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Space—time finite element methods for
parabolic problems

Olaf Steinbach

Institut fiir Numerische Mathematik, TU Graz,
Steyrergasse 30, 8010 Graz, Austria

o.steinbach@tugraz.at

Abstract

We propose and analyze a space-time finite element method for the numerical
solution of parabolic evolution equations. This approach allows the use of general
and unstructured space—time finite elements which do not require any tensor product
structure. The stability of the numerical scheme is based on a stability condition
which holds for standard finite element spaces. We also provide related a priori error
estimates which are confirmed by numerical experiments.

1 Introduction

Standard approaches to the numerical solution of parabolic evolution problems are based
on semi-discretizations, either in space resulting in the method of lines [20], or in time
yielding the Rothe method [11]. In both cases, the underlying structure is some tensor
product of space and time variables. The sequential solution of the resulting linear sys-
tems complicates parallel solution algorithms, and adaptive refinement strategies which
are done simultaneously in space and time. Due to the increasing computing capacities, an
overall solution of a space—time discretized problem may become an alternative to think
about. Applications of space-time finite element methods have already a long history
[10]. However, equivalent parabolic operator equations were first analyzed in [17], see also
[12, 21] for a discussion of the involved stability condition. Note that in all cases, space—
time tensor product wavelet bases are used. Rather general space-time finite elements are
already used in many applications, and also in the context of adaptive space-time mesh
generation algorithms, see, e.g., [2, 13, 14, 15, 19], and the references given therein. Usually,
discontinuous Galerkin methods are used, at least for time discretizations, which increase
the number of degrees of freedom, and which involve certain parameters to be chosen to
ensure stability of the numerical scheme. Therefore we are interested in the application of
a standard finite element approach for the solution of evolution problems.



To give a motivation of our space—time finite element approach, we consider the Dirich-
let boundary value problem for the heat equation in one spatial dimension,

ey Owu(z,t) — Opgu(z,t) = 0 for z € (0,1), t € (0,77,
uw(0,t) =wu(l,t) = 0, for t € (0,77, (1.1)
uw(z,0) = wo(z) forz e (0,1).

We assume the compatibility condition u(0) = u¢(l) = 0, and ¢y > 0 is a given heat
capacity constant. It is well known that the solution of (1.1) allows the series representation

00 1
u(w,t) = Z uge” P gin krx, oy, = 2/ uo(z) sin kmx du. (1.2)
k=1 0

In particular for

2562%(1 — 4z)?  forz € [0, 1],
up(z) = . (1.3)
0 for x € (3, 1]
we obtain
(192 — k*m?)(1 — cos &%) — 24km sin &°
(k) '

The solution of the initial boundary value problem (1.1) with ¢y = 100, 7' = 2, and
subject to the initial condition (1.3) is depicted in Fig. 1. Now we may ask for a piecewise
linear interpolation for this particular solution. For this we consider a sequence of uniform
and admissible triangulations @}, of refinement level L with mesh size h of the space-time
domain @ := (0,1) x (0,2), i.e.

uy, = 1024

G = [07 1] X [07 2] Uqé =: Q-
(=1

The triangular space—time finite elements ¢, are assumed to be shape-regular, see also
Fig. 1. The related set of nodes is denoted by {(zy, ) }4L,. With respect to the triangu-
lation @);, we now define the piecewise linear nodal interpolation

M

Iu(z,t) =) u(wg, te) ez, t),
k=1

where ¢ (z,t) are the usual two—dimensional continuous and piecewise linear basis func-
tions. Since the solution (1.2) of the initial boundary value problem (1.1) turns out to be
smooth, we can apply standard interpolation error estimates [4, 5, 18] to obtain

||u — Ihu||L2(Q) S Ch2 |'LL|H2(Q). (14)

Since the solution (1.2) is known, we can compute the interpolation error (1.4) for a
sequence of nested finite element spaces. Hence we can estimate the order of convergence
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(eoc) which confirms second order convergence, see Table 1. Starting from a coarse finite
element mesh we can also drive an adaptive algorithm where we refine only those finite
elements ¢, where the local error satisfies

|u — [huHL2(qe) = gaXN lu—= [hUHM(qk) .

N | —

k

To end up with an admissibile triangulation, we apply a red—green—blue refinement strat-
egy [22]. To obtain a comparable error, the number of nodes, i.e., the number of degrees
of freedom, is approximately a forth as for the case when using a uniform refinement strat-
egy. The final mesh is given in Fig. 1. We observe that this adaptive mesh is completely
unstructured, both in space and time. In Table 1 we present the interpolation errors for
a sequence of space-time finite element meshes up to the seventh refinement level L. Ob-
viously, second order convergence is confirmed. While in the case of a given function, i.e.
of the given solution (1.2), we can easily determine the piecewise linear interpolations, we
now may ask to find the optimal space-time finite element approximation by solving the
initial boundary value problem (1.1) by using a space—time finite element method.

t\—
T
Figure 1: Solution, uniform mesh (L = 3), and adaptive mesh (L = 15).

