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1. Introduction

Eigenvalues and capacitors. Let X be a Riemannian manifold and A be the
Laplace operator on X. It is well-known that if X is compact then the spectrum
of —A is discrete and consists of an increasing sequence {\,},—, of the eigenvalues
(counted with the multiplicities) where A; = 0 and A\, — oo as k — oco. Moreover,
if n = dim X then Weyl’s asymptotic formula says that

k 2/n
1.1 A~ en | —— , k— oo,
(L) ¢ (um)

where p is the Riemannian measure on X and ¢, > 0 is a constant depending only
on n.

In this paper we develop a method of obtaining upper bounds for eigenvalues
via capacities. A capacitor on X is a couple (F,G) of Borel sets in X such that
F C G. The capacity of the capacitor (F,G) is defined by

(1.2) cap(F, G) = inf/ Vel du
weT Jx

where 7 = T (F,G) is the class of test function, which consists of all functions

v € C§° (X) such that suppp C G and ¢ =1 in a neighborhood of F'.
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Assume that there exist k disjoint capacitors (F;, G;) in X (that is, the sets G;
are disjoint) satisfying the following properties, for all i = 1,2, ..., k, and for some
positive constants v and »:

(a) p(F;) = wv;
(b) cap(F;,G;) < .

Then, for any € > 0, there exists a test function ¢, of the capacitor (F;, G;) such
that

/ Ve, dp < s+ <.
b's
The condition (a) implies
/ pidp > p(F;) > v,
X
whence

/ |V<Pil2du§/\/ eidu,
X X
»x+e

—=. Since the supports of the functions ¢, are disjoint, it follows that

(1.3) / Vel dp < A/ ©>dp
X X

for any ¢ € V := span(gy,...,;). Note that V is a k-dimensional subspace of
C§° (X). The fact that any function ¢ € V satisfies (1.3) implies that A\p < A.
Since this is true for any € > 0, we obtain that the hypotheses (a) and (b) imply
that

where A =

V
A < —.
v

Clearly, (a) implies v < @ Under certain conditions, one can hope to get k

disjoint capacitors satisfying (a) and (b) with v = c#, where ¢ is a small enough

positive constant. In this case one obtains the following upper bound for \:
» k

¢ p(X)
Comparison with (1.1) shows that if s is independent of k and the dimension n is
equal to 2 then the estimate (1.4) is sharp up to a constant factor.

This approach was successfully used by Korevaar [37] in the proof of the fol-
lowing result. Let X = (X, g) where ¥, is the oriented compact Riemann surface
of genus v and g is an arbitrary Riemannian metric on .. Then the eigenvalues
of the Laplace operator on X admit for all k¥ > 1 the estimate!

(1.4) Ak <

k
1.5 M<CH+1) —,
(15) 0+ 1)
where C' is an absolute constant. Note that the metric g is involved in the estimate
(1.5) only through the total volume u (X).

1Since A\; = 0, by changing the constant C in (1.5) one obtains

k—1
Ak SC(y+1) —-
1 (X)
The same applies to estimates (1.14 and (1.16) below. However, the distinction between k and
k — 1 is marginal for our purpose.
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For Az, Yang and the third author [56] proved earlier a sharper estimate?
8 (y+1)

p(Xx) -
The estimate (1.5) was stated in [57] as a conjecture, which was eventually settled
by Korevaar.

Both works [37] and [56] have used the fact that there is a conformal mapping

T : X — S? of degree at most v+ 1. Let u* be the measure on S?, which is the
T-pullback of the measure ¢ on X, and let cap* be the capacity on S? associated
with the standard Riemannian metric of S?. Assume that there exist k disjoint
capacitors (F*, G¥) on S? satisfying the following conditions, for all i = 1,2, ..., k:

* 2

(a) ut () > v o= "5,

(b) cap™(F},G) < C,
where ¢ and C are positive absolute constants. Taking then F;, = T (F}) and
G; = T71(G}), we obtain k disjoint capacitors (F;, G;) on X satisfying (a) with
v = c@. In fact, they also satisfy (b) with s = C' (y+ 1), which follows from
the fact that the Dirichlet integral is locally preserved by the mapping T, and the
degree of T is at most v + 1. Substituting these values of v and s into (1.4), we
obtain (1.5).

Since the measure ;* on S? is a pull-back of a measure on X, one may not have
enough control over how p* is distributed on S?, contrary to the capacity cap*,
which is related to the standard metric on S?. Nevertheless, suppose for a moment,
that one can find k geodesic balls B; on S? such that

(1.7) w(Bi) > v,

and the balls 2B; are disjoint (here 2B denotes the ball with the same center as
B and with the radius equal to twice the radius of B). It is easy to show that
the capacity cap*(B,2B) admits an upper bound by an absolute constant C' (see
inequality (5.7) in the proof of Theorem 5.3). Hence, in this case, both conditions
(a’) and (V') are satisfied for the capacitors (B;,2B;).

However, in general one may not find & disjoint balls on S? with the property
(1.7). Korevaar introduced a very ingenious and extremely elaborate method for
choosing more complicated sets to be used for the capacitors in questions. His
argument was designed to spot the places of concentration of measure p* on S?,
while still having control over the corresponding capacities. This method was fur-
ther developed by two of the authors [27] in the setting of abstract measure metric

spaces.3

(1.6) Ao

IA

Decomposition of a metric measure space by annuli. In this paper we
present a new, significantly simpler method of constructing the capacitors satisfying
the above properties (a) and (b). Let (X, d) be a metric space. By an annulus in
X we mean any set A C X of the following form

(1.8) A={re X :r<d(z,a) < R},

2The constant 8 in (1.6) is sharp for the case v = 0, that is for a sphere , but not in general.
The sharp value for a torus was obtained by Nadirashvili [46]. For non-oriented surfaces, the
sharp estimate for A2 of a projective plane was obtained by Li and Yau [40], and for a Klein
bottle — by Jakobson, Nadirashvili, and Polterovich [34].

3For another general method of obtaining upper bounds for higher eigenvalues see [8], [9].
For lower bounds of eigenvalues via capacities see [28], [42, Theorem 2.3.2/1].



150 ALEXANDER GRIGOR’YAN, YURI NETRUSOV, AND SHING-TUNG YAU

where ¢ € X and 0 < r < R < oo (in particular, if » = 0 then A is the ball
B (z, R)). Also, denote by 2A the following annulus:

2A={x € X : %rﬁd(m,a) < 2R}.

The following theorem is a key result that underpins the above approach for con-
structing disjoint capacitors and estimating of the eigenvalues.

Theorem 1.1. (=Corollary 3.12) Let (X,d) be a metric space satisfying the
following covering property: there exists a constant N such that any metric ball of
radius v in X can be covered by at most N balls of radii v/2. Let all metric balls in
X be precompact sets, and let v be a non-atomic Radon measure on X. Then, for
any positive integer k, there exists a sequence {Ai}le of k annuli in X such that,
foranyi=1,2,...,k,

Z/(Az) Z C

)

v(X)
k

and the annuli 2A; are disjoint. Here c is a positive constant depending only on N.

If in addition one has a properly defined capacity cap on X such that cap(B,2B) <
Q for any ball B in X then one can show that cap(A4,2A4) < 4Q for any annulus A
in X. Thus, applying Theorem 1.1 to X = S? with the measure v = u* we obtain k
capacitors (A;, 24;) satisfying (a’) and (b'), thus giving a new proof of the theorem
of Korevaar (see Corollary 4.11 and Theorem 5.4 for more details).

A modification of the above method can be used to estimate the eigenvalues of
a Schrodinger type operator. Let X be as above a Riemannian manifold, and fix a
function ¢ € L} (X, u). Consider the operator

loc
L=-A—q

and the associated energy form

&)= [ rosau= [ (1947 =ar) dn

defined for all f € F := C§°(X). For any real A, define the counting function
N, (L) as the supremum of the dimensions of all vector spaces V C F such that

Eqlf) <A fllZ2(x,y forall feV, f#£0.

If the operator L with the domain F admits the Friedrichs extension to a self-adjoint
operator in L? (X, i) (also denoted by L), then

N)\ (L) = dim Im 1(,00’)\) (L) .

In particular, if the spectrum of L below A is discrete then Ay (L) is just the number
of the eigenvalues of L, which are smaller than A, counted with the multiplicity. In
the case A = 0 we will also use the notation

Neg (L) =Ny (L).

Denote by B (x,r) the geodesic ball on X of radius r centered at x € X. The
following result is a particular case of Theorem 5.3.

Theorem 1.2. Let X be a complete Riemannian manifold. Assume that, for
some constants N and M, the following is true:

(#) any ball B (x,r) in X can be covered by at most N balls of radii r/2;
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(#3) for allxz € X and r >0,
(1.9) w(B (x,r)) < Mr?.
Then, for any function q € L} (X, 1),

loc

(1.10) Neg(-A—q) = C/ gsdp,
X

where

45 = 0q+ — q—,
the constant § € (0,1) depends only on N, and the constant ¢ > 0 depends on N
and M.

The right hand side of (1.10) is undefined if [y ¢y du = [y ¢-dp = oc. In this
case, let us set it to be —oo so that the statement is still trivially valid.

The constant § comes from the proof for technical reasons. We conjecture that
in fact one can take § = 1 so that g5 = ¢ and

(1.11) Neg(—A—q) > c/X qds.

If ¢ > 0 then certainly (1.11) follows from (1.10) just by renaming ¢d by c. It would
be interesting to obtain (1.11) also for a signed function q.

Note also that the hypothesis (1.9) is essential for the result: without it the
estimate (1.11) may fail even for positive ¢ (see Example 4.20).

Let us mention for comparison a theorem of Cwickel-Lieb—Rozenblum saying
that, for any non-negative function ¢ in R™, n > 2,

(1.12) Neg(-A—q)<C | ¢"%dp,
R7l

where C' depends only on n (see, for example, [28], [38], [51]). It is known that
(1.12) is not true in R? whereas, by Theorem 1.2, the opposite inequality (1.11)
holds in R2.

Applying Theorem 1.2 to the potential g+ A instead of ¢ and using elementary
estimates for (¢ + \); we obtain that, for any A € R,

(1.13) Na(L) > ¢ / gsrdin+ A (X))
X

where ¢’ = ¢d. If the spectrum of L is discrete and hence consists of an increasing
sequence {\j (L)}, of eigenvalues counted with the multiplicities, then (1.13)
implies
Ck— [y (6qy — 6 'q-) dp

n(X) ’
where C depends on N and M. Again, in would be interesting to prove (1.14) with
0 =1, that is

(1.14) Ae(L) <

Ck — [y qdp

n(X)
In the case when the operator L is positive definite, we have proved that
Ck— [ x q4p

ep(X) 7

(L) <

(L) <
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where ¢ € (0,1) depends on N (see Theorem 5.15). Note that the function g here
may be signed, and the positivity of L implies [ v qdp < 0.

We deduce Theorem 5.3 (and hence Theorem 1.2) from more general Theorems
4.1, 4.17, which estimate the counting function of an abstract energy form on a
(pseudo)metric space. The idea of the proof is as follows. Assume for simplicity
that ¢ > 0. In order to estimate from below Neg(—A — ¢) we will construct k
disjoint capacitors (F;,G;) on X such that cap(F;, G;) is controlled from above
while v (F;) is controlled from below, where the measure v is defined by dv = qdu.
Indeed, applying Theorem 1.1 to the space X with this measure v, we obtain k
annuli A; such that

and 2A; are disjoint. The hypothesis (1.9) implies that
cap(4;,24;) < CM.
Assuming that k is taken so that
v (X)
k

we choose nearly optimal test functions for the capacitors (A;,2A4;) and consider
the linear space V spanned by them. Then V is a k-dimensional subspace of C§° (X)
such that for any f € V\ {0}

/|Vf| du</fdu

that is &; [f] < 0, whence it follows that Neg (—A — q) > k. Taking the largest k
satisfying (1.15), we obtain

Neg(=A—a) = L (0] = ¢ [ adul.

An additional argument allows to get rid of the floor function here and to obtain
(1.11).

If as above X = (¥, g) then, using the conformal mapping T' between X and
S2, one obtains from Theorem 1.2 the following extension of the Korevaar estimate
(1.5): for any function ¢ € L},.(X) and for all k > 1,

Cly+ 1k~ [y (0g+ — 6 'q-)dp
p(X) ’
where C' > 0 and § > 0 are absolute constants (see Theorem 5.4).

(1.15) CM <c

(1.16) k(A —q) <

Stability index of minimal surfaces. Another application of Theorem 1.2
occurs for minimal surfaces* in R3. Let X be a complete oriented immersed min-
imal surface in R®. The Jacobi operator (or the stability operator) of X is the
operator L = —A — 2K, where A is the Laplace operator on X associated with the
induced Riemannian metric, and K is the Gauss curvature of X. By definition, the
stability index ind (X) of the minimal surface X is Neg (L). It is well known that
if ind (X) < oo then the total curvature

mwmxwz/WKmu
X

4Tor a detailed account of minimal surfaces see the surveys [13] and [43] in the same volume.
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is finite, and X has a finite number of ends and a finite genus. Theorem 1.2 allows
to prove the following result (see also Theorem 6.6).

Theorem 1.3. Let X be a connected complete oriented minimal surface im-
mersed in R3 and let ind (X) < co. If X has k ends and all the ends are embedded
then

(1.17) ind(X) > %Ktomz (X)),

where ¢ is an absolute positive constant.

The factor ¢ in (1.17) comes from an estimate of the constant M in (1.9). We
conjecture that in fact

(1.18) ind(X) > cKotar (X).

Note that the inequality in the opposite direction is true for any minimal surface
(not necessarily complete) — see [28] and the discussion in Section 6.2 below. As a
step towards (1.18) we prove the following result.

Theorem 1.4. (=Corollary 6.8) Let X be a connected complete oriented min-
imal surface embedded in R3. Then

(1.19) ind(X) > ev/Kiotar (X),
where ¢ is an absolute positive constant.
The inequality (1.19) is obtained from (1.17) and the following estimate:
ind(X)>k—1,

where k is the number of ends of X (it suffices to assume that ind (X) < 00). The
latter estimate is proved in Theorem 6.7 using the techniques specific to minimal
surfaces.

Manifolds of higher dimension. Let (X, g) be a compact Riemannian man-
ifold of dimension n > 2, u be its Riemannian measure, and ¢ > 0 be a Llloc—function
on X. We claim that

(1.20) Neg(-A—gq) > WCH/H (/X qdu>n/2,

where c is a positive constant depending only on the conformal class of the Rie-
mannian metric g (see Theorem 5.9 and Example 5.12).

Assuming for simplicity that ¢ is positive and continuous, we obtain from (1.20)
that, for all k =1,2, ...,

() ok ()T

where C' = ¢=2/" In the case ¢ = 1 this estimate was proved by Korevaar [37].
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Eigenvalues of a boundary surface. Let us mention another amusing appli-
cation of the estimate (1.5). Let M be a 3-dimensional Cartan-Hadamard manifold,
and let 2 C M be a bounded open set with a smooth boundary I' that is diffeomor-
phic to £,. Let Ag () denote the k-th smallest eigenvalue of the Laplace operator
in Q with the Dirichlet boundary condition, and A (T') be the k-th smallest eigen-
value of the Laplace operator on I' (in both cases, k starts with 1). Then, for any
k=1,2,..., we have

C Ak—i—l (F)
M) > )
where ¢ is an absolute positive constant (see Theorem 5.14).

Higher order operators. Let m be a positive integer, and consider in R"
the operator
L=(-A)"—-¢
where g € L . One defines the counting functions N, (L) and Neg (L) in the same
way as above using the associated energy form. We claim that if n = 2m and ¢ > 0
then
Neg((=A)" —q) > C/ qdy,

n

where ¢ = c¢(n) > 0 (see Example 4.19).

Fractals sets. As we have already mentioned, the main estimates of counting
functions in Theorems 4.1, 4.17 are obtained in the general setting of energy forms
on metric spaces. This makes it possible to apply the present results to fractal
sets. Without going into details of the theory of fractals®, let us just say that a
fractal set can typically be regarded as a metric space (X, d) endowed with a Radon
measure g and an energy functional £. The properties of these spaces resemble
many properties of R™ but with fractional dimensions.

Let B (x,r) denote a ball of the metric d. Then, normally, there exists a positive
exponent a such that

(B (2,7)) = 1°,
for all z € X and r > 0 (or for a bounded range of r if X is bounded). With the
energy functional £ one associates the capacity capg defined similarly to (1.2) (see
Section 2.2 for details), which normally admits the following estimate:

capg (B (x,7), B (x,2r)) ~ r* 7,

where 8 > 0. The next result (which is a particular case of Corollary 4.14) is
obtained using the techniques based on Theorem 1.1.

Theorem 1.5. Let (X,d) be a metric space, p be a non-atomic Radon measure
on X such that 0 < p(X) < oo, and € be a local, positive definite, closable energy
form on (X, p), whose generator H has a discrete spectrum. Assume that, for some
positive constants N,Cq,Cs,

(i) any ball B (x,r) in X can be covered by at most N balls of radii r/2;
(ii) for some a > 0 and B > « and for any ball B (x,r) in X, the following
estimates hold:

w (B (x,7) < C1r® and capg(B (z,7), B (2,2r)) < Cor®F.

5For a detailed account of fractals, we refer the reader to lecture notes [2] by Barlow as well
as to his article [4] in this volume. See also [25] for function theory on fractal spaces.
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Then, for all k=1,2,...,

k B/a
M (H) < C | —= ,
< ()
where the constant C' depends on N,Cq,Cs, a, (3.

