UNIFIED ANALYSIS OF FINITE ELEMENT METHODS FOR
PROBLEMS WITH MOVING BOUNDARIES*

E. S. GAWLIKT AND A. J. LEW#f

Abstract. We present a unified analysis of finite element methods for problems with prescribed
moving boundaries. In particular, we study an abstract parabolic problem posed on a moving
domain with prescribed evolution, discretized in space with a finite element space that is associated
with a moving mesh that conforms to the domain at all times. The moving mesh is assumed to
evolve smoothly in time, except perhaps at a finite number of remeshing times where the solution is
transferred between finite element spaces via a projection.

A key result of our analysis is an abstract estimate for the L2?-norm of the error between the
exact and semidiscrete solutions at a fixed positive time, expressed in terms of the total variation in
time of a quantity that measures the difference between the exact solution at time ¢ and its elliptic
projection onto the finite element space at time t. Specializing the abstract estimate to particular
choices of the mesh motion strategy, finite element space, and projector leads to error estimates
in terms of the mesh spacing for various semidiscrete schemes. In particular, the estimate can be
specialized to conventional arbitrary Lagrangian-Eulerian (ALE) schemes with remeshing as well as
schemes based upon universal meshes, where the mesh motion is derived from small deformations of
a periodically updated reference subtriangulation of a background mesh that contains the moving
domain. We demonstrate such an application by deducing error estimates of optimal order in the
mesh spacing for ALE schemes under mild assumptions on the nature of the mesh deformation and
the regularity of the exact solution and the moving domain.
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1. Introduction. Problems with moving boundaries are ubiquitous in science
and engineering yet challenging to solve numerically. A common approach for solving
such problems using finite elements is to choose a conforming mesh of the domain at
time ¢t = 0 and to prescribe a deformation of that mesh to discretize the domain at
times ¢ > 0, remeshing as often as needed to maintain a mesh of adequate quality.
On this moving mesh, a numerical solution is generated by solving a finite element
spatial discretization of the governing equations over the intervals of time for which
the mesh deforms smoothly. At the instants at which remeshing occurs, the numerical
solution is transferred from one finite element space to another via a projection, such
as interpolation or the L2?-projection. We refer to such methods as deforming-mesh
methods in this paper. The aim of this paper is to carry out a unified a priori error
analysis for such methods in the spatially discrete, temporally continuous setting.

In a typical deforming-mesh method, the deformation of the mesh is constructed
by solving a system of equations, such as those of linear elasticity, for the nodal po-
sitions [24, 15, 25], or, for instance, by using mesh optimization, mesh morphing, or
mesh smoothing techniques [27, 35, 26, 28, 34]. For many strategies, the number of in-
stants at which remeshing is performed during the course of a given simulation remains
bounded as the spatial discretization is refined. Methods with these characteristics,
commonly known as arbitrary Lagrangian-Eulerian (ALE) schemes, are not the only
deforming-mesh methods, however. Schemes based upon universal meshes [21, 20, 32]
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can likewise be viewed as deforming-mesh methods. In these schemes, the mesh
motion is derived from small deformations of a periodically updated reference sub-
triangulation of a background mesh that contains the moving domain for all times.
The mesh deformations deviate from the identity only in a band of elements near the
moving boundary, and the number of instants at which “remeshing” (updating the
reference subtriangulation) is performed during the course of a given simulation grows
unboundedly under mesh refinement.

An important feature of our analysis is that it applies to both of the settings
described above, even though the ultimate convergence orders of the two approaches
with respect to the mesh spacing differ markedly. We accomplish this in a unified
manner by leaving the precise choice of the mesh motion strategy, remeshing times,
finite elements, and projector unspecified throughout much of the analysis.

The analysis of deforming-mesh methods has received the attention of several
prior authors, though none to our knowledge have adopted the same focus or scope
as the present work. Many efforts have addressed the stability of temporal discretiza-
tions [17, 18, 3], often focusing on a well-known condition (the so-called Geomet-
ric Conservation Law) that ensures stability of certain low-order schemes [23, 16].
Bonito and co-authors [5, 4] study ALE schemes in the temporally discrete, spa-
tially continuous setting, and they present a family of high-order time integrators
that achieve optimal order of accuracy in time for a model parabolic problem on a
moving domain. They derive, among other things, sufficient conditions to ensure
mesh-motion-independent stability of the time integrators. Gastaldi [19] proves a pri-
ori error estimates for a second-order accurate fully discrete scheme, and the spatially
discrete analysis presented therein bears some similarity to the present work. Our
analysis, however, generalizes Gastaldi’s in several key respects. We consider general
mesh deformations, rather than those derived from solutions to the equations of lin-
ear elasticity; we account for remeshing; we consider finite element spaces of arbitrary
order, rather than piecewise linears; and we allow for arbitrary elements (simplicial,
hexahedral, curved, etc.) to compose the mesh. Another study that is much in the
spirit of the present work is Elliott & Venkataraman’s analysis [12] of a finite element
method for an advection-diffusion equation on an evolving surface, which considers
the use of piecewise linears without remeshing. Finally, Dupont [11] analyzes finite
element methods on moving meshes over fixed domains and accounts for remeshing.
There, the focus is on a special choice of norm over the spacetime domain in which
the error is quasi-optimal.

The primary contributions of this paper are presented in two theorems and one
corollary. The first is Theorem 3.1, which provides an abstract upper bound on the L2-
norm of the error between the exact and semidiscrete solutions at a fixed positive time.
This bound is expressed in terms of the total variation in time of a quantity p that
measures difference between the exact solution at time ¢ and its elliptic projection
onto the finite element space at time ¢. The second contribution is Theorem 3.2,
which bounds the material time derivative of p. Finally, Corollary 3.3 illustrates an
application of Theorems 3.1 and 3.2. It states an error estimate of optimal order in
the mesh spacing for ALE schemes under mild assumptions on the nature of the mesh
deformation and the regularity of the exact solution and the moving domain.

The assumptions on the mesh deformation stipulated in Corollary 3.3, particu-
larly (3.11), are a central result of the analysis, since they (together with more basic
assumptions on the finite element spaces, exact solution, and moving domain) provide
sufficient conditions for a mesh motion strategy to deliver a discretization with an op-



UNIFIED ANALYSIS OF METHODS FOR PROBLEMS WITH MOVING BOUNDARIES 3

timally convergent solution. These conditions, which effectively place restrictions on
the velocity of the mesh, supplement standard conditions on the mesh (such as shape
regularity) that ensure optimal approximation properties of the finite element spaces
at each instant in time. For practitioners, checking (3.11) amounts to calculating
norms of a certain bilinear form related to the mesh velocity; see Section 6.1 for an
example.

The level of generality adopted in our analysis implies that the abstract error
estimates apply regardless of the manner and frequency with which remeshing is
performed, and regardless of the metrics for mesh quality that are used to guide
remeshing. Of course, the quality of the mesh at each instant in time influences the
ultimate error estimates via the approximation properties of the corresponding finite
element spaces.

The use of the elliptic projection in the a priori error analysis of finite element
methods for parabolic problems on fixed domains is a well-established technique used
heavily in the text of Thomee [36]. Our analysis is, to some extent, a generalization
of this strategy to the setting in which the domain is time-dependent and the finite
element spaces are permitted to change abruptly at a finite number of instants.

This paper is organized as follows. In Section 2, we state an abstract parabolic
problem on a moving domain and delineate a class of numerical methods to be an-
alyzed. In Section 3, we present the statements of Theorem 3.1, Theorem 3.2, and
Corollary 3.3. We prove Theorem 3.1 in Section 4, and we prove Theorem 3.2 and
Corollary 3.3 in Section 5. In Section 6, we check the hypotheses of Corollary 3.3
when the PDE under consideration is the diffusion equation and the mesh motion
under consideration satisfies certain uniform bounds on its velocity. Some concluding
remarks are given in Section 7.

