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INCOMPRESSIBLE FINITE ELEMENTS VIA HYBRIDIZATION.
PART I: THE STOKES SYSTEM IN TWO SPACE DIMENSIONS

BERNARDO COCKBURN AND JAYADEEP GOPALAKRISHNAN

ABSTRACT. In this paper, we introduce a new and efficient way to compute exactly diver-
gence free velocity approximations for the Stokes equations in two space dimensions. We
begin by considering a mixed method that provides an exactly divergence-free approxima-
tion of the velocity and a continuous approximation of the vorticity. We then rewrite this
method solely in terms of the tangential fluid velocity and the pressure on mesh edges by
means of a new hybridization technique. This novel formulation bypasses the difficult task
of constructing an exactly divergence free basis for velocity approximations. Moreover, the
discrete system resulting from our method has fewer degrees of freedom than the original
mixed method since the pressure and the tangential velocity variables are defined just on
the mesh edges. Once these variables are computed, the velocity approximation satisfying
the incompressibility condition exactly, as well as the continuous numerical approximation
of the vorticity, can at once be obtained locally. Moreover, a discontinuous numerical ap-
proximation of the pressure within elements can also be obtained locally. We show how
to compute the matrix system for our tangential velocity—pressure formulation on general
meshes and present in full detail such computations for the lowest-order case of our method.

1. INTRODUCTION

In this paper, we introduce a new and efficient way to compute exactly divergence free
velocity approximations for the Stokes equations in two space dimensions. We proceed as
follows. First, we consider the mixed method for the Stokes equations studied in [11, 19]. This
method provides a continuous approximation for the vorticity and an exactly divergence-free
approximation of the velocity. Then we introduce a new hybridization technique that allows
us to reduce the original method to a mized method for the Lagrange multipliers arising
from the hybridization, namely, the tangential fluid velocity and the pressure along mesh
edges. This novel implementation of the method requires neither the introduction of stream
function variables (as in [11, 19]), nor the construction of a globally divergence-free finite
element basis. We thus avoid the difficulties in construction of a globally divergence free
basis as well as the increase in degrees of freedom that accompanies the introduction of
the stream function. Our new tangential velocity-pressure formulation has fewer degrees of
freedom as both the unknowns are only defined on mesh edges. Moreover, after solving for
these unknowns, the original exactly divergence-free numerical approximation of the fluid
velocity and the original continuous numerical approximation of the vorticity can be easily
computed in an element by element fashion. An approximation to the pressure inside the
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elements can also be computed in this way, a feature made possible by the hybridization
procedure.

Let us describe the hybridization technique we propose. Recall that the Stokes equations
couple the fluid velocity w and the pressure p by the equations

(1.1) —Au +gradp = f, on 2,
(1.2) divu =0, on 2,
(1.3) u=g, on OS2

Here, f € L*(Q)? and g € HY?(00Q)? are given data. For simplicity, we assume for that
Q) C R? is a (bounded connected) polygon. To define the mixed method, we introduce the
vorticity

w=curlu := %uy — (%ux, where  u = (ug,uy),
and rewrite the Stokes system as
(1.4) w—curlu =0 on €2,
(1.5) curlw + gradp = f on 2,
(1.6) divu =0, on 2,
(1.7) u-t=g, on 052,
(1.8) U-N =gy, on OS).

Here, g, = g - t and g, = g - n, where n denotes the outward unit normal on 02 and ¢ the
unit tangent vector on 0f2 oriented such that €2 is on the left as we move in the direction of
t along 0). Note that to obtain equation (1.5), we made use of the identity

—Awu = curl curlu — grad div u,

where
curl Oow  Ow
urlw = —,—— ).
oy’ Oz
To give a weak formulation of the above problem, define the spaces

W =HY(Q),

vV  ={ve H(div,Q) : divv = 0},

V() ={veV:v-n|sg=>}
for any b € H~"/2(09). The weak formulation seeks the pair of functions satisfying
(1.9) (w, 7)o — (u,curl7)g = (g¢, T)an forall T € W,
(1.10) (v,curlw)g = (f,v)q for all v € V(0).

Here, (-,-)q denotes the L?(2) (or L*(2)?) inner product. Note that since the velocity test
functions are taken in the space V(0), the pressure is no longer present in this variational
formulation. By classical existence results for the Stokes system, it is easy to show that there
is a unique solution for the above system of equations provided the compatibility condition

(1.11) (Gns L)oo =0
is satisfied. We assume throughout that (1.11) holds.
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Now the approximate solution is sought in the finite element subspaces of the above defined
spaces:

Wy, ={weW:wlkg € Popy(K) for all K € T},
Vi =1{veV:v|g € P(K)*for all K € T}.

Here T denotes a finite element triangulation of 2. Let V,(b) = V(b) N'V), and ¢, be the
L?(99Q)-orthogonal projection of the boundary data g,, onto the space

{vy - naq : vy € Vi }.
Then the discrete mixed formulation seeks (wy, us) in Wy, X Vi, (gn 5) satistying
(1.12) (W, T)a — (up, curl7)g = (g¢, T)oa for all 7 € W,
(1.13) (v, curlwy)g = (f,v)q for all v € V,(0).

We will tacitly assume throughout that the space V;(0) is not empty. A three dimensional
version of the above mixed discretization was studied in [11, 19] where the existence of a
unique solution is established. Note that this is a conforming method since

Wi, x V5, (0) € W x V(0) € HY(Q) x V.

This implies, in particular, that in order to implement the method in the above form, we
must face the difficult task of constructing bases for the finite dimensional space of globally
divergence-free velocities Vj(0).

The construction of exactly divergence free finite element basis has been a long standing
research question [13]. Basis functions for finite dimensional spaces of weakly divergence-free
functions were constructed in [14], [15], and [23]. However, this construction proved to be
extremely difficult to extend to spaces of polynomials of higher degree. Exactly divergence
free finite element spaces have been studied, but known results require the use of polynomials
of degree four or higher for the two dimensional case [18, 22] and no similar result exists
for the three-dimensional case. The difficulty of constructing exactly incompressible finite
element spaces was overcome in [11] by setting the divergence free spaces as the curl of
an appropriate space of stream functions. Unfortunately, the introduction of the stream
function increases degrees of freedom. In contrast, our approach to overcome this difficulty
via hybridization actually results in a reduction in degrees of freedom.

Recently, globally divergence-free approximations were devised by using discontinuous
Galerkin methods with polynomials of degree one or higher in the framework of the Navier-
Stokes equations [9]. To achieve this, the fact that the divergence-free condition is enforced
element by element is exploited to construct an element by element post-processing of the
discontinuous approximation which automatically results in an exactly divergence-free ve-
locity. A similar technique in the framework of discontinuous Galerkin methods for Darcy
flow was developed in [3]. Unfortunately, such approaches cannot be used for conforming
mixed methods since it relies on the fact that the discontinuous Galerkin methods enforce
the equations element by element.

