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ERROR ANALYSIS OF A FINITE ELEMENT APPROXIMATION OF
A DEGENERATE CAHN-HILLIARD EQUATION

A. AgosTtr

Abstract. This work considers a Cahn-Hilliard type equation with degenerate mobility and single-
well potential of Lennard-Jones type, motivated by increasing interest in diffuse interface modelling
of solid tumors. The degeneracy set of the mobility and the singularity set of the potential do not
coincide, and the zero of the potential is an unstable equilibrium configuration. This feature introduces a
nontrivial difference with respect to the Cahn-Hilliard equation analyzed in the literature. In particular,
the singularities of the potential do not compensate the degeneracy of the mobility by constraining
the solution to be strictly separated from the degeneracy values. The error analysis of a well posed
continuous finite element approximation of the problem, where the positivity of the solution is enforced
through a discrete variational inequality, is developed. Whilst in previous works the error analysis of
suitable finite element approximations has been studied for second order degenerate and fourth order
non degenerate parabolic equations, in this work the a priori estimates of the error between the
discrete solution and the weak solution to which it converges are obtained for a degenerate fourth
order parabolic equation. The theoretical error estimates obtained in the present case state that the
norms of the approximation errors, calculated on the support of the solution in the proper functional
spaces, are bounded by power laws of the discretization parameters with exponent 1/2, while in the
case of the classical Cahn-Hilliard equation with constant mobility the exponent is 1. The estimates
are finally succesfully validated by simulation results in one and two space dimensions.

Mathematics Subject Classification. 35Q80, 35K35, 35K65, 656M60, 65K10, 65G99

Received March 2, 2017. Accepted March 9, 2018.

1. INTRODUCTION

The Cahn-Hilliard (CH) equation in its original formulation, proposed in [4, 11, 12], describes the dynamics
of phase separation in binary alloys. It has been used also as a phenomenological model in several different
areas, from the description of multicomponent polymeric systems in [24], and lithium-ion batteries in [32], to
the modeling of nanoporosity during dealloying in [16], or inpainting of binary images in [9], and even to the
formation of Saturn rings in [29]. Recently, CH type equations have also been employed to describe pattern
formation in biological systems (see, for instance, [22, 23]) and diffuse interface tumor growth models, [19, 25].
In particular, a CH equation with degenerate mobility, obtained from the application of mixture theory to solid
tumors, is described in [30].
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Single well potential ¢(c)=1/;1(c)+z,b2(c)

0.03 -

0.01 -

-0.02 -

.0.03 I I I I 1 I 1 I 1 ]
0 01 0.2 0.3 0.4 0.5 0.6 07 0.8 0.9 1

c

FIGURE 1. Plot of the single well potential (1.4) corresponding to the value ¢* = 0.6.

In these papers the free energy functional for tumor adhesion is always characterized by a double-well poten-
tial, smooth or with singularities of logarithmic type. However, for the description of the evolution of biological
cells such a choice seems unphysical (see, e.g., [10]). Indeed, it has been observed that cell-cell interactions are
attractive at a moderate cell volume fraction, and repulsive at a high volume fraction, with a zero in the absence
of cells and an infinite cell-cell repulsion as the cell concentration tends to 1.

In [14] a Cahn-Hilliard type equation with degenerate mobility and single-well potential of Lennard-Jones
type was considered (cf. also [13, 15]), as a result of the application of mixture model to solid tumors, which
has the form of the following initial and boundary value problem

Problem P: Find ¢(x, t) such that

% =V - (b(c)V(—yAc+ ' (c))) in 27 := 2 x (0,T), (1.1)
c(x,0) = cp(x) Vx € (2, (1.2)
Ve v =0bc)V(—yAc+'(c)) v =0 ondR x (0,7T), (1.3)

where 2 C R?, d = 1,2, 3 is a given bounded domain with a Lipschitz boundary 02, v is the unit normal vector
pointing outward to 92, ¢ is the volume fraction of cancerous cells, ¢q is a given initial concentration and

P(c) = P1(c) + a(c), (1.4)
where
Y1(c) = —(1 = c)log(1 - ¢), (1.5)
3 2
Pa(c) = 3 (1- C*>§ —(I=c")e+k.

Here c¢* is the volume fraction at which the cells would naturally be at mutual equilibrium and k£ > 0. A spinodal
decomposition can be triggered if ¢ < &, where ¢"(¢) = 0. Figure 1 shows a plot of the single well potential
(1.4), corresponding to the value ¢* = 0.6. The derivative of the potential is
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L Ele—e)
P(e) = = (16)
Correspondingly, the mobility is given by
b(c) = c(1 —¢)2. (1.7)

Note that 1; is a convex function defined on [0, 1) while 15 is concave. Also, the product by)” is a continuous
function in [0, 1].

In [3] the existence of different classes of weak solutions of Problem P and their positivity properties, for the
cases of spatial dimension d = 1 and d = 2, 3 separately, was studied, and a continuous finite element approxi-
mation of the problem was formulated, studying its convergencence to the weak solutions. As a consequence of
the fact that (1.1) degenerates on the set {¢ = 0;c¢ = 1}, and the singularity is concentrated on the set {¢ =1}
only, one cannot exploit the relationship between b and ¥ at 0 in order to ensure that ¢ > 0 at a discrete level.
Moreover, the Entropy inequalities obtained in [3], which guarantee the positivity property of the continuous
solutions, are not straightforwardly available at the discrete level (see also [8, 18] for details). Therefore, fol-
lowing [6], this condition is imposed as a constraint and a discrete variational inequality of the following form
is formulated. Let 75 be a quasi-uniform conforming decomposition of {2 into d—simplices K, d = 1,2, 3, and
introduce the following finite element spaces:

Sh={xeC): x|k € PHK)VK € T} C H' (1),
Khi={xeS":x>0in}

where Py (K) indicates the space of polynomials of total order one on K. Let set At = T/N for a N € N and
tn =nAt,n=,...,N. For d = 1,2,3, starting from a datum ¢y € H*(£2) and ¢} = 7'cq (if d = 1) or ¢ = Phe,
(if d = 2,3), with 0 < ¢) < 1, the fully discretized problem reads as

Problem P": Forn =1,..., N, given chl € K" find (¢}, w}) € K" x S" such that for all (x, ) € S* x K",

CZ CZ_l " b n—1 v n v =0
(AtJ() + ( (Ch ) wh7 X) - Y (18)
AV, V(o =) + (Wileh), & — )" = (wi = do(ch ™), b — )",

where (-, )" is the lumped scalar product, defined as

mmmzéﬂmwmmmEZ@mmmmm, (1.9)

jeJ

for all 11,12 € C(£2), where J is the set of nodes of 7;,. Note that, due to the use of the lumped product, the
boundary of the support of the discrete solution cj; cannot propagate more than a distance h at each time step
At (see e.g. [6] for details). The discrete solution is thus able to track compactly supported solutions of (1.1)
with a free boundary which moves with a finite speed of velocity veypp(t) (Whose existence is discussed in, e.g.,
[6]) if one of these two conditions is satisfied:

At =O(h'9), €>0, or (1.10)
At=Ch, C< S (1.11)

maxy Usupp (t)
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In [3] the existence and uniqueness of the solution of (1.8) was proven, together with the convergence, in the

d = 1 spatial dimension, for (h, At) — 0, to a limit point (¢, w), with ¢ € L>(0,T; H*(2))NH(0,T; (H*(£2))")N
11
CZF(2r)and we L (0<c<1), %2 e L (0<c< 1), which satisfies the weak problem

T/ oc ow 9On
- —, — |dt = L*(0,T; H' (12
/O <8t’n>dt+/0<c<1<b(c)3x’8x>dt 0, VneL*(0,T;H (1)),

Oc 89) ,
vl —, — dt+/ z/Jc,Hdt—/ w, #)dt = 0,
0<e<1 (593 Ox O<c<1( (),9) 0<c<1( )

VO € L?(0,T; HY(£2)),

(1.12)

with ¢(+,0) = ¢o(+), and with supp(f) C {0 < ¢ < 1}. The following notation has been used in (1.12) for the
domain of integration: {0 < ¢ < 1} := {(x,t) € 27 : 0 < ¢(z,t) < 1}, with 27 := 2 x (0,T). In particular, for
ease of notation we defined [,___,(-,-)dt := fOT(', Jo<e(-py<1dt, with {0 < c(-,t) <1} :={r € 2:0 < c(z,t) <
1} and (f,g)o = [, fgdzx for w C 2.

To the sequence of discrete solutions (cjf, wj) of (1.8) let us associate the following piecewise constant-in-time
functions

Cy (t) -
W,E(t) =

e Cp(t):=c
w

W) =, (1.13)

fort € (tp—1,tn], n =1,..., N. Let us recall that the following convergence properties, for (h, At) — 0 and for
a subsequence of Ci& and W,', are satisfied (see [3]),

CE — ¢ weakly in L2(0,T; H'(2)), (1.14)

Cif — ¢ uniformly on 27, (1.15)
ow;r ow .

W, — w, 8; o weakly in LE (0 < ¢ < 1). (1.16)

Moreover, we recall that the discrete solution of (1.8) is unique, whereas the continuous solution of (1.12) is
non unique (see [3, 6] for details).

In this paper a priori estimates in the appropriate functional spaces are studied for the error between the
discrete solution of (1.8) and the solutions of the weak problem (1.12). We remark the fact that, even if the
convergence properties (1.14)—(1.16) are valid only up to a subsequence, the a priori estimates are valid for
the whole sequence of discrete solutions, since the latter is bounded in the proper functional spaces in which
the a priori estimates are valid. The error analysis is studied in the one dimensional case, since, for the time
being, the convergence of the discrete approximation (1.8) to the weak formulation (1.12) is available only in
one dimension (see [3]). However, the error estimates obtained in this work could be in principle extended to
the general d = 2,3 dimensional cases, provided that the discrete and weak solutions have additional regularity
properties, which will be introduce later (see in particular assumptions (3.12) and (3.13)).

The error analysis for degenerate second order parabolic problems is well studied in literature, see e.g. [5, 31].
In these cases, the degenerate flux b(s)Vs, where b is a degenerate mobility and s is the independent variable of
the problem, can be rewritten at the continuous level through the Kirchhoff transformation D(s) = fos b(¢)d¢
as b(s)Vs = VD(s). The error associated to the elliptic terms can be than estimated using standard properties
of convexity and monotonicity of D(s).

The error analysis for non-degenerate second and fourth order parabolic problems can be studied by standard
methods of error analysis, see e.g. [21, 26-28]. In particular, in [21] the L?(0,7; H(£2)) norm of the time
increment of the error of the concentration c¢ is estimated in terms of the discretization parameters, and this
estimate is sufficient to obtain all other estimates in the error analysis. In this case and for P! elements, the
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norms of the approximation errors are bounded by power laws of the discretization parameters with exponent
1.

In the case of the fourth-order degenerate parabolic problem (1.8) and (1.12), the elliptic terms cannot be
handled by a Kirchhoff-like transformation, and in particular the elliptic term in the second equation of (1.12)
does not contain a degenerate factor and must be calculated on the set {0 < ¢ < 1}, 4.e. on the support of
the function c¢. The fact that the relationship between b and ¥ at 0 does not ensure that ¢ > 0 at a discrete
level induces to consider a discrete variational inequality, where ¢ > 0 is imposed as a constraint, and at the
continuous level it imposes to consider test functions 6 whith supp() C {0 < ¢ < 1}. All these complications
make non standard the error analysis for the present problem. In particular, using test functions 6 whith
supp(f) C {0 < ¢ < 1} introduces the necessity to calculate the L?(0 < ¢ < 1) norm of the time increment of
the error of ¢ in terms of the discretization parameters.

The main result of this paper states that the norms of the approximation errors for the degenerate CH
equation, calculated on the support of the solution in the proper functional spaces and in the hypothesis that
h/At = O(1), which satisfies condition (1.11), are bounded by power laws of the discretization parameters with
exponent 1/2. Since this result does not depend on the particular form of ¢, but it is based on the fact that the
singularity set of the potential and the degeneracy set of the mobility do not coincide, it can be applied also to
the degenerate CH equation with smooth potential.

The paper is organized as follows. In Section 2 some properties of the functional setting used in the error
analysis are introduced, together with the main result of this paper regarding the a priori error estimates
between the discrete solution of (1.8) and the solution of the weak problem (1.12). Section 3 introduces some
useful notations and some preliminary lemmas, comprehensive of two crucial lemmas used in the main calculation
steps of the proof of the main result. In Section 4 the proof of the main result is shown. In Section 5 the proofs
of the main Lemmas introduced in Section 3 are reported. Finally, in Section 6 some numerical experiments
in spatial dimensions one and two are presented in order to validate the a priori error estimates introduced in
Section 2.

2. FUNCTIONAL SETTING AND MAIN RESULT

Before exposing the main result of this paper, we introduce some definitions and fundamental properties of
the functional setting introduced in the first part of the paper which will be used in the following calculations.

