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The IEQ and SAV approaches and their extensions for a
class of highly nonlinear gradient flow systems

Jie Shen and Xiaofeng Yang

ABSTRACT. The invariant energy quadratization (IEQ) and scalar auxiliary
variable (SAV) approaches are two recently proposed methods to develop linear
and unconditionally energy stable schemes for a class of dissipative/conserva-
tive systems. The essential idea of these two methods is the energy quadratiza-
tion strategy, where either the nonlinear potential or its integral is transformed
into quadratic forms of the new auxiliary variables. We present the IEQ and
SAV approaches in a unified and more general setting, show a few typical ap-
plications to problems with moderately stiff nonlinearities, and then present
the stabilized TEQ and SAV approaches to deal with several complex systems
with highly stiff nonlinear terms.

1. Introduction

The ability of fast and accurate simulation of complex phenomena governed by
highly complex nonlinear systems is central to our understanding of many important
issues in emerging research fields, such as advanced materials, quantum mechan-
ics, semiconductors, optimal transport, non-convex optimization, etc. Mathemati-
cally, these nonlinear systems often take the form of gradient flows or conservative
systems. However, it is very challenging to develop accurate and energy stable
schemes for these highly complex nonlinear systems. Simple fully-implicit or ex-
plicit type approaches to discretize the nonlinear terms will induce severe stability
conditions on time steps, so they are not efficient in practice. Many efforts had
been devoted to develop unconditionally energy stable schemes without any time
step constraints, for instance, the fully implicit methods [I520], convex splitting
approach [TI1[18][19133l[45], the linear stabilization approach [291[37,38l47.65], the
IEQ method [49,/50155,58]63], the SAV method (cf. [10,35,36]), and a variety
of other type methods, see [211[22][26][32], etc. We refer to a recent review paper,
[14] and the references therein, for a detailed account on these efforts.
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The IEQ and SAV approaches, which are developed very recently, overcome typ-
ical challenges and provide great flexibilities to treat complicated nonlinear terms.
Thanks to their simplicity, efficiency, and generality, these two approaches can be
applied to a large class of problems with energy dissipation/conservation. In the
last couple of years, the IEQ and SAV approaches have been successfully applied
to, for instances, the diblock copolymer model [12][49], the molecular beam epi-
taxial thin-film model [111[57], the three components phase-field model in [58], the
phase-field surfactant model in [461[52]53], the phase-field vesicle membrane model
in [1052], the phase-field model for moving contact lines in [64], the incompress-
ible Navier-Stokes equations in [31], the multi-component two-phase flow in [28],
the strongly anisotropic Cahn-Hilliard model in [71[48], the solidification phase-field
model with/without melt convection in [6/[50], the one- and multi-component BECs
in [9], the Sine-Gordon equations in [25], and the nonlocal Cahn-Hilliard Equation
in [56], etc.

In this note, we introduce the IEQ and SAV approaches in a unified framework
with a more general setting. Then, we present a few typical applications of the
IEQ and SAV approaches to several problems with moderately stiff nonlinearities
for which the IEQ and SAV approaches can be directly applied successfully. How-
ever, complex systems with highly stiff nonlinear terms, direct application of the
IEQ and SAV approaches will need exceedingly small time steps to achieve reason-
able accuracy. For this type of problems, we need to combine the ITEQ and SAV
approaches with proper stabilizations. We show that the stabilized IEQ and SAV
approaches are very effective to deal with complex systems with highly stiff non-
linear terms such as the anisotropic Cahn-Hilliard model, the anisotropic dendritic
model, the phase-field crystal model with a large vacancy potential, etc.

The rest of the paper is organized as follows. In Section 2, we present the IEQ
and SAV approaches in a unified framework with a general setting. In Section 3,
we apply these two approaches to several gradient flows with moderate nonlinear-
ities, including the phase-field crystal model, the molecular beam epitaxial model,
the three-component phase-field model. In Section 4, we introduce the stabilized
IEQ and SAV approaches to deal with several applications with highly stiff nonlin-
ear terms, including the anisotropic Cahn-Hilliard model, the anisotropic dendritic
model, the phase-field crystal model with a large vacancy potential, and present
ample numerical results to show that the stabilization is essential for these highly
stiff problems. We conclude with some remarks in Section 5.

2. The IEQ and SAV approaches

We consider the following Lyapunov energy functional,

(2.1) B(0) = [ (50£0-+ F(0))da.

where ¢(x,t) is the unknown function, x € Q C R%(d = 2,3), L is a linear self-
adjoint positive definite operator, and F(¢) is the nonlinear part of the total free
energy. For instance, in the commonly used phase-field models, ¢L(¢) = |V¢|? and
F(¢) = 15 (¢* — 1)* with € < 1 that causes stiffness.
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To fix the idea, we consider a general gradient flow that reads as:

oE
(2:3) n=g = Lot 19,

subject to the periodic boundary condition or homogeneous Neumann condition
for ¢ and p and initial condition ¢|;—9 = ¢o. In the above, G is a positive definite
operator describing the relaxation process of the gradient flow, for instances, G = I
for L?-gradient flow, or G = —A for H~'-gradient flow, u is the chemical potential,
f(¢) = F'(¢). By taking the L2-inner products of ([2.2)) with p and of ([23]) with
¢, we obtain the energy law for the above system

%E(d)) = —(Gn,p) <0.

2.1. IEQ approach. We now present the so-called IEQ approach [49.50155]

We assume the nonlinear potential F(¢) is bounded from below, i.e.,
F(¢) > —Cy,

for some Cy > 0, and introduce a new variable U(¢) through the following quadra-

tization formula, that is
U(¢) = VF(¢) + Co.

Thus the total energy in terms of ¢ and U turns to

_ 1 2
(2.4) E(¢,U) = /Q <5¢£¢+U )da:—C0|Q|.
We denote H(¢) = 2%U(¢) = \/%, then the system (Z2)-(Z3]) can be
rewritten as:
(2.6) p= Lo+ H(P)U,
(27) Ui = SHO)b

with the initial conditions ¢|i=o = ¢o, Ult=0 = \/F(¢0) + Co. Note (1) is actually
an ODE for the new variable U, therefore, no boundary conditions is needed for U.
It is rather straightforward to develop efficient linear schemes for the system
E3)-2) with the principle of treating linear terms implicitly and all nonlinear
terms explicitly. For example, a second-order scheme based on the second-order
backward difference formula (BDF) is as follows:
Having computed ¢" and ¢"~!, we update ¢"*! by solving

