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We study the derivative-informed learning of nonlinear operators between infinite-dimensional
Hilbert spaces. Such operators can arise as solution maps of partial differential equations, and
their approximation by accurate surrogate models can accelerate simulation-intensive tasks of sci-
entific and engineering interest, including inference, control, and uncertainty quantification. Since
efficiently performing such tasks often requires an accurate representation of the operator’s deriva-
tives, we analyze the approximation capabilities of neural operators measured by Sobolev norms
over infinite-dimensional Gaussian input measures. We focus on the reduced basis neural operator,
which employs linear encoders/decoders defined on dominant input/output subspaces. We study
two methods for generating the subspaces: principal component analysis (PCA) and derivative-
informed subspaces (DIS). These use the dominant eigenvectors of the covariance of the data or the
derivatives as bases for the subspaces, respectively. We derive bounds for errors arising from both
dimension reduction and latent neural network approximations, including sampling errors associ-
ated with the empirical estimation of the PCA/DIS subspaces. Our analysis is validated through
numerical experiments, which demonstrate that subspaces informed by the underlying operator
(DIS or output PCA) yield smaller generalization errors in the Sobolev norm, while input PCA
may underperform unless ranks and training sample sizes are sufficiently large.
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1. Introduction

In this work, we consider the task of learning neural network representations of nonlinear operators
between infinite-dimensional spaces in terms of both their outputs and their derivatives. Such
operators arise, for example, as the solution operators of partial differential equations (PDEs),
which model many physical systems and play important roles in scientific discovery and engineering
design. For complex PDEs, their solution operators can only be accessed using numerical methods
with significant computational costs, which often renders their use in simulation-intensive outer-loop
tasks—such as model-based design, control, inference, and uncertainty quantification—extremely
computationally expensive, if not intractable. To this end, neural network approximations of the
expensive-to-solve PDEs can be effective surrogate models that have the potential to significantly
accelerate the aforementioned outer-loop tasks.

In recent years, a vast selection of neural network architectures for operator learning has been
proposed. Examples include architectures using reduced-basis representations such as PCANet,
POD-DL-ROM, and DIPNet (Hesthaven and Ubbiali, 2018; Bhattacharya et al., 2021; Fresca and
Manzoni, 2022; O’Leary-Roseberry, Villa, et al., 2022), deep operator networks (DeepONets) (Lu
et al., 2021, 2022; Jin et al., 2022), Fourier neural operators (FNOs) (Li et al., 2021; Bonev et al.,
2023), and many more recent developments (see Kovachki et al., 2023, 2024 for more comprehensive
discussions). Typically, these neural networks are trained in a conventional, supervised manner,
where the PDE’s input parameters and solutions are used as input-output pairs to define a loss
function based on the misfit between the neural network predictions and the true outputs.

In addition, it has been demonstrated that, when available, derivatives of the underlying input-
output maps (or approximations thereof) can be used to improve the accuracy of the surrogates
(Liu and Batill, 2000; Czarnecki et al., 2017; Bouhlel et al., 2020; Tsay, 2021; Yu et al., 2022;
O’Leary-Roseberry et al., 2024). In particular, derivatives of the input-output maps can be used as
training data in addition to the input-output pairs used in conventional supervised learning, and
incorporated into the training loss with a Sobolev-type norm, thereby encouraging the resulting
function approximation to be accurate not only in its predicted output values, but also in its
derivatives with respect to the input. This has been considered for constructing finite-dimensional
neural network approximations in works such as Liu and Batill (2000); Czarnecki et al. (2017);
Boubhlel et al. (2020); Tsay (2021); Yu et al. (2022), where the approach has been termed gradient-
enhanced neural networks or Sobolev training.

In O’Leary-Roseberry et al. (2024), Sobolev training is considered for the approximation of
formally infinite-dimensional mappings that arise from the solution operators of PDEs, where it is
termed derivative-informed neural operators (DINOs). Additional works have shown that Sobolev
training of neural operators, which we will also refer to as derivative-informed operator learning,
can lead to notable benefits when used to construct surrogates for outer-loop tasks involving PDEs
(Bouhlel et al., 2020; Luo et al., 2025; Go and Chen, 2025a; Cao et al., 2025; Go and Chen,
2025b; Cao et al., 2026). For example, derivative-informed surrogates have been applied to PDE-
constrained optimization, both deterministic and under uncertainty (Bouhlel et al., 2020; Luo et al.,
2025), acceleration of geometric Markov Chain Monte Carlo and measure transport algorithms for
Bayesian inverse problems (Cao et al., 2025, 2026), and Bayesian optimal experimental design (Go
and Chen, 2025a,b). Due to the important roles played by the derivatives in these outer-loop tasks,
the improved derivative accuracy in the surrogates provided by Sobolev training can be crucial to
obtaining the observed performance gains.

Since the input and output spaces in operator learning can be arbitrarily high dimensional upon
discretization, the discretized derivative (i.e., the Jacobian matrix) can be extremely expensive to
compute. To address this, O’Leary-Roseberry et al. (2024), along with subsequent works (Luo
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et al., 2025; Go and Chen, 2025a; Cao et al., 2025; Qiu et al., 2024; Go and Chen, 2025b; Cao et al.,
2026), have leveraged the reduced basis neural operator (RBNO) architecture to enable scalable
and efficient Sobolev training. That is, the operator surrogate uses linear encoding and decoding of
the input and output spaces given in terms of reduced bases. These are constructed before training
the neural network, which defines only the mapping between the reduced (latent) representations
of the inputs and/or outputs. This choice of architecture allows the data generation and training
costs associated with the derivatives to scale only with the intrinsic dimensionality of the mapping
(i.e., rank of the reduced bases), as only the actions of the derivative within the reduced subspaces
are needed in training.

In this approach, the selection of the reduced bases, or dimension reduction technique, plays
an important role. A common approach is principal component analysis (PCA) on function space,
which uses the dominant eigenvectors of the input and output covariance operators as reduced bases
(Hesthaven and Ubbiali, 2018; Bhattacharya et al., 2021; Fresca and Manzoni, 2022). The active
subspace (AS) method (Constantine et al., 2014; Zahm et al., 2020) has also been considered for
input dimension reduction (O’Leary-Roseberry, Villa, et al., 2022; O’Leary-Roseberry, Du, et al.,
2022). This approach uses the dominant eigenvectors of the covariance of the derivative operator’s
adjoint to construct a subspace of the input space to which the outputs are most sensitive.

In this work, our goal is to analyze the approximation error of reduced-basis architectures in the
context of derivative-informed operator learning. Specifically, we focus on operators between (real-
valued) infinite-dimensional separable Hilbert spaces X and ), where the input space is equipped
with a Gaussian measure 7. We are interested in studying not only the approximation error of the
operator in the usual L% Bochner sense, but also the approximation error of the derivative. That
is, we consider the approximations of operators in the H% Sobolev norm over infinite-dimensional
Gaussian measures as defined in Malliavin calculus (Bogachev, 1998, 2010; Nualart, 2006), which
is closely related to the classical Sobolev spaces for finite-dimensional inputs.

Since the choice of dimension reduction plays an important role in reduced-basis architectures,
we investigate how different choices of reduced bases impact the overall approximation error. In
addition to the PCA, we also consider a generalization of the AS method to both input and output
dimension reduction, where the output dimension reduction uses the covariance of the derivative
operator instead of its adjoint. We refer to this approach as the input/output derivative-informed
subspaces (DIS). Our goal is then to obtain combined approximation error bounds in terms of
both the dimension reduction and the neural network approximation, where we are additionally
interested in the statistical properties of the dimension reduction errors due to the use of sample-
based covariance estimators in computing the PCA and DIS.

1.1 Related Work
1.1.1 APPROXIMATION THEORY FOR OPERATOR LEARNING

Many of the existing works for analyzing the approximation errors of operator surrogates focus on
the approximation of the operator’s output values, typically providing error bounds in terms of LE
Bochner norms or supremum norms over compact sets. In this context, the works of Bhattacharya
et al. (2021); Lanthaler (2023) are most closely related to ours. These works establish approximation
error bounds for PCANet—a reduced-basis architecture that uses PCA for dimension reduction—
in which the error decomposes into dimension reduction errors and neural network approximation
errors. Similar approximation error results have also been developed for the POD-DL-ROM archi-
tecture (Brivio et al., 2024), which uses the proper orthogonal decomposition for output dimension
reduction (i.e., PCA), but considers the setting of low-dimensional parametric inputs. Addition-
ally, we mention that the approximation error of linear encoder-decoder architectures for operator
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learning has also been studied in Herrmann et al. (2024); Adcock et al. (2024a,b); Reinhardt et al.
(2026); Adcock et al. (2025); Galimberti et al. (2026); Cheng et al. (2026), which additionally estab-
lish approximation rates with respect to the number of neural network parameters and/or training
sample size under assumptions such as Lipschitz continuity, Fréchet differentiability, or holomorphy
of the underlying operator.

In addition to the aforementioned works, approximation theoretic results also exist for a wide
range of neural operator architectures, such as DeepONets (Lu et al., 2021; Lanthaler et al., 2022),
Fourier neural operators (Kovachki et al., 2021), attention-based architectures (Alvarez et al., 2025;
Calvello et al., 2025), and more general nonlinear architectures (Lanthaler et al., 2025). Again,
universality and approximation rates (under suitable regularity assumptions) have been established
in terms of L% or supremum norms over compact sets.

1.1.2 SOBOLEV NORM APPROXIMATION BY NEURAL NETWORKS

On the other hand, approximation results for operator surrogates involving the derivative accuracy
in a Sobolev-type norm are much more limited, typically given in the finite-dimensional setting.
The approximation accuracy of neural networks in finite dimensions is considered in works as
early as that of Hornik (1991), which proves universal approximation results for functions in ck
(the space of k times continuously differentiable functions) by single-layer neural networks using
smooth, sigmoid-like activation functions, with errors measured in either weighted Sobolev norms
or C* norms over compact sets. A more recent extension of this result is given by Neufeld and
Schmocker (2025), which extends to single-layer neural networks with a broad class of possibly
non-saturating activation functions.

We note that modern results for approximation in classical Sobolev norms are available (e.g.,
Giihring et al., 2019; De Ryck et al., 2021; Opschoor et al., 2021; Feng and Zeng, 2022; Kratsios
et al., 2026), often with approximation rates for the size of the neural network under regularity
assumptions. However, these results are typically presented in the context of Sobolev norms over
compact input domains as opposed to weighted Sobolev norms over unbounded domains.

1.1.3 GRADIENT-BASED DIMENSION REDUCTION

Our analysis of dimension reduction via the DIS also draws on the works of Cui et al. (2014); Zahm
et al. (2020); Lam et al. (2020); Cui and Tong (2022); Baptista et al. (2022); Chen et al. (2025). For
Gaussian input measures, our input DIS coincides with the vector-valued active subspace (AS) of
Zahm et al. (2020), which has an established bound on the L%Y error when used for input dimension
reduction. The results of Zahm et al. (2020) have subsequently been applied to finite-dimensional
neural network approximations in O’Leary-Roseberry, Villa, et al. (2022); O’Leary-Roseberry, Du,
et al. (2022). Moreover, the DIS also coincides with the likelihood-informed subspace (LIS) in the
context of input dimension reduction for Bayesian inverse problems (Cui et al., 2014; Zahm et al.,
2022; Cui and Tong, 2022) as well as subsequent extensions to joint input and output dimension
reduction (Baptista et al., 2022; Chen et al., 2025). Again, the aforementioned works typically
considered finite-dimensional input/output spaces. Additionally, the input DIS (LIS) is considered
for an infinite-dimensional input space but a finite-dimensional output space in Cao et al. (2025,
2026).

Sampling errors associated with PCA in Hilbert spaces are well studied (e.g., Blanchard et al.,
2006; Mas and Ruymgaart, 2014; Reil and Wahl, 2020). Analogous results are also used in the
analyses of PCANet in Bhattacharya et al. (2021); Lanthaler (2023). Additionally, Lam et al.
(2020); Cui and Tong (2022) consider the sampling errors associated with constructing the AS/LIS
matrices, though in the finite-dimensional setting.
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1.2 Contributions

In this work, we analyze the errors associated with approximating both an operator and its deriva-
tives by an RBNO architecture. Our main contribution is a universal approximation result in the
H% norm by RBNOs that decomposes the error into neural network errors, dimension reduction
errors, and sampling errors, which we summarize in Theorem 13. The error contributions are then
numerically studied in the context of learning the solution operator of elliptic PDEs with Gaussian
random field inputs.

A key objective of our analysis is to understand how dimension reduction strategies such as PCA
and DIS, which were originally developed based on their L?y reconstruction properties, perform in
terms of the H; approximation error, i.e., for both the operator and its derivatives. To this end,
we make the following contributions:

o We formulate the input/output DIS (AS/LIS) in the infinite-dimensional Hilbert space setting
based on the theory of Sobolev classes over infinite-dimensional Gaussian measures.

e For both PCA and DIS, we develop analogous results for the reconstruction errors and ridge
function errors in the H% sense. We show that under suitable assumptions (Assumptions 8
to 11), both PCA and DIS can yield output and derivative errors that are bounded by the
truncated eigenvalues of their respective covariance operators.

o We follow the approaches of Reiff and Wahl (2020); Bhattacharya et al. (2021); Lanthaler
(2023) to provide bounds for the sampling errors associated with the DIS operators in the
Hilbert space setting, taking the form of Monte Carlo rates with respect to the number of
samples used in the covariance estimation.

This allows us to unify several earlier results that have been developed for various choices of input
and output bases in either the finite- or infinite-dimensional settings. A comparison of the problem
settings in several existing works is presented in Table 1.

