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A POSTERIORI VIRTUAL ELEMENT METHOD FOR THE ACOUSTIC
VIBRATION PROBLEM

F. LEPE, D. MORA, G. RIVERA, AND L VELASQUEZ

ABSTRACT. In two dimensions, we propose and analyze an a posteriori error estimator for the
acoustic spectral problem based on the virtual element method in H(div; 2). Introducing an auxiliary
unknown, we use the fact that the primal formulation of the acoustic problem is equivalent to a
mixed formulation, in order to prove a superconvergence result, necessary to despise high order
terms. Under the virtual element approach, we prove that our local indicator is reliable and globally
efficient in the L2-norm. We provide numerical results to assess the performance of the proposed
error estimator.

1. INTRODUCTION

One of the most important subjects in the development of numerical methods for partial differential
equations is the a posteriori error analysis, since it allows dealing with singular solutions that arise
due, for instance, geometrical features of the domain or some particular boundary conditions, among
others. In this sense, and in particular for eigenvalue problems arising from problems related to solid
and fluid mechanics and electromagnetism, just to mention some possible applications, the a posteriori
analysis has taken relevance in recent years. (see [2, [12), 14 111 2T, 221 [33] 35] 38, [39] and the references
therein).

The virtual element method (VEM), introduced in [4], has shown remarkable results in different
problems, and particularly for solving eigenproblems, showing great accuracy and flexibility in the
approximation of eigenvalues and eigenfunctions. We mention [18 [19] 24], 25, 26|, 27, 28| BT} [30, 32,
33), 34], [36] as recent works on this topic.

The acoustic vibration problem appears in important applications in engineering. In fact, it can
be used to design of structures and devices for noise reduction in aircraft or cars mainly related with
solid-structure interaction problems, among others important applications. In the last years, several
numerical methods have been developed in order to approximate the eigenpairs of the associated spec-
tral problem. In particular, a virtual element discretization has been proposed in [9]. It is well known
that one of the most important features of the virtual element method is the efficient computational
implementation and the flexibility on the geometries for meshes, where precisely adaptivity strategies
can be implemented in an easy way. In fact, the hanging nodes that appear in the refinement of some
element of the mesh, can be treated as new nodes since adjacent non matching element interfaces
are acceptable in the VEM. Recent research papers report interesting advantages of the VEM in the
a posteriori error analysis and adaptivity for source problems. We refer to [7, [I6], 17, B7] and the
references therein, for instance, for a further discussion. On the other hand, a posteriori error analysis
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for eigenproblems by VEM have been recently introduced in [40] [33] 35], where primal formulations
in H! have been considered.

The contribution of our work is the design and analysis of an a posteriori error estimator for the
acoustic spectral problem, by means of a VEM method. The VEM that we consider in our analysis is
the one introduced in [9] for the a priori error analysis of the acoustic eigenproblem. We stress that
the VEM method presented in [9] may be preferable to more standard finite elements even in the case
of triangular meshes in terms of dofs (cf. [9, Remark 3]). The formulation for the acoustic problem is
written only in terms of the displacement of the fluid, which leads to a bilinear form with divergence
terms, implying that the analysis for the a posteriori error indicator is not straightforward. This
difficulty produced by the H(div) formulations leads to analyze, in first place, an equivalent mixed
formulation which provides suitable results in order to control the so-called high order terms that
naturally appear. This analysis depending on an equivalent mixed formulation has been previously
considered in [I3} [14] for the a posteriori analysis for the Maxwell’s eigenvalue problem, inspired by the
superconvergence results of [29] for mixed spectral formulations. We will follow the same techniques
for the present H(div) framework. However, due to the nature of the VEM, the local indicator that
we present contains an extra term depending on the virtual projector which needs to be analyzed
carefully.

The organization of our paper is the following: in section [2] we present the acoustic problem and
the mixed equivalent formulation for it. We recall some properties of the spectrum of the spectral
problem and regularity results. In section [3] we found the core of the analysis of our paper, where we
introduce the virtual element method for our spectral problem and technical results that will be needed
to establish a superconvegence result, with the aid of mixed formulations. Section[d]is dedicated to the
a posteriori error analysis, where we introduce our local and global indicators which, as is customary
in the posteriori error analysis, will be reliable and efficient. In section [f] we report numerical tests
where we assess the performance of our estimator. We end the article with some concluding remarks.

Throughout this work, Q is a generic Lipschitz bounded domain of R*. For s > 0, ||-[|, , stands
indistinctly for the norm of the Hilbertian Sobolev spaces H*(Q2) or [H*(Q2)]? with the convention
HO(Q2) := L2(Q). We also define the Hilbert space H(div; Q) := {7 € [L2(Q)])? : divT € L2(Q)}, whose
norm is given by ||7'||3iV7Q = ||T||3Q+ | div7|[§ - For s > 0, we define the Hilbert space H*(div; ) :=
{r e [@(Q)]*: divr € H*(Q)}, whose norm is given by [T, giv.0) = [ITI3,0 + [ div 7| o. Finally,
we employ O to denote a generic null vector and the relation a < b indicates that a < Cb, with a
positive constant C' which is independent of a, b, and the size of the elements in the mesh. The value

of C might change at each occurrence. We remark that we will write the constant C' only when is
needed.

2. THE SPECTRAL PROBLEM

We consider the free vibration problem for an acoustic fluid within a bounded rigid cavity Q C R?
with polygonal boundary I' and outward unit normal vector n:
—w?ow = —Vp inQ,
(1) p=—octdivw inQ,
w-n=>0 on I’

where w is the fluid displacement, p is the pressure fluctuation, g the density, ¢ the acoustic speed

and w the vibration frequency. For simplicity on the forthcoming analysis, we consider g and ¢ equal
to one.

