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Abstract

We present error estimates for four unconditionally energy stable numerical schemes developed for
solving Allen-Cahn equations with nonlocal constraints. The schemes are linear and second order in
time and space, designed based on the energy quadratization (EQ) or the scalar auxiliary variable (SAV)
method, respectively. In addition to the rigorous error estimates for each scheme, we also show that the
linear systems resulting from the energy stable numerical schemes are all uniquely solvable. Then, we
present some numerical experiments to show the accuracy of the schemes, their volume-preserving as
well as energy dissipation properties in a drop merging simulation.
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estimates, finite difference methods.

1 Introduction

The phase-field approach for multi-component material systems, in particular multi-phase fluids, has
emerged as an important modeling and computational tool in recent years [2}/6,7,|11}16,20,/30,33,(34].
The set of governing equations in phase field models for the material mixture is often derived variationally
from its energy functional guided by the generalized Onsager principle or equivalently the second law of
thermodynamics [27]. This type of models is called thermodynamically consistent. Thermodynamically
consistent models for material systems represent a class of partial differential equations that yield energy
dissipation laws and possess variational structures. For thermodynamical models alone, which do not subject
to the hydrodynamic constraints (mass, momentum, angular momentum, energy conservation), these models
are also known as gradient flow models, in which the time evolution of the thermodynamical variable is
“proportional to” the variation of the system free energy. When the thermodynamic variable is a phase
variable and the proportionality coefficient (mobility) is an algebraic operator, it’s known as the Allen-Cahn
equation, whereas it is called a Cahn-Hilliard equation if the proportionality coefficient is a second order
elliptic operator.
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This class of models describes relaxation dynamics of the thermodynamical system to the equilibrium.
In the case of a phase field description, both the Allen-Cahn and Cahn-Hilliard models have been used
to describe interfacial dynamics of multi-component immiscible fluids, where phase variables represent
volume fractions of material components. In these applications, the Cahn-Hilliard model conserves the
phase volume for each material component while the Allen-Cahn does not warrant the conservation of the
volume of the components. In the diffuse interface description of an otherwise fairly sharp interface, the use
of the phase field model is primarily for maintaining a dynamical interface that allows topological evolution.
In these cases, both the Cahn-Halliard and Allen-Cahn models are applicable. However, the lack of volume
conservation in the Allen-Cahn model makes it less useful than the Cahn-Hilliard in the cases where volume
is conserved. In order to conserve the volume in the Allen-Cahn model, the free energy functional has to
be augmented by penalty terms that impose the volume conservation constraint or by a Lagrange multiplier
to enforce the volume constraint explicitly [14,/17]]. The Allen-Cahn models thus modified with a nonlocal
penalizing constraint or a nonlocal Lagrange multiplier constraint then become nonlocal equations.

Given their prominent role in describing diffuse interface dynamics and ease of use in many computa-
tions, the Allen-Cahn and Cahn-Hilliard equation have been widely studied recently. Xu and Guo (cf. [10])
developed an LDG method for the Allen-Cahn equation and proved its energy stability. Chen, Wang and
Wise in [5] developed a linear iteration algorithm to implement a second-order energy stable numerical
scheme for a model of epitaxial thin film growth without slope selection. Xu and Tang [25]] used a different
stabilizing mechanism to build stable large time-stepping, semi-implicit methods for an epitaxial growth
model. Lin presented a C? finite element method for a 2D hydrodynamic liquid crystal model which is sim-
pler than existing C' element methods and mixed element formulation to preserve energy dissipation [15].
A convex splitting strategy has been developed for phase field models in recent years by several research
groups [3[18,21,22,24]]. In the meantime, there is the linear stabilization approach [4}[19|32}37]] aimed
for developing energy stable numerical schemes by adding a high order stabilizing mechanism to the dis-
crete scheme. More recently, the energy quadratization (EQ) method and its variant scalar auxiliary variable
(SAV) method have simplified the development of energy stable schemes significantly and make their de-
velopment systematically [29}31},35]].

In the wake of the rapid development of various innovative strategies for energy stable approximations to
dissipative partial differential equation systems, there remains a serious task to obtain rigorous error analysis
on the energy stable numerical schemes and their solvability. In a recent work (cf. [9]), Guan et al. adopted
the convex splitting approach to develop an energy stable scheme and obtained its error estimates, in which
the convex part of the nonlinear system is treated implicitly and the concave part explicitly in time marching
schemes. Yu and Wang in [23] introduced the convergence analysis of an unconditionally energy stable
linear Crank-Nicolson scheme for the Cahn-Hilliard Equation. Yang in [28|] considered the Allen-Cahn and
Cahn-Hilliard equation using the Invariant Energy Quadratization (IEQ) method. Wang and Wise provide a
detailed convergence analysis for an unconditionally energy stable, second order accurate convex splitting
scheme for the modified phase field crystal equation [/1]].

In this paper, using the newly developed energy quadratization (EQ) technique and the scalar auxiliary
variable (SAV) approach [26/30,31,36], we propose and analyze two pairs of new second order schemes for
the Allen-Cahn equation with nonlocal constraints, which consist of the Allen-Cahn model with a penalizing
potential or a Lagrange multiplier that enforces the volume conservation for each material phase involved.
In particular, we design the schemes so that they are uniquely solvable and unconditionally energy stable.
We present an extended class of schemes, numerical strategies, numerical implementation issues as well as



performance tests of the models in another paper [[12]. In this one, we focus exclusively on error estimates for
the four schemes. To the best of our knowledge, error estimates of the schemes for the Allen-Cahn equation
with nonlocal volume conserving constraints are not yet available. We present the error analyses on both the
semi-discrete schemes as well as the fully discrete schemes. Since the proof for the fully discrete schemes
are similar, we only detail the error estimate for a selected fully discrete scheme in this paper. Numerical
tests for the accuracy of the schemes as well as one numerical example on merging drops are presented to
illustrate the volume and energy conservation property as well as the usefulness of the schemes.

The rest of the paper consists of the following sections. In §2, we present the derivation of the Allen-
Cahn equation with a penalizing potential and a Lagrange multiplier, respectively. In §3, we reformulate the
models to equivalent forms via the EQ and SAV approach, respectively. We present the numerical schemes
and state the energy dissipation property and the uniqueness of solution of the linear systems resulting from
the schemes. In §4, we present rigorous error estimates for the schemes. In §5, we present numerical
convergence tests to demonstrate the accuracy of the schemes and test the volume-conservation and energy
dissipation properties using a drop merging experiment. Finally, some concluding remarks are given in §6.

2 Phase Field Models for Binary Material Systems

We consider a phase field model for time-dependent dynamics of binary material systems, in which
phase A is represented by a phase variable at ¢ = 0 and phase B at ¢ = 1. We normally choose the phase
variable ¢ € [0, 1] with ¢ identified as the volume fraction of material A and 1 — ¢ the volume fraction of
material B in the binary material system. The transition layer between the two phases is given by 0 < ¢ < 1
and “’the interface” is defined heuristically at ¢ = % [8]. The free energy of the system is denoted as F(0),
given by

Flo) = [ (51V0P + £(9)ldx e

where 7y; is a parameter measuring the strength of the conformational entropy and the bulk free energy
density is denoted by f(¢), which is assumed bounded below, e.g., there exists a constant C such that
f(¢) > —C. In this paper, we will focus our study on a double well potential f(¢) = y,0*(1 — 0)?, where Y,
measures the strength of the double-well potential.

The simplest transport equation for time-dependent dynamics of ¢ is given by the Allen-Cahn equation

%(x,t) =—Mu, xeQ,t>0,
R(x,1) =0, x€dQ,>0, (2.2)
O(x,1)|i—0 = 0(x,0), xeQ,

where M is the mobility coefficient, the chemical potential u is given by

. 2
p=% =51V =m0+ 10, @3)

and Q is the domain in which the binary material system occupies. This model describes relaxation dynamics
of the binary material system.



