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Abstract

As a first step towards a mathematically rigorous understanding of adaptive spectral/hp
discretizations of elliptic boundary-value problems, we study the performance of adaptive
Legendre-Galerkin methods in one space dimension. These methods offer unlimited approx-
imation power only restricted by solution and data regularity. Our investigation is inspired
by a similar study that we recently carried out for Fourier-Galerkin methods in a periodic
box. We first consider an “ideal” algorithm, which we prove to be convergent at a fixed
rate. Next we enhance its performance, consistently with the expected fast error decay of
high-order methods, by activating a larger set of degrees of freedom at each iteration. We
guarantee optimality (in the non-linear approximation sense) by incorporating a coarsening
step. Optimality is measured in terms of certain sparsity classes of the Gevrey type, which
describe a (sub-)exponential decay of the best approximation error.
Keywords: Spectral methods, adaptivity, convergence, optimal cardinality.

1 Introduction

The mathematical theory of adaptive algorithms for approximating the solution of multidimen-
sional elliptic PDEs is rather recent. The first convergence results of adaptive finite element
methods (AFEM) have been proved by Doérfler [12] and Morin, Nochetto, and Siebert [15]. On
the other hand, the first convergence rates were derived by Cohen, Dahmen, and DeVore [7] for
wavelets in any dimensions d, and for finite element methods (AFEM) by Binev, Dahmen, and
DeVore [3] for d = 2 and Stevenson [19] for any d. The most comprehensive results for AFEM are
those of Cascén, Kreuzer, Nochetto, and Siebert [6] for any d and L? data, and Cohen, DeVore,
and Nochetto [8] for d = 2 and H~! data. The key result of this theory is that AFEM delivers a
convergence rate compatible with that of the approximation classes where the solution and data



belong. The recent results in [8] reveal that it is the approximation class of the solution that
really matters. However, in all the above cases (practical wavelets and FEM) the convergence
rates are limited by the approximation power of the method, which is finite and related to the
polynomial degree of the basis functions or the number of their vanishing moments, as well as
the regularity of the solution and data. We refer to the surveys [16] by Nochetto, Siebert and
Veeser for AFEM and [20] by Stevenson for adaptive wavelets.

A similar study for adaptive high-order methods (such as spectral element methods or hp
finite element methods) has started only recently and very few results are available. The ultimate
goal is to design algorithms which optimally choose between h-refinement and p-enrichment, and
for which a rigorous mathematical proof of rate of convergence and optimality can be given. This
is a formidable task which requires, among other things, the study of sparsity classes tailored
to functions which are (locally) infinitely smooth. Some rigorous mathematical results on the
convergence of hp-methods for PDEs have been established recently in [18, 13, 4]. Although
the numerical implementations of adaptive hp methods has now reached high levels of efficiency
(see, e.g., [17]), the theoretical study of optimality has never been addressed. A first step in
this direction has been accomplished in [5], where the contraction and the optimal cardinality
properties of adaptive Fourier-Galerkin methods in a periodic box in R? with dimension d > 1
are presented together with the analysis of suitable nonlinear approximation classes (the classical
one corresponding to algebraic decay of the Fourier coefficients and another one associated with
exponential decay).

The present paper represents a second step towards the study of optimality for high-order
methods. We extend the method and the results contained in [5] to a non-periodic setting in
one dimension. This is the closest situation to the periodic case, since an orthonormal basis
is readily available (the so called Babuska-Shen basis formed by the anti-derivatives of the
Legendre polynomials); together with the associated dual basis, it allows one to represent the
norm of a function or a functional as a f2-type norm of the vector of its coefficients. In addition,
the stiffness matrix for smooth coefficients of the differential operator exhibits a quasi-sparsity
behavior, i.e., an exponential decay of its entries as one goes away from the diagonal.

In this paper we only consider the case of an exponential decay of the best approximation
error of the solution of the PDE; indeed this is the most relevant situation which motivates the
use of a spectral /p method. Our approach relies on a careful analysis of the relation between the
sparsity class of a function and the sparsity class of its image through the differential operator.
As already pointed out in the analysis of the Fourier method [5], the discrepancy between the
sparsity classes of the residual and the exact solution suggests the introduction of a coarsening
step that guarantees the optimality of the computed approximation at the end of each adaptive
iteration.

The multi-dimensional situation, which poses additional difficulties, is currently under in-
vestigation.

2 Legendre and Babuska-Shen bases

Let I = (—1,1) and Lg(x), & > 0, be the k-th Legendre orthogonal polynomial in I, which
satisfies deg Ly, = k, Li(1) =1 and

2
/ILk(x)Lm(w)da:: 2k+15km’ m>0.



Furthermore, we denote by

¢k(x):\/k+1/2 Lk(a:), k‘ZO,

the elements of the orthonormal Legendre basis in L?(I), which satisfy

Amm%mm:@m,mzu

We denote by D = d/dz the first derivative operator. The natural modal basis in H}(I) is the
Babuska-Shen basis (BS basis), whose elements are defined as

ne(2) = /F— 1/2/ L r(s) ds = \/LL]:;_Q(LH(J;) S L) kz2; (21)

they satisfies degn = k and
an = —(ﬁk,l . (22)

Thus, the n;’s satisfy
sty = [ Do) Di(0) o =B k=2, (2.3)
1

i.e., they form an orthonormal basis for the H{ (I)-inner product.
Equivalently, the (semi-infinite) stiffness matrix S, of the Babuska-Shen basis with respect
to this inner product is the identity matrix I. On the other hand, one has

2 .
(2h=3) (2h+1) ifm=k,
1 e
(M, ) L2(1) = T D)D) kD) iftm=~k+2, for k > m , (2.4)
0 elsewhere.

which means that the mass matrix M, is pentadiagonal. (Since even and odd modes are mu-
tually orthogonal, the mass matrix could be equivalently represented by a couple of tridiagonal
matrices, each one collecting the inner products of all modes with equal parity). For every
v € Hi(I) we have

v(z) = gk ()

k=2

with 05 = f_ll Dv(x)Dng(x)dx. In view of the results in the next sections, we observe that (2.2)
yields

o (o]
Do => oxDnp=—> tr1; (2:5)
k=2 k=2

comparing this expression with
o0
Dv = Z (Dv)ﬁth
h=1

yields
(Dv)p = —Opy1 Yh>1. (2.6)