Multiplying the first equation in by a test function 7 € Hy(div; ), where
Ho(div; Q) :={r e Hdiv;Q): 7-n=0 onT},

integrating by parts, using the boundary condition and eliminating the pressure p, we arrive at the
following weak formulation
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Problem 2.1. Find (A,w) € R x Ho(div; Q), w # 0, such that
/diVWdiVTZ/\/W-T V71 € Ho(div; ),
Q Q

where ) := w?. It is well known that the spectrum of Problem consists in a sequence of eigenvalues
{0} U {Ax},en, such that

i) A = 0 is an infinite-multiplicity eigenvalue and its associated eigenspace is Ho(div’; Q) :=
{T € Hy(div; Q) : divr =01in Q};
i) {Mk}ren IS @ sequence of finite-multiplicity eigenvalues which satisfy A\, — oo.

To perform an a posteriori error analysis for spectral problems, we need the so called supercon-
vergence result, in order to neglect high order terms as has been proved in [29] and already applied
in, for instance, the Maxwell’s eigenvalue problem [I3| [I4]. In order to obtain this superconvergence
result, we begin by introducing an equivalent mixed formulation for Problem For A # 0 let us
introduce the unknown

(2) wi= —diVAW € 1L2(Q).

To remain consistent with the notations, we will denote by (-,-)o.q the L?(2) inner-product.
With the aid of we write the following mixed eigenproblem:
Problem 2.2. Find (\,w,u) € R x Ho(div; Q) x L2(Q), with (w,u) # 0, such that

/W~T+/udiv‘r = 0 V1 € Ho(div; Q2),
Q

/ﬂvdivw = —/\/uv Vv e L3(Q).
Q Q

It is easy to check that the spectral Problem [2.1] and [2:2] are equivalent, except for A = 0 on the
following sense:

e If (A, w) is a solution of Problem [2.1] with A # 0, then (A, w, — div w/}) is solution of Problem

e If (\,w,u) is a solution of Problem [2.2] then (X, w) is solution of Problem [2.1]and u is defined

as in (2).

We introduce the bounded and symmetric bilinear forms a : Ho(div; ) x Ho(div;2) — R and
b: Ho(div; Q) x L2(Q) — R, defined by

a(w,T) = / w-T, w,T € Hy(div;Q), b(r,v):= / vdivT, T € Hy(div; Q), v € L3(Q),
Q Q

which allows us to we rewrite Problem [2.2] as follows:

Problem 2.3. Find (\,w,u) € R x Ho(div; Q) x L3(Q), (w,u) # (0,0), such that

a(w,7)+b(T,u) = 0 V7 € Ho(div; Q),
b(w,v) = =Au,v)0a YveL*Q).
Remark 2.1. It is easy to check that if (\,w,u) is a solution of Problem then
w = Vu and divw = —Au.

Let K be the kernel of bilinear form b(+,-) defined by:
K :={r € Hy(div; Q) : divr =0 in Q}.

It is well-known that bilinear form a(-, -) is elliptic in K and that b(-, -) satisfies the following inf-sup
condition (see [10])
b(r,v
3) sup g > Bllvlo. Yo € L2(Q),
0#T€H (div;Q) ||T||div,§z
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where § is a positive constant.

Remark 2.2. The eigenvalues of Problem are positiwve. Indeed, taking T = w and v = u in

Problem [2.3 and subtracting the resulting forms, we obtain
L alw.w)

- > 0.
ullf ¢

In addition, A = 0 implies (w,u) = (0,0).

Let us introduce the following source problem: For a given g € L2(€2), the pair (W, ) € Ho(div; Q)x
L2(9) is the solution of the following well posed problem
(4) a(w, )+ b(m,u) =0 V7T € Hy(div;Q),
(5) b(W,v) = —(g,v)0,0 Vv e L} Q).

According to [I], the regularity for the solution of system 77 (the associated source problem
to Problem is the following: there exists a constant 7 > 1/2 depending on 2 such that the
solution 7 € H'*7(Q), where 7 is at least 1 if  is convex and 7 is at least 7/w — ¢, for any € > 0 for a
non-convex domain, with w < 27 being the largest reentrant angle of (2. Hence we have the following
well known additional regularity result for the source problem 7.

(6) Wiz + lulli+70 < llgllo.q-

Also, the eigenvalues are well characterized for this problem as is stated in the following result (see
[3] for instance).

Lemma 2.1. The eigenvalues of Problem consist in a sequence of positive eigenvalues {\, : n €
N}, such that A\, = 00 as n — oo. In addition, the following additional regularity result holds true
for eigenfunctions

Wl + | divwllitre + [ullire S llullog,
with r > 1/2 and the hidden constant depending on the eigenvalue.

3. THE VIRTUAL ELEMENT DISCRETIZATION

We begin this section recalling the mesh construction and the assumptions considered to intro-
duce the discrete virtual element space. Then, we will introduce a virtual element discretization of
Problem [2.3] and provide a spectral characterization of the resulting discrete eigenvalue problem.

Let {7#}, be a sequence of decompositions of © into polygons K. Let hk denote the diameter of
the element K and h := max hx. For the analysis, the following standard assumptions on the meshes
€

are considered (see [0l [15]): there exists a positive real number C such that, for every K € T;, and
for every h.

A;: the ratio between the shortest edge and the diameter hk of K is larger than C'r,
A,: K € Ty, is star-shaped with respect to every point of a ball of radius Crhk.

For any subset S C R? and nonnegative integer k, we indicate by P(S) the space of polynomials
of degree up to k defined on S. To keep the notation simpler, we denote by n a general normal unit
vector, its precise definition will be clear from the context. We consider now a polygon K and define
the following local finite dimensional space for k > 0 (see [15] [5]):

H} = {7}, € H(div; K) N H(rot; K) : (1, - n) € Pi(¢) V¢ € 0K, div 7}, € Px(K), rot 7, = 0 on K},
We define the following degrees of freedom for functions 7 in H}f:

(7) /(Th ‘n)qgds VYgqePyl) Yedge!le K,
14

(8) /K Th Vg Vg € Py(K)/Po(K),
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which are unisolvent (see [9, Proposition 1]).

