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Abstract We show that two widely used Galerkin formulations for second-order elliptic
problems provide approximations which are actually superclose, that is, their difference
converges faster than the corresponding errors. In the framework of linear elasticity, the two
formulations correspond to using either the stiffness tensor or its inverse the compliance
tensor. We find sufficient conditions, for a wide class of methods (including mixed and
discontinuous Galerkin methods), which guarantee a supercloseness result. For example,
for the HDGy method using polynomial approximations of degree k > 0, we find that the
difference of approximate fluxes superconverges with order k£ + 2 and that the difference of
the scalar approximations superconverges with order k + 3. We provide numerical results
verifying our theoretical results.
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1 Introduction

We show that approximate solutions given by two Galerkin formulations for the model
second-order elliptic problem

—V-(@Vu)=f inQ, (1a)
u=up ondp, (Ib)
—aVu-n=qy ondQ2y, (Ic)

where a = a(x) is a bounded, symmetric and uniformly positive-definite d x d matrix-valued
function in §2, with inverse c(x), f € L*(R), up € H'/?(3Qp) and qy € H'/?(3Qy), can
be superclose, that is, the difference converges faster than the corresponding errors.

These Galerkin formulations differ only in the use of the tensor a or its inverse c in their
formulations. Indeed, the formulations are based on the following equivalent rewritings of
our model problem:

g+Vu=0 in Q, g+Vu=0 in Q,
cq—g=0 in g—ag=0 in Q,
V.g=f in Q (A1) Veg=f in Q, (A2)
u = up on 39[), u = up on BQD,
q-n =0y on JQN, q-n =y on JQN.

Thus, they differ only in the way the second equation is discretized. We observe that, when
the tensors a and ¢ are constant on the mesh, there is no difference between the corresponding
Galerkin approximations. In the general case, we find sufficient conditions on the definition
of the Galerkin methods which guarantee that their approximations are superclose.

The first formulation seems to be natural when mixed-like methods are defined. In contrast,
in most cases, the tensor a is the natural data of the model which might be difficult or
computationally expensive to actually invert. This is not only true for the simple model
problem we are considering here but for more involved elliptic problems like the equations of
linear elasticity where a corresponds to the stiffiness tensor and c to the so-called compliance
tensor. For the second-order elliptic problem under consideration, Galerkin formulations
using the first set of equations have been used to define mixed methods [4] and have also
been used for the original introduction of the hybridizable discontinuous Galerkin (HDG)
methods [11]; see also the HDG methods for linear elasticity in [15]. On the other hand, there
are many methods whose formulation is based on the second set of equations. For instance,
in [1] the authors develop a so-called expandedmixed finite element method and give a finite
difference interpretation. The HDG methods based on this set of equations are fully discussed
in [7], where it is noted that they come directly from the the HDG methods for linear elasticity
proposed in [21]. We also highlight that, as pointed out above, in the nonlinear case or when
the tensor a can not be easily inverted, the second formulation becomes more relevant, see
for example the HDG methods for the p-Laplacian equations [14] and the HDG methods for
the equations of nonlinear elasticity [20]. Let us end by pointing out that the so-called Hybrid
High-Order method, for diffusion [17,18] and for elasticity, [16], uses a primal formulation
which does use the tensor a. And yet, it can be re-interpreted as an HDG method using the first
formulation, see [8]. Roughly speaking, this happens because the space of fluxes depends on
the tensor a in a suitable manner.

In this paper, we want to address the question of how different are the numerical approx-
imations based on the forms (A1) and (Aj). To do that, we first prove estimates for the
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difference of the approximations to the negative gradient variable g and the flux variable ¢
by a classical energy argument. Then we prove an estimate for the difference of the approx-
imations to the the scalar variable u by using a standard duality argument and by using a
non-standard approximation result. In particular, for the HDG method using polynomial
approximations of degree k > 0 for all the variables, we obtain that the difference of the
approximations of the negative gradient and the flux variable converge with an order of k + 2,
and the scalar variable with an order of k£ 4 3, where k is the polynomial degree associated to
the local finite element space. This is, in general, 1 and 2 degrees extra than the convergence
of each numerical approximation. A practical consequence of these results is that using one
or the other formulation is essentially immaterial.

The remainder of the paper is structured as follows. In Sect. 2, we introduce, the general
properties satisfied by the finite element approximations based on the Egs. (A1) and (A,). We
then state and discuss our supercloseness result, Theorem 1; we prove it in Sect. 3. In Sect. 4,
we present numerical experiments validating our theoretical findings. We end in Sect. 5 with
some concluding remarks.

2 The Finite Element Approximations and Their Supercloseness
Properties

In this section, we state and discuss our main results. We begin by introducing the Galerkin
methods we consider. We then state our main results, that is, the supercloseness properties
between their approximations.

2.1 The Numerical Schemes

Notation In order to define the discrete primal-dual formulations we first introduce some
notation. Let 7, = {K} be a conforming partition of  into elements K, and let F;, = {F €
0K : K € T3} be the set of all the faces (d = 3) or edges (d=2) F of the partition. We assume
that 7, satisfies standard finite element assumptions, see [5] and [6]. The numerical methods
that we will introduce next seek for a finite element approximation to the vector fields g and
q, and the scalar field u. These numerical approximations will be defined on the following
discontinuous piecewise polynomial spaces:

Vi ={ve[L*(Q)]:v|k € V(K),VK € Ty},
Wy ={we L*(Q): w|g € W(K),VK € T},

where V(K) and W (K) are local spaces, each one contained in a polynomial space.
In addition, we are using the following standard notation:

@.v)7,= Y /Ka<x>-v<x>dx, @ wg =) /Kax)w(x)dx,

KeTy, KeTy,

(& whon, = ) /BK ¢(s)w(s)ds.

