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FINITE ELEMENT APPROXIMATION OF AN OBSTACLE PROBLEM FOR A
CLASS OF INTEGRO-DIFFERENTIAL OPERATORS

ANDREA BoNITOM, WENYU LEI'? AND ABNER J. SALGADO?

Abstract. We study the regularity of the solution to an obstacle problem for a class of integro—
differential operators. The differential part is a second order elliptic operator, whereas the nonlocal
part is given by the integral fractional Laplacian. The obtained smoothness is then used to design and
analyze a finite element scheme.
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1. INTRODUCTION

Let Q@ ¢ R?, d = 1,2,3, be an open bounded set with boundary 92. We consider the following obstacle
problem: given f : Q — R, an obstacle x :  — R such that y < 0 on 99, and a drift 3 : Q — R?, we want to
find v : R? — R satisfying

min{bLu+ B -Vw + (—A)°u— fiu —x} =0, in Q, w=0, in Q°. (1.1)

Here b € Zs; )¢ denotes the complement of €2; L is a uniformly elliptic, divergence form, and symmetric second

order differential operator
Lw = —V-(AVw) + cw, (1.2)

with sufficiently smooth coefficients (more precise conditions will be imposed later); and (—A)® with s € (0,1)
denotes the integral fractional Laplacian, i.e.

2%s0(s + 4)

7I20(1 — s) (13)

w(x) —w
(—A)’w(z) = cqsp-v. /]Rd x(_)der(2ys) dy, cas=
where p.v. stands for principal value.

The main motivation to study problem (1.1) is its relevance in the context of perpetual American options
under Lévy processes (cf. [12]). In one dimensional space (d = 1), the solution w in (1.1) (but defined in R instead
of Q) is the rational price of a perpetual American option against the log-price of the stock assumed to follow
a Lévy process whose infinitesimal generator is given by bL + 3 -V + (—A)*®. In this context, the non-negative
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obstacle function y is referred to as the payoff function; see ([12], Sect. 6). When d > 1, problem (1.1) (again
in R? instead of 2) models multiple assets (cf. [14]). For completeness, we point out that the jump process
considered in this paper is a special case of a more general jump processes called tempered stable process. For
the latter, the integral fractional Laplacian in (1.1) is replaced by a convolution in R? between u and the kernel
function

—Cqlz|
e
[z]dF2s |5L'| < 0;

K(z)=Co{ ool
Txld%, |J}| > 0,

where Cy > 0 and C7,C5 > 0. The process is symmetric if C; = C5 and reduces to the integral fractional
Laplacian when C; = Cy = 0. We also note that to account for the fact that the original American option
pricing problem is defined on the whole space R%, one should analyze the so-called localization error between
the solution of problem (1.1) and the solution to the corresponding problem in R%. These considerations are out
of the scope of this work and we refer to [26] for the analysis in the one dimensional case with Cy,Cy > 0.

The goal of this paper is to obtain a finite element approximation to the solution of problem (1.1) together
with the corresponding a priori error estimates in the energy space. Since these error estimates rely on the
knowledge of the smoothness of the solution, we shall first study the regularity of the variational formulation
of problem (1.1). Moreover, the nature of the operator at hand depends heavily on the particular values of b,
B, and s to be used, we address the following three different cases:

A. Purely fractional diffusion: b =0, 8 = 0, and s € (0,1). This corresponds to the obstacle problem for the
integral fractional Laplacian.

B. Fractional diffusion with drift: b =10, 8 # 0, and s € [%, 1). In this case, the fractional power is restricted
to keep the diffusive part dominant; see Proposition 2.3.

C. Integro—differential operator: b =1 and s € (0, 1).

We remark that the regularity of the solution in Case A has been already studied in [15] and [11]. To show the
regularity of the result in the remaining cases, the main technique that we shall employ is based on penalizing
the violation of the obstacle constraint, much in the spirit of the techniques presented in (Sect. IV.2, [24]) and
(Sect. 1.3, [22]). We derive regularity estimates for the unconstrained linear problem, which are instrumental to
obtain a uniform regularity estimate for the solutions to the penalized problems. Passing to the limit when the
penalization parameters tends to zero, we deduce the regularity of the solution to the obstacle problem. Since
this is critical for the analysis of the proposed numerical method, we also show that the solution to the obstacle
problem is continuous and that as a consequence, the so-called complementarity conditions are satisfied.

One of the main issues in the finite element approximation of the obstacle problem (1.1) is the efficient
approximation of the integral fractional Laplacian. We refer to [2,9,20], see also the survey [8], for different
approaches. Unlike [11,15], here we use the method from [7,9], i.e. we build a numerical scheme based on the
Dunford—Taylor integral representation of the bilinear form associated with the action of the integral fractional
Laplacian operator; see Section 4.1 for a review of this approach. Adapting this technique to our case of interest
induces a consistency error in the discretization of a variational inequality. We handle this via a Strang-type
argument allowing us to derive rates of convergence in the energy error.

The outline of the paper is as follows. In Section 2 we set notation, introduce differential and integral
operators, provide a weak formulation of (1.1), and show some of its immediate properties. In Section 3 we
study the regularity of the solution, the so—called Lagrange multiplier, and the validity of the complementarity
conditions. Section 4 provides the finite element algorithm and its error analysis as well. A detailed numerical
implementation and numerical tests are provided in Section 5.

2. NOTATION AND PRELIMINARIES

In this work Q C R? is a bounded domain with Lipschitz boundary 9§ (we may assume more on 2 if
necessary). Whenever we write a < b we mean that a < Cb for a nonessential constant C' that might change
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from line to line. As usual, a = b means b < a; a < b means a < b < a. Also, for any real number a, the notation
a~ henceforth stands for any real number strictly smaller than a.

For a normed space X, we denote by X’ and || - || x its dual and norm, respectively. By (-,-) v,  we denote
the duality pairing. Unless explicitly stated, X’ is always equipped with the operator norm. In the case where
X is an inner product space, we denote by (+,-)x its inner product.

2.1. Sobolev spaces on domains

The standard L?(Q2) and H™(Q) function spaces, m € N, are normed in the usual way. We recall that H}(Q)
is the closure in H!(£2) of C§°(£2) — the space of compactly supported in 2 and infinitely differentiable functions.
Owing to the Poincaré inequality, we have that

||w||H3(Q) = ”vaL?(Q)a
is an equivalent norm on H{ ().
Since H'(Q) C L*(Q) and H}(Q) C L*(Q) are compatible pairs, we define the fractional Sobolev spaces by
interpolation using the real method
HY(Q) == (H'(Q),L*(2)1-¢2 and H(Q) == (Hj(Q),L*(Q))1-¢2, fort e (0,1).
By convention, H°(Q) = HO(Q) = L*(Q) and H'(Q) = H}(Q). However, since the definition of the integral
1.

fractional Laplacian (1.3) involves integration over the whole space, we need to introduce yet another family of
function spaces. For ¢ € [0, 2] we define

H'(RY) == {w: R = R: [|wl|ge(ray < 00}, [wlFpe ray == /Rd(l +[EIF (w) () de,

where F denotes the Fourier transform. Furthermore, for any bounded domain D € R and w : D — R we
denote by w its extension by zero to D°. Notice that this operator depends on D which may change depending
on the context. However, we decided not to indicate the dependency on D whenever no confusion is possible in
order to alleviate the notation. With this we define, for ¢ € [0, 2],

H'(Q) = {we L*(Q): @€ H'®R)}, |wllg g = @]
We finally set H~*(Q) = (H*(Q))".

