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Abstract

Gradient, divergence and Laplace-Beltrami operators over surfaces have played im-
portant roles in many fields related to geometry and analysis, such as differential ge-
ometry, computational geometry and geometry modeling etc. In this paper, several
pairs of new differential operators on 2-manifolds are introduced and some of their
properties are given. We establish several elegant relationships among the proposed
operators and apply them to the deriving of the complete-variation of a general third
order energy of surfaces. A vector-valued Euler-Lagrange equation as well as its weak
form formulation is obtained.
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1 Introduction

Gradient operator, divergence operator and Laplace-Beltrami operator(LBO) over surfaces
play important roles in many fields related to geometry and analysis, such as differential
geometry, Riemannian manifolds, nonlinear analysis, computational geometry and partial
differential equations (PDEs), etc. These differential operators are also widely used in sev-
eral other fields, such as physics, chemistry, biology, mechanism, shape modeling, image
processing and so on. For example, one important problem in these fields is to characterize
and trace the interface motion, such as grain growth and phase transition([16, 17]), melting
and combustion, solidification([9]), biomembrane-vesicle ([18]), surface modeling ([10, 23]),
image restoration and denoising ([19]) any and all. Such an interface motion problem is

*Partially supported by Natural Science Foundation of China (10371130) and National Key Basic Research
Project of China (2004CB318000).



often described by a geometric partial differential equation in terms of various geometric
differential operators mentioned above.

New Differential Operators. During our study of the construction of higher order ge-
ometric partial differential equations, some new differential operators are required to be
introduced to solve more complicated variation problems. These new operators allow us
to formulate the derived geometric partial differential equations in a neat and concise way.
After these operators are introduced, their elementary properties are important for further
research. For example, these differential operators are geometry essential, that is, they do
not depend on the specific parametrization. Green formulae for these operators also exist.
In this paper, all these properties are established.

Energy Functional Minimization. The interface motion problem aforementioned can be
translated into such a problem that is to minimize a kind of given energy on the interface with
prescribed conditions. Usually this minimizing problem is highly nonlinear. One approach
to solve this problem is using the optimization technique. A lot of studies have been carried
out along this line (e.g., [8, 15]). Another approach is the gradient descent technique, that
is, to find a road, which is called flow, to reach the minimized energy. Both of these two
approaches have been extensively employed. It is difficult to say which one is superior to
the other. For optimization technique, it is well-known that to pursue a global optimized
result is not an easy task. For gradient descent technique, the first task is to calculate
the Euler-Lagrange equations by variation calculus, and then often the deduced parabolic
type differential equations must be solved. To obtain analytical solutions to these highly
nonlinear equations is difficult and becoming a daydream although much unfailing endeavor
has been on-going. Therefore, seeking numerical solutions becomes a feasible alternative
with the help of the modern computers and advanced computation methods, such as finite
element method, finite difference method and finite volume method etc. Even though, to
gain a global stationary solution is still challenging.

Higher Order Flows. As is well-known, mean curvature flow (|2, 16]) and surface diffusion
flow ([14]) are the L? and H~! gradient descent flows of area functional, respectively. Will-
more flow ([24]) minimizes the squared mean curvature functional. But second-order flows,
such as mean curvature flow and averaged mean curvature flow ([11]), can merely achieve
G continuity on the boundary. The fourth-order flows, for instance, the surface diffusion
flow and Willmore flow, can produce G! continuous surfaces. However, in many application
areas, such as the the design of streamlined surfaces of aircraft, ships and cars ([28]), higher
order continuity is prerequisite. In this paper, we minimize a higher order geometric energy,
that is the general curvature energy functional proposed in [13]

FiM) = /M IV (1, F)|PdA, (1.1)

where f is assumed to be a C* function depending on two variables and the other nota-
tions are referred to Section 2. A special case of (1.1), the mean-curvature-variation energy
functional

Fo(M) = /M |V H]|[2dA, (12)



has been studied in [27], where the normal-variation for functional (1.2) is carried out and
corresponding curvature flow is termed as minimal mean-curvature-variation flow. The appli-
cations in surface modeling and designing show that this flow leads to very desirable results.
[13] also takes the normal-variation into account for functional (1.1) and some applications
in surface modeling were carried out. The numerical solutions to these geometric PDEs are
based on a biquadratic fitting approach proposed in [25]. For the convenience of using finite
element method to solve the PDEs, we consider the complete-variation for these functionals
in this paper. Complete-variation has also been used in [26] for a lower order geometric
energy functional.

Main Contributions. The contributions of this paper is summarized as follows. Several
new differential operators are introduced and their elementary properties are given. Some
theoretical results on these operators are developed. Complete-variation for the third order
geometric energy functional (1.1) is considered. A vector-valued Euler-Lagrange equation as
well as its weak form formulation is obtained.

The rest of this paper is organized as follows. In Section 2, some used notations and pre-
liminaries are introduced, including several differential operators and their properties. The
vector-valued Euler-Lagrange equation from complete-variation with respect to functional
(1.1) is derived in Section 3. For the numerical solving of the obtained PDEs by the finite
element method, a weak form formulation for the Euler-Lagrange equation is presented as
well.

2 Notations and Preliminaries

In this section, we introduce some notations and several differential operators defined on
surfaces used throughout this paper. Their elementary properties and Green’s formulae are
also provided.

