Spectral Exterior Calculus

TYRUS BERRY

Department of Mathematics, George Mason University
AND
DIMITRIOS GIANNAKIS

Courant Institute of Mathematical Sciences, New York University

Abstract

A spectral approach to building the exterior calculus in manifold learning prob-
lems is developed. The spectral approach is shown to converge to the true ex-
terior calculus in the limit of large data. Simultaneously, the spectral approach
decouples the memory requirements from the amount of data points and am-
bient space dimension. To achieve this, the exterior calculus is reformulated
entirely in terms of the eigenvalues and eigenfunctions of the Laplacian oper-
ator on functions. The exterior derivatives of these eigenfunctions (and their
wedge products) are shown to form a frame (a type of spanning set) for appro-
priate L2 spaces of k-forms, as well as higher-order Sobolev spaces. Formulas
are derived to express the Laplace-de Rham operators on forms in terms of the
eigenfunctions and eigenvalues of the Laplacian on functions. By representing
the Laplace-de Rham operators in this frame, spectral convergence results are
obtained via Galerkin approximation techniques. Numerical examples demon-
strate accurate recovery of eigenvalues and eigenforms of the Laplace-de Rham
operator on 1-forms. The correct Betti numbers are obtained from the kernel
of this operator approximated from data sampled on several orientable and non-
orientable manifolds, and the eigenforms are visualized via their corresponding
vector fields. These vector fields form a natural orthonormal basis for the space
of square-integrable vector fields, and are ordered by a Dirichlet energy func-
tional which measures oscillatory behavior. The spectral framework also shows
promising results on a non-smooth example (the Lorenz 63 attractor), suggesting
that a spectral formulation of exterior calculus may be feasible in spaces with no
differentiable structure. () 2000 Wiley Periodicals, Inc.
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1 Introduction

The field of manifold learning has focused significant attention recently on con-
sistently estimating the Laplacian operator on a manifold,

(1.1 A = —divgrad = dd

(in this paper we use the positive definite Laplacian, which we also refer to as the
0-Laplacian) [7, 44, 18, 52, 12, 32, 11, 8, 43, 49, 50, 14]. Given data {x;} sampled
from a manifold .#Z C R”, these methods build a graph with weights given by
a kernel function k(x;,x;), and then approximate the Laplacian operator with the
graph Laplacian
(1.2) L=D-K,
where K and D are the kernel and degree matrices associated with k, respectively.
In Table 1.1, we briefly summarize the current state-of-the-art results.

The Laplacian-based approach to manifold learning is justified by the fact that
the Laplace-Beltrami operator encodes all the geometric information about a Rie-

mannian manifold. A simple demonstration of this fact arises from the product
formula for the Laplacian

(1.3) A(fh) = fAh+hAf —2grad f - gradh,

where the dot-product above is actually the Riemannian inner product g, : Tx.Z x
T M — R,

gx(grad f(x), gradh(x)) = (grad f - grad 1) (x)
1
(1.4) = 5 (f(0)AR(x) +h(x)Af (x) = A(fh)(x)).
Specifically, given any vectors v,w € T,.#, there must exist functions f,h with
grad f(x) = v and gradh(x) = w, and then the inner product

8x(v,w) = g.(grad f(x), grad i (x))
can be computed as above.

Since the geometry of a Riemannian manifold is completely determined by the
Riemannian metric, the above formulas show that metric is completely recoverable
from Laplacian, so learning the Laplacian is “sufficient” for manifold learning. Of
course, this is a theoretical rather than pragmatic notion of sufficiency. If one asks
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TABLE 1.1. Summary of results on manifold learning

(1) For uniform sampling density (with respect to the Riemannian volume
measure) on a compact manifold, the Gaussian kernel provides a consistent
pointwise estimator of the Laplace-Beltrami operator [7].

(2) For nonuniform sampling density on a compact manifold, any isotropic
kernel with exponential decay can be normalized to give a consistent point-
wise estimator [18].

(3) For nonuniform sampling density on a compact manifold, any symmetric
kernel with super-polynomial decay can be normalized to give a consistent
pointwise estimator with respect to a geometry determined by the kernel
function [12].

(4) The bias-variance tradeoff implies error which is exponential in the dimen-
sion of the manifold [44, 11].

(5) The above results can be generalized to non-compact manifolds by assum-
ing appropriate lower bounds on the injectivity radius and either the curva-
ture or the ratio between the intrinsic and extrinsic distances [32, 11, 14].

(6) For data sampled on a compact subset of R”, not necessarily with mani-
fold structure, the normalized and (under additional conditions) the unnor-
malized graph Laplacians converge spectrally to operators on continuous
functions in the infinite-data limit [52].

(7) For smooth manifolds without boundary and uniform sampling density, the
graph Laplacian associated with Gaussian kernels converges spectrally to
the manifold Laplacian along a decreasing sequence of kernel bandwidth
parameters as the number of samples increases [9]. More recently, these
results have been extended to allow spectral approximation of more general
self-adjoint elliptic operators on bounded open subsets of R”, with speci-
fied relationships between the bandwidth and number of points, including
error estimates [43, 49, 50].

(8) The bias and variance of the spectral estimator were computed in [14], who
showed that the variance is dominated by two terms, one proportional to the
eigenvalue A (linear) and another proportional to A2 (quadratic), explain-
ing why an initial part of the spectrum (close to zero) can be significantly
more accurate than larger eigenvalues. For this initial part of the spectrum,
the optimal bias-variance tradeoff results in a much smaller bandwidth than
is optimal for pointwise estimation.

(9) A separate construction (closely related to kernel estimators) uses local
estimators of the tangent space and orthogonal matrices that estimate the
covariant derivative in order to construct an estimator of the connection
Laplacian, which is closely related to the Hodge Laplacian on 1-forms
[45, 27, 46].
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TABLE 1.2. Comparison of the Spectral Exterior Calculus (SEC) in-
troduced in this manuscript to the Discrete Exterior Calculus (DEC) and
the Finite element Exterior Calculus (FEC).

Feature DEC FEC SEC
Pointwise consistency Yes Yes Yes
Spectral consistency Unknown  Yes Yes
Works on raw data No No Yes
Decouples memory from data No N/A Yes
Exterior Calculus structure Partial ~ Partial Partial

certain geometric questions, such as “What is the 0-homology of the manifold?”
(i.e., the number of connected components) this can be easily answered as the
dimension of the kernel (nullspace) of the Laplacian. However, if one asks for the
higher homology of the manifold, or the harmonic vector fields, or the closed or
exact forms, the above formulas do not suggest any practical approach. What is
needed is not merely the Laplacian, but a consistent representation of the entire
exterior calculus on the manifold.

In this paper, we introduce the Spectral Exterior Calculus (SEC) as a consistent
representation of the exterior calculus based entirely on the eigenfunctions and
eigenvalues of the Laplacian on functions. In essence, we will follow through on
the above analysis and reformulate the entire exterior calculus in terms of these
eigenfunctions and eigenvalues.

Discrete formulations of the exterior calculus, utilizing a finite number of sam-
pled points on or near the manifold, have been introduced at least as early as the
mid 1970s with the work of Dodziuk [22] and Dodziuk and Patodi [23]. They con-
structed a combinatorial Laplacian on simplicial cochains of a smooth triangulated
manifold, and showed that, under refinement of the triangulation, the combinatorial
Laplacian on k-cochains converges in spectrum to the Laplace-de Rham operator
on k-forms (or k-Laplacian, denoted A;). A key element of this construction was
the use of Whitney interpolating forms [53], mapping k-cochains to k-forms on the
manifold. More recently, two alternative methods of discretely representing the ex-
terior calculus have been developed, namely the Discrete Exterior Calculus (DEC)
by Hirani [33] and Desbrun et al. [21], and the Finite element Exterior Calculus
(FEC) by Arnold et al. [3, 2]. Among these, the FEC includes the techniques of
Dodziuk and Patodi, as well as subsequent generalizations by Baker [5] utilizing
Sullivan-Whitney piecewise-polynomial forms [48], as special cases. In Table 1.2,
we compare the features of the SEC to the DEC and FEC. For manifold learn-
ing applications, we focus on three requirements: consistency, applicability to raw
data, and amount of data and memory required.

The first requirement is that the method should be consistent, meaning that
discrete analogs of objects from the exterior calculus should converge to their con-
tinuous counterparts in the limit of large data. In this paper we will focus on the
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pointwise and spectral consistency, in appropriate Hilbert spaces, of representa-
tions of vector fields and the Laplace-de Rham operators on k-forms. We chose
to focus on Laplace-de Rham operators because their eigenforms form a natural
ordered basis for the space of k-forms. Moreover, in the case of the eigenforms
of the 1-Laplacian, the Riemannian duals form a natural basis for smooth vector
fields. While the DEC formulates a discrete analog to A, currently it has not been
proven to be pointwise consistent, except for Ay using the cotangent formula for
the special case of surfaces in R?. A recent preprint by Schulz and Tsogtgerel
[41] shows consistency of the DEC when used to solve Poisson problems for the
1-Laplacian, but spectral convergence is not addressed. A recent thesis of Rufat
[40] considers a collocation-based variant of the DEC, also called “Spectral Exte-
rior Calculus” but abbreviated SPEX, and shows numerical examples suggesting
consistency of the kernel of the 1-Laplacian. The FEC has convergence results for
estimating Laplace-de Rham and related operators, including eigenvalue problems.

In Section, 6, we prove spectral convergence results for the SEC-approximated
1-Laplacian using a Galerkin technique. More generally, many of the operators en-
countered in exterior calculus, including the k-Laplacians, are unbounded, and the
requirement of consistency must necessarily address domain issues for such opera-
tors. One of the advantageous aspects of the SEC is that the Sobolev regularity ap-
propriate for differential operators such as k-Laplacians can be naturally enforced
using the eigenvalues of the 0-Laplacian. This allows us to construct spectrally
convergent Galerkin schemes using classical results from the spectral approxima-
tion theory for linear operators. This approach generalizes Galerkin approximation
schemes for a class of unbounded operators on functions (generators of measure-
preserving dynamical systems) [29, 30, 19] to operators acting on vector fields and
higher-order k-forms.

Our second requirement is that the method should only require raw data, as the
assumption of an auxiliary structure such as a simplicial complex is unrealistic for
many data science applications. The FEC makes strong use of the known struc-
ture of the manifold to build their finite element constructions, which makes the
FEC inappropriate for manifold learning. Indeed, it is instead targeted at solving
PDEs on manifolds where the manifold structure is given explicitly. Based on this
requirement we will not consider further comparison to the FEC. The DEC also
makes strong use of a simplicial complex in their formulation and in the consis-
tency results. It is conceivable that one could apply the DEC to an abstract simpli-
cial complex based on an &-ball or k-nearest neighbor construction, however there
are no consistency results for such constructions.

Our third requirement is that the memory requirements should be decoupled
from the data requirements, since data sets may be very large, rendering any method
requiring memory that is even quadratic in the data impractical. In the DEC, dis-
crete k-forms are encoded as weights on all combinations of k-neighbors of each
data point. For a data set with N data points, each having ¢ neighbors, functions
would be represented as N x 1 vectors, 1-forms as N x £ matrices, and general
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k-forms as N x ¥ matrices. Thus, operators such that the k-Laplacian are repre-
sented as N/ x N¢* matrices. The SEC provides an alternative which is much
more memory efficient.

It has been shown that the error in the leading eigenfunctions of the 0-Laplacian
is proportional to the eigenvalues [14], which by Weyl’s law grow according to
Aj o< n?/? where d is the dimension of the manifold. Moreover, for larger eigenval-
ues and eigenfunctions the error ultimately becomes quadratic in the eigenvalue.
The idea of the SEC is to formulate the exterior calculus entirely in terms of the
eigenfunctions of the 0-Laplacian, approximated through graph-theoretic kernel
methods, and to discretize the exterior calculus by projecting onto the first M < N
eigenfunctions. Thus, functions would be represented at M x 1 vectors, 1-forms as
M x J matrices, and k-forms as M x J* matrices. As we will explain in Sections 2.3
and 4.1, J is the number of eigenfunctions required to form an embedding of the
manifold. Notice that highly redundant data sets may introduce extremely large
values of N, but since M is decoupled from N this would not present a problem
for the SEC. Also, for high-dimensional manifolds which require a large data set
N to obtain a small number M of accurate eigenfunctions, the SEC could proceed
using only these accurate eigenfunctions potentially yielding very efficient repre-
sentations of higher-dimensional manifolds. Another advantageous aspect of SEC
representations is that their memory cost is independent of the ambient data space
dimension n (which can be very large in real-world applications). In fact, the only
parts of the SEC framework with an n-dependent memory and computation cost
are the initial graph-Laplacian construction and the spectral representation of the
pushforward maps on vector fields, all of which depend linearly on n. In contrast,
the cost of building simplicial complexes and other auxiliary constructs required
by DEC and FEC approaches can be very high in large ambient space dimensions.

It is also desirable that a data-based exterior calculus should capture as much as
possible of the structure of the exterior calculus from differential geometry, mean-
ing that discrete analogs of continuous theorems should hold. While no method
captures discrete analogs of all the continuous theorems, each method has some
partial results. For example, the DEC beautifully captures a discrete analog of
Stokes’ theorem and the Leibniz rule for holds exactly closed forms, however the
product rule for the Laplacian fails. In the SEC, the product rule for the Laplacian
will hold exactly, however this leads inevitably to the failure of the Leibniz rule as
shown in A.

Finally, even though here we do not explicitly address this issue, an important
consideration in data-driven techniques is robustness to noise. The simplicial com-
plexes employed in DEC become increasingly sensitive to noise with increasing
simplex dimension. On the other hand, the noise robustness of the SEC is limited
by the noise robustness of the graph Laplacian algorithm employed to approximate
the eigenfunctions of the 0-Laplacian. The latter problem has been studied from
different perspectives in the literature [26, 37, 54], and it has been shown [26] that
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for certain classes of kernels and i.i.d. noises (including Gaussian noise of arbi-
trary variance) the graph Laplacian computed from noisy data converges spectrally
to noise-free case in the infinite-data limit.

The central challenge of the SEC approach is obtaining the representation of the
exterior calculus in the spectral basis of eigenfunctions of the O0-Laplacian. In the
next section we overview how vector fields, k-forms, and the central operators of
the exterior calculus can all be represented spectrally. Since the gradients of these
functions do not span the set of vector fields (otherwise every vector field would be
a gradient field), we instead build a frame (overcomplete set) [24, 36] consisting of
products of Laplacian eigenfunctions and their gradient, and we represent vector
fields in this frame. We proceed analogously for k-forms, using products of Lapla-
cian eigenfunctions and k-fold wedge products of their differentials to construct
frames.

The plan of this paper is as follows. We begin in Section 2 with an overview
of the SEC, including the fundamental idea of our approach and tables which
overview key formulas. Computation of the more complex formulas can be found
in B. In Section 3, we briefly review the necessary background material and in-
troduce our key definitions. Our central contribution to the theory of the exterior
calculus is proving that our construction yields frames for L? and Sobolev spaces
of vector fields and k-forms in Section 4. In Section 5, we discuss aspects of this
frame representation for bounded vector fields, as well as associated representa-
tions of vector fields as operators on functions and the convergence properties of
finite-rank approximations. Then, in Section 6, we employ this frame represen-
tation to construct a Galerkin approximation scheme for the eigenvalue problem
of the 1-Laplacian, which is shown to converge spectrally. Section 7 establishes
the consistency of the data-driven SEC representation of the exterior calculus. In
Section 8, we present numerical results demonstrating the consistency of the SEC
on a suite of numerical examples involving orientable and non-orientable smooth
manifolds, as well as the fractal attractor of the Lorenz 63 system. We conclude
with a summary discussion and future perspectives in Section 9. A Matlab code
reproducing the results in Section 8 is included as supplementary material.

2 Overview of the Spectral Exterior Calculus (SEC)

As mentioned above, many manifold learning techniques are based on the abil-
ity to approximate the Laplacian operator on a manifold (1.1) via a graph Laplacian
(1.2), defined on a graph of discrete data points sampled from the manifold. When
this convergence is spectral, we may use the eigendecomposition of an appropri-
ately constructed graph Laplacian. In Section 2.1 below we briefly summarize the
Diffusion Maps approach to the construction [18]. The eigendecomposition from
Diffusion Maps, or a comparable algorithm with spectral convergence guarantees
[50, e.g.], is the only input required to generate the entire SEC construction.
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The SEC represents vector fields and differential forms using Laplacian eigen-
functions, and then reformulates the exterior calculus of Riemannian geometry in
terms of these representations. This reformulation is described in Sections 2.2-2.5,
and will be made rigorous in Sections 3 and 4. The motivation for this reformu-
lation is that it allows us to define an exterior calculus using only the eigende-
composition of the 0-Laplacian. In other words, in a manifold learning scenario,
the eigendecomposition of the graph Laplacian provides all the necessary inputs
to formulas which generate the entire exterior calculus formalism. Of course, this
implies a “low-pass” or truncated representation, and in Sections 6 and 7 we will
prove that these truncated representations converge in the limit, as the number of
eigenvectors increases.

2.1 Summary of Diffusion Maps construction of the 0-Laplacian

Following the Diffusion Maps approach, we define a kernel matrix

2
X — X
Kij = kg(Xj,Xj) = exXp <—||l4€]‘> s
where {x;}} | C .# C R" is a data set sampled from the embedded manifold .7,
under a measure with a smooth, fully supported density relative to the volume
measure associated with the Riemannian metric, g induced by the embedding. We
then normalize K = [K;;| to a new kernel matrix K to remove the sampling bias,

K:Q_IKQ_la Q dlag Qn Qii = ZKU’

and finally normalize K into a Markov matrix P,
N
2.1 P=D"'K, D =diagD;] Z

which approximates the heat semigroup e~€20; see [18] for details on this proce-
dure. The normalized kernel matrix has the generalized eigendecomposition

K=D®Ad',

which can be computed by solving the fully symmetric generalized elgenvalue
problem K q) AD(]) The eigenvalues satisfy A = ¢~€* where the values A >0
approximate the eigenvalues of the Laplacian, so we define A = —log(A)/e An
asymptotically equivalent (in the limit N — oo and € — 0) approach is to form the
graph Laplacian L = D — K ), and compute the generalized eigendecomposition
L=D®A®". In either approach, we approximate the eigenfunctions Ag¢; = A;¢;
of the Laplacian operator, and sort the columns of ® so that the eigenvalues are
increasing. The diagonal matrix D represents the Riemannian L? inner product on
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the manifold, in the sense that if f; = f(x;) and k; = h(x;) are vector representations
of (complex-valued) continuous functions, then

FDh~ | F@hdu() = (f.5)s

up to a constant proportionality factor, where § denotes complex-conjugate trans-
pose, and U is the Riemannian measure of the manifold. Thus, we can compute the
generalized Fourier transform of the function f by

N
f=o'Df, Fi=Y 0j(xi)Diif (x;) = (9. f)12.
i=1

We can then reconstruct the values of the function f on the data set by f =®f,
which holds exactly since ®® " = D~!. If a smaller number of eigenvectors are
used, then ®® " is not full rank, and the result is a low-pass filter.

Note that in applications (including those presented in this paper), one is fre-
quently interested in real-valued functions and self-adjoint operators, so complex
conjugation is not included in L? inner products as above. However, applications
with complex-valued functions can also be of interest (e.g., in dynamical systems
modeling [30]), so in what follows we work with complex-valued functions to
maintain generality.

2.2 Functions, multiplication, and the Riemannian metric

In Table 2.1, we show the basic elements of the exterior calculus and their SEC
formulations. For example, complex-valued functions are represented in the SEC
by their generalized Fourier transform f; = (@i, f) 2, which is justified since the
Hodge theorem shows that the eigenfunctions ¢; form a smooth orthonormal basis
for square-integrable functions on the manifold. It should be noted that, as with
all L? expansions, f may differ from the reconstructed function ¥, fi¢; on sets of
measure zero. Similarly, all frame representations of vector fields and k-forms in
Table 2.1 and the ensuing discussion should be interpreted in an L? sense.

The two key elements of Table 2.1 are the representation of function multipli-
cation and the Riemannian metric.

First, function multiplication will be represented by the fully symmetric three-
index tensor

(2.2) Cijk = (9ifj, o) 2,
which will be a key building block of the SEC. Note that here we use the term
“tensor” to represent a general multi-index object such as ¢;jx derived from inner
products of Laplacian eigenfunctions. While these objects are not geometrical ten-
sors on the manifold, they nevertheless transform via familiar tensor laws under
changes of L? basis preserving the Laplacian eigenspaces.

Next, the Riemannian metric is represented based on the product formula (1.3),
and is given by (1.4). The power of the SEC is that we will only need to represent
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TABLE 2.1. The SEC reformulation of the basic elements of the exte-
rior calculus from Riemannian geometry.

