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SPARSE SPECTRAL APPROXIMATIONS OF HIGH-DIMENSIONAL
PROBLEMS BASED ON HYPERBOLIC CROSS*
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Abstract. Hyperbolic cross approximations by some classical orthogonal polynomials/functions
in both bounded and unbounded domains are considered in this paper. Optimal error estimates in
proper anisotropic weighted Korobov spaces for both regular hyperbolic cross approximations and
optimized hyperbolic cross approximations are established. These fundamental approximation results
indicate that spectral methods based on hyperbolic cross approximations can be effective for treating
certain high-dimensional problems and will serve as basic tools for analyzing sparse spectral methods
in high dimensions.
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1. Introduction. Many scientific and engineering applications require solving
high-dimensional partial differential equations (PDEs). Examples include funda-
mental equations in physics such as Boltzmann equations, Fokker—Planck equations,
Schrodinger equations, and mathematical models in finance (cf., for instance, [2] and
the references therein).

Current spectral methods for solving PDEs in multidimensions are usually based
on tensor product formulation. Assuming N points are used in each direction, the total
number of unknowns for the spatial variables is M = N¢, where d is the dimension.
Thus, even for problems with a moderate dimension, current computing power does
not allow a reasonable full tensor product grid needed to resolve the physical solution.
Another way to look at the difficulty is through the error decay rate in terms of total
number of unknowns. Let Xy be an approximation space based on the full tensor
product grid with N points in each direction. A typical error estimate is of the form

(1.1) inf |lu—ovnllze SN ulla M7 ullar,

vNEXN

where H" is the usual Sobolev space, and the notation “<” means “<” up to a positive
constant independent of N and u. Hence, the convergence rate deteriorates rapidly as
d increases, leading to the so-called curse of dimensionality (cf. [5]). Another viewpoint
for the curse of dimensionality related to the full tensor grid is that it samples only
Mi points in each coordinate, explaining why the approximation error usually decays
as powers of M-,
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1088 JIE SHEN AND LI-LIAN WANG

In order to understand better the crucial issues in high-dimensional approxima-
tion, we consider, for example, the d-dimensional Poisson-type equation

(1.2) au—Au=f x€Q=(-1,1% ulsg=0,

which has to be solved repeatedly in many high-dimensional applications at every
time step and/or at every iteration of an iterative procedure.

Let Xy be a finite-dimensional space and I an interpolation operator, both to be
specified. A weighted spectral Galerkin method for (1.2) is to find uy € Xy such that

(1.3) a(un,vN)w — (Aun,vn)w = (INf,vN)w Yon € Xy,

where w is a positive weight function, and (,-), represents the weighted L? inner
product. Then, in general, we have an error estimate of the form

(fv(b)w - (INf7¢)w

19— un)lzz S inf |V(u—on)lzz+ sup

(1.4) N € $EXNIVH£0 IVollre
S, nf IV —on)lze +If = Infllze.

The first term on the right-hand side is the best approximation error in Xy, while
the second term represents the integration/interpolation error. The main question is
how to choose Xn and In such that (1.4) has a fast convergence rate with respect to
the number of degrees of freedom in Xy and that (1.3) can be solved efficiently.

Let us first consider the choice of Xy. It is well known (cf., for instance, [20, 21])
that for multivariate periodic problems, the so-called hyperbolic cross space

d
(1.5) Xy = span{ exp(ik - @) : |K|mix := H max{|k;|,1} < N}
j=1

provides optimal approximation properties for functions with periodic bounded mixed
derivatives, or more precisely, in the Korobov space

(1.6) K7 ((0,2m)7) := {u- > exexp(ik - o) Hlullfy = > IklZn el < oo}

kezd kezd

In fact, one can easily establish the following result (cf., for instance, [15]).
THEOREM 1.1. For u € Kgl(((), 27T)d) and 0 <1 < m, we have

inf llu— s < CN""[|ullxp,
un€X

where the positive constant C' depends on d and m, but is independent of N and u.

Since the cardinality of Xy is of order M = N(log N)?~! (cf., e.g., [15]), the
above result indicates that the hyperbolic cross approximation error deteriorates very
mildly as d increases. Therefore, it is natural, for nonperiodic problems, to choose X
to be the hyperbolic cross spaces associated with orthogonal polynomials/functions,
such as Jacobi polynomials for bounded domains and Hermite and Laguerre functions
for unbounded domains.

Now let us consider the choice of the interpolation operator In. Once the ap-
proximation space Xy is fixed, one needs to choose a set of nodes ¥y such that
the interpolation operator Iy : C(Q2) — Xy with (Iyf)(z) = f(z) for all x € Sy
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SPARSE SPECTRAL APPROXIMATIONS 1089

is well defined, and more importantly, the transforms between the expansion coeffi-
cients in terms of the basis of X and the function values at ¥y can be performed
by a fast and stable algorithm. It has been observed (cf. [4, 19]) that for multivariate
periodic functions, one can define such an interpolation operator onto Xy (defined
in (1.5)) based on the sparse grids constructed by Smolyak’s algorithm, and the for-
ward and backward transforms can be performed by using the fast Fourier transform
(FFT). Since the Fourier expansion (in ) and the Chebyshev expansion (in z) are
linked by the relation x = cos#f, it is natural, for nonperiodic problems, to define
the interpolation operator based on the sparse grids X constructed by Smolyak’s
algorithm based on the nested Chebyshev—Gauss—Lobatto quadrature. Thanks to the
fact that the Chebyshev polynomials (resp., Chebyshev-Gauss—Lobatto points) are
the image of trigonometric polynomials (resp., equally spaced points) under the map-
ping 6 = cos™! z, the transforms between the expansion coefficients in the Chebyshev
hyperbolic cross X and the function values at the Chebyshev sparse grid Xy can
also be performed in a fast and stable manner using the FFT.