2. Continuous Problem and its Discretization. This section details the
moving-boundary problem under consideration and the class of numerical methods
to be analyzed. The problem we consider, stated in an abstract form, encompasses a
range of parabolic partial differential equations posed on moving domains with pre-
scribed evolution, including (diffusion-dominated) convection-diffusion-reaction equa-
tions.

We begin by stating the continuous problem and its weak formulation in Sec-
tion 2.1. We discuss its spatial discretization via finite elements in Section 2.2. Finally,
in Section 2.3, we present the class of numerical methods under scrutiny.

2.1. Continuous Problem. This paper considers a moving-boundary problem
posed on an evolving domain Q' € R4, ¢ € [0,7], d > 1, where Q! is open, bounded,
and Lipschitz for every ¢t € [0,T], and T is a fixed positive number. We denote by
Q C R4 the spacetime domain

Q={(z,t) eRM |z Q" 0<t<T}.

To state precisely the moving-boundary problem under consideration, we require
the following notation and definitions.

Notation. For s > 0,1 < p < oo, and D = Qf or D =, we denote by W*P(D)
the Sobolev space of differentiability s and integrability p, equipped with the norm
|l - |ls,p.p and semi-norm |- |5, p. We denote H*(D) = W*2(D) for every s > 0
and LP(D) = W9P(D) for every 1 < p < co. We use H}(D) to denote the space of
functions in H'(D) with vanishing trace on 0D, and we denote by H~!(D) its dual.
We use W*P(D)?, LP(D)?, H*(D)? and H~'(D)? to denote the analogous spaces of
vector valued functions u : D — R




4 E. S. GAWLIK AND A. J. LEW

For a given Banach space B and integer s > 0, we denote the Bochner spaces

WW(O,T;B){U (0,7) %B\/ ZHU@ |pdt<oo} 1<p< oo,

WS’OO(O,T;B):{U (0,7) = B | Sup ZHU ||B<oo}
1=0

where U® denotes the i*" weak time derivative of a Banach space-valued function
U. We denote H*(0,T;B) = W#2%(0,T;B) for every s > 0 and LP(0,T;B) =
WOoP(0,T; B) for every 1 < p < cc.

For notational convenience, we denote V' = H} (), and we define the space

U={UeL*0,T; H Q%) | UM e L*(0,T; H~1(Q%)}.

Note that U C C([0,T7], L*(Q°)) [14, Chapter 5.9, Theorem 3], the space of continuous
functions in [0, 7] taking values in L?(Q°).

Finally, we introduce the notion of a regular domain deformation (see also [5,
Definition 2.1]).

DEFINITION 2.1. For 0 < 79 <71 < T, let {o' : Q© — QF | 79 < t < 71} be
a family of continuous maps. We say that {p' | 79 < t < 71} is a regular domain
deformation over (1o, 71| if the following conditions are satisfied:

(2.1.i) The map t — @' belongs to WH (7o, 71; W (Q™)9).
(2.1.ii) For everyt € (1o, 71|, ¢' is surjective.
(2.1.170) There exists C > 0 independent of t, X, and' Y such that for every t € (19, 1]
and every X,Y € Q™

l¢"(X) = @' (V)llga > C|IX = V|,

where || - ||[ga denotes the Buclidean distance in R?.
(2.1.0v) @70+ = limpr, ©F = i in WH(Q), where i denotes the identity and
lim\ -, denotes the limit ast approaches Ty from above.

Later in this paper, we reuse the letter C' to denote a generic constant, not
necessarily the same at each occurrence, whose dependence (or lack thereof) on other
parameters of interest will be specified as needed.

Note that if {¢* | 7o < t < 71} is a regular domain deformation, then condi-
tions (2.1.ii-2.1.iii) ensure that for each t € (79,71], ¢ is bijective with Lipschitz
inverse. Furthermore, a function u : 2! — R belongs to V! = H}(Q!) if and only if
wopt € Vo = HH(Q™); see [5, Section 2.1].

As a regularity requirement on the domain’s evolution, we shall assume the exis-
tence of a regular domain deformation {¢* : Q0 — Qf | 0 < ¢ < T’} for which the map
(X, t) = 9*(X) belongs to C?(Q° x [0, T],R?). We denote

W={u:Q-=R|t—u@()t) U,
F={f:Q=R[t— f('(),t) € C([0,T], L*(Q%)}.

Movwing boundary problem. Our interest is in problems of the following form:
Given f € F and u® € VY| find u € W such that u(-,0) = u° and

m' (i, w) + a* (u, w) = m*(f,w) Yw € V' (2.1)
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— Ou
- oty

m'(u, w) ::/ uw dx,
(913

for a.e. t € (0,T"), where u :

and a® : V! x V! — R is a time-dependent bilinear form satisfying the following
hypotheses:
(2.1) There exist positive constants My and o independent of ¢ such that for every
t € [0,7] and every u,w € V',

at(u’ u) 2 aOHuHiQ,QM (2'2)

la (u, w)| < Molull1,2.0t w1200 (2.3)

(2.ii) For any regular domain deformation {p! : Q0 — Qf | 0 < t < T'}, there exists
C > 0 such that for every U, W € V°, the map

e y(t) = a'(Uo (p) "L, Wo(ph)™)
is Lipschitz with

ly(11) = y(70)| < CUl1 2,00 W l1,2,00 71 — 7ol (2.4)

for every 9,71 € (0,T].
We shall assume the existence of a unique solution u € W to (2.1) satisfying the
additional regularity

T
| Ml + iz dt < . (2.5)
0

Note that this assumption guarantees that for any regular domain deformation {¢® :
Q0 — Q| 0 <t < T}, the map t — u(pi(-),t) belongs to WhH1(0,T; H(Q0)).
Furthermore, the embedding W'1(0,T; H}(Q°)) c C([0,T], Hi(Q2°)) [14, Chapter
5.9, Theorem 2| ensures that the trace of u on any constant-time slice Q! is a well-
defined member of V?; that is, u(-,t) € V! for every t € [0, T).

For 0 <1 <71 <T, let QL L YT — YT denote the flow of the differential
equation (2.1). That is, if y € V™ and u solves (2.1) with the initial condition
u(-,70) = ¥y, then ®T' y = u(-, 71).

2.2. Spatial Discretization. In what follows, we present the general form of a
finite element spatial discretization of (2.1) obtained via Galerkin projection onto an
evolving finite element space. It is assumed that the finite element space is associated
with a deforming mesh that conforms to the domain at all times and evolves smoothly
in time, except at a finite number of remeshing times where the solution is transferred
between finite element spaces via a projection. We use the term mesh of Q¢ to refer
to a finite collection of compact, connected, Lipschitz sets (elements) with non-empty
interior that provide a partition of Qf. For an element K of a mesh of Qf, we denote
its diameter by hg.

We begin by introducing the notion of a deforming mesh, which we allow to evolve
in a discontinuous fashion.

