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Abstract

Wave propagation in heterogeneous media is accurately approximated on coarse meshes
through a novel multiscale finite element method. Such a numerical method originates from
the primal hybridization of the Helmholtz equation wherein the continuity of the pressure is
released on the skeleton of a partition. As a result, the method is driven by the face degree
of freedoms defined on faces of the partition, and independent local problems are responsible
for the multiscale basis function computation. A two-level version of the method is also
proposed in the case the basis functions are not promptly available. Well-posedness and a
best approximation result is established for the one- and two-level MHM methods. Also,
the MHM method is proved to be super convergent and is shown to recover other numerical
methods. We assess theoretical results through a sequence of numerical tests.

1 Introduction

Numerical approximation of waves deserves particular attention by the scientific community. In-
deed, though wave propagation problems arise in a wide range of applications, solving realistic 3D
problems in the high frequency regime is still either very costly, or impossible.

Discretization methods for wave problems face the so-called ”pollution effect”: the number of
discretization points per wavelength must be increased when the frequency is high. The pollution
effect leads to restrictive conditions on the mesh step in the high frequency regime, making the
discretization of high frequency problems computationally intensive.

The pollution effect has been vastly studied and is well-understood when the medium of prop-
agation is homogeneous [1,4,17,18,23]. In order to reduce the pollution effect, the idea to capture
a priori knowledge of the solution in the basis functions has recently emerged. The key ingredient
is to use local solutions to the Helmholtz equation, usually plane waves, as basis functions. Be-
cause plane waves are less flexible than polynomials, special techniques are required to construct
a conforming discretization space, or to stabilize the method. These techniques include include
the Partition of Unity Method (PUm) [29], the Least Squares Method (LSM) [24], the Ultra Weak
Variational Formulation (UWVF) [7], the Variational Theory of Complex Rays (VITCR) [28] and
the Discontinuous Enrichment Method (DEm) [9].

The above-mentioned methods are established under the assumption that the medium of prop-
agation is homogeneous. Indeed, these methods require the use of local solutions and plane waves
can be used when the medium is homogeneous. When the propagation medium is highly hetero-
geneous, the wave speed might change inside the mesh cells, so that local analytical solutions are
no longer available.

Extensions of plane wave methods to heterogeneous media have been investigated. When the
propagation medium varies smoothly, so-called generalized plane wave methods can be used [19,30].
Generalized plane waves rely on the assumption that the wavespeed can be approximated by a
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polynomial function. Then, an analytical expression for the solution to the Helmholtz equation
with polynomial wavespeed is used to construct the basis functions. On the other hand, when
the wavespeed is piecewise constant, plane wave methods can still apply, but it is required that
the wavespeed is constant in each cell and special care is taken to account for evanescent waves
20,21,31].

Unfortunately, some applications, like seismic wave propagation, feature highly heterogeneous
media with jumps in the wavespeed. In this context, it is not clear that generalized plane waves
can be used. Besides, restricting the mesh so that the wavespeed is constant in each cell is not
always possible. A multiscale strategy based on high order polynomial basis functions has been
developed [5,10,11]: the Multiscale Medium Approximation Method (MMAm). The MMAm has
been applied to geophysical benchmarks and the results are very good if the acoustic medium has
a constant density. Unfortunately, the cases of acoustic medium with non-constant density and
elastic medium are more tricky to discretize. Though the MMAm outperforms standard finite
element discretization in these cases, the results are not fully satisfactory, especially in the case
elastic problems in the high frequency regime.

In this paper, we propose a multiscale method for the Helmholtz equation, which is adapted
to highly heterogeneous media featuring jumps in the wavespeed. Our multiscale strategy is an
adaptation of the Multiscale Hybrid Mixed method (MHMm) originally developed for Darcy flows
in highly heterogeneous media [3,15]. Like the DEm [9], the MHMm is based on the primal hybrid
formulation of the Helmholtz equation. As a result, we retrieve the lowest-order DEm elements
as a particular case of the MHMm when the medium of propagation is homogeneous. When the
medium of propagation is heterogeneous, the basis functions are computed as the solutions to a
cell-level heterogeneous Helmholtz problem, leading to a fully multiscale strategy.

The objective of this paper is twofold. First, we present the MHMm for the Helmhotz equation
and show that it is a promising solution for highly heterogeneous wave problems. Second, in
the context of homogeneous media, we give a full frequency-explicit convergence analysis of the
MHMm. It turns out that MHMm as a lot in common with the DEm when the medium is
homogeneous. To the best of our knowledge, convergence analysis of the DEm is currently limited
to the lowest-order elements [2] and the material presented hereafter might be helpful for the
analysis of the DEm as well.

1.1 Statement and preliminaries

In this work, we focus on the acoustic Helmholtz equation set in a heterogeneous medium Q C R?,
characterized by its bulk modulus k € L*°(Q,R) and its density p € L>(Q,R). Considering an
angular frequency w € R% and a load term f € L?((2), the pressure u € H'(2) satisfies

2 1
Y~ div <Vu) — fin Q.
K p

Having in mind seismic wave propagation, we divide the boundary 02 into two subsets I'p
and I'4. 'y represents the Earth surface. We impose a Dirichlet boundary condition v = 0 on
I'r. The Dirichlet boundary condition corresponds to a free surface condition. A transparent
boundary condition is prescribed on I' 4 in order to simulate a semi-infinite propagation medium.
For the sake of simplicity, we consider a first-order absorbing boundary condition on I"4 [8]:

It is worth noting that more general transparent conditions, like high order absorbing conditions
[13] or perfectly matched layers [6], can be handled by the MHMm with minor modifications.



In the remaining, we focus on the boundary value problem to find u € H'(Q) solution to

2
wudiv<1Vu) = f inQ
ki p
v = 0 onlp (1)
1 1
—-Vu-n———u = 0 only.

p VEp

Like the DEm [9], the MHMm is based on the primal hybrid formulation of the Helmholtz
equation. In this formulation, the pressure is sought in a ”broken space” of piecewise continuous
fonctions. Thus, we introduce a family of meshes (Ty)gso parametrized by the small parameter
H. For all H > 0, we assume that each cell K € Ty is either a triangle or a square such that
diam(K) < H. We also assume that the meshes are regular in the sense that there exists a
constant v > 0 such that

p(K)

—_— 2
diam(K) — 7 2)
for all H > 0 and K € 7Tj. Considering H > 0, we introduce the space

V={vel’(Q) | oxeH (K): VK T}, 3)

The continuity of functions in V' is not ensured across adjacent cells. In order to weakly enforce
the continuity of the solution, we consider a space A of Lagrange multipliers. This space is defined
by

Jo € H*(div, Q);

A=dqune H H‘l/Q(aK) plok =dive -ng VK € Ty,

KeTy,

(4)
plr, =0
We introduce the sesquilinear forms a : V xV — Cand b: A x V — C by

a(w,v) = 3 {—w2 /K %m—m /a - F vu vu} (5)

KeTy

for all u,v € V and

- [ )

KeTy,

for p € A and v € V. The integral on 9K is understood as the duality product between H~'/2(0K)
and H'Y/?(OK).
Given H > 0, the primal hybrid formulation consists in finding a couple (u, \) € V' x A solution

a(u,v) +b(A\,v) = (fiv) YweV, (7)

The first equation of (7) is obtained by piecewise integration by parts of (1). It also corresponds
to an optimality condition where A plays the role of the Lagrange multiplier. On the other, the
second equation of (7) enforces the continuity of u and is equivalent to u € H*(2). The couple
(u, \) € V x A solves (7), if and only if u is a weak solution to (1) and A = Vu-ng on 0K \T'4 for
all K € T;,. We refer the reader to [9,27] for more details about the primal hybrid formulation.

