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A TREFFTZ POLYNOMIAL SPACE-TIME DISCONTINUOUS
GALERKIN METHOD FOR THE SECOND ORDER WAVE
EQUATION*

LEHEL BANJAIf, EMMANUIL H. GEORGOULIS!, AND OLUWASEUN LIJOKAS$

Abstract. A new space-time discontinuous Galerkin (dG) method utilizing special Trefftz poly-
nomial basis functions is proposed and fully analyzed for the scalar wave equation in a second order
formulation. The dG method considered is motivated by the class of interior penalty dG methods,
as well as by the classical work of Hughes and Hulbert [Comput. Methods Appl. Mech. Engrg., 66
(1988), pp. 339-363; Comput. Methods Appl. Mech. Engrg., 84 (1990), pp. 327-348]. The choice of
the penalty terms included in the bilinear form is essential for both the theoretical analysis and for
the practical behavior of the method for the case of lowest order basis functions. A best approxi-
mation result is proven for this new space-time dG method with Trefftz-type basis functions. Rates
of convergence are proved in any dimension and verified numerically in spatial dimensions d = 1
and d = 2. Numerical experiments highlight the effectivness of the Trefftz method in problems with
energy at high frequencies.
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1. Introduction. The use of nonpolynomial basis functions in the context of
finite element methods dates back at least to the early 1980s [3]. In recent years,
there has been much interest in using nonpolynomial basis functions to discretize
wave propagation problems in the frequency domain [8, 25]. A prominent example is
the use of plane wave bases to solve the Helmholtz equation at high frequencies. The
motivation behind this approach is to reduce the number of degrees of freedom per
wavelength required to obtain accurate results. Thus obtained, Trefftz methods have
proved very successful in practice, hence it is a natural question to ask whether they
can be extended and whether they can be equally successful in the time domain.

The most natural way of including space-time Trefftz basis functions is within
the confines of a space-time discontinuous Galerkin (dG) method. In this work, we
construct and analyze a new space-time interior penalty dG method for the second
order wave equation, that can utilize Trefftz polynomials as local basis functions. The
method discretizes the wave equation in primal form and is defined using space-time
slabs to ensure solvability on each time step, as well as to aid the presentation and
the analysis. However, with minor modifications, completely unstructured space-time
meshes are, in principle, possible in the proposed space-time dG framework. This
results in a stable, dissipative scheme for general polynomial bases. For Trefftz basis,
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we prove quasi-optimality in the dG energy norm, which we show to be an upper
bound for a standard space-time energy norm. Numerical results in the dG norm
show that the theoretical estimates of the convergence order are optimal. Further-
more, the numerical results show that higher order schemes have excellent energy
conservation properties and work well for systems with energy at high frequencies.
Comparison with standard polynomial bases show that the same convergence order
and approximation properties are obtained with considerably fewer degrees of free-
dom. Furthermore, the implementation is less expensive due to integration being
restricted to the space-time skeleton.

Space-time variational methods for wave-type problems have appeared in the late
1980s with the works of Hughes and Hulbert [17, 18] and Johnson [19]. First numerical
experiments with Trefftz space-time dG methods were performed in [27]. Currently
there is significant activity on the topic [12, 20, 13, 24, 21]. In particular in [12, 20]
a Trefftz space-time local dG method for the Maxwell equations, written as a first
order system, resulting in a two-field formulation, has been analyzed. The dG method
designed and analyzed in the present work involves interior-penalty-type numerical
fluxes in space, resulting in a one-field approximation in space, as well as a one-field
dG method in time, with very similar computational stencil widths compared to the
local dG method introduced in [20].

Typically, finite element methods for linear (and some spatially nonlinear) wave
problems are based on a continuous or discontinuous finite element discretization of
the spatial variables complemented with standard time-stepping schemes, the most
popular of which are explicit, such as the leapfrog scheme, due to the acceptable CFL
restrictions. Though even the low order methods can be conservative, for accept-
able accuracy when energies at high frequencies are excited, higher order methods
are essential [9, 2, 1]. Compared to these methods, introduction of higher order
approximations is much more straightforward in the context of space-time dG meth-
ods. Moreover, space-time dG methods, such as the one presented below, do not
require any CFL-type restrictions, owing to their implicit time-stepping interpreta-
tion. If a general space-time mesh can be used, a judicious choice of the mesh can
result in a quasi-explicit method where only small local systems need to be solved
14, 26].

The remainder of this work is structured as follows. In the next section, we
introduce the model problem. In sections 3 and 4 we construct the space-time inte-
rior penalty method and we show its stability. We proceed in section 5 to analyze
polynomial Trefftz spaces and prove quasi-optimality. Finally in section 6, we prove
convergence rates for the d-dimensional method in space, d = 1,2,3; moreover, we
also provide hp-version a priori bounds for d = 1. A series of numerical experiments
in section 7, illustrates the theoretical findings and highlights the good performance
of the proposed method in practice.

2. Model problem. We consider the wave equation

i—V-(aVu)=0 in Q x [0,T],
(2.1) u=0 on 09 x [0,T7,
u(x,0) = up(x), u(x,0) =vo(x) in Q,

where Q is a bounded Lipschitz domain in R?, 99 its boundary, and 0 < ¢, <
a(z) < C, a piecewise constant function. If ; and Qj are two subsets of Q with the
boundary I';; separating them and with a = a; in €, and a = a; in £, then if we
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denote u; = u|g, and up = ulg, we further have the transmission conditions
J j k
(2.2) Uj = Ug, GjO0nt; = apOnUk on I'jy,

where n is the exterior normal to §; (or Q).

We denote by LP(X), 1 < p < 400, the standard Lebesgue spaces, ¥ C R4 d e
{2, 3,4}, with corresponding norms || - ||,.; the norm of L?(¥) will be denoted by ||-||s.
Further, (-,-)s denotes the standard L?-inner product on ¥; when the arguments are
vectors of L2-functions, the L2-inner product is modified in the standard fashion. We
denote by H*(X) the standard Hilbertian Sobolev space of index s € R of real-valued
functions defined on ¥ C R? in particular, H}(X) signifies the space of functions
in Hl(Z) whose traces onto the boundary 0% vanish. For 1 < p < 400, we denote
the standard Bochner spaces by LP(0,7T;X), with X being a Banach space with
norm | - ||x. Finally, we denote by C(0,7;X) the space of continuous functions
v:[0,T] = X with norm ||v||¢(0,7;x) := maxo<s< [|[0(t)||x < +o00.

