above, there
exists r; < R/2 such that |E]| = y|LI}|, and by Lemma 4.3 we have supy u > 4.
Continuing this process, we find a sequence of points (x;, ;) for which u(x;, ;) >
2k, cylinders LIk = Bi* x (tx — rZ, ty) (where r, < R/2), and sets Ef = {(x,1) €
W u(x, 1) > 2471}, where |EE| = il |, supy u> 21, and (Xip, fir) € Ty
(Figure 8). We consider those k for which LI} C Il = Byr x (2R2, 4R?). The set
of such k is finite, since supu < oo. Let k be the largest such index. Since the
cylinder LIE*! does not lie in 1i, it follows that rg 4+ r; + --- + e, = R. Since
re < R/2, it follows that ro+r +---+rp > R/2> (1+1/22+1/3*+1/4*+-.-)R/4.
Therefore, there exists k < k such that r, > (k+1)"2R/4. We fix this k& and apply
Lemma 4.2 to the function #/2*~! in the cylinders 1} C Iz and Ilgg :

u(z, 64R2) > c(|LL, |/|Lsg]) 2.

Since |LIf |/|Lsg| > A" (re/R)*+? > const(k + 1)*1+4 it follows that

2k—1

u(z, 64R?*) > c - const ; >7(4,a,N)>0,

(k + 1)Qa+d
because the infimum over k of the fraction in this expression is a positive constant
depending on «; and /, i.e., in the final analysis on A4, a, and N. The theorem is
proved.

§5. NECESSARY CONDITIONS FOR HARNACK’S INEQUALITY

Theorem 5.1. Suppose that on a Riemannian manifold M Harnack’s inequality is
satisfied in the form in Theorem 4.1 with a constant y > 0 not depending on R.
Then:

1) Forany x e M and R >0

(5.1) |B3x| < A|Bgl,

where A = A(y). .
2) For any ball By and any domain Q, Q C B},

b {18y
(52) h@z g {1
where b, B > 0 depend on 7.

For the proof of Theorem 5.1 we use the Green function G(x, y, t) of the heat
equation. By definition, this is the smallest positive fundamental solution of the
heat equation (with the Neumann condition on M if the boundary is nonempty).
It is known (see [1]) that the Green function exists on any manifold. It can be
constructed as the limit Q — M (we thus denote the exhaustion of the manifold
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M by precompact open sets Q) of the Green functions Gg(x, y, t) of the mixed
problem

(5.3) uy—Au=0 in Q x (0, +o00),
(5.4) Uio=rf,

ou
(5'5) u|39=0) 5;;3M09=0

(where f is the initial function; we assume that f € C5°(€Q)). In the case where
the domain Q has a smooth boundary 9Q transversal to M (and we may assume
that this is so), the Green function of this problem exists in the classical sense and
has the following properties:

(a) Golx,y,t) >0, Ga(x,y,t)=Go(y, x, t),and Gg(x, y, t) satisfies equa-
tion (5.3) both in x and y, along with the boundary conditions (5.5).

(b) The function

ulx,t) = /QGQ(X> y, Hf(y)dy

is the solution of problem (5.3)-(5.5);

(c) If g, and A, are the kth eigenfunction and corresponding eigenvalue of the
Dirichlet problem (1.18) in the domain Q, and the functions ¢, have unit L,;(Q)-
norm, then forany x,y e Q and 1 >0

(5.6) Ga(x,y, )= exp(—A)@i(x)0i(y)-

k=1
From the maximum principle it follows, first of all, that

/Gﬂ(xay’t)dysla
Q

and, second, on expansion of Q the function Gg(x, y, t) increases. Hence the limit
G X 5 5 t) = hm G X 3 ) t s
(x,y, 1) = lim Go(x,y, 1)
which is the Green function of the heat equation on M , exists. It is important for us
that G(x, y, t) is positive, symmetric in x and y, and satisfies the heat equation

(and also the Neumann condition on a nonempty boundary dM) so that for any
locally summable function f > 0 the formula

(5.7) ux, 0= [ e,y 0f0)dy
defines the smallest positive solution of the Cauchy problem

uy—Au=0 inM x (0, +c0),

7]

gul _o

OV iyum

(more precisely, a positive solution of the Cauchy problem exists if and only if the

integral in (5.7) converges, and in this case the smallest positive solution is given by
(5.7)), and, finally,

(5.8) /;{G(x,y,t)a’yg 1.

The reader can find a detailed justification of this construction in [1].
Proceeding directly to the proof of the theorem, we use the following lemma.

u|l=0 = fa
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Lemma 5.1. Under the conditions of Theorem 5.1, for any positive solution u(x, t) of
the heat equation in M x (0, +00), forany x,ye M and 1>1>0,

u(x, t) <uly, r)exp{C (E+ r? )} ,

t T-1
where r=d(x,y) and C=C(y)>0.

The proof of this lemma (under the condition that Harnack’s inequality is satisfied)
is well known; see [5], [6], and [10].

1) We fix a point z € M and set B} = Br and u(x, t) = G(x, z, t). Since for
any 7>0

/ u(x,t)dx <1,
M
for any R > 0 there exists a point y € Bg such that
u(y, ) < 1/|Bg|.
We set T =2t and R = 2+/f, and by Lemma 5.1 we obtain
(5.9) u(z,t) < |Bzﬁ|“ exp(6C).

