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1. Introduction

Efficient numerical methods for the simulation of damped wave phenomena are of fundamental importance in acoustic,
electromagnetic or seismic wave propagation. In the presence of complex geometry, such as cracks, sharp corners or irregular
material interfaces, standard finite difference methods generally become ineffective and cumbersome. In contrast, finite
element methods (FEMs) easily handle unstructured meshes and local refinement. Moreover, their extension to high order
is straightforward, a key feature to keep numerical dispersion minimal.

The finite element Galerkin approximation of hyperbolic problems typically leads to a system of ordinary differential
equations. However, if explicit time-stepping is subsequently employed, the mass matrix arising from the spatial
discretization by standard conforming finite elements must be inverted at each time-step: a major drawback in terms of
efficiency. To overcome that difficulty, various “mass lumping” techniques have been proposed, which effectively replace
the mass matrix by a diagonal approximation. While straightforward for piecewise linear elements [1,2], mass lumping
techniques require special quadrature rules at higher order to preserve the accuracy and guarantee numerical stability [3,4].

Discontinuous Galerkin (DG) methods offer an attractive and increasingly popular alternative for the spatial discretization
of time-dependent hyperbolic problems [5-10]. Not only do they accommodate elements of various types and shapes,
irregular non-matching grids, and even locally varying polynomial order, and hence offer greater flexibility in the mesh
design, they also lead to a block-diagonal mass matrix, with block size equal to the number of degrees of freedom per
element; in fact, for a judicious choice of (locally orthogonal) shape functions, the mass matrix is truly diagonal. Thus, when
a spatial DG discretization is combined with explicit time integration, the resulting time-marching scheme will be truly
explicit and inherently parallel.

* This work was supported by the Swiss National Science Foundation.
* Corresponding author. Tel.: +41 612673996; fax: +41 612672695.
E-mail addresses: Marcus.Grote@unibas.ch (M.]. Grote), Teodora.Mitkova@unibas.ch (T. Mitkova).

0377-0427/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.cam.2012.09.046


http://dx.doi.org/10.1016/j.cam.2012.09.046
http://www.elsevier.com/locate/cam
http://www.elsevier.com/locate/cam
mailto:Marcus.Grote@unibas.ch
mailto:Teodora.Mitkova@unibas.ch
http://dx.doi.org/10.1016/j.cam.2012.09.046

M.J. Grote, T. Mitkova / Journal of Computational and Applied Mathematics 239 (2013) 270-289 271

In the presence of complex geometry, adaptivity and mesh refinement are certainly key for the efficient numerical
simulation of wave phenomena. However, locally refined meshes impose severe stability constraints on explicit time-
marching schemes, where the maximal time-step allowed by the CFL condition is dictated by the smallest elements in the
mesh. When mesh refinement is restricted to a small region, the use of implicit methods, or a very small time-step in the
entire computational domain, are a very high price to pay. To overcome this overly restrictive stability constraint, various
local time-stepping (LTS) schemes [11-13] were developed, which use either implicit time-stepping or explicit smaller
time-steps, but only where the smallest elements in the mesh are located.

Since DG methods are inherently local, they are particularly well-suited for the development of explicit local time-
stepping schemes [10]. By combining the symplectic Stérmer-Verlet method with a DG discretization, Piperno derived
a symplectic LTS scheme for Maxwell’s equations in a non-conducting medium [14], which is explicit and second-order
accurate. In [15], Montseny et al. combined a similar recursive integrator with discontinuous hexahedral elements. Starting
from the so-called arbitrary high-order derivatives (ADER) DG approach, alternative explicit LTS methods for Maxwell’s
equations [16] and for elastic wave equations [17] were proposed. In [18], the LTS approach from Collino et al. [11,12] was
combined with a DG-FE discretization for the numerical solution of symmetric first-order hyperbolic systems. Based on
energy conservation, that LTS approach is second-order and explicit inside the coarse and the fine mesh; at the interface,
however, it nonetheless requires at every time-step the solution of a linear system. More recently, Constantinescu and
Sandu devised multirate explicit methods for hyperbolic conservation laws, which are based on both Runge-Kutta and
Adams-Bashforth schemes combined with a finite volume discretization [19,20]. Again these multirate schemes are limited
to second-order accuracy.

Starting from the standard leap-frog method, Diaz and Grote proposed energy conserving fully explicit LTS integrators
of arbitrarily high accuracy for the classical wave equation [21]; that approach was extended to Maxwell’s equations in [22]
for non-conductive media. By blending the leap-frog and the Crank-Nicolson methods, a second-order LTS scheme was
also derived there for (damped) electromagnetic waves in conducting media, yet this approach cannot be readily extended
beyond order two.

To achieve arbitrarily high accuracy in the presence of dissipation, while remaining fully explicit, we shall derive here
explicit LTS methods for damped wave equations based on Adams-Bashforth (AB) multi-step schemes. They can also be
interpreted as particular approximations of exponential-Adams multistep methods [23]. The rest of the paper is organized
as follows. In Section 2, we first recall the standard continuous and the symmetric interior penalty (IP) DG finite element
discretizations of the second-order damped wave equation; there, we also rewrite the damped wave equation as a first-
order hyperbolic system and recall its nodal DG formulation. Starting from the Adams-Bashforth multi-step schemes, we
then derive in Section 3 an LTS approach of arbitrarily high accuracy. When combined with a finite element discretization
in space with a diagonal mass matrix, the resulting time-marching schemes remain fully explicit. Finally in Section 4, we
present numerical experiments in one and two space dimensions, which validate the theory and underpin both the stability
properties and the usefulness of these Adams-Bashforth LTS schemes.

2. Finite element discretizations for the damped wave equation

We consider the scalar damped wave equation

Ug +our —V-(®Vu)y=f inf2 x (0,T),
u(-,t) =0 onods2 x (0,T), (1)
u(-, 0) = uo, u(-,0) =vo in £,

where 2 is a bounded domaininR¢, d = 1, 2, 3. Here, f € L2(0, T; L?(£2)) is a (known) source term, while ug € H(} (£2) and
v € L?(£2) are prescribed initial conditions. At the boundary, 92, we impose a homogeneous Dirichlet boundary condition,
for simplicity. The damping coefficient, 0 = o (), is assumed non-negative (o > 0) whereas the speed of propagation,
¢ = c(x), is piecewise smooth and strictly positive (c(x) > ¢ > 0).

We shall now discretize (1) in space by using any one of the following three distinct FE discretizations: continuous
(H'-conforming) finite elements with mass lumping, a symmetric IP-DG discretization, or a nodal DG method. Thus,
we consider shape-regular meshes 7}, that partition the domain £2 into disjoint elements K, such that 2 = Uke, K.
The elements are triangles or quadrilaterals in two space dimensions, and tetrahedra or hexahedra in three dimensions,
respectively. The diameter of element K is denoted by hyx and the mesh size, h, is given by h = maxgeg, hx.

