A PRIORI AND A POSTERIORI ERROR ANALYSIS FOR A VEM
DISCRETIZATION OF THE CONVECTION-DIFFUSION
EIGENVALUE PROBLEM*
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Abstract. In this paper we propose and analyze a virtual element method for the two di-
mensional non-symmetric diffusion-convection eigenvalue problem in order to derive a priori and a
posteriori error estimates. Under the classic assumptions of the meshes, and with the aid of the
classic theory of compact operators, we prove error estimates for the eigenvalues and eigenfunctions.
Also, we develop an a posteriori error estimator which, in one hand, results to be reliable and on the
other, with standard bubble functions arguments, also results to be efficient. We test our method
on domains where the complex eigenfunctions are not sufficiently regular, in order to assess the
performance of the estimator that we compare with the uniform refinement given by the a priori
analysis.
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1. Introduction. The virtual element method (VEM) has proved through the
years the efficiency and versatility on the approximation of the solutions of partial
differential equations (PDEs). This has led to a number of works where this popularity
of the VEM is confirmed. We mention the book [4] where recent advances on the
development of the VEM are documented. In particular, the VEM has resulted to
be a good numerical strategy to approximate the eigenfunctions and eigenvalues of
spectral problems arising on the continuum mechanics and related problems, where
conforming and no-conforming virtual methods have emerged such as [13, 18, 20]
and the references therein. These references show the accuracy of the VEM when
the spectrum is computed and the easy way to handle with the spurious eigenvalues,
where the methods result to be precisely spurious free. In this sense, the literature
related to the a priori analysis for eigenvalue problems is very rich and the research
on this is in constant progress. However, the literature available on the analysis of a
posteriori error estimators for eigenvalue problems using VEM is, for the best of the
author’s knowledge, a topic that has not been sufficiently studied. On this subject, we
recall the works [1, 15, 17, 19, 24] where for different eigenvalue problems, adaptive
strategies have been considered. Clearly the literature for a posteriori error analysis
of eigenvalue problems must be taken into consideration.

It is well known that there exist different manners for which the eigenfunctions of
the eigenvalue problems may result to be non sufficiently smooth. This can be due to
the presence of certain parameters that may affect the regularity of the eigenfunctions
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2 D. AMIGO, F. LEPE AND G. RIVERA

(we can think for instance on the elasticity eigenvalue problems and the influence of
the Poisson ratio when it is close to 1/2) or the classical geometric singularities on the
domains, particularly the non-convexity of some domains or the presence of fractures.
This is precisely the motivation for the development of reliable and efficient a posteriori
error indicators, in order to recover the optimal order of convergence through adaptive
refinements in the regions where the singularities arise. In particular, our contribution
is focused on a priori and a posteriori error analysis for non-symmetric eigenvalue
problems based on the VEM. This nature of eigenvalue problems demand a more
sharp analysis, since not only the primal eigenvalue problem deserves attention, but
also the dual eigenvalue problem. In [25] there is a complete treatment, from the finite
element point of view, to analyze a posteriori error estimators for a non-symmetric
eigenvalue problem. Regarding non-symmetric spectral problems using the VEM we
refer to the following contributions [20, 22, 21, 24] where once again the VEM confirms
its accuracy on the approximation of the eigenvalues and eigenfunctions.

In our paper we consider the diffusion-convection eigenvalue problem which reads
as follows: For an open and bounded domain 2 C R? with polygonal boundary 952,
find w # 0 such that

(1.1) V- (—k(x)Vu) +9(x) - Vu = Au in £, u=0 on 04,

where £ is a smooth function @ — R with x(x) > k¢ > 0 for all x € Q and 9
is a sufficiently smooth vector-valued function @ — R2. Clearly this problem is
non-symmetric and leads to complex eigenvalues and eigenfunctions. This problem
has been already analyzed in [14] with an a posteriori error estimator constructed
by means of the finite element method. Precisely the estimator, which is of the
residual type, results to be reliable and efficient as is expected. The difference on
our contributions lie on the fact that an inf-sup condition is a key point to perform
the analysis, which in [14] is no needed, since under suitable norms (an energy norm
considering only the real part of the complex sesquilinear forms) all the estimates are
derived. We directly use the H! and L? norms defined on complex fields as in [16]
for a virtual element method allowing for small edges, where a priori error estimates
are obtained. However, the inf-sup condition that we need is not the one proved
in [16] (since this reference uses other type of VEM), but is the one already well
established in [7] for a classic VEM. Clearly these highlights are important to take
into consideration for the VEM that we analyze, where now the difficulties arise on
the fact that the virtual element solution of the spectral problem is not computable
and the standard projections, virtual interpolators, and approximation properties now
play a role on the estimates, leading to a different algebraic and numerical difficulties
on the analysis. An example of this is available on the recent paper [24] where a
priori and a posteriori error estimators for a non-symmetric eigenvalue problem are
derived. It is also necessary to differentiate the a priori analysis presented in this
paper with the one presented in [16]. In order to obtain a computable primal and
dual residual estimator, it is necessary to write the sesquilinear form of the right-hand
side depending on the classical stability bilinear form for the inner product in L? (see
[2]). However, this modification to the right-hand side bilinear form automatically
implies that one cannot define a solution operator T}, from the continuous space into
the discrete space, since this operator is not computable. Therefore, the natural
alternative is to define the operator T}, from the virtual space with itself, which would
imply using the theory of non-compact operators (see [11, 12]). However, inspired by
[17] we will define a suitable operator to be able to use the theory of and just prove
the convergence in norm of operators.
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VEM FOR THE CONVECTION-DIFFUSION EIGENVALUE PROBLEM 3

1.1. Organization of the paper. The outline of the paper is the following:
In Section 2 we present the model problem under consideration, presenting the func-
tional space in which our work is supported, sesquilinear forms, well posedness of
the problem, the continuous solution operators and the regularity of the primal and
dual solutions. Section 3 is dedicated to introduce the virtual element method, where
the assumptions on the meshes are presented, the virtual element spaces with the
corresponding degrees of freedom, projections and discrete sesquilinear forms which
are needed to present the discrete counterpart of the continuous eigenvalue problem
introduced in the previous section. The core of our paper begins in Section 4 where
we study the discrete discrete eigenvalue problem. More precisely, we derive the nec-
essary error estimates for the the eigenvalues and eigenfunctions for the primal and
dual eigenvalue problems. In Section 5 we introduce and analyze the a posteriori
error estimators of our interest which are considered for both, the primal and dual
eigenvalue problems. We prove on this section the reliability and efficiency of the pro-
posed estimators. Finally in Section 6 we report a series of numerical tests where we
are able to assess the performance of the proposed estimator, implementing different
polygonal meshes for non-convex domains.

2. The variational problem. long our paper the relation a < b indicates that
a < Cb, with a positive constant C which is independent of a, b. Now, since the
eigenvalue problem that we are considering is non-symmetric, it is necessary to in-
troduce complex Hilbert spaces in order to perform the analysis. Let us consider the
space Hg (£, C) which corresponds to the classic H' space but defined on a complex
field. We endow this space with the following inner product

(v,w)LQ:/vﬁJr/Vsz@ Yo, w € Hy(9,C),
Q Q

where w denotes the conjugated of w. Let us remark that the norm induced by the
complex inner product defined above is the standard for the space H'.

In order to simplify the presentation of the material, let us define V := H}(Q, C).
Let us begin with the variational formulation of problem (1.1): Find A € C and
0 # u € V such that

(2.1) B(u,v) = Ae(u,v) Yo eV,

where (-, -) is the sesquilinear form defined by Z(w,v) := a(w,v) + b(w,v) for all
w,v € V and c(-,) is the sesquilinear form defined by c(w,v) := (w, v)o q, whereas
a(-,-) and b(-,-) are the sesquilinear forms defined as follows

a:VxV—C; a(ww):= / k(x)Vw - Vo, Yw,v eV,
Q

(2.2)

b:VxV—C; bw,w):= / (W(x) - Vw)v, VYw,ve V.
Q

The assumptions on the coefficients x and ¢ lead us to the correct definition of
the sesquilinear forms a(-,-) and b(-,-) and hence, the continuity of (-, "), i.e, there
exists a constant My > 0 such that B(w,v) < Mi||wl1,alv]1,q for all v,w € V with

M := max{||k]c0,q, |?lcc,0}. Also, under the assumption that ¥(x) is divergence-
free, the following condition holds (see [7, Equation (3.5)])

B
(2.3) sup #lw,v) > Blwlie YweV,

veri@ [vle
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4 D. AMIGO, F. LEPE AND G. RIVERA

where 8 > 0 is a constant independent of v. This allows us to introduce the solution
operator T : V. — V| which is defined for a source f € V by T'f := w where u € V
is the solution of the following source problem

B(u,v) =c(f,v) YveW

We remark that 7' is well defined. On the other hand, we observe that (A,u) € CxV is
solution of (2.1) if and only if (u,u) € C x V is eigenpair of T, with g = 1/A. Finally,
since the bilinear form (-, -) is non-symmetric, the operator T is not selfadjoint. This
requires to consider the dual eigenvalue problem. Let us denote by V* the dual space
of V. The dual eigenvalue problem reads as follows: Find A* € C and 0 # u* € V*
such that

(2.4) B(v,u*) = Nc(v,u*) Yo eVH,
where, using integration by parts and the fact that ¥(x) is divergence free, we have
PB(v,u*) = a(u*,v) — bu*,v), VYveV™

Then, we define the dual solution operator T* : V* — V* which is defined for a
source f* € V* by T*f* := u* where u* € V* is the solution of the following source
problem

B(v, ") =c(v, f*) YveV.