From (2.3), there follows that the H}(I)-norm can be expressed, according to the Parseval
identity, as

o
””H?{é(]) = Z ok* = v" v, (2.7)
k=2
where the vector v = (o) collects the coefficients of v. The L?(I)-norm of v is given by
HU||2L2(1) =v' M,v. (2.8)

Correspondingly, any element f € H~1(I) can be expanded in terms of the dual Babuska-Shen
basis, whose elements 7;, k > 2, are defined by the conditions

(pov)y =1, Yve Hy(I);

precisely one has

>

F=Y"Femi,  with fio = (fim)
h—2

and its H~!(I)-norm can be expressed, according to the Parseval identity, as

172y = D1kl (2.9)
=2

Summarizing, we see that the one-dimensional Legendre case is similar, from the point of
view of expansions and norm representations, to the Fourier case (see [5]).

Throughout the paper, we will use the notation || . || to indicate both the Hg(I)-norm of a
function v, or the H~1(I)-norm of a linear form f; the specific meaning will be clear from the
context.

Moreover, given any finite index set A C No := {k € N: k > 2}, we define the subspace of
V= H(I)

Vi :=span{ng [k € A} ;

we set |A| = card A, so that dim V = |A|. If g admits an expansion g = Y p—, grni (converging
in an appropriate norm), then we define its projection Pyg onto Vi by setting

Prg = Z Ik -
keA

3 The model problem and its Galerkin discretization
We now consider the elliptic problem

{Lu:—D-(VDu)+au:f in I, (3.1)

u(=1)=u(l)=0,

where v and o are sufficiently smooth real coefficients satisfying 0 < v, < v(z) < v* < oo and
0<o(x) <o*<ooin I; let us set

Qe = Uy and o = max(v*,0") .



We formulate this problem variationally as
we Hi(I) : a(u,v) = (f,v) Yo € HY(I), (3.2)

where a(u,v) = [;vDuDv + [;ouv. We denote by ||v|| = \/a(v,v) the energy norm of any
v € HY(I), which satisfies

Vol < floll < Vet . (3.3)
Given any finite set A C Ny, the Galerkin approximation is defined as
up € Vo o alup,vp) = (f,op) Yup € Vi . (3.4)

For any w € Vj, we define the residual

r(w)=f—Lw=) f(wy,  where  fy(w)=(f—Lw,m) = (f,m) —alw,mn) .
k

Then, the previous definition of up is equivalent to the condition

PAT(UA) =0, ie., fk(UA) =0 Vk e A. (3.5)
On the other hand, by the continuity and coercivity of the bilinear form a, one has
1 1
— < |lu— < — 3.6
o 1Tl < llu = uall < ={ir(ua)ll (3.6)
or, equivalently,
1 1
r(u <l — upl < r(u . 3.7
WH (ua)ll < flu—uall < \/OT*II (ua)| (3.7)

3.1 Algebraic representation and properties of the stiffness matrix

Let us identify the solution v = ), dpn of Problem (3.2) with the vector u = () of its
Babuska-Shen (BS) coefficients. Similarly, let us identify the right-hand side f with the vector
f=( fg) of its BS coefficients. Finally, let us introduce the semi-infinite, symmetric and positive-
definite matrix

A = (apr)  with  apr = a(ne, ne)re>2 - (3.8)
Then, Problem (3.2) can be equivalently written as
Au=1f1. (3.9)
In order to study the properties of the matrix A, let us first recall the following result.

Property 3.1 (product of Legendre polynomials). There holds

min(m,n)
L(2)Ln(x) = > A Lmgn-20(2) (3.10)
r=0
with
o A Ar Ay 2n+2m — 4r + 1
L Apsm—r 2n+2m—2r+1
and 1-3-5 2 1 2m)!
Ag =1, A, =3 ...(mf): (2m)!

m! 2m(m!)2



Proof. See e.g. [1].

Bearing in mind (3.8), in the sequel we will make use of the following notation

Ampn = a%’)n + ag,??n, m,n > 2

with

1 1
ag,ll?n ::/ v(z)Dnp () Dny(x)dx  and afg?n ::/ o () (z)nn (x)dz.
-1

-1
If v(x) = Y po kL, then using (3.10) it is possible to prove that

1
agllmﬂ = /ll/(x)Dan(iB)D??nH(!E)dl‘

2 HEn+1) !

_ V%7”+2X nt )/’y@ng@ngxym

-1
min(m,n)

= Z B:mn’/m—l—n—%" s

r=0
where we set
Br._\ﬂ%n+U@n+DAr

T 2mA42n —4r 41 0™
Property 3.2 (coefficients By, ,,). There holds

B ., <1

mmn ~>

for every m,n >0 and 0 < r < min(m,n).

Proof. We first observe that Stirling’s formula m! ~ V2rme mm™ implies
om

N

This can be used to prove asymptotic estimates for the factor ==; N

n+m-—r

Ap ~

Am—rArAn_r .
AnrArAnor op gr

e Case 0 <7 < min(m,n):

Ap—r ArAp_y l .
Antm—r Tm —ryn—ryr’

e Caser =0:

e Case r = min(m, n) and m # n:

Amin(m,n)A\mfn\ 1 max(m, TL)

Amax(m,n) - ﬁ \/min(m, n) \/\m — n\ '

When m = n it is sufficient to use Ag =1 to get A;l”i:o =1.

6
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(3.12)

(3.13)



Combining these results with (3.12), we now estimate the quantities By, ,, as follows:

(a) Case 0 < r < min(m,n):

1/@m+1)@2n+1) Vntm-—r
T 2m+2n—=2r+1 \/(m—r)(n—r)r
1

1 Jam |
TmA+n—rvm—ryn—ryr’

We note that the above last term can be asymptotically bounded by

T
Bm,n

~

1 1

m Vmin(m +n, [m —n|) ’

r
Bm,n ~

which amounts to considering the extremal cases » = 1 and r = min(m,n) — 1.

