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Controllability of a one-dimensional fractional heat equation:
theoretical and numerical aspects

Umberto Biccari *' Victor Hernandez-Santamaria **

Abstract

We analyze the controllability problem for a one-dimensional heat equation involving the fractional Laplacian
(—d?)* on the interval (=1,1). Using classical results and techniques, we show that, acting from an open subset
w C (-1, 1), the problem is null-controllable for s > 1/2 and that for s < 1/2 we only have approximate controllability.
Moreover, we deal with the numerical computation of the control employing the penalized Hilbert Uniqueness Method
(HUM) and a finite element (FE) scheme for the approximation of the solution to the corresponding elliptic equation.
We present several experiments confirming the expected controllability properties.

1 Introduction and main results

Let w c (-1, 1) be an open and nonempty subset. In this work, we consider the following nonlocal one-dimensional
heat equation defined on the domain (-1, 1) x (0, T)

z+(=d?)z=gl,, (x1)e(-1,1)x(0,T)
7=0, (x,) e [R\(=1,1D)]x(0,T) (1.1)
2(x,0) = zo(x), xe(=1,1),

where zg € L2(~1, 1) is a given initial datum. In (1)), for all s € (0, 1), (=d?)* denotes the one-dimensional fractional
Laplace operator, which is defined as the following singular integral

(~d2yu(x) = 1, P. f ) — 1)

1.2
R |x—yl*2 (12)

Here, c; 5 is a normalization constant given by
s22T (142)
cl,S = >
WVl (1 - s)

where I is the usual Gamma function. Moreover, we have to mention that, for having a completely rigorous definition
of the fractional Laplace operator, it is necessary to introduce also the class of functions u for which computing (—d?2)*u
makes sense. We postpone this discussion to the next section.

The analysis of non-local operators and non-local PDEs is a topic in continuous development. A motivation for this
growing interest relies in the large number of possible applications in the modeling of several complex phenomena for
which a local approach turns up to be inappropriate or limiting. Indeed, there is an ample spectrum of situations in
which a non-local equation gives a significantly better description than a PDE of the problem one wants to analyze.
Among others, we mention applications in turbulence ([5]), anomalous transport and diffusion ([8} [37])), elasticity
([19]), image processing ([27]), porous media flow ([48]), wave propagation in heterogeneous high contrast media
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([49]). Also, it is well known that the fractional Laplacian is the generator of s-stable processes, and it is often used in
stochastic models with applications, for instance, in mathematical finance ([35} 42l]).

One of the main differences between these non-local models and classical Partial Differential Equations is that the
fulfillment of a non-local equation at a point involves the values of the function far away from that point.

In the present paper, we are interested in studying control properties for equation (I.I). In more detail, we aim to
give an answer to the following question:

givenany T > 0 and any initial datum zo € L*(—1, 1), can we find a control function g € L*(wx (0, T))
such that the corresponding solution to (L)) satisfies z(x,T) = 0?

It is well-known that the classical local heat equation (as well as many other general variants) is null-controllable
for any time T > O (see, e.g., [21} 24 |33]]). Nevertheless, to the best of our knowledge, there are few results in the
literature on the null-controllability of the fractional heat equation, and none of them is for a problem involving the
fractional Laplacian in its integral form @I) The existing results ([39] [40]), instead, deal with the so-called spectral
fractional Laplace operator, whose definition will be given later.

In this paper, we deal with the controllability of (T.I)), both from the theoretical and the numerical point of view.
Employing spectral analysis techniques based on the works [31} [32], the first main result that we obtain is the following

Theorem 1.1. Given any zy € L*(~1, 1), the parabolic problem (I.1) is null-controllable at time T > 0 with a control
function g € L*(wx(0,T)) if and only if s > 1/2.

Furthermore, even if for s < 1/2 null controllability for (T.I) fails, we still have the following result of approximate
controllability, as a consequence of unique continuation properties for the fractional Laplace operator ([20]).

Theorem 1.2. Let s € (0, 1). Given any zp € L*(~1, 1), there exists a control function g € L*(w x (0, T)) such that the
unique solution z to the parabolic problem (I.1) is approximately controllable at time T > 0.

Theorems and [I.2] will then find a confirmation in the study of the corresponding numerical control problem.
For this purpose, we will employ the penalized Hilbert Uniqueness Method, which relies in the classical works of
Glowinski and Lions ([28], 29]]). This method is very general and it can be applied to a broad class of PDE control
problems, see, for instance, [[12} 13 (15} 30]. However, all of the previous works have one thing in common: they are
devoted to the study of equations of local nature. Here, we will see that, when dealing with a nonlocal equation as (I.),
new issues arise during the numerical implementation.

In this context, for the resolution of the numerical control problem, we will need a finite element (FE) approximation
of the solution to the following non-local Poisson equation

_J2\8,, — —
{( d>Yu=f, xe(-1,1) (1.3)
u=0, xeR\ (-1,1).

In the recent past, the fractional Laplacian has been widely analyzed also from the point of view of numerical
analysis. We refer, for instance, to the works [2, 3, [11]. There, the authors present a FE scheme for implementing
the solution of (T.3) in a bounded domain Q c R2. In particular, they provide appropriate quadrature rules in order
to solve numerically the variational formulation associated to the problem. Moreover, in [3,[11] it is also developed
an accurate analysis of the efficiency of the FE method, employing several existing results. The techniques of the
aforementioned works have then been applied in [1], combined with a convolution quadrature approach, for solving
evolution equations involving the fractional Laplacian. For the sake of completeness, we also mention [10]], where it is
presented a discretization of the spectral fractional Laplacian and its application to the evolutionary case [9], and [41]],
where the same problem is treated applying the well known extension of Caffarelli and Silvestre ([16]).

In the present paper, we propose a FE approximation for the fractional Poisson equation (T.3) which does not
require any quadrature rule. Indeed, exploiting the one-dimensional nature of the problem, each entry of the stiffness
matrix can be computed explicitly in terms of its position, the parameter s and the mesh size. This, in particular, allows
a quick and simple implementation of the control problem.

This paper is organized as follows. In Section [2] we briefly present the functional setting and some existing theory
related to the problems that we are going to analyze. In particular, we give a more accurate definition of the fractional



Laplace operator, we discuss the known results on the controllability of fractional parabolic equations and we introduce
the variational formulation associated to (T.3]) (needed for the development of the FE scheme). Section[3]is devoted to
the proof of Theorems and In Section 4} we describe the penalized HUM with its application to our control
problem. Moreover, we present our FE method for the elliptic equation (I.3), that then will be employed for the
numerical control of (T.I)). In Section[5| we present and comment the results of our numerical simulations. Finally, in
Appendix [A] we include the complete details for computing the stiffness matrix associated to our FE scheme.

2 Preliminary results on the fractional Laplace operator

In this Section, we introduce some preliminary result that will be useful in the remainder of the paper.
We start by giving a more rigorous definition of the fractional Laplace operator, as we have anticipated in Section [T}
Let

L;(R) :=<u:R — R : umeasurable , fde<oo .
r (1 + [x])1+2s

For any u € £! and & > 0 we set

(_dxz).f: u(x) = cis f M dy, xeR.
|

x—y|>e |X - }’|1+2S
The fractional Laplacian is then defined by the following singular integral

u(x) — u(y)
R |x _ y|l+2s

(=d?)’u(x) = 15 P.V. dy = lim (=d*)lu(x), x€R, 2.1)
provided that the limit exists.

