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Abstract

The problem of finding a L*°-bounded two-dimensional vector field whose divergence
is given in L? is discussed from the numerical viewpoint. A systematic way to find such
a vector field is to introduce a non-smooth variational problem involving a L°°-norm.
To solve this problem from calculus of variations, we use a method relying on a well-
chosen augmented Lagrangian functional and on a mixed finite element approximation.
An Uzawa algorithm allows to decouple the differential operators from the nonlinearities
introduced by the L°°-norm, and leads to the solution of a sequence of Stokes-like systems
and of an infinite family of local nonlinear problems. A simpler method, based on a L2-
regularization is also considered. Numerical experiments are performed, making use of
appropriate numerical integration techniques when non-smooth data are considered; they
allow to compare the merits of the two approaches discussed in this article and to show
the ability of the related methods at capturing L°°-bounded solutions.
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1. Introduction and Motivations

The purpose of this article is to investigate the numerical solution of the following problem

Find u € (L= (Q)NW'P(Q))? such that V-u=f inQ C R? (1.1)

where f € LP(Q) is given. This problem is under-determined in the sense that the solution is
defined up to the addition of an arbitrary function with zero curl. It is common to look for a
solution that is the gradient of a potential function (as in electromagnetism for example). The
resulting potential function is therefore the solution of a Poisson equation.

However, when p = 1 or p = +00, obtaining a solution which is the gradient of a potential
function is not necessarily possible, see, e.g., [1, 2]. Moreover, when considering p = 2, the
gradient of such a potential function obtained by solving a Poisson equation is not necessarily
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bounded [3]. Therefore, we focus hereafter on the so-called non-smooth case that consists in
enforcing bounded solutions instead of gradients of potential functions.

This problem has been studied from the theoretical viewpoint in [1, 2, 4], with a particular
emphasis on the torus domain, using arguments from [5]. Regularity issues have been discussed
in [6, 7]. The case p = 1 is partially discussed in [8]. In [1], it is shown that one can actually
replace L>(Q2) by C° (Q) in (1.1) if p = 2.

In order to search for a bounded solution, we introduce an equivalent variational formulation.
More precisely, for g > 0 a given parameter and f € L?(Q) given, we look for the solution of

1
inf [~ [ |Vv|]Pdx+gl|lv , 1.2
g |3 [ e gl (1.2

where ||v|| 1= esssupy,cq \/v7 + v3, for all v = {v1,v2} and
Ef={ve W' (Q)NL®)*, V-v=[inQ}.

This choice of the objective function allows to enforce the appropriate regularity of the solution.
The minimizer of this constrained variational problem provides a solution to the divergence
equation (1.1) with the appropriate regularity, and allows to “fix the constant” in the family
of solutions of the divergence equation. From now on, we focus on the case p =2 (f € L?(2)).
Actually for some test problems, we will assume that f € LP(Q) with 1 < p < 2.

Numerical methods for such non-smooth variational problems require an appropriate treat-
ment of the non-Hilbertian features introduced by the sup-norm. Such numerical algorithms for
non-smooth problems have been developed in the framework of fully nonlinear elliptic problems
[9, 10], or for generalized eigenvalue problems [11, 12, 13, 14].

We advocate an augmented Lagrangian algorithm that allows to decouple the solution of a
non-smooth variational problem into the solution of a sequence of Stokes-like systems (solved for
instance with stabilized continuous finite elements [15, 16]), and non-smooth problems solved
locally (namely at each grid point of a finite element triangulation). The treatment of the
sup-norm is achieved with a duality approach that has already been successfully applied in [17].

In a second part, we will address a L2-regularization of problem (1.1) and compare with the
previous approach. Namely, for v > 0, we look for a solution of

. 1 2 Y 2
vleanf [2/Q|VV| dx + 2/Q|v| dx] (1.3)

T;={ve(H (), V-v=finQ}.

with

This variational problem leads to the solution of a Stokes system.

Regularization methods are quite common in the literature as basic tools for the solution of
ill-posed problems. They are well-known in the framework of inverse problems, starting with
[18, 19, 20, 21]. In [22, 23], classical questions such as the appropriate choice of parameters and
generalizations to family of regularization methods have been addressed. Many advances have
been recently made when relying on non-smooth regularization terms using L' or L> norms
(or their algebraic equivalents), see, e.g. [24, 25] This approach has already been used by the
authors in the framework of non-smooth problems, see, e.g., [17, 26].

This article is organized as follows: Section 2 details the generic model problem and provides
some existence results as well as the description of some properties of the solution of (1.2). In



Section 3, an augmented Lagrangian algorithm a la Uzawa is described. The discrete equiva-
lent of this algorithm, obtained after discretization with continuous mixed piecewise linear finite
elements, is detailed in Section 4. Numerical experiments with the L*°-regularization are per-
formed in Section 5, for smooth and non-smooth data, and a computational investigation of the
convergence of the approximations (with respect to the mesh size) is achieved. Section 6 details
the L2-regularization method, and presents numerical results to compare both approaches.

2. A Non-Smooth Variational Problem

2.1. Model Problem and Generalities

Let 2 C R? be a bounded domain, with a smooth boundary I' = 99, and f € L?*(Q). The
problem of interest is to find a function u : Q — R? such that

ue (H'(Q)nc* @), V-u=1 (2.1)

The following existence result for a solution to (2.1) is extracted from [1, 2]:

Theorem 2.1 (Existence) Problem (2.1) has a solution, not necessarily unique. Moreover,
if Q is conver and T' is smooth enough, there exists a constant C such that:

l[alloe + [l g1 )2 < CllL2 ) -

Let us denote [|||, := [l (q))2s and let g > 0 be a given positive number. First we
define the set:

Sy={veH'()NC"(Q))*: V- -v=finQ}; (2.2)

next, g being a given positive number, we define the functional

1
I =5 [ 19¥Pix g Vil

It follows from Theorem 2.1 that the non-smooth variational problem:

Find u € Sy such that J(u) < J(v), Vv € Sy, (2.3)

has a solution. The formulation (2.3) enforces the admissible solution to be L*-bounded. The
positive coefficient g allows to enforce the L>°-boundedness requirement. The uniqueness of the
solution is enforced in some case, as shown by the following

Theorem 2.2 (Uniqueness) For g > 0 a given parameter, the solution of (2.3) is unique.
Moreover, if g1 and go are two given parameters, and u; and uz are the corresponding (unique)
solutions of (2.3) where the objective functionals are associated with g1 and go respectively, then:

(91 = 92) ([luz|l . = [lwll) = 0;

i.e. the sup-norm of the solution is a decreasing function of the parameter g.