Let ug € H}(Q) and vg € L%(Q), then (2.1) has a unique (weak) solution u with

(23)  we LX([0,T); Hy (), e L*([0,T];L*()), i€ L*([0,T]; H~'(Q);

see [22, Theorem 8.1]. Furthermore (see [22, Theorem 8.2]), the solution is continuous
in time with

(2.4) ue C([0,T); Hy (), @€ C((0,T]; L*(<)).
We denote the space of all solutions by
(25) X = {u|u weak solution of (2.1), (2.2) with ug € Hj(Q),v0 € L*(Q)}.

3. Space-time finite element space. We aim to discretize this problem by a
new space-time interior penalty dG method. In principle, this could be done on a
general space-time mesh, however for the simplicity of presentation (and implemen-
tation) we construct a time discretization 0 = tg < t; < -+ < t,--- <ty =T and
locally quasi-uniform spatial meshes 7, of {2 consisting of open_d-dimensional sim-
plices or d-box-type elements such that Q = Uxc7, K with KNK =) for K, K € T,
and K # K. Therefore the space-time mesh consists of time slabs 7T, x I, where
In = (tn,tn+1) and Tn = tn+1 — tn.

The discrete space-time mesh will consist of piecewise polynomials on each time
slab, given by the local space-time finite element space

Shr={ue L*(Qx I,) : ulgxr, € PR, K €T},

where P, is the space of polynomials of total degree p; the complete space-time finite
element space on ) x [0, 7] will be denoted by

Vi = {ue L Q% [0,T)) : ulaxs, € S"?, n=0,1,...,N —1}.

We require some notation. The skeleton of the mesh is defined by I';, 1= Uge7, 0K
and the interior skeleton by Fi{‘t =TI, A\ J9). Moreover, we define the union of two
skeletons of two subsequent meshes by I',, :=T',,_1 UT,,; see Figure 1.

Remark 1. The numerical method presented below naturally admits variable spa-
tial meshes from one space-time slab to the next. This flexibility will be crucial for
future developments in the context of space-time adaptive dG methods, aiming to use
local spatiotemporal resolution to resolve sharp moving fronts. If the spatial mesh
remains fixed, all the formulas hold with I' =T, = f‘n for all n.
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Fic. 1. An example of a space-time mesh. Skeletons I'y, and I',—1 are highlighted by black dots.
The union of the two we denote by I'y,.

Let K+ and K~ be two spatial elements sharing a face e = K+ N K~ CI'™ with
respective outward normal vectors nt and n” one. For u: Q — R and v : Q — R?,
let ut : e — R and v* : ¢ — R? be the traces on e with limits taken from K*. We
define the respective jumps and averages across each face e € Tl by

{u}\EZ%(u++U_), {V}|e:% V++V_)7

[u]|le =v'n" +un", [v]le=v i -nt+v .n7;

ifec K+NoQ, weset {v}|. = v and [u] |, = utn*. Further, we define the temporal
jump by

[u(tn)] = u(ty) —ulty),  [u(to)] = ulty)-

We will denote the spatial mesh size by h : Q x [0,7] — R, defined by h(z,t) =
diam(K) ifx € K for K € T, and t € I,,; whenx € e = KTNK ™, we set h(z,t) := {h}
to be the average. Finally we assume that there exists ¢ > 0 such that

(3.1) diam(K)/px < e VK eT,,n=0,1,... N—1,

where pg is the radius of the inscribed circle of K.

For simplicity of the presentation only of the a priori error bounds below, we
shall later make a shape-regularity assumption on the space-time mesh (cf., Assump-
tion 13). We stress, however, that the stability results presented below do not depend
on Assumption 13 and, therefore, the numerical method proposed below is uncondi-
tionally stable for any choice of spatial and temporal mesh sizes. Indeed, an important
advantage in using such space-time methods is that they do not require any CFL-type
restrictions.

Finally, the broken spatial gradient will be denoted by Vv, given by (V,v)|x :=
(Vo)|k for all K € T,, and a v € C(I,,; HX(Q)) + SP; collectively, we shall denote
the broken gradient by Vo defined as (Vo)|oxr, = (Vav)loxz,, n = 0,..., N —1, for
v e C’(]_[N:_O1 Iy HY(Q)) + VPP, ie. v is allowed to be discontinuous both in space

n
and in time.
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4. A space-time dG method. To derive the weak form suitable for dG dis-
cretization we will follow an energy argument. We start by assuming that u is a
smooth enough solution of (2.1) and let v € X + VP, The standard symmetric

interior penalty dG weak formulation on the time slab I,, when tested with o, is given
by

(it,9)ax1, + (aVu, Vi)axr, — ({aVul, [0])r, 1,

(4.1)

- ([ ] ’{avv})l“nx[n + (UO [ } v[ ])FnXIn =0,
where
(4.2) oo(z,t) = Coyp?(h(x,t)) !

for a positive constant C,, to be made precise later. This motivates the following
definition of discrete energy Ej(t,v) at time t € I,, for v € X + Vhp:

En(t,v) = 311604 + 3IIVaVo®) & + 3llvae ] 7, — ({aVo@)}, [o()r, -

n

Using the classical inverse inequality [|v]|3, < Cinp?|0K|/|K||v||%, for all v €
PP(K), (see, e.g., [11, 28]) we see that

2 [ vt Pas< ez X [ vetes)tas

1% KeT,
<> 70“01“}? |8K|/ Vo(t, z)[2dz
KeT, ‘ |
2
<y W/ IVaVu(t, z)[2da.
KeT, CalliC K

Hence, if the penalization parameter C,, is chosen large enough, in particular,

(43) CG‘O Z CTCgcinv/cav

suffices, we have that

| ({aVu®)}, w®)r, | < 5lvVoe [v@®)] 7, + %/F a5 [ {aVo(t, s)} |*ds
< 3IVao @] 117, + HIvVave()|a,

ensuring the nonnegativity of the energy Ej,(t,v) for functions in V/7:

(4.4)

