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Abstract: To understand phase-transition processes like solidification, phase-field models
are frequently employed. In this paper, we study a finite-difference Crank—Nicolson—ADI
scheme for a class of nonlinear parabolic isotropic systems. We establish an error estimate
for this scheme, demonstrating its effectiveness in solving phase-field models. Our analysis
provides rigorous mathematical justification for the numerical method’s reliability in
simulating phase transitions.
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1. Introduction

Phase-transition phenomena, such as solidification, are effectively modeled using
phase-field methods [1-5]. These approaches introduce a continuous scalar field—the phase
variable—which smoothly interpolates between distinct thermodynamic states, typically
adopting values close to zero in the solid phase and close to one in the liquid phase. The
evolution of this variable is governed by a nonlinear parabolic partial differential equation
(PDE) coupled with the classical heat equation for temperature, thereby enabling a unified
treatment of interfacial dynamics and thermal diffusion.

The strength of the phase-field framework lies in its ability to represent complex
interface motion without explicitly tracking the interface location [1,5,6]. This is achieved
through the diffuse interface paradigm, wherein the transition between phases occurs over
a narrow but finite width. As a result, the model naturally accommodates the formation of
intricate morphologies, such as dendritic structures and branching patterns, that emerge
during solidification processes. The spatial distribution and temporal evolution of these
patterns are intrinsically linked to the underlying thermodynamic driving forces and kinetic
parameters encoded within the coupled system of equations.

Phase field models [7] possess a high degree of flexibility, allowing their adaptation
to a broad class of phase-transition mechanisms beyond solidification. Examples include
melting, solid-state transformations, precipitation, and multiphase alloy formation. Their
capacity to incorporate material-specific parameters, anisotropic effects, and various types
of boundary conditions renders them suitable not only for theoretical investigations but
also for quantitative simulations in computational materials science. Through this frame-
work, the influence of temperature gradients, interface kinetics, and latent heat release on
microstructural evolution can be systematically explored.
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The governing equations are typically posed as an initial-boundary value problem on a
fixed computational domain, and the resulting solution exhibits steep gradients near the phase
interface. Capturing this behavior with sufficient fidelity requires refined spatial discretizations
and small time steps, particularly in two- and three-dimensional settings. The interface
dynamics are characterized by sharp transitions and moving fronts, whose evolution must
be resolved accurately in both time and space. Consequently, the development of efficient
numerical schemes—such as implicit-explicit or alternating direction methods—is essential to
reduce the computational burden while preserving stability and accuracy.

In practice, the solution initialized from given data should exhibit a propagating
interface whose morphology reflects the nonlinear coupling between the thermal and
phase fields. The interface region often dominates the computational effort due to the
need for high resolution. Recent advances in error estimation techniques [8-11] have
provided rigorous frameworks for analyzing such numerical schemes, particularly for
parabolic equations on complex geometries. Nevertheless, the phase-field method provides
a rigorous and thermodynamically consistent tool for simulating such processes, bridging
the gap between macroscopic behavior and microscopic structure formation.

In this note, we consider a specific system in two dimensions, simplifying a model by
McFadden, Wheeler, Sekerka, Wang, and others [3-5,12]. This “isotropic” model consists of
a system of two PDEs of the form
{sbt = V- (A(9)VP) + f(9,u),

1)
ur = Au+ [p()]

where ¢: Q x [0, T] — R represents the phase-field variable, 1: Q) x [0, T] — R denotes
the temperature, A: R — R is a mobility function, f: R? — R is a nonlinear coupling term,
and p: R — Ris a function related to latent heat release. The functions f and p are given
smooth scalar functions of their arguments, and A is a 2 x 2 matrix given by

_(al) 0
A“’”(o b<¢>>'

where a and b are smooth functions of ¢ satisfying the bounds 0 < ¢? < a(&) < ¢! and
0< cg < b(ij) < c; for all { € R. The functions f and p are smooth functions defined
on R? and R, respectively, with £(0,0) = 0 and p(0) = 0. Additionally, we require that
¢? =¢" =00ndQ. Let Q = (a,B) x (a,B). For (x,y,t) € Q x[0,T], where T > 0, we
consider the following initial-boundary-value problem:

d d d d d _

s (103) - 5 (v05) = fo), wnnenxp

J 9?2 9?2 d -

S5 @ = 5. p(9), (x,y,t) € Qx [0,T], o
¢(x,y,t) =0, u(x,y,t)=0, (x,y,t) €9Q % [0,T],
¢(x,,0) = g?(x,y), (x,y) €0,
u(x,y,0) = g"(x,y), (x,y) €Q,

