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SPECTRAL STABILITY OF METRIC-MEASURE LAPLACIANS

DMITRI BURAGO, SERGEI IVANOV, AND YAROSLAV KURYLEV

ABSTRACT. We consider a “convolution mm-Laplacian” operator on metric-
measure spaces and study its spectral properties. The definition is based on
averaging over small metric balls. For sufficiently nice metric-measure spaces
we prove stability of convolution Laplacian’s spectrum with respect to metric-
measure perturbations and obtain Weyl-type estimates on the number of eigen-
values.

1. INTRODUCTION

This paper is motivated by [2] where we approximate a compact Riemannian
manifold by a weighted graph and show that the spectra of the Beltrami-Laplace
operator on the manifold and the graph Laplace operator are close to each other.
The key constructions of [2] can be regarded as a definition of an operator which
approximates the Beltrami—Laplace operator. The definition is based on averaging
over small balls. The construction makes sense for general metric-measure spaces,
which in particular include Riemannian manifolds and weighted graphs.

In this paper we show that an analogue of some results from [2] holds for a large
class of metric-measure spaces. Namely we introduce a “convolution Laplacian”
operator with a parameter p > 0 (a radius) and prove that its spectrum enjoys
stability under metric-measure approximations.

Recall that a metric-measure space is a triple (X, d, u) where (X, d) is a metric
space and p is a Borel measure on X. All metric spaces in this paper are compact
and all measures are finite. We denote by B,.(z) the metric ball of radius r centered
at a point z € X.

Our main object of study is defined as follows.

Definition 1.1. Let X = (X,d, 1) be a metric-measure space and p > 0. The
p-Laplacian A% : L*(X) — L?(X) is defined by

1
/B - (u(z) —u(y)) du(y)

for u € L*(X).

If X is a Riemannian n-manifold, then A% converges as p — 0 (e.g. on smooth

functions) to the Beltrami-Laplace operator multiplied by the constant 2(;—i2) For

general metric-measure spaces, it is not clear what should replace the normalizing

constant m so it does not appear in our definition. It is plausible that A% has
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a meaningful limit as p — 0 for a large class of metric-measure spaces X. We hope
to address this question elsewhere. In this paper we consider the operator A%, for a
fixed “small” value of p. Our goal is to study the spectrum of A% and its stability
properties.

Another interesting case is when X is a discrete space. In this case all needed
geometric data amounts to weights of points and the information of which pairs of
points are within distance p. This structure is just a weighted graph (without any
lengths assigned to edges) and the p-Laplacian defined by (1.1) is just the classic
weighted graph Laplacian. Spectral theory of graph Laplacians is a well developed
subject, see e.g. [3, 17]. In the case when X is a Riemannian manifold, the spectral
properties of p-Laplacians are studied in [8] in connection with random walks on
the manifold. In this paper we study the topic from a different viewpoint. Namely
we are interested in spectral stability under metric-measure perturbations.

As shown in Section 2, A% is a non-negative self-adjoint operator with respect
to a certain scalar product on L?(X). Hence the spectrum of A% is a subset of
[0, +00). Moreover spec(A%) C [0,2p72]. The spectrum of a bounded self-adjoint
operator divides into the discrete and essential spectrum. The discrete spectrum
is the set of isolated eigenvalues of finite multiplicity and the essential spectrum is
everything else. It turns out that the essential spectrum of A%, if nonempty, is the
single point {p~2}. In our set-up we are concerned only with parts of the spectrum
that are substantially below this value.

The following Theorem 1.2 is a non-technical implications of our main results. It
asserts that under suitable conditions lower parts of p-Laplacian spectra converge
as the metric-measure spaces in question converge. Denote by A, (X, p) the k-th
smallest eigenvalue of A% (counting multiplicities).

Theorem 1.2. Let a sequence {X,} of metric-measure spaces converge to X =
(X,d,p) in the sense of Fukaya [6]. Assume that d is a length metric and X
satisfies a version of the Bishop—Gromov inequality: there is A > 0 such that

w(Bry () _ ('
(1-2) W(Bry(2)) = ()

forallz € X andry > 1o > 0. Then
Me(X,p) = Tim Ag (X, p)
for all p >0 and all k such that \i.(X, p) < p~2.

Theorem 1.2 follows from more general but more technical Theorem 5.4 which
works for larger classes of spaces and provides estimates on the rate of convergence.

Now we discuss hypotheses of Theorem 1.2. We emphasize that “niceness” con-
ditions in Theorem 1.2 are imposed only on the limit space X. The spaces X,, need
not satisfy them. In particular, X,, can be discrete approximations of X. Thus,
for every “nice” space X, the spectrum of A% can be approximated by spectra of
graph Laplacians.

By definition, a metric is a length metric if every pair of points can be connected
by a geodesic segment realizing the distance between the points. This condition
can be relaxed to an assumption about intersection of balls, see the BIV condition
in Definition 5.2.

The classic Bishop—Gromov inequality deals with volumes of balls in Riemann-
ian manifolds with Ricci curvature bounded from below. It implies (1.2) with A
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depending on the dimension of the manifold, its diameter, and the lower bound for
Ricci curvature. (In the case of non-negative Ricci curvature A is just equal to the
dimension.) The Bishop—Gromov inequality holds for spaces with generalized Ricci
curvature bounds in the sense of Lott—Sturm—Villani [14, 16, 9]. Other classes of
spaces satisfying (1.2) include Finsler manifolds, dimensionally homogeneous poly-
hedral spaces, Carnot groups, etc.

The Fukaya convergence combines the Gromov-Hausdorff convergence of metric
spaces and weak convergence of measures. See Definition 4.4 for details. Beware
of the fact that, unlike most definitions used in this paper, the Fukaya convergence
is sensitive to open sets of zero measure. See the example in Section 3.4 for an
illustration of this subtle issue.

Actually in this paper we use another notion of metric-measure approximation
which is more suitable to the problem. It allows us to obtain nice estimates on the
difference of eigenvalues of p-Laplacians of close metric-measure spaces.

Structure of the paper. In Section 2 we introduce some notation and collect
basic facts about p-Laplacians. In Section 3 we discuss some examples.

In Section 4 we introduce a notion of “closeness” of metric-measure spaces, which
we call (g,0)-closeness. Loosely speaking, metric-measure spaces X and Y are
(e,0)-close if Y is a result of imprecise measurements in X where distances are
measured with a small additive inaccuracy € and volumes are measured with a small
relative inaccuracy 0. The formal definition is a combination of Gromov—Hausdorff
distance and a “relative” version of Prokhorov distance between measures. The
main results of Section 4 characterize (g, d)-closeness in terms of measure transports
and Wasserstein distances.

In Section 5 we prove Theorem 5.4 which is a quantitative version of Theorem 1.2.
It asserts that, if metric-measure spaces X and Y are (g, ¢)-close and satisfy certain
conditions, then the lower parts of the spectra of their p-Laplacians are also close.
The conditions in Theorem 5.4 can be thought of as “discretized” version of those
from Theorem 1.2.

In Section 6 we give a direct construction of a map between L?(X) and L*(Y)
realizing the spectral closeness in Theorem 5.4. The results of Section 6 complement
Theorem 5.4 but they are not used in its proof.

In Section 7 we obtain Weyl-type estimates for the number of eigenvalues in
an interval [0,cp~2] where ¢ < 1 is a suitable constant. See Theorems 7.1 and
7.2. For a Riemannian manifold our estimates are of the same order as those
given by Weyl’s asymptotic formula for Beltrami-Laplace eigenvalues. However our
estimates are formulated in terms of packing numbers rather than the dimension
and total volume.