We then combine our dimension reduction error bounds with finite-dimensional universal ap-
proximation results to obtain the approximation result for the RBNO architecture in the H % norm.
To this end, we adapt the universal approximation results of Hornik (1991); Neufeld and Schmocker
(2025) in Sobolev norms for single-layer neural networks, which we extend to the case of deep neural
networks. We also provide regularity and latent-dimension-dependent approximation rates when
using ReLU* activation functions for the Gaussian-weighted Sobolev space, which are analogous
to standard rates for ReLU networks in classical Sobolev norms over compact domains, e.g., by
Giihring et al. (2019). While these extensions are conceptually straightforward, they allow us to
obtain a full characterization of the RBNO error in practically relevant settings.

The remainder of this paper is organized as follows. In Section 2, we introduce the math-
ematical setup of derivative-informed operator learning with reduced-basis architectures over an
infinite-dimensional Gaussian input measure, including the definition of Sobolev classes over Gaus-
sian measures, the formulations for PCA and DIS, and the relevant universal approximation results
for neural networks in finite-dimensional Sobolev norms. In Section 3, we present our approxima-
tion error results, providing bounds for the different sources of error—dimension reduction, neural
network approximation, and sampling. In Section 4, we provide two PDE-based examples for which
the assumptions used in the analysis can be verified and therefore the results of our main theorems
can be applied. We then present a suite of numerical experiments in Section 5, where we validate
our theoretical bounds while numerically comparing the effectiveness of PCA and DIS as dimension
reduction strategies in derivative learning with RBNOs. Finally, we conclude in Section 6 with a
summary of our findings and discussion of key limitations and potential future directions.
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Input dim. Output dim. Input red. Output red.

Bhattacharya et al. (2021) Infinite Infinite PCA PCA
Lanthaler (2023) Infinite Infinite PCA PCA
Cui et al. (2014) Finite Finite DIS -
Zahm et al. (2022) Finite Finite DIS -

Cui and Tong (2022) Finite Finite DIS -
Zahm et al. (2020) Finite Finite DIS, PCA -
Lam et al. (2020) Finite Finite DIS, PCA -
O’Leary-Roseberry et al. (2024) Finite Finite DIS, PCA PCA
O’Leary-Roseberry, Du, et al. (2022) Finite Finite DIS, PCA PCA
Baptista et al. (2022) Finite Finite DIS, PCA DIS, PCA
Chen et al. (2025) Finite Finite DIS, PCA DIS, PCA
Cao et al. (2025) Infinite Finite DIS, PCA -
Cao et al. (2026) Infinite Finite DIS, PCA -
This work Infinite Infinite DIS, PCA DIS, PCA

Table 1: A summary of the function space settings (finite or infinite dimensions) and dimension re-
duction strategies (PCA or DIS) considered in a selection of relevant prior work. Our work considers
both PCA and DIS in the infinite-dimensional setting and includes results for the approximation
error in H% Note that our use of the term DIS additionally includes the AS and LIS strategies.

2. Learning an Operator and its Derivatives

2.1 Mathematical Setup and Notation

Let & and Y be real separable Hilbert spaces with inner products (-, ) y and (-, -),,. We will consider
the case where X is equipped with a Gaussian measure v = N (0, Ciy) defined over the Borel sigma
algebra B(X), assumed to be centered. In this setting, the covariance operator Cx = Ep [z ® 2]
is a positive, self-adjoint, trace-class linear operator on X, where we use ® to denote the outer
product, such that (z ® z)v = (z,v), x for z,v € X. Additionally, let & = Range(C;(m) be the
Cameron—Martin space associated with X', which itself is a separable Hilbert space with the inner
J~—1/2 —-1/2
product (wq,w2)e = <C’X wi, Cy w2>X.

For a pair of separable Hilbert spaces Hi and Ho, we will use Lx(Hi,H2) to define the
space of continuous k-linear operators, with £(H1,Ha) = L1(H1,H2). For k > 1, we will write
A(h1, ..., hy) € Ha for the action of A € L(H1,Hz) on input directions hy, ..., hx € Hi. Moreover,
we write A(h1,...,hg—1,-) € L(H1,Hz) as the linear operator defined by leaving one of the input
directions open (in this case, the kth input direction). The operator norm for A € L;(H1,H2) is
given by

[A(h1, - s ) |l
1Al 2o 1) = sUD '
w0 (Rl Al

Similarly, we will consider the space of k-linear Hilbert—Schmidt operators HSy(H1, Hs2), where
the inner product generating the Hilbert—Schmidt norm || - ||gg, (2, ,7,) is given by

[e.o]

<A7 B>HS]€(H1,H2) - Z <A(ei17...,eik)7B(eil,...7eik)>H2 5

B1yeeylp=1
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with any orthonormal basis (e;)72; of the input space H;. Specifically, we write HS(H1, H2) =
HS;(H1,Hs2) with inner product

(A, Bhus(a, ) = Z (Ae;, Beg)y, Z (ei, A"Bei)y,, = Tr(A*B)
i=1 =1

for A, B € HS(#1,H2), where Tr(-) denotes the trace and A* denotes the adjoint of A. Note that
the Hilbert—Schmidt norm of A is simply /Tr(A*A).

For any (real) separable Hilbert space H, let LP(v,#H) denote the space of functions from X
to H that are integrable in the Bochner sense with finite pth moments, p € [1,00), such that
||F||Z£p(%H) = E,[|F|}}] < oo for F € LP(~,H). For m € Ny, we can then introduce the Sobolev
class of functions WP (~y,H), which are functions with Sobolev derivatives up to order m that
belong to LP. Note that we are using the convention that N is the set of positive integers and
No = NU{0} is the set of non-negative integers. The space WP (v, ) has a number of equivalent
definitions. Here, we describe the definition using the completion of smooth cylindrical functions,
and refer to Bogachev (1998); Nualart (2006) for further details.

Let FC®° denote the collection of functions F': X — H that have the representation

!
— Z Gi((V1, ) s+ oy (Un,y T) 4 ) UG,
i=1

for some I,n € N, where vi,...,v, € X, ui,...,uy € H, and ¢1,...,¢; € Cp°(R",R), where
Cy°(R™,R) refers to the space of smooth functions from R™ to R that are bounded and have
bounded derivatives of all orders. The class FC* is referred to as the class of smooth cylindrical
functions. For F € FC™, the restriction of the derivatives DFF to directions in the Cameron—
Martin space, denoted by DEF(z) = D*F(z)|¢, is Hilbert-Schmidt (i.e., DEF(z) € HSi(E,H)),
and has bounded moments. We define the norm || - [[yym.p(y 3 as

1 1
p m P
HF”W""P(%H) = (Z/HD&F HHsk (EH) (dx ) = (Z HD]EFHZEP(%HS;C(&H))) ) (1)

k=0

The space W™ P(~,H) is then defined as the completion of FC* under || - ||jm.». For functions
F e W™P(~,H), we define their Sobolev derivatives Dg F' as the unique limit of sequences (Dg F;)52,
for F; € FC*, i € N that converges to F' in W™P(~,H). Notably, the Sobolev derivatives behave
as the stochastic Gateaux derivatives (Bogachev, 1998, Chapter 5). That is, for F € W'P(y, H),

the residual
F(x +th) — F(x)
t

converges to zero in measure 7y as t — 0 for any h € £. Analogous results hold for higher-order
derivatives.

In this work, we focus on the case p = 2, for which we introduce the notation H™ (v, H) :=
W™2(~,H), along with the shorthand L% = L2(,)), HT' = H™(v,Y), and WIWP := W™P (v, )
specifically when the output space is . Moreover, we will often consider mappings F' that are
additionally twice continuously Fréchet differentiable, F' € C?(X,))), where the first and second
derivatives have bounded second moments, i.e., DF € L%(vy,£(X,))) and D*F € L?(y, L2(X,))).
Note that Fréchet differentiability is a stronger notion of differentiability than the Sobolev differen-
tiability that defines W™P(v,)). Since the inclusion map ¢ : £ — X is in HS(E, X'), the restriction
of an operator A € L(X,)), Alg = Aoy, is also in HS(E,)). In particular, this implies DF'|¢ = DgF

— DeF(x)h
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and its adjoint with respect to (£,)) is given by DgF(z)* = CxDF(x)*, where DF(z)* is the ad-
joint of DF(z) defined on £(X,)). Thus, these assumptions on Fréchet differentiability would
imply that F' € H%(v,)).

For such F', we aim to analyze the approximation accuracy of operator surrogates F~F ,
quantified in terms of both the function value and its derivatives. We will measure the function
value in the L% = L?(v,Y) norm, and the derivative with the seminorm | - | w1 defined by

!Fﬁ{% = | DeF 72, ms(e.y)) = EvllIDeFlfisce v))- (2)

That is, we consider overall approximation error estimates in the H% norm,

1/2
1Pl = (1132 + 1F ) (3)

This H$ norm, despite restricting differentiation directions to the Cameron—Martin space &£, is a
natural choice for measuring the derivative accuracy of operator surrogates when the input measure
is Gaussian. For example, it plays a direct role in the accuracy and efficiency of several surrogate-
based methods for Bayesian inference under Gaussian priors (Cao et al., 2025, 2026).

2.2 Operator Surrogates using Deep Neural Networks

In this work, we consider operator surrogates based on feedforward neural networks. For an acti-
vation function ¢ : R — R, we say ¢y ¢ : R%n — Rt is a neural network with activation function
1 and parameters 0 if it takes the form

20 = &,
zi =(Wizi—1+by), i=1,...,dg,
@w,e(l’) = WdL+1ZdL + de+17

where 0 = (W}, bi)?ifl denotes the parameters of the neural network, consisting of weights Wy €
RIw1xdin W, € RWwixdwit for § = 2,... dp, Wg, 41 € R¥wXIWay and biases b; € RW: | for
t =1,...,dr and bg, 41 € Réut . We define the depth of the neural network as the number of
hidden layers, and the width of the neural network as the maximum width of its hidden layers, i.e.,
depth(g&d,’@) =dy, Width((pd,’g) = I%laX dWﬂ'.
i=1,...,dr,
We say that ¢y ¢ has constant width if dy; = dw for all i = 1,...,dy, and note that any neural
network can be transformed into a constant-width neural network by appropriately padding its
weights and biases with zeros. Additionally, we define the size of the neural network as the total
number of non-zero parameters, i.e.,

dr+1
size(py,0) = D (IIWillo + [[billo)
i=1
where || - |0 denotes the number of non-zero entries in a matrix or vector.

Our focus will be on activation functions that are smooth and non-saturating with at most
polynomial growth. We then define the class of activation functions A" for m € Ny as follows.

Definition 1 (Non-polynomial functions with bounded derivative growth). Given m € Ny, let
C™Y(R) denote the space of functions ¢ : R — R such that » € C™(R) and its mth derivative (™
1s globally Lipschitz continuous. We define the class of activation functions as

A" = {¢p s 1p € CPY(R) for some k € Ny, k > m and ¢ is non-polynomial}.
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This includes commonly used smooth activation functions in machine learning such as softplus,
the Gaussian-error linear unit (GELU), and the sigmoid linear unit (SiLU). It also includes ReLU*
activation functions, i.e., ReLUk(t) = max(0,¢)* for k € N,k > m+1. In this work, we will consider
ReLU* activation functions with integer powers k only.

With activation functions ¢ € A, we can show that deep neural networks with dy > 1 layers
are universal approximators in Sobolev norms. Specifically, we provide an extension to the result of
Hornik (1991) for functions on R¢ over finite measures. Given a finite measure v over R%», m € Ny,
and p € [1,00), we follow Hornik (1991) to define the class of functions

C:;nJ;(Rdin’Rdout) = {f 6 Cm(Rdin7Rdout) N HfHWm’p(U,RdOUt) < OO},

where the W™P (v, R%ut) norm is defined as

1
P
ooz = | [, M @Ba@+ 3 [ o i) avtz)
R%n 1§|a|§m R%n
Here, a = (aq, 0, ..., 04, ) € Ng“‘ is a multi-index, 0% = 977 .. O ji ™ denotes the partial derivatives
with order a; in coordinate z;, |a| := Y% «; denotes the total order of differentiation, and || - ||z

refers to the standard Euclidean norm on R?ut. Note that this definition of the WP (v, Rdout)
norm is equivalent to our earlier definition given in (1) when v = v is a Gaussian over the finite-
dimensional space R%n and Y = R%wut ig also finite-dimensional. The original result of Hornik
(1991) then states that single-layer neural networks with smooth and bounded activation functions
¢ € CI"(R) are universal approximators of the class of functions C7*P(R%, R) in the W™P (v, R)
norm (we restate this in Theorem 55).

In practice, deep neural networks with non-saturating activation functions are often preferred.
To this end, Neufeld and Schmocker (2025) provide a universal approximation result in Sobolev
spaces over unbounded domains by single-layer neural networks with very general non-saturating
activation functions that include the class A™. For deep neural networks (i.e., multiple hidden
layers), one can verify that this universality is maintained when using 1) € A™. While this extension
is straightforward, it is not typically stated in the literature, and thus we present it here for
completeness. The proof of the following result is presented in Appendix B.3 and is directly based
on the original result of Hornik (1991) or equivalently that of Neufeld and Schmocker (2025).

Theorem 2 (Deep universal approximation with A" activation functions). Let m € Ny, p € [1, 00),
Y € A", and suppose g € CTP(R%n Rout) where v is a finite measure on R%». Then, for any e > 0
and di, € N, there exists a dp-layer neural network ¢y, 9 with activation function v such that

||g - (70¢79||Wmsp(y,Rdout) é €.