Here, a and b are smooth functions of ¢, satisfying
0<dd<a@<cl, 0<c)<b(@) <ci, forall ¢eR,

and f and p are smooth functions defined on R? and R, respectively, with £(0,0) = 0 and
p(0) = 0. We assume that ¢ = ¢ = 0 on 9Q).
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Furthermore, to simplify the proofs of the error estimates, we assume that the functions
f,a,b,and p are globally Lipschitz continuous. Specifically, there exists a constant C such
that the following inequalities hold:

\f(z1,22) = f(Z1,Z2)| < C(|z1 = Z1| + |22 — Z2]), ©)
|a(z1) —a(Z1)| < Clz1 — Z4], (4)
b(z1) = b(Z1)| < Clz1 — Z4], 5)
lp(z1) — p(Z1)| < Clz1 — Z4]. (6)

We assume that the initial-boundary-value problem (2) for the system of equations
admits a unique solution (1, ¢) that is sufficiently smooth for the purposes of the numerical
approximations. Aspects of numerical methods, error estimation, and phase field modeling
have also been addressed in the literature [10,11,13-19].

2. Notation and Preliminary Results

We discretize the initial-boundary-value problem for the system of Equation (2) as
follows. Leth = (B —a) /(] + 1), where ] is a positive integer and

xp=a+ih, yj=a+jh, 0<ij<J+1,

Qh:{(xi,y]-) Zi,jZl,...,]},
0y, = {(x;,y;) :i=0ori=]+1lorj=0orj=]+1}.

Let N be positive integer and t" = nAt,n = 0,...,N, where At = T/N, and define
1

Mtz = t" 4+ At/2, xii% = x; £ h/2, y].i% = Y + h/2, and
X) .= {U = (Uoo,---, Up1,41)T € RU+2)x(+2) . Uj; = 0 on 9QY, }. We approximate the
solution u,¢ of the system of Equation (2) by mesh functions U",®" € X} as follows:
Forn = 0,1,2,...,N, we approximate the vectors (u(xg, o, t"),...,u(le,yHl,t”))T,
(p(x0,¥0, "), .., (x131, y741, 7)) T by U", @" € XY satisfying the following finite-difference
scheme:

M) @Y = g% (xi,v)), (xi,y) € QpUoQy,
(i) Ujj = 8" (xi,y;), (xi, ) € Q2 Uy,
Forn=0,1,..., N—1:
n+% n
.2 — Ol 1
1] 1] n n+;
——— —4(a’ | 0zD;. 2
Y <0y 0@y )
7(sy(b;fj7%5y-q>;;-) = Fz?}/ (xi,y/) S Qh/
1
o+l _ @'t .
. 1] 1] n n+s
R T
—(Sy(sz_%éy@?;rl) = Fi;}’ (xz,y]) S Qh/
+1 7
) (D?j 2 — cpZ#l =0, (xir]/j) € 00y, @)
mty _yn )
. +3
(vi) % - 53(3?11:; 2
2 }’{+1 _pn
1 1
—oygUs; = ]T]’ (xi,¥) € O,
untl — g 1
.t 1] ij n+;
(vii) T —5,@1,1[,]. 2
}’{+1 _pn
1 1
—oypUfitt = v A L, (xi,y) € Qu,
+1
(viii) uZ 2 = u;}.“ =0, (xi,yj) € 0Qy,
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where Pf] = p((DZ]), (vaij = il M 55501‘]- = %, 5y’01‘]- = ]H—h N 5901']' = h” ,
Viy1i—20; i+0i_1 V; i1 —20; i+0; i
vy = A vy = A Ay = Gaavij + bygu. We also et for
Pt L 4D P 4+P" . (O >
i . . i+1,j ij . ij i—1, ,_ j+1 , o
(xi,y;) € Oy, al’,l+%/], = a(—45—1), a:,‘i%’], = a(—L5—), aZH% = (S0, aij% =
D+, e . .
a(—1—-"1). (The quantities bl 17 bl’,fj 1 are defined analogously.) In addition, we let
y1 1
P f( izj,lll-;), if n=0,
T fGer —leorl 3un —lurt), ifn>1
2% T 2 i o2t T 2% ) =Y
where
o1 At
2 . ¢ ¢
b2 = g (xi ) + 5 {a(g? (xiry) g (xir ) + b(&? (31, ) g8 (51 )

+a' (82 (xi, i) (85 (i, 7)) + 1/ (82 (i) ) (85 (21, 7)) + f(g¢(xi/yj)/gu(xiryj)}

and

N—

. ALf 2 -3
Ui == 8" (xiyyj) + 5 {Ag‘ (xi,yj) + 377 (8% (xi,y)) [ D5 — 8% (xi, )] }

=

Subtracting Equation (7) part (vi) from Equation (7) part (vii) we have for (x;, yj) e Oy

+1 n+y
- 2ult e
1
IAt

— oy (Ut —uf) =o0.