Proof. For g > 0 given, let us assume that (2.3) admits two solutions u; and us. It follows
from, e.g., [27, 28] that u; and us satisfy the following variational inequalities

/ Vi V(v —w)dx+ g (Vi — lull) 20, Wves; (2.4)
Q
and
/ Vi : V(v — wo)dx+ g (V]| — lusll ) 20, Vv e, (2.5)
Q

respectively. We take v = up in (2.4), v = u; in (2.5), and add both relations to obtain
—/ |V (uy — uy)|* dx > 0, which implies in turn that V(uy — uy) = 0, that is uy — u; = C,
Q

where C is a constant two-dimensional vector, and (since Vu; = Vuy) that

]l = [uelly - (2.6)
Suppose that C # 0, we have then

u (x) £ ua(x), Vxe. (2.7)

Denote by w(= {w,w2}) the vector-valued function (u; + us); we clearly have

Vw = Vlll = Vllg. (28)

Suppose now that the (continuous) function x — |wy (x)|*+ w2 (x)|? reaches its maximum value
over () at X; we have then
W]l = lw()”. (2.9)

where |€] = /&2 + &2, for all € = {&1,&} € R2. Tt follows from (2.6), (2.7), (2.9), and from the
strict convexity of the function & — |£|2, that

2 2 1 N2 12 1 2 2 2 2
Wl = W < 5 () + o)) < 5 (Il + a2 ) = [l 2 = [usl % -
We have thus shown that
2 2 2
Wiz < a2, = [l 2, - (2.10)

Combining (2.10) with (2.6) and (2.8), we obtain that J(w) < J(u;) = J(uz), which
contradicts the fact that u; and ug are solutions of problem (2.3). We have thus C = 0, which
implies uniqueness.

Let us now consider g; and gs two positive parameters. The relations corresponding to (2.4)
(with g = ¢1) and (2.5) (with g = g2) lead to

—/Q|v<u2—u1>|2dx+<gl—gz><||u2||oo—||u1||oo>zo,

and conclusion follows, namely [|uz|| > [[ui]],, if g2 < g1. 0

Actually, numerical results suggest that the solution u is independent of the choice of the
parameter g.



2.2. On the Well-posedness of the Problem and the Singular Cases

For a given f € L?(2), a well-posed problem (arising, e.g., in electromagnetism) consists in
finding a function u € (H*(9))? that satisfies

V-u=f in Q, Vxu=0 in ,

together with appropriate boundary conditions. According to the Helmholtz-Hodge decompo-
sition, every function u € (L?(Q2))? has an orthogonal decomposition into the gradient of a
potential function and the curl of a vector-valued function (see, e.g., [29, Chapter I]); this result
implies that the solution of this problem satisfies u = V® in Q, where ® € H2(Q) is a potential
function. Another consequence of this decomposition is that, if u satisfies (2.1), then the poten-
tial function ® satisfies the Poisson equation A® = f in Q. However, when f € L?(Q)\L*>°(Q),
the function u = V& is not necessarily bounded, since the solution ® of this Poisson equation is
in H?(Q) but has no more regularity in general. Hence u € (H'(Q))?, but it may happen that
u ¢ (L(2))? (for Q C R?). Therefore the additional condition V x u = 0 does not guarantee
the required regularity on the solution of our problem of interest.

In the variational framework in which we investigate the solution of (2.1), the condition
V x u = 0 is disregarded and, instead, we look for the function that minimizes the ’energy’
J(+). Numerical experiments in Section 5 actually suggest that this solution may still be the
gradient of a potential function.

The most interesting case therefore occurs when f € L%(Q)\L*°(£2). In particular, we are
going to investigate the following case of a radial function with a point singularity:

1
(w1 — a9)2 + (z2 — 29)2)*/?

where (29,29) € Q and s > 0 arbitrary.

f(x) = f(z1,22) = 5> 0, (2.11)

Lemma 2.1. When Q = D is the unit disk {(z1,22) € R? : 21+ 23 <1} and (29,29) =
(0,0), the function f defined as in (2.11) satisfies the property: f € LY(D1) if s < %, for
q > 0. In particular, f € L*(Dy) if s < 1.

Proof. By definition, f € L1(D;) if/ |f(z1,22)|? dz1dxs < +00. This implies
Dy

2 1 2 1 1
oo > / |f(:c1,x2)|qu1dx2:/ / |f(r,9)|qrdrd9:/ —rdrdf
Dy o Jo 0

o T
1 1
> 27 —rdr =27 ri=sedy.
o 7% 0

The function 7175 is integrable over (0,1) if 1 — sq > —1 and conclusion follows. 0

2.3. Theoretical Results

In this Section, we present some results about the solution of (2.3) in various, smooth and
non-smooth, cases. These results will be confirmed by the numerical experiments reported in
Section 5, and help to understand the nature of the solution. When the data f is smooth (for
instance, we will consider f = 2), partial information about the solution is the topic of the
following result.



6
Proposition 2.1 (Case of data f with radial invariance) For any 2 C R? with a smooth

boundary, let us consider f € L*(Q) that is radially symmetric with respect to (z,29) € Q.
Assume that the solution u € (H*(2) N C° (Q))? of (2.3) has the form

u(zy, ) = ¢ (\/(wl —a9)2 + (22 — 568)2) ( i; :ig ) ,

where ¢(+) is a smooth function. Then it should read as

1 T
r) = ﬁ/o Ft)tdt. (2.12)

Proof. For u given by the assumptions of the Theorem, we have, with r = \/(z1 — 29)2 + (22 — 29)2:

Vu = 2p(r) + ¢ (r)r.

If f is radially symmetric, f = f(r), and the relation V-u = f implies the ordinary differential
equation 2p(r) + ¢'(r)r = f(r), for 0 < r < 1. Solving this equation, with, e.g., the boundary

condition ¢(0) = 0, gives (2.12). 0
In particular, for the case f = 2, we obtain ¢(r) = 1 and u(zy,22) = (v — 29, 22 —
29T, implying (by symmetry) that u(zy,xs) ( e ) when Q is the unit disk D; =
€2
2 xr1 — 1/2 . .
{x = (x1,22) € R? : xl + x2 < 1} and u(x,z2) - 1/2 when € is the unit square
5 —

Qs = (0,1)%. When f(r) = r—*, which corresponds to (2.11), one obtains

olr) = —— and (e, @) = — — ( - oy ) (2.13)

r$2—8 xg—xg

A consequence of (2.13) is the following result.

Proposition 2.2. The solution u of (2.3) with f given by (2.11) is continuous when s < 1,
but discontinuous when s = 1.

Proof. Starting from (2.13) it is easy to see that, when s < 1,

lim u(acl, $2) =0.
(w1,@2)—(29,29)
The limit is not defined when s = 1 (actually, when s = 1, the limit depends on the slope
(rg — 29)/(z1 — 29) with which (21, 2) tends to (29, 29)). 0

We have just shown that, if f(r) = r=! (ie. f(x) = 1/[x|), then f ¢ L?(Q) if (29,29) €
Q C R2. However, f € LP(Q) for 1 < p < 2. Although the results of [1] do not apply to the
associated problem (1.1), this particular case has been investigated numerically in Section 5.

In the sequel, we address the numerical solution of the variational problem (2.3) by an
augmented Lagrangian algorithm.



