NUMERICAL APPROXIMATIONS FOR A THREE COMPONENT
CAHN-HILLIARD PHASE-FIELD MODEL BASED ON THE INVARIANT
ENERGY QUADRATIZATION METHOD
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Abstract. How to develop efficient numerical schemes while preserving the energy stability at the discrete level is
a challenging issue for the three component Cahn-Hillard phase-field model. We develop in this paper first and second
order temporal approximation schemes based on the “Invariant Energy Quadratization” method, where all nonlinear
terms are treated semi-explicitly. Consequently, the resulting numerical schemes lead to a symmetric positive definite
linear system to be solved at each time step. We rigorously prove that the proposed schemes are unconditional energy
stable. Various 2D and 3D numerical simulations are presented to demonstrate the stability and the accuracy of the
schemes.
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1. Introduction. The phase-field (i.e. the diffuse-interface) approach is a robust modeling ap-
proach to simulate the free interface problem (cf. [?,?,?,7,7,7,7,7,7,?,?], and the references therein).
Its essential idea is to use one (or more) continuous phase-field variable(s) to describe different phases
in the multi-components system, and represents the interfaces by thin, smooth transition layers. The
constitutive equations for those phase-field variables can be derived from the energetic variational for-
malism, the governing system of equations is thereby well-posed and thermo-dynamically consistent.
Consequently, one can carry out mathematical analyses to show solution existence and uniqueness in
appropriate functional spaces, and to develop convergent numerical schemes.

For the two phase system, the commonly used free energy for the system consists of (i) a double-
well bulk part which promotes either of the two phases in the bulk, yielding a hydrophobic contribution
to the free energy; and (ii) a conformational capillary entropic term that promotes hydrophilicity in
the multiphase material system. The competition between the hydrophilic and hydrophobic part in
the free energy forms the mechanism for the coexistence of two distinctive phases in the two-phase
system. The corresponding binary system can be modeled either by the Allen-Cahn equation (second
order) or the Cahn-Hilliard equation (fourth order). For both of these two models, there have been
many theoretical analysis, algorithm developments and numerical simulations (cf. [?,7,7,7]).

The generalization from the two-phase system to multi-phases have been studied by many (cf.
[?,2,2,2,2,2,2,2,2,2,2,2,?]). Specifically, for the system with three components, the general framework
is to adopt three independent phase variables (c1, ¢2, ¢3) while imposing a hyperplane link condition
among the three variables (¢; + ¢o + ¢3 = 1). The free energy is simply a summation of the original
double-well energy for each phase variable [?,?,?]. Moreover, in order to ensure the boundedness
(from below) of the free energy, especially for the total spreading case where one of the coefficients
for the bulk energy becomes negative, an extra sixth order polynomial term is needed [?,?], which
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couples the three phase variables altogether.

In general, it is very challenging to develop energy stable schemes to solve the three components
Cahn-Hilliard phase-field system, since all three phase variables are nonlinearly coupled. We emphasize
that the preservation of energy stability laws is critical for numerical methods to capture the correct
long time dynamics of the system. Furthermore, the energy-law preserving schemes provide flexibility
for dealing with stiffness issue in phase-filed models. Simple fully implicit or semi-implicit schemes
often lead to quite severe stability conditions so they are not efficient in practice [?,7,7,7,7].

Although a variety of numerical algorithms have been developed for the three phase Cahn-Hilliard
model, most of the existing methods are either first-order accurate in time, and/or are not energy
stable. We refer to [?] for a summary on recent advances about the three-phase models and their
numerical approximations. In particular, the authors of [?] concluded that (i) the fully implicit
discretization of the six-order polynomial term leads to non convergence of the Newton linearization
method for the total spreading case; (ii) it is questionable to establish convex-concave decomposition
for the six order polynomial term; and (iii) A semi-implicit scheme is the best choice if it can preserve
the energy dissipation law (a desired property known as unconditionally energy stable) for any time
step, and the existence and the convergence can be thereby proved. However, the semi-implicit schemes
proposed in [?] are nonlinear, thus they require some efficient iterative solvers in the implementations.

The main focus of this paper is to develop linear and unconditionally energy stable schemes to
solve the three component Cahn-Hilliard system. Instead of using convex splitting, or various tricky
Taylor expansions to discretize the nonlinear potentials, we adopt the Invariant Energy Quadratization
(IEQ) approach, where we introduce some nonlinear transformations to enforce the free energy density
as an invariant, quadratic functionals in terms of new, auxiliary variables. The IEQ method has been
successfully applied in the context of other models in the authors’ other work, for example, the
surfactant model, crystal model, or vesicle model, (cf. [?,?,?,?,7 ?]). However, application of IEQ
method to the three component model is faced with new challenges due to the nonlinearities in the
Lagrange multiplier term, and the sixth order polynomial potential.

