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FINITE ELEMENT METHOD*
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Abstract. Several a posteriori error estimators for mortar mixed finite element discretizations of
elliptic equations are derived. A residual-based estimator provides optimal upper and lower bounds
for the pressure error. An efficient and reliable estimator for the velocity and mortar pressure error
is also derived, which is based on solving local (element) problems in a higher-order space. The
interface flux-jump term that appears in the estimators can be used as an indicator for driving an
adaptive process for the mortar grids only.
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1. Introduction. We consider the second order elliptic problem written as a
system of two first order equations

(1.1) u=—-KVp inQ,
(1.2) Vou=f in Q,
(1.3) p=yg on I'p,
(1.4) u-v=>0 on I'y,

where Q C R%, d = 2 or 3, is a multiblock domain with a boundary 092 = T'p UT y,
I'pNTy = 0, measure (I'p) > 0, v is the outward unit normal on 99, and K is a
symmetric, uniformly positive definite tensor satisfying, for some 0 < kg < k1 < o0,

(1.5) kotTe < €TK(2)€ < ki1€T¢ VYo eQ VeEeRL

In flow in porous media the above system models single-phase flow where p is the
pressure, u is the Darcy velocity, and K represents the permeability divided by the
viscosity.

A number of papers in recent years have studied the numerical solution of the
above and related problems on multiblock domains with nonmatching grids across the
interfaces. This growing interest is driven by the flexibility provided by the multiblock
paradigm. Complicated geometries can be modeled as unions of relatively simple
subdomains with locally constructed grids. Local features of the solution such as
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corner singularities or large gradients can be resolved by finer grids in the local region.
Large scale features such as geological faults and layers in subsurface flow can be
modeled with nonmatching grids. Moreover, the resulting algebraic problem can be
efficiently solved via parallel domain decomposition algorithms.

In a multiblock formulation, the equations are imposed locally on each subdomain
and appropriate interface matching conditions are enforced on the interfaces. The use
of mortar finite elements to impose the interface conditions is a popular approach due
to its excellent stability and accuracy. For the use of mortars, the reader is referred
to [10, 8, 20] and references therein for Galerkin finite element and finite volume
methods, and to [40, 3, 9] in the context of mixed finite element methods.

An integral part of any successful computational method is the development of a
posteriori error estimators and adaptive mesh refinement strategies. Although there
is an enormous amount of literature on a posteriori error estimation and adaptivity
on conforming grids (seminal works include [5, 7, 2, 35]), few papers deal with this
issue for mortar finite element methods. In the case of Galerkin finite elements, error
estimators have been developed in [37, 38, 30]. Even fewer results are available for
the mortar mixed finite element method. Goal-oriented estimates and adaptivity are
developed in [6]. Computational results from [36, 29] indicate that a judicious choice
of mortar grids can lead to an accurate solution at low computational cost, but no
rigorous justification is given. The goal of this paper is to develop a posteriori error
estimators and an adaptive mesh refinement strategy for the mortar mixed finite
element method.

Previous works on error estimation for mixed finite element methods on conform-
ing grids include [11, 12, 17, 24, 39, 25]. In [11], mesh-dependent norms are utilized to
obtain optimal residual-based error estimators. Estimators based on superconvergence
error estimates are developed in [12, 24]. In [17, 39], the Helmholtz decomposition
is used to derive optimal residual-based error estimators in the natural pressure and
velocity norms. Hierarchical estimates and implicit estimates based on solving local
problems are also investigated in [39]. Only the three-dimensional results are given in
[25], where a duality argument is employed to obtain residual-based estimates. How-
ever, the velocity bounds derived there depend on a saturation assumption that may
not hold in general.

In this paper we derive a posteriori error estimates that provide lower and upper
bounds for the pressure, velocity, and mortar error in two and three dimensions.
According to the widely accepted terminology, an estimator is referred to as reliable if
it provides an upper bound of the error, whereas it is called efficient if it gives a lower
bound. We employ a duality-type argument to obtain an efficient and reliable residual-
based estimator for the pressure error. In addition to the usual element residual
terms, the estimator involves a flux-jump term and a mortar pressure difference term
on subdomain interfaces. A closely related estimator of the velocity and mortar error
is also derived, which provides an optimal upper bound, but suboptimal (yet sharp)
lower bound. We then proceed to derive an optimal efficient and reliable implicit
estimator for the velocity based on solving local (element) problems in a higher-order
space. Throughout the paper we make several reasonable saturation assumptions
which are motivated by known a priori error estimates.

It was observed in [36, 29] that varying the mortar degrees of freedom while
keeping the subdomain grids fixed has a substantial effect on the convergence of
the interface algorithm employed to solve the algebraic system. At the same time
mortar grids that are too coarse lead to deterioration of the accuracy of the method.
Therefore, finding “optimal” mortar grids for given subdomain grids is an important
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question. The flux-jump term that appears in all estimators provides a stand-alone
indicator of the nonconformity error in the mortar discretization. It can be used to
drive an adaptive mesh refinement process for the mortar grids.

The rest of the paper is organized as follows. In the next section the mortar
mixed finite element method is defined along with its equivalent interface formula-
tion. In section 3, the residual-based error estimators are derived and analyzed. The
implicit estimator for the velocity is developed in section 4. Computational results
are presented in section 5, followed by some remarks and conclusions in section 6.

