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and tensor-valued surface PDE in a form suitable to be solved by established tools for
scalar-valued surface PDEs. We consider piecewise linear Lagrange surface finite elements
on triangulated surfaces and validate the approach by a vector- and a tensor-valued surface
Helmholtz problem on an ellipsoid. We experimentally show optimal (linear) order of

IT(:?SA;O:%Se'ldS convergence for these problems. The full functionality is demonstrated by solving a surface
Surface PDEs Landau-de Gennes problem on the Stanford bunny. All tools required to apply this approach
Finite element method to other vector- and tensor-valued surface PDEs are provided.

Liquid crystals © 2019 Elsevier Inc. All rights reserved.

1. Introduction

Over the last decade a huge interest has developed for surface PDEs, in both, numerical analysis and applications. To
deal with PDEs that are defined on curved surfaces requires to combine various mathematical disciplines, e.g., differential
geometry, variational methods, numerics and even topology. But even if some numerical approaches exist, which rely on
a geometric framework, mainly used in the context of computer graphics, see e.g. [7,15], the important breakthrough in
the development of numerical methods for this type of PDEs is the avoidance of charts and atlases. Either the methods
are based on a triangulated surface and require information on the surface solely through knowledge of the vertices, or
an implicit surface representation is used and the problem is extended to the embedding space. Most of this work until
today is concerned with scalar-valued surface PDEs, see [12] for a review. In this case the coupling between the geome-
try of the surface and the PDE is weak and thus allows to solve these problems with small modifications of established
numerical approaches in flat space. For vector- and tensor-valued surface PDEs this coupling becomes much stronger. Var-
ious new questions arise: How to define two tangential vectors on a triangulated surface to be parallel? What properties
are required for a tangential surface tensor? What is an appropriate vector surface Laplacian? While the answers to these
questions might be obvious in the context of differential geometry, the analysis of such highly nonlinear problems and
the development of numerical methods are challenging. The research in this field is still at the very beginning, with some
pioneering contributions derived for specific applications. In computer graphics tangent vector fields are essential in tasks
such as texture synthesis and meshing and have been addresses by discrete differential geometry, see e.g. [20,7]. Only very
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few approaches exist, where these tools are used to solve physical problems, see e.g. [26,30,27] for a surface Navier-Stokes
equation and a surface Frank-Oseen type model. Extensions to tensor fields of higher degree are rare and limited to spe-
cific tensor properties. In applications in geophysics surface PDEs on a sphere have a long tradition. These problems can be
solved by spectral methods based on spherical harmonics expansions [3,4,13,14] and have recently also been considered for
other applications, see e.g. [27,34,25] for a surface Frank-Oseen type model, a surface active phase-field-crystal model and
active hydrodynamics, respectively. Also extensions to radial manifold shapes are possible, see e.g. [17]. But the approach is
not suitable for general manifolds and also an extension to tensor fields of higher degree comes with various limitations.
A numerical procedure applicable to general manifolds and a wide class of applications does not exist. However, there is a
strong need for such a tool, resulting from increasing interests on vector- and tensor-valued surface PDEs. The interest re-
sults from the strong interplay between topology, geometry and dynamics. Examples are the location of topological defects
in liquid crystals at extrema of the Gaussian curvature, the initiation of wrinkling in crystalline sheets at material defects
or the possibility to control surface flow by changes in morphology. This interplay has the potential for breakthrough de-
velopments in materials science and synthetic biology, see [23] for an example. Other applications are in general relativity.
All ask for a general numerical approach for vector- and tensor-valued surface PDEs. We here provide an approach, which is
based on a reformulation of the problems in Cartesian coordinates, which allows for a componentwise solution using tools
for scalar-valued surface PDEs. Similar approaches for vector-valued surface PDEs have been considered in [27,19,18,21,32]
for a surface Frank-Oseen type problem, a surface Laplace equation and a surface Stokes problem, respectively. However,
all these approaches make strong assumptions on the extension of the surface quantities in the embedding space. Here,
we introduce an approach, which does not require these assumptions and which is applicable for vector- and tensor-valued
surface PDEs. Starting with the manifold and the covariant derivative V, we extend the manifold and the quantities on it
to an embedding thin film with the corresponding embedding space/thin film derivative V. By using thin film coordinates
we can separate tangential and normal contributions, which enables to identify the tangential parts with V and to express
V in terms of partial derivatives along the Euclidian basis. This reformulation maintains physical invariance and allows to
rewrite any manifold bound, tensor-valued PDE into a set of scalar-valued PDE’s along an Euclidian basis. In this form the
problem can be solved for each component by established finite element methods. We numerically demonstrate optimal or-
der of convergence for two examples and show illustrating results for 2-tensors on complex geometries. We further provide
all necessary tools to solve general vector- and tensor-valued surface PDEs within a numerical framework for scalar-valued
surface PDEs. The paper is structured as follows: In section 2 we provide the basic notations and geometric preliminaries,
and derive a description of the covariant derivative in Cartesian coordinates for tensor fields of degree d. Based on this
result a generic componentwise finite element formulation is presented in section 3, which is demonstrated and validated
on vector- and tensor-valued surface Helmholtz problems. Readers not interested in details of the derivation can skip the
initial part of section 3 and focus on the discussion of the Cartesian description of the covariant derivative starting at (18).
Convergence results, demonstrating the optimal order, are provided and the sensitivity of the error on various approxima-
tions is studied. To show the full functionality of the approach we solve a surface Landau-de Gennes model on the Stanford
bunny in section 4. Conclusions are drawn in section 5 and details of the derivation and extensions which allow to use the
approach for general vector- and tensor-valued surface PDEs are provided in the Appendices.