Remark 2.1 (Equivalent norm). A variant of the arguments in the Peetre-Tartar lemma ([21], Lem. A.38)
guarantees that the semi-norm

1/2
we lulgey = ( [ lE1Fw©Pa)
is an equivalent norm of H*(Q).

Remark 2.2 (Norm equivalence for Lipschitz domains). For ¢ € [0,1], it is known that H*(Q) and H() are
both interpolation scales and coincide (¢f. [16], Lem. 4.11). We note that these two spaces are also equivalent
when t € (1, %) and the norm equivalence constants depend on 2. This is because 2 is Lipschitz so that

HY Q) = HY(Q) N HE(Q) = HY(Q) when t € [1,2) (cf. [9], Rem. 3.1).
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2.2. Differential and integral operators

We can now give a proper interpretation to the building blocks of problem (1.1).
We begin with the second order operator. We let A € C%1(Q,S%), where S? is the space of symmetric d x d
matrices, be uniformly bounded and positive definite, i.e. there exist constants ag,a; > 0 such that

aolv]? < VvTA(z)v < ai|v]?, Vv eR? VeeQ.

In addition, we assume that ¢ € C%1(Q) is nonnegative. With these assumptions we have that the operator
L: H?*(Q) N H () — L?(Q) generates the bilinear form

L(v,w) = /Q (VwTA(z)Vo + c(z)vw) dez,

which is bounded and coercive on H} ().
We now study drift on fractional Sobolev spaces. Let 3 € C1(Q,R?) be solenoidal, i.e. V-3 = 0. We define,
for v,w € C§° () the bilinear form

D(v,w) = / B(x) - Vowdz (2.1)
Q
and study the properties of D next.

Proposition 2.3 (Drift). Let 8 € C1(Q,R%) be solenoidal, i.e. V-3 = 0. Then, for v e H'(Q) with t € [1,1]
we have that

18- Vlla-t(a) 2 1Bl Lo (0, ra) 1V ]| 7o -

Moreover, the bilinear form D, defined in (2.1), extends continuously to I;Tt(Q) X I;ft(Q) This, in particular,
implies that
D(v,v) =0, Yve H'(Q). (2.2)

Proof. The proof follows the argumentations in [36]. We begin by assuming that v € C§°(2), then we imme-
diately conclude that 3 - Vv € L%(Q) with

18- Voll2) < 1Bz~ @.ra) [Vl 52 (0)-

Owing to the fact that 3 is solenoidal, we also have that

<16 : V’l), ’LU> — 1 v, - YVw
1B-Voullg-10) = sup H7H),Hy () sup M
0AweHE (Q) ”vaL2(Q) 0£we HL (Q) vaHL2(Q)

< 1Bl @r)llvllz2)-
Interpolating the previous two inequalities we then obtain that for ¢ € [%, 1]
18- Vol < 1810z 1ol g1vy = 18]z 1ol 7eye
as we intended to show. The proof is complete upon noting that C5°(€2) is dense in H'(Q). O

We now proceed to define the integral fractional Laplacian given in (1.3). First, we note that for w in the
Schwartz space, this operator is defined by

F(=A)w) () = [ F(w)(8),
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Moreover, it induces a bilinear form
as(v,w) = ((=2)"?0, (=2)**w) 2 gy = /Rd €% F () (&) F (w)(€) dg
_ Csd (v(@) — v(y))(wlz) —wly)) , o
= /]Rd /Rd dy dz.

|IL‘ _y|d+25

Note that the above considerations remain meaningful for v, w € H* (2), or strictly speaking to v, w € H*(R?),
their zero extension outside 2. In addition, Remark 2.1 implies that as is bounded and coercive on H*(2) with
the convention

as(v,w) = ((—A)*7, (~A)*2@) L2 gay, Yo,w € H* ().
2.3. The obstacle problem

Having introduced the necessary notation we can now give a rigorous meaning to problem (1.1) and study
it. To be able to handle all the three cases under consideration (see cases A, B and C in Sect. 1) in a unified
way, we introduce the two—parameter space

H5(Q), b=0,
vsb:={ () o]

2 — 2 2
s H&(Q), b= 1’ Vep ' ||wHﬁs(Q) +b||wHH5(Q) (23)

From now on we assume the following condition on the obstacle:
Assumption 2.4 (Obstacle). The obstacle x € C%(Q) is such that x < 0 on 9.
Under Assumption 2.4 the admissible set
Ki={weVsp:w>xae Q}CVsp (2.4)
is nonempty, closed and convex. On V, we define the bilinear form
A(v,w) :=bL(v,w) + D(v,w) + as(v,w), Yv,w € Vsy. (2.5)

Owing to Proposition 2.3, it follows that A is bounded and coercive on Vs, for all cases considered.
The weak formulation of problem (1.1) is defined as follows: given f € Vs find u € K such that

A, u—v) < (fiu—v)y sy, YweEK. (2.6)

Since A is coercive, existence and uniqueness of a solution is an immediate consequence of the Lions—Stampacchia
theorem ([24], Thm. I1.2.1).

The next theorem guarantees the validity of the complementarity conditions (1.1). Before proceeding, we
introduce the Lagrange multiplier

A:=bLu+ B -Vu+ (—A)°u— f eV (2.7)
Theorem 2.5 (Complementarity conditions). The solution uw € Vs, of (2.6) satisfies
A>0
in Vsy'. In addition, if u € Vs N C(Q) then the complementarity conditions hold, i.e.
A>0, u>x, Au—x)=0

in the sense of distributions.
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Proof. Case A is already studied in ([27], Thm. 1.2); see also ([11], Prop. 2.10).
For Cases B and C we write (2.6) as

(bLu+ B -Vu+ (=A)y°u—fu—wv)y, ,y <0, VveK.
Let now 0 < ¢ € C§°(2) be arbitrary and set v = u + ¢ € K to deduce
(A, 90>Vs,b’,Vs,b = (Lu+ B -Vu+ (—A)°u— f, ‘p>Vs,b/,Vs,b > 0.

This means A > 0 in Vsyb’ and in the sense of distributions.

In addition, if uw € C(£2), then the non-contact set
N :={x € Q:ulx)> x(x)}
is open. Let ¢ € C§°(N) and e positive but sufficiently small so that v = u £ e¢ € K. This choice implies that

(A @)y vy, =0, VoeCE(N),

and the conclusion follows. O

3. REGULARITY

In this section we study the regularity of the solution to (2.6). To achieve this, we first consider the linear
problem without the obstacle constraint. Then, using a penalization technique, we transfer these regularity
results to the solution u of (2.6). In addition, using a Lewy—Stampacchia type argument, we deduce regularity
properties of the Lagrange multiplier A as well as the continuity of u, necessary to apply Theorem 2.5.

3.1. Regularity for the linear problem

Here we are interested in the regularity of the solution to a linear version of (2.6). Namely, given g € Vs,
we let @, € V, 1, be the (unique) solution of

A(®g,v) = <g’v>VS,b’,Vs,b ;o VU € Vsp, (3.1)

where A is given by (2.5). We consider the regularity of each case separately. Notice that each case requires
different assumptions on the data.

3.1.1. Case A: Purely fractional diffusion

Assuming € is of class C'*°, the regularity of ®, was studied in [23,34]. The next proposition gathers these
result in our notation.

Proposition 3.1 (Regularity for Case A). Assume that the domain Q is of class C* and that, for s € (0,1),
we have that g € H'(Q) with t > —s. In this setting we have that ®,, the solution of (3.1) with b = 0 and
B =0, satisfies

rrmin s,(s+1)~
(bg cH {t42s,(s+3) }(Q)a ||@g||Hmiu{t+25,(s+%)*}(Q) = ||g||Ht(Q)~

We also refer to [1] for regularity results when 2 is Lipschitz and ¢ is Holder continuous.



