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A POSTERIORI ERROR CONTROL FOR THE ALLEN-CAHN PROBLEM:
CIRCUMVENTING GRONWALL’S INEQUALITY

DANIEL KESSLER!, RICARDO H. NOCHETTO"? AND ALFRED SCHMIDT?

Abstract. Phase-field models, the simplest of which is Allen-Cahn’s problem, are characterized by a
small parameter € that dictates the interface thickness. These models naturally call for mesh adaptation
techniques, which rely on a posteriori error control. However, their error analysis usually deals with
the underlying non-monotone nonlinearity via a Gronwall argument which leads to an exponential
dependence on £~ 2. Using an energy argument combined with a topological continuation argument
and a spectral estimate, we establish an a posteriori error control result with only a low order polynomial
dependence in €71, Our result is applicable to any conforming discretization technique that allows for
a posteriori residual estimation. Residual estimators for an adaptive finite element scheme are derived
to illustrate the theory.

Résumé. Les modeles de champ de phase, dont le plus simple est le probléme d’Allen-Cahn, sont
caractérisés par un petit parametre € qui indique I’épaisseur de la couche d’interface entre deux phases.
Il est particulierement naturel d’employer des méthodes d’adaptation de maillage pour ces modéles.
Cela requiert un contrdle de 'erreur a posteriori. Cependant, ’analyse de l'erreur par des méthodes
classiques prend en compte la nonlinéarité non monotonne de ces problemes en utilisant le lemme de
Gronwall, ce qui amene & une dépendance exponentielle en €2, En utilisant une méthode d’énergie
combinée avec un argument topologique et une estimation spectrale, nous établissons un résultat de
contrdle de Perreur a posteriori avec une dépendence en ™! qui est seulement polynomiale de bas
degré. Notre résultat s’applique & n’importe quel schéma de discrétisation conforme qui permette une
estimation a posteriori du résidu. Des estimateurs résiduels explicites sont donnés pour un schéma
d’éléments finis adaptatifs afin d’illustrer la théorie.
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1. INTRODUCTION

Phase-field models, the simplest of which is Allen-Cahn’s problem, describe the evolution of a diffuse phase
boundary, concentrated in a small region of size €. They naturally call for adaptive mesh discretization tech-
niques, which rely on error control based on a posteriori estimators. However, if Gronwall’s lemma is used
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extensively, as is usually done in numerical analysis, the nonmonotone nonlinearity used to model phase sepa-
ration leads to error estimates that grow exponentially as € becomes small. The following paradox arises: the
thinnest the interface region, the worst are the error estimators justifying the use of mesh adaption!

The problem of the dependence on € is already fully present in the Allen-Cahn equation [1]:

e% —eAu+ %(u3 —u) =0.

In this paper, we derive new improved a posteriori error estimates for the Allen-Cahn equation, in which
the dependence on e~! is no longer exponential, only polynomial. The main ingredient is the use of a spectral
estimate established by P. de Mottoni and M. Schatzman [7] and X. Chen [4]. Our work was inspired by recent
results of G. Caginalp and X. Chen [3] and X. Feng and A. Prohl [9]. Our result is presented in terms of error
control to a given tolerance, and is directly applicable to any mesh adaptation strategy that is formulated in
terms of error tolerance. For a posteriori error analysis, we work in the continuous setting, which has two
distinctive advantages. On the one hand, it allows us to present the main argument in a clear analytical way,
isolating the crucial step of the proof, which is based on a topological continuation argument. On the other
hand, as we present it, this procedure could actually be extended to any conforming approximation method, in
a transparent way clearly separated from the method-dependent a posteriori control of the residual.

This paper is organized as follows. In Section 2, we define the functional setting and main lemmas for
the Allen-Cahn problem. We also introduce a finite element discretization, and give a general definition of
the residual, applicable to any conforming method. In Section 3, we will assume that there is an a posteriori
estimation of the residual, and obtain error control criteria under this assumption. The results of Section 3 are
therefore applicable to any conforming method which permits the derivation of a posteriori residual estimators.
In Section 4, residual estimators will be derived for the finite element discretization introduced in Section 2.
Together with the results from Section 3, we will then have a complete a posteriori error control criterion for
a finite element method, which can be directly used for implementing adaptive mesh computations. Some
illustrative simulations are finally presented in Section 5.

