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AN ULTRAWEAK SPACE-TIME VARIATIONAL FORMULATION FOR THE
WAVE EQUATION: ANALYSIS AND EFFICIENT NUMERICAL SOLUTION

JULIAN HENNING!, DAVIDE PALITTA2, VALERIA SIMONCINI?> AND KARSTEN URBAN*

Abstract. We introduce an ultraweak space-time variational formulation for the wave equation, prove
its well-posedness (even in the case of minimal regularity) and optimal inf-sup stability. Then, we in-
troduce a tensor product-style space-time Petrov—Galerkin discretization with optimal discrete inf-sup
stability, obtained by a non-standard definition of the trial space. As a consequence, the numerical ap-
proximation error is equal to the residual, which is particularly useful for a posteriori error estimation.
For the arising discrete linear systems in space and time, we introduce efficient numerical solvers that
appropriately exploit the equation structure, either at the preconditioning level or in the approximation
phase by using a tailored Galerkin projection. This Galerkin method shows competitive behavior con-
cerning wall-clock time, accuracy and memory as compared with a standard time-stepping method in
particular in low regularity cases. Numerical experiments with a 3D (in space) wave equation illustrate
our findings.
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1. INTRODUCTION

The wave equation has extensively been studied in theory and numerical approximations. The aim of this
paper is to introduce a (non-standard) variational Hilbert space setting for the wave equation and a corre-
sponding Petrov—Galerkin discretization that is well-posed and optimally stable in the sense that the inf-sup
constant is unity. A major source of motivation for this view point is model reduction of parameterized partial
differential equations by the reduced basis method [18,20,29]. In that framework, the numerical approximation
error is equal to the residual, which is particularly useful for a posteriori error estimation and model reduction.

Space-time variational methods have been introduced, e.g., for parabolic problems [1, 33, 34], transport-
dominated problems [9,11,15], the wave equation [5,6,16,32,36] and the Schrodinger equation [13], also partly
with the focus of optimal inf-sup stability. The potential for efficient numerical solvers has been shown in [19,27].

We follow the path of [9,11] and introduce an ultraweak variational formulation in space and time by applying
all derivatives onto the test functions using integration by parts. This means that the trial space is La(I x Q),
where I = (0,7T) is the time interval and Q C R the domain in space. This is the “correct” space of minimal
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regularity for initial data ug € L2(Q2). Following [11], we employ specifically chosen test spaces so as to derive a
well-posed variational problem. A Petrov—Galerkin method is then used for the discretization: inspired by [9],
we first choose an appropriate test space and then define the (non-standard) trial space to preserve optimal
inf-sup stability. After completion of this work, we learned that this approach is very closely related to the
DPG* method [13,21].

The aforementioned discretization results into a linear system of equations Bsus = gs, whose (stiffness)
matrix B; is a sum of tensor products and has large condition number, making the system solution particularly
challenging. Memory and computational complexity are also an issue, as space-time discretizations in general
lead to larger systems as compared to conventional time-stepping schemes, where a sequence of linear systems
has to be solved, whose dimension corresponds to the spatial discretization only.

Building upon [19], we introduce matrix-based solvers that are competitive with respect to time-stepping
schemes. In particular, we show that in case of minimal regularity the space-time method using fast matrix-
based solvers outperforms a Crank—Nicolson time-stepping scheme.

The remainder of this paper is organized as follows: In Section 2, we review known facts concerning varia-
tional formulations in general and for the wave equation in particular. We derive an optimally inf-sup stable
ultraweak variational form. Section 3 is devoted to the Petrov—Galerkin discretization, again allowing for an
inf-sup constant equal to 1. The arising linear system of equations is derived in Section 4 and its efficient and
stable numerical solution is discussed in Section 5. We show some results of numerical experiments for the 3D
wave equation in Section 6. For proving the well-posedness of the proposed variational form we need a result
concerning a semi-variational formulation of the wave equation, whose proof is given in Appendix A.

2. VARIATIONAL FORMULATIONS OF THE WAVE EQUATION

We are interested in a general linear equation of wave type. To this end, consider a Gelfand triple of Hilbert
spaces V — H — V' and a positive, symmetric operator A € L(D(A), H), where D(A) is the domain of A to
be detailed in (2.5) below'. Setting I := (0,T), T > 0 and given g € Lo(I; V") ug € H, uy € V', we look for
u(t) € V, t € I a.e., such that

i(t) + Au(t) = f(t) in V', t €I a.e., uw(0) =up € H, u(0) =uy € V. (2.1)

Note that the initial state is only in H (e.g., L2(2)) and the initial velocity only in V' (e.g., H=1(Q)), which
means very low regularity. Thus, without additional regularity, we cannot expect to get a smooth solution of
(2.1). Such non-smooth data are in fact a physically relevant situation. We restrict ourselves to linear time-
invariant (LTI) systems even though most of our results can be extended to the more general situation of a
time-dependent operator A(t).

2.1. Inf-sup-theory

We are interested in finding a well-posed weak (or variational) formulation of (2.1), i.e., Hilbert spaces U, V
of functions and a bilinear form b: U x V — R such that

blu,v) =g(v) YweV, (2.2)

has a unique solution u € U for all given functionals g € V' and that u solves (2.1) in some appropriate weak
sense. The well-posedness of (2.2) is fully described by the following well-known fundamental statement.

Theorem 2.1 (Necas theorem, e.g., [26], Thm. 2). Let U, V be Hilbert spaces and b: U x V — R be a bilinear
form, which is bounded, i.e.,

Iy <oo: blu,v) <Aylullullv|lv, forall weU,veV (boundedness). (C.1)

1We shall always denote by V'’ the dual space of V w.r.t. the pivot space H.
2For a definition of Bochner spaces, see Section 2.4 below.
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Then, for all g € V', the variational problem (2.2) admits a unique solution u* € U, which depends continu-
ously on the data g € V' if and only if

. b(u,v) . o
B := inf sup ———— >0 (inf-sup-condition); C.2
RS Tl ol ~ ) ©
VO£veV FJuelU: blu,v)#0 (surjectivity). (C.3)

The inf-sup constant § (or some lower bound) also plays a crucial role for the numerical approximation
of the solution u € U since it enters the relation between the approximation error and the residual (by the
Xu-Zikatanov lemma [35], see also below). This motivates our interest in the size of 3: the larger?, the better.

A standard tool (at least) for (i) proving the inf-sup-stability in (C.2); (ii) stabilizing finite-dimensional
discretizations; and (iii) getting sharp bounds for the inf-sup constant; is to determine the so-called supremizer.
To define it, let b: Ux V — R be a generic bounded bilinear form and 0 # u € U be given. Then, the supremizer
sy € V is defined as the unique solution of

(Su,v)y = b(u,v) Yv e V. (2.3)

It is easily seen that
aup P0) (80
vev [lvllv  vev [lvllv

= [Isullv, (2.4)
which justifies the name supremizer.

2.2. The semi-variational framework

We start presenting some facts from the analysis of semi-variational formulations of the wave equation, where
we follow and slightly extend ([3], Chap. 8). The term semi-variational originates from the use of classical
differentiation w.r.t. time and a variational formulation in the space variable. As above, we suppose that two
real Hilbert spaces V and H are given, such that V is compactly imbedded in H. Let a : V xV — R be a
continuous, coercive and symmetric bilinear form®. Next, let A be the operator on H associated with a(-,-) in
the following sense: We define the domain of A by

D(A):={ueV: 3f € H such that a(u,v) = (f,v)g Vv € V}, (2.5)

and recall that for any u € D(A) there is a unique f € H such that a(u,v) = (f,v)y for all v € V. Then, we
define A : D(A) — H by u — f=:Au. By the spectral theorem there exists an orthonormal basis {e, : n € N}
of H (the eigenvectors of A) and numbers A, € R with 0 < Ay < Ao < -+, lim, 0 A, = 00, such that

V= {UEH:Z)\n|(U7€n)H|2<OO}, (2.6a)
n=1

D(A)={veH:Avec H}:{v €H:|vha =D Mlwv,en)nl’ < oo}, (2.6b)
n=1
CL(U, U) = Z )‘n(ua en)H (enav)hﬁ u,v & ‘/, (26C)
n=1
Av =" A (v,€n)m en, v e D(A). (2.6d)
n=1

3[.6., the closer to unity, resp. to .
4Note that most of what is said can be also extended to H-elliptic forms (Garding inequality).
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TABLE 1. Regularity statements for the wave equation — classical in time, variational in space.

s up ur f w wow
= € € C([O7T}7) € C([O7T]7)
0 H vV H V' DAY
1V H H 14 H Vv
2 DA V OV DA) V. H

Note that D(A) is dense in H, e, € D(A) and Ae, = A\,e, for all n € N. For s € R, we define

H® = {v = Zvn en: |v||? = Z)\ivz < oo} (2.7)
n=1

n=1

and note that H® = H, H' =V and H? = D(A). Moreover, (H®)' = H~*, see Proposition A.1. We consider
the non-homogeneous wave equation

w(t) + Aw(t) = f(t), te(0,T), w(0) = ug, w(0) = uq. (2.8)
Then the following result on the existence and uniqueness holds. Its proof is given in Appendix A.

Theorem 2.2. Let s € Rsq, ug € H*, uy € H ' and f € C([O,T];Hs’l). Then (2.8) admits a unique
solution

w e =C*[0,T; H?)nC*([0,T]; H*~') n C([0,T], H®). (2.9)
We note a simple consequence for the backward wave equation.

Corollary 2.3. Let s € R>o, ug € H*, uy € H"! and g € C([0,T]; H*™'). Then
w(t)+Aw(t) =g(t), te(0,T), w(T) = ug, w(T) = uy. (2.10)
Admits a unique solution w € C*®, see (2.9).