The essential idea of the TEQ method is to transform the free energy into a quadratic form (since
the nonlinear potential is usually bounded from below) of a new variable via a change of variables.
The new, equivalent system still retains a similar energy dissipation law in terms of the new variable.
For the time-continuous case, the energy law of the new reformulated system is equivalent to the
energy law of the original system. One great advantage of such reformulation is that all nonlinear
terms can be treated semi-explicitly, which in turn leads to a linear system. Moreover, the resulting
linear system is symmetric positive definite, thus it can be solved efficiently with simple iterative
methods such as CG or other Krylov subspace methods. Using this new strategy, we develop a series
of linear and energy stable numerical schemes, without introducing artificial stabilizers as in [?,?] or
using convex splitting (cf. [?,7,7,7]).

In summary, the new numerical schemes that we develop in this paper possess the following
properties: (i) the schemes are accurate (up to second order in time); (ii) they are unconditionally
energy stable ; and (i) they are efficient and easy to implement (lead to symmetric positive definite
linear system at each time step). To the best of our knowledge, the proposed schemes are the first such
schemes for solving the three-phase Cahn-Hilliard phase-field system that can have all these desired
properties.

The rest of the paper is organized as follows. In Section 2, we give a brief introduction of the
model. In Section 3, we construct numerical schemes and prove their unconditional energy stability
and solvability in the time discrete case. In Section 4, we conduct numerical convergence tests and
present various numerical simulations of dendritic crystal growth in 2D and 3D to demonstrate the
accuracy and efficiency of the proposed schemes. Finally, some concluding remarks are presented in
Section 5.
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2. Model System. We now introduce the three component Cahn-Hilliard phase-field model
proposed in [?,?]. Let Q be a smooth, open bounded, connected domain in R%, d = 2,3. Let ¢;
(i =1,2,3) be the i — th phase function (or order parameter) which represents the volume fraction of
the i—th component in the mixture, i.e.,

(2.1)

1 inside the i-th component,
=
’ 0 outside the i-th component.

In the phase-field framework, a thin (of thickness €) but smooth layer is used to connect between the
interface between 0 and 1. The three unknowns c1, ca, c3 are linked though the relationship:

(22) C1 + Co —+ C3 = 1
This is the link condition for the vector ¢ = (¢1, ¢a, ¢3), where it belongs to the hyperplane
(2.3) S ={(c1,c2,c3) €ER®,c1 + o+ 3 =1}

In the two-phase model, the free energy of the mixture is as follows,
diph 3 2 g 2 2
(2.4) Béirh(c) = (106|V0| +1222(1 - ¢) )dx,
Q €

where o is the surface tension parameter, the first term contributes to the “hydro-philic” type (ten-
dency of mixing) of interactions between the materials and the second part, the double well bulk energy
term represents the “hydro-phobic” type (tendency of separation) of interactions. As the consequence
of the competition between the two types of interactions, the equilibrium configuration will include
a diffusive interface with thickness proportional to the parameter ¢; and, as € approaches zero, we
expect to recover the sharp interface separating the two different materials (cf., for instance, [?,7?,7?]).

There exist several generalizations from the two-phase model to the three-phase model [?,7?,?].
we adopt below the approach in [?] where the free energy is defined as:

(25) Etriph(cl,CQ,Cg) = /

3 3 3 12
(§21€|v01|2 + §226|VC2‘2 + gEgE‘VOgF + ?F(Cl,CQ,Cg))dZL'7
Q

To be algebraically consistent with the two-phase systems, surface tensions 012,013, 023 should
verify the following conditions:

(26) EZ‘ZUU-I-O'HC—O']']C,Z.:].,Q,?).
The nonlinear potential F'(cy,ca,c3) is:
(2.7) F(er,co,c3) = 0126%0% + 0'136%63 + 0236363 + c1cac3(X1e1 4+ Boce + Xzez) + 3Ac%c§c§.

Since ¢y, o, c3 satisfy the hyperplane link condition (2.2), the free energy can be rewritten as

(28) F(Cl,CQ,Cg) :FQ(Cl,CQ,Cg)+P(61,CQ,C3),
where
> Yo >3
(2.9) Foler, ca,c3) = ?C%(l —a)?+ 703(1 —)?+ ?cg(l —¢3)?,

222
P(cy,¢9,c3) = 3Acicses,
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and A is a non negative constant.

Therefore, the time evolution of ¢; is governed by the gradient of the energy E'"P" with respect
to the H~1(2) gradient flow,

M,
(2.10) Cit = Ef?AlM,
3 12 .
(211) i = _ZEEiACi + —81F + ,8, 1= 1,2,3,
€
with the initial condition
(2.12) Cilmoy =), 1=1,2,3, J + S+ § =1,

where (3 is the Lagrange multiplier to ensure the hyperplane link condition (2.2), that can be derived
as

4% 1 1 1
2.13 = (=—OWF+ —0F + —03F
(2.13) B 6(211 +E22 +233)’
with
3 1 1 1
(2.14)

S A
we consider in this paper either of the two type boundary conditions below:
(2.15) (i) all variables are periodic, or (ii) Oncilan = Vs - njoq =0, =1,2,3,

where n is the unit outward normal on the boundary 9f).
It is easily seen that the three chemical potentials (p1, p2, u3) are linked through the relation

M1 H2 M3
2.16 — 4+ — 4+ — =0.
(2.16) ST TR N

Remark 2.1. In the physical literature, the coefficient 33; is called the spreading coefficient of the
phase i at the interface between phases j and k. Since ¥; is determined by the surface tensions o; j,
it might not be always positive. If ¥; > 0, the spreading is said to be “partial”, and if ¥; < 0, it s
called “total”.