2. Formulation of the method and preliminaries. We will make use of the
following standard notation. For a subdomain G' C R¢, the L?(G) inner product (or
duality pairing) and norm are denoted by (-, )¢ and || - ||g, respectively, for scalar and
vector valued functions. The Sobolev spaces W; (G), ke R, 1< p< oo, are defined
in the usual way [1] with the usual norm | - ||xp.c. Let || - ||x,¢ be the norm of the
Hilbert space H*(G) = WF(G). We omit G in the subscript if G = Q. For a section
of a subdomain boundary S C U ,99Q; we write (-,-)s and || - | for the L?(S) inner
product (or duality pairing) and norm, respectively.

We assume that problem (1.1)—(1.4) is H?-regular, i.e., there exists a positive
constant C' depending only on K and {2 such that

(2.1) Ipll2 < CALA + llglls/2.0p)-

We refer the reader to [23, 26, 21] for sufficient conditions for H2-regularity.
To give the weak formulation of (1.1)—(1.4) we recall the usual velocity space [16]

H(div;Q) = {v € (L*(Q)¢:V-v e L*(Q)}
with a norm
IVllzraivy = (VI + 1V - vl
and define
V={veH(div;Q):v-v=00nTy}.

A weak solution of (1.1)—(1.4) is u € V, p € L?() such that

(K ta,v)=(p,V-v)—{g,v-V)r,, VEV,
(V-w,w) = (f,w), weL*Q).

It is well known (see, e.g., [16, 32]) that (2.2) and (2.3) have a unique solution.
Let 0 = U7 ,£); be a union of nonoverlapping subdomains. Let

Pi’j =900; N an, I'=u? r

ij=1

I; = 00, NT = 09;\09.

%79

Let

Vi ={veH(div;Q):v-vy; € L*(0) and v-v; =0 on 00; NTn}, V=PV,
=1

n
Wi =L*(Q), W=@W:=L*Q), M=L*).
=1
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It is easy to see that if the solution of (2.2) and (2.3) satisfies u - v|r € L?*(T) and
p € HY(Q), then for 1 <i<n

(2'4) (K71u7v)97: = (p, V- V)Qi - <)\,V : Vi>117‘, - <g,v ’ V>8QimFD7 v E Via
(2.5) (V-u,w)g, = (f,w)q,, weW;,

n

(2.6) > (u-vip)r, =0, peM,

i=1
where A = p|r. (2.4)—(2.6) imply that (u,p,\) € V x W x M satisfy
(2.7) A(u,p, \;vow, p) = L(vyw,p) YV (vyw,u) € VW X M,
where
A(u, p, \; v, w, )

(K™, v)o, = (0, V- V)a, + (A v-vi)p, + (V- w,w)o, —o(u- vy, w)r,)

=1

and
L(vaau) = U(fvw) - <gaV'V>FD'

Here 0 = 1 or o = —1. If 0 = —1, A(;-) is a symmetric bilinear form, which we
denote by A*(+;-). If 0 =1, we denote A(-;-) by A°(+;-) and note that

AC(v,w, i v,w, i) = (K1, v);

thus A°(+;+) is nonsymmetric, but coercive. Note that the solution does not depend
on the choice of o.

Let {75, }» be a family of finite element partitions of Q;, 1 <4 < n. Let, for any
E €71, hg = diam(FE) and let

h; = max hg, h = max h;.
EeTy ; 1<i<n

Define pg to be the largest diameter of a ball contained in £. We require that each
subdomain grid satisfies the nondegeneracy condition

E
max — < ¢,
Eej’h,i pE

where the constant ¢y is independent of h;. The partitions 75 ; and 75 ; may be
nonmatching along I'; ;. Let 7, = U} 7}, ; and let &, be the union of all interior
edges (faces) not including the interfaces and the outer boundary. Let

Vh,i X Wh,i CcCV;xW;

be any of the usual mixed finite element spaces (i.e., the RTN spaces [34, 31, 27],
BDM spaces [15], BDFM spaces [14], BDDF spaces [13], or CD spaces [18]). The
order of the spaces is assumed to be the same on every subdomain. Let

n n
Vi, = @ Vii, Wy= @ Whi-
=1 =1
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Note that this choice leads to a nonconforming approximation since the normal com-
ponents of vectors in V}, do not have to be continuous across I'. Throughout the paper
we will abuse notation when using the H(div)-norm. In particular, for v € H(div; €;),
1=1,...,n,

n 1/2
Ve = (||v2+Zv~v||ai) ,
=1

and for v e H(div; F), E € Ty,

1/2
N (||v||2+ 3 ||v-v|2E) .

EeTy,

For all of the above spaces
V-Vyi=Wy;

and there exists a projection operator Iy, ; of (H'(£2;))? onto V), ; satisfying for any
q € (H'(%))

(2.8) (V-(IIhqa—q),w)e, =0, we Wy,
(2.9) ((a—Up.q) - v, v -vi)an, =0, veEVy,.

Let ITj, : @(H(Q;))? — V), be such that II,,q|q, = I, ;q for all q € @(H(2;))%.
Let the mortar interface mesh 7, ; ; be a quasi-uniform finite element partition
of I'; j and let 71" = U<, <, T 5. For any 7 € Ty, ; ;, let

E,=UEecT,:0ENT #0).
We will assume that there exist constants ¢; and ¢y such that
(2.10) cihg < h, <chg VE € E,,

where the notation hg = diam(S) is used. Denote by My ;; C L?(I'; ;) the mortar
space on I'; ; containing at least either the continuous or discontinuous piecewise
polynomials of degree k + 1 on 7j,; ;, where k is associated with the degree of the
polynomials in Vj - v. More precisely, if d = 3 and e is a triangle of the mesh, we
take My, ; jle = Px+1(e), the set of polynomials of degree less than or equal to k + 1
on e. If e is a rectangle, we take M}, ; jle = Qr+1(e), the set of polynomials on e for
which the degree in each variable separately is less than or equal to k£ 4+ 1. Now let