Proof. By the mapping t — T — t we can transform (2.10) into (2.8) and deduce the well-posedness from
Theorem 2.2. O

Theorem 2.2 ensures that B := 51—; + A is an isomorphism of C§ := {v € C®:v(0) =v(0) =0} onto
C ([O,T};H 5*2) for any s > 0. We detail the involved spaces in Table 1, which also shows that we have to
expect at most w(t) € H, t € I, in the semi-variational setting given the low regularity of the initial conditions
in (2.1). Hence, in a variational space-time setting, we can only hope for w(t) € H for almost all t € 1.

2.3. Biharmonic problem and mixed form

For later reference, let us consider the bilinear form ¢ : D(A) x D(A) — R defined by q(u,v) := (Au, Av) g,
u,v € D(A), which is of biharmonic type. In order to detail the associated operator @, recall that we have a
Gelfand quintuple D(A) — V — H < V' < D(A)’. The duality pairing of D(A) and D(A)" is denoted by
;) DAy xD(ay- Then, Q : D(A) — D(A)" defined as (Qu,v) p(ay xpca) = q(u,v) for u,v € D(A).

The adjoint operator A’ : H — D(A)" is given by (A’h, w)p(ay xp(a) = (h, Aw)g for w € D(A) and h € H.
Then, A’A : D(A) — D(A)" and we get for u,v € D(A) that (A" Au,v)payxpa) = (Au, Av)g = q(u,v) =
(Qu,v) pay xp(a), hence @ = A’A. Next, we consider the following operator problem:

Given g € D(A)’, determine z € D(A) such that Qz = g. (2.11)
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Introducing the auxiliary variable u := —Az € H, we can rewrite this problem as

(40)(5)= (%) 212

which is easily seen to be equivalent to (2.11).

2.4. Towards space-time variational formulations

The semi-variational formulation described above cannot be written as a variational formulation in the form
of (2.2), since C*([0,T]; X) is not a Hilbert space, even if X is a Hilbert space of functions ¢ : 8 — R in space,
e.g., L2(Q) or H}(Q). We need Lebesgue-type spaces for the temporal and spatial variables yielding the notion
of Bochner spaces, denoted by X := Lo(I; X)° and defined as

T
X = Ly(IX) = { T X ol k) = / lo(®) % dt < oo}7

which are Hilbert spaces with the inner product (w,v)y := fOT(w(t), v(t))x dt, where (-,-)x denotes the respec-
tive inner product in X. We will often use the specific cases (-,-)y and (-,-)y for V := Lo(I; V) as well as
H := Lo(I; H). Sobolev—Bochner spaces, e.g., H'(I; X), H?>(I; X) can be defined accordingly using weak deriva-
tives w.r.t. the time variable ([23], I11.4.3).

We will derive a space-time variational formulation in Bochner spaces, i.e., we multiply the partial differential
equation in (2.1) with test functions in space and time and also integrate w.r.t. both variables. Now, the question
remains how to apply integration by parts. One could think of performing integration by parts once w.r.t. all
variables. This would yield a variational form in the Bochner space H'(I;V). However, we were not able to
prove well-posedness in that setting. Hence, we suggest an ultraweak variational form, where all derivatives are
put onto the test space by means of integration by parts. We thus define the trial space as

U= "H = Ly(I; H) (2.13)

and search for an appropriate test space V to guarantee the well-posedness of (2.2). Assuming that v(T") =
O(T) = 0 for any v € V and performing integration by parts twice for both time and space variables, we obtain

b(u,v) := (u, ¥ + Av)y, g(v) := (f,v)n + (u1,v(0)) — (ug, v(0)) g, (2.14)

for v € V, where the space V still needs to be defined in such a way that all the assumptions of Theorem 2.1
are satisfied. It turns out that this is not a straightforward task. The duality pairing (-, -) is defined in (A.1) in
the appendix.

The Lions-Magenes theory

Variational space-time problems for the wave equation within the setting (2.14) have already been investigated
in the book [23] by Lions and Magenes. We are going to review some facts from Chapter III, Section 9, pp.
283-299 of [23]. The point of departure is the following adjoint-type problem.

For a given ¢ € Lo(I; H) =T, find v : I x © — R such that

v+ Av =, o(T) =v(T) =0. (2.15)
It has been shown that the following space®
W := space described by the solution v of (2.15) as ¢ describes Lo(I; H) (2.16)

plays an important role for the analysis. It is known that W C C([0,T]; V)N C([0,T); H) N H?(I; V') and that
% + A is an isomorphism of W onto U.

5Spaces of space-time functions are denoted by calligraphic letters, spaces of functions in space only by plain letters.
6The definition (2.16) is literally cited from [23].
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Theorem 2.4 ([23], Chap. 3, Thms. 8.1, 9.1). Let a : V x V — R satisfy a Garding inequality and let f €
Lo(I; H), ug € V, uy € H be given. Then,

(a) there is a unique u* € H*(I; H) N Ly(I; V) such that i* + Au* = f, u*(0) = uy, 4*(0) = uy. In addition
u* € H(L; V');
(b) for any £ € W' there is a unique u* € U such that b(u*,v) = £(v) for allv € W. O

Notice that the first statement is proven by deriving energy-type estimates for the uniqueness and a Faedo-
Galerkin approximation for the existence. Let us comment on the previous theorem. First, we note that ug € V,
uy € H are “too smooth” initial conditions, we aim at (only) ug € H, uy € V’, see (2.14). As a consequence:

(1) Statement (a) in Thm. 2.4 results in a “too smooth” solution. In fact, we are interested in an ultraweak
solution w € Lo(I; H), (a) is “t0o” much.

(2) Even though the stated solution in (b) has the “right” regularity, it is not clear how to associate the
functional g in (2.14) to the dual space W', i.e., how to interpret the three terms of ¢ in (2.14) in the space
W

These issues are partly fixed by the following statement.

Theorem 2.5 ([23], Chap. III, Thms. 9.3, 9.4). Let the bilinear form a(-,-) be coercive, f € Lo(I; V'), up € H,
up € V'. Then, there exists a unique u* € Loo(I; H) with 4" € Loo(I; V') such that b(u*,v) = g(v) for all
v € Wo :=Wn Ly([; W) with b(-,-) and g defined as in (2.14). Moreover, u* € C°(I; H) N CY(I; V). O

Even though the latter result uses the “right” smoothness of the data and also includes existence and unique-
ness, we are not fully satisfied with regard to our goal of a well-posed variational formulation of the wave
equation in Hilbert spaces. In fact, the “trial space” Lo (I; H) N WL (I; V') is not a Hilbert space and it is at
least not straightforward to see how we can base a Petrov—Galerkin approximation on such a trial space. Hence,
we follow a different path.

2.5. An optimally inf-sup stable ultraweak variational form

We are going to derive a well-posed ultraweak variational formulation (2.2) of (2.1), where U = Ly(I; H) and
b(-,-), g(-) are defined by (2.14). To this end, we will follow the framework presented in [11]. This approach is
also called the method of transposition and already goes back to [23], see also e.g., [2,8,24] for the corresponding
finite element error analysis. For the presentation we will need the semi-variational formulation described above.

Let us restrict ourselves to A = —A acting on a convex domain  C R? and supplemented by homogeneous
Dirichlet boundary conditions. This means that H = Ly(Q2), V = H(Q) and D(A) = H?(Q)N H} (). However,
we stress the fact that most of what is said here can be also extended to other elliptic operators. Then, the
starting point is the operator equation in the classical form, i.e.,

d2
Bou=g, where B, = el + Ao, Qr = (0,T) x Q,
i.e., Ao, = —A is also to be understood in the classical sense. Next, denote the classical domain
of B, by D(B,), where initial and boundary conditions are also imposed in D(B,), i.e., D(B,) :=
{ve C(Qr): Bove C(Qr),v(0) =0,v(t,)jpq = 0 Vt € [0,T]}. Hence,

D(B,) = C*(Qr) N Cioy ([0, 7] Co(Q)) = [OZ(I) N Coy ([0, 1])] ®[C*H )N Co(Q)],

where Cy (ﬁ) = {(;5 eC (ﬁ) D Qo = O} models the homogeneous Dirichlet conditions, and for ¢ € [0,7] and
any function space X we define

Ciy(0,T]; X) = {ue C([0,T}; X) : u(t) =u(t) =0 in X}.
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The range R(B,) in the classical sense then reads R(B.) = C(€l7). As a next step, we determine the formal
adjoint BZ of B,. Since

(Bou,v)n = (u, Bov)y for all u,v € C5°(Qr),

the operator BJ coincides with B, while acting on the space of functions with homogeneous terminal conditions
u(T) = 4(T) = 0 instead of initial conditions. This means that R(B%) = C(Qr) and

D(BS) = C*() N Oy ([0, 7): Co(R))= | C*(1) N Oy (0.1)) | 0 [C*(@) N Co (@)].

Following [11], we need to verify the following conditions

(B*1) B is injective on the dense subspace D(BZ) C Lo(I; H) and
(B*2) R(B}) — Lo(I; H) is densely imbedded.

Since C'(Q7) = C([0,T];C(Q)) — Lo(I; H) is dense, (B*2) is immediate. In order to prove (B*1), first note
that

D(B}) C C == C* N Cypy ([0,T; V). (2.17)

Let us denote the continuous extension of B from D(BZ) to C2 also by BZ. Corollary 2.3 implies that this
continuous extension B} is an isomorphism from C% onto C([0,T]; V) (here we need the semi-variational theory).
This implies that B is injective on D(BY), i.e., (B*1). Now, the properties (B*1) and (B*2) ensure that

[o]lv == | Bsvll# (2.18)
is a norm on D(BZ) = C2. Then, we set
V = closy.,(C7) C La(I;H),  (v,w)y := (B*v, B*w)y, v,w €V, (2.19)

which is a Hilbert space, where B* is to be understood as the continuous extension of B} from C% to V7. Now,
we are ready to prove our first main result.