In this paper we present a stability and a priori error analysis for a standard Galerkin
finite element method for the numerical solution of parabolic evolution equations. In
Sect. 2 we describe the model problem of a linear heat equation with Dirichlet boundary
conditions, its Galerkin—Petrov variational formulation, and we prove a related stability
condition which ensures unique solvability. The finite element discretisation is described
and analysed in Sect. 3, where the main results are formulated in Theorem 3.1 on the



L| N | M |u=Luleg | eoc
Uniform refinement

3 | 256 153 2.929 -2

4 | 1024 | 561 1.081 -2 1.44

5 | 4096 | 2145 2.750 -3 1.97

6 | 16384 | 8385 6.870 4 2.00

7 | 65536 | 33153 1.718 4 2.00
Adaptive refinement

1519083 | 9645 | 1.973 -4 |

Table 1: Interpolation error of the space—time solution.

stability of the proposed scheme, and in Theorem 3.3 on the a priori error estimate. For the
particular case of a spatial one-dimensional problem we present a more detailed analysis on
the interpolation error in anisotropic norms in Sect. 4. Numerical examples given in Sect. 5
confirm all theoretical results, and we also comment on a comparison with a space—time
discontinuous Galerkin finite element approach as considered in [14]. We end this paper
by some concluding remarks in Sect. 6, where we point out some open problems in the a
priori error analysis, and we comment on challenging topics concerning a posteriori error
estimation techniques and adaptive mesh refinement strategies, efficient preconditioned
and parallel solution methods, space-time boundary element methods and their coupling
with space-time finite element methods, and on applications including nonlinearities.

2 Variational formulations

As model problem we consider the Dirichlet problem for the heat equation,

cy Owu(z,t) — dive[A(z, ) Vou(z, t)] = f(z,t)  for (z,t) € Q:=Q x (0,T),
u(z,t) = 0 for (z,t) e ¥:=1x (0,7), (2.1)
u(z,0) = wup(z) for x € ),
where Q2 C R", n = 1,2,3, is a bounded domain with, for n = 2,3, Lipschitz boundary
I := 0Q. Moreover, the coefficient matrix A(z,t) = [A(x,t)]" € R™" is assumed to be
positive definite uniform in (z,t) € Q; ¢y > 0 is a given heat capacity constant, and we
assume ug € Hi (). Finally, f € Ly(0,T; H~1(€)) is a given source term.
The variational formulation of (2.1) is to find u € Ly(0,T; Hi(Q)) N H'(0, T, H~(Q)),
u(z,0) = ug(x) for € Q, such that

CH/ /&uxt :ctd:cdt+// (x,t)Vou(x, t)] - Vyu(z, t) dedt (2.2)

_ /0 /Q o t)o(a, t) dudt



is satisfied for all v € Ly(0,T; HL(Q)), v(x,0) =0 for z € Q.

Before we discuss the unique solvability of the variational problem (2.2), let us first
consider the quasi—static elliptic Dirichlet boundary value problem, with ¢y > 0 being the
heat conductivity, for all t € (0,7"), and for given ¢(x,t),

—div,[A(z, ) V,w(z, t)] = cp(z,t) forx € Q, w(x,t)=0 forxeTl. (2.3)
The related variational problem is to find w € Ly(0, T; H}(2)) such that

// :ctixt)]Vv(a:tdxdt—cH/ /gba:t (x,t) dxdt (2.4)

is satisfied for all v € Ly(0,T; H(2)), where ¢ € Ly(0,T; H~'(2)) is given. Since the
coefficient matrix A(z,t) is assumed to be uniform positive definite,

[l oo, () = \// / x, t)Vyu(x, t)] - Vou(z, t) dedt

defines an equivalent norm in Ly(0,7; H3(€2)). Therefore, unique solvability of the varia-
tional problem (2.4) follows and we Conclude

T
”wH%Q(O,T;H%(Q)) = /o /Q[A(:c,t)vmw(:c,t)]~wa(a:,t)dxdt

T
= CH/ /gb(a:,t)w(:c,t) drdt < [|¢|| L, 0,51 @) 10| Loo,1:H3 0))
o Ja

where we have used the dual norm, with the duality pairing (-, -)¢,

c (@, v
”(b”LQ(O,T;H—I(Q)) = sup H< >Q .
0£0E Ly (0,13 HE () HU”LQ(O,T;H(}(Q))

(2.5)

In particular, we have obtained the upper estimate

”wHLz(O,T;Hg(Q)) < H¢HL2(0,T;H—1(Q))-

The solution of the variational formulation (2.4) implies for any given ¢ € Ly(0,T; H=())
a unique w € Lo(0,T; H}(2)), which defines the Newton potential

N¢:=w, N:Ly0,T; H Q) — Ly(0,T; H)(Q)) .

By using

c v
19l o010y = sup {9 v)q
0£vEL2(0,T;H§ (Q)) ”UHLQ(OTHl(Q))

= sup / /[A(:E,t)vmw(x,t)] - Veu(z, t) dedt
0#£v€ L2 (0,T; HA () HU”LQ(O,T;H(}(Q)) o Ja

< Nwll Lyo,1:H302)




we then conclude

1wl zoo,mm2 ) = 1IN Lo0,mm2 ) = 10l o071 (2 - (2.6)

In fact, this gives
||¢||%2(0,T;H—1(Q)) = ||w||iQ(O,T;Hé(Q))
T
= / /[A(:c,t)vmw(a:,t)]~wa(a:,t) dxdt
0o Ja
T
= CH/ /gb(a:,t)w(:v,t) dedt = cy (¢, w)q,
o Jo
ie.