My, = @ My,

1<i<j<n

be the mortar finite element space on I'.
In the mortar mixed finite element method for approximating (2.4)—(2.6) we seek
u, € Vi, pn € Wy, and A\, € M}, such that, for 1 <i < n,

(2.11) (K 'up,v)a, = (0, V- V), — An, V- vidr, — (9, V - Vidoq,arp, V€ Vi,
(212) (v : uhvw)ﬂi = (fv w)Qw w e Wh,ia

n

(2.13) Z(uh v, yr, =0, € Mp.

i=1
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(2.13) enforces weak (with respect to the mortar space Mj) continuity of the flux
across the block interfaces. Existence and uniqueness of a solution of (2.11)—(2.13)
are shown in [40, 3] along with optimal convergence and superconvergence for both
pressure and velocity under the assumption that for all u € My ; ; there exists a
constant C independent of h such that

(2.14) [l , < C(1Qninl

iy =
where Qp, ; : L2(0%y) — Vi vi|ag, is the L?-orthogonal projection satisfying for any
¢ € L?(0%)

(2.15) (¢ — Qnidh,v-vi)r, =0 Vv EVy,.

ro,; F1Qnnllr, ;)

Remark 2.1. Condition (2.14) imposes a limit on the number of mortar degrees
of freedom and is easily satisfied in practice [40, 28].

We recall some a priori error estimates from [3] which will later motivate some
of the saturation assumptions needed in the a posteriori error analysis. Herein [ is
associated with the degree of the polynomials in W, and || |4, is a mortar space norm
defined in the next subsection. Throughout the paper C denotes a generic constant
independent of h.

THEOREM 2.1. For the solution of (2.11)—(2.13) if (2.14) holds, then

IV-(u—up)| <CY IV -yl
i=1

n
[u—u| <CD (Ipllrs1,0, + [u

i=1

T,Qihra 1§T§Z+]—a

T,Qi)hrv 1ST§]€+17

lp = pall < C Y (Ipllrrrg, + [ullve, + IV -ullo)h",  1<r <min(k+1,0+1),

i=1

1A= Anlla, < O (Ipllrsr0; + lule)h”, 1<r<k+1.
=1

2.1. Interface formulation. Method (2.11)—(2.13) can be reduced to an equiv-
alent interface (mortar) problem. We recall this interface formulation from [22, 40, 3],

as it will be used in estimating the mortar error.
Define dy, : L?(T") x L3(T') — R for ¢, u € L?(T) by

n

(2.16) (i) = 3 dnilp 1) = = D (Wi () - vis

i=1
where (uj (), pi(¢)) € Vi, x W, solve, for 1 < i <n,
(2'17) (K_lu;;((p),v)gi = (p;;(QO)v V- V)Qi - <‘P7V ’ Vi>Fw vV E Vi,
(2.18) (V-uj(p),w)q, =0, weWp,.
Define g;, : L?>(T') — R by

n

gn(p) = Zgh,i(u) = (@n-vi, ),

i=1
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where (up,pr) € Vi, x Wy, solve, for 1 < i <n,
(K~ 'y, v)o, = 0n, V- V)a, — {9,V - Vidoounrp, V€ Vi,
(V-up,w)a, = (fiw)a,, weW,.
Then (up, pr, Ap) satisfies
dn(Ans ) = gn(p) Vi€ Mp,  wp =up(An) + U,  pr = pp(An) + Dh-
It is easy to see from (2.16) and (2.17) that

(2.19) dni(p: ) = (KM (9), wjy(9))e
which implies that dp(-,-) is positive semidefinite in M x M and, assuming (2.14),
positive definite in M}, x M. We define the norm in Mj:

el an o= dn (e p)*2.

It is shown in [40, 28] for RTy rectangular elements and very general hanging interface
nodes and mortar grid configurations satisfying (2.14) that

(2.20) Dl e, < Cdnlp, ) Vp € M,

T€TT:h

The proofs in [40, 28] can be generalized in a relatively straightforward way to the
other mixed finite element spaces under consideration and to higher-order elements.

The following construction will also be useful in the analysis of the mortar error.
Define, for ¢ € L?(T),

() = uj (@) + s, pr(p) = pi, (@) + Ph-
We note that (up (@), pr(p)) € Vi, x W), satisty, for 1 <i <n,
(K_luh(@)’v>ﬂi = (ph(<p), V- V)Qi - <90’V : V>Fi
(221) - <g,V : V>8QmFD7 v E Vh,iv
(2.22) (V-up(p),w)a, = (f,w)a,, we Wh;.

In particular, u,(A\n) = up, and pp(An) = pp-

The a priori error bounds from Theorem 2.1 motivate the following assumption
on the mortar error.

Saturation assumption. There exists a constant 7 such that

1/2
(2.23) ||AAh|||:< 3 hJHAAhE) < llu—
7€TT:h

For further justification of (2.23), note that |||\ — Ap]|| is closely related to the discrete
H'Y?(T) norm and, by (2.20), to ||A — Ap|l4, . Now, assuming that

lu = up (V]| < 7flu =g,

which is reasonable, since up, () is the numerical solution based on the true interface
data, we have, using (2.19),

ClIA = Anlla, < llug(A) =i (An) | = lun(A) = an(An) || = [lun(A) — ua
< lla—w (M) + [[u —upll < (1 +7)la — axll.
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Remark 2.2. Condition (2.14) is necessary for the solvability and accuracy of
the method and for the validity of (2.23). See [40, 28] for examples of grids that
satisfy (2.14). Note that (2.14) excludes the case of matching subdomain grids and
a mortar grid that coincides with them. In the case of matching subdomain grids,
the mortar grid has to be at least twice as coarse as their trace on the interface.
Another possibility in the case of matching grids is to use the standard Lagrange
multipliers from the hybrid mixed method [4], in which case the conforming mixed
method solution is recovered. This trivial case is not a special case of the mortar
mixed finite element method, since the mortar spaces consist of polynomials of one
degree higher than the Lagrange multipliers.

