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Abstract: The realization of a standard Adaptive Finite Element Method (AFEM) preserves the mesh
conformity by performing a completion step in the refinement loop: In addition to elements marked for
refinement due to their contribution to the global error estimator, other elements are refined. In the new
perspective opened by the introduction of Virtual Element Methods (VEM), elements with hanging
nodes can be viewed as polygons with aligned edges, carrying virtual functions together with standard
polynomial functions. The potential advantage is that all activated degrees of freedom are motivated by
error reduction, not just by geometric reasons. This point of view is at the basis of the paper [L. Beirdao
da Veiga et al., “Adaptive VEM: stabilization-free a posteriori error analysis and contraction property”,
SIAM Journal on Numerical Analysis, vol. 61, 2023], devoted to the convergence analysis of an
adaptive VEM generated by the successive newest-vertex bisections of triangular elements without
applying completion, in the lowest-order case (polynomial degree k = 1). The purpose of this paper
is to extend these results to the case of VEMs of order k > 2 built on triangular meshes. The problem
at hand is a variable-coefficient, second-order self-adjoint elliptic equation with Dirichlet boundary
conditions; the data of the problem are assumed to be piecewise polynomials of degree kK — 1. By
extending the concept of global index of a hanging node, under an admissibility assumption of the
mesh, we derive a stabilization-free a posteriori error estimator. This is the sum of residual-type terms
and certain virtual inconsistency terms (which vanish for k = 1). We define an adaptive VEM of order
k based on this estimator, and we prove its convergence by establishing a contraction result for a linear
combination of (squared) energy norm of the error, (squared) residual estimator, and (squared) virtual
inconsistency estimator.

Keywords: diffusion-reaction problems; Virtual Element Methods; global index of a hanging node; a
posteriori error analysis; stabilization-free estimator; adaptivity; contraction property; convergence
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1. Introduction

Adaptive Finite Element Methods (AFEM) for self-adjoint coercive problems written in the form
ueV : Bu,v)=F®©), Yv eV,

iterate the sequence
SOLVE — ESTIMATE — MARK — REFINE

to produce better and better approximations of u. Their practical efficiency is corroborated by sound
theoretical results of convergence, complexity, and optimality, which in various cases (such as, e.g.,
conforming A-versions) completely explain the behaviour of the adaptive algorithms [11, 13-15, 18].

The standard AFEM realization preserves the conformity of the initial mesh, at the expense of
performing a completion step in REFINE: In addition to elements marked for refinement due to their
contribution to the global error estimator, other elements are refined. Without this step, one would
obtain nonconforming meshes, containing elements with hanging nodes.

In the new perspective opened by the introduction of Virtual Element Methods (VEM) [3, 4],
elements with hanging nodes can be viewed as polygons with aligned edges, carrying virtual (i.e.,
non-accessible) functions together with standard polynomial functions. The potential advantage is
that all activated degrees of freedom are motivated by error reduction, not just by geometric reasons.
On the other hand, in this transformation of an adaptive FEM into an adaptive VEM, one loses the
availability of a general convergence theory, which so far is lacking (although results on a posteriori
error estimates [8,12] have been obtained, together with efficient practical recipes for refining polytopal
meshes [2,9, 10]).

Such a shift in perspective inspired the recent papers [5, 6], devoted to the analysis of an adaptive
VEM generated by the successive newest-vertex bisections of triangular elements without applying
completion, in the lowest-order case (polynomial degree k = 1). Despite the simple geometric setup,
the investigation faced some VEM-specific obstacles in the analysis, giving answers that could prove
useful in the study of more general adaptive VEM discretizations. For instance, a VEM solution
us € Vg C 'V, defined by the Galerkin projection

ur € Vo o Br(ur,vr) = Fr(vr), Yvr € Vr,
satisfies an a posteriori error bound of the type
lu — urlly < nr(ur) + So(ur, ug),

where ns-(us) is a residual-type error estimator, S (us, us) is the stabilization term that makes the
discrete bilinear form B4 (us, vs) coercive in V, and for simplicity we assume piecewise constant
data on the mesh 7. Unfortunately, the term S+ (us, usr) need not reduce under a mesh refinement,
as nzT(MT) does: This makes the convergence analysis problematic. However, one of the key results
obtained in [5] states that S +(us, us) is dominated by nfr(MT), ie.,

So(ur, ur) < na-(ur),

provided an assumption of admissibility of the non-conforming meshes generated by successive
refinements is fulfilled; such a restriction, which appears to have little practical impact, amounts to
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requiring the uniform boundedness of the global index of all hanging node, a useful concept introduced
in [5] to hierarchically organize the set of hanging nodes. Once the a posteriori error bound is
reduced to

2 2
||z — u?’”v < nT(u'T)a

the convergence analysis becomes feasible, and a contraction property is proven to hold for a linear
combination of the (squared) energy norm of the error and the (squared) residual estimator.

The purpose of this paper is to extend the results in [5] to the case of VEMs of order k > 2 built
on triangular meshes. The problem at hand is again a variable-coefficient, second-order self-adjoint
elliptic equation with Dirichlet boundary conditions. The geometric concept of hanging node (a vertex
for some elements, contained inside an edge of some other elements) is replaced by a functional one,
referring to the degrees of freedom associated with the node; once the meaning of hanging node is
clarified, the definition of global index of a node, and its role in the analysis, is similar to the one given
in [5].

A significant difference with respect to the content of that paper concerns the control of the
stabilization term, which does not involve only the residual estimator, but a new term, called the virtual
inconsistency estimator and denoted by Ws-(us-). It measures the projection error, upon local spaces of
polynomials, of certain expressions depending on the operator coeflicients and the discrete solution;
it vanishes when k£ = 1 or when the coefficients are constant. The new stabilization bound, which we
derive under an admissibility assumption of the mesh, takes the form

Sr(ur,ur) < myp-(ur) + Yo-(ur),

which leads to the a posteriori, stabilization-free error control

llu = urll < my-(ur) + ¥i-(ur).

Correspondingly, we obtain the convergence of the adaptive VEM of order k by proving a contraction
result for a linear combination of (squared) energy norm of the error, (squared) residual estimator, and
(squared) virtual inconsistency estimator.

Similarly to [5], we assume here that the data D of our boundary-value problem are piecewise
polynomials of degrees related to kK — 1, on the initial mesh 7y and consequently on each mesh 7~
derived by newest-vertex bisection. This is not a restriction, since we propose to insert the adaptive
VEM procedure just described, which we now consider as a module GALERKIN, into an outer loop
AVEM of the form

[7, usr] = AVEM(7 o, €, w, tol)

j=0

while ¢; > 1tol do

[T, D;] = DATA(T;, D, we;)
[T 41, Dji1] = GALERKIN(T }, D, €))

1
€j+1 < 26
je—j+1
end while
return
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where the module DATA produces, via greedy-type iterations, a piecewise polynomial approximation
of the input data with prescribed accuracy, defined on a suitable refinement of the input partition.
Manifestly, the target accuracy is matched after a finite number of calls to DATA and GALERKIN.
Properties of complexity and quasi-optimality of this two-loop algorithm are investigated in [6] in the
linear case k = 1. We plan to do the same for the case k > 2 in a forthcoming paper.

The outline of this paper is as follows. In Sections 2 and 3, we introduce the model boundary-value
problem, and its discretization by an enhanced version of the VEM ( [1]). In Section 4 we define the
global index of a node, and we formulate the admissibility assumption on the mesh. Two essential
properties for bounding the stabilization term are established in Section 5. The a posteriori error
estimators are defined in Section 6, whereas stabilization-free a posteriori error estimates are proven
in Section 7. In Section 8, we investigate how the a posteriori error estimators are reduced under
mesh refinement. These properties are needed to justify the refinement strategy in our adaptive module
GALERKIN, which is described in Section 9. In Section 10, we discuss the proof of convergence of
the loop GALERKIN. The paper ends with some numerical experiments, reported in Section 11.