101170100 = ¢t (&, No)g for all ¢ € Ly(0,T5 H(€)). (2.7)

Now we are in a position to prove boundedness of the bilinear form

a(u,v) = en /0 : /ﬂ O, )o(x, t) dudt + /0 ' /Q Az, )Vau(z, 8)] - Vao(x, ¢) dadt. (2.8)

By using duality, Cauchy—Schwarz and Holder inequality we have
T T
a(u,v) = CH/ / Owu(z, t) v(z,t) dedt +/ /[A(:E,t)vmu(x, t)] - Veu(z, t) dedt
0 Q 0 Q

< 90l zaorarion + lull o ramon | 0] oo mce

< \/5\/"815“”%2(0,7“;1{—1(9)) + ”U‘”iQ(Q,T;H(}(Q)) HU”LQ(O,T;H(}(Q))

= V2 [wll £oco,7 113 )ynE (0,751 @) |1V Logo,7 112 () (2.9)
for all u € Ly(0,T; HY(Q)) N HY 0, T; H () and v € Ly(0,T; H} () where we have
used the related energy norm, i.e.
2 2 2
HUHLQ(O,T;H(%(Q))nHI(o,T;Hfl(Q)) = Hat“”Lz(O,T;H*I(Q)) + ”“”Lz(o,T;Hé(ﬂ))
2 2
= ||N8tu||L2(o,T;H5(Q)) + ||U||L2(0,T;Hg(§z))- (2.10)

Since the Galerkin—Petrov variational formulation (2.2) is based on the use of different test
and ansatz spaces, no concept of ellipticity is applicable to ensure unique solvability of
(2.2). Instead, a suitable stability condition has to be established. For this we will make
use of the trivial inclusion

Ly(0,T; Hy(2)) "M HY(0,T; H1(2)) C Ly(0,T; Hy (). (2.11)



Theorem 2.1 For all u € Ly(0,T; Hy () N HY0,T; HY(Q)) satisfying u(z,0) = 0 for
x € Q there holds the stability condition
1 a(u,v)

2—\/5 ||U || Lo(0,T;H(Q))NH' (0,T;H-1(Q)) < sSup

(2.12)
0#£ve L2 (0,T;HL () ||U||L2(0,T;Hg(n))

Proof. For any given u € Ly(0,T; Hy(Q)) N HY (0, T; H1(2)), u(z,0) = 0 for z € Q, we
consider the particular choice v = u + Noyu € Ly(0,T; Hj(£2)) to obtain
a(u,u + Now) = a(u,u) + a(u, Nowu) .

Due to the assumption u(z,0) = 0 for z € Q we further conclude
T T
a(u,u) = CH/ / Owu(x, t)u(z, t) dedt +/ /[A(:E,t)vmu(x, t)] - Veu(z,t) dedt
o Ja o Ja
1 ["d ) )
= 50H ; %HU(OHLQ(Q) dt 4 \[ull7, 0,711 0

2 2
— 5CH HU(T)”LQ(Q) + |’U”L2(0,T;Hg(ﬂ))

> (2.13)

||U||%2(0,T;Hg(9)) :
For the second term we obtain, by using (2.7), the Cauchy—Schwarz inequality, and (2.6),
a(u, NOww) = cp (O, Nowu)g + (AVu, Vo NOwu) 1,0)

H8tu|’%2(0,T;H*1(Q)) - HUHLQ(O,T;H(%(Q))HNatU”Lz(o,T;H(}(Q))
1
Hatu”%g(O,T;H*I(Q)) ) [’\U’\%Q(O,T;Hg(g)) + HNatU”%Q(o,T;Hg(Q))]

1 1
S 10l 0z = 5 el

v

v

Hence we have

a(u,u + Nydyu) > % |:H8tu”%g(0,T;H*1(Q)) + HUH%Q(O7T;H%(Q)):|
= % ||u||ig(0,T;Hé(Q))ﬂH1(O,T;H—I(Q)) : (2.14)
With
[|u+ NatUH%Q(O,T;Hg(Q)) < 2 |:||u||%2(O,T;H%(Q)) + ||N8tu||%2(o,T;Hg(Q))]
= 2 |:||u||%2(O,T;Hé(Q)) + HatuH%g(O,T;H—l(Q))}
= 2||“||iQ(o,T;H3(Q))nH1(o,T;H—l(Q))
we finally conclude
a(u, u + Nidu) = % el Lo, 13 @m0/ @) [l + N O] Ly 0,113 0
from which the stability condition (2.12) follows. [



Remark 2.1 Instead of the energy norm (2.10) we may also use the alternative norm [21]

2 2 2 2
||“||LQ(O,T;Hg(Q))mﬂl(o,T;H—l(Q)),cH = ||Natu||L2(o,T;H3(Q)) + ||U||L2(0,T;Hg(g)) + CH||U(T)||L2(Q)-
Then we can prove the improved stability estimate

a(u,v)

HuHLQ(O,T;Hg(Q))mHl(o,T;H—l(Q)),CH < sup
0£vE€L2(0,T;HA () ||U||L2(0,T;H5(Q))
for all w € Ly(0,T; HY () N HY(0,T; H(Q)) satisfying u(x,0) = 0 for x € Q. However,
to avoid the additional term, here we will use the energy norm (2.10) and the stability
estimate (2.12).

