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“«

. sabiendo que la tribulacion
produce paciencia;

v la paciencia, prueba;

y la prueba, esperanza;

v la esperanza no avergiienza. .. "
Romanos 5:3-5.
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Abstract

Even though the foundation of space-time Galerkin methods dates back to the 70s of the last
century [57], and a few contributions were developed in the twenty years to follow [5, 6, 31, 53,
34], in the last two decades there has been a growing attention on this topic.

In this dissertation, space—time Galerkin methods are designed for the discretization of the
Schrodinger and heat equations.

For the Schrodinger equation, we design an ultra-weak space—time discontinuous Galerkin
variational formulation on general prismatic meshes. The method is well-posed, stable and
quasi-optimal for very general discrete spaces. The approximation properties of the method are
studied for four choices of discrete spaces: i) the polynomial Trefftz space for problems with zero
potential; i7) a pseudo-plane wave Trefftz space for problems with piecewise-constant potentials;
iii) the full polynomial space, and iv) a quasi-Trefftz polynomial space for piecewise-smooth
potentials.

For the heat equation, we design a nonconforming space—time virtual element method,
which is also the first space—time virtual element discretization of a time-dependent PDE in the
literature. The method is proven to be well-posed, based on a discrete inf-sup condition. An a
priori error analysis show that optimal /-convergence rates are obtained for sufficiently smooth
solutions. The method performs well also for singular solutions such as those arising from the
incompatibility of initial and boundary conditions. Since the method allows for nonmatching
space-like and time-like facets, it is naturally suitable for 4- and hp-versions.
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Some useful notation

We denote the first partial derivative with respect to the time variable ¢ by 9;, and the spatial
gradient and Laplacian operators by Vy, Ay, respectively.

Standard notation for Sobolev spaces is employed, see e.g., [78]. For a given domain D ¢ R¢,
d € N, H*(D) represents the standard Sobolev space of order s € N endowed with the standard
inner product (-, -)gs(p), the seminorm || ys(py, and the norm ||| ys(p). In particular, we let
H°(D) be the space L?(D) of Lebesgue square integrable functions over D and H(l) (D) be the
subspace of functions in H'(D) with zero trace on dD. If s is a non-integer or negative number,
then the Sobolev space H*(D) is defined by means of interpolation and duality, respectively.
We denote the duality product between H~! (D) and Hé (D) by (-, -). The Sobolev spaces on 9D

are defined analogously and denoted by H*(9D).

Given s in R, a time interval (a, b), and a Banach space (Z, ||-|| ), we introduce the Bochner
space H*(a, b; Z).

We denote the space of polynomials in d variables of degree at most p on a domain D c R?
by P?(D), with dimension rg , = (” ;d).

We use the standard multi-index notation for partial derivatives and monomials, adapted

to the space-time setting: for j = (jy,Jj;) = (fxl’---,jxd,jz) e N and z = (zyx,2/) =
(le’ L) Zxd, Z[) € Nd+1,
1= g e e el 1J] =17l +Jt = Jx, -+ Jxy + Jts
j !
g = J ’ J<zo j, <z, (1<i<d)andj; <z,
zZ z!(j—z)! i i
Dif=al" - a4l f, xIxth 1= Mg,

We write a < b meaning that there exists a positive constant ¢ independent of the meshsize,
such that a < ¢b. We also write a ~ b if a < b and b < a at once.
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We introduce the general classes of problems and methods that will be analysed in the rest of
this dissertation.

1.1 The time-dependent Schrodinger equation

The first part of this dissertation concerns the approximation of the solution to the time-dependent
Schrodinger equation on a space—time cylinder Q7 = € X I, where Q is an open, bounded
polytopic domain in R? (d € N) with Lipschitz boundary 0Q, and I = (0,T) for some final

time 7 > 0: )

S = ied + %Axw V=0 in Or, (1.1a)
Y =gp on I'pXxI, (llb)

On ¥ = 8N on I'y X1, (1.1¢)

On ¥ — 1Y = gr on I'r X1, (1.1d)

U(x,0) =¢o(x) on Q. (1.1e)

Here i is the imaginary unit; € is a positive parameter; dy_(-) is the normal derivative-in-space
operator; V : Q7 — Ris the potential energy function; ¢ € L*(I'r X 1) is a positive “impedance”
function; the Dirichlet (gp), Neumann (gn), Robin (gr) and initial condition (¢) data are given
functions; I'p, 'y, ['r are a polytopic partition of Q2. The standard dimensionless Schrodinger
equation corresponds to € = 1. Problem 1.1 is well-posed if, e.g., Yo € Hé (Q), g =I'ny =0,
and gp = 0, by [74, Ch. 3, Thm. 10.1, Rem. 10.2]; in this case ¥ € C°(0,T;H}()) N
cl(0,T; H 1(Q)).

The model problem (1.1) has a wide range of applications. In quantum physics [63], the
solution ¥ is a quantum-mechanical wave function determining the dynamics of one or multiple
particles in a potential V. In electromagnetic wave propagation [73], it is called “paraxial
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wave equation” and ¥ is a function associated with the field component in a two-dimensional
electromagnetic problem where the energy propagates at small angles from a preferred direction.
In such problems, the function V' depends on the refractive index and the wave number. In
underwater sound propagation [61], it is referred to as “parabolic equation” and y describes
a time harmonic wave propagating primarily in one direction. In molecular dynamics [10],
by neglecting the motion of the atomic nuclei, the Born-Oppenheimer approximation leads to
a Schrodinger equation in the semi-classical regime (0 < € < 1), where € is proportional
to the mass ratio of electrons and nuclei, and the solution ¢ describes the dynamics of the
electrons in the molecules. The approximation of the solution to the Schrodinger equation in
the semi-classical regime is very challenging from the computational point of view, due to the
highly oscillatory behaviour of its solution, see the monographs [58, 71]. Problems of such
type require a very delicate treatment, which is beyond the scope of this dissertation, but it is an
interesting topic of research to be addressed in the future.

1.2 Heat equation

The second part of this dissertation concerns the approximation of the solution to the heat
equation on a space—time cylinder Q7 := Q X (0,T), where Q C R4 (d=1, 2, 3)is a bounded
Lipschitz space domain and 7" > 0,

cHOu — Au = f in O7,
u=g on 0Q x (0,7), (1.2)
u(x,0) =up(x) onQ.

Here, cy > 0 and 4 > 0 are given positive constant volumetric heat capacity and thermal
conductivity, respectively; the source term f : Qr — R, the initial condition ug : Q X {0} —» R,
and the Dirichlet boundary condition g : 9Q X (0,7) — R are given functions.

Introduce the functional spaces
Y = 12 (o, T;Hg(g)) . X = {v cYnH! (0, T;H—I(Q)) |v=0inQx {0}} . (13)

endowed with the norms

2
V|2 = |22 Vyy 2
Y - X L2(0,T;:H-1(Q))

, + v,
L2(Qr) Y

2 .
Ivlly = llcadvll

respectively. We have used the following definition:

o B S, vydt
forany ¢ in L2(0,T: H'(Q), 119l 201 (@) = sup 2,
ozvey  IVIly
where (-, -) denotes the duality between H,(Q) and H™'(Q).
Next, we define the space—time bilinear form b(-,-) : X XY — R as
T
b(u,v) = / ((CHH,M, V) + / AVxu - Vv dx ) dt. (1.4)
0 Q

2



1.3. Space-time methods for evolution PDEs

Several space—time discretizations of the heat equation (1.2) are based on the following standard
Petrov-Galerkin weak formulation for homogeneous initial and Dirichlet boundary conditions
(see [19, Ch. XVIII, §4.1]):

find u € X such that
(1.5

b(u,v) = [ (fv)dt  WveY.
Problem (1.5) is well posed; see, e.g., [93, Corollary 2.3].

Remark 1.1 (Inhomogeneous initial and boundary conditions). Given ( f, ug) in L>(0, T; H~' (Q))x
LZ(Q), consider the following problem: findu € Y N H 10,7;H! (€2)) such that

T T
/ ((CH[),u,v) + / yViu - Vv dx ) dt = / (f,v)dt Vv e L?(0,T;H 1 (Q))
0 Q 0

/u(-,O)W dx:/uowdx Vw e L2(Q).
Q Q

(1.6)

The well-posedness of problem (1.6) is discussed, e.g., in [92, §5].

The case of inhomogeneous Dirichlet boundary conditions u = g on Q% (0, T) can be dealt
with assuming g in H'(0,T; H'/2(8Q)). Denote by G : Q7 — R the solution to the family of
elliptic problems —vAxG(-,¢) = 0 in Q with G(-,7) = g(-,¢t) on dQ for all 0 < ¢t < T. The
function G belongs to H'(0,T; H'(Q)), since 6,G solves a similar family of elliptic problems
with boundary data d,g in L?(0,T; H'/2(8Q))).

For the case of inhomogeneous initial and boundary conditions, denote by w the solution to
problem (1.6) with source term f — cy9;G and initial condition ug — g(+,0). Then, u = G +w
solves the inhomogeneous initial-boundary value problem with data ( f, ug, g). In particular, u
belongs to L>(0,T; H (Q)) N H'(0,T; H'(Q)). -

1.3 Space-time methods for evolution PDEs

Space—time Galerkin methods discretize all the variables in a time-dependent PDE at once; this is
in contrast with the method of lines, which combines a spatial discretization and a time-stepping
scheme. Space—time methods have attracted a lot of attention in the last decades, also due to
availability of modern computer resources. For recent surveys of space—time discretizations of
time-dependent PDEs, we refer to [69, 70, 83].

We list some of the main features and advantages of space—time methods.

* Space-time methods can achieve high order convergence rates in space and time.

* They provide discrete solutions that are available on the whole space-time domain, see
Figure 1.1.

They may allow for local refinements/coarsening of the space—time mesh, see Figure 1.2.

They may be used to solve problems on evolving domains.

They can be combined with space—time parallel solvers.
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—T @ @ @ © X X X

(a) Finite differences in space + (b) Finite elements in space + (c) Space-time methods
time-stepping time-stepping

Figure 1.1 Schematic representation of the approximations provided by the method of lines
and space—time methods. The red color represents the domain of the discrete solution of each
method: (a) grid nodes on each time-step; (b) spatial mesh on each time-step; (c) the whole
space—time domain.

t t t

X X X

(a) Tensor-product mesh (b) Local time-stepping (c¢) Local space-time refinements

Figure 1.2 Examples of (1 + 1)-dimensional space—time meshes.

1.4 Trefftz discontinuous Galerkin methods

Trefftz methods are Galerkin discretizations characterized by using test and trial approximation
spaces that lie in the kernel of the target differential operator, i.e., spaces spanned by functions
that are local solutions to the considered PDE. Trefftz schemes are mainly motivated by their
significant reduction in the computational cost and the number of degrees of freedom with respect
to traditional polynomial approximations, and by their effectiveness in dealing with the intrinsic
highly oscillatory behavior in the solution of certain problems. Trefftz methods with lower-
dimensional spaces than standard finite element spaces, but similar approximation properties,
have been designed for many problems, e.g., Laplace and solid-mechanics problems [87]; the
Helmholtz equation [52]; the time-harmonic [51], and time-dependent [28] Maxwell’s equations;
the acoustic wave equation in second-order [7] and first-order [80] form; the Schrodinger
equation [43]; among others.

Discontinuous Galerkin (DG) methods [24] do not impose continuity on the approximation
in a strong sense, so they are specially suitable to be combined with Trefftz bases, which are
naturally discontinuous.



1.5. Virtual element method

In many cases, well-posedness and quasi-optimality are proven for ultra-weak DG variational
formulations on very general discrete Trefftz spaces, as the analysis for such formulations do
not require the use of inverse estimates, see e.g., [40]. In fact, showing inverse estimates for
non-polynomial Trefftz spaces is a very difficult task. On the other hand, polynomial Trefftz
spaces can be easily combined with any DG variational formulation. A priori error estimates
depend on the specific choice of the discrete Trefftz space, which is desired to possess good
approximation properties.

1.5 Virtual element method

The virtual element method (VEM) was introduced in [9] as an extension of the finite element
method to general polytopic meshes for the approximation of solutions to the Poisson equation.
Trial and test spaces consist of functions that are solutions to local problems related to the
PDE problem to be approximated. Moreover, they typically contain polynomials of a given
maximum degree, together with nonpolynomial functions allowing for the enforcement of the
desired type of conformity in the global spaces. Such functions are not required to be explicitly
known. Suitable sets of degrees of freedom (DoFs) are chosen so that projections from local
virtual element spaces onto polynomial spaces can be computed out of them. Such polynomial
projectors and certain stabilizing bilinear forms are used to define the discrete bilinear forms.
A nonconforming version of the VEM for the Poisson equation was proposed in [3]. Unlike its
conforming counterpart, the nonconforming VEM can be presented in a unified framework for
any dimension, which significantly simplifies its analysis and implementation.

1.6 General outline of the dissertation

In the present dissertation, we propose and analyze some novel space—time methods for the
discretization of the time-dependent Schrodinger equation and the heat equation.

A space-time ultra-weak DG variational formulation for the Schodinger equation (1.1) is
introduced in Chapter 2. The method is proven to be well-posed, stable and quasi-optimal for
very general discrete spaces. We study the approximation properties of different discrete spaces:
the polynomial Trefftz space for problems with zero potential V = 0 in Chapter 3; a Trefftz
space consisting of complex pseudo-plane wave functions for piecewise-constant potentials in
Chapter 4; the full polynomial space and a quasi-Trefftz subspace for piecewise-smooth potentials
in Chapter 5.

A nonconforming space—time virtual element method for the discretization of the heat
equation (6.19) and its well-posedness is presented in Chapter 6. An a priori error analysis of
the method is carried out in Chapter 7, where optimal convergence rates are proven for sufficiently
smooth solutions. An extension of the method to general prismatic mehes and variable degrees
of accuracy is presented in Chapter 8. In Chapter 9, we discuss several numerical aspects of the
method: some flagging strategies to speed up the assembling and solution of the linear system
stemming from the proposed method; the 4 p-convergence of the method for singular solutions;
an h-adaptive procedure driven by a residual-type error indicator.

Part I: Time-dependent Schrodinger equation

5
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Chapter 2 We propose a space—time ultra-weak DG variational formulation for the Schrodinger
equation on very general prismatic space—time meshes. By choosing upwind numerical fluxes
on the space-like facets, the method allows for the decomposition of the global linear system
into a sequence of smaller linear systems on time slabs. Relying on the self-adjointness property
of the Schrodinger operator S¢(-), a consistent volume penalty parameter is added order to
guarantee the coercivity of the sesquilinear form of the method for very general discrete spaces.
We show that a priori h-convergence estimates in a mesh-dependent norm can be derived by
simply studying the approximation properties of the local discrete spaces, which will be studied
in the next chapters. We refer to Table 2.1 for an overview of the main features of each discrete
space.

Chapter 3 We analyze the approximation properties of the polynomial Trefftz space for the
Schrodinger equation with zero potential (V = 0). To the best of our knowledge, this is the first
study of a polynomial Trefftz-DG space for a PDE with derivatives of different orders. We show
that optimal A-convergence is obtained if Trefftz polynomials of degree 2p in R%*! are used as
discrete spaces, by proving that such a space contains some extended Taylor polynomials of any
sufficiently regular solution to the Schrodinger equation (1.1a). We provide a practical way to
construct a basis for the space on any space dimension d € N, and prove that its dimension is
equal to that of the space of polynomials of degree 2p in R?.

Chapter 4 We introduce a pseudo-plane wave Trefftz space for the Schrodinger equation (1.1)
with piecewise-constant potential V. The definition of the basis functions depends on the choice
of some real parameters {k,}, and some unitary directions {d,} ¢ R?. Based on the ideas
presented by O. Cessenat and B. Després in [15], we show that optimal A-convergence can
be obtained, if for any sufficiently regular solution ¢ to the Schrodinger equation (1.1a), the
local Trefftz space contains an element with the same degree-p Taylor polynomial as that of .
For d = 1 and d = 2, we provide some sufficient conditions on the parameters {k;} and the
directions {d,} that guarantee that such a condition is satisfied for the pseudo-plane wave Trefftz
space.

Chapter 5 In this chapter, we consider the Schrodinger equation (1.1) with piecewise-smooth
potential V. On each element K of the space—time mesh, we construct a quasi-Trefftz polynomial
space that is tailored to contain the degree-p Taylor polynomial centered at some point (Xg, ) €
K of any sufficiently regular solution to the Schrédinger equation (1.1a). We show optimal A-
convergence estimates for the space of polynomials of degree p in R*! dimensions, and for the
quasi-Trefftz space.

Part II: Heat equation

Chapter 6 We introduce a space—time virtual element method for the discretization of the
heat equation (1.2) on tensor-product-in-time meshes. We design local virtual element spaces
consisting of functions that are solutions to local heat problems with polynomial data, and
find a set of unisolvent degrees of freedom. We introduce some projections onto the space of
polynomials that are computable for all the functions in the local virtual element space via the
aforementioned set of degrees of freedom. We construct global virtual element spaces that are
nonconforming across time-like facets, and discontinuous across space-like facets. Continuity
in time is weakly imposed through upwind fluxes that are defined in terms of the traces of a

6
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polynomial projection. We prove the well-posedness of the method, relying on a discrete inf-sup
condition.

Chapter 7 We present an a priori error analysis for the method introduced in Chapter 6. We
show some identities related to the nonconformity across time-like facets and the polynomial
inconsistency of the method. A Strang-type error bound is proven by using the discrete inf-sup
condition. An optimal s-convergence error estimate is then obtained by estimating each term
of the error bound, namely, i) a virtual element interpolation error, ii) the variational crime
on the computation of the right-hand side, iii) the nonconformity across time-like facets, and
iv) polynomial error estimates. We present some numerical experiments that show optimal 4-
convergence of the method for smooth and singular solutions, and exponential convergence of
the p-version for smooth solutions.

Chapter 8 We extend the virtual element method (6.24) in Chapter 6 to the case of general
prismatic space—time meshes and variable degrees of accuracy. The definitions of the local
virtual element spaces, the polynomial projections, the discrete bilinear forms, and the discrete
norms are adapted to such a type of meshes. For the case of variable degrees, a maximum
strategy is described to fix the degrees of freedom associated with each element of the prismatic
space—time mesh.

Chapter 9 We discuss some numerical aspects of an efficient implementation of the virtual
element method (8.10). More precisely, we present some element flagging strategies to handle
efficiently the data structure of the space—time prismatic meshes, namely, a time-slab flagging
and an element-topology flagging. The former allows us to identify a time-slab decomposition
of the space—time mesh, which is then used to decompose the global linear system as a sequence
of smaller problems associated with each time-slab. The latter allows for a reduction in the
computational cost of assembling the linear system, by identifying elements with the same
topology and using a set of reference elements to compute the projections and evaluate the
discrete operators. We numerically assess the convergence of the /p-version of the method
for singular solutions on geometrically refined space—time meshes, which shows the expected
exponential convergence in terms of suitable roots of the total number of degrees of freedom.
We also present an h-adaptive procedure driven by a residual-type error indicator, and compare
its results with a continuous finite element discretization of (1.2).

1.7 Open problems and future work

We list here some possible future research directions.

Time-dependent Schrodinger equation:

* The proof of optimal error estimates in mesh-independent norms such as L>(Qr) (cf. the
duality approach used in [80, §5.4] for the wave equation).

* The p-convergence analysis for the quasi-Trefftz and Trefttz versions of the method, i.e. the
proof of convergence rates for sequences of discrete spaces obtained by local enrichment
on a fixed mesh. Only the best-approximation bounds are missing, as the quasi-optimality
bound (2.8) is independent of the discrete space. This is a very challenging task, which
was accomplished for the Helmholtz equation [79] but not yet for the wave equation.

7
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To carry out a careful analysis for the proposed method applied to the Schrodinger equa-
tion (1.1) in the semiclassical regime (0 < € < 1).

The “sparsification” of the scheme, i.e. the combination with sparse-grid techniques in
space—time to improve its efficiency, e.g. along the lines of [8].

The extension of the s-convergence estimates for the pseudo-plane wave Trefftz spaces
introduced in Chapter 4 to space dimensions higher than 2.

A more accurate analysis of the pseudo-plane wave Trefftz spaces in order to optimize
the choice of the parameters (k; and d, in (4.1)), improving conditioning, robustness and
accuracy.

The analysis of the quasi-Trefftz version of the method with Sobolev regularity assumptions
for the exact solution.

The extension to initial boundary value problems with non-reflecting boundary conditions,
which are often used to truncate unbounded domains (e.g. [2]). Under this respect the
Trefttz approach is promising as it allows for the selection of outward-propagating basis
functions on boundary cells, as in [27].

Heat equation:

To prove explicit bounds for the stabilization term in the proposed virtual element method.
This is an important aspect, as the stabilization term in the method play a key role in
the conditioning of the linear system and the accuracy of the method, see the recent
survey [75].

To derive error estimates in stronger norms such as in the L?(Q7) normor H' (0, T; L*(Q))-
type norms as it has been done in [14] for a DG method.

The analysis of the hp version of the method. In fact, polytopic methods allow for
extremely flexible geometries when refining towards the corners of the domain, and for
an easy handling of refinement-coarsening strategies in adaptive algorithms.

To carry out an error analysis under lower-regularity conditions on the exact solution and
the data of the problem. This would explain the optimal convergence rates obtained also
for singular solutions.

To carry out an a posteriori error analysis of the method, based on an efficient and effective
error estimator.

The design of a Trefftz variant of the method, as those designed for the Poisson equa-
tion [76] and the Helmholtz equation [77].

The design of space—time virtual element methods for other time-dependent PDEs (e.g.,
the Schrodinger equation, the wave equation, Maxwell’s equations).
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Chapter 2

Space—time discontinuous Galerkin method
for the Schrodinger equation
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2.1 Introduction

The literature on space—time Galerkin methods for the Schrodinger equation is very scarce. In
fact, the standard Petrov-Galerkin formulation for the Schrodinger equation, i.e., the analogous
formulation to that proposed in [93] for the heat equation, is not inf-sup stable, see [49, §2.2].
In [59], Karakashian and Makridakis proposed a space—time method for the Schrodinger equation
with nonlinear potential, combining a conforming Galerkin discretization in space and an
upwind DG time-stepping. This method reduces to a Radau-IIA Runge-Kutta time discretization
in the case of constant potentials. Moreover, under some restrictions on the mesh, that are
necessary to preserve the accuracy of the method, it allows for changing the spatial mesh on
each time-slab, but not for local time-stepping. A second version of the method, obtained by
enforcing the transmission of information from the past through a projection, was proposed
in [60]. This version reduces to a Legendre Runge-Kutta time discretization in the case of
constant potentials. Recently, some space—time methods based on ultra-weak formulations of
the Schrodinger equation have been designed. The well-posedness of such formulations requires
weaker assumptions on the mesh. In [21], Demkowicz et al., proposed a discontinuous Petrov-
Galerkin (DPG) formulation for the linear Schrodinger equation. The method is a conforming
discretization of an ultra-weak formulation of the Schrodinger equation in graph spaces. Well-
posedness and quasi-optimality of the method follow directly from the inf-sup stability (in a
graph norm) of the continuous Petrov-Galerkin formulation. In [49], Hain and Urban proposed a
space—time ultra-weak variational formulation for the Schrodinger equation with optimal inf-sup
constant. The formulation in [49] is closely related to the DPG method in [21], but differs in
the choice of the test and trial spaces. While in the latter one first fixes a trial space and then
construct a suitable test space, the former requires the choice of a conforming test space and then
the trial space is defined accordingly. We are not aware of publications proposing space—time
DG methods for the Schrodinger equation other than [21, 49, 59, 60] and [43].



Chapter 2. Space—time discontinuous Galerkin method for the Schrodinger equation

In this chapter, we introduce a space—time ultra-weak DG method for the discretization of
the Schrodinger equation. The main advantages of the method are the following:

* The proposed ultra-weak DG variational formulation of (1.1) is well-posed, stable, and
quasi-optimal in any space dimension for an almost arbitrary choice of piecewise-defined
discrete spaces and variable potentials.

* A priori error estimates in a mesh-dependent norm can be obtained by simply analyzing
the approximation properties of the local spaces.

* The method naturally allows for non-matching space-like and time-like facets and all our
theoretical results hold under standard assumptions on the space—time mesh, which make
the method suitable for adaptive versions and local time-stepping.

In Table 2.1, we summarize the features of the method with four different choices of discrete
spaces that will be discussed in the next chapters:

* the polynomial Trefftz space for problems with zero potential in Chapter 3;

* a non-polynomial Trefftz space of complex pseudo-plane wave functions for problems
with piecewise-constant potentials in Chapter 4;

¢ the full polynomial space and a quasi-Trefftz polynomial subspace for problems with
piecewise-smooth potentials in Chapter 5.

Discrete space Potential V Local Dim. Reg. Sol. Conditioning
ey | T0 (EN=0@nh wenrikimrky o)
e e | P (B0 wewrtl) o0
L P ) Moot (5 =06 wenria o)
Qe P (0wt weorw  ouh

Table 2.1 Comparison of theoretical and numerical properties of different discrete spaces for the
variational formulation (2.3). Second column: potentials V that are allowed. Third column: dimension
of the local discrete space on a prismatic element K = Ky X K; of the space—time mesh 7}, that guarantees
convergence of order O(h?) for the error of the method in a mesh-dependent norm. Fourth column:
Local regularity required to obtain optimal convergence. Fifth column: Behaviour of the condition
number «(-) of the stiffness matrix numerically observed in Section 5.5.5.

From Table 2.1, we conclude that the quasi-Trefftz and full polynomial versions of the method
are the most robust, as they allow for more general problems and produce better conditioned
matrices. Among them, the quasi-Trefftz version of the method requires much fewer degrees of
freedom (O(p?) per element), than the full polynomial version which requires O(p9*!) degrees
of freedom per element, and achieves the same convergence rates under slightly stronger local
regularity assumptions of the exact solution.
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2.2. Space-time mesh and DG notation

Structure of the chapter: In Section 2.2, we introduce some notation on the space-time
meshes that we use. In Section 2.3, we propose an ultra-weak DG variational formulation on
abstract spaces. Section 2.4 is devoted to the analysis of well-posedness, stability and quasi-
optimality of the method. In Section 2.5 we introduce some preliminary results that will be used
to derive a priori error estimates in the subsequent chapters.

2.2 Space-time mesh and DG notation

Let 73, be a non-overlapping prismatic partition of Qr, i.e., each element K € 7}, can be written
as K = Kx X K; for a d-dimensional polytope Kx C € and a time interval K, C I. We use
the notation hg, = diam(Ky), hg, = |K;| and hx = diam(K) = (h%< + h%(t)l/z. We call
“mesh facet” any intersection ' = 0K N 0K, or F = 0K N dQr, for XKI,KZ € T}, that has
positive d-dimensional measure and is contained in a d-dimensional hyperplane. We denote
by fip = (T, n'.) € R%*! one of the two unit normal vectors orthogonal to F with either n. =0

or n; = 1. We assume that each internal mesh facet F is either

a space-like facet if Ay =0, or atime-like facet if n, = 0.
We further denote the mesh skeleton and its parts as

T 1= U oK,  FL=Qx{0}, F:=Qx({T},

KeT,
FP :=I'p x (0,T), Fp :=Tnx(0,T), FX:=Trx(0,7T),
Thﬁme := the union of all the internal time-like facets,

F,7° := the union of all the internal space-like facets.

We employ the standard DG notation for the averages {-} and space [[-] 5 and time [[-]|, jumps
for piecewise complex scalar w and vector 7 fields:

on 0K;1 NdK, C 7_~time’
{r} =4 (vlk, +7lk,) "

{{{W}} =5 (wlk, +wlk,)

ox ox on 0K NJK, C 7_~htime’
[[T]]N = TlK] . nKl +T|K2 : Ile

— space
[wl, == lelan1 +w|K2n§(2 =w —w' on 0K; N 0K, C 7-"hp ,

{[[W]]N = lelﬁ’;(l + w|K2ﬁ§<2

where ny € R? and n’. € R are the space and time components of the outward-pointing unit
normal vectors on K N ?}fime and 0K N ﬁSpace, respectively. The superscripts “~"" and “+” are
used to denote the traces of a function on a space-like facet from the elements “before” (—) and
“after” (+) the facet.

We denote the space—time broken function spaces as

H*(Ty) := {v € L*(Qr), vlx € H*(K) VK € T;,} s € R,
C'(Tp) ={v:0r »C, v[g € C°(K) VK € T1,} s € N.
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2.3 Ultra-weak discontinuous Galerkin formulation

For any finite-dimensional subspace Vy, (7},) of the broken Bochner—Sobolev space
V(T = [ | B (K 12K ) 0 L2 (Kis 2 (K)
KeTy,

the proposed ultra-weak DG variational formulation for the Schrodinger equation (1.1) is:
Seek 4, € Vy,,(74) such that the following equation is satisfied for all K € 7,:

ds

2
—_— Lo~ - € — - — _ N
/ gl/hpSeshp dv + / [tet,//hpshpn% + ?(szﬁhpshp - wthshp) . n’,‘(
K oK 2.1

+ i/ USYhpSespp dV =0 Vsnp € Vip(Th),
K

where = denotes the complex conjugate. The first two terms in Equation (2.1) are obtained
integrating by parts the product of Equation (1.1a) and s, twice in space and once in time. The
last term in Equation (2.1) is a local least-squares volume penalty term that is added to guarantee
the well-posedness of the variational formulation (2.1) for an almost arbitrary choice of discrete
spaces, see Proposition 2.5 below.