Approximations by hyperbolic cross and sparse grid have received much attention
in recent years (cf. [29, 30, 7, 14, 2] and the references therein). While most of the
studies have concentrated on the h-type wavelet or finite element approximations (cf.,
for instance, [12, 22, 23, 10] or the p-type Fourier approximations (cf., for instance,
[15, 13]), only a few papers have been devoted to the polynomial approximations using
sparse grids generated from the Chebyshev—Gauss—Lobatto points (cf., for instance,
[3, 27]). To the best of our knowledge, there is no systematical error analysis for
hyperbolic cross approximations based on classical polynomials/functions. The main
purpose of this paper is to establish optimal error estimates for the hyperbolic cross
approximations with respect to some classical orthogonal polynomials/functions in
anisotropic weighted Korobov spaces. In particular, we shall prove the following
result for the Jacobi hyperbolic cross approximation.

THEOREM 1.2.

(17) uNHGl.f).(N ||U - UNHICLYL_,(Id) < CNl7m|U|;Cxﬂ([d), 0<I< m,
where the positive constant C' depends on d and m, but is independent of N and u.

In the above, Xy := Xﬁ‘,”g (cf. (2.33) and (2.34) below) is the hyperbolic cross
approximation space associated with the Jacobi polynomials, and the space ICQ (1)
is the anisotropic Jacobi weighted Korobov space defined in (2.37) and (2.38) below.
Note that the above result is analogous to Theorem 1.1 but here the proper functional
spaces are the anisotropic Jacobi weighted Korobov spaces, instead of the spaces with
bounded mixed derivatives in Theorem 1.1. The use of anisotropic weights allows us to
obtain better convergence rates for functions with corner and boundary singularities
(see, e.g., [10]). The proof of Theorem 1.2 is given in section 2 (see Corollary 2.1),
where an explicit estimate of the constant C' is given. We shall also establish similar
approximation results for hyperbolic cross approximations by Hermite and Laguerre
functions.

The rest of the paper is organized as follows. In section 2, we consider both the
full tensor grid and hyperbolic cross approximations based on Jacobi polynomials in
Jacobi-weighted Korobov spaces. In section 3, we establish similar results for the
hyperbolic cross approximations by Hermite and Laguerre functions in unbounded
domains. As an example of applications, we construct the sparse spectral Galerkin
method for Poisson-type equations in the hypercube in section 4, and we finish the
paper with some concluding remarks in the last section.
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1090 JIE SHEN AND LI-LIAN WANG

2. Hyperbolic cross approximation in Jacobi-weighted Korobov-type
spaces. In this section, we study the Jacobi approximations in Jacobi-weighted
Sobolev spaces and Korobov-type spaces using full grids and sparse grids.

2.1. Notation. We first introduce some notation to be used throughout the
paper.
e Denote by R (resp., N) the set of all real numbers (resp., positive integers),
and let Ng = NU {0}.
e For d € N, we use boldface lowercase letters to denote d-dimensional multi-
indexes and vectors, e.g., k = (k1,...,kq) € N and a = (a1, ...,a4) € RY,
Also, let 1 = (1,1,...,1) € N and let e; = (0,...,1,...,0) be the ith
unit vector in R?. For a scalar s € R, we define the following componentwise
operations:

(2.1) at+k=(a1+ki,...,aq+kq), at+s:=a+sl=(a1+s,...,aq+S$);
and we use the following conventions:
(22) a > k < Vlgjgd (e7] > kj; a>s & a>sl & Vlgjgd o7 > s.

e We denote

d d
(2.3) |kl = Zlkg [loo = max kj, k; = lrgfgd{l,kj}, |K|mix = Hl’%
j= j=
e Let A := (a,b) C R be a generic finite or infinite interval, and denote A? :=
(a,b)?. Given a multivariate function u(z), we denote the |k|ith (mixed)
partial derivative by

(2.4) A%y = =0k 9Fu.

In particular, we denote 83u := 83ty = 8Ly,
Given a generic weight function w(x) in A?, we define the weighted Sobolev
spaces H[,(A?) with the norm | - ||, aa as in [1]. In particular, we have
LZ(A?) = HZ(A?) and denote its inner product and norm by (-, ), r« and
|| - [|w,Aa, respectively. If w(x) =1, we drop w in the above notation.

e For any N € N, Py(A) denotes the set of all real polynomials of degree < N
in A.

e The notation A ~ B means that the ratio A/B with B # 0 tends to 1 in
certain limiting process.

2.2. Jacobi polynomials. Now, we recall some relevant properties of the Ja-
cobi polynomials (cf. [28]). Let w®#(z) = (1 — 2)*(1 + z)” be the Jacobi weight
function defined in I := (—1,1). The one-dimensional Jacobi polynomials, denoted
by J&B(2)(a, B > —1), are the eigenfunctions of the Sturm-Liouville problem,

1

(2.5) ) L (Wt (2)8, I3 (2)) = ASPTSB(2), xel, n>0,

with the corresponding eigenvalues

(2.6) AP =npn+a+ B+1).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



SPARSE SPECTRAL APPROXIMATIONS 1091

For a, 8 > —1, the family of Jacobi polynomials forms a complete orthogonal system
in L2, ,(I), and hereafter we assume that they are normalized so that

1
(2.7) [ I @I @ ) = b
-1

where 0,/ is the Kronecker delta.
An important property of the normalized Jacobi polynomials is

(2.8) D JOP (z) =\ ALP gt () > 1.

Applying this formula recursively leads to

(2.9) R TP (@) = \ X Jat P @), n>k>1,

where the factor

"o T+ k+a+B+1)
2.10 af _ TT aotsfti = L on>k>1.
(2.10) Xk EJ n= n—kTn+atp+1) "=°7

One verifies readily that for alln > j+1>1 and o, 5 > —1,

(2.11) AGHIEPEFIHL _ \0FI0% = (25 + o+ B+2) < 0.
Hence, )\ff_rgﬁ *i s strictly descending with respect to j, and there holds
(212) (TP <l < (009, n>k>1, 08> -1

For notational convenience, we extend the definition of xf{f to all n,k > 0 by
defining

(2.13) Xk =
0 if k>n>0.