KeT,
The Formulations Next, we define the different formulations satisfied by the finite element

approximations we are considering. Note that although the methods are assumed to satisfy
the equations of each formulation, they are not necessarily defined by them.
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The first formulation is based on the Eq. (A;): The approximation (g,ll, q}l, ”;1,) e Vi x
Vi x Wy, satisfies

(&), V)7, — W), V-v)g, + (@), v-n)sr, =0, VYveVy, (22)
(cqh — g}, v)7, =0, VveVy, (2b)
—(q}, Vw), + (@) -n, w)sz, = (f, w)T,, Yw € Wj. (2¢)

The second formulation is based on the equations (A3 ): The approximation ( g%, q%, u%) €
Vi x Vi, x Wy, satisfies

(g2, 0)7, — U3,V -v)7, 4 (@2, v-n)y7, = 0, Yo eV, (3a)
(q% — ag%, v)7, = 0, YveVy, (3b)
—(q2,Vw)T, + (@7 -n,w)ar, =(f,w)7,, Yw € W. (3e)

Note that to complete the definition of the numerical methods, additional information
about the local spaces and the numerical traces z’[,i and ii;l - n is required, fori = 1, 2. To
obtain our results, only very general conditions need to be imposed which we gather in the
assumptions we display next. We first introduce an auxiliary dual problem and its Galerkin
approximation by form (A;) needed for the estimates by the scalar approximations.

The Auxiliary Dual Problem To prove the estimates for the scalar variable of Theorem 1,
we use a duality argument. So, we need to introduce the following dual problem

cYy+Vp=0 inQ, (4a)
V.y=0 inQ, (4b)

¢ =0 onodL2p, (4¢)
¥v-n=0 ondQy. (4d)

and the approximation (¥, ¢5) € V), x Wy, of (4) satisfying Eq. (2), that is,

Y, vz — (0, V-v)7, +(@n,v-n)y7, =0 Yv e Vy, (5a)
— W, Vw)g, + (U - n,w)ag, =6, w)g, Yw € Wy (5b)

Assumption We make the following assumptions on
(A) the local space V(K), K € T:
) éIK(g,ll — gﬁ)lk € V(K), where a|k is the average of tensor a on K.
(i) 6|K(q,1l — q,21)|1< € V(K), where c|k is the average of tensor c on K.
(i) a|gv|k,Clgv|lk € V(K) forall v e V(K).
(B) the numerical traces

(i) Single-valuedness: u;, and g, - n are single valued on 7.
(ii) Non-negativity: (@ — un, (q, —qp) - n)az, = 0.
(iii) Cancellation: (up, — un, (Y, — ¥p,) - 0oz, + (0n — On, (g, — qp) - R)a7, = 0.

(C) the approximation properties the flux:

(i) V(K) D [PY(K)),
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Table 1 Local spaces of some mixed and DG methods

Method V(K) W(K) M(F)
RTy [PK(K)1 ® xPK(K) PrK) P(F)
simplexes
RTk Pk+l’k(K) x Pk,k+1(K) Pk’k(K) Pk(F)
squures
HDGy [Pk (k)4 PR(K) PK(F)
polyhedra
DGy [Pk (K)14 Pk(K) -
polyhedra
BDM,, [Pk k)14 Pk=1(K) PkF)
simplexes
BDM, [Pk (K)1? @ span{V-Lixyktl vlyktlyy Prk=1(K) Pk(F)
squares

(i) llg — qhllz2(7;) < Cah®llull g2, forsomea € (0, 1].
(D) the elliptic regularity of the dual problem:

lelm2@) + 1 a0 = ClOlL2 @)

where the norm || - || g1 (q.¢) is the H'-norm weighted with c'/2. See Sect.2.2. This
inequality is satisfied, for example, if the domain €2 is convex and either d2p or 0Q2y
vanishes.

Example The main examples of methods satisfying the above weak formulations are the
hybridized version of the Raviart—-Thomas (RT) [19] and Brezzi—-Douglas—Marini (BDM) [3]
mixed methods, the Discontinuous Galerkin (DG) methods and the so-called hybridizable
Discontinuous Galerkin (HDG) [9] methods. In Table 1, we display the choices of the local
spaces V(K), W(K). For the hybridized version of the mixed methods and for the HDG
methods, %y, is an additional unknown. This is why we also describe the space M (F) to
which the restriction of %), to the face F belongs. Next, we briefly discuss the satisfaction of
the assumptions (A), (B) and (C) by these methods.

2.1.1 The Local Vector Spaces: Assumption (A)

For the DG and HDG; methods, we see that assumption (Aiii), and hence assumptions (Ai)
and (Aii), are satisfied. Assumption (Aiii) is satisfied by the BDM; method for simplexes,
but not for squares (or cubes). The RT; method does not satisfy condition (Aiii) neither; it
does not satisfy condition (Aii) though. See Table 2.

2.1.2 The Numerical Traces: Assumption (B)
For the DG methods, the numerical traces u;, and g, are explicitly defined in terms of the

original unknowns of the problem, u; and ¢,. To describe them, let us recall the standard
DG notation for the averages and jumps on the interior faces

1 1
f{ul = E(Lﬁ +u), lah = E(tf +q).