En(t,0) > 3160l + §IVaVe@)|g,  forall v e X + VP,

Choosing as test function v = u in (4.1) and summing over n, we obtain

0= ;/{ni(énué+;||¢a%||é—<{aw},[u]> +Hvas ll, )at

= Eh(t ) Ey tO , Z[[Eh tn,u
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In order to allow for discontinuities in time, the formulation (4.1) needs to be modified
(in a consistent fashion) to control the terms [E} (t,,w)] that have no sign. To this
end, we shall use the elementary algebraic identity

—[f (utn))g(u(t))] + [f (ulta)g(u(ty) + [ (ulta))] f (u(t)))

(4.5)
= [f (u(tn))][g(u(tn))]

for some scalar quantities f,g which may, in general, be discontinuous across t,.
The idea here is to add terms that change the jump of a product to the product
of jumps in the above energy identity, without compromising its consistency. For
instance, to (i, 0)q, ; in (4.1) we add the extra term ([u(t,)],o(t;}))q. For n >0,
this does not change the consistency of (4.1) with respect to (2.1) in weak form, as
the smoothness assumptions on the initial data ensure that the exact solution satisfies
e C([0,T); L*(Q)); for n = 0, we have by the initial condition 1(tg) = vy that

([[ﬂ(to)]], v(tg_))g = (u(ta_)’v(ta_))g = (U07’D(t8_))g .

Hence, for consistency, we add the term (uo, v(tar)) o to the right-hand side also. Using
(4.5) now, for v = v = w with w a piecewise sufficiently smooth function, we have

N-1

Z (wvw)QxIH + ([[w(tn)mw(tz))g

n=0

N—-1

= slw(ty)lE + Z ([t () g = [3lluEa) ]
" N—

= sllwt)lE + 3llwd)IG + 5 Z e ()11

with the additional terms contributing to energy dissipation leading to a stable method.
Completely analogous considerations lead to addition of corresponding terms to treat
the second and the last terms on the left-hand side of (4.1). For the remaining
third and fourth terms on the left-hand side of (4.1), we include the additional terms
—([{aVu(t,)}], [t and —([[u(t,)]], {aVu(t)})g, 5 note that these again do
not change the consistency due to both u € C([0,7]; H}(2)) and (2.2). The use of
f‘n =TI,_1 UL, in the last terms also merits a brief explanation: since we assume
that both the solution and its spatial flux are continuous within a space-time element
K x I,, K € T,, it follows that

({aVu}, [0)r, i, = {aVui, [0])p, o, and ([u], {aVo})p o = ([u], {aVi})g o -

For consistency, the terms —({aVuo}, [v(t3)])r, — ([uo], {aVu(t§)})r, are also added
to the right-hand side of (4.1). The above identity can again be used to show that
we will have terms of the type ([{aVu(t,)}], [[u(t)]])g, in the energy identity; these
do not have a sign but can be bounded by the other terms in the energy using
(4.4).
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In view of the above considerations, we can now state the space-time weak for-
mulation of our method:

(4.6)
N—-1

;(ﬁyﬁ)nxme([[ﬂ(tn)]],'( Do+ (V0 V8) o (laVut)]. Vo)),

Vu
— ({aVu}, [0))r .y, ( {aVu(tn } (t*)])fﬂ
= ([u], {‘IV’U} CnxIn ( ]],{aV (ty )})rn
oo [ul, [0])r, «1, +( tn)]], [”( )]) ',
o1 [u], [ Drmn + (02 [GVU] [@Vo)p, o p, = 0™ (v),

where bt is given by
b () 1= (v0, 5(t7)) o + (aVuo, V() = ({aVuo}, [v(t)])y,
— ([uo] , {aVu(ty) })p, + (00 [uo], [v(t5)])

Note that the last two terms in the definition of b are zero if the initial data are

continuous in space. The terms with positive penalty parameters o; and o5 in the

weak formulation (4.6) do not affect the consistency of the weak formulation; the need

for their inclusion in the method will become apparent in the convergence analysis.
Although the choice of gy, o1, and o2 will only become evident in the analysis,

for easy referral we state the choice of the stabilization parameters oy, o1, and o9

here also: oy is chosen as (4.2), (see also (4.3)) and we set

P h

hr,’ 72 = CuTn’

(4.7)

o1loxnr, x1, = Ca

Thus, we arrive at a space-time discrete method, which can be thought of in two
ways: as a method for obtaining a discrete solution on a fixed space-time domain {2 x
[0,T], or as a time-stepping method. The former viewpoint will be useful in obtaining
convergence estimates, while the latter in implementing the method. Consequently,
we define the following three bilinear forms to describe these two viewpoints:

a'n(uvv) = (ﬁv'[j)ﬂxln + (u( +) '(t+))

+ (a%u, 60)9)([” (aVu t+ ,61} )Q
(4.8) = ({aVu}, [0])r, 1, — ({WU ()} )],
—([ul {aVo})r, yp, — ([ult L{Wv(ti P,
+ (00 [u], [0D)p, sz, + (00 [u®D)], [v(ED))])y,
+ (o1 [u], [v)p, «p, + (02[aVu], [aVV])p o,
(4.9)

b1, ) 1= (ilt),0(85)) + (aVulty), Vo(t)) = ({aVult)} [o(ED)])y
= ([u@)] AaVet) )y, -, + (oo [ut)] s [oED])s,

n

and
N-1
v

N-—-1
(4.10) a(u,v) ==Y ap(u,v) -
=0

n
which just gives the left-hand side in (4.6).

by (u,v)

=1

3
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DEFINITION 2. Given subspaces X,, C S™P, the time-stepping method is described
by findu™ € X,,, n=1,2,..., N — 1, such that

(4.11) an(u™,v) = by (u" "t v) for allv e X,
and
(4.12) ap(u®,v) = bt (v) for all v € X,.

Equivalently, given a subspace X C VP, the full space-time discrete system can be
presented as find u € X such that

(4.13) a(u,v) = b (v) forallv e X.

LEMMA 3. The following identities hold for any w € X + VP
(4.14) an(w,w) = By(t; 1, 0) + En(tE, w) + o1 ]2, r, + V63 [aVu] |2,
form=0,1,...,N —1, and

a(w,w) = Ep(ty,w) + Eh(ta',w)

£ 3 (MR + SIValFu(t 11
11 ~ (oFw) I D), + Ve bz, )
£ (e i, + Ve avull?, .o, ).

