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METHOD FOR THE PHASE FIELD MODEL AND
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ABSTRACT. We propose and analyze a fully discrete finite element scheme for
the phase field model describing the solidification process in materials science.
The primary goal of this paper is to establish some useful a priori error esti-
mates for the proposed numerical method, in particular, by focusing on the
dependence of the error bounds on the parameter €, known as the measure of
the interface thickness. Optimal order error bounds are shown for the fully
discrete scheme under some reasonable constraints on the mesh size h and the
time step size k. In particular, it is shown that all error bounds depend on %
only in some lower polynomial order for small . The cruxes of the analysis
are to establish stability estimates for the discrete solutions, to use a spectrum
estimate result of Chen [15] and to establish a discrete counterpart of it for
a linearized phase field operator to handle the nonlinear effect. Finally, as
a nontrivial byproduct, the error estimates are used to establish convergence
of the solution of the fully discrete scheme to solutions of the sharp interface
limits of the phase field model under different scaling in its coefficients. The
sharp interface limits include the classical Stefan problem, the generalized Ste-
fan problems with surface tension and surface kinetics, the motion by mean
curvature flow, and the Hele-Shaw model.

1. INTRODUCTION

In this paper we shall propose and analyze a fully discrete finite element time-
splitting method for the phase field model

(1.1) ca(e)pr —eAp + %f(go) =s(e)u inQr:=Qx(0,7),
(1.2) c@)uy — Au= —p; in Qp,

Ju Oy .
(13) % = % =0 mn 6QT = 00 x (071—‘)7
(1.4) =95 u=uj in Q x {0},

where @ C RY (N = 2,3) is a bounded domain with the smooth boundary 9.
T > 0 is a fixed constant, and f is the derivative of a smooth double equal well
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potential taking its global minimum value 0 at ¢ = +1. A typical example of f is

(15) f(g) = F(p) and Flg)= 16" ~ 1)

The existence of bistable states suggests that nonconvex energy is associated with
the model (see the discussion below). We like to remark that nonsmooth potentials
have also been considered in the literature for the phase field model, for that we
refer to [7, 18] and the references therein. We also note that the super-index € on
the solution (u®, ¢°) is suppressed for notation brevity.

The phase field model for solidification was introduced by Caginalp [9], Collins
and Levine [21], Fix [29] and Langer [32] to treat phenomena such as crystal growth
and the fusion and joining of materials, which are not captured by the classical
Stefan problem. The model consists of a heat equation (1.2) and a Ginzburg-
Landau/Allen-Cahn equation (1.1) (cf. [4, 24]). Note that the original phase field
model consists of equations (1.1) and (1.2), with a(e) = O(1), s(e) = O(1) and
c(e) = O(1). In the model, u represents the temperature and ¢ is an order param-
eter which will vary continuously but somehow describes the phase of the material.
 is scaled so that ¢ ~ 1 represents the liquid phase and ¢ ~ —1 the solid phase.
a,e,s and c are respectively the relaxation time, a microscopic scale, a surface
tension scale, and the specific heat. We emphasize that the parameter € is usually
small compared to the characteristic dimensions on the laboratory scale. The two
boundary conditions in (1.3), the outward normal derivatives of u and ¢ vanish
on 02, imply no gain or loss of heat energy through the walls of the container (2.
For more physical background, derivation, and discussion of the phase field model
and related equations, we refer to [2, 5, 6, 9, 21, 28, 29, 31, 32, 35, 37, 41] and the
references therein.

It is known [28] that the phase field model can be formulated as a gradient flow
with the Liapunov energy functional

(1.6) T(p,u) = ; ¢ (p,u) dx,

where

c(e)s(e) o

2 _
Vel + 2ea(e) “

Pe(ipu) = Flp) +

1
2a(e) e2a(e)
in the Hilbert space H, * x L2, where H, * denotes the mean-zero subspace of H =1,
the dual of the Sobolev space H!. Note that the energy density ¢.(yp,u) is not
convex in ¢.

In addition to the reason that the phase field model for solidification is widely
accepted as a good model for treating phenomena which are not covered by the clas-
sical Stefan problem, it has also been used as a (computational) model to compute a
wide range of sharp interface problems, including the classical and generalized Ste-
fan problems, the motion by mean curvature flow and the Hele-Shaw model by tak-
ing advantage of the fact that the solution of the phase field model exists at all times
and the singularities of the free boundaries do not pose either numerical or theoreti-
cal difficulties. Furthermore, it could provide sufficient information for the possible
extensions of these free boundary problems beyond any singularities. Indeed, the
connection between the phase field model and the sharp interface problems has been
an extensively studied topic in recent years (cf. [2, 3, 7, 10, 11, 17, 16, 24, 39, 40]
and the references therein). It was first formally shown by Caginalp [10] that, as
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e\, 0, the function u tends to a limit «°, which, together with a free boundary
I := Up<i<r (T, x {t}), satisfies the following free boundary problem:

(1.7) Aud — Au’ =0 in Qr \ T,

ou?
(18) % =0 on 6QT7

1 10u®

(19) V= 5 |:8—ni|f‘ on F,
(1.10) u’ = —d’(kr —a’V)  onT,
(1.11) u’ = uf in Q x {0},
(112) 1—‘0 = PQO when t = 0,

where ¢, a?, ® are non-negative constants independent of e, V is the normal ve-

locity of the interface I' (positive when the motion is directed towards the liquid),
kr is the sum of the principal curvatures of the interface (in space), n is the unit
Bui oul

outward normal to either 99 or I, [%—f]p = 5. — —,— denotes the jump of the
normal derivatives of u% across I'. Also ¢ — 41 uniformly in every compact subset
of Qpr \ T as £ \, 0. Later, the rigorous justification of this limit was successfully
carried out by Caginalp and Chen [11], using a similar methodology as in [3], un-
der the assumption that the above free boundary problem has a unique classical
solution. Also, Soner [39] proved the weak convergence of solutions of a phase field
model with ¢-dependent latent heat to the sharp interface limit in a very general
setting that is applicable even when the sharp interface problem does not have a
classical solution.

We note that when s(¢) = 0 and a(e) = 1, equation (1.1) decouples from (1.2)

and becomes the Allen-Cahn equation [4]

1
ot — Ap + ;f(w) =0.

Its connection to the motion by mean curvature flow was established by de Mottoni
and Schatzman [22] and to the generalized motion by mean curvature flow by Evans,
Soner and Souganidis [24].

When a(e) = ¢(e) = 0 and s(e) = 1, equations (1.1) and (1.2) reduce to the
Cahn-Hilliard equation [14]

o+ A(eAp — L f(9)) = 0.

The convergence of the Cahn-Hilliard equation to the Hele-Shaw model [36] was
recently carried out by Alikakos, Bates and Chen [3].

It is clear that the study of the phase field model (1.1)-(1.4) is of great value for
understanding solidification processes, in particular, in presence of surface tension
and surface kinetics, and for computing a wide range of sharp interface problems
by taking advantage of the fact that the solution of the phase field model is known
to exist for all time (cf. [23]). As pointed out earlier, this is particularly attractive
from the computational point of view. Due to the nonlinearity in the model, its
solution only can be sought numerically. The primary numerical challenge for solv-
ing the phase field model results from the presence of the e-dependent coefficients
in the equations of the model. Recall that the phase field model approximates the
free boundary problem only when € becomes very small. On the other hand, the
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equations of the model become singularly perturbed heat equations for small e.
To resolve the solution numerically, one has to use small (space) mesh size h and
(time) step size k, which must be related to the parameter €.

In the past fifteen years, numerical approximations of the phase field model with
a fized € have been developed and analyzed by several authors. Caginalp and Lin
[12] and Lin [34] (also see [30]) proposed an explicit finite difference scheme and
an implicit Crank-Nicolson scheme for the original phase field model, the conver-
gence and error estimates of the schemes were shown under a restriction which
is equivalent to a(e) < ¢(g). The restriction excludes some physically interesting
cases. Chen and Hoffmann [19] proposed a fully discrete finite element method
which uses P; conforming finite element for space discretization and the back-
ward Euler method for time discretization. An optimal order error estimate in
L®°(J; L?) was proved for the fully discrete method. A similar fully discrete finite
element method was analyzed later by Yue [43] for the case of nonsmooth initial
data. Leyk and Roberts [33] presented a Krylov subspace type (solution) method
for solving the algebraic problem resulted from a finite difference discretization of
the phase field model. Caginalp and Socolovsky [13] proposed a computational
method which consists of smoothing a sharp interface problem within the scaling
of the distinguished limits of the phase field model that preserve physically impor-
tant parameters. The computations from single-needle dendritic to faceted crystals
are carried out continuously by adjusting the parameters in the method. Very re-
cently, Provatas, Goldenfeld and Dantzig [38] proposed an adaptive finite element
algorithm using dynamic data structures, which enables to simulate system sizes
corresponding to experimental conditions. Numerical simulations were presented
for two-dimensional, time-dependent dendritic evolution with and without surface
tension anisotropy.

We emphasize that the numerical analyses of all papers cited above were de-
veloped for the phase field model with a fized €. No special effort and attention
were given to rigorously address issues such as how the mesh sizes h and k depend
on € and how the error bounds depend on €. In fact, since those error estimate
results were derived using a Gronwall inequality type argument at the end of the
derivations (cf. [19]), it is not hard to check that all error bounds contain a factor
exp(slz), which clearly is not very useful when ¢ is small.

Unlike the numerical works mentioned above, the focus of this paper is on ap-
proximating the solution of the phase field model (1.1)-(1.4) for small e, which is the
case for the applications we are interested in. The two primary goals of the paper
are: (i) to analyze a fully discrete finite element method for the initial-boundary
value problem (1.1)-(1.4), and to establish useful error bounds, which show growth
only in low polynomial orders of %, for the proposed scheme under some reasonable
constraints on mesh sizes h and k; (ii) to establish the convergence of the fully dis-
crete finite element solution to the solutions of the sharp interface problems which
are the distinguished limits of the phase field model under different scaling in its
coefficients. To our knowledge, such error estimates and convergence results for
the phase field model have not been known in the literature. On the other hand,
such error bounds are valuable to have for computing the solution of the phase field
model and the solution of its sharp interface limits.

To avoid some complicated technicalities without compromising the main ideas
and results, the analysis of this paper will be carried out for the case of the quartic
potential given in (1.5), although the subsequent analysis and results apply to a
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general class of admissible double equal well potentials which satisfy some struc-
tural assumptions as described in [25, 26, 27]. In the rest of this section, we shall
summarize the main results of this paper.