The structure of the paper. In Section 2 we introduce the abstract notion
of an energy form and the associated capacity, prove their general properties, and
give examples.

In Section 3 we present the proof of Theorem 1.1.

In Section 4 we prove general estimates for the counting function of an abstract
energy form, using decomposition of a metric space by capacitors.

In Section 5 we estimate the counting function and the eigenvalues of Schrédinger
type operators on Riemannian manifolds and Riemann surfaces (most of these re-
sults were surveyed above).

In Section 6 we apply these estimates to the Jacobi operator and deduce lower
bounds of the stability index of minimal surfaces in R3.

Acknowledgment. The first author is thankful to David Hoffman for the
useful discussions about minimal surfaces.

2. Energy forms on measure spaces

2.1. Energy form. Let X be a topological space and let Cj (X) be the space
of all continuous functions on X with compact supports, endowed with the sup-
norm.

Definition 2.1. A Cy-energy form (€,F) on a topological space X is a sym-
metric bilinear form & (f, g), defined on a dense subspace F C Cy (X).

Below, we will introduce also L?-energy forms. By default, by an energy form
we will mean a Cy-energy form.

An energy form (€, F) is called positive definite if £[f] > 0 for all f € F. An
energy form (&, F) is called local if £ (f,g) = 0 whenever function f,g € F have
disjoint supports. The form (€, F) is called strongly local if, for all f, g € F,

f = const in a neighborhood of suppg = € (f,g) =0.

Clearly, a strongly local energy form is local.

A measure p on X is called a Radon measure if p is defined on all Borel sets
of X and p is finite on all compact sets. A couple (X, u) is called a measure space
if X is a topological space and p is a Radon measure on X. In the presence of
measure, we can consider more general energy forms.

Definition 2.2. An L%-energy form (€,F) in a measure space (X, i) is a sym-
metric bilinear form & (f, g), defined on a dense subspace F C L? (X, ).

Clearly, any Cp-energy form is also an L?-energy form. Note also that any
signed Radon measure ¢ can be considered as an energy form with domain Cp (X),
as follows:

(2.1) a(f,g) :z/ngdU.

Moreover, (2.1) is defined for all f,g € L? (X, |o|) (where |o| is the total variation
of o) so that (2.1) defines an L?-energy form in L? (X, |o|).
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An L2-energy form (&, F) is called semi-bounded below if there exists a constant
K > 0 such that for all f € F

(2.2) =€ 1) =2 K| fl2

where || f]|2 is the L? (X, u)-norm of f. In particular, a positive definite form is
semi-bounded below with the constant K = 0.

An L2-energy form (&, F) is called closed if it is semi-bounded below and the
domain F is a Hilbert space with respect to the inner product

where K is the constant from (2.2).
An L?-energy form (&€, F) is called closable if it is semi-bounded below and, for
any sequence {f,} C F,

[fallz =0 and E[fn—fm] =0 = E[fu] = 0.

It is well-known that a closable L2-form (£, F) has a unique extension to a
subspace F of L? (X, ) so that (£, F) is closed and F is dense in F with respect
to the inner product (2.3). The extension of £ to F is also denoted by &, and the

form (&, F) is called the closure of (€, F).

2.2. Capacity. Let X be a topological space. For any Borel set G C X denote
by Co (G) the set of all continuous functions f on X such that supp f is compact
and is contained in the interior of G. Any couple (F,G) of Borel subsets of X such
that F' C G, will be referred to as a capacitor.

Let (£,F) be a positive definite energy form on X. For any capacitor (F,G),
define the class 7 (F, G) of test functions as follows:

(24) T(F,G):={feFNCy(G):0< f<1, f=1in a neighborhood of F'},
and define the capacity capg(F, G) by

2.5 F.G):= inf £[f].
(2:5) cape(F,G) = _nf E[f]
If 7(F,G) is empty then capg(F, G) = +o0.
For a general theory of capacities see [20] or [42]. Here we will need only two
elementary facts.

Lemma 2.3. Let (€, F) be a positive definite energy form. If F C G C F' C G’
are Borel sets then

(2.6) cape (F'\ G, G\ F)'/? < capg(F,G)"/? + capg (F',G')"/?

PrOOF. If T (F,G) or T (F’,G’) is empty then (2.7) trivially holds. Otherwise,
observe that if f € 7 (F,G) and g € 7 (F',G') then the function g — f is in
T (F'\G,G'\ F) (see Fig. 1).

Since the form £ is positive definite, it satisfies the Cauchy-Schwarz inequality
inequality. Hence, we obtain

capg (F'\G,G'\F) < Elg— f]
= Elfl+ &gl —-2£(f,9)
< Elfl+€lgl+2VE[fIE]g]
= (Ve +vem)
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FIGURE 1. Capacitor (F'\ G,G’ \ F)

Taking infimum over f and g, we obtain (2.6). I

Remark 2.4. If the form (€, F) is in addition strongly local then (2.6) improves
as follows:

(2.7) capg(F'\ G,G' \ F) < capg(F, Q) + capg (F', G").

Indeed, in the above notation, f € Cy(G) and g|pr = 1 imply that ¢ = 1 in a
neighborhood of supp f, whence € (f,g) = 0. Hence, we obtain

capg(F'\G,G'\F) < E[g— fl=£[f] +Eg],
whence (2.7) follows.

Lemma 2.5. Let (€, F) be a strongly local positive definite energy form. If
E C F C G are Borel sets then

(2.8) capg (B, F) ™ + cape(F, G) ™! < capg (E, G) ™.
PRrROOF. Note that by the monotonicity property of the capacity,
(2.9) capg(E, F) > capg (E,G) and capg(F,G) > capg(E, G).

Therefore, if one of the capacities capg(E, F), capg (F, G) is equal to oo then (2.8)
follows from (2.9). Otherwise the classes 7 (E,F) and 7 (F,G) are non-empty.
Observe that, for any test functions f € 7 (E,F) and g € 7 (F,G), the function
h=tf+(1—1t)g belongs to T (E,G), for any ¢ € [0,1] (see Fig. 2).

FIGURE 2. Capacitors (E, F) and (F,G)

By the strong locality, f € Cy (F') and g|r = 1 imply € (f, g) = 0, whence
(2.10) cape (B, G) < €[] = £2€ [f] + (1 - )* E |g].
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If £[f] = € [g] = 0 then (2.10) yields capg (E, G) = 0, and (2.8) is trivially satisfied.

Otherwise, taking in (2.10) t = g[ﬁﬂ[g] , we obtain
E[f1€]g]
E < _—
cape(£,G) < Ef1+Eg)

whence (2.8) follows. 1

2.3. Generator. Let (X, ) be a measure space and (£, F) be a L2-energy
form on X.

Definition 2.6. A densely defined linear operator H in L? (X, u) is called a
generator of the form (€, F) if dom(H) C F and

(2.11) E(f,g) =u(Hf,g) forall fedom(H)and g € F.
It follows from (2.11) that a generator is a symmetric operator, in the sense

that

p(Hf,g)=p(f,Hg) forall f g€ dom(H).

Conversely, any densely defined symmetric operator H in L? (X, 1) determines the
L?-energy form (£, dom(H)) by

(2.12) Eu(f,g9)=n(Hf,g).

Clearly, H is a generator of .

If the form (£, F) is closable then its closure (£, F) has a unique generator
H, which is a self-adjoint operator on L?(X,pu) (see for example [16, Theorem
4.4.2]). We will refer to H as the self-adjoint generator of (€, F), and also of (&, F)
(although H may be not a generator of (£,F)). If in addition the operator H is
non-negative definite then H'/2 is defined. In it known that dom(H'/2?) = F and

(2.13) S(f,g):M(Hl/Zf,H1/2g> for all f,ge F

(see [15]). If H is a self-adjoint, semi-bounded below operator in L? (X, ;1) then
the form Eg defined by (2.12) is closable, and its self-adjoint generator is H.

2.4. Counting function. Let (£,F) be an L%-energy form on a measure
space (X, u). Define the counting function Ny (€, u) as the supremum of the di-
mensions of all linear spaces ¥V C F such that

(2.14) Ef) < Mulf] for amy £V {0},
where A is a real parameter; that is,
(2.15) M, p) :i=sup{dimV : V < F and E[f] < Mu[f] Vf € V\{0}},

where the relation V < F means that V is a linear subspace of F. If the family of
spaces V in (2.15) is empty then we assign to the sup the value 0.

If (€, F) is a Cp-energy form on X then N (&, 1) does not depend on p so we
will use in this case notation Neg (£); that is

(2.16) Neg (&) :=sup{dimV:V < Fand E[f] <0VfeV\{0}}.

For a closable L?-energy form (€, F), consider also the modified counting function

(2.17) N (&, 1) = sup {dimv LV < Fand E[f] < Au[f] Vf € v},
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where F is the domain of the closure of (€, F). Note that there are two differences

between N (&, 1) and Ny (€, p): using F instead of F and using a non-strict
inequality.

Lemma 2.7. Let (£, F) be a closable L?-energy form on a measure space (X, i)
and let H be its self-adjoint generator. Then, for any real A\, we have

(2.18) N (€,p) = dimIm 1 ) (H)
and
(2.19) N3 (& p) = dimIm 1o,y (H).

Here 14 is the indicator function of the set A C R, and the operators 1(_o x) (H)
are 1(_oo,x (H) are understood in the sense of spectral theory. In particular, if the
spectrum of H is discrete then dimIm 1(_ ) (H) is the number of the eigenvalues
of H below A, counted with the multiplicities, and dim Im 1(_ ) (/) is the number
of the eigenvalues of H, which are at most A, also counted with the multiplicities.

The two quantities dimIm1(_ ) (H) and dimIm1(_ » (H) are normally
referred to as the counting functions of the operator H. Here we prefer to give a
more general definition of the counting functions as follows. For any densely defined
symmetric operator H in L2 (X, u) let us define the counting function N (H) by

Ni(H) =N (Ems ) s

where the form € is defined by (2.12). Also, set Neg (H) = Ny (H).
If the operator H is self-adjoint and semi-bounded below then the form £y is
closable and its self-adjoint generator is H. Therefore, by (2.18) we obtain that

(2.20) Ny (H) = dimIm 1wy (H).

For such an operator H, define also the modified counting function by

(2.21) NI(H) =N (En,p).
Then by (2.19) we obtain that
(2.22) N3 (H) = dimTm 1y (H) .

Hence, the identities (2.20) and (2.22) justify the above definitions of N (H) and

PRrROOF OF LEMMA 2.7. Without loss of generality, we can assume that &£ is
positive definite, and hence, the generator H is also positive definite. For any A < 0
all terms in (2.18) and (2.19) vanish, so we can assume in the sequel A > 0.

Let {E¢},cp be the spectral resolution of the operator H in L? = L? (X, p),
that is

Ey =10 (H) =104 (H).

By spectral theory, for any f € L% (X, u),
(223) 1= [ dlEs?
[0,+00)
(where || - || is the norm in L?), and, for any f € F = dom(H/2),

(2.24) E1f] = [HY2f|? = / tdl| B0 f |1

0,+00)
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Let us first prove (2.19). To prove the inequality
(2.25) NI (€ p) < dimIm 1y (H),

it suffices to show that, for any finitely dimensional subspace V C F satisfying
(2.17), we have
dimV < dimIm 1y (H) .

Assuming the contrary, we find a function v € V \ {0} such that v is orthogonal
to Im 1jp »)(H). In particular, Eyv = 0 for all £ < X so that from (2.23) and (2.24)

imply
(2.26) ||vH2 :/ al||Etv||2 and &[v] = / tal||Eth2
[A,+00) A +00)

whence € [v] > M|v||%. By v € V the opposite inequality also holds, that is & [v] =
Allv]|2. In the view of (2.26) it is only possible when, for any ¢ > 0,

/ d|Ew]? =0,
[A+e,+00)

which implies that v € Im 145, (H), while v is orthogonal to this space.
To prove the opposite inequality, that is

(2.27) N5 (6.11) > dimTm 1 ().

let us observe that, for any w € Im 1 \j (H),

(2.28) |lw|* = / d|Ew|?* and E[v] = / td|| Esv|?,
[0,A] [0,A]

whence & [w] < AJwl||>. Therefore, the space V := Im1(_ y (H) C F satisfies
(2.17), which implies (2.27).
Let us now prove (2.18), that is

Ny (€, p) = dimIm E},.
The inequality
(2.29) MA(E, 1) < dimIm E)

is proved similarly to (2.25). Assume from the contrary that there exists a finitely
dimensional subspace V C F satisfying (2.14) and such that dimV > dimIm E).
Then there exists a vector v € V \ {0} such that v is orthogonal to Im Ey. There-
fore, Eyv = 0 for all ¢ < A, which implies (2.26) and hence & [v] > Al|v||?, which
contradicts v € V.

Before we prove the opposite inequality, that is

(2.30) dimIm E, < N,\(&, ),
let us verify that
(2.31) Ew] < Mw||* for any w € Im Ej \ {0} .

Indeed, for all w € Im E) we have (2.28), whence € [w] < M|w||?. In the view of
(2.28) the equality is possible only if w € Im 145, (H) which is impossible because
the spaces Im 17,y (H) and Im E) are orthogonal.

Let us now prove (2.30). If Im E) C F then taking V = Im E we conclude the
proof. However, in general we can only ensure that Im Ey C F. In order to prove
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(2.30) in full generality, we will show that, for any positive integer n < dimIm F),
there exists a subspace V C F of the dimension n satisfying (2.14).
Consider the following inner product in F

(f»g)g = (fvg)L2 +g(fvg)

Since Im E\ C ]t', there exists a sequence {wk}zzl in Im E, which is orthonormal
with respect to the inner product (-,-).. Consider the following subspace of F

W := span {wy, wa, ... w, }
and show that there exists G < A such that
(2.32) Ew] < Bllw|]® for any w € W.

Indeed, set

Si={feW:|fl=1} and B:=sup&lf],
fes

so that (2.32) holds by linearity. Let us verify that 8 < A. The sphere S is a compact
subset of the finite dimensional space W, and £ [f] is a continuous functional on
W. Hence, there is a point f € S such that £ [f] = 5. On the other hand, by (2.31)
we have £ [f] < A for any f € S, whence 3 < \.

Since F is dense in F in the norm

2 1/2
(2.33) 1flle = (£, 0% = (112 + €L
for any £ > 0 there exists a sequence {v;};_, in F such that
ok — wille <e forall k=1,2,..,n.

Set
V = span (v1,v2, ..., Uy)

and observe that V C F and dimV = n provided ¢ is small enough. Furthermore,
let us show that ¢ can be chosen so small that

(2.34) Ev] < A|v||* for any v € V\ {0},

which would finish the proof of (2.30). For any v € V \ {0} there exists a vector
g = (515525 7£n) € Rn \ {O} SU-Ch that

v = kavk.
k

Set

w = kawk
k

and observe that w € W and

1/2
[wle = <Z£i> =¢l.
k
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Then we have

lv—wle = 1D & (ok —wi) |l
k

< Y Lkl vk — wile
k
1/2 1/2
< (Zwer) (S wmi)
k k
< [€]V/ne,
whence
(2.35) v —wlle < Vnellwle .
In particular, we obtain from (2.35)
(2.36) o]l = [Jw]l = vne|[wl|e
and
(2.37) E[0)'"? < Ew]* + Vinelwle
Setting
£ lw]t/?
Rw] := Eluw] 7 <\B
[[w]]
and using

lwlle < flwl + € fw]* = L+ Rlw]) o] < (14 v/8)w] = ellw]]
we obtain
W) _ €[] + yneelw] _ Rlw] + Viee _ B+ e
ol = el = Vescull -~ 1= viee = 1= e

Since 8 < A, the right hand side here is smaller than v/ provided ¢ is small enough,
whence (2.34) follows. 1

For the rest of this section we fix an L2-energy form (£, F) on (X, u) and use
the short notation Ny = N (€, 1). The function A — N, is monotone increasing
and takes only values 0,1, 2, ..., +00. It is useful to observe that this function is left
continuous, that is

(2.38) Ny = lim .

Indeed, let V be a finite dimensional space satisfying (2.14). As it follows from the
compactness argument (see the above proof), there exists ¢ < A such that

Ev] < tljv]]* for any v € V\ {0},
which implies NV; > dim ) and hence (2.38).
It is natural to interpret the jumps of the function Ny as the eigenvalues of the
form £. Namely, for any positive integer k = 1,2, 3, ..., set
(2.39) A =g (E,p) :=inf {A e R: N, > k}.

Here we allow A\ to take also values +o0. It is straightforward to see that, for any
real A,

(2.40) Ny =sup{k: Mg <A},
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where the supremum is taken over all positive integers k (see Fig. 3).

kh

Function k= A\
5

4 | y
i Function A = A
3 |
2 . !
| I
4 .
Py A =y s A )

FIGURE 3. Sample graphs of functions A — N, (horizontal) and
k — Ag (vertical)

The following statement will allow us to switch between the estimates of Ay
and those of \g.

Lemma 2.8. Let a,b be reals, and a > 0.
(a) If, for all X > b,
A—b

N)\Zl_ a Jv
then, for allk =1,2, ...
e < ak +b.
(b) If, for all X > b,
A=b
N)\Z[ -|7

a
then for all k =1,2,...

e <a(k—1)+0.

Here |-] is the floor function, that is |z] is the maximal integer, which is at
most x, and [-] is the ceiling function, that is [x] is the minimal integer, which is
at least x.

