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AN OPERATOR-SPLITTING OPTIMIZATION APPROACH FOR
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Abstract. Computing equilibrium shapes of crystals (ESC) is a challenging problem in materials
science that involves minimizing an orientation-dependent (i.e., anisotropic) surface energy functional
subject to a prescribed mass constraint. The highly nonlinear and singular anisotropic terms in
the problem make it very challenging from both the analytical and numerical aspects. Especially,
when the strength of anisotropy is very strong (i.e., strongly anisotropic cases), the ESC will form
some singular, sharp corners even if the surface energy function is smooth. Traditional numerical
approaches, such as the H~! gradient flow, are unable to produce true sharp corners due to the
necessary addition of a high-order regularization term that penalizes sharp corners and rounds them
off. In this paper, we propose a new numerical method based on the Davis-Yin splitting (DYS)
optimization algorithm to predict the ESC instead of using gradient flow approaches. We discretize
the infinite-dimensional phase-field energy functional in the absence of regularization terms and
transform it into a finite-dimensional constraint minimization problem. The resulting optimization
problem is solved using the DYS method which automatically guarantees the mass-conservation
and bound-preserving properties. We also prove the global convergence of the proposed algorithm.
These desired properties are numerically observed. In particular, the proposed method can produce
real sharp corners with satisfactory accuracy. Finally, we present numerous numerical results to
demonstrate that the ESC can be well simulated under different types of anisotropic surface energies,
which also confirms the effectiveness and efficiency of the proposed method.

Key words. phase-field, anisotropy, optimization approach, equilibrium shapes of crystals,
Davis-Yin splitting
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1. Introduction. Computing equilibrium shapes of crystals (ESC) is an impor-
tant and centuries-old interface problem arising from materials science. Meanwhile,
it is very challenging to design materials with specific functional properties for many
nano-technological applications [3, 12, 26]. The ESC problem can be mathemati-
cally described as finding a minimizer of an orientation-dependent (i.e., anisotropic)
surface energy functional with a prescribed mass constraint [17]. The geometric con-
struction of ESC was given by the famous Wulff construction in 1901 [29], which
was rigorously proved by using geometric measure theory [16]. However, the highly
nonlinear, singular anisotropic terms in surface energy would bring considerable chal-
lenges to theoretical analysis, modeling and numerical simulations. Especially, when
the strength of anisotropy is strong enough, some sharp corners will appear in the
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ESC even if the anisotropic surface energy function is smooth, and this phenomenon
is very difficult to capture in numerical simulations [28, 27, 9].

Generally, there exist two widely-used classes of mathematical models in the liter-
ature which can be applied to simulate the ESC, i.e., the sharp-interface models [17, 4]
and the phase-field models [20, 27]. In this paper, we mainly focus on the phase-field
models. To begin with, we consider the interface problem in a fixed, bounded domain
Q C RY, where d = 2, 3 is the space dimension. Let ¢ be a phase variable which takes
the values +1 in the two phases with a smooth transition layer between them. We use
the zero level set {x € Q: ¢(x,t) = 0} to represent the interface curve/surface, i.e.,
the shape of crystals. We denote the gradient of ¢ as ¢ = V¢, and the corresponding
normal vector as n = (ny,--- ,ng) = %, provided that |g| # 0. We consider the fol-
lowing anisotropic Kobayashi-type free energy [20] subject to the mass-conservation
constraint:

2
(1.1) E(¢) = /Q (f(gb) + %”yz(n)|q|2> dz, subject to /Q¢ dz = const,

2 2
where f(¢) = @ is the double-well potential, ¢ is a small parameter which
controls the thickness of the transition layer, and v(n) is the surface energy density.
For instance, except otherwise specified, we will use the following four-fold surface
energy density throughout this paper,

d
(1.2) yn)=1+« (4Zn;—1—3),
i=1

where « > 0 controls the strength of anisotropy. More precisely, when o = 0, the sur-
face energy is isotropic; otherwise, it is anisotropic. In particular, the surface energy
becomes strongly anisotropic if o > %, and in this case the ESC will exhibit sharper
and sharper corners as « increases. It is noteworthy that other types of anisotropic
surface energy exist in the literature, for example, the Torabi-type energy [27], which
results in an interface with uniform thickness and independent of orientation. How-
ever, due to its complexity, this type of surface energy functional is beyond the scope
of current work and will be left for our future study.

The commonly used approach to minimizing the anisotropic free energy functional
(1.1) subject to the mass-conservation constraint is via the H ~! gradient flow induced
by the energy functional, i.e., solving the following anisotropic Cahn-Hilliard equation
([28, 10]) until its steady state:

at(b = A,U,
(13) = () -2V -m,
m =% (n)Vé +v(n)|Ve|(I —n@n)V,y(n),

where V,, denotes the gradient operator with respect to m, I represents the iden-
tity matrix, and ® denotes the Kronecker tensor product. It is worth noting that
the anisotropic Cahn-Hilliard equation (1.3) reduces to the classical isotropic Cahn-
Hilliard equation when the surface energy function y(n) = 1. Nevertheless, solving
the partial differential equation (PDE) (1.3) would be challenging from both analytical
and numerical aspects due to the high nonlinearity and singularity of the anisotropic
terms. In particular, one needs to develop energy stable and bound-preserving (on
[—1,1]) numerical schemes, which is not easy. Another critical difficulty arises from
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the fact that the anisotropic Cahn-Hilliard equation may become ill-posed due to the
anti-diffusion in V - m when the surface energy density is strongly anisotropic [28].

In order to tackle the ill-posedness of the dynamic problem arising from the
strongly anisotropic surface energy, a commonly-used approach in the literature is in-
troducing high-order regularization, for instance, adding a bi-harmonic regularization
term [,,(A¢)*da 28] into the Kobayashi-type energy functional (1.1), or a Willmore
regularization term [i,(A¢— 2 f(¢))?dz [9, 22] into the Torabi-type energy functional.
However, the high-order regularization terms would bring other difficulties in numer-
ical simulations. More importantly, it would change the ESC for strongly anisotropic
systems by penalizing sharp corners and rounding them off in a small length scale,
which is unphysical and deviates from experimental observations. Therefore, devel-
oping alternative approaches to capturing real sharp corners of the ESC in strongly
anisotropic systems is in great demand.