The following lemmas hold (cf. [?]):
LEMMA 2.1. There exists ¥ > 0 such that

(2.17) D6l + Bl + Bl > S(16f + el + 16l v+ &+ & =0,
if and only if the following condition holds:
(2.18) Y13+ 3183+ X033 > 0,8, +2; >0,Vi # j.
LEMMA 2.2. Let 012,013 and o93 be three positive numbers and X1,%o and X3 defined by (2.6).

For any A > 0, the bulk free energy F(c1, ca,c3) is bounded from below if ¢1, o, c3 is on the hyperplane
S in 2D. Furthermore, the lower bound only depends on 31,39, 33 and A.

Remark 2.2. From Lemma 2.1, when (2.18) holds, the summation of the gradient entropy term
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is bounded from below since V(c1 + ca + ¢3) =0, i.e.,
(2.19) Sh|[Ver|? + Bol|Vea|? + Zsl|Ves||? > (Ve |” + [[Vea|* + [ Ves|?) > 0.

Remark 2.3. The bulk part energy F(c1,ca,c3) defined in (2.8) has to be bounded from below as
well. For partial spreading case (£; > 0Yi), one can drop the siz order polynomial term by assuming
A =0 since Fy(cq,ca,c3) > 0 is naturally bounded from below. For the total spreading case, A has to
be non zero. Moreover, to ensure the non-negativity for F', A has to be large enough.

For 3D case, it is shown in [?] that the bulk energy F is bounded from below when P(cy,ce,c3)
takes the following form.:

(2.20) P(cy, e, ¢3) = 3A(cc363) (dalc1) + Pale2) + dalcs))

where ¢q(x) = m with 0 < o < &
Since (2.9) is commonly used in literature [?, 2], we adopt it as well for convenience. However,
the numerical schemes we developed in this paper can deal with either (2.9) or (2.20).

Remark 2.4. The system (2.10)-(2.11) is equivalent to the following system with two order pa-
rameters,

M,
Cit = EiloA:uZ)
3 12 _
(221) Hi = _ZGEiACi + ?87,F + /87Z - 17 27

cg=1—c1 —co,
M3 _ _(& &)
X3 DDV

We omit the detailed proof since it is quite similar to Theorem 3.1 in section 3.

The model equation (2.10)-(2.11) follows the dissipative energy law. More precisely, by taking

the L? inner product of (2.10) with —u;, and of (2.11) with ¢;;, and perform integration by parts, we
obtain

M,
(2.22) —(Cits i) = E%’IIVMH%
3 12
(223) (Mz, Cit) = lezi(VCi, 8,5Vci) + ?(BZF, Cit) + (5,0#).

Taking summation of the two equalities for ¢ = 1,2, 3, and notice that (5, (c1+ca+c3):) = (5, (1)) =0,
we obtain the energy dissipative law as

d ; 1 1 1
2.24 — Etrivh = —M, (7 Vil | + = || V| + =—||V 2).

Since (1, po, pi3) satisfies the condition (2.16), if (2.18) holds, we can derive

1 1 1 IVudl? | (V2] [ Ves?
2.25)  ~My( 5Vl + o [ Vpall® + - Vs 1?) < ~MoX <o.
(2.25) o\ 5 IV |” + 5, V2| + 23|| psll” ) < —MoX( 7ty Ty ) <
3. Numerical schemes. We develop in this section unconditionally energy stable and linear

numerical schemes for solving the three component phase-field model (2.10)-(2.11). To this end, the
main challenges are how to discretize: (i) the nonlinear term associated with the double well potential
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Fy, (ii) the six order polynomial term P, (iii) the Lagrange multiplier term (3 especially for the total
spreading case (X; < 0).

For the two-phase Cahn-Hilliard model, the discretization of the nonlinear, cubic polynomial term
induced from the double well potential had been well studied (cf. [?,?,?,7,7]). In summary, there are
two commonly used techniques to discretize it in order to preserve the unconditional energy stability.
The first is the so-called convex splitting approach [?], where the convex part of the potential is
treated implicitly and the concave part is treated explicitly. The convex splitting approach is energy
stable, however, it produces nonlinear schemes, thus the implementations are often complicated with
potentially high computational costs.

The second technique is the so-called stabilization approach [?,?], where the nonlinear term is
treated explicitly. In order to preserve the energy law, a linear stabilizing term has to be added, and
the magnitude of that term usually depends on the upper bound of the second order derivative of the
G-L potential. The stabilized approach leads purely linear schemes, thus it is easy to implement and
solve. However, it appears that second order schemes based on the stabilization are only conditionally
energy stability [?]. On the other hand, the nonlinear potential may not satisfy the condition required
for the stabilization. A feasible remedy is to make some reasonable revisions to the nonlinear potential
in order to obtain a finite bound, for example, the quadratic order cut-off functions for the double well
potential (cf. [?,?,?]). Such method is particularly reliable for those models with maximum principle.
If the maximum principle does not hold, modified nonlinear potentials may lead to spurious solutions.