Since the initial condition in (2.1) is seen as a Dirichlet condition in the space-time domain
Q = Q x (0,T), we consider the splitting u(z,t) = u(x,t) + uy(z,t) for (x,t) € Q where
Uy € Ly(0,T;HY(Q)) N HY0,T; H(Q)) is some extension of the given initial datum
up € Hi(). Hence we have to find @ € X such that

a(T,0) = (f,v)q — (T, v) (2.15)
is satisfied for all v € Y, where we have used the function spaces
X = {v € Lo(0,T; HY(Q)) N HY(0,T; H™Y(Q)) : v(z,0) = 0 for z € Q}

and Y := Ly(0,T; H}(Q2)). Obviously, we have X C Y. Now we are in a position to state
unique solvability of the Galerkin—Petrov variational formulation (2.15), see, e.g., [3] or
[18, Theorem 3.7].

Corollary 2.2 Let ug € Lo(0,T; HY (Q)) N HY(0,T; H(Q)) be some given extension of
the given initial datum ug € H}(Q), and assume f € Ly(0,T; H-1(2)). Since the bilinear
form a(-,-) as given in (2.8) is bounded satisfying (2.9), and satisfies the stability condition
(2.12), there exists a unique solution w € X of the variational formulation (2.15) satisfying

||ﬂ||L2(0,T;H3(Q))mH1(o,T;H—l(Q)) < 2\/§[||f||L2(0,T;H—1(Q)) +\/§||EOHLg(O,T;H&(Q))ﬂHl(O,T;H—l(Q)) .

3 Finite element discretisation

Let X;, € X and Y}, C Y be some finite dimensional spaces which will be specified later.
As in the continuous case X C Y we assume the inclusion X; C Yj,. The Galerkin—Petrov
discretisation of the variational problem (2.15) is to find @, € X}, such that

a(@p,vn) = (f,vn)g — a(to,vy) for all vy, € Y. (3.1)



Before we discuss the unique solvability of the variational formulation (3.1) as well as
related a priori error estimates, let us first consider the Galerkin discretization of the
variational formulation (2.4) to find wy, € Y}, such that

/0 /Q[A(:E,t)vmwh(x,t)] - Vop(x,t) d:pdt:cH/O /ng(x,t)vh(:p,t) dxdt (3.2)

is satisfied for all v, € Y),. By using standard arguments we conclude unique solvability of
(3.2), in particular we may define the approximate Newton potential

Nypo == wy, Ny : L2<O t; H™ (Q)) —Y, C LQ(O,T; H&(Q)) .

By using (3.2) and (2.4) we have, for a conformal discretization Y, C Y,

lnl, oy = / 4@V, V(o) o

= CH/ /qb(x,t)wh(:v,t)d:cdt

_ // D)V ow(z, )] - Vown(z, ) dedt

IN

||w||L2(o,T;H3(Q))||wh||L2(o,T;Hg(Q))>
ie.
||Nh¢||L2(0,T;Hg(Q)) < ||N¢||L2(0,T;H3(Q)) for all ¢ € L2(0a T H&(Q)) (3-3)
Instead of the energy norm (2.10) we will use the mesh dependent energy norm
||U||,2Xh = ||Nh8tu||ig(0,T;H(}(Q)) + HUH%Q(O,T;H(}(Q)) (3.4)
Due to (3.3) we have the upper estimate
lullx, < Jlullx forallue X. (3.5)

As in the continuous case we are now able to prove a discrete stability condition.

Theorem 3.1 Assume X;, C X, Y, C Y, and X;, CY),. Then there holds the discrete
stability condition

sup a(up, vy)

Junllx, <
2v/2 " T 0tuneYn HUhHLQ(o,T;H(%(ﬂ))

for alluy, € X, (3.6)

Proof. The proof of Theorem 3.1 follows as in the continuous case, see Theorem 2.1.
For u, € X;, C X we define N,ouy, := w;, € Y}, as the unique solution of the Galerkin
variational formulation (3.2), i.e

T T
/ /[A(:c,t)vmwh(:c,t)] - Veup(z, t) dedt = CH/ / Ovup(x, t)op(x, t) dedt, vy, € Y.
0o Jo o Ja

9



Due to X} C Y}, we have u, + wy, € Y}, satisfying

2 2 2 2
lan + wnl 0y < 2 | lunlyoirsmgion + 1m0z = 2 Il -

Moreover, we have, by using u;(0) = 0,

a(up,up) = CH/O /Qﬁtuh(:p,t)uh(:p,t) d:pdt+/0 /Q[A(x,t)vxuh(x,t)]-quh(x,t) dxdt

1
- otH ||Uh(T)||%2(Q) + ||Uh||iQ(o,T;H5(Q))

”uh”%g(O,T;H%(Q))

as well as

a(up, wp) = CH/ /&tuh x, )wp(z, 1) d;z:dt+/ / z, t)Vaup(x,t)] - Vywp(z, t) dedt
/ / z, t)Vawp(z,t)] - Vowy (2, 1) d;z:dt+/ / z, t)Vup(x,t)] - Vowp(z, t) dedt

v

HwhH%Q(O,T;H%(Q)) - HuhHLz(O,T;H(}(Q))”wh”Lz(O,T;H(}(Q))

1
2 2 2
||wh||L2(o,T;Hg(Q)) ) ||Uh||L2(o,T;H3(Q)) + HwhHLQ(O,T;Hé(Q))}

v

1 2 1 2
=5 ||wh||L2(o,T;Hg(Q)) ) ||Uh||L2(o,T;Hg(Q))-

Hence,

1
alun, un+wn) = S lenllL,0mm30) T 1wnllL0mmen | = 5 lullx,

1
> ﬁ”uhHXhHuh+wh||L2(O,T;H%(Q))7

which implies the discrete stability condition (3.6). n

The discrete stability condition (3.6) implies unique solvability of the Galerkin—Petrov
variational formulation (3.1). By combining the Galerkin variational formulation (3.1)
with (2.15) and by using the inclusion Y, C Y we also conclude the Galerkin orthogonality

a(ﬂ — Up, Uh) =0 forallv, €Y. (37)
With this we can derive the following quasi—optimal error estimate.

