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Abstract. We investigate the mixed finite element method (MFEM) for solving a second order
elliptic problem with a lowest order term, as might arise in the simulation of single phase flow
in porous media. We find that traditional mixed finite element spaces are not necessary when a
positive lowest order (i.e., reaction) term is present. Hence we propose to use standard conforming
finite elements Q x (Qx)¢ on rectangles or P, x (Py)¢ on simplices to solve for both the pressure
and velocity field in d dimensions. The price we pay is that we have only sub-optimal order error
estimates. With a delicate superconvergence analysis, we find some improvement for the simplest
pair Q, x (Qr)¢ with any k > 1, or for P; x (P;)?, when the mesh is uniform and the solution has
one extra order of regularity. We also prove similar results for both parabolic and second order
hyperbolic problems. Numerical results using Q1 x (Q1)? and P; x (P;)? are presented in support of
our analysis. These observations allow us to simplify the implementation of the MFEM, especially
for higher order approximations, as might arise in an hp-adaptive procedure.
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1 Introduction

The mixed finite element method (MFEM) is often used to obtain approximate solutions to more
than one unknown at the same time. For example, the MFEM is used to solve the problem of
single-phase flow in porous media, described by a second order elliptic equation written as a system
of two first order equations, to obtain approximations to both the pressure and Darcy velocity
field simultaneously. As another example, Maxwell’s equations are often solved to obtain both the
magnetic and electric fields. Accordingly, we need a different finite element space for each unknown.
Convergence is guaranteed if these two spaces are interrelated in that they satisfy the so-called
discrete inf-sup condition, i.e., the Ladyzhenskaya-Babuska-Brezzi (LBB) condition [7, 25, 27].



The inf-sup condition complicates the definition of the finite element spaces. For example, in
solving the single-phase flow problem, many complicated mixed finite element spaces have been
proposed such as those of Raviart-Thomas-Nedelec [26, 24|, Brezzi-Douglas-Marini [5], Brezzi-
Douglas-Duran-Fortin [6], Chen-Douglas [12], Brezzi-Fortin-Marini [8], and Arbogast-Wheeler [3].
More details can be consulted the books by Brezzi-Fortin [7] and Roberts-Thomas [27] and refer-
ences therein. Due to the complicated nature of these mixed spaces, usually only the lowest order
spaces are used in practical computations. Furthermore, some postprocessing is needed to visualize
the numerical solution, since the degrees of freedom for the MFEM are not nodal based. Such
postprocessing further complicates the implementation of the MFEM. Hence, it would be desirable
in some cases to be able to use standard nodal basis finite element spaces in the MFEM. Such
efforts have been carried out in the engineering community (e.g., [17, 29]).

In this paper, we approximate a second order elliptic equation, written in mixed form, by
applying the standard conforming finite element spaces, Q1 x (Qx)? on rectangles or Py, x (Py)¢ on
simplices in dimension d = 2, 3, where @ and P, are continuous piecewise polynomials of degree k
in each Cartesian variable separately for Qy, and of total degree k for Pj. A careful investigation
shows that these spaces can be successfully used to solve for both the pressure and velocity field
when a reaction term is present, i.e., when a uniformly positive zeroth order term appears in the
equation. Because the inf-sup condition is violated, however, we have suboptimal convergence
properties, losing a single power of the mesh spacing h. On simplicial meshes, these spaces are
smaller in their number of degrees of freedom than the Raviart-Thomas spaces for similar accuracy.
In the rectangular mesh case, again for similar accuracy, these spaces are slightly larger than the
Raviart-Thomas spaces. However our proposed spaces are much simpler to implement, especially
when higher order spaces are desired, or when an hp-adaptive refinement procedure is implemented.

A locally conservative variant is easy to define, in which the scalar variable is approximated by a
discontinuous space of Qi or P, piecewise polynomials. In fact, we can use P, on both rectangular
and simplicial meshes.

The convergence result is suboptimal, however, we can recover one-half power of h on uniform
grids for Qg x (Qr)? with any k& > 1, or for P; x (P;)?. Moreover, we recover a full power of
h, and thereby obtain optimal accuracy, when the problem has periodic boundary conditions, as
might arise, e.g., from a cell problem in homogenization. This analysis is based on Lin’s integral
identity technique developed in the early 1990’s (see, e.g., [20, 23, 21, 33]) for proving general finite
element method superconvergence. More details and applications of this technique can be found in
the superconvergence books [9, 22].

Finally, we extend our results to parabolic and second order hyperbolic problems. To the best
of our knowledge, no previous reference has pointed out the interesting properties we note in this
paper for the standard spaces in a mixed context when a time derivative or uniformly positive
zeroth order term appears. Because of their simplicity and convergence properties, they seem to be
competitive with, and perhaps the better choice than, corresponding Raviart-Thomas spaces when
(1) simplicial meshes are used, (2) problems with periodic boundary conditions are approximated
with uniform rectangular grids, (3) higher order approximations are desired, and (4) when an
hp-adaptive refinement procedure is implemented.

The rest of the paper is organized as follows. In Section 2, we formulate the MFEM for the
elliptic single-phase flow problem using Qj, x (Qk)d and Py, X (Pk)d spaces. Existence and uniqueness
of the system is proved, and error estimates are obtained. We pay special attention to the size of
our mixed spaces, and compare to some which satisfy the inf-sup condition. Our improved error



analysis is also presented here. In Sections 3 and 4, we generalize the results to parabolic and
hyperbolic problems, respectively. In Section 5, we provide some numerical examples to illustrate
our method and confirm our theoretical analysis. Section 6 concludes the paper.

2 The Elliptic Problem

Let Q ¢ R%, d = 2,3, be an open Lipschitz polygon or polyhedron. For simplicity, we consider the
single-phase flow problem

=V - [D(x) (Vp — g(@))] + a(z)p(z) = f(x) inQ, (1)
p=0 on 092, (2)

where the reaction coefficient a(x) > apin > 0 and D(z) > Dyin > 0. (Other boundary conditions,
including nonhomogeneous Dirichlet and Neumann ones, could be treated by the techniques used in
this paper, but we have restricted ourselves to the homogeneous Dirichlet condition for expository
purposes.) Introduce u = —D(Vp — g) and transform (1)—(2) to the standard mixed form: Find
p € L*(Q) and u € H(div; ) such that

(ap,w) + (V- u,w) = (f,w) YweL*Q), (3)
—(p,V-v)+ (Pu,v) = (g,v) VY ve H(div;Q), (4)

where 3 = D~! and (-,-),, denotes the L?(2) inner-product (we omit w if w = Q).

2.1 Discretization.

Let T}, be a conforming quasiuniform finite element partition of 2 by either rectangular or simplicial
elements of maximal diameter h. We propose the mixed finite element approximation: Find pj €
W,’f’o and uy, € V¥ such that

(apn, wn) + (V- wp, wp) = (fywn) YV wy € Wi, (5)
—(pn, V- o) + (Bun,vp) = (g,vn) YV vy € VE, (6)

where, for £ > 1, the mixed finite element spaces are W}'f 0= W,’f N H (), and

WF={we Q) : wr e WFE),VE € T}, (7)
Vi ={v e (C°Q)": vlp = (W} (E)?,VE € Th,}, (8)

and where W,’f(E) = Qk(E) or Py(FE) for rectangular or simplicial elements, respectively. Note
that our mixed spaces Vfl are the simplest (H'(Q))? elements, and not any of the standard mixed
finite element spaces [7, 27].

