00
™~
q—
—
P
o
(a
L
o
(a

MARCH 2018

gy, | FRWTH

Stream Function Formulation
of Surface Stokes Equations

Arnold Reusken”

Institut fur Geometrie und Praktische Mathematik
Templergraben 55, 52062 Aachen, Germany

" IGPM, RWTH Aachen University, Templergraben 55, D-52062 Aachen, Germany (reusken@igpm.rwth-aachen.de)



STREAM FUNCTION FORMULATION OF SURFACE STOKES
EQUATIONS
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Abstract. In this paper we present a derivation of the surface Helmholtz decomposition, discuss
its relation to the surface Hodge decomposition, and derive a well-posed stream function formulation
of a class of surface Stokes problems. We consider a C2 connected (not necessarily simply connected)
oriented hypersurface I' C R? without boundary. The surface gradient, divergence, curl and Laplace
operators are defined in terms of the standard differential operators of the ambient Euclidean space
R3. These representations are very convenient for the implementation of numerical methods for
surface partial differential equations. We introduce surface H( divr) and H( curlr) spaces and derive
useful properties of these spaces. A main result of the paper is the derivation of the Helmholtz
decomposition, in terms of these surface differential operators, based on elementary differential cal-
culus. As a corollary of this decomposition we obtain that for a simply connected surface, to every
tangential divergence free velocity field there corresponds a unique scalar stream function. Using this
result the variational form of the surface Stokes equation can be reformulated as a well-posed vari-
ational formulation of a fourth order equation for the stream function. The latter can be rewritten
as two coupled second order equations, which form the basis for a finite element discretization. A
particular finite element method is explained and results of a numerical experiment with this method
are presented.
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1. Introduction. In the literature on modeling of emulsions, foams or biological
membranes mathematical models describing fluidic surfaces or fluidic interfaces occur;
cf., e.g., [40, 41, 4, 7, 34, 33]. Typically such models consist of surface (Navier-)Stokes
equations. These equations are also studied as an interesting mathematical problem in
its own right in, e.g., [14, 44, 43, 3, 26, 2, 23]. Recently there has been a strong increase
in research on numerical simulation methods for surface (Navier-)Stokes equations,
e.g., [29, 5, 36, 35, 37, 16, 22, 30]. By far most of these and other papers on numerical
methods for surface flow problems treat the (Navier-)Stokes equations in the primitive
velocity and pressure variables. In the paper [29] the Navier-Stokes equations on a
stationary smooth closed surface in stream function formulation are treated. We are
not aware of any other literature in which surface (Navier-)Stokes equations in stream
function formulation are studied.

In Euclidean space, the stream function formulation of (Navier-)Stokes is well-
known and thoroughly studied, e.g., [17, 32] and the references therein. In numerical
simulations of three-dimensional problems this formulation is not often used due to
substantial disadvantages. For two-dimensional problems this formulation reduces to
a fourth order biharmonic equation for the scalar stream function. This formulation
has been used in numerical simulations, although it has certain disadvantages related
to boundary conditions and regularity ([17, 32]).

In the fields of applications mentioned above, one often deals with smooth simply
connected surfaces without boundary. In such a setting there usually are no difficulties
related to regularity or boundary conditions and the stream function formulation may
be a very attractive alternative to the formulation in primitive variables, as already
indicated in [29]. This is the main motivation for the study presented in this paper.
We present a detailed analysis of the stream function formulation for a certain class
of surface Stokes equations. It is clear that such a stream function formulation should
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be based on a Helmholtz decomposition of L#(T") (where I" denotes the surface). This
decomposition can be interpreted as a variant of the Hodge-decomposition from the
field of differential forms. It turns out that for this surface Helmholtz decomposition
and the corresponding stream function formulation of the Stokes problem only some
partial results are available in the literature. For example, in [8] a Helmholtz decom-
position for the case that I' is a simply connected Lipschitz polyhedron is studied and
in [29] a stream function formulation is derived in the setting of differential forms.

In this paper we present a complete derivation of the surface Helmholtz decompo-
sition, discuss its relation to the surface Hodge decomposition, and derive a well-posed
stream function formulation of a class of surface Stokes problems. We consider a C?
connected (not necessarily simply connected) oriented hypersurface I' C R? without
boundary. We introduce the natural surface gradient, divergence, curl and Laplace
operators, represented in terms of the standard differential operators of the ambient
Euclidean space R®. These representations, which may differ from the (intrinsic) ones
used in differential geometry, are very convenient for the implementation of numerical
methods for surface PDEs. Similar representations for surface differential operators
are also used in e.g., [21, 20, 16, 30, 37]. We introduce suitable surface H(divr)
and H( curlr) spaces and derive useful properties of these spaces. A main result of
the paper is the derivation of the Helmholtz decomposition (Theorem 4.2), in terms
of these surface differential operators, based on elementary differential calculus. In
particular, we do not use the calculus of differential forms. However, we do point out
the relation between the Helmholtz decomposition and a Hodge decomposition known
from the field of differential forms. As a corollary of this Helmholtz decomposition
we obtain that for a simply connected surface, to every tangential divergence free
velocity field there corresponds a unique scalar stream function. Using this result the
variational form of the Stokes equation can be reformulated as a well-posed varia-
tional formulation of a fourth order equation for the stream function. The latter can
be rewritten as two coupled second order equations, which form the basis for a finite
element discretization.

The remainder of the paper is organized as follows. In Section 2 we introduce sur-
face differential operators and derive useful relations between these operators. Surface
Sobolev spaces, in particular H(divr) and H( curly), are introduced in Section 3 and
some basic properties of these spaces are derived. In Section 4 the surface Helmholtz
decomposition is presented and a few corollaries, e.g., a Friedrichs type inequality for
tangential velocity vectors, are treated. Furthermore it is explained how the Helmholtz
decomposition relates to a certain Hodge decomposition. In Section 5, for the case
of a simply connected surface T', a class of surface Stokes problems is discussed and
a reformulation in terms of a well-posed problem for the stream function is treated.
Finally, in Section 6 we present results of a numerical experiment for a finite element
discretization of the stream function formulation.

2. Surface differential operators. In this section we introduce surface differ-
ential operators for smooth (C*(T)) functions and derive properties for these opera-
tors. We consider a sufficiently smooth closed connected compact surface I' C R3. In
this paper we do not try to derive results under minimal smoothness conditions for
the surface T'. We introduce the following assumption, which is sufficient (but not
necessary) for our analysis.

ASSUMPTION 2.1. In the remainder of the paper we assume that T' is a C?
connected compact oriented hypersurface in R3 without boundary.

There are different ways for introducing tangential and covariant derivatives for scalar,
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vector or matrix valued functions defined on I'. In differential geometry one uses the
notion of covariant derivative, which is intrinsic for a Riemannian surface, i.e., one
does not use the embedding of a surface in an ambient space [11, 24]. A related
more general concept of derivatives is introduced in exterior calculus via the exterior
derivative of differential forms, cf. [1]. We will comment further on this in Section 4.1.
In this paper we represent differential operators on I' by making explicit use of the
embedding Eulerian space R3. The motivation for this comes from numerical analysis.
In recent papers on numerical methods for surface PDEs it has been shown that the
formulation of surface PDEs in terms of these differential operators is very convenient
for numerical simulation, e.g., the review paper [13] for scalar surface PDEs and
[21, 36, 37, 29, 30, 38] for surface (Navier-)Stokes equations. In particular in the
setting of surface Stokes equations the Vp, divp and curly differential operators
introduced below play a key role. We summarize some basic properties of these
operators and derive a relation ((2.14) below) that relates the surface curlp curlp
differential operator to surface vector Laplacians, cf. Remark 2.1. The analysis is
elementary, using basic tensor analysis.