2. Notation and geometric preliminaries
2.1. Tensor notation

An algebraic approach of modeling tensors is to consider them as outer products of vectors. The resulting tensor spaces
conform to the concept of an algebraic vector space, enabling a description along basis and coordinates, e.g. t = tie; ® e;
describing a 2-tensor t by contravariant coordinates t and a covariant basis e; ® e j formed by the outer product of the
(local) basis vectors, see [1,37,22,24] for a general introduction.

We use Einstein sum convention for all coordinate descriptions. Further to distinguish between local/manifold bound
coordinates and Cartesian/flat space coordinates we use two sets of indices of lower case and upper case letters, respectively.
We focus on a description by covariant coordinates and are concerned with full contractions of tensor fields which we
denote by “:”. Under this conditions covariant and contravariant descriptions are equivalent.

Beside index notation we also use operator notation. To clarify the association of inner and outer products we also use
subscripts to indicate the involved indices of the left side tensor. For the inner product “.”, e.g., we describe a contraction
of the 3-tensor u and the 2-tensor q along the second components by

[uéq]iﬂ'zig :ui1ki2qi3k- (1)

For the outer product “®” we add as subscripts the indices of the resulting tensor, indicating where the left side tensor
components are added, e.g., for the product of two 2-tensors q and r

(q {ler]il...i4 = iyigTizis- @

In cases where the use of “-” and “®” is unambiguous we drop the subscripts for better readability.
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2.2. Local coordinates and covariant derivatives

We consider n — 1 dimensional oriented Riemannian manifolds M embedded in R", which are described along the
chart-atlas by a set of local coordinates {u;} c R"! such that X'({u;}) — x € R™. The local basis vectors are given by the
partial derivatives of X': e; = ;X € T'M C R™. Using a scalar product given by the full contraction of the tensor we define
the Riemannian manifolds metric g

gij =X :0;& , where g/l =[g7"1V, g/=5/. (3)

Let v be the manifold normal. We define the shape operator by B, with Bjj = —9;X : 9jv. This and its invariants
K= det{Bij} (Gaussian curvature) and H = B!; (mean curvature) can also be expressed in Cartesian coordinates of
the embedding space by B;; = —I1L;3,v;, with the surface identity I’ ; = 8'; — vlv; (in the sense of IT;; = g;; and
IT-v =v-II =0). Note that we use lower case Latin indices for local manifold coordinates and capital Latin indices for lo-
cal embedding space coordinates. On a manifold we consider covariant derivatives V which are metric compatible, namely
Vg =0 (the Levi-Civita connection). These can be described using the Christoffel symbols

1
rf; = igk’ (digji + 9,8 — 18ij) ?

and partial derivatives 9;. Depending on the tensorial degree d of the covariant tensor field t the covariant derivative, see
e.g. [24,37], reads

[Vtl;i,..igk = Oktiy..ig — [Ffdlfuz...id +...+ F;(idth...id_]l]- (5)

2.2.1. Tensor valued fields on manifolds
Let TYM) ={t : M +> T9M} denote the functionspace of smooth tangent tensor fields of degree d on M, with
TIM = UxeMTgM and Tﬂ,/\/l the tangent space of d-tensors on M at x € M. We define an associated inner product by

(t.q)a = / (E®). Q) g AM. (6)
M

Where (.,.)g ¢ denotes the canonical pointwise inner product, the full contraction of the tensors with respect to the
manifold metric, e.g. for two 2-tensors (t,q); pq = tijqij. Please note, this coincides only for g;; = §;; with the previously
introduced contraction “:”. Along the derivations we will also use non-tangential tensor fields t extended to an embedding
domain. The projection to TYM is defined by

H[E][]...Id = HL]WLd ll---1d£L1...Ld = HL] Iy - HLd [dEL],..Ld (7)
and we extend the previous inner product modulo tangential parts in the arguments by

(t. q)q = (TI[t], TT[q])a. (8)
2.3. Thin film extension

As an instructive link between the description in local manifold basis and embedding space basis we consider a sufficient
smooth thin film continuation of surface quantities in a tubular extension of M. For sufficient thin extensions an unique
description by thin film coordinates exist which is given by augmenting the local basis by the manifolds oriented normal v

x=X({u}, §) = X({ui}) + Ev({ui}). (9)

We extend all manifold bound quantities smoothly to the thin film, solemnly requiring I1[t|¢—o] = t. The thin film metric is
given by Gjj =0;X : 9;X and can be related to the manifold metric g by

symbolic: thin film coordinates:

MGl=g-2§B+&°B>  Gij=gij —26Bij +§°B{*By; (10)
l‘liGév:viGél‘I:O Git =G¢ =0

v ; Gév =1 Gee =1

The thin film Christoffel symbols I" and the thin film covariant derivative V can be expressed in thin film coordinates, i.e.
for indices {I, J,...} ={i, j,..., &}, and read
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1
rf = 5GKL (01GjL+0;Gi —aLGry)

