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We investigate error bounds for numerical solutions of divergence structure linear elliptic partial differ-
ential equations (PDEs) on compact manifolds without boundary. Our focus is on a class of monotone
finite difference approximations, which provide a strong form of stability that guarantees the existence of
a bounded solution. In many settings including the Dirichlet problem, it is easy to show that the resulting
solution error is proportional to the formal consistency error of the scheme. We make the surprising
observation that this need not be true for PDEs posed on compact manifolds without boundary. We propose
a particular class of approximation schemes built around an underlying monotone scheme with consistency
error O(h*). By carefully constructing barrier functions, we prove that the solution error is bounded by
O(h®/@+1D)y in dimension d. We also provide a specific example where this predicted convergence rate
is observed numerically. Using these error bounds, we further design a family of provably convergent
approximations to the solution gradient.
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In this article, we develop new convergence rates for numerical schemes for solving elliptic partial
differential equations (PDEs) posed on compact manifolds without boundary. A surprising result, which
is also demonstrated empirically, is that the solution error need not be proportional to the consistency
error of the scheme, even for the smoothest problems.

One fruitful approach to solving fully nonlinear elliptic PDEs such as the Monge-Ampere equation
has been to construct monotone discretizations. This avenue of research was inspired by Barles
& Souganidis (1991), where the authors proved that a consistent, monotone, and stable numerical
discretization is guaranteed to converge uniformly to the weak (viscosity) solution of the PDE, provided
the underlying PDE satisfies a strong comparison principle. Notably, this result does not apply to many
PDEs posed on manifolds without boundary, since those equations do not have a strong comparison
principle. There is a large body of work on constructing monotone schemes in Euclidean space; see
Oberman (2006); Froese & Oberman (2011); Benamou et al. (2014, 2016); Benamou & Duval (2017);
Liu et al. (2017); Chen et al. (2018); Froese (2018); Hamfeldt & Salvador (2018); O’Neil (2018);
Hamfeldt (2019); Nochetto ez al. (2019); Bonnet & Mirebeau (2022); Hamfeldt & Lesniewski (2022a,b).
Feng et al. (2013); Feng & Lewis (2014a) introduced the notion of generalized monotonicity as an
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alternative approach to producing convergent methods for some nonlinear elliptic PDEs (Feng & Lewis,
2014b, 2018).

The authors of the present article have recently introduced a monotone method and convergence
proof for a class of Monge-Ampere type equations posed on the sphere (Hamfeldt & Turnquist, 2021,
2022). The approximation techniques developed there extend naturally to many other elliptic PDEs posed
on the sphere. However, the theory guarantees only convergence of the methods, without providing any
information about error bounds.

In this manuscript, we begin the process of developing convergent rates for numerical schemes on a
compact manifold M by considering linear elliptic divergence structure equations of the form

—divy, (A@Dyux)) + f(x) =0, (0.1)

where A (x) is symmetric positive definite.
We denote

Lul(x) = —divy, (A@)Dyu(x)) (0.2)

and notice immediately that the null space of this PDE operator consists of constants. Thus, solutions
to the PDE (0.1) are, at best, unique only up to additive constants. We hereby fix any point x, € M and
further impose the additional condition

u(xy) = 0. 0.3)

There exist fairly general conditions upon which there exists a weak H L(M) solution to (0.1), (0.3)
provided the given data satisfies the solvability condition

/M F(x)dx = 0. 0.4)

See Theorem 4.7 in Aubin (1998). This solvability condition arises naturally from the fact that . is

self-adjoint and thus
/f(x)dx: —/ Lluldx = —/ uZ*[1]1dx = 0.
M M M

The linearized version of the Monge-Ampere equation arising in Optimal Transport is an example
of such a PDE that has been well studied in Euclidean space (Brenner & Neilan, 2012). However, in our
setting such linear elliptic PDEs will be posed on compact manifolds without boundary. Thus, they lack
boundary conditions and the usual approaches of establishing convergence rates for numerical schemes
do not work.

We have investigated the surprising fact that for manifolds without boundary it is possible to construct
simple monotone discretizations of linear elliptic PDEs in one dimension for which the empirical
convergence rate is asymptotically worse than the formal consistency error. Buttressing this, we derive
explicit convergence rates on more general manifolds without boundary. In particular, we find that
the error is bounded by & (h“/ (‘H‘l)) where h* is the formal consistency error of the scheme, d is
the dimension of the manifold, and 4 is the discretization parameter. This somewhat surprising result
demonstrates even more clearly the need to design higher-order schemes for solving such elliptic PDE on
manifolds without boundary. Future work will involve relating this convergence result for linear elliptic
PDE in divergence form to nonlinear PDEs.
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The availability of convergence rates also allows us to build new schemes for approximating
solution gradients. These are guaranteed to converge, whereas standard consistent finite difference
approximations need not correctly approximate the gradient of a numerically obtained function. We
produce a family of gradient approximations, with error bounds that are limited by the & (h"‘/ (d+1))
bounds on the L solution accuracy.

In Section 1, we provide an overview of important background information relating to the numerical
solution and analysis of elliptic PDEs on manifolds. In Section 2, we provide a simple one-dimensional
example that illustrates numerically the reduction in accuracy that can occur in the absence of boundary
conditions. In Section 3, we establish convergence rates for monotone schemes for linear uniformly
elliptic PDE on manifolds without boundary. In Section 4, we show how these convergence rates can be
used to devise convergent wider-stencil approximations of the solution gradient. In Section 5, we provide
computational results to validate the error bounds and techniques described in this article.

1. Background
1.1 Linear elliptic PDEs on manifolds

The specific focus of the present article is linear divergence structure PDEs of the form
— divy, (A) Vyu(x)) +f(x) =0, (1.1)

which are defined on a compact manifold M. These equations are elliptic if A is a symmetric positive
definite matrix.

Given sets £2 C R?, 2’ ¢ M and local coordinates y : 2 — £2’ we can locally recast this as the
following linear divergence structure operator in Euclidean space:

1 . B
- =V («/det GAG w) () =0, (12)

where G is the metric tensor (Cabré, 2002).

The results of this article are particularly motivated by the study of nonlinear generalizations of this
PDE, such as Monge-Ampere type equations. The numerical solution of these nonlinear equations on
manifolds is of growing interest in applications such as computer graphics (Cui et al., 2019), optical
design problems (Anthonissen ef al., 2021), and data science (Peyré & Cuturi, 2019). However, little is
known about error bounds or the approximation of solution gradients in this setting. The present study of
linear PDEs on manifolds will lay the groundwork for an ultimate generalization to the nonlinear setting.

1.2 Monotone approximation schemes

To build approximation schemes for the PDE (0.1), we begin with a point cloud ¥ ¢ M discretizing
the underlying manifold and let

h = sup min d,;(x,y) (1.3)
xeM yedh

denote the characteristic (geodesic) distance between discretization nodes. In particular, this guarantees
that any ball of radius 4 on the manifold will contain at least one discretization point.
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In this manuscript, we will consider finite difference discretizations of the PDE (0.1) of the form
F' (x,u(x), u(x) —u(-)) =0, xed" (1.4)

Critically, the approximation scheme (1.4) needs to be consistent with the underlying PDE (0.1).

DEFINITION 1.1 (Consistency error). We say that the approximation F” of the PDE operator F has
consistency error & (h%) if for every smooth ¢ € C>! (M) there exists a constant C such that

< Ch*

HFh(x,qS(x),¢(X) —¢()—F (x’ V¢(x)’D2¢(x)) HLOO(gh) -

for every sufficiently small 42 > 0.