At this point, it is possible to discretize problem (7) directly by selecting finite dimensional
subspaces of V' and A. This approach is taken in the reference work of Raviart and Thomas [27]
for the discretization of the Laplace problem. In their work, the authors derive a family of stable
pairs of polynomial discretization spaces. The DEm is also directly based on formulation (7). In
the standard version of DEm, the Lagrange multiplier is discretized with piecewise polynomial
functions and the pressure is discretized using plane waves. Of course, the novelty of the DEm
resides in the plane wave basis functions used to discretize V.

to



2 The MHM method

2.1 The one-level MHM method

The novelty of the MHMm as compared to the DEm, is to substitute the pressure u for the
Lagrange multiplier A. Indeed, rewriting the first equation of (7) as

a(u,v) = (f,v) —b(\,v), YveV,

we observe that the pressure can be expressed as u = TA+T'f, where T: A — V and T : L*(Q2) —
V' are two linear bounded operators defined by

a(T,um) = _b(M, U)? CL(Tf, U) = (fﬂ 7)), (8)

forall p € A, f € L%(Q) and v € V.

Of course, the analytical expression of these operators is not available. However, since there is
no build-in compatibility condition in V for u, T" and T can be defined thanks to local boundary
value problems in each cell. Indeed, considering a cell K € T;, and test functions v € H*(K) in
(8), we see that

w?
- (Tuli) — v 3V (Tuli)) = 0 K
%V(TMK)-n = —pu ondK\Ty 9)
;V(TMK).n—\/%(TmK) — 0 ondKNTa,
and ) .
—O;(TﬂK)—div(pV(TﬂK)) — f mK
%V(Tf\K>-n — 0 ondK\Iy (10)
1 A 1 .
;V(Tf|K)~n—\/—lTp(Tf|K) — 0 ondKNTa.

Thus, the operators T and 1" are defined locally in each cell K as the solutions to local
boundary value problems. The key ingredient of the MHMm is to approximate these operators
using a second-level discretization scheme (for instance, Lagrangian finite elements). Since all
computations are local, the second-level approximation is naturally parallelized and corresponds
to a pre-processing step before solving the global problem.

Assuming that the operators 7' and T' are available, we can substitute u for A by plugging
uw=T\+Tf in the second equation of (7). We obtain

b(p, TA) = —=b(u, Tf), VpeA. (11)

In contrast to (9) and (10), problem (11) is global. The one-level Multiscale Hybrid Mixed
method is obtained by introducing a finite dimensional subspace Ay C A. The Multiscale Hybrid
Mixed formulation consist in finding Ay € Ay such that

b(pr, TAw) = =b(uw, Tf), Vyn € An. (12)

The MHMm is based on a mesh characterized by the step H. One of the aim of the MHMm
is to account for highly heterogeneous media. As depicted in [3,15], one asset the MHMm is to
incorporate heterogeneities of characteristic length ¢ << H on a coarse mesh of characteristic
size H. In this situation, it is usually required that to use a mesh of size € for the second-level
discretization. However, since the second-level computations are local, using a fine mesh which fit
the heterogeneities is affordable.



2.2 The two-level MHM method

In the one-level MHM formulation, we assumed that the operators T and T are available and
exactly computed. In practice, these operators are only analytically available in some exceptional
cases. It is thus of interest to introduce a two-level MHM method in which the operators T" and
T are replaced by discrete counter parts 7} and Th obtained thanks to a second-level method.
In this case, a discretization space Vj, C V is introduced, and the discrete operators are defined
by .
a(ThM’vh) = _b(/iavh)v a(Thfv Uh) = (f7 vh)u

for all u € A, f € L?(Q) and vy, € V},.

The definition of the operators T} and T, actually decouple over each cell K € T3. As a result,
evaluating Ty and Tj, f for particular arguments p € A and f € L2(Q) acutaly amounts to solve
a sequence of local cell-wise discrete Galerkin problems.

We would like to point out that the DEm can be seen as a particular case of the MHMm.
Indeed, when the propagation medium is homogeneous, the DEm consists in using a set of plane
waves in the second-level discretizations space.

2.3 Practical implementation of the two-level MHM method

We briefly scheme the main steps of the two-level MHM algorithm from a computational point of
view

1. We consider a mesh step H > 0 and a finite dimensional discretization space (ux)jp_, =
Ag C A for A

2. We compute the images of the basis functions . (k € {1,...,n}) by the operator 7}, and
the image of f by Tj. This is done by searching functions n, = T'uy € Vj, for i € {1,...,n}
and n = Ty f € V}, solutions to

a(nr,vn) = =b(pk,vn), a(n,vn) = (f,vn), Vo, € V.

We would like to emphasize that all the computations are local to each cell. This computa-
tions correspond to local (cell-wise) Helmholtz problems (9) and (10) and are a pre-processing
step before solving the global problem in the next stage.

3. The MHMm approximation Ag of X is defined by

n

Ap = Z Ch s

k=1

where ¢ € C™ is a vector of unknown coefficients. We obtain ¢ by solving the n x n linear
system stemming from (12):

> b, k) = =b(,m),  VIE{L,...,n}.
k=1

n

The coefficient of this system simply involve boundary integral of the basis functions, that
can be easily computated from their underlying second-level Galerkin representation.

3 Well-posedness of the continuous MHM formulation

In the following, we equip the space V and A with the following norms

[l

2= {wl} x +wlvl oxnon + IVUIR K}, Yo EV,
KeTy



and
Reb(u,v)
Aw = SUp

vevvioy vllvie

1] Vu € A.

In order to derive our main results concerning the MHM formulation and discretization, we
need to assume that the problem we solve is well-posed. Thus, we introduce

Assumption 1. For all f € L?(), there exists a unique u € H'(Q) solution to problem (1).
Furthermore, uw € H?(Q) and we have

wlulo.o + ul1,0 +w ulz,0 S [ floo- (13)

We mentioned that assumption (1) is fullfiled in a range of applications. For instance, if
and p are constant, (13) holds for some configurations of I'r and I'4 as described in [16]. Other
sitatutions in which x and/or p vary are analyzed in [5,10].

3.1 Well-posedness of the local problems

We start by proving that the local problems defining the operators T and T are well-posed. This
is classically done by showing that the sesquilinear form «a is continuous and satisfies an inf-sup
condition.

The continuity of a is rather straightforward, and is recorded in Lemma 1.

Lemma 1. For all u,v € V, it holds that

|a(u, )| S ullvellvllve

Proof. Let u,v € V, we have

a0 5 37 @0 0]+ wlle) T v)axcera |+ (07 Vu, Vol

KeTy
N Z {w?|ulo,x [v]o,x + wlulo,oxnonlvlo.oxnea + [ulx vk }
KeTu
N Z lulx lvwllvlxllv,w
KeTy
1/2 1/2
< (z ||u|K||2V,w> (z |vK2V,w)
KeTy KeTy
S ullvellvllve-

O

The proof of the inf-sup condition is more subtle. We need to separate the case of interior and
boundary cells. Two special Poincaré-like inequality are required and presented in Propositions
1 and 2. The proof of the first proposition can be found in [25] and the second is presented in
Appendix A.

Proposition 1. Let K be a triangle or a rectangle with diam(K) < H. Then we have

H
[ulo.x = —lulix, (14)

/u:O.
K

for allu € HY(K) such that



Proposition 2. Let K be a triangle or a rectangle with diam(K) < H. Then we have
wulg k< 2wH wlulg r) + (2wH)?|uli x, (15)
for allu € HY(K).

The inf-sup condition is constructed cell-wise. There are two different cases two consider,

depending on whether or not 0K NN = (). These two cases are considered in Propositions 3 and
4.

Proposition 3. Assume K € Ty is such that 9K N9 = 0. Then, for all u € H'(K), we have

Rea(u,u*) 2 ||ull?.,

al.
uw=u—2— U
K| Jk

Proof. Consider u € H(K). We write
).
Uy = 7 u
K] S

and ut = u — ug. Then, we have © = u™ + ug and u* = v’ — ug. It follows that

where

alu,u*) = a(ut 4 up,ut — up)
= a(ut,ut) — a(ug, uo) + a(ug,ut) — aut, up)
= a(ut,ut) — alug, uo) — alut, ug) — a(ut,up)
L

Jut) — a(ug, ug) — 2Rea(u’, up).

