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Non-stiff narrow-stencil finite difference
approximations of the Laplacian on curvilinear
multiblock grids
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Abstract

The Laplacian appears in several partial differential equations used
to model wave propagation. Summation-by-parts—simultaneous ap-
proximation term (SBP-SAT) finite difference methods are often used
for such equations, as they combine computational efficiency with prov-
able stability on curvilinear multiblock grids. However, the existing
SBP-SAT discretization of the Laplacian quickly becomes prohibitively
stiff as grid skewness increases. The stiffness stems from the SATs that
impose inter-block couplings and Dirichlet boundary conditions. We
resolve this issue by deriving stable SATs whose stiffness is almost in-
sensitive to grid skewness. The new discretization thus allows for large
time steps in explicit time integrators, even on very skewed grids. It
also applies to the variable-coefficient generalization of the Laplacian.
We demonstrate the efficacy and versatility of the new method by ap-
plying it to acoustic wave propagation problems inspired by marine
seismic exploration and infrasound monitoring of volcanoes.

1 Introduction

Partial differential equations (PDEs) that feature the Laplacian include the
second order wave equation. For wave-dominated equations, high-order finite
difference methods are computationally efficient [9], assuming that the solu-
tion is smooth and the domain not too complex. Finite difference operators
with the summation-by-parts (SBP) property [11] lead to energy-stable dis-
cretizations when combined with suitable methods for imposing boundary
and interface conditions. Weak enforcement via simultaneous approxima-
tion terms (SATs) [3] has proven successful in a wide range of applications
[6, 23]. A key property of the SBP-SAT method is that it lends itself well to
curvilinear multiblock grids, which are necessary in most applications.
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For second order differential operators in general, narrow-stencil second-
derivative SBP operators [14] [I3] provide superior solution accuracy com-
pared to applying a first-derivative operator twice. As a rule of thumb, the
global convergence rate is one order higher [14] and the numerical dispersion
relation mimics the exact dispersion relation better for marginally resolved
modes [10]. Hence, we only consider narrow-stencil operators in this paper.
However, the gain in accuracy comes at the cost of more involved stability
analysis.

Key properties of the discrete Laplacian that guarantee energy stability
for hyperbolic problems are symmetry and negative semidefiniteness with re-
spect to a discrete inner product (see for example [I]). The current state-of-
the-art SBP-SAT discretization of the Laplacian was presented by Virta and
Mattsson [28], who were the first to derive a symmetric negative semidef-
inite discretization for Dirichlet boundary conditions on curvilinear multi-
block grids. However, as we demonstrate in Section [2, the spectral radius
of the discretization by Virta and Mattsson grows rapidly as grid skewness
increases. Hence, it forces explicit time integrators to use very small time
steps unless the grid is almost Cartesian. We here improve the method by
deriving a new discretization whose spectral radius is much less sensitive to
grid skewness. The two methods use the same SBP operators and differ only
in the SATs for Dirichlet boundary conditions and inter-block couplings. The
SATs for Neumann boundary conditions are identical.

Although we use the acoustic wave equation in two dimensions in the
numerical experiments, the new discretization is in no way specific to wave
equations or two dimensions. Rather, what we present is a symmetric and
negative semidefinite discrete Laplacian that may be used to discretize other
PDEs, for example the Schrodinger and heat equations. Furthermore, the
new discretization is presented for d spatial dimensions and applies to the
generalized Laplace operator V - b(Z)V.

This paper only considers weak enforcement of boundary and interface
conditions using SATs, but it is possible to combine SBP operators with
strong enforcement by, for example, injection [4] or ghost points [20] B1].
In fact, for certain classes of boundary and interface conditions, the ghost
point technique yields a significantly smaller spectral radius than SATs [31].
We stress that the purpose of this paper is not to find the finite difference
discretization of the Laplacian with the smallest possible spectral radius for
a given set of boundary conditions. Instead, the purpose is to improve the
general-purpose SBP-SAT framework by showing how to impose Dirichlet-
type boundary conditions and couple grid blocks with less stiffness than with
the existing SBP-SAT method.

The rest of this paper is organized as follows. Section Bl compares the
new method with the current state-of-the-art method by Virta and Mattsson
[28]. Sections 3 through 8 derive the new method and prove that it is sta-
ble. Section [0 demonstrates the efficacy of the new method by solving two



application problems inspired by marine seismic exploration and infrasound
monitoring of volcanoes.

2 Comparison with Virta and Mattsson, 2014.

This section presents the main result: the new method, derived in subsequent
sections of this paper, is significantly more efficient than the method in
Virta and Mattsson (VM) [28] when the grid is curved. To compare the
two methods, we will consider the second order wave equation with constant
coefficients and homogeneous Dirichlet boundary conditions,

i =Vu, e, (1)
u=0, 7 e o9.

For the spatial discretization we use diagonal-norm SBP operators [I3] of
interior orders ¢ = 2, ¢ = 4 and ¢ = 6. Near boundaries, the accuracy drops
to order ¢/2. As a rule of thumb, one typically observes global convergence
rates of order min(q, ¢/2+2) for the wave equation [22], but the convergence
rate can be both lower and higher in special cases [29] 30]. By the rule of
thumb, we expect convergence rates of orders 2, 4, and 5, respectively, in
this paper. The boundary conditions are enforced using either the VM SATs
or the new SATs.

Section 211 shows that the spectral radius of the discrete Laplacian (in-
cluding SATs) grows much faster with grid skewness with the VM SATs than
with the new SATs. This implies that the VM method requires smaller time
steps in explicit time steppers, or more iterations for convergence in implicit
time steppers combined with iterative solvers.

Section compares the two methods in terms of CPU time required to
satisfy a given error tolerance. For this comparison we use a mildly curved
multiblock grid on the unit disk and an explicit time stepper. Although
the VM method is slightly more accurate on a given grid, the new method
is significantly more efficient because it allows for much larger time steps.
In light of Section 2.1l we anticipate that a more skewed grid would only
increase the efficiency gap in favor of the new method.

2.1 Spectral radius as a function of grid skewness

Let Q' be the parallelogram domain depicted in Figure [[al By varying the
angle ¢, we obtain a family of parallelograms whose base and height are of
unit length and whose bottom and top boundaries are horizontal. The grid
lines are chosen to be equidistant and parallel to the domain boundaries.
For ¢ = 7/2, € is square and the grid is Cartesian. As ¢ decreases, grid
skewness increases. For the experiments in this subsection, we let the grid
consist of 31 x 31 points.
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Figure 1: (a) The parallelogram-type domain used to compare spectral radii.
(b) The spectral radii of the second order discretization matrices, normalized
so that the new method has radius 1 for ¢ = 7/2. The new method is much
less sensitive to grid skewness.

Discretizing () in space with the SBP-SAT method yields the semidis-
crete equation
i = Du. (2)

Using the VM SATs and the new SATSs derived in later sections of this
paper lead to different D matrices, Dyy and Dyey. Let p(D) denote the
spectral radius of D. Figure [l compares p(Dyn) and p(Dyey) for the
second order accurate discretizations, for 7/6 < ¢ < /2. The spectral radii
are normalized by p(Dpew) on the Cartesian grid given by ¢ = 7/2. The
new method has a smaller spectral radius for all ¢, but the difference is most
apparent for small . As ¢ decreases, the spectral radius of the new method
grows much more slowly than that of the VM method.

Figure [2 shows the spectral radii of the fourth and sixth order accurate
discretizations, which exhibit similar behavior.