Let M be a regular parametric surface represented by x(u,v) € R?, (u,v) € Q C R?
whose unit normal vector is n = XXX where the subscript of x denotes the partial

llcu %0 | ?
derivative and ||x|| := (x,x)2 := (x7x)? is the usual Euclidean norm. To simplify notation
we sometimes write w = (u,v) and u' = u,u? = v. Superscript T stands for the transpose
operation. Throughout the paper, we use (-,-) to denote Euclidean inner product, [ | to

denote matrix. All the column vectors are written in bold faced characters. Sometimes
to emphasize matrices, bold faced characters are employed too. We assume at least x €
C%(Q,R?). The coefficients of the first fundamental form I, the second fundamental form II,
and the third fundamental form III are

Gap = <Xua,Xu/3>, baﬁ = <Il,Xuau5> = —<1’lua,Xuﬁ>, la,B = <nu"‘7nu5>a Oé,ﬁ = 172
For later use, we introduce gags = (Xyo, Xy845), @, 3,0 = 1,2, and
=]

[g gaﬂ]_lv g:det[gaﬁ]7 b:det[baﬁ]'

To define the mean curvature and Gaussian curvature, let us first introduce the concept of
shape operator or Weingarten map. The shape operator of surface M is a self-adjoint linear



map on the tangent space Tx M := span{x,, x,} defined by
W . TyM — TyM,
such that
W(x,) = —n,, W(x,) = —n,.
We can represent this linear map by a matrix S = [bag][¢*?]. In particular,
[n,, n,] = —[x,, x,]57 (2.1)

is valid. The two eigenvalues ky, ko of S are principal curvatures of M and their correspond-
ing eigenvectors ey, ey are principal directions. The average and product of k; and ko are
mean curvature and Gaussian curvature, respectively. That is

_ ki + ko _ tr(S) K = kiky = det(S).

H )
2 2

Let H = Hn be the mean curvature normal and K = Kn be the Gaussian curvature normal.

It follows from (2.1) that [lag] = [bas][9*?] [bas]. Hence the coefficients of the third
fundamental form could be represented by the coefficients of the first and second fundamental
forms.

2.1 Differential Operators Definitions

In this subsection, some used differential operators defined on surface M will be introduced.

Tangent gradient operator. Let f € C'(M). Then the tangent gradient operator V
acting on f is given by (see [5], page 102)

V=[x %] [9°] (fus )" €R. (2.2)
From (2.2), we can derive that

(VB.VS) = (b ) (6] (Fur £ 3)
- ;((922hu — g12hy) fu + (g11hy — glzhu)fv), f, he C'(M).

Second tangent operator. Let f € C'(M). Then the second tangent operator { acting
on f is given by

Of =[x xo ] [R*7] (fu, fu)" € R, (2.4)

where

1 b —b
haﬁ P 22 12 :| )
(W)= [ b by



From (2.2) and (2.4), we can derive that
(Vh,Of) = (hu, ho) [B*%] (fur fo)" (2.5)
= ((buahy — biaho)+ (uih, — bihu) )
= (Oh,Vf), f, hECl(./\/l).

This operator always involves the second order derivatives of surfaces considered.

Third tangent operator. Let f € C'(M). Then the third tangent operator @ acting on
f is given by

of = [xu %] [¢""] 8 (fur f)" € R,
which can also be written as

of = _[nw nv] [gaﬁ] (fu, fv)T = _§<g22funu + g11 foy — Gr2funry, — gl2fvnu);
where the first equality is valid owing to (2.1) and the equality

STg™] =19*"]5.
Analogously, this operator needs the second order derivatives information of surfaces.

Definition 2.1 (Geometry intrinsic) If a quality on surface is determined by the first
fundamental form of the surface, then the quality is called geometry intrinsic.

Definition 2.2 (Geometry essential) If a quality on surface is independent of specific
parametrization of surface, we call this quality geometry essential.

Although the operators introduced above are defined by the local parametrization of
surfaces, they do not depend on the specific choice of parameters. So they are geometry
essential. In more detail, we have the following lemma.

Lemma 2.1 Let x = x(u,v) and x = x(u,0) be two different parametric representations
ou ov

of surface M. Provided that the determinant of J := [ gu gu } 1s positive, then for all
o o

feCiM),

Vi = Vi,
Of = Of, .
of = Of, (2.8)

where ¥V, O, @ and V, , @ are two groups of operators on M under distinct parameters
choices.



Proof: We only prove equation (2.7). Similar proofs can be performed for (2.6) and (2.8).
Assume that the transform of parameters is

o (u,0) € Q— (u,v) € Q.

Then the transformation of basis of the tangent space is

T

17 = J[xu, x,]7.

[Xffm X5

For det(J) > 0, n = 1 holds. Therefore the transformations between the coefficients of first
and second fundamental forms are

[gaﬂ] - J[gaﬂ]‘]Ta [Bozﬁ] = J[baﬂ]JT‘

Hence

<_>f = [Xa, XT)] [Baﬁ] (fﬂa fﬁ)T
= [%u, %, | JTTRPYT N (fus f2)T = OF

Tangential divergence operator. Let v be a C! smooth vector field on M. Then the
tangential divergence of v is defined by

) 1 10 0 o T
dlv(v):ﬁ [%, %} [Va19°°] [%u %] V]

Noticing that if v is the normal vector field of M, div(v) = 0, therefore, we refer to this

operator as tangential divergence operator(see Remark 2.3).

Laplace-Beltrami operator(LBO). Let f € C*(M). Then Vf is a smooth vector field
on M. The Laplace-Beltrami A applying to f is defined by

Af =div(Vf).
From the definitions of V and div, it is easy to derive that
1 10 0
Af = —|—, — ap T 2.
F = 2o ) (VAL G 2] (2.9)

= gﬁfu + guAfv + guAufuu + guAvfuv + gﬁ;fvm
1
= 5(922f11 + g11fo2 — 2012 f12)
= [9*]:[ fas ], (2.10)

where

gf =- (911 (9229122 — G129222) +2912(9129212 — g229112) +922(g229111 —9129211)) /92,

gf = (911(9119222—9129122)+2912(g129112 - 9119212)+922(9119211 —9129111))/92,
Ja=92/9, G = —2012/9, G = 911/9;

and
faﬁ = fuauﬂ - (vf)TXu"uﬁv O[,ﬁ = 17 2a
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are the second covariant derivatives, and the notation A:B stands for the trace of ATB.
One can easily see that A is a second order differential operator with respect to surfaces
considered and functions domained on surfaces.