REMARK 1.2 Inthis article, we assume conditions that ensure solutions lie in the Holder space C 2L(M). Tt
is also possible to design approximation schemes that depend on higher-order derivatives of the solution;
indeed, this is assumption is typically needed for schemes with superlinear consistency error (o« > 1).
The schemes analyzed in this article are required to satisfy an additional monotonicity assumption, which
limits the consistency error to at most second-order (¢ < 2). See Theorem 4 in O’Neil (2018).

Another concept that has proved important in the numerical analysis of elliptic equations is
monotonicity (Barles & Souganidis, 1991). At its essence, monotone schemes reflect at the discrete
level the elliptic structure of the underlying PDE. This allows one to establish key properties of the
discretization including a discrete comparison principle. Even in the linear setting, monotonicity can
play an important role in establishing well-posedness and stability of the approximation scheme (1.4).

DEFINITION 1.3 (Monotonicity). The approximation scheme F" (1.4) is monotone if it is a non-
decreasing functions of its final two arguments.

Closely related to monotonicity is the concept of a proper scheme.

DEFINITION 1.4 (Proper). The finite difference scheme F h (1.4) is proper if there exists a constant C > 0
such that

Fh(x, u,p) — Fh(x, v,p) > Cu—v)
whenever u > v.

We note that any consistent, monotone scheme F"* can be perturbed to a proper scheme by defining
G"(x,u,p) = F"(x,u,p) + €"u,

where " — 0ash — 0.

Monotone, proper schemes satisfy a strong form of the discrete comparison principle (O’Neil, 2018,
Theorem 5). Remarkably, this is the case even when the underlying PDE does not satisfy a comparison
principle (Hamfeldt, 2019).

THEOREM 1.5 (Discrete comparison principle). Let F”* be a proper, monotone finite difference scheme
and suppose that

F o, u(x), u(x) — u(-)) < F"(x, v(x), v(x) — v(-))

for every x € @" Thenu < v.
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Finally, we make a continuity assumption on the scheme in order to guarantee the existence of a
discrete solution.

DEFINITION 1.6 (Continuity). The scheme F” (1.4) is continuous if it is continuous in its final two
arguments.

REMARK 1.7 We recall that the domain of the first argument of F’ h is the discrete set ¢". Thus, it is not
meaningful to speak about continuity with respect to the first argument.

Critically, continuous, monotone, and proper schemes always admit a unique solution (O’Neil, 2018,
Theorem 8). Moreover, under mild additional assumptions, it is easy to show that the solution can be
bounded uniformly independent of 4.

LeEMmA 1.8 (Solution bounds). Suppose the PDE (0.1) has a C%! solution. Let F" be continuous,
monotone, proper, and have consistency error &'(h%). Suppose also that there exists a constant C > 0,
independent of A, such that for every § > 0,

F'(x,u+8,p) > F'(x,u,p) + Ch%Ss.

Then for every sufficiently small 4 > 0, the scheme (1.4) has a unique solution u” that is uniformly
bounded independent of 4.

REMARK 1.9 We note that because the scheme (1.4) is proper, it will admit a unique solution even if the
underlying PDE (0.1) does not have a unique solution. The bound obtained in Lemma 1.8 depends on
the particular solution of (0.1) used for reference, and need not be tight.

Proof of Lemma 1.8. Since F' h is continuous, monotone, and proper, a solution u exists by O’Neil
(2018). Let u be any C2! solution of (0.1). By consistency, we know that there exists a constant K,
which does not depend on £, such that

— Kh® < F"(x, u(x), u(x) — u(-)) < Kh®.
Now let M be any constant and compute
F e, u(x) + M, u(x) — u(-)) > F"(x,u(x), u(x) — u(-)) + Ch*M
> (=K + CM)h*.
Thus, by choosing M > K/C, we find that
F' o u(x) + M, u(x) — u(-) > 0 = F' e, (0, u" (x) — " ().
Then by the Discrete Comparison Principle (Theorem 1.5),

u—I—Mzuh.

By an identical argument, we obtain

u—M<u".
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6 B. E. HAMFELDT AND A. G. R. TURNQUIST
We conclude that
lu"llpoe < llulloo +

and thus u" is uniformly bounded. g

2. Empirical convergence rates in one dimension

This section will consider the very simple example of Laplace’s equation on the one-dimensional torus
T

" 1
—u'(x)=0, xeT 1)
u(0) =0,
which has the trivial solution u(x) = 0.
We use this toy problem to demonstrate several surprising properties of consistent and monotone
approximations on compact manifolds, which motivate and validate the main results presented in the
remainder of this article. In particular, we observe that:

1. Consistent, monotone, proper schemes need not converge to the true solution unless the solvability
condition (0.4) is carefully taken into account.

2. Typical approaches for proving convergence rates for linear elliptic PDEs with Dirichlet boundary
conditions fail on compact manifolds.

3. Actual error bounds achieved by convergent schemes can be asymptotically worse than the truncation
error of the finite difference approximation.

4. A simple consistent scheme for the gradient need not produce a convergent approximation of the
gradient when applied to a numerically obtained solution.

2.1 A nonconvergent scheme

We begin by describing a natural ‘textbook’ approach to attempting to solve (2.1) numerically, which
does not lead to a convergent scheme.
Consider the uniform discretization of the one-dimensional torus

where i = 1/n. Let L" be a consistent, monotone approximation of the Laplacian and let f* be a
consistent approximation of the right-hand side (which is zero in this case). We would like to solve
the discrete system

L (), v (x) —u"()) =f"(x)), i=0,...,n—1. (22)

However, this does not enforce the additional uniqueness constraint #”(0) = 0. Adding this as an
additional equation leads to an over-determined system. Instead, a natural approach is to replace the
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FiG. 1. (a) Maximum error and (b) effective maximum truncation error in the solution of (2.3).

equation (2.2) at x, = 0 with this additional constraint. This leads to the system

2.3)

Lhc, ul (), () — () =f"(x), i=1,...,n—1
uh(xo) =0.

As a specific implementation, we consider a wide-stencil approximation of the Laplacian, which
mimics the type of scheme that is often necessary for monotonicity in higher dimension (Motzkin &
Wasow, 1952; Kocan, 1995). We also make the scheme proper, which ensures that the system (2.3) has
a unique solution (O’Neil, 2018).

Let n = 4% be a perfect square (where k € N). We will build schemes with stencil width \/n = 2.
Define

u(xiy gm) +ulx_ ) — 2u(x;)

Lh(xi,u(xl-),u(xi) —u() = — o

+ h(1 + x)u(x;) (2.4)
and
) =h. (2.5)

The resulting approximation (2.2) is consistent with (2.1), monotone, and proper. The use of wide
stencils degrades the truncation error of the usual centered scheme from & (h?) to O'(h), which is of the
same order as the consistency error introduced by the proper term and the approximation of the right-
hand side. Nevertheless, the discrete solution obtained by solving the system (2.3) does not converge to
the true solution of (2.1).

An issue that arises in this approach is that even though L and f are consistent with the original
equation, they are not designed in a way that attempts to mimic the solvability condition (0.4) at the
discrete level. As a result, all the work of imposing this compatibility condition must be made up for at
the single point x, = 0 where no approximation of the Laplacian is explicitly enforced in (2.3). This
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8 B. F. HAMFELDT AND A. G. R. TURNQUIST

is evident in Fig. 1(b), which plots the value of L (x> ul (%), ul (xg) — u(4)) (the “effective’ truncation
error of the scheme). This does not converge to zero as the grid is refined. In other words, the failure
to incorporate the solvability condition at the discrete level has led to a scheme that is effectively
inconsistent.