Now, for the implementation of the virtual element method of our interest, the
regularity of (2.1) is a key ingredient in order to obtain approximation properties.
In fact, there exists s > 0, depending on Q, such that the solution of (2.1) satisfies
u € H*4(Q,C) and

(2.5) [ullirs.o < llullo.g-

Finally, due to the compact inclusion H***(Q,C) onto V, we deduce that T is
compact. Therefore, the following spectral characterization of T" holds.

LEMMA 2.1 (Spectral characterization of T'). The spectrum of T is such that
sp(T) = {0} U {pr}tren, where {ur}ren is a sequence of complex eigenvalues that
converge to zero, according to their respective multiplicities.

For the dual eigenvalue problem, an additional regularity for the eigenfunctions
is also needed. In particular, there exists s* > 0 such that for u* € V* solution of
(2.4), the following estimate holds

(2.6) e [[1457.0 < lu*{lo,o-

Finally the spectral characterization of 7™ is given as follows.

COROLLARY 2.2 (Spectral characterization of T*). The spectrum of T* is such
that sp(T*) = {0} U {u} tren, where {u}}ren is a sequence of complex eigenvalues
that converge to zero, according to their respective multiplicities.

It is important to take into account the following: if i is an eigenvalue of T with
multiplicity m and p* is an eigenvalue of T* with the same multiplicity, then p = p*.
Moreover, for the discrete solution operators, if p, is an eigenvalue of T}, and uj is
an eigenvalue of T, then up = ﬁ

This manuscript is for review purposes only.



VEM FOR THE CONVECTION-DIFFUSION EIGENVALUE PROBLEM 5

3. The virtual element method. In this section we briefly review the virtual
element method that for the system (2.1). First we recall the mesh construction and
the assumptions considered in [6] for the virtual element method. Let {7}, be a
sequence of decompositions of §2 into polygons, E. Let us denote by hg the diameter
of the element F¥ and h the maximum of the diameters of all the elements of the mesh,
i.e., h := maxpgeq hg. Moreover, for simplicity in what follows we assume that & is
piecewise constant with respect to the decomposition 7y, i.e., it is piecewise constant
for all £ € Ty,.

For the analysis of the VEM, we will make as in [6] the following assumptions:

e Al. There exists p > 0 such that, for all meshes 7}, each polygon F € T}, is
star-shaped with respect to a ball of radius greater than or equal to phg.

e A2. The distance between any two vertexes of F is > Chg, where C is a
positive constant.

For any simple polygon E we define

ViE .= {v, € H(E,C) : Avy, € P1(E),vplop € C°(OE), vp|. € Py(e) Ve € OE}.

Now, in order to choose the degrees of freedom for VhE we define
e VI the value of wy, at each vertex of E,

as a set of linear operators from ‘~/hE into R. In [2] it was established that V% constitutes
a set of degrees of freedom for the space ‘N/hE .

On the other hand, we define the projector IIV-¥ : XN/hE — P (F) C I7hE for each
vp € VhE as the solution of

/ (VIIV-Po, — Vuy) - Vg =0 Vg€ Pi(E), V- Evy, = oy,
E

where for any sufficiently regular function v, we set v := [0E|~!(v, 1)9,05. We observe
that the term ITIV-Fvy, is well defined and computable from the degrees of freedom of v
given by V., and in addition the projector IIV ¥ satisfies the identity IV ¥ (P (E)) =
P, (E) (see for instance [2]).

We are now in position to introduce our local virtual space

ViE .= {vh evr. / Y -Eu,p :/ vpp, Vp € ]P’l(E)}.
E E

Now, since VhE - ‘~/hE the operator IIV-F is well defined on VhE and computable only
on the basis of the output values of the operators in Vg. In addition, due to the
particular property appearing in definition of the space VhE, it can be seen that for
every p € P1(E) and every v, € VhE the term (vp,, p)o g is computable from IV Fuy,
and hence the L?(E, C)-projector operator I1¥ : V,¥ — P (E) defined by

/ HE’Uhp:/ vpp  Vp e Pi(E),
E E

depends only on the values of the degrees of freedom of v,. Actually, it is easy to
check that the projectors ITV+# and IT¥ are the same operators on the space V;F (see
[2] for further details).

Finally, for every decomposition 7; of £ into simple polygons E we define the
global virtual space

(3.1) Vi ={ve HY(E,C): v|p € V}f VEe€T,},
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6 D. AMIGO, F. LEPE AND G. RIVERA

and the global degrees of freedom are obtained by collecting the local ones, with the
nodal and interface degrees of freedom corresponding to internal entities counted only
once those on the boundary are fixed to be equal to zero in accordance with the
ambient space V. Finally, we denote by IIV the global virtual projection and by II
the global L?-orthogonal projection.

3.1. Discrete formulation. In order to construct the discrete scheme, we need
some preliminary definitions. First, we split the sesquilinear form (-, -) as follows:

B(w,v) = Z BE (w,v) = Z a® (w,v) + bF (w,v) Yw,v €V,
E€T, E€T,

where

a?(w,v) = /EKJ(X)V’UJ Vo, bE(w,v) = /E(ﬁ(x) - Vw)o.

Now, in order to propose the discrete counterpart of a(-,-) (cf. (2.2)), we consider
any symmetric and semi-positive definite sesquilinear form S¥ : V¥ x V;F — R
satisfying

(3.2) aoa® (wp, wy) < SF(wp,wr) < ara® (wp,wy),  Yw, € ViE Nker(ITV-F),

where ag and a; are positive constants depending on the mesh assumptions and on
k. Next, we introduce another symmetric and positive definite sesquilinear form
SE:VE x VF — R satisfying

(3.3) coc® (wp, wy) < SF (wp,w) < erc (wp,wy),  Ywy, € VP Nker(TTF),

where ¢y, ¢; are two uniform positive constants. Then, we introduce on each element
E the local (and computable) sesquilinear forms
o al(wp,vp) = P (IIV Py, IIV-Fu,) + SE (w), — IV Pwp, vy, — ITV-Foy,),

[ ] bf(wh,vh) = bE(HV’E’wh,HEUh),

° cf(wh,vh) = (ITPwy,, HEU}L)QQ + SE (wp, — TEwy,, vy, — TFvy),

for all wy, vy, € VhE . Moreover, af (+,-) satisfies the classical properties of consistency
and stability presented in [6, Section 3.1]. We also introduce the broken H'-seminorm

2 2
|”|1,h = ZEeTh ||vv||o,E'
As is customary, the discrete sesquilinear forms %y (-, -), ci(+,) can be expressed
componentwise as follows

B (wp,vp) 1= Z BE (wp,vp) = Z ar (wp, vp) + bF (wp, vp),
E€Th E€Th

ch(wp,vp) = Z cE (wp, vn).

EeTy,

3.2. Spectral discrete problem. Now we introduce the VEM discretization
of problem (2.1). To do this task, we requiere the global space V}, defined in (3.1)
together with the assumptions introduced in Section 3.

The spectral problem reads as follows: Find A, € C and 0 # uy, € V}, such that

(34) L@h(uh,vh) = )\hch(uh,vh) Yy, € Vj,.
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From [7, Lemma 5.7], we invoke the existence of a constant E > 0 such that, for
all h < hg there holds

%h(vhy wh)
1,0

(3.5) sup

> Bllonlle  Von € Vi,
wp €V, Hwh -

This allows us to introduce the discrete solution operator Ty, : V, — V}, which is
defined by T}, f, := uy where uy, € Vj, is the solution of the following source problem

(36) @h(a}“’l)h) = Ch(f}“’l)h) Yoy, € Vi

As in the continuous case, is important to consider the discrete dual eigenvalue prob-
lem: Find A} € C and 0 # uj, € V}, such that

,%’h(vh,uZ) = )T;lch(vmu;;) Yoy, € Vj,.
For this dual eigenvalue problem, we introduce the discrete adjoint operator of T},
Ty : Vi, = Vi, which is defined by 17 f) := uj where uj € V}, is the solution of the
following dual source problem

(3.7) B (vn,up,) = cn(vn, fn) Yon € Vi

On the other hand, the following best approximation property for the L2-projector
IT¥ holds

(3.8) v —T1%v[lo.z = inf [lv—gllo,s, Vv € L*(E,C).
qGPk(E)

Moreover, the following estimate holds
(39) ||U—HE’U||0,E§]7,E‘U|17E, Yo EHl(E,(C).