2.2 Computational efficiency on a multiblock grid

We here let ' be the unit disk, in which case the model problem (I]) has
exact solutions

Uq,p(r, 0,t) = Jo(Br) sin af cos ft, (3)

where (r,0) are the polar coordinates, a € Z, J, is the order a Bessel
function of the first kind, and g is a root of J,. We set @« = 5 and
B = 22.2177998965612, which is the fifth nonzero root of Js. The result-
ing solution at time ¢ = 0 is shown in Figure Bal We use the multiblock grid
configuration in Figure Bbl We rewrite the semidiscrete system of equations
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Figure 2: The spectral radii of the fourth and sixth order discretization
matrices, normalized so that the new method has radius 1 for ¢ = 7/2. The
new method is much less sensitive to grid skewness.

as a first order system in time and use the classical fourth order Runge—
Kutta method to integrate until time ¢ = 1, where we measure the relative
¢? errors. To isolate the accuracy of the spatial discretization, we here use
the same time step for the two methods. Let the number of grid points in the
center block be m x m and define the reference grid spacing h = 1/(m — 1).
We here set At = 0.05h for both methods.
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Figure 3: (a) Exact solution at time ¢ = 0. (b) The multiblock grid configu-
ration used in the computations.

Figure [4a shows that the two methods converge with the same rates. The
VM method consistently yields the smaller error, which is clearly visible in
the sixth order case. For second and fourth order, the difference in error is
so small that the curves are nearly indistinguishable.



Of more practical relevance than the error as a function of grid spacing
is the CPU time required to satisfy a given error tolerance. To compare the
CPU times, we let both methods use the largest stable time step (determined
by eigenvalue computations). Since the new method has a smaller spectral
radius, it ends up using a significantly larger time step. For an example grid,
with the configuration in Figure and 41 x 41 grid points in the center
block, the time step ratios are

second order: Atyew/Atyym = 6.69,
fourth order: Atpew/Atyn = 6.46,
sixth order: Atyew/Atyv = 5.84.

(4)

Figure [4h] shows the errors as functions of CPU time. For a given order of
accuracy, the larger time steps allow the new method to reach the same error
level faster, even though the VM method is slightly more accurate on a given

grid.
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Figure 4: (? errors as functions of (a) grid spacing and (b) CPU time.

3 Notation conventions

We use the convention to sum over repeated subscript indices so that

d
UV = § Ui Vs,
i=1

where d denotes the number of spatial dimensions. The summation conven-

()

tion applies to inner products too, i.e.,

d
(s, 0) = 3 (w03 (6)

i=1
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For variable coefficients a(Z), we use the symbol a also in the discrete case,
which then is understood to denote a diagonal matrix with the values of
a(Z) on the diagonal. The outward unit normal 7 is regarded as a variable
coeflicient that takes non-zero values only at boundary points. In the discrete
setting, the value of n at edge and corner points varies with context. When
integrating over a face, n is understood to denote the unit normal to that
face even at edge and corner points.

4 Coordinate transformations

As a model problem that includes the Laplacian, we will consider the second
order wave equation,

att = 8mzbaxzu7 T e QI7 te [07 T]’ (7)
Lu=0, Fel’, telo, T],

where a > 0 and b > 0 are variable coefficients, IV = 9, and the linear
operator L represents well-posed boundary conditions. Introduce a one-to-
one mapping z; = ;(£1,...,&) from Q = [0, 1]% to Q. Let J be the
matrix with elements J;; = 0x;/0&;, and let J = det(J). Similarly, let
KCij = 0&;/0x;. By the chain rule,

O, = KijOg; . (8)
The following metric identities are well known (see [24]):
IKij0¢; = Og; TKij.- (9)
Using first (§) and then (@), we have
02,00, = Kij0e bK;;0¢, = %8&. JIC;ijbICi; 0k, - (10)
For convenience we introduce the notation
0; = Og;,  yjre = Kij J Ky (11)

It follows that
atl = Oy, b0y, u & Jaii = 0;0;;i1bOju. (12)

Henceforth, we will consider the transformed wave equation on the unit cube
Q:
Jaii = @amkbaku, Ee, te [0, T],

(13)
Lu =0, cel, telo, 1],

where I' = 99 and L is the transformation of L.



4.1 Integrals

We will use the L? inner product and norm:

(u,0)g = / wdD, [l = (u,u)g. (14)
Q
Similarly, we write
(u,0)p = / wdl,  [ul2 = (u,u)yp. (15)
T

Note however, that (-, ) is not an inner product but a bilinear form, and HH%
is not a norm but a semi-norm. Further, we define v such that dIV = vdI’
is the surface area element. With this notation, we have

(u’ U)Q/ = (u’ JU)Q (16)
and
(u7 U)I‘/ = (ufyv)l‘ : (17)

4.2 Normal derivatives

Let 7 = [n1,...,ny] denote the outward unit normal to €', and let v =
[V1,...,v4] denote the unit normal to Q. Using integration by parts, we
have

(u7aﬂciv)ﬂ’ = (uvniv)r‘/ - (axiuvv)ﬂ" (18)

By instead using the integration-by-parts formula in the reference coordi-

nates, we can also derive
(u, 0, 0) oy = (u, JOz,v) g = (u, JKi;0;v)

u, J’Cijl/j?})F — (GjJICiju, U)Q

= (u, JKijvjv)p = (JKijOju, v)q
= <u,’y£lC,~j1/jv> — (Og,u, JU)
Y r

J
= <u, —ICijVjv> — (O 1, )y -
Y g

where we used ([@). Since u and v are arbitrary in (I8) and (I9)), it follows
that the normal components are related through

J
ni:—ICiv». 20
K, (20)

=
=

(19)

Hence, the normal derivative on €’ can be expressed as

ou J Qjiik
afL == nlamlu == l/j ;ICUICmaku == I/j A

Ok u. (21)



5 Summation-by-parts operators

Consider finite-difference approximations of derivatives using an equidistant
grid that includes the boundary points of an interval [zy, x,]. In this paper,
we consider diagonal-norm SBP operators only. That is, the so-called norm
matrix H, has the structure

H, = hdiag(wy,...,ws,1,..., 1, ws,...,w1), (22)

where h denotes the grid spacing and the w; are positive dimensionless
weights. The first-derivative SBP operators D, =~ 0, have the property

H.D, +DIH, = —esel +e.el’  (no sums over z,¢,7), (23)
where
]T

er=[1,0,...,0]", e, =10,...,0,1]". (24)

The narrow-stencil second derivative operators D, (b) ~ 0,b0, derived in
[13] are based on the same norm matrix and have the property

H,D,.(b) = —DTH,bD, — Ry (b) — esbyel D, + e,b.el D,

(no sums over x,/,r),

(25)

where D, approximates the first derivative. Note that for the SBP operators
considered in this paper, D, # ]_533 If D, = ﬁm, then the SBP operators
D, and D,, are said to be fully compatible [15]. The difference between the
two first-derivative approximations will play an important role in the coming
stability analysis and we define

AD, =D, — D,. (26)

The SBP operators derived in [13] have D, that are accurate of order q/2+1,
i.e., one order higher than the boundary closure of D,. This implies that
AD,u is zero to order ¢/2 for all u that are restrictions of smooth functions
to the grid.

The matrix Rg,(b) is symmetric positive semidefinite and consists of
undivided difference approximations in such a way that uTRm(b)u is zero
to order ¢ [13].