To overcome these difficulties, we consider the direct minimization of the energy
functional in (1.1) subject to both the mass-conservation and box constraints,

(1.4) argmin E(¢), subject to: | ¢ dz = constant and ||¢]e < 1.
[ Q

This problem can be numerically solved by a discretization-then-optimization ap-
proach. We first approximate ¢ by a finite-dimensional vector and discretize spatial
derivatives of all the terms in the energy functional. Then, (1.4) is approximated
by a finite-dimensional optimization problem, which can be solved efficiently and
accurately using finite-dimensional optimization techniques. The main idea of this
approach is illustrated in Figure 1.1.

discretize functional
Energy functional —— > | Optimization problem
1
| gradient flow optimization method l
\
PDE | ------------ > Equilibrium state
numerical schemes

Fig. 1.1: A diagram for the discretization-then-optimization approach versus the gra-
dient flow approach, whose flowcharts are depicted by the red solid lines and the black
dash lines respectively.

The discretization-then-optimization approach is widely used in solving flow con-
trol problems [18]. Hereby it is the first attempt in the literature to apply this ap-
proach for obtaining the ESC of anisotropic phase-field models. The major difficulty
arises from the constrainted non-convex optimization problem after discretization. To
solve this finite-dimensional optimization efficiently with guaranteed convergence, we
reformulated the problem into a combination of three properly organized functions
and applied the Davis-Yin splitting (DYS) algorithm [13]. The DYS algorithm is a
three-operator splitting method that was initially designed for convex optimizations,
with its convergence being proved as a particular case of fixed-point iteration. Re-
cently this splitting was generalized for non-convex optimizations with guaranteed
global convergence to critical points [6]. For the problem (1.4) under our considera-
tion, we decomposed the objective function into the difference of two convex functions
(the DC technique in the optimization literature [1], or the convex splitting technique
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in numerical PDE literature [15]), and introduced an indicator function to enforce the
constraints. The three split functions were shown to enjoy the desired properties such
that the DYS algorithm has global convergence. Moreover, this particularly devised
DYS algorithm was efficiently implemented based on fast solvers. As a byproduct,
the mass-conservation and the box constraint are satisfied exactly at each step in
the iteration. Various numerical experiments have demonstrated the capability of the
proposed numerical method in accurately computing the ESC while maintaining real
sharp corners for strongly anisotropic surface energies.

The rest of the paper is organized as follows. In Section 2, we introduce necessary
mathematical notations and discretize the ESC problem into a finite-dimensional op-
timization problem. In Section 3, we present our numerical method based on the DYS
algorithm for solving the ESC problem and depict the global convergence result of the
algorithm, while leaving detailed proofs in the appendices. Section 4 is devoted to the
numerical performance of the proposed method when applied to different anisotropic
surface energy densities. Concluding remarks are made in Section 5.

2. Numerical discretization. We first introduce necessary notations to dis-
cretize the energy functional (1.1). Consider a rectangular domain = [0,1] x [0, 1]
in two-dimension (three-dimension is similar). Let h = % be the mesh size, where
m € Z™ is the number of grid points. We discretize ¢ as a grid vector ¢; j := ¢(z;,y;)
where z; = (i — %)h, yi = — %)h with 7,57 = 1,2,--- ,m. This grid vector can be
rearranged to be a column vector ¢ := (¢1, da, - , m2)?, with Bitm(j—1) = Pij-

Without loss of generality, we adopt periodic boundary conditions. For simplicity
of our presentation, we define the one-dimensional one-sided difference matrix by

High-order difference matrices can be used if one seeks more accurate approxima-
tions. The two-dimensional difference matrices in x— and y—directions can be defined
through Kronecker tensor product:

D, =1,®D, D,:=D®I,,
where I, is an m X m identity matrix. The discrete negative Laplacian operator is
(2.1) L:=D!D,+ D} D,.

With these notations, we can discretize V¢ as

_ Dz o 6{ . egDI - 2
(22) p_|:Dy:| ¢, and pk—|: e;‘:}p_{e;ny b, kE=1,2,....,m".

Here pj is the approximation of V¢ at each grid point and p is their collection,

er = (0,---,1,---,0)T is an m? x 1 canonical vector with only the k-th element
being 1. Then the corresponding unit normal vector at each grid point is

Pk

2.3 ng = —-,
23) ¢ ol

k=1,2,...,m? when pj # 0.
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We set ny = 0 when pr = 0, which leads to a continuous gradient of the discrete
energy function.
Consequently, the finite-dimensional discretization of (1.4) becomes

2
argmin E = + —7*(n 2),
o min En(@) = 3 (£(60) + 2% mo)ipel)
k=1
subject to: 17¢ = constant and ||¢| < 1.
where 1 = (1,1,---,1)7 is an m? x 1 vector.

3. Numerical method. In this section, we explore the Davis-Yin splitting
(DYS) algorithm for simulating the ESC problem. The DYS algorithm, originally
introduced as a three-operator splitting technique in [13] for convex optimizations,
was recently generalized for non-convex problems with its global convergence estab-
lished in [6]. In Section 3.1, we first introduce the generic DYS algorithm and give
its convergence results. Then, we propose the numerical method for solving the ESC
problem based on the DYS algorithm in Section 3.2. Its convergence is verified through
the validation of the key properties of the split functions in Section 3.3.

3.1. The Davis-Yin splitting algorithm. The DYS algorithm aims to solve
an optimization problem in the form of

(3.1) al;gefé}lin F(z) + G(x) + H(x),

where F, GG, and H satisfy Assumption 3.1 shown below.
Assumption 3.1. The functions F' and H are Lipschitz continuously differentiable,
i.e., there exist positive constants L, , L, such that
IVF (x1) — VF (z2)|| < L, ||z1 — ®2|] V1,22 € R,
HVH (:131) —VH (iL‘Q)H < LH ||£L‘1 — ng Va,,xs € Rn,

and the function G is an indicator function of a nonempty closed convex set.

The DYS algorithm is stated in Algorithm 3.1.