(b) Case r=0:
BY 11
o \fﬂ \/mi +n

(c) Case r = min(m,n) and m # n:

pmin(mny L 1
m,n \/77_ /|n — m’
When m = n we obtain By, ~ 1.
Hence, by combining (a)-(c), there follows that the terms By, ,, 0 < r < min(m,n) are asymp-
totically bounded by a constant independent of m,n,r. a

Proposition 3.1 (decay of a%?n). If there exists n > 0 and a positive constant C,, only depending

on n such that
| <Cue™™  VE>0,

then there holds
o) | < Cemmmml Y m > 2 (3.14)

where C' is a constant only depending on 7.

Proof. Using (3.11) and Property 3.2 there follows

min(m,n) min(m,n)
’a%,)n’ S Z [Vman—2r| < Z e nmin=2r)
r=0 r=0
min(m,n)
< 6—77|m—n| Z e—2n(min(m,n)—r) < Cne—mm—nl )
r=0
This gives (3.14) as asserted. 0



Let o(z) =Y po okLy then using (2.1) and(3.10) it is possible to prove that

1
ol = [ @)

-1

1 1
~ /@m-D@En-1) /_1 0(2)(Lm-—2(7) = Lm(2))(Ln-2(x) = Ln(x))dz

min(m—2,n—2)

1
= Z CrTan n—20m—24+n—2-—2r
V(2m —1)(2n — 1) =
min(m—2,n) min(m,n—2)

+ § C:n_Q,nU'm72+nf2r + g C;%n_QO-eraner

min(m n)

+ Z n0m+n—2r ) (3.15)

where ,
CT ._ Am,n
mn o 4+ 90 —4r + 1

Property 3.3 (coefficients Cy, ). There holds

1
cr <1
Vem—1)@2n—1) "I

with k,7=0,2 and m,n >0 and 0 < r < min(m — k,n — j).

Proof. Let us first consider the case k,j = 0. Proceeding as in the proof of Property 3.2 we get
3 13 3 T _ 1 T
the following cases for the auxiliary quantity Dy, , = (2m—1)(2n—1)0m7”'

(a) Case 0 < r < min(m,n):

. 1 1 1 Jntm—r

mn T J@m - )@ - D) 2m+2n—2r + 1 /m —r)(n—r)r

(b) Case r = 0:

1 1 1 vn+m

Dry mn ﬁ\/(zm_1)(2n_1)2m+2n+1 vmn

(c) Case r = min(m,n):

b 1 1 1 max(n,m)
mn ™ V(2m —1)(2n — 1) 2max(m,n) + 1 y/min(m,n)/|m —n|

We note that each right-hand side term in (a)-(c) is asymptotically bounded by a constant.
Therefore the quantities Dy, ,,, 0 < r < min(m,n) are asymptotically bounded by a constant
independent of n, m,r. The other terms in (3.15) can be treated similarly. a



Proposition 3.2 (decay of a&??n). If there exists 1 > 0 and a positive constant C,, only depending

on n such that
lox| <Cpe™™  VE>0,

then there holds
|a£27)n| < Cemn—ml Vn,m >0, (3.16)

where C' is a constant only depending on 7.

Proof. Use (3.15) together with Property 3.3 and argue as in the proof of Proposition 3.1. d

Combining Propositions 3.1 and 3.2 yields

Corollary 3.1 (decay of ann). If there exists n > 0 and a positive constant C,, only depending

on n such that
vkl |ok] < Cne_”k Vk >0,

then there holds
|| < CeMn=ml Vn,m>2, (3.17)

where C' is a constant only depending on 7.
Correspondingly, the matrix A belongs to the following class.

Definition 3.1 (regularity classes for A). A matriz A is said to belong to the exponential class
De(nr) if there exists a constant c, > 0 such that its elements satisfy

|| < cpe”mIm=—ml m,n > 2. (3.18)
The following properties hold.
Property 3.4 (continuity of A). If A € D.(n1), then A defines a bounded operator on ¢?(Ny).

Proof. 1t is sufficient to extend the semi-infinite matrix A = (as )¢ ren, to a bi-infinite matrix
A = (ay )¢ kez such that it corresponds to the identity matrix for ¢,k € Z\ Ny and it is equal
to A otherwise. Then proceed as in [14, 10]. O

Property 3.5 (inverse of A). If A € D.(nr) and there exists a constant cy, satisfying (3.18)
such that

1
cr, < i(e’“ -1) méinau , (3.19)

then A is invertible in (*(Na) and A~! € D(7) where i, € (0,1m1] is such that z = e~ is the
unique zero in the interval (0,1) of the polynomial

2nL 4 9 1
i e oo+ z2+1.
e (cr, + 1)

Proof. See [5, Property 2.3]. 0

For any integer J > 0, let A ; denote the following symmetric truncation of the matrix A

Qg L if |£ - k| < J )
A = ’ 3.20
( J)e’k { 0 elsewhere. ( )

Then, we have the following well-known results.



Property 3.6 (truncation). The truncated matriz A ; has a number of non-vanishing entries
bounded by 2J. Moreover, under the assumption of Property 3.4, there exists a constant Cp
such that

IA — Al < 9a(Jn) := Cae™ ™’

for all J > 0. Consequently, under the assumptions of Property 3.5, one has
A" — (ANl < a1 (J, L) (3.21)
where we let 7y, be defined in Property 3.5.

Proof. See [5, Property 2.4]. 0

4 Towards an adaptive algorithm

In order to design an adaptive algorithm with optimal convergence and complexity properties,
we start by considering an ideal one. This will serve as a reference to discuss the most relevant
aspects which have to be taken into account in designing the final algorithm. The ideal algorithm
uses as error estimator the ideal one, i.e., the norm of the residual in H~1(I). We thus set, for
any v € HX(I),
() = lr(@)|* = Y IF @) (4.1)
keN2

so that (3.6) can be rephrased as

1 1
— < |lu — < — . 4.2
() < flu = ual| < —nu) (12)

Obviously, this estimator is hardly computable in practice. However, by introducing suitable
polynomial approximations of the coefficients and the right-hand side, it is possible to consider
a feasible version. In the sequel we will not pursue this possibility, but we refer to [5] for the
details. Given any subset A C No, we also define the quantity

7 (v A) = |Par(0)|* = |7k (),
keA
so that n(v) = n(v; Ny).
We now introduce the following procedures, which will enter the definition of all our adaptive
algorithms.

e up:= GAL(A)
Given a finite subset A C Ny, the output up € Vj is the solution of the Galerkin problem
(3.4) relative to A.

o 7:=RES(vp)
Given a function vy € V) for some finite index set A, the output r is the residual r(vy) =
f— Lup.

