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Abstract. A randomized scheme that succeeds with probability 1 — 26 (for any ¢ > 0) has
been devised to construct (1) an equidistributed e-cover, and (2) an approximate (A, 2)-design —
in a compact Riemannian symmetric space M of dimension dy — using n(e, d)-many Haar-random

isometries of M, where
)=o) s (1)

and A\, = OM(e_l_dTM) is the r-th smallest eigenvalue of the Laplace-Beltrami operator on M. The
e-cover so-produced can be used to compute the integral of 1-Lipschitz functions within additive
@M(e) -error, as well as in comparing persistence homology computed from data cloud to that of a
hypothetical data cloud sampled from the uniform measure.
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1. Introduction

The purpose of this paper is to devise a randomized scheme that produces (with
success probability at least 1 — 26 for any 0 < § < %) an e-cover in a dy-
dimensional compact connected Riemannian symmetric space (M, (,) — where M =
K/H with K a compact connected semisimple Lie group and H C K a closed
subgroup, and (, a geodesic reflecting global isometry with respect to the origin
o := He € M. The underlying mechanism is to pick an alphabet consisting of
k = O(dyIn(1l/e) + In(1/9)) independent Haar-random isometries from K, take
all possible concatenations of length ¢ := O(dyIn(1/¢€)) from this set of isometries,
and make them act on a fixed (but arbitrary) point from M. This draws a strong
parallelism to the theory of geometric random walk, since the idea of the construction
is essentially that of analysing certain lazy random walk on a Schrier graph on the
space M — with edges generated by a nonempty set of isometries, and show that the
walk mixes fast because the random Schrier graph essentially has an expander-like
property. We show that the set of points so produced is equidistributed at a scale
of €. The e-cover so generated, requires much smaller number of random samples
than the naive Monte Carlo or other similar methods of taking a large number of
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i.i.d random samples from M; for example, [27] requires O(dpe=% loge™!) many
i.i.d random samples from M to generate an e-cover of a dy-dimensional compact
Riemannian manifold M. The log-size of the e-cover so produced differs from
the log-size of a hypothetical e-net — whose size is the volumetric lower-bound of e-
covering number of Ml — by a multiplicative log log factor. Quantitatively, our result
is most interesting when we let ¢ — 0 for symmetric spaces M of fixed dimension and
antipodal dimension, injective radius, and sectional curvature. We are motivated in
part by the possibility of using equidistributed points for the integration of Lipschitz
functions over M. The e-cover we construct is equidistributed (with probability at
least 1 — 0) in the following sense: the normalized counting measure over the net
is close to the Haar-induced probability measure on M in 1-Wasserstein distance.
This implies that the integral of every 1-Lipschitz function on the M with respect
to the normalized counting measure is “e-close” to its integral with respect to Haar-
induced probability measure. Moreover, such a cover is an explicit approximate
(A, 2)-design on M. When we have oracle access to the pairwise Riemannian-
distances in M, such an e-cover immediately yields an efficient computation of the
singular homologies of M. Furthermore, the bound on the Wasserstein-1 distance
ensures small Prokhorov distance between the push-forwards along the persistence
homology maps of the canonical Haar-induced probability measure in M and the
empirical measure supported on the e-cover constructed in this paper, showing that
the persistence homologies can be computed — to within a small bottleneck distance,
with high probability — using point-cloud produced by such a construction.

We briefly survey earlier work relevant to the theme of this paper. It follows from
the theory of random walk on a Schrier graph y(M,S) of a compact symmetric
space M — with respect to a finite set & C K of its isometries — that a sufficient
condition for rapid mixing of this random walk to the uniform distribution on M is
that the averaging operator z, : L3(M) — L§(M), given by

2(f) (@) = /K f(zg) dux(g) 1)

possesses a spectral gap; here pg is the normalized empirical measure supported on
the group of isometries underlying the Schrier graph. The existence of spectral gap
for these operators looks far-fetched at this state, and we approach the problem via
proving a weaker quantitative version of the spectral gap phenomenon, as sketched
below.

In [2], Alon and Roichman proved that, given any 6 > 0, there exists a ¢(d) > 0
such that for any finite group G, and a random subset S C G of order at least
c(0)log |G|, the induced Cayley graph x(G,S) has small normalized second largest
eigenvalue (in absolute value), in that

E (I\(x(G,9))]) <o (2)

holds. Considering random walk on expander multigraphs, it follows that every ele-
ment g € G is an S-word of length at most Os(log|G|). Landau and Russell in [25]
deviced a short proof (with slightly better constants) of this result while rephrasing
the question using representation theory. For an irreducible representation p € G,
let d, be its dimension; let R be the regular representation of G, and D =) e p-
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Landau and Russell proved that inequality 2 holds for random subsets S C G of
order at least . )

(222 + 0(1)) " log | D]
This was obtained via an application of tail bounds for operator-valued random
variables, as in Ahlswede and Winter [1], building upon the following observation:
the normalized adjacency matrix of x(G,S) is the operator

(2157 Y (R(s) + R(s™")), (3)

seS

presented in terms of the standard basis of C[G]. In equivalent terms, the quoted
result from [2] implies that random Cayley graph x(G, S) is an expander, and also,
the operator in equation (3) has a spectral gap satisfying inequality (2). When G
is a compact connected simple Lie group, and ug a left-invariantBorel probability
measure on G, Benoist and de Saxcé in [3] showed — following earlier works [5] by
Bourgain and Gamburd in G = SU(d) case — that spectral gap of the operator in
equation 1 is equivalent to p being almost diophantine, a property known to be
true when the support of p is sufficiently (inexplicit) large, and consists of algebraic
elements. However, note that these qualitative results are mostly not applicable in
the randomized computational setting, since (1) the set of elements with algebraic
entries is a measure zero subset of the Lie group, (2) the statement on the required
support size is qualitative, and (3) checking almost diophantine property is not
computationally feasible at this stage. In [26], quantitative version of the spectral
gap question for compact Lie group G was considered. It was shown that — with
high probability — the Hausdorff distance between G and the subset of fixed length
words on a random finite alphabet S C G decays exponentially fast with respect to
the length of the words.

In this work, we work in the setting analogous to that of expander Cayley graphs
on finite groups, as in [25]. In summary, our analysis underlying the construction of
the e-cover evolves around orthogonally projecting the heat kernel of Ml — induced
by the Casimir operator of K — onto an appropriate finite-dimensional subspace of
L?(M). In [7], this idea was used to generate equidistributed random e-cover on unit
sphere S? — a rank one compact symmetric space, and the present work contains
an extension of the results in [7] to compact symmetric space of arbitrary rank, and
some additional results on designs and persistent homology of compact symmetric
space.

In the special case of the unitary group Uy, a similar result with a quadratic
dependence on dimension for the length of the words was previously obtained by
Hastings and Harrow, in [18, Theorem 5]; however, in their result, the number of
generators is specified in an indirect manner, whose dependence on the parameters
of Uy is not explicit. This present work yields the corresponding result for M = Uy,
(and the analogous results for any compact Lie groups) as a special case, and the
bounds obtained here are shown to be linear in dy;, both for the number of generators
and the length of the words. In fact, for these parameters, the value of (2k)* is close
to the volumetric lower bound of (1/€)Y%) on the size of an e-net of M. Besides, the
random e-net — that comes out of our procedure — has a “small” description, from a
computer science perspective: viz, it consists of the description of the random subset
S C K, and of the maximum word length ¢. And, the number of random isometry
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required for the construction depends only on the parameters of the symmetric
space itself, and not the group of isometries K. We show that such an e-cover
computes integral of 1-Lipschitz functions on M, and the singular homology groups
of M when given oracle access to the pairwise Riemannian-distances. Moreover,
for any n > 0, persistent homology of an random n-samples from the e-cover S
is /e-close to the persistence homology computed from o™-uniform random n-
samples (Corollary 4.22), showing that the data cloud so constructed can be used —
in persistent homology landscape — as a proxy for hypothetical data cloud sampled
uniformly from M.