PROOF. (a) Set A = ak + b and observe that for this A, we have Ny > |k| = k.
Therefore, by (2.39) we obtain Ax < A, which was to be proved.
(b) Choose A = a (k — 1) + b+ ¢ for some € > 0. Then by the hypothesis

/\/Az(k—ug]:k,

whence by (2.39) A\ < A. The claim follows by letting ¢ — 0. I
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Remark 2.9. Assume that the form (£, F) is closable and H is its self-adjoint
generator. The spectrum spec (H) is bounded below, and let Aess be the bottom
of the essential spectrum of H. In particular, the spectrum of H below Ag iS
discrete.

By (2.18), for any A < Aess, Ny is the sum of the multiplicities of all the
eigenvalues of H below A, and, for any A > Aegs, Ny = +o00. If n:= N,__ < oo then
there are exactly n eigenvalues of H below A5, and they coincide with A1, Aa, ..., Ap,
while for all £ > n we have A\ = Acss. If n = oo then all the eigenvalues of H below
Aess are given by the sequence {\;}o ;.

2.5. Perturbation of an energy form. As already was mentioned above,

any signed Radon measure ¢ on a topological space X defines an energy form on
Co (X) by

o(f.9) = [ fado

For any Cp-energy form (£, F) on X, consider a new energy form (€ — o, F) defined
by
(S - U)(f7 g) = 8(f7 g) - O'(f, g)a

which is called the perturbation of the form (£, F) by the signed measure o. If o is
a measure then we obviously have the following identity:

(2.41) Ny (E,0) = Neg (€ - )No).

Lemma 2.10. Let an L%-energy form (€, F) be non-negative definite and clos-
able in L? (X, 1), and let o be a signed Radon measure on X, absolutely continuous
with respect to . If there exist constants 0 < ¢ < 1 and C > 0 such that, for all
ferF,

(2.42) ot [fl<c€lf1+Culfl,
then the form (€ — o, F) is closable.

Proor. Consider first the case when o4 = 0. Then the form £ —o =€ +o_
is non-negative definite, and if {f,},-, is a sequence in F such that

(2.43) wifnl] =0 and (E+o_)[fn—fm] =0 asn,m — oo,

then also & [fn, — fm] — 0. By the closability of the form (€, F) we conclude that
E[fn] — 0. By (2.43) we have also o_ [f, — fm] — 0 whence it follows that the
sequence {f,} converges in L? (X,o_). Since {f,} converges to 0 in L% (X, u) and
o_ is absolutely continuous with respect to u then the limit of {f,} in L? (X,0_)
is also 0. Therefore, (€ + o_) [fn] — 0, which means that the form (€ +o_,F) is
closable.

In general, note that £ —o = (£ + 0_) — o4. By the above argument, the form
(€ +0_,F) is closable, so rename it to £ and rename o4 to o. Hence, we are left
to consider the particular case when o > 0.

Rewrite (2.42) in the form

(2.44) (1= &f] <Culfl+ (€ —-0o)[f].

In particular, it implies that £ — ¢ is semi-bounded below. Let {f,} —; be a
sequence in F such that

(2.45) wifn] =0 and (£ —0)[fn— fn] =0 asn,m — oo.



EIGENVALUES OF ELLIPTIC OPERATORS AND GEOMETRIC APPLICATIONS 165

Then (2.44) and (2.45) imply that & [f, — fm] — 0, and the closability of (&, F)
yields that £ [f,] — 0. Using again (2.45) we obtain o [f, — fm] — 0, and as in
part (a) we conclude that (€ — o) [f,] — 0, which was to be proved. I

Consider two topological spaces X and X’. A continuous mapping T': X — X’
is said to be proper if, for any compact set K C X', the preimage T~! (K) is also
compact in X. If T is a proper mapping then any signed Radon measure o on X
can be lifted to a signed Radon measure ¢’ on X' by

o'(:) = a(T71())-
Obviously, we have then
feCy(X') = foTeCy(X)ando[foT]=0"[f].

Definition 2.11. Let (£, F) and (£, F') be positive definite Cy-energy forms
on topological spaces X and X', respectively. We say that a proper mapping
T : X — X' has the energy degree at most D, where 0 < D < oo, if the form & is
dominated by £’ in the following sense:

(2.46) feF = foTeFand&[foT]<DE[f].

Lemma 2.12. If a proper mapping T : X — X' has the energy degree at most
D then

(2.47) Neg(E — o) > Neg(DE' —0').

PROOF. Let V' be a linear subspace of ' such that

DE'[f]—a'[f] <0 forany fe V' \{0}.
Consider the space
V={foT:feV}.
By (2.46), V is a linear subspace of F and, for any ¢ = foT € V' \ {0}, we have
Elpl —olp] < DE'[f] - o' [f] <O.

Finally, (2.47) follows from dimV > dimV'. I

2.6. Weighted Riemannian manifolds. Let X be a Riemannian manifold
and j be the Riemannian measure on X. For any Radon measure 4 on X (which
may be equal to y, or not), the couple (X, n) is called a weighted manifold. On any
weighted manifold (X, i), there is a natural energy form &, defined on C§ (X) by

(2.48) E.(f.9) = /X Vf-Vgdu,

where V is the Riemannian gradient. Clearly, £, is a strongly local positive definite
energy form on X.

Frequently it is more convenient to define the domain of £, by F = Lipg (X)
where Lipo (X) is the space all locally Lipschitz functions on X with compact
support (note that for any locally Lipschitz function f on X, the gradient Vf
exists pg-almost everywhere). This will be our default choice of the domain of &,,.

Let 1 be absolutely continuous with respect to 1y, and the density ¢ = du/dp,
be a smooth positive function. Then the form (€, F) is closable in L? (X, 1), and
its generator is —A,,, where A, is the Laplace operator of (X, 1), defined by

Auf=vldiv(®Vf),
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where div is the Riemannian divergence. If 1 = p is the Riemannian measure then
&, is the Riemannian energy form and A, = A = div o V is the Laplace-Beltrami
operator of X.

For any positive integer m, consider also the energy form of the order m:

(2.49) £ (f.g) = /X VT F g du,

where m is a positive integer and

v A,?,m_l m even,
VA,Z , modd

(in the case of even m, the dot “” in (2.49) denotes the product of scalars, whereas
for odd m it is the inner product of vectors). The form E,sm) with the domain
C§° (X)) is closable, and its generator is (—A,)"™

Given a signed Radon measure o on a weighted manifold (X, u), consider a
perturbed form &, — o with the domain F. Its generator is a Schrodinger type
operator —A,, — . In Section 5.2 we will need the following fact.

Lemma 2.13. Let (X, ) be a weighted manifold, € = £, be the energy form
of (X, ), and o be a signed Radon measure on X. Let K be a compact subset of
X with empty interior, such that |o| (K) =0 and capg(K,U) = 0 for any open set
U C X containing K. Set X' = X\ K, y/ = p|x/, o' = o|lx, and let & be the
energy form of (X', 1'). Then

(2.50) Neg (&' —0') = Neg (€ — o).
If in addition p (K) = 0 then, for all real X,
(2.51) Ny (& =" )W) =NA(E—o, ).

PRrROOF. We have F = Lipy (X) and F' = Lipy (X’). From F' C F it follows
N/\ (8/_0'Ihu) SN)\ (5_07/’4))

so that we need to prove the opposite inequality. To that end, it suffices to show
that, for any finite dimensional subspace V of F such that

(2.52) Efl<alf]l+Mu]f] forall feVv\{0},
there exists a subspace V' of F’ of the same dimension as V and such that
(2.53) Elfl<alfl+Mulf] forall feV \{0}.

Set v := o+ A and observe that by (2.52) the bilinear form v (f, ¢) is an inner
product in V. We will regard V as a finite dimensional Euclidean space with this
inner product. It follows from (2.52) by a compactness argument that there exists
¢ < 1 such that

(2.54) Elf] <cevlf] forany feV.

Let U be a precompact open neighborhood of K in X to be specified below.
Since supy | f] is a semi-norm in V and any semi-norm in a finite dimensional space
is dominated by any norm, there exists a constant C' = Cy such that

(2.55) 51615 |f(z)| < C+\/v[f] forany feV.
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Set » =1 — ¢ where ¢ € T (K, U), and define V' by
Vi={yf: feV}.
Clearly, V' € F' and dim )’ < dim V. Let us show that if U is small enough then

dimV’ = dim V. Indeed, let {U,},~; be a shrinking sequence of precompact open
neighborhoods of K such that the intersection of all U,, is K. The expression

Sn (f) = sup [f]

X\Un

defines an increasing sequence {5, } of semi-norms in V. Since K has no interior,

we obtain
n—oo

lim S, (f) = sup |f| =sup|f],
X\K X

that is lim,,— ., S, is a norm in V. By a compactness argument, we conclude that
S, is a norm in V for some finite n. So, choose U = U, for this n. Since ) = 1 on
X \ U we obtain, for any f € V,

sup [ f| = sup | f| = Sn (f),
X X\U

which implies that ¢ f = 0 if and only if f =0, and hence dim}’ = dim V.
We are left to prove (2.53), which is equivalent to

(2.56) EWfl<vwf] forany feV\{0}.
Indeed, using Vi = =V, (2.55), and (2.54), we obtain

£ [f] /X IV (6 du

/XIVfIQWdqu/U(—2fo-w+f2|w|2) du

< E[f]+20Vv[fIEfIE el + CPv[f] € [¢]
= (VETI+oWwifEw)
< (vVe+CVET) vl
and
v[pf] = Xf%zdv
_ /fdy+/Uf (2 — 1) dv
> V[f]—sgplfIQIVI(U)
> (1-C?*lwl(U)v[f),
whence
(2.57) epvs)  (Veroveld)

vigfl = 1-C*y[(U)

Note that the best constant C = Cp in (2.55) is decreasing when U is shrinking.
Since |v| (U) < |o| (U) + A (U), |o| (K) = 0, and p (K) = 0 (the latter is needed
only in the case A\ # 0), by choosing U small enough we can make C? |v|(U)
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arbitrarily close to 0. Since capg(K,U) = 0 we can choose ¢ to make & [p] also
arbitrarily close to 0. Finally, using ¢ < 1, we see that the right hand side of (2.57)
can be made smaller than 1, whence (2.56) follows. I

2.7. Fractal spaces. By fractal spaces we mean the fractal sets® in R™, ob-
tained by certain self-similar constructions, like the celebrated Sierpinski gasket.
Recall that the Sierpinski gasket SG is constructed from a unit equilateral triangle
T in R? by, firstly, removing the triangle with the vertices in the middles of the sides
of T', then removing similar middle triangles from the three remaining equilateral

triangles with the sides 3, and so on (see Fig. 4).

LNANANANANNENANANKNANENFNANAN AN

FIGURE 4. Construction of the Sierpinski gasket: after 5 steps.

One can define a distance function d on SG as the induced Euclidean distance
from R?, and a measure ¢ on SG as the Hausdorff measure H, where « is the
Hausdorff dimension of SG (in fact, @ = log, 3). Furthermore, approximating SG
by a sequence of graphs and considering a scaling limit of discrete energy forms on
the approximating graphs, one defines a positive definite local energy form (€, F)
on S@G, which is closable in L2 (SG, 1). Moreover, its closure (£, F) is a regular
Dirichlet form (see for example [2]).

Similar structures can be introduced on most other fractals sets. Let (X, d) be
a metric space, pu be a Radon measure on X, and (€, F) be a positive definite energy
form on X. If X is obtained by a self-similar construction like above then normally
the metric, measure, and the energy structures on X exhibit certain homogeneity.
Denote by B (z,r) the metric ball of the radius r centered z € X. Typically the
following estimates hold on fractal spaces, for some positive parameters « and :

(2.58) (B (z,r)) =71
and
(2.59) capg (B (z,7), B (x,2r)) ~ r*=",

Here the sign ~ means that the ratio of the left hand side and the right hand side is
bounded from above and below by positive constants, for the specified range of the
arguments. The relations (2.58) and (2.59) are supposed to be true for all z € X
and for some range 0 < r < R of the radius.

6For detailed account of fractals we refer the reader to [2], [3], [4], [36].
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The parameter « from (2.58) is equal to the Hausdorff dimension of (X, d). The
nature of the parameter 3, which is called the walk dimension, is more complicated
(see [26] or [25]). For example, for SG we have § = log, 5. The Euclidean space R™
with the Lebesgue measure p satisfies (2.58) with & = n, and the standard energy
form &, in R™ satisfies (2.59) with 8 = 2. Moreover, the capacity of the form Elsm)
in R™ (defined by (2.49)) satisfies

(2.60) capgom) (B (2,7), B (z,2r)) = com P
P

where ¢, ,, > 0, that is (2.59) with 8 = 2m (see [42]). Hence, in this case g is
equal to the order of the generator (—A)™.

Also in the general case # can be regarded as the order of the generator of
the energy form. For most fractal spaces one has § > 2 although the generator
is always a Markov operator (that is, satisfies the maximum principle) unlike the
operators of order > 2 in R".

We will come back to fractal spaces in Section 4.3.

3. Decomposition of a pseudometric space by annuli

In this section we prove Theorem 3.5, which is the main technical tool of this
paper.

Definition 3.1. Given a set X, we say that a function d : X x X — [0, +00) is
a pseudometric (or a pseudodistance function) if d is symmetric, that is d (z,y) =
d(y,x), and if d satisfies the triangle inequality, that is

d(z,y) <d(z,2)+d(zy)
for all z,y,z € X.

So, unlike the notion of a metric, we allow d (z,y) = 0 for distinct x, y. For any
z € X and r > 0, define a ball B (z,r) associated with a pseudometric d as follows:

B(z,r)={ye X :d(z,y) <r}.

Definition 3.2. A couple (X, d) is called a pseudometric space if X is a topo-
logical space, d is a pseudometric on X, and the function y — d (x,y) is continuous
for any x € X (consequently, all balls in a pseudometric space are open sets).

In particular, any metric space is a pseudometric space. Given any set X and a
pseudometric d on it, one can define a topology on X using the balls of d as a base
(although this topology is not necessarily Hausdorff). With this topology, (X, d) is
a pseudometric space. However, in applications the set X may be a priori endowed
with a different topology, for example, if X is a manifold, in which case we require
that this topology is richer that the one induced by d.

Typically, a pseudometric space arises as follows. Let (X', d’) be a metric space
and let T : X — X’ be a continuous mapping from a topological space X to X’.
Then the identity

d(z,y) =d (T (), T (y))

defines a continuous pseudometric on X so that (X, d) is a pseudometric space.
Definition 3.3. Given k > 1 and a positive integer N, we say that a pseudo-

metric space (X, d) satisfies (k, N)-covering property if, for any ball B (z,r) in X,
there exists a family of at most N balls of radii r/x, which cover B (z,r).
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Lemma 3.4. If a pseudometric space (X,d) satisfies (k, N)-covering property
then it satisfies (A, M )-covering property for any A > 1 and some M = M (A, k, N).

PRrROOF. Indeed, let n be a positive integer such that k”~! < A < k™. Since the
(A, M)-covering property is monotone in A, it suffices to assume that A = ™. If
n = 1 then the the claim is trivial. Let us make the inductive step from n to n + 1.
Indeed, by the inductive hypothesis, any ball B (z,7) can be covered by at most
M, balls B (x;,7/k™). By the assumption, each ball B (z;,r/k™) can be covered by
at most N balls of radius r/k™"™1 each. Hence, B (z,r) can be covered by at most
My 41 := NM,, balls of radius 7’/;{'“rl each, which settles the claim. I

It is useful to note that if (X, d) admits a doubling measure y, that is, a Borel
measure g such that, for all x € X and r > 0 and for some constant C,
0<pu(B(z,2r) <Cu(B(x,r)) < oo,
then (X, d) satisfies (2, N) covering property with N < C?3.
In a pseudometric space (X, d), for any € X and 0 < r < R define the annulus
A(z,r,R) =B (z,R) — B(z,r) ={ye X :r <d(z,y) < R}.
Note that A (x,0,R) = B(x,R) .
For any annulus A = A (z,r, R) and A > 1 denote by AA the following annulus:
A=A (z,\"'r,AR).
Similarly, for B = B (z,r) and A > 0, set AB = B (z, Ar).
Theorem 3.5. Let a pseudometric space (X,d) satisfy (2, N)-covering prop-

erty. Let v be a Borel measure on X, and assume that there exist positive reals v
and p such that

(3.1) Vee X v(B(z,p/2) <v and Fzg€ X v (B(xg,p)) > v.
Then, for any A > 1, there exists a family A of (6@1 annuli in X satisfying the
following properties:

(a) v(A) > v for any A € A;

(b) the annuli {\A} 4 4 are disjoint.

Here ¢ is a positive constant depending only on A\ and N (for example, one can
define it by ¢! =2 + 4M (200\%,2, N) ).

Remark 3.6. If v (X) = oo then we interpret [c@} as co. In this case we
claim the existence of an infinite (countable) family A of annuli with the properties

(a) and (b).

If v(X) < oo then one cannot have more than @ disjoint sets each with
measure at least v. Hence, the number fc@] of disjoint annuli guarantied by

Theorem 3.5 is optimal up to a constant factor.

The hypothesis (3.1) excludes, in particular, a situation when measure v is
concentrated in a few atoms, in which case the conclusion of Theorem 3.5 is no
longer true. Lemma 3.10 will provide a simple sufficient condition for (3.1).

Remark 3.7. For some applications it is useful to know that each annulus in
the family A, which is constructed in the proof, either has the internal radius at
least p/2 or is a ball of the radius at least p/2.

