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Abstract Finite element exterior calculus (FEEC) has been developed over the past
decade as a framework for constructing and analyzing stable and accurate numerical
methods for partial differential equations by employing differential complexes. The
recent work of Arnold, Falk, and Winther includes a well-developed theory of finite
element methods for Hodge—Laplace problems, including a priori error estimates. In
this work we focus on developing a posteriori error estimates in which the computa-
tional error is bounded by some computable functional of the discrete solution and
problem data. More precisely, we prove a posteriori error estimates of a residual type
for Arnold-Falk—Winther mixed finite element methods for Hodge—de Rham—Laplace
problems. While a number of previous works consider a posteriori error estimation
for Maxwell’s equations and mixed formulations of the scalar Laplacian, the approach
we take is distinguished by a unified treatment of the various Hodge—Laplace prob-
lems arising in the de Rham complex, consistent use of the language and analytical
framework of differential forms, and the development of a posteriori error estimates
for harmonic forms and the effects of their approximation on the resulting numerical
method for the Hodge—Laplacian.
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1 Introduction

In this paper we study a posteriori error estimation for finite element methods for the
Hodge—Laplacian for the de Rham complex generated by the finite element exterior
calculus (FEEC) framework of Arnold, Falk, and Winther (henceforth abbreviated
AFW). FEEC has been developed over the past decade as a general framework for
constructing and analyzing mixed finite element methods for approximately solving
partial differential equations (PDEs). In mixed methods two or more variables are
approximated simultaneously, for example, stresses and displacements in elasticity or
pressures and velocities in fluid problems. The essential feature of FEEC is that dif-
ferential complexes are systematically used in order to develop and analyze stable and
efficient numerical methods. Historically speaking, some aspects of mixed finite ele-
ment theory, such as the so-called commuting diagram property (cf. [12]), are related
to differential complexes, and some early work by geometers such as Dodziuk [17]
and computational electromagnetics researchers such as Bossavit and others [9] also
contains ideas related to FEEC. However, around 2000 researchers working especially
in electromagnetics and elasticity [3,19] independently began to realize that differ-
ential complexes can be systematically exploited in the numerical analysis of PDEs.
This work has culminated in the recent publication of the seminal work of AFW [5]
containing a general framework for FEEC (cf. also [4]).

Error analysis of numerical methods for PDEs is generally divided into two cate-
gories, a priori and a posteriori. To fix thoughts, let u solve —Au = f in a polygonal
domain 2 with Neumann boundary conditions g—z = 0on d2 and fQ u = 0 assumed
in order to guarantee uniqueness. Also, let u; € S, be a finite element approximation
to u, where S, C H'(S) is the continuous piecewise polynomials of fixed degree r
with respect to a mesh 7j,. A classical a priori estimate is

lu —unllgr < CA" lullr41. (1.1)

Such estimates are useful for verifying the optimality of methods with respect to the
polynomial degree and are commonly used to verify code correctness. However, they
provide no information about the actual size of the computational error in any given
practical problem and often assume an unrealistic regularity of the unknown solution.
A posteriori error estimates provide a complementary error analysis in which the error
is bounded by a computable functional of uj and f:

lu — upll < EQun, f). (1.2)

Such estimates provide no immediate information about asymptotic error decrease,

but they do ideally yield concrete and reliable information about the actual size of

the error in computations. In addition, £(uy, f) and related quantities are typically

used to derive adaptive finite element methods in which information from a given
Elol:;ﬂ
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computation is used to selectively refine mesh elements in order to yield a more
efficient approximation. We do not directly study adaptivity here.

While there are many types of a posteriori error estimators [1,7], we focus our
attention on residual-type error estimators, as pioneered by Babuska and Rheinboldt
[6]. Roughly speaking, residual estimators are designed to control # —uj, by controlling
the residual f + Auy, which is not a function (since Vu, is only piecewise continuous)
but is a functional lying in the dual space of H'(Q)/R. Given a triangle K € 7y, let
hx = diam(T). We define the elementwise a posteriori error indicator

1/2
n(K) = hi |l f + Aunll Ly + b N Vur]ll Lyok)- (1.3)

The volumetric residual hi || f + Aupllr, k) may be seen roughly as bounding the
regular portion of the residual f + Auy. [Vuy] is defined as the jump in the normal
component of Vi, across interior element boundaries and as Vuy, - n on element faces
e C 0%2. Since natural boundary conditions are satisfied only approximately in the
finite element method, the latter quantity is not generally 0. The corresponding term in
(1.3) may be thought of as measuring the singular portion of the distribution f + Auy.
A standard result is that under appropriate assumptions on 7y,

1/2

lu = unllgoyr <C | D nK?* | . (1.4)
KeT,

That is, E(uy, f) = C(ZKeTh 17([()2)1/2 is a reliable error estimator for the energy
error |lu — up| g1 q)r- An error estimator £ is said to be efficient if E(up, f) <

C llu — up||, perhaps up to higher-order terms. Given K € 7j, let wg be the so-called
patch of elements touching K. We also define osc(K) = hg || f — Pfllr,(k), where
Pf isthe L,(K) projection onto the polynomials having degree one less than the finite
element space. Then

n(K)? < C | llu—unllp,,, + D osc(K)*]. (1.5)
KCwgk

In our subsequent development we recover (1.4) and (1.5) and develop similar results
for other Hodge—Laplace problems such as the vector Laplacian.

We pause to remark that residual estimators are usually relatively rough estimators
in the sense that the ratio E(uy, f)/|lu — uy,|l is often not close to 1, as would be ideal,
and there are usually unknown constants in the upper bounds. However, they have a
structure closely related to the PDE being studied, generally provide unconditionally
reliable error estimates up to constants, and can be used as building blocks in the
construction and analysis of sharper error estimators. Thus they are studied widely
and often used in practice.

In this work we prove a posteriori error estimates for mixed finite element methods

for the Hodge—Laplacian for the de Rham complex. Let HA°? 4opgar 4.4

EOE';W
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HA"™! 4 L be the n-dimensional de Rham complex. Here AX consists of k-forms
and H A¥ consists of L-integrable k-forms e with an L,-integrable exterior derivative

dw. For n = 3, the de Rham complex is H' X H (curl) oud H (div) diy L. For0 <
k < n,the Hodge Laplacian problemis given by §du+ddéu = f, where § is the adjoint
(codifferential) of the exterior derivative d. When n = 3, the 0-Hodge Laplacian is the
standard scalar Laplacian, and the AFW mixed formulation reduces to the standard
weak formulation of the Laplacian with natural Neumann boundary conditions. The
1- and 2-Hodge Laplacians are instances of the vector Laplacian curlcurl — Vdiv with
different boundary conditions, and the corresponding FEEC approximations are mixed
approximations to these problems. The 3-Hodge Laplacian is again the scalar Lapla-
cian, but the AFW mixed finite element method now coincides with a standard mixed
finite element method such as the Raviart—Thomas formulation, and Dirichlet bound-
ary conditions are natural. We also consider essential boundary conditions below.
Next we briefly outline the scope of our results and compare them with those of
previous work. First, in the context of mixed methods for the scalar Laplacian, and
especially finite element methods for Maxwell’s equations, two technical tools have
proved essential for establishing a posteriori error estimates. These are regular decom-
positions [20,26] and locally bounded commuting quasi-interpolants [28]. Relying on
recent analytical literature and modifying existing results to meet our needs, we pro-
vide versions of these tools for differential forms in arbitrary space dimension. Next,
our goal is to prove a posteriori estimates simultaneously for mixed approximations
to all k-Hodge Laplacians (0 < k < n) in the de Rham complex. Focusing individ-
ually on the various Hodge—Laplace operators, we are unaware of previous proofs
of a posteriori estimates for the vector Laplacian, although a posteriori estimates for
Maxwell’s equations are well represented in the literature, for example, [8,28,31],
among many others. The estimators that we develop for the standard mixed formu-
lation for the well-studied case of the scalar Laplacian are also moderately different
from those previously appearing in the literature (cf. §6.4 below). In addition, our
work extends beyond the two- and three-dimensional setting assumed in these pre-
vious works. Throughout the paper we also almost exclusively use the notation and
language of, and analytical results for, differential forms. The only exception is §6,
where we use standard notation to write down our results for all four three-dimensional
Hodge—Laplace operators. This use of differential forms enables us to systematically
highlight properties of finite element approximations to Hodge—Laplace problems in
a unified fashion. A final unique feature of our development is our treatment of har-
monic forms. In §2.4, we give an abstract framework for bounding a posteriori the gap
between the spaces ﬁk of continuous forms and .‘?J];l of discrete harmonic forms (defined
below). This framework is an important part of our theory for the Hodge Laplacian
and is also potentially of independent interest in situations where harmonic forms are
a particular focus. Since our results include bounds for the error in approximating har-
monic forms, our estimators also place no restrictions on domain topology. We are not
aware of previous works where either errors in approximating harmonic forms or the
effects of such errors on the approximation of related PDEs are analyzed a posteriori.
We next briefly describe an interesting feature of our results. The AFW mixed
method for the k-Hodge—Laplace problem simultaneously approximates the solu-
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tion u, 0 = éu, and the projection p of f onto the harmonic forms by a dis-
crete triple (o, up, pi). The natural starting point for error analysis is to bound the
HAF1 x HA¥ x L, norm of the error since this is the variational norm naturally
related to the so-called inf-sup condition used to establish stability for the weak mixed
formulation. Abstract a priori bounds for this quantity are given in Theorem 3.9 of [5]
[cf. (2.8) below], and we carry out a posteriori error analysis only in this natural mixed
variational norm. Aside from its natural connection with the mixed variational struc-
ture, this norm yields control of the error in approximating the Hodge decomposition
of the data f when 1 < k < n — 1, which may be advantageous.

