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Abstract. We consider primal-dual mixed finite element methods for the solution of the elliptic
Cauchy problem, or other related data assimilation problems. The method has a local conserva-
tion property. We derive a priori error estimates using known conditional stability estimates and
determine the minimal amount of weakly consistent stabilization and Tikhonov regularization that
yields optimal convergence for smooth exact solutions. The effect of perturbations in data is also
accounted for. A reduced version of the method, obtained by choosing a special stabilization of the
dual variable, can be viewed as a variant of the least squares mixed finite element method introduced
by Dardé, Hannukainen, and Hyvénen in [STAM J. Numer. Anal., 51 (2013), pp. 2123-2148|. The
main difference is that our choice of regularization does not depend on auxiliary parameters, the
mesh size being the only asymptotic parameter. Finally, we show that the reduced method can
be used for defect correction iteration to determine the solution of the full method. The theory is
illustrated by some numerical examples.
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1. Introduction. Let Q € R?, d € {2,3}, be a polygonal /polyhedral domain,
with boundary 0} and outward pointing unit normal . We consider the following
elliptic Cauchy problem,

V- (AVu)+pu=f+V-FinQ,
(1.1) u=gon,
(AVu)-v =1 on X,

where ¥ € 9. The problem data are given by f € L2(), F € [L2(Q)]%, g € H= (%),

¢ € H™2(X), where H~2 (%) denotes the dual of the space 30(X), i.e., the functions
in H %(Z) that vanish on 0X. The physical coefficients are given by p € R and
the diffusivity matrix A € R4*? which is assumed to be symmetric positive definite.
Observe that the second term in the right-hand side is well-defined only in the weak
sense; see (1.2) below for the precise formulation. For the physical problem, the
function F' will be assumed to be zero, but it will play a role for the numerical
analysis.

Contrary to a typical boundary value problem, the data g, ¢ are available only
on the portion ¥ of the domain boundary. Observe that on this portion, on the other
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hand, both the Dirichlet and the Neumann data are known. For simplicity we only
consider the case of unperturbed Dirichlet boundary conditions. We will assume that
1 is some measured Neumann data, possibly with perturbations 6. We also assume
that the unperturbed data have at least the additional regularity ¢ € H %(E) and
¢ € H2(¥) and that there exists a solution u € H2(Q) to (1.1) for the given f, 1,
and g. The elliptic Cauchy problem is severely ill-posed [3] and even when a unique
solution u exists, small perturbations of data in the computational model can have a
strong impact on the result.

The computational approximation of ill-posed problems is a challenging topic.
Indeed the lack of stability of the physical model under study typically prompts
Tikhonov regularization on the continuous level [32, 38] in order to obtain a well-posed
problem, which then allows for standard approximation techniques to be applied. Al-
though convenient, this approach comes with the price of having to estimate both the
perturbation error induced by adding the regularization and the approximation error
due to discretization, in order to assess the quality of the solution. For early works on
finite element approximation of the elliptic Cauchy problem and ill-posed problems,
we refer to [30, 27, 26, 37].

Herein we will advocate a different approach based on discretization of the ill-
posed physical model in an optimization framework, followed by regularization of the
discrete problem. This primal-dual approach was first introduced by Burman in the
papers [11, 13, 12, 14], drawing on previous work by Bourgeois and Dardé on quasi-
reversibility methods [4, 5, 7, 8] and further developed for elliptic data assimilation
problems [16], for parabolic data reconstruction problems in [21, 18], and finally for
unique continuation for the Helmholtz equation [19]. For a related method using finite
element spaces with Cl-regularity, see [23], and for methods designed for well-posed,
but indefinite problems, we refer to [9] and for second order elliptic problems in non-
divergence form, see [40] and [39]. Recently approaches similar to those discussed
in this work were proposed for the approximation of well-posed convection-diffusion
problems [28] or porous media flows [33].

The idea is to cast the ill-posed problem in the form of an optimization problem
under the constraint of the satisfaction of the partial differential equation, and look
for the solution of the discrete form of the partial differential equation that allows for
the best matching of the data. This problem is unstable also on the discrete level
and to improve the stability properties we use stabilization techniques known from
the theory of stabilized finite element methods. Typical stabilizers are least squares
penalty terms on fluctuations of discrete quantities over element faces, or Galerkin
least squares term on the residual, in the elements. Since both a forward and a dual
problem must be solved, this approach doubles the number of degrees of freedom in
the computation.

The objective of the present work is to revisit the primal-dual stabilized method
for the Cauchy problem but in the context of mixed finite element methods. This
means that we use one variable to discretize the flux variable and another for the
primal variable. In this framework, the primal stabilizer, that typically is based on
the penalization of fluctuations, can be formulated as the difference between the flux
variable and the flux evaluated using the primal variable. Our method is designed
by minimizing this fluctuation quantity under the constraint of the conservation law.
The use of the mixed finite element formulation allows us to choose discrete spaces
in such a way that the conservation law is satisfied exactly on each cell of the mesh.
The resulting system is large, but we show that a special choice of the adjoint stabi-
lizer allows for the elimination of the multiplier and a reduction of the system to a
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symmetric least squares formulation, at the price of exact local conservation. For the
reduced case local conservation is only satisfied asymptotically.

The reduced method is identified as a variant of the method proposed by Dardé,
Hannukainen, and Hyvonen in [24]. In this work the elliptic Cauchy problem was
considered and a discrete solution was sought using Raviart—Thomas finite elements
for the flux variable and standard Lagrange elements for the primal variable. Ad-
ditional stability was obtained through Tikhonov regularization on both the primal
and the flux variable. Contrary to [24], our choice of regularization does not depend
on auxiliary parameters, the mesh size being the only asymptotic parameter. This
allows us to carry out a complete analysis of the rate of convergence of the method.

The convergence analysis is based on known conditional stability estimates for
the elliptic Cauchy problem; see, e.g., [1]. We prove estimates for the mixed finite
element methods that in a certain sense can be considered optimal with respect to the
approximation order of the space, the stability properties of the ill-posed problem, and
perturbations in data. For the analysis using conditional stability estimates, we need
an a priori bound on the discrete solution. This naturally leads to the introduction of a
Tikhonov regularization on the primal variable. The dependence of the regularization
parameter on the mesh size is chosen so that optimal convergence is obtained for
unperturbed solutions, depending on the approximation order of the space and the
regularity of the exact solution. The analysis is illustrated with some numerical
examples.

1.1. The elliptic Cauchy problem. The problem (1.1) can be cast in weak
form by introducing the spaces

Vs i={ve HY(Q) : v|s = g}
and, using ¥’ := 00\ %,
Vs i={v e H'(Q) : v|sr = 0}.

1
Note that the trace of v € V5 on ¥ is a function in Hj)(X). We also introduce the
bilinear forms

a(u,v) := / (=AVu - Vo + puw) dz, 1(v) := / Yu ds —|—/ fo dx—!—/ F Vv dz.
Q b Q Q

The weak formulation then reads find u € Vs such that

(1.2) a(u,v) =1l(v) Yve Va.

Observe that this problem is severely ill-posed (see, e.g., [3]). Moreover, if f and
1) are chosen arbitrarily, it may fail to have a solution. We will assume below that we
have at our disposal perturbed data,

Y=+ p, S e LAY,

and ~
f=f+6f of € L*(Q),

such that, in the unperturbed case (6¢ = 0, 6f = 0), there is a solution u € H?(Q)
of (1.2). We then arrive at the following perturbed problem, find u € Vi such that

a(u,v) =1(v) Yo e Vi,
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where the perturbed right-hand side is given by

I(v) ::/Zzﬁv ds—i—/va dx.

Here we have omitted the contribution from F' since this term is assumed to be zero
for the physical problem. The problem posed with the perturbed data most likely
does not have a solution.

We define for k& > 0,

Hj,,={qe H*(Q):V.-qe€ H"(Q) and q - v|y = ¥}.

We observe that for k = 0, q - v|y is well-defined in H~2(X). Assuming f € L%(Q),
the flux variable p := AVu is in Hggy p 1= ng‘v,zp- We will also write Hgi = Hgiv,o-

For the finite element method we will use (1.1) written in mixed form, that is, find
u € Vs, p € Hg;p oy such that

(1.3) p— AVu =0 in Q,
(1.4) V-p+pu=fin Q.

The method that we will propose below will be based on minimizing the left-hand
side of (1.3) under the constraint of (1.4).

In the analysis below we will use the following notation for the L2-scalar products
and norms on w C R? and o C R4™1,

1
(u,v)y, = / wv dz, with norm |lull, = (u,u)3
w

and

(u,v), = / uv ds, with norm ||Ju||, = <u,u>§ .
g

With some abuse of notation we will not distinguish between the norms of vector
valued and scalar quantities.

