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ABSTRACT. We propose a numerical scheme to solve the
time-dependent linear Schrodinger equation. The discretiza-
tion is carried out by combining a Runge-Kutta time step-
ping scheme with a finite element discretization in space.
Since the Schrodinger equation is posed on the whole space
R<, we combine the interior finite element discretization with
a convolution quadrature based boundary element discretiza-
tion. In this paper, we analyze the resulting fully discrete
scheme in terms of stability and convergence rate. Numerical
experiments confirm the theoretical findings.

1. Introduction. The Schrodinger equation is one of the main
governing equations of quantum mechanics and, as such, has manifold
applications in physics and engineering. In its most common form,
it is posed on the whole space of R?, making it difficult to discretize
using standard finite element (FEM) or finite difference methods. Most
numerical techniques rely on identifying a bounded computational
domain on which a numerical method such as the FEM is employed,
and the unbounded exterior of the computational domains is accounted
for by means of some (approximate) transparent boundary condition.
A good recent survey is [1]. A popular technique, which permits one
to stay within the FEM framework, is the PML (perfectly matched
layer) method, in which the computational domain is surrounded
by a (thin) region that absorbs outgoing waves. Other techniques
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include the use of infinite elements or methods that approximate the
exact or discrete boundary conditions. In the present paper, we also
employ FEM for the finite computational domain but account for
the unbounded complement by means of a boundary element method
(BEM). Advantages of using a BEM based approach for the transparent
boundary conditions include great geometric flexibility, which allows for
the choice of non-convex computational domains, good stability (and
energy conservation) properties, and the option to (cheaply) recover
the exterior solution by post processing.

The method of the present article relies on FEM-BEM coupling.
Two classical FEM-BEM coupling procedures are the symmetric cou-
pling introduced in [12, 15] and the Johnson-Nédélec coupling [17].
In the present paper, we will focus on the symmetric approach.

Our treatment of the exterior domain also introduces non-local
operators in time, specifically, operators of convolution type in time.
Convolution quadrature (CQ) as a method for discretizing convolution
integrals or, more specifically, fractional derivatives was introduced by
Lubich in 1988 in the two papers [20, 21]. There, the CQ is based
on multistep methods. Higher order convolution quadrature methods
based on Runge-Kutta time stepping schemes were later introduced by
Lubich and Ostermann in [19]. Since then, the method has attracted
significant interest as a technique for applying BEMs to time-dependent
problems, not only for parabolic equations, for which it was first
conceived, but also for hyperbolic problems.

A first numerical study of convolution quadrature for the Schrodinger
equation, based on a coupling of finite elements and boundary elements
was done by Schéidle in [25], where he observes optimal convergence
rate in time when the 2D Schrédinger equation is discretized using
convolution quadrature based on the trapezoidal rule in time and a
collocation BEM, and both discretizations are combined using a one
equation coupling (Johnson-Nédélec coupling).

The numerical analysis of hyperbolic convolution quadrature has
mostly focused on the wave equation. Usually, the analysis is carried
out in the Laplace domain as in [6, 7, 9]. These works do not focus on
a setting of FEM-BEM coupling; a milestone for studying CQ-based
FEM-BEM couplings is the work by Laliena and Sayas [18], which,
however, focuses on the Laplace domain. The first full analysis of an
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FEM-BEM coupling arising from convolution quadrature for the wave
equation is given in [8].

The analysis in the present paper is carried out directly in the time
domain, making use of the theory of Runge-Kutta approximation of
semigroups as developed by Brenner, Thomée and Crouzeix [11, 13].
This allows for stability results that are of interest in their own right and
gives sharper growth conditions (in time) in the constants appearing
from the convergence results in comparison to the standard techniques
that use Laplace/Z-transform to carry out the analysis in the Laplace
domain. A similar observation has recently been made in [5] when
applying multistep method based convolution quadrature to the wave
equation.

The present work differs from [8] in the techniques employed. In
particular, our tools allow us to analyze a large class of Runge-Kutta
methods, whereas [8] is specific to combining a leapfrog method in
the interior with a multistep method for convolution quadrature. In
this connection, it is worth pointing out that we use the same Runge-
Kutta method both in the interior and the exterior. This forces us
to use implicit schemes (since A-stability is needed for convolution
quadrature) also for the interior problem.

Another advantage of the point of view taken by us, in particular the
avoidance of the Laplace domain, is that the analysis naturally covers
methods that are not strongly A-stable, most notably the Gauss meth-
ods, which have better properties with respect to energy conservation
and artificial dissipation.

By using the well-established theory of semigroup approximation, we
also benefit by avoiding the “reduction of order” phenomenon, which
is present in all the Laplace domain based analyses of convolution
quadrature. Instead, we recover the full convergence order of the
Runge-Kutta scheme employed (instead of only the stage order or less),
although this property also strongly depends on our restricting to the
case of a homogeneous equation.

This paper is organized as follows. In subsection 1.1 we introduce
the Schrédinger equation and the assumptions we need to make in or-
der to apply our discretization scheme. We derive the semi-discrete
problem after applying the Runge-Kutta method in time and reformu-
late it as a problem on a bounded domain with transparent boundary
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conditions. Section 2 is concerned with the spatial discretization using
a Galerkin scheme in some abstract subspaces. We then show existence
and uniqueness of the discrete problems and derive a different charac-
terization of the scheme, which is better suited for analysis. In Section 3
we develop an abstract theory for problems of the form of Problem 2.1,
giving stability and approximation results. Section 4 is concerned with
applying this theory to the Schrodinger equation to derive uniform sta-
bility and a best approximation property of the fully discrete scheme
with respect to the sequence of approximations which are semi-discrete
in time. In Section 5, we go back to the continuous in space/discrete
in time setting to derive some stability, regularity and approximation
results. We do this by exploiting that the Runge-Kutta approximation
can be viewed as a rational approximation of a semigroup. Combining
these results with the best approximation property and well-known re-
sults of finite element approximation, in Section 6, we finally arrive at
an explicit convergence rate estimate for our approximation sequence.
Section 7 is concerned with confirming the theoretical results of the
previous sections in numerical experiments. Appendix A deals with
generalizing some results on boundary element methods from the scalar
Helmholtz equation to systems of “Helmholtz-like” problems.

1.1. Model problem and notation. For a potential V : R? — R,
we define the Hamilton operator H : H?(R%) — L?(R%) by

Hu := —Au+V(-)u.

The Schrédinger equation reads: given v € HZ?(RY), find v €
C1((0,00), H?(R%)) N C°([0, o), H2(RY)) such that

(1.1) iug(t) = Hu(t), for allt >0,
(1.2) u(0) = u®.

Let © C R be the bounded Lipschitz domain of interest for the
solution. We denote the exterior of 2 by QF := R4\ Q and its boundary
by I' := 09Q. The internal trace operators will be denoted by v~ and
0, , while the traces on the exterior domain will have the index +,
where 0,, is the normal derivative with the normal pointing out of €.

The jumps of a function u over the boundary will be denoted as

[yu] ==~ u—~tu, [0nu] := 0, u — O} u.



SCHRODINGER EQUATION FEM-BEM COUPLING 193

In order to be able to apply our scheme, we need to make some
assumptions on the problem.

Assumption 1.1.

(i) The potential x — V(x) is real valued and bounded.
(ii) The potential is constant on Q¥ i.e., V(x) =V, for all x € QF.
(ili) The initial condition vanishes outside of €, i.e., supp(u®) C €.

Notation 1.2. For a space X, we will denote the product space X™
by X. For an operator G : X — X, we will write G : X — X for the
operator diag(G, ..., G).

We will also use the notation B(X,Y) to denote the set of all
bounded linear operators from X to Y. We write a < b if there exists
a constant C' > 0 for which a < Cb holds; the constant C' may depend
on 2, the Runge-Kutta method used, the potential V', but not on the
principal quantities of interest, such as the time step size k, the exact
solution u, the approximations u™ or the terminal time 7. We will also
write a ~ b to mean a < b < a.

For any open set O, we write L2(0) and H¥(O) for the usual
Lebesgue and Sobolev spaces. We will write C5°(O) for the set of
smooth functions with compact support in O. Given that BEM will
feature prominently, we will also use the fractional order Sobolev
spaces on the boundary T' of Q: H*(T') for s > 0 and its dual
H—*(T) := (H*(I"))’. Occasionally, we will need the adjoint operator
of an operator T' which will be denoted by T".

For a Banach space V', we write V' for its dual space and (-, )/,
for the duality pairing. The inner product of a Hilbert space H is
denoted (-,-)g. On the boundary I', we write (-,-); for the extension
of the standard L?(T") inner product to H~/2(T') x HY?(T'). In order
to simplify the notation, we will sometimes encounter matrix products
with elements of an abstract Banach space. For A € R"*™ and v € X,
we write Av € X, for (Av); := Z;.n:o Ajjuj,i=1,...,n.

In this paper, we consider discretizations based on Runge-Kutta
methods; we refer to [14] for details on Runge-Kutta methods.
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Definition 1.3. A Runge-Kutta method with m stages is given by a
matrix A € R™*™ and vectors b € R™ and ¢ € R™. Given a step size
k > 0 applied to the problem (1.1), the (time) discretization is given
by

(1.3a) (I +ikAH)U" =u"1,
(1.3b) u" Tt = (1T AT ) T AT,
where U™ is an m-dimensional vector, called the stage vector, and u™

represents the approximation of u(nk). Here 1 denotes the constant-
ones-vector 1 = (1,...,1)T € R™.

We need to make some further assumptions on the Runge-Kutta
method used, namely:

Assumption 1.4.

(i) The Runge-Kutta method is A-stable, i.e., for all z € C with
R(z) <0, the matriz I — zA is regular, and the stability function

(1.4) R(z) =14 20" (I —2zA)~'1

satisfies |R(z)| < 1.
(ii) The matriz A is invertible.

Remark 1.5. Examples of A-stable Runge-Kutta methods with inver-
tible matrix A include the well-known families of Radau ITA and Gauss
methods (see [14] for their definitions). Thus, methods of arbitrary
order and some symplectic methods (the Gauss methods) are included.
It is common in the literature on convolution quadrature to make
further assumptions on the stability function R, such as |R(it)| < 1 for
t € R\ {0}, which excludes the Gauss methods; our analysis naturally
includes these methods without further difficulty. .

We will often use an alternative representation of R(z) (the simple
proof of the equivalence can, for example, be found in [7]):

(1.5) R(z)=(1-b0"A'1) +pTA (T - 24) " 1.

For the remainder of the paper we will use the definition R(c0) :=
1 — b7 A~11, multiply equation (1.3) by —iA~! and set d := —iA~11
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to simplify the notation. This gives us the equivalent system:
(1.6a) (-iA™" + kH) U™ = u"'d,
(1.6b) u" = R(co)u™ +bT ATIU™.

The properties of system (1.6) strongly depend upon the spectrum
of A. This is the content of the next lemma.

Lemma 1.6. If the matriz A of an A-stable Runge-Kutta method is
invertible, then its spectrum satisfies:

o(A) C A e C:R(N) > 0}

Proof. By assumption, we have 0 ¢ o(A). For A # 0 with £()\) <0
we calculate:

A—AI——A<I+/1\A>.