2.2. Residual representation and orthogonality of error. Using the nota-
tion from (2.7), the solution of (2.11)—(2.13) (un,pn, An) € Vi, X Wy, x M), satisfies

(2.24) A(up, pr, Ay vyw, 1) = L(vyw,p)  V (vyw,u) € Vi x Wy, x M.
Our goal is to derive a posteriori estimates of the error functions

E=u—up, n=p—py, and S=X—Ap.
Using (2.7), (§,1,6) € V. x W x M satisfies the residual equation

(2.25)
A(E,n, 8;v,w, 1) = L(v,w, u) — A(up, ppy A vow, p) YV (vow, p) € VX W x M,

which, together with (2.24), implies the orthogonality condition
(2.26) A&, 6;v,w,u) =0 YV (vyw,u) € Vi x Wy, x M.

2.3. Approximation properties. We present below some of the approximation
properties of the finite element spaces. In addition to the operators defined above, we
will make use of the interpolant Z, in the mortar space M), and the L2-projection
onto W, defined as

(’LU —d},wh) =0 VYw, € W,

The following approximation properties hold true. For all E € T;,, 7 € TT", e €
Th,ilo0,, and smooth enough functions v, w, and g,

(2.27) [v—IInvle < Chelviie,

(2.28) [(v =Tnv) - velop < Chip|lv-velsos, s=0,1/2,

(2:29) [w—d|g < Chelwl,e,

(2.30) i = Znualle < CHY2 i3 /2,7,

(2.31) = Qniptlle < Chellplly,e-

Bound (2.27) can be found in [16, 33]; bounds (2.28)—(2.31) are standard interpolation
and L?-projection approximation results [19].

2.4. Some useful inequalities. In the analysis below we will make use of the
trace inequalities

(232) VE€T, ecdB, |¢lle<Clh;"?lole+hlIIVells) Vo e HY(E),
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(2.33) VEeT, ecdE, |gllhjs.<Clolhe YoeH(E),

(2.34) VEET, ecdE, |v-v|.<Chy?|vlg VveVn,

and the well-known inequality
1

(2.35) ab < ea® + 4472 Ve > 0.
€

3. Residual-based error estimators. In this section we derive upper and
lower bounds on the error in terms of local residuals. The resulting estimators are often
called explicit estimators as they involve only residual terms that depend explicitly on
the input data and the computed solution and do not require the solution of additional
finite element problems.

3.1. Upper bounds. Let, for all E € T, 7 € TT",
(3.1)  wi =K "+ Voullphs + 1f = V- wilBhE + 1A = pull3paches,

(32)  wi=|l[un-v]IZA2,

where for any v € V, v|q, = v,

[V-I/] T :Vi'Vi"f-Vj-l/j

is the jump operator. We first derive an upper bound on the pressure error 7.
THEOREM 3.1. There exists a constant C' independent of h such that

el Cwt+ ¥ w2+ T la- Qi .

EecT, TETT:h e€Th|rp

Proof. The proof is based on a duality argument. Consider the auxiliary problem
—-V-KVw=n7n inQ,
w=0 onlp,
KVw-v=0 onIy.
The elliptic regularity assumption (2.1) implies that
(3.3) Jwllz < Clinll
Let v=—KVw and p = w|p. With (2.7), (v, w, u) satisfy
A (vyw, u; v,w, ) = —(n,w) YV (V,w, 1) € VW x M.
Then, using (2.26) and (2.26),
nll* = =A% (v, w, 15€,,8) = = A*(&,0, 6V, w, p)
=—A%&n, 6 v —Upv,w — b, o — Tpp)
= A%(up,pp, Ay v = pv,w — b, p = fi) + (f,w — @) + (g, (v = Inv) - v)r,,

= Z ((K_luh,v - HhV)E - (ph,V . (V - HhV))E - (V s Up, W — ﬁ})E)
EeT,

+ Z ((An, (v =IIav) - vi)p, + (up - viy o — Tnp)r,)
=1

+(f,w—u?)+(g7(v—1'[hv)-V}pD.
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Applying Green’s formula and using (2.9),

Inll* = Z (K™ ap + Vpp, v = Ihv)g + (f = V-, w — ) g)
EeTy,

+ 3 (= pns (v = Tv) - wi)r, + (un - vis p = Tup)r,)
i=1
+ (9= Qg (v —Tnv) - v)rp-

Using the Cauchy—Schwartz inequality and the approximation properties (2.27)—(2.31),

Inl? < C{ > (K un + Vpnlghelvie + 1f = V- unllshellw] e
EeT),

1/2
+ 1 = palloparh i *IIvIlE) + > s - wll-h2 2]l 2.0
TeTT:h

- ||gth||eh;/2||v||1/2,e}.

e€Thlrp

An application of the discrete Cauchy—Schwartz inequality, the trace inequality (2.33),
and (3.3) completes the proof. d

Remark 3.1. Because of the approximation property (2.31) of Q) the last term
in the bound of Theorem 3.1 is of higher order than the other terms. Therefore, its
effect becomes negligible for small h.