For every decomposition 7p of € into polygons K, we define
H, = {Th € Hyo(div; Q) : Th|k € H}f}
In agreement with the local choice we choose the following degrees of freedom:

/(Th -m)qds Vq€P(¢) for all internal edges ¢ € Tp,
¢

/ 7h-Vq Vq€Pr(K)/Po(K) in each element K € Tj,.
K

In order to construct the discrete scheme, we need some preliminary definitions. For each element
K € T;, we define the space

~ K
H), := V(Py4:1(K)) C Hy.

; K 2 2 T
Next, we define the orthogonal projector IT, : [L*(K)]* — H,, by
K
) /nff-ﬁh:/T-ﬁh Ve, c H |
K K

and we point out that H,ILfTh is explicitly computable for every 7, € Hff using only its degrees of
freedom f. In fact, it is easy to check that, for all 7, € HE and for all ¢ € Py (K),

/Hf‘rhqu:/‘rMVq:f/qdiv7'h+/ (Th - m)qds.
K K K K

On the other hand, let S¥(-,-) be any symmetric positive definite (and computable) bilinear form
that satisfies

(10) co / Th-Th < S¥(Th, 1) < a1 / Th-Th VT, €HY,
K K

for some positive constants ¢y and ¢; depending only on the shape regularity constant C'7 from mesh
assumptions A; and As. Then, we define on each K the following bilinear form:

K . K K K K K K
ap (up, Th) == / I uy, -7, + S (uh — I, up, 7 — 10, Th) up, 7 € Hy,
K
and, in a natural way,

ap(up, Tp) == Z aﬁf(uh,rh), u,, 7 € Hy,.
KeTy

The following properties of the bilinear form a}f(-, -) are easily derived (by repeating, in our case, the
arguments from [I5, Proposition 4.1]).

o (onsistency:
K _ [ = ~ _l K
ap (Up, Th) = u, - Th vu,b € H, VrneH;, VKeT.
K
o Stability: There exist two positive constants o, and o*, independent of K, such that:

oz*/ Th-ThSa}f(‘rh,Th)ga*/ Th Th V‘rhEH}f, VK eT;,.
K K

Now, we are in position to write the virtual element discretization of Problem 23]
Problem 3.1. Find (Ap, wyr) € R x Hy,, wy # 0 such that

(diVWh, div Th)O,Q = /\hah(wh,Th) VTh € Hy,.

We have the following spectral characterization of the discrete eigenvalue Problem [3.1] (see [9]).
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Remark 3.1. There exist My, := dim(Hy) eigenvalues of Problem repeated according to their
respective multiplicities, which are {0} U {/\;Lk}kNﬁl, where:

i) the eigenspace associated with A\p, = 0 is IC, := {v € Hy, : divvy, = 0};
i) A >0, k =1,...,Np := M, — dim(KCy), are non-defective eigenvalues repeated according
to their respective multiplicities.

Now, we introduce the virtual element discretization of Problem [2:3]

Problem 3.2. Find (Ap, wp,up) € R x Hp x Qp,, (Wp,up) # (0,0), such that

{ ah(wh,‘rh) + b(Th,uh) =0 V7, € H,,
b(wh,vn) = —An(un,vn)oo Yo, € Qy,

where Q) == {q € L2(Q) : qlx € Pe(K) VK€ Tp},k>0.

We also introduce the L2(£2)-orthogonal projection
P, :12(Q) = Q,,
and the following approximation result (see [5]): if 0 < s < k4 1, it holds
(11) [v = Prvllo,o S R°[lv]s,0 Vv € H*(Q).

The next two technical results establish the approximation properties for 7; and their proofs can
be found in [9, Appendix].

Lemma 3.1. Let 7 € Ho(div; Q) be such that 7 € [H'(Q)]* with t > 1/2. There exists 71 € Hy, that
satisfies:
divr; = P(divr) in Q.
Consequently, for all K € Tp,
[ div7rllox < [Idivrlox,
and, if div T|g € H*(K) with § > 0, then

[ divr — divrfox < REORY div r|s k.

Lemma 3.2. Let T € Hy(div; Q) be such that T € [H!(Q)]? with t > 1/2. Then, there exists T; € Hy,
such that, if 1 <t < k+ 1, there holds

|7 —7rllox S hiklT|ek,

where the hidden constant is independent of h. Moreover, if 1/2 <t <1, then

7 —71llox S hk|7lex + hill div 7o x-

Let IIj, be defined in [L2(Q)]2 by (II,7)|x := I for all K € 7, where IT} is the operator
defined in @, and that satisfies the following result proved in [9, Lemma 8].
Lemma 3.3. For every g € H'*(Q) with 1/2 <t < k + 1, there holds
Vg — Hh(VQ)”o,Q S htHVqllt,Q-

As a consequence of the previous result we have the following estimate.
Lemma 3.4. For all r > % as in Lemma the following error estimate holds

||W _ HhW”O,Q 5 hmin{r,k-{-l}.

Proof. The proof follows directly from Remark [2.I] Lemma 2.1 and Lemma [3.3] O

The following results gives us the error estimates between the eigenfunctions and eigenvalues of

Problems [B.2] and 2.3
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Theorem 3.1. For all r > % as in Lemma the following error estimates hold

W = Whllaiv.o + = upllg g S hmmFFL

12
( ) |)\ _ )\h| 5 h2min{r,k+1}7

where the hidden constants are independent of h.
Proof. The proof follows by repeating the arguments in [27, Theorems 4.2, 4.3 and 4.4]. |

For the a posteriori error analysis that will be developed in Section [} we will need the following
auxiliary results, which have been adapted from [I3] [14].

In what follows, let (A, w,u) be a solution of Problem where we assume that A is a simple
eigenvalue. Let (w,u) be an associated eigenfunction which we normalize by taking ||ullo.o = 1. Then,
for each mesh Tj, there exists a solution (Ap, wp,up) of Problem such that A, converges to A, as
h goes to zero, ||up|lo,o = 1, and Theorem [3.1| holds true.

