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Abstract

Operator learning, the approximation of mappings between infinite-dimensional function spaces using
ideas from machine learning, has gained increasing research attention in recent years. Approximate opera-
tors, learned from data, hold promise to serve as efficient surrogate models for problems in computational
science and engineering, complementing traditional numerical methods. However, despite their empirical
success, our understanding of the underpinning mathematical theory is in large part still incomplete. In
this paper, we study the approximation of Lipschitz operators in expectation with respect to Gaussian
measures. We prove higher Gaussian Sobolev regularity of Lipschitz operators and establish lower and
upper bounds on the Hermite polynomial approximation error. We further consider the reconstruction
of Lipschitz operators from m arbitrary (adaptive) linear samples. A key finding is the tight character-
ization of the smallest achievable error for all possible (adaptive) sampling and reconstruction maps in
terms of m. It is shown that Hermite polynomial approximation is an optimal recovery strategy, but
we have the following curse of sample complexity: No method to approximate Lipschitz operators based
on m samples can achieve algebraic convergence rates in m. On the positive side, we prove that a suf-
ficiently fast spectral decay of the covariance operator of the Gaussian measure guarantees convergence
rates which are arbitrarily close to any algebraic rate in the large data limit m — oco. A main focus of
this work is on the recovery of Lipschitz operators from finitely many point samples. We use Christoffel
sampling and weighted least-squares approximation to propose an algorithm which provably achieves
near-optimal sample complexity in high probability.

Keywords: operator learning, high-dimensional approximation, Lipschitz operators, Gaussian measures,
sample complexity, recovery

MSC (2020): 65D40, 41A10, 41A25, 41A46, 41A63, 65Y20, 68T07

Corresponding author: maier@ins.uni-bonn.de (Gregor Maier)

1 Introduction

We study the approximation of generic Lipschitz operators which map between (infinite-)dimensional Hilbert
spaces. The approximation error is measured in expectation in L? with input samples drawn from a Gaussian
measure. We commence with a detailed literature review in Subsection [I.1] where we put our work in the
context of operator learning and motivate the Gaussian setting as a natural framework for analyzing Lipschitz
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operators. We subsequently summarize our main contributions in Subsection [[.2]and give an overview of the
organization of the remainder of the paper.

1.1 Motivation and literature review

With the rise of machine learning, in particular deep learning, in computational science and engineering
(CSE), operator learning has emerged as a new paradigm for the data-driven approximation of mappings
between infinite-dimensional function spaces in the past years. Multiple deep learning architectures, typically
referred to as neural operators, such as DeepONet [57], FNO [54], non-local neural operators [43], and PCA-
Net [15], have been proposed and their efficiency has been demonstrated in various practical applications.
We refer to the recent reviews [42 [L7] and references therein. Nevertheless, their empirical success has to
large extent not yet been supported so far by a general mathematical theory. A thorough understanding of
theoretical approximation guarantees, however, is important for a reliable deployment of operator learning
methods in CSE applications.

A typical starting point in the theoretical analysis are universal approximation results. They guarantee
the existence of a neural operator of certain type which approximates a target operator up to some arbitrarily
small error [18, 52, 41, |51, 50]. Albeit being necessary for assessing the basic utility of a neural operator,
mere existence results are of limited use in practical applications, where instead questions about quantitative
approximation guarantees and explicit convergence rates are of greater importance.

To address the latter, two quantities are of key interest, which are based on different cost models: On
the one hand, the parametric complexity quantifies the convergence of the approximation error in terms of
the number of tunable parameters employed by the approximation method. In the context of (deep) neural
network (NN) approximations, this is often referred to as expression rates. On the other hand, the sample
complezity quantifies the convergence of the approximation error in terms of the number of samples used for
fitting the parameters to data. Previous research efforts mainly focused on deriving expression rates for NN
approximations of specific (classes of) operators, whereas there has been comparably little work on sample
complexity estimates.

A well-studied class of operators in the field of operator learning is the set of holomorphic operators. They
arise, for example, as data-to-solution maps of parameterized partial differential equations (PDESs) in various
contexts, such as uncertainty quantification and control problems, see, e.g., [20] and |6, Chpt. 4]. It has been
shown that they can be learned with algebraic or (on finite-dimensional domains) even exponential parametric
complexity with NNs |64} 37, 67]. Moreover, they can be approximated with near-optimal algebraic sample
complexity with least-squares and compressed sensing methods [8l (9} |5, [12] as well as with NNs [10, |4} 3].
We mention in passing that algebraic NN expression rate estimates have also been derived for classes of
(non-holomorphic) operators which arise as solution operators of certain PDEs [25]. Moreover, algebraic
complexity estimates are also available for infinite-dimensional functionals (with one-dimensional codomain)
with mixed regularity [28].

Another important class of operators is given by Lipschitz operators, which arise, for example, in the
context of parametric elliptic variational inequalities as obstacle-to-solution operators in obstacle problems,
see, e.g., [66] and [35, Chpt. 4]. Recently, it was shown in [50] that bounded Lipschitz (and C*-Fréchet
differentiable) operators cannot be approximated with algebraic parametric complexity using PCA-Net.
More specifically, the number of real-valued PCA-Net parameters scales exponentially with the inverse of the
approximation error. This result, termed the curse of parametric complexity, can be interpreted as the infinite-
dimensional analogue to the classical curse of dimensionality in finite dimensions, see also [53]. It can be
seemingly overcome by neural operators which use hyper-expressive activation functions or nonstandard NN
architectures [66]. In practical implementations, however, each real-valued parameter can only be represented
by a sequence of bits of finite length. In [49], the cost model of counting real-valued parameters was therefore
replaced by instead counting the number of bits used to digitally encode each parameter to some finite
accuracy. The resulting cost-accuracy scaling law reveals a curse of parametric complexity that is independent
of the activation functions used in any NN approximation. It states that the number of bits required to
encode each NN parameter still scales exponentially with the inverse of the approximation error. Based on
the theory of widths, it was shown in [40] that bounded Lipschitz and C*-operators also exhibit a curse
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of data complexity. That is, the error in expectation with respect to a Gaussian measure with at most
algebraically decaying PCA eigenvalues converges at most logarithmically in the number of samples for any
learning algorithm which is based on i.i.d. pointwise samples. In the present paper, we prove a curse of
sample complexity which generalizes this result to arbitrary (centered, nondegenerate) Gaussian measures.
In addition, we prove that for Gaussian measures with sufficiently fast spectral decay (of the covariance
operator), convergence rates which are arbitrarily close to any algebraic rate are possible, even for unbounded
Lipschitz operators. We mention in passing the work [56] for further results in the statistical theory of
deep nonparametric estimation of Lipschitz operators. Therein, however, the authors work with probability
measures with compact support. Consequently, their results are not directly applicable to Gaussian measures.

Gaussian measures are not only the typical choice of probability measure for measuring the approximation
error in expectation, they also allow to draw on results from infinite-dimensional analysis |16} 23| 24, |58].
In fact, the theory of Gaussian Sobolev spaces is key in our analysis as it is well-known that Lipschitz
functionals are Gaussian Sobolev functionals. This connection yields explicit control over error bounds in
terms of the spectral properties of the covariance operator of the underlying Gaussian measure. The Gaussian
setting has been considered previously to prove expression rates for NN approximations of operators, see,
e.g. [67,29]. It can also be studied within the abstract framework developed in |34], see Example 1 therein, to
derive dimension-independent results for the approximation of high- and infinite-dimensional function(al)s.
Its connection to Lipschitz regularity, however, has, to the best of our knowledge, not yet been made use of
to derive sample complexity estimates for Lipschitz operators.

1.2 Contributions

Let X, be separable Hilbert spaces with dim(X) = co and let u be a Gaussian measure on X. Detailed
notation and further preliminaries are introduced in Section 2] Additional notions and technical results from
operator theory and infinite-dimensional analysis are discussed in the appendix. We now give an (informal)
overview of our main contributions, which are are four-fold:

1. In Section [3] we extend standard results from infinite-dimensional analysis and define the (weighted)
Gaussian Sobolev space Wig(X ; V) by means of a sequence of positive real-valued weights b = (b;);en with
0 < b; < 1. As our first main contribution, we show that this space contains the set Lip(X,)) of Lipschitz
operators which map from X to ):

Result 1 (Lipschitz operators are Gaussian Sobolev operators, cf. Thm. [3.10). If Y is finite-dimensional,
then Lip(X,Y) C Wi:i(é\,’;y). If Y is infinite-dimensional and if b € (*(N), then Lip(X,)) C W;ZE(X;))).

. . , , , 1,2/ 4.
In both cases, the space of bounded Lipschitz operators is continuously embedded in Wu’b(X,y).

The sequence b is essential to treat the case dim()) = oo and it can be interpreted as a sequence of

parameters which control the degree of (weak) differentiability of the Sobolev operators. Result[1]is crucial in
. . 1,2 . : .

our subsequent analysis. Elements in VVH 5 (X3 ) are characterized as operators whose polynomial expansion
coefficients with respect to the (infinite-dimensional) Hermite polynomials { H- }~er, with countable index set
I, are weighted ¢2-summable. The corresponding weights u = (u~)yer are given in terms of the (b-weighted)
PCA eigenvalues Ap; (of the covariance operator) of p. As a result, we can study the approximation of a
Lipschitz operator by considering its Hermite polynomial s-term expansions.

2. In Section [4 we give upper and lower bounds for the convergence of these expansions in terms of the
PCA eigenvalues. In particular, we show the following curse of parametric complexity: No s-term Hermite
polynomial expansion can converge with an algebraic rate uniformly for all Lipschitz operators as s — oo.
This holds regardless of the decay rate of the eigenvalues. More specifically, let S C I' be a finite index set
with at most s elements and let Fg denote the polynomial approximation of an operator F' € W;g (xX;))
by Hermite polynomials H, with v € S. Moreover, let 7 : N — I' be a bijection such that (ur))ien is a
nonincreasing rearrangement of w. Our second main contribution is the following result:
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Result 2 (Curse of parametric complexity, cf. Thms. . For every s € N, we have

inf swp P = Fsllpoeyy = s |F = Fry.mtl 12 (iy) = sy, (11)
SCLISISE 1Pl 1, <1 HE i, <1 LX)

where the suprema are taken either over the class of all Lipschitz operators or all W opemtors Moreover,
Ur(s41) cannot decay algebraically fast as s — oo, regardless of the spectral pmpertzes of . On the positive
side, the decay of Un(s41) can become arbitrarily close to any algebraic rate as s — oo if the PCA eigenvalues
Abi decay sufficiently fast (e.g., double-exponentially).

3. Up to this point, we study best polynomial approximation of Lipschitz operators. In Section [b] we con-
sider learning Lipschitz and W —operators from finitely many general samples. Using tools from information-
based complexity [62], we deﬁne the adaptive m-width ©,,(K) of a set K of operators. It quantifies the best
worst-case error that can be achieved by uniformly learning operators in X from m measurements L(F) € Y™
which are generated by an adaptive sampling operator £ and used as inputs for an arbitrary (nonlinear)
reconstruction map 7 : Y™ — Li(X ; V). More specifically,

O (K) := inf { sup [|[F = T(L(F))ll g2 x,y) 1 £, T as above} .
Fek rE

Our key result is its characterization in terms of the weights u, and roughly reads as follows (neglecting
some technical assumptions):

Result 3 (Characterization of the adaptive m-width, cf. Thms. . For any number of samples
m € N, we have

Gm (IC) = Ux(m4+1)»

where IC is either the set of all Lipschitz or all W —opemtors of at most unit Wu -norm. Again, Uz (m+1)
cannot decay algebraically fast as m — oo, regardless of the spectral properties of p. But its decay can become
arbitrarily close to any algebraic rate in the large data limit m — oo if the PCA eigenvalues Ay ; of p decay
sufficiently fast (e.g., double-exponentially).

This result tightly characterizes the sample complexity of learning Lipschitz operators and gives rise
to the following curse of sample complezity: No procedure (e.g., NNs, polynomial approximation, random
features, kernel methods, etc.) for uniformly learning Lipschitz operators with Sobolev norm at most one
can achieve algebraic convergence rates for the L2 -approximation error. This holds for general (centered,
nondegenerate) Gaussian measures p. In light of Result ' note that Result 2] I shows that Hermite polynomial
approximation is optimal among all possible (adaptive) sampling and reconstruction maps for approximating
Lipschitz and W;:i—operators.

4. Result [3] pertains to arbitrary linear samples and does not provide explicit algorithms. To address this
lack of constructiveness, we restrict the class of sampling maps in Section [6] and study the reconstruction of
operators F': X — Y from pointwise samples. In this case, each training datum has the form (X, F(X)) €
X x Y. Pointwise sampling is one of the most relevant sampling methods in practical applications because
it is nonintrusive. Using our results from Section |§| and Section [B] we present a sampling strategy and an
algorithm for constructing for any Lipschitz and Wu -operator F' a weighted least-squares approximant F
with provable near-optimal sample complexity. More specifically, we use Christoffel sampling |21] to define
a suitable sampling measure v on X from which we draw m independent samples in order to construct a
as a linear combination of at most s Hermite polynomials. We prove the following two results which provide
sample complexity bounds in probability:

Result 4 (Sample complexity for Sobolev operators, cf. Cor. [6.5) E Let 0 < e < 1 denote the failure probability
and let F € W b(X Y). Suppose that m satisfies

m > cslog(s/e), (1.2)
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where ¢ > 0 is a universal constant. Then, with v-probability at least 1 — €, Fis well-defined and

~ 22
[ P (1 " \/E) U1 Flw iz e (1.3)

The sample complexity in is near-optimal, i.e., it is linear in s up to a log-factor. We propose
an algorithm (Algorithm which achieves for m samples the optimal approximation error ur(s41) (see
Result [3) up to constants, where s can be chosen near-optimally as m/(c-log(m/e)). Note that the constant
in has poor scaling in €. The next result shows that this can be avoided in the case of Lipschitz operators
as follows:

Result 5 (Sample complexity for Lipschitz operators, cf. Thm. . Let 0 < € < 1 denote the failure
probability and let F : X — Y be Lipschitz continuous with Lipschitz constant L > 0. Suppose that m
satisfies

m > Csu7?s+1) log(4s/e€), (1.4)

™

where C > 0 is a constant which only depends on ||[F'(0)||y, and L. Then, with v-probability at least 1 — €, we
have R
|7 - #]

L2(X;Y) < V2un(at) (”F”Wi:i(?f;y) * 1) ' (15)
The bound on the approximation error in (1.5)) is independent of €, but the sample complexity in (1.4))
shows the additional factor u;(zs +1)° By Theorem the latter grows only subalgebraically in s. In this

sense, the resulting algorithm (Algorithm [2)) still has provable near-optimal sample complexity.

2 Preliminaries

We recall some standard notions and fix the notation which we use throughout the text. Further notation
will be introduced in the text as needed.

2.1 Basic notation

As usual, N denotes the set of all positive integers, Ny the set of all nonnegative integers, and R the real
numbers. We denote by (X, (-,-),) and (¥, (")) two separable Hilbert spaces with corresponding inner
products. For simplicity, we focus on real Hilbert spaces, but all results can be readily generalized to the
complex case as well. We use capital letters X € X and Y € Y (at times also H, K, Z) for elements of the
respective Hilbert spaces. Operators which map from X to ) are typically denoted by the capital letters F'
or G. For functionals, i.e., in the case ) = R, we also use lower case letters at times. The set of all continuous
operators from X to ) is denoted by C'(X,)) and we write C(X) := C(X,R).

We equip the space X with a centered, nondegenerate Gaussian measure p with covariance operator
Q = fXX ® Xdu(X). We recall that @ : X — X is a positive-definite, self-adjoint, trace-class operator,
see, e.g., [23, Prop. 1.8]. As such, there exists an orthonormal eigenbasis (PCA basis) {¢;}ien of X and a
sequence of corresponding PCA eigenvalues XA = (\;);en. To be explicit, we have Q¢; = \;¢; with A; > 0 for
every i € Nand > i, \; < co. By rescaling, we may assume without loss of generality that Y .-, \; = 1. We
denote the standard Gaussian measure on R by p; := N(0, 1), the standard Gaussian measures on R, n € N,
by fin := @, p1, and the standard Gaussian measure on the space of sequences RN by pieg := R, pa.

For N € N, we set [N] :={1,2,...,N} and [oo] := N. Sequences of real numbers with (possibly finite)
index set I are denoted by lower case bold letters = (x;);er € R!. Sequences with elements in a Hilbert
space Z are denoted by bold capital letters Z = (Z;)ie; € Z1. We write 0 and 1 for the sequence of all
zeros and all ones, respectively. Algebraic operations on a sequence & € R! are defined componentwise: We
write /@ := (\/Z;)icr and 1/x := (1/x;)icr, whenever these expressions make sense. Given a scalar ¢ € R,
we write cx := (cx;);cr for the scaled sequence. In a similar vein, inequalities of the form & < y between
sequences x,y € R’ are understood componentwise, that is, z; < y; for every i € I. The expressions x > ¥,
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x < y, and x > y are understood in a similar sense. Given an index subset J C I, we write x; for the
subsequence (z;);c;. We use standard notation

1 ifi=j,
0ij = U
0 ifi#j,
for the Dirac delta function, and for two sequences v,~’ € N, we set

oo
Oyt 1= H5 Y
i=1

We denote the Euclidean norm and inner product on R™ by ||-||g. and (-, -)g., respectively, and the standard
basis vectors by e; := (J;,;);epn for i € [n]. The symbol L™ denotes the Lebesgue measure on R™. Finally,
we use the notation = < y for x,y € R if there exists a global constant C' > 0 independent of any parameters
such that x < Cy. We write z 2 y if y <z, and  ~ y if both x <y and x 2 y.