To derive a bound on { = u — u;, we need a saturation assumption. Let V7,
W}, and M; be the finite element spaces of one order higher than Vj, W}, and M,
respectively. Let uj, € V}, pj, € W}, and A} € M} be the mortar mixed finite element
solution in these higher-order spaces (see (2.11)—(2.13)). The a priori error estimates
from Theorem 2.1 motivate the following.

Saturation assumption. There exist constants 3 < 1, B4iv < 1, and 3, < oo such
that

(3.4) [u— || < Bllu— ],
(3.5) IV - (u—up)l < Baiwl|V - (u—wan)ll,
(3.6) P = Phll < Bpllp — pall-

Let
& =u),—uy, v =p,—pn, and & =N\, — .

Similar to (2.26) and (2.26), we have that (&',7,6") € V}, x W} x M, satisfy the
residual equation
gy AT BV ) = LV 4) = Al MV e )
. Y (Vi Why i) € Vi x Wy, x M,
and the orthogonality condition
(3.8) A 7, 8 v,wpn) =0 YV (vyw, ) € Vi, x Wy, x My,

The bounds on £ and ¢ will be expressed in terms of weighted local residuals, for
al E€ Ty, 1T,
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THEOREM 3.2. Assume that the saturation assumptions (2.23) and (3.4) hold.
Then there exists a constant C' independent of 3 such that

C 5 N _
||f||%1<div)s(l_ﬁ>2{ Yo Y @2 Y ||g—th§hel}-

EeTy, TeTT:h e€Tnlrp

Proof. The bound on ||V - £|| is trivial. Indeed, for all E € Tp,

IV-€lle=If—V-une <o
To bound [|£||, since (3.4) implies that

1
. < ——|¢
(39 el < 5l
it is enough to bound ||&’||. Using (3.8) and (3.7),
K22 = A%(E o 876 ) = AC(E ] 8126 T
= Lc(gl - Hh£/7 nla 6/) - Ac<uh7pha )‘h7 5/ - thl? 77/7 6/)

=— Z (K "ap, & —Th&)p — (pr, V- (€ =& ))e + (V- up,n)p)
E€T,

- Z (<)‘ha (E/ - thl) : Vi>F7: - <uh * Vi, 6/>Fi)
i=1

+ (f7 77/) - <97 (gl - th/) ’ V>FD'

The use of Green’s formula and (2.9) gives

|K~2¢)1? = - Z (K™ ap + Vpn, & =) p + (V-u, — f,0)E)
EeTy,

- Z ((An = pn, (6" = TRE) - vi)r, — (an - v, 8')r,)

i=1

—{g— Ong, (& —IL&) - v)py, =Ty + -+ Ts.

(3.10)

For Ty, using the Cauchy—Schwartz inequality, (2.27), the inverse inequality, and
(2.35), we have

(3.11) (K~ 'up, + Vpp, & — 1,8 e| < C(;”K_luh + VpnllE + 61|§'||?5)~
Similarly for 715,

(312) (Vw = £l < IV w1+ I

To bound T3, the use of (2.28) with s = 0 gives, for e € I';, e € OF,

313 10w =€~ €l < O =l + el )
Similarly for T5,

! ! ]‘ — !
(B140) (9= Qug. (€ —TIne) - vhe] < C<4€5“9 QuglPhi + el |%).
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Finally for T}, using (2.35),

n

(w6 = | Y (] 8 <0 Y0 Pl - vl 216

(315) i=1 T€TT:h T€TT:h
1
< X (vl el 25 ).
TeTT:h

Combining (1.5) with (3.10)—(3.15) for small enough €1, €3, and es,

(3.16)
€17 < O S UK+ Tl + 1 = 9 - wallp + 1w = allsnchz’ + 1)
EcTy,
1 2 /123, —1 27 -1
# X (gl v a2 )+ 3 o Qe .
TeTh e€Thlrp

Because of (3.6), the bound on ||7|| from Theorem 3.1 applies to ||| as well. It
remains to estimate |[|6'|]|2 = > 7. [|6']|2h7 1. Using (2.23) (with a constant 4/ in
the case of the higher-order spaces) and (3.4), we have

ST < A = Anll] A = AT < vla = anfl + 9 [la = w, |

(3.17) < (v +78)u—w.

Using (3.17), (3.9) and taking €4 in (3.16) small enough completes the proof. 0

3.2. Lower bounds. Next, we establish lower bounds on the error, which in-
dicate that the residual error estimators can be used effectively in an adaptive mesh
refinement algorithm.

THEOREM 3.3. There exists a constant C' independent of h such that

(318) D> wh+ Y o SC(IUII2+ > hBlE s + D hr5||3>

E€T), TeTTh EeTy T€TTh

and, assuming that the saturation assumption (2.23) holds,

(319) S ah+ ¥ a0 X hlalh + el )

EcT, T€TT:h EeTy,
Moreover, the following local bounds hold for any E € Tp,, e € O, and 7 € T ":

(320) K™ up + VpnllBhE + 1f = V- unllphE < CUnlE + 1801 i) )
(3.21) fun - w1703 < ClENEaivi,) 13

T =

(3.22) X = prllzhe < CUnlE + 1€ @ive b + 11812hs).
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T i = T5 | r
. ) | |
I
2 2 2
B £, B

Fic. 3.1. Construction of Er, .