We notice that if 0 < s < 1/2 and u is a smooth function, for example bounded and Lipschitz continuous on R, then
the integral in (2.I) is in fact not really singular near x (see e.g. [18, Remark 3.1]). Moreover, £!(R) is the right space
for which v := (=d?)} u exists for every & > 0, v being also continuous at the continuity points of .

It is by now well-known (see, e.g., [18]]) that the natural functional setting for problems involving the Fractional
Laplacian is the one of the fractional Sobolev spaces. Since these spaces are not as familiar as the classical integral
order ones, for the sake of completeness, we recall here their definition.

Given s € (0, 1), the fractional Sobolev space H*(—1, 1) is defined as

u(x) — u(y)l

H'(-1,1) := {u e L*)(-1,1) :
x - ylz+

eLz((—l,l)x(—l,l))}.

It is classical that this is a Hilbert space, endowed with the norm (derived from the scalar product)

I

. 2 2
etllgsccr,ty = [l 3y + Vel | -

_ 2 3
|utl s 1,1y := (f f |u|(;c) ylbltg?' dxdy)

is the so-called Gagliardo seminorm of u. We set

where the term

Hi-1.1)=Co-L, ) "V

the closure of the continuous infinitely differentiable functions with compact support in (—1, 1) with respect to the
H*(—1, I)-norm. The following facts are well-known.



e ForO< s < %, the identity Hy(—1,1) = H*(=1, 1) holds. This is because, in this case, the C§’ (-1, 1) functions

are dense in H°(—1, 1) (see, e.g., [36, Theorem 11.1]).
e For % <s<l1,wehave Hj(-1,1) ={u € H’R) : u=0inR\ (=1, D} ([23]).

Finally, in what follows we will indicate with H=*(—1, 1) = (H*(-1, 1))’ the dual space of H*(—1, 1) with respect to
the pivot space L>(~1, 1).

A more exhaustive description of fractional Sobolev spaces and of their properties can be found in several classical
references (see, e.g., [4}[181136]).

Let us now discuss the parabolic equation (I-I). First of all, we mention that the issues of existence, uniqueness and
regularity of the solutions have been studied by several authors. Among others, we mention the works [7, 22, 34]. In
particular, in [34, Theorem 26] it is showed that, assuming zo € L*(Q) and g € L*(0, T; H™*(€2)), then equation (1)
admits a unique weak solution z € L*(0, T’; H{(Q)) n C([0,T71; L*(Q)) with z, € L*(0, T; H*(Q)). Notice that taking as
in our case g € L*(w x (0, T)), the same result holds due to the continuous injection of L? into H.

In this paper we are mainly interested in the study of control properties for the parabolic system (I.I). For the sake
of completeness, we include below the definitions of null and approximate controllability.

Definition 2.1. System (I.1)) is said to be null-controllable at time T > 0 if, for any zo € L*(=1,1), there exists
g € L*(w x (0, T)) such that the corresponding solution z satisfies

z(x,T) = 0.

Definition 2.2. System (I.1) is said to be approximately controllable at time T > 0 if, for any zo,zr € L*(—1,1) and
any 6 > 0, there exists g € L*>(w % (0, T)) such that the corresponding solution z satisfies

lzCe, T) = z7ll2-1,1) < 0.

We already mentioned that, to the best of our knowledge, there are no results in the literature concerning the
controllability of the fractional heat equation involving the integral operator (2.I). The existing ones deal with the
spectral definition of the fractional Laplace operator, which is given as follows.

Let {¢, Agbren C Hé(—l, 1) X R* be the set of normalized eigenfunctions and eigenvalues of the Laplace operator
in (-1, 1) with homogeneous Dirichlet boundary conditions, so that {i; };en is an orthonormal basis of L*(-1,1) and

~d2yy = W, xe(-1,1),
Yi(=1) = gy (1) = 0.

Then, the spectral fractional Laplacian (—d xz)g is defined by

(—d25u() = 3 (0, YA, 22)

k=1

firstly for u € C°(—1, 1) and then for u € Hj(—1, 1) employing a density argument.

It is important to notice that the spectral fractional Laplacian and the fractional Laplacian defined as in (Z.1)) are two
different operators. For instance, definition (2.2)) depends on the choice of the domain, while the integral definition
does not. For a complete discussion on the differences of these two operators, we refer to [46].

The control problem for the fractional heat equation involving the operator (—df); has been analyzed in [39], where
the authors proved null controllability provided that s > 1/2. For s < 1/2, instead, null controllability does not hold,
not even for T large. This negative result is based on the equivalence (consequence of Miintz Theorem, see, e.g., [45,
Page 24]) between the controllability property (more specifically, the possibility of proving an observability inequality),
and the following condition for the eigenvalues of the considered operator

Z /lik < o, (2.3)



which is clearly not satisfied for the spectral fractional Laplacian when s < 1/2, since in that case the eigenvalues
are A; = (kr)**. Finally, in [40]], the same result as in [39] is obtained in a multi-dimensional setting, by means of a
spectral observability condition for a negative self-adjoint operator, which allows to prove the null-controllability of
the semi-group that it generates.

As we anticipated in Section[I] the same null controllability result holds for the parabolic equation (I.1]). This will be
obtained by means of classical tools ([21]]) and by an explicit approximations of the eigenvalues and the eigenfunctions
the fractional Laplacian with homogeneous Dirichlet boundary conditions.

We stress that (L.I) is a different model with respect to the ones analyzed in [38] 40], since the operators (2.I)) and
(2:2) are not equivalent.

We conclude this section by introducing the variational formulation associated to equation (I.3), which is at the
heart of our numerical method. That is, find u € Hy(-1,1) such that

1
a(u,v):f fvdx,
-1

for all v € Hj(—1, 1), where the bilinear form a(-,-) : Hy(=1, 1) X Hy(-1,1) — R is given by

= [ LTI o

|x_y|l+25

Since the bilinear form a is continuous and coercive, Lax-Milgram Theorem immediately implies existence and
uniqueness of solutions to the Dirichlet problem (T.3). In more detail, if f € H*(-1, 1), then (I.3) admits a unique
weak solution u € Hj(—1, 1) (see, e.g., (6, Proposition 2.1]). Furthermore, in the literature it is possible to find improved
regularity results for the solution to (T3], both in Holder and Sobolev spaces. The interested reader may refer, for
instance, to [3,10, 34} 143} |44].

3 Proof of the controllability properties

This section is devoted to study the control properties for the parabolic system (I.I). We begin by proving the null
controllability result.

Proof of Theorem[m First of all, for all t,DT e L*(-1,1), let ©(x, t) be the unique weak solution to the adjoint system

—r + (=d2)p =0, (x,0)€e(-1,1)x(0,T)
=0, (x,) e [R\(-1,1)]x(0,T) 3.1
e, T)=¢"(x),  xe(=11).

Multiplying (T-I) by ¢ and integrating over (-1, 1) x (0, T), it is straightforward to check that z(x, T') = 0 if and
only if

T 1 1
f f @(x, g(x, N1, (x) dxdt = — f 20(0)¢(x, 0) dx, (3.2
0 -1 -1

In turn, it is classical that (3.2)) is equivalent to the existence of a constant C > 0 such that the following observability
inequality holds

2

1
f @(x, Hglx, Hl,(x)dx| dt, (3.3)
-1

T
lle(x, O)lI7>_y 1) < C fo

Notice that ¢ can be expressed in the basis of the eigenfunctions of the fractional Laplacian on (-1, 1) with zero
Dirichlet boundary conditions. Namely,

(.0 = > e T D), (34)
k>1



where ¢ = (@7, 0x) and, for k > 1, ox(x) are the solutions to the following eigenvalue problem

(=d?)’or = o, x€(=1,1), keN
or =0, xe R\ (-1,1).