As in [19], the first fully discrete finite element method we propose for the
phase field model is the following scheme (P,‘i p): find (®™,U™) € [Vj]? for
m=1,2,---, M such that for all (n,vp) € [V,]?

(1.13)  eafe)(de®™, mn) + (VO™ Vi) + é(f(@m),nh) = s(e) (U™, mn)
(1.14) c(e)(deU™,vn) + (VU™,Voy) = —(de @™, vp)

with some starting value (®°,U°) € [V}]? that approximate ( p§,u§). Here V, C
H(Q) denotes the finite element space of continuous piecewise affine functions,
k is the time step and d:U™ := %(U’" — U™~1) denotes the backward difference
quotient in time.

Clearly, a coupled nonlinear system has to be solved at each time step when
using scheme (P;j) 1)- Computationally, this is not efficient, nor is it convenient. A
more practical scheme would be one which computes @ and U™ in succession at
each time step; more importantly, this would allow one to use existing computer
codes for solving the Allen-Cahn/Ginzburg-Landau equation and for solving the
heat equation. To that end, we propose our second fully discrete scheme (PkB) )
which seeks (®™,U™) € [V},)? for m = 1,2, --- , M satisfying

1
(1.15)  ea(e)(di®™,mn) +&(V™, Vin) + = (f(@7),m) = (=) (U™ m)
(1.16) c(e)(deU™,vn) + (VU™,Vup) = —(de®™,vp) |
for all (nn,vn ) € [Va]?, together with some starting value (®°,U°) € [V4]%.

Remark 1.1. (a). Evidently, scheme (PP, ) allows independent computations of
the iterates ®™ and U™ at each time stepj As expected, the benefit of splitting in
scheme (P,?h) s at an expense of stronger mesh condition on k compared to the
fully implicit scheme (P,‘ah). See Remarks 3.1, 8.2, and 3.4.

(b). Another way to decouple scheme (Pﬁh) s to evaluate the right-hand side
of (1.14) in an explicit manner. We found some theoretical indication that an
additional term ’;% d?®™, k1,ke > 0 in (1.13) (resp. (1.15)) might help in those
scenarios to stabilize the discrete scheme.

We assume there exist nonnegative e-independent constants o; for j = 1,..,4
such that

(1.17) el < 1, inQ,
(1.18) Je(ph,uf) < Ce>,
1 —0
(119)  lengh - f(e) +s(Eup e < O,
(1.20) Vug [lge < Ce 7+ for£=0,1.

The subsequent analysis will be carried out for scheme (PkB) n); @ corresponding
one for scheme (P,‘i ,) follows easily using the same arguments. Our first main result
is summarized in the following theorem (cf. Theorems 3.1-3.4 below).
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Theorem 1.1. Let {(®™ U™ )}M_ solve (1.15)-(1.16) on a reqular time mesh
Ji = {tm}M_, of size O(k) and a quasi-uniform spatial mesh Ty, of size O(h). Sup-
pose (1.17)-(1.20) hold and @y, uy € L*(J; L?). Also, assume that the free bound-
ary problem (1.7)-(1.12) has a unique classical solution. Then, if the mesh sizes k
and h satisfy some smallness constraints with respect to € > 0 (see Theorems 3.1-
3.4 for explicit formulas), there exists some constant C. = C.(T,Q, 0, &;; a(e), c(e),
s(€); Co) > 0 (see Theorems 3.1-8.4 for the explicit form), which grows in a low
polynomial order in % as € \, 0, such that there hold the following error estimates:

(@) max vea(®)loltm) = @™ |2 < Cek+ %),

(ii) max v/ec(e)a(e) || u(tm) — U™ |12 < Ce(k + A7),

0<m<M

M 1
i) {cfale)k D IV (pltn) — ™) 12} < Colb+ ),
m=1

[SE

M
() {eale)k 3 1V (ultn) = U™) 2} < Ce(k+1),
m=1

() max Ve[ V(p(tn) = ") [lze < Ce(k+ ).

(vi) onax, 1V () — U™ |2 < Ce(k+ 1),

-

M =
(vii) {aa(a) B 1 di(eltm) — ™) ||%2}2 < C.(k+h?),

-

M =
(viii) {c(s) B (ultn) - U™) ||%2}2 < C.(k+h?),
m=1

(x) Ve max [l ¢l(tn) ~ O™ |1
3—N

< cg{h%|1nh| 2 4 [k + h? h—%}

(0 Velal)  max fu(tn) = U™ o~

3—N

< cs{h#unm =4 [k + b2 h—%}.

Remark 1.2. We note that the above theorem is a summary of the main results
of Theorems 3.1-3.4. To see detailed and precise statements and other related esti-
mates, we refer to Section 3.

In order to establish the above error estimates, the following three ingredients
play a crucial role:

e To establish stability estimates for the solution of the fully discrete method.

e To handle the (nonlinear) potential term in the error equation using a (gen-
eralized) spectrum estimate result due to Chen [15] for the linearized phase
field operator

—eA\ — %f’(w)[ C)
(121) ACPF =
I —-A
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with respect to the operator

(1.22) Npp = ;
© c(g)

where I and © denote the identity and zero operators. Here, ¢ is the solution
of the phase field model (1.1)-(1.4), see Lemma 2.4 for details.

e To establish a discrete counterpart of the above spectrum estimate, we refer
to Lemma 3.3 for details.

As a nontrivial byproduct, the above £°°(Jy; L) error estimate combined with
the convergence result on the phase field model to its sharp interface limiting prob-
lems established in [11] immediately allows us to establish the convergence of the
fully discrete finite element solution to the solution of the free boundary problem
(1.7)-(1.12).

Our second main result is the following convergence theorem.

Theorem 1.2. Let Q be a given smooth domain and I'gg be a smooth closed hy-
persurface in . Suppose that the free boundary problem (1.7)-(1.12) starting from
Too has a classical solution (uO,I‘ = Up<u<r (T X {t})) such that Ty C Q for all
t €10,T]. Let {( 5, ud ) oce<1 be the family of smooth uniformly bounded functions
as in Theorem 2.1 and 2.2 of [11]. Let (e pk(x,t), Uepr(x,t)) denote the piece-
wise linear interpolation (in time) of the fully discrete solution {(®™, U™ )}M_, of
(1.15)-(1.16). Also, let T and O stand for the “inside” and “outside” (in Qr) of

I'. Then, under the mesh and starting value constraints of Theorem 1.1 we have

. eN\0

(i) | Ueppe — u® ”CO(ﬁT) — 0,
(ii) D, pi(z,t) 0 uniformly on compact subset of O,
(iii) D, pi(z,t) 0 uniformly on compact subset of T

in each of siz cases of different combinations of ¢, o° and d° as described in
Theorems 2.1 and 2.2 of [11] (also see Theorem 4.1 below).

Our third main result is the following convergence theorem for the numerical
interface.

Theorem 1.3. Let TS .= {2 € Q; &, j, 1 (x,t) = 0} denote the zero level set of
®. 1 1. Then under the assumptions of Theorem 1.2, there holds

sup (dist(z,T)) =00 uniformly on [0,T].

e, h,k
z€ely

We remark that using a similar approach parallel studies were carried out by
the authors in [25] for the Allen-Cahn equation and the related curvature driven
flows, and in [26, 27] for the Cahn-Hilliard equation and the Hele-Shaw problem.
As pointed out earlier, the former corresponds to s(¢) = 0 and a(e) = 1 in the
phase field model and the latter is obtained when a(e) = ¢(¢) = 0 and s(¢) = 1.
The success of the approach, based on a spectrum estimate for the corresponding
linearized operators, is due to the fact that it does not rely on the maximum and
comparison principles, which are known not to hold for the Cahn-Hilliard equation
and the phase field model. On the other hand, the required spectrum estimate
does hold in each of the three cases, although the application of the estimate in the
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cases of the Cahn-Hilliard equation and the phase field model is rather delicate and
complicated.

The paper is organized as follows: In Section 2, we shall derive some a priori
estimates for the solution of (1.1)-(1.4). Special attention is given to the dependence
of the solution on € in various norms. In Section 3, we analyze the fully discrete finite
element method (1.15)-(1.16) for the phase field model (1.1)-(1.4). The method
consists of the (semi-explicit) backward Euler discretization in time and the P;
conforming finite element discretization in space. Optimal error estimates in energy
norm and quasi-optimal error estimate in £°°(Jy; L°°) norm are obtained for the
fully discrete solution. It is shown that all the error bounds in Theorem 1.1 (see
Theorems 3.1-3.4) depend on % only in low polynomial orders for small . Like in
[25, 26, 27], the spectrum estimate (cf. Lemma 2.4) and its discrete counterpart
(cf. Lemma 3.3) play a crucial role in the proofs. Finally, Section 4 is devoted to
establishing the convergence of the fully discrete solution to the solution of the free
boundary problem (1.7)-(1.12) by showing Theorems 1.2 and 1.3. Combining the
02°(Jx; L) error estimate and the convergence result of [11], we show that the fully
discrete numerical solution converges to the solution (including the free boundary)
of the free boundary problem, provided that the latter admits a global (in time)
classical solution.

2. ENERGY ESTIMATES FOR THE DIFFERENTIAL PROBLEM

In this section, we derive some energy estimates in various function spaces up
to H'(J; H*(2)) in terms of negative powers of € for the solution (¢,u) to the
phase field model (1.1)-(1.4) for given (§,u5) € [H?(Q)]?, where J = (0,T).
Throughout this paper, the standard space, norm and inner product notation are
adopted. Their definitions can be found in [8, 20]. In particular, (-,-) denotes the
standard inner product on L2(€)), and H*(Q) denotes the Sobolev space of the
functions which and their up to kth order derivatives are L?-integrable. Also, C
and C are used to denote generic positive constants which are independent of £ and
the time and space mesh sizes k and h.

In order to trace dependence of the solution on the small parameter ¢ > 0, we
assume that the initial function ¢f and ug satisfy the following assumption.

General Assumption (GA)
There exist positive constants o; for j = 1,..,4, such that (1.17)-(1.20) hold.

We now study dependence of the solution of (1.1)-(1.4) on the given data of the
problem, in particular on € > 0. The first lemma is a corollary of Theorem 3.1 of
[11]. It shows boundedness of the first component ¢ of the solution (¢, u) of the
phase field model, provided that the limiting free boundary problem (1.7)-(1.12)
has a global (in time) classical solution. This boundedness result enables us to
establish improved a priori estimates for the solution of the phase field model. We
remark that weaker estimates can be shown without using this boundedness result,
hence, without assuming existence of a global (in time) classical solution for the
phase field model.