Note that since A" only imposes Lipschitz continuity on the highest derivative, neural networks
with activation functions in A™ are not guaranteed to have bounded W™P(y,R%ut) norms in
general. Instead, the proof is based on constructing a neural network with ¢ € A™ that belongs to
Cm(R%n Rut) which does have bounded WP (v, R%ut) norm. Nonetheless, for measures such as
Gaussians, which have finite moments of arbitrary order, neural networks with activation functions
Y € A™ can be shown to belong to W™ (v, R%ut) since Lipschitz continuity of »®) for some k > m
implies that v and its derivatives up to order m have at most polynomial growth.

For Gaussian measures v on finite-dimensional spaces R%», we can also obtain approximation
rates in the Gaussian-weighted Sobolev norm HZ" with ReLU* neural networks (i.e., ¢ = ReLU¥)

when the underlying function belongs to a smoother Sobolev space, say Hf/ with [ > m.
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Theorem 3 (Sobolev approximation rates for ReLU* networks). Let din,doyt € N, k € N with
k>2,1,me Ny withl > m, and let v = ~q,, = N(0,14,) be the standard Gaussian measure on
R%n . Consider a function g € ny = H'(yg, ,R%uwt). Then, for any e > 0, there exists a ReLU*
neural network @y, g such that

in?

19 = pyollHm <

where the neural network @y g can be chosen to have depth and size satisfying

2dip
depth(pyg) < k1 (log(e Mgl +1)+1),  size(py) < ks ((elng\m) ey 1> .

Here, k1 = k1(din, k,1,m) and k2 = ka(din, dout, k, 1, m) are constants.

The proof of this result uses standard techniques (Canuto and Quarteroni, 1982; DeVore, 1998;
DeVore et al., 2021; Opschoor et al., 2021), but we present it in Appendix B.4 since it is not
typically stated in the literature for Gaussian Sobolev spaces. Similar to Theorem 2, although
general ReLU* networks are not guaranteed to belong to H'', the proof of Theorem 3 is based
on a specific construction of ReLU* networks that exactly represent polynomial approximants and
hence do belong to HY'. Note that we have explicitly included ||g|| gt in the above expressions to
emphasize the dependence on the regularity of g.

2.3 Reduced Basis Neural Operators

Due to the high-dimensionality of the spaces X and ), a naive feedforward neural network may
consist of a large number of weights and biases, and can be prone to overfitting (O’Leary-Roseberry,
Villa, et al., 2022). Instead, more appropriate architectures have been considered for the approxi-
mation of PDE solution maps, such as DeepONets, FNOs, and reduced-basis architectures such as
PCANet, POD-DL-ROM, and DIPNet. We will specifically focus on reduced-basis architectures,
which are encoder-decoder architectures that use a neural network to approximate the mapping
F within suitably-chosen rx- and ry-dimensional subspaces of X and ), respectively. This allows
the neural network to be constructed as a mapping between the low-dimensional latent spaces,
reducing the required dimensionality of its parameters (and thereby the risk of overfitting) as well
as the training cost.

To this end, let us first introduce linear encoder and decoder operators €y € L(X,R") and
Dy € L(R",X) on the input space and &y € L(Y,R") and ©y € L(R",)) on the output space.
Note that for clarity of presentation, we will assume ry = ry = r in our analysis. Cases with
rx # ry follow as corollaries. We will then consider neural operator surrogates of the form

ﬁb:@yogod,’goex-f—b

where b € ) is a bias term, and ¢, : R” — R" is a neural network that maps between the latent
spaces.

In the reduced-basis architecture, the encoder and decoder operators are defined using orthonor-
mal bases. For the output space, we consider r orthonormal basis vectors in Y, U, = (u;)i_;.
The corresponding decoder for this reduced basis is given by ©y(§) = U.{ = Y.i_; &u; for
&= (&,...,&) € R", where we have overloaded the notation U, to additionally denote the decod-
ing operator U, = ©y € L(R",Y). Similarly, for the input space, we consider r orthonormal basis
vectors in the Cameron-Martin space £ C X, V; = (v;)i_;, and analogously write the decoder as
Dy (€) = V3€ = S7_, &ui. The corresponding encoders €y = V, and &y = U, can then be defined
as left inverses of the decoders. Note that we will also refer to the size of the reduced basis r as its
rank. Evidently, the approximation properties of Fy depend on the choices of the bases U, and V.

10
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Remark 4 (Comment on notation). In the remainder of the paper, unless otherwise specified, we
will use X\, u, U, P to denote eigenvalues, eigenvectors, bases/decoders, and projections on the
output space YV, and u, v, V, and Q for that on the input space X or the Cameron—Martin space E.

2.4 Sobolev Training of Reduced Basis Neural Operators

To construct operator surrogates that are accurate in the H}/ norm, one can pose the supervised
learning problem directly in the le norm. That is, for a neural operator architecture parametrized
by @, one solves the following minimization problem,

min || F — Fyllty = Byl F — Fy[13] + Es[|| De F — DeFyllfis e ). (4)

The incorporation of derivatives in the training loss is termed Sobolev training, and its application to
operator learning leads to the so-called derivative-informed neural operators. When using a reduced
basis architecture of the form 159 =U,opygo Vv.h+ b, where U, and V, are fixed orthonormal bases
of Y and &, the H% training problem can be equivalently written in the latent/reduced spaces as

min Eonr (U (F(2) = b) = 05,0(ViT2)[13] + Eans [|U DeF(2) Vi — Doy (Vi) 2], (5)

where || - ||2 refers to the £2 norm on R” and || - || refers to the matrix Frobenius norm on R™*".

In practice, the training problem is solved using a finite number of training samples, which
are tuples of the form (zy, F(z1), U DgF(x)V,), k = 1,..., N, where z;, are sampled from the
input measure . Moreover, the training loss is often normalized to balance the contributions of
the output and derivative terms. This leads to the following practical form of the empirical risk
minimization problem,

N ag . k

1 (X 1
min - (Z — U (F (k) = b) — pyo(Vilap) I3 + EHUTTDSF(M)VT — DW@M*%)H%) , (6)
k=1 ’ )

where (agx)~_; and (a; x)I_, are positive weights scaling the output and derivative terms, respec-
tively. Common choices of normalization include uniformly normalizing by the second moments of
the training data, agx = SN ||UJS (F(2;) —b)|13 and a1 = SN, |US De F(2;)V;||%, or normalizing
each data point by its norm, ag j = || U (F(zy) —b)||3+7 and a1 4 = ||U,] Dg F () V|| % + 7, where,
if required, 7 can be chosen to be a small constant to avoid division by zero.

Notably, the derivative-informed training problem requires evaluations of both the operator’s
output values and its derivatives at the sampled points. However, since the reduced-basis architec-
ture only maps between the subspaces spanned by U, and V., only the projection of the derivative
UTTDgF(x)VT is needed. For PDE-based mappings, this can be efficiently computed using for-
ward /adjoint sensitivity methods (see, for example, O’Leary-Roseberry et al., 2024), making the
Sobolev training of RBNOs computationally feasible.

In contrast, conventional supervised learning of operator surrogates typically minimizes the
error in the L% norm. That is,

min || F — Folz = EA[llF — Fol3),

or in the practical setting with the reduced-basis architecture, normalization, and finite training
samples,
11
min — > ——[[U;(F (k) = b) = puo(Vize) 3, (7)

N = aok

11
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where the output data can be normalized in the same way as described above for the Sobolev
training. While this can be computationally cheaper than Hi Sobolev training, Lgf training does
not explicitly control the derivative error, and thus may lead to surrogates that are inaccurate in
the Hi norm.

2.5 Choices of Dimension Reduction
2.5.1 PRINCIPAL COMPONENT ANALYSIS

We now consider choices of reduced bases V,. and U, for the input and output spaces, respectively.
One approach is to use subspaces spanned by the PCA bases. For the input space, the PCA
coincides with the Karhunen Loéve expansion (KLE) of the Gaussian measure 7. Since we have
assumed -y is centered, this simply corresponds to the eigenvectors of the covariance operator,

CroPCA = [ PCA PCA
where the eigenvalues are written in decreasing order pf©A > ... > yPCA > ... > 0. Since Cy is
self-adjoint and of trace class, its full collection of eigenvectors, (vz) 21, yields an orthonormal basis
in X. Alternatively, they can be normalized in the Cameron—Martin norm such that they are also
an orthonormal basis in £. For consistency, we will take this latter approach.

To reduce to an r-dimensional subspace, we take the first r eigenvectors as a reduced basis,
VPCA .= (uPCMY_ . As previously described, we overload V,FCA to denote the decoder VF¢A ¢

L(R", X) along with the corresponding encoder (its left inverse) (V,,PCA)T € L(X,R") such that for
E=(&,...,&) € R" and x € X, we have

VTPCAé:i&viPCA’ (VTPCA)T (<C 1 PCA’$>X <C LyPCA $>X>

i=

In particular, when restricted to elements in the Cameron—Martin space h € £, we have

VFA b= (oY, ... (A RY. ).
Thus,
QPCA VPCA VPCA ZUPCA 1 PCA ZUPCA PCA/MlPCA

defines an orthogonal projection on X, and its restriction to &, Qf CA\g =>4 UZP CA ®¢ UZP CA s
also an orthogonal projection on £. Here, we have used ® to denote the outer product implied by
the space of its arguments and use the subscript ®¢ to specifically denote the outer product given
by the Cameron-Martin inner product, i.e., vi ® v2 = vq (v2, ), and v ®g v2 = vy (V2, ).

In this work, we will assume that the covariance operator C'y is known and can be accessed.
This is an appropriate assumption in the setting of operator learning for surrogate modeling, where
the training distribution v = N (0, Cy) is often known a priori, and the covariance operator Cy is
used to draw samples x ~ v to generate the training data.

Analogously, one can consider a PCA of the output space ). In this work, we will focus on the
PCA obtained with the centered covariance

Cy =E,[(F - F)® (F - F)],

which leads to favorable properties for surrogate modeling compared to the uncentered covariance.
We discuss this fact in Section 2.5.3. The output PCA basis is then obtained by solving the
eigenvalue problem
CyuPCA — )\PCAUPCA
7 (2

7 I

12
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with APCA > ... > A\PCA > (0 We can then take the dominant eigenvectors, UFCA := (ulCA)T_, |
as the output basis, such that the decoding and encoding operators are

UPCAE — Zi:l&u;CA7 (UECA)T?J _ <<U§CA’y>y L <UECA’ y>y> '

Unlike the covariance of the inputs (which is assumed to be known), this covariance is generally
not known, and in practice, is typically approximated empirically from samples. That is,
N 1 N N N 1 N P
Cy =+ S (Flag) = F)® (F(ag) — F) = =) F(ag) @ F(zy,) - F® F,
k=1 k=1

where F = % Eiv:1 F(xg) is an estimator of the mean using N i.i.d. samples from 7, denoted
as (l’k)szl ad ~v. We note that this covariance estimator is biased, where the bias decreases with
sample size. We will write the corresponding eigenvalue problem using the covariance estimator as

A ~PCA _ YPCA~PCA
Cyu; =N w7

again with A\PCA > ... > XPCA > Thus, we have UPCA := (GPCA)7_, and

%
T
= ~ = T ~ ~
U’/l‘DCAg = Z giuzPCAa (U’FCA) Yy = <<u113CA7 y>)} ) <u71’DCA7 y>)}> )
i=1

as the decoder and encoder corresponding to the empirical output PCA basis, defined in the same
manner as before. The projection operators

PPCA . PCA (UFCA)T and PPCA .= PoA (ﬁFCA)T
are both orthogonal projections on ).

The input and output PCA bases minimize the mean squared reconstruction errors of the
inputs x and outputs F'(x) measured in || - || x and | - ||y, respectively. We will state this result in
Section 3. However, neither the input nor the output PCA bases explicitly capture the sensitivity
of the map F'. In particular, the input PCA basis is independent of F', i.e., it does not account for
any dependence of the outputs on the inputs. On the other hand, the output PCA basis implicitly
captures the dependence of the output with respect to the input, as it is constructed using the
dominant features of F'(x). As we will see, this has implications for the approximation errors of
the derivatives.

2.5.2 DERIVATIVE-INFORMED SUBSPACES

We also consider an alternative set of reduced bases that are constructed directly using the deriva-
tives of the map F. To this end, we define operators Hy : £ — &€ and Hy : Y — ), where

Hy = By [De F(2)* De F(2)] = CxEqry [DF(z)* DF(2)], (8)
Hy :=E;[DgF(x)DeF(x)"] = Egnny[DF(x)Cx DF (x)"], 9)
where the latter equalities in (8) and (9) hold if we assume F' € C*(X,)) with bounded second
moments on the derivatives, i.e., DF € L?(vy, L(X,))), such that DF*DF € L'(v,L(X,X)). More

generally, when F' € H%, the sensitivity operators Hy : £ — £ and Hy : Y — ) are both self-
adjoint, positive semi-definite, trace-class operators. Thus, their eigenvectors form orthonormal

13
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bases of £ and Y. The reduced bases are then given by the dominant eigenvectors of Hy and
Hy. In this work, we will refer to Hy as the input sensitivity operator and Hy as the output
sensitivity operator, and refer to the subspaces generated by this approach as the input/output
derivative-informed subspaces.