2.2 Sequence spaces

Let 1 < p < oco. Given an index set I, a sequence of positive weights w = (w;);e; > 0, and a Hilbert space
Z, we define the weighted sequence space (2, (I; Z) as the set of all Z-valued sequences Z = (Z;);c; whose
norm || Z ||z .z, is finite, where

- 1/ .
WZw 1.2y = (Cierwi 1Zilz) Pl < p < oo,

We denote the closed unit ball in 2 (I; Z) by
B(I; Z) = {:c € 0, 2) : |2l 1.z < 1} :

If Z = R, we write for brevity (¢5,(1), |ll;z ;) and BE,(I), and if w = 1, we write ((*(1; 2),[|[l4p(1.2))
and BP(I; 2).

2.3 The weighted space &},

Let b = (b;)ien be a sequence of positive weights with 0 < b < 1. By means of the PCA basis {¢; };en of X
we define the space

Xy = {X EX ) b [X di) < oo} .
i=1
Note that X is a Hilbert subspace of X with inner product

(X, Z)y, =) b7 (X, 00)x (Z.bi), X.ZE Xy,
=1

which induces the norm

[ X, = /(X X)s,, X €Xp.

b?

Moreover, it is easy to see that the family of vectors {n; };en defined by
i = by, 1 €N, (21)

is an orthonormal basis of Xj.
Remark 2.1. We highlight two important cases. If b = 1, we recover the full space X, that is, A7 = X. If
b = VA, we obtain the Cameron-Martin space H C X of u (see Appendix . Indeed, Theoremimplies
X ~="H.

v
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2.4 Lebesgue-Bochner spaces and Hermite polynomials

We write L7 (&X;Y) for the Lebesgue-Bochner space of (equivalence classes of) strongly measurable operators
F : X — Y with finite Bochner norm

1Pz e = ([ ||F<X>|§,du<x>)l/2.

If Y = R, the Lebesgue-Bochner space Li(X ;R) coincides with the usual Lebesgue space and we write
Li(X;R) = Li(X). More information can be found, e.g., in |38, Chpt. 1].

Next, we introduce the (infinite-dimensional) Hermite polynomials. For n € Ny, we first define the nth
normalized (probabilist’s) Hermite polynomial on R by

—1)" 2 n 2
H,:R—>R, Hy(z):= (=1 exp (ac) d—exp (_m) .
x

The Hermite polynomials {H,, },en form an orthonormal basis of Lil (R), see, e.g., [23, Prop. 9.4]. We now
define the higher-dimensional Hermite polynomials as products of the one-dimensional ones. To this end, we
introduce the set of all sequences of nonnegative integers with finite support,

Ir:= {’y e NY : supp(v) < oo} ,

with the support of v defined by supp(y) := {i € N: +; # 0}. It is easy to see that I is countable. For v € T
and d € N, we set

d
Hyg:RY R, Hyg(@) =[] Hy (2:). (2.2)
i=1

Remark 2.2. Since «v € I has finite support and Hy = 1, each Hermite polynomial H 4 can also be seen as
a function H o with infinite-dimensional input € RY (simply by ignoring all z; with i & supp(7)).

Finally, we define Hermite polynomials on the infinite-dimensional space X by means of the PCA basis
{®i}ien and the PCA eigenvalues A = (\;)ien:

Hyx:X 2R, Hya(X):= ﬁH 1- <<X\/¢;>>X> . (2.3)

As only finitely many factors in (2.3) are different from 1, every H.  is a smooth function on X with
polynomial growth at infinity, that is,

I~
Hya(X)] < O (141X )7 )

for some constant C' > 0. In particular, by the Fernique Theorem (Theorem , we have H, » € LZ (X)
for every v € I'. The Hermite polynomials H, x play a distinguished role in L7, (X ) in the following sense:

Theorem 2.3 ([23, Thm. 9.7]). The family {H~ x}~cr of infinite-dimensional Hermite polynomials is an
orthonormal basis of L2 (X).

Let us recall that
20 ) T2
L/L(X7y) - LM(X) ®y
with Hilbertian tensor product. By Theorem any F € Li(?( ; V) can be written as an unconditionally
Li(.?c' ; V)-convergent expansion in Hermite polynomials, also called the Wiener-Hermite Polynomial Chaos
(PC) expansion,

F = Z Y./H%)\, (24)
~erl
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with Wiener-Hermite PC coefficients
Y, = / F(X)HyA(X)du(X) € V.
X

Moreover, Parseval’s identity holds, i.e.,

2 2
1PN ey = D 15115 (25)
~erl

3 Gaussian Sobolev and Lipschitz operators

Let b = (b;);en be a sequence of weights with 0 < b < 1. We sketch the definition of the weighted Gaussian
Sobolev space Wlﬁ (X;Y) and state its characterization as a weighted £?-sequence space. Details are provided

in Appendix We then prove that all Lipschitz operators from X to ) lie in W:i (X;Y) under some
sufficient conditions on b. The results in this section are the basis for the approximation theoretical analysis
carried out in the remainder of this paper.

3.1 The space W,j;,f(x;y)

The definition of the space Wl’z(/'l’ ; V) is based on the operator Dy, which denotes the Fréchet differential
operator along the space A} (;ée Appendix . We first define Dy, as an operator which maps from a set
FCy (X, ) of cylindrical boundedly differentiable operators to the space L (X'; HS(Xy, Y)), where HS(Xp, V)
denotes the space of Hilbert-Schmidt operators from A to ) (see Appendix. The study of the Cameron-
Martin space H of u allows us to show that Dy, is closable in L2(X;)), see Proposition Details about
the closure and closability of operators are recalled in AppendixlBil With this in hand, we make the following
definition:

Definition 3.1 (The Sobolev space W;;;‘j(x;y)). We define the space WJ:E(X;J)) as the domain of the
closure of the operator Dy, : FC}(X,Y) — L2(X; HS(X,Y)) (still denoted by Dyx,) in L2(X; D).

The space W;g(?( ; V) is a Hilbert space with the graph norm

1/2
Pz = ([ 1FCOBAE) + [ 100 PO s X))

which is induced by the inner product

(F, G120y 1= /X (F(X),G(X))y du(X) + /X (D, F(X), Daty G(X)) sy (X)),

"

As usual, we write W;S(X )= Wiz(X ;R) for the space of Sobolev functionals. A few remarks are in order:

Remark 3.2. Defining Gaussian Sobolev spaces as the domain of the closure of a suitable differential operator
is standard and can be found, e.g., in [19, (23, 58| |63]. For an equivalent definition via the completion of
FCL(X,Y) under an appropriate Sobolev norm, we refer to [16, Chpt. 5].

Remark 3.3. Weighted Gaussian Sobolev spaces have been considered in the literature in the study of
continuous and compact Sobolev embeddings |68, 22, [19] by composing the differential operator with an
additional self-adjoint nonnegative operator. Recently, in [59], the authors defined weighted Gaussian Sobolev
spaces of functionals on ¢"(N), r > 1, by weighting the partial derivatives with elements of a weight sequence
b € (°°(N) and remarked that their construction unifies various definitions of Gaussian Sobolev spaces via
different choices of b. Our definition of W;Z(X ) is equivalent to this construction in the Hilbert space case
r = 2. However, our approach via the differential operator along the space A3 highlights the role of the latter
as the underlying differential structure of VVI%(X ). For b = VA, we obtain the same space as defined in |16,
58, 124]. For b = 1, we obtain a smaller space as defined in [23].
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Next, we use the Wiener-Hermite PC expansion (2.4]) of Li(X ; V)-operators to characterize the space
W:i (X;Y) by a weighted ¢2-space. To this end, we need the following definition:

Definition 3.4. The b-weighted PCA eigenvalues are given by
Ai
Ab = (Abi)ien,  Ab,i = =k (3.1)

The next theorem is an immediate consequence of Proposition [C.9] which we prove in Appendix [C.2]
Theorem 3.5 (¢2-characterization of W;:Z(X; V). The map
G(T5Y) = Wl 2(X V), Y =(Y3)yer = Z Yoy Hy x
~yel

with the family of weights

-1/2
U = (Uy)yer, Uy =tuy(Xp): (1 + Z Ao ) ) (3:2)

is an isometric isomorphism. In particular, using the representation (2.4), we have

2
, VF e W, (X D).

||FHW12Xy) > ug? /FH,.,Adu

~yel
The weights u-, in (3.2) are key in our subsequent analysis. We make the following assumption:

Assumption 3.6 (Properties of b). We assume that b = (b;);cn s a sequence of positive real numbers
with 0 < b < 1 such that the sequence of weighted PCA eigenvalues Ap = (Mb,i)ien, defined in (3.1), is
nonincreasing. If dim()) = oo, we assume in addition that b € (2(N).

By Assumption we can order the weights u. in a nonincreasing way, that is, there exists a nonin-
creasing rearrangement m: N — I' of w such that

Up(1) = Up(2) = *° 0 > 0. (3.3)

The map 7 is unique up to permutations of weights of the same value. The additional requirement of
Zz—summability of b in Assumption in the case where ) is infinite-dimensional will become clear by
Theorem which we prove in Subsection It implies that the set of Lipschitz operators is a subset of
Wl 2( y)

Remark 3.7. If Y is finite-dimensional, we can choose b = 1, which gives Ay = A. This is not possible if )
is infinite-dimensional. However, since A € £!(N), a valid choice for b in any case is b = v/A, which leads to
Ap = 1 and thus to no decay of the Ap; at all.

Remark 3.8. Assurnption implies that lim sup;_, . Ap; < 00. Interestingly, this condition is equivalent to
the continuous embedding of W;i (X) in the Orlicz space LP log% L(X, ) for p € [1,00), see [59, Thm. 4.2).
The stronger condition lim; ;o Ap; = 0 is equivalent to the compact embedding of Wi’z(é’( ) in Li(?( ),
see [22], and, more generally, in the Orlicz space L?log? L(X, i) for q € [0,1), see [59, Thm. 5.2].

3.2 Lipschitz operators

We now turn to Lipschitz continuous operators and recall their definition.
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Definition 3.9 (Lipschitz operators). An operator F : X — Y is called (L-)Lipschitz (continuous) if there
exists a constant L > 0 such that

I1F(X) = F(Z)lly SLIX = Z||l, VX, ZeX.
The number L is called a Lipschitz constant of F. The smallest Lipschitz constant of F' is given by

Fli s e sup JEE) = F(E)
PN T rex 1X — 2l
X#Z

ly

We denote the space of all Lipschitz operators from X to ) by Lip(X,)) and write Lip(X) := Lip(X;R).
We further define the space of all bounded Lipschitz operators C%!(X;)) as the set of all Lipschitz operators
F € Lip(X,Y) with finite norm

1Fllco.rx,y) = ;‘é& IE(X) |y + [FlLipx,y)-

Note that C%1(X, ) is a strict subset of Lip(X,)) as operators in Lip(X,)) are not necessarily bounded.

The next result, which is the main result of this section, motivates Gaussian Sobolev spaces as a natural
setting for the study of Lipschitz operators. We present a sketch of the proof, highlighting the main ideas.
A detailed proof is given in Appendix

Theorem 3.10 (Lipschitz operators are Gaussian Sobolev operators). Let b = (b;);en be a sequence of
positive numbers with 0 < b < 1.
(i) If Y is finite-dimensional, then Lip(X,Y) C WJ’E(X; Y) and the embedding CO(X,Y) — VVI}E(X, Y)
is continuous with

”FHW;:i(X;y) <SVAmY) - [[Fllorx,yy, VE € CONX,Y).

(it) If Y is infinite-dimensional and if b € (*(N), then Lip(X,Y) C Wi;i(x;y) and the embedding
COl(x,Y) — Wj:g()\,’; Y) is continuous with

||FHW:§(X;3J) < max {1: ||b||42(N)} ) ||F||co>1(x,y)a VF € COH(X, D).

Proof (Sketch). Let F' € Lip(X,Y). In order to show that F' lies in W;:S(X; Y), it suffices to find a sequence
(Fu)nen of operators which converge to F in L2(X;Y) and which are uniformly bounded in VVl}g(X V)
(see Lemma . To this end, we construct a specific sequence of operators of the form F,, =V, o T,, with
Vo :R" - Yand T, : X — R™ which converge to F in Li(X; Y) and, in fact, in W;ZE(X; V). As we will show,
the operator V,, inherits Lipschitz continuity of F. Hence, by Rademacher’s theorem, V,, is differentiable £"-
almost everywhere. We are now left with showing that F), is differentiable p-almost everywhere and that
there exists a constant C' > 0 such that

1D, Fn(X) | 15,3 < © (3.4)
for all n € N and p-almost every X € X.
In case (i), let m := dim(Y) € N. We fix an orthonormal basis {1; } je[m] of Y and consider the (Lipschitz

continuous) coordinate functions VY ) = (Vmwj}y : R" — R. Unwinding definitions, a straight-forward
calculation then leads to for any weight sequence 0 < b < 1. The resulting constant C' depends linearly
on /dim(Y). The same reasoning thus does not work in case (ii) where ) has infinite dimension. At this
point, we additionally require that b € £2(N). A slight modification of the argument in (i) then yields (3.4))
with a finite constant C' which depends linearly on max{1, |[b[| 2y} and is independent of the dimension
of Y. The continuous embedding of C%1(X,)) in Wj_’g(X; Y) follows in both cases from and the fact

that F, — F in W, 7 (X; D). O

10
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In light of Theorem [3.10} note that Assumption implies that Lip(X,)) C W1 2(?( V) regardless of
whether ) is finite- or infinite-dimensional.

Remark 3.11. For functionals, i.e., in the case ) = R, it is well-known that Lipschitz continuity implies
Gaussian Sobolev regularity. We refer to [23, Prop. 10.11] and [24, Prop. 3.18], where it is shown that
Lip(X) C Wl’Q(X) and Lip(&X) C Wl’ff()(), respectively.

Remark 3.12. One can define Gaussmn Sobolev spaces VV} v(X;Y) for any order 1 < p < oo and a proof
analogous to the one of Theorem shows that they contain Lip(X,)) as a subset. For the case Y = R,
we mention [16, Ex. 5.4.10(i)] and [58, Prop. 10.1.4]. However, only in the case p = 2 there is a simple
characterization of the Gaussian Sobolev norm in terms of Hermite polynomial coefficients, as given by
Theorem [B.5

Finally, we introduce the following notation:

Definition 3.13 (Sobolev unit (Lipschitz) ball). We define the Sobolev unit ball
BuWyp(: V) = {F € Whp(:9) : | Fllyr 2 < 1}
and the Sobolev unit Lipschitz ball

BY(Lip(X, ¥)) i= {F € Lip(¥, ) : [ Flly 22 < 1}

4 Polynomial s-term approximation

The ¢?-characterization of W1’2(X V) via Wiener-Hermite PC expansions (Theorem motivates studying

polynomial s-term approximations of W# —operators and quantifying the smallest achievable s-term error.
To this end, for any index set S C I', we define the space of Y-valued polynomials

Poy =14 > YyHyx:Yy €Y

~YES
and the corresponding orthogonal Li—projection
()s: Lp(X;Y) = Psyy, Fis Fsi= ) ( / FH%AdM) Hoy
~eS x

Next, let F' € W1 2(/\’ V) and let S C T be finite with |S| < s. Setting Y, := [, F'Hy adp, it follows from
Parseval’s 1dent1ty and Theorem [3.5| - that

2 2 _
IF = Fsls gy = |Yw||y§<mgi<su7>zuzlly 5= (o ) 1y (41)
~ET\S

Let us recall from ) the nonincreasing rearrangement T:N =T of u= (uy)yer. We set S =n([s]) =
{w(1),...,mw(s)} and conclude for K € {B1(W, (X V), B®(Lip(X,)))} that

inf  sup ||F — F Ay < sup (| F'— Frshl 7o < max Uy =1u , VseN. 4.2
SChIS|<s Fe% [ S||L2(X,y) = Feplc | ( ])HL“(X:)}) ‘YGF\ﬂ')(([s]) v m(s+1) (4.2)

Our first main result in this section shows that this chain of inequalities can, in fact, be improved to equality
and hence gives a tight characterization of the best polynomial s-term error. The proof is an immediate
consequence of Theorem which we prove in Section [5} in the special case V = Li(X V).

11
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Theorem 4.1 (Best polynomial s-term error). For K € {Bl(W1 (X)), BY(Lip(X,Y))} and every s € N,

we have
seird _ sup IF = Fsllpz vy = $90 [|F' = Fagap[| 3 (3 = Umiarn)-

Motivated by Theorem [.1} we study in the rest of this section the decay of ux(s41) for s — co. The
proofs are based on the relation of the set m([s]) to an anisotropic total degree index set. We discuss this
relation in Subsection Fizl and subsequently prove lower and upper bounds for u,(s41) in Subsections @

and [4.3]

4.1 Relation to anisotropic total degree index sets

We first recall the notion of anisotropic total degree (TD) index sets and provide lower and upper size
bounds. We then identify a specific anisotropic TD index set to which we can relate m([s]).

Definition 4.2 (Anisotropic TD index set). For d € N and a = (ay,...,a4) € R% a > 0, we define the
anisotropic TD index set in d dimensions with weight a by

d
AEE = {I/ € Ng : Zaiyi < 1}.
i=1

Lemma 4.3 (Lower and upper size bounds for anisotropic TD index sets). Letd € N and a = (a1,...,aq) €
RY with 0 < a; < --- < ay. We have

o< H <Z + 1) (4.3)

=1

and if in addition min;c(q) a; < 1, then
1
H — < |ATLl- (4.4)

Proof. The upper bound (4.3) is Lemma 5.3 in |36, Lemma 5.3]. The lower bound (4.4)) is proved in [13]. We
refer to [33] for further discussion. O

For any € > 0, we now define the set

S(a)::{'yel":u,fgl—i—;} {’761" Z)\b } (4.5)

as well as the quantity

d(e) :==min{l € N: Ay ;41 <&’} € NU{oo} (4.6)

with the convention min(f)) = oco. By definition, we have S(g) = = ([|S(¢)]). If d(e) < oo, then S(e) is
isomorphic to an anisotropic TD index set,

S( ) AT(E),G,’ (47)
with weights a; :=&2/Ap;, @ € [d(¢)], under the isomorphism
{y €T supp(y) C [dE]} = Ng&, v (-, vage)-

Observe that by Assumption we have 0 < a; < ag < -+ < ag(e).

