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ABSTRACT. In this paper, we give a new characterization of the approximate
solution given by hybridized mixed methods for second-order, self-adjoint el-
liptic problems. We apply this characterization to obtain an explicit formula
for the entries of the matrix equation for the Lagrange multiplier unknowns re-
sulting from hybridization. We also obtain necessary and sufficient conditions
under which the multipliers of the Raviart-Thomas and the Brezzi-Douglas-
Marini methods of similar order are identical.

1. INTRODUCTION

In this paper, we give a new characterization of hybridized mixed methods.
This characterization allows us to obtain an explicit formula for the entries of the
matrix equation for the so-called Lagrange multipliers. It also allows comparison
of hybridized versions of different mixed methods. For example, we give conditions
under which the multipliers of the Raviart-Thomas method and those of the Brezzi-
Douglas-Marini method of comparable order coincide.

We consider the hybridized version [1] of the standard Raviart-Thomas mixed
method [11] for the elliptic boundary value problem

(1.1) -V (aVu)+du=f in Q C R?
(1.2) u=g on 01,

where a(x) is a symmetric positive definite matrix-valued function, d(x) is a non-
negative function and Q is a polygonal domain in R?. We assume that a(z) and
d(x) are bounded. We consider this simple setting for transparent presentation
of the main ideas. As will be clear later, our techniques can be applied to other
hybridized methods and more general second order elliptic problems.

Before describing the results, recall that mixed finite element methods seek ap-
proximations (g;,, up) to (a Vu,u) in appropriate finite element spaces. They give
rise to a matrix equation of the form

A -BY (Q\ (G

B D U/ \F)’
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where Q and U are the vectors of coefficients of q; and uj, with respect to their
corresponding finite element basis, respectively. Since the system is not positive
definite, solving for Q and U is not always easy. Although one can arrive at a positive
definite system by elimination of Q from the equations, this requires inversion of A
and maintaining A~! which is typically a full matrix. Fortunately, by ‘hybridizing’
the mixed method, this difficulty can be overcome. Let us now briefly recall the
hybridization procedure.

First, the so-called Lagrange multiplier A\, is introduced which gives rise to a
matrix equation of the form

A —-Bt —Ct\ [Q G
(1.3) B D 0 vl=1|r]|,
cC 0 0 A 0

where A is the vector of degrees of freedom associated to the multiplier A;,. We will
precisely state the underlying finite element spaces later. As is now well-known, the
new vectors of degrees of freedom ) and U actually define the same approximation
(gy,, un) as the original mixed method. Moreover, both @ and U can now be easily
eliminated to obtain an equation for the multiplier only, namely,

EA=H,
where E and H are given by
E=CA ' (A-B"(BA'B'+D)™'B) A™'C",
H = H, + Hy,
Hy=-CA™' (A-BY(BA™'B'+ D)"'B) A™'g,
H; = -CA 'BY(BA™'B' + D)"' F.

That the inverses taken above exist follow from the properties of the underlying
finite element spaces. Considering this matrix equation instead of the previous one
has several advantages: (i) the matrix E is symmetric and positive definite, so it
can be numerically inverted by using methods like the Conjugate Gradient method,
(ii) the number of degrees of freedom of the multiplier is remarkably smaller than
the number of degrees of freedom of the original mixed method, (iii) once A has
been obtained, both @) and U can be efficiently computed element by element,
and (iv) the multiplier A, can actually be used to improve the approximation to
u by means of a local post-processing, as shown in [1]. This shows that the use of
hybridized mixed methods is indeed very advantageous; however, the complicated
relation between the matrices E and H, and the matrices A, B, C, F and G, can
easily dissuade one to base an implementation on E and H.

In this paper, we show that the entries of the matrices E and H can be ex-
pressed as a weighted L?-innerproduct of some discontinuous auxiliary functions,
the weights being nothing but the matrix a~' and the function d. These auxiliary
functions are easily constructed in terms of the geometry of the mesh, the matrix a,
the function d, and the spaces of the hybridized mixed finite element method. Their
definition induces a natural decomposition of the approximate solution (gq;,, up) of
the form

(1.4)

(@n;un) = (@n,wn)x, + (@nun)g + (@ns un)y,
where (g,,un)», is a lifting of the Lagrange multiplier As, and (g, un), and
(g@y,un)s can be computed locally only in terms of the data. Introduction of other
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discrete lifting operators have proved useful in another context earlier, namely the
analysis of discontinuous Galerkin methods for elliptic problems [2, 7, §].

We then present two applications of this result. As a first application, we present
a technique to assemble the matrix of the Lagrange multiplier equation using simple
local element matrices. Next, we compare the matrices E and H of the Raviart-
Thomas method with those of the Brezzi-Douglas-Marini method of similar order
and give necessary and sufficient conditions for the multipliers to be the exactly
the same. This happens, for example, when d = 0 and f = 0, a case that occurs in
many situations of practical interest.

The paper is organized as follows. In Section 2, we introduce the hybridized
version of the mixed method of Raviart and Thomas and then state, discuss and
prove the characterization result, Theorem 2.1. In Section 3, we show how to
assemble the matrices for the multipliers and in Section 4, we compare the matrices
of the Raviart-Thomas method with those of the Brezzi-Douglas-Marini method of
similar order. Finally, in Section 5, we end with some concluding remarks.

