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Abstract In this work we propose high-order transparent boundary condi-
tions for the weighted wave equation on a fractal tree, with an application to
the modeling of sound propagation in a human lung. This article follows the
recent work [29], dedicated to the mathematical analysis of the correspond-
ing problem and the construction of low-order absorbing boundary conditions.
The method proposed in this article consists in constructing the exact (trans-
parent) boundary conditions for the semi-discretized problem, in the spirit of
the convolution quadrature method developed by Ch. Lubich. We analyze the
stability and convergence of the method, and propose an efficient algorithm for
its implementation. The exposition is concluded with numerical experiments.

Keywords Convolution quadrature - transparent boundary conditions -
fractal trees - DtN operator - quantum graph

1 Introduction

Sound propagation in a human lung can be used for non-invasive diagnosis
of the respiratory diseases, see e.g. [40] for some experimental studies, a PhD
thesis [24], and, in particular, the Audible Human Project [1] and references
therein. A human lung can be viewed as a network of small tubes (bronchioles),
immersed into the lung tissue (parenchyma) and coupled with their ends to
microscopic cavities in the parenchyma (alveoli). The physical phenomenon of
the wave propagation in a lung is highly complex, due to the fractal geometry
of lung airways, heterogeneity of parenchyma, interactions/couplings between
various types of tissues, and, eventually, multiscale nature of the problem, and
thus in practice one uses simplified models. For instance, in the mathemat-
ical literature, in [13,12], the sound propagation in a highly heterogeneous

POEMS (INRIA-CNRS-ENSTA), ENSTA ParisTech, 828 Boulevard des Maréchaux, 91120
Palaiseau France
E-mail: patrick.joly@inria.fr, maryna.kachanovska@inria.fr



2 Patrick Joly, Maryna Kachanovska

parenchyma is modelled using the homogenization techniques. In [36] Sobolev
spaces associated to the Laplace equation on a fractal tree that models the
network of bronchioli are studied, and in [20] the wave equation with a viscous
non-local term on a dyadic infinite tree is analyzed, see as well the mono-
graph [35]. This point of view at the bronchioli as a self-similar network (with
possibly multiple levels of self-similar structure) seems to be rather classical
(though indeed simplified) in the medical and medical engineering literature,
see in particular [43,15,38,25] for the related discussion. In this article we
adapt this, simplified, approach of studying wave propagation in lungs.

In the limit when the thickness of the bronchiolar tubes tends to zero, the
problem becomes essentially one-dimensional inside each of the tubes. A rig-
orous asymptotic analysis [30,42] allows to take into account the differences
between the thicknesses of the tubes at different levels of the bronchiolar tree
via incorporating weights into the originally homogeneous wave equation. Con-
structing an efficient numerical method for the resolution of such a 1D weighted
wave equation defined on a fractal tree is the subject of the present work. In
the literature [8] the type of problems we consider is sometimes referred to as
problems posed on a quantum graph, to underline the distinction between this
kind of models and discrete, finite-difference-like models on graphs.

This problem gives rise to numerous interesting questions from the ana-
lytical (relations between associated weighted Sobolev spaces on fractal trees,
in particular, embeddings and existence of a trace), and from the numerical
point of views (since the fractal tree has an infinite number of edges). The
analysis related questions have been answered in [29], while the construction
of efficient numerical methods for such problems is mainly the subject of the
present work. Our principal idea is to construct transparent boundary condi-
tions for the wave propagation in a fractal tree that would allow to perform
all the computations on a truncated tree. Most of such boundary conditions
are based on an approximation of the Dirichlet-to-Neumann (DtN) operator.

In this work we construct an exact DtN operator for a semi-discretized in
time system, in the spirit of the convolution quadrature (CQ) methods [33,34],
see in particular numerous recent works dedicated to the coupling of boundary
integral equations and volumic wave equations (FEM-BEM coupling) [6,32,
23,37]. Let us mention a related approach, based on constructing transparent
boundary conditions for problems discretized in space and time, see e.g. [3,10,
11,9,31] and references therein. Our transparent boundary conditions can be
viewed as Johnson-Nédélec style coupling [26], which was, in the context of the
acoustic wave equation, studied in the PhD thesis [21], or, for the Schrédinger
equation, in [41]. In this work we perform the convergence and stability analysis
for such a coupling. The principal difference between our work and many other
works on CQ is that we perform the analysis purely in the time domain (unlike
e.g. [6,32]), and use an explicit time discretization for the volumic terms and
an implicit discretization for the boundary terms (unlike [23,37]).

Another important difficulty for the CQ treatment is that neither the con-
volution kernel, nor its Fourier-Laplace transform are known in a closed form
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(unlike many other applications of the CQ); we thus propose a procedure for
its approximation, suitable for the use in the convolution quadrature.

This article is organized as follows. In Section 2 we recall the notation and
formulate the problem. Section 3 is dedicated to the construction of transpar-
ent boundary conditions, as well as their analysis (stability and convergence).
In Section 4 we provide algorithmic aspects of the method and perform its
complexity analysis. Finally, Section 5 is dedicated to the numerical experi-
ments. We conclude with a discussion of the obtained results in Section 6.

2 Problem setting
2.1 Notation

We will adhere to the notation and terminology used in [29]. Let us recall some
of the geometric assumptions:

1. By T we will denote a p-adic tree [29, Definiton 2.1] with an infinite
number of edges. These edges are ordered in generations (collections of edges)
G' in the following manner: G° consists of a root edge; G"*! is a union of
children edges of all the edges from the generation G"™. Each generation G",
n € N, contains p” edges X, , k=0,...,p" — 1.

The children of the edge X, i (of the generation n + 1) are indexed as

2n+1,pk:+j7 j:O,7p—1 (1)

The root vertex of the tree is denoted by M*. Every edge X, j can be as-

Fig. 1 A self-similar 3-adic infinite tree. Left: In blue we mark the edges that belong to G°,
in red the edges of G, in black the edges of G2. Right: Distribution of weights on the edges
of a 3-adic infinite self-similar tree.

sociated with two vertices [A, k, By k). Given a vertex M, let d(M) be the
length of the path (sum of the respective edge lengths) between the root edge
M* and M; then we denote by M, ,, = argmax(d(A4, k), d(By, k)). This vertex
uniquely identifies the edge X, , see Figure 1.
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2. Each edge X, is assigned two numbers: its length ¢, ;, and a weight
fnk > 0.

3. We will assume that the tree is self-similar (fractal), in the sense of [29,
Definition 2.3]. Let us explain this in more details. Let &« = (v, . .., ap—1) and
© = (to,-- -, tp—1) be two vectors with positive elements. Then the length and
the weight of the edge X, 11 pr+; are related to the length and the weight of
the parent edge X, j, cf. (1), as follows:

Lrg1pkrj = lnk, Hnt1pk+j = Hjlin ks Jj=0,....,p—1L

Without loss of generality, we will assume that (19,0 = 1. An illustration to the
above is given in Figure 1.

Finally, we will denote by 7™ the subtree of T truncated to m generations,
whose edges are given by a collection

T =T, 0<k<p"—1,0<n<m} =] g" (2)
£=0

By Trm,; we will denote a p-adic subtree of the tree T, whose root edge is X, ;.

All over the article we will assume that || < 1 (i.e. the tree can be
compactly embedded into R?, d > 2). We will refer to a weighted tree T as to
a reference tree if the length of its root edge satisfies £y o = 1.

2.2 Wave propagation in self-similar weighted trees

We consider the problem of wave propagation on a self-similar weighted refer-
ence tree 7. For this we introduce a parametrization of each edge X, ; of the
tree, associated with the segment [My; ;, M, ;], by an abscissa s, j € [an,j, bn ],
Qn,j, bn; € R. This parametrization is chosen so that

[M: 5, My ;) ={M € R : M = M, j+(My ;—M;; ;)(sn.j—n ;) (bnj—an ;)" }.

With s being an abscissa on the tree 7, defined on each edge X, ; as above,
we define the weight function p(s) on 7T

1(8) = tnj, s€ Xy ;.

An acoustic pressure u(s,t) satisfies the weighted wave equation, which can
be written in a compact manner as

pd2u — 05 (ndsu) = f(s,t), u(.,0) = dyu(.,0) =0, (3)

with f being a source term. We equip this problem with a boundary condition
u(M*,;t) = 0. It remains to pose the boundary conditions at the ’infinite’
boundary of the tree, the meaning of which will become clear in Section 2.3.
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For the moment, let us explain in more detail the meaning behind (3). With
the notation u,,; = ul|y , the above problem reads:
Oy — Oupj = fn; on X, j=0,...p" =1, n>0, (4
u(.,0) = Opu(.,0) =0, wu(M~,t)=0, (5)

which we additionally equip with the continuity (C) and Kirchoff (K) condi-
tions at each of the vertices, cf. (1),

umj(Mn,j,t) :un+1,pj+k(Mn,jat)7 k':O,...,pf 1, (C)
p—1

Ot j (Mo t) = >t Ostins1 k(M t),  j=0,...p" =1, n >0, (K)
k=0

with an abuse of notation (M, ;,t) = u(b, ;,t), see the start of this section.

Remark 1 In this work we chose to study the problem with vanishing initial
conditions and the source term; however, all the stability /convergence results
easily extend to the case when the problem with initial conditions and vanish-
ing source is examined. Then the results for the problem with non-vanishing
i.c. and non-vanishing source can be obtained by linearity.

2.3 Dirichlet and Neumann problems for the wave equation

The problem (4, 5, C, K) needs to be equipped with some conditions at the
‘infinite’ boundary of the tree. This becomes more clear when studying the
family of problems (3) posed on subtrees 7™, m — oco: for their well-posedness,
it is necessary to define boundary conditions on the ’outer’ boundary of the
tree 7™, consisting of the points {M,, ;, 7 =0,...,p"™ —1}. This will be done
variationally, via the Sobolev spaces.

2.8.1 Sobolev Spaces on T

Provided an abscissa s on T, we can define a function v = v(s), v: T — C.
For brevity, let us denote

o p"—1

//“’_ZZ /unkv (6)

nOkOE

We will need the following three spaces:

— square-integrable functions

LA(T) = {v: vlg, , € LA(E0y), [0z < oo},

ol = ol = [P, (9= [ v

T T
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— square-integrable continuous functions with square-integrable derivatives:
denoting by C(7T) continuous functions on T,

H,,(T) == {v € C(T) NLL(T) : [l ¢y < o0},
lis ey = 10svllez ey, ol () = I0lEz () + ol o) -
— closure of compactly supported Hi—functions. For this let us define
Co(T)={vel(T): v=0onT\T™, forsomem € N},
i.e. functions which are supported inside 7™, for some m € N. Then

”.”H}L(T)

H,, o(T) := Co(T) NH,(T)

The above definitions can be naturally extended to the spaces defined on a
truncated tree 7™, with an associated Li—scalar product denoted by (.,.)7m.

2.3.2 The boundary value problems

To derive the variational formulation, we test (4) with a compactly supported
v € Co(T), v(M*) = 0; then any H,(7)-solution of (4, 5, C, K) satisfies

2
/,u;;uv—!—/uasu@sv:/,ufv, for all v € Co(T), s.t. v(M™) =0.
T T T

Reciprocally, any H:L (T)-solution to the above problem solves (4, C, K).
To formulate Dirichlet/Neumann problems for (3), let us introduce

Va(T) ={v e H,(T): v(M*) =0},  Vo(T)={veH, o(T): v(M*)=0}.
Let the final time 7' > 0 be fixed.
Definition 1 (Neumann problem) Find
un € C([0,T); Va(T)) N CH([0, T} L (T)),
s.t. Un(.,0) = dyun(.,0) = 0, and

2
/“%unv + /Nasunﬁs’u = /va, for all v € Vu(T). (N)
T T T

Definition 2 (Dirichlet problem) Find
uy € C([0, T Va(T) N CH([0, TI; LE(T)),
s.t. up(-,0) = duy(.,0) =0, and

2
/M%UD v + /Iuasubasv = /Hf’U, for aH ve ‘/D(T) (D)
T U T
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Remark 2 Although, strictly speaking, the problem (N) is a mixed problem
(because of the Dirichlet condition at the root of 7), we call it 'Neumann’,
since we are interested in the behaviour at the ’infinite’ boundary of 7.
These problems are well-posed, as summarized below.

Theorem 1 Let f € L*(0, T; Li(T)) Then the problem (N) (resp. (D)) has a
unique solution uq € C([0,T]; Vo(T)) N C([0,T); Li(T)), a=n (resp. a =0).
This solution ug, a € {n,0}, satisfies the following bound

T
[0¢ua(T) Lz (1) + [10sua(T) Iz () < \/5/ 1 @) llLz (7t (7)
0

Proof The proof is classical. The existence and uniqueness result follows from
the semigroup theory (in particular, the arguments of [39, Section 7.4] (semi-
group framework for the wave equation) and [39, Section 4.2] (existence and
uniqueness of mild solutions) extend almost verbatim to our case).
To show (7), one first tests e.g. (N) with du,, which gives
d

1
56n) = (f.0u), &= (I9eunll® + 10sual?) -

The application of the Gronwall inequality yields the desired result. a

Later on we will make use of the following corollary about the dependence of
the time regularity of the solution on the regularity of the source f.

Corollary 1 Let f € W"1(0, T;Li(T)),k‘ >1, and
f(,0)=...=dF1f(,0)=0.

Then the problem (N) (resp. (D)) has a unique solution u,, a = n (resp.
a =10). Moreover, this solution satisfies:

ug € CH([0,T1: Va(T)) 1 CF((0, TS L2 (7)),
T

106 () 2 o) + 100 ua (Tl () < V2 / 10 F Oz rdt,  0<E<k
0

Proof Tt suffices to notice that ¢ = dfu,, ¢ < k, solves the problem (N) (resp.
(D)) with f replaced by f) € L'(0,T; Li(T)), hence Theorem 1 applies. O

It is natural to ask whether the solutions to (N) and (D) coincide (as in the
case p=1, p=1and @ =1, when T can be identified with RT). The answer
depends on the following two quantities:

p—1 u p—1 i
<Ha> 3:§Miai7 <E> 122072-

Because of the assumption |orfo < 1, (pa) < <§>

Theorem 2 ([29]) If (pa) > 1 or <g> <1, the spaces H), o(T) and H,,(T)
coincide, and thus u, = uy. Otherwise, Hi@,o(T) - Hi(T), and uy # Up.



8 Patrick Joly, Maryna Kachanovska

2.4 Transparent boundary conditions

In [29] it was shown how to construct exact (transparent) boundary conditions
for the problems (N) and (D). To recall the main ideas, we fix m > 1, and
assume the following.

Assumption 1 The source f(s,t) is s.t. for all t > 0, supp f(s,t) C T™ L.

We will use this assumption without reference in the remainder of the article.
When f satisfies Assumption 1, for all £ > 0, Ofu(M,, ;,0) = 0,7 =0,...,p™ —
1, because of finiteness of the speed of wave propagation.

2.4.1 Auziliary notation

We will denote by V(T™) the following subspace of H}L(T’”):
V(T™) :={veH,(T™) : v(M*) = 0}.
Let us introduce additionally the following partial trace operator
Ym: V(T =R,

defined for v € V(T™) (recall that v is continuous) by

YU = (’U(Mm,o), - ,U(vapm_l))
It is not difficult to verify that ~,, is continuous:
[Ymvllger < Cy 10s0llay (7my, v € V(TT™).