VPR g A TPV ] g+ 0P T Puglf e — 207 Re(k Mt ug)

= a(

= —OJ2|I<L
As a result, we have

Rea(u,u”) 2 {—W2|UL|(2),K + |UL|%,K + W2|U0|3,K — 2w?|ut

With the algebraic inequality 2|u* sluol & + 2\ul|%7K, we obtain

Realuu) 2 {87 B+ o o+ S luolf |
that we simply rewrite
Rea(u,u*) 2 {~w?[u™ [ g + [u[f x +w|uolf x } - (16)

To conclude, we need a Poincaré-Wirtinger inequality from [25]. Since K is convex and
/ ut =0,
K

|UL|1,K >

we have

m 1
diam K [ lo.xc-
Since diam K < H, it follows that

12 ? 1
lu™|] x > mm o,



and therefore

1 1
_W2|“l|g,f< + |UL|§,K = _W2|UL‘37K + §|UL|%K + 5‘““%,1{

u 2 12 Lo
> o Y lu |0,K+§\U 11K

272 1
> o (g = 1) e+ 3l

1,K-

2H2w?
Hence, assuming that wH is small enough, we have
—wlutf g+ Jut g 2t (17)
Furthermore, since Vug = 0 and (ug,u") = 0, we have
[ull¥re, = w?fuold x + w70
and we conclude since from (16) and (17), we have
Rea(u, u*) 2 {{lu [}, +?fuold x } 2 ¥
O
Proposition 4. Assume K € Ty is such that 9K NOQ # (). Then, for allu € HY(K), we have

Rea(u,u”) Z |ul

2

Vw?

where u* = (1 + i)u.

Proof. Let u € HY(K), and write I' = 9K N dQ. Observe that we have

—1/4

Rea(u, iu) = w|(5p) " ulf | 2 wlulg r,

and
Rea(u,u) = —WQ‘H_UQU%,K + \P_l/QVUkz),K 2 {W2‘U|37K + |“|§K} .

As a result, we have
Rea(u, u*) 2 {~w?[ulf x + ulf x +wlulfr}

Since I" contains at least one side of H, we can conclude with the Poincaré inequality (15) of
Lemma 2. Indeed, we have

Wuld i < wH)?|ulf « + (2wH)ulf p,
that can be rewritten as
~wulg ¢ > w?luff x — 2QwH)?[ulf x — 2(2wH)w|uld 1,
and it follows that
Rea(u,u*) 2 {w?|ulg x + (1 = 2(2wH)*)ul? x + (1 = 2QwH))wlulg r }
and the result follows, assuming that wH is small enough. O

We are now ready to establish the inf-sup condition.

Lemma 2. We have R
sup Rea(u, v) > |lul
veV\{0} ||U||V,w

V,ws

forallueV.



Proof. For each cell K € Ty, let us construct (u|x)* € H*(K) like in Proposition 3 and 4. We
define v € V by
vl = (ulg)"

Then we have

Rea(u,v) = Z Rea(u|k,v|K)

KeTu

= Z Rea(u|k, (u|x)*)

KeTu

2 > lulxl

KeTnu

2 lulie,

2
V,w

and the proof follows, because clearly, ||v]|v.w S |Jullv,w- O
We are now ready to establish the well-posedness of the local problems in Theorem 1.

Theorem 1. Assume that wH is small enough. Then, for all p € A and f € L2(QQ) there exist
unique elements T, Tf € V such that

a(Tp,v) = —=b(p,v), a(Tf,v)=(fv), YoeV.

Furthermore, we have .
ITullve S lillaw, 1T fllve Sw ' f

for all p € A and f € L3(Q).

0,9 (18)

Proof. The continutiy of the sesquilinear form a established in Lemma 1 together with the inf-
sup condition of Lemma 2 ensure the existence and uniqueness of TA and T'f for all A € A and

feL?).
Let us show (18). Consider A € A. Then for v € V' \ {0}, we have
Reawn(TA,v) _ Reb(Av)

Wlve — lvllvie

< A0

and the first estimate of (18) follows from Lemma 2. Now, if f € L?(£2), we have

Rea(Tf,v) = Re(f,v) < |flo.alvloo <w |f

o.elvllve, YveV

so that )
Rea(Tf,v)

V,w

ITfllvw S sup <w flo.0,

veV\{0} [|v]

and the second estimate of (18) follows. O

Corollary 1. The applications ||.||aw and ||T.||v,., define equivalent norms on A:

lullaw S NTullve Sllullaw VeeA. (19)

Proof. From Theorem 1, the upper bound of (19) is already established. To prove the lower bound,
we only need to observe that

Reb(p,v Rea(Tu,v
lllaw = sup M) g, Beallmo) oypy
vevvioy Vlvie  wevygor  Ivlvie

by Lemma 1 0
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3.2 Well-posedness of the global MHM problem

In this subsection, we focus on proving that the MHM global formulation is well-posed. We start
by showing existence, uniqueness and stability of the solution in Theorem 2.

Theorem 2. Assume that wH is small enough. Then, for all f € L?(Q), there exists a unique
solution A € A such that .
b(ILL7TA) = _b(Man)7 v,u €A

Furthermore, it holds that
[Mlaw < [flo,g- (20)

Proof. From Assumption 1, we know that there exists a couple (u, A) € V x A such that
a(u,v) +b(A\v) = (f,v) YveV (21)
bp,u) = 0 Vi € A,

where u € H'(Q2) is the usual solution to the Helmholtz equation and \ is defined as the normal
derivative of u on the boundary of each K € Ty.
Now, by Theorem 1, the operators T and T are well-defined and invertible. As a result, the
first equation of (21) shows that
u=TA+Tf. (22)

Injecting (22) into the second equation of (21) shows that A is the solution to the continuous
MHM formulation, and existence follows. Also, we have uniqueness, as the couple (u, \) is unique.

Finally, we have A
ITAlve < llullve + T/

and (20) follows. We conclude with norm equivalence (19). O

V,ws

The next results are devoted to the analysis of the MHM sesquilinear form A 3 pu, A — b(u, TA).
In Proposition 5, we give a symmetry result.

Proposition 5. For all u, A € A, we have
b(p, TX) = b(X, TFi). (23)

Proof. Let u, A € A. We have

b(p, TA) = b(f, TA) = —a(Th, TA) = *G(T)\,Tﬁ) = b(AaTﬁ)a
and (23) follows by taking the complex conjugate. O

In Lemma 3, we associate to each A € A and element 1 € A that plays a crucial role in inf-sup
estimates.

Lemma 3. For A € A, define n € A as the unique solution to

b, 77) = —b (. T (TN)) (24)

Then, we have

b(n, TA) = |TAlj q. (25)

Proof. Consider A € A. The existence and uniqueness result of Theorem 2 ensures that definition
(24) makes sense for 7.
Then, because of Proposition 5, it holds that

b, TA) = b (N, T7) = b (X, (TA)) . (26)
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Using the definitions of 7" and T, we derive

—b(\,T(TN)) = —b\,T(TN)) (27)
= a(T\T(TN)
= a(T(TA),TA)
— (TATN)
= [TA[f o

e A

Taking the complex conjugate of (27), we conclude the demonstration. Indeed, since the
right-hand-side of (27) is real, we have

—b(\T(TN) =TA[§ o = [TA o = [TA} o,
which conclude the proof using (26). O

We close this section with an inf-sup condition for the MHM sesquilinear form, which is estab-
lished in Theorem 3.