3. An Augmented Lagrangian Approach

3.1. Augmented Lagrangian and Saddle-Point Problem

Let us focus first on the L>°-regularization given by (2.3). An alternative approach, based
on the L2-regularization (see (1.3)) is discussed in Section 6. Problem (2.3) is equivalent to:

Find {u,p} € Wy such that j(u,p) <j(v,q), V{v,q} € Wy, (3.1)

where

Wi ={{v,q} € (H'(Q))*x (L™(Q))* : V-v=finQ,v—q=0inQ}, (3.2)

and

. 1
itvia) = 5 [ VP ax-+ gl

The introduction of the vector-valued function q allows to decouple the boundedness constraint
from the divergence equation. The augmented Lagrangian method discussed here is inspired
from [27, 30]; it consists in searching for a saddle point of the following augmented Lagrangian
functional:

, T
Lolviaim) = jtva)+ 5 [ Iv=adx+ [ e (v = (33
where p is a Lagrange multiplier. Namely, we are looking for {u,p,A} € V¢ x (L>=(Q2))? x
(L?(92))? such that
Ly(a,p;p) < Ly(0,p3A) < Lo(v, g3 N), (3.4)
for all {v,q;u} € Vy x (L*®(Q))? x (L*(2))?, where Vy = {v € (H'(Q))? : V-v = fin Q}.

Theorem 3.1. Any solution {u,p, A} of the saddle-point problem (3.4) is such that u solves
(2.3) and p = u.

Proof. The first (left) inequality in (3.4) implies that /(/\ —p) - (u—p)dx > 0, for
Q
all p € (L?(92))%, which implies u = p, a.e. in €. Starting from this property, the second
(right) inequality in (3.4) reads j(u,p) < j(v,a) + 5 [, [v —al*dx + [, A~ (v — q)dx, for all
{v,q} € V; x (L*>(£2))?; in particular, by taking q = v, one obtains
J(u) =j(u,u) <j(v,v)=J(v), VveESy,
and conclusion follows. n

The following Uzawa algorithm is advocated to solve (3.4). It is inspired from the so-called
ALG2 algorithm presented in [30].



3.2. Uzawa Algorithm

An Uzawa-Douglas-Rachford type algorithm reads as follows: let u=! € Vy and A e
(L?(92))? be arbitrary given functions. Then, for n > 0, {u"~!, A"} being known, the iterates

p",u” and A" are computed as follows:
(a) Solve
" = ar inf  L,.(u"L q;A"). 3.5
P 8 et ( q; A") (3.5)
(b) Solve
"= inf L.(v,p™"; A"). 3.6
u” =arg inf (v,p"; A") (3.6)

(c) Update the multipliers A" € (L?(2))%:

A" = A" 4 p(u” — ph), (3.7)

until convergence is reached. Typically the stopping criterion is Hu” — u”_lH( L2z < &

where € is a given tolerance. The augmented Lagrangian algorithm produces a sequence of
iterates {u"}, ., that eventually converges to the function realizing the infimum of (2.3). The
updating operation described in (3.7) being straightforward, we will detail in the following
sections the solution of the sub-problems (3.5) and (3.6).

3.3. On the solution of the sub-problem (3.5)

Problem (3.5) can be written as

. T 2
" =ar inf — dx + — / X" dx} , 3.8
Pl arg _inf [2 [ talix-+gliall - [ x7-q (3.8)

where X" ;= ru”~! + A" € (L?(Q2))2. We first observe that

lall,, = sup/ b qdx,
REAJQ

where A = {[,l, € (L?(Q))? : / || dx < 1} (see, e.g., [17]). Problem (3.8) is thus equivalent
Q

to

. [r 2 ]
inf sup |= q|” dx + g/ cqdx — | X" - qdx } . 3.9
qe(L>=(0))? {ueA 12 Q| | QH Q ] (3.9)
which is equivalent to
. [r 2 ]
su inf — dx + / -qdx — / X" . qdx } . 3.10
“ea{qe(m(my _Q/QIqI g #a X" adx (3.10)

For a given g, the minimization problem is a quadratic problem for the variable q € (L>°(£2))2,

whose explicit solution is given by



p"(n) = % (X™ —gp). (3.11)

It remains to compute the supremum of (3.10) in terms of the variable u € A. Inserting (3.11)
into (3.10), one obtains an optimization problem for the variable p € A that reads:

9 > 9 [ xn
sup {—/ || der—/X ~;de],
peA L 2r Jq T Ja

or equivalently,

. 1 9 1/
inf |= dx — — X" pdx| . 3.12
“eA[Q/QluI 7 ) % ] (3.12)

Another Uzawa iterative algorithm is advocated for the solution of (3.12) in order to take into
account the non-smooth constraint in the definition of the set A. Namely, we introduce the
Lagrangian £ defined by:

1 1
E(u,m):§/Q|u|2dx—E/QX"-udx—l—m(/Q“qu—l), (3.13)

where m > 0 is a scalar Kuhn- Tucker multiplier. The solution of (3.12) therefore corresponds
to finding a saddle-point of the Lagrangian (3.13), that is to find £" € (L?(Q2))? and " € R,
such that

L(E",m) < L(E™,1") < L(p,1"), Y € (LX(Q))2, ¥m € Ry (3.14)

Again, we advocate an (embedded) Uzawa-type method. The corresponding algorithm reads
as follows: let I™? € R, be given; for k > 0, I"* being known:

(Step 1) Solve

1 1

n,k . 2 n n,k

= ar inf - dx — —/ X" pdx + 1™ / dx} . 3.15
¢ gME(LZ(Q))2 {2 /Q i g9Ja a Q I ( )

Problem (3.15) admits a closed form solution, defined point-wise by:

n,k +
ek (x) = G - IXZ"W) X"(x), a.e. on Q, (3.16)

where (p)T = max(p,0).

IR+ = max {0, k4 P </
Q

where p > 0 is a given positive parameter (sufficiently small).

(Step 2) Update

gnvk‘ dx — 1) } , (3.17)

1 mo\T
Remark 3.1. When k — oo, (58.16) leads to £€"(x) = <; - m) X"(x), a.e. on$), and

combining this relation with (3.11) leads to an explicit formulation of p™(x), namely
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gl" X" (x)

r sup{gl®, |X"(x)[}’

Thus we can note that, when gl™ > |X"(x)|, the parameter g disappears in the expression of
the final solution.

p"(x) =

3.4. On the solution of the sub-problem (3.6)

Problem (3.6) can be written as follows: find u™ € V satisfying

r/u"-vdx—i—/Vu":Vvdx:/(rp"—)\")-vclx7 Vv € Vo,
Q Q Q

= {ve (HY(Q))? : V-v:O}7 and S : T = Zij:l sijtij, for all 8 = (s;;) €
R?*2 T = (t;;) € R**2. From a computational point of view, we introduce a (pressure-like)
multiplier p” € L?(2) and consider the equivalent formulation: find {u™,p"} € (H'(Q))? x
L?(Q) satisfying, for all v € (H'(Q))? and ¢ € L?(Q2)

where V)

r/u”-vdx—l—/Vu":Vvdx—/p"V-vdx:/(rp"—)\”)-vdx,
Q Q Q

Q
/ V.-u"gdx = / faqdx.
Q Q

Remark 3.2. Problem (3.18) is the weak formulation of a generalized Stokes problem, which
has a unique solution in (H'(2))? x L2(2) [29, 31]. The strong formulation of this problem
actually reads

(3.18)

ru” — V2u" + Vp" = rp"” — A" in Q,
V-ur=f in Q,
Vu"n—p"n=0 on T,

where n is the outward unit normal vector at I'.