The outward pointing unit normal and the signed distance function are denoted
by n and d, respectively. On a sufficiently small neighborhood U of T" the closest point
projection is given by p(z) = z — d(z)n(xz). We also use the orthogonal projection
P(z) = I-n(z)n(z)?, 2 € . The tangential derivative of a scalar function ¢ € C1(T")
and of a vector function u € C'(I')? are, for = € I, defined by

Vro(z) = V(¢ op)(z) = P(z)Ve*(2), (2.1)
_ (9(ucp)(x) d(uop)(x) d(uocp)(x)

Vpu(iL’) B ( 8$1 8I2 8%2 ) P(x)
= P(2)Vu®(z)P(z), (2.2)

where ¢°, u® denote some smooth extension of ¢ and u on the neighborhood U, and
Vu€ is the Jacobian, (Vu®), ; = g%f_, 1 < 4,5 < 3. In the remainder we delete the
argument x € I'. If the vector function u is tangential, i.e., n-u = 0 on I', then
Vru coincides with the covariant derivative. We also need the tangential divergence
operators corresponding to Vp. In analogy to the definitions used for vector and

matrix valued functions in Euclidean space R we introduce
din(@I{A)
divru := tr(Vru), divpA:= [ divp(ed A) |, A e CYI)3*3, (2.3)
din(egA)
where ¢e;, 7 = 1,2, 3, are the standard basis vectors in R3. We recall well-known partial

integration identities. For this we introduce the space of tangential vector functions
Cr(T)3:={ueC™I)? | n-u=0o0nT}. The following relations hold:

/ divrugds = — / u-Vreds forallue CHT)?, ¢ € CY(I), (2.4)
r r

/(dinA) -uds
r

= - / tr(ATVru)ds for all u e CH(T')3, A€ CHI)**3 with PAP = A.  (2.5)
I

The relation (2.4) can be found at many places in the literature, e.g. [13]. The result
in (2.5) can easily be derived using a componentwise application of (2.4). Hence the
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Vr and divp operator have the usual relation Vp = — divy in the sense (2.4), (2.5).
We also need an appropriate surface curl operator. In analogy to the 2D curl operator
curlyp := (V X u) - e3 it is given by

curlpu := (Vp x u®) -n, ue CYI)3. (2.6)
The following useful identity holds; a proof is given in the Appendix:
curlru = divp(u x n), ue€ CY(I)3. (2.7)
As adjoint of this surface curl operator we have the vector-curl operator defined by
curlpg :=n x Vro, ¢ e CHT). (2.8)

Using (2.4) and the vector product rule a- (b x ¢) = (¢ x a) - b we get

/Fcurlpugzﬁds:/rdin(an)qus:—/(uxn)-quSds

r

:—/(nprqS)-uds:—/u- curlr¢ds.
r

r
Hence,
/ curlrugds = —/ u- curlpgds, forue CHT)?, ¢ € CY(T), (2.9)
r r
and thus indeed curlp = — curl] holds.

In the following lemma we collect some relations. The relations (i)-(iii) are ele-
mentary. The result in (iv), however, requires a longer analysis. We comment on the
result (iv) in Remark 2.1

LEMMA 2.1. The following relations hold on T', for all ¢ € C*(T), u € C#(T)3,
with K = K(z) the Gauss curvature on T':

(i) divp(curlpg) =0 (2.10)
(ii) curlp(Vrg) =0 (2.11)
(iii) curlp(curlpg) = divp(Vre) = Aré (2.12)
) curly(curlpu) = P divp(Vru — Vru?) (2.13)

= P divp(Vru) — Vr(divru) — Ku. (2.14)

(iv

Proof. From the definitions it follows that divp(curlr¢) = divp(n x Vrg) =
—curlp(Vr¢). In the Appendix we derive

divp(n x Vr¢) = 0. (2.15)

From this the results in (2.10), (2.11) follow. The result in (2.12) follows from ele-
mentary properties of the vector product:

curlp(curlprg) = curlp(n X Vi) = divp((n X Vrg) x n) = divp(Vr¢) = Arg.

The proof of (2.13) requires a longer tedious, but elementary, derivation that is given
in the Appendix. In [22], Lemma 2.1, the identity P divp(Vru?) = Vr(divru) + Ku
4



is derived. This yields the result (2.14). O

Note that in (2.13), (2.14) we use the surface divergence applied to a matrix. As a
simple consequence of (2.13)-(2.14) we formulate the following identity that will be
used in the derivation of the stream formulation of the surface Stokes problem. If
u € C#(T)3 satisfies divru = 0 then the relation

P divr (Vpu + Vpu? ) = curlr(curlru) + 2Ku (2.16)

holds.

REMARK 2.1. The relations (2.13), (2.14) are key identities for the reformulation
of Stokes equations in stream function formulation. We are not aware of a rigorous
proof of these relations in the literature. In [29] similar relations for surface curl oper-
ators defined via k-forms are discussed. Note that in our setting we define all surface
differential operators through the Euclidean differential operators in the embedding
space R? (avoiding k-forms) and the proofs of (2.13), (2.14) are based on elementary
tensor analysis. We briefly discuss how the identities (2.13), (2.14) are related to
well-known ones in Euclidean space R?. If I' C R? the definitions (2.6), (2.8) yield for
u = (up,us):

Ouz _ Ouy

Oug ¢ 8(/))T
Ox oy’ '

curlypu = curlpg = (— 2y o

Note that these are the standard curl definitions, apart from a sign change in curlsp.
A basic identity found at many places in the literature ([17]) is the following;:

curlop(curlopu) = Au — V(divu). (2.17)
Using Au = div (Vu), Vdivu = div (Vu?) this can be rewritten as
curlyp(curlypu) = div (Vu — Vu®). (2.18)

We see that the latter relation has exactly the same form as the surface identity (2.13),
whereas in the generalization of (2.17) to its surface variant (2.14) an additional cur-
vature term Ku enters. Finally we note that the relation (2.14) is closely related to
the so-called Weitzenbdock identity from differential geometry, cf. (4.11).

We finally recall two Stokes type identities on a connected Lipschitz subdomain
~ C I'. The outward pointing unit normal to dv that is tangential to I" is denoted by
v. The induced vector tangential to both 97 and I' is denoted by 7 := n x v. The
following Stokes relations hold:

/ divruds = / u-vds, forue CHI)?, (2.19)

Y oy

/ curlruds = / u-tds, forueCHT)3. (2.20)
v Oy

The identity (2.19) is the fundamental Stokes result (e.g., [13]). The result in (2.20)
easily follows from (2.19) and the vector-product rule also used above:

/curlpuds:/divF(uxn)ds:/ (uxn)ouds:/ (nxu)~uds:/ T uds.
v ¥ Oy Oy Ay
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3. Surface Sobolev spaces. In this section we recall and derive basic properties
of surface Sobolev spaces. We will introduce H(divr) and H( curlp) spaces and give
some properties of these spaces, which are direct analogons of well-known properties
of these spaces in Euclidean R? and R3. These properties are useful in the analysis of
the Helmholtz decomposition in section 4.

The Sobolev space of L?(T") functions for which all first weak tangential derivatives
are in L?(T') can be defined by local charts as in section 4.2 in [46] and is denoted
by H(T'). Its dual is denoted by H~1(I"). Using the smoothness assumption on T it
can be shown [Theorem 4.3 in [46]] that the space of smooth functions D := C?(T") is
dense in H!(T"). The space H*(T') can also be characterized by H(T') = fwl, where
the norm || - ||; and corresponding scalar product are given by (¢,v)1 := (¢,%) 2(r) +
(Vro, Vry) 2y and [[¢)]F = (¢,¢)1. The space of smooth vector functions on I
which are tangential to the surface (hence, contained in the tangent bundle) is denoted
by

D} :={ueD®|n-u=0 on I'}.
We introduce the spaces of vector tangential functions

L}T):={ucl?T)®|n-u=0 ae onTl},
H/(T):={ucH'T)?|n-u=0 ae onl}.

From the density of D in L?(I") and H'(T) it follows that D} is dense in both LZ(T)
and H}. A natural norm on the latter space is |[ul|? = S0 |uil} = ||UH%2(F) +

Z?:l Vw2, (r)- Instead of this norm we will use another equivalent one, which is
more convenient in our analysis. We derive this alternative norm. Note that

3
Y IVruiljamy ~ VP2 r) = /F [Vu(s)P(s)| ds,

i=1

where || - || is the matrix 2-norm ||A|| := p(ATA)z. For u that satisfies n-u = 0 on
I" we get (recall u = u®), with H := Vrn = Vn the symmetric Weingarten mapping,
the relation n- Vu = —u - H. Hence,

PVuP =VuP —nn-VuP =VuP +nu-HP = VuP +nu- H.
Using ||H|| () < ¢ we obtain the norm equivalence

lallf ~ Jullfn = lallZe ) + IVeullis

3.1
:HUHQL?(F)_"/HVFUHQCisa u € Hy(D), -
T

with Vr the covariant derivative Vru = PVuP, cf. (2.2). In the remainder we use
this norm || - | on Hf (T).
REMARK 3.1. In [21] the Poincare inequality

||UH%2(F) < C||Vpu||%2(p) for all u € H}

is derived. Hence one could delete the part || - H%Q(F) in the norm || - ||%:, but we will
not do so.
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The operators Vi and curlr defined in (2.1), (2.8) are continuously extended to
operators H'(I') — L2(I'). The operators divr, curlr are extended to operators
L}(T) — H~YT) as adjoints of Vr and curly, respectively, cf. (2.4), (2.9). In
particular we have the following duality pairings:

(divru, ¢) := — / u-Vrgds forall ¢ € HY(I'),u € L3(I), (3.2)
T

(curlpu, @) := — / u- curlpgds for all ¢ € H'(T),u € LZ(T). (3.3)
r

Due to the density of smooth functions in H; (T') the identities in (2.4), (2.5), (2.9),
(2.19) and (2.20) also hold with C*(T") and C}(T")? replaced by the surface Sobolev
spaces H(T') and H{ (T'). The right hand side boundary integrals in (2.19) and (2.20)
are then defined via the well-defined trace operator in H'(T").