On the other hand, we also have the following well known approximation result
for polynomials in star-shaped domain (see for instance [9]).

LEMMA 3.1. Under the assumptions A1 and A2, let v € H$(E,C), with 0 <
s < 1. Then, there exists v, € P1(E) such that

0.8+ helv—v1e S hy P(vliss,e-

lo = vr

Finally, we have the following result, that provides the existence of an interpolant
operator on the virtual space (see [18, Proposition 4.2]).

LEMMA 3.2 (Existence of the virtual interpolation). Under the assumptions A1
and A2, let v € H'**(E,C), with 0 < s < 1. Then, there exists v € VhE such that

0.5 +helv—vrlie SRE®|v)14s, 5

v —vr]

4. A priori error estimates. In the present section, we present the a priori
error estimates for the eigenfunctions and eigenvalues, as well as error estimates for
the dual eigenfunctions. With the aim of taking advantage of the compactness of
T to prove convergence in norm, and inspired by [17], we introduce the operator
Py : L2(Q,C) — V}, = V with range V},, which is defined according to the following
property: ¢(Ppu —u,vp) =0 Yoy, € Vj,, where ¢(-, ) is nothing else but the complex
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L? product. Moreover, we have that || Prullo,o < ||ullo,q. With the aid of this operator

Py, let us introduce the following operator Ty : TPy, : V — Vj thich is correctly
defined for any source f € V. Moreover, it is easy to check that sp(Ty) = sp(T)U{0}

o~

and that the eigenfunctions of fh and T}, coincide. To define the operator T} we
procede in the analogous way, but considering the space V* instead V to define the
composition.

__ All the previous calculations allow us to obtain the desire convergence in norm of
Ty, to T as h goes to zero. This is established in the following result.

LEMMA 4.1. The following estimates hold:
1. For the primal operators, there exists s > 0 such that

T = Tw)flie S e

2. For the dual operators, there exists s* > 0 such that

I(T* =T f e S P 1 e,

where the hidden constants on each estimate are independent of h.

Proof. Let us define v := T f and uy := fhf, and let u; € V}, be the interpolant
of u. Using triangle inequality, we obtain

(T = Th) fllne = llu = unllio < lu=urllio + lun = urlloo-

Observe that the first term in the above inequality is estimated by using Lemma 3.2

and the boundedness of T', so we only need to estimate the second term. To do this

task, let us define vy, := up, — uy € V3. Then, using (3.5) with wy, = v, we obtain
Bllvall} o < Bn(vn, vn) = Br(un,vi) — Bn(ur, vp)

= cp(Prf,vn) — Z [af(u;,vh) + bf(ul,vh)]

EeTh,
= cn(Pnf,vn) — c(f,vn) + Z [a® (u, vh) — af (ur,vp)]
R E€Ty,
(Im)
+ Z (b7 (u, vp) — bf (ur,vp)] -
E€Th

(I11)

Now, we need to estimate the contributions on the right hand side of the above
estimate. Observe that (I) can be estimated using the same arguments on the proof
of [17, Lemma 4.2], in order to obtain

vo (If = frlloe + If = fxlloe)

where f, € L?(Q,C) with f;|g€ P1(F) is chosen such that Lemma 3.1 is satisfied.
On the other hand, adding and substracting IT1¥v;, in (III), using the definition of
V£ in (IT) and the Cauchy-Schwarz inequality, is easy to see that

(4.1) (I < 7ol

(4.2) (1D + (ITL) $ 2°[| fll1.ellon Lo (Jur = Vgl + Ju = urh o),

1,0+ |vn

This manuscript is for review purposes only.



VEM FOR THE CONVECTION-DIFFUSION EIGENVALUE PROBLEM 9

where u, € L*(Q,C) with u,|g€ P1(E) is chosen such that Lemma 3.1 is satisfied,
and the hidden constant in the previous estimate depends on k and 9. Then, applying
Lemmas 3.1 and 3.2 on (4.1) and (4.2), together with the boundedness of T', we can
deduce that |lvpll1,0 S R®||fll1,o. Thus, we obtain the desired estimate. Analogous

~

arguments can be used for the term ||T* — ﬁ’:”lg d

As a consequence of Lemma 4.1, we have the following estimates for primal and
dual eigenfunctions

(4.3) lu —unllie S B lu* = ujllie S B,

where the hidden constants depend on x and ¢, but not on h.
Let us denote by & the eigenspace associated to the eigenvalue p of T, ,ugz),
it =1,...,m be discrete eigenvalues of T}, (repeated according their respective mul-

tiplicities) such that ng) converges to p, 1 < i < m and let &, be the direct sum of

their associated eigenspaces. By the relation between the eigenvalues of T" and T™, let
us denote by &* the dual of €. The following result provides an error estimate for the
eigenvalues of our spectral problem. Let us remark that this result depends strongly
on the properties of the primal and dual problems.

THEOREM 4.2. The following estimate holds
1= Fin| S R,

1

where i, == — Y v, u,(lk) and the hidden constant depends on k and 9, but not on
m

h and the exponents s,s* > 0 are the ones provided by (2.5) and (2.6).

Proof. Let {ug}y*, be such that Tuy = puy for k = 1,...,m, and let {u}}7,
be the dual basis of {ug}}", such that Z(uy,u]) = dx,;, where d;; represents the
Kronecker delta. From [5, Theorem 7.2], the following identity holds true

1 % o3l * T * ik
= pnl S 37 (@ = Ty, i )| + 1T = Tl IT* = T e,
k=1

Observe that the last two terms can be estimated directly from (4.3). Hence, we need
to bound the first term in the above estimate. To do this task, we observe that the
following identity can be obtained

((T = Thyun,ui ) = BUT ~ Thyur, i)
= B((T — Th)ug, uy — (uf)1) + B(Tux, (uf)1) — B(Thu, (uj)1)
= B((T — Th)ur, uy — (up)r) + [e(ur, (Wp)1) = en(Paug, (u3)1)]
M (11)
+ (B (Thur, (u3)1) — B(Thur, (up)1)]

(I11)

We now estimate the contributions on the right hand side in the above estimate. For
(I), using Cauchy-Schwarz inequality and Lemmas 4.1 and 3.2, we have
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(44) (D) < Cul(T = Tw)ulhllui = widrlhe S 2 Jurlisaluilie

S BT ug |1 elup e

For (II), using (3.9) and the stability of P, and (u});, we have

(4.5)  (II) = e(Prug, (ug)r) — cn(Prug, (ug)r)
< > Phur = P Pouglo, el (wi)r — T (up)rllo,e S 25T Jurl1alui) o

Ee€Th

For (III), using triangle inequality we have

(D) < > [BF (Thuk, (ui) 1) — B2 (Thur, (uj)1))|
EeTy,

< 37 Jaf (Thu, (up)1) — a® (Thus, (up)1)]
E€T,

Iv)

+ > (bE (Thuw, (up)1) = b7 (Thuw, (up)1)] -
EcTh

V)

We now need to estimate (IV) and (V). For (IV), using Cauchy-Schwarz inequality
and (3.2) we have

(IV) < Cﬁ < Z aE(HV)ET\huk - fhukvl_IV)E(uZ)I - (UZ)I)
E€Th

+ > SE(Thuy — TV E Ty, (up)r — HV’E(UZ)I)>
EeTh

1/2 1/2
< ( > [ Thuk — HV’EThukﬁ,E) < > l(up)r - HV’E(UZ)H%,E)

EeTh, EcTy,
S (Thue — Y Tl 1n | (u) r — Y (uf) 1],

Now using triangle inequality and the stability of IIV'F together with (4.3) and
Lemma 3.1, we obtain

| Thus — Y Thuglin S T = Th)uellie + [ Tue = ¥ Tugly g S 5 Jugligs.o-

HV,E‘

On the other hand, using triangle inequality, the stability of and Lemmas 3.2

and 3.1, we obtain
[(up)r =TV (up)rlin S lup = (i) e + [ug — TV uglin S B [uplits 0.

Thus, we obtain (IIT) < 2% |ug|1.0|u}|1 0. Finally, for (V), we have
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" (T (u)r) = bF (T, () = (960) - Ve, (s )

s

~ (9x) - VII7F Dy, T (), )

s

= (900 Vs, (wi)r = 1))

+ (960 - (VTur = VI P Tuy) P (w)r )

)

= (960) - VTur = 7 (0(x) - VTpup), (i) = 0P () )

)

+ (thuk — VHV’thuk7 ﬁ(X)HE(u;;)[ — ﬁ(x)(uZ)I)O .