We deduce from (2.7), (2.9), and (2.13) that {8§Jﬁ‘7ﬂ}zo:k are mutually orthogonal
with respect to the weight function w®**8+% and

(2.14) [ — R =X0n Y nk>0and Va,f> -1

Defining the d-dimensional tensorial Jacobi polynomial and Jacobi weight func-
tion as

d
(2.15) Jof(@) =[] Joo P (x;), w*P(a HwO‘J’BJ (z;) Vo, B> 1, z €I
Jj=1 j=1

we derive from (2.9) and (2.14) that

(2.16) kTP (x) = Xz,szJ_rZﬁJrk(w) with xn H xaj ﬁ]
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1092 JIE SHEN AND LI-LIAN WANG

and
(2.17) |, 0T @) 95758 @) o ) d = X
where n,k > 0, a, 3 > —1, and d,0m = H?Zl Onjm, -

For any u € L2, 5(I?), we write

(2.18) u( Z aBJgeB(x) with aP = / w(x) JP (x)w™P (z)da.
n>0 14
Formally, we have 8%u = Dk w2Pa* J%P and by the orthogonality (2.17),

219) 08| winpin o = D xR g PP P2 3T X8
n>k neNg

Aawg‘

In what follows, we consider the approximation of functions in L2, 4(I%) by multi-
variate Jacobi expansions.

2.3. Multivariate Jacobi approximations. Let T C N¢ be an index set to
be specified later, and define the finite-dimensional polynomial space:

(2.20) XoP = span{J2P :ne Ty}

The orthogonal projection 7% : L2, s(I%) — XP is defined by

(2.21) / (Tr?\‘]’ﬂu — u)vao‘ﬁdcc =0 Yoy € X]?‘,’ﬁ
Id
or, equivalently,
(2.22) (rPu)(x) = Y aZPIsP (@),
neYly
B

Now, we analyze the error “m%”u—u" for several typical choices of Ty, including
the usual full tensor grid and the hyperbolic cross/sparse grid.

2.3.1. Jacobi approximations on the full grid. We first consider the d-
dimensional full tensor grid with the index set Ty := T = {n € N : |n|, < N}.
In this case,

(2.23) XeP =P = M:=dim(XgP) =(N+1)%

We define the d-dimensional Jacobi-weighted Sobolev space as an extension of the
one-dimensional setting in [18]:

(2.24) wa(I7) = {u DO L2 s (IY), 0< |k < m} Vm € No,
equipped with the norm and seminorm

g~ (3 108enio)

0<|k|1<m

[N

(2.25)

2

|u|82y3(1d) = <Z || UH atme;,Bt+me; Id> N
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SPARSE SPECTRAL APPROXIMATIONS 1093

where e; is the jth unit vector of R%. It is clear that BY (1) C H[% 5(I%) and
Bg,ﬁ(ld) = Li,aﬁ (Id)-
THEOREM 2.1. Given u € Bgfﬂ([d), we have
a,B -
(2.26) |7TN u— U‘BL (1) <cN ‘U‘Bzﬁ(ﬂ),
where ¢ =~ \/§for N > 1.
Proof. To simplify the presentation, we assume that a and 3 are constant vectors,

and N > m, since we are only interested in IV > 1.
By (2.17)—(2.19) and (2.22), we have that for any 1 < j < d,

H (%P0~ ||<2.;°+“3N3+lej,1d - Z ij:ﬁj Azﬁf
(2 27) Moo >N,n;>1
' = 3 grPas P ST agast)? 1< <d,

neAy’ ncA3?
where the index sets are
A}\}j = {nENg: [n|eo > N, I <n, SN}, A?\}j = {nGNg: 7)o > N, n; >N}.

Now, we deal with the first summation. Clearly, for any n € A}\}j , there exists at least
one index k (k # j) such that nx > N, so we obtain from (2.19) that

X%'xlﬁj
;.85 e g, Z kB | 50682
Z an) | < Igfg(] ak,Br Xny,m |Un |
n .
nEA}VJ Xng,m neA}\}]
aj,B;
2.28 Xny 1
( ) S ma.i(_ Taﬂk H U/H a+mey ,B+mey, Id
neAy’ Xng,m
a;,B;
XN,i
akaﬁk H || a+mey ,B+mey Id
N+1,m
Similarly, we treat the second summation in (2.27) as
Xaj”@j
a;,B; Aaﬂ gl o;,B5 | ouB |2
> i fig P < max X35 ag®|

'nu’:'A2 2 Xaj By

(220) "W ) meAy
a;,B;
XN+1z
T8 H H atme;.Btme; rd-
N+1m

To obtain an explicit bound of the constants in terms of N, we recall Stirling’s formula

(cf. [9]):
(2.30) [(2) = V2rz" 2 (14 0(z7") V2> 1,
and we find from (2.10) that

(2.31) XZIL ~n?* forn>1, k>0, ab>—1.
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1094 JIE SHEN AND LI-LIAN WANG

Therefore, for any 1 < j <d,

(2.32) ||8ij (”%’ﬂu - u) Hi““%ﬂ“%,fd < eni=m (||8£;u||i“+mewf’+me3'71d

2
m
+ ||81ku||w°‘+mekﬂ+mek Jd) )

where ¢ ~ 1. By the definition (2.25), summing 1 < j < d leads to the desired
result. ad

Remark 2.1. We note that error estimates for the full grid approximations have
been derived previously by many authors (cf., for instance, [6, 8]). However, the
proof given above appears to be new. It is also much simpler and leads to more
precise results in both norms on the left- and right-hand sides of (2.26).

We observe that the estimate on the full grid suffers from the curse of dimen-
sionality, as the error decay rate with respect to M = N9 deteriorates rapidly as d
increases. To circumvent such a curse, we study below the so-called hyperbolic cross
approximations (cf. [21] and the references therein).

2.3.2. Hyperbolic cross Jacobi approximations. We now consider the finite-
dimensional space X?,’ﬁ corresponding to the hyperbolic cross index set:

d
(2.33) Ty :=TE = {n eNd 1 < |nfmix = Hmax{l,nj} < N},
j=1

namely,

(2.34) XP — Span{.]z’ﬁ i ne 'I'N}.