We precede the proof of Theorem 3.5 by an elementary lemma.
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Lemma 3.8. Let B (z,7) and B (y, s) be two balls in (X,d) and A > 1 be a real
such that

(3.2) AB (z,r) N %B(y,s) #0 and B(z,r)\ B(y,s) #0.
Then the following inclusions take place:

(3.3) B(z,7r) C B(y,2A+2)r),

(3.4) B(y,s) C B(z,(4A+3)r),

(3.5) B(y,nr) C B(x,(n+2\+1)r) for anyn > 0.

PROOF. The hypotheses (3.2) imply that

d(z,y) < )\r—i—g

d(z,y)+r.

N

S

(see Fig. 5).

[Bo.s2)| | BG.Y) |

FIGURE 5. Illustration to Lemma 3.8

It follows that

d(z,y) < Ar+ %,
and
d(z,y) < 2A\+1)r,
whence
(3.6) s<@A+1)r+r=02Xx+2)r

Using the above two inequalities, we obtain
B(z,r) C B(y,r+d(z,y)) C By, 2A+2)r).
B(y,s) C B(x,s+d(z,y)) C B(z,(4X+3)7r),
B(y,nr) C B(z,nr+d(z,y)) C B(z,(n+2\+1)r),
which was to be proved. i
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PrOOF OF THEOREM 3.5. Set for simplicity
m (k) =M (k,2,N) ,

where M (k,2, N) is the constant from Lemma 3.4. Hence, any ball of radius r can
be covered by at most m (k) balls of radii r/k.
Let n be a positive integer such that

v(X)

(3.7) n < [e .

1.

We will construct two sequences {A4;} and {B;} where i = 1,2, ...,2n, A, is a family
of annuli in X, and B; is a family of balls in X. These families will satisfy the
following properties, for all i = 1,2, ..., 2n:
(7) for any a € A;,
via) >wv;
(id) the annuli {A\a}, 4. are disjoint;
(7i7) the following inclusion takes place:

(3.8) U Aa C U %b;

acA; beB;

(iv) the following inequality takes place:

(3.9) v ( U b> < Cui,

beB;

where C' =m (200)\3);
(v) |A1] =|Bi| =1, and if i > 1 then
— either |AZ| = |Ai71| + 1 and |Bz| < |Bi,1| + ].,
— or |A;| = |Ai—1| and |B;| < |Bi—1] — 1;
(vi) if i > 1 then A; D A;_q;
(vii) each annulus in A; either has the internal radius at least p/2 or is a ball of
the radius at least p/2, and each ball in B; has the radius at least p.
Before we actually construct these sequences, let us show how the existence of
them proves the theorem. Indeed, each family A; obviously satisfies (a) and (b).
Let us show that one of the families A; contains at least n annuli. If n = 1 then
we have already |A;| = 1. For an arbitrary n, let us verify that |Ag,| > n. To
that end, observe that by (v) the numerical sequence {2 |A;| — |Bi[}>", is strictly
increasing whereas 2 |A;| — |[B1| = 1. This implies

2 |-A2n| - |82n| Z 2n

and hence |As,| > n. If v(X) < oo then this finishes the proof because we can
take n = (C%X)} If v(X) = oo then we can do the above construction for any
n. The union A = [J;2, A; is infinite and, since the sequence {A;} is increasing,
A satisfies the conditions (a) and (b), which finishes the proof in this case. The
condition (vi%) is not needed for the proof of Theorem 3.5 but settles the claim of
Remark 3.7.

Now we construct the families A; and B; by induction in . For the inductive
basis i = 1, fix g € X and p > 0 satisfying (3.1). Define the set A; to consist of
a single annulus A (xg,0, p), and the set B; to consist of a single ball B (xo, 2/\2,0).
Then the properties (i), (%), (1), (v), (vi), (vii) are trivially satisfied. To prove
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(iv), let us observe that B (xo, 2)\2p) is covered by at most m (4)\2) < C balls of
radii p/2, and by (3.1) the measure of each ball of radius p/2 is at most v. Hence,

v (B (xo, 2)\2;))) < Cw,

which is exactly (3.9). If n = 1 then the construction of 4; finishes the proof.
Hence, in the sequel we assume n > 1.

Assuming that i < 2n — 1 and that A; and B; are already defined, let us
construct A;+1 and B; 1. Set

(3.10) F:zsup{r:y<B(a:,r)\ U b) <wv for alleX}

beB;
and observe that ¥ > p/2 and hence 7 > 0. It follows from (3.7) and n > 1 that

(3.11) n<c@+1 < 20@.

Hence, we obtain from (3.9), (3.11), and ¢ < 2n that

z/(X\ U b) >v(X)—2nCv > (216—20)%>v

beB;

because ¢! = 2+ 4C by the definitions of ¢ and C. We conclude that there exists
a ball B (z,r) such that

(3.12) v (B (z,7)\ U b) > v,

beB;

and, furthermore, we can assume that 7 < r < 27 (see Fig. 6). In particular, we
have r > p/2.

Balls from B;

FIGURE 6. Choosing ball B (x,r): the measure of the shaded re-
gion is larger than a.

Set

(3.13) k= card{b €Bi:B(z,ANr)n %b # @}

where
N =T\,

and consider the following three cases.
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Case k = 0. Since 1 < A < X, in this case we have

1
(3.14) B (x,Ar) N ﬁb =0 forany b€ B;.

Define ./47;+1 and Bi+1 by
Aiy1 = A, U{A(2,0,7)} and By =B;U {B (x, 2)\27')} .

Then condition (7) holds by (3.12), and conditions (i), (v), (vi) are trivially sat-

isfied. Condition (vii) is satisfied because r > p/2.
Let us prove (ii). By the inductive hypothesis, we have

UAaCU%b

acA; beB;

(see Fig. 7)

B(x,\r)

Balls 20)'b, beB; ;

Annuli Aa, a<A;

FIGURE 7. Ball B(z, Ar) does not intersect 55 b, whereas the union

of all Aa is covered by the union of all %b.

Together with (3.14), this implies that AA (x,0,7) = B (z, Ar) does not intersect

any annulus Aa, a € A;, whence (i) follows.
Let us prove (iv). Since r/2 < T, it follows from (3.10) that, for any z € X,

(3.15) v (B (z,7/2)\ U b) <w.
beB;
The ball B (.13,2)\27“) can be covered by at most m (4)\2) < C balls of radii r/2
whence it follows that
v (B (z,2%°1)\ | b) <Cv
beB;

By the inductive hypothesis, we have

V<U b)g(]vi,

beB;
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whence it follows that

v |J b <Cu(i+1).

bEBH.l
Case k > 2. Let us say that a ball b € B; is selected if

1
B (z, N =b
(z,N'r) N 5 # 0,
so that the number of selected balls is exactly k. In this case, let us set

Aip1 = A;

and

Biy1 = B; \ {all selected balls} U {B (x, )\"7")}

where
N =140 = 98)°.
Conditions (4), (it), (vi), (vii) are trivially satisfied. Condition (v) is satisfied
because the number k of the selected balls removed from B; is at least 2, whereas
only a single ball B (a:, /\”7“) is added.
Let us prove (iii). Let b € B; be a selected ball. By definition, B (m, /\'r) N %b is

non-empty and, by (3.12), B (x,r)\b is non-empty, too. Then Lemma 3.8 (inclusion
(3.4)) yields

bC B (x, (X +3)7) C B (x,7Nr) = B (2, X'7)
(see Fig. 8).

Selected balls b from 3; B(x,7k'r)\\

FICURE 8. The selected balls (shaded) are inside B (z,7A\'r).

In particular, the union of all balls %b, where b is selected, is covered by a
single ball %B (x, X'r), whence we obtain

1 1
—bC —b
bEJBI 2)\ beg«#l 2A
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The claim of (ii7) follows then by the inductive hypothesis.
Let us prove (iv). The ball B (w, )\"r) can be covered by at most m (2)\") <C
balls of radii r/2 whence it follows from (3.15) that

( (=, N\ U )SCU.

beBs;

By definition of B; 1 and by the inductive hypothesis, we obtain
UbC(Ub)U( xAr\U)
beBit1 beB; beB

v U bl <Cvi+Cv=Cv(i+1).

beBit+1

and

Case k = 1. Set
(3.16) ko = card{be B;: B(m,)\r)ﬁ%b#@}

and observe that kg < k. Hence, either kg = 0 or kg = 1. If kg = 0 then the
condition (3.14) is satisfied, and we can argue exactly as in the case k = 0.

Let us consider the main case kg = 1. Let B (y, s) € B; be the unique ball such
that

(3.17) B (2, M) N %B (y,5) £ 0.
Set
N 1
a = A(y,53,4)\7")
b = B(z,2\\r)

(see Fig. 9) and define the families A;11, Biy1 by
Aip1 = A;n{a} and By = B; U{b}.

By (3.12) the difference B (z,7) \ B (y, s) is non-empty, which together with (3.17)
shows that the hypotheses of Lemma 3.8 are satisfied. By inequality (3.6) obtained
in the proof of this lemma, we see that s/2 < 4\r so that the annulus @ is well-
defined.

Conditions (v), (vi) are obviously true. Condition (vii¢) is satisfied because by
the inductive hypothesis the ball B (y,s) (being an element of B;) has the radius
s > p and hence the annulus @ has the internal radius at least p/2.

Let us verify (i) — (4v). By Lemma 3.8 we have

B(z,r) C B(y,(2A+2)r) C B(y,4\r).
Therefore,

= B(y,4M) \ By, 3) > B(xr) \ B(y,5),
which together with (3.12) implies

V(E)EV(B(Z‘,T)\ U b) > v
beB;
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FIGURE 9. The annulus a = A (y, %s, 4)\7') is shaded.

whence (i) follows.
To verify (¢i) we need to prove that

XMNXa=0 forallac A;.
It it suffices to prove that
- 1
1 —b=

(3.18) xan | 5y 0,

beB;
because by the inductive hypothesis,

1

Aa C U ﬁb foralla € A;.
beB;

To prove (3.18), observe that

~ 1 1
Aa = Ay, 55,4)\27") =B (y, 4)\27") \ ﬁB (y,s).

Applying again Lemma 3.8 to the balls B (z,r) and B (y, s), we obtain by (3.5)
B (y,4)\2r) C B (w, (4N% + 2\ + r) € B(z,\'7r),

whence

(3.19) Aa C B (z,\'r) %B (y,s).
In particular, we immediately see that

(3.20) NaN =B (y,s) = 0.

2

177



178 ALEXANDER GRIGOR’YAN, YURI NETRUSOV, AND SHING-TUNG YAU

By the hypothesis £ = 1, there is a unique ball b € B; such that %b intersects
B (x, )\'r), and this ball must be B (y, s). Hence,

1
B (z,A'r) N §b =0 foranybe B;\{B(y,s)},
whence it follows that
1
(3.21) Aan 51):@ for any b € B; \ {B (y,s)}.

Clearly, (3.18) follows from (3.20) and (3.21).
Let us verify (ii7). Indeed, by (3.19) we have

Aa C B (x, )\/r) = %E,

which together with the inductive hypothesis settles the claim.
Finally, let us verify (iv). To that end, it suffices to show that

v (g\ U b) < Cw.
beB;

The ball b = B (m, 2)\)\'7") can be covered by at most m (4)\)\') < C balls of radii
r/2, whence the claim follows from (3.15). 1

Definition 3.9. A measure v on a pseudometric space (X, d) is called d-non-
atomic if, for any z € X,
lim v (B (x,r)) = 0.

r—0
In other words, this means that
v(B(z,0+))=0
where
B (z,0+) := ﬂ B(z,r)={y€ X :d(x,y) =0}.
r>0
If d is a metric then B (z,0+) = {z} and, hence, v is d-non-atomic if and only if v

is non-atomic in the usual sense, that is v ({z}) = 0 for any point z.
The following lemma provides a sufficient condition for hypothesis (3.1).

Lemma 3.10. Let (X,d) be a pseudometric space and v be a Borel measure on
X. Assume that

(7) all balls in X are precompact;
(#4) measure v is d-non-atomic and 0 < v (X) < oco.

Then, for any 0 < v < v(X), there exists p > 0 satisfying (3.1), that is
(3.22) Vee X v(B(z,p/2)<v and Fzge X v(B(zg,p)) > v.

PROOF. Define on the interval (0, c0) a function
(3.23) V(r) :=supv(B(z,r)).
zeX

It is obvious that V (r) — v(X) as r — oo. Let us verify that V (r) — 0 as
r — 0. Assuming the contrary, we obtain that there exists a number € > 0 and
sequences {xj}r; C X and {ri},; — 0 such that v (B(zy,7)) > € for all k.
If there is a convergent subsequence {xj,} — x then this implies v(B (x,r)) > ¢
for any r > 0, which contradicts the hypothesis that v is d-non-atomic. If there
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is no convergent subsequence of {xy} then the compactness of balls implies that
the sequence {zj} eventually leaves every ball. Therefore, for any fixed r > 0,
there exists a subsequence {zy,} such that the balls B (xy,,r) are disjoint. By
the finiteness of v (X) we obtain that v (B (xg,,r)) — 0, whence it follows that
v (B(karki)) — 0.

Fix 7 > 0 and set 7, = r/2* k =0,1,2,.... Then V (r;) — 0 as k — oo and
hence the union of the intervals [V (rg4+1),V (%)) is (0,V (r)). Therefore, for any
v € (0,V (1)), there exists an index k such that

V(rge1) <o <Vi(rg).
Letting r — oo, we obtain that for any v € (0,v (X)) there exists p > 0 such that
Vi(p/2) <v<Vi(p),

whence (3.22) follows.
Let us mention for the record that the radius p from (3.22) satisfies

(3.24) >V (W),
where V! is the generalized inverse to V (7). I

Corollary 3.11. Let (X, d) be a pseudometric space and v be a Radon measure
on X. Assume that
(i) X satisfies (2, N)-covering property:
(ii) all balls in X are precompact;
(i19) measure v is d-non-atomic.
Then, for any 0 < v < v (X) and any positive integer n < (C%X)] there exists
a family A of n annuli in X satisfying the following properties:
(a) v(A) > v for any A € A;
(b) the annuli {2A} 4. 4 are disjoint.
Here c is a positive constant depending only on N (for example, one can define

it by ¢t =2+ 4M (1600,2, N)).

ProOOF. If v (X) = 0 then the statement is void. If 0 < v (X) < oo then, by
Lemma 3.10, the hypothesis (3.1) of Theorem 3.5 is satisfied, whence the claim
follows.

If v (X) = oo then, for given v and n, choose a ball B C X so big that

v(B),

Note that v (B) < oo because v is a Radon measure and B is precompact. Applying
the previous case to the measure v’ = 1gv, we obtain a family A of
v (X) v(B)
e = 2
annuli satisfying (a) and (b), which was to be proved. I

v<v(B) and n<]Jc

I=n

Corollary 3.12. Under the hypotheses of Corollary 3.11, if in addition 0 <
v (X) < oo then, for any positive integer n, there exists a family A of n annuli in
X such that
(a) v(A) > c% for any A e A;
(b) the annuli {2A} 4. 4 are disjoint.
Here c is the same as in Corollary 3.11.
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PrROOF. Indeed, setting v = c@ we immediately obtain the claim from
Corollary 3.11. 1

Remark 3.13. In the case 0 < v (X) < oo the radius p from (3.1) satisfies
(3.24). Hence, by Remark 3.7, each annulus A € A either has the internal radius
> 1V=1 (v) or is a ball of the radius > 1V~ (v).

4. Estimating the counting function of an energy form

In this section we will prove the main estimates of the counting function of an
energy form on a pseudometric measure space.

4.1. Main estimate of the counting function. Let ¢ be a signed measure
on a topological space X, and let o4 and o_ be the positive and negative parts
of o, respectively, so that ¢ = 04 — og_. The latter means that for any Borel set
A C X we have 0 (A) = 04 (A) — 0_ (4), so that o (A) makes sense and takes
value in [—oo, +oo] provided at least one of the values o (A) and o_ (A) is finite
(note that both o4 (A) and o_ (A) are finite if o is Radon and A is compact). If
04+ (A) = 0_ (A) = 400 then, strictly speaking, o (A) is not defined, but for the
sake of simplification of the statements we use here the convention that o (4) = —oc.
The same convention we will use for the difference of any two measures.

For any signed measure and for a constant 0 < § < 1, denote by o4 the following
signed measure:

(4.1) o5 :=004 —0_.
Clearly, we have (05), = doy and (05)_ =o0_.

Now we can state the main result of this paper.

Theorem 4.1. Let (X, d) be a pseudometric space and (€, F) be an energy form
on X. Assume that, for some positive constants N, Q, the following conditions hold:
(i) (X,d) satisfies (2, N)-covering property;
(it) the energy form (E,F) is local and positive definite, and for any ball B in
X, we have
(4.2) capg(B,2B) < Q.

Then, for any signed Radon measure o on X such that oy is d-non-atomic, we
have

as(X)
5Q

(4.3) Neg(€—-o0) > | ip

where § € (0,1) depends only on N.
We do not claim that the constants 5 and ¢ in (4.3) are sharp.

Example 4.2. Let X be the Euclidean space R™ and & = €,§m) be the m-th
order energy form defined by (2.49) (where p is the Lebesgue measure on R™). By
(2.60), the hypothesis (4.2) holds provided n = 2m. Hence, for any non-atomic
Radon measure o on R", we obtain by Theorem 4.1

Neg(€ =) > |co (R

where ¢ > 0 is a constant depending on n and m. In fact, one has here a better
inequality
Neg (£ —0) > co(R"),
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as will follow from Theorem 4.17. Since the generator of the form £ — o is the opera-
tor (—A)™ — o, the above inequalities give also lower bounds for Neg ((—A)™ — o).

