Intrinsic finite elements for PDEs and spectra on Riemannian manifolds

Shelvean Kapita*

“Department of Mathematics, Texas A&M University, College Station, TX, 77843, USA

Abstract

We construct high-order finite elements for partial differential equations and spectra on compact
Riemannian manifolds that are described by intrinsic data on a simplicial mesh: the metric tensor on
each cell and the maps that pair cell facets. The unknown is written in broken Bernstein—Bézier form,
conformity is a sparse linear constraint on local coefficients, and a sparse extension matrix reduces
the constrained problem to a symmetric finite element system. The same data assemble compatible
polynomial spaces of differential forms on quotient meshes, including cells glued to themselves;
the discrete exterior derivative is independent of the metric and the Hodge matrices carry it. We
prove that the constrained spaces form a complex, carry bounded commuting projections to finite
free isometric quotients by averaging, and show that on a fixed complex a change of metric moves
every positive discrete Hodge eigenvalue by explicit factors that are independent of the dimension
of the space and of the polynomial degree; the bounds admit cellwise tensors with jumps. Scalar
and one-form manufactured problems on a variable-metric three-torus and on a torus carrying the
metric of a trefoil tube surface converge at the expected orders, through degree six for scalars and
order four for one-forms. On five cells of the Poincaré dodecahedral space, degree fourteen gives the
first eigenvalue with absolute error 3 - 107! and the correct multiplicities of five levels. On the
Seifert—Weber hyperbolic space the lowest coexact one-form eigenvalue is computed as 2.03927 with
multiplicity six, inside the interval indicated by Lin and Lipnowski.

Keywords: intrinsic finite elements, Riemannian metrics, Bernstein polynomials, finite element
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1. Introduction

Finite element approximation on a Riemannian manifold begins with the same questions as
finite element approximation on a Euclidean domain: how to represent local trial functions, how
to join them across elements, and how to assemble the weak problem. The main difference is the
geometric information needed for integration. A Riemannian metric specifies lengths, volume, and
inner products of derivatives in local coordinates. Many compact manifolds have no useful global
coordinate system or prescribed Euclidean embedding and are presented through local charts or
through identified faces of a mesh. A finite element method for them should take the metric and
the identifications as its data.
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We use ordinary reference simplices throughout. A mesh supplies an elementwise coordinate
map, the metric expressed in the element coordinates, and the correspondence between paired
facets. The metric determines the element integrals, and the facet correspondences determine
the assembly. Keeping these two inputs separate allows the same reference-element basis, sparse
assembly routines, and differential operators to be reused when the metric changes, when a mesh
is expressed in different coordinates, or when a domain is assembled using nonstandard facet
identifications. The metric can be smooth, nonconformal, and anisotropic. The pullbacks of the
facet maps must preserve the chosen finite-dimensional trace spaces. For the polynomial spaces
used here this requirement is met by compatible affine reference-facet identifications.

Bernstein—Bézier polynomials give an especially transparent coefficient representation for this
construction. Fach element has its own polynomial coefficients. Continuity is imposed by relations
between the coefficients on paired traces, and the independent global unknowns are obtained
from those relations. This viewpoint follows the spline-theoretic treatment of smoothness and
determining sets in Lai and Schumaker [29] and the constrained B-form method of Awanou, Lai,
and Wenston [7]. The earlier conformal spherical spline method [27] uses the same principle
to discretize the Laplace—Beltrami problem on genus-zero surfaces. The accompanying work on
Bernstein constraint complexes [25] develops explicit edge smoothness functionals, their commuting
relations with differentiation, and constrained Galerkin realizations for scalar and vector spline
spaces on triangulated surfaces. Here the coefficient construction is used with intrinsic element
metrics in arbitrary dimension. The local polynomials are ordinary reference-simplex Bernstein
polynomials, and the assembly admits paired facets that need not be adjacent in a single coordinate
display.

Scalar elliptic problems require trial functions that agree in value across a paired facet, and
their element integrals use the metric to measure gradients and volume. Systems involving gradient,
curl, and divergence require continuity of tangential or normal traces, which compatible polynomial
differential-form spaces impose in a unified way. The exterior derivative commutes with pullback,
so the reference-element trace relations assemble into a global differential complex whose inner
products and adjoints are computed from the metric. We use the established local spaces and
approximation theory of finite element exterior calculus [3-6, 28], with the high-order Bernstein
implementations of Ainsworth, Andriamaro, and Davydov and of Ainsworth and Fu [1, 2]. The
coefficient-level viewpoint of [25] supplies a complementary construction of the global constraints.

Prior work already treats intrinsic manifold FEEC and the transformation of high-order finite
element degrees of freedom. In particular, the intrinsic commuting-projection theory of Licht
[34, 35] provides the abstract form approximation framework; Gawlik and McKee [23] analyze the
Hodge-Laplace source problem when the smooth metric is replaced by a Regge metric on the same
manifold, with trace and inverse inequalities and mesh regularity stated through intrinsic metric
comparison constants, and they bound the geometric consistency term by the L°° difference of
the two metrics; the sub-entity permutation and degree-of-freedom transformations of Scroggs,
Dokken, Richardson and Wells [37] are directly related to the matrices used for our form traces.
Symmetric bases and their limits are studied by Licht and Berchenko-Kogan [12, 36]. For the
Poincaré dodecahedral space, Bachelot-Motet [9] previously constructed group-invariant finite
element spaces and computed scalar Laplace—Beltrami eigenvalues. Our numerical use of that
manifold is a comparison of elementwise metric data, facet-constrained assembly, and compatible
complexes on a small quotient mesh.

The local polynomial spaces, the Whitney maps, the abstract Hodge theory, and the commuting



projections on intrinsic triangulations are those of finite element exterior calculus [3-5, 34, 35],
and intrinsic assembly from element metrics is established for surfaces and for Regge metrics
[15, 20, 22, 23]. The present paper works inside that framework and contributes three things. The
first is a coeflicient-level realization: conformity is the linear constraint Jpc = 0 on broken Bernstein
or moment coefficients, the sparse extension matrix Zj is built from entity classes, quotient facets,
and self-paired cells, it is reused when the metric changes, and the assembled exterior derivative
satisfies the complex identities (Theorem 4.1, Section 4.2). The second is a set of fixed-space
perturbation bounds: on a fixed finite-dimensional complex, a replacement of the inner products
changes every positive discrete Hodge eigenvalue by factors that are independent of the dimension of
the space and of the polynomial degree; the argument is purely algebraic and covers cellwise tensors
with jumps (Theorems 5.9, 5.10, and 5.14). The third is a transfer of commuting projections to finite
free isometric quotients by averaging (Theorem 4.6), which brings the quotient meshes of Section 8
into the scope of the cited projection theory; other mesh families enter through Assumption 5.5.

The predecessor on conformal spherical splines develops the scalar weighted weak form in
dimension two [27], and its continuation to compact two-manifolds of positive genus treats the side
pairings of a fundamental polygon as additional rows of the smoothness matrix [26]; the companion
manuscript develops constraint complexes on triangulated surfaces [25]. The present work treats
general intrinsic metric tensors, higher-dimensional facet identifications, the induced metric on
polynomial differential forms, and comparisons of two metrics on the same finite element space.
The trimmed polynomial spaces, Whitney maps, commuting projections, and the abstract source
and spectral approximation theorems come from established finite element theory [3-5, 18, 24, 34],
and Theorems 5.1 and 5.8 state their consequences under interpolation, regularity, and projection
hypotheses. Theorem 4.6 supplies a commuting projection on a finite free isometric quotient from
one on a compatible covering mesh.

The analysis has three parts: a conformity result that relates reference-facet coefficient constraints
to global finite element functions and, through the pullback identity for the exterior derivative, to
the compatible spaces; approximation and spectral convergence under mesh regularity and uniformly
bounded commuting projections, which we transfer from compatible intrinsic triangulations and
from covering meshes of finite isometric quotients; and fixed-space metric-perturbation bounds.
These arguments draw on the finite element analysis of elliptic and eigenvalue problems [8, 13, 17],
intrinsic complexes and commuting projections [18, 19, 34, 35], and geometric perturbation estimates
[15, 20, 22-24].

Replacing a smoothly varying metric by a simpler approximation changes the bilinear forms
even when the mesh, the approximation space, and the constraints are unchanged. We compare the
two sets of forms and their discrete spectra directly, which separates geometric data error from
polynomial approximation and numerical integration. Intrinsic and coordinate-free implementations
of exterior calculus provide further context [11, 38].

The numerical experiments begin in two dimensions with a torus that carries the induced
metric of a trefoil tube surface. Its non-diagonal metric is used in a manufactured Poisson problem,
with convergence through degree six, and in Laplace—Beltrami eigenvalue computations through
index 480. The three-dimensional experiments address accuracy for smooth variable metrics, the
form complex, sensitivity to metric replacement, and quotient meshes. Manufactured scalar and
one-form problems on a three-torus with nonconstant metrics measure convergence in the mesh
size and the degree, and matched-mesh calculations compare the prescribed metric with a cellwise
approximation. The Poincaré dodecahedral space tests facet identification, harmonic dimensions,



and spectral approximation on a five-cell mesh, and the Seifert—Weber hyperbolic space contrasts
the model metric with a piecewise-flat replacement; there the lowest coexact one-form eigenvalue is
computed as 2.03927 with six members, a numerical approximation consistent with the interval
indicated by Lin and Lipnowski [31]. Solid tubes around a circle and a trefoil knot give scalar
Dirichlet and Neumann problems. Figures of computed eigenfunctions accompany each manifold;
on the two dodecahedral spaces the eigenfunctions are adapted to the rotation symmetries of the
fundamental cell. The finite element formulation is given in dimension n, with numerical examples
in dimensions two and three. Throughout, p denotes the degree of the full scalar Bernstein space
5’2 (A); r denotes the order of the trimmed differential-form spaces V}{fr.

The following sections develop the finite element data, the scalar and compatible spaces,
approximation and spectral analysis, and the numerical results in that order.

2. Finite element setting

Write K = {# € R" : & > 0, >; &; < 1} and denote its barycentric coordinates by bg = 1—) . Z;
and b; = ; for i > 1. We use intrinsic element maps Fi : KM , smooth and nonsingular up to
each cell boundary in the usual compatible piecewise-smooth sense. The pullback metric gx = Fii-g
is represented in reference coordinates by the matrix

G (2)ij = 9ri @) (Fr)«0i (F)<05),  pr (%) = /det G (). (2.1)

Here g = g;j(x) dz’ ® d2/ in a chart, with the summation convention, and Fj(dV,) = px dz. The
element routines use only G and the facet maps; an explicit chart of a quotient or of a geometric
model is one way of providing G.

Gk =Ffyg
K c R2 PK = det GK
K , pr at quadrature points
reference trlangle element in local coordinates on M

Figure 1: Reference simplex, intrinsic element map, and local metric data in dimension two. The element K is
displayed in local coordinates on M.

Figure 1 shows these data.

Assumption 2.1 (Finite element metric and facet data). For a shape-regular mesh family there
are constants 0 < A\, < A* < 0o, independent of K and h, such that in reference coordinates

KPP < 7GR ()6 < NRLIE? (€€ RY),

with the usual equivalent anisotropic scaling by an element reference metric when the mesh family is
not quasi-uniform. In particular G is measurable, symmetric, and positive definite. On each pair of
identified facets ' = K™ N K™, the maps F+ induce a compatible homeomorphism 75 : I’ — F'~
such that

F+|pr = Fr-|p-o7r. (2.2)
4



The metric traces satisfy the resulting tensor change-of-coordinates rule. For high-order polynomial
form assembly, 7 is further assumed to preserve the chosen finite-dimensional trace spaces under
pullback. In the implementation this is achieved by affine reference-facet maps induced by vertex
permutations; the scalar C° construction admits more general compatible transition rules if its
trace spaces are accordingly chosen.

The element tensors that occur in this paper fall into three classes. A smooth metric is the
pullback of one Riemannian metric g on M and satisfies the tensor change-of-coordinates rule on
every paired facet. A Regge metric is smooth on each cell and has single-valued tangential-tangential
components on every shared facet, which is the condition (2.6) imposed facet by facet; its normal
components may jump. This is the class for which Gawlik and McKee [23] develop L? and H(d)
spaces, intrinsic trace and inverse inequalities, and the Hodge—Laplace source error analysis. A
measurable cellwise tensor is uniformly positive definite on each cell and is free across facets. The
implementation measures the discrepancy in (2.6) at facet quadrature points and reports it with
each run. The interpolation estimates of Section 5 are stated for smooth metrics, and the fixed-space
perturbation bounds of Theorems 5.9, 5.10, and 5.14 hold for all three classes.

The tensor G may be nonconstant, anisotropic, and of variable curvature. In a periodic model
two paired facets may lie on opposite sides of the displayed fundamental region; 77 specifies their
matching as for adjacent cells.

Let V¥ be a reference finite element space of degree-k differential forms and let Rfc denote its
trace on facet f. For two paired facets define the reference pullback action

TII;‘Z ctr vk

o — Ve, TEnp=r1in. (2.3)

After choosing trace bases, T¥ is a small matrix. A broken coefficient vector ¢ = (cx)x represents
a conforming form if and only if

R]},+CK+ = T}?RII?’_CK_ for every paired facet F. (2.4)

For scalar Bernstein polynomials and a simplex vertex permutation, the matrix T}O7 is a permutation.
For one- and two-forms, pullback acts on both polynomial coefficients and differential components. In
general the resulting higher-order transformation matrices contain blocks beyond signed permutations
[12, 36, 37].

Cell entities and their incidence are identified separately, since distinct quotient edges may have
the same pair of quotient vertices (Section 4.3).

The trace-space condition is a restriction. For 7(¢) =t + et(1 — ¢) with 0 < € < 1 the pullback
of u(t) =t is quadratic, so 7¥P; # P;.

A facet on OM has no partner. For scalar problems a homogeneous Dirichlet condition constrains
its trace coefficients and a Neumann condition leaves them free; the relative and absolute form
complexes are specified in Section 5.2.

2.1. Element matrices

Three operations act on a computation: a change of coordinates for a fixed function, a change
of the local polynomial space, and a replacement of the metric. The first leaves the discrete solution
unchanged, and the other two change it in ways that the analysis quantifies.

Let Fi : K — M be an intrinsic element parametrization and let {0;} denote its coordinate
tangent vectors. Write

G = (9(Fr«0s, F05))} =1 Ok = v/det G G, pr = \/det G (2.5)
5



A scalar element routine requires only px and Ckg; a k-form routine requires px and the induced
matrix on k-covectors in (4.12).

The metric compatibility condition between paired facets can be checked without an embedding.
If 7p : F* — '~ is the facet transition, the restrictions of the two metrics to tangent vectors along
the facet satisfy

Vigg+ = TPt gk, 9kt = Fpezg, (2.6)

Here 1y : F'¥ < K are the facet inclusions. In reference facet coordinates the right-hand side has
matrix (D7p)? (Gg-|pp- © Tr)D7r, while the left-hand side is the tangential restriction of G g+
on F't. This tensor relation identifies the metric; the polynomial trace relation (2.4) identifies the
finite element trace.