Lemma 2.1. Let (1.17) hold. Suppose that the free boundary problem (1.7)-(1.12)
has a unique global (in time) classical solution. Then there exists a family of smooth
initial data functions {(@§, u$)}o<e<1 and constants 9 € (0,1] and Cy > 0, such
that for all € € (0,eq) the solution (p,u) of the phase field model (1.1)-(1.4) with
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the above initial data ug satisfies

3
(2.1) ¢ llz<on < 5 Co-

Proof. Using a matched asymptotic expansion technique, it was shown in [11] that
there exists a family of smooth approximate solutions (¢%,u% ) to the solution
(p,u) of (1.1)-(1.4) satisfying the assumptions of Theorem 3.1 of [11] was con-
structed in Section 4 of [11]. One condition is || ¢% || =) < Co for some Cy > 0.
It was then proved in Theorem 3.1 of [11] that (%, u5 ) is very “close” to (u,w)
in LP(Qp) for some p > 2 (see (3.3) on page 427 of [11]).

Now, (2.1) follows from a regularization argument. The argument goes as follows
in three steps: (i) modified f into f such that f = f in (— Co, % Cp) and f is linear
for |¢| > 2 Cy; (ii) it is not hard to show that the solutlon (7, @) of the phase field
model with the new nonlinearity f satisfies the estimate (2.1) when ¢ € (0,¢) for
some small g9 € (0,1]; (iii) it follows from the uniqueness of the solution of the
phase field model that u = . O

Lemma 2.2. Suppose that (5, ug) satisfies (GA), and f(¢) = > — p. Then, the
solution of (1.1)-(1.4) satisfies the following estimates:

) € 1 s(e)c(e)
M) esssup {S Vel < I F) o+ 2 e}
[0,00] €

2
+ [T ea@ e 1 + 55 1 uls) 2] ds < cal0) (eh ).

@) e s (@ Vul} + [ [EEE o) 17+ s 1] @

[0,00]

< Je(#5,ug) + C [L+ c(e)]e 272,

) [ Iape e ds < [2 4 este)ale)] e ).
() ess sup fa@)lon i} + / | Viou(s) 132 ds < Br,

(v) ess sup || A 2. < Ba,

[0,00]

(vi) / | () [%y—r ds < B,
0

(vii) ess sup {c(s) || we H%z} —|—/ | Vug |32 ds < By,
0

[0,00]

(viii) ess sup || Aul|3: < Bs,

0,00

(ix) /uuttnzfldsss’ﬁ,
0

where B; = Bi(g;¢(e), s(e),a(e)) for i =1,..,4 are defined as follows:

); )
2 5(5)2 —203 ¢ —2(oa+1)
2 0(5)2] (js #0:up) +C'e ) + 04(5)5 ’

. a(e)s(e)® | s(e)® | (€)1 minf{_os s}
By = C{l—l— (5)2 + C(E) + . }82 { } 27

Bl =
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T2 (5, u5) | Bi s(e)? .
= € " £ € 1 o3
Bs s Talr " Palerder? {“7 (5, 45) + C (1 + efe)e } ’
- JT=(¢5,u5) | C+c(e)] a0 24, , €22 HD
Bi = Bat c(e)? c(e)? ¢ + 2¢(e) [E + afe)? ] ’
B 1
By = 0(5)84 + % , Bg := @ {84 + 83:|
In addition, if
(2.2) li%l+ | Vs (s) |2 < Ce™51, li%l+ | Vug(s) || 2 < Ce™2,

for some &1,&2 > 0, then there also hold

o) &_2 o)
() [ lus) feds +ess s | Ve s + 2 [ 1 Aei(s) 132 ds < By,
0 0

0,00] « )

(xi) 6(6)/ [ue(s) 172 ds + ess sup || Ve [|72
0

[0,00]

+l1+ @) [ ) Aug(s) 22 ds < Bs,

where
c e
By = m{[a(f)«fs(@muo)] B, }
s(e 2 g~
X T (95, ug) + [ﬁ)(cgg)} {Ja(wﬁ,ug)+C[1+C(€)]8—203}+ nER
Bs = %5)374—6_252.

Proof. (i) The assertion is the immediate consequence of the basic energy law as-
sociated with the phase field model

d

= (u(t) =~ ¢ 72—

where J.(-,-) is defined by (1.6).

(ii) This assertion follows directly from testing equation (1.2) by —Awu and using
assertion (i).

(iii) Multiplying (1.1) by —Ap we get

eale) d 1

) 4Vl + el A I3a + ((0),~Ag) = 5(0) (1w, ~Ag).
The assertion then follows from combining the above inequality with the following
estimates

s(e)
eale)

IVulZ:,

(2.3)

L@h-Ag) = T (F@)IVeP) 2 1 Vel
s(e)(u,—Ap) = s(e) (Vu, Vo)
< Ll Vel +es(e)? | Vulls

(iv) Differentiating (1.1) with respect to time gives

(2.4) ca(e) o — e Ay + éf’(@)% = s(e) ue -
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Now we test (2.4) with ¢; to get

ea(e) d 1
R 172 +ell Voo |72 + - (f' (@) e I?) = s(e) (ue, 1) -
Observing
1 1
~(fe)lel?) = ==l
5 5
1
s@(uner) < Zllenlze +es) lullz:
we have
eale) d 2
) o+l Vel < 2l s +es(e)? w3

Integrating over [0, 7] in ¢ gives the assertion.

(v) We proceed as in (iii), (2.3) is replaced by

cale)?
2

€ 1 1
5 1Ay 172 + S Ive 172 < i l172 + s(e)%e || Vu |72 + Z Ve 172 -

Then the assertion follows combining the above estimate with estimates (i), (ii) and
(iv).

(vi) We start from (2.4) to obtain

(f'(©)pr, ) | s(e) (ur, V)

1
a0 < —||V + su
I et a@ Vel T e B o 2l S e
1 s(e) (f'(@)ei, )
< Vel 4 2 s 4 o sup PP P)
atey Vel 2oy el + 5 S0 T

Since H*(Q)) — L5(2) for N < 3, the last term above is bounded from above by

¢ iy C /. ,
3 2 < ) ..
2a(e) (@) Nz e llzz < 2a() (02 IVels +cg>||<pt|\L

Hence, the assertion follows from (i) and (iv).
(vii) Differentiating (1.2) with respect to time gives
(25) C(E) Ut — A’U,t = —Ptt -
Testing (2.5) with w;, and integrating the resulting equation with respect to time,
the assertion follows from (vi) and (ii).

(viii) The assertion follows directly from equation (1.2), and assertions (vii) and
(iv).
(ix) From (2.5), we have
1

e s < o5 (19l + ol )

The assertion follows from combining the above inequality and the estimates (vi)
and (vii).
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(x) We test (2.4) with ¢4 and use an interpolation result which bounds the
L% (Q)-norm by W12(Q2) and W22(£2) norms to get

e d
ea(e)|l pu ll7: + 3 E” Ve l7»
1 s(e)?
< S 1@ el e+ 22
C 5—N N-1 2 2 5(5)2 2
= Bal) (H Vel" 1Agllr  + <P||L2>H ot |72 + za(e) | ut |72 -

Integrating in ¢ from 0 to T gives the first part of the assertion. The second part
follows from multiplying (2.4) with —Ay; and using the first part estimate and
estimates (ii) and (iv).

(xi) After differentiating (1.2) with respect to t, we test the resulting equation
with uy to get

1d 1
c(@)l w7z + 5 7 Vuell7 < @ et ll72 -
Then the first part of the assertion follows from (x) and the second part follows
from differentiating (1.2) in ¢ and testing the the resulting equation with —Auwuy.
O

Lemma 2.3. Under the assumptions of Lemma 2.1 and 2.2, the estimates (vi)-(xi)
of Lemma 2.2 are improved to new estimates which have the same forms as previous
ones while each B; is replaced by gj for j =3,4,--- 8, respectively. The numbers
{gj }5_g are given by

~ 852
By = 4 za(s(>zc<s)z{$<w87u8>+0[1+c<€>]€’2°“‘}

o) |

= = Tewhug) | Cll+cle)] o, 1 [ oy, e 2o2tD
By = B3+ o(e)? ()’ € + 2e(2) [8 7@(5)2 } ,
= ~ B

35 = C(5)84 —+ Wi) s

~ 1 1~ ~

Bg = )2 {34 + 33} ,

B. — 0‘75(9087/”‘8) 8(5)2 e € —203

Br = cta(e) + e2a(e)c(e)? {js(%v u§) + C [1 4 c(e)]e } ’

gs = L 57 4%

c(e)
Proof. The proofs of the assertions are in the same line as those of (vi)-(xi) of
Lemma 2.2; the only difference is that now |f’(¢)| is uniformly bounded in e for
0 < e < g since ¢ is uniformly bounded in €. Hence, there is no need to use
Sobolev embedding to control |f/(¢)]. O

We conclude this section by citing the following result of [15, 11] on a low bound
estimate of the (generalized) spectrum of the linearized phase field operator Loy
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in (1.21) with respect to the operator Nog in (1.22). The estimate plays a crucial
role in our error analysis.

Lemma 2.4. Suppose that (GA) holds. Let Apr denote the smallest (generalized)
eigenvalue of the eigenvalue problem

o (8 = ().

Then there exists a positive constant Cy such that A\pr satisfies
(2.6) Apr > —Ch.
Moreover,

(1) if ale) > co,s(e) > 0,c(e) >0 for some constant co > 0, then

el Ve Iz, +7 (£ ()Y, ¥)

YeH(Q) ale)ell v 13-

(2.7) > —Co;

(i) if a(e) >0,s(e) > co, zgz; > ¢q for some constant co > 0, then

el Vel e (P (0w ¥) + S5 Aw - |3
(2.8) App = inf 3 2 =
peHl(Q) ca(e)|| V|7 + s(e)l| Vw72

weH2 ()

_OO )

where ¢ denotes the first component of the solution vector (i, u) to the phase
field model (1.1)-(1.4).

Remark 2.1. It is easy to see that (2.8) also holds under the assumptions of (i),
and (2.7) is a stronger estimate than (2.8) in this case. If ¢(¢) = 0, it is assumed
that 1 = Aw, and the term ) | Aw—1)| 12 is removed in (2.8). The above results

c(e)
were established in [11, 15] for any @ which satisfies some special profile (cf. page
427 of [11]). It was shown that the first component ¢ of the solution vector (,u)
to the phase field model (1.1)-(1.4) indeed satisfies the required profile.

3. ERROR ANALYSIS FOR A FULLY DISCRETE FINITE ELEMENT APPROXIMATION

In this section, we shall establish some stability and convergence properties for
scheme (PkB) ). We remark that a corresponding analysis for scheme (Pé ,) follows
from the same arguments.