1 Dy
R~ )=R{—5 ) <0.
(A) <|/\2) B
Since the method is A-stable, the matrix (I 4+ 1/AA) is invertible, cf.,
equation (1.5); thus, A ¢ o(A). O

The following holds:

The tool we use to derive transparent boundary conditions will be
the Z-transform or generating function. We formulate this transforma-
tion in a general lemma:

Lemma 1.7. Let X be a Hilbert space. Let T be a closed, mot
necessarily bounded, operator on X. Let two sequences (yn)neny C X
and (Y™)nen C X be given that satisfy

(17) Yo = Oa
(1.8) (—iAT - ET) Y™ = y,d,
(1.9) Ynt1 = R(c0)y, + b1 ATIY™
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We define the Z-transform of the sequence (Y™)pen as the formal
power series
[ee]
Y = Z Y2
n=0

If we assume that the Z-transform of (Y™)nen exists for sufficiently
small z as a power series in X, for example, if we have |Y"| < Ce*™
for some constants C' and w, then the Z-transform of (Y™)nen solves

i6(z)

(1.10) —T?Jrzf/:o,
where the matriz-valued function z — 6(z) is defined as
-1
(1.11) 5(z) == <A + 2 : ]1bT> .
—z

Proof. First, we note a characterization of §(z) that is a simple
consequence of the Sherman-Morrison formula: for |z| < 1, we have
zA1pT A

@) =A" - —pry

We consider the Z-transform of (y,)nen. Starting from equa-
tion (1.9), we multiply with 2™. Summing over all n € N then gives:

(1.12) 271 (G — o) = R(co)g+ BT AT'Y,
or, since we assumed that yy = 0:
y=(2""- R(oo))_1 bTATY .

The Z-transform of (Y™), ey is more involved, since it concerns an
unbounded operator. We begin with equation (1.8), again multiply
with z” and sum up to a fixed N € N to get

N N
Ty yrah=> (ikTATY" 4y kT d) 2"
n=0 j=0

If we assume that the Z-transform exists, we have that both ay :=
Z;V:O Y"z" and by = Tan = Zgzo(ikflA’lY” + y,k~1d) 2™ con-
verge for N — oo. Since T is closed, we have Tlimy_,cany =
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limpy o0 by, O

T( i Y"z”) = i (kP ATY" g,k ) 2
n=0 n=0
This is an equation for the Z-transforms:
TY =ik 'A7'Y + k'dy.
Inserting the expressions for y and d gives

1

TY =ik (At — —
' ( 2T~ R(0)

]leA1> Y,
and a simple calculation then concludes the proof. O

The matrix-valued function z — §(z) defined in equation (1.11) plays
an important role in the method. The next proposition, taken from [7],
estimates its spectrum:

Proposition 1.8 ([7, Lemma 2.6]). For an RK-method with invertible
A and for |z| <1, the spectrum of §(z) satisfies

o(6(2)) Co(A ™ HUu{w e C: R(w)z = 1}.

Hence, if the Runge-Kutta method is A-stable, then o(6(z)) lies in the
open right half-plane C4 = {z € C: R(z) > 0}.

We apply Lemma 1.7 to our Runge-Kutta approximations, restricted
to the exterior domain QF, with X = L?(Q%) and T := H. Because
the sequence of approximations is norm preserving, see Lemma 5.3, we
obtain for |z| < 1 that the Z-transform exists as an L?(Q*") power
series and therefore solves the differential equation:

(1.13) ~AU - (15(];) — VO)U =0 in Q.

The above partial differential equation is structurally similar to a
Helmholtz problem with complex wave number (the difference that,
for m > 1, it is matrix-valued is addressed in Appendix A). This allows
us to use boundary element methods for the discretization.
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We recall some important definitions below, see the books [16, 22,
24, 28] for details on the BEM and integral equations.

Definition 1.9. For R(s) > 0, the fundamental solution of the opera-
tor A — s2 is given by

igr(1) /. . _
(1.14) B, y: 5) = 1Hy (is ]z —yl) for d =2

e~*le=vl /(4nr | —y|) for d =3,
where H(()l) is the Hankel function of the first kind and order 0.

Next, we define the Newton, single and double layer potentials: For
fECPMRINT), \€ HY/2(I'), and ¢ € H'/? ('), we set

(1.15a)
VN @= [ ey fdy  forallaeRIT,
RA\T
(1.15b)
(S(s)N) (z) == /F<I>(x,y; $)A(y) dT(y), for all z € R4\ T,
(1.15¢)
(D(s)¢ / On()®(z,y;5)0(y) dl'(y), for all x € R4\ T.

We will also need the following operators on the boundary, formally
given by:

(1.16a) V(= [ BCp M) ).

(1.16b) $)A —/8n( JA(y) dL(y),
(1.160) 6= [ 0,090 ().
(1.16d) b= -0, / O ® (-9, $)8(y) dL ().

We have the following connections between the potentials and the
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operators:
1
(1.17) yES =V, 8§S:$§I+KT,
1
(1.18) vED = oI+ K, OfD = —Ww.

We will often replace the wave number s with a matrix. This is
understood in the following sense:

Definition 1.10. Let F : G — B(X,Y) be a holomorphic function that
is defined on a domain G C C and maps into the space of bounded
linear operators between the Banach spaces X and Y. Let B be a
matrix with o(B) € G. We then define F(B) via the Riesz-Dunford
functional calculus for holomorphic functions:

F(B) := 2% ; (B=XN)""®@ F(\)dx,

where C C G is a closed path with winding number 1 encircling o(B).
The operator ® denotes the Kronecker product, i.e., for a matrix A,
a11F s almF
a1 F o amm

defines an operator mapping from the product space X to the product
space Y.

Proposition 1.11 (Calderén system). For B € C™*™ et X €
HY R4\ T) solve the equation —AX + B*X = 0 in RE\ T. Then,
the following identities hold on the boundary:

v X\ _ (5-K(B) V(B) [vX]

OAD.¢ W(B) —i+K"(B))\[0,X])"
Here, K(B) is defined using the scalar operator K from equation (1.16¢),
and the concatenation K(B) is taken in the sense of Definition 1.10.

The operator +1/2 is short for £1/2x the identity operator in the ap-
propriate product space.
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Proof. The result is well known for the scalar case and easily gener-
alizes to the case of systems (see Appendix A for details). O

Corollary 1.12. The Z-transform U satisfies the following boundary
integral equations, cf., equation (1.13):

1_K 1% U 0
1.1 2 ~ | = ~
aw () (58) - (o)
where all operators are understood with respect to the matrix
i
(1.20) B(z) := (1 ](:) - v0>,

using the principal branch of the square root, i.e., satisfying R(z) > 0,
and the Riesz-Dunford calculus.

Proof. The function X defined by X = U in QF and 0 in Q-
satisfies the Helmholtz equation. Applylng Pr0p081t10n 1. 11 to X and
afterwards using the fact that v~ U = y*U, 8+U o, U gives the
stated result. O

Notation 1.13. For simplicity, we will often drop the matrix depen-
dence in the arguments of BEM operators and just write, for example,
V(z) instead of V(B(z)). If it is not explicitly stated otherwise, the
BEM operators will always be understood “with respect to the matrix”

o (1 ).

Remark 1.14. The fundamental solution ® is an analytic function on
C,.. This also implies that the boundary integral operators analytically
depend upon the wave number s. Thus, also z — V(B(z)), etc., are
analytic. .

Using the stability estimates of Lemmas 5.2 and 5.3, it is easy to see
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that we have the estimate:

JEU™ | gy < COR) (U7 oy + 1™ 2 )

< C(k) HUOHH(W) :

Hence, the power series Zf;o 2" AU™ also converges, and we can apply
~v~ and 0, to calculate

o0 =07 S U =S orunat = (9,07
n=0 n=0

’7_U = (W_Un)n

We will use the following notation, which is standard in the literature
on convolution quadrature:

Definition 1.15. Let X and Y be two Banach spaces and B(X,Y)
the space of bounded linear operators mapping from X to Y. Let
F:Cy — B(X,Y) be holomorphic. Let g = (g5 )nen, be a sequence of
elements in X. We define a sequence F(9F)g as

(F(F)g), = > W' (F)g;,
=0

where the operators W™ 7 are defined as the coefficients of the power
series

(1.21) F(d(]:)> =: in(F)zj.

Here, 6(z) is defined in equation (1.11). Since we will always be
dealing with operators of the form F(y/—iz + V}), see B(z) as defined
in Proposition 1.11, we will just shorten the notation to F(dF)g :=

(Fo/—=1-+V)(0F)g.

Notation 1.16. We will commit a slight abuse of notation in order to
simplify the sequence notation. We write

F(0f)gn == (F(9F)g), »
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i.e., we pretend F(9F) acts like an operator on g, instead of on the
whole sequence. This should not lead to confusion; we only must
remember that all the CQ-operators will always be non-local in time.

An important property of Definition 1.15, which makes it useful for
deriving transparent boundary conditions, is that it commutes with the
Z-transform. We formalize this in the next lemma.

Lemma 1.17. Let F' and g be as in Definition 1.15. Assume that §(z)

-

exists for |z| sufficiently small. Then (F(0F)g)(z) also exists, and the
following identity holds:

F??t’“\)g = F<5<,:)>’g\-

Proof. We begin with the right-hand side. Abbreviate z := §(z)/k.
Inserting the power series from the definition of the coeflicients W™
and using the Cauchy product formula gives

F(E)j= (2 W) (§g>
SA(s)

= F(0F)g. O

Since we are interested in a Galerkin approximation, we will switch
to a weak formulation. The following sesquilinear form, representing
the weak form of a Runge-Kutta step, will be used throughout the rest
of the paper.

Definition 1.18. For an open set O and a function g € L*(0), we
define the sesquilinear form Ap 4 by:

Aoy (U V) = (—1A7U, V) 20y + k(VU,VV) 1200y + k(gU, V) 120

With this notation, we can rewrite equation (1.6) as an equivalent
system with transparent boundary conditions that are realized in terms
of boundary integral operators.
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Theorem 1.19. Setting \* = 0,;U", the semi-discrete problem of
equation (1.6) is equivalent to the following problem for the sequence
(U™, \™).

For alln €N, find U™ € H (Q), u™ € H* (Q), \* € H~Y/2(T") such
that, for all V.€ H' (Q) and p € H-'/2(T):
(1.22a)

Agy (U, V) +k (W@ 0" = (1/2= K (0F) Ny V)

= (und7 V)li(ﬂ)a

(1.22b) (/2= K@) U™ w)p + (V@A™ p) . = 0.

The solution outside of 2 can be recovered by applying convolution
quadrature to the representation formula:

Urlge = =S(97)A" + D(9F)y~ U™,
Introducing the operator A : HL(Q) — (H(Q))' corresponding to

Aq v (-, ), problem (1.22) can be written more compactly in the matric
operator form:

CREI 7 )59,

where v~ denotes the trace operator, (y~) its adjoint, and the equality

is understood in the sense of (H'(Q)) x H'/2(T).

Proof. Here, we will only show that the sequences U™, A" solve
problem (1.22). The equivalence will follow later from the uniqueness
of the solution, as shown in Corollary 2.6. Recall equation (1.19) of
Corollary 1.12. Using Lemma 1.17 and exploiting the fact that the
coefficients of a power series are unique, we get:

(1.24) % — K(F) V(o) U _ 0

: w©or) -1+ KT(0F)) \oUun —-o;u")"
We multiply equation (1.6) with a test function V € H(Q), inte-
grate over ) and integrate by parts. The resulting boundary term
—k (0, U™, v~ V) can be replaced using the second equation of (1.24),

and we arrive at (1.22). O
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Remark 1.20. Looking at equation (1.23), we clearly see the rela-
tion to the symmetric coupling of finite and boundary elements, as
developed by Costabel [12] and Han [15]. We only had to replace
the boundary operators which appear with the convolution quadrature
version, e.g., W — W (9F), etc. .

2. Spatial discretization. In order to obtain a fully discrete
scheme, we choose closed spaces X;, C H'(Q) and Y}, C H-1/2 (™).
Then the fully discrete problem is given by:

Problem 2.1. For all n € N, find U} € X, up € Xj, and A} € Y3
such that, for all vV, € X, un € s
(2.1a)

Aay (U Vi) + k(W (0F)77 U} = (1/2 = KT@))ANLA Vi)

= (upd, Vi) L2(0),

(2.1b) ((1/2 = KO)y~ Uk )y + (VO i)y = 0.
The approximation at ¢t = (n + 1)k is then defined as:

(2.1c) up ™ = R(oco)uy +bT ATIUL.