Theorem 3. Assume that wH is small enough. Then, the following inf-sup condition holds:

Reb(u, TX)
pemioy N Twullvw

1
> Z|[TA|vo, 28
2 =T, (28)

for all A € A.
Proof. Fix A € V. We have

Reb(\,TA) =Rea(TA, TN = HT)\H%M — 2w2|T/\\g7Q.
Recalling Lemma 3, if we define € A as the unique solution to
b(u, T7) = —2w?b (,u,T (T)\)) , YpeA,

and we have

Reb(n, TA) = 2w |TA[{ o
We define ¢ = A+ n € A and we have
Reb(u, T) = [TA[R,..
We apply stability estimate (20) from Theorem 2. It follows that

ITpllve S @[ TAlog S wITAllvie-

Thus we have

1
Reb(p, TA) 2 I TAlvwlITrllve,

and the result follows. O

4 Well-posedness and convergence of the one-level MHMm

In this section, we analyse the one-level MHM method, where the space A is replaced by an internal
approximation subspace Ay C A. We show that if the element of Ay can accuratly reproduce the
continuous solution to (12), then the discrete problem is well-posed, and the MHMm solution is
quasi-optimal.
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Here, we derive a general theory under the mere assumption that Ay is a finite-dimensional
subspace of A. Applications to particular discretization spaces A g are discussed later in the article.

We introduce the real number o, g in order to characterize the approximation properties of
Apg. It is defined by

Ap —
donw= sup  inf [Ar = prlla.e

, 29
FeL2(Q)\{0} Hrh€AH [flo.2 (29)

where Ay € A is the unique solution to

Since Ay is finite-dimensional, as a direct consequence of (29), for all f € L?(Q), there exists
an element py € Ay such that

IAf = prllaw < awmlfloo- (30)

Theorem 4. Assume that wH and wa,, g are small enough. Then it holds that

Reb TX 1
sup Reb(pm, TAr) > 1T v, (31)
pmeafoy  NTumllv.w w
for all \g € Ag.

Proof. Pick an arbitrary Ay € Ag. Recalling Lemma 3, we define € A as the unique solution to
(s, T) = 2% (4, T (TA)) Vs € A,
and we have
b(n, TAm) = 203 TAg|2.

Unfortunately, as n ¢ Ay, we can not set ug = Ay + 1 to obtain the inf-sup condition as
in Theorem 3. Instead, we introduce ng € Apy as the best approximation of n and set pugy =
A +nu € Ag. Recalling the definition of «, i and (30), we have

IT(n —n)llve < Coawu|TAmloe < Cwaw nllTAn|lve
As a result, letting u = Ay +n € A it follows that

Reb(pm, TAm) Reb(p, TAp) — Reb(pu — pm, TAg)
Reb(p, TApr) —Reb(n —nw, TAm)
= |TAull} —Rea(T(n =), TAr)
ITAm 1Y = 1T (0 = 02 [V | T AR |

(1 = Cwaw,m) [TAY o,

V,w

VRV

for some constant C' that is independent of w and H. Then, assuming that way, g is small enough,
we obtain that
Reb(pm, TAn) 2 ITAu |3,
and it remains to show that
[Tuallve S @lTAr|v.e-

But we have

1T pllvew 4+ 1T (1 — pe) v,
I1TAellv.w + 1 T0llve + 11T —n8) v
1TAu|lvw + wTAH] V.0 + waw m | TAH|v,w,

1T pallv.e

IZANVANVAN

and the proof follows, using again the assumption that wa,, g is small enough. O
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Theorem 4 shows that the one-level MHM method is well-posed as soon as the discretization
subspace A g reproduces solution to (12) accurately. This corresponds to the condition that wa,, u
must be sufficiently small.

In the remaining of this section, we derive an error-estimate for the discrete solution of the one-
level problem. Though the error-estimate can be directly obtained from the inf-sup condition, we
perform an additional analysis to obtain a sharper bound. We start by showing an Aubin-Nitsche
type inequality in Lemma 4.

Lemma 4. Consider f € L*(2). Let A\ € A and Ay € Ay solve the continuous and one-level
MHM formulations, that is: .
b(u7T>\) = —b(/i,Tf), VM € A7

and .
b(pa, TAw) = —b(pu, Tf) Vuu € An.
Then it holds that
T(A = Am)lo,o S qw,m|[(TA = An)|v,w- (32)

Proof. We use again Lemma 3, and define n € A as

(s, T7) = =b (1, T (T = An))

so that we have
b(n, T(A = X)) = |TA = TAulf o

Then, by Galerkin orthoganlity and by the definition of the norm ||.||4 ., it is clear that

TA—TAuliq = bn,T(A—An)) (33)
b(n — 1, TN — Anr))
= b@—nu,T(A—An))
a(T(@ —nu), TN = Au))
1T = nm) vl TN = Am)llvie,

N

for all ny € Ag.
By definition of o, m, recalling (30), there exists a g € Ay such that

177 = nm)llve S @w,mlTA = Am)lo,e = cw,m|TA = TAmlo0.
and it follows that
T\ = Am)lg 0 S cwnl T = Aol TN = An)llvie,
which conclude the proof. O

We are now ready to establish our main convergence result for the one-level MHMm in Theorem
7?7

Theorem 5. Assume that wH and wa,, g are small enough, and consider f € L*(Q). Let
A€ A and Ay € Ay solve the continuous and one-level MHM formulations. The following error-
estimates hold:

TN = Am)lvie S awmlflog (34)
and
lu —vurllve S awHlfloo, (35)

whereu:T/\—FTf anduH:T)\H—l—Tf.
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Proof. By definition of a and b, we have that

Reb(A — Mg, T\ —Ag)) = Rea(T(A—Ag), T(\— An))
= ||T/\—T/\HH%/,W—2w2\T)\—T)\H|87Q.

Recalling Lemma 4, we have
20| TA — TAg[§ o < 2wl yIITA = TAullV.,
and it follows that
Reb(A = A, T(A = App)) > (1= 2002 ) [TA = TAu |}
Assuming that way, g < 1/2, we obtain that
Reb(A = A, T(A = Ag)) 2 |ITA = TAgli,- (36)

We can now end the proof of error-estimate (34) using Galerkin orthogonality and the definition
of o, . Indeed, using Galerkin orthogonality in (36), it holds that

ITA=TAulV, S Reb(A=Ag, T(A = An)) (37)
S Reb(A—pw, T(A—Ap))
S Rea(T(A—pm), T(A—An))
S NTA=TualvelTA = TAullv.e,

for all uy € Ag.
It follows from (30) and (37) that

||T)\—T)\H||v,w5/ £ AT = pa)llve S cwmlfloo
H

in
LFT €
and error-estimate (34) follows. Then, error-estimate (35) is a direct consequence of (34). O

Remark 1. If we use directly the inf-sup condition to derive error-estimate (34), we obtain

T = Ag)lviw S wow mll fllo.g;

which is less sharp than (34), because of the factor w in the right-hand-side.

5 Well-posedness and convergence of the two-level MHM
method

In the one-level MHM method, we assume that the local operators T and T are known analytically.
However, apart in some particular cases, they are defined as solutions to local boundary value
problems for which the solution is not analytically available. Then, these operators need to
replaced by some approximations 7}, and Th, that can be computed.

Here, we consider the case where these approximations are Galerkin approximations. It means
that the space V is replaced by a discrete space V}, in the definition of the discrete operators.
Hence, the discrete operators Tj, : A — Vj, and Ty, : L? (Q) — V}, are formally defined by

a(TpX,vn) = =b(A\ o), a(Thf,vn) = —(f,vn),

for all A € A, f € L%(Q) and vy, € V. R

For each uy € Ay and f € L%(Q), evaluating Tug and T, f amounts to solve a set of local
discrete boundary value problems. Then, the global two-level MHM problem reads: find Ay € Ay
such that

b(pr, Thdi) = —b(umr, Thf), Yuw € An.
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Because, by definition, the space V is defined independently in each cell K € Ty, we will
naturally assume that the same holds for V}, that is

Vi = @ Vi, K,

KeTu

where, each vj, € Vj, g satisfies supp v, C K. Note that in particular, it implies that a(vy,v_) =0
as soon as v+ € Vj, g, with K # K_.

5.1 Well-posedness of the (discrete) local problems

We start by showing the well-posedness of the discrete local problems, which implies that the
definition of the local operators T} and Tj, makes sense. This is equivalent to show and inf-sup
condition for the sesquilinear form a on the discrete space Vj,.

Theorem 6. Assume that
1x € Vi x,
for all K € Ty . Then, the inf-sup condition

R ,
sup Dol ) 5 o Vs € Vi (38)
veevin{o}  llvnllvie

holds.