For convenience, we denote the k-complement of Y in (2.33) by
(2.35) Ye={n €N : [n|mx>N and n >k} VkeNi.

To illustrate the distribution and sparsity of the grids in Y&, we plot in Figure 2.1
the hyperbolic cross Y15 with d = 2 (left) and d = 3 (right).

Fic. 2.1. The hyperbolic cross Y, with d = 2 (left) and d = 3 (right).

The following estimate on the cardinality of T& can be found in, e.g., [11] and
[15].
LEMMA 2.1.

(2.36) card(TY) = C4N (In N)dil,

where the constant Cy depends on the dimension d.
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SPARSE SPECTRAL APPROXIMATIONS 1095

Remark 2.2. To demonstrate the dependence of Cq on d, we plot in Figure 2.2
Cq = % for various N € [24,128] and d € [2,16], which indicates that Cq is
uniformly bounded and becomes smaller as d increases. However, we do not know any
rigorous proof for this fact.

2.5

o
o
S
®
e ®
os : w .
o\ [ - =
20
40 k .
60
N 8° )
100
a 6 8 10 12 14 16

Dimension

Ratio
000 ¢
200 0

F1G. 2.2. The ratio card(YH)/(N(In N)4~1) against various N € [24,128] and d € [2, 16)].

We now turn to the estimation of the truncation error u — F;"B u of the hyperbolic
cross approximation. In contrast with the Sobolev-type space (2.24) for the full grid,
a suitable function space to characterize the hyperbolic cross approximation is the
Jacobi-weighted Korobov-type space,

(2.37) m s (I%) = {u D O u e L2 ainpin(I9), 0 < [kl < m} Vm € No,
with the norm and seminorm

1
2
||u||ICZﬁ(Id) = ( Z ||6§u||ia+k,ﬁ+k)1d> )

0<|k|co <m
(2.38) Sl

1
2
|u|f<;n,,3<m>:( > ua';u||ia+w+k,ﬁ) |

|k|oc=m

Note the difference of the above definitions with those in (2.25). It is clear that
/Cgtﬂ(ld) = Liaﬁ (I?), and

(2.39) BLB(I") C K g(I7) € B g(I9).

By virtue of (2.19), the norm and seminorm of K¢} 5(I 4) can be characterized in terms
of the Jacobi expansion coefficients in (2.18):

1
2
g0~ (3wt usor)

neNg \0< |kl <m
(2.40) ’ ;
_ aB | ~a,3)2
ey~ X (X wag)ueor)
' neNg \ |klc=m
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1096 JIE SHEN AND LI-LIAN WANG

Thus, the space Ky 5(1 ) can be viewed as an extension of the periodic Korobov space
(1.6) for Fourier series to the Jacobi polynomial case.
The main result on the Jacobi hyperbolic cross approximation is stated below.
THEOREM 2.2. For any u € ICZﬂ(Id),

(2.41) ||8lm (ﬁlo\tfﬂu - “)le+a¢+ﬁ,1d S DlN‘”x‘m\u\K%(m, O<l=<m,
where D1 =1 for m =0, and for m > 1,

(2.42)

m2 m—l;
Dy = Dy(l,m,d,a, B) = m(d=Dm=lll) (max{l,i}) .
jl_‘[l 2m + a; + B

Proof. Since the result is trivial for m = 0, we assume m > 1.
By (2.17)—(2.19) and (2.22),

l 2 _ B ~a,B82
Ha (7TN u_u)}’wo‘+l’ﬁ+l,ld - Z an Otﬁ|
( 4 ) neTy ,
2.43
Bl rcB2 Blac B2
- Xt X et
nery ,, neY AT m
Case (i) n € T4 ,,- In this case, n > m, so we have
Z a,B|roB|2 < an Aa,5|2
Xt i P]” < < e > xamlin
(241) TR X ) nde,
(2.19) an
= né@r&%m{ n.m Ham H“’O‘er B+m [d>
where we have set m = (m,m, ..., m) and 8 u = &{™™ ™y, Thus, we only need

to estimate the maximum value in (2.44).
A direct calculation by using (2.10) and (2.16) yields

a,B d m-—1 . -1
XZJ :H Hnj_2<1+01j+ﬁj+1 _Z(Z+Oéj+ﬁj+l)>

, 2
n; n;

2.45 d m—1 -1
(2.45) :< n2(l~—m.)> H (1+a1+ﬁj+l (z+ocj+ﬂj+1)> .
J
lJ

n n‘
j=1 i=l, J J

i=g(i,7)

Notice that for any n € T4, and 0 < 7] < m,

2= < N2

(2.46) [T~ <

Jj=1

HE@.
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SPARSE SPECTRAL APPROXIMATIONS 1097

Next, we estimate the upper bound of the second product in (2.45). Note that g(4, )
is decreasing with respect to ¢, i.e., g(i,j) < g(m — 1, j). Hence,

d m-—1
T IT 9Gi.5) < I] [otm—1,5)]™"
j=1i=l; Jj=1
(247) d lj—m
B H 14 o +6+1 (m—-1)(m+a; +6; +1)
= " n;

To obtain an upper bound independent of N, we define

fit)=—(m—-1(m+a; + 8 + )2+ (a; + B + 1)t +1 with t= ni
J

Assuming that ning---ng = N>N> 1, one verifies that

N ma-1 1
m<ng < — = — <t < —.
m N m
Obviously, for m = 1, we have
B4 1 if o +8;+1>0,
(2.48) fj(t):1+mz a4+l
n; aj + B35+ 2 if —-2<o;4+p6;+1<0.

