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Abstract: In this paper, we develop a new Best Uniform Rational Approximation-Semi-Discrete
(BURA-SD) method taking into account the singularities of the solution of fractional diffusion prob-
lems in polygonal domains. The complementary capabilities of the exponential convergence rate
of BURA-SD and the hp FEM are explored with the aim of maximizing the overall performance. A
challenge here is the emerging singularly perturbed diffusion-reaction equations. The main contribu-
tions of this paper include asymptotically accurate error estimates, ending with sufficient conditions
to balance errors of different origins, thereby guaranteeing the high computational efficiency of
the method.
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1. Introduction

We analyze a new method for numerically solving a spectral fractional diffusion equa-
tion in a curvilinear polygonal domain Q) C R?. There are no additional constraints on
the geometry of (). The equation can be written in the form A%u(x) = f(x), where A
is a positive definite self-adjoint second-order elliptic operator in (2 with homogeneous
Dirichlet data. In recent years, several groups of methods have been proposed to approxi-
mate the inverse of A" in the case of sub diffusion, i.e., for & € (0, 1). Despite the different
approaches in obtaining them, they can all be written as a rational approximation. In the
original BURA (Best Uniform Rational Approximation) method, we used the approxima-
tion of z%, z € [0,1]. In the following years, this approach was applied to more general
equations that involve A*. By definition, when applicable, BURA methods have the best
accuracy. The same applies to their computational complexity as well. Let us consider the
second-order elliptic equation with homogeneous Dirichlet data

V- (a(x)Vo(x)) = g(x),
v(x) = 0,

forx € Q),
for x € 0Q). @)

Here, Q) is a bounded curvilinear polygonal domain in R?, and we assume that 0 < ag < a(x)
for x € Q). The fractional powers of the elliptic operator associated with the problem (1) are
defined in terms of the weak form of the differential equation, namely, v(x) is the unique
function in V = H}(Q) = {w(x) € H(Q) : w(x) = 0 for x € 0O} satisfying

A(v,w) =

(gw), YweV, (2)
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where

2A(v, w) ::/Qa(x)Vv(x)‘Vw(x) dx and (v,w) ::/Qv(x)w(x) dx.

For ¢ € X := L%(Q), (2) defines a solution operator Yg := v. Following (1), we introduce
the unbounded operator A with domain

D(A) ={Yg: g€ X}
such that Av = g for u € D(A) where g € X with Yg = u. A is well defined as Y
is injective.
Now, we consider the spectral fractional diffusion problem

A*u = f, withasolution u=A"%f, a€(0,1), )

where o 00
A%y = Zi)\}’-‘(u, ¢;)¢j, and therefore u = Z%A;“(f/ ¢;) ;- )

j= =

Here, « is the fractional power of the diffusion operator, {4>]~}]?‘°:1 are the normalized
eigenfunctions of A, satisfying the equalities (A¢;, ¢;) = (¢;, ¢j) = J; j, also assuming that
the positive eigenvalues {)\j}}-";l are in monotonically increasing ordering, i.e., 0 < A; < A;
ifi <j.
We apply the finite element method (FEM) to the numerical solution of (3), thus
obtaining the linear system
A“uh = fh' (5)

Here, A € RNV is a sparse symmetric positive definite (SPD) matrix,
A* = W'D*W, and consequently A% = WD *W, (6)

where D is the diagonal matrix of the positive eigenvalues {A;,} ¥, of A, and W is the
matrix of the corresponding eigenvectors {¢; ,} N ;. Analogous to the continuous case, here
we assume that the eigenvectors of A are normalized to satisfy the equalities (A¢; ,, ¢; 1) =
(¢i,hr (P]h) = 51',]', and 0 < /\i,h < )\j,h ifi <j.

In the case of FEM discretization, the matrix A is symmetric with respect to the energy
scalar product associated with the mass matrix. The details are discussed in Section 2.

The Formulas (4) and (6) are clear and simple to interpret. But, are they applicable
in computational practice? In this regard, the first question is if the spectrum of A or A
is known, or if it is easily computable. In the general case (regarding the geometry of
in particular), this is not the case. And, in the event that the spectrum is available, the
problem of implementation remains. In the discrete case, this concerns the computational
complexity to perform matrix-vector multiplications with W and W!, which, excluding
some very special cases, is of order O(N 2). Therefore, the relations (4) and (6) can be mainly
used in theoretical analyses.