Consider a second parametrization Fx = Fg o) of the same cell, with ¢ a smooth diffeomorphism
of reference cells. The transformed metric is

Gr(y) = Dv(y) Gk (W) DY(y),  pr(y) = |det D(y)lpx (L(y)). (2.7)

If u=wo and v = v o), then direct substitution yields

/Aﬂ'ﬁﬁKdy:/Auvpde, (2.8)
K

K
/A VyﬂTé;(lVyﬁﬁK dy = /A quTG;(lvzv PK dx. (2.9)
K 7

The same statement for differential forms follows from naturality of pullback and the coordinate
invariance of the Lg inner product. These identities concern the same functions expressed in two
coordinate systems.

Proposition 2.2 (When two parametrizations give identical discrete matrices). Suppose 1* Y%Dk = Vpk
and the global facet constraints are transported by the same pullback. Suppose all element integrals
are exact. Then the two discrete generalized eigenproblems are related by invertible changes of
coefficient basis and have identical eigenvalues, counting multiplicity.

Proof. Let T} be the blockwise invertible coefficient transformation representing ¢* and restricting
to a bijection between the two global constrained spaces. Equation (2.9) gives the corresponding
congruences Mk =T, ,;‘F M;.T;, and ﬁk =T, ,;‘F AiTy,. Hence the generalized Rayleigh quotients agree
after the bijection and so do their min—max values. O

For a nonlinear v the pullback of a degree-p polynomial generally has higher degree, so two
fixed-degree computations in different nonlinear charts use different conforming subspaces and agree
only in the limit. The standard and twisted charts of Section 8.3 are an instance. In summary: (i)
the continuous weak forms are invariant under changes of coordinates; (ii) the discrete matrices
of two presentations are congruent when the change of coordinates preserves the local polynomial
spaces and the facet constraints, as in Proposition 2.2; (iii) presentations with different polynomial
charts give different discrete solutions that converge to the same limit. The data of the method are
the element metric and the facet maps, and in this sense the method is intrinsic.

Replacing Gk changes the bilinear forms on a fixed space, changing F or the local polynomial
family changes the space for a fixed metric, and quadrature is a third source of error. A numerical



study should distinguish

lu—unp@)l . Juno(9) = unp@, (@) — i, @) (2.10)
—_————
finite element error metric-data error integration error

When the metrics induce different norms, the analysis compares them by explicit tensor inequalities.

An unpaired codimension-one facet belongs to M and carries the boundary trace condition.
The mesh includes an orientation of each cell and subentity, which fixes the signs of integral degrees
of freedom and incidence matrices. The mass and energy matrices use only the Riemannian density,
so the scalar problem and the Lg adjoint d, of d are defined on nonorientable manifolds as well;
star-based formulas are read in oriented charts [3, 5]. The form experiments in this paper use
orientable manifolds.

3. Bernstein—Bézier finite elements

Let A be the simplicial mesh of Section 2, with reference simplex K and barycentric coordinates
b, - - ., by. The Bernstein basis of degree p is

n

p! o
P — i _
BP(b) = ol ol il_lo bi, la| = p. (3.1)
Define the broken space
Sp_l(A):{s:M%R:soFKEPp(I/&) for each K € A}. (3.2)

Every cell retains its own (”:p) coefficients,

(s0 F)(#) = > exaBR(b(#),  c¢=(ck)Ken (3.3)

|ae|=p

The coefficient ck  is indexed by the Bernstein domain point £x o = >, (a;/p)vk; of the reference
simplex.

For each paired facet the scalar trace equality is a linear functional of the two local coefficient
vectors. Stack these functionals as the matrix Jy. The conforming scalar space and a coefficient
extension matrix are

SE(A) ={se Sgl(A) : Joc = 0}, c = Zyc, im Zy = ker Jy. (3.4)

This coefficient constraint description extends the smoothness-matrix representation of spline spaces
[7, 25, 29]. For affine matching facets, continuity identifies the degree-p Bernstein trace coefficients
after a vertex permutation, so Zy is assembled sparsely from coefficient classes. The extension
matrix Zy depends only on the mesh and the trace conditions and is reused when the metric changes.
Figure 2 shows the trace constraint for two paired elements.
In local coordinates the scalar Laplace—Beltrami operator is
Agu =

1 L L
—0; 0 WY — (g..)" L
s (Vaetgghom) . (67 = ()" (3.5)

7



TF:F+—>F_

coefficients cp - coefficients cy+

Figure 2: Trace identification of two-dimensional elements. A reference-edge pullback gives a linear constraint on the
broken coefficients; its sparse extension matrix Zj is used in global assembly. For scalar Bernstein elements, k = 0
and T2 permutes trace coefficients.

On a connected closed manifold, the normalized Poisson problem is

—Agu = f, /MudVg =0, /M fdVy=0. (3.6)

The associated scalar eigenvalue problem is —Aju = pu.

For a scalar function u, denote by V,u its Riemannian gradient, defined by g(Vyu, X) = X (u)
for every tangent vector X. In local coordinates (V, u)' = ¢"0;u. The scalar energy and mass
forms are

ag(u,v) = / 9(Vgu, Vgyv)dVy, by(u,v) = / uv dVy. (3.7)
M M
For the Poisson problem (3.6), find uj € SJ(A) with by(up, 1) = 0 such that
ag(uhvvh) = bg(fa Uh)v Up, € S]())(A) (38)

The associated positive-shift problem replaces a4 by a4 4+ oby for ¢ > 0. On each cell, with
px = Vdet Gk, the element matrices are

(Ax)as = /A (VB G 'V B p dd, (3.9)
K

(MK )ap = /A Bh B} pi di. (3.10)
K

Here VB, is the gradient in reference coordinates. The broken matrices are KP* = diag; Ax and
MP" = diag Mg. In independent coefficients the reduced matrices are

Ky, = ZzT' K" 7y, My, = zE M 7. (3.11)

Write ¢; for the global coefficient vector of the constant function, and F = ZEIFP. The mean-
constrained Poisson system is equivalently expressed as

~

i ) 0-0)

8



The reaction problem is (Kp, + o Mp,)c = F. The Laplace—Beltrami spectrum is obtained from
Ky = pupMye. (3.13)

The constant mode gives 0 = 0 on a connected closed manifold and for the scalar Neumann
problem on a connected manifold with boundary.

Proposition 3.1 (Exact-metric Galerkin principle). If the element tensors Gy are the pullbacks of
g and the integrals (3.9)—(3.10) are evaluated exactly, then (3.11) is precisely the Galerkin restriction
of the intrinsic forms (3.7) to Sg(A). The prescribed metric enters through Gy alone.

Proof. On each element, the coordinate expression of dVj is px d& and the gradient inner product
is determined by Gl_(l. Summing the element integrals gives the broken forms. The columns of
Zy extend the independent coefficients to exactly the trace-conforming coefficient vectors, so the
Galerkin restrictions are ZgKero and ZOTMerO. ]

Remark 3.2 (Metric data and quadrature). The integrands in (3.9)—(3.10) need not be polynomials
even if the trial functions are. Prescribing G exactly at quadrature points removes geometric
replacement from the formulation, but finite quadrature still contributes a consistency error. The
estimate in Section 5 distinguishes these two effects.

3.1. Conformal metrics

Surface finite elements and their higher-order geometric approximation are analyzed in [15, 20, 22];
the present weak forms are evaluated using the prescribed intrinsic metric.

The earlier method [27] starts with the unit sphere and a conformal metric § = ¢**gg. The
metric is represented by the positive scalar weight w = e?*, and the spline space is built from
homogeneous spherical Bernstein—Bézier polynomials. It is useful to record exactly which part of
that construction extends to our general intrinsic setting.

Proposition 3.3 (The conformal reduction in dimension two). Let (M, go) be an oriented Rie-
mannian manifold of dimension n and let g = > gy for a smooth function \. For scalar functions
u? ,U)

bg(u,v):/ e v AV, (3.14)
M

ag(u,v) = /M e g0 (V gy, Vgov) AV (3.15)

In particular, when n =2 and w = e**,

ag = ag,, bg(u,v) = /M wuv dVy,. (3.16)

The scalar finite element matrices computed with the exact metrics g and go therefore have the same
stiffness matrixz for any fized conforming trial space in dimension two; their mass matrices differ by
the weight w.

Proof. In local coordinates, g~ = 6*2)‘90_1 and y/det g = e™/det gg. Substitution into the two
scalar bilinear forms proves all the statements. O



For the unit two-sphere, the round metric in spherical coordinates is gg2 = d#? + sin? § dy?;
the conformal metric in [27] is g = 62)‘952. The proposition gives the weighted weak equations of
[27]. That paper uses homogeneous spherical Bernstein polynomials, while the present formulation
uses ordinary reference-simplex Bernstein polynomials with their associated trace constraints. Our
52 (A) contains the constant function for every p because Z‘ ol=p B% =1 on each reference simplex.
The even-degree requirement for the constants and exact spherical-harmonic reproduction in [27]
apply to its homogeneous spherical polynomial space.

In dimension three, a conformal metric changes the stiffness matrix through the factor e and
the mass matrix through e3*. More generally, a nonconformal metric is carried by the full matrix
Gy'pi in (3.9).

4. Compatible finite element spaces

The edge-level differentiation and smoothness identities for constrained Bernstein vector splines
on triangulated surfaces are developed in [25]. The present construction uses the same coefficient-
level conformity principle with reference-facet pullbacks for k-forms in arbitrary dimension.

Differential forms provide an intrinsic finite element language for gradient, curl, divergence and
Hodge-type systems in every dimension. They provide compatible finite element spaces assembled
by the same constraint and sparse-matrix construction. Let A¥(M) denote differential k-forms and
d: A¥(M) — A*1(M) the exterior derivative. Its coefficient matrix on each cell does not depend
on g, whereas L? inner products and adjoints do.

For r > 1, put ‘A/Tk = P;Ak(l?), 0 < k < n. One algebraic construction is

PARK) = P ARK) + kH, 1 ALK, (4.1)

where x denotes Koszul contraction by the coordinate vector and H; denotes homogeneous polyno-
mial forms of degree j [3, 4, 6, 28]. The sum in (4.1) is direct: the first summand has polynomial
degree at most r — 1, whereas the second consists of homogeneous forms of degree r. The spanning
generators for the image of  are linearly dependent, since  is not injective on H,_jA**1. The
resulting sequence of spaces is a complex. In three dimensions its local dimensions for r = 1,2,3

are respectively
(4,6,4,1), (10,20, 15,4), (20,45, 36, 10). (4.2)

The form spaces carry their own local bases. Our reference implementation constructs the span in
monomial /Koszul coordinates and then applies a Bernstein-coordinate basis change for improved
local conditioning. The final degrees of freedom are associated with vertices, edges, faces, or cell
interiors as appropriate for k and r.

4.1. Local bases and facet transformations

For the triangle with barycentric coordinates bg, b1, bo, the lowest-order sequence has dimensions
(3,3,1). Its scalar basis is (bg, b1, ba); a basis for P; A! is given by the Whitney edge forms

wij == bl dbj — bj dbz, (Z,]) = (O, 1), (0, 2), (1, 2). (4.3)

The top-degree space is generated by db; A dby. For the tetrahedron, the corresponding local
dimensions are (4, 6,4, 1). Its lowest-order two-forms can be generated by the four Whitney face

forms
’wwk:bldbj/\dbk—bjdbl/\dbk—kbkdbl/\db], 0<i<j<k<3. (44)

10



On a tetrahedral face the tangential traces of the edge forms span P A' on the triangle; the
tangential traces of the face forms span its one-dimensional P; A% space. The interior components
that vanish under trace do not enter a facet constraint. The higher-order trace dimensions on a
triangular face are (6,8, 3) for r = 2 and (10, 15, 6) for 7 = 3 in form degrees 0, 1, 2, respectively [3, 6].

The Bernstein connection can be made explicit for all » > 1. If B%~!(b) is the barycentric
Bernstein basis of degree » — 1, then the collection

{B;_l(b)wio...ik Hal=r—1,0<ip < <ip<n} (4.5)

spans P, A*; a linearly independent basis is obtained by eliminating its algebraic dependencies.
The Whitney zero-forms are the barycentric coordinates. In three dimensions at r =2,k = 1, the
twenty-dimensional space is spanned by the twenty-four products byw;;, 0 < £ < 3, ¢ < j. The
local entity moments select independent global degrees of freedom from this span; the Bernstein
change of basis affects local matrices and conditioning, while the trace constraint is imposed on the
complete form-valued polynomial trace [2, 6, 28].

For example, consider the reference-facet permutation 7(bg, b1, b2) = (bg, b2, b1). On the ordered
scalar basis and ordered edge-form basis in (4.3), its pullback matrices are

0
0
-1

1
=10 , TE = , T2 = (—1). (4.6)
0

—_= O O
O = O
O = O

1
0
0

The minus sign records the reversal of the oriented edge (1,2) and of the oriented face. For a
general affine face map x = Ay + b, each polynomial coefficient is composed with Ay + b and each
coordinate k-differential transforms by the k x k minors of A. This gives the higher-order matrices
T}? in the chosen trace basis. The next subsection uses them in the constrained assembly.
For an affine reference change of variables 7, polynomial-form pullback acts both on coefficients
and on differentials. It satisfies
dr* =71"d. (4.7)

Accordingly, the facet transformations are the reference pullbacks of polynomial differential forms.
Define the broken space W,’ZT, =Ilxen FEI*VTI“ and let D}?r be the block diagonal local exterior-
derivative matrix. Let Jj be the constraint matrix whose rows are the paired-facet constraints (2.4).

We write
VE =kerJy,  Z:RM —RM' imZ, = ker Jj, (4.8)

T

where Zj, has full column rank. We use the same letter Z as for the scalar Bernstein constraint
reduction; here its columns are assembled from compatible entity moments. Its columns are the
broken coefficient vectors obtained from the independent global degrees of freedom. A sparse entity-
based implementation constructs Z; directly; a dense nullspace computation gives an independent
small-mesh reference. Throughout, Z; is called the coefficient-extension matriz; its image is the
constrained coefficient space.

Theorem 4.1 (Constrained assembly preserves the differential complex). Suppose the local spaces
are closed under d, their facet traces agree through the pullback maps (2.3), and the constraint
matrices are exact. Then

DY im Zj, C im Zjy 1. (4.9)

11



Gk = Igyg
Fr
—> Mgy = / BFH(Gk)By pr di
? K
V2 facet pullbacks Tk and extension matrices Zj
. 01

reference tetrahedron K

Dy D, D,

~ 2 - 3
Ll Vh,T’ Ll Vh,T’

0 - 1
Vh,r ' Vh,r

Dyy1Dp =0
My =ZIMP*Z,, k=0,1,2,3

Figure 3: Three-dimensional reference element and global compatible finite element sequence. The differential matrices
Dy, are determined by the reference spaces and facet constraints in a fixed basis; the metric enters through the local
Hodge matrices Mg .