For the three component Cahn-Hillard model system, the above two approaches can not be easily
applied. First, even though the convex-concave decomposition can be applied to Fy, it is not clear
how to deal with the sixth order polynomial term [?]. Second, it is uncertain whether the solution
of the system satisfies certain maximum principle so the condition required for stabilization is not
satisfied.

We aim to develop numerical schemes that are efficient (linear system), stable (unconditionally
energy stable), and accurate (ready for second order or even higher order in time). To this end, we
use the TEQ approach, without worrying about whether the continuous/discrete maximum principle
holds or a convexity/concavity splitting exists.

3.1. Transformed system. Since F'(c1,ca,c3) is always bouned from below from Lemma 2.2
for 2D and Remark 2.3 for 3D. Therefore, we can rewrite the free energy functional F(cq,ca,c3) to
the following equivalent form

(3.1) Fl(cr, 2, ¢3) = (F(e1,¢2,03) + B) — B,

where B is some constant to ensure F(cy, ca,c3)+ B > 0. Furthermore, we define an auxiliary function
as follows,

(3.2) U=+/F(ci,¢c2,¢c3) + B

In turn, the total free energy (2.5) can be rewritten as

. 3 3 3 12 , 12
(3.3) EiPh(cy, ey, c5,U) = / (§216|vc1|2 + = Tael Voo + S Dael Vg 2 + —U% — ?B)da:,

Q

Thus we could rewrite the system (2.10)-(2.11) to the following equivalent form:
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M
& oM,
3 24
(3.5) Wi = _ZGZiACi +—HU+ B,i=1,2,3,
(3.6) Ui = Hicyy + Hacoy + Hseag,
where
(3.7) H, = ou _ 1%@1 — ) (1 —2¢1) + 6Acicdc}
' ber 2 NES] ’
(3-8) =Y 1% (c2 = B3)(1 — 2¢5) + 6Acteacs
| ocy 2 VE+B ’
(3.9) Hy = U _1 23 (cs — c3)(1 — 2¢3) + 6Aciches
ocg 2 VF+B 5
8. 1 1 1
(310) B— _EZT(§H1+§2H2+273H3)U'

The transformed system (3.4)- (3.6) in the variables ¢y, ¢a, ¢35, U form a closed PDE system with the
following initial conditions,

cit=0)=¢c,i=1,23,

R

(3.11)
Ult=0)=U"=/F(c},c,c3) + B.

Since the equations (3.6) for the new variables U is only ordinary differential equation with time, the
boundary conditions of the new system (3.4)-(3.6) are still (2.15).

Remark 3.1. The system (3.4)-(3.6) is equivalent to the following two order parameter system

M,
Cit = EijA,Ui»

(3.12)
3 24 .
i = 71621'ACZ' + ?H;U + ﬂ, 1= 1,2,
with
cg=1—1c1 —ca,
(3.13) M3 | p2

Y3 X 22)'
Since the proof is quite similar to Theorem 3.1, we omit the proof here.

We can easily obtain the energy law for the new system (3.4)-(3.6). Taking the L? inner product
of (3.4) with —p;, of (3.5) with 8c;, of (3.6) with —22U, taking the summation for i = 1,2,3, and
noticing that (3, 0¢(c1 + c2 + ¢3)) = 0 from Remark 3.1, we still obtain the energy dissipation law as

d ..
%Et”ph(cl7627ci’n U)

1 1 1
_ (7 2, 4 2, L ) 2)
Mo IVl + - IVhal* + sl

Vel | IVa2l® | [Vas]®
D %3

(3.14)

IA

— Moo ( ) <0.

2 -
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Remark 3.2. The new transformed system (3.4)- (3.6) is equivalent to the original system (2.10)-
(2.11) since (3.2) can be obtained by integrating (3.6) with respect to the time. Therefore, the energy
law (3.14) for the transformed system is exactly the same as the energy law (2.24) for the original
system.

We emphasize that we will develop energy stable numerical schemes for the mew transformed
system (3.4)- (3.6). The proposed schemes will a discrete energy law corresponding to (3.14) instead
of the energy law for the original system (2.24).

Let 6t > 0 denote the time step size and set t™ = ndt for 0 < n < N with T = N §t. We also
denote by (f(x) = [, f(x)g(z)dx the L? inner product of any two functions f(x) and g(x),

and by || f|| = \/ f, the L? norm of the function f(x).

3.2. First order scheme. We now present the first order time stepping scheme to solve the
system (3.4)-(3.6) where the time derivative is discretized based on the first order backward Euler
method.