Define

(2.2a) ﬁf(m) = (—S(@f)/\ﬁ) (x) + (D(@f)’y_U[L‘) (z), x€RI\T,
(2.2b) @'t = R(co)u? + bTATIU.

The restrictions Ul |q+ and u? |+ can be understood as approximations
to U"|q+ and u™|q+.

Remark 2.2. The fact that we allowed z € €2 in the definition of
U} will be important for the later characterization of the FEM-BEM
coupling problem as a PDE problem in R”. "

In the following, we will derive a problem that is equivalent to
Problem 2.1 and that is better suited for theoretical analysis since it
avoids the non-locality in time of the convolution terms. However, it
will no longer consist of computable terms due to its being posed on
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the whole space. The construction is such that, under the Z-transform,
it will result in the non-standard transmission problem from [18] for
the symmetric FEM-BEM coupling.

We introduce the following spaces:
23) A% :=L*(Q) x L* (R"\T),

’ xli=H'(Q) x H' (R'\T),

equipped with the sum inner products, and a new sesquilinear form on
Xl

(24) B ((éﬁ) , (“;)) = Aoy (U, V) + Agar v, (U, V7).

For the analysis, it will be useful to introduce a stabilized energy
sesquilinear form. Let

(25) a>1+ HV”Loo(Rd,),
and set:
(2.6) H (u,v) := (Vu, Vo) xo + (Vu, v)xo + a(u,v) o

for all u,v € X'. Here, Vu denotes multiplication with V(-) in the
first component and V) in the second. It is easy to see that H (u,u)
is equivalent to the X''-norm with a constant that depends only on V
and . We flag at this point that H will also be used to denote the
operator induced by the sesquilinear form (2.6). Furthermore, we will
later require H(-,-) and H to denote sesquilinear forms and induced

operators on products of spaces.

We recall the definition of the annihilator of a subspace:

Definition 2.3. Let X C Y be Banach spaces. The annihilator of X
in Y, denoted X° C Y”, is defined by

Xo:={feY :(f,a)yy =0foralzeX}.

We are now able to formulate the equivalent problem in the next
lemma.
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Lemma 2.4. For given Hilbert spaces X, C HY(Q), Y;, € HV/2(I),
define the space

H(Xp,Y3) ={(v,v") e X' :ve X A 1] =—v v Ay v'e Y.

Then the sequence of problems: Find (U}, Ur) € H(X,Y) such that

e () ()= (GR)-(2)),,
for all (Vi,, V*) € H(Xp,Ys), N

where the uZH and U™t are again defined in the usual way, i.e.,
up ™ = R(co)up + T AU,
"t = R(co)u” + bTATIUT,

is equivalent to the fully discrete problem (Problem 2.1) with the un-

derstanding that u} and U] are defined by the post-processing of equa-
tion (2.2).
In particular, for X, = H'(Q) and Y}, = H-'/2(T), the approzima-

tions:

up mn
Dllgn in BT

a:”]Rd\ﬁ in Rd \ﬁu
coincide with those of equation (1.3). Furthermore, u"|q = 0 and

Ullq = 0. Finally, [YU"] = =y~ U and [8,U7] = =8, U = —A7.

Before proving this lemma, we first take a separate look at a family of
problems that will allow us to describe the “exterior” terms (ul), (U}})
as solutions to elliptic problems with important trace relations.

Lemma 2.5. Let X;, C HY(Q) and Y, C H~'/2(T) be Hilbert spaces.
Consider sequences of functions (X™)pen € HY (R*\T), (27)nen C
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H' (Rd \ F) that satisfy v~ X' € Yy, and solve, for alln € N,
(2.8) Agapy, (X2, V7) = (@2d, V) pagarpyy  for all V* € Hy(Yy),
(2.9) "t = R(co)z™ + b7 ATIXD
with H;(Yy) := {v* € H' (R¥\T) : y7v* € Y2 A [y0*] = 0}.
Then the sequences have the following properties:

(i) with H*(Xp) = {u € H' (R*\T) : [yu] € v~ X3}, the following
holds, for all V* € H*(X}),

(2.10)
Agnr oy, (XEV?) =k (OF X2 VD) — k ([0.X0],7 V)
= (204, V) oy -

(i) On the boundary, we have [0, X]'] € Y.
(iii) The traces solve

(2.11a)  OF XD = (=1/2+ K"(9))) [0, X0 + W(3F) [yX1]

(2.11b) 0= (V(97) [0uX2T 1)y + ((1/2 = K(3F)) [yXTD s pon )

for all up € Y.

Proof. First, we choose test functions V* = wv*e; with v* €
Co(R\T') C H{(Y,) in equation (2.8) and obtain by integration by
parts:

(2.12) (HIAT kA +EkV) X =2ld inRY\T.

This implies, by doing integration by parts in equation (2.8), that, if
we insert arbitrary V* € Hj(Y3), i.e., allowing non-vanishing boundary
terms, the following holds:

(07 XAV — (9 X2 4TV = 0.

Proof of (ii). Let £ € ¥3,° C HY?(I") and choose V* € H' (R\T)
as a lifting such that y*V* = 4~ V* = £. This gives:
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([0, X71,6)pr =0 forall €Y,
or [0,X7] € (Y1.°)° = Ya.
Proof of (iii). We proceed completely analogously to the derivation

of the transparent boundary conditions. We take the Z-transform and
see by Lemma 1.7 that X, solves

—(“;(]j)—v())f(:—A)?::o on R\ T.

Applying the Calderén identities (Proposition 1.11) and taking the
inverse Z-transform then gives (2.11) if we use that (v~ X7, up)p =0,
since v~ X' € ¥},°.

Proof of (i). Equation (2.10) is a simple consequence of the differ-
ential equation (2.12) and integration by parts. O

Proof of Lemma 2.4. We start with solutions uj, A} and U}’ of
equation (2.1). We construct a sequence (UJ",u?)nen that satisfies the
conditions of the previous lemma. To that end, we set u” := 0 and

define the functions U'Jf and u? inductively so that they satisfy

(2.13a)

ARd\F,VD(Ufa V*) = (ﬂ:}d, V*)E(Rd\r) for all V'* S ig(Yh),
(2.13b) [Ur] = -y~ U,
(2.13¢) "t = R(co)u” + bT AU

In order to construct this, take &, as a lifting of y~U;' on the exterior
and 0 on the interior. Then set U] := X} + &,, where X7 € H(Y3)
solves

ARd\F,Vo (X0 V) = (uld, V*)Q(Rd\r) - -A]Rd\F,Vo (&, V")

for all V* € H§(Y},). The existence of the solutions is guaranteed by
Lemma A.3 and the fact that the scalar problems are elliptic due to a
non-vanishing imaginary part of the “wave number.” We must show
that (U]}, U?) solves equation (2.7). In view of equation (2.13), we may
apply Lemma 2.5 to U”. From equation (2.11b) and [yU"] = —y~ Uy,
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we get
(V@O0 ) = ((1/2 = K(9F) 7 Ujt, )y =0 for all p € Y.

This is the same equation as (2.1b) for —A?. In order to show

[0,U"] = —A, we use the definition of V(9f) as the sum over the
history to arrive at:

-

I
o

<vj ([[anﬁ:*j]] v /\’,j*f) ,uh> =0 forall g, €Y.
i I

Since both A} and [0,U2~7] are in the discrete space Yy, it is casy
to see that an induction will yield [[Onﬁf]] = —\} as soon as we have
asserted that V0 is injective when viewed as an operator Y, — ﬁ'. We
note that V0 = V(B(0)) with B(0) defined in equation (1.20) since V°
is the leading term in the Taylor series of V(B(z)) at 0. By [2, 3], [18,
Proposition 16], V(s) satisfies the ellipticity estimate:

. R(s) min(1, Rs)
A ) 2
RS V) 2 =GR I
therefore, the inverse operator V ~1(s) exists as an operator between
discrete spaces Y, — Y},. From the composition property of the Riesz-
Dunford calculus or by using the Jordan form, similar to the proof of

Lemma A.3, this implies that V(B(0)) : ¥, — Y3, is also invertible

and, in particular, injective. We conclude A} = —ﬂ@nﬁfﬂ for all n € N.
If we insert [0,U}] = —A} into equation (2.11a), we obtain:
(2.14) ORI = (—1/24+ KT(@)AL + W(0F) Uy

We now claim that (U}, Um) solves equation (2.7). To evaluate
B K g’;) , (“//’i )}, we employ equation (2.10) and write
(2.15)
Arieyo (O V) = k (001 [V°1) | +k ([0.01197V7)
+ (¢, V") o gavry -

The second term on the right-hand side of equation (2.15) vanishes since
[0,Ur] is in Y3 and 4~ V* is in Y3,° by assumption. We insert equa-
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tion (2.14) into the first term on the right-hand side of equation (2.15):

(2.16)  Agayr oy, (U2, V*)
=k ((=1/2+ K" (@), + W)y UR, V')
+ (Wi, V") p2ga\r)

and observe that this leads to equation (2.7) in view of equation (2.1).
It remains to be shown whether the functions ﬁf, u? that are obtained
by the convolution quadrature post-processing of (U ﬁ) and ()\{L) defined
in (2.2) coincide with solution components U™ and @" as defined
above. We consider the Z-transform of the function ﬁf defined by
equation (2.2). It satisfies the differential equation (1.10) and also has
the same jumps across I'. Uniqueness of the Helmholtz problem then
gives the result.

In order to see that solutions of equation (2.7) solve problem (2.1),
we select test functions V3, := 0 and V* € H{(Y) (as defined in
Lemma 2.5) and observe that equation (2.7) simplifies to

ARd\F,VO (1’7:17 V*) = (ﬂfd, V*)E(Rd\f‘) .

Hence, we are in the setting of Lemma 2.5. We set A := —[d,,U"]. If
we take any pair (V3,,V*) € PAI(Xh, Y},) and again argue as above, we
arrive at (2.16). Using equation (2.7), one then sees that U}’ and A}
solve equation (2.1a). Equation (2.1b) follows from equation (2.11b).

In the case that X, = H'(Q) and Y}, = H~'/%(T'), the condition
7_(7,? € Y,° implies 'y_ﬁf = 0. Since ul|o = 0, by definition
we obtain by induction that ﬁfk} = 0 for all n € N, since (}f‘g
solves the homogeneous problem with zero boundary conditions. With
this knowledge, it is easy to see that equation (2.7) is just the weak
formulation of equation (1.6). O

Corollary 2.6. The sequence of fully discrete problems is uniquely
solvable for any choice of closed subspaces X, C HY(Q), Y}, ¢ HY/*(T)
and any step size k > 0. Choosing X;, = H' (Q) and Y, = H~/2(T),
this also shows uniqueness for the semi-discrete problem in Theo-
rem 1.19.
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Proof. Since the fully discrete problem is equivalent to equation (2.7),
it suffices to show existence and uniqueness there. This is covered by
the statement in Lemma A.3. |

3. Abstract analysis. In this section, we analyze the time stepping
of Lemma 2.4 in an abstract setting.

Assumption 3.1. Let Hy and Hy be Hilbert spaces with Hy 2 H;
continuously and densely embedded, and let H, C Hi be a closed
subspace. We assume Hy, is equipped with the Hy inner product, and we
will explicitly state when we equip it instead with the Hy inner product.

Assume we are given a sesquilinear form H : Hy x Hy — C that
is bounded and Hermitian, i.e., H(u,v) = H(v,u). Also assume that
there exists a constant a > 0 such that the stabilized sesquilinear form

(3.1) H (u,v) := H(u,v) + a(u, v) g,
satisfies an inf-sup condition

oy RO

(3.2) i >
we Hp\{0} ve i\ {0y 1Ull o, 1]l oy

We will write H(-,-) and H (+,+) for the corresponding sum sesquilinear
forms on Hy x Hj.