For any left inverses Qx1+12k+1 = 1, define
Dy = Qpy1 DY 7. (4.10)
The matrices Dy, represent the exterior derivative on the conforming spaces; in particular,
DY Zy = Zpy1Dp, DDy =0. (4.11)

Proof. Let u € im Z. On a paired facet, its two tangential traces agree after pullback. Taking
the exterior derivative along the facet and applying (4.7) shows that the two tangential traces of
du also agree. Hence du € im Zj1, proving (4.9). The left-inverse identity and invariance give
Zk+1Qk+1D}3er = D}ngk. Applying the next local differential and using (D}?ilD}?r) = 0 gives
Zi12Dpy1 Dy = 0. Since Zj 9 is injective, Dyy1 Dy = 0. ]

The tetrahedral instance of the assembled sequence is illustrated in Figure 3.

Remark 4.2 (Global derivative matrix). Fix an independent global coefficient basis in each
degree and let Q41 = (Z], 1 Zk+1) "' Z], | in the Euclidean broken coefficient inner product. Then
Dy = QkHDEer is its unique coefficient representation. Any other left inverse produces the same
matrix on D}ff im Z, because that range lies in im Zj ;1. A change of global coefficient basis changes
the matrix of Dy and preserves the intertwining identity D}ngk = Zi4+1Dy. Galerkin bilinear forms
use ZZ on test coefficients, and the extraction of Dy uses the left inverse Q1.

Let {wh ;} be the chosen reference basis expressed as covariant k-forms in the local coordinates.
For strictly increasing multi-indices I = (i < -+ < ig) and J = (ji < --- < ji), write (G )7, for

the submatrix with these ordered rows and columns, and set (G}l)@m = 1. All coefficient vectors
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use this increasing-index convention; signs under a facet permutation occur in its pullback matrix.
The induced coefficient matrix for the inner product of k-covectors is

%k;(GK)[’J = det((G}l)[’J). (4.12)

For example, when Gy = diag(a,b,c) in dimension three, the ordered two-form basis (dz! A
da?,dat A da3, dz? A da?) has Ha(Gk) = diag((ab) ™!, (ac)™1, (bc)~1). This simple diagonal case
checks the form-component ordering in the local implementation. If By (&) collects the coefficient
vectors of the reference basis, the local k-form mass matrix is

My = /K By (&) Hi (G () Bu(@)px () d (4.13)

Conforming assembly gives
My = Z}F diag g (M 1) Zg.- (4.14)

If the local reference basis is converted to entity moments by L j, the block in (4.14) is L;(T;CM K,kLI_(}kv
and Zj, acts on entity-moment coefficients. The transformation must be applied consistently to the
differential and to all form matrices.

The discrete codifferential is the adjoint 6 = M, k__lng_le. Consequently the symmetric
matrix of the discrete Hodge quadratic form on k-forms is

Ay = D My11 Dy,

- (4.15)
+ MyDy_1 M D} My,

with the nonexisting term suppressed for £ = 0 or & = n. The generalized eigenproblem is
Agu = pMyu. The metric affects My, and therefore the codifferential and spectrum; the differential
matrices Dy are unchanged when the same finite element mesh and facet constraints are used with
a different compatible metric.

Proposition 4.3 (Harmonic dimension at fixed resolution). For positive-definite matrices My, and
a finite-dimensional complex (4.11),

dim ker A, = dim ker Dy, — rank Dy,_1, (4.16)

with the evident endpoint conventions. The number in (4.16) is independent of the metric matrices.

Proof. Taking the quadratic form of (4.15) shows that ker Aj, = ker Dy, N (im Dy_1)* ™. By (4.11),
im D1 C ker Dy. Orthogonal decomposition of ker Dy by this subspace gives (4.16). O

The proposition identifies discrete harmonic dimension with the cohomology of the assembled
finite-dimensional complex. Proposition 5.6 relates this dimension to the Betti numbers of M under
its approximation hypotheses.

4.2. Global assembly

The entity-based decomposition and canonical moment degrees of freedom follow the standard
polynomial differential-form construction [3, 4, 6]. We use two bases of the same local space: an
algebraic basis of polynomial forms, which is convenient for d, pullbacks, and metric matrices, and
the basis dual to degrees of freedom on vertices, edges, faces, and cell interiors, which is convenient
for sparse assembly.
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The trimmed polynomial spaces V,,k and the Koszul representation are defined in (4.1). The
Koszul generators and the spanning set (4.5) are linearly dependent. A numerical basis is selected
by a rank-revealing factorization of the spanning columns or from an explicit Bernstein-associated
basis. The dimension is

-~ r+k—1\/n+r
dim P A*(K) = . 4.17
i P AK(R) ( ‘ )(n_k> (4.17)
In coordinates = (z1, ..., xy), store a monomial differential form as a list of terms ¢, rz® da;, A
-+ Adx;,. Then
d(z%dzr) = Z a;x*" %9 dx; Adxy, (4.18)
J¢l

with the usual wedge sign, which gives rational local derivative matrices before any floating-point
change of basis. R

For a subsimplex f C K of dimension d > k, the canonical degrees of freedom can be taken in
the form

lpp(w) = /ftrfw A, n € Pryrea 1 AR, (4.19)

where a negative polynomial index supplies no degrees of freedom. The integrand has degree d,
so the orientation of f fixes the sign of the moment. The collection of degrees of freedom over all
entities is unisolvent for the trimmed space, with the standard finite-element moment conventions
[3, 4, 6]. For r > 1 the edge and face moments carry several polynomial components, so the forms
cannot be assembled as unrelated scalar fields.

Let {goZKk}fV:}ik be any local algebraic basis and let Lg j be its degree-of-freedom matrix,

(Lck)ai = La(0F"). (4.20)

If L is invertible, the coefficients in the nodal/moment dual basis are related to the algebraic
coefficients by zx = L pck. Consequently the local mass and differential matrices in moment
coordinates are
=T 1 -1 1 -1
Myt = LK,kMIa(,gkLK,k’ Kk = LK,k+1D§<7gkLK,k. (4.21)

The derivative is transformed on both sides; omitting either factor destroys the complex identities.

Let a paired facet map be affine in reference coordinates, x = Ay + b. The pullback of a
monomial form is obtained by composing ¢ with Ay + b and evaluating the k£ x k minors of A in
the differential components:

(Ay+b)* (A*dwy) = Y (Ay +b)* det(As s) dyy. (4.22)
|J|=Fk

The resulting reference matrix maps the trace coefficients on one side to those on the other,
consistently with the orientation convention in (4.19).

For vertex-permutation maps A, the pullback preserves the chosen polynomial spaces and
satisfies the group law. In the scalar Bernstein basis this action permutes the multi-indices, but the
corresponding moment transformations for high-order forms are generally small matrices. At the
reference level we require the commuting identity

Dpy TF = TE™ Dpy, (4.23)
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with the reference-facet differentials. It follows from naturality, and its numerical residual is a check
of orientation and indexing.

Start with the disjoint union of all cells and carry identifiers for their vertices, oriented edges,
oriented faces, and interiors. Each facet pairing induces subentity correspondences. Form their
equivalence classes while retaining the attaching maps and the orientation/polynomial transformation
on each class. When an entity is related to itself by a nontrivial transformation, its admissible
degrees of freedom are the invariant subspace of that transformation.

A cell may also meet itself across a quotient facet. Its trace condition is an ordinary row of
Ji, an orientation-reversing pairing may annihilate some trace components, and Zj; records the
remaining independent degrees of freedom.

With moment-space broken matrices, the global matrices have the familiar finite element form

My =2ZF diag g (MRES™) Z.. (4.24)

The matrix Z; may contain small transformation blocks associated with form traces. The global
derivative Dy, i is determined uniquely by the intertwining equation

DY Zy, = Z11Dn g (4.25)

The left inverse Qgy1 = (ZgHZkH)_lZ,fH extracts Dy, j, from this identity, and the Hodge-Laplace
matrix is formed as in (4.14).

Proposition 4.4 (Independence of the global coefficient basis). Let Zk = Z.S) with Sy, invertible.
If Dy, = Sk_ileSk and M, = S,{MkSk., then the finite element functions, discrete cohomology
dimensions, and generalized Hodge spectra are unchanged.

Proof. The ranges of Zj and Z’f coincide, hence they represent the same conforming functions.
Direct substitution gives Dy 1Dy = S, jQDkHDkSk = 0 and a chain isomorphism via the maps Sj.
The Hodge quadratic and mass forms are pulled back by the same invertible coefficient changes, so

their generalized Rayleigh quotients and min—-max values agree. ]

Entity assembly scales with the number of mesh entities, and the local reference matrices and
facet transformations are reused for all elements with the same degree and facet permutation. The
conditioning of the reference moment matrices is reported in Table 9.

4.8. Quotient cell incidence

The smallest periodic example illustrates why a global mesh is more than its quotient vertex
set. Represent a circle by an interval with its two endpoints identified. The quotient has one vertex
v and one oriented edge e, with

oe=v—v=0. (4.26)

A reconstruction that discards edges joining a vertex to itself would replace the circle by a point. A
periodic square cell structure of the torus has one vertex, two distinct oriented loop edges a, b, and
one face whose attaching path is aba='b~1; its cellular boundary vanishes over the real numbers. It
has the expected cohomology dimensions (1,2,1).

The same occurs for three-dimensional quotient meshes: a cell may pair two of its own facets,
and distinct edges may share their endpoint classes. The entity construction therefore records local
oriented incidences first and then applies the face pairings to those entities.
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For the five-cell spherical quotient used in Section 8.2, the observed global form dimensions at
r =1 are (1,6,10,5) and the computed harmonic dimensions are (1,0,0,1). Rank-nullity and the
cochain identities then give

(rank Do, rank D1, rank D2) = (0,6,4). (4.27)

At r = 2 the same calculation from global dimensions (7,32, 45, 20) gives (6,26,19), and at r = 3
the dimensions (23, 93,120, 50) give (22,71,49). The number of degrees of freedom changes with
the order while the assembled cohomology stays fixed.

Correct dimensions and incidence ranks check the quotient entity map; stability is the separate
matter of Section 4.4.

4.4. Commuting projections

Convergence of the constrained polynomial complex is established using commuting projections
with uniform graph-norm bounds. We specify the projection assumptions in terms of the element
maps and the trace operators used in global assembly.

Let HA*(M) denote the graph space of square-integrable differential k-forms whose exterior
derivative is square integrable. On a compact manifold this is a Hilbert space with norm

ol oy = a3 + . (4.28)
A suitable commuting projection has the properties
i HAF(M) — for, 7r§|v}{c =1, drf = i tld, (4.29)

with an operator norm bounded independently of the mesh size, and of the degree for an hp
statement.
In broken coefficients, a candidate elementwise interpolant 7T][€( must satisfy

R]f;7+7rlf<+u = T}]?R%Jr’;(,u for each u € HA*(M). (4.30)
Commuting projections built on mesh-patch regularization are developed in [5, 19, 34, 35].

Proposition 4.5 (Transfer of intrinsic commuting projections). Let M be a compact smooth
Riemannian manifold equipped with a family of conforming simplicial triangulations, smooth uni-
formly regular element charts, and affine reference-facet transition maps. Suppose this family
satisfies the uniform chart, shape-regularity, mesh-patch and regqularization hypotheses of a bounded
commuting-projection theorem for intrinsic polynomial FEEC spaces, such as [34, 35]. Let V}f‘fr

be assembled by the exact trace constraints (2.4) from the pulled-back spaces P A*. Then these
constrained spaces coincide with the intrinsic FEEC spaces on that triangulation. In particular, the
commuting projections furnished by the cited theorem have range thr and satisfy (4.29) with the
bounds of that theorem. 7

Proof. The local reference spaces agree by construction. On each identified facet the intrinsic
tangential trace is the pullback under the facet map. Equality of these traces is exactly the matrix
relation (2.4), independent of the choice of local basis or of whether Zj is obtained by sparse entity
numbering or by a nullspace basis. Consequently the global constrained space is the ordinary
conforming intrinsic finite element space on the given triangulation. Apply the uniformly bounded
commuting projection for that mesh family. Its range, retraction property and commutation with d
are preserved by this identification. Uniform equivalence of the metric-dependent and chartwise
graph norms follows from the stated chart and metric regularity. O
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The uniform bounds rest on the mesh-patch assumptions of the cited theorem. The identification
of spaces is also visible in the dimensions. When no entity is carried to itself by a nontrivial
transformation, as for a free quotient, the degrees of freedom (4.19) give

- ~-1
dim V¥, =3 Ny (r - ]:l > <Z> (4.31)

d=k

where Ny is the number of d-dimensional entities of the quotient; this is the dimension of the
intrinsic space P A* on the same cell complex [4]. Every assembled dimension in Table 10 and
Table 20 equals this count; for the 60-cell Seifert—Weber mesh (Ng, N1, No, N3) = (8, 68,120, 60),
and r =2, k =1 gives 2- 68 + 2 - 120 = 376.

For finite isometric quotient meshes, a commuting projection on the covering mesh yields a
commuting projection on the quotient by averaging.

A quotient mesh in which distinct cells or edges share their vertex sets is a A-complex. The
five-cell S2/T" mesh has one vertex, and the small periodic-torus mesh has several edges with the
same endpoints. Proposition 4.5 therefore applies to a covering triangulation, and Theorem 4.6
carries the projection to these quotients: the spherical example is a finite isometric quotient, and
the periodic torus at a fixed resolution is a finite translation quotient of a finer periodic mesh.

Theorem 4.6 (Averaged commuting projection on a finite quotient). Let M be a compact Rieman-
nian manifold on which a finite group I' acts freely by isometries, and let M = M /T". Suppose a
I-invariant simplicial finite element mesh and a form subcomplex V;* C HA®*(M) are given, with
the pullbacks v* preserving each V,f. Suppose there are uniformly bounded commuting projections
%Z onto these spaces. Define
Wh,r*FZ(’Y) ™ - (4.32)
L] =

Then %ﬁp is a commuting projection onto th, s equivariant under the group action, and satisfies

~k ~k
17Th ol mak—mar < 175 gak— Ak (4.33)

It restricts to the invariant subcomplex and therefore induces a uniformly bounded commuting
projection on the quotient finite element spaces.

Proof. Each summand maps into 17,5 because the mesh and subcomplex are invariant. If v, € th ,
then ~v*v, lies in the same space, and %ﬁy*vh = v*vp. Hence every summand in (4.32) fixes vy,
proving that the average is a projection. Pullback commutes with the exterior derivative and
7, commutes with it by hypothesis, so the average also commutes. Reindexing the finite sum
shows that it commutes with every v*. Each group pullback is an isometry for the L? and graph
norms because the action preserves g, giving (4.33) by the triangle inequality. The pullback by the
covering map identifies quotient HA¥(M) with invariant covering-space forms. The covering map
has degree |T|, so both L? and graph norms of a pulled-back form are multiplied by |T'|'/2; this
common factor cancels in the operator-norm estimate for the descended projection. The invariant
projection therefore descends with the same bound. O

Remark 4.7. The averaged projection is a global analytical operator. Its norm is bounded by
the covering-space projection norm, and its domain is the finite isometric quotient setting of
Theorem 4.6.
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Let C; denote the oriented simplicial cochain complex of a genuine triangulation of M, formed
with all quotient entities and their attaching maps. The Whitney map W), : C}’f — th,r and
integration map Ry, satisfy the cochain relations

dWy, = W0, Rpd = 0* Ry, RWy, =1 (4.34)

under the conventional orientation and normalization, which identifies the Whitney subcomplex
with simplicial cochains.

