ISOPERIMETRIC PROPERTIES OF HIGHER
EIGENVALUES OF ELLIPTIC OPERATORS

By ALEXANDER GRIGOR'YAN and SHING-TUNG YAU

Abstract. We prove, in the setting of a measure energy space (M, i, (€, F)), that if the smallest
eigenvalue A;(Q) of the generator of the Dirichlet form £ in any precompact open set Q C M
admits the estimate A\1(Q) > ()™ where v is a measure absolutely continuous with respect to p
and o > 0 then a similar estimate holds for the kth smallest eigenvalue: A\;(€2) > const (k/v(Q)).
As an application, we obtain an upper estimate of the stability index of a minimal surface in R3 via
the total curvature.

1. Introduction. The classical theorem of Faber and Krahn says that, for
any bounded open region Q C R”,

A1(€2) > A (Q)
where A1(€2) denotes the first eigenvalue of the Dirichlet problem in €2, and Q™ is

the ball of the same volume as Q. Expressing A;(Q2*) via the volume |Q*| = |Q|,
we obtain

(1.1) Q) > ¢, Q7.

Let M\(Q) denote the kth smallest eigenvalue of the same Dirichlet problem
(counted with the multiplicity), £ = 1,2,3,.... The Weyl’s asymptotic formula
says

2/n
(12) M(Q) ~ ¢, (é) , k- oo,

where 0 < ¢}, < ¢,. On the other hand, it is known that

" k 2/n
(13) Q) > ¢ (m) ,
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where 0 < ¢}/ < ¢, (see, for example, [17], [21], [24]; it is a long-standing
conjecture of Pdlya that (1.3) should hold with ¢ = ¢)).

The purpose of the present paper is to show that transition from (1.1) to (1.3)
(with some constant ¢}/ > 0) is more or less automatic, in a rather general setting.
For the sake of introduction, we restrict ourselves to the setting of Riemannian
manifolds. Given a Riemannian manifold M and a second order elliptic operator
L on M, consider the eigenvalue problem in a nonempty precompact open set
QCM:

Lu+ M u=0,
(1.4) {

ulpa = 0.

If this problem, properly understood in a weak sense, has a real discrete spectrum
bounded from below, then denote the eigenvalues in the increasing order by
M(Q,L), k=1,2,....

Let us specify the operator L as follows

(1.5) Lu= %(div(AVu) ~ V),

where div and V are respectively the divergence and the gradient associated
with the Riemannian metric, m, V are nonnegative continuous functions on M, m
being strictly positive, and A = A(x) is a positive definite symmetric operator in
T.M continuously depending on x. The operator L is symmetric with respect to
the measure p such that du = mdug where pg is the Riemannian measure, and
the spectrum of the boundary value problem (1.4) is discrete and positive. For
example, if m = 1, A = id, and V = 0 then L = divV = A is the Riemannian
Laplace operator.

The following theorem is a particular case of our main result—Theorem 3.1
in Section 3. Denote by O(M) the family of all non-empty precompact open
subsets of M.

THEOREM 1.1. Let L be an operator on a Riemannian manifold M defined by
(1.5), and v be a Radon measure on M, absolutely continuous with respect to .
Assume that for all Q € O(M),

(1.6) M(Q,L) > bv(Q)™ ¢, provided v() < vy,

with positive constants o, b, and vy € (0, +00]. Then, for any positive integer k and
all Q € O(M),

k @ IZ0)
1. QLy>c|l——) , 1 Q —k,
(1.7) Ai( )>c¢ <V(Q)> provided v(£)) < 50k

where ¢ = c(a, b) > 0.
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Note that in the most general setting covered by Theorem 3.1, L is the gen-
erator of any regular Dirichlet form in L>(M, ).

Let us emphasize that Theorem 1.1 provides nontrivial information about the
higher eigenvalues based only on the first eigenvalue. However, this is not so
surprising as it might look at first sight because when proving (1.7) for a large
k, one uses (1.6) for subsets of Q of the measure ~ v(Q)/k.

For the case when v = = 9 and L = A, Theorem 1.1 was proved in [17,
Corollary 2.2] (the case vy = co) and in [11, Theorem 3.1] (the case vy < 00).
Our proof of Theorem 1.1 exploits a combination of ideas from [11], [17], and
[22]. It is worth mentioning that we make crucial use of the heat kernel of L.

In the particular case M = R", L = A, v = g, and vy = oo, Theorem 1.1
proves (1.3) assuming that (1.1) is known. Allowing an arbitrary measure v
provides enough flexibility for applications. Denote by N)(Q,L) the counting
function of the spectrum of (1.4), that is

NA(Q, L) = max{k : \(Q,L) < A}

In particular, AVy(Q, L) is the number of nonpositive eigenvalues.

THEOREM 1.2. Let i be the Riemannian measure on a manifold M, and V be
any nonnegative continuous function on M. Assume that for all Q € O(M)

(1.8) AM(Q,A) > bu(Q)~1/7,

where p > 1 and b > 0. Then for any Q € O(M)
(1.9) M(Q,A+V) < C/ VPdp,
Q

where C = C(p, b).

The estimate (1.9) is a version of a theorem of Cwikel-Lieb-Rosenblum,
which provides a similar estimate for the number of negative eigenvalues of the
operator A+ V in R”. In this generality, it can be extracted also from [20]. Our
proof uses Theorem 1.1 (or rather a more general Theorem 3.1) with the measure
v having the density V7 with respect to u, which clarifies the role of the integral
in (1.9). Note that there are many classes of manifolds where the Faber-Krahn
type inequality (1.8) holds—see for example [18].

The condition p > 1 in the above statement is essential. For example, in R"
(1.8) holds with p = n/2, which implies the restriction n > 2. It is known that
(1.9) fails in R? (with p = 1) for a general V. However, in the case p = 1 it
is still possible to prove (1.9) for some potentials V, using Theorem 3.1—see
Theorems 4.4 and 4.7.

The following result dealing with the eigenvalues of A — V is also a conse-
quence of Theorem 3.1.



4 A. GRIGOR’YAN AND §.-T. YAU
THEOREM 1.3. Assume that on a manifold M the inequality (1.8) holds for all

Q € OM) with some p > 0 and b > 0. Fix a non-negative continuous function V
on M and a constant g > 0. Then for all Q € O(M) and for all k = 1,2, . ..

K\
)\k(Q’A_V)ZC B

du
Q Ve

where ¢ = c(b,p,q) > 0.

Another interesting application of Theorem 1.1/3.1 is related to the stability
index of minimal surfaces. If M is a two-dimensional minimal surface in R3
then its index ind (M) is the maximum number of linearly independent local
deformations of M, which decrease the area. More precisely, if Q € O(M) then
ind (Q2) is the number of negative eigenvalues of the Dirichlet problem (1.4) for
the stability operator L = A — 2K, where K is the Gauss curvature of M; then
set ind (M) = supgind (€2) (cf. Section 4.4). If M is an area minimizer then
ind (M) = 0; however, for most interesting classes of minimal surfaces one has
ind (M) > 0 (see for example [19]).

THEOREM 1.4. For any two-dimensional immersed oriented minimal surface M
in R3, we have

(1.10) ind (M) < C/M|K]du,

where L is the area on M induced from R3, and C is an absolute constant.

The estimate (1.10) was previously known only if the minimal surface M is
geodesically complete, and in this case (1.10) was proved by Tysk [32] (see also
[26] for an optimal constant C). A search for the relation between the stability
index and the total curvature was motivated by a theorem of Fischer-Colbrie [15]
claiming that, for a complete minimal surface, ind (M) is finite if and only if
the total curvature is finite. The proofs in [32] and [26] use the completeness
in a crucial way via a theorem of Huber (see for example [28]) saying that a
complete minimal surface of a finite total curvature is conformally equivalent
to a complete Riemann surface with a finite number of points removed. Our
proof avoids structure results for minimal surfaces and hence does not need the
completeness. We obtain (1.10) applying Theorem 1.1/3.1 with measure v having
the density |K| with respect to  (see Theorem 4.9 in Section 4.4). An interesting
open problem is to obtain a lower bound of the index via the total curvature,
under appropriate assumptions.

The structure of the paper is as follows. In Section 2 we introduce the nec-
essary definitions related to the abstract notion of a measure-energy space. In
Section 3 we state and prove the main Theorem 3.1. The proof consists of sev-
eral steps of independent interest. In Section 3.1 we deduce a Nash type inequality
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from a Faber-Krahn inequality. In Section 3.4 we prove Lemma 3.5 providing
the crucial L'> — L>? estimate of the heat semigroup. This estimate is used
twice—in Section 3.4 to prove the existence of the heat kernel (Theorem 3.9),
and in Section 3.5 where the proof of Theorem 3.1 is concluded. In Section 4
we discuss various applications of Theorem 3.1, in particular those mentioned
above. An important tool there is the Sobolev inequality proved in Section 3.2.
Theorems 1.2, 1.3, 1.4 are particular cases of Theorems 4.3, 4.6, 4.9, respectively.

Some of the results of this paper, in particular Theorem 3.9, are specific
to the abstract setting and are not needed if one is interested only in elliptic
differential operators on Riemannian manifolds. On the other hand, if one is
interested in abstract Markov operators, Theorem 3.9 guarantees the existence of
the heat kernel under rather weak hypotheses and may have applications outside
the scope of this paper.

Acknowledgments. This work was done during a series of visits of the first
author to Harvard University. He gratefully acknowledges the hospitality and the
financial support of that university.

2. Preliminaries.

2.1. Measure-energy space. If M is a topological space and Q C M is an
open set then denote by Cy(€2) the space of all continuous functions on M whose
support is compact and lies in Q. Denote by O(M) the family of all nonempty
precompact open subsets of M. Consider the following hypotheses:

(MO0) M is alocally compact separable metric space, and p is a Radon measure
on M with full support; that is x4 is a Borel measure and 0 < ©(€2) < oo for all
Qe OM).

Note that we do not assume any relation between the measure p and the
distance function on M. Observe also that by a standard approximation argument,
Co(Q) is dense in L*(Q, ) for all Q € OM).