Proof. Let up, € Vj,. For each K € Ty, let write ux = up|x € V.
Consider K € Ty. If K N 9Q # 0, let us put v = 2(1 +9)ug. Then, since V}, is a vector
space, it is clear that vg € V. Furthermore, from Proposition 4, we have

Rea(uk,vi) 2 uk ¥,
and
lokl¥. S Cllully,.-

Suppose now that K N Q0 = ). Recalling 3, we define
UK:’U,K72/ ug =urg + alg,
K

with o = —2 fK ug. By assumption, we have 1x € Vj, so that we clearly have vg € V.
Furthermore, we have

Rea(uk,vk) 2 |uk .,
and
okl S llukll -

Up = E UK,

KeTy

Then, we set

and we see that

Rea(un,vn) = > Il = llunlf..-
KeTu

On the other hand, we have

Vo= Y loklve S D0 lluxlie S llual
KeTu KeTu

[[on] Vo

so that ||up|lvw 2 |vn||vw. Thus, it holds that

Rea(un,vn) 2 unllvellvnlv.w,

and the result follows. O
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5.2 Well-posedness of the two-level global problem

As in Section 4, we consider fairly general discretization subspaces V},. Hence, the main results
will be stated under the assumption that V} can represent accurately the solution of the local
problems. We thus introduce the quantities

T — Thite v

Bw Hp =  sSup ,
o EAR\{0} el Aw
and A )
_ ||Tf - Thf‘ V,w
Yw,H,h = sup —J —nhJlvV,w
FeL2(Q)\{o0} Ifllo.e

For a fixed H, we know that Ty, Tf € H'(Ty). As a result, if a finite element type method
is used at the second level, we know that B, g n,Vw mn —+ 0 as h — 0. For particular method,
the precise relation between H,h and w required to ensure stability can then be recovered by a
careful analysis of B, m.n and v, H,h-

Remark that for any one-level discretization scheme Ag, we know that the constants B, g n
and 7y, g,5, can be made arbitrarily small, if A is small enough. As a result, if the one-level MHMm
is well-posed, the main results of this section show that the two-level method is also well-posed, if
the second-level discretization scheme is sufficiently refined. As only few assumptions are required
on Ay and Vj, in this section, we can not be specific on how h must be small. However, as shown
later on, we can be more specific for particular choices of Ay and V},.

Theorem 7. Assume that wH, woy, g and wpB,, m,n are small enough. Then we have

Re b(,uH, T;J\H)
sup B THEE—

1
2 =Amllaw, YAa € An. (39)
pmenm\{oy kA w

Proof. Let Ay € Ay. For all ug € Ay, we have
b(pr, ThAm) = o(pr, TAr) — b(pe, TAg — ThAm).

Since the one-level MHMm is well-posed under the condition that wH and way, g are small enough,
there exists a particular uj; € Ay such that

1
Reb(pr, TAm) 2 ZHME\

Aw ||>\H| Aw-

Then, since
Reb(py, TAr — Thdm) S llwkl

Al TAE — Th A m || viws
we see that 1
Reb(up, Todr) 2 ~llnkllae (Amllaw = wlTAw = ThAmllve) -

Recalling the definition of 5., g, we have

Reb(uiy, TnAm) 2 — (1= whu mn) |05 A wl Al Aw

g~

and the result follows assuming that wf, g < 1/2. O

Like the analysis of the one-level MHMm in Section 4, we could directly obtain error-estimates
from the inf-sup condition. However, we perform a refined analysis to obtain sharper error-
estimates. The first step is an Aubin-Nitsche type error-estiamte.
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Lemma 5. Consider f € L*(Q) and assume that a, g is small enough. Let X € A and A € Ay
solve the continuous and two-level MHM formulations, that is:

b(,u7T/\) = _b(uvff)a Vﬂ, €A

and
b(pw, TpAmn) = =b(pm, Tnf), Vpm € Ag.
Then it holds that

ITA = TAmnlloe S wml|TA—TAm,n|

Viw + (B, m,n + Yo, m1.0) |1 fllo,o,

Proof. Recalling Lemma 3, we define € A as

b, 77) = b (1.7 (T = i) )

so that we have
b(n, TA—TAg) = [|TA = TAu |3 g
It follows that
ITA=TAmallde = b TA=TAgn) (40)
b(n — 0w, TA =T gn) +0(na, TAN —TAgp)
(
(

b n— T]H,T)\ — T)\H) + b(T}H,T)\) — b(nH,ThAH,h)
b UH,T/\H,h — Th)\H,h)7

for all ny € Ap.
Let us pick ng € Ay such that

I —nullrw S cwv|TA—TXa ko0

and treat in three steps the right-hand-side of (40). First, we have
b(n =0, TA=TAup)| < n=nalawlTA=TArnlve
,S Oéw7H|T>\ _T>\H,h|O,Q||T/\—T/\H,h”V,ow
Then, we derive
b(ns, TA) = b(na, Tudn) = b(na, Tf) = b(nw, Tn f)

so that R R
b, TA) = b, ThAm )| < (Inllaw + 11 = nallaw) 1T = Thfllve
We have
Mllaw SNTA = TAmnloe
and
ITf = Thfve S Yonlflog,
so that

b, TA) — b, ThAmw)| S Yo, m1,8] floo

Finally, we see that

(e, TAER — Th i)

TA—TAmnlo.

Il AwlTAm R — ThAE R
Buo, im0l AwlAE k] A w
B, (nllaw + 1 = nellaw) (M aw + (A = A allaw)
Bomn(L+ aw 1) TA — TAmnlloallf
Bo,wpITA = TAmnllo.0ll flloe-

V,w

0,0

AR AR AR AR
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Then, plugging everything into (40) and dividing by [|TA — T'Ag /0,0, we obtain

ITA = TAgrlloe S cwml|TA—TAgn|lve + (Bo.man + Yo,m.0)] f]

0,92
and the conclusion follows. O
With Lemma 5, we can establish the main error-estimate of this section.

Theorem 8. Assume that wH, wou, g and wB, u,n are small enough. Then, there exists a unique
Ain € A such that

b(prr, Tidin) = =b(pr, Tuf),  Vpm € Ap.
In addition, the following error estimate holds
IA=Aunllaew S (awn +wboan +wywmn) [ flog- (41)
Proof. We have

ITA = TAmnlly W |TA = TAmnlg.0 + Reb(A = Agp, TA = TApp)

w2 glITA = TAmnllviw + @ (Bomn + Yo mn)*F15.0 + RebX = Agp, TA = TAp ),

I ZANRZAN

so that
(1= Cw?a y) ITA = TApllye S W (Bu,mh + Yo,imn) 1 flo.0 + RebA = Mg, TA — TAg ),
for an appropriate constant C, and we have

ITA = TAmpl[Ve S (@B, mh + @, m0) [ 5.0 + ReDA = A, TA = TAmp),

assuming that wao,, g is small enough.
Now we also have

Re b()\ — )\H,haT)\ — T)\H,h) = Re b()\ — )\H,h;T/\ — Th)\H,h) — Re b()\ — >\H,h,T)\H,h — Th/\H,h)
Reb(A — por, TA = ThAmn) — Reb(X — Ay n, TAmn — ThAm,n)

for all uy € Ay. Hence, we have

[IReb(A = A n, TA—TAgp)] S A= pallaw|TA—Thdgnllve + 1A = Aepllaw|TAm L — Thdm v
S awH|TA = Thdmnllve!floo + wbo anl|TA = TAg |

Vil Ae | Aw-
Then, we have
A nllaw SIA = Aanllaw + AMaw SITA = TAgpllvie + [flog;
so that

|Reb(A — A, TA = TAm )| S
f|07Q + wﬁw,H,hHTA - T>\H,h|

w7 TA = Thdmnllv,e

Vo T @WBu H | TA = TAm vl f

0,05
and
(1 = wBu, ) ITA = TAmlly S
(Whw, o, + W%,H,h)2|f|(2),9 + o 7| TA = Thdmwllvielfloo + wBu, a0l T — TAm k| Ve floos

We obtain the desired result by using the Young inequality. O
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6 Analysis of an example: polynomial discretizations

In Sections 4 and 5 we derive general inf-sup conditions and error-estimates for the one-level and
two-level MHMm. Few assumptions are made on the discretization subspace Ay and V},, so that
the main results involve abstract quantities a, g7, Bu, i, and Y, g,n. These quantities depend on
the approximation properties of the discretization subspace and thus, implicitly depends on the
mesh sizes H and h.