Under (4.29) a discrete form that is exact in the continuous complex is discretely exact, and
Whitney forms represent the continuous cohomology classes; Proposition 5.6 combines these two
facts.

We compute the following three matrix residuals in compatible norms:

Tk Zk |,
|DR" Zy, — Zisa Dl (4.35)
| Diy1 D |-

They measure trace conformity, invariance under the exterior derivative, and the complex property.
The quotient-cell cohomology is an independent check of the entity identifications.

5. Approximation and spectral analysis

We distinguish the error of the finite element approximation in the prescribed Riemannian
metric from the error arising when the metric or element integrals are replaced [10, 23, 24]. This
permits general intrinsic metrics while retaining familiar estimates from finite element analysis.

Let hg denote the intrinsic diameter of K, and let h = maxy hx. Assume a family of compatible
intrinsic triangulations with uniformly shape-regular reference charts in scaled local coordinates.
We use || - ||, to denote the Sobolev norm defined by the metric and any fixed smooth partition of
unity. On a compact manifold these norms are equivalent to the usual local-chart Sobolev norms.

Theorem 5.1 (Scalar source and eigenvalue estimates). Let (M, g) be compact, smooth and
without boundary, and let the intrinsic charts be shape reqular with uniformly controlled derivatives
through order p + 1. Assume compatible scalar trace spaces, p+ 1 > n/2, and exact integration.
Let Ij, : HPYL (M) — SS(A) be the conforming interpolant constructed in Lemma 5.2 under its
scaled-chart and facet hypotheses. The interpolant of Lemma 5.2 satisfies

lu = Thull1,g < CRP[[ullp+1,q- (5.1)
For the exact-metric Galerkin solution of (3.8),
[ = unlli,g < ChP|lullp+1,6- (5.2)

If the adjoint problem has H? regularity, the Aubin—Nitsche duality argument with (5.1) atp =1
gives
lu—unllog < CAP*ulpia. (5.3)

For a positive eigenvalue j1 whose eigenspace E,, lies in HPTY(M), the conforming scalar Galerkin
eigenvalues in the associated cluster satisfy, for h sufficiently small,

0 < ppy — p < Cuh, (5.4)

provided the eigenspace is separated from the rest of the spectrum. Constants may depend on g, the
atlas regularity, p, and the spectral gap, but not on h.
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Proof. By Proposition 3.1, the discrete bilinear form is the restriction of the coercive continuous
form. Céa’s lemma and (5.1) give (5.2). The usual duality argument on the compact manifold,
with H? regularity of the adjoint resolvent, yields (5.3). The Laplacian has compact resolvent
on a compact manifold. Applying the conforming selfadjoint spectral approximation theorem
to the approximate eigenspaces gives an eigenvalue error bounded by the square of their energy
best-approximation error [8, 13]; the min—max principle gives the one-sided inequality. O

For numerical quadrature, these exact-integration estimates acquire the additional consistency
contribution controlled by Proposition 5.3, when its regularity and relative-form hypotheses hold.

The scalar estimates above are the standard conforming Galerkin and compact-operator conse-
quences of the interpolation hypotheses [8, 13, 16, 17].

Lemma 5.2 (Local approximation in uniformly regular charts). Fizp > 1 and assume p+1 > n/2,
so the point values defining the nodal interpolant are continuous functionals on HPYL. Suppose the
scaled element charts F and their inverses have uniformly bounded derivatives through order p+ 1,
the pullback metrics satisfy Assumption 2.1, and the affine reference-facet maps identify the scalar
interpolation degrees of freedom. Then there is a conforming interpolant I, into SS(A) such that

h}])?—l m

Hu_IhuHHm(K,g) <C HUHHP‘H(K,Q)? m =0,1,

The constant depends on the chart and metric reqularity and on p, but is independent of h.

Proof. Pull back the function to the reference simplex. Bramble—Hilbert and nodal polynomial
interpolation there give the degree-p estimates under p + 1 > n/2; the chain rule and the scaled
chart bounds transfer these to the intrinsic Sobolev norms and supply the powers of hx. On a
common facet the two element traces are represented in the same affine reference-facet coordinates.
Identifying their trace degrees of freedom therefore gives the same polynomial trace, and the local
interpolants assemble into a conforming function. Summation over the elements gives the global
estimate [16, 17, 29]. O

Proposition 5.3 (Consistency of tensor-product Duffy quadrature). Let D : [0,1]* — K be
a Duffy map, let fx be an element integrand on K, and define its cube integrand by Fi(t) =
fr(D(t))|det DD(t)|. Let Qg denote the q-point tensor Gauss rule applied to Fr. Assume the
transformed integrand Fy extends to a C?9 function on a neighborhood of the closed cube [0,1]™.
In particular, it suffices that frr admit a C?4 extension to a neighborhood of the closed reference
simplex (for metric integrands, with the extended tensor remaining positive definite). Then

A 2
‘/f( fK dz — Qq(FK) < Cmq llgjagxn Hat]gFK|’Loo([071]n).

If the resulting assembled quadrature mass and stiffness forms differ from the exact forms by relative
amounts at most 0 < mpr,na < 1 on the fized constrained space, respectively, then every positive
scalar eigenvalue obeys
Q
1-— ; 1
1A < Fhj < +?7A_
L+nm = phy — 1—nm

Proof. Apply the one-dimensional Gaussian quadrature remainder successively in each tensor
coordinate, using the positivity and unit sums of the other quadrature weights. The Duffy map
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and its Jacobian are polynomial in the cube variables. The Jacobian vanishes on parts of the
cube boundary and multiplies an integrand that extends smoothly to the closed simplex, so
the transformed integrand is C?? up to those faces. The second assertion follows by bounding
each generalized Rayleigh quotient and using the min—max principle. When the relative bilinear-
form bounds vanish under refinement, standard Strang consistency estimates apply to the source
problem [17]. O

The extension hypothesis holds for every chart used in Sections 7 and 8. The torus, tube, and
tube-surface charts are affine with smooth, uniformly positive-definite coordinate metrics. The
radial charts y — y/|y| on S3/T and y — y/r on the Seifert—Weber space are real-analytic on a
neighborhood of the closed reference simplex, because |y| and r are bounded away from zero on
the convex hull of the cell vertices, and the pullback tensors (8.10) and (8.25) are positive definite
there. The Duffy Jacobian vanishes on faces of the cube and multiplies a smooth integrand, so the
transformed integrand is smooth up to the boundary of the cube. The measured chart constants are
in Table 11, and the computed values are in addition insensitive to the Gauss order (Sections 8.5
and 8.7).

Remark 5.4 (Quadrature order and polynomial degree). For a polynomial scalar integrand of total
degree at most 2p and a constant reference metric, the Duffy map has degree at most 2p +n — 1
in any individual cube coordinate after multiplication by its Jacobian. Consequently the tensor
Gauss rule integrates such reference mass integrands exactly whenever 2¢g — 1 > 2p + n — 1, that
is, ¢ > p+ [n/2]. Variable metrics produce nonpolynomial factors; in that case the quadrature
estimate in Proposition 5.3 depends on their transformed derivatives. The rule ¢ > p + 4 used in
Sections 7 and 8 lies above this threshold for n < 3.

The standard FEEC theory makes the following passage from local compatible elements to
stable Hodge problems [4, 5, 34]. It is useful to state exactly what the finite element implementation
must supply.

Theorem 4.1 gives the subcomplex; stability and approximation further require a uniformly
bounded cochain projection, which Proposition 4.5 and Theorem 4.6 supply for two mesh classes.
The following assumption states this input for other mesh families.

Assumption 5.5 (Compatible intrinsic complex). The local form spaces, trace maps, and intrinsic
chart family define a conforming subcomplex V;*, C HA®*(M) as in Theorem 4.1. There exist

uniformly bounded projections 7T]]§ s HAR(M) — thr such that
i d = drf, Wﬁ“/}ﬁr =1. (5.5)

The triangulation admits the usual Whitney cochain map, with reference Whitney forms included
in the local polynomial spaces and with compatible global facet traces.

Proposition 5.6 (Correct discrete cohomology under compatible projections). Under Assump-
tion 5.5, the inclusion V;? — HA®*(M) induces an isomorphism of cohomology. In particular, the
number of discrete harmonic k-forms equals the Betti number by (M).

Proof. If a closed vy, € thr is exact in the continuous complex, write v = dw. Applying (5.5)

gives vy = dﬂ,’i_lw, so the induced inclusion on cohomology is injective. For surjectivity, choose
a simplicial cocycle representing any continuous de Rham class under the Whitney-de Rham
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correspondence on the triangulated manifold. Its Whitney form lies in V,{“r by assumption, and its
image represents the prescribed class. Thus the inclusion is also surjective. Proposition 4.3 then
identifies the harmonic dimension with by (M ). O

Remark 5.7. Commuting projections on intrinsic smooth triangulations are constructed in [34, 35].
Proposition 5.6 applies to mesh families satisfying their uniform bounds and the facet compatibility
condition (4.30).

Proposition 5.8 (Standard FEEC and spectral approximation result). Assume 5.5, uniform
approximation of the projection in the graph norm, the compactness properties required by the Hodge
Hilbert complex, and metric-integral consistency. Then the mized finite element Hodge—Laplace
source problem is stable and convergent. If, in addition, the discrete solution operators converge
i operator norm to the compact continuous solution operator on the orthogonal complement of
harmonic forms, their isolated nonzero eigenvalues and spectral subspaces converge without spectral
pollution.

Proof. Assumption 5.5 supplies the two central FEEC hypotheses: a conforming subcomplex
and uniformly bounded commuting projections. The abstract discrete Hodge decomposition and
mixed inf-sup estimates therefore apply [4, 5]. Under the stated graph-norm approximation and
compactness assumptions, the discrete solution operators converge as stated. The standard spectral
approximation theorem for norm-convergent compact selfadjoint operators then yields convergence
of the nonzero eigenvalues and their invariant subspaces [8, 13]. O

The proposition uses the standard FEEC source approximation and compact selfadjoint operator
spectral theory [4, 5, 8, 13].

Consider a second metric g on the same conforming space, for example a piecewise constant
approximation of the prescribed element tensor. The next theorem bounds the resulting spectral
perturbation independently of the number of finite element degrees of freedom.

Theorem 5.9 (Uniform scalar metric-perturbation bound). Let 0 < € < 1 and suppose the intrinsic
metrics on a compact n-manifold satisfy, as quadratic forms on tangent vectors,

(1-¢)g=g=<(1+¢)g almost everywhere. (5.6)

Let Vi, ¢ HY(M) be any fized finite-dimensional conforming space, with both scalar generalized
etgenproblems assembled by exact integration on this same space. Number eigenvalues increasingly,
counting multiplicity and retaining the constant zero mode if present. For each positive iy j(g),

(1 _5)(n—1)/2 _ 11, (9) _ (1 _1_5)(71—1)/2
(1+e)nt0/2 = g 5(g) = (1 —g)ntD)/2

(5.7)

For each fized manifold dimension n, the bounds are independent of dim Vy, and of the finite element
polynomial degree. The displayed factors depend explicitly on n. The dimension of the scalar kernel
18 unchanged.

Proof. For the volume densities, (5.6) gives (1 —)"/2dV, < dVy < (1 +¢)"/2dV,. At each point
diagonalize g with respect to g; write its generalized eigenvalues as A\; € [1 —&,1 + €. In the
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corresponding g-orthonormal coframe, the stiffness density in coordinate direction ¢ is multiplied by

v/ 112 Aj/Xi. Hence

(1 _ 5)(n—l)/? (1 + 8)(71—1)/2
——as < a; < ———a,.
(1t ="%=""_oiz %
The mass comparison follows from the product of the generalized eigenvalues. Divide the stiffness

bounds by the opposite mass bounds and apply Courant—Fischer to obtain (5.7). Both Dirichlet
forms vanish precisely on the locally constant functions; connectedness identifies the scalar kernel. [

Theorem 5.10 (Fixed-space coefficient comparison). Let p, G and ﬁ,é be positive measurable
scalar densities and positive-definite coefficient matrices on the same reference cells. Set C' = pG~!
and C = ﬁéfl. Suppose constants 0 < m_ < my and 0 < a— < ay satisfy, on all cells almost
everywhere,

m_p<p<mip, a-C=C=aC.

Then every positive scalar eigenvalue computed on a fized conforming space with exact integration
satisfies N
a- 1h,5(C, p) < O
my ~ png(C,p) T omo
Proof. The assumptions give m_m(u,u) < m(u,u) < mim(u,u) and a_a(u,u) < a(u,u) <
ata(u,u). Apply the min—max principle to the two generalized Rayleigh quotients. The comparison
is algebraic on the fixed space, so the coefficient matrices may jump across cell facets. O

(5.8)

For the three-dimensional conformal family g = e?’B, § = ¢29 B with the same constant positive
matrix B, write t = ¢ — ¢. If t_ < t(x) < ¢4 on every element, the mass and stiffness integrands
are multiplied by e and ef, respectively; Theorem 5.10 gives

et_73t+ < M < et+73t—' (59)
= pagle) T

This bound applies to the barycenter-frozen metric, whose values jump across facets.

Corollary 5.11 (Discretization and metric-data errors). For every fized positive continuum eigen-
value 115(g) and sufficiently small h, if the assumptions of Theorem 5.1 hold and (5.6) holds with
€ =gy, then

1n,5(9) = 115(9)] < C3h* 4 Cjnen (5.10)
for fized p, modulo the separately controlled quadrature error.

Proof. Apply the triangle inequality, (5.4), and Theorem 5.9. For ¢}, bounded away from one, the
ratios in (5.7) differ from one by O(ep,). O

If the approximate metric satisfies (5.6) with €, = O(h?), the corresponding spectral perturbation
is O(h?). The rate ¢ is determined by the regularity, chart family, and metric reconstruction. With
the exact element metric, the remaining contributions in (5.10) are finite element approximation
and quadrature errors.

The coordinate-transformation identity in Proposition 2.2 concerns two representations of the
same global finite element space. Nonaffine reparametrization followed by fixed-degree polynomial
interpolation generally produces different finite element spaces; their spectral errors are governed
by their respective approximation properties.
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Regularity of the metric and mesh.. The scalar hP*! estimate in L? uses H? regularity of the adjoint
problem, and the high-order energy estimate uses the regularity of the solution and of the charts
through order p 4+ 1. For an interface metric with jumps, or a domain with corners or edges, the
solution lies in H'7* with s < 1, and the same arguments give the rates supported by that regularity
[14, 17]. The trace relations of Assumption 2.1 describe matching facet triangulations, and the
uniform atlas and projection bounds are hypotheses on the mesh family in the sense of [34].

5.1. Metric perturbations

For form problems the metric also enters the discrete adjoint of the exterior derivative, and the
splitting into exact and coexact parts depends on it. We therefore compare spectra through the
singular values of the fixed differential matrices.