1.1. Main results
We now state our main results, as Theorem 1.1, Theorem 1.2 and Theorem 1.3.

Throughout this subsection, M = K/H is a compact connected Riemannian sym-
metric space of dimension dyy, with o™ the probability measure on M corresponding
to the Haar probability measure on the compact connected semisimple Lie group K.

Theorem 1.1.  There is a constant Cy; > 0 — that depends only on (the dimension
and injectivity radius of) M — such that for any § € (0, %), the following statement
holds with probability at least 1 — 26. Let € € (0,27¢), and assume that

3Cm

TE,M - 26 ln 62TM

is small enough. Let S C K be a random multiset consisting of iid random points,
drawn from the Haar measure on K, such that

d
|S| > 161n2 (lnCM+ C%M log, (&) + 7Mlog210g2 (84) +1n 6) .

Let p € M and define S =Sus. Suppose that
d, 1 1

Then
(1) (e-cover on M): S'p CM is an rem-cover of M for any p € M;

(2) (equidistribution of the e-cover): the empirical measure v on S'p satisfies
W1 < 2\/ ME .

These are further discussed in details in sections 4.1 and 4.3 below (see Theorem 4.4
and Theorem 4.13).

Theorem 1.2. Let Cy be as in Theorem 1.1. Let .4 = S‘o — where S C M
is a random multisubset of isometries selected independently from the Haar measure
on K. Let 6 € (0,3). For any v € (0,1), and any integer r > 0, if

dj
S =162 (.t )|
1)

and ‘> log2 + log, Cm + log2 Ar 4 dm log2



CHAKRABORTY 141

dyt2

_1
where € = A\, ? C’M‘*v%, then ¥ C M is an v-approximate (\.,2)-design with
probability at least 1 — 26.

This is further discussed in details in section 4.2 below (see Theorem 4.7).

Theorem 1.3.  Suppose that the random subsets S C K as well as the integer
( are as stated in Theorem 1.1; then, for any p, € M, letting .%, = S*p,, the
following inequality holds for all integers q > 0, with probability at least 1 —§:

1 n n
b dp (R O ) < V2 (4)

This is further discussed in details in section 4.4 below (see Theorem 4.21 and
Theorem 4.22).

To elaborate a bit more on these results, suppose that K is one of the compact
connected matrix groups such as SU(d) — the group of orthogonal matrices having
determinant one. We assume given a real number model of computation, in which
only standard algebraic operations are allowed on random vectors, but bits are
not manipulated. Now, for § and ¢ as described in Theorem 1.1, we consider all
compositions of length ¢ of the elements in & and their inverses. Apply the resulting
matrices to a vector o = He. Then these points form an equidistributed cover, that
can be used for integrating any 1-Lipschitz function on M to within an additive error
of €. The persistence homology computed from such a point cloud well-approximates
the one computed from point cloud formed out of Haar-random samples from M.
In the special case of an d-dimensional Euclidean sphere, if we assume an oracle
that outputs independent d-dimensional random matrices from K when queried,
then the whole process requires only k queries to this oracle. Note that the obvious
procedure of producing an equidistributed cover would require e @ calls to the
oracle. The latter method uses exponentially more randomness than our procedure
using random isometries.

2. Preliminaries

Let M be a connected compact (real) Riemannian symmetric space of dimension dyy.
If K is the identity component of the group of isometries of M, then K is a compact
Lie group that acts transitively on M, leading to the identification M = K/H for a
closed subgroup H C K — the isotopy group of a point in M. Let 6 be the Cartan
involution associated to the symmetric structure of M. Let dx be the dimension
of K, so that dyg = dg — dy;. Let o™ be the canonical probability measure on M,
induced by the Haar probability measure ¢ on K, and let uy be the canonical K-
invariant Riemannian top form on M, induced by the Killing metric on the isometry
group K; there is a constant vy > 0 such that o™ = vy. We will refer to ngﬂl
as the Riemannian volume of M. Recall that, for any measurable & C K, one has

(S) = /M 1s(@) do™(x) = / s () do(z)

The L%*-norm of C-valued square-integrable functions on M will always be with
respect to the probability measure o™ ; we use the shorthand L*(M) for L*(M, o™).
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Example 2.1.  We briefly summarise the above framework in case of some explicit
examples.

(1) Suppose that K = SO(2d) and H = SO(2d—1) for sme integer d > 1. Then K is
compact connected semisimple Lie group of dimension dx = d(2d — 1), with H C K
a closed subgroup of dimension dy = (2d — 1)(d — 1), and M = S?*~! is a compact
symmetric space with dy = 2d — 1. Here, u™ is the standard Lebesgue measure on
M, and o™ is the normalized Lebesgue measure, so that by = 7T_d+%F(d—|— %) This
has been treated in details in [7], and the corresponding generalisations derived here
specialise to the main results of [7].

(2) Let K = SU(d) and H = T¢ N SU(d) the maximal torus in it; here T? is
the standard d-dimensional torus (of d-dimensional invertible diagonal matrices)
in GL(d). The complete flag manifold M = K/H is compact connected (simply
connected) Riemannian symmetric space with (real) dimension dy = d(d —1).

2.1. Some algebraic prelimiaries

From here on, we assume — for the rest of this paper — that K is a semisimple
compact connected (separable) Lie group, and H a closed subgroup. Note that,
K has finite center by semisimple criterion. Consider the Cartan decomposition
t = m &b associated to the symmetric space M; here, £ and h are the Lie algebras
of K and H), respectively, and m the tangent space to M at the origin o := He.
Realising the Lie algebra £ alternatively as the algebra of Killing vector-fields on
M, one has

b:={peg:po=0}, m:={peg:(Vp)=0}.
Let Bk denote the Killing form on £; thus,

BK(]J1, p2) = tr(adpl © adpl) : (5)

We denote the norm on £ induced by Bk simply by |- |. Since ad : ¢ — gl(¢) is a
Lie-algebra morphism, the following holds for any pq,ps,p € €:

Bk (ady(p1),p2) = Br(p1, ady(p2)) -

By Cartan’s criterion for semisimple Lie groups ([23]), K being semi-simple implies
Bk is nondegenerate. The metric on M is induced by the Killing form Bg on the
Lie algebra  of K, via the decomposition £t = m @ h. Let Vy; denote the canonical
Levi-Civita connection on M, with respect to this metric. A curve ~ in M is a
geodesic if and only if V(¥,4) = 0 holds. Recall ([30]) that the geodesics through
the origin in M are precisely the images under the canonical projection 7 : K — M
of the H-transversal geodesics in K; since the geodesics in K are the 1-parameter
subgroups in K, the same holds for geodesic through origin of M.

Since the compact Lie group K acts on the separable ([21]) Hilbert-space L*(M) —
via the unitary ‘regular’ representation (s-¢)(x) := ¢(xs), the machinery of Peter-
Weyl theorem ([6]) implies that there is Hilbert-space decomposition of L*(M) as
orthogonal direct sum of unitary irreducible K-representations; that is,

L*(M) = P Vs, . (6)
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where the direct sum is over a multiset whose underlying set is a subset of equivalence
classes [m,] of irreducible K-representations (V;, ,m,). Note that, by compactness
of the Lie group K, the separable Hilbert space LQ(K) has an orthonormal basis
of matrix coefficients of all the unitary irreducible representations, which are all
finite-dimensional (Peter-Weyl theorem); in particular, there are only countably
many inequivalent irreducible representations of K. Let D(M) denote the algebra
of smooth functions on M. This is a sub-representation of the unitary regular
representation of K on L*(M).

Proposition 2.2. (Helgason, [20]) FEach V., is a joint eigenspace, in D(M), of
the algebra of K-invariant differential operators on M. Moreover, each irreducible
K -representation contained in D(M) C L*(M) arises as a direct summand Vy, with
multiplicity one.