3¢n+1 _ 4¢n + ¢n71

(2.8) 551 = —gu™t,
(29) Mn+1 _ £¢n+1 +H*,n+1Un+1,
1
(210)  BUMH Ut UMT = SHWTH (BT —dg" + 9",

where H*"+1 = H($*"+1) with "+ = 27 — g1,
It is clear that the above scheme is second-order accurate. Furthermore, taking
the L? inner products of (Z8) with —26tu"*!, of Z9) with 3¢"+! — 4¢™ + ¢" 1,
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and of ([2.I0) with —2U"*!, respectively, summing up the results and noticing that
the two terms with H*"*! cancel each other regardless the form of H(¢), we obtain
immediately the following result:

THEOREM 2.1. The scheme (Z8)-(ZI0) is unconditionally energy stable in the
sense that

Eft — BY = —ot(Gu"t

_/Qi(d)nJrl _2¢n+¢n71)£(¢n+1 _2¢n+¢n71)dm

1
+ / SO 2" + U da,
Q2

where

_ 1 1 1
E{Yr‘rl :/Q (§(Un+1)2 4 5(20—77,—}-1 _ U'n,)Z + Z¢n+1£¢n+1) dx

1 n+1 n n+1 n
+/QZ<2¢ L gmL26m — ¢ da.

Note that the system (Z8)-(@ZI0) is linear but coupled in (¢, i, U). However,
instead of solving the coupled system (2.8)-(2I0) directly, we can eliminate U as
follows. Note the nonlinear coefficient H of the new variable U is treated explicitly
in ([29), thus we can rewrite it as

1
(211) UnJrl — EH*,n+1¢n+1 + g{L,
where g7 includes all explicit terms. Using this equality, (Z9)-(ZI0) can be rewrit-
ten as

3 4¢n _ ¢n71
2.12 Y an+l n+1 I S
(2.12) 550" T Gm 55
(2.13) "+ P(e" ) = gt

where g7 includes all explicit terms, P(¢) is a linear and symmetric positive definite
operator that is defined as

P(¢) = Lo+ %H**"“H*’”“qﬁ.

Therefore, in practice one can solve ¢"*1 and p"*+1 directly from (2.12)-(ZI3). Once
" T is obtained, U™T! is automatically given by (2I1). The well-posedness of the
linear system (Z12))-(2I3) then follows directly from the Lax-Milgram Theorem
48,5458).

The operator P(¢) in the scheme (ZI3) includes a variable-coefficient + H" H"
for the term ¢"*'. Explicitly building those time-dependent matrices are usually
expensive. So in practice, an efficient way is to use a preconditioned conjugate
gradient type solver which does not require building the system matrix explicitly.
An efficient time-independent preconditioner is to replace the variable coefficient
%H mH"¢" 1 by a suitable constant coefficient.

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



THE IEQ AND SAV APPROACHES 221

2.2. SAV approach. The SAV approach [10[35136] is inspired by the IEQ
approach, but with extended applicability and more efficient implementation. Given
a free energy in the form of (1)), we assume [, F'(¢)dx is bounded from below,
ie.,

/ F(¢)dz > —Cj
Q

for some Cy > 0, and introduce a new auxiliary scalar variable u(¢) through the
following quadratization formula:

(2.14) u(¢p) = / F(¢)dxz + Cy.
Q
Denoting K(¢) = %, the system (2.2)-(23]) can be rewritten as:
(2.16) pw=Lp+K(o
(2.17) / K(¢)¢pde,

with the initial conditions ¢|i=g = g, u|i=0 = \/fQ (¢)dx + Cp.
Then, a second-order linear scheme based on BDF2 for the above reformulated

system can be constructed as follows:
Having computed ¢" and ¢"~!, we update ¢"*! by solving

3¢n+1 _ 4¢n + ¢n—1

(2.18) — — g,
(219) u”"'l — £¢"+1 +K*,n+1un+1,

1
I I S

where ¢*" L = 2¢" — ¢"~! and K*" L = K(¢*nF).
Similar to Theorem 2], we can derive the following result.

THEOREM 2.2. The scheme RI8)-@20) is unconditionally energy stable in
the sense that

Byt = By = — st )

_/ (i(¢n+1 _2¢n+¢n—1)ﬁ(¢n+l _2¢n+¢n—1)> dx
Q

1
_ 5(un+1 — 2" 4 un71)2,
where
E;H—l :%(un+1)2 + %(Qun-&-l _ un)Q

1 1
+ (Zsb"*lﬁdf‘“ (20" = ¢ L(26" ! — ¢")) da
Q
The main advantage of the SAV scheme is that it can be solved more efficiently.

Indeed, the above scheme is only coupled by a scalar u”*! which can be eliminated
as follows.
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We rewrite (220) as
1
(2.21) utt = 5 Kt gt lde 4 gt
Q

where g% includes all explicit terms. Using this equality, [2I8)-(2Z19) can be rewrit-
ten as

]' ~M
(2.22) P(¢" ) + igK*’”“ /Q Koty = go

where g7 includes all explicit terms, and Z(-) is the linear operator that is defined
as

(2.23) P) = (o +GL)Y.

Define a linear operator #~1(-), such that for any function ¢ € L?(2), ¢ =
P~1(¢) is the solution of the following linear system
(2.24) P) =9

with the periodic or homogeneous Neumann boundary conditions. By applying the
operator -1 to (Z.22)), then we obtain

(2.25) ¢n+1 + %9‘1(gK*7”+1)/ K*>n+1¢n+ldﬂ3 — @—1(§3)
Q

By taking the L? inner product of ([Z25) with K*"*1 we obtain
fQ K*,n-l—lgz—l(gg)dx
1+ % fQ Kt p=1(GK*n+ ) da”
It is easy to check the term in the denominator [, K*" 12~ GK*"1)dx > 0
since 271(G) is a positive definite operator.
Furthermore, (226) actually provides an explicit formulation for the nonlocal

term [, K*" "¢ dax. Therefore, in computations, we first find ¢y = 2~1(g5)
and 1y = Z71(GK*" 1), that means to solve the following two linear equations,

(2.26) / Ko tlgntlge =
Q

3 -
(2.27) (2_61& +GL)1 = gy,
and
3 _ *,n+1
(2.28) (2—& +GL)s =GK ;

with the periodic or homogeneous Neumann boundary conditions. Then, we can
obtain ¢"*! from ([Z25) directly.
To summarize, the scheme ([2I8))-([220) can be easily implemented in the fol-
lowing manner:
e Compute 11 and ¥, by solving two linear equations with constant coeffi-
cients, (Z27)) and [228));
e Compute [, K*"T1¢"*! from ([Z26) and update v+ from (Z2I));
e Update ¢"*! from (ZZ5).
Hence, the total cost at each time step is essentially solving two linear equations
with constant coefficients. Hence, this scheme is extremely efficient and easy to
implement.
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2.3. Some remarks. The main difference between the IEQ approach and
the SAV approach is that the auxiliary function in the IEQ approach is space-time
dependent while in the SAV approach is only time-dependent. The consequence of
this difference is that in the IEQ approach, one has to solve a linear system with
time dependent variable coefficients, while in the SAV approach, one only needs to
solve a linear system with constant coefficients which can be solved very efficiently
by fast elliptic solvers. Moreover, even for problems with multiple components,
the SAV approach leads to a sequence of decoupled linear systems with constant
coefficients. On the other hand, the IEQ approach offers stronger coupling which
can be advantageous in certain situations such as problems with local constraints,
such an example is provided in [25] where the TEQ approach applied to the sine-
Gordon equation not only conserves the global energy but also enforce a local energy
law.