2. SETTING: CONTINUOUS AND DISCRETE PROBLEMS

2.1. Continuous Problem

Let Q c RY, d € {1,2,3}, be a convex domain and let T be a positive constant. We introduce the short
notation @, for space-time domains Q x (0,t), for times ¢ € [0,T]. Let V be the Sobolev space H!(2), and V'
its dual. We will denote by (.|.) the duality pairing between V' and V, by (.,.) the L?(2) scalar product, and
by ||.]| the L?(Q) norm.

Let us recall an important embedding result from Dautrey and Lions [6] that will be useful later:

Lemma 2.1 (Dautrey-Lions). The following properties are valid.
(1) L2(0,T;V) N HL(0,T;5 V") € CO(0, T; LA(Q));
(2) Ifv € L2(0,T;V) NHY(0,8; V'), then (vev) = 34 |||
Let € > 0 be a given parameter, which can be thought of as the characteristic width of the transition layer
whose evolution is described by the Allen-Cahn problem. Let ug € L2?(Q) be given initial data such that

ug € [-1,+1] a.e. in Q. Let f : R — IR be given by s — f(s) = s* — s. This is the nonlinearity defining the
Allen-Cahn problem:

Problem 2.2 (Allen-Cahn Problem). Find u € L2(0,T;V) N H(0,# V') such that u|;—o = uo and that a.e. in
(0,7),

E(ut|v)+5(Vu,Vv)+é(f(u),v) =0, YwevV. (1)
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It is known that this problem is well posed and admits a unique solution. Furthermore, this solution satisfies
a maximum principle, which is also valid for more complex phase-field models [11].

Lemma 2.3 (Maximum principle). If ug € [-1,+1] a.e. in Q, then u € [-1,+1] a.e. in Qr.

Hence, for adequate initial data, Problem 2.2 is strictly equivalent to an analogous problem in which f is
replaced by
B 25+ 2, s < —1,
f(s)=4q f(s) s € [-1,+1], (2)
2s—2, s> +1.

This function f is Lipschitz continuous, with Lipschitz constant Ly = 2. Its first derivative is Lipschitz continu-
ous as well, with Lipschitz constant Ly = 6. For practical purposes, we will always be considering the problem
formulated with this substitute function f, but omit the tilde in the notation.

To obtain a finer estimate on the error, we will need to use a spectral estimate established by P. de Mottoni
and M. Schatzman [7] and X. Chen [4]:

Lemma 2.4 (Spectral Estimate). Let the initial condition ug have a “compatible profile” with the Allen-Cahn
equation, i.e. already describe bulk phase regions separated by transition zones of width O(g). Then there exists
a constant Ao independent of € such that for all € > 0, the solution u of Problem 2.2 satisfies

1
eVollta) + = ('), 0) 2 =doc [[0llfa() - 3)

2.2. Discrete Problem

Let 0 =tg < t1 < --+ < ty = T be a partition of [0, T] and 7,, = t,, —t,_1 be the time steps, forn =0,...,N.

Let 7,,0=1,..., N, be conforming shape-regular meshes on 2, and let V,, € V be piecewise polynomial (of
at least degree one) finite element spaces on these meshes. We denote by I,, : VN C°(Q) — V,, the Lagrange
interpolation operators into these spaces.

We can define an approximation of the Allen-Cahn problem by the following semi-implicit finite difference
in time, finite element in space numerical scheme:

Problem 2.5 (Discrete Problem). Given Uy € Vo, find U, € V,, n =1,...,N, s.t. forn=1,..., N we have

Tn

(BBt v e (90, 99) + LU0 U, V) + L (U (O - LU )7 =0, (@)

for all V in V,,. The last two terms are the linearization of an implicit discretization of f(u); the reason for this
choice is given in Section 5.