There are different definitions of fractional Laplacian operators, and more generally of
fractional diffusion operators. They correspond to nonequivalent boundary value problems.
Fractional diffusion operators are non-local. As a result, the matrices emerging after their
finite element discretization are dense. One of the reasons for the growing interest in
spectral fractional diffusion is the recognized opportunities for development of efficient
numerical methods for multidimensional problems. Advances on this topic have been
strongly influenced by the work of Caffarelli and Silvestre [1] (see also [2]) on an extension
problem associated with the fractional Laplacian. Almost ten years later, this result has
been used to develop a numerical method [3] where the non-locality is avoided at the cost
of the increased dimensions of the computational domain.
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Transformations of the boundary value problem with fractional Laplacian in O C R to
(d +1)-dimensional local (of non-fractional order) equations have been used in a number of
approaches proposed over the past decade. From this view point, and without pretending
for completeness, we will cite the following classification used, for example, in [4]:

AP1. Methods based on the elliptic extension in Q) x (0, ), see, e.g., [3,5,6];

AP2. Methods based on the pseudo-parabolic extension in Q) x (0,1), see, e.g., [7-9];

AP3. Methods based on the Dunford-Taylor integral representation of the solution, see,
eg., [10,11];

AP4. Methods based on the best uniform rational approximation (BURA), see, e.g., [12,13].

Despite the substantial difference of the approaches AP1-AP4, the implementation of all of
them can be interpreted as some rational approximation of A~%. This common property was
first systematically discussed in [14]; see also the survey paper [15]. Over the next few years,
the work on the further development of efficient numerical methods for space-fractional
differential equations is actively continuing [4,16-28].

In the recent work [20], the convergence of hp FEM for spectral fractional diffu-
sion in polygons is studied. The developed method is based on the elliptic extension in
Q x (0,00), i.e., on the approach AP1. Following the spectral decomposition proposed
in [5], the extended elliptic operator is diagonalized with respect to the auxiliary variable
in (0,00). Then, hp FEM is applied to the obtained series of auxiliary singularly perturbed
diffusion-reaction problems in Q). Using the error analysis published in [29], exponential
convergence is proven.

Our research is motivated by [20]. However, the construction of the proposed method
is significantly different. The goal is to improve the computational complexity as well as
reduce some numerical stability limitations associated with the operator diagonalization
used in [20]. While ref. [20] exploits the elliptic extension of Caffarelli and Silvestre [1], this
new method is based on best uniform rational approximation of the solution. The similari-
ties/differences and advantages/disadvantages of these two approaches to numerically
solving fractional diffusion problems are discussed in detail in the survey paper [12]. The
main contributions of this paper are as follows. The developed and analyzed semi-discrete
BURA method is substantially new. The abbreviation BURA-SD is used to distinguish the
new method from the previously known fully discrete BURA method. The semi-discrete
scheme allows for the better adaptation of the construction and analysis of the rational
approximation to the regularity of the solution in the case of a polygonal domain. To
maximize the quality of the overall computational complexity, we integrate the optimal
exponential convergence rate of BURA-SD and the exponential convergence rate of hp FEM.

The rest of the paper is organized as follows. Basic results about hp FEM discretization
in curvilinear polygonal domains are presented in Section 2. Section 3 discusses how to
combine BURA-SD and hp FEM discretization. The next two sections contain the main
results of the paper. Exponential error estimates of the semi-discrete and fully discrete
BURA-SD methods are obtained in Section 4. The computational complexity is then
analyzed by balancing the different types of errors in the next section. At the end, brief
concluding remarks and challenging topics for future research are given.

2. hp FEM Discretization

The finite element approximation is defined in terms of a conforming finite dimen-
sional space Vj, , C V of piece-wise polynomial functions over a triangulation 7j of the
polygonal domain Q). Here, we consider isoparametric Lagrangian finite elements (FE) of
degree p > 1. Following the assumptions of [20], we allow both triangular and quadrilat-
eral elements K € 7, which in the general case for p > 1 can be curvilinear. In principle,
shape regularity of the triangulation is not required. In fact, as we shall discuss later,
anisotropic mesh refinement towards d() is natural to be applied to resolve singularities
of the boundary layers or around corner points of the boundary. Such singularities are
generically present in solutions of fractional diffusion problems in space.
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The discrete operator Aj, is defined as the inverse of Y, : Vj,, — V}, , with Yj,g5, 1= vy,
where v, € V}, , is the unique solution to

A(vy, wy,) = (gn,wy), forall wy €V, (7)

Then, the finite element numerical solution of (3), i.e., the approximation uy, € V}, ,, of
u, is defined by the equation

Aju, = myf, orequivalently u, = A, “m,f:= A" f. (8)

Here, 71, stands for the L?(Q)) projection onto Vj,,p- In this case, N denotes the dimension
of the FEM space V}, , and equals the number of (interior with respect to (1) degrees of
freedom. The operator A; in the finite element case is a map of Vh,p into Vj, , so that
Aoy, = gy, where g, € Vj,,p is the unique solution to

(8w wp) = Aoy, wy,), forall wy € V). )

Let us denote by {¢j}ij: 1 the standard nodal basis of Vj, ,. With respect to this basis, the
operator Aj, is represented by the matrix

A=M"'S, where S;;=2A(pi¢;), M;j= (i) (10)

In accordance with the terminology adopted in the finite element method, M and S are
the mass and stiffness matrices, respectively. They are both symmetric and positive defi-
nite (SPD).