Giaquinta-Hildebrandt operator(GHO). Let f € C*(M). Then ¢ f is a smooth vector
field on M. The Giaquinta-Hildebrandt operator L] applying to f is newly defined by

Of = div(O).
From the definitions of ¢ and div, it is easy to derive that
O = = g0 5e] VAU G 2] 211
= 9o fut 97 fo+ Guufuu + G fuw + G fi
= é(bmfn + bi1fa2 — 2012 f12) (2.12)
= [h*7] fas]. (2.13)

where

QE = (b11(9229122—9129222)+2b12(9129212 — g229112) +b22(g229111 —9129211))/92,

QvD = (511(9119222—9129122)+2512(9129112 - 9119212)-1—522(9119211 —9129111))/92,
QEU =ba/9, QEU = —2b12/g, QUDU =bu/g.

To the best of the authors’ knowledge, differential operator [J is introduced by Giaquinta
and Hildebrandt (see [7], p. 84), we therefore call it Giaquinta-Hildebrandt operator (GHO).
Since b;; involves the second order derivatives of the surfaces considered, the first equality
of equation (2.11) implies that O involves the third order derivatives at first glance, but the
second equality tells us that it does not depend on the third order derivatives of surfaces.
Therefore this operator is of second order with respect to surfaces and functions domained
on them.

X operator. Let f € C?*(M). Then @f is a smooth vector field on M. The X operator
applying to f is defined by

Xf =div(af).
Form the definitions of ©® and div, we can derive that
= L ﬁ 2 ap T
97 = = g0 ge] VLIS £07]
= [[9*18]:[ fap] +2(Vf, VH). (2.14)

Obviously, this operator is of second order with respect to f. But it is of third order with
respect to the surface. Since @f = 2HV f — O f (see Lemma 2.6), we have

Rf =2HAf — Of + 2(V§, VH).

Then (2.14) is obtained using the relations (2.33), (2.10) and (2.13).

7



Remark 2.1 We have presented three pairs of differential operators. That is
1. Pair one (V, A): tangential gradient operator and LB operator.

2. Pair two (O, 0): second tangent operator and GH opertor.

3. Pair three (@, X): third tangent operator and X operator.

The last two pairs of these differential operators are quite new. We have noticed that in [21]
these operators are also introduced to solving variation problems in biomembrane. There
they used symbols V,V,V to represent V, @, O, respectively.

Remark 2.2 Since tangential divergence operator is geometric essential, we can prove that
these three pairs of operators are all geometry essential, as Lemma 2.1 has proved. But only
the first pair of operators V and A is geometry intrinsic. Both the second and the third
pairs of differential operators are not geometry intrinsic.

Remark 2.3 There is another definition of the divergence operator in literatures (e. g.
[1, 9]), that is, Div is defined by

Div(v) = tr[Vv].
Our tangential divergence operator div is not completely identical with Div. Specifically, if
v is a tangential vector field to M, div(v) coincides with Div(v). But if v is not on the

tangential direction, e. g., the normal vector field n, div(n) = 0 but Div(n) = —2H, which
can be found in subsection 2.4.

2.2 Properties of the Proposed Differential Operators

In the following, we will list or prove some basic formulae for these differential operators.

Lemma 2.2 ([3], pp. 139-142) For any functions f,h € C*(M), the following equalities
hold

V(fh) hVf+ fVh,
A(af +bh) = aAf+bAh, (Va,beR),
div(fVh) = fAh+(Vf,Vh),
A(fh) = fAL+2(Vf,Vh)+hAf.
For the operator pair ({, ), we similarly have the following newly established
Lemma 2.3 For any functions f,h € C*(M), the following equalities hold

O(fh) = hOf+ fOh, (2.15)
O(af +bh) = a0Of+00h, (Va,beR) (2.16)
div(fOh) = fOh+ (Vf,Oh)

= fOh+ (Vh,Of), (2.17)

O(fh) = fOh+ (Vf,0h) + (Of, Vh) + hOf

FOh+2(Vf 00 +hOf
= fOR+2(Vh,Of) +hOf. (2.18)



Proof: (2.15) and (2.16) are evident by the definitions of ¢ and (0. Now we prove (2.17) as

by —b12] (I
div(f Oh) = %[%’ 8%] f[—bn \l;lglez)

1 by  —bia] [ hu
— f|:|h+§(fu> fv)[_i?2 blIQ] <hv>
= fOh+ (Vf,On) = fOh+ (Vh,Of).

Taking (2.15) and (2.17) into account, we can prove (2.18) without any difficulty.
For a vector-valued function f = (f1,--- , fy)T € C?*(M)F, we define

Vf = [Vfi, -, V] €R>k

Af = (Afla 7Afk)T ERk,

Of = [Ofr,--,0fi] €R¥H

Uf = (be 7|:|fk)T eRku

of = [0fi,-,0fi] €R¥,

Xf = (gfb >&fk)T G]Rk

Hence, it is easy to see that

Vx =[x, %] (0] [%u %], (2.19)
Vn = —[x, %] [g"] 8 [xu %], (2.20)

and both Vx and Vn are symmetric 3 x 3 matrices.
For the compatibility between operators, we prescribe the divergence operator acting on
a matrix-valued function Q = [qy, -+, qi ] € CH{M)3*F as

div[Q] = (div(qy), - ,div(qr))” € RF.