The solution methods discussed for the Stokes problem with f = 0 still apply here. For
instance, a preconditioned conjugate gradient algorithm, see, e.g., [31, Chapter 4], can be applied.
A monolithic approach with stabilized piecewise linear finite element techniques [15, 16] is
favored in the sequel for implementation convenience, and detailed in Section 4. Note that, as
highlighted in [12] for similar problems from the calculus of variations, the choice of the solution
method for the Stokes problem does not influence the behavior of the iteration algorithm (as
seen for instance when replacing stabilized finite elements with the mini-element [32]). The use
of low order finite element is appropriate for such non-smooth problems, for which the data and
therefore the solution have low regularity properties.

4. Finite Element Approximation

4.1. Generalities

Finite element techniques are used for the computer implementation of algorithm (3.5)-(3.7).
Let h > 0 be a discretization step. A family {2}, of polygonal approximations of the domain
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Q is introduced such that limp_,o Q2 = €2, together with limy,_,oI';, = I'. Next we consider a
family {7} of triangulations of €y, verifying the following (classical) assumptions (see, e.g.,
33]): (i) all the triangles K of Tj, are closed, and J s K = Qp; (ii) if K; and K3 belong to
Tr, then either K1 N Ky = @, or K7 and K5 have only a vertex in common or only a full edge in
common; (iii) h is the length of the largest edge(s) of Tp; (iv) if 6 is the smallest angle of Ty,
then infy, 8, > 0; and (v) all the vertices of T}, located on I'j, belong to T

Let us denote by N, the number of vertices of Tj, in Q, and by K a generic element
(triangle) of Tj. Let P be the space of polynomials of degree less than or equal to k. We will
approximate H'(Q2), L°°(Q2) and L?(2) by the finite element space defined by

Vi ={eeC’ () : ¢l €Py, VK €T}

Let ¢j,7=1,..., N,, denote the piecewise affine finite element basis functions of V;!, associated
with the triangulation 7,. The discrete sup-norm is defined as

lalloc,p = _max Ja(P)l = max \/ai(P)+a3(F),
where q = (q1,¢2)7, and P; is a vertex of Ty, while the discrete L%-scalar product is given by

N
1 N
(Pr:dn)o,n = 3 > Apn(Py) - an(Py),

j=1

where A; is the area of the polygonal which is the union of those triangles of 75, which have P;
as a common vertex. The corresponding norm is defined by ||pw||y ;, = v/ (Ph, Pr)o.h-

4.2. Discrete Augmented Lagrangian and Saddle-Point Problem
The discrete equivalent to the augmented Lagrangian functional £, is given by
T

1
Ly n(Vi,ans py,) = 5/} [Vvin|?dx + g llanl s, + 5 |[vh — Qh||(2),h + (Kp, Vi — dn)one  (4.1)
Qp

The discrete functional space corresponding to V¢ is given by
Vin= {vh € (Vhl)2 : V - vy is approximately equal to fp in Qh} ,

where f, is a suitable approximation of f (typically the interpolant of f that is piecewise
constant on 7). We will detail a specific method to impose the divergence constraint at the
discrete level when discussing later the method of approximation of the Stokes problems. The
discrete saddle-point problem consists in looking for {up, pr; An} € Vi x (V)2 x (V;1)? such
that

Lrn(un, Pri ) < Lrp(n, Pr;An) < Lrn(Vh, dis Ar), (4.2)

for all {vy,an; s}t € Vin x (VH?2 x (VH2
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4.3. Discrete Uzawa Algorithm

A discrete Uzawa-Douglas-Rachford type algorithm corresponding to (3.5)-(3.7) reads as
follows: let u,' € Vy; and X), € (V;')? be arbitrary given functions. Then, for n > 0,
{u}™!, A}'} being known, the iterates py,u} and A;"! are computed as follows:

(a) Solve
pj, =arg min Enh(uz_l,qh;)\zl). (4.3)
an€(Vy)?
(b) Solve
upy =arg min L, 5 (Ve, P AR)- (4.4)
VhEVs

(c) Update the multipliers A; € (V,})%:

At =A%+ r(ug - pp), (4.5)

until convergence is reached. Similarly, the stopping criterion is typically Hu’,; — uZ_l ’ ‘0 h <&
where ¢ is a given tolerance.

4.4. On the solution of the sub-problem (4.3)
Let us define X7 := ru} " + A} € (V;})2. Problem (4.3) reads

r

(@ @)o + g llanl s — (X5 andon) (4.6)

min [

an€(V;h)?
Since [anll..., = max,, ea, (1. @n)ons where Ay = {1, € (V)2 ¢ (lppl, Do < 1}, (46) is
equivalent to

r
min max |—=(qp, + , — (XM, } ,
wlin {“heAh [Q(Qh an)o.n + g(tn, an)o.n — (X", ano.n }

Similarly to the continuous case, minimum and maximum operators commute; for a given
Wy, the solution of the minimization problem reads pp(p;,) = (X} — gpy,) /r. Inserting this
explicit solution into the previous problem, one obtains an optimization problem for the variable
py, € (ViH)? that reads:

1 1
. i : (X, ) 4.7
min [Q(Hh Hy)o,h g( h Hh)O,h} (4.7)

The constraint (|p,],1)o,n < 1 is taken into account with a Kuhn- Tucker multiplier mp, € R4.
The discrete Uzawa algorithm for the solution of (4.7) relies on the discrete Lagrangian Ly,
defined by:

1 1
L (po, mn) = §(Mh,ﬂh)o,h - ;(XZ,Mh)o,h +mn ((ppls Dop — 1) (4.8)

The solution of (4.7) therefore corresponds to finding the saddle-point of the Lagrangian (4.8).
The Uzawa algorithm reads as follows: let [}"° € Ry be given, and, for k > 0, lZ’k being known:
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(Step 1) Solve

1

: 1, .
e [§(Hh’“h)0*h - E(Xh’“h)owh + 35 ([l Doon | - (4.9)

prE(V))?

Problem (4.9) admits a closed form solution, which is given by:

AN
n,k h n
T=1-- X 4.10
: (g |X2|> ‘ (410
(Step 2) Update

it = max {0,0% 4 (([en*] Don — 1)} (4.11)

where p > 0 is a given positive parameter (sufficiently small).

