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Abstract
In this paper we analyse the approximation-theoretic properties of modified Fourier series in Cartesian
product domains with coefficients from both full and hyperbolic cross index sets. We show that the
number of expansion coefficients may be reduced significantly whilst retaining comparable error estimates.
In doing so we extend the univariate results of Iserles, Ngrsett and S. Olver. We then demonstrate that
these series can be used in the spectral-Galerkin approximation of second order Neumann boundary value
problems, which offers some advantages over standard Chebyshev or Legendre polynomial discretizations.

1 Introduction

Univariate modified Fourier series—eigenseries of the Laplace operator subject to homogeneous Neumann
boundary conditions—were introduced in [17] as an adjustment of Fourier series. Combined with modern
quadrature methods (as opposed to the Fast Fourier Transform) to evaluate the coefficients, the benefit of
using such series to approximate a non-periodic function f is a faster convergence rate (the convergence is
uniform and there is no Gibbs phenomenon on the boundary). Moreover, the coefficients may be calculated
adaptively in fewer operations without the restriction that the truncation parameter be a highly composite
integer. In [18] these series and quadrature methods were generalised to Cartesian product domains.

In [15], alongside so-called polynomial subtraction (a familiar device for Fourier series [19, 21]), the au-
thors used a hyperbolic cross index set [3, 27] to accelerate convergence. Due to the method of calculating
the coeflicients, such a device can be readily incorporated into modified Fourier series to produce approxima-
tions comprising a far reduced number of terms over approximations based on Fourier series or orthogonal
polynomials. Thus in higher dimensions, modified Fourier series become an increasingly attractive option.

The aim of this paper is twofold. In Sections 2-4 we extend the work of [1, 15, 17, 18] and provide
convergence analysis for modified Fourier series in various norms using various index sets. For reasons that
we make clear, modified Fourier approximations are best analysed in so-called Sobolev spaces of dominating
mized smoothness [24]. Using this framework, we prove uniform convergence of such series, and provide
estimates for the convergence rate in the L2, H?, ¢ > 1, and uniform norms. We conclude that using a
hyperbolic cross index set does not unduly affect the convergence rate, aside from possibly a logarithmic
factor, provided additional (mixed) smoothness assumptions are imposed where necessary.

For univariate modified Fourier series it was observed in [17] and proved in [22] that the convergence
rate is one order greater inside the interval than at the endpoints. We prove the same result for d-variate
cubes using both full and hyperbolic cross index sets. Finally, we demonstrate that the advantage of modified
Fourier series over classical Fourier series can be expressed as the observation that the set of modified Fourier
eigenfunctions is not only an orthogonal basis for L2(—1,1)%, but also for the space H! (—1,1)? (the first
Sobolev space of dominating mixed smoothness).

One significant use of Fourier series is the discretization of boundary value problems with periodic bound-
ary conditions. This approach offers numerous benefits, including rapid convergence and low complexity (see



[20] for the application of hyperbolic cross index sets to Fourier methods for periodic boundary value prob-
lems). The second aim of this paper is to provide the first steps towards the application of modified Fourier
series to the numerical solution of boundary value problems in two or more dimensions (see [1] for the case
d = 1). Because each modified Fourier basis function satisfies homogeneous Neumann boundary conditions,
modified Fourier expansions are best suited to discretizations of non-periodic boundary value problems with
the same boundary conditions. In the second half of this paper we consider the application to linear, second
order problems defined on d-variate cubes. Much like the Fourier spectral method, this technique possesses
a number of beneficial properties, including reasonable conditioning and the availability of an optimal, di-
agonal preconditioner. Furthermore, the operational cost of this method grows only moderately with the
dimension d: the so-called modified Fourier—Galerkin approximation comprises O (N (log N )dil) coefficients
which can be found in only O (N 2) operations using standard iterative techniques. In comparison, the effi-
cient spectral-Galerkin methods of Shen [12, 25, 26] based on Legendre and Chebyshev polynomials involve
o (Nd) coefficients that can be found in at best O (Nd'H) operations.

The modified Fourier basis is best suited to Neumann boundary value problems. It can be applied
to problems with other boundary conditions, however techniques for enforcing the boundary conditions are
either increasingly complicated for d > 2 or lead to a loss of accuracy. For this reason, a better approach is to
choose basis functions that satisfy the boundary conditions inherently. Given, for example, Robin boundary
conditions, we use instead the basis of Laplace eigenfunctions subject to these boundary conditions. Such
basis is very similar to the modified Fourier basis (the analysis of convergence is virtually identical), and the
resulting Galerkin method possesses many similar features, including mild conditioning and low complexity.
For this reason, the modified Fourier—Galerkin method can be viewed as a particular example of a class of
methods for second order boundary value problems, each with basis functions determined by the boundary
conditions (we return to this topic in Section 6). For the task of function approximation, modified Fourier
expansions converge faster than expansions based on, for example, Laplace-Dirichlet eigenfunctions (which
do not converge uniformly unless the function being approximated also satisfies homogeneous Dirichlet
boundary conditions). Hence they are the natural choice from such class of bases. However, for the purposes
spectral discretizations (where the exact solution automatically satisfies the boundary conditions), each basis
is immediately adapted to a particular problem.

The disadvantage of all such methods is that they converge only algebraically in terms of the truncation
parameter N. Standard orthogonal polynomial methods converge spectrally provided the solution is smooth.
However, due to the much reduced complexity, for numerous test problems these methods convey an advan-
tage for moderate values of N. In Section 5.4 we present several such examples. Unfortunately, the algebraic
convergence rate means that beyond a certain (possibly large) threshold polynomial-based spectral methods
will always outperform the modified Fourier method. As we discuss in greater detail in the conclusion of
this paper (Section 7), convergence acceleration of the modified Fourier method is a subject of both current
and future investigation.

Modified Fourier series provide a promising new approach for the approximation of functions and the
numerical solution of partial differential equations. We mention in passing that, to date, modified Fourier
series have found application in a number of other areas, including the computation of spectra of Fredholm
operators [5]. Several examples in this paper demonstrate their potential over more standard algorithms.
We stress that the aim of this paper is to provide a first insight into this topic and application. A great
deal of future research is required, beyond the scope of this paper, before such methods become competitive
algorithms. Insofar as such challenges are concerned, we highlight a number of open problems in Section 7.

Notation: Throughout we shall write (-,-) for the standard L?(2) inner product on some domain Q. We

write || - || for the L? norm, || - ||, for the H? norm, ¢ > 0, and || - || for the uniform norm. N shall be
a truncation parameter and Iy some finite index set. For a multi-index o = (a1,...,aq) € N%, D* will
correspond to the derivative operator dg} ... 03¢ of order |a| = a3 + ...+ ag. If a = (r,7,...,7), 7 €N, we

also write D", and, if » = 1, just D.

We define [d] to be the set of ordered tuples of length at most d with entries in {1,...,d}. For t € [d]
we write |t| for the length (number of elements) in ¢, so that ¢ = (t1,...,t) and 1 <#; <... <ty <d. If
j€e{l,...,d} we write j € tif j =¢ for some |l =1,...,|t|. Given ¢ € [d], we define ¢ € [d] as the ordered
tuple of length d — |¢| of elements not in t.



2 Modified Fourier series in [—1, 1]

2.1 Definition and basic properties

The modified Fourier basis is the set of eigenfunctions of the Laplace operator subject to homogeneous
Neumann boundary conditions. On the domain Q, where Q = (—1,1)¢, these arise from Cartesian products
of the univariate eigenfunctions

EO]( )= \%, ol (z) = cosnrz, ¢M(z) = sin(n — Dre, neNp=N\{0}, =zel[-1,1].

Given multi-indices n = (n1,...,nq4) € N and i = (iy,...,iq) € {0,1}%, the d-variate eigenfunctions are
ol (z Hqs[% = (21,...,2q4) € [-1,1]% (2.1)
: : : [l _ §d [i;] o] _ O _ 2 2 1l _ _ 122
with corresponding eigenvalues pn' = > i ) fin}, where pg° = 0, pn = n°r® and pn’ = (n — 3)°7°,

n € Ny. For ease of notation we shall write qﬁw and uw in this way, with the understanding that <;S£f] =0
andu%] =0ifi; =1and n; =0 for some j =1,...,d.

Concerning the density of such functions, we have the following:
Lemma 2.1. The set {¢£f] :n e N9 ie{0,1}4} is an orthonormal basis of L*(—1,1)%.
Proof. This is a standard result of spectral theory. O

For a function f € L2(—1,1)%, truncation parameter N € N and finite index set Iy C N, we define the
truncated modified Fourier series of f as

SN el whee fi= [ sl de

i€{0,1}¢ n€ln

In [17, 18] quadrature routines are developed to evaluate the coefficients f,[f] numerically. Using highly
oscillatory methods, where applicable, and so-called exotic quadrature elsewhere, any M coefficients can be
found in O (M) operations. We shall not discuss such routines here. Such methods are greatly advantageous
for modified Fourier approximations (they facilitate the use of hyperbolic cross index sets). However, there
are a number of unresolved issues and open problems associated with their implementation, which we do
not intend to address presently. We refer the reader to [18] and references therein for further detail (see also
Section 7). For the remainder of this paper we shall assume that the error in approximating the coefficients
is insignificant in comparison to the error in approx1mat1ng f by Fn[f]-
If we define the finite dimensional space Sy = span{¢n :n € Iy, i € {0, 1}d}, then Fy : L2(—1,1)4

Sy is the orthogonal projection onto Sy with respect to the standard Euclidean inner product. We state,
without proof, a version of Parseval’s lemma for such series:

Lemma 2.2 (Parseval). Suppose that f € L2(—1,1)%, Unsoly =N¢ and I} C I, C ... C N%. Then Fy|[f]
is the best approzimation to f from Sy in the L? norm, ||f — Fn[f]ll = 0 as N — oo and

IFr=> > 1A (2.2)

i€{0,1}¢ neNd

Unlike its Fourier counterpart, the modified Fourier basis is not closed under differentiation. If we
differentiate (b%] with respect to x1, say, we obtain

O, $f) (@) = (=) (uli]) 2ol Hqs[ il



where {wy[f] 21 =20,1, n € Ny} is the set of eigenfunctions of the univariate Laplace operator subject to
homogeneous Dirichlet boundary conditions:

Wi (@) = cos(n — §)mz, yn!(x) =sinnmz, neN..