Out of the sequence of functions U,, defined pointwise in time, we build a function continuous in time by
piecewise IP; interpolation as follows:

t—tp_ tn —t
=" U+ 22Uy, t€[tn1,tn), n=1,...,N. (5)

Tn n

U(t)

With this definition, the time derivative of U is a function defined for a.e. t € (0,T) as

_ Un - Un—l

Tn

U, tE(tn_l,tn), n=1,...,N. (6)

Notice that U € H'(Qr) C L2(0,7;V)NH!(0,#; V"), so this interpretation of the discrete solution is conforming
with the continuous problem.
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2.3. Residual
We define the discrete equation residual 7 € L2(0,T; V') by requiring that for almost every ¢ in (0,T),

(r|v) :é‘(Ut,’U)+6(VU,VU)+§(f(U),U), Vv e V. (7

Such a residual can be defined for the solution of the Discrete Problem 2.5, or for the solution of any other
conforming approximation of the Continuous Problem 2.2. Therefore, the concept of residual r is method
independent.

Throughout Section 3, we will assume that a posteriori residual estimators g and n; can be built, such that

T
| 1) <mlelagn +m 1¥olhagy) . VoV, (®)
In Section 4, residual estimators will eventually be derived for Discrete Problem 2.5.

3. ERROR: COARSE AND FINE ESTIMATES

Let e = U — u be the error at a generic time ¢ € (0,7") and eg = Uy — up be the initial error, where u is the
solution of Continuous Problem 2.2 satisfying (1) with initial condition ug € L?(2), and U is the solution of a
conforming approximate problem. We assume that the residual of U defined by (7) can be estimated by (8).
By the definition of u, and the assumption that U comes from a conforming discretization, we know that

e € L2(0,T;V) nHY(0,t; V). (9)

We want to estimate the error ||e||j,« (g 7,1.2()), Which makes sense thanks to Lemma 2.1. To this end, we resort
to an energy argument combined with a topological argument, as explained below.

3.1. Error Equation

Subtracting equation (1) from equation (7), we get a.e. in (0,7
1
e (e, v) +¢(Ve, Vo) + — (f(U) = f(u),v) = (rlv), WveV. (10)
Thanks to (9), this is true in particular for v = e. Therefore, using also Lemma, 2.1, we get the error equation

2dt ||€|| +el|Vell” + = : S (fU) = flu),e) =(rle),  ae te€(0,T) (11)

3.2. Coarse Estimate

Integrating (11) in time and using the Lipschitz continuity of f, we obtain for all ¢ € [0, T

3 2 2
— lle(®)22(a) + & IVellEzq,) < 5 lleollZa(a) + f||e||L2(Qt>+no||e||L2(Qt)+m||Ve||L2Q), (12)

where 7o and 7, are residual estimators satisfying (8).
Using Young’s inequality, we can then establish that

2 2 77 77
le®) 1720y + [IVellf =g, < ||eo||Lz(Q)+ ||e||L2(Qt)+ﬁ+—1, vt € [0, . (13)
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In particular, one may immediately conclude by Gronwall’s lemma that

2 2 % i 4Lg
llellLe 0,2 (0)) < <”60||L2(Q) + 2L, + 6_2> exp (6_2T) : (14)

This is a coarse a posteriori estimate of the error, which is not satisfactory because of the exponential
dependence in €. However, this estimate is sharp without further assumptions on u, because the Allen-Cahn
equation typically exhibits an exponentially fast initial transient regime for times of order O(g), until interfaces
develop [7].

3.3. Thought Experiment

Let’s imagine for a moment that inequality (13) could somehow be replaced by the following inequality:

C
le@®)F2 () < lleolliay +n° + 5 llellta(q) (15)

where 7 is some residual estimator, and C' a constant independent of £. The main difference with (13) is the
cubic power in the last term. We will show that this apparently minor difference is in fact really significant.
Let us now define the time interval

I={te0,T] | lelloosmooy <0} - (16)

Notice that if a subinterval of [0,77] is open, closed and non-empty, then it is the full interval [0,7]. Since by
Lemma 2.1 e € C°(0,T;L?(Q2)), then the interval Iy is closed. Furthermore, if we make sure that |leo || 2(q) <,
then Iy is non-empty. To conclude that Iy = [0,77], it is therefore sufficient to have conditions ensuring that if
t € Ig then [le[|y0 (g 412(n)) < 0 (for t <T'). Again, this relies on the knowledge that [le[ly2(q) € C°[0, T]. Notice
for instance that for ¢ in Iy,
C
22
We want this quantity, as well as the other right-hand terms of (15), to be smaller than a fraction of §2.
Using (15), we can therefore conclude that the following conditions are sufficient to ensure that the L?(Q)
norm of the error remains below a tolerance 6 up to time 7T':