For the input, we consider the eigenvalue problem

DIS DIS, DIS
HX’UZ = M o

K3 1 )

(10)

with P > P > ... > 0, and take the first 7 eigenvectors VIS := (vPS)7_ as the input
basis/decoder, i.e., we recognize that v?ls are orthonormal in &, and so for any x € X, we write
the decoder and encoder as

V;DISf _ igivP187 (VTDIS)Tx — (<C)—(1U113157x>x N <C}1UPISJ>X) :
i=1

where the encoder is well-defined in £(X,R") whenever C'vP™S is well-defined in X (i.e., Cp'vP™S
are elements of X’). We also note that the projection

QPIS .— DI (VDIS)T

is not necessarily orthogonal in X. However, when restricted to £, we do have

(VPIS) p = ({vP™S, h>g co (WP, h>5) ,

such that QP™S|¢ = 327, vPS ®¢ vPB is orthogonal in £.

Remark 5. For convenience, in the remainder of this work, we will assume that the input DIS
bases (and their empirical counterparts) do satisfy C);lvPIS € X fori=1,...,r. From (8) and

(10), we see that this is true when DF € L2(v,L(X,Y)) and pP™® > 0. If Hy has finite rank

TH,, then MPIS =0 for i > rg,. In this case, we will adopt the convention that for i > rp,., vPIS

are constructed by Gram—Schmidt orthogonalization of the PCA basis starting with the basis set

(UPIS):Zf. This ensures that for any finite r, (C’;(lvPIS);:l are well-defined in X .

The output derivative-informed subspace is found by the eigenvalue problem
HyuP'S = APISPS, (1)

with APS > APIS > ... > 0, and take the first r eigenvectors UP™ := (uP™5)I_, as the output basis
such that the decoder and encoder are given by

oS~ 3 ealS, WPy (), (u0) ).

=1

This again yields an orthogonal projection on ),
phIs ._ UDIS(UDIS)T
T ° T T :

As we will show, by nature of their construction, the subspaces spanned by V,,DIS and UPIS have
optimal reconstruction properties for the derivative operator.

14



DIMENSION REDUCTION FOR DERIVATIVE-INFORMED OPERATOR LEARNING

Similar to the output PCA, the operators Hy and Hy need to be approximated using i.i.d. sam-
ples (zx)N_, %Y . This leads to the estimators

. 1 &

Hy:= = DeF(x)" DeF(xy),
N k=1

1 N

— " DeF(x)DeF ()"

N k=1

.

Their corresponding eigenvalue problems are then given by
77 ~DIS _ ~DIS~DIS
Hxvi™ = pi v,

7y ~DIS _ DIS~DIS
Hyu;™> = X\,

9

bases are given by VP18 := (5P1S)7_, and UP™S := (aP™S)7_,, such that corresponding decoders and
encoders are given by

again with ﬁ?IS > ﬂgls > ... >0 and XPIS > XQDIS > .-+ > 0. The resulting input and output

PDISe igﬁ?ls’ (ﬁDIS)Tx = <<C;1511315,x>x e <C/;117,]?IS’ x>X> ,
=1
UPS¢ .= iﬁz’ﬁls, (ﬁTDIS)Ty = <<a?ls’y>y e <a’ms’y>3}> ’

i=1
which yield £ and Y orthogonal projections

ODIS .— PDIS ("}TDIS)T 7 PDIS — ﬁPls(ﬁPls)T_

The operator Hy coincides with that of the AS method for finite-dimensional vector-valued
functions studied in Zahm et al. (2020). In the context of Bayesian inverse problems with Gaussian
prior and noise, Hy and Hy are analogous to the diagnostic matrices used in the dimension reduc-
tion strategies of Cui et al. (2014); Zahm et al. (2022); Baptista et al. (2022); Chen et al. (2025).
In this work, we will extend the previous analysis by formulating these subspaces for Gaussian
measures on infinite-dimensional separable Hilbert spaces.

2.5.3 SATISFACTION OF NONPARAMETRIC LINEAR CONSTRAINTS

Before moving on to analyzing the approximation errors, we point out an additional property of
interest for the output bases. In mappings that arise from PDE solution operators, it is common
for the output F(z), i.e., the solution of the PDE, to satisfy linear constraints, BF(x) = h, for
some continuous linear operator B € L(),H) mapping to another separable Hilbert space H,
independent of the input x € X. For example, these can arise from Dirichlet boundary conditions
or divergence-free conditions on the solution. When using the centered PCA and DIS bases for the
output space, we can ensure that the surrogates of the form F~’9 =U,opygo0 V,t + F also satisfy
the constraint, i.e., BFy(x) = h.

Proposition 6. Suppose F' € Hvl Let H be another separable Hilbert space and B € L(Y,H) be a
continuous linear operator such that

BF(z)=h VzeAX,
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for some fized h € H. Then, given r € N, the affine space F + span(uy, ..., u,) corresponding to
the output PCA and DIS bases with nonzero eigenvalues Ay > --- > A\ > 0 satisfies

By=h  VyeF+span((u)i_y).

The same holds almost surely with respect to the sampling of (a:k)k 1 ud ~ when F is replaced by the
estimator F _and when the PCA or DIS bases are replaced by their estimators (U;)i_y with nonzero
etgenvalues )\1 - > )\ > 0.

Proof Since BF(z) = h for all z, we have BF = BE,[F] = E,[BF] = h. Thus, it remains to
verify that Bu; = 0 for the reduced bases u; = uDIS or u; = uPCA For the centered PCA, we have
uf A = Cypul @A /APCA when APCA > 0. This implies

E,[B(F — F)® (F — F)juf°* = 0.

1 _ 1
Bu fCA )\PCABE’Y[(F_F)(@(F_F)] fCA /\PCA
For the DIS, we begin by noting that BF(z) = h implies Dg (BF(z)) = BD¢F(x) = 0. We then
have,

BuP®S = — BHyuP® =

! )\Dls By [BDgFDe F*ul™ = 0,

)\DIS

which again holds for all ¢ < r with )\?IS > 0. Results for the empirical mean F and bases ﬂf ca

and uDIS can be shown by replacing [E, with the sum over the samples, where the result holds
almost surely with respect to the sampling. |

3. Error Analysis

3.1 Overview and Assumptions

In this section, we analyze the approximation errors of reduced basis neural operators (RBNOs) in
the Sobolev norm Hvl, where 7y is a Gaussian measure. We will focus on the case where the neural
operator is constructed as _ R

Fy = Urogp¢790WT+F,

with reduced bases U, and V, that are orthonormal in Y and &£, a latent space neural network ¢,
and a sample-based mean estimate F = % ngle F(zy). This represents a practical setup, where
the neural operator is constructed to fit the (empirical) mean-shifted training data F' — F.

To begin, we introduce some additional assumptions that are used to bound approximation
errors for specific choices of dimension reduction. As previously mentioned, we will always assume
centered Gaussian measures v on the input space X with non-degenerate covariance operators.
Nonetheless, our results can translate to the uncentered case with mean & provided that we can
shift the input data by the mean when constructing our RBNO. That is, we can instead aim to
approximate the shifted operator 2’ — F(2' + Z), where 2/ ~ N (0,Cy) is now centered.

Assumption 7 (Gaussian input measure). The input measure v is a centered Gaussian measure
on X with a non-degenerate covariance operator Cy .

When using the input PCA, we will require the additional assumptions that F' is twice contin-
uously Fréchet differentiable, and derivatives of F' up to second order also have bounded second
moments. These assumptions also ensure that the DIS projection operators are bounded linear
operators on X' (see Remark 5).
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Assumption 8 (Bounded second moments of Fréchet derivatives). The operator F belongs to
C?(X,Y) with derivatives DF € L?(y, L(X,))) and D*F € L?(v, L2(X,))).

To ensure the sampling errors associated with the empirical PCA/DIS are bounded, we addi-
tionally require that F' has bounded fourth moments in its output and its Sobolev derivatives, i.e.,
F e W71’4. Similar assumptions are typical in the analysis of sampling errors in PCA (e.g., Reifl
and Wahl, 2020; Bhattacharya et al., 2021).

Assumption 9 (Bounded fourth moments of Sobolev derivatives). The operator F belongs to W71’4.

We will also make use of Assumption 10 and Assumption 11 in the analysis of output PCA and
input DIS, respectively. Intuitively, these state that lower-order derivatives of F' have control over
its higher-order derivatives. This ensures that subspaces computed from lower-order derivatives
have controlled error when approximating higher derivatives of F.

Assumption 10 (Derivative inverse inequality). For F € H%, there exists a constant Kp =
Kp(F) > 0 such that
(u, Hyu)y, < Kp (u,Cyu)y, Vu € Y. (12)

Assumption 11 (Hessian inverse inequality). For F' € H,%, there exists a constant Ky = Ky (F) >
0 such that

Epon | DEF(2)(,0) (e ] < KnBs [ DeFol}] = Ky (0. Hyv)e, Yo e (13)

Here, DZF(x)(-,v) refers to the linear operator € > h— DiF(x)(h,v) € Y, such that
IDEF(2)( ) lfis(e ) = Z 1DZF () (w;, v) 3,

for any orthonormal basis (w;);2, of €.

We note that measurable polynomials of degree n satisfy these assumptions with Kp = n and
Kpg =n — 1. This is made precise in Proposition 54, Appendix A.5. We also analytically consider
two examples of nonlinear PDE-based operators in Section 4. In particular, the examples highlight
that the inverse inequalities are not necessarily tied to additional regularity of F'.

3.2 Main Results

We begin by presenting our two universal approximation results, Theorem 12 and Theorem 13.
Their proofs are presented in Appendices C.3 and C.7 using results developed throughout the rest
of this section. Our first result is that the RBNO architecture is indeed universal in the Sobolev
norm HT" given orthonormal reduced bases U, and V,. of V and &, respectively. While this result
is not difficult to obtain, we believe it may be of independent interest and therefore state it before
proceeding to the more detailed analysis.

Theorem 12 (Generic universal approximation). Suppose F' € H'' for some m € No. Let (u;)2;
be an orthonormal basis of ¥ and (v;)$2, be an orthonormal basis of £ for which (Cyv;)$, are
well-defined in X. Additionally, let ip € A™ and di, € N. Then, for any € > 0, there exists a rank
reN and a dp- layer neural network ¢y, g with activation function 1 such that the neural operator
approzimation Fy = U, o @p.0 0 Vil with the reduced bases U, = (u;)T_; and V, = (v;)_; achieves
the error bound N

|1 F = Fyllam < e
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When & and ) are finite-dimensional, Theorem 12 trivially reduces to the universal approxi-
mation theorem of neural networks in finite dimensions. We also note that it does not quantify the
effectiveness of the chosen dimension reduction strategies and how they impact the approximation
errors.

To more explicitly determine the contribution of errors, we proceed by performing a more careful
accounting of the errors arising from the dimension reduction. Here, the approximation error can
essentially be decomposed into (i) reconstruction errors arising from representing the outputs in
reduced bases, (ii) ridge function errors arising from truncating the input by the input reduced
basis, and (iii) neural network approximation errors. Moreover, when using empirical estimators to
construct the PCA /DIS, the reconstruction and ridge function errors additionally have a statistical
error component.

Similar to the analyses provided by Zahm et al. (2020); Bhattacharya et al. (2021); Lanthaler
(2023), the reconstruction and ridge function errors can be bounded in terms of summations over
trailing eigenvalues (i > r) of the covariance or sensitivity operators that are used to define the
dimension reduction, while statistical errors have a Monte Carlo-type bound related to the sample
size N. On the other hand, for almost every realization of the samples (and hence the input
and output bases), the neural network approximation error can be made arbitrarily small via the
universal approximation result for weighted Sobolev norms (Theorems 2 and 3) using activation
functions ¢ € A'. Additionally, a bound on the size of the neural network can be given when using
the ReLU* activation function with &k > 2.

We summarize these results in the form of a theorem, which is the main result of this work.
Its proof draws on the results developed throughout the rest of this section and is provided in
Appendix C.7.

Theorem 13 (Detailed universal approximation). Suppose F € HT' for some m € Nym > 2 and
F satisfies Assumptions 8 to 11. Given r € N, let Fy=U, o ©yp.6 O Vil + F be an RBNO with a
neural network ¢y ¢ using activation function ¢ € Al along with the bias F= % Eivzl F(xy) and
the reduced bases U, = ﬁfCA or UPIS and V, = VFCA or YZ,DIS, where F, U,l,)CA, ﬁPIS, and ‘ZDIS
are estimated from N € N i.i.d. samples Sy := (azk)é\;l ud ~. Then, Fy simultaneously satisfies the
following error decomposition bounds:

P = Flf: <&M+ K| 3 M+ & Swr) | +KY | Y i+ Ex(Snor) | + Er(Sw),

i=r+1 i=r+1

(14)

F =Bl <@+ KP | 3 A4 &(Snon) | + KD | Y mi+ Ex(Swim) | (15)
i=r+1 i=r+1

where é‘;(,l) and é"f) are the neural network approximation errors, \; and p; are the eigenvalues
(given in descending order) of the covariance or sensitivity operators used to define the dimension
reduction, i.e.,

) T —

B AZPCA @f Ur —_ U’TPCA B quPCA Zf V;« — V;,PCA
Ai = APIS iy, = OIS yP1S iy, = oIS

Kg?, Kj(f), 1 = 1,2 are non-negative constants depending on the choice of dimension reduction
and the function F, and &r(SN), Ex(Sn, 1), and Ey(Sn,r) are bounds on the sampling errors

18



DIMENSION REDUCTION FOR DERIVATIVE-INFORMED OPERATOR LEARNING

associated with the mean estimation, input dimension reduction, and output dimension reduction,
respectively. In particular, we have the following results on the components in (14) and (15):

1. Foranye > 0,dr € N, and almost every realization of the samples Sy, there exists a dy,-layer
neural network oy, g such that simultaneously @“Zgl) < € and é‘;@ < e. If specifically ¢ = ReLU*
with k € N,k > 2, then there exist constants k1 = k1(r,k,m) and ko = ka(r,k, m) such that
Oy, can be chosen to have depth and size satisfying

1 m%
depth(py,g) < k1 (log(€ 2| Pl + 1) + 1), size(saw,ws@((e-lnFn%ﬂn) 1+1).