Now, plugging (34) into (3:3), using the orthonormality of the eigenfunctions oy as a basis of L?(-1, 1) and
employing the change of variables T — ¢ — ¢, the observability inequality becomes

T
Dl <c f
0

k>1

2
> puae™| dt, (35

k>1

where g = (g1, 0x)-
By means of the classical moment method ([21]]), inequalities of the form @]} are well known to be true if and
only if (2.3) holds and the eigenfunctions o, satisfy the following lower bound:

lowll 2 = C >0, Yk =1, (3.6)

where the constant C is independent of k. The proof of (3.6) is an easy adaptation of the one of [32, Lemma 2].
Moreover, according to [3132] we have
ke (1-s)m\? 1
A= (—7r ¢ S)”) + 0(—).

2 4 k

Therefore, we easily see that the condition @]) is satisfied if and only if s > 1/2. If s < 1/2, instead, the series
diverges, since it behaves like an harmonic series. In conclusion, the observability inequality (3.3) holds true when
s > 1/2, but it is false when s < 1/2. This concludes the proof. ]

Even if for s < 1/2 null controllability for (T-1) fails, Theoremensures that, for all s € (0, 1), we still have
approximate controllability. This is consequence of a unique continuation property for the fractional Laplacian, which
has been obtained in [20]].

Proof of Theorem @] It is classical (see, e.g., [38] Theorem 5.2]) that the result is true as soon as one has the following

unique continuation property for the solution to the adjoint equation (3.T)).

Given s € (0,1) and 9T € L*(—1,1), let ¢ be the unique solution to the system (3.1).
Let w C (—1,1) be an arbitrary open set. If ¢ = 0 on w X (0,T), then ¢ = 0 on P
(-1,1)x (0, 7).

Therefore, we are reduced to the proof of the property (). To this end, let us recall that ¢ can be expressed in the
form (3.4) and let us assume that

¢=0inwx(0,T). 3.7)

Let {x; }1<k<m, be an orthonormal basis of ker(4; — (-d 2)5), Then, (3:4) can be rewritten as

rn) = [Z sok,fwkj<x>] M, (2,0 € (<1,1) X (=0, 7).

k=1 \ j=1

Let z € C with 7 := R(z) > 0 and let N € N. Since the functions ;s 1 <j<m, 1 <k<N are orthonormal, we
have that
2

N my
< [Z | @, |2 o 210=T) ,=24(T~0)
12-1,1) k=LA

My

N
Z [Z P -l//k-(x)] D) =T =1)
1Yk
=1

J=1




nmy
21 2n(t=T) —2}k(T 1) 2n(t-T)
(Z |90k | ] < Ce ||§0 L’( 1 1)'
kx1

Jj=1
Hence, letting

N my
wy(x, t) == Z (Z ‘ij’//k/(x)] eZ(I—T)e—/lk(T—z)’
j=1

k=1

we have shown that |[wx(x, Hllf21,1) < Ce”(’_T)”goT“Lz(_l " Moreover, we have

! (-T)||, .T T g Ly 7
Iw e’ ”‘P “LZ( i d “90 “LZ( 11)f edr= 5”90 “LZ(—M)'

Therefore, we can apply the Dominated Convergence Theorem, obtaining

T T
: _ : _ z2(t-T) — (T —1)
Jim () dt = f_ Jim wy(x,ndr = f Z [Z s (x)] WT=0 gy

e e - k>1
400 my 400 my
= 2 D om0 [Letnerna=3 S g [ erar
k=1 j= k=1 j=1
+00  my
_ZZZM‘M") xe(-1,1), R(@) > 0. 3.8)
k=1 j=

It follows from (3.7) and (3-8) that

+oo  my

ZZ - '//k(x) 0, x€w, R(z)>0.

k>ljl'

This holds for every z € C \ {—A;}xen, using the analytic continuation in z. Hence, taking a suitable small circle
around —A, not including {—A;};+, and integrating on that circle we get that

ny
We 1= Z gpg‘fwj(x) =0, x€w.

J=1

According to [20, Theorem 1.4], (—d?)* has the unique continuation property in the sense that if 1; is an eigenvalue
of (—dxz)s on (-1,1) with Dirichlet boundary conditions, and ((=d?)* — A;)ox = 0in (=1, 1) with oy = 0 in w, then g; = 0
in (=1, 1). This can applied to wy, in order to conclude w, = 0 in (-1, 1) for every ¢. Since {{¢,}1<j<m, are linearly
independent in L?(—1, 1), we get ¢r; =0, 1< j<my, eN. It follows that " = 0and hence, ¢ = 0in (-1,1) x (0, T),
meaning that ¢ enjoys the property (P). As an immediate consequence, we have that our original equation (I.I) is
approximately controllable. Our proof is then concluded. O

Remark 3.1. According to [20], the elliptic unique continuation property for the fractional Laplacian holds in any
space dimension. In view of that, Theorem may be extended also to the case N > 1. On the other hand, the same
does not applies to Theorem Indeed, the proof of this result use arguments that are designed specifically for
one-dimensional problems ([21]]). If one would like to analyze the null-controllability in a general multi-dimensional
setting, other tools (for instance Carleman estimates) are needed. As far as we know, these techniques have not been
fully developed yet for problems involving the fractional Laplacian on a domain.

Remark 3.2. For the sake of simplicity, in the results presented above we focused on the interval (-1, 1). Nevertheless,
everything that we did in this section actually holds in the more general case x € (—L, L) and the extension is immediate.



4 The penalized HUM and its implementation

We devote this Section to the description of the numerical scheme that we are going to employ for solving the control
problem. Let us start with a brief description of the so called penalized Hilbert Uniqueness Method (HUM in what
follows) that we shall employ for computing the controls for equation (I.I). Here, we will mostly refer to the work of
Boyer [12].

Let (E, (-, -)) be a Hilbert space whose norm is denoted by ||-||. Let (A, D(A)) be an unbounded operator in E such
that —A generates an analytic semi-group in E that we indicate by ¢ — ™. Also, we denote (A*, D(A*)) the adjoint of
this operator and by 7 > e¢™" the corresponding semi-group.

Let (U, [+, -]) be another Hilbert space whose norm is denoted by [-]. Let B be an unbounded operator from U to
D(A*Y and let B* : D(A*) — U be its adjoint. Let T > 0 be given and, for any y, € E and v € L*(0,T; U), let us
consider the non-homogeneous evolution problem

+Ay=Bv, te][0,T
{y, y=Bv, 1€[0,T] @

¥(0) = yo.

The well posedness of ([@.I) is guaranteed by [17, Theorem 2.37]. From now on, we will denote the solution at time
T corresponding to the initial datum yy and the control v by

Wyo(T) = L1(v, y0). 4.2)

The linear operator £7(-, -) is then continuous from [*(0,T;U)x E into E.

In the framework of both controllability notions that we introduced in Section [2] if one control exists it is certainly
not unique. In the penalized version of the HUM, we look for a control that is solution to a suitable optimization
problem. In particular, for any € > 0, we shall find

ve= min Fg(v) 4.3)
veL2(0,T;U)

where
1t 2 1 2 2
Fev):= = | IviOl dt+ —IILr(v,y0llI°, Vv e L(0,T;U).
2 0 2e

Observe that, for any & > 0, the functional F, has a unique minimizer in L>(0, T; U) that we denote by v,. This is
due to the fact that F is strictly convex, continuous and coercive.