C
= lellaqy < 76

62

<
o< 4CT’ (17)
0
leollz(q < 3 (18)
0
< -
1<y (19)

What this tells us is that under a tight restriction on the permitted choice of the tolerance 8 (it must be small
enough relative to ), if both the initial error and the residual estimator are below a fraction of the tolerance,
then the error will be below the tolerance. More precisely, conditions (17)-(19) together with (15) ensure that
if t € Iy, then ||e||iw(0,t;L2(Q)) < 262 < 62, so the interval Iy is open, closed and non-empty as desired.

Such a result is directly applicable to a mesh adaptation algorithm, where the user wants to set a tolerance for
the error, and guarantee this tolerance by adapting the initial mesh to sufficiently resolve the initial condition,
and the next meshes to sufficiently reduce the computed residual estimators.

Next we will show how the spectral estimate of Lemma 2.4 allows us to infer an inequality somewhat similar

0 (15). The real problem is not as nice as a thought experiment, though, and we will loose a couple of orders
in € in the process.
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3.4. Fine Estimate
To obtain a finer estimate on the error, we will need to use Lemma 2.4. Notice that f(U) — f(u) =

/ f'(u+ &)dE. Thus, (11) with (3) applied to v = e result in
0

e el < ocleliEagay + = ( |- ruso)as ) +(rle), ae.in (O,7).  (20)
However,
/Oe(f'w) fu+€) d£‘<Lff / dg = e, (21)
whence we get
S leliz (@) < e el + 2 Nl + (rle)  ae. in (0,7) (22)

We are close to the assumptions of Section 3.3, but the norm that appears cubed is the L3(Q) norm, instead of
the L?(Q) norm. Since the only norm stronger than L?(Q) at our disposal is the H! () norm, which is not under
control after using the spectral theorem, we will need to go back to a coarser version of the error inequality to
gain complete control of the L?(Q2) norm and finally be able to perform an argument similar to the one outlined
in the Section 3.3. The idea is to use interpolation between L2(Q2) and H!(().

By Cauchy-Schwarz inequality, we know that

llelEscy < lleliteay lellzay - (23)

For space dimensions d < 4, H'(2) is continuously embedded into L*(Q) (see [2]). Hence, denoting by Cgs the
Sobolev embedding constant, we deduce

lells () < Cs llellfq llellLzay - (24)

Therefore, integrating (22) in time and using (8), we infer that for all ¢ in [0, T,

Ly Cg
sup [le(s)l[72(q) < lleollaay + 2% llellf2(q,) + —2a llellfa(o sy lelloe(o 2@y
s€(0,t) (25)

2 2
+ s ||e||L2(Q,) + = ”Ve”L2(Qt) )

Using Young’s inequality twice, with some arbitrary positive number 4,

1 Mo 2 LfICST
el o 2o < lleolliaq@) + 1o llellia, + 53 () +

LiCg 1 it
+ ( / ||e||L°°(0tL2(Q)) +5> ”ve”V(Qt 5 K (?) )

lellF.eo (0,412 (52))
(26)

This last inequality, combined with (13) for the evaluation of ||Ve||i2(Qi), gives a finer error estimate than the

evaluation of sup,¢ o,y ||e(8)||ig(9) from (13). It is finer in the sense that =2 ||e||im(0,t;L2(Q)) never appears by
itself, but always multiplied by some other quantity susceptible of being controlled. There is thus hope of doing
better than Gronwall’s inequality, namely using a continuation argument similar to the one presented in Section
3.3.
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3.5. Continuation Argument
As in Section 3.3, let
I={tcl0.T] | llel~@sa <6} (27)

We are again looking for conditions ensuring that if ¢ € Iy, then ||e||Lm(0’t;Lg(Q)) < 6 (for t <T). Then if also
||eo||Lz(Q) < 0, the interval Iy is open, closed and non-empty and therefore equal to the full interval [0,7]. In
other words, |le[|y (o 7.12(q) < ¢, and we thus control the L? error throughout the time interval [0,T]. The
main difference with Section 3.3 lies in the sufficient conditions for Iy to be an open interval.