Let us introduce for any bounded domain w the ”inverse Laplacian” operator G, : (H'(w)) — Hg(w) such
that

(VGov, V), =<v,n>, Vne Hé(w), (2.1)

The existence and uniqueness of an element G, v € H}(w), for any v € (H'(w))’, follows from the Lax-Milgram
theorem and the Poincaré inequality.
A norm on (H'(w))’ can be defined by

o]l (1 )y = Gt ]1,0 =< v,Gv >Y? Yo € (H' (w)). (2.2)

The following Sobolev interpolation result will be used (see, e.g., [1]). Let p € [1,00], m > 1, and set

: d
[p, 0] {fm—;;l>0,
r € < [p,00) ) 1fm—§—0,
[,—W] lfm_5<0,
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and = 2 (L — 1) Then, there is a constant C such that
m\ p r

llollo,r < Cllollo [[ollfy,, Yo € WTP(22). (2.3)
Similarly to (2.1), let us define the operator G" : (H'(w))’ — S" N H}(w) such that
(VGh, Vx)w =< v, x >, Vx € S", with supp(x) C w, (2.4)

where supp(x) denotes the interior part of supp(x). It is useful to introduce the L? projection operator P" :
L?(2) — S" and the operator G" : F* — V" as follows

(P"n,x) = (n,x) Vx € 5", (2.5)

(VG",Vy) = (v,x)" Vxe S, (2.6)

where F" = {v € C(£2) : (v,1) =0} and V" = {o" € S" : (v",1) = 0}. The following well-known results will be
used (see, e.g., [6]),

Xl < Ch7HIxllop VX € 5", 1<p < oo (2.7)
1(I = P")pllo + RI(I = P*)nly < CR™ [l ¥y € H™(82), m =1,2; (2.8)
IxI6 < 06 )" < (d+2)lxll - vxes” (2.9)
(0", )" = (0", )] < CR 0" [l [x|[n - ", x € S", m =0, 1; (2.10)
where d is the spatial dimension. The following bounds will also be used in the following calculations.
Lemma 2.1. Given v" € S" with supp(x) C w, the following inequalities hold:
IV (G5v")lw < Ol (2.11)
[0"[|o < CRHIV(GE0")|o- (2.12)

Proof. The inequality (2.11) follows directly from the definition (2.4) by choosing x = G v", using the Cauchy-
Schwarz and the Poincaré inequalities. Choosing y = v" in (2.4), using the Cauchy-Schwarz inequality and the
inverse inequality (2.7), we get

10" 112 < [IVGE0" [ Vo" o < CRTHIVGE0" | [0" |,

from which we obtain (2.12). O

Let us moreover introduce the following discrete Laplacian operator: given w € S", find Ay, ,w € S" N H} (w)
such that

— (Apow, 9)y = (Vw, Vo), Vo e S" with supp(x) C w. (2.13)

The existence and uniqueness of the element Ay, ,w in (2.13) follows from the Riesz representation theorem and
the Poincaré inequality.
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Furthermore, C' denotes throughout a generic positive constant independent of the unknown variables, the
discretization and the regularization parameters, the value of which might change from line to line; Cy, Co, ...
indicate generic positive constants whose particular value must be tracked through the calculations; C'(a) denotes
a constant depending on the non negative parameter a, such that, for C; > 0, if a < Cq, there exists a Cy > 0
such that C(a1) < Cs.

We also recall the definitions of the sets D;, D;‘ (t) and of the cut-off function b4, for a é > 0, introduced
in [3]:

Df = {(z,t) € 2 :§ < c(z,t) < 1},
Di(t):={x e 2:5 < c(x,t) <1},
015 € C3°(DJy), 045 =1on Dfs(t), 0<Ou5(-,t) <1, |Vys| < C5 2

On account of the uniform convergence (1.15), for a fixed § > 0, it follows that there exists a h(d) € RT such
that, for all h < h(9),

0 < Cf(x,t) < min{26,1} V(x,t) € DJ, (2.14)
1

50 < CiE(z,t) <1 V(z,t) € Dy.

Choosing

1 et
(1) = CF (1) £ 75# € K", vn" € L*(0,T;S") with supp(n”) C D
2 " ()| Lo~ ()

in the second equation of system (1.8) yields, Vh < h(d), that
T + ah T
oc,” o _
[ (55 ) + i + e o= [ aveatytae (2.15)
0 x z 0

This equality formulation of the inequality in (1.8) will be used in the following calculations.

The main theorem of this paper is now introduced. It will be proved in Section 4.
Theorem 2.2. Let d = 1 and ¢ € L>=(0,T; H*(£2)) N H'(0,T; (H'(£2))") N L?(0,T; H*(D{ (1)) and w €
L%(0,T; H*(D{ (t))), for a given § > 0 small enough, solutions of the limit system (1.12). Assume moreover
that co(-) € H'(£2) N H*(D{ (0)). Under the hypothesis that At ~ h, the following error estimates hold:

llc — C;\|LM(O,T;H1(D§+@))) < C(hY? + AtY/?); (2.16)
|Jw — W;”L?(O,T;Hl(D;r(t))) < C(W'? + Ar'?). (2.17)
The required smallness of the parameter § will be specified in Remarks 4.1 and 4.2.

Before deriving error bounds for the discrete solution of problem P", we need to introduce some notation
and preliminary Lemmas.

3. NOTATION AND PRELIMINARY LEMMAS

The analysis will be restricted to the one — dimensional case (see [3], Rem. 3 and the Introduction). We
proceed by following the same steps as those introduced in [21], here generalized in a non-standard way and for
the first time to the degenerate fourth-order parabolic case.
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Let us introduce the projection operator P : H'(£2) — S" defined, for v € H'(£2), by

0 0 (0 0 h
(%Ph,lv, 89UX> = (axva f?a:x) Vx € 5%, (3.1)

with (Pp,1v,1) = (v,1), and the anisotropic projection operator P};l : HY(Dg (t)) — S defined, for w €
HY(D{ (t)), § > 0 and for a.e. t € [0,T], by

0 0 0 0
— P jw, — = —w, — h DY 2
(g rhivgx) = (Mogwgex) west s cc D). (62
D (t) Dy (¢)

with supp(P,ll”lw) CC Df(b).

The following bounds hold:
[0 = Pha(v)l| < Chllo — Poa(u)lh, Vo€ H'($2), (3.3)

[0 = Pua ()]l < ChY|[o]141 vo e HHY(Q2), 1=min(,s),

with analogous bounds, calculated over the set D;(t), for the operator P}’j. For ease of exposition, we introduce
the following notation:

(-, t) = c(-,t) = CF (1), €5,(,t) := Prac(-t) — Cf (1), €5(-,t) := (- 1) — Pyic(-, 1),

ew('vt) = w('vt) - ij_('at)v 6%(‘,@ = P}?,lw('vt) - W}j_('vt)a eg('at) = w('at) - Pﬁ,lw('vt)a

and
cp— c?_l
SatCyF (t) == Ttb’ t€ (tn1,tn], n>1;
t) —c(t — At
oacc(t) := C()if(t)’ t € (tho1,tn], n>1;

where G} (t) := ¢!, W,F(t) := w}. We recall here some useful energy estimates for the discrete solution, derived
in [2] (see in particular Lem. 2.4 therein).

, _ oWt |? _|owt P
< < .
g<rrclv1hn<1b(6'h)/D;r o dzdt < /D;r b(Cy) o dzdt < C, (3.5)
T
[ 1sic @i < can (3.6)
0
T N 2
/ GM(oaCiF(1)| dt < C. (3.7)
0 1

Moreover, we recall that (see Thm. 2 and Lem. 7 in [3])

0<¢,CfF<1 in Q. (3.8)
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Remark 3.1. By means of the Energy and Entropy inequalities, in Theorems 2 and 3 in [3] it was shown that
¢ < 1 ae. in Q7. In the sequel (see in particular Lem. 3.2 and bound (4.8)), we need a stronger result, i.e. we

_ 11
need that ¢ can not become arbitrarely close to 1 in a critical point in £27. Due to the fact that ¢ € C7}* (27),
we can choose a T such that the following strict separation property is valid:

ifco € 0,1 — k], k € (0,1), than 3A(k) > 0]e(t) < 1 — A(k), (3.9)

uniformly for ¢ € [0, 7). In the sequel we assume that 7' = T. We note that this choice is not restrictive, since
it is possible to show that the solution of (1.12) satisfies the strict separation property for a.e. ¢ > 0. Indeed,
since the factor (1 — ¢) in (1.7) has an exponent equal to 2, the weighted Entropy inequalities obtained in [7]
for degenerate fourth-order non linear parabolic equations give the strict separation property for a.e. t > 0 in
the d = 1 case (see in particular Thm. 4.1 and the result (4.2) in [7]). The same result for the d = 2 case can be
obtained studying the regularity properties of 11 (c) by similar techniques as those used [17]. Since this result
is out of the scope of the present work, its details will be discussed in a forthcoming work.

Next define
SC(-,t) == 0atPrac(-,t) — O Prac(-,t), t€ (tno1,tn], n>1.
We introduce the following lemma.

Lemma 3.2. For a given § > 0 and if co € H*(D; (0)), the solution (c,w) of (1.12) satisfies the properties

¢ € L2(0,T; H*(DF (1)), (3.10)
w € L*(0,T; H*(Df (t))). (3.11)
Proof. From the second equation in system (1.12) and elliptic regularity on the set Dar we immediately get

c € L*(0,T; H*(D{ (t))). We choose now n € H'(0,T; C§°(£2)) with supp(n) CC D(;F/Q(t), in the first equation
in system (1.12), and integrate by parts in time. We get

Tr on T ow 0On
(T TN s oy — (e 0),m(-0)) s /(a) a+/(w>,> dt = 0,
Doya™) Pos®Jo N0t pr o 0z’ 0z ) py )

for all n € H(0,T;C§° (D;/Q(t))). Using (1.15), (1.16) and elliptic regularity on the interior of the set Dg/z(t),
for each § > 0, we get that w(t) € HZ (D;/Q(t)) for a.e. t € (0,T], and hence we get (3.11) and (3.10). O

loc

Note that, when § > 0 is a finite parameter, if § < f ¢, then for each ¢ € [0, T, D;‘ (t) #0.
We introduce the following assumptions, which are consequences of (1.14)—(1.16), Lem. 3.2, Schauder theory
for parabolic equations (see e.g. [20]), the definition (2.13) and the additional assumption that co € H*(Dj (0)):

1.

c € C°([0,T]; HY(DF (1)), e € C°(Dy) NH'(0,T; H'(Dy (t))); (3.12)

e, € CO0, T HY (DY (1), Ay, prpyen € CO(10, ] L*(Df (1)) (3.13)

The following result is valid.
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Lemma 3.3. Let ¢ € L>=(0,T; H'(2)) N HY(0,T; (H'(£2))") be the solution of the limit system (1.12). The
following bounds hold:

llex O+ hllep (- 8)[n < Ch fora.e. t €10,T], (3.14)
[le(-, t)|| < Clec(,t)|l1  fora.e. t €]0,T]. (3.15)

Proof. The bound (3.14) is a simple consequence of (3.3) and (3.4). The bound (3.15) is given by the Poincaré
inequality. O

By application of (3.3) and (3.4) with s = 1, considering the regularity of the solutions of the limit system
(1.12), and considering the fact that b(c) > 0 on D;f (t), we get the following result.

Lemma 3.4 (Estimates on D (t)). For each § > 0,

ey (5 Dllpz o) + lley (5Dl py ) < Ch% - for ace.t € [0, T]; (3.16)
5 () s (1)

||e;(-,t)|\Dgr(t) + h||e;(~,t)\|1)Dgr(t) < Ch?; fora.e. t€l0,T). (3.17)

Remark 3.5. In order for (3.16) and (3.17) to be valid as a consequence of the bounds (3.3) and (3.4) restricted
on the set D (t), we need that each connected subsection of Dy (t) is a subset of {2 with a sufficiently regular
boundary. This is true in the d = 1 case, where each subsection is a segment. In higher dimensions, a result on
the regularity of the boundary of D (¢) should be obtained.

Moreover, we get the following result.