We described the TEQ/SAV approaches using a second-order BDF2 method
as an example. One can also use other types of linear schemes. For example, a
second-order TEQ scheme based on the Crank-Nicolson for (Z:3))-(Z7) is:

Having computed ¢" and ¢"~!, we update ¢"*! by solving

n+l _ n
(2.29) % - —QM""'%,
n+1 n n+1 n
(2.30) ur = g% +H*7”+%¥,
1
(2.31) Ut _pn — §H*,n+%(¢n+l . gbn),

where H*"t2 = H(¢*"t2) with ¢* "tz = 3¢m — 3¢"1. We can easily show that
the above scheme is unconditionally energy stable in the sense that

BT — BP = —ot(Gunte, p ),
where

. 1
E{LJrl — /52((Un+1)2+5¢n+1£¢n+1)dm.

Similarly, we can construct kth-order schemes with BDF-k (3 < k < 6) formula
in the IEQ/SAV approach. While we can not prove rigorously that these high-order
BDF schemes are unconditionally energy stable, numerical results indicate that they
do achieve expected order of accuracy and enjoy excellent stability [36].

We observe that the SAV scheme based on Crank-Nicolson does not introduce
any additional dissipation so it preserves the energy if G is skew-symmetric or
energy dissipation rate if G is positive definite. In general, the SAV scheme based
on Crank-Nicolson is preferred for conservative systems while the SAV scheme based
on BDF formulae should be used for dissipative systems.

While, for the sake of simplicity, we described the IEQ/SAV schemes in semi-
discrete form, the above stability results carry over to any consistent Galerkin type
approximations, e.g. finite- elements or spectral methods, as well as finite-difference
method with proper summation-by-parts.

While the splitting of the free energy in (Z.I)) can be arbitrary, it is essential, for
the sake of accuracy, to have a splitting with a “dominating” operator £. Otherwise,
exceedingly small time steps may be needed to obtain accurate results. Sometimes,
the obvious splitting, e.g, E(¢) = [(3|V|* + 12 (¢* — 1)?)dx with ¢ < 1, may
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not be suitable. We refer to Section 3.1 in [36] for such an example and a strategy
to deal with it.

To take the full advantages of the unconditional energy stability, the IEQ/SAV
schemes should be coupled with an adaptive time-stepping scheme so that the time
step is determined by accuracy requirement only without worrying about stability.
We refer to Section 4.2 in [36] for some details in this regards.

Thanks to the unconditional energy stability, one can show that the conver-
gences of TEQ/SAV methods and establish corresponding error estimates without
assuming the uniform Lipschitz condition on f(¢). We refer to [34,[55] for the
convergence and error estimates of IEQ/SAV methods in the semi-discrete case
for the Allen-Cahn and Cahn-Hilliard equations, to [30] for error estimates of the
SAV methods with finite-differences and to [66] for error estimates of the SAV
methods with finite-elements, to [25] for error analysis of an TEQ method with
finite-difference for the sine-Gordon equation.

3. Applications of IEQ/SAV approaches to problems
with moderately stiff nonlinear terms

In this section, we consider several models with low or moderate stiff nonlinear
terms so that the TEQ/SAV approaches can be directly applied successfully.

3.1. Phase-field crystal model. In [16]17,[44], the authors considered a
very simple phase-field crystal (PFC) model that showed great versatility to study
the dynamics of atomic-scale crystal growth on diffusive time scales. A phase-field
variable that represents the concentration field of a coarse-grained temporal aver-
age of the density of atoms, is introduced to describe the phase transition from
the liquid phase to the crystal phase. Thus, to generate the periodic structure of
a crystal lattice, by incorporating a specific form of the spatial gradients in the
free energy is postulated, the model is flexible and can be applied to simulate var-
ious phenomena, for instances, epitaxial growth, material hardness, grain growth,
reconstructive phase transitions, and crack propagations.

The PFC model is described by the following total free energy

¢
(31) B0 = [ (5363 +)6+ F(0))do.
where £1 = A+1 and L3 = A+¢? with A being the Laplace operator, F(¢) = i¢4—
g¢2 is the nonlinear smoothing potential, and r, ¢, n are three positive constants.

By taking the variational derivative of the total free energy @B.I) in H !, we
obtain the PDE system as

(3.3) . ‘;—i = L2+ )9+ F(9).

Note that free energy in (B is already in the form of (21 so that both IEQ
and SAV approaches can be directly applied. We consider, for example, the TEQ
approach. Let U = /F(¢) + Cy so the equivalent system reads as

(3.4) ¢ = MAp,
(3.5) po= LiL3+7r)¢+ HU,
(3.6) U = %H%
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(a) The formation of the FCC pattern structure.
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FIGURE 3.1. (a) The formation of FCC pattern through the sim-
ulation of the phase separation with the initial average density
¢ = 0.23 and parameter = 0.195. Snapshots of the numerical
approximation of ¢ are taken at ¢ = 20,100,300, and 800. (b)
Time evolution of the total free energy functional computed by us-
ing nine different time steps. (c) Time evolution of the free energy

functional by using §t = 0.1.

here H — —_f@®
where Troie

Based on the second-order Adam-bashforth time stepping scheme, a second-
order scheme can be constructed as follows:
Having computed ¢™ and ¢" !, we update ¢" ! by solving

3¢n+1 _ 4¢n + ¢n—1

. = A n+1

3.7 26t B

(3.8) pttt = LS+t H U
1

(3.9) Ut —4unt Ut = §H*7n+1(3¢n+1 _4gn 46",

where ¢*" 1 = 29" — ¢"~1 and H*"+! = H(¢*"*1). The above scheme has
been implemented in [51L[61] to study the phase transition behaviors of the PFC
model. We present below some numerical simulations with model parameters M =
1, = V2,7 = 0,7 = 0.195. The computational domain is set as [0,256]2, and the
initial condition is ¢9 = 0.23(1 +rand(x,y)). We discretize the space by using 5132
Fourier modes. Snapshots of the phase-field variable ¢ are shown in Fig.Bd}a). We
observe that the crystals transform to the face-centered-cubic (FCC) structure from
the spontaneous lattice structure. In Fig.BIl(b), we plot the time evolution of the
total free energy for nine different time step sizes until ¢ = 200. All energy curves
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F1GURE 3.2. The isolines of the numerical solutions of the height
function ¢ for the epitaxial thin film model without slope selection
with the random initial condition. Snapshots are taken at ¢ =
1,10, 100, 500.

decay monotonically for all time step sizes, which confirms that the algorithm is
unconditionally energy stable. In Fig.[3.1l(c), we show the time evolution of the free
energy functional by using the time step 6t = 0.1.