Algorithm 3.1 DYS for problem (3.1)

Require: An initial (®) and a step size 7;
1: while a termination criterion is not met, do
2: Set

2
(3.2) y™ ¢ arg min {F(y) + 1 Hy (D) } 7
Y 2T
2
33) 2™ ¢ argmin {G(z) + 2i Hz _ (2y(n+1) — IVH(y"Y) - w(")) H } 7
z T
(34) @ =g 4 (2 gy,

3 n=n-+1;
4: end while
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The first-order optimality conditions for the subproblems in Algorithm 3.1 are
(35)  0=VEE") oy - ),
(3.6) 0 € dG (") + %(z("ﬂ) — 2yt L 7 VH (y" D) 4 2),

where 0 denotes the Clarke generalized subdifferential [11]. Combining (3.5) and (3.6)
together, we have

y(nJrl) _ z(nJrl)

(3.7) € VF(y™ ) 4+ 0G(z"+D) + VH (y" D).

p
This implies that if the sequence {zx(*+1  yr+h = »(+DY 4 has a cluster point
(z*, y*, 2z*) and lim |[y™*tD — 2+ = 0, then z* is a critical point of Prob-
n—oo
lem (3.1).
It has been shown in [6] that the DYS algorithm is a descent algorithm with
respect to the function

1
. GT(av,y,Z)=F(y)+G(z)+H(y)+;H?y—z—ac—TVH(y)II2
38

1 2 1 2
—lew—yﬂLTVH(y)H —;Ily—zll

for certain 7 > 0 in the sense that
(3.9)

o, ($<n+1>7y<n+1>7z<n+1>) —o. (SB(n)’y(n)’z(n)) < —D(7) Hy<n+1> _ gy 2

There exists a threshold 7 such that D(7) > 0if 0 < 7 < 7. Especially, if F' is convex,
then the threshold T is

) L —(2L,, +6L,)++/(2L, +6L,)2 +12L, L,
L, 6L, L, '

(3.10) 7=

The global convergence of the DYS algorithm is given by the following theorem.

THEOREM 3.2 (global convergence of the whole sequence [6]).  Let Assump-
tion 3.1 be satisfied and let the parameter T in Algorithm 3.1 be such that D(7) > 0.
Let {(m("),y("),z("))}n>l be a sequence generated by Algorithm 3.1 which has a
cluster point (m*,y*,z*)./ If the functions F, G and H are semi-algebraic (see Ap-
pendiz A), then the following statements hold:

(i) 0 € VF (z*) + 0G (2*) + VH (2%), i.e., z* is a critical point.
(i) The limit lim, o O, (:c("), y™, z(")) exists and

©F := lim 67— (m("),y("), Z(n)> = 97' ((E*, y*7 Z*) .

t—o0
(i) Sz |2 =@ 3 [y =y @ and 3,5, |20 = 2] are
all convergent series.

3.2. DYS algorithm for the ESC problem. Motivated by the convex split-
ting technique [15] and the linear stabilization method [24] in numerical methods
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of phase-field equations, or the DC technique [1] in the optimization literature, we
propose the following splitting of the objective function:

e or b
F(¢)=a5é L¢+§;¢i,
(311 G(@) = do(e),

m2

b o € 5 2 e 7
1(0) = Y- (100 - 3ot + Tr)imil) a5 67 Lo,

k=1

where a and b are positive constants such that H(¢) is a concave function in the set
C defined by

(3.12) C={¢:1T¢ ="V, = constant, and ||| <1},

and d¢(¢) is its indicator function, i.e., dc(¢) = 0 if ¢ € C, otherwise dc(¢p) = +o0o.
Since F and G are convex functions, the solutions of Subproblems (3.2) and (3.3)

are unique. The first-order optimality condition of Subproblem (3.2) yields
y(n D) — g

= —(ae®L 4 bI,,2 )y "V,
-

which can be solved efficiently by the fast Fourier transformation (FFT). The solution
of Subproblem (3.3) is computed in a closed form:

2D — pg, (2y<n+1> _VH (y<n+1>) _ m(n)) 7

where P¢ is the projection operator of C' that is given by the following lemma [5].
LEMMA 3.3 (Projection onto the set C' [5]). If C is a set defined in (3.12), then

PC(¢) = PBom[—l,l] (¢ - A*l) = (Hlln {Hl&X{((ﬁ - A*l)p _1} P 1});117
where \* is a root of the equation
(3.13) FO) = 1"Ppou11)(¢ — A1) — Vo =0,

and the projection P pog—1,11(¥) is a cut-off operator, i.c., for any 1 € Rmz,

P Boa(_1.1)(%) = (min {max {¢;, =1}, 1})1",.

Since the scalar function f ()) is nonincreasing, its root A* can be found efficiently.
In this paper, the bisection method is used for the numerical computation of \*.

Computing the gradient of H is a little cuambersome. We provide it in Lemma 3.4
and leave its proof in Appendix C.

LEMMA 3.4 (The gradient of H(¢p)). The gradient of H(¢p) is given by

f'(¢1) — bon Ai(p1) Az(p1)
(3.14) VH(¢) = fl(@,)n_ b2 | 2| pT A{(_’f’2) +D] “4‘%(.’.’2) :
f/(¢m2) — b2 Ay (pm2) Az (pm2)
where A1 (pr) and A2(py) are scalar components defined through

[ﬁ;g:ﬂ = (V3(ny) — a)pr + v(nz) |pe|(I2 — ne @ np)Vpy(ng), k=1,2,--- ,m>
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Using these two lemmas, we can compute the ESC through Algorithm 3.1 with a
prescribed threshold 7 for the step size.

However, the theoretical value of 7 given in (3.10) is too restricted due to its
complexity and may not be useful in practice. We adopt a more practical strategy for
variably selecting 7 as follows [25, 21, 6]:

We initialize the algorithm with a large 0. If T > T, and the iteration satisfies
either ||yt —y™|| > c¢o/n or |yt V|| > ¢ for some predefined co, ¢ > 0, then
we reduce T by a factor %

In the worst case, 7 < 7 after finitely many decreases which ensures the conver-
gence of the sequence by Theorem 3.2. Otherwise, we have ||yt — y(|| < ¢o/n
and ||y V|| < ¢; for all sufficiently large n. Combining the fact that z(™+1) is
bounded and (3.5), we know that the sequence {(m("),y("),z(”))}n>1 is bounded
which leads to the existence of cluster points. In addition, (3.4) and (3/5) imply that
[y D — 204D < (1 + 7L,) ||yt — y™)||, leading to the convergence of the
sequence by (3.7). In fact, this practical step-size strategy can not only accelerate
the convergence speed numerically but also have the potential to avoid the iteration
getting stuck at ‘bad’ critical points [21].

The implemented DYS algorithm for computing the ESC is given in Algorithm 3.2.

Algorithm 3.2 DYS for (3.11) with dynamic step size

1: Initialize (@, 7 = 75, £(© = y©) + 7(ag?L + bl,,2)y®) and parameters (co, c1).
2: forn=0,1,---, do

3:  Use FFT to solve = —(ag?L + bl,,2 )y ™tV for y(r+b,

2t = Pe 2yt — 7VH (y™ D)) — ™).