The main idea of our procedure is to look for approximations in discrete spaces which have
no continuity constraints across mesh interfaces and introduce new sets of equations that
guarantee that the new approximation coincides with the original approximation (wp,wy,)
given by (1.12)—(1.13). This approach is inspired by hybridization techniques used in the
context of of mixed methods for second-order elliptic problems [1, 5, 8, 10]. We proceed in
two steps. The objective of the first step is to circumvent construction of divergence free
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finite element bases. Hence, in this step, we relax the continuity of the normal components
of the approximate velocity across inter-element boundaries and use a velocity space of
functions with no inter-element continuity. As a direct consequence, the pressure reappears
in the equations, but only on the edges if the approximate velocities are divergence-free
inside each element. Then, new equations are introduced to enforce the continuity of the
normal component of the velocity across inter-element boundaries. A similar hybridization
technique, but in the framework of discontinuous Galerkin methods for the Stokes problem,
is explored in [7].

The objective of the second step is the eventual elimination of both the original unknowns
(velocity and vorticity) from the equations. In order to do this, we must develop a new hy-
bridization technique for the vorticity. Such a hybridization is by far more involved than the
previous one since the vorticity is continuous across inter-element boundaries. Indeed, all the
previously known hybridization procedures relaxed continuity of spaces with edge (or face in
3D) degrees of freedom. Examples include hybridization techniques for the Raviart-Thomas
and BDM methods for scalar second-order elliptic problems which involve finite element
subspaces of H(div,2). Hybridization of the Morley element method for the biharmonic
problem [1] also involved such spaces with edge degrees of freedom. However, hybridization
techniques to relax continuity constraints of finite element subspaces of H!(Q) with vertex
degrees of freedom have remained unknown until now. While this may have led to a wide-
spread belief that methods using this type of spaces are not amenable to hybridization, in
this paper, we show otherwise. We show how one can approximate vorticity in a space of
functions which have no continuity conditions across element interfaces while imposing the
natural continuity properties of the vorticity as an equation of the method.

After the above mentioned hybridizations, we proceed to adapt the methodology intro-
duced in [8] to eliminate the vorticity and velocity from the hybridized method. This elim-
ination is by far not obvious, but is greatly facilitated by the fact that both the vorticity
and the velocity are in spaces of functions with no inter-element continuity and by the fact
that both the pressure and the tangential velocity are only defined on the mesh edges. This
allows us to express the vorticity and velocity in terms of the pressure and tangential veloc-
ity. Then, we show how to characterize these Lagrange multipliers as the only solution of a
new mixed method. We view this method as a “tangential velocity-pressure discretization”
for the Stokes equation wherein the unknowns are all on the mesh edges.

Notice that since the unknowns are defined only on the edges, this system is smaller than
the original one. Moreover, once the Lagrange multipliers are obtained, vorticity and velocity
approximations can be obtained by local element by element computations. An interesting
feature of our mixed method for the Lagrange multipliers is that it is possible to further
eliminate the pressure Lagrange multiplier and form one Schur complement equation for
the tangential velocity Lagrange multiplier. This equation can be easily solved using well
established iterative techniques for symmetric positive definite systems.

We should note that ours is not the first paper to give hybridized methods for the Stokes
problem. A hybrid formulation involving deviatoric stresses, hydrostatic pressure, and ve-
locity was given in [6, 24]. Note also that some domain decomposition methods result from
hybridization performed at the subdomain level. For example, in [4], the method gives rise
to an indefinite system for the velocity nodes on the subdomain boundaries and the mean
values of the pressure on the subdomains. However, none of the above mentioned methods
provide incompressible velocities.
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o

FIGURE 1. Notation for elements, normals, and tangents near an edge e.

The paper is organized as follows. In Section 2, we give a detailed description of the
hybridization of the original conforming mixed method. The resulting method is written
as a method for the two original variables and two additional Lagrange multipliers. Then,
in Section 3, we show how to eliminate the former two variables from the equations and
characterize the Lagrange multipliers alone as the unique solution of a mixed method. This
characterization (Theorem 3.1) is an extension to the Stokes system of what was done for
hybridized mixed methods for second-order elliptic problems in [8] and is one of our main
results. In Section 4, we construct the bases for the Lagrange multipliers and in Section 5,
we discuss some key implementation aspects of the method. These include the construction
of the Schur complement matrix for the tangential velocity and the detailed computation of
the matrices of the method for the lowest order case. Section 6 concludes the paper.

2. THE HYBRIDIZED MIXED METHOD

In this section, we present the hybridization of the mixed method in full detail as described
in the introduction. Let us emphasize once again that this is carried out in two steps. The
objective of the first is to avoid having to construct finite dimensional spaces of divergence-
free velocities. The objective of the second is the eventual elimination of the original variables
from the equations. Note that the actual elimination is not carried out until Section 3.

2.1. First hybridization: Introduction of pressure on the mesh edges. We begin
by relaxing the continuity of the normal component of the approximate velocity w; across
inter-element boundaries. Thus, instead of seeking velocity approximations in the space V,
we seek approximations in the space

Vi = {v :v|g € P.(K)? and div(v|g) = 0 for all K € T}.

This forces us to weakly impose (1.5) in a different way. Indeed, if we multiply (1.5) by a
test function v, € V}, and integrate over the element K, we obtain

(curlw,v)k + (grad p,vy)x = (f, vn)k,
and hence,
(curlw,vp)x + (p,vn -M)ok = (f,vn)k.
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Replacing w and p by their respective approximations, wy and p,, and adding over the
elements of the triangulation, we obtain one equation of the method:

(’Uh, curlwh)Q + Z(ph, [[’l)h . ’I’L]])e = (f, ’Uh)Q for all vy € Vh.

ecé

Here, we are using the following notation: For v € V}, the jump of the normal component of
v across inter-element boundaries, denoted by [v - n], is defined on the set € of all edges of
the triangulation T as follows. On every interior edge e in € shared by two mesh triangles

K and K_ we define

[v-n].=v -nl+v, n_,

where n} and n_ denote the outward unit normals on the boundaries of K and K,

respectively (see Figure 1) and vF(z) = lim. ov(z — enF). On edges e C 99, we set

[v-n]. =v|sq-n. By [v-n] (without any subscript) we mean the function that is defined
on the union of all edges in € and equals [v - n]. on each edge e € €.

Now, in accordance with the hybridization paradigm, we impose the continuity of the

normal component of the velocity u; across inter-element boundaries through the equation
> (g, [wn - nl)e = (gn, n)on  for all g, € Py,
eck

where P, is defined naturally by
(2.1) P, ={p:p= [v-n] for some v € V,,}.

Notice that in the above equation, we are also incorporating the boundary condition on the
normal component of the velocity.

Thus, after the first hybridization of the mixed method, we are seeking an approximation
(Wh, wp, pr) € Wy, x V), X Py, satisfying

(22) (u}h,Th)Q—(’U,h, curl Th)Q = (gt, Th)aQ for all Th € Wh,
(2.3) (vn, curlwy)o+Y (pn, [vn-n])e = (f,vn)o  forall v, €V,
ecé
(2.4) > (g, [wn - nl)e = (gn, qn)on  for all g, € P,
ecé

Note that although the original mixed method (1.12)—(1.13) did not involve the pressure
variable, the pressure reappears upon hybridization, but only along the mesh edges. We
shall call py, the “pressure Lagrange multiplier”. The above discrete formulation has a unique
solution, as we show next.