2.1. Continuous Galerkin formulation

The continuous (H'-conforming) Galerkin formulation of (1) starts from its weak formulation: find u € [0, T] — H(} (£2)
such that

(U, @) + (U, @) + (cVu, cVe) = (f,9) Vo € Hy(£2), t € (0,T),

(2)
u('! O) = Ug, uf('v 0) = Vo,
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where (-, -) denotes the standard L? inner product over £2. It is well-known that (2) is well-posed and has a unique
solution [24].

For a given partition 7; of £2, assumed polygonal for simplicity, and an approximation order ¢ > 1, we shall approximate
the solution u(-, t) of (2) in the finite element space

V= {p € Hy(2) : ¢lx € 8" (K) VK € T},

where $¢(K) is the space $¢(K) (for triangles or tetrahedra) or @¢(K) (for quadrilaterals or hexahedra). Here, we consider
the following semi-discrete Galerkin approximation of (2): find u" : [0, T] — V" such that

Wh, @) + (oul', @) + (cVu", cVo) = (f,9) Vo eV te(,T),

h h (3)
u ('» O) = Hhu07 ut ('5 O) = HhU0~

Here, IT, denotes the L>-projection onto V.
The semi-discrete formulation (3) is equivalent to the second-order system of ordinary differential equations

Mdz—ut)—i—M d—U(t + KU(t) = F(t t 0, T
2 (0 + M, (1) + KU®D) =F(D), e (.T).

du
MU®©O) =u}, M E(O) =

Here, U denotes the vector whose components are the coefficients of u" with respect to the finite element basis of V;,, M the
mass matrix, K the stiffness matrix, whereas M, denotes the mass matrix with weight o'. The matrix M is sparse, symmetric
and positive definite, whereas the matrices K and M,; are sparse, symmetric and, in general, only positive semi-definite. In
fact, K is positive definite, unless Neumann boundary conditions would be imposed in (1) instead. Since we shall never need
to invert K, our derivation also applies to the semi-definite case with purely Neumann boundary conditions.

Usually, the mass matrix M is not diagonal, yet needs to be inverted at every time-step of any explicit time integration
scheme. To overcome this difficulty, various mass lumping techniques have been developed [3,25-27], which essentially
replace M with a diagonal approximation by computing the required integrals over each element K with judicious
quadrature rules that do not affect the spatial accuracy [28].

2.2. Interior penalty discontinuous Galerkin formulation

Following [8] we briefly recall the symmetric interior penalty (IP) DG formulation of (1). For simplicity, we assume in
this section that the elements are triangles or quadrilaterals in two space dimensions and tetrahedra or hexahedra in three
dimensions, respectively. Generally, we allow for irregular (k-irregular) meshes with hanging nodes [29]. We denote by S,f
the set of all interior edges of 73, by 6’,;@ the set of all boundary edges of 73, and set &, = 8,f U 8,;8. Here, we generically refer
to any element of &, as an “edge”, both in two and three space dimensions.

For a piecewise smooth function ¢, we introduce the following trace operators. Let e € 8,f be an interior edge shared by
two elements K* and K~ with unit outward normal vectors n*, respectively. Denoting by v the trace of v on 9K taken
from within K*, we define the jump and the average on e by

lel =¢*'n"+9on", o} =" +¢)/2.

On every boundary edge e € 8,?, we set [[¢]] .= ¢n and {¢}} ;= ¢. Here, n is the outward unit normal to the domain
boundary 952.

For a piecewise smooth vector-valued function ¥, we analogously define the average across interior faces by {¢}} :=
(¥t + ¥7)/2, and on boundary faces we set {{#}} := ¥. The jump of a vector-valued function will not be used. For a
vector-valued function ¥ with continuous normal components across a face e € &, the trace identity

" (n*-y*)+o" (n"-y7) =[] (¥} one,
immediately follows from the above definitions.

For a given partition 7 of £2 and an approximation order £ > 1, we wish to approximate the solution u(t, -) of (1) in the
finite element space

V= {p € [*(2) : ¢lx € 8°(K) VK € T},
where $¢(K) is the space #*(K) of polynomials of total degree at most £ on K if K is a triangle or a tetrahedra, or the space
@*(K) of polynomials of degree at most £ in each variable on K if K is a quadrilateral or a hexahedral. Thus, we consider the
following (semidiscrete) DG approximation of (1): find u” : [0, T] — V" such that

(uf, 9) + (ouf, @) + @, ) = (f,9) VeV, t€(0,T),

(4)
u'(-,0) = My,  ul'(-, 0) = Myvo.
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Here, [T, again denotes the [>-projection onto V" whereas the DG bilinear form ay (-, -), defined on V" x V", is given by

/[[u]] {?Vol} da=>" [lgl - {{c* Vu}} da

ecgp Ve

ap(u, @) = /C Vu-Vedx —

KeTp ecéy

/a[[u]] [l dA. (5)
ee&h

The last three terms in (5) correspond to jump and flux terms at element boundaries; they vanish when u, ¢, € H(} £2)N

HY™(Q) form > % Hence, the above semi-discrete DG formulation (4) is consistent with the original continuous
problem (2).

In (5) the function a penalizes the jumps of u and v over the faces of 7;. To define it, we first introduce the functions h
and c by

= [min{hK‘th—}» ec &y, () = {max{c|,<+(x),c|,<—(x)}, ecéf,
S P ec &l T ek, ecgr.

Then, on each e € &, we set
al, ;= ac*h, (6)

where « is a positive parameter independent of the local mesh sizes and the coefficient c. There exists a threshold value
Omin > 0, which depends only on the shape regularity of the mesh and the approximation order £ such that for « > o, the
DG bilinear form ay, is coercive and, hence, the discretization stable [30,31]. Throughout the rest of the paper we shall assume
that @ > apmin SO that the semi-discrete problem (4) has a unique solution which converges with optimal order [8,9,32,33].
In [8,33], a detailed convergence analysis and numerical study of the IP-DG method for (5) with ¢ = 0 was presented.
In particular, optimal a priori estimates in a DG-energy norm and the [2-norm were derived. This theory immediately
generalizes to the case o > 0. For sufficiently smooth solutions, the IP-DG method (5) thus yields the optimal L2-error
estimate of order @ (h**1).
The semi-discrete IP-DG formulation (4) is equivalent to the second-order system of ordinary differential equations

d’u du
M F(t) + M, I —(t) + KU(t) =F(t), te(0,T),
h du h
MU©) =u5,  M—-(0) = vg.
Again, the mass matrix M is sparse, symmetric and positive definite. Yet because individual elements decouple, M (and M, )

is block-diagonal with block size equal to the number of degrees of freedom per element. Thus, M can be inverted at very
low computational cost. In fact, for a judicious choice of (locally orthogonal) shape functions, M is truly diagonal.

