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Summary. We propose and analyze a semi-discrete and a fully discrete
mixed finite element method for the Cahn-Hilliard equation u; + A(¢Au —
e ' f(u)) = 0, where ¢ > 0 is a small parameter. Error estimates which
are quasi-optimal order in time and optimal order in space are shown for
the proposed methods under minimum regularity assumptions on the initial
data and the domain. In particular, it is shown that all error bounds depend
on % only in some lower polynomial order for small €. The cruxes of our
analysis are to establish stability estimates for the discrete solutions, to use a
spectrum estimate result of Alikakos and Fusco [2], and Chen [15] to prove
a discrete counterpart of it for a linearized Cahn-Hilliard operator to handle
the nonlinear term on a stretched time grid. The ideas and techniques devel-
oped in this paper also enable us to prove convergence of the fully discrete
finite element solution to the solution of the Hele-Shaw (Mullins-Sekerka)
problem as ¢ — 0 in [29].
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1 Introduction

In this paper we consider the following Cahn-Hilliard problem:

(D) u, + A(eAu — %f(u)) =0 mQLr:=Qx(0,7),
ou 0 1 .

(2) — =—(EAu——-fu) =0 ndQLr:=0Qx(0,T),
on on 3

3) u=uy in x {0}.

Here Q@ c RY (N = 2, 3) is a bounded domain, T > 0 is a fixed constant,
and f is the derivative of a smooth double equal well potential taking its
global minimum value O at u = £1. A typical example of f is

1
f(u):=F'(u) and F(u) = Z(uz —1)2.

The equation (1) was originally introduced by Cahn and Hilliard [12] to
describe the complicated phase separation and coarsening phenomena in a
solid where only two different concentration phases can exist stably. Note
that the equation (1) differs from the original Cahn-Hilliard equation (see
[12]) in the scaling of the time so that ¢ here, called the fast time, represents
é in the original formulation.

In the equation, u represents the concentration of one of the two metallic
components of the alloy mixture. The parameter ¢ is an “interaction length”,
which is small compared to the characteristic dimensions on the laboratory
scale. The two boundary conditions in (2), the outward normal derivatives of
uand e Au — e~ f(u) vanish on 2, imply that none of the mixture can pass
through the walls of the container €2; the first condition is the most natural
way to ensure that the total “free energy” of the mixture decreases in time,
which is required by thermodynamics, when there is no interaction between
the alloy and the containing walls. The evolution of the concentration consists
of two stages: the first stage (rapid in time) is known as phase separation and
the second (slow in time) is known as phase coarsening. At the end of the
first stage, fine-scaled phase regions are formed, which are separated by a
thin region, usually considered as a hypersurface called the inferface. At the
end of the second stage, the solution will generically tend to a stable state,
which minimizes the energy functional associated with (1). For more physi-
cal background, derivation, and discussion of the Cahn-Hilliard equation and
related equations, we refer to [12,7,11,34,35,3] and the references therein.

The existence of bistable states suggests that a nonconvex energy func-
tional is associated with the equation (see the discussion below). In or-
der to achieve broader applicability, in this paper we shall consider more
general (smooth) potentials which satisfy some structural assumptions (see
Section 2), and our analysis will be carried out based on these assumptions.
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We like to remark that nonsmooth potentials have also been considered in
the literature for the Cahn-Hilliard equation, for that we refer to [23,19,5,6]
and the references therein.

It is well-known that the Cahn-Hilliard equation (1) is the H~!- gradient
flow of the functional

@ J.(u) :=/¢S(u,Vu)dx and ¢£(u,Vu):§|Vu|2—|—§F(u).
Q

Note that the energy density ¢.(u, Vu) is a nonconvex function. It is also
well-known that the L?-gradient flow of the same energy functional 7, is the
Allen-Cahn (Ginzburg-Landau) equation

1
u, —eAu+ —f(u) =0,
3

which was originally introduced by Allen and Cahn [3] to describe the motion
of antiphase boundaries in crystalline solids (see [12,35,28] and references
therein). It is easy to check that the Cahn-Hilliard problem (1)-(3) conserves
the total mass because its solution satisfies % fQ u(x,t)dx = 0, however,
the corresponding Allen-Cahn problem does not have this mass conservation
property.

In addition to the reason that the Cahn-Hilliard equation is a good model to
describe the phase separation and coarsening phenomena in a melted alloy,
it has been extensively studied in the past decade due to its connection to
an interesting and complicated free boundary problem which is known as
the Mullins-Sekerka problem arising from studying solidification/melting of
materials of zero specific heat, which is also known as the (two-phase) Hele-
Shaw problem arising from the study of the pressure of immiscible fluids
in the air [36,1,16,13,11,33,32]. It was first formally shown by Pego [36]
that, as ¢ N\ 0, the function w := —eAu + sflf(u), known as the chem-
ical potential, tends to a limit, which, together with a free boundary I' :=
Uop<i<7 (I'y x {t}), satisfies the following Hele-Shaw (Mullins-Sekerka) prob-
lem:

(5) Aw=0 inQ\T,, tel0,T],
9
(6) W0 ondQ.te[0.T].
on
@) w=o0K onl,, te[0,T],
119
(8) V=—[—w] onT,. 1 €0,T].
2L0n dr,

)] o =T whent =0.
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1
o= [ e,
—1 2

k and V are, respectively, the mean curvature and the normal velocity of
the interface I';, n is the unit outward normal to either 92 or I';, [%—f]r, =
ag;: — 2 and w' and w are respectively the restriction of w in ;" and
Q; , the exterior and interior of ', in Q. Alsou — *1in Qti forallt € [0, T,
as ¢ \y 0. The rigorous justification of this limit was successfully carried out
by Stoth [39] for the radially symmetric case, and by Alikakos, Bates and
Chen [1] for the general case, under the assumption that the above Hele-
Shaw (Mullins-Sekerka) problem has a classical solution. Later, Chen [16]
formulated a weak solution to the Hele-Shaw (Mullins-Sekerka) problem and
showed, using an energy method, that the solution of (1)-(3) approaches, as
€ \4 0, to a weak solution of the Hele-Shaw (Mullins-Sekerka) problem.

Due to the existence of nonlinearity, numerical approximations of the
Cahn-Hilliard problem become a crucial mean for understanding the phase
transition of the isothermal binary alloy. In addition, the connection between
the Cahn-Hilliard problem and the Hele-Shaw (Mullins-Sekerka) problem
leads to an attractive (indirect) approach for studying and approximating the
latter through the former by taking advantage of the fact that the solution of
the Cahn-Hilliard equation exists for all times [26]. The primary numerical
challenge for solving the Cahn-Hilliard equation results from the presence
of the parameter ¢ in the equation, which usually is small in phase transition
applications and has to be sent to zero in order to approximate the Hele-Shaw
(Mullins-Sekerka) problem. As will be seen below, an appropriate numeri-
cal resolution of the solution to (1)-(3) requires proper relation of numerical
scales, that is, the (spatial) mesh size & and the (time) step size k have to
properly relate to the “interaction length” ¢.

In the past fifteen years, different numerical approximations of the Cahn-
Hilliard equation with a fixed € have been developed and analyzed [26,23,25,
10,18,24,21,19,31,17]; see also [4-6] and the references therein for finite
element approximations of (1)-(3) for multi-component alloys with constant
or degenerate mobility. We like to emphasize that the results of all above cited
papers were established for the Cahn-Hilliard equation with a fixed “inter-
action length” ¢ > 0. No special effort and attention were given to address
issues such as how the mesh sizes 4 and k depend on & and how the error
bounds depend on ¢. In fact, since all those error estimates were derived using
a Gronwall inequality type argument at the end of the derivations, it is not
hard to check that all error bounds contain a factor exp(%), which clearly is
not useful when ¢ is very small.

In contrast, our goal is to establish error bounds which depend on ¢~ only
in low polynomial order for a mixed finite element discretization of (1)-(3)

Here
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(see below) under some reasonable constraints on spatial and temporal mesh
sizes h and k. In this paper, we focus on deriving such error estimates for the
proposed mixed finite element method under minimum regularity assump-
tions on the initial value u( and on the domain 2. In a companion paper
[29], we prove convergence of the solution of the fully discrete finite ele-
ment method to the solution of the Hele-Shaw (Mullins-Sekerka) problem as
& — (0 using the ideas and techniques developed in this paper; the program in
[29] is carried out by establishing some stronger error estimates, in particular,
the L°>°(Q27) estimate, which only hold for more regular solutions to (1)—(3).