12
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Remark 4.4 (Effective dimension). The number d(¢), defined in , can be interpreted as the effective
dimension of the approximation problem in the following sense: For i > d(g), we have \p; < &2, that
is, the variance of p in the ith coordinate direction (with respect to the PCA basis {¢;}ien) essentially
vanishes for very small values of . Consequently, N'(0, Ay ;) &~ d¢ for i > d(e), where N'(0, X\p ;) denotes the
one-dimensional Gaussian measure on R with mean 0 and variance Ay ; and J¢ is the Dirac delta measure
centered at 0. Measuring an operator F' on X with respect to p thus essentially reduces to measuring F' in

its first d(e) coordinates with respect to the Gaussian product measure ®?§1) N(0, X\p ;).

Remark 4.5 (Finiteness of d(¢)). Note that requiring d(¢) < oo for every & > 0 together with Assumption [3.6
implies lim; o Ap; = 0. On the other hand, the limit condition lim; o Ap; = 0 implies Assumption [3.6]
after a suitable reordering of the Ap; and the property that d(e) < oo for every ¢ > 0. In this context, we
also recall Remark 3.8

4.2 Lower bound

We now prove the second main result of this section which constitutes a lower bound for uz(s41). It states
that, regardless of the (unweighted) PCA eigenvalues A and choice of b, one cannot achieve an algebraic decay
of Ur(s41) for s — oo. In light of Remark @ we emphasize that we do not assume that lim; . Ap; = 0,
but only that the Ap ; are nonincreasing (Assumption. In particular, the effective dimension d(g) in
may be infinite for a given e.

Theorem 4.6 (Impossibility of algebraic decay of ux(sy1)). For any p € N, there exists 5 € N, depending
on Ap1,---,Abp, and p, such that
Un(s41) = C’s_ﬁ, Vs > 5, (4.8)

with constant .
C=cix Moy p) = & ﬁ M) (4.9)
- b,ly-+-sAbpyP) ‘= 2 pa i . .

Proof. We fix some arbitrary 0 < & < ,/Ap 1, whose exact value will be chosen later, and define for n € N,

S(e,n) = {’y eNy: Z T« 5%’ supp(y) C [n}}

— Ao

We make a couple of simple but important observations. First note that S(¢) = S(e, d(¢)), where S(¢) and
d(e) are defined in and , respectively. Second, we have S(e,n’) C S(e,n) for every 1 < n’ < n.
Third, S(e, n) is isomorphic to the anisotropic TD index set AEEL with weight @ = (a1, ..., an), a; == €*/\p.i,
under the isomorphism

{7y € Ny :supp(y) C [n]} = N§, v = (3, 7)-
Moreover, since we chose € < {/Ap 1, we have min;¢,) a; = 52/)\@1 < 1. We can thus combine the preceding
observations with the lower size bound to conclude

.
SE) =15 )| > S d) > [] 2%, v <d <d) (410)

i=1

Analogous to the definition of d(¢) in (4.6]), we set

~ A
d(e) :_min{ZeN:l”iTQQ}eN.

Note that d(e) is well-defined because Ap; < Ap1 for every i € N. Moreover, we have d(g) < d(e) as well as
d(e) > 00 ase— 0.

13



BEN ADCOCK, MICHAEL GRIEBEL, AND GREGOR MAIER

Next, let p € N be arbitrary. We fix some 0 < & = &(Ap,p, p) < min{y/Ap,/p,1}. By definition of d(e),
we have d(g) > p for every 0 < e < &. Since \p,;/(£%i) > 1 for every 1 < i < d(e) and £ < /Ap1, it follows
from (4.10) that

d() Ao P i ~
>IZ2 > 22 =0 <&
sz [[2% 2 11 2% =0, weese

with constant

5 = 5()\{,71, ey Abvp’p) = H

i=1

p
Ab,i
-

We choose 5 = 5(Ap1,...,Abp,p) € N sufficiently large such that s +1 > [5’5*21’] for every s > 5. We then
fix some arbitrary s > § and pick 0 < € < & such that

CE2 =5 41.

Solving for £2 yields
2 =22 Moty Aoy, 8) = CHYP(s +1)7 /P,

By our choice of €, we have |S(€)| > s+ 1. Since S(€) = 7 (|S(€)|), we conclude w(s+1) € S(€) and therefore
2 1 - Iy, 1 ~1/p —1/p 1 1/po—1/p 3
uﬂ'(s+1)2 ?+1 255 :50 ($+1) EZC S , VSES,

where the second inequality holds because € < & < 1. This completes the proof. O

4.3 Upper bounds

We have now seen that wur(s41) cannot decay algebraically as s — oo, regardless of the decay of the b-
weighted PCA eigenvalues Ap ;. We now study the decay of ur(s41) for three different characteristic decay
rates of these eigenvalues. In all three cases, we have lim; o, Ap; = 0 so that the effective dimension d(¢) is
finite for every ¢ > 0, see Remark In principle, the proof of the following result can be adapted to any
other spectral decay rate as well, as long as this limit condition is satisfied so that a suitable choice of ¢ is
possible.

Theorem 4.7 (Specific decays of ur(s41)). Let a > 0.

5=35(0,n,C) € N such that for every s > s,

(a) Algebraic spectral decay: Let A\p; < Ci~* for every i € N. Then, for every 6,n > 0, there exists

Un(str) < max{VC, 1}(2(a + 1)) 77 log(s) 779 (4.11)

%

(b) Exponential-algebraic spectral decay: Let Ap; < Ce~ * for every i € N and some constant C > 0.
Then, there exists § = 5(C') € N such that for every s > 3,

Un(s+1) < 202 los(s) THH/e (4.12)

e

(c) Double exponential spectral decay: Let A\p; < Ce™ ! for every i € N and some constant C' > 0. Then,
for every §,n > 0, there exists s = s(a,d,n,C) € N such that for every s > s,

.
Un(s+1) < V2Ce~3(5 108()) 57 (4.13)

14
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Proof. All rates can be derived by suitably choosing the parameter € in the set S(¢), defined in (4.5). By (4.7)),
the upper size bound (4.3)) implies

d(e) Ao
1S(e)] < 1;[1 (ZEQ + 1) <

where we used the fact that Ay ; > 2 for i € [d(€)] by definition of d(e) in ({.6]). For brevity, we write in the
following d = d(e).

Case (a). Using ([@.14)) as well as the Stirling type estimate d¢ < e?d! and the inequality d=% < e'/¢, we
obtain

d(e) d(e)

Abi (1 —2\d(e)
11 = (l + 1) < (2677) 1;[1 Abis (4.14)

=1

d
1S(e)| < e ) 7 = (2Ce™)*(d) ™ < (2Ce?) e d " < ele®/(2CE2)", (4.15)
i=1

Let 0 < ¢ < min{v/2C, 1}. Then, by definition, d < min{l € N: C(I+1)* < £2} < CY/*c=2/* We take the
logarithm on both sides in (4.15) and deduce

+ aC/ o= 4 ol ag=2/o |og(20e72).

log(|S(e)]) < ad + % + dlog(2Ce™?) < %

Next, let §,7 > 0 be arbitrary. There exists 0 < & = (6,1, C') < min{v/2C, 1} such that log(2Ce~2) < ne=2°
for every 0 < ¢ < &, which implies

log(]S(e)]) < % + aCY g2/ L pot/ag=2/a=20 < % + (4 n)CHeem2/0=2 vy < e <é (4.16)

We set o
4 (a + n)ol/aE—Q/a—Qé — log(s)
€

for some s € N and solve for 2, which yields

1
a) e (4.17)

e = 2()” = (a+m) T C 7 (log(s) — =
We can now choose s = 5(6,n,C) € N sufficiently large such that the right-hand side in (4.17)) is smaller
than € and log(s)/2 > «/e for every s > 5. Then, (4.16) holds with € = £(s) and we conclude |S(¢(s))| < s

for every s > 5. Since S(e) = 7(|S(¢)]), it follows that ur(sy1) & S(€) and consequently,

W2ty < (6(6) 2+ D)7 < () < () TEEOT (logls) = ) T
< C'(2(a+ 1)) 77 log(s)” T
for every s > 5 with C' = max{C, 1}.
Case (b). Using (4.14)), we find
d _ .
1S(e)] < 2e )t [[ e = (2e72)40%e 2 . (4.18)
=1

Let 0 < ¢ < v/C. By definition, we have d < min{l € N : Ce=(*+1" < £2} < log(Ce™2)/*. Taking the
logarithm on both sides in (4.18)) gives

d
log(|S(e)]) < dlog(2Ce™2) — Zia < log(Ce™)M*log(2Ce™?) < log(2Ce~2) 11/« (4.19)

i=1

15



BEN ADCOCK, MICHAEL GRIEBEL, AND GREGOR MAIER

We set
log(2Ce2) 1/ = log(s)

for some s € N and solve for €2, which yields

e? = ¢(s)2 = 2Ce™ log(s) 1“/“. (4.20)

We can now choose s = §(C) € N sufficiently large such that the right-hand side in (4.20) is smaller than
V/C. Then, (#.19) holds for every s > 5 and we conclude that |S((s))| < s. Similar as in case (a), it then
follows that

1
“72r(3+1) < (e(s) 2+ 1)t < 20 logls) e

for every s > s.

Case (c). With (4.14), we find

S()] < (2 dcdH = (20e2)te D, (4.21)

a(l+1)

Let 0 < ¢ < y/C/e. Then, by definition, d < min{l € N: Ce™°
logarithm on both sides in (4.21)) gives

< €%} < log(log(Ce™2))/a. Taking the

d
log(|S(¢)]) < dlog(2Ce™2) — Zeai < élog(log(C’zs_Q)) log(2Ce™?)

i=1
Next, let 4,17 > 0 be arbitrary. We argue similarly as in case (a). There exists 0 < & = &(, §,n,C) < /C/e
such that log(log(Ce™2)) < nlog(2Ce~2)% for every 0 < e < &, which implies
log(|S(2)]) < glog(zcﬁ)l”, VO <e<e (4.22)

We set
glog(205_2)1+‘5 = log(s)

for some s € N and solve for £2, which yields

1
2 = g(s)2 = 20 (5 108()) T (4.23)

We can now choose s = 5(«, d,7,C) > 0 sufficiently large such that the right hand-side of (4.23) is smaller
than € for every s > s. Hence, (4.22)) holds with € = £(s) and we conclude that |S(g(s))| < s for every s > s.

Consequently,
1

ufr(s_H) <(e(s)2+1) T <e(s)? < 90 e~ (5 los() 7
for every s > 5. This completes the proof. O
Remark 4.8 (Asymptotics of the upper bounds).

(a) If A\p; S i decays at least algebraically, then (4.11]) shows that for fixed § > 0, U (s41) decays at least
logarithmically of order m. In particular, taking the limit § — 0, we see that any logarithmic
decay rate of order smaller than «/2 can be attained asymptotically in the limit s — oo.

(b) If X\p; < ™™ has at least exponential-algebraic decay, then (#.12) yields a nonasymptotic decay of
Ur(s+1) Which is faster than logarithmic. Note that in the limit o — oo, we obtain an algebraic decay
of order 1/2.
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(c) If Ap; S e—¢"" decays at least double exponentially, then shows that u(s41) decays super-
logarithmically but still subalgebraically (in accordance with Theorem . However, for fixed a > 0,
taking the limit § — 0 and suitably choosing 7, decay rates arbitrarily close to any algebraic order can
be attained asymptotically in the limit s — oo.

We remark that the upper bounds in Theorem [£.7] are not sharp but can be easily improved by a more
refined analysis. We refrain from doing so as the primary intent behind the presented estimates is to illustrate
the connection between the decay of the A\p; and the resulting decay of the term (541

4.4 Discussion

Theorem @ shows that ur(sy1) decays subalgebraically as s — oco. In particular, as p € N can be chosen
arbitrarily large, we conclude that the decay is slower than any algebraic decay rate for all sufficiently large
s. In combination with Theorem [£.1} we deduce the following curse of parametric complexity: No s-term
Wiener-Hermite PC expansion can converge with an algebraic rate uniformly for all operators in the Sobolev
unit (Lipschitz) ball as s — oo. This holds regardless of the decay rate of the PCA eigenvalues.

Note that in this context, the parameters, that is, the polynomial coefficients in the truncated Wiener-
Hermite PC expansion, are elements of Y. In [50], a related curse of parametric complexity for learning
bounded Lipschitz operators with PCA-Net was proved, which for distinction we call curse of parametric
PCA-Net complexity. It relates the learnability of Lipschitz operators by PCA-Nets to the size, i.e., the
number of neural network parameters, of the latter. For succinctness, we refer to [50] for more details and
definitions. As a corollary to Theorem 9 therein we have the following result:

Theorem 4.9 (Curse of parametric PCA-Net complexity). For any a > 0, there exists a bounded Lipschitz
operator F € C%1(X,Y) and a constant co, > 0 such that

IF = 0[5 ey = o (sine()) ™ (4.24)

for every PCA-Net U = Dy oo Ex. Here, 1 : RI* — R s a (ReLU) neural network and Ex : X — Rix
and Dy : RY> — Y are encoder and decoder maps, respectively, which are defined in terms of the empirical
PCA eigenvalues based on finitely many fixed sample points.

Remark 4.10. Inspection of the proof of |50, Thm. 9] shows that the empirical PCA eigenvalues used in the
definition of £x, Dy can be replaced by the exact PCA eigenvalues, which puts Theorem [£.9]in the setting
of the present paper.

We now argue that the curse of parametric complexity described by Theorem [£.1] and Theorem [4.6] is
consistent with the curse of parametric PCA-Net complexity described by Theorem [£.9] To this end, suppose
that Hermite polynomial s-term approximations of Lipschitz operators in the Sobolev unit Lipschitz ball
were possible with some algebraic rate of order g > 0:

Assumption 4.11 (Algebraic s-term convergence for Lipschitz operators). There exists 5 > 0 such that for
all F € Bb(Lip(X,))), there are constants C(F) > 0 and 5(F) € N such that

| F — Fr ) < C(F)s™?, Vs> 35(F). (4.25)

s]) ||L3(X;y
We then have the following result:

Proposition 4.12. Suppose that Assumption [{.11] is true. Then there exists a > 0 with the following
property: For all F € C%Y(X,)), there exist constants C = C(F) > 0 and € = é(F) > 0 such that for all
0 < e<E¢, there is a PCA-Net ¥ =Dy o o Ex such that

[ F =V 2 xy) <€ and size(y) < Ce /e,
AGE
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With the notion introduced in [50], Proposition asserts that « is an algebraic convergence rate for
the class of C%(X,))-operators. It is easy to see that this leads to a contradiction to Theorem hence
implying Assumption to be false. The proof of Proposition is based on [67, Thm. 3.9], which
provides expression rate bounds for the approximation of multivariate Hermite polynomials by ReLLU neural
networks. As a preliminary step, we make the following observation: Let .S be a downward closed subset of
N}, that is, v € S implies 4/ € S for every 4/ < . It is then easy to see by induction on the size of S that

< - < — 1. .
?2§||7||£1(N)—|S| 1 and  max|supp()| < |5] — 1 (4.26)

Proof of Proposition[{.12 Suppose that Assumptionis true. Let F' € C%Y(X,)) with F # 0 (otherwise
there is nothing to show). We define the rescaled operator F := r—! ||FH5311(X,),)F, where r := /dim(}) if Y
is finite-dimensional and r := max{1, |[b[| 2, } if Y is infinite-dimensional. Then we have F € Bb(Lip(X,)))
by Theorem Next, let s = 5(F) be the constant in Assumptionand set € := min{5A/2 ¢=A/(B+1)}
so that eB+1/8 = Inin{g_(ﬁ‘*‘l)m7 e_l}. Let 0 < € < € be arbitrary and choose s > § with s0/2 <.

We proceed with several observations: First, recall from that the truncated Wiener-Hermite PC
expansion ﬁw([s]) is defined via the Hermite polynomials Hy(1)q,,---; Hr(s),a, With d; := max{j : j €
supp(m(2))}. By Remark we can interpret each Hyp(;) q, as a function Hy(s) 00 On RY. Second, observe
that the set 7([s]) is a downward closed subset of Nij of size s. Hence, by (4.26), we have

max <s—1 and max |[su <s—1, VseN.
[y < max [supp(y)| <

With these facts in hand, we can now directly apply [67, Thm. 3.9] to conclude that there exists a ReL.U
neural network ¢ = (¥1,...,9,) : R — R® with d := max{dy,...,d,} and with each 1; depending solely on
the variables (z;);¢[q) such that

max || Hr (i), o0

i€[s] ) < e, (4.27)

— i HLﬁw (RY
Here, we interpret the ¢; as functionals on RN by ignoring all variables x; with i > d. Moreover, we have
1
size(1)) < 5% log(s)log(e~P+H1)/F) < (1 + B) e 1/t (4.28)

We now define the encoder and decoder maps

Ex X 5 RY Ex(X):= (<X’ P1)x (X, ¢d>X> ’

Vi Vg
/ﬁHﬂ-(i),Adﬂ> T;.
X

The corresponding (rescaled) PCA-Net W := 7|\ F||co. (1 y) ('53; oo gx) satisfies

ﬁﬂ([s]) — 53} ow o g;\g‘

|

IF = Wl ey < TlFllcos ) (HF ~ ]| ) Li(X;y))

= 7[Fll o (x 3 (T1(F) + To(F)).
By Assumption we can bound T3 (F) by

T (F) < C(F)s™ P ~ C(F)e* < C(F)e,
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where C'(F) is the constant in (4.25)). For T5(F), we find by (4.27)), the Cauchy-Schwarz inequality, and
Parseval’s identity that

o\ 1/2

37)

S

/wa(i),AduH iy oo MHLZ \ < OO (Z
x v

i=1

/ FHop sy adp
X

Ty(F) < Z

S 6||F||Li()5;y) <e

Altogether, we conclude
1 = Wl 2 (i) < Ol Fllcon a3 (COF) + 1)e

for some global constant C’ > 0. Upon rescaling € and € by the factor C'r||F||co.1 (4 y)(C(F) 4 1), the claim
follows in light of (4.28) with @ = /(14 + f). O

We have now seen that the approximation of Lipschitz operators by Wiener-Hermite PC expansions
cannot be done efficiently with algebraic convergence rates. On the other hand, we again emphasize that
Theorem shows the connection between the decay of the eigenvalues Ap; in 7 and the decay of U (s41)
in s. It implies that the curse of parametric complexity can be overcome at least asymptotically in the sense
that decay rates arbitrarily close to any algebraic rate can be attained in the limit s — oco. This, however,
requires the decay of the Ay ; to be sufficiently fast, e.g., double exponential.