Theorem 2.6. Let f € Ly(I; V'), ug € H and uy € V'. Moreover, let V, b(-,-), and g(-) be defined as in (2.19)
and (2.14), respectively. Then, the variational problem

b(u,v) = g(v) forallv eV, (2.20)
admits a unique solution u* € U. In particular,

b b
[ := inf sup M = sup sup M =1. (2.21)
weloev [lullu(lvllv  wevvev llullullvllv

Proof. We are going to show the conditions (C.1)—(C.3) of Theorem 2.1 above.
(C.1) Boundedness: let u € U, v € V, then by Cauchy—Schwarz’ inequality

b(u,v) = (u, ¥ + Av)p < [|ulls |6+ Avlln = [lullu [v]lv,
i.e., the continuity constant is unity.

"For an approach alternative to the completion in (2.19), we refer to [13].
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(C.2) Inf-sup: let 0 # u € U be given. We consider the supremizer s, € V defined as (sy,v)y = b(u,v) =
(u, + Av)yy for all v € V. Since by definition of the inner product (s, v)y = (5, + Asy, ¥ 4+ Av),, for all
v €V we get §, + As, = u in H. Then, by (2.4),

b
I N O
vev vllv vev vy

= llsullv = 180 + Asulln = llullx,

i.e., 3 =1 for the inf-sup constant.

(C.3) Surjectivity: let 0 # v € V be given. Then, there is a sequence (v,)nen C C3 with v, # 0, converging
towards v in V. Since B is an isometric isomorphism of C% onto C([0,77]; V), there is a unique u, :=
By, = iy + Av, € C([0,T]; V). Hence 0 # [|vplle2 = ||unllc(o,r);v)- By possibly taking a subsequence,
(un)nen converges to a unique limit u, € Lo(I; H). We take the limit as n — oo on both sides of
Uy = Uy + Av, and obtain 0 # w, = B*v = 0 + Av € Lo(I; H) = U. Finally, b(u,,v) = (uy, B*0)y =
(ty, uy) 1 = |luy ||y > 0, which proves surjectivity and concludes the proof.

O

Remark 2.7. The essence of the above proof is the fact that U and V are related as U = B*(V) and noting that
B* coincides with B, while B acts on functions with homogeneous initial conditions whereas B* on functions
with homogeneous terminal conditions.

3. PETROV—GALERKIN DISCRETIZATION

We determine a numerical approximation to the solution of a variational problem of the general form (2.2).
To this end, one chooses finite-dimensional trial and test spaces, Us C U, Vs C V, respectively, where ¢ is a
discretization parameter to be explained later. For convenience, we assume that their dimension is equal, i.e.,
N5 = dimUs = dim V. The Petrov—Galerkin method then reads

find us € Us :  b(ug,vs) = g(vs) for all vs € Vs. (3.1)

As opposed to the coercive case, the well-posedness of (3.1) is not inherited from that of (2.20). In fact, in order
to ensure uniform stability (i.e., stability independent of the discretization parameter d), the spaces Us and Vs
need to be appropriately chosen in the sense that the discrete inf-sup (or LBB — Ladyshenskaja—Babuska—Brezzi)
condition holds, i.e., there exists a 3, > 0 such that

Bs := inf sup blus, vs)

0 > 8,50 3.2
us€Us v,y ||usllu Jvsllv =7 7 2

where the crucial point is that (3, is independent of 4. The size of (3, is also relevant for the error analysis, since
the Xu—Zikatanov lemma [35] yields a best approximation result

o~ w3l < 5 inf u* — wilo (33)

for the “exact” solution u* of (2.20) and the “discrete” solution w} of (3.1). This is also the key for an optimal
error/residual relation, which is important for a posteriori error analysis (also within the reduced basis method).

The key idea, as already stated earlier, is to first choose sufficiently smooth test functions, namely H? in
space and time. This can be done, e.g., by choosing at least quadratic splines. Then, the trial functions are the
image of the test functions under the adjoint wave operator.
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3.1. A stable Petrov—Galerkin space-time discretization

In order to use a straightforward finite element discretization, we use tensor product subspaces Us C U and
Vs C V with a possibly large inf-sup lower bound f, in (3.2). Constructing such a stable pair of trial and
test spaces is again a nontrivial task, not only for the wave equation. It is a common approach to choose some
trial approximation space Uy (e.g., by splines) and then (try to) construct an appropriate according test space
Vs in such a way that (3.2) is satisfied. This can be done, e.g., by computing the supremizers for all basis
functions in Us and then define Vs as the linear span of these supremizers. However, this would amount to solve
the original problem N times, which is way too costly. We mention that this approach indeed works within
the discontinuous Galerkin (dG) method, see, e.g., [10,12,16]. We will follow a different path, also used in [9]
for transport problems. We first construct a test space Vs by a standard approach and then define a stable
trial space Us in a second step. This implies that the trial functions are no longer “simple” splines but they
arise from the application of the adjoint operator B* (which is here the same as the primal one B except for
initial/terminal conditions) to the test basis functions.

Finite elements in time.

We start with the temporal discretization. We choose some integer N; > 1 and set At := T'/N,. This results
in a temporal “triangulation”

TR ={tF"hi=(k — 1)At <t < kAt=tF1 <k < N}
in time. Then, we set
Ras = span{gl,...,gN‘} CH{2T}(I)7 (3.4)

e.g., piecewise quadratic splines on TAtitme with standard modification in terms of multiple knots at the right end
point of I = [0,T].

Example 3.1. Denote by S* the quadratic B-spline corresponding to the nodes t*=2, t*=1 t* and t**1, where
we extend the node sequence outside I in an obvious manner. Then, o* := S¥=1 k = 3,... N; are HZ(I)-
functions which are fully supported in I. The remaining two basis functions on the left end point of the interval
I,i.e., o', 0%, can be formed by using t° = 0 as double and triple node, respectively. Thus, we get a discretization
in H{zT} (I) of dimension N;. We show an example for T = 1 and At = 1 (i.e., Ny = 4) in Figure 1, the test
functions in the center, optimal trial functions on the right.

Discretization in space

For the space discretization, we choose any conformal finite element space
Zy, = span{é1, ..., én, } C Hy(Q) N H?*(Q), (3.5)
e.g., piecewise quadratic finite elements with homogeneous Dirichlet boundary conditions.

Example 3.2. As an example for the space discretization, let us detail the univariate (1D) case 2 = (0,1).
Define z; :== jh, j = 0,..., Ny := %, and denote by S7 the quadratic B-spline corresponding to the nodes
Zj_2, Tj—1, ¥j, and x;41. The B-splines ¢; := S;41, j = 2,..., N, — 1, are supported in §2. We define the two
boundary functions ¢ and ¢y, as the quadratic B-spline w.r.t. the nodes (0,0, z1,22) and (xn, —2,2ZN, —1,1,1)
(i.e., with double nodes), respectively, such that the homogeneous boundary conditions are satisfied. We obtain
a discretization of dimension Nj. We show an example for Q@ = (0,1) and h = § (i.e., Nj, = 4) in Figure 1, the
test functions on the left. The arising trial functions are depicted on the right and turn out to be identical to

the time discretization trial functions in Example 3.1.
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Test functions ¢* in time Test functions ¢; in space
1 T T T T ] 1 T T T T ]
0.5 |- —-1 0.5 |- —
0 0
1D trial functions ¢* in time 1D trial functions ¢! in space
50 [~ -1 50 [~ =
1
ol ol ,—\
=50 = | | | | — —50 | | | —
50 [~ T T T T -1 50 [~ T T T T =
0l ’—| 0 ,—\—’—\—
—50 | | | — —50 | | | | —
50 [~ T T T T — 50 [~ T T T T —
0 | ' 1 0 / | ' —
—50 L o —so L |
50 [~ T T T T = 50 T T —
0 —I—\I 0 |
—50 = | | | | — —50 |- | | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
t x

FIGURE 1. Discretization with quadratic test functions in time and 1D-space for h = At = i
with the corresponding trial functions in the second to fifth row. First row: functions on the left
span VP in (3.9b), the second column corresponds to VBVF in (3.9a). Rows 2-5: functions in

URE (left) and URVY (right), see Section 3.2.

Test and trial space in space and time

Then, we define the test space as
Vs := Ra¢ ® Zp, :span{(py =0"®¢;: k=1,...,Ny,i=1,...,Np,v= (k,i)}, (3.6)

which is a tensor product space of dimension N5 = Ny Ny, § = (At, h), satisfying V5 C V.

The trial space Uy is constructed by applying the adjoint operator B* to each test basis function, i.e., for
w=(¢j)and A=—-A

Yy = B*(pu) = B* (0" @ ¢;) = (0 + A) (0" © ¢5) = 6" @ ¢, + o' ® Agy,
1.€.,
Us := B*(Vs) =span{y, : p=1,..., N5}

Since B* is an isomorphism of V onto Ly(I; H), the functions 1), are in fact linearly independent. An example
of a single trial function is shown in Figure 2.