)

+ (VT = VI Ty, 9(00) () r = W) () -

Similar to the estimate in (IV), using the Cauchy-Schwarz and triangle inequalities
on the above estimate, together with Lemmas 3.1 and 4.1 and the stability of the
interpolant, we obtain

(V) S 0(x) - VTnug — T(0(x) - VTyup)llo.ell(ui)r = TT(up)1llo.0
| Thus, =T Thug | ([ ()1 = T(u)1]lo0
H|960) (uf) 1 = TLO(x) (uf)1)l[o,0) < Coh®*
allowing us to conclude that

(4.6) (1) < b+ |uy,

uk|1,ﬂ|uz‘1,§27

1,0/ugl1,0,

where the hidden constant depends on k and . Hence, combining (4.4), (4.5) and

(4.6), we conclude the proof.

Remark 4.3. The estimation for the eigenvalue error |\ — Xh| by means of A :=
% Sy Azk), where Azk) = 1/N§Lk) is analogous to the estimation shown above.
Now we need an error estimates in L? norm.

The following result is based on a classical duality argument.

LEMMA 4.4. Let f € € be such that U :=Tf and uy, := fhf, and let f* € € be
such that w* :=T*f and w;, := T} f. Then, the following results hold:
1. There exists s > 0 such that

0.0 S B ([u—anl0 + |d— IV ay| .
+[|9(x) - Vi, — H(9(x) - Vap)[o,0)

[ — |

2. There exists s* > 0 such that
1@ = apllosn S p (Il2° =l + @ — TV
+I(x) - Vg, — (I (x) - Vaug)[o.2) »
where the hidden constants on each estimate depends on k and ¥, but not on h.

Proof. Since the proof for the primal and dual estimates are based in the same
arguments, we only present the proof for the primal estimate. Let us consider the
following auxilliary problem: find w € V such that

(4.7 B(v,w) = clv,u—uy), YveV.
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12 D. AMIGO, F. LEPE AND G. RIVERA

Observe that the solution w of (4.7) satisfies ||w||14s,0 S [|&—unllo,o. Then, replacing
v =1U— Uy in (4.7) and adding and subtracting wy, we obtain

(4.8) |[i — @nlq = (@ — Tn, @ — Tn) = B(@ — T, w — wy) + B(@ — T, wy),

(0] (In

being wy € V} the interpolant of w. Now our task is to estimate the contributions
on the right hand side in the above equation. For (I), using the Cauchy-Schwarz
inequality and the additional regularity for w, we obtain

(4.9) (D) < Crplw —wrhalu—1unlo S hu—unllo.llt —unl1e-

On the other hand, for (IT) we have

(4.10) (II) = B(u — Up, wr) = c(f, wr) — B(Un, wr)

c(f,wr) — en(Ppf,wr) + PBp(tn, wr) — S (U, wr) -

(I11) (Iv)

Now, for (III) we use the same arguments in the proof of [17, Lemma 4.10] and the
additional regularity of w, in order to obtain

(4.11) (IT1) S h* ([u = Unlle + [@ — Oup|in) @ — Unllo.o-

On the other hand, to estimate (IV), we proceeding as in Theorem 4.2. Then,
applying triangle inequality, Lemmas 3.1 and 3.2 and the stability of the interpolant,
we obtain

(4.12) |af(ﬂh,w1) — aE(ﬂh,w1)| < Cilup, — Hvah|17E|wI - HVU}I|1,E
< (||ﬂ —Upll1e+u— Hvﬁhh’E) (|w —wrh,g + |w— va|17E)
S (@ = dnlh,e + [0 — TV w1, p) [wits,e,

and

(4.13)

|bf; (@, wr) = bF (1, wi)| < Col|9(x) - Vi, — (D (x) - V) |lo,zllwr — T wylfo,m
+ [an = 1Y Pap | g [|[9(x)wr — () TP wilfo,i
+ [an = Y Py p|[9(x)wr — TP (D (x)wr)l|o,
S B (a—anlle + [0 — OV )

H[Y(x) - Vaan — I (0(x) - Vg )llo,p) w45,

Therefore, gathering (4.12) and (4.13), using the additional regularity of w and sum-
ming over all polygons, we conclude that

(4.14) (IV) Sk (||a—Tnllie + @ — V|1
+[9(x) - Vay, = I(I(x) - V) [o.0) [ = tnllo.c-

Finally, combining the estimates (4.9)-(4.14) with (4.8), we conclude the proof. Sim-
ilar arguments can be used for the second estimate. 0
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Now, we are in position to define a solution operator on the space L?(Q2,C) as
T : L?(Q,C) — L*(Q,C), which is defined by T'f := @, where @ is solution of (3.6).
Observe that T' is compact but not self-adjoint. Hence, we need to introduce the dual
solution operator T* : L?(Q,C) — L?(Q2,C), which is defined by T* f* := u*, where
u* is solution of (3.7). Moreover, the spectra of T and T coincide. Now, we will
establish the convergence of T}, to T', and T} to T™*.
LEMMA 4.5. The following results hold:
1. There exists s > 0 such that
(T = Ti)floo S 1°lflloe VS eL*(R,0),

2. There exists s* > 0 such that

T =T flow Sh I floe  Vf € L3(Q,C),

where the hidden constants in each estimate depends on k and ¥, but not on

h.

Proof. The result for the first estimate follows by repeating the arguments on the
proof of Lemma 4.1, but the term (TI) is estimated by using the arguments in the proof
of [17, Lemma 4.11]. Analogous arguments can be used for the second estimate. 0O

Now, we establish the following estimates for the error of the primal and dual eigen-
functions.
LEMMA 4.6. Let up, be an eigenfunction of fh associated with the eigenvalue ug),
1 <i<m, with ||upllo.o = 1, and let uj be an eigenfunction of ﬁf associated to the
eigenvalue ,ugj)*. The following results hold:
1. There exists an eigenfunction u € L2(2,C) of T associated to the eigenvalue

wand s > 0 such that

lu = unlloe < h* (@ = tnllo + [@ — TV En|1,n
H|9(x) - Vi = (0 (x) - Van)lo,0) »

2. There exists an eigenfunction u* € L?(Q, C) of T* associated to the eigenvalue
w* and s* > 0 such that

lu” = upllo. < B* (1@ = 10 + @ = V@ |1n
+H|9(x) - Vg, = (0 (x) - Vg )lo,0) »

where the hidden constants in each estimate depends on k and 19, but not on h.

Proof. Applying Lemma 4.5 and [5, Theorem 7.1], we have spectral convergence
of Ty, to T'. Now, due to the relation between the eigenfunctions of T" and T}, with
those of T and T},, we have u;, € €, and there exists u € € such that

00S  swp (T =Ti)flloo,
Fe&fllo.o=1

[l —

where € is an eigenspace of T. On the other hand, using Lemma 4.4, for all fe @7 if
f € € is such that f = f, then
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14 D. AMIGO, F. LEPE AND G. RIVERA

(T = Tn) fllo.o = 1T = Tn) fllo.o S b* (1@ — @nllr,0 + [@ — TV @n|1n
F[Vx) - Vap, = (D (x) - V) [o.) -
This concludes the proof for the first estimate. Similar arguments can be used in
order to obtain the second estimate. 0

We now present the following results, which establish error estimates for the eigen-
functions in L? norm for the primal and dual eigenfunctions.

THEOREM 4.7. The following results hold:
1. There exists s > 0 such that

0.0 S (lu—unllie + lu— Y uplyn + (A = Anlllunll1e
+[[9(x) - Vup, — TI(I(x) - Vup)llo,)

[ —

2. There exists s* > 0 such that

0.0 S (lu = ujllue + [ut = TVup 1, + A = Anll[uglle
H|9(x) - Vuj, — TH(I(x) - Vup)llo.e) »

[T

where the hidden constants in each estimate depends on k and ¥, but not on h.

Proof. We focus our proof on the error for the primal eigenfunctions, since similar
arguments can be used for the error of dual eigenfunctions. Invoking Lemma 4.6, we
have

lu = unlloe < h* (@ = tnllio + @ — TV En|1,n
H|9(x) - Vi = (%) - Van)lo.0) -

Our task is to estimate each contribution of the right hand side. Let @ € V be the
solution of the problem % (u,v) = ¢(u,v) for all v € V.

Since w is solution of (2.1), we obtain @ = u/\. On the other hand, let uy € V}
be the solution of the discrete problem %y (un,vn) = cn(Pru,vp), for all vy, € Vj,.
Recalling that uy, solves problem (3.4), observe that the problem %, (U —up /An,vp) =
ch(Pru — up,vy) is well-posed for all vy, € V}, and its solution satisfies

lun —un/Anllr S 1Pulllle —unlloo S llu — unllo.o-

On the other hand, adding and substracting up/A and wup/Ap, and using triangle
inequality we obtain

v — unll1,0 n |A = A

4.15 u—u
(415) |- . o

195 unlli,e + lu —unlloo

S llu =

1. + A = Aulllunll1,0

Now, we need to control |u — Hvﬂhh,h. To do this task, adding and substracting
up/Ap and Uy, and using triangle inequality we have

lup, — IV up |1
An
1o+ [u—TVupl1p.