2.3. Nodal discontinuous Galerkin formulation

Finally, we briefly recall the nodal discontinuous Galerkin formulation from [10] for the spatial discretization of (1)
rewritten as a first-order system. To do so, we first let v := u;, w := —Vu, and thus we rewrite (1) as the first-order
hyperbolic system:

ve+ov+V-(®w) =f inR x(0,7T),
w;+Vv=0 inf x (0,T),
v(-,t) =0 ondf2 x (0,T),
v(-, 0) = vy, w(-,0) = —Vuyy in£2,

or in more compact notation as
q+Xq+V-F(q =S, (8)

with q = (v, w)T. Following [10], we now consider the following nodal DG formulation of (8): find q" : [0, T] — V" such
that

@, )+ (g ¥) + 0@, ¥) =6, ¥) VyeV, te@©T. 9)
Here V" denotes the finite element space

={y e 2()"" : ylx € S W) VK € T3}
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for a given partition 73, of £2 and an approximation order £ > 1. The nodal-DG bilinear form @y (-, -) is defined on V" x V" as

wan =Y [ r@ va-Y [@F@-o-r@) v
K

KeTh ecép Ve

where (n - £(q))* is a suitably chosen numerical flux in the unit normal direction n. The semi-discrete problem (9) has a
unique solution, which converges with optimal order in the L?>-norm [10].
The semi-discrete nodal DG formulation (9) is equivalent to the first-order system of ordinary differential equations

MC:T?(I) +M, Q(t) +CQ(t) =F(t), te(0,T). o

Here Q denotes the vector whose components are the coefficients of q" with respect to the finite element basis of V" and
C the DG stiffness matrix. Because the individual elements decouple, the mass matrices M and M,, are sparse, symmetric,
positive semi-definite and block-diagonal; moreover, M is positive definite and can be inverted at very low computational
cost.

3. High-order explicit local time-stepping

The H'-conforming and the IP-DG finite element discretizations of (1) presented in Section 2 lead to the second-order
system of differential equations

MdZU(t)+M dU(t)—H(U(t)—O te(0,T) (11)
dt2 0 dt - ’ ) )
whereas the nodal DG discretization leads to the first-order system of differential equations
dQ
ME(U + M, Q(t) +CQ(t) =0, te(0,T). (12)

In both (11) and (12) the mass matrix M is symmetric, positive definite and essentially diagonal; thus, M~! or M~ can be
computed explicitly at a negligible cost; for simplicity, we restrict ourselves here to the homogeneous case, i.e. F(t) = 0.

If we multiply (11) by M‘%, we obtain

d’*z

dz
—(t)+D—(t)+Az(t) =0, 13
(D +D—(0) + AzZ(D) (13)
with z(t) = M%U(t), D = M’%MU M~2 and A = M’%KM’%. Note that A is also sparse and symmetric positive semi-
definite. Thus, we can rewrite (13) as a first-order problem of the form

dy .
2O =By (14)

dz ! 0 I
y(t) = <Z(t), E(t)> , B= <—A —D) .

Similarly, we can also rewrite (12) as in the form (14) with y(t) = Q(t) and B = M~! (=M, — C). Hence all three distinct
finite element discretizations from Section 2 lead to a semi-discrete system as in (14).

Starting from explicit multi-step Adams-Bashforth methods, we shall now derive explicit local time-stepping schemes
of arbitrarily high accuracy for a general problem of the form

with

dy
a(t) =By(t), te (0,T). (15)

3.1. Adams-Bashforth methods
First, we briefly recall the construction of the classical k-step (kth-order) Adams-Bashforth method for the numerical

solution of (15) [34]. Let t; = iAt and y,,¥n—1,---,Yn—k+1 the numerical approximations to the exact solution
y(ty), - .., ¥(ta_r+1)- The solution of (15) satisfies

t+EAL
y(tn + §AL) = y(tn) +/ By(t)dt, 0<§& =<1 (16)
tn
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Table 1
Coefficients y;(£) for the explicit Adams-Bashforth methods.

J 0o 1 2 3
(&) & 1g? lea 12 letgleyle

Table 2
Coefficients for the k-th order Adams-Bashforth methods.
o) o oy o3
k=2 3 -3 0 0
k=3 B -5 2 0
k=4 % -% % -3

We now replace the unknown solution y(t) under the integral in (16) by the interpolation polynomial p(t) through the
points (t;,y;), i=n—k+ 1, ..., n.Itis explicitly given in terms of backward differences

voyn = ¥n, Vj_HYn = ijn - ij:v1
by

k—1
P(t) = p(ty +sAD) = Y _(~1Y (_]S) Viy,.
Jj=0

Integration of (16) with y(t) replaced by p(t) then yields the approximation y,z of y(t, +£At), 0 <& <1,

k—1

Voie = Yo+ AB Y y(6)Viy,, (17)
j=0

where the polynomials y;(§) are defined as

e
we = [ () e

They are given in Table 1 for j < 3. After expressing the backward differences in terms of y,_; and setting § = 1in (17), we
recover the common form of the k-step Adams-Bashforth scheme [34]

k—1

Vi1 =Yn+ ABY  oyn . (18)
=0
where the coefficients o, j =0, ..., k — 1 for the second-, third- and fourth-order (k = 2, 3, 4) Adams-Bashforth schemes

are given in Table 2. For higher values of k we refer to [34].

3.2. Adams-Bashforth based LTS

Starting from the classical Adams-Bashforth methods from Section 3.1, we shall now derive LTS schemes of arbitrarily
high accuracy for (15), which allow arbitrarily small time-steps precisely where small elements in the spatial mesh are
located. To do so, we first split the unknown vector y(t) in two parts

y(t) = (I = P)y(t) + Py(t) = y'*l(t) +yI™(p),

where the matrix P is diagonal. Its diagonal entries, equal to zero or one, identify the unknowns associated with the locally
refined region, where smaller time-steps are needed. Hence P corresponds to a discrete partition of unity of the degrees of
freedom associated with V.

The exact solution of (15) again satisfies

ta+EAL
Yo+ a0 =y + [ B0 £y 0) de, 0<g < (19)
th

Since we wish to use the standard k-step Adams-Bashforth method in the coarse region, we approximate the term in (19)
that involves y©@*¢l(t) as in (16), which yields

k=1 _ tn+EAL
Y+ EAD Xy, + ABA-P Y @iy, + [ BV (20)
j=0 tn
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Table 3
The polynomial coefficients ¥;(&).

j 0o 1 2 3
y& 1 & 124l ledplerqls

To circumvent the severe stability constraint due to the smallest elements associated with ytinel(t), we shall now treat
ylfirel (¢) differently from yl<°s¢}(¢t) and instead we approximate the integrand in (20) as

taHE AL At
/ BPy(t) dt ~ / BPy(7) dr,
tn 0

where y(7) solves the differential equation

7(” =B(I—P) Z Vi ( ) Viy, + BPY (1),

y(O) = Yn»

with coefficients

~ d — Ry
vi(€) = @/j@) & <( 1)’/ ( ].S> dS) = (—U’( jg)- (22)

The polynomials %;(§) are given in Table 3 for j < 3. Replacing y(t) by y(t) in (20), we obtain

k—1

) EAL
V(tn +EAD Xy, + ALBA—P) Y y(6) Viy, + / BPY(7) dr. (23)
0

=0

By considering (21) in integrated form, we find that

EAL T ) EAL _
y(EAt) = y(0) +BA—P) Z (f Vi ( ) dr) Viy, +/ BPY(7) dt
0

k—1 ) EAL
=Y¥n+ AtBA—P) Z Y(EVy, + / BPY(7) dr. (24)
i=0 0

From the comparison of (23) and (24) we infer that
y(tn + EAL) A Y(EAL).