Proof. Tt has been shown in [17], using a bubble function argument, that

1K~ an + Vprlphe < C(lnlle + 1€l 2he),

which, combined with

If =V -uullghe = ||V -&|phg,

gives (3.20). To prove (3.21), consider any 7 € 75" Let 7 be divided by the
intersection of the two traces of 7 on I' into elements 71,...,7;. Because of (2.10)
there exists ¢ > 0 such that

(3.23) hey > chy, k=1,...,L

Next, let us translate any point in 75 in both directions orthogonal to I' until an
interior edge (face) of an element of 7}, is reached. Let E;, be the union of all such
trajectories. Figure 3.1 illustrates this construction in the case of triangular grids in
R?, where the neighboring domains are 2; and . Note that

E, =E! UEZ,
where Eik, i = 1,2, is a subset of an element of 73 ;. Let ¢ be a continuous piecewise
linear bubble function such that 0 < ¢i(x) < 1in E,,, ¢ = 1 at the gravity center
of 7, and ¢, = 0 on OE,, . Such a function can be easily constructed by decomposing
E;, into triangles if d = 2 or tetrahedra if d = 3. We also need an extension of
[y, - V], to E,,. Given o € HY/?(r), define Ry € H'(E,,) such that R is constant
along lines perpendicular to I'. Let

¢1€ = (ka[uh . V]Tk € Hl(E‘Fk>'

Note that ¢ = 0 on JF,,. Using a scaling argument similar to the one in [35] it can
be shown that

okllre < [ - v]]l7,,
IVorle,, <Chillowle,,
Iprlle,, < Chi*|6kllr,

TR —

Clifup - 17, < (S, [un - ),
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Using (3.27) and that [u-v] =0,

Clllun - V]|, < (p1-v1+upa - vo, dp)r,

(3.28) = ((up,1 — ) - v1, k)7, + (Up2 — 1) - V2, Pp)ry -

Using Green’s formula for the first term on the right-hand side, we have

(&1 v1, di)r | = ‘(V%,fl)mk + (¢%, V- 51)E;k|
< IVorller [62lle:, + Ioklle IV - &uller,
< Ch M N wller Nlle: + Ioulle IV - &illm:
< O Neallps, + W21V - &xlles )l fun - vl

(3.29)

where we have used (3.25) for the second inequality and (3.26), (3.24) for the third
inequality. The second term on the right-hand side of (3.28) can be bounded similarly
in terms of ||£2||H(diV;E3k). A combination of (3.28), (3.29), and (3.23) gives (3.21).

It remains to show (3.22). By the triangle inequality,

(3.30) [Ar = pulle < [[An = Alle + [P — palle-

For the second term on the right-hand side we employ the trace inequality (2.32)

(3.31)
lp = pulle < C(h5" 2 — pulle + hE2 IV (0 — p)lle)
< C(hp*Ip = palle + b1 K"y + Vpu g + by K (u = wp)| )
< C(hpInlle + h 1€l mamsm),

using (3.20) for the last inequality. A combination of (3.30), (3.31), and (2.10) com-
pletes the proof of (3.22). The global bound (3.18) follows immediately from (3.20)
to (3.22), using (2.10), and so does (3.19), using (2.23). O

Remark 3.2. The last two terms in (3.18) are of higher order, so ||7|| dominates
for small enough h. Therefore, this bound, combined with Theorem 3.1, implies that
Y per, Wi + X reqran wi is an efficient and reliable estimator for the pressure error.
Because of the negative power of & in the first term on the right-hand side of (3.19),
the estimator ZEeTh 0%+ Y orerron @2 provides only a suboptimal bound for the
velocity error.

4. Error estimators based on solving local problems. In this section we
derive an implicit error estimator which requires solving local (element) boundary
value problems. These problems approximate the local residual equations satisfied
by the true error. The motivation for considering implicit estimators comes from
the unknown generic constants that appear in the explicit estimators, as well as the
suboptimality in the lower bound for the velocity error. We show that the implicit
estimator provides both optimal upper and lower bounds of the error.

4.1. Global approximation to the error. Similar to the approach in [39],
we first construct a global approximation to the error based on higher-order finite
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element spaces. Using (2.4)—(2.6), the true error satisfies the residual equations:

(K71€7V)Qz‘ - (77’ V- V)Qi + <6,V . Vi>Fz' = —<g,V : V>39iﬂFD

(4.1) — (K_luh,v)gi + (pn, V- V)q, — M, v-vir, =7(v), vEV,,
(4.2) (V-&w)g, = (f =V -up,w)g,, weW;,
(43) Z(f'%ﬂhﬁ, = 7Z<uh'yiaﬂ>rm ,L"GM'

i=1 i=1

Recall from the previous section that Vj x W} x M, are the mortar mixed finite
element spaces of one order higher than Vj, x W, x M}, and (¢',7/,6") € V|, x W] x M,
is the finite element approximation to (&, 7, 6) satisfying

(K_lglvv)ﬂi - (77,7 \E V)Qi + <6/,V : Vi>Fi = T(V), v E V;z,iv
(v.€/7w)ﬂi :(f_v'uh’w)ﬂiv wGW,'m-,

n n

(46) Z<£/ . Viv:u>Fi = Z<uh . l/iﬂ/j’>Fi7 IS Mf,z

i=1 i=1
Note that (4.4)-(4.6) implies that (), = up +&,p), = pn + 7', A, = A + &) is the
finite element approximation to (u,p, A) in V} x W} x M] satisfying

(4'7) (K_lu;L?V)Qi = (p;vuv ’ V)Qi - <)\;NV ’ Vi>Fi - <97V : Vi>891ﬂFD> v E V;L,i’
(4'8) (V ’ u/fmw)ﬂi = (fvw)flm w e Wllz,iv

n

(49) Z<u;1 : Vinu’>ri =0, [IS M]{L

i=1

The saturation assumptions (3.4) and (3.5) imply

(4.10) A=)l < 1"l < (1 + B,
(4.11) (1= Ba) IV - &I < IV - €Nl < (1 + Bain) IV - €],

so it is enough to estimate &'.