For m > 2, using the properties of quadratic functions, we find that

(2.49) fit) = min{fﬂ‘ (%) RE (mJ%l)}

A direct calculation leads to

1 2m+ o + 55 md=1 ~

A combination of the above facts gives

m—1

d - d 2 m—l;
T T] o6h) <] m 9
j=11i=l; j=1 J J

which is valid for all n > m > 1 and N > 1. Consequently, we derive from (2.45),
(2.46), and (2.51) that

X!
(2.52) max { b b < @ZN2A(Hemm)
TLET?VYM X%:E’L

Now, we deal with the second summation in (2.43).
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Case (i) m € T4, \ T4 ,,- In this case, a little care has to be taken for the modes
with n; < m. Notice that

Ty \ T = {neNg D nfmix >N, n>1, 35, st l; <ny < m}.
For clarity, we split the index set {1 < j < d} = RUN° with
(253)  R={j:l;<nj<m, 1<j<d}, R°={j:n;>m, 1<j<d}.

Clearly, RN N¢ = @, and neither of these two index sets is empty. Define

0 if n; < lj,
(2.54) (90— max {0yl L= L0t < <
. Xnj,lj,m *= Xnj iy o Xnjm = Xy 15 Hlg=ny=m,
X?{j:g{ if m< nj.

~aj.B; aj,B; ~aj,85 aj,Bj

Hence, for any j € RN, Xnjljm = Xnjit, o while for any j € N, Xnjljm — Xnjm
Moreover,

~ o 5 5 — ’
(2.55) Xl = ( [] ij,J) < [] x%’;ﬁ’“) =X,
jen kene

where k is a d-dimensional index consisting of [; for j € X and m for j € R¢. Since
|k|co = m, we find from (2.19) and (2.40) that

(2.56) SRt = S X

ner?\],l\’r?\f,nz ner?\],l\r?\],m

B2 2
apPl” < |u|/cgtﬁ(1d)'

We treat the second summation in (2.43) as

(2.57)

N 2
ugﬂ‘

a,B
E aBlra,B|? _ Xn,l ~a,B
Xn,l Unp ‘ - nETgna\}'(fc { ~a,8 Xn,l,m
neT \ T4, VN A Xndm ) nerg \T5,,

a0 L
max y U| .
T e\ T | X0, [ e

n,l,m

Thus, it remains to estimate the maximum. By a direct calculation,

ol ( 1 ng‘“’”’) IT 11 0.3
J k)

= i <
SouB H a;,B; —
Xnlm  jene Xnj,m jene JERE i=1;

2 m—l;
2. < 2(15=m) _m
(2.58) < Hnj H max 1’2m+o«—|—6-
jENe J J

JENe
(2.51) m
< EQ( H n?(ly )) .

In view of m > 1 and |n|mix = 711 - - - g > N, we deduce that

N N
(2.59) > — > .
jgc ! HjeN 1 HjeN m

3
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A combination of the above estimates leads to

Xa”a N 2(|t oo —m)
n,l ~2 2(l;—m) _ ~2 2([Uco—m) - =2

<eé | | n; <c I I n; <c' | =—
(2.60) x*P ~ ! - ’ B <HjeNm>

Xn,l,m jene jENe

S &QmQ(d—l)(m_‘HOO)Nz(‘”OO_m).

Finally, the estimate (2.41)—(2.42) follows from (2.43), (2.52), (2.57), and (2.60). O
By the definition of ICL”B(Id) in (2.37)-(2.38) and Theorem 2.2, we immediately
obtain the following result.
COROLLARY 2.1.

) l—m
(2.61) [Er UH/Claﬁ([d) < DoN""ulgm (ray,  0<T<m,

where the constant Do is given by

2

(2.62) D, ;=D2(z,m,d,a,g):< 3 D§N2<z|ooz>>

0<|l]oo <!

with Dy being the same as in Theorem 2.2.

The above result clearly indicates that the Jacobi-weighted Korobov-type spaces
ICfl) ﬁ(I 4) are the natural functional spaces for hyperbolic cross approximations. We
note that the above result is in the same form as the result in Theorem 2.1, except
that Jacobi-weighted Korobov norms are used here instead of the Jacobi-weighted
Sobolev norms used in Theorem 2.1.

To characterize the error in terms of the dimensionality of the approximation
space Xﬁ’ﬁ, we find from Lemma 2.1 that for any € > 0, and for N > 1,

M < OyNtteld=1) o N1 < C;/(l"rf(d—l))Mf(l/(1+a(d71))).

Therefore, as a direct consequence of Corollary 2.1, we have the following estimate.
COROLLARY 2.2. For anye >0 and 0 <1 <m,

(2.63) P — “H/cfl Lo < DQC;/(1+s(d—1))M—li\i‘ﬁ?d‘ﬂ‘) ‘“‘K:ﬁ(ld)'

2.3.3. Optimized hyperbolic cross Jacobi approximations. While the use
of the regular hyperbolic cross (2.34) significantly improved the convergence rate with
respect to the number of unknowns, the curse of dimensionality is not completely
broken as the convergence rate still deteriorates, albeit very slowly, as d increases (cf.
(2.63)). In order to completely break the curse of dimensionality, we consider the
following family of spaces (cf. [7, 15]):

(2.64) Vﬁf = span{Jg’ﬂ DR mix|n] ) < le"*}, —oo <y < 1.
In particular, we have V3 = X3P in (2.34) and Vﬁfoo = span{J2P : |n|e < N}

(i.e., the full grid in (2.23)). But for 0 < v < 1, the trade-off between N7 and |n|L,
leads to the following reduction of cardinality (see Lemma 3 in [15]):

(2.65) card(Vﬁ’f) =C(y,d)N, 0<~y<L.
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Fic. 2.3. The ratio dlm(VN ’5)/N against various N with v = 0.9 and d = 2,3, ...,10.

Thus, the space VJ\O,i 5 with 0 < v < 1 is referred as the optimized hyperbolic cross
space.

We plot in Figure 2.3 the ratio dlm(Va’,?)/N for various N with v = 0.9 and
d = 2,...,10, which indicates that the constant C(v,d) is independent of N, but
grows as d increases.

In this case, the complement index set in (2.35) takes the form

(2.66) Tk ={n €N} : [n|nxn[ >N'"" and n >k} VkeN.