2. THE MAIN RESULT

We begin this Section by introducing the classical mixed method of Raviart
and Thomas [11]; then, following [1], we hybridize the method. Finally, we state,
discuss, and prove the main result, Theorem 2.1.

2.1. The hybridized mixed method. Given a triangulation of 2, 7}, made of
triangles, the mixed method seeks an approximation (g, up) to the solution (g, u)
of the model problem

(2.1) cq=—-Vu in €,
(2.2) V-g+du=f in €,
(2.3) u=g on 09,

where ¢ = a~!. The approximation (g,,,us) is sought in the finite element space

Vi, x Wy, given by
Vi, ={ve Hdiv,Q): v|g € P*(K)x P*(K)+xP*(K), foral KecT,},
W, ={weL*Q): w|x e P*K), foral K¢cT,},

where P¥(K) denotes the space of polynomials on K of degree at most k, and is
defined by requiring that, for all (v,w) € Vj, x Wy,

(2.4) /cqh-vd:v—/uhv-'vdx:—/ gv-nds,
Q Q G19)

(2.5) /wV-qhdx—i-/duhwdx:/fwdx.
Q Q Q

It is easy to see that the above weak formulation gives rise to a system of equa-

tions of the form
A -—Bt Q\ (G
B D U/ \F)°

We can try to solve this equation by first eliminating Q from the equations and
then solving the resulting equation for U, namely,

(BA™'B'+D) U=F+BA™'G.
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Unfortunately, the matrix A is not easy to invert since the elements of V},, being
functions in H(div, ), have their normal component continuous across element
interfaces. If g, were totally discontinuous, A would be block-diagonal and hence
easily invertible. The idea of the hybridized mixed methods is to relax this conti-
nuity constraint to render A block-diagonal.

Indeed, it was Fraejis deVeubeque [9], back in 1965, who realized that this can be
achieved by introducing additional unknowns A, associated to element interfaces,
called Lagrange multipliers. Let &;; denote the set of edges of the mesh 7, that
are in the interior of the domain 2. The multipliers are then nothing but approx-
imations to the trace of u on each e € &; ;. As we show next, their introduction
allows elimination of both g, and u; and reduction of the system to a single matrix
equation for the multipliers.

In our particular case, the hybridized mixed method seeks an approximation
(@n,un, An) to (q,u,ulg, ,) in the finite element space V3, x W, x M}, given by

Vi ={v e L2(Q) x L*(Q) : w|x € P*(K) x P*(K) +xP*(K), forall K cT,},
Wy ={weL*Q): w|gecP*K), foral KcT},
My ={uecL*&p): ple € PRe), forall ec &y}

It is defined by requiring that, for all (v,u, u) € Vi, x Wy, x My,

(2.6) /chh~vdz— 3 /Kuhv-vdz+ 3 /\h[[v]]ds:—/mg[[v]]ds,

KeT, ec&;p ¥
(2.7) Z / wV-qhdz—l—/duhwdz: fwdzx,
Ker, /K Q Q
28) > [uladds=o.

ec&in €

where, [v] =v-n on dQ, and [v] = vl -nt +v, -n_, one € &,. Here, n denotes
the outward unit normal to 2, nf = —n_ is an arbitrary unit vector normal to
the e € & 5, and vF(x) = lim, o v(x — e nT).

2.2. Two lifting operators. Next, we introduce two mappings in terms of which
the characterization result will be expressed. They are defined using the equations
(2.6) and (2.7).

The first mapping lifts functions on edges of the triangulation 7}, to functions on
Q. Let &, be the set of all edges of the triangulation 7,. Notwithstanding a slight
abuse of notation, we shall denote the set of all square integrable functions on the
union of all edges of &, by L?(Ey). The first lifting associates to each m € L?(&),
the pair of functions (qy, un)m = (qn m»> Un,m) € Vi X Wy, defined by requiring that

(2.9) /gchh7m~vd:c— Z /Kuh_,mv-vdz:—Z/m[[v]]ds,

KeT, ec&, V€

(2.10) Z / wV - qpm d:c—|—/ dupmwdr =0,
K Q

KeTy,

hold for all (v, w) € V}, X Wy,
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The second lifting, associates to the function f € L*(Q) the element (g, un) s =
(qp,f>un,f) € Vi x W, and is defined by requiring that

(2.11) /cqw-vdz— > / up sV - vdz =0,
Q K

KeT,,

(2.12) Z / WV'thdCC+/dUh7dex: fwde,
Ket, VK ’ Q Q

hold for all (v,w) € V3, x W,

Note that these liftings can be computed in an element-by-element fashion. In-
deed, the liftings are uniquely defined on each element because of the surjectivity
of the map (V:) : Vj, — W, restricted to an element. Moreover, on each ele-
ment K € 7y, the lifting (q;,, un)m can be thought of as a result of a one element
discretization of the following boundary value problem

¢qy = —Viun in K,
V-q,+dum=20 in K,
Um = M on 0K,
and that the lifting (g;,, up)s is an approximation to the solution of
cqy=—Vuy in K,
V-qs+duy=f in K,
up =0 on 0K.