5.1 Positivity properties
It follows immediately from ([22)) and (24]) that we have

H, = hdiag(0,ws, ... ,ws, 1,..., 1, ws,...,we,0)
+ hwiegel + hwieqel (27)

> hwlegegT + hwlereTT.
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We define 0y = w; and write

H, > hfgesel + hbperel (28)

T

or, equivalently,
u? Hyu > hop (el u)? + hfg(elu)?  for all u. (29)

Let x¢ ,, and x;,,, denote the myth grid points from the left and right
boundaries:

T my = Lo + (mb - 1)h7 LTrmy = Ty — (mb - 1)h (30)

Let bgmin and by min denote the minimum of b over the my leftmost and
rightmost grid points:

be min = min (b(xy),b(xe + h),...,0(xrm,))

31
by min = min (b(xy,m, ), b(Trm, +h),...,b(x,)). (31)

The SBP operators considered in this paper also satisfy the following posi-
tivity property, which is essential to the new method.

Lemma 1. The second-derivative SBP operators D,.(b) of orders two, four,
and siz, derived in [13], which can be decomposed as in ([25), all satisfy

u' Ry (b)u > hOrby min(ef ADyu)? + hORby min (el ADyu)? for all u, (32)
for some choice of my and the dimensionless constant O > 0.
Proof. See Appendix. O

A property similar but not identical to ([B2) was used in [5], to prove
stability for the elastic wave equation with block interfaces. Because (32)
has never before been used in the SBP-SAT literature, we have determined
the values of 8 numerically. We remark that 0z depends on m,;. We describe
how my is chosen and how 6g is computed in Appendix. Table [ lists the
values of all the dimensionless constants for the SBP operators used in this

paper.

O Or  mp
second order 1/2 1.0000 2
fourth order 17/48 0.5776 4
sixth order ~ 13649/43200 0.3697 7

Table 1: Values of 0y (exact), r (approximations, computed in Appendix)
and my,.
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5.2 Multi-dimensional first-derivative operators

Let operators with subscripts & denote one-dimensional operators corre-
sponding to coordinate direction &;. The multi-dimensional first derivatives
D; =~ 0; and D; = 0; are constructed using tensor products:

Di=Ig®lg® @I, @Dg @ @ I, (33)
Di:Iél®I€2®"'®I§¢71®B§z’®”'®[§d’ (34)

where the I¢; are one-dimensional identity matrices of appropriate sizes. In
analogy with the chain rule (§), we define

We further define the difference between the two first-derivative approxima-
tions:

AD; = D; — D;. (36)
The multi-dimensional quadrature is
H=H; ® - ®Hg,,. (37)

Let I';” and I‘;L denote the boundary faces where & = 0 and & = 1, respec-
tively. For integration over boundary faces, we define

Hr; = Heg @ -~ @ Hg \ @ Hey @+ @ He,,. (38)

Note that Hp, can be used to integrate over 'l as well as I'; .
For discrete integration over the volume, we write

(u,v)g,, =u"Hv. (39)

Let eg denote a restriction operator that picks out only those solution values
that reside on the boundary segment S. For discrete integration over the
face F;-F, for example, we write

T \T T
(u’v)rj,h = (eF:ru) Hpi(epjv). (40)
If the surface S is the union of several faces, S = F; U ... U F},,, we use the
convention that
(Wv)gp=V)p+-. .+ (V) 4, (41)
i.e., the integration is performed over one face at a time. If the integrand
contains the unit normal, its values at edges and corners are defined to be
the same as on the remainder of that face. As in the continuous case, we
define the norm and semi-norm

2 2
HuHQ,h = (u, u)Q,h’ HuHS,h = (u, u)S,h' (42)

With the notation established in this section, we have the discrete integration-
by-parts formula

(u, DibD]’V)Qﬁ = (11, VibDjV)F,h — (Diu, bD]’V)Qﬁ . (43)

11



5.3 Multi-dimensional narrow-stencil second-derivative op-
erators

For any fixed 7, we construct:
Di;(b) ~ 0;b0;, (44)

by using the one-dimensional operator D, for each grid line. This gives the
multi-dimensional SBP property for the second derivative,

HD“(b) - —DZTHbDZ — R“(b) — eFi_ bFz_ GI‘IZ:’* ﬁ@ + er‘z‘ﬁ bF;Fe?TLDia (45)

(no sum over 7).

The structure of R;;(b) in (43)) is important and requires a closer look. Let
R;i(b) be the operator that performs the action of R, (b) for each grid line
in direction ¢. Further, define

Hi:l§1®"'®l&—1®H§i®I§i+1®'”®I§m' (46)

Then, N
R;i(b) = H;lHRZ-Z-(b) (no sum over 7). (47)
The R;; matrices are symmetric positive semidefinite.

The property (@3] can be equivalently written as

D;; (b = (u, vbD; — (Dju, bD; —u’'R;(b)v,
(. Dubl¥)g = (w0Dv), | = (D bD¥)gy —w Rubv,

(no sum over i),

for all u and v.

5.4 Combining narrow-stencil derivatives and mixed deriva-
tives

Consider discretizing a term 0;b0;. Because we want to use narrow-stencil
second derivatives for the non-mixed second derivatives, the following nota-

tion will be useful: o
D;i(b), 1=7
D;;(b) = A . 49
]( ) { DibDj, 275] ( )

Combining the two integration-by-parts formulas (43]) and (48) leads to the
integration-by-parts formula

(u, Dij(b)v)glh =
(0, bD;V)p, — (Diw,bD;v) g i # ] (50)

(11, l/ﬂ)ﬁjV) — (Dill, bDjV)Q h UTRZ‘j(b)V, 1=17

)

12



5.5 Multi-dimensional positivity properties

To suppress unnecessary notation, we assume that the grid spacing in the
reference domain is h in each dimension (we stress that the analysis does not
rely on this assumption). It follows from (29]) that, for any fixed j,

2 2
[ullg,p, = ROm [lvully , - (51)
Using (51I)) we can derive
d d
1 1 h@
2 2 hbg
lallg, = 7 > g, = p Z hou |vjully ), = [ullf (52)
j=1 j=1
which we summarize as
hOg 9
lullg, = == llally,, - (53)

The multi-dimensional positivity property that follows from (32)) is

u? Ry;(b)u > haR‘

Vi binin AD; uH - (no sum over i), (54)

)

where b,,;, denotes the minimum of b over the m; grid points closest to the
boundary I' along each grid line. That is, to evaluate b, at a given grid
point on I', one needs to evaluate b at the m, first grid points on the same
grid line orthogonal to T
6 Continuous energy balance
We return to the transformed equation (I3]),

Jai = @aiﬂkbaku. (55)
The energy method, i.e. multiplying (B5) by @ and integrating over €2, yields

(@, Jaii)q = (1, 0jojikbOku) = (U, vivijirbOku) — (05, cvijirbOku),
= (’ll, I/jaijikbaku)r - (’Cijaj’ll, JICzkbaku)Q

= <Ql, bV]‘ aijik Bku> — (Icijajll, blczkaku)g/ (56)
Y I

ou .
= (u ban>rl — (ICijaju, blczkaku)ﬂ/

The volume integrals satisfy

(i, Jait)q

o v

2dt Qr

13



and

(K, Kigbd) oy = 5 Z |Vorom,
(58)
gdtZH”‘M ,
We define the energy &£ as
5——H\/_u o T ZH\/—&U%U‘ , (59)

which allows us to write (B6]) as
dé ou
— = a,b— . 60
dt (“ 8ﬁ>F, (60)

7 Semidiscrete energy balance

We discretize the transformed problem (I3]) in space as
Jau = Djk(aijikb)u + SAT, (61)

where SAT imposes the boundary conditions and will be specified later. The
discrete energy method amounts to multiplying (GI)) by u’ H from the left,
which leads to