2. VEM spaces of order k > 2

We consider the following Dirichlet boundary value problem in a polygonal domain €,

{_v “(AVw)+cu=f inQ, (2.1)

u=0 on 0Q),

where A € (L*(Q))> is symmetric and uniformly positive definite in Q, ¢ € L*(Q) and non-negative
in Q, f € L*(Q). Data will be denoted by D = (A, c, f). The variational formulation of this problem is
written as

(2.2)

findu € V:= H)(Q) such that
Bu,v) = (f,v), VveV,

where (-, -) is the scalar product in L*(Q) and B(u, v) := a(u, v) + m(u, v) is the bilinear form associated
with Problem (2.1), i.e.,

a(u,v) := (A Vu, Vv), m(u,v) = (c u,v).
We denote the energy norm as |- = V8(:, -), which satisfies

2 2 - B2
cghliq SIVIF < c”ig,  Yvewy, (2.3)

for suitable 0 < cg < c®.

Remark 2.1. For the sake of simplicity, in (2.1) we consider the Poisson problem with vanishing
Dirichlet conditions on the whole boundary domain. The extension to generic Dirichlet and/or
Neumann/Robin boundary conditions does not pose conceptual difficulties. In the numerical examples,
we actually provide experiments with more general Dirichlet boundary conditions.
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In order to find a discrete approximation of the solution of Problem (2.2), we firstly introduce a
fixed initial partition 7 on the domain Q made of triangular elements E. We will denote by 7~ any
refinement of 7 obtained by a finite number of newest-vertex element bisections. We underline that
we are not requiring 7~ to be a conforming mesh, since hanging nodes may arise in the refinement. The
classification of nodes, which will play a crucial role in the proofs presented in this paper, is postponed
in Section 4.

According to the Virtual Element theory [3], an element E of the triangulation can be viewed as a
polygon with more than three edges, if some hanging nodes are sitting on its boundary. We can then
denote by &g the set of edges e of element E and & := | Jgr Eg. We finally define the diameter of an
element E as hg = |E|"/? and h = maxger{hg).

We introduce the functional spaces needed to apply the VEM. We start by defining the space of
functions on the boundary of E, Vg, which is constituted by the functions that are continuous on the
boundary of E and that, when restricted to any edge of JE, are polynomials of degree k > 0, i.e.,

Voex = {v € C°(OE) : v|. € Pi(e), Ve C E}.
Then, we define the “enhanced” VEM space in E, as done in [1], such that
Vew = {ve H' (E) : Vlor € Vogs, Av € PU(E), (v —TIjv,q)p = 0 Vg € Pu(E) \Bia(E)} . (24)
where Pi(E) \ P;_»(E) is the space spanned by the monomials of degree equal to k and k& — 1, and

I} : H'(E) — P(E) is the projector defined by

(V(v —T1}v),Vg)e = 0, Vg € Pu(E), (v —II}v) = 0.

O
We remark that Vg contains the polynomial space of degree k on E and its dimension is

k(k—1)

dim(Vgy) = n® k+ >

(2.5)
where nf is the number of edges of E. We notice that in the case k > 1 a function v in V is uniquely
defined by

e the set of the values at the vertices of E;
e the set of the values at the £ — 1 equally-spaced internal points on each edge of OF;
e the set of the moments % fE v(x)m(x)dx ¥Ym € Mi_»(E),

where the set M,(E), p > 0, is defined as

M(E) = {(x ;ExE) sl < p}. (2.6)

We will denote by u,(E,v) = (I_li"l fE v(x)m(x)dx : m e M,(E) \ M,,_l(E)) the vector of the moments

of v of order p. By |u,(E, v)| we will denote the I?-norm of this vector.

We can now introduce the global discrete space as

Vye={veV: vpeVg VEE€T}

Mathematics in Engineering Volume 5, Issue 6, 1-33.



On 7 we need also to give the definition of the space of piecewise polynomial functions on 7~
W = {w e LX(Q) : wlg € Pl(E) VE € T}, (2.7)
and its subspace
Vo := Ve N W, (2.8)

which plays a crucial role in the forthcoming analysis.

We now introduce a series of projectors that will be used in the rest of the paper. For any E € 7, we
denote by Hg’ z : L*(E) > P,(E) the L*(E)-orthogonal projector onto the space of polynomial of degree
p on E. Thanks to the choice of the enhanced space Vg, (2.4), we remark that Hg’ £V and ng, £ Vv can
be computed for any function v € Vg, see [1] for the details. To simplify the notation, in the following
we will drop the symbol E from Hg’ £ When no confusion arises. The global L?-orthogonal projector is
denoted by Hg’T D LA(Q) - W

We can also define the Lagrange interpolation operator g : Vg, — Pi(E) on E, which builds a
polynomial of degree k using the 3k degrees of freedom on the boundary of E and the moments of

order < k — 3, since

(k- 1Dk -2)

dim(Py(E)) = 3k + >

Moreover, we will denote by 74 : Vo — W’Sr the Lagrange interpolation operator that restricts to J g
oneach £ € 7.

3. Discretization with data of degree k — 1

In the rest of this paper, we assume that data D = (A, ¢, f) are piecewise polynomials of degree
k — 1 on the initial partition 7, hence on each partition 7 obtained by newest-vertex refinement. Their
values on each element of the triangulation will be denoted by

(Ag, ce, fr) € Pro1(E))*? X Py (E) X Py (E).

We here define the bilinear forms that we need for the Galerkin discretization problem, starting
from ag,mg : Vg X Vg — R, such that

ar(v,w) = Z fE(AEl_Ig_le) . (H2_1VW) =: Z ag(v,w),

EeT EeT
mg-(v,w) = Z ch Hgv ng =: Z mg(v, w).
EeT VE EeT

We also introduce the symmetric bilinear form sg : Vg X Vg — R as

Ng
sp(v,w) = Z v(x)w(x;),
i=1
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where {x,-}l’.\:/ 1 indicates the set of the degrees of freedom on the boundary of E. Indeed, we remark that
in this case the stabilization term can be built without using the internal degrees of freedom, as shown
in [7]. We assume for sg the existence of two positive constant ¢, and Cy independent on E, such that

sVl g < seWv) S Cibli gz, Vv € Vi \ Py(E). (3.1)
We define the local stabilizing form as
Se(w,w) = spg(v =T gv,w—Tgw), Vv, w € Vg,
and the global stabilization form

So(v,w) 1= Z Se(v,w),  Yv,we V.

EeT
From (3.1), we get
Sy =p—Irli,  VveVyg,
where ||+ denotes the broken H'-seminorm over 7". Thus, we can now define the bilinear form
Br(-,), Br : V- xVs& - R, as
Br(v,w) = ag(v,w) + mr(v,w) + yS (v, w), (3.2)

with vy independent of 7 satisfying y > y, for some fixed yy > 0. For the loading term we introduce

Fr V& > Ras
Fr(v) = > f fey=>" f fev,  WveVg, (3.3)
E E

EeT EcT

since fr has been already approximated with a polynomial of degree k — 1. Note that the equality
in (3.3) remains true if fz is an approximation of f of degree k on E.

We have now defined all the forms that appear in the discrete formulation of the Problem (2.2). It
reads as

{ﬁnd ugs € V4 such that (3.4)

Br(ur,v) = Fr(v), Vv € Vg,

The bilinear form By is continuous and coercive, hence, there exists a unique and stable solution of
the Problem (3.4). Furthermore, the following result extends Lemma 2.6 in [5].

Lemma 3.1 (Gakerkin quasi-orthogonality). For any v € V4 and w € VY., it holds

ar(v,w) = a(v,w) = >’ fE (Ap(7 = TI0_)VV) - Vw,

EeT

mq(v,w) = m(v,w) — Z ch ((I - Hg)v) w,
EeT VE

S+(v,w) =0.

Consequently,
1/2
1B — ur, W) $ Sq(ug, ur)*wl o,

where u is the solution of (2.2) and us the solution of (3.4).
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4. The index of a node

A crucial concept, firstly introduced in [5] for the case k = 1, is the global index of a node: It will
be used in the proofs of Section 5. In order to extend its definition to the case k > 1, we preliminarily
introduce some useful definitions.