2.3. Characterization of the approximate solution. Before stating the result,
let us introduce the following convention: The extension by zero of the function
n € L?(Fy), where Fj, is a subset of &, to &, is also denoted by n. In this way, if
m = A, on & 5, and m = g on 0, we simply write m = A\, + ¢; as a consequence
we also write

(qha Up)m = (qhﬂuh))\h + (qh’ uh)g'
We now have all that is needed to state the main result.

Theorem 2.1 (Characterization of (q;,, un, An)). Let (q,, un, A\n) be the solution
of the hybridized Raviart-Thomas method (2.6), (2.7) and (2.8). Then

(@n,un) = (qp,un)x, + (@p,un)g + (@, un)y-
The Lagrange multiplier A\, € My, is the unique solution of

(2.13) ap(An,p) =bp(p)  for all p € My,
where

ap(An, 1) = / cqpz, " Qn,u dr —|—/ dup,x, Uh,, dx
o Q Q

bu(y1) = /6 ola s+ / fun e d.

Remark 2.1. Although the normal components of the functions qy, , , g}, ¢ (which
can be computed locally only in terms of the data) and g, ), are not necessarily
continuous across inter-element boundaries, the normal components of their sum,
namely gq,,, are. Marini [10] pointed out this fact for the lowest order Raviart-
Thomas method when d = 0 and a is a piecewise-constant scalar function.
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Remark 2.2. Just like for classical finite element methods, the variational for-
mulation (2.13) gives rise to a matrix equation for the degrees of freedom of the
multiplier A of the form

EA=H.
Thus, the entries of the matrices E and H are obtained as a weighted L2~innerproduct
of discontinuous functions, as claimed in the introduction.

We end this section with a proof of Theorem 2.1.

2.4. Proof of Theorem 2.1. We prove this result in three steps. In the first, we
observe some identities that result from the equations of the method. In the next
step, we show that the continuity condition on the jumps of the fluxes results in
a variational equation for the Lagrange multiplier unknowns. In the last step, we
collect these two results and conclude.

2.4.1. Step 1.
Lemma 2.1 (Elementary identities). We have, for any m,u € L*(&,) and f €

L*(Q),
OEDY /u[[qh,m]] ds:/ CApm Dy dw+/ dup,mun,p, dr,
ecEh e Q 9]
(i)=Y [mlanslds == [ funmds
e€ly € Q2

(zzz)/ cqy f qpmdr + / dup,fupmdr =0.
Q Q

Proof. Let us first prove the identity (i). First, take v = g, , in equation (2.9).
Then, replace m by y in equation (2.10) and take w = up,m. The identity (i) follows
by simply adding these two equations.

Next, let us prove (ii). Take v = g, ; in equation (2.9). Now, if we take w = up,m
in (2.12) and add the two equations, we get

_Z/m”"qhyj]]dsz—/f’u,h7md$+67
e Q

ecéy,

where

@:/ th,f'Qh,mdx+/ dup, f up,mde.
Q Q

Thus, (ii) follows from (iii).
Finally, to prove (iii), simply take w = wyp s in equation (2.10), v = q;, ,, in
equation (2.11) and add the equations. This completes the proof. (]

2.4.2. Step 2. In the following lemma, we explore equivalent characterizations of
the continuity requirement on fluxes imposed by the method.

Lemma 2.2 (Jump condition). Let (g, un, A\n) be the solution of the hybridized
Raviart-Thomas method (2.6), (2.7) and (2.8), and let m be an arbitrary member
of My,. Then the following statements are equivalent:

L > /u [9nm+ qng+anglds =0 forall p€ M.
86&;,},,

(2) (qha uh) = (qha uh)m + (qhvuh)g + (qhvuh)fv

(3) m = /\h-
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(4) an(m, ) = bu(ps)  for all i€ My,
Proof. (1) = (2): Set

(@ns un) = (@ un)m + (@, un)g + (@, un) -

Then combining the equations defining the liftings we get that

/Qc’(}h-vdx— Z /Kﬂhv-vdx—&- Z m[[v]]ds:—/mg[[v]]ds,

KeTy, ec&p v ®

Z / wV-fjhd:c—F/dﬂhwdz:/fwdz,
K Q Q

KeTy,

for all (v, w) € Vj; x W},. Therefore, whenever (1) holds, g;, and @, satisfy all the
equations of the hybridized Raviart-Thomas method. By uniqueness of solutions
of the method, q,, = g, and u;, = up, so (2) follows.
(2) = (3): By linear superposition, q,, = qj, , + g4 + g5, 5. Moreover
J. nlg,]ds = 0 for all e € & . From the implication (1) = (2), it follows that
(qhv uh) = (qhv uh))\h, + (qh7 uh)g + (qhv uh)f‘

Consequently, (2) implies that

(qh7 uh)m—kh = 0;

from which it follows that m — A\;, = 0.
(3) = (4): Now we observe that the following identity holds for any m € My:

_/ th,m"lh,udx_/ duh)muh#dx—i—/ g[[qh#]]ds—i—/ fun,de
Q Q a0 Q

=y /u [@nm + ang+an slds, forall pe M.
e€&y v ¢

(2.14)

It follows from the identities (i) and (iii) of Lemma 2.1. Moreover, whenever m = A,
the last equation of the hybridized mixed method asserts that the right hand side
of (2.14) is zero. From the definition of the forms a;, and by in Theorem (2.1), we
see that (4) follows.