1.2. Stability properties of the Cauchy problem. The literature on the
stability properties of the elliptic Cauchy problem spans more than a hundred years;
see, for instance, [29, 35, 36, 2, 3, 1, 6]. The results known as quantitative unique
continuation or quantitative uniqueness are useful for numerical analysis. For our
analysis we will use the results in [1], and we refer the reader to this review paper by
Allessandrini and his coauthors for background on the analysis of the Cauchy problem.
To keep down the technical detail we will here present their main results in a simplified
form suitable for our analysis. In particular, we do not track the constants related to
the geometry of the domain. For the complete results, as well as full proofs, we refer
to [1]. First we introduce the following bounds on the data. Assume that there exist
n,e > 0 such that

(1.5) gl zrrr2esy + 1l -1r2(s) <,

where we used the dual norm

) v,
19l fr-1/2(s) :== sup 20 V) Ve
vEVsy ||’UHVE,
v#0
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and || fllq + [|[F|la < € or, equivalently, the right-hand side I(v) of (1.2), satifies the
bound

(1.6) 1l (vgy <e.

THEOREM 1.1 (conditional stability of the Cauchy problem, local bound). As-
sume that u € HY(Q) is a solution to (1.2) with data satisfying (1.5) and (1.6).
Assume that the following a priori bound holds,

(1.7) llulla < Ep.

Let G C Q be such that dist(G,¥') > 0. Then there exists a constant C > 0 and
7 € (0,1) depending only on the geometry of Q and G such that

(1.8) lul < Cle+m) (o +e+m)7.

Observe that compared to [1, Theorem 1.7], we have omitted the assumption that
dist(G, ) is small. This is because estimates for u can be propagated in the interior
of Q, at the cost of making the constants C' and 7 worse; see [1, section 5]. It is
important, however, that G does not touch Y'. If it does, the optimal estimate is of
logarithmic type.

THEOREM 1.2 (conditional stability of the Cauchy problem, global bound). As-
sume that w € HY(Q) is a solution to (1.2), with data satisfying (1.5) and (1.6).
Assume that the following a priori bound holds,

(1.9) [ull 1) < E.

Then there exists a constant C > 0 and T € (0,1) depending only on the geometry of
Q such that

e+n
1.1 < E _
(1.10) lullo < C( +€+n)w<E+E+n),

where w : (0,1) — R satisfies

1

0= gty

fort < 1.

Remark 1.1. The practical utility of the above estimates is weakened by the lack
of knowledge of the exponent 7. As mentioned the above presentation of Theorem 1.1
is slightly simplified and a quantitative lower bound for 7 is included in the original
paper; see [1, equation (1.37)]. Rather than quantifying the rate of convergence in
each computational configuration, the objective of the present work is to show that
the method will satisfy an error bound with the best rate allowed by the stability for
the given problem.

2. The mixed finite element framework. Let {7 }; be a family of conform-
ing, quasi-uniform meshes consisting of shape regular simplices 7 = {K}. The index
h is the mesh parameter h, defined as the largest diameter of any element K in 7.
For each simplex K we let ni be the outward pointing unit normal. We assume that
the boundary faces of 7 fit the zone ¥ so that 9% nowhere cuts through a boundary
face. The set of faces of the elements in 7 will be denoted by F and the set of faces
in F whose union coincides with ¥ by Fyx.
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We introduce the space of functions in L?(f2) that are piecewise polynomial of
order k on each element,

XK=z, € L*(Q) : 21| € Pp(K), VK € T},

where Py (K) denotes the set of polynomials of degree less than or equal to k on the
simplex K. We define the L?-projection 7y j : L*(Q) — XF by mx ry € X} such that

(mx 1y —ysvn)o =0 Yo, € XJ.

The L2-projection on a face F of some simplex K € T, will also be used in the
analysis. We define 7, : L*(F) + P;(F) such that, for ¢ € L*(F), mp, ¢ satisfies

(6 —TF10,Pn) p =0 Vpn € P(F).

For functions in X ,’f we introduce the broken norms,

1
2 1
_1 2
(2.1) IIzhr—<§ ||x||?<> and [zf|1,n = (IIVxlliJrllh WF,z[[x]]llfr\fz) ;

KeT

where ||z]|% ;=Y pc 7 lz[|% and

[u]|p(z) == lim, g+ (u(z — enp) — u(x + enyp)) for F € F;,
F E U(I‘) for F (S ]:Z"

where np is a fixed unit normal to the face F' and F; is the set of interior faces.
Note that we do not need to define the jump on Y. Also recall the discrete Poincaré
inequality [10],

Izllz20) S el Yo € X,

which guarantees that the right expression of (2.1) is a norm. Here and below we use
the notation a < b for a < Cb, where C is a constant independent of h. Occasionally,
we will also use the notation a ~ b meaning a < b and b < a.
To formulate the method we write the standard H'-conforming finite element
space
LY = {v, € H'(Q) N X}}.

For the primal variable it is convenient to introduce the spaces
ng ={v, €LV vy =goonX}, VF:={v, €Ll :v,=00n%}

We let g5, denote the nodal interpolant of g on the trace of functions in V}, on ¥, so
that defining the nodal interpolant i : C°(Q) Lﬁ, there holds iy, : Vs — ng. The
following approximation estimate is satisfied by ip; see, e.g., [25]. For v € HKT1(Q)
there holds

(2.2) v = invlla + AIV (= inv) o S B+ olgrnr oy, k> 1.
The flux variable will be approximated in the Raviart-Thomas space

RT" :={q), € Hyin(Q) : qy|x € Pi(K)* @ x(P)(K)\P;_1(K)) for all K € T}
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with & € R? being the spatial variable, I > 0, and P_;(K) = ().  We recall the
Raviart-Thomas interpolant Ry, : Wy, (Q) — RT', where

Wiin(2) :={w € [LP(Q)]d; V-weL*(),p>2,s>q, g lt=pt+ d_l}

and its approximation properties [25]. For ¢ € H}! (), m > 1, and Rxq € RT!,
there holds

(2.3) lg — Rnqlla + V- (@ — Rng)lla SP"(IV - alar@) + lala @),

where 7 = min(m, ! 4+ 1). Then assuming that the Neumann data i are in L2(X),
we define the discretized Neumann boundary data by the L?-projection, for F € X,
1/~)h| Foi= 7TF_’1’1/~). A space for the flux variable, with the satisfaction of the Neumann
condition built in, takes the form

;;::{qheRTl:qh-V:@honE}, Di:={q, € RT':q,-v=0o0n X}

Given a function z, € X} we define a reconstruction 1, (z5) of the gradient of zj,
in D}. By the properties of the Raviart-Thomas element there exists 1, (z1,) € D},
such that for all F' € F\ Fg

(2.4) (Mn(2n) - np,wp)p = (hp" [z4], wn)  for all wy, € Py(F),

where hp is the diameter of F', and if [ > 1, for all K € T,

(2.5) (M (@n), 1) & = —(Von, qp) i for all g, € [Proy (K)]%.
The stability of n;, with respect to data is crucial in the analysis below and we therefore
prove it in a proposition.

PROPOSITION 2.1. There exists a unique n,, € D} such that (2.4)—(2.5) hold for
every face F € F \ Fx and every element in the mesh. Moreover m,, satisfies the
stability estimate

_1 1
(2.6) Imnlle < Cas(llmxi—1Vanlh + 1R 2 aplea]llF 7,)

here Cgqs > 0 is a constant depending only on the element shape regularity that will
appear in the constant of the stability estimate; see Proposition 2.2 below.

Proof. The unique existence of 1, is an immediate consequence of the definition
and unisolvence of the Raviart-Thomas space. Observe that the left-hand side of
(2.4)—(2.5) coincides exactly with the degrees of freedom defining the Raviart—Thomas
element.

For the stability estimate (2.6) we notice that since by definition 7x ;—1m, |k =
Trk1—1Veyk and 1y, - nglox = hIZlWF’l[[xh]HK it is enough to prove the estimate

% S Imki—amalle + hling, - nxl3x-
To this end let K be a fixed reference element. Then we have the bound
(2.7) 17l1% < ||7Tf(,l71'f7h||%( + 195, 'ﬁf(”?);g

by finite dimensionality and unisolvence of the Raviart-Thomas element.
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Next let ®(&) = b + B be an affine mapping such that ® : K — K is a
bijection and the determinant |B| of B is positive. Define the mappings w = 1o ®~!
and ¢ = |[B|7'Bg o ®~'. Then we have identities (g - nx,w)ox = (§ - Nk, V)yk,
(V-qw)g = (V- q,W) 5, and (Vw,q)x = (@u?,f])f{. Since B is a constant matrix
it follows that q € [P;_1(K)]? <= ¢ € [P;_1(K)]? and, thus, for q € [P;_;(K)]? we
have

(Trf(,l—lf]h7Q)f( = (ﬁﬁ%Q)f( = (Vwaq)K = (ﬂ'K,l—IVU%Q)K = (ﬂ-K,l—lnaq)K-
Furthermore, we have the estimates

(2.8) lallie < 1BI7HIBIPNal%.  lal% < BB~ Pllall-

Moreover, denoting by (®|z)" the derivative of the restriction of ® on a face F of the

reference element K, and by |B|ox the maximum of |(®| 2)'| over all the faces F it
holds that