Let
E:={(xy)eR*: x>0, y20, x+y< 1}

be the reference element and denote by R £.x the k-lattice built on E ie.,

R, = {(1,1)eR2: i>0, j>0, i+jsk}.
’ k' k

Considering the affine function Fr : £ — E mapping the reference element onto an element E € 7,

we define the physical lattice on E by

Rey = FE(IAQE,k),
and the set of proper nodes of E as the points of the physical lattice sitting on the boundary of E, i.e.,
PE = RE,k N oE.

Observe that we implicitly assume that & > 2 is sufficiently small so that interpolation on equally
spaced nodes is numerically stable.

Next, we denote by Hf the set of hanging nodes of E, i.e., the set of points x € JE that are not
proper nodes of E, but that are proper nodes of some other element E’, i.e.,

Hg :={x € 0E : AE’ € 7 such that x € Pr } \ Pk.

Finally, let Ng := Pr U H be the set of all nodes sitting on E.

At the global level, N := |z N will be the set of all nodes of the triangulation 7, which we split
into the set P := {x € N : x € P YE containing x} of the proper nodes of T, and the set H := N \ P
of the hanging nodes of T .

Next, let us clarify what happens when a hanging node is created. Let S be an element edge that
is being refined, i.e., split into two contiguous edges S~ and S*. Before the refinement, S contains
k + 1 equally-spaced nodes &,, n = 1,...k + 1: The endpoints and the k — 1 internal ones. After the
refinement, S contains 2k + 1 nodes, precisely k + 1 equally-spaced nodes on each sub-edge S *, with
the midpoint in common; see Figure 1. The spacing of the ‘old” nodes on S was % (where |S | denotes
the length of §'), whereas the spacing of the ‘new’ nodes is % Consequently, k£ + 1 of these nodes
coincide with those initially on S, and the new nodes introduced in the refinement are only k. We will

denote these latter by {;, i = 1,...,k.
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fl ‘fk+1
(a)
& § i
[0} L ) L @ 10} L 0]

g-
(b)
Figure 1. Blue squares represent the k + 1 equally-spaced nodes &, on the edge S before
refinement. Red circles represent the 2k + 1 nodes that arise after refinement. We have
denoted by ¢; the new nodes that do not coincide with any &,.

This suggests the following definition.

Definition 4.1 (closest neighbors of a node). With the previous notation, if x = {; is created as the
midpoint of the segment [x', x"] := [&,., &,,+1] for some n;, we define the set B(x) := {x’,x"}.

We are ready to give the announced definition of global index of a node of the triangulation 7.

Definition 4.2 (global index of a node). Given a node x € N, we define its global index A recursively
as follows:

e [fx is a proper node, then A(x) := 0;
e [fx is a hanging node, with x',x" € B(x), then set

A(x) := max{A(x"), A(x")} + 1.

Figure 2 shows the evolution of the global index after three refinements in the cases k = 2 (a) and
k = 3 (b). We remark that, for instance, the midpoint of the horizontal edge is a proper node in case
(a), and a hanging node in case (b).

(b)

Figure 2. Triangulation after the three refinements in the case k = 2 (a) and in the case k = 3
(b). Blue crosses represent the original degrees of freedom. Red squares, green circles and
orange triangles are used for the degrees of freedom of the first, second and third refinement,
respectively. All nodes are proper, except those on the horizontal line, whose global index is
reported.
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The largest global index in 7~ will be denoted by Ay := max,cpn{A(x)}. In this paper, as in [5],
we will consider sequences of successively refined triangulations {7} whose global index does not
blow up.

Assumption 4.3. There exists a constant A > 0 such that, for any triangulation T~ generated by
successive refinements of T, it holds

Ar <A

Any such triangulation will be called A-admissible.
5. Two key properties

In this section we discuss the validity of some results for the degree k > 1 that will be used in the
rest of the paper. We will highlight in particular the differences from the case k = 1.

Proposition 5.1 (scaled Poincaré inequality in V). There exists a constant Cp > 0, independent of T,
such that

D HEIVIE s < Colvll g, Vv € Vi such that v(x) = 0,Vx € P. (5.1)

EcT

Proof. Let E € 7 be an element of the triangulation. If E is an element of the original partition 7,
all its vertices are proper nodes. Otherwise, E has been generated after some refinements by splitting
an element E into two elements, E and E’. Let L be the common edge shared by E and E’. If L is not
further refined, then all the nodes on L are proper because they are shared by E and E’. If L is refined
and k is even, then the midpoint of L is a proper node.

So, let us consider the case k odd and let us assume that L is refined M > 1 times. We focus in
particular on the internal node ¥ of L is at distance % from one of the endpoints, Figure 3 shows the
case k = 3. This point belongs to one of the M + 1 intervals in which L is refined, having width |L|/2¢,
for some 1 < s < M. We remark that s depends on how L has been refined (in the case of uniform
refinements of L, one has 2° = M + 1). We localize the chosen node ¥ in L by defining an m > 0 such
that

ILlm _ LI _ [LlGm + 1)

<—=
28 k 28
or, equivalently,
km<2'<k(m+1). (5.2)
The interval going from 'LQM to 'L'(g’—”) is an edge for a smaller element E’, thus it contains k£ — 1 internal

nodes. Since they are equi-spaced, their positions are at

IL|

T (m+%) withn =0,..., k.

By taking n = 2° —m k, which is compatible with conditions (5.2), we conclude that one of the internal
nodes of E’ coincides with .

Mathematics in Engineering Volume 5, Issue 6, 1-33.
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This guarantees that E has at least one proper node x on its boundary. By hypothesis v(x) = 0, and
so we can apply the classical Poincaré inequality,

-2 2 2
hg ”V”()E < |V|1,E’

that concludes the proof. O

E

ILI/3
—O0— - =]

Figure 3. The case k = 3 with 3 refinements of the edge L (in blue) is shown. Red, green
and orange lines are the lines needed to refine L the first, the second and the third time
respectively. Blue crosses are the degrees of freedom on L of the function living on E. Red
squares, green circles, orange diamonds are the degrees of freedom on L generated after the
first, the second and the third refinement of L.

Remark 5.2. The previous proof exploits the fact that when £ > 1, each element of the triangulation
contains at least a proper node. This differs from the case k = 1 in which the edges do not contain
internal nodes, and then elements with all hanging nodes as vertices are admissible. As a further
difference from the case k = 1, we highlight that in Proposition 5.1 the constant Cp does not depend
on the constant A, whose existence has been introduced in Assumption 4.3.

The next result we are going to establish is a hierarchical representation of the interpolation error
v — Zgv on the boundary 0F of an element £ € 7. Assume that v € Vg, and let L be a side of the
triangle E; for simplicity, in the sequel the restriction of v to L, which is a piecewise polynomial of
degree k, will be still denoted by v. The subsequent bisections of L which generate the nodes in Ng N L
allow us to write the difference (v — 7 gv),, telescopically as

JL
v=Tpvy= Y (I~ T (5.3)

J=1

here, Iy = I, 1, is the identity operator, whereas 7 ;v for 1 < j < J;—1 is the piecewise polynomial
of degree k which interpolates v on the partition of L of level j, namely the partition formed by sub-
edges of length < '2%'

In order to understand the structure of the detail (£; — 1 ;_;)v, assume that S is a sub-edge of L of
length = 2'%, which is split into two sub-edges S* of length = '2%‘ (see Figure 1). On S we have two
interpolation operators, namely

T:=T1j,5:C%S) - Pu(S)

Mathematics in Engineering Volume 5, Issue 6, 1-33.
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and
IV:=T;5:C%8) > PuS™.8) = {v e C%S) 1 vs- € Py(S7) and vis+ € B(S )},

which coincides with the interpolation operator 7~ : C%(S~) — Py(S~) when restricted to S~ and
with the analogous operator 7* when restricted to S*. With the notation introduced just before
Definition 4.1, we can quantify the discrepancy between the two interpolation operators by defining
the k basis functions

1 ifx=¢,
Y € P(S™,S7) such that y;(x) =30 ifx=¢;, j#i, 1<i<k
0 ifx=¢&,n=1, ...,k+1,

See Figure 4 for a graphical representation of these functions in the cases k = 1 (a), k = 2 (b),
k=3(c).