Our fully discrete scheme, based on a mixed variational formulation for
u and the chemical potential w := —eAu + &' f(u), is defined as

(10) (d U™, mp) + (VW", Vi) =0 Vi € S,

(11) g(vum,wh)+%(f(U'")—W’",vh)=0 Yo, € Sy,

with some starting value U° € S},. Here, S, C H'(Q) denotes the continu-
ous piecewise linear finite element space. We consider this discrete system
on the equidistant mesh J,', and also on the stretched mesh sz = {tn },’,‘fzo of
local mesh sizes

(m+ Dkj,  for0 < t,41 <io,
VKo, or fy1 = 1o,
with the basic mesh size ko, and some positive constants y, 7, = O(1). Notice
that both meshes require asymptotically the same amount of computational
cost (cf. Section 3).
We now summarize our main results in this paper. Let 0 < 8 < % be
an arbitrary number. On the equidistant time mesh J;' = {t,,}¥_; and for

uo € H?(Q), we show a convergence rate O(kz~#) for the implicit Euler
semi-discretization (see Theorem 1), which can be improved to O(k(]fﬂ ) on
the stretched time mesh J? = {t,,}_, (see Theorem 2). Theorem 3 contains
error estimates, which are optimal in £, for the fully discrete approximation
(10)-(11) on sz. The results in Theorems 1 and 2 are obtained under general
regularity assumptions for (1)-(3). Moreover, mesh constraints, which relate
&, ko and h and under which the above convergence rates hold, are explicitly
stated. The constraints indicate that small values of 8 severely restrict the
size of k.

In the case that uy € H>(R2) and either € is a convex polygonal domain
for N = 2 or the boundary d0€2 is of class C*! for N = 2,3, we show
quasi-optimal order in k and optimal order in & convergence on the equidis-
tant time mesh for the semi-discrete and fully discrete mixed finite element
approximations, see Corollary 1 and Corollary 2.
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The analysis to be given below reveals the effects of temporal and spatial
discretization independently for given initial data ug € H ‘), ¢ = 2,3.
Under the premise to derive error bounds that depend only polynomially on
%, in order to draw conclusions about the numerical method which involves
different scales ¢ and kg, &, the complexity of initial data (captured in terms
of the parameters o;, fori = 1, ..4), growth (p > 2) and degree of the non-
monotonicity (6 > 0) of f, and the value ¢ > 0 are all taken into account
here. Our analysis is carried out for a general class of admissible double equal
well potentials and initial data ug € H 2+t ¢ =0, 1 that can be bounded in
terms of negative powers of ¢; see the general assumptions (GA|)-(GA3) in
Sections 2 and 3.

To establish the above error estimates, the following three ingredients
play a crucial role.

(i) To establish stability estimates for the discrete solutions of the semi-
discrete (in time) and the fully discrete schemes.

(i) To handle the (nonlinear) potential term in the error equation using a
spectrum estimate result due to Alikakos and Fusco [2], de Mottoni
and Schatzman [20], and Chen [15] for the linearized Cahn-Hilliard
operator

1 /
13) Len == AeA — gf i),

where I denotes the identity operator and u is a solution of the Cahn-
Hilliard equation (1); see Proposition 1 for details.
(iii) To establish a discrete counterpart of above spectrum estimate.

We remark that, using a similar approach parallel studies were also car-
ried out by the authors in [28] for the Allen-Cahn equation and the related
curvature driven flows, and in [30] for the classical phase field model and the
related Stefan problems. On the other hand, unlike the Allen-Cahn equation
which is a gradient flow for (4) in L?, the Cahn-Hilliard equation is a gradient
flow for (4) in H~!, which makes the analysis for the Cahn-Hilliard equa-
tion in this paper more delicate and complicated than that for the Allen-Cahn
equation.

The paper is organized as follows: In Section 2, we shall state some a
priori estimates for the solution of (1)-(3), special attention is given to the
dependence of the solution on ¢ in various norms. In Section 3 we consider the
backward Euler semi-discrete (in time) scheme for the Cahn-Hilliard equa-
tion and establish some stability estimates for the semi-discrete solution. We
prove a sub-optimal error bound, which depends on é in a low polynomial
order for small ¢ as is summarized in Theorems 1-2. The spectrum estimate
plays a crucial role in the proof. In Section 4, we propose a fully discrete
approximation obtained by discretizing the semi-discrete scheme of Section
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3 in space using the lowest order Ciarlet-Raviart mixed finite element method.
Optimal order error bounds, depending on % in a low polynomial order, are
shown for the fully discrete method in Theorem 3.

This paper is a condensed version of [27], where one can found more
details and helpful discussions which could not be included here due to page

limitation.

2 Energy estimates for the differential problem

In this section, we derive some energy estimates in various function spaces in
terms of negative powers of ¢ for the solution u the Cahn-Hilliard equation
(1) for given ug € H>T4(Q), £ =0, 1. Here J = (0, T), and H*(Q) denotes
the standard Sobolev space of the functions which and their up to kth order
derivatives are L?-integrable. Throughout this paper, the standard space, norm
and inner product notation are adopted. Their definitions can be found in [10,
18]. In particular, (-, -) denotes the standard inner product on L?(2). Also,
c,cj, C, C, C~’j are generic positive constants which are independent of ¢ and
the time and space mesh sizes k, kg and h.
In addition, define for r > 0

H™(Q) := (H" ()", Hy" (Q):={we H(Q); <w,1>=0},

where < -, - >, stands for the dual product between H" (€2) and H ™" (2); we
denote L3(Q2) = HJ(R).Forv € L§(Q),letv; := —A~'v € H'(Q)NLE(Q)
be the solution to

. vy
(14) —Avi=v InQ, 8_:0 on 0€2,
n

and define A_%v as
A_%v '=Vuv, =-VAlv.

We make the following general assumptions on the derivative f of the
potential function F:

General Assumption 1 (GAq)

1) f = F' for F € C*(R), such that F(+1) =0, and F > 0 elsewhere.
2) f'(a) satisfies for some finite 2 < p < % and positive numbers
¢ >0,i=0,.,3,

GilalP? =& < fl@)<élalP?+6.
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3) Thereexist0 < y; <1, ¥, > 0and § > 0 such that for all |a| < 2
(f@ = f®).a=b) =y (f@@=b.a=b)=yla=b]"".

Remark 1t is trivial to check that (GA ), implies

(15) —(f'wv,v) <éollvlz., YveL 9,

which will be utilized several times in the paper.

Example. The potential function F (1) = %(u2 —1)2, consequently, f(u) =

u — u, is often used in physical and geometrical applications [3,12,7,16].

First, (GA}); holds trivially. Since f'(u) = 3u®> — 1, (GA;), holds with
¢1 = ¢, =3 and ¢y = ¢3 = 1. A direct calculation gives

(16)  f(a)— f(b) = (a —b)[f'(@) + (a — b)* — 3(a — b)a].

Hence, (GA); holds with y; = 1, y» = 3, and § = 1. Also, (15) holds with
co = 1.

In order to trace dependence of the solution on the small parameter ¢ > 0,
we assume that the initial function u satisfies the following conditions:

General Assumption 2 (GA2)

Suppose that there exist positive ¢-independent constants mg and o}, j =
1, 2, 3 such that

1
(17) my = —/ up(x)dx € (—1,1),
12| Jo
€ 2 1 20
(18)  Te(uo) := 5 | Vuo 72 + - | Fuo) lpp < Ce™™",
1
(A9 Nwg lge :== I —eAug+ — f(ug) lge <Ce 7, £=0,1.
I3
Recall that the mixed formulation of (1)-(3) is given by
(20) u, = Aw in Qr,
1
201 w=-f)—eAu in Qr,
I3
au ow
22 —=—=0 07,
22) av av on r
(23) u(x,0) = ug(x) VxeQ.

We refer to [26,9] and references therein for more discussions on well-po-
sedness and regularities of the Cahn-Hilliard and the biharmonic problems.