In particular, the Laplace-Neumann and Laplace-Dirichlet operators share eigenvalues (aside from the 0
eigenvalue of the former). We conclude that 8031(;5%] (z) is proportional to an eigenfunction of the Laplace
operator on [—1,1]% which obeys homogeneous Dirichlet boundary conditions on the subset of the boundary
I'y, where I'; = {z € [-1, 14 : xj = +1} for j =1,...,d, and homogeneous Neumann boundary conditions
on I'\I'y, where I' = 9Q = U,;T;. Such eigenfunctions are orthogonal and dense in L?(—1,1)?. Repeating
this argument for various j we obtain:

Lemma 2.3 (Duality). Suppose that a = (a1,...,aq) € N%. If we apply the operator D to the set of
modified Fourier eigenfunctions we obtain, up to scalar multiples, the eigenfunctions of the Laplace operator
that obey homogeneous Dirichlet boundary conditions on the faces I'; where a; is odd, and homogeneous
Neumann boundary conditions elsewhere. Such eigenfunctions are orthonormal and dense in L2(—1,1).

This duality is essential to proving many of the convergence properties of modified Fourier series. As
mentioned, the set of modified Fourier eigenfunctions is not only dense and orthogonal in L2(—1,1)%, but
also in several other Sobolev spaces. Using this lemma, we now show this for the space H'(—1,1)%:

Lemma 2.4. The set {(ﬁ[ﬁ] :n € N4 i € {0,1}} is an orthogonal basis of H'(—1,1)¢. If f € H(—1,1)¢
then Fxn|[f] is the best approzimation to f from Sy in the H norm, ||f — Fn[f]ll1 — 0 as N — oo and

IFIE= > > a+u)IfI? (2:3)

i€{0,1}4 neNd

Proof. Orthogonality follows immediately from the Duality lemma. To establish density it suffices to prove
that [|0,, (f — Fn[f])| — 0, N — oo, for each j. By symmetry, it is enough to consider the case j = 1. Now,

N T
0w, Fnlf Z Z le 1)t+h M[li])QﬁbL](x)a
ic{0,1}d nely
’I’L17$0

where ¢l = ¢i (2 )]_[j _ QS[“ (z;) is an eigenfunction of the type introduced above. For f € H}(—1,1)4

and n; # 0, we obtain, via integration by parts,
fli = / F(@)e () da = (—1) (ufi])~3 / F(2)0,, 3 (@) da
(71,1)(1 (71,1)(1
— (1) (gl / B, f(2)81 () d.
(7

Using the above relation, we see that 0., Fn[f](z) is precisely the orthogonal projection of 9, f onto the
space Sy = span{q’) :n € Iy, i € {0,1}9}. By the Duality lemma, the set {&f] :n € N4 4 e {0,1}9}
is an orthonormal basis is of L2(—1,1)¢. Since 9,, f € L%(—1,1)¢, it follows that ||0., (f — Fn[f])|| — O as
N — oo. Furthermore, using a version of Parseval’s lemma for this basis we see that

102, FI1P = > > plid|fl

i€{0,1}4 neNd

Replacing 1 by j = 2,...,d in the above formula and summing each contribution glves (2 3) To conclude
that Fn[f] is the best approxunatlon in the H! norm, we merely notice that Fy : H'(—1,1)? — Sy is the
orthogonal projection with respect to the H!' inner product. ]

Lemma 2.4 provides an equivalent characterisation of the H! norm of a function f € H'(—1,1)¢
terms of its modified Fourier coefficients. An identical approach is employed for the periodic spaces H?(T?),
q > 0, using Fourier coefficients. Likewise, we may do the same in the modified Fourier setting when ¢ # 0,1



provided we restrict to spaces of functions with vanishing odd derivatives on 9{2—the analogue of periodicity
for modified Fourier series. We shall not fully adopt this approach. Nonetheless, in the sequel it will be
useful to consider the modified Fourier expansion of a function that satisfies a finite number of such derivative
conditions on the boundary. For this we have the following result:

Lemma 2.5. Suppose that v € H**T1(—1,1)¢, [ = 0,1, obeys homogeneous Neumann boundary conditions
up to order k € N4 on 0€:

a§§+1u|rj=o, j=1,...,d, r=0,...,k—1. (2.4)
Then, forr =0,...,2k+1, Fn[u] is the best approzimation to u from Sy in the H" norm, ||u—Fnlu]|l, — 0
and we have the characterisation:

d
lal?= > > | D TTih | @, (2:5)

i€{0,1}4 neN? | |a|<rj=1

Proof. This is very similar to Lemma 2.4. We may show (by repeated integration by parts, noticing that
the boundary terms vanish due to (2.4)) that if u obeys the prescribed boundary conditions then D®Fpy [u],
|a] < 2k 41, is precisely the orthogonal projection of D*u onto the space spanned by Laplace eigenfunctions
that satisfy homogeneous Dirichlet boundary conditions on the faces I'; when «; is odd, and Neumann
boundary conditions elsewhere. O

In the sequel we shall use a simple version of Bernstein’s inequality, which now follows immediately:

Corollary 2.6 (Bernstein’s Inequality). For ¢ € Sy and r € N we have || ¢, < max,er, {(1+ u[,?])i}quH

Proof. For i € {0, 1}d and n € Iy, u%} < NL?]- Furthermore

d
(1+ l‘%])r = Z Ca,r H(Nkj})%v (2.6)
j=1

lal<r

for some constants ¢, > 1. Hence, using (2.5) with ¢ € Sy, we obtain

lel? < X2 3 O+ w1607 < max {@+ )} >0 D0 1607

i€{0,1}4¢ neln i€{0,1}4 n€ln
and Parseval’s lemma gives the result. O

An advantage of modified Fourier series is that there is no Gibbs phenomenon on the boundary. Indeed,
the modified Fourier expansion of a sufficiently smooth function converges uniformly on [—1,1]?. We shall
now prove this. One reason for doing so is to be able to express the error as a convergent infinite series,
which in turn will allow us to derive estimates for the pointwise and uniform rates of convergence. This shall
require particular choices of the index set Iy, which we defer to the sequel. However, uniform convergence
may be established independently of the choice of index set. To do so we must consider Sobolev spaces of
dominating mixed smoothness.

2.2 Sobolev spaces of dominating mixed smoothness

Sobolev spaces of dominating mixed smoothness are the standard setting whenever a hyperbolic cross index
set is employed [6, 24, 27]. In the particular case of modified Fourier series, even for full index sets, such
spaces provide a suitable framework for analysis.

It turns out that the modified Fourier basis is not just orthogonal and dense in the space H'(—1,1)<,
but also in the first Sobolev space of dominating mixed smoothness, which we denote H!, (—1,1)¢. This
fact ensures uniform convergence of Fy[f] to f which we prove in the next section. Subsequently we shall
also see that the corresponding mixed norms are precisely those required to bound the modified Fourier



coefficients ﬁ[f] in inverse powers of nj...ng. This leads to quasi-optimal error estimates and justifies the
use of a hyperbolic cross index set in this context.
For k € N we define the k" Sobolev space of dominating mixed smoothness by

HE (L1 ={f:D*f e L?(-1,1)%, Vo |a|e <k}, (2.7)
where |a|oo = max{a;}, with norm
i = D ID I (2.8)
oo <k

This space is also commonly denoted by Sék""’k)H(—l, 1)? in literature [24, 27].

In an identical manner to Lemma 2.5, we may characterise the space Hl, (—1,1)? in terms of modified
Fourier coefficients. We merely notice (recalling the proof of Lemma 2.4) that D*Fx[f] is an orthogonal
projection of D®f onto some suitable finite dimensional space not just for |a| < 1, but also for || < 1.
This yields:

Lemma 2.7. The set {gf)[z] n € N4 i € {0,1}4} is an orthogonal basis of H: (—1,1)4. If f € HL (—1,1)¢

miz miz

then Fn|f] is the best approzimation to f from Sy in the HL  mnorm, ||f — Fn[f]| — 0 and

1,mic

d
IR = > Do | Do TTGwih | 142 (2.9)

i€{0,1}4 neN? | |afoo<1j=1

Furthermore, suppose that u € H2*+T1(—1,1)4, | = 0,1, satisfies the first k € N, derivative conditions (2.4).

Then, forr =0,1,...,2k +1, Fnlu] is the best approzimation to w in the H', norm, |lu — Fn[u]llyme — 0

mar
and

||u||T miz Z Z Z H lu’ﬂ,J a' |2' (2'10)
i€{0,1}¢ neN? | |a|o<rj=1
2.3 Uniform convergence

We commence with the following lemma:
Lemma 2.8. We have the continuous imbedding H! (—1,1)? — C[-1,1]%.
To prove this we need the following lemma:
Lemma 2.9. Suppose that f € C*°[—1,1]¢. Then
“tm
=Y / / flog—1)day, ... day,, z€[-1,1]% (2.11)
te[d)*
where [d] is the set of ordered tuples of length at most d with entries in {1,...,d}, [d]* = [d]U {0}, D; =
Oz, ...8%” fort = (t1,...,t;y) € [d]* and (z4;—1) € R? has j*™ entry z; if j € t and —1 otherwise.

Proof. We use induction on d. For d = 1 we have f(x f f'(x)da + f(—1), so the result holds. Now
assume that (2.11) is valid for d — 1. Then

x) :/_zd Op, f(x) dag + f(z1,...,24-1,—1)

Tepy
{/ / / 0., Dif x(t ay; —1)day, .. dxtm dzg
teld—1]*
tq Itm
+/ / th(xt;_l)dxtl"'dxtt}'
-1 -1

Since the set [d]* is comprised of elements ¢ and (¢,d) = (t1,...,t4,d), where ¢t € [d — 1]*, this expression
reduces to (2.11). Hence the proof is complete. O



Proof of Lemma 2.8. To prove this result we first demonstrate that the inequality

[ flloo < el fll1 mixs (2.12)

holds for all f € C*°[~1,1]¢ and some positive constant ¢ independent of f. To do so, we note that

1
flay;— / /Dt (z) sz dag, ... deg,, Vteld",
J¢

t

where ¢ € [d]* is the tuple of length |f| = d — |¢| of elements not in ¢. Hence, using Lemma 2.9, we have

y, i —1
/ / / / "y a:] 5 day, ... dwy, dag, ... dog,,.

te(d]* ¢t

Each integrand involves terms of the form D*f for some |a|o, < 1. Hence, using the Cauchy—Schwarz
inequality and replacing suitable upper limits of integration by 1, we obtain (2.12) for f € C>®[-1,1]%.
We now proceed in the standard manner. If f € H (—1,1)¢ then f is the limit in H, (—1,1)¢ of a

mix mix

sequence of functions belonging to C*°[—1,1]%. Since (2.12) holds for f € C>[—1, 1] this sequence converges
uniformly on [-1,1]¢ to f € C[—1,1]%. Since f = f a.e. the result follows. O

Theorem 2.10. Suppose that f € H. (—1,1)? and I satisfies the conditions of Parseval’s lemma. Then,

miz

Fn[f] converges pointwise to f for all x € [—1,1]%. Moreover, the convergence is uniform.
Proof. Replacing f by f — Fn[f] in (2.12) and applying Lemma 2.7 gives the result. O

Prior to considering various different choices of index set and the corresponding error estimates for
modified Fourier series, we need to develop bounds for the modified Fourier coefficients. This is the topic of
the next section.