The proof of Theorem 4.1 will be given in Section 4.4 after a preparatory result
in Section 4.2. Here we show what consequences can be deduced from (4.3).

Lemma 4.3. Let 0 and v be two signed measures and 0 < § < 1. Then the
following is true.

(a) (0+v); = 05+vo;
(b) do5 > 0525
(¢) If a measurable set A is such that either vy (A) =0 or v_ (A) =0 then

(4.4) (045 (A) = (052 + ) (A),
provided the right hand side of (4.4) is non-negative.
PROOF. (a) Let us first show that if x4, and p, are two measures then

(4.5) (1 = pa)s = Opy — pio.

Indeed, set p := p; — py and observe that there exists a measure o such that

pp=py +a and  py =p_ + o
Then
Opy —pg =0 (g +a) = (u_+a) = ps+ (6 — 1) a < py,

that is (4.5).
Applying (4.5) to gy = o4 +v4 and py = 0_ + v_, we obtain

(0+v)s=d(oy+vy)—(0o-+v_)=05+vs,

which was to be proved.
(b) We have

do5 =0%0, —b0_ > 0%0, —0_ =04,
(¢) By part (a) we have
(0+v)s(A) >05(A)+ vy (A) —v_(A).
If v_ (A) =0 then
(0 +v)5(A) = 05 (A) + v (A) = (052 +0v) (A).

If vy (A) =0 then
(4.6) (c+v)5(A) >05(A)—v_(A)=05(A)+v(A).
By hypothesis, we have

052 (A) + 60 (4) > 0,
which implies by part (b) than

dos(A)+ov (A) > 0.
Hence, 05 (A) + v (A) > 0 whence, by 6 <1,

o5 (A)+v (A) > d0s(A) + v (A) > 052 (A) + v (A).

Substituting into (4.6) we finish the proof. i
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Lemma 4.4. Let (€, F) be an energy form on a pseudometric space (X,d), and
assume that, for any signed Radon measure o on X such that o is d-non-atomic,
a5(X)

5,
where 0 < 6 <1 and C > 0 are some constant. If p is a d-non-atomic measure on
X then, for all real X,

(4.7) Neg(E—0)>|

o5 (X) + SAu(X)

(4.8) Na(E—o,p) > | & ].
If 0 < p(X) < o0 then, for any k =1,2, ...,

Ck — o452 (X)
(4.9) Ae(€—o,p) < TouX)

PROOF. Set ¢ = 0 + Ap. Then o is a signed Radon measure on X, and o is
d-non-atomic. By (2.41) we have

Ny (E —o,p1) = Neg (€ —7).
Applying (4.3) to o instead of o, we obtain
(0 +Au)s (X) |
C .
If 052 (X) 4+ 0Au(X) <0 then (4.8) holds trivially. Otherwise, we have by Lemma
4.3,

(4.10) M(E—o.p) = |

(04 M)y = 732 (X) + SAu(X),
whence (4.8) follows. Finally, (4.9) follows from (4.8) by Lemma 2.8. I

Remark 4.5. Hence, the estimates (4.8) and (4.9) are true in the setting of
Theorem 4.1 with C = 5@Q. It is not known yet whether the constant ¢ in Theorem
4.1 can be taken § = 1. If so then o5 (X) and o4 (X) could be replaced by o (X),
which would be most convenient for applications. If ¢ > 0 or ¢ < 0 then this can
be achieved by changing the other constants. For example, if o > 0 then 052 = 8o
and (4.8) becomes

5o (X) + Au(X)

(4.11) M(E—oa,u) > el IR
where C' = C/6. Similarly, (4.9) becomes

C'k —do(X)
412 Me(E —o,p) < 22902

It would be very useful to prove (4.11) and/or (4.12) also for a signed measure o.
In Section 5.5 we prove (4.12) for a signed measure o assuming in addition that &
is a Riemannian energy form and the perturbed form £ — ¢ is positive definite. We
conjecture that (4.11) and (4.12) are true in general, without these assumptions.

Remark 4.6. If the floor function in (4.7) is replaced by the ceiling function
(as will be in Theorem 4.17 below) then the floor function in (4.8) is also replaced
by the ceiling function, and the term Ck in the right hand side of (4.9) is replaced
by C (k —1).
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4.2. Decomposition of a pseudometric space by capacitors. We say
that a sequence {(F;, G;)}., of capacitors is disjoint if the sequence of sets {G; }.-_,
is disjoint. The following result plays the crucial role in the proof of Theorem 4.1.

Theorem 4.7. Let (X,d) be a pseudometric space, v be a Radon measure on
X, and (E,F) be an energy form on X. Assume that the following hypotheses are
satisfied, for some positive constants N,Q:
(1) (X,d) satisfies (2, N)-covering property;
(it) measure v is d-non-atomic;
(ii1) the energy form (E,F) is positive definite and, for any ball B in X,

(4.13) capg(B,2B) < Q.
Then, for any 0 < v < v (X) and any positive integer n such that
X
(4.14) c i )]

v
there exist n disjoint capacitors (F; i X such that, for alli=1,2,.

<
Gi)
(4.15) (F)
and
(4.16) capg(Fi, G;) < 4Q.
Here ¢ is a positive constant depending only on N.

A version of this Theorem was proved in [27, Theorem 1] using an abstract ver-
sion of Korevaar’s argument [37]. The present Theorem 4.7 needs fewer assump-
tions about the energy form, unlike [27, Theorem 1], which required the energy
form to satisfy the Markov property.

PRrOOF. The finiteness of capg(B,2B) implies that the ball B is precompact.
Indeed, the class 7 (B, 2B) is non-empty, let f € 7 (B,2B). Since supp f is com-
pact and f|g = 1, it follows that B C supp f and B is precompact.

Hence, all the hypotheses of Corollary 3.11 are satisfied. By Corollary 3.11,
there exists a sequence {F;};_, of n annuli such that v (F;) > v and the annuli
G; := 2F; are disjoint.

We are left to verify (4.16). Indeed, let F; = A(z,r, R) and, hence, G; =
A(x,r/2,2R). Let us write for simplicity Bs = B (z,s). If r = 0 then by (4.13) we
have

capg (F;, Gi) = capg (Br, B2r) < Q.
If » > 0 then, by Lemma 2.3 and (4.13), we obtain

capg(F;, Gi)'/? = capg(Br\ Br, Bar \ Byj2)'/?
< cape(Byja, Br)Y? + cape(Br, Bar)'/?
< 2QY2,

whence (4.16) follows. I

Remark 4.8. Let 0 < v (X) < oco. As follows from Remark 3.13, for each
annulus F; = A (z,r, R) we have either r > V=1 (v) or r =0 and R > V! (v),
where V1 is the generalized inverse to the function V (r) defined by (3.23). There-
fore, as we see from the above proof, the hypothesis (4.13) can be restricted to the
balls of radii > 1V~ (v).
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Corollary 4.9. Under the hypotheses of Theorem 4.7, if 0 < v (X) < oo then,
for any positive integer n, there exist n disjoint capacitors (F;,G;) such that, for
alli=1,2,...,n,

(4.17) v(F;) > cy(f),
and
(4.18) capg (F;, G;) < 4Q,

where ¢ is the same as in Theorem 4.7.

PROOF. Indeed, given a positive integer n, define v by

where ¢ is the constant from Theorem 4.7. Then 0 < v < v(X), and the conclusion
follows from Theorem 4.7. 1

Remark 4.10. As follows from Remark 4.8, the hypothesis (4.13) can be re-
stricted to the balls of radii > 1V =1 (#), where V (r) defined by (3.23).

To show an example of application of Corollary 4.9, let us give a direct proof of
the estimate (4.9) in the case 0 = 0 (without using Theorem 4.1), which contains
the main idea of the proof of Theorem 4.1.

Corollary 4.11. Let (X,d) be a pseudometric space, v be a Radon measure on
X, and (E,F) be an energy form on X. Assume that, for some positive constants
N, Q, the following conditions hold:
(1) (X,d) satisfies (2, N)-covering property;
(i) measure v is a d-non-atomic and 0 < v (X) < oo;
(ii7) the energy form (E,F) is local and positive definite, and for any ball B in
X, we have
(4.19) cape(B,2B) < Q ;
Then, for any k =1,2,...,
k
4.2 A < —_—
(4.20) k(g’y)*CQy(X)’
where the positive constant C' depends only on N.
PrOOF. By Corollary 4.9, there exists k disjoint capacitors (F;, G;) satisfying
(4.17) and (4.18). For any € > 0 there exists a test function f; € T (F;, G;) such
that

E[fi] < capg(Fi, Gi) + e <4Q +e.

Take ¢ = @ and fix such a function f;. Since f;|r, = 1, we have

vIF 2 v (F) 2 e,
whence Ef] 50 N
VIR S oo T T

where C :=5/c.
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Hence, for any f = f; we have
(4.21) Efl < Awlf].

Since the supports of the functions f; are disjoint and the form & is local, we
conclude that (4.21) holds for any function f € span (f1, ..., fn) except for f = 0.
By the definition of the counting function, we obtain N} (£,v) > k, whereas

Ny, (E,v)=sup{n: A\, < A} <k—1.
Therefore, A\, < A which was to be proved. NI
Remark 4.12. As follows from Remark 4.10, in order to obtain (4.20) for a

fized index k, it suffices to assume the hypothesis (4.19) only for the balls of radii
at least 1V =1 (CVTX))

Example 4.13. Let X be the Euclidean space R", i be the Lebesgue measure
on R”, and & = S,Sm) be the m-th order energy form on R™ defined by (2.49).
If n = 2m then the capacity of the form &£ satisfies (4.19) as follows from (2.60).
Let ¢ be a smooth positive function on R™, and consider the measure v defined by
dv = qdu. A generator of the form & is the operator % (—A)™. We obtain from
Corollary 4.11 that if 2m = n and

V(R”):/ gdp < o0

then

1 k
AL ( —A m) <C .
)=y
4.3. Eigenvalues on fractal spaces. Let us show how Corollary 4.11 can
be used in conjunction with Remark 4.12 to handle the case when the capacity

uniform bound (4.19) is not available but, instead, one has (2.58) and (2.59). The
next statement applies to most fractal spaces.

Corollary 4.14. Let (X,d) be a pseudometric space, v be a Radon measure on
X, and (E,F) be an energy form on X. Assume that, for some positive constants
C1,Cs, N the following conditions hold:

(1) (X,d) satisfies (2, N)-covering property;
(it) measure v is a d-non-atomic, 0 < v (X) < oo, and, for any ball B (x,r) in
X,
(4.22) v(B(x,r)) < Cire,
where a > 0;
(7it) the energy form (E,F) is local and positive definite, and, for any ball B (z, )
in X, we have

(4.23) capg (B (z,7), B (x,2r)) < Cyre =P,
where B > a;
Then, for all k=1,2,...,
N
(4.24) A (E,v) < C (1/(X)> ,

where the constant C' depends on N,C1,Cs, a, (.
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Remark 4.15. In the case o = (8 the hypothesis (4.23) becomes (4.19) and
hence, by Corollary 4.11, the hypothesis (4.22) can be omitted. In the case a # 3
the hypothesis (4.22) is essential because the value of @ — 8 from (4.23) does not
allow to recover the value of 3/a necessary for (4.24). It is not clear whether the
condition 3 > « can be dropped here.

PROOF. By (4.22) and by definition (3.23) of V (r), we have V (r) < Cyr¢
whence

Vol (v) > (v/Cy)e.
Fix an index k. If r > iV‘l (@) (where ¢ > 0 is the constant from Corollary

4.11) then
1 (v (X) Lo
r> - .
— 4 Cik
Therefore, using o — 8 < 0 and (4.23), we obtain, for any ball B of such a radius r,

e a—p a—1
_ 1 (ev(X) 1/ N
@ ﬁ —_ = ! —_— =
capg(B,2B) < Cor < Cy <4 ( Cik ) C V(X 1 Q.

By Remark 4.12, we can apply Corollary 4.11 and, hence, obtain by (4.20)

k (kN

which was to be proved. i

4.4. Proof of the main estimate. Here we prove Theorem 4.1, that is the
following estimate

95(X)
5Q
If £ < 0 then there is nothing to do, so we assume in the sequel that k& > 0. In

particular, this implies o5 (X) > 0 and hence o_ (X) < 0.
Without loss of generality we can assume that also oy (X) < oo. Indeed, if
o4 (X) = oo then consider a signed measure

(4.25) Neg(E—0)> |

| =k

O'(T) = 1B(w,r)a+ —0—,

where x € X is fixed and r > 0. Hypothesis (4.2) implies that the ball B (z,r) is
precompact (see the proof of Theorem 4.7). Since the measure o4 is Radon, we see
that
e (X) = 04 (B (2,7)) + 0 (X) < oo
If we can prove that
oy (X)
5Q

Neg (5 —O'(T)) > | |

then passing to the limit as » — oo and using
Neg (£ — o) > Neg (5 - O'(T)> ,

we will obtain (4.25). Hence, we can assume in the sequel that || (X) < 0.
In order to prove (4.25) it suffices to construct k linearly independent functions
f1, fay -y fr in F such that

(4.26) E[fl-alfl <0
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for any f € span{f;}\ {0}. The functions f; in our construction will have disjoint
supports. Hence, by the locality of £ — o, we have (£ — o) (f;, f;) = 0 for all i # j,
so it suffices to establish (4.26) for f = f;,i=1,2,..., k.

Suppose that we have k disjoint capacitors (F;,G;) in X of finite capacity.
Then we choose f; € T(F;,G;) to be a nearly optimal test function in the sense
that

E[fi] < capg(Fi, Gi) + ¢,
where £ > 0 will be specified later on (see Fig. 10).

FIGURE 10. Capacitors (F;, G;) and their test functions.

By the definition of 7 (F;,G;), we have f; € FNCy(G;), fi = 1 on F;, and
0 < f; < 1. Therefore,

o [fil <o (Gi) and oyl[fi] 2 04 (F).
Then (4.26) will follow if we know that
(4.27) capg(Fi, Gi) + e+ 0_(G;) < o4 (F;).

The assumption o5 (X) > 0 implies o4 (X) > 0. Hence, the metric-measure
space (X, d, o) with the form (&, F) satisfies all the hypotheses of Corollary 4.9.
By Corollary 4.9, for any k = 1,2, ..., there exists n = 2k disjoint capacitors (F;, G;)
on X such that

(4.28) o (Fy) > Ca+2(kX) and capg(F;, G;) < 4Q.

Since
2k
S 0 (Gi) < o-(X),
i=1

there are at most k sets G; for which

_(X
U_(Gi) > 7 ( ),
k
and, hence, there are at least n — k = k sets GG, for which
_(X
(4.29) o (G < =)
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We can assume that these sets are G;, ¢ = 1,2, ..., k. Substituting (4.28) and (4.29)
into (4.27) and choosing € = @, we see that (4.27) will be satisfied for capacitors
(F;,Gy), i =1,2,.... k, provided
LX) _ 0u(X)

k= 2k
Set ¢ := ¢/2 and observe that (4.30) is equivalent to
_ b0y (X) — o (X) _ 05 (X)

5Q 5Q

(4.30) 5Q + 2

k

which is true by the choice of k.
Remark 4.16. In the case |o| (X) < oo, by Remark 4.10, the hypothesis (4.2)

of Theorem 4.1 can be assumed only for the balls of radii > %V‘l (c%kx)) where
k= L%J and V! is the generalized inverse to the function

(4.31) Vi(r)= 21612 o4 (B(z,71)).

4.5. Strongly local energy forms. In this section, we slightly improve the
estimate of Theorem 4.1 for strongly local energy forms.

Theorem 4.17. Suppose that, under the hypotheses of Theorem 4.1 the energy
form (€, F) is strongly local. Then the estimate (4.3) in the conclusion of Theorem
4.1 can be replaced by

os(X)
10Q

The point of this theorem is that the floor function in the estimate (4.3) can

replaced by the ceiling function as in (4.32) This improvement is only noticeable

when, for example, 0 < ”fég) < 1. In this case, the estimate (4.3) becomes

(4.32) Neg(E—0)>] 1.

trivial whereas (4.32) still gives Neg (€ — o) > 1. The strong locality hypothesis is
essential for that, as it will be shown in the example at the end of this section.
Similarly to Lemma 4.4 (cf. Remark 4.6), the estimate (4.32) implies the fol-
lowing. If p is a d-non-atomic Radon measure on X then, for all real A,
os2 (X) + 5)\/L(X)_|
10Q '
If in addition 0 < p (X) < oo then, for any k = 1,2, ...,
10Q (k— 1) — 052(X)
op(X) '

The next lemma will be used in the proof of Theorem 4.17.

(4.33) Na(€—o,p) >

(4.34) Me(E—o,p) <

Lemma 4.18. Let (€, F) be a strongly local, positive definite energy form on a
pseudometric space (X,d). Assume that, for any ball B in X,

(4.35) caps(B,2B) < Q,

where @ is a positive constant. Then, for any signed Radon measure o on X such
that o (X) > 0, we have

(4.36) Neg (£ —o0) > 1.
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PrOOF. The hypothesis o (X) > 0 implies, in particular, that o_ (X) < oo.
By the same argument as in the proof of Theorem 4.1, we can assume that also
o4 (X) < 0.

Consider a sequence of balls B,, = B (z,2") where z is a fixed reference point
in X. By hypothesis (4.35), we have

capg(Bp, Bnt1) < Q.