FINITE ELEMENT APPROXIMATION OF AN OBSTACLE PROBLEM 235

3.1.2. Case B: Fractional diffusion with drift

Recall that in this case we restrict the fractional power s to [3,1). We also have b = 0 and 3 # 0. The
proof is based on the regularity estimates for Case A presented in Proposition 3.1 and techniques developed
in [36].

Proposition 3.2 (Regularity for Case B). Assume that the domain Q is of class C* and that g € L?(Q). Let
®, be the solution of (3.1) with s € [5,1), b=0 and B # 0.

a) If s > L, then ®, € H6+2) ™ (Q) and satisfies
2 g
||(I]g||f[<s+%)*(m = ||9||L2(Q)-

(b) If s =1, there exists a positive constant Cy such that when B L re) < Cy, we have that g € H (Q)
with the corresponding estimate. Otherwise, that is when ||B||Leqrs) > C%, then there exists § € (0, %)

such that @, € H2+3(Q) with the corresponding estimate.

Proof. We consider each case separately. N
We begin the treatment of Case (a) by rewriting the linear problem as follows: find ®, € H*(12) satisfying

as(®y,0) = (9,0)20) — (B Vg, 0) iy o0y = (G0 yr—sqy finey s V0 € H ().

Now, using a bootstrapping argument, we improve the regularity of ®,. Starting from ®, € H 5(Q), we first
notice that, according to Proposition 2.3, G € H*~1(Q). Thanks to Proposition 3.1 with t = s — 1 we get
¢, € Hmi“{?’s’l’(S*%)_}(Q). Invoking Propositions 2.3 and 3.1 again, we deduce that

D, € ﬁmin{5s—2,(3s—%)’,(s-&-%)’}(Q) _ flmin{Ss—Z,(s+%)’}(Q).

Repeating the above argument n times, we arrive at

o, € ﬁ—min{(2n+1)sfn,(s+%)_}(Q).

From the assumption s > %, we have (2n+1)s—n — oo as n — oo so that setting n = fﬁl yields the desired
result for case (a), i.e. &, € HET2) (Q).
Let us now show Case (b) using a perturbation argument. Denote by T : Hz(Q)) — H~2 () the unbounded
operator satisfying
<T9’U>H*%(Q),H%(sz) =cy ay(gv), Ve H(Q),

where ¢ 1 denotes the normalization constant such that

lwll?, 5 o) = cxllwl?y

H3(Q) 3 «@°

As we shall see, the purpose of the normalization by ¢/, is to relate the functional spaces H 7(2) to the
interpolation spaces H 7(£2) and invoke operator interpolation results. Proposition 3.1 guarantees that the inverse
of T is a bounded operator mapping H*(Q) to H™n{t+117}H(Q) with + > —1. Given 5 € (0,1], we rewrite the
linear problem (3.1) in the form of a perturbation of the identity

. Yve H(Q),

- — —1
(T =B)%g0) ;-1 ), 13 <770%T g’U>H’%(Q),fI%(Q)
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where B := (1 —n)I — nc%T*ﬁ - V. We next investigate the mapping properties of the operator B using the
equivalent interpolation norm H*(Q) with ¢ € [1,1). For w € H' (Q), we have

[Bwll g1~y < X = wll g1~ () +1lles T8 - V|l g1- o (3.2)
< ((1=n) + CnllBllze @ ra)llwll 1= ) = Mi(m)llwll g1 q)-

Here the constant C' depends on the constants in the estimates of Propositions 2.3, 3.1 and cr. Setting C’% =
1/C, the condition [|B]|p(qre) < C1 guarantees that Mi(n) <1 for any n € (0,1]. In turn, this implies that

I—B:H" (Q) — H' (Q) is invertible and
1T = B) e ey = T = BY e iy i oy < Z Bl gy @0 < T
Hence we deduce that ®, € H' (Q) and
1991l 71~ () < ll(T = B)_lHﬁl*(@)-»ﬁl*(Q)”C%T_lgHﬁl*(Q) = lgllzzo)
Instead, when ||B|| o (,re) > C’%7 we note that for w € H%(Q),
|Bwl? 4

@) 2
— (1 - <Tw7w>

=B ” <TBw’Bw>H’%(Q),ﬁ%(Q)

H™3(Q), 0% Q)

- (1- n)nc% {<Tw,Tflﬁ . Vw>H_%(Q)ﬁ%(Q)
+(TTT8 - Vw,w) 4 ) Hr%(m}

+n*c (TT8- Vu, T3 V“’>H—%(Q) o)

_ _ 2 2 1 2
= (1= Plully o + I IT8 Vuly

< @0l y o + OPIBIE o mey01%y

where in the third equality we used the symmetry of T and (2 2). The positive constant C depends on the same
parameters as C'1. The optimal choice for 7 is n* :==1/(1 + C||,6'HL°C(Q Rd)) € (0,1), which leads to
2

1
|Bwl| Y [wll 3 ) = Mallwll ;4
Hz(Q 1+0Hﬂ||L°°(Q]Rd) Hz(Q) Hz(Q

with My < 1. From (3.2) and (3.3), we obtain by interpolation

(3.3)

[ Buwl| < My(*)*" My~ for 7 € (0, 3),

H(%-FT)*(Q) H(%-FT)*(Q)?

and upon selecting r > 0 sufficiently small so that
M (") My ™" < 1,
we obtain that B is a bounded operator in H =+ (Q) and so
®, € H>19(Q)

for some & € (0, 1) as asserted. O
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3.1.8. Case C: Integro—differential operator

We let b =1 and immediately notice that Vs 1 = H}(Q2) for all values of s. Our results rely on the following
regularity assumption for a second order elliptic problem.

Assumption 3.3 (Elliptic regularity). Let g € H=(2), and w, € Hg(Q) be the unique solution of
L{wg,v) = <97U>H—1(Q),H5(Q) , Ywe H&(Q) (3.4)
There exists r € (0,1] and a constant Cy so that

ngHHl*T(Q) < Cr||g||H71+r(Q).

In particular, we have
wgll 4+ () < Crllgllm-1++(0)

for all v € (0,7].

We note that r and C,. depend on the smoothness of the domain Q and the coefficients A and ¢. For example,
if Q is a polytope and the bilinear form L is the Dirichlet form, i.e.

Lv,w)= [ Vv-Vwdz, Yo,wec H}(Q), (3.5)
Q

then, according to [19], Assumption 3.3 holds for some % < r <1 that depends on the shape of the domain.
To concisely state the regularity result obtained in this case, we define

1+r 0<s<§—1,
p= p(s,r) = (3.6)
(Z-25)7, 2-L<s<l.
Proposition 3.4 (Regularity for Case C). Let ®, be the solution to problem (3.1) withb =1. Let r € (0,1] be
the regularity index given in Assumption 3.3 and g € L?(Q). Then we have that

Oy € H'(Q)NHy(Q),  [1®gllan@) = ll9llz20),
where the hidden constant depends on Q, C,. in Assumption 3.3 and 3.

Proof. Notice that the unique solution ®, € Hj(Q) of problem (3.1) is also the unique solution of

£(®@g,0) = (9= B VDy,0)12(0) — ((~A)"By,0) N(cRO Py (3.7)

H=1(Q),Hg () -

We discuss the case r > % and split the proof in several (sub-)cases.