Lemma 3.6. Let ¢ be the solution of the system (1.12). The following bounds hold

||SC|\Lz(o,T;(Hl(Dj(t)))’) < CAt; (3.18)

15° = ee | 2o o (pt ey < CAE+ Ch, (3.19)

Proof. Let us multiply S¢ by G D:(t)SC and integrate in 2p. By expanding in a Taylor series the term P, 1¢(-, ¢ —
At) around ¢ and using (2.1), (2.2), the Cauchy-Schwarz and the Poincaré inequalities we get

T
cl|2 _ c c
150 a0 75022 o —/0 <5%Gpr S >pre A
T T
:/0 (5Atph71€, ng'(t)Sc)Dg'(t)dti/o (8tPh,1c, gD;(t)SC)D;(t)dt
T
_ A /O (01 Prac. Gyt 1 5°) p ot + O[(A)?]
< Atl|Orecl| L2 o IVIpr SM 2oy T Bt Phac = Oucll L2 pi)[IVGpt 1SN 2Dty
+ O[(At)?]. (3.20)

Hence, using (3.3) and (3.12) we get (3.18). Summing to both sides of equation (3.20) the term
_ fOT(atefwgD;(t)ateg)D;(t), and using (3.3) and (3.12), (3.19) follows. O
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We introduce now the two main Lemmas of this section, which will be used as fundamental steps in the
proof of Theorem 2.2 and which will be proved in Section 5. The first Lemma concerns estimates of the
L2(0,T; H-Y(Dy (t))) norm of the time increment of the error of the concentration ¢ and the L?(DJ) norm of
the error of the chemical potential w.

Lemma 3.7. Letc € L>=(0,T; H'(2))NH (0, T; (H*(2)))NL*(0,T; H*(D{ (t))) andw € L?(0,T; H*(D} ())),
for a given § > 0 small enough, solutions of the limit system (1.12). Under the hypothesis that At ~ h, the
following bounds hold:

/12

2

329D (1 (P" (0as0a07)) dt < (C+ C(E™ R + (C+ O(5 ) (A)*?

Dy (t)
oel Oe
C 05—5/ b h he) dt
rervowy [ (wagh Gha)
T
HE+CE) [ el it (3.21)
0 &

! w2 dt < Ch?+ CAt+C ! b aeh 86h02 dt
o ||€h 46||D;’(t) — + + 0 ( a ax

2

dt. (3.22)
Df(t)

The second Lemma concerns estimates of the L>(0,7; L%(Dy (t))) norm of the error of the concentration ¢
and the L? (D;) norm of the time increment of the error of the concentration c.

Lemma 3.8. Letc € L>=(0,T; HY(2))NH (0, T; (H'(2))")NL*(0,T; H*(D{ (t))) andw € L?(0,T; H*(D{ (1)),
for a given § > 0 small enough, solutions of the limit system (1.12). Under the hypothesis that At ~ h, the
following bounds hold:

86 1) 0e(-,1)
c 3 i ( h 2
llef (-, )(945)||D+(t) (C+CE)™MHr*+0(s At+C/ < e 6 04§>D+(t)dt

des, (0, 1)
o 045

L (C+C6E) /0

dt, (3.23)
DY (t)

T
[ 1 0as) By o < (C+ CE Dt (C+ CEH4)A
0

2

oe¥ eV oe§
+C68 / (b h Z—h g2 > dt+C(6 / kg dt
( ) 0 ()ax 8:1; 46 Dg_(t) ( ) 0 8(1} 46 Dg-(t)
9 2 Cy||0es(-,0 2
2 e,é( 3 Oas (-, D) 74 %946(,’0)
DF (D) x D} (0)
9 At 9 2
(dater, (1)) (0as) dt, (3.24)

10 2 Jy ||oz 2 D)

with a constant Cy < 1 and for a given t € (T — At, T.
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4. PROOF OF THEOREM 2.2

We proceed now with the proof of the main result.

Proof. Rewrite (1.8), using (2.15), in the following way:

/OT {(5&6‘;,)() + <b(c)8WJ,gi§)]dt _ /OT[((;MC;T,X) — (5aCF )Mt

Ox
+ [ (60 - ocin 2 2

[ T (%E52) + wien +vien - witoar= [ e +ver) - wiko

for all (x, ¢) € L2(0,T;S") x L2(0,T; S™), with supp(¢) CC D, for each § > 0, and with C,(0) = ¢} = m,c(-,0).
Moreover, from (1.12) the following system is derived:

T(6 P " (y(oy 2 o [ a5

AtPn1c,m)dt + b(c) 3 > dt = <S8 8tep,77 > dt,

0 0 T T/ DE) 0 (4.2)
T .

T 0P c 0§ ’
) il _ Pb _ w
/0 |:’7< O ’ 81’>D;(t) + (,(/) (C) h71w7£)D;(t):| dt A (ep 7£)D;(t)dta

for all n € L?(0,T;S") and € € L%(0,T; S") with supp(n) CC Dy, supp(¢) CC Dy, and with ¢(-,0) = co(-).

Take ¢ = & = P"[(045)%ase5] in the second equation of (4.1) and in the second equation of (4.2), on noting
that, for h < h(4), supp(¢) CC D;r (this happens when at least two mesh points are in the set {z € 2 : § <
c(z,t) < 20}), and subtract the former from the latter. Using the equality

0

%(Ph —I)f, for f € HY(Df (t)), (4.3)

O i 0
L =g f+

with f = (045)?0ace5 (t), the following identity is obtained

T
JRCROBENE
0 8

T
Oef, 0 9
- Z (5aceS) (015 dt
/0 ’Y< B ax( Ar€s)(04s) >D+(t)

T c 2
# [ (G e B e - ) - () P 0 ey |
0 Dy (t)

ox or

T T
—/0 (e;}7Ph[(945>26At62])D;(t)dt+/O {(%(C;TH-%(C;L) — Wi, P"[(046)0 acef])

WG+ 05(C) - W PO Paaeei) e - [ (SR - P Gwse) a1

D (1)
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Furthermore, choose x = 1 = P"[(645)%€!] in the first equation of (4.1) and in the first equation of (4.2), and
subtract the former from the latter. We obtain, using again (4.3) with f = (61s)%€ (),

T
/ (B, (Bas) el p oyl
0

T w 2
= [ (0% S ) i [ (0% 20
0 or’ Oz DF (1) 0 Ox Ox DF (1)

T T
b [t g PO ek > gt [ aiC PO E]) — (aiC PG )
0

0

r _ oW aeh r G OWE 0(045)%
- [ (b0 - sen 2 Sk e Jar - [ (ite) - e B, 20 e ar

dey, 0 h 2w /T _ 8W}j 9 h 2w
v [ (0 %k 2 e eh>)D§+(t)dt+ (100~ b N T g = P (0 )t
(4.5)
Combining (4.4) and (4.5) we finally get

T (e 0 8eh 8eh
/ (5At6h)(946) dt—‘r/ b(c)
0 813 8 D;r(t) 0 D+(t)

T 1 0es o 0(045)? de wa(945)2
77/0' "}/<8x ,(SAteh 8x >D;(t)dt/0 <b(c>ax,eh ax >D;(t)dt

T

T
[ <5 0 P01 eR) > = [0 =B = UG, P 0) 0] g

0

b [ PO oD gt~ [ |GG P D - GG P ) et
T a Hew T AW 9(645)2
-/ oy W h<945>2)dt— / ([b(c)—b(cu] Wy 9bas) e}‘i)dt

< dr Oz oz Oz
T
/ {wl (CH) +v4(Cy) — W;,Ph[wm)%eﬂ)<w1(0h+>+wg<0mW,;*,Ph[(945>25mez])h]dt

0

g aeh h 2 c ’ dey 0 h 2 w
[ (B - PG rase)) o+ [ (bGP sPen) | ar
0 Df (1) 0 T ox Df(t)
ow;r 0
b(c) — b(C, I — P")((045)%ey) ) dt
# [ (bt - e n e - Py
=E1+FEx+ B3+ Ey+ Es + Eg + E7 + Eg + Eg + E1g + B + Ei, (4.6)
where we indicate the terms on the right hand side of (4.6) with the notation E1,..., F12. In order to proceed,

we introduce here two inequalities, which will be frequently used in the sequel. The first one is

17125y < CllFOsslZs o VF € LA(DE (1), (47)
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which is given by the fact that

11z ¢y = 170asl 5.y + I1F QL= 030 21101 ) = 1506l Ty oy + [1FCL = 030 2112, 1 0
+||f(17945)1/2||D+ t)\D L) = Hf945” +Ol||f”2Dg'(t)

and the fact that there exists a d such that C; < 1 for each § < 6.

Remark 4.1. Since the function 1 — 645 is equal to one on the set Dy (t) \ Dy;(t) and is less than one on
D(t) \ DJ5(t), the constant C; is less than one if DJ () \ Djs(t) C suppf, since than the sum of the factors
p2 y1/2)2 _ 02 \1/2]2 ~ : 2 5
[1f(1—05) ||D;r(t)\D2+é(t) and ||f(1 — 65s) ||D2+é(t)\DL(t) is a fraction of the factor ||f||D;r(t)' Thus, § must
be chosen in such a way that Dg’(t) \D;%(t) C suppf. Note that, since f € L*(Dy (¢)) and f # 0, the value of

§ is finite.
The second one is

1

D (t) T (ming<cc1—ak) b(c))

Haei“

1/20€ey
o ey 2 28

< ~1/2
ox <@ )

Df ()

1/20€ey’
oy 25k

, (4.8)
1/2 D)
where the constant A(k) > 0 has been introduced in (3.9).

We now find upper bounds for the terms Ej,..., E12 on the right hand side of (4.6), using (3.21)—(3.24),
the Cauchy-Schwarz and the Young inequalities and Sobolev inequalities. In particular, the global strategy is
to use the Young inequality in order to sum up the bounds on the right hand side of (4.6) isolating the factors

dt and C fo dt plus

2 2
T oe}’ (-, de} (-,
%fo <b(c) hévx t)7 ’a;(c ”%) t,y zt fo ax 5At€h( ))(946)
D?(t) Dy () Dy (1)

terms depending on the discretization parameters (see (4.31)). Note that the first two factors must be multiplied
by the coefficient 1/2, whereas the remaining factors are multiplied by a generic positive constant C. The factors
multiplied by the 1/2 coefficient will be combined with the corresponding factors on the left hand side of (4.6),
in order to obtain, after some technicalities, an integral inequality to which Gronwall arguments can be applied

2
2 0us(,1)

8eh ,t) 0.5

, from which the bounds in Theorem 2.2
+
Dy (1)

(see (4.37)). Finally, we will obtain a bound on

will be derived.
Using the Cauchy-Schwarz and the Young inequalities, the fact that |Vfs| < C5~2 and (4.7), we get

Oes, 2 T
Byl < C(67%) o dt + Cry [ |16aces; (0as)l| %+ AL (4.9)
0 8$ Dt Da (t)
s (@) 0
Using (3.24) in (4.9), choosing a constant Cy in (4.9) such that C1yC(678) = 5, where C’((S 8) is the coefficient

of the third term on the right hand side of (3.24), and noting that there exists a value § such that C; < 1 for
each § < §, we obtain, at the lowest order,

14 1 T 36h aeh —14 T 862 2
B4 < (C+ C(6")h + (C + C(6 ))At+—/ b(e) 26k O g2 di +C(5 )/ 0| at
24 or ' Ox Dt () 0 ox D)
5
Cy || €5 (-, 1) 2 Cy || 9€5.(-, 0) 2 9 At /T d . 2
NI | B IS A YR oy (-, 0 +y==t (el (-, 1)) (0 dt.
2 pramaiSl) bt 2 oz 010:0) prey 102 J B 0ateh () (0as) bt
(4.10)

Remark 4.2. Since C(6~8) depends polinomially on its argument, and since § is a small finite parameter (see
Rem. 4.1), we have that C(§~8) is possibly a finite large parameter. Hence, it is sufficient to take o < §, where
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d has been introduced in Remark 4.1, so that the factor C' (5*8) is large enough to guarantee that C; is finite
and less than one.