Asinthe a priori error analysis, the natural variational norm has some disadvantages.
Recall that residual estimators for the scalar Laplacian bound the residual f 4 Auy ina
negative-order Sobolev norm. For approximations of the vector Laplacian, establishing
efficient and reliable a posteriori estimators in the natural norm requires that different
portions of the Hodge decomposition of the residual f —doj, — pj, —8duj, be measured
in different norms. Doing so requires access to the Hodge decomposition of f, but
it is rather restrictive to assume access to this decomposition a priori. We are able to
access the Hodge decomposition of f weakly in our subsequent estimators, but at the
expense of requiring more regularity of f than is needed to write the Hodge—Laplace
problem (cf. §4.2). In the a priori setting it is often possible to obtain improved error
estimates by considering the discrete variables and measuring their error separately
in weaker norms; cf. Theorem 3.11 of [5]. This is an interesting direction for future
research in the a posteriori setting as it may help to counteract this so-called Hodge
imbalance in the residual.

The paper is organized as follows. In Sect. 2 we review the Hilbert complex struc-
ture employed in finite element exterior calculus, begin to develop a posteriori error
estimates using this structure, and establish a framework for bounding errors in approx-
imating harmonic forms. In Sect. 3, we recall details about the de Rham complex and
prove some important auxiliary results concerning commuting quasi-interpolants and
regular decompositions. Section 4 contains the main theoretical results of the paper,
which establish a posteriori upper bounds for errors in approximations to the Hodge
Laplacian for the de Rham complex. Section 5 contains corresponding elementwise
efficiency results. In Sect. 6 we demonstrate how our results apply to several spe-
cific examples from the three-dimensional de Rham complex and, where appropriate,
compare our estimates to those in the literature.

2 Hilbert Complexes, Harmonic Forms, and Abstract Error Analysis

In this section we recall basic definitions and properties of Hilbert complexes and then
begin to develop a framework for a posteriori error estimation.

2.1 Hilbert Complexes and the Abstract Hodge Laplacian

The definitions in this section closely follow [5], to which we refer the reader for a
more detailed presentation. We assume that there is a sequence of Hilbert spaces W*
with inner products (-, -) and associated norms || - || and closed, densely defined linear
EOE';W
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maps d* from W¥ into W**! such that the range of d lies in the domain of Zk*!
and d*! o d* = 0. These form a Hilbert complex (W, d). Letting V¥ ¢ W* be the
domain of d¥, there is also an associated domain complex (V, ) having inner product
(u, v)yk = (u, vV)yr + (dku,dkv)wk+1 and associated norm | - ||y. The complex
.= VL vk vkl s then bounded in the sense that ¥ is a bounded
linear operator from V* into VA1,

The kernel of d¥ is denoted by 3k = BF @ ©9F, where B* is the range of dk-1
and $* is the space of harmonic forms 8% N 3*. The Hodge decomposition is an
orthogonal decomposition of W into the range B¥ harmonic forms $*, and their
orthogonal complement 3% Similarly, the Hodge decomposition of V¥ is

vk =8k @ gk @ 3, 2.1

where henceforth we simply write 3%+ instead of 3¥1V except as noted. The dual
complex consists of the same spaces W, but now with increasing indices, along with
the differentials consisting of adjoints d;’ of d*=1. The domain of d; is denoted by
Vi, which is dense in wk,

The Poincaré inequality also plays a fundamental role; it reads

Ivlly < lld*vllw, v e 3%t 2.2)

Here and in what follows, we write a < b when a < Cb with a constant C that does
not depend on essential quantities. Finally, we assume throughout that the complex
(W, d) satisfies the compactness property described in §3.1 of [5].

The immediate goal of the FEEC framework presented in [5] is to solve the so-called
abstract Hodge Laplacian problem given by Lu = (dd* +d*d)u = f.L : Wk — W*
is called the Hodge Laplacian in the context of the de Rham complex (in geometry,
this operator is often called the Hodge—de Rham operator). This problem is uniquely
solvable up to harmonic forms when f L $5¥. It may be rewritten in a well-posed weak
mixed formulation as follows. Given f € Wk, we let p = P f be the harmonic
portion of f and solve Lu = f — p. To ensure uniqueness, we require u L $F.
Writing o = d*u, we thus seek (o, u, p) € VE=l x vk x gk solving

(0,7) — (dt,u) =0, 7eV1
(do, v) + (du, dv) + (v, p) = (f,v), ve VK
,q) =0, qen. (2.3)

So-called inf-sup conditions play an essential role in the analysis of mixed formula-
tions. We define B(o, u, p; t,v,q) = (o, t)—{dt, u) +{(do, v) +{du, dv)+ (v, p) —
(u, q), which is a bounded bilinear form on [VX~! x Vk x 9] x [VA~1 x VK x §*].
We will employ the following theorem, which is Theorem 3.1 of [5].

Theorem 1 Let (W, d) be a closed Hilbert complex with domain complex (V, d).
There exists a constant y > 0, depending only on the constant in the Poincaré
inequality (2.2), such that for any (o,u,p) € VK1 x VK x §F there exists
(t,v,q) € V=1 vk x &% such that

Elol:;ﬂ
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B(o,u, p;t,v.q) Z y(lollv + lully + IpDdIlv + llvlv + llglD. 24

2.2 Approximation of Solutions to Abstract Hodge Laplacian

Assuming that (W, d) is a Hilbert complex with domain complex (V, d) as earlier, we
now choose a finite-dimensional subspace Vf C VK for each k. We assume also that
d V}f‘ - V,f‘ *1 5o that (V,f‘, d) is a Hilbert complex in its own right and a subcomplex of
(V, d).Itis important to note that while the restriction of d to V}{‘ acts as the differential
for the subcomplex, d* and the adjoint d;’ of d restricted to Vé‘ do not coincide. The
discrete adjoint d;; does not itself play a substantial role in our analysis, but the fact
that it does not coincide with d* should be kept in mind.
The Hodge decomposition of V}{‘ is written

vk =8k @ ok @ 3kt 2.5)

Here, ‘Bz =d V,f, with similar definitions of ﬁﬁ and 3"”‘, where L is in V},. This
discrete Hodge decomposition plays a fundamental role in numerical methods, but it
only partially respects the continuous Hodge decomposition (2.1). In particular,

B Bk,
o c 3k but st ¢ o,
3¢ 3 (2.6)
Bounded cochain projections play an essential role in FEEC. We assume the exis-
tence of an operator 7, : VK — V}f that is bounded in both the W-norm | - || and
the V-norm || - ||y and that commutes with the differential: d* o 7f = 7f ' o d*.

In contrast to the a priori analysis of [5], our a posteriori analysis does not require
that r;, be a projection, that is, we do not require that 7, act as the identity on Vj,.
In more concrete situations we will, however, require certain other properties that are
not needed in a priori error analysis.

Approximations to solutions to (2.3) are constructed as follows. Let (o, uj, pn) €
Vf‘l X V,{‘ X ﬁﬁ satisfy

(on, th) — {dtp,up) =0, 71 € V,f‘_l,
(don, vn) + (dun, dop) + (vn, pr) = (f,vn), vn € VF,
(n,qn) =0, qy € 9. 2.7)

The existence and uniqueness of solutions to this problem are guaranteed by our
assumptions. A discrete inf-sup condition analogous to (2.4), with the constant y;,
depending on the stability constants of the projection operator r;, but otherwise inde-
pendent of V},, is contained in [5]; we do not state it because we do not need it for our
analysis. In addition, Theorem 3.9 of [5] contains abstract error bounds: as long as the
subcomplex (V},, d) admits uniformly V-bounded cochain projections,
EOE';W
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lo —onllv + llu —unllv + lp — pall
S in{ o —zlv + infk lu—viv

eV, vevVy
+ inf [[p —qllv + o inf |[[Pgu —vlv, (2.8)
qEV,f vEVIf

where (1 = SUP, et |r|=1 11— nlf)r |I. We will use the notation Pg for the orthogonal
projection onto subspace S as in the earlier case of Pgs.

2.3 Abstract a Posteriori Error Analysis

We next begin an a posteriori error analysis, remaining for the time being within the
framework of Hilbert complexes. A working principle of a posteriori error analysis
is that if a corresponding a priori error analysis employs a given tool, then one looks
for an a posteriori “dual” of that tool in order to prove corresponding a posteriori
results. Thus while the proof of (2.8) employs a discrete inf-sup condition, we will
employ the continuous inf-sup condition (2.4). Writing e, = 0 — op, e, = u — up,
and e, = p — pj, we use the triangle inequality and (2.4) to compute

leallv + lexllv + lepll < (lles v + llewllv +1Ip = Pspull) + | Papn — pal

1
== sup Bl(es, eu, p — Pyypn; T, v, q) + | Ppn — pall
Y (tu,g)eVE I xvEx sk,
Izllv+lviiv+lgl=1
1
== sup (<€o,f)—(df,eu>+(d€a,v>+<d€u,dv)
Y (u,g)eVF I xvEx sk,
Izlv+lviiv+igl=1
1
+ (v, ep) + (eu, q)) + (1 + ;) | Popn — pull- (2.9)

Employing the Galerkin orthogonality implied by subtracting the first two lines of
(2.7) and (2.3) in order to insert ;T and mpv into (2.9) and then again employing
(2.3) finally yields

leallv + llewllv + llepll

1
== sup ((om, T —mpt) — (d(T — TpT), up)
Y (g eV xvEx ek,
Izlv+lvllv+lgl=1

+{(f —dop — pr, v —7mpv) — (dup, d(v — 7RV)) + {ey, q))

1
+ (1 + ;) | Popr — pall- (2.10)

Elol:;ﬂ
o
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The terms (oy, T — mpt) — (d(t — mpT), up) and (f — dop, — pp, v — THY) +
(dup, d(v — mpv)) in (2.9) can be attacked in concrete situations with adaptations
of standard techniques for residual-type a posteriori error analysis, but no further
progress can be made on this abstract level without further assumptions on the finite
element spaces. The terms (e,, g) and (1 + %)HPﬁ prn — pnll, on the other hand, are

nonzero only when Sﬁﬁ * $% . In this case (2.7) is a generalized Galerkin method, and

further abstract analysis is helpful in elucidating how these nonconformity errors may
be bounded. We carry out this analysis in the following subsection.

