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ON LEAST-SQUARES FINITE ELEMENT METHODS FOR THE
POISSON EQUATION AND THEIR CONNECTION TO THE
DIRICHLET AND KELVIN PRINCIPLES*
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Abstract. Least-squares finite element methods for first-order formulations of the Poisson
equation are not subject to the inf-sup condition and lead to stable solutions even when all variables
are approximated by equal-order continuous finite element spaces. For such elements, one can also
prove optimal convergence in the “energy” norm (equivalent to a norm on H(Q) x H(Q,div)) for
all variables and optimal L? convergence for the scalar variable. However, showing optimal L2
convergence for the flux has proven to be impossible without adding the redundant curl equation to
the first-order system of partial differential equations. In fact, numerical evidence strongly suggests
that nodal continuous flux approximations do not posses optimal L2 accuracy. In this paper, we show
that optimal L? error rates for the flux can be achieved without the curl constraint, provided that one
uses the div-conforming family of Brezzi-Douglas—Marini or Brezzi-Douglas—Duran—Fortin elements.
Then, we proceed to reveal an interesting connection between a least-squares finite element method
involving H (€2, div)-conforming flux approximations and mixed finite element methods based on the
classical Dirichlet and Kelvin principles. We show that such least-squares finite element methods
can be obtained by approximating, through an L? projection, the Hodge operator that connects
the Kelvin and Dirichlet principles. Our principal conclusion is that when implemented in this way,
a least-squares finite element method combines the best computational properties of finite element
methods based on each of the classical principles.
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1. Introduction. Stable mixed finite element methods for the Poisson equation®
(written in a first-order form in terms of a scalar variable and a flux) require the use
of finite element spaces that satisfy an appropriate inf-sup condition. For methods
based on the Dirichlet principle, the inf-sup condition can be easily satisfied but
for the dual Kelvin principle, it imposes complicated restrictions on the choice of
spaces; see [11]. In either case, it is well known that pairs of standard nodal-based,
continuous finite element spaces fail the inf-sup condition and lead to unstable mixed
methods. It is also well known that the inf-sup condition is circumvented if one
uses such simple element pairs in finite element methods based on L? least-squares
variational principles. Ever since such least-squares finite element methods for first-
order formulations of the Poisson equation were first considered in [24], this fact
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has been deemed as an important advantage of those methods over mixed Galerkin
methods.

Already in [24], optimal L? error estimates for least-square finite element methods
were established for the scalar variable; however, there, no optimal L? convergence
results were obtained for nodal approximations of the flux. This situation persisted in
all subsequent analyses: optimal L? error estimates for the flux could not be obtained?
without the addition of a “redundant” curl equation; see, e.g., [13, 14, 15, 25, 27].
Moreover, computational studies in [16] strongly suggested that optimal L? conver-
gence may in fact be nearly impossible if one uses pairs of standard nodal-based
continuous finite element spaces. A notable exception was a case studied in [16] for
which optimal L? error estimates for both the scalar variable and the flux were ob-
tained when these variables were approximated by continuous nodal spaces built on
a criss-cross grid. The key to their proof was the validity of the grid decomposition
property (GDP) which was established for the criss-cross grid in [17]. So far, the
criss-cross grid remains the only known case of a continuous nodal-based finite ele-
ment space for which the GDP can be verified. More importantly, it was shown in [17]
(see also [7]) that the GDP is necessary and sufficient for the stability of the mixed
finite element method based on the Kelvin principle.

The correlation between the stability of mixed finite element methods and the
optimal accuracy of least-squares finite element methods, established in [16], opens
up the intriguing possibility that optimal L? accuracy for the flux may be obtainable
for a least-squares finite element method, provided that this variable is approximated
by H(,div)-conforming elements that are stable for mixed finite element methods
based on the Kelvin principle. Today, the stability of mixed finite element methods
based on the Kelvin principle is well understood, and many examples of stable finite
element pairs are known. The first goal of our study is to show that the use of some of
these spaces in a least-squares finite element method will indeed help to improve the L2
accuracy of the flux approximation. Our second goal is to offer a new perspective on
least-squares principles as resulting from a choice for the approximation of the Hodge
x-operator that connects two mutually dual “energy” principles. Among other things,
such an interpretation shows, in our context, why the use of H((,div)-conforming
elements is in fact more natural than the use of equal-order C° spaces.

While our conclusions may disappoint the adherents of equal-order implementa-
tions, our results do not void least-squares finite element methods as a viable com-
putational alternative. To the contrary, they demonstrate that when implemented
correctly, a least-squares finite element method combines the best computational prop-
erties of finite element methods based on both the Dirichlet and Kelvin principles, and
at the same time manages to avoid the indefinite linear systems that make the latter
more difficult to solve. Although we reach this conclusion in the specific context of
mixed and least-squares finite element methods for the Poisson problem, the idea of
defining the latter type of method so that it inherits the best characteristics of a
pair of mixed methods that are related through duality may have considerably wider
application.

In the rest of this section, we briefly review the notation used throughout the
paper. Then, in section 2.1, we recall the Dirichlet and Kelvin principles and the

2 A somewhat different situation exists for negative-norm-based least-squares finite element meth-
ods, for which it is known that the L2 accuracy of the flux is optimal with respect to the spaces
used; however, for such methods, no error bound for the divergence of the flux could be established;
see [10].
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associated first-order div-grad formulation of the boundary value problem for the
Poisson equation. There, in the context of the Kelvin principle, we also review basic
definitions and properties of stable H (€2, div)-conforming mixed finite elements spaces
for the flux and show that they satisfy the GDP. For the sake of brevity, we restrict
attention to the well-known Raviart—-Thomas (RT), Brezzi-Douglas—-Marini (BDM),
and Brezzi-Douglas-Duran—Fortin (BDDF) classes of affine families of finite elements.
Section 3 deals with least-squares finite element methods for first-order formulations
of the Poisson problem. After a brief review of known error estimates in H'(Q) x
H(,div), we turn our attention to the L? accuracy and the rarely discussed case
of least-squares finite element methods using RT, BDM, or BDDF approximations of
the flux. We show that BDM and BDDF spaces lead to optimal convergence of the
flux in L?. In section 4, we offer an interpretation of such least-squares finite element
methods which is derived with the help of some notions from exterior calculus and
differential forms.

1.1. Notation. Throughout, 2 denotes a bounded region in R", n = 2,3, with
a Lipschitz continuous boundary I" = 0€). We assume that I' consists of two disjoint
parts denoted by I'p and I'y. For p > 0, HP(2) denotes the Sobolev space of order
p with norm and inner product denoted by | - ||, and (-,-),, respectively. When
p = 0, we use the standard notation L?(2). The symbol |- |5, 0 < k < p, denotes
the kth seminorm on HP(Q). Vector-valued functions and vector analogues of the
Sobolev spaces are denoted by lower- and upper case bold-face font, respectively, e.g.,
u, H'(Q), L*(Q), etc. We recall the space

H(Q,div) = {ueL*(Q) | V-ue L*Q)},
which is a Hilbert space when equipped with the norm
lall 20,0y = ([ll§ + 11V - ulg)/2.
To deal with the boundary conditions, we introduce the spaces
HY(Q) ={p € H'(Q) | $=0 onTp}
and
Hy(Q,div) ={ve HQ,div) | v-n=0 onIy}.