Using the Cauchy-Schwarz and Young inequalities and the fact that |V6,5] < C5~2 we get

1 Oey’ Oe _ S
Bl <y [ (0%, Toth) A c [l
&

Using (3.22) and (3.23), choosing the constant C in the third term on the right hand side of (3.22) and the
constant C' in the first term in the right hand side of (3.23) such that C(6=*)C = we get, at the lowest
order,

2 Oey Oey) o _10 /T
mi< g [ (0% SEw)  wreron) [
Dy (1)

Using (2.1) and (4.3) with f = 03,el, we rewrite the term Ej as

48’

dt+C ™2+ (C+C ()AL

Oej,
‘ %945

2
D (1)
(4.11)

T

E; = /0 < 8¢ — Oges, PM[63se}] >piy At
T T

0 c c 0 0 c c 9 w
:/o (ang;(t)(S — Oiey), oz 9456h>dt /0 ((%gpgr(t)(s — Oey), %(I - Ph)[eiseh])dt-

Using the Cauchy-Schwarz inequality, (2.2), the fact that |V4s| < C6~2, the stability of the P projector under
the H' seminorm, i.e. |v — PP (v )|y, pi) < Clv = Ppav|;, D (¢ ) for v e Hl(D+( )) and (3.4) we obtain

9ev |12 1/2 T 1/2
h dt) +C(5_2)(/ |e'}’:945|2D+(t)dt> ]
Df(t) 0 6

Or

Es < C||S° = diegll 20, 1y0m1 (0 () K/O

Using (3.19) and (4.8) we get

E3 < C(h2 + At) |:C(6—1/2) (/T(b(c)ae;—fa 86}4}936> dt) 1/2 +C(6_2) (/T ||ez}(94§)i|2 + dt) 1/2:| .
> 0 8:0 593 D;(t) 0 Dé ®

Using the Young inequality and (3.22) and (3.23), choosing the constant C' in the third term on the right hand
side of (3.22) and the constant C in the first term in the right hand side of (3.23) such that C(6~*)C' = J5, and
keeping only the lowest order terms, we get

2 (T oe¥ Oel oet 2
E b(c) =t , —hp? dt+(C+C(671° / —hg dt+C (™ HR2+(C+C(6719)AtL.
Bl [ (w05t 5 @Dm rere ) [ Ghou| | avowmtse o
(4.12)
Using the following equality
P"fl=f+(P"-ID)f, forfe L*(Dft)), (4.13)

we can rewrite the term F, as

T
Ey = /0 (Oas(¥' () = VA(CF) = ¥5(Cy))s (Bas)Oneef) pys 1yt
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T

- / (W/(0) — 0 (C5F) = U5 (O ), (1 = PM)[(025)*55005]) pp 1yt

- / (PM 16108/ () — 04 (C5F) = 05(Ci D) P [(Ba6)55165) pp (ot
T

+ (= PPB10 (€ = 4 (CF) = 5(C ) ey
T

- / (W/(0) = W (C5F) = WG ). (1 = PM)[(025)?0505) s -

Using (2.4), the Cauchy-Schwarz and Young inequalities, (2.8) on the set D with m = 1 and (2.12), we get,
keeping only the lowest order terms,

T
0
< -
| By _(/0 e

(PM035(4(c) = 91(CF) — ¥4(C; ) gm< QNS

2 1/2 T
) (/
Dl () 0

2 1/2
dt)
Dy ()

2
+(C+CE) / /() — 64 (C5) — () . —ue) —usen||
Dy (t)
2 4 2 T 8
+C’h/0 ||0456Ate‘fl||2D;(t)dt+Ch/ S (0065,) (015) D+(t)dt
T a 2
<(C+06) / /() = 64(C57) — () g e /10~ D) — ()|
Tt
2
D*(t) (9465At62)) dt. (4.14)
D (t)

In order to bound the first and the second terms in the last line of (4.14), we write

W'(e) = ¥i(Cy) = ¥5(Cy) = ¥i(e) = ¥i(Cy) + ¥5(e) = va(Cy) + ¥h(Cy) — ¥5(Cy),

and use the inequality ||a + b||? < 2||a||? + 2|[b||?. Noting that | (-) € C*([0,1)), ¥4(-) € C1([0,1]), using (3.8)
and (4.7), we obtain

T
B < (€0 [ (|ece45|| +(A6aCF s )dt
d 2 i 2
+C / ( ‘946 + (A1)?|| 5-0a:CF ) 9 gn (P"(B450ns€5)) dt.
D} (1) 9 || pr du P (® bt

(4.15)
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Now, from (3.6) and from (2.6), (2.10) and the Cauchy-Schwarz inequality, we get

T

T T
/ ||6At0;[||2dt§/ (5Atc,j,5Atc,j)hdt+/ [CINTeAR INTOAD LR CYNT AR INTOAR IS
0 0 0

(9 an +y 0 + 2 [" +112
< |\ 529" 0aCil), 5p0mCy |dt+CR | (158G 17dt

T 2 \1/2 , T 1/2
<(/ at) ([ 1aciar)
0 1 0

T
+on? / 15a:CiF|Pdt + CR2 (A1), (4.16)
0

G"(0a:Ch)

Using the hypothesis that At ~ h and from (3.6) and (3.7) we get, at the lowest order,
T
/ 15a:C;F|PdE < C(AL) 2, (4.17)
0

Remark 4.3. Note that (4.17) is more generally valid if we make in (4.16) the assumption that At = Ch”,
with n < 4, which, together with (1.10) and (1.11), becomes At = Ch™, with 1 < m < 4. Since the condition
At ~ h is the necessary assumption for the validity of Theorem 2.2, we use it in the calculations.

Using the fact that e = e + ej, and (3.17), using moreover (3.6) and (4.17) in (4.15) we get, at the lowest
order,

|E4| SCh2+CAt+(C+C(574))/ H€h04é|| h04é
0 Dy (t)
o 2
h h c

Using finally (3 21) and (3.23) in (4.18), choosing a constant C' in the last term in (4.18) such that (C' +
C(675))C = 45, where C' + C(67°) is the coefficient of the third term on the right hand side of (3.21), choosing
moreover a constant C' in the first term on the right hand side of (3.23) such that (C' + C(67*))C = 15, we get,

at the lowest order,

2
dt.
Dy (1)
(4.19)
Using (3.16), (4.13), (2.8) with m = 1, the Cauchy-Schwarz and Young inequalities and (2.12) we get, at the
lowest order,

|E4] < Ch? + (C + C(6719) At + i b( )2k Oci go dt + (C + 0(5*8))/
24 (93? ox Dg’(t) 0

Oej,
—20
‘ sy

T 1/2 T 1/2 2
w cl|2 2 h c
|Es| < C(/o ey ||D+(t)dt> (/0 ||9465At€h||Dﬁ+(t)dt) <Ch D+(t)( (O450ac€5,)) D+(t)dt'
8
(4.20)
Using now (3.21) and (3.23), choosing a constant C' in the last term in (4.20) such that (C' + C(67°))C = 4,
i

choosing moreover a constant C'in the first term on the right hand side of (3.23) such that (C +C(674))C = &
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we get, at the lowest order,

2 ~10 e ey ey o -8 | es, ’
|Es5| < Ch”+ (C+C(077)At + b(c) =, =015 dt +(C+C(67°)) dt.
Ox ~ Oz D) o || O DF (1)
8 )
(4.21)
Using (2.10) with m = 1, (3.6), (4.17), (4.3), (4.13), (2.8) with m = 1, (4.8), the Cauchy-Schwarz and Young

inequalities and the hypothesis that At ~ h we get, at the lowest order,

O4s

T 1/2 T 1/2
|E6| < Ch? </0 ||5Atc§||iD;(t)dt) </(; ||Ph[(946)261’f”|3,D;r(t)dt)
) . B T de el 1/2 B T 1/2
< CR2(An) {0(5 1/2)(/ (b(c)a—;;,a—;;ei(;) dt> L (CHC 2))(/ \|ezf(945)|\;+(t)dt) }
0 DF(t) 0 8

_ 1 [T Oey Oey T
< 43, L h h p2 / w 2 ' .
<(C+CO )R + 21 J, ( (c) b2 Bx 945> Dg_(t)dt +C ) llen (945)\|D;(t)dt (4.22)

Using (3.22) and (3.23), choosing an appropriate value of the constant C' in the last term in (4.22) and an
appropriate value of the constant C' in the first term on the right hand side of (3.23), and keeping only the
lowest order terms, we get

. 2
9c, dt.
Dy (1)
(4.23)
Using the Cauchy-Schwarz inequality, (3.5), (4.8), (4.7), (2.3) with r = 0o, d = 1, m = 1, p = 2, the Lipschtitz

continuity of b(+), (3.6), (4.17), the hypothesis that At ~ h and the Young inequality, we get

Bl < C(67Y) /T|b<c>b<c+>|2 ) /T W2 X))
- 0 ho Moo, DY (1) 0 0z’ Ox DY (t)

-1 g + —\([2 VEOT ey, ey 4o 2
([ e -l ) ([ (a5t 5 94‘5>D;(t)dt>

2

O4s

|Eo| < Ch? + (C + C(5-%)) At + 3/ N e A e T (c+c<5—6))/

Oey, dat
Df(t)

045

T T
-2 c 2 -2
< 0(6 )/O ||€h945”D;r(t)dt + 0(6 )/O

1 [T oe¥ el
2 — Z“h ZTh g2
+C(07 )AL + 5/, <b(c) = O 946) gr(t)dt. (4.24)

Using (3.23) in (4.24), choosing a constant C' in the first term on the right hand side of (3.23) such that
C(672)C = 45, we get, at the lowest order,

C
Oes,

|Er| < (C+C(5‘6))h3—|—0(6_2)At+(C+C(6‘6))/T O4s

0

2 T
1 oe¥ Qe¥
dt+—/ (b(c)h,h92> dt.
24 J, ox " 0z ) iy

Df ()
(4.25)
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Similarly to (4.25), we get

T 1/2 T
sl = @) ([ 1000~ 0CDIE ) ([ llekousty )

T 1/2 T
+c<6—5/2>(/0 |b<0:>—b<0;>||§o,D+<tdt) (/ llei”%“%mdt)

-5 r 2 -5 aeh ’
<06 [ lleituall i+ ) / i

1/2

1/2

T
015 dt + C(67°)At + c/ lleiBas |2t
0 5

Df (1)
(4.26)

Using (3.22) and (3.23), choosing an appropriate value of the constant C' in the last term in (4.26) and an
appropriate value of the constant C' in the first term on the right hand side of (3.23), and keeping only the
lowest order terms, we get

2

1
dt + — / (b(c)aeh 9eiy 92> dt.

(4.27)
Noting that 1 (-) € C1([0,1)), ¥4(-) € C*([0,1]), that Cf € L>=(0,T; H(2)), that W, € L2(0,T; H' (D} (t))),
using (2.10) with m = 1, (2.12), (4.3), the Cauchy-Schwarz and Young inequalities and the hypothesis that
At ~ h we get, at the lowest order,

|Es| < Ch? 4+ (C + C(6 ')At + (C + 0(6‘9))/ 5
0 T

’3%945

T 9 2 1/2 T 2 1/2
By < CI2 ( / 87(%6;)(945) dt) +C(5—2)h< / 2 Gl (P (Basaich) dt)
o ||oT Df(t) 0 Df(t)
1 At d 2 2
< C(6~H)h? ) 0 Gh . (P"(0450as€5 de. (4.28
SOOI +7555 ||| g (Paeei)(0as) e D+(t)( (TINTS) e (4.28)

Remark 4.4. Note that (4.28), together with (1.10) and (1.11), are more generally valid if we make the
assumption At = Ch", with 1 <m < 2.

Using (3.21), (3.23) in (4.28), choosing a constant C' in the last term on the right hand side of (4.28) such
that (C +C(67°))C = 4% and choosing a constant C' in the first term on the right hand side of (3.23) such that

(C+C(67%))C = &, we get, at the lowest order,

oel Oel
< 2 -10 L h h
|Eo| < C(6~Mh* 4+ C (6 )At+24/ (b(c) o — g3 > X dt
Df(t)
de 2 1 At d 2
C+0C(8 / —hyp dt +y—— Saces) (6 dt. 4.29
+(C+C(677)) : ‘Gx 45 ro +t7%53 | E)x( atey)(0as) Dt (4.29)

The term Ejo can be bounded using a generalized version of identity (2.13) with a ¢ = (I — P")[(045)%Sases] €
H}(D{ (t)), using moreover the Cauchy-Schwarz and Young inequalities and (2.8) with m = 1, obtaining, keeping
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only the lowest order terms,

T T
|E10\§Oh/0 ||AD;r(t)e‘;L|\2D§+(t)dt+0(6*4)}1 RCNEIORI T

2 T
1h )
dt < Ch+y—n | ||=
o W202/ o

1h 2

%2 J,

0

o dt. (4.30)

Dy (1)

(dater)(Oas)

(date)(Oas)

The terms E7; and F1o can be bounded easily using (2.8) with m = 1 and the hypothesis that At ~ h

Finally, using (4.10)—(4.30) in (4.6) and the identity (a,(a — b)c?) = 1a?c? — $b%c* + 1(a — b)*c® we get,
writing only the lowest order terms and omitting to write explicitly the dependence of some constants on the
finite parameter 0,

1 T(ae;(~,t) 0ei(~,t)(046)2> dt —~ 1 (aeg(~,tAt) ae;(.,at; At)(%)Q) &

77 ) A 2 )
2At ox ox DF (1) 2At ox DF(®)
At 0 ? del (1) De(-,t)
+ = —(0aef (1)) (bas) dt +/ (b( ) —h ,—h 62 dt
2 Jo ||0x h DF(®) 0 Oz or ¥ DF (1)
2 T
1 w(, w(,
aeh )946 dt 4+ / (b(c) 86!1, ( ’t) , aeh ( ?t) 94%6) dt
prw  2Jo Oz Oz i ()
e (-, E) Cy || €5 (-, 0) 2 At o 2
+77 — 0y, f) +y—||—5="04s(-,0) +7— = (0ater (1)) (0as) dt.
2 3 D (D) 2 Ox D (0) 2 Jo ||0x h DF (1)
(4.31)