2.4 Bounding ‘“Harmonic Errors”

We next lay the groundwork for bounding the terms || p, — Pg py || and SUp, e gy (€u, q)-
Since pj, € H%, (2.6) and 3¥ = B @ H* imply that p, — Py p;, € BF. Recalling that
v € B¥ implies that v = d¢ for some ¢ € V5! and that Pgpn € 9% L BF yields

lpn — Popnll = sup  (pn — Pgpn,v) = sup (pr.de).  (2.11)
veBk [lv)=1 peVE1 |dg|=1

The discrete Hodge decomposition (2.5) implies that Jriquﬁ = drr,f_1¢ € %]fl 1
53'; > pn. Also note that by the Poincaré inequality (2.2), supgeyi-1 jag)=1(Ph> dP)
is uniformly equivalent to supgcy-1 4|, =1 (Ph, d¢). Thus,

lpn — Papnll S sup (pn, d(¢d — mpeh)). (2.12)
peVi1gllv=1

We will not manipulate (2.12) any further without making more precise assumptions
about the spaces and exterior derivative involved. Recall that the goal of (2.12) is to
measure the amount by which the discrete harmonic function pj, fails to be a continuous
harmonic function. If p, were in fact in H*, we would have d* prn = 0, which would
immediately imply that the right-hand-side of (2.12) is 0. In (2.12) we measure the
degree by which this is not true by testing weakly with a test function d¢, minus a
discrete approximation to the test function.

Before bounding the term sup,c ey j4=1{€x, ¢) We consider the gap between 9

and f)ﬁ. Given closed subspaces A, B of a Hilbert space W, let

8(A,B)= sup dist(x,B)= sup |lx — Ppx]. (2.13)
xeA,|x||=1 xeA,||x||=1

The gap between subspaces A and B is defined as
gap(A, B) = max(8(A, B), §(B, A)). (2.14)

In the following situation, we will require information about § (ﬁk , .‘7)2), but we are
able to directly derive a posteriori bounds only for 8($%, H%). Thus, it is necessary to
understand the relationship between (A, B) and §(B, A).

EOE';W
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Lemma 2 Assume that A and B are subspaces of the Hilbert space W, both having
dimension n < oo. Then

3(A, B) = 8(B, A) = gap(A, B). (2.15)

Proof The result is essentially found in [21], Theorem 6.34, pp. 56-57. Assume first
that §(A, B) < 1. The assumption that dim A = dim B then implies that the nullspace
of Pp is 0 and that Pg maps A onto B bijectively. Thus Case i of Theorem 6.34 of
[21] holds, and (2.15) follows from (6.51) of that theorem by noting that 6 (A, B) =
11 — Pglla.w)y = (I = P) Pall(w,w)-

If 6(A, B) = 1, then there is 0 #% b € B, which is orthogonal to Pp(A). Let-
> M (Pgaj, b)a; = 0since b L Pg(A). Thus, 1 = |[I — P4ll(3.4) = 8(B, A), s0
that (2.15) holds in this case also. O

Thus we can bound gap(f_)k, f)’fl) by bounding only 8(5’_)%, S’)k), to which we now

turn our attention. First write § (ﬁﬁ, 9k = SUPy, e 55 g =1 lgn — Perqn |l For a given

qn € ,‘r“)/;l, we may employ exactly the same arguments as in the preceding (2.11) and
(2.12) to find

lgn — Poanll < sup (qn.d(¢ — mpe)). (2.16)
peVE1lglly=1

We now let {q1, ..., gu} be an orthonormal basis for 55';1 and assume that we have
a posteriori bounds

sup (qi,d(p —mpd)) < pi, i=1,..., M. 2.17)
peVE=Lliglly=1

We obtain such bounds for the de Rham complex in what follows. Given an arbi-
trary unit vector g € .‘73];‘, we write g, = Zlﬁil aiqi, where |a| = 1. Inserting this
relationship into (2.16) yields 8(56’;1, 9% < SUP|a|=1 zlﬁil a; ;. This expression is
maximized by choosing a = u/|p|, where u = {ut1, ..., p}. Thus,

8(9y, 9 < |ml. 2.18)
Combining (2.18) with (2.15), we thus also have
gap(H*, 9}) < Inl. (2.19)

We now turn our attention to bounding || Pguy || = SUP, e g5k, g l1=1(€us G)- Our analy-
sis of this term is slightly unusual in that we suggest two possible approaches. One is
likely to be sufficient for most applications and is less computationally intensive. The
other more accurately reflects the actual size of the term at hand but requires additional
computational expense with possibly little practical payoff.

Elo [y
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We first describe the cruder approach. Because u;, L 56’,‘1,

IPsunll = sup  (q.un) = sup (g — Pgrq.up)
g€k, lgl=1 gesk llgll=1
< 8%, 9P llunll = gap(H*, H) lunll. (2.20)

Equation (2.19) may then be used in order to bound gap($*, f)’;l).

Next we describe the sharper approach. Since u, L 56’,‘1, we have uy, = u, + uﬁ,
where i, € BY and u;- € 35, Since B € BF L 9k, ui- L H5, and HF and H* are
both perpendicular to 3L we thus have for any q € $* with ||g|| = 1 that

(un, q) = (i, q) = wyr.q — Ps,q) = (ujr — P31uj-. q — Pg,q)
< lluy — Pyroujllllg — Pe,qll < gap(H*, Hp) llujr — Pyeru |l (2.21)

But
wjy — Psiuj; = Pyuy + Peuy = Pyguy, + Poun. (2.22)
Here the relationship Pau;- = Pguy holds because sBI;l C B, and so Pgiij = 0.

Thus, [luj- — Pruj|l < ||Pguibll + 1| Poupll. || Psuj-|| may be bounded as in the
previously given (2.12) and (2.16):

| Posujr || = sup  (ujr, d(¢ — 1))
peVi-1 ldg|=1
< sup  (uyr, d(¢p — ). (2.23)

peVE-l |plly=1
Assuming a posteriori bounds gap($*, s“jlh‘) < pand || Pq;uﬁ” < €, we thus have
| Paunll < mie + | Pounlh. (2.24)
Inserting (2.20) into (2.24) then finally yields
1Psyuen |l S €t + 12 llull- (2.25)

We now discuss the relative advantages of (2.20) and (2.25). The corresponding
term in the a priori bound (2.8) is & infuev,f | P —v|| v, which is a bound for || P, ul|
(note the symmetry between the a priori and a posteriori bounds). The term /i [defined
following (2.8)] is easily seen to be bounded by gap($), 5’)1;1), at least in the case where
7, is a W-bounded cochain projection. In addition, it is easily seen that fi is gener-
ally of the same or higher order than other terms in (2.8) when standard polynomial
approximation spaces are used. Carrying this over to the a posteriori context, (2.20)
will yield a bound for || Pguy, || that, while crude, is not likely to dominate the estimator
or drive adaptivity in generic situations.

EOE';W
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If a sharper bound for || Pguy, || proves desirable [e.g., if gap(9H¥, f_)’,‘l) |lup || dominates
the overall error estimator], then one can instead use (2.25). This corresponds in the
a priori setting to using the term infvevhk || P — v|ly and is likely to lead to an
asymptotically much smaller estimate for || Pgyuy||. However, computing the term € in
(2.25) requires computation of the discrete Hodge decomposition of u;, which may
add significant computational expense.

2.5 Summary of Abstract Bounds

We summarize the preceding results in the following lemma.

Lemma 3 Assume that (W, d) is a Hilbert complex with subcomplex (Vy,, d) and
commuting, V -bounded cochain operator w, : V. — Vy, and in addition that (o, u, p)
and (o, up, pp) solve (2.3) and (2.7), respectively. Then for some (t, v, q) € vkl
VEx 5% with |ty + vllv + llgll = 1 and some ¢ € V¥V with ||p|ly = 1,

leo v + lleully + llepll S lew, T — mpt) — (d(t — i), e4)|
+ |f —dop — pp, v —mpv) — (duy, d(v — V)|
+ Upn, d(@ — wnd))| + pllug: — P3rupr|. (2.26)

172
Here, 1 = (Zlﬂi] :“:2) , Where supgeyi-1 g1, =1(qi. d(@ — Thd)) < wui for an
orthonormal basis {q1, ..., qu} offjlfl. For the last term in (2.26) we may use either the
simple bound ||ufl' — PSLMfl_ I < |lunl|| orthe boundu”ufl' — PBLufl‘ | < pe +/1,2||uh Il,
where

sup  (uj, d(¢p — mn¢)) S e (2.27)
peVi1glly=1

3 The de Rham Complex and Commuting Quasi-Interpolants

As was done earlier, for the most part we follow [5] in our notation. Also as earlier, we
will often be brief in our description of concepts contained in [5] and refer the reader
to §4 and §6 of that work for more details.

3.1 The de Rham Complex

Let Q be abounded Lipschitz polyhedral domainin R”, n > 2. Let AF(Q) represent the
space of smooth k-forms on 2. AK () is endowed with a natural L, inner product (-, -)
and L norm || - | with corresponding space LyAK(Q). Letting also d be the exterior
derivative, H A¥(Q) is then the domain of d* consisting of L, forms  for which
dw € LyA*T1(Q); we denote by || - ||z the associated graph norm. (L, A¥(R), d)
forms a Hilbert complex [corresponding to (W, d) in the abstract framework of the
preceding section] with the domain complex

Elol:;ﬂ
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0> HAYQ) S HAY Q) S .. % HA" Q) — 0 (3.1)

corresponding to (V, d) above. In addition, we denote by WI’,A" (£2) the corresponding
Sobolev spaces of forms and set H "AKQ) = Wy AK (2). Finally, for o C R", we let
I llo =1l LAk ) @d [ | .0 = || | i Ak (o) in DOth cases we omit w when w = .

Given a mapping ¢ : Q1 — i, we denote by ¢p*w € AX(Q2) the pullback of
w e AF(Qy), ie.,

(@ w)x (1, ..., V) = Wp(x)(Dx(v1), ..., DPy(vp)). (3.2)

The trace tr is the pullback of @ from Ak(Q) to Ak(8Q) under the inclusion. tr is
bounded as an operator HAK(Q) — H™'2AK0Q) and HIAK(Q) — H2AK(5Q),
and thus H'AK(Q) — L,AXQ) (cf. [4], p- 19, for more details). We may now
define HAK(Q) = {w € HA¥(w) : tr w = 0 on 9K2}. In addition, we define the space
Hj A¥(Q) as the closure of CPAX(Q) in H'A¥(Q). Hj A¥(Q) essentially consists
of forms that are 0 in every component on 92, which is in general a stricter condition
than trw = 0.