¥

)

(a)

2

-

(b)

121 U3

%)
. m/.\g
) :
(c)
Figure 4. Blue squares are the k + 1 equi-spaced original nodes on the blue edge. Red points

represent the nodes added after the refinement of the interval. Black lines show the shapes of
the basis ¥;,i = 1,...,k,inthe case k = 1 (a), k = 2 (b), k = 3 (¢).

]

Hence, the difference between the two interpolation operators on S can be written as

k
Vv —TJy= Z dw, §)i,
i=1
where d is defined as

dv,§) == Iy = Iv)(&) = (v = Iv) ({). (5.4)

The values of 7v at the k nodes {; are a linear combination of the values of v at the k + 1 nodes ¢,,
where 7v coincides with v. Thus, there exist coefficients «;, such that

k+1

IV = ) @&, i=1...k (5.5)
n=1
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The explicit values of these coefficients in the case k = 2 for the two new nodes ¢} and ¢, are given in
these expressions:

3 3 1
@) = gv(fl) + ZV(fz) - §V(§3)’

1 3 3
@v)(&) = —gv(fl) + Zv(fz) + gv(fs),

where &; < {; < €41, 1 = 1,2. Similarly, in the case k = 3, we get
5 15 5 1
Iv)(&1) = EV(&) + EV(fz) - RV(&) + 1—6V(§4),
1 9 9 1
@v)(&) = _Ev(‘fl) + Ev(é:z) + EV@%) - EV(&),

1 5 15 5
@) = 1—6V(§1) - Ev(fz) + 1—6V(f3) + 1—6V(§4),

where again & < ; < &1, 1 = 1,2,3. Figure 5 shows both cases. We notice that the coefficients «;,
depend only on the relative positions of the nodes on §, not on the level j of refinement.

& &4

3 &

(a) (b)
Figure 5. Black points are the proper nodes. Red points represent the hanging nodes
generated after a refinement. In (a) the case k = 2 is showed, {; is the hanging node obtained
after the refinement of &, and &; and it is the midpoint of & and &,. We notice that if we
have called the other red point ¢, & and & would have been switched. Analogously, (b)
represents the case k = 3.

Summarizing, at the level j of refinement of the edge L, we get

Tj=Tiw= ), dv, X0,

X EWL, J

where H, ; is the set of hanging nodes on L created at the level j of refinement, whereas
d(v.x) = (T =T v)(x) = (v=T ) (x).
Summing-up over the levels and recalling (5.3), we obtain

=T =Y dv,x)W;.

X! €7‘[L
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where H; = He N L, whence
= Tpv)oe = ), dv, ).

xéHE

We now introduce the subspace of Vg
Xg = {w e Vgp: wx) = 0 Vx € Pp, and p,(w. E) =0, 0 < p < k-3,

which contains v — 7 gv by definition of 7g. On X, we have two norms, namely the seminorm |w|; g
(which is a norm on Xz due to the vanishing of w at the three vertices of E) and the norm
12

Wi, i=| D, 0w, ) + o (B, w)P
xeHg

Note that, due to Assumption 4.3, the dimension of X is uniformly bounded by a constant depending
on A; furthermore, the number of possible patterns of hanging nodes on 0E, which determines the
details d(w, x), is also bounded in terms of A. As a consequence, the two norms are equivalent, with
equivalence constants depending on A. Therefore,

D dw,x) <l = Il Yw € X
xE'}{E
Since v — I gv e Xg and d(v — I gv,x) = d(v, x) for any x € H, we obtain
P ACE IR
xE(}‘[E
Summing-up over all the elements of the triangulation, we arrive at the following result.

Lemma 5.3 (global interpolation error vs hierarchical errors). There exists a constant Cp > 0
depending on A but independent of the triangulation 7 such that

> dw,x) < Cplv—Irll,,  VveVy (5.6)
xeH
Next, we introduce the interpolation operator

79V - VY, (5.7)
where Vf/l is defined in (2.8), by the following conditions:
o (I9v)(x) = v(x) forall x € P,
o uy(E, I9v) = p,(E,v)forall 0 < p<k—3andforall E€ T.

These conditions uniquely identify 7 f)rv. Indeed, if x € H is generated by a refinement of level j of an
edge L (say, x = {; with the notation introduced before Definition 4.1), then (I OTv)(x) can be expressed
in terms of the values of 1. E/).v at the k + 1 nodes (say, &,) created at the previous levels of refinement of
L, using the same coeflicients as in formula (5.5), i.e.,

k+1

TGN = ) einTIVED =1k (5.8)
n=1

and so on recursively.
The following result provides a representation of the error 74-v — 79-v.
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Lemma 5.4. It holds

Trv—Tqvf, = ) &*(nx),  Vve Vg,
xeH

where 5(v, x) := v(x) — (I9v)(x).
Proof. Consider an element E € 7. Recall that by construction it holds u,(E, Igv) = u,(E,v) =
up(E, I')v), whence p,(I gy — Iy v, E) = 0 forall 0 < p < k — 3. Consequently,

Ty =I5y = > |(Zpv = T3v) ()P,

xePg

If x € Pr, (L gv)(x) = v(x), hence
Tpv =I5 = > I(v = T0v) (o).

xePg

Summing on all the elements of the partition, we get

DTy = I = Y l(v = T9v) 0P = Y I(v = Tov) (o,

EeT xeN xeH
since if x € P, (1. ,Orv)(x) = v(x). This concludes the proof. O
Concatenating Lemmas 5.3 and 5.4, we can prove the second key property of this section.

Proposition 5.5 (comparison between interpolation operators). Let T be A-admissible. Then, there
exists a constant C; > 0, depending on A, but independent of T, such that

v —T9vlia < Cillv — Tovli7, Vv € V.
Proof. Given a function v € V#, by the triangle inequality
lv— If)rv|m =lv- I«OTV|1,T <lv-Ipvhg +Lgv— IO¢V|1,T,
so it is enough to bound the last norm on the right-hand side. To this end, considering the vectors
0 = (6(X)xer = (60, X)yeqr » A = (d(X))yeqq := (d(V, X)) ey »
and recalling the two Lemmas, the proof can be concluded if we show that
16112y < lldll20)-

Given x € H, assume that it is generated by a refinement of level j of an edge L (say, x = {; with the
notation introduced before Definition 4.1). Writing v* := 1 OTv for short, and exploiting formulas (5.4)
and (5.5), we get

k+1

8(&) = V(&) = V' (&) = V(&) = ) ey (&)
k+1 l:jl
= V(&) = ) @) = D @in (V' (E) —vED)) (5.9)
n=1 n=1

k+1

=d({) + )| @0 ().
n=1
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Thus, we can build a matrix W : [2(H) — [>(H) such that § = Wd, and we just need to prove that
Wi, < L.