[u] =utn™ +u"n", l[q] :=q" -nt4+q -n".
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The numerical traces are then defined on each F € F5,\0<2 by:
@), = lah) + Culuy] = Cralg) ], @, = ) + Crz - [uj,] + Caallg} ],

for i = 1, 2, where the auxiliary parameters Cyy, C > and C»; might depend on x. On the
boundary faces we imposed the boundary conditions of the problems by

i i, i
@Z.n::{qh n+ Cy1(uj, —up) ondQp,

ay on oy,
and
’M\Z — {ZiD_I_ ot ondQp,
n+ C2(q), -n—qy) ondQy,

for i = 1, 2. In this way, the DG methods always satisfy assumptions (Bi) and (Biii). They
satisfy (Bii) when C; and Cj are nonnegative.
For the particular case

Ci=ttt /ctt7), Cn=1/ct+17), Cp= %[[f]]/(TJr +17),

we have
+, + - -
T up + 1t up 1
= + :
U e — T++T_[[‘Ih]]
DU A PR A TR A A
q, = L 4 [un],
R -

on all interior faces, and it turns out that we can write

~ + + + o4+~
qy-n=gqj -n + 1 (U —up).

We thus obtain an HDG method, see [7,11]. For general HDG methods and the hybridized
version of the mixed methods, the scalar numerical trace is a single-valued, new unknown on
Fn\0Qp; onuy = up on dQp though. The numerical trace of the flux is defined as a linear
combination of the other unknowns with a stabilization function 7; for the mixed methods,
Tt = 0. Specifically, we have

g, =4q, +t@ —a)n on Fy,
fori = 1, 2. To ensure the satisfaction of assumption (Bi), the methods impose the condition
(@ -n.m)y7, = (Qy.m)a7,, Ym € M. (6)

where My, := {m : m|r € M(F),VF € F}. Finally, when the stabilization function t(-) is
just a multiplication operator, that is, 7(u) := t-u, the assumption (Biii) is satisfied and the
assumption (Bii) are satisfied if ¢ > 0. See Table 2.

2.1.3 The Approximation of the Flux: Assumption (C)

In Table 3, we display several cases in which assumptions (C) are satisfied.
We only consider the cases for which condition (Aii) is also satisfied.
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Table 2 Assumptions (A) and

Method (Ai)  (Aii) (Aiii)  (Bi)  (Bii) (Biii)
(B) elements
RTy X v X v v v
simplexes
RTy X X X v v v
squares,cubes
HDGy, NV, v v v
polyhedra >0
DG, < oV v v v v
polyhedra C11,C2=0
A v means that the assumption is ‘EnIZIEMAkU v v v v v v
satisfied by the numerical BDM; o o » v % v

method. A x means that it is not
squares,cubes

Table 3 Assumptions (C) for vector spaces satisfying (Aii)

Method o Condition References
elements
RT} 1 k>0 [4]
simplexes
HDGy 1 7|3k = 0 on all faces of K but one [10]
simplices
HDGj 1 %1 of order one, k >0 [12]
simplices
HDGy 1 (ht)*! of order one, k > 1 [12]
simplices
HDGy 1 (ht)E! of order one, k > 1 (5]
polyhedra
HDGy, % 7 is of order one [5]
polyhedra
+1 +1
DGy 1 Cii €5 and Cyy of order one [13]
simplices
DGy 1 (hC11)EL, (C2n/m)FL, €15 of order one, k > 1 [5]
polyhedra
DGy % Cﬁl, Cétzl, C 1, of order one [5]
polyhedra
BDM;, 1 k=1 [4]
simplexes

2.2 Supercloseness of the Approximations

To state our results, we use the following notation.
We define the Sobolev space X (7;) = [] KeT, X (K), for any Sobolev space X, and its
norm

ek = D Ik, Vi€ X(T).
KeT,

Finally, for v € [L2(77,)]d we define the norm weighted with a tensor ¢ by
101757y = (€¥, V)7,
We let u be the solution of problem (1) and set g := —Vu and ¢ := ag. We also let

(g},, q}l, u}l) and (g%, q%, ui) be numerical approximations satisfying (2) and (3), respec-
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tively. for some estimates, we are going to use the following elliptic regularity inequality:
Now we are ready to state the supercloseness properties of the approximations satisfying (2)
and (3). Its proof is provided in the next section.

Theorem 1 Suppose that the assumption (B) on the numerical traces hold. Then

lgh — &3 1270 < lIc? (@ — D)2 oz (lg — ahll 20700
+llg = gill2(za) if (AD) holds,

lgh — @}l p20ze) <l (€ — Da [l (14 — 42127500
+ g — gl 20 if (AQd) holds,

Suppose now that assumptions (B) and (C) on the approximation of the flux of the first
method hold. Then, if the elliptic regularity inequality of assumption (D) holds,

luy, = ujll 2z < Cth*(lg = aill 2 giie) + 18 = &ill2(zi0)-
Moreover, if assumption (Aiii) holds and if[’P] (K)]? C V(K),

lluj, — ”i”LZ(T,,) < Ch'"(|lq - t]%lle(Th;C) + g —g? Il 22(7;,:a))-

The constants C| and C, are independent of h and the solution. The constant C| depends on
lclwi.co(g;,) whereas the constant Cy depends on ||c||y2.00 ;-

Theorem 2 Assume that, for some positive constant k, we have

max {[[c"/%(a — a)c/?|| 1o k), 12"/ 2 (c — Da' | oy} <k < 1 VK €T,

and set
Yy = min{llg = gyl 27550 + 18 = &3 llL2(zi )
Then, the estimates of Theorem 1 become

g} — &2l 2z ) < lle? (@ —A)c? ||z Th  if (B)and (Ai) hold,
lgh — 212070 < lla (€ — Da? 1oz Yn if (B)and (Ai) hold,
ey, — wpll 275 < C1h® i if (B), (C)and (D) hold,
luy, — wipll2(z;,) < C2h™+0, if (B), (C), (D) hold and [P (K)I* SV (K).