Let 75, be a quasi-uniform triangulation of € such that @ = g, K (K € T,
are tetrahedrons in the case N = 3). Here h := maxyc7, hix denotes the mesh size
of T, see [8, 20] for further details. Let V}, be the finite element subspace of H!(£2)
associated with 7, and consisting of continuous and piecewise linear functions on
75, that is,

Vi :i={vn € C(Q) : vp| € P(K), VK € Ty }.

For the error analysis, we need to introduce the elliptic projection operator
Py : HY(Q) — Vj,

(3.1) (V[ = Puy],Vor) = 0 Vo, €V,
(3.2) (Y= Puy,1) = 0.
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It is well-known that P}, has the following approximation properties [42, 20, 8]:

3) | — Patb||r2 + Bl V(¢ — Puib) || 22 < Ch2 || g2 Vb € H (),
4) = P lpe < CR' k" Vi € H(9),
5)
6)

(Y = Patp)ell2(ssn2y < CRP [l 2wy Vo € HY(J; H?),
(% = Patp)ell2(rsmr-1y < CR* ||l Vo € W,

W = {w;we  HY(J;HY), |w]. < oo},

=

N

I w”%{l(J;Hl) + Z | Oz, O, w H%P(J;H*l)
ij=1

[[wll-

We note that a short proof of (3.4) can be found in [25].

To be used in later analysis, we also define the discrete (negative) Laplace oper-
ator —Ay : V, U Hl(Q) — Vi by

(3.7) (—Anp,nn) = (V, Vi) Vi, € Viy 0 H'Y(Q).
We now state a basic stability result for the discrete scheme (P,fh)

Lemma 3.1. Let f(p) = ¢ —¢, and c(g) > co > 0 The solutwn {(@m U™ )} M
of (1.15)-(1.16) satisfies for values k < min{a(e)?e?, 5)2 2}

m=0

max L= 98" 3+ 2 | F(@) 11 + s(€)ele) | 0 [}

0<m
+k § {5(04(5) - ?)H di®™ |72 + —-IIvu 152 + 5 | V@ %2

+£ || dt(| o™ |2 _ 1) ”%2 + kS(E)[C(E) — 65(5)\/%]

- I de™ |32 }

< ea(e) (6, up) -
Proof. We first rewrite f(®™) as follows
1
f(@™) = 5(| O™ 2 —1)([@™ + @™ '] + kd, ™) .
Multiplying the equation by d;®" gives

i(f(@m),dtcbm) - %(| ™2 —1,dy (| 2~ 1))

2e
k
(B8 (0 -1 e )
i ¢m2 1Zt (bm12—1 (me_l _ﬁ d(me
> oz (127 (I | )y di(| @™ P = 1)) = o= || @™ ||
3
1 m m k m
2 o del @ |2—1||L2+ — (@™ P = 1) 172 — o [ de@™ [
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We now test (1.15) with d;®™ and (1.16) with s(¢)U™. Adding the resulting
equations leads to

€ ek
ca(e) | ™ |3 + S| VO 32 + T Vo™ |

1 m k m
+oz Al |97 P = 1IZe + o [ de(| 2™ 2 = 1) 172

m kc(e)s(e m m
(39 e AP g g 13, + 2Dy g, 4 s w0
k
S 2— || dt(I)m ||L2 — S(€)k (dtUm, dtq)m)
\/_ k3es(e)?
< g 3.+ ZE g o ..
The assertion follows from summing (3.9) over m from 0 to M. O

Remark 3.1. The mesh condition guarantees that all coefficients on the right-hand
side of the stability estimate are positive. In case of scheme (1.13)-(1.14) the con-
straint weakens to k < af(e)e?.

Lemma 3.2. Let f(¢) = ¢ — . Under the mesh constraint of Lemma 3.1, the
solution {U™}M_ . of (1.15)-(1.16) also satisfies the following stability estimate:

m (|2 m E) 2FHM
(max {ea(e)]|di@™ |72 + ()| VU ||L2}+k2{ e |
sk

+e|| Vdi @™ ||25 + c(e)s(e) || deU™ ||32 +

a(e)[1 + s(e)*e”]

3

| Va,U™ |L2}

<cf{® T ) + s(e)s*“s} .

Proof. First, take n, = d; @™ after applying the difference operator d; to (1.15)
and v, = s(e)diU™ in (1.16), then add the resulting equations. The assertion
immediately follows from taking summation over m, using Lemma 3.1 and the
following inequalities

(def (™), d@™) = (f'(€),|de@™*) = —[| ;@™ ||,

m m eale m 8s(e m
sEk(@U )| < 2O 2y |L2+%|dtq> 2.

O

In order to establish error bounds that depend on low order polynomials of %,
we need discrete versions of the spectral estimates of Lemma 2.4. To that end, we
define

(3.10) Cr = max L1,

and Cjy is the smallest positive e-independent constant such that

(3.11) esssup || ¢ — Phollpe < Coh' 2" |1nh| 2 esssup||<,0||H2
J

< Coh'F |mn|* B2
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Lemma 3.3. Suppose that the assumptions of Lemma 2.1-2.4 hold, and Cy and &g
are same as there. Then for e € (0,e9] there hold the following estimates:

(i) if a(e) > co,s(e) > 0,¢(e) > 0 for some constant co > 0, then

el Vi 132 + 2 (f' (Ph)th, ¥)

3.12 AL = in
(3.12) PE= B o) @)%

> —2Co;

(ii) if ale) > 0,s(e) > o, % > ¢o for some constant co > 0, then

N { eV I3
rr vernt@ | ea(e)|| ¥ ]|7: + s(e)l| Vw72
€H2(Q)

L(F(Pap)h, ) + 23| Aw - ||2,
ca@[[ ¢ 3. + 5@ Vw2

provided that k and h satisfy

4—N

3-N 1\ —1
(3.14) h= |Inh| 2 < (Cl 02822) Co afe)e?.

In the above, ¢ denotes the first component of the solution vector (p,u) to the
phase field model (1.1)-(1.4).

Proof. From the definition of C; and Cs3, we immediately have
esssup|| Php [ < esssup{| @l + [l — Pap o }

IN

4
2 esssup | Iz~ < 20,
3 J

provided that h satisfies (3.14).
By Mean Value Theorem,

esssup|| f/(Pag) — f'(¢) lL < sup | f"(§) | esssup || — Puo|lL=
J [£]1<2C) J

4-N 3—-nN 1
CiCyh= |lnh|T 322
Coafe)e?.

Using the inequality a > b —|a — b| and (3.15), we get

(316)  f'(Pag) = f'(90) = | F'(Pup) = F(9) | = /() = Coar(e)e? .
Substituting (3.16) into the definition of A%, in case (i) we get

el Vo i3 + 2(f'(9)¢, %)

mn
0ZYEH () eafe)| v 7.
> —2C).

(3.15) <
<

Y

In case (ii) we have

X , el Vo [12. + L(F/ (o), ¥) + 23 Aw — |12,
)\PF Z inf 3 3
ca@)[ 1. + sl Vw2

weH2(Q)
 Gea@ell ¥ |3 }
eae)| ¥ 17z + s(e)l Vw17

Y

~20,.
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The proof is completed.
O

We now are ready to state the first main theorem, which establishes error esti-
mates for the scheme (1.15)-(1.16) in the case (i) as defined in Lemma 2.4.

Theorem 3.1. Let {(®™, U™ )}M_ solve (1.15)-(1.16) on a quasi-uniform time
mesh Jy, = {tm}M_o of size O(k) and a quasi-uniform space mesh T;, of size
O(h). Suppose (GA) holds and the free boundary problem (1.7)-(1.12) has a unique
classical solution. Also, assume that a(e) > co, s(g) > 0, ¢(e) > 0 for some constant
co > 0. Then under the following mesh and starting value constraints

1). k<min{l,a(e)?} x

min{ 4 ()L(F)EQ,EME;Q [a(e)] = [31 +

1\ —1
(e)e 2(01(5)02322>
N—12 __N
3). wEk®+me)ht <e 'ale)] TN By TN
4). 119 =5l < CR2[l G Nl
5). 1U° = ugllre < Ch?|l g |l
for N = 2,3, the solution of (1.15)-(1.16} satisfies the error estimates

() max VEa(e) | pltn) = @™ 12 < Clor(e)2h2 + m(2) A2 + (o) 2]

o<m<M

N N—4
82 s

sl ] T

M 1
(i) {e@sE@ kY lultn) = U™ |3} < Clpae)th? +7() 2 + (o) k]
m=0

(i) max |k V(u(ty,) —U™) SO[ps(E)%hﬂLﬂ()zh”u()%k}

L2
1

|V (tm) = @) 32} < Cloa(e) b+ m() 102 + pu(e) ]

=
=
—
=
™
w
Q
—
N
>~
(=

No(tm) — ™ [[p=

S

< c{m(a)fh%”unm% + [m(e)2h? + pule) k] h™

b

where p;(2), pu(e) and w(e) are defined by
pi(e) = ea(e) B,
pa(e) = ele)s(e){ (b, uf) + (1 + e(e)]e™> |
pale) = J(h, u5) + [L+c(e)]e ™,
pu(e) = %a(e) [ 1+ cae)e(e)] T ).

sE)1+cle)]) &
@) } Bs
o(0)2 {sza, ug) + [1+ ()] 2

eale) c(e)?

+s(e)ele) [1+ cle)] B +
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4 [1+ 5()*e’| T, uf) + s(e)e27H! } '

c(e)s(e)e
S 2 S «
(3.18) () = [% + %} [g +es(2)ale) | 6, ud)

+s(€)6(5){JE(@8, u§) + [1+ c(e)] g—zag}

s(e) —205—2

+eale) (1477 By s(ee(e) 7 + T

5 N
+B—2{1 + [32 - ﬁ} ’ B;%}h“EN .
5 al(e)
Proof. The proof is divided into four steps. The first step estimates the consistency
error of the scheme; the second and third steps deal with the error due to the
nonlinear term f(p) and how to bound it in terms of some low order polynomial in
%, with the help of the stability estimates of Lemma 3.1 and 3.2 and the spectral
estimates of Lemma 3.3; the final step employs an inductive argument to handle
the super-quadratic (cubic) term in (f(a) — f(b),a —b).
Step 1: We decompose the global errors £ := ¢(t,,) — @™ and Ejf* := u(ty,) —
U™ into

(3.19) El =00+, El =07 +17,

where
OF = ltm) = Papltm), TP = Pupltm) — 2™,
O = u(tm) — Pru(ty), T = Puu(t,) —U™.