Note that the exponent of € differs from that in Theorem 3 by a factor of two since (14) and
(15) are stated in terms of squared errors.

2. The sampling error bounds satisfy

|F = F||3,
En[éF(Sn)] < TW’

_ 2rMy 2My
En[Ex(Sn,7)] < \/ ; 5

2r My 2My }

En[éy(Sn,r)] < mm{ N v h N

where the expectation is taken with respect to the samples Sy = (xk),]::l id ~v used to compute
F, UfCA, UPIS, and VTDIS. Here, My, My are non-negative constants depending on the
choice of dimension reduction and the function F.

Remark 14. Not all of Assumptions 8, 10 and 11 are simultaneously needed. We can break
down the required assumptions and the corresponding forms of the constants based on the choice of
dimension reduction as follows.

1. Empirical output PCA, U, = UTPCA: Without additional assumptions, we have KJ(,I) =1 and
My = 2E,[[|(F — F) @ (F = F) = Cyllfig(y.y)] + 2[1F — F||Ai§ + 6||F — F||‘i%. Assumption 10

is required for K§,2) to be finite, in which case K§,2) = Kp.

2. Empirical output DIS, ﬁr = [77?15 : This does not require additional assumptions. We have
K = K =1, and My = B, [| De FDsF* — Hyl|%g 5 ).

3. Exact input PCA, V, = VTPCA: Since the input PCA is exact, we trivially have My = 0.
Assumption 8 is required for Kgfl) and Kgf) to be finite, in which case K\ = EW[HDFH%(X y)]

and K¢ =B, [| D2F|2, v ) Eslllzl|3] + By [ DFII2 3

4. Empirical input DIS, V, = YA/TDIS . Note that we use Assumption 8 as a simple way of ensuring

that (C’;,lﬁ?ls)gzl are well-defined in X. This can be relaxed by instead directly assuming

(C'OPB)I_, are indeed well-defined in X . Without additional assumptions, we have KV =1

and My = EW[HDgF*DgF—HXH%{S(g 5)]. Assumption 11 is then required for KE,?) to be finite,
in which case Kf\f) =Ky +1.
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Remark 15. The sampling error estimates for &x(Sn,r) and &y(Sn,r) are the minima of two
different bounds, as is typical in the analysis of PCA sampling error (e.g., Reiff and Wahl, 2020).
These are often termed the global bound, which has a slow (’)(N_l/Q) convergence rate and a local
bound, which has a faster O(N~') convergence rate but only holds when the eigenvalues are suffi-
ciently well separated (i.e., A\ — Ap11 > 0 and p, — pr41 > 0). The constant in the local bound can
become very large as r increases. We note that both forms of the bounds are pessimistic, and more
refined bounds can be derived by using more sophisticated techniques akin to those presented in Reifs
and Wahl (2020) for the analysis of PCA, though these often require additional assumptions such
as boundedness or sub-Gaussianity of F.

Remark 16. The approximation rates are provided for ReLU” activation under assumptions of
additional Sobolev regularity of finite order, i.e., F' € HY" with m > 2. For this reason, the ap-
prozimation rate suffers from the curse of dimensionality analogous to conventional neural network
approximation rates in finite dimensions. Stronger structural or regularity assumptions such as
Barron-type conditions or holomorphy may be used to obtain dimension-independent rates for the
approzimation error and explicit eigenvalue decay rates of the covariance and sensitivity operators.
We leave this for future work.

The rest of this section proceeds as follows. We begin by introducing the conditional expectation,
a key tool that we use to analyze the RBNO architecture. We proceed to consider the reconstruction,
ridge function, and sampling errors in detail. Lengthy proofs of the results in this section along
with additional supporting lemmas are presented in the Appendices for clarity.

3.3 Conditional Expectation and Universal Approximation

The reduced-basis architectures for given bases U, and V, are ridge functions—Lgy functions that
are measurable in the restricted sigma algebra o(V;!) (i.e., constant in the orthogonal complement
directions of V;). In L%, the conditional expectation E,[F|o(V;)] of a function F € L% is a
projection, and hence E,[F|o(V,)] is an optimal representation of F in L% when restricted to the
o(V,1) measurable functions (Bogachev, 2010). When v is Gaussian and V; are orthonormal in
the Cameron—Martin space £, the conditional expectation has the representation (Bogachev, 1998,
Corollary 3.5.2)

E,[Flo(Vih)](2) = Eenr [F(Qr + (I - Qr)2)], (16)

where Q, = V,V;! is an orthogonal projection on €. This is used to develop the theory of active
subspaces in the finite-dimensional setting in Zahm et al. (2020), but also holds in the infinite-
dimensional setting.

For FF € W™P(v,Y), when (v;)$2; is an orthonormal basis of £, the conditional expectations
E.[F|o(V;1)] converge to F in W™P(v,)) as r — oo (Bogachev, 1998, Theorem 5.4.5). Moreover,
we can show that the Sobolev derivative can be interchanged with the conditional expectation for
FeHT.

Lemma 17 (Interchanging Sobolev differentiation and conditional expectation). Suppose F' € HT
for some m € N, and let V, = (v;)T_; be orthonormal in € such that (Cy v;)'_; are well-defined in
X. Then, the kth Sobolev derivative of the conditional expectation is given by

DEE, [Flo(V;')] = Ey[DEF(Qr (), ..., Qe (D)o (ViD)]
forall k=1,...,m, where DEF(2)(Q(-), ..., Qr(")) : (h1,...,hg) = DEF(2)(Qrh1,...,Qrhy).
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The proof of this lemma is provided in Appendix A.4. This result implies that the conditional
expectation can be simultaneously used to optimally approximate F' and its projected Sobolev
derivatives D?F(Qr(-), ...,Qr(+)). Thus, in developing our approximation results, we can first
approximate F' € H' by its conditional expectation with outputs projected onto an orthonormal
basis, and then approximate this projected conditional expectation by a neural network. To this
end, the following lemma is useful, with the proof provided in Appendix C.1.

Lemma 18 (Universal approximation of the projected conditional expectation). Suppose F € HT
for some m € Ny. Let U, = (u;)i_; be an orthonormal set in' Y and V, = (v;)i_; be an orthonormal
set in € for which (C;(lvi)zzl are well-defined in X. Then, given ¥ € A™ and dp € N, for any
€ > 0, there exists a dr-layer neural network ¢ with activation function v such that the neural
operator ﬁg =U,0pyg0 %Al satisfies

1P, [Flo(Vih)] = Follmm < e, (17)
where P, = U, U, is the orthogonal projection onto the span of U,.

Lemma 18 immediately allows us to prove the generic universal approximation result of The-
orem 12 (see Appendix C.3). Moreover, in further analyzing the Hi case, it allows us to focus
on the approximation error committed by the optimal ridge function (the projected conditional
expectation), knowing that the subsequent neural network approximation error of the projected
conditional expectation can be made arbitrarily small.

Note that for functions F that have additional smoothness, i.e., F' € Hé for some [ > m, their
projected conditional expectations also inherit this smoothness. Thus, we can use Theorem 3 to
obtain explicit bounds on the size of the neural network needed to achieve a given approximation
error € in (17) when using ReLU* activations. In particular, we can approximate the conditional
expectation of F' — b for any constant shift b € ) at the same approximation rate as F' itself. This
is summarized in the following result, with the proof provided in Appendix C.2.

Lemma 19 (Approximation of the projected conditional expectation by ReLU* networks). Con-
sider the setting of Lemma 18. Assume additionally that F € Hé for some l € NJI > m

and ¥ = ReLU* for some k € N,k > 2. Then, there exist constants k1 = k1 (r,k,l,m) and
ko = ka(r, k,l,m) such that for any € > 0 and any shift b € Y, there exists a ReLU* neural network
@y, such that the neural operator Fy = Uy, 0 ¢y g © V,! satisfies

B, [P (F = b)lo (V;)] = Fyllpe < e,

where the depth and size of vy 9 satisfy
2r
depth(ipy,0) < ri1 (log(e Y| Fllg + 1) +1),  size(ipy,0) < iy ((e—lnFnHQ T 1) .

3.4 Decomposition of the Approximation Errors

For RBNOs of the form Fy = U, o Pyp © Vii+ F , we can naturally decompose the approximation
errors based on orthogonality. This is summarized in the following proposition, the proof of which
is provided in Appendix C.4.

Proposition 20. Suppose F' € Hi Let U, = (ui)i_, be an orthonormal set in Y and let V, =
(v;)i_y be an orthonormal set in € for which (C3'vi)i_y are well-defined in X. Additionally, let
o € CYR",R"). Then, the ridge function F = U, o @ o Vil + F simultaneously satisfies

IF = Fll72 SE[|IP(F = )]+ B, [I(I = B)(F = B)|3]+ (I - P)(F - F)3  (18)
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and

| — ﬁ’%ﬂ < E,[|P(DeF — DeF)Qr s (e.3))

+E, [ DeF(I = Qr)lfise )] + Byl = P)DeFllfig (e 3] (19)
Moreover, the terms involving F can alternatively be written as
E,[||P-(F — F)[3] = B, [[|T;(F = F) — oo ViH|[3] (20)
and N
E, (|| P-(DeF — DeF)Qrllfis e ) = B, [|US De PV, — Dy o ViH|[7] (21)

where (gpoVJ) () = ¢ (Vﬂx), (DgpoV,ﬁ) (x) = Dy (Vﬁx), and || - ||2 and || - ||F denote the
standard Fuclidean and Frobenius norms in finite dimensions, respectively.

Here, the dimension reduction introduces errors of two types: reconstruction errors and ridge
function errors. The reconstruction errors, ||[(I — P,)(F — F)||L%, (I = Pr)DeF|p2(y,18(¢,y)), and

| De F'(I—=Qr) 12, 18(¢,y)) arise from truncating the representations of F'(z) —F € Y in the subspace
spanned by U,, and DgF(z) € HS(E,)) in the subspaces spanned by U, on the output side and by
V- on the input side. These are independent of the choice of ¢. On the other hand, the ridge function
errors || P, (F — }?)HL% and || P-(DgF — Dsﬁ)QrHL?(%Hs(ay)) arise from restricting the approximant
to depend only on the projected input, and can be analyzed using the conditional expectation.
Additionally, sampling errors are present in the mean estimate ﬁ, and also in constructing the
reduced bases.

Recall that the conditional expectation is the optimal ridge function in L?y whose derivative
is also an optimal approximation of the projected derivative in L?(vy,HS(E,))). As previously
discussed, we may further decompose the ridge function error term into the optimal ridge function
error committed by the conditional expectation, and an additional error contribution due to the
approximation of the conditional expectation by a neural network. This leads to the following error
decomposition that forms the basis of the proof for the main result in Theorem 13. We provide the
proof of this result in Appendix C.4.

Corollary 21. Suppose F' € HJ. Let U, = (u;)j_; be an orthonormal set in ¥ and let V, = (v;)j_,
be an orthonormal set in € for which (C';(lvi)f:l are well-defined in X. Additionally, let v € Al and
dr, € N. Then, for any € > 0, there exists a dp-layer neural network ¢y ¢ with activation function
1 such that the neural operator Fy=U, o D6 © Vi+F simultaneously satisfies

IF = ﬁe”%g < e+ || P(F - ﬁr)”%g + (I = B)(F = F)H%g +F = Fl3, (22)
and
| — Fel%% < e+ [|DeF(I = Q)lI72¢msey)) + I = Pr)DeF 72, mse.y)
+ || P-(DeF — DeFy) Q|72 ms(e.)): (23)

where we have used the shorthand notation Fy, == E.[F|a(V;1)] for the conditional expectation.
If additionally F' € HT' for some m € Nym > 2 and ¢ = ReLU* for some k € N,k > 2, then
there exist constants k1 = k1(r, k,m) and ko = Ka(r, k,m) such that vy ¢ can be chosen to satisfy

. r
depth(pyg) < k1 (log(e 2||F|lgm +1) + 1), size(pypg) < ko | (€ M F||Fm )™ " +1).
v vy

Note that the exponent of € differs from that in Theorem 3 and Lemma 19 by a factor of two since
(22) and (23) are stated in terms of the squared errors.

22



DIMENSION REDUCTION FOR DERIVATIVE-INFORMED OPERATOR LEARNING

3.5 Reconstruction Errors
3.5.1 PRINCIPAL COMPONENT ANALYSIS

We now proceed to study the reconstruction errors arising from the choice of dimension reduction.
We begin by considering the reconstruction errors associated with the PCA bases. It is well known
that the PCA bases yield optimal linear reduced representations. We start with the input case,
where no sampling errors are involved.

Proposition 22. The projection given by the exact input PCA minimizes the reconstruction error
amongst all rank r orthogonal projections on X, P,(X), in the sense that

EonrIl(1 = Q7M)allz] = | min  Bons [I[(1 = Qr)l3] = Z T
QrePr(X) i1

Proof We reproduce the proof here for completeness. We note that for any @, € P,(X), we have

Eonny [l = Qr)z]|3] = Tr((I - Qr)Cx (I - Qr)),

which, by Fan’s theorem (Lemma 48) is minimized by the projection onto the leading eigenvectors
of Cy, ie., Q, = Q,}?CA. [ |

As evident in the proof, the result gives the value of the Hilbert—Schmidt norm of the exact
PCA projection I — QfCA when viewed as a mapping from £ — X,

HI - QECAHI%IS(S,X) = TI"((I - QECA)Cx(I — QECA Z MPCA (24)
i=r+1

Although a rank r PCA optimally reconstructs the input x, intuitively, we can see that it may
not provide a good reconstruction DgF (I — QFCA) of DgF since the PCA on the input does not
incorporate any information about the mapping F. As an example, when F' is a map depending only
on the (r + 1)th basis, a truncated input PCA of rank r will always yield a projected derivative
DeFQ, of zero. However, when measuring the reconstruction error of DgF(I — QFCA) in the
Hilbert—Schmidt norm HS(E,)), smaller weights are placed on the input directions with small
variance. This allows one to place a bound on the reconstruction error of the derivative.