2.4 Bounds for modified Fourier coefficients

To obtain robust bounds for the coefficients fr[f I'we shall apply Green’s theorem to the integral f,[f I For this
we need some additional notation. Given j =1,...,d, r; € N and i; € {0,1} we define Bkjj] [f] by

(_1)TJB£ZJ]][.]C}($17 ey L1, Ll e - 7$d) :8§;j+1f($1a sy Tj—1, 17$j+17 R ,.Z'd)

+ (—1)”“85?“]”(:51, ey Tj—1, 71, LTjtly--- ,l’d). (213)
For ry = (r4,,...,71,) € Nl and iy = (iy,, ..., iy,,) € {0,1}/" we define BY[#] as the composition

[if“‘]

Bytt][f](xt-) = 5’7[}:11] |:B7[}tt22] |: .. |:Brtit [f]:| .. :|:| , (2.14)
with the understanding that when t = (), Bli"][f] f. Note that the operators B[ ]7 j € t, commute with
each other and with differentiation in the variable z7 = (27,,...,2; ). Finally, glven i€ {0,1}¢ t € [d]*,

re € NI oo <k —1, and ng = (ng,, - - - ’nfm) € NE‘ we define A"[}f]nt[f] € R by
Al = 0T () ) [ BRI w0 ol o) d (215)

where Dtgk = 5‘%?1 . 6‘35 . Observe that the integral is nothing more than the modified Fourier coefficient of
171

the function B,[jf} [Dtgk f] corresponding to indices iz and n;. We mention that the value A[rijm{ [f] also depends

on k and t € [d]. However, to simplify notation we will not make this dependence explicit.
With this in hand we may now deduce the key result of this section:



Theorem 2.11. Suppose that f € H** (—~1,1)¢, k € N, and that n € N‘i. Then

mix

’I‘JJrl

fil= 3 Z o '”*'*‘“'H(um) , (2.16)

te[d]* |rt]oe=0 jet

where .An n:[f] is given by (2.15). Suppose further that f obeys the first k derivative conditions. Then the
only non-zero term in (2.16) corresponds to t = (). In other words

d ,
il = 0 TT ) D55,
=
Proof. To prove (2.16) it suffices to consider f € C*[—1,1]%. To cover the general case we use density,

linearity and the bound [ A, [£]] < ¢l fllakme, Vf € H2F (—1,1)4, for some positive constant ¢ independent
of f,ng, ry and i (see Lemma 2.13). We proceed by induction on d. For d = 1 trivial integration by parts
verifies the result. Indeed, we have

— (e Fr) 41 p(2r41) (=DF 5t ,
Z ] {FE D) + (- eI b4 SO0, e Ny, e {01} (217)
r=0 l T+1 (,U/; )k
]
Now Suppose that the result holds for d — 1. Then fn = h%j]n, , where hy, Zd] f flx ”] dzg and 7/,

n' and 2’ are the first (d — 1) entries of i, n and x respectively. Using the mductlon hypothesm we obtain

Z Z Aru na [h[ld] (_1)|n,u|+\iu| H (M%§]>—(m+1) '

wE[d—1]* |ry|ee=0 JjEu

Applying the result for d =1 to th] gives

k—1 k—1 —
il Y% {Z(l)"d”d (uli) T [Bi1y]]

w€[d—1]* |ry|eo=0 \ 74=0

w0t (i) Al [ o ptol (xdmde i T ()
1

JEU

(rj+1)

Suppose now that ¢ = (u,d) € [d], where u € [d — 1]*. Then A[ri;],nﬂ [B[ﬁ:] [f]} A,«t nz|f]. Furthermore

——[id] .
(10 ()" AL (327 | = AL L1

where we consider u as an element of [d]* on the right hand side of this expression. Hence

f= { ki AL 11 ‘””*'“‘H( )(wl + AR A |nu|+\zu\H( ) ”“)}

w€[d—1]* \ |7r¢|ee=0 JEt JjEu

If ¢ € [d]* then either ¢ = (u,d) or t = u for some u € [d — 1]*. The two terms in the above expression
correspond to these two possibilities. Hence we obtain (2.16).

Now suppose that f obeys the first k& derivative conditions, in other words B,[f]:’] [f] = 0 for all i; € {0, 1},
rj=0,...,k—1land j=1,...,d. According to (2.15), any term .A[Tit],n{[f] with ¢ # () will vanish. O

Theorem 2.11 does not include those coefficients ﬁ[f] where n; = 0 for some j = 1,...,d. However, these
can be easily handled. Given n € N, suppose that n; = 0 for some t € [d]. If

Folzg) = /_11 . ../_11 f(@)day, .. ay,, (2.18)



then ftn, Note that if f € H?* (—1,1)¢ then f; € H?* (—~1,1)I!l. We may now apply Theorem 2.11
to fi to give the coefficient expansion in thls case.

We now wish to derive bounds for the coefficients fn To do so it is useful to consider the alter-
nate mixed Sobolev spaces G¥, (—1,1)4 = {f : D*f € L'(-1,1)%, V a : |a|o < k}, k € N, with norm
I e e Z\a|m§k [|ID= f||L1(,111)d7 Where ||g||L1 11yt = f(—Ll)d lg(x)| dz. Regarding such spaces, we have
the following result (which we shall use in the sequel):

Lemma 2.12. The spaces G* (—1,1)4, HE (-1,1)¢ satisfy H* (—1,1)¢ — Gk _(-1,1)? with imbedding
constant ¢ = (2k + 2)% .

Proof. The existence of an imbedding is direct consequence of L2(—1,1)¢ < L(—1,1)%. For the imbedding
constant we use the Cauchy—Schwarz inequality to obtain

a 4
|||f|||k1,mix S 22 Z HDafH S 22 Z 1 ||f k},mix'
|O“00§k ‘0‘|00§k
Since there are (k + 1)? choices of a € N with |a|., < k we obtain the result. O

To derive coefficient bounds we first need the following lemma:;:

Lemma 2.13. Suppose that f € H?*(—1,1)¢, i € {0,1}%, t € [d]*, r, € N with |r]o < k — 1, ngz € NI
and that A[Tlt]n{[f] is given by (2.15). Then

k
A6 1] < T () Mt

Jjé¢t

Proof. Tf BLZJ’}[f} is given by (2.13) then B,[n f 8% it+2 ( x)x?) dz;. Hence, the composition B,[nif][f]

defined in (2.14) has integral representation

1 1 )
Bl :LI_..L1D§Tt+2 (f(x)Hz;’j> i,

JEt

Substituting this into the expression (2.15) for .A%],n{ [f] gives

]Gt

We deduce that

A <TL () [

jgét (_lvl)d

DDt (f(x)Hx?) @ < T () 1ot

JEt Jgt
Here the final inequality holds since the integral is a sum over derivatives D* f with |a|e < 2k each multiplied

by " ... xgd for some suitable multi-index || < 1. O

Using this lemma we deduce the following:

Theorem 2.14. Suppose that f € H2*T2(—1,1)9 obeys the first k € N derivative conditions (by convention,

mix

when k = 0 we mean that the function f obeys no derivative conditions). Then
—(k+1)

|FIf <2 (T el I ll2k+2m0s - 7€ N,
jn; >0

where x(n), the grade of n, is the number of non-zero entries.



Proof. Suppose first that n € N‘i. Then, using Lemma 2.11 (with k replaced by k + 1) and the fact that f
obeys the first k£ derivative conditions, we obtain

A= S Al \m\+|mH( ) (1)

teld]* JEt

where k, = (k, k,...,k) € NI, Using the bound for Agj,nf[f] from Lemma 2.13 we have

d (k1)
T () O s 31

te(d]*

EE

Since |[d]*| = 2¢ and x(n) = d in this case, we obtain the result for n € N%. Now suppose that n; = 0 for
some t € [d]. Then, using the previous result,

2li - [ig] T i —(k+1)
[F3) = | finy | <21 H (/A«Lj]) Il fell2k-+2,mixs
Jin;>0
where f; is defined in (2.18). Moreover,
iloszwe = > [ pp@ldes 3 [ 0| de < Wlaksae
oo <2k42 / (ZL DX oo <2k42 Y (Z1D)
aeNX(™ aeNx(m)

thus completing the proof. O

£lé]

Using Lemma 2.12 we may also derive a bound for fr" in terms of || f|2k+2 mix:

Corollary 2.15. Suppose that f € H2*+2(—1,1)? obeys the first k € N derivative conditions. Then
—(k+1)
ey x(n)
|fi] < oxm+s ok 43)7 [ T wl! I fll2k 42,0 7€ N

Jjin;>0

Proof. Tf x(n) = d the result follows immediately from Theorem 2.14 and Lemma 2.12. Now suppose that

x(n) < d. We have
—(k+1)

(A <2 (T wl el 2,

jn; >0
Furthermore, || fi|l2k+2,mix < (4k +6) "2 ||ftH2k+2 mix and [[DYfi]| < 25
these observations we obtain || fi[l2k+2,mix < 2% (2k +3) 7z x5

X( ) x(n)

D f||, @ € NX("), Combining
Il £ |2k+2,mix, completing the proof. O

For the purposes of subsequent sections the following corollary is in fact more useful:

Corollary 2.16 (Coefficient bounds). Suppose that f € H2¥+2(—1,1)? obeys the first k € N derivative
conditions. Then

+4
2

|F0] < 260+ (2 4-3)"F (@il xROD (g ag) | flyggn s nE NY
where m = max{m, 1} for m € N.