(M1) &£ is a symmetric bilinear form defined on a subspace of Cy(M), which
will be denoted by Fy. Also, for any Q € O(M), the set

2.1 Fo(Q) = Fo N Co(L2)

is dense in Cp(€2) with the sup-norm.

Clearly, Fy(€2) is a dense subspace of Cy(£2). We will write for simplicity
Ef1 =& 0).
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(M2) For any Q € O(M), the form (&, Fy(Q)) is semi-bounded below in
L*(Q, ju); that is there exists a positive constant Cq such that for all f € Fy(Q)

22) Elf1 > —Cq / Fdp

(M2") £ is nonnegative definite, that is E£[f] > 0 for all f € Fy.
Obviously, (M2') implies (M2).

(M3) For any Q € O(M), the form (&, Fo(Q)) is closable in L*(Q, 11); that is
for any sequence {f,} C Fo(Q),

||fn||L2(Q,M) — 0 and g[fn _fm] —0 = g[fn] — 0

where n,m — oo.

The conditions (M0)—(M3) imply that the form (&, F¢(£2)) has the minimal
closed extension in L*(€, 1) (Friedrichs’s extension). In other words, for a sub-
space F(Q) C L*(Q, 1) containing Fo(Q) the form £ can be extended to F(Q)
so that F(€2) is a Hilbert space with respect to the following inner product:

(23) (f’ g)]:(Q) = C(f’ g)LZ(Q,u) + g(f’ g),

where C is any constant larger than Cq (see [16]). By the construction, Fy(€2) is
dense in F () with respect to the norm || f|| rq).

Note that if the property (M3) holds for 2 = M then it is inherited by all
open subsets of M. However, we will need this property only for precompact
sets €.

Definition. A triple (M, u, (€, Fp)) satisfying all the conditions (MO0), (M1),
(M2), and (M3) is called a measure-energy space. The form & is called an energy
form.

For simplicity we will sometimes write (M, i, £) assuming that the domain
Fo is built into the definition of £. Let (M, u, £) be a measure-energy space, and
let Q € OM). The energy form (&, F(Q)) is closed and hence has a generator
H =Hgq, ¢ which is a self-adjoint operator in L*(Q, 1) such that

(2.4) E(f,9) = —HSf , 2>

for all f, g € dom (H) C F(L2); the domain dom (H) is dense in L*(Q, w) and —H
is semi-bounded below on dom (H) (cf. [14, Section 4.4]).



ISOPERIMETRIC PROPERTIES OF HIGHER EIGENVALUES OF ELLIPTIC OPERATORS 7
2.2. The Markov property and Dirichlet forms.

Definition. A bilinear form &, defined on a functional linear space D, is said
to satisfy the Markov property, if for all 0 < a < b

(25) fe€D = fi,:=(min(f,b)—a), €D and E[f,,] < EIfI.

Let us make the following assumption:
(M4) The form (€, Fy) satisfies the Markov property.

Combining (M4) with the definition (2.1) of Fy(€2) we see that for all Q €
OM) the form (€, Fo(€)) also satisfies the Markov property: for all 0 < a < b

(2.6) J € Fo(Q) = fap € Fo(Q) and E[fapl < EIf].

Definition. We say that (M, u, (€, Fo)) is a Markov measure-energy space if
all the hypotheses (M0)—(M4) are satisfied, including (M2).

Fix Q € O(M). By a definition from [16], a Dirichlet form in L*(Q, ;1) is any
symmetric, bilinear, non-negative definite form £ whose domain D is dense in
L*(Q, 1), which is closed and satisfies the Markov property. The Dirichlet form
(€,D) is called regular if D N Cy(L2) is dense both in D with respect to the inner
product

f.8)p = (. 2 + € 8)s

and in Cp(€2) with the sup-norm. The following two statements describe relations
between Markov measure-energy spaces and regular Dirichlet forms.

ProposiTION 2.1. If (M, 1, (€, Fo)) is a Markov measure-energy space then, for
any Q € OM), the form (€, F(Q)) is a regular Dirichlet form in L*(Q, 11).

Proof. The domain F(Q) is dense in L>(Q, i) as it contains Fo(Q) that is
dense in L3(Q, 1) by (M1). The form (€, F (L)) is closed by definition (cf. (M3)).
The Markov property for (£, F(€2)) follows by [16, Theorem 3.1.1] from the
Markov property for (€, Fo(€2)). Finally, the form (&, F(€2)) is regular because
F () N Cp(L2) contains Fy(€2) that is dense both in F(€) (by the construction)
and in Cy(Q) (by (M1)). O

PROPOSITION 2.2. Let (M, 1) be a measure space satisfying (MO) and let (£, D)
be a regular Dirichlet form in L*(M, w). Set Fo := DN Co(M). Then (M, i1, (€, Fo))
is a Markov measure-energy space.
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Proof. The hypotheses (M0) and (M2') are obvious. Let us verify (M1), (M3),
and (M4). Note that for any Q € O(M) we have by (2.1)

Fo(Q) := Fo N Cp(2) =D N Cy(L2).

Proof of (M1). By the definition of a regular Dirichlet form, Fy is dense in
Co(M). We need to show that Fy(€2) is dense in Cy(€2) for any Q € O(M). Since
Co(2) C Co(M), for any function f € Cy(Q) there exists a sequence {f,} € Fo
such that f, = f. By [16, p. 6], there exists a function ©» € Fy() such that
Ylsupps = 1. By [16, Theorem 1.4.2(ii)], Fy is an algebra; in particular, 1f, € Fo.
Obviously, we have also 1f, € Cy(2) whence we obtain vf, € Fo(€2). Since
Uy, = Uf =f as n — oo we see that Fy(Q) is dense in Cp(£2).

Proof of (M3). Let {f,} C Fo(Q) be a sequence such that
2.7) I fallizy — 0 and  Elfy —ful — 0 as n,m — oo.

Then also || full;2a,) — 0, which implies £[f,] — 0 since the form (€, D) is
closed in L>(M, ). However, the fact that (2.7) implies £[f,] — 0 means exactly
that (£, Fo(Q)) is closable in L*(Q, ).

Proof of (M4). Let 0 < a < b and f € Fy = D N Co(M). By the Markov
property of (£,D), we have f,,, € D and &[f,,] < E[f]. It is obvious that
Jap € Co(M) whence f,, € Fo. Hence, (£, Fy) also satisfies the Markov property.

O

2.3. Some examples.

Riemannian manifolds. Let M be a Riemannian manifold and po be the Rie-
mannian volume on M. Let m, V be nonnegative continuous functions on M, m
being strictly positive, and A = A(x) be a positive definite symmetric operator in
T:M continuously depending on x. Define measure i on M by

(2.8) dp = mdj,

and the energy form by

2.9) &¢.9)= [(AVF. Vg duo+ [ Vigdo,

where (-, -) is the inner product in the tangent space induced by the Riemannian
structure. Let Fy = Lipo(M) be the set of all Lipschitz functions on M with
compact support. Then (M, u, £) is a Markov measure-energy space, and, for any

set Q € OM), Fo(Q) = Lipop(Q) and F(Q) =H' (Q, o) (cf. [16, Section 1.2.1]).
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Assuming for simplicity that A(x) is smooth enough and integrating by parts
in (2.9), we obtain

(.9 = / (— div (AVf) + V)gm™" dp,

for any two smooth functions f, g € Fo. Hence, the generator Hg , ¢ coincides
on smooth functions with the differential operator

(2.10) L= %(div AV) —V).

The spectrum of —Hgq , ¢ is discrete, positive, and coincides with the spectrum
of the following (weak) eigenvalue problem in €2:

div(AVu) — Vu+ dmu =0,
(2.11)

ulpq = 0.

Jumping measures. Let (M, 1) be a metric measure space satisfying the axiom
(M0). Fix a non-negative symmetric function j(x,y) € L}OC(M X M, p x ) and
define

E(f.g) = / / (FO) — FONEE) — gNiCr p(dy(y).

M M

with the domain Fy = Co(M). Then (M, p, £) is a Markov measure-energy space,
and for any set Q € OM), Fo(Q2) = Cp(Q) and F(Q) = {f € L2(Q, ) : E[f]
< 00} (cf. [16, Section 1.2.1]).

In particular, if M is a locally finite graph, u(x) is the degree of a point x € M
(that is the number of edges adjacent to x), and j(x,y) = m or 0 depending
on whether x and y are connected by an edge or not, then the form £ is associated
with the simple random walk on M.

Fractal sets. Let M be a fractal set. We do not give a precise definition of
that, referring to [2] where many examples of such sets are considered such as
Sierpinski gaskets, Sierpinski carpets, etc. Any fractal set is a subset of R"” and
hence inherits a metric structure from R". Also, any fractal set has a certain
Hausdorff dimension «; hence, it is natural to define measure p on M as the
Hausdorff measure of dimension a.

The definition of an energy form £ on M is highly nontrivial and depends on
a specific self-similarity property of M. Normally, M can be approximated by a
sequence of finite graphs; choosing an energy form on each graph as above and
passing to the limit with a proper scaling, one obtains an energy form on M, which
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happens to be a regular Dirichlet form in L>(M, ;). Then, by Proposition 2.2,
M, i, €) is a Markov measure-energy space.

3. The main result. For any quadratic form £ in L*(Q, ;) with the domain
Fo(€) define \;(Q, i, &) by

| EIf]
31 MQpE) = i
a1 Qo= o 1112

where [|fll2 = [[fll2@,- If there is no function f € Fo(Q) with ||f]l2 # O
then A\{(Q, i, £) = +00. However, under the hypotheses (M0), (M1), and (M?2),
A1(Q, i, £) is always finite. Moreover, if (M, u, £) is a measure-energy space then
AM(Q, 11, €) is the bottom of the spectrum of the operator —Hg ,, ¢. In this case,
the class Fy(€2) of test functions in (3.1) can be replaced by F(£€2).

If the spectrum of the operator —Hyg ,, ¢ is discrete then we denote its eigen-
values by A (Q, i1, ), k=1,2, ..., in the increasing order, where each eigenvalue
is counted with its multiplicity. In this case, consider also the counting function

(3.2) NAQ, 11, E) == max{k : \(Q, i1, E) < A}

Here is our main result.