Details about all the notation just introduced may be found, e.g., in [11, 18].
Throughout, we will refer to the problem

(1.1) —A¢p+vp=f inQ, $=0 onTp, and 9¢/On=0 on Ty

as the Poisson problem, even though that terminology is usually reserved for the case
v =0.

2. Mixed finite element methods for the Poisson problem. So as to pro-
vide a background for some of the discussions of sections 3 and 4 concerning least-
squares finite element methods, we consider, in this section, primal and dual mixed
finite element methods for the Poisson problem.

2.1. The generalized Dirichlet and Kelvin principles. The Dirichlet and
Kelvin principles arise in a variety of applications. Mathematically, they provide two
variational formulations for the Poisson problem and also form the basis for defining
mixed finite element methods for approximations of the solution of that problem.
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2.1.1. The generalized Dirichlet principle. Consider the functional

1
D@wif) =3 [ (wP+aleP)an~ [ jodo
Q Q
and the minimization problem

(2.1) min D(¢,w; f) subject to w+ V¢ =0,
(¢,w)EHL(Q) X VHL ()

where v > 0 is a given function that is assumed to satisfy |||/ (o) < C for some con-
stant C' > 0. The minimization principle (2.1) is known as the (generalized) Dirichlet
principle.® Although the constraint w 4+ V¢ = 0 can be directly substituted into the
functional to eliminate the flux w,* it will be more profitable for our discussions to
continue to consider the form (2.1).

With the help of a Lagrange multiplier u to enforce the constraint w + V¢ = 0
and the Lagrangian functional

N .
Lo(owouif) =5 [ (wi+aieR) a2 = [ joda— [ w-(w+voae,

the constrained minimization problem (2.1) can be transformed into the unconstrained
optimization problem of determining saddle-points (¢, w,u) € H}(Q) x VHL(Q) x
VHEL(Q) of Lp(¢, w,u; f). It is not difficult to see that the optimality system ob-
tained by setting the first variations of Lp (¢, w,u; f) to zero is given by the following:
seek (¢, w,u) € HL(Q) x VHL(Q) x VHL(Q) such that

/w~de+/V¢'de:0 Vv e VHL(Q),
Q Q
(2.3) /(qu)~qu:O Vq e VHL(Q),
Q
—/u-V¢dQ+/7¢wdQ:/f¢dQ Vi € HLH(Q).
Q Q Q

The first and second equations may be easily combined to yield the simplified system

/u~de—|—/V¢>~de:O Vv e VHL(Q),
(2.4) ¢ ¢

/vw-udQ—/wa;dQ:—/fz/;dQ Vi e HL(Q),

) Q Q

involving only ¢ € H}5(Q) and u € VH}(Q).
If solutions to the constrained minimization problem (2.1) or, equivalently, of
(2.4), are sufficiently smooth, then without much difficulty one obtains that

3For f =0, v = 0, and appropriate boundary conditions, the Dirichlet principle in the inviscid
fluid mechanics setting states that among all irrotational velocity fields, the one that minimizes the
kinetic energy is the solenoidal one. In the solid mechanics setting, w is a tensor, and a simplified
version of (2.1) is the energy minimization principle.

4This results in the certainly more familiar form for the (generalized) Dirichlet principle:

(22) min _D(¢: f), where 5(¢;f):%/(IV¢I2+W\¢|2)dQ—/f¢dQ-
Q Q

PEH, ()
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V-ut+v¢=f and u+Vep=0 in (),
(2.5)
¢=0 onI'p and u-n=0 onIy.

Note that from the second equation of (2.3) we also have that w = u. Eliminating the
flux u from (2.5) (again assuming that sufficient smoothness is available), one obtains
the Poisson problem® (1.1) for the scalar variable ¢.

2.1.2. The generalized Kelvin principle. Now consider the functional

1
KOvu) =5 [ (1P +5AP) do

and the minimization problem

(2.7 K(A,v) subject to V-u+~A=f.

min
AEL2(Q2), ueHy (22,div)

The minimization principle (2.7) is known as the (generalized) Kelvin principle;® it is
dual to the (generalized) Dirichlet principle.”

With the help of a Lagrange multiplier ¢ to enforce the constraint and the La-
grangian functional

LiOvugif) =5 [ (P +90P) a2 = [ o(V-utan = o,

the constrained minimization problem (2.7) can be transformed into the unconstrained
problem of determining saddle-points (\,u,¢) € L2(Q2) x Hy(Q,div) x L*(Q) of
L (A u,¢; f). It is not difficult to see that the optimality system obtained by setting

5Note that since Vi € L2(f), one can easily combine the two equations in (2.4) to yield the
more familiar weak formulation

(2.6) /V¢~deﬂ+/'yw¢d9:/fwdﬂ Vi € HL(Q)
Q Q Q

for the Poisson problem (1.1). Again, it will be more profitable for our discussion to continue to use
(2.4) instead of the more familiar form (2.6).

6Setting f = 0 and v = 0 and allowing for an inhomogeneous boundary condition for u - n,
the Kelvin principle for inviscid flows states that, among all incompressible velocity fields, the one
that minimizes the kinetic energy is irrotational. In structural mechanics (where u is a tensor), a
simplified version of (2.7) is known as the complimentary energy principle.

7Unlike the case of the Dirichlet principle, if v = 0, one cannot directly use the constraint
V -u+ v\ = f to eliminate one of the variables. If v > 0, then it is possible to use the constraint to
eliminate the scalar variable A. In fact, in the latter case we are led to the problem

(2.8) min I’E(u; f), where I?(u; )= %/ <|u2 —+ %|V ‘u— f|2> ds.
Q

ueH y (Q,div)

Comparing (2.2) and (2.8), we already see a big difference between the Kelvin and Dirichlet principles,
in addition to the obvious difficulty seen in (2.8) for the case v = 0. The functional 5(, f) in (2.2)
involves all first derivatives of the scalar vari@?le ¢, which is why we can minimize it over the space
HL (). On the other hand, the functional K(-; f) in (2.8) only involves the combination V - u of
first derivatives of the flux u, which is why we can minimize it only with respect to a subspace of
H(,div), and not with respect to H! ().
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the first variations of L(A, u, ¢; f) to zero is given by the following: seek (A, u,¢) €
L2(Q) x Hy(Q,div) x L?(Q) such that

/u-de—/¢V-de:O Vv e Hy(Q,div),
Q Q
(2.9) [0 =énan=o Yp e I2(9),
Q
_ wv-udQ—/yw/\dQ:—/fwdQ Vi e L2(9).
Q Q

Q

For v # 0, the second and third equations may be easily combined to yield the
simplified system

/u-de—/¢V~de:O Vv e Hy(Q,div),
Q Q
(2.10)
—/¢V-udQ—/W;¢dQ:—/f¢dQ Vi e L2(Q),
Q Q Q

involving only ¢ € L?(2) and u € Hy(Q2,div). If v = 0, then (2.9) directly reduces
to (2.10) so that the latter holds for any v > 0.