Object Symbolic Spectral
Function f Je= (00, )12
Laplacian Af (00 AF) 12 = M
L? Inner Product (f,h);2 Y, fihi
Dirichlet Energy (f.Af) 2= [ 4llgrad f||?du YiAilfi?
Multiplication ;0 Cijk = (0i9;, Ox) 2
Function Product fh Yij Ckijfii’j

gkij = (grad ¢; - grad ¢, ¢x)

Riemannian Metric grad ¢; - grad ¢; it Ay — Ao 2
Gradient Field grad f(h) = grad f* - grad h (0 grad f(h)) 2 = Y guijfil,
Exterior Derivative df(gradh) =df*-dh Y gk,-jf,-ﬁ,-
Vector Field (basis) v(f)=v*-gradf Xvij fi
Divergence divy (¢i,divv) 2 = —vp;
Frame Elements bij(¢1) = ¢ grad ;(¢r) G = (bij (91): 9

= YonCmik&mjl
Vector Field (frame) V(f) = ):.ij Vijbij (f) <¢k7 V(f)>L2 = Zijl Gijleijfl
Frame Elements b (v) = b db’(v) (D, B (v)) 12 = Loptm Chomi Gratm V"™
1-Forms (frame) o =Y;;w;b’ (O, 0(v)) 12 = L @0 (P, b (v)) 2

the metric for gradients of (real) eigenfunctions grad ¢; and grad ¢;, where we find
that
(2.3)

(arad gy, grad 0)) = 1 (0:A0; + 0,00~ A0:6,) = 5 (A A,)616; — Al030,).

We can further reduce this by writing the product ¢;¢; = } i ¢; k@« so that
1
g(grad ¢, grad ¢;) = 3 Z(?Li +A; — A)cije
k
meaning that the k-th Fourier coefficient of the Riemannian metric is

1
(24) gkij = (g(grad ¢;, grad ¢;), x) ;> = E(lﬁ‘kj — A)ciji-

Notice that g4;; is symmetric in i and j but not in k. These first two simple formulas
are the key to the SEC.
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2.3 Vector fields

We will need two different ways of representing vector fields. The first method
is called the operator representation and is based on the interpretation of a vector
field as a map from smooth functions to smooth functions, defined by

v(f) =v"-grad f = g(v*, grad f),

where v* denotes the complex-conjugate vector field to v. Note that, as with func-
tions, in SEC we consider vector fields, differential forms, and other tensors to be
complex. This is because, ultimately, we will be concerned with spectral approx-
imation of operators on these objects, and the complex formulation will allow us
to take advantage of the full range of spectral approximation techniques for opera-
tors on Hilbert spaces over the complex numbers. Throughout, our convention will
be that Riemannian inner products on complex tensors are conjugate-symmetric in
their first argument, e.g., g(fv,w) = f*g(v,w) for vector fields v, w and function f.
Since we have a smooth basis {¢;} for functions, we can represent any vector field
v in this basis by a matrix

vij = ($i,v(9j))12 = (9i,v" - grad @) 2 = (@i grad ¢, v) 2 = (bijv) 2.,

where the first two inner products appearing above are the L? inner products on
functions, the last two inner products are the Hodge inner products induced on
vector fields,

towlig = [ s(uwidp

and b;; = ¢; grad ¢; are smooth vector fields. Note that the Hodge inner product
defines the space of square-integrable vector fields, denoted L§€~

The second method of representing a vector field will be as a linear combination
of the vector fields b;; just introduced, with coefficients v/ so that

V= Zv”b,j.
ij

As we will show in Section 4, the vector fields {b;;} where i =1,...,0 and j =
1,...,J <oospans Lge- However, instead of a basis, this set is only a frame for this
space, i.e., a spanning set satisfying appropriate upper and lower bounds for the ¢>
norms of the sequence (b;;,v) 12, forevery v e L% [17]. Since {b;;} is not a basis,
this representation will generally not be unique, although frame theory ensures
that there is a unique choice of coefficients v'/ which minimizes the ¢ norm [17,
Lemma 5.3.6].

As we will see in the Section 2.5, there is a natural choice of basis for L2,
and constructing this basis will be a central goal of the SEC approach, however
doing so requires using the frame {b;;}. To motivate this choice of frame elements,
note that given a fixed point x on the manifold and a sufficient (finite) number of
eigenfunctions ¢;, the gradients of these eigenfunctions grad ¢;(x) will span the
tangent space 7,.# (see Section 3 for details). In fact, for a d-dimensional compact
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manifold, we should be able to find d eigenfunctions whose gradients form a basis
for T,.# for a fixed x. However, in general any choice of d eigenfunctions will not
span Ty.Z for every x simultaneously, meaning that the choice of eigenfunctions
which span depends on x. This is easily demonstrated by the example of the sphere
S2. That is, on S? every smooth vector field vanishes at some point x € S, so at
that point the collection of d gradient fields will at most span a (d — 1)-dimensional
subspace of T,S2. Intuitively, given a collection of sufficiently many gradients
of eigenfunctions {grad¢;}* i=1» and if the manifold is not too “large” (i.e., it is
compact), we can span all the tangent spaces simultaneously with J < oo, but of
course we no longer have a basis. Given an arbitrary smooth vector field v, we
can then represent v at each point x € . as a linear combination of gradients of
eigenfunctions,

Ve = ch ) grad ¢;(x).

If we can choose the coefﬁ01ents ¢y,j(x) in this linear combination to be smooth
functions on the manifold, then these functions can be represented in the basis
{¢:} of eigenfunctions, so that

CVJ( ) Z<¢17CVJ>L2¢1( )

i=

which means that we can represent the vector field v as

V= Z Z (PHCV] L2¢lgrad¢j

j=1i=0

We now consider how to move between the operator representation and frame
representation of a vector field. Substituting the frame representation into the op-
erator representation, we find that

2.5 Vij = (bij,v>L§€ = kal<bk1>bij>L§€ = ZGijklvkl>
kl kl

where G;ji = (bij, brr) 2 is the Grammian matrix of the frame elements with re-
spect to the Hodge inner product. Thus, we see that the Hodge Grammian is the
linear transformation which maps from the frame representation V¥ to the matrix
representation v;;. Crucially, the quantities G;j; can be computed in closed form
from the spectral representation of the pointwise inner products in (2.3), viz.

(2.6)

Gl]kl = (btjabkl>L2 = <¢l¢kagrad¢j grad¢l 2= Z Clkmcjlln(a' +Al A )
Since the frame is overcomplete, the matrix G is necessarily rank deficient and

thus there is no unique inverse transformation. However, if we also specify the
minimum ¢? norm then we can map from the matrix representation v; ; to the frame
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coefficients (with minimum norm) v¥ via the pseudo-inverse G* of the Hodge
Grammian.

2.4 Differential forms

In order to build a formulation of the exterior calculus we need to first move
from vector fields to differential k-forms. First, O-forms are equivalent to C* func-
tions defined on the manifold, which we represent in the basis of eigenfunctions of
the Laplacian ¢;. Since each eigenfunction can also be thought of as a O-form, we
will sometimes also denote the eigenfunctions by

b'= ¢i )
since the superscript notation is oftentimes used for basis elements of spaces of
differential forms. Our primary focus in this paper will be 1-forms, which are are
duals to vector fields. That is, a 1-form takes in a vector field as its argument and
returns a function. On a Riemannian manifold, we can move back and forth be-
tween vector fields and 1-forms with the # (sharp) and b (flat) operators. Locally,
these operators map 1-forms and vector fields, respectively, to their Riesz represen-

tatives with respect to the Riemannian inner product. In particular, if @ is a 1-form
and v is a vector field, then

o(v) =g ' (0"V) =g(v", &),

where g~! is the “inverse” metric on dual vectors. A fundamental operator on

differential forms is the exterior derivative, d, which maps k-forms to (k+ 1)-forms,
so that the exterior derivative of a O-form f is defined by the 1-form df, acting on
a vector field v by

df(v) =v(f) = g(v',grad f).
We will sometimes use the notation dj, to explicitly exhibit the order of differential
forms on which a given exterior derivative acts.

Since 1-forms are dual to vector fields, we will use a similar frame representa-
tion to that in Section 2.3, based on the eigenfunctions, {b"/ = b'db’}. As we will
show in Section 4, these 1-forms span the space L% of square-integrable 1-forms.
We also note that the Riemannian metric lifts to k-forms (see Section 3 for details),
and takes two k-forms and returns a function. Integrating the Riemannian inner
product of two k-forms,

(v, 0)2 = /ﬂg‘l(w,w)du,

defines the Hodge inner product, which then defines the Hilbert space of square
integrable k-forms. Finally, since df* = grad f*, grad f* = df*, and the b; ; are
real, we have b}; = b"/ and (b'7)? = by}, so the coefficients of a vector field in the
frame representation can also be used to represent the corresponding 1-form and
vice versa.



14 T. BERRY AND D. GIANNAKIS

2.5 The Laplacian on forms

The Laplacian k-forms is defined via the exterior derivative d and its Hodge
dual, the codifferential &, by

A = dy—1 0 + Opy-1dy

In order to represent the eigenvalue problem for the operator A; in the frame {b%/},
we need to compute the inner products
2.7

Giju = (7,0 2, Eijr = (07, A0M) 2 = (dbY,dbM) 1 + (867,861 1,

representing the Gramm matrix of Hodge inner products (which we will call the
Hodge Grammian) and Dirichlet form matrix, respectively. We derive the expres-
sions for these tensors in B below, and the formulas are summarized in Table 2.2.
Note that both G and E can be written as symmetric matrices by numbering the
frame elements. Moreover, we can easily represent the Gramm matrix with respect
to the Sobolev H' inner product on 1-forms,

(W,0) 1 = (W,0)2 + ELi(,0), ELi(¥,0) = (do,dv); + (50,8V)2,
as

G'=G+E.
The importance of the Sobolev Grammian G is that H 11 is a natural domain for
weak (variational) formulations of the eigenvalue problem of the Laplacian on 1-
forms.

As we will show in Section 6, the key to solving the eigenproblem of the
Laplacian on 1-forms is to first express the problem in a weak sense, i.e., replace
A1 =voby

Eii(y,9)=Vv(y,9)p, YyeH],

which is equivalent to the minimization problem

ve mn JEu(ee) |
per\o} | (@, 912

Intuitively, the ratio E; (@, @)/(¢, @) n) is a measure of “roughness”, or oscilla-
tory behavior, of a given eigenform ¢, much like the eigenvalues of the 0-Laplacian
measure the roughness of the corresponding eigenfunctions. Thus, ordering eigen-
forms in order of increasing eigenvalue, as we will always do by convention, is
tantamount to ordering them in order of increasing complexity that they exhibit on
the manifold. As with functions, given finite amounts of data, the approximation
error for eigenforms increases with the corresponding eigenvalue.

In SEC, we represent the eigenform in the frame, ¢ = };; ¢; b/, The above
variational problem can then in principle be written in matrix form as

Eii(v,9)=Vv(v. @)z, YWeH, =  E§=vGo.
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TABLE 2.2. The SEC representation of the Laplacian on 1-forms and
the Dirichlet and Sobolev energy forms. Derivations can be found in B.
Pairs of integers in parentheses indicate symmetries under permutations

o e v on
of tensor indices; e.g., (1,2) in Ciikt indicates that ikt = -

15

Operator Tensor Symmetries
O —/dhd.
Quadruple Product Ciji = (9:0;, 92 Fully symmetric
= YCijsCski
CI?. = (AP(0:0; ,
Product Energy i~ 100, 0tz (]1%)’ (32’1)’
= Zs)tfcijscskl ( b )’ ( > )
G = blj bkl
Hodge Grammian ki = (67,6053 (1,3), (2.4)
=[(A;+ A’I)C?jkl - Ciljkl]/z
A Rij Tk
Antisymmetric Gijur = (07, 67) 12 (1,3), (2.4
= Giju + Gjik — Gjirt — Gijik
Eiju = Ejji = (b, A (bkl)m
Dirichlet Energy = (Rt Ayt At ) e =ci) - (1,3), 24
+ (lj +A4—-A— Afk)ciljk[
+ (s + i — o)) /4
Eiju = (b7, 008") 2
Antisymmetric =M+ A+ N+ )’l)(cilljk _ cilkjl> (1,3), 2.4)
+ (Cizkjl - Cizljk)
G = Eiju + Gij
Sobolev H' Grammian k=R T (1,3), 2.4)

Al ~ A
G,- kil = Ei Jjkl + Gi jkl

However, the above eigenvector problem is not well-conditioned because G is not

full-rank in general (since the frame is overcomplete, meaning there can be multi-
ple representations of the same 1-form). In order to find an appropriate basis, we
first diagonalize the Sobolev Grammian,

and select the columns U of the orthogonal matrix U corresponding to the largest

G'=UHU', H = diag[h;],

eigenvalues. For example, in our implementation we choose /;; > hy x 1073, No-
tice that the columns of U contain the frame coefficients of unique orthogonal
1-forms. In other words, the matrix U is a choice of basis for H| represented in
the frame. Thus, we can project the eigenvalue problem onto this basis by writing

(2.8) Ld=vBa, L=U"EU, B=U'GU.
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An eigenvector 4 of this generalized eigenvalue problem contains the coefficients
of a frame representation for an eigenform ¢ of A;.

We should note that in practice we found somewhat better results using the an-
tisymmetric elements b =bldbl — bl db', likely due to the fact that these forms
are less redundant. All of the formulas for the antisymmetric formulation of the 1-
Laplacian are given in Table 2.2. The one change in the antisymmetric formulation
is that in order to move from the frame representation to the operator representa-
tion, we need the additional tensor

Hijir = (9r, b (grad @) 2 = (9n, b db (grad ¢y)) ;2 — (9, b’ db' (grad ) 2
= Gjju — Gjiu-

With this tensor, given the frame representation of a 1-form ¢ = };; ¢ jI;ij , the
operator representation of the corresponding vector field v = ¢ becomes vy =
Y Hiju Pij-

In order to visualize these eigenforms, we will visualize the corresponding vec-
tor field, v = q)t, which has the same frame coefficients as shown in Section 2.4. In
particular, it follows from (2.5) that simply multiplying & by the matrix G, leads
to Gd, which contains the operator representation of v. By reshaping Gd into a
M x M matrix V', we have V;; = (¢;,v(¢;));2. To visualize this vector field, we
need to map it back into the original data coordinates. This “pushforward” op-
eration on vector fields can also be represented spectrally [30, Proposition 6]. In
particular, let X be the n x N matrix of N data points in R”. We first compute the
Fourier transform of these coordinates by computing the D inner product with the
N x M matrix ® (see Section 2.1). Thus, X = X D® is the n x M matrix con-
taining the M Fourier coefficients of each of the n coordinate functions. We can
now apply the vector field to each of these functions by multiplying XV, which
now contains the Fourier coefficients of the pushforward of the coordinate func-
tions. Finally, we can reconstruct the coordinates of the arrows by computing the
inverse Fourier transform V = XV T®", which is a n x N matrix containing the
n-dimensional vectors which can plotted at each data point. This method is used to
visualize the SEC eigenforms in Section 8.

3 Hilbert spaces and operators in the exterior calculus

Consider a closed (compact and without boundary), smooth, orientable, d-
dimensional manifold .#, equipped with a smooth Riemannian metric g. Without
loss of generality, we assume that g is normalized such that its associated Rie-
mannian measure, U, satisfies u(.#) = 1. As stated in Section 3, we will work
throughout with vectors in the complexified tangent spaces, Tx(c,/// =T M R C,
X € M, treating by convention g(-,-) as conjugate-linear in its first argument. We
denote the associated metric tensor on dual vectors by = g~!, and use the no-
tation v’ = g(v,-), v € TC.A, and of = n(«,-), a € T, for the Riemannian
duals of tangent vectors and dual vectors. In what follows, we introduce the spaces
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of functions, vector fields, and differential forms that will be employed in the SEC
framework.

3.1 Function spaces

Let A: C*(A4) — C*(#) be the (positive-semidefinite) Laplace-Beltrami op-
erator on smooth, complex-valued functions associated with the Riemannian met-
ric g. It is a fundamental result in analysis on closed Riemannian manifolds (e.g.,
[47, 1, 39] that A extends to a unique self-adjoint operator A : D(A) — L?(.4 , 1)
with a dense domain D(A) C L*(.# , 1) in the L?* space associated with the Rie-
mannian measure, and a pure point spectrum of eigenvalues 0 = Ay < A; <A, <
with no accumulation points, corresponding to a smooth orthonormal basis { ¢ j}‘;-":()
of eigenfunctions. By smoothness of the Laplace-Beltrami eigenfunctions, the
products ¢;¢; lie in L?(.# ,1t); thus, we have

(3.1) 019, = ch,kqbk, Cijie = (P> B9} 12 (.t )

where the limit in the first equation is taken in the L? sense. As discussed in Sec-
tion 2, our objective is to build a framework for tensor calculus on .# that is defined
entirely through the spectral properties of the Laplacian on functions, encoded in
the eigenvalues 4;, the corresponding eigenfunctions ¢;, and the coefficients c; jx
representing the algebraic relationships between the eigenfunctions.

We use the notation L”, 1 < p < oo, to represent the standard Banach spaces
of complex-valued functions on .# associated with the Riemannian measure y,
. In the case p = 2, we use the short-
hand notation H = L2, and denote the corresponding Hilbert space inner product
(-,-)m, which we take to be conjugate-linear on its first argument. We also consider
Sobolev spaces of higher regularity, defined for p > 0 by

3.2) HPZ{ZC]'(PJ'ELZZZ)L][-)|Cj|2<°°}.
J=0 J=0

These spaces are closed with respect to the norms || f||u» = (f, f >}1/1,2 associated
with the inner products

(3.3) (fsh)mr = Z Zqu, o Ji=05 ey hy=(95,h)p
q=0j=0
Among these, the space H? is precisely the domain of the self-adjoint Laplacian A.
We equip each H” space with a Dirichlet form E, : H? x H? — C, defined as
the bounded sesquilinear form

(34) E,(f,h) =Y AP frhj,

Jj=0
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with f and 4 as in (3.3). This form induces a positive-semidefinite Dirichlet energy
functional E,(f) = E,(f, f). Given f € H” N H, the quantity E,(f)/||f||% can be
thought of as a measure of roughness of f. If f and & are smooth, E,(f,h) can be
expressed in terms of the Laplace-Beltrami operator as E,(f,h) = (f,A’h)y. Evi-
dently, E,(f) = (f,A” f)u can be arbitrarily large for highly oscillatory functions.

In general, the {¢;} orthonormal basis of H is not a Riesz basis of H”, p > 1;
that is, it is not the case that given any ¢> sequence of expansion coefficients ¢ s
the vectors f; = Zﬁ;}) cj¢; converge as [ — oo in H” norm. This issue is mani-
fested from the fact that the Dirichlet energies E,(¢9;) = lf of the basis elements
are unbounded in j, making {¢;} a poorly conditioned basis of H” for numerical

calculations. On the other hand, the normalized eigenfunctions q);p ), defined by

3.5 v -
G:3) % = ol

where || ¢}” ) |lz» = 1 by construction, form orthonormal bases of the respective H”
spaces.

A related, but stronger, notion of regularity of functions on .# to that associ-
ated with the H?” Sobolev spaces is provided by reproducing kernel Hilbert spaces
(RKHSs) associated with the heat kernel on (M,g). In particular, let .7 be the
RKHS of complex-valued functions on . associated with the time 1 heat kernel.
We denote the inner product and norm by (-,-) ,» and ||-|| ,», respectively. A natu-
ral orthonormal basis of .7 consists of the exponentially scaled Laplace-Beltrami
eigenfunctions (cf. (3.5))

(3.6) Gi= U el jefo,. ).
119l

After inclusion (which can be shown to be compact), 77 is a dense subspace of H
consisting of all equivalence classes of functions }.7_ ¢;¢; such that }%, etile i<
oo, In addition, # can be compactly embedded into every Sobolev space H”,
p > 0. J is also a dense subspace of C¥(.#) for all k > 0 [28].

In what follows, we will also be interested in spaces of bounded operators
on the function spaces introduced above. Given two Banach spaces V| and V,,
P(V1,V,) will denote the Banach space of bounded operators mapping V; to Va,
equipped with the operator norm, ||-||. If V} and V5 are Hilbert spaces, %,(V;,V,) C
P(V1,V,) will denote the Hilbert space of Hilbert-Schmidt operators from B to By,
equipped with the inner product (A, B)ys = tr(A*B) and the corresponding norm,
lAl|us = \/(A,A)gs. We will also use the abbreviations £ (V;) = %(V;,V;) and
PBr(Vi) = Bo(Vi,Vh).
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3.2 Spaces of vector fields

We consider the space X of C* complex vector fields on . (that is, the space
of derivations on the ring of smooth, complex-valued functions on .#, or, equiv-
alently, the space of smooth sections of TC.#), where we recall that X can be
viewed either as a vector space over the field of complex numbers, or as a C*(.# )-
module. In the former case, it can be endowed with the structure of a Lie alge-
bra with the vector field commutator, [-,-] : X x X — X acting as the algebraic
product. We denote the gradient and divergence operators associated with g by
grad : C*(.#) — X and div : X — C~(.#). Note that these operators are related
to the positive-semidefinite Laplacian via A = —divograd. As with functions, we
consider the standard Banach spaces LI;:’ 1 < p < oo, of vector fields associated
with the norms

1/p
HVHLQ6 = (/%(g(va V))p/zdﬂ) , 1<p<eo, and ||z :eSSS/l[J,p V&, v)y.
- XeE.

In the case p = 2, we set Hx = L% and use the notation (v,w)y, = [ ,g(v*,w)du
for the Hodge inner product inducing the L%E norm.