Enforcing a solvability condition at the discrete level is not straightforward: the discrete condition
may not be known explicitly, and in many problems even the continuous solvability condition is not
known explicitly (Hamfeldt & Lesniewski, 2022a).

One solution to this challenge is to automatically ‘spread out’ the effects of the solvability condition
by first solving a discrete system that is consistent with Laplace’s equation at every grid point, then
enforcing the uniqueness constraint in a second step. The resulting procedure is

L (x V() V' (x) = V() =f(x), i=0,...,n—1 2.6
ul (x;) = v(x;) — Vi (x), i=0,...,n—1. '
We notice that the resulting discrete solution satisfies the system
' (xi,uh(xi), W (x;) — uh(~)) =) — h(1 +x )V (), i=0.....n—1. 2.7
This is consistent at all grid points since the first-step solution v" is uniformly bounded (Lemma 1.8).
Moreover, the resulting solution automatically satisfies the uniqueness condition u"(0) = 0 by
construction.

2.2 The Dirichlet problem

We are interested in establishing error bounds for solutions of (2.7) (and, of course, generalizations to

nontrivial higher-dimensional problems). To gain intuition and inspiration, we first review a standard

approach to establishing error bounds for monotone schemes approximating the Dirichlet problem.
Consider as an example Poisson’s equation with Dirichlet boundary conditions on a domain £2 c R,

I—Auoc) +f(x) =0, xef (2.8)

ux) —gx) =0, x € 052.

Suppose, in addition, that we have a consistent, monotone, proper linear discretization scheme

hey h heyy _ b heyy — h
{L(x,u(x),u @) —u"()N)+f"x)=0, xe2NY 2.9)

u'(x) — g(x) =0, xednNeh
with truncation error on the exact solution given by

LMo u(x), u(x) — u() + 1) = o), \rhoc)\ < Ch®.
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ON THE REDUCTION IN ACCURACY OF FINITE DIFFERENCE SCHEMES 9

Let 2" = u — u" denote the solution error. We notice that 7" satisfies the discrete system

(2.10)

Lhe, '), 2" () — 7)) = Th(x), xe 2 Nn@h
7'(x) =0, xe€ a2 N@h,

If the discrete linear operator and the underlying grid are sufficiently structured, we may be able to
explicitly determine its eigenvectors and eigenvalues. In this case, we immediately obtain error bounds
via

1241 < =" (2.11)

If the discrete problem does not have a simple enough structure, we can instead choose some bounded
w such that

L', w@), w@) —w() > 1, xe2nN@h
w(x) = 0, x€dR Nt

This can always be accomplished for a consistent approximation of a well-posed boundary value
problem. For example, we may choose w to be the solution of the homogeneous Dirichlet problem

[—Aw(x):%, xe 2.12)

wkx) =0, x € 052.

We now substitute the function Ch“w into the discrete operator. By linearity, we find that for x €
2 N@G" we have

L (x, Ch®w(x), Ch®w(x) — Ch®w(-)) > Ch®
> (%)
=L"(x, 2 (x), 2" (x) — ().

Since, additionally, Ch*w(x) = " (x) =0forx € 92N @" we can appeal to the discrete comparison
principle (Theorem 1.5) to conclude that

') < Chw(x), xe 9"
A similar argument yields () > —Chow(x). Combining these, we obtain the error bound
12"l o @rgmy < Clwll ook (2.13)

In other words, the solution error is proportional to the truncation error of the underlying approximation
scheme.

2.3 Error bounds on the one-dimensional torus

It is natural to try to adapt the techniques used for the Dirichlet problem to error bounds for PDEs
on manifolds without boundary. Indeed, we may attempt to interpret (2.1) as the ‘one-point’ Dirichlet
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10 B. F. HAMFELDT AND A. G. R. TURNQUIST

problem

—u"(x) =0, xeTh{0}
ux) =0, x=0.

However, this is not a well-posed PDE and attempting to solve an analog of (2.12) for the auxiliary
function w will not lead to a function that is smooth on the torus.

We might attempt to carry this argument through at the discrete level, noticing that the solution u
of (2.6) does satisfy the following discrete version of a one-point Dirichlet problem:

h

LM (xul (), ul (x) — ul () = f1x) — h(L+x)V"(x), i=1,...,n—1
ul(xy) = 0.

The resulting discrete linear system involves a strictly diagonally dominant M-matrix. However, standard

bounds on the inverse of such a matrix (Cheng & Huang, 2007) yield the estimate

- 1
1L Nl < ﬁ(h)

which cannot provide any convergence guarantees when substituted into (2.11). The degradation of this
bound as i1 — 0 is due to the fact that, the the scheme (2.7) is proper, it is not uniformly proper as 7 — 0.
Instead, we attempt to utilize the techniques outlined above, which requires us to construct a function
wh satisfying the system
{L’; (tp W), W) —wh()) =1, i=1,...,n—1 o
w'(xg) = 0.

As this is a proper scheme, it does admit a unique solution. However, the numerically obtained solution is
not uniformly bounded as the grid is refined (Fig. 2) and the resulting estimate in (2.13) does not provide
a useful error bound.

The approach we will use in section 3 to obtain error bounds involves effectively expanding the
‘Dirichlet’” condition u(xy) = O onto a larger set, which shrinks to a point as the grid is refined. A
downside to this approach is that it degrades the error bounds from the size of the truncation error A*
to the asymptotically worse rate of A%/ @+1_ Surprisingly, though, our simple one-dimensional example
indicates that this may be the best we can hope for.

Consider again the discrete solution «” obtained by solving (2.7), which has a truncation error of &'(h)
at all grid points on the one-dimensional torus and exactly satisfies the uniqueness condition u”(0) = 0.
We solve this system numerically and present the error in Fig. 3. This example does display numerical
convergence to the true solution. However, the observed accuracy is only &' (v/h), which is asymptotically
worse than the formal consistency error.

It is also interesting to compare the structure of the error (for fixed n) for the results of the non-
convergent scheme (2.3) and the convergent scheme (2.7). See Fig. 4. We notice that the error is
approximately periodic: it is zero at the point x, (Where u(x;) = 0 is enforced), and close to zero every
/n grid points thereafter, where the wide stencil scheme most strongly sees this condition. At other grid
points, the influence of this constraint seems to be felt more weakly. The scheme (2.7), which better
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FiG. 3. Maximum error in the solution of (2.7) on T

spreads out the effects of the solvability condition, also seems to allow this constraint to be felt more
strongly so that the amplitude of the error decays as the grid is refined.

It appears from this simple example that computing on a manifold without boundary can lead to a
reduction in the expected accuracy of a finite difference method. This motivates us to consider in section 3
an alternate approach to ‘spreading out’ the effects of the solvability condition by also ‘spreading out’
the uniqueness condition #”(x;) = 0 on a neighborhood of x, instead of at a single point. The size of
the neighborhood provides an immediate limit to the accuracy that can be achieved using this approach.
However, our main result (Theorem 3.6) provides an error bound that is consistent with the empirical
rates of convergence observed in this section for more traditional finite difference methods.

2.4  Convergence of gradients

Finally, we recall the important and well-known fact in numerical analysis that pointwise convergence
of an approximation does not imply convergence of gradients. In particular, if we consider the
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F1G. 5. Maximum error in a centered difference approximation of /(x) obtained from the solution of the scheme (2.6).

approximation " obtained by solving (2.6), we might try to obtain information about the solution
derivative by using the standard centered difference scheme

_“h(xi+1) - ”h(xi—l)
N 2h

u' (x,) +0 ().