The duality of the Dirichlet and Kelvin principles extends to the optimality sys-
tems (2.4) and (2.10). For example, they are respectively described using the dual op-
erators V and —V-. The domain of V is all of H}(£2), while its range is a constrained
subspace of L?(Q) consisting of irrotational functions. In contrast, the domain of V-
is a constrained subspace of L?({2) and its range is all of L?(Q2). We note again the
difference between the domain spaces of the two operators: HJ,(£2) involves all first
derivatives of the scalar variable, while Hy (€2, div) only involves a combination of
first derivatives of the flux.

2.2. Stable mixed finite element spaces. Finite element approximations of
the mixed problems (2.4) and (2.10) are not stable unless the spaces chosen to ap-
proximate ¢ and u satisfy the inf-sup condition. To keep our presentation reasonably
short and devoid of unnecessary technical details, we focus on affine families of stable
spaces defined on simplicial triangulations 7; of the domain 2 into elements K. In
two dimensions, K are triangles, and in three dimensions, they are tetrahedra. The
symbol P (K) denotes the space of all polynomials of degree less than or equal to k
defined on K.

Nodal C° finite element spaces built from mth degree polynomials, m > 1, are
denoted by® W2 (Q). We recall that there exists an interpolation operator Zy into
WO () such that for any ¢ € H™H1(Q),

(2.11) ¢ — Zodllo + RV (¢ — Tog)[lo < CR™ || i1

8The reasoning leading to the choice of notation W}c for the finite element spaces we employ will
become clear later.
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We denote by WL (Q) the space V(WY (£2)).° We will use the pair of finite element
spaces W9 () and W}, (Q2) to discretize the Dirichlet principle.

For the Kelvin principle, we will use the!® BDM;, and RT} spaces on ) that are
built from the individual element spaces

BDM, (K) = (Py(K))" and RT4(K) = (Py(K))" + xPy(K)

in a manner that ensures the continuity of the normal component across element
boundaries; see [11, pp. 113-116] for details and definitions of the corresponding
element degrees of freedom. Since BDM}, and RTj, both contain complete polynomials
of degree k, their approximation properties in L? are the same. In particular, one can
show that for either the BDMj, or RTj spaces there exists an interpolation operator
T such that

(2.12) lu—Zoullo < Ch"|u|, YVueH (Q) and1<r<k+1

Since RT}, also contains the higher-degree polynomial component x Py (K), it has bet-
ter accuracy in H(f,div) than does BDMy. Note, however, that this additional
component does not help to improve the L? accuracy of RT}, spaces because it does
not increase the order of complete polynomials contained in RT to k41. In summary,
we have the following estimates for the error in the divergence of the interpolant (see
[11, p. 132]):

(2.13) |V - (u—Tou)|lo < CR*|V - u for BDM}, spaces
and
(2.14) |V - (u—Tou)|lo < CA*|V - ullpss for RT}, spaces.

In what follows, we will denote by W,f (©2) the RT and BDM spaces having equal
approrimation orders with respect to the divergence operator, i.e.,

WE(Q) = {v € H(Q,div)|v|x € W3 (K)},

where W7(K) is one of the finite element spaces RTj_1(K) or BDM(K). We can
now combine (2.13) and (2.14) into a single statement: there exists an interpolation
operator Zp into WZ({2) such that

(2.15) |V - (u—TZou)|o < Ch¥|V - ul|s.

Note, however, that from (2.12) we have that the interpolation operator Z into WZ(Q)
satisfies

forl<r<k if WZ(K) = RTj_1,

(2.16) |Ju—Zoullp < Ch"|ul, e rio
for1<r<k+1 if WZ(K)= BDM,.

9n our setting, W}, (Q2) is a space of vector-valued functions that are discontinuous with respect
to the simplicial triangulation 73, and whose components belong to a subspace Pp,—1(K) in each K.
Functions belonging to W}, (Q2) must be curl-free within each element K (since they are gradients of
function belonging to WY, (£2)), so that, except for m = 1, they are not complete (m — 1)st degree
polynomials. However, the precise, explicit characterization of W}, (Q), e.g., the construction of
a basis, is not difficult (using their irrotational property), and moreover, as we shall see, it turns
out not to be necessary in practice. For future reference, we note that functions belonging to the
approximating space W&(Q) for the scalar variable are continuous across element boundaries, so that
the tangential components of functions belonging to the approximating space W} (2) = VW3, (Q))
for the flux are automatically also continuous across element boundaries.

10To simplify notation, from now on we will denote both the BDM and BDDF spaces simply by
BDM.
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We denote by W3 (£2) the space V- (W2(£2)). For mixed finite element methods based
on the Kelvin principle, we will use the finite element spaces RTx_; or BDMy to
approximate the flux. For characterizations of these spaces and the associated spaces
W3R () = V- (WE()) for the scalar variable, see [11].

2.2.1. Stable mixed finite element spaces for the Dirichlet principle.
A mixed finite element method based on the Dirichlet principle may be defined by
discretizing (2.4), i.e.,

/uh.vth+/V¢h-vth:O VVhGW,%@(Q),
217) ¢ N

/vwh-uhda—/wmhdﬂz—/fwhdﬂ Vi e WO, ().
Q Q Q

Since W () = VOW2,(Q2)), note that, even at the discrete level, we may again
eliminate the flux approximation to obtain the equivalent discrete problem

(2.18) /Qwh-vwhd(”/ﬂwhqﬁhdﬂz/wahdﬂ Vih € Wy, (9),

which we recognize as the standard Galerkin discretization of (2.2) or (2.6). In fact,
using the pair of spaces WY, (2) and WY, (Q) for approximating the scalar variable and
the flux, respectively, in the discretization (2.17) of (2.4) is equivalent!! to using the
scalar space W9 (Q2) in the standard Galerkin discretization (2.18) of (2.2) and then
letting the approximation of the flux be the gradient of the resulting approximation
of the scalar variable.

In this way we see that for discretizations of (2.4), i.e., the Dirichlet principle, the
required inf-sup condition is completely benign in the sense that it can be avoided
by eliminating the flux approximation uy, from (2.17), then solving (2.18) for the ap-
proximation ¢y, of the scalar variable using a standard continuous nodal finite element
space W2, (9), and, at the end, determining the approximation to the flux from the
exact relation u;, = —V¢,. The required inf-sup condition is implicitly satisfied by
the pair of spaces W2, (Q) and W}, () = V(WY (£2)). If one insists on solving (2.4),
then one needs to explicitly produce a basis for WY, (Q); this is easily accomplished.