Acknowledgement. We are grateful to Y. Eliashberg, L. Polterovich, and an
anonymous editor of “Geometry & Topology” for pointing out weaknesses of a
preliminary version of the paper. We did our best in fixing these issues. We are
grateful to F. Galvin for helping us to find references.

2. PRELIMINARIES

In the sequel we abbreviate metric-measure spaces as “mm-spaces”. We use
notation dx and px for the metric and measure of a mm-space X. In some cases
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we consider semi-metrics, that is, distances are allowed to be zero. All definitions
apply to semi-metrics with no change.

To simplify computations and incorporate constructions from [2] into the present
set-up, we introduce weighted p-Laplacians. Let X = (X, d, 1) be a mm-space and
p: X — Ry a positive measurable function bounded away from 0 and co on the
support of u. We call ¢ the normalizing function. We define a weighted p-Laplacian
Af, by

1
5 o, ()~ ) )

We regard Af, as an operator on L?(X). Note that this operator does not change
if one replaces X by the support of its measure.

Definition 1.1 corresponds to the normalizing function ¢(z) = p?u(B,(z)). Due
to compactness of X, this function is bounded away from 0 and co on the support
of .

The operator AZ is self-adjoint on L?(X, pu) where @u is the measure with
density ¢ w.r.t. u. Indeed, for u,v € L?(X) we have

p = z)v(x L u(r) —u T
Bt = [ oer@oms [ () - ) duute

_ / / v(@) (u(z) — uly)) dp(y)dp(z)
d(z,y)<p

and the right-hand side is clearly symmetric in v and v. The corresponding Dirichlet
energy form

APu(z) =

D% (u) = (Au, u) 2(x op)
does not depend on ¢ and is given by

1) Dk =g [[ () —ulw)* duorty)

Note that the Dirichlet form is non-negative.

When dealing with p-Laplacians from Definition 1.1, that is when p(z) = p?u(B,(z)),
we denote the measure pu by p”. We denote the scalar product and norm in
L*(X,p”) by (-,)x» and || - || x», resp. That is,

(2.2) dp? (z) /dp(x) = p*(By(x)),
(2.3) (w)xe = 72 [ uByfe)ula)ola) du(o)
(2.4) ke =7 [ n(Bo(o)u(e)? duta).

The norm of A% in L*(X, u”) is bounded by 2p~—2. Indeed,
-5/ — u(y))? du(z)dp(y)
d(z, y)<p

< / / (w)<p<u<w>2 +uly)?) du(@)du(y)

=2 [ u(B,@)ula) dute) = 2072 ule.
X

Thus the spectrum of A” is contained in [0, 2p~2].



SPECTRAL STABILITY OF METRIC-MEASURE LAPLACIANS 5

2

The p-Laplacian A% can be rewritten in the form A5 u = p~?u — Au where

1
(B, (@) /Bpm uly) du(y):

Observe that A is an integral operator with a bounded kernel. Hence it is a compact
operator on L*(X). It follows that the essential spectrum of A% is the same as
that of the operator u +— p~2u. Namely it is empty if L?(X) is finite-dimensional
and the single point {p~2} otherwise.

A similar argument shows that the essential spectrum of Af is located between
the infimum and supremum of the function  — p(B,(z))/¢(x).

Au(x) =

Notation 2.1. Let Ao = Moo (X, p, ) be the infimum of the essential spectrum of
AL If there is no essential spectrum (that is, if L?(X) is finite-dimensional), we
set Aoo = 00. For every k € N we define A\, = M\p(X, p, ) € [0,400] as follows.
First let 0 = A1 < A < ... be the eigenvalues of Af, (with multiplicities) which
are smaller than A\.,. If there are only finitely many of such eigenvalues, we set
Ak = Ao for all larger values of k.

We abuse the language and refer to A\; (X, p, ) as the k-th eigenvalue of Af, even
though it may be equal to Ay

For the p-Laplacian A% we drop ¢ from the notation and denote the k-th eigen-
value by A\, (X, p).

By the standard Min-Max Theorem, for every k € N we have
DP
(2.5) (X, p,p) =inf  sup Qxi(u)
H¥ yeHk\{0} ||U||L2(X7W)

and in particular

(2.6) Ao(X,p) =inf  sup (DQ(U))

H* e HR\ {0} ||U||§(p

where the infima are taken over all k-dimensional subspaces H* of L2(X). This
formula is our main tool for eigenvalue estimates. We emphasize that it holds in
both cases A\ < Ao and A\ = A

As an immediate application, we observe that the eigenvalues are stable with re-
spect to small relative changes of the normalizing function and measure. If u; and
12 are measures on X satisfying au; < po < buy where a and b are positive con-
stants, then for the corresponding mm-spaces X1 = (X, d, p1) and Xo = (X, d, o)
we have
a/ (X27 ) < E

(X1, p) ~ a2
for every k € N. This follows from (2.6) and the inequalities
@* < Df, (u)/ D, (u) < 17,

@ < [[ull%ep/ull%e < 02,

(2.7)

which hold for all w € L?(X). Note that multiplying the measure by a constant
does not change the p-Laplacian.
For any two normalizing functions 1 and o (2.5) implies that

901('%) < Ak()(vpv </72) < sup </71(I)
zeX po(x) = M(X,p,01) T sex p2()

(2.8)
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For nice spaces such as Riemannian manifolds, the volume of small p-balls is almost
constant as a function of the center of the ball. In such cases one can consider a
weighted p-Laplacian with a constant normalizing function and conclude that its
spectrum is close to that of A% (cf. Section 3.1).

3. EXAMPLES

3.1. Riemannian manifolds. The paper [2] deals with the case of X being a
closed Riemannian n-manifold M or a discrete approximation of M. In the ter-
minology of Section 2, the object studied in [2] is a weighted p-Laplacian with
constant normalization function ¢(z) = ¢, = V;gi 1 Here v, is the volume of the
unit ball in R". As p — 0, we have pu(B,(x)) ~ vpp™ uniformly in 2 € M. Hence
©p/p*u(By(z)) — ﬁ. Thus, by (2.8), the spectrum of A% is close to that of A?
multiplied by ﬁ.

The results of [8] imply that the spectrum of A%, where X is a Riemannian
manifold, converges as p — 0 to the Beltrami-Laplace spectrum multiplied by
2n1+ - In [2] similar convergence is shown for graph Laplacians arising from discrete
approximations of a Riemannian manifold. Theorem 1.2 generalizes this result.

Note that the scalar product (-,-) x» and Dirichlet form D% tend to 0 as p — 0.
To make them comparable with the Riemannian counterparts one multiplies them
by p~" 2.

3.2. Finsler manifolds. Let X be a closed Finsler manifold M with smooth and
quadratically convex Finsler structure. First recall that there are many reasonable
notions of volume for Finsler manifolds, see e.g. [18]. Different volume definitions
obviously lead to different p-Laplacians. Still the issues we study in this paper are
not sensitive to the choice of volume.

Consider a tangent space V = T, M at a point € M. It is equipped with a
norm || - || = || - || which is the restriction of the Finsler structure. Let B be the
unit ball of || - ||. There is a unique ellipsoid E' C V such that for every quadratic
form the integrals of it over B and E coincide. Rescaling E by a suitable factor
(depending on the chosen Finsler volume definition) and regarding the resulting
ellipsoid as the unit ball of a Euclidean metric, one obtains a Euclidean metric | - |
on V whose p-Laplacian coincides with that of || - || on the set of quadratic forms
on V.