By definition of Iy, [le|; (g 412(q) < 6 and therefore ||e||i2(Qt) < T6? when t € Iy. Hence, we infer from
inequalities (13) and (26) that for all ¢ in Iy,

> m M
2 2 0 1
IVellizo,) < leollia) + 472 + 57 + 35 (28)
and
1 (o Lm
el mo aaqan < eolleqay + 4% lellaay + 55 () +LpCsT% +<Lf’05 2+6) 196l + 5 (%)
(29)

However, we still need to use Gronwall’s lemma, on (29) to handle the second term of its right-hand side, which
we would not be able to control otherwise; this results in the following inequality:

1 63 1
||e||L°°(0 £1L2(Q)) (”60”L2(Q) + — P (77_0) + Lf’CSTE_2 + (Lf/CS + 6) ||Ve||L2 (Qr) + = 3 (Th) ) etroT
(30)
Notice that now Gronwall’s lemma did not introduce an exponential dependence on ¢, since the Spectral Lemma
2.4 precisely ensures that Ag is independent of ¢.

Following the same line of proof as in Section 3.3, we want to find sufficient conditions on [leo|;2(q), M0, Mt
and 6 such that inequalities (30) and (28) enforce that |le[|;« (g 1.12(q)) < €0 for some C lower than 1. In the
thought experiment in Section 3.3, # had to be controlled by 2, as in condition (17). Now in the real problem,
however, by careful observation of the fourth term of the right-hand side of (30) combined with the second term
of the right-hand side of (28), one should be persuaded that § must now be controlled by &* for the product to
be of order §#%2c°. We therefore impose the condition

6 < Age?, (31)
and define
o= St 32
0~ SLfoICSOéT17 ( )
where o remains to be chosen later. We also choose
e—4oT )
= 33
8L;aT" (33)

This choice of §, combined with (31), simplifies inequality (30) while keeping § independent of §. In fact we

now have
e AN T

= AL;aT® (34)

LfrCS o +40<
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Combining the latter with (30) and (28), we infer that for all ¢ in Iy,

2 2
||6||L°o(o,t;L2(Q)) < ||€0||L2(Q) eto”

AXT 2
e
+ o (2)
2)\0 3

£26?

+

8Lfa

1 9 2
+ Ws lleollr.2(q)
02 (35)
+ J—
(0%
1 2,2
T 8rzar” M
1
AL;aT

- n

2
+8Lyal e T

To have a sufficient condition to conclude the argument, we want the first, second, fifth and last terms of the
the right-hand side of the above inequality to be lower than 2/8, and the remaining terms to be lower than
6?/16. This can be achieved by setting o = 8 and then fulfilling the following 7 conditions:

e 22T
lleollp2(qy < 2—\/59 = M, (36)
—oxT

m o Ve Ty, (37)

€ 2
e <24/L;, (38)
€ ||€0||L2(Q) < V2LsT9, (39)
eno < 2LVTH, (40)
m < V 2LfT05 (41)

—4XoT

mo € (42)

M ® _h=As0.
e2 = 1620 T

Notice that for sufficiently small e, condition (38) is trivial and conditions (39)-(41) are consequences of the
remaining conditions. Therefore, if inequalities (31), (36), (37) and (42) are satisfied, then |le(t)||; 2oy < 36/4
for all ¢ in Iy, and the interval I is open. We can then close the continuation argument and conclude that
under these conditions, Iy = [0,7]. This is summarized in the following Theorem.

Theorem 3.1 (Error Control). Let u be a solution of the Allen-Cahn problem with interface width e, with an
initial condition ug that corresponds to developed interfaces, in the sense that the Spectral Estimate (3) is valid.
Let U be a conforming approximation of u, whose residual can be controlled by a posteriori estimators 1y and
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11 according to (8). Let the e-independent constants Aqg, ..., A3 be defined as follows:

674)\0T
N=——7—— 43
0 SLfoICSCku—'7 ( )
6—2)\0T
Al =—"——, 44
Nae—2roT
Ay = X —, (45)
=T
Ag=———. (46)
164/2LsT
For € sufficiently small, if a tolerance 6 is given subject to the constraint
6 < Age?, (47)
and the initial error ey and residual estimators no and 1y satisfy the conditions
||60||L2(Q) < A0, (48)
no < Aseb, (49)
m S A3€20, (50)
then
||€||L°°(0,T;L2(Q)) <é. (51)

Remark 3.2 (Comparison between coarse and fine estimates). A consequence of Theorem 3.1 is that if a
tolerance 6 is given under constraint (47), then

- —17o BN/
ATt lleolly2(q) + A3 1? + A3 15_2 <0 = llellpoq,rr2a) <90 (52)
Correspondingly, a consequence of the coarse estimate (14) was that for any given tolerance 6,

T

_ 2L
(||€0||L2(Q) + (2Ls) o + ?) exp (E—;T> <O = lellpeorra) <90 (53)

Therefore we can see that, subject to constraint (47), we have been able to remove an exponential dependence

on £~2, and replace it by low degree polynomial dependence on £71.

3.6. Conclusion

Given a tolerance 6, we can guarantee that the error of a solution of the Numerical Scheme 2.5 with respect
to the solution of the Allen-Cahn Problem 2.2 is below this tolerance in the ||.||j,« (g 4,1,2(0)) norm if conditions
(47)-(50) are fulfilled. These conditions rely only on a posteriori quantities. There is no exponential dependence
on ¢. In this section, we assumed that a posteriori residual estimators 79 and 7; could be computed for a
conforming discretization of (1). In the next section, we actually show a way to do this in the case of the
adaptive finite element method (4).
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4. RESIDUAL ESTIMATORS

In this section we want to derive an a posteriori estimation of the residual r defined in equation (7), when
the discrete problem is defined by (4) and (5). If ¢ € (t,—1,t,), then for all v € V,

(o) = & ((% + %) (U, — InUnl),v) +e(VU,, Vo) + % (F(LUn 1), 0) (54)
(VU =Ua), Vo) + 2 (J0) = f(U) ) (55)
+ Ti (IUn_1 — Un_1,0) (56)
+ é (f(Un) - f(InUnfl) - fl(InUnfl) (Un - InUnfl)J ’l)) - (57)

In this way we have clearly split the residual in three distinct contributions: a space discretization residual r®
in (54), a time discretization residual r* in (55), and a coarsening residual r¢ in (56). The linearization residual
r! in (57) is a higher order term that will eventually be neglected. We will now proceed to estimate each of
them separately.

4.1. Space Discretization Residual
This contribution to the residual is actually described by the operator of the discrete problem extended to
apply to the whole space V. So in particular, in view of (4), it is clear that for t € (t,—1,tn),
(r"V)y =0, VYV eV,. (58)

This so-called Galerkin orthogonality is true in particular for V = 7,v, the Clément interpolant of an arbitrary
element v of V. Therefore, from the definition of " and (58), it follows that in ¢ € (t,—1,%y), for all v in V,

(r'v) = ¢ ((i + %) (Un = InUn_1),0 — an)

Tn

+& (VU Vo = 100)) + = (F(LaUn 1), v = 70) - (59)

To estimate this contribution to the residual, we proceed as for a standard elliptic residual: We split the integrals
in (59) over the elements of the triangulation, and integrate by part on each element, where the finite element
functions are polynomials and therefore infinitely differentiable. Thus, for ¢ € (¢,—1,t,),

(rhv) = Z (Rp,v — mv)p2s) + Z (Jn,v = Tp0)12(,) VU EV, (60)
S€Tn Y€l

where T',, is the set of all interior edges of the triangulation 7,, and the element residual R, and the jump
residual J,, are defined respectively by

fl(InUn—l)

1 1
Ryls = (T— + = ) (Un = InUn—1) = e(AU)|s + _fInUn—1), VS €Tn (61)

and

Jnly = [a—y”] , VYyer,. (62)
Y
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Using the standard error estimates for Clément interpolation [5], we can therefore conclude that for ¢ €
(tnflatn)

(1"10) < Cor (InRallzga) + 120, ) [0l W€ W, (63)

where C¢; is a constant from the interpolation estimate depending only on the maximum number of neighbours
a simplex can have in 7,. This constant is independent of the mesh size h in the case of shape-regular meshes,
e.g. adaptive meshes obtained by a bisection algorithm as in the finite element package ALBERT [12].