(0, Jait)g j, = (0, Djg(aijixb)u)g , + 0" H(SAT). (62)
We have
(8, Jatt)o,, = thZH” th 2dtHf - (63)
The integration-by-parts formula (B0) yields
(a0, D (vjinb)u)g ), =
= Z <i1, l/kaikikbﬁku)r b + Z (il, Vjaijikaku)F,h
k T kA
— (Dj1, ajixbDyu) Zu Ryp(igirb)u
k
= (il, Vjaijl-kaku)nh — Z (ﬁ, ukaikikbADku)nh
P (64)
(’CZ]D 11 JblC,kau Zu Rkk azklkb)
k

= (il, Vjaijl-kaku)nh — Z (ﬁ, ukaikikbADku)nh
k

L (Sl S neon)
i ’ k

14



We define the discrete normal derivative Dy as

D =v; O‘;’f DY O‘f’;’“ ADy, (65)
k

and the discrete energy E as

1 .
E =3 |[Vai]

2 1 2 1
S ] VR RS o
i ’ k

so that the discrete energy rate reads

E
‘Z—t = (1,bDsu)p , + 0 H(SAT). (67)

By comparing (65]) with (2I]) and recalling that ADgu is zero to order ¢/2,
we conclude that Dy approximates 0/0n. Further, since the Ryj are pos-
itive semidefinite and u” Ry,u is zero to order ¢, the discrete energy E is
nonnegative and approximates the continuous energy £ defined in (B9]).

7.1 Enforcing Neumann boundary conditions

Homogeneous Neumann boundary conditions, i.e.,

(9u_
on

0, 7el, (68)

are energy-conserving for the continuous equation, c.f. (60). By inspecting
[67), we see that the discrete energy E will be conserved, and hence the
scheme will be energy-stable, if we can find a SAT that is consistent with
([68) and satisfies

u" H(SAT) = — (11, bDsu)p ), - (69)

Let F' denote the set of all faces, i.e. F' = {Pl_,...,P;,Pf,...,le'}. We
achieve (69) by setting

SAT = —H ™' " esyHeb(e] Dyu - 0). (70)
feF
7.2 Enforcing Dirichlet boundary conditions

Homogeneous Dirichlet conditions, i.e.,
u=0, TFel (71)

are energy-conserving for the continuous problem. As opposed to the case
with Neumann conditions, we cannot choose consistent SATs that make the
boundary terms in the energy rate vanish. Instead, we will show that a
slightly different energy Ep =~ E is conserved.
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General SATs of the form

SAT = H' > " BTepyHs(efu - 0) (72)
fer
lead to
u’ H(SAT) = (Ba,u)p, , . (73)

We set B = C — A, where A is symmetric. Inserting this ansatz in the
discrete energy rate (67)) yields

dFE . . .
E = (11, b‘Dﬁu)F’,h + (Cll, u)F’,h — (Au, u)F’J'L . (74)

For symmetry we will need
(Cil, U)F,7h f— (bDﬁu, u)F',h 9 (75)
which implies C' = bD;. We then obtain

dE . ) .
E = (u, bDfLu)F/’h + (bDﬁU, u)F’,h - (Au7 u)F’,h

q 1 (76)
=5 ((bDﬁu, u)mh ~3 (Au, u)F/,h> .

We now obtain the energy balance

dEp

— =0 7
) (77)

where )
Ep =E - (bDpu,u)p , + 5 (Au,u)p, - (78)

To prove stability, it remains to prove that we can choose A so that Ep is
a nonnegative quantity. Loosely speaking, we will need A to be sufficiently
positive. Note that Ep (just like E) is a high-order approximation of the
continuous energy £ because the boundary integrals are zero to the order of
accuracy due to the boundary condition.

To prove that Ep is nonnegative, we need to use the positivity of F.
Since the indefinite term in (78] is a surface integral, we shall bound E from
below by relevant surface integrals. The terms in F that stem from the
Laplacian are

1 2 1
: ’ k

Term 1 Term 2
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Applying the positivity property (G3]) to Term 1 yields
2 2
ZH\/BDmZu’ :ZH\/Jmeiu’
P Q' h Q.h
h@
T 2|V leuH o

(80)

hHH D%u

Now consider Term 2. To simplify the notation, we define
Nk = Qigikb  (no sum over k). (81)
Applying the positivity property (54)) yields

Do Rl > b 3 [ () AP
k

Using (80) and (82]), we obtain

2 2

Jb
2Ep > — —D,.u
Y

; ,,k )imin ADyu

' (83)

i

+ hHRZ
I'.h

—2(bDpu, ), + (Au,u)p

I'\h

Expanding the indefinite term (bDju,u)p 5, yields

(bDﬁU, u)F/,h =

(b (Vj S Dy — Z L ADk) u, u) =
Y A Y
I'.h
K (84)
(buj MDku, u> — Z ukn—kADku, u =
Y I'\h A Y

I'\h

bJ
( S Dy, u, VJICUu> — Z <an7kADku, 178 u)

I,k k

)

I'\h
We obtain

> , . v . 7
2Ep > (Au,u)p , + (yl, Y‘%)F',h + Zk: <Zk;a Zkzk)rgh ) (85)
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where

o ykICiku > 0 -1 y
L R
_ | wlu
2k = [VkADku (no sum over k), (87)
and
. m
= Y
7y = (88)
Nk hog (nk)mm
Y v

We need to choose A so that (Au, u)p, ;, compensates for the zero entries in
Y and Zk We make the ansatz

1 2
4= _Z |vk] (TH??k + TR ) ; (89)
V4 (

)min

where 7y g are penalty parameters that we have yet to choose. By noting
that

D vkl =0 vkl g = 0J D |vil KK = b Y viaCin i
k P p p

(90)
= bJV]‘ICZ'ij,CZ'k,
we can write
J 1 n?
A=b—TgvilC;iivip Ky + — ’I/k‘TR k. (91)
y TRy Zk: () min
We now obtain
2Ep > (i, Yy o + Y (2> Zk2k)p (92)
k
where
i Tk
~17 _bJ S Y
' [ﬁ he_H] o = " SNC)
Y Y
The matrices Y and Zj, are positive semidefinite if
d 1
TH 2 —— and TR 2> —— (94)

~ hly - h@R’

respectively. We have now proven the following theorem.
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Theorem 2. The scheme
Jau = Djk(aijikb)u + SAT, (95)
with

SAT = H™'> " (bDs) epyH(efu - 0)

fer
1 1 M T (96)
Y 2l (e ) e - 0),
rer k) 1k min
is stable if
1
(97)

> > —,
™M =00 TR g

In all simulations in this paper, we set 7y = d/(hfg) and 7 = 1/(hfR),
i.e., right on the limit of provable stability. The drawback to using larger
values of 77 g is that it increases the spectral radius.

We remark that the fundamental difference compared to the approach
of Virta and Mattsson [28] is that they did not utilize Lemma [I, and hence
not the positivity property (82]), which is a consequence of Lemma[Il Hence,
they were forced to use a larger SAT to prove that Ep is nonnegative, which
in turn caused the increase in spectral radius.

If the SBP operators D, and D,, are fully compatible, then AD, = 0
and hence AD; = 0, which implies that the scheme in Theorem [2 is stable
with 7 = 0.

8 Interfaces

Let I, denote the interface between two domains €/, and €. We use su-
perscripts v and v to denote variable coefficients that correspond to the two
different sides of the interface. We consider the problem

a'ti — 0y, 0" 0p,u =0, =€,

w [0, T

a’® — 0y,b%0,,v =0, £e€Q,, tel0,T], (98)
u—v=0, Fel’, te|0,T]

[0, T

0 o _ -
Vg + 005 =0, £ell, telo,

augmented with suitable boundary conditions. The system (O8] transforms
into .