Applying this construction to every x € M one obtains a family of quadratic
forms on the tangent spaces thus defining a Riemannian metric on M. It is very
likely that the spectra of p-Laplacians of the Finsler metric converge as p — 0 to
the Beltrami-Laplace spectrum of this Riemannian metric.

3.3. Piecewise Riemannian polyhedra. Let X be a finite simplicial complex
whose faces are equipped with Riemannian metrics which agree on the intersec-
tions of faces. First assume that X is dimensionally homogeneous of dimension n.
In this case one can mostly follow the analysis of the Riemannian case. The dif-
ference is that, due to boundary terms, the Riemannian Dirichlet energy [ [du|?
is not always equal to (Au,u) where A is the Beltrami-Laplace operator. They
are however equal on the subspace of functions satisfying Kirchhoff’s condition.
This condition says that, at every point in an (n — 1)-dimensional face, the sum
of normal derivatives in the adjacent n-dimensional faces equals 0. For instance, if
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X is a manifold with boundary, this boils down to the Neumann boundary condi-
tion. It is plausible that the spectra of A% converge as p — 0 to the spectrum of
Beltrami—Laplace operator with Kirchhoff’s condition.

The problem can also be studied for polyhedral spaces with varying local dimen-
sion. For instance, consider a two-dimensional membrane with a one-dimensional
string attached. One can equip this space with a measure which is one-dimensional
on the string and two-dimensional on the membrane. Unlike the previous exam-
ples, we cannot apply our results to this example because it does not satisfy the
doubling condition. It is violated near the point where the string is attached to the
membrane. It is rather intriguing if Theorem 1.2 still holds in this situation.

3.4. Disappearing measure support. The following example shows that one
has to be careful with limits of mm-spaces if the limit measure does not have full
support.

Let X be a disjoint union of two compact Riemannian manifolds M; and Ms.
Define a distance d on X as follows: in each component it is the standard Rie-
mannian distance, and the distance between the components is a large constant.
For each t > 0 define a measure p; on X by u; = volys, +tvoly, where volyy,,
i = 1,2, are Riemannian volumes on the components. Then p; weakly converges
to po = voly, ast — 0.

For every t > 0, locally constant functions form a two-dimensional subspace in
L?(X). Hence the zero eigenvalue of A% has multiplicity 2. Thus Xa(Xy, p) = 0
for all ¢ > 0. On the other hand, A\2(Xp, p) > 0 since the p-Laplacian of X is the
same as that of the component M. Thus A\j(My) # lims_0 A1 (My).

A formal reason for the failure of Theorem 1.2 in this example is that the Bishop—
Gromov condition (1.2) is not satisfied. Another issue is that d is not a length
metric. The latter can be fixed by connecting M; and Mz by a long segment and
taking the induced intrinsic metric.

4. RELATIVE PROKHOROV AND WASSERSTEIN CLOSENESS

This section is devoted to the notion of (g, 0)-closeness that we use in our spec-
trum stability results. This notion is introduced in Definition 4.2. The main re-
sults of this section are Proposition 4.6 and Corollary 4.7 which characterize (e, J)-
closeness in terms of measure transport.

We use the following notation. For a metric space (X, d) and a set A C X and
r > 0, we denote by A" the closed r-neighborhood of A. That is, A” = {x € X :
d(z, A) <r}.

Definition 4.1 (relative Prokhorov closeness). Let Z be a metric space, 1, 2
finite Borel measures on Z, and €,0 > 0. We say that uy and ps are relative
(e,0)-close if for every Borel set A C Z,

(A7) > pa(A) and e pa(A%) > pu(A).

This definition is similar to that of Prokhorov’s distance on the space of measures
[13]. The crucial difference is that we use multiplicative corrections rather than
additive ones.

The topology arising from Definition 4.1 is stronger than the standard weak
topology on the space of measures on X. If however we restrict ourselves to the
subspace of measures with full support, then the topologies are the same.
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We combine Definition 4.1 with the notion of Gromov-Hausdorff (GH) distance
analogously to the definition of Gromov—Wasserstein distances as in e.g. [15]. Recall
that metric spaces (X, dx) and (Y, dy) are e-close in the GH distance iff the disjoint
union X UY can be equipped with a (semi-)metric d extending dx and dy and
such that X and Y are contained in the e-neighborhoods of each other with respect
to d. For discussion of GH distance see e.g. [1].

Definition 4.2. Let ¢,6 > 0. We say that mm-spaces X = (X,dx,pux) and
Y = (Y,dy,py) are mm-relative (g,9)-close if there exists a semi-metric d on
X UY extending dx and dy and such that pyx and py are relative (g,d)-close in
(X UY,d) in the sense of Definition 4.1.

In the sequel we abbreviate “mme-relative (g, d)-close” to just (g, d)-close.

Observe that, if the measures have full support, then (g, )-closeness of mm-
spaces (X,dx,ux) and (Y,dy,py) implies that the metric spaces (X,dx) and
(Y, dy) are e-close in the sense of Gromov—Hausdorff distance.

The following example motivated Definition 4.2 as well as a number of other
definitions and assumptions in this paper.

Example 4.3 (discretization, cf. [2]). Let X be a mm-space and Y a finite e-net
in X. We can associate a small basin in X to every point of ¥ and move all
measure from each basin to its point. More precisely, there is a partition of X into
measurable sets V;,, y € Y, such that each V}, is contained in the ball B.(y). We
assign the weight equal to px(V}) to each y thus defining a measure yy on Y. If
we regard py as a measure on X, then it is relative (g,0)-close to px in the sense
of Definition 4.1. We can also regard Y equipped with puy as a separate mm-space.
Then it is (g,0)-close to X in the sense of Definition 4.2.

Now consider a result of some “measurement errors” in Y. Namely, let Y/ =
(Y, d, 1) be a mm-space with the same point set Y and such that |d}, —dy | <e
and e=% <yl /iy, < €°. Then Y’ is (2¢,d)-close to X.

Now we show that Fukaya convergence (used in Theorem 1.2) implies convergence
with respect to (g, d)-closeness, provided that the limit measure has full support.
Recall that the Fukaya convergence is defined as follows.

Definition 4.4 (cf. [6, (0.2)]). A sequence X,, = (X,,,dy, ptn,) of mm-spaces con-
verges to a mm-space X = (X, d, p) in the sense of Fukaya if the following holds.
There exist a sequence o, — 0 of positive numbers and a sequence f,: X, = X of
measurable maps such that

(1) fn(Xy) is an op-net in X;

(2) [d(fn(@); fn(y)) — dn(z,y)| < op for all 2,y € Xn;

(3) the push-forward measures (f,), i, weakly converge to p.

Proposition 4.5. Let X,, converge to X in the sense Fukaya and assume that px
has full support. Then there exist sequences e, 6, — 0 such that X,, is (e, 0n)-close
to X for alln.

Proof. Let X, X,,, 0, fn be as above. The existence of f, implies that X, is
20,-close to X in the GH distance, see e.g. [1, Cor. 7.3.28]. Moreover there is a
metric d, on the disjoint union X U X,, such that d], extends d U d,, and

(4.1) dy (@, fn(@)) < 0
for all z € X,,.
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It suffices to prove that for every €, > 0 the spaces X, eventually get (¢, d)-close
to X. Fix € and §. Let v = v(e,d) > 0 be so small that

(€ = D(u(Beys(@) —v) 2w
for all x € X. Such v exists since the measures of (¢/3)-balls in X are bounded
away from 0. This is where we use the assumption that p has full support.
Since (fn).pn weakly converges to u, the Prokhorov distance between (f,), in
and p tends to 0, see [13]. This implies that for all sufficiently large n we have

(4.2) WA v > pn (£ (A),
(4.3) pn (£ (AT2)) + v > u(A)

for every Borel set A C X.