(V. 1gk =0ty q, — [Tk, bipyogg+ et Efadﬁll...lqu] (11)

We consider a Taylor expansion from the surface in normal direction to relate T to I', for details see Appendix D,
k l & k k k K & &
Eij = Ficj +O(8), Eij = Bij +0O(®), Eig =£§i =—B;" + 0(§), Egg = EKg =£§K =0. (12)
2.4. Cartesian description for covariant derivatives of tensor fields on manifolds

The Cartesian description of eq. (5) is developed in two parts. Firstly, we relate V in (11) with V in (5) regarding the
conformities of local thin film and manifold coordinate systems. Secondly, we use the principle of covariance for V and
tensor calculus in the embedding space. This e.g. allows to express the covariant derivative w.r.t. Cartesian coordinates.

We therefore consider thin film extensions of the tangential fields ¢, Vt, B and non-tangential fields ¢, V&, v. The
tangential part of the flat space gradient can be described by thin film coordinates and its tangential directions iy, ..., g,k
as

L L
[Vt igk = 0Ly, iy — [Eki]ELiz.“id +...+ Ekidgili..id_lL] . (13)

Separating the summation in the Christoffel symbols in tangential i; ...iz and normal direction & leads to

! l 3 3
(Vi gk = Oty iy — My biiyig - - +£kid£il~-id—ll] - [Ekilgéiz...id +... +£kid£ilmid71§]' (14)
On the other hand, the extended covariant gradient Vt expressed in thin film coordinates reads
[Vt]ﬁ.“idk = 8kti1...id - [£§<i1 tliz...id +... +£§<idti].“id_1l] - [Eih tf}l‘z...l‘d +...+ E]iid tl‘]...l}j,]f]' (15)
=0 =0

At the manifold (£ =0) and due to II[t|s¢—o] =t both expressions can be related to each other and we obtain
[V Eiyigk = [V, gk — (D Ciy iy + -+ D iy iy e (16)
Identifying the thin film Christoffel symbols in normal direction by the shape operator, [iid = By;,, we obtain

[Vtli; igk = [V tli; igk + [Bkiy teiy iy + - + Brigliy iy &l (17)

which can also be written in Cartesian coordinates,

[Vl 1k =TV ], 1k + [Bkr I1/2-Ja 12...1d£L]2...jd + ...+ Bk, r/t-Ja-1 1].‘.1d,1£]1,,_1d71L]VL' (18)

since lower case thin film indices refer to the tangential parts of a tensor. Reviewing this result we note that the Christoffel
symbols, and therefore any explicit dependence on the surface metric g and its smooth description, has vanished. Only the
quantities v and B remain, making the description independent from the assumed chart-atlas mechanism. Also the smooth
thin film extension is not used explicitly anymore, solemnly its existence is required. Further note that this description is
exact, therefore retaining the tangential property of the covariant gradient, namely

d
VE=T[Vt]+) B ® H[g- v] e T4 (M) Vt,such that TI[t] =¢. (19)
et m,d+1 m

We see that Vt =TI[V (I1[t])] is valid by applying the product rule several times. However, we want to highlight here, that
this simple and natural seeming result is not a definition, as in [19], but rather the consequence of the established covariant
derivative (5), which does not need an embedding space, and the considered embedding of M and extension of T%(M).
In particular we obtain for O-tensors (scalars), 1-tensors (vectors), 2-tensors, ...

d=0,s: M To(M) [Vsli = dis [Vs] =T[Vs]

d=1,p:M—T M)  [Vplj =9;pi — T}k [Vp]l =T[Vp]+(p-v)B

d=2,q:M=>T*M)  [Valije =&qij — Tjyay — Tyau  [Vq] =TV g1+ BR(-q;M)+B ST q;v)
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While the description of the covariant derivative for scalar quantities as [Vs] =TI[Vs]=Vs—v (v - V5s) is well established,
see e.g. Definition 2.3 in [12], the description in Cartesian coordinates for tensors depends on the degree d and requires
additional coupling terms with geometric quantities, which increase with the degree d.

The reformulations for the other first-order operators divt and Rott are derived along the manifold metric g and the
compatible Levi-Civita tensor E and are derived in Appendix E.

With these expressions we have all tools available to rewrite general vector- and tensor-valued surface PDEs in Cartesian
coordinates and solve them for each component by established methods for scalar-valued quantities, such as the surface
finite element method [10,9,12], level set approaches [5,16,38,11], diffuse interface approximations [35], trace- and cut-finite
element methods [33,6] or any other method.

3. Generic componentwise finite element formulation

The Cartesian descriptions can now be used to derive a generic componentwise finite element formulation for vector-
and tensor-valued surface PDEs. For 1-tensors (vectors) similar approaches have been considered for specific applications.
However, beside [19], all use [Vp] =TI[V p], which only holds if v-p = 0. In [27,36] this is enforced by a penalty approach
and in [21] by using a Lagrange multiplier. We will compare these approaches and analyze the relevance of the additional
terms in (19) at the end of this section.