Proof. For n € Ny and ¢ € {0,1} it is easily shown that um > (2177122, The result now follows
immediately from Corollary 2.15. O

With these bounds in hand we are able to provide quasi-optimal estimates for the error f — Fn|[f] in
various norms using various index sets. We consider this in the next two sections.
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3 Full index sets

The results of the previous sections do not make any assumptions regarding the index set I aside from the
stipulations that Iy be finite, UyIy = N® and I; € Iy C .... C N% The size of I determines the cost of
constructing the approximation Fy[f]: using numerical quadrature, the number of operations required to
evaluate the coefficients is O (|In|). Moreover, such methods are adaptive, making it possible to utilise any
index set we choose.

Standard intuition leads to the full index set

={ne NY . max {nj} < N}, (3.1)

,,,,,

which is just the hypercube of length N + 1 in N Indeed, the prevalence of this index set in spectral
discretizations is due to the fact that the method of choice for evaluating Fourier or Chebyshev coefficients,
namely the FFT, computes all the coefficients in I in a non-adaptive way. However, |Iy| = O (N d) and
this figure grows exponentially with dimension. To alleviate this problem we employ a hyperbolic cross index
set in the sequel. Such index set is viable precisely because it does not deteriorate the convergence rate of
the approximation unduly, as we shall prove. To this end, for the purposes of comparison, we consider the
approximation properties of modified Fourier series based on (3.1) in the remainder of this section. In the
univariate case, this has been thoroughly dealt with in [1], [17] and [22]. We now extend these results to the
multivariate setting.

3.1 Pointwise and uniform convergence rates

We first address the rate of pointwise convergence. This generalises the univariate result of S. Olver [22], to
d-variate cubes. To do so, we require the following lemma:

Lemma 3.1. Suppose that f € H2*+3+(—1,1)4, | = 0,1, obeys the first k € N derivative conditions and

miz

that In is the full index set (3.1). Then

d
F@) = Falfl@) = 32 3 B Gy) (1)) = Fnlpl)(a)) + 0 (N 7272, (32)

j=1i;=0
where B,[Cij][-] is as in (2.13), j € [d] is the tuple (1,...,5 — 1,5+ 1,...,d) and plil(x j) is a univariate
polynomial of degree (2(k + 1) — i;) satisfying the first k demvatwe conditions and B[“ [pls]] = 1.

Proof. Since uniform convergence is guaranteed by Theorem 2.10, we may write

N
f@) = Fxlfl@) =" > > > Ml

te[d] i€{0,1}4 nj>N n;=0
JjeEt  jét

By the Coefficients bounds corollary we have fr[f] =0 ((m .. .nd)_%_Q). The largest contribution thus
occurs when |¢| = 1. Hence

d N
flw) - =2, 2. 2 > AHlel@ o).
j=1ie{0,1}¢n >NT;;

We now expand the coefficient f,[f] in powers of n;l. For each j, 2(k + 1) integrations by parts give

. _1 nj+i_7~7_-\[i3] o i ]/Z\[i;} o
= (wf])kﬂ B, + O (- ona)Pn 7 = pll, (B, 4O (0 ma) ).
Hn

11



Substituting this into the previous expression we obtain

d 1 _ _
f@) = Fnlfl@) =D > Fn {B,[jj][f]} (z5) > p[z ¢[%]( )+ O (N-2-20)

j=14i;=0 n;>N
B fl(es) X L ol ag) + O (V2420
j=14;=0 n;>N
Since the infinite sum is precisely pliil(z;) — Fn[plisl](z;), the result follows. O

Note that it is not clear a priori that such univariate polynomials plis] exist. However, this has been
demonstrated in [17]. Using this lemma, we now deduce the following theorem:

Theorem 3.2. Suppose that f € H2+3(—1,1)? obeys the first k derivative conditions. Then the error

mix

f(@) = Fnlfl(z) is O (N~272) uniformly in any compact subset of (—1,1)%.
Proof. This follows immediately from Lemma 3.1 and the univariate result applied to the function plis!. O

In fact, using univariate arguments described in [22], we may easily determine the exact leading order
asymptotic behaviour of the error f(xz) — Fn[f](x). It can be shown that

(_eiﬂ'a:j)N—i-l—%ij

1+ elmT;

p[“]( i) — fN[p J]]( i) = (NW)_WCH)Re +0 (N_%_?’), -l<uz; <1,

where i is the imaginary unit. Substituting this into (3.2) immediately yields

(_eimj)zvﬂ—gij

1+ eimei

d 1 _
F(@) = Flfl@) = (Nm) ~2ED ST 57 B f)(a5)Re

j=1i;=0

) (N—Qk—Q—l) ,

for x € (—1,1)4. Provided f € H2*¥4(—1,1)¢ this establishes the leading order asymptotics.
We note that Theorem 3.2 excludes subsets of the boundary. Dealing with such regions is much easier,
we merely use a bound for the uniform error. For such a bound, we also require lower smoothness:

Theorem 3.3. Suppose that f € H2+2(—1,1)? satisfies the first k € N derivative conditions and Iy is the
full index set (3.1). Then
d
15 = Fullloe < 1 Taes2me [22 01+ 454 )] (20 + D] N -254),

where ¢ = 1+ 2(2k + 3)2 72D (2(k + 1)) and ((-) is the zeta function.
Proof. We have

1f = Fnlf]lloo

< > >

i€{0,1}¢ n¢ln

< [ fll2kt2,mix Z 22k + 1l Z Z Z X+ (o) + 3) F 2 DXO (7 ) ~2k2

1€{0,1}4 te[d] nj=0n;>N
j¢t jet

= I k42,2 (L4451 57 Z > [2ek+ ) (’““)}X(n) (Ar ... 7).

te[d)n;=0n;>N
j¢t JjEt

12



Since Y0 n 204D < ¢(2(k + 1)) and 3, oy n 2D < s VR it follows that

1 = Fwlflloo < 115 zks2,me [22 (1 +4’“+1>c4 > {2k 4 ey N CEI,
teld]

It is easily shown that altl <27 for any constant 0 < a < 1. Setting a = [(2k + 1)c,] ' N~ (2*+1) and

substituting into the previous expression now yields the result. O

The result of Theorems 3.2 and 3.3 is that, for a general function f obeying no derivative conditions, the
convergence rate of its modified Fourier series Fy[f] is O (N *1) on the boundary and O (N *2) inside the
domain. Conversely, when f obeys certain derivative conditions, not only are higher degrees of convergence
guaranteed (see Section 2), such rates of convergence also increase.

3.2 Estimates in other norms

Concerning the error in the H® norm, we have:

Lemma 3.4. Suppose that f € H**T1(—1,1)%, 1 = 0,1, satisfies the first k € N derivative conditions and Iy
is the full index set (3.1). Then

1f = Fnlfllls < crns N\ flley 7=s8,...,2k+1, s=0,...,2k+1, (3.3)
for some positive constant c, s independent of f and N.

Proof. For n ¢ Iy, ,ugf] > (Nn)2. Using this, Lemma 2.5 and (2.6) we have

IF=FalIE < 3 3 AR < (Ve 3D S ey

i€{0,1}¢ n¢ln i€{0,1}¢ n¢ln

d
< e N2 ST ST ST Tl A = e N2 2,

i€{0,1}4 neNd |a|<r j=1
as required. O
The conclusion of Lemma 3.4 may lead to the assertion that, for smooth f satisfying the first £ odd
derivative conditions, ||f — Fn[f]ll2k+1 = O (1), an estimate which in view Lemma 2.5 is not optimal.

However, it turns out that ||f — Fx[f]llaxs1 = O(N~2) in this case, as we shall now prove. To show this,
instead of using the above method of proof, we utilise the coefficient bounds of Section 2.4.

Lemma 3.5. Suppose that f € H2*+2(—1,1) satisfies the first k € N derivative conditions and Iy is the
full index set (3.1). Then

_op_3
||f_fN[f]HS S CSNS 2k 2Hf||2k}+2,mzz7 5207"'72k+17 (3'4)
for some positive constant cs independent of f and N.

Proof. Using Lemma 2.5 we have

d
IF=Fnllz= Y > > Z >OIFIP T (ki)
i€{0,1}¢ |a|<ste[d] n;=0n;>N j=1
j¢t  jet
Since f[] =0 ((n1...nq)"?72) it follows that
I — FnlAI? < e Z Z Z Z H 20 —4k—4 <e, Z ZN2|Q @3t < o N25—(4k+3)
la|<ste[d] nj=0n;>N j=1 la|<s teld]
jégt  jEt
as required. O

As in Theorem 3.3, it is possible to prescribe values for the constants appearing in Lemmas 3.4 and 3.5.
However, we shall not do this either here or in the remainder of this paper: numerical results indicate that
such constants are not unduly large.
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4 Hyperbolic cross index sets

A hyperbolic cross index set is obtained by including only those terms in the expansion

Yo D M),

i€{0,1}¢ neNd

whose absolute value in some norm is greater than some tolerance e. To do so, we need bounds for the
coefficients fr[f] and the functions qﬁk]. Given an arbitrary norm || - ||, we use the bounds of Section 2.4 for
the former, to obtain:

IFSSEN < el fllomis(r - - 2a) N SR

We shall consider the index set that originates from the L? and uniform norms. (It is possible to take a
more general viewpoint and consider the index set arising from the H® norm, s > 0, leading to a so-called
optimized hyperbolic cross [11]. This possesses some advantages over the L2 norm hyperbolic cross. However,
though the analysis presented herein can be extended to this setting, for simplicity, we shall not pursue this
further.). In this case ||¢£i]||oo = ||¢k]|| =1, and \||f7[f]¢£§] I < el fll2mix (1 - .. 7ig) 2. The tolerance € is defined
as precisely this upper bound with n = (N,0,...,0). In other words € = ¢/ f|2.m/N 2. This yields the
hyperbolic cross [3, 27] index set

In={neN':7;...ny < N}. (4.1)

We devote the remainder of this section to showing the benefit of this index set. There are two aspects
to this: the reduced cost in forming the approximation—in other words, the reduced size of the hyperbolic
cross index set—and the retention of similar error estimates in comparison to approximations based on the
full index set (3.1). We commence with the former:

Lemma 4.1. Suppose that 04(t) is the number of terms n = (ny,...,nq) € N® such that iy ... ng < t. Then

(log t)?=*

Gd(t):t(d_l)! 1+ O (tlogt)"2), > 1.

For a proof of this in a more general setting we refer to [8]. A simple inductive argument appears in [15],
which we now repeat here, since similar methods will be used in the sequel:

Proof. For d =1, 01(t) =t as required. Suppose now that the result is true for d — 1. Then

Lt)

0a(t) = :ﬁ:l@d—l <i> = ﬁ 7; % [log <2)] o + O (t(log t)?~?)

sl ()] et

= ﬁt/l x_l(IOg :C)d—2 dz + O (t(logt)d_Q) .

