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Abstract.

We present new fully computable a posteriori error estimates for the primal hybrid finite element methods
based on equilibrated flux and potential reconstructions. The reconstructed potential is obtained from a local L?
orthogonal projection of the gradient of the numerical solution, with a boundary continuous restriction that comes
from a smoothing process applied to the trace of the numerical solution over the mesh skeleton. The equilibrated
flux is the solution of a local mixed form problem with a Neumann boundary condition given by the Lagrange
multiplier of the hybrid finite element method solution.

To establish the a posteriori estimates we divide the error into conforming and non-conforming parts. For the
former one, a slight modification of the a posteriori error estimate proposed by Vohralik [[1] is applied, whilst the
latter is bounded by the difference of the gradient of the numerical solution and the reconstructed potential.

Numerical results performed in the environment PZ Devloo [2]], show the efficiency of this strategy when it
is applied for some test model problems.

Keywords: FEM, Primal Hybrid, A Posteriori Error Estimate

1 Introduction

From the Generalized Prager—Synge (GPS) identity establish in the recent paper Cai et al. [3], we propose
and evaluate a new a posteriori error estimator for primal hybrid finite element methods applied to the Poisson
problem. The GPS identity extends the well-known Prager and Synge [4] (PS) identity (see also Bertrand and
Boffi [3]), which is valid for H'(Q2), for discontinuous functions and can be applied to provide a way to get
guaranteed upper bounds for the error associated to non-conforming methods. Usually, the PS identity for H!-
conforming formulation gives a posteriori estimate since an equilibrated flux is defined. Several works follow this
direction, see for example Braess et al. [6]. For H(div,2)-conforming formulation, it is necessary to obtain a
reconstructed potential to establish an a posteriori estimate, as in Cai et al. [[/]. In the primal hybrid formulation,
where the solution is neither H' () nor H (div, Q)-conforming, it is necessary to obtain the equilibrated flux and
the reconstructed potential simultaneously, as in Pencheva et al. [§].

In the current work, the reconstructed potential is obtained as a local L? orthogonal projection of the gradient
of the numerical solution, with smooth boundary conditions that will ensure a global regularity. The boundary
conditions are continuous function obtained from the numerical solution. To obtain the equilibrated flux, the local
mixed problems are solved using the Lagrange multiplier of the numerical solution as the Neumann boundary
conditions. This procedure ensures that the reconstructed flux is equilibrated and is in H (div, §2).

The work is organized as follows: the basic notation, the model problem and its discrete version are intro-
duced in the next section. The a posteriori estimates, the potential and flux reconstruction procedures are presented
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in Section[3] Finally, Section [ evaluates the proposed error estimator for a problem with smooth solution and a
singularity problem.

2 Notation and preliminaries

Consider the following model problem in a polygonal domain 2 C R?:

V-(-KVu) = f, inQ
u = dgp, on 8QD 3 (1)
-KVu-n = gp, on 00N

where f € L3(Q), gp € C(Qp), gn € L*(00y) and K is a uniformly bounded symmetric positive definite
tensor. The boundary 952 is divided into the disjoint parts 9Qp and 9, such that, 9Q = 0Qp U OQy and 0Qp
is non-empty set.

Let T = {75} be a family of shape-regular triangulations of a domain {2 C R2. The elements K € Ty, are
open, convex and pairwise disjoint, such that, Q = KeT, K. Associated to 7;, € T there is a piecewise constant
function h7;, definedby: A7, |k = hi = = diam(K), K € Tj. Theindex h refers to the maximum of hy, K € 7.
Let &, be the set of all edges F of all elements in 7},. It is divided into two subsets: Eh ={F €&, : ECQ}and
Eoy={F €&, : ECoN}.

For w C €, the scalar Sobolev space H*(w), of real order (or index) «, is equiped with the usual inner
product, norm and semi-norm (-, -) 4 s and |- |4, respectively. In particular, for o = 0, the notation || - ||,
and (-, -),, is adopted instead of || - ||o,,, and (-, -)o ., respectively. Similarly, for any E € &, denote by (-, -) g and
| - || & the inner product and the induced norm in the space L?(E), respectively. The subscript w is dropped when
w =

The space of vector functions with square-integrable weak divergences will be denoted by H (div, ), and
H*(T3) is the space of piecewise Sobolev H“-functions, H*(7) = {v € L*(Q) : vjx € H*(K),V K € Tp}.
Also, the following spaces are required,

A& = {,u ceH VX&) p=0- nlng, o< H(div,Q), VK € Th},
Aon(En) = {uEAS )5 o0 :0}, and Ay N (&) = {uGAEh) o0 —gN}

Finally, any differential operator defined over piecewise Sobolev spaces will be indicated with the same notation
used for the classic Sobolev spaces. The argument indicates that it should be taken piecewise.