(2.9) la-7gll2 gz < [Bloxlla-nwl3x-
To verify (2.9) we note that

sup sup g - nxllox-

vermiy Tolox  wertiey Twlox  Illoz

q-n ) L X : )

Recall that we have assumed that the meshes are quasi-uniform. In particular,
they are shape regular, and therefore the diameter py of the largest ball in K satisfies
pi ~ h. The projection of this ball onto the plane containing a face F' of K is a (d—1)-
dimensional ball of the same radius pg. But this ball is contained in F' and, therefore,
the volume of F is proportional to h%~!. This again implies that |B|sx ~ h?~!. Also,

IBISh 1B Sh B~ R
Finally, using (2.7), (2.8), and (2.9) and the above geometric bounds we obtain
Il < 1BIHIBIP 9 1%
SIBITUBI(Img gyl + 7 - Al )
SIBITHIBIP(BIIBT P Imk i 1mullic + [Blox mn - mxc13x)
S -l + Pling - nxl3- a
To measure the effect of the perturbed data we introduce the corrector function

op € wa,

' | (0Y,pn)p for all p, € Py(F) for F € Fx,
(2.10) (0p - mp,p)p = { 0 for all p, € P;(F) for F € F\ Fx,

and if k > 1, for any K € T, (6p,q;,)x = 0 for all g, € [P,_1(K)]%. For §p we may
also show the bound ||6p|lq < hz ||6¢]s.

We will frequently use the following inverse and trace inequalities, for all v €
]P)k(K )7

(2.11) IVolx S h7Hivlix

and, for all v € H'(K),

(212) [vlore S h™2 el +h* [Vl

For a proof of (2.11) we refer to Ciarlet [22], and for (2.12) see, for instance, [34].
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2.1. Deriving finite element methods in an optimization framework.
The method to solve ill-posed problems proposed in [14] is based on discretization in
an optimization framework where some quantity is minimized under the constraint
of the partial differential equation. The quantity to be minimized is typically either
some least squares fit of data or some weakly consistent regularization term acting
on the discrete space, or both. Introducing the Lagrange multiplier space W™ :=
X;, this problem then takes the form of finding the critical point of a Lagrangian
L: ng X sz) x W™ — R defined by

(213) E[”h? qh7yh] = %S[(U}Lv qh)7 (Uha qh)] - %S*(yhvyh) + b(qh7vh7yh) - (]E? yh)Q

Here y, € W™ is the Lagrange multiplier, s(-,-) denotes the primal stabilizer, s*(-,-)
the dual stabilizer, and b(-,-) the bilinear form defining the partial differential equa-
tion, in our case the conservation law

b(an,vn,yn) == (V- aqp, + pon, yn)a-

As a first step to ensure that the kernel of the system is trivial we propose the primal
stabilizer

(2.14) sl(v,q), (v,q)] := %HAVU —qlf§, + t(v,v),

where t(-,-) is a symmetric positive semidefinite form related to Tikhonov regular-
ization. However here we will design t so that it is weakly consistent to the right
order. This should be compared to the jump of the gradient used in [11]. Observe
that in this case the first term of s forces p; and AVuy, to be close, connecting the
flux variable to the primal variable. In that way introducing an effect similar to the
penalty on the gradient of [11].

Computing the Euler-Lagrange equations of (2.13) we obtain the following linear
system. Find up, py,, 2n € Vg’“ X Df; X W™ such that

(2.15) s[(un,pp), (vn, qp)] + b(qp, vn, zn) = 0,
(2.16) (P, un, wn) — (f,wn)e — s* (2n, wn) = 0

for all vy, q,, wn, € VI x Db x W™. The system (2.15)—(2.16) is of the same form
as that proposed in [12, 14]. To ensure that the system is well-posed, the spaces
ng X Df[) x W™ and the stabilizations ¢ and s* must be carefully balanced. If we
restrict the discussion to k > 1, k —1 <[ < k, and [ < m < k, a stable system is
obtained by choosing

{t(vh, vn) = 5p2h?[[(L = 7w )onllg, + b Vonl[?,

(2.17) . .
s*(Yn,yn) = 7" 5111 — 7x,-1) Vg,

where my @ L2(2) — W™ denotes the standard L2-projections on W™. We also
define mx _1 = 0. Alternatively for any choice of k and | with m = max(k,[) one may
use the regularizing terms

(2.18) t(vn, vn) = 5yrh** | Vo,
5" (Ynsyn) = 5llunlld-
We end this section by detailing some different choices of polynomial orders for the
spaces and associated stabilizers s, s*, that result in stable and optimally convergent
methods.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 01/18/19 to 128.41.35.150. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

PRIMAL-DUAL MIXED FINITE ELEMENT METHODS 3489

2.2. Inf-sup stable finite element formulation (stabilizer (2.17)). For
fixed k > 1 take | = m = k, then the primal-dual method is stable with minimal
stabilization. It is obvious that for this choice the first term of ¢ in (2.17) is always
zero as well as s*, i.e., (2.17) reduces to t(vy, vp) == 397h?*|Vur |, s*(yn, yn) = 0.
As we shall see below, in the case k = 1, one may also take t(vp,v;) = 0 and hence
completely eliminate the regularization. Considering (2.16) we see that for every cell
K € Ty, we have by taking wj, = x g, with x denoting the characteristic function,

(2.19) /E)Kph ‘ng ds = /K(f — puy) dx,

expressing the cellwise satisfaction of the conservation law. This method however has
a very large number of degrees of freedom and it is not obvious how to eliminate the
Lagrange multiplier in order to reduce the size of the system. Moreover the spaces are
not matched with respect to accuracy; optimal estimates are obtained also if | = k—1.

2.3. Well-balanced methods (stabilizer (2.17)). For fixed k¥ > 1 take | =
k — 1 and m = k, then as we shall see below, the primal and dual spaces are well-
balanced in the sense that they produce the same order of approximation error O(h*)
for a sufficiently smooth solution. Since V¥ C X the first term of ¢ in (2.17) is
zero. On the other hand with this choice of spaces the method is not inf-sup stable
for s* = 0. The dual stabilizer in (2.17) is however completely local to each element.
In the case [ = 0, the dual stabilizer (2.17) becomes

“(Yn> yn) Z IVyn|%-
KeT

Since s* is zero for constant functions the relation (2.19) still holds. Thanks to the
local character, all the degrees of freedom of the Lagrange multiplier, except the
cellwise average value, can be eliminated from the system using static condensation.

If we instead let | = m = k—1, we may take ¢ defined by (2.17) and s* = 0, which
results in an inf-sup stable well-balanced method. If g = 0, the first term of ¢ can be
omitted, i.e., t(vy,vn) == $y7h?*||Vuy||3. This method can easily be analyzed using
the approach below and has a similar convergence order to the previous well-balanced
method.

2.4. Mixed LZ2-least squares finite element formulation (stabilizer
(2.18)). The choice of spaces and stabilizers proposed above lead to methods that
have optimal convergence properties up to physical stability and that satisfy the con-
servation law exactly on each cell. These properties however come at a price: the
number of degrees of freedom is large. Indeed compared to the method introduced in
[11], using a piecewise affine conforming approximation for both the primal and dual
variable the number of degrees of freedom increases at least by a factor of three if this
formulation is used. This large increase can be reduced to a factor of two by using
the dual stabilizer (2.18) as we shall see below, but the price is that local conserva-
tion only holds asymptotically. Here we may use any k > 1 and any [ > 0 and take
m = max(k,1).

If we define s*(zx, wp) := (2n, wh)a, as in (2.18), we immediately get from (2.16),
since m = max(k, 1), that z, = V - p,, + puy — fr, where fj, is the L2-projection of f
onto W™. Reinjecting this expression for z; into (2.15) and defining s by (2.14) with
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t as in (2.18), we obtain the equation find (un,py,) € V' x Df; such that

(2.20)  s[(un,Pp), (Vs @n)] + (pun + V- p, pvon + V- q)o = (f. V- @, + pon)a

for all (vn,q,) € V& x D}. This method, which coincides with the one proposed in
[24] up to Tikhonov regularization, can be derived directly from the minimization of
the following functional 7}, : ng X Df[) - R,

Tiuns p) = sl(un. p)s (uns )] + /Q<v o pun — )7 de.

There is one Tikhonov regularization term added in s, where the parameter vp is
independent of the mesh size. Our discrete method can now be written find (up, py,) €
Vi x szj, k> 1,1>0, such that

(2.21) (up, pp,) = argmin Jp, (up, pyp,)-
Vy’ffoL

We conclude that the solution of (2.15)—(2.16) coincides with the minimizer of (2.21)
for the dual stabilizer of the left relation of (2.18). Compared to the method proposed
in [24] the regularization has been reduced to only one term. Indeed this term is all
that we need to prove optimal error estimates and its only role is to ensure a uniform
a priori estimate on the discrete solution in H'. As we shall see below, an iteration
based on the method (2.20) can be used to solve one of the previous, larger systems,
thus recovering the local conservation and optimal error estimates.