From either (2.17) or (2.18) one obtains, for the Dirichlet principle, that if ¢ €
H™(Q) N HE(Q), then

(2.19) 16— nllo < ™|l
while the flux approximation is less accurate:
(2.20) [a—unllo = V(¢ = én)llo < h™[[Bllm-+1-
2.2.2. Stable mixed finite element spaces for the Kelvin principle. For
discretizations of (2.10), i.e., the Kelvin principle, the inf-sup condition is much more

onerous in the sense that defining a pair of stable finite element spaces for the scalar
variable and the flux is not so straightforward a matter.

HHere, by equivalent we mean that they yield exactly the same approximate solutions.
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The mixed finite element method associated with (2.10), i.e., the Kelvin principle,
is given by the following: seek (¢, up) € Wi () x WZ(Q) such that

/uh vy dS) — /¢hv vipdQ =20 Vv EWk(Q)
(2.21)

/whv uhdm/vwhwhdﬂ /fwhdfz i € WIQ).

For the v = 0 case, we refer to [11] for a proof that (W§(Q), W2(Q)) is a stable pair
for the mixed finite element problem (2.21). Moreover, one can show [11, Proposition
1.2, p. 139] that for any sufficiently regular exact solution of (2.10) one has the error
estimate

forl<r<k if W2(K) = RT%_1,

2.99 u—u < Ch"||ul|,
(222)  Ju—uplo < Ch"|[u] {for1<r§k:+1 if WE(K) = BDMy,

while the error in the divergence is of the same order in both cases,
(2.23) IV (u—up)lo < Ch"||V -y, for 1 <r <k,
as is the error in the scalar variable:

(2.24) 16 = ¢nllo < CR"(I¢]lr + [lullr)  for 1T <r <k

These results also hold for the v > 0 case, since the mixed finite element problem
(2.21) is identical to what one obtains for penalty methods for the v = 0 case; see,
e.g., [11, 18], for details.

We have thus seen that the duality between the Dirichlet and Kelvin principles
propagates to their numerical approximations by mixed finite element methods that
themselves have, in a sense, complementary computational properties. For example,
for the Dirichlet principle, one directly approximates the scalar variable in the H'-
conforming finite element space W2 (), and the flux is approximated in the finite
element space W} (Q) = V(W0 (Q)). With respect to L2(2) norms, the mixed approx-
imation ¢y, to ¢ satisfies the optimal bound (2.19), while the approximation uy, of the
flux u is less accurate; see (2.20). For the Kelvin principle, the situation is reversed in
the sense that now one directly approximates the flux in the Hy (2, div )-conforming
finite element space W2(£2) and the scalar variable in Wi (Q) = V - (WZ(Q)). The
approximation uy to u now satisfies the optimal bound (2.22), while the scalar ap-
proximation is less accurate when W3(£2) = BDMj,.

We have also seen the differences in how easily one can satisfy the inf-sup condi-
tion for mixed methods based on the two principles. From (2.18), one sees that for the
Dirichlet principle one can essentially avoid the inf-sup condition, or, if one insists on
using the mixed formulation (2.17), one can easily construct a stable pair of spaces.
This is closely related to the fact that the null space of the gradient consists of the
constant function and is trivial to approximate. On the other hand, for the Kelvin
principle, one has to construct a pair of finite element spaces such that the space for
approximating the scalar variable is the divergence of the space for approximating
the flux and the latter is a subspace of H(f2,div). This is a much more difficult con-
struction since the divergence operator has a decidedly nontrivial null space that is
much harder to approximate than the (trivial) null space of the gradient. Compared
to the finite element subspaces that can be used for approximations of the Dirichlet
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principle, for the Kelvin principle this leads to the need to define more complicated
finite element subspaces for the flux such as the RT and BDM spaces or continuous
piecewise linear subspaces based on the criss-cross grid.

It is important to note that if one uses C? finite element spaces for both the scalar
variable and the flux, then (2.17) and (2.21) are identical discrete systems. It is well
known that this leads to unstable approximations, so that one cannot use such pairs
of finite element spaces in mixed methods derived from either the Dirichlet or Kelvin
principles.

2.3. The grid decomposition property. We continue our study of mixed
methods based on the Kelvin principle by showing that the spaces W,f(Q) satisfy the
GDP.12

THEOREM 2.1. For every uy, € WE(Q), there exist wy, zp, in WE(Q) such that!?

(2.25) up = Wy, + zp,
(2.26) V -z, =0,
(227) / W - Zp, d$) = O,
Q
(2.28) [Wallo < C(IV - unl|—1 + 2|V - upllo).

Proof. Given a uy € W,f(Q), define wj, to be a solution of the following mixed
problem: seek (¢n, wy) € W3 () x WE(2) such that

/Wh.vhdﬂ_/¢hv-vth:0 Vi, € W2(9),
(2.29) @ ¢
/¢hv.whd9:/whv-uhd9 Y, € WR(Q).
Q Q

The second component is then defined as the algebraic complement
(230) Zp = Up — Wp

of uy,. Therefore, the first GDP property (2.25) is trivially satisfied.
To prove (2.26), we use the second equation in (2.29) to conclude that

th~zth:/z/)h(V-uh—V~wh)dQ:O Vb, € W3(Q).
Q Q

Assume now that V -z, # 0. From the definition of W}(Q), it follows that the
divergence operator is a surjective mapping W2(Q) — Wg(Q). Therefore, there exists

12 An analogous “GDP” can be defined in the context of the Dirichlet principle; it requires that for
every ¢, € WY () there exist A, xn € W2(Q) such that ¢, = A, + Xpn, Vxp =0, fﬂ AnxndQ =0,
and |[Apllo < C(|Vonll=1 + h|[Vénllo). Of course, these conditions are trivially satisfied since
Vxr =0 and xp, € Wg(ﬂ) imply that x; = 0 and therefore A, = ¢p. Again, the fact that the null
space of the gradient operator with respect to H}J (€2) is trivial plays a crucial role in the triviality of
the GDP for the Dirichlet principle. On the other hand, for the Kelvin principle, the fact that the
null space of the divergence operator with respect to Hy (£2,div) is decidedly not trivial also plays
a crucial role in the GDP for that principle. All this, of course, is related to the observations made
above about the inf-sup conditions for the two principles.

13In its original form (see [17]), the GDP was formulated without the term h||V - uy|lo in (2.28).
However, thanks to the multiplicative h factor, this term will not affect the L? error rates.



350 P. BOCHEV AND M. GUNZBURGER

a nonzero element @Zh € W3(9Q) such that @Zh =V -2j,. Then,

0=/1Zhv-zhd9=/$h$hdﬂ¢o,
Q Q

a contradiction.
To show that wy, and z;, are orthogonal, we use the first equation in (2.29) with
Vi = Zp:

/Wh~Zth:/¢hV'Zth:0.
Q Q

To prove the last GDP property (2.28), we will need the solution (¢, w) of the
first-order problem

V-w=V-.u, and w+V¢=0 in
¢=0 onI'p and w-n=0 onIy.