Suppose g and g satisfy (5.6). For each 0 < k < n, define

(1 _ E)(n—kz)/? (1 + E)(n—kz)/?

ak(e) = W7 bi(e) = W (5.11)
The induced metric on the kth exterior power of the cotangent bundle obeys
—k|, |2 2 Ky, 12
(1+e) "lwly <lwlz < (1 —¢) Fwlg (5.12)

For sharper joint bounds, diagonalize ¢ against g. The integrand weight on the ordered component
dz® A--- Ada?* is multiplied by \/ I jer Aj /Tlicr Ai- The resulting pointwise inequality, integrated

on any fixed conforming form space, is

ar(e)My(g9) = Mr(g) = br(e) My (g). (5.13)

These inequalities are independent of the number of form degrees of freedom and of the polynomial
degree. They require that the two calculations use the same finite element complex and that the
indicated mass matrices integrate the two metrics on that complex; changing the trace map or the
trial space is a different perturbation problem.

Remark 5.12 (Relation to the Regge-metric analysis). For two Regge metrics Gawlik and McKee
[23, Theorem 2] compare the L? norms of k-forms through the constants Cy, 4, = esssup ||v[|g, /|[v]g,
and the corresponding volume ratio. Under (5.6) one has Cj, < (1+¢)Y/2 and Cy5 < (1 —¢)7 Y2,
and (5.13) is the matrix form of that comparison on the fixed complex, with the joint diagonalization
supplying the factors (5.11). Their Theorem 17 bounds the geometric consistency operator of
the Holst—Stern framework [24] by a multiple of ||g — gi||z~ and gives the source-problem error
for a Regge metric g5, given bounded commuting projections. Theorem 5.14 below treats the
complementary quantity, the discrete Hodge spectrum. It orders every positive eigenvalue by an
algebraic argument on the fixed complex, and it covers measurable cellwise tensors.

Let D; : V,{ — V,{ 1 he the fixed coefficient maps of a finite-dimensional complex with positive-
definite inner products M;. Write 0 1,...,0j,;, > 0 for the nonzero singular values of D; between
these metric Hilbert spaces, where r; = rank D;. The nonzero eigenvalues of the discrete Hodge
Laplacian in degree k are the multiset

{oh_1i:1<i<ra} U {of;:1<i<mr}, (5.14)
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with missing endpoint terms suppressed. This is the finite-dimensional orthogonal Hodge decom-
position: the first family belongs to the exact subspace, and the second to its metric-orthogonal
complement within the nonharmonic sector. Although the decomposition depends on the metric,
the ranks 7; do not.

Lemma 5.13 (Singular values under equivalent inner products). Let D : V. — W be a fixed
finite-rank linear map. If two domain inner products and two range inner products satisfy

av|olliy < ol <oviolf,  awlwly < llwll; < bwllwlly,
then the ordered positive squared singular values satisfy

W (D)2 < 5i(D)? < 2 0y(D)?. (5.15)

Proof. The singular values of D are those of the induced injective map D : V/ker D — W. The
quotient norm is the minimum norm among representatives of a coset, so it inherits the same
constants ay, by. The squared singular values are the min—max values of || D[v]||3,/|l[v]||3, Jer p O
the finite-dimensional quotient. Comparing numerator and denominator and applying min—-max
proves the result. O

Theorem 5.14 (Degree-independent perturbation bound for discrete Hodge spectra). Let V,* be a
fized finite-dimensional differential complex, and suppose its Hodge matrices for the two metrics
satisfy (5.13). Let

@jt1 bjt+1 (5.16)

b = min , Up = max -
je{k—1,k}n{0,...n-1} bj j€{k—1,k}N{0,...n-1} a;

where the factors are evaluated at €. Number the positive discrete Hodge eigenvalues in degree k
increasingly, with multiplicity. For every such eigenvalue,

G st} (9) < ) (@) < i g (9)- (5.17)

The number of zero eigenvalues is unchanged. The constants are independent of dim th and of the
polynomial degree. For k =0, the bounds reduce to the scalar estimate (5.7).

Proof. Apply Lemma 5.13 to each map D; with ay = aj, by = b;, aw = a1 and by = bjq1.
Every positive squared singular value of D; lies between the corresponding lower and upper factors
times its old value. The positive Hodge eigenvalues are obtained by merging the two ordered lists
in (5.14). To see this for the merged lists, label the positive eigenvalues in both sectors before
sorting and pair each value for g with its value for g from the same differential map and the same
index. Every paired value satisfies fra; < b; < uga;. For any threshold ¢, at least j of the a; lie
below their jth order statistic; the corresponding b; lie below uy times that statistic. Hence the jth
sorted b is at most uy times the jth sorted a. Applying the same counting argument to the lower
bounds gives the lower inequality. The pairing is made before merging and does not require the
exact/coexact sector ordering to remain unchanged. Finally, the zero eigenvalue multiplicity equals
dim ker Dy, — rank Dy_1 by Proposition 4.3, which depends only on the fixed differential matrices.
For k = 0, only j = 0 contributes and a; /by = (1 —&)™/?/(1 + £)™**! with the analogous upper
factor. O
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Remark 5.15 (Spectral clusters). The estimate concerns positive eigenvalues ordered with mul-
tiplicity. Eigenspace and spectral-projector bounds involve additional spectral gap conditions,
particularly for multiple eigenvalues.

Suppose a mesh-dependent approximate metric g satisfies
(1 —¢en)g = gn = (1 +en)g, en — 0. (5.18)

For a fixed isolated eigenvalue cluster, the scalar estimate (5.10) separates the finite element
contribution from O(ep). Theorem 5.14 gives the analogous metric-data comparison for each
discrete positive Hodge eigenvalue on the same complex. Passing from these discrete comparisons
to continuum Hodge eigenvalues additionally requires the source-operator convergence assumptions
of Theorem 5.8.

For piecewise constant metric reconstruction in ordinary coordinates, €, = O(h) is a typical
bound for a smooth reference metric. Higher-order reconstructions give the corresponding rate
when the required regularity and approximation estimates hold. The metric perturbation term
in (5.17) is controlled by the measured or estimated &p,.

5.2. Boundary conditions and spectral approximation

Let M be closed for the moment and set W* = L2A*(M, g), V¥ = HA¥(M, g). Write ¢ for the
Lg adjoint of d, with domain determined by the boundary condition when M # @&. The Hodge
Laplacian is Ay = dd + dd and its harmonic space is

HE(M, g) = {ue VF:du=0, éu=0}. (5.19)

For a given f € W¥, a standard mixed weak formulation seeks o € V*~1, u € V¥, and p € H* such
that

(0,7)g — (u,dr)g =0 vr e VL (5.20)
(do,v)g + (du,dv)g + (p,v)g = (f,v)g Yo € VE, (5.21)
(u,q)g = Vg € H". (5.22)

The first equation represents o = du weakly, and the final condition selects a unique solution on the
orthogonal complement of the harmonic space. For k = 0 there is no ¢ term, and one recovers the
scalar problem after removing constants or adding a positive reaction term.

Replacing V¥ by the conforming spaces thr and H* by the discrete harmonic space gives the
mixed finite element problem. The discrete adjoint of the globally assembled derivative is

Onp = My !y Di_y My, (5.23)

which produces the Hodge matrix (4.15). The source analysis uses the mixed formulation; the
eigenvalue computations use the generalized eigenproblem for (4.15).

Assume a shape-regular family of intrinsic meshes, a uniformly bounded commuting projection
as in (5.5), and the standard regularity and approximation conditions for the mixed problem. Let
(o,u,p) and (op, up, pr) solve the continuous and discrete mixed systems. Abstract FEEC error
estimates bound their graph-norm error by best-approximation errors of o, u, p, together with the

25



harmonic-space approximation term; see [3-5, 14, 33]. For smooth solutions and a fixed trimmed
degree 7, when the requisite local estimates hold, this yields the familiar h-order estimate

lo = onllgar—1 + llu = unl gar < Ch° Ns(o, u, p), (5.24)

where s is the order supported simultaneously by the trimmed spaces, the solution regularity, and
the chart family, and N collects the corresponding Sobolev norms. Under Assumption 5.5 the
quasi-optimality of [5, Section 3] holds, and the trimmed space of order r approximates a form
w with w,dw € H" to order A" in the graph norm. Hence s = r when o, do, u, du, and p lie in
H" (M), which holds for the smooth data of Section 8.5; O(h") is the order against which Tables 12
and 14 are read. An order A" t! in Lg for u requires in addition the elliptic regularity of the Hodge
Laplacian used in the improved estimates of [5, Section 3].

Let OM # @&. The tangential trace of a differential form is its pullback to OM, denoted trgps u.

The relative complex is obtained by the essential condition

VE = {u € HA*(M) : trops u = 0}. (5.25)
The relation trgas du = dgus tropys u makes this a subcomplex. The discrete relative complex is ob-
tained by imposing the same tangential-trace constraints on boundary entities. The complementary
absolute boundary problem is defined using the Lg adjoint domain. For smooth forms, absolute
conditions can be written ¢t,u = 0 and ¢, du = 0, while relative conditions can be written as the
vanishing tangential trace together with the compatible adjoint boundary condition.

At degree zero, relative conditions are homogeneous Dirichlet and absolute conditions are
homogeneous Neumann. An unpaired scalar boundary facet is therefore constrained or left free.
At higher degrees the natural and essential conditions occur in different components of the mixed
system, and the relative problem constrains the tangential trace coeflicients alone.

The form computations in Section 8 use closed manifolds; the computations on manifolds with
boundary are scalar Dirichlet and Neumann problems. Spectral convergence of the form problems
follows from Theorem 5.8. For a multiple eigenvalue a finite mesh produces a cluster, and we report
the cluster interval and its number of members.

6. Implementation

The constrained B-form formulation admits sparse extension, saddle-point, and augmented-
Lagrangian realizations [7, 25]. We use the sparse extension matrix of Section 4.2; a dense nullspace
of J, on small meshes provides a regression test, and the two realizations are compared on the
five-cell spherical mesh. The reference-element algebra follows [1, 6, 28].

The code has four parts: a metric provider, a reference-element module, a facet-constraint
module, and an assembler. Each element stores its orientation, its ordered local entities, and a
callable tensor & — Gx (). Each identified facet stores its two incident cells, their local facet
numbers, and the reference-facet transformation; an ordinary neighbor relation is a special case, and
a facet without a partner receives a boundary trace condition. The metric interface is the same for
an analytic model tensor, the pullback of a coefficient matrix, and a tensor supplied by a meshing
program. Positivity of G is checked at the quadrature points, and the metric compatibility (2.6)
of paired facets is checked at separate facet points.
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6.1. Quadrature and matriz assembly

An n-simplex rule is a tensor-product Gauss rule with ¢ points per direction on [0, 1]", mapped
by the Duffy transformation [21]:

n—1
A, 8:% n—m
gi=t; [J(1—tm), det | = [[a—tm) (6.1)
m<j m=1

At each quadrature point with weight w the assembler evaluates G, its inverse and determinant,
the basis values By and the reference gradients, and accumulates

Mo +=wVdetG Bl By,  Ago +=wVdetG (VBy)T'G~(VBy), (6.2)
My j, += wVdet G B Hy(G)By. (6.3)

The element matrices are changed to the entity-moment basis by (4.21) and assembled by congruence
with Zi. Reference derivative and pullback matrices are reused for all facets with the same
transformation, while the metric-dependent matrices are integrated cell by cell. The residuals (4.35),
the harmonic dimensions, and the eigenvalue residuals are evaluated on the assembled operators.
The error norms use a rule of higher order than the assembly, and the effect of the nonpolynomial
metric factors is measured by increasing q.

7. Numerical experiments in two dimensions

7.1. Trefoil tube surface

We first consider a two-dimensional manifold with a non-diagonal intrinsic metric obtained from
a tubular neighborhood of a trefoil knot. This experiment concerns the smooth boundary surface
of the tube; the solid-torus problems of Section 8.3 concern its three-dimensional interior. The
centerline is the standard (2, 3)-trefoil

v(t) = (sint + 2sin(2t), cost — 2cos(2t), —sin(3t)), t € R/2nZ. (7.1)

Let £(t) = |¥/(¢)| and let k(t) and 7(t) be its curvature and torsion. With the Frenet normal
and binormal n(t) and b(t), respectively, the tube surface of radius a = 0.22 has the periodic
parametrization

F(t,9) = ~(t) + a(cos ¥ n(t) + sind b(t)), (t,9) € (R/27Z)2. (7.2)
Its metric is supplied to the finite element method by the following intrinsic coordinate matrix:

21— akcos¥)? + a?m2| lar
Gle,9) = ( [( EaQT) ] a?

) , p(t,¥) = Vdet G = al(t)(1—akr(t) cos ). (7.3)

Here ¢, k, and 7 are evaluated at t. The maximum sampled value of ax is 0.17090. The coordinate
metric therefore remains positive definite throughout the parameter square. The length integral of
the centerline gives the independent surface-area reference

2w
M|, =2ma | £(t)dt = 39.84660306847. (7.4)
0
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The surface is a torus as an abstract manifold, while its prescribed metric contains the varying
speed, curvature, and torsion of the knotted centerline. The off-diagonal coefficient in (7.3) is
included in every element integral. In the finite element calculation, the parametrization (7.2) is
used to prescribe the metric; the element assembler operates on (7.3) and the two periodic facet
identifications.

For the manufactured Poisson problem we prescribe

w(t, V) = sin(2t + 9) 4 0.35 cos(3t — 20), f=—pto; (,o(G_l)ijajw), (7.5)

with indices ranging over ¢,9). The discrete solution has zero integral, and the L?] error is measured
modulo constants. We use Sg(A) on a doubly periodic mesh with 2N; Ny triangles and N;Nyp?
coefficients. The centerline has length 28.826 and the cross-section has circumference 1.382, so
the meshes are elongated along ¢ and are refined by doubling in both directions, so the observed
order is log, of the ratio of successive errors. Table 1 shows the orders p+ 1 in Lg and p in the H 91
seminorm for degrees two through six.

N Ny p DOFs ELg order EH; order
16 4 2 256 2.836-10"! ~  4.361-10° -
32 8 2 1024 4.064-10"2 2.80 1.177-10° 1.89
64 16 2 4096 4.809-103 3.08 3.059-10"! 1.94
16 4 3 576 4.000-102 —~ 8.561-10"1 -
32 8 3 2304 2.618-1073 3.93 1.148-10"1 2.90
64 16 3 9216 1.487-10"% 4.14 1.459-10"2 2.98
16 4 4 1024 4.586-103 — 1.424-.1071 -
32 8 4 4096 1.456-10% 4.98 9.291-10"3 3.94
64 16 4 16384 4.428-10% 5.04 5.901-10~* 3.98
16 4 5 1600 4.577-10~% — 1.882-.1072 -
32 8 5 6400 7.373-107% 5.96 6.297-10"* 4.90
64 16 5 25600 1.139-107 6.02 1.992-10"> 4.98
16 4 6 2304 4.477-107° — 2.313-1073 -
32 8 6 9216 3.556-107 6.98 3.709-10"° 5.96
6

64 16 36864 2.793-107° 6.99 5.864-10"7 5.98

Table 1: Manufactured Poisson problem on the trefoil tube surface with the metric (7.3). Gauss—Duffy rules have
max(8, p + 4) points in each direction for assembly and max(10,p + 6) for the error norms. The H, column is the
error seminorm.