The energy dissipation rate of the Allen-Cahn equation is given by

& = Jo 35 0dx = — Jou(Mp)dx <0, 2.4)
provided M > 0.
We denote the volume of material A by V = [, ¢dx. Then,

av
— = — | Mudx. 2.5
= | Muax 25)

It is normally not equal to zero, indicating that V(¢) is not conserved in the Allen-Cahn dynamics.

To apply this model to situations where volumes of the material components are supposedly conserved,
one has to modify it. One simple modification is to enforce the volume constraint V(r) = V(0) by coupling
it to the Allen-Cahn equation via a Lagrange multiplier or a penalizing potential. The model so derived is
called the Allen-Cahn equation with nonlocal constraints.

2.1 Allen-Cahn equation with nonlocal constraints

There exist a couple of ways one can impose the volume constraints to the Allen-Cahn dynamics. The
first method is to penalize the difference between the volume and its initial value. We call the model the
Allen-Cahn equation with a penalizing potential.

2.1.1 Allen-Cahn model with a penalizing potential

The volume conservation means V(1) =V (0) for any 7 > 0. In this modified model, we penalize (V (¢) —
V(0))? in the energy functional [14]. Specifically, we modify the free energy as follows:

F = [o[% VO] + £(0)ldx + 3 (Jo 0(r)dx —V(0))?, (2.6)

where 1 > 0 is a penalizing parameter, which is a model parameter and V (0) = [, ¢(x,0)dx.
The transport equation for ¢ is given by (2.2)) with a modified chemical potential given by

A= =t UL, @7
where
C=VN(Ja¢(1)dx—V(0)). (2.8)
The energy dissipation rate is given by
& = Jo 50dx = — [o B(M)dx <0, 2.9)

provided M > 0. The modified Allen-Cahn equation is approximately volume-preserving depending on the
size of penalizing parameter 1 > 0. In principle, the larger 1 is, the more close V(¢) is to V(0). However, in
practice, this may not be the case. So, the choice of | becomes an empirical trial. We next discuss another
approach to obtain a modified model that respects the volume conservation.
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2.1.2 Allen-Cahn model with a Lagrange multiplier

To enforce the volume conservation of each phase in the Allen-Cahn model, the model is modified by
strictly enforcing the volume constraint via a Lagrangian multiplier L in the free energy [17]. Specifically,
we modify the free energy by augmenting a penalty term with a Lagrange multiplier L as follows

F = [o[5IVoP + £(9)ldx —L(V (1) = V(0)). (2.10)

The transport equation in the modified Allen-Cahn equation for ¢ is given by (2.2) with the chemical
potential given by

p=%=u-1L, (2.11)
where
L= g Jo[Muldx. (2.12)

This modified Allen-Cahn model now conserves the volume for each phase. The energy dissipation rate
is given by

9 = Jo Eoudx = — [ i(Mfi)dx <0, (2.13)

provided M > 0..

The Allen-Cahn equations with nonlocal constraints not only conserve phase volume at least approxi-
mately in the case of a penalizing potential, but also dissipates energy. We next discuss how we approximate
these equations numerically so that the properties are retained in the discrete solutions and the numerical
solutions can be obtained efficiently.

3 Energy Stable Numerical Approximations

For the Allen-Cahn equations with nonlocal constraints, we employ the energy quadratization strategy
and its variant scalar auxiliary variable approach developed recently to design numerical schemes to solve
them, respectively. The energy quadratization (EQ) and its variant, the scalar auxiliary variable (SAV)
method, provide effective ways to derive linear, energy stable numerical schemes [26}30,31,{36]. We dis-
cretize the equations in time using the linear Crank-Nicolson method firstly [23]. For the nonlocal con-
straints, we use the Shermann-Morrison formula together with the composite Trapezoidal rule to ensure the
second order accuracy and efficient implementation of the resulting linear system of equations.

Throughout the paper, we denote

+1/2 3

fn-H/Z — %(fn—H ‘l‘f”), ]7’ — zfn _ %fn—] (3.1)

and let || - || denote the L?(Q) norm and (,) the associated inner product of functions involved, respectively.
All constants C appearing in the paper represent generic constants independent of Az.



3.1 Numerical method for the Allen-Cahn model with a penalizing potential using EQ

In the Allen-Cahn equation with a penalizing potential, we reformulate the free energy density by intro-
ducing two intermediate variables as follows

a=\Ff0)—102+Co, {=M(Jod()dx—V(0)). 3.2)

Then, the free energy (2.6) recast to
F= [o[%IVOP +10% + ¢ — Coldx+ 5. 3-3)

The extended chemical potential is given by

a
H=-NAO+2120+2qg, g=gl,

(3.4)
it = p+ /Mg
‘We reformulate the modified Allen-Cahn model as follows
a0 -
ot 7M:ua
az; = ol aq>dx (3.5)
; = g0.

Now we discretize it using the linear Crank-Nicolson method in time to arrive at a semi-discrete, second
order numerical scheme.

Scheme 3.1. Given initial conditions ¢°, we calculate ¢° from ¢° and ¢!, 4" are calculated by a first order
scheme. Having computed ¢"~',¢"~! and ¢", 4", we compute ¢"*!, 4! as follows.

¢n+l _q)n — _AZM”+1/2lan+l/2,

‘an+1/2 — (_Y1A¢+2,Y2¢)”+1/2+2qn+1/2gn+1/2+\/ﬁcn+l/27

3.6)
Cn-ﬁ-l _ n — ffg(¢n+] *(I)")dX
C] _q _gn+l/2(¢n+l ¢n)
We define the discrete energy as follows
F'= o3 (V02 +72(0" + (¢ — Colax + &, 3.7

This scheme is linear, second order in time, and the linear system resulting from it is uniquely solvable.
The scheme obeys a discrete dissipation law, i.e., Scheme 3.1 is unconditionally energy stable [12], which
implies F" < F°, namely, [0" |2, /¢"|I;2, | €|l ;2(n = 1,2,...,N) are bounded.



3.2 Numerical method for the Allen-Cahn model with a Lagrange multiplier using EQ

We reformulate the free energy density by introducing an intermediate variable

9=\/1(0) — 10+ Co. (3.8)
Then, the free energy (2.10) recast to
F = [o[%VO]> +120% + ¢* — Coldx — L(V (t) — V(0)). (3.9)

The extended chemical potentia is given by

9
H=-NA0+2720+2qg, g=3,

| (3.10)
~:l/l—L, L:WIQ[MM]dX
We rewrite the modified Allen-Cahn equation with the nonlocal constraint as follows
N _
gf ’ (3.11)
;T? =80,

Using the linear Crank-Nicolson method in time, we obtain the following scheme.
Scheme 3.2. Given initial conditions ¢°, we calculate ¢° from ¢° and ¢', g' are computed using a first order
scheme. Having computed ¢" ', ¢"~!, and ¢", ¢", we compute ¢"!, " as follows.
¢n+l . q)n — —Atﬁn+l/2 [‘un+l/2 _Ln+l/2]
f12 = (—'Y1A¢+2Y2¢)n+1/2 + g 212, (3.12)
g =g =g (oM — 9",
where

L2 = b [ (3.13)

JoM

We define the discrete energy as follows

= [o[X (V0" +12(0")* + (¢")* — Codx. (3.14)

Scheme 3.2 is linear, second order in time and unconditionally energy stable [[12]. The linear system
resulting from the scheme is uniquely solvable. It implies F" < F°, and ||¢"]|,2, ||¢"||,2(n = 1,2,...,N) are
bounded.