Remark 3 Let us remark that «,, differs from the partial trace operator 7,
introduced in [29], which maps V(7™) into L?(0,1). The reason for this dis-
crepancy is that in [29] we were interested in a trace of a function v defined
on T, considered as a limit of its traces on 7™, as m — oo, and thus needed
to introduce a common "boundary’ for all the trees 7", m > 0. In the present
work, we fix m and consider functions defined on truncated trees 7™, which
enables us to work with the more classical definition of the trace.

In the sequel, by (.,.) we will denote the Eucledian scalar product in RP™.

2.4.2 Transparent boundary conditions

We truncate the computational domain to the tree 7™, and impose transpar-
ent boundary conditions at the ('right’) boundary of this tree in the form:

—,um,jasum,j(Mm,j,t) = le,j<at)um’j(Mm7j,t), j = O7 N 7pm — 1, (8)

where a € {0,n} and By, ;(0;) is an exact DtN map for the Dirichlet (corresp.
Neumann problem), associated to the point M,, ;, that we describe below. Let

H ([0, T); X) = {v € H'([0, T}; X), v(0) = 0}.
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Then this operator is a continuous mapping
B, i(8y) € L (H([0, T|;R), L*([0, T]; R)) .

This is a corollary of (15) and Theorem 6. To define its action, recall that the
point My, ; is a root vertex of p subtrees of the tree 7, which we denote for

simplicity by ﬁ(m’j), k=0,...,p—1. The weights assigned to their roots edges
are respectively p., jur (because of the self-similarity property, see Section
2.1). Then the DtN map B, ;(9;) associates to a function g € H([0, T|;R)
the sum of conormal derivatives (weighted normal derivatives):

p—1

By, j(0)g = — Z o, j 1 OsUg ks (9)

k=0
where, depending on the considered problem,

1. if a = n (Neumann), up , € Cl([O,T];Li(ﬁm’j))) N C’([O,T];Hi('ﬁfm’j)))
solves the following Neumann initial boundary-value problem:

/,uv afu;,k + /,uasv Osug 1, =0, for all v € Vn(7;€(m’j))7
i i (10)
uy (M j,t) = g(t), g i(,0) = puy (.,0) =0, k=0,...,p— 1.

2. ifa =0 (Dirichlet), u} , € C ([0, T}; L, (72))NC((0, T7; HL (7)) solves
(10), where uy , is substituted by uj , and Vn(ﬁm’])) by V, (7;(7"’3)).

This definition of the DtN map is obviously consistent with the Kirchoff con-
ditions, cf. (8) and (K). In a short form, we will write

B3, (01) = diag (B3 0(00). ... By pu_1(01) (11)

Since the coefficients of the problem do not depend on time, B, (9;) is a con-
volution operator; the corresponding convolution kernel is not known in closed
form. The goal of this work is to provide an accurate discrete approximation
to B%,(0:), which relies on a tractable characterization of its convolution kernel
that was obtained in [29]. In order to show how to obtain an expression for
B, let us first introduce the notion of the reference DtN operator.

Remark 4 The above boundary conditions are called transparent, because any
ugq solving the Dirichlet (corresp. the Neumann problem) satisfies (9) exactly.

2.4.3 Reference DtN operator

A reference DtN operator associated to the Dirichlet/Neumann problems on
the reference tree 7 is a continuous operator, see Theorem 6,

Aa(0) + Hy([0, TI;R) — L*([0, TER),  a€{o,n},
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defined as
Aa(at)g(t) = _GSUS(M*7 t)7 (12)

where, depending on the problem considered,

1. for a = n (Neumann), u§ € C([0, T]; H}A(T)) N Cl([O,T];LZ(T)) solves

/,u@fugv + /uasu; Osv = 0, for all v € Vj,
J J (13

vg(M*,t) = g(t), wuy(.,0) = dpuy(.,0) =0.

2. for a =0 (Dirichlet), uj € C([0,T]; H}L’O(T))ﬂcl([O,T]; Li(T)) solves (13)
where ug is substituted by ug and V; by V5.

This operator is a convolution operator, formally defined as follows:
t
A@0)9(t) = [ Aalt = Tiglr)dr
0
Defining the Fourier-Laplace transform of a causal tempered distribution A as
(FA)(w) = / SN, weC,
0

we denote the symbol (FAq)(w) of the convolution operator Aq4(d:) by Aq(w).

Characterization and properties of Aq(w). Positivity of Aq(0¢). To use the
convolution quadrature, it is necessary to be able to compute the symbol of
the DtN map, cf. (9), for various complex frequencies w. In Section 2.4.4 we
will show that this symbol can be easily expressed with the help of A4(w).
The latter function, in turn, satisfies the following non-linear equation, which
will serve the computational purposes.

Lemma 1 (Lemma 5.3 in [29]) The symbol of the reference DtN operator
Alw) = Aq(w), a € {n,0}, A: C\R, satisfies

=

p—1
Alw) = WY tanw — Fq ,(w) Fou(w) = Z
i=0

EA (i 14
tanwFy, ,(w) +w’ i (ciw)  (14)

Q

Since the solutions of (14) are, in general, non-unique, to single out the so-
lutions that correspond to the symbols of the DtN operators, we restrict the
solution space to meromorphic even functions analytic in the origin, cf. The-
orem 4. It remains to distinguish between the solutions corresponding to the
DtNs for the Dirichlet and Neumann problems (where applicable, cf. Theorem
2). For this we fix the value A(0); this leads to the uniqueness of the solution
o0 (14). This is similar to initial-value problems, where fixing the value in zero
leads to the uniqueness as well.
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Theorem 3 (Lemma 5.5, Corollary 5.6 in [29])

—if <%> < 1, the symbol of the reference DtN operator Ay(w) = Ay(w) is a
unique even meromorphic solution of (14) that satisfies A(0) = 0.
— let <%> > 1 and {pa) < 1. Then the function Ay(w) is a unique even

-1
meromorphic solution of (14) that satisfies A(0) =1 — <ﬁ>

[e 2
Similarly, the function Ay(w) is a unique even meromorphic solution of
the equation (14) that satisfies A(0) = 0.
—if <ua> > 1, Ay(w) = Ay(w) is a unique even meromorphic solution of

-1
(14) that satisfies A(0) =1 — <ﬁ> .

[e 2

Additionally, the symbol A,(w) satisfies the following property, useful in the
sequel, which is an extension of the well-known identities for the DtN map for
the classical wave equation [16].

Theorem 4 A,(w) : C — C is an even meromorphic function, whose poles
are all real. Moreover,

(a) Im (w™tAg(w)) <0 forw e CT ={z€ C:Imz > 0}.
(b) there exists C > 0, s.t. for allw € CT, [Aq(w)| < Clw|max (1, Imw) ™).
Proof See Appendix A.

These properties can be translated as positivity /regularity mapping properties
of Aq(0;), cf. e.g. Lemma 2.2 in [6]. In particular, the time-domain analogue
of Theorem 4 (a), important for the stability of the coupled problem, reads.

Theorem 5 Let g € H([0,T]). The reference DtN operator satisfies

T

/(Aa(at)g) (t)dugdt >0,  ae{o,n}.

0

Proof The proof is classical. Without loss of generality, let us take a = 0. Then
testing the strong form of (13) with d;u$ and integrating by parts gives

Aa(04)g Brg = —0su(t, M™) Qyud(t, M*) = /u@fuz dyug + /u@suz Dy 0su
T T

d 1
=€ &) =5 (Ig]* + [10.u])?) -
The result follows by integrating the above from 0 to 7" and using £J(0) = 0.
On the other hand, Theorem 4 (b) translates into the time domain as.

Theorem 6 The operator Aq(0;) : HX([0, T]; R — L*([0, T]; R is continuous.

Proof The proof mimics the proof of Theorem 4, see Appendix F.
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2.4.4 Transparent boundary conditions via the reference DN

Using the reference DtN, we can express the operator By, ;(9;) as follows [29]:

p—1
a - M
Bm,j(at) = MM,jO‘m}j kz_o ?kAa(akam,jat)- (15)

Recall that a, ; is the length of the branch X, ;. The above representation
was derived using the Kirchoff conditions and a scaling argument. We have thus
reduced the problem of the construction of transparent boundary conditions to
the problem of approximating a convolution operator with the symbol A4 (w).

Remark 5 Everything that follows, unless stated otherwise, holds true for the
Dirichlet and for the Neumann problems, and the distinction between these
two problems is encoded in the proper choice of the symbol A,. Hence, where
possible, we will omit the index a = {9,n}. We will study the Neumann prob-
lem, keeping in mind that the Dirichlet problem can be handled similarly.

Remark 6 The construction of the transparent boundary conditions in the
present article can be extended to the case when the tree 7 is not fractal
(self-similar, as defined in [29]), however, some of its subtrees are.

2.4.5 Coupled formulation

With the notation from Section 2.4.1 and (11), the coupled problem with the
transparent BCs reads:

Find up, € C([0, T]; V(T™)NC ([0, T|; LL(T™)), (16a)
s.t. um(.,0) = Orum(.,0) = 0, and (16b)
(02U, V) + (Dstim, Os0)7m + (B (0¢) Yot Yo ) (16¢)

= (f,v)7m, for all v € V(T™).

We have the following easy-to-prove result.
Theorem 7 For all f € L*(0,T; Li(T)), satisfying Assumption 1, the prob-
lem (16) has a unique solution w.,, which satisfies the stability bound (7) with

u replaced by Uy, .
The restriction of the solution u = uy to (N) to T™ satisfies wu|ym = tUn,.

Proof It is not difficult to verify that u|;, = u,, (by definition of the trans-
parent boundary conditions, cf. (10)). This implies the existence for (16). If
we show the uniqueness for (16), then the bound (7) is a corollary of (7) for
u = u,. However, the uniqueness follows easily by energy techniques: set f =0
in (16¢), test it with dyu,,, and next integrate from 0 to T'. This gives (where
we use as well vanishing initial conditions (16b))

T

1
5 (Hat“m(T)H%’m + Hasum(T)H%’m) + / (B (9)YmUms Y Ortim) dt = 0.
0
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Using (15) and the positivity property of Theorem 5, we deduce from the above
identity that [|dyum(t)||%~ = 0. With (16b), we conclude that wu,, = 0. 0

3 Discrete transparent boundary conditions (Convolution
Quadrature (CQ))

The main idea behind the CQ is to construct the exact transparent boundary
conditions for the problem (3) semi-discretized in time [41,4]. Provided that
the time discretization scheme is chosen so that the resulting problem is stable,
the corresponding exact transparent boundary conditions inherit its stability.

Remark 7 For the implementation of the convolution quadrature, it is impor-
tant that B}, ;(w) (consequently, Aq(w)) can be evaluated for any frequency
weCh ={ze€C: Imz > 0}. The description of the respective method is
postponed to Section 4, while here we address the questions of stability and
convergence of the method.

This section is organized as follows:

— in Section 3.1 we derive discrete transparent boundary conditions based on
the (implicit) trapezoid rule (also called #-scheme with 6 = 1);

— Section 3.2 is dedicated to the semi-discretization in space, its stability and

convergence;

in Section 3.3 we show the time discretization, demonstrate its stability

and prove the convergence estimates;

finally, Section 3.4 is dedicated to the solution of the discretized system.

3.1 Derivation of a CQ approximation for the transparent BCs

First, we will derive a discrete approximation for the reference DtN operator,
see Section 2.4.3, and next employ the obtained results to derive an approxima-
tion for the transparent boundary conditions. Let At be a time step, t” = nAt.
We denote by u™ an approximation to u(.,t"). Let Ny = [T(At)~!]. Also,

,Un+1 _ ,Unfl ,UnJrl — 2™ + ,Unfl
D" = —————, DzAtv" =
2At (At)? ’
+1 -1 +1
(= T 22” A S V2N i +2”" , (17)

n+1 n

—v

v
D Un+1/2 —
At At

3.1.1 Discrete approximation of A
To derive the CQ approximation of A(9;), we will proceed like in the continuous

case, see Section 2.4.3. The reference DtN is then defined analogously to the
continuous case (12), A(9A!) : RNe+t — RNe+1 To define its action, we start
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with the problem (13), which we semi-discretize in time using the trapezoid
rule (6-scheme with 6 = 1). As well-known [14], this scheme is unconditionally
stable, and thus the discretization results in the following well-posed and stable
problem (where without loss of generality we assume that g(0) = ¢'(0) =
9"(0) = 0 to ensure that taking u} = 0 does not alter the order of the scheme):

Given ug =0, u; =0, ug(M*) = g", find (u:;)g;'o C HL(T), s.t.

(DAsug, v) + (0s{uf }1/4,0sv) =0, forallveV,, n<N,.

The reference DtN associates to the vector (g")g;o € RM+1 the following
quantity:

(A(07")g)" = —0ul(M™),  n=0,...,N,. (19)

Where convenient, we will write instead of the above A(9/)g™, with the ob-
vious abuse of notation. In the above form, the reference DtN operator is not
suitable for the computations; thus, let us find a tractable expression for its
discrete symbol. For this we will use the Z-transform.

The symbol of the discrete DtN operator. Let us apply Z-transform to the
above problem, assuming that N; = co. Recall that for a sequence (v™), s.t.
[v™] < C(1+n)9, g > 0, its Z-transform is defined as follows:

Z: v:(v")%V(Z):iv”z", ze€B={2€C:|z| <1}. (20)

n=0

The function V(z) is obviously analytic in By. Applying the Z-transform to
(18), and using the standard property of the Z-transform of the shift operator

Tiv=(1")ps0 = (V" Hns1, Ztv = zV(2), (21)

we deduce that Uy(z) € H}L(T) satisfies Uy(2)[,,. = G(2) and

5(2)\? B o l-z
_<2At) (Ug,v) + (0sUq,0sv) =0, Vv eV, (5(2)—21+Z. (22)

Since i6 : By — Ct = {w € C: Imw > 0}, the problem (22) is coercive for
any z € By. With the help of (22), we can then define the discrete symbol of
the reference DtN as the mapping

Aac: C—C,  Aalz): G(M*,2) — —0.U,(M*, 2). (23)

Comparing (22) and the definition of the symbol A (w), we obtain

An(2) = A (/5;)) . (24)
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Because A(w) is analytic in Ct := {w € C : Imw > 0}, cf. Theorem 4, and
because z — i6(z) is an analytic function from Bj into CT, we conclude that
A At (2) is analytic inside B;. Thus, A ¢ can be expressed via its Laurent series

A (2 ZAAt ¢ 2] < 1. (25)

The coefficients )\eAt are called convolution weights. Alternatively, they can be
represented via the Cauchy integrals (with v being a contour inside By):

1 0(2)
At -1
Apl = 5 l/z A<z : )dz. (26)

~

A(0AY) as a convolution operator. Inverting the Z-transform in (23), using
(25) and the property (21), we obtain the discretization of the reference DtN:

—05ug( ZW m = A0 g™ (27)

To compute the above convolution it is sufficient to know the convolution
weights A2 classically [34], their evaluation is done based on the fast numer-
ical computation of the Cauchy integrals (26), see Section 4.1.

Positivity properties of A(0f!). The following property, which we state here
for consistency reasons, is a discrete version of Theorem 5.
Theorem 8 Let (¢"))_, € RN*L, with ¢° = 0. Then

N-1
> {4@029"} s Dag™ 2 0.

n=1

Proof The proof mimics the proof of Theorem 5, namely, the result is obtained
by testing (18) with Daug. The details are left to the reader.