Then the error equations are given by

ca(e) (AT mn) +< (VX2 Tm) + = (F(Paspltn)) — £(@™),m)
(3.20) = —cale) (d:©y, nn) 4 s(e) (O 1+ X™ )
+ks(e)(deultm), nn) — s(e)k(di 3", mn)
2 () — F(Pugltm))m) + ()R m)
c(e)(d X, vn) + (VYU V)

(3.21) = —(d X7 +dO7 vp,) — c(e)(dOF, vn) + (c(e)RY + R, o)
for all (np,vn) € [Vi]?. Where
1 tmi1 1 tm+1
(3.22) R = _E/ (s —tm)uw(s)ds, Ry = _E/ (s — tm)pu(s)ds.
tm tm
Using Schwartz inequality, we have for r = —1,0

14 L tm tm
623 kYIRS < X[ e taas] [ Heuto) s
m=0 m=0 m

m

Ck2Bs, ifr=—1,
§0k2|\@tt|\%2(,1,m) < { Ckzgj ifr=0
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Similarly,
‘ ~ .
m C k? Bg, if r =—1,
(3:24) kY IR I < CK st |Fogsmm) < { B =0
m=0 c(e) ’ ’

Where gj for j = 3,6,7,8 are defined in Lemma 2.3.

Step 2: In the sequel, it turns out that the most crucial term to handle is
s(e)(T™, mp) in (3.20). Dealing with it requires a preparatory step: first, replac-
ing the super-index m in (3.21) by j, then summing the resulting equation over
1 <7 <'m yields

c(e) (T, on) + (VG , Vo) = —(OF + Y7, vp) — c(e) (04, vn) + c(e) (EQ, vn)

(3.25) +(EQ,vn) + (k i{c(s)R{L + R} vh) :

Jj=1

where
Go =0, and GJ=k)» T,
j=1

Now taking vj, = s(e) YT} in (3.25) and 7, = Y in (3.20), and taking summation
over m from 1 to (< M) after adding the resulting equations we obtain

R I CTES TS o ECLIPREATS

m=1
s(e)k
+ 2

(e)s(e)I 3 1172

FL(IPrgpltn) — (@), TZZJ)}

i:{ )R 1) + (s(e) ki R} = RL], i)

—ca(e)(d:©
—s(e)e(e

—s(e)k

,Tgl) s(e) (9;” I,T’Jf) —s(s)(@?,’fﬂl)
(O 1) + c(2)s(e) (B, T77) + () (B, T7))
detn), T2) = () (d T, 00 |

— \'/'GS

|
™ |
[~

(f(p(tm)) = f(Pup(tm)), TT') -

=1

3

Here we have used the fact that d:G}' = T in the first term on the second line.
We now bound terms on the right-hand side of (3.26) as follows. First, using the
following summation by parts formula

4 4
D (™9™ = 2 [(f5 9" - =D (T dig™)

m=1 m=1

=
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3
I
=
<
I
_
3
I
=
<
I
_

= s(e)k{ (i EOLEYANEA

j=1
¢
M (COLAE AN S
m=1
where we have used the fact that G% = 0. Hence,
3 (s Sl i) )
(3.27) < s(e)k Z NRE - + I RE ][I G e + 1G]

14
€) m
k Z 13 1172

14
L S R 3.
m=1

4
_%nwﬂnms S Ivey I+ X

m=1

¢
+s(e)e(e) [1+ c(e kZHRmHH L+ 5(©)
m=1

Second,
(3.28) |ea(e) (R, 12| < cal) I RE a1 I e
lale)

<Xz, + S0 vrn 3 + Cealn + 2 RY 5
Third,
(3.29) ‘s(s)k(dtu(tm), T+ s(e)k (d, T, Tg)‘
< s(E)k[l| drultm) 12 + 1l d T2 |12 | T2 o
2)2
ss@( (Il deultm) 32 + 1| dePruttm) [32 + | deU™ |13
2 .
Fourth,
k ki erimgm ~m
(3:30) |Z(F(ptn)) = F(Paplta). T2)| = |2 (£ (©)0% . T2)]
C
R N A

2ale)

where we have used the fact that ¢ and P,p are bounded (cf. Lemma 2.1 and the
first line of the proof of Lemma 3.3).
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Finally, the remaining terms on the right-hand side of (3.26), denoted by S1, can

be bounded together by
m € m
22O o i, 4+ 42 e,

(3.31)

) 2.+
( ) m—1 (12
EOL(E) || 6u ”L2
S(E
C ez + 1 £ 3] ).

+C {sa(s)[l +e7?| dy
+s(e)e(@) [l O7 172 + | By lI72] + o)
Substituting (3.28)-(3.31) into (3.26), and using Lemmas 2.2, 2.3, 3.1, 3.2 and
estimates (3.3)-(3.6) we get
eale) s(e) ‘
I TL I+ S VG s + Z{

=1
6204 €) m c(€)s(€) | yom
TV lze + == 117

EOZ
|| Y |7

[\)

+@|| VY 3. +e[l -
F(FPupltn)) — (@), 7))

(3.32)
4
Z{ I TS 2+ s(e)| VG 13 + € {s(e)e(e) [1 + ()] | R -
s(e)[1 + 0(6)}>” R 3o} )

—l—(sa(s)[l +e7 %+ )
) 32+ N diPuultm) |32 + 1| U™ 13:]

m=1
1 m - m
+Ck Z{m” OF 32 +eale)t += 7] | O I
m=1
O .
+ o 1O e + 5@ [I O 72 + | BRI
s m
AT A

4
<k Y [cal@l Y4 B + 5@V 13:] +C [k +m(e)h?]

m=1

where p(e) is defined by (3.17) and

)
1+ €2s(c)? @} [%5) +es(=)al=)| 72 (¢, 1)

(3.33) 7”(5):[T(E) c(e)
5@l 2 06) + 14720}
@ —205—2

+ea(e) [1+e7) By s(e)e(e) 7 + L5

)

where gg and gg are defined in Lemma 2.3
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Step 3 It remains to bound the last term on the left-hand side of (3.32). This
will be done using the discrete spectrum estimate (3.12). First, using the identity

fla) = f(b) = (a=b)[f'(a) + (a—b)* = 3(a —b)a], Va,bER,
we get
(3:34)  (f(Puip(tm)) — (™), TT)
> (f'(Pap(tm)), (Y5)?) + 1 TG I7a = CIHTE 7o -
Substituting (3.34) into (3.32) yields
(

ae) s(e) ok
TG + =21 VG ||L2+k2{ | X

m=1
s(o)k e©3E) | pm 2, QO i Ly
+= T e + SV e + 2 T s

1 =@l [ VIE 2 + 2 (F (Pugltn), (03)7)] }

J4
(335) < CluEk +mEh*]+k ) cale)| T4 12 T Z 1T 25

4 4
> IVGE |72 +eal@k Y |(f (Pup(tm)), (X7)?)]
m=1 m=1

14 4
< [p@Ek + @b +Ck Y eal@)| TS 72 + 5@k Y VG |17

m=1 m=1

14
k m
— > P I3s
m=1

Here we have used the fact that || Pho(tm) ||Le < C to get the last inequality.
Then, using the discrete spectrum estimate (3.12), the last term on the left-hand
side of (3.35) is bounded from below as follows

m 1 m
(3.36) (1= (@) [l VTZ e + < (£ (Paeltm)), (T2)?)]
> —2Coea(e)| T |I7,
which can be absorbed into the second term on the right-hand side of (3.35).
Finally, we need to bound the last term on the right-hand side of (3.35). This

will be done using a spatial-temporal decomposition technique (cf. [25, 27]).
We make a shift in the super-index and use the triangle inequality to get

B30 NEP < Y[R 1B e + 1 EE B
KeTy,
For each term of the second sum on the right-hand side of (3.37), we interpolate
L3(K) between L?(K) and H?(K),
N 12-N
IEZ sy < C(H AE]! I sy |l EPT 2ty + | EPT Hgiz(K))

m—1 12N m—1 X m—1 &
C|Ex ||L;zK)(HAE¢ o) + NEE g

N

(3.38)

IN

IN

CIEZ || o) BY
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The last step follows from (v) of Lemma 2.2 and Lemma 3.1.
Similarly, we can bound the first sum on the right-hand side of (3.37) as

N 12—N
RGBS s < CR (1| AGER | ooy | B oty + | B e i) )

3 m IZZN m % m %
(3.39) < COK|dE] ||L2<K)(|\Ath@ o)+ 1B )
Bl @ m 12— N
< c[B+ ()} EP |t

Summing (3.38) and (3.39) over all K € 7, and using the convexity of the
function g(s) = s" for r > 1 and s > 0 then leads to

12—
(3.40) (I EZ s < CIEZ I,

B N
1 }8]{12 N EZ;L ||L24

a(e)

Because of (3.19) and Lemma 2.2, the above estimate leads to

NBQ%JFC[BQJr

N
8

m |13 m 228
Y5 [z TO L.

IN

12—

{17 85 + B+ o]
N

— B N m 1211\7
O T B+ [Bat L] TR 0 |

©)
e I3}

ofler I, BF B, }
B 1%

0 [Bat o | TR e+ 1T ) T 1A

By
2]

Summing over m from 1 to £ and using (3.3)-(3.6), Lemmas 2.2 and 3.1 we get

m |13 m—1 12N
107 s + 15 12"

IN

o2

+C[By + ez +1ep i |

m Bi 1% gy
(3.41) ZHT 2. <C ?2{14—[82—1—%} 5, }h
é —
Z It

+g [BQ + %}

mlz

ol

¢
4-—N
[a() T (o5 us)] = K S de X e
m=1

The last term of (3.41) can be absorbed by the corresponding term on the left-hand
side of (3.35) if k satisfies

N
8

[a(e) T= (5, uf)] Sk < 5048(5)

(3.42) ¢ [B Bl)}

2+0¢(5
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Substituting (3.36) and (3.41) into (3.35) leads to the following inequality

eale € m

e+ 2 ver I\Lz+kZ{ QLIPRe

e3a(e)
2

4
5() | g
<(C+200)k 3 (0@l Y5 I3+ =57 VG I

m=1
¢

Z X T +C [k + w(e)ht],

m m m 1 m
3.43) +2 v 2, + Oz, 1+ 22 oz, 4 L)

=
N

k
+C

3

where p(e) and 7(¢g) is defined by (3.18) and (3.17), respectively. We note that the
super-quadratic power in the last term allows to control this error contribution by
the subsequent inductive argument.