Define the sesquilinear form

(33) B(U,V):=—-(GA"'U,V)g, + kH(U,V) for all U,V € Hy.
We consider solutions X;' € Hy,, x7 € Hy, of:

(34a)  B(Xp, Vi) = (zyd,Vi)u, + (Fn, Va)m, for all Vi, € Hy,

(3.4b) it = R(oo)ap + 0T ATIX],

for some given right-hand sides F,, € Hy and initial condition x, € Hy,.
We will need the well-known spectral representation theorem for

bounded, self-adjoint operators. We shall use it in the following
“multiplication operator” form:
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Proposition 3.2 ([23, page 227, Theorem VIL.3], [29, page 335, Satz
VII.1.21]). Let T be a bounded, self-adjoint operator on a separable
Hilbert space H. Then there exists a finite measure space (O, p),
a bounded measurable function F : O — R, and a unitary map

U: H — L*O,dy), such that
UTUT f)(2) = F(2)f(2) forallz € O.

We would like to keep the analysis as general as possible in order
to set the stage for problems other than the Schrédinger equation. For
this reason, in Assumption 3.1 we merely required inf-sup stability and
not ellipticity, although the Schrédinger Hamiltonian considered here
is in fact elliptic. In order to track where the stronger condition of
ellipticity of ﬁ(, -) is needed instead of merely inf-sup stability, we
mark the corresponding estimates with (k).

In Lemma 3.4, we will need that Hj is able to represent its dual
space using the XY inner product. That this is indeed the case is the
subject of the next lemma.

Lemma 3.3. The set M = {(,up)pg, : un € Hp} is dense in
(Hs [Nl )"

Proof. We show that the annihilator M° = {0}. Let z € M° C
(H})'. Since Hy, is reflexive, we can assume that € Hj. This means
that f(z) =0 for all f € M, or 0 = (z,un)n, for all up, € Hp. Setting
up, = x shows x = 0. O

The next lemma is the main ingredient of our stability and conver-
gence proofs. It can be seen as a version of a theorem by von Neumann
(see [14, Corollary 11.3]) about Runge-Kutta stability, adapted to our
setting.

Lemma 3.4 (Discrete stability). Let Assumption 3.1 hold. Then,
without any conditions on k or the space Hy, we have that the sequence
of solutions to equation (3.4) is non-expansive, i.e., for all n € N:

n—1

(3.5) iy < 1200, +C D N Fsl gy
§=0
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If we also assume that H (-,-) is Hy-elliptic, with Bg as the coercivity
constant, then there exists a constant C' > 0 depending only on Bg and
the Runge-Kutta method such that

(3.6)

n—1

() . _
e, < et 3 it (17, + 672 055 = Wil )|
g=0 "

For discrete right-hand sides Fy, € Hy,, the following, stronger estimate
is valid:

n—1

)
(3.7) [EA C< AP ||Fj||1h)'
Jj=0

In the case that the RK-method satisfies |R(it)| = 1 for all t € R and
F, =0 for all n € N, we get conservation of the Hyp-norm, i.e.,

2kl g, = ”x%HHO for alln € N.

Under the stricter ellipticity assumption on ﬁ(, -), we also get “con-
servation of energy”:
H(o}, 7)) & H(a, ).

Before we can prove this statement, we need the following reformu-
lation of a Runge-Kutta step.

Lemma 3.5. Let Hy, H{, B, ﬁ, X[, a} and F, be as in Assump-
tion 3.1. The sequence x} solves the equation:

(3.8) (27 )iy = (Rran, ©)m, + (STFn,©)m, for all € Hy,

where Ry : Hy — Hy, St : Hy — Hy are bounded linear operators with
range R C H;, and range S7 C Hy. The operators satisfy the bounds:

(3.9)

() O
157 | prys ity < Co STl ptysmr, < Cs 187l s, < OBV,

(3.10)

() =
HRT”HO_>HO <C, ||RT||H;L—>H;L < C, ”RT”HO_>H1 < Ck 1/27
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with constants that depend only on the Runge-Kutta method and ﬁ, but
not on k or Hy,.

The operator R can be written as
Ryu = R(oo)u — BT A (1A~ + kal) T — k1)~ Tdu,

where T is a self-adjoint, bounded operator on Hy and bounded on Hy,.
If we assume H (-,-) to be elliptic, then T is also self-adjoint on Hy,
when equipped with the equivalent H (-, ) inner product.

Proof. We construct T' with the goal of T ~ H~!, which we will
then use to represent the Runge-Kutta step in terms of the stability
function R.

We define the operator T : Hy — Hy by setting T'(w) := u where
u € Hj is the unique solution to

H (u7 y) = (way)Ho for all Yy e Hh~
Since the Hermitian sesquilinear form on the left-hand side satisfies
an inf-sup condition, we get that T is well defined for all w € Hy and
bounded (see, for example, [24, Theorem 2.1.44]), with a constant that
depends only on Bg. By construction, the operator has range(1") C Hp,
and thus, we may also treat it as a linear operator H, — Hp and
Hy — H;.
For w, x € Hy, we calculate:

(w,Tx)g, =H (Tw,Tz) =H Tz, Tw)
= (z,Tw)g, = (Tw,x)H,,
where we used the fact that H (+,-) was assumed to be Hermitian and
Tx,Tw e Hy,.

The operator T' is, in general, not self-adjoint with respect to the
H; inner product. In the case where H (-, -) is elliptic, i.e., if it induces
an equivalent inner product on Hy, we calculate for w, x € Hy:

H (TU},LE) = (wvx)Ho = (wi)Ho =H (Twi) =H (waTx) :

Thus, we have that T is also self-adjoint in the H-scalar product.
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We define the operator St : Hy — Hy by

Sp = —bTAT (A~ + kal) T — kI) "' T.

We need to show that this operator is well defined, i.e., the inverse
(1A' +kal)T —kI)~! exists, taken from Hy — Hy. T is a self-adjoint
operator and, therefore, only has real spectrum. We rewrite the above
inverse as

(3.11) ((A™' +kal) T — k1)~

= [I — k(A7 + kaI)_l] - (A~ + kal] .

The inverse of (1A~ + kal) exists, since R(c(A)) > 0 (Lemma 1.6).
For the other inverse of the right-hand side of equation (3.11), it is easy
to see that the matrix has a spectrum with a non-vanishing imaginary
part. Therefore, we can apply Lemma A.3, setting V = H = Hy and
a(z,y) = (Tz,y)u, for the existence of the inverse in Hy.

Next, we show that Sp satisfies the operator bounds (3.9). Let
® € Hy be arbitrary, and set Y := ((—iA™! —kal)T+ kI)~'T®. Since
T has the structure T = diag(7,...,T), it commutes with matrices, so
that

(GA™ +kal) T —kI) ' T=T (A~ + kal) T —kI)"" .
Thus, we can write Y = T((—1A™! — kal)T + kI)~'®. This implies
Y crangel C Hy, and also range St C Hy,.

We fix a test function W}, € Hj, and calculate:

B(Y,W),) = (—iA7'Y W) g, + KH(Y, Wy)
= H (T(—1A7'Y), W,) + kH (Y, Wy,) — ka(Y, Wi)
=H ((-A™'T — kal + kI) Y, W)
+ kol (TY, Wy) — ka(Y, Wi) 1,
=H (TP, Wy,)+0
= (@, Wh) i,

This variational problem fits the requirements of Lemma A.3, thus
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implying the estimates:
(3.12)

) I
1V ey S 1€l 1V, S 100, Yy S 52 @],

~

(In the second equation, we assumed ® € Hj). From the definition of
St we get S7® = bT A=Y which implies (3.9).

To show the equality (3.8), we perform a similar calculation but use
the formal adjoint operator in the second argument of B. Let ¢ € Hy
be arbitrary, and set Y := —((—iA™T + kal)T — kI)"*A=Tbyp. By the
definition of T we have IT'Y € Hj, and, for any function W), € Hj:

B(Wy,TY) = (—iA7'Wy,, TY ) g, + kH(W,,, TY)
AWy, TY ) iy — ak(W, TY ) gy + KH (W, TY')

(
= (i
(—iA™ Wi, TY )y — ak(Wi, TY )ty + k(Wi Y) b,
= (
= (

Wi, ((1A T —kal)T+KkI)Y)q,
Wi, A~Tbo) u, .
Using equation (3.4) with TY as a test function and W}, = X’ in the
previous calculation gives:
(bTA_le?v SD)HO = (XI?? A_wa)ﬂ
= B(X}, IY)
= (23 d, Y ) o + (F, TY ) 1y
- (Sle’Z, SD)HO + (STFna @)Hov
where, in the last step, we used that T is Hy-self-adjoint in order
to move the operators to the left-hand side of the inner product.

Adding a term (R(co)z},¢)H, to both sides and using the definition
2t = R(co)ap + bT A~ X then completes the proof. O

Proof of Lemma 3.4. Using the representation (3.8), we can show
the stated stability estimates by using the A-stability of the method.
Since T is a self-adjoint operator, Proposition 3.2 ensures the existence
of a measure space (O, u1), a unitary transformation U : Hy — L?(p),
and a measurable function f: O — R such that, for all x € L?(u):

UTU 'z = f-x = Ms(x).
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Using this transformation, we get:
(Rr — R(co))u = U~"bT A~ [(iA—l + ka) M — k] _1%[1A_1]1]Z/{x2
=U"TM, Uz}
with the new function g(z) := b7 A=Y((I — ikaA)f(z) +ikA) "1 f(2)1.
For f(z) =0, it is easy to see that g(z) = 0. For f(z) # 0, we get:
9(z) =bTA N ((I —ikaA) f(2) +ikA) " f(2)1

=plA™! ( (I —ikad) + fi(kz)A)lﬂ

=pTA"! (I — ik <a - f(lz)) A)l]l
-R<ik<a_f(12))> ~ R(c0).

Setting h(z) := (o — (1/f(z))) with the convention h(z) := oo for

f(z) =0, we arrive at:
[Rray| g, = [I(R(00) + g(2)) Uzl L,
(3.13) = [[R(kh(2))Uzn | 2,
< [kl e,

where, in the last step, we utilized that z — f(z), and thus, also
z + h(z) is real valued, [R(z)| < 1 on the imaginary axis and U
is unitary. If we assume that H(-,-) is elliptic and write H; for

Hy with the H (+,+) inner product, we can apply the same argument,
using the spectral representation theorem in (Hp, ||| z,) to show that
()
+1
1Bray ™|, < lahill,
Setting ¢ := z}'™' in equation (3.8) then directly gives the Ho-
stability estimate (3.5):

25 gy < MRl gy + C 1Pl »

which implies equation (3.5) via the discrete Gronwall lemma.

We now show (3.6). We repeat the previous construction. In order
to reformulate equation (3.8) in terms of the H; inner product instead
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of the Hy inner product, we take a sequence (L¢)e>o € Hj, such that

(W, Le)n, =2 H H (W,z}") for all W € H), (which is possible due
to Lemma 3 3, and the fact that the right-hand side is a continuous
functional in Hh). Then we use ¢ := L. as a test function. By
Lemma 3.5,

( Z—HvLE)Ho = (RTI'Z’ LE)HO + (STFTH LE)HO

Since the stability properties of S depend on whether or not its
argument is in Hy or Hp, cf., equation (3.9), we choose an arbitrary
Wi, € Hp, and write:

(x;‘b"l‘l’ LE)HD = (RTJ?Z, LE)HO + (STWh7 LE)HO + (ST (Fn - Wh)7 LE)HO
Passing to the limit € — 0 and using the H;-stability of ST, we get

, ) .
hms(ljlp|(STWh7La)Ho| < C|Whllg, HthHgl ;
E—> —

()
limsup |(Sr (Fn = Wh), Le)m| < Ck™Y2 | Fy = Wil g 27 7, -

e—0

Therefore, we end up with:

o5+, < IRratl, e, +C Wil g, 257,

+ Ok V2| By = Wl g, 27+ |, -

(3.14)

Since we have already established the bound (3.13) on Rrpz}, we get
from (3.14):

® _
e 7, < llzilg, +ClIWallg, + CE2 | Ey = Wil g, -
By taking the infimum over all W}, and applying the discrete Gronwall
lemma, this gives:

n—1

I3, < bl +c§j ot (Wil + 577 15 = Wil )

The equivalence of the H; and Hj-norms then gives the estimate (3.7).