For the purpose of this paper, we will need to realise a somewhat more concrete
version of the orthonormal decomposition of L*(M) into finite dimensional K-
invariant subspaces. To this end, we present a brief exposition of the notion of
Casimir operator from representation theory of compact Lie groups. Let Ay denote
the Laplace-Beltrami operator with respect to the Riemannian metric on M. Let
O(M) denote the algebra of invariant differential functions on M. Note that, a
differential operator D on M is in (M) if

D(@*) = D(®)* (7)
holds for all s € K and ® € D(M); here f* () := f(sx) for all € M. The
canonical projection 7 : K — M associated to the (normal) homogeneous structure
of M = K/H implies canonical indentification of complex Hilbert spaces with K-
actions:

L2(M) = L*(K)" := {¢ € L*(K) : ¢" = ¢} . (8)
Moreover, this restricts to the space of smooth functions too:
D(M) = D(M)" := {¢p € D(M) : ¢" = ¢} . (9)

Let {p, : a € [dk]|} be a basis of &; let {p : a € [dk]} be a Killing-dual basis of €.
The Casimir element 2k of K is defined by

dg
Q= pa-P.
a=1

A change-of-basis argument shows that the Casimir operator 2k is basis-indepen-
dent. Thus, we may take {p, : a € [dk|} to be a Killing-orthonormal basis of €,
compatible with the Cartan decomposition; then, the Casimir operator is

dk
Qg = Z ps (10)
a=1
Note that, for any a,b € [dk|, one has — following Einstein’s summation convention

— that ady, (pa) = (55 ,)p. for some scalars s; ,: it follows that

0 = Br(ady, (pa), pe) + B (Pa; ady, (pe)) = sqp + 5
which implies 0 = ad,, (k).
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Linearity yields ad,(€2x) = 0 for every p € £. In effect, this shows that Qg lies in
Z(%) — the center of the universal enveloping algebra %.

To each p € ¢ is associated a linear operator D, : D(K) — D(K), defined by

D, d(z) = &

4 @ texn(tn) )

t=0

Definition 2.3.  The Casimir operator Dk o, : D(K) — D(K) is defined by

dg
Dk o, = ZDQG . (11)
a=1

Note that, by the identification in (9) above, Dk o, restricts to a differential operator
Duyiqy — the Casimir-Laplace-Beltrami operator — on D(M). Now, for & € D(K),
it follows from the Definition of D,, that

dk
0 0 /
D0, (®)(x) = > =l ar | ®(exp(tpa) - exp(tp,) - @) -
a=1 t=0 t'=0

Let Dy, be the restriction of Dg o, to D(M). The following lemma is well-known;
see [20] for a proof.

Lemma 2.4. AM = DM,QK .

By a standard argument using Rellich-Kondrachov theorem ([12]), it follows that
the resolvent of the self-adjoint positive definite operator — Dy, = —Ay — which
is defined on the dense subspace D(M) in strong sense — is compact, and therefore,
— Do, possess only a discrete spectrum. Let

0:)\0<)\1<)\2<"'

be the eigenvalues of —Ay;. An application of spectral theorem implies the following
orthogonal decomposition of L*(M) into the eigenspaces of Dy g, :

Theorem 2.5. (Spectral Theorem) Let &y = {\o, A1, -} denote the spectrum of
—Ayr, and for each \ € &y, let Ha(M) C L2(M) denote the null-space of NI+ Ay ;

then L*(M) = @5 Ha(M). (12)

AE&NM

Note that, each eigenspace H, is a sub-representation of D(M). By Proposition 2.2
and irreducibility of V, - together with Peter-Weyl theorem — it follows that for
each \ € &y there are ny 1, -+ ,ny¢ € Z4 such that

Ha=(Vy @Ve Je-a(y oV ).

7rn/\,l Y/ 7Tn>\,l

Let wy, ; be the highest dominant integral weight corresponding to the irreducible
representation (V Tn, ). An application of the Casimir-van der Waerden formula

Tnsd?

([29]), together with Lemma 2.4, implies
A= Jwn, s + ol = Lol (13)

for all j € {1,---,£}; here, p denotes the half-sum of the positive weights of £.
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Note that the following inequality holds for all A > |p|*:

”wnmj”2 < A < 3“&),1)”]‘ ”2 (14)

2.2. Some estimates on the heat kernel on M

Going forward, we will need to apply the following result that bounds the eigen-
values and eigenspace-dimensions of the Laplace-Beltrami operator on a compact
Riemannian manifold. Consider the differential operator

Hyp = 5 — 2 A (15)

For any p € M, the heat kernel Hy,(x,t) on M is the unique (smooth) solution to
the following problem:

Hyu =0, lm u(zx,t) =op(x), (16)

t—0t

where the limit above is taken in the distribution sense. Note that the following
identity is immediate from K-invariance of the Casimir operator and Lemma 2.4:

VsekK, Hy(x,t) = Hgp(sx, ). (17)

Proposition 2.6. (Donnelly, [10]) There is a constant Cy > 0, depending only
on the lower bound of the injectivity radius of M, (upper bound on the) sectional
curvature of M, the volume of M, and dimension dy, such that the following

inequality holds: a1
dy =dimH), < Oy~ + . (18)

The Fourier decomposition ([17]) of the heat kernel on M is

)= e N 60(p)on() (19)

AESM JE€[dA]

for any fixed choice of an ordered orthonormal basis (¢x1,...,Pxdimu,) for each
A€ &y. For any Ay >0, let

H)> (@, ) = Z Z 0x;(P)Pr () -

AL Ao JE€[dA]

For (integer) Ay > 0, let &y (M) C L*(M) denote the direct sum

where &y(A) == {A € & : A < A}. Then, H](D’\) (x,€%) is the orthogonal
projection of Hy(x, %) on E\(M).

Sharp bounds on heat-kernel on compact symmetric space of rank one has recently
been derived in [28]. To state it formally, suppose that M is rank-one symmetric
space; there are constants Cy > ¢y > 0 — depending only on the dimension dy; and
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antipodal dimension dy; — such that the following holds for all t € (0,1), and all
x,p € M:

CMm €XD <—%t’p)2) Cy exp (—%{7’)2)
dyp—dpy—1 diy S Hp(mvt) S dpp—dpp—1 dyy .
tM,p2 = tM,pQ =

Here ty, = t + diam(M) — Oy(x, p). See [31] for background and results on
antipodal dimension of compact Riemannian symmetric space.

However, we need a heat kernel bound that holds for compact Riemannian symmetric
space of arbitrary (finite) rank. To this end, we will use the following fundamental
bound on the heat kernel.

Proposition 2.7. (Cheng-Li-Yau, [9]) Suppose that M is a complete Riemannian
manifold with bounded sectional curvature. There is a constant Cy > 1 — depending
only on the dimension dy and the bound on the sectional curvature x of Ml — such
that the following holds for all t € (0,1), and all x,p € M:

Cup exp ( B m(;pV)

(x,t) <

dy
12

It is well-known ([17]) that Hy(x,¢) > 0 for all points ,p € M and all ¢ > 0.
Moreover, M being compact Riemannian symmetric space (hence, in particular,
complete and geodesically complete, as in [17]), one has

]&}angt)daM%m)::1. (20)

In other words, M is stochastically complete. Furthermore, recall that the Rie-
mannian metric on M being induced by the Killing form Bgx on K via the Cartan
decomposition £ = m & b, the sectional curvature on M is K-invariant. By an
application of [19, theorem IV.4.2], one has

Ko(P1,P2) = | [P1,P2]H2,

which implies — via bi-linearity of Lie bracket and finiteness of the structure constants
—that K, is bounded. This paves the way for application of Proposition 2.7 to derive
bounds on heat kernel on M.

Remark 2.8. For any €,7 € (0,1), let

3Cm
nEQdM ’

r(e,n) := 2¢4/In (21)

Fix p € M; then, for any & € M satisfying dy(x, p) > r(e,n), it follows from
Proposition 2.7 that

OSHA%Q)gg. (22)

Notice that, when 1 = Q(poly €), one has r(e,n) = o(e' ") for every constant t > 0.
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The following statement was established in course of proving Lemma 5 in [9], al-
though the dependence of the constant on manifold parameters were not explicit;
we note the statement as a lemma here, for easy reference, and to make the depen-
dence of the constants on the manifold parameters explicit. Recall that the constant
Cym > 0 appearing above depends only on dy; and the intejectivity radius.