Step 4: We now finish the proof by the following inductive argument. Suppose
there exist two positive constants

c1 = a(T,Q,04), ca = c2(T,Q, 045 C),
which are independent of ¢, h and k such that there holds inequality

x {2 e e, ”HVGZHLQ}MZ{ LR

orgnmge
c(e)s(e) afe)e?
4 2

(3.44) +S(‘;)k

m m 1 m
107 132+ SE T e+ < TR 1}
< 1 p(e)k? + m(e)h* | exp(eaty)

for sufficiently small h and k satisfying mesh conditions 1)-3) stated in the theorem.
Because of (3.43), we can choose

c =2, co = C +2C,.

Since the exponent in the first term on the last line of (3.43) is bigger than
2, hence, we can recover (3.44) at the (£ + 1)th step by applying the discrete
Grownwall’s inequality, provided that k satisfies

5 [k +m(@ht]  [eale)] ®
< %1 [w(e)k? + m(e)h* ] expleatesr)
which implies that
(3.45) p(e)k? + m(e)h* <e ! a(e)] = Bz_ﬁ '

Finally, the assertions (i)-(ii) follows from (3.44), (3.3), (3.5), and applying the
triangle inequality to E;' = O3' + T} and EJ' = O + T The assertion (iv)
follows from applying the inverse inequality bounding L* norm in terms of L2
norm, using (3.44) and (3.4).

O
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Remark 3.2. (a). The estimates in (i)-(iv) are optimal in both h and k, and the
one in (v) is quasi-optimal.

(b). The proof clearly shows how the three mesh conditions arise. The condition
1) is for the stability of the fully discrete scheme, the condition 2) is required for
having the discrete spectrum estimate (see Lemma (3.3), finally the condition 3) is
caused by the super-quadratic nonlinearity of f (see Step 3 of the proof).

(c). In case of scheme (1.18)-(1.14), the mesh condition 1) weakens to

N-—-4

k <min{l,ae)} x min{sz, et [a(e)] = [31 + %} o [Js(saé, US)} }

(d). The estimates of this theorem are established under the minimum assump-
tions that @y € L*(J;H™Y) and uy € L2(J;H7Y). If ou € L%*(J;L?) and
uge € L*(J; L?) are assumed, analysis can be simplified a little bit in (3.27) and
(8.81), and error bounds on dy(u(ty) —U™), di(o(tm) — ®™) and V(u(ty,) —U™)
can also be obtained (see Theorem 3.2 below).

(e). Superconvergence (in h) is seen for V(Ppp(ty) — ®™) in the L?-norm.

(f). Regarding the choices of the starting values ®° and U°, clearly, both L>-
projections ®° = Qnp§ and U° = Qpu§, and both elliptic projections ®° = Pp,p5,
U® = Pyu§ are valid choices, on the other hand, the L?-projections have the advan-
tage of being cheaper to be computed.

Theorem 3.2. Under the assumptions and mesh constraints of Theorem 3.1, there
exists hg > 0 and kg > 0 (or there exists €1 > 0) such that the following error
estimates hold for h < hg and k < ko (or fore <e1)

1 m oo<
() max @~ <2C.

(i) max +/ec(e)a(e) [ultm) —U™ ||z < C[p5(5)%h2 + fr(s)%h2 + f(e)

0<m<M

=
™
[E

M 1
(i) {ea@)k Y IV (ultn) ~U™) |3} < Clpo(e)ih+7(e) 102 + o) B

() VE@E s, () ~ U™ 1
< O{P5(5)%h

4—

T + [7(e)Eh2 + i) R n

where

ec(e)a(e) B,

po(e) = ea(e){T=(g5, ug) + [1+ c(e)le >},

N 7(e) s(@)[m(e) + p2(e)] = w(e) + pile)
(346) 7€) =Bot 5y T T e T e

BAT) i) = [+ (el + S+ — 5 [ue)

L Je(h,up) + 1+ c(s)]s‘%} L M)
c(e)?




26 XIAOBING FENG AND ANDREAS PROHL

In addition, if gy € L*(J; L?), then we also have

() max VEIV(e(tn) = 87) |22 < O[pr(e)bh+ 7(e) 20 + )

vi) {ea(e)k Z I di(pltm) = ™) 122 }

(S

< C[ps(s)%h2 +7(e)2h% + jule)

Wl
Nj=

K.

[N
N

< c[pg(s)%h A ER + (o)

(vid) {sk Z PAY — ™) HLz}

where
pr(e) =eBy,  psle) = a(E); =3 po(e) = a(g)gk &
T
i(e) = 5, Je(hup) + L +e(e)e ™ p(e)
(3-49) ,U(E) B €a(€) Br+ OO 0(5)2 a3a(€)2
8(5)2u(6)
Tec@aler

Furthermore, if uy € L*(J; L?), then there also hold

_rrm , < % 2 % 2 2
(viii) o Lnax |V (utnm)—U™) |1 _C’[plo(a) h+m(e)2h® + [i(e)

Nj=

M 1
(ix) {c(a)k Z I dy (u(tm) — U™) ||L2}2 - C[pll(g)%fﬁ-i-w( VER? 4 file )%k]

[N

1
x) {K Z B4V (utm) = U™) B2} < Cloia(e) o+ 702 + ) b
where
c(e) Bs _ kbBs
e MO =T @
Proof. The estimate (iv) of Theorem 3.1 implies that there exist ho > 0 and kg > 0
(equivalently, there exists €1 > 0), such that

plo(E) = g57 Pll(f) =

Co
. m) — P || e < —
(3.50) odmax |l @(tm) — ™ 1> < 5
for h < hg and k < ko (or € < £1). Where Cy > 0 is defined in Lemma 2.1. The
assertion (i) then follows immediately from (2.1) and (3.50).
To show the assertions (ii) and (iii), taking 7, = —Y1' and vy, = ea(e) T in
(3.20) and (3.21), respectively, and adding the resulting equations yield

ec(e)a(e m m m
N 122+ k4T 12 ] + 0@ OTL 2,

(351) = ea(e)c(e)[(R™,TM) — (d0m, r:y)} + (VT VTT)

L oltm)) - F(@™),TT)

—s(e) (BP0 — s(e)k(diultm), Y0 — .
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Each term on the right-hand side of (3.50) can be bounded as follows:
(3:52) [(RY YY) — (407, )| < [IIRm =+ dt@m -] I

< oy VX I 1T

+C[ + ¢(e)] [ R™ ||§{71 +11de® 131 -

(3.53) [e(VYD, VYT — s(e) (B Y0 — s(e)k(dpult), T’”)|
< 50‘45> VT2, + %II Tl + o )ll AT TR
1B I+ ) dinttn) 122].
(354) [ ((p(tm) — F@™),TT)
_ E(f/(gm)Egl,rzl)‘ < %f(g)ll T + Wia(g)ll B ze

where we have used the Mean Value Theorem on f, and (2.1) and the assertion (i).
Substituting (3.52)-(3.54) into (3.51) and taking sum over m from 1 to £(< M)
gives

M
RT3 [Ty e ST

m=1
M
(355) <Ok Y {0+ c@[IRY Bs + 14O ] + 51V I
8(5)2 m— 1 m
+W[HEU e K2 et | + 5 B 2
+ec(e Z T 12,
< C [#(e)h* + jile)k?] +ec(e Z [Reai7

where 7(e) and fi(e) are defined by (3.46) and (3.47), respectively.

Assertions (ii) and (iii) follow from (3.24), (3.3), (3.5), (3.6), and (i), (ii), (iv)
of Theorem 3.1 after applying the Grownwall’s inequality to (3.55). The assertion
(iv) is obtained by using above estimate, (3.4) and the inverse inequality bounding
L°°-norm in terms of L2-norm.

To show the assertion (v)-(vii), we set n, = d; Y in (3.20) to get

cafe € ek
(3.56) 2( ) X |32 + 5dt|| VY23 + 7|| VYT |7
=ca(e) (R}, d:X]) — (OO0, d XT)] + s(e) (O + L0, dy XT)
+S(E)k [(dtu(tm), d{fgl) + (dtTT, d{f’;)}

F2(F(pltn)) — FO0D), YT



28 XIAOBING FENG AND ANDREAS PROHL

Its right-hand side, denoted by S5, can be bounded together by

()

8( )?
eale)
1

E™ 2 },
+€BOZ(E) || [ ”L2

where we have bounded the last term in the same way as in (3.54).
Substituting (3.57) into (3.56), taking sum over m from 1 to £ (< M) and apply-
ing Grownwall’s inequality lead to

(3.57)

14Xy 22+ C {eal@) (I RE 15 + | i 2]

+ (B 1 + 1105 12 + B2 de(tm) 1I72]

(358)  max o SR v Gy Z [

< OO + W]

where 7(¢) and fi(e) are given by (3.48) and (3.49). Note that we have used (i)
and (ii) of Theorem 3.1 and the assertion (ii) above to bound the right-hand side
of (3.57).

The assertions (v)-(vii) follows from applying triangle inequality on EJ' = O +
T and using (3.3), (3.5), (3.44), (3.58) and (3.22).

Finally, we set vy, = d{rm in the error equation (3.21) to get

T+ STy 3]

(3.59) < )II AT 12 + 5 [dt|| VYT |22 + k|| d VYT |22]
< — ml<, m<, m 22 m 22 )
< c{c(g) (4B 132 + 1R 132] + @) [0 172 + 1R 13}

Then, the assertions (viii)-(x) follows immediately from (3.59), (3.5), the assertion
(vi) above, (3.23) and (3.24).
O

Remark 3.3. (a). We emphasize that the assertions (i)-(iv) are shown under the
reqularity assumptions oy € L?(J; H™Y) and uy € L?(J; H™Y), the proof of each
statement is based on the one which precedes it, hence, the order of the statements
are important. On the other hand, it is not hard to see that under the assumptions
o € L2(J; L?) and uy € L?(J; L?), the assertions (ii)-(x) can be proved simulta-
neously, and the proofs of (ii)-(iv) can be shortened a little bit. Finally, it is also not
hard to check that a factor k=2 will appear in the right-hand sides of the assertions
(v)-(x) if the assumption (2.2) is removed.