We now organize the hanging nodes with respect to the global index A € [1, As]. Calling H, = {x €
H : A(x) = A}, and H = J,<1<p, Ha, the matrix W can be factorized in lower triangular matrices W),
that change the nodes of level A, leaving the others unchanged. In particular,

W =Wy, Wy, _i. . WoW,,

where W is just the identity matrix I, whereas each other matrix W, differs from the identity only in
the rows of block A. In each of these rows, all entries are zero, but the entries «;, in the off-diagonal
part and 1 on the diagonal. In order to estimate W,, we use the Holder inequality [|[W,]|? < [[WllIWllc.
From the construction of W, have that

k+1

IWilleo < m;'lle {Z|a/i,n|} +1=:p, Wili <5k H}aX i | + 1 =: B,
i=1 .

where in the last inequality it has been used the fact that a hanging node of global index < A may
appear at most 5 times on the right-hand side of (5.9), since at most five edges meet at a node [5,
Proposition 3.2]. These bring us to the following bound

Wi < || Wik <8187

2<ASAT

and the proof is concluded. O
6. A posteriori error estimator

With the aim of discussing the a posteriori error analysis, and following [12], we define the a
posteriori error estimators, starting from the internal residual over an element E, i.e.,

rr(Esv, D) 1= fp+ V- (ApIT)_ V) = cpITy, (6.1)

for any v € V. We highlight that in the case k = 1, with piecewise constant data, the diffusion term
in the residual vanishes. Furthermore, we define the jump residual over e, where e is an edge shared
by two elements E; and E, of the partition 7, as

Jr(e;sv, T) = [[AIL_, V1], = (Ag T VVg,) -y + (AR, IT)_ VVig,) - ma,

where n; denotes the unit normal vector to e pointing outward with respect to E;; we set jr(e;v) = 0
of e € Q. Then, let the local residual estimator associated with £ be

1 ,
1-(E; v, D) := hillrr (E; v, D)5 5 + 3 Z helljr(e; v, D)5, (6.2)

6’685
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and the global residual estimator as the sum of the local residuals

W, D) = ) i(E;v, D).

EeT

In contrast to what has been done for the case k = 1, we also need to introduce the virtual inconsistency
terms, defined by
7 (E;v, D) = (I = I_ DAL YV £

(6.3)
W3 (B3 v, D) = gl (1 = T)(ceTT) I 5

as well as their sum

Wi, D)1= ) Wi(E;v, D)= ) Wi, (E;v, D) + Vi (E; v, D). (6.4)

EcT EcT

7. A posteriori error estimates

In this section we present one of the main results of this paper, a stabilization-free a posteriori error
bound. In this view, we firstly start by introducing the classical Clément operator upon the space V2.,
T 9 1V — Vi itis defined at the proper nodes on the skeleton of 7~ as the average of the target function
on the support of the associated basis functions, whereas the internal moments (if any) coincide with
those of the target function.

The scaled Poincaré inequality (Proposition 5.1) and Proposition 5.5 guarantee the validity of the
error estimate for 1 Ell. Given these propositions, its proof does not involve the polynomial degree k,
hence, it does not change with respect to the one presented in [5].

Lemma 7.1 (Clément interpolation estimate). Vv € V, it holds

-2 70 112 2
DRy = T9viE . < Mg,

EeT
where the hidden constant depends on A but not on T .

We can now prove the following results, which is similar to Theorem 13 in [12], but with a slightly
modified proof.

Proposition 7.2 (upper bound). There exists a constant C,po5 > 0, independent of u, T, us- and 7y, such
that

ju =z} o < Capout (M-, D) + S (e, ur)) (7.1)
Proof. For any v € V, using the definition of Problem (2.2), we have that

B(u — usr,v) = B(u,v) — Blugr,v) — (f,vr) + B(u, vy)
= (f,v—vy) = Blur,v) + B(u,vr) — B(ur, vy) + Blugr, vy)
=((f,v—vr)—Busr,v—vy))+ Bu —ur,vy) =: 1+ 11,

Mathematics in Engineering Volume 5, Issue 6, 1-33.



where vy := 1 9v € VJ.. The first term can be written as

= Z {ffE(v - fAEVuT VO —vr) - fCEufr(v - VT)}
E E P

EeT

3 ([t ) v [t
EeT \VE E E
+ Z {fE (AE(H2_1 - I)VMT) V@ —vy) + L(CE(HQ - I)urr) (v - vT)} =1, +D.

EeT

The addend /; can be expressed as

h=) { fE (fe + V- (ALTT Vur) — celluyr) (v = VT)}

EeT

+ > fa - (ALII_ Vur ) (v = vir),

EeT
which can be bounded by using Lemma 7.1,

| < ny(ug, D)l q.

On the other hand, noting that

(T =T ) Vurlloe = I = T_ VU = T llo.
< IVU = T)urllo £

(7.2)

and applying again Lemma 7.1 and the stability of the Clément operator in the H' norm, the addend I,

can be bounded as follows:

1/2
| < [Z A = T_)Vurll IV 0 = vr) llg 2 + Z Hglles( = Tur|l; ghillv - VTIIS,E]

EcT EcT

1/2
S [Z AU = IT_)Vurllg  + hyllce( — H2)u¢||§,E] Vho
EeT

1/2
0 2 2 0 2
< [Z IV = Tu )G . + il Hku¢>||o,E] V1o
EeT

< (S 1/2

S S7(ur,ur))’” ha-

Looking now at the term //, we have by Lemma 3.1
1B — ug, V)| < S7(ur,ur)' Vg
Finally, by taking v := u — us € V, we get
Bu - ug,u—ur) < (UT(MT, D) + Sy (ur, M'r)l/z) lu — urli o,

which, using the coercivity of 8, concludes the proof.

O
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We now report a bound for the local residual estimator, proved in [12, Theorem 16].

Proposition 7.3 (local lower bound). There holds

P Erur, D) s Y (lu=url p + S plur, ur))

E'ewg
where wg :={E’ : |0E N OE’| # 0}. The hidden constant is independent of vy, h, u and us-.
Summing on all the elements of the partition, we get the following corollary.

Corollary 7.4 (global lower bound). There exists a constant cqp,s > 0, independent of u, T, ug- and v,
such that

2 2
Capost 777'(”‘73 Z)) < |Lt - uTll,Q + S’T(”’T’ MT)-

In the following proposition we present a bound of the stabilization term. We remark that in the
case k = 1 the inconsistency term does not appear.

Proposition 7.5 (bound of the stabilization term). There exists a constant Cg > 0 independent of T,
ug- and vy, such that

YS7(ur,ur) < Cy (17-(ur, D) + ¥7-(ur, D). (7.3)
Proof. From the Definition (3.2) of the form B+ and from (3.4), Yw € V,OT it holds

YS 7 (ug, ug) = yS(ugy, ur —w)
= Br(ug, ur —w) — ar(ur, ug —w) — my(ug, Uy —w)

= F (ugr —w) — ar(ug, ur —w) — mg-(ur, uy — w).

Defining e := us — w, we get

YS7(ur, er) = Z {fEfeT - fE(AEHZ_I (Vufr))' I, (Ver) - fCEHQUT ngfr}- (7.4)

EeT E

We notice that

fE (AT, (Vur)) - TI_, (Ver) = fE (110, (AeIT)_, Vur)) - Ver

= fE (I, — DAL Vur) - Ver + fE (AcIT)  Vur) - Ver "
and
fE celllus Mer = fE M (cpusr) er
= fE (T} — D(celllug)es + fE ce(Mug)es. (7.6)
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By substituting (7.5) and (7.6) into (7.4), it results

YSrlur,ur) =y f (£ + V- (A1, Vur) = cellfur) er = Y f n-V (A Vur)er

EeT EeT
+ ) f (I =T )(AETTY_ Vur) - Ver + > f (I = I ur) er
EeT YE EeT VE
_ 1 ) _
< Z hellre (E; ug, D)llo.chi llerllos + = Z h2 i (es g, D)ol llegllo..
EeT 2 eeE

+ Z (7 = T AT Vur)llogllVerllos + Z helld = ) cpIRugllo £hi llerlo.s
EeT EeT

< > hlirr (B g, D)o ghi' llerloe + Zh”zllh(e tr, D)loh; llerlo.

EeT eeS
+ Cine D Wa(Es ur, DI lerllor + ) | We(Es ur, DY lerll -
EeT EeT

With the same strategy used in [5], for any 6 > 0, we get

1 0
¥Sr(ur.ur) < o= (07 (ur, D) + ¥i(ur D)) + S Or(er),

=26
where
r(er) = ) {max(Ch. Diillerlly; + 5 =S bl
EeT ecEg
Posing now w = 1. (,)Turr and applying Proposition 5.1, we get
O (ur — ITur) < lur — Iourl; o,
whereas Proposition 5.5 yields
ur — Trurli o < lur — Trurli g = So(ur, ur),
so we obtain
¥*Sq(ugr,usr) < Cp (U%—(M'r, D) + Vo(ur, D)) ,
for a suitable constant Cz > 0. m|

Combining Propositions 7.2 and 7.5, we arrive at the following key result.