JUa" i — Ojail; b Opu = 0, @;e Qu, tel0, T

JYa"% — 90, b"Okv = 0, ée Q,, te

u—v=0, £e€ly, te

b gL b AL =0, £y, telo, T).

]
]
]
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Define the energies

-3,

100
. (100)

u

+ % ZZ: H\/b—“@clu ’

1 2
EUZ§H a’v

(101)

+ % ; H\/b_vamﬂ) Z

Assuming energy-conserving boundary conditions, the energy method yields

d ou ov
. u v) — ! 5 b =~ ; s b’ N = U. 102

I

Theorem 3. The scheme
JUa" i — Djp (b )u = — H~!Aer,vHr, (e:FFIu — e:FFIV)
|
+ S H (0" DR) er, yHr,(er,u = er, V) (103)

1
- §H716[‘I’}/le (6%1 b Diu + e%l b’ Div),

JUa"V — Djp (s b")v = — H_lAepI’prI(elsz - elzlu)
1.
+ §‘H 1(bUD:A}L)T6FIryHFI (B%IV - 6%—‘]]‘1) (104)
1
- inleplprI (eab”D}’Lv + e%lb“D}fu),

where

1
vl + =
Z};( Vil "l v k77k>
+mzou—@f |%%W)>

(105)

is a stable discretization of ([Q9)) if

1

>4 > 1
™M= hoy TR dhog (106)

Proof. Define the discrete energies

2 1
E, H\/a“u . 2 Z H\/b“DgiuHQ/ h—i-iZuTRkk(a;‘kikb“)u (107)
ur? k
and
1 v v 2 1 T v U
E, = 3 H a’v o 2 Z Hvb ‘Qg,h+§zk:v Ry (0" v, (108)
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where

DY =K&D;, DY =K.D;. (109)
The discrete energy method yields
d . .
3 (Bu+ By) = (0" Diu)y , + (V0" Div)py ), (110)
+ SAT, + SAT,,
where 1
SAT, = — (At u—v)p, , + 5 (B"Dia,u—v)p ,
1
= 5 (@b Diu+ b"Div)p
X (111)
1
— 5 (00" Dju + " Div)py
and 1
SAT, = = (AV,v =)y, + 5 (0" DRV, v =)y,
1 (112)
=5 (V.0"Div + b Diu)py 4, -
Moving all terms in (I10) to the left-hand side yields
d
B =0, (113)
where
1 2 u
Er=FE,+FE,+ 5 H\/Z(u_ V)‘ o - (b Dju, u)F’I,h
! (114)

— (0°Div, V), + (0“Dju, vy, + (0°Div, u)F}7h] :

Note that the discrete energy Ej approximates the continuous energy &,
+ &, because the interface terms in (II4) would be zero if the interface
conditions were fulfilled exactly. It remains to show that EF; > 0. We start
by expanding the indefinite terms. By (84]) we have

1
(bDsu, w)py j, = (BDxu, viKiju)py ) — Z <;77kADkU, V/N) . (115)
k Il

where we have defined 8 = b%. Similarly, we have

1
(b“Diu, )y, = (8D, y;/c;;.u)mh = <W—un};ADku, y;;u> ,
k b
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(b”D%V,V)F}7h = (8"Dy,v,vjKi;v)

(0" D, v)p , = (8" DY u, KL v)

%
5

and

(b”D}’LV,u)F},h = (8D, v, viKiu) Z( MADEv, viu ) .
- b

The positivity properties (80) and (82) yield

2, >h’lzum L
+h6RZ )

I/k mm ADju

2

)

.k

and

28, >@ZH\/W ‘
\/7)”””AD v

2

.k

Using (O0), we can show that, for example,

1 by J,
D o Wilmit = S IV = B KK,

k
and hence
A=r1g (ﬁ“ LIC 1/}; ;‘k+ﬁ” ”IC )
V] nk e (77k)2
+7Tr Z < ’Y“ ( ) + ,}/v ( v) :
U min Mg min
Define
NERZeY [ v a ]
ﬂ”yUIC” 74k
”u”IC” vilv
Y = guyulc“ , 2k = “VZL” v (no sum over k).
1/5“D;‘iu l/,?ADku
i w/ﬁngiV ] _V]gADkV_

After some algebra we obtain

2E1 2 (v, Yyi)p, oy + Z (2hs Zh2k )1y
%

22

< —NyADgv, vy V>

< NeADgu, v)'v

)

I, ,h

)

.k

(116)

(117)

(118)

(119)

(120)

(121)



where

K 0 -t —3 0]
0 TH —TH 0 0 %
0 —T T 0 0 -1
—TH 0 0 TH 5 0
1 1 h6
-2 0 0 5 TF 0
S
and
_ ) ) _
(1) e () U
S C . ’ 0 T 0
2 2
(1) e (1) o
0 R I O ! ! S
0 TR (77%)2 TR (’7%)2 0 0 L
Zk: — 2 (n;“))mzn v (nZ)min 2
TR (77;)2 0 0 TR (77;)2 M 0
’Y“ (n;;)mzn ’Y“ (n;;)mzn 2“/“'
s i hOR (13t) o
£ 0 0 gl 0
— i PR (1) i
L 0 2,YU 271) 0 O ’YU ]

The matrices Y and Zj, are positive semidefinite if 77 > ﬁ and T > ﬁR,
respectively. ]

In all experiments with interfaces in this paper, we set 7y = d/(40p)
and 7r = 1/(46R), i.e., right on the limit of provable stability.

9 Applications

In this section we will use the new method to solve two application problems.
To choose the time-step without having to compute eigenvalues of the spatial
discretization we use the procedure described below.

Consider first a single-block grid. Let ¢ = \/b/—a denote the wave speed.
Let h; denote the grid spacing in the §;-direction in the reference domain.
We compute approximate physical grid spacings h; as

Ej — Z (jijhj)z no sum over 7, (123)
and define . -
h = min h;. (124)
J
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Note that both & and ¢ are non-constant on the grid, in general. Let G
denote the set of all grid points. We compute the time step At as

At = CFL x min h , (125)
yeg ¢ |,
=7

where C'F'L is a dimensionless constant that depends on the spatial order
of accuracy and the choice of time-integrator. For a multiblock grid, it only
remains to loop over all grid blocks and choose the smallest At suggested by
any block.

For the example applications in this section we use the classical fourth
order Runge-Kutta method with the C'F'L values listed in Table 2l The
numbers have been tuned to yield time-steps that are slightly smaller than
the largest stable time-step, for the grid configurations that we have tried.
While we cannot guarantee that these C'F'L values yield stability for every
possible grid, they should at least provide a reasonable starting point.

‘ second order fourth order sixth order
CFL | 0.5 0.35 0.27

Table 2: CFL numbers used in the classical fourth order Runge-Kutta time-
integrator in the application problems, for different orders of spatial accuracy.