Let us introduce the following well posed source problem with data (A, u): Find (W, uy) € Hy X

Q},, such that
(13) { ah(vAvh,Th) + b(Th,ah) = 0 V71, € Hy,

b(Wh,vn) = —Au,vp)on Yun €Qy.

With this mixed problem at hand, we will prove the following technical lemmas with the goal of
derive a superconvergence result for our VEM. To make matters precise, the forthcoming analysis is
inspired by [I4], where the authors have generalized the results previously obtained by [10, 20, 23].
We begin proving a higher-order approximation between up, and Pyu.

Lemma 3.5. Let (A, w,u) be a solution of Problem and (Wp,0p) be a solution of the mized
formulation . Then, there holds

|n — Prulloe S 07 ([[w = Wallaiv.e + [|[w — Twlloq)

where 7 € (%, 1] and the hidden constant is independent of h.

Proof. Let (w,u) € Hp(div;Q) x L%(Q2) be the unique solution of the following well posed mixed
problem
(14) a(w,T) + b(T,u) 0 V1 € Ho(div; ),

b(w,v) = —(un— Pyu,v)o0 VveL}(Q).
Notice that is exactly problem f with datum @ — Pyu. Hence, since this problem is well
posed, we have the following regularity result, consequence of @

(15) [Wllma + [[ulli+70 < 1Hn — Prullo,o-
Observe that, thanks to the definition of Py, the first equation of Problem and the first equation

of , we have
(16) ||ﬁh — Pku||(2)’g = —b(v~v,ﬁh — Pku) = —b(\?/[,ah — Pku) = —b(v~v1,ah — u)

= _b(vﬂ(’17 ah) + b({)VVI7 u) = ah(‘/ﬁha VA(II) - a’(w7 ‘7‘}1)
In the last two terms of (16), we add and subtract IT,w in order to obtain

ap(Wp, wr) —a(w,wr) = ap(Wp, — IIyw, wy) + a(II,w — Wy, Wy) +a(w), — w, W)

Ax
= A1+ a(wWp, — w,W; — W) +a(Wp, — W, W)

An
= A1+ A — b(\?/h — W/lj)
= A1+ A — b(\?\\/h - W, U — Pkﬂ) — b(\/h\/h - W, Pkﬂ),
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where we have used the first equation of system . Moreover, testing the second equation in
Problem and with Pyu € Q,, we have b(w), — w, P,u) = 0, and hence

Hﬂh - Pku||%ﬂ = A1+ A — b(V/R\/h - W,ﬂ - Pkﬂ)

Our next task is to estimate each terms on the right hand side of the identity above. We begin
with AI.

A= ah(VAVh —II,w,w; — HhVT/') + a(v/&?h —II,w,IIw — {JVVI)

S Wi — pwljo ol wr — IIw|jo.o

< (IWn = wllog + lw = awllo.) ([[Wr — Wllo.o + |W — T Wllo.)

(17) S K (IWn = wllo. + [[w = TTywllo.0)|[@n — Prullo,o,
where we have applied Lemmas and and . Now, for A;; we have
(18) A =a(Wy, —w,w; —w) <h'||w — Whllo.olltn — Prullo,,
and finally, invoking , we obtain
(19) b(Wp, —w, U — Ppi) < BT div(wy, — w)|lo.olltn — Prullo,q-
Collecting 7 and , we have

[ — Prullog S0 ([w = Wallave + [w = Thwllog)

concluding the proof. O

The following auxiliar result shows that the term ||w — Wp||giv,0 is bounded.

Lemma 3.6. Let (A\,w,u) be a solution of Problem [2.3 and (W, 1) be a solution of (13). Then,
there holds

[w = Whllaiv.o SR,
with r > 1/2 as in Lemma and the hidden constant is independent of h.

Proof. Let (Ap, W, up) be solution of Problem Now, subtracting from Problemwe obtain

{ ah(wh—vAvh,‘rh)-i-b(Th,uh—ﬂh) =0 VThEHh,
b(Wh — {i’h,vh) = ()\’U, — )\h’u,h,’l)h)oﬂ Yo, € Qh'

First, using the inf-sup condition for bilinear form b(-,-) (cf. (3))) we have
lun — @nllo. < |lWn — Wallo.q-
Thus,

[wWh = Wallo,o S IAnun — Aullo,q-
Moreover from the second equation, we get

| div(wn — Wa)llo,0 < [[Anun — Aul

0,Q-
On the other hand, from the triangle inequality and the above estimates, we obtain
[w — Wallaiv,o < [|[w = whlaiv,o + [Wh — Whlaiv,0

S Iw — wallaiv,o + [[Anun — Aullo.o

S W = wallaiv.e + [An = Alllunllo.o + [Alllun — ullo,.q,
where using we conclude the proof. ]

We have the following essential identity to conclude the superconvergence result presented in
Lemma 3.7

(20)  — Ap(Un,un) = —Ap(un, Un) = b(wp, Up)

= —ah(v/s\/‘h,wh) = 7ah(Wh,\/i’h) = b(v?h,uh) = 7>\(U,Uh).
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Lemma 3.7. Let (\,w,u) and (An, Wn,up) be solutions of Problems and respectively, with
lullo.o = llunlloq = 1. Then, there holds

| Pew — upllo.o S R,

where 1 € (%, 1] and the hidden constant are independent of h.

Proof. Let (Wp,uy) be the solution of . From the triangle inequality we have
(21) 1Peu = unllo,e < ([P — Unllo,o + [Un — unllo,q-

Now, adapting the arguments of |14, Lemma 11] and using , we derive the following estimate

~ ~ 2
[in = unllg o < ldn = Peulld o + [Iw = Wallgiy o + llu = unll o + |w — TLwl[G o]

Finally, from , the above estimate, together with Lemmas and Theorem (3.1} we
conclude the proof. |

4. A POSTERIORI ERROR ANALYSIS

In this section, we develop an a posteriori error estimator for the acoustic eigenvalue problem .
The a posteriori error estimator that we will propose is of residual type and our goal is to prove that
is reliable and efficient.