We summarize the application of this result to the numerical methods described in our exam-
ples in Table 4. There, we assume that the extra assumption of Theorem 2 holds.

A few remarks are in order. First, note that, when using simplexes, it is known that the first
formulation of the HDG; method with t of order one, converges with order k£ + 1 in all the
approximations; see [12]. Theorem 1 states the the second formulation and the first one are
superclose in the sense that the order of convergence of the difference of their approximations
converge with order k + 2, for the vector-valued approximations, and with order k£ + 3, for
the scalar approximation when ¢ € W>(7;,).

Note also that, regardless of the actual shape of the elements, when the values of the
stabilization function t+!, respectively, (ht)*!, are of order one, respectively, the order of
convergence of the difference of their approximations converge with an additional half an
order, respectively, a full order, for the vector-valued approximations, and with three half
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Table 4 Orders of convergence in &

€ €1 € €
gi%g?g Y5 ”eg”[](']’h;a) Y ”e‘I”LZ(’Th;c) Y5 llew HLZ(Th) Y llew HLz(Th)
RT} 0 1 1 1
simplexes
HDGy, 1 1 a l+o
polyhedra
BDM;, 1 1 1 2
simplexes
DGy, 1 1 a 1+«
polyhedra

The value of « is provided in the previous table. Here eg := g}l - g%, eq = q}j - q,% and ¢, = u}l - u%.

For the first three columns, we assume that ¢ € W1’°°(77,). For the last, that ¢ € W2'°°('Z},). For the last two
columns, we assume that the elliptic regularity inequality holds

orders, respectively two full orders, for the scalar approximation whenever ¢ € W>°°(7;,).
This also applies to the DG methods.

Concerning the mixed methods, similar results are obtained for the BDM; method.
Interestingly enough, although the convergence of the method is of order k for the scalar
approximations, their difference is of order k + 3. On the other hand, since the assumption
(Ali) is not satisfied for the RT; method, we see that the approximate fluxes, but not the
approximate gradients, are superclose. Moreover, the scalar approximations are superclose
with an extra power in £, but not two, like to the DG methods or three for the BDM; method.

The numerical results presented in Sect.4 confirm that all the results in the above table
are sharp.

To end this section, we note that, besides the supercloseness result, Theorem 1 implies
that the approximation properties of one scheme can be deduced for those of the other.
In particular, if either approximate solution converges, then the other approximate solution
converges too, and converges with the same rate.

3 Proofs
Here, we provide detailed proofs of our main result, Theorem 1.
3.1 The Error Equations

We begin by obtaining the error equations. Let (g,ll, q}l, ”;l,) and (g%, q%, u%) be functions
satisfying (2) and (3), respectively. Then, if we set

1 2 1 2 1 P B PN PN
€g =8 —8p€q =9qp —9qpCu=Uy —Up, G =Gy — qp, €0 = Uy — Up,

we have, subtracting Eq. (3) from Eq. (2), that

(eg,v)7, — (ey, V- V)7, + (ez,v-n)y7, =0 Yv eV, (7a)
(cq) — gh. V)7, = (g}, —agp. )7, =0 Vv e V), (7b)
—(eq, Vw) 7, +{eg-n,w)yy, =0 Yw € W (7¢)
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3.2 Proof of Estimates of the Difference for the Vector Unknowns

Here, we prove the estimates for the difference of the approximations to the gradient and
to the flux of Theorem 1. To do that, we proceed by using a variation on the classic energy
argument.

Step 1: The energy argument Taking v := e, € V, inthe firsterror Eq. (7a), w := ¢, € W),
in the third error Eq. (7c), and adding the resulting equations, we get

(eg.eq)T;, — (eu, V - €q)7;, + (en, eq - n)o7;, — (eq, Veu) 7, + (€G- n, eu)s7;, = 0.
After integrating by parts, and after adding and subtracting the term (e, eg - n)37;,, we get
(eg.eq)T, + (en — ey, (g —eg) -n)yT, = 0.

where we have used the fact that (e7, eg - n)s7;, = 0 since the numerical traces are single-
valued by (Bi), ez = 0 on dQ2p and ez - n = 0 on dQy. Then, by the positivity property
(Bii), we obtain

(eg,eq)7, < 0.

Step 2: The estimate of the difference in the gradient By the second of the equations in
(7b),

1 2 1 2 2 1 1
(eg.eq)T, = (€g.q;, — q;,)7, = (€g.q;, —ag}) 7, = ||eg”L2(’Th;a) + (g, —agy. eg)7,,
and, by the last inequality of Step 1,
legl?iz.0) < — (@i — a8} €)1,
=—(cq}, — &)» 2¢g)7;
= — (cq), — &, (a — Deg)7;,

since (cq,ll — g}t, aeg)7;, = 0. This holds because, by assumption (Ai), aeg € Vj,, and so we
can use the first of the equations in (7b) with v := aeg. Thus,

—(cq) —cq,(a—12)eg)7, — (g — g}, (a—2) eg)7,

2
”eg ||L2(77,;a)

1 1 1 . 1
= (||‘I —qpl2z0 T8 — gh||L2(Th;a)) llcz(a —a)c2 ||Leo() legll L2z a)