We introduce the spaces

H(divr) = {u e L¥(T) | divru € L*(T) }, [[ullf i) = lllZor) + | diveulZa ),
H(curlp) = {u € L) | curlpu € L*(D) }, [[ullf ety = [lallZo () + T eurlrul|7a ),
X(I) = H(divr) NH(curlr), [lul% = [ul[fa) + | diveulZsr) + [ curlrul[Za ) ]

These spaces are Hilbert spaces. We will need density of smooth functions in X(T').
For this we derive the following Lemma, cf. Theorems 2.4 and 2.10 in [17] for the
Euclidean variant of these results. The proof given below is along the same lines as
the proofs for the Euclidean case given in [17].

LEMMA 3.1. The space D} is dense in H(divr), H( curlp) and X(T).

Proof. The proof is based on the following elementary result:

A subspace My of a Banach space M is dense in M iff (3.4)
every element of M’ that vanishes on My also vanishes on M. '

We first consider M = H(divr). We apply (3.4) with My = D}. Take L € H(divr)’
with Lv = 0 for all v € D}. There exists a unique £ € H(divr) such that

(€,v)r2ry + (diveg, divpv) 2y = Lv - for all v € H(divr). (3.5)
From Lv =0 for all v € D} it follows that
(€,v)r2(ry = —(divpe, divpv) ey for all v € D}, (3.6)

Define D := C3(T") and note that D is dense in H2(T') (Theorem 4.3 in [46]). Take
arbitrary ¢ € D and v := Vr¢ € D} in (3.6). We then get

(€, Vrd) 2y = —(divrl, Arg) 2y for all ¢ € D.
Using £ € H(divr) and (3.2) it follows that
(divrl, ¢ — Ar@) 2y =0 for all ¢ € D.

Let (wn)nen C H?(T) be the eigensystem of the Laplace-Beltrami operator Ar, with
eigenvalues \,, > 0 such that —Arw, = \,w,. Using the density of D in H*(T) it
follows that

(divpe, wp, — Arwy)r2ry = (14 Ay)(dived, wy) g2y =0 for all n € N.
7



From the density of (wy,)nen in L(T) it follows that divp€ = 0 a.e. on I'. Using this
in (3.6) we obtain (£,v) 2y = 0 for all v € D} and due to the density of D} in L¥(I")
this implies £ = 0 a.e. on I'. Hence L vanishes on H(divr). This proves the density
of D} in H(divr). With very similar arguments the density of D} in H(curly) can
be shown. In that case we have £ € H( curlr) such that

(€, v) 2y + (curlpl, curlpv) g2y = Lv - for all v € H(curlp), (3.7)
and
(€, v)r2ry = —(cwrlpl, curlpv)p2(ry  for all v € D} (3.8)
For ¢ € D we now take v := curlr¢ € D}, and using (2.12) we then get
(£, curlpd) 2ry = —(curlpl, Arg) 2y for all ¢ € D.

With the same arguments as above we can conclude curlp = 0 a.e. on I' and with
(3.8) we get £ =0 a.e. on I'. Hence, L vanishes on H( curlr).

The density of D} in the intersection X(I') can also be shown by using (3.4) as
follows. Take L € X(T')’ with Lv = 0 for all v € D}. There exists a unique £ € X(T")
such that Lv = (£,v)x for all v € X(T") and

(ﬂ, V)L2(1") = 7(din£, dinV)LQ(F) — (Curlpﬂ, Curlpv)L2(p) for all v € D? (39)

Take ¢ € D and v := V¢ € D}, hence curlpv = 0. We then get (¥, Vro)r2ry =
—(divrf, Ar@) 2y and with the arguments used above we conclude divpf = 0
a.e. on I'. We can also take v := curlr¢ € D}, hence divprv = 0. We then get
(£, curlp®) 2ry = —(curlpl, Arg)r2(ry and from this we obtain curlp€ = 0 a.e. on
I'. Using divr£ = 0 and curlpf = 0 a.e. on I' in (3.9) we obtain (£, v) 2y = 0 for all
v € D} and with a density argument we conclude £ = 0, hence L vanishes on X(I').
]

We now show that the spaces X(I') and H}(T") are isomorphic.
THEOREM 3.2. There are constants ¢y, co such that

lullx < eci|lullg: < eoflullx  for all u € X(T) (3.10)

holds. Hence X(T') = H}(T') holds.

Proof. The first estimate in (3.10) follows directly from the definition of the
spaces. It suffices to prove the second inequality for the dense subspace Dj. Take
u € D}. Using (2.4), (2.5), (2.9) and (2.14) we get

/F divrudivruds +/1‘ curlpu curlruds (3.11)
= —/F [Vr(divru) 4 curlp(curlru)] - uds

— _/r [Pdin‘(Vr‘u) - Ku] -uds

= /Ftr((vpu)TVpu) + Ku-uds. (3.12)

Using this one gets [lul|?; < c(||u||%2(r) + | dinuH%Q(F) + || Curlpu||%2(r)) and thus
the second estimate in (3.10). O



REMARK 3.2. The result in Theorem 3.2 is a surface analogon of the result in
Lemma 2.5 in [17]. In the latter the property Hg(Q)N = Hy(div ;) N Ho(curl; Q)
for a bounded Lipschitz domain Q ¢ R is derived.

4. Helmholtz decomposition. In this section we derive a surface Helmholtz
decomposition which states that every u € L;(I") can be uniquely decomposed as the
sum of the tangential gradient of a scalar potential, the vector surface curl of a stream
function and a tangential harmonic field. We will show that if I" is simply connected
the harmonic field term in the decomposition must be zero. The analysis is based on
elementary differential calculus and functional analysis. Concerning the latter, the
main ingredients that we use are the Peetre-Tartar and Lax-Milgram lemmas.

We define the space of harmonic fields:

H={uecl?I)| divvu=0 and curlpu=0}, (4.1)

This is a closed subspace of LZ(T"). Furthermore, % C X(T') holds.

LEMMA 4.1. The space of harmonic fields has finite dimension: dim(H) < co.

Proof. We apply a version of the Peetre-Tartar Lemma [42], which we briefly
recall. Let Ey, Es, F3 be Banach spaces, A : F; — Ej linear and bounded, and
B : E; — Ej linear, bounded and compact. Furthermore ||[v||g, < ||Av|| g, + || Bv| &,
for all v € Fy. Then ker A is finite dimensional. We apply this with F; = X(T'), By =
L3(T")?, B3 = L*(T")3, Au = (curlpu, divru)?, B = id. From the compactness of the
embedding H!(T") — L?(T") (Theorem 7.10 in [46]) it follows that id : X(I') — L*(T)3
is compact. From the definitions of the norms we get ||ul|% = ||Au||2L2(F) + ||u||2L2(F).
Application of the Peetre-Tartar Lemma yields the desired result. O

THEOREM 4.2 (Surface Helmholtz decomposition). For every u € L(T) there
exist unique 1, ¢ € HI(T) :={¢p € H'(T) | [(¢dds=0} and & € H such that

u=Vry+ curlr¢p + &. (4.2)

The range spaces Vr(H}(T)) and curlp(HY(T)) are closed in L(T') and the direct
sum

L{(T) = Vr(H}(T)) @ curlp(H, () ® H (4.3)

is L%-orthogonal.

Proof. Take u € L(T"). Define b(, &) := [, Vrt - V& ds. This bilinear form is
continuous and elliptic on H}(T'). Hence, there exists a (unique) ¢* € H}(T') such
that

b(w*,ﬁ):/Fu-fods for all & e HX(T).

Define w := u — Vr¢* € LZ(T'). By construction we have divpw = 0 in H~1(T),
hence w € H(divr). }
Define b(¢,&) = fr curlp¢ - curlpéds. Using (2.12) it follows that b(¢,£) =

b(,€) for all ¢,& € HY(I') and thus also b(-,-) is continuous and elliptic on H!(T).
There exists a (unique) ¢* € H}(T') such that

b(¢*,€) = /F w- curlpéds  for all € € HY(T).
9



By construction we have curlp(w — curlr¢*) = 0 in H~1(T'), hence w — curlr¢* €
H( curly). Note that

(divr curlpg, &) = 7/ curlpé - Vpéds =0 forall ¢,& € HY(T). (4.4)
r

Define £ := u — Vr¢* — curlp¢* = w — curlr¢*. Using (4.4) we obtain divp€ =
divcw = 0 in H=}(T'). We also have curlp§ = 0 in H-}(T"). Thus & € H.
Hence we have a representation of u as in (4.2). From the Poincare inequality
el < ||Vl 2y for all ¥ € HL(T) is follows that the range space Vp(HE(T))
is closed in L?(T") and that Vr : HX(T) — L2(I') is injective. From this and
| curlpg|| L2y = [[Vré||L2(ry is follows that the range space curlp(H}(T)) is closed
in L?(T") and that curly : H}(T') — L?(T') is injective. The orthogonality of the
decomposition in (4.3) easily follows from (4.4). The uniqueness of ¥, ¢ and £ in (4.2)
follows from the orthogonality property and the injectivity of Vp and curlp. O

For the formulation of the Stokes problem in rotation formulation, treated in sec-
tion 5, it is essential that there are no nontrivial harmonic fields, i.e., dim(#) = 0.
This result holds provided the surface I' is simply connected and can be derived using
elementary calculus. This derivation is given in Lemma 4.3 below. If T" is not simply
connected but has a genus > 1, then dim(#) > 0 and dim(#) can be directly related
to the genus, cf. Remark 4.2.