3.1. Variational formulation for vector- and tensor-valued surface Helmholtz problems

To demonstrate the approach we consider a Helmholtz problem on a manifold without boundary embedded in R3.
—div(Vt)+t=f onM (20)
For the treatment of boundary terms we refer to Appendix B. The variational formulation reads: Find t € Hfar]l (M), s.t.
at, ¥) =1(¥) VY € Hizp (M) (21)
with
at, ¥) = (VEV¥)arr + (E¥)a, 1) =(f ¥ (22)

with Hfa; (M) the Sobolev space of tangent tensor fields of degree d on M with covariant gradient and an appropriate
norm. Using the derived identities, this can also be written in the extended space and the problem expressed in Cartesian
coordinates. This extended formulation reads: Find t € [H' (M), s.t.

at, ¥) =) Yy e [H M) (23)
with

d d
)=t B © (t,v).Vy+) B & (¥ v)en+E¥a 1)=(F ¥ (24)

m=1 m=1

and [H'(M)]"¢ the embedded product Sobolev space of tensor fields on M defined by

[H' M) = (t e [L2 (M)

t 1rle[L%M)]“’d“}, t=M;, e ®.. eeldvte[H (M) (25)
+

with Cartesian basis e/’ ®...®el¢ and the coefficient function matrix M,l,“,d(g). The space [Hl(M)]”-d contains the
variational space of (23) such that [H'(M)]™? > Hmn(/\/t) [Hl(/\/l)]”’d] and is orthogonal decomposable into
[H' (M) = HE (M) @ YL (M) w.rt. projection operator T, ie. for all £ =t + tnor € [H! (M)]™? holds t = TI[t] Ltper =
t—TI[t], te Hfa; (M) and tpor € Hg;,lr(/\/l). Since Hg,’,]r(./\/t) is located in the kernel of the symmetric bilinear form a in

(24), the solution of (23) is not umque To overcome this issue and preserve also the well-posedness of problem (21) in the
bigger space [H' (M) 5 Hm,, (M), the problem has to be modified: Find t € [H'(M)]™4, s.t.

at,y) =) Yy e [H M (26)
with
dt, y) =alt. ¥) + (p®). ¥) (27)

where p is an appropriate penalization function s.t. (p(t), ¥) = c(t — TI[t], ¥) for ce R\{0} and all £, ¢ € [H' (M), As a
consequence, problem (26) is equivalent to (21) and the additional problem: Find t;,,; € Hg;,}(./\/l), s.t.
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Fig. 1. Normalized analytical solution p* with 8 vortices (topological charge +1, red) and 6 saddle points (topological charge —1, blue) (colors online).

{tnor, ‘//nor) =0 V'/’nor € Hgolr(M) (28)

where t =t + t,,r. Both problems are independent and well-posed and therefore also (26).

To validate this approach we will consider two cases: a 1-tensor (vector) formulation, which is related to the Maxwell
equations in electromagnetic theory and a 2-tensor formulation, where we enforce the tensor field to be symmetric and
traceless, which leads to a problem related to the Einstein equations in general relativity. However, we are here not inter-
ested in these applications, but only in the structure of the equation, which allows to construct an analytical solution by
considering a smooth tensor field t* and defining f = —div (Vt*) + t*. We will construct appropriate surface finite element
discretizations for these problems based on (26). To account for the special tensor properties in the 2-tensor formulation
will require some further modifications.

3.2. Vector-valued surface Helmholtz problem

We consider a surface vector-valued Helmholtz problem, which reads in weak form

a(p.¥)=1@) V¢ e [H' (M) (29)

with M to be an ellipsoid with major axis A=1, B=0.5 and C =1.5 and f = —div(Vp*) + p*, with p* = Rot(xyz), see
Fig. 1. The solution contains various defects with topological charge (winding number) £1, while the sum of these charges
(winding numbers) is two, equal to the Euler characteristic of the ellipsoid, thus fulfilling the Poincare-Hopf theorem.

The inner product and the covariant derivative expressed in Cartesian coordinates read

(g,ﬁhzfl'l’]g,fd/\/l, Vp:H[ZgH(vig)B, [(Vplyy =T,%T;"Vp, +p v Bi. (30)
M

As penalty term we use p(p) = w (v ®v) - p, with @ > 0. The weak formulation thus reads

J(mzn). (1901;7) ¢ (3:1201) (v-9)  (v-8) (B:1901) 4 (3 -26) (3-) (v-9) v

+[pOydM+ | w(p-v)(v-v)dMm= | f-T-ydM V¥ e[H (M) (31)
A[_ v A[r<_)(_) A[ vim vy

where we have used several geometric identities given in Appendix C. We now consider a surface triangulation Mj, and
construct a surface finite element discretization for each component. We consider the finite element space V(M) of
piecewise linear Lagrange elements. The problem then reads: Find p = (21 ' Dy E3) e[VIMpPP! st

/ M0 0p, V! + v BV jp w4 v By p V! 4 (W2 = 2K) vvyp wd dM,

Mh
+/ ' py! dMy + / wv'vypyl dMy = / m'yfiyd dmy v =@l vty elvirpPt o (32)
My My My

where V, B, H, K, v and IT have to be understood with respect to M. We consider both the analytically available geo-
metric quantities and numerically computed once from the surface triangulation, see [31] for the used numerical approach
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Fig. 2. Numeric convergence of p on ellipsoid: (left) L2 error e(p) as function of w;. Markers indicate surface discretization with 10k (triangles), 50k