3.1.2 Discrete transparent BCs

To derive the discrete transparent boundary condition at the vertex M, ;,
corresponding to (8), we use the same arguments as in continuous case, cf.
Sections 2.4.2 and 2.4.4. This yields the following discrete counterpart of (15):

B, m,j (6At = fhm,jQp, Z Hk am,jakatAt) , (28)

where A(94) is defined in (19). The discrete symbol of the above operator is

I o(z
B2 () = um,gamjzai (famsen ). (20)
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: . A
cf. (24). As a consequence, the convolution weights (bﬁfj n) of By'i(z) are

related to the convolution weights (A4") via the simple identity

At
bAt ,um,ja_J Z M Atm 4 k Atm,j;k —_ . (30)

m,jin
Qm, j O

Finally, let us introduce the notation for the discrete version of the aggregate
operator B,,(0;), cf. (11): its discretization will be denoted by B,,(9/"), the
corresponding symbol by Bﬁf(z), and the respective convolution weights by
bﬁbtn (remark that they are m x m diagonal matrices).

3.1.3 Motivation for the analysis that follows

One could first discretize (16) with the f-scheme in time, next in space and
proceed to its resolution, but in this case one would end up with an implicit
scheme. Thus, we will proceed as follows (see [27] for a general framework):

— first semi-discretize the system (16) in space and perform the respective
convergence analysis;

— next discretize the resulting system in time, using the explicit leapfrog
scheme for the volume terms and trapezoid rule for the boundary terms.

3.2 Semi-discretization in space
3.2.1 Semi-discretization in space: basics

To semi-discretize the system (16) in space, we use the Lagrange P;-elements.
Let us parametrize each edge X, ;, identified with a segment [M ., M, ;] C

n,j?
T™, with an abscissa s, ; € (0, ;), and define a quasi-uniform mesh
Tnj= {sfw-, k=0,...,K,;}, s.t. sﬁ’j < sf;;l, (31)
where s ;s identified with M ;, and s ;” with M, ;. The mesh on the
m p"—1
truncated tree 7™ is then defined as |J | T ;. Let
n=0 j5=0
Bpj = max |s¥ . —s"71| h := maxmax h,, ;. (32)
sJ 1S/€SK7L,J‘ n,Jj n,j poy i 3]

Let the finite element space be defined as U, C V(T™), Uy, = span{yy, k =
0,...,Ng—1}. The construction of this basis is classical on the nodes interior
to X, j, but a special treatment is needed in the vertices of the graph M, ;,
see [2]: we define the respective shape function as a piecewise-linear function

that equals to 1 in M, ; and vanishes in the rest of the nodes, see Figure 2.
Ny—1
We denote by up = > u(k)r an approximation to the exact solution w,,,

k=0
with u) being a nodal value of uj. Remark that for convenience we omit the
index m in the definition of uy,.
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My j E

Fig. 2 A shape function ¢ s.t. o(My ;) = 1.

3.2.2 Semi-discrete system: formulation and stability

The semi-discrete formulation of (16) with the exact transparent boundary
conditions thus reads:
Find uy, € CY([0,T); Up), s.t. un(.,0) = dyup(.,0) = 0, and, for all v, € Uy,

(6t2uha Uh)frm + (aSUh, asvh)Tm + <Bm(at)7muh7 7mvh> = (f7 Uh)' (33)

The stability of the above problem follows trivially using the argument of
Theorem 1; however, the existence of the solution is somewhat more difficult.
For analysis purposes, we will rewrite the above problem in a different form.

Rewriting of (38). Let us introduce the following two Hilbert spaces:

Ly :={v € L)(T) : vlpm € Un},  Illzy = |l llee,
Xn={veVa(T): vlpm €Un}y [l llxn = [l - (34)

Contrary to the space Uy, these spaces are infinite-dimensional. In particular,
the restriction of functions from X, to each 7, ; (see the end of Section 2.1
for the notation) coincides with the space Ht(TmJ) (had we considered the
Dirichlet problem, it would have coincided with H}, (7Trm,;))-

Let us now study the following counterpart of (33):

find @y, € C([0, T); Xp) N CH([0,T]; Ly), s.t. 4n(0) = d:up(0) = 0, and
(0Ftn,vn) + (Ostin, Osvn) = (f,vn), for all v, € X, (35)

Using the above auxiliary problem, it is easy to show the well-posedness and
stability of (33). Let us remark that this approach to the analysis of the coupled
problem bears some similarities with [23,37], see also references therein.

Well-posedness and stability of (33). We proceed as follows: first, in Lemma
2 we show the well-posedness/stability of (35), next, in Lemma 3 argue that
Up|m solves (33). Finally, a complete well-posedness/stability result for (33)
is summarized in Theorem 9.

Lemma 2 (Well-posedness, stability of (35)) For all f € L'(0,T; Li(T)),
the problem (35) has a unique solution. Moreover, it satisfies the stability bound
(7) with u replaced by up,.
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Proof The existence and uniqueness to (35) follows from the semigroup theory.
In particular, let us introduce the operator A, : D(Ap) — Ly defined for
Vh, Wh € X by (Ahvh,wh) = (Vvh,th). Here

D(Ap) ={vn € Xy, : 3C,, > 0, |a(vp, wp)| < Cy, llwrllL,, Ywn € Lp}.

Then the problem (35) can be reformulated as an abstract wave equation
d2
Jtnt Aptp = Py f,

where P, is an Li—orthogonal projector on L;. We conclude using the same
arguments as in the proof of Theorem 1. The stability bound also follows like
in the proof of Theorem 1.

In the following we state that the solution of (35) solves (33).

Lemma 3 Let f € Ll(O,T;Li(’T)), and 1y, solve (35). Then up = Up|rm
satisfies (33).

Proof We can split the variational formulation in (35) into two parts:

(07 tn, vn)7m + (Ostin, Dsvp)7m (36)
+ (0Ftn, vn) 7 + (Dstin, Osvn)\7m = (fs0n)7m, Vo € X

By definition (34) of X4, the function @y | 7 € C([0,TT; Hi(T\T’")). More-
over, taking the test functions vy vanishing in 7™, we deduce that

(0Ftn, va)\7m + (Dstin, Dsvp)\7m =0,

for all vy, € Hi(T\ T"), st vp(My, ;) =0, =0,...,pm —1,
i.e. (10), with appropriate boundary conditions in M,, ;. Integrating by parts
the two last terms in rhs of (36) and using the definition of the transparent
BCs (9) (and continuity of @, in M,, ;, 7 =0,...,p™ — 1), we conclude that
up € X, satisfies

(31527_1%, vp)7m + (Ostip, Osvp)Tm

37
+ (B (0)YmUns YmVn) = (fron)7m, Yoy, € Xp,. (87)

Because Xj|;m = Uy, we deduce that |, solves (33).

The following theorem is a simple corollary of the two above results.
Theorem 9 (Well-posedness, stability of (33)) For all f € L'(0,T; Li(’T)),
the problem (33) has a unique solution. It satisfies

18sun(T)|l7m + 0sun(T)|lrm < V2| fllLr0.1:02 (7m)- (38)

Proof Existence: by Lemma 2, there exists a unique %, solving (33); by Lemma
3, Up|ym € Uy satisfies (35). The uniqueness is a corollary of (38), which, in
turn, follows from the same argument as in the proof of Theorem 7.
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3.2.83 Convergence estimates for the spatial semi-discretization

In this section we will compare u,, solving (16) to uy, solving (33). The proofs
presented below use classical techniques of convergence of FEM for time-
dependent problems, see e.g. [27] and references therein, or the monograph
[17, Chapter 6]. The difference between our case and these works lies in the
fact that we analyze the problem (35), posed on an infinite-dimensional, rather
than FEM, space. The principal result of this section is summarized below.

Theorem 10 (Convergence of the spatial discretization) Let u, solve
(33), and uy, solve (16). Then, with C(T) = Cmax(1,T), C > 0,

10 (um — un)llrz (7m) + 105 (um — un)llrz (7my < CDRIfllwsa o702 (7m))-

We will prove this result by comparing the solution u of (N) to the solution
@y, of (35), which is justified by Theorem 7 and Lemma 3. Obviously,

1[0 (wnm — uh)”Li(TW) + [|0s (um — Uh)”Lg(Tm) < (30)
10(u = @n )Lz (7m) + 105 (u — @n) Lz (1)

The proof itself is quite classical. Let us introduce an elliptic projection oper-
ator Py, : Vo(T) — X, defined for v € V,(T) via

(v — Ppu,vp) 7 + (0s(v — Pyv), Osvp) 1 = 0, for all vy, € Xp. (40)
To analyze the convergence, we split the error into two parts:
U —Up = N + En, nh = u — Pypu, en = Ppu —up, (41)

and estimate €, in terms of 7, (which, in turn, will be shown to be small), via
the energy techniques. Let us first provide lemmas that quantify ny,.

Estimates on the projection error Let us introduce the space
72 o 1 . 92 2
H(T™) ={ueH, (T"): ojue L, (T™)},

2
[l oy = o+ 0l + [ w02l
TTrL

The following is a usual approximation result extended to Xj.

Lemma 4 Forv € Vu(T), s.t. v|pm € fIZ(T’”), it holds

[v = PyvllLz ¢y + 105 (v = Puv) ez () < ChllOZv]lLe (7m),

where C' depends on p, m only.



20 Patrick Joly, Maryna Kachanovska

Proof Thanks to Céa’s Lemma,

o = Poolly + 0.0 = Poo)llr < inf flo = vl

< inf v—v Y-
B v €Xp: U}L‘T\T’HL:UlT\TN‘L || hHHt(T )

It suffices to bound the above quantity using as v, a piecewise-linear inter-
m p"—1

polant of v on the mesh |J U T ;. O
n=0 j=0

As a corollary of this result, we obtain the following.

Lemma 5 (Estimate for ||0Fn,||) Let f € W31([0, T],Li(T)), with f(.,0) =
Oif(.,0) = 02f(.,0) = 0. Let u solve (N) and ny, be defined in (41). Then,

||afnh||HL(T) < Ch||3f+1f\|L1(o,t;Lg(T)), 0<e<2. (42)
Proof By Lemma 4,
HatenhHH}L(T) < Ch||3fafu||Lg(Tm)- (43)

Our goal is to provide an explicit bound for the right-hand side. By Corollary
1, u € C*([0,TY; Li(T)) Moreover,

0?u — 0%u = f, on X j, 0<n<m, j=0,...,p" — 1. (44)
Therefore,
1002 ull 2 (7my < N0 ulliz (rmy + 10 fllz (7mys €=0,0002. (45)

To bound the first term we use the bound of Corollary 1; for the second term,

t t
10 lsaire = | [ 00 g < [0 Sy oy
0 0

L2 (7m)
Finally, (42) follows by combining all the above bounds with (43). |

Proof (Proof of Theorem 10) As discussed, see (39), we will compare the so-
lution u of (N) to @y, from (35). With (41), we can see that ¢;, € X, satisfies

(atth,’Uh) + (856h, 3svh) = —(8t2nh,vh) — (8snh, 85”]1)7 v, € Xp.
By (40) and the definition of 7y,

(97en,vn) + (8sen, Osvn) = — (97 nn, vn) + (Mn, vn), vp € Xp.
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By Lemma 2, the bound (7) applies to ¢, defined as above; thus,

T
@)l + 10w <€ [ (10Fmlzr) + Il de
0

T
<CRT [ (103 llzcre + 10u Sl ro)
0

where the last inequality follows from (42). Combining the above bound with
the triangle inequality

10¢ (w = @) [| + 1105 (w = @n)l| < |0ennll + [|0snm ]| + Oeenll + |Osenll,

and using (42) to bound the first two terms in the right hand side, we obtain
the desired result in the statement of the theorem. O

Remark 8 Obviously, the convergence is only O(h) because we measure the
error in the energy norm; using the Aubin-Nitsche techniques, we can deduce
the convergence O(h?) when measuring ||u — uy|.

3.3 Fully discrete problem
3.3.1 Formulation

In what follows we denote by u} (u4}) a discrete approximation to wp(t")
(ap(t™)). To discretize (33) in time, as discussed in Section 3.1.3, we use the
trapezoid rule, however, replace the implicit term (9s{u"}1/4,05v)7m by an
explicit discretization (9su}, svp,)7m. To explain the intuition behind the sta-
ble discretization of the transparent boundary condition term, let us first start
with the implicit discretization of the equivalent problem (35).

Derivation. The trapezoid rule discretization in time of (35) reads:

(DQAthZ,’U}L> + (85{ﬂ2}1/4, 85Uh) = (fn,Uh), Yo, € X, (46)
The above can be equivalently rewritten as

(DzAtl_l,Z,’Uh)Tm + (as{ﬂZ}l/% aS’Uh)Tm (47)
+ (D2t vn) o + (s {85 }1/0, 050n) s = (£ 0m)7m, - Von € X,
It remains to integrate by parts the last two terms in the left hand side,

similarly to the proof of Lemma 3. Because @y |\ 7 5 Unl\7m € H}L(’T\Tm)7
we can use the definition of the discrete DtN, cf. (19) and Section 3.1.2:

(tha;bv Uh)Tm + (as{a;;}l/% asvh)Tm

At —n n (48)
+ <{Bm(8t )’}Imuh}l/élv ’Ymvh> = (f 7’Uh)7_m7 vrUh € Xp.
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The above formulation inherits its unconditional stability from (46): the cor-
responding energy identity can be obtained by testing the above with D A.uj.
However, now the above problem is posed on a fully discrete space Xp|;m =
U, and thus we can make it explicit, by attempting to preserve the property
that the respective energy is obtained by testing the above with D a4y . This
is easily achieved by replacing the term {u} },,4 by @, which results in the
leap-frog discretization of the volume terms.

Fully discrete (16). Without loss of generality we will assume that the source
term is sufficiently regular, and that f(.,0) = 9.f(.,0) = 0 (this will ensure
that taking uj, = 0 in the discretization does not alter the scheme order). In
this case we end up with the following problem:

find (uf)Nt, C Up, s.t. u) = 0,up =0, and for all vy, € Up,, 1 <n < N; — 1,
(D2Atu;ll7 vh)Tm + (asu’,f’tb’ aSvh)T"” (49)
+ ({Bn 02V mui b1 jas Ymon) = (f™,0n) 7.

3.8.2 Well-posedness and stability of the fully discrete problem (49)

This section is dedicated to the stability analysis of (49). We will demonstrate
that, provided that the CFL condition holds true, i.e.

At\?
CérpL = <2) sup ||5svh”ig(frm) <1, (50)

v €UR:||v my=1
nE€UR:| hHLﬁ(T )

the problem (49) is well-posed and stable.

Remark 9 1t is easy to see that Copy, can be reduced to the CFL number for
the classical wave equation on the interval, and can be bounded independently
of p. For this let us introduce a broken space U, = @ Vi (X). Here Vi (X) C
YeTm

H'(Y) is a P;-finite element space constructed on the quasi-uniform mesh 7}, ;
(see (31)) associated to the edge ¥ = X, ;. The space Uy, is larger than Uy,
since the functions that lie in this space are not necessarily continuous in the
vertices M,, ; of the tree 7™. Thus, by definition of the space Uy,

At
C(QjFL < <2> ~ sup ||asvh||ii(Tm’)
thUhith“Li(Tm)zl
m p"}_l
: 35" [ oo s
(At) n=0 j=0 %, ;
_ (£t ‘ sup 1

2 U;"’EV}L(E%J‘): “U;LHLE(T'HL)#O f: pz f /-lnj|vh|2d3 (51)

n=0 j=0 %, ; 7

[ tn j|0svn|?ds
2 ,.