Evaluation of this integral completes the proof. O

Corollary 4.2. The number of terms in the expansion Fn|[f] based on the hyperbolic cross (4.1) is

d
d—1)!

Proof. For any n with strictly positive entries there are 2¢ choices of i € {0,1}?. The total number of

N(log N)4' + O (N(log N)*?). (4.2)

coefficients fT[Li] where at least one entry of n is zero is O (N (log N )d*2). O

14



4.1 Convergence rate in various norms

We now assess the rate of convergence in various norms of the approximation Fy[f] based on the hyperbolic
cross (4.1):

Lemma 4.3. Suppose that f € H2*+(—1,1)¢, 1 = 0,1, satisfies the first k € N derivative conditions and In
is the hyperbolic cross index set (4.1). Then, for some positive constant ¢, s independent of f and N,

If = Fnlfllls € crnsNT | fllry r=5,....2k+1, s=0,...,2k+L. (4.3)
If, additionally, f € H2T1(—1,1)%, then
If = Fn[fllls < ers N "N fllrimizs T=8,...,2k+1, s=0,...,2k+1. (4.4)

Proof. Due to Lemma 2.5 and (2.6) we may write

If=Fxlfi< Yo DOy = Y0 Y PO+ ) )y

i€{0,1}¢ n¢ln i€{0,1}¢ n¢ln
By a standard inequality 1 + ,u%] >c(ng... ﬁd)%, and, since n ¢ Iy, this gives 1 + M[rf] > Ni. Hence

( 2l iyr (
If = FNfIE < ersN Z Z |f’r[b]|2(1+/’('1[’7,]) <N

1€{0,1}4 neNd

which gives (4.3). Next consider (4.4). Clearly ||f — Fn[f]lls < ||f — Fn[f]lls,mx and, by Lemma 2.7,

d
o= > > | 2o TG | IAP

|f = Fnlf
i€{0,1}¢ n¢ln |a\(x,<sj:1
Y fap HH“[“ LN Y Sl H (14 iy
i€{0,1}¢ n¢ln Jj=1 i€{0,1}4 neNd
d
o S S| Y [Todhe |1 < e,
1€{0,1}¢ neN? ||| <rj=1
This yields (4.4). O

As with the full index set, this lemma is non-optimal for functions f of sufficient smoothness. For this
case, as before, we require the coefficient bounds to derive error estimates:

Theorem 4.4. Suppose that f € H2+2(—1,1)? obeys the first k € N derivative conditions and Iy is the

miz

hyperbolic cross index set (4.1). Then
1f = Fnlfllloo < cllfll2e+2, WN*Q'H(logN)d*1
1 = Fx AN < kol Fllor2,N 253 (log N) =
Lf = FnlFIls < enoll fllapsz, V275, s =1, ~,2k +1,
where ¢y, ci s are positive constants independent of f and N.
To establish this theorem we need the following lemma:
Lemma 4.5. Suppose that v, a(t) =Y. o o (1 ...0a)" "', 7> 0. Then
t~"(logt)d-t
r(d—1)!

Furthermore, if 0r.5.a(t) =35 5 s (M1 ... ﬁd)*r’lﬁj forr>s>0andj=1,...,d, then

Yra(t) = +0(t"(logt)? %), t>1. (4.5)

O(t"(logt)™!) 0<s<1

Ors,d(t) = i T4+ ¢(s+1)} e 4 { O (t+-1) o1 (4.6)
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Proof. By induction on d. For d = 1 we have 7,1(t) = Zn>tn7“1 =40 (t”’l) for large t. Now
assume that the result is true up to d. Then

t
t
7‘t:r—t _T_lr—f —r—lr_l
®) =002+ S0 i (£) 4 ()

n=1 n>t

Il
3
5
L
2
=
a
L
7N
3|+
N————
+
a
—
~
1
)
0]
N2
U
3
SN—

:t*“1 Lt £\1%72 . B
7r(d—2)';ﬁ {log (n)] +(9(t (logt)d 2)
—r—1 - (lo d—1
_t . 04(t) + O (t " (logt)*?) = tr(((ligtl))! + O (t " (logt)*?),

where 6, is as in Lemma 4.1. Thus we obtain (4.5). Next we consider

t
t
5r,s,d(t) = 67‘7s,d—1(t) + E niril&“»svd_l (ﬂ) +5Tasvd—1(1) E n~"t
n=1

n>t

n

t
= 6T,S,d*1(t) + Z n_r_lér,s,dfl (t> + @ (t_r) .
n=1

By the induction hypothesis, the first term is

1 —2 e r O(t(logt)¥2) 0<s<1
Ors.a-1(t) = PR {1+ ¢(s+ 1)} 20+ { ((’) (t(sfgf)l) ) s>1.

For the second term, we have

: t 1 ¢ t\ "
—r—1 — d—2 —r—1
e O LA L Y &)

n=1

@] (t‘r(logt)d_Q S n—l) 0<s<1

+ t
O (tsfrfl Zn:l nfs) s> 1.
1 d—2 ser O (t(logt)™!) 0<s<1
— gy e e+ f O LB 05
Combining this and the previous result completes the proof. O]

Proof of Theorem 4.4. This follows immediately from the Coefficient bounds corollary and Lemma 4.5. [

Theorem 4.4 indicates that the convergence rate of Fy[f] using the hyperbolic cross (4.1) is comparable
to that of the approximation based on the full index set (3.1). Indeed, for the L? and uniform rates we
only lose factors of O ((log N)?~!) and O((log N)“=") respectively. The H* rate, s > 1, remains the same.
Moreover, as evidenced by Corollary 4.2, the hyperbolic cross offers a vast saving in computational cost:
forming Fx[f] involves only O (N(log N)d’l) operations as opposed to O (Nd).

As is necessary for hyperbolic cross approximations, additional (mixed) smoothness is required for the
estimates of Lemma 4.3 in comparison to those of Lemma 3.4. If only H"-regularity is imposed, the hyperbolic
cross approximation will converge more slowly than its counterpart based on the full index set. However,
for approximations based on either the full or hyperbolic cross index set the minimal regularity required to
obtain an optimal convergence rate is the same (see Lemma 3.5 and Theorem 4.4 respectively).

It is also of interest to consider the affect of the hyperbolic cross on the pointwise rate of convergence.
As we shall see in the next section, this also only deteriorates by a factor of O ((log N )d_l). Moreover the
smoothness assumption remains the same.
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4.2 Pointwise convergence rate

To analyse the pointwise convergence rate of Fy[f] we consider a slight adjustment of the index set (4.1),
namely a step hyperbolic cross. To this end, we suppose that N = 2" and define

Qr= | rle), where pla)={neN’:[2%71] <n; <2 j=1,...,d}, aeN. (4.7)

|| <r

We call @, the step hyperbolic cross of size r. Note that we have the inclusion @, C Iny C Qr14, (see, for
example [20]), where Iy is the hyperbolic cross index set (4.1).

Theorem 4.6. Suppose that f € H2*+3(—1,1)¢ obeys the first k € N derivative conditions. Suppose further
that N = 2" and that Fn|[f] is the truncated modified Fourier expansion of f using the step hyperbolic cross
Qr. Then f(z) — Fn[fl(z) = O (N~2$72(log N)?~1) uniformly for x in compact subsets of (—1,1)%.

Proof. Let Fo[f](x) = X ici0,114 2onep(a) fn](;ﬁ[l]( ), @ € N%, so that Fy|[f] = > jaj<r Falf]. We first claim
that

Falfl(@) = 0 (2720400} o] — o0, (4.8)

To prove this result we use induction on d. The case d = 1 is trivial, so we now assume that the result holds

for all functions f of at most (d — 1) variables. We first recall the asymptotic expansion of fr[f] Since f
obeys the first k£ derivative conditions, an application of Theorem 2.11 yields

i — 1] o
= ZA[EM ATTP N, + 0 (. ona)=2)
JEt

where plis] is the polynomial defined in Lemma 3.1. The term Agn?[ f] is the modified Fourier coefficient of

a function Hi—i ) [f](zg) that satisfies the first k& derivative conditions in the variables z7. Hence

Z >y Al Hp“ ¢M (*2<k+1>|a\)

d] i€{0,1}4 nep(a) JEL
aj_q

- Zfaf 1] @ TT Z P 4l j)+0 (2720 Dlel )

Jetn'_l_2a 71J

Since plii] obeys the first k derivative conditions, an application of the univariate result gives

2§1 p[“ d)[z] (z;) =0 (2—2(k+1)aj) L j=1,....d

n;=[2%7")

Substituting this into the previous expression and using the induction hypothesis on the term F; [H? ]} (x7)
(note that || < d) now gives

Folfl@) = 0 [ D7 a2l [Tom2t0es | = o (27200 Dlel )
teld]

JjEt

which completes the first step of the proof.

Since the main result has already been proved in Theorem 3.2 for the approximation Fy|f] based on the
full index set (3.1), it suffices to consider the difference between this and the approximation based on the
step hyperbolic cross @,. This difference is precisely

Y A=Y Y A

jad>r | [ v o |
[af oo <1
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Figure 1: Absolute error |f(z,y) — Fn[f](z,y)| for f(z,y) = ¢ (y + tan?(1 — y?)) and —1 < z,y < 1 (top row),
—0.9 < z,y < 0.9 (bottom row).

ll,w i ““m 1“ | “M

100 : :

100 200 300 400

Figure 2: (left) scaled pointwise error N%(log N) ™! f(x,y) — Fnx[f](z,y)|, N = 10,...,400, for f(z,y) = ¥ and
(z,y) = (=3, —32) (thicker line),(3, —%) (thinner line). (right) scaled pointwise error N'(log N)~'|f(z,y)—Fn|[f](z, )|
for (z,y) = (-1,1), (—3,-1), (-1,—3).

where o/ = (o, ..., aq-1) is the first (d — 1) entries of a. Hence, using (4.8), it follows that

r

-
Z Faolfl(x) =0 Z 9= 2(k+1)le’| Z 9—2(k+1)aq
la|>r [a/|oe=0 ag=r—|a’|

lafoo <r

=0 Z 9—2(k+1)|a’[g=2(k+1)(r—a]) | _ (,rd—12—2(k+1)r) 7
|’ |00 =0
which completes the proof. -

The inclusion @, C Iy C Q44 indicates that this is also the case for the hyperbolic cross (4.1).
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4.3 Numerical Results

In Figures 1 and 2 we give numerical results for the bivariate modified Fourier approximation Fy|[f](z,y)
using the hyperbolic cross (4.1). As Figure 1 demonstrates, the error inside the domain is much smaller
than on the boundary, as predicted by Theorem 4.6. Observe further that when N doubles the uniform
error roughly halves, whereas the error in [—0.9,—0.9] x [—0.9, —0.9] roughly quarters, again as predicted.
Figure 2 verifies the results of Theorems 4.4 and 4.6: namely, the convergence rate is O (N “2(log N )) for
(z,y) € (—1,1)? and O (N~'(log N)) on the boundary.