Let us introduce some notations and definitions. For any polygon K € 7, we denote by £k the set
of edges of K and
.= U g}(.

KeTn

We decompose &£ as € := Eq U &, where &r := {£ € £ : £ C T} and & := €\ &r. On the
other hand, given & € L2(Q)2, for each K € T;, and ¢ € £q, we denote by [[5 - t]] the tangential jump

of & across ¢, that is [[5 . t]] = (€lk — &|x/)|e - t, where K and K’ are elements of T, having ¢ as

a common edge. Due the regularity assumptions on the mesh, for each polygon K € 7T there is a
sub-triangulation 7;LK obtained by joining each vertex of K with the midpoint of the ball with respect
to which K is star-shaped. We define

o= U T

KeTh

For each polygon K, we define the following computable and local terms

(22) RE :=hi Hrot I} wy, . 05 = S¥(wy, — Mwy, wy, — pwy,), Jp = [[Hffwh ~t]],

2
o
which allows us to define the local error indicator

(23) Mk = Ry + 0%+ Y hic[|1Tello s
ek

and hence, the global error estimator

1/2
(24) nzz{z ni} :

KeT
In what follows we will prove that is reliable and locally efficient. With this aim, we begin by
decomposing the error w — wy,, using the classical Helmholtz decomposition as follows:
w —wp = VY + curl 5,
with ¢ € H'(Q) := {v € HY(Q) : (v,1)0.0 = 0} and 8 € H}(Q). Moreover, the following regularity
result holds
(25) [¥]l,0 + [ curl 3

lo.o S [lw — whllo.0-
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With this decomposition at hand, we split the L2(2)-norm of the error w — wy, into two terms,
(26) |lw — WhHg,Q = (w —wp, Vi)o o + (W — wp, curl 5)g o.
To conclude the reliability, we begin by proving the following results

Lemma 4.1. There holds ~
(W —wp, ViP)oo S h27"||w —wy,

where 1 € (%, 1] and the hidden constant are independent of h.

0,925

Proof. An integration by parts reveals that

(W —wp, Vip)o.o = —(div(w — wp), )00 + (W —wp) - n,¢)or.

Using that (w — wy) -n = 0 on T, the fact that divw = —Au, divwy, = —Apuy, and adding and
subtracting A\, (u — Pru,¥)o,q, we obtain

(W —wp, V)o.a = (A= An)u, ¥)o.a + An(u — Peu, ¥)o.a + An(Pru — up, ¥)o.q -
I Nt 1

For the term I, we use (12)), the fact that [juo,o = 1 and in order to obtain
A = An)(u, $)oo SRR (g lg.0 S B2 W — w00,
with r > % as in Lemma Applying the approximation properties and on II, we obtain
(u = Peu,¥)o = (u— Pyu, ¥ = Puplog S hllu = Prullogltlie S 1% [w — willo-
Finally, for ITI, we use Lemma and the bound for [|9|p,q to write

An(Pru — up,)on S BT |[w — whllo.o-
Now combining the above estimates we conclude the proof. |

Given k € NU {0}, let us consider the following virtual discrete subspace of H!()
Vi ={( e H'(Q) : AC€Py_1(K) VK E Tp,( €C(OK): (| € Ppp1(£), Vedgel CIK}.
Then, there exists {; € V}, that satisfies (see the proof of [35, Lemma 3.4])
1€ = Crlloe £ 22Nl and €= Crllox S Axliclx ¥ € HI(K).

With this result at hand, now we prove the following result.

Lemma 4.2. There holds
(W — wp, curl B)o,0 < 1l curl Bjo,q,
where the hidden constant is independent of h and the discrete solution.

Proof. Since curl 8 € Hy(div"; ), we have that (w, curl B)o, = 0. Thus,

(27) (W — wy, curl B)o,0 = (Wp, curl B)o,o = (wp — I,wy, curl B)o,o + (I Wy, curl B)o q.
For the first term term on the right-hand side of the above equality we have

(28) (wp, — Iwy, curl B)g o < nl curl 8|o.q-

Next, we introduce B; as the virtual interpolant of £, and using that curl 8, € Hy (divo; Q), we
have

(I wy, curl B)o.0 = (I wy, curl(8 — B1))oo = 3 / I} wy, - curl(8 — ;).
KeT;, VK
Now, by using integration by parts, we obtain

(Wi curl oo = 3 ([ rottiwi (5 - )+ [ (w05 -5 )

KeTh
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Hence, applying Cauchy-Schwarz inequality and property of approximation of §; in the estimate
above yields to

(29) (s wh,curl Bloo S > kB
KeTn

Now, combining , and we conclude the proof.

Lwx < Onlfcurl fflo.q.

We now provide an upper bound for our error estimator.
Lemma 4.3. The following error estimate holds
lw — whllo,o < m+ B,

where the hidden constants are independent of h and the discrete solution.

Proof. The proof is a consequence of , Lemmas and together to . O

Thanks to the previous lemmas, we have the following result
Lemma 4.4. The following error estimate holds
Iw = Thwhllon S m+h7,

where the hidden constant is independent of h.

Proof. From the triangle inequality, together to , for the stability of the II;-projector and Lemma
[4:3] we have
[w —TIpwh o0 < [[Ww —wWallo.q + |[wn — w00
5 n+ h2?-

Hence, we conclude the proof. O

Now we are in position to establish the reliability of our estimator.
Corollary 4.1. [Reliability] The following error estimate hold
Iw = willogo + lw — ywalloe S 0+ A%
where the hidden constants are independent of h.

Remark 4.1. From Corollary we note that O(h*") can be considered a “higher order term”
when lowest order VEM (k = 0) is used. When k > 1, the term can be considered a “higher order
term” when the eigenfunction is singular. This usualy happens when the eigenproblem is solved in
non-convex polygonal domains.