To obtain the conservation of the Hy norm we need to show the
reverse inequality. This time, we use ¢ := Rz} as a test function in
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(3.8) to get
(zp ™, Rra})u, = (Rr iy, Rrah) .-

We again use the characterization of R by the spectral theorem and
see that we can replace the inequality (3.13) by an equality if we assume
|R(it)] = 1. Combining this observation with the Cauchy-Schwarz
inequality for the left-hand side, we get

(E = A
Completely analogously to the Hy-case we can also show conservation
of the Hy-norm when |R(it)| = 1 (again, assuming ellipticity). Since
the stated energy only differs by « Ha:ZH?{O from this norm, we can just
subtract it (we already showed that the Hy-norm is conserved) in order
to get energy conservation. (Il

We now investigate convergence properties of the spatial discretiza-
tion, which in our abstract setting is determined by the space H;, C H;.
The semi-discrete problem is formulated as follows.

Assumption 3.6. Let Hy C Hy be a subspace, and letc: Hyx Hi — R
be a bounded sesquilinear form. Define the kernel of ¢ as the space
Vo = {vn € Hy : c(vp,wp) = 0 for all wy, € Hp} € Ha. Let X™ € Hy
and x,, € Hy solve:

(3.15a)
B(X", V) +ke(X™, V)= (2"d,V)u, + (Fo, V), for allV € Hy,
(3.15b) 2" = R(co)2z™ + b7 ATIX",

for some given right-hand sides F, € Hy and 2° € Hy, where
Q(U7 V) = Z;n:o C(Uj, Uj)‘

Remark 3.7. In our analysis below, the purpose of the sesquilin-
ear form c is to account for a consistency error that arises from the
fact that our error analysis is performed in a non-conforming setting.
Specifically, the discrete and continuous test spaces satisfy, in gen-
eral, H(X,,Y,) € H(HY (), H-Y/2(T')), where the constrained spaces
H(Xp,Yy) and H(HY(Q), H~'/2(T")) are defined in Lemma 2.4. .
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In order to estimate the error 2™ — x} we introduce a Ritz-style
projector.

Definition 3.8. Set IIj, : Ho — Hy, w +— uy, where u, € Hy, solves

(3.16) H (up,vp) = H(w,vp) + c(w,vp,) for all v, € Hy,.

Note that IIj is well defined by Assumption 3.1. This projection
allows us to bound the error of our fully discrete scheme in terms of
the approximation properties of II;. We formalize this in the next
lemma.

Lemma 3.9. Let Assumptions 3.1 and 3.6 be satisfied. Write HX7 :=
ik~ tATH(XT —291).

(i) There exist constants Co,C1 > 0 that depend only on the Runge-

Kutta method and H (-,-) but not on k and Hy, such that, for all
n € N, we can estimate:

=25y, < Co (1 = 28, + [12” — ]l ,)

(3.17) +CrkY |[(1-I) BXY||
j=0 o

{17 = 1) X7, -

(i) Assume additionally that H(-,-) is elliptic and the following ap-
proximation property holds for all uw € Hy:

(3.18) w’irelg} Ju —wpll g, < R ull .,

Then, we have

)
Jam =5y, < Co ([l = 2Rl + [12° ~ T2, )

(3.19) +Ciky (1 -1y BXY|[
=0 o
{17 = 1) X7, -
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Remark 3.10. The definition of H may seem arbitrary in the abstract
context, but it is chosen in a way that reflects the pointwise semi-
discrete problem of (1.3). .

Remark 3.11. Assumption (3.18) introduces a (in practice quite
weak) coupling between mesh size h and time-step size k. In Section 6.1,
we will later also see a way to remove this assumption for a restricted
set of Runge-Kutta methods. .

Proof of Lemma 3.9. For simplicity, we consider for the moment the
case v = 0 and F; = 0 for all j € Ny and calculate, for V), € Hy,
B (I, X", V) = (—AT X", Vi) g, + K H (IL X", V;)
= (AT X", Vi) g, + KH (X", V)
+ ke(X™, V)
(3.3),
9 LA X Vi) g+ (2, Vi) by
+ (AT X", Vi),
= (Ilp2"d, Vi) g, + (2"d — p2"d, Vi) m,
+ (A7 - ) X", Vi) iy
= (IIpa"d, Vi) g, + ([2"d +iA7" X"
— 10 (2"d +iA7'X"), Vi),
= (Iy2"d, Vi), + k(I —11,) HX™, Vi) g, .

In the general case, performing a completely analogous computation,
we see that 11, X™ solves:
(320) B(&Xnv Vh) = (th’nd7 Vh)ﬂ + (FTH Vh)ﬂ + (Em Vh)ﬂa
with =" :=k (I—&)EX" +ka (I—&) X",
We now consider the error propagation between the projection

and the fully discrete solution, and set E™ := (II;X"™ — X}') and
en = Iz™ — o).

For simplicity, we now assume that 2 = II;2°. Then, the error
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solves:
B(E™, Vi) = B(L X", Vi) — B(X}, Vi)
(3.21) = (Hhx”d,Vh)ﬂ— (IZd,Vh)ﬂ—F (En,Vh)h
= (end, Vi) o + (", Va) Ho-
By linearity of IIj,, we have e,.1 = R(c0)e, +bT A=LE™. So the error

terms fit into the setting of our discrete stability lemma (Lemma 3.4).
We get:

n
Hen+1||H0 < Z HHJHHO
=0

(%) n i
Hen"!‘lHHl S Z "—‘]Hiv
7=0

where the second estimate again depends on the ellipticity of H (),
and we absorbed the k~1/2 term using the approximation assumption
(3.18). Inserting the Ritz projector and using the triangle inequality
gives:
2" =2 | g, < [l = T, [T = 2|y
< | = 1) 2™ |,
n
FORY (17 10a) By (7 1) X7, |
j=0

In order to slightly simplify the above expression we would like to
absorb the first term into the sum. Since we assumed II,z° = 20,
we get

167 = 10) 2" 2,

Hyp

ZI I1;,) :z:jJrl—zj)
J_

IN

(I =1 (271 =27) ||,
j=0
kY= 1) (0TEXT)|

§=0
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<Ok [|(1 - ) HX

Jj=0

which then gives equation (3.17). In order to remove the requirement
x?L = II,2°, we just note that, due to the discrete stability, proved
in Lemma 3.4, perturbing the initial condition only adds a term
on — x?LHHO + on — Hhsr:OHHO to our final estimate. A completely
analogous argument, replacing Hy with H; gives (3.19), as long as we
make the stated additional assumptions. O

Remark 3.12. Careful inspection of the proof shows that we did not
in fact need the approximation property (3.18) for arbitrary u € H;
but only for the semi-discrete solutions X™ and HX". This insight
may be useful when using non-uniform triangulations. "

In the previous lemma, we reduced the approximation in each time
step to the approximation properties of the Ritz projection II;. The
next lemma, which is a modified variation of Céa’s lemma, tells us that
this approximation is quasi-optimal in Hj.

Lemma 3.13. There exists a constant C > 0 that depends only on
the continuity of H(-,-) and c(-,-) and the inf-sup constant Bg from
equation (3.2) such that, for all x € Hs, the following estimate holds:
(3.22)

(T =)l < € (m}&fq &= zallg, + int (@ =y -)||H;L) .

Y h

Proof. For any x, € Hy, and y,, € Vp, condition (3.2) gives:
H(I — Hh).’EHHl < Hx - xh”Hl + ||xh - HthHl

ﬁxh—Hh$7vh
Slle—anly, +  sp )
v, €Hp\{0} th”Hl

[H (zn — 2, vn) — c(x, vp)|

=z —zplly, + sup
on€HR\ {0} lvnll g,

H — — _
=z —anlly, + sup [H (zn — 2, 0n) — (& — yn, vn)|

1)hEHh\{O} th||H1
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C\T — v
< Hx_xh”Hl + sup w
onemn\{0}  1Vnllg,

where we used that ¢(yp,vy) = 0 for y;, € Vp and vy, € Hy,. O

4. Convergence and stability of the fully discrete scheme.
In this section, we will apply the abstract theory that we developed in
Section 3 to the Schrodinger equation. It is easy to verify that the fully
discrete problem, as described in Lemma 2.4, satisfies Assumption 3.1
with Hy = X%, Hy = X' and Hy, = H(X,,Ys) = {(vp,v*) € XL 10y, €
Xn A [yw*] = =y~ v Ay~ v* € Y2}, We have already seen that the
stabilized Hamiltonian is elliptic if we assume o > 1+ [[V|| ;o (z). This
implies the inf-sup condition (3.2).

In order to prove that the space Hj inherits some important prop-
erties from X} and Y} we need the following well-known result.

Proposition 4.1 (Extension operator, see [27, Chapter VI1.3]). Let
Q C R™ be a Lipschitz domain. Then there exists a linear operator &
with the properties:

o for every k € Ny, & : H¥(Q) — H*(R?) is a bounded linear
operator: ||5UHHk(1Rd) < C(k, Q) ||u||Hk(Q);
e Eu is an extension of u, i.e., Eulo = u.

It is well known that the time evolution of the Schrodinger equation
corresponds to a unitary semigroup, i.e., the L?-norm of the initial
condition is conserved. Since we are only considering a bounded subset
of R%, we cannot hope to retain that property, but we still have a
slightly weaker result for the fully discrete scheme. Similarly, it is
known that the energy (Hu(t), u(t))2(rq) is conserved over time. Our
discrete system also almost retains this property.

Corollary 4.2. Let V be constant in time and bounded. Then the
sequence of fully discrete solutions of Problem 2.1 is non-expansive:

||UZ||L2(Q) < HU?LHLQ(Q) ) ||UZHH1(Q) < C HU?LHHl(Q) .

In the case of RK-methods that satisfy |R(it)] = 1 for all t € R,
the damping that appears in the previous inequalities can be controlled
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by adding additional (computable)-terms to get a “mass” and “energy”
conserving scheme, i.e.,

n2 ~n (12 2
lublz2i0) + 1172 Ra\r) = Hu(f)LHL2(Q) ,
H(up, ujp) + H(a?, ul) = H(u, up),

with energy H(u,u) := ||Vu||2LQ(Rd\F) + (Vu, u) g2 ra\ry -

Proof. We apply the discrete stability lemma (Lemma 3.4) to the
equivalent formulation (2.7). Since u? = 0, we directly get the stated
results. ]

We are now interested in an estimate for the convergence rate of
the fully discrete scheme. We will again use the equivalent form from
Lemma 2.4 and apply the abstract theory of Section 3. In order
to do so, we need to verify Assumption 3.6. The pairs (U™, U})
and (U,;‘,(}f) satisfy similar equations that differ, however, in the
test functions, namely, H(H(Q), H~Y/2(I')) and H), = H(X,,Y3).
For (V4,,V*) € Hp, one has v~V = —[yV*]; furthermore, using
A" = —[0,U] and UZ|q = 0, cf., Lemma 2.4, we assert by integration
by parts

(41) B ((g:) : (¥h>) + (A TV = < (Z: g) ’ <¥h> )X

for all (Vj,,V*) € Hy.
Thus, we are in the setting of Assumption 3.6, if we define

¢ ((u,uy), (v,v4)) = ([Opu.] ,’}/71}*>F.