4.2. Local (element) approximation to the error. For any FE € 7y, the true
error satisfies the local equations:

(4.12) (K% vV)g—(0,V-V)g =rg(v) = ({p,v-vE)or, Vv E V(E),
(4.13) (V-&uw)p=(f—V - -up,w)g, weW(E),
where

re(v) =—(K ', v)g + (pr, V- V)E.

We construct a higher-order local approximation of the error by solving element sub-
problems: find ¢’ € V/,(E) and ¢’ € W} (E) such that

(4.14) (K%' \v)p — (0/,V-v)g =rg(v) = (pa,v - VE)op, v € Vj(E),
(4.15) (V- w)p=(f—-V- -upwg weW.(E),
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where ps = gon I'p, pa = A\, on OENT, and py = pp, on OE N &y, where Py, is the
Lagrange multiplier for V;, and W}, defined as

(4.16) <ﬁh7V‘VE>8E = —(K_luh,V)E—‘r-(ph,V'V)E, VGVh(E).
Let p’ be the Lagrange multiplier for the higher-order spaces V), and W} satisfying
(4.17) (7', v vE)or = —(K '), v)g + (0, V- V)g, veVI(E).

We make the following.
Saturation assumption. There exists a constant o such that

1/2
(4.18) ( S h ﬁhni) < ollu—wll

e€lp

Assumption (4.18) is motivated by the a priori error estimate for the Lagrange mul-
tiplier [16]

1/2 i
( > he_lllp—ﬁhli) < ChH,

ec&y

where p is the L2-projection of p onto Vj, - vle, .

THEOREM 4.1. Assume that the saturation assumptions (2.23), (3.4), (3.5), and
(4.18) hold. Then there exist constants C1 and Cy independent of 5 and Baiv such
that

(W | E(div) + Z [up, - V]|l h1/2> < ||l £ (aiv)

TeTTN

<13 ﬂ <¢ | 22 (aiv) + Z [uy - V][] hl/z)

F€TT:h

(4.19)

where ﬂmam = max{ﬁ, ﬂdiv}'
Proof. We first note that (4.5) and (4.15) imply that on every E € 7p,

(4.20) V' =v-¢.
Taking v = ¢ — ¢ in (4.14) and summing over all elements, we have

(4.21)
ST(KE W —€) 0 —€)p— (0~ V- —€)p)

EcT,
=3 (KW -+, V- —)p

EeT),
+ e = &) —(pa, W' = &) - vE)og)
(= (K 't =) p+ 04, V- (' = &)e — Bn, (0 — &) - v)orne,

EeTy,
— (g, (W' = &) - vopnry, — M, (W' =€) - vE)opnr)
= > (F —pn (¥ =€) vR)omne, + (M — M. (' =€) - vE)opar),

EcT),
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using (4.7) and (4.17) for the last equality. For the first term on the right-hand side,
using the saturation assumption (4.18) and (2.34), we have

(4.22)
S w0 =€) vmdomne,| < Y hPIF = pallhd 1@ =€) - velle
EeT, e€&p
< Clglly’ =€l

For the second term on the right-hand side of (4.21) we write, using (2.34), (2.23),
and (3.17),

>N = A @ =€) vm)opar| = | Y (@ =€) v,
EeTy, i=1
(4.23) < S RS2 — &) - vll-
TeTTh

< &Ml = &1 < ClIgNlw" = €1
Combining (4.21)—(4.23) and using (4.20), we obtain

v =& < ClEll,
which implies, using the triangle inequality and (4.10),
(4.24) 1"l < Cligll-
Taking w = V - ¢’ in (4.15) immediately gives

V-l <V -€l,

which, combined with (4.24), implies

%] (aivy < CllEN E(aiv)-

Combining the above bound with (3.21) completes the proof of the left inequality in
(4.19). To show the right inequality in (4.19), taking v = &’ in (4.4), and using (4.14),
we have

n

(4.25) (KM =)&) => (0 =0,V -&)a, — (6, vi)r,).

i=1
For the first term on the right-hand side of (4.25) we use (4.20) and the argument
from (4.21) to obtain

n

D=0V = (f =0,V )p

i=1 EeT),

= (K7 =)0 = > (0 = u’ - ve)omre,

EeTy,
+ (X = A, ¥ - ve)arnr),
which, combined with (4.25), implies
(KN =), ¢ —y') = =(6',¢ v,

(427) - Z (<ﬁl - ﬁhﬂ// : VE>BEQ5}L + <>\;L - )‘}H wl . VE>0EOF)'
EeT,,
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For the first term on the right-hand side we have, using (4.6),

n

Z<6l7£, : Vi>Fi

i=1

n

Z<5/, up - Vi)l",y

i=1

(4.28)

1
<alll®+ > gl vizh

7€TT:h

where the inequality is obtained using the argument in (3.15) and (3.17). The
last two terms on the right-hand side of (4.27) can be bounded similarly to (4.22)
and (4.23):

(4.29)

1
< ¢ (aallel? + 1 11P),
2

S (=¥ - vB)osne, + (N, = An, ¥’ - ve)omar)
EeTy,

Combining (4.27)-(4.29),

1 1
¢-vP<o(@ralel+ ¥ ol vl + o vI?).

TeTT:h

which implies, using the triangle inequality, (4.10), and taking €; and €5 small enough,

C !
leh < 155 (11 + X e sl

TETT:N
An application of (4.11) and (4.20) completes the proof. a

5. Numerical results. In this section we test the performance of the residual-
based error estimator. The estimator is used as a local error indicator that drives
an adaptive mesh refinement process. The following algorithm describes the adaptive
procedure.

ALGORITHM.