Corollary 7.6 (stabilization-free a posteriori error upper bound). It holds
u = urli g < Cuny-(ur, D) + Cp,¥i-(ur, D),

C C
where Cy, = Capowt (¢ + 1) and Cy, = Capo't.

Remark 7.7. Note that the chosen stabilization affects the value of the constant ¢, Which in principle
may depend on the polynomial degree and the geometry of the mesh. However, this dependence is
under control; indeed, (i) we are not proposing a p-method, so the polynomial degree k is fixed, (ii)
the refinement procedure is obtained by newest-vertex bisection, which guarantees shape regularity on
the refined elements, (iii) Assumption 4.3 enforces an upper bound on the number of hanging nodes on
each edge.
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8. The effect of a mesh refinement

In view of the convergence analysis of the adaptive algorithm GALERKIN, in this section we analyse
the effect of refining the partition 7 by applying one or more newest-vertex bisections to some of
its elements. Specifically, in Sect. 8.1 we prove that the residual estimator (6.2) is reduced by a
fixed fraction (up to an addend proportional to the stabilization term) when the element E is split into
two elements by one bisection. We prove a similar result for the inconsistency term estimator (6.4),
provided a suitable number of bisections is applied to E. Next, in Sect. 8.2 we establish a quasi-
orthogonality property in the energy norm between the solutions on two partitions, one being a
refinement of the other.

8.1. Reduction of estimators under refinement

Let us consider an element E in 7~ which is bisected into elements E; and E; the refined partition
containing these two elements will be denoted by 7.. Given v € V4, we notice that v is known
on JF, and in particular at the new vertex of E; and E, produced by the bisection. Denoting by
e = E; N E, the new edge, we associate a function v, € V4 to v such that v.|sg = V|yg, v.l. € Pi(e), and
Hy(Ei,v,) = py(E,v) forall 0 < p < k-2 and fori = 1,2. In the following we will write v instead of
v, when no confusion arises.

8.1.1. The residual estimator

Let n+-(E; v, D) be defined in (6.2) and ns (E; v, D) be the sum of the local residual estimators on
the two newly formed elements , defined as follows:

2 2
1 |
T (Esv. D)1= ) (B, D) = 3 Al (v, Dl + 5 ), hlljr (v, Dl

i=1 i=1 ee&,

where we recall that hg, = \/%hE, i = 1,2 We notice that, since O does not change under refinement, the
functions fg, = felg., ce, = celg, and Ag, = Aglg, will be denoted again by fg, cg and Ag, respectively.

Lemma 8.1 (local residual estimator reduction). There exist constants pu, € (0,1) and c,.; > 0 such
that for any v € Vo

n7.(E; v, D) < ptr 17-(E3 v, D) + Car1S ) (v, V),

where S 7)(v,V) := Ypera SV, V) with T(E) :={E' € T : Eg N Ep # O}

Proof. Recalling the Definition (6.1), we have the following residuals

rgi=fe+ V- (AEHQ—LEVV) — eIl v,
rEi = fE + V . (AEHQ—I,E,'VV) - CEH%,E[V'

Writing
- 0 0 0 0
rg,=rg—V - (AEH/{_LEVV - AEHk_LE[_Vv) + cplly gv — clli p v,
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we get, for any € > 0,
2 2

2 2 2 2

D e g < DR+ Ollrell g,

i=1 i=1

+22h2 (1+ )||V (AE(HQ eV =TT LE; ))”3,&

1
+2 Z hy, (1 + ;) llce (HQ,EV - Hg,Eiv) [
i=1

The second term can be bounded by using the inverse inequality and the minimality of Hk L a8
follows:

2
Z héi”V : (AE (Hg—l,EVV - Hg—l E; ||0E Z Ty 1LEVY — Hg—l,E,-VV”%),E,
i=1

2
0 2 0 2
< 2AVY = TIY, VR +2 ) Iy =TI, ViR,
i=1
<AVy-TI)_ Vi S v = Tpvlip < SE,v),

while, for the last term, using the Poincaré inequality we have

2

0 0 2 0 2
D M lles (T v =T o v) 6., < ZHH £ =TV,
i=1

< h2||v IL pVilo g < hglv =100 ovl; o < hgS e(v, v).
Finally, taking an appropriate value of € and setting u := 17“ € (0, 1) (for instance, if € = %, u= %) we
get

2
Z e lIrells g, < p hlirells g + C(L+ hg)S £(v,v),
i=1

where C > 0 is a constant.
For the jump condition, we will essentially use the proof given in [5, Lemma 5.2]. In particular, we
write jr (e;v) = jr(e;v) + (jr.(e;v) — jr(e,v)) and for any € > 0

: 1
D0 hellir(evIB, < 1+ +(1+ )Tz,

Jj=1 eESE

with 7y := 32 Sece,, e lljr(e;s I, and Ts := T2, Yocg, helljr.(e;v) = jr(e; )5, On the new edge
we notice that jr(e;v) = 0, then,

1< —= > hillir(e IR,
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We now define 7.(E;) := {E’ € T, : Eg, N Ep # 0); for any edge e € &g, we denote by E;, € T.(E;)
the element such that e = dE; N JE; .. Then,

lljr.(e;v) = jr(e; Vo = 1ALy, = T13)Vv] llo.

< AR, 5, =TI, )Vloe + Az, (T =TI Wl

where E;, indicates the parent of E;,. Using the trace inequality we have

2

(P DD (3 IS | N\
i=1 E'eT.(E)
2
SO (eI VR + 9 =TI )

i=1 E'eT.(E)
Using now the minimality property of IT{ |  and Hg_l > we easily get as above

L< Y IN0=Tevlfp s ), Sem,v),

E'eT(E) E’e€T (E)

which, for a sufficiently small €, concludes the proof. O

From this Lemma and the Lipschitz continuity of the residual estimator with respect to the argument
v (whose proof is independent of the used polynomial degree, so we refer to [S, Lemma 5.3]), we
immediately deduce the following result.

Proposition 8.2 (residual estimator reduction on refined elements). There exist constants u, € (0, 1),
Cer1 > 0 and c,.p > 0 independent of T~ such that for any v € Vo and w € V¢, and any element E € T~
which is split into two children E,, E, € T, one has

N7 (E:w, D) < 1, 17(E3 v, D) + Cort S50 (0,) + Cera Iv = Wi (8.1)

8.1.2. The virtual inconsistency estimator

Given v € Vy and E € 7, consider the two virtual inconsistency terms Wg4(E,v, D) and
Yo7 (E,v, D) introduced in (6.3). When E is bisected into E; and E,, the term Wy .(E, v, D) is reduced
by a factor u. < 1 up to an addend proportional to the stabilization term, i.e., there exists ¢,;. > 0 such

that
1/2

2
(Z \IIT*,C(Eia V, Z))z] S #C lIJ'T,C(E’ V, Z)) + CW"CSE(V, v)l/z' (8'2)
i=1

This stems from the presence of the factor /g in front of the norm || (I - Hg)(cEl'Igv) llo.z, with an
argument similar to the one used in the proof of Lemma 8.1.
Due to the lack of the factor /g, a reduction result similar to (8.2) does not hold for W 4(E, v, D).

Indeed, since AEHk | EVv € Py_»(E), one may ask whether a constant u < 1 esists such that

DA =T, gl s, < 2N =T, Dall e Vg € P a(E). (8.3)
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Unfortunately, the answer is no, as it can be seen numerically, working on the reference element £
by affinity and identifying 1 as the largest eigenvalue of a generalized eigenvalue problem. However,
the same numerics indicates that if £ is split into 2" triangles of equal area by m successive levels of
uniform bisections, then x> becomes < 1 for m large enough, as seen in Table 1.