2.5. Stability and continuity of the forms. For the analysis we introduce
norms on Vs X Hg;, (),

. @)ll—c = (s(v: @), (v, @)] + 1A (Y - g + po)|I3) ¥
N @llls = @ @ ll—c + mlvle + [hal7 + lalle,

where, depending on the choice of the spaces and stabilizers, either ( = 0 or ¢ = 1.
Using the approximation properties (2.2), (2.3) and the trace inequality (2.12) it is
straightforward to prove the following approximation result for the triple norms, we
omit the details,

(2.22) |I[(v—inv,q — Ruap)llls S B |ull gresiq) + B (@l g o) + 1V - @lasa—cy)-

The system (2.15)—(2.16) can be written in the compact form find (up,py,2n) €
ng X Df/; x W™ such that

(223) A[(uhaphazh)7 (Uh7qh7wh)] = Z(U)h) v(vthhvyh) S VOk X D(l) X Wm7

where

A[(uhvphv Zh)a (Ufu qh, yh)]
= b(qh7 Uh,, Zh) + b(pha Up,, yh) - 5*(Zh7 yh) + S[(“’h)ph)a (’Uh, qh)]

with s and s* given by (2.14) and (2.17), and the right-hand side given by

1(wn) = (f, wn)a.
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We will also use the following compact notation for the reduced method (2.20): find
(un,pp,) € V) x Df[, such that
(224) AR[(uhupthh)v(Uh7qh7xh)] = lR(qh) v('Uhaqh) € %k X D(l)7

where

(2.25) Agl[(un,pp); (vn, qp)] == (V- pp, + pun, V - gy, + pon)o + s{(un, pr), (0n, 45)]
with s defined by (2.14) and (2.18), and

Lr(gy,vn) == (F,V - @y, + pon)a.
Observe that for the exact solution (u,p) there holds

(2.26) Al(u, p,0), (v, gy, wn)] = U wp) — (6f, wp)a + t(u,vp)

and, similarly for the reduced method,

Ag[(u,p), (vn, q5)] = lr(@p,vn) — (0f,V - q), + pon)a + t(u, vp).

We will now prove a stability result that is the cornerstone of both the methods.
The method (2.23) requires an inf-sup argument and the symmetric method (2.24) is
coercive.

PROPOSITION 2.2. For the formulation (2.23) withk—1<l<m andl <m <k
and, when I < m, v* > 0 small enough, there exists o > 0 such that for all vy, gy, xn €
Vi x DY x W™ there exists wp, Y, n € VJF x Dy x W™ such that

(2.27) a(lll(on, @)%y + llzalli 1) < Al(vn, g, n), (wh, Yy, 74)]
and
(2.28) Il(wn, y)lll=1 + lIrallie S Mm@l =1 + a1,

For the reduced method (2.24) the following coercivity holds. For all (v,q) € H*(£2) x
Hdiv (Q)

(2.29) (v, @)lll5 = Arl(v, @), (v, @)]-

Proof. The relation (2.29) is immediate by the definition of Ag (2.25). We now
consider the first claim. Let &, := h?(V - q;, + prwvn) € W™. Then

b(qy, v, &) = (V- @, + pon, B2(V - @, + pmwor))o
1 1
> IV - g, + pon) 1§ — §u2h2||(1 — mw)vnlf?,

and using the Cauchy-Schwarz inequality, the stability of the L?-projection, and the
inverse inequality (2.11),

, 1, 1,
s (xh, xn —&n) > 2% (xh,xn) — 37 CillM(V - gy, + pon) |-

It follows from the above bounds that assuming v* < (2C;)~! there holds

1 1 1,
(2.30) ZHh(V “qp + pon) |G + [[AVo, — g, )14 + §t(vhyvh) +3s (xh, zn)

< A[(Uh7 qh7xh)7 (Uhv qp, —Th + gh)]
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We recall that when [ < m, the dual stabilizer s* is defined by the second equation
of (2.17) and when | = m, s* = 0.

To prove stability of the multiplier, that is, to obtain the term ||z|1,, on the
left-hand side of (2.27), we consider the test function 1, = n,(xy) as defined in
(2.4)—(2.5). It then follows by the definition of A that

A[(Uha qhaxh>7 (07 nh70)] = (Av’l]h — gy, _T’h)Q + (v . ,r,hwrh)Q'

Using elementwise integration by parts in the second term on the right-hand side
yields

(Vmp,zn)a = Z (M -k, @n) o — (M, Van)k] -
KeT

For the second term of the right-hand side we obtain using (2.5),

7 1
=M, Van)k > |mxi—1Vanlk — IH(l —mx,0-1)Vas|k — $||77h\|%(~

Observe that by combining the contributions from the two neighboring elements shar-
ing a face F' we have

ST nkanoe = Y. B Erpaleall?,

KeT FeF\Fs
where we used (2.4) and the fact that 1, - nxg = 0 on X. Consequently,

A[(U}“ qy, l'h), (07 €Ny, 0)]
> (AVuy, — qy,, —eny)a + €l|mx -1 Va3

. ,.Y* 62
+e Y n EmmfanllE - =m0 Vanlé = — Il
FeF\Fs "

We obtain
A[(Uhy qy, Z‘h), (07 €N 0)]

1 1
>~ 3140, = aulfs = @ (14 2 ) Il + i1 Vel

te > (Ihr el

FeF\Fs

- L0 = mxa) Vanllh

1 ~¥*
> —ZHAV% —qulla - - Tx,1-1) Vg

te(l—e(l+9 N3 | lmxaaVanld + Y IIh™ 2 wplen]l?
FeF\Fx

Here we used the stability (2.6) of i,,. Choosing € = C;;2271y*(1+~*)~! we see that
(231) -A[(’Uhaqhaxh)v (annh70)]

1 € _1
> *Z|\Avvh*qh||s2z+§ Imxi-aVanlla + Y I 2arfan]lF
FER\Fs

*

— (1 = mxamn) Vel
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By combining the bounds (2.30) and (2.31), and using that

1
lznllin = I7xi1Vanlg + 11— mx-)Vanlg + Y b7 Zmmlea]ll
FeF\Fs
we obtain
1 2 1 . * 2
2 wn @n)lII” + 7 mine, v [lznllLn < Al(vn, gn, 2n), (0n, @n + enp, =2 + &)l

which proves (2.27), with & = 1/2min(1,€,7*) and with the test partners w, =
Vh, Yp = qp, + €Ny, and 7, = —xp + &y

For the second inequality (2.28), we observe that by the triangle inequality there
holds

1w yp)lll—1 + lrnllen < MCons @a)lll—2 + lznllnn + 110, emp)ll[ -1 + 1€l n-

To bound the second to last term on the right-hand side, we use the inverse inequality

110, enp)lll-1 = e(llnplle + 12V -mulle) < lInnlle S lznlln:

Using an inverse inequality (2.11) and a trace inequality (2.12) in the last term of the
right-hand side, we obtain

1€nlln S NACY - @y, + pon)llo + hull(1 = 7w )onllo-
Since it follows that ||[(wn, yp)lll=1 + Irellie S vk, @p)lll=1 + [|zn]l1,n the proof is
complete. ]

Using the previous result, we now show that the discrete solution will exist, re-
gardless of the choice of the parameter vy > 0.

PROPOSITION 2.3 (invertibility of system matrix). The linear system defined by
(2.23), with spaces and dual stabilizations as in Proposition 2.2, admits a unique
solution (up, Py, 2n) in ng X Df[, x W™. The linear system defined by (2.24) admits

a unique solution (up,p;,) in ng X DE).

Proof. Since existence and uniqueness are equivalent for square, finite-dimensional
linear systems we only need to show uniqueness. We consider a difference (up, p, z5) €
Vi x Db x W™ of two solutions, and show that it is zero if

A[(uhaphvzh)7 (vh7qh7xh)] =0 v(Uthhvxh) € ‘/E)k X D(l) x W
By Proposition 2.2 there then holds,
a(lllCuns )21 + 20l 0) < Allun, Prs 20), (whyyp, )] = 0

and we immediately see that z;, = 0. In the case y7 > 0 the equation |||(un, pp)|||%; =

0 implies the claim since we obtain [|[Vus|lo = [|p,[le = 0 , and the conclusion follows

after noting that the H'-seminorm on V{ is a norm by the Poincaré inequality.
Assume now that v = 0. In this case the stability implies

AV Uy — pyll + IV -y + punllg, = 0.

This means that AVuy, = p, and V - p;, + pup, = 0. As a consequence V - (AVuy) €
LZ(Q), ’uh‘g = AVuh . I/|§] =0 and

V- (AVuyp) + pup, =0 in Q.
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It follows that u, is a solution to the problem (1.2) with zero data. The stability
estimate (1.10) implies that the trivial solution up = 0 is the unique solution of this
problem. It follows that w, = 0 and p;, = 0. This proves the claim. The claimed
uniqueness for (2.24) is immediate due to the coercivity. O

We end this section by proving the continuity of the forms A[-, -].