LEMMA 4.3. Assume that T' is simply connected. Then dim(H) = 0 holds.

Proof. Take u € H. Hence u € L?(T'), divru = 0, curlru = 0. This implies
u € X(T) and due to (3.10) we get u € H} (I'). From elliptic regularity theory as in e.g.
[28] it follows that, provided T" is sufficiently smooth, we have u € C(I")3. To make this
more precise we note the following. We have u € H iff D(u) := (divru, divpu)z2) +
(curlpu, curlpu)z2ry = 0. This Dirichlet integral D(u) corresponds to the Hodge
Laplacian, cf. (4.10) below, which is an elliptic operator. This ellipticity can also be
concluded from the relation (3.12). From elliptic regularity theory, e.g., the result (vi)
on page 296 in [28], it follows that if T has Holder smoothness Cﬁ (keN,0<p<1)
then the harmonic fields u € H have Holder smoothness u € Cff’l (componentwise).
Using assumption 2.1 we conclude that u € C(I")3.

For a (piecewise) regular parametrized differentiable curve (cf. [11]) « : [a,b] C
R — T we denote the line integral of a function f : im(a) — R by

b
/ fds = / Fla(®)]o )] dt.

A parametrized curve g(¢) on I is called a geodesic if the covariant derivative of the
vector field ¢'(t) along im(g) equals zero. The latter property is equivalent to the
condition that ¢”(t) is orthogonal to I'. We take an arbitrary fixed point g on T
From the Hopf-Rinow theorem (cf. [11]) it follows that for all z € T, = # x¢, there
exists a minimal (i.e., length minimizing) geodesic, which is denoted by g, (t). This
g may be non-unique. For the given u € H (note that u € C(I')3) we define

P(x) = /T u- ”zi” ds for z €T, x#ux9, P(xg):=0. (4.5)

We now show that this definition of ¢ does not depend on the particular choice of
gz- A generic situation with two different minimal geodesics g, and g, is sketched in
Fig. 4.1.
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.(}a(t)

Fig. 4.1: Multiple minimal geodesics (left). Tangential derivative (right).

Due to the essential assumption that I' is simply connected, the domain v enclosed
by the curves g4 and g4 is contained in I". Using the same notation 7 = n x v for the
(oriented) tangential vector on dv as in (2.20) we have % = =7, where the sign
depends on the orientation of I'. Without loss of generality we can assume the “+”
sign. We then also have ” ” = —7 on im(§4). Using this and

/ u-‘rds:/curlpuds:o

oy Y

/u gA ds—/ u- gA ds.
lgall 94l

The same argument can be applied for the minimal geodesics connecting A and =,
cf. Fig. 4.1. Hence, the definition of ¢ in (4.5) does not depend on the choice of the
minimal geodesic g,.

We now consider the tangential derivative of ¥ at x € I'. We assume z # x.
Let g, be a minimal geodesic connecting xy and x, and ¢; the parameter value such
that g,(t1) = z. Define w := g/ (t1). Take a € T,I' (tangential plane at z), a # 0.
We assume that a and w are linearly independent, cf. Fig. 4.1. Let a be the unique
geodesic with a(0) = z, o/(0) = a, cf., e.g., Chapter 7 in [45]. For ¢ > 0 sufficiently
small the geodesics g, and go(c) do not intersect. Using (2.20), curlru=0and ¥ C I’
(cf. Fig. 4.1 for notation) we have fc’ﬂ u-7ds =0 and thus we get

w(a(E)) —¥(x)

we get

Vry(x) -a=lim

el0
1
li 7/ ©_ g5 — /u 9o 4q]
eJ,O € (a(e)) ||g G)H ||g:v||
/ 1 € ,
=i =i t))-a'(t)dt = - a.
i [ s =t [ ue) = ue) o

Hence Vry(z) -a = u(z) - a if a and w are not linearly dependent. With very
similar arguments one can show that the same identity holds if a and w are linearly
dependent. We conclude that Vi (z) = u(x) for all  # z. One may check that the
arguments above also apply for x = z¢ (i.e., ¥)(x) = 0). Hence, Vr¢y =u on I'.
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From divru = 0 we then obtain Arty = 0 on I'. Hence, ¥ must be a constant on
T". Consequently VY = u = 0 on I'; which completes the proof. O

We finally formulate two corollaries.
COROLLARY 4.4. Let T' be simply connected. For the operators curlp, divp :
L?(TI') - H~YT) and curly, Vi : HY(T) — L(T) the following holds:
ker(divr) = im( curly), (4.6)
ker(curlp) = im(Vr). (4.7

Proof. We consider (4.6). Take u € LZ(T') and its Helmholtz decomposition
u = V¢ + curlpe, with unique ¥, ¢ € H(I'). Now note (cf. (4.4))
divvu=0 < (u,Vpé)er =0 forall € H'(D)
& (Vrv+ curlpg, Vrd) ey =0 forall £ € H'(T)
& (VrY, Vi) ey =0 forall £ € HY(D)
& =0
< u€im(curlp).

The result in (4.7) follows with similar arguments or by noting that curlp, Vi are
(minus) the adjoints of curlr and divr, respectively. O

COROLLARY 4.5 (Friedrichs inequality). Assume that T' is simply connected.
There exists a constant ¢ such that

hullf < e(lldiveul[Ze ) + [ curlrul[Za ) - for all u € H(T).

Proof. We use the Helmholtz decomposition as in (4.2) with & = 0, i.e, u =
Vry + curlp¢ and ||u||%2(r) = ||Vp1/}|\%2(r) + || curlp¢||%2(r). Using this, the result
(4.7) and the Friedrichs inequality in H(T') we get

||Vp1/1||2L2(F) :/U’Vp¢d57/ curlr¢ - Vi ds = f/ divru ds
I T T
< || diveu|| g2yl L2y < el diveul| 2 ()| Ve || L2y -

Hence, ||[Vro||z2ry < cfdivrul[z2ry holds. With similar arguments one obtains
| curlr @[ z2(ry < ¢| curlpul|z2(ry. Thus we get

||uHL2(p) < C(H dinu||L2(p) + | Clll"lrll||LZ)(p))7

and combining this with the upper bound in (3.10) yields the result. O

REMARK 4.1. We relate some of the results derived in this section to well-
known fundamental results for the Euclidean case, i.e., for a bounded Lipschitz domain
Q c RY. If T is simply connected then the Helmholtz decomposition (4.2) (with
€ = 0) implies the following: a function u € L(T") satisfies curlru = 0 on T iff there
exists a unique ¢ € H}(T) such that u = V. This is the analogon of the result in
[17] Theorem 2.9. From Corollary 4.4 we obtain:

L(I") = ker(divr) @ ker(divp)* = ker(divr) @ im(Vr) = ker(divr) @ ker( curly),
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which is the analogon of L%(Q)Y = H @ H+ (page 29 in [17]) and Corollary 2.9 in
[17]. The Euclidean variant of the Friedrichs inequality in Corollary 4.5 is discussed
in Remark 3.5 in [17]. In Theorem 3.1 [17] the following fundamental result is derived
(where I';, 0 < i < p, are the boundary components of the possibly multiply connected
domain Q C R?): a function v € L*(Q)? satisfies [ divv =0 and (v-n), =0, 0<
i < p ] iff [ there exists a stream function ¢ € H'(Q) such that v = curl¢ |. An anal-
ogous result in our setting follows from the Helmoltz decomposition in Theorem 4.2:
[divru = 0 and u L H ] iff [ there exists a stream function ¢ € H!(T) such that
u = curlr¢ ]. Note that in case of a simply connected domain 2 (i.e., p = 0) and a
simply connected Gamma the condition (v -n)p = 0 follows from divv = 0 (and
thus can be deleted) and u L H is automatically satisfied due to H = {0}. Finally
we note that different versions of the Helmholtz decomposition (in Euclidean space)
exist. One version is given in Theorem 3.2 in [17]. This version and a comparison
with various variants is given in [10]. The surface Helmholtz decompostion in Theo-
rem 4.2 is the analogon of the following Euclidean version given in Theorem 13 in [10]:
L2(Q)? = Xo® Wy @ R, with Xo = {Ve | € HY(Q) }, Wo = {curl¢ | ¢ € H}(Q) }
and R = {v € L*(Q)? | divv =0 and curlv = 0}.

4.1. Relation to Hodge decomposition. As is known from the literature,
the Helmholtz decomposition can be seen as a special case of the much more general
Hodge decomposition, which is derived in the framework of differential forms. In this
section we derive and discuss some relevant relations between the surface differential
operators and the Helmholtz decomposition introduced above and analogous notions
and results known in the field of differential forms. The discussion on this topic is not
essential for the results derived in Sections 5-6.