The main approximation result based on the optimized hyperbolic cross is stated as
follows.
THEOREM 2.3. For any u € ICZﬂ(I‘i) and 0 < |l|; < m,

l
||8 7TN ,YU —u ||wo¢+l,B+l)]d < D3|u|lcgﬁ(1d)
(2.67) Ni—-m if 0<~< ﬂ’
X\ Nl —me (ym— i) (1- ) if < <,

where

d m2 m—lj
D3 := 1, —
’ H<max{ 72m+0<j+5j})

Jj=1
_@=1)(l—vm) ) !
o« md—Dm o ) = if 0l< v < %,
1 if W<y <n,

Proof. The estimate is trivial for m = 0, so we assume m > 1. Let xn 'm De the
same as defined in (2.55). Following the proof of Theorem 2.2, we begin by estimating
(2.43) with TS ; defined in (2.66), and separated into two subsets: (i) T4, and (ii)
Th 1\ T, as before, namely,

Aa7ﬁ‘2
Up

B
X ~
Hal (7TN u— u)||ia+L,ﬁ+l71d < ng"lracx {,voj?ﬁl } Xzyfm
(2.68) Kb J €Y

Aa“3|2
Uy .

Xl
—+ max - )fza,ﬂ
neTh e ~o,B n,l,m
N, N,m X'n, l m nETﬁv l\’r;] m
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We now estimate the first term and consider n € T§ .. Like (2.45), we have

m—1

d d
= <Hn?(lj_m)> H H 9(i,7) ¢-
j=1 Jj=1

= l:lJ

(2.69)

We first deal with the product in parentheses. Notice that for any n € Tf .

(2.70) il > N1 s (AP )T
. 1| mix | —.
" o |n|mix N
Therefore,
(2.71)
d d —2m d
20— 21; ) _ _
" (Hn ) <H j) = (H lnliff> Il = n2h e
j=1 =1 j=1
2(|t]1 —ym) 2(|t]g —ym)

2(m—|ty)
_ ([nke y = (|n|oo) TP N m>(|n|oo)
|n|mix |n|mix |n|mix

One verifies readily that

C
(2.72) o~ maT VneTy,,
Hence, if 0 < v < %7
(2.73)
d 2(\”11*7"7')
TIn2 ™ < N2tm) gy (12l T R o —m)
e J - nexry . |n|mix -

Next, for any 1 € Y%, we have |1/ > N4 and

[72| mix

(2.74) INfmix|n|5) > N7 = < N'7n|t < NO-D0-3)

In oo

which, together with (2.71), implies that if % <y <1,

2.75

( d ) 2(lthy —ym)

HnZ(lj—m) < N2(th=-m)  hax oo v < N2(|1\17m)+2(7m7|l|1)(175)'
j=1 J neT(Z:V,m |n|mix

It remains to estimate the term in braces in (2.69). Observe that for any n € Tg ,
we have

(2.76) oo > [nfT.. = |nfm > NO/0-3 51,

mix

Hence, the product in braces with maximum taken over Y%, (cf. (2.66)) has the
same upper bound ¢ as in (2.51).
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Next we consider the second summation in (2.68). Defining X and N¢ associated
with T4, \ T4, as in (2.53), and following the derivation of the estimate (2.60), we

have
, a;,B;5
Xl - (11 Xoy 1, 11 Xty (251 & ] 2 2(lx—m)
~o,B - ~aj,3 ~a, Bk

n,l,m JER an,lj,m keRe Xnk,lk,m keEne

_ 2m
(277) < 62< H |n|iék> <M> < &2m 2(d—1) m|n|2|”1|n|m1x

kene [P mix

21ty —ym)

(2<71) 2(d=1)m £r2(|t}—m) < 1o > e

|72 mix

Since the estimate (2.72) is also valid for all n € T ; \ T ,,, we can follow the
derivations of (2.73)—-(2.75) to obtain

o8 _2(d=1) (|l —ym) B . 1
78) Xl paenm fm TN 0 <y <
Nﬁfm = N2(Ui—m)+2(ym—|t]1)(1-$) if <y <,

Furthermore, (2.56) holds for the optimized hyperbolic cross.
Finally, a combination of the above estimates leads to the desired result. O
Unlike the results for the regular hyperbolic approximation in Theorem 2.2, we
cannot replace the norm on the left-hand side of (2.67) by the norm in K, 5(I%) as
in Corollary 2.1, due to the term “|l|;” in the power of N. Instead, we can derive
immediately the following estimate in the weighted Sobolev space 837 ,B(I ),

COROLLARY 2.3. For any u € ICZlﬁ(Id), 0<lI<m,and 0<y<1,

l
-
(2.79) [Eava —ullg oy S DaNT e gy 0<y <
where
2
(2.80) D, = Z D§N2(\l|rl)
0< |t <t

and D3 is the same as in Theorem 2.3.
The above result provides a convergence rate which is independent of dimension
d for the approximation space Vy' 5

2.4. Hyperbolic cross approximations by generalized Jacobi polyno-
mials. As illustrated in [16, 17], the use of generalized Jacobi polynomials (GJPs)
greatly simplifies the analysis and implementation of spectral methods. We now show
that the results established in the previous subsection can be extended to the case of
GJPs with both indexes being integers.

We first recall the definition of GJPs in [16]. Let k,l € Z (the set of all integers)
and define

(2.81)
1—2) 1 +a) 5 ), ne=—(k+1)  if k1< -1,
J“(x) _ (1- x)_kJ;f;fO(a:), ng := —k if k<—-1,1> -1,
" 1 +a2)"tIt (@), ng = —I if k>—1,1<-1,
It (@), ng =0 if k0> —1.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



SPARSE SPECTRAL APPROXIMATIONS 1103

The so-defined GJPs {J%! : n > ng} form a complete orthogonal system in L2, ,(1).
More importantly, as with the classical Jacobi polynomials (cf. (2.8)), they satisfy the
derivative relation:

(2.82) Op Il (z) = Bl JET LI (),

where the explicit expression of d%! (behaves like O(n)) can be worked out by using
Lemma 2.2 in [17]. Hence, {9%J%!} are mutually orthogonal with respect to the (gen-
eralized) Jacobi weight function w**7!*7. In view of these two important properties,
we can extend the analysis and the results for the classical Jacobi polynomials to the
GJPs. In particular, we can extend Theorem 2.2 to the cases with both indexes being
arbitrary integers.