In Lemmas 3.9 and 3.13, the approximation problem is reduced to
the question of best approximation in the space Hy. Relating this to
the properties of the spaces X}, and Y}, is the subject of the next lemma.

Lemma 4.3. There exists a constant C > 0 that depends only on
Q such that, for every v = (v,v.) € H'(Q) x H?(RY\T) with
[voi] = =y~ v and v~ v, € Yy, the following approzimation property
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holds for s =0,1:

inf flo—uvplly. <C inf Jlv—an] g
oot Mo —villye <O _inf v —anlg. @),

1 f - * ’ < 1 f - — .
nf le(w = yns Mgy < ¢ nf [100nvs] = yull gr-1/2ry

Proof. Let xp, € X be arbitrary, and set z, := v, + J, where
0. = E(xp, — v), with the extension operator of Proposition 4.1 in QF
and 6, = 0 in Q. Since [yv.] = —y v and vy v, € Y;?, we get that
x := (zp, ) € Hy. From the continuity of the extension operator £ we
get [[0u]l g mavry < Cllv = znll g1 () and 04l L2 gavry < (10— 2nll L2 (o

For the difference v — z we obtain, for s =0, 1:

2 2 2
o=zl = llv— xh“HS(Q) + [[ve — v = 5||H5(]Rd\l“)

2 2
<o =znllye) + Cllv—2allge(q) -

We are left with estimating the contribution due to ¢(:,-). Let
(w,wy) € Hp, be arbitrary, and let &, € Y}, be arbitrary. Since v~ w, €
(Y,)° € HY?(T), we may choose a lifting v, to the full space such that
[0ny.] = & € Yi. We get ¢((0,ys), (w,ws)) = ([Onys], v~ wi)p = 0,
and therefore, (0,y.) € Vy, as defined in Assumption 3.6. Since taking
traces is continuous in H'! (Rd \ F), we obtain

yn=(0,yx)

il le@=un ey S nf (0w0] = Gallgovagy - O

This allows us to give an estimate for the error due to spatial
discretization:

Theorem 4.4. Let V € L>®(RY). Then, there ewists a constant
C > 0 that depends only on V, Q, and the Runge-Kutta method
(namely, A and b), such that, for all closed subspaces X5 C H' (),
Y, € H-Y2(D), for alln € N, and for all k > 0, the following estimate
holds:

n—1

[u" = upll 20y < Ck ;J& [HU? — | 1 g
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+ Ck Zzhnelﬁ(h U7 = | g )
n—1 ‘

+Ck Z yigi» |0y HUY — yh||H—1/2(F)

n—1

Ok z::o + 10207 = nll -1y

If we assume that k and X, satisfy:

(4.2) wgg(h lu — wh”m(n) < Capproxk1/2 ”uHHl(Q) J
then the estimate holds in the H'-norm (the constant now additionally
depends on Capprox):

n—1

[u" = uhll g @) S Ck Zzlggh =T _xh‘|i1(n)

+Ck inlg(, |07 xh’|il(g)

+Ck Z y}lgf} |07 HU? — thH*l/?(F)
n—1

O 2 I ey

Proof. We want to apply Lemma 3.9. We have already seen that we
can reduce the approximation requirements of the constrained space
Hj, to Xj, and Y}, via Lemma 4.3. By equation (1.3), the semi-discrete
full-space solutions satisfy (—iA~! + kH)U" = u,,d. This means that
the definition of HU™ in Lemma 3.9 coincides with the pointwise
application of the Hamilton operator to the semi-discrete functions
U7 (up to identifying the global function with the pair (U’|q, U’|g+)).
Using equation (3.19), Lemma 3.13 and applying Lemma 4.3 then gives
the stated result. |
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5. The semi-discrete problem. In Theorem 4.4, we showed that
our fully discrete scheme gives quasi-optimal convergence to the semi-
discrete solution. In order to estimate the error for the exact solution
we will need some properties of the semi-discrete problem. We only
consider the simplest case of potentials that are constant in time, since
they allow us to use the theory of Cy-semigroups.

First we show some approximation properties.

Theorem 5.1. Assume that a Runge-Kutta method of order q is used.
Let u® be sufficiently smooth. Then the following estimates hold for all
nk <T:

™ = w(k)ll 2 gay < CTR [[HT 0| gy
[ = w(nk)| g1 gay < CTE? (HHqH“OHB(Rd) + ||Hq+1“0”L2(Rd)> '
Proof. We use some results from the theory of rational approxima-
tions of semigroups. Reference [11, Theorem 4] states that:
[u™ — U(nk)Hm(Rd) < CTk! HHqH“OHL%Rd) '

Since H commutes with both the time evolution and the application of
the Runge-Kutta method, this also gives

[Hu™ — Hu(nk)| g2 gay < CTE [[HT260| L, o -
Thus, it is easy to see that

Ju™ — u(nk)”Hl(Rd) < CTk! (”Hq+2u0HL2(Rd) + ||Hq+1uOHL2(Rd)> :
|

Since the convergence rates depend on the approximation quality for
the semi-discrete stages we need some a priori estimates.

Lemma 5.2. Let x — V(z) be sufficiently smooth. Let u® € H*(R%)
for some s € R, s > 0. Then, there exists a constant Cs that depends
only on 'V and s such that

||Un||Hs(Rd) < Cs HuOHHS(]Rd) :
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Proof. Denote by R(ikH)™ the solution operator u® — u™. We use
that the time stepping commutes with H. Therefore, we get, for £ € N,
0> s/2:

H'" = H'R(ikH)"u’ = R(ikH)"H °.
Lemma 3.5 gives that ||R(ikH)"|;2ga)r2re) < 1, and therefore,
as long as u” is smooth enough such that u™ is smooth as well, and
the norms are uniformly bounded by ||Hlu”HL2(Rd) < HHZUO||L2(Rd)'
Since the potential V is assumed to be smooth we can estimate the
norm of —Alu™ by HHlu”H + lower order terms. In addition, since
we are working on the full space R%, we can use Fourier techniques
to bound the full H? norm by H—Alu”HLQ(Rd). This gives that

the operator R(ikH)" is bounded in L?(R%) — L2(R9) and also in
H2(R?) — H?(RY), uniformly with respect to n. By interpolation, we
also obtain the uniform bound in H*(R%). O

We need the smoothness of the internal stages. Since we already
have smoothness of the semi-discrete solutions, and thus the right-
hand side of the defining equation of the stage vectors, this is a simple
consequence of elliptic regularity:

Corollary 5.3. Let V be sufficiently smooth. Let u® € H*(R?) for
some s € R, s > 0. Then there exists a constant C > 0 that depends
only on V and s, such that

HU"”Hs(Rd) <cC ||uOHHs(JRd) :

Proof. For £ € N, ¢ > s/2, H'U™ solves the equation
(-iA™' + KH) H'U" = H'"d.
By Lemma A.3 and Lemma 5.2 we can bound the L? norms as

e

< O 1y < C

0
L2(Rd (R) || H2E(Rd) *

This allows us to estimate, again assuming smoothness of the potential,
the full H?¢ norm and, via interpolation, the H* norm. O

6. Full error estimate. All that remains is to estimate the error
between the fully discrete approximation and the exact solution. We



230 JENS MARKUS MELENK AND ALEXANDER RIEDER

assume I' to be piecewise smooth and write H, (I') for the space
of functions that are in H*(I';) for each boundary piece I';, see [24,
Definition 4.1.48]. The convergence of the fully discrete scheme is
summarized in the next theorem.

Theorem 6.1. Let ' be piecewise smooth, and denote by q the order
of the Runge-Kutta method used. Assume the following approzimation
properties:

(6.1a)

inf [Ju—zp| o) < Chprti=s [ull gros+1(q) for all u € HPH(Q),
Xy

(6.1b)

inf (A= yull g1/ < CHE 21N yngr ) for all X € HEGPH(T),
YhE€Yh pw
for s € {0,1} and parameters hg > 0, hy > 0 and po, p1 € No, with
constants that depend only on Q and pg, p;.

Let u® € H™axP1+Lpo+5/2)(RY) - and let V be sufficiently smooth,
i.e., such that the semi-discrete sequences satisfy U™, HU™ € HP1+1(R?)

and 8, U™, 8, HU™ € HF(T), see Corollary 5.3. Then there exists

a constant depending on Q, the Runge-Kutta method, i.e., A and b, V,
po, p1 and u®, but not on k, n, h, or T such that:

luf — w(nk)| 2y < CT (h’l’l +REOT32 kq) .
If we assume that the approzimation assumption

. 1/2
0= 0l ) < Copprock™” ol

i.e., h S k'/2, see equation (4.2), holds, then
I = )l gy < OT (W + K572 4 k).
Proof. We only show the H' bound; the L? one follows along the
same lines. We use the triangle inequality to get:
lup = u(nk) | 1) < lup — u" [l g ) + 0" = u(nk)| g1 q) -

The first term can be estimated by Theorem 4.4. Using the regularity
results and the approximation properties from the finite element spaces
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we get
o ="y < CT (R 1)

where the constants depend on u° but not on n or k. The second term
can be controlled via the approximation property of the semi-discrete
solution from Theorem 5.1:

[u" = u(nk)| 1) < CTK. O

Remark 6.2. The assumptions on the FEM/BEM spaces of equa-
tion (6.1) are satisfied, for example, for standard continuous piecewise
polynomial discretizations of degree p; to discretize X; on a quasiuni-
form mesh and discontinuous polynomial boundary elements of degree
po to discretize Y;, see [24, Theorems 4.3.20, 4.3.22]. .

6.1. Better H' and H~'/?-estimates. The requirement on the
mesh size for the H'-estimate in Theorem 6.1 is somewhat artificial.
In order to get rid of it, we first bound a sequence of finite difference
quotients of the spatial discretization error in the L?-norm and then
use the definition of the stage vectors to leverage this “time-regularity”
for stronger spatial norms.

Lemma 6.3. Let X}', z and F" be defined as in Assumption 3.1,
and assume x% = 0. Consider the sequences y° := 0, Y" :=

E~TA=H(X™ — 271) and y"*! = R(co)y, + bTATIY™. Define the
sequence (O™ )nen, € Ho as the inverse Z-transform (in Hy) of

Then the sequence y™, Y™ solves the following equations for all n € N:

(6.2a)  B(Y", Vi) = (y"d,Vi)m, + (0", Vi)m, for all Vi, € Hy,

(6.2b) y" T = R(co)y™ + b7 ATY ™,

This implies the following a priori estimates:
n—1

(6.3) g™l <C Y167,

Jj=0
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We write [0Fz]™ := y™ (this notation can be justified by taking the
Z-transform to establish the equivalence to the definition via operator
calculus notation for K(s) = s).

Proof. We show that the sequences Z", 2™, defined as the solutions
to equation (6.2), and the sequence of the functions Y™, y™, defined in
the statement of Lemma 6.3, have the same Z-transforms. Proceeding
as in the proof of Lemma 1.7, it is easy to see that 7 solves:

—i5(2) ~ ~ A
( lk(z)z,vh> +H(Z.Vi) = (O.Vi), for all Vi € Hy.
Ho

Analogously, we get that the Z-transform of X} solves:

(—15(2) 2 Vh>

+H ()?,Vh) = (F,Vi)u, forall Vi, € H,.

k Ho

By (1.12), we have #(z) = (27! — R(c0))"'0TA~1X(z). By the
definition of §(z), this becomes 1 = X—Ad(z)X.

Inserting the definition of }7, this implies for V}, € Hy:

<i‘;(z)?, Vh> N THY, V) = (i(sk(z)klAl()? — 1), Vh)
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The stability estimate (6.3) is then a direct corollary of Lemma 3.4. O

We can now improve the results of Theorem 6.1, assuming some
additional regularity of the initial condition and an additional stability
condition for the method.