10



e A*:= DORFLER(r, )
Given 0 € (0,1) and an element r € H~1(I), the ouput A* C Ny is a finite set of minimal
cardinality such that the inequality

[ Pa=r]| > 0|7 (4.3)
is satisfied.

Note that the latter inequality is equivalent to

|r — Pprer|| < V1 =627 . (4.4)

If » = r(up) is the residual of a Galerkin solution up € Vj, then by (3.5) we can trivially assume
that A* is contained in A°:= Ny \ A. For such a residual, inequality (4.3) can then be stated as

n(ua; A*) > On(ua) (4.5)

Dorfler marking (or bulk chasing). Writing 7 = 7 (ua), the condition (4.5) can be equiva-

lently stated as
DI =02 il (4.6)
keA* kgA

Thus, the output set A* of minimal cardinality can be immediately determined if the coefficients
71 are rearranged in non-increasing order of modulus. The cardinality of A* depends on the rate
of decay of the rearranged coefficients, i.e., on the sparsity of the representation of the residual
in the chosen basis.

Given two parameters 6 € (0,1) and tol € [0,1), we are ready to define our ideal adaptive
algorithm.

Algorithm ADLEG (4, tol)
Set rg :== f, Ag:=0, n=—1
do

n+<n+1

dA,, := DORFLER(r,, )
Apy1 = Ay UOA,

Unt1 := GAL(Ap41)

Tnt1 := RES(up41)

while ||rp41|| > tol

This algorithm is the non-periodic counterpart of the ideal algorithm ADFOUR considered
in [5]. The same proof given therein yields the following result, which states the convergence of
the algorithm with a guaranteed error reduction rate.

11



Theorem 4.1 (contraction property of ADLEG). Let us set

p=p(0) = ,/1—%926 0,1). (4.7)

Let {Ay,, un}n>0 be the sequence generated by the adaptive algorithm ADLEG. Then, the fol-
lowing bound holds for any n:
lw = unall < plle = unl -

Thus, for any tol > 0 the algorithm terminates in a finite number of iterations, whereas for
tol = 0 the sequence u, converges to u in H'(I) as n — oo. g

At this point, some comments are in order.

e The predicted error reduction rate p = p(#), being bounded from below by the quantity
/1 — 5%, looks overly pessimistic, particularly in the case of smooth (analytic) solutions.
Indeed, in this case a spectral (Legendre) Galerkin method is expected to exhibit very fast
(exponential) error decay. For this reason, we will introduce in Section 7.3 a variant of
the Dorfler procedure which — through a suitable enrichment of the set of new degrees of
freedom detected by the usual Dorfler — will guarantee an arbitrarily large error reduction
per iteration.

e The complexity analysis of the algorithm requires to relate the current error €, := [|u—uy||
to the cardinality of the set A, of the activated degrees of freedom, having as a benchmark
the best approximation (i.e. the one achieved with the minimal number of degrees of
freedom) of the exact solution w up to an error given exactly by e,. This requires to
investigate the sparsity class of the solution u, a task that will be accomplished in Section
5; we will confine ourselves to the case of infinite differentiable functions (including analytic
ones) for which a natural framework is provided by Gevrey spaces. (The analysis of the
case of finite smoothness can be carried out by extending the arguments presented in [5].)

e The cardinality of the set A,, of active degrees of freedom selected by the Dorfler procedure
may be estimated in terms of the sparsity class of the residual, rather than the one of the
solution. If the residual is less sparse than the solution, we run into a potential situation
of non-optimality. This is precisely what happens for the Gevrey-type sparsity classes, as
pointed out in Section 6. For this reason, we will incorporate in our algorithm a coarsening
step, introduced in Section 7.2, to bring the cardinality of the active degrees of freedom at
the end of each iteration to be comparable with the optimal one dictated by the sparsity
class of the solution.

5 Nonlinear approximation in Gevrey spaces

At first, we consider Gevrey spaces of linear type and then, through the concept of nonlinear
approximation, we will introduce sparsity classes of functions related to Gevrey spaces.

5.1 Gevrey classes and their properties

We recall the following definition of classical Gevrey space.

12



Definition 5.1 (definition of Gt_(f)) For any t € (0,1], we denote by G*(I) the space of C™®
functions v in a neighborhood of I for which there exist a constant L > 0 such that for anyn >0

1Dl 2y < L™ ()" (5.1)

The choice ¢ = 1 yields the usual class o7 (I) = G*(I) of analytic functions in a neighborhood
of I.

Another family of spaces of Gevrey type has been introduced in [2] by relaxing the require-
ment on the growth of the derivatives near the boundary. In our simple one-dimensional setting,
its definition is a follows.

Definition 5.2 (definition of @7!(I)). Let L denote the Legendre operator in I
Lv=—-D((1-2%)D)v;

and, for any k > 0, let us set

Riv = LPv if k =2p,
(1—2®)DLPv ifk=2p+1.

Then for any t € (0, 1], we denote by A*(I) the space of C™® functions v in a neighborhood of I
for which there exist a constant L > 0 such that for any k > 0

IRl 2y < LEFH(RNYE (5.2)
The relation between the two families is given by the inclusion
G{(I) € ANT) C 671 (D), (5.3)

where the first inclusion is an immediate consequence of the fact that 1 — 22 is bounded with
its derivatives in I, whereas the second one is proved in [2].

Let P, = {¢0, -+ ,dn} be the space of polynomials of degree < n in I and let dy(v,P,) =
infyep, [|v — pll12(7) be the distance of a function v € L*(I) to Py.