The faster convergence rate of modified Fourier expansions away from the boundary indicates a weak
Gibbs phenomenon. Indeed, further analysis along the lines of that given in this section demonstrates that,
for a function f € H2%F1(—1,1)? obeying the first k € N derivative conditions, the derivative D*Fn|[f],
|a|oo = 2k + 1, converges pointwise to D®f away from the boundary but not uniformly on [—1,1]?. This
indicates a Gibbs phenomenon in the (2k + 1)*® derivative. For a general function f obeying no derivative
conditions, this translates as pointwise, but nonuniform convergence of any first order partial derivative of

Fnlfl-

5 The Modified Fourier—Galerkin method

In this section we consider one particular application of modified Fourier series: namely, the discretization of
Neumann boundary value problems (Section 6 deals with the discretization of problems with other boundary
conditions). Our aim is to provide analysis and, by both theory and numerical example, establish a number
of advantages of this approach over more standard methods. As we discuss further in Section 7, future work
is required to develop efficient, robust numerical algorithms based on modified Fourier series.

For the moment, we consider the Neumann boundary value problem

0
Llu](z) = —Au(x) + a- Vu(z) + bu(z) = f(z), =€[-1,1]% a—z — 0. (5.1)
where a = (ay,...,a4)" € R and b € R are constants (we consider the general case in the sequel) and f is

some given function. Equivalently, in weak form, if 7" : H'(—1,1)? x H!(—1,1)? — R is the bilinear form
T(u,v) = (Vu, Vv) + (a - Vu,v) + b(u,v), VYu,v € H(-1,1)4,

where (Vu, Vo) = f(71 1)d

find weH (-1,1)%: T(u,v) = (f,v), YoeH{(-1,1)%

Vu - Vu, we may rewrite (5.1) as

We shall use the Lax-Milgram Theorem and Céa’s Lemma (see, for example [7, 23]) so it useful to know

that the operator 7' is continuous and coercive if and only if b — ||a||* > 0, where ||a||? = Z?Zl a?. In this
case there are positive constants w and 7 such that

IT(u, )l < Allulillvll, T(u,u) > wlul,  Vu,v e HY(-1,1)% (5-2)

5.1 Galerkin’s equations and iterative solution techniques

We consider the modified Fourier—Galerkin approximation of (5.1). Suppose that we write such approxima-

tion uy € Sy as
un(z) = Z Z ﬂ%](bw(m% z e [_171]d7

i€{0,1}d neln
where Iy is some appropriate index set. The coefficients ﬁ%] € R enforce Galerkin’s equations T'(uy, ¢) =
(f,9), V¢ € Sn. We have:

Lemma 5.1. The coefficients a,f] satisfy
d
(b+phyald + 3 agofil, ol = fll e {01}, nely, (5.3)
=1 TYMEN,
(nymy)ElN
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where

(nam]) = (Tl/l, sy M—1, MGy g1 - - 7nd)a (Z’ 1- Z]) = (ila s 7ij—17 1- ij7ij+l7 s aid),
and
- | =
= [ ¢@) (sl (z)de =2(-1)" 20— i=0,1, n,meN. (5.4)
L On m B -4
Hn Hm

Proof. We set ¢ = gb%], i € {0,1}%, n € Iy in Galerkin’s equations. Due to the Laplace term, we obtain

Ty ol)) = 0+ Wl 43" Y S 000, o il

j=11€{0,1}¢ meln

Now

(9s, 081, 6l = (1))’ &%)H(WQ@%';]):{‘S%?]W (=1 ~ig), me =k, RS,

Py 0 otherwise,

which gives the result. O

For spectral discretizations in Cartesian product domains, Galerkin’s equations are normally written in
tensor product form. The advantage of this approach is that it facilitates the use of novel solution techniques
such as the matrix diagonalization and Schur decomposition methods [7]. Furthermore, the matrices involved,
which in this case would correspond to univariate modified Fourier discretizations, are well understood and
have a number of beneficial properties [1]. However, we shall not pursue this approach: for approximations
using a hyperbolic cross index set, Galerkin’s equations do not naturally have a tensor product form.

Instead we consider standard iterative methods. Suppose that we write the discretization matrix as
Ag and Galerkin’s equations as Agu = f In addition, we decompose Aq = Mg + Ng, where Mg is the
diagonal matrix corresponding to restriction of the operator —A + bZ to Sy and 7 is the identity operator.
As we demonstrate in the sequel, the matrix Mg is an optimal preconditioner for Ag. Hence Galerkin’s
equations can be solved via preconditioned conjugate gradients. Moreover, the number of iterations required
for convergence within some numerical tolerance is independent of the truncation parameter N.

This fact is independent of the discretization basis. However, in the modified Fourier setting the matrix
Mg is diagonal (with n*™® entry b+ ME]), making this scheme practical. The overall cost is thus determined
by the number of operations required to perform matrix-vector multiplications involving Ag. We have:

Lemma 5.2. For N > d the number of non-zero entries of the matriz Ag is d2¢ N1 + O (Nd) in the case
of the full index set (3.1) and d2*N?[(1+((2))%'] + O (N(log N)*~1) for the hyperbolic cross (4.1).

Proof. In view of Lemma 5.1, the number of non-zero matrix entries is

T OYY Y i+0(nm),.

i€{0,1}¢n€lny j=1 m;EN,
(nsm;)€ln

If Ty is the full index set, we easily obtain the result. For the hyperbolic cross (4.1) we have

Yy Yo

1€{0,1}¢n€ln j=1 m;EN,

(nym;)€ln
(1. Rg—1)" 1
=d2" Y > 1+0(N(ogN)*) —d2dz Z 1+ 0 (N(log N)41)
nely mq€EN, nelyn
(nyma)€ln
N - 1
= d2? ————— + O (N(log N)*™ 1) = d2¢N? s + O (N(log N)41).
Zﬁl...ﬁd_l (N(log N)™) _ Z o (Ay .. Tig—1)? (N (tog N)™)
nely N1yeeeyRg—1=1
Evaluating this final sum completes the proof. O
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In light of Lemma 5.2 we conclude that Galerkin’s equations can be solved in O (N d‘H) (full index
set) or O (N 2) (hyperbolic cross) operations by conjugate gradients and direct evaluation of matrix-vector
products. However, since the action of the matrix Ag corresponds to finding modified Fourier coefficients of
derivatives of finite modified Fourier sums, a variant of the Fast Fourier Transform (FFT) can be employed
in the full index set case. In this manner the figure of O (Nd“) can easily be reduced to O (Nd log N).
For the hyperbolic cross index set, a variant of the sparse grid FFT could be employed [4, 10]. In this
manner, the figure of O (N 2) could be reduced to O (N (log N )d). However, this technique is neither easy
nor straightforward to implement [15].

5.2 Properties of the discretization matrix

The properties of Ag, in particular the L2 and spectral condition numbers and the existence of effective
preconditioners, are of importance in spectral discretizations. In this section, we demonstrate that both the
L? and spectral condition numbers of the modified Fourier-Galerkin discretization matrix are O (N?) and
that the diagonal matrix M is an optimal preconditioner. The results of this section are extensions of those
found in [1].

Lemma 5.3. Suppose that Iy is either the full or the hyperbolic cross index set. Then the spectral condition
number of Ag is O (NQ) provided the operator L is coercive. Specifically, if A is an eigenvalue of Ag then

w< N <1+ N*7%d), w <A <y(1+(d—1+N)7?),
in the full and hyperbolic cross cases respectively.

Proof. For an eigenvalue A with eigenfunction v € Sy we have \(u, ¢) = T'(u, @), V¢ € Sy. In particular,
wllul® < [Al|Jul/? and [A|||u]|?> < ¥||u||?. Now, by Bernstein’s Inequality (Corollary 2.6), ||ul|? < max,er, {1+
i }H|w||2. Moreover, for n € Iy,

1+pl% <14+ N%722%d, 1+p9% <14 (d—1+N?)7?, (5.5)
where Iy is either the full or hyperbolic cross index set respectively. O
We may also prove the same result for the L? condition number. To do so we need the following lemma:

Lemma 5.4. Suppose that X is an eigenvalue of Al Ac with associated eigenfunction u € Sy. Then
(Fn[Llul], FN[L[]]) = Au, ), Vo € Sn. (5.6)
Proof. This is a trivial generalisation of the proof given in [1], so is not presented here. O]

Corollary 5.5. Suppose that I is either the full or the hyperbolic cross index set. Then the L? condition
number of Ag, k(Ag), is O (N2) provided the operator L is coercive. Specifically, if v/ > 0 is such that
1L[u]l|? < (v)2||u|3 for all u € H2(—1,1)%, then we have the bounds

k(Ag) <w Y (1 4+ N?72d), k(Ag) <w (14 (d—14+ NH7?),
in the full and hyperbolic cross cases respectively.
Proof. Setting ¢ = u in (5.6) gives | Fn[L[u]][|> = Al|ul|*. Now

ANl = sup  INEDLg) S (Eludg)

(5.7)
geL2(—1,1)d llgll gesn gl

Suppose that we define g € Sy by enforcing the condition (L[¢],g) = (¢, u) for all ¢ € Sn. Note that the
coefficients of g are the solution of a linear system involving AJ,. Hence, existence and uniqueness of g is
guaranteed. Furthermore (L[u],g) = (u,u) = ||ul|? and, since L is coercive, w|g||1 < |Ju||. Thus

Alull? = | Fw LRl > [(ﬂ[f;]ﬁg)} - HgH'Q > W ul.
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To derive an upper bound for A, we note that
Mlul? = [FnlLu]]|? < IL[u]]? < (+)?]|ul3 < (7’)2;3%&}35{1 + Y2l
by Bernstein’s Inequality. The result now follows immediately from (5.5). O

We remark in passing that the lower bounds for the minimal eigenvalues of Ag and A Ag are independent
of the Galerkin discretization used. The upper bounds, however, rely on Bernstein-type estimates which are
dependent on both the discretization basis and index set employed.