5 Optimal sampling and (adaptive) m-widths

Up to this point, we have studied the approximation of W b and Lipschitz operators by finite linear combi-
nations of Hermite polynomials. This is a certain type of what in the field of information-based complexity
is referred to as linear information [62, Chpt. 4.1.1]. In this section, we consider more general sampling and
reconstruction schemes based on adaptive information, that is, (nonlinear) reconstruction from m adaptively
chosen samples. We define adaptive sampling operators and the adaptive m-width and characterize the latter
in terms of the weights u~. We follow in parts ideas from [8] where recovery strategies based on adaptive
information were studied for holomorphic operators. It is known that adaptive methods can be better than
nonadaptive methods only by a factor of at most 2 and there are examples where adaptive methods perform
slightly better than nonadaptive ones. We refer to Theorem 2 in [61] as well as to [44] and references therein.
For this reason we consider adaptive sampling operators instead of nonadaptive ones. However, we will prove
that for Wu - and Lipschitz operators, linear approximation based on nonadaptive information is, in fact,
optimal, see Theorem [5.4]

5.1 Adaptive sampling operators

We subsequently introduce in detail scalar-valued and Hilbert-valued adaptive sampling operators and discuss
their definitions.

Definition 5.1 (Adaptive sampling operator; scalar-valued case). Let (V,||-||,) be a normed vector space
and m € N. A (scalar-valued) adaptive sampling operator is a map of the form

Li(F)
Lo(F; L1(F))
L:V—-R" L(F)= . ,
Lo (F5L1(F), ..., L1 (F))
where £1 : V — R is a bounded linear functional and £; : ¥ x R*~! — R is bounded and linear in its first

component for i =2,...,m.
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Trivially, any bounded linear map £ : ¥V — R™ is an adaptive sampling operator (which, in fact, gen-
erates nonadaptive information). Different choices for V lead to important special cases. If V C Li(X ) and

~@ .. 4(m) €T then we may define a sampling operator, generating (nonadaptive) linear information,
by

L(F):= (/X FH,y(i)Adu) - eR™, VFeV. (5.1)
i€lm

If V=C(X) and Xy,...,X,, € V, we can define a pointwise sampling operator, generating (nonadaptive)
standard information |62, Chpt. 4.1.1], by

L(F) = (F(Xi);epn) € R™, VF € CO(X). (5.2)

In both cases, the (¥ and the X; can, in principle, also be chosen adaptively based on previous measurements
J FH, Gy dp and F(X;), respectively, for j € [i — 1].

Next, we generalize the definition to the Hilbert-valued case. For notational convenience, for any Y € ),
v = (0i)ieim] € R™, and F € L2(X), we write Yv for the vector (Yv;)icim) € Y™ and YF for the map
X —»YF(X).

Definition 5.2 (Adaptive sampling operator; Hilbert-valued case). Let V C Li(X ; V) be a vector subspace
with norm ||-||,, and consider an operator

L1(F)
Lo(F; L1(F))
LV Y™, L(F) = ,

Lon(Fs L1(F), - Lo 1 (F))

where £, : V — ) is a bounded linear operator and £; : V x Y*~! — Y is bounded and linear in its first
component for i = 2,...,m. Then L is a Hilbert-valued adaptive sampling operator if the following condition
holds: There exist Y,Y € Y\ {0}, a normed vector space V C LZ(X ), and a scalar-valued adaptive sampling

operator £ : V — R™ such that, if YF € V for some F € L2(X), then F € Vand L(YF) = YL(F).

This definition involves a technical assumption which links the Hilbert-valued case to the scalar-valued
case and which we will use to establish a lower bound for the adaptive m-width, see . However, this
condition is not too strong. It holds, for example, in the case of adaptive pointwise sampling. Here, we choose
VY =C(&X,)) and define

L(F) = (F(Xi));epm €Y™, VFEV,
where the ith sample point X is potentially chosen based on the previous measurements F(X1), ..., F(X;_1).
We then have B B
LYF)=YL(F), VFeY:=CX),VY €,

where £ : V — R™ is the adaptive pointwise sampling operator in (5.2)). As another example, we will see in
the proof of the upper bound of the adaptive m-width that the Hilbert-valued version of linear sampling, as
defined in (|5.1)), is a Hilbert-valued sampling operator in the sense of Definition (under a mild condition
on V).

5.2 Adaptive m-widths and main result

We now formally define the adaptive m-width and state our main result.

Definition 5.3 (Adaptive m-width). Let (V, ||-[|,,) be a normed vector subspace of L7 (X;Y) and let K C V
be a subset. The adaptive m-width of I in V is given by
Om(K;V, L2 (X; D))

5.3
= inf{sup [F' = T(LE) g2 xppy - £V — Y™ adaptive, T : Y™ — Li(}(;y)} . (5:3)
Fek p
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The adaptive m-width describes the smallest worst-case error that can be achieved when we reconstruct
all operators in a set K by a reconstruction map 7 from m samples that have been generated by an adaptive
Hilbert-valued sampling operator L. It thus quantifies the largest error that can occur with optimally chosen
sampling and reconstruction maps. Note that in we allow for any (possibly nonlinear) reconstruction
maps. The choice of V, however, determines which sampling operators are allowed. If V = C(X,)), we can
use pointwise sampling, whereas, if V = Li()( ;Y), we cannot.

We consider two choices for I, namely K = Bl(W;:g(X; Y)) and K = Bb(Lip(X,)))), see Definition
Our lower bound for the adaptive m-width pertains to arbitrary V. For the upper bound, we require the
mild additional assumption that V is continuously embedded in Li(?( ; V). Our main result in this section is
the following characterization of the adaptive m-width of the Sobolev unit (Lipschitz) ball in terms of the
weights u.:

Theorem 5.4 (Tight characterization of the adaptive m-width). Let K € {Bl(Wi,’i (X;))), Bb(Lip(X, )}
and let m € N. We have the lower bound

@m(IC,V,Li(X,y)) Z uﬂ'(m—|—1)7 (54)

where ™ : N — T' is a nonincreasing rearrangement of u = (u~)~er, see (3.3). If, in addition, V is continu-
ously embedded in LZ (X;)), we have the matching upper bound

O, (K;V, L2 (X; < inf F—-F .
(¥, L0 < ol SR I = Polliz e 59

< sup [F = Flaa) o1 ) < tmmetn)-

5.3 Proof of Theorem [5.4]

The proof of the lower bound is based on the theory of Gelfand and Kolmogorov m-widths. We recall relevant
results in Subsection Further information can be found in |31, Chpt. 10]. Detailed proofs of the lower
and upper bound are then given in Subsection and Subsection [5.3.3] respectively.

5.3.1 Results about widths
Let I be a subset of a normed vector space (Z, ||| ;) and let m € N. The Gelfand m-width of K is defined by
d™(K,2) = inf{ sup || Z]|z : L™ subspace of X with codim(L™) < m} .
zeKXNL™

An equivalent characterization is given by

d™(K, Z) = inf sup  ||Z]|z:A:Z —R™ linear » .
ZeKnker(A)

We also recall the adaptive compressive m-width of K,

(I, 2) = inf{sup |1Z - AT(Z))|z:T: Z—R™ adaptive, A : R™ — Z} ,
Zerx

and the Kolmogorov m-width of IC,
dm (K, Z) := inf { sup inf ||Z — K|z : Z,, subspace of Z with dim(Z,,) < m} .
Kek Z€2m
Next, we state some standard results which relate the various notions of m-widths to each other.
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Theorem 5.5 ([31, Thm. 10.4]). If K is symmetric with respect to the origin, i.e., —K = K, then

4K, Z) < B (K, 2).

In [69], Stesin gave an explicit characterization of the Kolmogorov m-width in (finite) sequence spaces.

For this, let us recall from Subsection the notation BF (I; Z) to denote the unit ball in the weighted
sequence space (£ (I; Z).

Theorem 5.6 (Stesin). Let N € N with N > m, 1 < q < p < 0o, and w € RY be a vector of positive

weights. Then,
—1

N—m pq Ei%
dm(BE ([N]),£4([N])) = ma wr?
(BL,(IN]), ¢4([N])) e g ]
TkFlj

In finite sequence spaces it is also possible to relate the Kolmogorov m-width to the Gelfand m-width.
We recall that for a (possibly finite) sequence w = (w;);c; of nonvanishing real numbers, we write 1/w :=
(1/w;)ser for the sequence of reciprocals.

Theorem 5.7 (|8, Thm. B.3]). For 1 < p,q < oo, let w € RY be a vector of positive weights and let
1 <p* ¢* < oo be such that 1/p+1/p* =1 and 1/q+ 1/q* = 1. Then,

dpn (BP(IN]), £4,([N])) = d™(BY ., (IN]), " (IN])).
Lemma 5.8 (|8, Lem. B.4]). Let w € RY be a vector of positive weights and 1 < p,q < oo. Then,

A (BP([N]), £, ([N])) = dm (B, ([N]), £ ([N])).-

5.3.2 Lower bound

Since BY(Lip(X,)))) is a subset of Bl(W;ﬁ(X;y)), it suffices to prove the lower bound for the adaptive
m-width of K = B¥(Lip(X,))), that is,

O (BY(Lip(X, V)V, L(X: ) > tin(myrys Vm € N. (5.6)
This implies the same lower bound in the case K = Bl(Wi,’i (X;Y)). The proof consists of two main steps.
We first reduce the problem to a discrete one which involves the adaptive compressive m-width of the unit
ball in a space of suitably weighted finite sequences, see Lemma In the discrete setting, we can then
use Theorems [5.5 and [5.7, and Lemma [5.8] to relate the adaptive compressive m-width to the Kolmogorov
m-width. In the second step, we apply Theorem [5.6] and combine it with a limiting argument to conclude
the claim.
For the next result, let us recall the notation (cu); with u = (uy)yer, ¢ € R, and I C T to denote the
scaled subsequence (cu~)~er-

Lemma 5.9 (Reduction to discrete problem). Let I C I be a finite index set. Then, for every constant
c e (0,1), we have
O (BY(Lip(X, V)); V, L (X5 V) = d™(BL,,), (1), (1))

(cu)r

The proof of this lemma is based on the construction of a suitable Lipschitz continuous operator. To this
end, let R > 0 and n € N, and consider the capped one-dimensional Hermite polynomials

H,(x) if —R<z<R,
H,(R) it x > R, (5.7)
H,(—R) ifz<—-R.

H, g(x):=
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For v € I" and d € N, we define

d
Hypa:R' >R, Hypa(@) =[] Hy r), (5.8)
=1
as well as
T TT . X7 i
Hypx:X =R, Hypa(X):=]]Hyr (<¢;>X> . (5.9)
i=1 g

Before proving Lemma [5.9] we need a couple of preliminary results.

Lemma 5.10 (Lipschitz continuity). For every R > 0 and every v € T, the functional Hv,R,A X = R,
defined in (5.9)), is Lipschitz continuous.

Proof. Fix R > 0 and « € I with supp(vy) C [d] for some d € N. We define the scaling functional

X. b
Sad: X = RY Sy 4(X) = <<‘z’>*> :
VA i€[d]
and note that PNI,YJ;LA = I?%R’d 05,4, with I?%R,d given by (5.8). As Sx g is Lipschitz continuous, it suffices
to show that Hy g g is Lipschitz continuous. This, in turn, follows by a simple induction argument on the
dimension d. O

By Lemma and Theorem , we have fLy,R,A € W;ZE(X;JJ) for every R > 0. The next result

establishes the connection between H, g x and Hy x in the limit R — oco. For its proof, we introduce the
following notation: For z € R?, d € N, and 1 < k < d, we write xp) = (T1,...,7%) € R*. We also recall

the complementary error function erfc : R — R, x — % f;o et dt, which grows faster than polynomially at
infinity, that is,
lim t"erfc(t) =0, ¥YmeN. (5.10)

t—ro0
Lemma 5.11 (Convergence in W;g()()) For every v € ', we have
lim Hygx=Hyx in WhH(X).
Jim Hypx = Hyx in W, (X)

Proof. Let v € T with supp(vy) C [d] for some d € N. We first consider convergence in Lz(X). By Fubini’s
theorem and a change of variables, one has

2
LX) /]R

im Hypa=Hyq inL’ (RY), VdeN. (5.11)

R—o0

~ 2
| fyrx = Hoy | Hypa(@) = Hya(®)| dpa().

It thus suffices to show that

For this, we use induction on d and start with d = 1. For n € Ng, we compute

-R

[ fa@) = oo i) = [ o) = o i)+ [ (R) -~ Ha @) din(o)

< (a-rP Py ete (S5 ) 42 [ @ ()
\/§ [-R,R]¢
=:T1(R) + T>(R),
where we used the notation [—R, R]¢ := R\ [—R, R]. By (5.10)), we have limp_,o T1(R) = 0. Since H,, €

Li L (R), the second term T5(R) converges to zero as R — oo by the dominated convergence theorem. Now, let
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d > 1 and suppose that ((5.11]) holds for any 1 < d’ < d. Without loss of generality, we may assume R > 1.
Then, by Fubini’s theorem, we have

[ | (@) =t a@)] duate)
R

<2/ /.
+2//%

= -‘r tQ(R)

The term tl(R) can be bounded from above by

h(R) <2 <sup /
R>1JRa-1

By induction hypothesis for d’ = d — 1, the term H‘y d—1,R converges in LMd § (Rd_l) as R — oco. Hence, the
supremum over R > 1 of the first 1ntegral on the right-hand side is finite. Applying the induction hypotheses
for d’ = 1, we conclude that the second integral over R converges to zero as R — 0o. A similar argument
shows that limpg_, o t2(R) = 0. This completes the proof of -

Next, we con81der convergence of Vy, Hy g in L? (X Xp). For this, we recall the basis {n; }ien of Xp,
defined in , and the d-dimensional Hermlte polynomlals H, 4, defined in . Note that the capped
Hermite polynomlals n,R, as defined in , are absolutely continuous along each compact subinterval
in R. We can therefore apply Lemmam We write x; := (X, ¢;) », ¢ € [d], and compute

a H o 7 - —
%Hw,R,A(X) oA 20,H g e, AT )

Hy g, 5(®p 1) Hyy m(2a) — Hya—1,r(®p 1)) vd(md)‘ dprg—1(®g—11)dp (2q)

v,d—1,R(Ta—1)) Hyy (Ta) — Hyy,_y (Tpa-1)) vd(xd)‘ dpg—1(x(a—1))dp (Tq)

~ 2 - 2
Hy a-1,r(T[a-1)) d“d—l(x[d—l])>/’H’Yd,R(xd)H’Yd(xd) dpi ().
R

bid; PO Hy gAY Py, A Pag) i@ € [-R, R,
0 if z; € [-R, R]°.

Moreover, aimH%R)\ = aimH%)\ = 0 for i > d. Consequently, we have

2

0 dpu(X)

i

0 ~
an‘ H’y,R,A(X) -

H’y,)\(X)

HVX”H'Y’R’A B VX”HFY’)" L2 (X3X) -
B Z/Rl 1x[—R,R]¢xRd—?
Since 0;H~ 4 € L2

L (R?), the right-hand side converges to zero as R — oo by the dominated convergence
theorem. The proof is now complete. O

b0l ?d
iNg ' T0iHy (w1, 2q)| dpa(z).

The next lemma shows that an approximate version of Parseval’s identity also holds for systems of finitely
many of the capped infinite-dimensional Hermite polynomials H. g x as long as R is sufficiently large:

Lemma 5.12 (Riesz basis). Let I C T be finite. Then, for every e > 0 there exists R > 0 such that for every
R > R we have

2

2
(1= o)l@lz2(ry < |[D ayHy,mx < (L+e)ll2lzagry Vo= (2y)yer € R (5.12)
yel 2
L2(Xx)

In particular, {I?%R’A}A,GI is a Riesz basis of span{ﬁ%R’A . € I} for every R > R with Riesz constants
at worst 1 €.
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Proof. We first work in d = 1 dimension and compute for n,m € Ny,

<Hn,R7Hm,R>L2 ® :/RHTL,R(x)Hm,R(x)dMI(x)

:/R Hy(2)Hp (2)dpa (2 / H,(—R)H,,(— R)d“l(l")+/:Hn(R)Hm(R)du1(g;)
:/ Hy () o () dpiy () + 2H w(=R)H,(— R)erfc(f/z) —s—%Hn(R)Hm(R)erfc (\2)

= Ty(R) + To(R) + T5(R).

Note that H, H,, is a polynomial of order n + m. Hence, by (5.10), we deduce limg_, o T2(R) = 0 and
limp o T3(R) = 0. Moreover, by the dominated convergence theorem and orthonormality of the Hermite
polynomials, we have

lim Tl / Hn TYL )dﬂl( ) - 5”7"”'
R—o00

Altogether,
lim <ﬁn,R; fIm,R>

R—o00

= Snm. 5.13
& ® : (5.13)

Now, let 4,4’ € T with supp(«),supp(y’) C [d] for some d € N. Since

d
(Hoierpinn) = [ Homa(@) oy an(@)dia@) = 1T [ (o Byt (),
“ R i=17R

we conclude by (5.13) that
lim <H,77R7>\, H’YI7R7>‘>L;"L(X) = 5,7771.