4.5. On the solution of the sub-problem (4.4)

Problem (4.4) is equivalent to finding uy € Vi, satisfying

r(uZ,vh)oyh Jr/ VuZ : Vvpdx = (YZ;Vh)O,h; Vv € VO,h7
Q

where Vo, = {v;, € (V;})? : V- v}, is approx. equal to 0}, and Y} := rp}l — A} € (V}})%. We

introduce a multiplier p} € V;! to take into account the divergence constraint in the definition

of V. We add stabilization terms to make this choice of finite element spaces for {u},pj}

a stable one. The finite element formulation considered here reads as follows: find {uj,p}} €

(V1?2 x V! satisfying

r(uy, vp)on + / Vuj : Vvpdx — / PRV - vpdx + V - upqrdx (4.12)
Q Qpn Qp
+Su(uy, phi v, an) = (Y5, ve)on + | frandx + Th(Y), fi Vi, qn),
Qpn

for all {vs,qn} € (V}!)? x V;}, and where (following [15])

Sh(up, o Vi, ) == Y ah%{/ Vop - Vandx,  Tp(Yh, frivh,an) =0,
KeTs K

where o € Ry (a = 1 in the numerical experiments) is a given parameter and h is the diameter
of the element K.

Remark 4.1. Following [16], another choice would be a Galerkin Least-Squares-type of stabi-
lization method that reads:

Sn(af, phi Vi, qn) == Y Oéh%/ Vi Vandx, To(Y5, faiVa,qn) == Y Oéh%/ Y - vidx.
KeTy, K KeTy K

Numerical experiments have shown similar results with both choices of stabilization terms.
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Remark 4.2. Note that the numerical method for the solution of the Stokes problem can be
replaced by any other solution method. In particular, the use of conjugate gradient algorithms,
together with P1-iso-Po /Py finite element approximations, or the mini element (Pi-bubble/P; )
are other options described in [31] and [32]. Numerical results in [12] have shown convergence
properties that are independent of the solution method for the Stokes problem, when applied to
a related non-smooth eigenvalue problem.

Remark 4.3. When the function f presents some singularity, exact integration is needed to
evaluate the right-hand side th frardx, as the classical trapezoidal formula cannot be used if
the singularity coincides with a grid point. A method mixing numerical quadrature and exact
integration is detailed in Appendiz A for the case of f given by (2.11).

5. Numerical Results

We present numerical results for various choices of data f (smooth and non-smooth), and for
the unit disk Dy = {x = (21, 22) € R? : 2% + 23 < 1}, and the unit square Q, = (0,1) x (0, 1).
In the following numerical experiments, we have considered (unless specified otherwise) r = 10,
e=10"%and p=1.

5.1. Smooth Data

Skipping the case f = 0 that naturally leads to the solution u = u; = 0, we first consider a
constant function f, namely f = 2. Figure 5.1 visualizes the piecewise linear approximation uy,
of the solution u to (2.3) obtained by the augmented Lagrangian approach for various mesh sizes
when f = 2. Figure 5.2 illustrates cuts of the Euclidean norm |uy|, : @ — /u?, (x) + u3;, (x)
along the lines o = 0 and z2 = x7, and confirms that the solution is a radial field centered
around the origin (as stated in Proposition 2.1).

T.001

0.800

0.600

0.400

0.200

T.000

0.800

0.600

0.400

0.200

Fig. 5.1. Approximated solution uy, (left), contours of |us|, (middle), and graph of |uy|, (right) obtained
with the augmented Lagrangian method on the unit disk Dy for f = 2 (first row: h = 0.06942, second
row: 0.01285).
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Fig. 5.2. Cuts of the graph of |uy|, along x2 = 0 (left) and z1 = @2 (right) obtained with the augmented
Lagrangian method on the unit disk D; for f =2 (h = 0.06942).

Following Proposition 2.1, and considering the field Uex(71,72) = (21, 22)7 as the exact

solution on Dy, the convergence of the solution uy, towards uey is illustrated in Figure 5.3 (left).
It shows that |[up — Uex|[(12(0))2 = O(h?). Figure 5.3 (middle) illustrates that V-uy — 2 when
h — 0, and shows that ||V - u, — fi]|, = O(h*). Figure 5.3 (right) illustrates the behavior of
the sup-norm [|luy||,, as a function of h. One can observe that ||up||,, — 1 when h — 0 (as
expected), with nearly second order accurate convergence. Table 5.1 contains the corresponding
numerical values.

llu, I, - 1

Fig. 5.3. Augmented Lagrangian algorithm: Case f = 2 and uex(z1,z2) = (21, xg)T on the unit disk.
Left: Convergence (log-log plot) of the error |[un — Uex||(2(q))2. Middle: Convergence (log-log plot)
of the error ||V - u, — fa||_ . Right: Convergence (log-log plot) of the error ||us||_ — 1.

h lwn = ved| 22 | 11V - un = fulle | [unll, —1
0.069422 |  1.94750- 103 5.63330- 10+ | 5.92519-10~°
0.027670 1.06827 - 107° 3.40814-107% | 6.13026- 10~
0.012846 |  4.66425-10° 3.51247-10°7 | 2.57716- 106
0.006137 | 2.15005- 107 1.33799-10~8 | 8.73001- 107

Table 5.1: Augmented Lagrangian algorithm: Case f = 2 and uex(x1,22) = (21, xg)T on the unit disk.
Convergence of the errors |[un — Uex|| p2(q))2, [|V - un = full, and [lunl], — 1.

Remark 5.1. For f = 2, the solution obtained with the augmented Lagrangian approach is
independent of the value of the parameter g appearing in the definition of J(-) in (2.3) (the
parameter g varying in the range of 10710 —103). Actually any (strictly positive) value of g > 0
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is sufficient to force the solution to be bounded. In other words, the function g — ||upl|,
(where uy, = uy(g) is considered as a function of g) is constant. The same remark holds for
the non-smooth functions f considered in the sequel.

Remark 5.2. When the function f is smooth (i.e. for instance f € C°(0), as it is the case for
f =2), the vector-valued field u obtained by differentiating the solution ® € H?(2) N HL(Q) of
the potential problem —A® = f coincides with the solution of the variational problem (2.3).

Remark 5.3. If u= (u1,u2)” € Sy is the solution of (2.3), numerical experiments show that
it satisfies:

sup ess u;(x) + inf ess u;(x) =0, i=1,2. (5.1)
xeQ xeN

This property can be easily verified analytically when the norm on C° (ﬁ) is given by
[Vl oo = max, g max{|vi(x)], |va(x)|}. It is also satisfied numerically when using the norm

V]| = max, .5 \/|’U1(X)|2 + |va(x)|?. To show that relation (5.1) holds with the norm 1 o
replacing the norm ||-||  that is used in the computations, let us define o; = supycq ess u;(x)+
infycq ess u;(x), for i = 1,2. Assume that o; # 0, i = 1,2. In that case, define i = (uy,u2)"
such that U; = u; — o, @ = 1,2, and verify that [|VU|| 2oy = [[Vul|;2q), and in turn that
l[alll, < [llullly- This implies that J(u) < J(u) and leads to a contradiction since u is the
minimizer of J(-).