For a given element K € 7T}, we denote n’% the unity normal vector that points outward K, and by m the unity
normal vector on 0f). Additionally, there is an associated element K and an invertible geometric diffeomorfism
Fx: K - K, transforming K into K (analogous for a face E € &,). For this paper, consider the quadrilateral
K=1[-1,1]x[-1,1] and linear E = -1, 1] elements.

We denote by le ks () the polynom1al of maximum degree k;, i = 1, 2, in each variable over the element &
and Qk(f( ) = Qux(K ) Then, the following finite approximation space are defined,
Yi={neAyn(&n):ple € QuE), YE € &}, and for a given natural n > 1, the enriched polynomial space is
defined by U™ = {v € H (T3) : v|x € Quyn(K), VK € ﬁ} C HY(Ty).

The standard finite element approximation for the problem (1)) consist of construct a finite subspace of H*(£2)
with functions which are continuous at the inter-element boundaries. As for broken space H'(7},), the constraint of
inter-element continuity has been removed, the continuity is imposed introducing the Lagrange multiplier among
the inter-element, for a complete description of the method see Raviart and Thomas [9].

The discrete primal hybrid formulation can be read as: Find (A, up) € Y, x U, ,j " such that,

Z (Leh, un)or = Z (tn, 9DYoKNOOD 5 Yun, € Y N Ao N (En) 2

KeTn KeT
Z [(KVuh,Vvh)K + <)\h; Uh>8K} = Z (f, 'Uh)K, Yoy, € U;_n. 3)
KeTy, KeTh
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As the approximate solutions u; given by the primal hybrid formulation - is not in H ;D (©) and
—KVuy, ¢ H(div, ), we can introduce a “correction” for this phenomenon using the concept of “reconstructed
flux” and “reconstructed potential”, that are introduced in the next section.

3 A posteriori error estimates

In many numerical solutions of practical problems the accuracy of the numerical approximation is deterio-
rated by local singularities that can be arisen, for example, from re-entrant corners, interior or boundary layers or
change of the boundary condition. As mentioned by Verfiirth [10]], an alternative can be to refine the approximation
solution near the critical regions, but how to identify those regions and how to obtain a good balance between the
refined and unrefined regions such that the accuracy is optimal? In this case, a posteriori error estimation is useful
for efficient error control of the numerical simulations, in practical problems where the real solution is unknown.
The approach adopt in the current work is based on Prager-Synge Theorem (see Prager and Synge [4]] and Bertrand
and Boffi [S]]) which provides an orthogonality relationship that leads to an upper bound for the unknown exact
eITor.

On Prager-Synge Theorem, given u € H5(f2) a solution of , it holds for all w € H}L(Q) and
ceX;()={oc€H(iv,Q):V-0=finQ, o -nlpa, =gn}, that,

||K_1/20_ + Kl/va)HQ — HKl/QV(u _ w)HQ + ||K—1/20. + Kl/QVuH?.

The variable w € H},(£2) is the reconstructed potential and o € X ¢(€2) is the reconstructed flux, also known as
equilibrated flux.

Cai et al. [3]] proposed a Generalized Prager-Synge identity applicable to broken Sobolev space H!(7},) in
sense that, given u € H}, () be the solution of (1), then for all w € H'(73),

IKY?V,(u—w)|?= inf |K Y274+ KY2V,w|?+ inf |KY*V,(v—w)|?
TEX((NQ) veEHL(Q)

As a consequence of the GPS identity, it is possible to derive a following reliable a posteriori error estimation
in the energy norm for the potential, which are free of an indeterminated constant. A similar a posteriori error
estimate was proposed to a wide class of finite element methods in Pencheva et al. [8]. However, the strategy
proposed in this work is different since it is based on the Helmholtz decomposition, which is also the key ingredient
in the establishment of GPS identity.