THEOREM 3.1. Let (M, u, E) be a Markov measure-energy space, and let v be
a Radon measure on M, which is absolutely continuous with respect to | and such
that the following inequality holds, for any Q € O(M),

(3.3) AM(Q, 1, &) > bv(Q)™ %, provided v(Q) < 1y,
with positive constants o, b, and vy € (0, +00].

Then, for any Q € O(M), the operator Hq ,, ¢ has discrete spectrum and, for
any positive integer k,

(3.4) M(Q, 1, E) > cb (y(kgz)) , provided v(Q) < ;—gk,
where ¢ = c(a) = §507.
Consequently, for any A > 0,
1/04 50
(3'5) N)\(Qa Hy 6) S C)\ + 1/— Z/(Q)’
0

where C = (cb)~V/® = 50(3ab)~1/.

Remark. In the case vy = +oo the restrictions on v(Q) in (3.3) and (3.4) are
void; also the term v, ! vanishes in (3.5). The proof of Theorem 3.1 is easier if
vy = +00 but the case vy < oo has some interesting applications.
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Remark. The hypothesis that v is absolutely continuous with respect to p can
be dropped if one knows a priori that e@réf is continuous for any f € C,(Q)
and all ¢+ > 0 (for example, this is the case for second order elliptic operators on
Riemannian manifolds). However, we have preferred not to overload the paper
with the details of the proof in this setting as we do not have interesting examples
with a singular measure v.

Observe that the finiteness of A;(€, i, £) implies that v(Q) > 0 for all Q €
O(M); hence, v must have full support.

Using the notation and assumptions of Section 2.3, consider an elliptic opera-
tor L on a Riemannian manifold M defined by (2.10), and denote by A;(€2, L) the
k-th smallest eigenvalue of the following (weak) Dirichlet problem in Q € O(M)

{Lu +Au=0,
M|ag =0.

CoOROLLARY 3.2. (=Theorem 1.1) Let v be a Radon measure on the Riemannian

manifold M absolutely continuous with respect to the Riemannian measure [y and
such that for all Q € O(M),

MQ,L) > bv(Q)™ %,  provided v(Q) < vy,

where a, b, vy are positive constants. Then, for any positive integer k and all Q €
own,

k o
M(Q,L) > cb <@> . provided V(Q) < Su—gk,

where ¢ = c(a) > 0.

Proof. As it was mentioned in Section 2.3, (M, u,(E,Fo)) is a Markov
measure-energy space where i and £ are defined by (2.8) and (2.9), respectively,
and Fy = Lipo(M). Then M\ (Q, L) = M\ (€, 4, E), and the claim of Corollary 3.2
follows from Theorem 3.1. O

For many classes of fractal sets (see Section 2.3) the hypothesis (3.3) of
Theorem 3.1 holds with v = u (see for example, [3]). Hence, Theorem 3.1
applies and yields a lower bound for the higher eigenvalues.

The proof of Theorem 3.1 is preceded by a number of auxiliary results.

3.1. The Nash inequality.

Lemma 3.3. Let (M, 1,E) be a Markov measure-energy space, and v be a
Radon measure on M such that for all Q € O(M)

(3.6) AMQ, 1, &) > bv(Q)™ %, provided v(Q) < 1y,
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where a, b > 0 and vy € (0, +00]. Then, for all Q € O(M), nonnegative f € Fo(Q),
and 3 € (0, +00),

3.7 CElf1+ DI > ( / fzdpc) " e

where

(3.8) JIf] := (/f”d,u)l/ﬂ (/f"*du)

andy = 2, C=4"5"5p71, D = Q40)0b,
X0
If in addition v absolutely continuous with respect to y then (3.7) holds also
for all nonnegative f € F(Q).

Remark. If measure v is singular then [f?dv makes a priori no sense for
f € F(Q) as f is an element of L>(Q, 11), contrary to the case f € Fy(Q) when f
is a continuous function.

Remark. For 3 =1 we have also v = 1, so that (3.7) takes the form

69 GelLf1+Dy [fap [fav> (/ﬂm)w1 (franfrav)

where

8 o+l
(3.10) Co=4*1p=1 D, = (—) .
Vo

Remark. If vy = +oo then D = 0 so that the second term in the left hand side
of (3.7) vanishes. If in addition v = p then (3.7) simplifies as follows

l+a/B —a(1+1/5)
3.11) celf] > ( / fzdu) ( / ﬂdu) .

The classical Nash inequality in R” corresponds to the case « =2/n, =~ = 1.
Applying to (3.11) the Holder inequality, one obtains the following inequality

(3.12) ceyr= ([rran) ([ran) .

which is true for all u, v > 0 and

(3.13) O<s<r<2
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such that

{u —v=1—aq,
(3.14)

ru— sv=72.

Obviously, the parameters r,s,u, v corresponding to (3.11) satisfy (3.13) and
(3.14).

Furthermore, the range of the parameters r,s for which (3.12) is true can be
extended as follows:

(3.15) 0<s<r<+oo,

provided (3.14) admits a nonnegative solution u, v. This powerful result was
proved in [1, Theorems 3.1-3.3] even for a more general notion of energy pro-
vided the energy form satisfies a certain truncation property, which is the case

here (see (3.30) in the proof of Lemma 3.4 below).

Proof of Lemma 3.3. If J[f] = 400 or if J[f] < 400 and

I+a/
DI > ( / fzdu>

then (3.7) is obviously satisfied. Assume in the sequel the contrary, that is J[f] <
+00 and

41/8 5 1/8
(3.16) 2—JIf] < (/f d,u) .
)
Consider first the case f € Fo(£2). Start with an elementary inequality
(3.17) P2 — 97 +257f7,

which is true for all f > 0, s > 0, 0 < v < 2. Indeed, if f < s then (3.17) follows
from £ < s> 7. If f > s then (3.17) follows from f2 < 2(f — 5)*> + 25 and
s < 2.

Fix s > 0. By the Markov property (cf. (2.6)) (f — 5)+ € Fo(€2) and

(3.18) El(f — 94l < EIf]

Set

Q={xeQ:f(x)>s}

(see Fig. 1) and note that supp (f — s); C Q, C Q.
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Figure 1. Set Q.

Let Q, be any open neighborhood of €, which lies in Q. Since (f — s), €
Co(£y) and by (2.1)

Fo(Qy) = Fo N Co(Qy) = Fo(Q) N Co(Ly)

we obtain also (f—s); € Fo(€y). It follows from the definition (3.1) of A (Qy, 1, £)
and from (3.18), that

Ef =52 _ _ ELAI
)\I(QSa /J,,S) n )\I(QS’,U‘75)

619 [¢—sRdu= [ ¢—92du<

Therefore, integrating (3.17) and using (3.19), we obtain

28(/]

3.20 2di — 25> | fldpy < — 1
(3.20) /f poss /f H N @ )

Next, we apply the hypothesis (3.6) for the set Q,. Since
v(Q) < s77 /ﬂdu,

the set ﬁs can be chosen so that

(3.21) v(Q) <2577 / fdv.

In particular, the condition y(ﬁs) < 1y is satisfied provided

(3.22) vy > 25 7 /fydv.
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Assuming that s is so big that (3.22) holds, we further obtain from (3.20), (3.6),
and (3.21)

(3.23) / Py — 258 / Fdp < 26~ Q) ELf]

21+ab—ls—a'y </f’¥d,/)ag[f].

IN

Let us choose s from the condition

S2—7_ lffgd:u
4 [frdp

and observe that this s satisfies (3.22) by (3.16) (note that % = é). Substituting
this s into (3.24), we obtain

[z (1) (frw)an

whence

(/7 an) R T ([ran) " (/ fwu)aaf],

and (3.7) follows.

Consider now a more general case f € F(£) N L>®(L2, i), assuming that v is
absolutely continuous with respect to p. For any f € F(£2) there exists a sequence
{fu} € Fo(L) such that

(3.24) [fo = fllzp — 0 and  Elfy —f1 — 0.

For each f,,, (3.7) holds by the previous argument, and all we need is to pass to
the limit in (3.7). In the view of (3.24), we have

[rdn— [Fau ana et — eip

Since v = ﬁ < 2, by the Hélder inequality we have also

[ran— [ran
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We are left to verify that
(3.25) liminf | f)dv < /f”dy
n—oo

(note that Fatou’s lemma yields the opposite inequality). Since f is bounded, the
sequence {f,} can also be chosen uniformly bounded. Indeed, we can always
replace f, by ¢(f,) € Fo(2) where ¢(¢) := min (¢, m); and m = u-esssup f. Since
#(0)=0, |¢'| <1, and ¢(f) =f, we obtain by [16, Theorem 1.4.2(v)]

lo(fu) — fllizyy — 0 and  E[G(fp) —f1 — 0.

Hence, assume that {f,} is uniformly bounded and choose a subsequence {f;, }
converging to f p-a.s. Since v is absolutely continuous with respect to i, {fy,}
converges to f also v-a.s., and (3.25) follows by the dominated convergence
theorem.

Finally, consider the most general case f € F(L). Set f;, = min(f,n) and
observe that (3.7) holds for f, as f, is bounded. By [16, Theorem 1.4.2(iii)],
Elfn] — E[f] as n — oo. Since f, converges to f monotonically, any L’ norm
of f,, converges to the L” norm of f by the monotone convergence theorem, and
we can pass to the limit in (3.7). O

3.2. The Sobolev inequality. The following lemma will not be used in the
proof of Theorem 3.1. We will need it only in Sections 4.1, 4.2 but it is close in
the spirit to Lemma 3.3 so we prove it here.

Lemma 3.4. Let (M, i1,E) be a Markov measure-energy space, and assume

that for all Q € O(M)
(3.26) MQ, 1, E) > bu(Q)™ %,  provided u(Q) < vy

where 0 < a < 1, b >0, and 0 < vy < +oc. Then, for any Q € O(M) such that
wW(€2) < vg and for any nonnegative f € F (L),

2 | e
(3.27) ELF = cb ( / fmdu) ,

__4
where c =2 T«

Remark. The inequality (3.27) is a particular case of (3.12) for u = 1 — a,
v=0,r= % (see also [1, Theorem 10.1]). Here we give a short direct proof

of (3.27) using a truncation argument similar to that in [8] or [1]. Note that the
restriction 0 < « < 1 is essential. Recall that the classical Sobolev inequality
holds in R" with « = 2/n, provided n > 2.
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Remark. If u(€)) > vy then a standard argument (see, for example, [11,
Section 4]) yields

2 | e
(3.28) EIf1 > ¢ ( /Q fﬂdu) e / Fdp,

where ¢; = z—llcb and ¢ = %M(Q)l_a.