In order to treat the first two terms on the left hand side of (4.31), we write Ous(-,t) = Ous(-,t — AL) —
At%@w(-,t)h:g, where t € (t — At,t), in the second term in the left hand side of (4.31), and obtain, at the

lowest order,

1 [T roes(,t) des(-,t) )
72At/0( or 0 om (946))Dg'(t)dt

_, L /T<ae;(-,t—At) aeg(-,t—At)(%(_ t_At))2> d&t
2At J, ox ’ oz ’ Df(t)—Df (t—At)
1 [T [0e5(t — At) Oes (-t — At) 2)
—y— O45(-,t — At dt
oA < oz ’ Oz (Bas ) DF (t-At)
At 0 2 Dejy (1) ey (-,t) )
= —(Sares (-, )6 dt b h ,—n 62 dt
T 2 Jo 31‘( arch (1)) (0as) D} (t) +/0 ( (© Oz or 4 D (t)
2 T w.
*||2ent. )945 i+ L / (b(c) Dei( ’t), 9e, (- )045> dt
ox D (1) 2 Jo Oz Oz Df (1)
N Cy||0e > At 0 2
S| 2L Ms( ol +a 2|25 0 r A [ L s || ar
D () Dy (0) o o Dy (1)
(4.32)

Note that the integral on Dy (t) — D (t — At) in (4.32), due to the continuity of the integrands in time (see
(3.13)) and to the fact that the support of ¢ changes in time by a finite value [6], is proportional to A¢ multiplied
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by finite terms on é)D;r (t), and can be bounded by a term like the third on the right hand side of (4.32). Changing

variables as (t — At) — t in the third term in the left hand side of (4.32) we rewrite the sum of the first and
the third terms in the left hand side of (4.32) as

L [T (00 t) BeS() L B t) Bes () 2
VM/TM( or o (016) )D;r(t)dt—vw/m( or ' oz (045(-,1)) >D2r(t)dt. (4.33)

Noting (3.13), we can use in (4.33) the mean value theorem for integrals and obtain that there exists a ¢ €
(T — At, T] such that (4.33) can be rewritten as

el (-, t 2 1]|0es(-,0 2
72H }é( 36’46('75) - 2"}5()945('70) : (4.34)
o DF (@) v D (0)
Using (4.34) in (4.32), we obtain that there exists a t € (T' — At, T] such that
oe5 (D), 1 eyl (1) ey (-,t) o
vyl 20| 4y [ (0 2ECD 2D )
2 oz DF (i) 2 Jo oz ox 4 DF(®)
1| de5(-,0 ? d ?
<’YH eh(’ )945(.,0) eh )94§ dt
2l o O DF (1)
2 2
Cy || 0€s (-, 0
dt 4+~ (- 3 5(~71?) 22 9¢i(-0) )945(~,0) (4.35)
0 2 3 pre 2l O D¢ (0)
Rewrite the sixth term on the right hand side of (4.35), using (4.3) and (3.12), as
oes (-, t 0 N 0 -
25000 | = | Pateled) = 0| ]S Pl ~ G 0D
DY (®) O DY (®)
de(-,t des (-, t R
< CAtH e(,1) + ‘eh()e@(.,t) + CAL. (4.36)
Ot Lo (0.rm (0F (1)) O Dt ()
Using (4.36) in (4.35), noting that
T c/(. 2
ARLIPN dt < CAt,
h (‘)x Dgr(t)
noting moreover that ef (-,0) = 0 and that C4 < 1, we get
des (-1 NIk 9 2
H il )946(',75) eh )945 dt. (4.37)
Ox Df(D) D (t)
Choosing T =t,,n=1,..., N, in (4.37) and using a Gronwall inequality argument we derive that there exists
aset t, € ((n—1)At,nAt], n=1,...,N, such that
8 7 ( tAn ? a n ?
Heh() < CH(M@M( ) < Ch+ CAL. (4.38)
ox Dg— (&) Ox Dg— )
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For t € (tp-1,tn], n=1,..., N, using (4.38), we have that

8€Z(~, t)
ox

H (Puc(o) = G (1)

DF (1) Dy (1)

< |5 (Pale(t) — C(ufn))) tn))
|2

o g —ar.

-l

Df ()
dc(-,t)

< CAt
< oai| 250

8

L= (0,T;HY(DF (t)))

We can finally derive the bounds in Theorem 2.2.
From the bounds in (4.38), (4.39), (3.17) and (3.23) we have the bound (2.16). From (4.35), (3.22), (4.38),
(4.39), (3.16) and (3.17) we get (2.17). O

Remark 4.5. The error estimates on the whole domain {27 are not theoretically studied here, but will be

numerically investigated by the test cases in Section 6. Here we only note that, as a consequence of the fact
that ¢, C;" € L>(0,T; H(£2)), the following bound is valid

lle = Ci | Lee (0,501 (02)) < C. (4.40)

Indeed, using the fact that [e°|y < |ef |1 + |e

o1, the bounds (3.14) and (3.15), the fact that ¢, G €
L>(0,T; H(£2)) and (4.39), we get

. 9ec |12 dec |12 1/2
el o 0,152 (2)) < Ch + O(’ afh + ’ Th )
T AlLe(0,T;L2(2\D} (1)) L 1L (0,1;L2(DF (1))
<C, (4.41)
and
C C 1/2
Oe ( 8eh N def, )
O {| oo (0,7,12(2)) Le©1:2@\pf (1) 11 9% HL=(omL2(Df (1))

< (4.42)
which give the bound (4.40). In the case in which the continuous solution ¢ has a fixed in time support, we can
use the convergence property (1.15) and the fact that c(t), C;f (t) € C*/2(£2) in order to improve the estimate
(4.40). Let us choose a point # such that ¢(z,0) = 0 and let us define the set S := supp(C;’ (z, 1)) \ supp(c(z,t)).
There exists a value h such that |¢(Z,0) — ¢ (Z)] < Ch and [supp(c)(x)) \ supp(c(z,0))| < Ch for all h < h.
Since the set supp(C;' () moves at each time step by a distance proportional to h (see [3] for details), we should
have that |¢(Z,t) — C;f (Z,t)] < Ch and |S| < Ch for all h < h. Hence,

le(z,t) — Cf (z,t)| < |e(,t) — c(Z, )| + |c(z,t) — CF (2, 1) + |C)F (z,t) — CF (7,1)] < Chl/?, (4.43)

YV ||z — Z| < h. Taking

Z / le(z,t) — CF (z,t)*da,

KeT,
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using (4.43) and (2.16), we obtain
el oo (0,1322(2)) < Chl/2, (4.44)

It can also be observed that the L>(0,T; L?(2\ Dg (t))) norm of de¢/dx is different from zero only in the set
S if supp(c(x, t)) C supp(Cjf (x,t)), for which we have that |S| < Ch. Moreover, from (1.14) and the inverse of

the Vitali convergence theorem we deduce that %—‘: is a uniformly integrable function. As a consequence we

get that

Oe°
ox

< Ch. (4.45)
Lo (0,T;L2(2\D{ (1))

From (4.45) and (2.16), it follows that

Oe®

o < Ch'/2. (4.46)

L>=(0,T;L?(£2))

5. PROOFS OF LEMMAS 3.5 AND 3.6

The proofs of Lemmas 3.7 and 3.8 are given below.

5.1. Proof of Lemma 3.5
Proof. Choose x =1 = Ph[94§QD+(t (P"(0456a¢€5))] in the first equation of (4.1) and in the first equation of

(4.2), and subtract the former from the latter, on noting (2.4) and the fact that (an, P"(fbr)) = (b, P"(fazn)),
for each ay,, b, € S", f € L?(£2). We obtain

T
/ ( QD+ (P HCRTINTS)] gD+ (P h(9465At62))) dt
0

Df ()

T
:/0 (Ph(9456me’cl)’ggj(t)(Ph(azw(Smeﬁ)))dt
T Oej) 6 .
5 (1)

T
+/ < 8% — el Ph [9459 o) (P (0150a¢€5))] > p+ ) dt
0

T
*/ [(6Atchvp [94égD+(t( "(Bas6as€5,))]) — (5a:CyF, P [94égD+(t)( "(B450acef))])" | dt
0

T +
- /0 ([b(c)b(C’h)]ag; 83 Ph[94gg (h(9455meg))}> dt. (5.1)

D (1)

The second term on the right hand side of (5.1) can be rewritten using (2.1) and (4.3) with
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f= 9469D+(f)( "(Bas0acef,)),

T
/0 < 5 = e PM0an Gl ) (P (Oasbacef)] > )
T a C C a c
= ) 8ang+ t)( 7at6p) 046gD+(t)( (9456At6h)) dt

T o 0
—/ <8ng;r(t)(Sc — atelc)) Oz (I Ph)[94égD+ t)( h(9455At62))])dt'
0

Using the Cauchy-Schwarz inequality, (2.2), the fact that |Vf,s| < C5~2, the stability of the P" projector under
the H! seminorm, i.e. |v — Ph(v)|17D;r(t) < Clo = Pyavly pr ) forv e HY(Df(t)), (3.3) and (3.4) we obtain, at
the lowest order,

T
h c c c
/0 <S8 — E%ep,P [645QD+(t)( (Oasdazer))] >D;r(t) dt < C||S° — at€p|‘L2(07T;(H1(D§+(t>>>,)

: [(/f

0 c
%QZ; ) (Ph (Basdncer))

2 1/2
dt)
Dt
1/2
(/ 1G5 o (P Ousdacei) gyt |

Using finally (3.19) and the Poincaré inequality applied to the function gg+(t) (P"(0450c€5)), we get
5

T
/ < 85— 8t6p,P [9459D+(t)( h(9455At62))] >Dg'(t) dt
0

T
< (€4 CO M0 + A0 ( [|| 00z (P Busbarch)

2 1/2
dt) (5.2)
D (t)

The last term on the right hand side of (5.1) can be rewritten using the fact that —W," = el + e, —w,

Dy (1)

T +
- [ (0 - e T P 0l (PO
(e

= [ (1o - e P EE 2 gl (P O]

Dt (1)

T w
= [ (10 - NG 2 P0Gl (P Oussnei))

D (t)

T
- /0 ([b(c,j)b(c,;)]g:, 8‘9 [(ng+ P h(9455me;))1) dt. (5.3)

D)

In order to bound the first term on the right hand side of (5.3), we use the Lipschitz continuity property of
b(+), (3.16), (4.3) with f = 945gg+(t)(Ph(9455Ate;)), the fact that |Véys| < C6~2, the Poincaré inequality for
6

the function gDW (P"(04s56a¢€5)), the stability of the P" projector under the H! seminorm, (3.3), (3.4), the
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Cauchy-Schwarz inequality and the inequality (4.8), obtaining, at the lowest order,

T B a( w +ew) a .
/0 ([b(c)—b(Ch )]T zTP [9459D+(t)( h(9455m€ﬁ))]> dt

D} (t)

(b(e)) /2 20

= dt. (5.4)

D)

< O - HClL s [

" 8ng+ (P HCTINTS))
DY (1)

For what concerns the second term on the right hand side of (5.3), using the Lipschitz continuity property
of b(-), the Cauchy-Schwarz inequality, (4.7), (4.3) with f = 9459D+ t)( "(04s6ase5)), the fact that [Vlss| <

C672, the stability of the P" projector under the H' seminorm, the Poincaré inequality for the function
QD+ t)( "(04s6ase5)), (3.3), (3.4), at the lowest order, we get

/0 ([b(a)—b(cm]gw S P 015Gl (P h(9465m62))]> at

dt. (5.5)

(C+C0 H
DF(t)

||60946|\D§+(t) gDW (P"(0160a¢¢7,))

The third term on the right hand side of (5.3) can be bounded similarly to the second term, considering the
fact that C;f — C;” = At(6a:C; (t)), obtaining

T
| (1 e NG g il o 7 h(emmezm) at

Dy (1)

< (c+ 0@ ar| 32

gD+ (t)( h(9456At62))

dt. (5.6)
Dt ()

T
| 1B5Ci Ollog o |5
o0, D JO

Using (5.4), (5.5) and (5.6) in (5.3), using moreover the Cauchy-Schwarz inequality and (4.7), the property
(1.15), (3.12) and (4.17), we get

T +-
7/0 ([b( ) —b(C; )}8(‘;? 0 Ph[945gD+ (P (9455Ateg))]> dt

Oz Df(t)

T 1/2 T
< (C+ C(5*2)) (/ ||60045||2D+(t)dt> </
0 6 0

+(C+C(672))(At)3/4 (/T
0

+C(5_5/2)(/0 (b( )aaeh 6829 )D;<t>dt>l/2(/0

We can bound the first term on the right hand side of (5.1) using the Cauchy-Schwarz and Young inequalities,
(4.7) and (4.3) with f = 9459D+(t)(Ph(9455At62)) the fact that |Véys| < C6~2, the stability of the P* pro-
jector under the H! seminorm, the Poincaré inequality for the function gD+(t)(Ph(9455AtefL)), (3.3) and (3.4).