Thus to advance y(t,) from t, to t, + At, we shall evaluate y(At) by solving (21) on [0, At] numerically. We solve (21) until
T = At again with a k-step Adams-Bashforth scheme, using a smaller time-step At = At/p, where p denotes the ratio of
local refinement. Form = 0, ..., p — 1 we then have

k—1 k—1 k—
v(m+l)/p = vm/p + AT B(l — P) Z()lg Z 7 < ) ijn + At BPZ“[Y(m D/ps (25)
=0  j=0 £=0
where ay, £ = 0, ...,k — 1 denote the coefficients of the classical k-step Adams-Bashforth scheme (see Table 2). Finally,
after expressing the backward differences in terms of y,,_,, we find
k—1 k—1
Ymt+1)/p = Ymp + ATB(I—P) Z Bm.e Yn—e + AT BPZW Ym-pp, m=0,....,p—1, (26)
=0 =0
where the constant coefficients 8, ¢, m=0,...,p—1, £ =0, ...,k — 1, satisfy

k—1 k—1 ] m—i
Bre= Y aiy (=1 (5) % ( ) : (27)
i=0  j=t p

with ¥; defined in (22).
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In summary, the LTS-ABk(p) algorithm computes y,1 =~ y(t, + At), given ¥n, ¥n—1, - - - » Yn—k+1, BA — P)¥n_1, - ..
B(I — P)y;_ky1and Py, _1/p, PYn_2/p, . . ., PYn_(—1)/p as follows:

LTS-ABk(p) Algorithm

1. Set% = yn,’y,g/p = Pyn,({/p, L=1,..., k—1.
2. Setw, , =BUI—-P)y, ¢, £=1,...,k—1.

3. Compute w, := B(I — P)y,.

4, Form=0,...,p— 1, compute

- N At k=1 At k=1 -
Yonrvy/p = Ympp + — Z Bm.c Wn—¢ + —BP Zaz Yn—i/p-
P ‘= P =
5. Set Y41 == V1.

Steps 1-4 correspond to the numerical solution of (21) until t = At with the k-step Adams-Bashforth scheme, using the
local time-step At = At/p.ForP = 0orp = 1, thatis without any local time-stepping, we thus recover the standard k-step
Adams-Bashforth scheme. If the fraction of nonzero entries in P is small, the overall cost is dominated by the computation
of wy, in Step 3, which requires one multiplication by B(I — P) per time-step At. All further matrix-vector multiplications
by BP only affect those unknowns that lie inside the refined region, or immediately next to it; hence, their computational
cost remains negligible as long as the locally refined region contains a small part of £2.

3.3. Examples of LTS-ABk(p) schemes

We have shown above how to derive LTS-ABk(p) schemes of arbitrarily high accuracy. Since the third- and fourth-order

LTS-ABk(p) schemes are probably the most relevant for applications, we now describe in detail the LTS-ABk(p) schemes for
k=3,4andp = 2.

For k = 3 and p = 2, we find from (25) and (26) for the first half-step of size At = At/2 that

~ ~ At - - - ~ ~
Vi =Yo+ —-BU—P) |:0l0(7/0(0)V0Yn + 71(OV'y, + 72(0)V2yy) + a1 (7o(—1/2)VOy, + Y1(—=1/2)Vy,

~ ~ ~ ~ At ~ ~ ~
+72(=1/2)V2ya) + (o (=) V' + yl(—l)vlynm—l)vzyn)} + 5B acYo + ¥ + a1

At At ~
=yn+ 73(1 -P) [,BO.OYn + Bo,1¥n—1 + ﬂO,ZyrHZiI + TBP[(XOYn +o1y-12 + azYnfl]
with

Boo = ap {70(9) + % (Ol+ 372(0)}j' o {(Yo(=1/2) + ¥1(=1/2) + Y2 (=1/2)}
+az {(Yo(=1) +1(=1) + (=1}

23 16 1 1 5 17
*{”0*0}‘*{1_’“}+E“_1+°}:*

12 12 2 8 12’
Bo.1 = 2o {=11(0) — 2%2(0)} + a1 {=Y1(—=1/2) — 295 (=1/2)} + ax {—=V1(—=1) — 2% (—1)}
23 16 [ 1 1 5 7
Zf{0+0}—f:f+ }+ {1+0} =——,

12 122" 4 12 12
8 %(0) % (=1/2) (=1 23 0 16 1 5 0 2
= + — + —-1)=—-0— —{—— — 0= —.
02 0r2 RE 2y2 12 12 8 12 12

Next, we perform a second half-step thus completing the full step of size At:
~ ~ At ~ ~ ~ ~ ~
¥ = F12 + 5B P)[aoGo(1/2V% + 71(1/2)V'¥a + (/D V20 + e Go(O VY, + (O V'Y,
+72(0)V2yn) + a2 (o (—1/2) VO + 71(=1/2)V'y, + )72(—1/2)V2yn)]
At ~ ~ ~
+ TBPI:(XOYUZ + a1¥o + a2y71/2:|

~ At At ~ ~
=V + 73(1 - P)[ﬂLOYn + B1,1¥n—1 + 51,2Yn72] + 7”’[“03’1/2 + o1yn + azyq/z]
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Fig. 1. Illustration of the LTS-AB3(2) scheme in one space dimension.

with
Bro = ag {1709/2) + )71(112) + ?2(1/22} + a1 {(%(0) + 71(0) + %(0)}
+az {Yo(—1/2) + )/1( 1/2) + y2(=1/2)}

_ 2 1+1+3 {1+0+0}+5 1 v 1 _2
T 12 2 8 12 2 8| 12

i1 = ao{-y1(1/2) — 2)’2(1/2)} + a1 {=71(0) = 25%5(0)} + oy {—1(=1/2) — 2%5(—1/2)}

23 1 3 {o 0}+51+1—25
T 12| 2 4 1212 4 127

8 (1/2) + @20 + o (—1/2) = 2 121 10 g 2 [ 1 _ 8
12—0107/2 0!1)/2 052)/2 12 8 12' 2 s~ 12

Recall that the coefficients «¢ correspond to the standard coefficients of the Adams-Bashforth methods given in Table 2.
After simplification, the LTS-AB3(2) method then reads (see Fig. 1):

~ At 17 7 2 At 23 16 5

Vipg=¥nt *B(l -P) |:Yn - ¥ + 12Yn—zi| + ZBP|:12y" RV + 12Yn—1] ,
At 29 25 8 At 230 16 5

Vo1 =Y1=Yi2 + *B(l -P) [ — ¥ + ]ZYn—z] + 731’ [um/z G + 2Y 1/2:|

For the case with k = 4 and p = 2, similar calculations yield the LTS-AB4(2) scheme:

~ B(l P) 297 187 n 107 25
Vig = Yn+ 1923’n 192y:1 1 1923’ 192W 3

n AtBP 55 59 n 37 9 _

Yn 243’71/2 4Yn71 243’73/2
+ B(l P) 583 757 L 485 485 119

Vot1 = Vi —Y1/2 192 gzyn 1 192 192Yn—3

n AtBP 55~ 59 n 37 - 9

2 243!1/2 24Yn 243171/2 24Yn71 .