A

and we get our estimate

1 _ 1
legllr2(z;:a) < (||q - q},”LZ(T,,;C) +llg— g111||L2(Th;a)) ez (a —a)e2 [|Loo(z)-
Step 3: The estimate of the difference in the flux By the first of the Eq. (7b) with v := e,
(eg.eq)T, =(g}1, - g%»eq) h = (Cq}: - g%’ €q)T,
= llegll3a g ) + (cai — &7» €973
and by the last inequality of Step 1, we get
legl7207:.) < — (¢ — &G» €07,
=~ (g5 — a8} ceq)7,

=— (g7 —ag}, (c—Oey)T,,
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since (q%l — ag,zl, ceq)7;, = 0. Indeed, by assumption (Aii), ce; € V, and we can take
v := Cey in the second of the equations in (7b). Thus,

leg727 .0 < — @h — 4, (c — Deg)7, — (alg — &1), (c — Deg)T,;
1 1
< (g = g3l 2zii0 + 18 = &ill2zic) a2 (¢ = DaZllLz;) llegll 200
and we obtain our first estimate
2 2 1 1
leglz2(z:c) < (||¢I —qpll2z0 I8 — gh||L2(Th;a)) laz (c —©)a2 || eo(z;)-
This completes the proof of the estimates of the difference in the vector unknowns.

3.3 Proof of the Estimates of the Difference for the Scalar Variable

Step 1: An identity for the difference Taking w := e, € W}, in the second equation of the
approximation to the dual solution, (5b), we get

(eu, )7, = —(Vew, ¥i) 7, + (¥) - 1, e,
= (e, VU7 + ((Fh — ¥p) -1, ea)oT,
= (eg. )7 + (ea ¥y - Moz, + (W), — V1) - 1, e)om,

by the error Eq. (7a) with v := ¥, € V.. Since (;/;h -n, ep)y, = 0 because of the single-

y\aluedness of the numerical traces, assumption (Bi) and the fact that e; = 0 on dQ2p and
¥, -n =0o0n0Qy, we obtain
(eu, 0)7;, = (eg, V)7, + (eu — eq, ('ﬁh —¥,) -n)yT,

= (th gh’ 'ph)'ﬂ] + eu ey, (!0;, - '/’h) n 3Ty »
by the first of the Eq.(7b) with v := 9, € V. Finally,
(eu,0)7, = (ceq. ¥))7, + (cq) — &3 Y1) 7, + (ew — ean (W) — ¥) - 1)
= (cqi — & V)70

because the term O, := (ceq, ¥;,)7;, + —eg, (1#,, ¥;,) - n)y7, is equal to zero.
Let us prove this claim. We have

On = (eg.¥3)7; + (ew — ea. By, — V) - m)am;
=(V. €q, (Ph)’ﬂ, (‘ﬂh, €q - n>3’27, + (ey — ez, (wh - wh) n) a7,
by the Eq. (5a) with v := ¢, . Integrating by parts, we get
On = —(eq. Vo) T, + (0n — Ph. €q - Moz, + (eu — ea. (W, — ¥) - Mo,
—(eg -, on)aT, + (9on — On. eq - n)aT;, + (ew —ea, (W), — ¥y) - n)o7;,
by Eq. (7c) with w := ¢, Finally,
O = —leg 1. on — Pn)oT, + (9h — Ph. €q - Mo, + (ew — ez, by, — W) - Mo,

((eq —€q) - n, o — Pi)oT;, + (e —ea, (b —¥p) 1)o7
0,

by the cancellation property of the traces, assumption (Biii).
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Fig. 1 Initial unstructured 1.0
triangulation

0.8 1

0.6 J

0.2 ]

0.0 : : : :
0.0 0.2 0.4 0.6 0.8 1.0

Step 2: The first estimate To obtain our first estimate, we first note that
(eu:0)7, = (g}, — a8} Y1),
= (g7, —agh.c(¥), — V)7, + (q} — agy. cP)7,
= (g, —agp.c(¥), — V)7, + (a7 — agy. (I — Py,) ()7,

by the second of the equations in (7b) with v := Py, (c¥), where Py, is the L?-projection
into V. Then we easily get that

(e )7, < gy — agill 2700 U1V h — V20700 + 1T = Py, )W) 127200
< g5 — aghll 2¢z:0) Ch* IV Il 111 (7500

by assumption (Cii) and the approximation properties of Py, in combination with assumption
(Ci). The result now follows from the estimates of the errors in the vector unknowns and the
elliptic regularity inequality.

Step 3: An auxiliary non-standard, approximation result The improved estimate of the
error in the scalar unkown is more delicate to prove. To prove it, we are going to use the
following simple but non-standard auxiliary result.

Lemma 3.1 Assume that P'(K) € V(K). Then, the following estimate holds
_ 172
(I = Pv,) (€ =) llL2(k:0) < Ch2||a||L/00(K)||C||W2~°°(K)||¢”H1(K)'
Proof Since P'(K) C V(K), we have that (I — Py,)P'(K) = {0}, and so
_ 1/2 . _
”(1 - PV;,) ((c— C)‘/’) ||L2(K;a) = ”a”LOO(K) ve;’nlizK) ”(C —0) 'ﬁ - v”LZ(K)'