R—o0

Next, let us fix some arbitrary € > 0. Then there exists R > 0 such that for every R > R, we have

[:‘VI ﬁ ’ > —5 | <e.
‘< ¥, R Ay R L2(X) v =

Since I C T is finite, we obtain for any & = (z4)~er € RY,

2

> ayHy ra =D T4y < VR A7ﬁ7',R,A>L2(X) + <ﬁ-y Roxs Hy, R’*>L2(X)
"

~el L2 (X) YEIl '€l © ~eT
z YAy <e Sle

2 2 2
< elleln gy + A +e)lzllezgy < €I+ 1+ o))

Similarly, we have

2

= 2 2 2
vaHmR,)\ 2 —ell@lp gy + A =)lzllp g = (e U+ 1 =)zl
~el 12(%)
As £ > 0 was arbitrary, the claim follows. O

We are now ready to reduce the adaptive m-width to the Gelfand m-width in a discrete setting:
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Proof of Lemma[5.9 Let £ :V — Y™ be an adaptive sampling operator as in Definition [5.2 Then there
exist Y,Y € Y\ {0} and a normed vector space V C L?(X) such that, if YF € V for some F € L2(X),

then F € V and LYF) = YL( ), where L£:V — R™ is a scalar-valued adaptive sampling operator as in
Definition [5.1] Next, let I C I be a finite subset and let us fix ¢ € (0,1) and € > 0. By Lemma [5.11] and
Lemma [5.12] there exists R > 0 sufficiently large such that (5.12)) holds and

l—c —1/2
444,‘]‘ /

, Vyel. 5.14
W, (x) 7 (5.14)

Hﬁv,R,A - HmAH

We fix some arbitrary sequence & = (2 )~es € R! with ||z 2 (1) < ¢ and define Fg, F' € W b(X V) by
wr

FRZ

Zx., v,rRA and F = Zx.y YA
= ||YHy,y€I

Note that HF||W1 2(x) = Ha:||é2 (< < ¢ by Theoremﬁ and therefore, by (5.14)),

1—c —1/2
HFR_FHW”XJJ <Z|x'y|HH7R>\—H'1AHW12(X)STM / Z|x7|§1—c.
~el ~yel

||Y||y

Thus, by the triangle inequality, ||FRHW1 2y < 1. By Lemma and since [ is finite, the operator Fr
is Lipschitz contmuous and we conclude F R € Bb(Llp(X ).
By Lemma the family of functionals {H., R A}'yel is a Riesz basis of F := span{H.,, A Y €T}

Hence, there exists a unique biorthogonal dual basis {H%R,)\}A,GI such that <H'y,R,A7H ' RA) = O~ for
every ~,~’ € I. The orthogonal projection onto F is given by

Pr:Ly(X) > F, Prg:=)_ <97ﬁ'y,R,>\>L2 () TV RA-
~el s

Let {¢;}jen be an orthonormal basis of Y. For G € L2,(X;Y), we write g; := (G,;),, € L2(X) and find

by - ) that
2 2 2
IGIZ2 vy = Z g l1Z2 () = Z 1PF9; 17 2y > Z (1-e)>

~yel
(1—¢) X:Iz; (1—5)2

~el

2

H >
<91 ~¥,R,A 12(%)
2

L/‘GjiﬁRAdﬂ
X Yy

<g], T >‘>L2 (x)

We now define the scalar-valued adaptive sampling operator
Zr:RI 5 R™, Zg(z):= > ayHyra
|Y||y

We need to show that it is well-defined, that is, ||Y||3_,1 Domer z.,fI%R,A € V for every z € RL. Since

B%(Lip(X,Y)) C V, it suffices to observe that Y||Y||3_,1 Dol z.,I;T%RA is Lipschitz continuous as an op-
erator from X to ) and it therefore lies in V. Next, let 7 : Y™ — Li(?( ; V) be an arbitrary reconstruction
map. We define 7 : R™ — L2(X;Y) by

T:R™ = L2(X;Y), T(z):=T(Yxz),

and observe that

T(L(FRr)) = T(YZg(x)) = T(Er(x)).
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We now set G := Fr — T (L(Fg)) in (5.15). We use the estimate [|Z]|,, > ||Y||;1\<Z7 Y)y|, which holds for
every Z € Y by the Cauchy-Schwarz inequality, and compute

2

|1 Fr — T(‘C(FR))”LZ(X »=l-e)

yel

=1-2)
~yel

/X (Fr — T(C(FR))) Hy gadp

Y
2

Y - .
v~ [ TEn(@) iy nad
YTy~ Ja .,

x T (Er( RAd,U7Y>
< 7HY|| / . v

2

2

(L)Y 1Yy

~yel

2(1—5)2

~yel

1 / <~ ~
iy~ o | (TEr@),Y) My nadp
TVl Ja v 7
Finally, we define the (scalar-valued) reconstruction map

1 ~
AR R™ — RI AR(Z) = </ <T(Z),Y> H..,,R,)\d,u) s
||Y||y X y ~yel

and conclude
1R = TEFRDIz () = (1= &)@ = ArEr(@) )
We have thus shown that for any pair (£,7) of a Hilbert-valued adaptive sampling operator and
a reconstruction map, the error ||Fr — T(ﬁ(FR))HLg(;{;y) can be bounded from below by the error(l —
)l — Ar(Er(@))|| g2y for some pair (Eg, Ag) of a scalar-valued adaptive sampling operator and a (scalar-
valued) reconstruction map. Recall that Fr € BY(Lip(X,))) and = € R! with chH@2 ) < ¢ was arbitrary.

Consequently,
O (BY(Lip(X, V)V, L (X))
= inf sup [1F = T(LED g2 a3y £:V — Y™ adaptive, T : Y™ — Li(X;y)
FeBY(Lip(X,Y)) pE

> (1—¢)%inf sup |z — A(E(®)) g2y 1 E: R! — R™ adaptive, A : R™ — Rf
RI
HleiIU)SC
= (1= &) ? Bl (eBy, (1), (1) = (1 — ) Bl (B, (1), (1)),

where in the last step we used that ¢BZ (I) = B(ch) (I). As € > 0 was arbitrary, we can take the limit

€ — 0. The claim now follows by Theorem O
We can now finally prove the desired lower bound for the adaptive m-width.

Proof of (5.6). Let N € N with N > m, let I = 7([N]) = {w(1),...,w(IN)} C T be the index set
corresponding to the N largest entries of u, and fix ¢ € (0,1). By Theorem [5.7] m and Lemma we have

A" (Blow), (1), (1)) = dun(B>(1), 63 ) (eay, (1)) = din (B, (1), (1)) = ¢ din (B, (1), (1)), (5.16)

where the last equality again follows from B(m) (I) = ¢B2 (I). For every p > 2 and r = r(p) := 1/2 — 1/p,
Hoélder’s inequality implies N~"BE (I) C B2 (I). Consequently,

A (By,, (1), (1)) 2 d (N7 B, (1), £2(I)) = N ™" d (B, (1), (D). (5.17)
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Applying Theorem [5.6] with ¢ = 2 yields

1.1
N—m 2p P2
2 _ D—2
GG P D D
ik Fij i=1
Since (ur(s))ien is nonincreasing, it follows with ¢ = ¢(p) := ;%2 € (2,00) that
11
N—m - 27 p N 1/q
2 o . D—2 _
dn(BL, (D, () = min |37 ul = X wlyy] = tuniman):
j=1 j=m+1

ik
We combine this estimate with , , and Lemma and conclude
Un(mi1) < € N (BY(Lip(X,V)); V, L2 (X; D))
Taking the limit p — 27 yields 7 — 0 and therefore
Un(mt1) < ¢ Om(BY(Lip(X,))); V, L2 (X; V).

As ¢ € (0,1) was arbitrary, we can take the limit ¢ — 17, and the claim finally follows. O

5.3.3 Upper bound
We now prove the upper bound for the adaptive m-width, that is,

. 2 . < : _
Om(KiV, L (X5 X)) < nf - sup [ = Fsl1 .y, 1)

< S ([ = Fin(a).comtmll i) < Uit

for K € {B; (W;E(X, Y)), B (Lip(X, Y))}. For this, we assume that V is continuously embedded in L2 (X; ).

Proof of (5.18)). The second and third inequality hold by (4.2)), so we only need to prove the first inequality.
We fix m € Nand § = {v®) ... 4™} c T with n < m. We define the Hilbert-valued adaptive sampling
operator
FH_ ¢y du if1<i<
LV Y™, Li(F):= S FHyo adp i1 < i< m,
0 ifn+1<i<m,
and the reconstruction map

T:Y" = L(X;Y), T(Y):= ZEHn(i),/\-
i=1

Since V is continuously embedded in Li()( ;Y), it is easy to see that £ is a well-defined bounded linear
operator. We need to show that it satisfies the conditions in Definition It suffices to show that there
exists Y € ¥\ {0}, a normed vector space V C L7(X), and a scalar-valued adaptive sampling operator

L :V — R™ such that, if YF € V for some F € L?(X), then F € V and L(YF) = YL(F). To this end, we
choose some Y € Y with [|Y||;, = 1 and define the space

Vi={Fel?(X):YFeV}.

It can be readily checked that this defines a normed vector space with norm given by |[F||5; := [V F,, for
any F' € V. Moreover, as V is continuously embedded in Li(X ; V), there exists a constant C' > 0 such that

||F||Lﬁ(X) = ||YF|‘Lﬁ(X;y) SCIYF|y, =C||F| VFeV,
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where in the first step we used the fact that [|Y|,, = 1. This shows that V is continuously embedded in
L2 (X). We now define the operator

L:V—oR™ Li(F):= Jy FH @ adp if 1 <0<,
| R ifn+1<i<m.

Note that £ is linear and by the continuous embedding of Vin Li(?( ), it is also bounded. Hence, L is a scalar-

valued adaptive sampling operator. Moreover, by construction, if YF € V, then F € V and L(YF) = YL(F).
We conclude that £ is indeed an adaptive Hilbert-valued sampling operator as in Definition[5.2] Consequently,

O (G V, L2 (X; V) < sup [|F — T(LF)) | 12 ) = 50D |F = Fsl 12 (xy)-
Fek s Fek s

As S was arbitrary, we can now take the infimum over all subsets S C T' with S| < m and the claim
follows. O

5.4 Discussion

Note that Theorem shows that linear Hermite polynomial approximation based on the index set S =
{m(1),...,mw(m)} is optimal among all possible recovery strategies which are based on (adaptive) linear
information for the uniform approximation of W;:g— and Lipschitz operators with Sobolev norm at most one.

Moreover, Theorem in combination with Theorem [4.6| yields the following curse of sample com-
plexity: No strategy based on finitely many (potentially adaptively chosen) linear samples for the uniform
recovery of all operators in the Sobolev unit (Lipschitz) ball can achieve algebraic convergence rates. This
holds regardless of the decay rate of the PCA eigenvalues of the covariance operator of the underlying Gaus-
sian measure.

As already mentioned in the introduction, a related result was previously shown in [40] by means of
the so-called sampling nonlinear m-width sm, (K) 2 (x) of a set K C L?(X). The latter is based on standard
information. More specifically, the sampling operator dx : L — Y™ with X = (X3,...,X,,) € X™ is given
by point evaluation at fixed sample points X, ..., X,,, that is, dx(F) = (F(Xy),...,F(Xy)) € Y™ for
every F' € IC, and one defines

Sm(IC)Li(X) = inf{;uplc HF - T((SX(F))||L2(X) : X € XM,TZ y’” — LZ(X)} .
€ ®

We note that Theorem 2.12 in [40] implies the following result, which was termed the curse of data complexity:

Theorem 5.13. Let p1 be a centered Gaussian measure with at most algebraically decreasing (unweighted)
PCA eigenvalues A\; 2 i~% of the covariance operator for some a > 0. Then there exists a constant C > 0
such that

sm(Lip(X)) 12 () > Clog(m) =¥ vm e N.

Our findings in the present section generalize this result in several directions. First, the adaptive m-width
covers recovery based on general (adaptive) linear information, not just standard information. Second, its
tight characterization by Theorem pertains to general centered, nondegenerate Gaussian measures. In
addition, Theoremprovides upper bounds for the adaptive m-width of the Sobolev unit (Lipschitz) ball in
terms of the decay of the PCA eigenvalues Ap ;. In particular, the curse of sample complexity described above
can be overcome asymptotically in the sense that in the large data limit m — oo, the adaptive m-width can
decay with rates which are arbitrarily close to any algebraic rate provided the decay of the Ap ; is sufficiently
fast, e.g., double exponential.
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6 Constructive near-optimal pointwise sampling

Given an operator F' in the Sobolev unit (Lipschitz) ball, constructing the optimal (in the sense of Theo-
rem polynomial approximant Fr 4]y requires access to the Wiener-Hermite PC coefficients J v FPHz@yadp
for all ¢ € [s]. In practice, however, this data is typically not available. Instead, one often relies on nonintru-
sive measurements which generate random standard information, that is, evaluations of F' at points which
are (assumed to be) independently and identically distributed with respect to some probability measure. In
this section, based on our previous results, we derive algorithms to reconstruct Wl’g— and Lipschitz operators
from i.i.d. point samples with near-optimal sample complexity (up to logarithmié and subalgebraic factors)
in high probability. The key tool for this is Christoffel sampling, that is, we construct a sampling measure
which is based on the Christoffel function of the problem and which we independently draw samples from.
Reconstruction of the target operator is then done via a weighted least-squares fit. This strategy is due
to [21] and it is closely related to leverage score sampling in data science. See [1] for a review.

In Subsection standard results from least-squares approximation are recalled. We prove sample com-
plexity estimates in probability for Li—, W;:g—, and Lipschitz operators in Subsection and present our
algorithms in Subsection [6.3

6.1 Least-squares: Preliminaries

We recall some important notions from (weighted) least-squares approximation, see also [6, Chpt. 5]. For a
set S C T of size |S| = s, we first recall from Section [4] the polynomial space

Poy =14 Y YyHyx:Y, €Y CLL(X; D)
YyeSs

and the corresponding orthogonal Li—projection
()5 LA(X;Y) = Psy, Fis Fsi=>» </ FH.Md,u> Hoya
~YES X

We henceforth assume that we are given m distinct sample points Xi,...,X,, € X with m > s. Next, let
w: X — (0,00) be a positive weight function whose reciprocal is a probability density with respect to p,
ie., fX w(X)7du(X) = 1. The corresponding probability measure on X is given by

dv(X) == w(X) tdu(X).

As we will draw the sample points X; in X with respect to v, we call v the sampling measure. The weight
function w is also used to define the (weighted) discrete semi-norm

m

1
1 s = — D w(X)[F(X0)Il5, VF € Li(X; D).
i=1

For fixed F € Lﬁ(.)( ; V), this is well-defined p- and hence v-almost surely because the point evaluations
F(Xy),...,F(X,,) are well-defined p-almost surely.
In the scalar-valued case ) = R, we consider the space

Ps :=Pg;r =span{H x : v € S} C L2,(X). (6.1)

The corresponding (weighted) discrete stability constant is defined as
oy = ay(Ps) := inf {HpHdisc,w 'p € Ps, HpHLﬁ(X) = 1} (6.2)
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and the (reciprocal) Christoffel function of Pg is given by

K(Ps):= Y [Hyal?. (6.3)
~yeS

The Christoffel function can be used to derive an upper bound on the polynomial approximant Fl:

Lemma 6.1 (Bound on Fs). Let S C T be finite and F € L%(X;Y). We have

1Fs(X)ly < 1Fll L2 v,y VE (Ps)(X)  for prae. X € X.

Proof. Suppose that |[F|| ;2 y.y) > 0. Otherwise there is nothing to show. Let us write Y5 := S FHy xdp €
Y for v € I'. By Parseval’s identity, we have

1Y,12 15113
> % + ) % =1
~€S I ||L5(x;y) ¢S I ”Lﬁ(X;y)

Yo, #0 Y, #0

We set a =3 gy o ||Y,7H§,/\|F||iz(x.y) and apply Jensen’s inequality to find
: AGE

||Y,,H§, ||F|\ig(x;y) 212
IFs(X)lly < > 1 lly [Hya(X) < [ D2 |Hya(X)[+a-0

2
~veS ~eS ”F”Lﬁ(?(;y) Y51y
Y0 Yo, #0

vl 1Pl %
< (X A B 0 0 02)

2 2
L F By Y05
Yo, #£0

1/2
< |F||L5(X;y)(z |H1,A(X)|2) = [z x,9) VE (Ps)(X)

~ES

for p-a.e. X € X. O

Next, let F' € L;‘i()\,’; Y) be a given operator and let X1, ..., X,, € X be sample points such that the point
evaluations F(X1),..., F(X,,) € Y are well-defined. We then define an approximant Fof Fvia a weighted
least-squares fit,

~ o~ 1 &
F=F(Xy,...,Xp) €argmin— Y _w(X;)|[P(X;) — F(X;)|3 (6.4)
PePs;y m i=1

Note that for every fixed F' € L?(X;)), the loss function in (6.4) and therefore each of its minimizers F (if
there are any) are well-defined p-almost surely and hence also v-almost surely since pointwise evaluations of

F are well-defined p- and v-almost surely.
The problem (6.4) can be reformulated as an algebraic least-squares problem. To this end, let S =

{r (1), o ,’7(8)}. We introduce the weighted (normalized) measurement matrix and measurement vector
w(X;) ‘ mee)
A= <H7(.7') A(Xz)) S RmX57 B = (Bl)le[m] = (F(XZ) c y,rn’
Vm (i,5) E€lm] X [s] vm o

and the associated bounded linear operator

Tp:Y? =YY", Y= (Yj)je[s] = ZAinj
j=1

i€[m]
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It is an easy exercise to check that (6.4) is equivalent to

Y € argmin| Ty Z — Bl|ym, (6.5)
Zeys
where we use the notation |||l = |||l 2((n),y)- More precisely, any solution of (6.5) yields the polynomial

coefficients of a solution F of (6.4) and vice versa. Lemma below shows that (6.5)) has, in fact, a unique
solution if «,, is positive.