Proposition 3.3. For the space Vs defined in (3.6) and Us := B*(Vs), we have

b
By = inf sup U0
us €Us vsEVs ||U/§H[U ||’U(‘5||V
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FIGURE 2. Sample trial function for I = Q= (0,1), At = h =

o] =

Proof. Let 0 # us € Us C Lo(I; H). Then, since Us = B*(V5) there exists a unique zs € V5 such that B*zs = us.
Hence
b(us, vs) b(us,25) _ (us, B"z5)n (us, us)n lus 3,

sup > = = =1
vseVs lusllu llvsllv ™~ Nlusllullzsllv llusllollzsllv— Nusllz 1B*2sll# lluslla llusll

On the other hand, by the Cauchy—Schwarz inequality, we have

blus,vs) (us, B*vs) 1 [usll# [[B*vsll#
SUp T = SUpP e < SUpP e = 1
vsevs [usllu llvsllv  wsevs llusllu losllv = vsevs luslla | B*vslln

which proves the claim. O

3.2. Optimal ultraweak discretization of ordinary differential equations

For the understanding of our subsequent numerical investigations, it is worth considering the univariate case,
i.e., ordinary differential equations (ODEs) of the form

_u//(x) = f(l?), S (05 1)7 (37)

with either boundary or second order initial conditions, namely

u(0) =u(l)=0 for a space-like problem, or (3.8a)
w(0) =0, u'(0)=0 for a time-like problem. (3.8b)
Using the framework above, we obtain b(u,v) := —(u,v"”)r,(0,1) and U := L2(0,1) in both cases. Moreover, in

this univariate setting, we can identify the test space V given in (2.19) as follows

VBYP .= ml(0,1) n H?(0,1), for (3.8a), (3.92)
VP = Hiry (0,1) for (3.8b), (3.9b)
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Error over d.o.f. Condition number over d.o.f.
—2 10% ——1"/3
10 —0—1/3
0 —A 2/4
S 107° o
3 _
= a
71078 g 10°
——1%/3 :
11 3
10 —0—1/3 10
—A 2/4
10_14 100
10t 102 103 101 102 103
# d.of # d.o.f

FIGURE 3. Initial value problem (3.8b). B-spline discretization of order ransats/Ttest, where *
means that Uay = B*(Vay).

where H{2T}(07 1) = {19 € H*(I): 9(T)=9(T) = 0}7 which makes the discretization particularly straightfor-
ward. In fact, we use B-spline bases of different orders r > 1 (i.e., polynomial degree r — 1) to obtain discrete test
spaces VEVP ={¢;:i=1,...,N,} and VIAVtP = {Qk k=1,..., Nt}7 respectively. The boundary conditions
for (3.8) can be realized by multiple knots and then omitting those B-splines at the boundaries which do not
satisfy the particular boundary condition, see again Figure 1. The trial spaces are then formed by the second
derivatives of the test functions, i.e., USVP := {¢/ :i=1,...,N,} and UNF = {@k k=1,.. .,Nt}. Those
functions are also depicted in Figure 1.

We did experiments for a whole variety of problems admitting solutions of different smoothness both for the
boundary value ((3.7), (3.8a)) and the initial value problem ((3.7), (3.8b)). The differences were negligible, so
that we only report the results for the initial value problem (3.8b). We investigate the Lo-error and the condition
number of the stiffness matrix over the degrees of freedom (d.o.f.) for different type of discretizations, namely

— 1*/3: quadratic spline test functions and inf-sup-optimal trial functions as image of the test functions under
the adjoint operator;

— Tansatz/Ttest: Splines of order 7upsat, for the trial and of order 7 for the test functions (here 1/3 and 2/4).
We obtain “standard” spline spaces for the trial space, not related to the test space through the image of
the adjoint operator — and thus not necessarily inf-sup optimal.

The results are shown in Figure 3. The errors for 1*/3 and 1/3 are the same, so that the blue line is not
visible (in fact, the spanned spaces coincide with different bases). We obtain linear convergence for these cases
and quadratic order for 2/4. Concerning the condition numbers, we see that the inf-sup optimal case in fact
gives rise to significantly larger condition numbers than the “standard” ones.

It is worth mentioning that we got Os = 1 in all cases. This means in particular that the ansatz spaces
generated by the inf-sup-optimal setting 1*/3 are identical with those for the 1/3 case. After observing this
numerically, we have also proven this observation. However, we stress the fact that this is a pure univariate fact,
i.e., for the ODE. It is no longer true in the PDE case as we shall also see below.
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4. DERIVATION AND PROPERTIES OF THE ALGEBRAIC LINEAR SYSTEM

4.1. The linear system

To derive the stiffness matrix, we first use arbitrary spaces induced by {wu =0ot® ip=1,... ,./\/5} for
the trial and {(p,, =@ :v=1,... ,./\/'5} for the test space an call this the “general” case. Using Bs],,, =
Bs](c.5).,(k.i) We get

Bs] (e, (ki) = 0y o0) = (s B pw )y = ("@g F@dit+de Adi)y,
¢ . ¢
= (o ’Qk)Lz(I) (& @) o) + (0 ’Qk)Lzm (&A1) ()
so that
Bs = Na; ® M), + Ma, ® Njin this “general” case, (4.1)
where {MAJ o = (O’e, gk)Lz(I), [MhL,i = (fj,gbi)h(ﬂ), [NAt}Z,k = (O’Z, @'k)L?(I) and [Nh} =

i
(Sja A¢1)L2(Q)
On the other hand, in the specific inf-sup optimal case ¥, = B*(p,,), we get the representation

[Bé](z,j),(k,i) =b(Yu: ) = Wu: B pu)y = (B pu, B oy )4y
= (0" ® ¢ + o' © Ag;, 0" @ ¢ + 0" @ Adi),,
= (&, ék)L2(1) (55 i) L(0) T (¢, gk)Lz(I) (Adj, Adi) 1, o
+ (8% 0") 1y (652 Adi) py) + (058") 1, 1y (AB5:60) )

so that
Bs=Qa: ® My +Na; @ N} +NJ, @ Nj,+May @ Qp, for ¢, = B*(p,), (4.2)
where
[Qadyy, = (88") 1,0 [Mad, . = (0" 0") 1,0 Nades = (@6 1,
[@Qnl;; = (Adj, Adi) 1, (M), == (95, 0i) 1, (0) [Nhl;i = (Adj 0i) 1, ()

We stress that B is symmetric and positive definite for A = —A. Finally, let us now detail the right-hand side.
Recall from (2.14), that g(v) = (f,v)» + (u1,v(0)) — (ug, ©(0)) . Hence,

[96] = [95](k i) = (f, 901/) =+ <U1>¢V(O)>V'><V - (UONF’.V(O))H
f7 Q ® ¢z) <u1750V(0)>V/><V - (uOv(pu(O))H
/ /ft 2) (1) dila >dxdt+/9[ () 6(0) — o () ¢*(0)] () da

Using appropriate quadrature formulae results in a numerical approximation, which we will again denote by
gs- Then, solving the linear system Bsus = g5 yields the expansion coefficients of the desired approximation
us € Us as follows: Let us = (uu)p=1,... N5, ¢ = (k, %), then

N N¢ Np
:Zuﬂwu(tx ZZU’“ (x) & (),
u=1 k=11i=1

in the general case, and for the special one, i.e., ¥, = B*(pu),

Zum (12) = 30 s (340 1(x) + 1) Ay (2)).

k=11i=1
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Inf-sup optimal case (4.2) General case (4.1)
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FIGURE 4. Condition numbers of involved matrices, for the inf-sup-optimal case (4.2) (left) and
the general case (4.1) (right).

4.2. Stability vs. conditioning

The (discrete) inf-sup constant refers to the stability of the discrete system, being included in the
error/residual relation
* * 1 g(’U) — b(ug’ U) 1
[u" = uslly < Zsup === = sy,
vev  vllv g

where the residual 75 € V' is defined as usual by r5(v) := g(v) — b(uj,v), v € V. Hence, § is a measure for
the stability; its value is the minimal generalized eigenvalue of a generalized eigenvalue problem. This has no
effect on the condition number x(Bs), which instead governs the accuracy of direct solvers and convergence of
iterative methods in the symmetric case.

Conditioning of the matrices

We report on the condition numbers of the matrices involved in (4.1) and (4.2). In Figure 4, we see the asymp-
totic behavior of the different matrices. Most matrices show a “normal” scaling w.r.t. the order of the differential
operator. However, there are two components, namely Ma; in the general case and Na¢ in the inf-sup-optimal
case, which show a very poor scaling as the mesh size tends to zero (here indicated by hpax but used for both
At and h). This effect comes from the initial condition, namely the first column of the matrices. On the other
hand, x(Bj) scales like a stiffness matrix of a 4th order problem. Since Bs is a sum of tensor products involving
some ill-conditioned components, we need a structure-aware preconditioning.

Preconditioning
Let M := Ma; @ Mj, and Ks := Nay @ My, + Ma; ® Ny,. Then
K, M;'Ks = (NA, M5/ Nat) © My, + Nay @ Ny + N&, @ Ny + Ma; @ (N, M, ' Ny,),

so that K{Mj; 'Ks = B; if and only if Qa; = NA, Mz} Na; and Q, = N,) M, ' N),.
Even if we cannot hope that those relations hold exactly in general, we are going to describe situations in
which at least spectral equivalence holds. To this end, we will closely follow [4,30] in a slightly generalized
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setting. We recall the biharmonic-type problem (2.11) along with its equivalent mixed form (2.12). Let us
abbreviate Z := D(A) and let Z := span{¢1,...,¢n, } C Z be some discretization as in (3.5). Moreover, let
Hj, :=span{&y,...,&,, } C H be some finite-dimensional approximation space for the auxiliary variable. Then,
setting

M, = [(fhgj)H]i,j:l,m,nh’ Ap = [(A¢k’fj)H]k:l,‘,.,Nh,j:I,u.,nh,’

the discrete form of (2.12) aims to determine uj, € R™ and zj, € R such that

e 5)E)-(5) 6

where g1, = [(9, ¢k) z'x z]k=1,....N,, - Note that M), is symmetric and positive definite. The corresponding discrete
operators are defined as follows

Ap:Zp — Hp o (Apzn,un)m = (Azn, un)m, un € Hy, 2, € Zp,

Mh : Hh — Hh . (Mhuh,vh)H = ('I.Lh,’l}]—L)H7 Up, Up S Mh.