(4) = (1): We apply (2.14) again. Whenever (4) holds, the left hand side
of (2.14) is zero. Therefore, (1) follows. O

2.4.3. Step 3. To conclude the proof the Theorem 2.1 observe that first assertion of
the theorem follows from the equivalence of Items (1) and (2) of Lemma 2.2. The
second assertion of the theorem follows again from Lemma 2.2, this time from the
equivalence of (3) and (4). This completes the proof of Theorem 2.1.

Remark 2.3. The characterization theorem we just proved states that the solution
(qp,un) is the sum of the lifting of m = A, + g, (@, un)m, and the lifting of
f, (g, un)s. By the identity (iii) of Lemma 2.1, we see that these liftings are
orthogonal with respect to the bilinear form on (Vj, x W3)? defined by

{(gq,u1), (g, u2))) = /

cq - q2d:c—|—/ duy ug dx.
Q

Q
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3. THE MATRIX ENTRIES

3.1. The local matrices. To compute the matrices E and H, we can proceed in
the traditional finite element way. Let e denote an interior edge of the mesh 7},
and let { L ¢ }520 denote a basis for the set of polynomials of degree at most &k on e.
For example, we can choose, properly scaled Legendre polynomials. Then, we set

(@eortee) = (qp,un)rL, -

Now, for each element K, we compute the so-called local matrices whose entries
are

EK;e,@;e/,l’ = / ng,f . qe/,e/ dz + / due,f Ue’ 0! dCC,
K K

H!]K;e,f = / g qe,l ! ndza
OKNON

HfK;G,Z = /I{ Ue,e fd.%'

Then the global matrices can be easily assembled by noting that
A?[E Ae’,é’ = Z EK;e,Z;e’,Z’a

KeTy,
t _
Aexf Hg - Z H!]K;e,@’
KeTy,
t — E
Ae,f Hf - HfK;e,Z'
KeT,,

Since the lifting (g, 4, ue,¢) is supported only on the triangles sharing the edge
e, to compute the local matrices, we only have to provide the numbers Ex ¢ g;c7 ¢/,
HgK;e,e and HfK;e,e for any two edges e and e’ of K and any two integers £ and
¢ between 0 and k; all the remaining entries are equal to zero. This also implies
that the matrix E is a matrix of (k + 1) x (k + 1) blocks which has at most four
off-diagonal blocks in each block column.

3.2. An example. The above computations can easily be carried out for the hy-
bridized version of the Raviart-Thomas method of lowest order. In this example,
as the subscript £ in g, , and u. ¢ is superfluous, we drop it.
We begin by computing the lifting m — (q;,, un)m. Let m take the constant value
A; on the edge e; of the triangle K, i =1,2,3. Then, on K,
3
(qhv uh)m = Z(qei ) u’ei) Ai
i=1
where, for x € K and i = 1,2, 3,

leil o1 1 chi Pi
= — i— = —_— _.B7 e; = = 3
a.@ =15 @ 5 () @B @ =
and
_ 1 / = 1 / |ei|(mi—B)-ni
= —— cdx, d=—— ddzx, pi = )
| K| Jk | K| Jk 2| K|
1 g cxdx

¥ | @B @B BT
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FIGURE 1. A representation of the lifting gy, ,, when m = x. for
interior and boundary edges e. In this case, we have taken d = 0
and ¢ = Id.

Here m; denotes the midpoint of the edge e; and n; its outward unit normal. Note
that if ¢ is the identity, B is the barycenter of the triangle; if, moreover, K is an
equilateral triangle of diameter h then p; = 1/3 and h? = h%/48. The case of c
equaling the 2 x 2 identity and vanishing d is illustrated in Fig. 1.

Now, it is easy to compute the entries of the local matrices:

e lles o d| K
EK§€i§€j = w n;- (C) 1’I’L‘ + | |2 Pi Pj,

| K | 1+dh
leil o K| (_d
Hypo, =— Z < (@ mi-nj+— | ——=5] rip g9(s)ds,
o e; COKNAN | K| lej [ \1+dh? €

Pi
H = — d
fK;ei 1+dh2 /I( f(x) X

3.3. The reference element. A convenient implementation results if the local
matrices for the multiplier can be computed by using quadratures on a reference
element alone.

To achieve it, we need to . define liftings on the reference element, and map spaces
on the reference element K to corresponding ones on any triangle K. Let K be
mapped one-to-one onto K by the affine mapping

r=DrgxT+ bk,
and let us set
u(z) =u(z), ¢(@)=|detDg|Dy' q(x),
for scalar-valued functions u, vector-valued functions q, respectively. Finally, set
V = P*K) x P*(K) +x P*(K),
W = P*(K),
M={meL*0K): mlePr@ foral ¢cdk}.
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Now, suppose we are given a symmetrlc pos1t1ve definite 2 x 2 matrix function
C and a scalar non- negatlve function D on K. For each m in M we define the
element (Qm, U )€ VxW by requiring that

/A(?@;n-Vd%—/Aﬁmﬁ-Vdiz—Z/rﬁ[[V]]d@
K K ~

ceokr " °

/ Wﬁ@ﬁqd@jL/ DU W dz =0,
K K
hold for all (V, W) € V x W. Then, we have the following result.