Proof. The identities follow from the definitions of the bilinear forms and the
energy Ep(t, w). |

Next we investigate the consistency and stability of the discrete scheme.

THEOREM 4 (consistency and stability). Let the space V*P be given. Then, the
following statements hold:
1. Let u be the weak solution of (2.1), (2.2), with ug € H}(Q) and vy € L?(Q).
Then u satisfies (4.13).
2. For C,, satisfying (4.3) and for any v € V*? and t € (0,T), the energy
Ey(t,v) is bounded from below by

(4.16) En(t,v) = 311003 + I1VaVo(®) 3.
Further, if X is a subspace of VP and U € X is the discrete solution, i.e.,

satisfies (4.13), then Ep(ty,U) < Ep(ty,U).

Proof. Statement 1 follows from the derivation of the formulation and the reg-
ularity of the unique solution w; see (2.3) and (2.4). We have already shown the
positivity of the energy under the condition on Cy,; see (4.4).
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To prove the remaining statement we proceed as follows. Combining (4.13) with
(4.15) gives the energy identity

N—
Ey(ty,U) = 6" (U) = En(t] U Z%H[[U I3+ HIValvU IR
(4.17) + Z ({avue) 110 @), ~ sivalv ez,

N—-1
- Z VL [0, xr, — Y V2 [aVUIIR, «1,.-
n=0 n=0

Expression (4.14) implies that
ao(U,U) = En(ty,U) + En(t3, U) + Vo1 U7 w1, + V02 [aVUIR, g, = 0™(U).
Hence, the energy identity (4.17) can be written as
By(ty,U) = Ba(t7,U)

fZ( N )W + SIValVU @)l
(4.18)

. ([[{aVU(tn)}]], [[[U(tn)]ﬂ)fn + 31V llUE)IE
VT U1, x, + V52 [0V, 1, )

Arguments used to prove the nonnegativity of the discrete energy (4.4) also show that
the above equality implies that the discrete energy decreases at each time step. 0

5. Polynomial Trefftz spaces. We shall consider the discrete space of local
polynomial solutions to the wave equation, where we make an additional assumption
on the mesh and on a(z) that allows us to define the Trefftz spaces. Such polynomial
spaces have already appeared in the literature; see, for example, [20, 23, 29].

Assumption 5. Let the diffusion coefficient a(-) and the mesh be such that a(-) is
constant in each element K € 7, for each n.

DEFINITION 6 (polynomial Trefftz spaces). Let SZ’%mﬁ»tZ C S™P be a subspace of
functions satisfying the homogeneous wave equation on any space-time element K X I, :

Sij’Treﬁtz ={ve Skt : i(t,x) =V (aVv)(t,z) =0, tel,xeK KeT,}.
The space on 2 x [0,T] is then defined as
Vi = {u € Q< 0,7)) + wloxr, € Sihyp n=0,1...,N =1} V.
Polynomial plane waves are examples of functions in this space
(t—|—a71/2a-x)j, la| =1,a € R j € {0,...,p}.
PROPOSITION 7. The local dimension of the Trefftz space in R is given by

2+ 1, d=1,
dim(S, oK) = (1) =2,
s+ D(p+2)(2p+3), d=3
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Proof. The proof for d = 1 is clear. For d = 3 in [29] it is shown that the
dimension of the space of Trefftz, homogeneous polynomials of degree j is (j + 1)2,
hence the total dimension is given by

p
S+’ =3p+1p+2)(2p+3).
7=0

The case d = 2 is proved similarly by noticing that the dimension of the space of
Trefftz, homogeneous polynomials of degree j is 2j + 1. ]

Ezample 1. In two dlmensmns, with a constant, scalar diffusion coefficient a > 0,
the following is a basis for Sn Trefftz with p = 3:

{1, t,z,y, tx, ty, vy, at? + x2, at® + y2,
xyt, at® + 322t 2% + 3at’x, 3> + 3at?y, (at® + %)y, (at® + y*)x, (2 — y2)t} )

5.1. Existence and uniqueness. Next we prove that the dG energy norm is
indeed a norm on the subspace of Trefftz polynomials. This also includes piecewise
. . hyp  _ y/h,p —
linear polynomials as Vi, 2, = V"P for p = 1.

PROPOSITION 8. With the choice of Cy,, as in (4.3) and 01,09 > 0, bilinear forms
an(-,-) and a(-,-) give rise to two seminorms

1/2
ol = (an(v, )%, vesh?,

and 12
[[Jv]l] :== (a(v v)) , veVhe

h.p
These are in fact norms on Trefftz subspaces Sn “Trefitz WA Vol og-

Proof. Recalling (4.14) and using (4.16), we deduce that ||[v|||2 > 0 and is hence
a seminorm.

Suppose |||v||ln = 0 for v € SZ Mveftz- Then, aVv and v have no jumps across the
space skeleton and hence v is a weak solution of the homogeneous wave equation on
Q x I, with zero initial and boundary conditions. Uniqueness implies v = 0 and hence

that [|||||» is & norm on this space.

The analysis of |||-||| is similar recalling (4.15), which shows that [||-||| is a semi-
norm if the stabilization parameter is chosen correctly. Proceeding as in the first case,
shows that it is in fact a norm on the Trefftz spaces. ]

COROLLARY 9. Under the conditions of the above proposition and with initial
data ug € HE(Q), vo € L?(Y), the discrete system (4.13) with X = V;f;fﬁtz has a
unique solution.

Proof. The unigeness of the solution to (4.13) over the Trefftz space X = VTrefftz
follows from a(-,-) being a norm on this space. Existence of the solution to the linear
system follows from uniqueness. 0

Next, we present the convergence analysis of the Trefftz-based method.

5.2. Convergence analysis. We shall now establish the quasi-optimality of the
proposed method.

PROPOSITION 10. Let w € X + VP and v € V3P, . then

|a(w, v)| < Cll[wll«[l[ll
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for some constant C, > 0 and

llewlli?