Other examples of LTS Adams-Bashforth schemes are listed in Table 4, where the coefficients of the schemes are given
for different values of k and p.

3.4. Accuracy of the LTS scheme

We now establish the accuracy of the LTS-ABk(p) scheme. To do so, we first recall that for k > 1, we have

k—1
o =1, (28)
]
j=0
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Table 4
Coefficients of LTS-ABk(p) schemes for k = 2,3,4andp = 2, 3, 4.
Scheme m Bm.o B, Bm,2 Bm,3
LTS-AB2(2) 0 2 -1 0 0
7 3
1 z -3 0 0
LTS-AB2(3) 0 z -1 0 0
9 3
1 3 -3 0 0
11 5
2 u -3 0 0
17 7 2
LTS-AB3(2) 0 Z -3 2 0
29 25 8
1 o - i 0
137 40 11
LTS-AB3(3) 0 b -2 5 0
203 136 41
1 108 108 108 0
281 256 83
2 08 ~ T 108 0
297 187 107 25
LTS-AB4(2) 0 = -5 = -
1 583 _ 757 485 _ 19
192 192 192 192
871 387 213 49
LTS-AB4(3) 0 &1 -8 4 - -3
1 1425 _ 1437 867 _ 207
648 648 648 648
2 2159 _ 2955 1917 _ 413
648 648 648 648
wherew;, j =0, ..., k—1are the standard coefficients of the k-ste ams-Bashforth scheme ; see Theorem 2.4in
h i, =0 k—1 the standard coeff ts of the k-step Ad Bashforth schi 18 Th 2.4in[34
for details. Next, we shall need the following identity.
Lemma 1. For k > 1and p > 2 we have
p—1
> Bme=poay. £=0.....k—1, (29)
m=0

whereag and B (£ =0, ..., k—1,m =0, ..., p— 1) correspond to the standard coefficients of the k-step Adams-Bashforth
scheme (18) and the coefficients of the LTS-ABk(p) scheme defined in (27), respectively.

Proof. The identity in (29) was verified by computer algebra for all k < 20 and p < 1000, which is sufficient for all practical
purposes. It probably holds for all values of kand p. O

We are now ready to establish the accuracy of the LTS-ABk(p) scheme (Algorithm 3.1).

Theorem 1. The local time-stepping method LTS-ABk(p) is consistent of order k.

Proof. For simplicity, we restrict ourselves to the cases k = 2, 3 and 4, as the extension to the general case k > 4 is
straightforward but cumbersome.

To prove the second-order consistency of LTS-AB2(p), we need to show that the local error y, 1 — Y(tay1) is O(AL3).
Since (26) with k = 2 and At = At/p holds forallm =0, ..., p — 1, we have that

N - At p—1 p—1
Yor1 = Y1 =Yo + ?B(I —P) Zﬂm,OYn + Zﬂm,lYn—l

m=0 m=0

m=0

At - = - ~
+ ?BP %oYp-1)/p + Z(Olo + Oll)ym/p +ary-1p |-

Next, we use thaty, =y, as well as (28) and (29) with k = 2. This yields

At - L gy -
Votr1 = Yo + At B —P) (a¥y + @1Yn—1) + ?BP <OZOY(p1)/p + Zym/p + Ol1Y1/p> . (30)

m=0

For = 0 and k = 2, we find from (21) and %;(0) = 0, j > 1, that
;’7(0) =B(I - Py, + pr(o) =By, = y/(tn)-
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Thus, we may expand 'im/p, m= —1,...,p — 1,in Taylor series as
~ ~ m ~ 2 m / 2
Ymp =Y(0) + > Aty (0) + O(ALY) =y, + > Aty (tn) + O(AL”). (31)

We now insert (31) into (30), replace y,_ by its Taylor expansion, use (28) with k = 2 and obtain after some simplifications
Vo1 =Y + AtBUA—P) (Vo — a1 ALY (ta) + O(AL)) + AtBP (y + C1 AtY (ta) + O(ALY)),

where

1 -Dp-2
G, =p2|:(10(p—1)+(p)(p)—0l11|

2

With the coefficients of the classical two-step Adams-Bashforth scheme oy = 3/2 and @y = —1/2, we note that

1
a1+el=z—pz[—pz+3(p—1)+(p—1)(p—2)+1]=o.

By differentiating (15), we thus find
/ 2 Atz /! 3
Vot1 =Yn + AtB (yn —ap Aty (ty) + O(At )) =y, + Aty (t) + Ty (tn) + O(AL),

which yields a local error of order O (At3).
For k = 3, we need to prove a local error of order @ (At#). Similarly to the derivation of (30), we now find

Vo1 = VYo + At B = P) (@oyn + a1¥n—1 + 2¥n—2)

m=0

At - - = - -
+ ?BP (OlOY(pl)/p + (2o +@1)¥p-2)p + Zym/p + (1 +a)y-1p + 0l2Y2/p> . (32)
Again, from (21) we have y'(0) = y'(t,). By differentiation of (21) and using Taylor expansions we also find

70 =BI-PY - 7/0)Viy, + Br¥(0) = B1— P (o= 201+ 332 + BBV
pr INRL n At \ 2 n n—1 2 n—2 n

=B(I— p)Ait (ALY (ta) + O(AL?)) + BPY (t,) =y (ta) + O(Al).

Thus, we deduce that

- m m? At?
Ym/p = Yn + > Aty (t,) + 7 73//(51) + o), m=-2,....,p—1.