The scalar auxiliary variable (SAV) method provides yet another strategy to arrive at linear, energy stable
numerical schemes.



3.3 Numerical method for the Allen-Cahn model with a penalizing potential using SAV

We now use the scalar auxiliary variable approach to design a new numerical scheme. We rewrite the
energy function as follows

F = [o[5(V0)* +120%]dx + [o[(0) —120%]dx + F (Jo 0(r)dx — [o 6(0)dx)?. (.15

We introduce an intermediate variable E1 () = [o[f(0) —Y2¢*]dx and choose a constant Cy such that £y (¢) >

—Cp. We denote U = 55—%, r =+/E1 +Cy (a scalar auxiliary variable) and s(¢) = % = % and define
1 0

C=yM(Jq0(r)dx — [;0(0)dx) as another scalar auxiliary variable. The free energy recast into

F = Jal% IVOP +1a0%ldx 2 o+ § (3.16

and chemical potential is modified as follows

= u+ G, (3.17)

where
U= —"1A0+2y:0 + 2rs.

We reformulate the modified Allen-Cahn equation with a penalizing potential as follows
a0 ~
ot —M,U,
9 9
aé =M Jo a—?dx, (3.18)
o
% = /o sa—?dx.

Now we discretize it using the linear Crank-Nicolson method in time to arrive at a new semi-discrete
scheme.

Scheme 3.3. Given initial conditions ¢°, we calculate ° and {° from ¢” and then ¢!, 7! and {! are computed
using a first order scheme. Having computed ¢"~!, 7=, "=, ¢", " and {", we compute ¢!, 7+ {"F1 as
follows.

¢n+1 _q)n —_ _AIM”‘H/Z‘anJrI/Z’
ﬂn+l/2 _ (7,Y1A¢+2,Y2¢)”+1/2+2rn+1/2§n+1/2+\/ﬁcn-&-l/z’

(3.19)
€n+1 o Cn — \/ﬁfg(¢n+l —¢n)dX,
Al — fQEn+1/2(¢n+l _q)n)dx7
where
E—
12— U(9) .
s 24/E1(9)+Co (3.20)



We define the discrete energy as follows

F' = [o[L (V"2 +12(9")2]dx + &L + ()2 — . (321

Scheme 3.3 is a linear, second order in time, unconditionally energy stable and the linear system resulting
from the scheme is uniquely solvable [12]. It then follows that the norms of solutions of the linear system
resulting from Scheme 3.3: ||0"| .2, |7 ||z25 |C*||z2(n = 1,2,...,N) are bounded.

3.4 Numerical method for the Allen-Cahn model with a Lagrange multiplier using SAV
We rewrite the energy functional as follows
F = [o[5(V0)* +1207]dx+ [o[£(9) —v207]dx — L(fo 0(r)dx — [ $(0)dx). (3-22)

Introducing an intermediate variable E1(0) = [o[f(0) — 720%]dx and choosing a constant Cy such that

E (¢) > —Cp, we denote U = 88—% and s(¢) = % — Ul e then define r = VE| + Cy as the scalar
24/E1(9)+Co

auxiliary variable and recast the free energy into

F = [o[LVOP +120%)dx+r2 — Co— L(V (1) — V(0)) (3.23)

and the extended chemical potential is given by

i=—Y1A0+2704+2rs— L,
g Yll O +27:0 (3.24)
L= 1 Jo[Muldx.
We reformulate the modified Allen-Cahn model as follows
X _ M
o H (3.25)

% - fg S¢,dX.

A new second order in time semi-discrete numerical scheme is obtained after applying the linear Crank-
Nicolson method.

Scheme 3.4. Given initial conditions ¢°, we calculate ° from ¢° and then ¢' and r! are computed by a first
order scheme. Having computed ¢"~!, "1, ¢" and 1, we compute ¢"*! and r**! as follows.

ol g = _AIM'”rl/Z‘anH/z7

‘an+l/2 =u
yrt2 = (7FY1A¢+2Y2¢)”+1/2+2rn+1/2§n+1/2’

rn+l = fQ§n+l/2(¢n+l —¢n)dX,

n+1/2 _ rn+1/2
’ (3.26)



where

g2 — U@ ntl/2

24/E (¢)+C0 ’ (3.27)

/2 — Jo P /2 n+1/2]d

f Mn+l/2

We define the discrete energy as follows

= [ol%(V0")? +72(0")]dx + ()2 — Co, (3.28)

Scheme 3.4 is a linear, second order in time, and unconditionally energy stable [12]]. The linear system
resulting from the scheme is uniquely solvable. It follows that the norms of solutions of the linear system
resulting from Scheme 3.4: ||0"|2, ||7*||;2 (n=1,2,...,N) are bounded.

3.5 The fully discrete numerical approximations

The semi-discrete numerical schemes have been proposed in the above subsections and the schemes are
proven to be linear, second order in time, and unconditionally energy stable. In addition, the linear systems
resulting from the schemes are all uniquely solvable. Here, we consider the spatial discretization of the
schemes to arrive at fully discrete numerical schemes. We use the finite difference method to discretize the
Allen-Cahn equations with nonlocal constraints in space.

Firstly, we begin with definitions of grid functions for the full discretization in two-dimensional space.
We denote Q = [0,1] x [0,1] as the computational domain and divide the domain into rectangular meshes
with mesh size h, = 1/Ny, hy, = 1/N,, where N, and N, are two positive integers. We define the following
2D sets for grid points:

Ex={x1li=0,1,... N}, Co= {xili= 1,2, N}, Co = {xili = 0,1, No+ 1),

Ey = {yj+%|j:()717"'7Ny}7Cy: {yJ’.]: 1727"'7Ny}7c_: {y]‘J:07177Ny+1}7

where x; = (I — )hy,y1 = (I — §)hy, [ can take on integer or half-integer values. In this paper, we chose
hy = hy, = h for simplicity.
We define the following discrete function spaces

Cxxy:{¢:CXXCy—>R},CX><y:{q):cfxcy%R}’

Cxxy:{(])ICXXCy—)R},Cny:{¢IC5XCy—>R}.

The functions of C;.y are called cell centered functions. In component form, cell centered functions
are identified via ¢; ;. A discrete function ¢ € Cixy is said to satisfy homogeneous Neumann boundary
conditions if and only if

00,j =01,j,0n,,j = ON+1,j, 7 = 1,2,... ,Ny.0io = 0i1,Qin, = Qiny+1,i =0,1,... Ny + 1. (3.29)

We define ! |
Dityy 1 1= 3 (01 = i) D0y 1 1= 5 (011 = Big)
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and Vj,, A, are denoted the discrete gradient operator, the discrete Laplace operator as follows
V0 := (Dx,Dy0)", A0 := V- V.