The stiffness matrix for the biharmonic-type problems reads as follows: Qy, := [(Adk, Ade) Hlk.e=1,... N, - Finally,
we define discrete norms on 7, by ||Zh’||22h = 2, Quzy, for z, = Z;ivil(zh)k Or € Zy, zn, € RV and ||uh||?v[h =
u, Myuy, for up = 30" (up); & € My, up € R™.

Proposition 4.1. Let A, be bounded, i.e., there exists a constant 0 < T' < oo such that (Apzp,up)y <
D\lznllz, Junllag, for all wy, € Hy and 2z, € Z),, and uniformly inf-sup stable, i.e.,

A
inf  sup _(Anzh, un)u >~ >0. (4.4)
2n€Zn uyey |20z, ([unllas,

Then, Qy and Ath_lA; are spectrally equivalent, i.e.,
72 z;—thh < z,;rAhMile;zh <T1? z;thh for all z, € RV».

Proof. The proof follows the lines in 1.9-1.12 from [30]. Let Z, > z, = Zg:hl(zh)k o and My, > up =
S (up); &. Then, by (4.4)

1/2 Apzp, up 2] Apuy,
v (szthh) =9znllz, < sup M = max h—1/2
wel,  [unlly, un € () My, )
T —1/2
z, AyM v
= max #h AhMp - YR (Z;Ath_lAZzh)l/Q,

1/2
vn=M, Puper™n (v, vp) /

since it is easily seen that the maximum is attained for v, = M, 1 QAZzh. This proves the first inequality.

Using the boundedness of A yields T' (z;(;)hzh)l/2 = Dllznllz, > supy,em, W, so that the second
v v h

inequality follows the lines above. O

Remark 4.2. In Section 4 of [4], the assumptions above have been shown within the so-called Ciarlet-Raviart
method, where A = —A with homogeneous Dirichlet boundary conditions on a bounded convex polygon £ C R2.
Then, D(A) = H?(Q) N HE () and H = Ly(R2) — exactly our setting for the wave equation.
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Let {7n}y<p<1 be a family of shape regular and quasi uniform triangulations of 2 consisting of triangles of
diameter less or equal to h. The next piece consists of mesh dependent norms and spaces defined as H? :=

{ue H'(Q): ulr € H(T),T € Tp}, T := Upeq, 0T and |[ull3 ), := Y per, lull3 o+ 271 Jr. BES | ds, where

8u B 3“\T1 + 851\122 , if T' = 0T' NOT? is an interior edge of 7},
81/ %, if T" is a boundary edge of 7y,

and 17 denotes the unit outward normal of 77. Next, let

ullg,n = llullZ,q) + P /F u(s)?ds,  uwe H'(Q)
h

and define H) as the completion of H'(Q) w.r.t. || - |o,. Then HY = Lo(Q) & Lo(T'y). For S, =

{v €C%Q): v|r € Pp, T € 'Z}L}, k > 1 and Py denoting the space of polynomials of degree k or less, we

have that S}, C H,? N H,QL For k = 3, we get that S, = Z), with Z;, defined in (3.5). The discrete operator Ay, is

induced by the bilinear form ay, : H) x H? N Hi(Q) — R defined by

n(up, wp) Z /uh ) Awp ( )dx—/ uh<Jaau;h) ds

TeT,

and M}, is induced by my (u,v) := (u, U)LZ(Q). The discrete spaces arise there from a shape regular and quasi
uniform triangulation of Q as well as mesh-dependent inner products and norms. The boundedness of A is
immediate. The inf-sup-stability (4.4) was proven in Theorem 3 from [4].

Noting that ap,(up,wp) = —(Vuy, th)LQ(Q) for u € H'(Q) and wy, € H?, we obtain that the matrices Qy,

and IV ,;'_ M, 1N}, defined in Section 4.1 are in fact spectrally equivalent.

We observed the spectral equivalence for the spatial matrices also in our numerical experiments. However, we
saw that this is not true for the temporal matrices in the sense that Qa; and NLMA_th At are not spectrally
equivalent.

5. SOLUTION OF THE ALGEBRAIC LINEAR SYSTEM

To derive preconditioning strategies and the new projection method, we rewrite the linear system Bsus = gs
as a linear matrix equation, so as to exploit the structure of the Kronecker problem. Let & = vec(X) be the
operator stacking the columns of X one after the other, then it holds that (B ® A)x = vec(AXBT) for given
matrices A, X, and B of conforming dimensions. Hence, the vector system is written as

AU)=G with AU)= M,UQJ\, + N UNS, + Ny,UN; + QU Ma,, (5.1)

where g = vec(G) and the symmetry of some of the matrices has been exploited.

In the following we describe two distinct approaches: First, we recall the matrix-oriented conjugate gradient
method, preconditioned by two different operator-aware strategies. Then we discuss a procedure that directly
deals with (5.1).

5.1. Preconditioned conjugate gradients

Since B; is symmetric and positive definite, the preconditioned conjugate gradient (PCG) method can be
applied directly to (5.1), yielding a matrix-oriented implementation of PCG, see Algorithm 1. Here tr(X) denotes
the trace of the square matrix X. In exact precision arithmetic, this formulation, gives the same iterates as the
standard vector form, while exploiting matrix-matrix computations [22]. This can easily be seen by exploiting
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Algorithm 1. Matrix-oriented PCG.
Input: Uy
1: set Ry = G — A(Uy), Zo =P~ (Ro), Po = Zo, 70 = tr(Ryg Zo)
2: for k=0,1,... do
3 §=tr(P] A(Py)), o =x/6
: Xit1 = Xk +aPy

4
5 Rk+1 =G — A(Xk+1)

6:  Zry1 =P (Rry1)

T e = (R Zie), 8= Y1/
8: Py =Zyi + BB

9: end for

the properties of the Kronecker product and the matrix inner product, namely vec(AXB) = (BT ® A)vec(X)
and vec(A)Tvec(B) = tr(AT B) for conforming A, B and X; see, e.g., Section 1.3.7 of [17]%.

5.1.1. Sylvester operator preconditioning.

A natural preconditioning strategy consists of taking the leading part of the coefficient matrix, in terms of
order of the differential operators. Hence, setting P = Qar ® M}, + Ma: ® Qp,, we have (see also [19])

—1 —1
Zep1 =P 1 & Zyp1 =P (Re4a),

with 7411 = vec(Ry11) and 241 = vec(Zy11). Applying P~ corresponds to solving the generalized Sylvester
equation MhZQL + QnrZMpay = Ry ;. For small size problems in space, this can be carried out by means of
the Bartels-Stewart method [7], which entails the computation of two Schur decompositions, performed before
the PCG iteration is started. For fine discretizations in space, iterative procedures need to be used. For these
purposes, we use a Galerkin approach based on the rational Krylov subspace [14], only performed on the spatial
matrices; see [31] for a general discussion. A key issue is that this class of iterative methods requires the right-
hand side to be low rank; we deliberately set the rank to be at most twenty. Hence, the Sylvester solver is
applied after a rank truncation of Ry, which thus becomes part of the preconditioning application.

5.1.2. K{Mj 'Ks-preconditioning.

To derive a preconditioner that takes full account of the coefficient matrix we employ the operator K;MglK(s
in Section 4.2. Thanks to the spectral equivalence in Proposition 4.1, PCG applied to the resulting preconditioned
operator appears to be optimal, in the sense that the number of iterations to reach the required accuracy is
independent of the spatial mesh size; see Table 2.

In vector form this preconditioner is applied as zpy1 = (K;MglKg)_lrkH. However, this operation can be
performed without explicitly using the Kronecker form of the involved matrices, with significant computational
and memory savings. We observe that

Ks = Nat @ My, + Ma; @ N, = (NAf,MA_tl QI+1T® Nth_l)(MAt ® My,) =: ]K(;Mg.

T
Moreover, due to the transposition properties of the Kronecker product, K! = Ky Mj,. Hence, K;Mé_lKg =

AT ~
K; KsM;s. Therefore,

~—1 /ATy 1L
Zii1 =P YRip1) &z =M 'K; (Ka) Thil,

T
We next observe that the equation K5 w = r,11 can be written as the following Sylvester matrix equation
WML Nay+ N M, 'W = Ry 4 (5.2)

8The matrix-oriented version of PCG is also used to exploit low rank representations of the iterates, in case the starting residual
is low rank and the final solution can be well approximated by a low rank matrix; see, e.g., [22]. We will not exploit this setting
here.
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and analogously for Ksw = w, that is
WML!NL, + N,M;'W = W. (5.3)

Finally, the preconditioned matrix is obtained as Zy41 = M, lﬁ\/Mgtl.

Summarizing, the application of the preconditioning operator amounts to the solution of the two Sylvester
matrix equations (5.2), (5.3), and the product Zj; = M, ‘WM. The overall computational cost of this
operation depends on the cost of solving the two matrix equations. For small dimensions in space, once again a
Schur-decomposition based method can be used [7]; we recall here that thanks to the discretization employed,
we do not expect to have large dimensions in time, as matrices of size at most O(100) arise. Also in this case, for
fine discretizations in space we use an iterative method (Galerkin) based on the rational Krylov subspace [14],
only performed on the spatial matrices, with the truncation of the corresponding right-hand side, Ry and W,
respectively, so as to have at most rank equal to twenty. Allowing a larger rank did not seem to improve the
effectiveness of the preconditioner. Several implementation enhancements can be developed to make the action
of the preconditioner more efficient, since most operations are repeated at each PCG iteration with the same
matrices.