DEFINITION 2.2. We say that {T;! | 0 < t < T} is a deforming mesh with
remeshing times 0 = t° < t! < ... <tV =T and mesh spacing h if:

(2.2.1) For each t € (0,T], T;l is a mesh of Q.
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(2.2.41) h = supgo;<p maxgert hic.

n—1 _
(2.2.157) For every n = 1,2,..., N, there exists a mesh 7;:* of Q" " and a regular
domain deformation {¢!, : Q""" — QF | "1 < ¢ <"} such that for every
te (e,

n—1

Keﬁf* — ¢h(K)eT

Note that the bijectivity of ¢} in (2.2.iii) excludes the possibility of inverted
elements.
For a given deforming mesh {7,'};, we denote by vj, : Q — R? the vector field

vp(z,t) = % oh(X), Xe o't e (",
X

where z = ¢} (X). We refer to vy, as the mesh velocity in the sequel. For a function
w : 2 — R, we denote by Dyw : 2 — R the function

Dyw(x,t) = gt’ W(X,t), X¢ 0"t e (" "]
X

whenever the right-hand side is defined, where W (-, t) = w(y} (-),t) and = = ¢} (X).
We refer to Dyw as the material time derivative of w. The chain rule for weakly
differentiable functions [37, Theorem 2.2.2] shows that if w € W11(Q), then Dyw
exists and the well-known relation

Dyw =w+ vy - Vyw

holds.
Finally, we introduce finite element spaces that evolve in concert with {7,'}.
DEFINITION 2.3. Let {T,! | 0 <t < T} be a deforming mesh with remeshing times
0=t <t! <. <tV =T. We say that {V} | 0 < t < T} is an evolving finite
element space over {T'}; if:
(2.3.1) For every 0 <t <T, V} is a finite-dimensional subspace of V*.
(2.8.11) For everyn =1,2,...,N there exist functions { Ny}, such that the functions

g = Nao (g},) 7 (2.6)

form a basis for Vi for each t € (t"=1, "], where @l is the map described
in (2.2.ii).
n—1 n—1
We denote V;L* = span{N, }, and remark that in general, VZ+ # V};n_l
Galerkin projection. On each interval (t"~1 "], a Galerkin projection of (2.1)

such that

n—lytn]

onto an evolving finite element space {V} }; reads: Find uy, € V}(f
m’ (i, wp) + @' (up, wp) = m'(f,wn) Yy, €V, (2.7)

for every t € (t"71,t"], where

(tn—1 4n] fOr some U, € Cl([tnl,t”])} .

V}(Ltn—17t“] — {(fE,t) — Zua(t)nfl(x) ’ u, = ﬁa
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Expanding uy, as a linear combination of the basis functions (2.6) shows that (2.7)

is equivalent to a linear system of ordinary differential equations which, via an appli-

n—1 4n

cation of the Cauchy-Lipschitz theorem [1], admits a unique solution uj € Vf(f ot
n—1

for any initial condition uh( th 1) e Vt
For t" ' <79 <7 <t", 1 <n<N,let &' :V/° — V' denote the flow of
the differential equation (2.7). That is, if y,, € V;° ‘and up solveb (2.7) with the initial

condition up(+,70) = yn, then @71 “yp = up(-, 7).
—

Remark. Trivially, (2.7) is equivalent to the problem: Find u; € V,(ltn such
that
m! (Dyup, wp) — b (up, wr) + a’ (up, wy) = m'(f,wy) Yw, € Vi (2.8)
for every t € (t"~1 "], where
bl (u,w) = / (vp, - Vgu)w de. (2.9)
Qt

Of course, it also holds that the solution u to the continuous problem (2.1) satisfies
m!'(Dyu, w) — bl (u, w) + a' (u,w) = m'(f,w) Yw e V* (2.10)

for a.e. t € (t"71,t"]. These formulations are the well-known ALE formulations
familiar to ALE practitioners.

2.3. Semidiscrete Evolution. We now fix an evolving finite element space
{Vi c V'] 0 <t < T} with remeshing times 0 =t < ¢! < ...t =T and study nu-
merical methods obtained by solving (2.8), (or, equivalently, (2.7)) over each interval
(t"~1,t"] and transferring the solution across remeshing times via a projection. We
view {V}}; as a member of a family of evolving finite element spaces parametrized
by h € (0, hg], where hq is a fixed positive constant. Note that we allow the number
N of remeshing times t", as well as the values of t", to depend on h. When we wish
to emphasize this dependence, we write N(h) and t"(h), respectively; otherwise, we
simply write N and ¢" (with the dependence on h implied).

Projector onto finite element spaces. To transfer the solution up(-,t") € Vﬁ" to

7 . . . .
V" at each remeshing time ¢", we assume that a linear projector
t n t t"
py i VE VT VT,

is adopted for each n = 1,2,..., N — 1 and a linear projector p%* T VLR V,?* is
adopted when n = 0.
We make the following hypotheses on the pI‘OJeCtOI"S

(3.1.1)) The projectors are surjective; equivalently, ph ’vti =1 for every h < hg and
h
every n =0,1,..., N — 1, where ¢ denotes the identity.
(3.1.ii) There exists a constant C), independent of h such that for every h < hy and
every n =0,1,..., N — 1, the inequality

o
1Py wllo 2,0 < Cpllwllg 2,0,

holds for every w € V" + V;i (if n > 0) and every w € VO (if n = 0).
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Recursions. For n =1,2,..., N, we denote by
7 (VA VI
the advancement of the solution to (2.10) (or, equivalently, (2.1)) from ¢t = t"~! to
t=1t"ie f* = !, ,, and by

tn—l

FERVIIS Vi &

the advancement of the semidiscrete solution to (2.8), (or, equivalently, (2.7)) from

_ _1 _ y . . t’”
t=ty"tot=1t"ie. fp = (I)h,ti“'

In terms of the operators defined above, the values of the exact solution u" :=
u(+,t™) at the temporal nodes satisfy the recursion

u" = fru" ! (2.11)
with the initial condition
u® = u(-,0). (2.12)

In this paper, we study numerical approximations u; ~ u" generated by recur-
sions of the form

n—1

ul = frpyt up! (2.13)
with the initial condition
uy = u(-,0). (2.14)
Note that uj € Vfbn for every n > 1. In contrast, ug € VY (though the numerical
algorithm immediately projects u$ onto V}?*).
3. Statement of Results.

3.1. Abstract Error Estimate. We now present an abstract estimate for the
global error

e =u" —up

at n = N.
A statement of the estimate makes use of an elliptic projector

ry V= Vi

associated with the bilinear form a’(u, w) — b}, (u, w), where b}, is given by (2.9). Since
this bilinear form is not necessarily coercive, it is useful to consider a modified bilinear
form

ab (u,w) = a'(u,w) — bl (v, w) + km*(u, w), (3.1)

with £ > 0 chosen such that a! is coercive, uniformly in ¢ and h. This is accomplished
in Section 4.3, under the following assumption on the mesh velocity:
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(3.1.iii) There exists vy, independent of h such that

||vh| 0,00,02 S Umax

for every h < hg.
With this assumption, a suitable choice for & is

— max 32
o= e, (32)
where «q is the constant of coercivity of a’ assumed in (2.i); see Lemma 4.3 below.
Now define 7} for ¢ € (0,T] via

ah(rhu —u,wp) =0 Vwy, € V. (3.3)
Let

p(t) = e~ (rhu(-,t) — u(- 1)) (3.4)

for t € (0,7]. To simplify the forthcoming analysis, it is convenient to also define
p(0) =0 and p(T1) = 0.

The following theorem will be proved in Section 4.

THEOREM 3.1. Let {ull}N_, be generated by the recursion (2.13) with the initial
condition (2.14), using an evolving finite element space {Vi | 0 < t < T} satisfy-
ing (3.1.iii) and projectors {p];l+ NV satisfying (3.1.i-3.1.ii). Then for every h < hy,
the error e = u(-,T) — ul satisfies

n

N
leMlo,2,0m < Z ey (/t ) e Dipllo,2,0r dt + €™ || () — P(tn)||0,2,m")
n:l n—

+ C;J)V||P(O+)||o,2,90

with p giwven by (3.4) and k given by (3.2).