Lemma 2.9. Let M be a compact Riemannian symmetric space of dimension
dyi. For e € (0,1), the following holds:

| Hp(, €) |2y < V/Cra2hee ™. (23)
Proof. By the upper-bound in Proposition 2.7, it follows that
Hp(p, 2€%) < Ci(2€") ™

holds for € € (0,1). Now, by semigroup property of the heat kernel, one has
/ Hy(z, ¢*)? do™(x) = Hp(p, 2€%) < Cyy(26?) ™M
M
which establishes the lemma. |

Corollary 2.10. For any A > 0, the following inequality holds for all € € (0,1) :

” Hg\w)(a’v Nz < V2~ dwe (24)

Proof. The statement is immediate, since
I Hﬁ?"‘”(:v, )lr2any < [ Hp(, €20
by property of orthogonal projection on subspaces of Hilbert space. |

Going forward, we make essential use of Weyl’s asymptotic of the eigenvalues of Ay
in a Riemannian manifold M, as formulated in [11].

Lemma 2.11. (Weyl) The following holds:

d
lim A;%M Z d)\ = CM .

Ao —00
A& Aoo)
From Weyl’s law, it follows that
_ 9 _9m
; 2 N 2 —
g (KX ) (GF S a)=a

1 /

M
and in particular, Z dy < OS2 (25)

1
A€M (Aoo,4d Ao)

for all A > 0, where &Aoo, 45 A0) = (AT A \ Gl Do)
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3. Truncation of heat kernel

In this section, we show that the L%-mass of the heat kernel can be well-approximated
by the L?-mass of its orthogonal projection onto the subspace &y(\so) € L*(M) for
a suitable A\, large enough. We start with an auxiliary lemma.

Lemma 3.1.  For any Ay -eigenvalue —X, and orthonormal basis ¢y 1, -+ , dxd,
of Hy, let ¢y : M? — C be defined by

Z¢AJ Qb/\]

Then the following statements hold:

e 1y is independent of the orthonormal basis;

e Pro((,C) =y for any ( € K;
o UY\(p,p) =dy for any p € M.

Proof. A standard base-change argument shows that the function v, is indepen-
dent of the basis. For any isometry ¢ € K, the elements

Pr10C,  ,Prgy 0C

are linearly independent, since any linear relation

O=aipr10C+ -+ agdrag, ¢,

together with the K-invariance of o™, implies

0= 3w, G [ 00 (0(@)92, @) do (o)

J1,j2=1

= Z a]1ajz/¢>\31 ¢>\J2 )dO' ( )
J1,j2=1

:|a1|2+"'+|ad>\|2’

which is equivalent to a; = --- = a4, = 0. By invariance of Casimir-Laplace-
Beltrami, the elments
d))\,logu"' 7¢>\,dAOC

are contained in H,, and hence, form a basis of H,; furthermore, this must be an
orthonormal basis by K-invariance of ™. By the basis-independence character of

¥y, it follows that ¥y o (¢, () = ¥y.
For the third part, we notice that orthonomality of {¢) ; }?;1 implies

=Y [ ors(@in(@) (@) = [ wnla.w) (@) = vsp.),

where the last step follows from the identity ) o ((,{) = ®¥,. This proves the
lemma. |
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In the following, we will closely follow the arguments in [26]. The following lemma
proves the main approximation result for the L%-mass of the heat kernel.

Ky
Lemma 3.2.  Suppose that € € (0,27¢); for any n > 0, let Aoy > 4% — where
k, := max (2 + 2log, %, %dM log, (;%MQI) + dy log, log, (%)) : (26)
then the following inequality holds for any p € M :
” Hp<m7 62) - H;\)OC (ZB, 62)"?} < CMTF :

Proof. Write &y, = {A € & : A > A}. Note that, by equation (19),
integration with respect to the Haar-induced probability measure on M yields

[Hp(a, ) —Hy=(z, )t = > > |o@P < Y e®9dy (27)
A€M, Ao JE[dA] A€M, Ao

k+1

by Lemma 3.1. For any k € Z, , write 7 := (4%)4%} . One has

S ens Y Y ens Y (we) (T a)
AEE Ao k>kn AET), k>ky T \ET),
2k+dyg
d 2
< Ciy Z oltk,—(2 M )e

k>ky

by inequality (25). Suppose that an integer k > 0 satisfies 2k > dyy log, (%)
2k+dyg 2k

then we get e

>
Y
=

Consider the inequality (28)

v > I
log (k)_ 2
2\ =

By monotone property of logarithm, the following inequality is equivalent to in-
equality (28) above:

log, log, (Eﬁz) dM dur
k’ (1 — W) Z 7 10g2 (?) . (29)

For u € [2¢ 400), the function

log, log, u

glu) =1- oz, u
satisfies 0 < g(u) < 1, has global minima ¢(2°) = 1 — e 'logye > 0.46, and is
increasing. Since € € (0,27¢) and dy; > 1, the condition dy/2¢* > 2°¢ is satisfied;
requiring k& > 1du logy(2°dy), we see that the following inequality implies inequality
(29): J - (dM> -1
k> Dog, (44) (1 _ gg_z—) | (30)

loz2 (524
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Notice that, for dyy > 1 and € € (0,27°), one has log, (24) > 2log,log, (2%),
which yields the following inequality:

log, (252) + 2log, log, ( ) 14 2log, log, (2 )
log, (—) log, (L‘g)

-1
log, log, (#MZI) log, (252)
T Z 7N ay

log, (5%) " log, (25) — log, log, (%)
This shows that equation (30) will follow if &, > %dM log, (;%"g) + dy log, log, (2%“’5),
in which case we have

2k+dy
(e, ) — HO®) (@, )2 = Gy 3 ey < Gy 3 2@ ¥ )7
L k>ky
A>4 M
S CM Z 21+k:—2/€ S 401\/]12_]% S OMT]2
k>ky
This finishes the proof. [ |

Remark 3.3.  Suppose that dy > 2¢, and that € € (0, dMl). It is immediate that
1 d 3 1
Moreover, it follows from elementary calculus that

2log, log, (%) < 2log, log, (263)

(because dye < 1)

log, }2 log, }2
_ log, log, (%) - 3 log, log, (%) 3 log, log, (dM)
log, % log, % log, (dM) '

ThlS ShOWS
*1 dur lo M) L M 3 1 2 log, logs d,
2 m logy (2de2) dyr log, log, (zdg) < ZdMlOg2e_2 (1 + 1%)2g 51\241 M) :

The following lemma furnishes an analytically checkable criterion for a subset § C M
— in any compact Riemannian manifold M — to be an e-cover. The underlying idea
is that, if the weighted sum of the heat kernels based at points in S is close to the
identity in L?-norm, then the set S must be a cover.

Lemma 3.4. Let S CM be a nonempty subset. For e € (0,1), if

3Cm
€2dM

rem = 1(€,1) = 2¢4/In

is sufficiently small, then the following inequality implies that S C M s a 27,y -net:

Iy (x) |$\ZH zce

peS

(31)

LZ
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Remark 3.5. Lemma 3.4 first appeared in [26], where the statement was formu-
lated in terms of compact Lie groups.

Proof. From Remark 2.8, it follows that the inequalities
2 ly(e) < Iy(z) — Hy(z, €2) < 1y(z) (32)

hold for any elements x,p € M satisfying oy(x,p) > rem. Write B(p,rem) € M
for the open geodesic disk of radius r.y, centered at p € M; thus we have
B(x,rem) == {x € M : dy(x,p) < rem}. Also, let By, € R% denote the origin-
centric unit Euclidean ball; one has (see [16])

(B, o)) o2
ll_I)% TZN&[ = by - VOl(BdM) = m . (33)

Now assume, if possible, that & € M is not a 2r, y;-net, so that there is p, € M with
d(py,S) > 2r.m. By the triangle inequality applied to the Riemannian distance on
M, it follows that B(py, 7em) N B(p,7em) = 0 for every p € S. Writing

we derive from inequality (31) and inequality (32) the following:

M

T MOy H
: > 1 H
3 = m() ’3‘ Z

57 32 (o) — Hyla, )

L2 peES L2
1
> g(/ do" (z))* .
B(p07T€,M)
M(B 1 o
This implies o (IZ&’ rem)) _ - / do™(z) < —4¢ .
TG,M TG,M B(po:rem) 4
Considering inequality (33), this is impossible if r.p > 0 is sufficiently small. [

4. Equidistributed cover

In what follows, we will make use of the following tail-bound on operator-valued
random variables on a finite dimensional Hilbert space. We recall that for hermitian
matrices A, B of same size, we write A < B if B — A is positive semidefinite;
similarly, B = A if A < B.