9.1 Marine seismic exploration with ocean-bottom nodes

The Marmousi2 velocity model [12] is a fully elastic velocity model. It is
an extension of the acoustic Marmousi model [25] 26], which has become a
standard benchmark problem for seismic imaging and full waveform inver-
sion. Figure [ shows the P-wave speed ¢, in Marmousi2. The red line at
y = yr = —0.45 km marks the seafloor. Above the red line there is water, and
below the red line there is solid Earth. In this paper, we shall approximate

P-wave speed (m/s)
water y =1y = —0.45 km 4500
solid Earth 4000

3500
3000
2500

2000

1500

Figure 5: P-wave speed in the Marmousi2 velocity model. The horizontal red
line marks the fluid-solid interface at the seafloor.

the response of both ocean and solid as acoustic. The acoustic equations can
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be written on first order form as

avi

o | 20
K_l_p x; Vi =
9 + 0y, =G

where p is the pressure perturbation, v; is the particle velocity vector, p is
density, K is bulk modulus, and F; and G are source terms. The Marmousi2
dataset provides density p and P-wave speed c,. We set the bulk modulus
to be K = ,0012,, so that the wave speed in (I20) matches the P-wave speed
in the elastic model. Both p and K are spatially variable within the solid.
The system (I26) may be written as a second-order equation for p only:
0?p

Kﬁlw - 8x,p718a:,p =

oG 1
— —0... F;. 12
ot Oz, i (127)

In seismic exploration, one attempts to solve optimization problems of the
form [7, 27]

min M, (128)
p,K
where
T
1 -
M = 9 Z/wv,i(t) 03 (T, t) — vivdam(t”? d
0
. (129)
1 -
+3 / wp(t) [P(Fp,t) = Paata ()] dt,
0

and v; and p satisfy (I26) and appropriate boundary, interface, and initial

conditions. The data v; gqrq and pge are measured by geophones and hy-

drophones, respectively, at the locations &, and Z,. The weight functions

wy,; and w, may be used to window the signal in time. In practice one often

regularizes the optimization problem by minimizing M + S rather than M,

where S is a regularization term. In this paper, we set S = 0 for simplicity.
We introduce the residuals

V(1) = wy,i(t) (vi(Zv, 1) — Vi data(t))
p(t) = wp(t) (p(Tp, ) — Pdata(t)) -

As part of computing the gradient of M with respect to the material param-
eters, one may solve the adjoint equations [7} 27] for v;r and pf,

(130)

i
pa;’ + Ot = —0(T)O(E — Zy)
i , (131)
9 e
K5+ 050 = (i@ - 3,)
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where 7 = T —t is reverse time. Notice that the residuals v; and p appear as
singular source terms at the receiver locations. The second-order equation
for p! only is

1 0%pt

K or?
Notice that (I32) is of the form (), with added source terms. We use the
technique developed in this paper to discretize the operator 0, p*laﬁ. Pres-
sure and the vertical velocity component are continuous across the fluid-solid
interface. The horizontal velocity component, however, may be discontinu-
ous. To avoid differentiating across the discontinuity, we use two grid blocks:
one for the water and one for the solid Earth. Expressed in terms of pf, the
interface conditions are

op _ L
— By p 0y pt = a—f(T)a(f — &)+ i(r)0, p0(F — 7). (132)

i i

Pw — Ps =0, Yy =yr,
L Oph 1 0p) (133)

~ + A~ = 07 - )
Puw anw Ps (9ns Yy yr
where subscripts w and s denote water and solid sides, respectively. The
interface conditions are of the same form as those considered in ([@8)) and we
may use the interface discretization presented in Theorem [l

References [16, 21] describe how to discretize ¢ and 05,0. When using
qth order finite difference stencils in the interior, the discretizations of § and
0z, 0 satisfy ¢ and ¢ + 1 moment conditions, respectively. The distribution
Oy, 0 satisfies

(’U,Z‘, 8@‘,5(5} — fy))ﬂ/ - _axiui’f:fva (134)

for all smooth fields u;. Let wu; denote the restriction of u; to the grid.
A discrete approximation d;:i,fv ~ 0;,0(Z — @) is required to satisfy the
moment conditions [21]

(ui,d;hfv)ﬂ/,h = _amiui|f=fv, (135)

for all u; that are polynomials of degree less than or equal to gq. To solve
([I32), we actually need to consider moment conditions for d,, p~10(% — &,).
Integration by parts yields

(ui,a:vip_lé(f - fv))g/ = _p_lal'iui|f:fv' (136)
The moment conditions on d;i,fv,p_l ~ Oy, p 18(Z — 7,) are thus
(ui’d;iyfvyp_l)ﬂl7h = _pilal'iu”f:fv’ (137)

for all u; that are polynomials of degree less than or equal to g. Given d;i Z,
that satisfies the appropriate moment conditions, we note that we may set

d;’hf’vyp_l = p_l(fv)d;ufv’ (138)
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and satisfy the required moment conditions on d’ il Because we solve
the equations on second order form, no smoothness conditions are required.

The far-field boundaries are treated with super-grid-scale absorbing lay-
ers |2, [I7]. At the water surface, we impose the Dirichlet condition p = 0.
We use the classical fourth order Runge—Kutta method for time integration.

We attempt to set up simulations that are representative of the adjoint
equations in marine seismic exploration. Let W denote the Ricker wavelet

[18, [19] with peak frequency f centered at time tg, i.e.,
W (t) = (1 —2m2f2(t — tg)?)e ™ 1 (t=10)*, (139)

We choose f =5 Hz and tg = 0.2 s, and set
_ : dp
vi(1) = AW(r),i=1,2 and d—(T) = A,W (7). (140)
T

To illustrate the difference between the two different adjoint sources, we
run two separate simulations with only one active source in each. We place
the sources at the same location, but on opposite sides of the water-solid
interface. That is, we set 7, = [10.5 km, yI—] and T, = [10.5 km, y[—i—].

Let ¢g = 1500 m/s and pp = 1010 kg/m® denote reference values for
sound speed and density of water. We define non-dimensional pressures and
velocities as

t T
PP ALY 141
Ppa POAp’ Uz,nd Ap ) ( )
in the case of only hydrophone data, and
T2
T COPT T _ /Ui PoCy (142)

pnd_fAU7 Ui,nd_ fAv ’

in the case of only geophone data. Figure [6] shows snapshots of pL 4 Ccom-
puted with the fourth order (¢ = 4) spatial discretization. The left column
corresponds to having only hydrophone data (v; = 0, i = 1,2), and the right
column corresponds to having only geophone data (p = 0). The bottom
row shows space-time plots of pressure at the seafloor, on the ocean side
(y = yr+). Figure [7 shows the horizontal component of v;.r’n 4 in the same
way.
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Figure 6: Left column: Hydrophone data source. Right column: Geophone
data source. The top three rows show snapshots of pressure. The bottom row
shows space-time plots of pressure in the water at the seafloor, i.e., at y = y;+.
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Figure 7: Left column: Hydrophone data source. Right column: Geophone
data source. The top three rows show snapshots of horizontal velocity. The
bottom row shows space-time plots of horizontal velocity in the water at the
seafloor, i.e., at y = y;+.

Figures [0l and [ show that, despite placing the singular sources right
on the fluid-solid interface, there are no visible artifacts from the source
discretizations. Further, Figure [0l shows that the simulated pressure is con-
tinuous across the interface, as prescribed by (I33]). Because the interface
conditions are imposed weakly, the discrete pressure values on the two sides
of the interface are actually only equal to the order of accuracy, but this
small difference is not visible to the eye. Figure [l on the other hand, shows
that a discontinuity in the horizontal velocity component develops at the
interface. Despite the discontinuity, there are no signs of numerical artifacts
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arising from the interface treatment.