1
Solving for U;+2 we obtain

1
U

nt3 +1
2 - ZzSyg(ui’]’. — Ul’}) ®)

Uij 5

Replacing the above relation in Equation (7) part (vi) we obtain

urtt —ur urtl ur Ay pr+l _ pr
) 2 ! 1] i i
M / 5 + Tsm(sﬂ(uﬁjﬂ - up) = JT, (xi,y;) € Q. (9)

Conversely, suppose that Equation (9) holds. Then, defining U™z from Equation (8),
we see that Equation (7) parts (vi) and (vii) are valid. Hence Equation (7) parts (vi)—(vii)
are equivalent to Equations (8) and (9). Similarly, subtracting Equation (7) part (iii) from
Equation (7) part (iv), we see, for (x;,y;) € O,

+1 n+ty
(I)Z- —ZCDij 2 —|—CI>Z
1
5 At

— 0,0y 3@ — @) =0,

and therefore )
QT+ P
n+i ] ij At 41
i 7 = —— " Zéy(sz_%éy—(cb?j - CD?])) (10)

Finally, substituting in Equation (7) part (iii) we obtain for0 <n < N —1, (x;, yj) ey

n+1 _ gn n+1 n
At it 2
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ortl L pr
Lj=3 2

Ao Gl o) - o

Conversely, let Equation (11) hold. Then, if we define "+ from Equation (10), we see
that Equation (7) parts (iii) and (iv) are equivalent to Equation (11) and Equation (10).

While the solution algorithm is given by Equation (7), the error analysis will be based
on Equations (9) and (11). It is clear that solving in Equation (7) for Pr+3, oMl U,
U1 requires the solution of |, ] x | symmetric tridiagonal systems of equations in each
case. Their systems are clearly invertible in view of our assumptions on the functions a
and b.

In what follows, we list a few auxiliary helpful results whose proofs are standard and
may be found in [20].

Lemmal. (a) Let ¢ € X0, ¢ € X9 Then

J J+1
2(¢i+1] ¢z] l)[Jl] - Z 471] 1‘/)1] lpi—l,]‘)'

=1

(b) Let p € X9, p € XD. Then

] J+1

Z(¢i,j+1 (Pl] 1/)1] Z¢1] ¢z] 1,[71',]'—1)-

j=1

(© Ifp,v € X, then for (x;,yj) € Oy :
() Oxzvjj 1= 0x0xvjj = 6x0xVij, OyyUij := 6y050;; = Sybyvij.
(i) 828,055 = 8,0:051, 820,01 = 8,050y5, ddxij = Dxdy0ij.
(i) Sxgoij = dedyvij = Sydvy;
(@) 0z (¢ij (05vi5)) = [0xijO50ij + Pijdngvis] — hoxgpij0zg0i,
0y (i (0xvij) ) = [09ijdxvij + Pijdrgoij] — Moyt Oxgoi
) Ox(¢ijvij) = vijoxpij + Pijoxvij + h(Sx i) (6x0i ).

For v,w € X?, define the £, inner product on X{ by (v, w), = h? 2 Z vjjwij, with
i=1j=

1
] ] 2
corresponding norm ||v||;, := h (Z ) v%) :

i=1j=1

Lemma 2. Define Ay, : X) — X3 by

2 , (X)) €

Vit1,j + i1, + 0ijy1 + i1 — 4vj;
(Ap); ij =
0, (Xi,y]') € dQ),

Then, there hold that
(Ah’l),’(,U)h = ("0, Ahw)h Yowée XO, (12)

and
(Apv,0)) = |v\1h YoeXy, (13)
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where |v\ih = h? 21];1 Z’H [(cstZ]) + (5y-vi]-)2] is a discrete Hy norm.
Lemma 3. Define L} : X) — X by
(L) = { Ox(a_y foevig) + Oy by g v) - (xiry) € O
0 (Xi,y]') € aQY,.
Then, there holds that
(Lo, w)), = (v, Liw), Yo,weX) (14)
and
J+1]+1
(Lio, o) =~ Y Z{a (850i))> + b 1(5gvij)2} <0 VoeX. (15)
j=1i= bta
Lemma 4. Define, for v,w € X, the bilinear form By, (v, w) as
Bi(v,w) = (3« (a" (32 (&y (V" (650)) ))), ), :=
] T
2
2 L Do (ol (e (00 (23 Gom) ) ) oo
i=1j=
Then, for some constants A, y independent of h, there holds that
Bi(v,0) = MofZy, — plofi, Vo eX, (16)
J+1]+1
where [v|2 o —hZZZ( )
i=1 j=

3. Error Estimation

In this section, we establish error bounds for our numerical approximation scheme.
We begin by analyzing the local truncation error and then proceed to derive global
error estimates.

3.1. Local Truncation Error

We first establish bounds on the local truncation error terms " and €”.

IC"ln < C(AZ+4?), 1<n<N-1, (17)
le"lln < C(A# +12), 0<n<N-1, (18)
where C is a constant independent of &1 and At.