Proof of Lemma 3.4. 1t suffices to prove (3.27) for f € Fo(€2). Indeed, any
f € F(Q) can be approximated by a sequence {f,} € Fo(Q) such that

Ifo = fllzu — 0 and Elfy —f1 — 0 asn— oo.

Choose a subsequence {f;,, } which converges p-a.s. to f. If (3.27) holds for each
Jn; then we can pass to the limit and obtain (3.27) for f since by Fatou’s lemma

1A ller@p <Timinf[|fylLr@p-
Given Q € O(M) and a nonnegative f € Fy(€), define for all k € Z
Q={xeQ:f(x)>2"} and my = u( ).

Clearly, Q441 C €, and the union of all € is the set {f > 0}. Hence, we have

(3.29) /fl Fdy = Z/ fﬁdug S atem,.

kEZ keZ

For any k € Z, consider the function

2k, x € Q1
fe@) = (min (f(x), 21 = 25, = ¢ ) — 25, x € Q\ D,
0, x &,

which belongs to Fy(£2) by the Markov property. By [1, Corollary 7.3] or [6,
Lemma 2.11], the Markov property of £ implies

(3.30) ELf1> S ELf.

kEZ

Let {4 be an open neighborhood of Q;, which lies in Q; choose Q so that
N(Qk) < 2u(y). Clearly, we always have ,u(Qk) < vp. Observing that f; €
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Fo(€y) and applying the hypothesis (3.26) for Q. we obtain

b b 4k+1mk1
Elf] > — / 2dy > 22k = T Tkl
[fil = oA Qkfk HZ et M1 T G
whence
b 4k+1mk+1
(3.31) Ef1> Som D o
kez k

For arbitrary sequences of positive numbers {x;}, {y«}, and p,g > 1 such that
1/p+1/q =1, we have by the Holder inequality

DPEES <2x,}/”>P S >
Ve (XDl (T

Taking p = v+ 1, ¢ = @=L and applying this inequality for

o

k+1 ak+l) o
X =4Teamyyy, =41 my,

we obtain
4y D 4%mk+l 4‘% > 4lkjla my
(332) Z fe% Z k+1 = k+1
Mk (41— my)> (> 4T-amy)®
1—
=4 (Z41k+lamk> "
Finally, (3.27) follows from (3.31), (3.33), and (3.29). O

3.3. Heat semigroup. Assuming that (M, u, £) is a measure-energy space,
fix Q € O(M) and set H = Hg ;, ¢. Let us write for simplicity LP(€) = LP(Q, u1),

1fllp = I fller@w. and (f,8) = (f, &2, For any ¢ > 0 the operator ¢t in
L*(Q) is defined in the sense of the spectral theory, that is

H_ [T
e = / e "\dE,
—0o0

where E) is the projector measure of —H. Since —H is semi-bounded below,
¢ is bounded and hence is defined on the whole space L*(€2). The family of
operators {e'f},5¢ is a strongly continuous semigroup in L*(Q), and the image
of e is in dom (H) C F(Q) for all 1 > 0.
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If £ is non-negative then the spectrum of —H is non-negative, and the semi-
group ¢! is contracting. Indeed, for any f € L*(Q) we have

(33 =@ = [T ePamnn < [ dEsn =I5,
0 0

whence the claim follows.

If £ satisfies the Markov property then e’f > 0 for any f > 0, and 1 < 1
(see for example [16]). This implies that e’ is a contraction also in LY(Q),
that is

(3.34) le“F e < I1£ 11,
for any f € L*(Q) C L'(Q). Indeed, assuming in addition f > 0, we have
le™fll1 = (ef.1) = (e3f, 3 1) < (e3, 1) = |31,

whence (3.34) follows by iterating this inequality.
Let us introduce the following space

L22(Q) == L2 (Q X Q, 1 X 1),

with the norm

o = ( L Iu(x,y)\zdu(X)du(y)y.

If u € L>*(Q) then, for p-almost all x, we have u(x,-) € L*(Q). Therefore,
e u(x, -) makes sense as an element of L>(Q2). Integrating in x the inequality

e ux, )3 < [Jutx, )3

(cf. (3.33)) we obtain

(3.35) le™ull2 < Jlul|2.z.

Consequently, ¢y is defined as an element of L>?(Q).
For a p x p-measurable function u(x,y) on Q x €, denote

||| 1,00 = - ess sup / |u(x, y)| dp(y) + p- ess sup / |u(x, y)| dpu(x)
xEQ Q yeQ Q

and introduce the following functional class on € x Q:

Lh>®(Q) = {ux,y) : ||ull1,00 < 00}.
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The next lemma will play the main role in the proof of Theorem 3.1.

Lemma 3.5. (The main lemma) Let (M, 1, E) be a Markov measure-energy
space, and let v be a Radon measure on M absolutely continuous with respect
to p and such that the hypothesis (3.3) holds. Then for any Q € O(M), for any
non-negative function u € L*>* N L“*(Q), and for any t > 0,

(3.36) [eMeme u||3, < max (C, Cot ™) |Jul]} o,
where
. CO l/oc
(3.37) C = DY UQ),  C; = (—) UQ),
(0]

and Cy, Dy being the constants from (3.9).

Remark. Substituting the values of Cy and Dy from (3.10), we obtain

16 4\
(3.38) Ci<—uvQ), GC=16(—) v(.
IZ40) ab

Proof. Without loss of generality, we can assume that ||u||; ~ = 1. For any
t > 0, consider a function

u(x,y) = eMu(x,y) € L**(Q)
and set

(3.39) U = /Q W20 y) dp(y) = [l utx, )2

and

(3.40) W) = /Q U d(x) = /Q /Q W2Cry) () da(y) = a2

Since £ is a Dirichlet form, u > 0 implies u; > 0. For p-almost all - € Q, we
have

(3.41) /Q i(x, ) dpa(x) /Q eMu(x, ) dp(x) = e /Q u(x, ) dyu(x)

IN

elull100 < 1.

The interchange of the integration and e’ is justified as follows. It is obvious
if u(x,y) has a form f(x)g(y) or is a linear combination of such functions. For
a general u € L>*(Q), one uses an approximation argument and the following
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observation: if u, — u in L*>*(Q) then
etHl/ln ﬁ etHI/l
and

Jmtrdueo £ [ ute.duco,
It follows from (3.34) that
(3.42) /Qu,(x,y)d,u(y) = ™ utx, M < e Iy < llullroo = 1.
On the other hand, differentiating ¢; in ¢ and using (2.4), we obtain
(3.43) % =2(HeMu(x, ), eMu(x,-)) = =28l u(x, )] = —2&[uy(x, ).

The Nash inequality (3.9) applied to the function u,(x, -) € F(Q), yields

o 1
/utza’u < (/u,a’u/um?u) o [COE[M,]+D0/u,du/u,du} o ,

where the active variable is the second one (usually denoted by y or by a dot).
Substituting £ from (3.43) and using (3.39) and (3.42), we obtain

o 1
(3.44) u(x) < < / " du) o {—9% + Dy / ” dy} .

As follows from (3.35) and (3.43), the function w(f) defined by (3.40) is
finite and decreasing in ¢. Integrating (3.44) against du(x) and using the Holder

inequality
o L
[e] a+l a+l
/Fm(;ﬁ du < {/qu} [/Gdu} ,
we obtain
@ 1
ari [ CoO T
w(t) < / [/uzdu} 1{_2061: +Do/u,dy] l dju(x)

G

F
&t [ Co [ O )
< [ /] ude(y)du(X)] [—20‘ Sapw+no [ [ mdu(y)du(xﬂ |
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Observe that (3.42) implies

@%y/@mwmeMF/(/wxwwmymwgdewmy

In order to justify the last inequality in (3.45), we use the absolute continuity of
v. Indeed, by (3.42) the inequality

(3.46) /@wwwm51

holds for p-almost all y € Q. Hence, it holds also for v-almost all y € Q so that
we can integrate (3.46) against v, which was used in (3.45).
We conclude from the above that

(3.47) w(t) < (Q)ast <—% ‘jl—v: + DOI/(Q)> -t

which can be rewritten as

d
(3.48) ALY s et B,
dt
where
CO o a+l
(3.49) A= TV(Q) and B := Do (Q)*"".

Recall that the function w(¢) is decreasing in z. Denote
(3.50) fo := sup{t > 0 : w**(r) > 2B}

(take #9 = 0 if the set of 7 in (3.50) is empty). In the range ¢ € (0, #y], the inequality
(3.48) implies

dw 1
a = 2" O

whence, dividing by w™*! and integrating in ¢, we obtain

o -1/
w(r) < (ﬂz) =Cor~V/®, for all 1 € (0, f].

In the range ¢ € (#, +00) we obtain from (3.50)

w(f) < 2B)a+ = (.
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Therefore, for all + > 0 we have
w(t) < max (Cy, Cot ™/,
which was to be proved. O

3.4. Existence of the heat kernel. Fix Q € O(M) in a measure-energy
space (M, 11, &), and set H = Hq ,, ¢. By definition, the heat kernel of H is an one-
parameter family {p;};~o of functions p, € L>*(Q) such that for any f € L*(Q),
for all ¢ > 0, and for p-almost all x € Q,

M F(x) = /Q PG ) dy).

If the heat kernel of H exists then it possesses the following properties (see
for example [13]):
e The symmetry:

(3.51) Pi(x,y) = pi(y,x)

(follows from the fact that H is self-adjoint).
e The semigroup identity

(3.52) Pras(,y) = /Q i sz ) da(2)

(follows from e(*H = ¢tH oSH),

If in addition £ satisfies the Markov property then the heat kernel possesses
also the following properties:
e The positiveness: py(x,y) > 0 (follows from the positivity preserving of
etH )
e The total mass inequality: for all # > 0 and p-almost all x

(3.53) /Q Py du(y) < 1

(follows from "1 < 1).