However, the space L*(0, T; U) in which one has to minimize F, is a quite big one and it depends on the time
variable. This makes the optimization problem computationally expensive. This issue can be circumvented by
considering the following problem, defined on the smaller space E. Namely, we consider the minimization problem

g% = minJ.(¢") (4.4)
qeE
where
1 (7 . (T—PA* & 2
Jq") = 5 f 1B g P de+ S[la" " + (L1 (0,00, 47), Vg" €E. (.5)
0

In fact, it is classical to prove that (#.3)) and ({#.4) are equivalent since, for any & > 0, the minimizers v, and ¢’ of
the functionals F, and J,, respectively, are related through the formula

ve=B'e T gl forae. te(0,T).

Notice also that we can express the approximate and null controllability properties of the system, for a given initial
datum yy, in terms of the behavior of the penalized HUM approach described above. In particular, we have



Theorem 4.1 (Theorem 1.7 of [[12]). Problem @.1) is approximately controllable from the initial datum yy if and only
if we have

Lr(e,¥0) = Yu,y0(T) = 0, as € 0.

Problem @.)) is null-controllable from the initial datum yy if and only if we have

M)%U = 2sup( inf Fb) < +o00,
>0 \L*(0.T:U)

In this case, we have

velzo,rv) < My,
17 (e, yoll < My, Ve.

Observe that the fractional Laplacian (—d?)* satisfies the properties required for the operator A (see, e.g., [25)
Theorem 2.14]). Therefore, the penalized HUM approach that we just described can be applied to the control problem
(T.1). Following the discussion in [12], we expect that, under discretization, the solution z to (I.T)) retains the properties
of controllability stated in Theorem This will be in accordance with the theoretical results obtained in Theorems
[LTland[L.21

To this end, let us study the fully-discrete version of (I.I). For any given mesh 9 and any integer M > 0, we set
ot = T/M and we consider an implicit Euler method, with respect to the time variable. More precisely, we consider

Zn+l _Zn
My + A" ="M, Vel M- 1)

ZO = 20,

(4.6)

where zo € R™, M, is the classical mass matrix and Ay is a suitable stiffness matrix approximating the fractional
Laplacian. We are going to present more details on the construction of in the next section.

In system @.6), vy, s = (Vi)1<n<m 18 a fully-discrete control function whose cost, that is the discrete Lg,(O, T;R™)-
norm, is defined by

12

M
. 2
||V§t||L§,(O,T;R9H) = (Z 6t|vn|L2(RﬂJi)] 5

i=1

and where | - |72z stands for the norm associated to the L-inner product on R™

N
(W, V)p2my = h Z U;v;.
i=1

With the above notation and according to the penalized HUM strategy, we introduce, for some penalization
parameter £ > 0, the following primal fully-discrete functional

1 2 1 h 2 2 m
Fs,h,5l(v5t) = §||V6t||L§r((),T;R\JJ{) + 2_8|LT (V§t’ )’O) |L2(R\JJE)7 v Vst € L§t(09 T7 R )a

that we wish to minimize onto the whole fully-discrete control space L3 (0, T; R™) and where z is the final value of
the controlled problem (@.6). Here £ (-, -) stands for the discrete version of the operator (#.2).
We can apply Fenchel-Rockafellar theory results to obtain the corresponding dual functional, which reads as follows

2 €
LgI(O,T;Rw) + El‘pT'iZ(RSUI) + (SOT’ L;l" (0’ yO))Lz(RgR) > V()DT € Li’(st(_lv 1) (47)

1
Jonslp") = 5[[£7 ¢, 0" ¢



where £ (-,-)* is the adjoint of £ (-, -) and

L0007 = @) i<nsms

with ¢ = (¢")1<n<m+1 solution to the adjoint system

QO” _ 9On-*—l
My—— + A" =0, VYnefl,....M
90M+1 — SDT-

Notice that (@.7) is the fully-discrete approximation of (4.3). Moreover, it can be readily verified that this functional
has a unique minimizer without any additional assumption on the problem. Therefore, by minimizing (@.7), and from

duality theory, we obtain a control function

_ n
Vehst = (lw‘p‘e’h»‘st)lSnsM s

where ¢, is the solution to (#.8) evaluated in the optimal datum ¢! .

Thus, the optimal penalized control always exists and is unique. Deducing controllability properties amounts to
study the behavior of this control with respect to the penalization parameter &, in connection with the discretization
parameters.

It is well known that, in general, we cannot expect for a given bounded family of initial data that the fully-discrete
controls are uniformly bounded when the discretization parameters h, d¢ and the penalization term ¢ tend to zero
independently. Instead, we expect to obtain uniform bounds by taking the penalization parameter € = ¢(h) that tends
to zero in connection with the mesh size not too fast (see [12]) and a time step ot verifying some weak condition of
the kind 6r < {(h) where ¢ tends to zero logaritmically when 4 — O (see [[14]). This fact will be confirmed by the
numerical simulations that we are going to present in Section[5.1|below, by observing the behavior of the norm of the
control, the optimal energy inf F,, and the norm of the solution at time 7. In this way, with the help of Theoremd.1]
we obtain numerical evidences of the properties of null and approximate controllability for equation (I.I)), which are in
accordance with the theoretical results in Section 2}

4.1 Finite element approximation

According to the formulation of systems (4.6) and (@-8), in order to solve numerically our control problem, a proper
approximation A, of the operator (—~d?2)* is needed. Furthermore, observe that, for every every time step n, (#.6) and
(#.8) are actually discrete equations of the form

(I + 52‘3\/[}:1./[.;,) up = fp

The matrices appearing in the above equation will be computed employing a finite element scheme on a uniform
mesh.

Computation of the stiffness matrix A;,.

First of all, we recall the variational formulation associated to the elliptic equation (I.3)): find u € Hy(-1,1) such that

1
a(u,v)zf fvdx, 4.9
4

for all v € Hj(~1, 1), where a(u, v) is the bilinear form introduced in (2.4).
Let us take a partition of the interval (—1, 1) as follows:

—“l=xp<x1<...<Xx<Xxi41<...<xy4g1 =1,

10



with x;; = x; + h, i = 0,...N. We call 9t the mesh composed by the points {x; : i = 1,..., N}, while the set of the
boundary points is denoted M := {xp, xy+1}. Now, define K; := [x;, x;+1] and consider the discrete space

Vo= {ve Hy(-1,1)| vig, € P}, (4.10)

where P! is the space of the continuous and piece-wise linear functions. Hence, we approximate (#9) with the following
discrete problem: find u;, € V), such that

Cls (up(x) = un () (Va(x) = V() e
TLL dxdy—[lfvhdx,

|x_y|1+2s

for all v, € V},. If now we indicate with {¢;}Z1 a basis of V, it will be sufficient that the above equality is satisfied for
all the functions of the basis, since any element of V), is a linear combination of them. Therefore the problem takes the
following form

CLs f f (u(x) = un(M)(Pi(x) = $:())
R JR

1
2 x — y[1+2s dxdy = [1 fondx, i=1,...,N. @.11)
Clearly, since u;, € V;,, we have

N

up(x) = Z uj@;(x),

=1

where the coefficients u; are, a priori, unknown. In this way, @.I1)) is reduced to solve the linear system A,u = F,
where the stiffness matrix A, € R¥V has components

Cls f (¢i(x) — ¢i(y))(¢j()f) - ¢;(») dxdy
2 JrJr [x — y|1+2s

: 4.12)

ai,j =
while the vector F € RN is given by F = (Fy,..., Fy) with

1
Fi=<f,¢i>=ff¢,~dx, i=1,...,N.
-1

Moreover, the basis {qﬁ,-}fi | that we will employ is the classical one in which each ¢; is the tent function with
supp(¢;) = (xi—1, xix1) and verifying ¢;(x;) = 6; ;. In particular, for x € {x;_y, x;, x;+1} the i™* function of the basis is
explicitly defined as (see Figure|)

lx — xi

h

$i(x) =1-

(4.13)

yA

(xi-1,0) (x,0) (xit1,0) x
Figure 1: Basis function ¢;(x) on its support (x;_1, X;+1)-

Let us now describe our algorithm for computing the coefficients a; ;. Before that, we shall make the following
preliminary comments.