We now state some a priori estimates for the solution of (20)-(23), which
can be derived by standard test function techniques. We refer to [27] for their
detailed proofs.
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Lemma 1 Suppose that f satisfies (GA;), and uy € H*(Q) satisfies (17)-
(18) in (GA;). Then, the solution (u, w) of (20)-(23) satisfies

1
(1) —/udx:moe(—l,l), V>0,
12 Jo

.o 8 1
i) ess sup {1 Vi 2+~ F) 0
[0,00] €

Jo Nug(s) 113, ds
+ = Je(uo) ,
S I Vw(s) (13, ds

oo
(ii1) / I Au(s) |7, ds < Ce=Cn*,
0

e Jo Nui(s) 7. ds
(iv)  esssup || A7 uy Il +
(0.1 e Jo Il Aw(s) Il ds
<C g~ max{2o1(p—D+p+1,207} ,

(v) esssup | Au ”22 <Cpi(e),
[0,00]

o0
(vi) esssup T(®)]lu; 17,0 + g/ T($)|| Vi |3, ds < Cem @)
[0,00] 0

o0
(vi) ess sup ()l u; 17, + 8/ ()| Auy |[3, ds
[0,00] 0

< C gfmax{2c71 (p—D)+p+4,202+1} ,

oo
(mn(/uA*w@w;mscm@»
0

m)=/ruwNMAnﬁlwscmm,
0

where

. - 2 —1)+p+3,20143,2(02+1
p1(e) i=¢ max{201(p—1)+p+3,201 (024D}

,02(8) — e~ max{2(o1(2p—3)+p+1),200+14201(p—2)+p}

and T = t(t) = min{t, fy}, for any fixed small number 0 < fo = O(1).

The above estimates are derived under the minimum regularity assumption
uy € H?(Q). They show the strong dependency of the solution on negative
powers of ¢ in high norms. On the other hand, we show in the following that
the estimates will improve drastically if the initial data uy € H>(2) and the
boundary Q2 € C>! are considered. Alternatively, the subsequent results
also hold for convex polygonal domains in the case N = 2; see [27] for a
short proof.
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Lemma 2 Suppose that f satisfies (GA,), and ug € H> () satisfies (GA»),
and R is of class C*'. Then the solution of (20)-(23) satisfies the following
estimates:

1
(1) —/udx=moe(—l,1), V>0,
12 Jo

o0
(i) ess sup || u; ||il_1 + 5/ | Vi, ||i2 ds < C g~ max20143.203)
[0,00] 0

o0
(i) ess sup || Vu ||%2 + 8/ I u(s) ||i,3 ds < C g~ op=D+p+d)
[0,00] 0

o
(iv) f I A uy ||§171 ds < C pa(e),
0

where

152 (8) — g max{201(2p—3)+2p+2,201(p—2)4+202+p+1,203—1}

We conclude this section by citing the following result of [2,15] on a low
bound estimate of the spectrum of the linearized Cahn-Hilliard operator L¢
in (13). This result plays a crucial role in our error analysis; it describes the
coarsening dynamics and applies to cases where (i) u has a special profile
approximating a smooth hypersurface as detailed on page 1374 of [15] (see
also [2]), and (ii) the related problem (5)-(9) has a smooth solution. Both
assumptions are assumed to hold throughout the remainder of the paper.

Proposition 1 Suppose that (GA,) holds. Then there exist 0 < gy << 1
and another positive constant Cy such that the principle eigenvalue of the
linearized Cahn-Hilliard operator Lcg in (13) satisfies for all t € [0, T']

VY 12, + L (F @ ),
0 en= inf VYLt (SO

1 2 -
Oy H L) I Vw I7,

_CO

for e € (0, g9). Where u is the solution to the Cahn-Hilliard problem (1)-(3).

Proof. It was proved in [2] for N = 2 and in [15] for N > 2 that (24) is
valid provided that the function # (which does not have to be the solution
to the Cahn-Hilliard equation) satisfies some special profile (cf. page 638 of
[2] and page 1374 of [15]). It was shown in [1] that the solution to the Cahn-
Hilliard problem (1)-(3) indeed satisfies the required profile (cf. Theorems
4.12 and 2.1 of [1]) for sufficiently small ¢; the statement of the subsequent
proposition then follows from combining these two results. O
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3 Error analysis for a semi-discrete (in time) approximation

Consider a semi-discrete approximation of (20)-(23) on mesh Jkl = {tn }ﬁ;’zoz
Find {(u’”, w"’)}ﬂﬂj=1 € [H"(2)]? such that for every0 <m <M

(25) du™ ) + (Vw" T, V) =0 Vne H(Q),

(26) & (Vu™!, Vv) + % (F@™h,v) = ", v) Yve HY(Q),

with u° = u,. Here Jk1 = {lm},,ALo is a quasi-uniform partition of [0, T'] of
mesh size k := - Also, d,u™ ™ := (u™ " — u™)/k.

It turns out from the subsequent analysis that this scheme on the time mesh
J; only performs sub-optimal (see Theorem 1) for general regularities (see
Lemma 1) and quasi-optimal (see Corollary 1) under additional assumptions
on regularity of the problem (see Lemma 2). The reason for the sub-optimal
convergence in the case of general regularities is the lack of an estimate for
A uy in L2(J, HH(Q)).

In order to construct an optimally convergent time discretization scheme
for (20)-(21) in the case ug € H?(2), we suggest to compute iterates u™t of
(25)-(26) on a stretched mesh sz = {t, }nﬂf:o introduced in (12), for a basic
mesh size ko and 7y = O(1); see (Chapter 10 of [37]). Obviously, this grid
structure is very fine near the origin, with increasing mesh size at increas-
ing times, and requires O (k; 1) iteration steps to overcome the critical time
interval [0, 7]. It will be proved in Theorem 2 that the benefit of using the
stretched mesh sz is that it results in quasi-optimal error bounds.

Finally, we need a stability property for scheme (25)-(26) with respect to
admissible discretizations of the nonlinear term.

General Assumption 3 (GA3)

Suppose that there exists g > 0,0 < y3 < 1, and ¢4 > 0O such that f
satisfies for any 0 < k,, < &% and any set of discrete (in time) functions
{p™M_, € H'(Q)

4
27) vs 2k (1did™ 1,1 + knell V0™ I13.)
m=1

+ kn (f(@™), dip™) + 4T (¢°)

™ | =
]~

3
il

o | D

> = F(@) lly Ye<M
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Note that this assumption holds for f(u) = u? — u, we refer to [28,27]
for its proof.

A direct consequence of (27) are the following stability estimates for the
scheme (25)-(26) which hold on both meshes Jk1 and sz. Moreover, addi-
tional estimates in strong norms are shown for the stretched mesh, which
indicates its stabilizing effect.

Lemma 3 For k,, < & and uy € H*(Q), the solution of the scheme (25)-
(26) satisfies the following estimates on both meshes Jkl and sz.

1
@) @/umdx:moe(—],l), VYm=>0,
Q
1
. m |2 m
(i) max {e ] Va3 + 1 PG ]

M
D {1V 2 ot 1+ b || Vo™ 112}
m=1
<264 J:(u"),
M
i) Y knll Au I3z < Ce™ O

m=0
Moreover, there hold for Jk1

M
; -1 2 2
) max || A7 " |7 + ek Yl did™ |1
- m=1
< CS—max{Zol(p—l)+p+l,202}

() jmax | Au” 17, < Cpi(e),
and for J?
- KRS
o) max {Idu 1 +e ) Vo 13+ 2 0 {1dh 1
- m=1

Eké 3 ..m 2 € z 3 .,m 2
+ NV Gt + 5 Y k| V™ 1
m=1

<C {8—(2m+3) +1n<kl>8—{2m(p—1)+p+§}} ,
0
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2 M
i) max, {Ildu” I3+l du 1| + EOZ{ud?u'"niz
+e |l Adu 3.

M
& ~ ~
+5 2k Il Aduad™ |7, < Ce pie),

m=1

=g le

0

where d,¢ m+1

— ™ } and
5i(e) = max{ln(i) (oD (=D (=014
1 ko

1
ko
+C{8—2((01+02)+1) 4 8—(2‘71(p_2)+201+p+1)}a P1 (5)} .