In particular, (3.51) and (3.53) imply that p, € L1*°(Q) and ||p;||1.00 < 1, for
any t > 0.

The heat kernel plays an important role in the proof of Theorem 3.1. The
main result of this section is Theorem 3.9 that ensures the existence of the heat
kernel under the hypotheses of Theorem 3.1, which will enable us to conclude
the proof of Theorem 3.1 in the next section.
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The following was known before. Assume that the hypothesis (3.3) of The-
orem 3.1 holds for v = p and vy = +o0; that is, for all U € O(M),

(3.54) MU, 1, €) 2 bu(U)~".

If in addition a < 1 then, by Lemma 3.4, (3.54) implies the Sobolev inequality
(3.27). Using the Nash method [27] (see for example [33]) one obtains from
(3.27) the following estimate of the heat semigroup: for any u € L*(Q)

(3.55) le®ull3 < o |u|3,

which means that ¢’ is L! — L? ultracontractive. Then the well-known argument
(cf. [7], [13], [33]) shows the existence of the heat kernel and the estimate

(3.56) 1P|l o000 = €ss sup py(x,y) < cr /e,
x,yeQ

However, in the case v # u the above scheme does not work. Instead of (3.55),
we have a weaker L1 — L>? ultracontractivity given by the estimate (3.36) of
Lemma 3.5. In what follows we will show that (3.36) still implies the existence
of the heat kernel, using an entirely different argument. In the course of the proof
of Theorem 3.1, we will deduce from (3.36) an upper bound for ||p;||22, which
is weaker than (3.56) but still enough for our purpose.

As a preparation for Theorem 3.9, we prove some lemmas where we for the
first time explicitly use the fact that M is a metric space.

Lemma 3.6. Let (M, dist) be a locally compact metric space and i be a Radon
measure on M. Then for any x € M, forany ¢ > O there exists an open neighborhood
W of x such that diam W < € and u(0W) = 0.

Proof. Fix a point x € M and set B(r) := {y € M : dist(x,y) < r}; that is B(r)
is the open metric ball of radius r centered at x. Choose R € (0,£/2) so small
that the ball B(R) is precompact. Consider the family {OB(r)} of the boundaries
of the balls as the radius r varies in the interval (0, R). This family is disjoint,
and its cardinal number is the continuum. If £ (0B(r)) > 0 for all » € (0, R) then
for some integer n > 0 we have p(0B(r)) > 1/n for infinitely many r € (0, R).
However, this implies p(B(R)) = co contradicting to the fact that u is a Radon
measure. Hence, there exists » € (0,R) such that u(9B(r)) = 0, and we can set
W = B(r). O

Lemma 3.7. (Decomposition of € into small cells) Let (M, dist) be a locally
compact metric space and p be a Radon measure on M. Then for any Q € O(M)
and for any € > 0 there exists a finite family {Uk}gﬂ of non-empty open sets in £
such that:

() {U} are disjoint while the union of all {Uy} covers Q;
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(ii) p(QU, N Q) =0 for all k;
(iii) sup, diam Uy < e.

Proof. For a given £ > 0 and any x € Q, let W = W, be the set constructed
in Lemma 3.6. Since € is compact, there exists a finite number of the sets W,
covering €, say Wi, Wy, ..., W,. For any subset W C M, introduce the notation

wh=w and WO =mWw.
Observe that all the sets of the following type
(3.57) QNW A WS N Wi,

where »; = 1 or 0, are disjoint and their union is Q\ UL, OW;. We are left to
denote by Uy, Uy, . .. those sets of the type (3.57) that are nonempty (see Fig. 2).
Clearly, the family {Uy} satisfies (i), (ii), (iii) with N < 2". O

Assuming that (M, p) satisfies the hypotheses of Lemma 3.7, fix some 2 €
OM), € > 0, and the sets Uy, ..., Uy from this lemma. For any index k =
1,2,...,N, choose a nonempty precompact open set V; such that V;, C U; and
w(U\ Vi) < &/N. Since Q is covered by the union of all Uy and u(0U; NQ) = 0,
this implies

N
(3.58) u (sz\ U Vk> <e.

k=1

Figure 2. The sets W; and Uy.
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Denote by x; the indicator function of the set Vi, and define the function ¢. on
Q x Q by

N

1
3.59 (3, y) =
(3.59) Pe(x,y) gmw>

Xk Xk().

Lemma 3.8. Let (M, 11) be a metric measure space satisfying (MO). Then the
function @, defined by (3.59) belongs to L>* N L1*°(Q) and

(3.60) [ell1,00 < 1
Moreover, for any f € L'(Q), we have
LY(Q)
(3.61) /we(x,y)f(y) du(y) — f(x) as e —0.

Proof. The function . is bounded and hence belongs to L N LY (Q). We
have for all x € Q

6@)/%mwww=2mm [ dnc = CE
k

(Vi)

as {Vy} are disjoint. Similarly,

[eteydueo <1,

which together with (3.62) implies (3.60).
To prove (3.61), denote

mezj%@wwmmw-Zku> | 10rducy)
k

(Vi)

and consider first the case f € Co(Q2). If x € V; for some k then

fm.mwfw———/ﬂwwm—
k

5 , 00 = Foaue)

(Vi)
whence

F(0) = fe@)| <osc f
k

and

(3.63) ], 1709~ £l due) < Vi ose .
k
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If x ¢ V) for any k then f.(x) = 0. Therefore, we obtain from (3.58) and (3.63)

(.64 AT NN CTED oY WAL
k X k

esup |f| + u(Q)(sup osc f).
Q ko Vi

IN

Since the function f is uniformly continuous and diam V; < ¢, we also obtain

suposc f — 0 ase — 0,
ko Vi

which implies that the right-hand side in (3.64) goes to 0 and hence || f—fz||1 — O.

Consider now the general case f € L'(Q). For any § > 0 there exists a
function g € Co(Q2) such that || f — g||1 < 6. For a small enough ¢, we have by
the above ||g — g||1 < ¢. By (3.60) we have for all € > 0

I fe —gelli < /soe(x,y)lf(y) — el dpu(y) dux) < |l@ell1oollf — gl < 6.
Finally, we obtain

If =Ll < Nf =gl +llg — gl + Il /2 — gell < 36,

whence the claim follows. O

THEOREM 3.9. Let (M, u, E) be a Markov measure-energy space, and v be a
Radon measure on M absolutely continuous with respect to p and such that the
hypothesis (3.3) holds. Then for any Q € O(M), the generator Hg ,, ¢ possesses
the heat kernel in L**(Q).

Proof. The set Q € O(M) and the time ¢ > 0 will be fixed throughout the
proof. Set H = Hg ;, ¢ and

(3.65) q:=(x,y) = e po(x,y)

where . (x,y) is the function defined by (3.59) and ¢ acts on the second vari-

able. We will show that ¢. € L*2(Q) and that (a subsequence of) g. converges

weakly in L*?(Q) as ¢ — 0 to a function q(x,y); the latter will be taken as p,(x, y).
By Lemmas 3.5, 3.8, we have

(3.66) lgcll22 < Cllgell1o0 < C

uniformly in € (note that C depends on €2 and ¢ but both Q and ¢ are fixed). It
follows from (3.66) that the family {g.}.~o is uniformly bounded and hence is
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weakly compact in L>2(Q). Therefore, there exists a sequence g — 0 such that

w-L22

(3.67) gz, " q € L*A(Q),

as k — oo. Define integral operators Oy and Q by

04 f(x) = / 4o, (M du(y) and  Qf(x) = / GV () dp(y).
Then (3.67) implies that for all f, g € LX(Q)

(3.68) (Orf.8) — (OFf. 9.

On the other hand, let us prove that for any f € L*(Q) C L1(Q)

(3.69) o f L5 ey,
Indeed, we have

Qkf(x) = (qu(xa )’f) = (etH(pSk(xe )’f) = (gosk(x, ')’ etHf)'

Since ¢'f € L'(Q), we have by Lemma 3.8

(e (. ), e1f) L5 M (),

whence (3.69) follows.
As a consequence of (3.69), we see that, for any g € Cy(£2)

(Ocf>8) — (€"f,9).

Comparing with (3.68) we conclude that Qf = eff for all f € L*(Q). Hence,
Q =¢'M, and g(x,y) is the heat kernel of H for the given t. O

3.5. Proof of the main theorem. Here we prove Theorem 3.1. Fix Q €
O(M) throughout the proof and set H = Hg , ¢. Observe first that (3.5) follows
from (3.4). Indeed, set k := N\(Q, i, £) and observe that if v(Q) > g’—gk then (3.5)
is trivially satisfied. If #(Q) < z5k then we can apply (3.4). Since A > A\ (€2, 11, £),
we obtain from (3.4)

k (03
AZC”(@)’

whence (3.5) follows.
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By Theorem 3.9, ¢’ possesses the heat kernel p;(x, y) € L>2(Q). Let us prove
that

(3.70) trace (¢*™) = ||p;3, < o0.

If p; is a continuous function of x,y then we obtain, using the symmetry of the
heat kernel and the semigroup identity (3.52),

trace () = /Q par, x) dp(x) = /Q /Q 200 y) dp(y) o) = i) 2.

However, in general the expression py;(x,x) does not make sense, so we argue
differently. For any orthonormal basis {f;} in L?*(Q, 1), we have

2
trace () = Y (@i fi) = S (@ fi i) = 3 [ ( [ du) dp)
k k k

= /(Z (i, -),fk)2> du(X)=/||Pz(x, N3 dpsx) = i35,
k

which proves (3.70).

Hence, the operator ¢*¥ is of the trace class and, in particular, its spectrum
is discrete away from 0. By the spectral mapping theorem, if A € spec (H) then
e** € spec (¢2M). Since ¥ > 0 is positive, it belongs to the discrete spectrum of
e?™M whence we conclude that \ belongs to the discrete spectrum of H. Therefore,
all the spectrum of H is discrete.