Moreover, applying (2.10) with m =1, (3.6) and (4.17) we can bound the third term on the right hand side
of (5.1). In the hypothesis that At ~ h (as in Rem. 4.4, we could choose At = Ch™, with 1 < m < 2), at the

2 1/2
0 dt>
DF(t)

gD+(t)( h(9455At62))

2 1/2
dt)
D*(t)

gD+(t) ( h (6455At62))

QD+(t (P"(0456ac€5))

2

1/2
dt) . (57)
DF ()
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lowest order, we obtain
2
dt

T
/0 Dy (1)

< (C+0(6))llb(e >||1L{j<D;)< / T(b(c%eh a;; Z )Dmdﬁm ( /OT

2 1/2
dt>
DF(t)

2 1/2
dt)
Df(t)

gD+(t)( h(64§5At€z))

2 1/2
dt)
D*(t)

QD+(t)( RTINTS))

gD+ (P "(0450a1€,))

0

2 1/2
O Gl (P (as0nec) dt)

DF(t)

T
+(C+C(67%)(h* + At) (/0 gDm)( "(0450ac€5))

9 ¢
%gg; (t) (Ph (9455Ateh))

+(C 4 C(672))h3(At)~1/2 (/T
0

T 1/2
—2 c 2
e ([ vl ) ([

+(C 4 C(52)) (A4 (/OT

T oe? de¥ /2 T
+C(67%/? (/ (bch,h92> dt) (/
( ) 0 ( ) ax ax 46 D;(t) 0

<(CHCE MR+ (CH+CENAYY 2+ (C+C6™Y) /T [le“0as]| 7+, At
0 13

2 1/2
dt)
Df(t)

gD+(t)( h(9466Atez))

2 1/2
dt)
Dt ()

Oej Oey) ?

+(C+ 0(6_5))/0 (b( s or Oz 056)D+(t)dt+ % /OT

:

dt,
D} (1)

QD+(t (P"(0456ac€5))

from which, using the fact that e¢ = ef + ef; and the bound (3.17 ), writing only the lowest order terms we obtain
(3.21).

Choose ¢ = £ = P"[(045)%e?] in the second equation of (4.1) and in the second equation of (4.2), and subtract
the former from the latter, using (4.3) with f = (45)%€e}’. We obtain

T T (des del TT [0 . 0(01s)*
ew’ 0 s 2€w n dt:/ ’Y( h YCh 0 5 ) dt+/ |:'Y<J7€w >
/o (€iis (0a5)"€h) 0 Or " Ox (012) D (1) 0 9w’ Ox D (1)

+(w’(c)—w’1<03)—wé(c;),Ph[<945>2em>,3;(t>]dt— / (e, P"[(0a5)*€R]) p 1yt
+ / [(%(OJ) +Y5(Cr ) — Wik, P [(045)eil]) — (W1 (C) + 05 (Cr ) — Wi, P*((045) el )" | dt

- [a(GE 2 - Peen) | a (5.8)

ox ’ Ox D (1)

Noting that 1] (-) € C([0, )) P4(+) € C(]0,1]), using (3.8), the Cauchy-Schwarz inequality, the Sobolev embed-
ding result (2.3) with d = 1, 7 = 0o, p = 2 and m = 1, the Young inequality, the embedding of L?(D} (t)) in
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LY(Df(t)) and (4.7), we bound the third term in (5.8) as
T
|00 = (G — (G ). PP (0 e g
T 1/2 T
< (] 19800 = CDRwiopyt) ([ 1P o )
T 1/2 T 1/2
(1050 = 5B pritt) ([ 1P 0 )
T c 2 1/2 T 1/2
Oe
< c 2 h 2 w2
<l [ (utzor+ 550, )0 () vt o)

T 9 2 1/2 T 1/2
vone| [ (1aaCi By +|[gpinci]| ([T uptonrai ) 69
0 D (t) 0

ox
Using (4.13) with f = (f4s)%¢’ and the bound (2.8), obtained on the set Dy (t), with m = 1, as well as the
Young inequality, (3.6) and (4.17) in (5.9), we get, at the lowest order,

1/2

/0 (#'(c) — B(CF) — w(C), Ph[<e4§>2ex]>p+(t)dt

1 r w 2
dt+0At+E/0 ||€h945”Dj(t)dt- (5.10)

T
SC/O H6C946H2D;r(t)
D (1)

Using the inequality (2.10) with m = 0, the equality (4.13) with f = (fs)%e}’, the bound (2.8) on the set D (t)
with m = 1 and the Young inequality, we can bound the fifth term on the right hand side of (5.8), writing only
the lowest order terms, as

T
/0 [(¢1<C§)+wé(c‘h>—WJ,P’”‘K%)%};’])—(wi(CZ)eré(Ch) W, P"((015)%ei])" }dt
r h 2 / + / — + 2 1 r 2
<Ch / 1P [(0a6)ei |y o193, (C) +95(Cir) = Wity oyt < Ch® + 15 / e Busl[3+ dt (5.11)

Using (5.10) and (5.11) in (5.8), the fact that e® = e, + ef;, the Cauchy-Schwarz and the Young inequalities, the

bounds (3.17), (4.8), (4.7), (4.13) with f = (f4s)%e}’ and the bound (2.8) on the set D (¢) with m = 1, we get,
at the lowest order,

Two“’ d<CTbaeﬁaeg02 dcTCe)?d

| (€l s (0as)"€R) pr (At < ; (C)%yg 16 . t+ ; IRl () dt
)

Oef, 2

dt K2
e +C

Df(t)

5 T w 2
Ot g [0y (5.12)

O4s

+(C+ C(5’4))/
0

from which we obtain (3.22). O
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5.2. Proof of Lemma 3.8

Proof. Choose x = n = P"[(045)?ase] in the first equation of (4.1) and in the first equation of (4.2), and
subtract the former from the latter, using (4.3). We obtain

4 c 2 4 ae;zu 8 c 2
; ||5At6h(045)”[)g-(t)dt+ ; b(C)%a%@At@h)(@&) de

Dy (t)

r 6€w 8 (& r C (& (&
= _/0 (b(c)a;, &L'((946)2)6At6h> Dg—(t)dt +/O < 8¢ — 8t€p,Ph[(945)25At€h] >D;r(t) dt
T
- / [(0a¢Cyy, P"[(Ba5)*0acef]) — (0aeCyf, P [(015)0aeei])"] p 1yt
0
T _LOWE 0 .
- [ (0 - e TG P 0w Poa))

Dy (t)

T e FU
—/0 (b(c)&il,m(I—Ph)(éAteh(GM) )) dt. (5.13)

Dy (1)

Taking ¢(-,t) = £(-,t) = ¢"(-,t), with ¢"(-,) € S" and supp(¢") CC Dj (¢), in the second equation of (4.1) and
in the second equation of (4.2), subtracting the former from the latter, and using (2.13) and the definition of
the lumped scalar product, we get

e%‘Dz.r(t) = _'YAhYD;@)eZ + Ph(wl(c) - wi(C:) - %(C;)ND;@) - Ph(e;})lD;(t)

- (P O - WD = S MG WG ) + UG ) = W )10 g
i€ Js(t),j€I5(t)

+ Z ClXk, (5.14)

kels(t)\Js(t)

for a.e. t € (0,7, where M;; is the mass matrix (x;, x;), I5(t) is the set of nodes inside D (t), Js(t) is the set

of nodes inside D (t) except the nearest node to 0D (t), Migl is the right inverse of M;; and Cj are finite

constants. Note that the last term in (5.14) is due to the fact that dimKer(M) = 1. For ease of clarity, we
indicate the term in the parenthesis in (5.14) formally as

PM(I = (P")")(W4(Cf) +95(Cy) = W),

even if the projector P is not invertible, since we will be only interested in obtaining a bound for a bilinear
form containing this term using (2.10).
Let us introduce the following equality

ey ) ab(c) 0(015)> O

ble) 2 (01s)? = 5 (PP Ib()ey (Bas)*]) — 5 e (B10)* = ble)els =52 + o (T = PY)ble)ef (019)%))- (5.15)

Using (5.14) and (5.15) in (5.13), the Cauchy-Schwarz and Young inequalities, a generalized version of identity
(2.13) with a ¢ = (I — P")[b(c)el (015)%] € HL(D{ (t)) and (2.8) on Dy (t) with m = 1, using moreover (4.7),
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similar calculations to those used in (5.2), (2.10) with m = 0 and (4.13), we get, at the lowest order,

T T
(9 h c a c
/ [DRETODI AT /0 (C%(P Ib(c )Ah,D;(t)eh(Qm)QD’8a:5meh>D+(t)dt

a e (0)°) 2py<t>dt+0h2(At)_l/oT (ADM(‘SMZ)’Anm(ezm_eZ(t_At))) D;mdt
+/O (a%(b(c)) (046)27gréAtez)Dg'(z)dt—’_z/f;T (b( )eh945§ 945’88 5Ateh>D;(t)dt
_ / T(b@)a%(wl() YUCH), o <6mei>(94a>2)D;(t)dt
[ (s s s, Gneoe?) [ (02 2 (5Ateh)(a45)2>D;(t)dt
+/ T(b(d?((t« )G+ U5(Cr) — Wi >)’ai%“te””“)z)pywdt

o, O D . o [T, ey D
+ Y /( X’“ am(ameh)(ow)?) dt+C(s 4)/ <b(c); ;;945) dt
kETs ()\ T (¢ Df () 0 Df (1)
2 1/2
dt)
DF (1)

Ly T ) 1/2 1/2 T ) 1/2
e )(/ Ia.ch0a0) 1 ) }wh(/ 168G 1R prgtt) ([ Ioaich @l )
0 0

T _ 8W+ 1o} h ey O c 2
- [ (b0 -G e ewtsciy)  a [ (0% 2 - pescioar)) |

D)

O (5a065)(05)

T

10

=FEi 1 +Ei2+Ei3+Eia+Eis+Eie+Eir+Eis+Eio+Ei0+Ein+Ei 2+ Eiz+ Eia+ Eias, (5.16)

where we indicate the terms on the right hand side of (5.16) as E1 1,..., E115. Using (3.10), (3.11) and (1.16),
we get that

%(b(c))e}f(945)2 € L*(0,T; H'(Df (1))); b(c)e}l”945(,%945 € L*(0,T; H (Df (1))).

Hence, we can integrate by parts in the terms F; 3 and F, 4. Using the Cauchy-Schwarz and Young inequalities,
the facts that 9/0x(b(c)) and 9%/022(b(c)) are in L (D) as a consequence of (3.12), using (4.7), the fact that
|VOi5] < C6~2 and (4.8) we get, at the lowest order,

0

T T delr Oey
W< 4 w 2 -1 h “~h p2
|E1,3‘ < (C—FC((S ))/0 Heh (045)||D;(t)dt+0(5 )/ (b(c) a 858 6 >D;r(t)dt
T

1 c 2
+ TO ||6At6h(945)”13g-(t)dt7 (517)

T T
0e¥ de? 1
E . <C8 W) |2, di 05—5/ b h Zh g2 dt+ — Sares (04|24, dt.
‘ 1,4| = ( )A ||eh( 45)||D;r(t) + ( ) 0 (C) or ax 46 D;r(t) + 10 H Ateh( 46)||D;r(t)

(5.18)
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In order to isolate terms in e, which can be bounded using (3.17), and terms in ef;, we rewrite the term F 5 as

Bio= [ (MO0 (e~ Pra(e). 5 Gaed)0?)