Proposition 2.1. There is a unique solution (wp, wp, pr) € Wy, x Vi, X Py, for the hybridized
mized method (2.2)—(2.4) and the solution components wy, and uy, are the same as the solution
of (1.12)—(1.13).

Proof. We show that if g,,g;, and f are equal to zero, then wy,uy,, and p;, are also zero.
First, (2.4) implies uy, € V(0). Moreover, (2.2)—(2.3) implies that w, and w;, satisfy (1.12)-
(1.13) with zero data. By uniqueness of solutions of (1.12)—(1.13), we find that w; = 0
and u, = 0. This together with (2.3) implies that pj, is zero. Hence there is a unique
solution for (2.2)—(2.4). It is easy to see that if wy, and w;, satisfy (2.2)—(2.4), then they also
satisfy (1.12)—(1.13), hence the equivalence of both the problems. O
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Before proceeding to describe the second hybridization, let us point out that this first
hybridization allows us to recover an approximation for the pressure inside the elements in
an element by element fashion. To define such an approximation, we follow a technique
of [7]. We define the pressure 7, on the triangle K as the element of P,(K) such that

(2.5) —(mp,dive)g = (f,v)g — (curlwy, v)x — (v -1, pp)ok,

for all v in Py(K)? + x P,(K), where n denotes the outward unit normal to K. That
Equation (2.5) uniquely defines 7, follows from two facts:
(i) div: Pu(K)? + o Py(K) — P.(K) is a surjection;
(ii) If diveo = 0 for a v in Py(K)? + x Py(K), then v € Py(K)? and the right hand side
of the above equation is zero by the definition of the hybridized method.

The idea of recovering pressure approximations a posteriori as in (2.5) from approximations
of other variables is old (see e.g. [14]), but because hybridization provides p;,, we are able to
compute 7y, locally in our case. Thus our method can simultaneously provide approximations
to the wvelocity, vorticity and pressure.

2.2. Second hybridization: Introduction of the tangential velocity variable. Now
we relax the continuity of the approximate vorticity wj, across mesh edges in the interior of
the domain. Thus, instead of considering continuous approximations in the space Wy, we
formulate a method using the space

Wy =A{w: w|g € Pry1(K) for all K € T}.

This forces us to weakly impose the equation (1.4) in a different way. Indeed, if we multiply
that equation by a test function 7, € W), and integrate over the element K, we obtain

(W, )k — (w,curl ) g — (u-t, 7)o =0,
where t denotes the unit tangent vector along 0K oriented as in Figure 1. Here and elsewhere,
we do not explicitly indicate the dependence of ¢ on the underlying boundary (such as 0K
above) to simplify notation. Denoting the tangential component of the velocity w on the
inter-element boundaries by

A= (u-t)t,

we can rewrite the above equation as

(w, Th)K — ('u,, curl Th)K — ()\, Tht)a]( = 0.

Next, replacing w, w and A by their respective approximations wy, u;, and X\, we obtain,
after adding over the elements K of the triangulation,

(2.6) (wn, ) — (wp,curl o — Y (An, [mntle)e = (g6, Th)oe.
ec\09)

Here, the “tangential jump” of 7 across inter-element boundaries, [rt], is defined as follows.
For every interior edge e € & shared by triangles K and K, let

[rt]le =it + 1t

where, as before, 75 (z) = lim o 7(x—en), and t* and £~ are unit tangent vectors along the
boundaries of K and K, respectively, oriented in accordance with our previous notation:

unit tangent vectors along the boundary of a domain are given the orientation that leaves
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the domain on its left (see Figure 1). Hence t* = —t~ on e. It is convenient to adopt the
convention that the jump [7t] on the boundary of Q vanishes:

[Tt]. =0 for edges e C OS2

By [rt] (without any subscript), we mean the function defined on the union of all edges in
€ that equals [7t]. on each edge e € €. With these conventions, we can now write (2.6) as

(Wh, Th)a — (up, curl m,)q — Z()\m [71t])e = (g1, Th)o0-
ecé

Now, proceeding as in the first hybridization, we impose the continuity of the vorticity by
using the equation

(2.7) > (wy, [wnt])e =0 forall p, € My,
ecé

where the space M, is given by
My, = {p: p = [rt] for some 7 € Wj}.

The above choice is dictated by the fact that a function w € W}, is continuous if and only if
[wt] = 0. Clearly, if wy, satisfies (2.7), then it belongs to the space W, C H' ().

Summarizing our considerations so far, the hybridized mixed method gives an approxima-
tion (wp, wp, An, pn) € Wi X Vi, X My, X Py, defined by

(2.8) (wn, h)e — (wn, curlmy)o — Y (A, [Tt])e = (g1, h)on,
ecé
(2.9) (v, curlwy)q + Z(ph, [vn-n])e = (f,vn)a,
ecé
(2.10) Z(Qiu [un - n])e = (gn, qn) o0,
ecé

(2.11) S (s ont]). = 0,

ecé
for all 7, € Wy, vy, € Vi, qn € Py, py, € My,. By arguments similar to those used in the proofs
of Proposition 2.1, it is easy to prove the following result:

Proposition 2.2. There is a unique solution (wp, Wp, Ap,pr) € Wi, X Vi, x My, x Py, for the
hybridized mized method (2.8)—(2.11) and the solution components wy, and wy, satisfy (1.12)—
(1.13).

At this point, the number of unknowns of our method seem to have proliferated and it is
far from evident that the hybridizations we just described has any advantage at all. However,
in the next section we show that the structure of this hybridized method allows us to easily
eliminate the velocity w, and the vorticity wy from the above equations.

3. A CHARACTERIZATION OF THE LAGRANGE MULTIPLIERS

In this section, we eliminate the velocity and vorticity unknowns from the equations of
the previously given hybridized mixed method using the methodology developed in [8]. As
a result, we obtain a characterization of the tangential velocity and pressure Lagrange mul-
tipliers.
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3.1. The main result. We begin by defining local maps that lift functions defined on
the boundary of the elements of the triangulation into functions on the domain 2: Define
(w(A), u(X)) € Wy x Vj, and (w(p),u(p)) € Wi X Vj, by

(3.1) (wA), T)g — (w(N), curl 7)) g = (A, 7t) sk, for all 7 € Wy,
(3.2) (v,curl w(A))g =0, for all v € Vj,
(3.3) (w(p), )k — (u(p), curlT)K =0, for all T € Wy,
(3.4) (v, curl w(p)) g = —(p,v - Nn)sx, for all v € V.

In addition it is convenient to define the local mappings (w(g;),u(g;)) and (w(f),u(f)) in
Wy, x V4, as follows:

(3.5) (w(g), )k — (u(gy), curl 7) g = (g4, T)ornon, for all 7 € Wy,
(3.6) (v, curl w(g:))k =0, for all v € V,

(3.7) (W(f), ")k — (u(f),curlt)x =0, for all T € W),
(3.8) (v,curl w(f))x = (f,v)k, for all v € V.