The preceding theorem reveals that a study of the error at time T reduces to
an analysis of p, the (scaled) difference between the exact solution w(-,¢) at times
t € (0,7] and its elliptic projection onto the current finite element space. The error
bound resembles the total variation of p: a (weighted) time integral of the norm of
Dyp, plus a (weighted) summation of the jumps in p across the times of remeshing,
where the weights are related to the constant « and the stability constant C), of
the projector. The time integral of ||Dypl|o,2,0+ encapsulates the error introduced by
Galerkin projection of the governing equations, while the jumps in p encapsulate the
errors introduced by projecting onto a new finite element space at each remeshing
time t".

3.2. Bound on D;p. Our second theorem provides an upper bound for the L2-
norm of the material time derivative of p(t) = e=**(rf u(-,¢) — u(-,¢)). It will require
the following additional hypotheses concerning elliptic regularity, the approximation
properties of V}, and the mesh velocity vy,.

(3.2.1)) There exists C' > 0 independent of h and ¢ such that for every 0 < t < T,
every h < hg, and every f € L%(Q!), the solution y € V* to the problem

ap(w,y) =m'(f,w) YweV*
satisfies

[9ll2.2.00 < Cllf]

0,2,0t- (3.5)
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(3.2.i1) There exists C' > 0 independent of h and ¢ such that for every 0 < t < T,
every h < hg, and every w € H2(Q2!) N V¢,

inf |Jw— w120 < Chlw|zz,0:.
thVfL

(3.2.iii) For every h < hg, there exists C' > 0 independent of ¢ such that for every
n=1,2,...,N and every t € (t"~1 "),

198 )|0,00,0¢ < C.

A statement of the theorem also requires the definition of a bilinear form A :
V! x V! — R which embodies the time rate of change of af, constructed as follows.
For a given t € (t"~1 "], let u,w € V'. For each h < hy, associate with u and w a
pair of functions U € VT and Woe pt satisfying

U(X) = u(gp(X)), W(X)=w(g)(X))

for every X € Q"". Now define
t d T
Ay (u,w) = —|  Ap(UW), (3.6)
dr T=t
where AT : V"' x V""" = R denotes the pullback of al to V" x V""" under the
map ¢} . That is,

Af(wopp, wopy) = aj,(u,w) (3.7)

for every 7 € (t"~1,¢"] and every u,w € V7. The (weak) differentiability of A7 in (3.6)
is proven in Section 5 under assumptions (2.ii) and (3.2.iii). Note that A} is a bilinear
form resembling, in loose language, the Lie derivative of a}, along the direction of the
mesh motion.

To measure the size of the bilinear form A, we make use of the following family
of h-dependent norms on the space of continuous bilinear forms A : V¥ x V* — R. For
sZOandQSG,nSoowith%—i—%:%,denote

Ay, w)]
HA”, 0.0t = sup . (38)
’ wewr @iyt ([ullog.ee + hluliye)llwls 200
weH* (QH)NV*
u,w#0

We note in passing that a sample calculation of A} and its norms for a particular
bilinear form a' and mesh motion strategy is illustrated in Section 6.

The following theorem will be proved in Section 5.

THEOREM 3.2. Let {V} | 0 <t <T, h < ho} be a family of evolving finite element
spaces with mesh velocity vy, satisfying (5.1.441) and (3.2.1-3.2.41). Let p, k, and A},
be given by (3.4), (5.2), and (3.6), respectively. Then there exists C' > 0 independent
of h and t such that

[ Depl

Oymtgc[h inf [| Dy (e~ 1) — wh|1.2.00
’u)h,EV;L

+ (ALl 20,00 + RIALI-10.00) (Iollom.0r + hlplig.or)
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for every h < hg, a.e. t € ("1, t"), everyn = 1,2,..., N, and every 2 < 6,1 < 00
satisfying % + % = %

The preceding theorem provides an upper bound for [[Dypllg2,q¢ that can be
computed for a given mesh motion and finite element space using knowledge of two
properties: the approximation power of the finite element space and the regularity
of the mesh’s evolution. The regularity of the mesh’s evolution is measured in terms
of the bilinear form A}, which, again, resembles the Lie derivative of af along the
direction of the mesh motion. In determining the order of accuracy of a given scheme,
the estimation of the scaling of ||A}||—2¢ ot + h||A}||—1,0,0t with respect to h plays a
fundamental role, as we illustrate in Section 6.

3.3. Concrete Error Estimate. Theorems 3.1 and 3.2 provide the key ingredi-
ents needed to estimate the order of accuracy of numerical methods belonging to the
broad class of schemes having the form (2.13). As an illustration, let us consider the
case in which the finite element space V}, contains functions which approximate u(-, t)
and Dyu(-,t) to order A" in the L?-norm, with r > 2 an integer. To make this precise,
and to account for the fact that practical choices of the mesh velocity typically endow
Diyu = u + vy, - Vyu with lower global regularity than elementwise regularity, let

1/p 1/p

[ulls,p.0t,n = Z ||u||§,p,K o Julsponn = Z |u|§,p,K

KeT}! KeT!

denote the “broken” WP (Q!)-norm and semi-norm, respectively, for each s > 0,
1 < p < 0. Define the broken Sobolev spaces

WP () = {u € LP(Q) | [|ulls.p.0,n < 00}

and Hj(QY) = W;?(QF). We shall assume that the finite element spaces Vi, satisfy
the following approximation hypothesis with an integer » > 2 and a real number
q € [1,00] satisfying ¢ < coif d=2r —2 and ¢ < 2d/(d —2r+2)if d > 2r — 2:
(3.3.1)) There exists C' > 0 independent of h and ¢ such that for every h < hg, every
t € (0,T], every 2 < s <7, and every w € H; (Q) N Wh4(Q!) NV,

inf [Jw—wh|m,2,0 <ChR™wls20th m=0,1. (3.9
U}}LGV;‘,’

Note that this hypothesis can be satisfied, for instance, by a finite element space V},
consisting of continuous functions that are elementwise polynomials of degree < r —1
over a shape-regular mesh 7' in dimension d < 3. In this case, we may take wy, equal
to the nodal interpolant of w in (3.9), which is well-defined as long as ¢ is chosen
larger than d (so that W4(Qf) C C°(QF)); see [9, Remark 3.2.2].

Finally, let us suppose that the mesh motion strategy is such that the following
bounds hold for the number of remeshing times N (h), the bilinear form Af, and the
mesh velocity vy,:

(3.3.i1) There exists C' > 0 independent of h such that for every h < hyg,

N(h) < C, (3.10)
sup [|AL]l-2,00,0t + hl[AL ]| -1,00,00 < C, (3.11)
0<t<T

sup_||vallr,0c,00n < C. (3.12)
0<t<T
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We remark that hypothesis (3.3.ii) is representative of conventional ALE schemes
under mild assumptions on the mesh motion; see Section 6.

The next corollary is then a straightforward consequence of Theorems 3.1 and 3.2
together with classical estimates for ||p(t)]/o,2,0+ and |p(t)|1,2,0t, which we summarize
in Section 5.3.

COROLLARY 3.3. Let {up}\_, be generated by the recursion (2.13) with the
initial condition (2.14), using an evolving finite element space {V}, | 0 < t < T} sat-
isfying (3.1.111) and projectors {pﬁf 712/:—01 satisfying (3.1.1-3.1.1i). Suppose that (3.2.i-
3.2.i11), (3.3.1), and (3.5.i1) hold with an integer r > 2. Then there exists C' indepen-
dent of h and u such that for every h < hg, the error eN = u(-,T) — uly satisfies

T
n&wm@Tscm(sm>unuy+/"uamnwwwmﬂzm>ﬁ>,
0<t<T 0

provided that for each t € [0,T], u(-,t) € H™™(Q!), and u(-,t) € H"(Q).

4. Proof of the Abstract Error Estimate. This section is devoted to the
proof of Theorem 3.1.

4.1. Outline of the Proof. After establishing a stability estimate for the
semidiscrete flow in Section 4.2 and fixing an appropriate value for the constant x
in Section 4.3, the proof of Theorem 3.1 will proceed in three steps.