The same matrices give the eigenproblem Kjc = A\, Mj,c, with eigenvalues indexed from A, o = 0.
Table 2 reports values through index 480 at p = 5. An eigenfunction of index 480 has about 33
wavelengths along the knot and two around the tube, so the resolution is needed in ¢. The sequence
refined along ¢ converges to A\gg0 = 154.30, with successive changes 1.35, 0.070, and 0.012. The
leading Weyl term 47 - 480/|M|, = 151.4 with the area (7.4) gives the scale. The last row uses
a mesh refined around the tube; at a comparable number of unknowns its value at index 480 is
190.81, which shows the gain from placing the resolution along the knot. The two lowest positive
eigenvalues coincide to fourteen digits, as the dihedral symmetry of the knot requires.

Figure 4 shows eight eigenfunctions from the finest run. The eigenfunctions below 1/a? = 20.66
vary only along the knot. Index 43 is the first with one oscillation around the tube, and the
branch with two oscillations opens near 4/a? = 82.64. At high axial wavenumber the eigenfunctions
concentrate near 9 = m, where the factor 1 — ax cos? in the metric is largest; index 470 has
amplitude about 0.15 of its maximum along ¥ = 0.

The area computed from the element quadrature agrees with (7.4) within 107!, and the
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N; Ny DOFs Ah,1 Ah.80 AR,120 Ah,240 Ah,480

48 8 9600 0.047820712 24.338113 33.848370 83.037561 155.731512
72 8 14400 0.047820712 24.338110 33.848340 83.037561 154.380985
96 8 19200 0.047820712 24.338110 33.848339 83.037561 154.310866
144 12 43200 0.047820712 24.338110 33.848338 83.037561 154.298769

24 18 10800 0.047820712 24.338402 34.090263 84.262874 190.806508

Table 2: Laplace—Beltrami eigenvalues on the trefoil tube surface; p = 5, metric (7.3), order-twelve Gauss—Dufly
quadrature, eigenvalues indexed from zero. The relative algebraic residuals of the listed eigenpairs are below 2 - 10711

mode 1 mode 45 mode 59 mode 170
eigenvalue 0.04782 eigenvalue 20.69 eigenvalue 21.64 eigenvalue 52.67

1.00
0.75
0.50

0.00

mode 233 mode 465 mode 470 mode 480
eigenvalue 82.76 eigenvalue 147.9 eigenvalue 149.5 eigenvalue 154.3 —0.25

scaled eigenfunction value

|
<
o
=)

—0.75

—1.00

Figure 4: Laplace—Beltrami eigenfunctions on the trefoil tube surface, p = 5 on the 144 x 12 mesh. Each function is
drawn on the embedded surface and in the parameter rectangle with ¢ horizontal and ¢ vertical.

manufactured source agrees with an independently differentiated flux to within 6 - 107 at three
parameter points.
8. Numerical experiments in three dimensions

We now consider three-dimensional intrinsic finite element problems. We report scalar and
differential-form approximation errors, discrete-complex residuals, and computed spectra, using the
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element metrics of the corresponding manifolds.

8.1. Variable-metric torus

Let M = R3/Z? have periodic coordinates x = (w1, 2, 73). We write the metric in the standard
coordinate form

3
9= gij(@) dn;®dz;,  gy(x) =By, (8.1)
ij=1
where
3
¢(x) =0.12 H sin(2mz;) + 0.08 cos (27 (z1 + x2)). (8.2)
i=1

For the principal run B = I3; a second run uses

1.20 0.17 0.04
B= (017 091 0.08]. (8.3)
0.04 0.08 1.10

The coefficient matrix (g;;) = ¢?*B is positive definite and periodic. Each tetrahedral cell with
affine coordinate map x = zx + Ex 2 has the reference metric

Gk (&) = 2 rtEx®) L Bpy (8.4)
The exact solution is
u(x) = sin(2mz1) 4 0.35 cos(2ma2) + 0.20sin (27 (z1 + x2 + 23)), (8.5)

The forcing is calculated in the same metric as the weak problem. In coordinates on R3/Z3, for
g = e?*B with B constant positive definite, the scalar Laplace-Beltrami operator satisfies

Agu = e 2 [tr(B7'V?u) + (Vo) B~V . (8.6)

This follows by inserting g% = e=2?(B~!);; and v/det g = ¢3?v/det B into (3.5). The forcing for (8.5)
is
f=u—e[tr(B7'V) + (Vo) ' B~'Vu]. (8.7)

All coefficients are periodic. The exact solution and its coordinate gradient are evaluated using
quadrature independent of the solution assembly. The Lg and H, gl errors use respectively px and
G;{l pK in the reference-element integrals.

The forcing f = (—Ay + I)u is evaluated from (8.7). We use continuous Bernstein polynomials
with periodic coefficient identification and report the intrinsic L? and H' seminorm errors. The
tabulated N is the number of periodic grid intervals in each coordinate direction; there are 6 N3
tetrahedra.

For an error Fy at a fixed polynomial degree and two mesh sizes N_ < N, we report the

log(En_/EN)
log(N/N_)
A dash marks the first mesh of each fixed-degree sequence.
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sg(N_,N) = hy ~ N1, (8.8)



=z

p DOFs Er2 sp2 Eg1 s

1 64 2.0860 x 10— —  2.5377 x 10° -
1 216 1.2035 x 10~ 1.36  1.8790 x 10° 0.74
1 512 7.6629 x 102 1.57 1.4751 x 10° 0.84
1 1728 3.7587 x 1072 1.76  1.0192 x 10° 0.91
2 512 3.7825 x 102 —~ 8.3159 x 1071 .
2 1728 1.1415 x 1072 2.95 4.2169 x 101 1.67
2 4096 4.8179 x 1073 3.00 2.5342 x 10~! 1.77
3 1728 6.8983 x 103 — 24270 x 1071 -
3 5832 1.4154 x 102 3.91 7.9131 x 10~2 2.76
3
4
4
4
4
5
5

—_

U O UL W00 O 00O kN

13824 4.3370 x 1074 4.11 3.4016 x 10~2 2.93
1728 4.5649 x 10~3 — 1.5331 x 107! -
4096 1.1171 x 103 4.89 5.3499 x 10~2 3.66
8000 3.7566 x 10~% 4.88 2.3021 x 10~2 3.78
13824 1.5571 x 10~* 4.83 1.1463 x 10~2 3.82
8000 1.9697 x 104 — 1.0626 x 10~2 .
15625 5.4678 x 10~° 5.74 3.6690 x 10~3 4.77

Table 3: Manufactured scalar solution on the three-torus with g;; = €2?8;; and ¢ as in (8.2). The observed orders
compare successive displayed values of N at fixed degree; s;2 and sy are defined by (8.8).

1071 3

10—3_E /
| o p=1 p=4

4‘ p=2 —o— p=5
1073 —e— p=3

2
Lg error

1071 2 %1071 3x107!
h~1/N
Figure 5: Absolute scalar Lg errors on the periodic three-torus for fixed degrees p = 1,...,5. The abscissa is the

coordinate mesh scale 1/N; the data are those of Table 3. The degree-four assembly used two quadrature orders, as
stated in Section 8.4.

Table 3 and Figure 5 record the errors. For p > 3 the observed orders reach p+1 in Lg and p in
the H, gl seminorm, as in Theorem 5.1; at p = 1,2 the H, ; orders on the finest pairs are 0.91 and 1.77
and are still increasing. Each cube of the periodic grid is divided into six tetrahedra by the Kuhn
(Freudenthal) subdivision, and hy = v/3/N is the cube diagonal. The runs with the non-diagonal
tensor (8.3) are in Table 8.

The same stiffness and mass matrices give the Laplace-Beltrami eigenproblem. Figure 6 shows
eight eigenfunctions computed with N = 6 and p = 4 (13,824 unknowns). The first positive
eigenvalue is 33.816, in agreement with the refinement sequence in Table 16. On the flat torus the
first positive level 472 has multiplicity six. The conformal factor (8.2) resolves it into six simple
eigenvalues 33.82, 34.73, 37.72, 38.62, 43.12, 44.08, and the tenth eigenfunction concentrates in one
part of the periodic cell.
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mode 1 mode 7 mode 10 mode 14
eigenvalue 33.82 eigenvalue 70.37 eigenvalue 71.77 eigenvalue 79.82

mode 17 mode 20 mode 24 mode 27
eigenvalue 86.39 eigenvalue 112.9 eigenvalue 117.3 eigenvalue 153.2

e

surfaces where the scaled eigenfunction equals 0.45 (brown) and minus 0.45 (blue)

Figure 6: Laplace-Beltrami eigenfunctions on the three-torus with the metric gi; = e2?8;; and ¢ as in (8.2); N = 6,
p = 4. Each eigenfunction is scaled to unit maximum modulus, and the two surfaces are its level sets at 0.45 and
—0.45 inside one periodic cell.

On the same periodic torus with N = 2 and p = r = 2, we assembled the scalar Laplacian in
two ways: directly from the Bernstein scalar mass and stiffness matrices, and by the compatible
complex through DOT Mi Dy and the scalar form mass matrix. The relative discrepancy between
their full generalized scalar eigenvalue lists was 2.00 - 1071 for B = I and 2.19 - 10~ for (8.3).
This agreement checks metric integration, global constraints, and the first discrete differential.

The periodic mesh has 48 tetrahedra. The assembled form spaces have dimensions (8, 56, 96, 48)
at r = 1 and (64,304, 432,192) at r = 2; both complexes have cohomology dimensions (1,3,3,1),
and the one-form Hodge matrix at » = 2 has three zero modes.

8.2. Spherical three-manifold

Let M = S3/T, where S3 has its unit-round metric ggs (constant sectional curvature +1) and

I" is the binary icosahedral group of order 120 acting freely by isometries. The metric g on the
quotient is determined by

g = ggs, 783 — S3T. (8.9)

The spherical space-form representation follows standard quotient constructions [30]. Group-
invariant finite elements and numerical Laplace-Beltrami spectra on this manifold were previously
computed by Bachelot-Motet [9]; the experiment here tests the intrinsic metric and the constrained
differential complex on the five-cell quotient and its refinement. The computational mesh contains
five geodesic tetrahedra from the 600-cell quotient. The element chart used in the computation can
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be specified explicitly. Let vy, ...,v3 € S be a cell’s vertices in the standard unit-sphere model, set
y(z) = vo+ ExZ and Ex = [v1 — vy, v2 — vy, v3— 1], and use the radial chart Fg (Z) = y(&)/|y(Z)]
followed by the quotient map. The reference-cell metric matrix is

e I y@y@)"
6t6) = 2k (e~ Vi) B (810

This matrix represents the pullback of the intrinsic quotient metric in (8.9); the finite element
integrals use only its three-by-three entries. A symmetric refinement gives forty tetrahedra. The
paired facets include nontrivial vertex permutations.

The dimensions of the assembled spaces and the composition residuals are in Table 10; every
assembled complex has harmonic dimensions (1,0,0,1). In the forty-cell run at » = 3, the three
lowest computed coexact one-form eigenvalues lie near 4.000004. They approximate the three left-
invariant one-forms descending from the round three-sphere, whose exact coexact Hodge eigenvalue
is 4 with multiplicity three.

mesh order scalar DOF's h1 o |pna — 168
5 tetrahedra 2 7  257.795806 89.795806
5 tetrahedra 3 23 180.586 12.586
40 tetrahedra 2 54 172.812033 4.812033
40 tetrahedra 3 181 168.371939 0.371939
continuum reference 168 0

Table 4: First positive scalar eigenvalue on S*/I" with the unit-round quotient metric (8.9); the continuum reference
is obtained by restricting round-sphere harmonics to the binary-icosahedral invariant subspace [30]. At r = 3 on
the forty-cell mesh, the computed thirteen-eigenvalue cluster lies in [168.37194,171.36661], with width 2.99467. The
continuum first positive level is 168 with multiplicity 13 in the invariant spherical harmonic spectrum [30]; the table
reports the full computed cluster.

The integrated quotient volume on the five-cell mesh differs from 272/120 by 6.3 - 10715, At
fixed order, refinement from five to forty tetrahedra reduces the first-eigenvalue error in Table 4 by
factors of 18.7 at » = 2 and 33.8 at r = 3.

The scalar space SS(A) on the five cells reaches much higher accuracy through the degree. At
p = 14 the space has 2289 unknowns, and Table 5 lists the first computed levels. The continuum
levels are k(k+2) with multiplicity £+ 1 for & = 12, 20, 24, 30, 32 [30]; each computed cluster has the
correct number of members. The mesh of this computation is explicit. With the unit quaternions
vo = —1, vi2 = (—¢, —%, Fs,0), v34 = (—c¢,—s,0, :F%), vs6 = (—¢,0, —%,:Fs), where ¢ = cos(m/5)
and s = cos(2m/5), the five tetrahedra of the 600-cell around the edge vyvy,

Ko = [vovivous], Ki = [vgvivgus], Ko = [vgvivsvs], Kz = [vovivavs], K4 = [vov1v506),

contain one tetrahedron from each orbit of I' acting by left multiplication. Table 6 lists the ten
facet pairings. Five are the interior faces around the edge, and five are induced by group elements;
the degrees of freedom are identified through the orbits of the domain points. The clusters at 960
and 1088 are wider because the corresponding harmonic polynomials have degrees 30 and 32 and
are less well resolved by degree 14 on five cells.

Figure 7 shows eigenfunctions from these levels on the dodecahedral fundamental cell, the
Voronoi cell of one vertex of the 600-cell, in stereographic projection. Conjugation by the elements
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level multiplicity smallest computed value largest computed value
168 13 167.99999999999 168.00000000003
440 21 440.0000005 440.0000023
624 25 624.000004 624.000041
960 31 960.0013 960.0164
1088 33 1088.0095 1088.0276

Table 5: Scalar eigenvalue clusters on S?/T" computed with S9,(A) on the five-cell mesh (2289 unknowns) and the
metric (8.10).

of I' acts on the quotient by isometries that rotate this cell, and we project each eigenspace onto the
functions invariant under a chosen rotation subgroup. The full icosahedral rotation group leaves one
function invariant in each of the levels 168, 440, 624, and 960, in agreement with the decomposition
of the corresponding representations of SO(3); the measured projectors have rank one. The second
row shows functions invariant under the rotations about a five-fold and a three-fold axis.

cell facet cell facet vertex map group element
0 0 4 1 (201) (¢, —%,5,0)
0 1 3 0 (210) (c,0,3,—5)
1 0 2 1 (210) (c,—s,0,3)
1 1 4 0 (102) (c,0,%,s)
2 0 3 1 (102) (c,—s5,0,—1)
0 2 2 3 (012) 1
0 3 1 3 (012) 1
1 2 3 3 (012) 1
2 2 4 3 (012) 1
3 2 4 2 (012) 1

Table 6: Facet pairings of the five-cell mesh of S*/T". Facet f of a cell is opposite its vertex f. The element ~ carries
the first facet onto the second by left multiplication, and the vertex map gives, for each vertex of the first facet in
increasing order, the position of its image in the second.