Proposition 5.1. Let v € L?(I). The following conditions are equivalent:
(i) ve ).
(i) There exist L1 > 0 and m > 0 such that
da(v,P,) < Lie ™™ ¥n > 0. (5.4)
(iii) There exist Ly > 0 and 12 > 0 such that the Legendre coefficients of v =Y~ Oxr satisfy
05| < Loe™™* VE > 0. (5.5)

Proof. The equivalence (i) <> (i7) is proved in [2, Thm. 7.2]. In order to prove the equivalence
(ii) <> (ii1), we observe that

n 1/2
da(v, ) = [[v =Y Okl o) = (Z W) : (5.6)

k=0 k>n

13



Thus, if (i¢) holds, we have
|Opt1| < do(v,Pp) < Lye™ ™M™ (5.7)
Now, recalling that (a + b)! < a® + ! for a,b > 0 and ¢ € (0, 1], we have
einlnt — enlefnl(ntJrl) = enleinl(nt+1t) S 677167771(71+1)t (58)
which yields (¢i7) with Ly = e™L; and ny = m. Conversely, let us assume that (4i7) holds.
Then, using again (5.4) and setting for simplicity 1 = 72, we have
+00
do(v,Py)? < L3 Z e~ 2k < L%/ e 2 dy . (5.9)
k>n n
Now, setting z = y and s = 1/t > 1, we have
+o0 . +o0
Sp = / e 2 dy = s/ e 75l
n n

t

(5.10)

t oo t t >
=5 2 / e ) 5 gy — g e 2 / e 2 (z + 0ty dw .
nt 0

The last integral can be bounded by a polynomial of degree [s — 1]. It follows that for any
m < n =mn2 we can find Cy, s > 0 such that

—2mnt
SZ'S C%lﬁe " ’

thus condition (i) is satisfied. O

Remark 5.1. As a consequence of the previous proposition and the inclusion G*(I) C (),
any Gevrey function v € G*(I) admits Legendre coefficients 9 which decay according to the law
(5.5).

For analytic functions, the results in (i7) and (éi7) of Proposition 5.1 can be made more
precise as follows.

Proposition 5.2. Let v € L?(I) be analytic in the closed ellipse & D [~1,1] in the complex
plane C with foci in £1 and semiazes’ sum equal to r > 1. Then, one has

k] < C(r)\/2(2k + 1)e™™ VE >0, (5.11)

and
day(v,P,) < C(r)(n+1)Y2e™™ ¥n >0 (5.12)
for constants C(r) and C(r) only depending on r and n = logr.
Proof. The estimate (5.11) is a consequence of the bound
0F] < C(r)(2k + 1)e™™ k>0
given in [11, Theorem 12.4.7], where 9 = (k+1/2) fil v(z) Ly (v)dr and satisfies 9% = \/k + 1/2 0y..
On the other hand,

do(v,Pp)? = |0k <2C7%(r) Y (2k + 1)e

k>n k>n

+o0 CQ(T) 5
< 202(7')/ (2y +3)e *Mdy <6 , (n+1)e =M,

and (5.12) follows. O

There follows that conditions (i7) and (éii) are fulfilled with ¢ = 1 and any 11,72 < logr.
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5.2 Nonlinear approximation and sparsity classes

From now on, we represent any v € V' according to the BS basis {n;}72, as v =D 72, Opni().
We recall that given any nonempty finite index set A C Ny and the corresponding subspace
VA C V of dimension |A| = card A, the best approximation of v in Vj is the orthogonal projection
of v upon Vj, i.e. the function Pyv =3, Oxnk, which satisfies

1/2

lo = Paofl = | > lowf?

(we set Pyv = 0 if A = ()). For any integer N > 1, we minimize this error over all possible
choices of A with cardinality N, thereby leading to the best N-term approximation error

En(v) = inf lv — Ppro|| .
ACNa, |A|=N

A way to construct a best N-term approximation vy of v consists of rearranging the coefficients
of v in decreasing order of modulus

Ok [ = oo 2> Ok, | 2 [0k, | = -

and setting vy = Py, v with Ay = {k, : 1 <n < N}. Let us denote from now on v} = 0y,
the rearranged BS coeflicients of v. Then,

1/2
En(v) = |lv — Payvl| = (Z Iv;i\Q) :

n>N

We will be interested in classifying functions according to the decay law of their best N-term
approximations, as N — oco. To this end, given a strictly decreasing function ¢ : N — R such
that ¢(0) = ¢¢ for some ¢9 > 0 and ¢(N) — 0 when N — oo, we introduce the corresponding
sparsity class Ay by setting

EN(U)

$(N)

Ay = {v eV |vla, = ]Svu>% < +oo} . (5.13)

The quantity [[v||4, (Which need not be a (quasi-)norm, since A, need not be a linear space)
dictates the minimal number N of basis functions needed to approximate v with accuracy . In
fact, from the relations

En.(v) <& < En.-1(v) < ¢(Ne = D[]l 4,

and the monotonicity of ¢, we obtain

N. < ¢! ( ) +1. (5.14)

[0]].4,

Hereafter, we focus on sparsity classes identified by exponentially decaying ¢ of the type
H(N) = eV " for real numbers n > 0and 0 <t < 1. The following argument clarifies their
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relationship with certain families of Gevrey spaces. Let us introduce the following spaces of
Gevrey type: given real numbers n > 0 and 0 <t < 1, we set

G ={veV: |lone = ™ol < +oo} . (5.15)
k=2

We immediately observe that v € G™(I) implies
3l < e ol VE > 2.

Using (2.6), we deduce from Proposition 5.1 that the first derivative of a function v € G™H(I)
belongs to the space «7!(I) defined in Definition 5.2; in particular, by using (5.3), v’ is a Gevrey
t —
function in G (I).
Functions in G™!(I) can be approximated by the linear orthogonal projection on P9,(I) :=
Py (1) N Ho (1)

M
Pyo =) O,
k=2
for which we have
”U—PMUH2 _ Z |6k|2 _ Z e—2nkte2nkt|@k|2
k>M k>M
< e ?MEN T EMa? < e M o), -
k>M
Setting N := dim(P},) = M — 1, we have
En() < [lv = Pyl S e ollg e < o™ ollgae - (5.16)
Hence, we are led to introduce the function
B(N) = e "' (N>1), (5.17)
whose inverse is given by
X 1 1\ MVt
_ _ 1 1 < '
670 = i (108 (<), (5.18)

and to consider the corresponding class Ay defined in (5.13), which contains G™*(1).