If the standard nodal basis is used, we can interleave the pressure and velocity unknowns to
obtain a linear system with a block-structured matrix. The matrix has the standard stencil in
terms of its blocks, and each block is (d + 1) x (d 4+ 1). If we separate the pressure and velocity
unknowns, we obtain a more standard saddle point linear system. In any case, as with all mixed
methods, we do not have a simple positive definite system, and some care must be exercised in
solving the linear system. (In our numerical results below, we used a direct solver.)



Remark 2.1 We note that we could have taken
W/f,o = W}f(ﬂk = {w:wlp € WHE),YE € Ty, w=0 on dQ};

that is, we could relax the continuity of the pressure approximating space. Moreover, in this case,
we could replace Qi (E) by Py(E) on rectangles. Our suboptimal order error estimates below would
continue to hold, but not our improved error estimates. However, this form of the method would
satisfy the local mass conservation principle. That is, in this case, (5) implies that on each element
E € Th,

(apn, g + (V- up, Vg = (app, 1) g + (up - n, Dop = (f, 1k,

so that the net flux through OE, (uy -, 1)gg, is exactly related to the net external sources (f,1)g
and the reaction or accumulation (app, 1)g acting over E. This is an important property in certain
applications (see, e.g., [14, 28, 1]).

Remark 2.2 For Galerkin formulations, the Dirichlet boundary condition (BC) is essential and
the Neumann BC' is natural, whereas mized methods have the opposite behavior. The Neumann
boundary condition, being essential, is easily incorporated by fixzing the normal components of u
and v to the data and zero, respectively, and taking p in W}'f The Dirichlet BC is natural. For the
nonhomogeneous case p = pp on 0, we would modify (4) to read

—(p,V-v)+ (Bu,v) = (g,v) — (pp,v-n) Vve H(div;Q),

and the method similarly. This BC is imposed naturally with both pp and wy in W}'f . However, we
have a larger finite element space (W/f Versus Wilzo)’ and the BC is not set exactly. Therefore, we

chose above to impose the Dirichlet BC' as an essential BC. That is, we take p in W,’f such that p
agrees with pp on 0S), and we restrict wy, to W,’ZO.

2.2 Suboptimal order error estimates.

Let || - ||k denote the H*(w)-norm, and let | - |1, be the H¥(w)-seminorm of highest derivatives
only, wherein we omit w if it is 2. For function w, let w; denote the standard Q) or Pi interpolant.
Then we have the well-known interpolation estimate

|wr — wlm < CAFY™w|py, Ywe H(Q), m=0,1, | =min(k,s — 1) > 1. (9)
By quasiuniformity, we also have the inverse inequality
lwnlli < Ch~Yfwllo, ¥ w € Wi(Q). (10)

Since (5)—(6) is a finite dimensional linear system, uniqueness implies existence, so consider
f=0and g =0 in (5)—(6). Take wy, = pj, and vj, = uy, and then add the results to obtain

(aph7ph) + (ﬁuh,’U/h) =0,

from which uniqueness is seen.



Theorem 2.1 Assume p and w = —D(Vp — g) lie in H**1(Q). Let pj, and uy, be the solution of
(5)—(6) with mized spaces (7)—(8). Then one has the sub-optimal order error estimate

lp = prllo + [[w — wnllo < C{Iplkt1 + |ule+1 } R, (11)

where k > 1 is the degree of the finite element spaces.
Proof. For any wy, € W,’f’o and vy, € V¥ subtracting (5)-(6) from (3)-(4) gives:

(a(pr = pn)ywn) + (V- (ur — up),wp) = (alpr — p),wp) + (V- (ur — ), wp), (12)
—(pr —pn, V- vp) + (B(ur — up),vi) = (Bur — w),vs) — (pr —p, V- vp). (13)
Choosing wy, = pr —pp and v, = ur —uy, in (12)—(13), respectively, and adding the results together,
we obtain the estimate
Qumin||P1 — ph||(2) + Bumin|wur — uh||(2)
= (alpr — p),pr —pn) + (V- (ur —u),pr — ps)
+ (B(ur —w),ur —up) — (pr —p, V- (ur — up)) (14)
< CH*{[hIplis1 + |ulisa]llpr — pallo
+ hlulkyrllur — wnllo + hlplra [V - (ur —up)llo},

where we used the interpolation estimate (9) in the last step. Using the Cauchy-Schwarz inequality,
and the inverse estimate (10) to bound the divergence term, we have

1 — pallg + [Jur — wnll§ < C{Iplesr + [wlprr }2F,

which along with the triangle inequality and the interpolation estimate (9) concludes our proof. O

From the simple proof above, we see that the usual discrete inf-sup condition for the mixed finite
element method is not needed for elliptic problems with positive reaction terms. The price we pay
is that we have only sub-optimal order error estimates and nonuniform convergence as ami, — 0
(i.e., C' — oo in this limit).

When we choose standard mixed spaces satisfying the inf-sup condition, optimal order error
estimates are obtained, and the bounding constant is independent of api,. For example, consider
Raviart-Thomas spaces [26] on a rectangular grid T,. For k > 1, on a rectangle R,

Wi ={w: w|g € Qr-1(R),YR € T1,},
~ k .
V,={ve H(div;Q) : v|gr € Qr -1, k—1(R) X -+ X Qp—1,. k—1k(R),VR € Ty},

where Qy, ...k, are polynomials of degree k; in x; for each ¢ = 1, ...,d. The only continuity require-
ments are on the normal velocities across element boundaries. If pr is the L?-projection onto Wh,
ie.,

(pr —pywp) =0 Y wy, € W, (15)
and u; as the Raviart-Thomas or Fortin projection operator for which
(V- (ur —u),wp) =0 Y wy, € WF, (16)

optimal order error estimate can be recovered immediately by using (15), (16), and the fact that

= ~k . . . . .
V - vy, C WF for any v, € V3, since in this case the last terms in both (12) and (13) vanish. The
independence on oy, is more subtle, and follows from the uniformity of the inf-sup condition [7, 27].



2.3 Numbers of degrees of freedom.

We note that for accuracy of order k£ > 1, we have proposed using the continuous elements () X
(Qr)?, which on an N x --- x N grid of elements has dimension

dim(Wy x V) = (kN — 1)+ d(kN + 1)* = O((d + 1)k NY).

Equivalent accuracy comes from using the Raviart-Thomas spaces [26, 24] Qr—1 X (Qp k—1,... k—1 X
- X Qk—1,.. k—1,k), which has dimension

dim(WF x Vi ) = (kN)% + d(kN + 1) (kN)* = O((d + 1)k*N?),

which, although smaller, is not substantially so. The order of the number of degrees of freedom
(DOFs), for large N, is the same for the two methods. In fact, when d = 2, the difference is exactly
3 for all k.