(4.16) @ — TV an|1n < |3 — an

1.0+ |un —un/Anlia +

S llw = unllne + (A = Anlllun
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Finally, proceeding analogously to the previous estimate, we obtain
(4.17)  [[9(x) - Vup, — IL(I(x) - Vun)llo,o S Iun — un/Anl

n [9(x) - Vup, — II(I(x) - Vur)lo,0
Ah

1,0

+ [T(I(x) - Vun/An = 9(x) - Vun) o,

S llu = unllie + [9(x) - Vup, = T(I(x) - Vun) o,

Hence, combining (4.15), (4.16), (4.17), and invoking Lemma 4.6 for the primal op-
erators, we conclude the proof. ]

5. A posteriori error analysis. The aim of this section is to introduce a suit-
able residual-based error estimator for the convection-diffusion eigenvalue problem,
which results to be fully computable, in the sense that it depends only on quanti-
ties available from the VEM solution. Let us introduce the following definitions and
notations. For any polygon E € T, we denote by Eg the set of edges of E and
En == UgeT, 8. We decompose &, = Eq U Egq, where Egq := { € &, 1 £ C 9N} and
Eqa = E\Esq. For each inner edge ¢ € &g and for any sufficiently smooth function v, we
define the jump of its normal derivative on ¢ by [0v/0n], := V(v|g) ng+V(v|g/) -nE,
where F and E’ are the two elements in 7, sharing the edge ¢, and ng and ng: are
the respective outer unit normal vectors. As a consequence of the mesh regularity
assumptions, we have that each polygon E € 7, admits a sub-triangulation T,X ob-
tained by joining each vertex of F with the midpoint of the ball with respect to which
E is starred. Let T, := UEeTh ThE Since we are also assuming A2, {ﬂl}0<h§1 is a
shape-regular family of triangulations of Q. Finally, let us remark that through all
this analysis, we will focus only on eigenvalues with simple multiplicity and hence, on
their respective associated eigenfunctions.

In order to obtain the error equations for the primal and dual problems, let us
define the errors ej, := u — uy, e} = u* — u;. We have the following result.

LEMMA 5.1. Let v € V.. For the primal eigenvalue problem, the following identity
holds true

PB(en,v) = Ac(u,v) — Apc(up, v)
- Z [aE(uh - HV’Euh,v) + bE(uh - HV’Euh,v) - )\th(uh —Fuy, v)]

+ > / (V- (k(x)VITY Fup) — (9(x) - VITV-Puy,) + AT up] v

RGP

Ec€Th Le€E

Moreover, for the dual eigenvalue problem, for v € V* we have

This manuscript is for review purposes only.



16 D. AMIGO, F. LEPE AND G. RIVERA

Bep,v) = Ae(u®,v) — Ape(uj, v)

-y [aE(qT;; —TVEw;,v) — bP(uf, — IVEuf, v) — AeP (uf, — B wy, u)}
E€T

+ Z/ V- (5(x)VIIV-Ew; ) + (9(x) - VIIV Bu )+)\hHEuh]

EcTy,
x)VIIV:-Eus
i e
EcTy, te€g V4

Proof. We only prove the estimate for the primal problem since similar arguments
are used for the dual error equation. Let (A,u) € C x V be an eigenpair that solves

(2.1). Therefore, using integration by parts and adding and subtracting the projection
IIV-F | we have

PBep,v) = Bu,v) — B(up,v) = Ae(u,v) — Z [aE(uh,v) + bE(uh,v)]
EcTs,
= Ae(u,v) — Ape(up,v) — Z [aE(HV’Euh, v) 4+ bE(HV’Euh7 v) — )\th(HEuh, U)]
EeTy,
— Z [aE(uh — Hv’Euh,v) + bE(uh — Hv’Euh,v) — )\th(uh —OFuy, v)]
E€T,
= Ac(u,v) — Ape(up,v) — Z [aE(uh — 11V -Euy,, v) + b8 (uy, — IV Fuy,, v)
EcTh,
“Ane? (un = MPup,0)] + > / {IV - (k(x)VIIVFPuy,) — (9(x) - VIV Fuy)
EcTh
VHV E )
+)\hHuhU}+ZZ/(|:[ o :|:|>’U
EE€Th Le€p ¢

This concludes the proof. 0

Remark 5.2. Observe that V - (k(x)VIIV-Fu,) = 0 on each polygon E € Tg, so

we will omit this term from now on.

In order to define our a posteriori error estimator, we introduce the local terms
Of, O}, Rg, R} and the local error indicators ng and 7}, as follows:

0% = aF (u, — IV Puy,, up, — 11V Puy), 03 = af(uT — IV By uy — IV Euy),

RE = hi||TEll} g Ry - HTEIIO B>

Mh = 0%+ Ry + Y hell Tl = OF + R+ > holl 715
1€En LeEER

where Tg = (—(9(x) - VIIV'Pup,) + Ay ITPup)|p and T3 = ((I(x) - VIIV-Eur) +
M IIEw} )| g and the edge residuals are defined by

1 HG(K(X)VHV’EWL)

Jp = 5 on NS 59,

J4
0 Yl € Eaq,
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1 || 9(k(x)VIIV-Fuy)
Ji={ 2 [{ on . ek
0 YVl € Egq,

which are clearly computable. With these ingredients at hand, we define the global
error estimators n and n* by

1/2 1/2
(5.1) 7= (Z 77%) and n*:= <Z 77*,5) .

EcTy, EcTy

5.1. Reliability. Our task is to prove that the global error estimators are reliable
and efficient. We begin with the reliability analysis proving the following estimate for
the error of the eigenfunctions.

LEMMA 5.3. For the primal and dual problems, the following error estimates hold

lu —unll1.0 S+ A= An| + [[u —unllo.q,
Lo S+ A=Al + " —uplloqs

[T

where the hidden constants depends on k,9 but not on h.

Proof. Given v € V and denoting by v; € V}, its interpolant, we have the following
identity

Blep,v) = Ae(u,v) — Ape(up,v) + Z Anc® (up, — TP up, v)

EcTh
T
+ Z B(up, — nV-Fu, v) + Z {f%(HV’Euh,v —vy)+ )\th(HEuh, v — vl)}
EeTh Ee€Th
Ts T3
+ Z {)\hCE(HEU}“U[) —%’(HV’Euh,w)},
E€Th

Ty

where our task is to estimate each of the contributions on the right hand side. For
T1, using the triangle and Cauchy-Schwarz inequalities we obtain

T = Ac(u,v) — Apc(up, v) + Z el (ug, — TP uy, v)

E€Th
= (A = A\p)e(u, v) + Ape(u — up, v) + Z M (up, — TPy, v)
EeTy,
< lollne (A = Aulllullo.q + Anlllu —unllo.0
1/2
+|)\h| ( Z CE(Uh — HEuh,uh — HEuh)> R
EE,]_’L

where in the last inequality we have used the obvious inequality ||[v|o.q < ||v|1,o. For
Ty, applying once again the Cauchy-Schwarz inequality we have
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(5.2)
= Z Blup, — OV Py, v) = Z a® (up, — IV Py, v) + bF (up, — TV Fuy,, v)
E€Ty E€Th
< Cro Y fun =T Punly p (ol + [0]o.2)
EecT,
1/2
< Cr ( > ak (un =11V Py, up — Hv’Euh)> lol[1.0,
EcTh

where in the last inequality we have used the stability of a®(-,-). For T3, using
integration by parts and the Cauchy-Schwarz inequality, we have

(5.3) T3 = Z {f,@(HV’Euh,v—vI)Jr)\th(HEuh,v—vI)}

EeT,
Z/ vIIV-Euy) + N1 uh (v—wvrg) Z Z/J@U—U]
E€Th EcTy Le€p
< Z ITElo,zllv —vrlloz + Z Z | Jello,ellv —vrllo,e
Ee€T, EcTy Le€r
1/2 1/2
< (3 mimeiis) o+ (X T astaths) ) et
EeTh EcTy Le€E

where in the last inequality we have used a trace inequality and Lemma 3.2. Finally,
for T, we have

T, = Z {)\h H Up, V) — C, (uh,w)) + B (up,vr) — %(HV’EU}L,W])}

EeTy
= T5 + TGv
where the terms T5 and Ty are defined by
Ts im0 S SEun — WPy, vp — 1P0y),
E€Th
T6 = Z )\hCE(HE’LLh,UI — HEQ)[) + %h(uh, 1}]) - %(HV’E’U,}L, ’U]),
EcTy,

which must be correctly estimated. To accomplish this task, we begin with T5, where
using the Cauchy-Schwarz inequality and (3.3) we obtain