4.1. Efficiency. Now our aim is to prove that the local indicator ny defined in provides a lower
bound of the error w — wy, in a vicinity of any polygon K. To do this task, we procede as is customary
for the efficiency analysis, using suitable bubble functions for the polygons and their edges.

The bubble functions that we will consider are based in [I6]. Let 1k € H{(Q2) be an interior bubble
function defined in a polygon K. These bubble functions can be constructed piecewise as the sum of
the cubic bubble functions for each triangle of the sub-triangulation 7,¥ that attain the value 1 at the
barycenter of each triangle. Also, the edge bubble function ¥, € JK is a piecewise quadratic function
attaining the value of 1 at the barycenter of ¢ and vanishing on the triangles K € 7A7I that do not
contain ¢ on its boundary.

The following technical results for the bubble functions are a key point to prove the efficiency
bound.
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Lemma 4.5. For any K € Ty, let ¥k be the corresponding interior bubble function. Then, there hold

Il < /K okp® < P2 ¥p € Pr(K);

lIp ok +hk[V(¥xp)llox Slpllox  Vp € Pr(K);

where the hidden constants are independent of hy

0k S llvkp

Lemma 4.6. For any K € Ty, and £ € &k, let ¥y be the corresponding edge bubble function. Then,
there holds

o2, < /Z G < Ipl2, Vp e Bi(0).

Moreover, for all p € Py (€), there exists an extension of p € Pr(K), which we denote simply by p, such
that

i [epllo.x + i * |V (ep)lloxc < pllo.e.

where the hidden constants are independent of hg.

Now we are in position to establish the main result of this section.

Theorem 4.1. For any K € T, there holds

Mk S Wi = Wllow, + W = TEwlo.w,,

where wy denotes the union of two polygons sharing an edge with K, and the hidden constant is
independent of h and the discrete solution.

Proof. The aim is to estimate each term of the local indicator . The proof is divided in three
steps:
e Step 1: We begin by estimating Ri in . Invoking the properties of the bubble function
Yk, Cauchy-Schwarz inequality, and Lemma [£.5] we have
R. < / Yk rot(ITEwy, ) rot (I wy,) = / Yk rot (I wy, ) rot (IL) wy, — wi,)
K K

= _ / (ngh — wyp,) curl(vk rot(HEwh)) < HHEwh - Wh||0$Kh§1 ||1f0t(thh)||07K ,
K

which implies that

(30) Ry = hg||rot(XT;iwp) ok S W — wallox + [|[w — TI;whl|o,k-

e Step 2: Now we estimate Jj. Following the proof of [I7, Lemma 5.16], we obtain

1 Tellge S llvbede

5o = /(WJe) I = / (w— I wy) - curl(¥edy) + [ ¥ed o rot TI wy,.
J4 we

we

Hence, from Cauchy-Schwarz inequality, the bubble function properties and , we have
ITellS e < e et W — T W llo.w, + [[0ed ello,w, || ot TS W lo e,

< i (I = Wllow, + W = W lo, ) 14

0,£-
Hence, we conclude that
(31) 21T ello.e S won = wllow, + 1w = TG w0,

e Step 3: The final step is to control the term k. To do this task, we use the stability property
(10), add and subtract w with the purpose of applying triangular inequality as follows

(32) Ok < c1llwin — I wllox S [|whn — wllox + [T w, — wllox.

Hence, the proof is complete by gathering , and . O
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As a direct consequence of lemma above, we have the following result that allows us to conclude
the efficiency of the local and global error estimators for the acoustic problem, and hence, for its
equivalent mixed problem.

Corollary 4.2. [Efficiency] There holds
NS [w—wrlloo + [|[w — Iywilo0,

where the hidden constants are independent of h.

5. NUMERICAL RESULTS

In this section, we report numerical tests in order to assess the behavior of the a posteriori estimator
defined in . With this aim, we have implemented in a MATLAB code a lowest order VEM scheme
on arbitrary polygonal meshes.

We have used the mesh refinement algorithm described in [7], which consists in splitting each
element of the mesh into n quadrilaterals (n being the number of edges of the polygon) by connecting
the barycenter of the element with the midpoint of each edge, which will be named as Adaptive
VEM. Notice that although this process is initiated with a mesh of triangles, the successively created
meshes will contain other kind of convex polygons, as it can be seen in Figure [Il Both schemes are
based on the strategy of refining those elements K € 73 that satisfy

> 0.5 b
Nk = Iglg%{nK }

5.1. Test 1: L-shaped domain. We will consider the non-convex domain 2 := (0,1) x (0,1) \
[1/2,1] x [1/2,1].

It is clear that the first eigenfunction of the acoustic problem in this domain is not smooth enough,
due the presence of a geometrical singularity at (%, %) This leads to a lack of regularity due to the
reentrant angle w = 7/3. Therefore, according to [9], using quasi-uniform meshes, the convergence
rate for the eigenvalues should be |\ — \y| = O(h*?) ~ O(N—2/3), where N denotes the number of
degrees of freedom. Then, the proposed a posteriori estimator must be capable to recover the
optimal order |\ — \;| = O(N~1), when the adaptive refinement is performed near to the singularity
point.

For the numerical tests, we have computed the smallest eigenvalue and its corresponding eigen-
function using the MATLAB command eigs.

Figures [1] to 2| show the adaptively refined meshes obtained with VEM procedures and different
initial meshes. Figure [l| is initiated with a mesh of triangles, while Figure [2] is initiated with a
non-structured hexagonal meshes made of convex hexagons.

FI1GURE 1. Test 1. Adaptively refined meshes obtained with VEM scheme at refine-
ment steps 0, 1 and 8 (Adaptive VEM).
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FIGURE 2. Test 1. Adaptively refined meshes obtained with VEM scheme at refine-
ment steps 0, 1 and 8 (Adaptive VEM).