~ Case s € (0,25%]: According to ([33], Thm. XL.2.5) we have that (—A)*®, € H'=25(Q) Cc H-*"(Q).

From the elliptic regularity assumption we conclude that ®, € H'*7(Q2) = H#() with the corresponding
estimate.

— Case s € (27, %]: If this is the case, we now have that G € H'~2%(Q) so that invoking the elliptic regularity

assumption again with v = 2 — 2s < r (see Assumption 3.3) and using the norm equivalence propert
p g Y p g q property

described in Remark 2.2, we obtain that ®, € H3~2%(Q)NH}(Q). Because s € (3~ 3], we can only conclude

~ 3\ ~ _

that ®, € H'2)" (Q). However, we can repeat the process because in that case (—=A)°®, € H(G=297(Q) and
thus G € H(37297 (Q). From the elliptic regularity assumption we obtain that b, € Hmin{(5-28) 7147} (Q)) =
H*(Q2) with the corresponding estimate.
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— Case s € (2, I]: Proceeding as the previous case, we have that ®, € H3725(Q) N Hj(Q2) = H3725(Q) and
thus G € H3>7%%(Q). The elliptic regularity assumption this time with v = min{r,4 — 2s} yields ®, €
Hmin{s—4s. 147} () 0 HE(Q) ¢ H) ™ (Q). Continuing further, we have G € H(3-29)" (), and finally that
¢, € Hmin{(3-29)7. 147} (Q) = H#(Q2), with the corresponding estimate.

— General case, s € (%, jﬁ—ﬁ] for n > 2: We proceed as in the previous steps to obtain after a finite number

of iterations that ®, € Hmin{(3-29)7. 147} () = H#(Q) with the corresponding estimate.

The proof for the case r < % is omitted for brevity as it follows invoking similar arguments but decomposing

(0,1) as (0, 257, (355, 455] and U, »o (25", 222220, O

Remark 3.5 (Polygonal domains in R?). Let us consider two special cases in R?. If  is a convex polygon in
R?, the coefficient matrix A and zero order term ¢ are smooth enough, then we obtain full elliptic regularity for
problem (3.4), i.e. r = 1. In this case, according to Proposition 3.4,

) H?(Q) 0<s<3,
o, € Hy(Y) N T oo
HEZ72)(Q), 2<s<1.
If, on the other hand, § is a L-shaped domain (e.g. (—1,1)%\ [0,1]?), 3 = 0 and L(-,-) is the Dirichlet form,
then we have that r = Z and hence

H3(Q) 0<s< il

e Ho()Nq 7 2

HZ72) (), L<s<1.

Remark 3.6 (Continuity of ®,). If the elliptic regularity index in Assumption 3.3 is above %, then ®, € C(Q)
by Sobolev embedding.

3.2. Regularity of the obstacle problem

The regularity estimates for the linear problem are instrumental to obtain regularity properties of the solution
to the obstacle problem (2.6). To achieve this, we follow the penalization ideas from ([24], Sect. IV.2), see also
[27,32]. We begin by recalling that Assumption 2.4 guarantees, at least heuristically, that the contact set is
separated from the boundary of the domain 92. Of particular importance below is that, once again owing to
Assumption 2.4, it is possible to extend x to a larger domain: we denote by W C R? a domain with smooth
boundary such that Q € W and by Ex € CZ(W) an extension of x to W

Exia =X, &Exac <0.

The choice of W and Ex is arbitrary but irrelevant for the results derived below.
Next, we assume certain regularity and compatibility between the operator and problem data.

Assumption 3.7 (Smoothness and data compatiblity). Let p > max{2,d/(2s)} in Cases A, B, and p > 2 in
Case C. We have that f € LP(Q) and

F:=bLx+ 8 Vx+ (—A)yEx—f (3.8)

18 an absolutely continuous measure with respect to the Lebesque measure and its Radon—Nikodym derivative
belongs to LP(Q).

Furthermore, we gather the assumptions required for the regularity results obtained in Section 3.1 on the
linear problem in the next assumption.
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Assumption 3.8 (Regularity of the linear problem). The regularity results of the linear problem (3.1) obtained
in Section 3.1 are valid, i.e. we assume that

— Case A: The domain ) is of class C'>°.
— Case B: The domain Q is of class C*°. If s = %, the drift magnitude is sufficiently small, i.e. || B|| Lo (re) <
C%, where C% is the constant in Proposition 3.2.

~ Case C: The elliptic regularity assumption (Assumption 3.3) holds for an index r € (%, 1].

Remark 3.9 (Case B). To simplify the discussion, we do not discuss the case when ||B]| (o re) > C1. How-
2

ever, the argumentation below extends to this case in view of the regularity property obtained in Proposition 3.2.
We prove below that the solution to the obstacle problem belongs to H? (), where
min {28, (s+ %)7} , Case A,

o:=0(b,B,s,r)= (s+3), Case B, (3.9)
wis,r), Case C,

where p(s,7) is defined by (3.6). The first step is to analyze a penalization problem.

3.2.1. Penalization
Given € > 0, let ¥, € C*°(R) be such that || < 1, it is non increasing and

Under Assumption 2.4 and for f € L2(f2), the penalized problem constructs an approximation of u by
ue € Vs 1, defined as the solution to

Alue,v) = (max{F, 0}V (uc — x) + f,0)12(0), Vv € Vsp, (3.10)
where A is given by (2.5); compare with (1.1). Notice that (3.10) is a variational problem with a strictly coercive
and monotone operator on V; and therefore has a unique solution. The next lemma gathers properties of the

penalized solution.

Lemma 3.10 (Two-sided uniform bounds). Suppose that Assumption 2.4 holds and f € L?(2). Let u,us € Vs
be the solutions to (2.6) and (3.10), respectively. Then we have that

u<u. <u-+e ae. in
Proof. We start by noting that for w € Vg4,
L(max{w, 0}, max{w, 0}) + D(max{w, 0}, max{w,0}) = L(w, max{w,0}) + D(w, max{w,0}).
Owing to ([27], Lem. 2.1, (iii)), this property also holds for as, i.e.
as(max{w, 0}, max{w,0}) < as(w, max{w,0}).
This together with the coercivity of A yield

|| max{x — Ust}H%&b < bL(x — ue, max{x — us,0}) + as(Ex — ue, max{Ex — us, 0})D(x — ue, max{x — ue, 0}).
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Hence, the definition (3.8) of F' and the relation (3.10) satisfied by . imply that

%s,b j (F7 ma’X{X — Ue, 0})L2(Q) - (ma’X{F7 O}ﬁe(us - X)7 maX{X — Ug, 0})L2(Q)
= (max{F,0}(1 — - (ue — x)), max{x — uc,0})r2(0)-

Observing that 9. (u. — x) = 1 whenever x —u. > 0, we deduce that || max{x —u.,0}||y,, = 0 and in particular
e > X a.e. in Q. In other words, we have that u. € K. Since ¥, > 0, max{F,0}d. + f > f and therefore u, is
a supersolution to problem (2.6) (cf. [24], Def. 5.6). Following the argumentation in the proof of Theorem 6.4
in [24], we then obtain that u. > u. This proves the first claimed inequality.

For the second inequality, we proceed similarly but invoking part (iii) of Lemma 2.3 in [27] instead of part
(iii) of Lemma 2.1 to write

[l max{x — ue,0}|

| max{u. —u —¢&,0} %S,b

= bL(ue — u,max{u. —u—¢,0}) + as(ue — u,max{u. —u—¢,0})
+ D(ue — u, max{u. —u—¢,0})

=< bL(ue, max{u. —u — ¢,0}) + as(us, max{u. —¢,0})
+ D(ue, max{u. —u —¢,0}) — (f, max{u. —u —¢,0})

= (max{F, 0}, (u: — x), max{u. —u —¢,0})2(q) = 0.