First, in Section 4.4, the semidiscrete solution uj is compared with a discrete
representative of the exact solution, namely rflu" Using standard arguments from
the analysis of numerical integrators, the difference rznu" — uj is decomposed into a
summation of local errors (errors that can be studied over a single interval ("1, ¢"]),
each amplified by a power of the projector’s stability constant C,. The decomposition
of the error into a summation of local errors is illuminated by Fig. 4.1, where the
evolution of the exact and semidiscrete solutions is illustrated schematically. Next,
in Section 4.5, the local error at each n is decomposed into two parts that can be
understood as an error related to the spatial discretization and an error related to
the projection of the semidiscrete solution onto a new finite element space at the
start of each interval. These errors can be estimated in terms of the material time
derivative of p and the jumps in p across each remeshing time, respectively. Finally,
the aforementioned estimates are combined to yield Theorem 3.1.

4.2. Stability of the Semidiscrete Flow. We start by stating a stability es-
timate for the semidiscrete advancement operator. In what follows, we denote by

Q' ={(z,t) |z €t T}
the spacetime slab swept out by Q! over an interval I C [0, T].
n—1

LEMMA 4.1. For every h < hg, every 1 <n < N, and every up € VZ* ,

o
[frunllozam < lanllos,qm— +/ I£llo,2,00 dt.
tn—-

Proof. Let uy, solve (2.7) with initial condition uh(~,tf__1) = uy,. Choose wy, = uy,
in (2.7) and integrate with respect to time. Noting that a’(up,us) > 0, we obtain

T 6 1 9 T
== dzdt < ¢ e dt
[ | oa(G) dwaes [7 iflozarbunloz
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for every T € (t"~1,t"]. The regularity u;, € V,(Ltnil’tn] implies via Sobolev embeddings
that u? € WLe(Q(" ") with a scalar p > 1. Hence, the Gauss-Green theorem [33,
Chapter 3, Theorem 6.1] on the spacetime slab Q@) may be applied to give

T

s

1 1, _
Sl onr < Slanl2 oo + [ fllozarlunlosr d

n
for every 7 € (t"71,t"], where we have used the fact that u; = 0 on 9Q! for every
t € (t"71,¢"]. The result is then an immediate consequence of the following lemma,
whose proof is given in, for instance, [7, Lemma A.5]. O

LEMMA 4.2. Let y € C%a,b]) and g € L'(a,b) be nonnegative functions on a
bounded interval [a,b] C R. Suppose that

500 < 3@ + [ gr(rdr

for every t € [a,b]. Then

for every t € [a,b].
A consequence of Lemma 4.1 and the linearity of (2.7) is that for any @y, wy, €

n—1

t
V.o,
[frtn = frwnllo 2.0 < [lun — @nllg 5 g (4.1)

Later, we often abuse notation by writing §j s, — frwy, = fj (an, — ), bearing in mind
that the right-hand side tacitly denotes the advancement (@ — wy) with a vanishing
source term f. We also make frequent use of the fact that in the absence of a source
term f, the operator f} is linear.

4.3. Elliptic Projection. As mentioned earlier, our analysis will rely on the
use of an elliptic projector associated with a modified bilinear form

ab (u,w) = a'(u,w) — b (u, w) + km*(u, w),
with x > 0 chosen in such a way such that a} is coercive, uniformly in ¢ and h. The
following lemma, which is a statement of Garding’s inequality (see, for example, [6,
Theorem 5.6.8]), shows that such a k exists when (3.1.iii) and (2.2) hold with constants
Umae and ag.

LEMMA 4.3. Let

2

_ Umaz

- 20&0 ’
Then the inequality
ak (u,u) > a|\u||iz’9t Yu e Yt (4.2)

holds for every t € (0,T] and every h < hy with o = ap/2.
Proof. The proof is a trivial modification of the proof in [6, Theorem 5.6.8], where
it is assumed that a’(u,u) > aglul? , o rather than a’(u,u) > agllul|?, ge. O
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i i i ot
n—1 n—1 o n o n o n+1
t Vi Vit Vit Pt
ot tnt g th nt1
+ + t
Ty T, Th (s Th
n—1 tifl th _ Vti gyt
Vi £t Vi, fn h ¢ h n+1 h
Pp, by, h

Fic. 4.1. Schematic diagram depicting the evolution of the continuous and semidiscrete solu-
tions u™ and uy, respectively. The semidiscrete solution uj advances to the right along the bottom
row of the diagram (after an initial projection onto V2+ at t = 0) via an alternating sequence of

vt n—1 (ot 1 n
projections p};r : V}i — Vh+ and semidiscrete advancements f : VhJr — V}i . The exact
solution advances to the right along the top row of the diagram via an alternating sequence of identity
— n— n—1
maps i : VT S VI and continuous advancements froe Vi+ o S opt” , where we have introduced
the identity maps and defined the spaces Vi = V" o facilitate an analogy with the evolution of
the semidiscrete solution. If the continuous solution is mapped onto the current finite element space
n
via the elliptic projection r’fl (VY VfL (vertical arrows), then the difference rfl u™ —up measures
the extent to which this diagram fails to commute.

It is clear that with s so defined, af is continuous, uniformly in ¢ and h. That
is, there exists M > 0 independent of h and ¢ such that for every ¢t € (0,7}, every
h < ho, and every u,w € V?,

|ah (u, w)] < Mllully 2,00 [wll1 2,00

Define for each ¢ € (0,7 the elliptic projector v} : V' — Vi according to (3.3). It
is a consequence of the Lax-Milgram theorem that r} is a well-defined linear projector
for each t¢.

4.4. Error Decomposition. To derive an estimate for the global error " =
u" —uj, let us compare uj with a discrete representative of the exact solution, namely
i u™, by writing

e — _ent”p(tn) + En’
with p given by (3.4) and
"=t u —

Next, decompose ™ as ™ = (7 + {5 with

n—1

n t n—1
n __ .t n mn, "+ t n—1
O =rpu” —fyp, TR U,
el
m __ en, "+ t n—1 n
by =fpp, 1w — Up-

Note that r{ is undefined; in the relations above, it is to be understood that rju® = u?,

so that when n =1,

1 tto1 1,04 0 _ ¢t 1 1
bi=rpu —frpp ut =1 Ut =y,

1 _¢1.04 0 1 _
O =fpp, u —uy = 0.
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n—1
The linearity of f;! (in the absence of a source term) and the linearity of p,"
imply that

g1 n—1
m __ ¢n, "+ t n—1 n—1
2 = fnDy (Th u — U >

n—1

=fiew (7 +G7Y).

The stability assumption (3.1.ii) and the stability estimate (4.1) then imply

15 020 < Cp (1€ g 5,001 + 165 Mg p.00m-1 ) -

Combining this recursion with the initial condition £3 = 0 leads to the bound

N
[€"][o,2,07 < Z C ™10} 10,200 (4.3)
n=1
4.5. Estimates for Local Errors. To estimate the local errors £%,n =1,2,... N,
write
with
n—1

n_ th n n, '+ n—1
Y =rput —fpryt ou ,

n—1 nol

t
n _ en, "+ n—1 n, U+ n—1
0" =fpr, u —Thly Th U

Again, it is to be understood that r2u0 = u?, so that
61 _ f}lz (,r2+u0 _ p(].)L+UO> )

To bound 6", use the linearity of §; (in the absence of a source term) together

n—1

with the linearity and surjectivity of p:;’ to write

n 0 ti_l ti_l gt n—1
0" = fnp, rt o=y U
tnfl

iy (P = p(E" )

Now by the stability assumption (3.1.ii) and the stability estimate (4.1),

n—1 _ _
10" llo,2. 500 < Cpe™™lp(t371) = (" H)lg p, 1 (44)

Finally, a bound on 4" is given in the following lemma.
LEMMA 4.4. For every 1 <n < N,

.
oz < [ e IDiploaa de. (15)
tn—
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Proof. Let y;, denote the solution to (2.8) over (t"~1,#"] with the initial condition

n—1y\ __ t171 n—1
yn( ) =1 w

9

so that

tn71 -~
Yn (") = frrt w!