(diamonds) and 250k (squares) DOFs. (middle) L? error measure with analytical geometric quantities (dashed green line) and numerically approximated
surface quantities (blue solid line) w.r.t. number of DOFs for fixed w; = 1000. Black dashed line indicates linear rate of convergence. (right) Convergence of
L? error for numerical approximation of surface quantities w.r.t. number of DOFs for fixed w; = 1000 (colors online).

to compute v and B. The resulting linear system is assembled and solved in the finite element toolbox AMDiS [40,41] using
a BiCGstab(l) solver. As error measure we use the componentwise averaged L% norm

1/2

1
ew =5 | [ Ip-pIPar, (33
My

where ||p|| indicates the Forbenius norm in R3:!. Convergence properties regarding the number of degrees of freedom
(DOFs) and the strength of the penalty parameter w; are shown in Fig. 2. The results indicate almost no dependency on @y,
which reflect the behavior of the analytical solution, up to values where the penalty term begins to dominate the numerical
solution behavior. We further see linear convergence in the geometric properties and also a linear convergence behavior in
e(p), which does not depend on the used approximation of the geometric terms. As the geometry is approximated by a
surface triangulation better than linear convergence properties could not be expected. Please note, assuming a mesh with
uniform element size h, linear convergence in #DOFs corresponds to quadratic convergence in h, which is shown to be
optimal for a surface finite element approach with piecewise linear Lagrange elements for a scalar-valued surface Laplace
problem [12,8].

3.3. Tensor-valued Helmholtz equation

We consider Q-tensors q which are symmetric and traceless 2-tensors and formulate a surface tensor-valued Helmholtz
problem. There are different options how to enforce the traceless property in the solution procedure. We demonstrate an
approach where the property is accounted for in solution subspaces of [H! (M)13:2 and [V (M})132. However, we are faced
with different notions of traces in the tangential and the embedding space. For 2-tensors q and surface 2-tensors q = I1[q],
not necessarily traceless, holds - -

(@) =(q.82.m=6G:q—v-q-v=tr3(q) —v-q-v (34)

We can account for this issue by considering the extension q = q + %[g]ggg. Therefore try(q) =0 iff tr3(q) = 0 is valid.
Note that q is not simply the tangential projected q rather than the result of an orthogonal projection into surface Q-tensors.
This requires to redo the calculations leading to (19). With

[V qleee = B, — Diey, — Diey, = VG, Do +2Bilg,,. (35)
thin film coordinates and metric compatibility leads to
- 1 1

[Valijk = [Valijk + Egij[vﬂgg]k = [V qlijx + Egij[ZQ]Eék + Buig, ; + Bijd;, — gijBklﬂlg . (36)

This allows to obtain the desired Cartesian description of the covariant derivative

1
(Valix =T M1, Nk °V oq,,, + Brivmg™ v TV | + By T Mg, Now + 5 Ty g "MV g,
L.,M
—Hl] Bg-v gLM
1
[Vq]=n[2q1+3®(v-q-n>+3® (H-q-v)+—n®n[v-(2q)~v]—n®<B-q-v>. (37)
- 1,3 =2 2,3 =2 2 =2 =2

Together with the inner product
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Fig. 3. Principal eigenvectors of analytical solution g* with 8 nodes (topological charge +%, red) and 4 wedges (topological charge f%, blue) (color online).

@ ¥)2n= [ 1T 1g, 0 d (38)
M

we have all tools available to formulate the weak form

i@ ¥) =1 Ve ¥ e WM ={gelH W)P?|g=q" and trs(@ =0} (39)
with a(q, ¥) =a(q, ¥) +(p(®), ¥), a modified definition for a(-, -) according to (37) and a penalty term w.r.t. complementary
tangential Q-tensor projection as p(q) = wr(V®(V-q) — %(v-gév)v@)v), M again an ellipsoid with major axis A =1,
B=0.5and C=1.5, f=-—div(Vq*) + q*, with ¢* = p*® p* — %g and p* = Rot(xyz), see Fig. 3. The solution contains

various defects with topological charge (winding number) +1, while the sum of these charges (winding numbers) is again
two.
The weak formulation reads

/ [Vl k[Vy 1K dm+ / N’ g,y dm+ / @Iy dMm = f i iyt dm (40)
M M M M

vy € Q13 (M) with

/[VQ]IJK[V'//]”K dM :/ [HM s 4+1/2 (UMUNUSVT + 1MV ysvr 4 pMyN Hsr)] 1V kg,, Y v*’
M s

+ [ZBKN " svp — By MV Vs] Vg’ (41)
n [ZBKT M guN — BKN 114, VM] QMNEKKST +2 (7—[2 . ZIC) N T‘)M‘)SQMNKST dM

where the identities in Appendix C have been used to simplify the expressions. The corresponding finite element formulation

reads: Find g = (gl,gz,g3,g4,g5) e [VIMp)PP! st

/ [Valx (V1 dmy + / ',/ LQUELK dM;, + / p()lixy'* dMy, = / g 11 L fr e dmy

My My My My,
(42)
vy = (£1,£2, £3, ﬂ‘*,ﬂs) € [V(Mp)]>! used in a 3x3 matrix proxy notation for Cartesian coordinate system, e.g.
4 9, 4 vy oy
9=19 44 95 and y=|y? v v ' (43)
4 495 —49,- 4, £3 ﬂs _ﬂl - £4