5.2. Galerkin projection

An alternative to PCG consists of attacking the original multi-term matrix equation directly. Thanks to the
symmetry of N}, we rewrite the matrix equation (5.1) as

MUQA, + N U(NJ, + Nai) + QUM = G, (5.4)

with G of low rank, that is G = G1G5 . Note that this is an assumption on the data. In particular, we assume
that the right-hand side g(v) in (2.14) can be discretized in a way such that the matrix form G of gs has low
rank. This happens for instance when g is a separable function of x and ¢, or it can be well approximated by a
separable function; other scenarios can also lead to a low-rank G.

Consider two appropriately selected vector spaces Vi, Wy of dimensions much lower than Ny, Ny, respectively,
and let Vi, W) be the matrices whose orthonormal columns span the two corresponding spaces. We look for
a low rank approximation of U as Uy = VkYkaT . To determine Y} we impose an orthogonality (Galerkin)
condition on the residual

Ry, := G1Gy — MyUyQ), — N) Ui (N4, + Nat) — QuU M. (5.5)

with respect to the generated space pair (Vj, Wy). Using the matrix Euclidean inner product, this corresponds
to imposing that V;" RyW), = 0. Substituting R, and U}, into this matrix equation, we obtain the following
reduced matrix equation, of the same type as (5.4) but of much smaller size,

(Vi My Vi) Y (QA W) + (VI N V) Y (W, (NL, + Na) Wy)
+(Vi QuVi) Vi (W), Ma W) = (V[ G1) (G Wh).

The small dimensional matrix Y}, is thus obtained by solving the Kronecker form of this equation®. The described
Galerkin reduction strategy has been thorough exploited and analyzed for Sylvester equations, and more recently
successfully applied to multi-term equations, see, e.g., [28]. The key problem-dependent ingredient is the choice
of the spaces Vi, Wy, so that they well represent spectral information of the “left-hand” and “right-hand”
matrices in (5.4). A well established choice is (a combination of) rational Krylov subspaces [31]. More precisely,
for the spatial approximation we generate the growing space range (V) as

Vg1 = [Vk, (Qn + 5. Mp) "vg, (N}, + @Mh)il'vk}» Vi =G,

9To this end, Algorithm 1 with a preconditioning strategy similar to the ones described in Sections 5.1.1 and 5.1.2 can be
employed as well.
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where vy, is the kth column of Vi, so that Vi1 is obtained by orthogonalizing the new columns inserted in
Vi41. The matrix Vi41 grows at most by two vectors at a time. For each k, the parameter s; can be chosen
either a priori or dynamically, with the same sign as the spectrum of Qj, (IN},). Here si is cheaply determined
using the adaptive strategy in [14]. Since IV}, represents an operator of the second order, the value /sj resulted
to be appropriate; a specific computation of the parameter associated with IN}, can also be included, at low
cost. Analogously,

Wii1 = |Wi, (Qa + e May) "wy, ((NAt + N, + \/[kMAt) wk:|7 Wi = Ga,

where wy, is the kth column of Wy, and Wj; is obtained by orthogonalizing the new columns inserted in
Wi.41. The choice of £, > 0 is made as for sy.

Remark 5.1. This approach yields the vector approximation uy = (Wi ® Vi)yg, with y, = vec(Y) that
is, the approximation space range (W}, ® V;) is more structured than that generated by PCG applied to A.
Experimental evidence shows that this structure-aware space requires significantly smaller dimension to achieve
similar accuracy. This is theoretically clear in the Sylvester equation case [31], while it is an open problem for
the multi-term linear equation setting.

Remark 5.2. For fine space discretizations, the most expensive step of the Galerkin projection is the solution
of the linear systems with (Qy, + s Mj},) and (Nh + /sth). Depending on the size and sparsity, these systems
can be solved by either a sparse direct method or by an iterative procedure; see [31] and references therein.

6. NUMERICAL EXPERIMENTS

We report some results of our extensive numerical experiments for the wave equation (2.1) with A = —c?A,
H = Ly(Q), Q= (0,1)3, ¢ # 0 being the wave speed, V = H}(2) and I = (0,1), i.e., T=1. Weset u; = f =0
and choose the initial value ug in such a way that the respective solutions have different regularity (cases 1 and
2 below).

If Uy denotes the current approximate solution computed at iteration k, Algorithm 1 and the Galerkin
method are stopped as soon as (i) & < 1075, where the backward error & is defined as

| Rl »

gk = ;
1Gllr + Ukl p (1M p|Qatllr + |Qnll#l| Matl|p + 2| Nl £l Natl )

and Ry, is the residual matrix defined in (5.5), and (ii) || Rg||r/||G||r < 1072 for the relative residual norm. For
the Galerkin approach the computation of & simplifies thanks to the low-rank format of the involved quantities
(for instance, Ry, does not need to be explicitly formed to compute its norm). Moreover, the linear systems in
the rational Krylov subspace basis construction are solved by the vector PCG method with a tolerance e = 1078;
see Remark 5.2.

We compared the space-time method with the classical Crank—Nicolson time stepping scheme, in terms of
approximation accuracy and CPU time. The Ny x N} linear systems involved in the time marching scheme
are solved by means of the vector PCG method with tolerance ¢ = 1075, The time stepping scheme is also
used to compute the reference solutions. To this end, we chose 1024 time steps and 64 unknowns in every space
dimension, resulting in 2.68 - 108 degrees of freedom. For the error calculation, we evaluated the solutions on a
grid of 64 points in every dimension and approximated the Lo error through the 1.67 - 107 query points.

The code!® is run in Matlab and the B-spline implementation is based on [25]!'. To explore the potential of
the new ultraweak method on low-regularity solutions, we only concentrate on experiments with lower regularity

10The whole code can be found under https://github.com/j-henning/waveRB.
HExecuted on the BwUniCluster 2.0 on instances with 32 GB of RAM on two cores of an Intel Xeon Gold 6230.
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TABLE 2. Case 1: Continuous solution, ¢? = 1.

Refinement 2 3 4 5
Unknowns Time 4 8 16 32
Space 64 515 4096 32768
Time steppin Wall time [s] 1.87-10"2 2.00-1072 6.82-10"" 8.85-10°
PPing L error 127-10 ° 7.10-10 27 285-10 2 1.20-10 2
Space-time Lo error 531-1072 4.48-10°2 345-102 2.50-1072
_ Wall time [s] 9.59-1072 9.73-10 % 2.17-10%  1.07-10°
T 1
POG (K;M; 'Ks) # Iterations 9 7 7 6
Wall time [s] 3.01-107° 3.85-102 1.55-10°  8.57-10"
PCG (Sylvester) # Iterations 9 9 13 17
Galerkin Wall time [s] 2.24-10"T 6.21-10"° 1.20-10°  1.61-10"
# Iterations 2 6 15 24

solutions, in particular a solution which is continuous with discontinuous derivative (Case 1) and a discontinuous
solution (Case 2). This is realized through the choice of ug. On the other hand, for smooth solutions the time-
stepping method would be expected to be more accurate, due to its second-order convergence, compared to the
ultraweak method, as long as the latter uses piecewise constant trial functions.

We describe our results for the 3D setting, with © = (0,1)3. The data are summarized as follows'2
‘ Case 1 ‘ Case 2 ‘
) | (1-257) ez | Licvars
u ECIx)\C'IxQ) | ¢C(IxQ)

We use tensor product spaces for the spatial discretization for both approaches. In the space-time setting
we use B-splines in each direction for the test functions. For the time-stepping method, we use a Galerkin
approach in which the trial and test functions are given by B-splines. Hence, the radial symmetry cannot be
exploited by either methods, and the tensor product approach provides no limitation. All tables show the matrix
dimensions Ny in the time space (“Time”) and N}, in the spatial space (“Space”). We display results for uniform
discretizations in space and time, where N, = N}, but stress the fact that our space-time discretization is
unconditionally stable, i.e., for any combination of N; and Nj,.

6.1. Case 1: Continuous, but not continuously differentiable solution

The Ls-error, the number of iterations and the wall-clock time (using the Matlab tic-toc commands) for all
described methods are displayed in Table 2 for the case ¢ = 1. We start by comparing the three iterative methods
for solving the ultraweak space-time discretization. Comparing the performance of the two preconditioners in
Sections 5.1.1 and 5.1.2, we note that they are applied inexactly as described above. In spite of this, we notice that
the optimal operator-preconditioner is able to maintain mesh independence, thus experimentally confirming our
theoretical results. Unfortunately, the high complexity of this preconditioner results in excessive computational
costs on the finer discretizations. The Sylvester preconditioner is the fastest method for small discretization sizes,
whereas the Galerkin method needs smaller wall times for larger systems. The data of Table 2 is also visualized in
the first column of Figure 5, where we see that the time-stepping method outperforms the ultraweak space-time
approach both w.r.t. accuracy and efficiency.