Table 1. Value of ? in (8.3) for different values of the polynomial degree k and the level of
refinement m.

m=1 m=2
k=2 1.0000 0.3153
k=3 1.0000 0.6648

This is indeed predicted by the following result.

Lemma 8.3. Let E € 7. For any polynomial degree k > 1 there exists a minimal m € N and a constant
U =, < 1independent of E such that, if E is partitioned into 2™ elements E; of equal area by m levels
of uniform newest vertex bisection, it holds

om

Z I =T, 2)allo g, < 20T =T, Dalls e Vg € Pya(E). (8.4)
i=1

Proof. Since by construction kg, = 27"/?hy, classical approximation results give

2"1
DU =T )l s, < G2l
i=1

for some constant C; depending on k. Replacing g by g — Hg_l’ -4 leaves the left-hand side unchanged,
whereas on the right-hand side an inverse inequality yields

2771
DA =T, 2 )ally s, < CeCinea2"llg =TI, 1l -
i=1

One concludes taking as m the smallest integer such that u2, := C;Ciny 2™ < 1. O

Based on these results, let 7" be a refinement of 7~ in which the element E has undergone m levels
of uniform refinements by newest vertex bisection, and has been replaced by 2" subelements E;. Given

v € V7, let us set
2m

W2, (Esv, D) = I =113, (ALITY, ,  IW)IE .

i=1

Lemma 8.4. There exist constants py < 1 and c,; o > 0 such that for any v € Vg
Wom A(E;v, D) < pa¥Yra(E;v, D) + cv,-,AS}E/Z(v, V).
Proof. Write
(T =103, o DAL, VW)llog, < 107 =TI, (AETTR . VW)l
+1Ap(0g, Vv =113, VV)llo.g,»
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sum over i, and conclude using (8.4) and the usual arguments based on the minimality of the L>-
orthogonal projections. O

Let us set
‘I’ZT;n(E, v,D) = lI’zﬂm’A(E; v, D)+ ‘I’,ZH,,’C(E; v, D)

with
2)71

W2, (E5v, D) = > I =TI, )(epTl, IR
i=1
Applying a bound similar to (8.2) to the successive level of refinements, we arrive at the following
result.

Lemma 8.5. There exist constants u,; < 1 and c,;; > 0 such that for any v € Vg
Wrn(E; v, D) < 1 Pr(E; v, D) + €11 S 2 (v, v).

Combining this estimate with the Lipschitz continuity property of the virtual inconsistency
estimator, we obtain the following result.

Proposition 8.6 (virtual inconsistency estimator reduction on refined elements). There exist constants
Wi € (0,1), ¢,y > 0 and c,;p > 0 independent of T such that for any v € Vo and w € Vgn, and any
element E € T which is split into 2™ children E; € Vqn, one has

Yo (E;w, D) < i V7 (E; v, D) + ¢4t S )70, 0) + cpin [v — Wl . (8.5)

8.2. Quasi-orthogonality property

Let us. € V& be the solution of Problem (3.4) on the refined mesh 7.. Hereafter we establish
relations between the two energy errors [u — us|| and |||u — Ug, ||| The first result follows from
Proposition 5.5 and Lemma 3.1; the proof is independent of the used polynomial degree, so we refer
to [5, Proposition 5.7].

Proposition 8.7 (comparison of the energy error under refinement). For any 6 € (0, 1] there exists a
constant Cg > 0 independent of T and 6 such that

1
i = wr I < 1+ bt = ur P = Jlur. = ur|[” + Ce (1 ' 5) (S ur) + Sy, ur))

Next result extends Corollary 5.8 in [5].

Proposition 8.8 (quasi-orthogonality of energy errors without stabilization). Given any 6 € (O, 1],

1
there exists ys > 0 such that for any y > ys, it holds

e = |” < (4 + 40 = ur I = Jlur. = ur||” + 26 (¥2(ur, D) + W2 (ur., D).

Proof. Let e := lu—url, e. = Ju—url, S = Sr(ur,ur). S. = Sq.(ur,ur), n = ny(ur, D),
Y = Yo(ur, D), Y. = Y7 (ur.,,D) and E := |||u¢ — u7;|||. From Corollary 7.4 and (2.3), we get
n* < -5 + —< ___ while, from Proposition 7.5, S < % (nz + ‘I’z) . Combining them, we have

Capost Capost B ’
2
(1 __C )S < 9( ¢ +‘P2).

2 2
Y~ Capost Y Capost C8
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Doing the same on 7. and defining

-1 -1
— C 1 C 1
C = (1— b ) CBmax{l, }S(l— > B ) CBmaX{l, }
Capost Capost CB Y Capost Capost CB

provided y* > 1, we get

S <= (2 +97), S*sg(e?wﬂ).

| A

Employing Proposition 8.7, we obtain

1
eis(l+5)e2—E2+cE(1+5)—2(e2+e5+\1'2+\yi).
Y

b

If we define D := Cg (1 + }S) C

D D D
(1 ——2)e§ < (1 +0+ —2)e2—E2+—2(\1ﬂ+\P§).
Y Y

Y
By choosing y such that
| )
— < —, (8.6)
v D
we get
(1= 06)e? < (1 +268)e* — E* + 5(9° + 12,
which concludes the proof by observing that 722 < 1 + 46 and 1% < 26, when § < 5. O

9. The module GALERKIN

Let us consider a A-admissible input mesh 7, a set of approximated data 9 which consist of
piecewise polynomials of degree kK — 1 on 7, and a tolerance € > 0. The call

[7, usr] = GALERKIN(7, D, €)
produces a A-admissible refined mesh 7~ and the Galerkin approximation us € V4, such as

lu — urll < Cge,

where u is the solution of Problem (2.2) and C; = \/CB max {Cy,, Cy,}, with ¢ is defined in (2.3) and
Cuy,, Cy, in Corollary 7.6. We obtain it by iterating the sequence

SOLVE — ESTIMATE — MARK — REFINE.

At each step, a A—admissible mesh 7 and the associated solution u; of the discrete Problem (3.4) are
produced. The process stops when the condition 173.]_ (uj, D) + ‘I‘,%.J (uj, D) < € is reached.
In particular, the modules are defined as follows:
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[ur] = SOLVE(T, D) produces the solution of Problem (3.4) with data D;

Uns (s ur, D)} AYr (5 ur, D)} = ESTIMATE(T, ug-) computes the local estimators on 7

IM] = MARK(T, {n7(C; ur, D)}, {Vs(-; ur, D)}], 0) implements the Dorfler criterion [15] and
finds an almost minimal set M of elements in 7 such that

0 (m-(ur, D) + V3-(ur, D)) < Z (7-(E: ur, D) + YH(E: ur, D)), (9.1)
EeM

for a given parameter 6 € (0, 1);

e [7.] = REFINE(7, M, A) returns a A-admissible refined mesh obtained from 7~ by suitable
newest-vertex bisections of the elements in M, and possibly of other elements to fullfil the A-
admissibility condition.

It is worth adding some details about the procedure REFINE. Let E € M be an element marked
for refinement. For simplicity, hereafter let us set n := nr-(E;usr, D) and ¥ := Y#(E; ur, D). The
refinement of E is performed as follows:

e If n > ¥, then E is bisected once;

o If n < ¥, then E is bisected m-times, where m has been introduced in Section 8.1.2 (see
Lemma 8.3).

Denote by P(E) the partition of E so obtained, and set 17 := Ypep(p) M) (E's ur, D) and 7 :=
D EeP(E) ‘I’é( g(E’;ur, D). Then, recalling Lemmas 8.1 and 8.5, one gets when 7 > ¥

w+1
2

Indeed, ¥ can be written as ¥ = An for a certain A € [0, 1] and

n.+ ¥, <

(7 +¥) + ¢S i (g, ).

n. + \P* < M+ /177 + CS;_/(ZE)(M(]—, M‘T)
Mt
1+

(L+ )+ gl (ur. ur)

0+ W) + ¢ S0 (ur,ur).