Definition 5.3 (exponential class of functions). We denote by Ag:t the set defined as

Ag’t:: {v eV i ||v]| gn¢t :=sup En(v) e’ < —i—oo} .
G N>0

The class Agt can be equivalently characterized in terms of behavior of rearranged sequences
of BS coeflicients.

Definition 5.4 (exponential class of sequences). Let Eg’t(Ng) be the subset of sequences v €
??(Ng) so that

— (1-t)/2 t\ |, % )
HVHenc,t(Nz) : igli <n exp (nn') [vi] ) < 400,

*)oo

* __
where v* = (v})2%

is the non-increasing rearrangement of v.
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The relationship between Agt and th(Ng) is stated in the following Proposition, whose proof
is a straightforward adaptation of the one given in [5, Proposition 4.2].

Proposition 5.3 (equivalence of exponential classes). Given a function v € V and the sequence
v = (V)ken, of its BS coefficients, one has v € Ag’t if and only if v € Egt(Ng), with

[ollane S WVl ey S M0llgne-

As shown in [5] the set Egt(Ng) is not a vector space, since it may happen that u, v belong
to this set, whereas u 4 v does not. On the other hand, we have the following property (see [5,
Lemma 4.1)).

Property 5.1 (quasi-triangle inequality). If u; € ng’t(Ng) fori=1,2, thenu; +usy € Egt(Ng)
with )
ot

_1 —1
||.u1 + u2”£’7t N) = Hu1||g"1 t(N + Huz”eHQ t(N ) n ot t

6 Sparsity classes of the residual and the solution

This section is devoted to the study of the sparsity class of the residual r» = r(uy) produced by
any Galerkin solution up € Vj, and its connection with the sparsity class of the exact solution
u. Indeed, the step

dA := DORFLER(r, )

selects a set JA of minimal cardinality in A® for which [|r — Poar|| < V1 —62|r[|. Thus, if r
belongs to a certain sparsity class A, identified by a function ¢ according to (5.13), then (5.14)

yields
1-—62
VISRl
[Ill.a;

Specifically, if r € Agf for some 77 > 0 and ¢ > 0, we have by (5.18)

0] < 7 (1o Il ™ 1 (6.2)
og +1. .
V1I=02r|

We begin by investigating the sparsity class of the image Lv, when the function v belongs
to the sparsity class Agt. It turns out that the sparsity classes of v and Lv are equivalent, in
view of Proposition 5.3, to the sparsity classes of the related vectors v and Av, where A is the
stiffness matrix (3.8).

|OA] < ¢! ( (6.1)

Proposition 6.1 (continuity of L in Agt). Let the differential operator L be such that the
corresponding stiffness matriz satisfies A € De(nr) for some constant nr, > 0. Assume that
vE Agt for somen >0 andt € (0,1]. Let one of the two following set of conditions be satisfied.

(a) If the matriz A is banded with 2p + 1 non-zero diagonals, let us set

_ n T
= —_— t=1.
g (2p+ 1)t
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(b) If the matriz A is dense, but the coefficients nr, and n satisfy the inequality n < nr, let us
set

_ t
= C(t f=—
n=C¢t)n, T
where we define
I AR E:
C(t) = (%) Tovo<t<l. (6.3)
Then, one has Lv € Aﬁ’{, with

Lol gap S Mol gt - (6.4)

Proof. The proof is an adaptation of a similar result in the periodic case given in [5, Proposition
5.3]; we report here the details for completeness. Let A ; be the truncation of the stiffness matrix
defined in (3.20); thus, by Property 3.6 we have ||[A — A ;|| < Cae ™7, J > 0. On the other
hand, for any j > 1, let v; = P;j(v) be a best j-term approximation of v (with vy = 0), which
therefore satisfies |v — v;|| < e_”jt||v||egt(N2). Note that the difference v; — vj_1 consists of a
single component and satisfies as well

_m4t
Ivi = vitl S e Vil -

Finally, let us introduce the function y : N — N defined as x(j) = [4'], the smallest integer
larger than or equal to j°.
For any J > 1, let w; be the approximation of Av defined as

J
Wj = ZAX(J_j)(Vj — ijl) .

j=1

ertlngv—v—VJ+Z 1(Vvj —vj_1), we obtain
J
Av—w;=A(v—-vy —|—ZA A i)V —vj-1).
7j=1

We now assume to be in Case (b). Since A : ¢2(Ny) — ¢2(Ny) is continuous, the last equation
yields

— t
AV —wy| < [e ' + Ze WL [T=D103) ) v |, 0 (1) - (6.5)
7j=1
The exponents of the addends can be bounded from below as follows because ¢ < 1
nel(7=3)T+ni" = no[(7=5)T=n(7 =5 +n((J =5)" +3)
> (] = 3) =0T =) +0(( = 5) +35)
= ﬁ(J_j)t—’_tha
with 8 = nr —n > 0 by assumption. Then, (6.5) yields
Iav—wil £ (143 e | e Wl £ e Wty - (66)
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On the other hand, by construction w; belongs to a finite dimensional space V, ;, where

J J—1
. . 2
|AJ|§2ZX(J—3):2Z[]t]NmJHt as J = 00 . (6.7)
j=1 j=0

This implies
—AlA S|t
|Av —wsll < e v,

with ¢t = %th and 7] = (%){n = ((t)n as asserted.

We last consider Case (a). Since A, ;_;) = A if x(J —j) > p, for x(J — j) < p, whence
j > J —p'/t, the summation in (6.5) can be limited to those j satisfying j, < j < J, where
jp = [J — p'/t]. Therefore

J
_ Jt At
[Av=wil 5 (e + 3 ) [Vl -
J=Jp

Now, J —j < p!/t if j, <j<.Jandj" > jlt, > (J—pl/t)t > Jt — p, whence
gt
IAv = wil S (™) e Iv] e,

We conclude by observing that |[A;| < (2p + 1)J, since any matrix A; has at most 2p + 1
diagonals. 0

Before studying the sparsity class of the residual, it is convenient to rewrite the Galerkin
problem (3.4) in an equivalent (infinite-dimensional) way. To this end, let uy € Rl be the
vector collecting the coefficients of up indexed in A; let fj € RIAl be the analogous restriction for
the vector of the coefficients of f. Finally, denote by R the matrix that restricts a semi-infinite
vector to the portion indexed in A, so that Ep, = Rﬁ is the corresponding extension matrix.
Then, setting

Ap = RyARY (6.8)

we preliminary observe that problem (3.4) can be equivalently written as
Apup =1, . (6.9)
Next, let Py : £2(Ny) — ¢2(Ng) be the projector operator defined as
vy ifA€EA,
®avir=1 "
0 ifxgA.