Then, denoting 6y (t) = yu(-,t) — rhu(-,t), we have

0,7 ") =0,
eh(tn) = _’Yna

and
yn(-,t) —u(-,t) = 0,(t) + e p(t).

A bound on 65 (t™), and hence 7™, follows from subtracting (2.10) from (2.8) with
w = wy, €V} and simplifying, using (3.1) together with the equalities

ap,(p,wp) =0
and
Dyi(e"'p) = ke p + e Dyp.
The resulting differential equation for 6, reads
mt(0n, wp) + at (O, wr) = —m! (e Dyp, wp,)

for every wy, € V}, t € (t"71,t"]. Lemma 4.1 then gives

t'n/
17" llo.2,00% = IFh0R (o 2,00 < / ) e[| Depllo 2,00 dt.
t”b*
0
Combining the bounds (4.3), (4.4), and (4.5) leads to the general error estimate
in Theorem 3.1.

5. Proof of the Bound on D;p. This section presents a proof of Theorem 3.2,
which concerns the material time derivative of p = e~ **(r}u — u), the (scaled) differ-
ence between u and its elliptic projection 7}u onto an evolving finite element space
{V} }+ with respect to the bilinear form (3.1).

To prove Theorem 3.2, we derive in Lemma 5.4 an equation that relates the ma-
terial time derivative of p to the function p itself. Deriving this relation involves some
preliminary calculations that lead to a formula in Lemma 5.2 for the time derivative
of a time-dependent bilinear form. The relation between D;p and p that we derive in
Lemma 5.4 then leads to an estimate for the H'-norm of D;p in Lemma 5.5. Finally,
we use a duality argument to estimate the L?-norm of D,p, thereby proving Theo-
rem 3.2. Corollary 3.3 will then follow readily using classical estimates for ||p|o 2.t
and |pl1,2,0t, as we explain in Section 5.3.
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5.1. Differentiating the Bilinear Form. We begin by presenting a statement
of the Reynolds transport theorem for weakly differentiable functions.

LEMMA 5.1. Let {¢': Q™ — Q' | 79 <t < 71} be a regular domain deformation
with velocity v(-,t) = ¢t o (')~ over an interval (19, 7] C [0,T]. Let g : Qoml 5 R
be such that the map t — g(pt(+),t) belongs to WP(1q, 71; LY(Q7)) for some 1 < p <
0. Then the map

t— gdz
Qt
belongs to WYP(1, 1) and satisfies
d
— gdr = Diyg+ gV, -vdx
dt Qt Szt

for a.e. t € (19,71).

Proof. A proof of this identity when g € W11 (Q(7:7)) is outlined in [5, Lemma
2.2]. A similar proof applies to the case in which ¢ — g(©*(+),t) € WP (79, 71; L1 (270)).
0

Let us now fix a family of evolving finite element spaces {V} | 0 < t < T},
h < hg, over a family of moving meshes {7} | 0 < ¢ < T}, h < hg, associated with
regular domain deformations ¢}, : Ot SOt t e "=t t], n=1,2,...,N. We
assume throughout the remainder of this section that (3.2.iii) holds. Our aim at the
moment is to derive a formula for the time-derivative of al, (u, w) for a pair of functions
w,w : Q"] 5 R whose regularity will be specified shortly.

The hypothesis (2.ii) ensures that if u = U o (p!)™! and w = W o (¢})~! for
some functions U, W € V"', then the map ¢ — af(u,w) is Lipschitz, and hence
weakly differentiable. Lemma 5.1 reveals that for such functions u and w, the maps
t — bl (u,w) and t — m'(u,w) (and hence ¢ — a} (u,w)) are likewise Lipschitz,
satisfying a bound of the form (2.4). This can be checked by choosing g = (vp, - Vu)w
and g = uw, respectively, in Lemma 5.1, bearing in mind that (3.2.iii) is assumed to
hold. It follows, in particular, that the bilinear form A! given by (3.6) exists and is
continuous for a.e. t, with a modulus of continuity bounded uniformly in time. The
next lemma examines the time-differentiability of af (u,w) for more general v and w.

LEMMA 5.2. Let u,w : Q"] 5 R be such that the maps t — u(ph (), t) and
t = w(ph (),1), t € (t"~1, ], belong to WH (1=t V" ). Then for every h < h,
the map

t > al, (u, w)

belongs to WhL(t"=1 ") and satisfies

%a}i(u, w) = ab (Dyu, w) + ab (v, Dyw) + Al (u, w) (5.1)
for a.e. t € ("1, t™), where Al is given by (3.6).

Proof. Let U(t) = u(p}(-),t) and W(t) := w(p}(-),t). Note that U W €
C([t"=1, "], V") by the embedding W (£, ¢ V") ¢ C([tn=1, 7], V") [14,
Chapter 5.9, Theorem 2]. Using mollification in time, there exist sequences of infinitely
differentiable V" -valued functions U., W, : (—00,00) — V"~ with compact sup-
port whose restrictions to [t"~1, "] converge to U and W uniformly on [t"~! "] as
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. . . _ n—1
€ — 0, and whose derivatives converge to %—Itj and %—VZ in LY=L 0" ) as e — 0.
Define

pe(o,7) = A} (Uc(0),We(0)), o,7€ (" t"),

where At : V"7 x V""" 5 R denotes the pullback of a!, under ¢! , as defined in (3.7).
The remarks preceding this lemma imply that for a.e. 7 € ("71,t"), %p; (o, 7) exists

and is given by

W (0,7) = AT (Uelo) 0 (1) Walo) o (1))

for every o € (t"~',¢"). Furthermore, since A7 is a continuous bilinear form for each
7, the equality

21:; (0,7) = AL (%lf (a),We(a)> + Aj, (UE(UL %(U))

holds for every (o,7) € ("1, ") x (t"~1,¢") [29, Theorem 2.4.4]. Notice that %’f; is

continuous in (t"~1 ") x (#"~1,¢") by virtue of the (temporally uniform) continuity
of Al and A}, and the regularity of ¢}, U, and W,. It follows [2, Theorem 12.11]
that p.(o,7) is differentiable at (o, 7) = (¢,t) for a.e. t € (t"~1,¢") and satisfies

d 0

—pe(t,t) = —
dtp( ) Jo

0
pe(aa t) + =

(£, 7).
5. Pe(t, 7)

T=t

o=t

Now multiply by a smooth real-valued function with compact support in ("~ ")
and integrate in time. Integrating by parts and taking the limit as ¢ — 0 shows that
the equality

GAEDWC0) = 4 (Te0wen ) + 4 (v6.0. 5 (0)

+ A];L (u('7t)7w('7t)>

holds in the sense of distributions. Conclude using the definition of A} together with
the relations

%(-,t) = Dyu(py(+),t),
P (1) = Danlh().1)

5.2. Estimating D;p. We now use Lemma 5.2 to derive a relation between
p = e " (rlu—u) and its material time derivative. In order to justify the forthcoming
calculations, we first make the following observation concerning the regularity of p.
A proof is given in Appendix A.

LEMMA 5.3. For each n = 1,2,...,N the map t — p(t) o ¢t t € ("1, t"],
belongs to Whi(tn=1 ¢n Y ).

One consequence of the preceding lemma is that Dyp € V! for a.e. t € (t" 1 t").
We tacitly make use of the regularity of p in the following lemma.