To estimate the right-hand side, we need a variation of Taylor’s expansion which would
not use second-order derivatives of ¥ (otherwise we would not be able to use the elliptic
regularity inequality), but only those of c. In the one-dimensional case, such variation is the
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Table 5 Errors and estimated orders of convergence using RTj on an unstructured triangulation

kool —uilag,  eoe gy =il eoc  lgh —gillag. oo
0 1 67e-02 = 3.3e-02 . 3.3e—01 -
2 7.2e-01 —3.43  1.8e-02 0.90 7.9e—01 —1.25
3 1.6e—01 2.21 4.5e—03 1.96 3.9e—01 1.00
4 3.8e—02 2.04 9.9e—04 2.20 1.9e—01 1.06
5 9.6e-03 1.98 2.4e—-04 2.03 9.5e—02 0.99
1 1 1.8e—03 - 6.4e—03 - 6.4e—02 -
2 6.0e—04 1.56 1.3e—03 2.35 2.6e—02 1.31
3 8.1e—05 2.89 1.6e—04 2.94 6.7e—03 1.94
4 9.4e-06 3.10 2.0e—05 3.04 1.6e—03 2.03
5  12e-06 2.98 2.5e—06 2.99 4.1e—04 1.99
2 1 1.5e—03 - 2.0e—03 - 1.7e—02 -
2 4.0e-03 —1.42  3.1e-04 272 7.6e—03 1.20
3 23e-04 4.12 2.1e-05 3.88 1.0e—03 2.92
4 1.5e-05 3.97 1.3e—06 3.96 1.3e—04 3.00
5 9.3e-07 3.98 8.3e—08 4.00 1.6e—05 2.99
3 1  85e-05 - 3.0e—04 - 2.2e-03 -
2 1.2e-05 2.86 1.8e—05 4.05 3.0e—04 2.87
3 3.9e-07 4.92 6.0e—07 4.92 2.0e—05 3.92
4 1.1e-08 5.15 1.8e—08 5.08 1.2e—06 4.02
5 3.5e-10 4.98 5.6e—10 4.98 7.8e—08 3.99
4 1 3.5e-05 - 5.1e-05 - 5.6e—04 -
2 2.1e-05 0.72 1.9e—06 4.75 3.8e—05 3.89
3 3.2e-07 6.05 3.2e—08 5.88 1.2e—06 4.93
4 5.1e-09 5.96 5.2e~10 5.95 4.0e—08 4.97

following identity:

f($)g(s) = (f(0) +5£'(0)g(0) + /0 [f(2)g' () + (s = D(f"(2)g() + f'(2)g'(@)]dz.

Using this identity (with f 1= (¢ —¢);; and g := ¥ ;, i, j = 1, ..., d) and bounding each of
the resulting terms using approximations in P! (K), we easily get the following estimate for
star-shaped, uniformly regular elements:

inf [l(c =¥ — vll 20, <C Hllcllwaee 19111 (k) -
veP!(K)

This completes the proof. O

Step 4: The improved estimate We are now ready to prove the last estimate. Since assump-
tion (Aiii) holds, we have that ¢, € V,, and we can take v := ¢y, in the second of the
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Table 6 Errors and estimated orders of convergence using BDM on an unstructured triangulation

I uian(Th) eoc. g} — q%,uLz(Th;C) eoc. llgh— gﬁan(Th;a) e.o.c.
1 1 37e—04 - 5.8e—03 - 7.4e—03 -
2 23e—05 398  7.5e—04 295  8.8e—04 3.07
3 1.5e—06 397 9.7e—05 2.95 1.1e—04 3.01
4 95e—08 3.99 1.2e—05 2.98 1.4e—05 3.00
5 5.9e—09 400  1.5e—06 299  1.7e—06 3.00
2 1 2905 - 1.1e—03 - 1.4e—03 -
2 1.3e—06 4.49 1.1e—04 3.35 1.2e—04 3.57
3 4.1e—08 498  7.1e—06 390 7.7e—06 3.93
4 13e—09 500  4.5e—07 398  4.9e—07 3.98
5 39e—11 500  2.8e—08 400  3.1e—08 3.99
3 1  88e—06 - 4.1e—04 - 5.2e—04 -
2 13e—07 6.12  1.3e—05 5.01 1.5e—05 5.06
3 1.9e—09 6.05  4.0e—07 499  4.8¢—07 5.00
4 29e—11 6.02 1.3e—08 500  1.5e—08 5.00
5 45e—13 6.01  3.9e—10 500  4.7e—10 5.00
4 1 6.0e—07 - 3.4e—05 - 4.8e—05 -
2 7.4e—09 632  9.4e—07 519  1.1e—06 5.40
3 62e—11 6.90  1.6e—08 5.91 1.9¢—08 5.92
4 49e—13 6.98  2.5e—10 598  3.0e—10 5.98

Eq. (7b) to get that

by the second of the Eq. (7b) with v := Py, ((c — ¢)¥). Then,

(eu,0)7, = (7 — ag}. ¥ )T,

—agi, (c— YT,

= (g3
= (g7

—agi, (c—OY)7, + (g7 —agh, € — W), — V)7,

= (g7 —ags, (I — Py,) (c —OV)7, + (g3 — ag2, (c =W, — ¥)7,

(ew, )7, < a5 — aghllp2¢7:0 (1T = Py,) (6 = W) ll12(75.)