= 13" (It 13 + IVaVu () I3 + oo [wt)] 12, + llog > {aVuw(t)} I, )

n=1

N—-1
—1/2
+ 3 (a2t + V72 @Vl i, + o572 0} e,
n=0

1/2

—-1/2
+ lloy 2 {aValIE, oz, + ooy 2 [1l13, ) -

Proof. Integration by parts gives

(fo,z';)m,n + (an,Vi))QX]n = (w,v)QX[ — (aVw, VU)Q“

w( n+1 n+1)) ( (t:) (t;;))g
av n+1 V’U( n+1))Q - (avw(th)?vv(tj;))Q

+
+
= — ([@], {CLW})F wr, = {0} [aVU])pine g,
+
+

w( n+1 n+1>) (w(tz)’i'}(t'rt))g
aVw(t, ), Vu(t n+1)) (an(t;‘;)7 Vv(ti))Q ,

since v € V{Lr’:ﬁtz and by using the (elementary) identity

- (aV’Lb, VU)QXI" = (’LU, V- avv)ﬂxln - ([w] ’ {avv})rnxln - ({w} ) [avv])f‘i;"'xln ’

in the second step. Further applications of integration by parts in time yield

= ([@] {aVod)p, wp, = (] {aVid)p, o,
= ([wlta )]s {aVolte) ), + ([wED)] {aVot)})

and

= {aVw}, [0)p, s, + (o0 (0], [0]))r, 41,
= ({aVar}, [o])p, 1, = (00 [@0], [V])p, 1,
= ({aVu(t, )} [tn)])r, + ({aVe))s [vE)])r,
+ (o0 [wit, )]s [olt)])r, = (o0 [wED] [vE)])y, -

Substituting these into (4.8), we obtain

an(w,v) = ({aVar}, W), o, — ({aVwt )} [olt)])r,
= (00 [W], [0Dr, wp, + (00 [ty )], [t )])p,
- ({w}, [GVU])F I, = ([w(tan)] . {aVo( n+1)})
+ (Wt 1), (tn 1)) o + (aVw(tg), Volt, 1))
+ (o1 [w], [])an1n+(02 [aVw], [aV])p i, -

(5.1)
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Therefore, upon adopting the notational convention [f(ty)] := f(ty), we have

N—-1

N—-1
a(lw,v) = Z an(w,v) — Z by (w, v)
n=1

Z 3
- O

({aVal, D, oz, = (0[], [0])r, r, = ({0}, [0V 0Dy,

3
Il
=)

(5.2) + (o1 [w], [WD)r, e, + (02 [aV0] [@V0])r, L, )

=3 (), Tty + (@Vw(t), [Vo(ta)])g,
— ({aVu(t)} oty — ([wt)], HaVo)),,
+ (o0 [w(t:)] Ty, )-

It is now clear how to estimate most of the terms to obtain the stated result using
the Cauchy—Schwarz inequality. The first two terms on the right-hand side in the
above sum are estimated as follows

(o2 ({ave} = oo i), vor o))

< llo7 *({aVir} = o0 [@]) [, <1, [VaT (0]l <15

for the third term, we have

({i}, [V pupe e, < llog 2 i}

Dintx [, Vo2 [aV]|

Lint 1, - o

Remark 11. Note that (5.1) shows that for Trefftz functions the bilinear form can
be evaluated without computing integrals over the volume terms Q x I,,. This can
bring considerable savings, especially in higher spatial dimensions; see Figure 3.

It is possible to define the space-time dG method above with the classical (dis-
continuous) space of all polynomials of degree p (total degree or of degree p on each
variable). The resulting method then appears to work in practice also. Some nu-
merical experiments and comparison with the smaller polynomial Trefftz space are
given in section 7. The error analysis of the method with the full polynomial space of
degree p is not straightforward, though. In particular, it is not immediately clear how
to treat the volume terms which do not vanish in this case. This would be essential
in completing an error analysis for such spaces also.

THEOREM 12. Let U € lef;fﬁtz be the discrete solution of the Trefftz time-space

dG method and let uw € X be the exact solution. Then, we have

U —wull < inf (CllV = ulll + [V = ull).
Vv P

Trefft
Proof. By Galerkin orthogonality
a(V =U,v) =a(V —u,v)
for any V,v € Vjuh . Hence,

IV =Ul? =a(V-U,V-U)=a(V-uV -U) <CIV = ]IV -Ull,
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giving
T = alll <[V =Ulll+ IV = ull < CIV = ullls + [V = ulll 0
To conclude this section we show that in the case of Trefftz polynomials, the

discrete norm can be bounded below by an L?-temporal norm. For simplicity of the
presentation only, we shall, henceforth, make the following assumption.

< ¢f for all K € T,,

Assumption 13. We assume that diam(K x I,)/pxx1,
n=01,...,N—1.

In the simplifying context of space-time meshes consisting of prismatic meshes
without local time stepping, Assumption 13 implies global quasi-uniformity. Given
the tensor-product/prismatic structure of the space-time elements K X I,,, it is by all
means possible to extend the error analysis below to space-time meshes not satisfying
Assumption 13. Moreover, with minor modifications only, it is possible to extend
the findings of this work to meshes with space-time elements with variable temporal
dimension lengths; the notational overhead for such a development is deemed excessive
given the a priori error analysis point of view of this work.

ProposITION 14. For any v € Sh Treffts 1 holds

1002, + VAVl s, <t = ta)eCUr =t (o) + [VaVoE)IIR )

where C = c7Cinup?C, and h := mingeq h(z,t), t € I,. The same estimate holds
with t} replaced by t, ;.
Consequently, under Assumption 13,

||VH?2><(O,T) + ”ﬁvVH?Ix(O,T) < Ce“Tr||V]|12
for all V € V;T’fﬁtz with a constant C > 0 independent of the mesh size and T =

max, T,

Proof. Note that for an element K with exterior normal v

% (sllo@I% + 3lVaVe®)|li) = (G(),0(t) x + (@Vo(t), Vo(t))
(v-aVu(t),9(1)) ore

sllv-aVo®)3x + 310013

< Cinp?|OK|/|K] (3laVo®)]% + 5l0)%) -
< CoCinyp’erhit (5IVaVo®)l% + 3lo()1%)

where we have used the discrete trace inequality. The Gronwall inequality now gives
us

\ /\

LIVave®ll + Ho0)% < eCUt/m (3vavo)Ik + S %) .

as well as

UIVaVo(t) % + 3l 5 < et/ (Lavo(ty, ) Ik + ot )l%)

for all t € [t,,tn+1]. Integrating in time and summing over all K gives the required
result. The final inequality follows from the definition of the discrete dG norm. ]

The above two results allow us to conclude that we can also bound the error in a
more standard norm.
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COROLLARY 15. Under the hypothesis of Theorem 12 and under Assumption 13,
we have

||U —llaxjo,r) + Hﬁ%(U —u)llax(o,7]

<C inf (VTNV = ullle + 1V = @lloxpor + IVaV(V = u)llaxpor)

VeViim.

for some positive constant C, independent of the mesh parameters and of u and U.