Obviously, if w = A,z and w,z € RN are the coefficient vectors corresponding to
w,z € Vi, then w = Az. Now, for the coefficient vector f; corresponding to f;, = 7y, f, we
obtain f, = M~!F,, , where F}, is the vector with entries

Fh/j: (f/(PJ)/ for jIl/z""’N'

Thus, using vector notation so that uy, is the coefficient vector representing the solution uy,
through the nodal basis, we can write the finite element approximation of (3) in the form of
a system

Auj, = f, = M'F,, which implies Suy, = F. (11)

Therefore, for the finite element approximation of the subdiffusion problem (7) we obtain
the equation
MA%uy, =F;, orequivalently u;, = A™*M1E,.

We note that the matrix A € RN*N is SPD with respect to the Euclidean space defined by
the energy inner product associated with the mass matrix, that is

(v, W)y = (Mv, w).
This follows directly from the definition (10), which implies the equality
(Av,w)y = (Sv,w). (12)

In the context of our study, the FEM problem (8) is by default large-scale, i.e., N >> 1.
When analyzing the new BURA-SD algorithm, we will assume that systems of the type
(S+dM)v), = gy, d > 0and vy, g, € RN can be solved numerically in an efficient way by
a method that requires O(N) arithmetic operations, with a constant possibly depending
on p. This can be achieved by using fast iterative solvers for the aforementioned auxiliary
sparse linear systems, based for example on multigrid, multilevel or domain decomposition
preconditioners, see, e.g., [30]. In the present paper, our goal is to construct a solution
method for (3) whose total computational complexity is as close to O(N) as possible.
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In the case of quasi-uniform partition 7, and # FEM approximation, the condition
number of the stiffness matrix S increases as k2 when h — 0, i.e., k(S) = O(h~?). Here, the
focus is on the hp FEM. It is known that in this case, shape functions based on interpolating
Lagrange polynomials at Gauss-Lobato points play an important role. Now, let us denote
by SCL the standard nodal basis stiffness matrix and by S°" the stiffens matrix obtained
if the corresponding spectral basis functions are used in the interior of the finite elements
K e 7},,,. If the mesh 771,[, is quasi-uniform, then the following estimates hold (see [29]):

k(SCE) = O(p*logp h™2) and «(S°F) = O(p® h2). (13)

As mentioned above, it is natural to apply local mesh refinement towards 02 to resolve
singularities of the boundary layers or around corner points of the boundary. The case of
an L-shaped domain with a mesh refined towards the re-entrant corner is discussed in [31],
see also [32]. From the presented numerical test, one can see in particular the exponential
growth of x(S¢L) when the number of layers increases. The behavior of S is significantly
better. Under rather more general conditions, it was shown in [29] that, for meshes that
are refined geometrically toward singularities, x(S") is independent of the number of
refinement levels.

The condition number of the mass matrix is also of interest when the BURAcb solver
is implemented. In the case of quasi-uniform partition 7; and h FEM approximation,
k(M) = O(1). Now, unlike (13), if 7}, is quasi-uniform and the hp FEM is applied,

k(MCL) = O(p*logp) and k(M) = O(p). (14)

These estimates do not depend on k, which is a general property of the condition number
of the mass matrix. Since the element mass matrix is positive definite, estimates of this type
are proved element-wise. And again, under conditions similar to those in [29], for meshes
that are geometrically refined in the singularity region, x(M°") does not depend on the
number of levels of refinement.

Estimates (13) and (14) are important for a better understanding of the computational
complexity analysis in Section 5.

Finally, although the improved BURA method presented in [12] is robust with respect
to the condition number of the discrete elliptic operator, the estimate of x(A) = x(M~!S)
is of practical importance in computing the best uniform rational approximation. So, for
example, in the numerical tests, we use the BRASIL [33] software to calculate BURA, where
an upper bound of x(A) is needed as an input parameter.

3. BURA-SD

Let us denote by 7, (z) the best uniform rational approximation (BURA) of degree k
of z* in [0, 1], belonging to the diagonal of the Walsh table. This means that we consider the
rational functions r¢(z) = P(z)/Qx(z), where P, and Qy are polynomials of equal degree
k. By definition, r, x(z) is the error minimizer for which

E,;:= min max |z% — r¢(z)]. 15
K (ER (KK 26[0,1]| €(2)] (15

The following additive and multiplicative representations of 7, x(z) can be used in the
implementation of the BURA methods and algorithms:

. _ Soa -G here ¢ > 0 16
“’k(z)ico—kzz—d'7COHz—d4’W erec; > 0. (16)
i=1 ! i=1 1

As was shown in [13], all k zeros ¢y, ...,k and poles dy, . . ., dy are real and negative. Even
more precisely, they are interlacing, that is, with appropriate numbering

0> >d1>8>dy>...> 8 >dp > —oo.
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The following asymptotically sharp exponential estimate of E, j (see for more de-
tails [13] and references there in) holds:

Eyx < 4% sin(arn) e~ 2mVak, (17)

In accordance with the introduced notations, the BURA approximation of A~* for « € (0,1)
is defined as
AT = AT (ApATY),

where A j, is the smallest eigenvalue of A. In the particular case of FEM approximation,
see (10), Ay j, is the smallest positive eigenvalue of the generalized eigenvalue problem

Sv = AMv.