Let {¢r}72, be a sequence of eigenfunctions of H, which form an orthonormal
basis in L*(Q), and the corresponding sequence {)\;} of the eigenvalues is in an
increasing order. Then we have also

[e.9]

(3.71) trace (e2) =Y~ e PN
k=1

For any s > 0 we have py(x,y) € L** N L"*°(Q) and ||ps||1.00 < 1. Applying
Lemma 3.5 to the function u = p;, we obtain

(3.72) e ps]3, < max (Cy, Cot /),
where Ci,C> can be determined from (3.38). Using the definition of the action

of ¢ in L>?(Q), the semigroup identity, and the symmetry of the heat kernel,
we obtain

(3.73) Mpyx, ) = /Q PGPS Y) (D) = Pras(x, ),
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that is ¢'p; = p,,,. Substituting this into (3.72) and letting s — 0+ we conclude
P13, < max (Cy, Cor™ /).

On the other hand, the comparison of (3.70) and (3.71) yields

o0
IpellZ2 =D e .
k=1

For any index k, this implies
Ipil13 5 > ke™>M

whence

1 k 1 k
3.74 N > —log ——— > —1 .
G749 ©= 2 R 3, T 2 max (€, G 1)

Choose 1 here from the equation k = 3C>t~ !/, that is

3.75) t-(k) .

Using the hypothesis v(Q) < g—gk and (3.38), we obtain

16

k
Ci < —u(Q) < ==Cyt /e
IZ0) 3

so that the max in (3.74) is attained at the second term. Combining together
(3.74), (3.75) and (3.38), we obtain

1 1/ k\* ab ko\©
Me>—==|=— 2507 ——
Ry 2(3@) r (u(ﬂ)) ’

which was to be proved.
4. Applications and examples.

4.1. Changing the measure.

THEOREM 4.1. Let (M, 11, £) be a Markov measure-energy space. Assume that,
for all Q € O(M)

@.1) M, 1. E) > bu(Q) 7,
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where b > 0 and p > 1. Let i1 be a Radon measure on M such that p and ji are

absolutely continuous each with respect to the other. Set p = j—l’j and assume that

for any Q € O(M)

4.2) v(Q) ::/ pPdu < oo.
Q

Then (M, 11, E) is also a Markov measure-energy space. Moreover, for any Q €
O(M) the operator Hg’ﬁ, ¢ has a discrete spectrum, and for all positive integers k

43) @)z eb ()"
where ¢ = c(p) > 0. Also, for any Q € O(M) and all X > 0,
(4.4) M, [1,E) < CNv(Q),
where C = (cb)™P.

Remark. This theorem can be deduced from [20]. Indeed, by Lemma 3.4,
the Faber-Krahn inequality (4.1) implies the Sobolev inequality (3.27); the latter
implies (4.4) by [20, Theorem 1.1]. The proof below is to illustrate how this
result can be obtained from Theorem 3.1.

Proof. Measure fi has full support since it is equivalent to u; therefore, (M0Q)
holds for (M, i, £). The properties (M1), (M2'), (M4) depend only on (&, Fo(R2))
and hence are true also for (M, i, ). The property (M3), the closability of
(€, Fo(Q)) in L*(Q, [1), is implied by [16, Theorem 3.1.5, p. 103] using the fol-
lowing two facts: the strict positivity of A\;(€, u, £) and the equivalence of © and
1. (Note that the condition A;(€2, i, £) > 0 can be dropped if p-essinfg p > 0.
Indeed, assuming the latter, the closability of (£, Fo(€2)) in L*(Q, 1) follows di-
rectly by definition (M3)). Hence, (M, i, £) is a Markov measure-energy space.

Let us first prove (4.3) for k = 1, that is

(.5) M(Q, i, €) > chi(Q) 7.
By the Sobolev inequality (3.27) of Lemma 3.4, we have for any nonnegative
J € Fo(Q)

1

2 1—
4.6) etz b ( [1%an)
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where ¢ = c(p) > 0. Using the Holder inequality and definition of v, we obtain

[ ran Agﬂuus(ly%aw)“ﬁ(épﬁm)g
</f’%du)l"l HQ)7.

Together with (4.6), this implies

ELf]
[ f2dfi

4.7) > b (Q) P

whence (4.5) follows.
Finally, (4.5) implies (4.3) by Theorem 3.1 applied to the space (M, 1, &),
and (4.4) obviously follows from (4.3) (cf. the proof of Theorem 3.1). O

4.2. Perturbing the energy form. A signed Radon measure ¢ on a measure-
energy space (M, i, £) can be considered as a bilinear form on L*(M, o) defined
by

o(f.0)= [ fedo
Then a new bilinear form & + ¢ can be defined on Fy by

E+o)f.e)=E(f,9) +o(f. ),

because Fy C Co(M) C L*(M, 0).

Lemma 4.2. Let (M, i, £) be a measure-energy space and o be a nonnegative
Radon measure on M absolutely continuous with respect to 1. Then € + o is also an
energy form, and (M, u, £ + o) is a measure-energy space. If in addition (M, 1, E)
satisfies the Markov property then so does (M, i1, € + o).

Remark. The requirement that o is absolutely continuous can be relaxed—see
[16, Lemma 6.1.1].

Proof. Let us first observe that the closability of £ and £+ Cp are equivalent,
for any real C, as follows from the definition (M3). Since £ is semi-bounded
below, it suffices to assume £ > 0. Fix Q € O(M). If a sequence {f,,} C Fo(Q2)
is such that

| fulliz@ — 0 and (E+0)fy —ful — 0 asn,m— oo

then also &[f,, — fn] — 0. Hence, the closability of £ implies £[f,] — 0. Since
also olf, — fml — 0, the sequence {f,} converges in L*(Q,0) to a function fe
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L?*(Q, o). On the other hand, {f; } converges to 0 in L*(M, y). Since o is absolutely
continuous with respect to u, we conclude f = 0. Therefore, (£+0)[f,,] — 0, which
was to be proved.

The Markov property for £ + ¢ is trivial since for the function f,;, defined in
(2.5) we have o[f.p] < olf]. O

To prove a similar statement for a negative perturbation of £, some additional
restrictions should be imposed as below.

Negative eigenvalues. Denote by |o| the total variation of a signed measure o,

and set o4 = ‘UEW sothat o =0, —o_.

THEOREM 4.3. Let (M, 11, E) be a Markov measure-energy space, and assume
that for all Q € O(M)

(4.8) A(Q, 11, E) > bu(Q)~'/7,

where b > 0 and p > 1. Let o be a signed Radon measure on M absolutely
continuous with respect to . Set

_do
p - d/_,L
and assume that for any Q € O(M),
4.9) v(Q) :=/ pPdu < oo.
Q

Then (M, i, E — o) is a measure-energy space, and for all Q € O(M) the spectrum
of Ho .6 o is discrete and satisfies for any X > 0

(4.10) MAQ, 1, € — o) < CON () + v(Q)),

where C = C(p, b).

Remark. Taking A = 0, we obtain
(4.11) No(Q, i, € — o) < C(Q).

By an approximation argument, (4.11) extends to the whole space M as follows:
if ¥(M) < oo then the negative spectrum of —Hy, ¢ , is discrete and has
at most Cv(M) negative eigenvalues. (Note that if M is noncompact then the
multiplicity of the spectrum of Hy, ¢, at 0 cannot be controlled—see [9] or
[30, Section 4.3]. The authors thank L. Saloff-Coste for drawing their attention
to this phenomenon.) This is a celebrated theorem of Cwikel-Lieb-Rosenblum
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proved for M = R", n > 2, in [12], [23], [29]. Using the method of [21], this
theorem was extended in [20] to an abstract setting similar to ours, under the
assumption that the Sobolev inequality (3.27) holds. Since by Lemma 3.4 (4.8)
implies (3.27), the estimate (4.11) in full generality follows from [20]. The point
of our proof is to show how it follows from Theorem 3.1. Observe also that
(4.11) implies back (4.10) if one applies (4.11) to measure o + Au instead of o.

Proof. 1t suffices to treat the case of nonnegative ¢. Indeed, if (M, u, € — o)
is a measure-energy space then by Lemma 4.2 so is (M, u,E — o) as &€ — o =
(& — o4)+o_. It is obvious then that

N)\(Q’ H, &~ U) < N/\<Q’ M?g - 0+)-

Hence, we can assume in the sequel that o > 0.

The fact that (M, u, & — o) satisfies the conditions (M0) and (M1) follows
trivially from the same conditions for (M, i, £) since £ and £ — o have a common
domain Fy(€2).

It suffices to treat the case A > 0 as the case A = 0 follows by passing to the
limit as A — 0+. Fix A > 0 and introduce a new measure

(4.12) L=Au+o.

It suffices to prove (M2) and (M3) for the form £ — p. Indeed, if £ — & is an
energy form in L?(Q, ;1) then by Lemma 4.2 so is £ — 0 = (£ — [i) + Au. Since
the measures 1 and p are equivalent, and for any Q € O(M)

p
(4.13) /Q (Z—Z) du = /Q()\ +p)Pdp < 2PN Q) + v(Q)] < oo.

Theorem 4.1 yields that (M, i1, £) is a measure-energy space, and —Hg e has a
strictly positive discrete spectrum. Consequently, the inverse HSE,IN, e exists and is
compact. Let us apply the Birman-Schwinger principle (see [4], [5, Section 1],
[20, Proposition 2.1]), which in our setting says the following: if £ is a densely de-
fined, non-negative definite, closable quadratic form both in L*(Q, 1) and L*(Q, 1)

such that the inverse Hé% c exists and is compact, then the form £ — fi is semi-

bounded below and closable in Lz(Q, 1); in particular, (M, u, £ — 1) is a measure-
energy space. Moreover, we have

(414) M)(Q’ /’L’g - ﬁ) =NI(Q’ ﬁ’ g)
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Indeed, N1(Q, 1, ) is equal to the maximal dimension of a subspace V of F(Q2)
such that, for any f € V\{0},

1)
TPdi ="

This inequality is equivalent to

<8—ﬁ>m:£m—/f2dﬁso,

whence (4.14) follows.
From (4.12) and (4.14) we obtain

(415) N)\(Q,IU,,E _U) :'/\/’O(Q’ /’L’g - /j) :M(Q’ ﬁ’g)
Theorem 4.1 and (4.13) yield the estimate
(4.16) NI(Q, 1,E) < CINV 1(Q) + v(Q)],

which together with (4.15) implies (4.10). O

THEOREM 4.4. Let (M, i, £) be a Markov measure-energy space. Assume that
for some o > 0 and for any D € O(M) there exists cp > 0 such that for any open
set Q C D,

(4.17) M, 1, E) 2 epp(L)™°.