Now consider the disjoint union Z,, = X U X,, equipped with the metric d,.
The measures p and p, can be regarded as measures on Z,,. If 0, < £/3 then by
(4.1) we have f;71(A%/3) C A® for all A C X and (f,(B))*/® C Be for all B C X,,.
Here the neighborhoods are taken in (Z,,d]). These inclusions along with (4.2)
and (4.3) imply that

(4.4) HA®) + v > j1(A),
(4.5) 1 (A) + v > p(A)

for every Borel set A C Z,, provided that n is large enough.

Let A C Z, be a nonempty set and o, < £/6. Then there exists x € X such
that A° contains the ball B, /s(x). This fact is trivial if AN X # 0, otherwise it
follows from (4.1). Let D = B./3(x) N X. By (4.1) we have

[ (D) C £ M (Baeys(x)) C Bsejs(w) C A
Therefore
(4.6) pn (A7) 2 p(f 1 (D/?)) > (D) — v
by (4.3). Since D is an (¢/3)-ball in X, by the definition of v we have
(e~ 1)(u(D) = v) = .
This and (4.6) imply that (e’ — 1), (A%) > v and therefore
(47) € in(A°) > 1 (A%) + v > pi(A)

by (4.5). Similarly, since D C A®, we have p(A®) > wu(D). This inequality and
(4.4) imply that

(4.8) e u(A%) > pn(A)
in the same way as (4.6) and (4.5) imply (4.7). Now (4.7) and (4.8) imply that X,
and X are (g, d)-close. The proposition follows. O

Now we reformulate (e, §)-closeness in terms of measure transport. Recall that
a measure coupling (or a measure transportation plan) between measure spaces
(X, ux) and (Y, py ) is a measure v on X x Y whose marginals on X and Y coincide
with ux and py, resp. The marginals are push-forwards of v by the coordinate
projections from X X Y to the factors. Obviously a measure coupling exists if and
only if px (X) = py (Y).

In our set-up X and Y are compact subsets of a metric space (Z,d) and all
measures are finite Borel. In this case ux and py can be regarded as measures on
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Z and, assuming that pux(X) = py(Y), one defines the L>°-Wasserstein distance
Weo(px, try) as the minimum of all € > 0 such that there exists a coupling ~
between ux and py such that d(x,y) < e for y-almost all pairs (z,y) € X x Y.
(The minimum exists due to the weak compactness of the space of measures.) For
discussion of Wasserstein distances, see e.g. [19].

Proposition 4.6 (approximate coupling). Let Z be a compact metric space and px,
wy finite Borel measures on Z. Then the following two conditions are equivalent:

(i) px and py are relative (e,9)-close (see Definition 4.1);
(ii) There exist measures fix and fiy on Z such that

e Pux <jix < px, e Ppy < fiy < py

and Weo(pix, fiy) < €.
In particular, px and py are relative (g,0)-close iff Woo (px, py) < €

For comparison of mm-spaces we have the following corollary, which avoids ex-
plicit mentioning of metrics on disjoint unions.

Corollary 4.7. Let X,Y be compact mm-spaces and £,9 > 0. Then the following
two conditions are equivalent:

(i) X andY are mm-relative (g,0)-close (see Definition 4.2).
(ii) There exist measures ix on X and gy on'Y such that

(4.9) e Oux < fix < px, ey <y < py

and a measure coupling y between (X, jix) and (Y, 1y) such that
(4.10) ldx (z1,22) — dy (y1,2)| < 2¢

for all pairs (x1,y1), (x2,y2) € supp(y).

In particular, (e, 0)-closeness of mm-spaces is equivalent to e-closeness with re-
spect to the L., Gromov—Wasserstein distance.

The proof of Proposition 4.6 and Corollary 4.7 occupies the rest of this section.
We prove the proposition by means of discrete approximations. We begin with a
version of it for bipartite graphs.

Let G = (V, E) be a bipartite graph with partite sets M and W. That is, the
set V' of vertices is the union of disjoint sets M and W and each edge connects a
vertex from M to a vertex from W. (Exercise: guess where the notations M and
W came from.) For a set A C V we denote by N¢g(A) its graph neighborhood, i.e.,
the set of vertices adjacent to at least one vertex from A. A matching in G is a set
of pairwise disjoint edges.

The classic Hall’s Marriage Theorem [7] states the following. If for every set
A C M one has |[Ng(A)| > |A|, then there exists a matching that covers M (that is,
the set of endpoints of the matching contains M ). For discussion of Hall’s Theorem
and related topics see e.g. [11, Ch. 7]. We need the following generalization of Hall’s
Theorem.

Lemma 4.8 (Dulmage-Mendelsohn [4]). Let G = (V, E) be a bipartite graph with
partite sets M and W. Let My C M and Wy C W be sets such that, for every
subset A of either My or Wy one has [Ng(A)| > |A|. Then G contains a matching
that covers My U Wy.
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This lemma is proven as Theorem 1 in [4]. It can also be seen as a combination
of Hall’s Theorem and Ore’s Mapping Theorem, see [11, Theorem 7.4.1] or [10,
Theorem 2.3.1].

The next lemma is a “continuous” generalization of Lemma 4.8 where finite sets
M and W are replaced by metric spaces X and Y, and a closed set £ C X xY
plays the role of the set of edges of the graph.

Lemma 4.9. Let X and Y be compact metric spaces. Let jiy, 'y be finite Borel
measures on X and py-, ph finite Borel measures on'Y such that py > p'y and
Ly = My

Let E C X XY be a closed set. Suppose that, for any Borel sets A C X and
B CY one has

(4.11) py (AF) > s (A),  pux(B) > py (B),
where
AP ={y €Y : there is x € A such that (v,y) € E},
BY = {2 € X : there is y € B such that (z,y) € E}.

Then there exist measures [ix, [ty such that

(4.12) Wy Shx < px, py < fy < py,
and a measure coupling v between fix and fiy such that supp(y) C E.

Proof. First we prove the lemma in the special case when X and Y are finite
sets. By means of approximation we may assume that all values of the measures
txs Wxs My, 1y are rational numbers. Multiplying by a common denominator we
make them integers. Then we derive the statement from Lemma 4.8 as follows.

Split each point # € X into p(z) points of unit weight (do not forget that
px(x) € Z). Paint p'y (x) of these points in red and the remaining iy (x) — p'y (z)
points in green. Similarly, split each point y € Y into uy (y) points of which p4 (y)
are red and the rest are green. Let M and W be the sets of points descending from
points of X and Y, resp. Let My and Wy be the sets of red points from M and W,
resp.

Now construct a bipartite graph G with partite sets M and W as follows. For
x € X and y € Y such that (z,y) € F, connect every descendant of x to every
descendant of y by an edge in G. If (z,y) ¢ E then there are no edges between
descendants of x and y.

The relation (4.11) implies that the graph G satisfies the assumptions of Lemma
4.8. Therefore G contains a matching Ey covering My U Wy. For each pair
(z,y) € X x Y define a point measure y(z,y) equal to the number of edges from
Ey connecting descendants of z and y. Then -y is a desired coupling between some
measures 1y and iy satisfying (4.12). Thus we are done with the discrete case.