We make use of the exposition given in the Appendix of [9]. The presentation in
this reference is very useful for us, because it emphasizes relevant relations between
operators from differential geometry and the surface differential operators introduced
above. We only outline a few results that are relevant for the discussion here. In
particular we give results for the case of a 2-dimensional surface without boundary
embedded in R®. We use the notation from [9] (Appendix, Sect. 6.2). For precise
definitions and more detailed explanations we refer to [9]. The tangent and cotangent
bundles are denoted by TT = UgerT,I' and T*I' = UgerT;T. In the domain of
a local coordinate system (z!,2?) (corresponding to a local parametrization) basis
vectors of the tangent space T,I' at x € T’ are denoted by (9z')., (02?%), and the
associated dual basis of TT is denoted by (dx!)., (dz?),. The metric is defined by
the Euclidean scalar product in R?, i.e., the first fundamental form g : I' — T*I x T*T’
is gz(v,w) = (v,w), for x € T, v;w € T,T" and (-,-) the Euclidean scalar product
in R3. The operator representation of the bilinear form g,(-,-) is denoted by G,
ie, Gy : T,I' = TiT is defined by G,(v)(w) = gz(v,w) = (v,w). For the 1-form
G;(v) € TZT the notation wy is used (note that the dependence on z is dropped in
the notation). The area 2-form associated to g is given by v9 := £dx' A dz?|det g\%
(sign depending on the orientation of I'). Functions on I' are called 0-forms. On the
spaces of 0- and 1-forms we introduce the scalar products

(f,h):/rfhdl“ f,h e LA(T), (w,n)z/rwz(c:;lnz)dr w,n € T*T,

where dI' is the surface measure induced by ¢g. An analogous scalar product is used
on the space of 2-forms. The space L2(T") (r = 0,1,2) is the closure of the space of
smooth differential r-forms (note that L2(T'") = L?(T")). The Hodge transformation,
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denoted by *, maps r-forms to (2 — r)-forms (r = 0,1,2) and is an isometry * :
L2(T') — L3_,(T). Note that *v9 = 1, x1 = v9. The exterior derivative, which maps
an r-form to an (r + 1)-form (r = 0,1) is denoted by d. For a smooth function f (in

the local coordinate system (2!, 2%)) we have df = Z?zl aafi

Z§=1 w;dz*, with coefficient functions w;, we have dw = Zf =1 g‘;’ dz' A dz?. For an
r-form w (r = 1,2) the codifferential dw is an (r — 1)-form defined by dw = —*d astw.

The operator ¢ is the adjoint of d:

dz* and for a 1-form w =

(df,a) = (f,0a) for O-forms f, 1-forms a. (4.8)

There are basic relations between d, § (applied to differential forms) and the differ-
ential operators defined in section 2, which we now discuss. For a smooth function f
we define Vi f := G~'df; one easily checks that Vrf is the same as the tangential
gradient defined in (2.1). Further canonical definitions are (with a tangential vector
field u € TT):

divru := —dwy, curlpu:= *dwy,, curlpf := -G 15(fv9). (4.9)
From this one can derive the relations (cf. [9]):
dwy = (Curlf‘u)vga 5(]0“9) = —Wcurlpf-

For the divr operator defined in (4.9) we obtain, using (4.8), for arbitrary (smooth)
functions f:

/ divru fdT = — (0w, ) = —(wa, df) = — / wu(G=Ldf) dT
T

T

_ 7/qu(Vrf)dF: —/ (u,Vrf) dr,

T

and comparing this with (2.4) it follows that this operator divr is the same as the one
defined in (2.3) (namely minus the adjoint of V). With similar basic arguments (cf.
[9]) one can derive for the curlr and curly operators defined in (4.9) the relations

curlpu = divp(u x n), curlpf =n x Vrf,

hence these operators are the same as the ones defined in (2.7), (2.8). The Hodge
Laplacian is defined by A¥ := —(dé + dd) and maps r-forms to r-forms (r = 0, 1,2).
For » = 0 we have

A f = —5df = —5(GVrf) = —6(wyyy) = divpVrf = Arf.
Application to a 1-form yields:
APy, = —(d6 + 8d)wy = d(divru) — §( curlpuv?)
= G(Vrdivru) + wcurly curlpu) = G((VF divp + curlp curlp)u).
Hence, the corresponding Hodge Laplacian for vector fields is given by
AP .= GT'A"G = Vi divr + curlp curlr. (4.10)
From (2.14) we obtain the identity

Afu =P divp(Vru) — Ku = APu - Ku, (4.11)
14



where AP := P divpVr is the so-called Bochner Laplacian. The relation (4.11) cor-
responds to the so-called Weitzenbock identity in differential geometry, which relates
the Bochner Laplacian to the Hodge Laplacian. Note that in the definition of the
Bochner Laplacian the divergence operator divr applied to a matrix valued function
as defined in (2.3) is used, which has no natural analogon in the setting of differential
forms.

We summarize the Hodge decomposition for the special case of r-forms on a the
two-dimensional surface I' and then relate it to the Helmholtz decomposition derived
in Theorem 4.2. Define

H(d,T) = {feL§I) | df € L}(T)}
H(6,T):={veLiT) | sve L)}
H(T):={wec H{(T)|dw=0 and dw=0} (4.12)

(where H}(T) is a Sobolev space of 1-forms). The space H1(I') in (4.12) is called the
space of 1-harmonics. The Hodge decomposition is described in the following theorem
(theorems 12, 13 in Appendix of [9]).

THEOREM 4.6. The spaces imd := dH(d,T') and im ¢ := 6H(6,T") are closed sub-
spaces of L3(T), dim(H1(T')) < oo holds, and there is an L?-orthogonal decomposition

L3(T) =imd @ imd & Hy(T). (4.13)
For w € L3(T") consider a decomposition
w=df + v+ a,with fe H(,T), ve HG,T), o € Hi(T). (4.14)

Then « is uniquely determined, but f and v are in general not unique. For f and v
one can take f = dwy, v = dwgy, where wy is the unique solution of the variational
formulation of the elliptic problem —A*wy = w — « in the Sobolev space V; := {w €
HY(T) | w is L*-orthogonal to Hy(T) }.

The decomposition in (4.13) can be directly related to the Helmholtz decomposi-
tion in (4.3). Take a decomposition of u € LZ(T) as in (4.2) and note that

u=Vry+ curlpgp + £ iff wy =GVrY + Gceurlro + GE
iff wy =dy — d(gv?) +we,

and [divp€ = 0 and curlpé = 0] iff [5‘*’5 =0 and dwé]. This shows the correspondence

of the decompositions. Note that in (4.2) we have uniqueness of the functions ¥, ¢,
which in general does not hold in (4.14).

In the setting of differential forms an important result concerning dim(H; (T")) can
be derived. For this we recall the definition of the first de Rham cohomology group. A
1-form w is called closed if dw = 0 and it is called exact if w € imd. The first de Rham
cohomology group Hj,(I") consists of the set of (smooth) closed 1-forms modulo the
exact ones. From the Hodge decomposition it easily follows that Hj,(T') = H;(T).
The dimension of the first de Rham cohomology group is called the first Betti number
b1(T') := dim(Hj,(T)). Extensive analysis and results for the de Rham cohomology
are available, cf. e.g. [6, 25]. For example, H}(I") and thus also b; (") are homotopy
invariant.

REMARK 4.2. The Betti number depends only on the topology of the surface.
For arbitrary connected closed orientable surfaces I' the value of the corresponding
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first Betti number b;(T") is known. An interesting relation is (for two-dimensional
connected closed orientable surfaces) b;(I') = 2 — xr = 2g, where xr is the Euler
characteristic and ¢ the genus of I'. The classification theorem of such surfaces, cf.
e.g. [15], yields that T' is homeomorphic to either a sphere or an n-torus (connected
sum of n tori, having n holes). If T is simply connected, e.g. a sphere, then b;(T') =0
holds (which also follows from Lemma 4.3). If T is the n-torus then b;(T") = 2n.