Here, we will use the variant of the BURA method as proposed and studied in [12], see also
the survey paper [15]. Let us denote by w;, the BURA approximation of the solution uy, of
hp FEM system (11) defined as follows

wy = AL (A pA T (18)

Following (16), we distinguish additive and multiplicative variants of the BURA
method. So far, the first one is more often used and analyzed. In this paper, we will look at
both. The additive variant relies on the partial fraction decomposition of 7, x(1/z), while
the multiplicative one deals with the factorization of r,;(1/z). Thus, transforming the
expressions (16), we obtain the equalities

k ~

4 k ., _ &
as(2) = rx(1/2) = o+ )~ =@ [[ 228, 19

=1 % — 4 =1 %24

Here, & > 0 and d;, & < 0. In this way, the variants of BURA method based on (19) read as

k
u, = /\fﬁ col + Z /\Lh[fi(A — /\1’hdl'1[)1‘| fh/
i=1
(20)
k
we = Ao T[(A = A&0(A - A,dD) 8,
i=1

Thus, the additive and multiplicative variants of the BURA method for numerical solution
of (3) require solving k auxiliary linear systems with SPD matrices, which are positive
diagonal shifts of A. We should note here that the matrix A = M~!S is dense and we do not
want to compute it explicitly and then solve the systems that appear in (20). To overcome
this problem we rewrite the additive and multiplicative representations (20) in the form

uy Alh [50M_1 + X5 Aadi(S— AlthiM)_l} E
(21)

wy, = AREoMTT [(S = ApuGiM) (S — AgydiM) Ry,

Thus, the determining part of the computational complexity the BURA method is due to
solving k linear systems with sparse SPD matrices, which are positive shifts of the stiffness
matrix S with the mass matrix M.

The discussed BURA method can be directly applied to the hp FEM discretization
of (3) as follows:
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BURA method

(1) Consider the fractional diffusion problem (3), A*u = f, a € (0,1).

(2) Choose the hp FEM space V}, , C V and compute the stiffness matrix S corresponding
to the elliptic operator A and the mass matrix M.

(8) Choose the degree of rational approximation k and find the best uniform rational
approximation r, x(z) of z*, z € [0,1].

(4) Applying (18), compute the BURA approximation of the solution uy, of the system (11),
A“uh = fh-

(5) Find the BURA approximation of u € V as the hp FEM function u;, € Vj, represented
by the nodal basis vector uy,.

We now introduce the BURA-SD method. In the new method, the best uniform rational
approximation is applied to the continuous fractional diffusion equation. As we will see, the
semi-discrete BURA approximation leads to a composite method whose implementation
and analysis better suits the problem at hand.

BURA-SD method

(1) Consider the fractional diffusion problem (3), A*u = f,a € (0,1).

(2) Choose the degree of rational approximation k and find the best uniform rational
approximation r, x(z) of z*%, z € [0,1].

(3) Find the semi-discrete BURA approximation i of u by the formula

0= A " (M AT S (22)

(4) Choose the hp FEM space V}, , C V and compute the stiffness matrix S corresponding
to the elliptic operator A and the mass matrix M. Apply the ip FEM to (22) and obtain
the approximation i, of I, which satisfies the equality

= AL (MATHE, (23)

(5) Find the BURA approximation of I € V as the hp FEM function il;, € V}, represented
by the nodal basis vector .

Remark 1. The BURA and BURA-SD methods are not equivalent, but the respective approxima-
tions asymptotically coincide. More precisely, it is easy to see that

lim wy, = Gy, and consequently lim uy = . (24)
)\Lh*ﬂ\] )\Lh*)/\]

Let us recall that the first eigenvalue of the operator A associated with the elliptic boundary value
problem (1) is uniformly separated from 0. Thus, Ay = O(1) and accordingly, for a sufficiently fine
hp FEM discretization, A, = O(1). We will also note that in the implementation of both methods,
BURA and BURA-SD, some approximation from below of the first eigenvalue is used.