The wedge product is denoted by A. The Hodge star operator is denoted by *, and
for w € A¥ and any Lipschitz domain Qq, u € A" ¥ satisfies

w A = (xw, )vol, /a) A= (*k@, [4) [y An—k(Qp) - 3.3)
Qo

* is thus an isometry between Ly A* and L, A" %, The coderivative operator § : AK —
A*=1is defined by

*w = (—)*d x w. (3.4)

Applying Stokes’ theorem leads to the integration-by-parts formula

(dw, ) = (w, 1) +/tra)/\ tr *u, e HA, u e H'AX. 3.5)
Q2

The coderivative coincides with the abstract codifferential introduced in §2.1 when

tryo * 4 = 0. That is, the domain of the adjoint d* of d is the space H*A¥()

consisting of forms u € L A¥ whose weak coderivative is in L, AK~! and for which

tr » o = 0. We will also use the space H*AX = x(H A”¥) consisting of L, forms

whose weak coderivative lies in L,; note that v € H *AK implies that tr xv € H -2
We will also use the following facts:

ue HAYQ), ru =00ndQ = trdu =0on a2 for0 <k <n — 2,
ueH*Ak(Q), tr xu =00ndQ = tr xéu =00ndQfor2 <k <n. 3.6)

FoC'T
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We sketch a proof of the first line of (3.6); the second line is similar. ddu = 0 implies
that du € HAK(Q), and thus trdu € H~'2(3Q). Letting u € A*T1(Q) and
applying (3.5) yields faQ trdu A tr *x u = {(ddu, u) — (du, ép) = —(du, 1) since
d o d = 0. Again applying integration by parts while employing tru = 0 yields
—(du,8p) = —(u,88p) = 0. Thus, [, trdu A tr xpu = 0 forall © € AFFIQ,
and by density for all © € H'A¥(€2). The proof of the second line of (3.6) is similar.
These relationships are roughly akin to noting that for a scalar function «, the boundary
condition # = 0 on 92 implies that the tangential derivatives of u along d<2 are also 0.

The Hodge decomposition LoA%(Q) = B @ $* @ B} consists of the range
BE = {do : ¢ € HA¥1(Q)}, harmonic forms H* = {0 € HAYQ) : do =
0, 3w =0, tr xw = 0}, and range B} = {w : w € ﬁ*Ak+1(Q)} of 8. dim H¥ is the
kth Betti number of 2. The mixed Hodge Laplacian problem corresponding to (2.3)
now reads as follows: find (o, u, p) € HAL x HAF x §F satisfying

o0 =0u, do+d8du=f—pinQ, 3.7
tr u =0, tr xdu =0on oL, (3.8)
u L H*. (3.9)

The boundary conditions (3.8) are enforced naturally in the weak formulation (2.3)
and so do not need to be built into the function spaces for the variational form. The
additional boundary conditions

tr xo =0, tr x6du =0on 02 (3.10)

are also satisfied; this follows by combining (3.6)—(3.8).
We also consider the Hodge Laplacian with essential boundary conditions, that is:
Find (0, u, p) € HA¥! x HAF x $F satisfying

0 =68u,do+8du=f—pinQ, (3.11)
tro =0, tru =00n0%, (3.12)
u L H~. (3.13)

This is the Hodge—Laplace problem for the de Rham sequence (3.1) with each instance
of H A¥(2) replaced by H A¥ (). Here we have denoted the corresponding parts of the
Hodge decomposition using similar notation, for example, 5%" ={we ék {w, u) =
0, u € BF.

3.2 Finite Element Approximation of de Rham Complex

Let 7, be a shape-regular simplicial decomposition of 2. That s, for any K, K> € 7j,
K N K> is either empty or a complete subsimplex (e.g., edge, face, vertex) of both
K1 and K>, and in addition all K € 7}, contain and are contained in spheres uniformly
equivalent to hg := diam(K).

Elol:;ﬂ
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Denote by (V, d) any of the complexes of finite element differential forms con-
sisting of P, and P spaces described in §5 of [5]. We do not give a more precise
definition because we only use properties of these spaces that are shared by all of
them. The finite element approximation to the mixed solution (o, u, p) of the Hodge
Laplacian problem is denoted by (o, uj, pn) € V;{‘ X V}f_l X S“jﬁ and is taken to solve
(2.7), but now within the context of a finite element approximation to the de Rham
complex. To solve (3.11)—(3.13), we naturally use the spaces ‘c/,f = th NnH AX(Q) of
finite element differential forms.

3.3 Regular Decompositions and Commuting Quasi-Interpolants

We also use aregular decomposition of the form w = d¢ + z, where w € H A only, but
¢,z € H'.In the context of Maxwell’s equations, the term regular decomposition first
appeared in the numerical analysis literature in the survey [20] by Hiptmair (although
similar results had been available previously in the analysis literature). Published at
about the same time, the paper [26] of Pasciak and Zhao contains a similar result
for H (curl) spaces; that paper is also often cited in this context. In what follows we
rely on the paper [24] of Mitrea et al., which contains regularity results for certain
boundary value problems for differential forms that may easily be translated into
regular decomposition statements. The recent work of Costabel and McIntosh [16]
contains similar results for forms, though handling boundary conditions in a way that
seems slightly less convenient for our purposes.

We first state a lemma concerning the bounded invertibility of d; this is a special
case of Theorem 1.5 of [24].

Lemma 4 Assume that B is a bounded Lipschitz domain in R" that is homeomorphic
to a ball. Then the boundary value problem dp = g € LyA*(B) in B, tr¢o = 0 on
d B has a solution ¢ € HOIA]‘_I(B) with [|@l g1 ak-1(p) < |lglls if and only if dg = 0
in B, and in addition tr g = 0on 9B if 0 < k < n—landeg =0ifk=n.
Employing Lemma 4, we obtain the following regular decomposition result.

Lemma 5 Assume that Q is a bounded Lipschitz domain in R", and let0 < k <n—1.
Given v € HAK(Q), there exist ¢ € H'A*"1(Q) and z € H'AX(Q) such that
v=de+z, and

el g ar-1) + Izl g1 ar@) S VI Ak @)- (3.14)

Similarly, if v € I-OIAk(Q), then there exist ¢ € H(} AN Q) and z € HOl AX(Q) such
that v = d¢ + z and (3.14) holds. In the case k = n, HA"(RQ) is identified with
Lo A" (2). The same results as above hold with the exception that z € Lo A" (2) only
and satisfies ||zl Lyan @) S V]| g ak(q)-
Proof We first consider the case v € H AR (). By Theorem A of [25], the assump-
tion that €2 is Lipschitz implies the existence of a bounded extension operator
E : HAY(Q) — HAX®R"). Without loss of generality, we may take Ew to have
compact support in a ball B compactly containing €2 since, if not, we may multiply
Ev by a fixed smooth cutoff function that is 1 on €2 and still thus obtain an H A-
EOE';W
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bounded extension operator. Assuming that 0 < k < n — 1, we solve dz = dEv for
Z € HOl (B)anddyp = Ev —zfor ¢ € HolAk_l(B), as in Lemma 4. The necessary
compatibility conditions may be easily verified usingd od = 0,d Ev = dz, and (3.6).
Restricting ¢ and z to 2, we obtain (3.14) by employing the boundedness of E along
with Lemma 4. In the case k = n, we let z = (|B|™! fB Ev)vol, where vol is the
volume form. We then have fB (Ev—z) = 0, and proceeding by solvingdy = Ev—z
as previously completes the proof in this case also.

In the case v € HAX(Q), Lemma 5 may be obtained directly from Lemma 4
when €2 is simply connected by applying the procedure in the previous paragraph with
B = Q. The general case follows by a covering argument. Let {€2;} be a finite open
covering of € such that N 2; is Lipschitz for each i, and let {x;} be a partition of
unity subordinate to {€2;}. When 0 < k < n — 1, we first solve dz; = d(x;v) for
7 € HO1 Ak(Q,- N Q) and let z = ZQi Zi € Hé Ak(Q). A simple calculation shows
that the compatibility conditions of Lemma 4 are satisfied, and in addition dz = dv
since ZQ:‘ xi = 1. Similarly, we solve dp; = x;(v — z) for ¢; € HO1 Ak’l(Qi) and

set ¢ = Zﬂi @;. In the case k = n, let z; = (|S2,~ N S2|_l fﬂ;ﬂQ Xiv) vol, and let

@i € HIA""1(Q N ;) solve dg; = x;v — z;. Setting ¢ = So wiandz =v—dg
and employing Lemma 4 completes the proof. O

Our next lemma combines the regular decomposition result of Lemma 5 with a
commuting quasi-interpolant in order to obtain approximation results suitable for
a posteriori error estimation. Schoberl defined such an interpolant in [27] for the
classical three-dimensional de Rham complex and extended his results to include
essential boundary conditions in [28]. We generally follow Schéberl’s construction
here, although our notation appears quite different since we use the unified notation
of differential forms. Schoberl instead employed classical notation, which makes the
necessary patterns clear and perhaps more concrete but also requires a different defin-
ition of the interpolant for each degree of forms [ H L H(curl), H(div), and L,]. Our
development also has many similarities to that of Christiansen and Winther in [15],
who develop a commuting projection operator for differential forms. Their operator
is, however, global and not suitable for use in a posteriori error estimation. Finally,
Falk and Winther in [18] defined local commuting cochain projections, thereby giving
an alternate and potentially more elegant approach to constructing the interpolation
operators needed for a posteriori error estimation; [18] first appeared in preprint form
while the current work was under review.

In [28] Schoberl defines and analyzes a regular decomposition of the difference
between a test function and its interpolant over local element patches for the three-
dimensional de Rham complex, whereas we first carry out a global regular decompo-
sition and then interpolate. The only advantage of Schoberl’s approach in the context
of a posteriori error estimation seems to be localization of domain-dependent con-
stants, which appears to be mainly a conceptual advantage since the constants are not
known. Also, commutativity of the quasi-interpolant is not necessary for the proof of
a posteriori error estimates, although it may simplify certain arguments. See [14] for
proofs of a posteriori estimates for Maxwell’s equations that employ a global regular
decomposition but not a commuting interpolant.