5. Surface Stokes problem in stream function formulation. In this section
we consider a stationary surface Stokes problem. This problem will be reformulated
in an equivalent stream function formulation. Well-posedness of the latter formula-
tion will be discussed. As already noted above, cf. (4.11), different surface vector
Laplacians are used in the literature. For the Stokes problem studied in this paper we
use a Laplacian that is motivated by the modeling of surface fluids, studied in e.g.,
[19, 5, 23, 22, 27]. In these models the following surface rate-of-strain tensor [19] is
used:

Ey(u) := %P(Vu +vul)P = %(vpu + Vru®). (5.1)

For a given force vector f € L2?(I')3, with f-n = 0 we consider the surface Stokes
problem: Find the fluid velocity tangential vector field u : I' — R3, with u-n = 0,
and the surface fluid pressure p such that

—Pdivr(Es(u)) +Vrp=f onT, (5.2)
divbu=0 onT. (5.3)

From problem (5.2)-(5.3) one readily observes the following: the pressure field is
defined up a hydrostatic mode and all tangentially rigid surface fluid motions, i.e.
satisfying Es(u) = 0, are in the kernel of the differential operators on the left hand
side of eq. (5.2). Integration by parts implies a consistency condition for the right
hand side of eq. (5.2):

/ f-vds=0 for all smooth tangential vector fields v s.t. Es(v)=0. (5.4)
r

This condition is necessary for the well-posedness of problem (5.2)-(5.3). In the lit-
erature a tangential vector field v defined on a surface and satisfying Es(v) = 0 is
known as a Killing vector field [39]. For a smooth two-dimensional Riemannian man-
ifold, Killing vector fields form a Lie algebra of dimension at most 3. The subspace
of all the Killing vector fields on I" plays an important role in the analysis of problem
(5.2)-(5.3).

For the weak formulation of problem (5.2)-(5.3), we use the spaces H}(T') and
L3(T) :=={pe L*) | [-pds =0} We also define the space of Killing vector fields

E:={ucH/)|E,(u)=0}. (5.5)

Note that F is a closed subspace of H} (I') and dim(E) < 3.
Consider the bilinear forms (with A : B = tr(ABT) for A, B € R3*3)

a(u,v) := /FEs(u) cEy(v)ds, u,veH{T), (5.6)

b(v,p) = — / p divpvds, v e HH(I), pe L*T). (5.7)
I
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The weak (variational) formulation of the surface Stokes problem (5.2)-(5.3) reads:
Determine (u,p) € H} (I')/E x L3(T) such that
a(u,v) +b(v,p) = (£,v) 2@y forall veH{(T)/E,
b(u,q) =0  forall ¢ L*T).
The following surface Korn inequality and inf-sup property were derived in [22].

LEMMA 5.1. Assume T is C? smooth and compact. There ezxist cx > 0 and
co > 0 such that

(5.8)

|Es(V)|lr2ry > ex||vlli  for all v e H{(I)/E, (5.9)
and

b(v,p)
sup
veH!(T)/E vl

> collpllzzry  forall pe L3(T). (5.10)

Both bilinear forms a(-,-) and b(-,-) are also continuous. Therefore problem (5.8)
is well-posed, and its unique solution is further denoted by {u*, p*}.

We now introduce a stream function formulation. For this we need the following
key assumption.

ASSUMPTION 5.1. In the remainder we assume that I' is simply connected.

LEMMA 5.2. The following relation holds for all ¢,v € H?(T'):

a( curlp¢, curlpry) = / E;(curlr¢) : Es(curlpy) ds
r

(5.11)

= [ 5Ar0Ar = KVi6 - Vrvds = alov0).

Proof. Since smooth functions are dense in H?(T') it suffices to prove the relation
for smooth functions ¢, 1. Using partial integration and the identities in (2.5), (2.16),
(2.12) we obtain

/ Es(curlp¢) : E5(curlpy) ds

r

= / tr(ES( curlro)(Vr curlmﬁ)) ds = —/ P divr (ES( curlp¢)) - curlry ds
r r

1
=-3 / [curlp( curlp( curlrg)) + 2K curlpqS] - curlpiy) ds
r

1
=3 /(curlp curlr¢)(curlr curlpy)) — 2K curlr¢ - curlry ds
r

1
_ / SArOAY — KVrg - Vrgds,
T

which proves the desired result. O

We introduce some further notation for stream function spaces:
HZ(D) = H*D)NH{(D), E:={¢eHXD)|a(y,¢$)=0}
Hj g, ={ueH{T) | divfu=0}.
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LEMMA 5.3. The following holds:

curlp : HZ(T) — Hy 4, is an homeomorphism, (5.12)

curlr : E — E is an homeomorphism. (5.13)

Proof. Take v € H2(T'). From curlpy) = 0 is follows that curlp(curlpy) =
Arty = 0 on I'. Hence, 9 is a constant function on I'. Using fr ¥ds = 0 it follows
that 1 equals the zero function. Thus curly is injective on H2(T'), hence also on
E C H2(T). Take u € Ht{div. From the Helmholtz decomposition it follows that
there exist (unique) 1, ¢ € H}(I') such that u = Ve + curlp¢. From divru = 0 it
follows that ¢ = 0. Hence, u = curlr¢ = n x V¢, which implies n x u = —Vro.
From u € H}(T) it follows that ¢ € H?(T'). Hence we have surjectivity and curlr :
HZ(T) — H} 4, is an isomorphism. From | curlr¢||; < ¢[|¢]lg>(ry it follows that
this isomorphism is bounded and using the open mapping theorem it follows that the
mapping is an homeomorphism. Using a( curlr¢, curlr¢) = a(¢, ¢) one easily checks
that curlp(E) = E. O

The unique solution u* of the weak formulation (5.8) is also the unique solution of
the following problem: determine u € H% aiv/ E such that

a(u,v) = (£,v) 2y forall veHy,/E. (5.14)

THEOREM 5.4. Let u* € Hj 4, /F be the unique solution of (5.8) (or (5.14))
and ¢* € HX(T') the unique stream function such that u* = curlp¢*. This ¢* is the
unique solution of the following problem: determine ¢ € H2(T')/E such that

(¢, ¥) = (f, curlpy))pory  for all o € HX(T)/E. (5.15)
Furthermore, if T is C®, the estimate
16" | msry < cllfllpzer (5.16)
holds, with a constant ¢ independent of £ € LZ(T).
Proof. The mapping curlp : HZ(T)/E — Hj 4, /FE is an isomorphism. This
implies
a(u*,v) = (£,v)2qy foral veH;y /E
iff
a(curlp¢®, curlpy) = (f, curlpe)) 2y for all o € H2(T)/E
iff
a(¢,v) = (£, curlpy)pary for all v € HA(T)/E.
Due to n x u* = —Vr¢* and the H2-regularity of (5.14) we have
6% |3 (r)y < €llVrd® |2y = clln x || g2y < [f]|L2(r),

with a constant ¢ independent of f. O

For the discretization of the problem in stream function formulation it is convenient
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to reformulate the fourth order problem (5.15) as a coupled system of two second
order problems. This reformulation is given in the following lemma.

LEMMA 5.5. Consider the following problem: determine ¢ € Hi(l")/E, ¢ €
HY(T') such that

/ %VFg -Vr+ KVr¢-Vryds = —(f, Curlpw)[g(r) Ve H*l(F)/E (517)
T
/vp¢~vpn+gnds:o v e HY(D). (5.18)
T

We assume that T' is C2. This problem has a unique solution given by é = o*, é =
Aro*, with ¢* the unique solution of (5.15).

Proof. Let ¢* the unique solution of (5.15) and define ¢ = ¢*, £:= Ar¢*. Note
that due to (5.16) we have £ € HY(T'). From & = Ap¢* = Arg it follows that the
pair (¢,€) satisfies (5.18). From a(¢*,) = (£, curlp) 2y for all ¥ € H2(T)/E,
partial integration and a density argument it follows that the pair (g%, é) also satisfies
(5.17). We now prove uniqueness. Let (¢1,&1), (¢2,&2) be two solution pairs and
define e, == ¢ — ¢ € HY(T)/E, ee 1= & — & € HYI). From (5.18) and H2-
regularity of the Laplace-Beltrami equation we get Are, = e¢ and e, € H2(T). From
(5.17) we obtain

1
/§VF€§ -VrY+ KVrey, -Vrpds =0 Vo€ H,}(I‘)/E,
I

and thus

1
/ —iApe¢AF1/) + KVres - Vripds =0 V€ HXT)/E.
r

Taking ¢ = e, this implies @(eg, ey) = 0. From the definition of the kernel space E
it follows that es = 0 must hold. Hence, also e¢ = 0. O

REMARK 5.1. From the definition of the kernel space F and the compatibility
assumption (5.4) it follows that the test space Hj 4, /FE in (5.14) can be replaced by

the larger space H{ 4. Using this one may check that the test space H7(T') /E in

(5.15) can be replaced by the larger space H2(T') and that the test space HY(I')/E
in (5.17) can be replaced by the larger space H!(I') and even by the space H*(T).
These larger test spaces are more convenient for a finite element discretization.
REMARK 5.2. In view of the finite element discretization introduced in section 6
we derive another characterization of the kernel E = { ¢ € H? (I') la(¢, ¢) = 0}, which

allows a more feasible representation of the trial space H(I')/E used in Lemma 5.5.
Let P, denote the orthogonal projection on 1+22, i.e., Py = ¢ — I?l\ fr ¢ ds. We then

have HY(I') = P.(H'(T")) and, using a(¢, ¢) = a(P.¢, P.¢), we get E = P,(E) with
E:={¢ € H*I) | a(¢,¢) = 0}. Note that 1 € E. Let Pz be the L?-projection on
E. Consider a (L*-orthogonal) direct sum H'(T') = E @ (I — Pg)H'(T'). We then
have