8.83. Volume eigenvalue problems

The scalar volume experiments use the periodic parameter domain M = (R/27Z) X D, where
D, C R? is the polygonal disk obtained by triangulating the cross-section of radius a = 0.35 in
Cartesian coordinates (u,v). The axial coordinate is s € R/2xZ. The element map from K to the
coordinates (s,u,v) is affine, and its pullback of the following coordinate metric gives G in (2.1).

For the standard solid torus of major radius R = 2.2, the metric is

Gtor = (R +u)? ds® + du? + dv?. (8.11)
The twisted-coordinate test uses the same physical metric in a second periodic chart. With m =1
and

u' = ucos(ms) — vsin(ms),

gow = (R+u)?ds® + (du — mvds)? + (dv +muds)?.  (8.12)

v = usin(ms) + v cos(ms),
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eigenvalue 168.0000 eigenvalue 440.0000 eigenvalue 624.0000 eigenvalue 960.0065
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Figure 7: Eigenfunctions on the Poincaré dodecahedral space S® /I, computed with S,(A) on five cells. Each function
is drawn on the boundary of the dodecahedral fundamental cell and, below it, on the plane section through the center
of the cell orthogonal to the viewing direction. Opposite faces carry the same values after the identifying rotation.
First row: the function invariant under all rotations of the cell in each level. Second row: functions invariant under
the rotations about one axis.

The two metrics are related by the displayed coordinate transformation. On a circular disk D,, they
describe the same Riemannian solid torus. The standard and twisted parametrizations are related
nonlinearly, so they give two different fixed-degree discrete spaces for one Riemannian problem, and
Table 7 compares the two approximations.
The polygonal disks D, j, yield two distinct finite-domain approximations of that circular model.
The third test uses a tube around the closed centerline

c(s) = (sins + 2sin(2s), coss — 2cos(2s), —sin(3s)). (8.13)

Wite g(s) = |¢/(s)], r(s) = |c/(s) x ¢"(s)|/a(s)?, and 7(s) = det(c/(s), " (s), ) (5)) /¢ (5) x (5],
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In the moving-frame coordinates (s, u,v) used by the metric provider, its metric is
gir = ¢*(1 — ku)?ds? + (du — grvds)? + (dv + gruds)? (8.14)

This tensor differs from (8.11); in particular, the speed, curvature, and torsion of the centerline
enter the volume operator. All three problems use tetrahedral volume elements, periodicity in s,
and either zero normal flux or zero scalar trace on the lateral boundary.

Table 7 lists the first positive Neumann eigenvalues. For the round tube the thin-tube value
R~2 = 0.20661 gives the scale of the quadratic result 0.20786. The first Dirichlet eigenvalues on the
3456-cell linear mesh are 49.67230 and 49.68246 for the standard and twisted charts. The two charts
give different fixed-degree trial spaces, as in statement (iii) of Section 2.1; the agreement of the
leading digits reflects the convergence of two different discrete problems to one continuum problem.

metric/chart tetrahedra polynomial degree first positive Neumann eigenvalue
round torus 1296 1 0.2126307
reparametrized torus 1296 1 0.2126311
round torus 3456 1 0.2090555
reparametrized torus 3456 1 0.2090556
round torus 1296 2 0.2078609
reparametrized torus 1296 2 0.2078608
changed-centerline tube 3456 1 0.0482809

Table 7: Scalar volume eigenvalues on the specified periodic tetrahedral meshes with polygonal cross-sectional disks,
for geor, giw, and g in (8.11)—(8.14). The values are eigenvalues of the polygonal computational domains. The
coordinate twist reparametrizes the standard torus; the changed centerline gives a different tube metric.

Figure 8 shows eigenfunctions of the solid trefoil tube computed with p = 3 on 96 axial layers and
a cross-section of 54 triangles (15,552 tetrahedra, 78,048 unknowns). The first positive Neumann
eigenvalue is 0.0479. The Neumann eigenvalues below 28 belong to functions that are nearly constant
on each cross-section. The first transverse branch begins at 28.25, near (j; 1/ a)? = 27.7 for the disk
of radius a. In that branch the nodal line of the cross-section rotates along the centerline in the
Frenet coordinates (u,v), which is the effect of the torsion terms in (8.14). The Dirichlet ground
state, 48.16 against (jo1/a)? = 47.2 for the straight tube, has three maxima along the knot, on the
three arcs where the curvature is largest; its amplitude on the centerline varies by 20 percent and
has correlation 0.88 with k.

8.4. Quadrature orders, anisotropic refinement, and reference conditioning

The scalar torus assembly uses ¢ = 6 Gauss points per Duffy coordinate at p < 2, ¢ = 7 at
p=3,g=8or9at p=4, and ¢ =10 at p = 5; the error norms use a separate rule of higher order.
The one-form integration orders appear in Table 14. Table 8 gives the runs with the non-diagonal
tensor (8.3), in which the full inverse metric enters every element integral.

Table 9 gives the condition numbers of the reference moment matrices of the trimmed family on
K. These matrices belong to the reference element alone. The Bernstein change of basis preserves
the space and lowers the condition numbers by about two orders of magnitude.

Table 11 reports the chart regularity of the meshes in use, in the sense of Assumption 2.1 and
Theorem 5.1. The variation is the range of the generalized eigenvalues of G (Z) against G at the
barycenter over a grid of points in each cell. The anisotropy is Amax/Amin of Gx at the barycenter;
it measures the shape of the cell against the right-angled reference simplex, and equals 4 for a
regular tetrahedron.
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Neumann mode 1 Neumann mode 49 Neumann mode 52 Neumann mode 63
eigenvalue 0.0479 eigenvalue 28.25 eigenvalue 28.38 eigenvalue 28.97
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Figure 8: Scalar eigenfunctions of the solid trefoil tube with the metric (8.14), cross-section radius a = 0.35, and
Neumann or Dirichlet conditions on the lateral boundary; p = 3, 78,048 unknowns. The ribbon is the longitudinal
section through the centerline that faces the viewer. The disks are eight equally spaced cross-sections in the Frenet
coordinates (u,v).

DOFs Er2 sp2 Eyr s

64 1.5133 x 10~1 —  1.6405 x 10° -
216 9.2024 x 102 1.23  1.2663 x 10° 0.64
512 4.3183 x 1072 2.63 8.2533 x 10~1 1.49
729 2.1148 x 102 — 4.8483 x 1071 -
1728 7.4950 x 1073 3.61 2.4400 x 10~! 2.39
5832 1.5060 x 103 3.96 8.0059 x 10=2 2.75
1728 4.9081 x 10~3 — 1.5338 x 101 -

WO Wk wWwN 2
B wwwhoNo N |

Table 8: Anisotropic scalar refinement for g;; = €2?B;;, with ¢ and B specified in (8.2)~(8.3). The p = 3 sequence
includes the N = 6 mesh with 1296 tetrahedra; all seven runs use the full non-diagonal inverse metric. Orders compare
successive available mesh sizes at fixed degree; the p = 4 entry has one mesh size.
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r k local dimension algebraic basis ko Bernstein-QR basis ko
3 0 20 3.0070 - 103 4.0559 - 10t
3 1 45 1.6215 - 10% 2.5209 - 102
3 2 36 4.7182 - 10* 7.3153 - 102
3 3 10 1.3422 - 10% 3.5337 - 102
4 0 35 2.0398 - 10° 5.0453 - 102
4 1 84 1.6261 - 108 4.3641 - 103
4 2 70 6.5155 - 108 1.6178 - 104
4 3 20 1.8585 - 108 7.4534 - 103

Table 9: Reference-element interpolation matrix condition numbers k2 on K in the stated coefficient norm. They
measure the local basis against the moment degrees of freedom on the reference element.

cells r dimV? dimV}! dimV? dimV;? max|Dj41Dyl

5 1 1 6 10 5 4.0-107%°

5 2 7 32 45 20 2.4-10714

5 3 23 93 120 50 1.1-10713
40 2 54 254 360 160

40 3 181 741 960 400 6.4-10"13

40 4 428 1628 2000 800 4810711

Table 10: Dimensions of global high-order constrained spaces on S®/T" with the round quotient metric (8.9) and the
maximum absolute entry of the differential-composition matrix.

mesh cells variation of Gk in a cell anisotropy
three-torus, Kuhn, N =6 1296 [0.751, 1.331] 16.39
S3/T 5 [0.767, 0.995] 4.00
Seifert—Weber 60 [0.706, 5.228] 20.29
Seifert—Weber 480 [0.867, 1.612] 60.73

Table 11: Measured chart constants. The variation tends to one under refinement. The refinement of the Seifert—Weber
cells, which join the center of the dodecahedron to a face, increases the anisotropy.

8.5. Manufactured one-form problem
The experiment uses the periodic three-torus and the metrics (8.1)—(8.3). We prescribe an
analytic periodic one-form and construct its source using the intrinsic codifferential.
On M = R3/Z3, use the metric (8.1) with ¢ as in (8.2) and B = I3 or (8.3). Choose the smooth
periodic one-form
o = cos(2mx1) dwg + sin (27 (21 + x3)) day. (8.15)

It is not closed: the first summand has nonzero dx; A dzo differential, and the second generally has
a nonzero dxq A dxg differential. Its codifferential is also nonzero for the stated nonconstant metric.
Hence both terms of the one-form Hodge energy are nonzero.

Write o = ajdx; and define 8 = da with antisymmetric coefficients

Bij = diaj — Djcu. (8.16)
Let g% be the entries of g1, g;; those of g, and p = y/det g. The codifferential of the one-form is
S = —p 1 0i(pg" arj). (8.17)
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For the two-form 3, the coordinate coefficients of its codifferential can be computed by

(0gB)e = —p" " 9¢; 0: (09" 9" Bas) (8.18)

using Einstein summation. Equations (8.17)—(8.18) follow by integrating the Lg inner product
(B,dv)g by parts on the periodic manifold. They allow the exact source to be defined without
introducing extrinsic vector calculus:

f = (ddy + 6, + I)a. (8.19)

All coefficients of f are analytic periodic functions of x. The identity term ensures that the source
problem is uniquely solvable even in the presence of harmonic one-forms. The prescribed one-form
« is the exact solution.

We solve the source problem (8.19) in the mixed formulation

(Oh,Th)g — (ap,dr)g =0, (don,vp)g + (dap, dvy)g + (an,vp)g = (f,vn)gs (8.20)

for (op,ap) € V}? X Vhl. The space P~ Al contains all polynomial one-forms of degree at most r — 1,
so for smooth fields and a stable complex the expected order at fixed r is O(h") in the HA! graph
norm and in Lg [3-6]. The scalar experiments use the full space PpAO, so errors at p = r refer to
different local spaces. We report the absolute errors ||a — ozh||L§, |d(ev — ah)HLg, and [|6ga — UhHLg
on meshes of 6N? tetrahedra. On the finest pair of meshes at each order the observed Lg orders
are 0.99, 1.88, 2.94, and 3.80 for » = 1,2, 3,4, and the orders of the exterior derivative are 1.01,
1.97, 2.95, and 3.84, in agreement with O(h"). The auxiliary field o}, converges faster, at the orders
1.85 and 2.95 for r =1, 2.

N r dimV} Ep2 sp2 Eq sS4 Es  so
21 56  8.700 x 10~1 - 4.141 x 100 - 4.476 x 100 -
31 189  6.725 x 10~ 0.64 4.280 x 109 -0.08 4.030 x 109 0.26
4 1 448 5.694 x 10~1 0.58 3.306 x 10°  0.90 3.096 x 100 0.92
6 1 1512 4.214 x 10~1 0.74 2.204 x 109  1.00 1.744 x 10° 1.42
8 1 3584 3.232x 10~ 0.92 1.648 x 10° 1.01 1.069 x 10° 1.70

12 1 12096 2.161 x 10~ 0.99 1.096 x 109 1.01 5.056 x 10~ 1.85
2 2 304 4.467 x 1071 - 3.505 x 100 - 1.951 x 10° -
3 2 1026 2.634 x 10~ 1.30 1.572 x 109 1.98 9.825 x 10~ 1.69
4 2 2432 1568 x 1071 1.80 9.472x10~1 1.76 4.312x10"! 2.86
6 2 8208 7.4532 x 1072 1.83 4.3810 x 10~1 1.90 1.3287 x 10~! 2.90
8 2 19456 4.3414 x 10~2 1.88 2.4854 x 1071 1.97 5.6932 x 10~2 2.95
2 3 888 2435 x 107! — 9.514 x 10~ - 1.084 x 10° -
3 3 2097 7.232x 1072 2,99 4.648 x 10~! 1.77 2.285 x 107! 3.84

Table 12: Manufactured one-form problem with g;; = €2?§;;, using the same metric function as in (8.2). The errors
are integrated with a separate quadrature rule. Rates use successive N values at fixed r according to (8.8).

The analytic source agrees with a centered-difference evaluation of the intrinsic codifferential to
3.1-1078 for B = I3 and 2.6 - 1078 for (8.3). At N =2, r = 3 the direct and Schur-complement
solutions differ by 2.1 10714 in Lf], and raising the assembly quadrature from order six to nine
changes the Lg error by 2.2 - 1075 against an error of 2.4345 - 107!, The relative algebraic residuals
are below 3 - 10713 for the direct solves and at most 2.0 - 107! for the Schur-complement solves,
which use a conjugate gradient iteration preconditioned by a sparse factorization of My + DI MyD;.

The higher-degree results are given in Table 14.
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dim Vhl EL2 Sr,2 Ed Sd l?(7

304 4.314 x 107! - 3.306 x 10° - 1737 x 10°
1026 2.552x 1071 129  1.480 x 10° 1.98 8.879 x 10!
2432 1523 x 1071 1.79 8.861 x 10~} 1.78 3.987 x 107!

=W N 2
NN N3

Table 13: Manufactured one-form problem with the non-diagonal metric g;; = €>? B;;, where B is (8.3). Observed
orders are calculated at fixed r = 2 as in (8.8).

N r dimV} ¢ Er:  spe Eq Sd  Qerr
2 3 888 8 2.4345 x 1071 —  9.5146 x 107! - 10
3 3 2997 6 7.2322x 1072 2.99 4.6481 x 10~t 1.77 8
4 3 7104 7 3.2634 x 1072 2.77 2.0593 x 10~!  2.83 9
5 3 13875 7 1.7157 x 1072 2.88 1.0741 x 10~' 2.92 9
6 3 23976 7 1.0045x 1072 2.94 6.2722 x 1072 2.95 9
2 4 1952 8 4.4575 x 1072 —~  5.7879 x 107! - 10
3 4 6588 8 1.5732x 1072 2,57 1.0663 x 10~' 4.17 10
4 4 15616 8 5.2710x 103 3.80 3.5351 x 1072 3.84 10
2 5 3640 9 2.4844 x 1072 - 89102 x 1072 - 11

Table 14: Higher-order one-form calculations for g;; = €2?8,;, with ¢ as in (8.2). Errors are absolute. The orders
q and e,y are the one-dimensional Gauss orders in assembly and error integration, while s;2 and sq are observed
mesh-refinement orders. The » = 5 row gives the error level at N = 2.