In this section, we consider a particular case of discretization subspace Ay and V},. Specifically,
we consider the case where A g consists of polynomial functions on each edge of Ty. These functions
are continuous along each edge, but are allowed to jump across vertices.

For the two-level MHMm, it turns out that obtaining fully explicit expressions for 3, g, and
Yw,H,h s rather tricky. For this reason, we focus on the simplest case in which Ay is made of
edgewise constant functions. In addition, V} is though to be a linear Lagrange finite-element
space.

Also, to simplify the analysis, we assume that the medium of propagation is homogeneous.
Without loss of generality, we set kK = p = 1 uniformly in . In addition, we consider the case
where the boundary of I'p = 0, and I'y = 99 is a convex polygon. Under these assumptions, we
can state Theorem 4.10 from [23]:

Proposition 6. Let f € L?(Q). For all w > 1, there exists a unique u € H'(Q) such that

—u—-Au = f inQ
Vu-n—iwu = 0 on 99,

and we have

wlullo.o + lulra S Ifllog-

In addition, for any integer p > 2 there exists two functions us € H*(Q) and u, € HP(Q) such
that u = ug + up and
[uzllz0 S [[fllo.,  [6VPuplp.0 S W[l f]lo0; (42)

where ¢ € L>®(Q) is weighting function that “compensate” the singularities of wu, close to the
corners of Q0 and VPu,, stands for all p-th weak derivatives of uy.

As depicted in Proposition 6, the solution might exhibit singularities close to the corners of €.
Following [23], we employ meshes that are geometrically refined in these locations. Such geometric
refinements permits to compensate the singular behaviour of the solution, and preserve optimal
convergence rates.

Remark 2. The case where 2 is smoother can be handled without locally refined meshes. However,
we need to employ curved finite element in this case. Such curved element are complex to analyze
in our current settings. Specifically, the authors are not aware of a rigorous derivation of an inter-
polation operator, together with optimal interpolation error-estimates in this case. Nevertheless,
the authors believe the main results will apply in the case of a smooth domain 2.

6.1 One-level MHM method

We analyze the case of the one-level MHMm where Ay is made of edgewise polynomial functions.
This family of spaces is extensively described in [27]. In the following, ! denotes a fixed natural
integer, and Ay is defined as

Ag ={pg € A| prle € P, Ve € En}, (43)

where P; denotes the space of polynomial of degree at most ! depending on one variable.

The main task this section is to establish an upper bound of o, m for this particular choice of
Apg. To do so, we take advantage of interpolation properties of Agy. In Proposition 7, we derive
an interpolation error estimate based on [27].
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Proposition 7. Assume A € A is such that there exists a function u € H'TY(Q) satisfying
Vu-nlag\aa = Aox\aa VK € Th.
Then there exists an element Ilg\ € Ay such that
IAN =g Al w S P ulio.

Proof. Under the assumptions of the Proposition, we know from [27] that there exists a ITgA € Ay
such that

IA =T Alla S A ulis0,
where

Reb(A v
[A=TIgA|la = sup #
veV\{0} ”vHV

oIS = >~ Ilvl

KeTu

and

2
LK

Hence it remains to show that ||.||aw < [-|la, but this is obvious from the definition of the
Illv, norm, as w > 1. O

Theorem 9. We have
Qo S H W HETL (44)

We conclude this section with an error-estimate for the one-level MHMm that is explicitly
stated in terms of w and H. As the proof is direct consequence of Theorems 5 and 9, it is omitted.

Corollary 2. Assume that wH and w2 H'" are sufficiently small. Then, there exists a unique
Ag € Ay solution to the one-level MHM problem. Furthermore, it holds that

A= Aerlaew < O (H+ & HFY) [ fllo.os (45)

and
Ju— sy < C (H 4 &) fo,

where u = T/\JrTf and ug =Ty +Tf

6.2 Two-level MHM method

Here, we focus on the case where Ty is made of squares. In addition, we assume that Ay consists
of edgewise constant Lagrange multipliers. This corresponds to the particular case where [ = 0.
Then, if ug € AY, we can write
HH = Z aelea
ec&int
for some a, € C. We define a norm on AY; by
lnwlz, = > lael
ecgint
Equivalence properties of the ||.||¢, norm are derived in Lemma 6.

Lemma 6. For all py € A(}{, we have

lprllen S H Hlpmlaw (46)

and

1/2
(Z ||uH|3,aK> S H 2| a (47)

KeTu
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Proof. Let us first consider an edge e € £ir'. For the sake of simplicity, we assume that e is an
internale edge shared by two elements K. € Ty. In addition, we consider the case where e is the
right edge of K_ and the left edge of K. We do not detail the other cases here (external edge,
or horizontal edge), but the proof are very similar.

Up to translation, we can assume that K_ = (—=H,0) x (0, H) and K —+ = (0, H) x (0, H).
Then, we define q. € H'(Tg) by

X1 +HX2(H — XQ)
H a2 ’

H — X1 XQ(H — X2)
H a2 ’

el (x1,%2) = Ge|r, (x1,%2) =

and g.|x = 0 for the remainings elements K € Tz. We see that ge|.(x2) = H 2x3(H — x2), and
ge|er = 0 for every other edge €’ € . In addition, we have

H
H
/qe = H*Q/ xo(H — X2)dxs = e
e 0

H
b(uHaQe): Z /(9Kque:2He/qe:§Me-

KeTu

Then, we have

Then, direct computations show that

lgello,o =~ H, |gel1,77 ~ 1.

Finally, since gc =0 on I'4

lgells = w?llgelld o + lgelt 7, S 1+w?H? 1. (48)

For an arbitrary ug € Ay, we set
q= Z Hede,
ecgint

where ¢, is defined for each edge as above. Using (48), we see that

lallvie < lelles- (49)

We have

- H
bprsge) = Y Tieb(um, ge) = 5 > |mel* = HllpalE, -

eegint eegint

By definition of the ||.||a ., norm, we obtain

Hllpmlz, ~=b(pu. q) S llpullawlalve,

and (46) follows from (49).
To proove (47), we first consider an arbitrary element K € Ty. We have

Z lrm

eCOK\OQ

Y uellel

eCOK\OQ

H Y ul

eCOK\OQ

2
0,e

”NH”g,aK

Then, by summation over K € T, we see that each edge e € 5}}” is counted twice, so that

lna s ox = 2H |12,

and (47) follows. O
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In Lemma 8 and 9, we analyze the scaling behaviour of lifiting and trace inequality over Tg.
We first state Lemma 7, which is obtained by elementary scaling arguments.

Lemma 7. Let u € H'(K) and ¢ € HY?(OK) for some K € Ty. We define the functions
(%) = u(x) and ¢(X) = ¢(x). Then, i € H'(K), ¢ € H/?(K), and we have

lulo,,x = Hlily 5, |ul1,x = il &

as well as

blox = H?(dlg 5o |0ly2.0x =0l 2,0k
Lemma 8. Let K € Ty and ¢ € L*(OK) such that
ol € H'(e),
for edge e C OK. Then, there exists a w € H*(K) such that
Vw-n=2¢

on 0K, and
wlo, e S HY?|¢

0.+ Z |Pl1/2e- (50)

eCOK

Proof. To start with, we introduce ¢(X) = ¢(x) so that @|; € H/2(é) for all ¢ C K. In addition,
recalling Lemma 7, we have

||€Z7||o,af< =H'?||¢l0,0x, |Pl1/2,6 = |®]1/2.e,

for all ¢ C OK. R
_Theorem 1.6 of [12] ensures the existence of a function 0 € H?(K) such that Vi - n = ¢ on
0K, and

2K S Z Ipll1/2.6 S H 2| plloox + Z |Pl1/2,e-

ECOK eCOK

Then, if we define w(x) = Hw(X), we see that w € H*(K) and Vw -n = ¢ on K. By simple
computations, we show that

]

|w|2,K 5 |w|2,f(7
and (50) follows. O

Lemma 9. Let u € H(K) for some K € Ty, then we have
lulj2,0i S H Hullore + |uly,k- (51)

Proof. Let us introduce @(X) = u(x), so that u € H'(K). Since the reference element K does not
depend on H, we have

iy 2.0 S lulox + |ulk,

and the result follows from the scaling results of Lemma 7. 0

Theorem 10. We have
\Tplor S H pwllaw

for all u € AY. Also, it holds that

T fl2 < (@WH) M| fllos

for all f € L?(Q).