(55) T5 S |>\h| Z SOE(’LL}L - HEuh,uh — HEuh)l/QSSE(’U] - HEU[,U] — HEU])1/2
EeT,

1/2
<[ Anl ( Z  (un — P, up, — HEUh)) [v][o,0,
E€Th

where last inequality have been obtained as consequence of the stability of the inter-
polant v;. Now for the term Tg, using integration by parts, Cauchy-Schwarz inequality,
(3.2), (3.9), and Lemma 3.2, we obtain
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(5.6) T = Z /\hCE(HEuh,UI — HEU]) + %’h(uh, 1}[) — %(HV’EU}L, 1}[)

EcTs,
= Z {—a® @V Fup,,vp — TTFv;) — b (1Y Fuy, vy — TF0))
EeTh
+CE(>\hHEuh,”U] — HEU])} + Z SE(Uh — HV’Euh,vl — HV’E’U])
EeT,
-y / [ (9(x) - VIV Fuy) + ATTus] (o7 — TP0y)
EeT, E
+ Z Z /J[(U[ —T1Pv;) + Z SE (uy, — IV-Fuy,, vy — IV Foy)
E€T, te€g ?¢ E€Th
S ITelloslor =TForllos+ D> > I1elloclvr = TPurflom
E€Th E€Th te€E
1/2
+ < Z af(uh - Hv’Euh,ul — Hv’Euh)) ||'U||1,Q,
EeT,

1/2 1/2
S (Z h12£?|TE||g,E”> ol + (Z > hE”JZ”%,z) [vll1.0

EeT, E€Th be€r

1/2
+ ( Z ay (up — IV P, up — HVEUh)) [o]l1,0-

EcTy,

Hence, gathering (8), (5.2), (5.3), (5.4), (5.5) and (5.6) and invoking the inf-sup
condition (2.3), we conclude the proof for the estimate of ||u — upj1,0. The proof for
the estimate ||u* — u}||1,o follows the same arguments. |

Now, we prove similar estimates for the projection errors u — ITuy, and u — IV uy,
and the same estimates for the dual projection errors. This upper bounds are neces-
sary to estimate the eigenvalue error in terms of n and n*.

LEMMA 5.4. The following estimate holds

lu —unllo + llu = uglloo + lu = TN uplin S 0+ A= Anl + [Ju = uslloo

0.0+ [u =TVup i n S0+ A= Al + [Ju” = uj o,

lw* = uplle + [Ju” — Tluy,

where the hidden constants depends on k,9 but not on h.

Proof. Let E € Tp. Then, from the triangle inequality we have

lu=T1%up o5+ u =11V Fup | g < 2llu—up 1,5+ llun =TT up o, 5+ un =TIV Fup |1, 5-

Then, using (3.8), we obtain
(5.7) lun = T upllo,& + l[un =TV Funllie S Op < np.

The proof follows from (5.7), summing over all polygons and Lemma 5.3. The proof
is analogous for the second estimate. ]

Now, we have the following result for the error of the eigenvalues.
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LEMMA 5.5. The following estimate holds

A=Al S0+ 02+ X = Al + lu = unllg o + llu” = uillf o

where the hidden constant depends on k,1¥, but not of h.

Proof. First, we have the following identity

(An = Ne(up, ur) = Blu — up,u* —uy) — Ae(u — up, u™ — uj)
+ A [e(un, up) = en(un, up)] + [Bi(un, up) — Blun, up)] -
Observe that the term c(up, u}) is needed to be lower bounded. The existence of such

lower bound for c(up,u};) follows from [25, Theorem 3.2], i.e., there exists C' > 0 such
that ¢(up, uj) > C. Then, taking modulus and applying triangle inequality, we have

(5.8)
A=Al S [B(u—up,u” —up)| +|c(u—up, u” — up)| + | Br(un, up) — Blun, up)|

Ty T ’1/:3

+ ‘c(uh’uZ) - Ch(umu;;)lv

T
where the hidden constant depends precisely on such C' > 0. Our task is to estimate

the four terms in the right-hand side. For Tj, using Cauchy-Schwarz inequality we
obtain

(5.9) Ty < Chrvllu—up

vollu® —ujlle S llu—unlf g + llu* —uj|f o
Analogously for Ty, applying the Cauchy-Schwarz inequality we have

(510) Ty < lu—unlloalu” - uj,

00 S llu—unlg o + " = uilf o

For T. 3, applying triangle inequality, Cauchy-Schwarz inequality, and the boundedness
of S¥(-,-), we have

(5.11) T3 < | oMY Fuy — w1V Fuj, — uj)
E€Th
+ Z SE (up, — TV Fup,uf — TV Fuj)
E€Th
+ Z bE (Y Py, — wpy, TE W) — bF (up, uf, — TPu})
E€Ts

< Cro (lun — TN upl1pluy, — TV g1 p + lun — Y up |16 Tugfo.o

Hunlralluj, — uj,

0,0)
Slun =V un |3 g, + g, = TV ub 3 g+ Jun — T upl? ), + [lug, — g |[3 o

where in the last inequality we have used the Archimedean property on R. Finally,
for Ty, using Cauchy-Schwarz inequality and the boundedness of SF(-,-), we obtain

(5.12) Ty < |lup — Huy|

oglluy, = ujllog S llun — Munllg o + uj, — Muj |13 o
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Therefore, gathering (5.8), (5.9), (5.10), (5.11) and (5.12) and using triangle inequal-
ity, we obtain

IA=Anl S lu—unli o+ llu* —upll? o+ lu=T1Vunff +u" =TIV 3+ u—Tuslff o

+lu = T I3 o + flu — un

.0+ lu" =5 o
Thus, invoking Lemma 5.4, we conclude the proof. ]

Remark 5.6. It is important to mention that the additional terms accompanying
the estimators on the right-hand side of Lemmas 5.4 and 5.5 are high-order terms, as
we have proved in Theorems 4.2 and 4.7.

5.2. Efficiency. Now our aim is to prove that our proposed estimator is locally
efficient. To do this task, the usual way to prove this feature is through the use of
bubble functions. Hence, we present in the following results standard estimates for
bubble functions on two dimensions that will be useful in what follows (see [3, 23, 10]).

LEMMA 5.7 (Interior bubble functions). For any E € Ty, let 1g be the corre-
sponding interior bubble function. Then, there exists a constant C > 0 independent
of hg such that

C Mgl < / vp® < |lal2s Vo€ Pu(E),
E
C Yqllo.e < |¥Edllor + helV(Eq)|

LEMMA 5.8 (Edge bubble functions). For any E € T, and £ € Eg, let ¢, be the
corresponding edge bubble function. Then, there exists a constant C > 0 independent
of hg such that

0,8 < Cllllo,r Vq € Pi(E).

gl < /e v < a3, VaePRu(0).

Moreover, for all ¢ € Pr({), there exists an extension of ¢ € Pr(E) (again denoted by
q) such that

hy 2 eallo.s + iV (veq)]

We begin with by estimating the volumetric terms ||Yg|lo,z, | T5llo.&-

0,E S ||Q||0,e-

LEMMA 5.9. The following estimates hold

ITello,e S hg' (lu—unle +Op + he(|un — TPupllo,z + | Au — Apunllo,s))

ITEllo.e < hg' (" = ujlip + O% + hp(luj, — P llop + [|Xu” = Mnullo.p)) ,

where the hidden constants depends on k,v but not on hg.

Proof. Let ©g be the interior bubble function defined in Lemma 5.7. Let us
define the function v := Y g1 g which vanishes on the boundary of E and also may be
extended by zero to the whole domain 2, implying that v € HZ(£2). Then, according
to Lemma 5.1, for each E € T, we have

B (en, Yevp) = A (u, YevE) — Anc® (un, Tptr) — a” (u, — IV Puy, T pibp)

— b (up, — IV Py, Yppp) + Mncl (u, — DPuy, Ypip) + / YLYE.
E
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Then, we have

ITellt e S /ETQEwE = B (en, Ypvp) — AP (u, Ypbr) + Anc? (un, Y pbr)

a®(up — IV Py, Ypog) + 0% (up — IV Puy, Ypvop) — Anc® (un — TPup,, YpvE)
< Cohigt (lu = unly g + lun = 1Y Puph 2) | Tello,z + Anllun — TPus o, T e
YV Pup |y 2) 1T ello,e + 1Xu — Apunllo,2| T ello,2
S h I Eelo.E (|lu—unl,6+ 205 + he(ju — upl1,e + [Jun — Ty |0,
+[Au = Apunllo,r)) ,

lo,E

+ Cy(|lu —uplr,g + |un —

where in the last inequality we have used (5.7). This concludes the proof for the first
estimate. Analogous arguments are used for the estimate involving the dual problem.O

The following result gives an estimate for the primal and dual consistency terms
Of and OF, respectively.