We seek a lower bound for u(z, ). We first prove that for all x e M and >0
/ u(x, t/2ydx > y.
B,

For this we consider the function

wy, )= G(x,y,1)dx
By

and continue it by one for 7 < 0. Then w(y, 1) is a positive solution of the heat
equation in the cylinder B ; x (—oco, +00). Applying Harnack’s inequality to this
function in the cylinder B ; x (—t/2, t/2), we obtain

/ u(x, t/2)dx =w(z, t/2) > y.
B,

Hence, there exists a point x € B ; such that
u(x, t/2) 2 y/|B 4l
Applying again Lemma 5.1, we obtain
u(x, t/2) <u(z, tyexp(4C).
Comparing with (5.9), we get
|B, ;| <y~ "exp(10C)|B /1.

Redenoting /¢ by R, we obtain the desired result.
2) We rewrite (5.9) in other notation, setting z = x :

G(x, x, 1) < c/|B%],
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where ¢ = exp(6C). Since Go < G, for x € Q forall £ >0 we have
Ga(x, x, 1) < ¢/|Bl;l.

Integrating (5.6) for x =y over Q and noting that [, ¢? = 1, we obtain

/ng x, ta’x—Zexp (=Agt).
k=1

Hence,
(5.10) c/ X exp(—iyt)
' Q |B 1 v
By hypothesis, Q ¢ B} . By Theorem 1.1, (whose condition is satisfied according to
part 1) of the present theorem, we have
|BY:| > A7 (Vt/R)™ | By

for vt < R and
[BY| > A(Vt/R)™|BY|

for v/t > R (where A4, 2, a; 3 >0 depend on ).
These two inequalities can be combined in a single relation valid for all ¢z > 0:

|BY| > A3 f(Vt/R)|By|,
where A3 = min(4]"', 4,)

¢u, &<,

ro={50 3

Substituting this in (5.10), we obtain

_Ay'dQ i 118l
(5.11) BB > exp(—41), A >t 1n< lifl f(\/_/R))
We choose ¢ from the condition
1
f(Vt/R) = 245" T8I

Then
vi_ 12| 1oiye (1Q1)
R =7 (2A3 CIByI) < (L+2457) (IB |>

(here we have used the following property of the function f: if a>1 and < 1,
then f(ab) > a*b* ; it is obviously satisfied for a; > @, and we may always
consider «; arbitrarily large and «, arbitrarily close to 0). Substituting the value of
t into (5.11), we obtain (5.2).

CONCLUSION

As we know, Harnack’s inequality for the heat equation implies two-sided esti-
mates of the Green function (see, for example, [10] and [6]). These estimates have
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the form
2

C; r C r?
(5.12) |B |exp( t)<G(x y, 1)< |B Iexp( t)’

where r =d(x, y), ¢; > 0 may be any number < 1/4, C; 2, ¢2 > 0 depend on the
constant y in Harnack’s inequality, and C; depends also on ¢; . For a certain class
of unbounded domains in R” satisfying conditions close to (a) and (b) an analogous
upper bound for the Green function was obtained by Gushchin and his coauthors in
[14] and [15].

From (5.12) by integration with respect to ¢ we obtain the following estimate of
the Green function g(x, y) (i.e., the least positive fundamental solution) for the
Laplace equation:

S a [T
(5.13) &) . 1B <gx,y)<G . 1B
where C; 2 > 0 depend on y.

For manifolds of nonnegative Ricci curvature the estimates (5.13) were first ob-
tained by Varopoulos [11] by elliptic methods. The parabolic estimates (5.12) on
these same manifolds were obtained by Li and Yau [6]. Since, as shown in §2, on
manifolds of nonnegative Ricci curvature conditions (a) and (b’) are satisfied, all
these estimates follow from our results. Moreover, it is easy to see that conditions
(a) and (b’) are invariant relative to quasi-isoperimetric transformations (i.e., dif-
feomorphisms of the manifold M changing distances by no more than a constant).
From this it follows that if these conditions are satisfied then Harnack’s inequality
(and with it (5.12) and (5.13)) holds for solutions of the equation

—Lu=20,

where L is a uniformly elliptic operator on M going over into the Laplacian under
a quasi-isometry. By the way, it is possible from the very beginning to consider the
still more general parabolic equation

p(X)u; —div(A(x, )Vu) =0

where A(x, ) is a linear operator in T, M . All our proofs (except those in §5) go
through also for this equation.

It would be interesting to see if condition (b’) is necessary for Harnack’s inequal-
ity. We have only been able to show that the isoperimetric inequality (5.2), weaker
than (b’), is necessary. It would also be interesting to know (in the case of a neg-
ative answer to the preceding question) if Harnack’s inequality is preserved under
quasi-isometric transformations of the manifold.

There is an example of a manifold of dimension # > 3 on which condition (a)
is satisfied, while condition (b’) is satisfied in a weakened form: in place of the
factor 1/R? in (1.2) there is 1/R?In’(R + 2), where y > 2/(n — 3), and Harnack’s
inequality for the Laplace and heat equations is not satisfied. Unfortunately, this
example is too cumbersome to be presented here.

We further note a curious fact: the elliptic Harnack inequality is not only log-
ically but actually weaker than the parabolic inequality. Indeed, as shown above,
the parabolic Harnack inequality implies condition (a), while in the case of a two-
dimensional manifold M for the validity of Harnack’s inequality for the Laplace
equation it suffices that for some x € M as R — oo we have |B%| < constR? (see
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It is clear that this condition does not imply (a). In this connection all the

questions formulated above are of interest also for the elliptic Harnack inequality.
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