Lifting to Hilbert spaces

The least-squares problems , are not quite standard, in that they involve operators and vectors,
respectively, which take values in a generic separable Hilbert space ). Fortunately, many of the theoretical
tools in the scalar-valued case can be “lifted” to Hilbert spaces, see |3, Sect. 6.2]. The next result is an
instance of this lifting concept:

Lemma 6.2. The Hilbert-valued algebraic least-squares problem (6.5) has a unique solution if and only if
the discrete stability constant cu,, defined in (6.2)), is positive.

Proof. We commence by fixing an orthonormal basis {1y }ren of Y and reduce the problem to the scalar-

valued case. By Parseval’s identity, we have

o 2
ITaZ ~ Bl =Y 425 - b(”‘)HR L NZ=(Zi,...,2.) € V",
k=1

with z(*) .= ((Zi;r)y)iels) € R® and bk = ((Bi,¥r)y)ieim) € R™, k € N. Consequently, Z € J° is a
solution to the Hilbert-valued least-squares problem ([6.5) if and only if z(*) is a solution to the scalar-valued
least-squares problem

y(k) € argmin

o ‘Az—b(k)HRm (6.6)
z s .

for every k € N.
On the other hand, the problem always has a solution given by y®*) = (ygk), . ,ygk)) = Afp®R)
where AT denotes the pseudoinverse of A. This gives rise to a solution of (6.5 by defining

Y = (Yi,....Y,) € Y* with Y=Y yWyey, viels)
k=1

To show that every Y is indeed an element in ), it suffices to note that

> () < Iati Bl

k=1

2
Y < 00,

where ||A]|, := y/trace(A*A) denotes the Frobenius norm of A.
The claim now follows once we observe that a solution to is unique for every k if and only if c,, > 0.
This follows by standard least-squares theory, see [6, Chpt. 5.2 & Chpt. 5.5.1]. O

A second important property which we can lift from the scalar- to the Hilbert-valued case is the following
inequality, which holds by definition of au,:

m

w(X;) [p(X:)|*, Vp € Ps. (6.7)

i=1

2 1
awllpllzs ) < —

This is often referred to as a (lower) Marcinkiewicz-Zygmund inequality for Pg, see [71,[39]. Its lifted version
for Hilbert spaces can be proven similarly as [5, Lem. 7.5]:
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Lemma 6.3 (Lower Marcinkiewicz-Zygmund inequality; Hilbert-valued case). Inequality (6.7)) is equivalent
to a lower Marcinkiewicz-Zygmund inequality for Ps,y, namely

m

1
aull Pl < o S wCIPEIG, VP € s,

6.2 Sample complexities

With the tools from the previous section, we now prove near-optimal sample complexity rates for the approx—

imation of L W# ,-» and Lipschitz operators I' via the least-squares approximant F as defined in

For this, we construct a suitable sampling measure v based on the reciprocal Christoffel function K (775). In
the case of Li—opcrators, our results hold for any finite index set S C T of size s for which K(Pg) > 0. We
remark that the positivity constraint can be avoided by defining the weight function w in a slightly different
way, see |1, Eq. (6.2)]. However, for ease of presentation, we stick with the mild constraint K(Pg) > 0. For
W::g- and Lipschitz operators, we make a specific choice for S so that 0 € S and therefore

K(Ps)(X) > [Hoa(X)[* =1, VX eX. (6.8)
We introduce the universal constant
=2(log(1/2) + 1) " ~ 6.518, (6.9)

which will repeatedly appear in our estimates below.

6.2.1 L’-operators
We fix a finite index set S C I of size s such that K(Ps) > 0 and define
—1

w(X) = (iK(Ps)(X)>_ - §Z|HM(X)|2 VX ex. (6.10)

~ES

This is indeed a probability density with respect to the measure p because the Hermite polynomials are
orthonormal in L7 (X).

Theorem 6.4 (Near-optimal sampling for Li—operators in probability). Let 0 < ¢ < 1 denote the failure
probability and suppose that F € L? (X V). Let Xl, cooy Xon € X be drawn independently from the sampling
measure v, where dv = w™dpu wzth w as in Suppose that m satisfies

m > cslog(s/e) (6.11)

with ¢ given by . Then, with v-probability at least 1 —e¢, the weighted least-squares approrimant Fin (6.4)
is unique and well-defined and satisfies

|7 -7

2{
< F—F 6.12
iy = (14 22 ) 1 = Bl (6.12)

Proof. Let F € L? (X Y) and suppose that oy, > 0. Then, by Lemma Fis unique and well-defined u-
and v-almost surely Using Lemma [6.3] m we can generalize the standard arguments in the proof of |6, Thm.
5.3] to the Hilbert-valued case to obtain

<||F - FS”L/%(X;J?) + at||F — Fs |l gisc,y  v-almost surely.
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It thus suffices to bound «,, from below away from zero with high probability and to estimate ||F — Fs ||disc’w
accordingly. To this end, let 0 < € < 1. Standard arguments, based on the matrix Chernoff bound (see,
e.g., [6, Thm. 5.8]), yield

P, [aw <1/2] <€/2 if m > eslog(s/e) (6.13)

with ¢ given by (6.9). We refer to the proof of [6, Thm. 5.19] (with § = 1/2) for further details. Next, observe
that

2 2
B, [I1F = Fsllfucu) = IF = Fsl3zxa,

Hence, by Markov’s inequality, we get

2
||F_FS||L2(X')7) E, |:||F_FS||disc7w:| €
PV ||F - FS”diSC,u) > 3 = 2 = 5 (614)
Ve/2 ||F_FSHL3(X;y)/(€/2)
We now combine (6.13]) and (6.14) and apply the union bound to conclude the claim. O

6.2.2 Sobolev and Lipschitz operators

We now make a specific choice for the index set .S, namely

S =n([s]) = {m(1),...,w(s)}.

In particular, w(1) = 0 € 7([s]) and therefore is satisfied. The following result addresses the sample
complexity for Wi:g—operators. It is an immediate consequence of Theorem and (4.1)), (4.2)).

Corollary 6.5 (Near-optimal sampling for Wi’g—operators in probability). Let 0 < e < 1 denote the failure
probability and suppose that F' € W:g (X; ). Let Xy, ..., Xm € X be drawn independently from the sampling
measure v, where dv = w~ dp with w as in (6.10)). Suppose that m satisfies

m > cslog(s/e) (6.15)

with ¢ given by . Then, with v-probability at least 1 —e¢, the weighted least-squares approrimant Fin (6.4)
is unique and well-defined and satisfies

12\/5

F_ﬁ‘ = e ) im Fllwrzap)- 6.16
H Lﬁ(X;y)_< - ﬁ)“ (s+1)H ”Wij(}(’y) ( )

Note that the bound on the approximation error in has poor scaling in the reciprocal of the failure
probability e. This can be removed if we restrict to Lipschitz operators under a mild alteration of the sampling
measure v. However, this leads to a slightly worse sample complexity which is linear in s up to a log-factor
and an additional subalgebraic term. Note that for Lipschitz operators F', each least-squares approximant F'
(if there are any) is always well-defined, not only almost surely.

We proceed by defining a new weight function

—1 s -1
wx) = (7 (1K1 + K(Pag)()) ) —(Sil<||Xi+Z|Hﬂ(i),A<X>|2>> Cvxex.

- (6.17)
Observe that it differs from the weight function in only by the additional additive term || X ||§( (and
the corresponding normalizing factor). It is again a well-defined probability measure by our assumption
S22, A = 1 which implies [, | X|5du(X) = 1.
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Theorem 6.6 (Near-optimal sampling for Lipschitz operators in probability). Let 0 < e < 1 denote the
failure probability and suppose that F € Lip(X,Y) with Lipschitz constant L > 0. Let X1,...,X,,, € X be
drawn independently from v, where dv = w~ du with w as in (6.17). Suppose that m satisfies

_ 2
m > Csuy?, o log(ds/e), €= max {8 (1), + L) ,c} : (6.18)

where ¢ is given by , Then, with v-probability at least 1 — €, the weighted least-squares approximant F
in (6.4) is unique and satisfies

|7~ 7]

2v2
< 042D (Fhizom + 13375)
The proof is based on the following result which follows from Bernstein’s inequality for bounded random
variables, see, e.g., [6, Lemma 7.18]. It can be proven the same way as |6, Lemma 7.11(ii)], we only remark

that ||\/@F||Lg(x;y) = ||F\\L3(x;y) and H\/EFHLL?O(X;)}) = ”\/EFHLOO(X;)}) for every F' € Li(X;y).

Lemma 6.7 (Bound on the weighted discrete approximation error). Let F € L2(X;Y) and S C T be ﬁmte
Suppose that X1,...,X,, € X are drawn independently from v, where dv = w™'du with w as in
Then, for any 0 < ¢ <1 and any r € (0,00), we have

L7 (%)

VW (F = Fs)|l oo (23
IF = Pl < V2 (”F ~ Fsll g +

NG
with v-probability at least 1 — €, provided that m > 2rlog(2/e).

Proof of Theorem[6.6L We fix 0 < e < 1 and a Lipschitz operator F' : X — Y with Lipschitz constant L > 0.
We proceed as in the proof of Theorem [6.4] to derive the bound

& -1
HF—ﬂmMW)HF Fr(pll 2 aeayy + @ 1Fx15) = Fllgisc, (6.19)
and to show that
P, [ <1/2] <€/2 if m > ecslog(2s/e), (6.20)
with ¢ given by (6.9). Next, we use Lemma [6.7] to bound [|Fr(s) — F|l . ., First note that by Lipschitz
continuity we have
IE(X)[ly < IFO)lly + LI Xy, VX €X. (6.21)
Together with , we conclude for any X € X,
Vs+1
|Ve@F@)| | = ——; IFCOy,
VIXIE + K (Prap)(X)
s+1 6.22
<L (1)l + LIX] ) (022
”XHX +1
Vs+1(IIF(O)y + L)
Moreover, it follows from and [, | X[|%du(X) = 1 that ||F||L2(X y) < [[F(0)]ly + L. Hence, by

Lemma we obtain

s+1
H\/w(X)Fﬂ'([s])(X H 70 22 30y A/ B (P ) (X)
T VI + E(Pa)(X) (6.23)

(
<Vs+1(IFO)y+L).
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We now set )
C = max {8 (IF(0)|l,, + L) ,c} (6.24)

and combine and to conclude
IV (F = Frqap) || e (.3) < V0.

Next, we apply Lemma with r 1= Csu_? to find that, with probability at least 1 — ¢/2, we have

w(s+1)
I~ Frts) lgise.o < V2 (||F = Frapl 2 ey + “w<s+1)) » (6.25)
provided that
m > 2C’su;?s+1) log(4/e). (6.26)

We now compare ((6.26)) with the lower bound on m in (6.20). By definition of C, we find

QCSU;(25+1) log(4s/€) > cslog(2s/e),

where we used that u(s4+1) < 1. Consequently, we can combine the bound on a,, in (6.20) and the bound
on || F' — Frs [6.25) via the union bound to conclude that

])Hdisc,w n
ot |F = Fr() lgine.0 < 2V2 (||F = Frall 2 ey + Uw<s+1))

with v-probability at least 1 —¢. We plug this into (6.19) and use the bound ||F — Fr (]| () <
2 (X

Un(s41) HF”W;:;‘:(X;)))? which follows from (4.1]) and (4.2)), to finally conclude the proof. O

6.3 Algorithms

Recall from Subsection the relation of the index set 7([s]) to an anisotropic total degree index set
via 7. Combined with the results from Subsection it yields a constructive way to approximate
Wi)’b— and Lipschitz operators via Christoffel sampling and a weighted least-squares fit with near-optimal
sample complexity. In the following, we present (high-level) algorithms for the approximation of general
continuous Wi’g—operators (Algorithm [1) and of Lipschitz operators (Algorithm , based on Corollary
and Theorem respectively.

We introduce the following notation for the largest possible dimension of the approximation space Pg,
defined in (6.1)): Let m be a given number of samples and let 0 < € < 1 denote the failure probability. We
define

s1 = s1(m, €) := max{s € N: cslog(s/e) < m}, (6.27)

where ¢ = 2 (log(1/2) +1)"". For a Lipschitz continuous operator ' : X — Y, suppose that we know the
Lipschitz constant L and the value |[F'(0)[|y,. In this case, we set

s2 = sa2(m, €, L, [[F(0)]|y) := max{s € N: 2Csu log(4/€) < m}, (6.28)

2
w(s+1)

where C' = C(L, ||FF(0)]y) is given by (6-24). We leave s; and s undefined in cases where the maximum is
taken over the empty set.

Given m and €, Algorithms [I| and [2 show a way to compute s; and s, respectively, and a corresponding
least-squares approximant F' to a target operator F. To this end, we make the following assumptions:

(i) We can exactly compute any finite number of the unweighted PCA eigenvalues \;, see steps 5 and 8
in Algorithm [I] and steps 2 and 8 in Algorithm [2]

(ii) We have pointwise access to the target operator F. In particular, we require continuity of the Wi’g—
operators in Algorithm [I| to ensure that pointwise evaluations are well-defined.
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(iii) The sequence of weighted PCA eigenvalues (Ap;);en is nonincreasing (see Assumption [3.6)), we know
the limit lim; o, Ap; = & > 0, and there exists a strictly decreasing subsequence.

While assumptions (i) and (ii) are obvious to permit any computations based on pointwise samples,
requiring the existence of a strictly decreasing subsequence in (iii) might need further discussion. It ensures
that only finitely many eigenvalues are computed in step 8 in Algorithm [I] and [2] and that the effective
dimension d = d(7) in step 9 is finite for any threshold parameter T > &, see Remark We also note that
d(1) — oo as 7 — k1, which implies that both algorithms terminate.

6.4 Discussion

The results in this section show that weighted least-squares approximation via Christoffel sampling is an
efficient way to reconstruct L“ , W; g , and Lipschitz operators from finitely many point samples. In light
of Theorem [5.4] the resulting approximation errors in Corollary [6.5] and Theorem [6.6] are quasi-optimal,
that is, they are, up to constants best possible uniformly for all operators in the Sobolev unit (Lipschitz)
ball. The sample complexity in is mear-optimal in the sense that it is linear in s up to a log-factor.
The sample complexity in is hnear in s up to a log-term and the factor uﬂ_(s +1) The latter grows
only subalgebraically in s by Theorem . In this (broader) sense, the sample complexity in is again
near-optimal.

The presented algorithms implement our theoretical findings as constructive approximation schemes.
Note that the data points (X;, F(X;)) € X x Y are infinite-dimensional, so additional discretization steps
are necessary to make the method applicable in practice. As already mentioned in the introduction, actual im-
plementations of any algorithm for learning Lipschitz operators on hardware always require in-memory costs,
i.e., number of bits, that are exponential in the reciprocal of the approximation error, see [49|. Nevertheless,
our algorithms show that only finitely many PCA eigenvalues \; are necessary to construct near-optimal
approximants for Wi:g- and Lipschitz operators. In particular, infinite eigenvalue searches can be avoided.

7 Conclusion and outlook

In this article, we analyzed the approximation of Hilbert-valued Lipschitz operators from finite data. We first
extended results from infinite-dimensional analysis and showed that all Lipschitz operators lie in a Gaussian
Sobolev space W b(X V). We then studied Hermite polynomial s-term approximations and proved that
they cannot achreve algebraic convergence rates. This curse of parametric complexity is independent of the
decay of the (weighted) PCA eigenvalues Ap; of the covariance operator of the Gaussian measure p. We
illustrated how the decay of the Ay ; influences the approximation rate and proved that convergence rates
arbitrarily close to any algebraic rate can be attained at least asymptotically for s — oo if the eigenvalues
decay double-exponentially.

We studied the smallest worst-case error for reconstructing W;:i— and Lipschitz operators from m (poten-
tially adaptively chosen) samples in terms of the adaptive m-width and tightly quantified the dependence of
the latter on the A\p ;. We showed that no recovery strategy based on finite (adaptive) linear information can
achieve algebraic convergence rates for all Wu -operators. This curse of sample complexity (which implies
the curse of parametric complexity) holds for any (centered, non-degenerate) Gaussian measure indepen-
dently of its spectral properties. The same result is true for Lipschitz operators. In particular, restricting the
set of all W b—operators to only those which are Lipschitz continuous does not provide enough additional
regularity to overcome the curse of sample complexity. It is an active area of research to identify classes
of operators for which efficient learning in the sense of achieving algebraic convergence rates is possible.
As discussed in Subsection [I.I} examples 1nc1ude holomorphic operators and solution operators of certain
PDEs. On the positive side, we proved that W —regularlty, and Lipschitz regularity in particular, suffices to
achieve approximation rates which are arbltrarlly close to any algebraic rate in the large data limit m — oo,
provided that the PCA eigenvalues Ay ; decay double-exponentially.
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Algorithm 1 Least-squares approximation of an operator F € W b(X »ncx,y)

Input:
0<b<1 > Weight sequence
dv =wldp > Sampling measure with w given by
m €N > Number of samples
€ (0,1) > Failure probability
k>0 > Eigenvalue limit
0€(0,1) > Scaling factor

Output: Least-squares approximant F of F which satisfies

|7~ 7]

2v2
=1 o F 1,2
L2(X;Y) < + \ﬁ ) uw(s1+1)H ”Wu,b(X;y)

with v-probability at least 1 — €, where s; is given by (6.27)).

1 ¢+ 2(log(1/2) + 1) > Sample complexity constant
2: if clog(1/e) > m then

3: abort > Abort if there are too few samples
4: end if

5: Compute Ap.