Proof. Triangle inequality and Proposition 14 imply that, for any V € Vélrfﬂtz,

1T — tlloxo,r) + VaV(U = u)lloxo,r)
< T = Vlaxr + 1VaVU = V)llaxo,r
+ IV = dllaxpor + IVaV(V = w)laxjory
< OVIIIU = VIl + IV = dllaxior) + IVaV(V — ) lax(or- o

6. A priori error bounds. We show next the Trefftz basis is sufficient to deliver
the expected rates of convergence for the proposed method.

LEMMA 16. Let the setting of Theorem 12 hold, let v;, € V%Lfﬁtz be an arbitrary
function in the discrete space, and let n = uw — vy,. Then
(6.1)

2
war<ey Y o (2 ({1 72 e, + 190,

n=0 KeT"
2 h%{ 1 2 2
o (19, e {1, 2 D,

n
4

h2.T,
+ B D s, + il )
KTn

where U € VT efftz is the discrete solution.

Proof. Theorem 12 implies
1T = ulll < Culllmlll« + Mlinll-

We shall now estimate each term of the norms on the right-hand side. We shall
repeatedly use the standard trace estimate [[v]|3, < C|v|lu(|[v]|? + [|[Vv]|2)Y/? for
v € H'(w), where w is a subset of R¥, k =1,...,d + 1. We proceed as follows:

SEE=Y Yl <0y 3 (%2

n=1KeTn-1! n=0 KeTn

T |2
_|_ —
Zolilens, )

Y ¥ ( IV al )Vnnimn)
n=0 KeTn
N—

<0Y % (Ll + 2 ||An|mn)
n=0 KGT?L

We prefer to retain an explicit dependence on the polynomial degree p at this point,
as it will be of relevance in the error analysis for d = 1. In analogous fashion, we also
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have

anw ey ¥ c (nwnm LT Vnnm)

n=0 KeTn

Next, we estimate the penalty term:

N N-—-1
S 1G], <€ S 5 Ca( L tilcas, + i, )
n=1 n=0 KcTn
2
0% 5 (ol + 2 19l
n=0 KeTn Tn

p T
E il + rn|w||m1”)

Similarly, we also have

hiTh
Znoo V2 Lavn} B <03 Y G ( IValsnr, + 7 ||V77||3Kx1>

n=0 KeTn
¢y Yoo (Vnnmﬁ K D%)% .
n=0 KeT"
T, . h2 T
+ 219l + D, )
Next, recalling that o1|axnr, x1, = Cap®/(hxTs), We estimate
2 2
Zn\ﬁ o sy ¥ a2y Lo llfccr, + =¥l )
n
n=0 KeTm

Further, since 09 = hg /(Cq7y), we have

2 2
D h
}:lef Vil 20X S Co (10, + St ).

n=0 KeTn

The next term is treated as follows:

N—-1
—1/2 (. D" Tn
Zna 2}, 0SS0 ca< e, + B9, ) -

n=0 KeTm
Continuing, we have

N-1 N-1 2

—1/2 . T, . Tnh
S o2 Vit <€ Y Y € (;IIVUII%XLL pK|DZn|M,L)
n=0

n=0 KeTn

Finally, we estimate

P T
ZHUOCH T S ) ( il + 7 Vils, ).

n=0 KeT™

The remaining terms in |||n||| are treated completely analogously. d
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We have kept the explicit dependence on the local spatial and temporal mesh
sizes to further emphasize that the proposed method does not require any CFL-type
restrictions for stability and convergence: as long as hx ~ 7, the above bound is
sufficient to show optimal convergence, as we shall see below. To complete the error
analysis, we need to prove the existence of an appropriate approximation in V’I}‘erfftz

of the exact solution. We first show how to obtain such an approximation locally.

PROPOSITION 17. Let J C R4 be star shaped with respect to a ball B C J.
Then, there exists a projector

° . HPH(J) — P, (J)
such that for any v € HPT(J)
1D° (v = TP0) |5 < C(diam( )P joll oy, 18] <p,
and, further, if v satisfies the wave equation it —V - aVv =0 in J then so does ITPv.

The constant C depends on p and on the shape of J.*
Proof. We can define ITPv to be the averaged Taylor polynomial of order p,

Wole) = 3 = [ D)o =)oty

la|<p

where ¢ € C5°(R4™) is an arbitrary cutoff function satisfying [, ¢ = 1 and supp ¢ =
B; for details see [6]. Then the Bramble-Hilbert lemma gives us the approximation
property required (see [6, Lemma 4.3.8]), and so it only remains to show that ITPv
satisfies the wave equation if v does. For p < 1 this is clear. For p > 2, the result fol-
lows from the linearity of IIP, the fact that the wave equation contains only operators
of second order, and the following property of averaged Taylor polynomials:

DeTIPy = [P~ 1ol Doy, la] < p. 0
Applying such a projector to the exact solution and combining this with Lemma 16

gives us a proof of the convergence order of the discrete scheme.

THEOREM 18. Let the exact solution uw € X be such that for each space-time
element K x I,, u|xx1, € HSTH(K x I,,) for some 0 < s < p. Then

N-1 1/2
(6.2) T = ull <€ <Z ) (hg))25_1||u|§15+1(1(x1n)> < C(u)h~ 12,

n=0 KeTn

)

where h = maxg hg? and

N-1 1/2
Clu) = (Z Z ||u||§15+1(KXI,,L)> :

n=0 KeTn

IHere, the shape of the domain means the chunkiness parameter diam(J)/pmax, where pmax =
sup{p : J is star shaped with respect to a ball of radius p}.
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6.1. hp-version error analysis for d = 1. As we shall now show, the Trefftz
basis is sufficient to deliver the expected hp-version a priori error bounds for d = 1,
along with a proof of the exponential convergence of the p-version space-time dG
method for the case of analytic exact solutions. See [20] for another hp-analysis in
one dimension of a different Trefftz-based method.