By Lemma 2.5, for all indices n < m,

m—1
capg(Bn, Bm) ™' > Y capg(By, Biy1) ' = (m—n) Q7
whence
(4.37) capg(Bn, Bm) < @ .
’ “m-n
Let f € T (Byn, Bm) be such that
2
elf) < 22
m—n

Using the fact that 0 < f <1 and f =1 on B,,, we obtain

eM-olfl < 2o [ fas
m n X\B,
< 2B+ ol (X\ B

Since |o| (X) < oo, for large enough n and m we obtain
(4.38) E-a)|fl<—-0(X)+e¢,

where € > 0 is prescribed. Choosing ¢ < o (X) /2, we conclude (£ — o) [f] < 0
whence (4.36) follows. 1

PROOF OF THEOREM 4.17. We need to prove (4.32), that is

(4.39) Neg (£ —o0) > f%/ﬂ,

U%(g). If kK < 0 then there is nothing to do, so assume x > 0. In this

case 0 (X) > 0 and hence, by Lemma 4.18,

where Kk =

Neg (€ —0) > 1.
On the other hand, by Theorem 4.1,
Neg (€ - ) = |r).
Then (4.39) follows by the elementary inequality

max (|x],1) > [%/ﬂ
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Example 4.19. As in Example 4.13, let X = R", p be the Lebesgue measure
on R”, and & = Sﬁm) be the m-th order energy form on R™ defined by (2.49).
Assume that n = 2m so that the form £ satisfies (4.35). Let ¢ be a non-negative
L} -function in R™. Considering the measure o defined by do = gdpu, we obtain by
(4.32) that

Neg((=A)" —q) > 6/ qdpu
where ¢ = ¢(n) > 0.

Example 4.20. Let us show that if the form £ is local but not strongly local it
can happen that ¢ > 0, o (X) > 0 but Neg (€ — o) = 0. Indeed, take X = R? with
the Euclidean distance d, and consider the form & = &, + v with domain Lipo(R?),
that is

g9) = / Vf- ngu+/ fgdv
R2 R?
where p is the Lebesgue measure on R? and v is a measure on R? such that
0 < v(R?) < oo.
It is easy to see that, for any capacitor (F,G) in R2,
cape (F, G) < capg, (F,G) + v (G)
whence it follows that, for any ball B,
capg(B,2B) < capg, (B,2B) + v(R?) = const.

Therefore, all the hypotheses of Theorem 4.1 are satisfied for the form £. However,
the claim of Lemma 4.18 (and that of Theorem 4.17) is not true in this case. Indeed,
just take o = v so that € —o = £,. Then o(R?) > 0 but Neg (€ — o) = Neg (£,) =
0.

Let us show that the hypothesis (4.35) is also essential for Lemma 4.18. For
that, consider X = R? with the standard form &,, for which (4.35) does not hold.
The form &, is strongly local, but nevertheless there exists a positive measure o in
R3 such that Neg (€u — o) = 0. For example, this is the case whenever o satisfies
the estimate

because of the Hardy inequality

Lup @ s [ 9t

which is true for any f € C5°(R?) (see, for example, [50, Section X.2]).

5. Eigenvalues on Riemannian manifolds

Let X be a Riemannian manifold and dy be the geodesic distance on X (note
that dy may take value oo if X is disconnected).

Definition 5.1. A pseudometric d on X is called Riemannian if d is dominated
by dy, that is

(5.1) d(z,y) <do (r,y) forall z,ye X.

The condition (5.1) and the triangle inequality imply that, for any = € X, the
function y — d (x,y) is locally Lipschitz and |Vd (z,-)| < 1.
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Definition 5.2. A pseudometric space (X, d) is called Riemannian if X is a
Riemannian manifold and d is a Riemannian pseudometric on X.

For example, if X is a connected Riemannian manifold then (X, dp) is a Rie-
mannian (pseudo)metric space. Let T : X — X’ be an isometric immersion of a
Riemannian manifold X into a connected Riemannian manifold X’, and let d’ be
the geodesic distance on X’. Then the identity

(5:2) d(z,y) =d (T (x), T (y))

defines the extrinsic metric on X, which obviously is a Riemannian pseudometric.
Hence, (X, d) is a Riemannian pseudometric space.

In this section, we adapt the results of the previous sections to a Riemannian
pseudometric space (X, d). As before, we denote by B(z,r) the balls of the pseudo-
metric d. Set F = Lipy (X) and recall that any Radon measure p on X induces a
strongly local positive definite energy form (€, F) on the weighted manifold (X, u)
as follows:

(5.3) &(f.0) = [ VF-Vadn

5.1. Quadratic volume growth.

Theorem 5.3. Let (X, d) be a Riemannian pseudometric space, i be a Radon
measure on X, and £ = E,. Assume that the following properties are satisfied, for
some positive constants M, N :

(a) space (X,d) satisfies (2, N)-covering property;
(b) all balls in (X,d) are precompact;
(¢) forallz € X andr >0

(5.4) w(B(z,7)) < Mr?.
Then, for any signed Radon measure o on X such that o4 is d-non-atomic,
o5 (X)
5.5 Neg (€ —o0) >
(55) cg(6—0)> %),

where 0 € (0,1) depends only on N.

The estimate (5.5) implies, by Lemma 4.4, that for any d-non-atomic Radon
measure v on X and for any real ),

052 (X) 4+ 0Av (X)
. — >
(5.6) M (€ —o,v) > 1000
If0<v(X)<oothenforal k=12 ..
Ck-1)—o0s (X)
v(X)

)\k((e—O',I/) S

where C'= C (N) . In particular, these estimate hold for v = u because y is d-non-
atomic by (5.4).

PROOF. Let us show that (5.4) implies
(5.7) capg(B,2B) < 11M.
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Fix a point € X and denote for simplicity B, = B (z,r) and V; = p (B (z,1)).
For all 0 < r < R, the following inequality is always true:

R (s—r)ds o
(5.8) capg(By, Br) <2 (/ H)

(see [54] or [24, Theorem 7.1] — note that the proof of (5.8) uses the fact that
|Vd| < 1, which is the case by (5.1)). By (5.8) and (5.4), we obtain

(5.9) (B,, Bay) < 2 /Qrw 71—2M log2 — © 71<11M
. CapE ryD2r) > | M82 - Og 2 )

which was claimed.

Given (5.7), we see that all hypotheses of Theorem 4.17 are satisfied, so that
(5.5) follows from (4.32). We need only to mention that (4.32) and (5.7) yield
the coefficient 110 in (5.5), while we prefer 100, for the obvious esthetic reason.
However, as one can see from the proof of Theorems 4.1 and 4.17, the constant
factor 10 in (4.32) can be replaced by any number > 8, for example, by 9, which is
enough to achieve the factor 100 in (5.5). I

5.2. Riemann surfaces. Denote by X, a closed orientable Riemann surface
of genus ~.

Theorem 5.4. Let g be a Riemannian metric on X. Let ji be the Riemannian
measure on the Riemannian manifold X = (X4, g), and € = &, be the Riemannian
energy form on X. Then, for any signed Radon measure o on X such that o is
non-atomic,

o5 (X)
(5.10) Neg (£ —0) > m,

where C > 0 and 0 < § < 1 are absolute constants.

Consequently, we obtain from (5.10) by Lemma 4.4 that for any non-atomic
Radon measure v on X such that 0 < v (X) < oo, and for any real A, we have

o5 (X) + 6Av (X)
(5.11) M(E=-o,v)>=2 ICESI

and, for any k =1,2,...,

Cy+1)(k—1) —052(X)
(5.12) M€ —o,v) < 52(%) g .

Remark 5.5. Already the case 0 = 0, v = p of (5.12) is highly non-trivial. In
this case (5.12) becomes

k—1
(5.13) Ao (A) £ C(y+1) —+=,
ey
where A is the Laplace-Beltrami operator of X (which is a generator of £) and
C' = C/é. Tt is not difficult to prove that if X is a connected compact n-dimensional

Riemannian manifold then

B 2/n
(5.14) M (—A) < Cx <%) .

However, the constant C'x in (5.14), as it is suggested by the notation, depends on
various geometric properties of X (cf. Theorem 5.9 below) whereas the constant
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C’ in (5.13) is universal, and only the genus 7 reflects the geometry (or rather the
topology) of X in (5.13). The estimate (5.13) for k = 2 was first proved by Hersch
[29] in the case v = 0 and by Yang and Yau [56] for any . For k > 2 it was
conjectured by Yau [57] and was eventually proved by Korevaar [37]. It was shown
by Colbois and Dodziuk [11] that in the case n > 2 one cannot have (5.14) with a
universal constant C instead of Cx.

ProoFr. The Riemannian metric g determines a conformal class of £.,. A well-
known consequence of the Riemann-Roch theorem says that the Riemann surface
Y, (with a fixed conformal class) admits a non-constant meromorphic function of
the topological degree at most D := v+ 1. Hence, there exists a conformal mapping
T : X — S? of the topological degree < D (see for example [56]).

Here we consider S? as a Riemannian manifold with the canonical Riemannian
metric. Let d’ be the geodesic distance on S?, 1/ the Riemannian measure on S?,
and &' = &, be the Riemannian energy form on S?. Since the conformal mapping
of two-dimensional Riemannian manifolds locally preserves the Riemannian energy
form and the mapping T has topological degree < D, we see that T has the energy
degree at most D, in the sense of Definition 2.11. Hence, by Lemma 2.12, we have

(5.15) Neg (€ — o) > Neg(DE' — ¢') = Neg (§' — D~ 'o'),

where o' () := o(T71(")).
Obviously, (S?,d’) admits (2, N)-covering property with an absolute constant
N, all balls on S? are precompact, and, for any ball B (x,r) on S?,
W (B (z,7)) < 7ri.

Applying Theorem 5.3 to the Riemannian metric space (S?, d’) and a signed measure
D~'o’ (clearly, ¢’, is non-atomic) we conclude

D7 10%(S?) 05 (X)
N gl _D—l " > ) —
gl )2 " 00n cD
where C' = 1007 and ¢ € (0,1) is an absolute constant. Combining with (5.15) we
obtain (5.10). I

The estimate (5.10) admits the following extension.

Corollary 5.6. Let g be a Riemannian metric on ¥ and let X be a Riemann-
ian manifold conformal to (£, \ P, g) where P is a finite subset of £.,. Let € be the
Riemannian energy form on X. Then, for any signed Radon measure o on X such
that o is non-atomic, we have

o5 (X)
(5.16) Neg (£ —0) > m,

where § and C are the same as in Theorem 5.4.

PrROOF. Consider the manifold X’ = (X,,¢) and let & be the Riemannian
energy form on X’ with the domain F’ = Lipy(X’). The conformal mapping
identifies X with X'\ P. Set F = Lipo (X) and observe that 7 C F' and € [f] =
E'[f] for any f € F, because the Riemannian metric of X and the metric g are
conformal.

Let ¢’ be the extension of the measure o to X’ by setting ¢’|p = 0. Then ¢’ is
a signed Radon measure on X’ such that ¢’, is non-atomic. Since |¢’| (P) = 0 and
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capg, (P,U) = 0 for any open set U C X’ containing P, Lemma 2.13 and Theorem
5.4 yield
X') o5 (X)
Neg (€ — o) = Neg (€' — o') > 20D __ :
WEN=NGE D2 ) T oq )

Example 5.7. Let X = (X,,9) and let K = K (z) be the Gauss curvature
of the metric g on X. Fix a real constant a and define a signed measure o on X

by do = —aKdu where p is the the Riemannian measure on X. The energy form
(€ —0,F) (where F = Lipg (X)) is closable in L? (X, i) and its generator
H=-A+aK

has a discrete spectrum that can be estimated by (5.12) as follows. Observe that,
by the Gauss-Bonnet formula,

(5.17) o(X)= —a/ Kdp = —27nxa,
X

where xy = 2 — 2. Hence, Theorem 5.4 yields the following estimates, for all
k=1,2,...
If aK (x) >0 for all z € X (and hence 0 <0 and 052 = o) then
C(y+1)(k—1)+2mxa
op (X)

If oK (z) <0 all 2 € X (and hence 0 > 0 and 052 = §20) then

C(y+1)(k—1)+ 28y

A (H) < .
Example 5.8. Let X = (X, \ P,g) where card P = «, and H be as above a
generator of the energy form (£ — o, F) in L? (X, ). In this case (5.17) still holds

but with the Euler characteristic x =2 — 2y — k. Let K () <0on X, and K # 0.

Then, for any a > 0, we have ¢ > 0, and Corollary 5.6 yields

do (X) 201 (k427 —2)
5.18 Neg(H) > =
(015) 2T oy

By hypotheses we have x < 0 and hence x + 2y > 3, which implies

A (H) <

1
(5.19) Ft2y =222 (+1).

Indeed, if (5.19) fails then 2x + 3y < 4, which is not compatible with x + 2y > 3.
Substituting (5.19) into (5.18) we obtain that

(5.20) Neg(H) > %Ta =ca,

where ¢ is an absolute positive constant.
5.3. Manifolds of higher dimension.

Theorem 5.9. Let (X, go) be a Riemannian manifold of dimension n > 2, p,
be its Riemannian measure, and d be a Riemannian pseudometric on X. Assume
that that the following properties are satisfied, for some positive constants M, N :

(a) space (X,d) satisfies (2, N)-covering property;
(b) all balls in (X,d) are precompact;
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(¢) for any r > 0 and for any d-ball B, of radius r on X,
(5.21) o (Br) < Mr™.

Let g be another metric on X, which is conformal to gg, v be the Riemannian
measure of g, and € = £, be the Riemannian energy form of g. If u(X) < oo then,
for any non-atomic Radon measure o on X,

o (X)"?

5.22 Neg(£E —o0) > |lc———F—
(5.22) 9(E€=0) 2 e s

P

where ¢ = c(n, N,M) > 0.
Remark 5.10. Applying (5.22) to Ao instead of o, we obtain, for any A > 0,

o (X)"?
(5.23) Na(€,0) = Neg (€ — Xo) > LCWW ].
1 (X)
Similarly to Lemma 2.8, one obtains from (5.23) that, for all k = 1,2, ...,
—2/n
/’L(X)l g 2/n
.24 <C—"Zr—
(5:24) N (€.0) < CHU

where C' = C (n, N, M).

Remark 5.11. Theorem 5.9 is to some extent a higher order generalization
of Theorem 5.3. Indeed, assuming that in Theorem 5.9 n = 2 and g = gp, and
that in Theorem 5.3 p is the Riemannian measure, we obtain the same statements.
However, in general Theorem 5.3 is not reduced to Theorem 5.9 because in the
former the measure p does not have to be Riemannian, and the measure o can be
signed.

Example 5.12. Let (X, go) be a compact connected n-manifold and d be the
geodesic distance on X. Then the hypotheses (a), (b), (¢) are automatically satis-
fied with the constants N, M depending on the metric go. The estimate (5.22) of
Neg (€, — o) depends on the measures p and o only via their total mass, provided
1 is the Riemannian measure of a metric g that is conformal to gg. The constant ¢
in (5.22) depends on the metric g only via its conformal class.

In the compact case the floor function in (5.22) can be dropped, that is the
following is true:

p ()2
Indeed, if o (X) > 0 then the function ¢ = 1 € Lipg (X) satisfies € [¢] < o [¢] so
that Neg (€ — o) > 1. Combining with (5.22) we obtain (5.25).

Note that in the case of a compact manifold and o = p, the estimate (5.24)
was first proved by Korevaar [37].

(5.25) Neg(E—0)>c

Example 5.13. Let X = R", gg be the standard Euclidean metric, and d be
the Euclidean distance. Then all the hypotheses (a), (b), (¢) are satisfied. Let a (z)
be a smooth positive function on R™, n > 2, and set g = agg so that du = a”/2du0.
Let measure o be defined by do = bdp, where b () is a continuous positive function
on R™. Then the following operator

L= %div (a”/2_1V>
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is a generator of the form &, in L? (X, o) (where V and div are related to go).
Hence, (5.24) yields

(f n an/Qdin)liz/n

M (L) <C
k() fRnbdﬂo

k2/n,

provided the both integrals are finite.

PrOOF OF THEOREM 5.9. Recall that for any capacitor (F,G) on (X, g), the
capacity associated with the energy form & is defined by

cap(F. G) = inf [ Vel du
T Jx

where 7 = 7 (F, G) is the class of test functions, and V is the gradient associated
with the metric g. Consider also the n-capacity defined by

cap™ (F.G) = int [ Vel d
X

Since n is the dimension of X, the n-capacity is preserved by a conformal change
of the metric, that is

cap™(F,G) = ir%f/ Voo™ dig.
b

In the metric go, the n-capacity of the capacitor (B,, Rg) (where 0 < r < R and
the balls B,., Br are concentric) admits the following estimate

1 1—n
(n) s N
cap™ (B, Rg) < C o (BY) ds ;
T 0 S

(see [14], [32]), whence by (5.21)
(5.26) cap™ (B,, By,) < CM

(here C' denotes any positive constant depending only on n, N, and the value of C
may be different at different occurrences).
By the Holder inequality, we obtain, for any ¢ € 7 (F,G),

2/n
/XIVg<p|2duS (/GIVgsOI"du> p(G) 2

whence it follows that
2/n
(5.27) cap(F, Q) < (cap<"> (F, G)) (G2

Similarly to the proof of Theorem 4.1, we can assume in the sequel that 0 <
0 (X) < oo. By Corollary 3.12, for any positive integer k, there exists a family
{Ai}?il of annuli in (X, d) such that

X
(5.28) o (A;) > cg(k ) foralli=1,2,... 2%,

and the annuli {2Ai}?il are disjoint. It follows from (5.26) that
cap™ (4;,24;) < CM
(cf. the proof of Theorem 4.7), whence (5.27) implies
cap(A;, 24;) < CM ™y (24,) ™.
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Since
2k
D o n(24i) < p(X),
i=1
there exists at least k sets 2A4; such that
n(24) < 10,

Without loss of generality, we can assume that this is the case for i = 1,2, ..., k,
whence it follows that

1-2/n
(5.29) cap(A;, 24;) < CM2/™ (%) fori=1,2,....k

Assume for a moment that the following inequality is true:

X) I=2/m s (X)
) M2/ & < 272\
(5.30) C ( - < 5
which implies by (5.29) and (5.28)

cap(A;,24;) < o (A;) fori=1,2,... k.

|~

Then choosing nearly optimal test functions for the capacitors (A;,2A4;), i
1,2, .., k, we obtain a k-dimensional subspace V C Lipg (X) such that & [¢] < o [¢]
for any ¢ € V'\ {0}, whence Neg (£ — o) > k.