1 _. 1
+ g7 — agill 270 22 (¢ — Dall Loz l¥ — ¥l 1270

<llq; — aghll2¢7;,.0 Ch* lall

1/2
L(Tp)

||C||W2YDO(T,,) ||¢||H1(Th)

1 .1
+ g7 — agill 270 22 (¢ — a2 [l Loz Ch* ¥ |l g1 (73

by Lemma3.1 and by assumption (Cii). The improved estimate now follows by using the
elliptic regularity inequality.
It remains to show the last statement of Theorem 1.
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Table 7 Errors and estimated orders of convergence using DGy, with Cj; = 1, C1p = [1,1]", Co» = 1 on
an unstructured triangulation

ko1 \|u,11 - u% ”LZ(T,,) e.o.c. Hq}l — ‘1% ”LZ(Th:C) e.o.c. Hg;ll — g% ||L2(7—h;a) e.o.c.
0 1 1.9e—03 - 8.4e—03 - 3.6e—02 -
2 6.3e—04 1.57 4.2e—03 1.02 1.1e—02 1.66
3 5.0e—04 0.34 3.1e—03 0.41 7.9¢—03 0.51
4 2.0e—04 1.34 1.1e—03 1.54 2.6e—03 1.60
5 5.8e—05 1.77 3.0e—04 1.84 7.1e—04 1.87
1 1 2.8e—03 - 3.4e—02 - 9.0e—02 -
2 8.9e—04 1.64 1.1e—02 1.67 2.0e—02 2.15
3 1.0e—04 3.14 2.1e—03 2.37 3.2e—03 2.68
4 6.2e—06 4.02 2.8e—04 2.86 3.9e—04 3.02
5 3.8e—07 4.01 3.7e—05 2.94 4.8e—05 3.02
2 1 4.5e—03 - 4.3e—02 - 7.7e—02 -
2 2.7e—04 4.06 8.0e—03 2.44 9.6e—03 3.00
3 8.6e—06 4.96 4.0e—04 4.33 5.3e—04 4.19
4 3.0e—07 4.83 2.5e—05 3.98 3.5e—05 3.91
5 9.8e—09 4.94 1.6e—06 4.00 2.2e—06 3.97
3 1 1.9e—03 - 4.4e—02 - 5.1e—02 -
2 2.0e—05 6.56 4.5e—04 6.62 9.0e—04 5.84
3 7.7e—07 4.67 5.2e—05 3.10 6.9¢—05 3.69
4 1.2e—08 5.99 1.7e—06 4.93 2.2e—06 4.99
5 1.9¢e—10 6.00 5.4e—08 4.97 6.8e—08 5.01
4 1 4.3e—04 - 6.1e—03 - 1.2e—02 -
2 8.7e—06 5.63 4.1e—04 3.88 5.3e—04 4.55
3 5.8e—08 7.23 5.0e—06 6.38 6.5e—06 6.37
4 4.8e—10 6.90 7.9e—08 5.99 1.0e—07 5.96

3.4 Proof of Theorem2

Using the triangle inequality in the estimate of the error in the flux, we get

1 _ 1
+1g = ghllr2za) + legli2z, ) a2 (c — Da?||Lo(z;).-

1
llegllr2¢z:c) < (||‘I —qpllL2eze) + legl2¢z:0)

But by Step 2 of the estimates of the vector unknowns, we can obtain that

2 2
legllz2(z:c) < gn — agnllL2(75:0)

without having to use Asssumption (Ai). As a consequence, we readily get that

1 _ 1
legli2(ze) < C (Ilg — qil,”LZ(yj,;c) +lg - g},”LZ(Th;a)) llaz(c —C)a2||Loo(y)s

where C :=2/(1 — ||a% (c— E)a% lLoo(7;,) < 2/(1 —«) by our assumption. We can then write

that
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Table 8 Errors and estimated orders of convergence using HDGy,, with stabilization parameter t = 1, using
unstructured triangular meshes (top) and uniform Cartesian meshes (bottom)

ko1 Hu}l — u% l2¢g,) — eoc ||q,11 - q% 270 eoc Hg;ll - g% 2070  ©OC
Triangles
0 1 2.3e—03 - 8.2e—03 - 2.7e—-02 -
2 5.le—04 2.15 2.3e—03 1.82 6.2e—03 2.11
3 1.3e—04 1.98 6.1e—04 1.93 1.6e—03 1.99
4 3.3e—05 1.98 1.6e—04 1.97 3.9e—04 1.99
5  8.2e—06 1.99 3.9e—05 1.99 9.9e—05 1.99
1 1 3.1e—04 - 4.9¢—03 - 6.5e—03 -
2 2.3e—05 3.79 7.3e—04 2.76 8.5e—04 2.94
3 1.5e—06 3.92 9.6e—05 291 1.1e—04 2.98
4 9.5e—08 3.98 1.2e—05 2.97 1.4e—05 3.00
5 6.0e—09 3.99 1.5e—06 2.99 1.7e—06 3.00
2 1 3.0e—05 - 1.2e—03 - 1.5e—03 -
2 1.4e—06 4.49 1.1le—04 343 1.2e—04 3.04
3 4.3e-08 4.99 7.1e—06 391 7.7e—06 3.95
4 1.3e—09 5.01 4.5e—07 3.98 4.9e—07 3.98
5 4le—11 5.00 2.8¢e—08 4.00 3.1e—08 3.99
3 1 8.9¢e—06 - 4.0e—04 - 5.0e—04 -
2 1.3e—07 6.09 1.3e—05 4.99 1.5e—05 5.04
3 2.0e—09 6.03 4.0e—07 4.98 4.8¢—07 4.99
4 3le—11 6.02 1.3e—08 4.99 1.5e—08 4.99
5  4.8e—13 6.01 3.9e—10 5.00 4.7e—10 5.00
4 1 6.2e—07 - 3.5e—05 - 5.0e—05 -
2 7.8e—09 6.32 9.4e—07 5.23 1.1e—06 5.46
3 6.5e—11 6.90 1.6e—08 5.91 1.9e—08 5.92
4 52e—13 6.98 2.5e—10 5.98 3.0e—10 5.98
Squares
0 1 1.5e—03 - 6.1e—03 - 1.5e—02 -
2 1.1e—03 0.46 4.5e—03 0.43 1.9e—02 -0.29
3 22e-04 2.36 7.2e—03 —0.67  4.0e—03 222
4 3.2e—05 2.79 2.1e—03 1.78 7.6e—04 2.40
5 4.6e—06 2.79 5.5e—04 1.93 1.4e—04 2.46
6 6.6e—07 2.80 1.4e—04 1.97 2.4e—05 2.54
7 9.2e—08 2.83 3.5e—05 1.98 3.9e—06 2.62
1 1 4.8e—03 - 3.2e—02 - 6.2e—02 -
2 33e-04 3.87 3.0e—03 341 8.9¢—03 2.81
3 2.7e-05 3.61 6.7e—04 2.17 1.3e—03 2.81
4 22e—06 3.63 1.4e—04 2.21 1.6e—04 2.97
5 1.7e—07 3.71 2.2e—05 2.73 2.0e—05 3.02
6 1.2e—08 3.84 2.9e—06 2.89 2.4e—06 3.02
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Table 8 continued