It will be also necessary to assume that this problem has full elliptic regularity, i.e.,
w € H'(Q) and ¢ € H?*(Q). Lastly, we recall the a priori bounds

[wllo < [IV-upf-1 and  [[wy <[V -uplo.
Then, from (2.22)
lw —wallo < Chllwll.
Using this error estimate, the a priori bounds, and the triangle inequality yields that
[whllo < [lwr — wllo + [[wllo
< Chl[wly + IV -l -1 < CRIV -upljo + [V -upf - O

It was shown in [17] that the GDP, i.e., (2.25)—(2.28), along with the relation
WE(Q) = V- (W3E(£)), are necessary and sufficient for the stability of a mixed finite
element method based on the Kelvin principle.

3. Least-squares finite element methods. A least-squares finite element
method for the Poisson equation replaces the search for saddle-points of the La-
grangian functional, either Lp (¢, w,u, f) or Lx (A u, ¢, f), by a search for the un-
constrained global minimizer of the quadratic functional

1
(3.1) J(éw f) = S (IV - u+56 = fl§ + Vo +ulf).
The least-squares variational principle

3.2 min J(o,u;
( ) (p,u)€H (Q)x Hy (2,div) (¢ f)

then has a solution that minimizes the L? residuals of the first-order system (2.5). It
is clear that this solution coincides with the solution of (2.5) or, equivalently, (1.1),
and that it can be determined from the following first-order optimality system for
(3.2): seek (¢,u) € HH(Q) x Hx(Q2,div) such that

(3.3) Q((p,u); (1, v)) = F(,v) Y (v,v) € Hh(Q) x Hy (8, div),
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where

QU6 w: (6.9) = [ (V- u+70)(F v+ 70) 0
. + /Q (Vo + 1) - (Vi +v) d9
and
(35) Fwov) = [ 19 v+ ) ds.

To define a least-squares finite element method, we restrict (3.2) to the conforming
subspace W2, (Q) x WE(Q) € HL(Q) x Hy(2,div). The least-squares finite element
approximation is then obtained from the following discrete optimality system: seek
(én,up) € W2 (Q) x W2(£) such that

(3:6)  QUon,un); (Wn,va)) = F(n, Vi) ¥ (s Vi) € Wi (Q) x WE(Q).

The next theorem states that

]2, (|| = (Q((¥, v); (¥, v)))"/?

is an equivalent norm on H3(Q) x Hy(Q,div). We call it the energy norm corre-
sponding to the least-squares principle.

THEOREM 3.1. There exist positive constants C1 and Cs such that for any
(1%") € H%)(Q) X HN(Q’le)7

(3.7) Cr(I¥I} + IvIFr.a)) < e, vIIZ < Co (011 + VI (@.aiv)) -

For a proof, see any of [12, 13, 14, 27]. Theorem 3.1 implies that both the continuous
variational problem (3.3) and its finite element restriction (3.6) are uniquely solvable
and that their solutions are bounded by the norm of the data.

Note for later use that (3.3) and (3.6) imply the standard finite element orthog-
onality relation

(3.8)  QU¢—dn.u—up); (¥, va) =0 Y (¥n,vi) € WS(Q) x WZ(Q).

3.1. Error estimates in H'(Q) x H(£2,div). In this section, we review the
convergence properties of least-squares finite element methods for the Poisson equa-
tion with respect to the H*(2) x H(£2,div) norm. Most of the details are omitted, as
the proofs follow by standard elliptic finite element arguments.

THEOREM 3.2. Assume that the solution (¢, u) of (3.3) satisfies (¢, u) € H5(Q)N
H™1(Q) x Hy(Q,div) N H*(Q) for some integers k,m > 1. Let (¢n,up) €
W2.(Q) x WE(Q) be the solution of the least-squares finite element problem (3.6).
Then, there ezists a constant C' > 0 such that

(3.9) 6 = onlly + [0 — wnll gr(o,div) < C (B*ullksr + A" [ Bllms1) -

The error estimate (3.9) remains valid when wy, is approvimated by the C° space

(P (S2))"-
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Proof. Since (¢p,uy,) is a projection with respect to the energy norm ||| - |||,
116 = dniu—wnll| <[l —vnsu—vall| Yoo € Wi (), v € Wi ().

Then, (3.9) easily follows from the norm equivalence relation (3.7) and the approxi-
mation theoretic estimates (2.11)—(2.15). O

Theorem 3.2 shows that the errors in u; and ¢ will be equilibrated whenever
k = m. For example, if any of the pairs (RTy, P1), (BDMy, Py), or ((Py)", P) are
used in the least-squares finite element method, the a priori bound (3.9) specializes
to

6 = dnlly + [[u —unllz(@.aiv) < Ch([[ull2 +[[¢]l2) -

Therefore, the asymptotic accuracy of all three pairs in the norm of H'(Q) x H (£, div)
is the same. For this reason, in the implementation of the least-squares finite element
method, one usually chooses the C° pair ((P;)", P;) because it is the easiest to im-
plement. Indeed, the ability to use equal-order interpolation has been often cited as a
primary reason for choosing to use least-squares finite element methods. Nevertheless,
the C° pair is not flawless because optimal L? norm errors for the flux approxima-
tion have proven impossible to obtain without augmenting (2.5) with an additional
redundant curl constraint equation. Also, as we have already mentioned, numerical
studies in [16] indicate that the L? convergence of the flux is indeed suboptimal with
(9 finite element spaces.

The curl constraint, first introduced in the least-squares finite element setting
in [15] and subsequently utilized by many others (see, e.g., [12, 13, 14, 25]), makes
the least-squares functional norm-equivalent on H'(Q) x H*(Q). However, in some
situations the curl equation may unduly restrict the range of the differential operator
and should be avoided. In the next section, we will see that if the nodal approximation
of the flux is replaced by an approximation in W7 (f2), it may be possible to recover
optimal L? convergence rates without adding the curl constraint. As in [16], the key
to this is the GDP.

3.2. Error estimates in L2. Throughout this section, we let (¢, u) and (¢, u)
€ W2 (Q) x W2() denote the solutions of (3.3) and (3.6), respectively. We assume
that the solution of the problem

0
(3.10) A+ =n inQ, =0 onp, a—lﬁzo onT'p
satisfies the regularity estimate
(3.11) []|s+2 < Clnlls for s =0,1 and V7 € H*(Q).

This additional regularity is necessary since our L? error estimates are based on a
duality argument.

3.2.1. L? error estimates for the scalar variable. Our first lemma bounds
the negative norm of the error in the first equation in (2.5) in terms of the energy
norm of the total error. Note that (3.11) of course implies that ||V ||s+1 < C||n|s for
s=0,1.