Finally, noticing that the inequality (5.30) holds for any k such that

M (xyr=t

k

IN

we obtain (5.22). 1

5.4. Boundary surfaces. Let X be a Riemannian manifold. In this section,

we use the notation
Ak (X) = Ak (gwﬂ)

where p is the Riemannian measure on X and &, is the energy form given by (5.3)
with the domain F = Lipg (X).

Recall that a Riemannian M is called a Cartan-Hadamard manifold if M is
complete, non-compact, simply connected manifold of non-positive sectional curva-
ture. In particular, R™ and H™ are Cartan-Hadamard manifolds.

Theorem 5.14. Let Q be a bounded open set in a 3-dimensional Cartan-
Hadamard manifold M, and let the boundary T' of Q be smooth so that T' is a
compact oriented Riemannian 2-manifold. Let v be the genus of I'. Then, for all
positive integers k,m,

c >\m+1(F)
(5.31) k()32 > —— e (D) ———,
(y+1) m
where ¢ > 0 is an absolute constant.
In particular, for allk =1,2, ...,

c A (D)

.32 Q) > —.
(5.32) Ak()_7+1 L1/3




198 ALEXANDER GRIGOR’YAN, YURI NETRUSOV, AND SHING-TUNG YAU

PRrROOF. By a theorem of Hoffman and Spruck [31], a Cartan-Hadamard 3-
manifold admits the following isoperimetric inequality:

(5.33) V(Q) < CA(I)%/?,

where V stands for the volume in M, A is the area on I', and C' is an absolute
constant. It follows from (5.33) that Ay (£2) admits the lower bound

2/3
(5.34) Me(Q) > ¢ <%) :

(see for example [10], [41], [22]), where ¢ > 0 is an absolute constant.
On the other hand, by (5.13) we have the following upper bound for A1 (T):

k
. < —_—
(5.35) A1 () <C(v+1) AT’
with an absolute constant C. Combining (5.35) and (5.33) we obtain

Aa (D) _ (Cl+ D\ C¥2(+ 1)k
m A(T) - V(Q) ’
which together with (5.34) implies (5.31). Clearly, (5.31) implies (5.32) form = k. 1

Ae1(I)

5.5. Positive definite perturbations. The purpose of this section is to
present a partial result towards the conjecture that the constant § in Theorem
4.1 can be taken to be 1.

Theorem 5.15. Let X be a Riemannian manifold, d be a pseudometric on X,
i be a Radon measure on X, and €& = &,. Assume that the following conditions
hold, for some positive constants N,Q:

(i) (X,d) satisfies (2, N)-covering property;
(#9) measure p is d-non-atomic and 0 < p (X) < oo;
(#i%) for any d-ball B in X,
cape (B,2B) < Q.
Let o be a finite signed Radon measure on X such that the form (€ — o, F) is
positive definite (where F = Lipy (X)). Then, for any A > 0,
o (X)+eipn(X)
10Q ’
where 0 < & < 1 is a constant depending only on N. Also, for any k = 1,2, ...,
< 10Q(k—1) —o(X)
- ep(X) '

PROOF. By Lemma 4.18, if o (X) > 0 then Neg (€ — o) > 1 which contradicts
the hypothesis that £ — o is positive definite. Therefore, o (X) < 0. Assuming that
e 1o (X)+Au(X) > 0 (otherwise, (5.36) is trivial), we obtain o (X) + A (X) > 0,
whence by Lemma 4.18,

(5.38) Ny (€ —o,n) =Neg (€ — (o4 M) > 1.

We will show that there exist k functions f; € F with disjoint supports such

that

(5-39) (€ — o) [fil <Aulfi],

(5.36) Nx(€—o,p) =

(5.37) Ak (€= o, p)




EIGENVALUES OF ELLIPTIC OPERATORS AND GEOMETRIC APPLICATIONS 199

where
o (X)+eiu(X)
5.40 ki=|—"—FFT—"77=
(5.40) AR L),
This will imply
N)\ (5 -0, M) >k
which together with (5.38) yields
o (X) + e (X)
10Q ’

thus finishing the proof of (5.36). Clearly, the estimate (5.37) follows from (5.36)
by Lemma 2.8.

To prove the above claim observe that, by Corollary 4.9, there exist 2k disjoint
capacitors (F;, G;) on X such that

1(X)
() > c ok

Ny (€ —o,p) > max (1,k) >

and capg(F;, G;) < 4Q,

where ¢ € (0,1) depends only on N. Choose a test function 2f; € T (F;, G;) such
that £ [2f;] < 5Q. Recall that 2f; € T (F;, G;) implies

fGC()(Gi), f

Hence, we have, for € := ¢/8,

1 1
v:—70< i<_'
m=g 0 i<y

(5.41) ulfi] > g’"‘(]f) and £[f] < 20,
which, in particular, implies
2k 5
(5.42) ; E[fi] < SQk.
Let us prove that
2k 2%k
(5.43) o (X) =D olfil <D Elfi.

Assume for the moment that (5.43) has been proved. Then (5.42) and (5.43) imply

+Z o) Ifil < Qk+§js £ < 5Qk

and, hence,
2k
> (E-0)[fil <5Qk — o (X).
i=1
Since (€ — o) [fi] > 0, there exists at least k& functions f; such that
5Qk — o (X
(5.44) (€~ o) 5] < L=

By (5.40) we have
5Qk < o (X) + e\t (X),
whence by (5.41)
5Qk — o (X)

A < Aulfi].
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Together with (5.44), this yields (5.39).
We are left to prove (5.43). Define a function & > 0 on X by the identity

(5.45) > =1

Since the supports of f; are disjoint and 0 < f; < 1/2, we obtain h > 1/2. Inte-
grating (5.45) against o, we obtain

(5.46) o (X) - olfil =olnl.

K3

Since the form £ — o is positive definite and h > 1/2, we obtain
(5.47) o[h] < E[R) <2inf|h|E[R] < E [K?].
Next, it follows from (5.45) that

V() =2V (1)

whence
(5.48) e =) €lffl.
Using

EfY < 2sup|fil E[f:] < Efi]
we obtain

(5:49) D_E <D €L
Combining (5.46), (5.47), (5.48), and (5.49) we obtain (5.43). 1

6. Eigenvalues of the Jacobi operator

Throughout this section, except for Subsection 6.3, X will be an oriented two-
dimensional manifold immersed into a three dimensional Riemannian manifold M.
For simplicity of notation, we will not distinguish between the points of X and their
images in M (although some points in X may merge in M). We assume that X
is endowed with the induced Riemannian metric, and denote by p the Riemannian
measure on X. Let K be the Gauss curvature of X, Ry, be the scalar curvature of
M, and Ricp; be the Ricci curvature of M. Let n be an orthonormal vector field
on X in M.

Let A be the operator of the second fundamental form of X, that is, at any
point x € X, A= A(z) is a linear operator in T, X acting by A{ = —V¢n. Denote
| A||? := trace(AA*), set

(6.1) ¢ = Ricar(n,n) + || A%,

and consider the energy form

Alf] = /X (V4 ~ af?) du

with the domain F = Lipg (X). In other words, A = £ — o where £ is the Rie-
mannian energy form on X and o is a signed measure defined by do = qdu.

It is known that the energy form.A determines the second variation of the
area functional under the normal deformation of X (see for example [12], [39,
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Section 6], [47]), while the first variation is determined by the mean curvature. We
will be concerned with estimates of the counting function of the energy form A,
in particular, Neg (A). If in addition X is a minimal surface (that is, the mean
curvature of X vanishes everywhere) then the number Neg (A) is called the stability
index of X and is denoted by ind(X). The minimal surface X is called stable if
ind (X) =0.

A generator of the form (A, F) in L? (X, p) is the following operator

L:=—-A—q=—A—(Ricy(n,n) + ||A]]?),
which is called the stability operator or the Jacobi operator.
6.1. Riemann surfaces. Let X and M be as above.

Theorem 6.1. Assume that Ricpyy > 0 and let X be conformally equivalent to
>~ \ P, g), where g is a Riemannian metric on 3., and P is a finite subset of 3.
¥ ¥ ¥

Then
s (f o f )
X

where cq is an absolute posztwe constant.
If, in addition, u(X) < oo then, for any k=1,2, ...

(6.2) Neg(A)

(6.3) A (A, ) < C(l(“ / Ravdp,

where C and ¢ are absolute positive constants.

Remark 6.2. Recall that by the Gauss-Bonnet formula

(6.4) / Kdu = 2wy,
X
where x is the Euler characteristic of X. In the present setting we have
X=2—-27—k,
where k := card P.
Remark 6.3. In the case when X is compact we have by Theorem 5.4 that

Clyv+1)k
Ak () < W

The additional non-negative term [, Rasdp in (6.3) reflects the distinction between
the Jacobi operator and the Laplace operator.

PrOOF. We use the following identity on X:

A2 |HP?
Ry — Ricy (n,n) = K + I 2” %,
where H is the mean curvature vector of X. It implies
A2 |HP?
(6.5) q¢ = Ricy (n,n) + |A|? =R —l—%—i—% > Ry — K,
whence

(6.6) U(X)z/ qdﬂZ/ RMdu—/ Kd,u:/ Ryrdp — 27x.
b's X b's p's
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By Ricpyr > 0 and (6.1) we have ¢ > 0 and hence o0 > 0. In particular, o5 = do,

and by Corollary 5.6 we conclude

oo (X)
N =N — > —
9(4) = Neg (€ ~0) 2 gy,

whence (6.2) follows with ¢y = ¢/C.
The second claim follows from (5.12) and (6.6) using also x < 2 — 2~:
Cly+1) (k—1) — 6% (X)
op(X)
C(y+ 1)k — 6 [ Rudp — [C (v + 1) + 627 (27 — 2)]
X)

Me(A ) <

op(
Chy+Dk &
S5 AM A® /X Facdp

provided C' > 4762, which can be assumed to be true. Renaming the constants we
obtain (6.3). 1

Remark 6.4. The hypothesis Ricys > 0 is only needed to conclude that ¢ > 0.
One can also obtain ¢ > 0 using different assumptions. For example, it is true
provided Ry; > 0 and K < 0, as one can see from (6.5).

Theorem 6.1 may have many applications. For example, (6.2) and (6.4) imply
the following statement.

Corollary 6.5. Under the hypotheses of Theorem 6.1, if in addition Ry, :=
infx Ry > 0 and X is immersed in M as a minimal surface then

LX) < Co (y+1)ind (X) + 2mx

Rmin
where Cy is an absolute positive constant.

6.2. Minimal surfaces in R? with finite total curvature. In this section,
we assume by default that X is an oriented immersed minimal surface in R3. Then
we have ||A||> = —2K and, hence, the second variation form A is given by A = E—o
where o is defined by

do = —2Kdy.

In particular, we have o > 0 and

where
Kiotal (X) := /X |K | dp.
The first result related ind (X)) to the total curvature is due to Barbosa and do
Carmo [1] who proved that
Kiotar (X) <2m = ind(X)=0.

A number of authors [5], [18], [49] independently proved the following extension of
Bernstein’s theorem: the only complete stable minimal surface is a plane. In other
words, if X is complete then

Ktotal (X) =0 <~ ind (X) =0.
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Fischer-Colbrie [17] proved that if X is complete then
Kiotal (X) <00 <= ind(X) < cc.

These results suggests that there may exist inequalities relating ind(X) and Kyotar (X).
Indeed, it was proved by Tysk [55] that if X is compete then

(6.7) ind(X) < coKyotar (X)

where ¢o &~ 0.6133. Two of the authors proved in [28] that (6.7) holds for any (not
necessarily complete) minimal surface X, although with a very large constant cg.

For a complete X the estimate (6.7) was improved by Micallef [44]: if X is
complete and not a plane then

1
md(X) < ;Ktotal (X) +2v -3,

where ~ is the genus of X. If in addition Ky, < 0o and all branching values of
the extended Gauss map of X lie on an equator of S?, then by a theorem of Montiel
and Ros [45],

. 1
ind (X) = %Ktotal (X) —1.

It was conjectured in [7] and [30] that if X is complete and non-planar then
. 1
ind (X) S 2_Ktotal (X) —1.
™

The known examples of complete oriented minimal surfaces suggest that ind (X)
may admit also a lower bound via Kyt (X) . We prove here some weak versions of
this conjecture. Before we do so, let us briefly recall some results about the struc-
ture of minimal surfaces in R3. We refer a reader to the surveys by Hoffman and
Karcher [30] and by Meeks and Perez [43] for more details.

Let X be a complete minimal surface. Since we are interested in lower estimates
of ind (X), we can assume that ind (X) < oo and hence Kiptq; (X) < 0o0. Then, by
a theorem of Huber [33] (see also [48]) X is conformally equivalent to X, \ P where
P = {p1,...,px} is a finite subset of X,. Moreover, a punctured neighborhood in
Y, of each point p; corresponds to an end Ej; of X.

Let n (x) be a normal unit vector field on X in R®. When a point z € E;
escapes to co along FE; then n (z) has a limit, say n;. Denote by C; the large circle
on the unit sphere S? such that the plane through C; has the normal n;.

For any r > 0, consider the set

1
C(r):=8?n ;X,

where %X is the scaling transformation of X in R3. By a theorem of Jorge and
Meeks [35], for large enough r, the set C (r) consists of k immersed closed curves
on S%, say Cy (r), ..., Ck () (assuming that the ordering of 7% matches that of E;),
and when r — oo, the curve C; (r) converges in C*-sense to the circle C;, with a
multiplicity m;, where m; is a positive integer (see Fig. 11).

In particular, the length of the circle C; is 2mm;. We say that the end E; has
multiplicity m;. It is known that m; = 1 if and only if the end FE; is embedded.

Theorem 6.6. Let X be a complete oriented minimal surface immersed in R3.
If ind (X) < oo then

(68) md(X) Z Ktotal (X) 5

Cc
m



204 ALEXANDER GRIGOR’YAN, YURI NETRUSOV, AND SHING-TUNG YAU

FIGURE 11. Circle C; with multiplicity 2 and circle C; with mul-
tiplicity 1.

where m = my + ... + my, is the total multiplicity of the ends of X, and c is an

absolute positive constant.
If in addition the ends of X are embedded then

. c
(69) lnd(X) 2 EKtOtal (X),
where k is the number of ends of X.

PROOF. Let dy be the geodesic distance on X with respect to the induced
metric. Denote by d the extrinsic distance on X, that is the restriction to X of
the Euclidean distance in R3. Then (X,d) is a Riemannian pseudometric space
(see Section 5). Let u be the Riemannian measure on X and £ be the Riemannian
energy form on X. Let us show that the hypotheses (a)-(¢) of Theorem 5.3 are
satisfied.

Let B (x,r) be a d-ball on X, that is B (x,r) is the intersection of the Eu-
clidean ball B (z,7) in R3 with X. The ball B (z,r) can be covered by at most N
euclidean balls in R? of radii 7/4, where N is an absolute constant. Select out of
them those balls that have non-empty intersection with X, and let their centers be
Y1, Y2, -, Yk, where k < N. Let z; be a point in the intersection of B (y;,r/4) with
X. Then B (xz;,r/2) covers B (y;,7/4) whence it follows that all balls B (z;,7/2)
cover B (z,r). Hence, (X, d) satisfies (2, N)-covering property, that is the hypoth-
esis (a) holds.

Since X is complete and Korq; (X) < 00, the immersion of X into R3 is proper,
that is the intersection of any compact set in R? with X is compact in the topol-
ogy of X (see [43, Section 2.3]). This immediately implies that d-balls in X are
precompact, that is the hypothesis (b).
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Let us prove that, for any d-ball B (z,r) in X,
(6.10) p(B(z,r)) < wmr?,
which will settle the hypothesis (c). It is a consequence of the minimality of X that
the function
p(B(z,r))

r2
is increasing (see [53, p.84]). Therefore, it suffices to prove (6.10) asymptotically,
that is

Vi

(6.11) w(B (7)) ~ mmr?  asr — oo,

for any fixed x € X. Without loss of generality, we will prove this for x = o, where
o is the origin of R3.

Set S (r) = dB (o,1), p(x) = |z| (where z € R3) and observe that by the coarea
formula,

R
(6.12) M(B(O,R))z/o <[S( )|Vp|_1dl> dr,

where V is the Riemannian gradient on X and dl is the length element on S (r).

Let V be the Euclidean gradient in R3. Then Vp (z) is the projection of Vp (z)
onto T, X (see Fig. (12)) and since n (x) is a normal to T,, X, we obtain

Vo> = Vo> = (Vp-n)2 =1— (= -n).