In addition, we define the following discrete inner products

M N
(f.8):=1*Y Y figij:

i=1j=1

1 M N

[f,8)x = Ehzzi Zl<ﬁ+%,jgi+%,j+fi—%,jgi—%,j)a
i=1j=
1 ) M N

[f.8ly = Eh Z Z(f‘i.,j-‘r%gi,j-‘r% +fi,j—%gi,j—%)'

Il
—
~
Il
_

For 0, y, a natural discrete inner product of their gradients is given by

(Va0, Viy) := [D10, Dyl + [Dy0, Dy,

and we also introduce discrete || - || norm, || - ||, norm (1 < p < o) and discrete || - HHh" || - HH,f’ |- HH;: norm,
respectively, as follows:

10]l == maxjl0isl, 0], = (1917,1)7,
10112, := 11013+ Va3,

10112 := 1012, + las013,

10112, := 11012, + I Va&u0113 + 1703

(3.30)

Lemma 3.1. For ¢,y € Cixy satisfying the homogeneous Neumann boundary condition, the following sum-
mation by parts formulas can be derived:

— (A, W) = (Vid, Viy). (3.31)

Secondly, we use the standard five-point method to discretize the Laplacian operator and apply the
composite-trapezoid-formula to discretize integral terms to arrive at a second order scheme in space. On
staggered grids in space, the composite-trapezoid-formula is given as follows

Jof(x)dx =R Y7, Y0, f(xi,y;) +O(h?), (3.32)

where (x;,y;) € Cy x Cy. We denote the symbol

(U fli= WP Xy f () (3.33)

Applying this spatial discretization strategy to the semi-discrete schemes developed earlier, we arrive at
second order, fully discrete numerical schemes. Next, we only present the fully discrete scheme based on
Scheme 3.2 as a representative as the others are discretized analogously and thus are omitted.
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Scheme 3.5. Given initial condltlons ¢0 we calculate qO from q> and ¢! J,ql ; are computed using a first

order scheme. Having computed ¢/ g ,ql G ! and 07,95 » we compute q)fj“,qf’jl as follows.
¢n+1 n _ _AIM"Jrl/Z['u;"H/z _Ln+1/2]
‘u:ljl/z ( 'YA ¢n+1/2+2Y2¢n+1/2)+2 n+l/2g;1]+1/2’ (334)
1 n +1/2 1 n
C]?T i,j:Jiij / (‘P:P,r '7j)>
where
—n+1/2
Ln+1/2 — m[l*(Mn / ‘Un+1/2)]. (335)
The discrete energy is defined as follows
F" = B(1V30" |13 + 7209”113 + 1l¢" 13 — Col . (3.36)

Scheme 3.5 respects the dissipation law, and thus is unconditionally energy stable. It then implies
F" < F° and ||0"]|2,]|¢"||l2(n = 1,2,...,N) are bounded. We next present error estimates for the four semi-
discrete schemes and the one fully discrete scheme presented above.

4 Error Estimates

We consider a finite time interval [0,T] and a domain Q C R%, which is open, connected and bounded
with sufficiently smooth boundary dQ such that the following Sobolev inequalities hold

171 gy < €20 e

“4.1)
171 gy < €.l ey Fllecon

We denote At = % Let ¢",4",¢",(",r",s" be the numerical solutions obtained from the above schemes,
and 0(2,), q(tn), g(tn), C(tn), r(t,), s(t,) be the exact solutions of the Allen-Cahn equations with nonlocal
constraints evaluated at the discrete time, we define the error functions forn =0,1,2,...,N as follows

e$:¢(tn)_ 7eq q(tn) — Q">€§Zg(fn)—g”,eZZC(fn)—C”,ei’:r(fn)— reg =s(ty) —s".  (4.2)

For each scheme, we first establish the corresponding error equation and conduct a series of analyses to
obtain the error estimate for the scheme. Without loss of generality, we set the mobility coefficient M = 1
in the following analysis.

Lemma 4.1. Suppose there exists a positive constant C such that

maxp<n ([|0(t)l|=, [VO(tn) [, 10" ]| =) < C,
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then the following inequalities hold

legllz> < Cllegll.2,
IVegllre < C(llegllz2 + 1Veglli2),

4.3)
lesllze < Cliegllze,
VeS|l < C(llegllz + 1 Vegllz2)-
Proof. We know that the function g(x) is C3, s(x) is C? for any x € Q, then
€l = 18(0(1)) —8(0")] = lg (8)(0(tn) —¢")| < Cleg], “.4)

which implies [|ey[|> < C|leg||z2. Next, since ¢ is continuous and V¢(z,) is bounded, we have

Vel =g’ ( (1)) V(1) — g (0")V"|
=1(q (0(tx)) —q (@")VO(ta) +4 (©")VO(1a) —q (¢") V"]
=1lq" (&)(@(ta) — 0")VO(t2) +4 (¢")Vel]

< C(leg| +[Vegy|)-
where £ = 00(z,) + (14 0)¢". The proof of other two inequalities are similar to the above and thus omitted.

Assumption: We assume that the exact solution ¢ of the Allen-Cahn equations with nonlocal constraints
possesses the following regularity conditions

0 € L>(0,T;H*(Q))NL=(0,T;WH=(Q)),

4.5)
O, € L=(0,T;L>(Q))NL*(0,T; H (Q)).
For the classical Allen-Cahn equation this is proved in [13]].
4.1 Error estimates for the Allen-Cahn model of a penalizing potential using EQ
In Scheme 3.1, the semi-discrete scheme is given as follows
o —¢" ntl/2 nt1/2 | o ont1/2ont1)2 nlj2
A AT A2+ 24 R MG =0, (4.6)
qn+1 _ qn Cati)2 (¢n+1 _ q)n)
— r v/ 4.6b
A 8 YR (4.6b)
Cn+1 —Qn B ¢n+1 _¢n
TRl e ettt (4.6¢)

13



We substitute the exact solution of the modified Allen-Cahn equation and use the Taylor expansion to
obtain

(])(tn_H)A[_q)(tn) - 'YlAq)( n+ ) +2Y2¢( n+ )+ ZQ(In+ ) ( ) + IC( n+ ) $+1/2> (473)

Q(tn—l-l) — Q(tn) _ —(t . )(l)(tn-H) B ¢(tn) +RZ+1/2 (4 7b)
n+ ) .

At At
C(["Jrl) - C(tn) ¢(tn+1) - ( ) n+1/2
_— = —d R 4.7
Ar vl o A7 + Ry (4.7¢)
where R$+1/ : R"H/ 2 RV are corresponding truncation error and in the order of (O(Af?)).
Subtracting m (IZE_ED (4.7c) from (@.6a), (#.6b), (@.6¢), respectively, we arrive at the error equations
as follows
et —en
o v ¢ —Y1Ae$+l/z+ZYze$H/2+2q”+1/2EZ+1/2+2eZ+1/2§”“/2+\/ﬁezﬂ/z :R$+1/2’ (4.82)
et on el n
q q _ —nr12% _nt1/20(tnr1) — 0(tn) R, 485
A8 At + At + (4.80)
n+1 n+l n
f/ ¢ ¢d +R;2, (4.8¢)

Lemma 4.2. There exists a constant C > 0 such that solution ¢"* of Scheme 3.1 is bounded:
10"z <C,n=0,1,...,N.

Proof. Firstly, we note that ||¢°||;~ < C is true by definition. We assume ||¢"||;=(n = 1,2,...,k)(k < N) are
bounded. Next, we use mathematical induction to prove ||¢**!||z is bounded.