LEMMA 3.3. Let (¢n,uy) be a least-squares finite element approzimation of (¢, u).
Then,

(3.12) IV (u—un) +7(¢ = dn)ll-1 < Chll[é — ¢n,u — uyl]].
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Proof. Let n € H}(Q) be an arbitrary function, let ¢ solve the boundary value
problem (3.10), and let v = —V1. One then obtains

(7 (=) (6 = o)) na
= [V (=) +9(6 = 6V v+ qw) 0
= Q¢ — dn,u—up;9,v) = Q(¢ — dn,u — up; Y — Ioh, v — Iov)
= [(7 (=) +9(6 = GV - (v = Tov) + 56— T a9

+ /Q (V6 — dn) + (0 —w)) - (V@ — Tow) + (v — Tov)) d2
< C(IV - (u=unllo + 116 — énllo) IV - (v = Tov)llo + 1 — Zotslo)
(V6 = dm)llo + u - wllo) IV — Zo)llo + v — Tavllo)),

where we have successively used V¢ + v = 0, the error orthogonality (3.8), the

definition of Q(-,+;-,-), and the Cauchy—Schwarz inequality. Using the interpolation
error estimates (2.11)—(2.15) and the regularity assumption (3.11), we have that

[V - (v =Zav)llo < Chlv]2 < Chlinlly

v = Zzvllo < Chl[vl[2 < Chllnlly

V(% = Zoy)|lo < Chll¢]l2 < Chlnllx

1% = Zoyllo < Ch?||Y[l2 < Ch?|Inh

Vn € Hy(Q).

Combining the last two sets of results, we easily obtain that, for all n € H}(Q),

/Q(V' (u—up) + (¢ = én)) ndQ2 < Ch(||¢p — ¢nll1 + [[u — unll g 0,aiv)) 1711,

while the left inequality in (3.7) gives

/Qw (= up) + (6 — ) dR < Chlllé — dnou—willl [l ¥ € HEQ).

The lemma follows by taking a supremum over n € H}(Q). O

Next, we bound the L? error in ¢, by the energy norm.

LEMMA 3.4. Let (¢n,uy) be a least-squares finite element approxzimation of (¢, u).
Then,

(3.13) ¢ = dnllo < Chlll¢ — dn,u—upl|].

Proof. Let 1 solve the boundary value problem
DAY+ =¢—¢p inQ,
p=0onTp and O¢Y/On=0onTy.

(3.14)

The regularity assumption (3.11) implies that
(3.15) [¥ll2 < Cli¢ = nllo-
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Using the definition of v, integration by parts, and the definition of the least-squares
form (3.4) yields

||¢—¢>h||3=/gz<¢—¢h><—aw+w>d9=/Q<v<¢—¢>h>~vw+w<¢—¢h>w>d9
_ /Q (V(6 — 6n) + (u—up)) - Vi d9
—/(u—uh>-wd9+/v(as—ash)wdﬂ
Q Q
:Q<¢f¢h,ufuh;w,o>+/<1w><v-<u—uh>+v<¢f¢h>wdﬂ.

Q

Using the error orthogonality (3.8), the definition (3.14) for ¢, and the regularity
assumption (3.15) yields

Q(¢_ ¢h7u_ uh7¢70> = Q(¢_ ¢h7u_ Uh,'(/) —Io¢a0)
< |l|¢ = én,u —up[|[ [ = Zov|l < Chll|¢ — ¢, u — wnl[| [[¥]|2

< Chlll¢ — dn,u —upl|| |6 — ¢nllo-
In addition, the definition (3.14) for +, (3.15), and (3.12) imply that

/Q(l NV (a—up) +7(¢— ) YdQ2 < [V - (u—un) +7(d — én) | -1l¢]1
<OV (u—=up) +5(¢ = én)l-1ll¢ = dnllo
< Chlll¢ = én, u—unlll |6 = dnllo-

The lemma easily follows by combining the last three results. 0

COROLLARY 3.5. Assume that the regularity assumption (3.11) is satisfied, and
assume that the solution (¢,u) of (3.3) satisfies (¢p,u) € HALH(Q) N H™H(Q) x
Hy(Q,div) N H*N(Q) for some integers k,m > 1. Let (¢, up) € W2,(Q) x W2()
be the solution of the least-squares finite element problem (3.6). Then, there exists a
constant C' > 0 such that

(3.16) l¢ = dnllo < C(R* Hullisr + B[ llm1)-

Proof. The corollary follows simply by a direct application of (3.7) and (3.9) to
(3.13). O

The optimal L? error bound (3.16) for the scalar variable does not depend on
whether or not the finite element space for the flux satisfies (2.25)-(2.28), i.e., the
GDP. Thus, it remains valid even when equal-order C° finite element functions are
used for the flux approximations, a result first shown in [24]. On the other hand, we
will see that the GDP is needed if one wants to improve the L? accuracy of the flux.

3.2.2. L2 error estimate for the flux. Ultimately, the final L? error estimates
for approximations to the flux depend on whether W2(2) represents the RT;_1 or
the BDM}, family. To this end, we need the following result.

LEMMA 3.6. Let (¢n,up) € W3, (2) x WZ(Q) be the least-squares finite element
approximation defined by (3.6). Then,'*

(3.17)  Jlu—wpllo < C(Alll¢ — ¢n,w —wn[| + 2|V - (0= vi)llo + [[u = vallo)

141t is clear from the proof of this lemma that it holds for any flux approximation that satisfies
the GDP.
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for any v, € WE(Q).
Proof. Let vj, be an arbitrary element of W7 (). From Theorem 2.1, we know
that there exist z, and wy, also in W7 (£2), such that
up — Vp = Wp + 2Zp
and the properties (2.26)—(2.28) hold. We recall for later use that
(318) HV'VH_l < ||V||0 Vv e HN(Q,dIV)

We now bound the two GDP components of uj, — vj, in L2. To estimate ||wy]o, we
successively use (2.28), (3.18), (3.12), (3.7), and (3.13) to obtain

[wrllo < CUIV - (up = va)|[-1 + [V - (ur = vi) o)
< C(IV- (u=up)ll-1 + AV (u—u)lo
IV - (a=va)ll-1 + AV - (@ —=va)llo)
<SC(IV-(a=up) +9(¢ = ¢n)l-1 + AV - (u—un)lo
+17v(@ = dn)ll-1 + l[a = vallo + AV - (@ = va)llo)
< C(Ml[¢ = dn,u —up||[ + | = dullo + [[u = vallo + 2|V - (u = va)lo)
< C(hlll¢ = on,u —apl|| + [[u = vpllo + 2|V - (0 = vp)]o)-

To estimate ||z |0, we use the error orthogonality (3.8) with ¢, = 0 and v, = z,.
Since from (2.26) we have that V -z, = 0, this identity reduces to