Proposition 23. Suppose F € C*(X,)) and DF € L*(v,L(X,Y)). Then the derivative recon-
struction error for the exact input PCA is bounded by

E, [ DeF(I = Q;“MlEsce )] < EAlIDFIZ(x,3)] Z T (25)
i=r+1

Proof The approach taken here is analogous to that in the proof of Proposition 3.1 of Zahm et al.
(2020), which specifically assumes that F' is Lipschitz continuous. Here, we will use the fact that
I —QPCA € HS(E, X) to write

IDeF(I — QF“Mlusey) < IDF |l gl — QFluse x)-

Therefore,
E,[[DeF (I — QSCA)HIQ{S(S,J})] <E,[[|DF (223l — QfCAHI%IS(S,X)v
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along with (24) gives the bound (25). Note that when F' is Lipschitz continuous with Lipschitz
constant L, we have ||[DF[|z(x,y) < L, and we recover the result of Zahm et al. (2020). [ |

Since we consider a centered (mean-shifted) PCA for the output, the output PCA basis optimally
reconstructs the mean-shifted output F'— F. On the other hand, when sampling errors are present,
the empirical PCA basis becomes suboptimal, where the gap in the error bound is termed the
excess risk. As discussed in Reiff and Wahl (2020); Bhattacharya et al. (2021); Lanthaler (2023),
the excess risk can be bounded using the Hilbert—Schmidt distance between Cy and its estimator
éy. This is summarized in the following proposition.

Proposition 24. Suppose F € Lg. Then, the exact output PCA basis minimizes the reconstruction
error amongst all rank r € N orthogonal projections P.(Y) in the sense that

E,[[(I = PP (F = F)|3)] = pmin BL[|[(7 - Pr)(F — B3= > A,
r€Pr () i=r+1

while the reconstruction error for the empirical output PCA is bounded by

PCA PCA
)‘7’ - )‘r—l—l

o0
E,[|(I - PPOYY(F - )31 < > A% + min {\/27"||Cy = Cyllus,y):
i=r+1

2|Cy - 6’)}”%{8(3},3})}

Proof The reconstruction error for the exact output PCA is analogous to the input case shown in
Proposition 22. The excess risk corresponding to the empirical PCA with sample-based estimator
Cy is a consequence of Lemma 50. [ |

The output PCA basis is constructed on the outputs of the map F, and hence is aware of the
sensitivity of the map F' in the output space. That is, directions in which F' changes significantly
are expected to be captured by the output PCA basis. However, it is still difficult to derive similar
bounds for the derivative reconstruction error using output PCA in terms of its eigenvalues. For
example, we can see that output PCA error is such that

E,[I(1 = PYYY) De F|lfig (e 3]
= Tr((I — BP9 Hy(I — PY°Y))
= Tr((I — BPOY)Cy(I — PYOM)) + Te((I — BY9Y)(Hy — Cy)(I — PYOY))
= > NAHEU = PP DeFllfigey) — BAllI(I = PYOY(F = )3,
i=r+1
where the additional error term

E,[(1 = PPN DeFlifge 3] = B4 [T = PYENY(F = F)|3] 2 0

due to the Poincaré inequality (Theorem 63).

Instead, we can look towards Assumption 10 to provide a bound on the derivative reconstruction
error in terms of the eigenvalues of the output PCA basis. Note that the Poincaré inequality
again suggests that generally, Kp > 1 for the inverse inequality constant in Assumption 10. In
particular, Kp quantifies the extent to which the output PCA basis captures the variation in
derivatives. Intuitively, for operators that are largely monotonic, the deviations F — F do capture
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the derivatives well, while for operators with highly oscillatory behavior this may not be the case.
For example, polynomial functions have Kp that can be bounded by the degree of the polynomial,
as shown in Proposition 54 (Appendix A.5). We also provide a non-polynomial example in Section 4
and computationally estimate Kp for our PDE-based numerical examples in Section 5.

Using Assumption 10, we can directly obtain the following result.

Proposition 25. Suppose F € H,% satisfies Assumption 10. Then, the derivative reconstruction
error for the empirical output PCA is bounded by

E, [I(I = PP De Flfig e )

> . -~ 2”03)_637‘@15 Y,y
< Kp ( > APYY 4+ min {VQT\CJJ — Cyllus,y)» \PCA /\pC(A’ S I ¢5)
i=r+1 r r+1

Proof We recognize that ||(I — f’fCA)DgFH%{S(S ) = 2 DgF*(I — ﬁfCA)uiH% for any (u;)52,
that is an orthonormal basis of ). By extending the empirical output PCA basis, we obtain a basis

(aPe)22, of Y, which we can use to evaluate the Hilbert-Schmidt norm,
oo
pPCA * *~PCA ~PCA
(7 = PP De ey = 3o IDFall2 = 3 (DeFDeF ot af™) .
i=r+1 i=r+1

Taking an expectation and applying Assumption 10 yields

o o0 o

~PCA ~PCA ~PCA ~PCA ~PCA ~PCA

3 E, [<DgFDgF*ui @ >y = > (A Hyul >y <Kp Y (@ Cyil >y.
i=r+1 i=r+1 =
Finally, the desired bound follows from Proposition 24.

|

3.5.2 DERIVATIVE-INFORMED SUBSPACES

We now consider the reconstruction properties for projections defined using DIS. Since they ef-
fectively amount to a PCA on the derivative operators, we have similar optimal reconstruction
properties of the derivative. The following proposition extends the results of Zahm et al. (2020)
and Baptista et al. (2022) to the infinite-dimensional setting. It also includes the effect of sampling
errors, which is considered for the input DIS (active subspace) in the finite-dimensional setting by
Lam et al. (2020); Cui and Tong (2022). Again, the sampling errors are analyzed in Section 3.7.

Proposition 26. Suppose I’ € H1 and assume that for the exact and empirical input DIS bases,
(O3PS and (C*PS)_, are well-defined in X. Then, projections onto the exact derivative-

informed subspaces minimize the derivative reconstruction errors. That is,

E,[| DeF(I — QP®)|5ey)] = min ElIDF (I = Q) s (e.) = Zums,

QrePr(€) i=r+1
E,[I(I - PPIS)DSFH%{S(‘S,);)} =, 16171}1%3)) E,[I(I - Pr)D8F||2HS(g,y)] = > AP
=T i=r+1
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Moreover, in the presence of sampling errors, the derivative reconstruction errors for the empirical
DIS are bounded by

. = 2||HX—FIX”IZ—IS £
E,[IIDeF(I = QP™)lfise )] Z p™S + min § V2| Hy — Hellnse.e), bE PR (-
i=r+1 Moy — M

(27)

. 2| Hy — Hyl%sy
B (I = PP)DeFlfgie ) < S ADIS+mm{¢ PllHy = Hyllusr.y) —p o (-
i=r+1 T r+1

(28)
Proof We start with the input side. For any projection @, € P,(€),
E, [ DeF(I = Qs (e, = B4 [Tr((I = Qr)DEFDeF(I = Qr))] = Te((I — Q) Hx (I — Qy)),

where the interchange of trace with expectation is valid, since each term in the infinite sum for
the trace is non-negative, and Dz F' D¢ I is assumed to be integrable. By Lemma 49, the trace is
minimized by QP™S with value

E, [[|De F(I = QP™)Ifis (3] Z .
i=r+1

The case for the output projection is analogous, since for P, € P.()),
E,[|(I = P)DeFllfig (e y)] = Eq[Tx((I = P )De FDeF*(I = By))] = Te((I — Pr)Hy(I — Py))

In the presence of sampling errors, Lemma 50 yields the desired bounds for both the input and
output subspaces. [ |

We can use the Poincaré inequality (Theorem 63) to obtain a reconstruction error bound of the
output itself using the output DIS, analogous to the output PCA. We note that this bound is, in
general, not optimal due to the use of the Poincaré inequality. In fact, the trailing eigenvalue sum
for the output DIS cannot be smaller than that of the output PCA, where the latter is the optimal
reconstruction error for the output itself.

Proposition 27. Suppose F € H}/ Then, the reconstruction error for the empirical output DIS is
bounded by

2| Hy — Hyllfg(y.y)
ADIS — DI
T

E,[|(T = BP)(F = F)[l3)] < Z /\DIS+m1n{\/§\Hy Hy|lusy,.y):
i=r+1

(29)

Proof Since for any P. € P.(Y), the function (I — P.)F has derivative (I — P.)DgF', and mean
(I — P,)F, we can apply the Poincaré inequality (Theorem 63) to obtain

E,[Il(1 = P)(F = F)II3] < Ey[I(I = Pr)DeFllfise ).

The bound (28) yields the desired result. Note that if we instead use the exact DIS, P. = PP!S,
the bound is simply

E,[|(I = PP®)(F = F)[3)] < Z AP
i=r+1
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3.6 Ridge Function Errors

We now consider the ridge function errors that arise due to the projection of the input. This is
studied by Zahm et al. (2020) for the approximation error in L% for finite-dimensional input and
output spaces, and subsequently used to derive estimates on DIPNet approximations (O’Leary-
Roseberry, Villa, et al., 2022; O’Leary-Roseberry, Du, et al., 2022). In this section, we provide
extensions to the case of infinite-dimensional inputs and outputs, and also provide bounds on the
derivative error.

3.6.1 RIDGE FUNCTION ERRORS OF THE OUTPUT VALUES

As previously discussed, given V. = (v;)i_;, a set of orthonormal vectors in £ and its encod-
ing operator V,1 = ((v1,-)¢,..., (v, )¢), the conditional expectation E,[F|o(V,)] is an optimal
representation of F' when restricted to the sigma algebra O'(V;«T). Our strategy is to study how
the conditional expectation E,[F lo(V;1)] approximates F, since we have already shown that its
projection P.E,[F \J(V}T)] onto the output subspace spanned by U, can in turn be approximated
arbitrarily well by an RBNO (Lemma 18).

To this end, we know that the conditional expectation satisfies a subspace Poincaré inequality,
which is shown by Zahm et al. (2020) in the finite-dimensional context. We will verify that an
analogous version holds in the context of separable Hilbert spaces. The proof follows from the
Poincaré inequality itself, and is given in Appendix C.5.

Theorem 28 (Subspace Poincaré inequality). Suppose F' € H; L. Then, given any orthonormal set
Ve = (v)i—y in € for which (C% lvz)Z 1 are well-defined in X,

E, [[|F - B, [Flo(VDI}] < B, [IDeF( - Q0)lEse.y)] (30)

Substituting the bounds from Proposition 23 and Proposition 26 on the derivative reconstruction
error, we can explicitly write out the bounds for the PCA and DIS bases. This result is analogous
to Proposition 3.1 of Zahm et al. (2020).

Corollary 29 (Ridge function error in LQ) Suppose F € H1 Additionally, assume (C’_lvDIS)g’Zl
and (C 1% DIS)Z 1 are well-defined in X for the exact and empzrzcal input DIS bases. Then,

E, [IF - B, (Flo(VPS)I3] < 3 uPS
i=r+1

when using the exact input DIS and

- : 5 2| Hy — Hlfgee e
I = B Flo(TPSNIB] < 50 S tmin § VB~ Anllsieey — s — e
i=r+1 Mo — Myl

when using the empirical input DIS.
If additionally F € CY(X,Y) and DF € L?(,L(X,))), then

.|.
E, [IF - B, (Flo(VFAI3] < B, [IDFI2 ] 3. #fo
i=r+1

when using the exact input PCA.
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3.6.2 RIDGE FUNCTION ERRORS OF THE DERIVATIVES

We next consider the ridge function error of the derivative term E,[||P.(DgF — D¢F )QTH%{S(g y)]'

Recall that F' € Hg, the Sobolev derivative D¢ F' is also a mapping in H'(vy,HS(E,))). Thus, the
projected derivative DgF' ()@, has an optimal ridge function representation

EA/[DSFQHU(VJ)](QT) = EzNW[DEF(QTx + (I - Qr)2)Qr] = EW[DSF‘U(V;T)](%)QM

which coincides with the derivative of the conditional expectation, DgE,[F|o(V,)]. Using this
fact, we can apply the Subspace Poincaré inequality on the projected Sobolev derivative, which
bounds the derivative ridge function error by the Hessian acting on the orthogonal complement of
the projection Q.

Proposition 30 (Subspace Poincaré inequality for the derivative). Suppose F € H% Then, given
any orthonormal set Vi, = (v;)i_y in & for which (C3'vi)i_y are well-defined in X,

E, [IDeFQ: — DeBs [Flo (Vi Ese )] < B lIDEF(wi, )T — Qo) Asen)s  (31)
=1

where (w;)$2, is any orthonormal basis of € and D%F(w, -) is the linear operator h — D2F (w;, h).