+ln( ) —Qo1(p=D+p+3) }

In addition, under the assumptions of Lemma 2, there also holds for the mesh
A

M
(28)  (viii)  max, I dpu™ 17, 1+ng|| Vdu™ |7, < Ce™ o323}
m=1
M
(29)  (ix) omax | V™ ||L2+8kZ||u 23 < CemPalpmbaptd)
m=0

Remark Assumption (GA3) is a stability requirement for a “good” time dis-
cretization, which holds under mesh constraint k,, < £“°. In the literature,
modifications of (25)-(26) have been proposed to relax this restriction. One
strategy is to decompose F into F* — F~, where F* are two convex func-
tions, and to treat the first term implicitly and the second explicitly (cf. [8]).
Another strategy is to use a certain combination of f evaluated at different
time steps (cf. [28]). Despite the advantage of having a discrete energy law
without parameter restrictions, we prefer the scheme (25)-(26) for its simpler
structure and simpler subsequent error analysis.

Proof. For verifications of the estimates (i)-(v), (viii), (ix), see [27]. Here,

we only give proofs of (vi), (vii) on the time-mesh J7.
(vi) We apply d, to this equation and find

d,zum+l — mkoAd,w™ — Aw™t = 0.
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We test the above equation with —A~'d,u"+! and find

1~ 1~ ko 1=
(30) A 2dum ! ||iz+3||A 2diu 3,
+emko | Vdu™ |2,
£ ~ m ko -
+§dt|| Vit ||iz+7|| Vdau™ |13,

k
~2 (£ )

1
4 (f/(um+l)Vum+1, VA—ldtum-‘rl) .
&

Here, £ is a value between u™ and u*+'. Using the upper bound

31

2 —1/25 m 2 ~ 20-2) | = —125 m 2
I @™ 7 | AT 2du™ (|72 < (Eallu™ 1350 + ) A7 2du™ || .

the last line can be bounded by

comko =~ 12 C 1 1 -153 1
| deu™* ||L2+—|| £ @™ Y s | Va2 1 VAT du™ | s

ka()

emko

< | Vd,u™t! | VA~ du™ |12,

||L2

+g I @™ ) s |l W"“ 2 | VAT du™ ™ || s .

Let § > 0. Using (31) the last contribution is bounded by
) 2p-2) | ~ NG
(& R ) Ve + Xt
<C8§ 8—{(201+1)(p—2)+201+%}

8mk0

—173 12
VA dtum+ “L2 .

Vd m—+1
|| e+ gt

We insert this into (30) and multiply by ko, finally sum over m from 1 to ¢
(< M). Note that | Znﬂle % — lnﬁ | < 1, and observe d;u™ = komd,u™ to
find

M M
_1~ _1
D k| A2 A" (70 <k || A2 du™ |17,

m=1 m=1
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From (i) and discrete Gronwall’s inequality, we find for the choice §°> =

ln(%),

1 1~ k2 M L~ & u 7 .m
SIA=du 17+ 2 ZHA PP G+ Dkl Vi 17

=1 m=1
2 M
(32) —||Vu 17, + TOZWdZu’"“ 17

- C{8—<2m+3> N ln(ki)g—{zal(p—l)+p+%}}

B 0
1 1~
3 {raTtdut i3+ vat I}
By (ii), the last two terms can be bounded by 2!, We benefit at this point

again from the scaling of the stretched mesh J2,

0

-lu 2 20 A—% 12 -2
| A™2 2 < kg lAT2du |7, < Ce ™"

(vii) We test d,u" " — (m + DkoAw™+! = 0 with d,u”*". In the sequel,
£ is a value between «” and u”*!.

-~ k - -
(33) —d/ldu™" |3, + 30 | d2u™ 12, + emko | Adyu™ |12,

N —

g ~ ek -
5 dill AT + —° I Adzu'"“ 12,

mko (f (S)d m+1 Adt m+1) (f/(um-‘rl)vum-‘rl’ leurn+l) )

We multiply by ko, sum over m from 1 to M, use the upper bound from (31)
and the estimate

1 ~
2l @™ s I V™ N2 | Vdu™ | s

2
- "3 e
- m 1 2(p—2) ~ m 2 m 2
Sk (6’2 ™ |7 5022 + C3> FVu™ 72 + Ii:
C _ N Smk()
< g~ CtDP=2-3 L T 0 Adu™ ||iz

mk()
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to get from (33)

Nlow

1 ~
6o max 2 {14 1+ el 2]+

M
72 2
Z{n Pu |2,
8

M
e ~
S hadum i3} +3 3 bl A

l\)

1
{|| diu' |2, + ¢ || Au' ||L2} 1 C e 2010- 2)+p+1}1n( )
2 ko

C M
+=5 DK LS E s N ™ s
m=2

The logarithmic term comes again from the bound | Znﬂle % — ln% | < 1.
The last term in (34) is estimated by

M
Cc — ~ 7 ..m
(35) —32: (@l 159,23 + &)1 vdu 12,

<cl (1

n —_—
< 0
l) 8—(2al(p—1)+p+%)} ‘
0

) o~ (Qo1+D(p=2)+3) { o~ Qo143
—Hn(

The last inequality follows from an elementary calculation.

The first two terms on the right hand side of (34) are bounded because of
the structure of JZ. Therefore, taking m = 0 in the equation at the beginning
of (vii) and testing the equation with d,u' leads to

k ~
I dyu* Ile+ “ 51 au! I7: = = (f'(")Vu', Vdu')

|I V! IIL2+ 1@y s | Va1 Vu® [l e

Similar to (31), using (GA,) the above inequality is continued by
2¢o 12 1 R CNTY) 02
(36) TII Vu ||L2+m”f(” )73 I Vulize

2 |
SV 12+ e (N 152+ & ) A 12,

4608
< C{g—z(mm i 8—(2al(p—2)+p—1>}{8—(2al+2) 4 8—(201+1)} ‘
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Using (36) and (35), we find the following upper bound for (34)

l) o (o1t (p-2)+3) {8—<2ol+3> n ln(l) e (p—1>+p+%>}
ko kO

1C { g~2(@+o)+D) 4 o ~Q201(p=2)+201 +p+1>} _

Cln(

This concludes the proof. O

3.1 Error estimates for the scheme (25)-(26)
In this subsection, we present the error analysis for (25)-(26) under the

assumptions (GA)-(GA3), starting with the mesh Jkl.

Theorem 1 Let {(u™, w"‘)}fll’l=0 solve (25)-(26) on an equidistant mesh Jk1 =
{tm}ffzo of mesh size O (k), and ug € H*(R2). Suppose (GA1)-(GA3) hold, and
1<6< ﬁ. Let p1(g) and p,(g) be same as in Lemma 1, and

_ 2N (201+D@A-N)§
= —@- ——a—wys— T2(01+2
p3(e) = pa(&)[p1(e)] FET e Eww @1+2),

B 44— N)§ \-!
,04(Na,8)—(1+,3+m) ,
ps(e, Ny = [01(&)] " [p2(e)]" ™,

ps(N, B) = a[(4 —N)S — B(8 +2(4 — 1\/)5]_1 .
For fixed positive values 0 < 8 < % let k satisfy the following constraint
37 k<C min{s%, g%, [,03(8, N)]M(N’ﬁ), [ps(s, N)]p(’(N’m} .
Then there exists a positive constant C=C (uo; y1, 2, Co, T, 2) such that

the solution of (25)-(26) satisfies the following error estimate for 1" =
u(tm) - umr

M
m m |2 m 2 2
Jmax I s+ (k 3 (kT I+ k7 VT 1)

m=1
< Ck [m®)]’ .

Proof. The proof is split into four steps: the first step deals with consistency
error and shows the relevancy of the condition (GA); imposed on f. Steps
two and three use Proposition 1 and stability properties of the implicit Eul-
er-method to avoid exponential blow-up in £~! of the error constant. In the
last step, an inductive argument is used to handle the difficulty caused by the
super-quadratic term in (GA})3.
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Step 1. Let ™ := u(t,) —u™ € L%(Q) and g" := w(t,) — w™ denote the
error functions. From (25)-(26) we get error equations

(38) (d ") + (Ve Vi) = (R(uus m), ),
(39) e(Ve"™, V) + - (f(u(rm» F@™™,v) = (g™ v),

which are valid for all (5, v) € [H'(2)]’, and

(40) Ru; m) = —% / " (5 = twet) () ds

Im—1

We choose (17, v) = (—A~le”*! ¢™+1) and find
1 —L m+1 2 k -1 mt1 2 m41 2
(41) §dt||A Ze ||Lz+§||A 2di e || el Ve 2
1
+g (f(”(thrl)) — f@™th, €m+1) = (—A_IR(MI,; m), em+1).