We complete this section by demonstrating that Mg is an optimal preconditioner for Ag. To do so, we
first require the following lemma:

Lemma 5.6. Suppose that the operator L is H(—1,1)-continuous and coercive and that Lo = —/\ + bT.
Then, there exists a constant w' > 0 such that

(L[u], Lolu]) = (w')?[ul3,
for all u € H2(—1,1)4 satisfying 8“ |r =0.
Proof. We have (L[u], Lo[u]) = ||Lo[u]||? + (a.YVu, Lo[u]). Now ||Lo[u]||? = ||Aul|? + 2b]|Vul|? + b?|lu|?* and
[(a.Vu, Lo[u])| < |(a.Vu, Au)| +b|(a.Vu, w)| < [[all[|Vull| Aull + blla]| |Vl ||u].
Using Young’s inequality (zy < ex? + Ly?, Vo,y € R,e > 0) we obtain

|(a.Vu, Lo[u])| < || Aul* + %HVI”F +b%e||ul|?, Ve > 0.

Substituting this into the previous expression now gives
(Llul, Lofu) = (1= llul® +2 (b - L) Va2 4+ 62 (1 - )l

If we set € = [|la]|*(2b + %]lal|?)~! then

|al®

Y b Laf?
wwmmmz( b= gllal” 2)mw2wb1MWMWW+¥(%2)mm
T 1| b+ Lal

which yields the result. U

Theorem 5.7. Suppose that Ag is the modified Fourier—Galerkin matriz. Then the right preconditioner Mg
is optimal for both the spectral and L2 condition numbers, provided the operator L is coercive. Specifically,

W (max{1,2b,5*}) % < k(AgMg") <~/ (min{1,2b,b%}) 7 |
and if X is an eigenvalue of AcMg", w(max{b,1})~* < |A| < y(min{b, 1})~?
Proof. Suppose that A is an eigenvalue of AgMél with eigenfunction v € Sy. Suppose that u = (—A+bZ)v
for some v € Sy. Then (L[v], #) = M Lo[v], ¢), V¢ € Sn. Setting ¢ = v gives (L[v],v) = AM(Lo[v],v). It is
trivial to show that the operator £y is continuous and coercive provided b > 0, with constants max{b, 1}
and min{b, 1} respectively. Hence w(max{b,1})~! < |\| < y(min{b,1})~!, as required.
Now suppose that A is an eigenvalue of (AgMg"') T (AcMg") with eigenfunction u € Sy. Then, us-

ing (5.6) we obtain || Fn[L[v]]||2 = A||Lo[v]||?, where u = (—=A + bZ)v once more. Note that | Lo[u]||? <
max{1,2b,b?}||ul|3 and Lo[u]||* > min{1,2b,b?}||ul|, for all u € H?(—1,1)¢ satisfying %‘1“ = 0. Hence

min{1,2b, b }A[lv]|3 < | Fn[LWIIZ < ILWII1P < (V) [oll3,

1

which yields k(AgMg') < +/(min{1,2b,b%})~=. To provide a lower bound we use (5.7) with g = Lo[v] to

)
give ||Fn[LV]|| > W We now use Lemma 5.6 to give

(w/)Q 2

2
HJTN[ﬁ[U]]” 2 max{l,2b,b2} ||UH2

Hence r(AgMg') > w'(max{1, 2b, b2})~2 and the proof is complete. O
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5.3 Convergence rate and numerical results

The results of Sections 2—4 allow us to immediately provide estimates for the convergence rate of the approx-
imation uy in the H! norm. From Céa’s lemma, ||u — uy|j1 < yw ™ tinfges, [|u — ¢|l1. For modified Fourier
series, in light of Lemma 2.4, this infimum is precisely ||u — Fnu]||1. Since the solution u automatically
obeys the first derivative condition, we obtain

Theorem 5.8. Suppose that uy is the modified Fourier—Galerkin approzimation based on the full index set
(3.1). Then

- _ _ _s
lu—unll < 9w e N lulle, 1 =1,2,3, flu—unly <907 e NTE fulla

where c.1 and c; are the constants from Lemmas 3.4 and 3.5 respectively. If un is the approximation based
on the hyperbolic cross (4.1) then

1—
HU' - uN”l < 'Vw_lcT',lNTT Hu||77 Hu - UN||1 < 'Vw_lcflel_T”uHﬁmm r=123,

and ||lu —upn|1 < Vw_lclN_%||u||4,m, where ¢, 1 and ¢1 are the constants from Lemma 4.3 and Theorem
4.4 respectively.

As in Section 4, when u does not have sufficient regularity the method based on the hyperbolic cross
converges at a slower rate than its full index set counterpart. However, provided the solution v € H*, (—1,1)¢,
both the full and hyperbolic cross index sets offer the same convergence rate. Since the latter involves far
reduced complexity, we shall focus on it in the remainder of this paper.

In Figure 3 we give numerical results for the modified Fourier—Galerkin method applied to the problems:

(Pl) d:2,a1:71,a2:2,b:4,

u(r,y) = e = L[ 2Pe (= ae ] = L e (14 )t - )]
+ g (1= 2)2(1 — )2+ (1+2)°(1 +)%],

(PQ) d:3,a1:—1,a2:2,a3:1,b:5,
1
u(zy ) = ¢ [34 050 L@ h 1) (3-zted@+ )]
x [sind(y+1) — Ly +1) (3+cosl+ (cosl—1)y)] (z—2) (z+1)°.
Figure 3(c) confirms Theorem 5.8 for these examples. Figures 3(a),(b) indicate that the uniform error of
this method is O (N “3(log N )dil), precisely the same as for function approximation using modified Fourier
series (note that, unless a = 0, uy # Fnlu], so the results of Section 4 do not apply directly). However,

unlike the latter, the modified Fourier—Galerkin method does not offer faster convergence inside the domain.
Concerning the rate of uniform convergence, we have:

Theorem 5.9. Suppose that u € L®[—1,1]2 N H'(=1,1)% and that ux is the modified Fourier—Galerkin
approzimation based on the hyperbolic cross index set (4.1). Then, for some positive constant ¢ independent
of u and N,

11 d—1
lu—unlloo < eNZ27d(log N) = [lu —un|ls + [lu — Fn[u]]o-
Proof. Theorem 4.3 gives that |Jv—Fx[v]]1 < ¢N ™1 ||v|5 for any v € H2(—1,1)¢ satisfying the first derivative
condition. By a standard duality argument [13, p.190], we thus have |u — un| < ¢N~7|lu — un||;. Writing
en = Fnlu] — un, this result yields [|ex|| < eN~a[ju — uy|;. Further, for any ¢ € Sy we have

2 2
lollee < > DIl <f > D1 SO>Il
i€{0,1}4 n€ly i€{0,1}d nely i€{0,1}4 neln
1 1 d-1
< c|In[Z[|¢]| < eNz(logN) = [[¢]|.
Since ey € Sy we obtain |ley|lcc < cNé_é(log N)d2;1Hu —up|l1- A simple application of the triangle
inequality ||u — un|lco < |len]loo + ||t — Fn[u]|lco now yields the result. O
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Figure 3: (left) scaled pointwise error N*(log N)™!|u(x,y) — un(x,y)| for the problem (P1), where (z,y) = (1, —1)
(thickest line), (—1,1), (0, —1) (thinnest line). (middle) scaled pointwise error N*(log N)*|u(z,y, z) — un(z,y, 2)|
for (P2), where (z,y,2z) = (1,1,1) (thickest line), (2,3, 2) (1L Ll 11y (thinnest line). (right) Scaled H' error
N2 |lu — un||1 for (P1) (top) and (P2) (bottom).

Corollary 5.10. Suppose that uy is the modified Fourier—Galerkin approzimation based on the hyperbolic
d—

cross (4.1) and that v € H (—=1,1)2. Then ||u — un|leo < cN_Z_é(logN)Tl||u||4,m,im for some positive

miz

constant ¢ independent of u and N.

When d = 1, as observed in [1], this result conforms with numerical examples. However, in light of Figure
3, this result is non-optimal for d > 2.

5.4 Numerical comparison

Standard methods based on Chebyshev or Legendre polynomials yield spectral convergence whenever the
solution is smooth. Conversely, the modified Fourier method converges slowly unless the solution u obeys
higher order derivative conditions. However, due to its lower complexity, for certain examples the modified
Fourier method offers a lower error for moderate values of N. We now consider three such examples, with
parameters d = 3, b = 2, a = 0 and exact solutions

u(z,y, z) = sin(2x(22? — 2)?)(siny — ycos 1)(2° — 52), (5.8)

Heosdyta® _ p(ay,2), (5.9)
2

u(z,y,z) =e
u(z,y, z) = x* cos(y sin 5z) cosh z — p(z, y, 2), (5.10)
respectively. Note that in (5.9) and (5.10) the function p interpolates the Neumann data of the functions
v(z,y, 2) = 2% cos(y sin 5x) cosh z and v(z,y, 2) = g? cosdy+a®,

1
p@,y,2) =5 [v(1,9, 2)2® 4 vy (2,1, 2)y° + v (2, y,1)2°]

- i [ny(l, 1, 2)2%y% + v, (1, y, Da?2% + vyz(z, 1, 1)y222] + évxyz(l, 1, 1)a%y? 22

In Figure 4 we plot the error against number of terms for this method and the Legendre—Galerkin approxima-
tion [12, 26] (the Chebyshev—Galerkin approximation [25] gives similar results). As is evident, the modified
Fourier method offers a smaller error until the number of approximation coefficients is moderately large.
In particular, at least 3375 terms are required before the Legendre approximations to (5.8)—(5.10), which
involve O (N 3) coefficients in comparison to O (N (log N )2), become superior. For d > 3, this effect will
become more pronounced: due to its O (N d) terms and O (N d‘“) complexity, the Legendre method becomes
impractical for such higher dimensional problems.

Note that these plots do not take into account the operational cost of each method. As we know from the
previous discussion, constructing the modified Fourier—Galerkin approximation involves O (N 2) operations,
whereas for the Legendre method, even if the coefficients of f are known exactly, this value is O (N 4) [26].
Thus the modified Fourier method is likely to perform even better if we were to take this into account.
Having said this, we note that a central issue concerning the modified Fourier method is the computation
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Figure 4: Comparison of the modified Fourier (thick line) and Legendre-Galerkin (dots/thin line) methods applied
to (5.1) with exact solution (5.8)—(5.10) (top to bottom). (left) log L? error log,, ||u — un || against number of terms,
(middle) log H' error log,, ||u—un||1 against number of terms, (right) log pointwise error log,, [u(z, 1,1) —un(z,1,1)]
for —1 <z <1, where N is chosen so that the number of terms for each method is approximately 2750.

of the coefficients f,[f ], meaning that a direct comparison of the two methods in terms computational time
is premature. The design of efficient, robust algorithms based on the quadratures developed in [17, 18] is a
subject of future research, as we discuss briefly in Section 7.