Hence
Af = div[Vf], (2.21)
Of = div[0f], (2.22)
still hold.
Lemma 2.4 For any scalar function f € C*(M) and vector-valued functions £, h € C?(M)3,
we have
V({f,h)) = Vfh+ Vhf, (2.23)
div(VEfh) = (Af h)+ V{:Vh, (2.24)
A((f,h)) = (f,Ah) +2V{:Vh + (h, Af), (2.25)
div[fVh] = fAh+[Vh]'V/, (2.26)
V(fh) = fVh+Vfh', (2.27)
A(fh) = Afh+2[Vh]'Vf+ fAh (2.28)
diviffh’] = [Vh]"f +div(f) h. (2.29)



Proof: Let f = (f1, fo, f3)T and h = (hy, hs, h3)T. (2.23) is obvious. For (2.24), we have

div([V f1, Vfa, Vf3](h1, ha, hs)")
= le(Vfl hl + Vfg hg + Vfg hg)
= MAfi +(Vfi,Vh) + hoAfo + (V fo, Vha) + haAfs + (V f3, Vhs)
(Af, h) + VE:Vh.
From (2.23) and (2.24), (2.25) is easily deduced. Let us prove (2.26) as

div[fVh] = div]fVh, fVhs, fVhs]
div(fVhy) fAhy + (Vhy, Vf)
= | Aiv(fVhy) | = | fAhy+ (Vhy, V)
div(fVhs) fAhs + (Vhs, Vf)
= fAh+[Vh]'V/f.
For (2.27), we have

V(fh) = [V(fh), V(fh2), V(fhs)]
= [Vfhi+Vh f,Vfhy+Vha f, Vfhs+ Vhsf]
fVh+Vfh'
From (2.26) and (2.27), (2.28) follows. To prove (2.29), we have
divifh’] = (div(hf), div(hof), div(hsf))”

= (hydiv(£) + (Vhy, £), hodiv(£) + (Vhy, £), hadiv(f) + (Vhs, £))T
= [Vh]"f + div(f)h.

Similar to Lemma 2.4, we can verify the following newly established

Lemma 2.5 For any scalar function f € C*(M) and vector-valued functions f,h € C*(M)3,
we have

O(f,h)) = Ofh+ Ohf,
div(0f h) = (Of h) + Vf:Oh (2.30)
= (Of,h) + Vh:0Of,
O((f,h)) = (f,0Oh) + 2V{:Oh + (h, Of)
= (f,0h) + 2Vh:0f + (h,f),
div[fOh] = fOh+[Oh]'Vf
= fOh+[Vh]70f,
O(fh) = fOh+Ofh",
O(fh) = Ofh+2[0h]'Vf+ fOh (2.31)
= Ofh+2[Vh]'Of + fOh.
Remark 2.4 Because the ranges of the first three tangent operators are in the tangent
space, there should be some relations between them. That means, they may be not in-

dependent to each other. Interestingly enough, there is a nice relationship between them
characterized by the following
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Lemma 2.6 For any function f € C*(M), the following equality

2HVf—0f —0f =0 (2.32)
18 valid, where H s the mean curvature of surface M.
Proof: Proving equality (2.32) is equivalent to proving

2H[g°%] —[¢°°]S — [h*"] = 0, (2.33)

which is valid by a straightforward calculation.

From this Lemma, we can see that three pairs of differential operators can be reduced to
two pairs. That is, the third pair differential operators can be represented by the other two
pairs. Thus we did not write out the analogous lemmas for @ and X as in Lemma 2.3 and
Lemma 2.5. In particular, we own

Lemma 2.7 For surface M, we have

Vn +ox =0, (2.34)
On+ KVx =0, (2.35)
2HVx+Vn - 0x =0, (2.36)
2HVn — on — On = 0. (2.37)

)

Proof: (2.34) can be proved by the definitions of operators V and ©. We can prove (2.35
by the definitions of ¢ and V as well as (2.1). (2.36) is the outcome of (2.34) and Lemma
2.6. If we replace f in Lemma 2.6 with n, equality (2.37) is obvious.

Remark 2.5 Equation (2.33) is of fundamental importance because we can draw the well-
known relationship between the first, second and third fundamental forms, that is

111 — 2HI1 + KT = 0. (2.38)

Proof: Multiplying equality (2.33) with matrix [b.s]| and [gas] from the left and the right,
respectively, we have

2H(bag] = K[ gas] = [bas] [9°7] [bas] = O, (2.39)
where the entities of [bas][9*?][bas] are the coefficients of the third fundamental form.
Multiplying [du, dv] from the left and [du, dv]T from right sides of (2.39), we obtain the
famous (2.38). From this proof, we can regard equality (2.32) as a dual of relationship (2.38)
in some sense. We believe, this approach of proof is really new.

In what follows, we shall prove several important formulae with the help of these opera-
tors, which will be widely utilized in Section 3.

Theorem 2.1 Let M := {x(u,v) € R% (u,v) € Q C R?*} be a reqular parametric surface
with normal vector field n, and operators A,J, div,V,{ defined as above. Then we have

(Ax,n) = 2H, (2.40)
(Ox,n) = 2K, (2.41)
(An,n) = —(4H?-2K), (2.42)
(On,n) = —2HK. (2.43)

11



Proof: (2.40) is well-known, but we would like to reprove it quickly with the help of the
operators introduced above.

) = div(Vxn) - VxiVn = —tr[[x,, %, ] [9°7][=S] [xu, x,]"] = tr[ S] = 2,
) =0 —VxiOn = tr[ [h%7]S[gas]] = 2K,

An,n) =" —Vn:Vn = —tr[SS] = —(kI + k3) = —(4H* — 2K),

) = =Vn:dn=-Ktr[S]|=-2HK.