Lemma 4.1. (Ahlswede-Winter, [1]) Let V' be a finite dimensional (real or com-
plex) Hilbert space, with dimV = D. Let Ay,---, Ay be independent identically
distributed random variables taking values in the cone of positive semidefinite oper-
ators on V', such that A; <1 for each j € [k], and there is some real p > 0 for
which E[A;] = A = ul for each j € [k].
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Then, for all v € [0,0.5], the following holds:

IF’(% iAj ¢[(1—v)A,(1+ U)A]) < 2Dexp <_2”;‘;k> : u (34)

Now let § C K be a non-empty subset. Recall that, for any A, > 0, we write
E_(M) C L§(M) for the direct sum

& (M) = @ Ha,

AEE(0,M00)

where &y(0, ) = {A € & : 0 < A < Ao}; we will often simply write £ et
cetera, for ease of notation. Note that

M
dim & (M) < dim &, (M) < Oy (35)

by inequality (25). Because Ay is K-invariant, the subspace £ (M) is invariant
under the operators A, for all s € K, where A, is defined via

As(0)() = ,¢() (¢(8w)+¢(8 'z)). (36)

Due to K-invariance of the measure o™, the operators A, : £§_(M) — &_ (M)
turns out to be self-adjoint. Positive semidefiniteness of A4 follows from the identity

(Ay6,6) = /|¢ )+ p(sa)| do(z).

Moreover, writing ¢ for the unique invariant Haar (probability) measure on K,
one has

(B[ AL]) () = / o(s) do™( / o(s~\x) do(s) .

Writing 7 : K — M for the map s — so, one has

¢(s0) do*(s) (¢or) o(x ,
/ -, 9= J o

where 7,0% is the push- forward measure, given by 7,0%(E) = o¢®(771(E)) for Borel

subsets E C M. Since 7,0% is K-invariant Borel probability measure on M, one
has o™ = 7,0, Because ¢ € £;_(M) C L*(M), one has

/ o(zs) do( / o(z (37)

Therefore, (Es.x[As]) ¢(x) = $¢(x), which makes
E, «[A,] = %I, scK.

Furthermore, the operators I —Ag are positive semidefinite for all s € K, because

(6 — At 6) = /|¢ o) do™(x)
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4.1. Random cover

In the following lemma, we derive a high probability upper-bound on the L?-norm
of the non-constant tail of the heat kernel on M.

Lemma 4.2.  Let § C K be a nonempty finite multisubset whose elements are
selected independently at random from the Haar measure on K and let S := SUS™?
be the (multi)set of all elements in S and their inverses. Suppose that n > 0 satisfies

2+ 21og2 - > dM logy (24) + du log, log, (£4) . (38)
—e) . . Cwm —|S
Let e € (0,27°); if 0= Texp <ﬁ) ,

then for any integer £ > 0, and any p € M, the following inequality holds:

< 2

Proof.  Setting v = p = 0.5 and A, =7~ @ in inequality (34) yields
(38

ZH sz, €?) — ly(x)

se8¢

< /Oy (27 + 77)) >1-20.  (39)

L2

HEDCRSY

seS

< 201 o (1S

161n2 '
Note that the comblnatlon of inequality ) and inequality (35) — together with
the choice of Ao = 1~ i ensures that Lemma 3 2 can be applied if required.
Now, disentangling the inequality 1 IS Y % I in the cone of positive-
definite operators on £y (M), we obtain

<‘S|ZA > %1.

seS

sES

Thus, the eigenvalues of the hermitian operator |S|™' 3", ¢ A
which shows that — for all ¢ € £§_(M) — the following holds.

] Z( )

In particular, one has the concentration inequality

|5|Z czss

seS

1 : 11
51 are all in [_Z’ Z]’

1
< Zl9lz- -

L2

1 20 —|S]|
i ) M) | >1 - 222
4||¢||L Voe& (M) ] >1 7 eXp(16ln2> )

where we denote ¢5(x) = ¢(sx) for all € € M. Now, writing H;’A“ for the function
@ — H)*(x, €?) — Ly(z), one has

161n2

i *, oo
52

ses

1 201 —|s
< SJHP[e | > 1 = exp 8Ly
S 2 L
L2 "
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Iterating this inequality ¢ > 0 times fetches

1 e
e

eS8t

p— *a>\oo
HP

-2t 161n2

>1-— 2Ch exp ( IS ) : (40)
n

S ‘
L2 L2

Let H* denote the function x — Hp(x,€*) — 1y(x); then we have
H* = (H* . H*,)\oo) + H*’/\oo — (H . H)\oo) + H*,/\oo 7

where H* = 1y(x) + H;;’\“’ and H = 1y (x) + H*. Then, using triangle inequality
— along with Lemma 3.2 and Corollary 2.10 — in inequality of inequality (40), one
derives

Z Hi| < V/Cu(n+27" ™)

se8t L?
1 * 0 TR A
> Py 20 Bl <27 [H e + [H — Hilpe
|S| SGSZ L2
1 * oo —0) 7% A oo
> ]‘ISD @ Z Hsp <2 ”H ”L2
sest L2
20w ( —|S] )
S
Z1=="ep{50)
which proves the lemma. [ |

Remark 4.3. We note, for use in the next section, that the condition inequality
(38) is not used in the proof, except at the very end. In particular, inequality (40)
has been derived independently, without using inequality (38).

We now prove that, for any p € M, and a random subset § C M, the orbit SA'ep CM
is an 7 p-cover, provided that the cardinality of the random subset and the integer
¢ are appropriately large.

Theorem 4.4. Let S C K be a nonempty finite multisubset whose elements are
selected independently at random from the Haar measure on K. Let § € (O,%),
and assume that € € (0,27°) is sufficiently small. Suppose that the cardinality of S
satisfies

dyt
S| = 161n2<1nC’M + % log, (4) + 5 log, log, (£3) +In 75) (41)
Let ¢ > 0 be an integer satisfying
6C; d 1 1 d
0> dylog, + +logy (22) + B log, (5, ) + jlog T (% +1) . (42)

Then, for any p, € M, the random multisubset ./ = SA'EpO C M s an 7y -cover
of Ml with with probability at least 1 — 26 ; here,

3Cm

T€7M - 26 hl GQTM
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Proof. Fix p, € M; in order to prove the theorem, it suffices — by Lemma 3.4 —
to show that

dyp
2
Ay re,M

>1-20,

1
1Mw—T Hp$,€2
(@)~ g 2 Hole.)

peSp,

d dy
where g, satisfies o T' (% + 1) = oy 2 .

Suppose that the real number n > 0 and the integer ¢ > 0 satisfy the following

condition:
dM

3Cu(n +27 ™) < ag,ry. (43)
Applying the condition in inequality (43) to Lemma 4.2, we derive

M
ey, Te 20 —I8]
sGSl L2
provided that
1 1
2 4 2log, ; > §dM log, (£2) + dulog, log, (£%) . (45)

We force an equality in inequality (45), and demand that the inequality 2-%c~%+ <1
be true, so that it suffices to require — instead of inequality (43) — the condition

dy
e QT
27t <p < — 46
e sn< = (46)
This is guaranteed if we set
> dy log2 + log, <GCM> + — log2 < > > + % log, I’ (%M +1). (47)

In fact, since € € (0,27¢) is sufficiently small, we have ¢ < r.y, and thus, an
equality in inequality (45) ensures that

dy
aerej\/H

<
=60

Furthermore, the other inequality, 27%¢~% < 7, holds because the reverse inequality,
27t~ >y contradicts inequality (47). Finally, set

Y —|s
0 = T exXp <16|ln‘2> ’ (48)

and recall that inequality (45) is an equality, which translates to the condition

|S| =161n2 (lnCM + log, (&) + C%M log, log, (24) + In e%) . (49)

This completes the proof. [ ]
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4.2. Approximate (), 2)-design

Definition 4.5. For any eigenvalue A\ of the Laplace-Beltrami —Ay on M, a
finite subset . C M is a A-design if for every ¢ € £,(M), the following equality
holds:

/¢ M(da) |5’! > () (50)

xe.s

Recently, [15] established the existence of A-design of “small” size on compact
Riemannian manifolds. However, their result is not constructive; more generally,
efficient algorithmic construction of such designs of optimal size are still far fetched.