The so-called numerical fluxes Jhp and V/X’Tﬂhp are approximations of the traces of ¥,
and Vx¢,, on 7. We choose them as:

wﬁp on 7_~hSpace’
Ynp on ﬂT,
Yo on 7,
Uhp = 1 fvn} -iB [Vxnp on Fime,
* on 777
Wnp — B (OnWnp — &N) on 7N,

Uip — 6D (BnWnp — iy —gr)  on FR,

{Vxynp ) +ia Whp]]N on %™,
T w .y Vxlﬂhp +ia (whp - gD) ﬁ?l on ﬁD,
I gnii, on 7N,

wahp - (1 - 5) (Vxl//hp - iﬂwhp - gR) ﬁ?) on ﬁR'
The mesh-dependent stabilization functions
o0 ( ~time D ; .
ael (Th' UF, ), eSSlnfﬁlmeUﬁD a >0,
BeL®(F™m U ﬂN), eSSinfﬁimeuy:hNﬁ > 0,
1
e L™(FY), 0<d< X
14



2.3. Ultra-weak discontinuous Galerkin formulation

u € L¥(0r), essinfp, u > 0,

play an important role in the convergence of the method. In order to guarantee optimal conver-
gence in a mesh-dependent norm, we set them as

min {hy , hy } < € plx <max {hg hy}, Olx=min (ﬂhKX, %) ,

1 , ‘ 2.2)
alp = e VF c Fimeu 7P, Blr = hp, YF c Fim™ U FN,
where
hr, = hi, ichaKm(?;lDugth),
min{h[{)i, th} < hf, < max{hKi,hK)%} ifF=K'NnKk?c 7:};[ime.

After summing Equation (2.1) over all the elements K € 7}, and substituting the definition of the
numerical fluxes, the following ultra-weak DG variational formulation is obtained:

Seek Yp,, € Vi, (74) such that: A (g[/hp; shp) ={l(snp) Vsnp € Vi (Th), (2.3)

where

A (lﬁhp; Shp) = Z lﬁhpseshp dV +ie (/;space lﬁ];p [[%]]t dx +/7;T lﬁhp%dx)
h h

KeT, K

¥ %2 g time ( (Vs } - [l +ia [y I - [0 ]
= §un ) [9s5mplly + 8 [Txmo I [ Ts5ir T )4

€’ . _
+ > / (0nxlﬂhp + la'lﬁhp) ShpdS
7:hD

2
+ 5 | (oS + 1B (Onp) (90, 57)) dS
7:hN
€2 . i _
+ ?/ (56nx¢hp +(1- 5)lﬁlﬁhp) Shp + —6nxshp ds
7R 9

+i2 /,uSel//hpSGShpdV,
Ke7;, YK

2
] o E _ . —_—
t(shp) 2216-/}_0 Yosppdx + 5 /TD gD (5nxShp + lozshp) ds
h h
€ L ipg — €? 7
+ - N (=Shp + iBOnShp) dS + ) - gr [ (6 — 1)sp, + 56nxshp ds.

Remark 2.1 (Trefftz spaces). If we require the discrete space V(7)) to satisfy the Trefftz
property (Sewhle =0, VK € 7j), all the volume terms in the variational formulation (2.3)
vanish, thus recovering the Trefftz-DG formulation in [43]. In such a case, the definitions
of A (+; -) and £(-) are independent of the potential V, which has an effect only on the discrete
space. "

15



Chapter 2. Space—time discontinuous Galerkin method for the Schrodinger equation

Remark 2.2 (Implicit time-stepping through slabs). The variational problem (2.3) is a global
problem involving all the degrees of freedom of the discrete solution for the whole space—time
cylinder Q7. However, as upwind numerical fluxes are taken on the space-like facets, if the
space—time prismatic mesh 7, can be decomposed into time slabs (i.e., if the mesh elements
can be grouped in sets of the form Q X (z,-1,1,) for a partition of the time interval of the
form0 =1y <t <... <ty =T, the global linear system stemming from (2.3) can be solved as
a sequence of N smaller systems of the form

K% =b, 1<n<N,

where b, = Rn‘Pgl"_l) forn =2,...,N. This is comparable to an implicit time-stepping, and it
naturally allows for local mesh refinement in different regions of the space—time cylinder Q7.
Moreover, when 7, is a tensor-product space—time mesh, the potential V does not vary in time,
and the partition of the time interval is uniform, the matrices K,, and R,, are the same for every
time slab. "

Remark 2.3 (Self-adjointness and volume penalty term). The well-posedness of the variational
formulation (2.3) strongly relies on the L?(K)-self-adjointness of the Schrodinger operator Se(-)
on each K € 7}, (in the sense that /K Sy pdV = /K Y SepdV for all y € V(7), ¢ € C°(K),
thanks to the fact that the only odd derivative in S, is multiplied by the imaginary unit), which
makes the local Galerkin-least squares correction term consistent. On the one hand, such a
term is essential in the proof of coercivity of the sesquilinear form A (- ; -) (see Proposition 2.5
below). On the other hand, numerical experiments suggest that it can be neglected without
losing accuracy and stability, see Section 5.5.2. This is also the case for the quasi-Trefftz DG
method for the Helmholtz equation [56, §5.1.3] and for the wave equation [55, §5.1], where a
similar correction term was used. Nonetheless, in the design of an ultra-weak DG discretization
for a PDE with a non-self-adjoint differential operator £(-) (e.g., the heat operator £(:) =
(0 — Ax) (+)), the corresponding local least-squares correction term . geq; fK LY pp Ly, dV

would not control the consistency term . gcq; /K YnpL*spp dV arising from the integration by
parts. n

Remark 2.4 (Time-dependent potentials). The variational problem (2.3) allows for time-
dependent potentials V. This is an important feature as, in such a case, the method of separation
of variables cannot be used to reduce the time-dependent problem (1.1) to the time-independent
Schrodinger equation. "

2.4 Well-posedness, stability and quasi-optimality of the DG
method

The theoretical results in this section are derived for any space dimension d € N, and are
independent of the specific choice of the discrete space V(7). Moreover, inverse estimates
are not needed in the analysis. This is an important advantage in comparison to other DG-type
formulations (such as interior-penalty, see [7] for a Trefftz example) as inverse estimates for
non-polynomial discrete spaces are in general hard to obtain (see [40, §3.2]).

Recalling that the volume penalty function u, the stabilization functions @, S and the
impedance function ¢ are positive, and that 6 € (0, %] , we define the following mesh-dependent
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2.4. Well-posedness, stability and quasi-optimality of the DG method

norms on V(73):

2 2
1, € € 2 2
W]l = u (ze@,w+—AXW—VW) . (||[[w]] [Fp————r )
. I;?. 2 Lk 2 T LT UT)
L E ( Yy | 2.4
a2 ‘ 2 + ‘ aj 4a
0 N SN Y LN N . o (2.42)
o[ e 9! %a 2
o, + 01— ! o) o]
‘ﬁ x LZ(TN) ( ( )) L? 'fR H fx L2(¢~R)
2 ._ 2 SR € 112
Ml ==l + 3 w5 11 e + (Ha vl e
KeTy,
1
+|lo2 G w +[53 +[lgtw G .
H o ) A } L2(F,) 4 LA(TY) i L(%,)
(2.4b)
The sum of the L?(K)-type terms ensures that ||| - |l,g+ is @ norm. That ||| - [||,; is a norm

on V(7;,) follows from the following reasoning: if w € V(7;) and |||w|||,; = 0, thenw € H'(Qr)
and satisfies the Schrodinger equation (1.1) with homogeneous initial and boundary conditions.
Moreover, integration by parts gives the following identity for all r € (0, T']

t 2
O:i”sm(//(i66[w+E—Axw—Vw)deds)
_me( / /6,wwdxds)+\sm /llewlle(Q)dds
t
w ds —/ /Vlwl dxds
L2(I'r)

(nw( D12y~ W (- 0) 2 +

lE
+_
2 Jo

1

2

L2<FR>)

Then, ||w(-, t)||§2(m < lw(., 0)||§2(Q) =0, for all 7 € [0, T]; therefore, w = 0.
The DG norms in (2.4a)—(2.4b) are chosen in order to ensure some properties of the sesquilin-

ear form A (-; -) and the antilinear functional £(-), from which the well-posedness and quasi-
optimality of the method (2.3) follow.

We recall some standard DG flux-jump identities that are instrumental in the proof of
Proposition 2.5 below. For all functions v € H'(7;) and T € H'(75,), it holds

Lo et i - s0PLJax =5 [

/ (v lrIn+ L} - IvDN) dS = / ~ [vrlnds. (2.5b)
T T

[v1,) dx, (2.52)

Proposition 2.5 (Coercivity). For all w € V(7},) the following identity holds
Im (A (w; w)) = [lIwlll,

17



Chapter 2. Space—time discontinuous Galerkin method for the Schrodinger equation

Proof. Elementwise integration by parts for w € V,(7},) gives the identity:

Z / w(ieatw + %ZAXW - Vw) dv
K

KeTn )

2
__€ Z / (9t|w|2 dv + € Im ( [wVxw]ndS + / W@nXWdS)
2 KE'];, K 2 ﬁime 0QxI

:_f(/ [1wl?], dx +/ lw|? dx —/ |w|2dx)
2 7_~space 7_~hT Ti{z)

h
2
+ < Sm ( [wVyi ]y dS + / w&andS). 2.6)
2 g ime oQxI

Sm(

Together with the DG flux-jump identities in (2.5), this gives

Im (A (w; w)) = '/7:Space (‘Re (ew™ [w],) - g [[|w|2]]t)dx + g(/;:r lw]>dx + '/7__0 |w|2dx)
22( h h
)

o R 4 T N T A N RER R
ﬁime 7:hD

Lime Im ( {Vaw} - [wlx — W} [Vxwln + [[WVXW]]N) ds

h

+/ ,8|8nxw|2dS+/ (ﬁ(l—6)|w|2+(6z‘}‘1)|ﬁnxw|2)d5)

2 2.5) 2
+ E HSew|”dV =" [[w]][7,-
KeT, K

Proposition 2.6 (Continuity). The sesquilinear form A (-; -) and the antilinear functional €(-)
are continuous in the following sense: Yv,w € V(7},)

A5 W)l < 201l 1] o (2.72)
3 <|2 2 % 2
] (26 Wl g, + € s,
T N N M P )%m Il (2.70)
€ N Lz(ﬁN) € 8R Lz((}-hR) w DGt * .

Proof. Let v,w € V(7). After applying the Cauchy—Schwarz inequality several times and
using the inequality 6 < 1 -6 < 1, we obtain
LZ(K)) )

[, + IVl 2y Il 2

1

+ |12 S
L2(K) )’u v

,u%Sgw

A W< Y, (Hu'%v

2
KeT, L*(K)

+€ (||v_||Lz(7:;pace)

1
az?y

1
azw

e/ 1
+E( @ 20y, v

+
L(FP) ) LA(FD) ) ‘ LA(FP)
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2.4. Well-posedness, stability and quasi-optimality of the DG method

LS (| E ) 2o
2 ﬁ v Lz(q_.hN) ﬁ nxv Lz(?;lN) ﬁ nxw Lz(?;i\])
2
€ 1 1 1
+ S (leso 20 +H 1 —6)9)2 )H 1 —6)9)?
oGRS I ((CEIIR B ((CEIRT
+62( 69110 +H(5 )H( 9738,
2 nxV Lz(g_r—lf) L2(¢R) L2(7_-hR)
€2 _% v % %
+?( @ {Vxr} L2<¢“me)d+)a vy L%ﬁ““)d) o Iy L2(Fme)
2
€ 1
e 5V, )) v .
2( ﬁ H } L2 Tnme) ‘ﬁ [[ ]]N L2 7_‘1111]6) ﬁ I]: w]]N L2(7:hlime)

Bound (2.7a) is then obtained by using the Cauchy—Schwarz inequality once again. The bound
for the linear operator £(-) can be obtained in a similar way. [

Theorem 2.7 (Quasi-optimality). For any finite-dimensional subspace Vp,,(7;) of V(7y,), there
exists a unique solutionyry,, € V,,(7,) satisfying the variational formulation (2.3). Additionally,
the following quasi-optimality bound holds:

- <3 inf - . 2.8
1 = Yiplll <3 int 1 = sl 8)

Moreover, if gp = 0and gn =0 (orI'p = 0 and 'y = 0), then

5 1/2
((f;f)) . (2.9)

‘ﬂ 1200

npllloe < 2€||WO||L2(9,-0 + € R||,»
Proof. Existence and uniqueness of the discrete solution ¥, € V;,(7,) of the variational
formulation (2.3), and the quasi-optimality bound (2.8) follow directly from Propositions 2.5
and 2.6, the consistency of the variational formulation (2.3) and Lax—Milgram theorem. The
continuous dependence on the data (2.9) follows from Proposition 2.5, and the fact that if gp = 0
and gn = 0 (or I'p = 0 and I'y = 0), the term |||w]]|,. on the right-hand side of (2.7b) can be
replaced by |||w|||yg- [

Theorem 2.7 implies that it is possible to obtain error estimates in the mesh-dependent
norm ||| - |||, by studying the best approximation in V},, (7;,) of the exact solution in the ||| - |||+
norm. Moreover, according to Proposition 2.8 below, a priori error estimates can be deduced
from the local approximation properties of the space V,,,(75) only, as the ||| - ||| .. norm can be
bounded in terms of local volume Sobolev seminorms and norms.

DGt

So far, we have not imposed any restriction on the space—time mesh 7;,. Henceforth, in our
analysis we assume:

* Uniform star-shapedness: There exists 0 < p < such that, each element K € 7}, is
star-shaped with respect to the ball B := B, (zg, s K) centered at (zg, sg) € K and with
radius phg.

* Local quasi-uniformity in space: there exists a number Iqu(7;) > O such that hg, , <
hk, . lqu(7,) for all Ky = Ky x X K14, K> = Kax X K2, € T, whose intersection Ky N K>
has positive d-dimensional measure.
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Chapter 2. Space—time discontinuous Galerkin method for the Schrodinger equation

The proof of Proposition 2.8 is a direct consequence of a collection of trace inequalities (see [12,
Thm. 1.6.6] and [80, Lemma 2]), which in our space—time setting can be written for any
element K = Ky X K; € 7}, as

10122 oy < Co (1R 1120y + ok, 1801122 Vg € H' (Ki 1(Ky)
||90||i2(3KxxKl) < Cy (h[_(i ”SDHiZ(K) + th ||VX¢||i2(K)d) VQO € L2 (Kt;Hl (KX)) s

— 2
195612 ey < Cor (R I8 g00 + i D32 ya) - Voo € L2 (Ko H2 (K)

(2.10)

where D2y is the spatial Hessian of ¢, and C;; > 1 only depends on the star-shapedness
parameter p.

Proposition 2.8. Assume that V € L*(K), VK € T, and fix a,8,6 and u as in (2.2). For
all ¢ € V(Tp), the following bound holds

HellZ, <3G > |ehg lel7a k) + €l 1001172 4 + €8xt Il x,
K=KxxXK;€Ty,
_ 2
+ €* (ag hk, + bghy!) ||VX¢||§2(K)0, + b h, D§¢||L2(K)M (2.11)
+ 2‘ 19 oy 4‘ el + VI ‘ Lol +H 3|
€ ||MH- 0@ L2(K) € ||M=*Dxp L2(K) L>(K) |4 (’OLZ(K) M (PLZ(K) )

where

-1
a%( ‘= max esssup  a, ( ess inf ﬂ) , esssup ¢,
3Kﬂ(7‘;lﬁmeU7‘—hD) aKm((ﬁlumeUﬁN) (9Kﬂ7‘_,F

-1
bf( ‘= max ( ess inf a) , esssup B, hk ;.
ﬁKﬂ(ﬁnmeUﬁD) (9Kﬂ(7‘_;imeu7‘71N)

is controlled by the inequality |y|; <

2
The volume term ’,u% (ieatw + %Axw - Vw)”
L2(K)

\Vnlyly, Yy € C". If ¢ is a Trefftz function, the last four terms in the right hand side of (2.11)
can be dropped.

Remark 2.9 (Energy dissipation). It is well known that the Schrodinger equation (1.1) with
homogeneous Dirichlet and/or Neumann boundary conditions and I'r = @ preserves the energy
(or probability) functional &E(t; ) = %/Q Iy (x,1)|?dx , i.e. %S(t; W) =0.

The proposed DG method is dissipative, but the energy loss can be quantified in terms of
the local least-squares error, the initial condition error, the jumps of the solution on the mesh
skeleton, and the error on (th U ?'hN due to the weak imposition of the boundary conditions.
More precisely, for gp = 0, gn = 0 and ?'hR = (), the discrete solution to (2.3) satisfies

E(0;¢0) — E(T; lr//hp) = &Gloss = g+ % ||l//0 - lr//hp”;-}? >
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2.5. Approximation by Taylor polynomials

where 0= 3 [t + M b o, + (o]
& - € hp L2(K) 2 hp |l LZ(ThSpace) ) hp L2(7—'hD)
KeT,
I 2
+[pto o [ )
nhp L2(FN) [[W”]]N L2(ime)d ey XW”]]N L2(Fime)
This follows from the definition of the [|| - |||,; norm of the solution i, the coercivity of the

sesquilinear form A (- ; -), the definition of the antilinear functional £(-), and simple algebraic
manipulations

(2. 4a) 2 (2! 5)

(& pnp) +ETsunp) ) + 65 "= IlnpllZ, = S (A (Wap: wn)) = Sm (€wp)

9{(/@

h

_ 1 2
Yo pdx ) oy (8(0; 00) + E(0:Ynp) = 5 [0 = ¥l | -
Further manipulations give the identity &5 = |||/ — Yl |§G = &E(T, ¢ —Ynp). .

2.5 Approximation by Taylor polynomials

We recall the definition and approximation properties of multivariate Taylor polynomials, which
constitute the basis of our error analysis.

Definition 2.10 (Taylor polynomial). On an open and bounded set Y < R?! the Taylor
polynomial of order m € N (and degree m—1), centered at (z, s) € Y, of afunction ¢ € C"~! (Y)
is defined as
Y, j i
o [l (%0 = > —=DIg(z,5)(x—2)7x(t - 5)7".

|jl<m

If ¢ € C™ (Y) and the segment [(z, s), (X,7)] C Y, the Lagrange’s form of the Taylor remainder
(see [13, Corollary 3.19]) is bounded as follows:

¢(x,0) =T, Lol (x, t)‘ < lelemey) Z _|(X_Z)Jx (t = 5)
=

(d+1)7
S — Ry l@lem(yy » (2.12)

where hy is the diameter of Y. In particular, if Y is star-shaped with respect to (z, s), then the
following estimate is obtained

_ @+ ¥
LX) m!

lexn -7, 161 (x.0) W \plonn) (2.13)

which, together with the well-known identity (see [12, Prop. (4.1.17)])

DJT<nz1s) le] = T¢,, s;” [D7¢], |jl < m, (2.14)
gives the estimate
1 m-—r 1
d+r\? T |Y|2
o= 15 10l < ( d ) pr T Wlenen r<m. Ve e €t (1), 215)
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Chapter 2. Space—time discontinuous Galerkin method for the Schrodinger equation

The Bramble—Hilbert lemma provides an estimate for the error of the averaged Taylor polynomial,
see [26] and [12, Thm. 4.3.8].

Lemma 2.11 (Bramble-Hilbert). Ler Y ¢ R 1 < d € N, be an open and bounded set with

diameter hy, star-shaped with respect to the ball B := B, (z, s) centered at (z, s) € Y and with

radius phy, for some 0 < p < % If ¢ € H™ (Y), the averaged Taylor polynomial of order m

(and degree m — 1) defined as

Q" [¢] (x,1) = é/BT(”;’S) [¢] (x,1)dV(z,s), (2.16)

satisfies the error bound

d+s\ (d+1)"* hy™ ol fors <
m ors <m.
d J(m—s—11 & ¥iH
(2.17)
A sharp bound on Cgy,,, > 0 is given in [26, p. 986] in dependence of d, s, m and p, and the
second bound is proven in [80, Lemma 1].

lo = Q" [ellps(vy < Camphy ™" @lgmy) < 2(

From [12, Prop. (4.1.17)], we also have the identity

DIQ" [p] =Q" W [DIg|,  |jl<m. (2.18)
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Chapter 3

A polynomial Trefftz space for zero poten-
tial (V =0)
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3.1 Introduction

When all the derivatives in a constant-coefficients differential operator are of the same order
(e.g., the Laplace’s equation, the wave equation, the time-dependent Maxwell’s equations), the
space of Trefftz polynomials of a certain maximum degree delivers the same convergence rates
as the full polynomial space of the same degree, see [80, Lemma 1]. This is due to the fact
that, by the identity (2.18), the averaged Taylor polynomial of the exact solution belongs to the
polynomial Trefftz space, thus ensuring good approximation properties. On the contrary, when
the differential operator includes derivatives of different orders (e.g., the Helmholtz’s equation,
the time-harmonic Maxwell’s equation, the Schrodinger equation), non-polynomial spaces have
been used in the literature, as no Trefftz subspace of polynomials of a given degree delivers
the same accuracy as the full polynomial space of the same degree. For their simple shape
and closed-form integration formulas, the preferred type of non-polynomial Trefttz spaces for
time-harmonic problems are plane waves, see [51, 43]. Unfortunately, the use of plane waves
Trefftz spaces brings some consequences: ill-conditioned matrices in the resulting linear system;
lack of general tools for their analysis, and therefore need of developing novel tools for each
problem; dependence of the design of such spaces on the physical dimension of the problem:;
dimension-dependent conditions on the parameters defining their basis functions in order to
preserve accuracy. The use of polynomial Trefftz spaces would mitigate or overcome these
issues.

In this chapter, we show that optimal a priori error estimates with polynomial Trefftz spaces
can be obtained for a Trefftz-DG discretization of a PDE that includes derivatives of different
orders, namely the time-dependent Schrodinger equation (1.1) in d space dimensions with zero
potential, i.e., V = 0. For the variational formulation (2.3), we prove that the same asymptotic
accuracy as for full polynomials of maximum degree p in R%*!, is obtained if Trefftz polynomials
of degree 2p in R%*! are used. We also propose a practical way to construct an explicit basis



Chapter 3. A polynomial Trefftz space for zero potential (V = 0)

for the polynomial Trefftz space in arbitrary dimensions and prove that its dimension is equal to
that of the space of polynomials of degree 2p in R%.

Structure of the chapter: In Section 3.2, we present the reduced version of the space—time
ultra-weak DG variational formulation (2.3) for discrete Trefttz spaces. In Section 3.3, we prove
optimal A-convergence error estimates of order O(/4”) in a mesh-dependent norm, for the space
of Trefftz polynomials of degree 2p in R?. The error analysis is based on the approximation
properties of some extended Taylor polynomials. A simple construction of a basis for the
polynomial Trefttz space is presented in Section 5.3.1. In Section 3.5, we validate the error
estimate, and assess numerically some additional features of the method.

3.2 Trefftz-DG method

We define the local and global Trefttz spaces:

T(K) := {w cH' (K,;Lz(KX)) NI (Kt;Hz (KX)) such that

2
iec’),w+%Axw—V|Kw ) onK:KxxK,}, 3.1)

T(7) = {w e L2 (0™

Wl € T(K), VK € Ti(0n)}

For any finite-dimensional subspace T, (7,) C T(7}), the space—time ultra-weak DG variational
formulation (2.3) reduces to

Seek Yy € Thp(Tn) such that: A (Yaps snp) = €(snp)  VYsnp € Tip(Th)s (3.2)

where

. - — S 62 -
A (Wnps snp) =i€ (_/7__;13&66 i [, dx + /ff[ YnpSnpdx ) Ly /T;ime ( {vsn} - [ lln
+ia [y by - [l = {no } (V55 Iy + 8 19w I [V Iy Jas
2
+ % LD (anxl//hp + ialﬁhp) SppdS
2
+ % «/77N (_l//hpanx%-'- lﬂ (anxl//hp) (anx%)) ds
€2 . i,
+ —/ (55nx¢’hp +(1- 5)119;0;,1,) Shp + —=0n.Shp | dS,
2 7_-hR 19
2
C(snp) ::ie/ YoShpdx +E—/ gD (On,5np + iaspy) dS
r]-'ho 2 7_-hD

€ ) €2 i
My gN (=Snp +iBOnshp) dS + — gr | (6 = 1)Spp + —0On,5hp | dS.
7_-N 2 77R ﬁ
h h
Due to the Trefftz property of the space T}, (75), the volume integrals in the variational formu-

lation (2.3) vanish, and thus the Trefftz-DG method (3.2) only involves integrals on the mesh
skeleton.
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3.3. A priori error estimates

All the abstract theory in Section 2.4 follows after removing the volume terms in the definition

of the ||| - |||, and [[| - |||+ norms. More precisely,
2 2
2 ._€ 2 2 L (e
|||W|||DG - 2 (”[[W]][”LZ(?*;PQCS) + ||W||L2(7:;,TU7:;?)) + 2 ‘0{2 ":W]]N LZ(«}‘Zime)d
L1y 2 LR » 2
+ (|82 w _ +‘a/7 +‘ 20p W
‘ﬁ [[ X ]]N Lz(ﬁlme) L2(7:hD) ﬁ Ny L2(7_.hN)
1 2
12 1\2
+H(ﬁ(1—6))2w o+ (50—) Bu.w ,
L2(F,0) Lz(fth)
2 2
2 . 2 €2 € _1
11 = I + 5 71 + 5 (Ha T
T S S W
a w w w w .
A L2 (7 L7 LT

3.3 A priori error estimates

We recall that, combining Proposition 2.8 and Theorem 2.7 in Chapter 2, it is possible to
derive error estimates for the Trefftz-DG method (3.2) by simply studying the approximation
properties of the local discrete spaces T, (K) for functions in T(7},). In particular, our analysis
for the polynomial Trefftz space relies on the approximation properties of some Taylor-type
polynomials.

Definition 3.1 (Polynomial Trefftz space). On each K € 7, the space of Trefttz polynomials of
maximum degree p is defined as

2
P@(K) =T(K) NP’ (K) = {qp e PP(K) : iediqp + %qup = 0} . (3.3)

It would be desirable to prove that, for all € T(K), either T (’; “le) [y] € PL(K) for

some (z,5) € KorQP*! [y] e P@(K ), as this would be enough to achieve optimal i-convergence
rates for sufficiently smooth solutions. Unfortunately, this is not true; e.g., ford = 1, € = 1
and p = 1 the function ¥ (x,7) = exp (x + %) satisfies the Schrodinger equation (1.1); however,

T(ZO,O) [v]=T1+x+ % does not belong to IPIT(K ). Instead, in Proposition 3.5 below, we show that

. . 2
the following extended Taylor polynomials belong to PTP (K).

Definition 3.2 (Extended Taylor polynomial). Given p € N, and an open and bounded set Y =
Y, x Y, c R4 for each complex-valued ¢ € C? (Yt; c?r (YX)) we define its extended Taylor
polynomial of degree 2p centered at some (z,¢) € Y as

=) 1 [ ; ‘ .

T lel =T e+ ) SDipas)(x=2) (=) j=(jxi) e N
2jt+|jx|52p
p+l§jt+Ux|
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Chapter 3. A polynomial Trefftz space for zero potential (V = 0)

Definition 3.3 (Extended averaged Taylor polynomial). Let Y = Yy x Y, ¢ R%*! be an open
and bounded set with diameter Ay, star-shaped with respect to the ball B := B, (z, s) centered
at (z,s) € Y and with radius phy, for some p € (0, %). For each complex-valued ¢ €
HP (Y H 2p (Yx)), we define its extended averaged Taylor polynomial of degree 2p as

@ ol ()= — [T [g] (x1)dV(z5)

|B| Jp (z,5)
1 . . .
=@ [¢] + [ Pl x - D= 9 av (@),
Z J'B| Jp
2.jt+ljx|32p

p+1 < ji+ ljxl
where QP*! [] is the standard averaged Taylor polynomial defined in (2.16).

Remark 3.4 (Heat polynomials). In the real-valued case, these extended Taylor polynomials
can be used to analyze the approximation properties of the so-called heat polynomials, i.e., the
polynomial solutions to the heat equation [89]. In fact, Proposition 3.5 below can be easily
extended to the heat equation. However, as the heat operator L(-) := (9;—Ax)(+) is not self-
adjoint, the setting of Theorem 2.7 cannot be used to analyze the ultra-weak DG formulation of
the heat equation, see Remark 2.3 in Chapter 2. This is due to the fact that the corresponding
bilinear form is not coercive. "

Proposition 3.5. Let Y be an open and bounded set in R satisfying the assumptions in
Definition 3.3. For all € T(Y) sufficiently regular, both TQ(ZPS) [¥] and Q*P [y] belong

2p
to PO (Y).
Proof. Denote by {eg}ff=1 the canonical basis of R?. Since ¢ € T(Y), we have that

d
e Y DUxeily (z,5) = =2iDUsiVy(z,5)  Vj=(joji) €N 1j1 0. (34
(=1

Applying this to the Taylor expansion of ¢ and using straightforward multi-index manipulations,
we get

. =20 i . .
20T W ()= ) = DUy (2, 5)(x = 2) (1~ )

ljl<p-1

34 d €

il - (jx+2255j) — jx — J

= > > =D (2, 5)(x = 2)x(1 = 5)"
ljil<p-1 =17~

d
1 € . . . .
= eAT! (%, 1) + E E FD“X”‘"”M://(Z, $)(x — z)7x (1 - 5)7".

jl=p-1 621
(3.5)

For the extended Taylor polynomial we have that

d
AT W] (x.0) = AT Wl () + Y. Y S DUy (2, 5) (x - 2)r (1 = 5)

X (z,5) !
2ji+lixl<2p=2 (=1
p-1<lj|
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3.4. Basis and dimension of the local polynomial Trefftz space

— p+ € ( 'x 2 5 .t) _ 'x — .t
meAIg W0+ |Z DI L
Jl=p- =

d
1
14

€ . . . .
+ Z Z ﬁD(1x+2enh)¢,(z, 5)(x — z)Ix(1 — )7t
2ji+ljgl<2p-2 t=1

)24l
3.4)

(3.5 . 1 20 o . )
=" =2i0,T)" [W](x,1) - Z DRIty (z,5) (x = 2)x(1 = 5)"

2ji+jgl<2p-2 7"
p=1jl

= =2i T Y] (x.1),

and therefore TQ(ZP N [y] € T(Y). Since 7:(211) N [¥] also belongs to P?7(Y), then T(QH) [y] €
Pép (Y). As the above identity is independent of the center point (z, s), the fact that Q2 [v] €

Pip (Y) can be proven in a similar way. O

Combining Theorem 2.7, Propositions 2.8 and 3.5, together with error bounds for extended
averaged Taylor polynomials, which can be proven using that Q% [y] = QP*! [y] + O(h?l),
the following error estimate is obtained.