We note that ¢(¢) and g(¢) are continuous as functions of ¢ and ¢"(n = 1,2,...,k) and are thus bounded.
n+1

Taking inner product of (4.8a) with € € * and 2Ateg+l/ 2, respectively, we obtain

1/2
eyt =gl + B 01Veg I~ IVepl) + vl I — legl) + (a2 gt = ey
+1/2—7n+1/2 +1/2 +1/2 :
H%Z/ﬁw o ) (et ) = (R )
and
+1/2 +1/2 +1/2 +1/2
He¢+lu —uem +24m |V} /H Al /||22+<2q"+1/” / 2Ar’;, " wo

———n+1 /2

Taking inner product of li with 262“, we have

lea 12, = egl2. + llen™ —enli2, i
— (gn+1/2(e$+1 —e$),2eg+l) + (EZH/Z(Q)(I,,H) —¢(fn))726’2+1) +AI(RZH/2,262H).
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Taking inner product of -l with Zeg+1 we obtain

+1/2
He"+1 1, — He’gHiz + ||e'c’+1 —e’é”iz (v Ja(e o e$)dx,2e’é“) +AI(RZ / ,ZeZH). 4.12)
Combining (#.9)-(@.12),we have

le ™ 1172 = lleg 17> +vallleg ™17 — lleglz) + 5 (Ve ™12 — 1Vegliz2) + lleg ™ 17 — llegllZ: + lleg ™ 172

n+1/2)12

+1/2
Rl Al — el + et — 2+ e — el + 28| Ver 2, + damalel 2,

——nt1/2 1/2
= (@) el — ), 2e5t ) + (@ (Oltn1) — 0tn), 265 + (VA o (el — ef)dx, 2¢f ) @13
(g1 e ) — 2 @) ey ) — (el e =)
—(2q" et ameey ) — (26 g 2(0)"'% 2Ae D (Vie; & mney )
R et —en) F Ar(RyTY? 2ty + (RYT2 280e )+ AR Z“/Z 2epH).
Using the Cauchy inequality with €, we obtain
(30" (e —ep). 20t
= |((3g"—g" ")(ey —ep),ent)] (4.14)

< (138" 1=+ llg" M=) ((ey ™ — €)™ < gl ™ —efl7 + Carelleg™ |7,

From the General Holder inequality, Sobolev inequalities (4.1 and inequality (4.3)), and the regularity
assumption (4.5]), we obtain

@2 (0(t1) — (1)), 25 1))

= (3¢ — €4 ) (0(tas1) = (1)), €f )]

<3¢ — g e ll9(tnr1) =0l allef ™ 2 < [13¢f — e {14l (1 + OAD) At | a]|ef ][ o (4.15)
< CAt||3¢l — et 1|2, + CAt||er™ |2, < CAr(||3el]|2, + [lep~"]|12,) + CAr||ent! |12,
SCAt(IIe$\Iiz+||V6$Hiz+He$’1Hiz+HV6$’1Hiz)+CAtHeZ“Hiz-

By the General Holder inequality, the Cauchy inequality with €, and the boundedness of ||¢"|;2
and ||¢"*"||,2, we have

(21222, ey — )|

=1((¢"" +4")5 3¢ — ;") (g™ —¢f))]
< |3eg—eg Hlpallg™ +q Ml lley ™ — eglliz < 13eg — g e Cllg" e + g lli2)lleg ™ — el 2 (4-16)
< Chve(||3¢g 17 + lleg ™" 17:) + gz e ™ — ez

< Chve(||egll7 +1VegllZ: +lleg 17 + Vel 117:) + age e ™ — egliz-
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Similarly, using the Holder inequality, the Cauchy inequality with €, we arrive at the following estimates

ntl/2—=n+l/2 n
(2, 2g(0)" 7 et — )|

= [((eft" +e5)3(38(0") — (0" "), (g™ —¢f))] 4.17)
< (380" =+ g (@ lle=)(ef ™" + e, e ™ —ef)| < CAre(lley™ 117 + llegll72) + qaze lleg ™ = e3lI7.

‘(2 n+1/zer+l/2 2Aten+l/2)|

n+1/2 n+1/2 (418)

< Ar)|3e — g lpsllg™ !+ q" ualley " llie < CAr([I3€g ]I + lleg ™ [I74) + Carlleg

<CAI<H3¢”L2+HV%HLH‘H% 1\|L2+||Ve$ IHLZ)—i—At(He”HHLZ—i—|]e¢||L2),

||L2

and

265 2g(0)" 7 280l = Ar((e! + ) (Bg(07) — g(6")), (el + € ))]

< A(138(0") 1= + (8" )1zl (e + el + e (4.19)
< CA(ler |2 +llen]2:) + CAr(le 2 + lleh ).

By applying the same method, we obtain the following results

’(Rn+1/2 n+1 n+1/2,2

rAz<Rz+‘/2,zeg“>r < AruR"“/zuLz + A2,

r<R$“/2,zAre"“/2>r < ARGV dr (el 12+ [lel]122).

€n+] —e¢||L2 +€eAt||R, ||L2a

12, C
(Ve e =)l < el = el + Ave(llef ™ 7 + efll7), (4.20)
C
\/>/ n+1 —€¢ dX 26n+1)| S 4At€Hen+l —e$||12‘2+CA18H€Z+1H1242,

(VT2 2806 )] < Ar(lle 12 + 1 efie) + Ar(ef 22 + b2,
AR 26 )| < AR+ Al 2.
Choosing appropriate € and combining the above inequalities (4.14)-@.20) with (#.13)), we have
el 12, v llelt 12, + B Vel ™ 122 + el 122 + llef 122
—(leglZ + €12 + L1IVeRlZ. + lenllZ + e ]12:)
< CA(|le 2 + llegllZ + llep 1% + Vgl + I Ver™ 112 + el 12 + lles] 122
Hllegt 12+ llepl2) + Ar(IR 212, + 1RG22, + IREH2)12,) (4.21)
< CAr(|lel 12 + llegl12. + e 12
Ve 2+ I VepllZ + Ve 12 + et 12, + llek)| 2,
e 12, + lled122) + Ar(RG 212, + 1RG22, + IR 2,).
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Summing (&.21) over for time steps 1 to m ,we deduce that for 1 < m <k,
e 12+ IV e 2 + e 1
< lleg Iz +elley T + S Ve THIE + lleg 7 + llef 7 (4.22)

< CATE ol 12 + 9 I+ e 2 + e [122) + NAvar,

and
min(1, %) (leg 17> + Veg 172 + lleg 17 + llef'lI72) < legll7> + 5 1Veg Iz + leg 7> + llef Iz (4-23)
Then
g3+ Ve 3+ lleg 3 + e I, e
< CAEI (e 24 1V 12+ ey 12+ [l 12,) + N,
Combining (#.24) with the Gronwall’s inequality, we have
He’gﬂ ||%2 + ||Ve$’+1 ”iz + Hegm ||%2 + ”ezm ||i2 < CAr, (4.25)
which implies
Hek“ HH1 + ||e§+1 Hiz + He’i+1 ”1%2 < CAr*. (4.26)

Using the H? regularity to equation (4.6al) and the boundedness of ||0"|,2, |¢" || 2, ||C"|| 12, we have

k+4 k+4 o — ¢ k-t ket ] k+1/2
10722 < 1072 |2 + [ ll2 + g™ 2872 2 + 1872
L ok
e (l‘k 1)— (l‘k) 4.27)
e e LA
116"l + g 12 + 1 2 + (1852 < €
So
k+3
lleg >l < 0(tks1 /)|l + 1671242 < C. (4.28)
Finally, we have
1 k+1 S Y .
1054 1z- < ey e+ 10la/)llze < e 117 lleg I + 190k )= <€, (429)
which implies
I 1
105+ I = 112052 — ¥l < 0% 2 |- + [|0F]l 2 < C. (4.30)

By mathematical induction,
10"[[z- < C,n=0,1,...,N.

Theorem 4.1. For Scheme 3.1, we have the following error estimates for 0 <n < N:
2 2 2 4
gl + llegllzz + llegllz. < CAL.