This changes somewhat for larger values of the wave speed 2, see the results in Figure 5. We see that the error
of the space-time method is basically independent of the wave speed, whereas the time-stepping method suffers

12We use polar coordinates, i.e., 7 := ||& — c||, € Q, with center ¢ = (¢;);i=1,...,d, ¢i = 0.5.
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2 =1 2 =4 =16

T T T I I I
10t | —6—  Galerkin El 10t | = 10t | El
F —B— CG (Sylvester) | | B E B E
. L —— CG (KIM; 'Ks) | | [ ] [ 1
é 100 E —0— Time stepping E 100 E = 100 E =
s 1 i ] ] 1
3 [ i [ i [ i
1071 4 1071E 4 1071E R —
1072 = | | =4 1072 b | | | 1072 b | | —

2 3 4 5 2 3 4 5 2 3 4 5
Refinement Refinement Refinement
I I T T ] CBRLELLL LA L 1 11 11
101 3 —e— Galerkin E 101 E E ].01 E E
I —8— CG (Sylvester) | | E E E E
. i —— CG (KIMj 'Ks) | | i 1 i 1
e 100 £ —6— Time stepping | 100 E E 100 E E
° ; ] i ] i ]
‘qé\] | - I - | -
1=t 4 107 10T et |
10—2 = ! S 10*2 ; ! ! ! ] -2 ;J» T S e T S T e S S S E T A \;
1073 1071 101 103 1073 1071 10t 103 102107' 10° 10! 102 10°
Wall time [s] Wall time [s] Wall time 3]

FIGURE 5. Case 1: Continuous solution. Ls-error over refinement (top row) and wall time
(bottom row) for the cases c¢® = 1,4,16 (left, center, right).

from the CFL-stability condition. On the other hand, the rate of convergence of the time-stepping method is
clearly better than the low-order space-time method using discontinuous ansatz functions. In order to get a
convergence order of the space-time method comparable to the rate of the Crank—Nicolson scheme, we would
at least need to use quartic test functions.

6.2. Case 2: Discontinuous solution

For the case of a discontinuous solution, our results are shown in Figure 6. The number of iterations for the
PCG and the Galerkin methods behave similar as in case 1, so that we do not monitor all numbers. Again,
we observe that the performance of the ultraweak space-time method is basically independent of the wave
speed. Moreover, due to the fact that the solution is discontinuous, the rate of convergence of the time stepping
scheme is no longer optimal. As a consequence, the ultraweak space-time method outperforms the time stepping
approach w.r.t. accuracy and efficiency. The benefit is even larger for increasing wave speed numbers.

7. CONCLUSIONS

Our theoretical results and numerical experience show that the proposed ultraweak variational space-time
method, when equipped with appropriate linear algebra solvers, is significantly more accurate and efficient than
the Crank—Nicolson scheme on problems with low regularity and high wave speed.
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FIGURE 6. Case 2: Discontinuous solution. La-error over refinement (fop row) and wall time
(bottom row) for the cases c¢® = 1,4,16 (left, center, right).

APPENDIX A. PROOF OF THEOREM 2.2

We collect the proof of the well-posedness for the semi-variational setting in Section 2.2. Even though the
proofs are based upon rather classical spectral theory, we could not find them in the desired form in the literature.

Proposition A.1. Let s € RT. The mapping w — (-, w), w € H™*, where

():HSxH* >R, (vuw):= Zvnwn (A1)

n=1
is an isometric isomorphism from H~*° to (H®), i.e., (H®) = H~*.

Proof. First, note that H* is a Hilbert space with the inner product (v, w)s := > 2 | A% v, wy, and H® — H —
H~* with continuous embeddings. Let v € H®, w € H~*, then by Holder’s inequality

o o 1/2 /o 1/2
(v.w) = D X5 o AP < (Zkivi) (wai) = lolls s < oo.
n=1 n=1 n=1
Hence, (-,w) € (H®)" and ||(-,w)||(gsy = Sup,eps W < |lw]|=s. On the other hand, given w € H~%, set
Up = AN"*w,, and ¥ 1= Y >0 Upen. Then, [|[0]|2 = 00 A8 (A w,)? = Y00 A S (wn)? = |lw]|2, < oo, ie.,
¥ € H*. Moreover (D,w) = Y o0 T wn = Yooy A (wn)? = Jwl|2, = [|7]|s |w]|—s. If w # 0, we get that
1€ w)ll a5y = SUPyeprs <”th”> > <”U1~)T|”> = ||w|—s with equality for w = 0. Hence, ||(-,w)|(gs)y = |lw|/—s for all

we H™S. [
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Now we start by considering the following homogeneous abstract second order initial value problem. Let
up € D(A) and u; € H. The goal is to find a function w € C?([0,T], H) such that w(t) € D(A) for t € [0,T]
and satisfying

W(t) + Aw(t) =0, te(0,T), w(0) = ug, w(0) = uy, (A.2)

where the spaces ug and u; reside in will be specified later. It is easily seen that (a) ugp = e, u; = 0 yields

w(t) = cos(v/Apt)e, and (b) ug = 0 and uy = e, gives rise to w(t) = A2 sin(vAnt)ey.
We can now express the general solution of (A.2) as a series of solutions of these special types and prove the
following theorem.

Theorem A.2 (Homogeneous wave equation). Let s € Rsq, ug € H® and uy € H*~'. Then (A.2) admits a
unique solution w € C*®, see (2.9).

Proof. Uniqueness: Let w € C® be a solution of (A.2), then w(t) € H for all ¢ € [0,T]. Set wy,(t) := (w(t), en) =
(w(t),en)m for n € N and t € [0,7]. Since w € C*, in particular 1 (t) € H*~2, we get by e, € D(A) = H? the
fact w, € C?([0,T]) with derivative w,(t) = (W(t),en) = —(Aw(t),en) = — > poq Me(w(t), ex)mler, €n) =
“M(w(t),en)r = —Awy(t), t € (0,T), and initial values w,(0) = (w(0),e,)y = (uo,en)m, Wn(0) =
(w(0), en) = (uy,e,). This is an initial value problem of a second order linear ode with the unique solution

t) = cos(@t) (uo, en)m + A, /2 sin(@t) (u1,en), (A.3)

which is easily verified. Since

w(t) =Y wa(t)en (A.4)

n=1

is the unique expansion of w(t) in H with respect to the orthonormal basis {e,, : n € N}, the uniqueness state-
ment has been proved.

Ezistence: we now define w, (t) by (A.3) and (A.4). Then, for all ¢ € [0, T],
e 2
lw(t)||? < 22 AD cos(t\//\n) bln(t\/ )
n=1

S2Z>\iI(UO,en)HF+2Z>\f{1|<ul,en>| = 2JuolZ + 2[uall3-; < oo,

n=1 n=1

anen H‘ +22AS !

ulven

uniformly in ¢ € [0, T}, so that w € C([0,T]; H®). Next

||w(t)||§71§2i)\ff1 An sin(t\/E) |(uo, en) r)? +2Z)\“’ A cos(t\/>) (uy,en)|?
n=1
<22As (s en)a P +2 357 s e = 2 ol + 2 s 2 <
n=1
so that w € C*([0,T]; H*~') and similarly
[l (t)|)%_ <22)\S 2\2 cos(tf) (ug, en)m|? +2Z)\S N2 sm(t\ﬁ) (u1, en)|?

<23 A [(uosen)ul’ +2 Z A (s en) |2 = 2 Juoll2 + 2 [lua |- < oo,
n=1

n=1
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which shows that w € C?([0,T]; H*~?). We conclude that w € C*. Finally, we have @(t) = > o7 | iy, (t)e, =

Yoo wn(t)Ane, = —Aw(t) by definition of A. In addition, w(0) = Y07 (uo,en)men = up and w(0) =
oo {u1,€n) €, = uy. This shows that w solves (A.2), and we have proved existence of solutions. O

We are now in the position to prove Theorem 2.2 for the wave equation with inhomogeneous right-hand side.

Proof of Theorem 2.2. Since the difference of two solutions of (2.8) is a solution of the homogeneous problem
(A.2), uniqueness follows from Theorem A.2. Moreover, since the homogeneous problem has a solution, in order
to prove existence for (2.8), we may and will assume that ug = u; = 0.

Next, we set f,(t) :== (f(t), en), which is well-defined since e, € D(A) = H? and f(t) € H*"!, s > 0. Then,
fa € C(0,T]). We set wp(t) = An '/ fg sin(vAn(t = 7)) fo(7)dr, and w(t) == Yo7 wy(t) e,. By Holder’s
inequality, we have, for all ¢ € [0, 7]

A wy(t)? < Af;l /T sin(m(t — 7))2dr /T fo(m)?dr < Tz\ffl /T fn(T)2 dr,
0 0 0

so that
00 T T ©° T
lw@ 2 < TS XY fu(r)?dr =T / SN ()P dr =T / 1£(r)]12, dr,
n=1 0 0 n=1 0

which is finite uniformly in ¢ € [0, 7] since f € C([O,T];Hs_l), so that w € C([0,T]; H®). Next, we note that
Wy (t) = fot cos(VAn(t — 5)) fn(s)ds, so that similar as above

T

9 T T
Al (1) < )\fl_l/ cos(\/z(t - 7')) dT/ fo(m)2dr <TAST! / fn(T)?dr,
0 0 0
which yields
e} T T oo T
o)< TN fumar =1 [ YN 2 dr =1 [ o
n=1 0 0 =1 0

which again is finite uniformly in ¢ € [0, 7], so that w € C*([0,T]; H*~'). In order to prove w € C2([0,T]; H*?)
(and thus w € C?), we note that W, + \p, wy, = fn, w,(0) = 1, (0) = 0. Hence,

Il <2 A2 0w (t)? +2 D A2 () = 2[[w(®) I3 + 2 f ()35 < o0

n=1 n=1

uniformly in ¢ € [0, T, so that w € C?([0,T]; H*~?). Finally

W(t) = Z<wn(t)a €n)en = — Z An (Wn (1), €n) en + Z<fn(t)v €n)Cn = — Z An (Wi (t), en)m en + f(t)

= —Aw(t) + f(t)

for all ¢ € (0,T"). Since w,(0) = 0 =, (0), we obtain w(0) = w(0) = 0, so that w solves (2.8) for uy = u; =0,
which concludes the proof. O

Acknowledgements. The authors are grateful to Wolfgang Arendt (Ulm University) for various inspiring discussions
concerning the analytical aspects. Furthermore, the authors acknowledge support by the state of Baden-Wiirttemberg
through bwHPC. The second and third authors are members of the Italian research group Indam-GNCS, whose support
is gratefully acknowledged. Part of this work was carried out while the second author was affiliated with the Max Planck
Institute for Dynamics of Complex Technical Systems in Magdeburg, Germany.