Theorem 3.2 Letuw € X anduy, € X, be the unique solutions of the variational formula-
tions (2.15) and (3.1), respectively. Then there holds the a priori error estimate

7~ nllx, <5 inf =zl (33)

10



Proof. From the stability condition (3.6), by using the Galerkin orthogonality (3.7) and
(2.9), we conclude, for arbitrary zj, € Xj,

-l < st
—— ||Up — Zhl||X >~ sup
22 " ovneYn Vall o012 ()

a(TUp — U, vp) + a(U — 24, Vn)

= sup
Ovn Y, [vnll o012 )

alt = 2, vn) <V?2 @ — 2l x,

= sup
ovnevi ||Vl Loo,:H3 (@)

and the assertion follows from the triangle inequality. |

Now we are in a position to introduce the space—time finite element spaces X, C Y},. For
the space-time domain Q = Q x (0,7) C R™™! we consider a sequence of admissible de-
compositions @)y, into shape regular simplicial finite elements g, which are triangles (n = 1),
tetrahedra (n = 2), or pentatops (n = 3, see, e.g., [15]), i.e.

N
Qn = U s -
(=1,

By {(x,tx) 4L, we denote the related set of nodes (zy,#;) € R™™L. As usual we introdue
a reference element ¢ C R™™! which allows to describe a finite element g, by using a local

parametrization,
€T - Ly 5 5
(7)) (5) e (5) e

where ¢ C R™*! are the usual reference elements. Hence we can introduce the volume A,
of the finite element g,

Ay = / dxdt = det Jg/dde = |q| det J,,

qe q

and the local mesh width
he = A;/(nﬂ), h:= max hy.

¢=1,..N
Note that
% forn =1,
lgf =< ¢ forn=2,
i for n = 3.

With respect to the admissible decomposition (), we define the space—time finite element
space Si(Qn) = span{p; I, of piecewise linear and continuous basis functions ;. Now
we are able to introduce the finite element spaces

X,=SHQnNX, Y,=5(Q,NY,

11



which obviously satisfy the assumptions of Theorem 3.1. Based on Theorem 3.2 we conclude
the following a priori error estimate.

Theorem 3.3 Let u € X and u, € X5, = SH(Qn) N X be the unique solutions of the
variational formulations (2.15) and (3.1), respectively. Assume u € H*(Q). Then there
holds the energy error estimate

||E — ﬂh”Lg(O,T;H&(Q)) S ch |ﬂ|H2(Q) . (39)
Proof. From the definition of the related norms and by using Theorem 3.1 we first have
1% = Ul Ly 0,110 < @ —Tnllx, <5 inf |[u—zx,
zh€Xp

and it remains to define a suitable approximation z, of & to prove a related approximation
property. In fact, let 2, = P,u € X}, be the unique solution of the Galerkin variational
formulation

/OT /Q [atPha(a:,t)atvh(x,t) + [A(z, 1)V Pya(z, t)] .vwh(x’t)} dudt

_ /0 ' /Q [atﬂ(x,t)atvh(x,t)Jr[A(x,t)VxE(x,t)]-vah(x,t)] dzdt

for all v, € Xj. When using the related energy norm, note that v(z,0) = 0 for € 2 and
v(z,t) =0 for z €T, ie.

= [ [ [0t 0 + 460 Va(o, 0] Vot )] deat,

and by using standard arguments, i.e. Cea’s lemma and standard approximation error
estimates, we obtain

@ = Bvtnll oo rimgen < 1@ = Putinllm@ < inf (@ = vnllm@u < chltlnzq)

Note that for n < 2 we can use standard nodal interpolation error estimates, while for
n = 3 we have to use projection type error estimates.

Moreover,
u u c (0w — Phﬂ ,U
10 (T — Phu)”Lz(O,T;H—l(Q)) = sup 1 (0 ) >Q
orverari(@) 1Vl La0msm@)
0,(u — Pyu v
< cy sup 19:( W) || 2@ vl 2. @)
0#£vE L2 (0,T;H () ||,U||L2(O,T;H6(Q))

< e |0(U — Pl o) < cm U — Putill ) < chlftllm ) -

By taking into account the norm definition (2.10) the assertion follows from the previous
estimates. ]
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Corollary 3.4 Letu € X and w, € X5, = SL(Qn) N X be the unique solutions of the
variational formulations (2.15) and (3.1), respectively. We now assume u € H*(Q) for
some s € [1,2]. Then there holds the energy error estimate

Proof. The assertion follows from the trivial error estimate, i.e. s =1,

[T = Un| oo,75m3 0)) < € ol

[@ = Pytin|| y0mm30)) < [ = Putinllm @) < [[ullnr@),

by using the energy error estimate (3.9), i.e. s = 2, and an interpolation argument for
s € (1,2). n