2
< () max sup il
2) 0<n<m, wneVuEas\0} S Hng
0<j<pt-1 o

vpl2ds
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n n -1
where the last inequality follows from (Z )\i) (Z 771‘) < max iyt
other words,

A2
Cipp < max [ = sup |0svp,|2ds
reTm™ \ 2
Vp € Vh

|\Uh||L2(2) —1”
where in the last expression we recognize the CFL number (squared) for the

trapezoid-rule/P;-discretization (on the mesh T), ; associated to the edge X =
Xy,;) for the non-weighted wave equation with Neumann BCs on X.

Theorem 11 Let (50) hold true. For all (f*)Nt ;! ¢ L2 w(T™), the problem
(49) has a unique solution (u})Ne,. Moreover, the dzscrete energy

nil 1 (|2 At\? (|2
gt =L (gt (A +3
h 2 h Tm™ 2 Tm (52)
1 n+3
+ S l0su

satisfies \/ E,:H_% < CAt S | f¥||7m, where C depends on the CFL (50) only.
k=1

Remark 10 It is not difficult to Verlfy that when (50) holds true, E"H/ ? defines

+
an energy: with v, = DAtuh 2,

i~ (5) I

Proof Tt suffices to show the stability bound (52), which implies uniqueness.
Then the existence is obvious, since the problem is finite-dimensional.
Derivation of (52) is simple: testing (49) written for n = k with Dasuf yields

nhy

n+2

nt3 5
U

n+ % 3
U,

> (1- C2p) | (53)

Tm

1 k1 k1
At (Eh Bl 2) + <{Bm(atAt)'YmUZ}1/4, DAt'YmUZ> = (fkaDAtUZ)T"h
1
Summing the above in k =1,...,n, and using E; = 0 results in
Hz + Atz {Bun (07 )Yt Y145 Darymur,)

n

= AtY (f*, Dasug)7m
k=1
Let us bound the right-hand side via Ej , j < n. First of all,

k. =
Tm < (HDAtuh 2 HTm + ||DAtuh ||Tm) < C (\/E +3 + \/E 2) .

| D aus]
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1
The above yields (where we again use E? = 0)

<car (|f”||m/E:5*2

n—1
2 Ul + 155 ) Eﬁ“) |

n

ALY (f*, Dasug)m
k=1

(55)

k=1

Since the last term in the left-hand side of (54) is non-negative (see (28) and
Theorem 8), we deduce that

n—1
57t < cat (1 VB4 S 14 e 141 V).
k=0

The discrete Gronwall inequality yields the desired stability bound. a

3.3.3 Convergence of the time discretization

The principal result of this section reads.

Theorem 12 Given f € W3(0, T; L2 (T™)) with f(.,0) = 9, f(.,0) = 02 f(.,0) =
0, let up, solve (83), and uy be the solution to (49), with the CFL condition
(50) holding true. Then

2%
<) (at? [ 103,

0

Os(un(t"72) —uy %)

up(t") — uy m+‘ ’
[Jun (™) — upll7 -

where C(t") = C max(1,t")?, and C > 0.

To prove the convergence of the time discretization, we will use an idea already
employed in Section 3.2, where we reformulated the problem (33), posed on
the truncated tree 7™, in the form (35), posed on the tree 7.

Let us remark that such a result can be alternatively obtained by using
the existing convergence estimates for the trapezoid rule discretization of the
operator B,,(d;), see [4, Appendix A] or a recent work [18], which requires fre-
quency dependent coercivity/continuity bounds on the symbol B,,(w). How-
ever this may lead to non-optimal estimates (at least in terms of the powers
of the final time).

An auziliary problem used for the analysis of (49). The auxiliary problem
which will serve the analysis purposes resembles an explicit version of (47):

Given @) = @y, = 0, find (a}))t, C X, s.t. forall v € X, 1 <n < Ny — 1,
(DQAtﬂZ,v)T + (05t , O50) 7 + (83{122}1/4,8SU)T\7_W = (f",v)7m. (56)

We start with the well-posedness and stability result.
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Lemma 6 (Well-posedness and stability of (56)) For any (f") C Li (7).
the problem (56) has a unique solution.
If, additionally, the CFL condition (50) holds true, then the energy

2 A\ 2 ’ 2
7‘777, 2 T’VYL

1 . nti1/2 1 _n+l _n+1/2
A Y (N L e

_n+g
asDAtuh 2

—n+1/2 1 _n+i
B =3 (HDMW

2

TNT™
) n

satisfies \/ B i < CAt f™|, where C' depends on the CFL (50) only.
" k=1

Proof Well-posedness. This part of the proof is slightly non-classical, because
X}, is infinite-dimensional. On X}, we can define an equivalent scalar product:

(0,9)x, = / u(s)o(s)g(s) + / (5)0,v0sg. (57)
T TNT™

Equipped with above scalar product, X}, is a Hilbert space, because X h|7-m =
U}, where Uy, is a finite-dimensional space, and thus the respective norm is

equivalent to the Hi—norm on Xp.

Let us next rewrite (56), by singling out terms with @)+, cf. (57):

At
(aptt on) + (2> (Osup ™, Osvn) 7 = (A", vn) 7

. AN o e
+ (2ay —ap " vn) - — <2> (0 (2af, +a "), Osvn) 7 7m

— (At)Z(asﬂﬁ, aSUh)Tm.
The right-hand defines a bounded linear functional on Xp; in particular,
[(Osttfy, Osvn)7m | < C(R)|[n|7m [[vn]l7m,

because 12h|7—m , vh\Tm € Uy,. The existence and uniqueness of the solution to
the above are thus a direct consequence of the Lax-Milgram lemma (cf. (57)).
Stability. The stability proof mimics the proof of Theorem 11. O

The next lemma relates the problem (56) posed on X}, to (49) posed on Uy,.
Lemma 7 The solutions of (49) and (56) satisfy uy|;m = up, 0 <n < Ny—1.

Proof The proof is a trivial consequence of the definition of the discrete trans-
parent boundary conditions, cf. Section 3.1.1, as well as the proof of Lemma
3 in the semi-discrete case.

We now have all the auxiliary results needed to prove Theorem 12.



26 Patrick Joly, Maryna Kachanovska

Proof (Proof of Theorem 12) By Lemmas 3 and 7, instead of comparing wup, (¢")
with u}}, we will compare the solution to (56) @, (t™) with @, solving (35). The
proof is not fully standard, because in one part of the domain in (56) an explicit
scheme is used, while in the another part an implicit scheme is employed.
Step 1. Error bound in the energy norm. The error e} = uy — up(t") € Xp
solves

(D%ser vn) T + (9se, Osvn)7m + (Ds{ef }1 4, Osvn) 7 (58)
— (D%, (") — O un(t™), )7 — (05 ({an(t™)} 172 — @n (™)) , Osvn)\7m,

with the initial condition e = 0, and e}, = u; — up(t') = —un(t') to be
quantified later. Let us denote by

5h = DAtuh( ) 827._Lh(tn) 82 = 0 ({ﬁh(tn)}1/4 — ﬂh(tn)) .

Testing (58), written for n = k, with v}’f = DAteﬁ, we obtain

T
= — (0, Daver)1 — (ek, Dardser) ) (59)
gyl
where E:+2 is the discrete energy norm of the error e’,i:
ket 1 At 12 12
gt (HDMHz () e )
k+3
Daeft? + ot . 60
1 (L B X ©

Summing (59) in k = 1,...,n, and next applying the discrete integration by
parts to the sum involving D Atﬁseﬁ, we end up with the following identity:

BB - At (0F, Dael)
k=1

= €k+1 — Ek k+1
- (EZaaseh )T\Tm + At E Th,ageh 2 .
T\Tm,

The second term in the rhs can be bounded like in the proof of Th. 11, cf.
(55). For the two last terms we use the Cauchy-Schwartz inequality and (60):

—nt+l 1 n+ ||5k|+||(5k+1|| —k+1
B <y (nm 2+Atz JE
—nt1 n—l k+1 k

Herlmr=VE, 2 + Aty

€n T En k+3
=1

€

E

T\T™
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The constant C' depends on the CFL (50). Applying to the above the discrete
Gronwall inequality, we obtain

1 1 n
VEI2 <\JEX +C (Atz||5,’§||
k=1
n—1

k
o+ At
+ max [epllmTe + ;

k+1 k
Eh _Eh

T\T™

Step 2.1. Bounding (61): the error stemming from approzimating the initial
conditions. This is very classical: indeed,

1
osep

w5 o1 11 ? 1 —2)1 1y)2 AN
B <3 (HDM;HT+\ T) = 5 (A2 an ()P + san (1))

For the first term, using first the Taylor expansion, and then extending the
bound of Corollary 1 to (35), cf. Lemma 2, we obtain

At At
Jan(e)] < (202 sup 0Fan)] < [ I (Ollde < 4t [ 1720)]ar

0<t<t ) J
The bound on the second term follows directly from Lemma 2:

At At t
l0san ()] < / 1£(8)dt = / H /
0 0 0

Combining the above bounds results in

T2 At
£ (r)drdmy|dt < (A1)? / 1£®(0))|de.
0 0

t
B < C(Ar? / 162 f [l dt. (62)
0

Bounding (61): the consistency error. To obtain a bound on the terms in the
rhs in the above, we use the Taylor theorem:

O3]l < c(At)*  sup |9/ un(B)]],
te(th—1 tk+1)
lekllmTm < e(At)?  sup  (|070san(t)|l7 7,
te(th—1 tkt1)

k_ k-1
€p — €y

At

< (At sup )Haf’asﬂh(f)llT\Tm

k—1 $k+41
TNT™ G
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Thus, plugging in the above and (62) into (61), results in (for some C' > 0),

e
te(0,tnt1)

t
B o [ ||aff|rmdt+0<ﬂt>2< s ”afasah(t”'””)
0

+ C(At)2(nAt) ( sup |07 0sun(t)|| 7\ 7m +  sup )||8fﬂh(t)||7—\7m> .

S
te(0,¢tn+t1) te(0,tnt?!
Finally, we

— employ the bound

t
167 s, ()| 7m S/Ilafasﬂh(T)IIT\deTSt Sl(lg)t)\lafasﬂh(f)\\fvm,
T€(0,
0

— apply the bound of Corollary 1, which can be extended to the semi-discretized
system (35), to bound |07 sy, (t)|| and [|0}n|| (cf. Lemma 2).

This procedure yields the following bound, with C' > 0 depending on Copy:

¢
Y
VE. % < o(ary? / 107 fll o dt + C(AE* 0P fl L1 (0,4m41:12 (7m ) -
0
The above, combined with (50), yields
n+1
en n ‘
-

Step 2. Estimating e};. The bound for the error |le}}|+ from the statement of
the theorem follows from a classical argument of telescopic sums. The estimate
of ||0sejt||7 is a corollary of

n
_6h

At (63)

n+i
dse), 2

< CAP G sz -

|05 (tFY2) — dgay 2 < l0ser TP 7 (64)

m n+1 i n
as < h(t )2+ h(t ) _uh(tn+1/2)>

§

HT

The first summand is estimated using (63). The latter quantity can be bounded
using the Taylor theorem and the Corollary 1 extended to (35):

(") + apn (t")

0s — dup(t"T?)|| < O(At)? sup |07t |3 T
2 T 0<t<(n+1)At H
gt tntt

<c(av? [ Jersia< ot [ o (65)
0 0

Step 3. Estimating the error between the solutions of (49) and (33). Because of
Lemmas 3, 7, the error between the solutions of (49) and (33) does not exceed
the error between the solutions of (56) and (33), and hence the conclusion. O
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3.8.4 Convergence of the time and space discretizations

The following is a corollary of Theorems 10 and 12.

Theorem 13 Given f € W31(0, T;Li(T’")) with f(.,0) = ... =02f(.,0) =
0, let upm, solve (16), and let uj be the solution to (49), with the CFL condition
(50) holding true. Then, for alln € N, s.t. nAt < T,

_1
et (8") = ufllm + 195t (17 2) = Dty 2 [lm

< Cmax(1,t")* ((At)*> + h) / 107 f|dt,

0

where C' > 0 depends on the CFL.

3.4 Solving the fully discrete system (49). Complexity

In practice, to solve (49), we use the mass lumped FEM. This renders the
respective system fully explicit. In fact, the only implicit terms are the bound-
ary ones, which are essentially one-dimensional (and thus in total there are
p™ = O(1) of such terms). To see this, let us assume that ¢ > 0 is s.t. u} (with
an obvious abuse of notation: ¢ here is a spatial index, rather than m from
T™) is a nodal value of u}} in M,, ;, and uj_, is the nodal value in the closest

n+1
14

to My, ; node. Then mass-lumped (49) for u; "~ reads

1 1
u?Jr —2up + uy up —uy

2
(At)? MY

21 n+1 n n—1
23 (St S =0
k=0 k=0 k=0

It is easy to see that the above can be written in an explicit form. This nonethe-
less requires evaluating several discrete convolutions, each of O(n) size, in order
to compute the right-hand side. The total complexity of computing the solu-
tion to (56) is thus O(N;Ns) + O(N?), where O(N?) comes from computation
of the convolutions in the boundary terms.

4 Convolution quadrature: computing convolution weights

One of the major practical difficulties of the application of the CQ is linked
to the computation of convolution weights b4t that is to say, A3, cf. (30),

m,n?

particularly in our case, as the symbol A(w) is not known in an explicit form.
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4.1 Classical FFT-based algorithm for computing convolution weights

The convolution weights for B,,(0;) can be expressed via the reference DtN
convolution weights, see (30). The latter, in turn, can be evaluated by dis-
cretizing the Cauchy integral (26), first by choosing the contour « as a circle
of radius p, and next applying the N-point trapezoid quadrature (N > N;+1):

_n N—-1 j2mk

At P _izzkn O(pe”N)
R — A =i—" =0,...,N;.
A kZ:Oe VA (), wp =i, n=0,....Np. (66)

If the value of (26) does not depend on p, this is not the case for the above
approximation. An optimal choice of p is ensured by minimizing the numer-
ical error in the above expression, which is the sum of the quadrature error
O(p") and the error stemming from imprecise evaluation of A(w), estimated
by O(p~Nte), cf. (66), where ¢ is the accuracy of evaluation of A(w). Crucially,
this latter error can not be smaller than the machine epsilon. More details can
be found in [34], [7] and [4]; see as well Section 4.3.1. In particular, the choice
N = N; +1 and p = e25 results in the error O(,/2).

Obviously, (66) can be easily computed via the FFT. Provided that the
computational cost of evaluation of A(wy) is bounded by ca, the above com-
putations require O(N;log N;) time to perform the FFT, and O(Nica) to
evaluate all A(wy). Of course, these costs depend on wy, and, just like in the
case of the exterior problem for the wave equation, cf. [4,5], increase with
At — 0. One of the main goals of this section is to quantify the efficiency of
the CQ method for the approximation of the transparent BCs in fractal trees.
This section is organized as follows:

— in Section 4.2 we present an algorithm to evaluate A(w), and very briefly
discuss its stability, convergence and complexity. In the end, we will demon-
strate how A(w) can be approximated efficiently when Im w is large enough.

— in Section 4.3 we will discuss the numerical aspects of (66): dependence
of the error of evaluation of A% depending on the error of evaluation of
A(w), and, as a result, the choice of the parameters in (66); next, we will
present a strategy to compute convolution weights, and then provide the
respective asymptotic complexity bounds, as At — 0.