Theorem 6.4. Let T’ be piecewise smooth. Assume |R(00)| < 1 and
denote by q the order of the Runge-Kutta method. Let Xy, Y, satisfy
the approzimation properties (6.1).

Let u® ¢ H™axP143.00+7/2)(RY) - and let V be sufficiently smooth,
i.e., such that the semi-discrete sequences satisfy U™, HU™ H?*U"™ &
HPHY(RY) and 0, U™, 0, HU",0, H’U" € HFS*Y(T'), see Corol-
lary 5.3.

Then, there exists a constant C' > 0 depending on ), the Runge-
Kutta method (i.e., A and b), V, po, p1 and u°, but not on k, n, h or
T such that:

s = (k)| s gy < OT (R 4+ BEH2 4 g ).
iy = Onu(nk)| g -1s2py < CT (h’l’l 4ROt/ kq)
where the py are defined by
pp =0,  pptt=R(eo)up +bTATIAL.

Compared to Theorem 6.1, this means we do not have any mesh size
restriction and obtain an error estimate for \.

Proof. We proceed analogously to the proof of Theorem 6.1 and use
the triangle inequality to estimate:
[up, = u(nk)|| gy < llup — wll g gy + ™ — u(nk)|| grq) -

The second term can be estimated via the approximation property of
the semi-discrete solution from Theorem 5.1:

[ = u(nk)| g1 oy < CTE.
For the estimates of the first term, we return to the proof of

Lemma 3.9 and again consider the difference e” := uj — IIpu", E™ :=
Upr—11,U". Assume for the moment that u9 = II,u". From Lemma 6.3
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and the stability of solving equation (6.2) as shown in Lemma A.3, we
obtain

k=t A (B = 1)y, < C 11O,
j=0

where ©7 are defined so that © = (5()/k)§ using the consistency
errors &7 = k(I — 11;,)(HU’ + aUY) from equation (3.20). We also
write &/ = k(I — II,)(Hu/ + au?). Since the sequence U7 originates
from a Runge-Kutta time stepping, it is easy to compute ©7. We claim:

64) O = kAT 1)+ RiocPkT AL

This can be seen by taking the Z-transform of the right-hand side,
analogously to the proof of Lemma 1.7, and noting that ug # 0 so that
an additional term appears. This means writing Z for the Z-transform,

ZIkTPATHET — 1) + R(co) kAT

=k TATIE —klATEL + ElAT1e01

1— R(o0)z
_5(2)
k )

where, in the last step, we used the equality

(1)

€= (27" = R(x0)) " bTAT'E 4 (1 — R(c0)2) 1€,

which follows analogously to equation (1.12) (¢ and Z7 satisfy the
same relation &/ = R(00)&7 4+ bT A1Z7 as the usual Runge-Kutta
approximations due to the linearity of II;, and H).

Inserting the definition of Z7 in equation (6.4) and then the equation
for the semi-discretization for the difference U7 — u? 1 gives:

0 =A"NI-10,) (H+a) (U/ — /1))
+ A7 R(00)? (I — 1) (Hug + aug) 1
= —ik(I - 1I;) [(H+ o) HU’] + A~ '1[I — I, R(c0)? (Hug + auy) -
The first term is already of the right order, as we can bound the

sum with the factor of k. We use the formula for the geometric series
to estimate
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AT — T1,) R(00)? (Hug + aug)

=0 Xo
— |R(o0
— |R(o0

S II(I — Hn)Huol| 12 (o) + e [|(1 = Hn)uol| 12 ()

| HA 1]]_ I— Hh) (Hu0—|—au0 HXO

since we assumed |R(oc0)| < 1.

Via the approximation properties of the spaces and the Ritz projec-
tor we arrive at:

n

66) A7 E e, < CR Y (W + hto/2).

7=0

Analogously, we can use equation (3.21) and the discrete stability of
Lemma 3.4 to bound

n n
(6.7) 1E™ |y, < CD B ||, <CEY (hpl i hp0+3/2).
Jj=0 j=0
The weak form of the stage vector equation is:
(6.8)  H(E™, V) =k '(—1A7" (E" — e"1), Vi) x, + (57, Vi), -

Using Vj, := E™ as a test function and applying the Cauchy-Schwarz
inequality we get via equations (6.6) and (6.7):

n 2
‘E(En,En” < O[kz (hpl + hpo+3/2)] )
§=0
Adding another L? term to compensate for V(-) gives:

[E™ [ 21 < Okzn: (hm i hpo+3/z)_
j=0

The inequality ||uj — u™[|y1 < |Jujy — Hpu™|| 1 + [[Hpu™ — u™|| 41 and
the approximation properties of I} then give the stated result.
For the case of ul) # II,u’, we just note that the discrete time-

stepping is stable with regard to perturbations of the initial conditions
via Lemma 3.4, thus this only implies another error term of order

T
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To get the H~1/2 estimate, we use Vj, = (0, V.) with Vi € Cg°(RI\T")
as a test function in equation (6.8) and get the pointwise equality:
HE" = —ik~'A=Y(E" —e?1) + Z*. (Here E" denotes the second
component of the error E® = (EP, E"), and analogously for e? and
Z".) Using test functions in C§°(R?\ T') in the definition of the Ritz
projector equation (3.16) gives H[II,U"] = HU™ pointwise in R% \ T,
Therefore, we can write:

H(U, - U =HU!' - U) - a(U] = U7
H(ILU! - U7) - (U7 = T7),

where ﬁf denotes the second component of the fully discrete solu-
tion (2.7). This in turn implies the estimate

|z -7

L2(RINT)

< H_ik—lA—l (E" — ") + E° — (U — U7)

~ * *

L2(RAT)

Together with estimate (6.6) and the H'-estimate for the error, this
allows us to bound the normal trace. ]

Remark 6.5. The assumption |R(c0)| < 1 is satisfied by all L-stable
methods, including the family of Radau-ITA methods, since they satisfy
R(OO) =0. ]

6.2. A refined L? estimate. In Theorem 6.1, the convergence rate
in space with respect to the L? norm is the same as that for the H*
norm. Under some additional conditions on €2, this can be improved
using the standard “Aubin-Nitsche trick.”

Lemma 6.6. Assume that Q is convex or has a smooth boundary
(so that a shift theorem holds for the homogeneous Dirichlet problem)
and that V is sufficiently smooth. Let u =: (u,u*) € X1 with
A p2gayry < 00 and v~ u = — [yu*], as well as y~u* = 0. Then,
the following error estimate holds for the Ritz projector 11:

e =Ml o < Ch(llu = Hnul g+ b (110007 = ynll -2 (r))-
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Proof. We write IIpu =: (up,uy,) for the two components. Consider
the solutions 1, to the following two problems:

U— U in Q,
—A¢1+(V+o¢)¢1={ L i
u* —uj in QF,
[vin] = [Ontn] =0,
—Aty+ (Vo + o) =u™ —uj, in Q,
Y Y2 =0.
Since 17 is the solution to a full space elliptic problem, we can estimate
V1l g2 ey < C'llw—pullyo. The same estimate holds for ¢, as

we assumed that a shift theorem holds for €, ie., [[t2llp2q) <
C'|lu — jull yo. We rearrange the terms into

Z/J = wl'ﬂa
. 7)/}2 in Q,
w o {’(/11 in QF

and write ¢ := (¢, 1¢*). Integration by parts then gives:

lu = unllZa ) + lu™ = ufl|Za gy
= (A + (V(z) + @) ¥, u — up) 12(q)
+ (=AY" + (Vo + a) ", u” — up) p2rayr)
= H (¢, u — yu) — (0,0, (u—un)),
= (On 9"y (" = i) + (070" T (= )y
= H (¢,u—Thu) — (9, 4,7 (u—up))y,
— (v Iy —up)])p = ([0n9"] 7™ (u" = )y -
Since 9, ¢ = 0, Y1 = Of 1 = O ¢* and v~ (u —up) = — [y(u* —uj)],
this becomes:
e = unll 72y + lu* = whl|Ze )
= H (¢, u — M) — ([0.07], 7~ (v —uj))p-

For ¢y, := (¢n, ;) € Hy and Ay, pp, € Yy we can use the definition of
the Ritz projection II,u, the fact that vy~ ¢, and v~ (u—uy) € Yy and
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yp* =0, to get:
Ju— Uh||2Lz(Q) + [Ju” = Uﬁ”iz(u@d)
=H (¥ — ¥n,u— Mpw) + ([0nu] — Ao, v~ (V" = ¥5))
(6.9) —([0n0"] = p v (W =)
S (118 = 0ull o + 10008 T = a2y )
% (110m) = Ml 72y + e = Tl )

The best approximation property of Hy, given in Lemma 4.3, together
with the approximation properties of X} and Y}, from equation (6.1)
then give:

ﬁg%h H% - ﬂ”;@ + leél; 110, ¢"] — Mh”H*l/?(I‘)

S (108020 + 11008 172 ) S Pl = Tl o

where, in the last step, we used the regularity of (¢,v¢*). Combining
this estimate with equation (6.9) then completes the proof. |

Remark 6.7. It can be shown that the Ritz projector is equivalent
to the Galerkin projection for the symmetric coupling of the problem
—Au+ (V + a)u = f, where u* is computed via the representation
formula. Thus, Lemma 6.6 also gives a result about the L? convergence
of such a post-processing step for the FEM-BEM coupling of stationary
elliptic problems. .

Analogous to Theorem 6.1, we get the following stronger convergence
result in the L? norm.

Theorem 6.8. Assume that the assumptions of Theorem 6.1 are
satisfied. Additionally, assume that € is convexr or has a smooth
boundary. Then, there exists a constant C > 0 depending on §2, the
Runge-Kutta method (i.e., A and b), V, po, p1 and u°, but not on k,
n, h or T such that:

lufy = w(nk)| gy < CT(RE T + hpF/2 4 k),
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Proof. The proof follows along the same lines as that for Theo-
rem 6.1 but by using the stronger approximation result for I given
by Lemma 6.6. |

7. Numerical results.

7.1. Implementation. We implemented the fully discrete scheme de-
scribed in this paper, using the software package NGSolve, see [26], for
the finite element discretization and Bem++, see [10], for the bound-
ary integral operators. To compute the convolution quadrature con-
tributions, we used the FFT-based method introduced by Banjai in
[4], which avoids the explicit computation of the convolution weights,
as defined by equation (1.21), and instead is based on approximating
them via numerical quadrature.

Let 0B (0) denote the circle of radius A > 0 centered at 0. By the
Cauchy integral formula we can write for the different operators
1
(7.1) A" = —
27 8B (0)

where A may stand for V, K, KT or W.

A(z) 27"z,

In order to get an approximation that can actually be computed, we
discretize the integrals above via a QQ-point trapezoidal rule:

_ Q
~ AT
7.2 A A" = N AN
where (g4+1 = e2™/(Q@+1) " In the theory about convolution quad-

rature, it is well known that choosing A\ ~ eps'/[2(@+tD] where eps
denotes machine precision, leads to good approximation results (this
was already suggested in [21]). In [9, Remark 5.11], it was observed
that, when considering an additional perturbation of the operators
A()‘Céﬁa): for example, due to H-matrix approximation, it is recom-
mended to choose A ~ k3/(@t1) In our experiments, we therefore used
A = max(eps!/P@+D] k3/(Q+1)) " Our analysis did not account for
quadrature errors, but we observed that choosing Q > n gives good
results. In order to evaluate the matrix functions V(B(z)), etc., we di-
agonalize the matrix §(z) instead of computing the contour integral in
Definition 1.10. This is justified for Radau ITA methods of two stages
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in [4, Proposition 3.4], and we did not observe any problems for any
of the other methods tested. If we write M and S for the mass and
stiffness matrix of the finite element approximation, the block systems
which appear have the structure

<_1A—1M + kS +EW(0) k(1/2— KT(O))>
—~1/2 + K(0) V(0)

and the linear systems were solved using a preconditioned GMRES
method. The preconditioner used has diagonal block structure, i.e.,

P—l = (PFTF}M 91 ) ,
0 PBEM

where the preconditioner Pggym makes use of the fact that V(0) is
already assembled in diagonalized form by using an H-matrix LU-
factorization for each operator V(\;), where the \; are the eigenvalues
of B(0). The FEM preconditioner is again block-diagonal itself and
defined as

Pyé(An) 0 0
plo_ 0 Pyg(Az) 0
FEM ‘= . ' )
: 0 . 0
0 0 Py (Amm)

where Py () is a standard multigrid preconditioner, based on a block-
Jacobi smoother as is already implemented in NGSolve, for the FEM-
matrix —iAM + k S. We selected this preconditioning strategy because
it is easily implemented using the preconditioners already available in
NGSolve and BEM++. While we do not have any theoretical analysis
of the preconditioning strategy, it appears to work well for our model
problem, taking for example only 56 steps to reduce the residual by a
factor 10711, in the case of a two stage Radau IIA method and degree
(3,2) FEM-BEM spaces, where the FEM space consisted of 912,673
degrees of freedom.