(D) = () | (D) _ g (i),

If a termination criterion is met, break.

Update 7: if |yt —y™ || > ¢o/n or ||y V|| > ¢y, then 7+ 7/2.

8: end for

9: return z("tY,

YD g (m)

N g

3.3. Convergence property. The original double well potential f(¢) = (¢221)2

does not have Lipschitz continuous gradient. This presents difficulties in the conver-
gence analysis of the algorithm due to the violation of Assumption 3.1. A commonly
used modification is to truncate the double-well potential f(¢) and concatenate it
with a quadratic growth function [24], i.e.,

ME-Lg2 M3+ L (3MA+1), ¢ > M,
(315)  f(9)=q%(s*-1)", ¢ € [-M, M],
BMES1g2 L o034+ L (3MA 1), ¢ < —M,

for some positive number M > 1. Then there exists a constant L such that

(3.16) max |f"(9)| < Ly.

Sufficient numerical experiments ([28, 24, 8, 10]) show that the energy functional
with this modified potential yields bounded equilibrium solutions with bounds nearby
+1. Moreover, the box constraint in (2.4) also guarantees the boundedness of the
equilibrium profiles. This suggests that we can take M = 1 throughout this paper.
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Nevertheless, numerical experiments indicate that the proposed algorithm also works
well even if we take the original double-well potential f(¢) = 1(¢? — 1)2.

As a major technical result, we will show that the sequence generated by the
DYS algorithm associated with the splitting (3.11) converges to a critical point of
(2.4). To this end, we verify the assumptions of Theorem 3.2 for the ESC problem.
The first condition is the existence of a clustering point, which can be ensured by the
boundedness of the sequence generated by the DYS algorithm. A sufficient condition
for the boundedness has been given in [6], which is unfortunately not satisfied for the
ESC problem. Hereby we show the boundedness in Theorem 3.5 by further exploring
the particular structure of the ESC problem and mimicing the analysis in [6]. Its
proof is provided in Appendix B.

THEOREM 3.5 (Boundedness). Let Assumption 3.1 hold and the parameter T in
Algorithm 3.1 satisfy D(7) > 0. Suppose that the function F is bounded below and
coercive (i.e., |[F(x)|| = +oo, if ||z|| = o), the function G is an indicator function
of a bounded set, and the function H is a concave function. Then, the sequence
{(m(”),y(”),z("))}n2l generated by Algorithm 3.1 is bounded.

Based on Theorem 3.2 and Theorem 3.5, we can summarize the conditions that
need to be verifed as follows:
(i) F is bounded below, coercive and has a Lipschitz continuous gradient.
(ii) G is an indicator function of a nonempty closed convex set.
(iii) H is a concave function and has a Lipschitz continuous gradient;
(iv) F, G and H are semi-algebraic.

For (i), since L is positive definite, it follows that F' is bounded below. The
coercivity of F' is obvious due to its quadratic form. Moreover, because || V2F(¢)|2 <
ag?||L||2 + b, F has a Lipschitz continuous gradient.

(ii) is a direct consequence of the fact that the bounded set C is the intersection
of a box and a hyperplane.

To verify (iii), we first split H into H(¢) = h1(¢p)+h2(¢), with hy being a function
solely depending on ¢ and hy depending only on its first-order finite differences:

m? m?

B0 o) =3 (fe0 - 3et) . )= X 0% il

k=1 =1

2
where we have used the identity ¢"Lep = > ;" | |px|?.
An insightful observation is that the summands in hy can always be written in
terms of some fractional functions if 42 is a polynomial. For example, if v(n) = n1,

then 72%(n)|q|? = & I?I Thus to analyze hs, it suffices to study the function ¢, of the
following form:

N0 (@) 2
3.18 —{ T @ € RAO)
(3.18) (@) {07 "

where 7, (x) is a homogeneous polynomial with degree [ + 2. This function has the
following properties whose proof is given in Appendix D.

LEMMA 3.6. Let ¢,(x) be deﬁned by (3.18). Then V(, is continuous, and there
exists a constant C; such that < Oy for any © € R2\{0} and i,j = 1,2.

C
dx;0x; Bz
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Using (3.18), if 42 is a (¢ — 1)-degree polynomial, we can represent ha(¢) as

2
9

2
1 =0

3
o

q—

(3.19) ha( G(p

=
Il

Then we can verify the condition (iii) in the following lemma.

LEMMA 3.7 (H is concave and has a Lipschitz continuous gradient). Let v%(n) be
a polynomial. Then H has a Lipschitz continuous gradient. Moreover, if the splitting
parameter a > max; | V2, |2 with ¢, ’s defined in (3.19), and b > Ly, then H(¢) is a
concave function.

Proof. Tt suffices to show that both h; and hy are concave and have Lipschitz
continuous gradients. Since V2hy(¢) is a diagonal matrix whose k-th entry is f”(¢x)—
b. By (3.16), we have h1(¢) is concave and has a Lipschitz continuous gradient.

The differential of ha(¢) can be calculated through chain rule as

2m q—l

(3.20) Vhy(p) = %ZZ [DI D]] {e’“ ek} Va, (Pk)-

k=1 1=0

For any ¢, ¢ € Rmz, we can apply the notations in (2.2) to define their corresponding
discrete gradients p, p and pg, pr. By (2.1), the following estimate can be established:

|15,

To show ho has a Lipschitz continuous gradient, we have an estimate that
(3.22)

—|LlIZ ]| — ]|

_ eT
(321)  lpe—Bells < H[ i T]
erllls

m

S| N CRTRE STE)

k=
9, 9,

Se-p) — 52

On the one hand, if the line segment from pj to Pg does not pass through the
origin 0, then by mean value theorem, Lemma 3.6 and (3.21), we have that

0 0
ai (Px) — ai (Pr)

IVha (@) — Vha(d )H2< HL||2§ max

2

g 1
_THLHE $max

1 —
<G lpe —Prll2 < Cr || LN || — @2

(3.23) ‘

On the other hand, if the line segment from pj to Pr pass through the origin 0,
we have ||pill2 + ||Pkll2 = |lPx — Pkll2- Again by mean value theorem, it follows

4 0 9 9 9 9
Tep) - 5e(p)| <[ g on) - 50) + |50 - F-(a)

<Ci(llpell2 + 1Br]l2) = Co LIS ¢ — @ll2-

Combining (3.22), (3.23) and (3.24), we obtain

(3.24)

IV ha(e) — Vha(B)2 < Oqf

IZll2 ll¢ = @ll2,
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where C' = max; C;. Hence, hy has a Lipschitz continuous gradient.