Assumming that (c1,c2,c3,U)" are already calculated, we compute (c1,cz,c3,U)" ! from the
following temporal discrete system:

Cﬂ-‘rl —cl MO
3.15 i o EOA
(3.15) LR
3 24
(319 pith = = JENAGT H —HP UM 4 f = 1,23,
(3.17) U U = HP (- o) + Hy (e — o) + (S — o),
where
(3.18) anl%(cl —?)(1 —2¢}) 4 6Actc} c§2
1 2 \/F(c c2acg)+B ’
(3.19) anl%(CZ —Cy )(1_202)+6A61 026g2
: 2 \/F( CZacg) +B ’
(3.20) o L3 — ) (1 26)) + 6Act g%
. 3 7
2 \/F61362303)+B
8 1 1 1
3.21 ntl _ Oy~ opgno —fgnoy eyt
( ) /3 € T(El 1 + 22 2 + 23 3)

The initial conditions are (3.11), and the boundary conditions are
(3.22) (i) all variables are periodic,or (ii) Onci o0 = Vui™ - njpg =0, i = 1,2, 3.

We immediately derive the following result which ensures the numerical solutions satisfy the
hyperplane condition (2.2).

THEOREM 3.1. The system of (3.15)-(3.17) is equivalent to the following scheme with two order
parameters,

et —en

7 T MO n+1
(3.23) e 5 Aﬂi )

3 24
(3.24) pitt = jezlAc;L“ + ?H{LU"“ + Bt i=1,2,
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with
(3.25) gt =1t — et
n+1 n+1 n+1
H3 H1 Ho
3.26 = — .
(3.26) N

Proof. From (3.21), we can easily show that the following indentity holds,

24 Hy ~Hy Hy 111
(S EZ+ D)+ (e =+ =) =0.

3.27
( ) € 21 22 23 E1 E2 E3

o (i) We first assume that (3.23)-(3.26) are sastified, and derive (3.15)-(3.16). By taking the
summation of (3.23) for ¢ = 1,2, and applying (3.25) and (3.26), we obtain

n+1 n
c3' —cy _ M,

0
3.28 Apgtt,
( ) 5t s H3
From (3.25), (3.26) and (3.27), we obtain
n+1 n+1
ntl _ _y (M Ha
M3 3( Sh + S, )
3 3 24 H} HY 1 1
3.99 :_2(_7An+1_7An+1 il G W Y SR ntly + 7)
( ) 3 46 “ 4€ “ + €<21+22) +B (21+22)

3 24
_ ZEESACgA»l + 7H§LUTL+1 < ﬂn+1.
€

o (ii) We then assume that (3.15)-(3.16) are satisfied, and derive (3.23)-(3.26). By taking the
summation of (3.15) for ¢ = 1,2, 3, we derive

Sn+1 —gn
(3.30) = = MyAe"t!,
5t
where S™ = ¢} + ¢ + ¢ and O™ ! = E%u?“ + Z%/,L;H'l + E%,u?“. From (3.16) and (3.27),
we derive
3
(3.31) ol = —ZGAS"“.

By taking the L? inner product of (3.30) with —©"*1, of (3.31) with S"*! — S" and taking
the summation of the two equalities above, we derive

3
(3.32) §6(||VS”+1H2 —[|[VS™[|2 + |[VS™T — VST ||?) + 6t M| VO™ % = 0.

Since S™ = 1, the lefthand side of (3.32) is a sum of non negative terms, thus VS"*! = 0, and
VO™l =0, i.e., the functions S"*! and ©"*! are constants. Then (3.31) leads to O+ =0,
and (3.30) leads to S"*! = S™ = 1. Thus we obtain (3.25). By dividing %; for (3.16) and
taking the summation of it for ¢ = 1,2, 3, and applying (3.27) and (3.25), we obtain (3.26). O

Note that all nonlinear coefficient H; of the new variables U are treated explicitly. Moreover, we
can rewrite the equations (3.17) as follows:

(3.33) U™t = Hp ™t 4+ Hy ey ™ + Hy g™ + QT
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where QF = U™ — Hy'c} — Hj ¢y — HYch. Thus, the system (3.15)- (3.17) can be rewritten as

At M,
3.34 S = A
(3.34) 5 > ;

(3.35) it = —§ez Ac)t! + H"(H” L Byt - Hy et

+47 L+ —HZ-" ni=1,2,3,
€

THEOREM 3.2. Assuming (2.18), the linear system (3.34)-(3.35) for the variable ® = (i, 5t 3™ 7]
is self-adjoint and positive definite.

Proof. Taking the L? inner product of (3.34) with 1, we derive

(3.36) /C?Jrld:n:/c?dm: :/ngm,
Q Q Q

Let o = @f Adx, 19 = |Q| Jo 17 dee, and define
(3.37) Gt =t —al, =ttt =40

Thus, from (3.34)-(3.35), &7 and ! are the solutions for the following equations,

1

c; 1
3.38 — — A = f],
(3.38) Moot x; T
3 24
(3.39) pi ) = = JESAC + —HI P 4 g7 gl

where P! = HPCy 4+ HYCy + H}C3 and
(340) Ci+Cy+C3=0, / Cidx = 0, / widx = 0.
Q Q

We define the inverse Laplace operator u — v = A~y by

Av = u, / vdx = 0,
(3.41) Q

with the boundary conditions (2.15).
Applying —A~! to (3.38) and using (3.39), we obtain

3 24 0

i
ATIC; — SeX,AC; + H"P”+1+5”+1

42 -
(342) Mydt 4

=N ATH gt i =1,2,3.