Theorem 1 Let QO C R2, u be the weak solution of model problem , and uy, € H'(T},) be the solution of the
hybrid primal approximation (2)-(3), then it holds that,

B2 5 (u—un)|* < Z (i.r +1k,p)” + Z NK,NC»

KeTy KeTh
where
CH hi 12 12
men = LI = filles e = 1K+ KVun)lic, and e = 1K n(sn = )l
K. K

Here, Cp = %( see Vohralik [11]] and references therein) is the constant from the Poincaré inequality, C'i i is the
smallest eigenvalue of K on K, and s;, and ty, are the reconstructed potential and the reconstructed equilibrated
flux, respectively.

Observe that the a posteriori error estimator given by Theorem[I] is viable only if the reconstructed functions
sp, and ty, can be reconstructed using only local computations.

The current work, propose to construct s, and t;, as follows: The potential s, is based on Ainsworth and Ma
[[12] and is obtained using two steps: a) a smoothing procedure; and b) solving a local Dirichlet boundary problem.
To obtain an equilibrated flux, a local mixed problem is solved using the Lagrange multiplier )\, obtained from
the primal hybrid approximation (2)-(3), as a Neumann boundary condition. The procedures are described below.
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Potential Reconstructed Once we have the numerical solution u;, of formulation @-@ the potential recon-
struct sy, is build up in next two steps: )
a) Inter-element smoothing procedure: For all ' € &, such that £ = 0K "NOKI, with K*, K7 € Ty, set the
function v € Y}, such that | g satisfying

7

(5Bl |, + (Bl )~ 7 0)p =0, ¥ v e Qu(E)

where uhK := up|x and w(K?) is the largest eigenvalue of K on K*. For E C 9Qp, we set v|g as the
orthogonal projection of gp over Q (E). For x,, a vertex of the partition 7y, we set the pach T (x,) =
{E € &; ., € E'}, we update the values

106 & = 3 alstx),

" BeT(xn)

with w,, being the cardinality of T (x;,).

b) Solving Dirichlet local problems: Given v € Y}, the potentials shK = sy |k are obtained by solving primal
finite element formulation of local problems in K using « to set the boundary data. Namely, find shK €
Qg-+r (K), such that,

(KVsK Vo) g = (KVul Vo), V on € Quyn(K) N H(K)
sk =~ on OK.

Note that although sy, it is locally defined as an orthogonal projection, we obtain a global smoothness.

Equilibrated flux To define the procedure for a equilibrated flux from the numerical solution u; some defini-
tions are necessary. Consider the finite approximation spaces over the master element K: Mﬁ” (K )= Qﬁ" (K ) =
QHnH’k(IA() X Qk,k+n+1(f() and Wy n(K) = Quin(K) . It follows that those spaces are divergence-
compatible, in sense that, V-M; " (K) = Wi, (K). Furthermore, M} " (K)x Wiy, (K) C H(div, K)x L*(K).
For more details about divergence compatible FE spaces see Farias et al. [13]].

The equilibrated flux reconstruction 5, € H(div; (), is defined as t),| = t&X V K € Tj,, where tX is the
(component) solution of local mixed form problem: Find (¢, pX) € M;"(K) x W4, (K), such that,

(K" o)k — (0F,V-vn)xk =0, ¥ v, € M™(K) N Ho y(div; K) (4)
—(V-t5 wn)k = —(frwn)k, YV wn € Wiyn(K) &)
th.n® =), ondK (6)

where Hy n(div; K) = {v € H(div, K)/v - njaxusa,y = 0} and the Neumann boundary condition Ay, is the
Lagrange multiplier of the numerical solution of (2)-(3).
4 Numerical Results

The quality of a posteriori error estimation is described by the effectivity index, which is the quotient of the
error estimate by the true error norm. That is,

1/2
2
_ Estimated Error (ZKeTh, (nx,r + 105, F)” + e, 77K7NC)

e =

)

Exact Error K2V (0 — up)||

is expected that the effectivity index goes to one as the mesh size h goes to zero.

In order to evaluate the proposed error estimator, two problems are simulated: one with a smooth solution
over a quadrilateral domain, and the other with a strong singularity at the origin over a L-shaped domain. For both
simulations, only quadrilateral finite-elements are used, the diffusion tensor K is the identity, and 0Q2p = 0.
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Problem with smooth solution: We solve the boundary value problem (1)) in = [0, 1], with f and gp being
chosen so that the exact solution is the function u(z, y) = sin (7 ) sin (7 y).