However, this fails to converge to the true solution derivative u’(x) = 0 as the grid is refined; see Fig. 5.
This nonconvergence is perhaps unsurprising given that u” is a low-accuracy approximation to u.
Indeed, a closer look at the centered difference scheme reveals that

W) = uhOy)  ulyy) —uly_ )+ OWh)
2h h 2h -

W' (x) + O +h=1/?),

The theoretical error of this approximation is potentially as large as & (h_l/ 2), which is unbounded as
h— 0.
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ON THE REDUCTION IN ACCURACY OF FINITE DIFFERENCE SCHEMES 13

Nevertheless, the numerical solution %" does still contain information about the true solution
derivative. In order to obtain this, we will require approximations of the gradient that utilize sufficiently
wide stencils to overcome potential high-frequency components in the solution error. This has the effect
of making the size of the denominator in the finite difference approximation larger than the solution
error, which leads to a convergent approximation as # — 0. This idea will be developed in section 4.

3. Convergence rate bounds
We now establish error bounds for a class of consistent, monotone approximations schemes for (0.1),
(0.3). The main result is presented in Theorem 3.6. The approach we take here is to construct barrier

functions, which are shown to bound the error via the discrete comparison principle. Importantly, the
error estimates we obtain are consistent with the empirical convergence rates observed in section 2.

3.1 Hypotheses on geometry and PDE

We begin with the hypotheses on the geometry M and PDE (0.1) that are required by our convergence
result.
HyproTHESIS 3.1 (Conditions on PDE and manifold). The Riemannian manifold M and PDE (0.1) satisfy:

1. The manifold M is a C*° compact and connected orientable d-dimensional surface without boundary.
2. The matrix A(x) € C*(M) is symmetric positive definite.

3. The function f(x) € Cl(M) satisfies fo(x) dx =0.

REMARK 3.2 The compactness of the manifold M implies that it is geodesically complete, has injectivity
radius strictly bounded away from zero, and that the sectional curvature (equivalent to the Gaussian
curvature in two dimensions) is bounded from above and below (Lee, 2006).

3.2 Approximation scheme

Next, we describe the class of approximation schemes that are covered by our convergence result. The
starting point of the scheme is the idea that the uniqueness constraint (0.3) should be posed at the point x;,
with a reasonable discrete approximation of the PDE posed on other grid points. However, as discussed
in section 2, this approach may not yield a convergent scheme. Instead, we will create a small cap around
X and fix the values of u at all points in this cap.

To construct an appropriate scheme, we begin with any finite difference approximation L (x, u(x) —
u(-)) of the PDE operator (0.2) that is defined for x € ¢4 h and that satisfies the following hypotheses.

HypoTHESsIs 3.3 (Conditions on discretization scheme). We require the scheme L" to satisfy the
following conditions:

1. L' is linear in its final argument.
2. L' is monotone.

3. There exist constants C,a > 0 such that for every smooth ¢ € C>!(M) the consistency error is
bounded by

L"(x,¢(x) — $()) — L[p1®)| < ClPleaigpyh®, xe 9"
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14 B. F. HAMFELDT AND A. G. R. TURNQUIST

4 fh= -K1h/Ah

g —" = y"(d(x,xo0))

f'= K1h*/|B"|

F1G. 6. The construction of a small cap about x on the manifold M.

Next we define some regions in the manifold M that will be used to create ‘caps’ where u is fixed in
this scheme, and where additional conditions will be posed on barrier functions. Choose any 0 < y < «.
Define the regions

b = {x e M| dy(x,xp) <h"}
St={xeM|h <dyx,xy) <2h")}
B =M\ p"USh.

See Fig. 6.
We then define the modified scheme F"* as follows:

L', u(x) — u()) + hu(x) + f(x), xeB"n@"

u(x), xe Shubh NGt S

Fl'(eu(), u(x) — u(-)) = [

REMARK 3.4 Solving F’ (e, uf (x), ul (x) —u (-)) = 0 has the effect of forcing u"(x) = 0 on the entire cap
S"Ub. This can be relaxed provided the local Lipschitz constant of " in this cap is uniformly bounded as
h — 0. Pinning the value to zero has the particularly strong effect of setting the local Lipschitz constant
to zero.

Note that the discretization F” is automatically proper by construction. Therefore, this scheme has a
uniformly bounded solution by Lemma 1.8.

LemMA 3.5 Under the assumptions of Hypothesis 3.1,3.3, the discrete scheme

Floe, ! (o), u (x) — u"()) = 0 (3.2)

has a unique solution «” that is bounded uniformly independent of # for sufficiently small 4 > 0.

3.3  Convergence rates

The idea in this section is to establish the convergence of the discrete solution of a monotone (and proper)
scheme to the unique solution of the underlying PDE. We accomplish this by constructing a barrier
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ON THE REDUCTION IN ACCURACY OF FINITE DIFFERENCE SCHEMES 15

function ¢” such that
F'x, =" (x), —(@" (x) — ¢"()) < F'(x, 2" (x), 2" (¥) = 2'()) < FI'(x, 9" (%), o™ (x) — " ())  (3.3)

where 7' (x) = u"(x) — u(x) is the solution error. We then by invoking the discrete comparison principle
to conclude that

— o < < ¢, (3.4)

The barrier function can be chosen to satisfy ¢ = & (h*/ (d+1)). In Section 2, we saw for T that
the empirical convergence rate was & (h"‘/ 2), which is consistent with our theoretical error bound when
d = 1. The factor (d+1) appears because there is a contribution of d from the dimension of the underlying
manifold (which arises due to the solvability condition (0.4)), and a contribution of 1 from deriving a
Lipschitz bound (also constrained by the solvability condition). Thus, we see that it is the solvability
condition on the manifold without boundary that leads to the reduced convergence rate overall of a
monotone and proper discretization.

We state the main convergence result:

THEOREM 3.6 (Convergence Rate Bounds). Under the assumptions of Hypotheses 3.1 and 3.3, let u €
C%1(M) be the solution of (0.1), (0.3). Then for sufficiently small 4 > O the discrete solution ul solving
(3.2) with y = a/(d + 1) satisfies

where C > 0 is a constant independent of 4.

3.3.1 Construction of barrier functions. We now define the barrier functions ¢” by solving a linear
PDE on the manifold M with an appropriately chosen (small) right-hand side f” that satisfies the
solvability condition (0.4). In particular, given a fixed K, > 0 (which will be determined later), we
let ¢" be the solution of the PDE

h __rh
[zw 10 =f"x), xeM (3.6)

#"(xy) = Kyh” .

We emphasize that while the barrier function ¢ depends on the grid parameter /4, it is the solution of the
PDE on the continuous level.

Now we outline the construction of an appropriate function f”; see Figs 6 and 7 for two complemen-
tary visualizations of the resulting function f” (x). Let K 1 > Obe a fixed constant, to be determined later.
We let |U| = f y dx denote the volume of aset U C M and note that

‘Bh‘ = o), )Sh

: )bh( — o).
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16 B. F. HAMFELDT AND A. G. R. TURNQUIST

f'= K1h%/| B"|

X R
0 fh=-K;h®/A"
F1G. 7. The construction of the function fj': from a ‘side profile’ parametrized by distance from the point xg.

We define the following real numbers:

d(x, —hY
Qh = / cos (7‘[ —(x %) ) dx
Sh h)/

w2
2B+ |57 ¢

We record the fact that |Qh| < |S"| =0 (th) and A" > ch?” for some ¢ > 0. Finally, we introduce a
smooth cutoff function

= K (1 LAWY LY
=——-—+ = Jeos|m—— ———).
2 \a e )* 0 2\~ A

Now we define the right-hand side function by

K, h“
l—h, x € B"
N
J1 0 =1 y"dxxp)), xesh 3.7
K h*
- xebh.
Ah

In particular, this is chosen to be on the order of the local truncation error of (3.1) throughout most of the
domain, but is allowed to take on larger values in the small cap $” U b” in order to ensure the solvability
condition is satisfied. See Fig. 7.