Proof. Because ||¢"||=(n =0,1,...,N) are bounded, the proof process is similar to (4.9)-(4.26) in Lemma
4.2 and is thus omitted.
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4.2 Error estimates for the Allen-Cahn model of a Lagrange multiplier using EQ

Firstly, we note that

Jo[Muldx

L=
JoMdx Q]

/ “Y1A0 42720+ 2gg)dx = — o) / (2720 +2gg)dx

Then, Scheme 3.2 can be written as follows

n+1 n 1
q) A q) Y1A¢n+l/2_2,Yz¢n+l/2_2qn+1/2§n+1/2+ / (2Y2¢n+1/2+2qn+1/2gn+1/2)dX, (4313)
! Jodx Jo
qn+1 _ qn i1/ ¢n+1 _ q)n
—_— = —_—. 4.31b
At & At ( )
The error functions for n > 0 satisfy the following difference equations
g
egﬂ,% -y A nt1/2 +27e ”+1/2+2qn+1/2 ——n+1/2 +2¢; "+1/27n+1/2 432
fgdx f92726"+ /2+2qn+1/26gn+1/2+2€Z+1/2gn+l/2dX+R$+1/27
f?;t ¢ _ sn+1/2% ~% ¢ ~% +og n+1/2¢(tn+1) 9(tn) +Rn+1/2 (4.33)

Lemma 4.3. There exists a constant C > 0 such that solution §" of Scheme 3.2 is bounded:

0" <C,n=0,1,...,N

n+1/2

Proof. Taking inner product of (4.32) with e”+1 — e¢, 2Ate
them up and using inequalities, we obtain

, respectively, (4.33) with Zeg“, then adding

T Y1
e 12 = el +ellel ™ 132 —vell el + 21Vl 132 = 21V + lleg 12 = e

< CAr(lleg ™Iz + lebliz + lleg ™ 172 + Ve ™ 172 + I Vegllz + [ Vey ™ 172 + lleg ™ 172 + llegliz2) + Aro(ar®).

(4.34)
The rest of the proof is similar to (4.22))-(4.30) in the proof of Lemma 4.2 and is thus omitted.
Theorem 4.2. For Scheme 3.2, we have the following error estimates:
HE'J,H?{I + HeZHiz <CA*0<n<N.
Proof. Because ||¢"||z=(n=0,1,...,N) are bounded, the proof is similar to that in Lemma 4.3. So, we omit

the details.
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4.3 Error estimates for the Allen-Cahn model of a penalizing potential using SAV

Scheme 3.3 can be written as

+1
T At O AR 2y 222 e (4.352)
rn+l —ph 3 n+1 n
A= /Q w12 (@77 —9") . —9) i, (4.35b)
n+l _ #n n+l _ sn
CAIC e /Q %dx (4.35¢)
We deduce the error equations for n > 0 as follows
n+1 — el
% n Aen+ /2+272e$+1/2+2r”+1/22'§+1/2+2e§‘+1/2§"+1/2+\/ﬁezﬂ/z :R$+1/2, (4.362)
n+l _ n en—H — el ¢ N
% :/Q n+1/2¢At¢+Eg+1/2‘1’(n+l)At¢()d LRI, (4.36b)
en+1 en+1 e
S / 0 ¢d I RZH/Z (4.36¢)

Lemma 4.4. There exists a constant C > 0 such that the solution 0" of Scheme 3.3 is bounded,
19"l < C,n=0,1,...,N.

Proof. Firstly, we note that ||¢°||;= < C is true by definition. We assume ||¢""||z=(n = 1,2,...,k)(k < N) are
bounded. Then, we use mathematical induction to prove that ||¢**!| .~ is bounded.

We note that ¢(¢) and s(¢) are continuous as functions of ¢ and ¢"(n = 1,2,...,k) and are thus bounded.
ntl eg, 2Ate$+l/ 2, respectively, (4.36b) with 2e’,1+1 and (4.36¢)) with

Taking inner product of (4.36a) with €

ZeZH, then adding them up, we obtaln

leg ™ 1172 = llegll7> +v2(lleg 17> = lleglza) + 5 (Ve ™17 — 1 Vey I 72)

+Hen+1 HLz - He"||L2 + ”en+l ”Lz - HeguLz A HenH - eq)HLz + He"H - e’f”iz

—l—Hen+1 _eCH +2Aty; HVe +4At'y He ||L2

—=n+1/2, n _n n
= (Jos(@)" (et —eq,)dx,zeﬁ‘) + (Jo @2 (0t 1) — 0(tr))dx, 2¢1)
VA Ja(egt! —ef)dx, 2¢f ) — (2 P2 it e 4.37)

n+1/2—7—n+1/2 n+1/2 g n
261 25(0) et e — (el et - )

+(
—(
—(2r n+1/24+1/2 2Ate n+1/2) (2¢! n+1/2 (¢)n+1/2 IAte n+1/2)
—(
(

\Fn n+1/2 2Ate n+]/2)+(R$+1/2, $+1 )—I-At( n+1/2 n+1)

Rn+l/2 2Ate n+1/2)—|—AZ(Rn+1/2 2€n+1).

+ €

o ¢ 7
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Using Cauchy’s inequality with €, we obtain

(S5 2 (™! — €p)dx, 2¢1 )|

< (38"~ 8" Nz lley™ —egllz, e < agelle™ — egliZ +Careller 7.

(4.38)

By regularity assumption (4.5), Sobolev inequalities #.I)) and inequality (@.3), we get the following
inequalities
Snt1/2 n+1
[(Jaes™ " (0(tnt1) — 0(1n))dx, 2¢;77) |
<1(I13¢§ — i 2ll0(tnr1) — 0(ta) [ 2, €)1
< |13} — &I 210w 1) — 0t 2 llef .2 (4.39)
< CAr(||3e |74 + llef " I7:) + CArller |7,
< Ch(|lef |17 + 1VeqlI7 + [le 17 + Vel 117:) +CArler |7

12

and

(V7 o (6! — ez, 2]

(4.40)
< v(lQllleg™ —egllz,2¢ ) < giglleg ™ —efllf + Careller |7

Analogous to the proof in Lemma 4.2, we obtain estimates for the other items. Choosing appropriate €
and combining the above inequalities (#.38)-(4.40) and other items with (#.37), we have
e 1+ el ™+ B9 s+ ek B + e 1
—(llegllz> +v2llegliz. + B 1Veyllz: +lletllz2 + llef72)
< CAt(|leg ™I + lleglz + lleg ™ 117 + Ve 17 + 1 VeqlIZ (4.41)
+HV€$71 Hiz + He;lﬂ Hiz + He;lH]zdz + ”ezﬂ ”%2 + HeZHiz)

+1/2 +1/2 +1/2
+Ar(|[RY 2+ [REZ + R 2).

fO”OVV]. p . same as @_@ mn I ecmma 4 z SO we S] . ] 1 .
Ilg IeSlllt I C etalls and Cla“l[ I 1C
HI HL Scyn_o,l,...,N

Theorem 4.3. For Scheme 3.3, we have the following error estimate:
legllzn + llef 72+ llezliz> < CA*, 0 <n < N.

Proof. Because ||¢"||~(n=0,1,...,N) are bounded, the proof is similar to that in Lemma 4.4.
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4.4 Error estimates for the Allen-Cahn model of a Lagrange multiplier using SAV

We rewrite Scheme 3.4 in the following form,

n+1 n
q) * q) [_y]A¢n+l/2+2,Y2¢n+1/2+2rn+1/25n+1/2]+ 1 /(2,Y2¢n+1/2_’_2rn+1/2§n+1/2)dx
(4.42a)
rn—H _ +1 (l)n—i-l _(bn
L g2 Y
A /Q K A& dx. (4.42b)

Then, we derive the equations for the error functions for n > 0 as follows

n+1

% *63 _yAen+1/2+272€g+1/2+2rn+1/2e—sn+1/2+2€:l+1/2§n+1/2

(4.43)
= s dX f92Y2€n+]/2+2ﬂ+1/2?sn+1/2+2€:l+1/2§"+1/2dx+R$+1/27

n+1

¢ - —e = Io *n+1/2€¢ e +e n+1/2¢(tn+l) (’”)dx—i—R”H/z (4.44)

Lemma 4.5. There exists a constant C > 0 such that the solution ¢" of Scheme 3.4 is bounded

0"||lz» < C,n=0,1,...,N

Proof. Taking inner product of (4.43) with e$+1 —€gs 2Ateg+l/ 2, respectively, (4.44) with 2¢"*!, then adding
them up and using a series of inequalities, we obtain

e 1 = eI+ ol 13 ~ ol 3+ TIeg 12 = 2 I9egl: + ler I — et

SCAf(H@’q?“HLﬁH6¢||L2+Heg’llliﬁHVe’J,“IILerHV%HLerIIWZ, Hiz2 + lle 72 + llef172) +Aro(ar®).