Having demonstrated examples where the modified Fourier method is advantageous, it should be noted
that such improvement is certainly not in evidence for all problems. In particular, whenever the solution u
has large mixed derivative in comparison to its classical derivative, the Legendre—Galerkin approach (which
is based on a full index set) will outperform the modified Fourier method (which utilises the hyperbolic
cross). This feature is common to all hyperbolic cross/sparse grid methods. By means of example, consider
the functions

u(z,y,2) = v ()i (y)oi(z), wa(z,y,2) = vo(@)ve(y)vi(z), us(z,y,2) = vo(@)v,(Y)vw(2),
where v;(z) = %ﬁzz)] for t € R, which satisfy [Ju;, = O (w") and |Ju;]/y e = O (W) for i = 1,2,3.
Figure 5 compares the two methods for these example. For wp, the modified Fourier method outperforms
the Legendre method for moderate values of N. However, this effect is less pronounced for us and does not
occur at all for ug.

Even for problems where the modified Fourier method outperforms polynomial-based methods for mod-
erate N, this regime may be rather small (especially for d = 2,3). The aim of future work, namely the design
of techniques to accelerate the convergence rate, is to address this issue by realising more rapid convergence,
thereby making the method effective for a broader range of problems (see Section 7).
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Figure 5: Log error log; ||u —un|| against number of terms for the modified Fourier and Legendre-Galerkin methods
applied to the problem with a = 0, b = 2 and exact solutions wu; (left), us (middle) and us (right), where w = 10.
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Figure 6: (left) scaled pointwise error N*(log N) ™! |u(z, y) — un (x, y)| where u is given by (5.11) and (z,y) = (1, —1)
(thickest line), (1, 1), (—4,—3) (thinnest line). (middle) scaled pointwise error for (5.12). (right) scaled H' error

N2 |lu—un|1 for (5.11) (bottom) and (5.12) (top).

5.5 Variable coefficient problems

The extension of this method to variable coefficient problems, where a; : (=1,1)? = R and b: (-1,1)4 = R
are (sufficiently smooth) functions of z, can be achieved in a straightforward manner. In particular, simple
generalisations of Theorems 5.8 and 5.9 are easily established. This fact is demonstrated numerically in
Figure 6 for examples with parameters d = 2, a = 0, b(z, y) = 2%y and b(z, y) = cos(z + y) respectively, and
exact solutions

u(e,y) = = L [(14+2)% + (1 —2)%e V] = T [(1+ )% + (1 - y)%]

e
+5[1=2*0 -y’ + A +2)*0 +9)°], (5.11)
1

u(z,y) =3 sin 2xy — xy(cos 2x + cos 2y + 2sin 2 — cos 2). (5.12)

We mention in passing that previously derived estimates for the condition number remain valid in the variable
coefficient setting. An optimal, diagonal preconditioner can also be obtained from the discretization of the
operator —A + byZ, where by = max,¢(_1,1)a b(z).

Much like the Fourier case, the matrix Ag has entries that involve modified Fourier (and Laplace—
Dirichlet) coefficients of the functions a; and b. As with the inhomogeneous term f, these may be calculated
by numerical quadrature. Efficient solution of Galerkin’s equations can be achieved once more by conjugate
gradients. The matrix Ag is typically dense, thus direct evaluation of matrix-vector products requires
O (N 2(log N )Q(d_l)) operations. However, since the action of Ng corresponds to finding modified Fourier
coefficients of products and derivatives of finite modified Fourier sums, this figure could be reduced to
O (N(log N)?) as in the constant coefficient case.

6 Discretization of Dirichlet and Robin boundary value problems

As mentioned in Section 1, the modified Fourier basis is best suited to the spectral discretization of ho-
mogeneous Neumann boundary value problems. Analogously, for a homogeneous Dirichlet boundary value
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Figure 7: Log pointwise error log,, |u(z, yo) — un(z,y0)|, =1 < z < 1, for the Laplace—Dirichlet Galerkin approxi-
mation with N = 10 (thickest line), N = 40 and N = 160 (thinnest line).

problem (for example), we discretize using Laplace—Dirichlet eigenfunctions wk] (see Section 2.1). The re-
sulting method exhibits many similar properties to the modified Fourier-Galerkin method (unsurprisingly,
given the duality enjoyed by the two bases). In particular, the equations may be solved in O (N 2) operations,
and there is an optimal, diagonal preconditioner.

In Figure 7 we plot the error for the Galerkin approximation based on Laplace—Dirichlet eigenfunctions
applied to the boundary value problem

—Au+aVu+bu=f, wulp=0,

with d = 2, parameters a; = 1, as = —1, b = 3 and exact solution u(z,y) = (2 — 1)?(y? — 1). Observe that
doubling N reduces the error by roughly a factor of 4. This indicates an O (N *2) uniform error. Inside
the domain—unlike the modified Fourier—-Galerkin approximation—the error is a full power of N faster, i.e.
@) (N _3). Numerical results indicate that an analogue of Theorem 4.6 holds for Laplace-Dirichlet Galerkin
approximations. Note that, due to the boundary conditions, the error on the boundary is in fact zero.
However, as is typical for (weak) Gibbs-type phenomena, the maximal error occurs at an O (N _1) distance
away from the boundary.

For Robin boundary conditions g—z + Qu|r = 0, where 0 € R, we employ a similar approach. The relevant
Laplace eigenfunctions subject to such boundary conditions are precisely Cartesian products of the univariate
eigenfunctions given explicitly by

1 1
d)go] (z) = (0~ 'sinh(20))"2e7%%,  ¢l%(z) = (n®7% + 62)"2 (n7wcosnmz — Osinnrz), ne Ny,

oM (z) = ((n— 1)%m® + 92)7% ((n— 3)wsin(n — 3)7z + Ocos(n — )mz), neN,.

As in the Dirichlet case, the resulting method shares many features with the modified Fourier method.

In Figure 8 we plot the error for the Galerkin approximation based on these eigenfunctions applied to
the boundary value problem with parameters a; = 2, as = 3, b = 5 subject to homogeneous Robin boundary
conditions with 8 = 3 and exact solution

u(z,y) = 2i6 [166% —8e(z+ 1)+ @Be—1)(142)?| (y+1)* (2y - 3). (6.1)

These results indicate an O (N _3) uniform error, as was observed for the modified Fourier method. Moreover,
unlike the Dirichlet approximation, the rate of convergence away from the boundary is not of higher order.

7 Conclusions

We have developed the approximation-theoretic properties of modified Fourier series in Cartesian product
domains using both full and hyperbolic cross index sets. In particular we have proved uniform convergence
and extended the results of [1, 17, 22] concerning the rate of convergence. In the second half of this paper
we have applied such series to the spectral-Galerkin approximation of Neumann boundary value problems.
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Figure 8: Log pointwise error log, [u(zo, y) —un(zo,y)|, —1 < y < 1, for the Laplace-Robin Galerkin approximation

o (6.

1) with NV = 50 (thickest line), N = 100 and N = 150 (thinnest line).

We have shown that the resulting approximation consists of O (N (log N )dil) terms which may be found in

@ (N 2) operations using conjugate gradients. Moreover, the discretization matrix has an O (N 2) condition
number and there is an optimal, diagonal preconditioner. Despite offering only algebraic convergence, we
have shown that these methods are more effective than standard polynomial-based approaches for moderate
values of the truncation parameter in certain problems. Finally, we have demonstrated how very similar
methods can be developed for problems with Dirichlet or Robin boundary conditions.

Numerous avenues remain for future research, as we now describe:

1.

Numerical evaluation of modified Fourier coefficients. It was not the intent of this paper to address
the calculation of modified Fourier coefficients using the methods outlined in [17, 18]. Herein a number
of open problems and challenges remain. Robust error estimates for the quadratures employed are
largely lacking and criteria for selecting optimal parameters do not yet exist. It is also fair to point
out that such schemes become increasingly complicated to implement in higher dimensions. However,
this approach allows us to immediately exploit hyperbolic cross index sets, leading to the favourable
properties outlined in this paper. Clearly these issues are a barrier to the design of competitive
algorithms based on modified Fourier series, with particular application to boundary value problems,
and future work will address this shortcoming.

. Accelerating convergence. The results of this paper suggest that, despite converging only algebraically,

the modified Fourier method exhibits some benefits over polynomial-based methods. To make the
method competitive for a larger range of problems, future work will address the issue of accelerating
convergence. For the task of function approximation, a number of convergence acceleration techniques
are known. In [2] Eckhoff’s method (a well-known technique in the univariate Fourier setting [9])
was generalised to modified Fourier expansions in d-variate cubes. Development of spectral-Galerkin
methods utilising this device is a subject of both current and future investigation. In [1] an alternative
ad-hoc technique was introduced to accelerate convergence of the univariate modified Fourier—Galerkin
method. Future work shall also investigate the extension of this technique to the multivariate setting.
Other boundary value problems. As demonstrated in Section 6, closely related techniques can be devel-
oped for second order Dirichlet and Robin boundary value problems. Unfortunately more complicated
boundary conditions cannot be tackled so easily. For example, so-called co-normal boundary conditions
are outside the scope of this approach, since the relevant Laplace eigenfunctions cannot be expressed as
simple Cartesian products. However, certain higher, even-order differential operators also have simple
eigenfunctions [16]. These may have application in the spectral discretization of higher-order problems.

. Non-tensor product domains. Laplace-Neumann eigenfunctions are known explicitly in certain triangles

and higher dimensional simplices (see [14] for the case of the equilateral triangle), allowing for the
construction of approximation schemes in more complicated geometries. Existing spectral algorithms
for triangular domains are complicated to implement, so the modified Fourier approach may offer
benefits in this respect.

Fast solvers. The iterative techniques presented to solve the modified Fourier—Galerkin equations
are generic and work well precisely because of the simple nature of the modified Fourier basis. As
mentioned, a variant of the sparse grid FFT can be used to increase efficiency. However, it would be
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preferable to avoid the use of the FFT altogether and develop ad-hoc methods instead. The quadrature
methods introduced in [17, 18]—presented as an alternative to the FFT for the related task of evaluating
modified Fourier coefficients—provide a potential means to do this.
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