PROPOSITION 2.4. For all (v,q) € HY(Q) x Hy;,, () and for all (wy,y,,, wy,) there
holds

(2.32) Al(v,q,0), (wn, y, wn)] < [[[(v, @lllz (Nl (wn, yu)lll-1 + lwalli,n)-
For all (v,q), (w,y) € H* () x Hg;,(Q) there holds
(2.33) Arl[(v, q), (w,y)] < |[[(v, @)lllo [[|(w, y)]llo-

Proof. The inequality (2.32) follows by first using the Cauchy—Schwarz inequality
in the symmetric part of the formulation,

N
Nl

5[(1}3 q)7 (’LU;“ y)] < S[(Ua q)’ (Uv q)] S[(wh7 y)a (wha y)] .

In the remaining term we use the divergence formula elementwise to obtain

(V- q+ po,wp)o = Z (g, Vwnp)k + Z (g -np, [wn])p + (Lo, wr)a.
KeT FeF

The inequality now follows by applying the Cauchy—Schwarz inequality termwise with
suitable scaling in h. The inequality (2.33) on the other hand is immediate by applying
the Cauchy—Schwarz inequality to the form Ag that is completely symmetric in this
case. ]

3. Error estimates using conditional stability. In this section we will prove
error estimates that give, for unperturbed data, an optimal convergence order with
respect to the approximation and stability properties of the problem. We also quantify
the effect of perturbations in data and the resulting possible growth of error under
refinement. Throughout this section we assume that spaces and parameters in the
methods are chosen so that Proposition 2.2 holds.

PROPOSITION 3.1 (estimate of residuals).  Assume that (u,p) is the solution
to (1.2), where p = AVu and consider either (un,py, zn) the solution of (2.23) or
(un,py,) the solution of (2.24). Then there holds

e = w2 = Pa)ll-¢ + Cllznllin S Cuh® + Coph! ™ + (15 fllq +h™2 < ||6v]ls

with ¢ =1 for the method (2.23) and ¢ = 0 for the method (2.24). Here

1
Cy, = |U‘Hk+l(Q) + 7]21||UHH1(Q)7 Cp =V pHHlJrlfc(Q) + ||p||Hl+1(Q).
Proof. We write the errors in the primal and flux variable,
e=u—upand £ =p—p,.

Using the nodal interpolant iu and the Raviart—Thomas interpolant R;,p we decom-
pose the error in the interpolation error e, := u —ipu, £, = p— Ryp and the discrete
error, e, = ipu—uy € V§, €, = Ryp+6p—p;, € D}, where p is defined by equation
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(2.10). Observe that since e = e, +e¢;, and & = £+, — dp, by the triangle inequality
there holds

(3.1) 1€e; M- < lll(ex &)ll—¢ + lllCens €)Ml -¢ + [11(0, o)l —c-

We begin with method (2.23), ¢ = 1. Since e, € V& and &, € D} we may
apply the stability result of Proposition 2.2. Therefore there exists (wp,y;,,7n) €
Vi x Db x W™ such that

a(lllCen, €011 + lznlli 1) < Al(en, €ns 2n), (why Yo ra));
and also (2.28) holds. Now by (2.26),

AKeha éh» Zh)7 (whv Yy, rh)]

= A[(Zhu7 th, 0)7 (U}h, Yns ’f'h)] + A[(Oa 6p7 0)7 (wha Yns Th)]
- A[(uhaphv Zh)7 (wh7 Yhns Th)]

= A[(Zhu7 th, 0)7 (U}h, Y, Th)] - (5p7 Avwh - yh)ﬂ + (v : 6pa Th) - (fa Th)Q
- (6f7 rh)Q

= A[(Zhu —u, th — D, O)a (’LU}“ Y, Th)] - ((SP, Avwh - yh)Q
1 11
+ (V-0p,ra)a — (6f,7n)a + t(u, wn)
—_——— — — ——
111 v \%

=I+II4+II+1IV+V.

We now bound the five terms. By the continuity (2.32) there holds

L<|l(inu = u, Rup = p)[[ls(ll (wn, yp)lll-1 + lIralli,n)-

An application of the Cauchy—Schwarz inequality leads to
1L < [lopllall[(wn, yp)ll-1-

Finally an elementwise application of the divergence theorem followed by the Cauchy—
Schwarz inequality leads to

I < [[[(0, o) [[lgll7nll1.n-

By applying the Poincaré inequality for broken H!-spaces [10] we have for term IV,

VS lloflalirnllen.

Finally, by the Cauchy—Schwarz inequality, using that m > k — 1 and the standard
approximation estimates for the L?-projection we have

_ 1
V < (uh Hul s gy + 92 R ul o)l (wh, 0] -1
By (2.28) we obtain

a([ll(en, Ex)lll-1 + [1znll1.n)
S MGinu = u, Rup = p)lll + 320" [ulmr ) + 1110, 5p) s + [[6f |-
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Since the first term on the right-hand side is bounded by (2.22) it only remains to
show that

11€0,8p) [l < 7= [[6)]|s:-

This relation can be proven by the trace inequality and the inverse inequality followed
by the properties of the Raviart—Thomas element,

11(0,8p)|[[s = [|h2dp|l = + 2[16plla + AV - dplla S [|h28%[ls + 1pllo S |h2 895

Applying (2.22) and |||(0,dp)|]|=1 < |||(0,dp)|||s the claim follows from (3.1).
Let us now turn to method (2.24), ¢ = 0. This case is similar to the previous one,
but simpler since it relies on the coercivity (2.29). Starting from (3.1) we see that

using previous results, there only remains to treat the discrete error term. By (2.29)
there holds

llCen, €n)II5 < Arl(en, €5), (en, €n)].

Repeating the previous consistency argument, but this time with Agr we obtain

Arl(en, &n), (en; €4)]
= Agl(inu, Rap), (en,€)] + Arl(0,6p), (en, §4)] — Arl(un, pp), (en; &p)]
= Ag|[(inu, Rpp), (en, €p,)] — (0P, AVer, — €p)a + (V- 0p, V - &), + pen)o
— (£, V&, +pen)a = (6f,V - &, + pen)o
= Ag[(inu — u, Rpp — p), (en, §5,)] — (6p, AVen — &)0

+ (V- 6p,V - &, + pen)a —(8f, V- &, + pen)a +vr(h*Vu, Vep)o.

*

The only term we need to consider this time is the one marked *. All the other
terms are handled similarly as before, but this time using (2.33) and recalling that
¢ = 01in (2.22). For the term marked * we cannot use the divergence formula since
the multiplier has been eliminated. Instead we proceed with the Cauchy—Schwarz
inequality followed by the inverse inequality (2.11) and the properties of dp,

(V-0p,V - &, + pena < [V - pllalll(en, &)lllo S 172 8%slll(en, &) o
The claim then follows in the same way as before. 0

Remark 3.1. To balance the estimate of Proposition 3.1 we want to balance the
orders O(h*¥) and O(h!*1) to obtain an economical scheme, implying that [ = k — 1.
But we should also balance the regularity requirements, recalling that p = AVu,
leading to k +1 =1+ 3 — (. We see that this can only be balanced for { = 1. We
conclude that the only method that balances both the convergence orders and the
regularities of the different terms is the one discussed in section 2.3, i.e., the one given
by (2.23).

COROLLARY 3.1 (a priori estimate for the H'-error).  Suppose that yr > 0.
Under the same assumptions as for Proposition 3.1 there holds

_1 1
lu = wnllzr @) S v7* (Cu + Cph! ™78 + h7F6fllo + h™2 7 ¢ [6y]5),

where Cy, and Cp are defined in Proposition 3.1.
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Proof. By the definition of the triple norm there holds
1
YRRV (= un)llo £ Cub® + Cph ™+ [3f o + AT 3605

1
Then divide through by v2h* and apply Poincaré’s inequality. ]

Remark 3.2. In the lowest order case, k = 1, if A is the identity matrix, the a
priori bound can be achieved also for v = 0.

Indeed observe that, with e, = ipu — up, and €, = Rpp + dp — p;, we have, using
the Poincaré inequality on discrete spaces,
1 1 _1
[hVenlle S 12 [Ven - n]l 77 + |h2Ven - nlls + A 2en]|s
——
=0
1 1
SIhz[Ven-n =&, -nlllar + 172 (Ver -n =&, -n)|s
——
=0
SVen =& lla-
Then we proceed as in Corollary 3.1.

PROPOSITION 3.2 (estimates of boundary data in natural norms). Assume that
(u,p), p = AVu, is the solution to (1.2) and (un,py) the solution of (2.21). Then
the following bound holds for the error in the approximation of the boundary data:

[ +hE Y — s

+Y—pn-vil, -3 by S S0vlls + llu — thIIH%(E)
S N6¥lls + BF|ul gres q)-

H3 (%)

Proof. Since we have assumed that the Dirichlet data are unperturbed and we
have defined uy|s = gn = ipuls, it follows using (2.2) that

la—unll, g = la—null,y o S lla = il o) S Boules o).