11



Remark 4.1. The following fact are worth noticing.

1. The constant c, 5 in the definition (2.1) of the fractional Laplacian is common for all the entries of the matrix.
For the sake of simplicity, we will drop this constant in the following computations.

2. It is evident from the definition @.12) that Ay, is symmetric. Therefore, in our algorithm we will only need to
compute the values a; j with j > i.

3. Due to the non-local nature of the problem, the matrix Ay, is full. However, while computing its components, we
will encounter many simplifications, due to the fact that supp(¢;) N supp(¢;) = 0 for j > i+ 2.

4. While computing the values a; j, we will only work on the mesh I, not considering the points of the set 0. In
this way, we will ensure that the basis functions ¢; satisfy the zero Dirichlet boundary conditions. In other words,
in our FE approximation we are considering only the functions from ¢, to ¢n. Instead, if we considered the
points xy and xy+1, then we would need to introduce in our discretization also the basis functions ¢y and Py .1,
which take value one at the boundary, and this would not be consistent with the continuous problem. Figure|2]
provides a graphical explanation of this last discussion.

Figure 2: Basis functions ¢;(x) on the whole interval (—L, L).

We now start building the stiffness matrix A;,. This will be done it in three steps, since the values of the matrix
can be computed differentiating among three well defined regions: the upper triangle, corresponding to j > i + 2, the
upper diagonal corresponding to j = i + 1 and the diagonal, corresponding to j = i (see Figure[3). In fact, as it will be
clear during our computations, in each of these regions the intersections among the support of the basis functions are
different, thus generating different values of the bilinear form. In what follows, we will briefly present which will be
the contributions to the matrix in each of these three steps, including the complete computations as an appendix at the
end of the paper.

Step1: j>i+2
As we mentioned in Remark[zlzp), in this case we have supp(¢;) N supp(¢;) = 0 (see also Figure E[) Hence, @.12) is

reduced to computing only the integral

w =2 ijﬂ i ()@ (y) dxdy. (4.14)

Xj-1 Xi-1 |x_y|1+zs

Taking into account the definition of the basis function @.13)), from ([@.14) we obtain

w =2 ijﬂ fxm (1 - %) (1 - %) dxdy,

|x_y|1+23

Finally, this last integral can be computed explicitly employing the following change of variables:

X=X L Y- X
- 2oy =

= 9. 4.15
7 7 y (4.15)

12



Figure 3: Structure of the stiffness matrix Aj.

yA

(-1.0) (x1,0) (xi¢1,0) 01.0) (5.0) (x1.0)  x

Figure 4: Basis functions ¢;(x) and ¢ ;(x) for j > i + 1. In this case, the supports are disjoint.

In this way, for the elements a; ;, j > i + 2, we get the following values:

oy A+ D3 1 Ak — 1772 — 6k — (k+ 272 — (k—2)%% o .
- s k=j—1i, s+ =
25(1 = 2s5)(1 = 5)(3 = 29) 5
1
g = A =i+ D log(j i+ 1) —4(j —i = 1) log(j —i=1) =5, J>i+2
1,j

+6(j — i) log(j— i)+ (j—i+2)?log(j—i+2)+(j—i—2)log(j—i~-2),

561n(2) - 361n(3), s==, j=i+2

Step2: j=i+1

This is the most cumbersome case, since it is the one with the most interactions between the basis functions (see Figure
B). According to (#.12)), and using the symmetry of the integral with respect to the bisector y = x, we have

i =ff (@i(x) = $i)(Pis1(x) — dis1(»))
1L+ R R

Ix_y|1+2s

+00 +00 +00 Xis] +00 Xj
=f f ...dxdy+2f f ...dxdy+2f f ... dxdy
Xit1 Xi+1 Xit1 Xi Xi+1 o

i

Xi+1 Xi+1 Xi+1 Xi Xi Xi
+f f ...dxdy+2f f ...dxdy+f f

13

dxdy

... dxdy



=01+ 02+ 03+ Q4+ 05 + Q.

These contributions will be calculated separately, employing changes of variables analogous to {.13)). After several

(xi, 1) (xj, 1)

(xi-1,0) (x1,0) (xi41,0) X
(xj—190) (xjvo) (-xj+1,0)

Figure 5: Basis functions ¢;(x) and ¢;,1(x). In this case, the intersection of the supports is the interval [x;, x;;1].

computations, we obtain

12 33—2s _ 25—2s +7 1

X . S# =

Qi) = 2s(1 =25)(1 = 5)(3 —25s) %
9In3 -161In2, szz.

Step3: j=1i

As a last step, we fill the diagonal of the matrix A, which collects the values corresponding to the case ¢;(x) = ¢;(x)
(see Figure[6). We have

. —_ b 2
o= [ [ GG
rRJR X =y
—+00 +00 —+00 "Xit1 +00 'Xi-1
f f ...dxdy+2f f ...dxdy+f f ... dxdy
Xi+1 Xit+1 Xi+1 Xi-1 Xit+1 -0

i

Xt X1 X1 Xit] Xi-1 +00
+f f ...dxdy+2f f ...a’xdy++f f ... dxdy
Xi-1 Xi-1 —00 Xi-1 —00 xi+1

Xi-1 Xi-1
+f f ...dxdy: =Ry +Ry+R3+ Ry +Rs + Rg + R7.

yA
(i, 1) = (), 1)

#i(x) = ¢;(x)

(%-1.0) (x10) (xiz1.0) X
1] 1l 1l
(xj-1,0) (x,0) (xj41,0)

Figure 6: Basis functions ¢;(x) and ¢;(x). In this case, the two functions coincide.
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Once again, the terms R;, i = 1,...,7 will be computed separately, and summing them we will obtain

1-2s 237 —4 s# =
s(1 =2s5)(1 = 5)(3=2s)" 2
aj; =
1
8In2, = —,
n s=5

Conclusion

Summarizing, we have the following values for the elements of the stiffness matrix Aj: for s # 1/2

4(k + 1)3—2.? + 4(k _ 1)3—2s _ 6k3—2s _ (k + 2)3—2s _ (k _ 2)3—2s o
, k=j—-i,k>2
25(1 = 25)(1 — $)(3 — 25)
~ 33—23 _ 25—23 7

aij=—h'"* A j=i+1

2s(1 =2s5)(1 = 5)(3 —25)

23—2S —4
, J=i
s(1 =25)(1 = 5)(3 —2s)

For s = 1/2, instead, we have

—4(j—i+ 1) log(j—i+1)—4(j—i-1)%log(j—i—1)

+6(j —i)?log(j— i)+ (j—i+2)log(j—i+2)+(j—i—2)log(j—i—2), j>i+2
4 1361n(2) = 361n(3), j=i+2.
L]

9In3 - 161n2, j=i+1

8In2, j=i

Remark 4.2. We point out the following facts:

1. The matrix Ay, has the structure of a N-diagonal matrix, meaning that value of its elements remain constant
along its diagonals. This is in analogy with the tridiagonal matrix approximating the classical Laplace operator.
Notice, however, that in our case we obtain a full matrix. This is consistent with the nonlocal nature of the
operator that we are discretizing.