Passing to the general case, fix a sequence o, — 0 of positive numbers. For
each n, divide X and Y into a finite number of Borel subsets Qf, O with
diam(Q%) < 0, and diam(9,) < o,. Choose points z; € Q, y; € 0 and
associate to them point measures f,; , = pux(Qy), i}, = wx(Q%) and p;, =
iy (9, Win = pth-(Q1). This defines atomic measures Hx s Wy, on X and
Ky sy, o0 Y and the relation (4.11) holds for these discrete measures with £,
in place of E, where F,, is the 20,-neighborhood of E with respect to the product
distance on X x Y.
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By the discrete case proven above, there is a measure v, on X x Y whose
marginals fix , and fiy,, satisfy

(413) :U/X,n S ﬁX,n S :uX,nv :u/Y,n S IEY,n S IUJY.,n

and such that supp(y,) C E,. By the weak compactness of the space of measures
we may assume that the sequences fiy ,,, fly, and 7, weakly converge to some
measures fiy, iy and 7, resp. Then supp(y) C E and v is a measure coupling
between fix and fiy. Also observe that the measures fiy ., 1y s by s My, Weakly
, , . S VA L .
converge to fiy, tx, ty, iy, resp. This and (4.13) imply that iy and iy satisfy
(4.12). O

Proof of Proposition 4.6. Let X = supp(ux) and Y = supp(uy). The implication
(i)=(ii) follows from Lemma 4.9 by substituting py = e ux, pfy = e °uy, and

E={(z,y) € X xY : d(z,y) <e}.

To prove the implication (ii)=-(i), let fx and fiy be as in Proposition 4.6(ii), and
let v be a measure coupling between px and gy realizing the L°°-Wasserstein
distance. Then supp(y) C E. This implies that, for every Borel set A C X,

fix(A) =v(AXY) <y(X x (A°NY)) = ay (A7),
where the inequality follows from the inclusion
(AXY)NECX x (A°NY).
Therefore
px(A) < e fix(A) < € fiy (A7) < & py (A%).
Similarly py (B) < e’ux(B?) for every Borel set B C Y. Thus ux and py are
relative (e, d)-close. O

Proof of Corollary 4.7. (i)=-(ii): By definition, there exists a semi-metric d on the
disjoint union Z = X UY such that px and py, regarded as measures on Z, are
relative (e, d)-close. Proposition 4.6 implies that there exist measures 11x and iy
satisfying (4.9) and a measure coupling v between them such that d(z,y) < ¢ for
all (x,y) C supp~y. This property and the triangle inequality implies (4.10).
(ii)=-(i): The proof is similar to that of [1, Theorem 7.3.25]. Let v be a measure
coupling between fix and jiy such that (4.9) and (4.10) are satisfied. Define a
semi-metric d on X UY by setting d|xxx = dx, d|yxy = dy, and
d(%y) = in {dX(.’I],.’I]/) +dY(y7y/) +8}
(z’,y")E€supp(v)
The triangle inequality for d easily follows from (4.10), thus d is indeed a semi-
metric. The definition of d implies that d(x,y) = € if (x,y) € supp(7y). Therefore
Weo(fix, iy ) < & where fix and iy are regarded as measures on Z. By Proposition
4.6 this implies that px and py are relative (e, 0)-close and hence the mm-spaces
X and Y are (e, d)-close. O

5. STABILITY OF EIGENVALUES

In this section we formulate and prove Theorem 5.4 which is one of the main
results of this paper. Informally it says that if two mm-spaces are close then the
lower parts of spectra of their p-Laplacians are close. First we introduce conditions
on mm-spaces needed in the theorem.
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Definition 5.1 (SLV condition). Let X be a mm-space and A, p,e > 0. We say
that X satisfies the spherical layer volume condition with parameters A, p, €, if for

every x € supp(px),

)

p(Byre(n) \ By(a)) _ =
#(By(x)) T
We abbreviate this condition as SLV (A, p,€).

Definition 5.2 (BIV condition). Let X be a mm-space, 0 < ¢ < p/2 and A > 0.
We say that X satisfies the ball intersection volume condition with parameters A,
p, and e, if for all z,y € supp(px) such that dx(x,y) < p +¢,

W(By(x) N Bp(y)) = A~ u(Bpe (@)
We abbreviate this condition as BIV (A, p,€).

Note that the Bishop—Gromov inequality (1.2) implies SLV(A’, p, ) for all p >
e > 0 with A’ depending on the parameter A of (1.2). For ¢ = p, the SLV condition
(5.1) turns into a doubling condition:

(1(Bay () < 28pu(B,(x)).
If d is a length metric and this doubling condition holds for all p > 0, then X
satisfies BIV (A, p,e) for all p > 0 and € < p/2, where A’ depends only on A. This
follows from the fact that the intersection B,(x) N B,(y) contains a ball of radius
p—¢

(5.1)

7
The next lemma shows that the conditions SLV and BIV are in a sense stable
with respect to (g, d)-closeness introduced in Section 4.

Lemma 5.3. Let X and Y be (g,0)-close mm-spaces (see Definition 4.2) where
0 <e<p/12. Then:

1. If X satisfies SLV (A, p — 2¢,5¢), then Y satisfies SLV (6e*A, p, ).

2. If X satisfies BIV (A, p — 2¢,5¢), then Y satisfies BIV (e?°A, p,€).

Proof. We may assume that px and py have full support. By definition, there is a
metric d on the disjoint union Z = X UY such that ux and uy are relative (e, 9)-
close in (Z,d). Throughout this proof all balls, neighborhoods, etc, are considered
in the space (Z,d). Since the measures have full support, the Hausdorff distance
between X and Y is no greater than €. That is, for every y € Y there exists x € X
such that d(x,y) < e, and vice versa.

Let y € Y. Take x € X such that d(x,y) < e. Recall that A° denotes the closed
e-neighborhood of a set A. The triangle inequality implies that

(Bp—2:(2))° C By(y)
and
(Bo+e(y) \ Bp(y))” C Bpise(z) \ Bp—2e().
These inclusions and the relative (g, d)-closeness of ux and py imply that

1y (By(y)) = e’ pux (By-ac(x))
and
ty (Bote(y) \ Bo(y)) < eéﬂX(Bp+3€ (@) \ Bp—2e ().
Therefore
1(Bpie(y) \ Bo(y))

pByuse () \ By (@) _ o5, B2 _ ¢
(B, ) ST 08

=T (B, ) p—2e =%
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and the first claim of the proposition follows.
To prove the second claim, consider points y1,y2 € Y such that d(y1,y2) < p+e.
We have to prove that
g = M(Be) N By(y2)) (2 A)1.
ty (Bp+<(y1))
Choose z1, x2 € X such that d(z1,y1) < € and d(x2,y2) < €. The triangle inequality
implies that d(z1,22) < p+ 3e,

(Bpte(y1))® C Bpyae(r)

and
(Bpf%(xl) N Bpf2s(5172))5 C Bp(yl) N Bp(y2)-
Therefore, by relative (e, §)-closeness of px and py,

1y (Bore(y1)) < € pix (Bpyse(w1))

and
py (By(y1) N By(ya)) > e px (Bp-2e(w1) N Byoac(2)).
Hence
Q> o—20 MX(BP—ZE (z1)N Bp—2a($2)) > =20\ -1
- 1x (Bpse (1)) -
where the last inequality follows from the BIV condition for X. This finishes the
proof of Lemma 5.3. O

Now we are in a position to state our main theorem.

Theorem 5.4. For every A > 0 there exists C' = C(A) > 0 such that the following
holds. If X andY are mm-spaces which are (g,0)-close and satisfy the conditions
SLV (A, p,2¢) and BIV (A, p,2¢), 0 <e<p/4,5 >0, then

)\k (X7 p)

(5.2) e A +Ce/p)t < N ) < eM(14Ce/p)

for all k such that \p(X,p) < e (14 Ce/p)~1p~2.