3.2. Molecular beam epitaxial model. The continuum model for the mole-
cular beam epitaxial model is a powerful tool to understand the mechanisms of thin
film growth, where epitaxy is referred to the deposition of a crystalline overlayer
on a substrate.

Let ¢(x) be a height function, the total phenomenological free energy for the
epitaxial thin film model is as follows,

(3.10) E(¢) = /Q (S(80)2 + F(V4))do

where the nonlinear potential is either Ginzburg-Landau double well potential (with
slope selection) F(V¢) = (1—|V¢[?)? or a nonlinear logarithmic potential (without
slope selection) F(V¢) = —11In(1+|Vg[?).

For the slope selection case, the IEQ method can be applied since the nonlinear
potential is bounded from below, see [57]. But for the model without slope selection,
the logarithmic nonlinear potential is not bounded from below, so the IEQ method
can not be applied directly. However, with a proper splitting of the free energy, we
can apply the SAV method. The details are given below.

Note that for any € > 0, there exists a constant ¢ > 0 such that the following

property holds (cf. [I1]),

€2 1
/ (ZA¢|2 -3 In(1 + |v¢|2)) dx > ¢,
Q

where ¢g = %(ln(%) - % + 1)|Q2|. Hence, we can split the free energy as follows:

B@) = [ { G072+ (F1a08 - Jua+1voP)) e

and define a SAV by

(3.11) u(t) = \//Q (%AW - %mu + |V¢|2))dw + Co.
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where Cj is a positive constant to ensure the radicands are positive. For example,
we can choose Cy = —cg + 1. Thus the equivalent SAV system reads as

2
o+ M(5 A% + K(@)u) =0,

Ut = = K(¢)¢tdw7
2 Q

where M is a mobility function, and

€2 v
5A% + V- (55p)

K(¢) = —— : .
VIa(S1A62 = LIn(1 + [V[2))da + Co
Then a second-order BDF2 scheme for the above system reads as follows,

nt+l _ gpn n—1
(312) 3¢ Q;i + ¢ + M(62A2¢n+1 + K*,n+1un+1) _ 07

1
(3.13)  3u"M —4u" +u"t = 5/ K5 (3¢n T — 4¢™ 4 ¢ d,
Q

where ¢*,n+1 — 2¢n _ (bnfl and K*,n+1 — K(¢*’n+1).

To validate the above numerical scheme, we simulated the coarsening dynamics
in [11] by choosing a random initial condition varying from —0.001 to 0.001. The
parameters are ¢ = 0.03, M = 1. The computational domain is Q = [0, 12.8]?,
and we use 513 x 513 Fourier modes in space. In [11I], various numerical results
confirming unconditional energy stability are presented. As an example, we show in
Fig.B2 snapshots of numerical solutions of the height function ¢ at various times.

3.3. Three-component Cahn-Hilliard model. We consider a three-com-
ponent Cahn-Hilliard phase-field model presented in [2l[3]. This model was derived
by adopting three independent phase-field variables, and postulating the nonlinear
part of the total phenomenological free energy to be a summation of the double-well
potentials for each phase. To ensure a hyperplane link condition for the three phase
variables at each point, a Lagrange multiplier term is added into the system. More
precisely, assuming a system consists of three material components, we introduce ¢;
(1 =1,2,3) to describe the volume fraction of the i-th phase such that the following
hyperplane link condition is satisfied

(3.14) $1+ P2+ g3 =1

The total free energy for the three-phase system is postulated as:

3
3 12

(3.15) Eén,on,00) = e [ SilVoiPde+ -2 [ Flor,62.00)de
8 S Ja € Ja

in which, the nonlinear potential F(¢1, @2, ¢3) reads as:

b D) b
F(é1,62,05) = T0i(1 = 61)° + Z705(1 — 62) + 2 63(1 = 63)° + 3AgT0365,

where A is a non-negative constant, € is related to the interfacial width, the co-
efficients of entropic terms ¥; (note ¥; might be negative) are determined by the
surface tension parameters 12,013,093, i.€.,

X1 =012+ 013 — 023, X3 =012 + 023 — 013, 23 = 013 + 023 — 012.
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Then the three-component Cahn-Hilliard system that we consider is the H !
gradient flow of the above free energy:

(3.16) du = MALL,
12
(317) M = —%EZiA¢i + ?(fl + 6), = 1,2,3,

where M is the mobility constant, f; = %

, and 3 is a Lagrange multiplier
to ensure the hyperplane link condition ([3I4]) which leads to
1 e S 1 1 1

1
(e 2 By i = o
sy T e vith g =5t ety

It can be shown [58] Lemma 2,2] that there exists Co >0 such that [, F'(¢1, ¢2, d3)dx
> —Cj, we can rewrite the total free energy (BI0) as

8=

3
3 12
E(u7¢15¢25¢3) = 5¢€ § Ez|v¢z‘2dw+_(u2—00)
8 o €

Thus we can apply IEQ and SAV approaches directly.
In [58], the IEQ method is applied to solve the above system. Below we shall
adapt the SAV approach and define

’U,(f) = \//Q F(¢17¢27¢3)dw + C'O-

Then, the system (B.I6) can be rewritten as

M
(3.18) Gir = E_iAM’
3 12 .
: i = ——€2,;A¢0; + — (8 +o)u, 1=1,2,3,
(8.19) 1Rl + —(Ki +a) 1,2,3
€
L3
(3.20) up = §;=1/9Ki¢itd:ca
where
i 1 K K. K
K;, = fi ’a:_z_(z_1+22+23)-
\/fQF(¢1,¢2,¢3)de+CO T 21 2 3

A second-order SAV-BDF2 scheme for the above system is as follows.
Assuming (é1, o, d3,u)" and (¢1, ¢2, ¢3,u)" "1 are known, we update
(¢1, 2, b3, u)" 1 by the following:

37Tt — 4o 4 gt pn Tt
3.21 L . t— = MA——
(3:21) 20t ¥

3 12 .,
(3.22)  prtl= —ZeEiAcﬁ?'H + (KM ottt
€

K2

3
1
(323) s gt = 13 / H ™ (36071 — 467 + 67 da,
i=1 78

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



THE IEQ AND SAV APPROACHES 229

for i =1,2,3, where

;mn+1 -1 mn+1l ;mn+1 ;n+1 ;n+1

1 K*,n—i—l K*,n+1 K*,n-{—l
— (22— +=32—)
S0, ¥y s
We can easily prove the solutions of the scheme [B21)-([B.23) satisfies the hy-

perplane link condition ([BI4). Thus one can first solve ¢ and ¢2, and then update
¢3 by the hyperplane link condition (I4]). By rewriting 23] as,

1 1
n+1 _ _/T1¢711+1dm+_/ T2¢£L+1dm+rn’
2 Jo 2 Jo

a*,n+1 ——

u

where
Fre,n+1 Frk,n+1 _ frxn+l Fre,n+1 frx,n+1l _ prxn+l *, 1 .
Ty=H" T — g Ty =Hy T Fp T BT = gt et =12, 3,

and 7™ includes all explicit terms. Then we can derive the following system for

(@7 05+ from B2D)-B22) (i =1,2):

n 6 F7*,m n n n

(B.24) PO - S AETTT /Q Tioi " de + /QTwQ“dw) =1,
6 A(ﬁ;"”“)(/ Tlgb{‘“dw—k/quéZ“da:) =7y,

2262 Q o)

where the operator &2 is defined as
3

PW) = Sarest

and 7', ry include all explicit terms.
Define a linear operator 2 ~1(-), such that for any function ¢ € L?(Q), ¢ =
P~Y(¢) is the solution of the following linear system

2Y) = ¢,

with corresponding boundary conditions, i.e., periodic boundary conditions or ho-
mogeneous Neumann boundary condition for ¢ and At. By applying the operator

271 to B.24) and (3.27), we obtain

(3:20) 1 = o AHY([ Tiort e+ [ Taoytde) = 276
1 Q Q

(3825)  P(e5H) -

3
Qp + ZA2¢7

(3.27) ot — Eﬁezgfl(Aﬁ;"“)(/ T1¢?+1dm+/ To¢p lda) = 271 (r}).
2 Q Q

Next, taking the L? inner product of ([B.26) with T3, and of B27) with Ty, we
obtain
l+a a Jo TipH da Jo 1P~ de
(3'28) £ n+1 = £ —1(,.n )
b L+b] | [ Togy ™ da Jo o271 (ry)d
where
__6
2162

The determinant of the above system is

6

a= -
2262

/le-l(Aﬁ;v“+1)dm, b= /TQ@—I(Aﬁ;nﬂ)dm.
Q Q

3
det=1+a+b=1-) %/ ot e Y AH T de.
: i€ [¢)
=1
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(a) (o12,013,023)=(1,1,1).

(b) (012,013,023)=(1,3,1).

22

) S AT(LLY)
, -—B: (131) | z - B: (1,31)
—0C: (1,1,3) 2ry —C: (1,1,3) ]

-—A: (1,1,1)

() (o12,013,023)=(1,1,3).

Log(Energy)
Log(Energy)

IS
T

2F N\

1 L L s L L L s L L
0 0.5 1 15 2 25 3 L] 002 004 0.06 008 0.1 012 014 016 018 02

time time

(d) Energy evolution. (e) A close-up view.

FiGURE 3.3. The equilibrium solution of the two close-by spheres
driven by surface tension forces for three spreading cases where
(a) (012,013,023)=(1,1,1), (b) (012,013,023)=(1,1,3), and (c)
(012,013,023)=(1,3,1), (d) Time evolution of the logarithm of the

total free energy for the three cases, and (e) A close-up view of the
energy evolution.

Since —2~1(A) is a positive definite operator, we have det > 0 which implies the
linear system (B.28) is uniquely solvable. Once, we obtain [, T;¢"dz from (3.28),
we can then solve ¢I'™ (i = 1,2) from ([B27).

We performed 3D simulations to investigate the effect of surface tension forces
on two close-by spheres with different radius. The computational domain is set
to be (0,2)® with periodic boundary conditions. The space is discretized by using
2573 Fourier modes. The initial conditions read as

#)() = tanh (" EIEIIITEIT) G 10 () =1 gh(a) - o(e),
where € = 0.025, 711 = 0.4, 15 =0.3, x1 = 1.4, x5 = 0.7, and y; = y3 = 21 = 29 = 1.
We set M = le—2 and 6t = le—4. In Fig.B3|a-c), we plot the isosurfaces of
{#1 = 0.5} and {¢2 = 0.5} at the steady state with surface tension parameters
of (012,013,0923) = (1,1,1), (1,3,1), and (1,1, 3), respectively. In Fig.B3(d) and
(e), we plot the time evolutions of the logarithms of the original total free energy
B13) for these 3D simulations. More details about these simulations can be found

in [58].

K
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4. Stabilized IEQ and SAV approaches for problems
with highly stiff nonlinear terms

In this section, we consider several challenging gradient flows that are not easy
to deal with by using the IEQ and SAV methods directly. These models are either
with very strong anisotropy so that spatial oscillations can induce severe constraints
on the time step, or with very high stiffness issue due to the model parameters.
While TEQ and SAV methods applied to these models are formally unconditionally
energy stable, but exceedingly small time steps are needed to achieve reasonable
accuracy. To fix such an inherent deficiency, we combine the IEQ and SAV ap-
proaches with the stabilization technique to construct stabilized-TEQ (S-TEQ) and
stabilized-SAV (S-SAV) methods. More precisely, by adding one or several suitable
linear stabilization terms and treating involved nonlinear terms in the semi-explicit
way, we can construct unconditionally energy stable schemes which are easily solv-
able and can produce accurate results with reasonable time steps.

4.1. Anisotropic Cahn-Hilliard model. In [411[43], the authors considered
an anisotropic Cahn-Hilliard model where a sufficiently big anisotropic coefficient is
introduced to allow the formation of faceted pyramids on nanoscale crystal surfaces.

Let ¢ be an order parameter which takes the values £1 in the two phases with
a smooth transitional layer of thickness e. We consider the total free energy as
follows,

1 1 B8
(1) B0 = [ (+mGIVoR + 3P + 5(802) da,
where v(n) is a function describing the anisotropic property, and n is the interface
normal defined by n = %, F(¢) = i(¢2 — 1)2. The anisotropic function may

takes the fourfold form that reads as

d
(4.2) vy(n) =1+ acos(40) =1+ a(42n? - 3),
i=1

where © denotes the orientation angle of the interfacial normal to the interface.
The non-negative parameter « in ([4.2) describes the intensity of anisotropy. When
a = f =0, the system degenerates to the isotropic Cahn-Hilliard model.