In numerically solving spectral fractional diffusion problems, it is generally assumed
that the power k required to obtain a given accuracy of E, ; is a measure of computational
efficiency. This principle will also be applied in the analysis in Section 5. However, it is
worth noting that some recent publications raise questions and suggest ideas for further
improvements in this direction as well. Thus, for example, it was shown in [27] that for
larger k, the so-called additive reduced sum BURA-AR method and the multiplicative re-
duced product BURA-MR method can be applied to improve the computational complexity.
Although the approach is different, the results based on the reduced conjugate gradient
method proposed in [34] lead to quite similar conclusions.
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4. Error Analysis

In this section, we estimate the accuracy of the numerical solution 7, obtained by
BURA-SD method. The analysis follows the representation E = u — i1, = (u — i) + (i —
i1;,), which corresponds to the successive steps of the method.

4.1. Error of the Semi-Discrete BURA-SD Approximation

We begin by estimating the error of the semi-discrete BURA-SD approximation E; =
u — 1. The orthonormal basis of eigenfunctions of A is used to expand the right-hand side
f, thus obtaining the following estimate of E; in the energy norm induced by A

MS

|E1| % (Z)\ (f,91) i — AL rap(AMA™Y) Y Ai(f. 9) ¢,

1

j

Z)‘ f‘P] 1 rak AlA Z f‘l’] )
]:
- Az“iﬁl(M)% k<M>]1f¢)
' j=1 "T\M " Aj !

|mm:=AM2AP—m 0] ()

A

Then

where 6; := A1/A; € (0,1] C [0,1]. Now, we apply (15) to obtain

lwmA<A”#kZAf¢] ATZEZ I fI%- (25)

The following lemma is an immediate consequence of this estimate.

Lemma 1. For each « € (0,1) the error of the semi-discrete BURA-SD approximation E; =
u — 1 decreases exponentially as the degree of the best uniform rational approximation k increases,
satisfying the estimate

[Exll, < erA 4 sin(ar) e 2™ ]|, (26)
Here, the constant c; > 0 is independent of « and k.

Proof. The upper bound in the inequality (26) follows from the equivalence of the norms
||.||H, and ||.|| 4, and from (25), where (17) is applied to estimate E, ;. O

4.2. hp FEM Approximation of Singularly Perturbed Diffusion-Reaction Equations

Without limiting the general applicability of the results, from now on, for convenience,
we will analyze the additive representation of the BURA-SD method. So, let us consider
the semi-discrete approximation in the form

k
0= Al_a CoL + Z)\1C~i(.z4 — )\11{1'1)_1 f, (27)
i=1

where 7 is the identity operator, ¢ > 0 and d; < 0 are real constants. The above formula
follows from (19) as a semi-discrete analogue of the first equality from (20). It is important
for the analysis that the coefficients —d; have an exponential growth when i tends to 1. This
is explained by the exponential clustering toward 0 of the poles of 7, x.
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In this context, we will refer to [26], where the behavior of —d; is discussed, with
extreme growth illustrated by numerical results. For example, there we see that for k = 45
the first nine coefficients —d; for & = 1/4 are greater than 10%°. For k = 70 the results are
similar: for &« = 1/4 and & = 1/2, for the first 21 and the first 8, respectively, —d; > 10%,

Now, we rewrite (27) in the form

k
2 =A7" QT+ ) (—&/d) (e A+ D)7 f, (28)
i=1
where 812 = —1/(A1d;). Therefore, we will have to solve diffusion-reaction problems with

small positive parameters ;.

Thus, to ensure exponential convergence of the semi-discrete BURA-SD approximation,
a crucial role is played by obtaining a robust error estimate when applying the hp FEM to
singularly perturbed diffusion-reaction problems of the form

-2V - (a(X)Vus(x)) +ué(x) = f(x'), forx' €Q, 29)
ut(x’) = 0, for x’ € 9Q),

where ¢ > 0is a small parameter. It is known (see, e.g., [35]) that u® exhibits boundary layers
near d() with additional singularities induced by the corner points. A similar behavior is
also typical for the solution of the fractional diffusion problem (3).

In the present study, we will use the same finite element space V},, for the numerical
solution of all diffusion-reaction subproblems that appear in the sum in (27) and in (28),
respectively. In constructing Vj,,,, it is natural to apply both the geometric refinement of the
boundary layer mesh and the geometric refinement of the corner mesh.

Here, we will use the meshes 7, = ’7;.%;)’,’0 defined in [20]. They are generated by
geometric refinement of a small number of so-called reference patches associated with
the regular initial macro-triangulation 7y of (possibly curvilinear) quadrilaterals. For
non-trivial patches with integers L < n, we denote the number of layers of refinements
towards an edge and towards a vertex, respectively. Omitting some details of the strict
definitions and simplifying the notations, for a given parameter o € (0, 1) the construction
of 7;55'?(7 is based on the following assumptions:

(A1) Trivial patches are not further refined.