(1]
2]
(3]
(4]
(5]
[6]
[7]

(8]
(9]

(10]
(11]
(12]
(13]
(14]
(15]
(16]

(17]
(18]

(19]

20]

21]
(22]

23]
[24]
25]
(26]

27]
(28]

(29]
(30]

(31]
32]

SPACE-TIME FORM OF THE WAVE EQUATION 1197

REFERENCES

R. Andreev, Stability of sparse space-time finite element discretizations of linear parabolic evolution equations. IMA J. Numer.
Anal. 33 (2013) 242-260.

T. Apel, S. Nicaise and J. Pfefferer, Discretization of the Poisson equation with non-smooth data and emphasis on non-convex
domains. Numer. Meth. Part. Diff. Equ. 32 (2016) 1433-1454.

W. Arendt and K. Urban, Partial Differential Equations: An Analytic and Numerical Approach. Springer (2022) to appear.
Translated from the German by J.B. Kennedy.

I. Babuska, J. Osborn and J. Pitkédranta, Analysis of mixed methods using mesh dependent norms. Math. Comput. 35 (1980)
1039-1062.

L. Bales and I. Lasiecka, Continuous finite elements in space and time for the nonhomogeneous wave equation. Comput. Math.
Appl. 27 (1994) 91-102.

L. Bales and I. Lasiecka, Negative norm estimates for fully discrete finite element approximations to the wave equation with
nonhomogeneous Lz Dirichlet boundary data. Math. Comput. 64 (1995) 89-115.

R.H. Bartels and G.W. Stewart, Algorithm 432: solution of the matrix equation AX + XB = C. Comm. ACM 15 (1972)
820-826.

M. Berggren, Approximations of very weak solutions to boundary-value problems. SIAM J. Numer. Anal. 42 (2004) 860-877.

J. Brunken, K. Smetana and K. Urban, (Parametrized) First order transport equations: realization of optimally stable Petrov—
Galerkin methods. STAM J. Sci. Comput. 41 (2019) A592-A621.

T. Bui-Thanh, L. Demkowicz and O. Ghattas, Constructively well-posed approximation methods with unity inf-sup and
continuity constants for partial differential equations. Math. Comput. 82 (2013) 1923-1952.

W. Dahmen, C. Huang, C. Schwab and G. Welper, Adaptive Petrov—Galerkin methods for first order transport equations.
SIAM J. Numer. Anal. 50 (2012) 2420-2445.

L. Demkowicz and J. Gopalakrishnan, A class of discontinuous Petrov—Galerkin methods. II. Optimal test functions. Numer.
Meth. Part. Diff. Equ. 27 (2011) 70-105.

L. Demkowicz, J. Gopalakrishnan, S. Nagaraj and P. Septlveda, A spacetime DPG method for the Schrodinger equation.
SIAM J. Numer. Anal. 55 (2017) 1740-1759.

V. Druskin and V. Simoncini, Adaptive rational Krylov subspaces for large-scale dynamical systems. Syst. Control Lett. 60
(2011) 546-560.

T. Ellis, J. Chan and L. Demkowicz, Robust DPG methods for transient convection-diffusion. In: Building Bridges: Connections
and Challenges in Modern Approaches to Numerical Partial Differential Equations. Vol. 114. Springer (2016) 179-203.

J. Ernesti and C. Wieners, Space-time discontinuous Petrov—Galerkin methods for linear wave equations in heterogeneous
media. Comput. Methods Appl. Math. 19 (2019) 465-481.

G. Golub and C.F. Van Loan, Matrix Computations, 4th edition. The Johns Hopkins University Press (2013).

B. Haasdonk, Reduced Basis Methods for Parametrized PDEs — a tutorial. In: Model Reduction and Approximation, edited
by P. Benner, A. Cohen, M. Ohlberger and K. Willcox. Chapter 2. STAM (2017) 65-136.

J. Henning, D. Palitta, V. Simoncini and K. Urban, Matrix oriented reduction of space-time Petrov—Galerkin variational
problems. In: Numerical Mathematics and Advanced Applications ENUMATH 2019, edited by F.J. Vermolen and C. Vuik.
Vol. 139 of Lect. Notes Comput. Sci. Eng. Springer (2021) 1049-1057.

J.S. Hesthaven, G. Rozza and B. Stamm, Certified Reduced Basis Methods for Parametrized Partial Differential Equations.
Springer (2016).

B. Keith, A priori error analysis of high-order LL* (FOSLL*) finite element methods. Comput. Math. Appl. 103 (2021) 12-18.
D. Kressner and C. Tobler, Low-rank tensor Krylov subspace methods for parametrized linear systems. SIAM. J. Matriz Anal.
Appl. 32 (2011) 1288-1316.

J.-L. Lions and E. Magenes, Non-homogeneous Boundary Value Problems and Applications. Vol. I. Springer (1972). Translated
from the French by P. Kenneth.

S. May, R. Rannacher and B. Vexler, Error analysis for a finite element approximation of elliptic Dirichlet boundary control
problems. SIAM J. Control Optim. 51 (2013) 2585-2611.

C. Mollet, Parabolic PDEs in space-time formulations: stability for Petrov—-Galerkin discretizations with B-splines and exis-
tence of moments for problems with random coefficients. Ph.D. thesis, Universitit zu Koln (2016).

R.H. Nochetto, K.G. Siebert and A. Veeser, Theory of adaptive finite element methods: an introduction. In: Multiscale,
Nonlinear and Adaptive Approximation, edited by R.A. DeVore and A. Kunoth. Springer (2009) 409-542.

D. Palitta, Matrix equation techniques for certain evolutionary partial differential equations. J. Sci. Comput. 87 (2021) 1-36.

C.E. Powell, D. Silvester and V. Simoncini, An efficient reduced basis solver for stochastic Galerkin matrix equations. SIAM
J. Sci. Comput. 39 (2017) A141-A163.

A. Quarteroni, A. Manzoni and F. Negri, Reduced Basis Methods for Partial Differential Equations: An Introduction. Springer
(2016).

D. Silvester and M. Mihajlovié¢, A black-box multigrid preconditioner for the biharmonic equation. BIT 44 (2004) 151-163.
V. Simoncini, Computational methods for linear matrix equations. SIAM Rev. 58 (2016) 377-441.

O. Steinbach and M. Zank, A generalized inf-sup stable variational formulation for the wave equation. J. Math. Anal. Appl.
505 (2022) 24.



1198 J. HENNING ET AL.

[33] K. Urban and A.T. Patera, A new error bound for reduced basis approximation of parabolic partial differential equations.
C.R. Math. Acad. Sci. Paris 350 (2012) 203-207.

[34] K. Urban and A.T. Patera, An improved error bound for reduced basis approximation of linear parabolic problems. Math.
Comput. 83 (2014) 1599-1615.

[35] J. Xu and L. Zikatanov, Some observations on Babuska and Brezzi theories. Numer. Math. 94 (2003) 195-202.

[36] M. Zank, The Newmark method and a space-time FEM for the second-order wave equation. In: Numerical Mathematics and
Advanced Applications ENUMATH 2019, edited by F.J. Vermolen and C. Vuik. Vol. 139 of Lect. Notes Comput. Sci. Eng.
Springer (2021) 1225-1233.

Subscribe to Open (S20)

A fair and sustainable open access model

This journal is currently published in open access under a Subscribe-to-Open model (S20). S20 is a transformative
model that aims to move subscription journals to open access. Open access is the free, immediate, online availability of
research articles combined with the rights to use these articles fully in the digital environment. We are thankful to our
subscribers and sponsors for making it possible to publish this journal in open access, free of charge for authors.

Please help to maintain this journal in open access!

Check that your library subscribes to the journal, or make a personal donation to the S20 programme, by contacting
subscribers@edpsciences.org

More information, including a list of sponsors and a financial transparency report, available at: https://www.
edpsciences.org/en/maths-s2o-programme



mailto:subscribers@edpsciences.org
https://www.edpsciences.org/en/maths-s2o-programme
https://www.edpsciences.org/en/maths-s2o-programme

	Introduction
	Variational formulations of the wave equation
	Inf-sup-theory
	The semi-variational framework
	Biharmonic problem and mixed form
	Towards space-time variational formulations
	The Lions-Magenes theory

	An optimally inf-sup stable ultraweak variational form

	Petrov–Galerkin discretization
	A stable Petrov–Galerkin space-time discretization
	Finite elements in time.
	Discretization in space
	Test and trial space in space and time

	Optimal ultraweak discretization of ordinary differential equations

	Derivation and properties of the algebraic linear system
	The linear system
	Stability vs. conditioning
	Conditioning of the matrices
	Preconditioning


	Solution of the algebraic linear system
	Preconditioned conjugate gradients
	Sylvester operator preconditioning.
	K-.4M-.4-1 K-.4-preconditioning.

	Galerkin projection

	Numerical experiments
	Case 1: Continuous, but not continuously differentiable solution
	Case 2: Discontinuous solution

	Conclusions
	Proof of Theorem 2.2
	References