The proof of Theorem 5.4 occupies the rest of this section. First we prove the
theorem for § = 0 (see Proposition 5.7). In this case Corollary 4.7 implies that the
mm-spaces X and Y in question admit a measure coupling v satisfying (4.10).

To estimate the difference between eigenvalues of A% and Af,, we transform X
to Y in three steps. In the case when X and Y are discrete spaces these steps
can be described as follows. First, we split each atom of X into several points and
distribute the measure between them. The distances between the descendants of
each atom is set to be zero, so we obtain a semi-metric-measure space. Second, we
“transport” the points to their destinations in Y. The formal meaning of this is
that we keep the point set and the measure but change distances between points.
Finally, we glue together some points to obtain Y. The last step is inverse to the
first one with Y in place X.

After we provided this intuition in the discrete case, let us proceed with a formal
construction of “splitting”. It is slightly more cumbersome.

Let v a measure coupling between mm-spaces X and Y. Recall that ~ is a
measure on X X Y and for every Borel set A C X,

(5.3) px(A) =v(AxY).
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Define a semi-metric dx|xxy on X x Y by

dx|xxy (z1,91), (x2,2)) = dx (v1,22).

The desired splitting of X is the mm-space X, = (X x Y, dx|xxv,7)-

We do not use the (non-Hausdorff) topology arising from the semi-metric dx|x xy -
We equip X x Y with the standard product Borel o-algebra.

An interested reader may check that the arguments below also apply if one
replaces the semi-metric dx|x xy by a genuine metric d defined by

d((z1,11), (w2, 92)) = max{dx (z1,22),cp *dy (y1,y2)}
where ¢ is a sufficiently small constant, 0 < ¢ < 1/ diam(Y").
Applying Definition 1.1 to X, we define the associated p-Laplacian Ava' Even
though X, is almost the same space as X, the spectrum of Ag(w may slightly differ
from that of A%. We compare the two spectra in the following lemma:

Lemma 5.5. Let X and X, be as above. Then
spec(A% ) C spec(A%) U {p~2}.

Furthermore, every eigenvalue smaller than p~2 has the same multiplicity in the
two spectra.

Proof. Consider a subspace L C L?(X x Y,v) given by L = 7% (L*(X)) where
mx: X XY — X is the coordinate projection. In other words, L consists of functions
which are constant on every fiber {z} XY, x € X. Due to (5.3), 7% is a Hilbert
space isomorphism between L?(X) and L. We decompose L?(X x Y, ) into a direct
sum L @ L. Loosely speaking, L+ consists of functions which are orthogonal to
constants in every fiber. More precisely, if u € L' then

(5.4) / udy =0
AXY

for every Borel set A C X.
The statement of the lemma is a consequence of the following three facts:
(1) L and L* are invariant under Ag{w;
(2) mx provides an equivalence between A% and A% |;

(3) for every u € Lt we have Al u= p 2.

To prove these facts, observe that a p-ball Bf,{w (z,y) of the semi-metric dx|x xy
is of the form

B;(V (z,y) = B;((x) x Y.

Hence for a function u = 7% (v) € L, where v € L?(X), we have

P _ p?
A u(z,y) = W/Bf( )Xy[U(:v,y) — u(zy,y1)] dy(ar,y1)
7p772 vir) — vl z1) = Au(z
"~ pux(BX(2)) /ngm)[ () = v(@1)] dpx (v1) = Afv(z)

where the second identity follows from (5.3). Thus Ag{w (1% (v)) = 7% (A%v), prov-
ing (2) and the first part of (1).
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For every u € L* we have
-2

A% ulz,y) = m/ ( )Xy[u(%y) — u(@1,y1)] dvy(z1, 1)

-2
-2 P
=p ulz,y) - —/ u(zy,y1) dy(z1,41)
v(Bf(w) X Y) JBX(2)xy
= p u(z,y)
where the last identity follows from (5.4). This proves (3) and the second part of
(1). O

The next lemma serves the step where we handle the difference between dis-
tances.

Lemma 5.6. Let X1 = (X,dy, ), Xo = (X, da, 1) be two mm-spaces with the same
point set X and measure p. Let A > 1, 0 < e < p/2, and assume that X1, Xo
satisfy the conditions SLV (A, p,e) and BIV (A, p,e). Also assume that

(5.5) |dy (2, y) — da(z,y)| <€
for all z,y € supp(p). Then, for every k € N,
< Me(Xop)
. — <
(5.6) (1+Ce/p)~! )\ (Xh ) 1+Ce/p

where C' is a constant depending only on A.

Proof. We may assume that (5.5) holds for all z,y € X, otherwise just replace X
by supp(p). We estimate the eigenvalues by means of the min-max formula (2.6).
For i = 1,2, let B}(z) denote the p-ball of d; centered at x € X, || -[|; = || - | xe (see
(2.4)), and D; = D% (see (2.1)). The only difference as we pass from X; to Xy is
that the balls B} () are different.

The assumption (5.5) implies that B}(x) C B5, () for every z € X. This and
the condition SLV (A, p,e) for X imply that

W(BY=) _ p(B.()\ B@)) )
wB2) ST ey ST
This and (2.4) imply that
(5.7 ull2 < (1 -+ Ac/p)ul3

for every u € L?(X).
For the Dirichlet forms we have

= u\r) —u 2 T
D) = / /d ) ) Pty
S//dlzy<p+s'“(‘”">‘“( )2 du(e)du(y)

= D1() + [[ fute) = )l duta)duto)

L={(z,y) e X x X :p<di(x,y) <p+e}.

where
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Hence
(5.8) Ds(u) — Dy (u) < /L lu(x) = u(y)]? du(z)dp(y).

Let us estimate the right-hand side of (5.8). For every (z,y) € L consider the
set U(x,y) = B)(z) N B}(y). Recall that

(5.9) p(U (2, y)) = A" max{p(B, (x)), u(B,(y))}
by the condition BIV (A, p,€) for X;. For every z € U(x,y) we have

Ju(@) = u(y)|* < 2(|u(z) — u(z)]* + Ju(z) — u(y) ).

Integrating this inequality and taking into account (5.9) yields that

2< # w(z) — u(2)|? + lulz) — uly)? 1(z
lu(z) —u(y)]” < PRGICRD) /U@,w(' (2) = uw(2)]” + |u(z) — u(y)|") dpa (2)
< 2A(Q(2) + Q(y))
where

1 2
QW) = Ligra ., 1)~ M )

p
This and (5.8) imply that

Da(u) — Dy (u <2A// ) dp()dp(y)

— A // Q(z) du(z)du(y)

_ A / Bl (2)\ B)(x)) Q(x) dp(x)

2
< 4Ap /X $(B () Q(x) dy(x)
4A2%e

where the second inequality follows from the condition SLV (A, p,e) for X;. Thus
(5.10) Dsy(u) < (1 +4A%/p) Dy (u).
This and (5.7) imply that

Dy (u) Dy (u)

[[ull3 [Jull}

for every u € L*(X) \ {0}. By the min-max formula (2.6) this implies the second
inequality in (5.6) with C' = A+4A%+4A3. Then the first inequality in (5.6) follows
by swapping X; and Xa. O

< (14 Ae/p)(1+4A%¢/p)

The following proposition deals with the case of § = 0 of Theorem 5.4.