By following similar arguments as for k = 2, we now obtain

A2
Vor1 = Yo + AtBI—P) (Yn — (o1 + 2a2) Aty (tn) + (@1 + 4ay) - y'(t) + @(Af3)>

1+ AtBP (yn + @1 ALY (t) + C; Ath Y/ (t) + O(At3)> : (33)
where
e = 1% |:ao(P— D+ (@ +a)(p—2)+ W — (o1 + ) —20!2]7
(P —2)(p—3)2p—5)

1
Gy = 3 |:0l0(P — 1’ + (o +a)(p—2)°"+ + (o1 + ) + 4012:| .

6

With the coefficients of the classical three-step Adams-Bashforth scheme oy = 23/12, ¢y = —16/12 and o; = 5/12, we
can easily verify that

1 1
O[]+2012+@1=0, —Ol1—40[2+@2=0, —6(1—2(12:5, Ol1+4062=§.
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Hence (33) reduces to

A2 A,
Y1 =Yn + ALY (t) + - y'(t) + - Y/ (ta) + O(ALY),

which completes the proof for the LTS-AB3(p) scheme.
The case k = 4 follows from similar arguments. For k = 4, we find from (21) with ¢ = 0 that ¥’ (0) = y'(t,) and by using
Taylor expansions that

> 1 /11 3 1 , /
y (0) =B - P)B Eyn ) Eyn—2 - §Yn—3 +BPy (0) = 3/ (t) + O(AD),

~ 1
yW(O) =B - P)rtz (2yn — 5Yn—1+4Yn—2 — ¥n-3) + BPyN(O) = y//(tn) + O(Ab).

This yields

~ m . m? A2, m? A, 4
Ym/pZYn+EAfY(fn)+p77y (fn)+p7?y (tn) +0(AtY), m=-3,...,p— 1. (34)

Next, we insert (34) into (26) with k = 4and At = At/p, replacey,_1, y»—2 and y,_s3 by their respective Taylor expansions,
use (28) and (29) with k = 4, and find after further simplifications

A2 AL? Att
Voi1 =Yn + ALY (t) + - y'(ty) + e v’ (t) + 4 v (ta) + O(AL),

which completes the proof for the LTS-AB4(p) scheme. O

4. Numerical experiments

Here we present numerical experiments that illustrate the stability properties of the above LTS methods, validate their
expected order of convergence and demonstrate their usefulness in the presence of complex geometry. First, we consider
a simple one-dimensional test problem to study the stability of the different LTS schemes presented above and to show
that they yield the expected overall rate of convergence when combined with a spatial finite element discretization of
comparable accuracy, independently of the number of local time-steps p used in the fine region. Then, we illustrate the
versatility of our LTS schemes by simulating the propagation of a plane wave as it impinges on a roof mounted antenna.

4.1. Stability

We consider the one-dimensional homogeneous damped wave equation (1) with constant wave speed ¢ = 1 and
damping coefficient o = 0.1 on the interval £2 = [0, 6]. Next, we divide £2 into three equal parts. The left and right intervals,
[0, 2] and [4, 6], respectively, are discretized with an equidistant mesh of size h®*¢, whereas the interval £2r = [2, 4] is
discretized with an equidistant mesh of size hi"® = h%3¢ /p_see Fig. 2. Hence, the two outer intervals correspond to the
coarse region whereas the inner interval [2, 4] to the refined region.

For every time-step At, we shall take p steps of size At = At/p inside the refined region £2;. In the absence of local
refinement, i.e,, p = 1, the mesh is equidistant throughout £2. Then, the LTS-ABk(p) algorithm reduces to the standard
k-step Adams-Bashforth method and we denote by Atag, the largest time-step allowed. For p > 2, we let At, denote the
maximal time-step permitted in the LTS-ABk(p) algorithm; clearly, we always have At, < Atag. When At, = Atag, the
LTS algorithm imposes no further restriction on At; we then call the CFL condition of the LTS scheme optimal. We shall now
evaluate numerically the CFL condition of the various LTS schemes from Section 3. To do so, we proceed as follows:

1. Set Atapy to the maximal At allowed for the equidistant mesh of mesh size h©°"™¢;

2. refine the equidistant mesh p times inside £2y;

3. determine the maximal time-step At, allowed by the LTS-ABk(p) method on the locally refined mesh and compare At,
with Atagg.

First, we consider a #' continuous FE discretization with mass lumping and combine it with the second-order
Adams-Bashforth scheme. We choose h®®¢ = 0.1 and rewrite the two-step Adams-Bashforth method as the one-step
method

y N/ I 3 AtB —AtB
M) = Capy "), G = + 2 D) .
yn Yn—1 1 0

It is stable if p(Capz) < 1, where p(Capy) denotes the spectral radius of the matrix Cpp, [34]. Progressively increasing At
while monitoring p(Cag;), we find that the maximal time-step allowed is Atag, = 0.0106 for p = 1. Next, we refine by a
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Fig. 2. One-dimensional example: the computational domain £2 = [0, 6] with the refined region £2; = [2, 4].

0 0.1 0203040506 070809 1
At/Atagr

0 01020304 0506070809 1
At/Atapz

Fig. 3. The classical AB2 and the LTS-AB2(2) schemes combined with $' continuous FE: the spectral radius of Cag, (left) and Cirs-ag2(2) (right) is shown
for varying At/ Atag;.

factor p = 2 those elements that lie inside the interval [2, 4], that is hi"® = 0.05, and set to one all corresponding entries in P.
Hence, for every time-step At, we shall take two steps of size At = At/2 inside the refined region with the second-order
time-stepping scheme LTS-AB2(2). To determine the stability of the LTS-AB2(2) scheme, we also rewrite it as a one-step
method:

Ci2

Yot W Ci Ci3
Vi2 | = Cirsame) | V-12 ), Cuseamee) = (€1 €2 Gz,
Yn Yn—1 I 0 0

with
C —I+3AB 1AtBP+3 At 2(BP)2+15 At ZBPB
Ty 4 s\ 2 8 \ 2 ’

Cpp = 1AtBP 3 (At 2(BP)2
2Ty a4\ 2 ’

Ci3= 1AB+1AtBP+3 At 2(BP)2 3 (At ZBPB
BT 2 g\ 2 s\ 2 ’

5 1 1 1 1
C21=I+§AB+§AtBP, C22=—ZAtBP, C23=—§AB+§AtBP.
The LTS—ABZ(Z) scheme is stable if,O(CLTS-ABZ(Z)) <1, where p(C]_Ts_ABZ(z)) denotes the spectral radius of the matrix CLTS—ABZ(Z)-

To determine the range of values At for which the LTS-AB2(2) scheme is stable, we compute the spectral radius of
Cirs-a2(2) for varying At. As shown in the right frame of Fig. 3, the spectral radius transgresses the stability threshold at
one for a time-step about 80% of Atag,. Thus, for all time-steps At < 0.8 Atagy, the LTS-AB2(2) scheme is stable; still, its
CFL condition is not optimal.

Next, we consider the third-order Adams-Bashforth scheme and combine it with a #2 continuous FE discretization with
mass lumping. We choose h®?¢ = 0.2, which yields the maximal time-step Atagz = 0.029 for p = 1. Again, we refine by
a factor p = 2 those elements that lie inside the interval [2, 4], that is hf® = 0.1. Hence, for every time-step At, we shall
take two steps of size At = At/2 in the refined region with the third-order LTS-AB3(2) scheme.