Remark 4.1. We stress that the mesh-dependent weights in (63) correspond to the correct scaling for the
gradient Ve of the error and not for e! Since Ve does not appear explicitly in (51), we conclude that (63) is
suboptimal. For linear parabolic problems, it is possible to restore the expected order via elliptic reconstruction
[10]. The situation is much more subtle for nonlinear parabolic problems, and even more extreme if they are
singularly perturbed. We refer to Section 5, where this statement is corroborated by simulations.

4.2. Time Discretization Residual

It is straightforward that for t € (t,_1,tn),
t Ly
(r'lv) <ellV(Un - Uﬂfl)”LQ(Q) ”VU||L2(Q) + = NUn — Unflllem) ||U||L2(Q) , YweV. (64)

4.3. Coarsening Residual

It is also straightforward that for ¢t € (£, _1,%,),
c c €
(1) = (1£,9) < = s = Llncallsgoy ol ey Vo € V. (65)

4.4. Linearization Residual

By Taylor’s expansion,

L
|f(Un) - f(InUn—l) - f,(InUn—l) (Un - InUn—l)l S Tf |Un - Inl]n—ll2 ) (66)
SO
|f(Un) - f(InUn—l) - fl(InUn—l) (Un - InUn—1)| < Lf’ |Un - Un—1|2 + Lf’ |Un—1 - InUn—1|2 . (67)

When the time-steps are small enough, these higher order terms are much smaller than the corresponding
lower-order terms already present in the time residual r* and coarsening residual 7¢. We can therefore neglect
them, and the linearization residual v will not be taken into account.
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4.5. Residual Estimators

Puting all estimators together, we conclude that for a.e. ¢t € (0,T), inequality (8) holds, with 1y = n§ + n§
and m = P + nt, where

1/2
N
2
o= Co| S| X IRl + X 220 (68)
n=1  \SeT. =T @)
N . 1/2
no o= e Z (Tn IV (Un — Un—l)”fﬁ(ﬂ)) (69)
n=1
L, X 1/2
773 = ?f Z (Tn Un — Unflnfﬁ(n)) (70)
n=1
N 1/2
n(c) = £ Z (Tn ||Un—1 - InUn—1||iQ(Q)) (71)

n=1

According to Theorem 3.1, control of these residual estimators via (49) and (50), for sufficiently low tolerance
6 and initial error eg, will ensure that the L?(Q) error of the adaptive finite element approximation remains
below the tolerance 8 throughout the simulation.

5. NUMERICAL EXPERIMENTS

We have implemented numerical simulations of the Allen-Cahn problem using the adaptive finite element
package ALBERT [12]. In ALBERT, an initial simplicial macro-mesh is refined by successive bisections of its
elements. It can later also be coarsened, by operations of junction of two elements which initially constituted
a single element. The refining and coarsening algorithms ensure that the mesh remains conforming at every
computation of each timestep of the solution. We have chosen ALBERT’s error equidistribution strategy for
mesh adaption, i.e. both refinement and coarsening of the succesive meshes based on residual estimators (68)
and (71). For the following tests, we have however kept fixed time steps, since we are enclined to believe (and
the tests have verified) that for the Allen-Cahn problem, fixed time-step computations lead to errors of the same
order of magnitude at each time step (whereas a fixed mesh clearly does not yield the same order of magnitude
of error for each element).

To perform numerical error convergence tests, we have imposed as an exact solution a propagating front,
with which to compare the numerical solution by adding an extra artificial source term to the right hand side
of the Allen-Cahn equation: We have imposed the solution

— 0.6t — 0.2
i(z,t) = tanh (M) ,

eV2
thus requiring the extra source term 06

~ . ~2

g(xat) = 6\/5 (u (.’L‘,t) 1) s
which is just a convenient way of writing 04/0t. The imposed solution 4 verifies exactly the stationary Allen-
Cahn equation for all ¢, which is an indication that it satisfies the “profile across the interface” required by
Lemma 2.4.