(A2) Patches with L layers of geometric refinement towards an edge are characterized by
a reference macroelement [0, 1]2 containing L rectangles that are determined by the
nodes (0,0), (0,1),and (0,¢%), (1,0),i =0,1,- - - L.

(A3) Patches with n layers of geometric refinement towards a corner are characterized by a
reference macroelement [0, 1]? containing triangles that are determined by the nodes
(0,0), and (0,0%), (¢%,0), (¢,¢%),i =0,1,--- ,n.

(A4) Patches with L layers of geometric refinement towards an edge and n layers of geo-
metric refinement towards a corner that is vertex of the same edge are characterized
by a reference macroelement [0, 1]2 with a tensor product of refinements of the types
described in assumptions (A2) and (A3), respectively.

(A5) Patches with L layers of geometric refinement towards two adjacent edges and # layers
of geometric refinement towards a corner that is a common vertex of these edges
are characterized by a reference macroelement [0, 1]?> with a tensor product of two
refinements described in assumption (A2) and a refinement described in assumption
(A3), respectively.

Three examples of patches characterized by the corresponding reference macroelements
in [0, 1)2 are shown in Figure 1. The assumptions (A1-A5) actually define a catalogue of
possible refinements. Additional figures illustrating such patches can be found in [20].
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Figure 1. Patches with: (left) L = 4 layers of geometric refinement towards an edge (A2);
(centre) n = 4 layers of geometric refinement towards a corner (A3); (right) L = 4 layers of ge-
ometric refinement towards an edge and n = 4 layers of geometric refinement towards a corner that
is vertex of the same edge (A4).

The following lemma will be used in the upcoming analysis.

Lemma 2. Let Q C R? be a curvilinear polygon with | vertices and let the mesh 7?5’0’;7 satisfies
the assumptions (A1-A5). Then, there exist constants C, v > 0, B € [0,1) (depending only on
the data a(x"), f, and on the macro-triangulation Ty), so if e € (0,1] and L satisfies the scale
resolution condition
ol <, (30)
then
[ = [y < Ce2p? (o170 4777 (31)

Here, uj € V , CH L(Q)) is the hp FEM numerical solution of (27), where the finite element space
Vi, p is defined on 7;,%5%. In addition, the dimension of V}, , is bounded as follows

N :=dim(V;,,) < Cn ]pZ(L2 n n) (32)
where the constant Cyy > 0 can depend only on a(x"), f and Ty.

Proof. The error estimate (31) and the inequality (32) follow from Proposition 2 of [20].
To this end, the analysis must be reproduced in terms of the definitions and notations
introduced above. This result can also be derived directly from the earlier paper [35]. O

4.3. Exponential Convergence of the Fully-Discrete Approximation

Let us write the error of the fully discrete approximation as a sum of the following
two component errors
E=u—10y=u—a)+ 0 —1i)

or

~

E =Ey 4+ E, where Ey =u —iland Ep = 11 — 1.

The E; component was estimated in Lemma 1. For the second term, we apply (28) to obtain
the representation

k
Ey =t —i, = Y_(—¢&/d;) (0% — a}), (33)

where

and




Mathematics 2024, 12, 2266

11 of 17

In (33), ﬁzf € Vj,p is the hp FEM approximation of i1/ obtained using the mesh 7';;0”0 Now,
under the assumptions of Lemma 2 we obtain the estimate

k k
|Eal|m, < CY_(—&i/dy)e; *p’ <a<1—ﬁ>n + eW) =CY &anp’ (a(l—W + ew). (34)
i=1 i=1

Lemma 3. Let QO C R2? be a curvilinear polygon with | vertices and let the mesh 7;,%;,’70 be
constructed in accordance with assumptions (A1-A5). Also, let L be large enough so that the scale

resolution condition
ol <\/=1/(Mdy) (35)

is satisfied. Then, there exist constants Cy, v > 0, p € [0,1) (depending only on the data a(x),
f(x), and on the macro-triangulation Tyy) such that

|Eal|n, < Catikp® (gu—ﬂ)n +e—w)_ (36)

Proof. Analogous to {&;}%_,, {d;}\_,, the coefficients {&}X_,, {d;}}_, satisfy the inequalities

i=i’
00> >0>-->C¢>0

and ) . }
—oo < dy <dp <---<d <.

Now, we use the equality )
e = —d;/Ai = —1/(\idy),

and taking into account that {a?,}i‘:l increases monotonically, we obtain from (35) that
(eb)? < —1/(Mdy) < =1/ (Midy).

Therefore, the scale resolution condition (30) is satisfied for each ¢;,i = 1, - - , k. Finally,
the estimate (35) follows from (34), noting that A; = O(1) and that {&;}X_, increases
monotonically. [

The following theorem completes our error analysis.