Therefore, we have u. < u+ ¢ a.e. in 2. This completes the proof. O

We are now in position to derive the main result on the regularity of the solution to the obstacle problem.

Theorem 3.11 (Regularity of u). Suppose that Assumptions 2.4, 3.7, and 3.8 hold. Then the solution u € Vs,
of the obstacle problem (2.6) satisfies u € H?(SY), where o is given by (3.9). Moreover, we have

[l @) 2 N fllz2() + || max{F,0}||2(q)-

Proof. 1t suffices to observe that under Assumptions 2.4, and 3.7, the right—hand side of the penalized problem
(3.10) belongs to L2(£2). Whence, the conditions necessary to invoke Assumption 3.8 are fulfilled, and the
regularity results of Section 3.1 imply that u. € H?(Q) and that the following estimate holds

luell o) =X N fllz2c) + [l max{F, 0} z2(q).

Hence, there exists a sequence {u,};>0 with &5 — 0 when j — oo and @ € H?(f2) such that u.; converges
weakly to 7 in H7(€2). The compact embedding of H? () into L?(f2) guarantees that u., (up to a not relabeled
subsequence) strongly converges to u in L?(£2). According to Lemma 3.10, we also have that ue,; converges to
u almost everywhere and so u = uw almost everywhere thanks to the Lebesgue dominated convergence theorem.
This completes the proof. (I

Remark 3.12 (Another penalization). Notice that, at least in Case C, we could have used the penalization
technique detailed in ([24], Sect. IV.5). This would allow for the more general differential operator L with
suitable monotonicity and coercivity properties.

3.2.2. Regularity of A and continuity of u

The numerical approximation of the obstacle problem proposed bellow requires (i) further regularity of the
Lagrange multiplier A, defined in (2.7) and (ii) the validity of the complementary conditions (1.1). In view of
Theorem 2.5, the later requires the continuity of the solution to the obstacle problem. This section is devoted
to these two properties.

Let us begin by showing the regularity of the Lagrange multiplier. We propose a modification of Theorem 4.2.1
in [28] and emphasize that the latter cannot be directly applied. Indeed, the abstract Theorem 4.2.1 in [28]
requires that A(x, ) € Vs, which is not meaningful in our context (we can only apply (—A)* to an extension

Ex).
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Lemma 3.13 (Lewy-Stampacchia type estimate). Under Assumptions 2.4, 3.7, and 3.8 then
<A7 ¢>Vs,blyvs,b < (maX{F7O}7 ¢>L2(Q)7 V¢ € CSO(Q)ﬂ ¢ > 0.

Proof. As in the proof of Theorem 3.11, we construct a subsequence u.; strongly converging in L?(Q) to u.
Hence, for all non-negative ¢ € C§°(2), we have

(A Oy, v, = /Q u (Lo + (~2)'6 ~ B-V9) ~ fo| du

lim [ |ue, (bL6+ (~A)'6~ 8- Vo) — fo] de

j—oo Jq

= lim [ max{F,0}J, (uc, — x)¢ dz < (max{F,0},9) 2

i—oo Jo
as claimed. O

We can now derive the regularity of the Lagrange multiplier. The proof follows from Lemma 3.13 and,
essentially, repeats the arguments given in ([28], Thm. 4.2.4).

Theorem 3.14 (Regularity of A). Suppose that Assumptions 2.4, 3.7, and 3.8 hold. Then we have that the
Lagrange multiplier A, defined in (2.7), satisfies

A e LP(Q), |Allpr) < [[max{F,0}||Lrq)-

Proof. Since A € Vs3' and A > 0 in the sense of distributions (Thm. 2.5), it follows from the Riesz-Schwartz
theorem (see [30], Thm. I.4.V and [35], Thm. 1.7.IT) that A is a positive Radon measure. The Lewy-Stampacchia
estimate of Lemma 3.13 then implies that this measure is absolutely continuous with respect to the Lebesgue
measure and that its Radon-Nikodym derivative belongs to LP(2) (thanks to Assumption 3.7) with the asserted
estimate. (]

From the above result, we deduce the continuity of the solution and, as a consequence, that the assumptions
of Theorem 2.5 are satisfied.

Theorem 3.15 (Continuity of u). Suppose that Assumptions 2.4, 3.7, and 3.8 hold. Assume in addition that,

for Case B, we have that s € (%,1) N (3,1). The solution u € Vs to the obstacle problem (2.6) has a

continuous representative in its class of equivalence.

Proof. We consider each case separately:

— Case A: Since f € LP(Q) with p > d/(2s) the continuity follows from ([27], Thm. 1.2).
— Case B: We have that v € H®+t/27(Q) and thus

2d
d+1—2s+2¢)’

B-Vue HUD (@) C LNQ), g:=¢

for every € > 0. From Theorem 3.14 we have that A € LP(Q2) and so
(—A)ya=A+f—B Vue Lmnira(Q).

We also use the assumption s > % to deduce that ¢ > d/(2s) provided ¢ is chosen sufficiently small.
Therefore, Proposition 1.4 in [29] guarantees that u is continuous.
— Case C: Because u € H* (), its continuity directly follows by Sobolev embedding, see Remark 3.6.

This ends the proof. (I
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4. FINITE ELEMENT APPROXIMATION

Having studied problem (2.6), its properties and the regularity of its solutions, we can now present a discrete
counterpart along with its analysis. We begin by assuming without loss of generality that Q is contained in
the unit ball of R%. Let {7;,(Q2)}1>0 be a family of conforming simplicial triangulations of Q. We assume that
these triangulations are shape-regular and quasi-uniform in the sense of [18,21] and identify h with the maximal
simplex size.

Over 7, (€2) we construct Vp,, the space of piecewise affine functions subordinate to 7, (2) that vanish on 9.
An instrumental tool for the analysis that we shall perform is the use of Ij, the positivity preserving interpolant
introduced in ([17], Sect. 3). For convenience we recall some of its basic properties and establish a stability
estimate for it in fractional Sobolev spaces of order 8 € (0, 2).

Proposition 4.1 (Properties of I). Let I}, : L*(Q) — V}, be the positivity preserving interpolation operator of
[17]. This operator satisfies:

1. Positivity: If w > 0 a.e. in Q, then Iyw > 0.
2. L*(Q)-approximation: If w € H} () N H?(Q) with B € [1,2], then

lw = Tnwl|2(q) = B |lwl s o)
3. Vsp—approximation: If w € H}(Q) N HA () with 8 € [1,2], then

flw — Ihw”ﬁs(m = hﬂ_usHHﬁ(Q), and  [lw — Ihwl|| g1 () = hﬂ_lH'w”Hﬁ(Q)-
4. Stability: If w € PNIﬁ(Q) with 8 € (0, %), then we have

||Ihw||ﬁﬁ(g) = Hw”ﬁB(Q)-

where, in all estimates, the hidden constants depend only on the shape-reqularity of the mesh and the constants
in the last two inequalities also depend on the quasi-uniformity.