X

FI1GURE 12. Gradients Vp and ﬁp

If  — oo along the end E;, then z/p € C; (p) and hence x/p tends on S? to
the circle C; whereas n (z) tends to n;. Since n; is orthogonal to C;, we obtain

x
Lin—0

p
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and hence |Vp| — 1. For large enough r, S (r) is the union of the curves rC; (r).
Therefore, we obtain that, for r — oo,

/S( ) [Vp| ™t dl ~1(S (1)) = Zz(rci (r)) ~ Zl(Ci)r = 21,
whence by (6.12)
R
w(B(o,R)) ~ /0 2rmr dr = TmR2.

This finishes the proof of (6.11) and hence (6.10).

Finally, we claim that measure ¢ on X (given by do = —2K du) is d-non-
atomic. Let I be the immersion in question of the manifold X into R3. It follows
from the definition of the extrinsic distance d that, for any x € X,

{ye X :d(z,y) =0y =1"(x).

By the definition of an immersion, for any point y € X there is an open neigh-
bourhood U of y in X such that I|y is an injection. Therefore, I~! (x) consists of
isolated points and hence o(I~! (z)) = 0, that is o is d-non-atomic.

Applying Theorem 5.3 we obtain

oo (X) ¢

1 = — > = —
ind(X) = Neg (£ —0) > 1007 mKtotal (X),

where ¢ = 5g7r is an absolute positive constant. In the case when the ends of X are

embedded, we have m = k, whence (6.9) follows. I

Note that by Corollary 5.6 we have also in the above setting that

. B ., o5 (X) ¢
(6.13) lnd(X)—Neg(g )ZC(’Y+1)_7+]—

Ktotal (X) )

where ¢/ = 20/C. However, in most applications (6.9) gives a better lower bound
for ind (X) than (6.13).

Theorem 6.7. Let X be a connected complete oriented minimal surface em-
bedded in R3. If ind (X) < co then

(6.14) ind(X) >k —1,
where k is the number of ends of X.

This theorem will be proved Section 6.4 after introducing the necessary tech-
niques.

Corollary 6.8. For any connected complete oriented minimal surface X em-
bedded in R3, we have

(6.15) ind(X) > ¢/ /Krotat (X)

and

(6.16) ind (X) > ¢’/ genus (X),

where ', ¢’ are absolute positive constants.
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PrOOF. If ind (X) = oo then there is nothing to prove, so assume ind (X) < oo
and hence Kypiq (X) < 00. Let k be the number of ends of X. If k = 1 then (6.15)
follows from (6.9) and the fact that ind (X) is an integer. If k£ > 2 then (6.9) and
(6.14) imply

. 1 /¢ k
ind (X) > 5 (thotal + > > C/ V Ktotal

2

[\

where ¢ = £1/c/2.

To prove (6.16) observe that, by a theorem of Osserman (see also [35]), we have
Kiotar (X) = 47 (y + k — 1) = 477,
where v = genus (X). Hence, (6.16) follows from (6.15) with ¢/ = ¢/v/4r. I
Let us mention for comparison the following result of Jorge and Meeks [35]:

there exists a function F : [0, 4+00) — [0, +00) such that if M is a properly embed-
ded minimal surface in R3then

ind (X) < F (genus (X)) .

Here no assumption is made about finiteness of the total curvature.

6.3. Counting functions of subsets. In this section, we assume that X is
a Riemannian manifold, d is a Riemannian pseudometric on X, and p is a Radon
measure on X having a continuous positive density with respect to the Riemannian
measure. Let £ = &, be the associated energy form with the domain F = Lipg (X).
As was already mentioned, the form (&, F) is closable in L? (X, 11), and its generator
is —A,.

Let o be another Radon measure on X defined by

do = qdu,

where ¢ is a positive continuous function on X. The operator _éAu is a generator
of the form (€, F) in L? (X, o) . For any open set Q C X, consider the form £ with
the domain F (Q) := F N Cy () = Lipg (). The form (£, F (R2)) is closable in
L2 (9, 0). Let Hq be its self-adjoint generator, and F () be the domain of the
closure. Set

N(Q) =sup{dimV:V < F(Q) and E[f] <olf] VfeV\{0}}
and
N*(Q) = sup{dimv LV <F(Q) and E[f]<o[f] Vfe v} .
By Lemma 2.7, we have
N(Q) =dimIm1_ o1 (Ha),
and
N*(Q) = dimTm 1oy (Ha)

Lemma 6.9. Let (X, p) be a connected weighted manifold, and let Qg, 1, ..., Qp
be non-empty disjoint open sets in X. Then

(6.17) N(X) > N () +§n:N* ().

i=1
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PRrROOF. The proof follows an argument of Montiel and Ros [45]. Set V =
Im 1(_ o 1) (H) where H is the self-adjoint generator of the form (£, F) in L? (X, 0).
Let also V; be finite dimensional linear spaces such that

Vo CIm1(_ 1) (Ha,)
and
ViClml_ 1y (He,) fori=1,2,..,n.

Since Q; are disjoint sets, the spaces V; are all mutually orthogonal in L? (X, o).
To prove (6.17), it suffices to show that

dimV > dimV, + Zdimvi =:m.

i=1

Assume from the contrary that dim )V < m. Then there exists a non-zero function
v € @,V such that v is orthogonal to V in L? (X, o). Therefore,

v = / dE; (v),
[1,400)

where {E;}, 5 is the spectral resolution of the operator H. Similarly to (2.26) we
have

(6.18) U[U]Z/ d|Ew|? and E[v]z/ | By
[1,400) [1,400)

whence
Ev] > ov].

On the other hand, for any f € V; we have £[f] < o[f]. Since v is a linear
combination of functions from V; C F (€2;) and the sets §2; are disjoint, we obtain
Ev] <oalv].

Hence, & [v] = o [v] which is only possible if the measure d||E;v||? does not charge

(1, +00), that is

v= dFE; (v),
{1}
so that v is an eigenfunction of H with the eigenvalue 1. In particular, v satisfies
on X the elliptic equation

(6.19) Ayv+qu=0.
On the other hand, since for any f € Vy \ {0} we have
Elfl <alfl,

the projection of v onto Vy must vanish (otherwise, we would get € [v] < o [v]).
This means that v € @), V; and hence v = 0 in Q. Since X is connected, the
well-known property of solutions to the elliptic equations yields that v = 0 in X,
which contradicts the construction of v. B

Definition 6.10. A weighted manifold (X, u) is called parabolic if capg (K, X) =
0 for any compact set K C X.
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Lemma 6.11. A weighted manifold (X, p) is parabolic provided anyone of the
following conditions is satisfied:
(a) There exists a constant @ such that for any ball B in X,

(6.20) capg(B,2B) < Q.

(b) All balls of pseudometric d are precompact and there exists a constant C
such that, for any ball B (x,r),
(6.21) w (B (x,7)) < Or?.

PROOF. Assume that (a) holds. Any compact set in X is bounded and hence
is covered by a ball. Therefore, it suffices to show that capg(B,X) = 0 for any
ball B. It was shown in the proof of Lemma 4.18 that for balls B,, = B (x,2") the
following inequality holds:

Q

B, By) < ,
cape (B Bu) < %

where m > n are positive integers (see (4.37). Letting m — oo we obtain capg (B, X) =
0, which settles the claim.

The fact that (b) implies the parabolicity of X was essentially proved in [6] (see
also [21], [24], [54]). Alternatively, one can use that (b) = (a), which was shown
in the proof of Theorem 5.3 (cf. inequality (5.9)). I

Definition 6.12. A non-empty open set 2 C X is called g-massive if there
exists a function u € C? (©2) N C () such that

(6.22) 0<u<l, (A,+q@u>0inQ, ulpn=0, u#0.

Lemma 6.13. Let the weighted manifold (X, u) be geodesically complete and
parabolic. If Q C X is a g-massive open set and o (2) < oo then N* (Q) > 1.

PROOF. We shall prove that v € F () and & [u] < o [u], which will imply
N*(Q) > 1. Fix a smooth non-negative function 1 : R — R such that 0 <7’ <1
and 71](_s,c] = 0, for some € > 0 (see Fig. 13).

n(s)

FIGURE 13. A function 7 (s)

Set v = 1 (u) and observe that the function v vanishes in a neighborhood of
0. For any non-negative function ¢ € C§° (X), multiplying the inequality

Ayu+qu>0
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by vp? and integrating by parts in €2, we obtain

(6.23) / Vu - Vv?du + 2/ Vu - Vovpdu < / quuidp.
Q Q Q

Let us allow the parameter € in the definition of function 7 to vary and to tend to 0
so that we have a functional family {n_}_ ., and respectively the family v. = 7, (u).
The function v.p is clearly in the class F (£2) = Lipo (), for any € > 0. Choose
the family {n_} so that

n.(s) —1 ase—0, forall s >0.

In particular, 7, (s) < s and n, (s) — s as ¢ — 0. This implies, by the dominated
convergence theorem, that the following convergences take place, both in L2 (€2, i)
and L? (Q,0):

vep = up,  PVve = oVu,  V(vep) = V (up).

In particular, it follows that up € F (). Setting v = v, in (6.23) and letting ¢ — 0
we obtain

/|Vu|2302du+2/Vu-V@u@dMS/qUQQOQdM-
Q Q Q

Adding [, u? |Vgp|2 dp to the both sides, we obtain in the left hand side a complete
square, that is

/IV(W)I2du§/quZdequ/uZIVsolzdw
Q Q Q

Finally, using |u| < 1, we obtain

(6.24) el < ol + | [Vl d
Next, let us construct by induction a sequence of functions {¢,,} C F such that

(625) 0 S Pn S 17 Pn S @n—i—la Pn 7_é Oa and &£ [Spn] < 1/”

Indeed, fix a point z € X and set B, = B(z,r). Since capg(Bi,X) = 0,
we can choose a test function ¢, € 7 (B1,X) so that £[p;] < 1. Assuming
that ¢,, is already constructed, find such a large number r that suppe, C B,.
Since capg(B,, X) = 0, we can choose a test function ¢, ; € T (B,,X) so that
& [pns1] <1/(n+1). Finally, the monotonicity condition ¢, < ¢, is satisfied
because ,, < 1 while ¢, ,; =1 on supp ¢,,.

Setting u, = uep,, and using (6.24), (6.25), we obtain

(6.26) € [un] < o [un] + %

By construction, the sequence {u,} is monotone increasing and converges to u
pointwise. By the dominated convergence theorem, we obtain that u, — u in
L?(9,0). Let us prove that also & [u,, — u] — 0. Indeed, by the construction of the
functions ¢,,, we have

Vu, = ¢, Vu+uVy, — Vu pointwise as n — oo.
By Fatou’s lemma and (6.26), we obtain
(6.27) € u] < liminf € [uy] < liminf o [u,) =0 [u] <o (9Q).

n— o0 n— oo -
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On the other hand, we have

elu—w) = [IV(1= )0l
(6.25) < 2 Ve futdu2 [ (1= )Vl d
Q Q
(6.29) < 2+2/(1—s0n)2IWI2d/~L-
n Q

Since the sequence {1 — ¢, } >, is bounded and goes to 0 pointwise, while by (6.27)
the measure |Vu|2 dp is finite, we obtain by the dominated convergence theorem

that & [u — u,] — 0. Since u,, € F (), we conclude that also u € F (Q). By (6.27)
we have & [u] < o [u], which finishes the proof. I

Corollary 6.14. Let the weighted manifold (X, ) be geodesically complete,
connected, and parabolic, and let o (X) < oo. Assume that, for some positive
integer n, there exist disjoint non-empty open sets Qg, 21, ...,y in X such that ;
are g-massive for all i =1,2,....n. Then

Neg (£ —0o) > n.
ProOOF. Indeed, by Lemma 6.13, we have, for any i = 1,2,...,n
N*(Q;) > 1,
and, by Lemma 6.9,

Neg(E—o0)=Ni(€,0) = >ZN*

6.4. Lower bound of the stability index via the number of ends. Here
we prove Theorem 6.7. We assume throughout that X is a connected complete
oriented minimal surface embedded into R®such that ind (X) < oo and hence
Kiotar (X) < o0o. As before, let p be the Riemannian measure on X and £ be

the Riemannian energy form on X. Set ¢ := —2K > 0 and define a measure ¢ on
X by do = gdu. We need to prove (6.14), that is
(6.30) Neg(E—0)>k—1,

where k is the number of ends of X.
Let d be the extrinsic distance on X. It was shown in the proof of Theorem
6.6 that, for any d-ball B (z,r) on X,

w (B (z,7)) < constr?.

Therefore, by Lemma 6.11, X is parabolic. Hence, all the hypotheses of the first
sentence of Corollary 6.14 are satisfied. Therefore, (6.30) will be proved if we

construct k£ disjoint non-empty open sets €y,...,; on X such that each €; is

g-massive’.

"For application of Corollary 6.14, it suffices to show that k — 1 sets out of the family {Qi}le
are g-massive. In our construction all k£ sets €2; happen to be g-massive. However, this does not
imply ind (X) > k because the closures Q; may cover all X so that there may be no place for one
more non-empty open set as it is required by Corollary 6.14.
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Fix a normal unit vector field n () on X, a unit vector v € R3, and consider
the following function on X

(6.31) u(x):=n(x)- v,
which is known to satisfy on X the Jacobi equation
Au+ qu = 0.

Consider the open set
Q:={zeX:u(x)#0},

and let € be a connected component of Q. Then either u or —u satisfies (6.22) in
Q' so that Q' is g-massive. Hence, it suffices to show that, for an appropriate choice
of the vector v, the set {2 has at least k connected components.

For that we will use the additional information about the structure of the ends
of X, which comes from the fact that X is embedded. By a result of Schoen [52],
after a rigid rotation of X in R?, each end E of X can be represented (far enough
from the origin) as the graph in R? of the following function

/ /!
3 :a—‘—blogr_‘_w_’_o(r_Q)’
T

where r = /2?2 + 22 and a,b,c,¢” are real constants. If b = 0 then the end E is
asymptotic to the horizontal plane x3 = a, whereas in the case b # 0 the end F is

asymptotic to the catenoid
T3 —a
r=2cosh< 3b )

In the former case, we refer to E as a planar end, and in the latter case - as a
catenoidal end (see Fig. 14).

R

FIGURE 14. A catenoidal end.

All ends of X are naturally ordered by the way they intersect a remote vertical
line . Namely, let h (E) be the x3-coordinate of the point where E meets [ (see
Fig. 15).

Definition 6.15. We say that the end F is below the end E’ if h (E) < h (E').
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F1GURE 15. Ordering the ends of an embedded minimal surface
according to their intersections with a vertical line [.

Clearly, this definition does not depend on the choice of [ provided the distance
from [ to the origin o is large enough (for a more general result on ordering of the
ends of embedded minimal surfaces see [19]). We say that the ends E and E’ are
neighbors if there is no end E” between E and E’ in the sense of the order “below”.

For any end F, the normal vector field n (z) has the limit as x goes to oo along
E, so let n (E) denote this limit. Clearly, n (E) is vertical, that is n (E) = (0,0, 1)
orn(E)=(0,0,-1).

Lemma 6.16. If E and E’ are two ends of X, which are neighbors, then
n(E)=-n(E").

PROOF. Let x and y be the points of intersection of respectively E and E’ with
a remote vertical line [. Choose [ far enough so that n (x) and n (y) are “nearly”
vertical and that the segment [z, y] of I does not intersect X except for the points
x,y. Since X is connected, there is a path 7 : [0,1] — X connecting x and y on X.
Fix € > 0 and consider the deformed path in R3

Ve (t) =7 (t) +en(y (), tel0,1].
The path 7, connects in R? the points . and y. where
ze=x+en(x) and y.=y+en(y).

If € is small enough then 7, (t) does not intersect X (see Fig. 16). Therefore, any
other path from z. to y. must have even number of intersections with X.
Contrary to what we need to prove, assume that

(6.32) n(E)=n(E").
Then there is a path from x. to y. that crosses X exactly once, at the point y:
this path is obtained by slightly modifying the path [z.,z] # [z,y] # [, ye] near

the point x so that it does not meet X in a neighborhood of x. This contradiction
finishes the proof. I
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E
1. € n(E')
n(y)

/

| 0@
e n(E)
E

FIGURE 16. Paths v and ~,.

Choose the vector v in (6.31) as follows: v = (0,0,1). If x — co along an end
E then u (z) — n(E)-v = =£1. Let us say that an end E is positive if u (x) — 1 on
E and E is negative of u (z) — —1 on E. It follows from Lemma 6.16 that positive
and negative ends alternate relative to the order “below”. Let E1, Fs, ..., E} be all
ends of X and let ; be the connected component of the set = {u # 0} containing
a neighborhood of co in E;. Clearly, if the end E; is positive then v > 0 in );,
and if F; is negative then v < 0 in ;. This implies that the components 2; and
25, which correspond to neighboring ends E; and Ej, are disjoint. Therefore, all
components ;, i = 1,2, ..., k, are disjoint, which finishes the proof of Theorem 6.7.

Remark 6.17. The main point of the above proof was to show that the function
u = n(z) - v has at least k components of constant sign. Having proved that, we
could have used instead of Corollary 6.14 a result of Choe [7] about a vision number,
which says that if this particular function u has k components of constant sign then
ind (X) > k — 1. We have preferred a more general approach based on g-massive
sets, because this approach does not need a function u to be defined on the entire
manifold X. This approach might work for immersed minimal surfaces where one
can expect to be able to construct a function u satisfying (6.22) separately for each
end.
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