Before presenting numerical results, let us mention that our earlier numerical tests have shown us that an
explicit time discretization for the nonlinearity f leads to largely dominant error from time discretization. It
seems that the speed of the front is not captured well. To reach a similar error as from space discretization,
millions of time steps are needed even for relatively large values of €. In contrast, the linearization approach that



TITLE WILL BE SET BY THE PUBLISHER 13

we later adopted (see (4)) leads to much better resolution of the interface speed and thus a much smaller time
discretization error, making the use of reasonable time step sizes possible, as demonstrated in the numerical
examples. Notice that the theory is essentially the same with or without linearization, or even with a fully
implicit scheme. It is the numerical experiments that convinced us that the linearized implicit approach gives
us the best of two worlds: reasonable time discretization error and linear discrete equation.

We now present a table of numerical results for the L°°(0,T;L2(Q)) error between the numerical solution
U of numerical scheme (4) with added source term § and the exact solution 4, for different values of £ and
space dimension d = 1. We have decreased the space error tolerance @ linearly with the timestep 7, with ratios
experimentally chosen for each value of € in order to get efficient convergence results. We denote by N, the
number of timesteps in the time interval [0, T]. Important characteristics of the adaptively refined mesh are the
average number of degrees of freedom throughout a computation (#DOF's), as well as the maximum in time of
the minimal mesh element size (max; min, h), which is a characteristic of the resolution of the transition zone.
The solution itself is characterized by its error e = ||U — 4|1, (g, 1;1.2())- Finally, the quantity we are most
interested in is the experimental order of convergence
_Ine; —Ine;_q

oc

- lné?l — lnﬁi_l ’
where 7 is an index for the successive tests.
0 #DOF's max minh N, e ocC
4.00e+01 19 3.12e-02 250 1.30e-01 —
2.00e+01 33 1.56e-02 500 5.30e-02 1.30
1.00e+01 60 7.81e-03 1000 1.33e-02 2.00

5.00e+00 108 3.91e-03 2000 3.38¢-03 1.97

2.50e+00 209 1.95e-03 4000 9.68e-04 1.80

1.25e+4-00 269 1.95e-03 8000 1.96e-04 2.30

6.25e-01 530 9.77e-04 16000 4.80e-05 2.03
TABLE 1. € = 0.08

DU R WN - O =

i 0 #DOF's max mwin h N, e ocC
0 4.00e+01 38 7.81e-03 1000 4.90e-02 —
1 2.00e+01 68 3.91e-03 2000 1.96e-02 1.32
2 1.00e+01 130 3.91e-03 4000 4.74e-03 2.05
3 5.00e+00 253 1.95e-03 8000 1.34e-03 1.83
4 2.50e+00 499 1.95e-03 16000 3.26e-04 2.04
5 1.25e+00 990 9.77e-04 32000 7.90e-05 2.05
6 6.25e-01 1972 9.77¢-04 64000 1.86e-05 2.08
TABLE 2. € =0.04

We also summarize the numerical results with graphics of the error as a function of the tolerance in log-log
scale. In Figure 1, we can observe that the error does not decrease linearly with the tolerance, as would be
expected if our error control was optimal, but quadratically. This can be explained by the fact that the space
residual estimator we use is linear in the local mesh size h, whereas it is a priori expected that the L? error
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0 #DOF's mtaxminh, N, e ocC

4.00e+01 114 3.91e-03 4000 4.93e-02 —

2.00e+01 146 1.95e-03 8000 6.46e-03 2.93

1.00e+01 285 1.95e-03 16000 1.53e-03 2.08

5.00e+00 561 9.77e-04 32000 4.29e-04 1.83

2.50e+00 1114 9.77e-04 64000 1.04e-04 2.04

1.25e4+-00 2219 4.88e-04 128000 2.58e-05 2.01
TABLE 3. € = 0.02

ULk LN = O =

should decrease in fact as h?. Therefore, our numerical experiments show that the theoretical results of this
paper are not optimal with respect to the numerical parameters; this is consistent with Remark 4.1, and is
due to the energy argument. We conjecture that an optimal space residual estimator could be obtained using
a duality technique, but nonstandard though if one seeks to remain rigorous throughout the derivation of the
result [8].

0.1 |-
0.01
In(e) I
0.001 -

0.0001

1le-05
0.1

FIGURE 1. Error reduction
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