To be fair, however, the Raviart-Thomas spaces on (nonuniform) rectangular grids, at least
in some cases, give superconvergence for both p and w [31, 2]. In such cases, we would need to
compare to Qr—2 X (Qr—14-2,.. k-2 X --+ X Qk—2 . k—2k—1), which has dimension

dim(WF2 x Vi) = (d+ 1)((k — DN)? + d((k — DN)* = O((d + 1)(k — 1)*N7),

which is smaller by a factor of ((k — 1)/k)?. However, since the complexity of the Raviart-Thomas
spaces is great, it may make sense to use the simpler standard spaces W,]f’o X Vﬁ, especially in an
hp- or other adaptive procedure.

Furthermore, the Raviart-Thomas spaces give a locally conservatlve method. If this property
is desired, we noted in Remark 2.1 that we would need to use Wh 0 ¥ for the scalar approximating
space. Then the count would be somewhat larger. Using @}, for the scalar would give

dim(W, ;%" x V) = (k+ )N = 2)? + d(kN + 1)* = O(((k + 1)? + dk*)N),

but using Py for the scalar would be the better choice, giving

|
dim(W2P x V) < <k : d> N d(kN 4+ 1) = 0((% + dkd> Nd>,

with the inequality due to the fact that we did not account for the Dirichlet boundary condition.

It is more difficult to compare simplicial meshes. For d = 2, consider a cross-hatched rectangular
N x N grid (with 2N? elements, as depicted in Figure 2 of Section 5). The continuous elements
Py x (P,)? give a space with dimension

dim(Wio x Vi) = (kN — 1)* + 2(kN +1)® = 3(kN)* 4+ 2kN + 3 = O(3k*N?).
The locally conservative space has dimension

dim(W, 5" x V) = ((k+ 1)N — 2)? + 2(kN +1)?
= (3k* + 2k + 1)N* — 4N + 6 = O((3k* + 2k + 1)N?).



Equivalent accuracy comes from the Raviart-Thomas elements Pj_q X (:cPk_l @ (Pk_1)2). The
scalar space is fully discontinuous and has dimension

k+1

dimW/f_l = < 9

>2N2 = k(k +1)N>.
The vector variable space has normal continuity, so its dimension is 3 dim(Pj_;)2N? minus k times
the number of internal edges; that is,

E+1

dimV, " = 6< 5 >N2 — k(N?+2N(N — 1)) = 3(kN)* + 2kN.

Thus,
dim(WF x V) = (42 + k)N? + 2kN = O((4K> + k)N?),

which is larger than our proposed continuous spaces (assuming nontrivial N > 2), and larger than
the locally conservative discontinuous spaces for k > 1.

Finally, consider d = 3 and a tetrahedral grid. Again, we restrict to a simple grid: a standard
N x N x N rectangular grid with either n = 5 or n = 6 tetrahedrons per grid cell. First we consider
a single coordinate i of the vector variable space Vﬁ using elements Px. We count internal DOF's
(if £ > 4), then DOF's shared on faces (if k£ > 3), then DOF's shared on edges (if £ > 2), and finally
DOF's shared at vertices. This gives dimension

kE—1
3

+ (k—1)(3(N +1)2N + (n — 5)N?) + (N + 1)

% dim(V%) = < >nN3 + (k ) 1) (3(N +1)N? 4 (2n — 6)N?)

The scalar space is similar:

dim(Wj o) = <k ; 1) nN3 + <k g 1) (3(N = 1)N? + (2n — 6)N?)
+ (k—1)(3(N = 1)2N + (n — 5)N?) + (N — 1)°.

Thus,

3 2
+ (k= 1)(12N(N? + N +1) + 4(n — 5)N?) + 3(N + 1)* + (N — 1)

dim(Wh, x V) = 4(’“ R 1) nN3 + (’“ o 1) (12N? + 6N? + 4(2n — 6)N*)

2 2
_ <?”1<;3 — 6k + (10 - g)k+6>N3 +3k(k + 1)N? + 12kN + 2.

The discontinuous space count is similar, and results in

k+3

dim(Wy " x V) < ( 5

>nN3 + dim(V'F)

- 2n 3 9 2 4n ].5 3 9 2
_<3k + (n 2)/<; +(3 + 2>k n>N + Sh(k+ 1)N? + 9kN +3,



We compare this to the Raviart-Thomas space P,_; X (:BPk_l ® (Py_1)%), for which

dim(W}=! x V') = 5(’“ ;L 2> N — <k ; 1> (6N3(N — 1) + (2n — 6)N)

2
- <gk3 + ng + §k> nN3 +3(k + 1)kN?,

which is again larger than the proposed space for k£ > 1 and all nontrivial N > 2, and also now for
k=1land N >4 forn=>5and N > 3 for n = 6.
2.4 Improved error estimates.

We can improve our error estimates if we use uniform C° rectangular elements. The key of the
proof is to use Lin’s integral identity superconvergence technique [22], encapsulated in the following
lemma, in which we also state an extension of the results to the periodic case.

Lemma 2.1 If T} is a uniform rectangular partition, then there is C' > 0, independent of h, such
that, for any w € HF2(Q),

(Gt =m)

where W,’f’o contains continuous Qi elements. Moreover, the result holds for all vy, € W}]f provided
that w 1s periodic.

< CI"Jwllegollvallo,  Yon € Wig, i=1,....d, (17)

The proof of (17) in Lin and Yan’s book [22] is given in Chinese and rather sketchy in its details.
Considering the elegance of the proof, our extension to the periodic case, its importance for our
numerical examples later, and for completeness, we provide a detailed proof for the case kK =1 in
the Appendix, Section 7). The proof for higher-order elements is similar, though very technical.

Returning to (14), we see that we can estimate, since p; — py € Wflf,o’

IV - (ur —w),pr —pp)| < CR*[ullisallpr — palfo- (18)

The other divergence term in (14), (p;r —p, V- (ur —uy)), is more delicate, since uy —uy, ¢ (W}'zo)d.

For vy, € V§, let Vho € (W}]zo)d agree with vy, at degrees of freedom strictly inside €. The well
known result
lvn — vhollo < CRY2||vgllo

combined with integration by parts and (17), enables us to obtain, for all v, € VfL,

|(pr —p, Vo) = | = (V(pr — p),v1)|
<|=(V(pr = p),vno)l + | = (V(pr — p),vn — v1o)l
< CRM Y2 p| k2l vnlfo- (19)

Substituting (18) and (19) into (14) and following the same proof for Theorem 2.1, we have the
following error estimate, improved by a factor of h'/2. The price we pay is that we need one extra
order of regularity for the solution.



Theorem 2.2 Assume p,u = —Vp+g € H*TY(Q). Let p, and uy, be the solution of (5)-(6) with
mized spaces (7)—(8) on rectangles. If Ty is a uniform rectangular partition, then

1D = pallo + Ilw = wnllo < C{lplrsa + [ulkpa } R 172, (20)

where k > 1 is the degree of the finite element spaces. Moreover, if p is periodic, the estimate holds
optimally, i.e., with h*t1/2 replaced by hF+1.