Theorem 3.6. Let p € N, and fix a, 5,06 and u as in (2.2). Let  be the exact solution to (1.1)
with V = 0, and Yy, € Th,(Tp) be the solution to the Trefftz-DG method (3.2) with Ty, (7;,) =
[ker, ]P%p(l(). If |k € HP™ (K3 H?P (Ky)) and hg, = hg, for all K = KxxK; € T, then there
exists a positive constant C independent of the mesh size h, but depending on the degree p, the
parameter €, the local quasi-uniformity parameter |qu(7}y,), and the measure of the space—time
domain Qt such that

119 = nplllog < € 3, max{ac, i 19/l (i, von i)
KeT,

Remark 3.7 (Regularity assumptions). Theorem 3.6 guarantees optimal s-convergence rates,
provided that, for p > 1, the solution satisfy stronger regularity assumptions than those required
for the complex pseudo-plane wave functions in Chapter 4, see Theorem 4.4. "

Remark 3.8 (Zero potential). There are no nontrivial polynomial solutions to (1.1a) for V # 0.
Indeed, if 0 # g, € P@(K) and V € R\{0}, then deg(ied;q, + %zqup) < deg(Vgq,). Therefore,
Seqp =0if and only if g, = 0. .

3.4 Basis and dimension of the local polynomial Trefftz space

We study the dimension of the space P%p (K) and provide a practical way to construct a basis,
which is valid for any space dimension. Given p € N and K = Ky X K; € Ty, let {m ]};ﬁ” be
a basis for the space P?7 (Ky), where r42, = dim(P* (R?)) = (21’;(1). For a fixed tx € K;, we

consider the following set of functions in P%p (K)
81 = {b} e PP (K) : by(x,tx) =my(x), J=1,.. .,rd,z,,} . (3.6)
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Chapter 3. A polynomial Trefftz space for zero potential (V = 0)

Proposition 3.9. Forany p € Nand K € Ty, the set Bsz constitutes a basis for the space Pip (K).
Proof. Let qu € P%p (K). Then, qu can be expressed in the scaled monomial basis as

ix Ji
T _ X — Xg t—1tg
o= 3 o[ (TE]

lil<2p ¥

Since qu € T(K), the complex coefficients {C}},j <2, must satisfy the following recurrence
relations

3.7

ieh . . . .
2(;6_'_# Z?:] (JXg + 1)(JX( + 2)C .x+28[,jt lf |JX| < 2p - 27
Cijirt = T

otherwise.

As a consequence, once the coeflicients C; o are fixed, the remaining coefficients are determined

by (3.7). This implies that each element in P,er (K) is uniquely identified by its restriction
tor =rg.

rd2p

- c C such

On the other hand, by the definition of BTP, there exist some coeflicients {y,}
that

d2p rd,2p rd2p

B, (%, 15) = Y ym(x) = > ybi(xtx) = g3, = > yiby.
J=1 J=1 J=1

Finally, the linear independence of the set Bsz follows from the restriction of its elements

to t = tg, and the linear independence of the basis {m J};‘Sp . O

To construct a basis for the local polynomial Trefttz space P%(K ) one can now employ the
recurrence relation (3.7). To initialize the recursion, one chooses a basis {m J};d:’i” of P?7 (Ky).
Natural choices are (scaled and/or translated) monomials, Legendre, or Chebyshev polynomials.
For instance, if d = 1, € = 1, and we set {m;};'jlp as monomials, then P?r = span{1, x, it + x2}

and P, = span{1, x, it + x2, x> + 3ixt, x* + 6ix*t — 31%}.

Remark 3.10 (Dimension of Pip (K)). For d = 1, the dimension of the polynomial Trefftz space
of degree 2p is always smaller than that of the full polynomial space of degree p. However,
for d > 1, the reduction in the total number of degrees of freedom takes place only for large
values of p,e.g., p > 7ford =2 and p > 24 for d = 3. "

3.5 Numerical results

We validate the error estimate of Theorem 3.6, and assess numerically some additional features
of the method.

3.5.1 Smooth solution

On the space—time domain Q7 = (0, 1) X (0, 1) we consider a manufactured (1 + 1)-dimensional
Schrodinger equation with initial and Dirichlet boundary conditions so that the exact solution
is given by the complex wave function ¢ (x,7) = exp (£(x — %)), which is highly oscillatory

28



3.5. Numerical results

in space and time for e < 1. The Trefftz basis functions {b;};‘ii” are constructed by choos-
"2p.d

ing {m,},”;" in (3.6) as scaled monomials and by computing the remaining coefficients C; with
the relations (3.7).

In Figure 3.1, we show the errors of method (3.2) in the DG norm obtained for € = 107!, 1072
and a sequence of meshes with h, = h, = 0.1x27/, j =1,...,5. Optimal rates of convergence
of order O (h”) are obtained as predicted by Theorem 3.6. Observe that, for small values of €,
there is a preasymptotic behaviour due to the oscillations of the exact solution with frequency 1/e
in space and time. In Figure 3.2, we observe exponential convergence of order O (e‘bN DoFs) for
the p-version of the method, i.e., by fixing the space-time mesh and increasing the degree of
accuracy p.
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Figure 3.1 h-convergence of the Trefttz-DG method (3.2) for the (1 + 1)-dimensional problem
with exact solution ¢ (x, 1) = exp (£(x — §)).
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Figure 3.2 p-convergence of the Trefttz-DG method (3.2) for the (1 + 1)-dimensional problem
with exact solution ¢ (x, t) = exp (é (x — %)) for a Cartesian space—time mesh with i, = h, = 0.1.

The «,-condition number of the stiffness matrix is studied numerically in Section 5.5.5.
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Chapter 4

A pseudo-plane wave Trefltz space for piecewise-
constant potentials
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4.1 Introduction

In this chapter, we focus on the time-dependent Schrodinger equation (1.1) with piecewise-
constant potential V. We construct Trefftz spaces consisting of simple complex pseudo-plane
wave functions, which we use as discrete spaces in the Trefftz-DG variational formulation (3.2).
More precisely, assuming that the space—time mesh 7}, is aligned to the discontinuities in the
potential V, the local discrete subspace T? (K) of the local Trefftz space T(K) in (3.1) is defined
for each K = Kx X K; € 7, and for p € N, as the following set of complex exponentials:

T?(K) :=span {¢¢(x,1), £=1,..., 1441}, (4.1)
. k2
where de(X, 1) :=exp [i (kgd;,rx — (7‘) + V|K) t)] fort=1,...,n441,
€
for some parameters {k;} C R and directions {d,;} C Sf’ := {v e R? |d| = 1}, which can be
chosen differently in each cell K. These exponential functions are called “pseudo-plane waves”
in the context of Fresnel optics in [46, Eqn. (11)].

We choose the local dimension n441,, in dependence of the space dimension d of the problem
and a “degree” parameter p. The parameter p is to be understood as the degree of the polynomial
space P?(K) providing the same h-convergence rates as T? (K). The Trefftz property allows us
to construct T” (K) with dimension n4.1 ), < rg4+1,,, Where rg , denotes the dimension of the
space of polynomials of degree at most p in R¢.

The key idea to derive optimal a priori error estimates for the considered Trefftz space
was introduced by O. Cessenat and B. Després in the proof of [15, Thm. 3.7] (in the case
of the ultra-weak variational formulation (UWVF) applied to the Helmholtz equation): given



4.2. A priori error estimates

any smooth PDE solution y, if the local discrete space contains an element with the same
degree-p Taylor polynomial of i, then the space enjoys the same h-approximation properties
as the space P? (R4*!). We prove that this condition is satisfied by the space T” in low space
dimensions d = 1 and d = 2 (we comment on the case d > 3 in Remark 4.8). This approach
to the Trefftz approximation theory is completely different from that used for the Helmholtz
equation in [79], which is based on the use of an integral (Vekua) transform and circular wave
expansions. A shortcoming of the Taylor-polynomial approach of [15] and here, in contrast to
the Vekua-transform technique in [79], is that the approximation analysis does not extend to the
p-convergence case. This is a difficult task that, in the context of Trefftz schemes, has been
achieved for time-harmonic equations but not yet for the wave equation.

Structure of the chapter: Section 4.2 is devoted to the error analysis for the complex pseudo-
plane wave Trefftz spaces T? in (4.1). We present a condition that guarantees optimal local
approximation of the exact solution in a general discrete Trefftz space. Assuming that such
condition is satisfied we prove an h-estimate in a mesh-skeleton norm. In Sections 4.3 and 4.4
we prove that the assumed condition holds for the (1 + 1)- and (2 + 1)-dimensional cases under
some restrictions of the tuning parameters for our basis choice. Some numerical experiments
validating our theoretical results are presented in Section 4.5.

4.2 A priori error estimates

We now give a condition on discrete Trefftz spaces T”(K), and show how it entails optimal
h-approximation estimates. In the next sections we prove that such a condition is satisfied by
the Trefttz space (4.1).

Condition 4.1 states that, for any sufficiently smooth Schrodinger solution ¥, for each element
K € 75, and almost every point (z, s) in a ball B C K, the discrete Trefftz space contains an
element whose Taylor polynomial centered at (z, s) matches that of . We also require the
coefficients (ai, . ..,an,,, ) of this approximant to be uniformly bounded with respect to the
points (z, s) in the aforementioned ball B, so this is a condition on the basis rather than on the
discrete space itself. To allow for general € HP*!(K), whose Taylor polynomial might not
be defined everywhere and does not guarantee enough approximation, we match T(‘Dz J'sl) [y] in
almost every point in a ball B (see Remarks 4.2 and 4.5).

Condition 4.1. Let B ¢ K be a (d + 1)-dimensional ball such that K is star-shaped with respect
to B. Let {¢1,...,¢ny,,} C C7(K) be a basis of T?(K). For every ¢ € T(K) N HP*(K),

there exists a vector-valued function a € L' (B)"4+.» satisfying the following two conditions

nd+1,p
Diy(z,s) = Z ac(z,s)DI¢e(z,5) forall |j| < p andae. (z,5) € B, (4.22)
=1
Nd+1,p
lalill s = /B D7 lar(z. )| AV (2. 5) < Col K2 @1 ) (4.2b)

=1

where Cy > 0 might depend on d, p, and {¢,} but is independent of K and .

Multiplying (4.2a) by (X_Z)J;# and summing over j, we observe that Condition 4.1
implies that, for every smooth Schrodinger solution , there is an element of the discrete space
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Chapter 4. A pseudo-plane wave Trefftz space for piecewise-constant potentials

TP (K) whose Taylor polynomial at (z, s) coincides with that of y:

1% [ (x,0) = T ; af(z,s)m] (x.1) = ;] ac(z. )G [l (x.1)

fora.e. (z,s) € B, V(x,t) € K. 4.3)

Remark 4.2. Condition 4.1 requires the point value of the partial derivatives of a Sobolev
function in almost every point of B. This is to be understood as follows:

Let € HP*'(K). By Calderén’s extension theorem [78, Thm. A.4], ¢ can be extended to
ay € HPY'(R%1). This allows us to  apply [1, Thm. 10.1.4], which 1mphes that there exists a
zero-measure set Y ¢ R9*! such that i admits a “differential of order p” at every point (z, s) of
the complement of Y. The differential of order p, as defined in [1, Def. 10.1.3], is a polynomial
that coincides with the Taylor polynomial T(’; +Sl) [] whenever this is defined. With a small abuse
of notation, this is the polynomial appearing on the left-hand side of (4.3) for all (z,s) € B\ Y
(while ¢, € C*(K) so their Taylor polynomials are the classical ones). The partial derivatives
D7y (z, s) in (4.2a) are equal to the partial derivatives of T(’; +sl) [v] evaluated in (z, s). .

Proposition 4.3. Let K € T, and y € T(K) N HP*' (K), with K satisfying the conditions in
Lemma 2.11. Assume that the local space TP (K) satisfies Condition 4.1. Then, there exists an
element ® € TP (K), and C > 0, which depends on the constant Cy in (4.2b) but is independent
of hx and , such that:

1D/ (W = ©)| k) < CHE T Wy 0 <17l < . 4.4)

Proof. Let a € L'(B) be the coefficient function defined by Condition 4.1. We define the
discrete Trefftz function ® € T?(K) as

nd+1,p 1 nda+1,p
d(x, 1) : IBI/B Z a(z, 5)de(x,1) AV (z, 5) = E Z (/Bag(z,s)d\/(z,s)) de(X,1).
=1 =1
(4.5)
Since ® € C*(K), by the triangle inequality, for | j| < p we have
J( — iy, — op+l Jor+] _
107 @ = @) < |07 (v - @ )|, + [P (@ 7 =o)L e

where QP*! [] is the averaged Taylor polynomial of order p + 1 defined in (2.16).

The first term is bounded by the Bramble—Hilbert lemma 2.11, while for the second term we
first derive a pointwise estimate for all (x,¢) € K and |j| < p using the multivariate Taylor’s
theorem and the fact that ¢, € C* (K):

DI (QP*! [y] (x,1) — ®(x,1))]

SR % I D,( Tl 0 - Y w(z,s)asf(x,r))dwz,s)
B (=1
2, St (127 001 (50 - 00t V)
|B| 5 o \4, (z,5) ¢ > O\ s
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4.3. Best approximation in the (1+1)-dimensional case

1 nd+1,p
w2

2.12) (d + 1)p+1=lih/2 -]l
< RPTTU T max . / a(z,s)|, dV(z, s
|B| (p+1—|j|)! K t=1..... nd+l’p{|¢€|cl’ I(K)} B| ( )ll ( )

(4ﬁb) |K|Y2(d + 1)P*1-1iD/2 il

A ar(z,s) (T(’:“sl)"” [D76c] (x.1) = D g, r)) av(z,5)

+ C D+ .
Bpei -k ma, o) Gl

Then,

K| (d+ 1)(p+1—|jl)/2 T
K| p+1-|j| max {|¢€|Cp+1(K)}||w||Hp+l(K),

pi(@* [y] -l < :
H ] 2k Bl (p+1-1jD! K t=lengnl

which, combined with |K| < |B| < p%!|Byng| = p9*!|B], the triangle inequality (4.6) and
Bramble—Hilbert lemma estimate (2.17), completes the proof. [

Theorem 4.4 provides the error estimate for the Trefftz-DG approximation of (1.1) in the ||| -
|||og-norm assuming that Condition 4.1 holds true. It is a consequence of Theorem 2.7 and
Propositions 2.8 and 4.3.

Theorem 4.4. Let p € N, and fix a, 8,6 and u as in (2.2). Let y € T(7;) N HP*(T}) be
the exact solution of (1.1) and Yy, € TP(Ty) be the Trefftz-DG approximation solving (3.2)
with TP (Ty) satisfying Condition 4.1 for all K € Ty,. If hx, = hg, for all K € Ty, there exists a
constant C independent on the mesh size such that

|||w - wh["”DG <C Z maX{th9 hK,}p ”w”HI’*l(K) .
K=KxxXK,€T),

No special property of the Schrodinger equation has been used in the proof of Proposition 4.3,
so the same result extends to any linear PDE for which one has at hand a discrete Trefftz space
that can reproduce the Taylor polynomials of any PDE solution.

Remark 4.5. The use of averaged Taylor polynomials Q™ [-] (2.16) allows us to treat any i €
HP*'(K). Under the stronger regularity assumption € CP*!(K) the argument of Proposi-
tion 4.3 simplifies considerably: one could use the standard Taylor polynomial T(”Z”s) [-], assume
that K is star-shaped with respect to (z, s) € K, and require the identity (4.2a) for a single point

(z, s) only. -

4.3 Best approximation in the (1+1)-dimensional case

In this section, we show that in one space dimension the choice of exponential basis func-
tions (4.1) with different values of k, (and equal direction dy = 1) is enough to ensure Condi-
tion 4.1 and the approximation properties of T” (K). Only 2p + 1 degrees of freedom per element
are needed to obtain O(h”) convergence. An example of the (1 + 1)-dimensional basis (4.7)
for p =3 and € = 107! is plotted in Figure 4.1.
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k1 = —3.00 kg = —2.00 k3 = —1.00
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Figure 4.1 The real parts (¢! cos(kex — k7t/2)) of the Trefftz basis functions ¢, of (4.7)
for the potential V. = 0, € = 107!, and p = 3, plotted on the space-time square (x,7) €
(=1,1) x (-1, 1). The parameters k; are chosen as k; = —3,-2,...,3. The space- and time-
frequencies increase linearly and quadratically with |k,|, respectively. The space spanned by
these ny3 = 7 basis functions approximates Schrodinger solutions with the same convergence
rates of cubic polynomials.

Proposition 4.6. Let d = 1, p € N, ny, = 2p + 1 and the parameters {kg}?f Ir "' ¢ R be all
different from one another. Let

2

SaVi|e||. e=12p+, 4.7)

€

de(x,t) =exp [i (kgx -

be the basis of the discrete Trefftz space TP (K). Then, Condition 4.1 is satisfied.

Proof. Lety € T(K)NHP*'(K) and (z,s) € B\ 'Y, where Y is the zero-measure set introduced
in Remark 4.2. Since all the derivatives of  of order at most p are defined at (z, s) and each
basis function ¢, € C* (K), the Taylor polynomials centered at (z, s) of order p + 1 of ¢ and

34



4.3. Best approximation in the (1+1)-dimensional case

each ¢, can be written as:

P P—Jx
T(i:'l) [w] (.X', t) - Z Z b'](x N Z)]x (t - s)]f, Where j = (jx, jt)7 (483)
jx:O jt:0
1 )4 p_jx . .
TV (gl ()= D > My(x =) (t =)t forl=1,...,m,), (4.8b)
jx:() jt:0

where {b j} and {M j,g} denote the Taylor polynomial coefficients for ¢ and ¢,. We aim to prove
that there exists a(z, s) € C?P*! that satisfies (4.2a), i.e.,

n2,p

D ac(z)Mye=by for|jl<p, = (o).
=1

This can be arranged as a rectangular linear system of the form Ma(z,s) = b, with b € C2»
and M € CrZ,PX”Z’I’, rap = (p + 1)(p + 2)/22 np.

The case p = 1 is rather special, since ny; = r2;; = 3 and the matrix M is square; hence
we just need to show that M is not singular. For p > 2, in order to prove the existence of such
an a(z,s), we need to show that b € Im (M). To this purpose, after equation (4.10) below,
we define a set D c C™2r that contains {b} U Im (M). Afterwards, it only remains to show
that dim O = rank (M).

For all smooth ¢ € T(K) and each multi-index j, with | j| < p, D/¢(z, s) = DJ'T(’;]) [¢](z, ).
1

Since ¢ and its derivatives satisfy the Schrodinger equation, this implies that D7 T’Z 5 [¢] satisfies

(
the same equation at the single point (z, s):

0 2 :
((iea+%AX—V)DJT(TSI) [cp])(z,s) =0 forp=>2 and |j|<p-2. 4.9)

We want to express these equations in terms of the coefficients of T(’; J'sl) [¢] (x,1). Setting

C € C™r to be the vector with components C;_; := %Dj ©(z,5) with j = (jy, j;), so that
Tzl?;l [o] (x,8) = 2j1<p Cleje (X = 2)7x(t — 5)7*, we have

P p=l-jx
AT el (o) = > D Crm Ui+ D =2 (1 = )7,
Jx=0j:=0
52 . p=2 p—2—jx
+ . . 1 i
STl el = )0 3 Ciong (et DU +2)(x =) (1 = ).
Jx=0 j=0

Expanding (4.9), we get the following p(p — 1) /2 relations between the coefficients of the Taylor
polynomial of ¢:

2
.. € . .
i€(ji+1)Cj_ j+1+ > (Jx + 1D (jx +2)Cj 12, =VCj_j, (4.10)

for|jl<p=2, j=(jxJi)-
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Chapter 4. A pseudo-plane wave Trefftz space for piecewise-constant potentials

We define D := {C e C2r | C satisfies (4.10)}. Since ¥, ¢, € T(K), it is evident that b € D
and Im (M) c D.

The key point of the proof is to show that rank (M) = dim(9) = 2p + 1, which guarantees
that the overdetermined linear system Ma(z, s) = b has a unique solution.

Figure 4.2 illustrates the relations that define 9 for both cases V = 0and V # 0. It shows that
giventhe 2p+1 entries C;_;, of C € D corresponding to j € {0, 1}, all other entries are uniquely
determined by the conditions (4.10). The dots in the (j, j;) plane represent the coefficients C;_;,

of Ce D cC?r,rp,= w. In the case V # O (right panel), each shape %\- connects
three dots located at the points (jy, j; + 1), (Jx, j:) and (jy + 2, j;): this shape represents one of
the equations (4.10) which, given C;_; 41 and C;_;,, allows us to compute C; 7 ;,. If the 2p +1
values with j, € {0, 1} (corresponding to the nodes in the shaded region) are given, then these
relations uniquely determine all the other coefficients, which can be computed sequentially by
proceeding left to right in the diagram. In the figure p = 7, the number of nodes is 2, = 36, the
number of nodes in the shaded region is ny , = 15, the number of relations is r; , — ny , = 21.
The case V = 0 (left panel) is slightly simpler: the coefficient C; 45 ;, is determined by C;_ 41

only, and each relation in (4.10) is depicted as a segment ..

‘];7 CJX ’jl ‘]}7 C]x vjt
N
% ocoefficient
§ relation
-
0 a Jx 0 — Jx
0 p 0 p

(a)Case V=0 (b)Case V #0

Figure 4.2 Illustration of the relations defining the set O in the (1 + 1)-dimensional case.

Therefore,
rank (M) < dim (D) <2p + 1.

The rest of the proof consists in proving that rank (M) > 2p + 1, i.e. that M is full-rank. To do

. 2
so, we first recall that ¢,(x,1) = exp [é (kgx - (% + V) t)] from the basis definition (4.7), and
observe that the entries of matrix M are given by

1 ; . .
M, = T DV ¢e(2,5) = qj,.j,(k))de(z,8)  j=(jxsjo)y €=1,....2p+1,
X l-

where g;_;, (k) = ﬁ (ie 'k)™ (—ie‘l (%2 + V))h is a complex-valued polynomial of degree
exactly j, +2j;. We define a square submatrix M of the matrix M by taking the rows
corresponding to j, € {0,1}. This, in turn, can be decomposed as My = VD, ,, where
D, = diag(¢1(z, ), ..., ¢2p+1(2,5)) and the Vandermonde-like matrix V € CCp+DxC2p+) g

given by
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4.4. Best approximation in the (2+1)-dimensional case

qo,0(k1) qoo(ka) ... qoolkapsr)
q1,0(ky) qio(k2) ... qro(kapsr)
qo,j, (k1) q0,j,(k2) ... qo,j,(kap+1)
V=| qu;(k) g (k) ... qu(kapsa) | 4.11)
qo.p-1(k1) qo,p-1(k2) ... qo,p1(kaps1)
q1.p-1(k1)  qip-1(k2) ... q1p-1(kaps1)
qgo,p (k1) qo.p(ka) ... qop(kaps1)

We observe that Vi, ¢ = pp-1(ke), m = 1,...,2p + 1, for some polynomials p,,(-) of degree
m. Therefore, there exists a lower triangular matrix P such that PV =V, where Vm,g = k;”‘l for
m,{ =1,...,2p + 1. The entries of the m-th row of the inverse of P are the coefficients of the
monomial expansion of the polynomial p,,—;. This means that V is a Vandermonde matrix, so
it is invertible [50, §22.1] (recall that all k, are different from one another). We conclude that
the matrix V is invertible, independent of (z, s) and M is full rank (namely, rank (M) = 2p + 1).

Denoting by b the subvector of b corresponding to the indices j, € {0, 1}, the unique
solution of the linear system Ma(z,s) = b is a(z,s) = ME|1b|:| and satisfies condition (4.2a).
Moreover, the following bound holds

la(z, $)l; < IV HIIIDZ b (4.12)

1 b
where |||DZ_,§| [|1 = 1 forall (z,s) € B. We now recall that (z, s) was chosen arbitrarily in B\ Y.

Setting a(z,s) = 0 and b(z,s) = 0 for (z,5) € Y (which has zero measure), recalling from
(4.8a) that bj = %Dj ¥, and integrating (4.12) over B, we obtain

Haltllzs) < V=1 |||bI:||1||L1(B) < IV7IIhY2p + 1 |||b|:||2||L1(B)
< NV HIV2p + IWVIBL W o ) -
This implies the assertion (4.2b) with C, = \/ZpTHW_llHl, since |B| < |K]|. H

Since the constant C, depends on the norm of the inverse of the Vandermonde matrix V,
which in turn depends on the parameters {kg}?f Irl and e, the choice of the parameters defining
the Trefftz basis functions has an important influence on the accuracy of the method; this is
illustrated in the numerical experiments in Section 4.5.1.

4.4 Best approximation in the (2+1)-dimensional case

Following the same strategy of the previous section, in Proposition 4.7 we show that, for a
sensible choice of the parameters {k,} and the directions {d,} in (4.1), Condition 4.1 is true for
TP (7}) in the (2 + 1)-dimensional case.

The basis functions ¢,, 4 are plane waves in space indexed by two parameters: m identifying
the wavenumber k,,, and A identifying the propagation direction 6,, ,. For every wavenumber we
take a different number of directions following a strategy similar to that used for the construction
of plane-wave Trefftz bases for the 3D Helmholtz equation in [79, Lemma 4.2]. The time-
dependence of each basis element is harmonic with frequency €' (k2,/2+V|x). A sample basis
for p =2 and € = 10! is shown in Figure 4.3.
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Chapter 4. A pseudo-plane wave Trefftz space for piecewise-constant potentials

Proposition 4.7. Let d = 2 and n3, = (p + 1)2. Let the parameters k,, and 0,,, satisfy the
following conditions:

km € R\ {0} form=0,...,p, with k,%“ ;tk,znz for my # my,
Oma €0,27) form=0,...,p, A=1,...,2m+1, with 0,,, # O, for 11 # 3.

Define the directions d,,, y = (cos(0,.1), sin(6,,.1)) and the basis functions

i - k2,
Sma(x,1) =exp [= [k,d,, ;X — 7+V|K t|| form=0,...,p, A=1,....2m+1.
€ ,
Then, Condition 4.1 holds true.
fio = 1.00,6001 = 0-27/1 k1 = 2.00,60;, =0-21/3 = 2.00,6,2 =1-27/3
1 ,
0.5 0.5 0.5
> 0 > 0 > 0
-0.5 -0.5 -0.5
-1 -1 -1
-1 0 1 -1 0 1 -1 o 1
X X x
1,‘631 = 2.00, 9173 =2- 271'/3 1,‘632 = 3.00, 9271 =0- 27T/5 1/-62 = 3.00, 02,2 =1- 271'/5
‘ - \.
0.5 0.5 0.5
> 0 > 0 > 0
-0.5 -0.5 -0.5
-1 -1 -1
-1 0 1 -1 o 1 -1 o 1
X X X
Ko = 300, 92’3 =2 27‘(’/5 Ko = 300, 02’4 =3 271'/5 Ko = 300, 02,5 =4. 27T/5
1 1 ‘ 1
0.5 0.5 0.5
> 0 > 0 > 0
-0.5 -0.5 -0.5 /
B / B | B —
-1 0 1 -1 o 1 -1 0 1
X x x

Figure 4.3 The real parts of the Trefftz basis functions defined in (4.7) for V = 0, € = 1071,
and p = 2 at time t = O on the space domain (-1, 1)%. Here k,, = m + 1 form = 0,1,2 and
Oma = 2;5::11) ford=1,...,2m + 1. Note that, differently from Figure 4.1, here we only plot
the space dependence of ¢,.
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4.4. Best approximation in the (2+1)-dimensional case

Proof. Lety € T(K) N HP*'(K) and (z,s) € B\ Y, with the set Y as in Remark 4.2. As in
Proposition 4.6, we can arrange the coeflicients of the Taylor polynomials of ¥ and each basis
function ¢, in a vector b € C"*» and a matrix M € C"*»*".r withrz , = (p+1)(p+2)(p+3)/6.
In order to prove (4.2b), we look for a vector a(z, s) € C™-» such that Ma(z, s) = b.

Similarly to the (1 + 1)-dimensional case, b € D and Im (M) c D for D the set of all the
vectors C € C3» satisfying the following relations

2
. e . .
i€(ji + )Cj, jy g1 + 3(Jx + 1) (Jx +2)Cjri2,jy.,
e . .
+ 5 Uy + DUy +2)Cjynzsi = VG (4.13)

for |j| SP—Z, j = (jx,jyajt)'

Figure 4.4 depicts the equations (4.13) as relations between the coefficients of the vector C,
which are represented as points in the (jy, jy, j;) space. In particular, it shows that the (p + 1)?
entries of any C € D with j, € {0, 1} determine all the other entries of C, thus rank (M) <
dim (D) < (p + 1)%. The colored dots in position j = (jy, jy, ji), |j| < p, correspond to
the entries C;, ;, j, of the vector C € D c C™» (here p = 5 and r3, = 56). Each white
circle is connected by the segments to four nodes and represents one of the equations in (4.13):
given C;_ ;. s Cj. iy j+1 and Cj s 1o, it allows to compute Cj 42 ;. j, (the leftmost of the four
nodes connected to a given white circle). The red dot exemplifies one of these relations, for
j =1(0,1,2). Given the (p+1)? coefficients with j, € {0, 1} (the blue dots), all other coefficients
are uniquely determined and dim (D) < (p + 1)%.

ot

Figure 4.4 A representation of the relations defining the set O in the (2+1)-dimensional case.

Now, it just remains to prove that rank (M) > (p + 1)2. We fix an arbitrary ordering
t=1,...,(p+ 1)? of the “triangular” index set {(m, ) :m=0,...,p, A=1,...,2m+ 1}, so
that we can write ¢, k; and 6, for the basis functions ¢,, ; and the parameters k,, » and 6,, ;.