LEMMA 5.4. For every h < hg, everyn =1,2,...,N, and a.e. t € (t"~1,t"), it
holds that

at (Dyp,wr) = —AL (p,wp,)  Ywy, € Vi (5.2)
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Proof. For a given wy, € Vi, take w(-,7) = wp 0! o (¢7) ! and u(-,7) = p(7) for
each 7 € (t"71,¢"] in (5.1). Then use the relation

ap(p,w) =0 Vvt

together with the fact that the material time derivative of w is zero. O

The relation (5.2) leads to the following estimate for the H'-norm of the material
time derivative of p.

LEMMA 5.5. There exists C' > 0 independent of h and t such that

[Depll1 2.0t < C (Jféﬁ»; [De(e™"u) — wplli 2,00 + 1AL - 1,000 (lpllom.0r + h|/>|1,n,ﬂf))
for every h < hg, a.e. t € (t"~1t"), everyn =1,2,..., N, and every 2 < 6,17 < oo
such that % + % = %
Proof. The coercivity of a} and the relation (5.2) imply that
al|Dipl? g,00 < af(Dip, Dip)
= a,(Dep, Dep — wn) + A}, (p, Dep — wn) — Ajy(p, Dip)

for any wy, € V}. Now by the continuity of af, and the definition (3.8),
al| Depli 2,00 < M| Depllr 2,06 Dep — will1 2,00

+ AL =1.0.00 (lllom.ar + hloliga) (IDip — whll1 2,00 + [ Depll1,2,00)
for any 2 < 0,1 < oo with é—l—% = % Using the fact that for real numbers z,a,b > 0,

1+2
2

P <ar+br+ab = < (a +b),

it follows that
IDplhane < C (int 100 = wnllar + 1A 1-saa (ol + Hlpla)).
h<Vp

with C' depending only on M and «. Finally, observe that Dy (e~ "7} u) = Dy(r} (e ")) €
Vi O

We shall now use a duality argument to derive an estimate for the L2-norm of
the material time derivative of p, thereby proving Theorem 3.2. To this end, suppose
that (3.2.i-3.2.ii) hold and let y € V! solve the adjoint problem

al (w,y) = m*(w, Dyp) Yw € V'
Observe that
m'(Dyp, Dip) = aj,(Dep,y)
= a,(Dep,y — wn) + A (p,y — wn) — Aj(p, y)

for any wy, € Vi. Hence,

[ Depl

bo.0t < M| Diplligr inf |y — w200
wrEVE

AL 1o (lollomar +hlplige) inf ly—wsll20
thV,tl

+ 1ALl =2,0.0¢ (Ipllo.m,00 + hlp

The theorem then follows from Lemma 5.5, hypothesis (3.2.ii), and the elliptic regu-
larity estimate (3.5).

1n.00) [Yll2,2,00
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5.3. Deducing the Concrete Error Estimate. Deducing Corollary 3.3 is now
a matter of using (3.3.1) and (3.3.ii) to simplify the bound in Theorem 3.2, inserting
the resulting bound for || D;p||o,2,o¢ into the inequality in Theorem 3.1, and invoking
estimates for ||pllo,2,0¢, [p|1,2,0t, and ||p(t7) —p(t")||g,2,q¢» Which we summarize below.
We assume in what follows that u and vy, satisfy the regularity assumptions made in
the statement of Corollary 3.3.

Estimates for p. By the (temporally uniform) coercivity and continuity of a}, it
follows from classical arguments (namely, via Céa’s Lemma [13, Lemma 2.28|, the
Aubin-Nitsche Lemma [13, Lemma 2.31], (3.3.1), and (3.2.1)) that there exists C' > 0
independent of h and ¢ such that

e“t||p(t)||m’2,gf, < Ch* ™ Muls20t, m=0,1, (5.3)

for every 2 < s <7, every 0 <t < T, and every h < hyg.

Estimate for p(t})—p(t™). The triangle inequality and (5.3) (with m = 0) provide
the following upper bound for the jumps in p across the times of remeshing: For every
2<s<r,everyn=1,2,...,N, and every h < hg,

e pty) = p(t") o2, < Ch*uly 0o (5.4)

We remark that sharper estimates for p(tt) — p(t") may hold when the meshes 77;1
and 7;fn coincide over a large fraction of the domain, though we do not address this
situation here. This phenomenon is the subject of [22] and plays a role in error
estimates for universal meshes.

To simplify the bound in Theorem 3.2 and thereby obtain Corollary 3.3, expand

Dyi(e " u) = 0y (e u) + vy, - V(e " u)

b — ke "ty + ey, - Vau.

= e_'A€
Now use the facts that u(-,t) € H"(Q), u(-,t) € H'THQ), Vu(-,t) € H(QH)? C
Wha(Q4)4, and vy, (-, t) € WL (Q)NW, > (QF) to deduce that Dy(e~"tu) € HJ(QH)N
Wha(QH)NV? for any q € [1, oo satisfying ¢ < oo if d = 2r —2 and ¢ < 2d/(d—2r +2)
it d > 2r — 2. Thus, by (3.3.0),

e™ inf ||D(e”"tu) — wy,

120t <OR i — ku+ vy - Vaulraarn
whEVf’l

< Ch 7 (il 2.00n + Elulro.orn + [vn - V]2t n)
= Ch™ ™" (|aly 2,00 + Kluly2.00 + |vn - Voulro0in) . (5.5)

Next, use the fact that, with a constant C' depending only on r and d, it holds that

|Uh : V;L'u|r,2,Qf,h S C”Uh||r,oo,ﬂt,h||u||r+1,2,£2t,h
= Cllonlr,o.0t nllullrr1.2.00- (5.6)

The proof of Corollary 3.3 is completed by combining Thoerems 3.1 and 3.2 with (5.3),
(5.4), (5.5), and (5.6).

6. Applications to Specific Mesh Motion Strategies.
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6.1. Application to ALE Schemes. In this section, we verify the hypotheses
of Corollary 3.3 for a more concrete mesh motion strategy and bilinear form a®. The
situation we have in mind is that in which the mesh motion is associated with an
arbitrary Lagrangian-Eulerian (ALE) scheme. Such a scheme typically prescribes a
motion of the mesh by choosing a mesh for Q° and solving a global system of equations
(such as those of linear elasticity) for the nodal positions at times ¢ > 0, remeshing as
often as needed to maintain a mesh of adequate quality. Rather than considering an
explicit instance of such a method, we leave the precise choice of the mesh deformation
unspecified and simply provide an example of an assumption on the mesh deformation
that ensures optimal order of convergence.

The assumption we make is that the mesh velocity v; approximates a smooth
velocity v in the following sense.

(6.i) There exists v : Q — R? and constants C;(v), i = 1,2,3, independent of h
and t such that for every t € ("~ !,¢") and every n = 1,2,..., N,

[vn = v[l1,00,0t < C1(v)h,  [9n = Dl0,00,0t < C2(v)h,
and

Cs(v) = R [0]l2,00,0¢ + [|9]]1,00,0¢ < 00

We consider the case in which the bilinear form at is given by
a'(u,w) = / Vau- Vawdz. (6.1)
Ot

By virtue of the Poincaré inequality and the boundedness of the spacetime domain
Q, this bilinear form is coercive and continuous, uniformly in time. Furthermore, its
satisfaction of condition (2.ii) can be inferred from Lemma 6.2 below.

Our aim in this section is to show that the bilinear form A} (defined in (3.6))
in this setting satisfies a bound of the form (3.11), thereby validating the conditions
of Corollary 3.3 for such a mesh motion strategy whenever (3.10) and (3.12) hold
as well. For numerical illustrations of the optimal convergence rates predicted by
Corollary 3.3, we refer the reader to examples in the existing literature on ALE
schemes, such as [31, 30].