Theorem 2.3 The estimate (17) holds for Py elements on uniform conforming triangular meshes
(i.e., uniform in three directions). Hence, in this case, the following improved error estimate holds:

1D = pallo + 1w — wnllo < C{Ipls + [w|s}n*>, (21)

Proof. We need only prove (17). We assume that T} is a uniform triangulation of €2; that
is, there are directions ll,lg,lg such that any edge is parallel to one of those dlrectlons (see, e.g.,
Figure 2 of Section 5). Let D; be the directional derivative along l,, ie., D; = l, V, and recall that

WHQ) = {v e HY(Q) : v|, is linear ¥V 7 € T}, }.
For any v € W}}(Q), we have [32, p. 1017-1018]

(0= wre) = 3 [ Ly / va v + O] wlls[ollo,

TETh TeTh

where \; are some constants independent of h, depending only on the relative lengths of the triangle
edges. Thus, for v € Wio,

((wr = w)a, v) = (w — wr, Vg)

Ly / Zmﬂw vz + O(®) w3 [vl]o

TETh

h2 2 2 2 12 2
- ﬂ/QZ:MDW) - —/mZA D}w - ving + O(h%)][wfs]v]lo

= O(h*)[[wllsllvlo,

where 77 = (ng,ny) is the unit outward normal. Note that in the last step we used the fact that
integration along interior element edges cancel due to the mesh uniformity. Furthermore, since
v E W,}’O, then the boundary integral term vanishes also. Hence we have obtained the result (17)
for x-derivatives. A similar argument gives the result for the y-derivative. O

3 The Parabolic Problem

In this section, we show that similar results as above hold for the parabolic problem. For simplicity,
we consider the parabolic equation

a(x)p, — V- [D(x)(Vp — g(z,t))] = f(x,t) inQx(0,T), (22)
p=0 on 992 x (0,7), (23)
p(x,0) = po(x) on . (24)



If Q ¢ R (d = 2,3) is a bounded domain with 92 € C?, and
Dij(x) € C™(Q), a(z) € L™, £,V -g € L*(Q), po € Hj(Q),
Dij&i& > Al¢f?, Ve € Q, £ € R,

then there exists [15, 30] a unique solution p € L2(0,7; H?()) N H'(0,T; L?(Q2)) to (22)- (24)
Introduce u = —D(Vp+g) and transform (22)—(23) to the standard mixed form (wherein 8 = D~!):
For any t € (0,7T), find p(t) € L?(Q2) and u(t) € H(div; Q) such that

(ape, w) + (V u,w) = (f,w) VweL*Q), (25)
(bu,v) — (p,V-v) =(g,v) Vwve H(div;Q). (26)
Lemma 3.1 The following stability estimates hold:
1) Mpllzeo,rr2) + ull20,m22)) < CUIfIlL20,m;2200)) + 1191l L20,7:22(0)) }»
(1) pellz20,m:02(0)) + 1wl Lo 0,1:02)) < CLUIf L2 0,m:020)) + gl 220,702 )
(iif) IV -l 20,1200 < CUIflz20,m50200) + 119l 22 (0,m522(0)) -

Above we used the Bochner space L"(7T; X) with the corresponding norm defined as follows:

all ) = /Hu idt) " <00, 1<r <0,
[|ul[poe (1) = ess sup [[u(t)[|x < oo.
teT
This result is well-known in the nonmixed context. We recast it in mixed form for our purposes,
and provide a proof, since the techniques are used in the error analysis to follow.

Proof. (i) Taking w = p and v = w in (25) and (26), respectively, and adding together, we
obtain

ZdtHx/—pHoJrH\/_UH()— (f:p) + (g,u) < [la™ 2 f|lollvapllo + 15~ gllo/|v/Bullo,

which along with Gronwall’s inequality concludes the proof.
(ii) Taking w = p; in (25), differentiating (26) with respect to t and taking v = u, and adding
together, we obtain

VGl + 5 lIv/Bulld = (790 + (g ) < lla™ /2 fllollvapdlo + 1162yl v/Fullo,

which along with Gronwall’s inequality concludes the proof.
(iii) Taking w = V - u in (25), we obtain

IV - ulld = (f, V- w) = (ape, V- u) < ([ fllo + lawello) [V - wllo,

which along with (ii) concludes the proof. O

There are many existing works on mixed finite element methods for parabolic problems (e.g.,
[10, 19]), which are based on Raviart-Thomas spaces. We propose a semi-discrete mixed finite
element approximation for (25)—(26): Find p, € Wf]f,o and uy, € V§ such that

(apngswn) + (V- wp,wp) = (f,wg) ¥ wy, € WE, (27)
(Bup,vp) — (pn, V -vp) = (g,v1) Y vy, € VE, (28)

10



with initial condition
pr(x,0) = po1(x), (29)

where po 1 denotes the standard @ or Py interpolant of po(x) into W,’ZO. Here the mixed finite
element spaces are the same as for the elliptic case (7)—-(8) above.

Existence and uniqueness for (27)—(28) can be proved as follows. Working over a finite element
vector space basis, we rewrite (27)—(28) as

AP, + BU = F, (30)
-BTP+ DU =G, (31)
where A and D are symmetric positive definite matrices. Solving (31) for U and substituting into

(30) gives us
AP, + BD'BTP=F - BD™'G, (32)

which has a unique solution, since it is a linear system of ordinary differential equations with a
given initial condition P(0). Hence, for any ¢t > 0, (27)—(29) has a unique solution.
The three stability results of Lemma 3.1 hold true for our discrete solution (pp,up).

Theorem 3.1 Assume p(-,t), pi(-,t), and u(-,t) = —D(Vp(-,t) — g(-,t)) lie in H**1(Q). Let py
and uyp, be the solution of (27)—(28) with mized spaces (7)—(8). Then there is a constant C' such that
the sub-optimal order error estimate

g 2 2 2 12
1P = pullLo 0,7522(0)) + 1w — wnllz207:02(0)) < C{ ; (Iptl§41 + [Pl + |u|k+1)dt} h" (33)
holds, where k > 1 is the degree of the finite element spaces.
Proof. For any wy, € W,’f’o and vy, € V¥ subtracting (27)-(28) from (25)(26) yields
(a(pr — pr)t;wn) + (V- (ur —up),wp) = (a(pr — p)e; wn) + (V- (ur — u), wp), (34)
(B(ur —up),vn) — (pr — pn, V- vp) = (Bur — w),vp) — (pr —p, V - vp). (35)

Choosing wy, = p; —pp, and vy, = u; —uy, in (34)—(35) and adding the equations together, we obtain
the estimate

VA — 3+ 1IV/Blur )]

= (a(pr = p)t,pr —pr) + (V- (ur —w),pr — pa)

+ (Blur —u),ur —up) — (pr —p, V- (ur —uy)) (36)
< Chk{[h|pt|k+1 + [ulk41]|lpr — pallo

+ hlulppa||lur — wnllo + Plples ||V - (wr —up)llo}-

Using the Cauchy-Schwarz inequality, the inverse estimate (10), and Gronwall’s inequality, we have

t
\mpmmm%+4ww—w%wgc#ﬁ
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which along with the triangle inequality and the interpolation estimate (9) concludes our proof. O

From our proof, it is obvious that the discrete inf-sup conditions can be avoided when solving
parabolic problems by mixed methods (e.g., [11, 13, 18]). The price we pay is that we only have
sub-optimal order error estimates. When we choose those well-known mixed spaces satisfying the
inf-sup condition, it is easy to show that the optimal order error estimate can be recovered by
following the exact proof as we did for the elliptic problem.