We express the above linear system (3.42) as AC = b, where C = (Cy, Cy, C3)7.
For any o = (¢1a¢2a¢3)T7\II = (1/)171/}27’(/}3)T with 2?21 d)i = 2?21 % = 0 and fQ (Z)zdw =

fQ Y;dx = 0, we can easily derive

(3.43) (A®, T) = (&, AT),
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thus A is self-adjoint. Meanwhile, we have
1 _ _ _
(A‘I%(I’):MO&(EK—A Y1, 01) + Do (A do, ¢o) + T3(— A3, ¢3))
§EV22V22V2 2y g HY H} s
+ g€ VOrl" + B2 Vea|” + X[ Vesl|”) + — [ Hi é1 + Hy'da + Hy'gs

(3.44)

Let d; = Ailgi)i, ie.,
Q

with periodic boundary conditions or d,d;|sq = 0. Therefore, we have
(3.46) (—A™ i, 1) = || Vdi*.
Furthermore, Z = di + ds + d3 satisfies
(3.47) AZ =0,
(3.48) quad/ Zdx =0,

Q

with periodic boundary conditions or 9,7 |sq = 0. Thus Z = d; +ds+ds = 0. From (2.19), we derive

1 3
(42, @) 272 B(IVA* + IVl + [Vds[*) + SZIVorl* + [Vall® + [Vs]*)

(3.49) 01
+ IHT ¢1 + Hi bz + Hi és]” 2 0,

and (A®, ®) = 0 if and only if & = 0. Thus we conclude the theorem.
The stability result of the first order scheme (3.15)-(3.17) is given below.

THEOREM 3.3. When (2.18) holds, the first order linear scheme (3.15)-(3.17) is unconditionally
energy stable, i.e., satisfies the following discrete energy dissipation law:

1 IV Vet Vet
3.50 —(E™MY _FR ) < —MyX L 2 3 .
( ) (St( 1st 1St) — Of( E% + E% + E% )
where ET,, is defined by
n 3 n|2 3 n|2 3 n|2 12 n|2
(3.51) Ef = gZael|Ver[I” + g BoellVez ||° + o Bae Veg |* + —[U™]" = 0, V.

Proof. Taking the L? inner product of (3.15) with —Jtﬂ;”l, we obtain

n n M n
(352) —(C- +1 C?,/J +1) _ 675270”V/% +1||2.

Taking the L? inner product of (3.16) with C:;H_l — ¢} and applying the following identities

(3.53) 2(a —b,a) = |a* = |b]* + |a — bJ?,
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we derive

3
(it eftt =) =§62i(|\V0?“II2 — IV |? + (Ve ™ = Ve %)
(3.54) 04

I HIU G - ) (B ).

Taking the L? inner product of (3.17) with 22U"*+!, we obtain

12
= (N = o) + ot - o))
(3.55) €

= 2 (P = e U o (HP (T = ), U + (T = ), U ).

Combinning (3.51), (3.53), taking the summation for ¢ = 1,2, 3 and using (3.54) and (3.25), we have

3 3
3 3
8ei_lei(|Vc?“n2 —|Vep|?) + 562 SV - Ve
(3.56) 12 1 1 1
+ == (T2 = 0)2) = ~Mo(- IV 2 + - Va2 + - 9+ )
€ 21 22 23
< —MoS(IVAr 12 + 902 + Va5,

Noticing that Zle Vet =0, we derive

3 3
(357) (EZHVC;H_l B vc;n”Q) > ZZ (HVC?‘H _ VC?||2> > 0.
i=1 i=1

Therefore, the desired result (3.49) is obtained. O

3.3. Second order scheme based on Crank-Nicolson. We now present a second order time
stepping scheme to solve the system (3.4)-(3.6).

Assumming that (c1, co, c3,U)™ and (c1, co, c3, U)" ! are already calculated, we compute (c1, c2, c3, U)" L]}
from the following temporal discrete system

M, n+l
(3.58) e =g A7
ntd 3 ntlLen 94
(3.59) Mt fieEiA% 422Uty 4o gnth = 1,2,3,
€

(3.60) U™ = U™ = Hi (7 = o) + Hy (3™ — ) + Hi (5™ — i),
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where
Ut urtt 4y
2 )
3 1
C,? = 50? - 50?71;
e 13l = e”)0 - 26) + BAcies’es”
1 2 F(C*,C*,C§)+B )
(3.61) e }%(C; —c5?)(1 — 2¢35) + 6Act CQC§2
273 F(cf,c3.c3) + B ’
e = 13H(e3 — e®)(1 - 265) + 6Act g3
373 F(cl,c;,c§)+B ’
L 8 1 :
ﬂnJr§ _ —fET(le H2 H;)U"-‘ri.
€ 21 3

The initial conditions are (3.11), and the boundary conditions are

(3.62) (i) all variables are periodic,or (ii) Onc o0 = vu?% ‘n|pn =0,i=1,2,3.