/Q(w»— on) + (1 — wp)) - 2 d2 = 0,

from which integrating by parts and again using V - z; = 0 yields

/(ufuh)~zhd§2:0.
Q

Using this result and the orthogonality of z;, and wy, (see (2.27)), we obtain

qu%=/zh-zhd9=/<zh+m>-zhda
Q Q

:/(uh—vh)-zth:/(u—vh)-zth,
Q

Q

so that
Iznllo < [[a = vallo.
To complete the proof, we note that
lu—wapllo < flu=vallo+ lup = vallo < [lu—=vallo + [[Wnllo + [1zallo

and then use the bounds on z; and wy,. 0
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Let us now inspect (3.17). The first term on the right-hand side is exactly the
same one as in the L? bound (3.13) for the scalar variable. Let us further assume
that the approximation orders of the spaces used for the scalar variable and the flux
are equilibrated, i.e., ¢, € W2(Q) and uj, € W2(Q2) for some r > 1. Then,

¢ = on,u = wnll| < CA"([|[lr1 + [lallr1)-

The additional factor h multiplying this term in (3.17) will increase the order of that
term to r + 1, just as in (3.16). However, (3.17) contains the two additional terms
h||V - (u—vu)llo and ||[u — vu|o. Recall that W2(€Q) represents RT and BDM spaces
that are equilibrated with respect to the divergence error. Therefore, after setting
v, = Tou, from (2.15) it follows that

IV (a = va)llo < CR[[ullr 41

After multiplication by h, the order of this term also increases to r + 1. However, the
order of the last term will depend on whether W2(Q) represents a BDM or RT space.
Indeed, from (2.16),

Bl if W2(Q) = RT,_4,
lu—wvplo <C
W fulle if W2(Q) = BDM,.

The next corollary summarizes these observations.

COROLLARY 3.7. Assume that the regularity assumption (3.11) is satisfied, and
assume that the solution (¢,u) of (3.3) satisfies (p,u) € HL(Q) N H™(Q) x
Hy(Q,div) N H™T(Q) for some integer » > 1. Let (¢, u,) € W2(Q) x W2(Q)
be the solution of the least-squares finite element problem (3.6). Then, there exists a
constant C' > 0 such that

R (lallr1 + 1llr41) if WHQ) = RT,_4,

(3.19)  Jlu—uglo < C{ . -
R (a1 + 1 llrs) if Wi () = BDM,..
Consider, for example, the lowest-order case for which » = 1, W)(Q) = Py,
and W2(Q) is either RTy or BDM;. If the least-squares finite element method is
implemented with RT( elements, (3.19) specializes to

lu—unllo < A(flullz + [|6ll2)-

If instead we use BDM; elements, we then obtain the improved error bound

[u = unllo < R*([ull2 + [[¢]2)-

It is worth repeating that the reason for this difference in the L? errors is the structure
of the RT spaces. Since RTy = (Py)" 4+ xFp, the approximation properties of RTy in
L? are the same as those of Py. However, it is easy to see that, thanks to the extra
term xPy, V- (RTy) = Py; i.e., the divergence of u is approximated to the same order
as the field itself. For numerical examples with least-squares methods that illustrate
this feature of RT spaces, we refer to [2].
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4. Least-squares finite element methods and duality. We already saw that
a least-squares finite element method implemented using equal-order C? finite element
spaces approximates the scalar variable with the same accuracy as a Galerkin (or,
equivalently, a mixed) method for the Dirichlet principle. However, the approximation
properties of the Kelvin principle are only partially inherited in the sense that the
accuracy in the approximation to the divergence of the flux is recovered, but the
accuracy in the flux approximation itself may be of one order less. This should not
be too much of a surprise because C° elements provide stable discretization only for
the Dirichlet principle (with the exception of the criss-cross grid; see [16]). While
least-squares minimization is stable enough to allow for the approximation of scalar
variables and the flux by equal-order C° finite element spaces, it cannot completely
recover from the fact that such spaces are unstable for the Kelvin principle.

The key observation from section 3.2 is that a least-squares finite element method
can inherit the computational properties of both the Dirichlet and the Kelvin princi-
ples, provided the scalar variable and the flux are approximated by finite element
spaces that are stable with respect to these two principles. Then, as our analysis
showed, least-squares finite element solutions recover the accuracy of the Dirichlet
principle for the scalar variable and the accuracy of the Kelvin principle for the flux.

In a way, we see that, implemented in this particular manner, the least-squares
finite element method represents a balanced mixture of the two principles. Below,
we provide an explanation of this observation using the apparatus of differential form
calculus, albeit in a simplified form and without an explicit reference to differential
forms on manifolds. For consistency, in what follows, H (€, grad), H(Q, curl), and
H(Q,div) denote spaces of square integrable functions whose gradients, curls, and
divergences, respectively, are also square integrable.'®

The De Rham differential complex

(4.1) R < H(Q, grad) — H(Q, curl) ~=5 H(Q, div) —> L2(Q) — 0

is an exact sequence of spaces in the sense that each operator maps the space on its
left to the kernel of the next operator in the sequence, and the last mapping is a
surjection. We will now start to use the identifications

WP(Q) = H(Q, grad), W'(Q) = H(Q,curl), W?(Q) = H(Q,div), W3(Q) = L*(Q)

to indicate that these function spaces are comprised of prozies for differential forms of
orders 0, 1, 2, and 3, respectively.!® Exact sequences of finite element spaces provide
piecewise polynomial approximations of the proxies. Commonly used terminologies
for the finite element subspaces of W°, W', W2, and W? are nodal, edge, face, and
volume (or discontinuous) elements, respectively.

Differential forms have always played a fundamental role in classical mechanics
and numerical methods for Hamiltonian systems; see, e.g., [3, 6]. Their place as
an abstraction tool for discretization of elliptic boundary value problems was perhaps
first recognized in [21], while [8, 9] further affirmed their importance in computational
electromagnetism.

Subsequently, the idea that a stable partial differential equation discretization can
be developed using a discrete equivalent of the De Rham complex has been exploited
by many researchers in finite element, finite volume, and finite difference methods

15Here we treat the case of n = 3; similar developments can be carried out for the two-dimensional
case.
16This should explain the seemingly peculiar choice of notation introduced earlier in the paper.
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[1, 5, 19, 20, 22, 23, 26]; see [4] for a more extensive bibliography. In particular, for
second-order elliptic problems, a key tool for encoding their structure is provided by
the factorization or Tonti diagrams; see [19, 20]. Essentially, these diagrams break
the problem into topological relations between different spaces in a De Rham com-
plex connected by metric relations expressed by the Hodge *-operator, a linear map
WkE(Q) — Wn=k(Q). The factorization diagram for the Poisson problem (see, e.g.,
[20, 26]) is

WO(Q) 6 L _u W)
(4.2) E=xp | [ a=+u
W3(Q) [f]-v¢ & q W2(Q)

We will refer to the relation and the variables on the top of the diagram as the
primal variables and equilibrium equation. The dual variables and their “equilibrium”
equation are represented by the bottom part of the diagram. The dual and primal
variables serve as proxies for 0, 1 and 2, 3 differential forms, respectively.