Remark 3.1 Similar to the elliptic problem, improved error estimates can be recovered on uniform
grids by using Lin’s integral identity in Lemma 2.1 [22]. For rectangular elements Q x (Qp)?
or triangular Py x (P)¢, substituting (17) and (19) into (36) and following the same proof for
Theorem 3.1, we have the improved error estimate

llp — thLoo(o,T;L?(Q)) + [|lu — uhHL2(0,T;L2(Q)) < ChETL/2, (37)
The price we pay is that we need one extra order of reqularity for the solution.

Remark 3.2 Similar results hold true for fully (i.e., time) discrete approzimations of (25)—(26),
such as backward Euler or Crank-Nicolson time stepping procedures, provided that the time step is
sufficiently small (as required by the discrete Gronwall inequality).

4 The Hyperbolic Problem

We now turn to the hyperbolic problem, which for simplicity we take merely the wave equation

pu—ADp=f in % (0,T) (38)
p=0 on 99 x (0,7T) (39)
p(x,0) =po(x), Ve, (40)
pe(x,0) = pi(x), Vel (41)

By introducing o = p; and u = —Vp, we obtain the mixed weak formulation: Find o(-,t) € L?(2)
and u(-,t) € H(div; Q) such that

(o, w) + (V-u,w) = (f,w) Y we L*Q), (42)
(ug,v) — (0,V-v) =0 Vv e H(div; ), (43)

from which we can construct our mixed finite element method: Find oy, € W}'f o and uy € Vﬁ such
that

(Oneswn) + (V- wp,wy) = (f,wn) ¥ w, € WE, (44)
(uh7t,'vh) — (O’h, V- ’Uh) =0 Vv € Vﬁ, (45)
with initial conditions
Jh(m70) :pl,l(m)v (46)
up i (x,0) = (Vpo)1(x), (47)

12



where, again, the finite element spaces W}IZO and V§ are defined in (7)-(8) above. Note that
pr(x,t) € W,]f’o can be recovered as

ph(:c,t):/o on(x,s)ds + po,r(x). (48)

Existence and uniqueness of a solution for (44)—(47) can be assured easily, since (44)—(45) can
be rewritten as

Aoy + BU = F, (49)
DU, — BTo =0, (50)
with A and D positive definite. So this is a system of (linear) ordinary differential equations, with
the initial conditions (46)—(47), and a unique solution is known to exist.
The stability of (44)—(47) can be seen easily by choosing wy, = o3, and vy, = uy, in (44) and (45)
and adding the equations together. For the error analysis, we have the following result.
Theorem 4.1 Assume o(-,t) = pi(-,t), o1(-,1), u(-,t) = —=Vp(-,t), us(-,t) all lie in H*1(Q). Let

op and uyp, be the solution of (44)—(47) with mized spaces (7)—(8), then the sub-optimal order error
estimate

llo = onllLoriz2@)) + |lw = wnlpoe(o,rir2 () < Ch" (51)

holds, where k > 1 is the degree of the finite element spaces.
Proof. For any oy, € W}IZO and uy, € V§, subtracting (44)-(45) from (42)—(43) yields

(o1 = on)i,wn) + (V- (ur —up),wp) = ((01 — ), wp) + (V- (ur — u), wp), (52)
((ur —up)i,vn) = (01 = op, V- vp) = ((ur — u)i,vp) — (01 — 0,V - vp). (53)

Choosing wy, = o7 — op, € W}IZO and v, = u; — uj, above, and adding the equations together, we
obtain the following error estimate
1d
2ar
= ((cr —o)t,or —op) + (V- (ur —u),01 — op)
+ (ur — w)g,uy —up) — (o7 — 0,V - (up — up))

llor = onllg + |lwr — wnllg)

< Ch"Yoylkrallor — onllo + Ch*|ulksallor — onllo

+ OH g fur — unllo + O ol [V - (ur = wn)fo

Using the Cauchy-Schwarz inequality, the inverse estimate (10) and the Gronwall inequality, we
have
1(or = an) G, DI[5 + [|(wr — wa) (- 1)[[§ < Ch**.

Application of the triangle inequality and the interpolation estimate (9) concludes our proof. O

The discrete inf-sup conditions can be avoided for solving hyperbolic problems by mixed meth-
ods. The price we pay is that we only have sub-optimal order error estimates. When we choose
the well-known mixed spaces satisfying the inf-sup condition, it is easy to show that optimal order
error estimates can be achieved by a proof combining techniques given above and given for the for
the elliptic problem using standard mixed spaces.

13



Remark 4.1 Similar to the elliptic and parabolic problems, improved error estimates can be re-
covered on uniform grids by using Lin’s integral identity (Lemma 2.1). For rectangular elements
Qr x (Qr)? or triangular Py x (P1)%, using (17) and (19) above, we have the improved error estimate

llo = onll 052209 + 11w — Wl Lo (o7 12(0)) < CRFHY2, (54)

Remark 4.2 Again, similar results hold true for fully time discrete approximations of (44)—(47),
provided that the time step is sufficiently small.

5 Numerical Results

In this section we present numerical results on the problem (1)-(2) with Q = (0,1)2. In our tests,
we fix the true solution and define the corresponding function f accordingly.

5.1 Constant coefficient cases

Here let g = 0 and o = 8 = 1. The test cases are as follows:

p=x(1 —x)y(1 —y)cos(zy);
Ezample 2, p=y(1—y)(1+ z)sin(rz).

Ezxzample 1,

Table 1: Ex. 1 errors and convergence rates obtained on Q1 x Q% uniform grids

Variable | Mesh size | L? error | Convergence rate | L™ error | Convergence rate
Pressure 4 x4 1.602E-3 6.066E-3
8 x 8 4.009E-4 2.00 1.803E-3 1.75
16 x 16 1.005E-4 2.00 4.578E-4 1.98
32 x 32 3.341E-5 1.59 1.147E-4 2.00
64 x 64 1.197E-5 1.48 2.870E-5 2.00
Velocity 4x4 4.297E-3 1.226E-2
8 x 8 1.178E-3 1.87 3.925E-3 1.64
16 x 16 2.994E-4 1.98 1.141E-3 1.78
32 x 32 9.628E-5 1.64 3.052E-4 1.90
64 x 64 3.549E-5 1.44 7.874E-5 1.96

We first solve these problems on various uniform meshes using continuous conforming Q1 x Q?
rectangular elements and conforming P; x P? triangular elements, for which & = 1. Detailed nu-
merical results are presented in Tables 1-4, which show clearly the expected improved convergence
rate O(hg/ 2). In some cases, it appears that we see somewhat better results, up to a convergence of
O(Rh?). In Figures 1-2, we show the computed pressure and velocity for Example 2 obtained on both
uniform rectangles and uniform triangles. These results are consistent with our theoretical error
analysis, and show that errors may converge even faster than we proved in some cases. Though a
theoretical error analysis in the L°°-norm is still open, we recorded these errors as well.