To study its stability properties, we again reformulate both the classical AB3 and the LTS-AB3(2) schemes as one-step
methods:

Ynt+1 Yn
Ynt1 Yn Vi V1
Vo ) =Cags | V-1, 2 | = Cus-ass) /

Yn Y1
Yn—1 Yn—2

Yn—1 Yoo
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Fig. 4. The classical AB3 and the LTS-AB3(2) schemes combined with £ continuous FE: the spectral radius of Cag3 (left) and Crrs-ag3(2) (right) is shown
for varying At/ Ataps.

and compute the spectral radius of Cags and Ci1s_ap3(2) for varying At. In the right frame of Fig. 4, we observe that the spectral
radius of Cirs-ag3(2) lies below one for all time-steps At < Atags. Hence, the LTS-AB3(2) scheme is stable up to the maximal
time-step allowed by the standard third-order Adams-Bashforth method on an equidistant mesh; therefore its CFL condition
is optimal.

Finally, to study the stability of the fourth-order LTS scheme, we consider a > continuous FE discretization with mass
lumping. Again, we choose h®®™¢ = 0.2, which now yields the maximal time-step Atags = 0.0099 for p = 1 and refine by
a factor p = 2 those elements that lie inside the interval [2, 4]. Hence, for every time-step At, we shall use the fourth-order
time-stepping scheme LTS-AB4(2) with At = At/2 in the refined region. After refomulating the AB4 and the LTS-AB4(2)
schemes as one-step methods

!n+l ~yn
Y1 Yn Yi2 Y-1,2
- Caga Yo , Il = Cirs-AB4(2) n-
Yn-1 Y2 Y12 Y32
\ () Yn-3 ynfl Y2
Y-3,2 Yn-3

we compute the spectral radius of Caps and Cirs-apa(2) for varying At/ Ataps. As shown in the right frame of Fig. 5, the spectral
radius of Cirs_apa(2) lies below one for all time-steps At < Atags. Thus, the LTS-AB4(2) scheme is stable up to the optimal
time-step.

So far, we have restricted the detailed numerical stability study of the LTS schemes to standard continuous FE
discretizations, where the accuracy of the spatial discretization matches that of the time discretization. We obtain similar
stability results, when the LTS-ABk schemes are combined with a k-th order IP-DG or nodal DG discretization in space. For
instance, as shown in the left frame of Fig. 6, the largest time-step allowed by the LTS-AB2(2) scheme when combined with
IP-DG $!-elements (o« = 5 in (6)) again is about 80% of Atag,. Similarly, the spectral radius of Cy1s-aB3(2), shown in the right
frame of Fig. 6 for varying At/ Atags, reveals that the LTS-AB3(2) scheme, when combined with IP-DG $?-elements (with
o = 12), is again stable for the optimal time-step Ataps.

Finally to illustrate the effect of o on the stability, we display in Table 5 the time-step ratio At,/Atag for varying o,
either with a conforming or an IP-DG finite element discretization for k = 2, 3, 4. We observe that the LTS-ABk methods
with k > 3 yield the optimal CFL condition independently of o. In fact, they can even be used for ¢ = 0, that is in the
undamped regime. In contrast, the LTS-AB2 scheme typically yields only about 80% of the optimal CFL condition and can
only be used if o > 0.

Remark 1. In summary, our numerical experiments for h = 0.1,0.2,1 < p < 13,and 0 < o < 10 show for a spatial
discretization with standard continuous, IP-DG or nodal DG finite elements:

o the maximal time-step At, allowed by the LTS-AB2(p) scheme is about 80% of the optimal time-step Atag, for o > 0;
o the CFL stability condition of the LTS-AB3(p) and LTS-AB4(p) schemes is optimal.

These numerical results suggest that the above two claims probably also hold for all other values of p, horo > 0.
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Fig. 5. The classical AB4 and the LTS-AB4(2) schemes combined with $3 continuous FE: the spectral radius of Cag4 (left) and Cirs-aac2) (right) is shown
for varying At/ Atapa.
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Fig. 6. The k-th order LTS-ABKk(2) scheme combined with IP-DG #*~!-elements: the spectral radius of Crrs-ask(2) With k = 2 (left) and k = 3 (right) is
shown for varying At/ Atapk.

Table 5
The LTS-ABk(2) scheme for k = 2, 3, 4 combined with #*~! continuous
FE or IP-DG £*~ ! elements: the ratio Aty / Atapy is shown for varying o.

o LTS-AB2(2) LTS-AB3(2) LTS-AB4(2)
Cont.FE IP-DG  Cont.FE IP-DG  Cont.FE IP-DG
0 - - 1.0 1.0 1.0 1.0
0.001 079 0.8 1.0 1.0 1.0 1.0
0.1 0.8 0.81 1.0 1.0 1.0 1.0
1 0.8 0.81 1.0 1.0 1.0 1.0
10 0.86 0.87 1.0 1.0 1.0 1.0
4.2. Convergence
We consider the one-dimensional homogeneous model problems (1) and (8) with constant wave speed ¢ = 1 and

at

damping coefficient o = 0.1 on the interval £2 = [0, 6]. The initial conditions are chosen to yield the exact solution
27 sin(uy)s (f\/ﬁ)

————ssin(wx)sin | =472 —0? ),

An? — o2 2

ou
v(x, t) = E(X’ t), w(x, t) = —Vu(x, t).

ux,t) =
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Fig. 7. LTS-AB2(p) error vs. h = h<®¥ for #! finite elements withp = 2, 5, 7.

Again, we divide 2 into three equal parts. The left and right intervals, [0, 2] and [4, 6], respectively, are discretized with an
equidistant mesh of size h*®¥'*¢, whereas the interval [2, 4] is discretized with an equidistant mesh of size hfi"® = pearse /p,
Hence, the two outer intervals correspond to the coarse region and the inner interval [2, 4] to the refined region. The first
k — 1 time-steps of each LTS-ABk(p) scheme are initialized by using the exact solution.

First, we consider a #! continuous FE discretization with mass lumping [25,27] and a sequence of increasingly finer
meshes. For every time-step At, we shall take p > 2 local steps of size At = At/p in the refined region, with the
second-order time-stepping scheme LTS-AB2(p). According to our previous results on stability from Section 4.1, we set
At = 0.8 - Atapy; note that Atap, depends on the mesh size. As we systematically reduce the global mesh size h®¢, while
simultaneously reducing At, we monitor the L? space-time error in the numerical solution |[u(-, T) — u"(-, T) ll;2(q) at the
final time T = 10. In frame (a) of Fig. 7, the numerical error is shown vs. the mesh size h = h®"¢: regardless of the number
of local time-steps p = 2, 5 or 7, the numerical method converges with order two.

We now repeat the same experiment with the IP-DG (o = 5 in(6)) and the nodal DG discretizations with & !-elements. As
shown in frames (b) and (c) of Fig. 7, the LTS-AB2(p) method again yields overall second-order convergence independently
of p.