The anisotropic Cahn-Hilliard system is then the H ! gradient flow of the total
free energy E(¢):

(4.3) ¢ = MAyp,
1
(1.4 p= 5 (M)f(6) ¥ m+ 5A%,
where f(¢) = F'(¢), M is the mobility parameter. The vector field m is defined as

PV,7y(n)

1 1
m =(n)Vo+ — T GIVOF + 5F(0)),

where the matrix P =1 — nn’.
The total free energy in (4.1)) is naturally split into a linear part and a nonlinear

part so we can apply IEQ or SAV approaches based on this splitting. We take the
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SAV approach and define an auxiliary variable u(t) as follows:

u(t) = \/ [ A GIVol + SF@)da+ o

where Cj is any constant that ensures the radicand positive. Thus the total free
energy ({I4) can be rewritten as

(4.5) E(u,¢) = g /Q(Agé)zdm +u? — Cy,

Using the new variable u, we then have the following equivalent H ! gradient flow:
(4.6) e = MAp,

(4.7) 1= H(o)u+ BA%,

(4.8) / H(¢)pdx,

where

Ly(n)f(6) -V -m |
\/fm (3IVOP2 + ZF(9))dz + Cy

We present below the stabilized SAV scheme based on BDF?2 for (4.0])-(ZL8).
Assuming ¢",u"™ and ¢" !, u" ! are known, we update "1, u"*+! by solving

3¢n+1 _ 4¢n + (bn—l
(4.9) 557

(410) /.Ln+1 _ H*,n+1un+1 + BA2¢n+1

Sl (¢n+1 2¢n + ¢n—1) o SgA(¢n+1 o 2¢n + d)n—l)’

62
1
(4.12) 3un+1 — Q" +un—1 — 5/ H*,n+1(3¢n+1 _ 4¢n + ¢n_1)d:l§
Q

— MA,U”+1,

(4.11)

where H*" 1 = H(¢*"*1) and Sy, S, are two positive stabilizing parameters. Note
that with S; = S5 = 0, the above scheme reduces to the usual SAV scheme based on
BDF2. Adding stabilization terms is a commonly used technique (see, for instance,
[37] for the isotropic model and [8] for the anisotropic model). The two stabilization
terms associated with S; and Sy are of second-order so that the above scheme is
still of second-order.

Similar to the SAV scheme, we can also prove the following stability result for
the above stabilized SAV scheme [7]:

THEOREM 4.1. Let Sy, So > 0. The scheme ([£9)-{I2) is unconditionally en-
ergy stable in the sense that the following discrete energy dissipation law is satisfied:

S(BT - B < M|V <0
where
gl _ (@) 4 (2ut —un)? LB ( [AQ™ | + |[2A8" ! — A¢"II2)
2 2 2
S n+l _ n|l2 n+1l _ n||2
Su¢m =" g, [99" = Vo
€ 2 2
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FIGURE 4.1. Time evolution of the total free energy functional
([£14)) for the anisotropic linear regularization model by using the
non-stabilized scheme SAV (S; = Sy = S3 = 0) for four time steps
of le—5, 1le—6, le—7, and 1le—8.

We take Q = [0, 27)? with periodic boundary conditions, and take the following
initial condition

Ve—m)2+y—m)2-17
2¢ )’
with € = 6e—2. We first examine whether the non-stabilized SAV scheme (S; =
Sy = 0) is effective for solving the anisotropic model. In Fig.lL1] we present the
time evolutions of the free energy (1)) by using four time steps 6t = le—5, le—6,
le—7, and le—8. We observe that the free energy either increases or oscillates
even when very tiny time steps are used, which implies that the non-stabilized SAV
scheme is not effective in dealing with the anisotropic model.

Then we solve the anisotropic model by using the stabilized SAV (SSAV)
scheme. By using the time step 6t = le—4, we test performance of three combina-
tions of stabilizers: (I) S3 =4,5 =0, (II) S; =4,5 =4, and (II1) S; = 0,5, = 4.
In Fig.[A2(a), the evolutions of the free energy functional {I]) are shown for these
three cases. For (I) and (IIT), the energies either present some non-physical oscil-
lations or increase with time. These unreasonable phenomena can be eliminated
efficiently for combination (II), that means the values in (II) can suppress high-
frequency oscillations efficiently. In Fig.[2(b), we show the evolution of the two

(4.13) ¢° = — tanh (
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time time
(a) Energy evolutions with three combi- (b) Energy evolutions with time.

nations of stabilizers using the stabilized
scheme SSAV.

) Snapshots of ¢.

FIGURE 4.2. (a) Energy evolutions with three combinations of sta-
bilizers; (b) Time evolution of the two free energy functionals, the
original energy (4I)) and the modified energy ([@3); (c) the 2D
dynamical evolution of the phase variable ¢ by using the initial
condition ([@I3]) and the SSAV scheme.

free energy functionals (1)) and ([@35]) until the equilibrium. With a very slight dif-
ference, these two energy functionals decay to the equilibrium at around ¢ = 0.01.
In Fig.d2(c), with the stabilizer (II) and time step dt = le—4, we show the dy-
namics of how a 2D circular shape interface with full orientations evolves to an
anisotropic pyramid with missing orientations at four corners. Snapshots of the
phase-field variable ¢ are taken at t = be—4, 1.5e—3, 2.5e—3, and 2e—2. More
detailed simulations can be found in [7,/48].

4.2. Anisotropic dendritic model. The phase-field method, as a powerful
tool for simulating free interfacial motions, had been widely used for investigat-
ing the process of dendritic crystal growth, see the pioneering modeling work of
Halperin, Kobayashi, and Collins et. al. in[131[231[24].

Let ¢(x,t) be an order parameter to label the liquid and solid phase, where
¢ =1 for the solid and ¢ = —1 for the fluid. Then, the total free energy describing
the anisotropic dendritic crystal growth is

(4.14) E(¢,T)=A(%n(v¢)v¢|2+F(¢) QAK )de,

in which, ¢, A and K are all positive parameters, T'(x, t) is the temperature, F(¢) =
(¢? —1)? is the double well potential, k(V) is a function describing the anisotropic
property that depends on the direction of the outer normal vector n which is
the interface normal defined as n = —%. For the 2D system, the anisotropy
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coefficient k(V¢) is usually given by
K(V@) =1+ €4 cos(m®),

where m is the number of folds of anisotropy, €4 is the parameter for the anisotropy
strength, and © = arctan( ) When m = 4 (i.e., fourfold anisotropy), for instance,

k(V¢) can be easily reformulated in terms of the phase-field variable ¢, namely, for
2D,

dey ¢i+¢§)_

K(Vo) = (1 — 3e4) (1 134 Ve

The dynamics of the anisotropic dendritic crystal growth is governed by the follow-
ing system:

SE A,
419) (@6 = 5 - 2y,

= V(Yo RTAIVRE) - 1D - Ao,
@16 T = DAT+K(¢)o

where 7(¢) > 0 is the mobility function, D is the diffusion rate of the temperature,
the function p(¢) accounts for the generation of latent heat and it is a phenomeno-
logical functional taking the form preserving the minima of ¢ at £1 independently of
the local value of u. For p(¢), there are two common choices: p(¢) = %¢5 — %d)g +¢
and p'(¢) = (1-¢?)* (cf. [2427]); or p(¢) = & — 56° and p(¢) = 1~ ¢ (cf. [42]),
W(p) is the Varlatlonal derivative of k(V¢).