We then solved the problems on non-uniform rectangular and triangular meshes to see how well
our mixed finite element spaces work. Detailed numerical results are presented in Tables 5-8, from

14



Table 2: Ex. 1 errors and convergence rates obtained on Py x P? uniform grids

Variable | Mesh size | L? error | Convergence rate || L™ error | Convergence rate
Pressure 4x4 2.403E-3 8.867E-3
8 x 8 6.535E-4 1.88 2.291E-3 1.95
16 x 16 1.728E-4 1.92 6.119E-4 1.90
32 x 32 || 4.431E-5 1.96 1.644E-4 1.90
64 x 64 1.115E-5 1.99 4.254E-5 1.95
Velocity 4 x4 2.297E-2 1.009E-1
8 x 8 7.706E-3 1.58 5.902E-2 0.77
16 x 16 || 2.247E-3 1.78 3.176E-2 0.89
32 x 32 6.256E-4 1.84 1.642E-2 0.95
64 x 64 1.653E-4 1.92 8.324E-3 0.98

Table 3: Ex. 2 errors

and convergence rates obtained on Q1 x Q? uniform grids

Variable | Mesh size | L? error | Convergence rate | L™ error | Convergence rate
Pressure 4x4 8.738E-3 3.292E-2
8 X8 2.197E-3 1.99 9.291E-3 1.83
16 x 16 || 5.507E-4 2.00 2.330E-3 2.00
32 x 32 1.378E-4 2.00 5.896E-4 1.98
64 x 64 | 3.445E-5 2.00 1.476E-4 2.00
Velocity 4x4 3.787E-2 1.340E-1
8 x 8 8.917E-3 2.09 3.625E-2 1.89
16 x 16 2.185E-3 2.03 1.013E-2 1.84
32 x 32 5.413E-4 2.01 2.628E-3 1.95
64 x 64 1.353E-4 2.00 6.660E-4 1.98

which we see clearly that Q1 x Q2 and P; x P? non-uniform rectangular meshes deliver at least the
theoretically expected convergence of O(h) in both the L?- and L*-norms. The P; x P? spaces
consistently gave somewhat better results than the rectangular case. Moreover, in some cases the
results are somewhat better than expected, but here never as good as O(h?). A selected numerical
pressure and velocity for Example 2 obtained on nonuniform rectangles and triangles are shown in
Figures 3-4.

Finally, we tested some unstructured triangular meshes generated using Delaunay triangulation.
In many cases, we obtain even better results than on simple non-uniform triangle grids. One
example is provided in Table 9, in which accuracy is better compared to Tables 8. In Figure 5 we
show a selected numerical pressure and velocity for Example 2 obtained on unstructured triangular
meshes.

The results of this section confirm computationally our view that our proposed simple mixed
finite element spaces can be used effectively for solving a second order elliptic problem with a
positive reaction term.
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Table 4: Ex. 2 errors and convergence rates obtained on Py x P? uniform grids

Variable | Mesh size | L? error | Convergence rate | L™ error | Convergence rate
Pressure 4 x4 1.485E-2 5.583E-2
8 x 8 3.899E-3 1.93 1.434E-2 1.96
16 x 16 1.021E-3 1.93 3.919E-3 1.87
32 x 32 2.610E-4 1.97 1.066E-3 1.88
64 x 64 6.570E-5 1.99 2.816E-4 1.92
Velocity 4 x4 1.408E-1 0.6705
8 x 8 4.534E-2 1.63 0.3810 0.82
16 x 16 1.301E-2 1.80 0.2022 0.91
32 x 32 3.584E-3 1.86 0.1039 0.96
64 x 64 9.275E-4 1.95 5.195E-2 1.00

AP_P
3.60E-01

08}l 3.40E-01 ERR
L 3.20E-01 2.20E-03
3.00E-01 2.00E-03
2.80E-01 1.80E-03
I Lo | < 2.60E-01 1.60E-03
06 2.40E-01 140E-03
+ 2.20E-01 1.20E-03
2.00E-01 L00E-03
L 180E01 8.00E-04
6.00E-04
041 | 1.60E-01 400504
+ 1.40E-01 200E-04
1.20E-01
L 1.00E-01
02k 8.00E-0
L 6.00E-0

4.00E-0z
2.00E-0z

I IR EERVER I I BT R |
0 02 04 0.6 08 1 12

Figure 1: Ex. 2 results on a 16 x 16 uniform rectangular mesh. The left shows the computed
pressure and velocity; the right shows the pointwise pressure error.

5.2 Variable coefficient case

Now let g =0, « = 1, and D = diag(1 + zy, 1). We choose the exact solution as:
Ezample 3, p = sin(nx)sin(27y),
which is non-symmetric. The corresponding right hand side f is
f = (5 + zy)n? sin(rx) sin(27y) — 7wy cos(mz) sin(27y) + p.

We tested both Q1 x (Q1)? and P; x (P;)? spaces on uniform rectangular mesh, uniform triangular
mesh, non-uniform rectangular mesh, and non-uniform triangular mesh. The selected numerical
results using ()1 element are listed in Tables 10 - 11, which are consist with our theoretical analysis.
The obtained numerical pressure and pointwise pressure error are shown in Fig. 6 and Fig. 7 for
64 x 64 uniform and nonuniform rectangular grids, respectively.
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Figure 2: Ex. 2 results on a 16 x 16 uniform triangular mesh. The left shows the computed pressure
and velocity; the right shows the pointwise pressure error.

Table 5: Ex. 1 errors and convergence rates obtained on Q7 x Q% nonuniform grids

Variable | Mesh size | L? error | Convergence rate | L™ error | Convergence rate
Pressure 4 x4 2.363E-3 6.485E-3
8 X8 5.047E-4 2.23 1.999E-3 1.70
16 x 16 1.540E-4 1.71 9.529E-4 1.07
32 x 32 6.951E-5 1.15 4.828E-4 0.98
64 x 64 | 3.598E-5 0.95 2.386E-4 1.01
Velocity 4 x4 3.357E-2 8.451E-2
8 X8 1.547E-2 1.12 4.290E-2 0.98
16 x 16 7.604E-3 1.02 2.050E-2 1.07
32 x 32 3.794E-3 1.00 1.040E-2 0.98
64 x 64 1.897E-3 1.00 5.319E-3 0.97

Table 6: Ex. 1 errors and convergence rates obtained on P; x P? nonuniform grids

Variable | Mesh size | L? error | Convergence rate | L™ error | Convergence rate
Pressure 4 x4 5.689E-3 1.381E-2
8 x 8 1.725E-3 1.72 5.678E-3 1.28
16 x 16 5.484E-4 1.65 1.548E-3 1.87
32 x 32 1.499E-4 1.87 4.135E-4 1.90
64 x 64 | 3.879E-5 1.95 1.077E-4 1.94
Velocity 4x4 5.295E-2 1.847E-1
8 x 8 2.141E-2 1.31 1.218E-1 0.60
16 x 16 7.630E-3 1.49 6.773E-2 0.85
32 x 32 2.894E-3 1.40 3.568E-2 0.92
64 x 64 1.096E-3 1.40 1.859E-2 0.94
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Table 7: Ex. 2 errors and convergence rates obtained on Q7 x Q% nonuniform grids