HI(T)/E = P.(I — Pg)H*(T) = (I — Pp)H(D), (5.19)

where in the last equality we used 1 € E. Using the relation (5.11) we obtain E=
{¢ € H*(T') | a(¢,v) = 0 for all » € H*(T)}. Using similar arguments as in the
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proof of Lemma 5.5 one can then show that ¢ € E iff there exists ¢ € H*(T') such
that the pair (¢,¢) € HY(T')? is a solution of:

/%Vr{VFlﬁ—FKvF(bVF’(/)dS:O V¢EH1(F)

r (5.20)
/Vpd)-Vpn—Fﬁnds:O Ve HYT).
r

Based on the two remarks above we propose the following reformulation of the
coupled problem described in Lemma 5.5.
1. Let E be the finite dimensional space spanned by the ¢ component of the solutions
of the coupled homogeneous problem (5.20).
2. Solve the coupled problem: Determine ¢, & € H!(T') such that

/ %Vrf -Vr+ KVr¢-Vriypds = —(f, curlpw)Lz(p) Ve Hl(l“) (5.21)
r
/VF¢-VFU+§ndS:O Ve HYT). (5.22)
T

A solution is denoted by ¢, &. }
3. The unique solution ¢* as in Lemma 5.5 is given by ¢* = (I — Py)¢. This is the
solution for the quotient space (I — Pg)H'(T), cf. (5.19).

REMARK 5.3. From the discussion above we see that, if the space of Killing fields
as dimension > 0, this causes some technical difficulties. This is not due to the use
of the stream function formulation of the Stokes problem. Very similar difficulties
arise if the Stokes problem in the (u,p) variables is considered. In a time-dependent
(Navier-)Stokes problem these difficulties vanish. In one time step of an implicit time
discretization one has to solve a generalized stationary Stokes problem with an addi-
tional zero order term. The spatial operator (in the space of divergence free velocities)
then is of the form —P divp(Es(-)) + ¢l with a strictly positive constant ¢ (inverse
proportional to the time step). This operator has a zero kernel.

REMARK 5.4. For the (very) special case of a constant curvature K (i.e., a
sphere), the coupled system (5.21)-(5.22), can be decoupled by eliminating ¢ from
(5.21) using (5.22) (and similarly for (5.20)).

6. Finite element discretization and numerical experiment. For the dis-
cretization of the stream function formulation we apply a Galerkin finite element
method to the three-step variational formulation described above. In this paper we
only present one particular Galerkin approach and show results of a numerical exper-
iment with this finite element method. We neither present an error analysis of the
finite element method nor a comparison with other methods. A detailed study of dif-
ferent finite element discretizations, including error analysis and an accurate method
for reconstruction of u = curlyr¢ from the finite element approximation of the stream
function ¢, will be treated in a forthcoming paper.

One good option for the discretization of the scalar surface PDEs (5.21)-(5.22)
is the SFEM developed by Dziuk and Elliott, cf. e.g. [12, 13]. This method is used
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for the discretization of a stream function formulation in [29]. We use another ap-
proach, namely the trace finite element approach (TraceFEM) [31]. We use the latter
method because of the availability of software in our group that provides an easy im-
plementation of a TraceFE discretization of (5.21)-(5.22). We briefly describe the
method.

Let © C R? be a fixed polygonal domain that strictly contains I'. We consider
a family of shape regular tetrahedral triangulations {75 }ns0 of Q. The surface I" is
approximated by a piecewise planar approximation as follows. We assume that I is
the zero level of a level set function ¢ (not necessarily a signed distance function). Let
I, be the piecewise linear nodal interpolation operator on 7. We define I'y, := {x €
Q| (Ing)(z) = 0}. The subset of tetrahedra that have a nonzero intersection with I'y,
is collected in the set denoted by 7;{. On ’77; we use a standard finite element space
of continuous functions that are piecewise linear. This so-called outer finite element
space is denoted by Vj. The nodal basis functions in V}, are denoted by {qﬁf}lgigm.
The finite element isomorphism that maps coefficients to functions is denoted by
Jp i R™ — Vy, Jpx = Zzn; mi(b?. The trace finite element space is obtained by
simply taking traces of functions in Vj, i.e., V' := {(¢n)r, | on € Vi } € H*(Th).

The discretization of (5.21)-(5.22) is as follows: determine ¢y, &, € V' such that

1
3 Vrabn - Vo, o + KnVr, én - Ve, ds = —(£°, curly, ¥p)r2r,) Y ¥n € Vi
(6.1)

Ty

Ve, én - Vr,nn + Ennds =0 ¥, € Vi (6.2)
Iy

Here f¢ denotes an extension of f and K} an approximation of the Gauss curvature
K.

We introduce mass and stiffness matrices for the matrix-vector representation of
the discrete problem. Define, for 1 <4,j, < m:

Mijz/F oLl ds, Aij:/P Vr, ¢} - Vr, ! ds, Afgz/r KyVr, ¢} - Vr, 6! ds.
h h h

The matrix-vector problem corresponding to (6.1)-(6.2) is of the form

2AKA>

Al (6.3)

Ay = c, withAz(

Note that M, A are symmetric positive semidefinite and AX, A are in general only
symmetric. The matrix A is (close to) singular due to the fact that the constant
function and the kernel space E are not factored out. For the TraceFEM there is a
further issue related to poor conditioning of A resulting from the fact that the traces
of the outer nodal basis functions in general do not form a (well-conditioned) basis of
the trace finite element space. This difficulty can be solved by using an appropriate
stabilization, e.g. [18]. Here we want to keep the method as simple as possible and
therefore do not consider any stabilization.

The discretization of the coupled system of second order problems described in
Lemma 5.5 is based on the three-step procedure given above:
1. For computing an approximation E), of the space E we proceed as follows. We
determine the (at most) 5 eigenvalues of A with smallest absolute value and determine
(heuristically) how many of these are “close to zero”, in the sense that we expect

21



these eigenvalues to converge to zero if A | 0. Let this number be p, 1 < p < 4, and
v € R?™ 1 < j < p, the corresponding (orthogonal) eigenvectors. We restrict to
the first m entries in these vectors (corresponding to the first block row in (6.3)), and
the resulting vectors are denoted by wl/) € R™, 1 < j < p. The corresponding finite
element functions (bﬁf) := J,w@) span the space Ej,. We determine an L2-orthogonal
basis of E,.

2. We determine a solution y = (y1,y2), ¥1,y2 € R™ of the (singular but consistent)
linear system (6.3).

3. Using the orthogonal basis in Ej,, we determine ¢, = (I — Pg, )(Jny1), which is

the finite element approximation of the solution ¢*.

Numerical experiment.
We consider an ellipsoid T' C Q := [-2,2]3 given by

T3 |9
22—
1.5) }

Using MAPLE the Gauss curvature of I' can be determined:

Ii={xecR3: 22 + 22 +(

2.2572 + 2.2522% + 22
(5.06252% + 5.0625x3 + x3)2’

K =5.0625 -

We choose a smooth function
2 :
Gsot(x1, T2, x3) 1= x5 + sin(z123) + T12223.

This function has a nonzero intersection with the kernel space E, ie., Psol £ (I —
Pg)¢s01. Using MAPLE we determine the corresponding scalar function —3A#¢*°! —
divp (K Vr¢®®!) which is used as right hand side function curlpf in (5.21), (6.1).

For the discretizatizon we use a tetrahedral triangulation of {2 constructed by
starting from a uniform subdivision of ) into 8 tetrahedra and then applying uniform
refinement. The mesh size on refinement level £ is denoted by hy. The surface approx-
imation I';, and the trace finite element space are constructed as explained above. We
follow the procedure with steps 1-3 outlined above. The 5 smallest eigenvalues of the
matrix A are given in Table 6.1.

A Ao A3 A A5

(=1]-19-100]29.10% | —1.2-1072 | —14-1072 | —4.2-102
¢(=21-99.1001[37-100%] =24-103 | —2.5-1072% | =3.5-1073
(= —51-100® [ 27.10° | —35-107* ] =35-107* | =35-107%
k=4]-17-100"7 17100 —=12.-107%* | =1.2-107%* | —1.2-107%
¢=5]-39-107%[11-100" | -16-107° | —1.6-107° | —=1.6-107°

Table 6.1: Smallest eigenvalues of the matrix A.

The eigenvalue A; is zero within machine accuracy (corresponds to the constant
function). We observe a large gap between Ay and the eigenvalues \;, i > 3. We expect
that this eigenvalue approximates a zero eigenvalue of the continuous problem, and
based on this we take p = 2 and E), the two-dimensional space as explained in step 2
above. The kernel function (;SElQ) corresponding to \g is illustrated in Figure 6.1. We
note that also the eigenvalues \;, i = 3,4, 5, are quite small (for increasing refinement
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level). This is due to the fact that in the trace finite element method we did not
use any stabilization, which leads to very poor conditioning of the stiffness matrix.
We solve the linear system (6.3) using a preconditioned MINRES method (with only
diagonal preconditioning). The resulting solution is then projected, as explained in
step 3 above, to eliminate the kernel components, resulting in the finite element
approximation ¢, shown in Figure 6.1.