Note that the above system is not really a gradient flow of the free energy (EI4)
due to the two phenomenological terms associated with p’(¢). But it still satisfies
a dissipative energy law. Indeed, by taking the L? inner product of (@I5) with ¢y,
and of (£I6]) with T using the integration by parts and combining the obtained
two equalities, we obtaln

AD
—E (6.7) = =lIVr(@)e]* = Z IVT|I* < 0.

As in the case of anisotropic Cahn-Hilliard system, we can apply the stabilized
IEQ or SAV approach. Due to the terms 7(¢)¢; and p’(¢)T in the system (EIH])-
([#T18) which can not be treated explicitly, the SAV approach will also lead to linear
system with variable coefficients, so we use the IEQ approach which offers stronger
coupling, and define

U=\ IsEOT + @) + 0

where Cj is any constant that can ensure the radicand positive. Thus the total free
energy ({I4) can be rewritten as

A
E 2 T2
(¢, U,u) = /Q(U + 2wl ~ Co)dex,
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(a) Energy evolutions with various time (b) A close-up view.

steps.

FIGURE 4.3. Time evolutions of the total free energy functional
using the two schemes, IEQ and SIEQ), for four different time steps
ot =1, le—1, le—2, and le—3 (the TEQ scheme with ¢ = 1 and
le—1 leads to totally wrong results so they are not included). The
left subfigure (a) is the energy profile for ¢ € [0,20], and the right
subfigure (b) is a close-up view for ¢ € [3.21, 3.37].

and we can formulate an equivalent system to ([@I5)-(4.10) as follows:

(1.17) "(@)on = -2V — ()T,
(4.18) Up = %Z(éf’)éf’t,
(4.19) T, = DAT + Kp' ()¢,

where

2(6) = - (5*(V9)Vo + K(V) VI ¥(9)) + 5 /(¢)
\/%IH(W))WP + = F(¢) + Cy

Then, a second-order stabilized TEQ scheme for the above system (@IT)-(ZI9) is:
Assuming ¢", T, U™ and ¢!, 771, U~ ! are known, we update ¢"+!, Tn+1,

U™ by solving the following linear coupled system:

3¢n+1 _ 4¢n + ¢"_1

20t

+S_21(¢”“ = 20"+ ") = A" = 20" + 6",

€
1
(4.21) U™ —4UT UM = SZ0 BN — 49" 4 977,

3Tn+1 47" + Tnfl 3¢n+1 _ 4¢n + ¢n71
26t 20t ’
where Z*" T = Z(¢*"+1) and S; (i = 1,2) are positive stabilizing parameters.
Note that if we replace the variable coefficients 7(¢*"+1), p’(¢*"+1) and Z*n+1
in the above by constants, e.g., their average values, we can solve the corresponding
system easily with a Fourier-spectral method. Then, the above system can be

(4.20) 7(¢™"1)

A
— _Z*7n+lUn+1 AP *,n—+1 Tn+1
G

(4.22) — DAT™ ! = Kp/(¢*" 1)
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FIGURE 4.4. The 2D dynamical evolutions of dendritic crystal
growth process with the sixfold anisotropy.

efficiently solved by using a preconditioned conjugate gradient type iteration using
the corresponding system with constant coefficients as a preconditioner.
Similarly, one can prove the following stability results [50]:

THEOREM 4.2. Let S1, So > 0. The scheme [{@20)-{@22)) is unconditionally
energy stable in the sense that the following discrete energy dissipation law is sat-

isfied:
1 n+1l _ 4™ n—1 \D
—(En+1 B En) < _” /77_((15*’n+1)-3(l5 (ZS + (ZS ”2 o 67”VU”+1H2 < 0,

ot 20t
where
gt _ IO 4 (20 - U N (IW‘“II2 + [|2u" T — u”IIQ)
N 2 2e X 2
S n+1l _ n|2 vn+1_vn2
Y ket Y i L

In Fig. 43 we compare the evolution of the free energy functionals using
the TEQ and stabilized TEQ (SIEQ) schemes with four different time steps 0t =
1,1e—1,1e—2, and le—3. For larger times steps ot = 1,1le—1, the TEQ scheme
leads to totally wrong results. But when we add two stabilizers in, all four energy
curves generated by the SIEQ scheme decay monotonically. In Fig.[4.4] we perform
a simulation with the sixfold anisotropic entropy coefficient. We observe that nu-
merous sub-branches form on each main branch, and lead eventually to a snowflake
pattern. More detailed numerical simulations can be found in [61501[60].

4.3. Modified PFC model with a strong nonlinear vacancy potential
(VMPFC). The VMPFC model [5,[39,40] is different from the classical PFC
model (34)-(30) in the following two aspects, (i) the second-order time derivative
is introduced into the PDE in order to include both diffusive dynamics and elastic
interactions, and (ii) a strong nonlinear penalization potential is added in the free
energy in order to induce vacancies between atoms by penalizing the negative value
of the phase-field variable.
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The total free energy of the VMPFC system is

@2) B = [ (FEHLE 0+ F(O) + Fuuelo) o

where F(¢) = 1¢* — 2¢? is the double-well potential, and

h'uac
Fva6(¢) = T(W‘?’ - ¢3)a

is the vacancy potential that penalizes negative values of ¢ with h,q. > 1 being
the penalization parameter. It is easy to see that that F(¢) + Fyac(¢) is bounded
from below for any ¢.

We consider the following H ! pseudo-gradient flow of the above free energy:

(424) a(btt + Bd)t = MA/,L,
(4'25) w= ‘C%([’% + 7“2)¢ + f(¢) + fvac(¢)7

where M > 0 is the mobility constant, o and 3 are two non-negative parameters,
f(¢) = F/(¢) = ¢3 —€¢ and fvac(d)) = Féac(gﬁ) = hvac(|¢| - ¢)¢ When a = hyqe =
0, the model ([@.24))-([.25) reduces to the classical PFC model [3.2)-3.3).