FolCT
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Lemma 6 Assume that v e HAX(Q), with ||v||y < 1. Then there exists an operator
l'I];l c LyAR(Q) — Vé‘ such that dkHl'I];l = Hﬁ“dk, and in addition the following
statements hold. Ifk = 0, HA? = H' holds and we have

> [ne = vl + e @ = T B + 1o = Tl | S 1. 315)
KeT,

If1 <k <n—1, thereexistp € HlAk_l(Q) andz € HlAk(Q) such thatv = dop—+z,
H/,‘lv = dl'[’h{_lw + Hﬁz, and for any K € T,

2. [h,ﬁ (lp = Maglik + 1z = Mazl} )

KeT,

+ ! (I (= T I + 1 @ — o) 1) } <L G1e)

In the case k = n, the space H A () is LzAk(Q), and there exist ¢ € HIAK! (2),
z € LyA"(2) such thatv = do + z, Ipv = dl o + [z, and

> [h,f (||<p —T@ll7 1) + 12— thnizAk(K))
KeT,

+ gl (0 — Mag) ||%2(3K)] <1 (3.17)

Assume that 1 < k < nand ¢ € HAk_l(Q), with ||¢|lg < 1. Then there exists

¢ € H'A¥"1(Q) such that dp = d, TI,d¢ = dT1,¢ = dT1,¢, and

> [nlle - gl + ' le @ =il [ S 1. G18)
KeT,

Finally, the preceding statements hold with HA*(2) replaced by HoAX(Q) and
HIAKQ) replaced by HO1 Ak(Q), and in this case T, : HAK(Q) — V,f.

Proof Let ITj, = Iy R;,, where, following [15,28], I is the canonical interpolant for
smooth forms and R}, is a smoothing operator with smoothing parameter €, which we
detail below. (Note that the construction in [15] involves a further operator J;, which
is the inverse of I1, applied to V}f‘ . Jj; is nonlocal and thus not suitable for use here.)
We conceptually follow [28] in our definition of Rj, but also use some technical tools
from [15] and more closely follow the notation there. We omit a number of details, so
a familiarity with these works would be helpful to the reader.

Following [15], there is a Lipschitz-continuous vector field X (x) defined on a
neighborhood of 2 such that X (x) - n(x) > 0 for all outward unit normals n(x), x €
092. Let gx(x) be the natural Lipschitz-continuous mesh size function. There is then
8 > 0, so that for ¢ > 0 sufficiently small depending on 2, B¢ (x + degp(x) X (x)) C
R\ for all x € € with dist(x, dQ) < €g;,(x), and Be(x — Segn(x)X (x)) C  for

FoC'T
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all x € 9Q2. Let xy be the standard piecewise linear “hat” function associated to the
vertex V, and let Ny be the set of boundary vertices. Extending xy and gj, by reflection
over 92 via X (cf. [15]), we define ®p(x) = x + ZVEM) xv (x)degn(x)X (x) and
Oy () =X = Pyen; xv(0)3egn ()X (x).

Following [28], we associate to each vertex V in 7, a control volume Qy . Let Qy
be a ball of radius €g,(V)/2 centered at V if V is an interior or Dirichlet boundary
node, and at ® (V) if V is a boundary Neumann node. Also, let fy € P, satisfy

/P(X)fv(X) dx = p(V), peP,. (3.19)
Qy
Given K € Ty, let {Vq, ..., V,41} be vertices with associated barycentric coordi-

nates {A1(x), ..., App1(x)} for x € K. Let £(x, y1, ..., yar1) = 2ot Ai(X)yi =
X + Z?ill Ai(x)(yi — Vi) for y; € Qy,. We also denote by w the extension of w
by 0 to R” in the case of Dirichlet boundary conditions, and the extension of w to
a neighborhood of €2 by smooth reflection via X in the case of Neumann boundary
conditions (cf. [15]). Letting X = % in the case of natural boundary conditions and
X = ®p o X in the case of essential boundary conditions, we define

(RS w)x = / / FoOn) - frey Ga ) F)s dynrr - dyr. (3.20)

Sov QVrHrl

1
The commutativity of R; and, thus, of I, immediately follows as in [15,27,28].
In addition, @ = 0 on R"\Q implies that (Rjw), = 0 for x € 9K in the case
of essential boundary conditions since in this case dist(x(x), dR2) < g;(x)e for all
15y Yng1) € Qyy X -+- X Qy,,y, s0that Dp o X(x, y1, ..., Yat1) € RM\Q.

We now establish that Rj preserves constants locally on elements sufficiently
removed from 9€2. This implies the same of I1, since [}, preserves constants. Let @ be
a constant k-form, and let x € Q lie in K € 73, which in the Neumann case satisfies
K N3 = ¥ and which in the Dirichlet case satisfies @g N 92 = @. Noting that now
X = % on wg, computing that DX (x, yi, ..., ypi1) =1 + Z;’L] (yi — Vi) @ VA; (x),
applying (3.2), and applying the multilinearity of w, we find that for n-vectors
Vlyeooy Uk

(Rflw)x(vl,m,vk):/'“ / i) - v Onr1)

2, $2v, 41

n+1
X “’(Ul + Z(V)»i(x) o) = Vi) vk
i=1
n+l
+Z(V?»i(x) o) (i — Vl)) x dy,p1--- dy
i=1
=ow(,..., )+ . (3.21)
FolCT
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Fig. 1 Schematic of transformations and control volumes for Dirichlet (left) and Neumann (right) cases

Here @ consists of a sum of constants multiplying terms of the form w(zy, ..., zx),
where z; = y; — V; for at least one entry vector z; and for some 1 < j < n + 1.

Equation (3.19) then implies that fQul '--fQVnH D v )@ dypg - -

dy; =0. Observing that va fv(y) dy=1completes the proof that Ry w (v1, ..., vx) =
w(vy, ..., vg) in the case where x lies in an interior element.

Arguments as in [15,27,28] show that for w € LoA¥, |Tolx < || k+, where
K* = wg if K is an interior element and K* = wg U {x € R" : dist(x, K) < €hg}
otherwise; cf. Fig. 1 in [15]. In the latter case the definition of the extension of w to
R™\ 2 as either O or the pullback of w under a smooth reflection implies that the values
of w on K* in fact depend only on values of w on wg as long as € is sufficiently small,
which in turn implies that |[TTyw| g < lollks S l|ollwy - For K not abutting 92 we
may combine the foregoing properties of I1; with the Bramble—Hilbert lemma (cf.
[11]) to yield hg' 1z — Tazllk + 1z — Thzl g1 ak k) S 12l g1 ko) Tor z € HEAK(Q).
A standard scaled trace inequality for z € HlAk(K) reads ||tr (z — [TpD)llox <

h£1/2l|z — Ipzllx + h;(/2|z — nzl g1 pkk)- Combining these inequalities with the
finite overlap of the patches wg implies (3.15), (3.16) and (3.17) modulo boundary
elements.

When V¥ = HAK(Q) and x € K, with K N dQ # @, the preceding argu-
ment that constants are locally preserved and a standard Bramble—Hilbert argument

applies holds as long as the convex hull of Qy,, ..., Qy,,, lies in €2 for the vertices
Vi, ..., Vyqrof K. Thisistrueif hg < hg for some ko depending on 2. To prove this,
let Vi, ..., Vi be the vertices of K lying on 9€2. Our assumptions imply that Qy, C €,
i =1,..., k. We must show that the convex hull of Qy,, ..., Qy, also is a subset

of 2. This set is the union of all balls Beg,(y),2(y), where y = Zle Li®y(V;) for
0 < A; < 1 satisfying Zle Ai = 1. Fixing sucha y,let y = Zﬁ;l AiVi € 0K NI
Then dist(Py (¥), 9€2) = €gn(¥). But [Py (¥) — y| < €gn(Mhk DXL, so that
Beg,(v)2(y) C Qaslong as hg | DX |1 x) < % We thus take hy = m.
Hence, the results of Lemma 6 follow as previously when hg < hy. If the convex hull
of Qy,, ..., Qy,,, does not lie in £, then the integral (3.20) may sample values of
wy for x ¢ Q. Extension by pullback of a reflection does not preserve constant forms,
For Tl
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and so in this case I, does not necessarily preserve constants locally. The operator
T is, however, still locally L, bounded, and since in this case we have hx > ho,
we may think of hg as merely a constant depending on €2 and thus still obtain the
approximation estimates of Lemma 6 after elementary manipulations.

In the case where V¥ = I-OIA"(Q) and x lies in a patch wg with KN # ¢,
I does not preserve constants locally but is still locally L, bounded. Because in this
case we apply I, to forms z, ¢ € HOl (that is, to forms that are identically 0 on 9€2),
we may apply a Poincaré inequality in conjunction with elementary manipulations in
order to obtain (3.15), (3.16) and (3.17) in this case as well.

Equation (3.18) follows by a similar argument, that is, by extending ¢ H continu-
ously to a ball B in the Neumann case, solving the boundary value problem d¢ = d¢
on B or  as appropriate, employing the H ' regularity result of Lemma 4, and then
applying the properties of IT,. O

4 Reliability of a Posteriori Error Estimators

In this section we define and prove the reliability of a posteriori estimators. We will
establish a series of lemmas bounding in turn each of the terms in (2.26). In what
follows we denote by [x] the jump in a quantity x across an element face e. In the
case wheree C 9€2, [x] is simply interpreted as x . All of our results and discussion that
follow are stated for the case of natural boundary conditions; the results for essential
boundary conditions are the same with the modification that edge jump terms are taken
to be 0 on boundary edges.

4.1 Reliability: Testing with T € HA*~!
Lemma 7 Given K € Ty, let

O0fork =0,
1/2
hillon — Supllx +hg |I[tr *up]llox fork =1,
n-1(K) = K (4.1)
hi (180wl & + llon — Sunllk)

+hi (I * on]llox + I[tc *wpllag) for2 <k <n.