Figure 5.4 visualizes the piecewise linear approximation uy, of the solution to (2.3) on the
unit square {25 obtained by the augmented Lagrangian approach for various mesh sizes when
f = 2. The solution is a radial field centered around (0.5, 0.5) that agrees with Proposition 2.1.
Figure 5.5 shows the cuts of |uy|, along the lines 5 = 1/2 and 21 = x2, and confirms the radial
invariance of the solution.

0.7071

0.5656]

0.4242]

0.2828]

0.1414]

0

0.7071

0.5656]

0.4242]

0.2828]

0.1414]

Fig. 5.4. Field up (left), contours of |uxl|, (middle), and graph of |un|, (right) obtained with the
augmented Lagrangian method on the unit square Qs for f = 2 (first row: h = 0.05, second row:
0.0125).
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Fig. 5.5. Cuts of |un|, along z2 = 1/2 (left) and 21 = x2 (right) obtained with the augmented
Lagrangian method on the unit square 2 for f =2 (h = 0.05).

Figure 5.6 finally shows the evolution of J(u}) for the unit disk (left) and the unit square
(right), J being the objective function and uj the nth iterate produced by the discrete aug-
mented Lagrangian algorithm (4.3)-(4.5); we took u;, ' = 0 and A}, = 0 for both cases. Results
confirm the convergence of J(u}}) in less than 20 iterations for both cases.

1.075

1071

3.245F

Value of objective function J()

3.235F 1055

) 2 4 6 8 10 12 14 16 18 20 (] 14 8 0 ° 12 14 16 18 2
iterations iterations

Fig. 5.6. Evolution of objective function J(uj) for f = 2 on the unit disk (h = 0.06942) (left) and the
unit square Qs (h = 0.05) (right). The initial data are u; ' = 0 and A) = 0.

5.2. Non-Smooth Data with Point Singularity: The Case f € L?(f)

Let us consider now the case (2.11) with s < 1. If s < 1, we have f € L?(2), and Theorem 2.1
holds. Actually, when s = 1, f ¢ L?(Q) and, a priori, the general theory from [1, 2] does not
apply. However, we will see in Section 5.4 that the numerical method we advocate is still
constructive if s = 1.

The quasi-exact integration detailed in Appendix A is used, with N; = 3, to compute the
integrals in the right-hand side, for elements K adjacent to the singularity point when the
singularity point coincides with a grid point. Figure 5.7 shows the solution obtained for the
unit disk Dy, (29,29) = (0,0), and s = 3/4. Instabilities develop near the singularity point. It
also visualizes cuts of the graph of |uy|, along the line x5 = x1, and shows that the oscillations
concentrate at the singularity point when h — 0. Observe that we have been able to 'capture’
the solution when it does not belong to C° (Q) but to L>(£2), only.

Remark 5.4. Our numerical experiments show that the quality of the solution is pretty much
independent of the number of integration points if N; > 2. Thus, we used N; = 3 integration
points for our computations.
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Fig. 5.7. Approximation up obtained with the augmented Lagrangian method on the unit disk D; for
the function f(x1,x2) = (/22 + 22)7%/* (s = 3/4), for h = 0.069422, 0.022983, and 0.012846 (left to
right). Top row: field up; bottom row: cut of the graph of |us|, along z1 = z2.

In Figure 5.8, we have shown the behavior of the sup-norm ||uy || for f =r~*%,0.25 < s <1,
as a function of the exponent s (with quasi-exact integration of the singularity and N; = 3).
We observe that ||ul|, remains bounded even when s = 1, i.e. when f loses the L?-regularity.

—o—coarse mesh
—e—fine mesh

Fig. 5.8. Norm ||un||_, of the solution obtained with the augmented Lagrangian method on the unit
disk D; with f =777, as a function of the exponent s (h ~ 0.0276 and h ~ 0.0128).

In Figure 5.9, we have visualized the approximate solution associated with the unit disk D;
for s = 0.95,0.75,0.5,0.25, 0.1, respectively. One can observe that wiggles arise for all values
of s > 0, even though they are smaller when s — 0. Indeed, when s — 0, f — 1, and the
data and the problem become smooth. The solution associated to f = 1 being uy(z1,z2) =
(z1/2, x2/2)", one can observe in Figure 5.8 that ||us||, — 1/2 when s — 0 as expected, since
|, = 1/2.

We can investigate the convergence properties of the solution in the case f(x) = 1/|x|” on
the unit disk, in a similar fashion as the analysis in the smooth case presented in Figure 5.3.
Let us consider f(z1,x2) = r~*%, with r = \/a? + 23; following Proposition 2.1, we compare the
approximated solution u; with



4.8927|

3.9142

2.9356)

0.9785|

0

1.9019

1.1411

0.7607

0.3802

0

0.6709)

0.5367|

0.4025|

0.2683|

0.1341

0.3437|

0.2291

0.1145]

0.4217|

0.3163|

0.2108|

0.1054]

Cutaty=0

\

\

-1

I

|

L
V. VAT

Cutaty=0

0

=

Cutaty=0

=

<

0 0.5
Cutaty=0

Lo

\/’\Vf\/ V

0 05
Cutaty=0

0 05

19

Fig. 5.9. Approximation u; obtained with the augmented Lagrangian method on the unit disk D; for
f(r) =r7" and h = 0.0128. Left: field uy; middle: contours of the norm |uy|,; right: cuts of |us],
along z2 = 0; From top to bottom: s = 0.95,0.75,0.5,0.25 and 0.1.
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Uor(1, ) = —— < . ) (5.2)

rs2—5\ T2

on the unit disk D;. When s = 1, the solution is in L°(2)? (but not in C° (5)2), despite
the fact that f ¢ L?*(Q). The numerical experiment results reported in Figure 5.10 suggest the
following convergence behavior: When f(r) = r—%, with s € (0, 1], the approximated solution
uy, satisfies the following error estimate: there exists a constant C' independent of the mesh size
h such that

[l = Vex[ (22 < CR*,

where u.y is the exact solution given by Proposition 2.1 and (5.2). This figure includes the case
s =1, even though f does not have the regularity required in [1, 2] (the case s = 1 is treated
in Section 5.4).

1 1
rS 2—s
5. Left: numerical

—s

Fig. 5.10. Augmented Lagrangian algorithm: Case f(r) = r~° and uex(z1,z2) = (z1, 22)T on
the unit disk. Convergence of the error |[un — Uex]|12(q))2 for s =1,0.75,0.5,0.2

values; right: plot on log-log scale.

5.3. Non-Smooth Data with Line Singularity : Regularization approach
Let us consider the (smooth) function f. defined by

R x;)Q — (5.3)

where ¢ > 0 is a small parameter, s > 0, and 2 such that there exists 29 with (29,29) €
Q: the function f. defined by (5.3) is obtained by regularization of the non-smooth function
[z, 22) = ((21 — x?)2)75/2, which exhibits a singularity along the line z; = 29. We take
typically e = h2, so that the regularization effect takes place on a layer whose thickness is of the
order of h. Note that, when s = 1, the singular function f satisfies f(x1,22) = ‘xl — z?‘flﬂ
that is f € L4(Q), for all ¢ < 2, while f € L?(Q) if s < 1.