3.3.2 Properties of the barrier function equation. ~Next we verify several key properties of the right-
hand side function f”, which will in turn be used to produce estimates on the barrier function ¢”.

LEMMA 3.7 (Mean-zero). For every sufficiently small & > 0, the function /" defined in (3.7) satisfies
the solvability condition (0.4)

/th(x) dx = 0.
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Proof. We can directly compute

/f(x)dx / T dx+/ P (e xp)) dx /tha
(=5 (o )+ 5 () 5)
=t (211 & )+ 51 )~ o )
i (5 Gl o) - [ 0))

Then by substituting in the value of A”, we obtain

/ () dx = 0.
M
O

LEmMMA 3.8 (Regularity of right-hand side). For every sufficiently small 4 > 0, f* € C'(M). Moreover,
IVaf "l oo ary = € (h*~4TDY),

Proof. First we recall that £ is constant in the regions b and B", respectively. In the region S”, we can
easily verify that

lim " (d(x,xo))z—K]—ha, lim  y" (d(x,x)) = Kha

d(x.x0) LY Ah d(x.x0)12hY |

which coincide with the values in 5" and B", respectively.

Next, we note that
B nth“ 1 1 . t—h"
—Iﬁ 1) = w1 + M sin\ 7 ——— ).

Thus, we readily verify that

I =0, lim —yh() =
A dtw ©=0 1 dtw =0

Finally, we produce an explicit Lipschitz bound.

VMwh(d(x,xO))‘ < max w 0

_rkpe (11
YR WU |B"| )
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18 B. F. HAMFELDT AND A. G. R. TURNQUIST

Using our previous observations about the size of A" and |Bh , we conclude that

h K h* ! L a—(d+1)y
(VMf (x)\s S chdy+th| = O(h ).

O

LEMMA 3.9 (L? norm bounds). There exists a constant C > 0 such that for every sufficiently small
h>0,

"l aqagy < CHE=@DY,

Proof. We can directly compute

d
K h*\! K\ h*
< dx — ) dx
”%—.LW(M) +4(ww

i

Here we have used the fact that |Sh U bh| = 0h?), |Bh‘ = 0(1), and A" > ch?” for some constant
¢ > 0. We conclude that

[#*] o= =91,

Using these properties of £, we are now able to establish existence of the barrier functions ¢".
LeEmmaA 3.10 (Existence of barrier function). There exists a function d)h e C3(M) satisfying (3.6).
Proof. Recall that f* € C'(M) for any i > 0. Then by Theorem 4.7 in Aubin (1998) we have the
existence of a solution ¢" € C3(M) to the PDE
L") = "),

which is unique up to an additive constant. The condition ¢>h(x0) = Kyh" fixes the constant. O

3.3.3  Local coordinate patches. Our goal is to use regularity results for linearly elliptic PDEs in
Euclidean space in order to develop estimates for the barrier function ¢”, which solves a linearly elliptic
PDE on the manifold M. In order to do this, we will need the ability to locally re-express the barrier
equation (3.6) as a uniformly elliptic PDE in Euclidean space.

LeEMMA 3.11 (PDE on local coordinate patches). Under the assumptions of Hypothesis 3.1, there exists
some r > 0 such that for every x, € M there exists a bounded region £2 C R¢ and set of coordinates
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ON THE REDUCTION IN ACCURACY OF FINITE DIFFERENCE SCHEMES 19
y : £2 — B(x, r) corresponding to a metric tensor G € C?(M) such that the PDE operator (0.2) can be
expressed as
Llp] = -V - ((detA)1/2V¢>) .

Here B(x,, ) C M denotes an open ball on the manifold.

Proof. Let x, € M and fix any r < r; where r; is the injectivity radius of the manifold M. Then we can
consider a bounded set £2 C R? and a set of coordinates v : £ — B(xy,r). Inlocal coordinates (Cabré,
1997), the PDE operator (0.2) takes the form

! . (\/MAG“w;) . yef.

Jdet G

Ll =

Now we choose a local metric such that G = (det A)~!/2A. We note that G € C*(M) is strictly
positive definite since A has both these properties. We note that det(G) = 1 so that the PDE in local
coordinates becomes

Llpl = -V - ((detA)1/2v¢) .

This is a uniformly elliptic operator since A is positive definite. (]
Importantly, because our manifold is compact, we can cover it with finitely many coordinate patches.

LemMA 3.12 (Finite covering of the manifold). For every r > 0, there exists a finite set of geodesic balls
{B’,}?: | such that

MQO&
i=1

3.3.4 Properties of barrier function. We can now use standard regularity results for uniformly elliptic
PDE:s in Euclidean space to deduce key properties of the barrier function ¢”.

LeEMMA 3.13 (Bounds on barrier function). There exists a constant C > 0 such that for all sufficiently
small 2 > 0

6" Il oo gy < C(RY + h*~ =17,

Proof. Since ¢" is continuous on a compact manifold, it achieves a maximum and minimum at some
points x,y € M. Then since M is connected, we can use Lemmas 3.11-3.12 to construct a finite set of

. n
balls of radius r/4: {B’r/4}, ) such that
=

x€Bly, yEB), Bl OB #0.

On each corresponding (larger) ball Bi of radius r, we can interpret the barrier equation (3.6) as a
uniformly elliptic divergence structure PDE on a local coordinate patch in RY.
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Now we denote
P"(x) = ¢"(x) — min ™. 3.8)

This is non-negative, which allows us to apply the de Giorgi-Nash-Moser Harnack inequality, which
applies to PDEs in divergence form. Taking ¢ = 2d in Gilbarg & Trudinger (2001) (Theorems 8.17-
8.18), there exists a constant C > 0 such that forevery i = 1, ...,n, we have

sup ¢ < C(inf o'+ Hfh’ Ld(M))'
B Bl
r/4

Recalling that ¢"(y) = 0, we find that

sup ¢_5h <C ”fh ||Ld(M)-

1
Br/4

Now we use this to obtain an estimate in the ball Bf /40 which overlaps with B} /40

Ld(M))

L)

it <, (it [
B%/4 B %/4

<C |supg” + Hfh’

1
Br/4

< Gl llaqury-

Continuing this chaining argument » times, we find that

16"l oo ry = @" @) < CullF™ I Loy -

By Lemma 3.9, [["]| .aps) = €/(h®“=1DY). We recall also that
min o" < ¢M(xy) = Kb,
which completes the proof. g

LeEMMA 3.14 (Derivative bounds). There exists a constant C > 0 such that for all sufficiently small # > 0

o8] o 197 o+ [#] = 0 0507

Proof. As in the previous lemma, we can use Lemmas 3.11-3.12 to construct a finite set of balls of

. n .
radius r/2: {Blr /2}i:1 such that on each corresponding (larger) ball B.. of radius r, we can interpret the
barrier equation (3.6) as a uniformly elliptic divergence structure PDE on a local coordinate patch in R,
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We now apply a classical interior regularity result for uniformly elliptic PDE (Gilbarg & Trudinger,
2001, Corollary 6.3). In particular, there exists a constant C > 0 such that for every i = 1,...,n,
we have

9+ 1]y [Py =€ 0 i+ ] o)

r/2 r/2

Then a corresponding Holder estimate over the entire manifold is obtained by summing the estimates
over the n coordinate patches. Thus, we find that

o'l eran + o' | cran +[9] sy = € (9] 2o + ] coron)-

We recall from Lemmas 3.8 and 3.13 the estimates
Hfh H oty = ORI, H¢h H sy = O + he—@=7),

which completes the proof. (]

3.3.5 Convergence rates. The preceding regularity results allow us to select a value for y (which
determines the radius of the small cap about x,) that ensures that the family of barrier functions @ are
uniformly Lipschitz continuous.