Proof Lemma 17 implies that DgE,[F|o(V,)] = E,[DgF|o(V;1)]Q,. Therefore,

E, [||DeFQ, — DsEW[Fra<v;*>w%{s<g,yJ = E, [|DeFQr — B, [DsFlo (V@ s )]
E, [| DeF — E,[DeFlo(V) ey

where we have made use of ||Q,[|zeg) = 1. By our assumptions, DgF' € H'(v,HS(E,Y)), so we
can apply the subspace Poincaré inequality

E, [HDeFQr DeEy[Flo (Vi s, y)} Ey[[IDEF (- (I = Qr)())IFis, e3>

where DZF(z)(-, (I —Q,)(+)) : (h1, h2) = DEF(x)(h1, (I — Qr)hs) takes values in HS(€,Y). More-
over, we can write the HS2(&,)) norm as

||D§F(‘, (L —@Qr)() ||H52 EY) = Z HDS )(wi, ) (I — QT‘)H2HS(5,)7)7

where DZF(z)(w;,-)(I — Q) : h — D%F(z)(w;, (I — Qy)h). Since the sum consists of non-negative
terms, interchanging expectation with summation yields (31).
|

In the case of @), coming from the input PCA, we can further bound the Hessian action by the
trailing input PCA eigenvalues at the cost of a (potentially large) constant, analogous to that of
the derivative reconstruction error.

Proposition 31 (Derivative ridge function error bound with input PCA). Suppose F' € H,% satisfies
Assumption 8. Then, for any orthogonal projection P, € P.()), the exact input PCA satisfies

T
E, [|[P(DeF = DBy [Flo (VP NQF A (e | < B ll2IXIEy [ID2FIZ, 1 3] S o
1=r+1

(32)
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Proof Since ||P:[|z(y,y) = 1, we can ignore the output projection by writing

T T
1P (De F — DBy [Flo (V) NQY P lfis(e,y) < IDeF — DeBs[Flo (VM) )NQT M s e -
(33)
Based on (31), we inspect the Hessian action term ||DZF(z)(w;,-)(I — Q}?CA)H%{S(g y) for some
orthonormal basis (w;)$2; of £. By Assumption 8, we have that D?F € L?(vy; £L2(X,))), and hence

IDZF (@) (wi, YT = QMg e,y < ID*F(@)(wi, )2 I = Q' Pllfis (e ),

where || — QECAH%S(&X) = 3%, 11 uPCA due to (24). Moreover, we know

D?F(x)(w;, &
1D F(@)(ws, gy = sup W2E@WDY ypapeyy .

el £0 12]¢
Let w; = v} CA_ Due to our definition of UPCA being orthonormal in £, we have

PCA 1/2 ~1/2 PCA PCA PCA PCA
1% = 103 2O 0P CA % = PO 0P CA Y2 = uPCA,

lwill% = llv; 5

Taking expectations with respect to v and summing over w;, we obtain

oo

> Eons [IID*F (@) (wi, ) (I = Qo)llisie.y)] < Eamy [l |31 Eans [IID? F(2) 7,2, 3] Z o (

) i=r+1
where we have additionally used the fact that >.2°, uP¢A = E,,[||z[|%]. Applying the subspace
Poincaré inequality (31) to (33) and substituting the bound (34) then yields (32). [ |

The case for the derivative-informed subspace is less straightforward. Unlike the PCA basis,
the DIS basis does not guarantee an optimal reconstruction of the input z (i.e., not necessarily
small [T — QTH%IS(& X)), and we cannot make use of an analogous argument. However, similar to
the case with output PCA, we recognize that the derivative-informed subspace can also result in
a bounded Hessian projection error when the derivatives D¢ F' are able to represent the Hessian
D?;F on average. This is the subject of Assumption 11, which directly translates to a bound on
the derivative ridge function error in terms of the trailing eigenvalues of the DIS problem.

Proposition 32 (Derivative ridge function error bound with DIS). Suppose F € H2 satisfies

Assumption 11 and (Cy APIS)Z 1 are well-defined in X. Then, for any orthogonal pmjectzon P €
P (), the empirical input DIS satisfies

~ T ~
B, (1P (DeF = Db, [Fo(TP )P e

i=r+1 ’uT

DIS - 7 2| Hx — Hallfis(e )
Z pi o +min V2r||Hy — Hy||us 6 LIDIS — DI . (35)
I8

Proof As in the computations for the input PCA basis, we have
1P (De F — DeBo [Flo (V") ))QY P Iis e,y < I(DeF — DBy [Flo(VPP))N QI e,y -

We then use the subspace Poincaré inequality (31), which can be alternatively written as

—~ T A i R
o |[(DeF = DB [Fla((V,°™) )])QPISH%{S(S,)))] < > E[IDEF( 5P fis(e )
i=r+1
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Assumption 11 is sufficient to give

[ee]
S B [|DEFC,0PS)Rge ] < K Z E,[|De Fo™|13] = KuE, [|De F(I = QP™)Iis(e.3)-
i=r+1 i=r+1

Proposition 26 then yields (35).
|

Here, the inverse inequality constant Ky captures how well the derivatives DgF' represent the
Hessian D‘%F on average. Similar to the derivative inverse inequality, we again expect Assump-
tion 11 to hold when F is largely monotonic. In particular, polynomial mappings of degree n also
satisfy the inequality (13) with Kz = n — 1. In Section 4, we also show that solution operators for
a class of semilinear elliptic PDEs with monotone nonlinearity satisfy Assumption 11.

3.7 Sampling Errors

We now discuss approaches for dealing with samphng errors. associated with the estimators of the
mean F covariance Cy, and sensitivity operators Hy and Hy Under mild moment assumptions,
one can prove a bound on the expected sampling errors. To this end, we largely follow the ap-
proaches taken in Reiff and Wahl (2020); Bhattacharya et al. (2021), where the authors analyzed
the sampling errors for the construction of the PCA. The following useful result is presented in the
proof of Bhattacharya et al. (2021, Lemma B.2), which we summarize as a standalone lemma and
present its proof in Appendix C.6.1.

Lemma 33 (Monte Carlo error for vector-valued random variables). Let z be a random variable

taking values in a separable Hilbert space H with distribution v and mean z = E,.,[z]. Suppose that

z has a bounded second mom@nt E.w[||2]3,] < co. Then, given N € N i.i.d. samples (z)5_, d v,

the sample estimator z = + Zévzl 2z, has an expected square error of

E.lllz — 2113

Ewllz - 2l = =22,

where the expectation Eyn is taken with respect to the random samples (zk)é\;l.

This allows us to bound all the sampling errors in expectation. In particular, the usual Monte
Carlo error of the mean estimator F' follows as an immediate corollary.

Corollary 34. Suppose F € L,2y. Then, given N € N i.i.d. samples (xk),]le id v, the sample
estimator ' = % Zivzl F(zk) has an expected square error of

o IF — F|7

En[IF - FI3] = ———2

where the expectation Ey is taken with respect to the random samples (zy)N_,

Additionally, under the assumptions that the random variable z has bounded fourth moments,
we can obtain a bound on the error of the sample estimator Z in terms of its fourth moment. The
proof is again provided in Appendix C.6.1.
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Lemma 35. Let z be a random variable taking values in a separable Hilbert space H with distri-
bution v and mean z = E.,[2]. Suppose that z has a bounded fourth moment, E..,[||z||3,] < oc.
Then, given N € N i.i.d. samples (zk),ivzl d v, the sample estimator zZ = % Zszl zi, has a fourth-
moment error of

E.vulz — 2”;1-1] + 3Ezu (|2 — 2”’%—[]2

En(2 - 2l < N ,

where the expectation Iy is taken with respect to the random samples (zk)szl.

We use the above results to obtain bounds on the sampling errors for the empirical PCA and
DIS. In particular, the empirical output PCA errors for the uncentered case are considered in
Bhattacharya et al. (2021). In the centered (mean-shifted) case, we additionally need to account
for the error in the mean estimate, F' — F'. The result is an estimate similar to that in Bhattacharya
et al. (2021, Lemma B.2).

Proposition 36. Suppose F € Li. Then, there exists a constant Mc,, such that the sampling error

for the empirical output PCA based on N € N i.i.d. samples of the input, (xk)]kvzl i v, satisfies the

bound
Mc,,

En[ICy = Cyllfisyy)) < N

where the expectation Iy is taken with respect to the random samples (xk)iy:l.

We can perform a similar calculation for the sampling errors of Hy and ﬁy, this time under
the assumption that the Sobolev derivatives || Dg F||us(e,y) have bounded fourth moments.

Proposition 37. Suppose F € W%A. Then, there exist constants My, and Mg, such that the
sampling error for the empirical sensitivity operators

1

EIX:N

N N

* 73 1 *
E DeF(xg)*DegF(x) and Hy = N g De¢F(xg)DeF(xy,)
k=1 k=1

based on N € N i.i.d. samples of the input (xk)szl id v, satisfy the bounds

Ex[|[Hx — Hx|fis(s e)) < N

for the input, and
7112 My,
En{lHy — Hyllismy)) < N

for the output. The expectation Ey is taken with respect to the random samples (.%k)év:l.

The proofs for both sampling error results, Propositions 36 and 37, are given in Appendix C.6.2.

Remark 38. The above results can be extended to high-probability bounds for the sampling errors
ustng Markov’s inequality, though these bounds are typically very conservative. Tighter bounds
can be obtained using a vector-valued Bernstein inequality under additional assumptions such as
sub-Gaussianity of F'. We do not present these results here for the sake of brevity.
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4. Analytic Examples

In this section, we present two examples of operators on infinite-dimensional spaces and illustrate
how the assumptions in Section 3.1 can be verified. We begin with a simple example of a linear
PDE with a nonlinear transformation in the source term, for which we have explicit expressions for
the derivative actions that can be used to verify the desired moment and inverse inequalities from
Assumptions 8 to 11. We then proceed to consider a more interesting class of operators defined
by solutions of semilinear elliptic PDEs involving monotonically increasing nonlinearities. In this
case, although we cannot establish the derivative inverse inequality, we are able to show that the
remaining moment bounds and the Hessian inverse inequality hold, allowing us to apply the error
bounds when using DIS for output dimension reduction and either DIS or PCA for input dimension
reduction. The proofs of the results in this section are presented in Appendices D.1 and D.2.

4.1 Coefficient Map of a Linear PDE with Nonlinear Transformation
Consider the linear PDE on the interval Q = (0, ),
—Ay=f in Q,

with homogeneous Dirichlet boundary conditions. Let f be defined by an expansion in the Fourier
sine basis,

f(x)(s) = > g(a™) sin(ks),
k=1

where © = (m(k))z‘;l € (? is the coefficient vector and g : R — R is a nonlinearity that acts
componentwise on z. Here, we are using z(®) to denote the kth component of the vector z € £2 and
s € ) to denote the spatial variable to avoid notational clashes. Then, the solution of the PDE is

given by the Fourier sine series expansion

> g(z®)
y(s) = Z 9(z7) sin(ks).
k=1

k2
We will make the following assumptions on the nonlinearity g.

Assumption 39. Let m > 2 be an integer. Suppose g € C™(R) is a nonzero odd function with
g(0) = 0 and ¢'(0) = 1. Moreover, suppose g has bounded derivatives up to order m, i.e., there
exists M > 0 such that |g"®) (t)| < M for allt € R and k =1,2,...,m.

We then define the input-output map as the mapping from X = ¢% to ) = ¢? given by

O
F(a) = (“kz ’) , (36)
k=1

That is, F' can be understood as a mapping from the coefficients of the source term (before the
nonlinear transformation) to the coefficients of the solution y. Here, Lipschitz continuity of g, which
is implied by the boundedness of ¢/, ensures that F' is well-defined. Moreover, continuity of ¢(",
n=1,...,m ensures that F € C"(X,)), with derivatives given by

(n) (k) o
D"F(z)(v1,... o) = <gli§")1)§k> .. vgﬂ) . (37)
k=1

We now consider a Gaussian measure v = N(0,Cy) on X with a diagonal, non-degenerate
covariance operator Cy. That is, Cyv = (0702, with o}, > 0 for all k € N and Y32, 07 < oc.
We can verify that I’ satisfies the desired differentiability properties and moment bounds.
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Proposition 40 (Moment bounds for the coefficient map). Let F' : X — Y be defined as in (36)
with g satisfying Assumption 39 for some m € N,m > 2. Additionally, let v = N(0,Cx) be a
Gaussian measure on X with a diagonal covariance operator Cyv = (a,%v(k))zozl, where o, > 0 for
all k€ N and Y72, U]% < 00. Then, F has the following properties.

1. (Differentiability) F € C™(X,)).
2. (Fréchet derivative bounds) D"F € LP(~y, Ln(X,))) for alln=1,...,m and p € [1,00).
3. (Sobolev derivative bounds) F € W™P(y,Y) for all p € [1,00). A fortiori, F € HJ' N W,

Moreover, since both the mapping F' and the covariance operator C'y are diagonal, we can
explicitly compute the expectations for the output and its derivatives, allowing us to verify the
inverse inequalities.

Proposition 41 (Inverse inequalities for the coefficient map). Let F : X — ) and v = N(0,Cy)
be defined as in Proposition 40. Then, F' satisfies the derivative and Hessian inverse inequalities.

4.2 Semilinear Elliptic PDEs with Monotonically Increasing Nonlinearity

Next, we consider mappings defined by the solution of semilinear elliptic PDEs involving mono-
tonically increasing nonlinearities. In this case, the standard theory of monotone operators and
the implicit function theorem can be used to obtain the moment bounds and the Hessian inverse
inequality, allowing us to apply the error bounds when using DIS for output dimension reduction
and either DIS or PCA for input dimension reduction. To simplify the calculations, we will focus
on the case where the PDE domain is one-dimensional, e.g., = (0, 1), though we believe that the
results can be extended to higher-dimensional domains Q@ ¢ R? with d < 3 by using appropriate
Sobolev embeddings. Again, to avoid notational clashes, we will use s € € to denote the spatial
variable and df2 to denote the spatial integration measure.