With these definitions, the closure grad : D(grad) — Hy of the gradient operator
has domain D(grad) = H', and is bounded as an operator from H' to Hy. Similarly,
the closure div : D(div) — Hy of the divergence operator has as its domain D(div)

the Sobolev space Hx 4iv C Hx, defined as the closure of X with respect to the norm

VIl Hx g = (v, v}l,/;div induced by the inner product

(VW) by div = (VW) i, + (divy,divw) .
Also, for p > 0, we introduce the Sobolev spaces
HY g, = {veHy:divve H"},
which are equipped with the inner products
<V’W>H§,div = (v, W)p, + (divv,divw) o,
1/2

Hg,div
define the Dirichlet forms E), x gy : Hg’; div X HQ giv — C by

and the corresponding norms ||v|| H = (v,v) . As in the case of functions, we
Jdiv

Ep x div(u,v) = Ep(divu,divv).

The corresponding energy functionals, E,, x giv(f) = Ep x.aiv(f, f) assign measures

of roughness of vector fields in Hﬁ; giv Hx through the quantities E), x aiv(f) /|| f ”1%13€
An important subspace of Hx is the closed subspace of gradient vector fields,

Hy graq = ran(grad). This leads to the orthogonal decomposition Hy = Hx graq @

H% grad> and it can be readily checked that any vector field in Hx{ grad N Hx giv has
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vanishing divergence. A natural smooth orthonormal basis {u j};": | for Hy graq 18
given by the normalized gradients of the Laplace-Beltrami eigenfunctions,

(3.7) uj = gradg;/A)"".

The following two lemmas characterize the behavior of vector fields as opera-
tors on functions.

Lemma 3.1 (vector fields as conjugate-antisymmetric operators). To every vector
field v € Hale,div there corresponds a unique operator A, : C*(.#) — H with the
property

(3-8 (f\ ARy = —(Av f.h)n, Yf he Co(A).

This operator is given by A, = v+ D, where D, : C*(.# ) — H is defined as D, f =
div(fv), and we also have

(3.9) v(f) = M

2

Proof. It follows from the Leibniz rule for the divergence, div(fv) =v(f)+ fdivv,
and the fact that [ , div(fv)du vanishes on closed manifolds that

<f>v(h)>H = _<Dv*f7h>H-
The claim in (3.8) follows from the definition of A, and the last equation. Note that
the restriction v € Hale, giv 18 important in order for D, and A, to be well defined. To
show that A, is unique, suppose that u € Hale.div’ u # v, and consider (A, —A,)f =
2(u—v)f + fdiv(u—v). If divu = divv, then (A, —A,)f = 2(u—v)f, which is
non-vanishing for some f € C*(.#). On the other hand, if divu # divv, we have
(A, —A,)1 = div(u —v), which is again non-vanishing. Equation (3.9) follows
from the definition of A, and the fact that A,1 = divv. O

Lemma 3.2 (vector fields as bounded operators). Let v be a bounded vector field
in LY. Then:
(i) v extends uniquely to a bounded operator L, € %(H',H) with operator norm
1Lyl < [Ivilzg- i
(ii) The restriction of v to S is a Hilbert-Schmidt operator L, € %,( ,H) with
norm ||L,||us < C||v||rz, where C is a constant independent of v.

As a result, the maps 1 : LY — B(H',H) and v, : L — %>( ,H) are continuous
embeddings.

Proof. (i) Consider a vector field v € LY, and let f be a C* function. Then, we
have

VAN = ////!g(v,gradf)lzdu < /j/g(W)g(gradf,gradf)du

2 2 2 2
< |Ivllzz llgrad £l < Il /15
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where the first inequality in the above follows from the Cauchy-Schwarz inequality.
Thus, v is a densely-defined, bounded operator from C*(.#)NH' to H, and can
be uniquely extended to L, € (H',H) by the bounded linear transformation the-
orem. The fact that ||L,[| < [|v||rz follows from the inequality |[v(f) ||z /|| £z <
Vlles-

(ii) Since 7 C C*(.#), proceeding as above we find that for any f € J7,
WL flla < |Vl 1z £l Moreover, since 2 continuously embeds into H !, there
exists a constant C, independent of f, such that || f||;1 < C||f|| . This shows that
L, lies in B(,H). To establish that L, lies in %,(.,H), we compute

Y (05 LiLubj)r = Y (L Loy = Y LIl < [IVIiz= Y 1951170
Jj=0 j=0

J=0 j=0

= Iy X e M1+ 4y),
=0

where {(f)j};-":o is the orthonormal basis of J# from (3.6). It then follows from
the Weyl estimate for Laplacian eigenvalues (see (4.17) ahead and the proofs of
Theorems 4.3 and 4.4 in Section 4.2) that the quantity C> = Y7 e M (142)) is
finite, and we conclude that

oo

Lyl = w(L3Ly) = ) (6. LiLudj)r < CIIVIZs,

j=0

as claimed. O

An implication of Lemma 3.2 is that for any v € LY and every sequence f, €
C= (.4 ), converging to f in H' norm, v(f) = lim, ;. v(f,) even though v is un-
bounded (and therefore discontinuous) on C*(.#). It also follows from Lemma 3.2
that the operator A, in Lemma 3.1 associated with v € Haladiv N L also extends
uniquely to a bounded operator A, : H' — H.

Next, as discussed in Section 2.2, we introduce a spectral representation of
pointwise Riemannian inner products between gradient vector fields. For that, we
first consider the product rule for the positive-definite Laplacian on smooth func-
tions,

(3.10) A(fh) = (Af)h+ f(Ah) —2g(grad f*,gradh), f,he C*(A).

It follows by definition of the H2 norms that the self-adjoint Laplacian A is bounded
as an operator from H? to H. As aresult, given a sequence f ; € C*(M) converging
to f in H? norm, we have

(3.11) Af—A(1imfj> = lim Af;.
J—reo J—ree
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Now, the fact that the Laplace-Beltrami eigenfunctions ¢; are smooth implies that
given any f € C*(.#), the sequence fy, f1,... with

J
f]:Zfiq)h ﬁ:<¢i7f>H
i=0

is Cauchy in H? for all p > 0, and hence (3.11) holds. As a result, we can use (3.10)
in conjunction with (3.1) to obtain:

Lemma 3.3 (spectral representation of Riemannian inner products). The Riemann-
ian inner product between the gradient vector fields associated with two functions
foheC (M) can be expressed as

g(grad f,gradh) = Z Fib+ A= X)cjud,  fi=(9j, ),
l:

where }Alk = (@, h) g, and the sum over | in the right-hand side converges in H norm.

Note that Lemma 3 can be extended to f,i € H', which follows from the fact
that the map (f,h) — g(grad f, grad h) is a bounded linear map with a dense domain
C(M)xC(M)CH xH".

3.3 Spaces of differential forms

We will use the symbols AX.#, Ak, and QF to represent the vector space of
complex k-forms at x € ., the associated k-form bundle, and the space of smooth
k-form fields on .7 (totally antisymmetric, k-multilinear maps on X*, taking values
in C*(4), or, equivalently smooth sections of A ). As with vector fields, the
spaces QX can be viewed either as vector spaces over C, or as C*(.# )-modules.
As usual, we identify Q0 with C*(.#). We also let nf : AK.# x Ak.# — R be the
canonical metric tensor on A, satisfying

(el A naf BEAABY) = detini(a, B7))ij, Vol BT T A
The metric induces a Hodge star operator « : AX.# — AY~* 7, defined uniquely
through the requirement that
aneB = nt(a B, Vo B e A
The Hodge star has the useful property
(3.12) *xo = (—1)EmA=R o o e A g

As in the case of vector fields, we introduce the Banach spaces LZ , 1 < p <o,
defined as the completion of QF with respect to the norms

1/p
\OtHLf—<//7k(a,a)P/2du> . 1< p<o,
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HaHL;: = eSSS//ZuP \/ nk((Z?a)xv

X€E.

where a* is the complex conjugate form to o € Q. The case p = 2 is a Hilbert
space, Hy = L7, with norm |||/, = ||-|| 13 induced from the inner product

(@Bl = [ ansp=[ n*(e.pB)du.

A fundamental aspect of the spaces QF is that they are linked by the exterior de-
rivative and codifferential operators, dy : Q¢ — Q! and §; : QF — QK1 respec-
tively. We recall that dy, . ..,d,_ are the unique linear maps with the properties:

(1) dy is the differential of functions.
(2) dys1d = 0.
(3) The Leibniz rule,
(3.13) dii(aNB) =draAB+(—DrandB,
holds for all o« € QF and B € Q.

The codifferential operators are defined uniquely through the requirement that
(0, 6B) ., = (di—10, By

i.e., O is a formal adjoint of dj_. This definition of § is equivalent to

(3.14) Seor = (—1)ImA G+ g xa,

and it also implies &;8_; = 0. In the case k = 1, the codifferential operator is
related with the divergence on vector fields via divv = —9; vb, v € X. Note that
despite its relationship with the exterior derivative in (3.14), the codifferential does
not satisfy a Leibniz rule.

Another important class of operators on differential forms are the interior prod-
uct and Lie derivative associated with vector fields. Given a vector field v € X,
these are defined as the maps 1, : QF 5 QF1and &, : QF — QF, respectively, such
that

va=o(v,-), L =di,+1d.

Both 1, and %, satisfy Leibniz rules,

w(aAB) = (mo) AB+ (= an(wp), L(arB)=(La)AB+an (L),
for all & € QF and B € Q!. Moreover, they have the properties

(3.15) ZLd=d%,, vV rxa=(—1)*10.

The following lemma can be viewed as a generalization of Lemma 3.2 to spaces of
differential forms.

Lemma 3.4. For every v € X, the operators 1,d, di,, and %, extend to unique
bounded operators D, :Hk1 —H, D, : Hk1 — Hy, and L, : Hk1 — Hy, respectively.
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Proof. First, establish that [|t,d@]|7, /||@||7,, is bounded using local Cauchy-Schwartz
k
inequalities as in the proof of Lemma 3.2. This, in conjunction with the bounded

linear transformation theorem implies the existence and uniqueness of D,, as claimed.
The results for D, and L, follow similarly. [l

The exterior derivative and codifferential operators lead to the Hodge Laplacian
A : Q% — QF on k-forms, defined as

Ay = O 1di + dy—1 O

As with the Laplacian A = Ay on functions, the Laplacian on k-forms on closed
manifolds has a unique self-adjoint extension A; : D(A;) — Hy, with a pure point
spectrum of eigenvalues 0 = Ao x < A; 4 < --- with no accumulation points and an
associated smooth orthonormal basis {9« }%_, of eigenforms [47, 39].

A central result in exterior calculus on manifolds is the Hodge decomposition
theorem, which states that Q% admits the decomposition

(3.16) OF =rand,_; ®ran &4, @%k, I =ker Ay,

into subspaces of closed (randj_), coclosed (ran &y ), and harmonic (7 k) forms,
all of which are invariant under A;. On a a compact manifold, %‘6" =Kkerd Nker &,
and the dimension of this space is finite. The Hodge decomposition in (3.16) has
an L? extension,

Hk:%k®%k®%k, H% =rand,_, %k:ran5k+1,

where the closed spaces SF, ¥, and J* are mutually orthogonal.

It follows directly from the definition of A, that dyA;y = Ay 1dy and & A, =
Ayx_10k. This implies that every eigenform of Ay lies in one of the %’;{k, JOF, or
%’6" subspaces. Moreover, for every k-eigenform y € %" there exists a (k— 1)-
eigenform ¢ € ji”sk such that Y = dix_ ¢, and similarly for every y & ,%”5" there
exists as (k+ 1)-eigenform @ € ji”dk“ such that y = ;. 0.

Besides providing orthonormal bases for the invariant subspaces in the Hodge
decomposition of Hy, the eigenfunctions of A, and the corresponding eigenvalues

are also useful for constructing Sobolev spaces analogous to the H” function spaces
in (3.2). Given p > 0, we define

2
Hlf_{zcl%ker Z Ifjj|cj| <°°}~

j=0 J=0
These spaces are Hilbert spaces with inner products

(3.17) (X B Hp = ZZ) Z ka*ﬁ]’ &j = <¢j,kaa>L£7 ﬁ] = <¢j,kaﬁ>L%
q=0j=0
1/2
H! "
equip these spaces with p051t1ve—semideﬁnite Dirichlet forms E), . : H,f X H,f —C,

and norms ||| oY = (a, o) As in the case of functions and vector fields, we
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given by
Epx= Z A’f,k&;ﬁj
j=0

for a, B from (3.17). Note that E, ; can be equivalently expressed using the exterior
derivative and codifferential operators; in particular,

(3.18) Eix(a,B) = (dcot,diB)n,,, + (80t 8B)n,

where overbars denote operator closures. Moreover, if 8 is smooth, E,, «(a, B) can
be expressed in terms of the k-Laplacian via

Ep,k(a7ﬁ) = <a7A£B>Hk7

with an analogous expression holding if o € Q. The Dirichlet forms defined
above induce the energy functionals E,, x(f) = E, «(f, f) measuring the roughness
of forms in H} N Hy through E, (f) /| f1I7,-

For notational simplicity, henceforth we will drop the overbars from our nota-
tion for the closed differential, codifferential, and Laplacian on k-forms. We will
also drop k superscripts and subscripts from n*, dy, &, and Ay.

4 Spectral exterior calculus (SEC) on smooth manifolds

In this section, we introduce our representation of vector fields and forms us-
ing frames constructed from Laplace-Beltrami eigenfunctions and their derivatives.
Besides rigorously satisfying the appropriate frame conditions for a number of
Sobolev spaces of interest in exterior calculus, an advantage of this representation
is that it is fully spectral, and thus can also be applied in the discrete case with little
modification.

4.1 Frame representation of vector fields and forms

We begin by recalling the definition of a frame of a Hilbert space [36].
Definition 4.1 (frame of a Hilbert space). Let (V,(-,-)v) be a Hilbert space over
the complex numbers and ug, u1,... a sequence of elements u; € V. We say that

the set {u; } is a frame if there exist positive finite constants C; and C, such that the
following frame conditions hold for all v € V:

(4.1 Gl < Y[ v)v? < Gl
k

The frame {u;} induces a linear operator 7 : V — /2, called analysis operator,
such that Tv = ¥ = (¥} )x with ¥} = (ug, f)v. This operator is bounded above and
below via the same constants as in (4.1); that is,

2 2
Gilvlly < lITvlle < Glv]ly-

The adjoint, T* : #> — V, is called synthesis operator.
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The analysis and synthesis operators induce a positive-definite, self-adjoint,
bounded operator S : V — V with bounded inverse, called frame operator, which is
given by S = T*T. This operator satisfies the bounds

Cillly < (vSvv < Caflvlli-

The fact that S has bounded inverse implies that the set {u; } with uj = S~ huy is
also a frame, called dual frame. This frame has the important property

4.2) v= Z(ui,v}vuk = Z(uk,v)vufc, Yvev.

k k
This means that the inner products (u;,v)y between v and the dual frame elements
correspond to expansion coefficients in the original frame that reconstruct v, and
conversely, the coefficients (uy,v)y reconstruct v in the dual frame. Denoting the
analysis operator associated with the dual frame by T’ : V — ¢, we have T’ =
TS~!, T = S~!T*, and (4.2) can be equivalently expressed as

(4.3) v=T*Tv=T"Tv, WveV.

Moreover, the dual frame operator S’ : V — V, S’ = T"*T’, is equal to S~!.

Another class of operators of interest in frame theory are the Gramm operators
G: 0?0, G=TT*, and G’ : (> — (2, G' = T'T", associated with the frame and
dual frame, respectively. While G and G’ are both bounded, unlike S and S, they
are non-invertible if the frame has linearly dependent elements. Nevertheless, it
follows from (4.3) that

“4.4) Tv=GTv, T'v=GTv, WweV,

which implies that G (resp. G') is invertible on the range of T’ (resp. T), and its
inverse is given by G’ (resp. G) . Denoting the canonical orthonormal basis of £2
by {ex}7» we have

G,‘j = <e,~,Gej)Zz = <T*€i,T*€j>v = <I/£,',Mj>v,

and similarly G; = (e;,G'e;) > = (u;,u;)v. Thus, the matrix elements of the Gramm
operators G and G’ in the {e;};?, basis are equal to the pairwise inner prod-
ucts between the frame and dual frame elements, respectively. By boundedness
of these operators, for any f = Yo fjej € (%, we have Gf = Y=o eiGijfj and
G'f =X7j-0eiGlf;.

Since the analysis operator T is bounded below, it follows by the closed range
theorem that 7" and 7™ have closed range, and as a result the ranges of S and G are
also closed. Similarly, all of 77, T"*, §’, and G’ have closed range. An important
consequence of these properties is that all of these operators have well-defined
pseudoinverses. In particular, it can be shown [16] that the pseudoinverse (7*)"
of T* is equal to the dual analysis operator, (7*)" = T, and similarly (T"*)* =T.
These relationships imply in turn that G* = G’ and G = G.
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Clearly, in a separable Hilbert space, every Riesz basis is also a frame. For ex-
ample, in the case V = H = L?(.# , 1), a natural frame is provided by the Laplace-
Beltrami eigenfunction basis {¢};" . In that case, the analysis operator T is uni-
tary, T*T = S = Iy, TT* = G = I 2, by orthonormality of the basis. In the setting
of vector fields on manifolds, a natural orthonormal set of smooth fields in Hy is
given by the normalized gradient fields e; from (3.7). However, this only provides
a basis for the space of gradient fields, Hx graq. ToO construct a representation of
arbitrary vector fields in Hy, we can take advantage of the C*(.# )-module struc-
ture of smooth vector fields to augment this set by multiplication of gradient fields
by smooth functions. Doing so will result in an overcomplete spanning set of Hz,
which will turn out to meet the frame conditions in Definition 4.1. We will follow a
similar approach to construct frames for the Hj spaces of differential forms, where
we will also construct frames for higher-order Sobolev spaces through eigenvalue-
dependent normalizations of the frame elements as in (3.5).

Remark 4.2. As alluded to in Section 2, a key property of the frames for spaces
of vector fields and differential forms introduced below is that the matrix elements
G;; of the corresponding Gramm operators can be evaluated via closed form ex-
pressions that depend only on the eigenvalues A; of the Laplacian on functions and
the corresponding coefficients ¢;j; from (3.1). This allows in turn the SEC to be
built entirely from the spectral properties of the Laplacian on functions.

We begin by introducing the vector fields and forms which will be employed in
our frame construction and Galerkin schemes below. In the case of vector fields,
we define

4.5)
bij=gigrad @y, bij=e"bij, bF =by/|0illur, B =bij/ |9l
and
(4.6) bij=bij—bji, bj=e %A1,
all of which are smooth vector fields in X. We also define the smooth forms

bi = ¢,‘ € .QO,
4.7 bij1-~~jk — bidbjl Ae-- /\dbjk c Qk’ ’l;ijlmjk _ e—(?tjl+...+7L_ik)/2bijlmjk’
by I =R Qillar, By = B0,

and
(4.8) /b\ijl"'jk _ b[ij1'~'jk], Biivie — e_(li""kjl+<--+ljk)/b\[ijl"‘jk]’
where the square brackets [ij - - jx] denote total antisymmetrization with respect
to the enclosed indices; e.g.,

b[ijljz] — pliz _ piiii +bj1j2i _ phii +bj2ij1 _ phiti
With these definitions, our main results on frames for Hilbert spaces of vector fields
and forms are as follows.
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Theorem 4.3 (frames for L? spaces of vector fields and forms). There exists an
integer Jo > d = dim ., such that for every integer J > Jy, the sets

Bi={b;j:ic{0,1,..}, je{l,....0}}, Bx={bj:ic{0,1,...}, je{1,2,..}},
are frames for Hx. Moreover, the sets
Bl ={b" I ic{0,1,....}, ji,... gk € {1,...,J}},
Be={b"" i {0,1,..}, ji,....jx€{1,2,..}},
withk € {1,...,m}, are frames for Hy.

Theorem 4.4 (frames for order-1 Sobolev spaces of 1-forms). For the same integer
J as in Theorem 4.3, the sets

Bl ={b]:ic{0,1,..}, je{l,....J}}, Bii={b/:ic{0,1,..}, je{1,2,...}}.
are frames for H} 1-

We will prove Theorems 4.3 and 4.4 in Sections 4.2 and 4.3, respectively. In
addition, while we have not explicitly verified this, it should be possible to show
via a similar approach to that in Section 4.3 that frames for H}, k,p > 1, can be

constructed using bﬁ,jl"‘” or Eﬁ,jl'"jk. It may also be possible to establish such results
inductively with respect to the Sobolev order p, using the results in B. Based on
these considerations, we conjecture the following:

Conjecture 4.5 (frames for Sobolev spaces of forms). For the same integer J as in
Theorem 4.3, the following sets are frames for H}, k € {1,....m}, p > 0:

Lo =Ab i€ {01, i, je {1, T
ka {bjl e 16{0,1, }, j],...,jkE{l,Z,...}}.