Remark 11 When At — 0, |A(wg)| ~ |wg|, cf. Theorem 4. Since the frequen-
cies |wy| grow at least as O((At)~1) (cf. (66)), to preserve the O(1) scaling as
At — 0, instead of computing the convolution weights for A(w), we compute
the convolution weights for A*(w) := (—iw) ! A(w). This can be incorporated
into the coupled formulation (49) as follows. With (28),

p—1
At — Hi At At
B i (02") = pim jo,'; :? i, jok O A% (o7
k
k=0

p—1

= umJ@tAt ZH!«AS (am,jakatAt) .
k=0
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Let us define the discrete operator

p—1

By, j(08) = pmj Y prA® (o jon 0P
k=0

so that By, ;(07") = 0785, ;(97). Its discrete symbol reads

-1
B34 (2) = p -]DX:UkAS iU, j QU 3z) .
m,j m,J m,J At

k=0

and the respective aggregate operator B2, (97) is defined like in (11); see also
Section 3.1.2. In the formulation (49) it suffices to replace {Bm(atm)’ymu”}i

by D a¢ (Bfn(atAt)Vmun)'

4.2 Evaluation of A (w)
4.2.1 A method for computing A(w)

The method for computation of A(w) presented in this section resembles the
method of [29], which aims at approximation of A(w) in a domain of C* =
{w: Imw > 0}. However, the approach of this article is better suited to the
case when a highly accurate evaluation of A(w) at a set of points on a curve
in a complex plane is needed, like in (66). It is based on the following ideas:

— to be able to evaluate A(w), it suffices to know the values of A(ow),
i=0,...,p—1 (ie., for p smaller’ frequencies);

— for |w| < r, where r is a fixed value smaller than the first pole of A(w),
A(w) can be accurately approximated by 2N, + 2 first terms of its Taylor
expansion in zero. Provided {Az, }nen even coefficients of the Taylor series
for A(w) in w =0 (A is even by Theorem 4), this approximation reads

N,
Alw) = ALy (W) =3 Aonw®. (67)
n=0

The coefficients Ay, are computable, cf. [29, Appendix C]. The index ¢ in
A} . stands for ’truncated’.

To formulate the algorithm, let us fix w € C* for which we need to evaluate
A(w), and introduce the following sets:

p—1

ﬁn(&)) = {A(algo,',akf),lo‘)): ngl S?’L77J:O,,,,’p—1, Zkl:n}

p—1
=0

These sets possess the following properties:

(a) the set Lo = {A(w)}.
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(b) given L, (w), it is possible to compute all the elements in £,,_1(w) using
the expression (14), rewritten below for the convenience of the reader:

wtanw — Fy ,(w)

Alw) = —
(@) wtanwFa,M(w) +w’

Fou(w) = | Pin(oww) — (68)

This is immediate when n = 1, and not difficult to check for n > 1.
(¢) in L, there are C’pﬂ, 1 = O(n?) elements.

Given r as described before (67), let us assume that |w| > r and fix L s.t.
L ; —1y-1 |w]
la|Lw| <7, e L:=L(w,r)=|(logla|) " log — | (69)

The above ensures that all the arguments of A(.) in L (w) satisfy:
pil
ke
H oy lw| < (letfoe) =0 [w] = |a| G lw] <.

Knowing all the elements in the set £ (w), we can compute exactly the
elements of £7,_1(w), then L _5(w), and so on, up to A(w). The method pre-
sented here is based on this idea, with the only modification that the elements
in L (w) are approximated with the help of (67). The respective approxima-
tion of the sets £, (w) will be denoted by L (w) = L.

By Ako,

p 1

p—1
we will denote the approximation to A ( II af%u).
£=0

1: procedure EVALLAMBDA(w Ny, {an 1020)

2: forn=1L,L— ,0 do
3: ifn=1L then
4: Ls 0
-1
5: forki:ngigL,i:O,... —1, Zk‘—LdO
p=l
6: wr < ] of'w
i=0
N
7 Apg o kyy & 2 Aonwi™, see (67)
n=0
8: ,CE = ,Cz U{Ako,“' ,kp—l}
9: store L7
10: else
11: LE 0
p—1
12: for k;:0<k;<n,i=0,...,p—1, > ki=ndo
i=0
p—1 '
13: FZ A ZZ %AkO)klv”' Jko—1,ke+1,keq1, kpo1
=0

> Remark that Ay, k... NEEW PES W N
> {Fj plays a role of Fq,,(wg) in (68)}

kg ELyyq forall£=0,...,p—1
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p=1
14: wr < ] of'w

i=0

wi tan wi —Fj
15: Ao, oo ipy = —Wk tan w Fy, +wp
16: ‘C: = ‘C:z U{Ako-,-“,kp—l}
17: store L
18: erase L;, ¢
return Lj

Remark 12 A somewhat tricky part in the practical implementation of the
above procedure is arranging and accessing the computed values in the sets
L ; this nonetheless can be done efficiently, as described in the small section
that follows.

Remark 18 In the above algorithm, the choice whether the DtN for the Dirich-
let or Neumann problem is computed is encoded in the coefficients {)\Qn}ﬁféo.

Storing and accessing the values in L ; implementation of the method In our
implementation of the method, we store and access the values of A in the sets
L, in the following manner.

Let L be fixed. We construct the tree which will store the values of A
from L, for all n = 0,...,p — 1. This leads to an extra minor memory over-
head (which we will discuss later) compared to storing the sets £™ for each
n = L,...,0 separately, but is somewhat easier to implement, and allows to
generate a single tree for all the sets, as well as reformulate the above algorithm
in terms of a simple recursive algorithm for computing A (w).

-1
The main idea of this construction is that the value A(pH ag*) is stored in
k=0
the leaf of the tree, which can be located by the path (no,0) — (n1,1) — ... —
(np—1,p — 1), where (n;, ) is the label of each of the vertices.

1. this tree has in total p + 1 levels

2. each vertex is labelled by (k,£), where ¢ is the level at which the vertex

is located, and k corresponds to a power of oy (we’ll explain later what it

means). The root vertex is located at the level —1, and ng := 0.

the root vertex has L + 1 children, labelled as (4,0), with j =0,..., L.

4. the vertex (4,0) has L + 1 — j children, labelled as (L — j,1), with j =
0,...,L; In particular, the vertex (L,0) has 1 child, labelled as (0, 1).

5. if the level k < p, and the vertex (j,k) has ¢ children, its children are
labelled as (0, k+1),--- (¢—1, k+1) and have correspondingly ¢, ¢—1,...,1
children.

©w

p—1 p—1
Remark that the tree above can accomodate A( [ a;*), forall > ng < L.
k=0 k=0
An illustration of such a tree for L = 2 and p = 3 is given below.

This tree has the following properties.
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Gal. -2 [l <= -~ =
wd 0 [ o groum ToEey )

/

- ~ O~ - .
N M.
(o 1y ) [ @t f(o &>j fu 71 [69)
bl B8 6] [0 , .
O / | o '
. , ! (

bl Wﬁmﬂ ,«9_.1\ 6o [Ea (o (G

Fig. 3 The tree described in Section 4.2.1 for L = 2 and p = 3.

— in total it has O(LP) nodes. The number of nodes at each level & =
0,...,p— 1 is bounded by L*, and there are in total p levels. Then this is
a geometric progression sum.

— the leaf vertices are uniquely identified by the sequences (ng, ..., np—1).

— accessing any vertex, provided the values (no,...,np—1), requires O(p) =
O(1) operations.

The recursive version of EvalLambda for computing A then proceeds as fol-
lows. Assume that each leaf vertex (no, . .., n,—1) has an extra label IsLambdaSet,
which takes the value true, if A(a™ -- - a*-1w) had been computed, and false
otherwise.

We initialize it by the constructed tree with all leaf vertices having labels
IsLambdaSet = false, and (ng,...,np—1) = (0,0, ..., 0).

We will assume that Vertex(T'ree,ng,...,np—1) returns a corresponding
leaf vertex and Vertex(Tree, ng,...,np—1) — A the stored value in this vertex.

1: procedure EVALLAMBDARECURSIVE(Tree, (ng, - - ., 1p—1),w, Nay 7, { A2n }o )
2 if Vertex(Tree, ng, ...,n,—1)— IsLambdaSet then

3 return Vertex(Tree, ng,...,np—1)— A

4 else

5: for k=0,p—1do

6 ng — (no, ..., +1,...,np_1)

7 if Vertex(Tree, ny)— IsLambdaSet then

8 Ay, <+ (Vertex(Tree, ng)— A)

9 else

p—1
10: if an—l—lthhen
k=0

11: Ay, Z Aopw?"
n=0

see (67)

ngo

12: else
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13: A, < EvalLambdaRecursive (Tree, (ny),w, Ny, T, {)\gn}ﬁf;o)
14: (Vertex(Tree, ng)— A) < An,
15: (Vertex(Tree, ny)— IsLambdaSet)« true
p—1
16: F;, < > LEA,,
k=0 """ )
17: Ay — —wp ontanen Py,

tan wp F +wn
18: return A,

4.2.2 Well-definiteness and convergence of the method

Well-definiteness. One could wonder whether using (68) may result in division
by zero in the course of EvalLambda. The answer is given below.

Proposition 1 There exists rgg > 0, s.t. for all ™ < rg, Ny, > 0, no division
by zero occurs in the course of the procedure EvalLambda (w, N,,r, {)\27,,}2[;0).

The proof is based on the following auxiliary result. We remark that r in the
result below is the same as in Proposition 1.

Lemma 8 Let {\2,}52 be even coefficients of the Laurent expansion of A(w)
around w = 0. Then, there exists rg > 0, s.t. for any N, > 0,

N.
Im <w1 Z/\ka2k> <0, forallwe C N{z: |z| <rg}.
k=0

When N, =0, the inequality in the above is not necessarily strict.

Proof We will show that for all sufficiently small w € CT,
N,

sign Im (w_l Z )\gkw%> = sign Im()\ow_l + Aow) <0, for all N, > 1.
k=0

With Lemma 5.5, Corollary 5.6 in [29], we observe that
Ao > 0 and A2 < 0. (70)

Case N, < 1. When N, =1, a direct calculation gives
N,
Im (w‘l Z /\ka2k> =XImw '+ X Imw <0 for all w € CT,
k=0

while when N, = 0, the above holds with < replaced by <.
Case N, > 2. Let us now assume that N, > 2. Given w = |w|e’¥, ¢ € (0,7),

N,
Im (wl Z )\gkw2k>
k=0

N,
> Aok w7 sin(2k — 1)
k=0

N
= —Ao|w| " sing + Ao|w|sin ¢ + Z Aok |w|? P sin(2k — 1)¢.
k=2
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Provided that the sum of the first two terms is strictly negative, cf. (70), it
suffices to show that the latter sum can be controlled. For this we use the
following expression:

k—1
sin(2k — ) = 3 (=1)4C%_ sin2+! p cos2E=4=D o,
£=0
which allows to rewrite
N
Im (wl Z )\kazk> =singp (—Aolw| ™" + Xo|w| + Qw, ¥)), (71)
k=0

N, k—1
Qw,p) = Z Aok |w] P! Z(fl)écﬁk_l sin?* @ cos?F =41 o,
k=2 =0
A uniform in ¢ bound for Q(w,¢) follows from the Cauchy estimate for Agp
[19, p.118]:
[Aae| < M,p~2, for all 0 < p < wy, (72)
where wy is the smallest positive pole of A(w), and M, = njlgarzco) |A(w)|. Fixing
2By

p > 0, and applying the above estimate to bound |Agx| in Q(w, ) results in

N k—1
|Q(w, )| < M, Z,O_% | Z Ch_y ‘Sin% @ cos?F—t=1) <p‘

k=2 £=0
N, 2k—1 N,
_ 2k—1 — 2k—1
<MY p PN Oy =20, S o 2 < Ol
k=2 =0 k=2

for some C, > 0, where the last bound holds for all sufficiently small |w|. By
(71), for all w = |w|e’? € CT, s.t. |w| is sufficiently small, it holds

N
sign Im <w_1 Z )\2kw2k> = sign (sin g (—)\0|w|_1 + A2w|)) (7<0) 0. O
k=0

Proof (Proof of Proposition 1) To prove the statement of the proposition, we
will use the same idea as in Lemma 5.15 in [29]. It suffices to show that

p—1 p—1
Im (w‘lAT’N* (H aZ’“w)) <0, s.t. an =1L, (73)
k=0

k=0

i.e. for all elements of £} (w). Then, by Lemma 5.13 in [29], the same holds
true for the elements of £} _,, as they are computed with the help of (68) (and
thus by induction for £, n < L —2). Let us remark that it can be shown (by
a trivial generalization of the result of Lemma 5.13), that it suffices to have
the equality sign in (73).
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Recall that the elements from £} are computed with the help of (67).
p—1 p—1

Provided }_ nj = L, the quantity [[ ap*w € C*, and, moreover, belongs to
k=0 k=0

B(0,r), where 7 is from (69). Hence it suffices to show that exists ro > 0, s.t.
for all » < rg, N, >0,

N,
Im (wl Z )\gnw%) <0, weCtnB(o,r).
n=0

This had been shown in Lemma 8.

From the proof of the above result we obtain the corollary almost immediately
(in the formulation of the corollary we use the notation from the procedure
EvalLambda).

Corollary 2 With rg > 0 like in Proposition 1, all the quantities Ag com-
puted in the course of the algorithm EvalLambda(w,r, N, {/\gn}g;()), with
r<rg, N. >0, w e Ct, satisfy

Im (kak) S 0.

Convergence. There are two parameters in the method that affect its accuracy:
N, and r. Let us denote by A, . (w) the solution computed with the help of
the procedure EvalLambda (w, N, 7, {\an }2=,), and let

Er N, (w) = A, (w) — Aw)] -

We study separately two cases: the "low-frequency’ case |w| < 7, i.e. A(w) is
approximated by (67), and the "high-frequency’ case |w| > 7.

Theorem 14 (Low-frequency case) For all p < wy, where wy is the small-
est positive pole of A(w), and all v < p, N, >0, for allw € C*, s.t. |w| <7,

r2 -1 P\ 2N t+2
E,. n. (w) < Cp (1 - p2) <p) , Cp > 0.

Proof The estimate is a trivial consequence of the Cauchy estimates for the
coefficients of A(w). Recall that the coefficients {2y, }n>0 of the Taylor expan-
sion of A(w) in w = 0 satisfy the Cauchy estimate (72).

Thus, for all |w| < p and N, > 0,

|Er . (W) = Z Aopw?| < Z | Aanllw?"|
n=N,+1 n=N,+1 (74)

<M, () (1 w22
P

The estimate in the statement of Theorem follows by taking |w| = r.
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To formulate the high-frequency counterpart of the above, let us introduce

p—1
Ny = min {e >0: ) pialt < 1} , (75)

=0
Cl, =={2€C:Imz >a, |z| >} (76)

a,Ty

Theorem 15 (High-frequency case) Let p > 0 be fized, and be like in
Theorem 14. There exists ro, which depends on p, g, o only, s.t. for allr < ro,
N. > No, and allw € Cf ., where a € (0,1], it holds

o [\ 22
Erne <Cppa (a_QA)% B <) r

p

log |w] log(a=2A4)

w = 1> V= - -1

log et/ log |erfss
The constants Cp o, A, B > 1 depend only on p, o, p and the problem
(Dirichlet or Neumann) in question.

Remark 14 Necessarily, 7o < rg, where rg is the same as in Proposition 1.

Theorems 14, 15 show that in order to ensure that E(r, N,) < €, we may fix
r > 0 sufficiently small, and choose N, so that, for some C; >0, j =1,...,4,

N, > Ciloge™ + Cy + max(Cs log? |w| + Cylog |w|loga™,0). (77)

Let us now prove Theorem 15. The proof is quite technical and requires
several additional lemmas.