In the case n < P,
7, + W < max(u’, )y + P) + €8 gl (- ur).

In all cases, it holds

Mt 1

7.+ W, < max (S )7 +¥) + ¢S 5 (ur ur), 92)

which shows that in each marked element the sum of the two estimators is reduced under refinement,
up to the stabilization term. Note that for values k = 2 or 3 of the polynomial degree of practical use,
two bisections (m = 2) are enough when 7 < Y.

This refinement may create non-admissible hanging nodes, i.e., hanging nodes with global index
larger than A. To remove them and guarantee A-admissibility of 7, further refinements should be
applied. For the realization of this technical part, we refer to Section 11.1 in [6].

The following section proves the convergence of the GALERKIN algorithm.
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10. Convergence property of GALERKIN

Proposition 10.1 (global estimators reduction). Let ugs € V4 be the solution of the discrete variational
Problem (3.4). There exist constants p € (0, 1) and Cge,1, Cqerp > 0 independent of T such that, if T,

is the refinement of T~ obtained by applying REFINE, one has for any w € V-,
7. (w, D) + ¥7. (w, D) 0.
< p (m-(ur, D) + Wit D)) + Coont S7(tir, tir) + Coeralur = whi . '

Proof. One can reach the conclusion e.g., as in [5, proof of Proposition 5.5], using the bound (9.2) in
each element E marked for refinement. O

Theorem 10.2 (contraction property of GALERKIN). Let M C T be the set of the marked elements
relative to the solution ur € Vg of the discrete variational Problem (3.4). If T is the refinement of T
obtained by applying REFINE, then for vy sufficiently large there exist a € (0,1) and B > 0, { > 0 such
that

it — s |* + B (.. D) + Y2 (. D) < (I — s P + Bri-(ug, D) + LY, D).

Proof. To simplify notation, we set again e = |u — us|, e. = |||u — us || S = Sq(ur,ur), S, =
Se.(ur.,ur), 1 = 17(ur, D), 1 = 7. (7., D). ¥ = Pr(ur, D), ¥. = ¥r.(ur., D) and E = [Jur — ug. |
From Proposition 8.8,
e’ < (1+46)e* — E*> +26(F + P.),
whereas using Proposition 10.1 and Proposition 7.5, we get
c er, c er, C C er,
e+ W2 < p(7 + F2) + Coers S + —2E? < (p + et B)(n2 + ) 4 S22
Cs Y C8
Combining them, we get
C er,
&+ Bk + (B—20)F? < (1 +46)e* + (M - 1)E2
Cs
CeernC CoerniCp 26
+ﬁ(p+ ik B)?f +ﬁ(p+ it L —)‘Pz,
Y Y
which suggests choosing 5 such that
ﬁcger,Z
i (10.2)
Cs

Next, we write
el +p. + (B-20)¥; < (1-6)e” +56¢

Ceern1C CeeriCp 20
+B(p+ o B)n2+l3(p+#+—)‘l’2,
y Y

and we invoke Corollary 7.6 to write

C g C
¢ < PCopou(1 + y—f)nz + cBCa,,(,S,y—fTZ,
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which gives
C
B )) 772

CeernC 56
e§+,8n§+(,3—25)\1ﬂ3(1—5)e2+ﬁ(p+ - ; o Bcapm,(1 :
Y ,3 Y
CoeriCp 2
serl™h 5+5—5ch CB)\I’Z
Y

+ﬁ(’)+ v BB

We now choose vy and ¢ such that

Cger,ICB 56 3 Csp 1 +p
p+ T —C Capost(l + ?) < T
which holds true if
CeeriC 1- 56 1-
S Eand ZCuul+Cp < —F (10.3)
(recall that we already assumed y* > 1). Similarly, we choose y and ¢ such that
C erlCB 2(5 56 B C 1 +p
ﬁ(p + £ + — Ca 05 ) < (ﬁ 26)—
v BBy

which holds true if vy satisfies the first condition in (10.3), whereas ¢ satisfies
P (10.4)

, 1 1
2+ 565C,0nCs + —L 6 <
B 7

This proves the result, if we define ¢ := 8 — 26, with 8 defined by (10.2) and ¢ < £ and
1+p
a:=min|1 -0, - (10.5)

The conditions on y and ¢ which lead to the desired estimate are given in (8.6), (10.3) and (10.4). O

11. Numerical experiments
The aim of this numerical test is to confirm the convergence of our GALERKIN algorithm. We

consider a classical test with an L—shaped domain Q = (-1, 1)? \ (=1, 0)? and the reaction-diffusion

problem (2.1), with polynomial coefficients of order one for the case k = 2, i.e

| 2+y O B
A—[ 0 2+ x| c=x+y+3,
and polynomials of order two for the case k = 3
A = 2+y" 0 c=x"+y
|0 2+ B

Volume 5, Issue 6, 1-33.
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The forcing term f and the Dirichlet boundary conditions are chosen so that the solution of the problem
results

Uer(rs ) = 123 sin(% (,8 ; g)) 1.1y

where r and B are the polar coordinates. It is possible to prove that there exists a p with p € (%, ké /3)
such that u,, € Wi(Q) when p > 1, and uex € Li(Q) when p € (0,1), where Wy(Q) and Lj(Q)
indicate respectively Sobolev and Lipschitz spaces. Then, according to the theory of approximation
classes [16, 17], we expect the maximal rate of convergence, i.e., Ndofs"—k/2, where Ndofs is the
number of the degrees of freedom. We apply the adaptive algorithm as described in Section 9 and for
the marking strategy (9.1) we consider 6 = 0.5. In order to compute the VEM error, we consider the

computable quantity:

1/2
(S eer 1V Ctex = TTTur)I )

H"1 — error :=
[IVuexllo.o

In Figure 6, we represent the evolution of H"1 — error and the estimator terms ns(us, D) and
Yo7 (us, D), which confirms the results of Corollary 7.6. Furthermore, we notice that after a transient
phase, the error and the estimator terms decays reach asymptotically the theoretical optimal rate
Ndofs"—1.0 (for the case k = 2) and Ndofs"—1.5 (for the case k = 3). In Figure 7, we depict the
meshes after 20, 35 and 50 loops of the adaptive algorithm in the case k = 2. We highlight the presence
of hanging nodes in the different meshes loops.

H'1 — error —- estimators (k = 2) H"1 — error -- estimators (k = 3)

—s—H"1 =~ error —s—H"1 = arror

102}

10

104

105 . L L L
10! 10° 10° 104 10° 102 108 10*
Ndofs Ndofs

(a) (b)
Figure 6. H"1 — error (red), the residual type term ns(us, D) (blue), the inconsistency
term W (usr, D) (green), and the expected optimal decay (dashed) in the case k = 2 (a) and
k =3 (b).
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Figure 7. The partition of the domain after 20 loops (first), 35 loops (second), and 50 loops
(third) of the adaptive algorithm of order k = 2.

12. Conclusions

In this paper, we presented an adaptive VEM of order & > 2 on nonconforming triangular meshes.
In the analysis, the space Vg_ of continuous, piecewise polynomials functions of degree k on the
triangulation 7~ plays a fundamental role. Indeed, it is contained in the global VEM space, V9. C Vi,
and guarantees a quasi-orthogonality property for any refinement 7, of 7, since V9r c Vg.*. By
pivoting on this space, we proved an a posteriori error estimate which does not contain the stabilization
term appearing in the VEM discrete formulation. Consequently, we established the convergence of the
adaptive VEM algorithm, by a contraction argument.

Extensions of our work include:

e The complexity and optimality analysis of the two step algorithm AVEM mentioned in the
Introduction to account for non-polynomial data;

e The study of a variant of the adaptive algorithm in which the polynomial degree k may take large
values, in the spirit of a p-version;

e The treatment of more general polygonal meshes which, as remarked in [5], seems non-trivial.
The main difficulties lay in the choice of a suitable refinement strategy in replacement of the
newest-vertex bisection used here, and in the lack of a conforming space ng for general polygonal
meshes.
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