Remark 4.6. It should also be noted that we have not established frame conditions
for the antisymmetric elements, b;; and bliiJk or their rescaled counterparts, lv),- j
and b'/1Jk. In fact, to fully span Hx and Hj using b;; and b'1"J¢, respectively,
one would have to use infinitely many i and j indices, leading to violations of the
upper frame condition. Nevertheless, as demonstrated by the formulas derived in
B and listed in Table 2.2, due to cancellation of terms by antisymmetrization, Z,- j
and b1k can sometimes lead to considerable simplification of the representa-
tion of operators of interest in exterior calculus (e.g., the 1-Laplacian). Moreover,
in the applications presented in Section 8 with available analytical results for the
eigenvalues and eigenforms of the 1-Laplacian (i.e., the circle and flat torus), we
found that SEC formulations based on the antisymmetric elements actually exhibit
a moderate performance increase over those based on the non-symmetric elements.
These facts motivate further exploration of the construction of frames based on an-
tisymmetric elements. For example, the exponentially scaled 51"/ might provide
frames for reproducing kernel Hilbert spaces associated with the heat kernel on
k-forms.
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For the remainder of this section, we discuss the basic properties of the vector
fields and forms just defined. We begin by establishing that, while they may not
form a basis, finitely many gradient vector fields of Laplace-Beltrami eigenfunc-
tions are sufficient to generate arbitrary smooth vector fields on closed manifolds.

Lemma 4.7. There exists an integer J > dim .4 such that {grad ¢ |,...,grad ¢;|, }
is a spanning set of To.#, and thus TC 4, at every x € M .

Proof. The claim will follow if it can be shown that the there exists an integer J
such that the map (fj : M — R with ¢;(x) = (¢1(x),...,¢;(x)) is an embedding of
M, which is proved in [38, Theorem 4.5]. Note that B; being an embedding im-
plies that J > dim.# . To see why it implies that {grad ¢ |, . .., grad ¢|,} is a span-
ning set, fix a point x € ., and consider the tangent vector pushforward map (ﬁ T
.M — quj(x)RJ . Since T@,(X)RJ is canonically isomorphic to R’, in a coordinate
chart u : N, — R’ defined on a neighborhood N of x, the pushforward map is repre-

sented by a d x J matrix Z(x), d = dim.#, with elements &;; = % , and because
tlx

(5 7 is an embedding, that matrix has full rank, rank Z(x) = d. In this coordinate ba-

sis, the components f;; of grad ¢;|, = Zle Bij %‘ are given by fj; = Zle NikZkjs
tlx

where 1), are the components of the dual metric 1, : T* 4, X T* . #, — R. The n;;

form a d x d invertible matrix, and thus the d x J matrix with elements f3;; has rank
d. This implies that span{grad ¢ |, ...,grad ¢, |} = T.# . O

Corollary 4.8. The set {grad¢y,...,grad@;} is a generating set for X viewed as
a C=(A)-module. That is, for every smooth vector field v € X, there exist (not
necessarily unique) smooth functions f, ..., fj such that v = 52 1 figrad¢;.

Corollary 4.9. The collection of k-form fields d¢; N--- Nd¢j, with ji,...,jk €
{1,...,J} spans Ak at every x € ./ . As a result, this set is a generating set for QF,
which means that for every ® € QF there exist smooth functions fji-j, such that

.....

It follows from Corollary 4.8 and the fact that X is dense in Hx that for every
v € Hy there exist functions f,..., fr € H such that v = Zf: 1 fjgrad ¢;. Expand-
ing these functions as f; = Y.~ ¢;j¢; with ¢;; = (s, fj)u, we conclude that every
vector field v € Hy is expressible in the form

o J
4.9) v=YY cijti,
i=0 j=1

for some (not necessarily unique) constants ¢;; € C. Similarly, Corollary 4.9 im-
plies that every k-form field in H} can be expanded as

=3 J
(4.10) 0= Y cijpb? ey eC

i=0j1,..., k=1
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Example 4.10. As a simple example illustrating that B‘3’€ may be a spanning set
with linearly dependent elements (as opposed to a basis), suppose that (.#, g) is the
circle equipped with the canonical arclength metric, normalized such that u(.#) =
1. Then, an orthonormal basis consisting of Laplace-Beltrami eigenfunctions is
given by

$i(0) =

cos(if/2), i even,
sin((i+1)6/2), iodd,

where 0 € (0,27) is a canonical angle coordinate. Note that the coordinate basis
vector field 3—6 extends to a globally defined harmonic vector field on ., satisfying

b . . . . .
Ag—e = 0. In this coordinate system, the metric and dual metric are given by g =
g11d0®d0,n=g"9%® 9 where g;; = 1/g""! = 1/(27)?, and we have

—2in? 01 g—e, i even,

d¢; = d iv) =
grad¢; = n(d¢;,-) {2(i+1)752¢i+1:9997 i odd,

o —2]'7172(]),'(])];13*9, i even,
] — . .
D20+ DA id1 95, iodd.

It therefore follows from standard trigonometric identities that for any odd i > 1,

biv1i—biis1 _ J
2(i+ )72 06’

with an analogous relationship holding for i even. This shows that for J > 2, By
contains linearly dependent elements. On the other hand, for J = 1, By fails to be a
spanning set as the harmonic vector field g—e does not lie in its span.

Remark 4.11. The circle example above might suggest that our representation of
vector fields through linear combinations of elements of B; is highly inefficient,
since, after all, one could define §; = ¢;dg, and {¢; o would be an orthonor-
mal basis of Hx. However, such a construction implicitly makes use of a special
property of the circle, namely that it is a parallelizable manifold. Equivalently, as
a C (. )-module, the space X of smooth vector fields is free; that is, it contains a
set {uy,...,uq} of d = dim(.# ) nowhere-vanishing linearly independent elements.
Any such set would be a basis of X, meaning that for every v € X there would exist
unique smooth function fi,..., fy € C*°(.#) such that v = Z?:1 fju;. In general,
for non-parallelizable manifolds (e.g., the 2-sphere), X does not have a basis, so
any spanning set of Hx, such as By, that makes use of a generating set of X will
necessarily be overcomplete.

We continue by stating a number of useful properties of the b;; fields and their

antisymmetric analogs, b;;. Many of these properties are also listed in Tables 2.1
and 2.2. In what follows, all equalities involving infinite sums hold in an L? sense.
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(1) Relationship between antisymmetric and nonsymmetric frame elements.
Using the Leibniz rule, we compute

¢; grad (Pj + ¢j grad ¢; = grad ¢l¢/ Z Cijk grad ¢ = Z Cz]kboka

where and the last equality follows from the fact that ¢ is a constant equal
to 1. It therefore follows that

jgrad @; + ¢; grad ¢; igrad¢g; —¢igrad¢;, S 0~ -~
@i grad ¢; : 0jgrad¢i  ¢igradg; . ¢jgradgi Y. cuboc + by

4.11) b=
(2) Riemannian inner products. Lemma 3.3, (2.4), and (3.1) lead to the fol-
lowing expressions for the Riemannian inner products between the frame

elements:
4.12)

8(bij,bu) = ¢idrg(grad ¢;, grad ¢) = Z Oi Ok Pn&nj1 = Z CikmCmnp&njlPp-
m,n,p=0
Using the above, we can also compute the Riemannian inner products be-
tween the antisymmetric vector fields, i.e.,

(4.13) g(b\ijj?\kl) = g(bij,bir) +g(bji,bix) — &(bij, bi) — g(bji,bir).

The Riemannian inner products between the frame elements b; s By are
given by eigenvalue-dependent rescalings of those in (4.12).

(3) Hodge inner products and matrix elements of the Gramm operators. Us-
ing the spectral representation of the pointwise Riemannian inner products
in (4.12) and the fact that ¢;;0 = Omn, We can compute the Hodge inner
products

Gijir = (bij,bia) e = (90,8(bij,8))r = Y, Cikn&njit;
n=0

as in (2.6). In addition, we have

Gijk = (bijsbi) iy = Gijui + G ik — Gijik — Gkt
Given now any ordering b;, j,,b;, j,,. .. of the frame elements in B, where
Jn < J, the above can be used to compute the matrix elements of the corre-
sponding Gramm operator G : ¢> — (2, viz.

Gmn = <em7 Gen>€2 = <bimjm’bin.jn>Hx - Gimjmknln'

The analogous expressions for the Hodge inner products and Gramm ma-
trix elements associated with the By frame are given by appropriate rescal-

ings of the G;jy.
Additional formulas for the SEC representation of vector fields are listed in Ta-
ble 2.1. The next few results are for the 1-form fields in Theorems 4.3 and 4.4. They
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will be employed in our proof of Theorem 4.4 in and the construction of Galerkin
schemes for the Laplacian on 1-forms in Sections 4.3 and 6 ahead, respectively.

(1) Exterior derivative and codifferential. 1t follows from the Leibniz rule

4.14)

for the exterior derivative in (3.13) and the definition of the codifferential
in (3.14) that

db’ =db' Ndb!,  §bY = —n(db',db’)+ A;b'b’.
Similarly, we have
db'7 = 2db' Adb!,  8dbU = (A;— A;)bib/.
Observe, in particular, thatif 4; = 4; (i.e., b’ and b/ lie in the same eigenspace

of the Laplacian), b is co-closed, 8b/ = 0. For additional details on these
formulas see (B.4).

(2) Riemannian inner products. Since the b/ and b; ; are Riemannian duals

to each other, we have 1 (b",b") = g(b;;,by), and the latter can be de-
termined from (4.12). An alternative derivation of this result, directly uti-
lizing the product rule for the Laplacian on functions, can be found in
B.1. The Riemannian inner products between the antisymmetric 1-forms
biJ can be computed analogously to (4.13). The Riemannian inner prod-
ucts between the k-form frame elements b"/1"/ in Bi, or the antisymmet-
ric k-forms EZ’ 1"k can be evaluated by computing determinants of k x k
matrices of Riemannian inner products between db’’s; see B.2 for further
details.

(3) Riemannian inner products between exterior derivatives and codifferen-

tials of the frame elements. In order to perform operations on frame the ele-
ments bllj € B{ 1> Or bllj €B 1,1, with the differential operators of the exterior
calculus, we need expressions for Riemannian inner products between ex-
terior derivatives and codifferentials such as g(dby,db%') and g(8bY , 5b4).
Closed-form expressions for such inner products based on the Laplacian
eigenvalues A; and the corresponding triple-product coefficients ¢;j can
be derived using (4.14); explicit results and derivations can be found in
Table 2.2 and B.1. Analogous inner product formulas can also be de-
rived hierarchically for the higher-order frame elements (see B.2), although
currently we do not have closed-form expressions for direct evaluation of
pairwise inner products between the 8%/, at arbitrary k > 1. The in-
ner product relationships between b*/! "/« and their exterior derivatives and
codifferentials would be needed to perform operations with the frames for
Sobolev spaces of k-forms, k£ > 1, in Conjecture 4.5.

(4) Hodge and Sobolev inner products. These can be computed as described

above for vector fields, using the additional results on Riemannian inner
products between exterior derivatives and codifferentials outlined above.
Specific formulas can be found in Table 2.2 and B.1. Note that the Sobolev
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inner products between the frame elements for H 11 and the corresponding
Dirichlet forms will be used in our Galerkin approximation scheme for the
1-Laplacian in Section 6 ahead.

4.2 Proof of Theorem 4.3

We will prove the theorem by establishing the upper and lower frame conditions
in Definition 4.1 for B} and B{, assuming that J is large-enough so that Lemma 4.7
holds. We begin from BY.

Given any v € Hx, we have

ZZ|le7vHx’2 ZZ“’U’VHHZ ZZ|¢H ‘PJ

i=0 j= le i=0 j=

= ZHV((P])H%I = Z‘Hg(grad(l)j,\/)H%I

2

i, grad9;)g(v,v)

j= H

J

< Z\Hg grad ¢;,v)|[[7 <
/ 2
Z |grad ¢; ”L;

2
Vel v)HH = Z}||grad¢j||%;uv||%,x,

so that the upper frame condition holds with C; = Zle ||grad ¢; H%; Note that the
fact that J is finite is important in the derivation of this result. Next, to verify the
lower frame condition, consider, at every x € ., the J x J Gramm matrix ¥ (x)
with elements
Wij(x) = g(grad ¢;, grad ¢;)|x,

and note that because the grad ¢;|, span T,.#, that matrix has rank d. Therefore,
writing v = Zle fjgrad ¢;, where the f; are functions in H to be determined, the
equation

J
g(grad¢;,v)|. = Z,l i) ¥i(x)

has a solution for p-a.e. x € X given by

Z‘P g(grad @, v)|x,

where ¥ (x) = [‘P;}( (x)] is the Moore-Penrose pseudoinverse of W(x).

Observe now that W(x) can be expressed using a coordinate chart as ¥ (x) =
E(x) "g(x)Z(x), where the matrices Z(x) and g(x) are as in the proof of Lemma 4.7.
Thus, since Z(x) has full rank and g(x) is invertible, we have

) =E")g 'ETR), Ex)=Ex) ExEx")",
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where both g ! (x) and (E(x)E(x)) ! depend smoothly on x by compactness of .#
and smoothness of g(x) and Z(x), respectively. We therefore conclude that ¥+ (x)
depends smoothly on x, and thus that v admits an expansion of the form (4.9) with

(4.15) — (00, f)n Z Wb,V

We therefore obtain

|VHH3€ Z Z Cljbz]av =

(¥ ibiks V) b (Bij V)

agk
T

i=0 j= i=0j,k=1
~ > J
< CZ |<bikav>Hx||<bijvv>Hx’a
i=0 j k=1

where C = maxﬁke{le}||‘P;§c\|Leo. Defining now the vectors 3; = (Bi1,...,Bu) €
R’ with with 8 = |(bij, V)|, it follows by equivalence of norms in finite-dimensional
vector spaces that there exists a constant C € R such that

J
Y (i vy ||y v)ae | = 1 BillT < ClIBS,

Jik=1

where |||, is the canonical p-norm on R’. This leads to

‘VH% < ééz‘|ﬁt‘|2 = CCZ Z| bljav Hgg|
i=0 j=
which proves the lower frame condition with C; = 1/(CC). We have thus estab-
lished that BY; is a frame of Hx, as claimed.
Consider now the frame conditions for By. Using Cauchy-Schwartz inequali-
ties as above, we can conclude that

R = ||grad ;7

) Z|<biij>Hx’2 <Y fll HH;E

i=0 =1 j=1

To bound the infinite sum in the right-hand side, we use the following estimates for
the L™ norms of Laplace-Beltrami eigenfunctions and their gradients on smooth,
closed Riemannian manifolds:

@.16)  [19jll- < A0l Ilgrad ;s < CAJ

which hold for j < 1 and j > 0, respectively. The former is a classical result due
to Hormander [34]; the latter was proved by Shi and Xu in [42]. Combining these
results with the Weyl estimate for the asymptotic distribution of Laplace-Beltrami
eigenvalues as j — oo,

(4.17) j=CA oAV,

1/2 =~
2|6l C€,E>0,
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we obtain
q (d+1)/(2d
lerad ¢z < ALV CD 1651,

where C and C in the last two equations are positive constants. Therefore, for
any [ > 0 there exists a finite constant C; such that e~%/||grad ¢ ]H%; < Cj~!. This
implies that C; = .7 e~ grad ¢; ”%‘;‘g is finite, proving the upper frame bound.
To verify the lower frame bound, start from any expansion of v in the Bge frame,
o J
V= Z Z Ci jb,‘ s
i=0 j=1

and compute

2 A 2 A
Iv% <CZZ\ bij, )iy |” < Ce ’ZZI bij,v)ue|* < Ce ’Z ZI bij Vil
i=0j= i=0 j= i=0j=
where C is a lower frame constant for Bge. This shows that the lower frame condi-
tion is satisfied for C| = Ce %, and we thus conclude that Bx is a frame.
We now turn to the frame conditions for Bi and By. These conditions follow by

similar arguments as those just made to establish the frame conditions for vector
fields.

First, we introduce for convenience an ordering ! — (ji(l),...,jx(l)) of the
corresponding indices in b/1-+Jk where [ is an integer ranging from 1 to J¥, and
define oy = d¢/') A--- Ad@’*(!). Then, for any € Hy, we have

oo]k

Z Z bl_ll “Ji CO Hy |2 ZZ| (7)1061, H,\|2
=0 ji,oji=1 i=01=
oo Jk
= ZZK‘P:’W(O‘I’ H‘z ZHT’ 0, 0 ”H
i=0/=1

< ZHWI a a0, <IZ|razuLw ol

establishing the upper frame condition with C; = szzl |y ||%;: To verify the lower
frame condition, we use (4.10) to expand ® = Y ;7 , Z{il ci19;04, where the expan-
sion coefficients ¢; can be chosen as (cf. (4.15))

]k

cir =Y (¥}, 00, 0)n,

m=1

and in the above ‘I’;,Ln (x) are the elements of the pseudoinverse of the J* x J* Gramm
matrix Wy, (x) = n(oy, 04n)|x (these matrix elements depend smoothly on x as in
the case of the corresponding Gramm matrix for vector fields). The calculation to

establish the lower frame bound for || a)H%{k =Y Z{i | (cidiay, @) g, then proceeds
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analogously to that in the case of vector fields, leading to the conclusion that Bi is

an Hj-frame. Similarly, that By is a frame follows analogously to the vector field
case. This completes our proof of Theorem 4.3.

4.3 Proof of Theorem 4.4

Let w be an arbitrary 1-form field in Hll. We begin by stating two auxiliary
results on the inner products between the exterior derivative (codi_fferenti_al) of W
and the exterior derivative (codifferential) of the frame elements b and b7.

Lemma 4.12. (i) There exist finite constants Uy and V;, independent of ®, such

that
g 2 2
Y Y l(db],do)u,| <Ullollz,, ZZI 5b, 8@)nl <Vil|l7,-
i=0j=1 i=0j=1

Moreover, there exist a positive real number C and a positive integer g > 0, both
independent of J, such that Uy and V; are both bounded above by CJ4.
(ii) There exist finite constants U and V, independent of ®, such that

[SSIN )

Y. Y l{db . do)u,|* < Ul ollj,. Z ZI (87, 8)ul” < Vol

i=0 j=1 i=0 j=

A proof of this lemma will be given below. Assuming, for now, that it is valid,
leads to the following corollary:

Corollary 4.13. The frame elements b’ij and Z’IJ satisfy the bounds
ZZ|E11 0)|> <Cllo|;, ZZ|E11 0)]> <€ ol
i=0 j= i=0 j=

where E 1 is the Dirichlet form from (3.18), and C and C are constants independent
of @.