THEOREM 2.4. Let TI'?VJ be the Lik,L—Orthogonal projection upon the hyperbolic
CToSSs

(2.83) X]’f;l = span{Jfl’l DN mix < N; n > no}, k,lecz’
Then for any u € ICZfl(Id),
(284) Hﬂ'?\]lu - u”ICZ L) < D5N‘u_m|u|ICZfl(1d)v 0 < w < m,

where Dy is a positive constant depending on d, k,1, u, and m, but independent of N.
To avoid repetition, we leave the detail of the proof to the interested reader.

Notice that the explicit dependence of D5 on d can be worked out as in Theorem 2.2.

In section 4, we shall consider the application of the above result with k =1 = —1.

3. Hyperbolic cross approximations in unbounded domains. In this sec-
tion, we consider the hyperbolic cross approximations using Hermite and generalized
Laguerre functions in unbounded domains.

3.1. Hyperbolic cross approximations by Hermite functions. We first
recall some basic properties of the Hermite polynomials (cf. [28]) which are the eigen-
functions of the Sturm-Liouville problem:

(3.1) e (e H(2)) +ynHn(z) =0, € R :=(—o00,00),
with the corresponding eigenvalues ~,, = 2n. They are normalized so that
(3.2) / Hy(2)Hyp (2)e™® dz = Sy
The normalized Hermite polynomials satisfy
(3.3) H!(z) = VinHn 1(x) = O*H,(2) = /mrxHn_r(zx), n>k,
where
k—1
2Fn!
3.4 k= i = —— . n >k
( ) Hn,k Jl;[) Tn—j (TL — k)' n

The univariate Hermite function is defined by
(3.5) Ho(z) = e = /2H,(z), n>0.

We derive immediately from (3.3) and (3.5) the following recurrence relation.
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LEMMA 3.1. Let D, = O, + x. Then we have
(3.6) DEH, (2) = Jlm i Hn_k(z), n>Ek.

By (3.2), (3.5), and (3.6), {D*H,,} are mutually orthogonal in L?(R), i.e.,
(3.7) / DEN, (2)DEH, (2)dx = fin kO mn.-

As shown in [25], the use of the derivative operator D, simplifies the analysis and
leads to more precise approximation results in Sobolev spaces. Indeed, we shall see
that this also facilitates the analysis in Korobov spaces.

Now, we define the multivariate Hermite functions:

d
(3.8) Ho(x) = [[Hn,(2;), neN], zeR
j=1

and the differential operator: ’D’; = D’;} X D’;Z It is clear that

(3.9) g D% Hn(x) D Hon(x) dT = iy 1nim,
where
d
2kl iy
3.10 = ks = , > k.
( ) o ke jl;[lﬂ ik (n1 — k1)l (ng — kq)! n

We define the Korobov-type space
(3.11) K'(RY) = {u: Dhu e L*(R?), 0 < |k|loc <7} VreNg
with the norm and seminorm

(3.12)

=
=

o= (3 Pkl ) o

0<|k[oo<r

. :( > ||D';uui2<Rd))

|k|oc=r
As before, we define the finite-dimensional hyperbolic cross space
(3.13) Sy i=span{H, :n € N§, 1< |n|mix < N},

and let Pyu be the L?-orthogonal projection of u upon Sy. The notation T4k has
the same meaning as in (2.35).
THEOREM 3.1. For any u € K™(R%) and 0 <1 < m,
1 d1)(m—[l]oo) () AT HD/2 2
(3.14) || DL (Pyu—u) < (@1 m—1l >(5) NWee=m)/2]y|
Proof. Since the proof with m = 0 is trivial, we assume m > 1. For any u €
L?*(R%), we derive from (3.9)—(3.10) that

HL2(Rd) (R9)

(815) | Dh(Pvu— )|}y = D Hnalinl?
neT%J
= Z u'n,l|ﬁ”n|2 + Z “n,l'a"l|2'
neY% . LOSH S OPANS T
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We now deal with the first term. By (3.10),

(3.16)
d

Hn 1 o 1 H 1
P 274120 (g —my 1) - (ny — 1)

d d -1 -1
e (G I G
= n’ _ 1-— R —
<j—1 ! >{2md_l1 H n; n;
(2.46) 1 d 1\ L\t
< Nl —m T max H <1 _m ) ( _ _j)
2 tneYly ,, i n; n;
Next, we derive an explicit upper bound (independent of N) of ¢2. For any n € TN s
we have n; > m, and

= 2 NIHee—m,

(3.17)

d L—m d
1 m—1\" 1 m dm—Ilh
2 < _ < m—lj < (_)
€= Smah e {H <1 n; ) } = 9md—[il; 1_[1’” =3 :
=

¢
Nomo |2

Hence, the first summation on the right-hand side of (3.15) has the estimate

dm—|1|
(3.18) Z Hn,z|ﬂn|2§(%) 1Nu|x—mHD(mm ,,,,, m)uHi?(Rd)'

nery ,,

Following the proof for Case (ii) of Theorem 2.2, we are able to derive the estimate
for the second summation on the right-hand side of (3.15):

R 1) (m— m\ dm—|l]1 ol (2
(3.19) ) Z\:T Mg ]2 < 2D moo)(g) N oy
ne 5\1,1 (I:V,m

This implies the desired result. a
Remark 3.1. An immediate consequence of the above theorem is

(3.20) [P — 1 gay < DeNU™™/2[u 0<1<m,

Rd) — KTn(]Rd)’

where Dyg is certain positive constant depending on d, [, and m.

3.2. Hyperbolic cross approximations by Laguerre functions. We start
by recalling some properties of the (generalized) Laguerre polynomials, denoted by

E,(Ia)(x), which are the eigenfunctions of the Sturm—Liouville problem:
(3.21) 270, (v e 0, LI (2)) + A\ L () =0, 2 € Ry = (0, 00),

with the corresponding eigenvalues A\, = n. They are mutually orthogonal and nor-
malized so that

+oo
(3.22) / L)L) (x) 2% dx = S, @ > —1.
0
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The normalized Laguerre polynomials satisfy the derivative relation:

(323) 0L (2) =~V ML (@) = 9L (@) = (1P el (@),
where the factor
(3.24) Ong=nn—1)---(n—k+1), n>k.