Figure 5.11 illustrates the results for the unit square Q, 29 = 0.5, s = 0.5, ¢ = h?, and for
various values of h. We perform 100 iterations of the augmented Lagrangian algorithm. We
observe that, when h is large, the regularization is important, leading to a function f. that is
smooth, and a corresponding solution that is nearly radial. When h decreases, a discontinuity

h |[up — uex||(L2(Q))2 l[up, — uex||(L2(Q))2 10! =
s=1 s=0.75
0.027670 1.27557163 0.49507782 107
0.012846 0.59638842 0.18807742 ~
0.006137 0.28059914 0.07397987 ?; 107
s =05 s =0.25 = Z=.
0.027670 0.20282001 0.08627280 W
0.012846 0.06267206 0.02172444 _EEE%Z k
0.006137 0.02064375 0.00601491 o3 107 o
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line takes place at 1 = 2{. Boundary effects appear at the top and bottom of the domain.
Cuts along the line zo = 0.5 illustrate the axial symmetry, but also the lack of radial symmetry
of the solution; this becomes clearer when h — 0. The smaller h, the slower the convergence
of the augmented Lagrangian algorithm; indeed, typically, after 100 iterations, the residual
Huloo — uggH(LZ(Q))2 is smaller than 108 when h ~ 107! and between 1073 and 10~2 when
h~ 1074

In conclusion, the regularization approach converges when h — 0 and is numerically con-
sistent. The convergence is slow since the data becomes singular; this behavior shows the
importance of designing exact or quasi-exact integration methods as those in Appendix A.

Fig. 5.11. Approximation u, obtained with the augmented Lagrangian method on the unit square €
(top) and cuts of |ua|, along x2 = 1/2 (middle) and z1 = 1/2 (bottom), for f. given by (5.3) with
s=1/2, e =h?and x = 0.5. Left to right: h =5-1072,3.33-1072,2.50 - 1072 and 6.25 - 10™2.

5.4. Non-Smooth Data with Point Singularity: The Case f ¢ L%()

Let us turn back to the non-smooth case (2.11) with s = 1. As specified earlier, f ¢ L?(€2) in
this case. However, the numerical results presented below show that the augmented Lagrangian
algorithm succeeds in finding a bounded solution to (2.1).

Figure 5.12 shows the solution obtained for the unit disk D; and (29, 23) = (0,0). Instabil-
ities develop near the singularity point. It also visualizes cuts of the graph of |uy|, along the
line 2 = x1, and shows that the oscillations concentrate at the singularity point when h — 0.

Figure 5.8 actually shows that the sup-norm ||uy||,, increases exponentially when s — 1,
but remains bounded. Figure 5.10 shows that, for this non-smooth problem, the order of the
error |[u — Uex|[12(q)2 is consistent with the value of s in the definition of f (f(r) = r7*).
Convergence order for the approximation of the solution uy, is obtained, also in this case with
less regularity.

Numerical experiments for various functions f (smooth, non-smooth, and even with less
regularity than the L2-regularity) have shown the ability of the L°°-regularization at finding
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Fig. 5.12. Approximation up obtained with the augmented Lagrangian method on the unit disk D, for
the function f(z1,z2) = (¢ +x3)"? (s = 1), for h = 0.069422, 0.022983, and 0.012846 (left to right).

Top row: fields up; bottom row: cuts of the graph of |us|, along z1 = 2.

solutions to (2.1). However, the advocated augmented Lagrangian method is fairly complicated
conceptually (albeit relatively easy to implement). A natural question is therefore: What
happens when using a simpler regularization technique based, e.g., on a L?-regularization? The
answer to this question is the topic of Section 6.

6. L?-Regularization of the Divergence Equation
6.1. Model Problem and Generalities
Relaxing the condition u € (C°(Q))? ,we consider the following variant of problem (2.3):
Find u € Ty such that %/Q|Vu|2 dx < %/Q|Vv|2dx, Vv e Ty, (6.1)
where Ty = {v € (HY(Q)? : V-v=fin Q}. A priori, the solution to (6.1) is not in (L>°(£2))2.

By introducing a Lagrange multiplier p € L*(§)), the Euler-Lagrange system associated with
(6.1) correspond to solving the Stokes type system:

Find (u,p) € (H'(2))? x L?(Q2) such that

~V2u+Vp=0 in Q,

Vou=f in Q, (6.2)
% —pn=20 on 0},

where n is the outward unit normal vector at 9Q. Problem (6.2) is not well-posed as the
unknown u (the equivalent of a ’velocity’) is defined up to an additive constant vector. Let
be a positive constant. A simple way to force uniqueness is to replace (6.2) by:
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Find (uy,p,) € (H'(2))? x L*(Q) such that
—V?u, +~yu, +Vp, =0 in Q,
Vou, =f in Q, (6-3)
Ou
a—r: —-pyn=0 on 012,
Problem (6.3) is well-posed; actually, it corresponds to replacing (6.1) by
Find u, € T such that J,(u,) < Jy(v), Vve Ty, (6.4)

1
where J,(v) = 3 /Q Vv |? dx + % /Q |v|> dx. A priori, the solution to (6.4) is not in (L>(£2))2.

We are interested in computing the solution of (6.4) for small values of the parameter v > 0,
and to study the convergence of u, when v — 0.

6.2. Numerical Algorithm and Finite Element Discretization

Problem (6.3) is solved with stabilized piecewise linear finite element techniques, like those
used to solve problem (4.4) in Section 4.5. Let u, 5 € (V;!)? and p, 5 € V;! be approximations
of u, and p.,, respectively. The finite element formulation considered here reads as follows:

Find {w,yn,p,n} € (Vi)? x V3! such that

Y(Uy.h, Vi )on + / Vu, p: Vvpdx — / Py.aV - Vpdx + V - uy pqndx (6.5)
Q Qp Qpn

+ Z ah%/ Vpyh - Vandx,= | frandx,
KeTy, K 2

for all {vs,qn} € (V;!)? x V}l. Numerical results obtained by solving (6.5) are shown in Sec-
tion 6.3.

6.3. Numerical Results

Smooth and non-smooth functions f are used to test the L? regularization approach, and
the test cases from Section 5 are considered.

Smooth data. Figure 6.1 illustrates the solution of (6.5) on the disk domain when f = 2. The
computed results are identical to those obtained with the L*°-regularization (see Figure 5.1).
This is not surprising since both the data and the domain are very smooth.