First, from the basis function definition, the matrix M can be decomposed as M = GD,
for the diagonal matrix D, 5 = diag(¢1(z, ), ..., @ (,+1)2(2, 5)) and a matrix G € C">»"3» with
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Chapter 4. A pseudo-plane wave Trefftz space for piecewise-constant potentials

entries independent of (z, s) given by:

P N R L | L
Gj,[ = m(lf 1]({ COS 9[)” (le 1k€ Slne[)]y (—IE ! (?[ +V)) ,»  J = (]xa Jy> ]t)-
(4.14)

), where St €

+
We define a square matrix S € C™.»*"3.r with the block structure S = (S‘

(p+1)(p+2)

12 "Wpand ST € (C s p are defined as

2 Jt

0, x=0,...,p
st ==LV kfxeifeis for X7 P e (p+ D2
(o)t ( 2 ¢© or Jr=0,...,p— Jxs (p+1)
k2 Jt . J -1 p
S .., = + V| klxei0ix f oo =1, +1)2.
(Jx-je)ot ( 2 ) e ¢ or Jt :0,---,19_]1(» (p )
The binomial theorem allows us to relate the blocks S* to G:
2o\ .
Szrjx,j,),f = (Ef + V) (kg cos B¢ +ikesinfy)/*
Jx! N I A
= Z T(kgcoseg)]x(zkg sin @)Y 7+V
Ix+iy=Jx Juidy:
L. : Jx=0,...,p,
it jxleld! . .
i o Ji=0np =
jx"'jy:jx f = 1,. (p + 1)2
) Ji
S(_jx,j,),é’ = (7‘; + V) (k¢ cos 0y — ikg sin 6p)7
. (k2
= Z '(kg cos Op)/x (—iky sin 6;)7> > +V
Jxtiy=Jx ]x-]y-
Jx=1,...,p,
3 Jel jxlell S .
. Z (s (i I A
Jx+iy=Jx t=1,...,(p+1)-.

This means that there exists a matrix P € C".r*"3.r such that S = PG.

Next, we prove that S is not singular. If ST¢ = 0 for some vector ¢ € C"3-», then for each pair
(km, Om, A) in the definition of the basis functions we have

0= Z ( Z Cn,j, (_m + V) kl;ﬂ)emf)m,/t - Z {n(km) emem’,l’ (4.15)
n=-p

Ji=0 2 n=-=p
m=0,...,p, A=1,....2m+1,
If we fix m = p in (4.15), the {,(k,) are the coefficients of a trigonometric polynomial of

degree p with 2p + 1 different zeros 6, ;, which implies that ¢, (k,) =0, forn=-p,...,p. In
particular 0 = {4, (k,) = cip,okg = c+p0 = 0, since k, # 0 by hypothesis.
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4.4. Best approximation in the (2+1)-dimensional case

We now proceed by (backward) induction. Assume that for some n € {1, ..., p} we have:
Cinj, =0, forn=p-n+1,...,p and j,=0,...,p—|n|, (4.16a)
lnlky) =0, forn=-p,....,pand m=p—-n+1,...,p. (4.16b)

Then (4.15) gives
p=n ‘
ST Gulka)en =0,

n==(p-n)

and for m = (p — ), the ¢, (k,,) are the coefficients of a trigonometric polynomial of degree
p —n with 2(p —n) + 1 different zeros 6,_, 1. Therefore, assumption (4.16b) also holds for
m = p —n. Forn=+(p —n) in (4.16b) we have

B n k2 Jt
ki " Z Cx(p=n).Jji (7 + V) =0
Ji=0

therefore, ¢4 (,—p),;, are the coefficients of a complex-valued polynomial of degree n with  + 1
different zeros (k,%i/Z +V), m =p—n,...,p; which implies that assumption (4.16a) holds for
n = p —n. Recursively, this leads to ¢ = 0; therefore the matrix S is invertible. Since S = PG
and M = GD, for a nonsingular matrix Dy, the matrix M has rank at least n3 ,, so it is full
rank.

The solution a(z, s) of the rectangular linear system Ma(z, s) = b is a(z,s) = D, IS=1pp,
which satisfies (4.2a). Then, the following bound is obtained

la(z, )l < IS HIDZ I [PbIy,

where |[|DZ1|[; = 1 for all (z,s) € B. Writing b; = ﬁDJ'l//(z, s) and integrating over B as in
the proof of Proposition 4.6, we obtain (4.2b) with C, = \/r3,p|||S‘1 1 P]]1- O

Analogously to the (1 + 1)-dimensional case, the constant Cy depends on the norm of the
inverse of the matrix S, which depends on €, and the choice of both the parameters {k,,} and
the directions {dm, ,l}. This indicates that finding an appropriate choice of these parameters is
crucial in order to get accurate and stable approximations.

Remark 4.8 (Arbitrary space dimension). In order to extend the Trefftz approximation theory
to (d + 1)-dimensional problems with d > 3, one has to provide conditions on the parameters
defining the local basis functions. Not only one has to determine the minimal number of
directions {d,, 1} C Sf associated to each parameter k,,, but also the mutual relations that the
directions have to satisfy (e.g. not too many of them can belong to the same (d — 1)-dimensional
hyperplane). n

Remark 4.9. The previous sections show that for d = 1, 2 the local space T? (K) has dimension
Op—oo p?) and approximates Schrodinger solutions with the same convergence rates as the
space P?(K) of the degree-p polynomials on K, which has larger dimension dim(P?(K)) =
Op—eo(p*1). More precisely, TP (K) has the dimension of the space of the harmonic polyno-
mials of degree p on K. We expect the same to hold for d > 2. "
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Chapter 4. A pseudo-plane wave Trefftz space for piecewise-constant potentials

4.5 Numerical experiments

We present some numerical experiments validating the error estimates in the mesh-dependent
norm ||| - |||, derived in Section 4.2. We also numerically assess the L?() error at the final-
time, mesh-independent ||-|| Ly(FT) horm and evaluate the energy dissipation of the proposed
method. The «;-condition number of the stiffness matrix is studied numerically in Section 5.5.5.

By choosing the same space mesh 7”‘ and time step 7 = ¢t, —t,-; forallmn = 1,...,N,
we can apply a time translation for each tlme slab Q X (#,-1,1,) in the definition of the ba51s
functions (4.1), as ¢¢(x,1) = exp [lE ! (kgd;x — (k?/2 + VlK) (r- tn_l))]. This makes the
matrices of the linear systems for all the time-slabs to be the same, which represents a substantial
reduction in the computational cost of the method. To solve these systems we perform the LU
factorization of such matrix once using the Matlab’s function 1u with scaling and row—column
permutations, which produces sparser and stable factorizations; then, we solve for each time
slab applying forward and backward substitutions.

The integrals in the assembly of the Galerkin matrix and load vectors are computed with
Gauss—Legendre quadratures. On polytopic meshes, thanks to the choice of exponential basis
functions (4.1), closed formulas for all the integrals appearing in the matrix assembly could be
written, following the ideas in [52, §4.1]: the implementation of these formulas is non-trivial,
particularly in higher dimensions, but it could considerably speed up the computations. We
recall that the Trefftz-DG formulation (3.2) does not involve (d + 1)-dimensional integrals over
mesh elements but only on the d-dimensional element faces.

4.5.1 Square-well potential in (1 + 1) dimensions

Let us consider the (1+1)-dimensional Schrodinger equation (1.1) on Q7 = (-V2,V2) x (0, 1)
with € = 1, homogeneous Dirichlet boundary conditions, and the following square-well potential:

0 xe(=V2/2,V2/2),

V) :{ Vo xe(=V2,V2) \ (-V2/2,V2/2), “.17)

for some V, > 0. The initial condition is taken as an eigenfunction (bound state) of —%8)3 +V

on (—V2, V2):

cos(k.V2x), x € (=V2,V2),
Yo(x) = {

w(% sinh(VVi — k2(2 = V2[x])), x € (=V2,¥2) \ (=V2/2,¥2/2),

where k. is a real root of the function f (k) := V., — k2 —k tan(k) tanh(+/V, — k2). The solution
of the corresponding initial boundary value problem (1.1) is ¢ (x, ) = Wo(x) exp(—ik?t). For
each V., there is a finite number of such values k.: in the numerical experiments below, we
take the largest one, corresponding to faster oscillations in space and time. In Figure 4.5, we
present the plot of the function f(x) for V., = 20 and V, = 50 with the values of k. used in this
experiment.

From the definition (4.7) of the Trefftz basis, we observe that if the parameters k, are
chosen very close to one another then the corresponding basis functions approach mutual
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(k)
(k)

e

@ V.=20 (b) V., =50

Figure 4.5 Plot of f(k) for different values of V, in the definition of the square-well

potential (4.17). The red dots are the values of k taken in the numerical experiments:
k. = 3.7319 (V, = 20) and k. = 6.6394 (V. = 50) .

linear dependence. The consequence is that the Trefftz-DG method becomes more and more
ill-conditioned. This is confirmed by the Vandermonde-like matrix V in (4.11), which is
singular in the limit |k, — k¢,| — 0. In the experiments we take 2p + 1 equally spaced values
ke/2e€{-p,—-(p—-1),...,0,...,p—1,p}.

In Figure 4.6 we plot the exact solution ¢ for V., = 20 and V, = 50. It can be observed
that, for increasing V., the solution oscillates more with respect to x in (—V2/2, ¥2/2), while it
decays monotonically to 0 in (—V2, V2) \ (-=V2/2, V2/2).

1 1 1
0.8 0.8
0.8 0.6 0.8 0.6
0.4 0.4
0.6 0.2 0.6 0.2

o+ (V] o+ 1]
0.4 -0.2 0.4 -0.2
-0.4 -0.4
0.2 -0.6 0.2 -0.6
-0.8 -0.8

0 -1 o -

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
X X

(a) Re (y) for V,, =20 (b) Re (y) for V, =50

Figure 4.6 Exact solution  in the space—time cylinder Q7 for the (1+1)-dimensional square-well
potential problem (4.17).

In Figure 4.7a, we plot errors obtained for V., = 20 and a sequence of space—time, uniform,
Cartesian meshes with s, = 2\/§ht =01x27%i=1,...,4and p = 1,2,3. The expected
convergence rates of order O(h”) are observed for the error in the DG norm, while optimal
convergence rates of order O (h”*!) are obtained for the L?(Q) error at the final time.

43



Chapter 4. A pseudo-plane wave Trefftz space for piecewise-constant potentials

o — - —
/r\ -1 108 /./ /).1 - 202 / <4
g TC 2 2,02 /
= 205 — S
= | = s /.
= 201 &
A 2.00 / 3.28 /‘- Tr\ 4r / / /
% — / s .l /
= a8 N —
%1) / S 6t /
- 311 —E—p=1 | %D —s—p=1
‘/' —o—p=2 — Tr / —e—p=2 |-
—4—p=3 —4—p=3
6 | | | . \ \ \ 1
-1.8 -1.6 -1.4 -1.2 1 -0.8 1.8 -1.6 -1.4 -1.2 -1 -0.8

logyo(h)

logo(h)

(a) Error in DG norm (b) Errorin Ly normat7 =1

Figure 4.7 h-convergence of the Trefftz-DG method with T?(7j) defined in (4.1), for the
(1 + 1)-dimensional problem with square well potential (4.17) with V,. = 20.

Since we have homogeneous Dirichlet boundary conditions, the continuous model preserves
the energy functional &(t, ), recall Remark 2.9. In Figure 4.8a, we show the time-evolution of
the energy error for the Trefftz-DG approximation for the coarsest mesh, which is smaller for
larger p, as expected. Moreover, in Figure 4.8b, we numerically observe that &;,55 converges to
zero as O (h?P), as it can be proved combining Theorem 4.4 and Remark 2.9.

- 2] B —
S g = i
"3 4 1 (f—é/ 6t " " -
O e e e e g
5, wWM\wwmhmWWWHW‘H'W Bl e S S
i} -10 * -12 ’/5“-91 . . 'Is:g

0 0.2 0.4 ; 0.6 0.8 1 1.8 -1.6 -1.;0g10(h:;.2 -1 -0.8

(a) Energy error evolution (b) Energy loss at 7 = 1

Figure 4.8 Time-evolution of the energy error and dependence on 4 and p for the problem with
square-well potential (4.17) and V, = 20.

In order to see the effect of the choice of the parameters k,, we first note that, in this
experiment, we know the time frequency of the exact solution, which is w = k2. Therefore it is
natural to expect the approximation to be better if our basis functions oscillate at the same time
frequency. To numerically illustrate this, in Figures 4.9a and 4.9b, we show that the convergence
rates clearly degrade for p = 1, V. = 50 and V.. = 100, and our previous choice of the parameters
ke, as the time frequencies of the basis functions are too far from those of the exact solution. On
the contrary, by taking the parameters k, as {—V2k,, 0, V2k.} we recover the expected rates.
This clearly suggests that a sensible tuning of the basis function parameters can significantly
improve the accuracy of the method.
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Figure 4.9 h-convergence of the Trefftz-DG method with T?” (7},) defined in (4.1), for the (1+1)-
dimensional problem with square-well potential (4.17), p = 1, V. = 50 (k. = 6.6394) and
V. =100 (k. =~ 9.6812). The parameters k; are chosen as: k, € {-2,0,2} (continuous line),
which is the same choice of the previous plots, and k, € {0, i\/zk*} (dashed line).

4.5.2 Transient Gaussian distribution in (2 + 1)-dimensions

We consider the linear Schrodinger equation (1.1) with zero potential V = 0 on the space—time
cylinder Q7 = Q x (0, %), with Q = (=1, 1)2. Following [2], the initial and boundary conditions
are chosen such that the exact solution is

d/(x, y, t) — i — 2te—ﬁ(x2+y2+i(x+%t)). (4,18)
The basis function parameters are chosen as p + 1 equally spaced space wavenumbers k,, =
1,2,...,p+1, and the equally spaced angles 6,, ; = 2’;,(;;11) in (0,27],4=1,...,2m+1, asin
Figure 4.3.

In Figure 4.10a, we show the convergence rates of the Trefftz-DG approximation for a set of
Cartesian meshes with h, = h, = 4h; = 0.2 X 27 i=1,...,4. The O(hP) convergence rates
obtained are in agreement with Theorem 4.4. Similarly to the (1 + 1)-dimensional example in
the previous section, in Figure 4.10b, we observe O (h”*!) convergence rates in the L,(Q) norm
at the final time.

In Figure 4.11, we study the p-convergence of the method: for the coarsest space meshes
with i, = hy = 4h; = 0.1, and for p = 1,...,8, the DG norm of the error is plotted against

the squared root of the total number of degrees of freedom in Q7. We observe O (e ?VNpors)
convergence when the “local degree” p is raised. This is in strong contrast with what one might
expect from a method based on standard polynomial spaces: in that case only the slower rate

O(e® VNbor s) can be achieved (see Figures 5.7 and 5.12 in Chapter 5, and recall Remark 4.9).
In Figure 4.12, we plot the exact solution ¢ in (4.18) at the initial and final times.
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Figure 4.10 h-convergence of the Trefftz-DG method with T? (7)) defined in (4.1), for the
(2 + 1)-dimensional transient Gaussian problem with exact solution ¢ in (4.18).

-0.5

-1.5

logyg (I11¢ — ¥mlllpe)

40
Vv N DoF's

(a) Error in DG norm

20

80

o

. ] ' '
£ «w N -
T T T T

togso (11 = Yrllzzen)

'
o
T

1
(=2}
o

40 60 80

\% NDoFs

(b) Error in the L? norm at 7 = 1
2

20

Figure 4.11 p-convergence of the Trefttz-DG error against the squared root of the total number of
degrees of freedom for the (2 + 1)-dimensional transient Gaussian problem with exact solution

in (4.18) on a Cartesian space—time mesh with h, = hy, = 4h,
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Figure 4.12 Real part of the exact solution ¢ in (4.18) of the (2 + 1)-dimensional transient
Gaussian problem.
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A quasi-Trefftz space for piecewise-smooth
potentials
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5.1 Introduction

In this chapter, we consider the time-dependent Schrodinger equation (1.1) with piecewise-
smooth potential V. We analyze the convergence of the ultra-weak DG variational formula-
tion (2.3) for two different discrete spaces: i) the space of polynomials in R%*!; ji) a quasi-Trefftz
polynomial subspace with much smaller dimension.

Pure Trefftz methods are essentially limited to problems with piecewise-constant coefficients,
as for PDEs with varying coeflicients the design of “rich enough" finite-dimensional Trefftz
spaces is in general not possible. A way to overcome this limitation is the use of quasi-Trefftz
methods, which are based on spaces containing functions that are just approximate local solutions
to the PDE. In essence, the earliest quasi-Trefftz spaces are the generalized plane waves used
in [54] for the discretization of the Helmholtz equation with smoothly varying coefficients.
More recently, a quasi-Trefftz DG method for the acoustic wave equation with piecewise-smooth
material parameters was proposed in [55], where some polynomial quasi-Trefftz spaces were
introduced. As an alternative idea, the embedded Trefftz DG method proposed in [72] does not
require the local basis functions to be known in advance, as they are simply taken as a basis for



5.2. Full polynomial space

the kernel of the local discrete operators in a standard DG formulation. This corresponds to a
Galerkin projection of a DG formulation with a predetermined discrete space onto a Trefftz-type
subspace. In practice, it requires the computation of singular or eigenvalue decompositions of
the local matrices.

Building on [55], for elementwise smooth potentials, we design and analyze a quasi-Trefttz
polynomial space with similar approximation properties of full polynomial spaces but with much
smaller dimension, thus substantially reducing the total number of degrees of freedom required
for a given accuracy.

Structure of the chapter: In Sections 5.2 and 5.3, we prove optimal /-convergence estimates
for the method when the test and trial spaces are taken as the space of piecewise polynomials
in R?*! or a novel quasi-Trefftz space, respectively. In Section 5.4, we present some numerical
experiments that validate our theoretical results and illustrate the advantages of the proposed
method.

5.2 Full polynomial space

In next theorem, we derive a priori error estimates for the DG formulation (2.3) with the space
of elementwise polynomials

Vip(T) = | | PP(K). (5.1)

KeT,

Theorem 5.1. Let p € N, and fix a,B,6 and u as in(2.2), and assume that V. € L¥(Qr).
Let ¢ € V(T,) N HP*Y () be the exact solution of (1.1) and Yhp € Vp(Th) be the solution
to the variational formulation (2.3) with Vy,(7,) given by (5.1). Then, if hx, =~ hg, for
all K = KxXK; € Ty, there exists a positive constant C independent of the element sizes hk_, hg,,
but depending on the degree p, the parameter €, the L™ (Qt) norm of V, the trace inequality
constant Cy in (2.10), the local quasi-uniformity parameter |qu(7y,) and the star-shapedness
parameter p such that

|||¢_whp|||DG S C Z maX{th,th}p |lf//|Hp+l(K)'
K=K <K, T},

Proof. The proof follows from the choice of the volume penalty function u and the stabilization
functions @, B in (2.2), the quasi-optimality bound (2.8), Proposition 2.8, the inequality /|v|; <

fil V|vil ¥v € RV, the fact that QP*! [(//|K] € Vp,(K) for all elements K € 7, and the
Bramble-Hilbert lemma 2.11. 0

5.3 Quasi-Treflftz spaces

We now introduce a polynomial quasi-Trefftz space. Let p € N, and assume that V € C?~2 (K).
For each K € 73, we define the following local polynomial quasi-Trefttz space:

QT? (K) := {g, € P’(K) : D' Scq,(xk,tx) =0, |j| < p -2}, (5.2)

for some point (xg,?x) in K. We denote the local dimensions ng41, = dim(QT” (K))
and rg41,, = dim(P?(K)) in dependence of the space dimension d of the problem and the

49



Chapter 5. A quasi-Trefftz space for piecewise-smooth potentials

polynomial degree p, but independent of the element K. We have intentionally used n441, ) to
denote the dimension of the local quasi-Trefttz space, which was also used in Propositions 4.6
and 4.7 to denote the dimension of the local pseudo-plane wave Trefftz spaces T” in (4.1). In
fact, the dimension of both spaces that guarantees convergence of order O (h”) for the error in
the ||| - |||,s-norm coincides, see Proposition 5.4 below.

We consider the following global discrete space

Vip(T) = | | @17 (K) . (5.3)
KeT;,
For all j = (j,. j;) € N1 if V e ClVI(K) and f € CVI*? (K), then by the multi-index Leibniz
product rule for multivariate functions we have

2 d
DjSGf(XK, tx) :iEDjx’j’+1f(X[(, tx) + % Z Dj"+2e{'}’j’f(X[(, tx)
, =1 (5.4)
- Z (;)DJ_ZV(XK, tk)D* f (Xk, tk),

z<j

where {e[}?:] c R? is the canonical basis.

The next proposition is the key ingredient to prove optimal convergence rates in Theorem 5.3
for the DG method (2.3) when V,(7}) is chosen as the quasi-Trefftz polynomial space defined
in (5.2).

Proposition 5.2. Let p € N and K € Ty,. Assume that V € C™™P=20} (K) and y € CP (K)
satisfies Sey = 0 in K, then the Taylor polynomial T” + [v] € QT? (K).

(XK ,1K)

+1

Proof. By the definition of the Taylor polynomial, T(I; k) [y] € PP(K). Therefore, it only

remains to show that DJ'SET‘D+1 [¥](xk,1x) =0 forall |j| < p —2. Taking f = P! [¥]

(XK k) (XK k)
in (5.4), all the derivatives of T(’; ;1 ) [y] at (Xg,tx) that appear in (5.4) are at most of total
order |j| +2 < p, so they coincide with the corresponding derivatives of . Furthermore,
since S¢y = 0, then
. 1 .
DJSGT(I:I;JK) [lﬂ] (XK, l‘[() = DJSSI,ﬁ(XK, IK) =0,

which completes the proof. ]

Proposition 5.2 allows for the use of the Taylor error bound (2.15) in the analysis of the
quasi-Trefftz DG scheme.

Theorem 5.3. Let p € N, fix ,8,6 and u as in (2.2), and assume that V. € L*(Qr) N
Cmax{r=20} (7). Lety € V(T;)NCP*! (T;) be the exact solution of (1.1) and Ynp € Viup(Th) be
the solution to the variational formulation (2.3) with V},,(7;,) given by (5.3). Then, if hg, =~ hg,
for all K = Ky X K; € Ty, there exists a positive constant C independent of the mesh size h,
but depending on the degree p, the parameter €, the L™ (Q7) norm of V, the trace inequality
constant Cy in (2.10), the local quasi-uniformity parameter \qu(7y,) and the measure of the
space—time domain Q1 such that

|||w - thHlDG < C Z maX{th’ hK,}p |l//|cp+] (K) -
K=KxxXK;€T},
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5.3. Quasi-Trefftz spaces

Proof. The proof follows from the choice of the volume penalty function u and the stabilization
functions @, S in (2.2), the quasi-optimality bound (2.8), bound (2.8), the inequality /|v|; <
fil V|vi| Yv € RV, Proposition 5.2, and the estimate (2.15). O

The a priori error estimate in Theorem 5.3 requires stronger regularity assumptions on
than Theorem 5.1 (namely ¢ € CP*! (75,) instead of y € HP*1(73)) due to the fact that QT? (K)
is tailored to contain the Taylor polynomial T(p %) [y], but in general it does not contain the
averaged Taylor polynomial QP*! [y/].

5.3.1 Basis functions and dimension

So far, we have not specified the dimension and a basis for the space QT” (K), which is the aim
of this section.

Recalling that ry4, = dim (P? (R%)) = (p+d) let {inio }, " and {mﬁ}ﬁ "' be bases of P, (RY)
and P,_; (R?), respectively. We define

p+d N p+d—-1) (p+d-1)'2p+d)
d d B d\p! ’

Nd+l,p =Tdp+Vdp-1= (
and the following n441,, elements of QT? (K)
xt, ) = iii; and Oy, by (x(l) ) -0 ifJ < ra,p

K 9

by e QTP (K) .
by (x;(l),-) =0 and 0,,b, (xg), ) = nﬁj_,d,p ifrg, <J <ngey

b

(5.5)

() is the first component

where g (x( ) ) denotes the restrictionof g : K — Ctox; = X ()

, and X,
of x¢ € R4,
Any element g, € QT” (K) can be expressed in the scaled monomial basis as

x —xx \7* (1=t |
oo gl (7).

lil<p X

for some complex coefficients {Cj}IjISp' By the conditions DfSeqp(XK, tg) =0, for all |j| <
p — 2, in the definition of QT” (K), we have the following relations between the coefficients

_(Jt +1)Cj 1 + Z(JXe + D0y, + Z)CJJ'X+2et’aJ't

K =1
h|1x| |Zx|th 2t
S K piy(xgC) =
(J—2)!

z<j
which can be rewritten as

1 2ihg,
(le + 1)(jX1 + 2) Eh%(x

d
Cjszerj, = G+ DC) = D e # D, +2C) e,
=2
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Chapter 5. A quasi-Trefftz space for piecewise-smooth potentials

h|Jx| lzx|+2 7 ji+zs

K; j-z J N . . .
P2y - TE TS BEVEY SR A VAVARNCE)

z<j

The conditions imposed in (5.5) on the restriction of b; to x| = X;(l) fix the coefficients of their
expansion for all j with j;, € {0,1}. The coefficients that are not immediately determined
by the conditions in (5.5) (i.e., those for j,, > 2) are uniquely defined and can be computed
for the (1 + 1)- and (2 + 1)-dimensional cases using the recurrence relation (5.6) exactly as in
Figures 4.2 and 4.4.

Proposition 5.4. The set of functions {b _]}nd+1 " defined in (5.5) are a basis for the space QTP (K).
Therefore,

(p+d- l)'(2p+d)

d
dip! =Op—e(P°)

dim (QTP (K) ) =Na+lp =

d+1+p

< dim(P?(K)) = ( J+1

) — Op—)oo(pd+1)~

d+1 P

Proof. We first observe that the set of polynomials {b,},~

(1)
K

its restriction ¢, (x ,-), and the restriction of its derivative oy, ¢q, (x(l) -). In addition, there
exist some complex coeﬂic1ents {4} "4+1.7 such that

((1) ) Zﬁmg()_zlb((l) )

is linearly independent due to their

restrictions to x; = X,.”. Moreover, the relations (5.6) 1mply that g, is uniquely determined by

nda+1,p nd+1,p

(1 1
0y (XO) = D0 Ay, ()= Y A by,
s=rq p+1 s=rg p+1
whence g, = an“ " Asbg, which completes the proof. O

Remark 5.5 (Quasi-Trefftz basis construction: difference between Schrodinger and wave equa-
tions). The definition of the basis functions b; in (5.5) can be modified by fixing the restriction
of b, and its partial derivative d,,b; to x; = xg) forany 1 < ¢ < d. However, it is not possible
to assign the values for a given time ¢ = g, as the order of the time derivative appearing in
the Schrodinger equation is lower than the order of the space derivatives. How this affects the
basis construction is visible from Figure 4.2: the coefficients (colored dots) can be computed
sequentially when all the other coefficients of a relation (Y-shaped stencil) are known, so it is
possible to reach all dots moving left to right, but not moving bottom to top. Imposing the values
at a given time is possible for the wave equation, as it is done in [55, §4.4], precisely because in
that case time and space derivatives have the same order. "

Remark 5.6 (Constant-potential case). The space QT” (K) does not reduce to a Trefftz space
for the case of constant potential V. Nonetheless, as discussed in Chapter 3, the pure Trefftz
space Pﬁ(K) defined in (3.3) as

P@(K) = {Qp € PP(K) : Seqp = 0} )

does not possess strong enough approximation properties to guarantee optimal s-convergence.
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Remark 5.7 (Trefftz dimension). As seen in Proposition 5.4, the quasi-Trefttz polynomial space
has considerably lower dimension than the full polynomial space of the same degree. This
“dimension reduction” is common to all Trefftz and quasi-Trefftz schemes. In particular, the
dimension ng4.1,, of QT? (K) is equal to the dimension of the space of harmonic polynomials of
degree < pinR9*!, the Trefftz space of complex pseudo-plane wave functions for the Schrodinger
equation with piecewise-constant potential in Chapter 4, the Trefftz and quasi-Trefftz polynomial
space for the wave equation in [80, Eqns. (42)—(43)] and [55]. n

5.4 Numerical aspects

In the next sections we validate the theoretical results regarding the h-convergence of the
proposed method, and numerically assess some additional features such as p-convergence and
conditioning.

We list some aspects regarding our numerical experiments

* We use Cartesian-product space—time meshes with uniform partitions along each direction,
which are a particular case of the situation described in Remark 2.2.

* We choose (xg,tx) in the definition of the quasi-Trefftz space QT” (K) in (5.2) as the
center of the element K.

* We focus on the dimensionless Schrodinger equation (1.1) with € = 1.
* In all the experiments, we consider Dirichlet boundary conditions.

* The linear systems are solved using Matlab’s backslash command.

* The quasi-Trefttz basis functions { J};fll"’ are constructed by choosing 7, and m in (5.5)

as scaled monomials and by computing the remaining coeflicients Cj with the relations
(5.6).

* Inthe h-convergence plots, the numbers in the yellow rectangles are the empirical algebraic
convergence rates for the quasi-Trefftz version (continuous lines). The dashed lines
correspond to the errors obtained for the full polynomial space.

5.5 Numerical experiments in (1 + 1) dimensions

We first focus on the (1 + 1)-dimensional case, for which families of explicit solutions are
available for some well-known potentials V.

5.5.1 h-convergence

In order to validate the error estimates in Theorems 5.1 and 5.3, we consider a series of problems
with different potentials V. No significant difference in terms of accuracy between the quasi-
Trefftz and the full polynomial versions of the method with the same polynomial degree p
(corresponding to different numbers of DOFs ngy1 ), and rq41 . respectively) is observed in all
the experiments.
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Chapter 5. A quasi-Trefftz space for piecewise-smooth potentials

Harmonic oscillator potential (V(x) = %)

For this potential, the Schrodinger equation (1.1) models the situation of a quantum harmonic
oscillator for an angular frequency w > 0. On Q7 = (=3, 3) x (0, 1), we consider the following
well-known family of solutions (see e.g., [47, §2.3])

1 1/4 1
Un(x,t) = N (;) Hy (Vwx) exp (—5 (a)x2 +(2n + l)ia)t)) neN, (5.7)

where H,,(-) denotes the n-th physicist’s Hermite polynomials as defined in [84, Table 18.3.1,
denoted by H,,(-)].