Definition 4.6. Let A be an eigenvalue of the Laplace-Beltrami —Ay;. An v-
approzimate (\,2)-design on M is a finite subset . C M such that for every
element ¢ € £,(M) with unit L*-norm, the following inequality holds:

7 2 9@ [ oo

xes

(51)

The main result in this section is a random construction that gives an approximate
(A, 2)-design with arbitrarily high probability.

Theorem 4.7. Let . = S'o — where S C M is a random multisubset of
isometries selected independently from the Haar measure on K. Let 6 € (0, %) For
any v € (0,1), and any integer r > 0, if

d
S| = 161n21n (ﬁ) ,
)

and ‘> log2 + log, Cyt + M logy A + di log2
_dM+2 1
where e=\ 2 Cy vi (52)

then ¥ C M is a 2v-approzimate (A, 2)-design with probability at least 1 — 2§ .

Proof. Let us fix an orthonormal basis for each of the eigenspaces H, on M, say
(o ])d Let § C K be a finite nonempty multi-subset, consisting of independent

Haar-distributed elements, and write S =SUS!. We first take ¢ to be an
element in this orthogonal basis, corresponding to eigenvalue Ay of the Casimir-
Laplace-Beltrami —Ay;, and aim to show that — for the subset S'o C M — the left
hand side of inequality (51) is small. Since

Z Z¢A] 925)\3 )

AESMu Jje d)\]

one has

/Maﬁ(w) Ho(, %) dUM(w)=6_”62@5(0)/M|¢($)I2dUM(w)=6‘A¢62¢(0), (53)
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o) /¢do

L2

from which it follows that

<

where the last step is due to the Holder inequality. We aim to have

(S0 T €M Hyp—1ag| < €™ IS4 Hao—lyg|  +eM —1
scSt L? seSt L?
sufficiently small. Since
2
)\¢€2 < 6)\¢6 —1< 2)\¢€2 (54)

if 0 < A\ye? <In2, it suffices to have Mo < 2 and
max{ ‘ ]S\ Z Heo — 1y 2)\¢62}

st
sufficiently small. In the general case, for an element ¢ € £, with unit L?*-norm,
say

¢ =c10xn 5+ CPay iy s
the above derivation takes the form

1
|3|€ / ) do™
se8t
q
62 1
an e e @ <¢/\ka Ja7 /¢>‘ka7ja '
a=1

seS8t
< z| ]

Recall that H* denotes the orthogonal projection of the heat kernel on &, for

2
kaf

so _1M

SESZ | | L2

integer » > 0. For any ry > r, we can replace H,, by the truncated heat kernel H;‘,TO
in the above computations, and this gets us the following:

‘\sv > os0) = [ o do

=< Z|Ca| | |ge
a=1 sedt L2
1 Are2 1727 :
< |3 Lo ] Sl
sest |S| L2 a=1

+20,6e |, (55)
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where the last step is due to an application of Cauchy-Schwartz inequality and
inequality (54). By inequality (35), we have

dm
s < dimé&,, = COy)? .

Given v € (0,1), suppose that we chose € € (0,27¢) small and ¢ > 0 large, and also
ro > r appropriately, so that

max{)\TGQ, } < wa T (56)
L2 /\r4 CI\Q/H

From the inequality in (55), it then follows that S‘o C M is a 3v-approximate
design. Now, by Lemma 2.9, for any e € (0,1) and any integer ry > 0, we have

L < /Cyy2— e b |

1 .
Z |5A"£ H;OO ~lu

seSt

*Arg
H )

And, by inequality (40), we have

1 :
‘@ZHQOO—M

se8¢

S

L2

dy

with n = A\, 2 . From these, it follows that

20k 18|
11— ——exp
n 161n2

1 by 1 *,A
<Pz Ymy -1 < fmet
S H ‘S|é = L 2 L2
1 1
<p(| T -] <jpvaames) )
s8¢ L2

From inequality (56), it is imperative that we select € € (0,27¢) such that the
following holds:

_dM+2 1

e=X\ 2 Cylvz. (58)

Suppose, moreover, that we select integer ¢ > 0 that satisfies

¢ > log, % + log, Cip + %TM logy A + dilog, % : (59)

Then, inequality (56) is guaranteed. Finally, we set ro = r, and for any § € (0, %),
we set

C )\%M
MAr )7 (60)

)
and the discussion above shows that — with probability at least 1—20 — the inequality
in inequality (51) is satisfied if we set . := S‘o — where S C M is a random
multisubset of isometries, whose elements are choosen independently from Haar
measure on K — and demand that the inequality in (59) and equation (60) hold, as
desired. |

S| = 161n21n(
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4.3. Bound on the Wasserstein distance

In this subsection, we assume that we have oracle access to function values at queried
points. We start with briefly recalling the following notion of quadratic exposedness
of submanifolds of R™, first appeared in [14].

Definition 4.8. A compact submanifold M C R”" is said to be quadratically
R, -exposed at a point m € M for some R,, > 0 if there is a «,, € R™ such that
M C Bg, (€, R") and m € 0Bg,, (€, R")NM . If M is quadratically R,,-exposed
at each m € M, then we say that M is uniformly quadratically exposed.

Remark 4.9. Any submanifold of Euclidean sphere is uniformly quadratically
exposed.

Remark 4.10. Let Oy(-,-) denote the Riemannian distance on M. By Nash’
embedding theorem, there is an isometric embedding

X (M, O) = (REHE | ).

Let R > 0 be such that a closed ball By () of radius R > 0 and center z, € R%+du
satisfies x(M) C Bg(0). By decreasing R continuously, we can find an Ry such that
x(M) C Bg,(zo) and x(M) N Sg,(xo) # 0, where Sg,(xy) denotes the sphere of
radius R, and center at ay € R%4  Fix a point p = x(mg) € x(M) N IBg,(0).

For any m € M, let o™ : [-1,1] — M be a geodesic such that ¢™(—1) = m and
o™(1) = my. Let ¢ : M — M be an isometry that satisfies ((c™(t)) = o™ (—t);
then (x o ()(M) = x(M) C Bg,(x9), and p = (x o ¢)(m). Thus, for any point
m € M, there is an isometric embedding

X © (M, Oy) — (REFD | ),

such that ., (M) is quadratically exposed at X, (m).

Lemma 4.11.  Let o™ the probability measure on M induced by Haar measure
on K. For any fivred xy € M, and any t > 0 be a random variable on M with
density Hy,(x,t), and let x; = Ou(xo, X¢). Then

Elx?] < dyt . (61)

Proof of Lemma 4.11. For notational simplicity, we write Hy(x) := Hg, (2, t) for
the time-t heat kernel on M, and let v be the Borel measure corresponding to the
top form

dvi = Hy(x) do™.
Let {x, | v € [0,t]} be the Brownian motion in M, starting at =, € M, with

infinitesimal generator
My = L - LA
Me=ae 27

For each positive integer m > 0, consider the equipartition
O=to<ti < - <t, =t

where ¢, —t; =m~'t for j € {0,1,--- ,m — 1}.
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i« . As discussed in Remark 4.10 above, we fix

<.