Figures[I] and 2] show that our estimator identifies the singularity point of the domain, leading to a
refinement on the region of the re-entrant angle. This refinement allows to achieve the optimal order
of convergence for the eigenvalue.

In order to compute the errors [A; — Ax1|, and since an exact eigenvalue is not known, we have used
an approximation based on a least-squares fitting of the computed values obtained with extremely
refined meshes. Thus, we have obtained the value A\; = 5.9017, which has at least four accurate
significant digits.

We report in Table [I| the lowest eigenvalue Ap; on uniformly refined meshes, adaptively refined
meshes with VEM schemes and in the last column we report adaptively refined meshes with VEM
schemes and initial non-structured hexagonal meshes. Each table includes the estimated convergence

rate.

TABLE 1. Test 1. Computed lowest eigenvalue Ap; computed with different schemes.

Uniform VEM Adaptive VEM Adaptive VEMH
N An1 N An1 N A1
245 5.6831 245 5.6831 829 5.8283
940 5.8231 266 5.7356 872 5.8495

3680 5.8732 288 5.7554 945 5.8605
14560 5.8914 381 5.7805 1131 5.8688
57920 5.8982 889 5.8440 2010 5.8833

231040 5.9008 1206 5.8620 3296 5.8895
1731 5.8713 4932 5.8928
3639 5.8876 7287 5.8955
5206 5.8924 12003 5.8982
7653 5.8949 19349 5.8998
14545 5.8985 30751 5.9007
22982 5.9000 50421 5.9014
33844 5.9006
61641 5.9015
Order | O (N’O'm) Order | O (N’l'og) Order | O (N71'14)
A1 5.9017 A1 5.9017 A1 5.9017

In Figure |3| we present error curves where we observe that the two refinement schemes lead to a
correct convergence rate. It can be seen from Table [1|and Figure 3] that the uniform refinement leads
to a convergence rate close to that predicted by the theory, while the adaptive VEM schemes allow
us to recover the optimal order of convergence O (N _1).
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FIGURE 3. Test 1. Error curves of |A; — Ap1| for uniformly refined meshes (“Uniform
VEM”), adaptively refined meshes with VEM (“Adaptive VEM”) and adaptively
refined meshes with VEM and initial mesh of hexagons (“Adaptive VEMH”).

We report in Table |2} the error |A; — Ap1| and the estimators 1 at each step of the adaptive VEM

scheme. We include in the table the terms 6% := Z 0%, which appears from the inconsistency of
KeTy,

the VEM, and J, := Z (Z hK|J¢||3,£> , which arise from the edge residuals. We also report in
KeTn \Letxk
the table the effectivity indexes |A\; — An1|/n?.

TABLE 2. Components of the error estimator and effectivity indexes on the adaptively
refined meshes with VEM.

N >\h1 |)\1 - >\h1| 02 J%z 772 |/\1,'72>\hl|
245 | 5.6831 | 2.1869e-01 | 9.4718e-03 | 1.3226e-01 | 1.4174e-01 1.5429
266 | 5.7356 | 1.6614e-01 | 1.2881e-02 | 8.5612e-02 | 9.8493e-02 1.6868
288 | 5.7554 | 1.4637e-01 | 1.2791e-02 | 7.5101e-02 | 8.7892¢-02 1.6653
381 | 5.7805 | 1.2119e-01 | 1.2944e-02 | 5.6072e-02 | 6.9016e-02 1.7560
889 | 5.8440 | 5.7776e-02 | 9.4599e-03 | 1.5576e-02 | 2.5036e-02 2.3077
1206 | 5.8620 | 3.9753e-02 | 6.8149e-03 | 1.0962¢-02 | 1.7777e-02 2.2362
1731 | 5.8713 | 3.0451e-02 | 5.1742e-03 | 8.1822e-03 | 1.3356e-02 2.2799
3639 | 5.8876 | 1.4166e-02 | 2.7744e-03 | 3.2286e-03 | 6.0030e-03 2.3598
5206 | 5.8924 | 9.3787e-03 | 1.8562e-03 | 2.3210e-03 | 4.1771e-03 2.2453
7653 | 5.8949 | 6.8767e-03 | 1.3746e-03 | 1.6477e-03 | 3.0223e-03 2.2753

14545 | 5.8985 | 3.1983e-03 | 7.4205e-04 | 9.1237e-04 | 1.6544e-03 1.9332

22982 | 5.9000 | 1.7633e-03 | 4.6344e-04 | 5.9698e-04 | 1.0604e-03 1.6628

33844 | 5.9006 | 1.1283e-03 | 3.3863e-04 | 4.2666e-04 | 7.6529e-04 1.4743

From Table [2| we observe that the effectivity indexes are bounded and far from zero. Also, the
inconsistency and edge residual terms are, roughly speaking, of the same order. This results are
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similar to those obtained in [35]. We end this test presenting in Figure EI the displacement field and
the pressure fluctuation of the fluid on the L-shaped domain, associated to the first eigenfunction.

FIGURE 4. Test 1. Eigenfunctions of the acoustic problem corresponding to the first
lowest eigenvalue: displacement field w1 (left), pressure fluctuation pp; (right).

5.2. Test 2: H-shaped domain. The aim of this test is to assess the performance of the adaptive
scheme when solving a problem with a singular solution. In this test 2 consists of an H-shaped domain
that represents the union of two pools. More precisely, the geometry of this domain is given by

Q= {(0,3/2) x (0,3) } \ {{[1/2,1] x [0,5/4]} U{[1/2,1] x [15/8,3]}}.

According to the definition of this domain, four singularities are present, leading once again to a lack
of regularity for the eigenfunctions of our acoustic problem. Hence, the proposed estimator 1 defined
in must be capable of identify these singularities of the geometry and perform and adaptive
refinement, with different polygonal meshes, in order to recover optimal order of convergence.

Figures [f] to [7] show the adaptively refined meshes obtained with VEM procedures and different
initial meshes. In Figure [ we start with a mesh of triangles and squares, while in Figure [6] we begin
with a trapezoidal mesh consisting of partitions of the domain into M x M congruent trapezoids.
Finally in Figure [7] we start with a Voronoi mesh.