Proof. We recall that for each element K € Ty, u = Tug|k is solution to

2
—w—u—lAu =0 in K,
K ) p
~Vu-n = —uy ondK\oQ,
P
1 w
—Vu-n— u = 0 on 0K N,
p NG
so that )
—Au = w—pu in K,
K
Vu-n = —pug on 0K \ 09,

Vu-n = iw\/zu on 0K N Q.

. K
Ploxr\oo = —ppm,  Ploxnea = M\ﬁ%

Let ¢ € L?(0K) defined by

and we have

9llo.or S llpemllo,ox + wllullo,oxnon,

23

Since v € HY?(0K) and pg|. € HY?(e) for all edges e C 0K, ¢|, € HY?(e) for all e C OK.

Recalling that |pfr]el1/2,e = 0, and using (51), we see that

6l1/2,e Swlulijoe Sw (H Hulox + |ul,x) S H ' (wlufo,x + |ul1k) -

Then, there exists an element w € H?(K) such that Vw -n = ¢ on 0K and

wlax S HY?|¢lloox + Y, 1612
eCOK
< HY||pwlloor +wHY?|ullo.ornon + H ™" (wllullox + |ulir)
S H'Y|puloox + H (14 (wH)'?) (WHUHO,K + Jul1,x + w'/?
< HY?|ugloorx + H™ (w||u||0,K + |u|1, i + w1/2||U||o,aKmaQ) .

By summation, we see that

1/2
|y, S H'Y? ( > ||/~LH3,3K> + H Y Tpwllve,

KeTy
and we conclude that
lwlo,x S H ™ pal|aw,

from (47) and Theorem (1).
Then, we let v = Tuy — w, so that v|k satifies

2
—-Av = Mu—l—Aw in K
K

Vo-n = 0 on 0K,

in each element K € Ty

lullo.oxcron)

Then, by Theorem 2.2.1 and Lemma 2.2.2 from [14], we have v|x € H?(K) with

vl2,x S w?llullo,x + [wla,x-
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Hence, we obtain that v € H?(Ty) with

W Tpallv.e + w27

[l S
S (wW+H) [lpallaw
N
S

H™' (1 +wH) |lprllaw
H™ | prr || a -

We thus conclude that Tuy € H?(Ty) with

ITuwlerm S H pwlaw

Now, let f € L?(Q). In each element K € Tz u = T'f|x satisfies

2
—Au = f—i—ﬂu in K,

K

Vu-n = 0 on 0K \ 09,

Vu-n = iw\/?u on 0K NQ.
K

We first construct a lifting w such that Vw-n =0 on 0K \ Q and Vw -n = iw/k/pu on 0K NOQ.
Arguing as in the case of Tz, we obtain that w € H?(Ty) and

lwla, 75, S H TS

Viw-
From Theorem 1, we obtain that
lwla, 7 < (WH) ™[ fllo,0-

Then, we let v =T'f — w, so that in each element K € Tj;, we have

2

Av = F+Y2PPFrAw i K,
K

Vu-n = 0 on 0K,

and arguing as before, we get that

Vo + [wle7y S (WH) " fllog S H /]

vl2, 7 S [Ifllo.o + wlITf]

0,0-

As a direct consequence of Theorem 10, we have
Corollary 3. We have
h h
Bu,Hn S o ek S T
We conclude with an error-estimate, which is a direct consequence of Theorem 8:

Corollary 4. Assume that wH, w?>H and wh/H are small enough, then, there exists a unique
AHB € A% such that

b(prs Thdmpn) = —b(uw, Thf), Ypm € AY.

In addition, we have

wh
A =Arnllaw S <wH+ H) lI.fllo,0-
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7 Numerical examples

We consider 4 test-cases to validate the MHMm approach numerically. We start with 3 experiments
based on the academic problem to approximate a plane wave solution. The results presented in
this section are based on square elements.

We first analyse the behaviour of the discrete solution with respect to angle of propagation.
We are able to show that MHMm is able to exactly reproduce the plane wave in some cases. Then,
we estimate numerically the convergence rates of the method. We end the analytical test-cases
with a study of the impact of the pollution effect.

We conclude this section with an applied problem. We simulate the propagation of wave from
a seismic source in a synthetic geophyscial medium: the Marmousi II model [22]. We give a
comparison with a Lagragian polynomial approach: the MMAm [5,10,11].

7.1 Anisotropy study and comparison with DEm

We present an anisotropy study of the MHMm on cartesian grids. To this end, we solve the
problem
— w3y — — i
{ wu — Au 0 in Q, (52)

Vu-n—iwu = Veg-n—iwey on 0N,

where Q = (0,1)2, 6 € [0,27] and
eo(z) = exp (iw(cos()z1 +sin(f)xs)), Va € R%

The solution to problem (52) is the plane wave u = eg. In order to present anisotropy curves,
we solve problem (52) for 720 values of 6 ranging from 0 to 2w. We select the angular frequency
w = 107. For [ = 0, we use a 64 x 64 grid mesh and the results are presented on Figure 1. On
Figure 2, we use a 8 x 8 grid with [ = 2. The results for [ = 4 are presented on Figure 3, a 4 x 4
grid is used.

We first observe that every scheme gives the exact solution when 6 = kn/2, k € Z. As we
already mentioned, this is because the normal derivatives of a plane wave eg with 0 = kn/2 are
constant on the edges of the mesh and can be exactly represented by the space Ai 0

Besides, it is clear that the spaces AI‘"} are able to exactly reproduce plane waves ey for angles
0 = kr/4 for | = 2 and § = kn/6 when | = 4. This is in agreement with the concept used to
construct these spaces.

We also observe that the spaces A% based on oscillating functions are more accurate that the
polynomial spaces Af, to approximate plane waves.
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7.2 Convergence study

We now analyse numerically the convergence rates of the method. We use test-case (52) with
w = 67. Reminding the anisotropic analysis, we select the propagation angle § = 7/8 to make
sure that the solution is not exactly approximated. In particular, this choice seems to be the
”worst case senario” for the space ASQ'

We compute the errors in the L? norm and in the H' semi-norm. The results are presented
on Figures 6 to 8. The experimental convergence rates are conform to the expectation: the
convergence is in O(h!*2) in the L? norm and in O(h'*!) in the H' semi-norm. Like in the
anisotropy study, the solutions based on oscillating spaces A}q{ are more accurate that the solutions
based on polynomial spaces AL.
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7.3 Estimation of the pollution effect

The main problem one encounters when solving for wave problems is the so-called ”pollution
effect”: it is required to increase the number of points per wavelength when the frequency increases
to maintain the accuracy of the numerical solution. Thus, if the number of points per wavelength
is the same for all frequencies, that is h ~ w™!, the numerical solution looses its precision for
sufficiently high frequencies.

There exists an optimal exponant o > 1, such that, if h ~ w™, the accuracy of the solu-
tion remains bounded independently of the frequency. For the case of Lagrangian polynomial
discretizations of degree p, it is well-known that the optimal exponant is & = 1+ 1/(2p). This
result has been proven by Babuska and Ihlenburg for 1D problems [18].