Proposition 3.1. Let K be any triangle and e be one of its edges. Set
C(@) = |det Dg|™' DY c(x) Dk and D(&) = |det Dg| d(z).

Then, the liftings g, , and w. ¢ on K when mapped to K satisfy

e@

qe)ngL/Ze and ueg—U,\

Moreover,

EK;e,é;e’,é’ = - Le,f QL/:\, : ’I’LdS,
2 el e

Hyo, = [ G0, Ads
e
HfK;e,é :/RUL/;eNthDKldi'

This result can be easily proved by a straightforward change of variables and
application of Lemma 2.1. Note that if the functions C' and D are constant, there
is no need to use quadrature rules to find the matrix entries.

4. COMPARISON WITH THE HYBRIDIZED BREZZI-DOUGLAS-MARINI METHOD

Now we compare the multipliers given by the hybridized version of the Raviart-
Thomas (RT) method and those given by the hybridized version of the correspond-
ing Brezzi-Douglas-Marini (BDM) method.

4.1. Statement of the results. To state our comparison results, we first introduce
the hybridized BDM method. The approximate solution given by this method,
(@r°™, upPM, ARPM), is sought in the finite element space V;>P™ x WPPM x M}, given
by

VhBDM — {,v c L2(Q) > L2(Q) . 'U|K c Pk(K) X Pk(K), for all K € 7;1},
W]IIBDM — {w c L2(Q) . 'LU|K c Pk_l(K), for all K € 7;1},
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and is defined by requiring that, for all (v,u, ) € V;P°M x WPPM x My,

/chDM-vdx— Z / up”MVvdz + Z AR [[v]]ds:—/ g [v]ds,
Q K o9

KeTy, ecEp ¢
Z / wV~q2DMd:c—|—/duﬁDdez:/fwdz,
KeTy, K Q Q
> | nlgi™1ds =o.
e€&;n "

Note that the approximate solution of the BDM method satisfies exactly the same
weak formulation than the approximate solution of the RT method; the only dif-
ference being the choice of the finite element spaces. As a consequence, the char-
acterization theorem (Theorem 2.1) holds for the hybridized version of the BDM
method. This is the key fact that allows us to compare the hybridized versions of
the RT and the BDM methods.

In comparing RT and BDM methods, for the sake of readability, we shall super-
script the notations previously introduced in connection with the Raviart-Thomas
method by “RT”. When superscripted by “BDM”, such notations are to be un-
derstood as defined exactly as before except that the BDM spaces are substituted
for the RT spaces. For example, (g, un)n™ = (qpin', upn') € ViPPM x WpPM is
defined by requiring that '

/cqﬁ?nlf-vdx— Z / uﬁ?nflv-vdx:—z m [v] ds,
Q K

KeT, e€Ep V€
E / wV - qp'y' d —l—/ dupiytwdr =0,
KeTy, K Q

hold for all (v,w) € V;?PM x WpPM,

To state our first comparison theorem, we need the following additional notation:
Denote by P the L2-orthogonal projection into the space of functions which are
piecewise polynomials of degree k on each triangle K € 7;,. Let Rf = Px, f—Pr_1 f
for all f € L?(Q). Define the form

hrs(1) = / Rfupy, dx, forall pe& M,
Q
and the function p, = pp(Rf) € M), by

ap’ (prs i) = by p(p), forall pe My,
Also set
U(p, g, f) = (0,Ruy’,) + (0, Rup)) + (0, Ruy’p,_,;), and
T(Rf) = (anun)p, + (@n, un)Ry-

Now we can state the theorem.

Theorem 4.1 (Comparison of the RT and BDM methods for d = 0). Assume that
d(x) = 0 almost everywhere in Q.
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(1) Suppose f € L*() is such that (P — Pr_1)f = 0. Then, the Lagrange
multiplier components of the Raviart-Thomas and Brezzi-Douglas-Marini
solutions coincide:

)\ZT — AEDI\/I'
(2) If f € L?(Q) is arbitrary, then the following statements hold:

BDM

apt(m, ) = ap®(m, @), for all m,pu € L*(E).
bi" (1) = O™ (1) + bR p(p),  for all pu € L2(En).
N = X 4 pu(R)

(@i’ up’) = (@p™, up™) + YA, g, ) + T(RY).

(0%

B

g
4]

~—

—_ —

(
(
(
(

~—

Before proving the theorem, let us discuss the result and some of its consequences.

Remark 4.1. Statements () and () can be easily rewritten in matrix form as
follows:

(a/) ERT — EBDM,
(ﬁ/) HRT — HBDM + ?{Tfﬁ

where the matrix E is the stiffness matrix associated to the bilinear form aj (-,-),
and the matrix HY is the right-hand side matrix associated to the linear form
bi (), for x € {wr,som}. The matrix HZ is, of course, the right-hand side matrix
associated to the linear form b (-);, =ys. This means that, when d = 0, the stiffness
matrices of the multipliers of both methods coincide. However, the right hand side
matrices differ. But they differ by a matrix which vanish when Rf = 0, hence the
coincidence of the Lagrange multipliers whenever Rf = 0.