(C;H_l n+1 n+1)

The following theorem ensures the numerical solution cy ey always satisfies the hy-

perplane link condition (2.2).

THEOREM 3.4. The system (3.57)-(3.59) is equivalent to the following scheme with two order
parameters,

n+1 n
c —ci My . nttl
3.63 S R ANTYRE
(3.63) 5 5, A
ntd 3 ! 24
(3.64) P = e A% Ut p gt =12,
€
with
(3.65) gt =1t — et
,U/n+ 3 Mn-‘r% Mn-i—%
3.66 S = (—+ 22
(3.66) =+ )
Proof. The proof is omitted here since it is similar to that for Theorem 3.1. a

Similar to the first orders scheme, we can rewrite the system (3.59) as follows,
(3.67) Ut = By ™ + Hyeh™ + Hicy ™ +Qy,

where Q% = U™ — Hict — Hyc — Hjcl. Thus, the system (3.57)- (3.59) can be rewritten as

ATt My ongd
3.68 A Nl Y
(3.68) 5 5, A
n+1
ntl 24
(3.69) e = ﬁez A% —H-*(ch?“ + Hyed ™ + Hieh™)

+87t2 +2 H*QQ,z—l 2, 3.
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THEOREM 3.5. The linear system (3.67)-(3.68) for the variable ® = (i, it 8 ™)T is self-
adjoint and positive definite.

Proof. The proof is omitted here since it is similar to that for Theorem 3.2. a
The stability result of the second order Crank-Nicolson scheme (3.57)-(3.59) is given below.

THEOREM 3.6. Assuming (2.18), the second order Crank-Nicolson scheme (3.57)-(3.59) is uncon-
ditionally energy stable and satisfies the following discrete energy dissipation law:

n+3 n+3 n+3
S B = B = Mo (10t P+ 9P+ v )
(3.70) n+3 n+l ntd
BVl /7 o SO\ T
= 2 n2 2
where ET that is defined by
n 3 7|2 3 n (|12 3 n||2 12 n+1(2
(371) EC’I’L = ngE”VCl || + gEQE”VOQ || + gEgGHVCLQ, H + ?”U || Z O,Vn

Proof. Taking the L? inner product of (3.57) with —5t,u?+1, we obtain

(3.72) (el —&—nv |,

(3 2 7

Taking the L? inner product of (3.58) with ¢t — ¢, we obtain

1 3
("2 et =) = geEi(IIVC?“II2 —Ive|?)

(3.73)
24
(H?LTH—%’C?H C?) (6H+%7C?+1 C?)‘

Taking the L? inner product of (3.17) with %U”’+%, we obtain

24

((H1( n+1 _ c?),UnJré) + (H3 (ch nt+l _ cQ‘),U’ﬁ;) + (HZ(ch n+l _ Cg)’UnJr%))
(3.74) €

12 N
=T = o)

Combinning (3.71), (3.72) for i = 1,2, 3 and (3.73), we derive

3
3 " 12 " n
e m (Ve = Ve ) + = (o — o)
=1
n+3 +3 n+1
(3.75) =—Mo<f||wl 2||2+fuv i 2||2+f||v W)

n+ n+3
e N 2

+
I7mi)2 . |
23 23

< —MoEo(
D

+

Thus we obtain the desired result (3.69).

Notice that that the above scheme conserves the energy if My = 0 as in the continuous case. In
certain situation, additional dissipation is desirable. To this end, we develop another second order
scheme based on the backward difference formula (BDF) which introduces additional dissipation.
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3.4. Second order scheme based on BDF. Assumming that (¢, ¢g, ¢3, U)™ and (c1, ¢, ¢3,
are already calculated, we compute (cy, 2, c3, U)" ! from the following discrete system:

3c "+1 — 4+ ! MO

(3.76) 55t -5, Apntt,
(3.77) pitt = %EE1AC?+1 + %H;U"H 4pmH =123,
(3.78) UM —aU" + UM = H{ (B —def + e
FH(B35 T — dc + ¢+ HY(3eh T — ach + 57,

where

c;r =2c — cf_l

H1T _ ;%(ci — 012)(1 QCD + 6/\(:1c2 c;
i 10 o

i = ;%3(0:3 —d) - 2c§,) +6Acl b el

prt = SET(QIHT+ELHT+ ; 7hHU™,

The initial conditions are (3.11), and the boundary conditions are

(3.80) (i) all variables are periodic,or (ii) Onci o0 = Vit - nlpg =0, i = 1,2, 3.

15

U)nfll

Similar to the first order scheme and the second order Crank-Nicolson scheme, the hyperplane

link condition still holds for this scheme.

THEOREM 3.7. The system (3.75)-(3.77) is equivalent to the following scheme with two order

parameters,
3Tt —der 42 M
3.81 d LG = AT
(3.81) 55t y, A
n+l _ 3 n+1 24 trm+1 n+1l
(3.82) prt = —ZeZiAc- +—H/U"™ +p"i=1,2,
€
(3.83) gt =1t — et
+1 n+1 n+1
u? Y i
3.84 =— .
(3.84) y, ( ST )

Proof. The proof is omitted here since it is similar to that for Theorem 3.1.