Note that all the four pairs of local maps above are given as solutions of a single mixed
problem, but with different right hand sides. That all the four maps are well defined follows
from the unique solvability of the mixed problem (which is the original mixed problem
restricted to one element). Although all four maps use the same mixed problem, we have
chosen to explicitly distinguish each of them so as to delineate the dependence of the final
solution on the data components and the Lagrange multipliers.

The main result of this section characterizes the Lagrange multipliers as the unique solution
of a variational equation involving the bilinear forms,

(3.9) a(A, p) = (w(X), w(p))e,

(3.10) b(p,p) = = D (u(p), curl w(p)),
KeT

(3.11) c(p,q) = (w(p), w(q))ea,

and the linear functionals

(3.12) G(p) = (. ulp))a — (g w(p))oo,

(3.13) la(q) = (f,w(q))e + (gn, Doa — (g1, w(q)) o0

Theorem 3.1. The Lagrange multiplier (An, pr) € MpXx Py, of the hybridized mized method (2.8)—
(2.11) is the unique solution of

(B.14) () + bl o) = (), for all p € My and
(3.15) b(An, q) — c(pr,q) = la(q), for all g € P,

Moreover, the solution components wy, and wy, of the hybridized mized method (2.8)—(2.11)
can be determined locally as follows:

(3.16) wp, = w(Ap) +w(pn) +w(ge) +w(f),
(3.17) up, = u(Ag) +u(py) + u(g:) +u(f).
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3.2. Proof. To prove the above result, we follow the approach introduced in [8]. Accordingly,
the first step will be to use the local maps to rewrite the first two equations of the hybridized
method, namely (2.8) and (2.9). This will yield (3.16) and (3.17). Next, the two remaining
equations of the hybridized method, namely (2.10) and (2.11), will be used to characterize
the pressure and tangential velocity Lagrange multipliers of the method. In order to carry
out these steps, we need to obtain a few identities involving the local mappings. This is
done in the first lemma below. Then, in a second lemma, we show how to rewrite the
equations (2.10) and (2.11) solely in terms of the multipliers. In this way, we eliminate
the vorticity and velocity and at the same time obtain a variational characterization of the
Lagrange multipliers. Let us now state and prove the lemmas.

Lemma 3.1 (Elementary identities). On any mesh element K € T, for any A € My, p €
My, p € Py, and q € Pp,, we have the following orthogonality properties for the local vorticity
maps:

(3.18) (w(A),w(p))k =0,

(3.19) (w(X), w(f))x =0,

(3.20) (w(ge), w(p))x =0,

(3.21) (w(ge),w(f))x = 0.

Moreover, we have the following identities for the bilinear forms a, b and c:
(322)  axm) = @A) w(p)e = A w(p)t)x,

(3.23) br (A, p) == —(u(X),curl w(p))x = (w(X) - n,p)ox = (X, w(p)t)sx,
(3.24) ck(pq) = (w(p),w(q))k = —(¢, u(p) - m)ox.

Finally, we have the following identities related to the linear forms €1 and ly:
(3.25) (F,u(i) i = —(W(F)E, o

(3.26) (w(p), ge)arnon = (B w(ge) t)ox,

(3.27) (f, u(@)x = —(u(f) - n, q)ox,

(3.28) (w(q), 9)oxnon = (¢ u(g) - m)ox-

Proof. Let us begin by proving the orthogonality identities. Equation (3.18) is obtained
by setting 7 = w(A) in (3.3) and using (3.2). The proof of (3.19) is analogous. The
equations (3.20) and (3.21) follow from similar arguments, as the equations defining the
liftings of ¢g; and A have the same structure.

Next, let us prove the identities associated with the bilinear forms a(-, -), b(-,-) and ¢(-, ).
The equation (3.22) is obtained follows. Setting 7 = w(pu) in the definition of the lift-
ings (3.1), we get

(w(A), w(p))k = (w(X), curl w(p))k + (A, w(p) t)ox
= ()‘7 ’LU(/,I,) t>3K7
by (3.2) with A = g and v = u(A). Let us prove (3.23). Taking v = u(A) in (3.4), we get
(w(A) -, plox = —(u(A), curl w(p))x
(p) t)ox — (W(A),w(p))k by (3.1) with 7 = w(p),
(p)t)
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by the orthogonality property (3.18). Now let us prove (3.24). We have, by (3.3) with
T =w(q),

(w(p),w(q))x = (u(p), curl w(q))x
—(q,u(p) - n)ax,

by (3.4) with p = ¢ and v = u(p).
Finally, let us consider the last set of identities. We first prove (3.25). Setting v = u(u)
n (3.8), we get

(f u(p)k = (u(p), curl w(f))x
= (w(p), w(f))x = (,w(f) t)ox

by (3.1) with A = p and 7 = w(f). The desired equation follows by using the already
established orthogonality property (3.19). Next, let us prove equation (3.26). Setting 7 =
w(p) in (3.5) and then using (3.2), we get

(96, w(p))axroa = (w(p), w(g:))x
= (1, w(ge)t)ox + (u(p), curl (w(g:)))x,

by (3.1) with A = p and 7 = w(g:). The equation (3.26) follows from (3.6). Equation (3.27)
is obtained as follows:

(f,w(@))x = (u(q), curl w(f))x by (

= (w(q), w(f))x by (
(u(f),curl w(q))x by (3.7) with 7 = w(q),

= —(g,u(f))x),

by (3.4) with p = ¢ and v = u(f). Finally, let us prove equation (3.28). By (3.5) with
T =w(q), we have

(W(Q),gt)axuaa = (w(g:), w(q))x — (u(gs), curl w(q))k,
—(u(gy), curl w(q))x, by (3.20),

);
(q, u(ge) - m)ox
by (3.4) with p = ¢ and v = u(g;). This completes the proof. O

Lemma 3.2 (The jump conditions). For arbitrary A € My, and p € Py, set

Gp? = w(X) +w(p) + w(g) +w(f),
up” = u(X) + u(p) +ulg) +u(f).
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Let (wn, wp, A, pr) be the unique solution of (2.8)—(2.11). Then the following statements are
equivalent:

A. For all p € My, and q € Py,
Z(“? [[@i?mt]])e = 07 and Z(Q> [[,a}}l\,p : n]])e = (gna Q)ﬁﬂ-

eel eel

~, ~2A,
B. Oy =w, and upy? = up,.

Q

A=A, and p = py.
D. a(A, ) +b(p,p) = Ci(w), for all p € My, and
b(A,q) = c(p,q) = la(q), for all g € P

Proof. A — B : By adding the equations defining (w(X), w(X)), (w(p),w(p)), (w(f),u(f)),
and (w(g,),u(g,)), we find that T" and )" satisfy the first two equations of our hybridized
mixed method, i.e.,

@07, mh)a — (@, curlm)o = Y (A, [mat])e = (91, 7)o0,
ect

(vp, curl 5P)q + Z(p, [vi - n])e = (f,vn)a,

eel

for all 7, € W), and v, € V. Since Statement A holds, they also satisfy the remaining
equations of the method. By uniqueness of solutions of the hybridized mixed method (as
given by Proposition 2.2) we get Statement B.