Remark 4.2. The coincidence of Lagrange multipliers asserted by the theorem
in the case Rf = 0 (and d = 0) appears to have gone unnoticed hitherto even
numerically. This case occurs, e.g., when f is a polynomial of degree k — 1 on every
element of the mesh, and in several applications of practical interest, e.g., incom-
pressible flow in porous media (where f = 0 usually). The condition Rf = 0 is not
only sufficient, but also necessary for such a coincidence: From the characterization
theorem, it is clear that the only part of f that determines A}T is Py f, while the
only part of f that determines A\}° is Pr_1 f. Therefore, setting f to a polynomial
of degree k for which 0 = Pr_1 f # Prf, we can make A" # Ap°PM.

Remark 4.3. Statement (&) of the theorem shows how the solution components
other than the multipliers are related. Obviously, T(Rf) depends linearly on Rf.
Therefore, when R f = 0, the solution (gi",uy") differs from (gp°™, up"™) only by
W(APPM, g, f), a function that can be computed locally element by element. In par-
ticular, this means that it is possible to implement the less expensive BDM method
and locally recover the RT solution u}" which is one order higher in accuracy (un-
der certain regularity assumptions). In this sense, (§) can be thought of as yielding
a postprocessing technique. Of course, one can then further postprocess the RT
solution by the technique of [1] and gain one further order in accuracy.

Remark 4.4. It is well known that the Lagrange multiplier of both the RT and
the BDM methods approximate the traces of the exact solution u on mesh edges.
Specifically, under certain regularity assumptions, [5, Lemma 4.1] asserts that when
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7y, is a quasiuniform mesh with mesh size h, as h — 0,
(11) IARPY = Pagulle,= O(h+9/2-5m),

where Py, denotes the L?-orthogonal projection onto My, || - ||ls, denotes the
L?(&y)-norm, and dx; is zero for all k except for k = 1 in which case it equals one.
The analogous estimate for the RT method [1, Corollary 1.5] is

INRT = Pas, ulle,= O(RF+/2).

But obviously whenever A" = APP™ there can be no difference in the convergence
rates. Therefore, when £k = 1 and Rf = 0, by virtue of Theorem 4.1, we conclude
that although (4.1) only provides for O(h3/?)-convergence, in fact the convergence
rate is at least O(h%/?).

When d # 0, the liftings g7, and g7\ are no longer divergence free on each
element, in general. In fact, as we show later, there are multipliers m for which
Rujp’, # 0. This property implies that the statements of Theorem 4.1 do not hold in
general. In particular, the following theorem provides a case wherein Statement ()
does not hold. Obviously, whenever Statement («) fails to hold, one cannot expect
coincidence of RT and BDM Lagrange multipliers.

Theorem 4.2 (Comparison of the RT and BDM methods for d > 0). Assume that
c(x) and d(x) are constant on each element of the mesh. Then, whenever d(x) is
positive on at least one element, Statement (a) of Theorem 4.2 does not hold.

Now, we prove Theorems 4.1 and 4.2.

4.2. Proof of Theorem 4.1. The proof proceeds by establishing a connection
between the BDM and RT liftings and applying the characterization theorem. Two
properties of the finite element spaces of the RT and BDM methods play a crucial
role: The first is simply that the multipliers of both methods share the same space.
The second is that the elements of V¥ whose divergence on each element is a
polynomial of degree k — 1 also belong to the space V;?"™. Let us begin by proving
the latter property.

Lemma 4.1. The following containment holds:
{q, €VF": V-q,|k € PP"YK), foral KecT,} C VM,

Proof. 1f q;, € V;** then g, | = vk + 2Py, for some vy, € P¥(K) x P*(K) and some
homogeneous polynomial py(x) of degree k on K. Taking divergence, we find that

V- (qnlx) =V v + (k+ 2)pp.

Therefore, V - (q,,|x) € P¥~1(K) implies that p, = 0, and consequently q,|x €
P*(K) x P*(K). Hence g,, € V;2PM. O

The next result uses the above lemma and the definition of the liftings to establish
key relations between the liftings of the RT and BDM methods.

Lemma 4.2. Assume that d = 0. Then, for all m € L*(&) and f € L*(R),

- RT __ BDM RT __ BDM RT
(Z) qh,m - qh,m ’ uh,m - uh,m + Ruh,mv

(1) any=4dns +anrs uply =up ' + Rupp,  p+uhry
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Proof. Let us begin by proving (i). From Equation (2.9), we have,

/ c (g — aqio ) vde— Y / (uf —upa) Vode =0, forall ve V™,
Q KeTy, K
and from the equation (2.10), V g% [k = 0, and V-q; |k =0, for all K € 7.

Since by Lemma 4.1, g, € VP, we can take v = g}, —q,"" in the first equation

BDM

of this proof to get that gj" = gp\". It immediately follows that

- Z / (uptn —up ) V-vde =0, for all v e V;P°M
KeT, 'K

which implies that Px_1 uj’, = uphy'. This proves (i).
Now, let us prove (ii). It suffices to show that for p = Py_1 f,

RT BDM RT BDM RT
(4.2) Qhp =any > and  up, =up M+ Ruy,.

Indeed, once we have (4.2), by linearity and the obvious equality

(@n, un)p,” ;= (@ns un) ™,

we get that
(@n,un)f" = (@n,un)y’ + (qh, un)Ry
= (gp,un)y "™ + (0, Ruy,) + (@ un) Ry
and (i4) follows. To show (4.2), first observe that since p|x = (Pr-1f)|x €
Pk=Y(K), Equation (2.12), implies that
V-qy,lk =p, and V-gq; )|k =p, forall KcT,.