Dt (1)

" vt 2 0 s
# [ (petog, (e - g meionr)
T +
# [ (MO0 ~ (P + 0 (Pra) = 1 (CD) Bl S G 0a0?) e 6.19)

DL ()

Using (3.17), (1.5) and (1.7), the identity (a, (a —b)c) = 1a?c— 3b%c+ £ (a—b)?c, the fact that ¢} (z) is Lipschitz
continuous for x < 1, the Cauchy-Schwarz and Young 1nequahtles we get

T 2 X T c(. c(.
|E15| < Ch+ i/ dt + (1-¢) / (Caeh( ,t), dej (-5 1) (946)2> dt
0 ax 8CC

£(5At62)(946)

400 Ox D} (t) 2At DY (1)
B (1—c*)/T Oes (-t — At) de§ (-t —At)
at S\ w0 e (0w D;()dt
At o 2 ) s [Tl 0 2
+ (1= max[d 2 [ L Gaes () 0m)||  aten? +cn / 9 (5aes)0as)||  dt
piw 2 Jo ||0 D (1) o [|0x DF (1)
T c a
- [ (rowtmnen - v eh,awmezxw) a
0 roor DE)
r )
[ (M) — o CN G -G 0)?) (5.20)
0 Df(t)

Note that in the last two terms we have written C}J{ = C,j — Py 1¢+ Pyic— ¢+ c and we have used (3.17), in
order to isolate a term containing def /0x and in order to be able to integrate by parts in the term containing
Oc/Ox. Let us now write O4s(-,t) = Ous(-,t — At) — At%945(',t)‘t:g and c(-,t) = ¢(-,t — At)) — At%c(-,t))h:g,
where t € (t — At,t), in the fourth term in the right hand side of equation (5.20), and obtain, using (3.12),
integrating by parts the last term in the right hand side of equation (5.20), and writing only the lowest order
terms,

ho [Tl o 2 (1—c*) [T/ des(-,t) des(-,t) . 1o
E <Ch+7/ —(8acef ) (045 dt + / (C > ’ 045 > de
1Bl 400 o (Oarei) (0as) oty 28t Jo o oz 01) Dty
1—¢*) (T el (-, t — At) e (-t — At
_ 2A§ )/ (c(.7t—At) i S ) Deil S )(645(‘,t—At))2> dt
0 T T DF ()-Df (t—At)
(1—c") /T( Oej, (-, t — At) Oej (-t — At) 2
- c(-,t — At) , (0a5(-,t — At)) dt
2At oz Oz DY (t—At)
T t 2 At (T 2
+ C’/ )0 5 dt + C(At)? + (1 = ¢¥) max [617/ ag(émei(«,t))(eu) dt
0 DF () DF(t) 0 x D)

T " 4 aeh o
+/0 (b(c)(¢1 (Pn(c)) — 47 (C)F ))a ' —(0aten)(04s) >D§+(t)dt

1 c [T
15 ) 1Baieh @ua)ll o de + (C -+ C) 4)/0 €5 (015) 12+ . (5.21)
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Note that the integral on Dy (t) — DJ (t — At) in (5.21), due to the continuity of the integrands in time and
to the fact that the support of ¢ changes in time by a finite value [6], is proportional to At times finite terms
on aD; (t), and can be bounded by a term like the sixth on the right hand side of (5.21) multiplied by At.
Changing variables as (t — At) — ¢ in the fifth term in the right hand side of (5.21), let us rewrite the sum of
the third and the fifth terms in the right hand side of (5.21) as

(1—c") /T dep, (-, t) Oef (1) o 1o (A=e) /0 dey (-, 1) Oej (1) 2
IAL A c o 5 o (946) Dg_(t)dt 2At A C(a ) oz ) O (946( at)) D;(t)dt'

(5.22)

Recalling (3.13), we can use in (5.22) the mean value theorem for integrals and obtain that there exists a
t € (T — At, T] such that (5.22) can be controlled by

015(-, ) + (l_c*)maX[C]Haeﬁa(x"O)946('a0)

(5.23)
0] Dy

(1—-¢)
— max|c]|

+
D&

662('75)
Or

Df(0)

In order to bound the last term in (5.21), choose x = n = P"[(045)%¢§] in the first equation of (4.1) and in the
first equation of (4.2), and subtract the former from the latter. We obtain

T T ae’w 8 T
c c 2 h 2 ¢ c c h 2
| Gaiehci )z ot = = | (b(e)a—;%w [(05) eh1>)D+(t>dt+ | <8 0 PO >
T
- /0 [(6a:Cyf, P"((645)?er]) — (5a:Cy Ph[(94s)2eil)h]D;<t)dt

’ OW 8 2 c

- [ (10~ s %5 2P s) ehD)Dmdt. (5.249)
The term on the left hand side of (5.24) can be treated as the second term on the right hand side of (5.19)
and can be rewritten using the same calculations which led to (5.23). The first term on the right hand side of
(5.24) can be bounded using the Cauchy-Schwarz and Young inequalities, (4.3), (4.7) and (2.8) with m = 1.
The second term on the right hand side of (5.24) can be bounded using similar calculations to those used in
(5.2). The third term on the right hand side of (5.24) can be bounded using bound (2.10), (3.6), (3.7) and the
hypothesis that At ~ h. Finally, the last term on the right hand side of (5.24) can be bounded using similar

calculations to those used in (5.3)—(5.7). Writing only the lowest order terms, we obtain that there exists a
€ (T — At,T] such that

r de(-,t) dev(-,1t) TNoes(,t) . ||?
165, (D Oss)I - < C / (0 2E0D 25000 o owy [ 2E |
h Dy (® oz ox Y DE(t) 0 oz DE (1)
T
/ 165 ) Oae) e+ C6) [ ek
+(C+C(O) ™R3 4 (C + C(6) ) (At)3/2, (5.25)

Choosing T'=t,, n = 1,..., N in (5.25), noting that f{T lles (-, )(94§)||D+(t dt < CAt and using a Gronwall
inequality, we derive that there exists a set ¢, € ((n — 1)At,nAt], n =1,..., N, such that, at the lowest order,

del (-, t) de(-,t Tl 9e (-t 2 "

T
I 9 7)2 —4 )
€5, E) (Bae)|2s s < C / <b<c> , 0 dt + (C+ C(5~) / as
h Dy (n) 0 o ox ) iy 0 Ox DF 1)

+(C+CO)™Mh +C(67%At. (5.26)
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For t € (tp—1,tn], n=1,..., N, using (3.12) and (5.26), we have that

166+ 01511y 1 = 1(Prc-18) = CiF ()0l o
< NPalelt) = el E))asl L ¢y + 1 (PhelrFn)) = 5 (B Bael [

60('7 t)
ot

< C'At‘

+leR (5 En)0as (- En)l pt s, + CAL. (5.27)
L>=(D})

Combining (5.26) and (5.27) we get (3.23).

Note that there exists an h such that b(c)yy (c) — b(c)y (Pa(c)) + b(c)y} (C;F) < 1 for each h < h. Hence we
can include the ninth term on the right hand side of (5.21) in the second term on the right hand side of (5.19)
and introduce a constant Cs, with Cy < 1, such that, using (3.23) in (5.21), and writing only the lowest order
terms, we get

2 2

h T
E 5| <Ch At + —
|Ev 5] < Ch+ CAt + 100 J,

862(70)

ox

At [T
—i—(l—c*)?/
0

L saset Gus) s dt 4 06— [ (b(e) 2% Ok g2 dt 5.28
+TO ; [[0ater( 46)||Dg-(t) +O( )0 (@%7% 16 : (5.28)

Gy
2

9e (-, 1)
ox
Oef (-, 1)

———0
on V48

dt +
Df(t)

+(C+C(5™h) /T
0

2

0
2 (dates,)(0as)

2

946('75)

2

D®)

&

dt
2

DF(t)

046('30)

D¥(0)

0

- (0aces, (1)) (0as)

dt
or

DY (t)

Let us rewrite the term E; ¢ as

T
Bro= [ (D)5 (05(0) ~ vhlclt — A0) + (et = A1) = (G ). o (Bauei)Oas)?) dr. (520

Dt (1)

Expanding in a Taylor series to first order the term 4(c(t — At)) around ¢, using the Lipschitz continuity of
J(+), (3.12), the Cauchy-Schwarz and Young inequalities we get that

2

At (Tl o
Fi¢ <CA — ¢
1,6 < CAt + 160 ; 8x<6m€h)(946) Dg_(t)dt
4 0 / ! — 0 c 2
+ / blc) - (Va(e(t — At)) —3(Cy)), 5= (darer)(bas) dt. (5.30)
0 8"13 6:0 D;(t)

The third term on the right hand side of (5.30) is similar to E; 5 and can be treated in a similar way, repeating
the calculations which led to (5.28), on noting the Lipschitz continuity of ¢4 (-) and the fact that |b(c)¥5 (c)] < 1.
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We get
o At [T o 2 Cs || D€ (-, T) 2
Bl < onCans (ot 1) || 2 sieyon)| - ane S| 280000
400 160/ J, ||0x DF () 2 ox DF (&)
Cs |95 (-,0 ? oes (), |
C3 Eh( ) )946(_’0) + (C + 0(674))/ eh( > )046 ds
2 Ox DY (0) 0 Ox D} (¢)
At (Tl o 2
sa-e)G [ et  a
o [19® D (1)
1 (T 9 6 T Oel Oep’ o
= ¢ - b ZTh 31
+ 10/0 \|5Ateh(945)||D;(t)dt+C’((5 )/0 (b(c) 9 O 945)D;(t)dt, (5.31)
with C3 < 1. Using (3.16), the Cauchy-Schwarz and Young inequalities, we get
e [Tl o 2
Ei7 <Ch+ — —(dazes) (0 dt. .32
|Brrl < Ch+ 105 ; 5 (Oateh) (0as) i) (5.32)

Let us rewrite the term FEj g, using (2.13), as

Bra= [ (PO~ (P UGH + 640 WD) 6] 5o Oveh))

D)

_/ (8255) ((I_(Ph)_l)(%(cm+w/2(ch’)_W’j))(a‘l&)z»aax(%tei)) N
: Dy (1)

/T b SRY—=1Y (1] (I Non +y)9 2 0 h
A GGGt ><¢1<0h>+w2<0h>Wﬁ)axww)’<5At€h>>D+(t)d’f

T

(I~ PM)[b(e) (1 — (B") ™) (W4 (CF) + 4 (Cy) — Wil)) (0s)?), ai“mei))m &

=
—
(9]

)((I = (P")WACH +95(Cy) = W) (045)%. A, s 1 <5Atez)>D+( )dt

MO = (P )W) + U5(C) ~ W) - Bus) o Baee))

Dy (t)

(
<
(
N /OT (ag(d (I = (P")y"H (W1 (CF) + 94(Cy) — W) (8a5)?, i(&At62)> Dmdt
(
(

T 0 h phy—1 I + I — + 2 9 ¢
+/ A= (I =P")b(e)((I = (P")"H(WLUCY) +45(C ) = W) (0as) ]7(6Ateh)) dt  (5.33)
0 8 8(1}' Dg—(t)

Choosing v = PM[(44(C}f) +44(C, ) = W) (0as)], x = P(I = (PM) ™[4 (Cy) + 44(Cy, ) — WiF)(04)] and
m =1 in (2.10), using (2.8) and (2.9), we get that

(L = (PM)"I) (WA (CF) + 45(Cy ) = Wih)Bas)l gy < [1((P" + (1 = PM) (I = (P") )WL) +45(C)
= WihbasDllps o) < CH*. (5.34)
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The last term in (5.33) can be bounded using a generalized version of identity (2.13) with a ¢ = (I — P")[b(c)((I —
(PPN (@4 (CF) + 94(Cy ) — W;5))(045)?], the Cauchy-Schwarz inequality and (5.34), obtaining

(5t = PO = (PG + 6C) = WD) 6] 5 Gveh))

(956 D;r(t)
T 1/2
< om0 ([ 187 660 - it = A0l ) (5.35)

Using (3.12), (3.13), (5.34), (5.35), the Cauchy-Schwarz and Young inequalities in (5.33) and the hypothesis
that At ~ h we get, at the lowest order,

h T 2
<Ch+ —

T
c||2
p dt+C /0 180 €5l o - (5.36)

0 X
%(5&62)(94&)

Dy (1)

The term E; g can be bounded using the Cauchy-Schwarz and Young inequalities, on noting that

H O D} (t)
obtaining
ho [Tl o ?
Ch—f—@/ %(5Ateh)(945) Dg.(t)dt. (537)
Let us rewrite the term Fy 14 as
T oW, o
Braa= [ (160 = ete — a0 T (P 0 Panes))
0 v Dy (1)
T oW, o
# [ (tete = 20) = sPuets - SN S (P 0woneci]) )
0 X X D;r(t)

g dey 0 2 c
- [ (ot~ oy —weniGh Pt owrosy) | a
0

(Ph[(945)25m62])> A
Dt (1)

——(P"[(045)? 6Ateh])) dt. (5.38)
Dy (t)

(
(

- [ (wrntete - 2y - w0,
(erete - 20 - e 5

Oz
ow 0
Ox’ Ox

Noting that, for a given h(9), b(C} ) — b(Pr(c(t — At))) < b(c) for each h < h(8), we can absorb the third term
on the right hand side of (5.38) into the second term on the left hand side and the first term on the right hand
side of (5.13). Using (3.12), (3.17), (3.16), (4.7), (3.5) and (2.3) with r = oo, m = 1,p = 2, integrating by parts
the last term on the right hand side of (5.38) and using the Cauchy-Schwarz and Young inequalities, we get, at



ERROR ANALYSIS OF A FE APPROXIMATION OF A DEGENERATE CH EQUATION 861

the lowest order,

2

0

h At
E <(CH+ OB+ C(67°)AL —(0aref)(0 dt
i <€+ 0™+ 0700+ (555 + 5gg) [ || seiron]
T 1 T
007 [ el g+ 5 [ 5s1ek )y . (5.39)
0

Note that, since b(c)y”(¢) < 1 for ¢ € [0,1), there exists a constant Cy such that Cy + C3 = C4 < 1. Finally, in
order to bound the term Ej 15, we use a similar trick to (5.15), integration by parts and a generalized version
of identity (2.13) with a ¢ = (I — P")(0ac€$(045)?), (2.8) with m = 1 and the Cauchy-Schwarz and Young
inequalities. Using (2.13), (3.6), (4.17), (3.22), (5.25), (3.23), the Cauchy-Schwarz and Young inequalities in
(5.16), we get, with the hypothesis that At ~ h, the fact that ¢* < 1 and writing only the lowest order terms,

T T
Y c c
/ |\5Ateh(94é)||D+ dt + = 9AL (b(C)Ah,D;(t)eh(‘,t)(94é‘)2a Ay o€ ))D+(t)dt
T
2 c c
~ AT /O (b(c)AhD;(t)eh(-,t — At)(045)?, Ah,D;(t)eh('vt _ At))D;r(t)dt

T
g c
+ At /0 (B o o) (Bae€5) (015)%, Dy o 1) (9€)) syt

- T

def Oe}
B A o2 5 “L)A -8 / -, 63
_c/o I h,D;(t)ehHD;(t)dt—&—(C—l—C((S Nh+ (C+CE ™)AL+ C(678) i (b(c) 5 B 945>D+(t)dt

2 2

2 C
+C(5_14)/ ‘aeh@zxé dt il 3946('77?) 4‘g 9ei(, )9 15(+,0)
o 119z "llpt e 2 3 pre 21l Ox D} (0)
9 At B 2
- (0acer, (1)) (0as) dt. (5.40)
10 2 Jy ||0x h D (#)

Using similar calculations to those used in (5.21)-(5.23) in order to treat the second and third terms on the left
hand side of (5.40), using moreover (3.13) and similar Gronwall arguments to those used in (5.25), we get

r dey 0
| 1o Bus) | e < (C+ CE2h + (€ +C ) At +C(67%) / b2k D)
0 D& (t) 0 a:E (956 D:(t)
2 2
+ 0(5_14)/ ‘8%946 1|9t ﬂ946(',1?)