3.2. Global Error Estimates

Having established bounds on the local truncation error, we now proceed to derive
global error estimates. The following theorem provides the main convergence result of our
numerical scheme.

Theorem 1. Let (u,¢) be a sufficiently smooth solution of the system of Equation (2) for the system
of equations, and let (U", ®™") be the solution of our numerical scheme. Under the stability condition
% < 0, there exist positive constants C1 and Cy, independent of h and At, such that:

_ n < 2 2
omax flu” — Ul < C1(AF +17), (19)
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— @y < Co(AP + 12 20

olg}iXNW L < Co (A + A7), (20)

These inequalities establish second-order convergence in both the discrete L? norm for the temperature
u and the discrete H' norm for the phase field ¢.

Throughout this proof, we denote by C any generic constant that is independent of At and
h. We proceed by establishing a series of estimates that will lead to the desired error bounds.
At various points in the proof, we follow some techniques of Dendy [6], extending them
from the case of a single parabolic equation considered in [6] to the case of the parabolic
system considered herein. Let us define the numerical error terms " := u" — U" for
the temperature and z" := ¢" — ®" for the phase field. From Equations (7) and (11), for
1<n<N-1and1 <i,j <], we obtain:

n+l_n

A

blx: v: b (x: o n
) tn+%, ‘P(xny]/t )+;P(Xz—1,y],t ))(Sx

+%/ %(xiryjrtn)""f(xifyj—l/tn) )65 <¢3+12+‘/’?j

ol Pyt Pyt |
a(x_1,y;,t""2, 5 )6z

% & ( +1
t”+% <I>(x,~,yj,t”)+;I>(xi,y]-,1,t”) )57 ((D?] 2+q>;/}
’ ’

[

—dy (b(xi,yj_%,t”
[
(

+dy b(xi,y] )
"‘%59: <a( X, 1,y,,t”+2 ¢(xi,yj/t”)+$(xi—1ryjrf")) (21)
x| 6z (5y <b(¢(xzr]/]r )+£/’(xu]/j71/ )( ((PnJrl _(PZ)))))
EY ( iyt )+(I>( i—17, _,n)
i”x(”( N R
(x,‘,y‘,t’i)-i-(b(x,-,y-, A1)
*(532 (@ <b( L )(@(cb;}“ —cb;;)))) )
= f(xz,y,, ‘P(xi/yjr £), u(xi, yj, £"))
For n > 1, we define the following discrete approximations: cp;f]. = ¢(x;,y;,t") and
on . 3en 1 n—1
ij = 2%ij — 29 B
The coefficients at the half-points are defined as: a7 | ((f)) ((P[j +Z]i_1’j ) = a(@f . ],)
=7/ 2
fori = 1. J+1,j = 0. J+1 and b' _(§) i= p(P iy _ b(fy,_,) for
72

i =0,...,]J+1, j = 1,...,] +1, where the half-point values 43 are computed as
weighted averages:

an 173 n n—1
4)1'_%,]' = 2 (24)1']' (Pz] + 24)1 1j 24>1 1,])
3 n
1(4’1]4_4)1 ,]) - 7(4)1] 1+¢1 1])
J)Z]‘—z = ( 4)1] 4)71 ! + 24):3]71 24)1] 1)

S Yor ),
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Similar expressions define the discrete quantities ®, &, a” | (&), and b" | (®). For
=3 bi=2
notational convenience, we write:
(@, 10) — Fj (@, U) = f(¢}, ufy) — (P}, UF).
We finally define for 1 <v < N
2 ) J+1]+1 2 . o
12V]2 := h Z; Z%< ((SXZZV]) +sz_%(q>n)(5y-z’l/j) ) (22)
=1]

We now proceed with an inductive proof. Let us assume the following induction hypothesis
holds for1 < m < M:

e R A ) -
< AT I + Caldd ).

Obviously, (23) holds for m = 1. To proceed with the proof, we take the discrete ¢2
inner product of Equation (21) with the difference 2"l _ 21 for n > 2, which yields:

(zn+12 )) ) (b ( )(Sy_<zn+12+z”>>/zn+1_Zn)h
2(8y (b (D) (d5(z"1 = 21)))))), 2" = 2",
n(&)/ lj[),z”*l _ Zn)h + At(g”,z”“ _ Zn)h

||Zn+1 _

(24)

+At(5x([a”(¢3) —a"(9))0x ‘Pnﬂ;ﬂpn)),z"+1 - z")h
+t(3, ([ (§) — b (@))ay (£521) ) 2o —27)

ATi((sx(an 43) (5x(5y(bn((f7) (5y_(¢n+1 _ (Pn)))))) M+l _ Zn)h
+2 (5, (a (D) (52 (3, (" (D) (87 (91 — ¢™)))))), 21 — 21),.