Proof. We first verify the claim for b’ij . By Lemma 4.12, the sequences (i, ) —
[(db},d®)m,|?* and (i, j) — |(8b, 8 ®)p|? are in £2. Therefore, using the Cauchy-
Schwartz inequality for ¢> and Lemma 4.12(i), we obtain,

o J . o J . .
Y Y IE. G 0)f = Y Y (b, do), + (5b], 50

i=0 j=1 i—Oj—
< ZZ| (dbY,dw) sz%z Z| (86, 80)u|?
i=0 j= i=0j=1

w2y Z|<db’;%dw>ﬂz<6bﬁf, Sw)u
i=0 j=1
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<Y Y [(ab{.do)y,*+ Y Y (56,8 0)4]

i=0 j=1 i=0 j=1

- 12
e (z z|<dbaadw>ﬂz|2)

i=0 j=1

o J 1/2
x (Z z|<6b'fl,6w>H>rZ>
k=01=1
< (U4 2) ol

2
and the first claim of the corollary follows with C = (U Jl /2 + VJ1 / 2) . To verify the
second claim, we proceed as above using Lemma 4.12(ii) to derive the bound

- - - 2
ZZ\EH \2<CHw\|H1, C= <U1/2+V1/2) . O
i=0 j=

Having established Corollary 4.13, the upper frame condition for B{ , follows
from

o J J
ZZ| H1| —ZZ| H1+E11(b1ja )‘
i=0 j=1 i=0 j=1
o J
<Y 3 I.0bn+ 3 T 6110 0
i=0 j=1 i=0 j=
o ] 1/2 o ] 1/2
+z(zz k) (E 2|E1,1<b';’,w>|2>
i=0j=1 k=01=1
o J bl (J) 2 oo
-LE Ol T e
i=0 j=1 i=0j=
= 107 0)n ) (5 v
+2<ZZ W2, ) (ZZ'E“(W’Q’)'Z)
i=0j=1 =0/=
o J
<Y Y| o H1|2+ZZ|E115117
i=0j=1 i=0 j=
12 /0y 1/2
w2(E Lyt (zzwl,l(b'f’,ww)
i=0j k=01=1

< (32 c) al,.
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where C; is an upper frame constant for B{ and C the constant in Corollary 4.13.
The upper frame condition for B{ | follows similarly.
We now return to the proof of Lemma 4.12. First, observe that

(db" ,dv)y, = (db' Ndb’,dv)y / db' Adb’ N xdv
= / db’ Nxx (db! Axdv) = (db',x(db’ A*dv))g,,
M

where we have used (4.14) and (3.12) in the first and third equalities, respectively.
By the Hodge decomposition theorem, there exists a unique function f; € H I a
unique 2-form «; € Hzl, and a unique harmonic 1-form y; € %’61 such that

*(db) Nxdw) = df;+ 8o+ xj;

as a result,

oo

Y |(abl x(db) Axdo))y, | = Y [(db},df;+ 8o+ x)m |* = Z\ (8dbi,
i=0 i=0

=Y Ml fi)ul? = Ei(f)).
i=0

We therefore have,

oo

J
Y Y b do)s, | = Z| (db, *(dbI A xd®)) g, |
j=1i=0 =0

J
:ZEl(fj depdf]

~

Z x(db! Axdw)||7, = Z||db]/\*da)HH »
j=1

J
Z H*lgradbf **deIZ'-Im,l: Z ||lgradbjdw||]2-11>
=t =1

where we have used (3.15) to obtain the first equality in the third line. It then
follows from Lemma 3.4 that

| dblllvdw H2|2 ZHD radewHHl < UJH(OHHU UJ - ZHD radeH
y Z e :
j=li= j=1

as claimed in part (i) of the lemma. It can further be shown via local Cauchy-
Schwartz inequalities as in the proof of Lemma 3.4 that the operator norms || Dgyaq /|| =

[ Dgraag,|| can be bounded above by C||¢ jHZx, for some positive constants C and §
that do not depend on j. This, in conjunction with the Hérmander bound in (4.16)
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implies that that there exists a positive constant Cy and a positive integer gy, both
independent of J, such that

(4.18) Uy < CyJ?.
Moving on to the second claim of Lemma 4.12(i), consider
Z Z| 8b 80\ ul* = Z Z| n(db},db’) +A;b\ b, So)y |,
Jj=li= i=0j=
where we have used the expression for 5/ in (4.14). Expanding
Sodb’ =df;+8a;+ x,
where f; € H', @; € H), and y; € %’61 are unique, we compute,

Y Y (n(dbdb). 50}l = ¥

j=1i=0 j= 11 0

2
/ db', A xdb §©

||Mx

i, 8wdb)y > = ZEI fi)

J 2

Z:,\Mdbfllfz. Y
32

n(dbl,dbi)éw

j=1 H

(4.19) lgrad /7= |8 o7 < legrad%llmllwllm
j=1
Moreover, we have

oo

Z):| (Abi b §)y|* = ZZ

Jj=1i=0 Jj= leHblH

< ZZAZ (b, b o) = Zkz\lbf&ollﬂ

Jlt Jj=

(4.20) < Zlf\\bjllim\lwllég-
=1

[(b'D, 8wy |*

Equations (4.19) and (4.20) imply that the sequences (i, j) — [(1(db},db’), S )|
and (i,j) — |[(A;b'b/,5®)y| are both in 2. Therefore, by the Cauchy-Schwarz
inequality for that space we can conclude that

oo

ZZ| 5b{,8w)p|* = ZZ; 1.db) + 4B b 5 0) |

j=1i=0 lOJ

< ZD i.db)), 80 H\2+ZZV Abib) Sy

j=1i=0 j=1i=0
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J had ) . . .
+2 Z Z\(n(a’b’l,dbf),60)>H(7ij’1bf,6a)>H\

j=1i=0

J o . .
dby,db’), 5o)ul* + Y. Y |(A;bib) 8w)u|?

j=1i=0

<LEl

uMg

J e 1/2
2(22 1,db)) 6w>H|2>
j=1i=0
7 e 1/2
Z Z A]bkbl 5(0 H2>
I=1k=0

<Vilolu,

1/2 J 1/2
v/? = (Zugrad«p,um) +<ZA}H¢J~H%W> .
Jj=0

This establishes the existence of the w-independent constants V; claimed in the
lemma. Invoking L* and Weyl bounds as in the case of Uy, we can also deduce that
there exist a real number Cy and a finite integer gy such that

where

(4.21) V; < CyJ?.

Combining (4.18) and (4.21) leads to U; < €J9 and V; < CJ9 with € = max{Cy,Cy}
and ¢ = max{qy,qy }. This completes our proof of Lemma 4.12(i) and thus the up-
per frame condition for B{ 1

To prove Lemma 4.12(ii), we proceed as above to establish that

k oo
ZZ’ dblljvdw H2‘2<UkHwHH17 Uk ZeileDgradbeza
j=1i=0 j=1

and

k oo
Z Z 5bllj,5(1) ul* < VkHwHHl,
Jj=1i=0

12 ‘ 1/2
AL (Ze f\|grad¢,HLw> +<Ze%zf||¢,uiw> :
j=0

The L~ and Weyl estimates in (4.16) and (4.17), respectively, then again imply that
U = limy_.. Uy and V = limy_... V; is finite, proA\fing Lemma 4.12(ii), and complet-
ing our proof of the upper frame condition for By ;.
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Next, to verify the lower frame conditions, we express @ as a linear combina-
tion @ = Zle fido;, where fi,..., fyare H ! functions satisfying

Z‘P n(dgr, ®)

for p-a.e.x € A, and ‘P;?( (x) are the elements of the Moore-Penrose pseudoinverse
of the J x J Gramm matrix

Wik(x) = n(d¢i,d9;) = g(grad ¢;, grad 9;)
from Section 4.2. Note that the existence of such an expansion for @ follows from
the fact that {d¢y,...,d¢;} is a generating set of the space of smooth 1-forms Q!,

and the latter is dense in H{. The f; functions can be expanded in the {¢i(1)}‘;°:0
basis of H' from (3.5), viz.

o J
fJ = ZCU¢,~(1)’ Cij = \9; ,f/ Z ]kn d¢k, )>
i=0 =

Therefore, setting b’ = ¢; and b’i = q)i( ) per our notational convention for frame
elements, we obtain

”wHHl = <a) (D Z Z Jkn dbkaw)>Hl<bllj7w>Hll
i=0j,k=1
< Z Z (b ‘Pﬁ,n(db 7(9)>Hl<b1j7w>H1‘|
i=0 jk=1
- 1/2 1/2
422) < (Z Y I Wﬁn(db",w»mz) (Z Z\ o)1 | > :
i=0 j,k=1 n=0p=

Note that to arrive at the inequality in the last line we used the ¢> Cauchy-Schwartz
inequality on the sequences (i, j) — <b’1,‘ijn(dbk,a))>H1 and (i, j) — (bilj, (1)>H11,
both of which can be verified to indeed lie in that space. We now proceed to bound
the first term in the last line.

First, since {b' }, is an orthonormal basis of H', we have

HMg

J
Y (B ¥ hn(abt, @) P = Z ¥ (db*, o)|7:-
k=

0j.k=1 J.k=1

Moreover, ~observe that for any f € H Vand h € C*(4), ||hf]|y can be bounded
above by C||f||i, where C? is a polynomial function of [|A||z~ and | grad /| ..
This implies that there exists a constant C such that

J
Z 1w (dbt,w)|%, < C Y |In(db, o),
Jk=1 k=1
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J
(4.23) =Y. (In(@t*,@)[f; + llan (@b, w) |3, ).
k=1

In the above, the term ||1(db*, )| can be bounded above by ngadb"||%§ [xalire
using local Cauchy-Schwartz inequalities and the fact that [|- ||, < ||-[| ;1. To bound
ldn (db*, ®)||x, , we use (3.15) to write down

dn(db*, ) = digyq 0.
It therefore follows from Lemma 3.4 that there exists a constant C such that
(4.24) lan (@b, @) || < Cllo|-

Combining (4.22)—(4.24), we conclude that there exists a constant C such that

1/2
o]l < Cllol|; (ZZ\ O)y)| ) 7

i=0j

and thus the lower frame condition for B | holds with C; = 1/ C?. To verify the

lower frame condition for B 1,1, we use the results just established to compute

HwIIH1<C122\ H1|2<Clel/22| o) |

i=0 j= i=0 j=

<C1€)LJZZ| H1’

i=0 j=

This proves the lower frame condition for El,l, and completes our proof of Theo-
rem 4.4.

5 Frame and operator representations of vector fields

As described in Section 2.3, the SEC is based on alternative representations of
vector fields with respect to frames, or as operators on functions. In this section,
we make these notions precise, and further examine the convergence properties of
finite-rank analogs of these representations.

Unless otherwise stated, throughout this section, 7 : Hy — ¢, T* : /> — Hy,
S =TT :Hy — Hy, and G = TT* : (> — (? will be the analysis, synthesis,
frame, and Gramm operators, respectively, associated with one of the frames for
the Hy = L2 space of vector fields from Theorem 4.3. We also let 7" : Hy — 2,
T : 2 — H%, S'=T"T':Hy — Hy,and G' = T'T"* : £*> — (? be the correspond-
ing operators for the dual frame. For notational simplicity, we use the symbols
o and oy with k € {1,2,...} to represent the frame and dual frame elements,
respectively. For example, in the case of the Bge frames from Theorem 4.3, we
set O = by,q,, Where k — (py,qy) is any ordering of the (i, j) indices in b;; with
k€ {1,2,...}. A convenient choice of such ordering is a lexicographical ordering,
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ie., (p1,q91) =(0,1), ..., (ps,qs) = (0,J), (ps+1,9s+1) = (1,0), .... We use the
notation (i, j) — r;; to represent the inverse of this ordering map. Note that for
any choice of frame from Theorem 4.3 we have o = s, ¢, grad q)qk, where s =1
in the case of the BJ frames and s, = ¢ ~%a/2 in the case of the ng frame. We
also let {ex}, be the canonical orthonormal basis of 2, and 7; : > — (2 the or-
thogonal projection operators with range W; = span{ey,...,e;}. Moreover, the set
{eij}Ti—1» eij € %2 (£2), will be the canonical orthonormal basis of %, (¢?) with
€jj = €i<€j, ->32.

In addition to the various frame operators acting on vector fields, we will con-
sider the unitary Fourier operators U : H — (2, UV : H' — (2, and U : 5 — (2
associated with the {¢¢}7_, {qbk(l)}f:o, and {¢}7_, orthonormal bases of H, H',

and 27, respectively, where U f = ((¢x, f i), UV f = (<¢,§1),f>H1)k, and U f =
((k, f) )k As noted in Section 4.1, U, UV, and U are special cases of analysis
operators. Together, U and U!) induce the linear isometry V : Z(H',H) — %((?)
with VA = UAU(V*, while U and U induce the unitary map V : %, (¢, H) —
%,(0%) with VA = UAT* .

5.1 SEC representations of vector fields and their correspondence

Let v be an arbitrary bounded vector field in Hx NL%. The SEC is based on the
following three representations of v:

(1) Frame representation, given by the sequence ¥ = T'v € (2, such that v =
Zzo:() Vi Ot

(2) Dual frame representation, given by the sequence ¥ = Tv € £2, such that
v=Y7r oV 0.

(3) Operator representation, given by the bounded operator L = Wv € %(¢?),
W =10V, or the Hilbert-Schmidt operator L = Wv € %,(¢?), W = 1,0V,
where 1 : LY — Z(H',H) and 1, : LY — %,(#,H) are the embeddings
from Lemma 3.2. When we wish to distinguish between L and L we will
refer to the former as the bounded operator representation and the latter as
the Hilbert-Schmidt operator representation of v.

Among these, the frame and dual frame representations only make use of the inner-
product-space structure of Hy N LY. The operator representations make use of the
relationship between L3 and bounded or Hilbert-Schmidt operators on functions,
which is special to vector fields.

As one might expect, the need to pass between these representations arises in
a number of cases. On the one hand, many of the numerical procedures involving
vector fields that one can envision being formulated via SEC produce output in
the frame representation (that is, as linear combinations of frame elements), and
in order to act with these vector fields on functions an operator representation is
needed. For instance, the Galerkin approximation scheme for the eigenforms of
the 1-Laplacian in Section 6 yields approximate eigenforms as linear combinations



44 T. BERRY AND D. GIANNAKIS

FIGURE 5.1. Commutative diagram illustrating the frame, dual frame,
bounded operator, and Hilbert-Schmidt operator representations of
bounded vector fields in L. 7 C ¢% and 7’ C * are the ranges of the
analysis and dual analysis operators, T and T’, respectively, restricted
to LY. W C B((*) and # C %,(£?) are the ranges of the operators
W and W yielding the bounded operator and Hilbert-Schmidt operator
representations vector fields in L%, respectively. The operators R and
R carry out the transformation from the bounded and Hilbert-Schmidt
operator representations, respectively, to the dual frame representation.
The Gramm and dual Gramm operators, G and G', respectively, map
between the frame and dual frame representations.

of 1-form frame elements, and in order to visualize these forms we compute the
pushforwards of the their vector field duals into data space. The pushforward oper-
ation requires evaluation of the action of these vector fields on the embedding map
of the manifold, which we carry out using the operator representation. Conversely,
one may be given v in the operator representation (e.g., from data sampled along in-
tegral curves of the flow generated by v [30]), and then seek a frame representation
for denoising and/or further use in a numerical procedure.

The correspondence between the frame and operator representations of vector
fields in SEC is illustrated with a commutative diagram in Fig. 5.1. For the re-
mainder of this section, we discuss aspects of this correspondence in an abstract,
infinite-dimensional setting. Then, in Section 5.2 we examine finite-rank represen-
tations and their convergence properties.

We first consider how to pass from the frame representation ¥ = T'v € ¢2 of
a bounded vector field v to the corresponding operator representation L = Wv €
B(?). Let 7' =T’ LY C ¢? be the range of the dual analysis operator restricted to
L%. Then, the inverse of T’z is given by T*| 7, and we have

5.1 L=WT*p.
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Since every bounded operator A € %(£?) is uniquely characterized by the coeffi-
cients A;; = (e;,Aej) 2 (its “matrix elements”), it suffices to compute

Lij = (ei,Lej) e = (ei, UL (MU W e}) o = (U*e;, 1 () UV e\
52 =6 = ﬁwhvwﬂ,

given the sequence ¥ = T'v € 2. Substituting v=T*T"v =Y r_Vnly,, We obtain

Lij= m Z Vm ¢17am¢j>

and since, for the frame elements in Theorem 4.3, o, = s5,,¢,,, grad ¢, , it follows
that

(53)  Lij= Z ﬁ (9p,,- grad @y, (9))n mxl m GijpmanOm»
where Gijp,.q,, are the Hodge inner products from (2.6). The above expression fully
characterizes the operator WT* in (5.1).

Next, we consider how to pass from the operator representation to the dual
frame representation. Defining % = WLZ, this procedure amounts to computing
the /2 sequence ¥/ = T'v given L € #', where v is the unique L% vector field with the
operator representation L = Wv. In this case, the matrix elements L;; = (e;,Lej)
are known, and we have

(5.4) 9?( = <ak’V>Hx = Sk<¢l7k grad ¢6Ikﬂv>Hx = sk<¢pk7 (¢(1k)> Lpg,-

The above expression defines a linear map R : # — 7 = TLZ%, that carries out
the transformation from the operator representation to the dual frame representa-
tion. In particular, it follows from (5.4) that the components \7;{ of the dual frame
representation are equal to a subset of the matrix elements L;; of the operator repre-
sentation, as appropriate for the frame from Theorem 4.3 used. In the special case
of the By frame, where all combinations of ¢; grad ¢; are used as frame elements,
the mapping k — (px,qx) € N? is bijective, and the components of the dual frame
representation are in one-to-one correspondence with the operator frame elements.

What remains to complete the portion of the commutative diagram in Fig. 5.1
involving the bounded operator representation is a map from the dual frame repre-
sentation V' = T'v € .7 to the frame representation ¥ = T'v € .7 of v € Lg. This
is accomplished by means of the dual Gramm operator G’ (see (4.4)), i.e.,

(5.5) P=Tv=T'T"V =GV =G

Note that, unlike WT* and R, we do not have a closed-form expression for the ac-
tion of G’ on sequences. Nevertheless, in Section 5.2 we will see that this operator
can be approximated by a strongly convergent sequence of finite-rank operators
associated with finite collections of frame elements, whose action can be explicitly
evaluated.
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We now turn attention to the task of passing between the frame and Hilbert-
Schmidt operator representations. In this case, given v € LY, we have

L=Wv=WT*b € %,((*),
and we can expand L in the Hilbert-Schmidt operator basis {e;;}, viz.

L,-jeij.
1

‘Mg

L=
i,j

By construction of the e;;, the expansion coefficients L ; are equal to the matrix
elements of L in the {e;} basis of £2; that is (cf. (5.2)),

Zij = <e,'j,l~,>Hs = <e,~,l~,ej)gz = <ei,Ulz(V)U*€j>gz
= (Uei,()U"ej)u = (i (V) §j)m = € 4177 (91, v(9))) -
Using this result and proceeding as in (5.3), we find
Lij= Y. ¢ ""5:Gijp,g,n,
n=1
which fully characterizes the operator WT*. Observe now that in the special case
of the By frame, we have
—1;/2 _ <bl]7 bpn‘]n>x o D o o
e i/ SnGianqn T oAtz T <bijabpnqn>x = <arf/'aan>% = Grijn'
That is, for this frame, the matrix elements of the operator WT* are in one-to-one
correspondence with the matrix elements of the Gramm operator.

The remaining transformations to pass from the Hilbert-Schmidt operator repre-
sentation to the dual frame representation, and from the dual frame representation
to the frame representation are completely analogous to those in (5.4) and (5.5),
respectively, so we do not discuss them further here.

5.2 Finite-dimensional representations and their convergence proper-
ties

We now consider how to construct finite-rank analogs of the representations
of vector fields introduced in Section 5.1. We begin by introducing the finite-
rank (hence, compact) analysis and synthesis operators, 7; = m;T and T,* = T*m;,
respectively, where

!
Tv= ({01, Hys-- (04, V)Hy,0,0,...), T"(c) = Z cr O,
k=1

for v € Hy and ¢ = (c1,¢2,...) € ¢%. We also define finite-rank analysis and syn-
thesis operators for the dual frame, 7/ = ;7" and 7, = T"* m;, and the finite-rank
Gramm operators G; = T;T,*, G; = T/T/*. As in the case of the full frame and its
dual (see Section 4.1), we can relate the finite-rank operators associated with the
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frame and dual frames by pseudoinverses. In particular, since 7; is an orthogonal
projection, we have 71,';r = 7, and therefore

(Tl*)+ — (T*m)+ — 7.L.I+(T*)+ _ 7'L'1T/ — Tl/'

Similarly, we have (7;*)* = 7; and GZJr = Gj. It is important to note that by virtue
of its relationship with G, it is possible to compute the nonzero matrix elements
(ei,Gjej) 2 of G} numerically by computing the pseudoinverse of the / x / Gramm
matrix G| = [(e;,Gje J>]f j—1> whose elements are known analytically. Thus, we can
consider G/ to be available to us in applications, albeit not in closed form.

In addition to finite-rank operators for the frame and dual frame, we will need
finite-rank Fourier operators U; = mU, Ul(l) =mUW, and U; = mU for the {9},
{¢J(1)}, and {@;} bases of H, H', and J#, respectively. These operators lead to
finite-rank analogs V; : Z(H',H) — B((*) and V; : B,(,H) — B ((?) of V
and V, respectively, such that VA = UIAUl(l) and V; = U,AU,. In addition, W, :
LY — B(0*) and W : LY — %, (%) with W; = 1oV, and W; = 15 o V are finite-rank
analogs of W and W, respectively. As with G; and G, the operators W; and W, can
be represented by / x / matrices.

With the above definitions, we can construct finite-rank analogs of the frame,
dual frame, and operator representations for vector fields introduced in Section 5.1.
In particular, ¥, = T}'v, ) = Tyv, L, = W;v, and L, = W,v are respectively finite-rank
frame, dual frame, bounded operator, and Hilbert-Schmidt operator representations
of a vector field v € LY. To examine the convergence properties of these represen-
tations, note that since {e; } is a basis, the projection operators 7; converge strongly
to the identity as [ — oo (i.e., mc — ¢ for any ¢ € ¢?). This implies that T, — T,
T~ T,U—U,UY U0, 0, 0, and as aresult G, — G, G, — G, W, — W,
W; — W, where all limits are taken in the respective strong operator topologies.
Therefore, ¥; and ¥, converge to ¥ = T'v and ¥ = T'v, respectively, in £2 norm, and
L; and L; converge to L = Wv and L = Wv, respectively, strongly. In fact, since
L= Zfd-:l Lijeij, Lij = (ei,Le;) p, it follows that L; converges to L = Y Lijeij
in Hilbert-Schmidt operator norm. This implies convergence in %A (,H) oper-
ator norm, which implies in turn the strong convergence just stated. In effect, by
restricting vector fields to act on the RKHS Z containing functions of higher reg-
ularity than H!, the Hilbert-Schmidt operator representation allows for a stronger
mode of convergence than the bounded operator representation.

Formulas for passing between the finite-rank frame, dual frame, and operator
representations can be constructed analogously to those described in Section 5.1.
As an application of the operator representation of vector fields, which was already
mentioned in Sections 2.5 and 5.1, and will be employed in Section 8, we note that
the pushforward map F; : X — I'R" on vector fields associated with an embedding
F .. # — R" (here, 'R" ~ R" is the space of smooth vector fields on R") is given
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by F.v =v(F ) where v € X acts on F' componentwise. As a result, we can consis-
tently approximate F,v by L;F', where L; = W)v is the operator representation of v.
The result of this operation is an “arrow plot”, consisting of approximate tangent
vectors to the image F(.#) C R" of the manifold under the embedding.