1. Solve the problem on a coarse (both subdomain and mortar) grid.
2. For each subdomain ;
(a) Compute

1/2
wi:( Z w%—i— Z wi) .

EeTy; reTTlish

(b) If w; > 0.5 maxi<j<n Wy, refine ,Th,i-
(¢) If any neighboring subdomain grid has been refined two times more than
Q;, refine Tj, ;.
3. For each interface I'; ;, if either €; or €); has been refined, refine 7y, ; ;.
4. Solve the problem on the refined grid. If either the desired error tolerance or
the maximum refinement level has been reached, exit; otherwise go to step 2.
Several comments are in order. First, we employ the pressure error estimator
based on wg and w,, defined in (3.1) and (3.2), since it provides an efficient and
reliable estimate of the L? pressure error, due to Theorems 3.1 and 3.3. Second,
the refinement rule 2(c) is needed to reduce the effect of discretization error due to
large ratios between grid sizes in neighboring subdomains. Third, according to rule 3,
mortar grids are refined if either adjacent subdomain grid is refined.
In the examples below, the subdomains are discretized by the lowest-order
Raviart-Thomas spaces. Discontinuous piecewise linear mortar spaces are used on
the interfaces.
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pres
17.1968
16.0504
14.9039
13.7575
12.611
11.4646
10.3181
9.1717
8.02525
6.8788
5.73235
4.5859
3.43945
2293
1.14655

pres
1.713

1.5988
1.4846
1.3704
1.2562
1.142

1.0278
0.9136
0.7994
0.6852
0.571

0.4568
0.3426
0.2284
0.1142

Fic. 5.1. Computed pressure on the fourth grid level for examples 1 and 2.

0.6
0.5
0.4

0.3

Convergence of Velocity Error

Convergence of Pressure Error

—H&H— Uniform

—H&H— Uniform
—A—— Adaptive

—~A—— Adaptive

o
S}

Pressure L2 Error
o

Velocity L2 Error
o

0 107 10° 10° 107 10
Number of Elements Number of Elements

£l

Fic. 5.2. Convergence of pressure and velocity error for example 1.

We first illustrate the above algorithm for several two-dimensional problems. In
all examples the domain is the unit square, decomposed into 6 x 6 subdomains. The
coarse grid in each subdomain is 2 x 2 with a single mortar element on each interface.
In the first two examples we test problems with boundary layers. The true pressure
solution is

p(z,y) = 1000mye‘k(x2+y2),

where £ = 100 in example 1 and k& = 10 in example 2. In both cases K = I. The
computed pressure after three refinements is shown in Figure 5.1. We note that in
both cases the grids are appropriately refined along the boundary layers. In the
second example the exponential drop is less steep. This causes an extended boundary
layer, which is resolved by a strip of fine subdomain grids along the boundary. In
Figure 5.2, the pressure and velocity errors in example 1 are plotted as functions
of the total number of finite elements. The convergence of the error for all other
examples is similar and is not shown. We observe that the adaptive solution needs
about 20 times fewer elements to provide the same accuracy.
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pres
0.94
0.87
0.81
0.75
0.69
0.62
0.56
0.50
0.44
0.38
0.31
0.25
0.19
0.13
0.06

Fic. 5.3. Computed solution on the fourth grid level for example 3. Left: pressure on the full
grid. Right: pressure and velocity near the singularity.

pres
935.92
873.53
811.13
748.74
686.34
623.95
561.55
499.16
436.76
374.37
311.97
249.58
187.18
124.79
62.39

Fic. 5.4. Computed solution on the fourth grid level for example 4. Left: pressure on the full
grid. Right: pressure and velocity zoom.

In the next example, motivated by the modeling flow in heterogeneous porous
media, we test a problem with a discontinuous permeability tensor K. The domain
is divided into four subregions by the lines z = 0.5 and y = 0.5. The permeability
is K = 100/ in the lower-left and upper-right regions and K = I in the other two
regions. Dirichlet boundary conditions p = 1 on the left and p = 0 on the right and
no-flow boundary conditions on the top and bottom force the flow from left to right.
It is known for the true solution that p € H'** for some 0 < o < 1 with singularity
occurring at the cross-point. The computed solution after three refinements is shown
in Figure 5.3. As expected the grids are finest near the singularity and are also refined
in the low permeability region to resolve the high pressure gradient. Some of the grids
in the high permeability region are refined as well, due to the refinement rule 2(c).

Finally, a three-dimensional example is presented. The unit cube is divided into
4 x 4 x 3 subdomains. The true pressure

p = 1000 e~ 10" +y7+2%)
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exhibits a steep exponential decay near the origin. The computed pressure and
velocity on the fourth grid level are given in Figure 5.4. The steep pressure gradient
and large velocity are well resolved by the fine computational grids near the origin.

6. Conclusions. In this paper, several two- and three-dimensional a posteriori
error estimators for mortar mixed finite element methods for elliptic equations have
been derived. A residual-based error estimator provides optimal upper and lower
bounds for the pressure error. A closely related error estimator for the velocity gives
an optimal upper bound, but suboptimal lower bound. The negative power of h
that appears is due to the different order of derivatives involved in the L?-norm and
the H(div)-norm. An efficient and reliable implicit estimator for the velocity is also
derived, which is based on solving local (element) problems. All estimators include a
term that measures the jump of flux across subdomain interfaces. This term provides a
measure of nonconformity in the mortar discretization. In cases where the subdomain
grids are fixed and optimal mortar grids need to be obtained, this flux-jump term
can be used to drive an adaptive process for the mortar grids independently of the
subdomain grids.

Acknowledgment. The authors thank Wolfgang Bangerth for his useful
comments.
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