Hence (2.40)—(2.43) are true. Here we point out that (2.42) is the negative of total curvature
([20], p. 1011, [12]) and the deduction can also be found in ([4], p. 216).
From this theorem, we can derive a stronger conclusion.

Theorem 2.2 Given M,n and operators as in Theorem 2.1, we have

Ax = 2H, (2.44)

Ox = 2K, (2.45)

An = [Ox—2VH -2HAx=2(K—-2HH - VH), (2.46)

On = —-VK - KAx=-VK — HOx = —~VK — 2KH. (2.47)
Proof: To prove (2.44), we need to verify that

(Ax,x,) = 0, (2.48)

(Ax,x,) = 0. (2.49)

Frankly speaking, this result is not trivial at all if we do not know (2.44) as a prerequisite.
From (2.24), we have

div(x,) = div(Vx x,) = (Ax,x,) + Vx:Vx,.

We can calculate that

: 9 0 g2 —012 g11
e = (2 2] [ 2% 21
() {8 @ } { —g12  g11 g12
1 9(\/g _ u
— \/_ 8u 2g (2.50)
Vx:Vx, = tr [[xu, Xy | [g“ﬁ] [ Xuus XM,]T}
_ af <Xu'u7 Xu> <qu7 Xv)}
= {[9 e e
— tr|[¢° [thnﬂLF%gu F%1912+F%1g22]
[l + g2 Tiagiz + Tiog2
= T, +T% g;, (2.51)
where
J9ae | 09 09a
Flf TGt am e (@BrE=12)

0u5 ou®
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are Christoffel symbols. Thus (2.48) is proved and similar proof for (2.49) give rise to (2.44)
with the help of (2.40).
Similarly, proving (2.45) is equivalent to proving

(Ox,x,) = 0, (2.52)
(Ox,x,) = 0. (2.53)

Using (2.30), (2.52) is the same as
div(Qx x,) = Vx:0x,. (2.54)
We can derive that

div(Ox xy)
= div([xy, xu] [0 ] [X0, %] %)

- Gl |5l )]

1 0
= E < 911522 - 912512) + %(912511 - 911512))
1 08
—(911b22 - 912b12, 912511 - 911b12 ) ( ‘(a\uf)
9 Vg Ov

—
S
N

1
= E(Qnubm + 911522u - 912ub12 - 912512u - 911vb12 - 91151% + 912b11U + 6119121)

1 Fl +F2
1 by — Giobis, Grabis — guib ( 11 12)
9(911 22 — 1212, G12b11 — g11b12) F%2+F32

—
=
=~

1
;((911522 - 912b12)F%1 + (912522 - 922512)F%1
+(912bn - 911512)11%2 + (922511 - 912b12>F§2>7

where (a) is valid because of (2.50) and (2.51). (b) is valid because of the relationship
between Christoffel symbols with the first fundamental form ([5], p. 232)

anll + F11912
1111912 + F11922

{ ) =
{ ) =
{ Tlogin + 012 = (Xuws Xu) = 2911U7
{ ) =
{ ) =
{ ) =

Xuus Xy 2911u7

1
9124, — 59114

['iy912 + 5020 = 59224)

{ 1j22911 + F22912 = (Xpv, Xy

1

9124 = 59224
1

1122912 + F225122 = (Xpv; Xy

509224

and Mainardi-Codazzi equations ([5], p. 235)

bty — bz, = buljy +b1a(T5, — Thy) — baoT'g,
bigy, — baay, = b11F52 + blz(rgg — F%g) - 522F%2-
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On the other hand

Vx:0x, = tr

[ %0 ] 1977 [0 %07 [0 %0 ] 1] [ X0 )" |

12911 + F12912 F%lez + F%2922

_ [ ha,@ 11911 +THoe Tiigie + g2 ]]
< 911b22 - 912512)F%1 + (912522 - 922b12)F%1

Q| =

+(912bl1 - 911512)1112 + (922b11 - ngbIZ)F%2>'

Thus (2.54) holds and similar proof can be carried out for (2.53). Therefore we complete the
proof of (2.45) with the help of (2.41).
To prove (2.46), noticing (2.36), we have that

Vn = Ox —2HVx. (2.55)
Therefore
An "2V div(Vn) = div(Ox — 2HVx) ¥ Ox — 2VH — 2HAx,

where we have owned the validity of (a) to (2.26), (2.22) and the symmetry (2.19) of Vx.
Thus the first equality of (2.46) holds and (2.44) and (2.45) guarantee the validity of the
second equality. Similarly, noticing (2.35), we have

On = —KVx.
Therefore
On %27 div(On) 3D YK - KAx.

Taking (2.44) and (2.45) into consideration, we can show the last two equalities of (2.47) are
correct. Thus we complete the proof.

Theorem 2.3 For operator X on parametric surface M, we have

Kx = —An,
Xn = 2VnVH +2HAn — On.

Proof: From (2.34), (2.37), (2.26) and (2.20), we can verify the theorem easily.
Remark 2.6 On the results we obtained in Theorem 2.1-2.3, we would like to point out

that except that equalities (2.40), (2.42) and (2.44) are well-known, the other equalities, to
the best of the authors” knowledge, are relatively new.
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2.3 Divergence Theorems and Green’s Formulae

In this subsection, Green’s formulae for GHO will be given. First let us introduce two
lemmas.

Lemma 2.8 (Riemannian divergence theorem I) ([3], p. 142) If v is a C' vector field
on M with compact support, then

/M div(v)dA = 0.

Lemma 2.9 (Riemannian divergence theorem II) ([3], p. 143) Let M be oriented, U
a sub-region of M with smooth boundary OU, v the outward unit vector field along OU which
is pointwise orthogonal to OU. Then for any C vector filed v on M we have

/u div(vjaA = [ (v.v)ar

From these two divergence theorems, we can state the following two Green’s formulae.