Similar to the previous cases, we can rewrite the sysytem (3.77) as

(385) Un-i—l HT n+1 +HT n+1 ;cg+1 +Qn
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where Q7 = U® — H|¢§ — HicS — ch? and VO = % for any variable V. Thus, the system
(3.15)- (3.17) can be rewritten as

n+1 4 n—1 M
s R
[
24
(3.87) ptt = %eziAc?“ + ZH] (H{ 3 + B3 4+ Hc

/a’"“+ H*Qg, =1,2,3,

THEOREM 3.8. The linear system (3.85)-(3.86) for the variable ® = (i, 5t 8 ™)T is self-
adjoint and positive definite.
Proof. The proof is omitted here since it is similar to that for Theorem 3.2. a

THEOREM 3.9. The second order scheme (3.75)-(3.77) is unconditionally energy stable and satis-
fies the following discrete energy dissipation law:

n mn 1 n n n
51 B = By < =M (IR + I+ o IV R)
(388) n+1(2 n+12 n+1 2
Vi ||w2 I, 19
< —
< —Mox( sty oy )

where Efy, is defined by

3 Ve 2 |12Vey — Vep1? V|2 |12Ves — Ve 12
Eé‘df—ng (H 21|| +H i . | )+82 (II 22|| +|| 5 : I )
(359 3 [Ves||? | ||12Vey — Ve 2 12 /U™|? | |20 — U )?
35 ( G )+?( =+ : )zo,vn.

Proof. Taking the L? inner product of (3.75) with 2616//‘“ we obtain
(3.90) ~(BeT —def + T ) = 26t ||W"“|I2~

Taking the L? inner product of (3.75) with 3¢} —4c?—|—c?_1, and applying the following identities
the following identity

(3.91) 2(3a — 4b+c,a) = |a|* — |b]* + |2a — b]* — |20 — c|* + |a — 2b + ¢|?,
we derive
3
(i3 — el + ) = 2 (V2 — Vel + [[2Vef ! — Ve — [2ve} — Ver )
(3.92) + geEiHVc:‘H — 2Vl 4+ Ve 2

24
+ S (H] U 3T — a4 T 4 (87, 3T — 4 + ).
€
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Taking the L? inner product of (3.77) with 22U"*!  we obtain

12
= (U2 = U2 + 20 = U — (U — U 4 U = 2um 4 U )

24
(393) = Z (@ ] + ), U + ()3 — 45 + &)U
+ (HY3egt! = deg + 571, U ).

Combinning (3.71), (3.72) for i = 1,2, 3 and (3.73), we derive
3 < 3 <
Se;&(wwwﬁ + 12Vt - ve|?) - 861;21-(”%?”2 + l|2vey = v 2)

3
3 12
+ e TVt = ave + Ve 2) + = (JUr R + Ut - o))
8 — €

3.94 12 12
( ) _ ?(HUHHQ + ||2Un _ Un—1||2) 4 ?HUTL_H _ 2Un + Un—1||2

1 n 1 n 1 n
= —20tMo (5 IV P + Vi P 4+ s 90 ?)

IIVu§+1||2)
2 ’

Va2
b}

Nz
23

< —25tMyX ( + +

Since Zle(Vc?H — 2Vl + Ve = 0, from Lemma 2.1, we have

3 3
(395 S {Zlvert 2w + v 12} = 2 Y {Ivertt —avep + ver 2} 2o
i=1

i=1

Therefore, we obtain (3.87) after we drop the unnecessary positive terms in (3.93). a

Remark 3.3. From formal Taylor expansion, we find

(H(b"“ll2 + (29" — ¢”||2) _ (H¢”H2 + (120" — ¢”_1||2)

20t 20t
3.96
1320 = (10 | o5y gy s 006
26t dt ’
and
n _ n n—1(12

ot

for any variable ¢. Therefore, the discrete energy law (3.87) is a second order approximation of
4 ptrivh(¢) in (3.14).

4. Numerical Simulations.

5. Concluding Remarks. We developed in this paper several efficient time stepping schemes
that are linear and unconditionally energy stable for the three component Cahn-Hilliard phase-field
model based on a novel IEQ approach. The proposed schemes bypass the difficulties encountered
in the convex splitting and the stabilized approach and enjoy the following desirable properties: (i)
accurate (up to second order in time); (ii) unconditionally energy stable; and (iii) easy to implement
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(one only solves linear equations at each time step). Moreover, the resulting linear system at each
time step is symmetric, positive definite so that it can be efficiently solved by any Krylov subspace
methods with suitable (e.g., block-diagonal) pre-conditioners.

To the best of our knowledge, these new schemes are the first schemes which are linear and
unconditionally energy stable for the three component Cahn-Hilliard phase-field model. Although we
considered only time discretization in this study, the results can be carried over to any consistent
finite-dimensional Galerkin approximations since the proofs are all based on a variational formulation
with all test functions in the same space as the space of the trial functions.
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