We see in particular that the higher p is, the closer « is to one. Thus, the pollution effect
is reduced for large p. This is the reason why high order methods perform very well for wave
problems.

In the following, we solve model problem (52) for increasing frequencies with the angle of
propagation § = w/8. We select h ~ w™®, where « =1+ 1/(2(l 4+ 1)). This choice is the natural
adaptation of the standard « exponant to the MHMm.

The results are presented on Figures 9 to 11 and confirm our expectations: if h ~ w=1=1/(20+1)
we observe a constant accuracy for all considered frequencies.
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7.4 A geophysical model: the Marousi II test-case

We consider the Marmousi II synthetical model [22]. The domain of propagation is 10240 m large

and 2560 m deep. The P-wave velocity ¢, and the density p are given as a 2048 x 512 grid (see

Figure 12 and 13). The bulk modulus is defined from the P-wave velocity and the density with
2

K = pc,.

aoco00

z000

gl )

=000

Figure 12: Marmousi II: P-wave velocity model
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Figure 13: Marmousi II: density model

A Dirichlet boundary condition is imposed on the top of the domain and a first-order absorbing
boundary condition is applied on the rest of the boundary to simulate a semi-infinite propagation
medium.

The seismic source is represented by a Dirac right-hand-side ¢ € D'(Q) located at z = 5000 m
and z = 50 m:

(¢, v) =v(5000,50), Yve D(Q).

There is no analytical solution for this benchmark. Hence, we use a finite element solution
Ures computed on a very fine mesh as a reference. More precisely, this solution is computed with
triangular Lagrangian elements of degree 4. The mesh is based on a 2048 x 512 cartesian grid, each
square of the grid being subdivided into two triangles. It is worth noting that the mesh is based
on the same cartesian grid as the medium parameters. Hence, these parameters are constant on
each cell and we can use a standard finite element method to approximate the solution.

The solutions are evaluted on a 513 x 129 cartesian grid which is used to compute relative L?
errors. The relative error of a solution u,pm, computed with the MHMm is given by

513 <129 9\ 1/2
i=1 j=1 ‘UTefCEiv ZJ) - umhm(-riv ZJ)|
E(umnm) = 513 129 2 )
Pt j=1 |Ure (@i, 25)|
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where z; and z; correspond to the offset and depth of the evaluation grid lines.

We tabulate the error of the MHMm solutions for different choices of h and . We use 3 different
values of h: 20,40 and 80 m, which corresponds to cartesian grids of size 512 x 128, 256 x 64 and
128 x 32 respectively. Thus, it is clear that the original medium parameters grid is coarsen by a
factor 4, 8 or 16.

For the second level methodology, we use square Lagrangian finite-elements of degree 3 based
on a 8x 8, 16 x 16 or 32 x 32 caresian grid for h = 20,40 or 80 m respectively. This choice ensures
that the second-level computational scale is twice smaller than the medium parameters grid. In
particular, it is clear that the small-scale matches the scale of the heterogeneities.

In order to give a comparison with more standard finite-element methods, we also compute the
solutions with the MMAm [5,10,11]. The method is based on triangular Lagrangian elements so
that we subdivide each squares of the MHMm grids into two triangles to apply the MMAm and
we use enough subcells to take into account the medium parameters exactly.

We solve the problem for the frequency f = 20 Hz, the angular frequency begin defined as
w = 27 f. The results are presented in Table 1.

MHMm MMAm
h|l=0 I=1 [1=2 [=3 [l=4 h |p=1 p=2 p=3 p=4 p=5
20| 138 290 0.13 0.11 0.03 20 | 127 90.2 2.41 0.85 be
40 | 225 451 147 037  0.20 40 | 121 134 80.3 5.23 1.34
80 | 161 154 448 412 0.33 80 | 101 124 132 124 57.4

Table 1: Relative error (%) in the Marmousi IT model

From Table 1, it is clear that the MHMm is able to produce accurate solutions on coarse
meshes. Furthermore, when considering the same mesh and the same order of discretization, the
MHMm clearly outperforms the MMAm in terms of accuracy. This is very interesting because the
global linear system has approximately the same size and filling in both case. The drawback for
the MHMm, however, is that it is required to solve local problems to construct the global linear
system.

Conclusion

We present a new approach to solve the heterogeneous Helmholtz equation: the Multiscale Hybrid
Mixed method (MHMm). The method is originally developed for elliptic problems and is known
to be robust in highly heterogeneous media [3,15].

When the MHMm is applied to the Helmholtz equation, it has a lot of similarities with the
DEm of Farhat et al. [9]. Indeed, both methods are based on the primal hybrid formulation of
the Helmholtz equation. The difference lies in the fact that the basis functions of the MHMm are
taken as local solutions to the Helmholtz equation which need to be computed with a second-level
strategy, while the DEm uses plane waves.

In homogeneous propagation media, the MHMm and DEm are closely related. In particular,
the lowest-order MHMm and DEm elements are identical. However, the MHMm behaves differ-
ently when the propagation medium is heterogeneous. In particular, one advtange of the MHMm
is to naturally handle subcell variations of the medium parameters, where the parameters need
to be constant in each mesh cell for the DEm. The robustness of the MHMm with respect to
small-scale heterogeneities is illustrated by our numerical experiments.

We present a convergence analysis of the MHMm for homogeneous propagation media, for
elements of arbitrary orders. The convergence rates are optimal and correspond to the standard
finite-element method. Our results also generalize the convergence result for the lowest-order DEm
elements presented in [2].

Numerical experiments illustrate the accuracy of the MHMm on analytical solutions and geo-
physical benchmarks. The analytical experiments validate our convergence analysis. On the other,
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our experiments on the Marmousi II geophysical benchmark [22] show that the method is very
efficient for geophysical applications. In particular, the superiority of the MHMm over polynomial
Lagrangian elements is highlighted.
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Proof of Proposition 2

Lemma 10. Let 0 € C*°(K)? and let u € H*(Q). Then

/ div(o)|ul? < / lul?o - nx + 2|00,00, k| |0, K |U]1, 5 - (53)
K oK

Proof. First, using Stokes formula, we have

/ \u|20~nK:/ div(o|ul?).
oK K
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Futhermore, we have
div(o|u|?) = div(o)|u|® + o - V|u|? = div(c|u|?) = div(o)|u|* + 2Reuo - Vu. (54)

It follows that

/div(a)\u|2 = / |u|20~nK—2Re/ uo - Vu
K oK K

= / [ul?o - i + 2|0 0,00,k [t]o, x|l 1,5
oK

O

Lemma 11. Let K be a rectangle with edge of size h and let T" be one edge of K. Then, for all
u € HY(K), there holds
Jul < 2hJul§ r + 4R%|ulf (55)

Proof. Tt is clear that for any square K of size h, there exist an isometry which project K onto
Ko = (0,h)? and T on (0, h) x {0}. We can therefore focus on proving (55) for the case K = (0, h)?
and I' = (0, h) x {0}.

We define 0 € C*°(K)? by o(x,y) = (0,y — h)! for all z,y € K. It is clear that dive = 1 and
|o|oo = h, and that o -ng = h on (0,h) x {0} and 0 on the rest of 9K. Applying trace inequality
A3 from [26], we see that

/ ul? < h/ ful? + 2hulo sl - (56)
K r
We obtain (55) applying
Lo 21,12
2hlulo,rcluls i < Flulg e+ 2h7|uly k-

in (56). O
Lemma 12. Let K be a triangle and T' be one side of K. Then, for all u € H'(K), there holds

|u|(2)K < h|u|gr + h2‘“|§,K' (57)

Proof. Let a € R? be the vertex of K opposite to I' and define o(x) = a — x for x € R?. Then it
is clear that o € C°°(K)?, divo = 2, |00.c0.x < h. It is also clear that o - ng = 0 on 0K \ I' and
that |0 - nx| < h on T'. Hence, we have

/ lu|?o - ng < h/ |u)?.
oK r

2 / ful? < Bl p -+ 2Rl il i
K

It follows that

and we conclude with
2hulo,k [ul1,k < [ulf x + B |ulf & (58)