At last, we prove —hy is convex. Since the composition of a convex function and
an affine function is still convex, by (3.17) we only need to show (a —v?(ny))|pk|? is
convex with respect to pj. Because 72 is a polynomial function and the summations
of convex functions are still convex, it suffices to prove hy () := alz|>— ¢, () is convex
for any & € R2. This is easily verified since its Hessian matrix VZhy = al — V2,
is positive-definite in R2\{0}. Combining the continuity of V4hy and Lemma 2.4 of
[10], we obtain that hs is convex which implies hy is concave. 0

Remark 3.8. In this lemma, we have assumed 72 is a polynomial. This form
includes a broad class of anisotropy functions:
1. A function of the form: v(n) = ap + Zle a, n; + 2?21 o, ,n? + ---. This
includes two-, three-, four-, six-fold anisotropy functions [28, 10].
2. Riemannian metric form [14]: v(n) = v Rn - n where the matrix R is a sym-
metric positive definite matrix. This expression includes ellipsoidal anisotropy
[30] and some Riemannian metric anisotropy as its particular cases [19].

Remark 3.9. The condition a > max; ||V2(,||2 can be relaxed for y(n) with given
explicit expressions. For example, an estimate for four-fold anisotropy (1.2) has been
established in Ref. [10]. In practice, a can also be adjusted by a close observation in
the optimality conditions or numerical convergence trends.

Finally, we verify the condition (iv).

LEMMA 3.10 (Semi-algebraic function). Let 4% be a polynomial. Then F, G and
H are semi-algebraic.

Proof. Ttems 1 and 2 in Property A.2 implies F, G and hy are semi-algebraic.
The remaining problem is to prove that ho is also semi-algebraic. By items 3 and 4
in Property A.2 and (3.19), we only need to show ¢, is semi-algebraic. This is easily
seen from the definition since the graph of ¢, (px) can be written as

M2\ Pk
{(pk,t) €ERIXR:t= ﬁ} N {(kat) eR xR lpy|* — 07, (pr) = O}'

0

Now we can summarize our main results in the following theorem.

THEOREM 3.11 (global convergence for the ESC problem). Let the step size
7 be smaller than the threshold T in (3.10), where Ly and Ly are determined in
Assumption 3.1 for given . If ¥? is a polynomial, and the parameters satisfy a >
max; [|[VZ(, |2 with ¢, ’s defined in (3.19) and b > Ly, then the sequence generated by
the DYS algorithm associated with the splitting (3.11) converges to a critical point of
(2.4).

4. Numerical simulations. In this section, we apply the DYS algorithm to
compute the ESC for different anisotropic surface energy densities. If not explicitly
specified, the computational domain is chosen as 2 = (0, 1)‘17 where d = 2,3. The
mesh size is set to be h = 1/256. Additionally, we initialize the step size as 79 = 1,
and choose the splitting parameters a = 10 and b = 2. The parameters for updating
the step size are selected as ¢ = 1 and ¢; = 10. The initial condition is represented
by a circle centered at (0.5,0.5), as depicted in Figure 4.1(a). Specifically, it is defined
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by

(4.1) é(z,y,t =0) = —tanh <\/(~’C —0.5)2+ (y —0.5)2 - 0.3) |

2v/2 x 102

This function is discretized as in Section 2 to produce an initial guess for y(®). As
the output of Algorithm 3.2, z("*1) approximates the ESC after reshaping into a
matrix representation. The iterations are terminated when the condition |[|y™*+1 —
20| /7 < 1078 is satisfied during the course of our simulations.

4.1. Strongly anisotropic cases for four-fold anisotropy. The equilibrium
shapes exhibit pyramidal structures with sharp corners when the anisotropy strength
o > % for four-fold anisotropy (1.2), which presents numerical challenges in simula-
tions. We will show that this difficulty can be well circumvented using the proposed
method in our comprehensive numerical investigation.

4.1.1. Convergence for diminishing . We consider ¢ = 0.08,0.04,0.02, 0.01,
and fix the anisotropy strength o = 0.2. The corresponding zero level-sets of z("+1)
representing the ESC are depicted in Figure 4.1(b). Apparently, sharp corners are well
captured in the numerical results and the four “facets” are clearly observed for this
four-fold symmetry, consistent with the theoretical solution obtained via the Wulff
construction [29]. A zoom-in plot reveals the monotone convergence of the numerical
solution towards the exact one as € decreases.

o 477 = == 008
/. 4 & -——E —
08 /7, e =0.04
1\ e=10.02
. 06 WL _
N S e=0.01
X 0.4 Exact shape
0.8
I 0.2
0.6 W
: 02 / =)
; 04 04 X,
; 06
08 02
0 0.2 0.4 06 0.8 1 -
X

Fig. 4.1: Numerical convergence for diminishing €. (a) shows that the initial shape
is a circle. In (b), the zero level-sets for different thickness parameters ranging from
e = 0.08 (blue dotted line) to € = 0.01 (purple dashed-dot line) are plotted in the
strongly anisotropic case with o = 0.2. These numerical results are compared with
the theoretical solution obtained via the Wulff construction (red solid line), where the
convergence trend is clearly observed, and sharp corners are well captured.

To quantify the convergence rate in €, we employ the manifold distance metric
introduced in [31] as an error measure. Let 1 and 5 be the regions enclosed by
the simple closed curves 'y and T's, respectively. The manifold distance M (T';,T'9) is
defined as the area of the symmetric difference between 27 and (,:

M(T'y,Tg) = [(Q2:\Q2) U (Q2\Q1)| = [Qu] + [Q2] — 2|21 N Qo]
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where || denotes the area of 2. In Table 4.1, the manifold distance is evaluated as
¢ gradually decreases from 0.08 to 0.01. It is observed that the convergence rate in e
is first-order.

€ Distance Order
0.08 | 4.57 x 1072 /
0.04 | 1.51 x 1072 1.59
0.02 | 4.82x 1073 1.64
0.01 | 1.79 x 1073 1.43

Table 4.1: Manifold distance between the equilibrium shapes obtained by the proposed
method and the exact shape under different thickness parameters €.