2. The value of each element a; j is given explicitly, and it only depends on i, j, s and h. In other words, when
approximating the left hand side of @11)), no numerical integration is needed.

3. For s = 1/2, the elements a; ; do not depend on the value of h which, in turn, is a function of N. This implies that,
in this particular case, no matter how many points we consider in our mesh, the matrix Aj, will always have the
same entries.

4. A quick computation shows that taking the limit s — 1~ in A, we recover the tridiagonal matrix of the classical
FE approximation of the local Poisson equation. This is in accordance with the same behavior of the continuous
operator, as shown, for instance, in [IS, Proposition 4.4].

15



Computation of the mass matrix M.

The matrix M}, appears when deriving the FE scheme for the parabolic problem (I.1). Adapting the same construction
that we presented before for the elliptic equation (I.3)), the approximate solution z, shall be written in the form

N
w1 = ) 2i(06(x),

=

where the basis functions {¢ j}ij: , are the same as before while the coefficients {z j(t)}ij:1 have to be computed. Then, the

corresponding variational formulation reads as

N 1

PTG f 99 dx+2,(D a9}, 9) | = f gpidx, i=1,...,N.
-1 S—— w
N———— —

~

ai,j
m;j gi(t)

Therefore, denoting g() := (g1(£), . .., gn(0)!, the unknown vector z(f) := (z1(¢), ..., zy(£))" is obtained by solving
the following linear system

M2 (1) + Apz(t) = g(0), (4.16)

where M, is the mass matrix with entries m; ; and A} is the stiffness matrix composed by the entries g; ; previously
computed.

Solving by means of an implicit Euler method in time, we obtain exactly the formulation (@.6). Moreover,
([@-8) is obtained with the same procedure, taking into account that this time, the original problem being homogeneous,
the vector g is actually zero.

5 Numerical results

In this Section, we present the numerical simulations corresponding to the algorithm previously described, and we
provide a complete discussion of the results obtained.

First of all, we test numerically the accuracy of our method for the resolution of the elliptic equation (I.3), by
applying it to the following problem

2\S,, — _
{(—dx)u—l, xe(=1,1) 5.1

u=0, xeR\(-1,1).

In this particular case, the unique solution to (5.I)) can be computed exactly and it is given in [26]. It reads as
follows,

u(x) =

25 s
1+2%—‘/;(1 —x?) A, (5.2)
T (52)1 +5)

In Figure [/ we show a comparison for different values of s between the exact solution and the computed
numerical approximation. Here we consider N = 50. One can notice that when s = 0.1 (and also for other small values
of s), the computed solution is to a certain extent different from the exact solution. However, one should be careful with
such result and a more precise analysis of the error should be carried.

In the same spirit as in [2]], the computation of the error in the space Hj(—1,1) can be readily done by using the
definition of the bilinear form, namely

1
e = unlE 1 1y = @i =y, = wy) = aCu,u = wy) = f ) (ux) — () dx,
-1
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(¢)s=0.5 (d)s=028

Figure 7: Plot for different values of s.

where have used the orthogonality condition a(vy, u — up,) = 0 Vv, € V).
For this particular test, since f = 1 in (-1, 1), the problem is therefore reduced to

1 172
[z — Mh||1-15(_1,1) = (fl (u(x) = up(x)) dx)

where the right-hand side can be easily computed, since we have the closed formula

1
f udx = 71T 3
. 22T(s + (s +3)

. 1 . .
and the term corresponding to f_ | un can be carried out numerically.
In Figure[8] we present the computational errors evaluated for different values of s and h.
The rates of convergence shown are of order (in /) of 1/2. This is in accordance with the following result:

Theorem 5.1 ([2, Theorem 4.6]). For the solution u of @9) and its FE approximation w, given by @I1)), if h is
sufficiently small, the following estimates hold

et = wpllzgg 1.1y < CRY2 0 AL flleo-s - 1y if s<1/2,
et = unllggg—1.1y < CRPI AL fll o1 s if s=1/2
e = wnllpgg—1.1y < 5Sh"Z A A Al if s>1/2, B>0
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Figure 8: Convergence of the error.

where C is a positive constant not depending on h.

Moreover, Figure 8| shows that the convergence rate is maintained also for small values of s. This confirms that the
behavior shown in Figureis not in contrast with the known theoretical results. Indeed, since it is well-known that the
notion of trace is not defined for the spaces H*(—1, 1) with s < 1/2 (see [36}47]), it is somehow natural that we cannot
expect a point-wise convergence in this case.

5.1 Control experiments

To address the actual computation of fully-discrete controls for a given problem, we use the methodology described, for
instance, in [29]]. We apply an optimization algorithm to the dual functional 7). Since these functionals are quadratic
and coercive, the conjugate gradient is a natural and quite simple choice.

First of all, starting from the expression (@.7)), the gradient of the functional J, , 5(¢”) can be easily computed and it
reads as

Viena@") = L (L5 (.00* ¢",0) + 80" + L1 (0,y0) .

Hence, the computation of this gradient at each iteration amounts to solve first the homogeneous equation (#.8).
Then, set v* = ¢"1,, and finally solve with zero initial datum. In this way, the procedure to compute the gradient
of [@.7) basically requires to solve two parabolic equations: a homogeneous backward one associated with the final
data ¢7, and a non-homogeneous forward problem with zero initial data.

We present now some results obtained with the described methodology. In accordance with the discussion in
Section we use the finite-element approximation of (—d?)* for the space discretization and the implicit Euler scheme
in the time variable. We denote by N the number of points in the mesh and by M the number of time intervals. As
discussed in [14], the results in this kind of problems does not depend too much in the time step, as soon as it is chosen
to ensure at least the same accuracy as the space discretization. The same remains true here, and therefore we always
take M = 2000 in order to concentrate the discussion on the dependency of the results with respect to the mesh size &
and the parameter s.

As we mentioned, we choose the penalization term ¢ as a function of /4. A reasonable practical rule ([12]) is to
systematically choose & = ¢(h) ~ h*” where p is the order of accuracy in space of the numerical method employed for
the discretization of the spatial operator involved (in this case the fractional Laplacian 2.I))).

We recall that the solution z to (T.1]) belongs to the space L*0,T; Hy(-1,1)) n C([0, TT; L*(-1, 1)). In view of that,
we immediately have that z(-, T) € L*(~1, 1). Therefore, we shall choose the value of p as the convergence rate in the
L?-norm for the discretization of the elliptic problem (T-3)). This convergence rate is given by the following result.

18



Theorem 5.2 ([11} Proposition 3.3.2]). Let s € (0, 1), f € L*(—1,1) and u be the solution to (I.3). Given a uniform
mesh M with mesh size h, and the space V), defined as in &10), let u, be the finite element solution to the corresponding
discrete problem. Then, it holds that

Nt = unllzz1,1) < CCs, @R flli -,
where a := min{s, 1/2 — &}, forall € > 0.
By virtue of Theorem [5.2] the appropriate value of p that we shall employ is

2s, for s <
1-2¢, fors>

= | —

We present below the numerical experiments obtained applying our method. We begin by plotting on Figure 9] the
time evolution of the uncontrolled solution as well as the controlled solution. Here, we set s = 0.8, w = (0.3, 0.8) and
T = 0.3, and as an initial condition we take zp(x) = sin(rx). The control domain is represented as highlighted zone on
the plane (7, x). As expected, we observe that the uncontrolled solution is damped with time, but does not reach zero at
time 7', while the controlled solution does.