From (ix) of Lemma 1,

M
(42) k Z 1A Ry m) |12,

Z fMH (sr_(st’;) s][/ mﬂr(S)Il Ay () 1 ds]

kam@y
To control the last term on the left hand side of (41), we use (GA1)s3,
(43)
S (i — . en) = (e, en) = ez,

Step 2. We want to use the following spectrum estimate result (see Proposi-
tion 1) to bound from below the first term on the right hand side of (43)

(44) 8||V¢||Lz+ (f W.¢) = —Coll A2 |2,, Vo e H(Q),

where Cy > 0 is independent of €. At the same time, we want to make use
of the H~'() norm of —A~'"R(u;;; m) in order to keep the power of % as
low as possible in the error constant. The latter requires to keep portions of
| Vent! ||i2 on the left hand side of the error equation (41). To this end, we
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apply (44) with a scaling factor y; (1 — %), which together with (43) and (41)
gives

1 1
A 212,

€ kﬁ m+1 12
+§[1 —nl - 7)] I Ve™ ™ |72

k 1
2+ 5| A"2d et |[7,

kﬂ L om kﬁ / m m
< Coni(1 = ) 1 AT 2 = B (£ (i)™ )

C ot 240 kP 2
+; ™ 1725 +C e | AT R(up; m) |51 -
(45)

From (15), the second term on the right hand side can be bounded as

yik? m+1 nkP
(46) —7<f/(u(tm+1))e"+ g +)<co e
V )/1 m
< s+ 2 gem 2,

Then, we obtain from (42) and (46) after summing (45) over m from 0 to
(= M)

4
1 1 k .,
ShaTe d koS 1At

m=0
£ kP
+ (L= na=pliver ]
= (com + 200, S At I+ CE e
m=1
Z+1
(47) +—Z|| e 175

3
Note that k = O (e#) in the coefficient of the first term on the right hand side
in order to avoid exponential growth in é of the stability constraint arising
from discrete Gronwall’s inequality.

Step 3. We now need to bound the super-quadratic term at the end of the
inequality (47). First, a shift in the super-index leads to

1 C
1246 246 2448 112+6
@)l = = (e I+ N de ).
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For the first term on the right hand side, we interpolate L>*% between L? and
H?, and using (v) of Lemma 1 and (v) of Lemma 3, we infer

1 C w
@) e = (A ANl T + e I3

8+(4—N)§

C 8+(@-N)s
< el (Iaem s+ e

. 28+(48 N)§
< ;m(e) e [

Since fQ e" dx = 0, the above inequality is continued by

(50)

1 No 1 8+(4—N)8 8+@—N)3
2 NS _1
et = C [ @ aztemin s | [yivemi, ]

for some y > 0 to be fixed in the sequel.

The subsequent analysis deals with 0 < § < which is the more in-

4—N N’
volved case. Itis crucial to recover a super-quadratic exponent for | A~ 2eM Il 22
in Step 4.

We come back to (50) and look for o > 0 such that

8+(4—N)8 B

o k
“Wverll, = = S [1-n(= )] Iver i3,

— _ 16 . -1 _
o =2,0ra = ST@_n; > moreover we set y =

Ce# k=% We use these choices in (50), together with Young’s inequality,
to find after a short calculation that (50) is continued by

which implies #8200

8+(4—N)s 2(1 +8(4 N)$ )

1
S le" 1252, < C [ekP] 565 oy (o) =it-m3 | A=2e™ ||y &

£ kP "2
+§[1 - - 7)] | Ve™ |72

Similarly, the second term on the right hand side of (48) can be bounded

as
248 R
(52) T”dteer 1732
Ck?te N§ 8+@—N)s
< (I ade™ 5 Ide L T+ de ! W)
2448 _
C d m+1 & Ad m—+1 d m+1
< Idie™™ N2t (I Adye || +|| e ||
24 é=N0 1 28N
< CI*5E7 pi()F [ dre™ ||

_ 2+(74 8 m+1 — —7 m+1 4 &8
<C yk pi1(e) || Vd,e ||Lz Yl A™2d,e :

IIL
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We look for o > 0 such that

N)5
At T < KAt e 2
1€ =7 1€ 12 -
8+(@4—=N)§s . _ ~: . _ 16 _ g SN
Then === a =2 1mphes o= g and alsoy =k~ 1© . Hence,
an upper bound for (52) is
k 1 el 12 (3= _ 8= (4 N)B) 16
A_l | A™2d,e ||L2 + Ck 7 8—(@-N)s
8+(4—N)s
X p1 (&) | Ve
8+(A—N)S 9 8+(E3=N)s k |
— C i35G p1(8)F s | Vd,e" ! ”Ls @G=NB 4 4_1 | A=2d,em! ”%2
38+(4 N)s _p _(=N)§ (4—=N)s
< C k°8@E=n) 8—(@—N)s /01(8)8 (4 N)s
1
% mgx{” vem-i-l ” 8 (4 N)B} ” th€m+l ” || A—idtem-l—l ”22

@-Ns_ _ Qoj+HA-N)3
<C k3+48—(4—N)6 g7 F@-N8  p(e) =N I theMH

||L2

k -1 m
+ A e 2,

Finally, combining these results with (47), and using (vi) of Lemma 1 and
(i1) of 3 we get

” A~ €+1 ”L +kZ{_ ” A_Zd em+1 ”L

m=0

€ kﬂ m+1 2
o[l =m = TIve s i3

4
< (Con + conk’e ) k Z | A2 T2+ C R pae)

84+(4—N)3 2(145¢ )
C[skﬁ] 8—@—N)s o1 (&) F@-m5 (4 N)(; kZ | A~ " ” 8— (4 N)5
m=0
— (2o +1)(4=N)s
(53)  4CKHEaER o E w2 o (st

Step 4. We now conclude the proof by the following induction argument
which is based on the results from Steps 1 to 3. Suppose that for sufficiently
small time steps satisfying

(54) k<C min{S%, %, [p3(8)]p4(N’ﬁ), [,05(8, N)]ﬂo(N,ﬁ)} ’
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and 0 < B < 5, there exist two positive constants
c1 = ci1(te, 2, ug, 03, p), 2 = ca(te, 2, ug, 07, p; Co) ,

independent of k and ¢, such that the following inequality holds

14

Omax —||A Zem ”L2+kZ<_ | A~ the’n “L2

]/18](/3

m 12
12:)

m=1
(55) = e k' pa(e) exp(cate) .

The last two constraints in (54) arise as follows. The first of them comes from
controlling the last error term in (53)

(4—N)8 o1 +1)@4=N)é 2N§
k2+48 a5 g~ U sm@-mp T2t} [/01 (8)]8—(4—N)s

< 31 k'~ p(e) exp(caty) -

Note that the exponent in the second sum on the right hand side of (53) is
bigger than 2, hence we can recover (55) at the (¢ + 1)th time step by using
the discrete Gronwall’s inequality, provided that

8+(4 N)3

[8kﬂ] 8—(@=N)5 o1 (g)5=G-N5 (4 N)5 [kl ﬂ,O (8)] +g (4 1{/)5

< Eklfﬁ p2(€) exp(cater)
which gives the last constraint in (54). The proof is complete. O

Remark (a). Theorem 1 is stated for0 < § < W’ which covers assumption
(GA,) for the case N = 2, 3. For N = 2, the error estimate is valid for all
0 < 8 < 00, the above proof can be adapted and simplified for the case
5 > W Note that in this case the crucial requirement of super-quadrati-
cal growth is already met in (50), then we can immediately jump to Step 4
to proceed. Finally, the case § = ﬁ is again easy to take care, thanks to
Lemma 1 and 3.

(b). In addition to the spectrum estimate of Proposition 1, the stability
estimate (v) of Lemma 3 is critical to the analysis.

(c). It is natural to estimate the error of (25)-(26) in the norm of £
(J5 H7'()) ne3(J); H'(Q)), its structure allows to test with —A~!
¢!, which then interferes with limited regularity property of u,; and cuts
convergence rate in (42) down to sub-optimal order. As to be demonstrated
in the sequel, using stretched meshes J7? will help to attain a quasi-optimal

order for the Euler method (25)-(26).
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(d). A straightforward idea to benefit from the damping property of (1) is
to multiply (41) by a time-weight 7,11 := min{¢,,4, 1} before summation;
this would give an optimal convergence rate C k% pa(e) in (42) thanks to (ix) of
Lemma 1. On the other hand, this would require to control the error {e™ ,1,‘:’:0
in the norm of > (J k] s H! (Q)) by using a (parabolic) duality argument. This
strategy does not seem to be successful in the present analysis where we focus
on non-exponential dependencies on é of involved stability constants.