B = (C: By linear superposition,

(3.29) wp = w(Ay) +w(pn) +w(g:) +w(f),
(3.30) wp, = w(Ap) +u(py) + u(ge) +u(f).

Comparing with the definitions of &Z"p and 'E,,)L"p , we find that Statement B implies

(3.31) w(An) +w(pn) = w(A) +w(p),
(3.32) w(An) +u(pn) = w(A) +u(p).

In particular,
w(Ap, — A) +w(p, —p) =0.

Since the two terms on the left hand side above are L?({2)-orthogonal by (3.18), they both
must vanish. Moreover, by the definition of u(-) (see (3.3)), w(A, — A) = 0 implies

(w(pp —p),curlT)g =0, forall K € T, 7€ W,
Hence u(p, — p) = 0. By (3.32) we also get u(A, — A) = 0. Thus,
WA, —A) =w(pr,—p) =0, uA,—A)=u(p,—p) =0,

so A, —A=0and p, —p=0.
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C = D: We know by (3.29)—(3.30) and the last two equations of the hybridized mixed
method, that

O :=> " (1, [(wAn) +wlpn) +w(f) +w(g))t]), =0,

ecé
U= (g [(w() +u(ps) + u(f) +ulg) -n]), = (9 Q)oa = 0.
ecé
Hence, it suffices to show that
(3.33) © =a(A, p) +b(p,p) — li(p),
(3.34) W =b(A, q) — c(p,q) — a(q).
To do this, let us split © =: 0; + 65 + 05 + 0,4, where
b= 3 (. [w(NIE), = (w(A), () by (3.22)
ecé
b2 =) (1 [wp)t]), = = D (u(w), curl w(p)x by (3.23),
ect KeT
93 = Z (N? [[W(f)t]])e = _(fau(u’))fl by (325>7
eck
Os:= (1. [w(gnt]), = (9, w(p))oo by (3.26).
ect
Hence

6)1 = (I()\, M) by (39)a
93 + ‘94 = —El(u) by (312)

This proves (3.33).
To prove (3.34), we split ¥ =: 9 + 1y + 13 + 14 + 15 where

Y= (a0 [u) ), == (uX),curl w(g)x by (3.23),

ecé KeT

o= (g, [ulp)-n]), = —(w(p), w(q))a by (3.24),
ecé

Uz =) (g, [u(f)-nl), = —(f,u(9)a by (3.27),
ecé

Yai= ) (g, [ulg:) - n]), = (9:,w(9))on by (3.28),
ecé

Vs == —(gn, @)oq-
Hence
1 = b(X, Q) by (3.10),
e = —c(p,q) by (3.11),
Y3+ by + s = —La(p), by (3.13).
Adding the above equations we obtain (3.34).
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D = A: If Statement D holds, then, by the previous step, we have

37 (b [(wX) +w(p) +w(f) +w(g))t]), =0,

37 (@ [(u) +u(p) + u(f) +ulg) - nl), = (90, 0)on,
which is Statement A. |

Proof of Theorem 3.1. The proof of the theorem is immediate from the previous lemmas:
The first assertion of the theorem follows from the equivalence of Statements C' and D of
Lemma 3.2. The second follows from the first by linear superposition. Thus Theorem 3.1 is
proved. [l

4. LOCAL BASES FOR LAGRANGE MULTIPLIERS

For the hybridized method to be of practical use, it is imperative that we develop com-
putable bases of locally supported functions for the multiplier spaces Pj, and Mj,.

4.1. The pressure space. We begin with a characterization of the space of pressure La-
grange multipliers arising from the first hybridization.

Proposition 4.1. The space P, defined in (2.1) is characterized by

P, = {p : ple € Py(e) for alle € € and z:(p7 1), = 0} )

ecé

Proof. Let @)}, denote the set in the right hand side above. To show that P, C )}, consider
any v, € V,, and let p,, = [v, - n]. Then [vy, - n]. € Pi(e) and

Z(ph’ 1)@ ds = Z(vh ' n, 1)6[( = Z(diV Vhp, 1)[{ = 0.

ecé KeT KeT
Hence P, C Q. ~
To show the reverse inclusion, consider any p;, € Q. Then there is a function v, € V}, :=
{r:r|x = zpr(x) + gq,, for some p; € P,(K) and q, € P(K)?}, such that
[vy - n)e =pule forallee .

Note that div(v,|x) is not zero in general. Let S, be the space of functions whose average
on € is zero and whose restriction to each mesh element K € T is in Pj(K). The function
sp(x) defined by
Sh|K = le(%h‘K) for all K € ‘I,
is in S}, because py, is in Qp:
(sn: Do =Y (divey, 1) =Y (0n-n,1)=> (pn,1)e = 0.
KeT KeT et
Now, the space Vh N Ho(div, ) is a standard Raviart-Thomas space, and by its well known
properties, div : Vj, N Hy(div, Q) — S}, is a surjection. Hence, there is a z; € Vj, N Hy(div, )
such that
div Zp = Sp-
Then v, = v, — 23 is in V}, and vy, - n]. = [vy - n]e = pple. Hence @y C P O
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In view of Proposition 4.1, the function ¢, belongs to the space P, if and only if it belongs
to
P, ={p:pl. € Py(e) for all e € &}

and satisfies

(41) Z(qh’ 1)6 = 0.

ecé

Thus we only need to construct a local basis for P, and then enforce the last equation.
Obviously, we can construct a basis for P, by taking the union of local bases for Py(e), say
Legendre polynomials, on every edge e € €. In practice, the constraint (4.1) can be handled
a postertori in a very simple way, as shown in Section 5.

4.2. The lowest order tangential velocity space. In the remainder of this section, we
construct a local basis for the space M) of tangential velocity Lagrange multipliers. In this
subsection, we study the lowest order case. In the next, we show how our considerations
here generalize to the higher order case.

In order to explicitly give a local basis for M}, we introduce some more notation. Let K
be a mesh triangle and x be one of its vertices. We denote by A, x the union of the two
edges of K that are connected to the vertex x. Let

Ay, = {Ask : xis avertex of T and K € T}.

For all A € Ay, we denote by K, the (unique) triangle K € T such that A C 0K, and by
x4 the common vertex of A and K,. Let ¢, denote the function (that is discontinuous, in
general) which vanishes on all K € T except on K, where it equals the linear function that
is one on x4 and zero on the remaining two vertices of K. We define a basis for M), using
the functions

Y= [oat].
Obviously 1, € My, but not all of ¢4, A € Ay, are linearly independent, e.g., the functions
1 4 for all A connected to one vertex are linked by one equation. Therefore, for every mesh

vertex = (including z € 0L2), we arbitrarily pick one element A € Ay, with vertex z,4 = ,
denote it by V, (see Figure 2), and “omit” it: Define

A = Ay \ {V, : for all mesh vertices }.

Proposition 4.2. The set B = {1, : A € Ay} is a basis for My when k = 0.

Proof. Obviously the span of B is contained in M. Hence it suffices to prove that

(4.2) card B = dim M,, and
(4.3) B is a linearly independent set.