Proof. The positivity follows from its definition, see [17].
The L?(Q)-approximation property of I, is derived as follows. From ([17], Lem. 3.2), we have that

Hw — IthLZ(Q) < h“vaLz(Q), Yw € Hg(Q),

and that
||w — I}lw”Lz(Q) = h2||D2w||L2(Q), Yw € H&(Q) N HZ(Q)

Consequently, interpolating these results we obtain that for § € [1, 2]
||w — IhU}HLz(Q) = hﬁ||w||Hg(Q), Yw € H&(Q) N Hﬂ(Q)

We now discuss the V;p-approximation properties. Since we have already established the L2(€2)-
approximation property, it suffices to focus on HE (). This estimate follows from its stability and the L?(Q)-
approximation property. Indeed, let Sj, : H}(Q2) — V), be the the Scott-Zhang operator [31] and use an inverse
inequality to write

IV(w — Inw) | 120) =2 IV(w = Shw)llz2) + 2 (lw = SallL2) + lw — Tnwll12(0)) -

The H{ (Q)—approximation property now follows from the approximation properties of S, in L*(Q) and Hg ()
and those of I, in L?(1).
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To show the, final, stability property we proceed as follows

||Ihw||ﬁ6(g) < ”Sthf{ﬁ(Q) + [ Thw — Shw”f{ﬁ(g)
<l gy + B nw — Spwll 2oy
= wll gsqy + 7 llw = InwllL2 @) + b~ flw = Spw] L2
= ||w||f[ﬁ(Q) + h_BHw - fhw||L2(Q),
where we used an inverse inequality between H #(Q) and L%(92) and the stability and approximation properties

on fractional Sobolev spaces of Sy, ([9], Lem. 7.6). It remains to invoke the already proven L?(2)-approximation
estimate. Notice that the inverse inequality used above holds thanks to the norm equivalence property

lonll oy = lonll ooy = lonll oy on € Vi B E€(0,3),

discussed in Remark 2.2 and in Proposition 3.10 of [37]; see also [7]. Here

1/2

My,
HUh”Hf(Q) = ZAﬁhKUhﬂ/)j,h)F )
j=1

My}, denotes the dimension of Vj, and {A; 5,1, } is the set of discrete eigenpairs of the Dirichlet form, i.e.

(VYin, Von)r2) = Ajn(Qjn, on)r2@),  Yén € Vi.

O
The Chen-Nochetto interpolant Ij, allows us to define the discrete admissible set
Ky :={wp € Vy twp > Ipx, ae. in Q};
compare with (2.4). Observe that
w € K implies Ihw € K. (4.1)

4.1. Numerical approximation of as

The nonlocal operator (—A)* included in A involves the integration of a singular kernel over all of R?. For
its approximation, we proceed with a discrete bilinear form as originally proposed in [9]. The main idea behind
this approach is the equivalent representation of the bilinear form as that was shown in ([9], Thm. 4.1)

as(v,w) = 28“;(”)/0 12723~ AT — 2A)715, a)LZ(Rd)% v,w € H3(Q), (4.2)

where the operators A and (I —t2A)~! inside the integrals are acting on functions defined over R so that the
inverse is understood in Fourier sense, i.e.

1

.7:((] — tQA)_lw) = TW

F(w).
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For w € L?(R?) let us now denote n,,(t) := —t2A(I —t>A)~1w. The numerical scheme developed in [9] proceeds
in three steps:

1. Sinc quadrature: We introduce the change of variables ¢t = e~%/2 in (4.2) and apply a truncated equally
spaced quadrature. Let k£ > 0 and set

2 2
= jk, j€[-N",NT]nZ Nt :=|-—" | N—:=| "
y] .]kv .] 6[ bl ]m ) ’72]52(1—8)—‘7 ’7 I

to obtain the approximate bilinear form on H*(2)

. Nt
sin(mws)k _ . ~
(o, 1) o= ST P (4.3
j=—-N-—

We refer to [25] for a review of the sinc quadrature and to [10] for their approximations for these specific
integrals.

2. Truncation: The representation (4.3) involves the computation of 7, via a partial differential equation defined
over R%. We approximate this function by the solution of an associated problem defined on a bounded domain.
Let B the unit ball of R?. Recall that, by assumption Q C B. For a parameter M we define the dilated
domains

{1+t(l+M)z:xze€ B}, t>1,
BM(t) = (4.4)
{24+ M)z : x € B}, t<1

Upon noticing that, for any w € L?(Q), we can equivalently write 17,,(t) = w — (I —t2A)~w, we approximate
Nw by nM =@ + M (t), where €M (t) € H(BM(t)) solves

/ (& () + *VEL (V) da = — / wedz, Vo € Hy(BY(t)). (4.5)
BM (t) Q
These considerations give rise to the following bilinear form on H*(€2):
in(ms)k N*t
sin(ms . g2y ~
aM (v, w) = — Z e (nM (e yﬂ/z),w)LZ(BM(efyj/z)). (4.6)
j=—N-

3. Discretization: It remains to discretize problem (4.5) in space. For a fixed ¢, we let 75, (t) be a conforming
shape-regular and quasi-uniform triangulation of BM () made of simplices (possibly curved to match the
boundary of BM (t)). We require that 7y, (¢) restricted to Q coincides with 7;,(2). Over 7}, (t) we define VM (¢)
to be the space of piecewise affine functions subordinate to 7j(¢), that vanish on 9B (¢). Notice that, if
wy, € Vy,, then wy, € VM (t). We thus approximate (4.5) by 5,11\,{”(75) € VM(¢) that solves

/ (&, W on + PVE (V) do = — / woy, dx, Yo, € VM (). (4.7)
BM (1) Q

This gives rise to the fully discrete bilinear form on Vj,

Nt

sin(mws)k _ . ~
agy! (vn, wn) == % > e, (e7V), ) 2 pm 1) (4.8)
j=—N-

with n}%)h =y + éh,vh-
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We end this section by recalling properties of the bilinear form a]: }]]\4 used in the analysis below. The consis-
tency error incurred in approxunatmg the bilinear form as by its fully discrete (and computable) counterpart
k,M
agy, is analyzed in [9]: for B € (s, 3) we have that

as(vp, wp) — a’:;ﬁ”(vh, wp) i u
sup < ek e M 4 pB=3|1og b (4.9)
oo, 02wV |Vnll o) lwnll 7 ()

It is also possible to show, see ([9], Thm. 7.2), that provided the sinc-quadrature spacing k is sufficiently small,
the bilinear form a];,{bw is coercive on V), C H B(Q) for all 8 € [0, %) More precisely, if C' denotes the implicit
constant in (4.9) and we assume that

Ce/Fps—t < 1, (4.10)

then we have
||wh|| (@) = a (wh, wh), Ywy, € Yy, (4.11)

where the implicit constant does not depend on h.

4.2. The numerical scheme and its error analysis

We are now in position to define a computable discrete bilinear form approximating A. For vy, wy, € Vi x Vp,
we set
k,M
Ap (v, wp) :=dL(vp, wp) + D(vp, wr) + agy (vp, wp),

k

where as”é\/[ is the bilinear form defined in (4.8). This bilinear form is continuous. It is also coercive, namely

lwnlly, , < An(wn, wn), Ywp € Vg, (4.12)

with an implicit constant that is independent of h, provided that the quadrature spacing k satisfies (4.10) for
. k,M
the coercivity (4.11) of a_’," to hold.
With this notation the discrete obstacle problem reads: find u, € Kj such that

Ap (up, up — ’Uh) < (f,un — Uh)LQ(Q)7 Yoy, € Ky, (4.13)

Once again, the Lions—Stampacchia theorem ensures the existence and uniqueness of a solution u;, € Kp.