The primal hybrid formulation - was performed with the approximation spaces U ,j' "xYifork=1,n=
3. Multiple partitions are ran T = {7}, }, which are obtained by uniformly refining 2, for h = {1/4,1/8,1/16,1/32}.
The progression of the exact and estimated errors are shown on the left side of Fig. [T] along with the effectivity
index on the right. The proposed estimated error has been shown to decrease with the same rate as the exact error
as the mesh is further refined.

r T T T T 7 1 14 T
| | —&— Exact error N
| | —m— Estimated Error 1
1.3 s
10721 ]
g | ] s L21 .
ul'j‘ | ] ~
1.1 e . o« °* |
1072 ]
: 4] | 1 |
= I I L 4 | I L |
3.1072 1071 3-1071 3.102 107! 3-1071

Figure 1. Smooth problem: on the left side, the histories of convergence of the exact error (blue line) and the
estimator error (red line). On the right side the effectivity index I.. The space configurationis k = 1, n = 3 and
h=4, withj=1,--4.

27

The errors over each element are shown in Fig. 2] where the exact error per element is shown on the left
side and the local effectivity index, on the right side. The space configuration is k¥ = 1,7 = 3 and the element’s
diameter h = 1/8.

| | ! | |
3.5e-04 0.0006 0.0008 0.001 1.2e-03 9.0e-01 0.96 1 1.04 1.08 112 1.2e+00

Exact Error Effectivity Index

Figure 2. Smooth problem: On the left side, the exact error per element. On the right side, the local effectivity
index. The space configuration is k = 1,n = 3, and for an element diameter 2 = 1/8.

Problem with singularity: Over the L-shaped domain Q = [—1,—1]%\ [0,1] x [—1,0] we solve (1)) with f
and gp being chosen so that the exact solution is the function u(r, ) = 72/3sin (20), where 1 = /22 + y?
and 0 = tg_l(%). The domain is modelled by inserting a single quadrilateral over each quadrant, followed
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by uniformly refining them. The simulation is ran by solving the primal hybrid formulation of the problem,
where (up, Ap) € U™ x Yy for k = 1,n = 3 are looked for, over the partitions T = {7} such that h =
{1/4,1/8,1/16,1/32}. The progression of the exact and estimated errors are shown on the left side of Fig.[3] The
proposed estimated error has been shown to decrease with the same rate as the exact error as the mesh is further
refined.

T T T 2 T
10-! [-|—®— Exacterror
| | —=— Estimated Error

g o
E I 1 ~

14 *

1.2 .

1072 i
| I L | 1F | I R 1
31072 1071 3.107! 3.1072 107! 3-
h h

Figure 3. Singularity problem: on the left side, the histories of convergence of the exact error (blue line) and the
estimator error (red line). On the right side the effectivity index I.. The space configuration is k = 1, n = 3 and

h—QJ,w1th]:1 4.

The errors over each element are shown in Fig. ] where the exact error per element is shown on the left side
and the local effectivity index, on the right. The space configuration is £ = 1,n = 3 and the element’s diameter
h=1/8.

8. 4e 06 0.005 0. 0. 015 2 3e-02 1. Qe 01 04 O 4 . ] 9e+00

Exact Error Effectivity Index

Figure 4. Singularity problem: On the left side, the exact error per element. On the right side, the local effectivity
index. The space configuration is k = 1,n = 3, and the mesh diameter h = 1/8.

The above results illustrate that the estimator captures precisely the behavior of the exact error in both prob-
lems. Although, for the singular problem, the upper bound obtained is a little far from the exact error when
compared with the analytic case, this is expected if considered the nature of the problem. The numerical results
suggests that the estimated error stated in Theorem [I]can be used as an error indicator in an adaptivity process.
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5 Conclusion

A new a posteriori error estimation for the primal hybrid finite element method applied to Poisson’s equation
is proposed. The error estimation is based on the reconstruction of an equilibrated flux and potential, that are
obtained by solving local problems which ensures a global smoothing. Numerical examples illustrates the accuracy
of the error estimation for a smooth and a singular problems. The results indicates that the strategy is consistent
and can be applied to guide adaptive mesh refinement strategies.
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