7.2. Gaussian beams and the free Schrodinger equation. In
this section, we look at numerical results for the free Schrodinger
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equation, ¥V = 0 in 3D, that is, we consider the model problem:

(73) {iut(x,t) =—Au, zeR3

u(x,0) = u’.

Given a point z, € R? and a wave vector py € R3, we consider the
Gaussian beam

2

2 e le—ae|*+ipo-(z—a.)
s

ul(z) == ¢

For this initial condition, the exact solution is given by

2 i —i|z — ze|* = po - (& — xc) + |pol’ t
vt = {2y oo '

As a computational domain, we chose a cube with side length 8
centered at the origin. For our numerical experiments, we chose a
combination of two Gaussian beams as initial condition, u{ and u.
u? is centered at (—1,1,0) and has a wave number (1,0,0). This
makes the exact solution a Gaussian wave packet, traveling out of the
domain Q. We center u3 at (1,—1,0) with wave number (0,0, 0), which
means that we will mostly see a dispersive effect. This second term was
added to better distinguish between convergence and artificial damping
introduced by the method. This choice of initial condition does not
satisfy the condition suppu® C Q, but, due to the fast decay rate, the
error due to truncating outside of {2 becomes negligible. Figure 1 shows
the exact solution for t =0 and ¢t = 2.

Example 7.1. In this example, we look at the convergence rates for
the one-stage Gauss method and the two- and three-stage Radau ITA
methods. We chose the mesh and time step size to be proportional,
i.e.,, k ~ h, by performing a uniform refinement of the mesh, each
time halving the time step size. In light of Theorem 6.1, we expect
convergence of orders 2, 3 and 5 respectively, as long as we couple with
finite elements of the same order and boundary elements of order py =
p—1. We compare the maximum of the L? and H! error, taken between
t =0 and t = 2 in the FEM term, i.e., max,—o,. n [u} — u(tn)||L2(Q)
and max,—o, .~ ||u} — u(t,) ||H1(Q). In order to better compare the two
methods, we plot mn in the z-axis, where m is the number of stages.
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8.566e-18 1.d27e-01 2.855e-01 d4.282e-01 5.709s-01

Q

Q

2.525e-03 1.6d8e-02 3.043e-02 4.438e-02 5.834e-02

Netgen 5.3.1

Netgen 5,3.1

FIGURE 1. Modulus of exact solution of equation (7.3) at ¢ = 0 (left) and
t = 2 (right) for z = 0.

This reflects the fact that, for the higher order method, we need to
assemble m-times the number of boundary operators. We see that the
one-stage Gauss and the two-stage Radau IIA methods converge with
the predicted full rates of 2 and 3, respectively. For the higher order
Radau method, we do not see the predicted rate, most likely due to a
preasymptotic behavior, but, comparing the number of operators to the
achieved accuracy, we see that the higher order methods prove more
efficient. .
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(A) One-stage Gauss method (order 2).
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(B) Two-stage Radau ITA method (order 3).
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(¢) Three-stage Radau method (order 5).

FIGURE 2. Comparison of a one-stage Gauss method and two- and three-
stage Radau ITA methods.
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APPENDIX

A. Boundary element methods for vector-valued problems.
In this section, we generalize some well-known results regarding bound-
ary element methods for the Helmholtz equation to the case of vector-
valued problems, where the “wave number” is replaced by a matrix.
We start by recalling the scalar case with the following proposition.

Proposition A.1 (Representation formula). Let u € H'(R?\ T') with
(A — s%)u € L2RI\T). Then, for R(s) > 0, we can write u as:

(A1) u=—N(s) ((A—s*)u) + S(s) [0pu] — D(s) [yu] on RI\T.

For solutions to the Helmholtz equation, i.e., (A — s®)u = 0, this
becomes

u=S(s)[Onu] — D(s) [yu] on RI\T.

Proof. Representation formula (A.1) is shown as follows: for large
balls Br(0) C R?, equation (A.1) is obtained by integration by parts
with the additional term

/ B (2, )9y uly) T (y) — / By @ (2, : 8)uly) T (y).
9BRr(0) 8Br(0)

The assumption R(s) > 0 implies that, for a fixed z, the function
®(x,;s) (and its derivatives) decays exponentially as |y| — oo. The
assumption v € H'(R?\T) then allows one to show that the additional
term vanishes in the limit R — oo. O

Lemma A.2 (Representation formula, matrix version). Let B be a
matriz with 0(B) C C4 :={z € C: Rz > 0}, and let Y € H}(RY\T)
be a solution to the differential equation

(A.2) ~AY +B*Y =0 inR\T.
Then we can write Y as
Y =5(B)[0.Y] — D(B) [yY].

Proof. We begin with the right-hand side. Inserting the definitions,
we obtain for the jth unit vector e; and an integration path C C C
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encircling o(B):
e; (S(B)[0.Y] - D(B) [7Y])
= 5mh [N o5 0.]

27 €
—%@ﬂB» DO Y] dx
(A.3) = 5= / SNel(B—-X\)"1[0,Y]
~ 5 / DN)el (B — N7t [yY] dA.

If we apply the scalar representation formula (A.1) for the function
el (B—=A)"'Y, we get:

(A3) = 2;/ TB-=N"Y +NX) (A=) (e] (B=AN)T'Y) dA
(A.4) —eTY—i—%/N (A=X2) (e] (B—=A)"'Y) dA.

Thus, it remains to show that the last term vanishes. For A € C\ o(B),
we calculate

(A-X)(B-N"'Y =(B-)N""(AY - B%)
+(B-N"(B2-N)Y
=0+ (B-N)""(B-N(B+NY
=(B+)\)Y.

The integral in (A.4) becomes
/ NN\el (B+N) Y dA.

Since the integrand is holomorphic on C* and C is a closed path, this
integral vanishes. (Il

In this paper, we often need to solve systems of equations of special
structure arising from the Runge-Kutta method. The next lemma gives
a condition for unique solvability and some stability estimates that are
used throughout the paper.
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Lemma A.3. Let B € C™*™. Let V and H be Hilbert spaces with
continuous embedding V- C H. Let a(-,) : V x V +— C be a continuous

sesquilinear form. Assume the variational problem of finding u € V
such that

a(u,v) + (Au,v)g = (f,0)yyy forallveV

has a unique solution for all X\ € o(B) and for all right-hand sides
f € V'. Then the following is true.

(i) There exists a unique solution u € H to the vector-valued problem
(A.5) a(u,v) + (Bu,v)g = (f,v)y/yy foralveV,

where a(-,-) denotes the sum sesquilinear form

a(u,v) = Za(uj,vj).

j=1

(ii) Assume 0 ¢ $(o(B)). Let f € H'. Then the solution can be
estimated in the H norm by

(A.6) lullg <CNI Al g s

where C > 0 depends on B but is independent of a(,-).

(iii) Let a(-,-) be Hermitian and positive semidefinite, i.e., a(u,u)
induces a seminorm on V. Assume that 0 ¢ (o(B)). Consider
the family of sesquilinear forms given by a.(-,-) = ea(-,-) for
a small parameter € > 0, and let u. be the solution when a is
replaced with a. in (A.5). Then there exists a constant C' > 0
depending on B but independent of € such that, for all right-hand
sides f € H', the following estimate holds:

(A7) ea (e, ue) + [lucllz < O fllz -

(iv) If we identify the functional f € H' in (iii) with its Riesz represen-
tation, i.e., (f,v)ug = f(v) for allv € H, and make the regularity
assumption that f € V', then we can further estimate:

(A.8) a(ue,ue) + Juellz < CIIfI -

Again, the constant C' depends on B but is independent of €.
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Proof. We transform the matrix B to Jordan form: B = XJX 1.
Then the problem transforms to

a(X ', XT0)+(JX T, XTo) g = (X1, XT0) for allv e V.

V'xV

By setting @ := X 'u, 7 := XTv and f := X~1f, the above problem
has a unique solution if and only if

(A9)  a(@d)+ (JU,V)y = <f, 5>VW for all 7 € V,

has a unique solution. To simplify the notation, we only consider the
case where J consists only of a single Jordan block. The proof of
the general case works along the same lines. Selecting test functions
v = (0,...,v5,...0) for all j = 1,...,m with v; € V shows that
equation (A.9) is equivalent to the system of scalar problems

(A10)  a(uj,vj)+ (ANuy + Wjp1,v5) 5 = <fj’vj>V’><V
forallv; eV, j=1,...,m—1,

where A is the eigenvalue of the Jordan block. For the case j = m, a
similar equation holds:

(A11)  a(Um,vm) + A, Um) g = <fm,vm> ) for all v, € V.

VIxVv

By our assumption, this last problem has a solution u,, € V. This
enables us to solve the (m — 1)st equation and, by induction, we get
the solution u. Since each solution of the scalar problems is unique,
this also makes the vector-valued solution unique. Hence, (i) is shown.

To obtain the estimates (A.6) and (A.7) of (ii) and (iii), we set
v; = u; and recall the definition a. = ea. This gives, for (A.11),

~m7~m )\~M7~m = <~m7~m> .
€a (U, Upm,) + (A, Um ) 1 fms iy

Separating real and imaginary parts gives
@ (il i) + RO\ (s o) it = R ( Fons o )

SO @, o) 11 = S <fm, am>

Vixv

Vixv
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Since, by assumption, (A) # 0 and f € H', we easily get from these
two equations the estimates (A.6) and (A.7) for @,,. By doing similar
calculations for (A.10) for j = m — 1,...,1, we obtain the desired
estimates by induction.

We turn to the proof of (iv). In order to refine our estimates for the
smooth case f € V| ie., to show (A.8), we proceed similarly. By the
previous result, we only need to show that we can bound a(u,u). We

choose v; := Ali; — f; in (A.11) and get, for the mth component,
ea (am7)\am_f~m) +()‘ﬂma)\ﬂm_fm)H: <fmv)\am_fm> .
VXV
Rearranging terms and taking the imaginary part gives, in view of
<fm,v>v . (fm,v)p for allv € V and (v,v)g € R,
/X

eS (a (am, Ny — fm)) = S(Fon — A, Nlign — fon) 11 = 0.

Hence, eS(N)a(tim,tm) = eS(a(iim, fm)), or, using the Cauchy-
Schwarz inequality for a:

o N\1/2
SO ~  ~ \1/2
@ (i, Tom) S @ (s )" @ (o i)
S @ s ) | |-
v
Induction again then gives the analogous statement for the u;, where

j=1,....m—1.

In order to transform back, we use the fact that a induces a seminorm
on V. Since u = Xu, we can estimate

alu,u)/? = a(Xu, X0)V? < | X a (@,0)"?,

and similarly for the H-norm. All the estimates then transfer to the
original u by taking linear combinations. O
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