Define {w§m)}9n:0 such that w§m) =z

a closed isometric embedding

Koy (M, Bha) = (RS, | ),

3

such that x_cm (M) C Sg,(a), and
-1

azyﬂ € Xylm (M) NSk, (a),
b

(m)

ensuring quadratic exposedness at x_m) (%4)- Moreover, by applying an affine
-1

transformation of R%tdu  we may assume that xy = 0.
We now identify M with x_em) (M). Note that
j—1

(e, ®0)* = |2 — @0l

=Sl — 2R+ 23 @l — 2l 2l
Jj=1 Jj=1

= (@™, ")+ 2 (™ — 2l 2l (62)
J=1 j=1

Suppose that vgqﬂ € T o (M) is a unit normed tangent vector. Then we write
j—1

J
Sk, 1= Sgy(a), and let II be the orthogonal projection onto T m)(Sg,). For any
i—1

J
€0 > 0 sufficiently small, Federer’s tangency condition (see [13]) implies that there
is p,, € M such that |p — mgT% |2 < €0, and

v < €.

m)

Ip — ™2

If g € Sg, is the point of intersection of the line segment joining p and Il(p), it is
easy to verify that |q — azg”_”‘i |2 < €, and
(m)
— @
H _:z_____l:l__ <: 60.
2

lg — 2™

In particular, T

J

\(M) € TS
-1 Jj—1
For each j € [m], let T](Tl) denote the affine tangent space T ) (Sg,) at the point
i1
wﬁ"ji Write

™ = argmin [uls, p\") := argmin Ju — "], . (63)
(m)

(m)
ue]}fﬁ u€7}

(
Zj

-1
One has the following orthogonality relations:

" — ™ L 2", and x; — Py ™. (64)
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Claim 1: (mgm) — mﬁ.’fi, ™) <0. (65)

Proof of Claim 1. Let qém) € Spg, be the point where Sp, intersects the line

segment joining z\™ and zyﬂ; similarly, let qg»m)e Sg, be the point where Sg, in-

(m

tersects the line segment joining x; ) and pgnﬂ. By quadratic exposedness, one has

anfel” ~pi, 27 =l —pff, =)
=sgn(g\™ —p\"), 2\") —q{™)

(m)

Let n be the unit normal to 7’| pointing inward of Sg,; denoting parallelism of

vectors by ‘|’, the orthogonalit§_;elations
g ="l 2N el n,
which proves the claim. [ ]
Claim 2: E (mgm) - zcyf%, mgn_v’b] <0. (66)
Proof of Claim 2. Note that
() = i, ) — a7l =)+ (el gl ) — =)
+ (@™ pl™), 2+ () — 2, 2l — =)
= (@™ — ™, 2+ ) - 2, 2 - =)
< (o} — )", 2l - =),

where the last two steps follow due to equation (64) and inequality (65). An
application of dominated convergence theorem (due to compactness of M) implies

lim E [(p("] - "), 2" - 2")]

m—0o0

=E | im (p" 2"}, 2"}~ ="])] =0, (67)
which establishes the claim. [

Claim 3: For j € [m], let
. .— [E%o aM (m) (m) 2 . 68
S; T Ty ; (68)

h i Y L
then nll_rgoz;sj < §th. (69)
j:

Proof of Claim 3. Define u(t,z) := E*[Oy(x,x;)?]; then u(t,z) solves [22,
Theorem 4.2.1] the initial-boundary value problem

Hyu =0, lim u(t,z) =0. (70)

t—0t
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In particular, one has

lim ultz) _ iu(t,m)‘ = %AMGM(%CI%)Q

{0+ t dt t=0+

=Tt

An application of local Taylor expansion of the Riemannian metric on M (see [16])
implies

Ay dist(x, ;) < dy . (71)
(m) m) ) ?
Since s; = E¥® |:8M <a:t;n ,:l:tjn11> } =[E™ [3M ($L,$0> ]
for all j € [m], we conclude
2
m E®o {aM <$L,$O> :| )
dm sy =t fim —— < gt
=1 m
finishing the proof of the claim. [ |

Finally, to finish the proof of Lemma 4.11, notice that
Blo?] = | Ouu(en,a) (@) 0*(d) = B Ou(an, 2. ),
M

where the last expectation is over a Brownian motion {x;;t > 0} starting at @,
with infinitesimal generator Hy; as in equation (15). The lemma now follows by
equations (62), (67), and inequality (69). n

To proceed further, we will need to apply the following duality theorem by Kan-
torovi¢ and Rubinstein, relating the 1-Wasserstein distance to integration of 1-
Lipschitz functions; see [24] for more details and a proof.

Theorem 4.12. (Kantorovic-Rubinstein) Let (M, dy) be a compact connected
Riemannian manifold, and &2 (M) the space of probability measures on M — equipped
with the 1-Wasserstein distance Wi(-,-). For any o™ v € 2 (M), the following
equality holds:

Wi(u,v) = (bds;up(M) (fyg @ do™— [, ¢ dv) . (72)

We are now ready to formulate our result on equidistribution of the cover constructed
above.

Theorem 4.13. Let S C K be a nonempty finite multisubset whose elements
are selected independently at random from the Haar measure on K. Let § € (0, %),
and assume that € € (0,27°) is sufficiently small. Suppose that the cardinality of S

satisfies

|S| =161n2 (lnC’M + ({TM log, (25) + C%M log, log, (24) + In 6—15) . (73)

Let ¢ > 0 be an integer satisfying

¢ > dylog, % + log, (%) + C%M log, (”éM) + % log, ' (% +1) . (74)
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Fiz a py € M, and let v be the empirical measure supported on the random
multisubset . 1= S*p, C M; if € is sufficiently small, then

Wl(O'M, V) S 2\/ dMG .

Proof.  Let Lip, ,(M) be the set of mean-zero Lip,-functions on M. By Theorem
4.12, it suffices to show that

sup (fM ¢ do™ — [, & du) < 2\/&6. (75)

$€Lipy o(M)

We note that, for any such function ¢ € Lip; o(M), if ¢(xo) = @]z~ then

0= /M o(x) do™(x)

= [ dtan) ar(@)+ [ (0(@) (e do(a)
—ola0) + [ (9(a) ~ o(an) dr(a).
Hence,
(o) / 16(z) — d(z0)| do™ /aM 2, 2)do™ () < diam(M) .

For sufficiently small ¢ > 0, we let v} be the Borel probability measure on M whose
density is

dvf(z) 1
FrTTT D Hy(w,t).

peSp,

Then, for ¢t = €2, one has

Wl(aMayt*) |fM fM d’/t )}

¢€L1P1 O(M

< sw /W@wM—@z@%mmwmw@
¢€Lip10(M
< o el [ [0 G sy, Bolo 0] do(a)

¢>€L1P1 ol

dv

< diam (M) E%M dy * (76)

with probability at least 1 — d; here, the last step is due to the forced equality in
inequality (45).

For any function ¢ € Lip, o(M), define ¢r: M = R to be

w@ = — 3 $(p)Hylw.b).

14
|S | PESZPO
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From stochastic completeness of M, it follows that [, Hy(x,t) do™(x) = 1; hence,
putting ¢ = €2, one has

[ ety arta) = 3 otp | Botat) do@) = [ o@) dvta), (0

for any ¢ € L'(o™). With ¢ = €2, this implies

(Vo v —‘ o(x) dv} (x /qSt ) do™ )‘
=181 X [ (6l@) ~ op) Hoet) do* ()
PES Py
SIS Y [ Jot@) - olp) Hylat) do(a)
pES'py
SIS Y [ oupw) Hyla) do')
PES'P,

< Ve (78)

by Lemma 4.11 and the Holder inequality applied to dy(p, ) = Ou(p, x) - 1y while
integrating with respect to H,(x,t) do™(x). Therefore, for ¢ = €2 > 0 sufficiently
small, application of the inequalities in (76) and (78) — together with equation (77)
— yield

_dm
WI(JMay>SWl(O-M?VZ()_’_Wl(Vta )S M M4 +\/_M€<2\/
This completes the proof. [ ]

Remark 4.14. It is immediate from the foregoing proof — in association with
Remark 3.3 — that the upper-bound in Theorem 4.13 improves to 2v/dye if we
ignore the low-dimensional cases dy; < 6.

4.4. Persistent homology

In this subsection, we assume that we have oracle access to pairwise geodesic distance
in M.