which only considers the symmetric and traceless subspace of [V (Mj)]*2. We use the same tools as in the vector-valued
case and show convergence properties regarding the number of degrees of freedom (DOFs) and the strength of the penalty
parameter «; in Fig. 4, with average componentwise error measure
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Fig. 4. Numeric convergence test of q on ellipsoid: (left) L? error measure e(q) as function of w¢. Markers indicate surface discretization with 10k (tri-
angles), 50k (diamonds) and 250k (squares) DOFs. (right) L? error measure e(q) with analytical geometric quantities (green dashed line) and numerically
approximated surface quantities (red solid line) w.r.t. number of DOFs for fixed w; = 1000. Black dashed line indicates linear rate of convergence (colors
online).
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Fig. 5. Numeric convergence for approximated operators in considered Helmholtz problems: Normalized L! error measure for p (left) and q (middle)
for exact (solid line), approximated scalar product (triangles) and approximated covariant derivative (squares). (right) The maximum norm of the normal
components for p (blue) and q (red) is shown for the considered approximations (symbols as before). My, is discretized with 50k vertices (colors online).

1/2

1
ew=y | [ 1a-aiPar, (44
My

where |q| indicates the Forbenius norm in R3:2. The results indicate almost the same behavior as for the vector case. There
is almost no dependency on w¢, up to values where the penalty term begins to dominate the numerical solution behavior.
Only for @w; < 1000 a small dependency can be seen. We further see the optimal linear convergence behavior in e(q), which
again does not depend on the used approximation of the geometric terms. However, the overall error is larger than in the
vector case, which is also expected due to the more complex problem.

3.4. General vector- and tensor-valued surface PDEs

As seen in the previous paragraph the complexity of the problem not only increases due to the higher tensorial degree,
also the incorporation of tensor properties can lead to several additional terms. Even if optimal convergence properties are
only experimentally shown for two “simple” problems, we expect this behavior to hold also for other surface PDEs. All tools
are provided, see also Appendix A - Appendix E, to rewrite any vector- or tensor-valued surface PDE in Cartesian coordinates
and to solve them by applying a surface finite element method, or any other appropriate method to solve scaler-valued
surface PDEs, to each component. Also the possibility to account for specific tensor properties is, at least exemplarily,
shown. This opens a huge field of applications and the possibility to numerically analyze the solutions. However, both is
beyond the scope of this paper.

3.5. Error sensitivities

The numerical approach is not only complex, the assembly process is also computationally demanding. We therefore
consider two possibilities to reduce the complexity and the assembly workload significantly, which can be achieved by
considering Vt ~ T1[V t] and (t,q) ~ fME :qdM for t ~ T1[t] and g ~ I1[q]. The results of these approximations on the
considered Helmholtz problems are shown in Fig. 5 where the normalized L! error is used.

g, IE = £ 1AM,
(=1 [, 15 1dM,

e(t) = (45)
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Approximating the scalar product, while keeping the exact covariant derivative, does not significantly increase the error,
regardless of the choice of w;. Contrary the use of approximated derivatives exhibits a strong dependence on w; such that
only for high values the same error level can be reached and determining an appropriate value for w; might be hard in
more complex applications. These results underline the importance of the additional coupling term in (19) and demonstrate
the advantage to previous methods [27,36,19].

4. Application example

In [29] a surface Landau-de Gennes model for nematic liquid crystals, whose molecular orientation is subjected to a
tangential anchoring on a curved surface, was derived and numerically solved using the described approach. The model in
its one-constant approximation reads

1
g — A%q+ 5 (7—[2 —2/C)q+a)(1 2t gP)g =0 (46)

on M x [0, tenq] with the div-Grad (Bochner) Laplacian A% q = div(Vq). We consider the following parameters L, = L, =
—I3=1,Lg=0,a=c=1,b=0, =100 and 8 =0, see [29] for the full model. The equation results as an L2-gradient
flow of the surface Landau-de Gennes energy F = F + wFpy With an elastic and an entropic part, with L; the elastic
parameters, and a, b, ¢ the entropic parameters. The quantity of interest is the surface Q -tensor q. The model thus can be
seen as an extension of the considered tensor-valued Helmholtz problem and we adapt the used discretization within each
timestep. As M}y we consider a sufficiently complex manifold, a slightly smoothed and refined surface triangulation of the
Stanford bunny, and as initial condition q(x, 0) = q¢(x) random noise.

For the discretization in time let the time interval [0, tenq] be divided into a sequence of discrete times 0 <tg <t1 < ...
with time step width t™ =t™ — t™~1, Thereby, the superscript denotes the timestep number and ¢ (x) = q(x, t™). The time
derivative is approximated by a standard difference quotient, we define the discrete time derivatives d‘im = %m (qm — qm”).
Thus, we get a time-discrete version of (46)

1
dy — A%q" + 2 (7—[2 - 21c) "+ o (1 - 2trM(q’")2) q" =0 (47)

with a non-linear term, which will be treated by a Newton iteration in each time step. Adapting the weak formulation from
the tensor-valued surface Helmholtz problem we get for g™