£ ...
Ya0p Y0p NN SSSSSSSS:
" .'...........::.::-

T R
I l'.,',"..','...,...:... Z
g,

(a) Uncontrolled solution (b) Controlled solution (M=control domain)

Figure 9: Time evolution of system (&.6).

In Figure [T0] we present the computed values of various quantities of interest when the mesh size goes to zero.
More precisely, we observe that the control cost |[vel| L2 (0.T:R™) and the optimal energy remain bounded as # — 0. On
the other hand, we see that

M |2@my ~ Cp(h) = Ch'2. (5.3)

We know that, for s = 0.8, system (I.1) is null controllable. This is now confirmed by (5.3), according to Theorem
A1} In fact, the same experiment can be repeated for different values of s > 1/2, obtaining the same conclusions.

According to the discussion in Section[2} one can prove that null controllability does not hold for system (T.I) in
the case s < 1/2. However approximate controllability can be proved by means of the unique continuation property of
the operator (—~d2)*. We would like to illustrate this property in Figure

We observe that the results are different from what we obtained in Figure @ In fact, the cost of the control and the
optimal energy increase in both cases, while the target y tends to zero with a slower rate than 4!/2. This seems to
confirm that a uniform observability estimate for (I.I)) does not hold and that we can only expect to have approximate
controllability (see Theorem [4.T)).

A Explicit computations of the elements of the matrix A,

We present here the explicit computations for each element g, ; of the stiffness matrix, completing the discussion that
we started in Section 4l
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Figure 10: Convergence properties of the method for the controllability of the fractional heat equation for s = 0.8.

Stepl: j>i+2

We recall that, in this case, the value of a; ; is given by the integral

aij=-2 fxm " —¢i(x)¢j(y) dxdy. (A.1)

" M |x _ y|1+2s

In Figure[I2] we give a scheme of the region of interaction (marked in gray) between the basis functions in this case.
These are the only regions in which (A)) will be different than zero.
Now, taking into account the definition of the basis function @13), the integral (A-T)) becomes

"X j+1 'Xi+1 |x—x' 1 %)
lx — y|1+2s dxdy.

Let us introduce the following change of variables:

Then, rewriting (with some abuse of notations since there is no possibility of confusion) X = x and § = y, we get

1-2s A= xDA—lyl)
~2h jlﬁuy+szd@' (A2)

The integral (A.2) can be computed explicitly in the following way. First of all, for simplifying the notation, let us
define k = j —i. We have

1-2s —lxDA = 1y]) 125f f d=lxDd -1y

2 f fl x—y+i- |'+25d xdy = =2h Clx—y— k[ dxdy
- _ 1-2s (I -x)(1- y) 1- zgf f (1 +x)(1 - y)
= f f - x+k)1+2‘ dxdy = 2h (- x+k)1+2¥d xdy

e (=004 s (1491 +9)
2h ff(y o+ gres ey~ 2h ff(y—“k)“z?dxdy
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Figure 11: Convergence properties of the method for s < 1/2. Same legend as in Figure

= — Zhl_zs(Bl + B> + B3 + By).

These terms B;, i = 1,2, 3,4, can be computed integrating by parts several times. In more detail, we have

B, = _ >2k172s _ (k+ 1272 — (k= 1)*2s ~ 23— (k417 — (k- 1)32S}
4s(1-2s) | 1—s (=53 -2

B, = _ 7_2k1—2s + 2k + 1)*7% = 2k>72s N 20k + 1772 — k32 — (k + 2)3—25]
4s(1-2s) | 1= =503 =25

P B BNt i Vi il Vil i U 2)3_25]
4s(1-2s) | 1-s (1= 53 =29

Bym — 1 |ppros L DR oGP 27 (R 1P - (R 1)3_231 .
4s(1-2s) | 1—s =93 -2

Therefore, we obtain

4(]( + 1)3—2s + 4(k _ 1)3—2x _ 6k3—2x _ (k + 2)3—2s _ (k _ 2)3—2s

L= 1-2s
aij = =h 25(1 = 25)(1 — )3 = 25)

(A3)

We notice that, when s = 1/2, both the numerator and the denominator of the expression above are zero. Hence, in
this particular case, it would not be possible to introduce the value that we just encountered in our code. Nevertheless,
this difficulty can be overcome at least in two ways:

1. by setting s = 1/2in B;, i = 1,2, 3, 4, before computing these integrals;
2. by computing the limit s — 1/2 in (A3).

However, since we already have the expressions of B;, i = 1,2, 3,4, for a general s, the second approach is actually
straightforward and quicker. Indeed, we can easily compute

lim — /-2 Ak + 1372 + 40k — 132 — 6k372 — (k+2)°25 — (k- 2)>%
s—1 2s(1 = 25)(1 = 5)(3 = 25)

2

= —4(k + 1)*log(k + 1) — 4(k — 1)* log(k — 1) + 6k> log(k) + (k + 2)* log(k + 2) + (k — 2)* log(k — 2),
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Figure 12: Interactions between the basis function ¢; and ¢; when j > i + 2.

if k # 2. When k = 2, instead, since
lim (k - 2)?logk-=2)=0
the corresponding value a; ; = a4 is given by a;;10 = 56 In(2) — 36 In(3).

Step2: j=i+1

This is the most cumbersome case, since it is the one with the most interactions between the basis functions (see Figure
[B). According to (4.12), and using the symmetry of the integral with respect to the bisector y = x, we have

Ajjv1 = ff (@) = $io) @it () - ¢’+1(Y))

|X y|1+23

+00 +00 My +00

f f .. dxdy + 2f f .. dxdy + 2[ f . dxdy
i+1 o i+1 o i+1 xH]l z;ll

+f f ...dxdy+2f f ...dxdy+f f ... dxdy

=01+ 02+ 03+ Q4+ 05 + Q.

In Figure[I3] we give a scheme of the regions of interactions between the basis functions ¢; and ¢;,, enlightening
the domain of integration of the Q;. The regions in grey are the ones that produce a contribution to a; ;,1, while on the
regions in white the integrals will be zero.

Le us now compute the terms Q;,i = 1,...,6, separately.

Computation of Q;

Since ¢; = 0 on the domain of integration we have

0 = f C T P (x) = i1 () dxdy

o |x _ y|1+2s
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Figure 13: Interactions between the basis function ¢; and ¢;, ;.

+00 +00 .
f f ¢l+](1x)2 f f ¢;+1(ly)2 dxdy = 0.
Xi+1 +1 |X yl e Xi+1 +1 |.X—y| i

Xi Xi

The fact that this integral is zero is, actually, not surprising since, according to Figure[I3] the region of integration
for Q) is outside of the region of interaction of the basis functions.