2 (%) Hz(Z

Recalling that p;, - v|s = h we may write, with 1)y, the L?-projection of 9 such that
Yulr = TR,

(=) = (= )g+ (¥n = Inv) S (0= nv —vn)y + | (0%, o)y |

We now choose vy, so that v,|p = mpv. Using the stability of the L? projection,
bounds for v € H'(X), interpolation, and the density of H'(X) in Hz(X) we have
that for v € H2(X) with |[v]] 1 . =1 there holds
H2 (%)
1
o = onlls Aol 3 ) S B2
After bounding the perturbation term using the Cauchy—Schwarz, inequality, duality,
and the approximation of the L2-projection

(0%, vn = v)g | + (69, )5 | S [199]] + 2 3¢l

H™3 (D)

=1

it follows form the above relations that for Hv||H L o) ,

W —py v, 0)5 S hE W — Yalls + (1095
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Note that by definition of the L2-projection, and recalling that A is constant and
AVipu - I/|F S ]PZ(F),

[ — ¥nlls < |AVU- v — AViu-v|s S B 5 ulgrrn o).

The last inequality followed by an application of (2.12) on all the boundary faces in
¥ followed by (2.2). Combining the above bounds completes the proof. 0

For the error analysis we must construct a function in H'(Q) such that both
boundary conditions can be estimated simultaneously in natural norms and which is
close enough to uy in terms of the residual terms estimated in Proposition 3.1. For
the construction we follow the arguments of [15].

PROPOSITION 3.3. Let (un,py,) be the solution of (2.23). Then for some hg > 0,
for all h < hg there exists 4y, such that G|y = uply and

| AV, + b iy, — upllo + |V (@n —un)llo S JAVU, — pyllo-

—Ph”H—%(Z)

Proof. We decompose ¥ in disjoint, shape regular, elements {ﬁ'} with diameter

O(h). With each element F' we associate a bulk patch P that extends O(h) into €,
OP NY = F. On each patch we will define a function ¢z € Hj(P) such that

(3.2) / AVyg-vds = / ds =: measg_1(F)
F F
and
_ a
(3.3) hHepllp + IVesllp S hE.

Under the condition that h is small enough we may take ¢z € Vhl,O' An example of
construction of the {¢z}; is given in the appendix. We introduce the projection on

constant functions on F, 7z : L*(F) — R defined by 7 zv := measg_1(F)~! [z v ds.
Then consider uz := 7z(p, — AVuy, - v) and define

Up, = Up + Zuﬁgoﬁ.
F
It then follows by the definition of @, and an inverse inequality that
h=2an —up|§ + IV (@ — un) I
S uEh el
F

S DT AV, v = py 3 S AV v — IR
P

(3.4)

For the second inequality we used (3.3) and |ugz| < hiet |AVuy, - v — p,| 7 and for
the third we applied the trace inequality (2.12) to every element face in each F'. The
bound of the flux on X is shown observing that by the definition of the uz and ¢z,

for any v € H? with ||1)HH%(E) =1,

(AViiy, — py, v)y, = (AViip, — pp, v — vn)g S B2 |AVE, — |5

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 01/18/19 to 128.41.35.150. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

PRIMAL-DUAL MIXED FINITE ELEMENT METHODS 3499

Here vy, is the piecewise constant function such that v,j|z = 7zv. We conclude by
applying once again the trace inequality (2.12) on every face in ¥ and using a triangle
inequality and arguments similar to those used in (3.4), showing that

2

h2 || AViy, — pylls S 1AV, —ppllo + | D ubh2llels | < 1AV, — pyllo.
F ]

THEOREM 3.1 (conditional error estimates). Assume that (u,p) is the solution
to (1.2) with uw € HY(Q) N H*Y(Q) and p = AVu, (up,p,) either the solution of
(2.23) (case ¢ = 1) with reqularizing term given by (2.17) and k > 1, k —1 <1 < k,
m > 1, or the solution of (2.24) (case { = 0). Assume also that the hypothesis of

_a
Theorems 1.1 and 1.2 are satisfied and that h < min(hg, vy 2*), where hg is the bound
from Proposition 3.3. Then there holds for all G as defined in Theorem 1.1, for some
T€(0,1),

1 .
(3.5) lu—unllc S (1+72)"Crh™,
where

(3.6) Cp = Cp(u,8f,60.h) S 752 (Cu+ Cph % 1 B85 f |l + B2 75 |[))s:)

with C,, and Cp, defined in Proposition 3.1. The following global estimate also holds
for some 7 € (0,1),
1
T .
| log((1 + 7 )h*)|™

Proof. First observe that recalling the function @y from Proposition 3.3

(3.7) lu —unllo S Cr

(3.8) v —unllzzey S llu—tnllL2a) + hlIAVUL — Pylla-

Since the second term is bounded in Proposition 3.1 we only need to bound the first
term of the right-hand side. To this end we will use that the error € := u — @y, is a
solution to (1.2) for the data ) = AVeé-v|y and g = €|y and f, F also depending on
¢, that will be part of the right-hand side [(v) specified below (3.10). Observe that
using Propositions 3.2 and 3.3

(3.9) + [|AVE - v S 16%ls + Bl gre(q).

HEHH%(E) H™3 (%)

Injecting € in the weak formulation we see that for all v € Vxy,
a(é,v) = a(up, — Up,v) + ale,v),
where e = u — uy. Defining also the finite element residual, for all v € Vs,

a(ea 'U) = _(Avea VU)Q + (;U'ev v)Q
= (£ — AVe,Vv)o + (V- & + pe,v)a — (§ - v,v)5
= <T(e7£)av>(v2,)/,vz,

and comparing with (1.2), we may write the right-hand side

(3.10) l(v) = alun = tn,v) + (r(e;€),v) v,y vy, -
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It remains to prove (1.6). To this end we show the following bound

1) vy S MlHCes O —¢ + llznlln + 1€ - ] + 10l

H™3 (%)
where ¢ = 1 for the method (2.23) and ¢ = 0 for the method (2.24). Indeed, we can
combine this bound with that of (3.9), and apply the stability estimates in Theorems
1.1 and 1.2 to the error €, resulting in the claim. First we use the Cauchy—Schwarz
inequality on a(up — @, v) followed by the bound of Proposition 3.3 leading to
alun = Un,v) S llun — Gnll a1 (0),
[oll a1 @) S 1AVuL = prllelvlim @) < [ll(e. Ol -cllvll a0

When ¢ = 1 and the method (2.23) is considered, we can apply the orthogonality
in the second term of the right-hand side of (3.10). Choosing v;, € W™ to be the
elementwise L2-projection of v we obtain

(V-&+pev)o=(V-&+pe,v—up)o+ s (zn,0n) — (0f,vn)e
Using the approximation properties of the L?-projection it follows that
(V-&+pe,v)a S IV &+ ce)lla + 16 lla + llznllun) vl -

Here we used also the fact that s*(zn,vn) < Cllzn|l1ullVonlln S llzallyn vl a1 @)-
In case ¢ = 0 the bound of the volume integral term is immediate by the Cauchy—
Schwarz inequality,

(€ — AVe,Vv)g + (V- &+ pe,v)q < (||[AVe — €||3 + ||V - & + ueHé)% vl )
< [llte; O)lllollvll (-

For the boundary term we proceed using duality followed by the trace inequality
(& v, <€y g 1ol gy S 16Vl g ol

Collecting these bounds we obtain, with the two cases distinguished by (,

- (AV@—{,V’I))Q + (V'£+/L€,’U)Q - <£'V5’U>E
S (e O)lll—¢ + Cllznllin +Cldflle + 1€ - i,y o )vlla@)-

We conclude that by Propositions 3.1, 3.2, and 3.3 there holds

1) vy S Nlun — @nll mr ) + [Im(e, €) [l vy
(3.11) S (e, )lll—¢ + Cllznllin +Cloflle + 1€ -vll -y o

< CWhP 4+ Cpht L 4 ||8f o + B2 F 3|09

Here (and below) we use that hz ||y — ¢z < h¥|ul s @) S Cuh® to absorb the

boundary error contribution. We are now in position to prove the error estimate using
Theorems 1.1 and 1.2. To simplify the notation, we write Cg = Cg(u,d f, 51, h). First
note that the error € is a solution to the problem (1.2) with the right-hand side defined
by (3.10). By (3.9) the inequality (1.5) is satisfied with

n S 6vls + thU||Hk+1(Q)~
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By (3.11) the inequality (1.6) holds with
es fy:,%« Cgh*.

The a priori bounds (1.7) and (1.9) follow from Corollary 3.1 with
Ey<ESCp.