Because the elements of £} _; are computed using the set £} and (14) (and
the errors of approximation of elements computed from L, are essentially given
by 74), it suffices to understand how the error of approximating A («;z) in (68)
affects the computation of A(z).

Let z be fixed, and A be an approximation to A(w;z), i =0,...,p — 1,
and

ztanz — F°¢ p-l 1
AS(2) = —p s Tempe  NTHipe 78
() tanzF';, |, +z wH ; a; " (78)

Then, by replacing A°(z) from the above expression and A(z) from (68), we
obtain

Fou(2) - Fo,

€ o — _,2 2
Af(z) — A(z) = —2° (tan® z + 1) (= tane + 2) (Fay tan s 7 2) (79)
=T(2) (Fau(z) — F;H) ,
1 1
Tz)= |1 .
() ( * tan? z> (Fo 2t +cot2)(Fo uzt + cot 2) (80)

It remains to provide an adequate estimate on T'(2). It is given in Proposition
below.
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Proposition 2 Let z € C* be fized, and let AS € C, i =0,...,p— 1, be s.t.
Im (a; '271AS) <0 for alli=0,...,p— 1. Let T(z) be defined like in (80).
Then there exists C > 0, independent of A5, u, o, 2, s.t.

IT(2)] < Cmax(1,(Imz)"2).
Proof First of all,

|F5, 2"+ cot z| > [Im(F5, 2~ ") + Imcot z| > [Imcot 2| ,

IS
o, pu” a,p

because Imcot z < 0 (see (108), and Im(F%, ,2=1) < 0, by the condition of

o,
Lemma. Using the same argument as in (129), we arrive at
1— |eiz|2

i 2
m, where e = e“**. (81)

|F%, 2"+ cot 2| > [Imcot z| =

For the same reason (cf. Theorem 4(a)), the same lower bound holds for
|FOL’,WZ’1 + cot z| Thus,

1 |1_eiz‘4

- . 82
(Fo 2zt tceot2)(Fauz™t +ootz)| = (1—[e=]?)2 (82)

Next let us consider

g Lo b det e
tan?z  sin?z  (e2iz —1)2  (eF — 1)

Hence, combining the above with (82), we deduce

4)e®?| \eiz<|§1 16

= _AZ|2 v _9
= ‘eiz|2)2|1 e’| P < C'max(1, (Im z)~?),

T (2)] <
where the last bound follows the same arguments as in the end of proof of
Lemma 12 in Appendix B.

The problem with using the above result in (79) lies in the fact that the
respective bound clearly deteriorates when Imz — 0, and that is why the
above result is not sufficient to demonstrate the convergence of the method
EvalLambda : the obtained bound is too pessimistic when |z| is small. However,
we can show that in the vicinity of z = 0, the dependence of the bound on
T(z) on Im z can be waived; this idea will be important for understanding the
convergence of the method. To see this, we will rewrite the quantity T'(z) from
(80) as follows:

T(z) = (1+tan?2)D~(2) (D°(2)) ", (83)
p—1

D(z) :=z"" tanzZuiaflA(aiz) +1, (84)
i=0

D (z) =z} tanzpi,uiai_lAf + 1 (85)

=0
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This is very easy to see when A§ = A(a;z), and A(0) = 0 (cf. Theorem 3): for
small |z|, D(2) = 1+0(2?), D°(z) = 14+ 0(z?), and (1 +tan®z) = 14 O(z?),
which shows that T'(z) is uniformly bounded in the vicinity of 0. This remains
true if A§ is sufficiently close to A(a;z).
The following proposition shows that the quantity 7'(z) is bounded from
above, when z is sufficiently small and A are quantities from £}, with n suffi-
ciently large, computed in the course of the procedure EvalLambda(w, N, r, { A2 k}ffvgo).

Proposition 3 Let Ny be defined in (75), and N, > Ny. Let p be like in
Theorem 14.

There exists r, > 0, which depends on p, p, o only, s.t. the following
holds true. Let the elements in Lf(w), n > 0, be evaluated in the course of
FEvalLambda(w, Ny, , {)\gk}sz*O), with r < 1y,

Let n be s.t. |w|la| < ry and n > L. We denote by i := (ng,...,np_1),
p—1 p—1
kzonk =mn, ng = (o, N1,...,Nk + 1,...0p_2,Mp_1), and wy, = wkHOaZ’“.

Then the quantities T(wy), defined in (83), with
A7 = An,,

p—1 -1
are uniformly bounded: |T (wn)|| < (Z uiafN"H) .
i=0
The proof of the above statement requires several auxiliary lemmas:
— we will first bound from below |D(z)]| for |z| in the vicinity of z =0
R . - 12N +2
— next we bound |D?(2)|, provided that [Af — A(a;2)| < C, |ouzp™!| )
N, >0
— finally we show that when N, is sufficiently large, the above approximation
property holds for all values from L7 .

Lemma 9 Let D(z) be defined in (84). There exists wg > 0 and a constant
¢, ¢ >0, s.t. for all |z| < wo,

|ID(2)| >1—¢|z]*> > c¢* > 0. (86)

The quantities wo, ¢, ¢* depend on the problem in question (Neumann/Dirichlet),
pnoand a.

—1
Proof By to Theorem 3, A(0) =0or A(0) =1— <§> . We consider accord-

ingly the two cases:

1. let A(0) = 0. In this case, with (74), we deduce that there exists @y, s.t.
for all |z| < &,

< Mg |2 < C(@o)|= .

p—1
Zﬂz‘%—lA(aiz)
=0
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Also, there exists C; and wy > 0, s.t.

tan z

< (4, for all |z| < wy. (87)
z

Hence, for all |z| < min(&g,w:)

p—1
z71 tanzZuiaflA(aiz) +1
i=0

> 1 — C(@0)Cy2]2.

1

2. let A(0) =1— <g> . Recall, cf. Theorem 3, that this is possible only if
<§> > 1.

Then D(z) can be rewritten as follows

p—1

D(z)=1+2""1 tanzA(O)<g> + 2z tan 2 Z %(A(aiz) —A(0))
i=0 ¢
I I =
_ 122 1 _ ad 1 Pi _
_1+Amxa>+4z tan z UAmxa>+z tmzZ; (A=) = A(0))
1 1 =
_ /= 1 _ L 1 add _
_<a>+(z tan z UA@KQ>+z th;; H(Aiz) ~ A(0))
(88)
With (74), for all |z| < @,
p—1 1L
j(A(aiz) — A(0))| < C(@0)|2]?. (89)
i=0
Moreover, there exists w2 > 0, s.t.
tan 2 — 1’ < Ct72‘2|2, for all |Z| < W, 2.

Then, using the above bound for the second term in (88), (87) and (89)
for the third term, we deduce that there exists C; > 0, s.t. for all |z] <
sufficiently small, it holds

LA 2
D) > (£) =il
The desired result follows by recalling that <§> > 1.

The above result can be extended to the case when A(w;w) is replaced by its
first-order approximation A:.
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Lemma 10 Let D?(z) be defined in (85), and let, additionally, C,,p > 0 and
k>0, be s.t. |z| < p and

iz |2HH2
|AS — Aa2)| < C, ;) , 1=0,...,p—1. (90)
Then there exists c. = c(p, (par)), w§, s.t.
|D%(2)] > 1 —co(p)|2)?, for all |z| < wyg.

Proof With D(z) defined like in Lemma 9, with (90),

p—1 i iz | 2FH2
2" ltan 2 E JCP !

: Q4

1=0

|D*(2) = D(2)] < P

- (91)
< CC(p)p 22 o™, V2| < min(w, p),
1=0

where in the last expression we used (87) to bound z~! tan z, and the fact that
|zp~1| < 1. Now it remains to notice that because a; < 1 Vi,

p—1
Z:uiaizk+1 < <lj’a>7 Vk > 0,
=0

and hence
D*(2) = D()| < Clp)l=P(pa),  Vls <min(wr,p). (92)
Obviously,
[D*(2)| = |D(2)| = |D*(2) = D(2)];
and the conclusion follows from (86) and the above estimates.

The above two results suffice to show that the order of convergence is not

destroyed when computing the elements from the set £} from the elements of
el

Lemma 11 Let Ny be defined in (75), and N > Ny. Let p be like in Theorem

14. There exists ro : 0 < rg < p, which depends on p, p, o only, s.t. the

following holds true for all |z| < 1. If, with some C, > 0,

oy [2NF2
|AS — Aiz)| < C, | = , i=0,...,p—1, (93)
then A®(z) defined in (78), satisfies
L |2N+2
|A(2) — A(2)] < C, p ) i=0,...,p— 1. (94)

p—1
Moreover, T(z) defined as in (83) satisfies |T(z)] < (Z uiaf%“)
i=0
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Proof By (79), and using (93),

p—1 2N+2
[A°(2) = A(2)| < Cp|T(2)] Y i}V
i=0

4
P
Next, by definition of T'(z),

T(z) = (1 +tan®2) D1 (2) D (2).

By (87), Lemmas 9 and 10, there exists wy sufficiently small, s.t. for all |z] <
wp, it holds

T(z)] < (14 Ct2|z|2)(1 - cl|z\2)_1(1 — 017€|z|2)_1, c1, €1,6,Cr > 0.

Notice that wg depends only on p, i, a. Replacing T'(z) in (95) by the above
bound yields

2N+2

[A%(2) - A(2)| < G, p

p—1
(14 G2l (1 = elz) 7M1 = erel=l) 7 ) paad™
i=0

Because N > Ny, and a; < 1 Vi, the above can be rewritten as

P 2N+2
[A%(2) = A(2)| < Cp

p—1
p (L+ CPl=P) A = ealz) T (X = erelz) Y ot
=0

Because the function

p—1
B(lzl) = uia™ (14 CPlP) (1 — ea=P) T (L = erelzl) 7
=0

2No+1
1

p—1
is monotonically increasing in |z|, changes its value from > p;« <1to

i=0
00, as |z| varies from 0 to min(cy L, e; '), there exists

p—1
-1 § /‘ 2Np+1
Ty =Th | Cl,e,Cq aOta HiC; 0 )

=0

s.t. for all |z| < zmin,

p—1
(L4 G221 = eafoP) 7 (1= ercloP) Y a2 < 1.
=0

Therefore, if |z| < 7,

p—1
T(z iazN‘H'l <1,
Hi Qe

i=0
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and, in particular,

2N+2
z

|A%(2) — A(2)| < G, p

and hence the conclusion of the lemma. Notice that this value 7, depends only
on p, p, .

We now have all the necessary ingredients to write down the proof of Propo-
sition 3.

Proof (Proof of Proposition 3)

Let us choose rg properly. Let N = N, > Ny, and let 7, be like in Lemma
11. Let rg be like in Lemma 8.

We prove the result by induction,showing that the approximation property
(94) holds. We first show it for n = L — 1, then for n = L — 2, and the rest
follows similarly.

— n=L—1. Because A, € L for all k, by (74), as ay|wn| < rp < po < p,
where pg is fixed (e.g. po = vp), we have

22\ g, [P i |22
|An, — Alwnay)| < M, ( - g) o < C, |
p p
(96)
By Lemma 11, because |wy| < 74,
IN+2
w.
[An — Alwn)| < Cp | = (97)

p—1 -t
Moreover, by the same lemma, |T(wy, )| < <Z pia2Nott
i=0
— n = L—2. Thanks to the previous statement, shown in (97), for all elements
of L} _; the following approximation property holds :

2N+2
|An,, — Alasen)| < C,

n
o ——
p
By Lemma 11, because |wy| < 75, we deduce the same property as (67).

p—1 -1
Using the same lemma, |T(wy)| < (Z uia?No-‘rl) .
i=0

The proof for n > L — 2 follows the same lines. For application of Lemma 11,
it is crucial that |wy,| < 75, and thus the above result may hold only when
jwn| < lafglw| < 7.

We are now able to prove the result of Theorem 15.
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Proof (Proof of Theorem 15) Let rg be like in Corollary 2, and r like in
Proposition 2. We take ry :=, and assume that r is sufficiently small, r < 7.
To estimate the error propagation in £, we use the expression (79), where we
will use the bound of Proposition 2 for n sufficiently small (i.e. the arguments of
A in L, are large enough), and Proposition 3 otherwise (when the arguments
of A in £, are smaller in their modulus than rp). Let us remark that one
could use the bound (90) for this latter case, but one would not get a desired
convergence result in r (i.e. the convergence will be regulated by N, only).

—1
Provided n > 0, let us denote by n = (ng,...,np—1), wn = [] ap*w
k=0

and A, € L the approximation to A(wy,) computed in the course of the
algorithm. Let

E, :=max|A, — A(wn)].
n
Let us estimate the error committed when passing from one level to an-
other, in terms of the error E. Thanks to (79),

E, < max \T(wn)|<ﬁ>En+1.
n (a7

Denoting by
T, := max |T (wn)|,
n

we arrive at the following simple bound:

L-1
B, =E < () (H Te> Ey. (98)
£=0

Now let us estimate the product of Ty. We split it into two parts. First of all,
if n is s.t. |wn| < 7o, we can apply Proposition 3:

p—1 -1
Tl < (Zuia?Nf’*l) =0, > (99)

=0

Remark that n > 1.
The smallest n for which this bound still holds true is given by

n, = |log (

For n < n,, we use the bound valid for all w,, provided by Proposition 2.
Remark that because we chose r < rg, where rg is like in Corollary 2, the
positivity condition Im(wy,Ay,) < 0 holds true. Therefore, the result of Propo-
sition 2 applies, and gives, as Imw > a and Im w,, > a(min o;)",

2

|w|
To

) Gogaz) 1

—2 —2n
T, < max (17 ((min ai)"a) > < (m_in ai) a~2, since a < 1.
T 1
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Denoting by a4, := min «;, we obtain the following bound:
7

T, <a 2"a2, n < M. (100)

Combining (99) and (100) into (98) gives

nyx—1

B =
ET,N* < <7> nL_n*—i_lamink:O a_2n*+2EL (101)
(8%
L 2
< <g> L sy O (102)
(8%
L 2
<(L) ntaa B (105)

which holds true because n > 1,a ' <1land n, +1 < L.
It remains to make the above bound explicit in r, N, and w. Denoting

A= <§>17, we get, with (69),

(A4a=2)" = (Aa=2) 7,

where 7, v are defined in the statement of the theorem.
Remark now that

nye < 7w+ 1—log|ro| (log a;})_l , hence (104)
n? < 2y, +2(1 — log |ro| (log agol)_l)Q. (105)

_1y—1
2(1—log\r0|(logawl) )2
min )

Therefore, denoting by B := a2 and by C = a

min we
obtain

2 2
—n? ~
Cpire < B C.

Finally, it remains to insert the above bounds into (103), and replace Ej, by
the bound from Theorem 14 (because the elements in £} are approximated
like w from Theorem 14). This gives

. e P2\ L\ 2Nt2
E.n, <CC,B" (Aa ) r 1—— - .
p p

Next, because rg < p, we replace in the above

-1 -1
(-%) <(-2) -
P P

and obtain the desired bound in the statement of the theorem.
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Fig. 4 Left: |A(w)w ™! +14| for the Neumann problem, o« = {0.6,0.8}, p = {0.8,0.2}. Right:
|A(w)w™t 4 i| for the Neumann problem, o = {0.2,0.7}, u = {0.3,0.3}. Remark that the
color scale is logarithmic. The respective plots for A(w) for the Dirichlet problems with the
same parameters are similar to the above plots.