Variable | Mesh size | L? error | Convergence rate | L™ error | Convergence rate
Pressure 4 x4 1.572E-2 4.926E-2
8 X8 5.179E-3 1.60 2.200E-2 1.16
16 x 16 || 2.126E-3 1.28 9.589E-3 1.20
32 x 32 9.819E-4 1.11 4.389E-3 1.13
64 x 64 || 4.875E-4 1.01 2.114E-3 1.05
Velocity 4 x4 2.124E-1 0.6403
8 X8 9.329E-2 1.19 0.2410 1.41
16 x 16 4.472E-2 1.06 0.1044 1.21
32 x 32 2.206E-2 1.02 0.0518 1.01
64 x 64 1.103E-2 1.00 2.571E-2 1.01

Table 8: Ex. 2 errors and convergence rates obtained on P; x P? nonuniform grids

Variable | Mesh size | L? error | Convergence rate | L™ error | Convergence rate
Pressure 4 x4 3.336E-2 9.044E-2
8 X8 1.136E-2 1.55 3.593E-2 1.33
16 x 16 || 3.422E-3 1.73 9.856E-3 1.87
32 x 32 9.175E-4 1.90 2.667E-3 1.89
64 x 64 2.374E-4 1.95 6.950E-4 1.94
Velocity 4 x4 3.419E-1 0.7966
8 x 8 1.312E-1 1.38 0.4639 0.78
16 x 16 || 4.667E-2 1.49 0.2339 0.99
32 x 32 1.763E-2 1.40 0.1173 1.00
64 x 64 | 6.680E-3 1.40 5.865E-2 1.00
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Figure 3: Ex. 2 results on a 16 x 16 nonuniform rectangular mesh. Left is the computed pressure
and velocity. Right is the pointwise pressure error.
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Figure 4: Ex. 2 results on a 16 x 16 nonuniform triangular mesh. Left is the computed pressure
and velocity. Right is the pointwise pressure error.

Table 9: Ex. 2 errors and convergence rates obtained on P; x P12 unstructured triangles

Variable | Number of | Number of || L? error | Convergence || L error | Convergence
nodes elements rate rate
Pressure 13 16 1.227E-2 6.398E-2
33 48 7.168E-3 0.78 2.658E-2 1.27
123 212 1.676E-3 2.10 7.614E-3 1.80
469 872 5.160E-4 1.70 2.684E-3 1.50
1807 3484 1.834E-4 1.49 6.157E-4 2.12
Velocity 13 16 2.215E-1 4.850E-1
33 48 3.930E-2 2.50 1.093E-1 2.15
123 212 1.474E-2 1.41 4.791E-2 1.19
469 872 6.390E-3 1.21 3.117E-2 0.62
1807 3484 4.120E-3 0.63 1.892E-2 0.72
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Table 10: Ex. 3 errors and convergence rates obtained on Q1 x Q% uniform grids

Variable | Mesh size | L? error | Convergence rate | L error | Convergence rate
Pressure 4x4 4.1232E-2 0.1668
8 x 8 8.5088E-3 2.276 3.4578E-2 2.270
16 x 16 || 2.0429E-3 2.058 8.3090E-3 2.057
32 x 32 5.0584E-4 2.013 2.0554E-3 2.015
64 x 64 1.2646E-4 2.000 5.1345E-4 2.001
Velocity 4 x4 0.2420 0.7352
8 x 8 6.0794E-2 1.993 0.2025 1.860
16 x 16 1.5165E-2 2.003 5.1154E-2 1.985
32 x 32 3.7873E-3 2.001 1.2813E-2 1.997
64 x 64 || 9.4683E-4 2.000 3.2042E-3 1.999
Table 11: Ex. 3 errors and convergence rates obtained on @1 x Q2 non-uniform grids

Variable | Mesh size | L? error | Convergence rate | L* error | Convergence rate
Pressure 4x4 0.2036 1.0570
8% 8 6.5093E-2 1.645 0.3133 1.754
16 x 16 || 2.9069E-2 1.163 0.1358 1.206
32 x 32 1.4131E-2 1.040 6.5834E-2 1.044
64 x 64 7.0167E-2 1.010 3.2667E-2 1.011
Velocity 4x4 1.1083 1.7814
8 x 8 0.3518 1.655 0.7902 1.172
16 x 16 0.1575 1.159 0.2917 1.437
32 x 32 7.6191E-2 1.047 0.1244 1.229
64 x 64 | 3.8095E-2 1.000 6.0801E-2 1.032
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Figure 6: Ex. 3 results on a 64 x 64 uniform rectangular mesh. Left is the computed pressure.
Right is the pointwise pressure error.
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5.3 Comparison with the lowest-order Raviart-Thomas element

In this section, we present a numerical comparison of our proposed method with the traditional
mixed method using the lowest-order Raviart-Thomas triangular element (i.e., the RTj element).
Our implementation of RTj is modified from the Matlab program EBmfem [4] by adding a lower-
order reaction term to the model equation. We solved Example 2 using both our method and the
RTjy triangular element, and compared the maximum error of p at the barycenter of each element.
As for numerical efficiency, we compare the condition numbers of the resulting matrices from both
methods (i.e., we use the cond Matlab command), since the condition number dominates the
solution time, independent of the implementation.

The results obtained on uniform and unstructured triangular grids are presented in Tables 12
and 13, respectively. From our results, it is interesting to note three things. First, the RTy method
is a little more accurate compared to our P; x P12 method. More specifically, on uniform meshes, the
L™ error from our method is about three times larger than that obtained by the RTy method for
the same grid; while on unstructured meshes, the error from our method is only about one to two
times larger than that obtained by the RTy method. Second, our results show that the maximum
errors at the barycenters of the elements on both uniform and unstructured meshes are convergent
to order O(h?), with the exception of the last RTp unstructured mesh, which we attribute to the
ill-condition of the system. Note that O(h?) is better than what we could prove for the P, x P?
method, and O(h?) for the RTy method was proved in [16, Corollary 6.2]. Finally, we see that the
condition numbers of our method are a little better than the RTy method on uniform meshes, and
significantly so on unstructured meshes. This implies that our method will be more efficient in its
solution time when an iterative solver is used, and less subject to rounding error when a direct
solver is used.

Table 12: Comparison of p between P; x P? and RTy on uniform triangular grids

L®° error at the barycenter Condition number
Mesh size | P; X P12 method RTy method | P x P12 method RTy method
4 x4 3.7894E-2 8.8204E-3 72.68 71.14
8 x 8 1.0206E-2 2.8443E-3 158.37 198.52
16 x 16 2.6405E-3 7.8486E-4 326.84 465.93
32 x 32 6.7103E-4 2.0904E-4 659.69 1073.19

Table 13: Comparison of p between Py x PZ and RTy on unstructured triangular grids

Condition number

L™ error at the barycenter

Number of elements

P x P12 method RT method

P x P12 method RTy method

48 1.6892E-2 6.8893E-3 44.16 139.97
212 3.9573E-3 1.7953E-3 90.45 337.01
872 1.0476E-3 1.0483E-3 257.26 786.95
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6 Conclusions

In this paper, we investigated the mixed finite element method for a second order elliptic problem
with a uniformly positive zeroth order term (e.g., single phase flow in porous media with a reaction
term), and found that specially designed mixed finite element spaces satisfying the inf-sup condition
are not needed. Instead, in d dimensions, we can use the standard nodal-based finite element spaces
Qr % (Qr)? on rectangles or Py, x (P;)? on simplices to solve for both the scalar (e.g., pressure) and
flux (e.g., velocity) field. The price we pay for violating the inf-sup condition is that we only have
sub-optimal order error estimates, losing a single power of the mesh parameter h in the estimate.
Moreover, the bounding constant degenerates as the infimum of the lowest order term tends to
ZEro.