Therefore, using Lemma 4.1 again, g;;%, € V;?"™. Now, (2.11) yields

/ ¢ (qn, —aqp")vdae— Z / (uph, —upM) Voode =0, forall ve VPP,
Q KeTy, K

Since we have shown that gp’, € V’®™, we can choose v = g3, — g above.
Then the first equality of (4.2), namely g;”, = g;"", immediately follows. The
second equality of (4.2) also follows, because by (i), we have Pj_1 uj’, = up" ™.

This completes the proof.
We are now ready to prove Theorem 4.1.

Proof of Theorem 4.1. First of all, observe that the first conclusion of the theorem,

namely A" = APP™ whenever R f = 0, follows from Statement (), because p,(Rf)

depends linearly on R f. Therefore, we shall only prove Statements («) — (4).
Applying the characterization theorem with d = 0, we find that

(m) = [ caime il for s € furmn,

so the equality of («) follows from the first equality of Lemma 4.2(7). Similarly,
since

by (1) = /(99 g [[qz#]] ds —l—/ﬂ fuz# dx, for n € {rr,BDM},

the second equality, namely (8), also follows from Lemma 4.2(:). Now, State-
ment () obviously follows from (), (6), and the definitions of the multipliers.
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To prove Statement (§), we start again from the characterization theorem, apply
Statement (), and use the identities of Lemma 4.2 in succession:

(@i"sun") = (@n, un)Xgr + (qp: un)g" + (@pun)j"

= (qhv uh)?)TEDMerh) + (qh’ Uh)gT + (qfw uh)?T
= ()3t + (0, Rufuons + i, )+ (ahy", iy’ + R
@R+ aieg, W R,y i)
= (@) B8 + (@ un)5™ + (@4 n)
U, g, )+ T(RS).
The first three terms on the right hand side of the last equality sum to the BDM so-
lution. This completes the proof of Theorem 4.1. O

DM

4.3. Proof of Theorem 4.2. To prove this result, we begin by studying the local
spaces of the RT method, namely,

VT = P¥(K) x P*(K) 4« P*(K),
Wi = PH(K),
M = {p € L*(OK) : pi|. € P*(e) for each edge of K}.

It turns out that, when d > 0, the lifting operators induce a natural orthogonal
decomposition of the local space V', namely,

VET=V8 @ Vg,
where
Ve ={veVF :v-n, =0 on each edge e of K},
Vi ={ve Vi :(v,q)=0 forall g € V1.
and

1
(('Ul,'UQ)):/ C’Ul"UQdI—l—/ —V"U1V"U2d$.
K Kd

Indeed, the following result states that the local space V¢ is nothing but the image
of the lifting operator m — g} ..

Lemma 4.3. Assume that d(x) is a positive constant on an element K € T}, and
let {mi}fiklﬂ) be a basis of Mi". Then, {q;,. fiklﬂ) is a basis of V.

Proof. By (2.10), we have for any m € M ",

1
(43) U‘E:Fm = _av ’ q?:m'
Substituting this expression for uj" into (2.9), we see that (2.9) can be rewritten
as follows:
(a o) =~ > [ miolds.
eCOK V€

AS a consequence
RT }3(k+1) c VIJ(_

h,m; Ji=1
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Since the dimension of V¢ is 3(k + 1), it only remains to show that the elements
of the set {gj",. 3(k+ )
«; such that

are linearly independent. So, assume that there are scalars

3(k+1)

Z O‘thmZZ

By the linearity of the lifting, th1s 1mphes that qh7m =0, where

3(k+1)

E a; Mg,
i=1

But since, by (4.3),

1
ZTm = _av ! q?L:Fm =0,

we have that both the liftings g, and u}’, are zero. Consequently, m = 0. Since

{m }B(kﬂ) is a basis for M}", it follows that a; =0 for all ¢ = 1,...,3(k+1). This
completes the proof. O

Now, we use the above result to show that the lifting uy’, is not always a
polynomial of degree at most k£ — 1 on all the elements of the trlangulation.

Lemma 4.4. Assume that c¢(x) is constant on an element K € Tp,. Also assume
that d(x) is a positive constant on K. Then there is a function m € ME" such that

upt #£0 on K.
Proof. Since, by (4.3),

Usz = V ‘Ih m»
an application of Lemma 4.1 shows that ’Ru hm = 0 if and only if
(4.4) qi", € PH(K) x PF(K) for all me M

We claim that this is not possible for all m € MET. Indeed, if this were the
case, Vi C PF(K) x P¥(K). This implies that the orthogonal complement of
P*(K) x P*(K) in VE® with respect to the innerproduct (-, -), which we denote by
Wi, satisfies

(4.5) Wi C V.