Applying Lemma 3 and using the symmetry property (14) and negativity property (15) of
L}, along with our hypotheses on 2 and b, we obtain the following. Please note that we use
the equivalence of the norms || - ||, and | - |; ;, with constants independent of & and At. Let
us denote 2" := ¢" — ®". Then:

J+1]41 By 2
”ZnHZ _hZZ 2< 72] ((SJ?Z?]) +bz (@”)(5 lr;) ) <

i=1 j=1
< 2"y + c( an 2"—1\5fz",5fzﬂ)h

+C(J" - 2"*1\5yz",5y-z")h + CAH|Z" 2,

Therefore
n+1 n n+1 n
—(5;((51"(@))5;4(‘2;‘2)) +5y(bn(q>)5y<zz+z)>,zn+l—zn) >
h
> 2R = IRy + C (18" — 2o, a2
-2 "2 n-1 ’ h

+C (|2 — 2", 5yz")h +CAHZ" 2. (25)
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In addition, there holds that

.

173 llZ" 51 (26)

(12" + 12"

(1" - 2 o, ov2") <

To see this consider Holder’s inequality:

J+1]+1 J+1J+1 J+1]+1 i 1 1
Z Zfl]gl] <Z Z |f1]|p> (Z Z |81]|q> for —~ +-=1L (27)
i=1j=1 i=1j=1 i=1j=1 p q
and 1
J+1J+1 J4+1J+1 J+1J+1 J+1J+1 H
Zl Y fiigijrij| < <21 Y |fz;|”> (Zl ). |g1]|q> (21 Y Iyl ) (28)
i=1j= i=1j= i=1j= i=1j=

for 1 + + 5 1 = 1. Applying Equatlon (28) with the specific choice of exponents p = 6,
= 5 , and s = 12 (which sat1sfy +1 g1 s 1 — 1), we obtain:

(|2n . 2n—1|§fznl 5?2211) < ||27’l . 2n_1

2"l 102" g

where for v € RU +1)2, we define the discrete /¥ norm:

REaNEE! 1
o= |12 ) ) oyl

i=1 j=1

[0

(note that when p = 2, this reduces to our standard discrete L2 norm:

Therefore,
(|2” - 2”—1|5,gz”,5,zz”) < ||gm — g

ny|2
X ||%rh'

From Equation (27) we have

J+1]+1 J+1]+1 % J+1]+1 i 1 1
) Z fiigii| < <Z Y Ifil rp) (Z Y lsijl Sq) for ~ 4+~ =1. (29)
i=1j=1 i=1j=1 i=1j= p q

Using Equation (29) with r = %, s = %, p 19—0, q = 10 we see that
162" 112 5, < 1182”14 82" I "
We now apply the inverse inequality for discrete norms, which states that
ol < CHNE ol
holds on RU*1?, where N = 2 is the dimension. Setting p = 6, we obtain:
1652l < CH=23=8) 822" ), = 3 62" 1
Hence
ldxz" 112, < Cllaez" 54 (h=3 dxz" )% = Ch™ T [}652" |y = Ch™ 5 [1632" .

Combining these inequalities, we conclude:

(12" =2 Mosz" 022" ) < Il2" = 2" Mlgulldsz" 1,
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s sn—1 —Lus  n 2 _ —Lian _ sn—1
< Cl2" =" (Chm s ||0e2||y) =Ch™3[2" -2

Az

_1. AN —
< Ch32" — 2"y 12" 15,

from which inequality (26) follows.

Using the induction hypothesis (I), we will now establish bounds for three key
quantities when n < M:

e  Thediscrete H! norms |£"|; , and |27~}

1,h
*  The maximum discrete derivatives max{max [0z ®jj|, max [65Dj;| }
ij ij

Indeed, from hypothesis (I), for a sufficiently small fixed € > 0, we have:

m
12712, < CAE Y [|2"[5_1 + CAE, m < M.

n=1

Applying Gronwall’s lemma to this inequality yields:
]z’”\ih < CMMAR for m < M. (30)

Furthermore, using the CFL stability condition % < 7, we obtain:

J+1]+1 2 2 At4
R R 2

M [(sz}?) + (ev21) } < Co5 < AR

i=1 j=1
Hence

J+1]+1 ” 5
max(rr}3x|(5gzi]~,rr}3x|53—,zij|) < g};{(éﬂl’?) + ((5;,2?}) ] < CAt,
and therefore
0P| < [d:2| + [02f5] < C, 31)

since |5f$1’;| is bounded by the regularity of the exact solution ¢. Similarly, we obtain the
bound |(5g<i>?j| <C.