We also noted a locally conservative variant, defined simply by approximating the scalar variable
in a discontinuous space of piecewise polynomials. On simplicial meshes, the continuous spaces
for all £ > 1 and the discontinuous spaces for k > 1 have fewer degrees of freedom than the
Raviart-Thomas spaces giving similar accuracy. On rectangular meshes, these proposed spaces are
slightly larger than the Raviart-Thomas spaces, however the former are much simpler to implement,
especially when higher order spaces are desired, or when an hp-adaptive refinement procedure is
implemented.

With a delicate superconvergence analysis, we found that we could improve the error estimates
by one-half power of h provided the solution has one extra order of regularity and we use either
Qr x (Qx)? on a uniform rectangular grid or P; x (P;)? on a uniform simplicial mesh. Moreover,
we recover a full power of h when the problem has periodic boundary conditions.

We extended our results to time-dependent parabolic and hyperbolic problems. These problems
do not require a positive zeroth order term. For sufficiently small time steps, the Gronwall inequality
enables us to prove that standard nodal-based finite element spaces give results similar to the elliptic
case.

Finally, numerical results supporting our analysis were presented using the most popular spaces
Q1% (Q1)? and Py x (P;)?. Although much simpler to use, the rectangular elements use exactly three
more degrees of freedom as the Raviart-Thomas spaces. Moreover, mainly because the scalar space
is continuous, our triangular and tetrahedral element spaces have many fewer degrees of freedom
than the Raviart-Thomas spaces, and are more easily implemented, especially in an hp-adaptive
procedure. At least in some cases, our method produces linear systems that have smaller condition
numbers than corresponding standard RTj spaces.

In certain cases, the standard spaces are competitive with, and perhaps superior to, standard
mixed spaces satisfying the inf-sup condition. Because of their simplicity and convergence proper-
ties, the standard spaces are especially attractive when (1) simplicial meshes are used, (2) problems
with periodic boundary conditions (such as cell problems in homogenization) are approximated with
uniform rectangular grids, (3) higher order approximations are desired, and (4) when an hp-adaptive
refinement procedure is implemented.
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7 Appendix

In this appendix, we provide a proof of Lemma 2.1 in the case of k = 1 for ()1 elements.

Proof of (17) for Q1 elements. We assume for simplicity of exposition that Q C R2 Take a
typical rectangular element 7 € T}, with center at (z,,y,) and lengths 2h, and 2k; in the x- and
y-directions, respectively. Note that for any v € Q1(7), we can expand it as

v(z,y) = v(@r, yr) + (T — 27)va(yr) + (y — yT)Uy(ﬂfT) + (z —z7)(y — y'r)vmya

from which we see that evaluation of [ (w — wr), v dx dy requires evaluating the four terms

Jw=wn. dzay Jw=wnato— e day

Jw—wnaty—ydedy. [ (= wrale )y - yo) dody,
We need two special functions:

)= 5((r 2 —12) and F(y) = 5((y—p)* — ).

Using the fact that F”(y) = 1 and integration by parts, we have

Jw=wn.dzdy = [ (w—wi) ) dy o

T
yr+kr

zr+hr
- / (w— wr)o F'(3)

r—hr

o~ [ (0= wey P (0) drdy

= /(w _wl)acny(y) drdy = /wxny(y) dx dy,

where in the above we used the facts that w — w; = 0 at the vertices of 7, F(y) = 0 at edges
Yy =yr £ k-, and wyy, = 0.
Using the identity z — z; = FE’(x) and integration by parts, we obtain

Jw=wnao—an)dvdy = [ (w—w) B @) drdy

y‘r+h7' Tr+hr
- / (w — i) E(z) dy - / (w — w)a E) dar dy
yr—kr r=xr—hr T
_ / Wi B(x) dz dy, (55)

where we used the facts that E(z) = 0 at edges ¢ = x; + h,, and wy 4, = 0. Furthermore, using
the identity E(z) = §(E*(z))” — $h? in (55) and integrating by parts, we have

Jw—wnute—eoyardy =~ [ | B2 @) - g2 dway

1 1
— [ wraa g (B @) dwdy + 312 [ werdody
1 1,
=3 Were E(z) (x — ;) do dy + §hT Wy dz dy,
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wherein we used that (E%(z)) =0 and E(z) = 0 at edges = x, + h,.
Using the identity y — y, = #(F2(y))"”, we have

[y =) dwdy = [ w2 w)" dedy
== [0 = w5 (F)" drdy
~ [ g (W) dody

1 1
= /wxny(Fz(y))’da:dy = /wxyygF(y)(y —yr) dx dy,

T

where we used the facts that w — w; = 0 at the vertices of 7, (F%(y)) = 0 at edges y = y, + k-,
and wy 4y = 0.
Finally, using the identities © — z, = F’(x) and y — y, = F'(y), we obtain

/ (w— wi)al( — )y — y,) dwdy = / (w — w1)o B (2)F'(y) da: dy

T

= /(w —wy)z E(2)F'(y) dx dy

_ / Weay B(2) F(y) da dy,

where we used the facts that E(x) = 0 at edges x = z, + h, and F(y) = 0 at edges y = y, + k.
Combining the above four estimates yields

1
Jtw—wnevdedy = [ o P) oo g dody+ g [ s B - o) drdy

T

1 1
+ §h72— / wxxvx(yr) drdy + g /w:cny(y)(y - yr)vy(‘r'r) dx dy

+ /wmyE(x)F(y)vxy dx dy. (56)
-
Expanding the functions v, vy, vy, and vy, in terms of general point (z,y), as in

(@, yr) =v(x,y) + (27 — 2)vz(y) + (yr — Y)vy(x) + (27 — 2)(Yr — Y)Vay,

noting that E is O(h2) = O(h?), F is O(k2) = O(h?),  — x; and y — y, are O(h), and using the
Cauchy-Schwarz inequality and the inverse estimate (10), we see that

1
/(w —wi)z vdrdy = Oh?)||wl|3..||v]or + ghz / WezVe (Yr) dx dy. (57)
But integration by parts gives us
1
ghz/wmcvx(%—) dx dy
1
= 52 [ wnalos(w) + F(w)vay) do dy
1 y7'+k7' Tr+hr 1 1
= —hi/ WygV dy — —hz / WepaV dr dy — —hi / Wy F(Y)vay dx dy, (58)
3 Yr—kr T=x+—hr 3 T 3 T
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where we used the fact that F(y) = 0 at edges y = y, + k.
Hence if v € W,io and the grid is uniform (h, = h and k; = k for all 7), summing up all the
element edges will eliminate the boundary integral in (58), which combining with (57) yields

|(w = wr),v)| < Ch?||wl]3][v]lo. (59)

Results for the other Cartesian directions are obtained by symmetry.

Finally, we note that we could have optimal error estimates for some special cases. The final
statement in Lemma 2.1 is the case where w is periodic (actually, we only need that w,, is periodic
in  and wy, is periodic in y). The boundary integral in (58) will vanish for any v;, € W}, and we
recover the optimal error estimate. 0O
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