We begin by presenting an explicit formula for A} when a’ is given by (6.1). A
proof of this result is given in Appendix A.

LEMMA 6.1. Let a* and Al be given by (6.1) and (5.6), respectively. Then A}
satisfies

AL (u,w) = — o V- (vah + (vah)T) Vawdr — /Qf (Op, - Veu)w dx

+ / (Veu - Vaw) Vg - vp do — / (vp - Vauw)wVy - vp de + /i/ wwVy - vy, dx
Ot Ot at
(6.2)

for every h < hg, a.e. t € ("1 t"), every n = 1,2,...,N, and every u,w € V¢,
where (V,up)t denotes the adjoint of V  vp,.

We conclude with estimates for ||Al || _1 0.t and ||A || —2.c qt, which imply (3.11)
when combined.

LEMMA 6.2. Suppose that (6.i) holds. Then there exists C independent of h and
t such that the bilinear form (6.2) satisfies

1AL 100,00 < CRTF
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for every h < hg, a.e. t € (t"~1,t"), and everyn =1,2,..., N.
Proof. Let u,w € V. Apply the Cauchy-Schwarz inequality to each term in (6.2)
to obtain

AL (u, w)] < C((1+ K + Vmaz) [vn]1,00,00 + (|0

0,00,02t) [[ull1,2,00[[wll1 2,00

Then use hypothesis (6.i) to bound |vs|1,00,0t and |95 0,000t uniformly in h and t.
Finally, use the fact that

Jull 2,00 < h~ max{1, ho}([[ullo,2,.00 + hlul12.00)
to deduce that
AL (u, w)| < Ch™H([[ullo,2,00 + Bluly2,00)[w])1 2,0t

with a constant C' independent of h and ¢. O
LEMMA 6.3. Suppose that (6.i) holds. Then there exists C' independent of h and
t such that bilinear form (6.2) satisfies

1ALl -2.00 00 < C

for every h < hg, a.e. t € ("1, t"), and everyn =1,2,..., N.
Proof. Let u € V' and w € H*(Q') N V*. Define

A (u,w) = — VTR (va + (VIU)T) Vwdx — / (0 Veyu)wdz
Ot Ot
(6.3)
—|—/ (Veu - Vyw)V, -vdw—/ (v-Vau)wV, ~vdx+f$/ uwVy - vdz,
Qt Ot

Qt
where v denotes the smooth vector field described in (6.1). A straightforward calcu-
lation gives

|A] (u, w) — A (u, w)| < Chllull1 2,0 |w]l1,2,00

with C' depending only on kK, vjmas, and the constants C;(v), i = 1,2, 3, appearing
in (6.i). On the other hand, integrating each term of (6.3) except the last by parts
leads to the bound

A" (u, w)] < Cllulloz.arllwl2z.0:-

with C' depending only on s and C3(v). The conclusion then follows from

AR (s w)] < A" (u, w)] + A, (u, w) — A (u, w))]

< C([[ullo2,0t + hluli2.0¢) w220t

6.2. Application to Universal Meshes. We now briefly discuss another sit-
uation to which Theorems 3.1 and 3.2 may be applied, namely, to a mesh motion
obtained from a universal mesh [21, 20, 32]. This strategy utilizes a background tri-
angulation of an ambient domain D D Qf, 0 < ¢t < T, to construct a conforming
mesh for the immersed domain at all times using small deformations of a periodi-
cally updated reference subtriangulation of the background mesh. In that setting, the
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number N of “remeshing” times (the periodic updates of the reference subtriangula-
tion) scales like h~1, the mesh velocity is nonzero only in a region of measure O(h),
and its spatial gradient scales like h~'. When such a strategy is used with piece-
wise polynomial finite elements of degree < r — 1, we expect based on preliminary
calculations that (under suitable regularity assumptions) the quantity ||Dypl|o 2,0 as-
sociated with the mesh motion under consideration scales like h"~1/2, whereas the
jumps [|p(t%) — p(t")]|o.2.00n scale like A7+1/2 up to a logarithmic factor if 7 = 2 [22].
This leads to an error estimate for universal meshes that is suboptimal by half an
order in the L2?-norm, a result which is supported by the numerical examples in [21].

7. Conclusion. We have presented an a priori error analysis of finite element
methods for problems with moving boundaries. We proved a general error estimate
that applies to methods which employ a conforming mesh of the moving domain whose
deformation is smooth in time except at a finite number of instants where remeshing
is performed. Examples include ALE schemes with remeshing, as well as methods
that employ a universal mesh as in [21]. Specializing the general error estimate to a
given mesh motion strategy requires the estimation of certain quantities that depend
on the mesh velocity v;, associated with the prescribed mesh motion. We illustrated
such a calculation for an ALE scheme and intend to do the same for universal meshes
in a separate paper.

We restricted our attention in this paper to deforming-mesh methods that adopt
bijective mesh deformations to solve parabolic moving-boundary problems. This elim-
inated the need to handle variational crimes in the analysis, and it excluded the
consideration of tangled meshes [10]. The analysis nonetheless provides a stepping
stone toward the more difficult task of analyzing numerical solutions to free-boundary
problems — problems for which the domain evolution is itself an unknown, such as
phase-change problems, free-surface flows, and fluid-structure interaction. Needless
to say, an analogous analysis of deforming-mesh methods for hyperbolic equations on
moving domains is a topic worthy of further study as well.
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Appendix A. Auxiliary Lemmas.
Below, we prove Lemmas 5.3 and 6.1.
Proof. [Lemma 5.3] By the remark following (2.5), it suffices to check that the

map t — rhu(el (), t) belongs to Whi (=1 " V"), For this purpose, expand
rhu = Z r,(t)nk
a

as a linear combination of the shape functions nl, € V} of Definition 2.3. According
to (3.3), the coefficients r,(¢) satisfy the (nonsingular) linear system

A(t)r(t) =c(t)
with

Aab(t) = a}tz(niv nfz)7 cqo(t) = CL];L(U, nfz)
The entries of c(t) are weakly differentiable by virtue of Lemma 5.2 and the regularity
of u and n!. On the other hand, the entries of A(t) are Lipschitz by the (temporally
uniform) continuity of A}. Furthermore, A(t) is uniformly positive definite by the
(temporally uniform) coercivity of af,. These facts can be used to show that the entries
of A71(t) are Lipschitz. It then follows from the product rule for weak derivatives of
univariate functions [8, Corollary 8.10] that the entries of r(t) are weakly differentiable,
which proves the result. O

Proof. [Lemma 6.1] With U = uo ¢} and W = wo ¢}, define extensions of u and
w to all of Q" " via u(-,7) = Uo (¢7)7%, w(-,7) = Wo ()7L, 7 € (t" 1, ¢,
Then, by definition,

with
g=Vu-Vyw— (v - Vyu)w + kuw.

Noting that the last three terms on the right-hand side of (6.2) coincide with th gVy-
v, dx, the relation (6.2) will follow from Lemma 5.1 if we show that

Dyg = —Vau- (Vav, + (Vavr)') Vow — (i, - Vou)w, (A.1)
To this end, observe that the pullback G(-,t) := g(¢k (-),t) of g to Q0" satisfies
G(,t) =VxU - [(Vxeh)  (Vxeh) T VW = (Vxg},) Vi - VxU) W + UW,

where Vj, (-, t) := vp (¢} (-),t). Now differentiate with respect to time, using the fact

that %—It] = %—VX = 0 together with the relations

% [(Vxeh) H(Vxeh) T = =(Vxeh) ™ (Kn+ (Kn)') (Vxeh) T

o5

0 _ _1 0V -
o7 [(Vxeh) Vi = (Vxel) 5 = (Vxgh) T Kaa,

where Kj, := VxV,(Vx!)~!. Finally, recast the result on Q' to obtain (A.1). O