Theorem 2.4 (Green’s formula I) Let v be a smooth three dimensional vector field on
M and f € CY(M) with compact support, then

/M ((v,Vf)+ fdiv(v))dA =0. (2.56)

Proof: Taking v as fv, then using Riemannian divergence theorem I, we can prove the
theorem with no difficulty.

Theorem 2.5 (Green’s formula IT) Let M be oriented, U a sub-region of M with smooth
boundary OU, v the outward unit vector field along OU which is pointwise orthogonal to OU.
Then for any C* vector filed v on M we have

[ n)+ rantoyaa= [ sivin

ou

Proof: Taking v as fv, then using Riemannian divergence theorem II, we can verify this
theorem.

From these two Green’s formulae, we can state the following Green’s formulae for LB
operator.

Theorem 2.6 (Green’s formula I for LB operator) ([3], p. 142) Let f € C*(M),h €
CY(M), with at least one of them compactly supported. Then

/ (hAF + (V£,Vh))dA = 0.
M
If both f and h are C?, then

/ (WAf — f AR)dA = 0. (2.57)
M
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Theorem 2.7 (Green’s formula II for LB operator) ([3], p. 144) Given M,U and v
as in the Lemma 2.9, and given f € C*(M),h € C'(M). Then

/(hAf+<Vf,Vh))dA:/ hv, ¥ fdo.

ou

If both f and h are C?, then

/u(hAf — fARh)dA :/ (Wv, V) = f{v, Vh))do.

ou

For GH operator, we can prove the following two new conclusions.

Theorem 2.8 (Green’s formula I for GH operator) Let f € C*(M), h € CYM),
with at least one of them compactly supported. Then

/ (ROf 4+ (Vf,Oh))dA = 0.
M
If both f and h are C?, then

/ (hOf — fOR)dA = 0. (2.58)
M

Proof: Let v = h{Qf. Then by Green’s formula I, we can confirm this theorem by noticing
(2.17).
There is a note here, in [22], similar results with (2.58) are obtained.

Theorem 2.9 (Green’s formula II for GH operator) Given M,U and v as in the Lemma
2.9, and given f € C*(M), h € CY(M). Then

/(hmf+<Vf,oh>)dA:/ h(v, O f)do.

u au

If both f and h are C?, then
/(th—th)dA:/ (h{v, O.) — Fl, OB dor.
u au

Proof: Let v = h{f. Then by Green’s formula II and (2.17), we obtain the first equality.
And the second equality follows from the first one and Green’s formula II again.

2.4 Eigeninformation

In this subsection, we list some basic eigeninformation for these three first-order differential
operators acting on x and n. Obviously, the 3 x 3 matrices obtained are all symmetric.

1. Matrix Vx is a projection operator onto tangent space to surface M, then we have
(Vx)T = (Vx)? = Vx. The three eigenpairs are (1,e,), (1, e,), (0,n), respectively. So
we have tr(Vx) = 2, as we used before.
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2. Matrix Vn has three eigenpairs as (—kq, e1), (—kz, €2), (0, n), respectively. Thus tr(Vn)
= — (k1 + ko) = —2H, the familiar result.

3. Matrix Ox has three eigenpairs as (ko, 1), (k1,€2), (0,n) by taking (2.36) into consid-
eration. Therefore tr(0x) = ki + ko = 2H.

4. Matrix On has three eigenpairs as (—K,e1),(—K, es), (0,n), separately, by taking
(2.35) into account. Therefore tr(On) = —2K.

5. Matrix @x has three eigenpairs as (ki,ey), (k2,e2), (0,n) by taking (2.34) into consid-
eration. Therefore tr(©x) = ky + ko = 2H.

6. Matrix @n has three eigenpairs as (—k?,e1), (—k2,es), (0,n), separately, by taking
(2.37) into account. Therefore tr(on) = —(k? + k3).

3 Euler-Lagrange Equation Derivation

In this section, we derive the Euler-Lagrange equation for the functional (1.1) from complete-
variation. We summarize the obtained result as the following theorem

Theorem 3.1 Let f € CYR x R). Then the Euler-Lagrange equation of the geometric
energy functional (1.1) for the complete-variation is

A(fuAfn) +20(frAfn) — div[[|Vf]*Vx] — 2div[fzAfVn — 2K fx AfVx]
+2div| RVF(RVf)'] = 0 € R®. (3.1)

Proof: First we can rewrite (1.1) as

Z0M) = [ [ 1915 adude,

Consider a family of variation x(w, ) of M defined by
x(w, €) = x(w) +e®(w), weQ, | <1,
where ® € C°(Q2)3.
Suppose M is the extremal of functional (1.1). Then we obtain

d
0= d—ggzl(M(',éf))L:O = (ngl(M, (I)),

where

SFM ) = [ [ (BUVIH ) + 97 6V3)/ Va) Viduds 32)
Noticing that

X Xy + Eq)ua,

u

Xy = Xyoyb + €(I)u“u5a
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then we first obtain

6(911) 2<(I)ua Xu)a (33)
(912) = <(I)U7Xv> + <q>vaXU>7 .
0(g22) = 2(Pu,xy), (3.5)
6(9) = 2g22(Pu, Xu) + 2911 (Pu, X0) — 2912({Pus, Xo) + (P, X))

= 29Vx:VO, (3.6)
(0v9)//g = Vx:VO.