(4.45)
The rest of the proof is similar to (4.22)-(.30) in that of Lemma 4.2 and is thus omitted.
Theorem 4.4. For Scheme 3.4, we have the following error estimates
leflI7 +lleylI7: < CA*,0<n < N.
Proof. Because ||0"||.~(n =0,1,...,N) are bounded, the proof is similar to that in Lemma 4.5 and thus

omitted.

4.5 Error estimates of fully discrete numerical schemes

In this subsection, we omit the space symbol i, j for simplicity. Then, fully discrete Scheme 3.5 can be
written as follows

n+l _ 4n 1
q) q) :YlAh¢n+1/2_2,Y2¢n+1/2_2qn+1/2§n+1/2+ [1*(2,Y2¢l1+1/2+2qn+l/2§n+l/2)]’ (4463)
At Jodx
=g pdt ¢
7 ~9 _ ¥ - 4.4
At & At (4.46b)
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The error functions for n > 0 satisfy the following difference equations

n+1_ n

e¢ e¢ — VA, e¢+ /2 +27 e”+1/2+2qn+1/2 n+l/2+26”+1/27n+1/2

(4.47)
— jﬂdx[l*(mze 1/2 +2qn+1/26gn+1/2+2e;+l/2gn+l/2)]+T$+l/2’
Z*Lt Z_gn-i-l/Z 3 +1 €¢+ n+1/2M+Tn+l/2, (4.48)

where the corresponding truncation error

n+1/2

Pl < i+ ), 1 < oot

Lemma 4.6. There exists a constant C > 0 such that solution ¢" of Scheme 3.5 is bounded:
10"l <C,n=0,1,...,N

Proof. Firstly, we note that ||¢°||.. < C is true by definition. We assume ||¢"*||.o(n = 1,2,...,k)(k < N) are
bounded. Next, we use mathematical induction to prove ||0¥*!||.. is bounded.

We note that ¢(¢) and g(¢) are continuous as functions of ¢ and ¢"(n = 1,2,...,k) and thus are bounded.
n+1

e$ and 2Ate$+1/ 2, respectively, summing over i and j,

Taking discrete inner product of (4.47) with €
we obtain

+1/2
Allel ! —etl3+ B (1Vaeh I = 1Vachl3) +ra(lleg 113 — llegll3) + (21225 T2, et — )
0 oll2 oll2 o "%

n — /2 g n n n —n n n
+(2e q+1/2g(¢) Y , ¢+1 ep) —([1*(2y2e(;r /2+2q /2, +l/z—i-ZeqH/zg +1/2)],€¢+1 —ep) (449)

(T$+1/2 e$+1 _e¢)
and
1/2 1/2 1/2 1/2
e 13— leal3 +2amm | Vaey 13 +4ampliey T 2153+ (g7 2 2a1dy T2

(2e”+‘/2 (q>)”“/2 2018517 — ([1*(2y2eg+‘/2+2q"+1/2@"+1/2+2e3+‘/2g"+1/2)],2Aze$+‘/2) (4.50)

Taking discrete inner product of 1| with ZeZ“, summing over i and j, we have

leg 1112 — lleg 17 + [leg ™ —e5ll3

(4.51)
= (@26 )20 + @ (Olns1) — 00), 265 + Ar(Ty T2, 26,
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Combining (@.49)-@.5T),we have

and

e 13— 1leg 13 +v2(lles 113 — llegli3) + LI Vael ™ 13— IVaehl3) + et 13— llez 3
2 2
et = 3+ llent! — ell3 ++2amm | Vaey 3 + darpiey T

@) (et =), 2e ) + (@2 (O(te1) — 0(1a)) 26
2qn+1/241+1/2 ntl n) (28n+1/2 (¢)n+1/2 en+l—€$)

I3

~ “ o (4.52)
(2qn+1/2w+1/2 e n+1/2) (2e ZH/2 (¢)n+1/2 2Ateg+l/2)
([ (2pey P 4 2grt 2 12 26l P /2)] enten)
_,_([1*(272€n+/ +2g" 212 4 0 n+1/2—n+1/2)] IAte n+1/2)
(e n+1/2 n+1 — )+ AT 12 Zezﬂ)_I_( 12 DAte n+1/2)
Similar to the proof of Lemma 4.2, we apply the corresponding inequalities to have
|([1*(2728$+1/2+2qn+l/2@n+l/2+2e;+1/2gn+1/2)]7e$+1 —e$)\
< ‘(‘|2,Y2e$+1/2+2qn+l/2@n+l/2+2e;+1/2gn+1/2H27e$+1 _e@‘
gcme(||2y2eg“/2+zqn+1/2@n+l/2+2e’;“/2gn+1/2|| )+ 75z (gt —etl3) (4.53)
< Chre(|le™ |3+ llegl3 + llegl 3+ I Vnegl3+ lleg ™ 15 + I Vaeh I3
+leg 5+ llegll3) + a5 (e ™ — el12)
([1% (2 en+1/2+2qn+1/2—n+1/2+2en+1/2—n+1/2)] 2Ate”+l/2)\
< A(|[2026g 2 P2 2T P P e ) (4.54)
<CAt(II@"“IIerHe¢|!2+||6¢H2+|!Vhe¢llz+H6$ N3+ 11Vaey 13
+leg 3 + llegl3).
Thus, we have the following result
lleg ™ 13 +valleg ™ I3+ %1 Vael ™ 15+ lleg ™ 115 — (lleg 3 +valleg |3 + 5 [ Vaey I3+ lle;113)
< CAr([leg 15+ lleglls + lleg 15+ 1Vreg 5+ 1IVaeh 15+ lleg 115+ lleg3)
+ar(lleg ™ I3+ g R) (4.55)
< CAt(leg ™3+ lleg 5+ lleg ™ 113+ I Vaeh 15 + 1 Vnegll3 + [1Vneg ™ 13+ lleg™ 113 + [leg13)
iy B+ 17 B).

Summing (&.53) over for time steps 1 to m and applying the Gronwall’s inequality and discrete Sobolev

inequalities

IFIZ < CUFIA Ny 1% < CIF N 15 Lz (4.56)
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we arrive at
€517, + llef ™13 < O+ Ar%)2. (457
The rest of the proof is then similar to (4.27)-(4.30) in the proof of Lemma 4.2. So, we have
|0"]|« <C,n=0,1,...,N. (4.58)

Theorem 4.5. For numerical solutions of Scheme 3.5, we have the following fully discrete error estimate
for0<n<N:
leg 17 + llegll3 < C(h* +Ar)%.

Proof. Because [|0"||~(n =0,1,...,N) are bounded, the proof is similar to (4.49)-(4.57) in the proof of
Lemma 4.6 and is thus omitted.

5 Numerical Results

In this section, we conduct some numerical experiments to show the accuracy and usefulness of the
numerical schemes. In the numerical experiments, we use square domain: Q = [0,1] x [0,1] and model
parameter values 1 = 10*, Cy = 10* wherever relevant.