kool —uplaeg,  eoe Ny = a3l eoc gy &l coc
7 7.3e-10 400 3.8¢—07 295 3.0e—07 3.01
21 13e-04 - 1.8¢—03 - 3.5¢-03 -
2 9.0e-05 048 22¢-03 030 3.9e-03 0.15
3 24e-06 523 lde—04 397 29e-04 375
4 85008 480 1.0e—05 379 18e-05 3.99
5 2.7e-09 501 6.7e—07 390 1.1e—06 401
6  8.0e—11 505 43e-08 396 7.1e—08 4.01
31 1Lle-03 - 3.3e-02 - 1.8¢—02 -
2 1.6e—05 608  53e—04 599 1.0e—03 4.13
3 2807 584 18¢—05 484 34e—05 4.92
4 43e-09 605 58007 500 1.1e—06 4.97
5 66e—11 601 18¢—08 499 3.4e—08 4.99
4 1 24005 - 5.2e—04 - 1.0e—03 -
2 2.3¢-06 333 1.0e—04 232 18¢—04 251
3 2.3e-08 665 1606 600 3.1e—06 5.87
4 1910 691  2.7e—08 592 4.9¢-08 5.98
5 15e—12 699  43e-10 596 7.6e—10 6.00

1 . 1 . i ,
legllr2(z0) < laz(c —C)a2||L=(7,) gylz{llq — @2 g0 118 — &hll2(z0))-

1—«
The other estimates follow in a similar manner.
This completes the Proof of Theorem 2.

4 Numerical Experiments

We present numerical experiments devised to corroborate our theoretical results on super-
closeness. To do that, we take 2 := (0, 1)2, dQ2p = 02, and set f and up such that the
exact solution of our model problem with

ax) = x1+x2+1 —Xx2
) 2x1+x2+1)°

is u = sin(2mwx1) sin(2wxy). We consider an initial unstructured triangulation (see Fig. 1)
and we estimate the orders of convergence as we refine uniformly, indexing the meshes with
a mesh parameter hy, forl = 1,2, 3,4, 5. We do this piecewise polynomial approximations
of degree k = 12, 3, 4; we also take k = 0O for the RT;, DG; and HDGjmethods).

The results for the RTy, BDMy, DGy (with parameters Ci; = 1.0, C»» = 1.0 and
C> = [1.0, 1.0]") and HDGy, method (with T = 1.0) are displayed on the Tables 5, 6, 7 and
8, respectively. In all cases, we observe the supercloseness orders predicted by Theorem 1
and displayed in Table4. Itis interesting to see that for the RT; method, the difference of the
approximations of the flux shows one order of convergence more than the for difference of the
approximations of the gradient, which reflects the fact that for the RT; method assumption
(Bii) is satisfied but assumption (Bi) is not satisfied. This difference in the convergence
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properties of the approximate fluxes and gradients does not appear in the BDM} method as
this method satisfies both assumptions.

For uniform meshes of squares of size /, we estimate the orders of convergence as we
refine the mesh by taking h = 27! forl = 1,2,3,4,5. The results for the HDG; method,
with T = 1.0, are displayed in the bottom of Table 8. Again, we do observe the same orders
of supercloseness as the ones predicted by Theorem 1 and displayed in Table 4.

5 Extensions and Concluding Remarks

We have proved the supercloseness property of two Galerkin formulations for second-order
elliptic problems. Our analysis holds for a wide class of mixed finite element methods, as for
instance the Raviart—-Thomas [19] and Brezzi—-Douglas—Marini [3] elements, discontinuous
Galerkin methods, and hybridizable discontinuous Galerkin methods [11].

Although we have not treated the interior penalty (IP) method [2], it is easy to get even
stronger results by using slight modifications to our approach. Indeed, even though our theory
does not apply directly, since the definition of the numerical traces does not necessarily satisfy
assumptions B (ii) and B (iii), it is not difficult to show, for the first two formulations of the IP
method, that difference of the approximations converge with order k + 3, k + 3 and k + 2 for
the scalar, the gradient and the flux approximations, respectively. Even more, it is a simple
exercise to see that, if the tensor a is piecewise linear then the IP schemes give the same
approximation for the scalar and gradient variables.

We believe that it is reasonable to expect that similar results hold for the corresponding
formulations and numerical methods for linear elasticity.

Acknowledgements We wish to the thank one of the referees for constructive criticism leading to a better
presentation of the material, including the discussion about the IP methods which we originally did not consider.
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