The regularity results developed in Section 3 are now brought into play to derive estimates on the error
|u — uplly, . Recall that Theorem 3.11 guarantees u € H?(§2), where o is given by (3.9). Therefore, we expect
from interpolation theory (Part 3 of Prop. 4.1) a rate of convergence when measuring the error in the Vs ,—norm
to be
min {s, (%)_} , Cases A and B,
o* :=0%(b,03,s,1) = (4.14)
wu(s,r) —1, Case C,

where 1 is defined in (3.6). However, the convergence of the proposed algorithm is restricted by the consistency
error discussed above. This is the object of the next result.

Theorem 4.2 (Rate of convergence). Suppose that Assumptions 2.4, 3.7, and 3.8 hold. Assume in addition
that, for Case B, we have that s € (%, 1)N(3,1). Let u € Vs, be the solution to (2.6) and uy, € V), the solution
to the discrete counterpart (4.13). In addition, assume that k < |log(h)| and M = |log(h)| are such that (4.10)
holds. In this setting, and with this notation, we have

= wnllv, , = ™G log bl (| fl12(0) + | mas{ F, 0} 2(0) + Xl (@) -
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Proof. We proceed in several steps.
Let vy, € Kj. The discrete coercivity (4.12), the continuity of A(-,-) and the discrete obstacle system
(4.13) satisfied by uy, yield

lon, — uh||12/b < Ap(vp, — up,vp —up) 3 (A= Ap)(vp, up — o) + Alu — vp, up — vp)
+ Ap(up,up — vp) — A(u, up — vp)

= (A= An)(vn, un = vn) + [lu = vnllv,,,

+ (f,un —vn)L2) — Alu, up — vn).

[un — vn|lv, .,

Incorporating the definition (2.7) of the Lagrange multiplier A as well as the definition of the forms A and A,
we arrive at

lu—unll},, = llu—wvall,, + (s — alp") On,un = on) + (A on —wn)y, oy s

for every vy, € Kp. We fix v, = Ipu and invoke the interpolation properties of I, obtained in Proposition 4.1,
in conjunction with the regularity estimates u € H?(£2) of Theorem 3.11, to deduce that

”u N uhH%} ~ h2g* ||u||§_10(9) + (as — a:’ﬁ/[)(fhu,uh — Ihu) + <A,Ihu — uh>Vs,b’,Vs,b R (415)

where o* is given by (4.14).
We now estimate the second term on the right and side of (4.15). It directly relates to the consistency
error (4.9) and satisfies for k < |log(h)|, M = |log(h)| and 3 = min{o, (2) }

kM - min{o,(2) }—s _ _
(as aby Y(Ihu,up — Inu) < h (2) |logh|||IhUHEmin{Uw(%)*)(Q)Huh IhUHHs(Q).

Since Proposition 4.1 gives us stability and interpolation error estimates for I, and Remark 2.2 gives a norm
equivalence property, we are able to obtain that

1 o -
(as — af’,ﬂw)(lhu,uh — Ihu) < (1 + ) p2(min{o”,(5-5) Dllog h|2\|u||fqa(m
' €
+ el = il g
for every € > 0. Notice that we used the relation o* < o — s. Returning to (4.15) we obtain
min{c*,(2—s)~
”u B uhH%&b < h2( {o".(5-s) })| log hFH“”%—IU(Q) + <A, Ihu — uh>vs,bl7vs,b . (416)

It remains to bound last term on the right hand side of (4.16) involving the Lagrange multiplier A. We
notice, first of all, that owing to Theorem 3.14, we can replace the duality pairing here with an L?(Q))—inner
product. Thus, we write

= (A, Ihu — uh)L2(Q)
= (A In(u—x) = (v = X)) p2(0) + (A u—X) 120
+ (Av Inx — uh)L2(Q) .

(A, Iyu — uh>VS,b’,v

s,b

In addition, from Theorem 3.15 we conclude that Theorem 2.5 holds, and so we have that the compatibility
conditions are satisfied. This implies that

(Au=x)p2(q) =0
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and that A > 0 a.e. in Q. In addition, since uy € K, implies I x — up < 0, this leads to
(A, Inx — un)p2(q) < 0.
Gathering the above three relations we deduce that
(A e = un) gy < (A (=) = (1= X)) g
To conclude, we once again invoke the interpolation estimates to write
(A Tnu — un) 2 gy < (Al L2 [Ha(u = X) = (w = X)llL2(0)
=07 ([ull e @) + I e @) [All22@)-

Since o* < /2, substituting the previous inequality in (4.16) yields

Voo = WG log bl ([[ull o) + X e (@) + | max{ F, 0| 20 -

[l —

It remains to use the regularity estimate of Theorems 3.11 and 3.14 to express the right hand side of this
estimate in terms of the data. This concludes the proof. O

5. NUMERICAL ILLUSTRATIONS
In this section we carry out a series of numerical examples that illustrate and go beyond our theory.

5.1. Numerical Implementation

We implement the numerical algorithm using the deal.II finite element library [3]. For our one dimensional
examples we use continuous piecewise linear finite elements subordinate to a uniform subdivision in . In two
dimensions, we use bilinear quadrilateral elements subordinate to a regular (in the sense of [18]) subdivision in
Q.

5.1.1. Mesh generation

We recall that we assume (without loss of generality) that the domain €2 is a subset of the unit ball B. We
start with a quasi-uniform subdivision 75 of B matching 02 and where h denotes the largest diameter among
all the elements in 7j,. Motivated by the exponential decay of the solution to the elliptic problem (4.5) in the
larger ball BM (t) ([4], Lem. 2.1), an exponentially graded extension to BM (t) of the subdivision 7}, is advocated
as in ([9], Sect. 8.2). Notice that such subdivisions violate the shape-regularity and quasiuniformity conditions
required in step 3 of Section 4.1. However, the advantage of such non-uniform partitions is to keep the dimension
of VM (t) approximatively constant in .

5.1.2. The discrete problem

Let M}, ; be the dimension of Vﬁ/[ (t) and recall that Mj, is the dimension of Vj,. Let ¥ and F € RM* be
the coefficient vectors of I, x and the L?(Q) projection of f onto V},, respectively. We want to find the discrete
solution U € RM» and the discrete Lagrange multiplier A € RM» satisfying

SU+A=F,
U7Z\I’1, A7ZO, and AZ(U77\IJ7):O7 fOI"L:LQ,,Mh

Here § is the system matrix corresponding to the bilinear form A4, and is given by

. Nt
S=0cAo+ Ag+ WMOB Z Vi (¥ M; + A;) TAE,
s
i=—N-
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where
— Ao, Mo, Ap € RMnrxMun are the stiffness, mass and advection matrices in the finite element space Vy,;
— Ai, M; € RMroxMue gre stiffness and mass matrices in the finite element space VM ();
— E:RMr — RMnt ig the zero extension operator and R : RMnrt — RMn is the restriction operator.