Returning to Equation (30), for n < M, we can use the Poincaré inequality to obtain:
12" ln < Cl2" |10 < Ce“TAR.

and a similar bound for the term (|2” — g1 |052", Jy-z”). Substituting (37) in (25) we have,
forn <M

(erwn() cofron () ),

1
> S 125 = 512" 50 + Catlz" 7 -1) (32)

N —
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Hence, from (24) and (32) we obtain, for n < M

HZnJrl n||2
411 — 3R + ot )
+ATt2((5x(11"( &) (s (5y(bn( )(5y_(zn+1_Zn))))))lzn+l_zn)h
~ ) n( ) n+1_zn)h+At(€n/Zn+1_Zn)h
§) - (®))os (L5 ), 24— 2)
§) — 0 (®)og (L5 ) ), 21— 2m)
—%z(a(a"(cﬁ)(zs,z((sy(b"((ﬁ)( ST = gm))))), 2 — 2,
4t(5x( (D) (6x (0y (b" (D) (65(¢" 1 = ¢™)))))), 2" —2"),.

Therefore, using Lemma 4, we conclude for n < M that

(33)
h

e+ - w2+A4auMHm—%uuwaﬁ+CAmﬂan}
—l—At (A]z+1 — 'y,h — "t —2"7,) <
< AH(F(G, i) — F'(D,T), 2"+ — 2)  + At(g", zn+1 — on
(,7) ~ F'(®,0) (s )
= 4’”“""4’" n+l _ -n 34
(2] o), o
() ),
a" (§) (0= (8 (b"(¢) (05(¢" T = 9)))))), 2" *! = 2"),,
)

( y
LA (5 (a7 () (85 (3, (b7 (&) (85 (9" — n)))) gy

We now define the following quantities
D= (0@ = (@) (L5 )), 21 =2
5y ([bn ($) —b" (@)]59 (4’"“2-&-4’" ) ),Zn+1 _ Zn)h’
o= @@ @@ 6™ =), -2,
1 = (5u(a(®) (00 0, (07 (&) (8974 —9"))))), 241 — 7).

After lengthy but straightforward calculations, we can establish that for any £ > 0:

AHI| < CeAO 4 g2 — 2|2, (35)

and similarly,
AP = 11| < CAt® + AP — 212, (36)

Substituting these bounds into Equation (32), we obtain:

2t =2+ A2 = S + a3 )

+ATtZ(/\|Zn+1 _ anéy,h _ ]/£|Z”+1 _ Znﬁ,h) <

< At(F”(gB, i) — F(®,U), 2"t — z”)h + AL, 2" =), (37)
+CuAtS + ¢ ||z — 272
+CSNAt6 4 SllAt2|Zn+l — g ?E,y‘,h’

where ¢’ and ¢ are arbitrary positive constants. Applying the Cauchy-Schwarz inequality
and the arithmetic-geometric mean inequality with parameter ¢/, we obtain:

2t =21 + At 3112 = (1212 + Callz" ;)]

2
+ATt()L|Zn+1 _ Zn@y,h _ Mszrl _ Znﬁ,h)
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Furthermore, since the partial derivatives are bounded (|Fy| < c and |F,| < c), applying
the mean value theorem yields:

|F" (¢, 1) — F"(®,U) ||y < L||Z"|| + Lal[&" (|1

< Ly (12"l + 12" ) + LaClle™ l + lle" ).

Recalling from Equation (30) that for n < M, we have ||z"|);, < C|z"|; < T At2. Therefore,
for any ¢ > 0:

1E" (¢, i) — F" (@, U)[lf; < CAL + C([le"|IF + lle"17),

Hzn+1 *ZHH%

+0F| 22 = J (11212 + Catlz2y)]
2

+ATt(A|Z”+1 —z" éy’h — p|z" 21 %h)

2 —
< (8 (ot + C(le" 3 + e 1 B)) + 27+ — 21 2)
2
(A0 + &2+ = = 2)
+Cor gn A6 + || 2" — 2|2 4 " AL |21 — 2 g?,y‘,h‘
Choosing the parameters ¢/, ¢, and € to be of order ¢ (where ¢ is sufficiently small),
we obtain:
(1—e)flz"" —2"|I;
PR — 2R + ARG — o) — 2,
< CAL|12"|[7_y + APCe([le"[IF + lle"I7)
+APC||C"|2 + CeAtE, n < M.

Summing these inequalities for n ranging from 1 to m, we obtain:

2(1—e—C'o2
R I 24 = 2R 2 + 2800 — € By 24— 2"y,

< CALY (|28 5oy + Cedt Ty [le? [} + CeAt 3y [15"][7 + Cetrt?,

which holds for all 1 < m < M and any £ > 0. Now, turning to the error equation for e,
from Equations (9) and (11), wehavefor0 <n < N—-1land1 <i,j < J:

n+1 _ el n+1 4 e

el] ij €ij ij At +1
T — Ay f -+ Z(sxf(Syy(E?j — ez)

1
= A UP(i Y, L, (i, yj, ")) = P,y ¢ (xi,yi )]}

1
— 7 UP(xi L, @ (xi, y, t"1)) = Py 7, @(xi, yj, "))} + €l

Let us define the temporal difference operator P as:

N

Pyi(v)" == P(x;,y;, " 0(xi, yj, ")) — P,y 7, v(xi, yj, ).