Let us compute the variation of normal vector n as follows. First, 6(n) is a tangent vector
to surface by noticing that

d((n,n)) = 2(5(n),n) = 0.
Then from
6((n,x,)) = (6(n),xy) + (n,0(x,)) =0,
0((n,x,)) = (0(n),x,) + (n,0(x,)) =0,
we can draw
B o (n,®,)\ B 0
o) =[x x 1107 ([ 7)) = -
Thus
5(b11) - <5(n)7xuu> + <n’5(xuu)> <[Xua X’U] [gaﬁ] (<HZ$Z§) axuu> + <Il q)uu>
- (w0 1) (o))
= oo el (5 TS ) + e
= (n, —Fh(I) Fflcb + Dyy) = (n, Pyy),
5(512) = (n,CI>12>,
5(522) = <n, @22>,

where ®,4 are the second covariant derivatives. Therefore

1
+ %«m P11922 + Poogrii — 2P12912)

—d(g)

1
5(511922 + b22g11 — 2b12612)
+2b11<XU, (I)U> + 2b22<XU7 (I)u> - 2b12(<xv7 (IDU> + <Xu, (I)v>)>

1
—2HVx:V® + 5(1’1, AD) + Vx:OP

1
—-Vx: 0® + §(n, AD)

~te[[x %157 [97 ) [ @, 0,17 4 5 (n, A®)

Vn:Vo + %(n, AD),
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and
1 o 1 )
oK) = 5(;)(511522 —bjy) + 55(511522 — biy)

1
= —2KVx:V® + §<Il, (I)HbQQ + (I)ngu — 2(1)12b12>

(2.12)

—2KVx:V® + (n,09). (3.8)
We are now in the position to compute the variation of ||V f(H, K)]|?.
O(IV f(H, K)|I*)
_ 1 g -9 fu ap( Ju
= 0w B[ 22 IR (3) + 200, £

g2 g1l
gt 0 2] () 39
= —2Vx:VO|Vf|* + 2(%(]%15}1 + fK0K), %(chSH + fmSK)) [gaﬁ]@zj)
é(f o fol] —<xm%'1§j>m—®<v>><u,<bv> _<X”’§Z§if @i);u’% I() (3.10)

_l_
= g(gazfu 12) 5 0 (fH(Vn Vo + 1<n A®)) + fr(—2KVx:V® + (n,00)))
+

(—g12fu + gllfv) (fH(Vn Vo + ;(n, A®)) + fx(—2KVx:V® + (n,0)))

wlc;lw

5 o = fu) X, X, 'V [xy, X, ] (fo, —fu)" = 2V V[V f|*. (3.11)

In the derivation from (3.9) to (3.10), equalities (2.3), (3.3)-(3.6) and the commutative
property of § with 2, 2 are used. From (3.10) to (3.11), the equalities (3.7) and (3.8) are
used. One thing that should be emphasized here is that f, = fyH, + fx K, and similar
equation for f,.

Hence, we have

0F1 (M, D)

= [ (= 29x50I 1P + 2gha ~ 9at) - (fu(TnTE + 50, 20))
il <b>—szXv<I>>>

+3( Grafu + gllfv) (fH(Vn Vo + - ! (n A®)) + fr(—2KVx:V® + (n,09)))
2 (=) (%0 %190 [0 %] (foy ~£)T + VYRV IE) Vidudo (3.12)

// — |Vf(H, K)|PVx:V® — 2Af(fu(Vn: V<I>+;<n,A<I>>)
+[x(—2KVx:V® + (n, 0D)))
+§V<I> % %o ] (for = Fu) T (For = Fu) [Xu, XU]TD\/Edudv (3.13)
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// IV F(H, K)PVxV® — 20 (fu(Vn:TD + (n, A%)

+fx(—2KVx:V® + (n,00))) + 2V® : [ RV f(RV f)” ]) Jgdudv (3.14)
— [ (V7179 4 2iv( V0~ 25 e FTX) = Al )~ 200 fich )

—2div| RVF(RVf)T], (I>>\/§dudv. (3.15)

In the derivation from (3.12) to (3.13), Green’s formula (2.56), (2.9), the compact support
property of ® and the following well-known equality

tr(AB) = tr(BA), VA€ R™" VB e R™™

are used. In deriving (3.14) from (3.13), we have utilized a newly defined rotation matrix R
on tangent plane

1
R = _[_Xva Xu] [Xua XU]T'

V9

Green’s formula I (2.56), Green’s formulae I for LB operator (2.57) and GH operator (2.58)
are used to derive (3.15) from (3.14) as well as the compact support property of ®. Since
(3.15) vanishes for any ® € C°(Q2)*, Euler-Lagrange equation (3.1) for functional (1.1) is
therefore obtained. We thus complete the proof.

Corollary 3.1 Taking scalar product of (3.1) with normal vector n yields

(A(faAfn) +20(fxAfn) — div[|VfIIPVx] — 2div[fpAfVn — 2K fx A fVX]
+2div[ RV f(RVf)"],n)
= A(fAS) +20(fxA) + 221 — K) fuAf + AHK feAf — 20|V f|? +2(V f,0)
_— (3.16)

The corollary coincides with the result obtained in [13]. In deriving the corollary, we have
utilized Lemma 2.4 and

(div([RVf(RVf)"]),n)

(2.20)

([V(RV) ]TRVf, n) + (div(RVf)RV f,n)
Y [V(RVf)n] RV

G2 (RV)TVn RV
O s LI [ fur fo]
w0, (3.17)

where (a) is valid because the vector RV f is in the tangent plane.
In fact, we have a stronger conclusion that is the following theorem.
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Theorem 3.2
A(fuAfn) +20(fxAfn) — div[|Vf]*Vx] — 2div[fgAfVn — 2K fx A fVx]
+2div[ RV f(RV f)T]
= n(A(fuAf) +20(fxAf) + AKH fx Af +AH? fu Af — 2K fyAf — 2H||V f|?
+2(Vf,01)). (3.18)

Proof: We first have the following equalities.