Definition 4.15. A family {x¥ : Sz = S, }o<s<, of morphisms of finite simplicial
complexes is said to be persistent if the following holds for all 0 <z <y < z:

Xy © X4 = Xz -

Remark 4.16. In functorial terms, let FSC be the category of finite simplicial
complexes and morphisms. A persistent family is then a functor from the poset
(R, <) to FSC.

Definition 4.17. For a persistent family {x¥% : S, — S,}o<z<y, the ¢-th
persistent p-homology of S, , denoted PH, ,(S;), is the image of the natural map
(Xa D+ Hp(Sz) = Hp(Sasq)-

Further, when {x¥ : S, — S, }o<s<y is the Vietoris-Rips complex, then the groups
PH,(M) := x%"),(H,(S,) are called the persistent homology of the complex.
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Definition 4.18. Let § C K be a random subset consisting of independent Haar
samples from K, and let S := SUS™!. For any integer ¢ > 0, consider the subset
Sy = Sepo C M constructed in the preceding section. Once and for all, fix an
ordering of the points in each .#; that is compatible across the range of ¢. For any
x >0, let 7, be the Vietoris-Rips complex with vertex set .#; and radius . Thus,
a t-simplex in ., is a subset {my,...,m;} C . such that dy(m;,m,,) < z
for every ji,j2 € {0,1,...,t}. Foreach 0 <z <y, let x;* : S, — S, be the
natural inclusion of simplicial complexes. Thus, the morphisms

XY Le = Sy, 0< <y

form a persistent family of finite simplicial complexes.

For compact connected Riemannian symmetric spaces of dimension dyy, the following
result follows via standard arguments.

Lemma 4.19. Let 7 > 0 be the (infimum of the) injectivity radius of M.

Suppose that S C K is a nonempty finite multisubset whose elements are selected

independently at random from the Haar measure on K. Let § € (0, %), and assume

that € € (0,27°) is sufficiently small. Suppose that the cardinality of S satisfies
d d 1
S| = 161n2 (mcM + % Jog, (£4) + 2 log, log, (&) +1n 5) . (79)

Let £ > 0 be an integer satisfying

1 6C; dM 1 1 d,
¢ > dylog, - + log, (ﬁ) + e log, <m~§M> + 3 log, I’ (?M + 1) 5 (80)
30
where rem = 2€4/1In 6251771\411

satisfies reyg < 4717 ; then, with probability at least 1 — 2§, the geometric realization
of Sur.w — as in Definition 4.18 — is homotopy equivalent to M.

Proof. = We assume that the random subset .y € M is an r,y-cover of M; by
Theorem 4.4, this assumption is valid with probability at least 1 —26. The families

ﬁTE,M = {Bre,M (m) mc ‘%}7 ﬁQTS,M = {BQTe,M(m) ‘mc ‘%}

T

of open geodesic balls — of radius rey € (0,%) and 2rcy € (0, %), respectively —
with centers at the points in ., forms an open cover of M; moreover, the guarantee
that r.y € (0, 7) ensures that each geodesic ball in these covers is diffeomorphic —
via the exponential map — to an open Euclidean ball, and finite intersections of such
geodesic balls are diffeomorphic to star-shaped open subsets in Euclidean space.

Therefore, by the nerve lemma, the Cech nerves ;_,, and %5, — based on 0,_,,
and 0y, , respectively — have the same homotopy type as M. Since the Vietoris-
Rips nerve .7, _,. interlaces the Cech nerves as

,M

(gre,M g F‘%»TE,M g (527’6,1\/11 ?

the lemma follows. ]
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Remark 4.20. Via application of the Vietoris-Rips complex and geometric real-
ization functor, the topological invariants of the abstract Riemannian manifold M
are identified to those of a subspace of an Euclidean space (albeit of a humongous
dimension).

Recall (see [4]) that, for a compact metric measure space (X, dx, pux) with metric
dx and measure py, one defines

(I)ggldxnux = (PHQ)*(M?}n) )

which is a measure in the Barcode space B. Let M be a compact connected
Riemannian symmetric space of dimension dy;, Riemannian metric 0y, and Haar-
induced K-invariant probability measure ™. Let .%; := S'p,, and ¢} the empirical
probability measure supported on .%;.

Theorem 4.21.  The following inequality holds for all nonempty subset S C K
of isometries of M, all integers £ > 1 and q > 0, with n = |S|*:

1 1
E : dPr ((I)I@HT,L@M,UM’ (I);ZC()M,U[M) S W12 (0M7 O-g/ﬂ) . (81)

Proof.  We follow the arguments as in [4, theorem 5.2]. Since Wasserstein distance
induces compact topology on Z(M x M) — the space of probability measures on
M x M, there is a coupling A € (o™ o}") such that

Wi(o", ;") = E[Oh(m, ma)].
Suppose that Wy (c™, o)) = €2, for some €, ¢ > 0; it follows that

P)\ [aM(mh m2) Z Eq,n,d S €gn,l - (82)

Since the n-fold product A®"™ induces a probability measure on M" x .#*, the
push-forward A\, := (PH?”,PH?”)*()\@”) is a coupling between the push-forward
measures (PH™), (o) and (PH™),(0;"). Given n independent A-samples

(mla Sl)a Tty (mn7 S’n)a
an application of triangle inequality implies
O (m, my) — Ou(sy, s5)| < Oul(my, ;) + Ou(my, s5)
and this further yields
| sup (Bl )+ Dutm ) > 2
5.3 €n

S P{SUP aM(m]’, 3j> Z Eq,n,Z:| S 1 - (1 - Eq,n,f)n S N€gn,e -
j€ln]

By stability theorem of Chazal et al (see [8]), we have
Plds (PH,({m;}), PH,({s;})) = negn] < negne,

which concludes the proof. [ |
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Together with Theorem 4.13, this yields the following immediate corollary:

Corollary 4.22.  Suppose that the nonempty subset S C K is as in Lemma 4.19,
and that the integer £ > 0 satisfies the inequality in Lemma 4.19; then, the following
inequality holds for all integers q > 0, with probability at least 1 — 6 :

1 n n 4

L dp, (%MUM, @;kl%oy) < Y ye . (83)
Remark 4.23. It is immediate from the foregoing proof — in association with

Remark 4.14 — that the upper-bound in Corollary 4.22 improves to +/2dye? if we
ignore the low-dimensional cases dy; < 6.

5. Conclusions

On a compact Riemannian symmetric space M = K/H of dimension dy;, a random
Markov Chain — whose transitions correspond to isometries selected independently at
random from the Haar measure of the group of isometries of M — has been explored
and the finite time behaviour of the chain has been established. Explicitly, the first
of the four main results states that for |S| = Oy(d In< +In §) random isometries
and ¢ = O(dyIn1/e), if one takes the image . of any fixed (but arbitrary) point
on the symmetric space under all possible compositions of length ¢ in the |S |-length
random inverse-symmetric subset S C K, one obtains an 7. y-cover of M with high
probability. For these parameters, the value of |S|£ is close to the volumetric lower
bound of (1/€)*4) on the size of an hypothetical optimum e-cover of M.

Secondly, we show that this e-cover is equidistributed with probability at least
1—2¢, in the sense that the 1-Wasserstein distance of the uniform empirical measure
supported on the cover is within /dye of the uniform measure on M.

Next, we show that such random subset . C M is an approximate A,-design, for
eigenvalue A, of the Laplace-Beltrami on M, provided |S| = O(In1/6 +dyIn A, ),
and ¢ as above.

Finally, we show that the Prokhorov distance between the persistent push-forwards
of the uniform measure and the empirical measure supported on the random e-cover

is at most v/dy€.

These results can respectively be applied to (1) approximately minimize any given
1- Lipschitz function on the symmetric space via a locally constant function by
considering the Voronoi-cells of the space induced by the e-cover and evaluating the
function on the e-cover, (2) to approximately integrate a 1-Lipschitz function on the
symmetric space, (3) to approximately integrate a smooth function in the subspace
&y, , and (4) to approximate the persistence homology of a data cloud sampled from
the uniform measure, with that of the constructed e-cover. In the first two cases
the approximation is within an additive € of the true value, whereas the third case
has an error of order +/e.
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