(b). With help of the inverse inequality bounding L>-norm in terms of H'-norm,
it is easy to see from the above proof that the estimate (v) of Theorem 3.1 and the
estimate (iv) of Theorem 3.2 can be improved to the following ones,

(3.60) max Vel ¢(tm) — 2™ ||z

20 \3 2, \1 3-N
< C{VEI @l B + [F(e) 202 + fue) Hh] | mn " |
(3.61) ma<x |w(tm) — U™ || L=

A L 2 N1 —N
< c{|| Wl poeiwaioey B2+ [7(€) Th2 + M(g)ék} IInh|"2 Y,
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provided that p € L>®(J; W) and u € L>®(J; W),

So far we have derived error bounds for the fully discrete scheme (1.15)-(1.16) in
the case (i) defined in Lemmas 2.4 and 3.3, that is, a(e) > ¢o, s(¢) > 0 and c¢(¢) > 0
for some constant ¢y > 0. In the remaining part of this section, we will extend
the above error estimate results to the case (ii) which corresponds to a(e) > 0,
c(e) > ¢ and % > ¢ for some constant cg > 0. As expected, the analysis for
the case (ii) is more delicate and complicate than that of the case (i) since the
(weaker) spectral estimate (3.13), instead of the stronger estimate (3.12), has to
be used to avoid exponential growth of the error bounds in %, which requires the
use of some nonstandard test functions in the error analysis to be given next. To
reduce some technicalities, we will only present the derivation of error bounds for
the case g € L?(J; L?) and uy € L?(J; L?), and leave the derivation for the case
o € L2(J; H™Y) and uy € L?(J; H™Y) to interested readers.

Theorem 3.3. Let {(®™, U™ )}M_ solve (1.15)-(1.16) on a quasi-uniform time
mesh Jy, == {tm}M_, of size O(k) and a quasi-uniform space mesh Ty, of size O(h).
Suppose (GA) and (2.2) hold, and the free boundary problem (1.7)-(1.12) has a
unique classical solution. Also, assume that a(e) > 0, c¢(e) > ¢o and E ; > ¢ for

some constant co > 0. Then under the following mesh and starting value constraints

N—-4

{‘75(%70, Uo)} ’ }7

1). k<min{l,a(e)?} x
4 C( )2 Nzlz N4 BQ
(5)86(5) 2:20° [ [ ]
= < Ga@) (Gioe8])

m\z

min{s

N o

N-12 __N
3). (k> +nE)h <e ' a(e)] TN B, Y,
4). 12° =@ llee < Ch| 9 a2
5). 1U° —ugllze < Ch?| |2

for N = 2,3, the solution of (1.15)-(1.16) satisfies the error estimates

() max VEa(e) | pltn) = @7 22 < Clpale)tn? +n(e) 102 + () 2]

o<m<M

1

() {cE)se)k S fultn) 0" 12237 < C[pa(e)2n® +n(e)#2 +(e) ]
m=0

(i) max ||6D 9 (u(tn) = U™) < Clos(e) h+ ()02 + C(e) 2]
- - =0

Q

L2
M 1

(iv) {ssa@kz IV () = @) [3:} < Cloale) h+ ()02 + () Fh]
(v)  Veale) max | @(tn) = O™ [~

0<m<M

< C{pl( Ehe

+ [n©)Fh? + PR b,
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where p;(e) are same as in Theorem 3.1, ((g) and n(e) are defined by

_ s(€) Vg . 5)% [ T(pf ug) +[1+c(e)] >
(3.62) ((e) = [504(5) + e2¢(e)ale) eale) { —

Mk, s(e)?sm(so?, ug) + s(e)e et } LGS

528 13 2 cle 2 S\e [01%=
(363) n(e) = [l A ACR O 9100 | oea(e)] el i)

e3c(e)?a(e) e2e(e)afe)l L &2
+S(€)[2€Si«‘;)a‘(|‘s)c(5)a(€)] {8—204 _i_ja(@g’ug) + [1 +C(€)} 5—203}
K &) T- (g, ug) + C 1+ c(e)] e7272} N a(e)? By

eale) 3
s(e)[2es(e ) c(e)] e 2lo2 D)
%c(e)?a(e
B2 B % - 4-N
{I—F{BQ—FE} 32 }h2 .

Proof. Since the proof is in the same line as that of Theorem 3.1, in the following
we will only give the details that are significantly different from those in the proof
of Theorem 3.1.

Step 1: Same as Step 1 of the proof of Theorem 3.1.

Step 2: Set vy, = T} in (3.25) and substitute it into the right-hand side of (3.20)
with n, = TZ', we get

S el T U+ ke A ] + 9T |2

+2 (F(Prp(en)) = 1@ 12) + 55 [I T2 12 + (VG2 T 1)

(3.64) = —cale) (d:OF, T + s(e) (O, 1T — E ;(@m )

s(e) (O, TT) + s(e) (B0, TT) + (—§ (B0, 1)

m|>—~

+eale) (R, T +—§(kz SR, + R T2

2 (F(tn)) — F(Pugtm)), XT)
+es(2) (diuto), T) — ks(e) (d T, T
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In order to control the last term on the left-hand side of (3.64), we choose
Vn = —28 ApG™ in (3.25) and obtain

(3.65) 5(2) (2. ~206) + S ) dc 2. — (. 26|

c(e)
=2 (0. 806 + s(6)[(B71 A1) — (B )
S(E) m € = 7 7 m
_E( ARG )+E(k; )RS + R, AhGu).

Notice that Y' = d;G7", hence the first term can be written as

Sl e
() (v, ~26) = 2O 96 13 4k VA 3]

Adding (3.64) and (3.65), and combining with (3.30) and (3.34) result in

ca(e m s(e m ea(e) k m
ey 13+ XDagver .+ X gz
s(e)k m 1 am m
PO oz + i i e VT %
1 m 5(&) | m m
+= (' (Paspltm)), (Y5)?) + o) 1Ty — AnGy |7
<eale)[(dOF, Y7) + (RY,Y)] + s(e) (e, )

(3:66) () [(BLYT) — @ 1my] + 29 [(50 1) — (@, 1))

c(e)
% [( Z[ ()R], + RL], T = MG ) + (0, G £ T10)
7=0
+s(e)] (O, AnGy £ 1) — (BD, AnGy £ 17|
28 (EQ, ApGI +£Y7) + ks(e) (drultn), YT
—s(m(as 1) + S+ er iz, + S

Sa(e)

Using Young’s inequality, the right-hand side of (3.66), denoted by S§*, can be
bounded by (after taking summation over m)

(3.67) \kzs;”\w [ (e + k] +k2{ T vy v s

2()
Ex () m (|2 m |3
+ 2 i + D),
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where ((g) is defined by (3.62) and 7 (¢) has the form

369 m(e) - [ ()) [ 4 0] et
+S(€)[2€S( CK(S)] 8—204 +Ja SDO,UO)+[1+C(5)] &_—203}
N e)*{J( @07”0)"‘0[1 c(e)]e 2} N a(e)? By
eale)
s(e)[2es(e) + c(e)] e 22 tD)
e2c(e)?a(e)

Substituting (3.67) into (3.66) after taking summation over m leads to

Ot 3+ ”HVGZHLQMZ{ C8) arr 2.

se m m m
RO L A R e

L Pl (T27) + 5511 - S50y - A 1)
©

< C [m(@h" + (] +k2{

13+ S}

Step 3 Two terms in (3.69) remain to be bounded, namely, the first term on the
third line and the last term on the right-hand side. In the following, we will bound
the first one from below using the discrete spectrum estimate (3.13), and bound
the second from above using a spatial-temporal decomposition technique used in
Step 3 of the proof of Theorem 3.1.

First, notice that Ay, not A, appears in (3.69); in order to use (3.13), we need
a preparatory step. Let F\[-] denote the convolution operator with a mollifier as
defined in [1], it is well-known that for any v € H"(Q2) (r > 0), Fa[v] € C5°(RY)
converges to v in H"-norm as A\ 0; in particular, for any § > 0 exists a A() > 0
such that for 0 < A < A(9)

[v=Fx] e <6llvfa- Yoe H™ (r=0).
Now using the identity
(3.70) [T — AnGY II7-
= T2 — ARG T2 + (ARG — AwG YT — ALGYY)
HARGT] - MG TY = ARG
we conclude that there exists A(g) > 0 such that for A < A(g)
BTN TE = AWGY |2 = | TF — ARG |17

e2a(€)s(e) | mom m ste m ela(e m
- S oy - a1 - 2D var i - S5 ey

To see (3.71), we deal with the last two terms in (3.70) separately. Taking into
account that T — ApGy' € V), we first conclude that for an appropriately chosen
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51 = 51(6) > 0,

33

= (V[AGH - G v[Tg - AnGy)
<O VG 2 | VYT = ARGE] ze -

(ARG = ARGy YT — ARGYY)

For the second term, we proceed independently for every K € 7}, and benefit from

the fact (AGum)‘K: 0. In the following, we choose 6 = d5(8) > 0 appropriately
such that

> (ARG = ARG YT — AFAGY)
KeT,,

S [(ARIGE - anG T2) o + (ARGE] - AnG, AlGE = RAIGET) ]
KeTy,

< (VIGE = AIGM], VYD) + 62 > [ AFRGE] = AnGy 2y | Gt Nl ()

KeTy,
<26 [ VGF 2 VYIS (22

In above, we have used the following fact, which is valid for all ¢ € V},,

Dol Arenllizzy = = D (VAwen, Ver)x
KG'Z’}L

KeT,

IN

C > hl Anen Iz 1| Veon e
KeT,

hence, || Appn || < minger, bt || Von ||12. In addition, we also have utilized the
following estimate

I AFNGT L2y < (L4 62) | Gt a2 iy < 01 Gt Nl (x¢) »

thanks to an inverse inequality. These arguments establish (3.71).
Next, it follows from (3.13) that there exists A9 > 0 such that for A < g,

n- 52a(5)]{5|| T3+ %(f(PhQP(tm))a (Y5)?)

291y - amier 1)

(3.72)

Y]

~2Co{2a(@)]| T2 3= + ()| VG 13- }

\

—4Cy

— =

cale) | T I3 + s VG 32}
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Substituting (3.71) and (3.72) into (3.69) gives

Otz + 2 ve Hme{ C8 ) arr 2.

.73 O R Oy LT
G - s )
< C[m( + (] +k2{wn s
+anm@2+;nmuis},

where 7(e) and ((g) are defined by (3.62) and (3.63), respectively.

Repeating the spatial-temporal decomposition argument of Step 3 of the proof of
Theorem 3.1, we can bound the last term of (3.73) by (3.41), moreover, if k satisfies
the constraint (3.42), we then get from (3.73) and (3.41) that

e 5+ 2 v, ||L2+k2{ LR

s(e)k m m € m
(3.74) P2  orm,  Lprr g+ 229 orn e,

82a(s) ) ym m

< C [nfe)h* + ()R] + (C +8Co){eae Z 1 13

- m ||2 CB; m—1 12N
kY VG E} + =2k S
m=0 m=0
Again, the super-quadratic power in the last term allows to control this error con-

tribution by an inductive argument.