9.2 Resonant infrasound tones of Volcan Villarrica

In [§] it was demonstrated how infrasound can be used to track the surface
of the lava lake in the crater of Volcan Villarrica (Chile). The position
of the lava lake may in turn be used to forecast volcanic eruptions. The
nearest infrasound station is located about 4 km northwest of the crater. To
obtain a relevant crater topography we use a two-dimensional average of the
three-dimensional crater geometry in [8], see € [-173 m, 173 m] in Figure
8Dl The conduit, centered at x = 0 m, is approximated to have perfectly
vertical sides. Figure8alshows the full computational domain. Outside of the
crater region, we let the topography be described by a degree five polynomial
that approximately matches the elevation drop of the Villarrica mountain in
the northwest direction. We assume constant density p = 1kg/m3 in the

-5 -4 -3 -2 -1 1 2 3 4 5

0
x (km)

(a) Coarse grid, full domain

2800

y (m

(b) Finer grid, zoomed-in view of the crater region

Figure 8: (a) A coarse example grid, with only m = 3 grid points in the hor-
izontal direction inside the conduit. (b) A zoom on the crater region, showing
the m = 11 grid. The computations used m = 26.

atmosphere and introuduce the velocity potential ¢ such that
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We further approximate the sound speed ¢ = \/K/p as constant and set
¢ = 331 m/s. The acoustic equations (I26) with F; = 0, G = 0 are then
satisfied if

¢ — 20y,0,,0 = 0. (144)

The Laplacian in (I44) is discretized using the scheme developed in this
paper, and we choose fourth order accuracy (¢ = 4) in the numerical exper-
iments. We use the classical fourth order Runge-Kutta method for time-
integration. The far-field boundaries are again treated with super-grid-scale
absorbing layers [2| [I7]. The conduit walls and the mountain sides are mod-
eled as rigid walls, resulting in the boundary condition - 7 = 0. At the
conduit bottom we simulate movement of the lava lake by imposing the

boundary condition
_ (t—tp)?
v-n = —vge 207

(145)

with ) = 1 s and o = 0.13 s. The same boundary data were used in [g],
with the motivation that they include frequencies that are characteristic of
lava lake events.

We define a non-dimensional pressure as

Pnd = P (146)

pcvy
Figure [ shows snapshots of p,q. Figure [I0] shows space-time plots of p,q
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Figure 9: Snapshots of non-dimensional pressure p,q

at position x = 0, i.e., within and above the conduit. One can observe how
the initial pressure pulse, propagating upwards, is partly reflected at the
top of the conduit. Figure [[Tal shows the recorded pressure at the location
corresponding to the nearst infrasound station, for different conduit lengths.
Figure shows the corresponding frequency spectra. The longer the con-
duit, the lower the crater resonance frequency and the higher the quality
factor.
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-10

Figure 10: Space-time plot of pressure at horizontal position z = 0 m, i.e.,
within and immediately above the conduit. The dashed black lines mark the
top of the conduit (lower line) and the crater rim (upper line).
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Figure 11: (a) Pressure recorded at the nearest infrasound station, 4 km from
the crater. (b) Fourier amplitude spectrum of the time series in (a).

This simulation illustrates the benefits of the curvilinear multiblock finite
difference discretization. The method takes topography into account without
using staircasing, which might introduce artifacts. Further, it imposes the
solid wall boundary condition accurately and stably.

10 Conclusions

We have improved the SBP-SAT method for discretizing the Laplacian on
curvilinear multiblock grids in d dimensions. Compared to the previous
state-of-the-art method by Virta and Mattsson [28], the new method is sig-
nificantly less stiff, in particular when the grid is highly skewed. On a sim-
ple curvilinear multiblock grid for the unit disk, the largest stable time-step
when solving the wave equation with explicit time-stepping is approximately
6 times larger with the new method. Although the method by Virta and
Mattsson is typically slightly more accurate on a given grid, our numerical
experiments show that the new method is significantly more efficient in terms
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of CPU time required to achieve a given error tolerance. Further, our results
indicate that for more complex grids, which will inevitably contain highly
skewed grid cells, the time-step ratio will be even larger in favor of the new
method.

The difference compared to the method by Virta and Mattsson lies solely
in the SATs for Dirichlet boundary conditions and interface couplings. In
essence, the new method is less stiff because the SATs are smaller in magni-
tude. The reason we were able use smaller SATs and still prove stability is
the novel positivity property in Lemma [Il which was not used by Virta and
Mattsson.

To illustrate the usefulness of the new method, we have applied it to two
problems inspired by marine seismic exploration and infrasound monitoring
of volcanoes. The seismic exploration problem uses a Cartesian two-block
grid with a discontinuity in material parameters at the ocean floor, where the
ocean couples to the seabed. The numerical method handles both the fluid-
solid coupling and singular source terms (both ¢ functions and derivatives
of ¢ functions), placed right at the fluid-solid interface, without signs of
numerical artifacts. The volcano monitoring problem involves non-trivial
topography that requires a curvilinear multiblock grid. Again, the discrete
solution shows no sign of numerical artifacts.

MATLAB code that reproduces all figures in this paper is available at
https://bitbucket.org/martinalmquist/laplacian_curvilinear.
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Appendix: proof of Lemma (1

By construction, R,,(a) is linear in its argument so that, for all functions
a,b and scalars C,
Ryz(a+0b) = Ryp(a) + Ryy(b),

R;»(Ca) = CRyy(a). (147)

Further, R., is symmetric positive semidefinite in the sense that, for all
a(x) >0,
Ruz(a) = R (a) > 0. (148)

For detailed information about the structure of R, we refer to [13]. It
follows from linearity and positive semidefiniteness that if a(z) > b(zx), then

Ryp(a) = Ryg(b+a —b) = Rup(b) + Rus(a — b) > Ry (b). (149)
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Given grid endpoints z, and z,, we define cutoff points at the myth grid
point from the boundaries:

Tpm, = o+ (mp — )h, 2y, =z, — (mp — 1)h. (150)

Let by min and by i denote the minimum of b(x) over the my, leftmost and
rightmost grid points,

be min = min (b(xy),b(xe + h),...,0(xrm,))

. (151)
brmin = min (b(xy m, ), 0(Trm, + ), ..., b(z,)) .
Let x¢, denote the indicator functions
_ 1, < xpm, 0, <z,
we ={ o SSim @ =P IS sy

Assuming that there are at least 2mj grid points, then w/,,, < z,;,, and
hence, for all nonnegative functions b,

b(x) = b(x) (xe(x) + xr(x)) = b(x)xe(2) + b()xr (7)

> bgminXe(T) + by minXr (7). (153)
We thus have
Re2(b) 2 bgminRew (Xe) + brmin Raw (Xr) - (154)
To determine the constant 6z in the property
u” Ry (b)u > hOgbymin(ef ADgu)? 4+ hOrbymin (e} ADyu)?,  (155)

it is thus sufficient to consider u” R,.(x¢)u or, equivalently, u” R, (x,)u.
We have determined 6 by computing eigenvalues of

N(C) = Rm&(XZ) - Ch(e%ADaﬁ)T(e%ADaﬁ) (156)

for different values of the scalar ¢. Since R, (x¢) is only semidefinite, it has
one or more zero eigenvalues. We define 6 as the smallest value such that
N (0r) has negative eigenvalues. In practice, we compute the smallest value
such that the most negative eigenvalue of N(fg) is not within roundoff error
from zero. Let Apin(¢) denote the smallest eigenvalue of N({). Figure
shows |Amin(¢)] 410716 on a logarithmic scale, for the fourth order accurate
case. The grid spacing is h = 1 so that roundoff errors in the eigenvalue
computations are expected to be of order 10716, It is evident that A, (¢)
is nonzero for ¢ > 0.5776 = 0.