(e). It is clear that the smaller 8, the better the error bound, since the
exponent of k is closer to % Small values of 8, however, restrict admissible
time steps to small sizes.

(f). The proof of Theorem 1 suggests the following numerical stabilization
technique for the Cahn-Hilliard equation (25)-(26)

(56) du™ )+ (V" V) =0 Ve HY(Q),

&
e(1+ %) (Vu"t! V) + é (f@™h, v)
(57) =" v) Yve H(Q),

where ¢; > 0 for i = 1, 2. We will not go into further discussion of these
methods here.

For given more regular initial datum uy € H 3(Q) and domain € (see
assumptions in Lemma 2), the convergence rate can be improved to Ck'~#
02(¢). The key ingredient for proving that is to use (iv) of Lemma 2 to improve
on the estimate (42).

Corollary 1 Let {(u™, w’”}f:l"’:O solve (25)-(26) on an equidistant mesh Jk1 =
{tm}f‘,;’:o of mesh size O(k), for uy € H*(Q), and dQ of class C*>' (or a
convex polygonal domain when N = 2). Suppose (GA;)-(GA3) hold, and
Il <6 < ﬁ. Let p; be same as in Theorem 1. For fixed positive values

0<B< % let k satisfy the following constraint
(38) k<C min{g%, e, [pse, N)]“(N*ﬂ)’ [os(e, N)]pa(N,ﬂ)} ,

Then there exists a positive constant C = 6(uo; Y1, ¥2, Co, T, 2) such that
the solution of (25)-(26) satisfies the following error estimate, for 1" =
u(tm) - um)

M
m m |2 m 2 2
Jmax ([T -1+ (k E_l{k”d’n B+ K2 VI 2, ])

<Ck? [,02(8)]%~
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For uy € H*(2), the error bound given in Theorem 1 is not optimal, the
crucial step where we loose accuracy by one order of magnitude on the time
step k is (42), since we are only provided with a bound for /7 (M) uy €
L? (J cH! (Q)); see (ix) of Lemma 1. The following result reflects the stabi-
lizing effect of the mesh J kz in this respect. Note that the proof of Theorem 1
only requires (iv)-(v) of Lemma 3 which are replaced by (vii) in the case of
the mesh sz.

Theorem 2 Suppose that the assumptions and shorthand notation of Theo-
rem I hold. Define

N By = [p 4 e 0]
PRSP =P T @ —nysl
~1
Ge(N, B) = 5[2(4 —N)S — B(16 4+ 3(4 — N)(S] .
For fixed positive values 0 < f < %, let ko satisfy the following constraint

(59) ko< C min{g%, g7, [3(e. N)]134(N,ﬁ)’ [ps(e. N)]ﬁ6(/v,ﬁ>} ‘

Let {(u™, w’”)}n"fzo be the solution to (25)-(26) on the mesh sz. Then there
holds the following improved error estimate for 11" := u(t,,) — u™,

1
2

M
max T g (3 K e 1T 1, K VT2 )
- m=1

~ 2B 1
<Cky® [p(9)]*.

Proof. The proof follows the steps of that of Theorem 1. We only sketch the
necessary modifications in the following.

Step I On the stretched mesh J,f, the residual R (u,;, m) can be bounded as
follows

M M
D Kol AT R, m) Iy = 3 4
m=1 m=1 m+1
Im+1 2
‘/ x (s —tm)A_lu,t(s)dsH
tm H-!
M Im+1 Im+1
1 1 2 -1 2
< —(s — 1)~ ds () | A up(s) 71 ds
el kmt1 Ji,, S tm
1 tm+1 1 )
<C { —(s —t,)"°d }
< max | — / (s = ) ds | )
k2 (m+1)?

= C max —p(e) < Cky [max, ———— p2(e) < C kg pa(e)

l<m<M <m<M m
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thanks to (ix) of Lemma 1. This improved upper bound for the residual
replaces (42) in the proof of Theorem 1.

Step 2 This step is the same.

Step 3 Weuse (vii) of Lemma 3, instead of (v) tobound maxo<y, <ps || Au™ || 2.
Then (50) and (51) are replaced by

8+(@—N)8 1 2(14 L8Ny
(60) — ||€ 1732, < C [ekfy ] 50 by () 565 AT e [
B
£ km )
-I-g[l —-n - 7)] | Ve™ II72
Again, the argument applies for values § < ﬁ. Instead of (52), we now
have
248
+1 11243
el et |2,
kni +1 1 1248
< =2 (J ade L e T+ e )
ko ml g R m+1 T m+1 1
=— | die" " Nt (Adee™ S A I de™ L
44 BN 05 +1)@E-N)s
< CHFT = S oy o) | Vet |2,
Km1 1
AT e

Finally, (53) is replaced by

2 k B

12
1 ) km _1 m 2 m km my 2
Slhate ||L2+;{7||A lde [1-na-0]1ver .|

l
~ _ _1 —
< (Corn +ankfe ) Y ka ll A3e™ |2+ C kS pate)

m=1

@—N)s
d+C[p1(8) 8 s Zk Skﬁ] SN I AT ||2(l+8 @s)

m=1

_(4=N)5 Qo1+ 1)E=N)s

61)  +Ck P (S +201+2) [51(8)]%.

Step 4 The inductive argument now reads: Suppose that for sufficiently small
basic time step kg satisfying

(62) ko< C min{g%, £%, [m(s)]’s“w”s), [os (e, N)]ﬁo(N,ﬁ)} ,
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and 0 < B8 < %, there exist two positive constants
¢ = C1(te, @, uo, 07, p) ¢y = &a(te, R, uo, 07, pi Co)

independent of k¢ and ¢, such that the following inequality holds,

i ‘ k | yskﬁ
-1 m -1 1c¢hm
(63) max | A5 12 + Y ka (S N A e I + L5 Ve 1)

m=1
<&k P pa(e)exp(éate) -
We employ the following necessary criterion

_(4-=N)s (201+1)(4—N)s 2N§ C
(64) k§+487(47N)88—{781_+<4_N)5 +2(<71+2)}[151 (8)] TN < C2_1k§—/3 02(8)

which implies the third condition in (59).
Finally, we need to make sure that
¢ 8+(4—N)8 (4—N)$

Z ko [skﬁ]_% [/31 (s)]% [ké_ﬁp2(8)]l+m

m=1
- C Ry ~
= 5k p2(e) exp(Eatert) -
This completes the induction argument and the proof, too.
4 Error analysis for a fully discrete mixed finite element approximation

In this section we analyze the fully discrete mixed finite element method
(10)-(11) for (25)-(26) on the meshes Jk1 and sz. Throughout this section, we
assume that uy € H?(2) and 92 is of class C%!, and that (GA)-(GA3) are
satisfied.

We recall that the fully discrete mixed finite element discretization of

(25)-(26) is defined as: Find { (U™, W™)}"_ € [5,]” such that
(65) (U™ ) + (VWL Vi) = 0 Vi € Sh s

1
(66) (VU™ Vuy) + " (FW™N, ) = (W™ v) Yo, €8,

with some suitable starting value U, and a quasi-uniform “triangulation” 7,
of Q. Where S, denotes the P; conforming finite element space defined by

Sy = {uh € C():wlx € PI(K), VK € 7},}

The mixed finite element space S;, X Sy, is the lowest order element among
a family of stable mixed finite element spaces known as the Ciarlet-Raviart
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mixed finite elements for the biharmonic problem (cf. [18,38]), that is, the
following inf-sup condition holds

. Vi, Vi)
inf sup =
00 €Sh. D=0 02y, e8, | ¥ Lt | 0 |1

for some ¢y > 0.

Also, we note that (4, U™+, 1) = 0, which implies that (U"*!, 1) =
(U° 1) form = 0,1,-, M — 1. Hence, the mass is also conserved by the
fully discrete solution at each time step.