1

We then observe that, assuming h < 7, 2,

1
Ey+e+n<Cg, 5+77§(1+7%)0Ehk.

Applying these bounds in (1.8) we obtain a bound for the first term on the right-hand
side of (3.8),

lu—tn|lL2e) S (1+ ’YT) Cgh™

leading to the local error bound (3.5). The global error bound (3.7) is obtained by
inserting the above bounds on E, ¢, and 7 into (1.10). 0

Remark 3.3. Observe that from the definition of Cg it follows that the bound
makes sense only when h=*|[5f|lq +h~2~#+5||6¢||y is small compared to || ri+1(02)-

Remark 3.4. An identical argument leads to corresponding local estimates in the
H'-norm under the assumption of similar stability estimates as in the L?-norm. Al-
though not readily available in the literature, such estimates can be obtained following
the proof of [1, Theorem 1.7] but using [19, Corollary 3] instead of [1, Theorem 5.1].
The estimates will typically have the same form as those in the L?-norm, which is ex-
pected to be sharp since no adjoint argument is available to improve the convergence
in the L2-norm. In the numerical section we will see that depending on the geometry
of the Cauchy problem, the L?-norm can perform better than the H'-norm errors,
but that this does not hold in general.

4. Iterative solution of the inf-sup stable system. Clearly the elimination
of the dual variable is an important gain compared to the original constrained system,
in particular, since the resulting system is symmetric, positive definite, and therefore
can be solved using the conjugate gradient method. We will here assume that m =
max(k, 1) and show how the reduced method can be used to solve the full system in
an iterative procedure, which allows one to recover the conservation properties and
error estimates of the full system while only solving the linear system associated with
the reduced system. The idea is to use the Euler-Lagrange equations with the dual
stabilizer (2.18), which leads to the mixed least squares method, but consider the
dual stabilizer as a perturbation that is eliminated through iteration. The iterative
scheme takes the form let 2) = 0, compute for k = 0,1,2,3,4...: given z§ find
(upth pitt ) e Vi x Dl x W™ such that

(4.1) sl(u ™, pi ™), (vn, @) + blay, v, 257) =0,
(4.2) b(ppth u T wy) — s* (2 we) = (F,wn)a — s (25, wn)

for all VI x D} x W™, where s and s* is defined by (2.14) and (2.18). Observe that
(4.1)—(4.2) decouples into the two equations:
1. Given zy € W™, find (uf ™', pit!) € VF x Di/? such that

Arl(ui ™ i), (vn, @3] = Lr(ons an) — (2. V - @y, + pon)e
for all (vt g t!) € ViF x D,
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2. Given (uf ™, pi, 2f) € VF x Df;, 2t =28 — Ve py, + g,

Clearly if the iteration converges, the resulting discrete solution solves the inf-sup
stable formulation for which s* = 0. We will now prove the convergence of the scheme.

PROPOSITION 4.1. Assume that yp > 0. Letting & — oo in (4.1)-(4.2), then
(uf, P, 25) = (un, Py, 21), is the solution to (2.15)—(2.16) with s* =

Proof. By linearity it is enough to prove that (uf,pf,z) goes to zero if f =
0,9 =0,v =0in (4.1)-(4.2). By taking v, = uzﬂ, q, = pZH, and wyp = —ZZH
and summing over k € 0,...n — 1 we obtain

n—1

37 (st ppth), (gt pp ] 4 s (2t — 2k, ) = 0
k=0

and therefore using the telescoping sum

1 — 1 1
ekl + 3 (0 ™), ™ ] + S = 1R ) = glaBlE
k=0

It follows that
AV — pilla + 7 |R*Vug|lo + |25 — 2 |lo — 0 when k — oco.

Observe that for yp > 0 this implies (by Poincaré’s inequality) that u, = lim,_,o uf =
0 and p;, = lim, o pj = 0. Using Theorem 2.2 we then conclude that z* — 0. O

Remark 4.1. If k = 1 and A is the identity, the conclusion of Proposition 4.1
holds also for vz = 0. To see this recall the discussion after Remark 3.2 implying that

1pVuilla S Vi — pillo-

The consequence is that u;, = lim,_,o uj = 0 as before.

5. Numerical example. As a numerical illustration of the theory we consider
the original Cauchy problem discussed by Hadamard. In (1.1) let A =1, p = 0,
f=0,Q:=(0,7) x(0,1), ¥ :={x € (0,7);y = 0}, and

(5.1) Yy, 1= —by sin(nx).
It is then straightforward to verify that
Uy, = b,n~ 1 sin(nz) sinh(ny)

solves (1.1). An example of the exact solution for n = 5 is given in Figure 1. One
may easily show that the choice b, = n™?, p > 0 leads to 1, — 0 uniformly as
n — oo, whereas, for any y > 0, u,(z,y) blows up. Stability can only be obtained
conditionally, under the assumption that ||u,||f1 (o) < E for some E > 0, leading to
the relations (1.8) and (1.10).

We choose by, := 1 in (5.1) and impose Cauchy data on = € (0,7), y = 0. For
the lateral boundaries we will consider two cases. First the one above where Cauchy
data are imposed on the lower boundary only (case 1). Then we consider the case
where Cauchy boundary conditions are imposed also on z = 0 and z =7, y € (0,1)
(case 2). That is, on z = 0 we impose u = 0, Vu(0,y) - n = —b,, sinh(ny), and, on
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Fic. 1. Left: example of computational mesh, Right: carpet plot of exact solution for n = 5.

x =, Vu(m,y) -n = by cos(nm) sinh(ny) (case 2). Then the boundary conditions are
unknown only on y = 1.
With these data we then solve the resulting Cauchy problem (1.1). We study the
error in the relative (semi)norms,
\u — uh|Hs(wi)

, 1i=1,2, s=0,1,
|U|H3(wi

where w; = Q and wy = (0.2%7,0.8%7) X (0,1/2). In the graphics below, errors in the
L2?-norm will be marked with circle markers “o” and the error in the relative H'-semi-
norm with square markers “0.” The case ¢ = 1 will be indicated with filled markers,
whereas the markers for i = 2 are not filled. All computations below were performed
using the package FreeFEM++ [31]. We implemented the formulation (2.23) with the
spaces k = 1,2, l =m = k — 1, resulting in an inf-sup stable method that only needs
a Tikhonov-type term in the case k = 2. We considered increasingly oscillating data
with ¢ = ¢,, n =1, and n = 5. To set the regularization parameter vy we performed
a series of computations on a mesh with 240 x 80 elements and unperturbed data. We
then chose the first yp for which the influence of the regularizing term was visible in
the form of increasing error. The resulting parameter was 10~% for & = 2. Observe
that for £ = 1 the regularization can be set to zero and we therefore used the same
regularization for k = 1 and k£ = 2. To minimize the influence of the mesh structure
we used Union Jack meshes, an example is given in Figure 1 (left panel). We used
the iterative method of section 4 to solve the linear system and obtained convergence
to 1079 on the L?-norm of the increment after less than five iterations in all cases.
The reduced system was solved using a direct solver.

5.1. Case 1 (unperturbed data). In Figure 2 we show errors plotted against
mesh size of computations performed on a sequence of structured meshes for the
configuration of case 1. In the left graphic n = 1, k = 1 was used, in the middle graphic
n =1, k = 2 was used, and in the rightmost graphic we present the results for n = 5,
k = 2. The case n = 5, k = 1 is not reported, since on the meshes considered no error
quantity was below 45%. In all cases the global errors have very poor convergence,
possibly only logarithmic as predicted by (1.10) of Theorem 3.1, or at best O(h%). In
the left panel (n = 1, k = 1) we observe a convergence of approximately O(h%%%) (on
the final refinement) for the local L? and H'! errors, corresponding to 7 = 0.65 in (3.5)
of Theorem 3.1. In the middle graphic (n = 1,k = 2) we see that the use of higher
order approximation spaces yields a convergence order of approximately O(h%) which
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000001

F1G. 2. Relative error against mesh size. From left to right: (n =1,k =1),(n =1,k = 2), and
(n = 5,k = 5). Square markers indicate H'-seminorm errors, circle markers indicate L?-errors,
filled markers indicate global errors, and not filled markers indicate local errors. Reference lines:
double dash double dot y = O(h®-?), dotted line y = O(h), dash double dot y = O(h'®), and dashed
dot y = O(h3).
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00001 |
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F1G. 3. Relative error against mesh size. From left to right: (n =1,k =1),(n =1,k = 2), and
(n = 5,k = 5). Square markers indicate H'-seminorm errors, circle markers indicate L?-errors,
filled markers indicate global errors, and not filled markers indicate local errors. Dotted reference
lines: y = O(h), dashed y = O(h?), and dashed dot y = O(h3).

is slightly more than is predicted by Theorem 3.1, O(h™F) = O(h'?), if T = 0.65.
Also in this case the H! and L2-norms have similar performances. Finally in the
right graphics (n = 5,k = 2) we observe superconvergence of the local quantities
on the initial refinement levels. Observe the scale on the y-axis compared with the
computations for n = 1. Indeed this more difficult case produces relative errors that
are larger by several orders of magnitude. In the last refinement the order of reduction
in the local H'-error appears to be O(h) and that in the local L-error O(h?).