4.1.2. Comparisons with H~! gradient flow. We make a systematic com-
parison of our proposed method with the H ! gradient flow approach in the simulation
of the ESC.

For the gradient flow approach, we solve the anisotropic Cahn-Hilliard equa-
tion (1.3) with a bi-harmonic regularization by modifying the chemical potential as
w= f'(¢) —e*V - m + Be2A2%¢, where 3 controls the regularization strength. This
regularization is necessary for tackling the ill-posedness of the gradient flow dynamics
of strongly anisotropic surface energy [28]. The regularized anisotropic Cahn-Hilliard
equation is numerically solved using the convex splitting method [10]. The parameter
are fixed at ¢ = 0.02 and 8 = 10~%. The time step size is 1073, and the termination
criterion is set to be [[¢(* 1) — p(M|| < 1078.

We first show a visual comparison of the ESC computed by the proposed method
and the gradient flow approach under four different strengths of anisotropy a =
0.1 ~ 0.4. As shown in Figure 4.2, the four-fold pyramidal shapes are observed for
both methods and the computed ESCs look very similar. However, a closer look at
their corners suggests significant differences. For the proposed method, sharp corners
always appear for all strong anisotropy strengths «, and the corners become sharper
and more pronounced as « increases. In contrast, in the numerical results obtained
by the gradient flow approach, the corners are smooth and round-off which does not
align with the theoretical prediction.

To give a more quantitative investigation, we focus on the case with o = 0.2. We
show the ESCs of the proposed method, the gradient flow approach, and the theoretic
solution in Figure 4.3(a). It is observed that both methods provide promising nu-
merical approximations to the theoretical solution and the computed contours almost
agree with each other except at the corners. The different performance of the two
methods can be further analyzed by computing the orientations of the contours. We
represent the orientation of a contour curve by the angle between its tangent vec-
tor and the y-axis. Then the behavior of a contour curve is clearly revealed by the
orientation plot versus the arc length (starting at the left corner point), as depicted
in Figure 4.3(b). It is evident that the numerical solution obtained by the proposed
method agrees well with the exact one in terms of orientation, and there is a signif-
icant change in orientation near the left corner, indicating the presence of a sharp
corner. In contrast, the gradient flow approach gives relatively smooth results with
a gradually varying orientation near the left corner. Although a diminishing 8 can
enhance the transition in the orientation and improve the approximation to the exact
solution, there is still a much larger error nearby the sharp corner in comparison with
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() (b)

1 g

0.8 0.8

0.6 0.6

>

04 0.4

0.2 0.2

0

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X

Fig. 4.2: Comparison of the equilibrium zero level-sets obtained by the proposed
method (shown in (a)) and the H~! gradient flow approach (shown in (b)) for four
different anisotropy strengths a. The zoom-in plots indicate that the corners of the
pyramids are always sharp for the proposed method, while they are round-off for the
gradient flow approach.

our proposed method.

¥ 0.8 T
(@) I DYS (b) —— Exact
I' - = —Gradient flow et DYS
1 T Exact shape Gradient flow: 8 =1 x 107*
)

—&— Gradient flow: 3 =05 x 107
—a— Gradient flow: 3=1x 107"

0.8

0.6

Orientation

0.4

06

0.2

-0.8

L L
0 02 0.4 06 08 1 0015 o1

-0.005 0 0.005 0.01 0.015
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Fig. 4.3: Comparison of the ESCs obtained by the proposed method, the H ! gradient
flow approach, and the theoretic result. The contour plots are given in (a), while the
orientation plots near the left corners of the ESCs are shown in (b). The gradient flow
results with different regularization strengths 8 are provided to show the convergence
tendency as 3 — 0.

As an important indicator for optimization problems, the extent to which the
optimality condition is violated is usually checked. We compute the Lo norm of the
residual of the optimality condition [2]

|| PBow[—l,l] (Zn - VF(Z”) - VH(Zn) - /\1) - zn”?a

with A being a constant minimizing this norm, and plot it versus the CPU time cost
in Figure 4.4(a) for the above two approaches. It is remarkable that the residual
of the optimality condition is seriously reduced with time for the proposed method,
leading to a much milder violation of the optimality condition than the gradient flow
approach does. The residual of the optimality condition for the gradient flow approach
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is confined at the order of O(10~%), which may be attributed to the violation of the
box constraint.

Finally, we also test the original energy decay of these two methods. We set the
initial step size 79 = 0.1 for the proposed method, and depict the evolution of the
original energy function with the CPU time in Figure 4.4(b). Both methods exhibit
energy decaying behavior. It is noteworthy that the ESC computed by the proposed
method enjoys a lower original energy than that of the gradient flow approach.

0.037

—DYS () —DYS
- - -Gradient flow 0036 - - -Gradient flow|

0.035

H
<

g

,4
<

0.034

Energy

0.033

0.032

Residual of Optimality

o
<

0.031

0.03
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45

CPU Time (s) CPU Time (s)

Fig. 4.4: The residual of the optimality condition (shown in (a)) and the original
energy (shown in (b)) versus the CPU time. The proposed method achieves a smaller
residual of the optimality condition at about 10~7 while the gradient flow approach
remains confined to a scale around 10~%. Moreover, the proposed method favors lower
original energy.

4.1.3. Mass-conservation and bound-preservation. As an encouraging fea-
ture of the proposed method, the mass-conservation and the box constraint can be
naturally guaranteed during the iteration due to the projection in the three-operator-
splitting. As shown in Figure 4.5(a), the bounds of z2("*1) are well preserved within
the range [—1,1]. Moreover, we also compute the relative loss in the discrete total
mass of z("*1) namely % — 1. As shown in Figure 4.5(b), the relative loss is
very close to zero within the machine precision at the magnitude of O(10~'%). These
results numerically validate the mass-conservation and bound-preserving properties
of the proposed method.

%1071
(@1 (b)
—max z™H)
——min z™+Y 1
0.5
@
= 2
t 2
- 0 e 0
=
-0.9856988 3]
a1
-0.5 1
1 —
— 2
0 1000 2000 3000 0 500 1000 1500 .2000 2500 3000 3500
Iterations terations

Fig. 4.5: Mass-conservation and bound preservation. (a) shows the upper and lower
bounds of z("*1). (b) shows the relative loss in the discrete mass of z("*+1).