We remark that 0p is independent of m, as long as the total number of
grid points m is at least 2my;. However, the value of 0p increases with mg
and approaches an asymptotic value, as shown in Table [8l The drawback to
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Figure 12: Absolute value of the most negative eigenvalues of N((), for
fourth order accuracy with m; = 4. The most negative eigenvalue becomes
significantly different from zero at {( = 0.5776.

having large my, is that it requires computing the minimum of the coefficient b
over many grid points, which can potentially make by i, and by, smaller.
To minimize the penalty strength required for the stability proof, we would
like to maximize the products by ,,in0r and by .,inr. We thus choose the
smallest value of my that yields g near the asymptotic value. Based on
Table [3] we choose my = 2,4, 7, for orders two, four and six. The same my
values were chosen in [28] when computing similar constants for the matrix

Mz (b) = DTHbVD, + R,.(b).

second order fourth order sixth order

mp = 1 0 0 0
mp = 2 1.0000 0 0
mp =3 1.0000 0.1485 0
mp = 4 1.0000 0.5776 0
mp =5 1.0000 0.5779 0
mp = 6 1.0000 0.5779 0.2318
mp =T 1.0000 0.5779 0.3697
mp =8 1.0000 0.5779 0.3697
mp =9 1.0000 0.5779 0.3697

Table 3: Computed values of g for different values of m;. The chosen
(my, Or) pairs are indicated with boldface font.

35



References

[

2]

3]

4]

5]

[6]

17l

8]

19]

[10]

[11]

M. Almquist, S. Wang, and J. Werpers. Order-preserving interpola-
tion for summation-by-parts operators at non-conforming grid inter-
faces. STAM J. Sci. Comput, 41(2):A1201-A1227, 2019.

D. Appel6 and T. Colonius. A high-order super-grid-scale absorbing
layer and its application to linear hyperbolic systems. J. Comput. Phys.,
228:4200-4217, 2009.

M. H. Carpenter, D. Gottlieb, and S. Abarbanel. Time-stable bound-
ary conditions for finite-difference schemes solving hyperbolic systems:
Methodology and application to high-order compact schemes. J. Com-
put. Phys., 111(2):220-236, 1994.

K. Duru, G. Kreiss, and K. Mattsson. Stable and high-order accurate
boundary treatments for the elastic wave equation on second-order form.

SIAM J. Sci. Comput., 36(6):A2787-A2818, 2014.

K. Duru and K. Virta. Stable and high order accurate difference meth-
ods for the elastic wave equation in discontinuous media. J. Comput.
Phys., 279:37-62, 2014.

D. C. D. R. Fernandez, J. E. Hicken, and D. W. Zingg. Review of
summation-by-parts operators with simultaneous approximation terms

for the numerical solution of partial differential equations. Comput.
Fluids, 95:171-196, 2014.

O. Gauthier, J. Virieux, and A. Tarantola. Two-dimensional nonlin-
ear inversion of seismic waveforms: Numerical results. Geophysics,

51(7):1387-1403, 1986.

J. B. Johnson, L. M. Watson, J. L. Palma, E. M. Dunham, and J. F.
Anderson. Forecasting the Eruption of an Open-Vent Volcano Using
Resonant Infrasound Tones. Geophys. Res. Letters, 45(5):2213-2220,
2018.

H.-O. Kreiss and J. Oliger. Comparison of accurate methods for the
integration of hyperbolic equations. Tellus, XXIV:199-215, 1972.

H.-O. Kreiss, N. Petersson, and J. Ystrom. Difference approximations
for the second order wave equation. SIAM J. Num. Anal., 40:1940-1967,
2002.

H.-O. Kreiss and G. Scherer. Finite element and finite difference meth-
ods for hyperbolic partial differential equations. Mathematical Aspects
of Finite Elements in Partial Differential Equations., Academic Press,
Inc., pages 195-212, 1974.

36



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

22]

[23]

[24]

G. S. Martin, R. Wiley, and K. J. Marfurt. Marmousi2: An elastic
upgrade for Marmousi. The Leading Edge, 25(2):156-166, 2006.

K. Mattsson. Summation by parts operators for finite difference ap-
proximations of second-derivatives with variable coefficients. J. Sci.
Comput., 51:650-682, 2012.

K. Mattsson and J. Nordstrém. Summation by parts operators for fi-
nite difference approximations of second derivatives. J. Comput. Phys.,

199(2):503-540, 2004.

K. Mattsson and F. Parisi. Stable and accurate second-order formula-
tion of the shifted wave equation. Commun. Comput. Phys., 7:103-137,
2010.

N. A. Petersson, O. O’Reilly, B. Sjogreen, and S. Bydlon. Discretizing
singular point sources in hyperbolic wave propagation problems. J.
Comput. Phys., 321:532-555, 2016.

N. A. Petersson and B. Sjogreen. Super-grid modeling of the elastic
wave equation in semi-bounded domains. Commun. Comput. Phys.,
16(4):913-955, 2014.

N. Ricker. Further developments in the wavelet theory of seismogram
structure. B. Seismol. Soc. Am., 33(3):197-228, 1943.

N. Ricker. Wavelet Functions and Their Polynomials. Geophysics,
9(3):314-323, 1944.

B. Sjogreen and N. A. Petersson. A fourth order accurate finite differ-
ence scheme for the elastic wave equation in second order formulation.
J. Sci. Comput., 52(1):17-48, 2012.

B. Sjo6green and N. A. Petersson. Source estimation by full wave form
inversion. J. Sci. Comput., 59(1):247-276, 2014.

M. Svérd and J. Nordstrom. On the order of accuracy for difference
approximations of initial-boundary value problems. J. Comput. Physics,
218:333-352, 2006.

M. Svéard and J. Nordstrom. Review of summation-by-parts schemes
for initial-boundary-value problems. J. Comput. Phys., 268(0):17-38,
2014.

J. F. Thompson, Z. U. Warsi, and C. W. Mastin. Numerical grid gen-
eration: foundations and applications, volume 45. North-holland Ams-
terdam, 1985.

37



[25]

[26]

[27]

28]

[29]

[30]

[31]

R. Versteeg. The Marmousi experience: Velocity model determination
on a synthetic complex data set. The Leading Edge, 13(9):927-936,
1994.

R. Versteeg and European Association of Exploration Geophysics. The
Marmousi experience : proceedings of the workshop on practical aspects
of seismic data inversion held at the 52nd EAEG meeting (Copenhagen,
1990). Zeist, 1991.

J. Virieux and S. Operto. An overview of full-waveform inversion in
exploration geophysics. Geophysics, 74(6):WCC1-WCC26, 2009.

K. Virta and K. Mattsson. Acoustic wave propagation in complicated
geometries and heterogeneous media. J. Sci. Comput., 61(1):90-118,
2014.

S. Wang and G. Kreiss. Convergence of Summation-by-Parts Finite
Difference Methods for the Wave Equation. J. Sci. Comput., 71:219—
245, 2017.

S. Wang, A. Nissen, and G. Kreiss. Convergence of finite difference
methods for the wave equation in two space dimensions. Math. Comput.,
87(314):2737-2763, 2018.

S. Wang and N. A. Petersson. Fourth order finite difference methods for
the wave equation with mesh refinement interfaces. larXiv:1809.04310v2
[math.NAJ, 2019.

38


http://arxiv.org/abs/1809.04310

	1 Introduction
	2 Comparison with Virta and Mattsson, 2014.
	2.1 Spectral radius as a function of grid skewness
	2.2 Computational efficiency on a multiblock grid

	3 Notation conventions
	4 Coordinate transformations
	4.1 Integrals
	4.2 Normal derivatives

	5 Summation-by-parts operators
	5.1 Positivity properties
	5.2 Multi-dimensional first-derivative operators
	5.3 Multi-dimensional narrow-stencil second-derivative operators
	5.4 Combining narrow-stencil derivatives and mixed derivatives
	5.5 Multi-dimensional positivity properties

	6 Continuous energy balance
	7 Semidiscrete energy balance
	7.1 Enforcing Neumann boundary conditions
	7.2 Enforcing Dirichlet boundary conditions

	8 Interfaces
	9 Applications
	9.1 Marine seismic exploration with ocean-bottom nodes
	9.2 Resonant infrasound tones of Volcán Villarrica

	10 Conclusions