6 Galerkin method for the 1-Laplacian

We now apply the framework developed in Section 4 to construct a Galerkin
approximation scheme for the eigenvalues and eigenforms of the 1-Laplacian, A;.
Eigenvalue problems for other differential operators of interest in exterior calculus
can be formulated analogously. For notational simplicity, in this section we will
use the symbols (v, @) to denote a general eigenvalue-eigenfunction pair of A,
as opposed to the multi-index notation (4; 1, ;) from Section 3.3.

6.1 Variational eigenvalue problem for the 1-Laplacian and its Galerkin
approximation

We begin by stating the eigenvalue problem for the 1-Laplacian in strong form.
This amounts to finding ¢y € Q! and v; € C such that

6.1) A1 @ = Vi@

As is well known [47, 39], for the class of smooth closed Riemannian manifolds
studied here, Aj has a unique self-adjoint extension Al D(Al) — Hp, with a dense
domain D(A;) ~ H? C H, and a compact resolvent. As a result, we can obtain weak
solutions to (6.1) by passing to a variational formulation, with an associated well
posed Galerkin approximation scheme [4]. To construct this variational eigenvalue
problem, we introduce the sesquilinear forms Ly : H{ x H{ — C, 6 >0, and B :
H} x H} — C, defined by

LQ(Wv CO) =Ei (v, o)+ 9<‘I’7 (1)>1-11 ) B(‘V? ) = <W7 (1)>1-11 )
where E| ; is the Dirichlet form on H; from (3.18). Note that E; ; (y, @) can be for-
mally obtained by performing integration by parts on the expression (Y¥,A;®)p,,
taking ¥ and ® to be smooth 1-form fields. The term in Ly (Y, ®) proportional
to O is a regularization term, ensuring that Lg has a coercivity property important
to the well-posedness of our Galerkin scheme. Specifically, we seek to solve the
following variational eigenvalue problem:

Definition 6.1 (eigenvalue problem for the 1-Laplacian, weak form). Find v, € C
and @ € H{, such that for all y € H{, the equality
Lo(y, 1) = viB(Y, @)
holds.
We refer to the solutions (Vy, @) of the problem in Definition 6.1 as weak eigen-

values and eigenfunctions of the 1-Laplacian, respectively. Clearly, every classical
eigenvalue (eigenfunction) from (6.1) is also a weak eigenvalue (eigenfunction).
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We now discuss the well-posedness of the weak eigenvalue just formulated, and
establish its Galerkin approximation using our frames for H/. A data-driven analog
of this Galerkin method, utilizing frame elements of H 11 approximated from data,
will be presented in Section 7.

Lemma 6.2. The sesquilinear forms Lg and B obey the bounds
Lo (v, 0)| < (1+0)[Wl|g @], Lo(w, @) >min{6, 1}]|o]|7,,
B(v, )] < 1Yl 0]

forall y,w e Hll.

Proof. The upper bounds on |Lg(y,®)| and |B(y, ®) follow directly from appli-
cation of Cauchy-Schwartz inequalities. To verify the lower (coercivity) bound on
Lg(w,w), note that if 6 < 1, we have

Lo(w,0) = 8(67'E11(0,0) +[|o|7,) > 6(Eri(0,0) +|o]f) = 6] o],
The claim for 6 > 1 can be verified similarly. U

According to classical results in spectral approximation theory [4], Lemma 6.2
implies that there exists a compact operator Ag : H{ — H| such that

(6.2) Lo(v,Agw) = B(y,0), Yy,ocH].

This implies in turn that (vi, @), Vi # 0, is a weak eigenvalue-eigenvector pair if
and only if
Ao =V, ' @1

Due to the above, Ag can be thought of as a “solution operator” for the varia-
tional eigenvalue problem in Definition 6.1. In particular, the properties of spectral
approximations to the solutions of that problem can be analyzed in terms of ap-
proximations of the eigenvalue problem for Ag. This approach leads to a Galerkin
approximation scheme, as follows.

Let IT;,I1,, . .. be a family of finite-rank projection operators on H,, converging
pointwise to the identity; that is, I17 = IT; and lim;_,.. I[T;® = o for every @ € H;.
Let also W, be the closed subspaces of Hl1 defined as W; = ranIl;. These spaces,

which will be constructed explicitly below, will be our Galerkin approximation
spaces. In particular, we will solve:

Definition 6.3 (eigenvalue problem for the 1-Laplacian, Galerkin approximation).
Find vi; € C and ¢y ; € W, such that for all y € W, the equality

Lo(W,0c1) = ViiB(W, ¢x1)
holds.
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Given a basis {vi,...,vy,;} of W;, where w; = dimW,, the eigenvalue problem
in Definition 6.3 is equivalent to a generalized matrix eigenvalue problem. That is,
(Vits @r) with @ = Z}V’:] c;v;, is a solution if and only if

(6.3) Lidy; = v Bdy,,

where L; and B; are the w; x w; matrices with elements [L;];; = Lg(vi;,v;;) and
[By)ij = B(vi,vj1), respectively, and di; = (ai,. .. ,ay,) " € R! the I-dimensional
column vector containing the expansion coefficients of ¢y ; in the {v;;} basis of
W;. In addition, one can verify that (Vi;, @ ) solves the eigenvalue problem in
Definition 6.3 if and only if

-1
A0 1Pk1 = Vi Prls

where Ag; : H 11 —H 11 is the finite-rank operator given by Ag ; = II;Ag. Note that
this operator satisfies (cf. (6.2))

Lo(v,Ag 0) =B(y,0), YyeW, VYocH,.

Now, because Ay is compact, the fact that I[; converges pointwise to the iden-
tity implies that Ag; converges to Ag in norm. This implies in turn that for every
eigenvalue v, of Ag (which is nonzero by coercivity of Lg, and thus isolated and
with finite geometric multiplicity by compactness of Ag) there exists a sequence
Vi, of eigenvalues of A; g converging as [ — oo to Vi. Moreover, for every eigen-
function @y in the eigenspace of Ag at eigenvalue Vi, there exists a sequence @ ; of
eigenfunctions of Ag ; at eigenvalue vy ; converging in H 11 norm to . This estab-
lishes convergence of the solutions of the the Galerkin scheme in Definition 6.3 to
those of the eigenvalue problem in Definition 6.1.

6.2 Construction of the Galerkin approximation spaces

What remains is to construct the projection operators Il; and the associated
subspaces W;. Here, we will construct these operators making use of the result
established in Theorem 4.4 that {b{} with i € {0,1,...} and j € {I,....J} is a
frame of Hl1 As in Section 5, for notational simplicity, we set o = bf"q" , where
k — (pr,qr) is any ordering of the (i,j) indices in bilj with k € {1,2,...}. We
alsolet T:Hl — ¢, T*: (> — H},and S = T*T : {*> — {? be the corresponding
analysis, synthesis, and frame operators, respectively. We also consider the finite-
rank operators ) = ;T, T, = T*m, S; = T;*T;, and G; = T;T;" , associated with
the canonical orthogonal projection operators 7; : £ — ¢%. All of these operators
converge strongly to their infinite-rank counterparts as [ — oo; see Section 5.2.

By construction, at each [, the operator G; is a positive-semidefinite, self-
adjoint, compact operator on £2. As a result, there exists an orthonormal basis
{up 37, of % consisting of eigenvectors of G;. We denote the corresponding
eigenvalues by 1 ;, and order the eigenpairs (1, ux;) in order of decreasing 1y ;.
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We let w; be the number of nonzero eigenvalues, where w; = rank 7; < [. The fol-
lowing lemma, whose proof is left to the reader, summarizes certain properties of
the (M, ux;) eigenpairs.

Lemma 6.4. The eigenpairs (Nk;,ur;) have the following properties:
(i) N1 is bounded above by the operator norm ||G|| of G.
(ii) Nk is a nonzero eigenvalue of G, if and only if it is a nonzero eigenvalue of
S,. Moreover, the vectors
Vit = T s, T<k<w,
U

are orthonormal eigenvectors of S; corresponding to the same eigenvalues as uy.

By Lemma (6.4)(ii), we can approach the problem of constructing orthonormal
sets in H/, consisting of eigenvectors of S; corresponding to nonzero eigenvalues,
through the eigenvalue problem of G;. This is advantageous, since the eigenvectors
of G; corresponding to nonzero eigenvalues can be computed via the eigenvalue
problem of the / x / Grammian matrix for H} introduced in Section 2.5, which
we denote here by G} to make its dependence on [ = MJ explicit. In particular,
observe that given any ¢ = (cy,c2,...) € 2, we have d = Gjc = (d1, ... ,d;,0,0,...),
where the first / elements of d are given by d; = ):5-:1 Gijcj, with

Gl'j = <€i,G€j>52 = <T*€i,T*€j>H11 = <O£i,OCj>H11,

and the inner products (o, @;) ) can be computed in closed form via the for-
mulas in Table 2.2. The above implies that the nonzero eigenvalues 1y ; of G;
are equal to the nonzero eigenvalues of G, and the corresponding eigenvectors
ﬁk,l = (u17k71, ... ,u17k71)T of that matrix yield U = (uLkJ, ... ,u17k71,0, 0,.. ) We
thus obtain

1

Vi = 2 Zu]klaj
le 1 J=1
Based on these considerations, we define our Galerkin approximation spaces as
6.4) Wi = span{vi,..., v},

and the projection operators II; : Hl1 — Hl1 as orthogonal projectors onto those
subspaces.

Lemma 6.5. The sequence 11; of projection operators converges pointwise to the
identity; that is, for any @ € H 11 lim;_.. IT;0 = ®.

Proof. Since the frame operator S has a bounded inverse, it suffices to show that
STT; » converges to S for any @ € Hll. To verify this, observe first that

Wi Wi

TH[CO Z Vk[, HlTVk[ = Z <uk7[,T6()>€2uk7l =7 Z (uk71,T(x)>Zzuk71 =
k=1 k=1 k=1



52 T. BERRY AND D. GIANNAKIS

Z ukl,Ta) Q2UE = T o.

We therefore have
SILw=T*TIL,w =T"mTw = S;0
which converges to S@ by the pointwise convergence of S; to S. g

Lemma 6.5 implies that with the choice of approximation spaces in (6.4), the
Galerkin scheme in Definition 6.3 converges. Moreover, all of the matrix elements
of the associated sesquilinear forms can be evaluated using Lemma 6.4 in conjunc-
tion with the formulas listed in Section 4.1 and B. Explicitly, the w; X w; matrices
appearing in the generalized eigenvalue problem in (6.3) are given by

65 L=H ""U/(E-echuH " B=H""U'GUH""

where H; is a w; X w; diagonal matrix with [H;];; = n;;, U; an [ X w; matrix with
Uilij = uiji, Ep an | x | matrix with [Ej);; = E11(04, ¢;) determined from Ta-
ble 2.2, and G| the | x [ Grammian matrix for H; with [G}];; = (@, 0j)n, deter-
mined from Table 2.2. Note that the matrices L; and B; in (6.5) differ from the
corresponding matrices appearing in the generalized eigenvalue problem in (2.8)
in that they include H;- and 6-dependent terms, which do not appear in (2.8).
Due to the absence of these terms, (2.8) represents the problem in Definition 6.3
in a basis of W, that exhibits unbounded growth of Hl1 norm with / (controlled by
the H; terms in (6.5)), and is also not compatible with the coercivity condition in
Lemma 6.2 (enforced by the 8-dependent terms). While both of these issues could
potentially affect the numerical conditioning of (2.8), especially at large spectral
orders /, in the examples studied in Section 8 we found that (2.8) and (6.5) perform
comparably.

7 Data-driven approximation

All of the schemes in Sections 4 and 6 can be implemented given knowledge
of the eigenvalues and eigenfunctions of the Laplacian on functions. The problem
of approximating these objects from finite sets of points in a purely data-driven
manner (that is, without requiring explicit knowledge of the manifold .# and/or
its embedding in data space) has been studied extensively in recent years [7, 18,
44,52, 11, 12, 14, 8, 43, 49, 50, 32], leading to the development of approximation
techniques with well-established pointwise and spectral convergence guarantees.
In this section, we summarize the main properties of one such techniques, namely
the diffusion maps algorithm [18], and describe the analogs of the methods of
Sections 4 and 6 in a data-driven, discrete setting. It should be noted that, while
generally expected on the basis of results for related techniques [8, 43, 49, 50], to
our knowledge, the spectral convergence result for diffusion maps in Theorem 7.3
below has not been stated elsewhere in the literature, so we have included here a
self-contained proof for completeness.
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7.1 Assumptions for data-driven approximation

We consider that the Riemannian manifold (.7, g) is embedded in n-dimensional
Euclidean space by means of a smooth, isometric embedding F : .# — R". Us-
ing the notation y-z = Y7, y'z' to represent the canonical Euclidean inner prod-
uct between two vectors y = (y!,...,y") and z = (z!,...,7") in R”?, we thus have
gx(u,v) = F, xu- F, cv for any point x € .# and tangent vectors u,v € T,.# , where
Fix: Tol — Tp(R" is the pushforward map on tangent vectors associated with
F', and we have used the canonical isomorphism 7p(,)R" ~ R". If the embedding
F is not isometric, then the method described below can be modified via the tech-
niques developed in [14] to yield approximations of Laplacian eigenvalues and
eigenfunctions with respect to any (known) metric g.

We also assume that we have access to a dataset consisting of N samples yy,...,yn
inR"withy; =F (x j) taken on a sequence of distinct points xj,x3, ... in .Z, which
is equidistributed with respect to a smooth sampling measure ¢ supported on ./Z .
By that, we mean that given any continuous function f : .# — C, the result

1

(7.1) Jim 5 %107 = | tdo

holds, and moreover ¢ has a smooth density p = do/du with respect to the Rie-
mannian measure i, bounded away from zero. Such an equidistributed sequence
can be provided, e.g., by i.i.d. points on .# (as is commonly assumed in machine
learning applications), or by an orbit of an ergodic dynamical system (in which
case, the x; are not independent). The requirement in (7.1) is equivalent to assum-
ing that the sequence of sampling measures oy = N~! Zﬁ:’;ol 0,; weak-converges to
o; that is,

1 N
Al}i_r)]rclm/%fdowzl\lli_rgo]v;f(xj) :/%fa’c, Ve ().

In this data-driven setting, we will be working with the N-dimensional Hilbert
space L%(.# , on) associated with the discrete sampling measure oy, equipped with
the inner product

1 N
(M 2wy = ///{f*thN =y Z]f*(xj)h(xj)-
]:

Note that L?(.# , o) consists of equivalence classes of functions on .# which are
equal up to sets of zero oy measure; that is, two functions f: .#Z — Cand h: # —
C satisfying f(x;) = h(x;) for all j € {1,...,N}, but taking arbitrarily different
values at other points, lie in the same L?(.# ,cy) equivalence class. Because the
points xi,...,xy are all distinct, L>(.#,cy) is isomorphic as a Hilbert space to
CN equipped with the normalized dot product f - g/N, but here we prefer to work
with L?(.# ,cy) to emphasize the fact that our data-driven approximation spaces
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contain equivalence classes of functions on the same underlying manifold as the
equivalence classes comprising L2 (.7, ).

7.2 Kernel method for the eigenvalues and eigenfunctions of the Lapla-
cian on functions

Following the approach introduced in the diffusion maps algorithm [18], and
further generalized in [12], we compute data-driven approximations of the eigen-
values and eigenfunctions of the Laplacian on functions through the eigenvalues
and eigenfunctions of a kernel integral operator approximating, in a suitable sense,
the heat operator e~ ™, T > 0, on L?(.#,1t), where A is the self-adjoint Laplacian
(see Section 3.1). This kernel integral operator is constructed from a smooth, ex-
ponentially decaying kernel k¢ : .# x .# — R, bounded away from zero. Here,
as a concrete example, we work with a Gaussian kernel,

x)—F(x 2'1
() — exp (_HF( )Pl )

where € is a positive bandwidth parameter. Approximation techniques based on
other classes of kernels, including kernels with variable bandwidth functions [11,
14], have equivalent asymptotic properties while generally achieving higher per-
formance in terms of approximation accuracy and noise robustness, particularly in
applications with large variations in the sampling density p.

Having specified an appropriate kernel, we introduce the associated kernel in-
tegral operators Kg : L>(.#/, 1) — C(4) and Ke iy : L*(# ,0n) — C (M), where

Ref = /kg () dp(x), Renh= /kg x)do(x).

Composing K, with the canonical inclusion operator 1 : C(.#) — Lz(/// u), we
also define K : L? (A, 1) — L*(.4 , 1) and K“3 C( M) — C(///) where K, = 1K,
and K, = K¢1. Similarly, we define Ken : L*(M ,0n) — L*( M ,0y) and Key :
C(%) — C(.//) where Kg lNKg N Kg N = Kg NN, and 1y : C(%) — L2(%, GN)
is the canonical restriction operator from C(.#) to L*(.# ,0y).

Proposition 7.1. The operators Ke, K¢, Ke y, and K¢ iy have the following proper-
ties.

(i) They are all compact.

(ii) As N — oo, K¢y converges pointwise to K, that is, for any f € C(.#'), we
have limy_,.. Ke nf = K¢ f in uniform norm.

Proof. (i) That I?E,N and K, y are compact follows immediately from the fact that
they have finite rank. The compactness of K, follows from the facts that k¢ is a
Hilbert-Schmidt kernel on L?(.# x 4,0 x &) (i.e., [ , [ 4 ke(x,x')do(x)do(¥') <
o), and L*(.# ,u) and L*(.# ,o) are isomorphic Hilbert spaces (by smoothness
of p and compactness of .#). The compactness of K, can be verified using the
Arzela-Ascoli theorem in conjunction with the continuity of k¢; see, e.g., [19].
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(ii) The claim is a direct consequence of (7.1) and the fact that | wfpdu =
[ 4 fdo forany f € L2(4,p).
O

Proposition 7.1(ii) shows that, on C(.#'), we can approximate kernel integral
operators with respect to the Riemannian measure by kernel integral operators with
respect to the sampling measure. However, the pointwise convergence established
there does not, in general, imply spectral convergence for these operators. More-
over, in applications we work in the finite-dimensional Hilbert space L?(.#, oy),
as opposed to the infinite-dimensional Banach space C(.#), which necessitates es-
tablishing connections between the spectral properties of K¢ y and K¢ y. Another
issue that must be addressed is that of approximating the heat operator ¢~ ** by a
suitable modification of K.

Following [18, 12], we proceed by normalizing k. to construct a smooth ergodic
Markov kernel pe : 4 x # — R, satisfying [ , pe(x,-)do =1forallx € .
For that, we introduce the normalization functions re = K1 and I, = K¢ (1/r¢),
which are both smooth, positive, and bounded away from zero, and define

/ kg(xx’)
PeleX) = 1 re)

The Markov property of p, then follows by construction, and its ergodicity from
the fact that it is bounded below. In the data-driven case, we define

ke (x,x")
len(X)re N (*')’

and pe y is a smooth Markov kernel satisfying [ , pe n(,x)doy(x) = 1. As in
the case of the kernel k., we define the kernel integral operators Pe : L> (., 1) —
C(A)and Py : LZ(/// oy) — C(A) via

Pef= | pel-n)f0p@dn(). Penh= [ pen(0h(x)doy(x),

and also introduce the operators P, : L> (.4, ) — L*(A 1), Pe : C(H) — C(A),

Pey : L2(M ,0n) — L*(M ,0N), and Pey : C(H) — C(M), where Py = 1P,
P = Pet, P,y = yP: v, and P; y = P; y1y. These operators have the analogous
properties to those stated in Proposition 7.1. Among them, P y is represented
by the Markov matrix P from (2.1) (note that, due to cancellation of terms, the
normalization of kg(x,x") by ren and [y to construct pe y is equivalent to the
normalization procedure used to construct P; see [12] for details). The following
theorem summarizes how the nonzero eigenvalues and corresponding eigenvectors
of P; can be approximated by the corresponding eigenvalues and eigenvectors of
PgﬂN, which are accessible from data as described in Section 2.1.

Theorem 7.2. The following hold:
(i) Aj ¢ is a nonzero eigenvalue of P; if and only if it is a nonzero eigenvalue of
Pe. Similarly, Aje n is a nonzero eigenvalue of 13871\/ if and only if it is a nonzero

(7.2) ”s,N:ke,NL le,N:ks,N(l/re,N)y PSN(XX)
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eigenvalue of Pe y. Moreover, the Aj ¢ n and Aj ¢ n are all real, and thus lie in the
interval [—1, 1] by the Markov property of pe and pg y.
(i) If §; ¢ € L*(M , 1) and q_ﬁ‘j,g,N € L>(M ,oy) are eigenvectors of P and Pe y
at nonzero eigenvalues A ¢ and A ¢ n, respectively, then the smooth functions
1

¢',£ = 7}38(5'.8 ¢‘,8.N -
PN T T A

PE,N(Pj,s,N

are eigenvectors of Py and Pe , respectively, at the same eigenvalues.

(iii) For every nonzero eigenvalue A ¢ of P, the sequence of eigenvalues Aje n
of Pe y converges as N — oo to Aje. Moreover, if ¢; ¢ is an eigenvector of Pe corre-
sponding to eigenvalue Aj e, then there exists a sequence of eigenvectors @j ¢ n of
Pe v at eigenvalues A ¢ y, converging as N — o to ¢ ¢ in uniform norm.

Proof. (i,ii) The claims on the relationships between the eigenvalues and eigenvec-
tors of P and P (and those of Py and P y) can be verified from the definition
of these operators. In addition, it can be verified that P, and IS&N are related to
self-adjoint operators by similarity transformations, which implies that their eigen-
values are real.