FIGURE 5. Adaptively refined meshes obtained with VEM scheme at refinement steps
0, 1 and 8 (Adaptive VEM S-T).
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FIGURE 6. Adaptively refined meshes obtained with VEM scheme at refinement steps
0, 1 and 8 (Adaptive VEM B).

T

I

FI1GURE 7. Adaptively refined meshes obtained with VEM scheme at refinement steps
0, 1 and 8 (Adaptive VEM V).

Similarly to Test 1, the computations of the errors |As — Apa|, have been obtained with a least
squares fitting of the calculated values obtained with extremely refined meshes. Thus, we have obtained
the value Ay = 1.2040, which has at least four exact significant digits.

In Table [3| we report the second lowest eigenvalue Apo on uniformly refined meshes, adaptively
refined meshes with different type of initial meshes. Each table includes the estimated convergence
rate.
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TABLE 3. Computed lowest eigenvalue Ao computed with different initial meshes.
Uniform VEM Adaptive VEM S-T || Adaptive VEM B Adaptive VEM V

N Ah2 N An2 N Ah2 N Ah2
916 1.1831 756 1.1821 1368 1.1925 1925 1.1959
3560 1.1960 832 1.1893 1442 1.1957 2027 1.1981

14032 1.2009 1068 1.1959 1594 1.1979 2152 1.1992
55712 1.2028 1830 1.1992 1848 1.1991 2593 1.2003
222016 1.2035 3304 1.2020 2928 1.2006 3588 1.2013
4992 1.2027 5564 1.2024 6903 1.2028
8130 1.2031 8093 1.2028 9480 1.2031
16320 1.2036 12045 1.2030 12846 1.2032
23706 1.2037 21613 1.2036 15214 1.2033
Order | O (N’O'm) Order | O (N*“g) Order | O (N’l'og) Order | O (N*I'H)
Ao 1.2040 Ao 1.2040 Ao 1.2040 Ao 1.2040

In Figure [§| we present error curves where we observe that the three refinement schemes lead to a
correct convergence rate. It can be seen from Table [§land Figure 8] that the uniform refinement leads
to a convergence rate close to that predicted by the theory, while the adaptive VEM schemes allow
us to recover the optimal order of convergence O (N *1).

—e— uniform VEM

—a— Adaptive VEM S-T
\ Adaptive VEM B
—=— Adaptive VEM V| |
- — slope -1

FIGURE 8. Error curves of |Aa — 2| for uniformly refined meshes and adaptively
refined meshes VEM with different initial meshes.

In Figure |§| we present plots of the computed eigenfunctions wps (displacement field) and ppa
(pressure fluctuation) corresponding to the second eigenvalue.
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FIGURE 9. Test 2. Eigenfunctions of the acoustic problem corresponding to the
second lowest eigenvalue: displacement field wyo (left), pressure fluctuation ppso
(right).

5.3. Test 3: Circular domain with obstacles. As a third test, we have considered a configuration
closer to a real application: four square tubes immersed in a fluid occupying a circular cavity. Clearly
in this test there are two relevant geometrical issues: in one hand, we have a non polygonal domain
for which we are making an approximation by means of polygonal meshes, and the four rigid squares
that lie in the interior of the circle. These tubes lead to non smooth eigenfunctions when the solutions
for the acoustic problem are approximated, due the singularities of the corner on each square.

To make matters precise, let us define the circular domain by Q¢ := {(z,y) € R? : 22 +¢* < 1}
and the squares O := [1/5,3/5] x [1/5,3/5], Q1 := [-3/5,—1/5] x [1/5,3/5], Q1 := [-3/5, —1/5] x
[-3/5,—1/5] and Qry := [1/5,3/5] x [-3/5,—1/5]. Hence, the computational domain is Q := Q¢ \
{QI UQnuQmu QI\/}.

In the sequel, we consider the fourth eigenfunction. In Figure[I0] we present an adaptive refinement
of our estimator when Voronoi meshes are considered. On the left hand side we present the initial
mesh and, after 1 and 8 iterations of our numerical method, we observe that the estimator 7 identifies
the singularities on the geometry that cause the poor regularity of the eigenfunction, and starts the
refinement around these corners in order to recover the optimal order of convergence.

FIGURE 10. Adaptively refined meshes obtained with VEM scheme at refinement
steps 0, 1 and 8 (Adaptive VEM V).

Figure shows a logarithmic plot of the errors between the calculated approximations of the
fourth smallest positive eigenvalue and the “exact” one, versus the number of degrees of freedom N of
the meshes. As in the previous two tests, the exact value of the fourth eigenvalue is obtained by using
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a least squares fit. The figure shows the results obtained with ”uniform” meshes and with adaptively
refined meshes and shows how the optimal order of convergence is recovered. Finally, Figure[12|shows
the eigenfunctions of the acoustic problem corresponding to the fourth lowest eigenvalue.

—e—uniform VEM
—A— Adaptive VEM
— = slope -1

10% '
10* 10°

FIGURE 11. Error curves of |A\y — Ap4| for uniformly refined meshes and adaptively
refined meshes VEM.

FiGURE 12. Test 3. Eigenfunctions of the acoustic problem corresponding to the
second lowest eigenvalue: displacement field wpy (left), pressure fluctuation ppg
(right).

6. CONCLUSIONS

In this work, we have derived and analyzed an a posteriori error estimate for the acoustic vibration
problem by means of mixed virtual element discretization. The theoretical analysis developed in this
work was strongly supported by superconvergence results for mixed spectral formulations. Several
numerical tests that substantiate the theoretical results were presented, confirming that the proposed
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estimator is capable of recover the optimal order of convergence, as theory predicts. Moreover, we
stress that the present analysis can be extended to the tridimensional case by using the VEM spaces
introduced in [6] and the recent results for interpolation estimates derived in [g].
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