To prove (4.2), let us first count the dimension of M. Defining T}, : W}, — M, by
Ty = [rt],

we note that M, is the range of T},. Since the null space of T}, is Wy, by the rank-nullity
theorem, we find that

(4.4) dim(M},) = rank(7},) = dim(W},) — dim(Wp,).
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F1GURE 2. Construction of basis functions supported near a mesh vertex x

In the lowest order case, this easily gives
dlIIl(Mh) = 37’LK — Ny,

where ng and ny are the number of triangles and vertices of the mesh, respectively. Now,
since

card B = card A;, = card /ih —ny = 3ng — ny,

we immediately see that (4.2) holds.
To prove (4.3), let @ be any linear combination of the basis elements:

(4.5) p=> capy.

A€y

Then, consider ply, for any mesh vertex z (including x € 09). Enumerate all A € A,
with vertex z as AL, A2 ... AN+ and all edges in € connected to x as B}, E? ... EY*T! as in
Figure 2. The enumerations are such that the two edges of A7 are E7 and EJT!. Let u be the
function defined on E! that equals the magnitude of p|gi. Observe that the limit of p(y)
as y approaches x along the edge E} is |c|. Similarly, the limit of )= (y) as y approaches
x along the edge EY**! is |c ~.|. Also note that the limit of y/(y) as y approaches = along
the edge EJ is |cyy — ¢y, forall j =2,3,... N, — 1.

Now suppose p = 0. We have to show that all the coefficients ¢, in (4.5) are zero. Since
p vanishes everywhere, in particular, for a mesh vertex x, the function p/ (y) vanish on the
edge FJ. Hence its limit as y approaches z along the edge EJ equals zero. Thus,

easl = leggl =0, and

ey — cpg1| =0, forall j =2,...,N, — 1.

This implies that ¢ 2 =0 for all j. The above argument applies to every mesh vertex, so all
the coefficients ¢, in (4.5) are zero. Hence (4.3) follows. O
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4.3. Basis for the space of tangential velocities. By augmenting the basis B for the

lowest order case constructed above with some locally supported functions, it is possible to

construct a basis for M}, of any order. Define BFD t0 be any basis for the set of polynomials

on edge e of degree at most k + 1 that vanishes at both endpoints of e. Let £y denote the
set of all interior edges of the mesh J. Then we have the following result.

Theorem 4.1. The set

:B(k—i-l) _ ( U :ng—i-l)) UB

ecop

s a basis for Mj,.

Proof. Tt is easy to see that each element of B can be written as [¢t] for some ¢ € W,.
Hence the span of B*+Y is contained in M. As in the proof of Proposition 4.2, it now
suffices to prove that

(4.6) card BEHD = dim(M,,),

and that B*+Y is a linearly independent set. Since functions in BF Y vanish at endpoints
of their edge of support, by a minor modification of the arguments in the proof of Proposi-
tion 4.2, the linear independence of B*+Y follows.

To prove (4.6), observe that card B — dim(Py41(e)) —2 = k. Since
card &g = 3ng — ng,
where ng denotes the number of all edges of T (including boundary edges), we have

card B*TD = card B + Z card BlF+D

e€€o
= (37’LK — nv) + (3’”[{ — nE)k:
(47) = 3’/7,]((]{7 + 1) —ny — /{Z’I’LE

Now, let us show that this equals dim(My,). Since, by (4.4), dim(M) = dim(W};) —
dim(Wp,), we need to compute the dimension of the spaces Wj, and W;. The number of
degrees of freedom of W), can be computed by splitting them into vertex degrees of freedom
(one per vertex), edge degrees of freedom (k per edge), and interior degrees of freedom
(dim(P*2) per triangle):

Now, since
. 1 1
dim(W) = nKﬁ(k +2)(k+3) =ng (3(k +1)+ i(k - 1)1{:),

the dimension of M), can immediately seen to be equal to card B*+Y) as calculated in (4.7).
Hence (4.6) follows. O



18 BERNARDO COCKBURN AND JAYADEEP GOPALAKRISHNAN

5. SOME IMPLEMENTATION ASPECTS

In this section, we first point out some general issues in implementing the Lagrange mul-
tiplier system. Afterward we specialize to a detailed discussion of the lowest order case. We
exhibit explicit expressions for all the local mappings in the lowest order case. We also show
how traditional finite element ideas such as matrix assembly through local element stiffness
matrices apply for the Lagrange multiplier system provided the local matrices are properly
defined.

5.1. The matrix equations. In order to solve for A, and p;, satisfying (3.14)—(3.15), we
use the previously introduced local basis. Let 9@, i = 1,2,..., Ny be an enumeration of
the basis for M), introduced in Section 4. Let p), I = 1,2,..., Np denote any basis for P,
with the property that a basis function is supported on just one edge. With respect to these
bases, let A, B, and C denote the matrices associated to the bilinear forms a(-,-), b(-,-) and
(-, -), respectively:

Ay = (w(p), w(p™))q,
By = —(curl w(p!), u(yp?))q,

Cim = (w(p™), w(p®))o.
Then the Lagrange multiplier system (3.14)—(3.15) takes the following matrix form:

(5.1) [QEHMZE]

Here the A and P are vectors of coefficients of A, and pj, respectively, i.e.,

Ny Np
A=) N and py=3) Pip¥
i=1 =1

Notice that we have used a basis for the space ﬁh and not one for the space P,. In view
of Proposition 4.1, we therefore anticipate the pressure to be given only up to a constant.
This, of course, reflects the fact that the pressure in the Stokes system is also defined up to
a constant.

To clarify how one can deal with this in practical implementations, let us examine the null

space of
A B!
—
If M[A] =0, then
(5.2) a(Ap, ) + (e, pr) =0 for all p € M;, and
(5.3) b(An,q) — c(pn,q) =0 for all ¢ € Py

Now, an immediate consequence of the definition of the liftings is that for any constant
function x € P,

(5.4) w(k) =0 and u(k)=0.

Any q € P, can be decomposed as ¢ = ¢ + ¢ where ¢ € P, and ¢ is a constant function (g
equals the global mean of ¢). Decomposing both p, and ¢ this way in (5.2)—(5.3), we find
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that

a(Ap, ) +b(pe,pp) =0 for all u € M, and
b(Aha q°) - C(ﬁha qo) =0 for all qo S Ph-

By the unique solvability of (3.14)—(3.15) asserted by Theorem 3.1, we conclude that both
Ap and py, vanish. Thus, M [f] = 0 if and only if A, = 0 and pj, equals a constant function.
The null space of M is therefore equal to the span of [PP} where 1p denotes the vector of

coefficients of k = 1 € P,. Note that if b denotes the vector [t;] on the right hand side
of (5.1), then by (5.4),

b . [PP} = 61(0) +£2(H) = 0

Thus (5.1) has a solution, and if [ 5] is a solution, then all solutions are of the form [ ]+a [ {, ]
for some a € R.

To compute one solution to (5.1), one can now apply variations of standard techniques.
For example, if one uses a Krylov space iteration such as MINRES for solving (5.1), then
the n-th iterate x,, is in xg + span{rg, Mrg, M?ry, ..., M"Irg}, where ry = b — Mx and x
is the initial iterate. Since [{,] - (Mirg) = 0 for all j > 0, if the initial iterate xo satisfies
X * [ﬂ] = 0, then all further iterates x,, satisfy x, - [PP} = 0. Hence by adjusting the final
pressure iterate by a scalar multiple of 1p, we can obtain the pressure Lagrange multiplier of
zero mean. If one uses a direct solver instead, one can convert (5.1) to an invertible system
by simply deleting the row and column of M corresponding to one fixed pressure degree of
freedom.