We define the L?(Q)-projection Qj, : L*(2) — S, by

(67) (Qwv—v,m) =0 Vnes,
and the elliptic projection P, : H'(Q) — S, by
68) (V[P —v], V) =0 Vn, €8, (Ppv—v,1)=0.

We refer to Section 4 of [28] for a list of approximation properties of Pj. In
the sequel, we confine to meshes 7, that allow for H 1—stability of Qy, see
[14] for their further characterization.

We also introduce space notation S, := {vh eSSy (v, 1) = 0},

and define the discrete inverse Laplace operator: —A; ' : L2(Q) — S,
such that

(69) (V(=A, "), Vi) = (v.nw) Y, € Sp

Lemmad4 For J, = Jk1 or sz, the solution {(U’”, W’")}’[:f=0 of (65)-(66)
satisfies

1 1
(1) —/Umdx=—/Ude, m=1,2,..., M,
12| Jo 2] Jo

) 14dU"|lg- <CIIVW" |2, m=1,2,... , M,
m 2 1 m
i) max {e VU 12 + 1 FU™) I |
M
+ k(I VW 12: + ek | VAU |12:) < CTWUY),
m=1

M
V) Y knlld,U™ 50 < CT(U°).

m=1

We refer to [27] for a detailed proof of the lemma.
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Remark In view of (i) of Lemma 1 and (i) of Lemma 4, in order for the
scheme (65)-(66) to conserve the mass of the underlying physical problem,
it is necessary to require (U° — ug, 1) = 0 for the starting value U 0. This
condition will be assumed in the rest of this section.

The subsequent step in our error analysis for (65)-(66) is to validate a

discrete version of Proposition 1. We define for ¢ € L%(Q) N H*(Q),
0<m<M,and c = c(Q2),

~ 5-N N—L
Cile (9" o) = max [l @™ 1 < e max (I V™ 175 1 A@" |5 +1¢™ l.2)
Tk i
0 i) = max|Ci(e, W), G (e i)

5-N N-1
< (e, N) = ce” T [5i(e)] F

71 C = " ,

(7D 2(8) o ax L7 @)

and C3 be the smallest positive e-independent constant such that (cf. Chapter
7 of [10])

4—N 3—N
(72) max | u™ — Pou™ ||poo(goey < C3h 2 |Inh| 2 max ™ |l g2
J i

_ _ 1
<Ch T Al [5i1(9)]”

Proposition 2 Let the assumptions of Proposition I hold, and Cy and & be
same as there. Let {u’"}"ﬂf:o be the solution of (25)-(26) and {Phum}f‘::() be
its elliptic projection. Suppose that the assumptions of Theorem 2 are valid.

Then there holds for ¢ € (0,&0) and0 <m < M

eV 17, + 52 (f (Pad™), )

h.k .
Al = inf
H
¢ 0#veL@) | Vw ||iz
Aw:\[/.%:o

= -1 —-e)(Co+ 1),

provided that kg and h satisfy for some ¢ = c(R2)

4-N 3N 1\ —1 5
@) KT 2 (GEGlae]) e

2 LN A0 1

o —1/€ - I-N ) 2=8
(74) k= {2 0] (S (2] 7).
Proof. Step 1 From the definitions of C,(¢) and C3, we immediately have

max | Py 00 < max I I + || P =l | < 2 max |
‘,k ]k ‘]k
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if h satisfies (73). It then follows from the Mean Value Theorem that

max || f'(Ppu™) — f'@™) g < sup | f"(&)| max || Ppu™ — u™ ||
I £1<2C1 (e) I

(75) < Cae) AT b2 [fu(e)] < 6.
Using the inequality a > b — |a — b| and (75) we get

FIPu™y = /™) = || f (P — '™ | = /™) — €.
Step 2 By a Gagliardo-Nirenberg’s inequality we get forany 0 <m < M

==

4-N

ﬂ
6) Nultw) =" i~ <c llul) —u 1,3 {1 Autt) 241 A 2
m o " 8 .~ N
< clluttn) = 1,5 {1 Vut) e+ 1 Ve 2] © (@]

4-N
16

<c|[p (8)]% [8‘(2‘”“) p2(€) ké_’f’] :
thanks to Theorem 2.
If kg satisfies (74), we find by the Mean Value Theorem and (77) that
max | f'@") = f'@n) o= = sup |f"@)] max | = i) 1<

k 1&]<2C) (e)
4N
6

<coE[HE] [ nEe R’ " <2,

which implies that

(77) fw™ = f(u)) — e

It follows from (77) and (77) that

(78) f/Puu™) = f'(wtn)) — 267
In addition, since 3—”‘1’ = 0 on Q2 we have

1 £ 1—¢
@) Y13 = (V9. V) = 5 (== 1 V¥ I+ —— I Vw ).

Substituting (78) and (79) into the definition of AZ’;,O we get

A —o)[el VY 12, 4+ 1 (f @™y, ¥)]

7k : 2
Aqpy > inf —(1—¢&)".
H =
¢ 0%y eLd@) I Vw17,
Aw=y, J¥ =0

The proof is completed by applying Proposition 1.

The main result in this section is stated in the following theorem.
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Theorem 3 Let {(U’", W”’)}HALO solve (65)-(66) on J, = sz and on a quasi-
uniform triangulation T, of Q, allowing for inverse inequalities and H'-
stability of the L?-projection in the continuous linear finite element space.

Suppose that the assumptions and notation of Theorem 2 hold. For 0 < B

< % N =2,3, and v > 0, define

_ SN . L
pr(e, N) :=ce 5 [5i(e)] ¥,
Yy = max{l—e’,yl}, foranyr > 1,

|
7 (h. ko, £, N) := h4{h2” + 1n(—);31 (e) W2
ko

o~ (20146) [/07(8, N)]Z(p—Z)} .

*

l—e—y
Let ko, h and U° satisfy the following constraints

) k<C min{s%, gaTO, [p3(5, N)]ﬁ“(N’ﬂ), [/05(8, N)]ﬁG(N,ﬁ)} ’
o -1 82 - NN 2%
2 k= )] (@] )T

_ _ 1o
3) R kT < (Cale) G [ ()]?) ' €2,
8+(4—N)s

(4—N)s
-2 _ S A—N)S
N kT (ko N) K P pa(e) T

- 2N§ —1
< (8[/)1(8)]8“4‘”) ,
5) W% 1) =y 1) and |JU°—uglly- < Ch*|lug |l g

Then the solution of (65)-(66) satisfies the error estimates, for E™ := u(t,,) —
ur,

M
i max 1€ 1y + (XK dE" I3,)’
- m=1
1

M
(O knll€”12:) " =€ (10 ko 2 N+ (@)
m=1

M 1 1
(@) (D knlVE"IZ:) =C (1P (h, ko e, M)+ r )
=1

m

Proof. As in the proof of Theorem 2, here we divide the proof into four steps.
Also, in the proof we make use of the facts S, C H'(Q) and u” — U™ €
L%(Q). New difficulties that enter the analysis are (i) a different treatment
of the super-quadratic error term is used: instead of interpolating L?*%(Q)
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between L%(2) and H2(R2), we carry this out elementwise. (ii) the discrete
spectrum result of Proposition 2 is in place of that of Proposition 1.

Steps 1 & 2: Let E™ := u™ — U™ and G™ := w™ — W™, We subtract
(65)-(66) from (25)-(26) to get the error equations

(80) (dE™, n) + (VG", Vi) =0 Vi, € S,
1
B1) & (VE™, Vo) + — (f ™) = (U™, v) = (G" i) Yy €S-

Introduce the decompositions: E™ := @™ + @™ and G := A" 4+ W™, where

O" :==u" — Pyu", " = Ppu™ - U™,
A" =w" — Pw™, "= pw™ — W,

Then from the definition of P, in (68) we can rewrite (80)-(81) as follows

(82) (d; ", p) + (V™. Vi) = —(d, O, ) ,
1
(83)e(VO™, Vuy) + g(f(Phu'”) — U™, vh) = (¥, vp) + (A", vp)

1
—g(f(um) — f(Pu™), vy) .