(iii) The convergence of the eigenvalues follows by showing that the operators
Pe y converge compactly to P (a stronger notion of convergence than pointwise
convergence, but weaker than convergence in operator norm); see [52] for addi-
tional details. A proof of the convergence of the eigenvectors can be found in [19].
We also note that [52] establishes pointwise convergence of projection operators
onto the corresponding eigenspaces. 0

That we can approximate eigenvalues and eigenvectors of P, through eigenval-
ues and eigenvectors of 1383 N is important since the eigenvalue problem for the latter
operator is equivalent to the numerically solvable N x N matrix eigenvalue problem
for P. Note that by ergodicity and the Markov property, the eigenvalues A . and
Ajencanbeorderedas 1 =Age >Aje > MAoe>---and 1 =Agen > Ajen >
Ao e N > - An—1¢n, respectively. We will adopt these orderings for the remainder
of the paper. What remains is to establish how the eigenvalues and eigenvectors of
P, approximate in turn eigenvalues and eigenvectors of the Laplacian.

Theorem 7.3. For every j € Ny and as € — 0%, the quantities Aj e = (1—Aj¢)/€
converge to the Laplace-Beltrami eigenvalue A;. Moreover, for each Laplace-
Beltrami eigenfunction ¢; corresponding to A;, there exist eigenfunctions ¢ e Of
P. corresponding to eigenvalue Aje converging, as € — 0T, to ¢; in L (A 1)
norm.

Proof. By [18, Proposition 10], as € — 0%, the family of operators A, := (I —P;) /e
converges to A, pointwise on C*(.# )N L*(.# ,1t). Moreover, as can be directly
verified from the normalization procedure in (7.2), P is related to a self-adjoint
operator Pe : L*>(.# , 1) — L*(.# , 1) by a similarity transformation by a bounded
multiplication operator with a bounded inverse; specifically, P, = Dé/ 2P£D;1/ 2

s
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where D¢ : L*(.# ,10) — L*(.# , ) is the multiplication operator by the smooth,
strictly positive function dg = r¢/(l¢p). It can also be shown through small-€ ex-
pansions that, as € — 0%, d, converges to a constant in H> norm. By virtue of
the above, A, = (I — P;) /€ is a family of self-adjoint, compact operators, with the
same eigenvalues A; ¢ as Ag, converging pointwise to A on C*(.#) NL* (A, 11).

Now, observe that C*(.#) is a core for A (i.e., A is equal to the closure of its
restriction on C*(.#), which follows immediately from the fact that, on mani-
folds without boundary, the Laplacian A on C*(.#) functions is essentially self-
adjoint). By results from spectral approximation theory of self-adjoint operators
[20, Proposition 10.1.18], this actually implies that the eigenvalues A; ¢ converge
to A;, as claimed. Moreover, by related results [25, Chapter X.7, Corollary 3],
the orthogonal projections to the eigenspaces of A, corresponding to A j,e converge
pointwise to the projectors onto the eigenspaces of A at eigenvalue A;. The latter,
in conjunction with the fact that D, converges to a multiplication operator by a
constant function, leads to the claim on the convergence of the eigenfunctions of
P; to Laplace-Beltrami eigenfunctions as € — 0. U

In summary, we can conclude from Theorems 7.2 and 7.3 that the quantities

1—A; A;
(7.3) Aje= 81’8, Ajen= J:vN,

converge to the eigenvalues of the Laplacian, i.e.,

lim lim A = hm Aieg=2A;
£—0t N—roo JEN = /e I

Moreover, for any eigenfunction ¢; € C”(//l ) of A at eigenvalue A;, there exist
eigenfunctions ¢; . and @; . y of P and Py, respectively, such that the smooth
functions

1
(7-4) ‘Pj,s - P£¢j ) (Pj,s,N = A
J j.€,N

Pen®ien

satisfy

Iim lim = hm =
se0+N%w¢J eN — ¢j £ ¢]7

where the limits are taken with respect to umform norm.

Remark 7.4. In addition to the convergence results stated above as iterated (€ — 0™
after N — o0) limits, in applications it is clearly important to have convergence
results for limits where N — oo and € — 0™ simultaneously. In particular, note that
at fixed N € N, the eigenvalues A4 ¢ y degenerate as € — 0T, and fail to provide a
good approximation of A;. This necessitates taking N — oo limits along a sequence
€(N) decreasing towards zero at a sufficiently slow rate. In the literature, this
problem has mainly been studied in the context of i.i.d. samples [8, 43, 49, 50,
14]. For example, [50] shows that in dimension d = dim.# > 3 it suffices to
take £(N) such that limy_,..[(logN)'/?/(N'/?g(N))] = 0. Here, we have opted
to state spectral convergence results in terms of iterated limits, as they are valid
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for arbitrary sampling scenarios satisfying the weak convergence property in (7.1).
As previously noted, a common scenario with non-i.i.d. sampling is that of time-
ordered data taken along orbits of ergodic dynamical systems.

7.3 Data-driven frame elements and approximation of sesquilinear forms

Using the approximate eigenvalues and eigenfunctions from (7.3) and (7.4),
we can construct data-driven analogs of the various basis and frame elements for
functions, vector fields, and forms introduced in Sections 3 and 4. For example,

oW = 9jen ) _ Piengrad@ien e d9jen N NdGjen
j~8aN - p/2 ’ ijﬁsﬁN - p/2 ’ p,S,N - )Lp/Z
7,€,N 1,6,N” 1,6,N

are data-driven analogs of the basis functions ¢}" ) in (3.5), the frame elements

bgf ) in (4.6) for vector fields, and the frame elements b;jl'"jk in (4.7) for forms,

respectively. All of these objects are “concrete”, i.e., the take values pointwise
on ./# as opposed to being defined up to null sets. Moreover, their pointwise
evaluation in practice relies on the ability to compute derivatives of the kernel k.

In SEC, however, it oftentimes suffices to consider quantities that can be com-
puted using only the “weak” counterparts ¢; ¢ v of @; e lying in L2(.#,0y). As
a concrete example, consider the Galerkin method for the 1-Laplacian in Defini-
tion 6.3. To construct a data-driven analog of this scheme we compute the follow-
ing quantities, using the shorthand notation 0y ¢ y = b'lkﬁ’  as in Section 6:

(1) Triple products cijken = (PieN, jeNDeN) 124 o)

(2) Approximations Gjj ¢ y and Ejj ¢ y of the H; inner products (0 ¢ v, &) e N) H,
and Dirichlet energies E ; (¢ ¢ v, 0j ¢ v ), computed via the formulas in Ta-
ble 2.2, with the eigenvalues A; and triple products c;j; replaced by A; ¢ n
and c;j e N, respectively.

(3) Approximations uy ;e n € % of the eigenvectors of the operator G;, com-
puted by solving the eigenvalue problem of the / x [ matrix G}.&N with
elements [GI,S,N]ij = Gl'j7£’N +Eij_’g7N.

(4) Approximation of the w; X w; matrices L; and B; by w; ¢ v X Wy ¢ v matri-
ces L; ¢ y and B; ¢ v, respectively, where w; ¢ y is the number of nonzero
eigenvalues of G ¢ v, and L; ¢ y and B; ¢ y are computed via (6.5), using
the results of Steps 2 and 3 above as appropriate.

By Theorems 7.2 and 7.3,

lim lim L =L lim lim B =B
es0t Nosoo 1,e,N Iy 60+ Nosoo l,e,N Iy

in any matrix norm. Thus, for any solution (V;,dy ) of the generalized eigenvalue
problem in (6.3) there exist solutions (Vi ;¢ n,dk ¢ v) Of the generalized eigenvalue
problems

Lj¢ NGijeN = VigeNBieNGijenNs
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such that limg_,o+ limy_seo Vi e v = Vi and limg_,o+ limy oo G g e v = dxg. The
latter, in conjunction with the convergence of the Laplacian eigenfunctions in The-
orem 7.2(iii), implies that the reconstructed 1-forms

Wie N

Ocren =Y [dcien]iOen

j=1
converge, in H| norm, to the reconstructed form @k associated with dy ;. By con-
vergence of the Galerkin scheme in Definition 6.3, we therefore conclude that

lim lim lim Vi ey = Vi, lim lim lim @ .y = Oy
[ =300 80+ N—boo 7€ T Iseee 0+ N—>°°(p e it

where (i, @) is a weak eigenvalue-eigenvector pair of the 1-Laplacian, solving
the variational eigenvalue problem in Definition 6.1.

8 Numerical examples

In this section, we apply the SEC to several smooth manifolds and a fractal
set to verify and demonstrate the utility of our approach. In each example, we
constructed the 1-Laplacian and its eigenvalue and eigenforms using the same pro-
cedure, which we describe here. First, we applied the diffusion maps algorithm
described in Section 2.1 to the data in order to estimate the eigenvalues and eigen-
functions of the 0-Laplacian. Setting M = 20 eigenfunctions, we used 100 eigen-
functions to compute the M x M x M tensor ¢ which is the Fourier representation
of function multiplication (see Table 2.1 in Section 2.2). Using the formulas in
Table 2.2 in Section 2.5, we constructed the M2 x M? energy matrix E and Hodge
Grammian G for the anti-symmetric formulation of the SEC. Following the pro-
cedure in Section 2.5, we then projected the eigenvalue problem onto the appro-
priate Sobolev H 11 basis, and computed the eigenvalues and eigenforms of the 1-
Laplacian. Finally, we visualized the vector fields corresponding to the eigenforms
by computing their operator representation, and pushing forward these vector fields
into the original data space as described in Sections 2.5 and 5.2.

In the online supplementary material we have included Matlab code which im-
plements the SEC 1-Laplacian construction along with a Diffusion Maps imple-
mentation. We also include code that generates all the data sets shown below and
a simple “DEMO.m” file to replicate our results.

8.1 Validation of the SEC 1-Laplacian spectra

In this section we apply the SEC based construction of the 1-Laplacian to two
examples where the spectrum of the 1-Laplacian can easily be worked out analyti-
cally.

We first consider the circle S!, where there is a a nowhere-vanishing, harmonic
1-form d@ associated with a canonical angle coordinate 8. Because S' is one-
dimensional and d6 is nowhere-vanishing, every smooth 1-form can be represented
as fdO, with f a smooth function. Moreover, d(fd6) =df Ad6 = 0, so that
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FIGURE 8.1. Top Row, Left: FEigenvalues of the Laplacian on 1-
forms estimated using the SEC (red, dashed) compared to the analyt-
ical spectrum (gray, solid) for a unit circle. Middle: The vector field
representation of the 1-form corresponding to the smallest eigenvalue
(V1 = 2.46 x 107%) clearly corresponds to the harmonic form d6. Right:
The eigenform of the second smallest eigenvalue (v, ~ 1.06) is a linear
combination of sin(0)d0 and cos(0)d0, which both have eigenvalue 1.
Bottom Row: Computation is repeated using 500 points randomly sam-
pled from the uniform distribution on the circle. Notice the agreement
between the initial part of the spectrum and shape of the smoothest eigen-
forms. However, the spectrum diverges from the true spectrum faster
than for the uniform grid of data due to variance of the estimators.

Ay (fdB) =06d(fd0)+dSé(fdO) =dd(fdb), and 6dO = AB =0 on S'. There-
fore,

Ai(fdB) =dé(fdB) =d(—g(df,d6)+f6d6) = —d(g(df,db))

2
= —d(dO(Vf)) = —d (%) — 4T e,

T de?

meaning that A;(fd@) = A(f)d6. Thus, the eigenforms of the 1-Laplacian on S'
are simply sin(k6)d6 and cos(k0)d0, k € N, and the eigenvalues are the same as
those of A which are simply {0,1,1,4,4,...,k* k?,...}.

We apply the SEC by generating 101 uniformly spaced data points on the unit
circle in R?, and using the method outlined at the beginning of the section. In the
leftmost plot in Fig. 8.1, we compare the analytic eigenvalues of A; (gray, solid)
to the eigenvalues estimated by the SEC (red, dashed). We also show the first
two eigenforms of the 1-Laplacian in Fig. 8.1, and note that the first eigenform
clearly approximates the harmonic form d0. Notice that a closed integral curve
of a harmonic form should correspond to a unique representative of a nontrivial
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FIGURE 8.2. Top, Left: Eigenvalues of the Laplacian on 1-forms es-
timated using the SEC (red, dashed) compared to the analytical spec-
trum (gray, solid) for a flat torus. Top, Middle/Right: The vector field
representation of the 1-form corresponding to the smallest eigenvalue
(v1 = 1.20 x 10~%) shown in the embedding coordinates (cos(8),sin(8))
(middle) and (cos(¢),sin(¢)) (right); this eigenform approximates d6 —
d¢ (for clarity we only draw arrows every fifth data point). Bot-
tom, Middle/Right: The eigenform of the second smallest eigenvalue
(v2 2 2.43 x 10~%) shown in the same coordinates as the first eigenform;
this eigenform approximates —d0 — d¢. Notice that the two eigenforms
together form a basis for the harmonic 1-forms which are the span of 46
and d¢.

1-homology class, as will be further demonstrated below. In order to demonstrate
the effect of random sampling on the manifold (as opposed to the uniform grid)
we repeated this experiment using 500 independent uniformly distributed random
points on S!. More points were required in this example due to the increased
variance in the eigenvalues and eigenfunctions produced by the diffusion maps
algorithm. The increased error from diffusion maps causes increased error in the
SEC results, as shown in the eigenvalues of the 1-Laplacian. However, the SEC still
obtained good approximations of the eigenforms at the level of having the coarse-
grained structure (note the similarity of the first two eigenforms to those produced
using the 101 evenly spaced data points). This demonstrates both the sensitivity
of the SEC regarding eigenvalue precision, as well as the robustness of the SEC
with respect to coarse-grained structure, which we believe is very desirable for
applications.

We next consider the 1-Laplacian on the flat torus which has two nontrivial
1-homology classes. Every smooth 1-form on the flat torus can be written as
fdO+hdp, where 0, ¢ are canonical angle coordinates and f, 4 smooth functions.
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Considering fd0, we compute

5d(fdO) = 8(df AdO) = <§£d¢we> 5< ggdeAdq))

_ af _ . (9f 9*f 9*f
—*d*(—aq)deAdq))*d(aq)) <a¢2d¢+aea¢d6>
2*f 2*f
_8¢2de+868¢d¢’
where we choose the ordering d0 Ad@® = —d¢ ANdO so that xdO = d¢@ and xd¢ =
—d6. Next,

do(fdO)=—d(xd*(fdB))=—dxd(fdp)=—dx(df Nd9)
:—d*(afde/\chp) _ (‘9f> I P 0.

30 50) = 202%° " 36094
so that
2 2
Al(fde)zéd(de)eré(fde):< gqj; §9f2>d9 Ao(f)do,

and similarly A;(hd¢) = Ag(h)d¢. Thus, for an eigenform with eigenvalue v we
have

V(fdO+hdd)=A(fdO+hdp)=Ao(f)dO+Ay(h)do
which implies that both f and /4 must be eigenfunctions of the 0-Laplacian with
eigenvalue v. Thus, the non-zero eigenvalues of the 1-Laplacian are the same as
those of the O-Laplacian up to multiplicity. Due to the two harmonic forms d6
and d¢, each eigenvalue of the 1-Laplacian has double the multiplicity of the same
eigenvalue for the 0-Laplacian.

To verify the SEC on this example, we generate 10,000 uniformly spaced data
points on a flat torus in R* with the embedding (cos 8,sin@,cos ¢,sin¢) . In the
top left of Fig. 8.2, we plot the analytic spectrum of the 1-Laplacian (gray, solid
curve) along with the SEC approximation of the spectrum (red, dashed curve). We
also show the vector fields corresponding to the first two SEC eigenforms. The
latter approximate d0 — d¢ and —d8 — d¢, which span the space of harmonic
forms which is the span of d0 and d¢.

Notice that this example requires 100 times more data than the circle (data re-
quired grows exponentially in the intrinsic dimension) for the diffusion maps algo-
rithm to yield the same accuracy for the O-Laplacian eigenfunctions and eigenval-
ues. This also means that the diffusion maps algorithm takes significantly longer
to run on this larger data set. Crucially, the SEC still only uses M = 20 (and 100
eigenfunctions to compute the ¢ tensor) so the matrices in the SEC were the same
size for the torus example as for the circle example. Thus, following the initial
diffusion maps step, the SEC algorithm runtime is the same in the torus example
as for the circle example. This demonstrates how the SEC formulation allows us to
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TABLE 8.1. First eight eigenvalues of the Laplacian on 1-forms esti-
mated using the SEC for a Mdbius band, torus (standard embedding in
R3), a genus two surface (two-holed torus), a two-dimensional sphere in
IR3, and the Lorenz 63 attractor (L63). Notice that the eigenvalues close
to zero represent harmonic forms, and the number of the eigenvalues
close to zero matches the first Betti numbers for the manifolds which
are 1, 2, 4, and O respectively. While the Lorenz 63 attractor is not a
manifold, a coarse approximation as a manifold would suggest a Betti
number of 2 due to the two holes.

Mobius Torus Genus 2 Sphere L63

0.0242 0.0040 0.0021 1.9349 0.0011
1.0415 0.0093 0.0026 1.9521 0.0017
1.0449 0.2574 0.0026 1.9781 0.0030
3.8684 0.2575 0.0041 1.9817 0.0072
3.8948 0.2575 0.0893 2.0042 0.0105
8.0352 0.2587 0.0901 2.0172 0.0109
8.1018 0.8061 0.2151 5.8001 0.0205
8.9369 0.8067 0.2175 5.8142 0.0262

FIGURE 8.3. First two eigenforms on the Mobius band. The first rep-
resents the one 1-homology class.

decouple the representation of differential forms and their associated Laplacian op-
erators from the amount of data. In particular, larger data sets are only needed in the
initial diffusion maps step to obtain the best possible estimate of the O-Laplacian
eigenfunctions and eigenvalues. Since many of these eigenfunctions and eigenval-
ues are known to be poor estimates, we can set M much less than the number of
data points to obtain high quality 1-Laplacian representations.

8.2 Topological features and eigenforms via the SEC

We now apply the SEC on several surfaces embedded in R? in order to demon-
strate its connection to the manifold homology. We also demonstrate the algorithm
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FIGURE 8.4. First two eigenforms on the sphere S?. Notice that the
SEC constructs valid smooth vector fields which must vanish on the
sphere.

FIGURE 8.5. First four eigenforms on the standard embedding of the
torus in R®. Notice that the first two represent the two 1-homology
classes.

on a data set which is not sampled from a manifold to show that the SEC has po-
tential applications even when the assumption of an underlying manifold does not
hold. While the results on the circle and flat torus above used large uniformly dis-
tributed data sets to validate the algorithm, in this case we work with much smaller
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FIGURE 8.6. First four eigenforms on the genus two surface, repre-
senting the four 1-homology classes.

data sets that may not be uniformly distributed with respect to the volume form.
Details on the sampling procedure employed in each example can be found in the
code in the online supplementary material.

We first consider four surfaces, namely a Mdbius band, sphere, torus, and a
genus-2 surface. Our goal for these examples is to show that the SEC correctly
captures the coarse topological features of these smaller nonuniform data sets. The
1-homology of these manifolds corresponds to the kernel of the 1-Laplacian so that
the first Betti number should be equal to the multiplicity of the zero eigenvalue of
A;. This is shown in Table 8.1 if we consider the eigenvalues closest to zero to
represent 1-homology. We can also make this connection by visualizing the eigen-
forms via their corresponding vector fields as shown in Figs. 8.3—8.6. Following
the vector field corresponding to a harmonic form (having eigenvalue zero) should
generate a closed curve, which is a representative of a unique homology class.
We also show in Figs. 8.3-8.6 that the SEC approximations are smooth forms,
demonstrated both by the smooth changes in the arrows, as well as the fact that the
corresponding vector fields each vanish at some point on the sphere (since there
are no smooth non-vanishing vector fields on a sphere).

We should note that the Mobius band is a manifold with boundary, which vio-
lates the assumption of manifold without boundary used in our theoretical deriva-
tions. Nevertheless, the algorithm produces reasonable results which suggest the
theory may be able to be extended to manifolds with boundary. A potential the-
oretical barrier is the requirement that the gradients of the eigenfunctions must
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span every tangent space (see Lemma 4.7), yet the estimator of the Laplacian from
diffusion maps produces Neumann eigenfunctions [18], which will all have gra-
dient orthogonal to the normal direction. While this failure to span the tangent
spaces may preclude the corresponding 1-forms b/ and b/ from providing frames
for the L? space Hj, it is still possible that they provide frames for higher-order
Sobolev spaces associated with Neumann boundary conditions. In particular, it is
possible that an analog of Theorem 4.4 holds for the Neumann H; ; Sobolev space,
so that the corresponding Galerkin scheme from Definition 6.3 approximates the
spectrum of the Neumann Laplacian on 1-forms. While a rigorous study of the
properties of SEC in the Neumann setting lies outside the scope of this work, the
numerical results for the Mobius band described above are consistent with this be-
havior. If approximation of the full H; space, or Sobolev spaces associated with
other boundary conditions is desired, a possible remedy would be to employ the
normal direction estimator and/or the distance to boundary estimator which were
recently developed in [13]. These estimators could be used to ensure that the full
tangent space is spanned on the boundary (and near the boundary, which may be
an issue for finite data sets).