LEMMA 5.10. The following estimates holds

HV’E *

Le + [u =TIV Puply g, and O3 < |lu* — uj| upl1,E,

Or S lu—ul 1L,E + |[u" —

where the hidden constants are independent of hg.

Proof. Observe that ©% = S (up, — IV Puy,, up, — IV Fuy,). Then, using triangle
inequality and the boundedness of SE(-,-), we have

0% Slun — IV Punlf p < (lu—unllr,e + Ju— 1YV Puyy ).

The same arguments are used for the second estimate. This concludes the proof. 0O
Now we prove an estimate for the jumps terms ||J¢||o.¢ and ||J;]o,e-

LEMMA 5.11. The following estimates holds

R0 S S (llenllnm + fu— T upli s + b fun — Tl

E’'cwy
+ hE/”/\U — )\huh| O,E’) 5
AT loe S 0 (ehlhm + u* = TV | e + s, = T o,
E’'cwy

+ h || A = Apugllo,z) ,

where wy ;= {E’ € Ty, : £ € £} and the hidden constants depend on &, 4 but not on
hg.

Proof. Let ¢ € Eg' N Eq. Let us define v := Jywy, where 1), is the edge bubble
function satisfying Lemma 5.8. Observe that v may be extended by zero to the whole
domain €2 and, just for simplicity, we denote this extension by v. We remark that
v € V. Invoking Lemma 5.1, we have
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Blen, Jee) = Ac(u, Jope) — Mnc(un, Jope) = Y (GE/ (un — IV wp, Jothy)
E'cwy

0 (= %y, Jeto) = M (= Ty, Tt

+ > ( . TE’JZ"/}Z+/ZJZ2¢Z>~

Then, applying Lemma 5.8, we have

(5.13) I 7ellge < /Jez?/f = Blen, Jetbe) — c(Au = Apup, Jptbe) = Y / T Jete
[ ’

E'cwy
+ > (aEl (= TV g, Jothe) + 7 (up =TIV up, Jorpe)
E’'cwy

el (up, — T uy,, Jﬂ/)e))

<Co 3 (lenls + lun = TV F wnli ) etelgr + D 10 lo,srl| Jeteello o
E'cwy E’'ewy

+Cy Z <|eh|1,E/ + |up — HV’Eluhh,E/) | Jeello0, 5
E'cwy

+ D lun = TPunllo,er | Jevbello.mr + D [Au = Nnun o, [l Tenbe]

E'cwy E'cwy

0,E" -

Now we have the following set of inequalities:

(|eh|1,E’ + |up — Hv’Eluhh,E') | Jetbel1, 60 S hE}/Q (llenllr,zr +©r) | Jello,e;
(lenler + un = T Funly g ) 1 eello,r S B (lenllspr +©m) [ Tello.:
llur, — D unllo, g | Tetbello, e S R lun — TTup o, (| e lo.e;

I\ = Anunlo, | Tetbello e S X — Ao, [ Tello.e:

1Tz llo.e | Tetello,mr S hip’? (lenlle + ©m) + hil (lenlls,m + O

—|—||)\u - )\huh||07E/ + ||uh - HEuh

|O,E’) )

where in the last inequality we have employed Lemma 5.9. Hence, combining (5.13)
with the above estimates and using Lemma 5.10, we conclude the proof for the first
estimate. Similar arguments can be used to prove the second estimate. ]

Now, we prove estimates for the local error indicators ng and n}. To do this task
is necessary to have estimates for the local volumetric terms, consistency terms and
the edge residuals. All estimates has been obtained in the previous results.

COROLLARY 5.12 (Local efficiency). The following estimate for the local error
indicators ng and ny, holds
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’ !
s S (el + o= T wnf? o+ flun — 17 w3

FE'cwg
+h || Au — Apunlld g)
ng S (IIeZIIiE/ + [u — HV’E'UZIiE/ + [Jup, — HE,U;”(Q),E/

E'cwg
+h2 /||)\U/>‘< - )\thHg)El) 5

where wg := {E' € T, : E' and E share an edge}.
Proof. The results follows directly from Lemmas 5.9 - 5.11. ]

6. Numerical experiments. In the following section we report numerical ev-
idence to support our theoretical results. Particulalry we present the results related
to the a posteriori error estimates, in order to assess the bevahior of the a posteri-
ori estimators defined in (5.1), since as we will observe on the forthcominng results,
the a priori error is analyzed with the uniform refinement that we compare with the
adaptive one. With this aim, we have implemented in a MATLAB code a lowest or-
der VEM scheme on arbitrary polygonal meshes and the mesh refinement algorithm
described in [8], which consists in splitting each element of the mesh into n quadri-
laterals (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 1. The schemes are based on the strategy of refining those elements
E € T, that satisfy

> 0.5 A
Ng = Ef{lg%L{nE }

Fic. 1. Ezample of refined elements for the VEM strategy.

We have tested the method by using different families of meshes (see Figure 2):
e tria: triangular meshes;
e quad: squares meshes;
e hexa: structured hexagonal meshes made of convex hexagons;
e voro: non-structured Voronoi meshes.

6.1. Test 1: L-shaped domain. For the first test, we will consider the non-
convex domain Q := (—1,1) x (=1,1) \ [0,1] x [-1, 0], which is a L-shaped domain,
with boundary condition v = 0. Here k(x) = 1 and 9J(x) = (3,0). We will use as
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Fic. 2. Sample meshes: tria (top left), quad (top right), hexa (bottom left), voro (bottom right).

approximation of the first lowest eigenvalue Ay = [9(x)|+9.6397238 (see [14] for more
details). In Figures 3 and 4 we present the adaptively refined meshes obtained with
VEM procedure for different initial meshes.

Fic. 3. Test 1: Adaptively refined meshes obtained with VEM scheme at refinement steps 0,
1 and 8 initiated with an hexagonal mesh (Adaptive VEMH).

According to [14] and as seen in Figure 5, using quasi-uniform meshes, the con-
vergence rate for the eigenvalues should be [\ — \,.1| = O(h?/3) = O(N~2/3) | where
N denotes the number of degrees of freedom. Then, the proposed a posteriori esti-
mator should be able to recover the optimal order 1 , when the adaptive refinement
is performed near the singularity point. In Figure 5 we present error curves where we
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Fic. 4. Test 1: Adaptively refined meshes obtained with VEM scheme at refinement steps 0,
1 and 8 initiated with an voronoi mesh (Adaptive VEMV).

observe that the uniform refinement leads to a convergence rate close to that predicted
by the theory, while the adaptive VEM schemes allows us to recover the optimal or-
der of convergence 1. Clearly, when we perform the refinements with triangles, the
estimator works analogously as in then finite element method and it is clear that with
triangles the geometrical singularities are identified in order to perform the necessary
refinements.

107" T
= =slope -1
= =slope -2/3
= = Uniform VEM
=0 = Adaptive VEMT
~ < =4 = Adaptive VEMH
~ - = Adaptive VEMV
102 * ~ < 4
S ~
® 0~ N
° N ~
~
SO ~
NN ~
Q ~ ~
N, N SO S o
10° W, ~ ~ E
W b ~ ~
v,\(‘ ~ ~
~) §\ ~ N ~
\\ [N
N ~
A ~
~ Sl
104 L » o h
W\
=
.
N
N
N
N

102 10° 10 10°

F1G. 5. Test 1. Error curves of |A\1 — Ap 1| for uniformly refined meshes (“Uniform VEM”),
adaptively refined meshes for VEM with triangles (“Adaptive VEMT?”), adaptively refined meshes
for VEM with hexagons (“Adaptive VEMH?”) and adaptively refined meshes for VEM with voronoi
(“Adaptive VEMV?”).

We report in Table 1, the estimators n? and the effectivity indexes eff(n) =
|A1 — Ani
2

n

at each step of the adaptive VEM scheme. We include in the table the
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terms R? := Y R% which arise from the volumetric residuals, ©* := " 6%,
which arise from the inconsistency of the VEM, and J3 := 3 EeT, ' et J0 } which
arise from the edge residuals. In the same way, Table 2 shows the analogous to Table

1, but associated to the dual estimator.

TABLE 1
Components of the error estimator and effectivity indexes on the adaptively refined meshes with
VEMH.