5.2. Case 2 (unperturbed data). In Figure 3 we show errors plotted against
mesh size of computations performed on a sequence of structured meshes for the
configuration of case 2. In the left graphic n = 1, ¥ = 1 was used, in the middle
graphic n = 1, kK = 2 was used, and in the rightmost graphic we present the results
for n = 5, k = 2. The case n = 5, k = 1 is not reported, since on the meshes
considerd no error quantity was below 25%. The stabilizing effect of the larger -
boundary domain compared to that of case 1 is clearly visible. We see that when
n = 1 the H' and L? errors converge with the optimal orders O(h¥) and O(h*+1),
respectively, both for local and for global quantities. For n = 5, k = 2, we are
clearly in the preasymptotic regime (note the scale on the y-axis). All quantities
here yield similar relative errors and all converge with the rate h2. On the finest
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00001 |

000001 £

Fic. 4. Relative error against mesh size. Neumann data with 4% random perturbation. Per-
turbed quantities plotted with dashed lines. Left: casel (k =1,n =1). Middle: casel (k =2,n =1).
Right: case 2 (k=2,n=1).

meshes in the middle plot we see that the error grows in the last two refinements.
This is attributed to the amplification of roundoff errors. Clearly there is a strong
“pollution” effect of the Cauchy problem when the exact solution has oscillations. In
neither configuration does the low order method return acceptable approximations
for the case n = 5. It appears that, similarly as for the Helmholtz equation, using a
higher order approximation leads to a method that is more robust in handling this
phenomenon.

6. Data with random perturbations. In Figure 4 we consider a similar com-
putation with perturbed data. Instead of ¥ we here use ¥ = (1 + dupqng)n. Here
Urang 18 a finite element function where each degree of freedom has been set randomly
to a value in [0, 1] and § = 0.04. Curves associated with perturbed data are dashed
with markers similar to the unperturbed case. In the left plot we give the conver-
gence for case 1 with n = 1 and k = 1. We only give the result for the local L?-error
(the other quantities had similar or lower error growth) and compare the perturbed
and unperturbed results. We observe that the maximum growth of the error under
refinement is approximately O(h~%2) (indicated by the solid line without markers),
to be compared with the predicted O(h~%3%) of Theorem 3.1. In the middle plot we
consider case 1 with n = 1, kK = 2. We observe that under perturbations of data the
error in the local L?-norm is comparable to that of the piecewise linear case. The
local quantites have a similar behavior to the case k = 1, whereas the global error
quantities here exhibit strong error growth under refinement. The solid line without
markers illustrates O(h’%) growth. Since the unperturbed global errors have an error
reduction of approximately O(hz) (cf. dash dash dot dot reference line), the maxi-
mum loss of O(h~2) predicted by theory is realized here. The local errors exhibit
stagnation, or moderate growth under refinement, indicating a loss of approximately
O(h_%), which is slightly better than predicted by theory. In the right plot we con-
sider case 2 with kK = 2 and n = 5. Here we first see a reduction of the error similar to
that for unperturbed data, indicating that the discretization error initially is larger
than the perturbation error. Then the error in all quantities grow, with a maximum
growth of O(h™1) (indicated by solid line without markers), before stagnating. The
growth for the local L?-error is slightly lower.

Finally we observe that in formula (3.6) the L?-norm of the noise on v, ||§1|s
is balanced by h=* (when ¢ = 1). It follows that (3.5) should hold independent of
the perturbation provided ||0¢|x(h) = O(h¥). We investigate this in two problems
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0001 |

0.0001 |

0001

FIG. 5. Relative error against mesh size. All curves represent local L?-errors, with different
strength of perturbations in data. The full lines represent unperturbed data. Left: (n = 1,k = 1),
[[6¢]|s = O(h®), dashed line s = 1/2, dash dotted line s = 1. Right: (k =2,n =75), ||[6¢||s = O(h®),
dashed line s = 1, dash dotted line s = 2.

in Figure 5. In the left graphic we revisit the case 1 with n = 1 and k = 1; in this
case the perturbed data were chosen to be ¢ = 11 + dupertyPs with 6 = dph®. The
constant factor dg was chosen to minimize the difference in the error on the coarsest
mesh. The full line is the curve of the local L?-error in the unperturbed case. The
dash-dot line (with markers) corresponds to s = 1. In this case the perturbed data
first cause stagnation, but do not seem to affect convergence on finer meshes, as
predicted by theory. The upper, dashed, curve corresponds to s = 1/2; here we see
that convergence is strongly affected. First the error grows (upper dash-dot line with
no markers O(h~%®)) but appears to stagnate on finer meshes, also in accordance
with (3.6). It follows that the convergence was affected by the O(h2) perturbation,
but not by the O(h) perturbation implying that (3.6) is sharp. In the right graphic we
consider case 2, with n =5 and k = 2. A perturbation of order § = §gh®, s = 1,2, is
added to the Neumann data, 1; = (14 upert)Ps. The case s = 1 is represented by the
dashed line and s = 2 by the dash dotted line. We see that the curve correpsonding
to s = 2 coincides with that of the unperturbed solution whereas that in the curve
for which s = 1 the perturbation clearly has influenced the order of convergence. We
conclude that for both these cases the exponent of the perturbation growth in (3.6)
is reasonably sharp.

7. Conclusion. We have derived error estimates for a primal-dual mixed finite
element method applied to the elliptic Cauchy problem. The results are optimal with
respect to the approximation orders of the finite element spaces and the stability of the
ill-posed problem. The effect of perturbations in data are quantified in the estimates
and shown to be sharp in numerical examples.

Introducing a special dual stabilizer we reduce the scheme to a least squares
mixed method for which the number of degrees of freedom is significantly smaller,
the system matrix is symmetric, but the exact local flux conservation is lost. This
method satisfies similar estimates, but the results require slightly more regularity of
the source term and have slightly worse sensitivity to perturbed data. We then showed
that the reduced method can be used in an iterative method to solve the full primal-
dual formulation, thus recovering local conservation. The estimates show that if the
exact solution is smooth the use of high order approximation can pay off. However the
amplification of perturbations in data is also stronger with increased approximation
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order. In numerical experiments we observed the enhanced convergence for high
order approximation and also a strong effect from the configuration of ¥ on the
problem stability. Indeed if only a small portion of the boundary has unknown data
we recover similar convergence orders as for a well-posed problem. The increased
accuracy obtained from the high order approximation is particularly important for
problems where the exact solution has strong oscillations (n = 5 above). Here in
particular it is more important than the increased sensitivity to perturbations and
high order approximation clearly pays off, but this is expected to be the case in
general for problems where perturbations are known to be small. Finally we point
out the method presented herein also can be applied to inverse problems subject to
the Helmholtz equation, such as those discussed in [19] or the convection-diffusion
equation, as recently discussed in [20, 17].

Appendix. Here we will show how to construct the function ¢ satisfying (3.2)—
(3.3). Let Apin(A) and Apax(A) denote the smallest and largest eigenvalues of the
matrix A. Assume, without loss of generality, that no F has a corner of the domain
through its interior. For a patch F let N denote the set of elements with one face
entirely in F, i.e., not touching the boundary of F. Let Np be the union of the
elements N and thelr interior neighbors, that is, any element K such that KNY =0
and K N K’ # ) for some K’ € Nz. We also introduce the set Nz of elements in
Nz with a neighbor that intersects OF. We define the patch P := Uken,- Now let

@ € Vy such that ¢|,5 =0 and @¢(zp) = 1 for any interior vertex zp in P. Tt follows
that HV@H% < h?=2. We will first prove, using shape regularity and the properties of

A, that provided diam(F)/h is large enough (but independent of h) there exists co,
independent of h, such that

(7.1) coh™' < measg_1( /AV@ vds=:0(4,9).

Here we used that, for any element in Nz \ Nyp, AVG - v > Ain(A4)|V@| with
h=1 < |V@| on the face intersecting F:

AV@-v ds = / AVp-v ds+
/I?“ Z AKNF

/ AV -v ds
KEN, ;- Ke/\f W, Y OKNE

Z )\maX(A)Cmaxh_lhd_l + Z Amin(A)cminh_lhd_ly
KeNyp KeNg\Nyp

where cpin and cpax only depend on the shape regularity of the elements. Observing
that card(Nyz) = O(h*~%) and card(Ny\w,,) = O(h'~%) we see that the second
sum dominates the first for diam(F)/h large enough. This concludes the proof of
(7.1).

Define ¢z 1= ¢/O(A, ¢). By construction

/ AV s -v ds = measy_ 1 (F).
F

Consider now the H'-seminorm of ¢z on P,

(7.2) IVerllp = IV@l 5/ (coh™)? S (W72 /(coh™)?) "% St

Using a Poincaré inequality we have ||¢z|lp S h||Veg| p which together with (7.2)
yields the desired bound (3.3).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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