In Figure 5.1, we present the errors obtained for w = 10, n = 2 and a sequence of Cartesian
meshes with uniform partitions and i, = h, = 0.05 x 27, i = 0,...4. Rates of convergence of
order O (h”) in the DG norm are observed, as predicted by the error estimate in Theorem 5.3.
A convergence of at least order O (h?*!) is observed for the L*(Q)-error at the final time, which
is faster (by a factor /) than the order that can be deduced from the estimates in Theorems 5.1
and 5.3.

1 . r r
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8 195 s 5 390 /
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(a) DG error (b) L? error at final time

Figure 5.1 h-convergence for the (1 + 1)-dimensional quantum harmonic oscillator problem
with potential (V(x) = 50x?) and exact solution i in (5.7).

Due to the fast decay of the exact solution close to the boundary (see Figure 5.6a), the energy
is expected to be preserved, see Remark 2.9. In Figure 5.2, we show the evolution of the energy
error, and the convergence of the energy loss &, to zero for the quasi-Trefftz version. In
the latter, rates of order O (hzl’) are observed, which follows from Remark 2.9, and the error
estimates in Theorems 5.1 and 5.3.

Reflectionless potential (V(x) = —a?sech?(ax))

This potential was studied in [17] as an example of a reflectionless potential. On the space—time
domain Q7 = (-5,5) x (0, 1), we consider the Schrodinger equation with exact solution (see
[47, Problem 2.48])

W (x,1) = (‘@ :/g;in:(“x)) exp (i (\/Ex - t)) . (5.8)
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5.5.

Numerical experiments in (1 + 1) dimensions
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Figure 5.2 Time-evolution of the energy error for the quantum harmonic oscillator problem
with potential (V (x) = 50x?) and exact solution ¥ in (5.7).

In Figure 5.3, we show the errors obtained for a sequence of meshes with h, = 2k, =
02x27% i=0,...,4, and a = 1. As in the previous experiment, rates of convergence of
order O (h”) and O (hP*!) are observed for the errors in the DG norm and the L?(Q)-norm at
the final time, respectively. The real part of the exact solution is depicted in Figure 5.6b.
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Figure 5.3 h-convergence for the (1 + 1)-dimensional problem with potential V (x) = —sech?(x)
and exact solution (5.8).

Morse potential (V(x) = D(1 — e %)?)
This potential was introduced by Morse in [82] to obtain a quantum-mechanical energy level
spectrum of a vibrating, non-rotating diatomic molecule. There, the following family of solutions
was presented (see also [18])

Yan(x, 1) =N (A, n)€ )LD (£(x))

£(x)
2

X exp (—— — it
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where | - | is the floor function, n = | A=1/2], L(a) denote the general associated Laguerre
polynomials as defined in [84, Table 18.3.1] and

1/2
N(4,n) = (24 _1%1(12:1 1_)1;)(’1 +1) , A= @, E(x) =2aexp(—ax), w,= V2Da.

In Figure 5.4, we show the errors obtained for the Morse potential problem with D = §,
« = 4 and exact solution ¢ | on the space—time domain Q7 = (—0.5, 1.5) X (0, 1) for a sequence
of meshes with i, = h, = 0.1 x27%, i =0,...,4. The observed rates of convergence are in
agreement with those obtained in the previous experiments. The real part of the exact solution
is depicted in Figure 5.6¢.

0 T T 0 T T T
76— 152 — ™
1 S———L —a— 076 | a1 —
— — 099 — 187 = — -2 e _e -
<) e = 1.98 3.56
S-2f 195 4 ) = 4
= 1o / /‘/’z.as S o4 /3.75 423 ‘/* i
§ 3 6o — 286 e ’,§ :ﬁ‘ 3.84 0en) _/,‘(5.12 ,*
L /;“4 -1 = 3.56 / F e /:{’
| -4 280 = * 6 400 = - 53 _ 2
L H N
— 293 = e = 446 ~ -
= - - id = s o an Tk
S "/ 302 . ” = che /ﬂ/, Pig
20 -6 oSl —s—p=1 0 512 k7 —s—p=1
< x —e—p=2 5 * - —e—p=2
391 - —~ -10 -
7 / - —4—p=3 * —4—p=3
x- - —k—p=4 —k—p=4
8 . I 12 . \ | I
2 1.8 1.6 1.4 1.2 -1 0.8 -2 1.8 1.6 1.4 1.2 1 0.8
log,o(h) logyo(h)
(a) DG error (b) L% errorat T =1

Figure 5.4 h-convergence for the (1 + 1)-dimensional problem with Morse potential V(x) =
D(1 — exp(—ax))? for D = 8 and « = 4 with exact solution (5.9).

Square-well potential We now consider the (1 + 1)-dimensional problem from Section 4.5,
where the exact solution is not arbitrarily smooth. On the space—time domain Q7 = (=V2, V2) x
(0, 1), we consider the Schrodinger equation with homogeneous Dirichlet boundary conditions
and the following square-well potential

v( )_{ 0 xe(=V2/2,V2/2),
VEl v xe(=V2.V2) \ (=V2/2,V2)2),

for some fixed V. > 0. The initial condition is taken as an eigenfunction (bound state) of

—%(93 +V on (-V2,V2):

(5.10)

cos (k «/ix) x € (=V2/2.32)2).
bolx) = i st (W - B2 = V2IxD) - x € (-V2,V2) \ (=V2/2.42/2),

where k., is a real root of the function f(k) := vV, — k2 —k tan(k) tanh(+/V, — k2). The solution
of the corresponding initial boundary value problem (1.1) is ¥ (x, 1) = ¥o(x) exp(—=ik?t) and
belongs to the space C® (I; C! Q) \C™ (I; C? (Q)). Among the finite set of values k. for a
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5.5. Numerical experiments in (1 + 1) dimensions

given V,, in this experiment we take the largest one, corresponding to faster oscillations in space
and time.

In Figure 5.5, we show the errors obtained for V. = 20 (k. =~ 3.73188) and a sequence of
meshes with #, = \/ihx =0.1x27% i=0,...,4. Optimal convergence is observed for the
errors of the quasi-Trefftz version of the method in both norms.

0 055 —8
0r 075 —W— 035 —& - e —a— 08 _»e
*0.92 " e Py /1.53 348
~ 4| m—oe - = 195 /
8 Y e 269 s 27 382 452 /‘ ]
= 197 /’/’ /* 2 / B
= 27 199 — 282 7 ase 7 | = 8 / ast
S| prad £ 4y i -
3+ = 3.70 -
l ’ / - 3.70 / I « /r”g r aar 27
= = . = 34
P Zep _wm
~ ~— id g
=L 7 7 = | L
¥ - =—p=1 20 x —&—p=1
) L ars L
— 381 7 —o—p=2 < 8 */’, —o—p=2
-6 o —4—p=3 .7 —p=3
X s ——p=4 x —k—p=4
Ean L L L L L T 10 L . . . . | 1
-2.2 -2 -1.8 -1.6 -1.4 -1.2 -1 -2.2 -2 -1.8 -1.6 -1.4 -1.2 -1
logyo(h) logy(h)
0 10
(a) DG error (b) L% erroratT = 1

Figure 5.5 h-convergence for the (1 + 1)-dimensional problem with square-well potential V (x)
in (5.10).

(a) V(x) = 50x?

() V(x) = 8 (1 — exp(—4x))*

Figure 5.6 Real part of the exact solutions for the (1 + 1)-dimensional problems.

1
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(b) V(x) = —sech?(x)

(d) Square-well potential (V. = 20)
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5.5.2 Effect of stabilization and volume penalty terms

In this experiment we are interested in the effect of neglecting some of the terms in the variational
formulation (2.3). To do so, we consider the (1 + 1)-dimensional quantum harmonic oscillator
problem with exact solution (5.7). In Tables 5.1-5.2 (quasi-Trefttz space) and 5.3-5.4 (full
polynomial space) we present the errors in the DG-norm obtained for the same sequence of
meshes and approximation degrees as in the previous section, for different combinations of
the stabilization terms «, § and the volume penalty parameter u. Although the proof of well-
posedness of the method (2.3) relies on the assumption that a, 8 and u are strictly positive, in our
numerical experiments, the matrices of the arising linear systems are non-singular and optimal
convergence rates are observed even when all these parameters are set to zero. Moreover, the
errors obtained when @ = 0 or 8 = 0 are smaller as some terms in the definition (2.4a) of ||| - |||,
vanish, while the presence of y seems to have just a mild effect in the results.

u =max{hg,, hg,}
h a’:i,ﬁ:hﬂ‘ a=0,=0 a:ﬁ,ﬁzo a=0,8=hg
DG error Rate DGerror Rate DGerror Rate DG error Rate
p=1
7.07e-02 1.00e+00 — 9.8le-01 — 1.0le+00 — 1.00e+00 —
3.54e-02 7.67¢e-01 039 4.76e-01 1.04 6.72¢-01 0.58 6.53¢-01 0.62
1.77e-02  4.40e-01 0.80 2.14e-01 1.15 3.62¢-01 0.89 3.40e-01 0.94
8.84e-03 2.29¢-01 094 1.0le-01 1.08 1.85¢-01 0.97 1.70e-01 1.00
442e¢-03 1.16e-01 0.98 496e-02 1.03 9.31e-02 0.99 8.49¢-02 1.00
p=2
7.07e-02 447e-01 — 259 -01 — 29901 — 437e-01 —
3.54e-02 1.27e-01 1.82 6.90e-02 191 824e-02 1.86 1.20e-01 1.87
1.77e-02  3.28¢-02 1.95 1.78¢-02 1.96 2.15¢-02 1.94 3.05¢-02 1.97
8.84e-03 8.29¢-03 1.98 4.50e-03 1.98 5.48e-03 1.97 7.68¢-03 1.99
442e-03 2.08e-03 1.99 1.13¢-03 1.99 1.38¢-03 1.98 1.93e-03 2.00

Table 5.1 #-convergence for the quasi-Trefftz version applied to the quantum harmonic oscillator
problem with potential V(x) = 50x? and exact solution ¢ in (5.7) for different combinations of
the stabilization parameters «, 8 and volume penalty parameter u # 0.

5.5.3 p-Convergence

We now study numerically the p-convergence of the method, i.e., for a fixed space—time mesh 7},
we study the errors when increasing the polynomial degree p. We consider the (1 + 1)-
dimensional problems above with the same parameters and the coarsest meshes for each case. In
Figure 5.7, we compare the errors obtained for the method with the two choices for the discrete
space Vp,,(7;) analyzed in the previous sections: the full polynomial space (5.1) and the quasi-
Trefftz polynomial space (5.3). As expected, for the quasi-Trefttz version we observe exponential
decay of the error of order O (e_bN pors) where Np,rs denotes the total number of degrees of

freedom. As for the full polynomial space, only root-exponential convergence O (e_c VNDor S) is
expected. The superiority of the quasi-Trefftz version is evident in all cases.

58



5.5. Numerical experiments in (1 + 1) dimensions

-1 p_
a = hFx’ﬁ_ hFx

u=0
a=0,=0

_ 1 _
oz—hFx,ﬁ—O

a:O,,B:hFX

DG error Rate

DG error Rate

DG error Rate

DG error Rate

p=1

7.07e-02
3.54e-02
1.77e-02
8.84e-03
4.42e-03

1.04e+00
7.78e-01
4.42e-01
2.29e-01
1.16e-01

0.43
0.81
0.95
0.99

1.16e+00
5.02e-01
2.18e-01
1.02e-01
4.98e-02

1.21
1.20
1.09
1.04

1.07e+00
6.84e-01
3.64e-01
1.85e-01
9.32e-02

0.64
0.91
0.97
0.99

1.09e+00
6.69e-01
3.42e-01
1.71e-01
8.50e-02

0.70
0.97
1.00
1.01

p=2

7.07e-02
3.54e-02
1.77e-02
8.84e-03
4.42e-03

4.63e-01
1.29e-01
3.31e-02
8.33e-03
2.09e-03

1.84
1.97
1.99
2.00

2.96e-01
7.38e-02
1.84e-02
4.58e-03
1.14e-03

2.00
2.01
2.00
2.00

3.23e-01
8.58e-02
2.19e-02
5.54e-03
1.39¢-03

1.91
1.97
1.99
1.99

4.60e-01
1.23e-01
3.09e-02
7.73e-03
1.93e-03

1.90
1.99
2.00
2.00

Table 5.2 h-convergence for the quasi-Trefftz version applied to the quantum harmonic oscillator
problem with potential V (x) = 50x? and exact solution , in (5.7) for different combinations of

the stabilization parameters «, 8 and volume penalty parameter u = 0.

_ 1 _
Q—E,ﬁ—h&

1 =max{hg,, hg, }

a=0,6=0

_ 1 _
oz—hFX,,B—O

a:O,B:th

DG error Rate

DG error Rate

DG error Rate

DG error Rate

p=1

7.07e-02
3.54e-02
1.77e-02
8.84¢e-03
4.42e-03

1.00e+00
7.67e-01
4.40e-01
2.29¢e-01
1.16e-01

0.39
0.80
0.94
0.98

9.81e-01
4.76e-01
2.14e-01
1.01e-01
4.96e-02

1.04
1.15
1.08
1.03

1.0le+00 —

6.72e-01  0.58
3.62e-01 0.89
1.85e-01 0.97
9.31e-02  0.99

1.00e+00
3.40e-01
1.70e-01
8.49¢-02

0.94
1.00
1.00

p=2

7.07e-02
3.54e-02
1.77e-02
8.84¢e-03
4.42e-03

4.46e-01
1.27e-01
3.28e-02
8.29e-03
2.08e-03

1.81
1.95
1.98
1.99

2.55e-01
6.88e-02
1.77e-02
4.50e-03
1.13e-03

1.89
1.95
1.98
1.99

2.96e-01 —

8.22e-02 1.85
2.15e-02  1.94
5.48e-03 1.97
1.38e-03 1.98

4.34e-01
1.20e-01
3.05e-02
7.68e-03
1.93e-03

1.86
1.97
1.99
2.00

Table 5.3 h-convergence for the full polynomial version applied to the quantum harmonic
oscillator problem with potential V(x) = 50x and exact solution ¢, in (5.7) for different
combinations of the stabilization parameters «,  and volume penalty parameter u # 0.

Exponential convergence of space—time Trefftz and quasi-Trefftz schemes has been observed
in several cases [54, 7, 85] (see also Section 4.5) but no proof is available yet (differently from
the stationary case, [52, §3]).
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u=0
h a=p-f=hy, a=0=0 a@=5-=0 a=0p5=hp
DG error Rate DGerror Rate DGerror Rate DG error Rate
p=1
7.07e-02 1.04e+00 — 1.16e+00 — 1.07e+00 — 1.09e+00 —
3.54e-02 7.78¢-01 0.43 5.02¢e-01 1.21 6.84e-01 0.64 6.69¢-01 0.70
1.77e-02  4.42e-01 0.81 2.18e-01 1.20 3.64e-01 0.91 3.42e-01 0.97
8.84e-03 2.29e-01 095 1.02¢-01 1.09 1.85¢-01 0.97 1.71e-01 1.00
4.42e-03 1.16e-01 0.99 498e-02 1.04 9.32e-02 0.99 8.50e-02 1.01
p=2
7.07e-02 4.63e-01 — 29301 — 32201 — 457¢e01 —
3.54e-02 1.29e-01 1.84 7.36e-02 199 857e-02 191 1.23e-01 1.90
1.77e-02 3.31e-02 197 1.84e-02 2.00 2.19¢-02 1.97 3.09-02 1.99
8.84e-03 8.33e-03 1.99 4.58e-03 2.00 5.54e-03 1.98 7.72¢-03 2.00
4.42e-03 2.09e-03 2.00 1.14e-03 2.00 1.39e-03 1.99 1.93e-03 2.00

Table 5.4 h-convergence for the full polynomial version applied to the quantum harmonic
oscillator problem with potential V(x) = 50x and exact solution ¢, in (5.7) for different
combinations of the stabilization parameters «, 5 and volume penalty parameter u = 0.

5.5.4 Singular solution

We consider the (1 + 1)-dimensional problem on the space—time domain Q7 = (0, 1) x (0,0.1)
with homogeneous Dirichlet boundary conditions, and initial condition ¢¢(x) = Ax(1 —x) with
normalization constant A = V30. The exact solution is given by (see [48, Example 2.2, Ch. 2])

—i(2n+1)27r2t

3 o
U(x,t) = @(%) stin((2n+ Dax)e™ =z, (5.11)
n=1

which belongs to Hﬁ_f(O, T;H(l)(Q)) for all € > 0; cf. [91, § 7.1]. In Figure 5.8, we show
the errors in the DG norm obtained for a sequence of meshes with 4, = 0.1h, = 0.05 X 277,
Jj =0,...,4, and different discrete spaces: the polynomial Trefftz space Pip (Fig. 5.8a); the
quasi-Trefftz polynomial space (Fig. 5.8b); the full polynomial space P? (Fig. 5.8c); the pseudo-
plane wave Trefftz space (Fig. 5.8d). To compute the errors, we have truncated the series
in (5.11) to n = 250. Slightly reduced rates of convergence are observed for the polynomial and
the pseudo-plane wave Trefftz spaces, compared to the quasi-Trefftz and full-polynomial spaces;
however, for the above parameter choices, the discrete Trefftz spaces give the smallest errors.
Such a reduction of the convergence rates is expected for the polynomial Trefftz space, as the
error estimate in Theorem 3.6 requires stronger regularity assumptions in space on the exact
solution. This motivates to look for sharper error estimates, especially for singular problems.

5.5.5 Conditioning

We now assess the conditioning of the stiffness matrix. In Figure 5.9, we compare the «,(-)-
condition number for the stiffness matrix K,, defined in Remark 2.2, for the free particle prob-
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5.5.

Numerical experiments in (1 + 1) dimensions
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Figure 5.7 p-convergence for the coarsest mesh in the (1 + 1)-dimensional problems.

* For the construction of the polynomial Trefftz basis functions {b;}

r1,2p
J=1

choices of {m J};lz’zl" in (3.6):
x—xx\’
m,(x):( hK) J=1,....2p+1,
X
(x - xg)’
my(x) := 7] J=1,....2p+1,

lem (V = 0) on the space—time domain Q7 = (0, 1) X (0, 1). We consider the polynomial Trefftz
space (3.3) of degree 2p, the pure-Trefftz space of complex pseudo-plane wave functions T? (7,)
in (4.1), the full polynomial space, and the quasi-Trefftz space in (5.2). We present some details
for this experiment:

, we consider two

(5.12a)

(5.12b)

where |-] is the floor function. The remaining coefficients C; are computed with the

relations (3.7).

* We consider two choices for the parameters k, in the definition of the basis functions {¢,}
in (4.7): the arbitrary choice used in Section 4.5 k; = —p, ..., p, and the choice k;/2 =
2n¢/hy which makes the basis orthogonal in each element.
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Figure 5.8 h-convergence for the (1 + 1)-dimensional problem with singular solution ¢ in (5.11)
and different discrete spaces.

The condition number «;(K) for the polynomial Trefftz space for {m J};lz’zl” in (5.12b),

the quasi-Trefftz space, the full polynomial space, and the Trefftz space with orthogonal ba-
sis asymptotically grows as O (h_l) for all p € N, while for the polynomial Trefftz space
for {m J};lz’zl” in (5.12a) and the Trefttz space with a non-orthogonal basis, asymptotically grows

as O (h_(zl’”)). Unfortunately, the basis functions {¢,} obtained by choosing k, = 27/ h, os-

cillates faster when &, decreases, which renders such a choice unsuitable from the approximation
point of view.

5.6 Numerical experiments in (2 + 1) dimensions

We now present some numerical test for space dimension d = 2. We recall that we use Cartesian
space—time meshes with uniform partitions along each direction.

5.6.1 h-convergence
Singular time-independent potential (V(x,y) =1—1/x*—1/y?)
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5.6. Numerical experiments in (2 + 1) dimensions
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(f) Quasi-Trefftz space QT? in (5.2)

Figure 5.9 Conditioning of the stiffness matrix for the space—time ultra-weak DG method with

different discrete spaces.

We consider the (2 + 1)-dimensional problem on Q7 = (0, 1)? x (0, 1) with exact solution (see

[98])
Y(x,y,1)
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In Figure 5.10, we show the errors obtained for a sequence of meshes with i, = hy = h; =
0.2/(i+1),i=1,...,4, and different degrees of approximation p. As in the numerical results
for the (1 + 1)-dimensional problems, we obtain rates of convergence of order O (4”) in the DG
norm, and O (hP*!) in the L?(Q)-norm at the final time.
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Figure 5.10 h-convergence for the (2 + 1)-dimensional problem with potential V(x,y) = 1 —
1/x? — 1/y? and exact solution (5.13).

Time-dependent potential (V(x, y, ) = 2 tanh?>(V2x) — 4(z — 1/2)? + 2 tanh?(V2y) — 2)
We now consider a manufactured problem with a time-dependent potential (see [20]). On the
space—time domain Q7 = (0, 1)? x (0, 1) the exact solution is

w(x, v, 1) = iel =12 sech(x)sech(y). (5.14)

In Figure 5.11 we show the errors obtained for the sequence of meshes from the previous
experiment, and optimal convergence is observed in both norms.

5.6.2 p-convergence
In Figure 5.12 we show the results obtained for the p-version of the method applied to the (2+1)-

dimensional problems above, on the coarsest mesh. As expected, for the (2 + 1)-dimensional
case, the error of the quasi-Trefftz version decays root-exponentially as O (e_b VNDoF S).
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Figure 5.11 h-convergence for the (2 + 1)-dimensional problem with time dependent poten-
tial V(x,y,7) = 2tanh? (\/Ex) —4(t-1/2)* + 2 tanh? (\/Ey) — 2 and exact solution (5.14).
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Figure 5.12 p-convergence for the (2 + 1)-dimensional problems.
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Chapter 6

Space—time virtual element method for the
heat equation
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6.1 Introduction

In this chapter, we design the first space—time virtual element method (VEM) for the solution to
a time-dependent PDE, namely, the heat equation; we consider space domains in one, two, and
three dimensions. As for the discretization of the Schrodinger equation, we employ prismatic-
type elements. This allows us to distinguish two types of mesh facets: space-like facets, i.e.,
facets lying on hyperplanes in space—time that are perpendicular to the time axis; time-like
facets, i.e., facets whose normals are perpendicular to the time axis. The method we propose
is based on the standard space—time variational formulation for the heat equation (1.5) in the
space—time cylinder Q7 = Q x (0, T) with trial space L?(0,T; Hé (Q)NHY0,T; H'(Q) and
test space L?*(0,T; Hé (Q)); see [19, Ch. XVIII, §4.1].

Several space—time methods have been designed for the discretization of the heat equation,
and they can be classified into two main groups. The first one is based on the discretization
of the standard Petrov-Galerkin formulation in [19]; see [4, 93] for continuous finite element
methods, [92] for a wavelet method, [99, 14] for discontinuous Galerkin methods, [66] for an
isogeometric methods, [96] for a coercive method based on a Hilbert transformation of the
test space, and [97] for a mixed finite element method. Residual-type error indicators for the
method of [93] were considered in [94, 95]. Possible drawbacks of employing continuous finite
elements are that suboptimal convergence rates are obtained for some singular solutions, and
incompatible boundary and initial conditions cannot be naturally handled.



6.1. Introduction

The second group is based on first order system least squares discretizations (FOSLS); see
[35, 36, 100] for finite element methods and [81] for isogeometric methods. Space—time FOSLS
finite elements naturally provide reliable and efficient error indicators; see [35, 90, 36]. However,
they require the computation of an additional vector-valued flux variable.

We summarize the main features of the proposed VEM.

* Local virtual element spaces consist of functions that solve a heat equation with polynomial
data on each space—time mesh element, which makes the method particularly suitable for
further extensions, e.g., to its Trefftz variant.

* Even for prismatic elements with simplicial bases, the proposed local virtual element
spaces do not coincide with their standard tensor-product finite element counterparts.

* Global virtual element spaces involve approximating continuity constraints across mesh
facets. More precisely, we impose nonconformity conditions on time-like facets analogous
to those in [3] for the Poisson problem, and allow for discontinuous functions in time.
Across space-like facets, we transmit the information between consecutive time slabs by
upwinding, i.e., preserving the causality relation. In the present VEM context, the upwind
terms are defined by means of a polynomial projection.

* To keep the presentation and the analysis of the method as simple as possible, the analysis
is presented for the particular case of space—time tensor-product meshes. An extension
of the method to general prismatic meshes is presented in Chapter 8 below. The method
can handle nonmatching time-like or space-like facets, which is greatly advantageous for
space—time adaptivity.

We summarize the advantages of the proposed space-time VEM over standard space-time
conforming finite element methods.

* The nonconforming VEM setting is of arbitrary order and its design is independent of the
spatial dimension.

* Nonmatching space-like and time-like facets, which naturally stem from mesh adaptive
procedures, can be handled easily.

* As the discrete test spaces are not continuous in time, we can solve the global problem as
a sequence of local problems on time slabs.

Structure of the chapter: In Section 6.2, we introduce some notation and assumptions on the
space—time meshes. The new space—-time VEM is presented in Section 6.3. First, local VE
spaces are introduced in Section 6.3.1 together with their degrees of freedom (DoFs). Based on
the choice of such DoFs, in Section 6.3.2, we show that we can compute different polynomial
projections of the VE functions. Such polynomial projections are instrumental in the design
of the global VE spaces; see Section 6.3.3. Likewise, in Section 6.3.4, we design computable
discrete bilinear forms for the VEM introduced in Section 6.3.5. Section 6.4 is devoted to the
well-posedness of the method.
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Chapter 6. Space-time virtual element method for the heat equation

6.2 Space—time mesh assumptions

For the sake of presentation, we consider tensor-product-in-time meshes. We postpone to
Chapter 8 the extension of the method to general prismatic meshes.

We consider a sequence of polytopic meshes {7} }, of Q7. We require that

(G1) the space domain € is split into a mesh 7,* of nonoverlapping d-dimensional polytopes
with straight facets; the time interval (0,7) is split into N subintervals I,, := (t,—1,,)
with knots 0 = 7y < t] < --- < ty = T; each element K in 7}, can be written as Kx X I,,,
for some Ky in 7;1" and 1 <n < N.

Essentially, assumption (G1) states that (7) each element is the tensor-product of a d-dimensional
polytope with a time interval; (i7) each element belongs to a time slab out of the N identified by
the partition {z, }2’: o> (#if) each time slab is partitioned by the same space mesh; (iv) all elements
within the same time slab have the same extent in time.

Given an element K = Ky X I,, € 7, we denote its diameter by hg and the diameter of Ky
by hk , and set hy =1, —t,-1. We let h := maxgeg;, hx and hy := Maxge7x hk,. Furthermore,
the set of all (d — 1)-dimensional facets of Ky is denoted by F&x, and for any Fy € FK we
define

/’lFZ

X

3 min{/g,, hl?x} if iy =KxN sz for some EX €Tr,
g, if Fy C 0Q.

For d = 1, Fx is a point and fF v(x,1)dS is equal to v(Fx,1). For each facet Fy in 7Xx, we
introduce the time-like facet F := Fy X I,;; we collect all these time-like facets into the set FX.

We fix one of the two unit normal d-dimensional vectors associated with Fyx and denote it
by ng,. For d > 1, each time-like facet F = Fx X I,, lies in a d-dimensional hyperplane with unit
normal vector iy := (g, 0).

Next, we require further assumptions on the spatial mesh 7,*:

(G2) Uniform star-shapedness: There exists0 < p < % such that, each space element Ky € 7,*
is star-shaped with respect to a ball of radius phg, .

(G3) Bounded number of facets: The number of (d — 1)-dimensional facets of K is uniformly
bounded with respect to the meshsize.

(G4) Local quasi-uniformity in space: there exists a number Iqu(7y) > 0 such that, given two
neighbouring elements Ky and Ky of 7,*, we have that Iqu(‘]}f‘)_l hg < hg, < lqu(7,) hg -

For a given space—time element K ¢ R%*! and any space-like or time-like facet F ¢ 0K, we

denote the space of polynomials of total degree at most p € N on K and F by P? (K) and P? (F),
respectively. For a given time interval /, P (I) denotes the space of polynomials in / of total
degree at most p in N.

For a positive natural number k, we define the spaces of broken H k functions over 72" and
Tn, respectively, by

HY(TY) :={v e L*(Qr) | vk, € H*(Kx) VKx € T,}},
H*(7) = {v € LX(Q7) | vix € HY(K) VK € Ty} .
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6.3. The virtual element method

We denote the broken Sobolev k seminorm on 7, by |-|y«(g;) and the space of piecewise
polynomials of degree at most £ in N on 7, by S(75).

6.3 The virtual element method

In this section, we introduce a VEM for the discretization of the heat equation (1.2) with
homogeneous initial and Dirichlet boundary conditions. The proposed method is based on the
standard Petrov-Galerkin weak formulation (1.5).

6.3.1 Local virtual element spaces

Given an approximation degree p € N and an element K € 7, we define the following local VE
space:

Vi(K) :={v € L*(K) | covn = AXAwy € PP7H(K) s Vi) € PP (Kx) s
6.1)
fir, - Vvajr € BP (F) VF = Fy x I, with Fy € TKx},

where 511_5 := hy, and PLEE h%(x.
The space V,(K) contains all polynomials of degree at most p in K, i.e., P? (K) C V;(K).
The degree p in the Neumann boundary conditions is not necessary for this inclusion to be

valid, as p — 1 would be sufficient. Nevertheless, the degree p is crucial in the proof of the
Poincaré-type inequality in Proposition 6.9 below.