Let (0, u, p) be the weak solution to (3.7)—(3.9), let (op,, up, pn) be the corresponding
finite element solution having errors (es, ey, ep), and assume T € HAk_l(SZ) with
|| T || HAK=1(Q) < 1. Then

1/2

(e, (z = THD)) — {d(r =) e S [ D 1K) . (42
KeT,

Proof If k = 0, then t is vacuous, and so the preceding term disappears. We next

consider the case 2 < k < n. Using Lemma 6, we write T = d¢ + z, where ¢ €

H'A¥2(Q) and z € H'A¥1(Q). Since Tt = dT,¢ + Mz andd o d = 0, we
Elol:;ﬂ
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have d(t — I, 1) = d(z — 1 2). Thus, using the first line of (2.3) and the integration-
by-parts formula (3.5) on each element K € 7, we have

—(es,T — ) + (d(r — ), ey) = (op, T — Mpt) — (d(t — IIjT), up)
= Z (on,d(p — Npe) +z — Mpz)k — (d(z — p2), up)k

KeTy

= Z (Son, ¢ — o)k +/tr (¢ — Q) A tr %oy,
KeTh 3K
+(0h—3uh,z—l'1hz)1<—/tr(z—l'Ihz)/\tr * Up. (4.3)

K

Note next that tr (z — 7j,z) is single-valued on an edge e = K1 N Ky since z € H IAK
and I1yz € H A* tr xu n, on the other hand, is different depending on whether it is
computed as a limit from K or from K>, and we use [tr x u;] to denote its jump
([tr xup] = tr xuy, on 9€2). A similar observation holds for tr (¢ — I1;¢) and tr *oy.
Let &, denote the set of faces (n — 1-dimensional subsimplices) in 7, and let xjx
denote the Hodge star on A/ (3 K) (with j determined by context). We then have, using
(3.3) and the fact that the Hodge star is an L;-isometry, that

> [ w =g atr o= 3 faxtr (0 = Mg, [t 2l
KG’Z;ZaK Eegh

S Z ltr (p — Ta@) ok I[tr * on]llox. (4.4)
KeTy

Similarly, manipulating the other boundary terms in (4.3) and employing (3.16) yields

(op, Tt — yt) — (d(x — 7)), up)

S >0 1K) iz = Mzl + lle = Taellx)
KeT,

1,2
+ Pl @ = T sk + e (@ = Tag)llox) |
12
SO @ x| D] [h}2(||<p — Muellk + llz — Tazlik)
KeT, KeTy,
+hi (It (@ — ) 5 + lltr (z — nmu%,a])
1/2
SO | 45)
KeT,
Thus, the proof is complete for the case 2 < k < n.
EOE';W
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For the case k = 1 we have by definition that z = t € HA?(Q) = H' (). Thus
the proof proceeds as above but with terms involving §oy, and tr * o}, omitted. O

4.2 Reliability: Testing with v € H A¥

In our next lemma we bound the term ( f —doy, — pp, v — 1) — (dup, d(v — [1yv))
from (2.26). Before doing so we note that $"* and jﬁ’é are always trivial, so in this case
p = pn = 0. However, we leave the harmonic term pj, in our indicators even when
k = n for the sake of consistency with the other cases.

Lemma 8 Let K € Ty, and assume that f € H' A*(K) for each K € Tj,. Let

hillf = pn — 8dunllx + b N[tr * dup]llsk fork =0,
hi(Lf — doy — pn — duplix + 18(f — don — pa) k)
n0(K) = 1 + > (I[tr *dunlllog + I[tr * (f —dow — p)lllax) ~ 4-6)
forl <k<n-1
If — doy — pallx fork =n.

Under the preceding assumptions on the regularity of f and with all other definitions
as in Lemma 7 given previously, we have for any v € H AF(Q) with Il gak) =1

1/2

(f = don — prv = T) = (dup, d = T) S [ D moK)* | . @7
KeT,

Proof For k = n, the term (duy, d(v — I1,v)) is vacuous, and Galerkin orthogonality

. 1/2
implies that { f —dop — pp, v —Tpv) = (f —dop — pp, v) < (ZKG'Z;, no(K)2)

For 0 < k < n — 1, noting that d(v — ITv) = d(z — Mz + d(p — M) =
d(z — Iyz) and integrating by parts yields

(dup,d(v — V) = {dup, d(z — jz))

= Z (6dup, z — Myz) +/ tr (z — Mpz) A tr xduy. (4.8)
KeTh oK

For k = 0 both ¢ and oy, are vacuous, so we may complete the proof by employing
(4.8) and proceeding as in (4.4) and (4.5) to obtain

(f—dop — pn, v — o) — (dup, d(v — Tv))

= Z(f—ph—5duh,v—l'[hv)—/tr(v—l'[hv)/\tr * duy,

KeTy K
1/2
172
S (X m&?) Telme S | X0 mwE?] 49)
KeTy, KeTy,
FolCTM
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For1 <k <n — 1, we write v = dg + z as in Lemma 6 and employ (4.8) to find

(f —don — pn, v — ) — (dup, d(v — THv))
= [ —dow = pr.dlg — o))k |

+ Z (f —dop — pp — dup, z — )k / tr (z — Ipz) A tr xduy,
KeT, 9K

=[I]+[I1]. (4.10)
The term /1 given previously may be manipulated as in the preceding (4.9) to obtain
1/2

TS| D0 hxllf —dow — pn — dduplly + hll[tr xdup]llox | . (4.11)
KeTy,

We now turn our attention to the term /. Integrating by parts while proceeding as
in (4.4) and (4.5) yields

1= 2" (8(f —don— pn), ¢ — hg)k

KeT,
+/tr(<p—1'[hg0)/\tr * (f —doyn — pn).
K
1/2
S DD hkls(f —dow — p)lik + hi It * (f = dow — pw)]ll3x
KeT,
4.12)

Combining (4.11) and (4.12) yields (4.7) for | < k < n — 1, completing the proof.
O

We finally remark on an important feature of our estimators. The term hg ||5(f —
dop, — p)llk + h}</2|| [tr x (f —don — pn)]llak is in a sense undesirable because it
requires a higher regularity of f than merely f € L. In particular, evaluation of the
first term requires [ € H *AK(K) for each K € Tj,, and evaluation of the trace term
requires tr x f € LrA(0K) for each K. [Note, however, that f is not included in
the jump terms if f € H*A*(Q)]. Both relationships are implied by f € H'AK(K),
K € 7Ty, so we simply make this assumption.

To understand why such terms appear, note that the Hodge decomposition of f
reads f = do + p + 8du. The first two terms do + p are approximated directly in
L7 in the mixed method by doj, + pj,, while the latter term 8du is only approximated
weakly in a negative order norm (roughly speaking, in the space dual to H AY) in the
mixed method. In our indicators, ||(do + p) — (don + pn) | k is thus a naturally scaled
and efficient residual for the mixed method, but ||§du — Sduy, || k is one Sobolev index

EOE';W
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too strong. The latter term should instead be multiplied by a factor of g in order to
mimic a norm with Sobolev index —1, as in the term hg || f — dop — pp — ddup ||k
appearing in 1.

This so-called Hodge imbalance implies that it is necessary to carry out a Hodge
decomposition of f in order to obtain error indicators that are correctly scaled for all
variables. When this decomposition is unavailable a priori, the Hodge decomposition
must be carried out weakly to obtain a computable and reliable estimator in which
the appropriate parts of the Hodge decomposition of f are scaled correctly. This was
accomplished earlier. Since §(8du) = 0, hg||6(f — doyn — pn)llk = hkx(||6des +
dep |l k). This scales roughly as a Sobolev norm with order —1 of §deo and de,, which
in turn scales as the terms ||des || + e, || appearing in the original error we seek to
bound. For an element face e € 9€2, (3.10), along with tr x p = 0 on 9€2, implies that
[tc x(f —dop — pn)] = tr x(do —doy, — pp) on 3. Similarly, for an interior face
e we have [[tr x f] = [tr x (do — doy — pn)].

If a partial Hodge decomposition of f is known, it is possible to redefine 7 so that
only f € Lj is required. If f = do + i, with ¢y = p 4 8du known a priori, then
we may replace hi[|8(f — doy — pi)lix + h [t * (f — doy — pw)]lax with
hic|8pnllx +lldo —doyllx +h*I[tr * pulllax. If f = © +8du with © = do + p
known a priori, then we may instead replace this term with ||® — doy, — pill k. We
do not assume that such a decomposition is known since, if it were, one would likely
decompose the Hodge—Laplace problem into B and 8* problems, as described in [5].

We finally note that a similar situation occurs in residual-type estimates for the time-
harmonic Maxwell problem curlcurlu — w*u = f, where the elementwise indicators
include a term hg ||div(f + o?up)llx + b I(f + @?up) - nllak (cf. [31]). There,
however, the assumption div f € L, is natural because it represents the charge density.
To our knowledge, the connection of this term with the Hodge decomposition has not
been previously explained, probably because of its physical meaning and the higher
relative importance of the Hodge decomposition in other aspects of a posteriori error
estimation for Maxwell’s equations.

4.3 Reliability: Harmonic Terms

Next we turn to bounding the terms in (2.26) related to harmonic forms.

Lemma 9 Given q;, € V}f and K € Ty, let

2
N (K. an) = hillsgnllx + It +gnlllak. (4.13)
Then if 1 <k < nand ¢ € HA*1(Q), with |||y ar-1q) = 1,

1/2

(- d@— ) < | D ne(K.an?| 4.14)
KeTy,

FolCT
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1/
Given an orthonormal basis {q1, . .., qm} for ﬁ’;l, let u; = (ZKE% ng(K, q,-)z) .
Then we additionally have
M 1/2
gap(HF, 95) <= (Z u?) . (4.15)
i=1
Finally, lth}Jl‘ € 3k
1/2
1Psui | S [ D na(K,ui)? ] (4.16)
KeT,

Proof Letp € H' AK~1(Q) boundedly solve dg = dé, as in (3.18) and the preceding
definitions of Lemma 6. Using (3.18), integrating by parts as in (4.8), and proceeding
as in (4.9) immediately yields

(qn, d(¢ — )

> Gan. ¢ — The)k + / tr (¢ — [ye) A tr xqp
KeTy aK

1/2

> K| (4.17)

KeTy,

A

Equation (4.15) immediately follows from (2.19) and (4.14), while (4.16) follows
from (2.23) and (4.14). O

4.4 Summary of Reliability Results

We summarize our reliability results in the following theorem.