Remark 3.1 Instead of space—time finite element spaces X, C Y}, spanned by piecewise
linear basis functions py one may use continuous basis functions of some polynomial degree
p > 1 locally to define X;, C Yy. Then, when assuming w € H*(Q) for some s € [1,p + 1],
one obtains the error estimate

”ﬂ — ﬂhHLQ(O,T;H(}(Q)) S Ch871 |ﬂ H3(Q)s S € [1,]9"‘ 1] (311)

4 Space—time interpolation error estimates

As we will see in the numerical results, in particular of Example 5.1, the error estimates
(3.9) and (3.11) are optimal in the case of a regular solution. However, in the particular
case of solutions with some singular behavior, see Examples 5.2 and 5.3, the error estimate
(3.10) turns out to be not optimal, or not applicable. This is mainly due to the unified
handling of the spatial and temporal derivatives when proving the error estimate (3.9). In
what follows we present a more detailed analysis of the interpolation error in the energy
norm. To simplify the presentation, let us consider the spatial one-dimensional case only,
where all space—time finite elements g, are a right—angled isosceles triangles, as used in
Fig. 1. Without loss of generality we consider the space-time finite elements ¢ and ¢}
which are given by

qi:{(:c,t)6R2:0<x<h,0<t<h—x},

and
q,%:{(x,t)6R2:0<x<h,h—x<t<h}.

The related linear interpolations I}u and I?u of a given function u then read

h—z—t
S u(h,0) 7+ u(0,h)

Lu(z,t) = u(0,0) -

2
h/?
and

h—ax

r+t—nh
—

For the local interpolation error we then can prove the following result.

h—t
Iu(x,t) = u(0, h) + u(h, O)T + u(h, h)

13



Lemma 4.1 Let g} and ¢? be two right-angled isosceles triangles such that gy Ugs = [0, h]%.
Let u(x,t), (x,t) € [0,h]?, be a given function such that u, € H'((0,h)?), and let Iu be
the piecewise linear interpolation. Then there holds the error estimate

102 (w — Tnw) 17, (0,092 //Um n, t)]*dndt + h2/ / Uy (s, 7)?drds.  (4.1)

Proof. To estimate the local error

h h—zx
ot Bl = [ [ ututet) = Bute, ) dea

we first compute

1
— E[u(h, 0) — u(0,0)]

Uz (2, 1) — uy(s, 0)] ds

Op(u(m,t) — LLu(z,t)) = wu

8
—~
8
> -
~
1 ~

:ux(x, 1) — ug(s,t) + ug(s,t) — ug(s, 0)] ds

x ¢
/ uxx(na t) d’l] + / ua:t(S, 7') dT:| ds.
LJS s 0

Hence, by using the Cauchy—Schwarz inequality twice,

[amm(x,t)—fgu(x,t))r = %Uoh (/qum:r(n,t)dw/Otumxsw)df) ds}
%/ (/jum(n,t)dn+/Otum(s,T)dT)Q ds

2 (st | [ttt o+ [ s rWT) s
2

h

/ |x—s|ds/ [tz (), 1)] d77+—t/ / Ugy (5, 7)]2d7ds,

>

Nﬁh

S Bl

2

IN

IN

IN
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and therefore,

h h—zx 2
/ / [0 (u(a, 1) — Lz, 1)) ded
o Jo
o b rh h—z  rh
< —/ / |x—s|ds/ / [tz (1, t)]? dndtda
hJo Jo 0 0
o [h phez h rh
+—// tdtdaz/ / [ugi(s, 7)]2d7ds
hJo Jo o Jo
o b rh ho rh
g—/ / |x—5\d5da:/ / (g (1, )] dndt
h Jo Jo o Jo
1t ho rh
+—/ (h—x)de/ / [Uge (s, 7)) drds
h Jo o Jo
2, (" [ , 1, [ ,
< =h [tz (0, 1)]7 dndt + =h [zt (s, 7)]°drds
3 Jo Jo 3 Jo Jo

follows. In the same way we have

h x h
8$(u(x,t)—l,2lu(x,t)) = %/ [/ um(n,t)dn—/ um(s,T)dT]ds,
0 S t
and therefore
2
(0u(ule,t) ~ (e, 1)]
9 [h h 9 h rh
g—/ \:L’—s|ds/ [um(n,t)]2d?7+—(h—t)/ / [uzi(s,7)]2d7ds
hJo 0 h o Jo
as well as
h rh 9
/ / [0m(u(x,t)—l,%u(x,t))} dtdx
0 h—x
9 h rh 1 h rh
§—h2/ / [um(n,t)]andt+—h2/ / [um(s,T)]Zdes
3 o Jo 3 o Jo

follows. Summing up gives the desired result.

As an immediate consequence of Lemma 4.1 we can formulate the following interpolation

error estimate.

Corollary 4.2 Let Q) C R? be a space-time finite element mesh of right—angled isosceles
triangles. Let u be a given function such that O,u € HY(Q) is satisfied, and let Iu be the

continuous piecewise linear interpolation. Then there holds the error estimate

[|u — IhUHLQ(o,T;Hg(Q)) <ch |8xU|H1(Q) :
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Although the interpolation error estimate (4.2) is not sufficient to establish an improved
error estimate for the finite element solution w;, of the Galerkin—Petrov variational formu-
lation (3.1), it already indicates the expected order of convergence. However, since the
second error term, i.e. [|0,(% — 21)L,0,m;1-1(02)), is measured in a Sobolev norm with a
negative index, no interpolation error estimates are available. Instead, appropriate pro-
jection operators should be used to gain an additional order of convergence due to the
Aubin—Nitsche trick. But since we have to use the same element z, € X} within the a
priori error estimate (3.9) we have to bound the projection error in different norms by the
interpolation error.