Next, we consider the third-order LTS-AB3(p) scheme and combine it with any one of the three FE discretizations with
#2-elements. Thus, we expect all numerical schemes to exhibit overall third-order convergence with respect to the L>-norm.
We set At = Atags, the largest possible time-step allowed by the third-order Adams-Bashforth approach on an equidistant
mesh with h = h®¢ In Fig. 8 we display the space-time L2-errors of the numerical solutions at T = 10 for a sequence of
meshes and different values of p. The continuous FEM with mass lumping, the IP-DG method (with &« = 12) and the nodal
DG discretization all yield the expected third-order convergence.

Finally, to demonstrate the order of convergence of the fourth-order LTS-AB4(p) scheme, we consider again the
continuous FE or the two DG discretizations with $3-elements. Here, we set the penalty parameter « = 20 for the
IP-DG method and let At = Atagg, the corresponding largest possible time-step allowed by the Adams-Bashforth approach
of order four on an equidistant mesh with h = h%¥¢, We monitor the L?> space-time error in the numerical solution at
T = 10 for the sequence of meshes and different values of p. Again, the numerical results shown in Fig. 9 corroborate the
expected fourth-order convergence.
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Fig.8. LTS-AB3(p) error vs. h = h for # finite elements withp = 2, 5, 7.

Remark 2. We obtain similar convergence results for other values of p and ¢. In summary, we observe the expected
convergence of order k for the LTS-ABk(p) schemes, regardless of the spatial FE discretization and independently of the
number of local time-steps p and the damping coefficient o.

4.3. Two-dimensional example

To illustrate the usefulness of the LTS approach, we consider (1) in the computational domain §2, shown in Fig. 10: it
corresponds to an initially rectangular domain of size [0, 3] x [0, 1] from which the shape of a roof mounted antenna of
thickness 0.01 has been cut out. We set the constant wave speed ¢ = 1 and the constant damping coefficient c = 0.1. On
the boundary of £2, we impose homogeneous Neumann instead of Dirichlet conditions and choose as initial conditions the
vertical Gaussian plane wave

up(x,y) = exp (—(x — x)*/8%), forall (x,y) € £2,
vo(x,y) =0, forall(x,y) € 2,

centered about xo = 1.3 and of width § = 0.01.

For the spatial discretization we opt for £ continuous finite elements with mass lumping [3,25]. First, §2 is discretized
with triangles of maximal size h®"*¢ = 0.05. However, such coarse triangles do not resolve the small geometric features of
the antenna, which require hfi"® & h<°s¢ /7 as shown in Fig. 10. Then, we successively refine the entire mesh three times,
each time splitting every triangle into four. Since the initial mesh in 2 is unstructured, the boundary between the fine and
the coarse mesh is not well-defined. Here we let the fine mesh correspond to all triangles with h < 0.6 h“®™€ in size, i.e. the
darker (green) triangles in Fig. 10. The corresponding degrees of freedom in the finite element solution are then selected
merely by setting to one the corresponding diagonal entries of the matrix P (see Section 3.2).

For the time discretization, we choose the third-order LTS-AB3(7) time-stepping scheme with p = 7, which for every
time-step At takes seven local time-steps inside the refined region that surrounds the antenna (see Fig. 10). Thus, the
numerical method is third-order accurate in both space and time under the CFL condition At = 0.07 h®®*™¢, determined
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Fig. 10. The initial triangular mesh of the computational domain 2 (left); zoom on the “fine” mesh indicated by the darker (green) triangles (right). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

experimentally. If instead the same (global) time-step At was used everywhere inside §2, it would have to be about seven
times smaller than necessary in most of £2. As a starting procedure, we employ a standard fourth-order Runge-Kutta scheme.

In Fig. 11, snapshots of the numerical solution are shown at different times. The vertical Gaussian pulse initiates two
plane waves propagating in opposite directions. At t = 0.5, the right-moving wave impinges first on the antenna and
then on the tip of the roof. Multiple reflections occur as the lower part of the wave bounces back. Meanwhile, the upper
part of the plane wave has proceeded to the right without any spurious reflection between the coarse and the refined
regions.

5. Conclusion

Starting from classical Adams-Bashforth methods, we have presented explicit local time-stepping (LTS) schemes for
damped wave equations, which permit arbitrarily small time-steps precisely where the smallest elements in the mesh are
located. Thus, when combined with a spatial finite element discretization with an essentially diagonal mass matrix, the
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Fig. 11. Two-dimensional example: the solution is shown at times t = 0.4, 0.55, 0.71,0.82, 1 and 1.2.

resulting time-marching schemes are fully explicit. The general k-th order LTS scheme, denoted by LTS-ABK, is given by the
LTS-ABk(p) Algorithm in Section 3.2. As shown in Section 3.4, it is k-th order accurate in time. Thus when combined with
a spatial finite element discretization of order k — 1, the resulting numerical scheme yields optimal k-th order space-time
convergence in the L?-norm. The derivation of the LTS-ABk(p) algorithm immediately generalizes to the inhomogeneous
case with nonzero external forcing.

The LTS-ABk(p) scheme has been combined with three distinct finite element discretizations: standard H'-conforming
finite elements, an IP-DG formulation, and nodal DG finite elements. In all cases, our numerical results demonstrate that the
resulting LTS-ABk schemes of order k > 3 have optimal CFL stability properties regardless of the mesh size h, the global to
local step-size ratio p, or the dissipation o. For k = 2, however, the CFL condition is sub-optimal as the maximal time-step
allowed by the LTS-AB2 scheme is only about 80% of that permitted by the standard second-order Adams-Bashforth scheme
on an equidistant mesh. In contrast to the energy conserving LTS methods that were developed for the (undamped) wave
equation in [21], the LTS-ABk methods with k > 3 always achieve the optimal CFL condition without overlap of the fine and
the coarse region. In fact, they even do so in the undamped regime; hence, the LTS-ABk methods with k > 3 can even be
used when o vanishes locally or throughout £2, yet even in the absence of damping and forcing, they will not conserve the
energy.

Since the LTS methods presented here are truly explicit, their parallel implementation is straightforward. Let At denote
the time-step imposed by the CFL condition in the coarser part of the mesh. Then, during every (global) time-step At, each
local time-step of size At /p inside the fine region of the mesh, simply corresponds to sparse matrix-vector multiplications
that only involve the degrees of freedom associated with the fine region of the mesh. Those “fine” degrees of freedom
can be selected individually and without any restriction by setting the corresponding entries in the diagonal projection
matrix P to one; in particular, no adjacency or coherence in the numbering of the degrees of freedom is assumed. Hence the
implementation is straightforward and requires no special data structures.

In the presence of multi-level mesh refinement, each local time-step in the fine region can itself include further local
time-steps inside a smaller subregion with an even higher degree of local mesh refinement. The explicit local time-stepping
schemes developed here for the scalar damped wave equation immediately apply to other damped wave equations, such as
in electromagnetics or elasticity; in fact, they can be used for general linear first-order hyperbolic systems.
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