Step 4: Same as Step 4 of the proof of Theorem 3.1. Here we only point out that
this time the inductive argument leads to

14
EO((E) m |2 i{;‘) L 12 EOZ m
max {EES TR F + 52 VG 17 + kZ{ B a1z

,_.

lale)

s(e)k m 1 m
(3.75) PO o+ g it S8 vy,

W~

82(1(5)8(5) m m ||2
T(é‘)” Tap - AhGu ”L2

< C[n(e)h* +¢(e)k? ],
provided that

——

(3.76) n(e)h* +¢(e)k* < e a(e)] N By V.
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Remark 3.4. Again, we note that in case of scheme (1.13)-(1.14), the mesh con-
. . 9 N412 N—-4 32 _% e &
kE < min{l, ae)} x mln{s e s Ja(e)] F [31 + —} [Jg(tpo, uo)]

dition 1) weakens to
N—-4
8
a(e) }

Theorem 3.4. Under the assumptions and mesh constraints O]i Theorem 3.3, the
estimates (1)-(x) of Theorem 3.2 hold with fi(e), 7 (e), () and 7(e) being replaced
by C(e), n(e), C(e) and 7i(e), respectively. Where ((e), 7i(¢), C(¢) and 7(e) have the
same forms as those for [i(e), 7t(e), i(e) and 7(e) with ((g) and n(e) being in the
place of u(e) and w(e), respectively in the formulas.

Proof. Since the proof is a repeat of the proof of Theorem 3.2, so we omit it. [

We conclude this section by a short proof for Theorem 1.1.

Proof of Theorem 1.1. The assertions are given by (i), (ii), (iv) and (v) of
Theorem 3.1, and (ii)-(iv) of Theorem 3.2 for the case (i), and given by (i), (ii),
(iv) and (v) of Theorem 3.3, and (ii)-(iv) of Theorem 3.4 for the case (ii). O

4. CONVERGENCE OF FULLY DISCRETE SOLUTIONS TO THE SOLUTIONS OF THE
FREE BOUNDARY PROBLEMS

In this section we shall present a nontrivial byproduct of the error estimates of the
previous section. That is, we shall show convergence of the tuple {( ®™, U™ )}M_,
which solves the fully discrete mixed finite element scheme (1.13)-(1.14) to the so-
lution of the free boundary problem (1.7)-(1.12), provided that the latter has a
global (in time) classical solution. Specifically, it is proved that the fully discrete
solution U™, as h,k \, 0, converges to the solution u® of the phase field model
uniformly in Qr, and the fully discrete solution ®™ converges to &1 uniformly on
every compact subset of Q7 \ I'. Hence, the zero level set of ®™ converges to the
free boundary I'. Our main ideas are to make full use of the convergence result that
the free boundary problem is the distinguished limit, as € \, 0, of the phase field
model proved by Caginalp and Chen in [11], and to exploit the “closeness” between
the solution (¢, u) of the phase field model and its fully discrete approximation
{(®™,U™)}M_ which was obtained in the previous section. We note that as in
[11], our numerical convergence is also established under the assumption that the
free boundary problem has a global (in time) classical solution; we refer to [11] and
references therein for further expositions on this assumption and related theoret-
ical works on the phase field model. We also remark that our convergence result
covers all six types of free boundary problems corresponding to six different sets of
choices of ¢, d° and o in (1.7)-(1.12). Recall that the six types of free boundary
problems include the classical Stefan problem, generalized Stefan problems with
surface tension and surface kinetics, the Hele-Shaw problem, and the motion by
mean curvature flow.

Let (¢°,u®) denote the solution of the phase field model (1.1)-(1.4). Note that
we put back the super index € on the solution in this section. Define ( ®. p r(z,t),
Ueh.ix(x,t)) to be the piecewise linear interpolation (in time) of the fully discrete
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solution (®™,U™ ), that is,

t—1tm tma1 —t
(4.1) Do) = Tcpmﬂ(-) T %@m(-),
t—tm  m T
(4.2) Ue (1) = =2 U™ () + S —U™()

for ¢, <t <tp41 and 0 <m < M —1. Note that ®. 5,  and U, are continuous
piecewise linear functions in space and time.

Let Tgp C © be a smooth closed hypersurface and let (u°, T := Up<i<7 (T x {t}))
be a smooth solution of the free boundary problem (1.7)-(1.12) starting from I'gg
such that I C © x [0,T]. Let d(z,t) denote the signed distance function to I'; such
that d(z,t) < 0 in Z;, the inside of I'y, and d(x,t) > 0 in O, := Q\ (T} UZ;), the
outside of T';. We also define the inside Z and the outside O of I" as follows

Z:={(x,t) e Qx[0,T]; d(z,t) < 0},
O:={(z,t) € 2 x[0,T]; d(x,t) > 0}.

In addition, let Fi’h’k denote the zero level set of ®. j ;. at time ¢, that is,
(4.3) 9" = {z e Q; . pp(z,t) =0}.

As mentioned earlier, our proof of convergence is based on making full use of
the convergence result of [11], which shows that the free boundary problem is the
distinguished limit, as € \ 0, of the phase field model. For the readers’ convenience,
we recall the convergence result in the following theorem, and refer to Theorems
2.1 and 2.2 of [11] for more details.

Theorem 4.1. Let Q be a given smooth domain and I'gg be a smooth closed hy-
persurface in Q. Suppose that the free boundary problem (1.7)-(1.12) starting from
Too has a smooth solution (u®, T := Up<i<7 (Tt x {t})) such that T C Q x [0,T].
Then there exists a family of smooth functions {( ¢§, u§ ) to<e<1 which are uniformly
bounded in ¢ € (0,1] and (z,t) € Qr, such that if (p°,u) solves the phase field
model (1.1)-(1.4), then

: 0
(4.4) O e = oo,y = 0,
(4.5) (ii) ©° =0 uniformly on compact subsets of O,
(4.6) (iii) ©° =0 uniformly on compact subsets of T

hold in each of the following six cases:
(1) % ® and dy are positive constants in (1.7)-(1.12); a(e) = a®, c(e) = ® and
s(e) = 54 in (1.1)-(1.4), where

m—/i%da

which only depends on the choice of the potential function F.
(2) d® =0, a® and ® are positive constants; a(e) = a0, ¢(e) = & and s(c) = e~ 2
(3) ® =0, a® and d° are positive constants; c(¢) = & for any £ > 1, a(e) = a
and () = -
(4) ® and a° are positive constants; a(e) = a°, c(e) = °, s(e) = & for any
¢ > 1. In this case, the equilibrium condition (1.10) is replaced by kr = o’V

0
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(5) a® = 0, d° and c are positive constants; and a(e) = & for any £ > 1,
c(e) = and s(e) = 2 _

(6) ® =a® =0, d° is positive constant; c(c) = €, a(e) = & for any £,7 > 1,
and () = -

Remark 4.1. The above convergence result was proved in [11] when ¢ satisfies the
Dirichlet boundary condition. However, it was remarked in (4) of Remark 2.3 (see
page 424 of [11]) that the conclusion still holds when ¢ satisfies the homogeneous
Neumann boundary condition.

We also remark that the free boundary problem in case (2) is the classical Stefan
problem. The free boundary condition (1.10) in case (5) reduces to the well-known
Gibbs-Thomson condition. The free boundary problem in case (4) is the motion
by mean curvature flow [22, 24], and the one in case (6) is known as the Hele-
Shaw/Mullins-Sekerka problem [3, 36]. The remaining cases (1) and (3) are the
generalized Stefan problems with surface tension and surface kinetics.

We are now ready to show Theorem 1.2.

Proof of Theorem 1.2. The triangle inequality implies that
| Ue e — u° lco@zy S N Uenk — v oy + Il u® = u’ llco@n)-

The assertion (i) then follows immediately from (i) of Theorem 4.1 and the L
error estimate given in Theorem 1.1.

To show assertion (ii), let A be any compact subset of O, for any (z,t) € A,
using the triangle inequality we have

47) [ @epr(zt) = 1] < | Peprlz,t) = (@,0) [+ ] (2,1) — 1]
< N @enk — ¢ lze(ar) + 19" (1) — 1.
Under the assumptions of Theorem 1.2, the first term on the right-hand side
of (4.7) is bounded by C’(h"‘ + kﬁ) for some «, 3 > 0, hence, it converges to zero
uniformly on A (and on Q) as h \, 0. ;From (ii) of Theorem 4.1 we know that the

second term on the right-hand side of (4.7) also converges to zero uniformly on A.
Note that h \, 0 as € N\, 0. Therefore,

Dok 0 1 uniformly on A.

This then completes the proof of the assertion (ii).
The proof of assertion (iii) is almost a repetition of the above proof. The only
change is to replace O by Z and 1 by —1 in the above proof. So we omit it. [
Another consequence of Theorem 1.1 is the following convergence result of the

zero level set Fi’h’k of ®. p 1 to the true free boundary I'; as described in Theo-

rem 1.3. The proof of Theorem 1.3 is almost the same as that of Theorem 1.3 of

p@‘or the reader’s convenience, we give a sketch of the proof in the following.
Proof of Theorem 1.3. For any § € (0, 1), define the (open) tubular neighborhood

N5 of width 2§ of T as

(4.8) N5 :={(z,t) € Qp;dx,t)<d}.

Let A and B denote the complements of A5 in O and Z, respectively, that is

A=0\Ns, B=T\N5.
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Note that A is a compact subset of O and B is a compact subset of Z. Hence, from
(ii) and (iii) of Theorem 1.2 we know that there exists £y > 0, which only depends
on §, such that for all € € (0,&p)

(4.9) | Pep(z,t) —1] < 0 V(z,t) €A,
(4.10) | P pp(z,t)+1] < & V(z,t)€B.
Now for any ¢ € [0,T] and z € T2™*  since ®.  x(z,t) = 0, we have
(4.11) | Pepp(@,t) —1] = 1,
(4.12) |z t)+1] = 1.

Evidently, (4.9) and (4.11) imply that (z,¢) ¢ A, and (4.10) and (4.12) says
that (x,t) ¢ B. Hence (z,t) must reside in the tubular neighborhood As. Since ¢

is an arbitrary number in [0, 7] and z is an arbitrary point on I‘i’h’k, therefore, for
all € € (0,&)

sup (dist(z,T¢)) <& uniformly on [0,7].
mel—\?h,k

The proof is complete. [

Remark 4.2. Unlike in [25, 27], Theorem 1.3 does not provide any information
about the rate of convergence of the numerical free boundary Fi’h’k to the true free
boundary I'y. This is because no rate of convergence for the zero level set of p°
to T'y was obtained in [11]. In fact, to our knowledge, such a rate of convergence
estimate is not known in the literature. On the other hand, if a rate of convergence
can be proved for the zero level set of ¢ to the true free boundary I'y, it is easy to
show that our numerical free boundary Ff’h’k
convergence to the true free boundary T'y.

should enjoy at least the same rate of
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