1
[t st vt s [19gmp eI dats [ 0end g (02 - 2i) g das
M M M

2
+/p(gm)”<£”< dM—i—/l‘[’K /o (1 —2trM(gm)) @yt dmM=0 vy e[H' (M) (48)
M M

with [, ,[Vq™];k[V¥]'/X dM defined in (41). For better readability we omit the formulation of the Newton iteration and
keep the non-linear term. The corresponding finite element formulation is obtained by replacing [H! (M)132 by [V (M)]32.
We consider the same component function ansatz for g and ¢ as defined in (43) and again piecewise linear Lagrange
elements. The resulting linear system is solved in parallel using a preconditioned BiCGstab(l) solver. We use < 10 Newton
iterations in each time step. Results for w; = 1000 are shown in Fig. 6. The configuration of four node defects on the ears
combined with three wedge defects between the ears is invariant in the group of realizations with 10 nodes and 6 wedges.
The node and wedge defect distribution along nose, back and feet varies. All realizations fulfill the Poincare-Hopf theorem,
the sum of the topological charges (winding numbers) is always two. The lowest energy F among the 20 realizations was
found for a configuration with 9 nodes and 5 wedges. All realizations have in common that nodes are located at points
of positive Gaussian curvature (ears, nose, feet, back), while wedges are located at points of negative Gaussian curvature
(between ears, between feet). However, a detailed analysis of these connection goes beyond the scope of this paper.

5. Conclusion

We proposed a general finite element method to solve tangential vector- and tensor-valued surface PDEs. The key idea
is the reformulation of the problem in Cartesian coordinates. This can be done by considering an extended space including
normal components. We derive the formulations for the first order operators V, div and Rot and obtain various terms
which couple the normal component with geometric properties of the manifold. The complexity of these terms increases
with the tensorial degree. The proposed formulations are exact and invariant under changes in normal direction. In order
to make the solution unique a penalization is considered which forces the normal components to be zero. The considered
test cases show that the solution is almost independent of the penalization parameter and converges with optimal order.
The reformulation allows to solve the problems in a componentwise fashion using established tools for scalar-valued surface
PDEs. We here only considered surface finite elements, but any other approach to solve scalar-valued surface PDEs would be
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Fig. 6. Nematic order and defect configuration on the Stanford bunny: Relaxation from noise to energy minima was performed 20 times. Typical realization
with 10 nodes (red) and 6 wedge (blue) defects in front (left) and back (middle) view. (right) Statistical distribution of defect configuration realizations
w.r.t. number of node and wedge defects (colors online).

appropriate as well. The huge flexibility for these methods in terms of topology, shape and description of it, thus transfers
to tangential vector- and tensor-valued surface PDEs. The approach can also be naturally extended to evolving surfaces, see
[28] for a first realization again using surface finite elements for each component.
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Appendix A. Integration by parts for tensor fields

Using n as conormal of the boundary 9. M, the divergence theorem

M oM

holds also in Riemannian manifolds for vector fields p € T (M), see [39,2]. This is a consequence of Cartan’s magic formula,
Stokes theorem (see [1]) and the stipulation that dOoM = dM(n,...), which determine the orientation of d M.
Concerning the partial integration for tensorial fields on manifolds, let t € T4t1(M) and ¢ € T4(M), we yield

/ (dive, ¥)g g dM = / Vith-aky o dM = / A (t"l---fdkw,-l,,,,-d) — kg dM
M M M

:—/(t, Va1 AM + / (t -, w) doM (A2)
’ d+1 d, M
M oM

as a consequence of Leibniz rule and the divergence theorem above for p¥ = t""“"dkwi]m,- ”
Appendix B. Componentwise description of boundary terms
B.1. Cartesian description of boundary terms for 1-tensor (vector) fields

Applying integration by parts to obtain the weak formulation of the div-Grad Laplacian yields for vector fields

[ avep o namt== [ Cupvri g domt [ (9090 a0, (B1)
M oM M
where Vyp = Vpén is the conormal derivative of p. In Cartesian description we yield two contributions for the boundary

term

/(Vnp,lll)LM da/\/l:f 'y n¥ (Y xp, + Brip,vt) daM:/ (an,ﬂ)lwﬁ—(g-v) (B-my) dom
oM oM

oM
(B.2)
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where the first one vanish if homogeneous Neumann condition holds and the second one if and only if p[yaq is strictly
tangential or the curvature vanish at 9M in direction of the conormal n, generally for all ¥ and dM # @.

B.2. Cartesian description of boundary terms for 2-tensor fields

Integration by parts for the weak formulation of div-Grad Laplacian yields

[ avva s == [ Sug ¥ u doM+ [ (90,995 00 001, (83)
M oM M
where Vpq = Vqén is the conormal derivative of q. In Cartesian coordinates the boundary term is expressed by

- i ppl2) K L
/ (Vnq, '/’)ZM doM = f s 2£11]2n (Zkﬂhlz TV (BKI]QUZ + BKIZQHL)) dom
oM

=Af4 (ans@“ﬂr((B.n)®<v.gén)+<n.gév>®(3.n),£> doM  (B4)

0

Therefore a homogeneous Neumann condition would result in the first term being zero. Further contributions of the second
term are only vanishing for partially tangential q|y 4 (i.e. only the fully normal contribution (v 'ﬂﬁ v)|sar is allowed to be

nonzero), or the curvature is vanishing at 9. M in direction of the conormal n, generally for all ¥ and dM # @.
Appendix C. Identities for geometric quantities

For simplifying the weak formulation of vector- and tensor-valued Laplacians we used the following identities

0=B%>—-HB+KII (C1)
IB|I* =H?* — 2K (C2)
B-I1=B.