CoroLLARY 3.15 (Lipschitz bounds). Let y < «/(d 4 1). Then there exists a constant K, > 0 such that
for all sufficiently small 2z > O,

ve!

comy = Ky

The requirement of Corollary 3.15, combined with the fact that the barrier function scales like /¥ +
he=@=DY (Lemma 3.13), suggests y = a/(d + 1) as an optimal choice.
Now we prove the main result.

Proof of Theorem 3.6. We substitute both the error u” — u and the barrier ¢” into the scheme (3.1) at all
xe@h
Case 1: Let x € B" N %". Then we can use the linearity of the scheme to compute

Fheu (x) — u(x), ul (x) — u(x) — () + u())

= (L) = ") + K" +£(0) = (L") = u() + K ue)

IA

—L(x, Vu(x), D*u(x)) + C ()] 21 apy B+ B el oo a1y
= f(x) + C I

Above, we have used the fact that u solves the linear PDE (0.1) and «” solves the scheme (3.2).
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Similarly, we can compute

F'(x, " (x), 8" (x) — " () = L(¢" () — ¢"()) + 19" + f(x)
> 1) = [0z oy h® = 16" | oo aayh® + £ (x)

Kh*
> |z];h'| — Coh® (W + h DY e @Yy 4 f (),

where we utilize the regularity bounds in Lemmas 3.13-3.14. Making the particular choice of y =
o/(d + 1) yields

Fh(x, ¢h(x)’¢h(x) _ ¢h()) z ha (% _ C2) _ C3hﬂl(d+2)/(d+1) +f(x)

Then if we make the choice K| > (C; + C, + C3) ]Bh‘ when we define the barrier functions in (3.6),
we find that

F e ul () — u), " (x) — u(x) — u" () + u-) < F'(x, ¢"(x), " (x) — ¢"())

for sufficiently small 4 > 0.
Case 2: Let x € (b" U S") N %" Recalling that u(xy) = 0, we can bound u in this region by

lu(x)| < K, dy(x,x9) < 2K,h".
Since u’(x) = 0 uniformly in this small cap, we have
Fh(x, uh(x) — u(x), uh(x) —ulx) — uh(~) +u(-)) = uh(x) —u(x) <2K,h".
Similarly, we recall that ¢" (x,) = Kyh" so that
F'(x, 0" (0), 9" (x) — ¢" () = ¢"(x) = (Ko — 2K ,)h" .

Then if we make the choice K, > 2(K, + K¢) in the definition of the barrier function (3.6), we find
that

F il () — u), " (x) — u(x) — u" () 4+ u(-) < F'(x, ¢" (), " (x) — ¢"())

for sufficiently small 4 > 0.
Combining these two cases, we find that

F e, ul () — u(), u" (60) — u(x) — u" () + u(-) < F'(x, ¢" (), " (x) — ¢"())
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for all x € 4" and sufficiently small 2 > 0. This allows us to appeal to the Discrete Comparison Principle
(Theorem 1.5) to conclude that

") —ux) < ¢"(x), xe "

Combined with the maximum bound on ¢ (Lemma 3.13) applied to the case y = «/(d + 1), we obtain
the result

u"(x) — u(x) < Ch/@+D,

We can do the same procedure using u(x) — 1" (x) to obtain the final result

||uh - M”Loo(gh) =< Cha/(d+1)

4. Approximation of solution gradients

Having established convergence rates for the solution " of the discrete operator, we can now use them
to establish a convergence approximate of the gradient of u’* with rates.

Given a function u € C' (M) and its values on a discrete set of points 4", the design of approximations
to its first derivatives is a well-studied ‘textbook’ problem. However, as discussed in section 2, consistent
approximations for first derivatives may not produce correct results when they are applied to a discrete
approximation u" instead of the limiting function u.

Here we describe a framework for producing a family of convergent approximations of the gradient,
which are based on a given discrete approximation " with error bounds. We provide error bounds for the
gradient of ”*; unsurprisingly, these are bounded by the L error in the approximation of . Combined
with the convergence rate bounds of Theorem 3.6, this immediately provides a provably convergent
method for approximating the gradient of the solution to a divergence-structure linear elliptic PDE (0.1)
on a compact manifold.

Let x, € M be any point on the manifold and let v € Zco be a unit vector in the tangent plane.

We focus on the construction of a discrete approximation to %, the first directional derivative of u
in the direction v. By projecting into the tangent plane as described in section 1, this is equivalent to
constructing convergent approximations of a first directional derivative in RY.

We will consider finite difference approximations of the form

k
1
Do) = - > a(ulx) — u(xp)), (4.1)

i=1

where x; € ¢" are discretization points satisfying |x[ - x0| = O(r) and r > h denotes the stencil width
of this approximation.
We make the following assumptions on the discrete solution " and the gradient approximation (4.1).

HypoTHESIS 4.1 (Conditions on gradient approximation). We make the following assumptions on the
approximations:
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1. There exists p > 0 such that at every point x € ¢”, the discrete approximation " satisfies

ux) = u"(x) + OW").

2. The stencil width satisfies r > h for every & > 0.

3. There exist constants C;, C, > 0 such that for every ¢” there exist points x,,.. ., x, € ¢", satisfying

Cir<ly—x| <Cor, i=1,... .k

4. There exists 8 > 0 such that the gradient approximation applied to the limiting function u satisfies

8u(x0)

Dyu(xy) = + O00P).

5. The coefficients in the gradient approximation satisfy a; = &'(1) as h — 0.

Under these assumptions, we can immediately provide error bounds for the gradient approximation
applied to the discrete solution u”*. Moreover, we can use these bounds to determine an optimal stencil
width r as a function of A.

THEOREM 4.2 (Error bounds for gradient). Under the assumptions of Hypothesis 4.1 and choose r =

17 (h”/(ﬁ“'l)). Then,
d B
w = Pl (xy) + O (hﬂp“) .
v

COROLLARY 4.3 (Error bounds for solution gradient). Assume the conditions of Hypotheses 3.1, 3.3
4.1 are satisfied. Let u be the solution of the PDE (0.1), u” be the solution of the approximation scheme

G.A),and r = & (h (d+1>“<ﬂ+1>). Then,

% = Pl (xp) + O (huﬂ)ﬁw) '

Proof of Theorem 4.2. We can substitute directly into the approximation scheme to compute
du(xg)

= Dulxg) + OP)

k
= % > a,ulx) — ulxy)) + OGF)

i=1

1
= P,ul(xg) + ~OW) + O(P)

r
—ou o i
=2 () + O\ gy +

—Quh(x)—i-ﬁ(hﬁpfl)
- ‘v 0 :
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This result provides a means for correctly approximating solution gradients even when the accuracy
of the approximate solution is very low. Moreover, we notice that there is no requirement that the scheme
used to approximate solution gradients be monotone and therefore limited to first-order accuracy (8 <
1). This opens up the possibility of using arbitrarily high-order gradient approximations, coupled to a
carefully chosen stencil width r. It is worth noting that as we take higher-order approximations (8 — ©0),
we find that the best error bound we can achieve approaches & (h“/ (dH)). That is, the best possible error
bound for approximations of the solution gradient is actually the same as the error bound guaranteed by
Theorem 3.6 for the approximate solution itself.