4.2.8 Asymptotic computational complexity of the method of Section 4.2.1

In this section we estimate the computational complexity of the procedure
EvalLambda, in terms of w and the desired accuracy €. We fix r > 0 suffi-
ciently small (cf. Theorem 15), and consider the case when w € C{ ., cf. (76),
with 0 < a < 1 fixed. First of all, the evaluation of each value in £,,, n < L—1,
requires O(p) = O(1) operations, while to compute each of the values in £}, we

need O(N,) operations. Thus the total computational complexity costs scale

L—1
as O (# U £n> + O(N.#Ly). With the property (c) from Section 4.2.1,
n=0

L-1

L—1
# ) Lo=> 0t =0(LrtY),  #Lp=O0(LP).
n=0

n=0

With L given in (69), the cost of evaluating A(w) as |w| — oo, and w is s.t.
Imw > a, where a < 1, scales as

ea = O ((log [w))P*" + N. (log |w])?)

(77) 2 1 1 1 1 (106)
=" 0 (log""? |w| + log" ™" |w|loga™") + O (log" ™" |w|loge™") .

4.2.4 Approximating A(w) for w with large imaginary parts

The complexity of the method of Section 4.2.1 scales as O(log?*? |w]) for |w| —

oo. Nonetheless, when Imw is sufficiently large, A(w) can be approximated
with high accuracy by —iw (see Figure 4.2.4 for the numerical illustration).

Theorem 16 There exists C > 0, s.t for allw € CT,
|A(w) + iw| < Clw|e™ 2™ max(1, (Tmw) ™). (107)
Remark 15 When w € C~ = {z € C: Imz < 0}, it is possible to show that

|A(w) — iw| < Clwle™ 2™ max(1, [Imw| ™).
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The proof of the above theorem relies on the following auxiliary result.

Lemma 12 There ezist ¢,C > 0, s.t. allw € CT,
—Im (tanw) ™" > ¢min(1, Imw), (108)
1—i(tanw) | < Cmax(1, (Imw) ")e 210w, (109)
Proof See Appendix B.
Proof (Proof of Theorem 16) Expressing A(w) via (68), we get

) wtanw — Fy () —iw —iF, y(w)tanw N (w)
Alw) +iw = —w w+Fq u(w)tanw - D(w)’
(110)
N(w) = %(1 —iw 'Fou(w)) = (1 —i(tanw) ™) (1 — iw™ "Fa,u(w)),
D(w) = (tanw) ™+ Fop(@),  Fap=3 %A(aiw),
i=0 ¢

Let us first bound the numerator:

p—1 .
@) = [1 - i(tanw) | <1+Zm A&)D
=0 *

To bound the first term in the product in the right-hand side above we use
(109), and to bound the second one, we make use of Theorem 4(b). This gives

IV (w)| < Cy max(1, Imw)™2)e2Ime, (111)

where the constant Cy > 0 depends on g and a.
It remains to deal with the denominator. For this we use the bound:
p—1
ID(w)| > [Im D(w)| > |[Im (tanw) ™" + Z’“ Im ((aiw)_IA(aiw))‘ .
i=0

It remains to notice that Im (tanw) " and Im ((ciw) "' A(eyw)) are all negative
for Imw > 0, cf. (108) and Theorem 4(a). Therefore,

(108)
|D(w)| > |Im(tanw)_1’ > c¢min(1,Imw). (112)

Combining the bounds (111) and (112) in (110),we obtain the desired state-
ment.

4.3 Computing convolution weights: error, algorithm, complexity

Evaluation of convolution weights based on (66) requires computing A(wy,) for
arange of w, € CT. In this section we comment on the choice of the parameters
p and N in (66), see Section 4.3.1, discuss how A(w) is computed within (66)
in Section 4.3.2 and present some complexity studies in Section 4.3.3.
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4.8.1 Accuracy of evaluation of convolution weights and choice of p, N

Let us relate the accuracy ¢ of evaluation of A and the parameters p and N
in (66) to the numerical error of evaluation of N; values of \4%. Because we
compute convolution weights for the scaled value of A(w), namely A®(w) =
(—iw) tA(w), see Remark 11, we will perform the error analysis for these
re-scaled quantities A2 | defined as, cf. (25),

s,n?

Z)\At " 5.(2) = <‘SE)) 71A (ﬁi’?) . (113)

The convolution weights )\S are computed the help of (66):

n

—n N—1
)\sAf ~ Aﬁfﬁ = N e~ (wi)
k=0 (114)
8(pe’ )
Wk—ZTt, TLZO,...,Nt,

where each A®¢ (wy) is an approximation with an error € to A® (wy).

Before analyzing the error induced by the approximation (114), let us show
that the exact )\At are bounded. To prove the result that follows, we will use
the following observation (see (133) in Appendix D):

Im <5(pew)) S oci02m). (115)

At At
Proposition 4 The convolution weights satisfy, with some C > 0,
‘/\At ’ < C'max(1,nAt), n > 0. (116)

Proof The idea of the proof is from Lemma 5.3, Section 5.1 in [7]. Application
of the Cauchy estimate to (26), evaluated for £ = n, with « being a circle of

radius r,, := —2= centered in the origin, and A replaced by A?, yields

()~ (%)

(= )” ()
< sup max |1, (Im | —= ,
n+1 2€dB,, (0) At

where the last bound follows from Theorem 4 (b). With (115),

|)\At | <r ™ sup
z€0B, (0)

|)\ (n :L_ 1) max(1, (n + 1)At) < Cmax(1,nAt).0

The error of the approximation (114) is given below.
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Proposition 5 Let N > N; + 1, and 24, n = 0,..., N; be given by (114),

s,n

where max |A®E (wi) — A% (wi)| < €, for some e >0, and p = e . Then

max_ A2LE A\ < Cpe N (14T), T = NAL

n=0,...,N¢

Proof As the proof is rather classical in CQ theory, and some of its elements
appear in various works (cf. e.g. [7,34,4]), we postpone it to Appendix C.

Therefore, to ensure that the convolution weights are evaluated with an accu-
racy O(4/€) for a given ¢, it suffices to choose
1

N=N,+1, p=c, (117)

and evaluate A®°(wy) in (114) with an accuracy ¢ for all k.

4.3.2 Evaluating convolution weights: algorithmic details

To compute A®¢(w) in (114), for a given precision €, we use the following
strategy, based on the results of Sections 4.2, 4.3.1 (here 7. > 0 to be fixed
later):

— if Imwy, < 7, evaluate A(wy) using the procedure EvalLambda, with r
fixed and N, chosen as in (77) with |w| = mkax{\wk| Imwy <9}

— if Imwy, > 7., approximate A(wy) by —iwg, by Theorem 16.

Choosing 7. = %bg el + O, with some C > 0, ensures that A®(w) =

(—iw) tA(w) is approximated with an accuracy e, cf. Remark 11, and Theo-
rem 16. The above strategy is illustrated in Figure 5 (left).

: 100 — :
5, Ne = 100

800 - ) <At =0.1, N; = 50
CAt=02, N, =25

600 | b

E 100] 1 B
200 b
0 | Lt et . oL I L AL |
—400 —200 0 200 400 —50 0 50
Rewy Rewy

Fig. 5 Left: Ny = 100 frequencies wy defined in (66), with At = 0.05 and p = E%Nt,
€ = 1078. In red we mark wy, s.t. Imwy, > v (we choose v = 12), s.t. A(wy) is approximated
by —iwg. Right: N¢ frequencies wy defined in (66) with given At, chosen so that Ny At = 5.
Remark that in all cases Im wj > const.
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4.8.8 Complezity estimates

Let us estimate the complexity of the evaluation of (114) in terms of N, At, .
Let us assume that T' = N, At fixed, and consider the regime N; — oo; we also
assume that ¢ is sufficiently small.As discussed in the end of Section 4.1, this
necessitates a bound on the cost of computing A (wy) in (114). This bound,
cf. (106), depends on wy; thus, we must study how wy behaves with N, At .
The following proposition is a minor refinement of some of the results from

[4].

Lemma 13 Let wg, k = 0,..., Ny, be given by (114), with N, p defined in
(117), ande < § < 1. Then, with some c5,Cs > 0, (a) Imwy > cmin (17 %)

and (b) lwi| < £ Ny max (1,]\7,5 (1og5’1)71),
Proof See Appendix D.

An illustration to the statement (a) is provided in Figure 5 (right).

By Lemma 13, wy € Cy; q5, With as = cmin (1, logﬁil), and thus the

results of Section 4.2.3 about the evaluation of A apply. The complexity of
evaluation of each of A(wy) is O(1) when Imwy, > 7., and scales as (106) when
Imwy < 7. Replacing |wi| by O(N?), according to Lemma 13, the worst-case
complexity is given by

ca = O(log?™ N; + logP™ N, loge™1).

Because (114) requires computing at most O(N;) values of A(wg), and then
performing the FFT, see the discussion in Section 4.1, the total complexity of
computing N convolution weights with an accuracy O (1/€) scales as

O(N; log’*? N, + N, logP ™ N, log e h.

Remark that this complexity scales, in general, better, than O(N?) complexity
of the solution of the problem, cf. Section 3.4.

5 Numerical results

In all the numerical results of this section we use the mass-lumped finite ele-
ment for the space discretization, and a regular spatial grid. This, in particular,
implies that the CFL number is Copr = 4%, cf. (50) and Remark 9. In most
of the experiments we fixed r, N, in the procedure of Section 4.2.1 for com-
putation of A(w) to a (numerically determined) fixed value that allows to
approximate A in the convolution weight computation with high accuracy. As
for the evaluation of the convolution weights, we choose € = 1072 in (117).
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5.1 Validity of the method

In this section we would like to verify the validity of the transparent boundary
conditions constructed in the present article, by comparing a solution com-
puted on the truncated tree to an (ideally) solution computed on the tree T.
However, because the tree 7T is infinite, it is in general impossible to compute
such a reference solution. Thus, one of the options would be to truncate the
tree up to N generations, where N’ > 1, and perform the computation on
this truncated tree, as it was done e.g. in [29]. Because this is costly, we adapt
an alternative approach: given A/ generations, we compute the solution to the
problem (16) on 7™ with m = N — 1, where we use the transparent boundary
conditions approximated with the help of the convolution quadrature. This is
the reference solution. We compare this solution with the CQ approximation
to (16), where m is fixed, m < N — 1.

Let us remark that no analysis had been made in this article about the
convergence of the method with respect to the number of the truncated gen-
erations m + 1 (a related issue was addressed in [28]).

We solve the Neumann problem on the binary tree 7T, s.t. the length of the
root edge equals to ¢y o = 2, with o = (0.3,0.5) and p = (1,0.25). The source
term is supported on the root branch of the tree and defined as

F(t,s) = 108(s — 1.5)e o (s= 19 o (=0 = 5 _ 5. 903, (118)

The reference solution up_; is computed on the truncated tree TV ~! with
N = 5 generations; At = 9.9-107°, h = 10~%. The dependence of the solutions
Um(S0,t) on t is depicted in Figure 5.1; here so = 1 is the middle of the root
branch. The complex behaviour of the solution is attributed to the multiple
reflection phenomena on the tree 7 in general, waves are reflected from each of
the vertices of the tree. In particular, the second peak of the solution u,,(sg, t)
is due to the wave reflected of the vertex My . The first reflections from the
infinite boundary of the tree reach so =1 at t = 3.3.

We compare it to the solution u,, computed on the truncated tree with
(m+1) generations, where m = 1,2, 3, and the same discretization parameters.
For this we compute the relative errors by evaluating norms on the first two
generations (since 2 is the minimal value for the number of the truncated
generations in our experiments):

luhr—y = um llrz (e
en, = Nl nm ul ) , k=2, em = max en. (119)
n:I(I)laXNt ||UN_1||L5(TIC—1) n=0,...,Ny

yeeey

Let us remark that these norms are computed with the help of the mass-
lumped matrices. They are correspondingly

e ~7.1-1074, ea~3.7-107% e3~1.6-107%

The errors e}, as functions of ¢" = nAt are shown in Figure 5.1, bottom.
Numerical experiments indicate that they grow linearly in time; this is not
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Uy (S0, 1)

1074

€m
=~
T

Fig. 6 Top: dependence on t of the solution to the problem (16) um (so,t) in the point sg
(which is the middle of the root branch). We study the Neumann problem on the tree with
lo,0 = 2.0, a = (0.3,0.5) and p = (1,0.25), the right hand side (118). Bottom: relative
errors e, (cf. (119)) as functions of t™ = nAt

surprising, in view of the results of Theorem 13. Figure 5.1 shows that the
errors almost vanish for smaller times (even where the solution is non-zero).
This can be explained by the fact that the wave reaches the outer boundary
of T™ (where we use the approximated transparent boundary conditions) and
reflects into the tree 7' (where we measured errors) at ¢t ~ 1.2 for m = 1,
t~1.6form=2andt~1.7for m=3.

5.2 Convergence rates and stability
5.2.1 Convergence.

We perform the convergence experiments on the tree with e = (0.2,0.4) and
= (1,0.25), and the length of the root edge £y, = 2. Because no closed form
solution is, in general, available, we compare the numerical solution computed
on a coarse grid (h, At) to the numerical (’reference’) solution computed on
the finest grid (hs, Aty) = (107%,0.99-107%). The solutions are computed on
the tree T2 (i.e. on 3 generations, cf. (2)), on the time interval (0, 10) and with
the right hand side supported on the root edge X o:

f(t,s) = 10467100(#0.75)27100(571)2(s —1), s € T

We consider the Neumann problem. We fix the CFL (50), i.e. the ratio 4¢ =

Ah—tff, and perform the experiments on the sequence of grids (hg, Atg), 1 < k <
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1071

1072

1073

2
[z

2 (T2)

Ch,At

[l

1074

—o— €p At

1075 £
---O0(h?*) 0.5

106 Lo b 0 200 400
10-3 102 t

Fig. 7 Left: convergence rates for the experiment of Section 5.2.1. Right: dependence on
time of the L2-norm of the solution computed on the tree 72.

9, with mkin hi = 2-10~%. The reference solution computed at the time ¢* is

denoted by u,.(t*), and the solution on the grid (h, At) by u¥. The evolution
of the relative error ej A, defined below, is shown in Figure 7.

[y = tres (NAL) |12 (7m)

eh,At — max eZ,Ab where BZ,At -
n Hu'r‘efHLOO(O,T;Lﬁ(T’")) (120)
T
k
H“TefHLOO(o’T;Li(Tm)) = k:%}%.),(Nt l|ltper(t )HLi(Tm)7 N = Atf—‘ .

5.2.2 Long-time stability.

To study the stability of the numerical method, we compute the solution to
the problem described in Section 5.2.1 on the time interval (0, T) with T =
500, with the discretization (h, At) = (5-107%,4.99 - 10~%). The diameter of
the computational domain equals 2.8. Figure 7 depicts Li(Tm)—norm of the
solution, which clearly stays bounded on the whole time interval.