Although we have shown the improved interpolation error estimate (4.2) only in the
particular case of right—angled isosceles triangular elements, we claim that this error es-
timate remains true for more general situations, i.e. for unstructured meshes as used in
Example 5.2, and for higher spatial dimensions. Since the related proofs are much more
technical, we do not consider them here.

To close this section, let us recall that the error estimate (3.10) already covers the most
general situation when assuming some regularity of the solution in the space-time domain
which can be ensured in many cases.

5 Numerical results

In what follows we provide some numerical results to confirm the theoretical estimates as
given in Sect. 3 and 4. As in [14] we consider the initial boundary value problem (2.1) for the
spatial domain 2 = (0, 1), the final time 7" = 1, the heat capacity cgy = 1, and A(x,t) = I.
The discretization is done by considering a uniform and structured triangulation of the
space—time domain @ = (0, 1)? as shown in Fig. 2 (left), and by using a more unstructured
mesh as shown in Fig. 2 (right), and by using either first (p = 1) or second (p = 2) order
continuous finite elements. Note that the structured mesh corresponds to the situation as
considered in Lemma 4.1. The linear system is solved by a GMRES without preconditioning
where it is sufficient to consider Y, = X}, to build up the linear system, i.e. we neglect the
basis functions with nonzero initial conditions.
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Figure 2: Structured mesh (L = 3), and unstructured mesh (L = 0).
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Example 5.1 As in [14, Example 2.3.1] we first consider the exact solution to be
u(x,t) = cosmtsinmx  for (x,t) € Q

and we determine the initial datum ug and the given volume density f accordingly. Since
the solution u 1s smooth we expect first and second order convergence when using piecewise
linear (p = 1) and piecewise quadratic (p = 2) continuous finite element approzimations,
see the error estimate (3.11). This is confirmed by the numerical results as given in Table 2.

p=1 p=2
L N | dof | |lu—unllz,0mmi@) | €o¢ dof | |Ju — un| 1m0 | €oC
2 32 12 5.960 —1 56 8.556 2
3] 128 56 3.056 -1 0.964 240 2172 2 1.978
41 512 | 240 1.538 -1 0.991 992 5.456 -3 1.993
5 | 2048 | 992 7.705 -2 0.997 | 4032 1.366 -3 1.998
6 | 8192 | 4032 3.855 -2 0.999 | 16256 3.417 4 1.999

Table 2: Numerical results in the case of a regular solution, structured mesh.

Note that the absolute errors and the estimated orders of convergence (eoc) almost coincide
with the numerical results as given in [14, Table 2.1] in the case of a discontinuous Galerkin
finite element approach where a related discrete energy norm is used which is not equivalent
to the mesh dependent norm (3.4). It is worth to mention that there is a reduced order of
convergence when using piecewise quadratic but continuous finite element approximations
within the DG formulation [14, Table 2.7] which does not appear within our approach. This
1s probably due to the chosen energy norm of the DG approach which may not reflect the
underlying function spaces in a proper way.

While the results of Table 2 correspond to a globally uniform mesh, see Fig. 2 (left),
we may also use a more unstructured mesh of the space—time domain as shown in Fig. 2
(right). The related results are shown in Table 3, and again they confirm the theoretical
findings.

p=1 p=2
L N | dof | [[u —upllLy01m300)) | €0C dof | |lu — unl|p,0,rm1)) | €0C
0 216 98 1.562 -1 412 9.618 -3
1 864 | 412 7.856 2 0.992 | 1688 2.452 -3 1.972
2| 3456 | 1688 3.938 2 0.996 | 6832 6.225 4 1.978
3 | 13824 | 6832 1.971 -2 0.999 | 27488 1.571 4 1.986

Table 3: Numerical results in the case of a regular solution, unstructured mesh.
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Example 5.2 As a second example we consider the solution
u(z,t) = (1 —t)*sinwr  for (r,t) € Q = (0,1)*, «a=0.75,

which has a line singularity at t = 1, i.e. u € HY*5(Q) for any ¢ > 0. According to
the error estimate (3.10) one would only expect an order of convergence of almost 0.25.
However, due to the improved interpolation error estimate (4.2) we can expect linear con-
vergence which is confirmed by the numerical results given in Table 4 in the case of the
structured mesh, and in Table 5 when using the more unstructured mesh. Note that when
using second order elements (p = 2) we observe less than linear convergence, but the order
of convergence is much better than expected from the error estimate (3.11). The under-
standing of this behavior requires a more detailed analysis to be done.

p=1 p=2
L N | dof | ||u— UhHLg(o,T;Hg(Q)) €oc dof | JJu — uh”Lz(O,T;Hé(Q)) coc
2 32 12 3.763 —1 56 4.553 2
3| 128 56 1.942 -1 0.954 240 1.404 -2 1.697
4 | 512 | 240 9.864 2 0.977 992 5.601 -3 1.326
5| 2048 | 992 4.971 -2 0.989 | 4032 2.826 -3 0.987
6 | 8192 | 4032 2.498 2 0.993 | 16256 1.581 -3 0.838

Table 4: Numerical results in the case of a singular solution (a = 0.75), structured mesh.

p=1 p=2
L N | dof | Jlu— Uh”Lg(o,T;Hg(Q)) €0cC dof | flu — UhHLQ(o,T;Hg(Q)) eoc
0 216 98 1.171 -1 412 8.486 —3
1 864 | 412 5.985 -2 0.968 | 1688 3.985 -3 1.091
2 | 3456 | 1688 3.031 -2 0.982 | 6832 2.170 -3 0.877
3 | 13824 | 6832 1.530 -2 0.986 | 27488 1.246 -3 0.800

Table 5: Numerical results in the case of a singular solution (a = 0.75), unstructured mesh.