Let v, o be Radon measures on M absolutely continuous with respect to i, v being
nonnegative, and o being signed. Assume that for any Q € O(M)

(4.18) M(Q,0.,E) > brv Q)™ provided v(Q) < 1y,

where b > 0 and 0 < vy < +oo. Then (M, u, E — o) is a measure-energy space,
and for all Q € O(M)

(4.19) No(Q, i, € — 0) < Cr (Q),

where C = C(a, b, 1) = 50((ab/16)~1/* + 571,

Remark. The condition (4.17) is a local property of the space (M, i, £) (for
example, it holds on any Riemannian manifold) as opposed to (4.18) which is a
global restriction. If the constant ¢p in (4.17) does not depend on D then (4.17)
becomes also a global property. In this case (4.17) coincides with the hypotheses
(4.1) and (4.8) of Theorems 4.1 and 4.3, respectively (with p = 1/a). As was
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shown in the proof of Theorem 4.1, if a < 1 then the global version of (4.17)
implies

M(Q,0,E) > constv(Q)™ 7,

where v is defined by

d d 1/a
(4.20) & _ <—U> :

du du
Thus, for this v the hypothesis (4.18) is automatically satisfied and hence can
be dropped. We see that in this case Theorems 4.4 and 4.3 coincide. However,

Theorem 4.4 can be applied to some situations when Theorem 4.3 does not work,
for example, if v is different from (4.20) or if o < 1 (cf. Theorem 4.7 below).

Remark. Unlike the previous occurrences of hypotheses like (4.18), we do not
assume here that (M, o, £) is a measure-energy space. In particular, the possibility
A(Q, 04, &) = 400 is not excluded; respectively, it is allowed that v(Q) = 0. If
(M, 04, &) is a measure-energy space, and v is absolutely continuous with respect
to o, then by Theorem 3.1 the hypothesis (4.18) implies N1(Q, 04, &) < Cr(Q),
and (4.19) follows by (4.14) (with g replaced by o). Hence, in this case the
hypothesis (4.17) is not used. As we will see in the proof below, the hypothesis
(4.17) is used in the general case to regularize measure o by adding to the latter
a small multiple of .

Proof. Similarly to the proof of Theorem 4.3, we can assume that o is non-
negative. Fix some D € O(M) and prove (4.19) for all Q € O(D) with a constant
C independent of D. If Q € O(D) and v(QQ) < 1 then we have by (4.18) for any
f € Fo(Q)

(4.21) v(Q)Ef]1 > b / 2 do.
Also, (4.17) implies

mm%mz@/ﬁm-

Multiplying this inequality by eb/cp where € > 0 and adding to (4.21), we obtain

(4.22) <y(9)a + eb u(Q)“) Ef1 > b / F2d(o +ep).
(8]
Let us set

b 1/
VO =v+ <€> poand p=o+ep,
¢D
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and rewrite (4.22) as follows:
© b - 1o O
M(Q,u &) > EV (Q)~%, provided ' (Q) < 1.

Since (D, ), £) is a Markov measure-energy space (indeed, since u(®) > ep, all
axioms (M0)—(M4) for (D, 1®, £) are trivial consequences of those for (M, 1, £))
and 1® is absolutely continuous with respect to 1®), we can apply Theorem 3.1.
On the one hand, Theorem 3.1 implies that the spectrum of —Hgq @ ¢ is strictly
positive and discrete; hence by the Birman-Schwinger principle (see the proof of
Theorem 4.3), the form & — u(a) is semi-bounded below and closable in L*(Q, 0;
in particular, (D, 1, € — ;1)) is a measure-energy space. Then, by Lemma 4.2
(D, u, £ — o) is also a measure-energy space. Moreover, by (4.14)

(4.23) No(Q, 11, € — o) < No(Q, 1, € — 1) = Mi(Q, 1©, ).
On the other hand, Theorem 3.1 yields, for any Q € O(D),
N(Q, 1D, &) < VO (Q),

where C = C(a, b, vp). Combining this with (4.23) and letting € — 0, we obtain
(4.19). O

Lower bounds for perturbed eigenvalues. The following statement comple-
ments Theorem 4.3 by providing a lower bound for A\(€, u, £ + o) that may be
negative.

THEOREM 4.5. Let (M, 11, E) be a Markov measure-energy space, and assume
that, for all Q € O(M)

M@ 11, E) = bu(Q) 7,

where b > 0 and p > 0. Let o be a signed Borel measure on M. Then the following
estimate holds for all Q € O(M)

d0'+ p+l
(4.24) M@ g =)z ¢ [ () dn,
o \du

where ¢ = c(p,b) > 0.
Remark. In the case M = R”, the estimate (4.24) with p = n/2 was proved in
[25], assuming n > 2, that is p > 1. Our argument below is similar to that of [25]

apart from the fact that we avoid using the Sobolev inequality, which enables us
to include all p > 0. In particular, (4.24) holds in R” for all n > 1.



38 A. GRIGOR’YAN AND S.-T. YAU
Observe also that in Theorem 4.5 we do not claim that (M, u, € — o) is a
measure-energy space, nor we assume that the integral in the right hand side of

(4.24) is finite.

Proof. For any nonnegative function f € Fy(£2) we have by the Nash in-
equality (3.12) with a = 1/p, u=1, v=1/p, r = 21%‘, s=2,

(4.25) erize([£%an) (] fzdu)l/p

where ¢ = c(p, b). On the other hand, denoting p = ‘% we obtain

2 2 a2l
(4.26) [doc= [Podu< [@F +crphan
Assuming for simplicity [ f2du =1, (4.25) and (4.26) imply

€~ o)1 = EIf1 - / Pdo,
> C/le%ldu - (Cfﬂ%l +c P dp
= —c" / pP*ldy,

whence (4.24) follows. O
In the next statement, we consider positive perturbations of the energy form.

THEOREM 4.6. Let (M, 11, E) be a Markov measure-energy space, and assume
that, for all Q € O(M)

4.27) M 1. E) > b)) 7,

where b > 0 and p > 0. Let o be a non-negative Radon measure on M absolutely
continuous with respect to 1. Set

. do
p - d/,L

and assume that for some g > 0 and all Q € O(M),

v(Q) ::/ p dp < oo.
Q
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Then for all Q € O(M)
A _ L
(4.28) M(Q, 1, +0) > cobPTn(Q) 7,
1
1 _5 e
where co =2 r+a °. Furthermore, for all positive integer k,

1
(4.29) M(Q, 1, E +0) > chii (k) "
v(Q)

where ¢ = c(p,q) = (32(p + q)100p+q)*1_

Proof. Note that (M, u, £ + o) is a Markov measure-energy space by Lem-

ma 4.2. It suffices to prove (4.28) as (4.29) will follow from (4.28) by Theorem 3.1

with o = L.
p+q

We have for any nonnegative f € Fy(£2)

49
@30 E+olfi=e1+ [Foduz e ([ £oan)™

By the Holder inequality, we have for v = q%

[raw<|f (f”p#ﬁ”duﬁ [ day i

road ™ [ real”
whence
(4.31) (/ fzpdu)q > ([ deu)qH (/ p‘fdu)_l.

The estimate (3.11) of Lemma 3.3 yields (for « = 1/p and 5 =1/g)

+ —(g+1)
(4.32) E[fP > 47P=a=1/2pr ( / fzdu>p ! ( / fw) .

Combining (4.30), (4.31) and (4.32), we obtain

IN

€+t = cop ( [s2an) ([ rdn) i ([ran) o (/ pﬂfdu)”i" ,

whence (4.28) follows. O
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4.3. Two-dimensional manifolds. Let M be a two-dimensional Riemannian
manifold and V be a nonnegative continuous function on M. We will be interested
in estimating the number Ny(Q, A + V) of nonpositive Dirichlet eigenvalues of
the operator A+ V in Q € O(M).

Let i be the Riemannian measure on M and £ be the Riemannian energy
form, that is

(4.33) &Y= [ INfP . f € Fo=Lipo ).

Define another measure py on M by

(4.34) dpy =Vdp.

Let [ denote the Riemannian length of a curve on M; define a new length [y by
(4.35) dly =/vdl.

If V is strictly positive then (M, uy,E) is a measure-energy space. In this case
(4.35) can be considered as a conformal change of the Riemannian metric, and
My = (M, dly) is a Lipschitz Riemannian manifold. The Riemannian measure on
My coincides with py whereas the Riemannian energy form £y on My is equal
to £ (since dimM = 2).

THEOREM 4.7. Let M be a two-dimensional Riemannian manifold and V be a

nonnegative continuous function on M. Assume that for all Q € O(M) with smooth
boundary,

(4.36) 1y(0Q) > cuy(Q)'/?,  provided py(Q) < e,
where ¢ > 0 and € > 0. Then for any Q € O(M)

(4.37) No(Q,A+V) < Cpv(Q),

where C = C(c,€) = 50(64c¢~2 + V).

Remark. If V is strictly positive then (4.36) means that the isoperimetric
inequality holds on My similarly to R?, although only for small enough Q.

Proof. Let us apply the standard Cheeger argument to show that (4.36) im-
plies, for any Q € O(M) and f € Lipg (€2),

2
(4.38) 1 (QE[F] > CZ / Pduy, provided up(Q) < e.
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Indeed, we first show that if uy(€2) < € and f € Lipp(€2) is nonnegative then
(4.39) (@' [ (VT = ¢ [ vap.