5.2. The Schur complement matrix for the tangential velocity. Many standard stable
choices of mixed finite elements for Stokes equations result in a velocity-pressure discretiza-
tion of the form (5.1). There is often a preference for solving the discrete system using a
positive definite Schur complement system obtained by eliminating the velocity variable (the
Schur complement matrix being C + BA™!B!), because iterative solvers for positive definite
systems are well developed. However, this is not feasible for our method, because in contrast
to the standard methods, our matrix A in (5.1) is not invertible in general.

But we can obtain an alternate Schur complement system for our discretization by utilizing
a feature of our method that is usually not found in standard methods for Stokes equations,
namely the invertibility of the other diagonal block (C) on a subspace. More precisely, we
have the following result.

Proposition 5.1. For any q;, € P, c(qn, qn) = 0 if and only if qy, is constant.

Proof. 1t is obvious from (5.4) that if g5, is constant then ¢(qy, ¢,) = 0. To prove the converse,
we observe that ¢(gp, ¢n) = 0 implies w(gy,) = 0, so from (3.4) it follows that

(5.5) Z(qh, [v-n]). = Z(qh —qn, [v-m])e =0 forallveV,,

eel eel

where

q _ Zeee fe dn ds
= s se
2668 fe ds

is the global mean of g,. By Proposition 4.1, there is a v € V}, such that ¢, — g, = [v - n].
Hence (5.5) implies that g, — g, = 0. O
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The above proposition readily implies that the matrix C restricted to the orthogonal
complement 15 := {Q : Q- 1p = 0} is invertible. Therefore, rewriting (5.1) as

L s R -l

and eliminating P, we get an alternate Schur complement system:
(5.7) (B'C'B+A)A =L, +B'C'L,.

Note that the two applications of C~! above make sense because Range(B) C 15 (since
1p - BA = b(Ap, k) = 0) and Ly € 15 (since 1p - Ly = f5(k) = 0). The Schur complement
matrix in (5.7) is invertible because (5.6) uniquely determines A. Thus (5.7) is a symmetric
and positive definite system, well suited to solution by minimization algorithms such as
conjugate gradients.

5.3. The local mappings for lowest order case. We now give explicit expressions for
the local maps which define the Lagrange multiplier bilinear forms in the lowest order case,
i.e., k =0. A simple computation gives that, on any triangle T', we have

w()\):% A-tds, u()\):% Aot (@ —@p)t ds,
OT\OQ T Jor o0
1 1
w(gy) = — g: ds, u(gy) = — g (x —xp)* ds,
9) = 17 Jomron® (9) = 17 Joprgn % &~ %)
1
W) =W x @ -ar), ul) = / (@ — ) w(p) de,
1

w(f) =wg x (z —21), u(f) = (® — @) w(f) d,

AT x

where, the point @7 denotes the barycenter of the triangle T,

1 1

T T

w, = — pn ds, we = / f dx.
P IT| Jor 20T Uy

We have used standard notations for vector operations above, e.g., for vectors a = (ay, as)
and b = (bl, bg),

axb:al bg—agbl, al:(—ag,al).

It is easy to simplify the above expressions to obtain the local mappings of our Lagrange
multiplier basis functions. We first give the liftings of 1), for a basis function 1), associated
with a A € Aj,. Let K be the triangle formed by vertices @1, x5, and x3. Let e; denote the
edge of K opposite to vertex x;, and n; denotes the outward unit normal of K on edge e;.

These notations when superscripted by L, R, —, or + denote the corresponding geometrical
parameters of adjacent triangles K%, K¥ K- or K = K[, respectively, as illustrated in

Figure 3.
Consider the basis function associated to A € A;, with vertex &z and A C 9K as marked
in Figure 3. The liftings w, := w(t,) and w, := u(1p,) are supported on K U KU K*



INCOMPRESSIBLE FINITE ELEMENTS VIA HYBRIDIZATION: 2D STOKES 21

F1cURE 3. Illustration of triangles where liftings associated to a wedge A and
an edge e are nonzero.

and are given by

le1] + ez] le1] L, el L
= Q0 = - — K
WA ToRD T g @ ) T gg@s @), on K
|e2] |ea] InL L
wA:—2|KL|, U, —6|KL|(ac3—ar;2) : on K~
le1] le1] RyL R
’UJA:—W, UA:—W(wg—wl) s OHK .

Here, |e| denotes the length of the edge e and | K| the area of the triangle K. The points @t
and z are shown in Fig 3.

Next, let us display the liftings associated with the pressure. To treat this case, consider
an edge e shared by K = K and another triangle K. Let p. denote the indicator function
of edge e. The liftings w, := w(p.) and u, := u(p.) are supported on K U K. Using the
notation of Figure 3 wherein e = ez, we can express the liftings on K= by

1
wel) = wEx (@ - ), = LS (BB

3
36

=1
where in accordance with our previous notation & -+ denotes the barycenter of K=,

1
Wg: = _|K:|:|n;t|e‘7

and E7 = nj|ef|. Here n is as illustrated in Figures 1 and 3.

Finally, we give formulae for the local mappings associated with the body force on the
triangle K. If f is supported only on K, then w(f) and u(f) are supported only on K.
Their values on K are given by

3
w(f) =w x (& —xx), :3_162“’ E\E

=1
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T3

FIGURE 4. Geometry in local element matrix calculations

where as before E, = |e,|n, and

7
w=_— f dx.
K] Jx

5.4. The local element matrices for the lowest order case. It is possible to “assemble”
the global stiffness matrix of the Lagrange multiplier equations (3.14)—(3.15) just as one does
for traditional finite element methods, provided appropriate local element stiffness matrices
are defined for our method. We illustrate this in the lowest order case.

First, we enumerate the degrees of freedom local to an element as in Figure 4. In this
enumeration, we include the omitted elements of A,. The omissions can be taken care
of during assembly simply by not assembling the rows and columns corresponding to the
omitted elements of A, (just as one would handle zero Dirichlet boundary conditions when
solving the Dirichlet problem with standard finite elements). Figure 4 shows nine elements
of A, connected to K, which we have enumerated as Ay, Ay, A3, Aya, Aoy, Aiz, Asq, Asg,
and /s, or in short, A; for all I in the index set J := {1,2,3,12,21,13,31,23,32}. The
local matrices are made using nine functions in M) whose local mappings are nonzero on K,
namely 1y, for all I € J. The local stiffness matrix of an element K has the form

[Am (B<K>)t}

B )
where
AglJ{) = / w(‘b/l[) w(¢/l(]) dLIZ', ]7 J € j?
K
B = —/ curl w(p;) - u(vp,) d, Jed, Le{l,23},
K
Cohr = / w(pr) w(pn) dz, L,M € {1,2,3}.
K

Here p;, denotes the characteristic function of the edge ey, in Figure 4. We can calculate the
integrals above after substituting the previously given expressions for the liftings of the basis
functions in the integrands.
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In order to give explicit expressions for A B¥) and C) | suppose that {i,j,k} is any
permutation of {1,2,3}. Let o; equal zero if the edge e; is contained in the boundary 0
and equal one otherwise. Define

ai\ei\+aj|ej|, lf[:/{?,
W= ) .
- |6k|a lf I = Zj7
| aileil(@e — @)+ ojlejl (@ — x5) if I =k,
T < lenl(@ — @) if I = ij,
Then,
1
AR = —_w,Ww,
1
B = —E,. U

3
1
c® = _— N (E. -E)(Ewy- E),
L 36|K|;

where, as before, E;, = mnpler| for all L € {1,2,3}. With these local matrices, one can
assemble all the global matrices of our method as simply as any other finite element method.