In order to fit the above model in our general setting, we introduce a new vari-
able ¢ = ¢, and adopt the SAV approach. More precisely, we define an auxiliary
non-local function

u(t) = \/ /S 2(F(¢) + Fyac(9))dx + Co,

where Cj is a constant such the radicand is strictly positive, and rewrite ([E24)-

B23) as

(4.26) aty + B = MAp,
(4.27) p=(A+1)%+ Ku,
(4.28) Y = ¢,
(4.29) Up = %/Qqutda:,
where

f(@) + foac(9)

K= .
\/fQ(F(¢) + Fvac(¢))dw + C()

Then, we can construct a second-order stabilized SAV scheme for ([@.26])-([@.29) as
follows.

Having computed (¢, v, u)" "1 and (¢, 1, u)", we compute (¢, 1, u)" 1 as fol-
lows.

3wn+1 _ 4¢n + Q/}nfl

(4.30) 551 + Byt = MApP™T,
(431) ,U,nJrl _ E%(Ez + T2)2¢n+1 + K*,n+1un+1 + S(¢n+1 _ ¢*,n+1)’
3¢n+1 _ 4¢n + ¢n—1
4.32 ntl —
(4.32) ¥ 20t ’
1
(4.33) 3utt — 2y 4y = 3 / K (3¢m T — 40" + ¢ da,
Q
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FIGURE 4.5. The L? numerical errors for the phase-field variable
¢ that are computed using the schemes SSAV and SAV for the
mesh refinement test in time with the initial conditions ({34).
The penalization parameters h,,. and the stabilization parameter
S are set as (&) hyge = S = 100 and (b) hyee = S = 1000.

where S is a positive stabilization parameter, and K*"+1 = K (¢*"*+1) with ¢*"+! =
2¢n _ ¢n—1.

The above system can be efficiently solved using the same procedure for (Z.I8])-
[220) presented in Section 2, which leads to a linear system with constant coeffi-
cients that can be solved easily. We refer to [62] for more detail.

As for the stability, we can prove the following result [62]:

THEOREM 4.3. Let S > 0. The scheme ([E30)-{33) is unconditionally energy
stable in the sense that the following discrete energy dissipation law is satisfied:

En+1 < E" _&L%van+ln27

where, for any integer k > 0, the discrete energy E* is defined as
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and p* is defined as p* = A=k,

We now present some numerical results obtained using the above scheme with
S = 0 (SAV) and with S > 0 (SSAV). We take Q = (0,128)% and assume the
periodic boundary conditions. We take the initial condition to be

8 8
(4.34) ¢ (a,) = sin( ) cos(130). 4 (2, ) = 0,

and choose the solution computed by the SSAV scheme with the time step size
0t = le—9 as the benchmark solution. The L? errors of the phase variable between

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



240 JIE SHEN AND XIAOFENG YANG
30 : : . 30
—1:6t=1
20 ——2:5t=05 20k
———3:5t=0.25
10r ——4:6t=0.125 E 1o} fe—1-12
oF 4 “-“—":0625 W
oo S 1of
<] =
o 20} o 20} 10:6¢=0.001953125
< & ——11:4t=9.765625e-4
W s Wl ——— 12:5t=4.8828125e-4
——13:6t=2.44140625e-4
-40 4o :5=1.220703125e-4 _
- 15: Ref-SSAV:5t=0.0078125

50} -50 |

®r 718 60 14.75 (Ref-SSAV)

70 . . . . . \ . . . 70 . . L L . 1 L . .

20 40 60 80 100 120 140 160 180 200 [ 20 40 60 80 .1 00 120 140 160 180 200
time time
(a) SSAV. (b) SAV.

FIGURE 4.6. Time evolution of the total free energy (23] com-
puted by the two schemes SSAV and SAV with various time steps.
The penalization parameter is h,,. = 5e5 and the stabilization pa-
rameter is S = 500. (Note: in the subfigure (b), we use the energy
curve computed by the scheme SSAV with 6t = 0.0078125 as the
reference solution.)
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FIGURE 4.7. The dynamical behaviors of the crystal growth with
three initial crystallites arbitrarily deposited in a supercooled lig-
uid for the case of vacancies. The parameters are h,.. = 3000, ¢ =
09, M = 1,aa = 1,6 = 1,5 = 2. Snapshots of the numerical
approximation of ¢ are taken at t = 0, 25, 50, 75, 100, and 1000.
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the numerical solution and the exact solution at ¢ = 2 with different time step
sizes are shown in Fig.[.5] where hyo. = S = 100 and h,q. = S = 1000 are used,
respectively. We observe that (i) even though the SAV (non-stabilized) scheme is
stable for all tested time steps, it is not accurate for larger time steps, and (ii) the
stabilized scheme SSAV is stable for all tested time steps and leads to second-order
accuracy with good approximations for all time steps.

Next, we take the initial condition to be

#°(x,y) = 0.06 + 0.001 rand(z, y), ¢°(z,y) = 0,

where rand(x,y) is the random number in the range of [—1,1]. We set the pe-
nalization parameter to h,.. = 5ed and the stabilization parameter S = 500. the
evolution curves of the total free energy for these two schemes are plotted in Fig.[4.6l
We find that the scheme SSAV is stable and the free energy decays for all tested
time steps, but the free energy computed by using the non-stabilized scheme SAV
decays only when 0t < 2.4e—4.

As the last example, we set hyq. = 3000 with the three randomly deposited
crystallites as initial conditions, and plot the results in Fig.[7l We observe that
the atoms are formed but periodic patterns vanish and vacancies appear almost
everywhere, which can be seen clearly in the inset figures.

5. Concluding remarks

We presented in this note the IEQ and SAV approaches in a unified framework,
and show that for a large class of gradient flows or conservative systems, they lead
to linear, unconditionally energy stable and al least second-order schemes. For the
SAV schemes, these linear systems can be further decoupled into a set of linear
systems with constant coefficients so that they are extremely efficient.

We showed that the IEQ and SAV approaches can be directly applied to prob-
lems with moderately stiff nonlinear terms, but for problems with highly stiff non-
linear terms, suitable stabilizations are needed to avoid exceedingly small time
steps. While we only discussed the applications of IEQ and SAV approaches to
gradient flows, they framework presented in this note also applies to Hamiltonian
systems (cf. [4,[25]) for which the second-order IEQ and SAV schemes based on
Crank-Nicolson lead to linear and unconditionally energy-conserving schemes.

The TEQ and SAV approaches have also been extended to deal with other prob-
lems which are not driven by free energy or a Hamiltonian. For examples, a strategy
for numerical approximations of general thermodynamical systems using the energy
quadratization (EQ) approach is presented in [64], and the SAV approach is ex-
tended to construct efficient numerical schemes for incompressible Navier-Stokes
equations in [31I] and for two-phase flows with different densities in [59].
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