6: T < Ap1 > Threshold parameter
7: while TRUE do

8: Compute all PCA eigenvalues A; for which Ap; > 7.

9: d+ min{l e N: X\p 41 <7} > Effective dimension
10: Construct the index set

d .
I = {7 e Nd Z /\bz }
and compute the corresponding weights
—1/2
Uy = <1+ZAM> , yel.

11: s T

12: Construct a nonincreasing rearrangement 7 : [s] — T of (uﬂ,)vef.

13: s' « max{k € [s] : cklog(k/e) < m}

14: if s/ <s—1 then

15: S+ {mw(1),...,m(s")} > s’ = sq, see (6.27)
16: break

17: else

18: T+ K+ 0(1—K)

19: end if
20: end while
21: Draw m samples X1,...,X,, ~;.i.q v and 1 compute F(Xy) ,F(Xm)

22: Compute the least-squares approximant F based on 7([s]) via
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Algorithm 2 Least-squares approximation of a Lipschitz operator F' : X — )

Input:

0 < b <1 with b € 2(N) if dim()) = oo > Weight sequence
dv = wldp > Sampling measure with w given by
m e N > Number of samples

€ (0,1) > Failure probability
[£(0)]]y, > Norm of operator value at origin
L>0 > Lipschitz constant
k>0 > Eigenvalue limit
0 €(0,1) > Scaling factor

Output: Least-squares approximant F of I which satisfies

|7 -7

2\@)

< (14 2V2)Un(s11) <||F||W;;g(x;y> W,

L2 (X))

with v-probability at least 1 — €, where ss is given by ([6.28]).

1: C < max {8 (HF(O)H'y + L)2 ,2 (log(1/2) + 1)_1} > Sample complexity constant
2: Compute Ap.
3: if ZCu;é) log(4/€) > m then > Note that 7(2) = (0;,1)ien, u;(22) =14+1/Xp1.
4: abort > Abort if there are too few samples.
5: end if
6: T < Ap,1 > Threshold parameter
7: while TRUE do
8: Compute all PCA eigenvalues A; for which Ap; > 7.
9: d—min{l e N: A\p 41 <7} > Effective dimension
10: Construct the index set
eNd .
rofyent: 3t <)
and corresponding weights
—1/2
" (”ZA,”) el
11: s+ |1~“|
12: Construct a nonincreasing rearrangement 7 : [s] — I" of (UV)veF'
13: s'  max{k € [s] : 20ku;?k+1) log(4/€) < m}
14: if & <s—1 then
15: S {m(1),...,m(s")} > s’ = s9, see (6.28)
16: break
17: else
18: T K+ 0(T—K)
19: end if
20: end while
21: Draw m samples X1,..., X,, ~;.i.q. v and compute F(X1),...,F(Xn).

22. Compute the least-squares approximant F based on ([s']) via (6.4).
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Finally, we passed from general (adaptive) linear information to standard information and focused on the
approximation of Wi”i— and Lipschitz operators based on finitely many point samples. Building upon our
previous results, we showed that by means of Christoffel sampling and weighted least-squares approxima-
tion it is possible to achieve near-optimal sample complexities and we proposed corresponding constructive
algorithms.

We conclude with discussing several open problems: The estimates in Corollary and Theorem
are nonuniform in the given class of operators, that is, they only hold for a fixed operator of that class and
therefore do not provide upper bounds for the adaptive m-width. It is an open problem to prove corresponding
uniform bounds based on Christoffel sampling and weighted least-squares approximation. We remark that
it is possible to derive such a uniform bound in the context of Theorem [6.4) with the L>°-norm and without
€ on the right-hand side in , see |6, Cor. 5.9]. However, this is not helpful in our setting as we do not
expect L°°-convergence of the approximation error.

We also remark in passing that there has been a series of recent research efforts that refine Christoffel
sampling to remove the logarithmic dependence on s in the sample complexity estimates, as it appears in
Theorem and Theorem see, e.g., [26) [27] 147) 48| |55, |60, [70]. However, they involve more elaborate
constructions, so for simplicity we have considered standard Christoffel sampling. Furthermore, these results
only consider scalar-valued functions, not operators, so they are not immediately applicable in our setting.
They also do not always provide upper bounds in the L?-norm, which is essential for our analysis. Never-
theless, we note that recent works also consider other LP-norms [46, [45]. We leave it to the future to study
such refinements and generalizations.

It remains unclear whether Christoffel sampling provides any benefits over Monte Carlo sampling for
learning Lipschitz operators in the Gaussian setting, that is, whether (uniform) near-optimal sample com-
plexities can be achieved with samples drawn directly from the underlying Gaussian measure. We refer to |9]
where the same question was studied in the context of holomorphic operators and Jacobi measures. In that
case, it turned out that Monte Carlo sampling is as good as Christoffel sampling.

In the present paper, we did not consider encoding and decoding errors, errors due to noisy observations,
or the error of computing empirical PCA bases, as in PCA-Net [50]. In subsequent work, we shall take these
errors into account and study the convergence of PCA-Net-like approaches for learning Lipschitz operators
as well as analyze deep neural network approximations, e.g., in terms of practical existence theorems |7,
2, 13, |4 32] or with techniques from statistical learning theory [65| [56]. The present article provides the
theoretical foundations for these future research directions and serves as an important first step towards
practical implementations of (near-)optimal approximation algorithms for Lipschitz operators.
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Appendices

A Notions of differentiability

We recall several notions of differentiability, loosely following |16, Chpt. 5.1]. The constructions in this section
hold for general Banach spaces X and ). As usual, we denote by L(X,)) the space of all bounded linear
operators I from X to ) with finite operator norm [[F[[;( y) = subxex xz0 [F(X)[ly/[ Xy We write
L(X) := L(X,R).

Definition A.1 (Differentiability). Let M be a collection of non-empty subsets of X, let X € X, and let

Q be an open neighborhood of X. A mapping F : Q0 — ) is said to be differentiable with respect to M at

the point X if there exists a continuous linear mapping ¢ € L(X,Y) such that for every fixed set M € M,

we have

F(X+tZ)— F(X)
t

—y2)|| =o.

y
In this case, £ is unique and we write D™ F(X) := ¢ for the derivative of F at X.

lim sup
t—0 ZeM

If M is the class of all finite, compact, or bounded subsets of X', then we say that F is Gateaur, Hadamard,
or Fréchet differentiable at X, respectively. If X' is finite-dimensional, then Hadamard and Fréchet differ-
entiability at X are equivalent and the corresponding derivatives of F' at X coincide. We usually drop the
superscript M in the notation of the derivative and write DF(X) instead of DM F(X). It will be clear from
context which notion of derivative we refer to. We call F' differentiable (in the corresponding sense) if it is
differentiable (in the corresponding sense) at every point X € X. The resulting derivative DF is a mapping
from X to L(X,)).

If £ is a linear subspace of X' (possibly with a stronger norm), then we say that F' is differentiable along
E at the point X (in the corresponding sense) if the mapping Z — F(X + Z) is differentiable from £ to
Y at Z = 0 (in the corresponding sense). If F' is Fréchet differentiable along £ at X, then it is Hadamard
differentiable along £ at X. If F' is Hadamard differentiable along £ at X, then it is Gateaux differentiable
along &€ at X. In both cases, the corresponding derivatives at X coincide and we denote them by Dg F'(X). We
call F differentiable along £ (in the corresponding sense) if it is differentiable along £ at every point X € X
(in the corresponding sense). The resulting derivative DgF' is a mapping from X to L(&,)). Moreover, the
differential operator D¢, mapping F' to its derivative D¢ F', is linear in F'.

Example A.2. If £ = X, then DeF = DF. If F is Fréchet differentiable and we choose £ to be the
Cameron-Martin space H of a Gaussian measure on X (see Appendix [C.1)), then DgF is the H-derivative of
F which is commonly used in infinite-dimensional analysis, see [58), Sect. 9].

If & =span{Z}, Z € X \ {0}, is one-dimensional, we obtain the usual directional derivative

i‘F(‘X) = Dspan{Z}F(X)(Z) = lim F(X +tZ) — F(X)

0z t—0 t €Y.

In this case, the Gateaux, Hadamard, and Fréchet derivatives along £ at X coincide. For any subspaces
& C & C X, it can be readily seen that, if F': X — ) is differentiable along £ at a point X € X (in the
corresponding sense), then F' is also differentiable along £ at X (in the corresponding sense) and

DeF(X)ler = DeF(X).

In particular, if F' is differentiable along £ at X (in the corresponding sense), then, for any Z € £\ {0}, the
directional derivative a%F(X ) at X exists and

0
57 F(X) = DeF(X)(2).
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If ¥ = R" and Z = e; is the ith standard unit vector, we use the standard notation 0;F(x) = 0., F(x) :=
8%iF(:c) for x = (21,...,2,) € R™

If € is a Hilbert subspace of X and if F': X — R is Fréchet differentiable along £ at X, then, by the Riesz
representation theorem, there exists a unique Z € € such that Dg F(X)(X') = (Z, X') for every X’ € £. In
this case, we call Z the £-gradient of F' at X and write

VeF(X) = Z.

Definition A.3 (The space C}(X)). We denote by C}(X) the set of all boundedly Fréchet differentiable
functionals on X, that is, the set of all Fréchet differentiable mappings F' : X — R which are bounded on X
and whose derivative DF is bounded in L(X’). The corresponding norm is given by

HFHcg(X) = )S(Ig;( [F(X)] + I DF[ 1 xy-

B Results from operator theory

B.1 Closability and closure of operators

We define closability and the closure of operators between Hilbert spaces and state standard properties. For
further details we refer to [14, Chpt. 12].

Let H1,Hs be two Hilbert spaces. A linear Hsy-valued operator (not necessarily bounded) acting on H;
is a linear mapping A : dom(A) — Hs from a linear subspace dom(A) C H; to Ha. The set dom(A) is called
the domain of A. The graph of A is defined as the set

Iy ={(H,AH) € H; ® Ha: H € dom(A)}.
Considered as a subspace of the direct sum H; ® H2 and equipped with the graph inner product,
(H,K)p, == (H,K)y, +(AH,AK),, , H,K € dom(4),

this becomes a Hilbert space with graph norm
5 5 \1/2
| AR |y, o= (. H)y, = (1, + 1AH3,)

Definition B.1 (Closability and closure). A linear operator A : dom(A) — Hz is called closable (in H;)
if the closure of its graph I'4 in H1 @ Hs is the graph of some (necessarily unique) linear operator, that is,
there exists a linear operator A : dom(A) — H, such that I'y = I'y. In this case, we call A the closure of A.

If A is closable, then the domain of its closure is given by

dom(A) = {H € Hy : I(Hp)nen C dom(A) : li_}In H, = H, (AH,)nen converges in 7—[2}.
n oo
For H € dom(A), we have
AH = lim AH, in Hs

n— oo

for every sequence (H,,)nen C dom(A) such that H,, — H in H;, and the limit limy, 00 AHp is independent
of the sequence (Hy)nen (cf. [14, Thm. 2.1]). If A is closable, we equip dom(A) with the graph inner product,
which turns (dom(A), (-, ) K) into a Hilbert space.
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B.2 Hilbert-Schmidt operators

We recall the notion of Hilbert-Schmidt operators. Further details can be found, e.g., in [14, Chpt. 8.7]. Let
H1,Hs be two separable Hilbert spaces.

Definition B.2 (Hilbert-Schmidt operator). A bounded linear operator A € L(H1, Hz) is called a Hilbert-
Schmidt operator if there exists an orthonormal basis {(;};en of H; such that

> 114G, < oo (B.1)

=1

The convergence of the series in (B.1]) and its value are independent of the basis of H;. We denote the
space of all Hilbert-Schmidt operators from H; to Ha by HS(H1,Hs) and set

oo 1/2
2
||AHHS(H1,H2) = (Z |ACiH2>

i=1
for any orthonormal basis {(; }ien of Hi. This norm is induced by the inner product

oo

(A B) ysy 1) = Z (AGi, BGi)yy, »

i=1

where for any pair of Hilbert-Schmidt operators A, B, the series on the right-hand side converges for every
orthonormal basis {(; }ien of H1 and its value is independent of the basis. The space HS(H1,H2) with this
inner product is a separable Hilbert space.

C Results from infinite-dimensional analysis

We recall some well-known results from infinite-dimensional analysis which are used to define the Gaussian
Sobolev space ng (X;Y) (see Definition and to prove Theorem in Appendix @ We first define

the Cameron-Martin space H of p in X in Appendix and then discuss the construction of ng(X V)
as well as some of its important properties in Appendix We mainly follow [58] and 23], which consider
the cases b = v/X and b = 1, respectively, and generalize the proofs therein to the case 0 < b < 1. More

information can also be found in [16]. Throughout this section, we use notation as introduced in Sections
and 3l

C.1 The Cameron-Martin space

We commence with the celebrated Fernique theorem:

Theorem C.1 (Fernique, [58, Thm. 2.3.1]). There exists o > 0 such that

[ explall XI3)dux) < .
X

Fernique’s theorem implies that any mapping X — ) which grows at most polynomially at infinity
belongs to Li(X; V). In particular, the mapping

j:X* = LX), F~j(F)=F,

is well-defined. We use it to define the Cameron-Martin space:
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Definition C.2 (Cameron-Martin space). The Cameron-Martin space of p (in X) is the set of all X € X
whose H-norm is finite, where

Xl i= sup { F(X) s F € X |§(F) | 3y < 1} -

To further describe the structure of the space H, we introduce the reproducing kernel Hilbert space X
of yu as the closure of j(X*) under the L?(X)-norm, that is,

A=) e,
together with the mapping
R, : X, — X, F'—>/ XF(X)du(X),
x

where the integral is to be understood in the sense of Bochner. Note that R,, is well-defined by Theorem

Proposition C.3 (Relation between H and &7, [58, Prop. 3.1.2]). An element H € X belongs to H if and
only if there exists H € X, such that H = Ru(ﬁ). In this case, we have

1y = 1A 0

Hence, R, : X; — H is an isometric isomorphism that turns H into a Hilbert space with inner product

(H,K),, = <I§r,f<>Li(X)

whenever H = R, (H) and K = R,(K).

In our case, where X is a separable Hilbert space, the Cameron-Martin space has a particularly simple
structure in terms of the covariance operator @@ of u and the corresponding orthonormal PCA eigenbasis
{di}ien of X and PCA eigenvalues \;:

Theorem C.4 (Cameron-Martin space in a separable Hilbert space, cf. [58, Thm. 4.2.7]).

(i) The Cameron-Martin space of p is given by
H=QY*(X).

(ii) For H = Q'Y*(Z) € H with Z € X, we have

HX) =NV (X 00)x (Z,63) 5 for prae. X € X

i=1
(iii) The inner product in H satisies
(H,K)y = <Q*“2H,Q*”2K>X, VH,K € H.
In particular, the family of vectors {&;}ien with

&=V, VieN, (C.1)

is an orthonormal basis of H and éi € X}, is given by
EC) =X ( ¢}y, VieN (C.2)

The right-hand side in (C.2) defines an element in X* and we identify each {Cl with its version in X'*.
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. 1,2

C.2 The Gaussian Sobolev space W, 3 (X;Y)

Recall from Subsection the weighted space Ap with weight sequence b = (b;)ien, 0 < b < 1, and with
orthonormal basis {7; }icn, defined in (2.1)).

C.2.1 Construction

The construction of Gaussian Sobolev spaces is based on so-called cylindrical functionals, which have a simple
structure:

Definition C.5 (Cylindrical functionals and operators). A functional ¢ : X — R is called a cylindrical
functional if there exist n € N, ¢1,...,¢, € X*, and a function w : R®™ — R such that

o(X) = w(ti(X), ..., 0,(X)), VX € X.

We call ¢ a cylindrical boundedly Fréchet differentiable functional if, with the above notation, w € C}(R™).
The space of all such functionals is denoted by .FC’I} (X). Moreover, we define the set of all cylindrical
boundedly Fréchet differentiable Y-valued operators by

FCH(X,Y):==span{X >3 X = p(X)Y €V:9p € FC,(X),Y € Y}

so that every element F' € FC}(X,)) can be written as

F= z": Y
i=1

for some p; € FOL(X),Y; €Y, and n € N.
Lemma C.6. For every F € FC}(X,Y) the derivative Dx, F lies in L2 (X; HS(Xp,)).

Proof. By linearity of the differential operator D, , it suffices to consider cylindrical operators F' € FCL(X,))
of the form F(-) = ¢(-)Y for some ¢ € FC}(X) and Y € Y. We fix any such F and note that it is Fréchet
differentiable along A} at every point X € X with derivative

D, F(X)(Z2) = (Va,0(X), Z) 5, Y, VZ € Xy,

Next, define the map
JYIXb%HS(Xb,y), JY(X)(Z) = <X72>XbY7

It is well-defined as well as linear and bounded. Indeed, using the orthonormal basis {n; };cn of Ap, it follows
from by Parseval’s identity (2.5) that

2 - 2 2 2 2
17y (O s (.3 = ZHJY Y)lly = D HXoma) | 1Y 15 = 1X 1%, 1Y 115
i=1

Moreover, by definition of ¢, the map X — Vy,o(X) is continuous and bounded from X to Ap. Since
Dax, F = Jy oV x,p, we conclude that F' — Dy, F' is continuous and bounded as a map from X to HS(Xp, ).
In particular, by Theorem it belongs to LZ(X; HS(Xp, V). O

Proposition C.7 (Closability of Dx,). The (Fréchet) differential operator along Xp, D, : FCL(X;Y) —
L2(X; HS(Xp,Y)), is closable in L7.(X;)).

Proof. First note that the mapping Dy, : FCL(X;Y) — Li()(; HS(Xp,Y)) is well-defined by Lemma
The proof of closability is a straight-forward modification of the proof of [58, Lem. 10.2.4], replacing the
derivative along the Cameron-Martin space by the derivative along the space Ap. O

The previous result justifies the definition of the space W;g(é\,’ ; V) as described in Definition
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C.2.2 Properties

The following lemma provides an important criterion for an operator to belong to Wl’f,(X V)

Lemma C.8. If F,, — F in L?(X;Y) and sup,,cy ||Fn||W;:§(X;y) < o0, then F € Wl 2()( »).