Since E™, " € L%(Q) for 0 <m < M, setting n;, = —A,:lCIDm in (82)
and v, = ®" in (83) and taking summation over m from 1 to £ (< M), after
adding the equations we arrive at

Ja
1 — k2 — m
B SIVAIO I+ Y ZHIVA " I

m=1

14
1
+ Yk (8 VO 2 + (£ (R = FU™), @7))

m=1

M-~

o <—(d,®’", — A ™) + (A, q>m)>

m=1

4
D ki (f@™) = F(Pu™), @) + 1| VA OO,

m=1

+

™ | =
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The first sum on the right hand side can be bounded by taking into account
the character of the stretched mesh.
¢

(85) ka{(d,@", A,;1<1>'")+(Am,<1>m)}

m=1

e( ") m
+ﬁ Zk I VO™ |17,

14

Jn()] S Lrearani

We make use of the following approximation properties in H ! of the elliptic
projection Py, for k = 0, 1 (cf. [22])

lu" — Pou™ Il g1 < C R [ u™ || s
Thanks to Lemma 3 (vii), we can bound the right hand side of (85) by

o, 20-9)
(86) C{ln(k )A1(e) h® + mh}

k|l VO™
2(1_) ,,,Z Vo™ |7,

INEESR —1 gm 12
()] n;n;nmh " |2,

Because of the inequality at the beginning of the proof of Proposition 2,
the second sum on the right hand side of (84) can be bounded by

1 - m m m 1 - / m m m
(87) g;km(f(u ) = F(Pau™), @) = =y ke (f(E™O", ")

m=1

¢
e(l —e—yf 5
< km{— Vo
< m§=]ﬁ a s VeI

M m 2 foemy (12
kel A A RAC ) 3]

e(l—e—ph) <
<Al k|| VO™ |2
S5 m§:1j | ver |2,

2(1—e¢)

*

+C ht

_ 2(p—2
e (201+6) [,07(5, N)] (p )'
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By (GA )3, the last term on the left hand side of (84) is bounded from below
by

14

I
8) ) kn(f (P = fU™), ")

m=1

14
1
> = k(1 (/R @", @) — o &7 L)

m=1

Substituting (85)-(88) into (84) we arrive at

l
1 _ k2 _
(89) > VA, lpt ||2L2 + Z 7|| VA, ld,om ||iz

m=1

(sn VO I, + (7 (B0, 7))

Y2 m
< Crlh ko e, N) + = §_1: k|| @™ 11222,
1 -l 1 —1 gm 2
[ln(k())] 2, VA eI

m=1

We could bound the last term on the left hand side from below using Prop-
osition 2, however, this will consume all the contribution of | V& ||i2 on
the left hand side. On the other hand, in order to bound the super-quadratic
term on the right hand side in Step 3 below, we do need some (small) help
from this || VO™ ||iz. For that reason, we only apply Proposition 2 with a

. B
scaling factor (1 — %),

B

k 1—
(1= ) (el VO™ I3+ —=(f (P 0", &) )

kﬂ —1g5m 12
—(1—7)(1—8)(Co—|-2)||vA " |72

v

> —(Co+ DI va~tem |2,

The leftover term is controlled by

)/1/’<’3 V

k
—(f(Pau™y@", @) < 17 +a0 | VA O™ |7,
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Inserting these results into (89), we finally get

(90)
V4 m —1 m 2 y l’l‘l
SIva; o ||L2+ka[2||mh 4" |1} + mnv 12 ]
y ¢
2 m
< Crlh ko, e, N)+ =3 knll @ |72,
m=1
Y B3 oy —1 gym |12
—I—{[ln(E)] +aopkPe };;HVA}, o |2,
where we have used the factthat0 <& < I and || VA~ vy, [|,2 = || VA;lvh Il 72

for any v, € Sj,.

Step 3: Notice that the structure of (91) is exactly the same as in (47).
Hence, we can follow the argumentation of Step 3 in the proof of Theorem 1
with the following modification: the estimates (49) and (52) (up to second
to the last inequality) are performed for every K € 7j; by convexity of the
function g(s) = s¢, for¢g > 1 and s > 0 we can afterward recover estimates
for @ = |J K which involves a uniform constant C. We refer to Section 3 of
[29] for the details of a similar type argument. Finally, we make use of the
properties of —A;l and ®" € &, for 0 < m < M. Consequently, we can
reduce (91) into the following form which corresponds to (53),

4
1 1t 2 K ~1 7 om |2 viek m
SIva;te ||L2+m2_:1km{7”m" d,®" |7 + mnvcb 12}

<Cn(h, ko e N)+ {[ln<%>]_l + 50V1kﬂg_3}

4
1o
xZ;n VA "7,

201+g5%725)
[,01(8)]8 (4 N)S Zk Skﬂ] 8 (4 N)(S I VA Lpm ” @—N)

m=0
=N Qo1 +D)(@d—N)s

o) + Ck 2H45a—wms e —{=—g=ms T2(011+2)} [,51(8)]% .

Step 4: We conclude the proof by an inductive argument based on (91).
Suppose that for

3

92)  k=C min{gﬁ, e?, [ps@]* NP [pste, N)]ﬁa(zv,ﬁ)}

and0 < B8 < %, there exist two positive constants

¢ =Ci(te, 2, ug, 04, p), 2= C2(ty, Q, uo, 07, p; Co) ,
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independent of k and &, such that the following inequality holds

L
1 —1 4m 12
max §||VA,1 ® ||L2+;km

0<m<t

B

ki 1 gym viek m
A1 vartden i} + B ver i
~ 2-8
93) < &i(7 ko, NIy 2(0)) expeate)

Criterion (64) then gives the third condition in (93).
We also need to make sure that

el 8+(4—N)8 2NS 148N
> knlekf ] [oy @] (2, ko M) 4K i) T
m=1

O = 5 (wlh ko, e, N) + K5 P pa(e) )exp(eatian)

This completes the induction proof of (93).

Finally, the assertion (i) follows from applying the triangle inequality on
E™ = ®™ 4 @™ and Theorem 2. The assertion (ii) follows in the same way.
The proof is complete.

Remark (a). The proof clearly shows how the three mesh conditions arise.
The first entry in condition 1) reflects the subtle interplay between accuracy
requirements and smallness of the time-steps kg; the second entry is for the
stability of the time discretization (see (GA)s3). The remaining entries in 1)
account for the super-quadratic nonlinearity of f (see (GA)3). The condi-
tions 2) and 3) are to ensure the discrete spectrum estimate (see Proposition 2).
A slight coupling of temporal and spatial discretization parameters is given
by 4), which deteriorates as 8 gets smaller.

(b). Clearly, both U O = Quup and U° = Pju satisfy the condition 5)
with v = 1. The L? projection Qjug has the advantage of being cheaper to
be obtained compared to the elliptic projection P,uq. Also, we note that the
first identity in 5) is necessary in order for the fully discrete scheme (65)-(66)
to conserve the mass.

We conclude this section with a corollary which addresses the case ug €
H3(Q) and Q2 € C*! by extending Corollary 1 to the fully discrete scheme
(65)-(66). Its proof follows the lines of that for Theorem 3.

Corollary 2 Let {(U’”, wm) }leo solve (65)-(66) on a quasi-uniform mesh
Jk1 and a quasi-uniform triangulation T;, of Q. Let the assumptions of Cor-
ollary 1 hold and the notation of Theorem 3 be valid. For 0 < B < %, v>0
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and N = 2,3, let

2(1—¢)

A(h,e,N) = h4{h2v + pi(e) + — o~ (201+6) [o7(e. N)]Z(p—Z)} ’

*

1

suppose that k, h and U° satisfy the following constraints

). k<Cm {gﬁ e, [ps(e, N)]M ’[ps(s, N)]ﬁsuv,ﬁ)}’
2 N\ 2% ) o5
). k= [0 o] (S [aw] F) )

_ _ 1\—1
D 1T T < (GEGnE]) e

8+(@4—N)s @-N)s

p— - 2N§ —
4. KPEER (28, N+ K P pa()) T < (e[51 ()] )
5. (U1 =(uo1) and [U°—ugllg-1 < Ch**|lug | 2.

Then the solution of (65)-(66) satisfies the error estimates, for E™ := u(t,) —
U’n’

1

Ak

M=

M 1
() max € Iy + (kY ke 150)" + (k
- m=1

1

T
Il

< C{h4 —(2<7|+3)+7T(h e, N)+k(2 ,3)102(8)}
M 1
G) (kY Ivemi)”
m=1
1
<C {h28—(201+4) +7#(h, e, N)+ k(()z_ﬂ)pz(s)}z
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