To discuss the Trefftz-basis case for d = 1, we let K = [zg,21] and start from
the basic observation that the exact solution to the wave equation on each space-time
element is of the form

6.3 w(x,t)| K xr =F' (a x4+t +F2Ka_1/2x—t,
n n,K n,
where we can define F! and F? by

Fl(a Y 2x+t) = su(z,t) + to(z,t), (x,t) € K X I,

ni

and
F2 (@ V20 —t) = Lu(a,t) — Su(a,t),  (2,t) € K x I,

n1

where
x

t
v(z,t) :al/Q/ uw(m,T)dT—i—a_l/Q/ ug (2’ t,)dx’.
t T

n 0
It is not difficult to see that these are well-defined, i.e., that the right-hand sides
indeed depend only on a~/2z =+t by virtue of satisfying the equations a'/2f, F f, = 0,
respectively.
For I := (—1,1), we define the H'-projection operator 5\p cHY(I) = Py(1),p>1,
defined by setting, for @ € H'(I),

Goi)(a) = [ (@) g+ a(-1),  wel,

-1
with #,_; being the L2-orthogonal projection operator onto prl(f).

Now, upon considering the linear scalings w}L,K T — J}L,K, K € T,, such that

Jy o= i t t
nK <<§HK{ teth, | gnax e }> :

and 1/J72L,K 1 — JEL,K, K € T, such that

J? = i — ct}, —ct
nK (<§HK{ ot} wax  {z c}),

we define the univariate space-time elemental projection operators )\;), i = 1,2, piece-
wise by

M)y = A (Fodh x)lf), KeTy n=0,1,...,N—1.

Using these, we can now define the Trefftz projection 1l,u of a function u of the form
(6.3) elementwise by

(6.4) (pu) exr, = A Fp (@ +ct) + X2F? (2 — ct),
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K e7T,,n=0,1,...,N — 1. The approximation properties of II, follow from the
respective properties of )‘;’ 1 =1,2. Space-time shape regularity implies JfL’ K~ h(I?),
i=1,2.

We denote by ®(p,s) the quantity ®(p, s) := (I'(p — s + 1)/T(p+ s+ 1))2 with
p, s real numbers such that 0 < s < p and I'(:) being the gamma function; we also
adopt the standard convention I'(1) = 0! = 1. Making use of Stirling’s formula,
T(n) ~ 2mn""ze~™ n > 0, we have, D(p,s) < Cp~* for p > 1 with 0 < s < p and
C > 0 constant depending only on s.

We have the following hp-approximation results for )\;, i=1,2.

LEMMA 19. Let v € HF(J), for k > 1, and let h = diam(J) for an open,
bounded interval J C R; finally, let A, be any of the /\;, i =1,2. Then the following
error bounds hold:

(6.5) [lv = Apv]ls < Cp_l@(;m s)hs+1|v|s+1_"]
and
(6.6) [v" = (A\pv) 5 < CP(p, $)R°[v] 541,

with 0 < s < min{p, k}, p > 1. Also, let v € H*1(J) with k > 2. Then, the following
bound holds:

(6.7) " = (o) ll5 < CP* 2 (p, m)P™ o] ms1,

with 1 < m < min{p, k}. Finally, let v € H**1(J) with k > 3. Then, the following
bound holds:

(6.8) [ = (Ap0)" 5 < Cp™ 2@ (p, DR [0lis1,0

with 2 <1 < min{p — 1,k}.

Proof. The proof of (6.5) and (6.6) for the H'-projection X/, can be found, e.g.,
in [28]. The proof of (6.7) can be found in [15], while the proof of (6.8) follows along
the same lines as in the proof of (6.7) from [15]. d

These hp-approximation estimates imply the following bound.

THEOREM 20. Let u|xxs, € HFPY(K x I,,), for k > 3 be the exact solution to

(2.1). Then, for space-time meshes satisfying Assumption 13, the following error
bounds hold:

N-1

(6.9) I — U|H2 < Cp3¢2(p, s) Z Z diam (K x In)2571|u|§+1,1(><1n
n=0 KeTn

for 3 < s < min{p+ 1,k} and h = maxg ,{diam(K x I,,)} with C > 0 constant,
independent of p, h, u, and U. Moreover, if u is analytic on a neighborhood of €,
there exists r > 0, depending on the analyticity region of w in a neighborhood of

Q% (0,T), such that

N-1
(6.10) U = ull* < Clu)p® exp(—rp) D Y~ |K x I,|diam(K x I,,)*".
n=0 KeTn
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Proof. The proof of (6.9) follows by combining the hp-approximation bounds from
(19) with Lemma 16.

For (6.10), we work as follows. Analyticity of « implies that there exists a d > 0,
such that for all s > 0,

(6.11) [uls, ks, < Cd*T(s+ 1)|K x L|*?;

cf., e.g., [10, Theorem 1.9.3]. Using this (6.11), setting s = yp for some 0 < v < 1,
along with Stirling’s formula, we can arrive at the bound

(1='7\?
@ (p, yp) Ul i1 s, < C((%d)hw K X 1|

with the precise choice of v remaining at our disposal. The function

FO) = 210) 5

has a minimum at Yy, = (1 + 4d?)~Y/2, giving F(ymin) < 1. Setting, now, r =
1/2|log F (Ymin)|, the result follows. |

Remark 21. The bound (6.9) is suboptimal in p by one order. This is a standard
feature of hp-version dG methods whose analysis requires the use of hp-type inverse
estimates. It is possible to slightly improve on this result and obtain only 1/2 order
p-suboptimal bounds, using the classical hp-approximation results from [7, 4], instead
of the H'-projection operator as done above. These results, however, are not suitable
for the proof of the exponential rate of p-convergence.

7. Numerical experiments. We present a series of numerical experiments aim-
ing to highlight the performance of the proposed method above. In each experiment,
the spatial meshes are kept fixed 7 = 7, and a uniform time step is used. In the one-
dimensional (d = 1) examples the spatial mesh is a uniform set of intervals, whereas
for d = 2, the spatial mesh is a quasi-uniform triangulation. The resulting linear
systems at each time step are solved by standard sparse direct solvers.