The (generalized) Laguerre functions are
(3.25) L) =e 2L (), a>-1, zeR,.

The above relation, together with (3.23), implies the following derivative formula.
LEMMA 3.2. Let D, = 0, + l. Then we have that

(3.26) DL (x) = (—1)* Jonr Ly (@), n 2 k.
Thus, by (3.22) and (3.26),
(3.27) /O o DY L) () DE L) (2) 22 F dx = 0,1 kOpn.
Define the multivariate (generalized) Laguerre functions as
(3.28) L (x) = f[ L)(z), @eRy, a> -1,
and denote
(3:29) Dy =Dj} Dy, @a(@) =af' 20t Ok =] onsm:
We have
(3.30) DEL® (2) DELY (2) o (z) de = On kOmn, m,n >k

d
RS

Like (3.11), we define the Korobov-type space K, (R%) (r € N), equipped with the
norm and seminorm

1
2
[Ju ||K7 ®e) = Z HDk“HL2 RY) |
+

2,
0< k| oo <r otk

(3.31) s
MK;(M) = ( Z ||D’;“H2L;a+k(m)> ‘

K] o=
Let Hg\?) be the waa—orthogonal projection upon the hyperbolic cross
(3.32) XS\?) = span{Lfna) :n € NG, |nfmix < N}.

Following the same arguments as in the proof of the Jacobi and Hermite approx-
imation results in Theorems 2.2 and 3.1, we can prove the following result.
THEOREM 3.2. For any u € K} (R%),

(3.33) hasan < DNl gy 0<T<m,

)7

+

where D7 is a positive constant depending on d,l, and m.
We leave the detail of the proof to the interested reader.

“HK@(M)
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4. An application. As an application of the hyperbolic cross approximation, we
consider the sparse Legendre—Galerkin approximation to the following elliptic equa-
tion in a d-dimensional hypercube:

(4.1) —Au(x) +vu(x) = f(x), xel?=(-1,1)% ulyu=0,

where the constant v > 0, and f is a given function.
Denote by H}(I?) := {u € H'(I?) : ulgra = 0}. As usual, the corresponding
weak formulation is to find u € H}(I¢) such that

(4.2)

a(Vu, Vv) == Vu-Vvdw—l—V/ uv dr = fvde = (f,v)e Yve H(I%.
14 Id Id

Let X$ be the regular hyperbolic cross polynomial space defined by

d
(4.3) X = < > QP (I)) () Ho(I?).

1<|n|mix<N j=1
The sparse Legendre-Galerkin approximation to (4.2) is to find uy € X% such that
(4.4) a(VuN, VUN) = (f, UN)]d Vun € XR/

It is clear from the definition of a(-,-) that for f € L2(I%), (4.4) admits a unique
solution uy € X§. Notice that X can be alternatively expressed by (cf. (2.83))

d
(4.5) X3 = Span{Jnl’l D nfmix = H n; <N; n> 2}.
j=1

We derive the following convergence result for the scheme (4.4) by using Theo-
rem 2.4 and a standard argument.

THEOREM 4.1. Let u and uy be the solutions of (4.2) and (4.4), respectively. If
u € ICTL_l(Id) N Hg(I%), then we have
(4.6) |V (un

< DgN'~ m>1,

Ol 2qra) "lulin, ey

where Dg is a positive constant independent of N and u, but depending on d and m.
Proof. 1t is standard to show that

(47) IV (un = )| gy < CIVS = )| oy ¥ € XS
On the other hand, by Theorem 2.4,
d
Hv(ﬂ&lrlu ||L2(1d ZHBE] N u_u)HweJ'—LEj—le
S CNl m}u|’CT1,_1(1d)’

where e; = (0,...,0,1,0,...,0) be the jth unit vector in R,
Thus, taking ¢ = 71']7\,177111 in (4.7) yields the desired result. d
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By using the GJP J,%~!(z), which is proportional to the usual basis functions
Ly—2(x) — L,(z) used in the Legendre-Galerkin method [24], the linear system re-
sulting from (4.4) is sparse. However, one can no longer apply the usual technique
(for the full grid) of matrix diagonalization/decomposition to efficiently solve this
linear system. On the other hand, the integral on the right-hand side of (4.4) has
to be approximated by a suitable quadrature or the function f has to be replaced
by a suitable interpolation Iy f. All of these implementation details as well as how
to efficiently solve the resultant linear systems will be the subject of a forthcoming
investigation [26].

5. Concluding remarks. We considered in this paper hyperbolic cross approx-
imations using Jacobi polynomials for bounded domains and Hermite and generalized
Laguerre functions for unbounded domains, and we established optimal error esti-
mates in proper anisotropic weighted Korobov spaces for both regular hyperbolic
cross approximations and optimized hyperbolic cross approximations. These results
were proved systematically with a uniform approach that can be used to study the
hyperbolic cross approximations by other orthogonal systems.

It was shown that for functions with regularity in the proper anisotropic weighted
Korobov spaces, the convergence rates of regular hyperbolic cross approximations
(in the proper anisotropic weighted Korobov spaces) deteriorate only very mildly
with respect to the dimension d (cf. Theorems 2.2, 3.1, and 3.2). Moreover, the
convergence rates of the optimized hyperbolic cross approximations are independent
of the dimension d (cf. Theorem 2.3). These results are analogous to the results for
hyperbolic cross approximations based on Fourier series (cf. [15]), except that the
proper functional spaces are the anisotropic weighted Korobov spaces, instead of the
spaces with bounded mixed derivatives for periodic functions.

While we have only considered an application of the approximation results to a
spectral Galerkin method for the Poisson-type equation in a hypercube, it is clear
that these hyperbolic cross approximation results are of general interest and can be
used for a large class of high-dimensional problems.
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