Example 5.3 As a last example we consider the solution [14, Example 2.5.3]
u(z,t) =1 —tsinmx  for(x,t) € Q

withu € H'7(Q), € > 0. For the numerical results in the case of a piecewise linear contin-
uous approximation see Table 6. We observe an almost linear order of convergence. While
in the case of discontinuous piecewise linear approximations a convergence order of 0.5 is
observed, see [14, Table 2.4|, there is no convergence when using piecewise linear continu-
ous approximations within the DG approach, see [14, Table 2.9]. The different observations
are again due to the use of different energy norms within the different approaches and they
may indicate that the chosen energy norm of the DG approach is not the optimal one.
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L N | dof | |lu—wupllr,0mm10) | €oc
2 32 12 4.095 —1

3| 128 56 2.194 -1 0.900
41 512 | 240 1.175 -1 0.901
5| 2048 | 992 6.351 -2 0.888
6 | 8192 | 4032 3.528 2 0.848

Table 6: Numerical results in the case of a singular solution (o = 0.5), structured mesh.

6 Concluding remarks

In this paper we have provided the stability and a priori error analysis of conforming space—
time finite element methods for the solution of parabolic evolution equations. In contrast
to other space-time approaches, which rely on space-time tensor product ansatz spaces,
see, e.g., [17, 21], our approach is based on the use of arbitrary admissible finite element
meshes of the space-time domain. Under rather mild assumptions on the regularity of the
solution we have derived quasi—optimal error estimates which do not depend on the space
dimension. In particular situations of non—smooth input data, less regular solutions may
appear, where the above mentioned a priori error estimates may be either not optimal, or
can not be applied. To get a better understanding of these phenomena we have presented a
more detailed analysis of the piecewise linear interpolation error in the particular situation
of right—angled isosceles triangular elements. It is obvious that additional work is required
to improve these results, in particular to handle more general cases. To verify the the-
oretical results we have provided simple numerical examples for spatial one-dimensional
domains. However, this paper extends previous work [14, 15] where space-time discontinu-
ous Galerkin finite element methods were used even for three-dimensional spatial domains.
In fact, using the results of [15] it will be possible to realize the proposed approach using
continuous space—time finite elements also for three—dimensional spatial domains, this will
be one topic of future work.

While in the present implementation of the continuous space-time finite element method
we have used the GMRES algorithm without any preconditioner as an iterative solver, ap-
propriate preconditioners and a parallel implementation are mandatory. Note that for the
space-time discontinuous Galerkin approach related multigrid methods are analyzed and
successfully implemented on state of the art parallel computer architectures showing op-
timal scaling properties [8, 9]. Although the multigrid approach may be also applied to
continuous space—time formulations, probably there are other preconditioning strategies
such as geometric and algebraic multilevel techniques, or domain decomposition methods
applicable. Obviously, this will be a second topic of future research.

The main advantage of the proposed space—time finite element approach is the possibil-
ity to handle general finite element meshes wich are adaptive simultaneously in space and
time. To drive such an adaptive mesh refinement, appropriate a posteriori error estimators
are required which are well established for elliptic boundary value problems, see, e.g., [22].
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In the context of time—dependent problems, a posteriori error estimators are available as
well, see, e.g., [1, 7, 16], but in most cases, adaptivity is considered either in space, or in
time. So the design and analysis of appropriate space-time a posteriori error estimators is
a third topic of future work.

The proposed strategy of rather general space-time approximations can be applied also
to the numerical solution of boundary integral equations for parabolic partial differential
equations. Then, the boundary ¥ = T' x (0,7") of the space-time domain @ = Q x (0,7)
has to be decomposed into general space—time boundary elements. Note that the theory
of boundary integral equations in particular for the heat equation is well established [6].
Although space-time tensor products are used in [6] for the approximation, the theory
already covers the general case of arbitrary space—time boundary elements. However, the
implementation of general space—time boundary element methods is more involved due to
the fundamental solution which is non—local. In any case, space-time boundary element
methods and their coupling with space—time finite element methods will be interesting
topics for future work as well.

Applications of the proposed space—time finite element approach are numerous, not only
to handle evolution equations of parabolic type, but also hyperbolic equations with the
wave equation as the most simple example. While space-time methods can be applied to
nonlinear partial differential equations as well, see, e.g., [14] for a space-time DG approach
for the Navier—Stokes equations, problems with moving interfaces such as in fluid—structure
interaction problems seem to be more challenging. In particular, when the interface is
unknown, even a coupled system of linear partial differential equations becomes nonlinear
in the geometric description. It is obvious that there are much more challenging and
interesting applications around, and we believe that space—time discretizations of partial
differential equations can turn to be a method of choice.
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