The horizontal links in (4.2) correspond to the differential equations

Vo=-u and V-q=-—v+f,
while the vertical links provide the “constitutive” relations
E=x%¢p and q==x*u.

The importance of structures such as (4.2) stems from the fact that they encode
fundamental relationships between spaces and operators that are required for the
stability of discretizations; see, e.g., [1, 4, 9, 20, 22].

Let us now show that the Dirichlet and Kelvin principles are obtained from (4.2)
by the approximation of the Hodge operator by an identity operator and subsequent
elimination of the dual or the primal variables, respectively.

If the dual variables are substituted by the primal ones according to

£=¢ and q=u,

then the dual equation in (4.2) must be modified to account for the fact that u
is a proxy of a l-form, rather than of a 2-form. As such, u is in the domain of
the curl operator but not in the domain of the divergence operator. Thus, in the
dual equilibrium equation, we replace the divergence operator by a weak divergence
operator defined through the following variational statement:

Ve WHQ) = WOQ), V-u=dg,
if and only if
/¢z/;dQ:—/u~deQ Vi € WO(Q).
Q Q

This changes the original factorization diagram to one in terms of only the primal
variables:

(4.3) =6 | | v=u
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The partial differential equation system represented by this diagram is'”

Vé+u=0 in WH(Q),
f/u.vwfwwd(z:/fwd@ YV e WO(Q).
Q Q

One recognizes (4.3) as the optimality system (2.4) for the Dirichlet principle. The
diagram (4.3) can be viewed as a representation of this principle.
If instead the primal variables are eliminated according to

¢=¢ and u=aq,

then the primal equilibrium equation in (4.2) must be modified to account for the
fact that £ is a proxy of a 3-form, rather than for a O-form. As such, £ is not in the
domain of the gradient operator, which therefore must be replaced by a weak one:

Vv WS(Q)vaz(Q)v 6é.:qa
if and only if

/q-de:—/gv-de Vv e W3HQ).
Q Q

The factorization diagram in terms of the dual variables is then given by

W3(Q) ¢ 5 —q W2(Q)
(44 b=¢ 1 I u=gq
W3(Q) —6 L g W2(Q)

The problem represented by this diagram is

/q-de— EV-vdQ =0 YveWw?Q),
Q Q
Vv+re=f in W3(Q).

Now the second equation is an exact relation, and we see that, by elimination of the
primal variables, we recover the optimality system (2.10) for the Kelvin principle.

It is now clear that each of the classical variational principles for the system (1.1)
can be derived from (4.2) by elimination of one of the sets of variables (primal or dual)
and relaxation of the complementary equilibrium equation. Elimination of variables,
on the other hand, can be interpreted as approximation of the Hodge *-operator by
an identity. This, of course, immediately leads to the following question: what kinds
of variational principles can be obtained by using other ways of approximating the
Hodge operator? Here, we will focus on one particular method wherein this operator
is replaced by an L? projection. Not surprisingly, we will see that this approximation
leads eventually to a least-squares principle for the first-order formulation of (1.1),
but one that is necessarily implemented with spaces for the scalar inherited from the

17The first equation can also be stated in variational form; see (2.4). However, we write it in
algebraic form to stress the fact that it represents an exact relationship.
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Dirichlet principle, and, for the flux, from the Kelvin principle. Thus, in a sense, the
least-squares method, when implemented in this manner, is indeed a mixture of the
two classical principles that combines their best properties.

The idea is to keep both the primal and dual sets of variables, but to replace the
Hodge operator by an optimization problem that penalizes the discrepancy between
these sets. Then, the primal and dual equations become linear constraints that must
be satisfied by the minimizers of this functional. Therefore, we are led to the following
constrained optimization problem: seek (¢,u,&,q) in WO(Q2) x WL(Q) x W2(Q) x
W3(Q) such that

1
subject to
(4.6) Vo+u=0 and V- -q+~=F.

In this problem, the Hodge operator is approximated by the L? projections
(%0) : WO(Q) —» W3(Q) and (x1) : WHQ) — W2(Q)

defined implicitly via the optimization process.

It is possible to solve (4.5)—(4.6) by using Lagrange multipliers to enforce the
constraints. However, a better strategy (that also reduces the number of variables)
is to note that the constraint equations can be satisfied exactly if the spaces chosen
for ¢p, up, &, and q; are from a discrete exact sequence. It is also important to
note that primal and dual variables can be approximated by discrete exact sequences
that are not necessarily defined on the same mesh. Thus, assume that for the primal
side we have chosen W2, () and W} () to approximate ¢ and u, respectively, while
for the dual side we work with the spaces WZ(Q) and W} (£2) to approximate q and
&, respectively. In this manner, each set of variables is represented in the discrete
problem by an internal approximation, and we can use the equilibrium equations
(rather than the constitutive relations) to eliminate &, and uy. This leads to the
following discrete minimization problem in terms of ¢, and qj only:

1
(4.7) i 5017 - +90n = FI + o+ Fonld)
While this problem appears identical to a least-squares formulation derived directly
from (2.5), the manner in which it was obtained retains the information about the
origins of the different variables. In particular, we see that in (4.7), the scalar variable
is inherited from the primal Dirichlet principle, while the flux is inherited from the
dual Kelvin principle. As was shown in section 3.2, when this is taken into account
in the choice of approximating finite element spaces, the computational properties
of both principles are recovered by (4.7). This is perhaps the most important point
of our discussion. Another important distinction between (4.7) and a nodal-based
implementation of a least-squares principle is that (4.7) leads to a conservative ap-
proximation in the following sense. Once ¢; and qj are found, we can recover the
eliminated dual and primal variables so as to obtain four fields ¢, up, &, and qp
that exactly satisfy the relations

Vérp+u,=0 and V-qp+ &, =1sf.

The operator II3 that appears above is the L? projection into the subspace Wg of
L?(2), while the discrete Hodge operators can be identified with L? projections from
nodal to discontinuous elements and from edge to face elements, respectively.
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5. Conclusions. We have demonstrated that least-squares finite element meth-
ods for the first-order Poisson equation can combine the best properties of the clas-
sical Dirichlet and Kelvin principles if their implementation uses spaces consistent
with the origins of the scalar variable and the flux. In particular, we have shown
that a least-squares formulation can be viewed as resulting from a particular choice
in the approximation of the Hodge operator. From this point of view, the scalar
variable is inherited from the Dirichlet principle and requires approximation by nodal
elements. The flux is inherited from the Kelvin principle and must be approximated
by H(S,div) conforming families to enable recovery of optimal L? rates without the
addition of curl constraints.

When implemented in this manner, the least-squares finite element method can
be deemed superior to both the classical Galerkin and mixed methods because, on
the one hand, it provides optimal approximation of all fields with the possibility of
recovering an approximation that is conservative in the sense explained earlier, while,
on the other hand, it leads to symmetric and positive definite algebraic systems of
equations.
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