16 Z. ZHOU, W. HUANG, W. JIANG AND Z. ZHANG

4.1.4. Different initial profiles. We investigate the effects of different initial
profiles. We first consider an initial condition given by two circles with different sizes:

V(@ =042 1 (y —0.6)% — 0.25)

3

¢(z,y,t =0) = — tanh (
it <\/(:1: —08)%+ (y— 02)% — 0.16) L

3

Figure 4.6 illustrates the energy decaying effect under the parameters a = 0.2 and 79 =
0.1 during the iterations. It is evident that both the original energy and the modified
energy (3.8) exhibit two distinct rapid decreases. The first significant decreases occur
immediately when the iteration begins, and the two circles evolve rapidly to two four-
fold pyramids induced by the anisotropy. Then it follows that these two pyramids
merge into one, during which the second rapid decrease in the energies takes place.
Notably, similar effects are also observed in a different simulation framework via H~*
gradient flow approach [23, 8].

0.055

=== QOriginal energy
<> = === Modified energy
0.045

- O

0.035 /

0 500 1000 1500 2000 2500
Iterations

Energy

Fig. 4.6: The evolution of energy functions when the initial profile is two-circle. Both
the original and modified energies decay with iteration. The inset plots indicate
two particular snapshots of crystal profiles around which the energies behave quite
differently.

As a second example, we consider the random initial concentration field given by
o(z,y,t =0) = —0.54 0.001 rand(z, y),

whose profile is displayed in Figure 4.7(a). We choose a = 0.2, ¢ = 0.02, and the
splitting parameter a = 100. As depicted in Figure 4.7(b), a four-fold pyramid is
observed as the ESC as a result of periodic boundary conditions, indicating the phase
separation effect of the phase-field model.

4.2. Anisotropy with different symmetries. In two-dimensional cases, the
anisotropy function y(n) = v(6) can be represented as a periodic function of 6 with
tan(f) = na/ny. The commonly used k-fold smooth anisotropy function is

v(0) =1+ acos(kb), 0 € (—m, ],

where a controls the strength of anisotropy, and k denotes the symmetry parameter.
For instance, when k = 4, it corresponds to the two-dimensional case of the four-fold
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Fig. 4.7: The ESC (shown in (b)) for random initial profile (shown in (a)).
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anisotropy (1.2) whose ESC is invariant under a 5-rotation. In this subsection, we nu-
merically study the ESCs of anisotropic energy functionals with different symmetries
using our proposed method. Specifically, we consider k = 2, 3, 6.

When a > ﬁ, the systems exhibit strong anisotropy [28]. In our numerical
simulations, we set & = 0.4 and illustrate the corresponding ESCs for different k in
Figure 4.8. Notably, the computed ESCs with correct numbers of “facets” and sharp

corners are obtained.
06 08 06 08 0.6
0.2 06 0.2 06 0.2
0 > 0 > 0
0.2 04 0.2 04 0.2
0.4 0.4 04
06 02 06 02 06
08 08 08
DO 0.2 04 06 0.8 1 OD 0.2 04 06 0.8 1
X X

(b) k=3 () k=6

Fig. 4.8: The ESCs of anisotropic energy functionals with different symmetry param-
eters k = 2, 3, 6.

4.3. Anisotropy of Riemannian metric form. Besides the k-fold type an-
isotropy, there is another commonly-used anisotropy, namely the anisotropy of Rie-
mannian metric form, which is defined as follows [14, 19]:

K
(42)  y(m) =) VGin-n, Gp=R(—x)Dx)R(k), k=12, K,
k=1

where the matrices D and R are given by

(10 ([ cosy  siny
D(8) = ( 0 82 ), R(y) = ( —sint  cosy )

We consider two sets of parameters:
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(SIE]

1. K=2,191 =0, ¢ yand 0y =0 for k=1, 2;

2. K=3,91=0,¢2=3%, 93 =2, and 6y =6 for k=1, 2, 3.
For the first set of parameters, v(n) = \/n? + §2n2+./62n? + n2. It can be viewed as
a regularization for the non-smooth anisotropy v(n) = |n1|+|n2| whose corresponding
ESC also has sharp corners (arising from the non-smoothness of y(n)). The parameter
0 plays a role of penalizing the sharp corners. When ¢ decreases to zero, the ESC
will exhibit “sharper and sharper” corners, although its contour is still smooth for
non-zero 0.

By employing our proposed method, we conduct numerical investigations for a
sequence of decreasing regularization parameters 62 = 0.01, 0.001, 0.0001 with the
corresponding splitting parameters a = 10, 50, 100. As depicted in Figure 4.9, the
ESCs of square and hexagon shapes are respectively observed for the two sets of
parameters. Apparently, the corners become “sharper” as ¢ decreases. Interestingly,
the facets of the ESCs are flatter than that of the smooth k-fold anisotropy, making
them look more like standard squares and hexagons. These findings are in agreement
with the observations reported in [19].

w3

@ [eooo ®"

52 _ k
sk —— 6% = 0.0001 08

06
06

04t
04r

02
0.2

0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 08 1
X X

Fig. 4.9: The ESCs of anisotropic functionals of Riemannian metric form. The pa-

rameters used in simulations are: (i) K = 2, ¢y = 0,4 = % (shown in (a)); (ii)
K =311 =09 =%, 3 = %’T (shown in (b)). Zoom-in plots nearby the corners

are also shown to demonstrate the regularization effect for decreasing 9.

4.4. Three-dimensional simulations. In three-dimensional cases, we conduct
numerical simulations for two types of anisotropy.

For the first type, we consider an ellipsoidal anisotropy of the form y(n) =
V/2n3 +n3 +n3. The theoretical prediction for the ESC under this anisotropy is
a self-similar ellipsoid given by %2 +4% 422 =1 [30]. In our simulations, we initialize
with a ball-shaped concentration field:

V(@ =052+ (y—0.5)2+ (2 —0.5)2 - 0.3
V2e '

The computed ESC indeed exhibits an ellipsoidal shape, as shown in Figure 4.10(a).

Finally, we study the four-fold anisotropy (1.2) with & = 0.2 and £ = 0.02 as the
second type of anisotropy. The initial condition is also set to be the ball-shaped con-
centration field. The computed ESC under this anisotropy is a double-sided pyramid
with sharp corners, as depicted in Figure 4.10(b).

o(x,y,z,t =0) = —tanh (
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Fig. 4.10: The ESCs for ellipsoid anisotropy (shown in (a)) and four-fold anisotropy
(shown in (b)).