Proof. Since ng (X;)) is a Hilbert space, it is reflexive. As (F),)nen is bounded in W b(X Y) by assump-

tion, there exists a subsequence (F),, )ieny which converges weakly in Wu b()(, V) to some G as k — co. Since
F,, — Fin LQL(X; Y) by assumption, we conclude that F' = G, and the claim follows. O

Next, we consider the £2-characterization of VV/L b(X Y), see Theorem For v € I' and i € N, we define

~®) = ('y,(C )>keN eI as follows: If ; = 0, we set v(¥ := 0, and if 7; > 0, we set

) v —1 if k=1,
Ve T . .
Vi if k #£1.

Proposition C.9. Let F € W:S(X;y). Then, we have

i ,
amF > by /AT (/X FHMdM) Hyo , VieEN, (C.3)

~er

and

i
||F||W12(Xy) Z<1+Zb2 >H/ FH,y Adu

~el

Conwversely, if for a family of vectors (Yy)yer C Y, one has

> (1 +Zb2%> Y515, < oo, (C.5)

~el =1

then
F =Y YyHyx € W, (X;)).
~erl

Proof. First, let us fix a cylindrical functional ¢ € FC}(X). By [23, Lemma 10.14], the partial derivatives

of ¢ satisfy
8¢ 1 [ — i ( @H.Y )\d,u) NOBY Vi € N. (CG)

Since 3%_90 = bia%ycp, it follows from 1} together with orthonormality of the Hermite polynomials that

d [~
/ (an ) ~@ Adp = b; / wHy adp, VieN. (C.7)

By linearity, (C.6) and - ) hold, in fact, for every cylindrical operator ¢ € FCHX, ).
Now suppose that F e VV1 2(/'\,’ Y). It suffices to prove (C.3) as (C.4) then follows by Parseval’s iden-
tity (2.5) . For this, it is enough to show that

0 Vi .
F ) H ¢y xdu=b;, | — FH., \dpu, . .
/X<am > 7O \/Ai/X adi, Y ER (©8)

By definition of Wﬁ;i(){;yy there exists a sequence (Fy,)nen C fc,}(x,y) such that lim,_,, F;, = F and
lim,, o0 a%iFn = a%iF in LZ(X; V). We set o = F,, in (C.7) and take the limit n — oo to obtain (C.§]).
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Conversely, suppose that (C.5)) holds for a sequence (Y5 )yer C V. We fix an enumeration 7 : N — I' of
I" and define

F, = ZYT(j)HT(j)’)" Vn € N.
j=1

By Parseval’s identity, we can bound the Li(X; Y)-norm of the F,, by
2
||Fn||Lﬁ(Xy Z HYT(J)Hy < Z 1Yy Hy (C.9)
~er

and the right-hand side is finite by (C.5)). This implies, in particular, that (F,)nen is a Cauchy sequence in
L2(X;Y). Hence, there exists some F € L2 (X;Y) such that

F,—F in LZ(X;))) as n — 0o. (C.10)

Since F,, € FC}H(X,Y), we can set ¢ = F,, in (C.6) and obtain

an F = Zb “ .,.(J) (G X Vi € N.
% j=1

Consequently, we can bound the Li(X ; HS(Xp, V))-norm of the derivatives Dy, F,, by

2

L (X) X
/HDXb ”HS(Xb h%) du(X 3Th ydﬂ( )
2
= Z/ Zb \/ 7’(.7)1_1‘1'(_7)( ) A(X) dp(X)
=t = v (C.11)
= ZZ @ lly

0_01 > T 2
SHME S

and the right-hand side is again finite by (C.5)). Comblnlng ) and ( -, we conclude that the F,, are
uniformly bounded in Wii (X;Y). By Lemma it then follows that F € W1 2(X V). O

We now consider operators with a special structure. They will become important in the proof of Theo-
rem in Appendlx D] To this end, recall from Theorem [C.4(iii) the orthonormal basis {; };en of H with
\/>¢51, L(&) = &, and & € X*. For every F € 2 2(X;Y) and n € N, we define

E.F:X =Y, E,F:=E[F|&,....&), (C.12)
to be the conditional expectation of I with respect to the o-algebra generated by the random variables
&, ..., &,. Furthermore, for n € N, we define the mapping

n
P, : X —span{¢; :i € [n]}, P,X := Zgi(X)gi. (C.13)

Proposition C.10 (Properties of E,F in L2). For F € L%(X;Y), let E,F and P, be given as in (C.12)
and ( -, respectively. Then the following holds
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(i) For every F € L2(X;Y) and n € N, we have

E,F(X) :/ FP, X+ (I —Py)2)du(Z) for p-a.e. X € X.

In particular, E,F can be identified with an operator F,, on P,(X) by setting F,,(Z) := E,F(X) for
Z =P, X.
(it) For every F € L (X;Y), the sequence (E, F)nen converges to F in L2,(X;Y).

Proof. We refer to the proofs of Proposition 7.4.1 and Proposition 7.4.4, respectively, in [58], which can be
adopted almost verbatim, only changing the Lebesgue integrals to Bochner integrals. O

Proposition can be extended to operators in Wl’g(X; V):

1
Proposition C.11 (Properties of E, F' in Wig) Let F € Wijz(?(;y) and let E, F be defined as in (C.12]).
We have E, F € Wj:g(é\’; Y) for every n € N and

lim E,F =F in W, 3(X;)).

n— oo

The case of H-differentiable functionals, that is, b = VA (see Remark ) and Y = R, is covered
by [58 Prop. 10.1.2] which reads as follows:

Proposition C.12. Let F € W; (X). Then, for everyn € N, we have E, F € W:
properties hold: 7 7

\25 35\(2\’) and the following

(i) For every i € N, the ith partial derivative of B, F is given by

iIEnF _ E.(sg F) ifi<mn,
(ii) We have im0 By F = F in W% ().

Proof of Proposition[C.11l We first prove the claim for F € FC}(X,)Y) and then for general operators in

Wﬁ;ﬁ(x;y) by a density argument. To this end, let us fix F € FC}(X,Y) and n € N. By linearity, it
suffices to consider cylindrical operators of the form F(-) = ¢(-)Y with ¢ € FC}(X) and Y € Y. Since
n; = bi/\i_l/Zfi, we have
0 —1/2 0 0
gy En F(X) = bi, / %, 3.
Using Parseval’s identity, Proposition i), and the contraction property of the conditional expectation,
we can bound the norm of the derivative Dy, E, F' by

.| 8
Dy E, F 2 — —E,
| D, ||Lg(x;HS(Xb,y)) /X; om;
- / SOV
X =1
n
0
— 2y~ 2
=2 e (5v)

n a 2
<D BNV
=1

o€, *
s/X;

E,F(X) = b\, Y ——E,p(X), VX € X, VieN.

2

FOO| du(x)
Y

2
dp(X)

0

(C.14)

L7.(X)

L2 (X)
0
on;

2
2
F(X)|| du(X) = ||DXbF||Li(X;HS(Xb7y))'
hY
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Since, in addition, |[EnF'[|2 x.y) < [Fll12 .y by the contraction property, we conclude
I3 ? m ’

I Flls2 ey < Il ey, YF € FCHA, D). (C.15)

In particular, this shows that E, F' € W (X V) for every n € N. To prove convergence in W b(X V), w
first note that by PropositionA ii), EZ‘F converges to F in L2 (X;)) as n — oo. Since ¢ is cyhndrlcal it
can be written as ¢(X) = w(&(X), ..., (X)) for some k € N and w € C}(R¥). This implies

||DXbEnF - DXbFHLﬁ(X;Hs(Xb,y)) < (Izrel?«]j](b A ) ”Y”yHVXﬁEn‘P - VXﬁQP‘

L2(X3X )]
and the right-hand side converges to 0 as n — oo by Proposition ii). Altogether, we conclude
lim B, F =F in W,3(X;D) for all F € FCy(X, ). (C.16)

n—oo

For the general case, let us fix F € W b(X Y) and n € N and let (Fi)ken C FCL(X,Y) be a sequence
converging to F' in Wu,b( ; V). By the contractlon property, we have

[EnFy — EnFHLg(X;y) <|F.— FHLﬁ(X;J/)’ VEk e N,

which implies
Jim E, Py =E,F in L3(X;)). (C.17)
—00

In addition, it follows from linearity of E,,, (C.15)), and limg_, Fr, = F in Li()\’;y) that (E, Fy)ren is a
Cauchy sequence in W;i (X; ). In light of (C.17), this yields

Jim Do, BnFy = D, EnF - in L2(X; HS(X,Y)).
— 00

Consequently, by (C.14]),
1D EnFll 2 ;s vy = 0 1D BBkl 2 (v, mrs oy 3y < D Bl 12 ;s 20,0
= 1D, Fll Lz (x5 9))-

Together with ”EnFHLi(){;y) < HFHLEL(XQ’)’ we conclude

IEnF 2y < IFlwizcr VF € Wi (X: D), (C.18)

x;))
and therefore E,F' € W b(X V). To prove convergence, first note that for any k € N,

[EnF — F”W;:ﬁ(x;y) < |EnF — ]EanHW;;g(X;y) + [[EnFr — Fk”wﬁ;i(x;y) + || Fr - F”Wﬁ;i(;\f;y)

< |EpFr — Fk||wi;§(2(;y) + 2| Fy, — F”W1 BXY)

where we used ( in the second step. Next, let € > 0 be arbitrary and choose k large enough such that
||F‘]C FHW12(XJJ) <6 Then
b

|E, F — F”wi:i(x;y) < EnFk — FkHwﬁf)(){;y) + 2¢,
and taking the limsup n — oo yields, by (C.16)),

hmsup |IE,F — FHW1 2 v,y < 2€.

Xy

As this holds for any € > 0, the claim follows. O
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We provide one more technical lemma which asserts that certain functionals lie in Wig(?( ). For X e X
and 7 € N, we use the notation z; := (X, ¢;) ,,, where {¢; };en is the PCA basis of X

Lemma C.13. Let ¢ : X — R be a functional of the form
o(X) = w22y, A 2,), X e X,

with n € N and w € L*(R™). Suppose that w (possibly modified on an L™-null set) is absolutely continuous
along each compact subinterval of almost every line parallel to one of the coordinate azes with (weak) partial
derivatives in L*(R™). That is, there exists g : R® — R such that 1 = g L"-a.e., and for each k € [n], the
functions

gk (z,t) == g(21, . Th—1, 6, Tpg 1y ooy Tpy)

are absolutely continuous in t on compact subsets of R for L 1-a.e. point x = (x1,. .., Th_1,Thi1,---,Tn)
in R"™1, and dygr, € L?(R™). Then, ¢ € W;i(é\’) and

S p(X) = biX; oW o, A )
i

for p-a.e. X € X and every i € [n].
Proof. First note that for ¢ € [n] and X € X, we have /\;1/2% = &i(X) with & € X* given by (C.2).
For brevity, we write é(X) = (51 (X),... ,én(X)) The assumptions on w imply that it lies in the space
I/Vlif (R™) of weakly differentiable functions which are up to their first derivatives locally L?-integrable, see,
e.g., [30, Thm. 4.21]. Let (w;);jen C C°(R™) be a sequence of smooth, compactly supported functions such
that lim; 0o wj = w and lim;_,o djw; = diw in L?(R™) for every i € [n]. We define

P =W, o, Vj €N,
and note that, by construction, p; € FC}(X). It is then easy to see that, as j — oo,

p; =@ in L2(X)

as well as

8?7-%(.) — bi/\;l/Q&-w(é()) in L7 (X) for every i € [n].

This shows the claim by definition of Wig(,}( ). O

D Proof of Theorem [3.10

We modify the argument in the proof of [58, Prop. 10.1.4]. Let F' : X — Y be Lipschitz continuous with
L := [FlLip(x,y)- The idea is to use Lemma to show that F € W;ﬁ(x;y). By Lipschitz continuity,
we have ||[F'(X)|y, < [[F'(0)]ly + L[| X||, for every X € X and therefore, by Theorem F e L2(X;)).
As approximating sequence to F' we take F, := E, F, as defined in . By Proposition we have

lim, ;o0 B, F = F in L2(X;Y), and we can write
EnF(X) = Vn(Tn(X))

for some V,, : R® — Y and T}, : X — R™, T,,(X) := (£1(X), ..., E.(X)) with &, & defined in (C.1), (C.2).
Note that V,, inherits Lipschitz continuity from F'. Indeed, using Proposition i) and the fact that
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&i(&;) = 6ij, we find for @, z € R” that

E,F (Zn: & + i%@) -E,F <z": Iz‘fi)
i1 i1 i—1

Va(z + 2) = Vi (2)]ly =

y

F (Z ;& + Z zi& + (I — Pn)Y> —F (Z x4 (I — Pn)Y> du(Y')
=1 =1 =1
<L Zziﬁi =1L Z Vizigi| =L (Z Ay:f) (D.1)
i=1 x i=1 x i=1

< £ (mx V%) sl (D)
1€e|n

Proof of (i). Suppose that dim(Y) = m € N and let {1;};e[m) be an orthonormal basis of ). For j € [m],
we define the function(al)s

VDR 5 R, @ (Vo(a), 1)y
EJF: X R, X (ByF(X), 1)y, = VO (T(X)).

From (D.2)) it follows that v s Lipschitz continuous. By Rademacher’s theorem it is therefore Fréchet
differentiable £"-almost everywhere. Suppose that X € X is a point such that Vrgj ) is differentiable at T (X).
We can then apply the chain rule and since éj(ni) = bi)\i_l/25i’j, we get
<VV,§j)(Tn(X)), bi/\i_1/2e,~>R” = b\ 2oV I(TL(X)) if1<i<n,

0 otherwise.

D, (BY) F)(X)(1:) = {

Recall that e; denotes the ith standard unit vector in R". To derive an upper bound for |9; Vi (@ ), ¢ € R™,
we equip R” with a rescaled Euclidean inner product,

y>]R" = Z \/)szzyz
i=1

with induced norm Hsnr:||]Rg = <m,m>R§. We denote the hereby defined space as R} and observe that

{)\;1/ Qei}ieN is an orthonormal basis. Now note that (D.1]) implies that Vfﬁj ) is L-Lipschitz as a function
from RY to R. Hence, for £"-almost every £ € R" and 1 < ¢ < n, it follows

ZA

2

@) = 3 [PV @ e

= (D.3)
o LT PR
HS(RY,R) L(RY R)
Consequently, whenever Vrfj ) is differentiable at T,,(X), we have for every j € [m],
2 2
HDXb(EnF)( )HHS(be ZDXb (J)F )’(/} Z ZDXb (j)F )( W
HS(Xb V) =Lj=t hY
=33 [P ED (X =22 T,(X))
i=1 j=1 =1 :
< mlL?,
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where we used in the last step that b; < 1 for every ¢ € N. ‘
Next, we show that for p-a.e. X € X and every j € [m], "9) is Fréchet differentiable at T,.(X). To this
end, let A C R™ be the set such that for every j € [m], "9 is differentiable at every point x € R \ A.

Then, each V;\?) is Fréchet differentiable at any point T, (X) with X € X\ T, }(A). It thus suffices to show
that (7T, *(A)) = 0. We know that £"(A) = 0, and since p,, is absolutely continuous with respect to £,
it follows that i, (A) = 0. Moreover, it is easy to see that p, is equal to the push-forward measure (7},)s1,
and thus u(7,,*(A)) = 0. Hence, holds for p-a.e. X € X, which implies

/X 1Dy (B F) (X) 152 3y (X)) < mL?, ¥n € N.

As E,F — F in L2 (X;)), we can now use Lemma to conclude that F' € W;”z()(; Y). This shows that
Lip(X,Y) € W, (X3 ).

Next, we show that C%'(X,Y) is continuously embedded in W3 (X;Y). By (D4), we know that
1D, (ETLF)(X)”Lﬁ(X;HS(Xb,)J) < y/mL. Moreover, from Proposition i) it follows that ||EHF||Lﬁ(X;y) <
supy ey [[F/(X)]y. In total, we have

En F 1.2 29y < sup, IFX)ly + vmL < Vm|Fllcosx,y)-

As lim,, oo E,FF = F in W1 2(2( V) by Proposition the claim follows.

Proof of (ii). Suppose that dim()) = co. Notice t t in this case we cannot use the same argument as
in the proof of (i) for two reasons. First, (D.4) does not give a meaningful bound for m = co. Second, and
more subtly, a similar estimate as in es not hold because equality of the operator norm and the
Hilbert-Schmidt norm is only true for rank-one-operators. We thus have to argue differently.

To this end, assume that b € ¢?(N). We derive bounds for the partial derivatives 9;V,, and use square-
summability of b to ensure finiteness even if )} has infinite dimension. First, as V,, : R® — ) is Lipschitz
continuous, we can use the generalized Rademacher theorem to conclude that V,, is Hadamard differen-
tiable (and, in fact, Fréchet differentiable since R™ has finite dimension) L£"-almost everywhere in R™,
see [11, Thm. 1 in Chpt. 2 & Rmk. 2 in Chpt. 1]. Suppose that X € X is a point such that V,, is differ-
entiable at T,,(X). As in the proof of (i), we can then apply the chain rule to get

DV (T (X)) (bid; %es) = bid; 20V (To(X)) if1<i<n,

0 otherwise.

D, (B F)(X) (i) = {

Note that setting z = e; in (D.1)) implies that [|9;V,,()||;, < Lv/A; for L™-a.e. € R™ and every 1 <i < n.
Consequently, whenever V,, is differentiable at T, (X), it follows that

1D, (B F) (X) 152,99 ZIID& (EnF)(X) ()5 —Zb OV (XS
< LQbe < L2([b][7 )

=1

We can now proceed as in the proof of (i) to conclude the proof. O
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