Theorem 10 Assume that 2 C R" is a bounded Lipschitz domain of arbitrary topo-
logical type. Let 0 < k < n. Let n—1 be as defined in Lemma 7, let ng be as defined
in Lemma 8, and let ng be as defined in Lemma 9. In addition, let {q1, ... qy} be an
orthonormal basis for ﬁ];l, and let pu be as in (4.15). Then

leo Il 5 ak-1(q) + lleull garq) + llepll
12

S D0 K oK)+ us(e)® |+ wluall. (4.18)
KeT,

Let also ufl‘ be the projection of uj onto Bﬁl. Then the term p||up|| in (4.18) may be
replaced by

EOE';W
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1/2

w D ns® )|+ pPluall. (4.19)
KeT,

Proof The four terms on the right-hand side of (2.26) may be bounded by using
Lemmas 7, 8, 9, and, once again, 9, respectively. O

5 Efficiency of a Posteriori Error Estimators

We consider in turn the efficiency of the various error indicators employed in §4.
Before proceeding, we provide some context for our proofs along with some basic
technical tools.

Efficiency results for residual-type a posteriori error estimators such as those we
employ here are typically proved by using the so-called bubble-function technique of
Verfiirth [29] (cf. [8,13] for applications of this technique in mixed methods for the
scalar Laplacian and electromagnetism). Given K € 7y, let b be the bubble function
of polynomial degree n + 1 obtained by multiplying the barycentric coordinates of
K together and scaling so that max,cx bx = 1. Extending by O outside of K yields
bg € WC}O(Q), with supp(bx) = K. Similarly, given an n — 1-dimensional face
e = K1 N Ky, where K, K> € Tj and K is void if e C 0€2, we obtain an edge bubble
function b, defined on K, K> by multiplying together the corresponding barycentric
coordinates, except that corresponding to e, and scaling so that maxg, b, = 1.

Given a polynomial form v of arbitrary but uniformly bounded degree defined on
either K € T, orafacee C K € 7p,

vl = IVbkvlk, lvle = [IVbevlle- (5.1
Also, given a polynomial k-form v defined on a face e = K1 U K3, we wish to define
a polynomial extension x, of v to K1 U K». First extend v in the natural fashion to the
plane containing e. We then extend v to K;, i = 1, 2, by taking x, to be constant in
the direction normal to e. Shape regularity implies that e, K1, and K> are all contained

in a ball having a diameter equivalent to hx = hg, =~ hg,, so that an elementary
computation involving inverse inequalities yields

1/2
ol ok 0K S B0l La)- (5.2)

5.1 Efficiency of n_

We first consider the error indicator 1_j.

Lemma 11 Let K € 7j,. Then for 1 < k < n,

n-1(K) < llegllog + lewllo - (5.3)

FolCT
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Proof Webeginwiththe term h |0, —8uy || k. Let = by (op—8uy,) € HA*1;note
that tr yx = 0. Employing (5.1), the first line of (2.3), and the integration-by-parts
formula (3.5), we obtain

lon — Sunlk = (o5 — Sun, ¥) = (on — o, ¥) + (dV, u — up)
Sleslxllvlix + lleullx ldy k. (5.4)

Employing an inverse inequality and b < 1yields ||dv/ || x < h]_(l||1//||K < h;lnah—

dup| g . Multiplying (5.4) through by hg /|lop, — dup| g, while noting that hx < 1,
yields

hillon — Sunllx < llesllx + llewllk- (5.5
Now let k > 2. Recall that 56 = §§u = 0. Thus, with ¢ = bg oy, we have

I80nll% = (Son, ¥) = (8(on — 0), ¥) = (o4 — 0. dr)

Shileallx ¥k S k' lles NIk 130l - (5.6)

Multiplying through by hg /|80y || x yields
hglldonllx S lles k- (5.7)

We now consider edge terms. Note from 3.8 and the fact that u € H* A¥($) [since
Su = o € LyA*¥1(Q)] that we always have [tr * u] = 0 (suitably interpreted in
H Y2 Let&, 3 e = K; N Ko, where Ko = fif e C 9S2. [tr *up] € Ak (e), so
we let v € A""17F(e) satisfy iy = [tr % up]). The definition of » implies that y is a
polynomial form because [[tr  uy] is. Note also that multiplication by b, commutes
with tr and « since both are linear operations, so that b, x Y = *(b. V) = tr (be xy ).
Employing the polynomial extension yy defined in (5.2) and the preceding paragraph
along with the second relationship in (3.3) thus yields

[ tr *uh]}Hg > (be x Y, [tr xup])e

= (xtr (bexy), [tr xup])e = / tr (bexy) A [[tr > up]. (5.8)

e

Employing the integration-by-parts formula (3.5) individually on K and K> yields

/tr bexy) Atr xup] = (dbexy), un) k0K, — (be Xy, SnUtn) KUK, (5.9)

e

Here &), is 8 computed elementwise, which is necessary because u;, ¢ H*AF
globally. Also, bexy € H A*1(Q) with support in K| U K;. Inserting the rela-
tionship (o, bexy) — (d(bexy),u) = 0 into (5.9) and using an inverse inequal-
ity [[d(bexy)llx S h;1||be)(1/,||1<, (5.2), and the Hodge star isometry relationship

FoC'T
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IV lle = I[tr *up]lle then yields

I[tr % un]ll2 = (0, bexy) — (bexy, Snun) + (d(bexy), un — u)
= (e, bexy) — (be Xy, on — Spu) + (d(be Xy ), €u)
S Mbexy 0k, (leo | &0k, + B lewll kyuks + llon — Snunll g uk,)

1/2 _
< mP e unllleCleo | x,0k, + hig leull ok, + llon — Sunllk,uk,)- (5.10)

Multiplying (5.10) through by h}(/z /I[tr % up]lle and employing (5.5) thus finally
yields

1/2
rP e xunllle < lewllk,uk, + lleo Ik, - (.11

A similar computation yields

1/2
R xonllle < llew llkyukos (5.12)

thus completing the proof of Lemma 11. O

5.2 Efficiency of ng

We next consider the various error indicators 7o in Lemma 8. First we define three
types of data oscillation. First,

osc(K) =hkllf — Pflx, (5.13)

where Pf is the L, projection of f onto a space of polynomial k-forms of fixed but
arbitrary degree. Note that Pf is in general globally discontinuous. We do not specify
the space further since it is only necessary that it be finite dimensional in order to
allow the use of inverse inequalities. Similarly, we define the edge oscillation

osc(3K) = b2 [tr * (f — PH]lza@k)- (5.14)

Finally, we define

oscs(K) = hgI6(f — PO L,x)- (5.15)

For a mesh subdomain o of €, let osc (@) = (37, 0sc(K)?) 12 and similarly for
oscs. The last two oscillation notions measure the oscillation of do only since the
Hodge decomposition yields [tr x f] = [tr xdo] and §f = 8do.

Lemma 12 Let K € 7y, and consider the error indicators defined in Lemma 8. For
k = 0 we have

n0(K) < llewllH,wx + 0sc(wk). (5.16)

FolCT
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When k = n,
no(K) S lldes Ik + llepllx - (5.17)

Forl <k<n-—1,

n0(K) Slleull ok + lleoliwx + llepllog
+ osc(wg) + oscs(wg) + osc(0K). (5.18)

Proof For the case k = n, (5.17) follows trivially from the Hodge decomposition
f = do + p and the triangle inequality.
Forthecase 0 <k <n —1,letyy = bx(Pf —don — pn — 8duy). Then

|Pf —doy — py — 8duply =~ (Pf — doy — pp — 8dup, ¥)k

=(Pf — fiv)k +{f —dopn — pn — ddup, ¥)k.
(5.19)

Employing the Hodge decomposition f = do + p 4 édu and then integrating by
parts while recalling that bx and, thus, ¥ vanish on 0K yields

(f —don — pn —8dup, ¥)x = (des +ep + ddey, ¥) g
= (eo, 8Y)k + (ep, ¥)k + (dey,dy)g.  (5.20)

Collecting (5.19) and (5.20) and then employing the inverse inequality ||dv || x +
I8vilx < hgl | ||k » multiplying the result through by & g, and dividing through by
|Pf —dop — pp — 8duy ||k, after recalling that || ||k < || Pf —dop — pn —8dup| k,
yields

hxllPf —dop — pp — ddupllk < lleslix + Ideullk + hkllepllk + osc(K).
(5.21)

Employing the triangle inequality completes the proof that i || f —dop, — pr, —8duy ||k
is bounded by the right-hand side of (5.18) when 1 < k < n — 1, or by the right-hand
side of (5.16) when k = 0 after noting that in this case p = pj, is a constant and
recalling that o — oy, is vacuous.

We next consider the term h}(/z I[tr * dup]llagx in (4.6). Manipulations similar to
those in the previous subsection yield

RN * dunllle S lldewllk,oks + hi l8de| kK, - (5.22)

Employing the Hodge decomposition f = do + p + §du yields éde, = (f — doy,
— pn — 6duy) —des; — e). Thus,

1/2
R« dup]lle S Ndellxuk,
+hg (| f —don — pn — 8dupllk,uk, + lldes |k uk, + llepllkuky).  (5.23)
EOE';W
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Employing (5.21) on K; and K> individually completes the proof that h}(/2||[[tr *

dup]|le is bounded by the right-hand side of (5.18) in the case 1 <k < n — 1 and of
(5.16) when k = 0.
We now consider the term A g ||5(f —don, — pr)l k- Firstnote that kg ||6( f —dop, —

p)llk = oscs(K) + hgll8(Pf —dop — pu)lix. Letting = bxS(Pf —doy — pp)
and recalling the identities § f = ddo and §p = 0, we integrate by parts to compute

18(Pf —dow — p)lik = (8(Pf — doy — p). ¥)
= (8(Pf — [), V) + (3(deq +ep). )
< hloscs(K) W llx + [(dey + ep, di)]
S hgl(oses(K) + ldes Ik + llepll) ¥k, (5.24)

Further elementary manipulations as in (5.19) and following complete the proof that
hx16(f —don — pn)l k is bounded by the right-hand side of (5.18).