Proposition 5.7. For every A > 0 there exists C = C(A) > 0 such that the
following holds. Let 0 < e < p/4 and let X, Y be mm-spaces that are (£,0)-close
and satisfy the conditions SLV (A, p,2¢) and BIV (A, p,2¢). Then

< M(Xp)
= Np)
for every k € N such that \p(X, p) < (1 + Ce/p)~tp~2.

(1+Ce/p)~t <1+C¢/p
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Proof. By Corollary 4.7, there exists a measure coupling v between X and Y sat-
isfying (4.10). With this coupling, we construct mm-spaces

Xy = (X xY,dxxxy,y) and Y, = (X xY,dyxxy,7)

as explained in the text before Lemma 5.5. Then Lemma 5.5 implies that Ay (X, p) =
e (X, p) provided that Ay (X, p) < p~2.

The spaces X, and Y, inherit the conditions SLV (A, p,2¢e) and BIV (A, p,2¢)
from X and Y. Due to (4.10), X, and Y, satisfy the assumptions of Lemma 5.6
with 2¢ in place of . Hence

-1 )‘k(X’va)
(1+Ce/p)” < m

where C is a constant depending only on A. If A\, (X, p) < (1 + Ce/p)~'p~2, this
implies that A, (Y5, p) < p~2 and therefore Ay (Y, p) = A, (Y, p) by Lemma 5.5. The
proposition follows. O

<1+C¢e/p

Proof of Theorem 5.4. Let X, Y be as in Theorem 5.4. By Corollary 4.7, there
exist measures fix and py satisfying (4.9) and such that the mm-spaces X =
(X,dx,nx) and Y = (Y, dy, fiy) are (,0)-close. By (2.7) we have

/\k()?ap) < 26

5.11 e <
(5.11) =M (Xop) =
and

— )\k(i}up)
5.12 e < ZEV P 020
(5:12) ~ MxY.p) T

Now we estimate the ratio Ax (X, p)/Ae(Y, p). Due to (4.9), X and Y satisfy the
conditions SLV (A, p,2¢) and BIV (A, p,2¢) with A’ = ¢’A. By Proposition 5.7
applied to X and Y we have

Ao (X
(5.13) (1+Ce/p)~t < M <1+Ce/p

)\k(yvp)
provided that Az (X, p) < (14 Ce/p)~Lp=2. Here C is a constant depending only
on A. The desired estimate (5.2) follows from (5.13), (5.11) and (5.12). O

Proof of Theorem 1.2. Let X = (X,d, u) and X,, = (X,,,dp, i) be as in The-
orem 1.2. The Bishop—Gromov condition (1.2) implies that p has full support. By
Proposition 4.5 it follows that X,, is (5, 6, )-close to X where &, 6, — 0.

Fix p > 0 and assume that &, < p/24. As explained after Definition 5.2, the
assumption that d is a length metric and (1.2) imply that X satisfies SLV (A’ r, )
and BIV(A',r,e) for all r > 0 and ¢ < r/2, where A’ depends only on A. By
Lemma 5.3 it follows that X,, satisfies SLV (A", p,2¢,) and BIV (A", p,2¢,) for
some A" depending only on A. Now Theorem 5.4 implies that, for some C' = C(A),

- —1_ k(X p)
e (1 4+ Cep 1o 2R P P
WO )

for all n,k such that A\g(X,p) < e % (1 + Ce,/p)~tp~2. Thus A\g(Xn,p) —
(X, p) as n — oo. O

<M1+ Cen/p)
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6. TRANSPORT OF p-LAPLACIANS

In this section we further analyze the structures appeared in the proof of The-
orem 5.4. Our goal is to construct a map Txy: L?(X) — L?*(Y) which shows
“almost equivalence” of p-Laplacians A% and Af.. See Proposition 6.1 for a pre-
cise formulation.

Let X, Y be as in Theorem 5.4. As in the proof of Theorem 5.4, let + be
a measure coupling provided by Corollary 4.7 and pix, gy marginals of . The
coordinate projection mx: X X Y — X determines two maps

Ix: L*(X,fix) — L*(X xY,7)
and
Px: L*(X xY,y) = L*(X, ix)
which are dual to each other. Namely Ix = 7% is a map given by
(Ixu)(z,y) = u(x), uwe L*(X), z€ X, ycY.

Note that Ix is an isometric embedding of L*(X, ix) to L*(X x Y,v). Let Lx C
L?(X x Y,v) be the image of Ix. Then Px is the composition of the orthogonal
projection onto Lx and the map Iy': Lx — L?(X).

Loosely speaking, Py sends each function on X X Y to the family of its average
values over the fibers {z} x Y, z € X. More precisely, by disintegration theorem
(see [12] or [5, Theorem 4521)), for a.e. x € X, there is a measure v, on Y such that

W(AXB):/uw(B)dﬁX, ACX,BCY.
A

Then, for a.e. z € X,

(6.1) wﬂmw=ﬂpuwm%, reX.

Then, since fix is a marginal measure of 7, (6.1) implies that Px o Ix = idx.
Similarly one defines maps Iy, Py and a subspace Ly. We introduce a map
Txy: L2(X) — L2(Y) by TXY = Py 9] Ix. By (61), for u € L2(X),

Ty ) = [ ulw)d,

X

where v, is defined similarly to v, and the integral in the right-hand side exists for
a.e. y € Y. The main result of this section is the following proposition.

Proposition 6.1. For every A > 0 there exists C = C(A) > 0 such that the
following holds. Let X, Y, p, €, A be as in Theorem 5.4. Then for every u € L*(X)
the map Txy defined above satisfies

(6.2) A7 ulXr — Ap* D% (u) < | Txyull3s < AllulZ,
(6.3) DY (Txyu) < AD% (u),

and

(6.4) 1Ty x (Txyu) — ull%» < Ap” Dk (u),

where

A=e(1+Ce/p).
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We are interested in the situation when § and £/p are small. Then A is close
to 1 and the cumbersome formulas (6.2) and (6.4) can be informally interpreted in
the following way. At not too high energy levels (that is, if the Dirichlet energy of a
unit vector u is substantially smaller than p~2), the operator Txy almost preserves
the norm and the inner product by (6.2) and Ty x o Txy is close to identity by
(6.4).

Proof of Proposition 6.1. Let v, ix, iy be as above. Consider mm-spaces X =
(X,dx,fix) and Y = (Y,dy,Jiy), the corresponding p-Laplacians, norms || - (K
and [ - ||5,, and Dirichlet forms D% and Dgi/ (see (2.4) and (2.1)).

As in Section 5 we equip X XY with two semi-distances d x| x xy and dy|x xy and
denote by )N(,Y and }77 the corresponding mm-spaces (see the proof of Proposition

5.7). These mm-spaces determine p-Laplacians A% and A% , scalar products (, ) 5,
Y il ¥

and (, )5, and Dirichlet forms D% and D% (see (2.3) and (2.1)). The structures

introduced above satisfy the following properties (see the proof of Lemma 5.5):

e Ly and L% are orthogonal with respect to (-, ) ges

e Ix is an isometric embedding with respect to norms || - ||, and || - || o3
0
e [x preserves the Dirichlet form D%, that is D% (Ixu) = D’;}(u) for all
Y
u € L*(X);

e Ly and Ly are invariant under A% and hence they are orthogonal with
v

P
respect to D;(7 .

Recall that Py is the composition of the orthogonal projection to Lx and the map
I)}l. Hence Px does not increase the norms and Dirichlet forms. Similar properties
hold for Y in place of X.