5.3 Performance of the method on different trees.

To explain the experiments that follow, let us provide more information about
A(w). Recall that A(w) is an even meromorphic in C function (cf. Theorem 4)
with real poles. The number of poles of A on an interval (0, \) grows asymp-

totically as A%, where d > 1 and depends on a (see [28]). In particular, when
p—1
(a) :== > a; < 1, one has d = 1, while when () > 1, it holds that d < dj,
i=0
p—1
where ds; > 1 is a unique number s.t. > a?s = 1. Although these estimates are
i=0
asymptotic, the difference between these cases is observed already for small
A. In particular, in Figure 8 we depict numerically computed poles of A(w)
for two sets of parameters: a = (0.4,0.4), p = (0.5,1) (case d = 1) and
a=(0.8,0.4), u=(0.5,1) (case d < ds ~ 1.4).
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10°

1071 E E
— e e — 4 1072}
0 5 10 $

1073 =

w K
— B HHHHHHBHH - HHE - HHHHB - H— B —> )
0 5 10 107 I
1074 1073, 1072

a=(0.2,0.2)—e—a = (0.4,0.4)
s==a=(0.8,04) * a=(09,08)

Fig. 8 Left: On top we show the poles of A(w) on the interval (0,10) for the Dirichlet
problem. Bottom: poles of A(w) on the interval (0, 10) for the Neumann problem. On both
plots with blue vertical dashes we mark the poles corresponding to o = (0.8,0.4), p =
(0.5,1), while with magenta circles the poles corresponding to o = (0.4,0.4), . = (0.5,1).
Right: Errors ep a¢, cf. (120), for different discretizations for the experiments of Section
5.3. In all the experiments pu = (0.5,1.0).

Our goal is to find out whether the density of poles influences the be-
haviour of the convolution quadrature. For this we compute the solutions to
the Dirichlet and Neumann problems on the reference tree 7 (length of its
root edge equals £y o = 1), constructed with different sets of the parameters,
on the time interval (0,20). As a source we take

f(t,s) = 100e (5708 =0(t=025)" (s _ 5} 5 =10,

supported on the root edge. We repeat the experiment of Section 5.2.1, by
computing the solutions for different discretizations, the only difference being
that we compare the solutions computed on the truncated tree 7' to the
reference solution computed on a fine discretization on the tree 72. The time
interval is chosen so that the reflections from the ’infinite’ boundary of the
tree are able to reach the computational domain.

We do not observe any clear correlation between the density of poles and
the error behaviour, cf. Figure 8, right. We present the results for the Dirichlet
problem only, since in the Neumann case they are very similar. Let us remark
that in the experiment a = (0.9,0.8) the Dirichlet and Neumann problems
coincide, see Theorem 2.

However, as expected, in these experiments we observe a difference in terms
of the computational times (in particular, since the complexity of evaluating
A(w), see Section 4.2.3, depends on ||, this is the case for the convolution
weights as well). In the largest computations on the tree 72, discretized with
h =10"%, At = 0.99 - 1074, we computed ~ 2 - 10° convolution weights. On
a laptop, this requires about 5 seconds for the problem with a = (0.2,0.2),
12 seconds for o = (0.4,0.4), 167 seconds for a = (0.8,0.4) and almost 12
minutes for a = (0.9, 0.8). These numbers can be improved by optimizing the
parameters in the computations.
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6 Conclusions

In this work we approximated the transparent boundary conditions for wave
propagation in fractal trees with the help of the convolution quadrature method.
Besides stability and convergence analysis, we have additionally considered
practical aspects of the algorithm, in particular, computation of the convolu-
tion weights. Obtained results, both theoretical and numerical, indicate sta-
bility and efficiency of the method.

Nonetheless, some numerical analysis questions remain open (e.g. stability
of the problem under perturbation of convolution weights); such analysis may
affect some estimates of Section 4.3.3 by imposing constraints on the choice
of parameters (in particular, the parameter p in (66)), cf. e.g. the respective
analysis for time-domain boundary integral equations in [7]. We nonetheless
believe that the results obtained in this work provide a technical background
for continuing the research in this direction.

One of the drawbacks of the CQ method is its complexity, which scales as
O(N?) where N, is the number ot time steps; this is prohibitive when compu-
tations on long times are required. This can be overcome using an algorithm
similar to the one proposed in [4], see also [22] and [5]. Additionally, alterna-
tive ideas for approximating the transparent boundary conditions, based on
the meromorphic expansion of the symbol of the DtN, are currently under
investigation.
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A Proof of Theorem 4

It remains to prove the upper bound on Aq(w). Without loss of generality, we will show it
for An(w). First, Ay(w) can be defined via the solution of the frequency-domain problem:

An(w) = —9sA(M™), weCt (121)
where A € Hi(T) solves the boundary-value problem:

w? /,u(s))\ﬁf /,u(s) 0sA 05 = 0, for all v € V4, A(M™) =1 (122)
T T

We proceed as follows, defining ||v]|w = [ p (|9sv]? + |wv]|?),
T
— first bound |An(w)|? by the energy of the solution (notice A(M*) = 1):
|An(@)]? < [w]? + Co(1 + mw)[]A|2,  Co > 0. (123)

— next show that the energy of the solution is bounded by %\An(w)|2, with C as above:

1
Co(1+Imw)|N\|2 < §|An(w)\2 + C1 max(1, (Imw)™?)|w|?, C1 > 0. (124)
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— combine (123) and (124) to obtain the desired bound:
|An(w)|? < Cmax(1, (Imw)~?)|w|?.

Proof of the bound (123). Let vg(s) = x(s)9s), where x € C1(T;R), supp x(s) C Zo,0,
x(M*) =1 and x(Mo,0) = 0. The weak form (122) implies that

8§A +w?X\=0on 20,0-

Testing the above with vg(s), we obtain the following identity on the edge X0, parametrized
by s € [0, 1] (recall that we work with the reference tree, and thus the length of X g is 1):

1 1
I + I =0, where I1 = /azkx(s)wds, I = wQ/AX ) Os Ads. (125)
0

Let w = wy + iw;, wyr € R and w; > 0. Let us consider the real part of the above:
1 1
1 d 2 1 2, 1 / 2
Rel; = > % |0sA|“x(s)ds = -3 [An(w)]* + 5/ x ()|0sA|“ds, (126)
0 0

where in the last identity we used x(0) = 1 and x(1) = 0. Similarly,

1

1
1 d _
Rels = 5 Rew? /X(s)d—\)\|2ds — Imw? /X(s) Im(ADs\)ds
s
0 0
1

1

1 1 I

= -5 W —wd) 4 S wf —wp) / X' () AP ds — 2wier / x(5) Im(A9s X)ds.
0 0

where we used x(0) = 1, x(1) = 0 and A\(0) = 1. Applying to the last integral the Young
inequality we obtain the following bound, with ¢1,c2 > 0,

1 1 1
1
|Relz| < E\w\Q +cl|w|2/\)\|2ds+02wi |wr|2/|A\2ds+/\8sA|2ds . (127)
0 0 0
Combining (125), (126), we deduce that
|An(w)]? < 2| Re I +Cg/|85)\|2d8, c3 >0,

and inserting into the above (127) we prove (123).
Proof of the bound (124). Testing the Helmholtz equation corresponding to (122) with
wA(s) and integrating by parts we obtain the following identity (recall that A\(M*) = 1):

A = [ WoNP — wPw [ unP.

T T

Taking the imaginary part of the above results in

m @A@) = —wi | [ WO+l [ uAP | = —wl A2,

T T
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Multiplying both sides of the above by —Cp(1 + wi)wi_l, with Cp is as in (123), we obtain
—Co(w; ' + 1) Im (@A (w)) = Co(1 +wi) A2 (128)
It suffices to notice that the lhs in the above equality is bounded
_ _ 1 cs
—Co(w; " + 1) Im @A(w))| < Co(w; ' + Dw||A(w)] < E\A(w)l2 + 70(%- R S

where we used the Young inequality. In the above we bound further Co(wfl +1) <
2max(1,w;1). Inserting the bound into (128) gives

1 _
Co(L+w) NG < 5 IA@)I* + 208 max(1,w; ) wl?,

i.e. (124). Combining (123) and (124) proves the statement of the theorem.

B Proof of Lemma 12

We first show (108). By definition, tanw = i1=%  with z = 2%, w = w, + iw;. Then,

142z
1 1 1-z 1— |z 1— |22
—Im (tanw) ™! = Re tr_ Re (1+2)(1—%) = 12l > Kl (129)
1—2 [1— 2|2 141212 —2Rez — (1+2|)?
e?wi—1 2w, . .
1—|z] 1—e2 p TP 2 og 0 <w <1,
T l4z]  14e2wi T - .
}-&-2*2’ ifw; >1,
hence the bound (108). Let us show (109). After straightforward computations,
2 2 2e~2wi
1—14 (tanw)71’ = 12 < 12 == < Cmax(1,w; e 2,
T e s ——
where the last bound follows by noticing that, for w; > 0,
: T—e l ifw; >1
e Wi > ’ i Z 4 > : . )
1—e > {e’lwi, if w; < 1 > cmin (1, w;), c>0 (130)

C Proof of Proposition 5

To prove Proposition 5, we need the following auxiliary result.

Lemma 14 Let0<p<1, N> Ni+1,e>0 and \255, n=0,...,N; be given by (114),
where max [ASE (wg) — A® (wg)| < e. Then

At,e At
s,n7 - As n

<p Ne+pNCn(p),

max |\
n=0,...,N¢

Cn(p) = (1= p™) 7 (14 NeAt+ At = p™) 7).

Proof (Proof of Lemma 14) For allm =0, ..., Ny,

— N—-1
)\At,s 7>\At < p " 72'275\7,“" ASE _ AS
| s,n s,n| = |91iN e ( (wk) (wk))
k=0
p " N ok
+ o e TN AT (wy) — ADL| = St + Se. (131)
k=0
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An upper bound for S; follows from the triangle inequality: S; < p’Nta

o0
As for Sa, it suffices to replace A® (wy) in the above sum by > )\fépeel R , cf. (113), and
(=0

then use the aliasing argument. In particular,

N— N-1 oo
p~" j2mkn p—" 2nk(£—n)
Z AS (Wk) _ Z At 1’ 17‘
27” k=0 27” k=0 ¢=0
It remains to remark that
N—-1
1 §27k(—n) 1, ({ —n) mod N =0,
N e N = .
0, otherwise.
k=0
Therefore,
p " N2l ok A P A b
- e "N A® (wg) :Asyz+f /\S £N+nl) N+n o and
2miN 2miN
k=0 k=
— eS) LN (116) oo
Z sn+k ‘ it < CZmax (n + kN)At)p*

The above sum is then estimated as follows:

oo o0
Sa < ZpkN + Z "N (n + kN)At
k=1 k=1

<pN (1= pM)THI + nAL) 4+ Atp™N (1 - pN) 72

The result follows by bounding in the above nAt by NiAt and combining bounds for S
and Sz into (131). O

The bound of Lemma 14 allows us to quantify the choice of p, N in (114).

Proof (Proof of Proposition 5) The desired bound follows by applying the result of Lemma
14. In particular, Cy(p) can be estimated by remarking that, because N > N; + 1,

Ng+1
1—pN —1— NN >1-e2NH > 1-¢3>1-V35. O

D Proof of Lemma 13

Let us show (a), which basically follows from Section 5.2.1 in [4]. It is not difficult to verify
that the frequencies wy, defined in (66), namely,

lie on the circle centered at c, a; of radius R, A¢:

2i 1+ p? 2 2
cp:i +p, R, = L (132)
At 1 — p2 At 1 — p2

i.e. wy = ¢, + Rpe™k, for some vy, € [0, 27). Hence

5(pet® 2 14p%2-2 21—
Imwy > _inf Im(i (pe ))z— ter 20 _21-¢ (133)
0<p<2m At At 1 —p? At1+p
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and because p < 1, Imwy, > 1A;t”. For p defined in (117),

1 loge~1 loge™!
1—p=1-—e =1 —exp|——8° ) >min(1,8° ), (134)
2Nt Nt

where the last bound follows from (130). Therefore, as At < 1,

. logé—1
Imwyg > cmin | 1, .
N At

To show (b), we use the same property (132), which results in

2
‘wk‘<i(l+p2 2p2)S 2(1+ p) 4 .
1—p 1—p At(1 —p)  At(l—p)

Using (134), we deduce

C - c -
el < = max (1,3 (tog=™") ™) < . max (1, Ne (logs=1) 7).

E Gronwall inequalities

Lemma 15 (Continuous Gronwall inequality) Let E(t) > 0, E(0) = 0. Let %E(t) <
FOVE®). Then /ETT) < |1l 0.1y for all T > 0.

Proof Integrating from 0 to ¢ the inequality in the statement of the theorem gives

/ B (r)dr < / FOWVE@dr = E@®) < swp Bl
2 2 0<r<t

= sup E() < sup <Sup E(T)f”Ll(O,t)> </ sup E@fllLio,r)
0<t<T 0<t<T \0<r<t 0<t<T

and hence the result.

Lemma 16 (Discrete Gronwall inequality) Let E™ > 0, for all m € N, and let, with
A>0,

E" < A+y"VE" + > §VEL, n>0.

=0
n
Then VE™ < \/A—i—l max v+ 3 16¢).
=0,...,n (=0

Proof Taking Oina<xN from both sides of the inequality in the statement of the lemma:
SN

N
max E" <A+ sup VE"| max |[y"|+ Z 164 ) .
0<n<N 0<n<N 0<n<N =

Next, if Oglag(N VE™ < /A, then obviously the desired bound holds true. Otherwise, it
n>
suffices to replace
N
max E" <VA max VE"4+ sup VE" | max |7"|+Z|5l| ,
0<n<N 0<n<N —~

0<n<N 0<n<N

which results in the desired statement.
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F Proof of Theorem 6

We proceed like in the proof of Theorem 4. We will show the result for a = n, the proof for
the Dirichlet problem being almost verbatim the same.

Step 1. Let x(s) be like in the proof of Theorem 4. Testing the wave equation (13) in its
strong form by Osux(s) results in (where we parametrized Xy o by s € [0,1]):

1 1
/Bfux(s) asu—/afuasux(s) =
0 0

Let us rewrite the first term in the above:

1 1
:/8t2ux(s) Bsu:di /(%uxasu —/ Oru O dsu X (8)
0 0

1
/ 8, (10vul2X(5)) — x/(5)|Brul?)
0

ISy
Sy
M\H

1
d
= — /(%uxasu
0
1

1 1
druxdou | + lougl + 5 / O
0

Il
&l
o

The second term

1
1 1 1
/a wBux(s 75/ 0,(10:u*x()) = X ()|0sul? = 2 | Aa(@r)gl? + /x'(swsuﬁ
0

Since Iy + Iy = 0, we obtain, with E = 1 [ (|9u|? + [9sul?),
T

1
1 1 d
~[4a(0)gl* < 510egl® + — /atuxagu + CE(%).
2 2 dt

0

Integrating the above from 0 to T' we get, together with vanishing initial conditions :

T 1
HAn(Gt)gHLz(QT) < HatgHZLg(O’T) + C’/E(t)dt + /8tu(s,T)x(s)8su(s,T)ds
0 0 (135)

IN

1
S10ul3a 0y + € [ Bt + CET),
0

where we used the Young inequality to bound the latter term.
Step 2. Testing the wave equation (13) in the strong form by d;u and integrating by parts
gives

%E(t) = (4n(80)9)rg.

Integrating from O to t the above we get

n 1
0 < [ 14@0gllorglde < 5109l 2 0 + 5ol 2 0 1> 0, (136)
0
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where the last expression follows by the Young inequality.

In particular, the above implies, with 7 = 11 to be fixed later

Tm

T
1 2 2
O/E(t)dt < Tﬂ”‘?tg”m(g,;r) + THA"(Bt)QHLZ(Q’T)' (137)

Therefore, replacing in (135):

— E(T) by its bound (136) with n = %

T
— [ E(t)dt by its bound (137) with 71 = 5~
0

2TC?

we obtain the following bound for [|Ax(0¢)gll 2 (0, 1)

1An(@0)1132 .y < Co max(1,T)[Brgll32 0.1

and hence the continuity. Let us finally remark that we fixed g(0) = 0 for the compatibility
conditions, as u(0) = 0.
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