Theorem 1. Let QO C R? be a curvilinear polygon with mesh 7;%;,’} constructed according to
assumptions (A1-A5). Also, let L be large enough so that the scale resolution condition

ol </ =1/ (Mdy) (37)

is satisfied. Then, there exist constants Ca, v > 0, p € [0,1) (depending only on the data a(x),
f(x), and on the macro-triangulation Ty) such that

[ = |1, < Cre 2™V 4 Cokp? (o170 4677, (38)

Proof. The estimate (38) is a direct consequence of Lemmas 2 and 3. O

5. Computational Complexity

In this section, we investigate sufficient conditions for balancing the terms on the right-
hand side of the error estimate in Theorem 1. This is the condition for ensuring the high
performance of the proposed method. In (38), the square root of k exponential convergence
of the BURA-SD interacts with the hp FEM exponential accuracy with respect to the mesh
parameters (1, p), which are in turn controlled by the scale resolution condition.
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An inherent property of the BURA methods is the exponential clustering of the poles
and roots of the corresponding best uniform rational approximation [36], see also [13,37].

Here, we will use the inequality
—i > ¢y Cdek (39)
\

with positive constants c; and ¢4, that can only depend on the fractional power a.

The exponential decrease of —1/d; with increasing i for k = 30 is shown in Figure 2,
where the influence of « is also illustrated. In a local neighborhood of k, we note a zone of
faster decrease. However, this feature is not essential for the estimation of —1/dj, taking
into account the global monotonicity of d;. The BRASIL software [33] is used to calculate d;,
see also [38].

4III\|III\III\III\III\III\

+ ++alpha =0.25
0 0o alpha = 0.50
xxx alpha =0.75

Sqrt(Log(Sqrt(-Poles))) in Line Scale from -1 to +4

-1III\|III\|III\|III\|III\|III\

5 10 15 20 25 30
Pole sequence number from 1 to 30

Figure 2. Behavior of In , /f% for1i € {1,2,...,30} and « € {0.25,0.50,0.75}.

Lemma 4. Let

1 1
L> |
= In(1/0) [nxxlcd

Then, the scale resolution condition (37) is satisfied.

+ Cdek] . (40)

Proof. We write (40) in the form

lnL + ¢4k < LIn(1/0).

A1cq
Then
= etk < (1 /0L
Alcde - ( /U)
and therefore
ol < Aqjcgecaek, (41)

Thus, from (41) and (39) we obtain that (37) is satisfied. [

Corollary 1. The scale resolution condition requires that the number of levels L in the geometrically
refined mesh 7;%5’,117 be large enough to provide the necessary hp FEM accuracy to the e2-perturbed
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reaction-diffusion problems that arise in the BURA-SD method. It follows from Lemma 4 that there
exists a constant cy > that can only depend on a, so the scale resolution condition is satisfied if

L = [e]k. (42)

We will now derive a sufficient condition for the degree k of BURA-SD to guarantee
balancing of the terms on the right-hand side of the error estimate (38). First, the BURA-SD
and h FEM errors are balanced if

e 2mVak kp90.(1+ﬁ)n'
Therefore,
Vi ~Inkp +n,
and consequently
k ~ (Inkp + n)>. (43)

Analogously, the sufficient condition for balancing the BURA-SD and p FEM errors has

the form
e 2mVak kp®e ™.

Then,
Vk ~Inkp +p,

and consequently
k ~ (Inkp + p)>. (44)

Using (43) and (44) we obtain the following lemma.
Lemma 5. Let the scale resolution condition (37) be satisfied and let
k=n?+p*
Then,
[ =l < Coln? + p2)p° (7P 4 e707).
Similar to Lemma 3, the constants Ce, 7y > 0, B € [0,1) depend only on the data a(x), f(x) and on
the macrotriangulation Tgy.

We conclude our analysis with the following theorem.

Theorem 2. Let O C R? be a curvilinear polygon with mesh ’7;,%;,’:1(, constructed according to
assumptions (A1-A5). Then, there exist a mesh refinement parameter o € (0,1), BURA-SD degree
k, and constants C,, Cc, v > 0, B € [0,1) (depending only on the data a(x), f(x), and on the

macro-triangulation Tyy), such that the following error estimate holds
[ = ] 1, < Ce(n? + p2)p° (P 7 (45)
and the computational complexity is bounded by
Niurs < Cep*L(L? +n). (46)

Proof. The error estimate (45) follows directly from Lemma 5. Now, to prove the computa-
tional complexity estimate (46) we analyze the implementation of the BURA-SD method.
It involves solving k linear systems with the sparse SPD matrices S — Ay ,d;M € RN*N,
i=1,2,--- k. We will assume that a suitable fast preconditioned iterative solver is used
for this purpose. For example, such a multigrid preconditioner for the p-hierarchical basis
finite element method is proposed in [30]. The number of multigrid iterations n};° = O(1)
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is uniformly bounded regardless of p. Then, the following estimate of the computational
complexity Naura of the BURA-SD method holds