Taking the discrete /2 inner product of both sides with e"*! + ¢" (which represents a
centered discretization), we obtain:

(en—',-l —e", en+1 + en)h _ At(Ah (en+12+en>len+1 i en)h

AL +1 +1
+ (Busdyg (e —em), et et
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N

= (P(q))" — D(®)", "+ e”)h + At (e”,e'“rl + e")

Using the symmetry of the bilinear form B, (-, -), applying Lemma 4 witha =land b =1,

and invoking Lemma 2, we sum the above relation from n = 0 to m’ — 1. Please note that
¢’ = 0 by initial conditions.

p (38)

w2, At ! ntl | np2
lle™ I} + Z "+ €T,
m' —1 ) . w1
= B e e ) At e te
< (P<<l>)” P(@)", et ) A Z(” 41 )
n=0 h =0 h
m' —1 ) . ) -1 1
< Y NIP(9)" = P(®)"[lulle" " +e" [l + At Y- " [ulle™™ + e[l
n=0 -
1 m -1 ) m' —1 . 5
= GeAt Z IP(¢)" = P(@)"}; + eAt Z%) €™ + €|
n—=
At 2 N n+l o n|2
T L Il ate 3l el
n=0
+1 2
< i Z 12 (@)"[[F + CeArt Z €™ + Ate 2 e + e 2.

n=
In view of Equation (38) we have

m' —1 m'—1
le™ 17 < C<CeAf Y lle" I+ Ceat Y (12717 + Ceatt + ||Zl||3>
n=0 n=1

m' —1

+cAt Z ||s”||ﬁ

n=0
Applying Gronwall’s lemma to this inequality yields:

max [|e"[} < C
0<n<m 4

At Z 1277 + At Z le" 17 + At + |Zl|o]
Therefore, applying estimates (17) and (18), we obtain:
maxg<uen €72 < C[A T (AR +12)2 + A 4 23] < C((A2 + 12 + 1 3).
Using the fact that ||z!||g = O(At? + h?), we conclude:

max [le" < C(AP +1?). (39)

0<n
Moreover, we have the following bound on the time-summed error:
m
ALY [le"||2 < (AR + 122 (40)
n=0
Finally, substituting bounds (40) and (18) into inequality (37), we obtain:
2(1 —e—Clo?

) m /\ m
—— 21 |2 = 2" + 12" 15 + 2807 — ) Zl |2 2" 2,
n= n—=
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m
< CAtY |27 + Ce(At* + hY) (41)
n=1
Let us choose ¢ > 0 sufficiently small such that 2(1 — e — C'c?) > 1and 2(4 —€) > 4. Then
inequality (41) yields:

R 2 = 2 [ AR [ 2

Xiy,h
< CAEYIL (1272 + C(AF + 1Y),

which establishes the inductive hypothesis (I) for index m. Thus, (I) holds for all
1<m<N.

From Equation (38), we conclude that estimate (19) holds. Moreover, from (I)
we obtain:

m—1
Iz"||5, 1 < CAt Y |I2"5 +C(At* +h*), 1<m <N
n=1
Applying Gronwall’s lemma to this inequality yields:

max ||z"],,_1 < C(AF* + 1),
max (21 < C(AR+ 1)
which establishes estimate (20).
We note that by Taylor’s theorem, we can construct a first-step approximation satisfying:

24|, = O(AF + H2).

4. Numerical Verification of Convergence Order

In this section, we present numerical experiments to verify the theoretical convergence
rates established in the previous sections. We solve the system of Equation (2) with Neu-
mann boundary conditions on d(2 (similar convergence rates were observed for Dirichlet
boundary conditions).

The computational domain is set to QO = [0,1] x [0,1] with final time T = 0.1. We
consider the isotropic case where a4 = b = 1, with nonlinear terms:

_ ¢ —Ju _ 3010 2
To facilitate error analysis, we construct an exact solution by adding appropriate
source terms such that the solution to the initial-boundary-value problem with Neumann
conditions is:

(p,u) = (e " cos(x(x — 1)) cos(y(y — 1)), e cos(rrx) cos(rty)).

Table 1 presents the numerical errors and convergence rates for solutions computed
using the ADI-ADI scheme. We measure the errors in both the discrete maximum norm
| - |l and the discrete 2 norm | - ||;. The spatial discretization parameter is taken as
h=1/(J+1)for ] =50,75,...,567, with the time step chosen as At = 0.01/ to maintain
a fixed ratio. For both variables ¢ and u, we observe second-order convergence in both
norms, confirming our theoretical analysis.