Note that Py can be represented as a diagonal semi-infinite matrix whose diagonal elements
are 1 for indexes belonging to A, and zero otherwise. Let us set Qy = I — P, and introduce
the semi-infinite matrix 111\ := PAAP, + Qa which is equal to A for indexes in A and to
the identity matrix, otherwise. The definitions of the projectors Py and Qp easily yield the
following result.

Property 6.1 (invertibility of Ap). If A is invertible with A € De(ny), then the same holds
for Ax. d
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Finally, the infinite dimensional version of the Galerkin problem (3.4) reads as follows: find
4 € (%(Ny) such that R
At =Puf . (6.10)

Let Ep = Rf : RIA - ??(N3) be the extension operator and let uy € R be the Galerkin
solution to (6.9); then, it is easy to check that 1 = Epuy.
We are now ready to state the main result of this section.

Proposition 6.2 (sparsity class of the residual). Let A € D.(ny) and A=t € D.(n1), for
constants n, > 0 and 7, € (0,n1] according to Property 3.5. If u € Agt for some n > 0 and
t € (0,1], such that n < 17y, then there exist suitable positive constants 7 <1 and t <t such that
r(up) € Agt for any index set A, with

Hr(u/\)HAﬁdf 5 HUHAWdt .

Proof. This is an adaptation of a similar proof in the periodic case given in [5, Proposition 5.4];
we report here the details for completeness. Assume for the moment we are given 7 and ¢. By
using Proposition 6.1, i.e. HAVHZZ’E < ||v\|£ﬁGl,zl, and Property 5.1, we get

”rAHgﬁdf(Nz) = [|[A(u— uA)H@’éf(N2) S lla— uAHg’Ci;l«il(Nz) (6.11)

S Hu”eg“’l’“ (Ng) + ||uAH£2G””1’”(N2)’

where t; and 7n; are defined by the relations

3]
1+1%

t= < t, n=C((t)m .

From (6.10) we have uy = (KA)_l(PAf). Using Property 6.1 and applying Proposition 6.1 to
(Ap)"1 we get

T _ A \—1
100 gt = 18t = IR Pty S IPAE sy < El gy

with
R

By substituting the above inequality into (6.11) and using again Proposition 6.1 we get

2" = C(t2)me < m2 t <ty.

0y S I )+ I

(6.12)
= 10, g+ 1Ay S Pl
where y
n2 = ¢t <mn, 2= 17 <
This shows that the assertion holds true for the choice
1= (3) 7 ()s (5 =1
=(= t f= — .
g (2) o2 ) g )@ 1+ 3¢
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It remains to verify the assumptions of Proposition 6.1 when A is dense. We note that there

holds
t t

142t 7 1+t
Moreover, using 71 < 2!m; < 1o < n and np > 7, > 7 yields

t t.

n <nL, m <nL, 12 <77L7

which are the required conditions to apply Proposition 6.1 when A is dense. This concludes the
proof. d

7 The predictor-corrector adaptive algorithm

In this section we study a variant (named PC-ADLEG) of the ideal algorithm ADLEG in-
troduced above. Motivated by the enlightening discussion at the end of Section 4 and the
subsequent results of Sections 5 and 6, we devise each iteration of the algorithm as formed by a
predictor step followed by a corrector step. The predictor step guarantees an arbitrarily large
error reduction (by suitably enriching the output set from the Dorfler procedure). This step
is driven by the sparsity class of the residual and so, in view of Proposition 6.2 it does not
guarantee optimality with respect to the sparsity class of the exact solution. The corrector step
is realized by introducing a coarsening procedure which removes the smallest components of the
output of the predictor step, in such a way to guarantee optimality.

7.1 Enrichment
We introduce the procedure ENRICH defined as follows:

e A*:=ENRICH(A,J)
Given an integer J > 0 and a finite set A C Ny, the output is the set

A" :={k €Ny : there exists £ € A such that |k —¢| < J} .

Note that since the procedure adds a 1-dimensional ball of radius J around each point of A, the
cardinality of the new set A* can be estimated as

[A*| < 2J]A| . (7.1)
Recall now that ¥a (J, ) = Cae~ "2 from Property (3.6) . Let Jy > 0 be defined as

1—6?

Jg :=min < J S N: ’Q/JAfl(Jg,f]L) = C’A—le_ﬁLJ‘9 S w

(7.2)

e A* := E-DORFLER(r, 6)
Given @ € (0,1) and an element » € H~1(I), the ouput A* C Ny is defined by the sequence

A :=DORFLER(r, 0)

N (7.3)
A* :=ENRICH(A, Jy) .
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7.2 Coarsening

We introduce the new procedure COARSE defined as follows:

e A:= COARSE(w,e¢)
Given a function w € Vj~ for some finite index set A*, and an accuracy ¢ > 0 which is
known to satisfy ||u —w|| < €, the output A C A* is a set of minimal cardinality such that

||lw — Pyrw]|| < 2e. (7.4)

The following result shows that the cardinality |A| is optimal relative to the sparsity class of
u. We refer to Cohen [9, Theorem 4.9.1] and Stevenson [20, Proposition 3.2].

Theorem 7.1 (cardinality after coarsening). Let € > 0 and let u € Agt, Then

I L " 1
| |— nl/t Og € +

The approximation error obtained after a call of COARSE is estimated as follows.