Computation of O,
We have

0> = 2f+°° S () ¢z+1()’))

|x y|l+25

Now, using Fubini’s theorem we can exchange the order of the integrals, obtaining

2 [T oo [ ez [ [T SO0 4y

Xi

L[, [ f BB 0)
sJy G SR y|1+ZS

i Xi

Q>

h

[x=xil Jx=xis| x‘nl
1 fxm (l - T)(l fxm fxm Bl 2l . 5
i dxdy := Q, + Q5.
s Js, (i1 — )% |x y|1+25 S

i

= x, 1 [y=xis1l )

The two integrals above can be computed explicitly. Indeed, employing the change of variables

Xivl — X

h

=3,
and then renaming X = x, Q; becomes

. h1—2s 1 - hl—Zs
= 1l -x)dx = ——m——.
Q=735 fo v =nde= TSm0y
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For computing Q%, instead, we introduce the change of variables

Xi—=X Y~ Xiyl
=X

) =3, A4
7 i y (A4)

and we obtain

(A-x(1-y) o2 g0
) 1- 29[ f ( — 1-2s )
h Ooxs i P =R T 5Ty

Adding the two contributions, we get the following expression for the term Q»

1oy 224253

G S R EEE T

Computation of Q;

In this case, we simply take into account the intervals in which the basis functions are supported, so that we obtain

) | Xz [y=Xisl
= G0 0) fwi[ 1- )
=-2 dxdy.
03 LH oy lx— |1+2§ o |x y|1+2s xay
This integral can be computed applying again (A-4), and we get
Yy zsf f A=) 1325202 4 302 4 502 - 14) 4 4? A5
1 y—x+ 1)l+2¥ Y 2s(1 = 25)(1 — 5)(3 — 2s) ’ ’

if s # 1/2. If s = 1/2, instead, we have

1
. A+x1-y) B
0; = 2f0 o—xr dxdy=1+9In3 - 161n(2).

Notice that this last value could have been computed directly from (A.3), by taking the limit as s — 1/2 in that
expression, being this limit exactly 1 + 91n3 — 161n(2).

Computation of O,

In this case, we are in the intersection of the supports of ¢; and ¢,,,. Therefore, we have

_fxm fxm (9:(x) — piM)(Pir1(x) — ¢z+1(}’))
04 =

|X y|1+2$

Moreover, we notice that, this time, it is possible that x = y, meaning that Q4 could be a singular integral. To deal
with this difficulty, we will exploit the explicit definition of the basis function. We have (see also Figure [T4)
Xi

M@ﬂ—%f,mMF

Xit1 —

PR X € (X, Xis1)

Therefore,

(@uo—%@»wwmm—ﬁﬂw»=(y;xﬂx;y)=—“;fa

Xis1 Xis1 - h1—2s
- 1 [ —
i;~£ A S TEE T
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and the integral becomes
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Figure 14: Functions ¢;(x) and ¢;,1(x) on the interval (x;, X;11).

Computation of Qs
Here the procedure is analogous to the one for O, before. Using again Fubini’s theorem we have

Xit1 X d X1 "Xi i i+
05 =2 ¢,-<y>¢i+1<y>( | TT%)‘”‘Q [ R

ol . x — y|1+2s

s o= x)» | — yft+2

Applying again (A.4), it is now easy to check that Qs = Q5.

Computation of Q¢

In analogy with what we did for Q;, we can show that also Q¢ = 0

Conclusion

The elements a; ;4| are now given by the sum 20, + O3 + O, according to the corresponding values that we computed.
In particular, we have

1as 33—2x _ 25—2s +7 1

, S#F =

it = 25(1 = 25)(1 - $)(3 - 29) 2
9In3-161n2, s=§.

Step3: j=i

As a last step, we fill the diagonal of the matrix Aj;. In this case we have
2
f f (i) = 6 dy
|x y|l+2v
+00 +00 'Xit] +00 'Xi—|
=f f ...dxdy+2f f ...dxdy+f f ... dxdy
i+1 o i+1 o i+1 o i-1 o i+1 ;i_] e
+f f ...dxdy+2f f ...dxdy++f f ... dxdy
Xi-1 Xi_1 —00 Xi1 —00 xi+1

+f f ...dxdy::R]+R2+R3+R4+R5+R6+R7.
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Figure 15: Interactions between the basis function ¢;(x) and ¢;(y).

In Figure[I3] we give a scheme of the regions of interactions between the basis functions ¢;(x) and ¢;(y) enlightening
the domain of integration of the R;. The regions in grey are the ones that produce a contribution to a;;, while on the
regions in white the integrals will be zero.

Le us now compute the terms R;, i = 1,...,7, separately. First of all, according to Figure E] we have that
R| = R3 = Rg = R; = 0. This is due to the fact that the corresponding regions are all away from the support of the basis
functions.

Computation of R,
Since ¢;(y) = 0 on the domain of integrations we have

00 Xy ¢2( ) X1 o0 dy 1 (% ¢2(x)
Ry = dxdy =2 2 — = |dx=- — 1 dxdy.
2= f f oy f ¢'(X)(L, |x—y|1+2f) . f G — 8 0

Xi—

This integral is computed employing (4.15), and we obtain

R = B2 el - |x|)? PR 45— 64232 ’
s Jqg (1—x)% s(1 =281 - )3 —2s)
if s # 1/2. If s = 1/2, instead, we have
1 1= 2
R, =2 ﬂdx=21n16—4.
-1 1—x

Computation of R,

In this case, we are in the intersection of the supports of ¢;(x) and ¢;(y). Therefore, we have

Xit] Xit] 2
R _f f (@i(x) — ¢:i(»)” dxdy.
|X y|1+2v
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In order to compute this integral, we divide it in four components as follows:

X X X Xi+1 'Xi+1 X Xi+1 Xi+1
R4=f f ...dxdy+f f ...dxdy+f f ...dxdy+f f ... dxdy
Xi—1 VYV Xi-| Xi—1 YV X; Xi Xi-1 Xi Xi

=R, +R; +R, + R,

Moreover, we notice that, due to symmetry reason, we have Ri = Ri. Therefore, we can compute only one of this
two terms and add its value twice when building the matrix A;. Also, notice that in these two region it cannot happen
that x = y. On the other hand, R}1 and Rj may be singular integrals, and we shall deal with them as we did before.

Computation of R}

Using again the explicit expression of the basis functions we find

x — ¥
h b

h—2
R, = Tdxdy = o
4 Jﬁkf e dedy = 5Ty

(¢i(x) — g:()* =

and the integral becomes

Computation of R’

In this case, we simply have

it ] 2
Ri—f f (@i(x) — ()" dxdy.

|x y|l+25

Employing {#.15) we obtain

R =p 2sf f (x + )’)2 dxdy = b2 2s% — 55 +4 -2
) (x—y)l#zs s(1—25)(1 - 5)(3 —25)°

if s # 1/2. If s = 1/2, instead, we get

1 2
x+y)
Rzzjwjﬁ dxdy =3 -41In2.
! aJo (x=y)? Y

Computation of R}

Also in this case we can use the explicit expression of the basis functions and the integral becomes

R4_fxi+1 fxm |x_ |1_2std B hl—2s _Rl
N Y YT U-9GB-29) ¥

Adding the values that we just computed, we therefore obtain

1-2s 8 - SS - 23_2S
R, = Z(Rz]t +R421) — 2s(1 = 2s5)(1 — )3 = 2s)’
8In3-81In2, s

NS

NI =1 —
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Computation of Rs
Since, once again, ¢;(y) = 0 on the domain of integration we have

Xl ¢2( ) X1 X1 dy 1 [N ¢.2(x)
Rs = dxdy =2 2 A T dxdy.
ST f f [ —yjrezs f ‘ﬁ'(x)(L, |x—y|1+23) * sf — e O

i

Employing one last time @.13)), we get

1-2s 1 1= 2 45 — 23—2S
Rs = h (1 =) di = B2 s—6+

s J (T+x s(1 = 25)(3 = 25)(1 — s)

=R»,

if s # 1/2. If s = 1/2, instead, we have

1 2
1_
R5=2f A= e gm2-a,
1 1+x

Conclusion

The elements a;; are now given by the sum 2R, + R4, according to the corresponding values that we computed. In
particular, we have

3-2s5 _
1-2s 2 4 . SE =
s(1 =2s5)(1 = 5)(3 = 25) 2
aji =
1
81In2, =—.
n N 5
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