As a final example, we demonstrate the SEC on data sampled from the chaotic
attractor of the Lorenz 63 dynamical system [35] (we refer to this set as “L63”),
a fractal set having no differential structure. While there is no exterior calculus
defined on L63, it is a well-defined compact subset on R3 [51] (with an induced
metric topology), and exhibits certain coarse-grained topological features, most
notably a hole in each of the two lobes of the attractor as shown in Fig. 8.7. More-
over, the diffusion maps and SEC algorithms can easily be applied to data sampled
from this set (or indeed any data set in a metric space). The SEC spectrum for the
1-Laplacian is shown in Fig. 8.1, and the first two eigenvalues are very close to
zero, while the corresponding eigenforms, shown in Fig. 8.7 seem to capture these
two coarse topological features.

In summary, the examples in this section show that the SEC can generate a
collection of 1-forms (equivalently, vector fields) which can be used as a basis for
vector fields defined on the data set. These vector fields are ordered by smoothness
based on their corresponding eigenvalue (Dirichlet energy; see Section 2.5), and
higher eigenvalues correspond to more oscillatory vector fields. Moreover, our
theory shows that in the limit of large data and large M (number of eigenfunctions
of Ag used), the SEC basis corresponds to the natural basis for square integrable
1-forms. However, even for small nonuniform data sets the SEC reflects coarse
topological features of the underlying continuous space, which indicates that the
SEC-derived approximations could be useful even outside of the large data limit.
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FIGURE 8.7. First two eigenforms of the SEC 1-Laplacian on 10000
data points sampled from the Lorenz 63 attractor. Notice that closed
integral curves of these vector fields correspond to independent repre-
sentatives of the two “holes” in the attractor.

9 Discussion

In this paper, we have developed a spectral framework, called spectral exterior
calculus (SEC), for the exterior calculus on Riemannian manifolds. A central un-
derpinning of this approach is a family of frames for L? and higher-order Sobolev
spaces of vector fields and differential forms, built entirely from the eigenvalues
and eigenfunctions of the Laplacian on functions. By virtue of this construction,
our framework lends itself well to data-driven approximation of the objects of in-
terest in exterior calculus, such as vector fields and differential forms, as well as
operators acting on these objects (e.g., the Laplacian on forms), requiring no ad-
ditional information beyond point-clouds of data. In particular, SEC extends the
applicability of the extensive array of graph-theoretic techniques for pointwise and
spectral approximation of the Laplacian on functions [7, 44, 18, 52, 12, 32, 11, 8,
43, 49, 50, 14] to learning problems involving higher-order objects, with rigorous
convergence guarantees in the asymptotic limit of large data. Crucially, by relying
solely on approximations of the eigenvalues and eigenfunctions of the Laplacian on
functions, SEC decouples the computational complexity of approximation of vec-
tor fields, forms, and related operators from the number of samples and ambient
data space dimension.

Another key aspect of SEC is its focus on L?-convergent, as opposed to pointwise-
convergent approximations, as the latter typically require additional structures such
as simplicial complexes that are difficult to estimate from data alone. Here, we have
shown that our frames for H' Sobolev spaces of 1-forms lead naturally to Galerkin
approximation schemes for the eigenvalue problem of the Laplacian on 1-forms,
which are provably well-posed by classical results on variational formulations of
elliptic eigenvalue problems [4]. These techniques extend previously developed
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data-driven Galerkin approximation techniques for unbounded operators on func-
tions [29, 30, 19] to the setting of 1-forms. These Galerkin methods for the Lapla-
cian on one-forms, and more broadly approximation techniques for unbounded op-
erators in exterior calculus, crucially depend on the availability of well-conditioned
approximation spaces for H” spaces of higher regularity than L2. In the framework
of SEC, such spaces are naturally constructed through singular value decomposi-
tion of sparse Grammian matrices associated with H? frame elements, which are
computable via closed-form expressions involving the eigenvalues of the Lapla-
cian on functions, and inner-product relationships between products of the corre-
sponding eigenfunctions. Once computed, the Galerkin-approximated Laplacian
eigenforms can be visualized through their dual vector fields, reconstructed via a
data-driven spectral approximation of the pushforward map. In addition to frame
representations, SEC provides data-driven representations of vector fields as oper-
ators on functions, which is useful for tasks such as dynamical systems forecasting
[10, 30], among other applications.

We have demonstrated the efficacy of SEC approximations to the eigenvalues
and eigenforms of the 1-Laplacian, and their associated vector field duals, in a suite
of examples involving orientable (circle, flat and curved 2-tori, 2-sphere, genus-2
surface) and non-orientable (Mobius band) smooth manifolds, as well as a fractal
set having no differentiable structure (the L63 attractor). In the circle and flat-torus
examples, where analytical expressions for the 1-Laplacian eigenvalues and eigen-
forms are available, we found that SEC accurately approximates the leading 50 to
100 eigenvalues using a modest number (20) of 0-Laplacian eigenfunctions to build
the SEC frames, and a moderate dimension (40 for circle and 107 for the flat torus)
of the corresponding Galerkin approximation spaces. In the curved torus, sphere,
and Mobius band examples (where analytical expressions for the eigenvalues and
eigenforms of the 1-Laplacian are not readily available), we demonstrated that the
SEC results are consistent with with the 1-homology of these manifolds. In partic-
ular, the number of eigenvalues of the SEC-approximated 1-Laplacian numerically
close to zero was found to be equal to the first Betti number of the manifold un-
der study, and the corresponding eigenforms were found to generate closed curves
(through the integral curves of their vector field duals), representing 1-homology
classes. It should be noted that due to the presence of a boundary, the Mobius
example lies outside the theoretical domain of applicability of the SEC formula-
tion developed here, but the numerical results were found to be qualitatively con-
sistent with the application of Neumann boundary conditions, implicitly enforced
through diffusion maps. Moreover, even though our theory was developed in the
smooth-manifold setting, the SEC-derived eigenforms for the L63 attractor were
also found to be qualitatively consistent with the 1-homology of a coarse graining
of the attractor. In this example, we obtained two eigenforms at small correspond-
ing eigenvalue, generating closed curves around each of the “holes” in the lobes
of the attractor (Fig. 8.7), which is what one would intuitively expect for the L63
topology.



SPECTRAL EXTERIOR CALCULUS 69

There are several avenues of future research stemming from this work. First, it
would be of interest to develop SEC approximation schemes for other operators of
interest in exterior calculus, such as the Hodge star operator and the Lie derivative.
Among other applications, such approximation schemes are likely to be of interest
in dynamical systems modeling. For instance, for a dynamical system on a mani-
fold generated by a vector field v, there is an associated dynamical system acting
on the tangent bundle, which can be thought of as a pointwise linearization of the
system. In this setting, the Lie derivative %, on vector fields generates the action
of this system on sections of the tangent bundle, and is known to have useful spec-
tral properties characterizing growth rates of perturbations [15]. Approximating
these spectra from data would thus provide a computationally efficient empirical
method for characterizing the principal modes of instability in datasets generated
by dynamical systems; a topic of considerable current interest that has spurred the
development of powerful geometrical approaches such as the theory of covariant
Lyapunov vectors [31].

Other research directions would involve extending SEC to to manifolds with
boundary, or non-smooth topological spaces. In particular, our results for the L63
attractor suggest that a spectral formulation of exterior calculus, possibly with a
very similar structure to the one presented here, may be possible provided one can
construct an appropriate diffusion operator generalizing the notion of the Laplacian
on Riemannian manifolds. To that end, it is worthwhile noting that the Markov in-
tegral operators employed here to approximate the heat semigroup and its associ-
ated Laplacian are, in fact, well defined as operators on C° and L? function spaces
on Borel measure spaces without differentiable structure. Moreover, recent work
[19] has shown that, at least in some scenarios, such operators can be consistently
approximated from data under natural assumptions (e.g., data sampled from a dy-
namical system possessing a physical ergodic invariant measure, such as the L63
system studied here). Yet, a key step relevant to the SEC framework, namely the
consistent approximation of the Laplacian from the heat semigroup, achieved by
taking € — 0 kernel bandwidth limits, has, to our knowledge, no known generaliza-
tion to non-differentiable spaces. In such a setting, the challenge would be to ap-
proximate the generator of an appropriate C° diffusion semigroup based on kernel
integral operators approximating that semigroup (akin to the operators P in Sec-
tion 7.2 approximating the heat semigroup). Such a diffusion operator would lead
to an analog of the product rule for the O-Laplacian on smooth functions through
its associated symmetric bilinear form [6], providing one of the necessary ingredi-
ents to building the SEC framework. However, at present, the construction of this
operator and its approximation remain elusive.

Finally, while the present SEC formulation has focused heavily on H” Sobolev
spaces and their associated notions of regularity based on Dirichlet energy, it should
be noted that there exist analogs of the RKHSs associated with the heat kernel on
functions in the setting of differential forms. In addition to providing well-defined
notions of regularity through the corresponding RKHS norms, the fact that RKHS



70 T. BERRY AND D. GIANNAKIS

spaces have continuous pointwise evaluation functionals allows for pointwise- (as
opposed to L?-) convergent approximations when working in such spaces, with
well-known applications in smoothing and interpolation. These properties moti-
vate the construction of frames for RKHSs of forms, and their use in Galerkin ap-
proximation schemes for operators on forms, analogous to the schemes presented
here utilizing Sobolev spaces.

Appendix A: Discrete incompatibility of product rule and Leibniz rule

Let f, h, and b be arbitrary smooth, real-valued functions on a Riemannian
manifold. The product rule for the Laplacian operator can be written as

A(fh) = fAh+hAf —2grad f(h),
where grad f(h) = grad f - grad h. The Leibniz rule for vector fields states that
v(fh) = fv(h) +hv(f),

and since grad f is a vector field, we can easily derive a triple product rule for the
Laplacian
A(fhb) = fA(hb) +hbAf — 2 grad f (hb)
= fA(hb) + hbAf —2hgrad f(b) — 2bgrad f (h)
= fA(hb) +hbAf — hf Ab — hbAf + hA(fb) — bf Ah — bhAf + bA(hf).

Rearranging the triple product rule, we have
0= A(fhb) — fA(hb) — hA(fb) — DA(fh) + fhAb+ fbAh + hbAf.

Now assume that L is a discrete Laplacian operator (meaning a matrix), without
any assumption on the form of the representation of vector fields. If we assume
that gradient fields are represented in such a way that both the product rule for the
Laplacian and the the Leibniz rule hold, then the same derivation will produce the
triple product rule for the discrete Laplacian. However, if the triple product rule
holds on the standard basis vectors {e;}, then we find that

0= L(eiejek) — €,‘L(€j€k) — €jL(€,‘€k) — €kL(€i€j> +ejejLe, +ejerle;+ejerLe;,
where vector-vector products are componentwise. Setting i = j = k, we find
0= L(e;) —3e;L(eje;) 4 3ejeiLe; = Le;

and since Le; = 0 for all i, we conclude that the only matrix which satisfies the
triple product rule is the zero matrix. This shows that no discrete representation
of vector fields can simultaneously satisfy both the Laplacian product rule and the
Leibniz rule.
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Appendix B: Computations and derivations of formulas

In this appendix, we derive the formulas for the inner products and Dirichlet
energies of the SEC frame elements for 1-forms listed in Table 2.2 (B.1). In addi-
tion, we discuss how these formulas can be extended to higher-order k-forms (B.2).
Since the SEC frame elements are real, in these derivations we will consider that
all Hilbert spaces of functions, vector fields, and k-forms are over the real numbers,
i.e., there will be no complex conjugation in the corresponding inner products.
B.1 Inner products and Dirichlet forms for 1-forms

Recall that the Hodge inner product 1-forms @, v is defined by

(@,V)g, = ///Zco/\*v = (1,n(0,v))g = (1,0" - V),

where we abbreviate the Riemannian inner product for vector fields w,v by w -
v = g(w,v). Similarly for 1-forms @, v we will abbreviate the Riemannian inner
product by - v = n(,v) = g(*, v?). In particular, if ® = fdh and v = adf,
then the Hodge inner product can be further simplified as

1
(fdh.adB)m = (dh-dB. fo) = 5 (hAB + BAR—A(hB), fe)n,
and substituting eigenfunctions b’ of A into this formula, we define

L 1 . _ . .
Gijut = (b b b dbl), = o (080 b A — ABB'), D)
1 .
= 5 (Mbb' + A — <Zcm > bibh)
1
=5t Aj)cim— Y Ascijsciks,

1
(B.1) = EZ(Aer?Lj—?Ls)cusciks,

where ¢;jx = (b'b7, b*)y and c?jkl = (b'b), by =Y, cijsckis (note that these are in-

variant to permutations of indices). Notice that the Gramm matrix Gi k= (bij , bkl) H,
of the antisymmetric elements is easy to compute from G; ji; since

Gijx = Gijii + Gjik — Gijik — Gjika,
so next we will consider the computation of the values E;j; of the Dirichlet form.

Recalling the formula for the 1-Laplacian A; = dd + dd, for 1-forms @, Vv we
can write

(B.2) (0,A1V)g, = (00,0V)y + (dw,dV)q,

where d is the exterior derivative, and 0 its adjoint, the codifferential. For 1-forms
® = fdhand v=adf, we have

(d(fdh),d(odB))p, = (df Ndh,daNdB)g, = (1,n(df ANdh,daaNdB))n,
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- df-da df-dp
_<1’det dh-da a’h~a’[3]>H
(B.3) = (df -da,dh-dB)y — (df -dB,dh-da)y.

We recall that the codifferential acting on k-forms is § = (—1)"k=D+1 4 g,
where d is the exterior derivative acting on m — k forms. We use m instead of d for
the dimension of the manifold in this section to avoid confusion with the exterior
derivative. For a function f and 1-form @, we have

0(fw)=—xdx(fo)=—*d(f*w)
= —*(df ANx0+ fd*x0) = —*(df AN*x®) — fxd x®
(B4) =-n(df,0)+fowo=—-df o+ féw,
so in particular if @ = dh we find (using A = dd)
0(fdh) = —df-dh+ fAh

= 3 (AFR) — FAR—HAF) + FAR= 3 (A(FR) + FAR—hAf).

Using this formula we can simplify the inner product

(8(/dh), 8(ctdB)m = 3 (A(FH) + AR~ RAF,A(@B) + XA — BAG)
= (—df-dh+ fAh,—da-dB + aAB)y
= (df -dh,da-dB) — (df -dh,aAB)y — (da-dB, fAR)y
(B.5) + (fAh, 0 AB) g

Now that both summands in (B.2) have been written in terms of A, we can combine
(B.3) and (B.5) and several cancellations yield,

(fdh,Av(adp))m, = (df -da,dh-dB)y — (df -dB.dh-do)y
+{df-dh,da-dB)y — (df -dh,aAB)y
—(dot-dB, fARY g + (fAh, aAB)g.

When the functions are eigenfunctions of A, we find
. R . 1 . .
db' -db’ = 3 (b'AD + b/ AD' — A(L'D)) = 3 (Ai+Aj)b'b) — A(b'B))
1
= 5 Z(kl + lj — ),S)cijsbs,
N
so that we can define

. ) 1
Fijuy = (db'-db’,db* - db'yy = 2 Y (Ai+ A= Ag) (A + A — Ag)cijscus

N

1
=7 (Ai+ ) M+ A)cijr — (Ai+ A+ e+ 4) Y Agcijscrs
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2
+ Z)vs CijsCkls | -
S
Moreover, recalling that

1
Giju = EZ(M +Aj— Ag)cijsCiks = *(11 +Aj)c ,Jkl Zl C1jsCiks;

N

we simplify the above formulas as
(d(b'db’),d(b*db"))u, = Faji — Fuji
and
(8(b'db’),8(b*dD')) i = Fyju — MGiitj — AjGiji + ey
so that
(B.6)

Eiju = (b'db!, Ay (b*ab)) g,
= Fiji — Fujk + Fijit — MiGrirj — leikjl + AjAiciju

= (00 A+ 20— SO+ ARy 2+ Ot 2 e+
+ (x,-x, - Exl(zimj) _ ;;Lj(zkﬂ,))
+ %(/li + A+ A+ ll)(cilljk - Cz!kjl - Cz!jkl) (A +A)e] Cijkl
+ %(C?kjl+czzjkl _Cizljk)
. %(Ai"‘lj +Ak+kl)(cz!ljk - C}ka _Cz!jkl) (l +A)e] Cijki
+ %(C?kjl+czzjkl _Cizljk)
. % [(Ai4Aj+ A+ Al)(cgzjk - C}ka) + A+ A=A — )Lk)cgjkl
+ (Cizkjl ‘|‘C?jk1 _Cizljk)]

A straightforward computation then shows that the c?jkl coefficients exactly cancel,
and we define

1 _ 2 _ 2
Cijkt = lecijscskl and  ciy = le CijsCskl
N

which also allows us to write Gjji; = %((JLZ +Aj)ciju — ¢y, Jl) Finally, to compute
the Dirichlet form for the antisymmetric elements, we note that

Eijkl_Ejikl— = [(k + A+ N+ A) (¢} Citjk — lk]l) (A —Ai)e z]kl+( ikjl — lzljk)]
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and

1
Eijix — Ejix = 5 [—(Ai+ A +lk+7tl)(cz!1jk —C}kﬂ) (Aj— Ai)c] Cijki
2
—(C;}cﬂ - cizljk)} )
leading to
Eij = (b'db) —bdb Ay (b*db' — b'db")) = E; gy — Ejiss — (Eijic — Ejie)
=(Ai+4; +A'k+ll)(cl!ljk - Cikjl) + (Cika _Ciljk)‘

These formulas are summarized in Table 2.2 in Section 2.5.

B.2 Extension to k-forms

Next, we briefly summarize how we can extend the SEC formulas derived in
B.1 to hlgher—order forms. Let b/ = bdb! = biodb'' A ---dbi* be a k-form frame
element (/ = (iy,...,ix) and I = (ip, ..., ix)). As we will see below, the Hodge inner
product of the exterior derivatives is easily computed as a determinant of inner
products of 1-forms. The more complex term is the Hodge inner product of the
codifferential terms. To understand this, we need to generalize the product rule for
the codifferential as

S(b') = (= 1)+ s g w (bodbT)y = (—1)"*= D+ w g (b x dbT)
= (= 1) DH s (dbo A xdb + bod +db)
= (= 1)"6DF o (dbo A xdDT) + b0 S (dbT).

We can now reduce &(db’) by rewriting db! = d(bildbi) ,where [ = (i, ..., ix), s0
that
8 (db') = Sedy_ 1 (b1 db") = Ar_1 (B db") — dj 81 (b db).

Notice that in the above formula we have reduced the problem of computing the
k-codifferential to computing the (k — 1)-Laplacian and the (k — 1)-codifferential.
Since we have shown how to compute the codifferential on 1-forms, this strategy
can be used to lift the SEC formulas to higher-order forms, although the formulas
become quite complicated. We carried this out for 2-forms, but the derivations are
quite long and a closed formula for the general case remains elusive.

Thus, while in principle the iterative formula above allows us to lift our formu-
lation to k-forms, we do not yet have a closed formula for the inner product

(b AV, = (d(b),d(b))h,, + (8B, 8B ))n,,-

However, the first term above is simply the integral of the determinant of the matrix
of pairwise inner products db" - db’r for s,r € {0,...,k}. The key to computing this
term is the formula

(db'-ab’)(db"*-db') = <thjq ) (ngznb"> =Y 8ijq8unbb",
n

q?n
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TABLE 2.1. Table of formulas for the SEC on k-forms. We abbre-
viate the multi-indices I = (iy,...,ix) and I = (iy,...,i;) and similarly
J = (jo,--»jx) and J = (ji,..., jx). We use [db% - db/r] to abbreviate
the k x k matrix with (g,n)-th entry given by db'e - db/». Finally, note
that db! = dbo A --- Adbk.

Object Symbolic Spectral
Multiple Product = (o 1)y A=y, c,-o,-,scgiz_“ik
U _ apit . apin) - - (db - db¥ AT — (g7 gl
Tensor Evaluation H = de db’) (db ' db ) i H" =(H".b')n
= gradb" @ @gradb* (b ,...0") =¥ TIK,_\ &ijom,Clm,-myy
Tensor Product by = b gradb) @ - - - @ grad b (by(b™,...,b%), bl :ZSI:IXﬁchOl
Frame Elements b = bodb't A -+ Adbik (b (by), by g = (- b b)Yy
. S bl b b))y =
Riemannian Metric b - b = bopiodet([db's - dbir]) < 2 o
Y Yoes, 5gn(0)cq, jole6<
bl -b 1)y =
Hodge Grammian Gy = by N
) Y Y sen(o)es, i
s oSk
d-Energy E¢, = (db!,db’ )y, (ab'-av’ 1)y, =AY

and iterating the above we can expand the product as

k Kk
[T av"-av =Y I1 gija.b™
s,r=0 n=0s,r=0
The integral of these products can then be represented in terms of the integrals of
products of eigenfunctions, which can be computed from the ¢ tensor. We briefly
summarize these formulas for the SEC on general k-forms in Table 2.1.
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