To separate local approximation from the mixed solve, we computed the Lg projection of the
exact one-form (8.15) onto the discontinuous space

Wi, = [ PrANK),  Eun= g loe = vl L2 ary- (8.21)
KeA h,r

Each cell projection uses the exact variable metric (8.1) with B = I3 and a separate Duffy integration
rule of order twelve. Since Vhlr C Wﬁr, every conforming discrete solution satisfies

Bor < inf - lo—vnllzzan) < flo = anllzgan (8.22)
Vh h,r

Table 15 reports the projected error and the corresponding mixed-method error, both in absolute
intrinsic Lg norm. The mixed-method errors exceed the broken best-approximation errors by factors

N 7 B la —anllrz o —anllrz/Eb
2 3 1.39844 x 10~! 2.43454 x 107! 1.74
3 3 4.02273 x 1072 7.23220 x 1072 1.80
2 4 2.87556 x 1072  4.45750 x 10~2 1.55
3 4 9.12061 x 103 1.57320 x 102 1.72

Table 15: Discontinuous best-approximation errors for the manufactured one-form with g;; = ¢**6;; and (8.2),
compared with the conforming mixed-method errors from Table 14. The broken projection is computed cellwise
using the same trimmed local spaces and an independent quadrature rule; its value is a numerical lower bound, to
integration accuracy, for the error attainable on the specified mesh and polynomial space.

between 1.55 and 1.80, so the errors in Table 14 are governed by local resolution. Along a body
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diagonal of a Freudenthal tetrahedron the phase 27 (z1 + x3) in (8.15) changes by 47/N, which is a
full period across one element at N = 2.

On the flat torus the constant one-form a = dz; lies in Vhlﬂ, and solves (Ap g+ ) = . At
N = 2 the computed L? errors are 3.32- 10715, 1.37-107'%, and 5.01 - 1072 for r = 1,2, 3, with
exterior-derivative errors of the same size. The one-form reference moment matrices have condition
numbers 2.52 - 102, 4.36 - 103, and 9.47 - 10* for » = 3,4, 5, and the maximum entries of Dy D}, on
the N = 2 mesh are 5.62-107'3, 4.49-107'!, and 3.97-107°. Both quantities grow with r by about
one and two orders of magnitude per step, which sets the range r < 5 of the form computations
reported here.

8.6. Effect of metric approximation

For a cell K with affine periodic coordinates x = vy + Ex#, set 1. = vx + Fx(1/4,1/4,1/4)T.
We compare the exact reference metric (8.4) with the cellwise-constant metric

GY ), = ?r ) ELBEY. (8.23)

For each pair of calculations, the mesh, periodic coefficient identifications, polynomial degree, and
integration rule are identical; only the element metric is changed. The sampled relative metric error

is
€g,h = MaXMax 20K )=d@xtExriq)) _ 1
Lq

, (8.24)

where %, are the element quadrature points. Table 16 lists the first positive scalar eigenvalues
of the two discrete pencils on the same finite element space. The quantity e, is a maximum
over quadrature points. For the comparison with Theorem 5.10 we therefore enclose ¢ on every
coordinate cube by interval arithmetic, which gives t_(N) < ¢(zk ) — ¢(z) < t1(N) on every
tetrahedron and the ratio interval (5.9). The bounds in Table 17 are rounded outward. The
frozen tensor (8.23) is a measurable cellwise tensor in the classification of Section 2: its tangential
components jump across facets, so it lies outside the Regge class of [23], and Theorem 5.10 is the
applicable bound.

p DOFs e pni(9)  pna(gl)  |Apnal

64 0.530 34.573394 33.277525 1.295870
216 0.495 34.633200 35.362260 0.729060
512 0.480 34.110626 34.784837 0.674211
1728 0.368 33.879958 34.172905 0.292947
4096 0.275 33.837301 34.007653 0.170352

729 0.513 33.851389 34.676863 0.825474
1728 0.485 33.823156 34.533445 0.710289

W00 o w2
W WD N NN

Table 16: Matched metric replacement on the three-torus with B = Is. ¢f is defined in (8.23); the sampled relative
metric discrepancy is (8.24). Both spectra use the same periodic Bernstein trial space.

The measured shifts are one to four percent, well inside the intervals; at € = 0.48 in dimension
three the upper factor of Theorem 5.9 is 5.473. The bounds correspond to the worst-case coefficient
configuration. Barycenter freezing of a smooth conformal factor cancels the first-order term of the
perturbation on each cell, so the observed shifts decrease like h?: they fall by factors 2.30 and 1.72
from N =4 to 6 and from 6 to 8, against 2.25 and 1.78 for second order.
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N p t_(N) ty(N) Predicted ratio interval Observed ratio
2 2 —0.2200 0.2200 [0.414, 2.411] 0.962518
3 2 —-0.3052 0.2652 [0.332, 3.257] 1.021051
4 2 —-0.2182 0.2182 [0.417, 2.394] 1.019765
6 2 —0.1786 0.1786 [0.489, 2.043] 1.008647
8 2 —0.1391 0.1391 [0.573, 1.745] 1.005034
3 3 —0.3052 0.2652 [0.332, 3.257] 1.024385
4 3 —-0.2182 0.2182 [0.417, 2.394] 1.021000

Table 17: Coefficient-level metric comparison for the matched isotropic three-torus calculations. The predicted intervals
are obtained from analytical interval bounds on ¢ in each coordinate cube and (5.9), then rounded outward. The
observed ratio is pin,1(gF)/pn.1(g). The bounds are uniform in the finite element degree but deliberately conservative.

At N = 4 the exact-metric eigenvalues are 34.110626 at p = 2 and 33.823156 at p = 3, and the
frozen-metric values are 34.784837 and 34.533445, so the metric replacement is resolved separately
from the polynomial approximation. The three p = 2 metric shifts at N = 4,6, 8 have consecutive
rates log(0.674211/0.292947)/log(6/4) = 2.06 and log(0.292947/0.170352)/ log(8/6) = 1.88. For a
smooth coefficient frozen at an affine element barycenter, the linear term in its Taylor expansion
has zero mean over the cell. When the relevant eigenfunctions have uniformly controlled cellwise
derivatives, this first-moment cancellation yields a second-order contribution to their Rayleigh
quotients. The pointwise coefficient comparison in Theorem 5.10 remains an unconditional bound
on the fixed discrete space.

p pra(9)  pna(gl)  |Apnal
2 32118045 31.137090 0.980955
9
9

32.206856  32.600857  0.394001
31.723236  32.119819  0.396583

e w2

Table 18: Matched metric replacement for g;; = €2? B;; with B given by (8.3); the mesh and scalar finite element
space are unchanged within each row.

8.7. Hyperbolic quotient and geometric approximation

The Seifert—Weber hyperbolic dodecahedral space is treated by three computations. The scalar
values in Table 19 and the piecewise-flat comparison come from a model-coordinate Bernstein
implementation; the scalar eigenfunctions and the coexact one-form spectrum below are computed
with the spaces SS (A) and V,{fr of this paper. Its reference-cell metric is the pullback of the
hyperbolic metric in the hyperboloid model. With n = diag(—1,1,1,1) and an element map
Fy - KM c R*, the intrinsic reference tensor is Gx = (DFk)Tn DFy € R3*3. The mesh is
a geodesically refined dodecahedron with the prescribed face identifications, and the basis is the
model-coordinate Bernstein basis of the accompanying code.

A paired geometric-replacement calculation holds the degree-two trial space fixed on a finer
mesh of 30,720 cells and replaces the hyperbolic element metric by the piecewise-flat metric obtained
from the model’s edge-length data. The saved output gives

exact hyperbolic metric piecewise-flat metric
voly, 11.19906474 11.32032468
h,1 9.571131 9.498565
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cells degree unknowns first positive eigenvalue first-cluster range

480 2 632 9.893001 [9.893001, 10.12309]
480 4 5104 9.571478  [9.571478,9.572981]
480 6 17256 9.570139  [9.570139,9.570144]

Table 19: Scalar eigenvalues on the Seifert—Weber hyperbolic manifold from the separate model-coordinate Bernstein
implementation. The first-cluster range contains six computed values. The volume at degree six is 11.1990647408 in
the unit-curvature normalization.

The volume discrepancy of the piecewise-flat metric is 0.12126. The piecewise-flat metric is
determined by the edge lengths, so its tangential components are single-valued on every facet and it
is a Regge metric; the source-problem analysis of [23] applies to it, and Theorem 5.9 bounds the
eigenvalue shift. The barycenter freezing in Section 8.6 is of the measurable cellwise class.

A second computation uses the ordinary space S§(A\) of Section 3 in the chart y = Vb, x = y/r
with 72 = —yTny, whose pullback metric is

Gy = ET (;72 + W) Ex. (8.25)

On the 480-cell mesh it has 17,256 unknowns, volume 11.1990647, and first level 9.5701 with six mem-
bers, in agreement with Table 19. The next computed levels are 15.3637, 19.3280, 19.4929, 32.1693,
32.2051, 32.8616, 34.3539, 42.0991, 44.1142, and 45.7429, with multiplicities 6,6,4,4,6,6,5,4,6, 5.
Every multiplicity is four, five, or six. The rotations of the dodecahedron commute with the face
pairings and act on the quotient by isometries. Projection of each eigenspace onto the functions
invariant under the rotations about a five-fold or a three-fold axis gives two invariant functions
for each axis in a level of multiplicity six, none and two in a level of multiplicity four, and one
and one in a level of multiplicity five. These counts agree with the restriction of three-, four- and
five-dimensional representations of the icosahedral rotation group to its cyclic subgroups. Figure 9
shows eight of these functions.

Coezact one-forms.. This computation tests the assembled form complex of Section 4 on a hyperbolic
quotient against results from geometric topology. Let A\] denote the first eigenvalue of the Hodge
Laplacian on coexact one-forms. Lin and Lipnowski show that a hyperbolic rational homology
sphere with A} > 2 is an L-space [32]. For the Seifert—Weber space they prove A\ > 2.0004717,
observe that their trace-formula function indicates A} € [2.03883, 2.04586] with a six-dimensional
eigenspace, and prove that every eigenvalue A* < 64 has multiplicity at least four [31]. We solve

DT MyDyu = AMju 8.26
1

with the trimmed spaces of order r, the facet pairings of the dodecahedron, and the metric (8.25),
on the 60-cell mesh and on its refinement with 480 cells. The kernel of (8.26) is ker Dy, which
for this rational homology sphere equals im Dy. An eigenvector with A > 0 satisfies A D Myju =
DEDTMyDyu = 0, so it lies in C} = (im Dg)+M1, the discrete coexact space, and the positive
spectrum of (8.26) is the coexact spectrum; the pencil is solved as it stands. The eigenvalues are
computed by Lanczos iteration with shift-invert at ¢ = 3, which lies between the first two levels,
and the kernel appears as a cluster at 107, On 60 cells at r = 4 the six eigenvectors have relative
residuals below 10™?, and the M;-norm of their component in im Dy is below 6 - 107! of their norm.
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eigenvalue 9.5701 eigenvalue 9.5701 eigenvalue 15.3637 eigenvalue 19.3280
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Figure 9: Eigenfunctions on the Seifert—-Weber hyperbolic dodecahedral space, computed with Sg(A) on 480 cells.
Each function is drawn on the boundary of the fundamental dodecahedron in the Poincaré ball model and, below it,
on the plane section through the center orthogonal to the viewing direction. The faces are geodesic planes, which
appear as spherical caps in this model. Each function is invariant under the rotations about the stated axis.

In the dense solve at r = 4 on 60 cells the kernel of (8.26) has dimension 631 = dim V}g 4 — 1, so the
first Betti number of the assembled complex is zero, as for a rational homology sphere. Table 20
lists the six lowest positive eigenvalues. The continuum eigenvalue is sixfold, so the spread of the six
computed values measures the discretization error. On 480 cells it decreases from 1.4-1073 at r = 2
to 21076 at r = 4, where the six values lie in [2.039273, 2.039275]; the second level is 5.48919 with
five members. Raising the Gauss order from 8 to 11 at r = 4 on 60 cells leaves six digits unchanged.

A dense solve on the 60-cell mesh at r = 4 gives 203 positive eigenvalues below 66; Weyl’s law
predicts about 194 below 64. They form 52 clusters, all of sizes three, four, five, or six. The 60-cell
mesh is invariant under the rotation group of the dodecahedron, so the clusters are irreducible
representations of that group, and the triples occur in close pairs that form the six-dimensional
representations of the full isometry group. The computed values agree with the interval and with the
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cells r dim Vhlyr smallest of the six largest of the six

60 3 1104 2.045336 2.051499
60 4 2432 2.040767 2.040998
60 5 4540 2.039523 2.039724
480 2 3032 2.038071 2.039513
480 3 8868 2.039325 2.039478
480 4 19504 2.039273 2.039275

Table 20: The six lowest positive eigenvalues of (8.26) on the Seifert—Weber space, computed with the trimmed
complex of order r and Gauss—Duffy order r 4+ 4. The interval indicated in [31] is [2.03883, 2.04586].

multiplicity statement of [31]. The computed values converge under the hypotheses of Theorem 5.8.
The discrete coexact space C}L differs from the continuous one, so the approach to the limit is
two-sided: the r = 2 values on 480 cells lie below it and the r > 3 values above.

9. Conclusion

The elementwise pullback metric and the facet trace maps are the data from which high-order
scalar and compatible differential-form finite elements are assembled on a Riemannian manifold.
The scalar space is a constrained Bernstein—Bézier space, and the form spaces are assembled from
canonical polynomial traces. The stiffness and Hodge matrices carry the metric; the exterior
derivative and its cochain identities are fixed by the reference spaces and the mesh identifications.
For n = 2 and a metric conformal to the round sphere the construction returns the weighted weak
forms of [27].

The scalar estimates follow from conformity with the prescribed metric and uniform local
interpolation, and the form estimates use the bounded commuting-projection framework [4, 5, 34],
which the averaging construction extends to finite free isometric quotients. The metric perturbation
bounds order every positive discrete Hodge eigenvalue when the local tensor is replaced on a fixed
finite element space. They hold for Regge metrics, where they complement the source-problem
analysis of [23], and for cellwise tensors with jumps.

On the trefoil tube surface and on the variable-metric three-torus the scalar errors converge
at the orders p + 1 and p, through degree six on the surface, and eigenvalues through index 480
converge on meshes refined along the knot. For the one-form problem the errors converge at the
order h" for r = 1,...,4, the mixed-method errors stay within a factor 1.8 of the discontinuous
best approximation, and the constant-form test reproduces the solution to 107!'. On the Poincaré
dodecahedral space, degree fourteen on five cells gives the level 168 with absolute error 3-10~!! and
the multiplicities 13, 21, 25, 31, and 33 of the next levels. On the Seifert—Weber space the trimmed
complex of order four on 480 cells gives the lowest coexact one-form eigenvalue as 2.03927 with six
members, and the clusters below 64 have sizes three to six, in agreement with the trace-formula
interval and the multiplicity theorem of Lin and Lipnowski [31]. The solid-tube computations give
scalar Dirichlet and Neumann spectra on polygonal cross sections, including the rotation of the
transverse Neumann modes with the torsion of the centerline. The eigenfunction figures display the
symmetry, multiplicity, and localization of the computed modes on every manifold.
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