Remark 6.1 (Regularity of local VEM functions). Functions in Vj(K) solve a heat equation
problem with polynomial source, initial condition, and Neumann boundary conditions. For
this reason, V;,(K) c L*(I,; H'(Ky)); see [74, Thm. 4.1 and §4.7.2 in Ch. 3] with standard
modifications to deal with the nonhomogeneous Neumann data. "

Remark 6.2 (Scaling argument). As opposite to the standard VE setting [9], in definition (6.1)
we consider solutions to local problems involving some scaling factors (811_(1 and AX). The reason
for this is that these local problems involve differential operators of different orders. By using
a scaling argument and mapping the element K into a “reference” element K=1x I?;;, with
|El| = diam(f;) = 1, the resulting reference space consists of solutions to a heat equation with
both coefficients equal to 1. This allows us to use equivalence of norms results when proving
the stability of the scheme. "

Let {mff};‘fll””l, {mg};‘lz‘f and {mé<x ;d:’f be any bases of PP~!(K), P?(F), and P?(Ky),

where we recall that rg , = dim(P? (R%)). Introduce the following set of linear functionals on
Vi(K):

¢ the bulk moments

1
m / / Vv mng dt Ya=1,..., Td+l,p—15 (6.2a)
1, JK,
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Chapter 6. Space-time virtual element method for the heat equation

* for all space—time facets F = Fx X I,, € FK  the time-like moments
! / / Fasdt  vB=1 (6.2b)
—_— vy m =1,...,7dp; .
\F| Ji, JF, A b

* the space-like moments

1
| Kx|

/ V(- tam1)mixdx Vy=1,....rap. (6.2¢)
Ky

Since functions v, € Vj,(K) are polynomials at time ¢,,_;, then the integrals in (6.2c) are well
defined. Moreover, the inclusion V,(K) < L*(I,; H'(Ky)), see Remark 6.1, implies that the
integrals in (6.2a) and (6.2b) are also well defined.

We introduce the number of functionals in (6.2a)—(6.2¢c) as

#DoFs := dim(P”"'(K)) + Z dim(P?~"(F)) + dim(P” (Ky)).
FeFkK

In the following lemma, we prove that the linear functionals (6.2a)—(6.2c) actually define a set
of DoFs for V,(K).

Lemma 6.3 (Unisolvence of DoFs). The linear functionals (6.2a)—(6.2c) are a set of unisolvent
DoFs for the space Vj,(K).

Proof. Since the right-hand side and the initial and Neumann boundary conditions in (6.1)
are independent of each other, the dimension of Vj(K) is equal to the number of the linear
functionals (6.2a)—(6.2c). Thus, it suffices to prove that the set of these linear functionals is
unisolvent. In other words, we prove that, whenever v;, € V;,(K) satisfies DoF;(v;) = 0 for all
i=1,...,#DoFs, then v;, = 0.

Thanks to the definition of the DoFs (6.2a) and (6.2b), we have

o:// vi (@0 - Ay dx de+ €Y //vhﬁFX-vahdet
In J Kx F. K: In J Fx —
xEF Kx
€ePP(F)

ePP-1(K)
EII-(I 2 2 7K 2
= L (10t 2y = I8t DI ) + A N0

Furthermore, using the definition of the DoFs (6.2¢), we have ||vj (-, t,,—1) ||i2 Ky = 0 and deduce
K ||vah||§2(K)d =0 = Vo,=0inkK = v;,=v,(0).

From the definition of the space V},(K), this implies that 9,v, belongs to P?~1(1,); equivalently,

vy, belongs to P”([,). On the other hand, we know that the moments (6.2b) are zero, in

particular when they are taken with respect to monomials up to degree p in time only. This

implies v, = 0. U
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6.3. The virtual element method

6.3.2 Polynomial projections

Functions in the local VE space V},(K) are not known in closed form. However, if we have at our
disposal the DoFs of a function vj, in V;,(K), then we can compute projections onto polynomial
spaces with given maximum degree.

First, for all K = Kx X I, € 7;, and & > 0, we define the operator HQ{ : H%J”E(In; L*(Ky) N
L*(I,; H'(Ky)) — PP(K) as follows: for any v in H%J“S(In; L*(Ky)) N L*(I,; H' (Ky)),

/ / Vaah -V (IYv - v) dxdt=0 Vgl e 27 (K); (6.32)
I x
/ / dp1(t) (Hgv - v) dxdt=0 Vg,_i € PP (1,); (6.3b)
I x
/ (nfjv(x, fot) — v(X, zn_l)) dx = 0. (6.3¢)
Kx

We have V,(K) ¢ L>(1,; H'(Ky)); see Remark 6.1. This and the fact that functions in V},(K)
restricted to the time #,,_1 are polynomials entail that we can define HI)}( v also for v in V,(K).

Lemma 6.4. The operator Hg is well defined. Moreover, for any vy in V,(K), HQ’ v IS
computable via the DoFs (6.2a)—(6.2c).

Proof. In order to prove that H[/}/ is well defined, we need to show that the number of (linear)
conditions in (6.3a)—(6.3c) is equal to dim(P?(K)). As (6.3a) is void for all q[If e PP (1,), we
have that the number of conditions in (6.3a)—(6.3c) is equal to dim(P”(K)). We only need to
show that they are linearly independent.

To this aim, assume that v = 0. Conditions (6.3a) imply that VXH/;/ v = 0, ie., HQ’ v
belongs to P”(/,). Let L,(-) be the Legendre polynomial of degree p over [-1,1]. Using
conditions (6.3b), we deduce that there exists a constant ¢ such that

2t —ty; —t

My=cL, | —2—2" n) .
P b ( Iy — In—1

Since condition (6.3c) entails H[}}(v(-,tn_l) = 0 and L,(-1) # 0, we deduce that ¢ = 0,

whence Hg v = 0. Therefore, the conditions are linearly independent and so HQ/ is well defined.

As for the computability of Hﬁ/ vy, for vy, in V;,(K), conditions (6.3a) and (6.3b) are available
via the bulk moments (6.2a) (up to order p — 2) and the time-like moments (6.2b) (up to
order p — 1); condition (6.3c¢) is available via the lowest-order space-like moment in (6.2c). [

Next, for all K € 7, and & > 0, we define the operator IT} : CO(I,; L*(Ky)) — PP(K) as
follows: for any v in H2*¢(I,;; L*(Ky)),

K * _ K -1 .
/] /K g~ (Hpv - v) dxdt=0 Vg* PP (K); (6.42)
/K g5 (H;v(x, ta1) = v(X, t,,,_l)) dx =0 Vg e PP (Ky). (6.4b)

Again, we have V,(K) c L?*(I,; H'(Ky)); see Remark 6.1. This and the fact that functions
in Vj,(K) restricted to the time #,_; are polynomials entail that we can define H;v also for v
in Vh(K )
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Chapter 6. Space-time virtual element method for the heat equation

Lemma 6.5. The operator H; is well defined. Moreover, for any vy, inVy(K), H;vh is computable
via the DoFs (6.2a)—(6.2c).

Proof. Asinthe proof of Lemma 6.4, we observe that the number of (linear) conditions in (6.4a)—
(6.4b) is equal to dim(P”(K)). Thus, it suffices to show that they are linearly independent.

Assume that v = 0. Then, taking qllf" = H;v(x, ty,—1) in (6.4b), we get H;v(x, th—1) =0. On
the other hand, taking qﬁ_l = c')tl'[;v in (6.4a), we get

1 1
0= 2 (Il ~ 30t aey) = 5 M50t -
In addition, we observe that

o, ) = /K IT5v(x, 1) §,IT4v(x, £)dx

In
— / / H;V 0;[1—1;\) dx dt =0.
1=tp-1 I, J Ky N .

€PP2(K)

This implies that G,Hl’;v = 0, which, together with Hl’jv(~, t,) = 0, gives that H;v = 0. Therefore,
the conditions are linearly independent and so IT} is well defined.

As for the computability of H;v n for vy, € Vi, (K), conditions (6.4a) are available via the bulk
DoFs (6.2a), and conditions (6.4b) are at disposal via the space-like DoFs at time #,,_; (6.2c). [

We introduce other polynomial projectors: for all K € 7;, and v in L?(K),
Hg{j - L*(K) - PP7Y(K), (g5 v - Hg{ﬂ Wi =0 Vgk_ e PPTY(K);
for each temporal interval I,, and v € L?(I,),

07 n . - n 09 n n - .
5 L2(L) > PPN, (g, v =T0" )0, =0 Ve e PP (1)

for each element Ky € 7,X and v € L*(Ky),
5 LK) =R, (qo,v —T") k) =0 VYo € R;
for all time-like facet F and v in L?(F),
0" : L*(F) — PP (F), (qh.v—TI"V)2r =0 Vgl € PP(F).

Given v, in V;,(K), the computability of the above projectors applied to v, follows from the
definition of the DoFs (6.2a)—(6.2c). The projector Hg’fl induces the global piecewise L?
projector Hg’_Q]T over 7y,.

The following polynomial inverse inequalities are valid.

Lemma 6.6. For any p € N, there exist positive constants Criy and crr independent of hj, and
hx, such that, for all q, in PP (K),

”q[’”iz(K) + h, quP”iz(K)d +hi | afql’“iz(K)

2

+ by, [Ty qp (- tamt)

) (6.5)

2
S oy h, ||qul7||i2(l()d + HHE{WP

L*(K) L*(Kx)
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and

”%”i%m + hg, qupnizuqd +hi, 6tqp||i2(1<)

2
0,K
< 9
s Cl'[;; (an—qu LK) +

(6.6)
hy,

QP(" tn—l)HiZ(Kx) .

Proof. The assertion follows from the regularity of the spatial mesh in assumption (G2), the
fact that the functionals on the right-hand side of (6.5) and (6.6) are norms for P”(K), and the
equivalence of norms for spaces of polynomials with fixed maximum degree. [

The presence of the subscripts appearing in the inverse estimate constants Criy and cyy is to
remind that the norms on the right-hand side of (6.5) and (6.6) are induced by the definition of
the operators HI/Y and IT7,.

6.3.3 Global virtual element spaces

We construct the global VE spaces in a nonconforming fashion. To this aim, we introduce
a jump operator on the time-like facets. Each internal time-like facet F is shared by two
elements K; and K, with outward pointing unit normal vectors ng, and mg,, whereas each
boundary time-like facet belongs to the boundary of a single element K3 with outward pointing
unit normal vector ng,. We denote the d-dimensional vector containing the spatial components

of the restriction of ﬁKj to the time-like facet F by ﬁﬁ/. For any piecewise scalar function v, the
normal jump on each time-like facet F is defined as

>F SF o .
Vig,Ne + Vig,N if F is an internal face;
v, ::{ K1 1K, K21k, 6.7)

—)F . .
ViksNg, if Fis a boundary face.

On each time slab 7,,, we introduce the nonconforming Sobolev space of order p associated with
the mesh 7,*:

NCH (T 1) = {v €L, (In;Hl(Th"))‘/ / g5 V] - BrdSdi=0 Vgh e PP (F) }
I, J Fx

(6.8)
This allows us to define the VE discretization Y}, of the space Y in (1.3) as the space of functions
that are possibly discontinuous in time across space-like facets and nonconforming in space:

ii={vn € L2(0r) | vajk € Vi(K) VK € Tr, vagzas, € NCp (T35 1) Vn =1, N},
The functions in the space X in (1.3) are continuous in time, namely,
X — C([0,T]; L*(Q)); (6.9)
see e.g, [101, Thm. 25.5]. Nevertheless, we discretize X with Y}, as well, and impose the time
continuity weakly through upwinding. As the functions in the local VE space V},(K) are not

known at the local final time ¢,, the upwind fluxes are defined in terms of the traces of their
polynomial projections IT}; see (6.21) below.
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Remark 6.7 (Discretization of the trial space X). Due to the choice of the DoFs, one cannot
define a continuous-in-time discretization of X with the local spaces V},(K). If this were possible,
then each VE function on K = Kx X I, would be a polynomial of degree p at the local final
time #,. For general choices of the right-hand side, initial condition, and boundary conditions
in (6.1), this is not true. n

Remark 6.8. A possible VE discretization of the trial function space X could be
Xy = {vy € Yy | vy, satisfies (6.10)},
where

vi(n0) =0inQ; V(0,0 =TV (1,0 inKx  Vi<n<N.  (6.10)

In (6.10), vgl") and vgln_l) denote the restrictions of v to the time slabs Q X I, and Q X [,,_;.
In this way, the continuity in time across space-like facets is approximated directly within the
discretization space through the polynomial projection IT} in (6.4). Nevertheless, this leads to
an error accumulation in time, which results in a suboptimal convergence. This can be verified
numerically and justified theoretically. "

6.3.4 Discrete bilinear forms

On each element K, define the local continuous bilinear form in Vj(K) X V;,(K) and seminorm

a® (un, vi) = A(Vxtn, Vxva)2 (s Valy ) = a® (Vs va).

Proposition 6.9 (Local Poincaré inequality). If vy, belongs to Vi (K), K = Kx X1y, then |vply k) =
0 if and only if v, = vy(t) belongs to PP(1,). Moreover, there exists a positive constant C{.f
independent of hy, and hg,_ such that

. _ ot K
qi)ellgjf(ln) Vi qp||L2(K) < Cphi 1IVxvall 2k Vv, € Vi (K). (6.11)
Proof. 1f v, belongs to V,,(K) with [[Vxvally k) = 0, then v, = v;,(¢). The definition of Vj(K)
in (6.1) implies that d,v,, belongs to P?~1(I,) or, equivalently, that v;, belongs to P?(1,). The
converse is obviously true.

Inequality (6.11) follows from the equivalence of seminorms with the same kernel on finite
dimensional spaces and the scaling argument in Remark 6.2. 0

We define Y (75) := L*(0,T; H' (7,%)) and introduce the global broken seminorms

for almost all 7, Iv(-,t)li,lmx) = Z ||VXV("’)||i2(Kx>d;
KxeT,}

T
2 2 = y
Vly(7) "/0 A Dl i = D) Wi
KeTy

Proposition 6.10. The seminorm |-y, is a norm in Yy. !

'n fact, ||y (;) is a norm on Y +Y}. So, for arguments in ¥ + Y}, we shall denote it by ||-||y (,)-
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6.3. The virtual element method

Proof. Given v, in ¥, we only have to prove that |vj|y(g;) = 0 implies v, = 0. The iden-
tity [valy(;) = 0 implies that [v,|y k) = O for all elements K = Kx X I,,. Using Proposition 6.9,
we deduce that v, x only depends on time and belongs to P”(1,). The assertion follows using
the spatial nonconformity of the space Y}, see (6.8), which is up to order p. [

On each element K in 75, K = Kx X I, let
SK L [V(K) + LAy H' (Kx) 0 CO(L; L*(Kx))]* > R

be any symmetric positive semidefinite bilinear form that is computable via the DoFs (6.2a)—
(6.2¢) and satisfies the following properties:

e for any vy, in V,(K) N ker(Hg), we have that

SKp,vp) =0 — vy = 0: (6.12)

* the following bound is valid with a positive constant ¢* > 0 independent of h; , hg,,
and K:

SK(0,0) < @ (B2 10122 g + Il gy + 2, N0V ny) Vo € HY(K).
(6.13)

Property (6.12) implies that SX (-, -) induces a norm in V;,(K) N ker(Hl/Y ). Another consequence
of (6.12) and the scaling argument in Remark 6.2, is that there exist two constants 0 < ¢, < ¢*
independent of K such that

culvily gy < ASKnvi) < il Yva € Va(K) Nker(TT)). (6.14)

In fact, the functional ||y k) is a norm on Vj(K) N ker(l'[g/ ).

We define the discrete counterpart of the local bilinear forms aX (-, -):
ap (up, va) = a® () up, T vi) + ASK (T =T Yup, (1 =TI )vy). (6.15)

Lemma 6.11. Property (6.14) implies that there exist two constants 0 < a, < a* independent
of K such that the following local stability bounds are valid:

a*|vh|§([() < af(vh,vh) < a/*lvhl)z,(K) Vv, € Vi(K). (6.16)

Proof. We only show the upper bound as the lower bound follows analogously leading to @, :=
min(1, c.). We have

2
akp,vp) =2 ||vxngv,,||L2(K)d + ASK((1 =T Yy, (1 =TI Yvy)

< |H1ﬁ/vh|i(1{) +c*|(I - H[)Y)thz/(,() < max(1,c") (|H,/:/Vh|12,(1<) + |(I - H,/:/)Vhﬁ/u()) .
Pythagoras’ theorem implies
af(vh, vp) < max(1,c) |Vh|12/(K)-
This proves the upper bound in (6.16) with a* = max(1, ¢*). O
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Chapter 6. Space-time virtual element method for the heat equation

The global discrete bilinear form associated with the spatial Laplace operator —A(-) reads
ap(up, vp) = Z aj (up,vp)  Vup, vy € Y.
KeTy

Taking into account Proposition 6.10, an immediate consequence of (6.16) are the global stability
bounds

@ Vally ) < anviva) < @ il Vv € Yo (6.17)

For sufficiently smooth functions, we have the following upper bounds.

Proposition 6.12. For all v in H'(Ty,), the following local and global bounds are valid: for
all K in 7y,

al}f(v, v) <3Amax(1,c") (1 +(1+ c,,)cnzv)

X (B2 Iy + 195 gy + B2, N0V 1) ) (6.18)
ap(v,v) <3Amax(1,c") (1 +(1+ c,,)cH;,v)
X 3 (B2 Iy + V5012 0 + HE2HE 1001122 ) (6.19)
KeT;,

where ¢* is the stability constant in (6.13), A is the thermal conductivity, c;, is the constant
appearing in the elemental trace (in time) inequality, and Criy is the inverse estimate constant
in (6.6).
Proof. The stability of the Hl/}’ projector entails
KN N Y — N
a® (I v, T v) = A||V4IT)

v”LZ(K)d — /1 ||VXV||

L2(K)d
Using definition (6.15) and bound (6.13), we deduce
af(v, V) = aK(Hgv, Hgv) +ASK((1 - Hg)v (I- HN)v)

< maX(l, E*)/l( ”VXV”%Z(K)d + hI_(

~ Tl (6.20)

V(=T g+ hi (-1

L*(K) L*(K) )

Using the polynomial inverse estimate (6.5) with g, = n/pV v, We can write

_ 2 2 _ 2
i v||L2(K) +(|Vx HNv”LZ(K)d + i HNv||L2(K)
i (I g + 1 vnm 3 oy )
< CHNh (]’L%( ||V HNV“iz(K)d + HHOKHN LZ(K) + hln O’KXHNV( tn 1) LZ(K))

The definition of HN , and the stability of the L? and HN projectors entail

h

+ ||V« HNv||L2(K)d + hy’

Mol e Y[

< cthI_(x (h%(,( ”VXV”LZ(K)d + ||v||L2(K) + hln ”V(" tn—l)”iZ(K)) .
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6.3. The virtual element method

Applying a trace inequality along the time variable (with constant c¢;,) on the last term yields

2
L*(K)

< (1 + Ctr)cnll}/ (h[_(z ”V”%Z(K) + ||VXV||iZ(K)d + h[_(zh%n ”atv”iza()) .

2
L2(K

2

)
hy L2(K)

A A LA

o+ b [l |

We insert this bound into (6.20) after applying the triangle inequality and obtain (6.18). Adding
over all elements gives (6.19). [

Henceforth, for a given v in L?>(Q7), we shall write
y( = Vi, foralln=1,...,N.

For all u, vy inY, and K in 73, K = Kx X I,,, we set

K (D (D e 1.
e (0 5un, vi)2 (k) + @, (Un,vi) +cu (H;Mh (-0),v,, (',0))L2(KX) ifn=1;
bK (up,vi) = { e (O yun, vi)r2 (k) + ag (un, vi)
ven (5 Cutm) = T (1) v} G tan)) , F2=msN.
(6.21)
The bilinear form bf (-,+) is computable through the DoFs. Actually, H;uzn)(-,tn_l) =

uZ")(-, ty—1) for 1 < n < N by the definition of H; in (6.4) and the definition of the local
VE spaces.

We define the discrete counterpart of the global bilinear form b (-, -) in (1.4) as follows:

bp(up,vp) = Z b (up, vi) Yup, vi, € Yp. (6.22)
KeT,

The third terms in the definition of bf (up,vy) in (6.21) stand for upwind fluxes for the weak
imposition of the zero initial condition for n = 1, or of time continuity for2 < n < N.

An admissible stabilization

Consider the following stabilization, for K = Ky X I;:

SK(up, vp) = hl}f(ng’fluh,Hg’flvh)y(m + h! Z (T up, T vi) 12 )
FeFkK (6.23)

+ b, (un (s ta), Vi G tnm1)) 12k -
This bilinear form is computable via the DoFs.

Proposition 6.13. The stabilization in (6.23) satisfies properties (6.12) and (6.13).

Proof. Property (6.12) follows from the fact that SX(vp, vy) involves the squares of all the
DoFs. Furthermore, property (6.13) follows from the stability of the L? projectors and the trace
inequality applied to the time-like and space-like facet terms. [

As pointed out in Section 6.3.4, property (6.12) and the scaling argument in Remark 6.2
imply that property (6.14) is satisfied as well.
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Chapter 6. Space-time virtual element method for the heat equation

6.3.5 The method

The proposed space—-time VEM reads as follows:

Find u, € Y, such that by, (u, vi)) = (£, T vi)pag,)  Yvn € Vi (6.24)

The projector HO’_QIT makes the right-hand side computable and is L? stable, which is used in the
proof of the well-posedness of (6.24) in Theorem 6.17 below.

Under assumption (G1), the method can be solved in a time-marching fashion by solving the
counterpart of (6.24) restricted to the time-slab I,,, forn = 1,..., N — 1, and then transmitting
the information to the subsequent time-slab /,;; through upwinding.

Remark 6.14 (Nonhomogenous data). The case of nonhomogeneous initial or Dirichlet bound-
ary conditions can be dealt with by a standard lifting argument and a suitable modification of
the right-hand side of (6.24), see Section 7.5 below. n

6.4 Well-posedness of the virtual element method

In this section, we prove well-posedness of the method in (6.24). To this aim, we endow
the trial space with a suitable norm, which is defined by means of a VE Newton potential,
see Section 6.4.1. In Section 6.4.2, we prove a discrete inf-sup condition. This proof extends
that of [93, Thm. 2.1] to our setting, where multiple variational crimes have to be taken into
account.

Before that, we prove a global Poincaré-type inequality for functions in the space Y.

Proposition 6.15. Let assumptions (G1)—(G3) be valid. Then, there exists a positive constant Cp
independent of the mesh size h such that

Ivillz2or) < Cp vally ;) Yvp € Y. (6.25)

Proof. It suffices to prove the counterpart of (6.25) over each time slab 7,,. We define the scalar
jump v ] as [va] g - 1ip. 2

We start from the spatial Poincaré inequality in [11, Eqn. (1.3) ford > 2 and Sect. 8 ford = 1]
with constant cpp and integrate it in time over the time slab 7,

2
||vh”%2(QX1n) < CPB( Z ”vahlliz(l()d+ Z hl_:j/ (/ [[Vh]]dS) dt)
ery-‘hx In Fx

KeT,,KCcQxI,

For d = 1, the integral over the point Fy is the evaluation at Fx.

To conclude, we have to estimate the second term on the right-hand side. To this aim, we
prove estimates on each time-like facet and then collect them together. For simplicity, we further
assume that F' = Fy X I, is an internal (time-like) facet shared by two elements K; = Kx | X I,
and K, = Kx» X I,,. The case of a boundary time-like facet can be dealt with similarly. Recall
from the nonconformity of the space Y}, in (6.8), that Hg’F [va] = 0.

2We have that [[-]] is a scalar function whereas [ -] defined in (6.7) is a vector field.
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6.4. Well-posedness of the virtual element method

Using Jensen’s inequality, we write

-1 2 2 0,F 2
iy / ( / [vi]as) di < / / [olas dt = [[[vl - 107 [ad| -
1, \JF I, JFy

Denote the L? projection onto P”(1,,) of the restriction of v;, to K ; by q;,’j ,J=1,2. Let qj, be
defined on K| U K; piecewise as q;,h( = q;,’j, Jj =1,2. A standard trace inequality in space with
j

constant ¢, and the local Poincaré inequality (6.11) give

2 2
hE,f/I (/F [[Vh]]dS) dt < ¢, (hl_(}’X”vh = |l * i

-1
+h Ko

VX(Vh - q;)”iz(l(l)d

Vi = q;?||iz(1(2) * ko Vx(vi = qi’)”iz(lﬁ)d)

2
< 2¢,,(max CX (hK
"(Ke'iz r) Lx

2 2
Vx(vy, — q;)”Lz(Kl)d + hK2,X V(v = Q;)||L2(K2)d)

2
K2 2
< ZCW(%G&% Cp) max(hg, . hg, ) JZ_:‘ ||VXVh||L2(Kj)d .
Summing over all the time-like facets of the n-th time slab and recalling that the number of

(d — 1)-dimensional facets of each Ky is uniformly bounded with respect to the meshsize, see
assumption (G3), we get the assertion. 0

6.4.1 A virtual element Newton potential

We define a VE Newton potential R, : SP(7,) — Yy, as follows: for any ¢y, in SP(73,), Nndn
in Y}, solves

an(Mndn,vi) = bu(dn,vi) — an(dn,vi)

B (1) (1)
—CH[(at¢hth)L2(QT)+(¢h (- 0),v ("O))LZ(Q)

Yvy, €Yy,

N
n n—1 n
#3000 Gt = 0 o) )
n=2

(6.26)

Thanks to the stability bounds (6.17), the bilinear form ay(-, ) is continuous and coercive, and
the continuity in the Y (7;,) norm of the functional on the right-hand side of (6.26) follows from
Proposition 6.15. Therefore, the VE Newton potential is well defined.

We introduce the following norm on the sum space X + Yj,: forall vin X + Y},

2
v, 0
ARSI B

) _ ’ 2 CH
VI 7y = Iy + ”mh(n}:")“Y(‘iﬁ) * _(‘

2
N
N
n=2

Recalling the embedding X < C%(0, T; L?(€)) in (6.9), we have that H; in (6.4) is well-defined
for functions in X. In Chapter 7, we shall present the convergence analysis of the method with
respect to the ||-|| x(z,) norm.

, (6.27)

2
L2(Q) )

™ (1) = IV (1) sy N (., 7)

‘|

L*(Q)
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Chapter 6. Space-time virtual element method for the heat equation

6.4.2 A discrete inf-sup condition and well-posedness of the method

In this section, we prove a discrete inf-sup condition in the spaces (Yy, ||| x(;,) for the trial

functions and (¥y, ||-|ly(g;)) for the test functions.

Proposition 6.16. There exists a positive constant yy independent of Ty, such that

bn(up, vi)

sup  ———— =1 |lunllx ;)

0#£v, €Yy ”VhHY(‘];J

Proof. For any uy, € Yy, define wj, := N, (H;uh) € Yy,. It suffices to prove that

bp(up, up +6wp)
lun + owally )

> yr llunllx(g) -

for a suitable real parameter 6 > 0, which will be fixed below.

The triangle inequality and the definition of the norm ||-|| ;) in (6.27) imply

2
ey + 5Wh||y(7;,) <

whence we deduce

llun + 6Whllyz) < V2max(L, 8) llunllx (7 -

Next, recalling (6.22) and (6.21), we write

by(up, up) = Z (CH(atH Wy Up)r2 (k) + 4, (Mh,uh)) +cn

KeTy,

+cHZ(H* 2 Ctat) = T Gt (1)

For K = Kx X I,,, we have

©20 (O Tyup, 1T, Mh)LZ(K)

-3

(O un, un)r2 (k)

w5 ()|
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2 (Il 46 Il ) < 2max(1, 6%) Nanlld

Yuy €Y. (6.28)
(6.29)
2
* (1)
[u, (-, 0) 2@
(6.30)
Q)
H* (n) e
(1) LZ(KX))




6.4. Well-posedness of the virtual element method

By (6.4b), we have u( )( tho1) = H* ( )( ,t,—1). Simple calculations give

2
1
*uV(-,0)

Z (O up, up)p2(k) +

KeTy, L)
S ( ¢ )
*x_(n) *x_ (n=1) (n
# 2 (3 Cota) = 3™ ot o))
n=2
SIL (w u
_ H* n ’ ‘ " ’ ‘H* (1)
2;(2\ Gt gy = 3 I oo O,
S (n) ) (n)
+ mu™ (.t —(H D (), T (1 )
Z;(| | . Cotum) T3 o) L o
= o, 3 I e - |
2 12(Q) n:22 " > En- 12(Q)
H* (N)
2‘ ¢, )LZ(Q)
Therefore, from (6.30) and (6.17), we get
2
2 * (1)
baun, ) zae il )+ 5 ([0,
S () (-1 (V) 2 (031
RN eI V¢, ‘H* N )
Z\ (1) - Gt D g

Moreover, the definition of by(-,-) in (6.21) and (6.22), and the definition of the VE Newton
potential in (6.26) imply

bp(up, owy) =6 (an(Wn, wp) + ap(up, wy)) . (6.32)

Since (6.17) gives ap(wpn, wp) = . ||lwp ||)2’(7Z)’ then Young’s inequality entails, for all positive &,

1 1 *
an(up, wip) = = (ap(up,un))? (ap(wp, wp))2 2 =a* lluplly(g) Iwally @)

CYS

2 - ”Whlly(f];L)

Inserting the two above inequalities into (6.32) yields

a‘e 2 a*o 2
byp(up, owp) =6 (a’* - T) ”Wh”y(f];L) - g ”uhlly('];l) . (6.33)

As a final step, we sum (6.31) and (6.33):

a*o a'e 5 * (1)
bh(uh,uhmwh)z(a* i )nuhnm)w(a* . )uwhnmz L0,
N (n) (1) ™l
5 (- 1,0) - T + s )
;:2‘ (1) G, D e
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Chapter 6. Space-time virtual element method for the heat equation

Taking 0 < € < (2a,)/a® and 0 < § < (2ea.,)/a”, defining
*6 £
ﬁ::min(a/*— a ,6(0*— i 8)) > 0,
2e

and recalling (6.27) and (6.29), we can write

2
1
bt an +0wi) = B (Ilunll} ) + ||Wh||ym) +7(]n* 0L
+ H* (n) P (ﬂ 1) ’ ‘H* (N) )
Z\ (1) - G, (D
, min (1, B)
> min (1, 8) lunlly () =2 —=——— lluall lun +ownlly(g) -
X(Tn) \/Emax(l,d) X (Tn) Y (Tn)
The assertion follows with y; := min (1, 8) /(V2 max(1, §)). ]

We are in a position to prove the well-posedness of the method in (6.24).

Theorem 6.17 (Well-posedness of the space—time VEM). There exists a unique solution uy, to
the method in (6.24) with the following continuous dependence on the data:

lunllxzy < ¥7'CrA £l 2(0p) -

where vy is the discrete inf-sup constant in (6.28), Cp is the Poincaré-type inequality constant
in (6.25) and A is the thermal conductivity.