We finally turn to the edge term h}{/zn [tr x (f —don — pn)]llax - Note first that
[tr x(p+38du)] = 0 on all element faces e. On interior faces this is a result of the fact
that p+8du € H* A, while for boundary edges this is a result of (3.10) along with the
definition of $*. Thus, [tr » f] = [tr xdo]. Setting xyy = [tr  (Pf —doy, — pn)]
and letting xy be the polynomial extension of i as earlier, we compute for a face
e = K1 N K; that

It = (Pf —don = pwlll; = e+ ¥, [tr + (Pf = doy = pi)])
< P ose @KW lle + (b, [tr + des — pal)|

= hi?osc K lle + 1(d(be xy), des — pi)kiuks
+ (bexy, 8(des — pi)) KUK |- (5.25)

Next note that (d(be x ), p) = 0, so that (d(b.x ), —pn) = (d(bex ), ep). Using
an inverse inequality and (5.2) then yields

—172
I[tr * (Pf —doy — p)]I2 < g/ [OSC(aK) + lleplixiuk, + lldes ||k uky

+hg|8(f —don — ph)IIKluK2]||¢||e~ (5.26)

As before, further elementary manipulations complete the proof that hi(/z [tr *(f —
doy, — pn)] |l is bounded by the right-hand side of (5.18). O

5.3 Efficiency of Harmonic Indicators

We finally state the efficiency results for the various harmonic terms.
FolCT
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In this section we prove the efficiency of the individual harmonic terms appearing
in Lemma 9. As we discuss more thoroughly in what follows, however, we do not
obtain the efficiency of all the terms that we originally sought to bound.

Lemma 13 Let vy, € V,f‘. Then
ns(K,vn) S 11 Povnllog - (5.27)

In particular, we have for ufl‘, qi € 5731,‘!, and py,

N5 (K, up) S N Pty llog - (5.28)
ns(K, qi) S 1 Pegilloxy = 19i — Psygillwg s (5.29)
ns(K, pn) S llepllog - (5.30)

Thus, with u and p; as in Lemma 9,
1 S gap(H*, 9. (5.31)

Proof The proof of (5.27) is a straightforward application of the bubble-function
techniques used in the previous subsections. Equations (5.28) and (5.29) are special
cases of (5.27), while (5.30) may be proved similarly. Finally, summing (5.29) in £
over K € 7, while employing the finite overlap of the patches wg (which is a standard
consequence of shape regularity) implies that

wi S Ngi — Padillog » (5.32)

which yields (5.31) when summed over 1 <i < M. O

Remark 1 Lemma 13 gives the efficiency results for the terms in our a posteriori
bounds for gap(ﬁk, Sﬁﬁ) and for || P%ufl- ||, but not for the quantity || Pguy || itself that
we originally sought to bound. More generally, we have not bounded all of the harmonic
terms (4.18) and (4.19) by the error on the left-hand side of (4.18), as would be ideal.
The offending terms are due to the nonconforming nature of our method, which arises
from the fact that 53];; # $*. Establishing the efficiency of reliable estimators for this
harmonic nonconformity error remains an open problem.

6 Examples

In this section we translate our results into standard notation for a posteriori error
estimators in the context of the canonical three-dimensional Hodge—de Rham—Laplace
operators. In what follows we always assume that n = 3.

6.1 Neumann Laplacian

When k = 0, o and the first equation in 2.3) are vacuous. Also, yk=l — y-1 = @,
vk = V0 = HY(Q),d = V,and § = —div. In addition, p = p, = f, f. and
EOE';W
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ddu = —Au. The weak mixed problem (2.3) reduces to the standard weak form of
the Laplacian and naturally enforces homogeneous Neumann boundary conditions. In
Lemmas 7 and 9 we have n_; = 0 and u = ||Ps3ufl- || = 0, respectively. Thus, n; is
the only nontrivial indicator for this problem, and it reduces to the standard indicator
n(K) from (1.3). Hence, we recover standard results for the Neumann Laplacian.

6.2 Vector Laplacian: k = 1

For k = 1 and k = 2, the Hodge Laplacian corresponds to the vector Laplace operator
curlcurl — Vdiv, but with different boundary conditions. For k = 1, u € H(curl) and
o = —divu € H!, and the boundary conditions are u - n = 0, curlu x n = 0 on 2.

9! consists of vector functions p satisfying curlp = 0, divp =0in Q,and p-n =0
on 052. From (4.1),

. 1/2
n-1(K) = hllow + divugll + k> | Jun - n]lla. ©.1)
Here n is a unit normal on 0 K. From (4.6) we find

n0(K) = hg(I|.f — Vo — pp — curleurluy || + [div(f — Vo, — pi)llx)
+ 2 (I ccurdup) ax + 11 = Von — p) - nlllax), (6.2)

where the subscript ¢ denotes a tangential component. Finally, in Lemma 9 we have

(K., qn) = hilldivanllx +h 1 gn - n]llak - (6.3)

6.3 Vector Laplacian: k = 2

Inthe case k = 2 the mixed form of the vector Laplacian yieldso = curlu,u € H (div),
anduxn = 0,divu = 0on 8. In addition, $2 consists of vector functions p satisfying
curlp =0,divp = 0in 2, and p x n = p; = 0 on 92. We then have from (4.1) that

n-1(K) = hg (|divoy ||k + llon — curluy | k)

+ 12w - nlllax + e lax)- (6.4)

From (4.6) we have

no(K) = hx (|| f — curlop, — py + Vdivuy| g + lleurl(f — curloy — pr)lik)
m (divan]llax + I1CF = curloy, — p)]llak)- (6.5)

Finally, in Lemma 9 we have

1/2
(K, qn) = hillcurlgy |l + h ¢ 1 lgni]lox. (6.6)
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6.4 Mixed Form of Dirichlet Laplacian

For k£ = 3, (2.3) is a standard mixed method for the Dirichlet Laplacian —Au = 0

inQ, u = 0o0ndQ and 0 = —Vu. d*> = div, d° is vacuous, H° = §; = 4,
vk=1 = H(div), and V¥ = L,. Taking o}, and uj, now as proxy vector fields for oy,
and uj,, we have in (4.1) that o5, = curloy, du, = —Vup, tr x o, = o, (ie., the

tangential component of 03,), and tr % u, = uj,. Thus

n-1(K) = hx (leurlonl|x + llon + Vunllk) + by > (o dlx + 1[uallic). ©.7)

In addition, (4.6) yields
no(K) = || f — divop |l k. (6.8)

The so-called harmonic estimators in Lemma 9 are all vacuous in this case. Combining
Theorem 10 with the corresponding efficiency bounds of §5 thus yields

1/2

leullzo + lleolla@iviy = | D, n-1(K)> +no(K)>| . (6.9)
KeT,

In contrast to the vector Laplacian, many authors have proved a posteriori error
estimates for the mixed form of Poisson’s problem, so we compare our results with
existing ones. In [2], Alonso provides estimates for |le, ||1,() and seems to be the
first to use a Helmholtz (Hodge) decomposition in the development of a posteriori
estimates. We focus mainly on two early works bounding a posteriori the natural
mixed variational norm H (div) x Lj. In [10], Braess and Verfiirth prove a posteriori
estimates for |les || gdiv:) + llexll, as we do here, but their estimates are only valid
under a saturation assumption (which is not a posteriori verifiable) and are not efficient.
Salient for our discussion is their observation on pp. 2440-2441 that the traces of
H (div) test functions lie only in H~!/2. This prevented them from employing the
mixed variational form in a straightforward way, that is, using an inf-sup condition to
test with functions in H (div) x L,. Doing so using their techniques would have led to
a duality relationship between traces lying in incompatible spaces or, more precisely,
between traces lying in H /2 and some space less regular than H /2. Following ideas
used in [13] in the context of the mixed scalar Laplacian and developed more fully
in [28] for Maxwell’s equations, we insert the essential additional step of first taking
the Hodge decomposition of test functions. Only the regular (H') portion of the test
function is then integrated by parts, allowing us to avoid trace regularity issues. Finally,
note that the elementwise indicators of [10] are of the form |divey, — fllx + llon +
Vupllg + h;l/ 2 Il[un]llax , which includes our indicator g and parts of our indicator

/2

n—1. However, the jump term h}l/z [un]llak is scaled too strongly (by h;l instead

of h}{/z in our estimator), and the resulting bounds are thus not efficient; cf. (4.20) of
[10].
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In [13] Carstensen provided a posteriori estimators for the natural H (div) x L, norm
that are equivalent to the actual error, as in (6.9). In our notation, Carstensen’s elemen-
twise indicators have the form || f — divoy ||k + hk ||curloy ||k 4+ hg ming, <r, lon +

Voullkx + h}f lon.¢]llax - Here Ly, is an appropriate space of piecewise polynomials.

Thus, our terms hg |lop + Vupllx + h}(/z l[un]llax are replaced in Carstensen’s work
by hg miny, ez, lon + Vil k, and our estimators are otherwise the same. However,
Carstensen’s results were proved only under the restrictive assumption that €2 is con-
vex, which we avoid. In [13], Carstensen also makes use of a Helmholtz (Hodge)
decomposition, but a commuting quasi-interpolant was not available at the time and
thus full use of the Hodge decomposition was not possible.

Most works on a posteriori error estimation for mixed methods have focused on
measuring the error in other norms, for example, ||es ||, (cf. [2,22,30]). One essential
reason for this is that the H (div) x L; norm includes the term | f — divoy ||, which
directly approximates the data f and which can thus be trivially computed a posteri-
ori. As is noted in [23], this trivial component of the error may dominate the whole
estimate when standard Brezzi-Douglas-Marini mixed elements are used, which is
clearly not a desirable situation. Thus, while the H (div) x L, norm is natural to con-
sider from the standpoint of the mixed variational formulation, it is perhaps not the
most important error measure in practical settings. Even with this caveat, our estima-
tors for mixed methods for the Dirichlet Laplacian seem to be the first estimators that
are directly proved to be reliable and efficient for the natural mixed variational norm
under reasonably broad assumptions on the domain geometry.
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