6. CONCLUSION

We have developed new hybridization techniques which when applied to a well known
conforming mixed method for the Stokes problem results in a new “tangential velocity-
pressure” discretization. The advantages of the new method include fewer globally coupled
degrees of freedom and numerical velocity approximations that satisfy the incompressibility
condition exactly. Our results are achieved by using the methodology introduced in [8] to
study hybridized mixed methods for second-order elliptic problems.

In a sequel, we will discuss the extension of the ideas here to the Stokes problem in
three space dimensions, variable degree incompressible finite elements, and other boundary
conditions.

REFERENCES

[1] D. N. ArNoLD AND F. BREZZ1, Mized and nonconforming finite element methods: implementation,
postprocessing and error estimates, RAIRO Modél. Math. Anal. Numér., 19 (1985), pp. 7-32.

[2] G. A. BAKER, W. N. JUREIDINI, AND O. A. KARAKASHIAN, Piecewise solenoidal vector fields and
the Stokes problem, STAM J. Numer. Anal., 27 (1990), pp. 1466-1485.

[3] P. BASTIAN AND B. RIVIERE, Superconvergence and H(div) projection for discontinuous Galerkin
methods, Internat. J. Numer. Methods Fluids, 42 (2003), pp. 1043-1057.

[4] J. H. BRAMBLE AND J. E. Pasciak, A domain decomposition technique for Stokes problems, Appl.
Numer. Math., 6 (1990), pp. 251-261.

[5] F. BrREZZI, J. DOUGLAS, JR., AND L. D. MARINI, Two families of mized finite elements for second
order elliptic problems, Numer. Math., 47 (1985), pp. 217-235.

[6] C. BRATIANU AND S. N. ATLURI, A hybrid finite element method for Stokes flow. I. Formulation and
numerical studies, Comput. Methods Appl. Mech. Engrg., 36 (1983), pp. 23-37.

[7] J. CARRERO, B. COCKBURN, AND D. SCHOTZAU, Hybridized, globally divergence-free LDG methods.
Part I: The Stokes problem, submitted.

[8] B. COCKBURN AND J. GOPALAKRISHNAN, A characterization of hybridized mized methods for the
Dirichlet problem, STAM J. Numer. Anal., 42 (2004), pp. 283-301.



24

9

BERNARDO COCKBURN AND JAYADEEP GOPALAKRISHNAN

| B. COCKBURN, G. KANSCHAT AND D. SCHOTZAU, A locally conservative LDG method for the incom-
pressible Navier-Stokes equations, to appear in Math. Comp..

[10] B. M. FRAEJIS DE VEUBEKE, Displacement and equilibrium models in the finite element method, in

Stress Analysis, O. Zienkiewicz and G. Holister, eds., Wiley, New York, 1977, pp. 145-197.

[11] V. GIRAULT AND P.-A. RAVIART, Finite element approzimation of the Navier-Stokes equations, vol. 749

of Lecture Notes in Mathematics, Springer-Verlag, Berlin, 1979.

[12] ——, Finite Element Methods for Navier-Stokes Equations, no. 5 in Springer series in Computational

Mathematics, Springer-Verlag, New York, 1986.

[13] M. D. GUNZBURGER, Finite element methods for viscous incompressible flows. A guide to theory,

practice, and algorithms, Computer Science and Scientific Computing, Academic Press Inc., Boston,
MA, 1989.

[14] D. GRIFFITHS, Finite elements for incompressible flow, Math. Methods Appl. Sci., 1 (1979), pp. 16-31.
[15] F. HECHT, Construction d’une base Py non conforme a divergence nulle, RATRO Modél. Math. Anal.

Numér., 15 (1981), pp. 119-150.

[16] O. A. KARAKASHIAN AND W. JUREIDINI, A nonconforming finite element method for the stationary

Navier-Stokes equations, SIAM J. Numer. Anal., 35 (1998), pp. 93-120.

[17] O. A. KARAKASHIAN AND T. KATSAOUNIS, A discontinuous Galerkin method for the incompressible

Navier-Stokes equations, in Discontinuous Galerkin Methods. Theory, Computation and Applications,
B. Cockburn, G. Karniadakis, and C.-W. Shu, eds., vol. 11 of Lect. Notes Comput. Sci. Engrg., Berlin,
February 2000, Springer Verlag, pp. 157-166.

[18] J. MORGAN AND R. SCOTT, A nodal basis for C* piecewise polynomials of degree n > 5, Math. Comput.,

29 (1975), pp. 736-740.

19] J.-C. NEDELEC, Eléments finis miztes incompressibles pour léquation de Stokes dans R3, Numer.
[ : P j2 q :

Math., 39 (1982), pp. 97-112.
, A new family of mized finite elements in R3, Numer. Math., 50 (1986), pp. 57-81.

[21] R. ScHOLZ, A mized method for 4th order problems using linear finite elements, RAIRO Anal. Numér.,

12 (1978), pp. 85-90, ii.

[22] L. R. ScoTrT AND M. VOGELIUS, Conforming finite element methods for incompressible and nearly

incompressible continua, in Large-scale computations in fluid mechanics, Part 2 (La Jolla, Calif., 1983),
vol. 22 of Lectures in Appl. Math., Amer. Math. Soc., Providence, RI, 1985, pp. 221-244.

[23] F. THOMASSET, Implementation of finite element methods for Navier-Stokes equations, Springer Series

in Computational Physics, Springer-Verlag, New York, 1981.

[24] L. A. YING aND S. N. ATLURI, A hybrid finite element method for Stokes flow. II. Stability and

convergence studies, Comput. Methods Appl. Mech. Engrg., 36 (1983), pp. 39-60.

SCHOOL OF MATHEMATICS, UNIVERSITY OF MINNESOTA, VINCENT HALL, MINNEAPOLIS, MN 55455,

USA, EMAIL: cockburn@math.umn.edu.

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF FLORIDA, GAINESVILLE, FL 32611-8105, EMAIL:

jayg@math.ufl.edu.



	Portland State University
	PDXScholar
	2005

	Incompressible Finite Elements via Hybridization. Part I: The Stokes System in Two Space Dimensions
	Bernardo Cockburn
	Jay Gopalakrishnan
	Let us know how access to this document benefits you.
	Citation Details


	tmp.1395081473.pdf.PPMUW