Proof. The discrete inf-sup condition (6.28) implies uniqueness of the solution. The existence
follows from the uniqueness, owing to the finite dimensionality of ¥;,. As for the stability bound,
we apply again the inf-sup condition (6.28) and recall the definition (6.24) of the method:

0,0
1 bh(uh,vh) 1 (f, Hp—lTVh)LZ(QT)
Nunllx (7 < sup —————— = — sup
YI 0v,eY;, ||Vh||y(frh YI 0#vy,€Yy, ||Vh||Y(7;)

The Cauchy-Schwarz inequality, the L? stability of HO’_QIT, and the global Poincaré-type inequal-
P
ity (6.25) give the assertion. ]
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Error analysis
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7.1 Introduction

In this chapter, we analyze the convergence of the virtual element method in (6.24). More
precisely, we present an a priori error estimate and prove quasi-optimal convergence rates in
the X(7;)-norm in (6.27) for the h-version of the method. We first use the discrete inf-sup
estimate (6.28) to obtain a Strang-type bound for the error of the method in the X (7;)-norm,
which is the sum of four terms: i) a VE interpolation error; ii) a term related to the discretization
of the right-hand side f; iii) a term measuring the spatial nonconformity of the discrete space; iv)
a term involving polynomial error estimates, which arise from the nonconformity in time and the
polynomial inconsistency of the discrete bilinear form. Optimal A-convergence for sufficiently
smooth solutions is then proven in Theorem 7.4 by simply estimating each term.

The numerical experiments in Section 7.5 illustrate some additional properties of the pro-
posed method:

* The method converges with optimal rates of order O (h”*!) in adiscrete H' (0, T; H~' (Q))-
type norm.

* Although the method is not based on tensor-product polynomial spaces, optimal rates of
convergence of order O(h”*!) are observed for the error in the L?(Q7)-norm. When
non tensor-product polynomial spaces are used for the interior penalty DG formulation

in [14], only suboptimal rates of order O (h” +%) are obtained in the L?(Qr)-norm, see [14,
Thm. 5.11].
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* The method shows the highest convergence rates that can be expected for singular solutions
according to their regularity.

* The k»-condition number of the stiffness matrix growths as O(h~!) for all p € N.
» Exponential convergence is obtained for the p-version of the method for smooth solutions.

Structure of the chapter: We start by introducing some technical tools in Section 7.2, which
are typical of the nonconforming framework. Then, in Sections 7.3 and 7.4, we develop an a
priori error analysis in two steps: first, we prove a Strang-type bound; next, we derive optimal
convergence rates, by using interpolation and polynomial approximation results, assuming suffi-
cient regularity on the solution. We conclude with some numerical experiments in Section 7.5.

7.2 Technical results

Introduce the bilinear form N}, : L?(0,T; H %”(Q)) X Y, — R given by

N, vi) ::AZ/ > /qu‘[vh]]FdS dt. (7.1)

n=1*In peFx < Ix

This bilinear form encodes information on the nonconformity of the space Y across time-like
facets.

On K = I,, X Ky, define the local bilinear form
bE(w,v) = / / (cgdwv + AVxw - Vyv) dx dt.
I, J Ky

Lemma 7.1 (Nonconformity in space of Yj). Assume that the solution u to the continuous
problem (1.5) belongs to L*(0,T; H%+‘9(Q)). Then, for all vy, in Yy,

Z b  (u,vi) = (fvi)izop) + Na(u, vi). (7.2)
KeT,
Proof. Integrating by parts in space and recalling the definition of N, in (7.1), we can write

> oK vy = Z/In(/Kx(cH@,u—/leu)vhdx 1y /th(ﬁFX-VXu)dS)dt

KeTy KeTy FyeFkx © 0%
= (f’ Vh)LZ(QT) +Nh(u, Vh)' [
We introduce another preliminary result, which characterizes the polynomial inconsistency

of the method in (6.24). To this aim, we define the bilinear form JX : H! (7n) XY, — R given
on each K = Ky x I, in 7, as follows: for all w in H'(7}), v in Yy,

1 (1) e 1.
CH (H;w( )(-,O),vh (-,O))Lz(Kx) ifn=1;

CH (H;w(n)(a tl’l—l) - H;W(n_l)('a tn—l)avgln)('a tn_l))Lz(K) if2<n<N.
(7.3)

TEw,vp) =

This bilinear form encodes the polynomial inconsistency of the method at space-like facets, as
stated in the following lemma.
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Lemma 7.2 (Polynomial inconsistency of b,(-,)). The local bilinear forms bf (-, ) satisfy
by (@p.vi) = 6% (qp,vi) + T (ap,vi)  Yap € S*(Th), Yvi € Vi(K), VK € Ty (14)

Proof. Thanks to the definition of the bilinear form aX (-, -), the orthogonality properties of the
Eroj ector ITY, and the fact that the projectors H; and HI/Y preserve polynomials of degree p, we
ave

bIh((CIp, Vi) = CH(azH;Qp, Vh)LZ(K) + aK(H,/Y(]p, Hgvh)
+ ASK((1-T1)) g, (I-TI) )v) + TX(T5gp, vi)
= cu(00T5q,, vidrak) + @~ (qp. T vi) + T (qp. vi)

= cu(0dp, i)z (k) + @ (qp,vi) + TX(qp.vi) = b5 (gp,vi) + TX(gp.vi). O

7.3 A Strang-type result

We prove an a priori bound for the error of the method (6.24) in the X (7;)-norm.

Theorem 7.3. Let u and uj, be the solutions to (1.5) (with homogeneous initial and boundary
conditions) and (6.24), respectively. Assume that u belongsto L*(0,T, H %+‘9(Q)) forsome g > 0.
Denoting by uy € Y, the DoF interpolant of u in Yy, and y; be the discrete inf-sup constant
appearing in (6.28). Then, we have

0,0
|(f =I5 f.va)izor)| .\ NAURD]

llu = unllxgy < Nl —ugllyq +y;" sup
(7e) (7% Ok Vally ) Vally 7

. Yker, (bF (u—qp,vi) = b5 (u—qp,vi) + T5(qp.vi)
ap€SP (Tn) Ivally ()

(7.5)

Proof. By the triangle inequality, we have

lu = unllx 7y < Nlu—urllxeg) + lur = unllx ) = T1 + Tz

Since Hl*, is computable from the DoFs, we have that H;(u —uy) = 0 in each element. Taking
into account (6.27), this yields

2
T2 = llu = sl gy + [ (103 = ) )|

-

n=2

cH 2
v 7( [T (ue — ”1)("0)||L2(9)

IS (u — ™) (s tyet) = T (= ™) (1)

) 2
e 15 (e = un) € )| 2 g )

2
= [Ju - MI”y(q;l) .
The rest of the proof is devoted to estimating the term 7,. The definition of u; implies

bp(ug,vy) = bp(u,vy) Vv, € Y.
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Using this property and the discrete inf-sup condition (6.28), we get

_l bp(ur —up,vi) bu(u —up,vp)
lwr —unllxzy < vy sup =y, Sup ——————
0#vy €Yy ”vl’l”Y(?;,) 0#vpeYy ||v]’l||Y(7;l)

We recall (6.24), add and subtract any g, in S”(7}), use the inconsistency property (7.4), add
and subtract u, recall the property of the nonconformity bilinear form ANj(-,-) in (7.2), and
deduce

bu(u — up, vy) = Z by (u,vi) = (F TG Vi) 120,
KeTy

0,
= > (BE = apvn) + b (@p i) = £ T V)00,
KeT;,

= Z (bf(u —qp, Vi) + bK(qp,Vh) + jK(qp, Vh)) - (f’H?;_Qlth)LZ(QT)
KeTy

= > (BF = apvn) + 55 (@ = wvi) + 65w vi) + T (g v) ) = (LT V)20,
KeT;,

= Z (bf(u ~qp, Vi) — bK(u —qp, Vi) + jK(q[,,vh)) +(f - Hg’_Qle, Vh)LZ(QT) + Nu(u,vy).
KeTy,

The assertion follows from taking the infimum over all g, in S”(7}) and then the supremum
over all vy, in Yj,. L]

7.4 A priori error estimate

The aim of this section is to prove optimal convergence rates for the method in (6.24). So far,
we have derived all estimates with explicit constants, so as to track the use of different type
of inequalities (Poincaré, trace, inverse estimates, ...). Furthermore, we kept separated the
contributions of g, and hj,. In this section, we shall not keep this level of detail.

We prove error estimates under some regularity assumptions on the exact solution and focus
on the case of isotropic space—time meshes, i.e., assume that

th ~ h[n ~ hg VK =Ky X I, € Tp,. (76)

In Theorem 7.3, we proved that the error of the method in (6.24) is bounded by the sum of
four terms: i) a VE interpolation error; ii) a term involving the discretization of the right-
hand side f; iii) a term measuring the spatial nonconformity of the discrete space Yj; iv) a
term involving polynomial error estimates, which arise from the nonconformity in time and
the polynomial inconsistency of the discrete bilinear form. Based on that result, we prove the
following theorem.

Theorem 7.4. Let assumptions (G1)—(G4) be valid, and T}, be isotropic in the sense of (7.6).
Assume that u € HP*'(T,) and f € HP(Ty), where p > 1 denotes the degree of approximation
of the method in (6.24). Then,

llu — ”h||X(7;l) S hp(|”|Hp+l(7;) + |f|HP(7’h))- (7.7)
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Proof. We estimate the four terms on the right-hand side of (7.5) separately. The assertion then
follows by combining the four bounds we provide below.

Part i) VE interpolation error. For any g, in S”(7},), the triangle inequality implies

e = wrllyemy < |u = aply( +lap = wily (- (7.8)

We focus on the second term on the right-hand side. For any K € 7, (g, — uj)|, belongs
to V,(K). Therefore, the stability bounds (6.16) entail

2
|q[,—u1|y(K) gallf(qp—m,qp—ul) VK € 7).
Since u; is the DoFs interpolant of u and ay (-, -) is computed via the DoFs, the above inequality
also implies
2
|QP - ul|y(7;l) < ah(qp —uy, q[? - ul) = ah(Qp —Uu, ‘Ip - l/l)
Furthermore, using the discrete continuity property (6.19), we arrive at
2 2 2 2
|qP - ”1|Y(771) S Z (hK ||” - qP||L2(K) + |” - qP|H1(K)) :
KeTy,

Inserting this into (7.8) and using standard polynomial approximation results yield
= urlly gy S B |ulgr(g)-

Part ii) Handling the variational crime on the right-hand side f. Using the definition
of HO’_QIT, standard polynomial approximation estimates, and the global discrete Poincaré in-
equality (6.25) entail

0, 0,
(F =M% fovnizon < ., [ F-T05 7

KeT;,

26 Vallzky < B2\ flae ) Vall 20

S P2 flae gy ally ) -

Part iii) Handling the variational crime of the time-like nonconformity. We estimate

|Nh(u, Vh)| _ |/1 ZFe'Th fl,, fo Vxu - ﬂVh]]FdS dt|

0tvpey, IVally(m)  o#vhey, ally )

We present estimates on a single facet F' = Fx X I,,. For the sake of simplicity, we assume that F’
is an internal time-like facet shared by the elements K; and K,. Using the definition of the
spatial nonconformity of the space Y}, see (6.8), and the properties of L? projectors, for all q;,’l,
q;,’z inP,(1,), we write !

//qu-[[vh]]Fdet //qu-ﬁFx[[vh]]det
I, J Fy I, J Fy

/ / (V- B, ~ T (V- o)) [ s at
I,, J Fx

/ / (qu g, — Hg’F (Vu - ﬁpx)) ((vh|K2 - qi;z) ~ (Valg, — q;,’l )dS dt
Irl FX

Here we use the scalar normal jump [ -]] defined in the proof of Proposition 6.15.
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Next, use the Cauchy-Schwarz inequality, the triangle inequality, standard properties of the L?
projector, a trace inequality, the local quasi-uniformity of the space—time mesh, and arrive at

// Vit - [vi ]| FdS dt
1, J Fy

> 0,F - 1.2 t1
< . _ s . _ 46 _ 46
< ||Vxu - 0p, I1," (Vxu - B, ) ) (th|K2 q5 o + th|K1 q5 L2(F))
0,K = 1,2 t,1
S‘V (u—H’lu)-nF th -q; +th -q;
X p+1 N2 (r) Iy qp L2(F) Ik 1p L2(F)
1
-3 0.K € 0.K
s(hzu— Sy +he lu—11""lu| )
K p+1 Y(Kl) K, p+1 H§+8(K1)
1 . 1
E -2 _ b 3
8 ( . (th Vh = dp L2(K;) - hKflvhly(Kf)))'
Jj=1,

An application of (6.11) yields

// Vyu - [vp] FdS dt
1, J Fy

Summing up over all the elements and using approximation properties of the L? projector, we
eventually get

1
E€E+5 () K

2, _ K
K |U I

+h il

< (‘u — %Ky,

p+l ‘Y(K]) H%-H;(K[))J_;Zl‘}hly(l(.f)'

N (u,v
sup M < ]’lp+1|l/l|Hp+l(-77’).

ozvaey, IVally(a)

Part iv.a) Polynomial approximation error of 5% (-,-) type. Let g, be in S?(7j). Using the
Cauchy-Schwarz inequality twice and the definition of the bilinear form b (-, -) give

bK(”_CIp’ Vh) =CH (az(u_CIp)» Vh)Lz(K) + /l (VX(M_QP)’ VxVh)Lz(K)

< =l ey Vill 2y + Ivaly )

Summing up over all the elements, using an ¢> Cauchy-Schwarz inequality, and recalling the
global Poincaré-type inequality (6.25), we can write

D5 = qpvn) < |u=aply Inlly e (7.9)
Ke7;,

Part iv.h) Polynomial approximation error of bf (-,-) + IX(-,-) type. Thanks to defini-
tions (6.21) and (7.3) on each element K = Kx X I, in 73, for all v, in Y}, we have

by (=qp,vi)+ T (qp.vi) = cu(OIT5 (u—qp), vi) 2y +ap (=g p, vi) + T (u, vs), (7.10)

where g, is the same as in Part iv.a). We first focus on the second term. Using the stability
bound (6.16) and the continuity property (6.18) with hgx_ =~ hj, , we arrive at

1 1 _
=gy 1) < af (u=gpu-a) a0t 5 (051 1= @l oy + = @l i) Wil
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7.4. A priori error estimate

Next, we deal with the first term on the right-hand side of (7.10). The Cauchy-Schwarz inequality
yields
(BT (u = qp). vidr2ck) < 00T (= gp)l| 2 e Vil 2 -

A polynomial inverse inequality gives
10T, (= gp)| 2y < Bk T (= )2 (7.11)

By using (6.6), the definition of IT%, the stability of the L? orthogonal projection, and the trace
inequality, we arrive at

I3 = a2 g < P05 T = )

1
p L2(K) + g Ty S0 = ) t"‘l)”Lz(Kx)

1
+ hi [ = gp) Co w2

_lqok o

- ‘Hp—l(” 90| 2k (7.12)
1

< lu - qP||L2(K) +h || = qp) (-, tn-l)”LZ(Kx)

< Jlu - qP||L2(K) + hilu - ‘lp|H1(1<)'

Therefore, we obtain

@3 (= gp), vidzxy < (R e = anll oy + e = ol ) Ivllzce

Finally, we estimate the third term on the right-hand side of (7.10). Since the initial condi-
tion u(-, 0) is zero, T%(u,v;) = 0if n = 1. So, we consider the case n > 2:

TEu,vi) = (U™ (- tymg) = D 102), 08 (o)) 2k

1
shlz(( ‘u(’ tn—l) - H;”(n)('a tn—l)

L*(Ky)
_1
2

(n)
LZ(KX)) Kk [Vn ('»tn—l)

+

M(-, tn—l)_H;u(n_l)(’, tn—l)

L2(Ky)

Proceeding as in Proposition 6.13, it is possible to show that

h_%

K v;,n)(" z‘n—l)

< .
ke S Valy k)

Thus, we can focus on the two terms involving u. As for the first one, we use a trace inequality
along the time direction, add and subtract the same g, as above, recall that IT; preserves
polynomials of degree at most p, use the triangle inequality, apply the polynomial inverse
estimate (7.11), and get

1
2
hK

u('a tn—l) - H;u(n)(’ tn—l)

ey = =Tl

< [l = @pll o i + e 100 (e = @)l o ey + T3 (= @) o ) + P (|00 = @) 2
< lu - qP||L2(K) + hic |0 (u ~ qP)”U(K) + I (e — ql’)”LZ(K) :

&) + hg ||6,(u - H;u)”LZ(K)

Next, we apply estimate (7.12) and get

1
h12< u(-,t,_1) — H;u(n)(.,tn_l) LKy < ||M - CIP“LZ(K) + h[(|1/l - CIp|H1(K).
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For the second term involving u, we proceed analogously. Setting K’ := Ky X I, and using the
local quasi-uniformity of the space—time mesh, we get

1
2
hK

M(" tn—l) - H;u(”l—l)(.’ tn—l)

L2(Ky) S - ‘11’||L2<1«> + hieofu - ‘Ip|H1(1<')'

Summing over all the elements, using standard manipulations (including £> Cauchy-Schwarz
inequalities), and applying the global Poincaré type inequality (6.25) give

BI—

Z (bf(u —qp.vi) + TX(qp. Vh)) < Z (h,}z |jue - CIp“iz(K) + Ju - Qpﬁp(,()) Ivally () -
KeTy, KeTy,
(7.13)

Conclusion of Part iv) From (7.9) and (7.13), which are valid for any ¢,, € V},(K), and standard
polynomial approximation results, we obtain

sup inf ZKE'Th (bf(u_ql?’vh) _bK(u_Qp,Vh)+jK(Qp,Vh))
0#vy,eYy 4p €SP (Th) ||Vh||y(ﬁ)

< hp|Ll|Hp+l(77l). O

7.5 Numerical results

In this section, we assess the error estimate proven in Theorem 7.4. We briefly mention some
relevant computational aspects regarding the numerical results for the (1 + 1)-dimensional test
cases below.

* In case of nonhomogeneous initial and/or boundary conditions, we set moments at Qx {0}
and/or at 0Q x (0,T) accordingly and modify the right-hand side. This corresponds to
a standard lifting procedure, where the lifting has all the remaining moments equal to
zero. In the presence of incompatible initial and boundary data, no artificial compatibility
condition is enforced on the discrete solutions.

* Since the virtual element solution u, is not known in closed form and the error in the X (7)-
norm is not computable, we report the following error quantities: given uy, the solution
to (6.24),

Y ._ N
& = ||u -1,

tnlly iy €= 0 RATTS (= )y

U2 ._ SH | (lp* 2 » :
(90 = | 5 Gt = ) C Oy + T ot = ) T2 (7.142)
N 2
+ Z ) T (u = 1) ™ (- t1) = T (= up) "™V (- 1) L2(Q) )
n=2
Moreover, we also show the error in the L?(Q7)-norm
L._

which is not covered by our theory.
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* We are also interested in comparing the results with those obtained for the continuous
FEM discretization of (1.5) in [93]: find uj, € X}, such that

b(ﬁh,vh) = (f,vh)Lz(QT) Vv, € ?h- (7.15)
Here, ?h is a space of continuous piecewise~polynomials over a space—time simplicial

tessellation of Q7, and X, is the subspace of Y}, of functions with zero initial condition.

We consider the following error quantities
E =llu-mlly, &Y =INu(u—-m)ly, (7.16)

where the discrete Newton potential N, (u — ;) € Y, is the solution to the following
variational problem:

a(Np(u —up),vy) = b(u —up,vy) — a(u — up, vp) Vv, € Y.

* In all experiments, we take cy = A = 1 and employ the stabilization in (6.23).

* We use tensor-product meshes and uniform partitions along the space and time directions.

7.5.1 Patch test

The discrete bilinear form b, (-, -) in (6.22) is polynomial inconsistent; see Lemma 7.2. However,
thanks to the error estimate (7.7), the method in (6.24) passes the patch test, i.e., up to round-off
errors, polynomial solutions of order p are approximated exactly.

We consider the following family of exact solutions on the space—time domain Q7 = (0, 1) X
(0,1):

(7.17)

3 P12xp/2 if p is even;
Up (K1) =9 (o2 (p+1)/2 4 (D212 i p is odd.

For any p € N, u,, belongs to P” (Q7). In Figure 7.1, for p = 1, ..., 5, we show the errors in the
approximation of u,, obtained using a sequence of meshes with i, = h; = 0.2 27 i=1,...,5,
and approximation degree p. The scale of 10710 in the figures validates the patch test. The
growth of the error observed while decreasing the mesh size represents the actual effect of the
condition number when solving the linear systems stemming from (6.24).

7.5.2 Smooth solution

On the space—time domain Q7 = (0, 1) X (0, 1), we consider the nonhomogeneous problem with
exact smooth solution

u(x,t) = sin(z) sin(37x). (7.18)
In Figure 7.2, we show the errors in (7.14) obtained using a sequence of meshes with h, = h; =
0.2x 27 fori =1,...,5, and different approximation degrees p. We observe convergence of

order O(hP) for the EY error, of order O(hP*!) for the EV error, of order O(hP*?) for the EV
error, and of order O(h”*!) for the & error.

For the conforming finite element method in [93], convergence in the Y-norm (1.3) of both
the discrete solution and its Newton potential is of order O(h”), see Figure 7.3.
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Figure 7.1 h-dependence of the VEM errors in (7.14) for the patch tests with solution u,, in
(7.17).
T T T T 0
0 101 —— 102 —
10p —a— 100 — = 201 —®
2 T 2.00 — g _4 2 /3.5& =
__e—2% — 3.00 a2 e
200 4 e 3.07 A
— 3.00 00 K 4l m—1 - 430
—~ -4r 3.00 — / : — /./3'04 / /*
%\) 3.00 X 4.00 aep /A %\) ./3.04 431 493
e Ran 4.00 T / = 67 416 " / A
) X 5.00 80 / 4.98 5.95
o 400 /‘/ e} 4.03 / /
8 A 5.00 —=—p=1 8re /439 5.98 —&—p=1
/ —e—p=2 - / —e—p=2
-10 ./5"’0 —4—p=3 |/ -10 -“/ : G563 —4—p=3
+ =4 + =4
+z=5 Aoz —a” +z=5
2 L : : : : : : 2 L : : :
2 1.8 1.6 -1.4 1.2 -1 -0.8 2 1.8 1.6 1.4 1.2 1 0.8
logyo(h) logy(h)
0 T T 0 T T
ey " 197 — 2
—W— 235 g9 — & —0
2+ a8 *;j; — _4 2 __g—20 —a /2'92
— 15 e —— 3.41 — 200 __— 2.96 2o A
o —— as / /* 4+ /2.93 / /*'
_ Afe— _— 444 Py o— /’/m a7
S 3.48 3
oY _ o e w 6r " -
~ 6} 349 / 546 = 400 /
& Ll / o0 8 Lo 499 /
2 " O < A /5.99
-8 I : .
,‘/“9 / —s—p=1 -10 -*/m 6.00 —s—p=1
5.49 e—p=2 / ——p=2
a0 b a ——p=3 ol e ——p=3
5.47 —k—p=4 b a —k—p=4
y e —A—p=5 —d—p=5
2 L 14 L : :
-2 1.8 1.6 1.4 -1.2 1 -0.8 -2 1.8 1.6 -1.4 1.2 -1 0.8
logyo(h) logyo(h)

Figure 7.2 h-convergence of the VEM errors in (7.14) for the test case with smooth solu-
tion (7.18).
7.5.3 Singular solutions

We assess the convergence of the method for test cases with finite Sobolev regularity using the
same sequence of meshes as in Section 7.5.1. Given the space—time domain Q7 = (0, 1) X (0, 1)
and @ > 1/2, we consider the singular solutions

ug(x,1) =t sin(mx). (7.19)
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Figure 7.3 h-convergence of the FEM errors &Y and EV in (7.16) for the test case with smooth
solution (7.18).

We have that ug, dcug € H*1/?27€(0,1;C%(0, 1)) and du, € H*'/>=€ for any € > 0. The
singularity occurs at the initial time. The errors in (7.14) for a sequence of meshes with A, =
hy =02x27%fori =1,...,6, are depicted in Figures 7.4 and 7.5 for @ = 0.55 and a =
0.75, respectively. We observe convergence of order O(h™™P-@*1/2}) for the error &Y, of

order O(h“_%) for the error &V, of order O(h®) for the error EV, and of order O(h‘”%) for the
error &F.

For the conforming FEM in [93], only convergence of order O(h®) is observed for gr
when p > 1.

7.5.4 Incompatible initial and boundary conditions

On the space—-time domain Q7 = (0, 1) X (0, 1), we consider the heat equation problem (1.2) with
zero source term (f = 0), homogeneous Dirichlet boundary conditions (g = 0), and constant
initial condition (#g = 1). The corresponding exact solution is given by the Fourier series

u(x,t) = i ﬁ sin ((2n + l)nx) exp ( —(n+ 1)2n2z). (7.20)
n=0

Due to the incompatibility of the initial and boundary conditions, u« is discontinuous at (0, 0)
and (1,0), and does not belong to H'(Q7r) but belongs to H* (O, 1; Hé (0, 1)) for any s < 1/4;
see [91, §7.1].

In Figure 7.7, we show the errors obtained on a sequence of uniform Cartesian meshes for
the proposed VEM and on a sequence of structured triangular meshes for the conforming finite
element method in [93].

The conforming finite element method does not converge in the Y-norm, while the &? error
of the VEM converges with order O(h'/#4). For the computation of the error, we truncate the
series (7.20) at n = 250.
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Figure 7.4 h-convergence of the VEM errors in (7.14) for the test case with singular solutions u,
(7.19), @ = 0.55.

7.5.5 Conditioning

We assess the conditioning of the matrices stemming from the method (6.24). We denote by K
and A the matrices associated with the restrictions of the bilinear forms b;(-, ) and a(-,-) to
each time-slab. Observe that K is used to compute the solution of the VEM (6.24), while A is
used only to evaluate the error &V in (7.14). In Figure 7.8, we show the condition number ()
of both matrices, where asymptotic growths of order O(h~') and O(h~?) are observed for K
and A, respectively.

7.5.6 p-convergence

We are also interested in the performance of the p-version of the method, i.e., we fix a mesh and
increase the degree of approximation. This is worth investigating also in view of the design of
and hp refinements. We consider the smooth solution test case from Section 7.5.2 with a fixed
mesh with i, = h; = 0.1. The results are shown in Figure 7.9 in semilogy scale. We observe

the expected exponential convergence of order O (e~?VNpors),
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Figure 7.5 h-convergence of the VEM errors in (7.14) for the test case with singular solutions u,

(7.19), @ = 0.75.
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tions u, (7.19), @ = 0.55 and a = 0.75.
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the test case with incompatible initial and boundary conditions.
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Figure 7.8 k,-condition number of the matrices stemming from the VEM in (6.24).
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Chapter 8

Extension to general prismatic meshes and
variable degrees of accuracy
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8.1 Introduction

In this chapter, we extend the nonconforming space—time virtual element method in (6.24) to the
case of general prismatic meshes and nonuniform degrees of accuracy. This method allows for
the use of space—time meshes with hanging facets (nodes, edges, faces) and is based on possibly
discontinuous in time test and trial functions that are solutions to local space—time problems
with polynomial data. This approach provides a natural framework for space—time adaptivity
without need of re-meshing neighbouring elements as hanging facets are naturally included in
the polytopic framework. If the space—time mesh is decomposed into separate time-slabs, it
still allows for splitting the global linear system into much smaller systems that can be solved
sequentially. Due to the nonconformity across time-like facets, the design and implementation
of the method are independent of the space dimension. No artificial compatibility of initial and
boundary conditions is enforced on the trial virtual element space, and optimal convergence
rates have been achieved also for singular solutions. For tensor-product space—time meshes, the
method presented in this chapter reduces to (6.24) in Chapter 6.

Structure of the paper. We introduce general prismatic meshes in Section 8.2; design local
virtual element spaces and describe their degrees of freedom (DoFs) in Section 8.3; define
global nonconforming space—time virtual element spaces in Section 8.4; detail the discrete
bilinear forms in Section 8.5; present the method in Section 8.6. We discuss space—time virtual
elements with variable degrees of accuracy in Section 8.7.



8.2. General prismatic meshes

8.2 General prismatic meshes

As in Section 2.2, we consider sequences of meshes {7}, } consisting of nonoverlapping prismatic
elements covering Q7 in the following sense: each element K € 7j, can be written as K = Ky xK;,
where K is an d-dimensional open polytope with boundary 0K and K; := (a;, b;) € (0,7T).
We denote the diameter of K and the length of K; by hyg, and hg, respectively. We call “mesh
facet” any intersection F = dK! N 0K?, F = K n (0Q x (0,7)), F = 0K"' n (Q x {0})
or F =K' n (Q x {T}), for K!, K* € Tj, that has positive d-dimensional measure and
is contained in a d-dimensional hyperplane. Let ?15( = (715&,1715@) € R¥! be the outward-
pointing unite normal vector on K restricted to F. We assume that each mesh facet F ¢ 9K,
with K = Kx X K; € T3, is either

a space-like facet if ﬁg(x =0, or atime-like facet if 715([ = 0.

Each time-like facet F' can be written as F := Fx X F;, where Fx € 0%, and F; c ‘K;. For
each K = Kx X K; € T, with ‘K; = (a;, b;), we collect the space-like facets at time ¢ = a, and
the time-like facets of K into the sets qu(pace and T;{ime, respectively.

Associated with each element K € 7, we define K as the (d + 1)-dimensional closed
polytope ! containing K and whose boundary is given by the union of the facets in 7" U F ™.
For any F = Fx X F; € F,/™, we define

]’lFZ

X

_ [min{hgc.h} if F=KN%K for some K = Ky x K; € T,
A, if Fy C 0Q.

We denote the sets of space-like and time-like facets of 7}, as

space | space time .__ time
F = U x> Fn = U Fac™
KeTn KeTy,

Hanging nodes (1 + 1 dimensional case), edges (2 + 1 dimensional case), and faces (3 + 1
dimensional case) are included within this structure of the mesh. In the absence of hanging
facets, it is not necessary to distinguish between K and K, and in such a case all the definitions
in this chapter coincide with those in Chapter 6. For each F € ﬁime, we fix a normal unit
vector Tip € R¥*! of the form (nf,,0), iy, € RY. In Figure 8.1, we illustrate the definitions in
this section.