Novs = O(kpzN),

where p? represents the number of nonzero off-diagonal elements of the matrices. Thus,
from (32) we obtain

-/V;suzm = O<kP4(L2 + 1’l)>,

and finally applying (42) we obtain
Niura = O(p‘lL(L2 + n))
O

6. Concluding Remarks

In this paper, we have developed a new method for the numerical solution of sub-
diffusion problems in curvilinear polygons Q) C R?. This means that there are practically no
restrictions on the geometry of the bounded computational domain. The spectral definition
of the elliptic operator A%, a € (0,1], is used. The proposed methodology allows the
construction of a method that fully utilizes the strengths of the #p FEM and new BURA-SD
methods. Only less than ten years ago, we did not have the theoretical basis for creating
computationally efficient methods and algorithms for large-scale problems of this type.

The error estimate (45) fully reproduces the exponential convergence rate O(o(1=#)" 4
e~ ") of the hp FEM, see (31), which characterizes the case of a standard (local) elliptic
boundary value problem. In addition, the developed algorithm providing this accuracy is
computationally highly efficient. In this context, we note that taking into account (32), we
can write (46) in the compact form Ny, = O(p?LN). We recall that in constructing the hp
FEM patches, we denote by L the number of geometric refinement layers to an edge where
n is the number of geometric refinement layers to a corner that is a vertex of the same edge.

Our research is influenced and motivated by the recently published results in [20]. In
short, the following steps apply there. The auxiliary elliptic extension equation in (2 x (0, o)
that was originally proposed in [1] is considered. It is first truncated and diagonalized in
the expanded variable. The fractional diffusion problem thus reduces to M decoupled
singularly perturbed diffusion-reaction equations in (). The hp FEM discretization and
error analysis from [35] are then utilized. By the arguments of [14], we can interpret the
method of [20] as a rational approximation of A~*. In the context of the present paper, the
integer M corresponds to the BURA-SD degree k.

In this work, we elaborated a novel approach to the BURA (here called BURA-SD)
approximation of A™* that is adapted to the specifics in the analysis of the hp FEM used.
One may wonder whether some other rational approximation can be integrated into this
framework instead of BURA-SD. The answer is yes. Alternatively, both pseudo-parabolic
extension (AP2 approach) and quadrature integral representation formulas (AP3 approach)
can be applied. It is also worth noting that in each of the AP2-AP3 cases, the problem
of computational instability that appears at the disorganization step of Al approach for
larger M is overcome. Compared to all others, the essential advantage of the BURA-based
method is that it provides, by definition, the best uniform rational approximation. When
applicable, this leads directly to a better computational complexity as well.

The application of a newly developed numerical method for a class of elliptic problems
to the corresponding parabolic equations is usually expected to be a direct consequence.
Although this is true for standard (local) partial differential equations, this does not hold
in the case of space fractional diffusion problems. The reason for this is that multiplying
a vector by the matrix A* turns out to be more complicated than solving a system with
the same matrix. A systematic analysis of BURA and BURA-based approximations of the
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fractional powers of sparse SPD matrices was recently presented in [4]. It follows from the
results in [4] that the application of the BURA-SD method proposed here for the case of
the hp FEM space discretization to parabolic equations will require a thorough analysis
of the computational complexity, which will also include the influence of the condition
number x(A).

The degree of rational approximation k determines the number of auxiliary sparse
linear systems to solve in the implementation of the numerical methods for fractional
diffusion equations, which we classified here into four groups according to approaches
AP1-AP4. This is the argument for using k as a universal measure when estimating
computational complexity via O(k). More recently, a reduced conjugate gradient basis
method for fractional diffusion was proposed in [34]. It is shown there that a smaller number
of linear systems can be used without the loss of accuracy of the rational approximation.
This is also the aim of the earlier work [26], where the so-called reduced multiplicative
(BURA-MR) and additive (BURA-AR) methods were presented. Further theoretical analysis
is needed to better understand the possible similarities of the apparently quite different
approaches explored in [26,34]. In any case, such kinds of results can be used to improve
the algorithm and thus to refine the estimate of the computational complexity (46).

The results in [20], and now in the present paper, raise a wide range of questions
for future research. Here, we also note the recent work [39], where an a posteriori error
estimator for the spectral fractional power of the Laplacian is developed. In this context, we
will note such challenging examples as the generalization of currently available results to
fractional diffusion problems in three-dimensional polygons, as well as to equations with
heterogeneous and anisotropic coefficients. The development of a BURA-based multilevel
adaptive scheme is another attractive topic for future research.

In conclusion, the discussions in this paper have been focused on mesh methods and
in particular on the ip FEM discretization case. In perspective, however, we are analyzing
alternative possibilities to further develop our research in the spirit of meshless methods.
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