N An1 R? e’ J; n’ eff(n)
548 11.914 | 2.0790e+4-00 | 9.0613e-02 | 3.9921e400 | 6.1617e+00 | 3.3487e-04
831 11.906 | 1.4377e400 | 7.0345e-02 | 2.5901e+00 | 4.0982e+00 | 3.3412e-04
1475 | 11.897 | 4.8131e-01 | 3.4615e-02 | 9.7827e-01 | 1.4942e4-00 | 4.0159e-04
1935 | 11.896 | 3.4110e-01 | 2.2026e-02 | 6.7937e-01 | 1.0425e+4-00 | 5.2545e-04
2456 | 11.897 | 3.1849e-01 | 1.7953e-02 | 5.9370e-01 | 9.3015e-01 | 6.6679e-04
4802 | 11.893 | 1.5318e-01 | 1.1243e-02 | 3.0325e-01 | 4.6767e-01 | 6.4188e-04
7236 | 11.892 | 9.6737e-02 | 6.9575e-03 | 1.9345e-01 2.9714e-01 | 6.5600e-04

11269 | 11.891 | 7.0837e-02 | 4.9896e-03 | 1.3640e-01 2.1223e-01 | 6.7467e-04
19984 | 11.891 | 3.8875e-02 | 3.4400e-03 | 7.8216e-02 | 1.2053e-01 | 6.6959e-04
31615 | 11.890 | 2.3515e-02 | 2.2224e-03 | 4.9141e-02 | 7.4879e-02 | 7.0400e-04

From Tables 1 and 2 we observe that the effectivity indexes are bounded and far
from zero. Also, the volumetric and edge residual terms are, roughly speaking, of the
same order, none of them being asymptotically negliglible.

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

VEMH.

N )\hl R*Q @*2 J22 n*Z eff(n*)
548 11.914 | 2.5045e4-00 | 8.1576e-02 | 3.8235e4+00 | 6.4095e+00 | 3.2193e-04
831 11.906 | 1.3928e+400 | 5.2504e-02 | 1.8218e+400 | 3.2671e+00 | 4.1911e-04
1475 | 11.897 | 5.8009e-01 | 2.8127e-02 | 8.9549e-01 | 1.5037e+4-00 | 3.9905e-04
1935 | 11.896 | 4.2274e-01 | 1.8788e-02 | 6.9178e-01 | 1.1333e+00 | 4.8334e-04
2456 | 11.897 | 3.4216e-01 | 1.4299e-02 | 5.0855e-01 8.6501e-01 | 7.1700e-04

4802 | 11.893 | 1.7841e-01 | 8.2262e-03 | 2.7103e-01 | 4.5767e-01 | 6.5591e-04
7236 | 11.892 | 1.1455e-01 | 5.9439e-03 | 1.9062e-01 3.1112e-01 | 6.2652e-04
11269 | 11.891 | 7.9144e-02 | 3.9980e-03 | 1.2025e-01 2.0339e-01 | 7.0399e-04
19984 | 11.891 | 4.4065e-02 | 2.6448e-03 | 6.8238e-02 | 1.1495e-01 | 7.0211e-04
31615 | 11.890 | 2.7508e-02 | 1.7239e-03 | 4.5678e-02 | 7.4909e-02 | 7.0372e-04

Finally, Figure 6 shows the eigenfunctions corresponding to the first lowest eigen-
value for the primal and dual problem at different levels of refinement.

6.2. Test 2: H-shaped domain. For the following tests, we consider a two
dimensional domain with for geometrical singularities, which we call the H-shaped
domain. This domain may represent, for instance, the union of two pools containing
fluids. Let us represent the H-shaped domain by Q and its geometry is defined by
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]}}.
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F1G. 6. Test 1. First eigenfunction for the primal problem (left) and the dual problem (right).

As in the L-shaped domain, the presence of four singularities will lead, once again,
to singular eigenfunctions with non sufficient regularity which is reflected on the con-
vergence order on the computed a priori estimates. Hence, our proposed estimators
must be capable of identify these singularities of the geometry and perform and adap-
tive refinement, with different polygonal meshes, in order to recover optimal order of
convergence. In the forthcoming snapshots we present the adaptive refinement of our
estimator using different meshes.

Fic. 7. Test 2: Adaptively refined meshes obtained with VEM scheme at refinement steps 0,
1 and 8 initiated with a square mesh (Adaptive VEMSQ).

From Figures 7 and 8 we are able to observe that the refinements are precisely as
we expect. On the other hand when polygonal meshes are considered, the estimator
works perfectly when the refinements begin, in particular when squares and voronoi
meshes are considered as we observe on Figures 7 and 8 .

In Tables 3 and 4 we present the same information as in Tables 1 and 2 for this
test. Similar conclusions to those of the previous test can be drawn from these tables.

Figure 9 shows a logarithmic plot of the errors between the calculated approx-
imations of the second smallest positive eigenvalue and the “exact” one, versus the
number of degrees of freedom NV of the meshes. The exact value of the second eigen-
value is obtained by using the least squares fit. The figure shows the results obtained
with “uniform” meshes and with adaptively refined meshes and shows how the optimal
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Test 2: Adaptively refined meshes obtained with VEM scheme at refinement steps 0,
1 and 8 initiated with a voronoi mesh (Adaptive VEMYV).

TABLE 3
Components of the error estimator and effectivity indexes on the adaptively refined meshes with
VEMYV.

N At R? e’ T n’ eff(n)
1286 | 19.748e+01 | 4.3111e+00 | 3.7424e-01 | 4.5192e-02 | 4.7305e+00 | 1.6444e-03
1567 | 19.717e401 | 2.6490e+00 | 2.7764e-01 | 3.6748e-02 | 2.9633e+00 | 1.6740e-03
2307 | 19.692e+01 | 1.1729e+400 | 1.7112e-01 | 2.3501e-02 | 1.3675e+00 | 2.1471e-03
3041 19.682e+4-01 | 8.4430e-01 | 1.2692e-01 | 2.1386e-02 | 9.9260e-01 | 2.5003e-03
4108 | 19.675e+01 | 6.3121e-01 | 7.6930e-02 | 7.6026e-03 | 7.1575e-01 | 2.7884e-03
5920 | 19.664e+01 | 3.9877e-01 | 5.4853e-02 | 4.7708e-03 | 4.5839%-01 | 3.0739e-03
8338 | 19.657e+01 | 2.6452e-01 | 4.1996e-02 | 3.2092e-03 | 3.0972e-01 | 3.1830e-03
10493 | 19.655e+01 | 2.0562e-01 | 3.5491e-02 | 2.6566e-03 | 2.4377e-01 | 3.4499e-03
16770 | 19.651e+01 1.3207e-01 | 2.4200e-02 | 2.0860e-03 | 1.5835e-01 | 3.1906e-03
17141 | 19.651e+401 | 1.2889e-01 | 2.3274e-02 | 2.0754e-03 | 1.5424e-01 | 3.2878e-03

TABLE 4
Components of the error estimator and effectivity indexes on the adaptively refined meshes with
VEMYV.

N An1 R+? e’ J N’ eff(n")
1286 | 19.748 | 4.1233e+00 | 4.2172e-01 | 8.2429e+400 | 1.2788e+01 | 6.0830e-04
1567 | 19.717 | 2.2769e+00 | 2.7066e-01 | 5.4508e+4-00 | 7.9983e+00 | 6.2019e-04
2307 | 19.692 | 1.0692e+00 | 1.5419e-01 | 2.8333e+00 | 4.0566e+400 | 7.2381e-04
3041 | 19.682 | 7.9111e-01 | 1.0782e-01 | 2.0435e+00 | 2.9424e+00 | 8.4348e-04
4108 | 19.675 | 5.7602e-01 | 7.0627e-02 | 1.4768e+00 | 2.1234e+00 | 9.3988e-04
5920 | 19.664 | 3.4994e-01 | 5.1348e-02 | 1.0383e+00 | 1.4396e+00 | 9.7878e-04
8338 | 19.657 | 2.3910e-01 | 3.8194e-02 | 7.4518e-01 | 1.0225e+00 | 9.6419e-04
10493 | 19.655 | 1.9210e-01 | 3.1877e-02 | 6.1777e-01 8.4175e-01 | 9.9905e-04
16770 | 19.651 1.1519e-01 2.0240e-02 | 3.9690e-01 5.3233e-01 9.4912e-04
17141 | 19.651 | 1.1363e-01 | 1.9662e-02 | 3.9010e-01 5.2339e-01 | 9.6888e-04

order of convergence is recovered.

We end the report of results related of the H-shaped domain with plots of the
second computed eigenfunctions for the primal and dual eigenvalue problems. On
this case, the eigenfunctions have been obtained with a voronoi mesh as we observe
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FIG. 9. Test 1. Error curves of |A2 — Ap 2| for uniformly refined meshes (“Uniform VEM?”),
adaptively refined meshes for VEM with triangles (“Adaptive VEMT?”), adaptively refined meshes
for VEM with squares (“Adaptive VEMSQ”) and adaptively refined meshes for VEM with voronoi
(“Adaptive VEMV?”).

in Figure 10. We notice the similarity between the solution of the primal and dual
eigenvalue problems, where the singularities emerge due the geometrical definition of
the domain.

F1c. 10. Test 2. Second eigenfunction for the primal problem (left) and the dual problem (right).
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