Alfrafn) "2 A(faAf)n + 2 Vn]V(faAf) + (falf)An,
O(fxAfn) Z:z; O(fxAf)n — 2KV (fxAf) + fxAfOn
CAD O(feAf)n — 2KV (fcAf) + fxAf(-VE — 2K Hn),
dv[[VPVx] 2 2|V r|PHn + V(Y.
div[fuAfvn] 2 VnV(fzAf) + fuAfAn,
div[K fxAfVx] "2 V(K fiAf) + K ficAf(2Hn),
)

[V(RVf)]"RV f 4 div(RV )RV f
[V(RVf)]"RV,
where the last equality is valid because of div(RV f) = 0. After substituting these equalities
into the left hand side of (3.18), we obtain
A(fgAfn) +20(frAfn) — div[[|Vf]*Vx] — 2div[fzAfVn — 2K fx AfVx]
+2div[ RV f(RV f)T]
= A(fuAf)n — (fgAf)An+20(fxkAf)n —AKV (fxAf) + 2fxk Af(-VK — 2K Hn)
=2|[VfIPHn = V(|[Vf|*) + AV(K fxAf) + 8K fx AfHn + 2[V(RV f)|"RV f
= A(fulAf)n —2(fyAf)(Kn —2H?n — VH) + 20(fxAf)n 4 2fx AfVEK
—2H|Vf|['n — V([VFI[2) + 4K Hfc A fn +2[V(RV ) [T RV f
= n(A(fulf) +20(fxAf) + AKHfAf + AH? fy A f — 2K fy Af — 2H||V f]?
L2V, 00)) + 2fuAfVH + 2fx AfVK = V(|[VIPP) + 2[V(RV f) "RV f
—2(Vf,0f)n
= n(A(fuAf) +20(fxAf) + AKH fie Af +4H? fpAf — 2K fu A f — 2H||V f|?
+2(V0f) +28fVf = V(IVI?) +2[V(RV) "RV f = 2(Vf, O f)n.
All left is to show that
ANV —=V(IVFIIP) +2[V(RVH 'RV —2(Vf,Of)n = 0. (3.19)

This equality can be verified by the following approach. Let LHS be the left hand side of
(3.19). We only need to prove that

—~
N
N
=)

~

div| RV f(RV )"

(LHS,n) = 0, (3.20)
(LHS,x,) = 0, (3.21)
(LHS,x,) = 0. (3.22)
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Equality (3.20) is obvious by taking (3.17) into consideration. To confirm equality (3.21) is
by now the unique task we should do, since (3.22) can be confirmed in a similar manner. In
view of the definitions of V, A and rotation matrix R, we can prove the second equality by
a straightforward calculation. In more detail,

(xu, AfV )
= [uAf
= %(922ufu — G12ufo + 922 fuu — G12fuw — G120 fu + G110 S0 — G12fuw + G11 fo)
fugu( 22 fu — G12fu) + ];;U (911f0 — g12fu), (3.23)

(xu VAIVAI®)

= (é(gwf = 2912 fufo + 9111, ))
= ;<g22uf 2912ufufv + glluf + 2922fufuu 2912(fvfuu + fufuv) + 2911fvfuv)

_%(922f3 - 2912fufv + gllf3)7 (324)
(3 [V(RV )RV )
1 1 T
= {x 7 V(= ox = fox)) i = fox)
fv f“ (

= ( (fv Xu quv)) \/—

\/— \/— (fvxu fuxv))v

7

= §<gllfvfuv — g12fofuu + glluﬂ? - gllvfﬂfv — giifufoo + Gr2fufuw + <912v - %gﬂu)fg)
—29—;2(911f — gi2fufv) + (gllfufv gl2f5)- (3.25)

Substituting (3.23)—(3.25) into (3.21) gives the equality. Therefore we complete the proof of
the theorem.

Remark 3.1 In particular, if we take f(H, K) = H, then from (3.1), the Euler-Lagrange
vector equation for functional (1.2) is

A(AHn) — div[|VH|*Vx] — 2div[AHVn] + 2div| RVH(RVH)" | = 0. (3.26)

Furthermore, if we take scalar product of the (3.26) with normal vector n, (3.16) turns out
to be

A*H +2(2H? — K)AH —2H||VH|?* + 2(VH,0H) = 0,
which has a wonderful consistence with the result we obtained in [27].

For the sake of numerical solving of the geometric PDEs using the finite element method,
we propose the following corollary.
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Corollary 3.2 The weak form of (3.1) can be written as

/M ((4Hfu A + 4K [T — |V FI?) VXV — 25 A fVx00
PV (A )V + 29(fi A )06+ A RYS(RY £)T[V6)dA = 0, ¥ € C=(). (3:27)

Proof: Rewritten (3.14) with the help of (2.36) as
//Q ( CIVFIPVXV® — 215 Af[Ox — 2HVX]:V® — fuAf(n, AD)
HAK [ AfVRVD — 2f,Af (n,00) + 2[ RVF(RV )T ] :vq>> Jgdudv
_ //ﬂ ((4HfHAf +AK filAf — [VEP) VKV — 25 AFOXVD
+[V(fgAfn)|:V® + 2[V(fxAfn)]:0P + Q[RVf(RVf)T}:vq>) Vgdudv, (3.28)

where the last equality is valid by virtue of Green’s formula I for LB operator (2.57) and
GH operator (2.58). If we take ® = (¢, 0, 0)7, (0, ¢, 0)* and (0, 0, ¢)*, separately, with
¢ € CX(Q), then we can get three equations. After combining them together, we obtain
weak form (3.27).

Remark 3.2 For convenient numerical computation, we give an easily used form as follows,
that is project the last three terms of the left hand side of (3.1) to normal direction, yielding
the flow equation

g—’; = A(fuAfn) +20(fxAfn) — |V f|?Ax + 2fy Af(Ox — 2HAX) + 4K fx AfAx
+2(Vf,0f)n.
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