It suffices to prove it for f € C3°(€2). Denoting Q; = {x € Q : f(x) > ¢} and using
the coarea formula and (4.36), we obtain

/\Vf\\/Vd/F/ ( \/le) dt=/ Iy (9K dt > c/ v (Q)V/2 dt.
Multiplying this by 1y(€)'/? and noticing that () > uy(€,), we obtain

(@2 [ 191V = ¢ [ v@idi=c [ fap,

that is (4.39).
Given any function f € Lipo (), applying (4.39) to f2 and using the Cauchy-
Schwarz inequality, we obtain

duv(@) [ 197Pdn [ PVap > & ( / f2Vdu)2.

whence (4.38) follows.
Since M is two-dimensional, we have by the compactness argument, that for
any D € O(M) there exists cp > 0 such that for any open set Q C D,

(4.40) A(Q, 11, E) > epp(€) "

By (4.40) and (4.38), the hypotheses (4.17) and (4.18) of Theorem 4.4 are satisfied
with a = 1, b= ¢*/4, and 0 = v = py. By Theorem 4.4, we conclude

No(Q, 11, € — py) < Cpy(Q).

Since the generator of the energy form & — juy in L*(Q, p1) is the operator A+ V,
we see that

%(Qv A + V) = Nb(Q’ /’I/a 5 - /'[/V)a
whence (4.37) follows. O

Definition. A Riemannian manifold is said to have a bounded geometry if
there is a positive number r such that all geodesic balls of radius r on this
manifold are uniformly quasi-isometric to a Euclidean ball of the same radius.
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COROLLARY 4.8. In the above notation, assume that V is strictly positive and
that the two-dimensional Lipschitz manifold My has a bounded geometry. Then
(4.37) holds for any Q € O(M).

Proof. Indeed, the hypothesis of bounded geometry of My implies (4.36) (see
[18, Theorem 7.7]). The rest follows by Theorem 4.7. O

Example. Let M = R*\{o} where o is the origin in R?, and denote by C, the
circle of radius r centered at o. Let V(x) = |x|~2. The ly-distance from x to o is

equal to
W
/ s ds =00,
0

and similarly the /y-distance from x to oo is infinite. The /y-length of the circle
C, is r127r = 2x. Hence, My is a bidirectional cylinder; consequently, My
has a bounded geometry. Corollary 4.8 implies that, for any precompact region
Q c R*\{o},

M@, A+x7H < C / x| 2 d ().
Q
For example, if A, g is the annulus between C, and Cg, 0 < r < R, then
_5 R
No(Arr, A+ [x| %) < Clog ~

Example. On the same manifold as above set V(x) = |x| =7 where 0 < v < 1.
The ly-distance from x to o is equal to

r =7
ry = / s Vds = ,
0 1—x

where r = |x|. The ly-length of C, is equal to
r~27mr =27(1 — Y)ry.

Hence, My is a cone with the pole at 0, and My has a bounded geometry. By
Corollary 4.8, we have

No(Q, A+ x| < C / x|~ dp(x).
Q

In particular, for the annulus we obtain

No(Arr, A+ [x]727) < C(RP™2 — P272),
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4.4. Minimal surfaces. Let M be a two-dimensional manifold immersed in
R* as an oriented minimal surface. The Riemannian metric on M is induced by
the Euclidean structure of R3. Denote by j the Riemannian measure on M and
by £ the Riemannian energy form (4.33).

For any function f € Cg°(M) and a real parameter €, consider a deformation
of M given by the mapping x — x+&f(x)N(x) where N is the unit normal vector
field on M compatible with the orientation. Since M is a minimal surface, the
first variation 6u(f) of the area functional vanishes. For the second variation, the
following formula is known (see for example [31]):

(4.41) 52 () = / (V12 + 2K dp,
M

where K = K(x) is the Gauss curvature of M at the point x € M (since M is
minimal, K(x) < 0). If 62u( f) > 0 for all f then the minimal surface M is called
stable. In particular, all area minimizers are stable. However, in general a minimal
surface is not necessarily stable. By definition, the stability index ind(M) is the
maximal dimension of a linear subspace V of C;°(M) such that 82u(f) < 0 for
any f € V\{0}.

The following equivalent definition is more convenient for applications.

Definition. For any Q € O(M), ind(Q) is the number of the negative Dirichlet
eigenvalues of the operator A — 2K in Q. The index of M is defined by

ind(M) = sup ind(Q).
QeOMm)

Here is our main result for minimal surfaces.

THEOREM 4.9. For any immersed oriented minimal surface M in R3, we have
(4.42) ind (M) < C/ |K|dpu,
M

where C is an absolute constant.

Remark. For geodesically complete minimal surfaces, the estimate (4.42) was
first proved by Tysk [32]. If M is geodesically complete and has a finite total
curvature then M can be closed into a compact Riemann surface; let g be its
genus. In this case, Micallef [26] proved the following sharp estimate:

1
ind(M)gf/ K| dp+2g — 2,
™M

provided M is not a plane.
The constant C in (4.42) that comes from our proof is 1650/7, which is by
far not optimal.
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Proof. Set V = —2K. It suffices to prove that, for any Q € O(M),
(4.43) M(Q,A+V) < C/ Vdu.
Q

By Theorem 4.7, this will follow the isoperimetric inequality (4.36), that is from
(4.44) 1v(0Q) > cuy(©)'/2,  provided py(Q) < e

(see (4.34) and (4.35) for the notation). Note that if (4.44) holds for some V then
it will remain true if one replaces V by aV where a is any positive constant, with
the same ¢ and with ¢ replaced by ae. Hence, let us take in the sequel V = —K
and prove (4.44) with £ = 2.

Consider the Gauss map N: M — S?. By the definition of the Gauss cur-
vature, the measure py on M coincides with the N-pullback of the standard
Riemannian measure on S”. By the minimality of M, the map N is conformal,
and the scalar factor of dN is equal to (‘Z‘—#V)l/ 2 = /=K. This means that the
N-pullback of the standard Riemannian length on S? coincides with /y. Hence,
N provides a local isometry of (M, dly) and S?. Note also that

K(x)=0 <= detdN(x) =0 <= dN(x)=0.
Let Q € O(M) have a smooth boundary and py(€) < 27. Consider first the
case when K(x) # 0 in Q. By slightly perturbing Q, we can assume that the curve
N(0Q) self-intersects transversely and at isolated points. In the next argument,

we restrict the domain of N to Q. Denote D = N(Q) and introduce the following
subsets of D:

Dy ={y € D: N"'(y) contains at least k points in Q},

where k =1,2,... (see Fig. 3).

< N(©Q)

Figure 3. Domains D and D5.
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Clearly, D = D, Dyy1 C Dy, and all Dy are open sets. We claim that
(4.45) 0Dy C N(0Q),

for all £k = 1,2,.... If we assume the contrary then there exists a point y €
OD\N(0Q). For this y we have N~!(y) C Q. Let us show that N~!(y) consists
of a finite number of points. Indeed, if the set N~'(y) is infinite then it has a
condensation point x € €, which implies that dN degenerates at x, contradicting
the assumption K(x) # 0. Denote by x1, x2, . .., x, all the points of N —I( ¥). Since
detdN(x;) # 0, the map N is a diffeomorphism in a small neighborhood of any
x;. Therefore, in a small neighborhood of y, any point has exactly n pre-images
in Q, which implies that y cannot belong to the boundary of any Dy.

Since the curve N(0Q) self-intersects only at isolated points, the boundaries
0Dy may overlap for different k£ only at isolated points. From this and (4.45) we
obtain

Iy(0Q) = length (N(0Q)) > > length (9Dy);
k

also we have

pv(Q) = area(Dy),
k

where “length” and “area” refer to the standard metric of S%. Since the area of
each Dy is at most 27 and hence does not exceed the half of the full area of S2,
we obtain by the spherical isoperimetric inequality

length (ODy) > carea(Dk)l/ 2

where ¢ = v/2m. Summing up over all £ and using the elementary inequality

1/2

Yol (Ta)”,

we conclude the proof of (4.44) for this Q.

Consider now the general case when K(x) may vanish in Q. Recall that
K(x) =0 is equivalent to dN(x) = 0, and the latter may happen either identically
or at isolated points, because the mapping N: M — S? is conformal and hence
holomorphic. In the first case, both (4.43) and (4.44) are trivially satisfied. Con-
sider the second case and denote S := {x € M : K(x) = 0}. Clearly, the set Q\S
can be approximated from inside by a sequence of open sets {€Q,} with smooth
boundaries such that

lv(0Qy) — Iy(0Q) and  py(€2,) — py(€) asn — oo

(see Fig. 4).
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Set S={x: K(x)=0}

All the shaded area is €2,

Figure 4. Set Q, is an approximation of Q\S from inside.

Since K(x) # 0 in Q,, the isoperimetric inequality (4.44) holds for Q,,. Passing
to the limit, we obtain (4.44) for Q. O

Remark. The hypothesis that the minimal surface M is oriented can be
dropped if one replaces the sphere S? as the target for the Gauss map by the
projective plane P2

4.5. Minimal submanifolds. Let M be a n-dimensional Riemannian mani-
fold immersed as an oriented minimal submanifold in R"*!. Let A be the operator
of the second fundamental form of M, and set ||A||?> = trace (AA*). Similarly to
(4.41), the second variation of the Riemannian volume p on M is given by

52u(f) = / (VFP = A2 dp
M

(see [31]).

For any precompact open set  C M, the index ind(£2) is defined as the
number of negative eigenvalues of the energy form 6%y in L2(Q, 11). Alternatively,
ind(Q) is the number of negative Dirichlet eigenvalues of the operator A + ||A||?
in Q. Then set

ind(M)= sup ind(L).
QeOMm)

THEOREM 4.10. If M is a n-dimensional immersed oriented minimal submani-
foldin R"™!, n > 2, then

(4.46) ind(M) < C / |A|"dp.
M

where C = C(n).
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Remark. This theorem is a higher-dimensional analogue of Theorem 4.9,
because in the case n =2 we have ||A||> = —2K. However, the proof in the case
n > 2 is much simpler because one can use Theorem 4.3.

Proof. Let £ be the Riemannian energy form on M defined by (4.33). By [10,
Corollary 4], (M, i, £) admits the Faber-Krahn inequality

A, 11, E) > bu(Q) ",

where b = b(n) > 0. Since n > 2, we obtain by Theorem 4.3 that for any measure
o absolutely continuous with respect to p and for any Q € O(M)

do n/2
(4.47) No(Q, i, € — o) < C/ (—) du.
o \du
Defining o by
do = ||A|*dp,

we see that 6% = € — o, and (4.46) follows from (4.47). O
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