Cy || €5 (-, 0) 2 9 At d 2
= ,6(-,0) —(8p:€5 (- 1)) (Bas) dt, (5.41)
2 Oz pro 102 Jo ||z h D (#)

with Cy < 1 and for a t € (T — At, T], which is (3.24). O

6. NUMERICAL RESULTS.

In this section different test cases are simulated in order to validate the error analysis introduced in
Theorem 2.2. In order to simplify the notation, let us indicate in the sequel

— +
€0 = [le = Oyl Lo 0.mi22(0f (1))
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0 = 0.05. At=2.44 e-6.

0 T T T T T T
14 16 18 2 22 24 26 28 3 32
-0,5

-
-1.5

log1o(€0,5)

logyo(1/h)

At=2.44e-6.

0 I T
14 16 18 2
-0,5

22 24 26 28 3 32

44
1,5
-2

-2,5

logo(eo)

-3
-3,5+

\

logyo(1/h)

-4,5

logig(e1,s)

logyo(e1)

-1,5-

-2,5

14 16 18 2

. AGOSTI

6 =0.05. At=2.44 e-6.

22 24 26 28 3 32

—m— Data
—o—hA(1/2) law

logyo(1/h)

At=2.44e-6.

22 24 26 28 3 32

—B— Data
——h*1/2) law

logo(1/R)

FIGURE 2. Test case 1. Values of log,q(€o.s), logyg(e1,s), log;o(€o), log,o(e1) vs. logo(1/h), for
8 =0.05, At =2.44-10% and an exact decay law proportional to h'/2.

0
e1,6 1= Hax(c— C,j)

LW(OVT;LQ(D,?(t)»’

€o = ||C - C}jHLw(O,T;L?(Q))a

0
er = Hax(c—C’,‘f)

L°°(0’T;L2(9))'

Three test cases will be studied in one and two space dimensions in which proper right hand sides are added to
equation (1.1) in such a way that exact solutions are known. In the first test case a one dimensional stationary
H!(£2) exact solution will be considered. In the second test case a one dimensional time dependent H?({2) exact
solution is considered; note that a more regular solution could result in a higher rate of convergence for the
error estimates. In the third test case a two dimensional H'(§2) exact solution is considered.

In order to solve the variational inequality at each time step in (1.8) we use the splitting algorithm presented
in [3] (in Sect. 5), in which a scalar variational inequality is only solved, by means of a projected gradient method,
on the nodes of the triangulation whose associated basis functions span the set on which the degenerate operator

can be inverted.
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6=0.05.h =1/512. 6 =0.05.h=1/512.
0 0 T
24 26 28 3 32 34 36 38 4 42 24 26 28 3 32 34 36 38 4 42
-0,5
-0,5
-1
EREr 3 7
&5 & —m— Data
%3 -2 “5’ -1,5 —o— At (1/2) law
-2,5 2
-3
\ -2,5
-3,5
-4 -3
logyo(1/At) log,o(1/At)

F1GURE 3. Test case 1. Values of logo(€o.s), logo(e1,s), vs. log,o(1/At), for § = 0.05, h = 1/512,
and an exact decay law proportional to At!/2.

5=0.2. At~h. 6=0.2. At~h"2.
0 0
14 16 18 2 22 24 26 28 3 3.2 14 16 18 2 22 24 26 28 3 3,2
05 -0,5
1
IR | i
g £ —m— Data
~— (=] e A
s 3 15 —e—hA(1/2) law
S 1,54 -
2
—
-2 -2,5
-2,5 3
log1o(1/h) logyo(1/h)

FIGURE 4. Test case 1. Values of logyy(e1,6), vs. logio(1/h), for 6 = 0.2, with At ~ h and
At = h?, and an exact decay law proportional to h'/2.

6.1. Test case 1 - One dimensional stationary H!(§2) solution

Let us study a first test case in which a proper right hand side is added to equation (1.1) in such a way that
the function

c(z,t) = 1cos<””+7r> ifL‘zﬁ <z< 3ﬂ2\ﬁ,

2 al (6.1)

0 otherwise,

is a stationary exact solution. This solution has H'(§2) regularity, since its space derivative has a jump
discontinuity. As data the values v = 0.0196, ¢* = 0.6 are taken. The domain is {2 = [0,1], and 7' = 100A¢.

In Figures 2—4 the convergence behaviours of the errors eg g, e1,5, calculated inside the support of the solution
(6.1) for different values of §, and of the errors ey, e; on the whole domain, are shown, by plotting the log,, of
the error norm and seminorm in function of log;,(1/h) and log;(1/At).

In Figure 2 the convergence behaviour is studied by varying the parameter h and keeping a small fixed At.
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logyp(e1.6)
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1,2
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6=0.1. At=h"2.
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FIGURE 5. Test case 2. Values of log;(e1,s) and logy(e1) vs. log;y(1/h), for § = 0.1, for the
cases At ~ h and At = h?, and an exact decay law proportional to h'/2.

From Figure 2 it can be observed that the h'/? behaviour of the error estimate (2.16) is recovered. Moreover,
note that (4.40) is a rough estimate, and that effectively

lle = Gy || Loe (075011 (2)) < ChY2,

as predicted in (4.44) and (4.46) (note that the support of (6.1) is fixed in time).
In Figure 3 the convergence behaviour is studied by varying the parameter At and keeping a small fixed h.
From Figure 3 it can be noted that the At'/? behaviour of the error estimate (2.16) is recovered.
In Figure 4 the convergence behaviour is studied both for the cases At ~ h and At = h?, in order to observe
if the rate of convergence changes if we change the assumption At ~ h to At = h2, which satisfies the constraint
introduced in Remark 4.4.

From Figure 4 it can be noted that the h'/2 behaviour of the error estimate (2.16) is recovered both for the
cases At ~ h and At = h?.

(6.2)
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3,8 : ‘ ‘ : ‘ 0 : : : : :
e 16 18 2 22 24 2 14 16 18 2 22 24 26
-3,9
.0’1 i
4
021
’.no: -4.1 =
; >
= 42 < 037 —m— Data
g a3 F oo —o— A(1/2) law
44
X -0,5-
45 X
46- ~ 3 -0,6
47 07
logo(1/h) log1o(1/h)

FIGURE 6. Test case 3. Values of log;y(eo,s) and logig(e1,s) vs. logyo(1/h), for 6 = 0.05, for
At =2.44-1075, and an exact decay law proportional to h'/2.

6.2. Test case 2 - One dimensional time dependent H?2(£2) solution

A second test case is considered in which a proper right hand side is added to equation (1.1) in such a way
that the function

5
IA
S
INA

iy

S

c(z,t) = EXPQﬁsin2 (\% — g) if =

0 otherwise,

2 (6.3)

is an exact solution. Differently from (6.1), this solution is time dependent and has H?({2) regularity, since its
space derivative is continuous. As data the values v = 0.0196, ¢* = 0.6 are taken. The domain is 2 = [0, 1], and
T = 100At. The convergence behaviour is studied for the cases At ~ h and At = h2.

In Figure 5 the convergence behaviours of the error e; s, calculated inside the support of the solution (6.3),
and of the error e; on the whole domain, are shown.

Note from Figure 5 that the h'/? behaviour of the error estimate (2.16) is recovered both for the cases At ~ h
and At = h2. Moreover, observe that (6.2) is also valid in this test case, both for the cases At ~ h and At = h?.

6.3. Test case 3 - Two dimensional H!(£2) solution

Let us study a test case in 2 — d dimensions in order to test the convergence properties of the discrete scheme
for the d = 2 case. A proper right hand side is added to equation (1.1) in such a way that the function

2 2 . -
c(x,y,t)écos<\””ﬁ+\yﬁ> 1f5€2+y2§7ﬁ, o

0 otherwise.

is a stationary exact H'({2) solution. As data the values v = 0.0196, ¢* = 0.6 are taken. The domain is 2 =
[-1,1] x [-1,1], and T" = 100A¢. The convergence behaviour is studied by varying the parameter h and keeping
a small fixed At. In Figure 6 the convergence behaviours of the errors ey s and e; s, calculated inside the support
of the solution (6.1), are shown, by plotting the log,, of the error norm and seminorm in function of log,,(1/h).
Note from Figure 6 that the h'/? behaviour of the error estimate (2.16) is recovered also in the 2 — d case.
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7. CONCLUSIONS

This work investigated the error analysis of a discrete finite element approximation of the degenerate Cahn-
Hilliard equation, with degenerate mobility and single-well potential introduced in [3]. In contrast to the CH
equations studied in the literature, where the degeneracy and the singularity sets coincide, here the degeneracy
set {¢ = 0,c = 1} and the singularity set {¢ = 1} do not coincide. This constitutive choice introduces further
complications, as explained in the Introduction, which causes the error analysis to be non-standard with respect
to the standard CH case with constant mobility. Starting from some preliminary Lemmas, introduced in Section 3
and shown in Section 5, which in particular give the estimates of the L?(0,T; H~1(£2)) and L*(0 < ¢ < 1) norms
of the time increment of the error of the concentration ¢ in terms of the discretization parameters, the main
a priori error estimates were derived, which describe the fact that the norms of the approximation errors for
the concentration variable ¢ and for the chemical potential variable w, calculated on the support of the solution
¢ in the spaces L>(0,T; HY (D (t))) and L%*(0,T; H' (D[ (t))) respectively, are bounded by power laws of the
discretization parameters with exponent 1/2. These estimates are obtained for discretization parameters h and
At which satisfy the condition At ~ h, which guarantees that the discrete solution is able to track compactly
supported solutions of (1.1) with a free boundary which moves with a finite speed of velocity (see in particular
condition (1.11)). This property is peculiar to a degenerate fourth order parabolic equation. The obtained
a priori estimates are indeed different from that obtained in the case of the classical CH equation with constant
mobility (see e.g. [21] for details), where the exponent in the power laws of the discretization parameters is
1 and no relation between the discretization parameters has to be satisfied. The main result of this paper is
introduced in Theorem 2.2, and shown in Section 4 in the d = 1 dimensional case. Let us however note that
the error estimates could be in principle extended to the general d = 2,3 dimensional cases, as described in the
Introduction.

Finally, in Section 6 some numerical results for different test cases with known exact solutions both in one and
two space dimensions were reported, which validated the a priori error estimates introduced in Section 2. The
numerical results validated the theoretical error estimates in the case of a one dimensional stationary H?!({2)
exact solution (test case 1), in the case of a more regular exact solution, i.e. a one dimensional time dependent
H?(£2) exact solution (test case 2), and in the case of a two dimensional stationary H*({2) exact solution (test
case 3).

Future work will concern the study of the convergence of the finite element approximation (1.8) to the weak
formulation (1.12) in the d = 2,3 dimensional cases, together with the natural extension of the error estimates
in Theorem 2.2 to the multidimensional case. Moreover, the error analysis of the discrete solution obtained
using a finite element approximations with discontinuous elements will be investigated. In this case, no lumping
of the scalar product has to be introduced in order to have discrete solutions which track compactly supported
solutions with moving support, and hence better convergence properties than the ones obtained within the
present discretization could be expected.

Acknowledgements. The author acknowledges P. Ciarletta, M. Grasselli, M. Verani and P. F. Antonietti for some useful
discussions.
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