5. Computational results

Finally, we provide some computational results to verify the error estimates developed in sections 3-4.

Consider a point cloud ¢ c M that discretizes the manifold M. In order to utilize the approximation
scheme (and resulting error bounds) in (3.1), we need to design a monotone finite difference approxi-
mation of the form L"(x, u(x) — u(-)) that is defined for x € %" and is consistent with the linear PDE
operator .Z[u](x).

A variety of approaches are available for discretizing PDEs on manifolds (Oberman, 2008; Demlow,
2009; Dziuk & Elliott, 2013; Lai & Zhao, 2019; Fortunato, 2022). Particularly, simple are methods
that allow the surface PDE to be approximated using schemes designed for PDEs in Euclidean space
(Macdonald & Ruuth, 2010; Martin et al., 2020). We test the error bounds using the tangent plane
approach of Hamfeldt & Turnquist (2021), which can easily be used to design monotone approximation
schemes.

We will briefly summarize this scheme, before providing computational results in one and two
dimensions. We emphasize that our goal here is not to design an optimal scheme, but rather to test
the predictions of Theorem 3.6 and Corollary 4.3, which can be applied to any monotone discretization
scheme. We also verify that, even using a very low order scheme, it is possible to recover a convergent
approximation to the solution gradient using the approach of section 4.

5.1 Geodesic normal coordinates

We begin by recasting the equation using a convenient choice of local coordinates. Consider the PDE
—divy,(A@)Vyu(x)+f(x) =0, xeM (5.1)

at a particular point x, € M. We relate this to an equivalent PDE posed on the local tangent plane ZCO
through a careful choice of local coordinates. In general, local coordinates will introduce distortions to
the differential operators. However, this problem was avoided in Hamfeldt & Turnquist (2021, 2022)
with the use of geodesic normal coordinates, which preserve distance from the reference point x,. In
these coordinates the metric tensor is an identity matrix and the Christoffel symbols vanish at the point
Xg-

Given some neighbourhood N, C M of the point x, € M, we letv, : N, — 7 denote geodesic
normal coordinates. Because they are chosen to preserve distances from the point x, they satisfy

dyy(x, %) = [[vy, (%) — Xoll,

where d; represents the geodesic distance along M and || - || the usual Euclidean distance on the tangent
plane.
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We can now introduce a local projection of u onto the relevant tangent plane .7, in a neighborhood
of x; as follows

i, @ =1 (v @) (5.2)

This allows us to re-express the PDE (5.1) at the point x;, as an equivalent PDE on the local tangent plane.
We define
~ V- (AQVii, @) H@ =0, z€ 7, (53)

where now V is the usual Euclidean differential operator. Because the particular choice of coordinates
does not introduce distortions, the PDE operator will preserve its original form at the reference point x,.
In particular,

—divy (AW Vyyu ()| myy = =V (AQ@) Vit (2)) ] .=y, -

The problem of approximating the PDE operator (5.1) at a point x, € M is now reduced to the
problem of approximating the operator (5.3) at the point x; in the local tangent plane. This allows one to
make use of any existing method for designing monotone approximation of PDEs in Euclidean space.

5.2 Discretization

Now we consider any fixed discretization point x; € ¢ " and establish a computational neighborhood
N (i) about this point by defining

NG) = {j | x; € 9. dyy(x;.x;) < Vh}. (5.4)

We seek an expression of the form Lh(xi,u(xl-) — u(xj)) that depends on the value of u at nearby

discretization points X; with j € N(i).

To accomplish this, we let .7, denote the tangent plane to M at x;. Once the computational
neighborhood N (i) is established, the points x; € N(i) are projected on to the local tangent plane 7. via
a geodesic normal coordinate projection,

Zp = vy, (xj).
We denote the resulting point cloud on the tangent plane by
N(x) ={z; |jeND} C T,
We extend the grid function u : ¢ — R onto this point cloud on the tangent plane by identifying

u(z) = ulx), z € N (x;). (5.5)

A discretization of the PDE operator (0.1) at the point x; € ¢ h can now be obtained by designing a
discretization of the tangent plane PDE operator

- V- -(A@Vu®@), z¢€ 7,

Xi
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at the point x;. The discretization should depend upon the values of u on the tangent plane point cloud
A (x;), which can be related back to values of u at points on the original manifold via (5.5).

5.3 Monotone approximation schemes

Recent work on generalized or mesh-free finite difference methods demonstrate how monotone finite
difference methods can be designed for unstructured grids in Euclidean space (Demkowicz et al., 1984;
Seibold, 2008; Froese, 2018; Nochetto er al., 2019). We briefly review the procedure for designing
monotone generalized finite difference methods for approximating linear divergence structure operators
of the form

— V- (AR)Vu(2) (5.6)

in Euclidean space, referring to the aforementioned works for further details.

Consider the problem of approximating (5.6) at a point z;. It is natural to want to use values of u at the
‘nearest neighbors’ to accomplish this. Surprisingly, though, given any fixed stencil width, it is always
possible to find a linear elliptic PDE operator that does not admit a consistent, monotone discretization
on that stencil (Motzkin & Wasow, 1952; Kocan, 1995). For general degenerate elliptic operators, it is
sometimes necessary to allow the stencil to grow wider as the grid is refined in order to achieve both
consistency and monotonicity.

We notice that the PDE operator can be written in the form

d ou
V. (AVu) = — Z @ (ak@), (5.7)

where
K={keN| |kl < d)

This motivates us to seek a finite difference approximation of the form

— V- (AVu)(z;) ~ — Z z Z @z M (V)u(z). (5-8)
keK ze N (z) yeN (zi)

The monotonicity condition requires that the coefficient of u(z) be nonpositive for each z # z;. This
leads to the set of linear inequality constraints

DD aeng() =0, ze N\

keK ye N (z;)

To achieve consistency, we Taylor expand the terms in (5.8) about the reference point z;. We then compare
the coefficients of each term with the desired operator (5.7), which leads to a system of linear equations
that must be satisfied by the coefficients ¢ (z, y).

In typical implementations, one possibility is to exploit the structure of the underlying PDE to
set many of the coefficients c;(x,y) to zero a priori and obtain closed form expressions for the
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FI1G. 8. (a) Maximum error and (b) solution error for n = 64 and n = 256 for the solution of Laplace’s equation on T!.

(small) number of nonzero coefficients (Froese, 2018). Another option is to use simple analytical and
computational optimization tools to numerically determine the values of the coefficients and establish
bounds needed to ensure consistency (Seibold, 2008; Hamfeldt & Lesniewski, 2022b).

5.4 Computational examples

5.4.1 Onedimension. We first return to the study of Poisson’s equation on the one-dimensional torus
T

(5.9)

—u'(x) =f(x), xeT!
u(0) = 0.

We use the same ©'(h) discretization studied in Section 2, but modified to enforce the condition
u(x) = 0 in a small cap with a radius of &'(h'/?), as suggested by Theorem 3.6. In particular, we let
n = 4% be a perfect square and use the scheme

ul (x =) +ul (x_ =) — 2" (x)
— ( +f) ngzz f) —i—h(l—l—xi)uh(xi) =fC;)+h, dp(x;,0) > 2h1/2 (5.10)

ul(x;)) =0, dri(x;,0) < 2h1/2,

We begin by studying Laplace’s equation (f(x) = 0). We plot the results in Fig. 8. Surprisingly, we
observe ¢(h) error rather than the expected ¢(h'/?). This can be explained by the fact that enforcing
u(x) = 0 on a small cap does not introduce any error since the exact solution is u(x) = 0. We also note
(Fig. 8(b)) that this approach leads to a smoother error than the approaches studied in Section 2.