2)

P Pn
g2 17502 E7.77<5e-o1
0 ©0.16396
2190002 b 1050400

Fig. 6.1: Color graphs of kernel function qﬁgf) (left) and discrete solution ¢y, (right).

In the solution ¢4, we factor out the kernel (approximation), i.e. we determine
¢5 = (I = Pp, )psor- The errors in the approximation ¢, ~ ¢;, are shown in Table 6.2.
We observe the optimal orders of convergence.

C | lion = dpllez,) | EOC || |on — yluir,) | EOC
1 6.63-101 3.27 - 10°

2 2.04-1071 1.70 1.57-10° 1.06
3 5.81-1072 1.81 7.62-1071 1.04
4 1.50- 1072 1.95 3.80-1071 1.00
5 3.67-1073 2.03 1.90- 1071 1.00

Table 6.2: Discretization errors

7. Appendix. In this section we derive the results (2.7), (2.15) and (2.13). The
proofs are based on elementary tensor calculus. We use standard tensor notation and
the Einstein summation convention (always over ¢ = 1,2, 3, for repeated indices ).
For a scalar function ¢ we have, cf. (2.1):

(Vro¢)i = PiOro.

(scalar entries of the matrix P are denoted P;;). For the vector function u: R3 — R3
we have, cf. (2.2), (2.3):

(Vru)ij = PipOjup Py, diveu = (Vru)y = POy Py = POguy,
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and for the matrix divergence operator (2.3) we have the representation:
(dinA)i == din(ezTA) == PlkakA“. (71)

For manipulations of vector products it is convenient to use the three-dimensional
Levi-Civita symbol (also called permutation tensor):

+1 if (ijk) is an even permutation of (12 3)

€ijk =4 —1 if (ijk) is an odd permutation of (12 3)
0 otherwise.
This tensor is antisymmetric, e.g., €;jx = —€;; for all 4, j, k. For vectors a,b € R3 we

have (a x b); = €;ra:b5, k =1,2,3. We will also use the relation
€jki€nmi = OjnOkm0il — 0jn0kiOim — 0jmOknit +0jmOki0in +0510knim — 0510kmOin, (7.2)

with d;; the Kronecker symbol, i.e., d;; = 1, and zero otherwise. We will often use the
following relations, with the symmetric Weingarten mapping denoted by H = Vn,
which satisfies PH = H = HP, Hn = 0, and the notation 0y = 0, for the k-th
partial derivative in R3:

Piknk = 0, Hl-knk = 0, 8k13ij = —TLZ'ij - TLJH;“ (73)
We first derive the identity (2.7). Note that
(Vp X ll) ‘n = Eiijikakanl. (74)
We also have
divr(u X U_) = Pikak(u X n)i = ikak((,jliuj‘nl) = ejliPikﬁk(ujm)
= €1 PinOrujng + €51 Piuy Hyy . (7.5)
For the last term we get €, Pipuj Hy = €j,u;Hy . Using the antisymmetry propery of
the Levi-Civita symbol and the symmetry of H we get €;;;Hy = —ejuHy = —€jiiHa,
hence, €j;u;Hy = 0, ie., the last term in (7.5) vanishes. Using the permutation
properties of the Levi-Civita symbol we get €;;; = €;;; and using this in (7.5) and
comparing with (7.4) yields the relation (2.7).
We derive the result (2.15). Using the representations and relations introduced
above we get
divp(n x Vr¢) = PpOk(n x Vro); = POk (€:ini Pjr0r®)
= €;j1Py (Hyi Pjr0y ¢ + 105 Pjr.0r ¢ + 1 P 03,0, 9)
= €iji(Hyi Pjr0r¢ — ninjHy, 0r¢ — ning Hi;0,¢ + n; P Py 04,0,.9) .
Using the antisymmetry propery of the Levi-Civita symbol and the symmetry of H we
get €;5.H;; = 0, hence €;;,H; Pj0,¢ = 0. The other three terms can be treated simi-
larly, since n;n; is symmetric w.r.t. (ij), Hy; is symmetric w.r.t. (jl) and Py Pj 0300
is symmetric w.r.t. (jI). From this it follows that divp(n x Vr¢) = 0.
The proof of (2.13) requires a more tedious derivation. From the definitions and
representations given above we get, using €, Hy, = 0 (due to antisymmetry),
curlpu = divp(u X n) = —P;,.0,(n X u); = — P-0p (€nmiMntim)
- _enmllle(Hrnum + nnarum) - _enmlHlnum - €nrnlPlr’nfnarurn

= _enml-Plrnnarum~
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Using this we obtain

(curlp(curlru)); = (n x Vr(curlpu)); = €5,n;(Vr curlpu), = €55in PrsOs ( curlpu)

= _Ejkinjpksas(enml-Plrnnarum) = _ejkifnmlnjpksas(-Plrnnarum)

We now use the identity (7.2), which results in 6 nonzero terms, namely for (nml) €
{ (yki), (jik), (kji), (ijk), (kij), (ikj) } with a corresponding sign as in (7.2). This
yields
(curlp(curlru)); = —nj PrsOs (Pirn;Oruk) + 1y PrsOs (PrernjOr ;)
+ ank:sas(f)irnkaruj) - anksas(Pksniaruj>
— anksas(Pjrnk&,ui) + anksas(Pjrniaruk)
= (1) +(2)+(3)+(4)+(5) + (6).

(7.6)

We now analyze these 6 terms. We start with the fifth one. Using Pn = 0 we get
(5) = —n; PysOs(Pjrnidru;) = —nj Pys Py HspOru; = 0. (7.7)
For the third term we get
(3) = nj PrsOs(PiynpOpuj) = njPrs P HopOruj = njHys Pir O (7.8)
We take the first and sixth term together:
(1) + (6) = n; Pusds ((Pyymi = Purny) Oy )
= 1 P05 (Pjyni — Pipnj)Opuy — PhsPirOsOrug,.
Now note (we use (7.3)):
03 Pess (P = Parn) = Psds (ng (Pyrns = Piny) ) = PusHas (Piyni = Pon)

= —Pys0s Py — PrsHgom;
= Pk:s(niHsr + nrHsi) - Pk:sHsrni - neri~

Hence,
(1) + (6) = ny HyiOpug — Pis PipO0s0pug. (7.9)
Finally we combine the second and fourth term. We use Pys0s Py, = 05 Ps, = —n,. Hs,
nyn;0ru; = 0 (which follows from 0,(n;u;) = 0 and n,H,; = 0) and n,0,u; =
-0 (Priug) = ny P Opug, and then get:
(2) + (4) = n; PrsOs (Pkr(njarui — nia,«uj))

= —njn,Hgs(n;0ru; — n;0puy) + 1y Por0s(n;0ru; — n;0ruj)

= —n,Hss0pu; +nj Py, (Hsj&ui +n;0s0ru; — HgiOpuj — niasaruj)

= —nyp Hgs PriOpug + Psy0s0ru; — njHypi0puy — nyng Pey0500u;.
Note that —n;n;Ps;0s0,u; = P;j Psr0s0ru; — Psr0s0ru;. Hence we get

(2) + (4) = —n, HysPiOpuy, — ny HypiOpuy, + Piszras&,uj. (710)
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Substition of the results in (7.7)-(7.10) in (7.6) yields:

(curlp(curlpu)); = ngHys PipOpug + 1y HyjOpig, — Pros Py OOy
— Ny Hgs PeiOpug, — niHyiOpug + Pig PoyrOsOpug
= [neHi — npHyp + Hyg(np Piy — 1 Pir)| Oru
+ (Pix Psy — Piy Psy)0s0puy.

(7.11)

We now consider the expression on the right hand side in (2.13). Note that
(VFu - vFuT)nm = Pnkprmaruk - PmkPrnaruk - (PmrPkn - Pankm)aruk
Using (7.1) we get (P divrA); = Py PrsOsApm and thus

(P diVF(vFu - VFuT))i = -Piansas((PmrPkn - Pankm)aruk)
- Pzans (Pmrpkn - Pnrpkm)asaruk + Pzansas(PmrPkn - Pnrpkm)aruk
= (Pikpsr - PirPsk)asaruk + Pinpmsas(PmrPkn - Pnrpkm)aruk-

We also have

Pin PrsOs (P P — Prr Pem)

= Py Prs [(—nm Hsy — npHyn) Py 4+ (—nuHygyy — i Hg,) Py
+ (nnHer + 1y Hen) Pom + (nkHom + M Hep) Py |

= —n,Hss P — ngHir +npHig + ngpHgs Py

Combination of the above two results yields

(Pdivp(Vru — Vru")). = (PiPsy — PirPai)050ruy,
+ [nerk - nkHir + Hss(nkpir - anik:>] 87”U/k:

and comparing this with (7.11) completes the proof of (2.13).
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