8.3 Local space-time virtual element spaces

In this section, we introduce local space—time virtual element spaces, extending the construction
in Chapter 6 to the general prismatic meshes described in Section 8.2.

Introduce the scaling factors

TN = hy, K= hy (8.1)

I'We consider a d-dimensional “polytope” as defined in [16]: a geometrical figure bounded by a finite number
of portions of lines (for d = 2), planes (for d = 3) and hyperplanes (for d > 3).
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Fl

=
k!
>~

Figure 8.1 Example of a prismatic space—time mesh. Left panel: The prismatic partition 7
of the space—time domain. Central panel: Zoom of the element K € 7,. Right panel:
The associated closed hexagon K with three space-like facets K., K2 and K and three time-like
facets F!, F2? and F3. By definition, hp = min{hg, hi }s hpz = min{hg,, h@} and hps = hy,.

Given p € N, K = Kx X K; € 7;, and its associated K, we define the local space—time virtual
element space as

Vi(K) = {V € L2(7() | E‘ga,vh — /TWAth e pr-! (K); Vh|K, € P? (Kx) ;
. (8.2)
fir, - Vevap € PP (F) VF € 7—;;1“}.

Although functions in V},(K) are not known in closed form, it holds P? (K) c V;(K).
Given an element K € 7, and any of its time-like facets F, let {m?f};‘fl”’ -, {mg }

and {mz,(x ;d:f be given bases of PP~ (%), P?(F), and P? (%K), respectively.
Introduce the following set of linear functionals:

rd,p

p=1"

¢ the bulk moments

1
T / vpmKdx dt,  a=1,...,rq0 -1 (8.3)
e
e for all time-like facets F € ?‘;(ime, the time-like moments
1 F
m Vi mﬁdet, B=1....rap; (8.4)
F

* the space-like moments

1
|(](x| Kx

vi(ste)midx, oy =1, (8.5)

These linear functionals constitute a set of unisolvent degrees of freedom. To see this, it suffices
to apply Lemma 6.3 to the case of the general prismatic-type elements introduced in Section 8.2.
In Figure 8.2, we illustrate the degrees of freedom for the element K = K X K; and its associated
closed polytope K from Figure 8.1. Observe that, if K; = (a;, b;), we define space-like moments
on Kx x{a,} and not on the space-like facets Ky € qupace. The latter will be used in the definition
of the upwind terms.
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s e S
i(](l K i F% K [ ]
F! ¢
7<" ________ Kx 5 o

Figure 8.2 Example of degrees of freedom for Vj,(K) with p = 2 (K and K are those from
Figure 8.1). Left panel: the element K € 7,. Central panel: the associated closed hexagon K
with three space-like facets K, K2 and K and three time-like facets F!, F> and F3. Right
panel: corresponding degrees of freedom; the dots denote the bulk moments; the blue
dots denote the space-like moments; the red dots denote the time-like moments.

8.4 Global nonconforming space—time virtual element spaces

In this section, we design a global virtual element space Y}, consisting of functions that are
possibly discontinuous-in-time and nonconforming in space.

We define the Sobolev nonconforming space of order p associated with the mesh 7, as

. (8.6)
/ij [[V]]F . ﬁFdS =0 ng ePP (F), VF € 7:htlme}'
F

We define the global virtual element space as follows:

Y, = {vh e NC,(T;) | vaig € Vi(K) VK € frh}

8.5 The discrete bilinear forms

The definition of the discrete bilinear forms in Section 6.3.4 extends naturally to the general
prismatic meshes in Section 8.2 with the same polynomial projections in Section 6.3.2, by
suitably modifying the upwind-type terms. We recall that such terms are used to weakly
enforce continuity in time on the discrete trial space. We define them as: for all space-like
facets Ky c Qx {t*},t* € [0,T],

CHH;uhrK(',t*) if t* =0,

8.7
CH (H;uh|7<+(-,t*) - H;uhr](—(-,l‘*)) if t* > 0, ( )

U (uy) = {

where Ky € T;(pace ift* =0, and Kx € F;?fce is a subset of 9K N 9K~ if t* > 0.

Remark 8.1 (Inhomogeneous initial conditions). The case of nonzero initial conditions can be
dealt with by modifying the definition of the upwind functional at time 7 = O as follows: for all
space-like facets Kx C Q x {0},

U (up) = cn (H;MW((‘, 0) - Mo) :
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Chapter 8. Extension to general prismatic meshes and variable degrees of accuracy

The computability of the upwind terms follows from the definition of the space-like moment
degrees of freedom (8.5) and the computability of the projector H;.

We extend the definition of the bilinear form by (-, -) in (6.21)-(6.22), which is a discrete
counterpart of the continuous bilinear form b(-,-) in (1.4), to general prismatic meshes, as
follows:

bu(up,vp) = Z [CH(atH;”h’Vh)LZ(W)+a;]1((”havh)] + Z ((L(K"(uh),mw)

KeT, KyeF e L&)
h

(8.8)
where aZf(-, -) is the bilinear form defined in (6.15), with the following computable stabilization
satisfying (6.14)

S® (up, vi) = chgé(ng’z(]uh,ng’ﬁvh)y(m+ Z phad (00w, T vi) 2y
Pézme (8.9)

+ phy, h%zx(uh, Vi)I2(%,)-

8.6 The virtual element method

Assuming that f belongs to L?(Qr), the space—time virtual element method for the approxima-
tion of solutions to (1.5) reads: find u;, € Y; such that

ba(un,va) = (LI vy You € Y (8.10)

The discrete inf-sup argument in Section 6.4 that is used to prove the well-posedness and a
priori error estimates can be extended to the case of general prismatic meshes introduced in
Section 8.2, using the norms

2 2 2 2 2
Ivlly 7, = Z VIl () - Vx5 = VIl + ”mhl—lzvny((ﬁ,)
KeTn

¢ 2
* TH( Z ”(L{KX(V)HLZ(KX) * ”H;"("T)”i%sz) )
Kxeﬁpace

where the discrete Newton potential Ny, : SP(7,) — Y}, is defined as follows: for all vj, € Yy,

an(Nndn, vi) :CH((6t¢h, Vh)Lz(QT) + Z (ﬂKX(¢h)’ vh|7(+)L2(K ) )

Ky e(j:hspace

The well-posedness of the method follows as in Theorem 6.17 with these new definitions.

8.7 Space—time virtual element spaces with variable degrees
of accuracy

Let 7}, be a given space—time polytopic mesh consisting of Ng; elements, and let p € NN, l})ve a
given distribution of degrees of accuracy. More precisely, we sort the elements of 7}, as { K }j:(r’f ,

and denote the degree of accuracy in each element K; by p;, j =1,..., Ng;.
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8.7. Space-time virtual element spaces with variable degrees of accuracy

Given the vector p, we fix the degrees of freedom associated with each element according
to the following “maximum strategy’:

* in each element K;, j = 1,..., Ng;, we take bulk moments (8.3) up to degree p; — 1;

* on each internal fime-like facet F' shared by two different elements K; and K, for
given j,{ =1,..., Ng;, we take time-like moments (8.4) up to degree max(p;, pe);

* on each time-like facet F C 0Q x (0,T) on the boundary of the element K for a given
J =1,..., Ny, we take time-like moments (8.4) up to degree p;;

o if K; = Kk j X K;; for a given j = 1,..., Ng,, we take the space-like moments (8.5)
on Ky, ; up to degree p;.

To illustrate the “maximum strategy”, we provide an example in Figure 8.3.

Figure 8.3 Example of the maximum strategy used in the definition of the local VEM
space (8.11). Left panel: initial distribution of degrees of accuracy over the elements. Central
panel: “polynomial degrees” on space-like (blue) and time-like (red) facets induced by the
degrees of accuracy of the elements in the left panel. Right panel: corresponding degrees
of freedom; the dots denote the bulk moments; the blue dots denote the space-like
moments; the red dots denote the time-like moments.

We collect the time-like polynomial degrees in the vector pi™ € Neard(7™) and the space-
like polynomial degrees in the vector p’P® e NV%. We order the fime-like facets in %,

card(F1ime)
as {Fj}].=1 b

The corresponding local space on K; reads

space

Vh(Kj) = {V (S L2(7(j) | qu@tvh - I(KAXV}L (S ij_l (7(]) ) Vh|7(x,< € ij (7(,(’]') )

J

- time time
N5 x Vxvap, € PP (Fy) YF € T }

where we recall that 57[_5 and A% are given in (8.1).

The global space Y} is constructed by the nonconforming coupling of the time-like degrees
of freedom (8.4). An immediate consequence of this “maximum strategy” is that PP/ (K;) is
contained in Vj(K;).
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Numerical aspects
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9.1 Introduction

In this chapter, we discuss flagging strategies to handle the space—time mesh data structure,
which improve the performance of the virtual element method (8.10). More precisely, we
present i) a time-slab flagging that allows us to identify a time-slab decomposition of the space—
time mesh, and is used to decompose the global linear system as a sequence of smaller problems
associated with each time-slab; ii) an element-topology flagging, which allows for a reduction
in the computational cost of assembling the linear system, by identifying elements with the
same topology (i.e., equivalent up to scalings in x or ¢ and translations, and with the same
distribution of space-like and time-like facets) and using a set of reference elements to compute
the projections and evaluate the discrete operators. We investigate numerically the sp-version
of the method and demonstrate the expected exponential convergence in terms of suitable roots
of the number of degrees of freedom for singular solutions.

A residual-type error indicator is introduced, and an h-adaptive refinement procedure based
on it is tested. This error indicator appears to be reliable and efficient for the error & in (9.1).
However, the main obstacle to the proof of reliability and efficiency of residual error estimators
for space—time methods based on the Petrov-Galerkin formulation (1.5) is that, starting from
an inf-sup stability bound as that in Proposition 6.16, the use of standard Clément interpolants
leads to bounds involving H'(Qr)-type norms, which are stronger than the Y-type norm in the
denominator of the right-hand side of (6.28). Therefore, we only investigate numerically the
overall virtual element adaptive procedure. The results obtained for certain singular solutions
show that it outperforms the corresponding one in [94, 95] for a continuous finite element
method.



9.2. Mesh refinements

To the best of our knowledge, just a few works on hp space—time methods for parabolic
problems are available in the literature. In [14], Cangiani et al., proposed an hp space—time
interior-penalty discontinuous Galerkin method for prismatic meshes. An hp finite element
version of the space—time isogeometrical analysis method in [66] was presented by Devaud
and Schwab in [23]. In [22], Devaud proposed an hp Petrov-Galerkin formulation involving
fractional Riemann-Liouville derivatives in time of order 1/2. For tensor-product meshes,
some hp methods can be interpreted either as time-stepping or as space—time methods, see e.g.,
[6, 91, 86]. An hp-version of the conforming finite element discretization in [4, 93] of the
variational formulation (1.5) has been used in [62] to model laser powder bed fusion.

The most representative results on residual error estimators for space—time methods are those
for FOSLS finite element methods [35, 37], which naturally provide reliable and efficient error
estimators at the expense of including an additional vector-valued flux variable. A residual-type
error indicator for the conforming finite element method in [93] was introduced in [94, 95],
but no proof of efficiency and reliability was provided. Some recent efforts have been made to
get a posteriori error estimates for DG time discretizations of parabolic problems, see [38, 39];
however, the extension of such results to space—time methods on general prismatic meshes is a
nontrivial open issue. Alternative space—time adaptive schemes for parabolic problems include
parabolic duality methods [29, 30], functional-type estimators [88, 64, 65, 67, 68], and flux
reconstruction methods [33, 32].

Structure of the chapter: We describe refinements procedures in Section 9.2; a time-slab
flagging strategy to split method (8.10) into smaller linear systems in Section 9.3; an element-
topology flagging strategy in Section 9.4. In Section 9.5, we assess the convergence of the
h- and hp-versions of the method on some singular solutions. In Section 9.6, a computable
residual-type error indicator is defined and used to lead adaptive mesh refinements.

9.2 Mesh refinements

We describe a procedure to refine general prismatic space—time elements. For the sake of
presentation, we consider the (1 + 1) dimensional case only; the extension to to any spatial
dimensions follows with a minor effort.

As discussed in Section 8.2, each mesh consists of rectangular elements K, with boundary
given by the union of four (two space-like, two time-like) straight segments. Each straight
segment may be the union of aligned edges of the element, which constitute the boundary of an
associated closed polytope K. Regardless of the number of existing hanging nodes from previous
refinements, a given K to be refined is split into four siblings by connecting the centroid of K
with the midpoints of each straight segment of the boundary.

In Figure 9.1, we show an example of an element refinement. By this procedure, at most
new five nodes are generated, fewer in presence of previously generated hanging nodes.

9.3 Time-slab flagging strategy
We present a flagging strategy that allows for the decomposition of the linear system stemming
from (8.10) into smaller linear systems. To this aim, we assume that the first mesh of a

sequence {7} is a “tensor-product-in-time” mesh, which can be arranged into time-slabs. On
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Figure 9.1 Element refinement strategy. We connect the centroid of the element with the
midpoints of each straight segment of the boundary, regardless of the presence of previously
generated hanging nodes. The red dots denote the nodes of K; the blue dots denote the newly
created nodes.

this mesh, method (8.10) can be assembled and solved sequentially with respect to the time-slabs.

In Algorithm 1, we explain how to identify a time-slab partition of a given space—time mesh.

Algorithm 1: Time-slab flagging

1 Input a prismatic space—time mesh 7.

2 Get a partition 0 =: 7y < --- < 1y := T of the time interval [0, T'], so that there exists at
least one element K = Ky X K; € 7;, with Kx € Q x {¢;} foreach j =0,...,{ -1,
and K; = (t;,t;) for giveni, j =0,...,¢,i < J.

sforj=1tol—-1do

4 if all the elements K € T), are either below or above t; then
5 set a new time-slab flag for all the elements that lie below ¢; but have not been
previously flagged.

Based on the new flagging, at each refinement step, we can assemble and solve method (8.10)
sequentially on the newly created time-slabs. In Figure 9.2, we illustrate this flagging procedure
with an example.

i i i i

X X

Figure 9.2 Left panel: we start with a given space—time mesh with prescribed time-slab
structure and flagging. Right panel: time-slab flagging based on the proposed strategy after
one refinement step.

108



9.4. Element-topology flagging strategy

9.4 Element-topology flagging strategy

A common issue in the implementation of polytopic methods is the lack of a reference element;
this makes the computation of the local matrices more expensive than for methods based on
simplicial or Cartesian meshes.

Assume that the elements of a given mesh 7}, can be grouped into a uniformly finite number
of classes of equivalence (up to scalings in X or 7 and translations), i.e., there exists a set C = {K'}
of “reference elements” with card(C) bounded uniformly for all meshes such that the associated
closed polytope K of each element K € 7, can be obtained through an affine map Tx : K — K,
for some K € C, with Tg involving only scalings in x or ¢ and translations (but not rotations),
and preserving the distribution of space-like and time-like facets. In this case, local matrices
need to be computed only for the “reference elements”, thus speeding up the assembling of
the final system. In adaptive mesh refinements, new “reference elements” may be required.
For this reason, we introduce a flag associated with the element topology that identifies the
corresponding “reference element”.

For instance, in Figure 9.3 (left panel), we only have one “reference element” (a space—time
square); in Figure 9.3 (central panel), we have two reference elements (a space—time square and
a space—time pentagon with two time-like facets on the left); in Figure 9.3 (right panel), we have
two reference elements (a space—time square and a space—time pentagon with two space-like
facets at the bottom). The scaling factors EZ_; and 1% in (8.1), which are used in the definition
of the local VEM space V), (K) in (8.2), are instrumental to preserve the discrete space under
dilations in x or 7, see Remark 6.2. Inside each element, we denote the associated “topology-flag”

with a natural number.

t t t
L1 1(1 I 1|1 1 1
2
{1111 1111 3 3
I{1rf{1j|1 I 1|1 I{1rf{1j|1
2
11111 1111 11111
X X X

Figure 9.3 Left panel: a mesh consisting of equivalent elements. Central panel: a mesh with
nonmatching time-like facets. Right panel: a mesh with nonmatching space-like facets.

9.5 Numerical investigation: convergence tests

We assess the convergence of the h- and hp-versions of the virtual element method in (8.10).
Since the virtual element solution u, is not known in closed form and the error in the X (7})
norm is not computable, we report the following error quantities, which reduce to those defined
in (7.14) for tensor product space—time meshes: given uy the solution to (8.10),

& = lu - iy &M i= Ty (R = )|

Y(Tn)° Y(Tn)°
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CH
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I =) DMy + D U@ @, | O
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(EX) = (&) + (8N) + (8Y)
9.5.1 Test cases

We recall the test cases in Section 7.5. The right-hand side f, and the boundary and initial
conditions are computed accordingly to the exact solutions below.

Test case 1. On the space—time domain Q7 = (0, 1) X (0, 1), we define the function
ui(x,t) :=sin(z) sin(mx). 9.2)
Test case 2. On the space—time domain Q7 = (0, 1)x(0,0.1), for@ > 1, we define the function
uy(x,t) =t sin(nx), (9.3)
which belongs to H"*l/Z_E(O, 1;C*(Q)), e > 0.

Test case 3. On the space—time domain Q7 = (0, 1) x (0, 1), we define the function
- 4
us(x, 1) = 20 anar sin((2n + )7 x) exp(—(2n + 1)27%1), (9.4)

which is the Fourier series of the solution to (1.2) with zero source term f, initial conditionug = 1,
and homogeneous Dirichlet boundary conditions g. In the numerical experiments, the series
in (9.3) is truncated at n = 250. The function u3 belongs to H*(0, 1;Hé (0,1)) forany s < 1/4
and to H'(0, 1; H-1(Q)) n L*(0, I;Hé (Q)\H'(Q7), see [91]. In particular, it is singular at
the interface between the (incompatible) initial and boundary conditions, and has a fast decay
behaviour close to = 0.

9.5.2 h- and hp-versions for singular solutions

The performance of the A-version of the method on smooth solutions is already investigated in
Section 7.5. Test case 1 is used in Section 9.6 below.

We focus on the convergence of the /- and hp-versions of the method for singular solutions.
To that aim, we consider the test cases 2 and 3. Notably, we want to assess exponential
convergence in terms of the cubic root of the number of degrees of freedom for the /p-version
on certain geometrically refined space—time meshes.

First, we consider the test case 2. For the A-version of the method, we consider uniform
degree of accuracy p = 1 and a sequence of uniform Cartesian space—time meshes with /;, =
2h, =0.2x27, i=1,...,6. For the hp-version of the method, we proceed similarly as in [14,
Example 2]: we fix a partition of the spatial domain with 4, = 0.05 and consider a sequence of
temporal meshes geometrically graded towards ¢ = 0 with grading factor oy = 0.1. In addition,
the degree of accuracy p is increased by 1 from one time slab to the next one. In Figure 9.4, we
depict the first three meshes with varying degrees of accuracy.
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9.5. Numerical investigation: convergence tests

Figure 9.4 First three meshes employed in the 4 p refinements for test case 2 with exact solution u,
in (9.3). The space—time domain is Q7 = (0, 1) x (0,0.1). For a better understanding of the
figure, we scale the z-coordinates by 10. In colours, we represent the local degrees of accuracy:
red: p = 1; blue: p = 2; green: p = 3.

In Figures 9.5 and 9.6, we show the errors in (9.1) for @ = 0.55 and @ = 0.75 in semilogy
scale, respectively. Exponential convergence in terms of the cubic root of the number of degrees
of freedom is observed for the /hp-version of the method and both values of @. In all cases, the
h-version is outperformed and displays only the expected algebraic decay of the error.
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Figure 9.5 Convergence of the errors in (9.1) for the - and hp-versions of the method. We
consider test case 2 with exact solution u; in (9.3), @ = 0.55.

Next, we focus on test case 3. For the h-version of the method, we consider uniform degree
of accuracy p = 1, and a sequence of uniform Cartesian space—time meshes with 4, = 0.5k, =
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Figure 9.6 Convergence of the errors in (9.1) for the - and hp-versions of the method. We
consider test case 2 with exact solution in (9.3), @ = 0.75.

271 i=1,...,8. For the hp-version of the method, we proceed similarly as in [91, §7.4]: we
consider a sequence of space—time meshes geometrically graded towards x =0, x =l and ¢ =0
with grading factors o = 07 = 0.25. In Figure 9.7, we depict the first three meshes with
varying degrees of accuracy. In Figure 9.8, we show the errors in (9.1) in semilogy scale.

Figure 9.7 First three meshes employed in the 4 p refinements for test case 2 with exact solution u,
in (9.3). The space—time domain is Q7 = (0,1) x (0,1). In colours, we represent the local
degrees of accuracy: red: p = 1; blue: p = 2; green: p = 3.

Exponential convergence in terms of the cubic root of the number of degrees of freedom is
observed for the hp-version of the method; as before, only algebraic convergence is observed
for the h-version.
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Figure 9.8 Convergence of the errors in (9.1) for the A- and hp-versions of the method. We
consider test case 3 with exact solution in (9.4).

9.6 Numerical investigation: an adaptive procedure

We consider a standard adaptive algorithm of the form

— |[ESTIMATE| — = 9.5)

We base the MARK step on a Dorfler marking strategy [25] with parameter 8 that we shall
specify at each occurrence. The REFINE step is based on the A-refinement procedure described
in Section 9.2, and local p-refinements are not considered. For the ESTIMATE step, we use
the following local, computable residual-type error indicator: given an element K € 7,

5
2 2
777( L ank"l"
i=1

where
%( 2 1 h 2
X FX
173(’1 = f+ AAXH])}(uh - CHatH;”h”Lz(m , 773(’2 = 21 Z A [[VXH;/uh]]”LZ(F) ,
F faegz;((o,’r)
p 2 A p o)
'73(,3 =4 Z e ”H]}yuh”LZ(F) + D) Z hr ”[[ngh]]”LZ(F) ’ (9.6)
F e T‘Il(me Fx F e f‘]i(me, Fx
F cdQx(0,T) F ¢ 39 % (0,T)
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Mesi= Y i US|, Tacs = AU =T Yup, (1= T yuy).

Space
KTl

The above local residual-type error indicator consists of five terms: ng  is the internal residual
of the projected discrete solution; 1y > is the boundary residual involving the normal trace of
the gradient of the projected discrete solution; 1 3 is a term due to the nonconformity in space
involving the jump of traces on time-like facets; 144 is related to the upwind terms in the
scheme; 4 5 is a correction term due to the virtual element stabilization of the method.

The global error indicator and its parts read

5
n? = Z nl.z, nl.z = Z 773@5- 9.7)

i=1 KeTp

9.6.1 Assessment of the reliability and efficiency of the error indicator

We test the performance of the proposed error indicator 77 in (9.7). To this aim, we introduce the
effectivity index related to the computable error EY:

effectivity index := (9.8)

? .
In Figure 9.9 (left panel), we assess numerically the reliability and efficiency of n for the test
case 1 with exact solution u; in (9.2) under uniform mesh refinements, starting from a uniform
space—time Cartesian mesh with i, = h; = 0.1. The effectivity indices for p = 1,2, 3, tend to
constant values, whence the error indicator n appears to be efficient and reliable with respect to
the error &Y.

In Figure 9.9 (right panel), we show all the errors in (9.1) and the five terms appearing
in the error indicator (9.7) for degree of accuracy p = 1. All the contributions n; for i €
1

{1,2,3,5} decay with the same order O(N;)Z ) as the error &Y. The term n4 decays faster
_3
with order O(N,? . ), but this does not affect the decay of the total error indicator . The error

_1
indicator n decays with order O(N,,? .. ), i.e., slower than that for the error &Y in (9.1), which

DoFs
decays with order O(NI_)IO ). This suggests that the error indicator 7 is not efficient with respect
to the error &V,

Next, we assess the efficiency and effectivity of the error indicator 7 also for the test cases 2
and 3 with singular solutions u; (@ = 0.55 and 0.75) in (9.3) and u3 in (9.4) on the space—time
domains Q7 = (0,1) x (0, 1) and Q7 = (0, 1) x (0,0.1), respectively. In Figures 9.10-9.12, we
show the decay of the errors in (9.1) and of the five terms appearing in the error indicator under
uniform mesh refinements, starting with Cartesian meshes with 4, = 10k, = 0.1 (for the test
case 2) and h, = h; = 0.1 (for the test case 3). In all cases, the effectivity indices shown on the
left panels tend to constant values, which suggests that the error indicator (9.7) is efficient and
reliable with respect to the error &' also for singular solutions.

_L(g+l _L(g-1
For the test case 2, the errors &' and &V decay with orders O (N Di;?z)) and O(N Dfﬂ(;z 2)),
respectively; see Figures 9.10 and 9.11. The error indicator 1 decays with the same order as that

of the error &, while it it not reliable with respect to the error .
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Figure 9.9 The test case 1 with exact solution u; in (9.2). Left panel: Effectivity index. Right
panel: Comparison of the errors in (9.1) with the terms appearing in the error indicator (9.7)

for p = 1.

For the test case 3, the error indicator 17 and all the errors in (9.1) decay with the same order,
namely O(N;z Fy) With s = %, see Figure 9.12. This is in agreement with the regularity of the
exact solution u3 which belongs to H*(0, 1; Hé (0,1)).

In summary, the above experiments seem to indicate that the error indicator 7 is reliable and

efficient for the error &' but not for the error EV.
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Figure 9.10 The test case 2 with exact solution u, in (9.3) and @ = 0.55. Left panel: Effectivity
index. Right panel: Comparison of the errors in (9.1) with the terms appearing in the error

indicator (9.7) for p =2

9.6.2 Adaptive mesh refinements

We test the performance of method (8.10) under adaptive mesh refinements as described in (9.5).
We consider the test cases 2 and 3 with exact solutions u, (@ = 0.55) in (9.3) and u3 in (9.4),
respectively. The marking step is dictated by the error indicator in (9.7).

In order to compare our results with those obtained with an adaptive procedure for the
continuous FEM (7.15), we recall the residual-type error indicator introduced in [94, 95]:
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Figure 9.12 The test case 3 with exact solution u3 in (9.4). Left panel: Effectivity index. Right
panel: Comparison of the errors in (9.1) with the terms appearing in the error indicator (9.7)
for p = 2.

2
=2 ._ =2 =2 _ =2
n- = Z’?i, i = Z Nyc.iv
i=1 KeTn
i 1 . 2 (9.9)
ﬁ%{l = 5 ”f +/1Axﬁh - cHatﬁh”iZ(q() ) 77(%(2 =3 Z —_ ”/l [[Vxﬁh]]”LZ(F) .
’ p ' 2 Fe?’time p
K

For the VEM, we start with a mesh with 1 element; for the continuous FEM, we start with a
structured simplicial mesh with 2 elements.

In Figure 9.13, we show the errors of both methods under uniform and adaptive mesh
refinements for the test case 2 with @ = 0.55. Uniform and adaptive mesh refinements for the
VEM in (8.10) lead to higher convergence rates that those for the continuous FEM in (7.15).
For the Dorfler marking strategy, we set 6 = 0.99 for the VEM and 6 = 0.9 for the FEM.
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Figure 9.13 The test case 2 with exact solution u; in (9.3) and @ = 0.55. Left panel: Error EY for
the continuous FEM with p = 2 under uniform and adaptive mesh refinements, with convergence
rates of approximately O(N02%) and O(N%2°), respectively. Central panel: Error & for
the VEM with p = 2 under uniform and adaptive mesh refinements, with convergence rates of
approximately O(NB%I%) and O(NZ)L ) respectively. Right panel: The effectivity index for
the adaptive VEM.

In Figure 9.14, we show the Y -type errors for both methods under uniform and adaptive mesh
refinements with Dorfler marking parameter 6 = 0.9 for the test case 3 and p = 1. The adaptive
procedure for the VEM (8.10) leads to higher convergence rates compared to those obtained for
uniform refinements. For the continuous FEM (7.15), although the adaptive procedure produces
meshes that are refined towards the lower corners as in Figure 9.16 (right panels), the error &'
does not converge to zero.
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Figure 9.14 The test case 3 with exact solution u3 in (9.4). Left panel: Error &Y for the continu-
ous finite element with p = 1 under uniform and adaptive refinements. Central panel: Error &'
for the VEM with p = 1 under uniform and adaptive mesh refinements, with convergence rates
of approximately O(N;%13) and O(N7%33), respectively. Right panel: The effectivity index
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for the adaptive VEM.

In Figures 9.15 and 9.16, we plot some meshes for the test cases with exact solutions u;
(a = 0.55) and u3, respectively, produced by the adaptive procedure driven by the VEM error
indicator in (9.7) and the continuous FEM error indicator in (9.9).

Next, in Tables 9.1 and 9.2, we focus on the adaptive mesh refinements driven by the
VEM error indicator in (9.7) and report the number of time-slabs and “reference elements”
as in Sections 9.3 and 9.4 for some adaptively generated meshes. The time-slab and the
element-topology strategies allow us to speed up considerably the assembly and solve time of
method (8.10).
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Figure 9.15 Meshes generated by the adaptive schemes driven by the VEM error indicator n
in (9.7) (left panel) and the continuous FEM error indicator 7 (right panel) for the test case with
exact solutions u; (@ = 0.55) in (9.3).

Mesh Number of reference elements Total number of elements Number of time-slabs

ny 1 4 2
n 1 52 5
me 16 265 10
msg 19 1189 21
nmio 24 5110 45
mi 24 21883 103

Table 9.1 Performance of flagging strategies for the test case 2 with @ = 0.55 and p = 2. The
corresponding errors &' are shown in Figure 9.13.
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Figure 9.16 Meshes generated by the adaptive schemes driven by the VEM error indicator n
in (9.7) (left panel) and the continuous FEM error indicator 77 in (9.9) (right panel) for the test
case with exact solutions u3 in (9.4).

Mesh Number of reference elements

Total number of elements Number of time-slabs

ny
my
me
ng
mio
mia

1

3

9
21
33
35

4
22
91

361

1204

3493

2

4

5

9

13
21

Table 9.2 Performance of flagging strategies for the test case 3 with p = 1. The corresponding
errors &' are shown in Figure 9.14.
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