We secondly consider an example of a nontrivial solution (#(x) = sin(2mx)) obtained by solving (5.9)
with a right-hand side f(x) = 4x?sin(27rx). For this nontrivial example, we do observe the expected
convergence rate of & (h1/?) (Fig. 9(a)).

We also perform a study of the wider-stencil gradient approximations proposed in Section 4. We
utilize three-different finite difference approximations of the derivative: a first-order forward difference
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F1G. 9. Maximum error in the (a) solution and (b) derivative for the solution of Poisson’s equation on TL.
(B = 1), a second-order centered difference (8 = 2), and the following fourth order difference (8 = 4):

1 /1 2 2 1
D u(xy) = - (Eu(xo —2r) — g“(xo —r)+ g“(xo +r) — Eu(xo + 2r)) .

1
In each case, we let r = O'(h2+D ), as suggested by Corollary 4.3. The maximum error in the gradient

]
approximations, which is plotted in Fig. 9(b), agrees very well with the predicted &'(h2®+D ) convergence
rate. In particular, we observe that as 8 grows, the convergence rate becomes closer to the optimal rate
of O(h/?).

5.4.2 Two dimensions. Next, we demonstrate the predicted convergence rates on a two-dimensional
surface using the tangent plane approach described in this section. In light of our need to compare with
an exact solution and surface gradient, we perform this test using Poisson’s equation on the sphere S?:

[—Agzu(x) =f(x), xe§ (5.11)

Here we let x; = (0, 1,0) and choose the right-hand side, expressed in spherical coordinates, to be

F($,6) = cos($) sin b (1 — 9086 +3 sin29) . (5.12)

The solution of the surface PDE (5.11) is
u(¢,0) = cos(¢) sin3(0) (5.13)
and the surface gradient of u is

Ve u(p,0) = — sin(e) sin(6)d + 3 cos(¢) sin*(9) cos(6)6. (5.14)
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F1G. 10. (a) A point cloud discretizing the sphere (N = 2006) and (b) the stencil used to discretize (5.11) at the point x;.

We discretize the sphere using a point cloud " consisting of N points that are approximately equally
spaced sothath = & (v/N).In particular, given some € = &(h) andn = 0 (h~1), we construct a layered
point cloud consisting of the points

G" ={(¢;.0) |1 <i<n1<j< |nsing]}. (5.15)
Here we take
9 4% P .1+«/§+. 27
.= € [—’ =1 " .
! n Y 2 ]Lnsmeij

See Fig. 10(a) for an example of this point cloud.

At each point x; € @" we project a v/h neighborhood onto the local tangent plane via geodesic
normal coordinates as described in subsections 5.1-5.2. We then need to design a monotone discretization
L (x;, u(x;) — u(-)) of the two-dimensional Laplacian at the point x;. Since we do not have a structured
grid in general, we utilize a mesh-free finite difference approximation. In particular, we let @, qAb) be our
local orthogonal coordinates. We then choose the discretization points z;, w;;, j = 1,...,4 that lie in
the jth quadrant and are best aligned with 6 and ¢AS, respectively. See Fig. 10(b). We use the consistency

and monotonicity conditions to explicitly compute coefficients a;, bl-j > (0 and define a discrete surface
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Fi1G. 11. Error in the (a) solution and (b) gradient for the solution of Poisson’s equation on S2.

Laplacian of the form

4

4
— Al = > ay () = ' @) + Dby (') — ). (5.16)

j=1 j=1
This yields a formal truncation error of & (/h); for details, see Froese (2018).
The approach analyzed in Section 3 leads us to solve the following system:

[_Agzu? +Vhi! = f(x),  dg(x;,x0) > O(hY6) (5.17)

ul'(x;)) =0, dgo (x;,%9) < O(h'/).

Since the formal truncation error of the scheme is ¢'(h'/?) and the dimension of the manifold is
d = 2, Theorem 3.6 predicts that the maximum error should scale like ¢’(h'/¢). This is precisely what
we observe in our computations; see Fig. 11(a).

Given the low (sublinear) accuracy of these computations, it would be natural to expect that we
cannot easily recover information about the surface gradient. In fact, given that the scheme (5.17) sets
u" = 0 to be constant on a cap around the origin, it would appear that we should expect a &(1) error in
any traditional finite difference approximation to the solution gradient. However, approximation of the
gradient is possible using the wider stencil approach discussed in Section 4. Given a stencil width r, we
consider the following first-order (8 = 1) approximation of the solution gradient at the point x; € ¢ h

%
j* = argmax;
/ dga (x;,%))

Wl (x) — ul(x;
j {M | x; € @" 0.5r < dSz(xi,xj) <r

uh(xj*) - uh(x,-) Ty — 5

Vi (x;) = (5.18)

dSZ (.xi, x]*)

Zj* - Zi‘

We recall that z; denotes the projection onto the local tangent plane ZQ via normal coordinates.
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Following Corollary 4.3, we choose r = ¢'(h'/12). Despite the low accuracy of u", this wider
stencil approach successfully approximates the solution surface gradient (Fig. 11(b)). In fact, we observe
superconvergence, with an observed error of ¢(h*/3) that is significantly better than the ¢'(h'/12) error
bound predicted by Corollary 4.3. Indeed, we actually observe a better convergence rate in the gradient
than in the approximate solution that was used to estimate the gradient. Moreover, while the error is
artificially large (though still converging to zero) in the cap about the origin, we observe much lower
errors throughout most of the domain.

6. Conclusion

In this manuscript, we studied convergence rates of monotone finite difference approximations for
uniformly elliptic PDEs on compact manifolds. When applied to the Dirichlet problem, solutions of
monotone finite difference schemes are expected to converge with an error proportional to their formal
consistency error. We demonstrated empirically that on manifolds without boundary, convergence rates
can be lower than the formal consistency error.

We then derived explicit error bounds for a class of monotone schemes by carefully constructing
barrier functions and exploiting the fact that monotone and proper schemes have a discrete comparison
principle. The barrier functions solved a linear elliptic PDE in divergence form with a right-hand side
proportional to the formal consistency error of the scheme in the majority of the domain. However,
because of the need to satisfy an additional solvability condition, the right-hand side was permitted to
become larger in a small cap on the manifold. This resulted in a barrier function that was asymptotically
larger than the formal consistency error. Because the scaling of the volume of the small cap was dependent
on dimension, we found that specific convergence rates depend on the dimension of the underlying
manifold. In particular, the reduction in accuracy becomes worse as the dimension increases.

Next, we demonstrated that knowledge of convergence rates can be used to design convergent
approximations of the solution gradient through the use of wide finite difference stencils. We described
a family of discrete gradients, with the optimal convergence rate in the gradient bounded by the L*°
convergence rate of the discrete solution.

Further work will involve utilizing convergence rates for linear elliptic PDEs to prove error bounds
for the solutions of fully nonlinear elliptic PDEs. This would apply, for example, to PDEs arising from
solving the Optimal Transport problem on the sphere, which is of particular interest due to its application
to optical design problems (Wang, 1996) and mesh generation (Weller et al., 2016). The results of this
article also highlight the ongoing need to design higher-order numerical methods for elliptic PDEs in
order to compensate the reduction in accuracy that can occur on manifolds without boundary. Finally,
computational results lead to intriguing questions regarding superconvergence. In particular, ongoing
work will investigate additional conditions (beyond consistency and monotonicity) that would lead to
improved error bounds for the computed solution and/or solution gradient.
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