For each refinement level, the experimental order of convergence is computed as:
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where e, e; are the errors and hy, hy are the mesh sizes for two consecutive refinements.
In the numerical solution of phase-field models, the ADI-ADI order At? + h? method
demonstrates notable advantages over both the Euler-Euler order At + h and Euler-ADI
schemes order At + h2. As detailed in Sfyrakis et al. [19], the ADI-ADI approach achieves
second-order accuracy in both time and space while maintaining unconditional stability.
This allows for larger time steps without compromising accuracy, leading to enhanced com-
putational efficiency. In contrast, the fully explicit Euler-Euler method requires significantly
smaller time steps to ensure stability, resulting in increased computational costs. While
the semi-implicit Euler-ADI method offers improved stability over Euler-Euler, it still falls
short in terms of accuracy and efficiency, particularly when addressing nonlinearities and
higher-dimensional problems. Therefore, the ADI-ADI method provides a more robust
and efficient framework for simulating complex phase-transition phenomena. In Table 2
they are shown the computing times (in seconds) required by the two schemes in a parallel
implementation to achieve the error levels close to those shown in Table 1 on one, two, and
four CPUs.

Table 1. Errors and convergence rates for the ADI-ADI scheme in discrete norms (T = 0.1).

Il lleo Il

] Errors Order Errors Order
50 ¢:1.920 x 1074 —— 8.664 x 107° ——
u:1.047 x 1074 — 4762 x 1075 -
75 ¢ :8.708 x 107° 1.95 3.851 x 1075 1.99
u:4.725 x 1075 1.96 2119 x 1075 1.99
112 $:3.979 x 107° 1.93 1.731 x 107> 1.97
u:2143 x 1075 1.94 9.513 x 10~° 1.97
168 ¢ :1.806 x 107° 1.94 7.747 x 10~° 1.98
1:9.622 x 100 1.97 4231 x 107 1.99
252 ¢ :8.254 x 1070 1.93 3.486 x 1070 1.96
u:4.320x 107 1.97 1.883 x 10~° 1.99
378 ¢:3.814x 1070 1.90 1.582 x 10~° 1.94
u:1.944 x 1076 1.96 8.383 x 1077 1.99
567 ¢:1.795x 107° 1.85 7.300 x 10~7 1.90
u:8.783 x 107 1.95 3.736 x 1077 1.99

Table 2. Computing time (in seconds) to obtain the results of Table 1 on 1, 2, and 4 CPUs.

J Euler-ADI  Euler-ADI  Euler-ADI ADI-ADI ADI-ADI ADI-ADI
CPU1 CPU 2 Cru 4 CPU1 CPU 2 CPU 4
50 9 9 20 5 4 8
75 38 33 62 16 12 17
112 179 139 220 52 37 47
168 874 605 800 177 115 126
252 4384 2800 3181 609 378 369
378 22559 13907 13525 2155 1541 1286
567 111202 66821 57504 6934 4221 3435

The results clearly indicate the tremendous superiority of the ADI-ADI scheme.
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5. Additional Numerical Experiments

We now present numerical experiments with physically relevant initial conditions.
Following Wang [5], we consider the computational domain Q) = [0,1] x [0,1] with the
initial phase field:

X, 1+ tanh }
Polxy) = [ \f 2¢
where r = \/x2 4+ y? and:
ts ifr < Rg
uo(i’) = ln(r/ﬁ?()lzfjll{r;g)/ROO) if Rg <r < Ry
-1 ifr > Ro()

The model parameters are set to 2 = b = 1 with anisotropic mobility:

1
m(1+ d, cos(46))’

g = 6 = arctan(¢y,/¢x),

and nonlinear terms:
f= 1 $(1—9¢) ! + 30&157 (1 )
2 22 2 1+ 0.25u PL=9) )

¢ (10 — 15¢ + 64
S .

Here, S is the dimensionless supercooling of the melt, m is the ratio of capillary to
kinetic length, and ¢ represents the ratio of the average interface thickness.

For the isotropic case (6, = 0), we use the following physical parameters:
e Initial condition: t; = 0.01, Ry = 0.1, Rgg = 2R
*  Model parameters: S = 0.8, m = 0.1, « =70, e = 1/400
e Numerical parameters: 1 = 1073, At =2-107°

The evolution of the solution is shown in Figures 1 and 2.

(b)

01
050
v b 005 01 015 02z 02 03 0% 04 045 05

Figure 1. Phase field ¢ and temperature u in the isotropic case at t = 2-1073: (a) 3D plot of ¢,
(b) cross-section at x = 0.1 of ¢, (c) 3D plot of u, (d) cross-section at x = 0.1 of u.
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02 03 . . . . 1

Figure 2. Time evolution of the interface: contours plotted every 100 time steps for the isotropic case.
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