Appendix D. Thin film Christoffel symbols

To define the metric compatible derivation also in the thin film we define thin film Christoffel symbols along the choice
of coordinates. To clearly distinguish between the usage of thin film and manifold coordinates we use here upper case index
letters to denote the thin film coordinates. The Christoffel symbols (of second kind) in the thin film are

1
L;&:EGKL (BIG]L—Fa]G”_—aLGU). (D.1)

For the thin film metric G mixed tangential-normal components are zero (which also holds for the inverse metric) and the
pure normal component is constant. Hence, we obtain

1

Lge = 5 G (9 Ger + 9:Ge — 01Gee) =0, (D.2)
1

rj; = G (01Gee + 9Gie — 9:Gie) =0. (D.3)

The partial derivative in normal direction for the tangential part of the thin film metric is
0:Gij =2 (—Bij +& [Bz]__> . (DA4)
ij
The pure tangential part of the inverse metric is G = [(g —&B)~2]¥ and can be approximated by Taylor or Neumann series,

see [29]. Therefore, we obtain

1
Iy = 56 (4G s +)Gie — 0:Giy) = By —¢ [ B°], . (D5)

1
I = 56 (8:Ger + :Gu — 4Gie) = (8 + 26BY + 0&?)) (~Bu+¢ [B] ) (D6)

_ _Bik _¢ [Bz]ik + 0(52) (D.7)
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and with the substitution (C.2) the remaining two terms. For the pure tangential thin film Christoffel symbols, we introduce
the auxiliary notion of g% := V;B;* + V;B ;¥ — V¥B;;. Expressing ;;* in terms of partial derivatives and use the symmetry
of the shape operator, we obtain

Bii* = g (Buj + Bjui — Biji) (D.8)
=g (8]-B,~1 — T By — T2 Bi + 0B — T By — T B iy — 3By + Tl B + F#B,-m) (D.9)
— M (aJ-Bi, +0Bj — Bij — zrf{;Bm,) (D.10)
=g" (8jBy + 8B ji — 8Bij) — 2Ty BY (D.11)
= g (9;Bi + 8iBji — dBij) — B (3,81 + digj — 1gyj) - (D.12)
Using this expression we yield for the pure tangential parts of the thin film Christoffel symbols
I = %G"l (3:Gj1 + 8;Git — 8iGyj) (D.13)
= % (gkl +2£BM 4 (9(5;‘2)) (0jgi1 + 9igji — D18ij — 2& (9jBir + 0;Bji — 9Bjj)) (D.14)
=1y +& (BY (0,80 + gt — dgyy) — £ (9B + 8iBji — 4By) ) + O (D.15)
=T} — &6 + 0. (D.16)

Summarizing these results we can describe the thin film Christoffel symbols by a second order expansions in normal direc-
tion of the manifold Christoffel symbols:

¥ =1 — &6 + 0% (D17)
If =B —& [BZ]U L =If=-B"-¢ [Bz]i’“r@(éz) (D.18)
Eg& = ﬁs = £§1 =0. (D.19)

Appendix E. First order differential operators on manifolds
Divergence of tensor field For a tensor field t € T¢(M) we can define canonical a divergence by
divt=vt - geT4 M) (E1)
d,d+1
Using the thin film extension we can describe g;; = I1;; and insert the Cartesian description of the gradient Vi to yield

[divels, 1, , =[VEl, 1,k 4K

_ 14K L L 14K

=MVt gk T +[Bkpt.1qVL + ...+ Brigty, g, Vil

=TVl 1,k + B th, v +...+ Bl 1afry 144 b (E.2)
Rotation of tensor field The rotation of a tensor field t € T¢(M) can not be defined in a canonical way, but the definitions
can be clustered into two groups. One type of definition increases the tensorial degree of t while the second type decreases
the tensorial degree. Anyhow both definitions include the contraction of Vt with the Levi-Civita tensor E € T"(M), but
vary in the amount of components and which components are contracted. The Levi-Civita Tensor is given uniquely by its
fully pairwise skew-symmetric behavior and normalization condition ||E||?> = ||g||*> =n and can be obtained by the tonsorial

description of the volume form d.M, a differential n-form, i.e. E;, ;, =dM (ai1 X, ..., 0, X). We present here two examples
for tensor fields on a n-dimensional manifold

Rott=Vt - EecT™" (M) and rotyt=-Vt - EeT4"30Mm). (E3)
d+1 k,d+1
Using for example the Cartesian description of the covariant derivative and a thin film extension of E we yield

[ROCE]y 14 jy.o js = [VE1gLEX i gy
=TV tl, 1, E gy oy + Bty g+ + Brigty, 1, MlvmE ), g (E4)

and



M. Nestler et al. / Journal of Computational Physics 389 (2019) 48-61 61

[rote 1y . 1g_q J1ofno = —[Vt]h...lk,lklk...ld,lLEKL]1..J,1,2
=TVl 1 Ko dg LEX 1 s F BLt™ b Kty s (E.5)

M M LK
+. o+ Bikty gy hedaq T FBLg b ke, IVMETT g,
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