7.1. Experiments in one dimension. We consider the wave equation with
constant diffusion coefficient a = 1, spatial domain 2 = (0,1), and initial data

(7.1) w(z,0) =52 a(e,0) =0,

where § < 6y = 7.5 x 1072. Note that the initial data are not exactly zero at the
boundary, but are less than 107! in the range of the parameter § that we consider.
This slight incompatibility with the boundary condition does not influence in any
visible way our numerical results. Since the energy of the exact solution stays constant
it is given for all times by

exact energy = 1 |lug(z,0)[| z25*1/ 20— g :571ﬁ’
gy = 3llua(z,0)[lG v y o

where the approximation in the second step is on the order of 10~!! for reasons given
above and the final equality is obtained by using integration by parts to reduce it to
the Gaussian integral [16].
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Fia. 2. Convergence of the Trefftz, on the left, and polynomial, on the right, time-space dG
method of order p. The error is plotted against the uniform mesh width in time and space h = T/N.

TABLE 1
Numerically obtained orders of convergence of the error in the dG norm |||-||| for Trefftz spaces
on the left and for polynomial spaces on the right.

N |p=2 p=3 p=4 p=5>H N |p=2 p=3 p=4 p=5>H
5 0.98 1.85 3.64 5.07 5 0.90 1.85 3.74 5.56
10 1.37 2.10 3.57 5.06 10 1.17 2.11 3.39 5.05
20 1.38 2.28 3.52 4.77 20 1.34 2.26 3.41 4.31
40 1.46 2.42 3.51 4.76 40 1.44 2.38 3.41 4.91
80 1.49 2.51 3.51 4.63 80 1.45 2.54 3.46 4.79
TABLE 2
Numerically obtained orders of convergence of the error in the dG norm |||-|| for linear elements.
N 80 160 320 640 1280 | 2560 | 5120

p=11]008 | 0.11 | 0.19 | 0.29 | 0.38 | 0.44 | 0.47

As the problem is in one spatial dimension, the exact solution is not difficult to
obtain. The error will be computed in the dG norm

error = |||lu — up||.
Since the exact solution is smooth, note that (see (4.15)),

llull]? = a(u,u) = 2 x exact energy.

7.1.1. Convergence order. We first investigate the convergence order of the
numerical method. Though we did not analyze full polynomial spaces, we also give
numerical experiments for these as it is interesting to compare the two sets of results.

In this subsection, we choose & = 7.5 x 1072 and T = 1/4. Note that we
choose such a small time interval in order to reach the asymptotic regime earlier—
this will especially be important for lower orders. In Figure 2 and Tables 1 and 2, the
convergence curves and numerically computed convergence orders are given. These
confirm the theoretical results. Note that the errors obtained by the full and the
Trefftz spaces are very similar for the same order, but the Trefftz spaces require fewer
degrees of freedom and cheaper implementation; see Remark 11 and Figure 3. We
have also found that higher order approximation converges without the two extra
stabilization terms, i.e., with 07 = 02 = 0, but with the piecewise linear functions it
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Fic. 3. Error against computational time for Trefftz (on the left) and polynomial spaces (on
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on the left and polynomial spaces on the right.

10°

Llan @))% + %HVuh(t)H2 against time for the Trefftz spaces

stagnates. To test the hp-version estimates, we have also performed experiments with
fixed h = 1/40 and increasing p; see Figure 4.

7.1.2. Long-time energy behavior. The time-space dG method that we de-
veloped is dissipative, so we expect the energy to decay over time. However, if the
accuracy of the approximation is high we expect this decay to be very slow. This is
indeed reflected in the numerical experiments shown in Figure 5, where we compute
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F1G. 6. The plot of the scaled error (see (7.2)) against h/8, for Trefftz space.The final time is
chosen to be T' = 1.

the energy
B(t) = 3llan(®)]* + 3l Vun(®)]?
up to time T' = 5 with § = o /4.

7.1.3. Waves with energy at high frequences. Note that if we decrease
the parameter 6 > 0 in the definition of the initial data (7.1), the Gaussian becomes
narrower and energy at higher frequences is excited. In the following set of experiments
we investigate the error while decreasing both § > 0 and the mesh width A > 0. In

an ideal scenario, h < § would be sufficient to obtain a constant relative error which
we define as

5 . . 5 1/2
12) ervors = (G T) — inl T + SIVuC,T) = Vun TR )

The results given in Figure 6 show that already for p = 3 the performance is good
and for larger p for this range of J, the error does not visibly change for different §’s
as long as h o §.

7.2. Experiments in two dimensions. We conclude the section on numerical
experiments by considering the wave equation

it—Au=20

on the square [0, 1]> C R? with homogeneous Dirichlet boundary condition and initial
data
u(z,y,0) = sin 7z sin 7y, u(-,0) = 0.

The analytical solution is given by
u(z,y,t) = cos(V/2rt) sin wz sin 7y.

We investigate the convergence of the error in the energy norm at the final time step

. . - _ 1/2

(7.3) error = (S, T) — in (-, T3 + 3IVu(, T) = Vun (-, T7)|I3) 2.

The convergence plots are given in Figure 7 and the computed convergence orders in
Table 3. Note that, for the weaker error notion (7.3), we do not lose half an order of
convergence as when computing the error in the discrete norm |||-|||. The theory pre-
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Fic. 7. Convergence of the error (7.3) at the final time for the Trefftz basis on the left and full
polynomial basis on the right.

TABLE 3
Numerically obtained convergence orders of the error (7.3) at the final time for the Trefftz on
the left and for the full polynomial space on the right.

N |p=1 p=2 p=3 p=4 N | p=1 p=2 p=3 p=4
10 | 0.046 2.039 2.219 3.935 10 | 0.046 1.897 2.133 3.956
20 | 0.115 1.990 2.539  3.977 20 | 0.115 1.896  2.248  3.967
40 | 0.160 1.979 2.819 3.996 40 | 0.160 1.935 2.612  3.982

sented above does not predict this behavior. The observed rate of convergence is not,
however, surprising as, unlike the dG norm, this error measure does not accumulate
the errors over all time steps.
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