The above discrete problem is solved with the primal-dual active set method ([5], Sect. 5.3) briefly recalled
now. Let (U%, A%) € RM» x RM» and p be a positive constant. Compute iteratively (U*T1 AF*1) k > 0, as the

solution to .
T F
sy (<) 6.)
" 0) | AR+t 5w |’ '

where IF € RIZ*xMn i5 defined by

1, if j = o7F
(l,k)ij _ ) D) JZ{z )
0, otherwise,

and 7% is the vector of ordered current active set of indices given by

Af = argmin J- (5.2)
Aj+p(U*—2);<0
Al A, 1<)

Given a tolerance egop, We stop the iteration process when Ukt — Qk”h,b < €stop, Where for wy, € Vp,

1/2
lonllns = (b (on,wn) + b VwnlZaey) -
The discrete system (5.1) is solved using a Schur complement method, i.e. we determine A**! via
[LES™H )N = 1587 F - D) (5.3)

and then we compute U*! from
Urtt = g7HE - (1) A, (5-4)
The evaluation of S~1 in (5.3) and (5.4) is approximated using a preconditioned conjugate gradient (when
B = 0) or BI-CGSTAB (when 3 # 0). Depending on the value of b, different preconditioners are applied. When
b = 0 (Cases A and B), the bilinear form A(-, -) is equivalent to the H*(2) norm squared and we use the inverse
of the discrete spectral fractional Laplacian; see ([6,9], Sect. 8.2) for details. Otherwise, when b =1 or Case C,
we use the multilevel preconditioner introduced in [13]: Let j be the mesh level and ¢; for i = 1,..., My, be

the nodal basis for V},,. We define a sequence of approximation operators @j (L2(Q) — Vi, by

M,
~ (w, ¢i) L2(0)
Qjw = — ¢
! ; (L, 6i) L2 (e)
If J denotes the finest mesh level, the preconditioner is given by
J-1 B N
By=Y (Ah;? +h;*) "N (Qjs1 — @))%,
j=1
where A is a constant related to the magnitude of the diffusion coefficient matrix A.

System (5.3) is solved, again, with an iterative scheme. We use conjugate gradients (3 = 0) or BI-CGSTAB
(B # 0), but this time without preconditioner.



FINITE ELEMENT APPROXIMATION OF AN OBSTACLE PROBLEM 249

os
o045 b -9-5=0.3
0sf[-B-5=0.5
ossE|<Fs=0.7

—slope 0.5
s

B-s=0.5
~<+5=0.7
—slope 0.5 ]

-©-5=0.3
8-s=0.5

4
%
-
< 0! ¥ - 5=06
i X7 —<+5=0.7
x-$=0.8
4 —+5=0.9
—slope 1

—slope 0.6

discrete H* error
discrete H* error
=]
A
H' error

0 0 w0 10 10 0 0
h h h

FIGURE 1. Decay rate of the discrete energy error for the finite element approximation to
problem (2.6). Case A (left), Case B (middle), Case C (right). Note that the case s = 0.5 for
Case B is not included in the theory developed here.

FIGURE 2. Finite element approximations to (2.6) for Case A (left), Case B (middle), and
Case C (right). In each figure, the obstacle is depicted in black (negative part not depicted),
the approximate solutions for s = 0.3 is in red, for s = 0.5 in blue and for s = 0.7 in green.
Notice that we do not report the case s = 0.3 when there is a drift, since it falls outside the
scope of this work, see Proposition 2.3. We also note that the case s = 0.5 for Case B is not
included in the theory developed here.

5.2. One dimensional convergence tests

Set 0 = (—1,1), x(z) = 3 — 62% and f(x) = 1 and the bilinear form L(-,-) to be the Dirichlet form (3.5).
The initial subdivision consists of two elements of equal sizes so that hy = % and h; = ho/27, j=1,2,---. In
addition, for Cases B and C we will set 3 = %

The computation of af”,llw (+,-) is carried out with a spacing k = 0.2 and truncation parameter M = 5 so that
the finite element approximation dominates the total error.

Since the exact solution is not known to us, as a measure of the error we compute, for j = 1,...,4, we use
the discrete energy error

ej 1= ||Uhj — Uref“h,b; (55)

where uyer is a finite element approximation over a very refined mesh. In this case, we set uper = up,. Figure 1
illustrates the decay rate in all the situations and for different values of s. In the pure fractional diffusion case
(left), the observed rates O(h'/2) matches the prediction of Theorem 4.2 when s > . However, this rate is
observed as well for s = 0.3 although Theorem 4.2 only guarantees O(h%3). In the case of fractional diffusion
with drift (middle), the observed rate of convergence is approximately O(h'/2) for s = 0.5,0.7 as predicted by

Theorem 4.2. The observed rates for the integro—differential case (right) are in accordance with Theorem 4.2.

To appreciate the combined effect of the order of the fractional Laplacian, the drift, and the second order
operator, Figure 2 depicts the solutions in different settings.
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FIGURE 3. Case A: Pure fractional diffusion case in the unit ball. Plot of us, for s = 0.3 (left),
s =0.5 (mid), s = 0.7 (right).

FIGURE 4. Case B: Fractional diffusion case with drift. Plot of up, for s = 0.5 (left). Plot of
the solution for s = 0.7 (middle). Cut along the x-axis (right). Note that the case s = 0.5 is
not included in the theory developed here.

5.3. Two dimensional qualitative experiments
In all the two dimensional examples presented in this section, we compute af”éw (+,+) with k = 0.25 and M = 4.

5.8.1. Unit ball domain
We set Q to be the unit ball, y(z) = 3 — 6|z|? and, for each case, we consider the following data:

— Case A, pure fractional diffusion: f = 1. The results are shown in Figure 3.
— Case B, fractional diffusion with drift: 8 = (—%, 0)T, and

fx,y) =

The approximate solution is shown in Figure 4.
— Case C, integro—differential case: A = 0.3Z, ¢c =0, B = (—%,O)T, and f = 1. The approximate solution is
shown in Figure 5.

The coarse subdivision of 2 is described in [9] and uniform refinements are performed to create a sequence
of meshes 7y, j > 1.

The errors are computed using an overrefined solution u,ef = up, and we report the observed rate of con-
vergence OROC := log(ez/e3)/log(2) in Table 1. We note that the pure fractional diffusion case exhibits an
observed the rate of convergence of O(h%), slightly better than predicted while for the other two cases matches
the predictions of Theorem 4.2.
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FIGURE 5. Case B: Integro—differential case in the unit ball. From left to right: plot of wy, for
s =0.3, s =0.5, s =0.7. Right: cut of along the z-axis.

TABLE 1. OROC for different cases and different values of the fractional power s.

s=03 s=05 s=0.7

Case A 0.57 0.60 0.67
Case B N/A 0.59 0.70
Case C 1.00 0.97 0.89

FI1GURE 6. Solution for pure fractional diffusion case in a L—shaped domain. Plot of the solution
for s = 0.3 (left), s = 0.5 (middle), s = 0.7 (right).

5.8.2. L-shaped domain

We now focus our attention to non-smooth domains and consider the standard L—shaped domain, i.e. {2 =
(=2,2)%\ (0, 3)%. We set x(z,y) = 162z(z + 3)y(y — 1), and f = 1. We consider the following two settings:
— Case A, pure fractional diffusion in a non—smooth domain: Despite the fact that the theory developed in
this work requires smooth domains, we provide numerical observations in Figure 6.
— Case C, integro—differential case: A = 0.3Z, ¢ = 0, and 8 = 0. The numerical results are gathered in Figure 7.

The coarse subdivision of § consists of 12 squares each of diameter v/2/4. Uniform refinements are performed
to create a sequence of meshes 7;,, j > 1.

The errors are computed using as reference solution uyer = up,. We report the observed rate of convergence
OROC :=log(e1/e2)/ log(2) in Table 2. In all cases, the observed rate of convergence is better than the prediction
given by Theorem 4.2. We suppose that this is due to the use of a finer approximate solution to estimate the
error.
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FIGURE 7. Solution for the integro—differential case in a L-shaped domain. From left to right:
plot of the solution for s = 0.3, s = 0.5, s = 0.7. Right: section of the solution along x = —0.25.

TABLE 2. OROC for different cases and different values of the fractional power s.

s=03 s=05 s=0.7

Case A 0.66 1.09 1.29
Case B 1.00 1.01 1.02
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