5.1 Mesh refinement

We first use the initial condition

o(x,y,0) = % + %cos(47tx)cos(47ty)
for the mesh refinement test and set the parameter values as y; = 0.2, = 10 and M = 1 x 1073, Since we
do not have the exact solution, we use the difference between results on successive coarse and finer grids to
evaluate the numerical errors. We output the errors at time 7 = 1.0. The mesh refinement test results are
summarized in Table 5.1-5.4 for temporal mesh refinement at fixed 7 = 1/256 and in Table 5.5 for spatial
mesh refinement at fixed Az = 1.0 x 10~%. Second order convergence rates are observed in all the tests.

Table 5.1: Convergence rates in time of Scheme 3.1

Coarse At Fine At L*-Error of Scheme Rates H'!-Error of Scheme Rates

0.1 0.05 7.28e-07 - 5.64e-04 -
0.05 0.025 1.81e-07 2.003523 1.39e-04 2.016886
0.025 0.0025 4.53e-08 2.001735 3.46e-05 2.008339
0.0025 0.00125 1.13e-08 2.000862 8.63e-06 2.004144
0.00125 0.000625 2.83e-09 2.00043 2.15e-06 2.002065

24



Table 5.2: Convergence rates in time of Scheme 3.2

Coarse At Fine At L?-Error of Scheme Rates H'-Error of Scheme Rates
0.1 0.05 7.28e-07 - 5.64e-04 -
0.05 0.025 1.81e-07 2.003523 1.39e-04 2.016886
0.025 0.0025 4.53e-08 2.001735 3.46e-05 2.008339
0.0025 0.00125 1.13e-08 2.000861 8.63e-06 2.004143
0.00125 0.000625 2.83e-09 2.000424 2.15e-06 2.002062
Table 5.3: Convergence rates in time of Scheme 3.3
Coarse At Fine At L?-Error of Scheme Rates H'-Error of Scheme Rates
0.1 0.05 7.27e-07 - 5.64e-04 -
0.05 0.025 1.81e-07 2.003524 1.39e-04 2.01689
0.025 0.0025 4.53e-08 2.001735 3.46e-05 2.008341
0.0025 0.00125 1.13e-08 2.000861 8.63e-06 2.004145
0.00125 0.000625 2.83e-09 2.000434 2.15e-06 2.002067
Table 5.4: Convergence rates in time of Scheme 3.4
Coarse At Fine At L?-Error of Scheme Rates H'-Error of Scheme Rates
0.1 0.05 7.27e-07 - 5.64e-04 -
0.05 0.025 1.81e-07 2.003524 1.39e-04 2.01689
0.025 0.0025 4.53e-08 2.001735 3.46e-05 2.008341
0.0025 0.00125 1.13e-08 2.000861 8.63e-06 2.004145
0.00125 0.000625 2.83e-09 2.000433 2.15e-06 2.002066
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Table 5.5: Convergence rates in space of Scheme 3.5

Coarse h Fine h L?-Error of Scheme Rates H'-Error of Scheme Rates
0.125 0.0625 0.05066 - 9.964354 -
0.0625 0.03125 0.013207 1.93954 2.830995 1.815467
0.03125 0.015625 0.003403 1.956586 0.736601 1.942353
0.015625 0.0078125 9.03e-04 1.913851 0.195949 1.910403
0.0078125  0.00390625 2.07e-04 2.123257 0.044999 2.122508

5.2 Merging drops

To test the properties of volume-conservation and energy dissipation for the Allen-Cahn equations with
nonlocal constraints, we conduct a numerical experiment in which four drops merge into a large one. We
set the initial condition as follows

1, r1<02-0 or 1n<02-086 or r3<02-06 or r;<02-9,

( ), 02-8<r <0243,
( ), 02-8<r <0248,
tanh(F"), 02-8<r; <0243,
( ), 0.2-8<r <0243,

0, other,

\

where 8 =0.01, r; = /(x—03+8)2+ (y—0.3+38)%, = /(x—0.7—8)2 + (y — 0.3+8)2,
r3=+/(x—03+8)2+(y—0.7-8)% rs = /(x—0.7—8)2+ (y— 0.7 - §)2.

In this example, we set the parameter values as y; = 0.02,7, = 100, and M = 1. We use Ar = 1.0 x 104
and N, = Ny = 256 in the simulation. The numerical results calculated by the EQ schemes and SAV schemes
for the same model are consistent (Figure 5.1 and 5.2). It shows that the classical Allen-Cahn model does
not conserve the volume, which leads to disappearance of the drops after sometime (Figure5.1A and Fig-
ure5.2A). However, the model with a penalizing potential and the model with a lagrange multiplier conserve
the volume pretty well ( Figure5.1B and C, Figure5.2B and C, Figure5.3B). Concerning energy dissipation,
the energy curve of the Allen-Cahn model will decay to zero until the drop disappears (Figure5.3A), whereas
the energy curves of both modified models with nonlocal constraints decrease with time until a steady state
plateau is reached, which means the four initial droplets have merged into one large droplet with its volume
equal to the combined volume of the four small drops (Figure5.1B and C, Figure5.2B and C, Figure5.3A
and B). Both volume conservation and energy dissipation in the schemes are clearly demonstrated by the
example.
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Figure 5.1:
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The snapshots of numerical simulations of four drop merging experiments at T =
0,0.08,0.4,2.4,3.2,8 for (A) the Allen-Cahn model, (B) the Allen-Cahn model with a penalizing poten-
tial and (C) the Allen-Cahn model with a Lagrange multiplier using EQ methods, respectively. Clearly, the
Allen-Cahn model gives the wrong result in the long time simulation while the modified Allen-Cahn models
with nonlocal constraints preserve the volume of the drops and dissipate the total energy as well.
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Figure 5.2: The snapshots of numerical simulations of four drop merging at 7 = 0,0.08,0.4,2.4,3.2, 8 for
(A) the Allen-Cahn model, (B) the Allen-Cahn model with a penalizing potential and (C) the Allen-Cahn
model with a Lagrange multiplier using SAV methods, respectively. Clearly, the Allen-Cahn model gives
the wrong result in long time simulations while the modified Allen-Cahn models with nonlocal constraints

preserve the volume of the drops and dissipate the total energy as well.
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Figure 5.3: Time evolution of the volume and the free energy of the Allen-Cahn model and the Allen-
Cahn models with nonlocal constraints. In short time, the Allen-Cahn models give similar results; whereas
in long time, the Allen-Cahn model yields a zero volume and zero free energy while the modified Allen-
Cahn models with nonlocal constraints preserve the volume and reaches a nearly steady state with a non-
zero free energy. AC-{EQ,SAV}: the Allen-Cahn equation discretized using {EQ, SAV} methods. AC-P-
{EQ,SAV}: the Allen-Cahn equation with a penalizing potential discretized using {EQ,SAV } methods. AC-
L-{EQ,SAV}: the Allen-Cahn equation with a Lagrange multiplier discretized using {EQ, SAV } methods.

6 Conclusion

We have developed two pairs of numerical schemes for two Allen-Cahn equations with nonlocal con-
straints using EQ and SAV methods, respectively. The schemes are shown as unconditionally energy stable
and volume-preserving. The linear systems resulting from the schemes are uniquely solvable. We then carry
out a series of error estimates for the four semi-discrete numerical schemes and one representative fully
discrete scheme, and verify their second-order convergence rates in time and space, respectively. Numerical
simulations are conducted to illustrate the accuracy of the proposed numerical schemes and their conserva-
tive properties. Under the volume-preserving constraints, both modified Allen-Cahn models with nonlocal
constraints preserve the volume pretty well in the numerical experiments. Therefore, the Allen-Cahn models
with nonlocal constraints can be used as an effective alternative to the Cahn-Hilliard model when modeling
multi-component material systems where phase volume and energy dissipation are important quantities to
preserve.
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