As in the proof of Lemma 5.6, for every v € L?(X x Y,~) we have (see (5.7) and
(5.10))

(6.5) AT < oll%, /10l < A
and
(6.6) A7 < D%(v)/DE(v) < A
where A1 =1+ Ae/p and Ay = 1+ 4A%¢/p.
Let u € L?(X) and v = Ix(u). Then
(6.7) ITxyul}, = I1Proll}, <llvlf, < Aillol%, = Aullul%,-

Now we estimate | Txyu||%, from below. Decompose v as v = v1+wvy where vy € Ly
and vy € Li:. As shown in the proof of Lemma 5.5, the p-Laplacian A% acts on
v

L{; by multiplication by p~2. Hence

(6.8) D, (v) = Dg (1) + D (v2) > D, (v2) = p~7||vall3,

~

and therefore

2 _ 2 2 2 2 Mo
lorliZ, = NoliZ, = loali2, > loli2, — D% (v).
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Thus

(6.9) NTxyully, =llvllf, > v]%, - p*DE (v)
> A7 [ol%, — A20°D% (v) = A7 ull, — Axp* DY (u)

by (6.5) and (6.6). Now (6.2) follows from (6.7), (6.9) and the bounds (4.9) for x
and ﬁy.
To estimate the Dirichlet form of T'xyu, observe that

D (Txyu) = D% (v1) < D% (v)
and
(6.10) D% (v) < AgD%7 (v) = A2 D% (u)

by (6.6). These estimates and (4.9) imply (6.3).
To prove (6.4), observe that Iy (Txyu) = vy and therefore

Tyx(Txyu) —u= Px(’Ul) —u= PX(v1 — ’U) = Px(vg).
Further,
1Px (w2)l%, < loal%, < Ailloalf, < A1p*DE (v) < A1A2p* D ()
by (6.5), (6.8), and (6.10). Thus
HTY)((Txyu) — u||§~(p S A1A2p2D§?(u).
This and (4.9) imply (6.4). O

After we obtained estimates on closeness of eigenvalues in Theorem 5.4 we cer-
tainly would like to show that corresponding eigenspaces are also close.

The most naive formulation definitely fails. If we have an eigenvalue of multiplic-
ity 2 then there is a two-dimensional eigenspace. Then a small perturbation would
generically result in splitting the eigenspace into two orthogonal one-dimensional
eigenspaces. An original eigenvector may fail to be close to either of the new
eigenspaces. It is still close to a linear combination of new eigenvectors.

In our case we have a similar situation. Let u be an eigenvector of A% with
eigenvalue \ which is substantially smaller that p=2. Then Txy (u) is close to a
linear combination of eigenvectors of A, with eigenvalues close to A. We don’t give
a precise formulation of the statement. It is a direct reformulation of Theorem 3
in [2]. The proof is an application of Proposition 6.1 and straightforward linear
algebra.

7. WEYL-TYPE ESTIMATES

In this section we prove Theorems 7.1 and 7.2. Theorem 7.1 gives us a Weyl-type
upper bound on the number of eigenvalues in a lower part of the spectrum of A%..
Theorem 7.2 provides a similar lower bound.

To formulate the theorems we need notation for packing numbers. For a compact
metric space X and r > 0 we denote by Nx(r) the maximum number of points in
an r-separated set in X. Recall that a set Y C X is r-separated if dx (y1,y2) > 1
for all y1,y2 €Y.
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For R > 0, we denote by #% (R) the number of eigenvalues of A% in the interval
[0, R], counted with multiplicities. Equivalently,

#% (R) =sup{k € N: \i (X, p) < R}.
Note that #5% (R) = o0 if R > Ao (X, p).

Theorem 7.1. For every A > 1 there exists ¢ = c¢(A) > 0 such that the follow-
ing holds. Let X be a mm-space satisfying the condition BIV (A, %p, 1—52p) and the
following restricted doubling condition:

px (Bspys) < Apx (Bsp/e)

for all © € supp(ux). Then

#5x(cp™?) < Nx(p/24).

If X is a Riemannian manifold then Nx(r) ~ Cpu(X)r~™ as r — 0, where n is
the dimension of X. In this case the conclusion of Theorem 7.1 can be restated as
follows: for R = cp~—2, we have

#°.(R) < C(n, A)u(X)R"/2.

The reader is invited to compare the right-hand side of this formula with the classic
Weyl’s asymptotics for the Beltrami-Laplace spectrum.

Proof of Theorem 7.1. Let X be a mm-space satisfying the assumptions of the
theorem. Fix € = p/24. Let Y be a maximal e-separated set in X and N = Nx/(¢)
the cardinality of Y. Then Y is an e-net in X. Equip Y with a measure uy as in
Example 4.3 so that the resulting mm-space is (e, 0)-close to X.

By the assumptions of the theorem, X satisfies the conditions SLV (A, p—4e, 10¢)
and BIV (A, p — 4¢,10¢). By Lemma 5.3 it follows that Y satisfies SLV(6A, p, 2¢)
and BIV (A, p,2¢). Therefore Theorem 5.4 applies to X and Y with 6A in place of
A. By Theorem 5.4, for every k > 1 at least one of the following holds: either

Me(X,p) >C71p72

or
C_l S )\k(va) SC
where C' is a constant depending only on A. Since dim L?*(Y) = N, we have

M:(Y,p) = oo for all Kk > N. Hence for k = N + 1 the second alternative above

cannot occur unless A\, (X, p) = oo. We conclude that Ayy1(X,p) > C~1p~2.
Therefore for ¢ = C~! we have #5 (cp™2) < N. O

Theorem 7.2. Let X = (X,d, ) be a mm-space whose measure has full support.
Let u” be the measure defined by (2.2). Let r > p and N = Nx(3r). Then

Av(z,p) < 4Q(r)r™

where
W (Ba()
Q(T‘) B 162 ,UJP(BT/2('I)) '
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For spaces satisfying reasonable assumptions, Theorem 7.2 complements Theo-
rem 7.1 by giving a lower bound on #% (cp™?) of the same order of magnitude as
in Theorem 7.1. Indeed, let ¢ be the constant from Theorem 7.1 and assume that
Q(r) € Qmax for all » > p. Then, applying Theorem 7.2 to r = 24/¢"1Qmax p We
get

#g( (Cp_2) = #g( (4Qmaxr_2) > Nx (37‘) = Nx(clp)
where C1 = 6y/¢ ' Qmax-

Proof of Theorem 7.2. By the min-max formula (2.6), it suffices to construct a
linear subspace H C L?*(X) such that dim H = N and

(7.1) DX (u) < 4Q(r)r=2||ullZax ey
for every u € H. Here D% is the Dirichlet form given by (2.1).
Let {x1,...,2n} be a 3r-separated set in X. For each 4, define a function
u;: X — R by
d i
ui(x) = max{l - M,O} .
r

Let H be the linear span of u1, ..., uy. We are going to show that (7.1) is satisfied
for all w € H. The supports of u;’s are separated by distance at least p. Hence
u; Louj and A% (u;) L uy in L2(X, p?) for all i # j. Therefore it suffices to verify
(7.1) for u = u; only.

Since u;(z) > 3 for all x € B, 5(x;), we have

mmwmwyﬁg/uwAm>%>wu>
o,
2 [ MBI = Bl

Since u;(z) = 0 if « ¢ B,(z;) and wu; is (1/r)-Lipschitz, we have

D= [ ) - )P ()
B/,+p 11) B

2

p
< —2 1w(By(2)) dp(z) = = p” (Brgp(4))-
T JBrip(w) r
Thus ,
Dh(w) A pBri@d) g
||uiHL2(X7Mp) r MP(BT/2(‘T))
The theorem follows. O
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