However, as we shall now see, this implies that Wx = {0}, a contradiction.
In the orthogonality relation

/c¢-vdx+1/(v-¢)(v-v)dx=0, for all v € P*(K) x P*(K),
K d K

let us choose v = ¢~ TV for some n € P*+1(K) (where ¢~ denotes the inverse of
the transpose of ¢):

(4.6) /45 Vndz+d/(v )V -cT'Vn)dz = 0.

y (4.5), and integration by parts,

(4.7) /qu-Vndx—k/KnV-qbdx:/[mn(qb-n)ds:0.
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Subtracting (4.6) from (4.7) we have
1
(4.8) / (n — EV TNV - ¢)de =0, for all n € PFTYK).
K

Now we show that (4.8) implies that V - ¢ = 0. Choosing n € P'(K) in (4.8),
we conclude that V - ¢ is L?(K)-orthogonal to PY(K). For k > 2, if V- ¢ is
L?(K)-orthogonal to P*~!(K), then choosing € P*(K) we find that V - ¢ is
L?(K)-orthogonal to P¥(K) as well, because V - (c"TVn) € P*~2(K). Thus, by
induction, V - ¢ is zero.

It follows from V - ¢ = 0 that ¢ = 0: Indeed, any ¢ € W can be written as
o(x) = xpy, — Qi (xpr), where Qy, is the orthogonal projection onto P*(K) x P*(K)
in the (-, -}-innerproduct, and py, is a homogeneous polynomial of degree k. Therefore

0=V-¢=(k+2)py— V- Qr(xpr).
Since the latter term is in P*~!(K), we conclude that py = 0, so ¢ = 0. Thus, (4.4)

does not hold, and the lemma is proved. 0

The next result establishes an equivalent criterion for Statement («) of Theo-
rem 4.1 in terms of the liftings.

Lemma 4.5. Assume that d(x) is constant on every element of the mesh. Let
m € L2(0K). Then

ap," (m, m) = ag™(m, m),
if and only if
(1) anm=anw, onQ, and
(17) urt =ulPM, on all elements K € Tj, where d > 0.

Proof. Set J(m) = a;"(m,m) — ag”™(m, m). Since, by Theorem 2.1, we have, for
N € {RT7 BDM},

N N N N N
ah(m7 m) = / th,m : qh,m dx + / duh,m ’u’h,m d(E,
Q Q

a straightforward use of the identity a® — > = (a — b)? + 2b(a — b) allows us to
write J(m) = ©(m) + D(m), where

o(m) = / (@ — aB) - (q — @) do + / 4 (uf — uB)? d,
and
Dim) =2 [ calf (aff—aii) de+2 [ iy (v i)

We will now show that D(m) = 0. Consider the first term in the definition
of D(m). By (2.9),

BDM RT BDM _ RT BDM BDM BDM
/ th,m : (qh,m - qh,m ) dx _/ th,m ! qh,m dr — / cqh,m : qh,m dx
Q Q Q

_ RT BDM BDM
=— Z / (uhym — Up.m ) V- dh.m dx.
KeT, K
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Hence, using also (2.10), we have

BDM RT BDM _ RT BDM BDM
/ Cqdpm - (Qh,m —4pm ) dr = — E / (,Pkfluh,m —Upm ) V- dh,m dz
Q K
KeTy,

_ _/Q duBP (P yul, — ufoN) da.
Inserting this expression in the definition of I, we get
D(m) = 2/Q QP (ui, — Proyullhy ) da =0,

because d is constant on each element of the mesh. In other words, J(m) = ©(m).
This implies that J(m) = 0 if and only if ©(m) = 0. The lemma follows from the
definition of ©(m), and the fact that c(x) is positive definite. O

We are now ready to prove Theorem 4.2.

Proof of Theorem 4.2. Since there is at least one element K € 7; wherein d is a

positive constant, Lemma 4.4 asserts the existence of at least one function m € MzE"

for which Rujp”, # 0 on K. This implies that up’, # w7 on K. Therefore, by
BDM

Lemma 4.5, for any p € M}, such that p|lpx = m, we have ai" (i, 1) # ap™ (i, p).
Consequently, Statement («) of Theorem 4.1 does not hold. O

5. CONCLUDING REMARKS

The characterization theorem obtained in this paper for the hybridized Raviart-
Thomas method on triangular meshes, also holds for various other methods. For
example, it holds for the Raviart-Thomas method on simplicial meshes in any
space dimension, as well as on rectangular and cubic meshes. It also holds for the
hybridized versions of the mixed methods of Brezzi-Douglas-Marini [5, 6] on rectan-
gles, the method of Brezzi-Douglas-Durdn-Fortin [3] on tetrahedra and bricks, and
the method of Brezzi-Douglas-Fortin-Marini [4] on triangles, rectangles, tetrahedra
and bricks.

As a consequence, the matrix entries for the multipliers of all of the above men-
tioned methods can be computed as described in Section 3. Moreover, a result
similar to the comparison theorem (Theorem 4.1) holds for Raviart-Thomas and
Brezzi-Douglas-Marini methods on multidimensional simplices. However, when the
elements are rectangles or bricks, the subspace of divergence free members of the
Raviart-Thomas and Brezzi-Douglas-Marini spaces on an element are not identical.
Therefore, in general, we cannot expect an analogue of Theorem 4.1 to hold.

In a forthcoming paper, we show how to use the characterization result to obtain
error estimates for the multipliers without relying on error estimates on the other
variables, as it is customarily done. We also show how to use the characterization
theorem to devise preconditioners for the multiplier equation.
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prompted them to explore ways of characterizing stiffness matrices of mixed meth-
ods by using discontinuous test functions. This paper is the unexpected outcome
of such exploration.
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