5. Conclusion and discussion. In this paper, we proposed a novel numer-
ical method based on the DYS algorithm for determining the ESCs. By splitting
the discretized anisotropic surface energy function into a convex function, a concave
function and an indicator function of a bounded convex set, we solved the energy
minimization problem under the mass-conservation and the box constraint using the
DYS algorithm. The proposed method has the advantage of conserving the total
mass and preserving the bound automatically at each iteration. This algorithm was
efficiently implemented using fast solvers. More importantly, we proved that the pro-
posed method has global convergence to some critical points. In comparison with the
H~! gradient flow approach for minimizing anisotropic energy functionals with regu-
larizations, the computed ESCs based on our proposed method exhibit sharp corners,
which is consistent with the theoretical prediction and yields better accuracy.

We employed the proposed method to successfully simulate the ESCs for k-fold
anisotropic surface energies and Riemannian metric types of anisotropy. The desired
properties, including mass-conservation, bound-preservation, energy decay and con-
vergence to theoretical solutions, were numerically observed. In addition, the ESC
computed by the proposed method shows a lower residual of the optimality condition
and a lower original energy than that by the gradient flow approach does.

Despite the encouraging performance in simulating the ESC, the proposed method
cannot be directly applied to predict evolution dynamics of crystals. This motivates
us to investigate the connection between the evolution dynamics of the proposed
method and the gradient flow dynamics. Furthermore, for more complex anisotropic
energy functionals, the equilibrium states can be more complicated and more ESCs
may exist. This is quite typical in solid-state dewetting problems where boundary en-
ergies are included. We will study the performance of operator-splitting optimization
approaches in predicting the equilibrium states of solid-state dewetting problems [4].

Appendix A. Semi-algebraic functions. Semi-algebraic function plays an
important role in the convergence study of optimization algorithms. This appendix
introduces its definition and provides some typical examples (c.f. [7]).

DEFINITION A.1 (Semi-algebraic sets and functions).
1. A subset S of R™ is a real semi-algebraic set if there exists a finite number of
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real polynomial functions fij, g;; : R™ — R such that
P g
= U m {z e R": fi;(z) =0 and g;;(x) < 0}.
j=1i=1

2. A function f: R™ — (—o0, +00] is called semi-algebraic if its graph

{(z,t) eR™"™ " : f(z) =t}

is a semi-algebraic subset of R™FL.

PROPERTY A.2. The following functions are the semi-algebraic functions:
1. Real polynomial functions;

2. Indicator functions of semi-algebraic sets;

3. Finite sums and product of semi-algebraic functions;

4. Composition of semi-algebraic functions.

Appendix B. Proof of Theorem 3.5.
Because F' has a Lipschitz continuous gradient, for & = & — £~ VF(z) we have
F

F(@) < F@)+ (VF(@),& @) + 2 |& — 2l* = Fl@) ~ o |VF()|”

This inequality together with the lower boundedness of VF' implies there exists a
constant ¢* > —oo such that

(B.1) F(z) -

s IVF@I > ¢

From (3.4) and the first-order optimality condition (3.5), we have
(B.2) Iz — 2|2 = oY —y )2 = 2| VE (™)),

Moreover, since H is a concave function,
(B.3) H(z) < Hy™) + (VHE™), =" —y™).

Since G is an indicator function of a bounded set, by (3.3), we know z(™) is bounded
and G(z(™) = 0. Combining (B.1), (B.2), (B.3) and (3.9), we obtain

o, (wu),y(l),z(l)) >0, (mm),y(n),z(n))
1
—F(y™) + H(y™) + - <y<n> — 2 gy g TVH(y("))>
(n)||2

1
e
2THy z

1
_||w(n) _z(n)H2

n n 1 n n
=F(y™) + Hy™) + o[ — g™ =

+ <VH(y<">), L) _ y<n>>
- (n) (n) (n)y 5(n) (n) Lm (n)2
=1 =L )F") + (Hy™) + (VH@E™), 2" —y™) ) + )2~y

W)

1 *
>(1= 7L )F(y™) + HE™) + o[ — y ™| +7L,.¢",

+7L, (F(y(")) —
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where the first equality is a direct rearrangement of ©, and the second equality is a
result of the identity 2cd — d? = ¢® — (¢ — d)?. Due to the threshold (3.10), we have
1 — 7L, > 0. Since 2(™ is bounded and H is continuous, it follows that H(z(™) is
bounded. As a result, both F(y(")) and (™ — y(™ are bounded, and the coercivity
of F implies the boundedness of y™). Thus, the sequence {(w("),y("),z(”))}

generated by Algorithm 3.1 is bounded.

n>1

Appendix C. Proof of Lemma 3.4. We split H into two parts as shown in
(3.17). By the chain rule and the definition of p and py in (2.2),

m2

Via(o) = [DF DY [, | Vpute
k=1

Moreover, by the definition of ny in (2.3)

Vpihe = €2 (7 () — a)pi + y(n) [pk| (T2 — ng @ my) Viy () = &2 {Al (m)] ,

Az (pr)

With these two equalities, we arrive at the conclusion after a direct calculation:

[ f'(¢1) = bor ] 2 y
"(¢2) — b 2 € 1
vH(g) = | @) 7b0 | 2 pr Qﬂg;[k %}L%gg]

C1 - .
(0 f'(¢1) — bgn Ai(p1) As(p1)
— f’(¢2.)”— b + &2 Dg’ »A1. (p2) + DZ Az. (Pz)
_f/((bmz) - b¢m2_ Ay (me) As (pmz)

Appendix D. Proof of Lemma 3.6. Let @ = (21,22). According to the
Young’s inequality, for any positive integers m and 0 < r < m, it follows that

r m
w2y ™" < e ™+ |za|™ < Ja]™,

which indicates that for any given homogeneous polynomial &, of degree m, there
exists a constant Cy such that

(D.1) [Em(2)] < Colz|™.

Direct calculations lead to

Oz, M lxin

i 42 14+2 —
% _ ) T T e *=0
ox; 0, x #£0.

Because 0.,m, ., and lx;7,,, are homogeneous polynomials of degree [ +1 and [ + 3
9

3 is continuous.
ZTq

respectively, it follows from (D.1) that limgz_0 % = 0 which implies
Similarly, for any & € R?\{0} and i,j = 1,2, we have
82<l - awiwjnl+2 lwiawjnHz + lxjamnz+2 l(l + 2)$ixj771+2

al'ial'j - |$|l |w|l+2 |$|l+4
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9%¢, (x)

The same argument using (D.1) indicates that 55— is bounded.
1O
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