Property 7.1 (error after coarsening). The procedure COARSE guarantees the bounds

|lu — Paw|| < 3e (7.5)
and, for the Galerkin solution uy € Vy,
flu — upll < 3Vare. (7.6)

Proof. The first bound is trivial, the second one follows from the minimality property of the
Galerkin solution in the energy norm and from (3.3):

llu = uall < llu = Paw]| < Vear|lu = Paw|| < 3Vare. 0

7.3 PC-ADLEG: a predictor-corrector version of ADLEG
Given two parameters 6 € (0,1) and tol € [0,1), we define the following adaptive algorithm.
Algorithm PC-ADLEG(#, tol)
Set rg:== f, Ag:=0,n=—-1
do
n—n-+1
9\, := E-DORFLER(r,,, )
/A\n+1 = A, U 5;&”

Gint1 := GAL(A,)
Aps1 = COARSE (an+1, 21- 02H'rn|])

Upt1 = GAL(Apt1)
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'n+1 = RES(Un+1)
while ||7,41]] > tol

Theorem 7.2 (contraction property of PC-ADLEG). Let 0 < 6 < 1 be chosen so that

p:p(ﬁ)zﬁa—*\/1—02<1. (7.7)

Ol

If the assumptions of Property 3.5 are fulfilled, the sequence of errors u— u, generated forn >0
by the algorithm satisfies the inequality

I = wniall < pllw = unl -

Thus, for any tol > 0 the algorithm terminates in a finite number of iterations, whereas for
tol = 0 the sequence u, converges to u in H'(I) as n — oo.

Proof. At the n-th step, we have 5Z\\n = E-DéRFLER(rnG) and A/n:1 = A, UOA,,, where

dA,, = DORFLER(r,,,0)

_ - (7.8)
O, = ENRICH(9A,, Jy) .

We recall that the set 57&,1 is such that g, = Pé7\ rp, satisfies

70— gnll < V1 - 92H”L||

(see (4.4)). Let w, € V be the solution of Lw,, = g,, which in general will have infinitely many
components, and let us split it as

Wy, = P/A\n+1w” + PAZHw" =!Yn+ 2n € VKn+1 &5 VAZH

Then, by the minimality property of the Galerkin solution 4,41 € V3 . in the energy norm,
and by (3.3) and (3.7), one has

o = Uil < lu—= (un + o)l < = tn — wn + 20|
1 1
< 1w = up = wn)[| + Va*|[zn]| = \/TT*HT” = gnll + var|znl -

V Cx
Thus,
. 1
lew = U] < N (1= 602) |Irall + Var|lznll -

Since z, = (PK L‘lPéj\ )rn, observing that

nt1
keK;H and £ € OA, = |k — 2] > Jy ,

we have

1—62

oot

I

1P L7 Py I < IAT = (A7), |l < aa (o) <
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where we have used (7.2). Thus, we obtain

. 2
I = ]| < vV 1—=02|[rnll (7.9)

or, equivalently,
~ 2
lu =T g1l < —=V/1 =62 [lral] - (7.10)

Since the right-hand side of (7.10) is precisely the parameter €, fed to the procedure COARSE,
Property (7.1) implies

Vot o
v = upga ]l < 6=——V1 = 02ry]| < 6—Vv1 — 2)lu — unll (7.11)

(07

for the Galerkin solution u,11 € Vi The assertion thus follows immediately. 0

n+1°

The rest of the paper will be devoted to investigating complexity issues for the sequence of
approximations u, = uy, generated by PC-ADLEG. In particular, we wish to estimate the
cardinality of each A, and check whether its growth is “optimal” with respect to the sparsity
class Ay of the exact solution, in the sense that |A,| is comparable to the cardinality of the
index set of the best approximation of u yielding the same error ||u — uy,||.

Theorem 7.3 (cardinality of PC-ADLEG). Suppose that u € .Agt, for some n > 0 and
t € (0,1). Then, there exists a constant C > 1 such that the cardinality of the set A, of the
active degrees of freedom produced by PC-ADLEG satisfies the bound

1/t U — Uy |

el v
1 A
\An|§n— log”i—i-logC’ +1, vV n>0.

If, in addition, the assumptions of Proposition 6.2 are satisfied, then the cardinality of the
intermediate sets Ap11 activated in the predictor step can be estimated as

1/t

. 2J, [l gn.t

‘An-‘rl‘S’An‘—i_ﬁl/ef (10g ||’LL uG1H +10gC +2J97 Vn207
— Upt

where Jy is defined in (7.2) and 7 < n, t < t are the parameters which occur in the thesis of
Proposition 6.2.

Proof. Combining Theorem 7.1 with ¢, = a%\/l — 62||r,|| and Property 7.1, we get

1 [l g \ V! 1 ul|_gn.t 1
Api1] < —7 log ¢ +1< v log| ¢ — +logC +1.
n n

€n U — Up 11|

We now estimate \Kn+1|. Recalling (7.1), we have \57&”] < 2J9]57\n|, and using (6.2) together
with Proposition 6.1 and (7.11) yields

0A,| < L 7ol agy 1/t+1
n ~ — (0]
R TP

1 ]| gn. Y
— | log ¢ — +logC + 1.
7/ [u = tni1]

IA

24



Finally, the second assertion follows from |Ani1| < [An| + [0A]- 0

We observe that the cardinality of A,,, i.e., the set of degrees of freedom of the Galerkin
solution at the endAof each iteration, is optimal. On the other hand, in the case 77 < n and t < ¢,
the cardinality of A, may grow at a faster rate than the cardinality of A,. This is a direct
consequence of the fact that, according to Proposition 6.2, the sparsity class of the residual may
be worse than that of the solution. Moreover, the contraction constant in (7.7) is as close to
0 as desired provided @ is close to 1, which is consistent with the expected fast error decay of
spectral methods. This is a key feature of our contribution and a novel idea with respect to the
standard algebraic case; see the surveys [16, 20].

Similar results to Theorems 7.2 and 7.3 are valid also for the algebraic case, with optimal
convergence rates only limited by solution regularity; they can be derived as in [5, Theorems 3.3
and 7.2]. In addition, a more conservative version of PC-ADLEG, which avoids the procedure
ENRICH, can be studied as well following [5, Theorem 8.1]. This version exhibits better
optimality properties than PC-ADLEG at the expense of a relatively large contraction factor,
which is at odds with spectral accuracy.
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