Non-smooth data with point singularity (the case f € L?*(2)). Let us consider the
(non smooth) case when f is given by (2.11) with s = 0.75. In Figure 6.2, we have visualized
the solution of (6.5) on the disk domain in that case, when using v = 1073 as a regulariza-
tion parameter; these results compare well with those in Figure 5.7. The solution obtained
with the L2-regularization method for different values of v are very similar; moreover, they
exhibit the same oscillations than the ones of the solution obtained with the L*°-regularization
approach. Similar conclusions can be drawn with the data with a line singularity proposed
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Fig. 6.1. Field uy (left), graph of |ua|, (middle), and cut of the graph of |uxl|, according to z2 = 0
(right) obtained with the L2-regularization approach (y = 107®) on the unit disk Dy for f = 2 (first
row: h = 0.06942, second row: 0.01285).

in Section 5.3. In these cases, the L2-regularization allows to obtain bounded solutions even
though not enforcing the L>° regularity explicitly.
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Fig. 6.2. Approximation uy, obtained with the L?-regularization method (v = 107%) on the unit disk

—3/4
D, for the function f(x1,x2) = («/x% n xg) (s = 3/4), for h = 0.069422, 0.022983, and 0.012846
(left to right). Top row: fields uy; bottom row: cuts of the graph of |uy|, along z1 = 2.

Non-smooth data with point singularity (the case f ¢ L%(2)). Let us finally consider
the (even less smooth, and more interesting) case when f is given by (2.11) with s = 1.
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Figure 6.3 illustrates the solution of (6.5) on the disk domain in that case, when using v = 1073
as a regularization parameter; these results compare well with those in Figure 5.12. However,
in that case, the solution of the L2-regularized problem (6.3) depends on the value of the
parameter «y; indeed, numerical results reported in Figure 6.4 shows that, for small values of ~
(v =~ 107?) the solution changes drastically. On the other hand, for large values of 7, the solution
is identical to the one obtained with the L°°-regularization. Results in Figure 6.4 illustrates
cuts of the graph of the norm |uy|, of the solution along x; = 2 for various mesh sizes. The
numerical results show the convergence when h — 0, and show also that the maximum of the
norm |uyl, is actually smaller when v = 107°. Figure 6.4 shows that, for a given value of
v, convergence is obtained when the mesh size tends to zero. On the other hand, there is
no evidence to show that the limits u, when h — 0 for different parameters v are the same.
This implies that an appropriate choice of the parameter v is not guaranteed. Let us remark
that this parameter dependence does not exist for the L*°-regularization method, as already
emphasized in Remark 5.1. Therefore, the choice of the parameter v is much more difficult to
make than the choice for the parameter g of the L*°-regularization method, and a systematic
way of choosing 7 is still an open question.
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Fig. 6.3. Approximation uy, obtained with the L?-regularization method (y = 10™%) on the unit disk
D; for the function f(z1,x2) = (@ + 23)7Y? (s = 1), for h = 0.069422, 0.022983, and 0.012846 (left
to right). Top row: fields un; bottom row: cuts of the graph of |ux|, along z1 = x2.

7. Conclusions

The approximation of the bounded solution of the divergence equation V - u = f has been
investigated from the numerical viewpoint based on the introduction of regularizing L*>° and
L? terms in well-chosen functionals.

An augmented Lagrangian method for the L°°-based approach, together with piecewise
linear finite elements, has been discussed. An Uzawa iterative algorithm allows to decouple
nonlinearities and differential operators, requiring the solution of a sequence of local nonlinear
problems and of generalized Stokes equations. A simpler regularization method based on a L?
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Fig. 6.4. Approximation uy obtained with the L?-regularization method. Cuts of the graph of |unl,
along x1 = x2 for v = 1073,107% and 107 (top row: h = 0.022983, bottom row: h = 0.012846).

term has been considered and both approaches have been compared, leading to similar (but not
always equal) solutions. Numerical results have been presented for various data, from smooth
functions to functions with point or line singularities; they show good convergence properties.
It is worth mentioning that the methods discussed in this article apply also to the numerical
solution of (1.1) when f has less regularity than L?; in this case, the approach based on a
L*°-regularization is more robust.
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A. Quasi-Exact Integration of Functions with Point Singularity

We consider (29,23) € Q and f(z1,x2) given by (2.11). This function has a singularity at
(29, 29). Let us consider a triangulation 7}, such that Py := (29, 29) is one grid point, and let us

denote by ¢ the piecewise linear finite element basis function associated to that node. In that

case, one has to compute dy := / feodx = Z / feodx. On each triangle K which
Q KeTnPoek VK
has Py as a vertex, one has ¢go(z1,22) = a(r1 — 29) + b(xs — 29) + 1, where a,b € R. Therefore

dO,K = /K fgpodx (Al)

1 0 0
= . (a(zy — 2Y) + b(zg — 29) + 1) drydw,
/K (1 — 29)2 + (22 — 23)2)*"*

1 ' 62 (R(O) 1 '
= / — (arcos® + brsin @ + 1) rdrdf :/ / — (arcos @ + brsin 6 + 1) rdrdd,
KT 01 Jo r
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with the polar change of variables (z1,12) = (2§ 4+ 7 cos @, 2§ + rsin ). Notation is illustrated
in Figure A.1.

Fig. A.1. Exact integration on the triangle K. Sketch and notation.

Concerning the bounds of integration for the polar coordinates (r,#), the variable 6 varies
between the maximal and minimal angles 6; and 6 respectively. It remains to determine the
upper bound R(f) for the variable r. In order to do so, let us denote by P; = (z1,z3) and
Py = (22, 23) the other two vertices of K. The equation of the line going through P; and P is
xo = 3 +m(xy — 1), where m = (23 — 23)/(2? — x1). By using the change of variables, one
vy — xh —m(z] —af)

obtains rsin = x3 — 29 +m(r cos 6 — (x1 —27)), and finally r = R(0) =

sin @ — m cos 6
The integral (A.1) becomes, for s < 1,

do, i

)

02 (R(0)
/ / (arcosf + brsin @ + 1) r' ~*drdf
91 0

02 R(9)
/ / (acos@rQ*S +bsinfr?* +r1*5) drdf
91 0

62 .
/ (“COSQR(WS+—bsm‘9R(9)3S+ L R(@)“)do.
01

3—s 3—s 2—s
Appropriate modifications are made when s = 1. Let us denote by F(#) the function

acosf bsin@ 1
F(0) = ——R(0)*"* + ——R()** + ——R(0)*"".
(6) = SECROP + TR0 + 5 R(O)
In order to use a trapezoidal formula, let us introduce a partition of [, 62] defined by (§; );V:“fl,
with 1 = & < & < ... < &N, < &n,41 = B2 (IV; is the number of discretization points).
Therefore, the coeflicient dy g can be approximated by:

02

NI . — .
dox = , F(0)do ~ Z%[F(ﬁj)JrF(ﬁjﬂ)]a
1 j=1

by using a trapezoidal formula. It remains to determine the coefficients a and b. Note that the
last coeflicient is one since ¢o(Pp) = 1. In order to do so, we solve the 2 x 2 system:
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a(wy —af) + by —a§) +1=0, afa] —a1) +b(af —25) +1=0,

whose solution is

. o} a3 1 b} — a9)
= Q= —>=—=Z
T =)k~ 48) — (o] — (3 — 7B d-a

with the appropriate modifications if any of the denominators is vanishing.
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