Let © = (0,1) and consider the semilinear elliptic PDE,

—-Ay+g(y)=f inQ, (38)

with homogeneous Dirichlet boundary conditions. We seek solutions y € HE(Q) given inputs
f € H YQ), where H}(Q) is the usual Sobolev space equipped with the norm Hv||H3(Q) =

(Jo |Vv\2dQ)1/2 and H~1(Q) is the topological dual of H}(2). Here, g : R — R is a nonlin-
earity that acts pointwise on y, understood as a Nemytskii operator from H}(2) to H~1(22). We
will make the following assumptions on g.

Assumption 42 (Monotonically increasing nonlinearity with polynomial growth). Let m > 2 be
an integer. Suppose that the nonlinearity g € C™(R) is a monotonically increasing function and
g(0) = 0. Moreover, suppose that g and its derivatives have at most polynomial growth. That is,
there exist M > 0 and q > 0 such that |g® (t)| < M(1 + |t|9) for allt € R and k =0,1,...,m.

Under this assumption, the solution operator S : H=1(Q) > f — S(f) =y € H}(Q) is a well-
defined operator that is continuously m-times differentiable, a result which follows from conventional
theory for semilinear elliptic PDEs. We present the well-posedness and differentiability results in
Propositions 64 to 66, which can be found in Appendix D.2.

We will consider a mapping F' based on this solution operator S. To this end, we take X :=
L%(9) as the input space and Y := HE(Q) as the output space, along with a centered Gaussian
measure 7 = N (0,Cy) on X with a non-degenerate covariance operator Cy. We then define the
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mapping F' : X — ) as F(z) := S(txz), where ty : X — Y’ is the canonical embedding of
L?(Q) into H~Y(Q), i.e., tyx = (x, Jr2(0) € H=1(Q) = )'. Recall that this embedding operator is
compact, and we have [[txz||g-1(0) < fpllz|L2(q) for all € X, where k), is the Poincaré constant.
Thus, F inherits the regularity properties of .S, yielding the following result.

Proposition 43. Let F = S oy be the mapping from X = L*(Q) to Y = H}(Q) defined above,
where S : H=Y(Q) — H(Q) is the solution operator of the semilinear elliptic PDE (38) with the
nonlinearity g satisfying Assumption 42 with m € Nym > 2. Let v = N(0,Cx) be a centered
Gaussian measure on X with a non-degenerate covariance operator Cx. Then, F' has the following
properties:

1. (Differentiability) F € C™(X,)).
2. (Fréchet derivative bounds) D"F € LP(~y, L, (X,))) for alln=1,...,m and p € [1,00).
3. (Sobolev derivative bounds) F' € W™P(y,Y) for all p € [1,00). A fortiori, F' € HJ' N WVM.

Moreover, we can show that F' satisfies the Hessian inverse inequality, which together with the
moment bounds is sufficient to apply the result for using DIS for input dimension reduction.

Proposition 44. Let F : X — Y and v = N(0,Cx) be defined as in Proposition /3. Then, F
satisfies the Hessian inverse inequality.

5. Numerical Experiments

In this section, we present several numerical experiments to validate the performance of RBNOs
in learning an operator and its derivative. Here, we focus on operators arising from the solution of
PDEs given inputs distributed as Gaussian random fields. We compare the generalization errors in
terms of the Lg, norm and H% (semi)norm across different dimension reduction strategies, ranks,
architectural choices, and training sample sizes. The generalization errors are also decomposed
into their reconstruction error and ridge function error (neural network error) components. For
the reconstruction errors, we compare the reconstruction errors based on the exact covariance and
sensitivity operators (using large sample sizes as a proxy), as well as the excess risk associated with
the sample estimation. For the neural network errors, we make comparisons for neural networks
constructed using the different basis pairs, and consider both H% Sobolev training, which explicitly
encourages derivative consistency, as well as conventional L,Qy training, which only accounts for the
output accuracy in training.

These numerical experiments seek to explore both agreement with our theory and the prac-
tical settings that are not covered by the theoretical analysis. In particular, error sources such
as the statistical errors in the finite training set for the neural network and optimization errors
associated with the nonconvex training problem are not analyzed, but will contribute to the overall
generalization error.

5.1 PDE Problems

For the numerical experiments, we consider elliptic PDE problems posed on 1D and 2D domains €2,
where discretization errors can be controlled with modest discretization dimensions. This ensures
that the discretized derivative operators (i.e., Jacobian matrices) can be computed in full for the
purpose of generating test data. Nevertheless, the set of PDE problems we consider features
nonlinear PDEs and non-trivial input-output dependence.

34



DIMENSION REDUCTION FOR DERIVATIVE-INFORMED OPERATOR LEARNING

Here, we will let = denote the input function, y denote the solution, and instead will use
s € R4 d = 1,2 to denote the spatial variable. Additionally, we will use V to denote the gradient
and A to denote the Laplacian, both with respect to the spatial variable s. For the inputs, we will
use Gaussian random fields v = N (0,Cy) over X = L%(Q), with Cy taking the form of the inverse
of an elliptic PDE operator, Cy = (—aaA + ay)~%, where ap > 0,a7 > 0, and « > 0 control the
pointwise variance, correlation structure, and smoothness of the random field.

Semilinear elliptic PDE Our first 1D example is the semilinear elliptic PDE posed on the unit
interval Q@ = (0, 1):

—V - (e1(s)Vy(s)) + cay(s)® = x(s), s€Q,
y(0) =0,
dy

where c1(s) = 0.001 + 0.1x(9.5,1)(s) and ca = 1 are the diffusion and reaction coefficients, and
z ~ N(0,(—2A +10)~1).

Steady Burgers equation For a second 1D example, we consider the steady Burgers equation
posed on the unit interval Q = (0,1):

—V - (a1 Vy(s)) + y(s)Vy(s)
y(0)
y(1)

where ¢; = 0.01 is the viscosity and the source term is a profile cz(s) = (40/7) exp(—(s—0.4)%/0.052)
centered at s = 0.4 and scaled by the random field x ~ N(0, (—=10A + 20)~1).

2(s)x(s), s €,

c
0
0

I
)

Linear elasticity We also consider a 2D problem arising from linear elasticity with a random
Young’s modulus. To avoid overloading notation, we use ¢y and ¢, to denote the Lamé parameters
(as opposed to the commonly used A and ). These are given as

CECy CE
) Cu = o7
(14¢,)(1—2¢) P 2(1+¢)

C)\ =

where cg is the Young’s modulus and ¢, is the Poisson’s ratio. We then introduce the stress tensor
T as a function of the displacement y = (y1,y2) such that

T=c\V-yl+c, (Vy—i—VyT) ,

where I is the identity tensor on R?. We pose the PDE on the domain Q = (0,1)? \ Qg, where Qr
is a disk of radius R = 0.2 centered at (0.5,0.5). The governing equations are then given by

—V-T=0 in 9,
y=0 only,

Tn =7 on g,
Tn=0 onI'pUl'pUOJNRg,

where I'y, is the left boundary, I'g is the right boundary, I'r is the top boundary, I'p is the bottom
boundary, and 9y is the boundary of the disk Qg. Additionally, 7 is the traction vector on the
right boundary and n is the outward normal vector. The input variable z(s) is a Gaussian random
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field defining the Young’s modulus cg(s) = 1 + 40exp(z(s)) where z ~ N(0,(—0.2A + 2)72).
Moreover, we fix ¢, = 0.3, and take

B 1 (sg —0.5)2
T(s) = (W exp <—2012> ,0) .

This corresponds to a tensile load with a Gaussian profile applied to the right boundary.

5.2 Data Generation and Basis Computation

We use the finite element method to discretize the PDEs and generate the training and test data.
This is implemented using FEniCS (Logg et al., 2012) for the finite element solvers and hIP-
PYlib/hiPPYflow (Villa et al., 2021; O’Leary-Roseberry and Villa, 2021) for training data gen-
eration. In particular, for each input sample x; ~ -, the PDE is solved to obtain the output
yr = F(z). Moreover, given discretizations of the input and output spaces with dimensions dy
and dy, the derivative of the solution operator, DF(xy), corresponds to a Jacobian matrix of size
dy X dy. This can be computed using direct and adjoint sensitivity methods. That is, we can
obtain a Jacobian-vector product (JVP) DF(z)v or a vector-Jacobian product (VJP) DF(x3)"v
for any vector v € R% or R% by solving the linearized state PDE or its adjoint, respectively.

For the 1D examples, we use a uniform mesh with Ng = 256 linear elements. In this case, the
discretized dimensions of the input and output spaces are dxy = dy = 257. For the 2D example,
we use an unstructured mesh with linear triangular elements, where the discretized dimensions
of the input and output spaces are dy = 407 and dy = 814. In either case, we have chosen the
discretization dimension to be sufficiently large such that numerical errors in solving the PDE are
unimportant, yet sufficiently small so that we can compute the Jacobian matrix, DF(x) € R *dx
in full by direct sensitivity methods. That is, we generate training and testing data tuples of the
form (x,yx, DF(zy)) for k =1,..., N, where z; ~ ~. For each training run, the training data are
used to estimate the covariance operator Cy or the sensitivity operators Hy and Hy, which are
then used to solve the eigenvalue problem to obtain the basis functions.

We note that in practice, for high discretization dimensions, randomized methods such as those
described in Saibaba et al. (2015) can be used to efficiently solve the PCA and DIS eigenvalue
problems. This requires only the Jacobian-vector products and vector-Jacobian products on a
small number of random vectors, rather than the full Jacobian matrix itself. Similarly, for Sobolev
training, one only needs to compute the reduced Jacobian matrix, UlDF () Vy, corresponding to
the action of the derivative operator on the reduced bases U, and V, obtained from the PCA/DIS
procedures. Moreover, by reusing factorizations of the linearized PDE solves for multiple JVPs or
VJPs, the computational cost of generating the derivative data can be significantly reduced to be
comparable to that of generating the output value data. We refer to O’Leary-Roseberry, Villa, et
al. (2022); O’Leary-Roseberry et al. (2024) for more detailed descriptions of practical procedures
for computing DIS and derivative training data.

While not considered here, we also note that the dimension reduction and Sobolev training
framework can in principle be applied to time-dependent PDEs, such as in Chen et al. (2025);
Go and Chen (2025b). In these cases, the computational efficiency of such approaches depends
on the class of time-dependent PDESs considered; parabolic PDEs tend to be amenable to linear
dimension reduction, while hyperbolic and advection-dominated PDEs tend to have slow decay of
the Kolmogorov n-width, rendering linear dimension reduction less effective. Moreover, modifica-
tions to the approximation theory may be required depending on the problem formulation (e.g.,
learning the state at some final time versus learning a time-dependent state) and the representation
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Table 2: Hyperparameters used for the latent neural networks in the numerical experiments for the
three PDE problems considered. Note that the width is expressed as a multiple of the rank r.

Problem Depth d;  Width dys  Activation ¢ Initial learning rate
Semilinear elliptic 6 2r softplus 0.001
Steady Burgers 4 2r softplus 0.00025
Linear elasticity 4 2r softplus 0.001

used to approximate the latent dynamics (e.g., using a recurrent neural network versus explicitly
parametrizing the neural network by time as in POD-DL-ROMs and DeepONets).

5.3 Neural Network Architecture and Training

In the numerical experiments, we use the Sobolev training formulation (5) to train the neural
networks using both the output value and derivative data. The L% and H}/ components of the loss
function are normalized by scaling each data point by its norm, i.e., agy, = ||US(F(xy) — b)|3 and
a1y, = U Dg F () V;||%, as described in Section 2.4. We have found that this approach works well
to prevent the neural network from overfitting to outliers in the derivative data. Recall that for
conventional L% training, we simply omit the derivative term, adopting (7) as the training objective
with the same normalization ag j, for the output value data.

We consider fully connected feedforward neural networks with a constant width dy for the
hidden layers and a depth of dj,. These are trained using the Adam optimizer with a constant batch
size of 25 for 3,000 epochs, using a piecewise constant learning rate schedule that is successively
halved five times starting at the 2,250th epoch. The hyperparameters, including dy, dr,, and initial
learning rates are selected independently for each PDE problem, and are summarized in Table 2.

5.4 Numerical Results
5.4.1 VERIFYING THE DERIVATIVE INVERSE INEQUALITY

While we have theoretically shown that the Hessian inverse inequality can hold for nontrivial
examples such as semilinear elliptic PDEs, we only demonstrated the derivative inverse inequality
for a simpler example with diagonal derivative operators. For this reason, we begin by empirically
verifying the derivative inverse inequality for the three PDE examples considered. Though it is
theoretically possible to verify the Hessian inverse inequality, we omit this calculation due to the
significant computational burdens associated with evaluating the second derivative tensors.

Recall that the derivative inverse inequality states that there exists a constant Kp such that
for all u € Y, (u, Hyu)y < Kp(u,Cyu)y. Here, it suffices to verify the inequality for u € ) that
satisfy (u, Cyu)y > 0 without loss of generality. Indeed, if (u, Cyu)y = E,[(u, F' — F)3] =0, then
f(x) = (u, F(x) — F)y = 0 as an element of L?(y,R). Since f € H'(~,R), this in turn implies that
Def(x) = DeF(z)*u = 0 as an element of L?(v, &), and hence (u, Hyu)y = 0.

Thus, with a fixed discretization, both Hy and Cy are finite-dimensional matrices, and the
derivative inverse inequality will always hold with a finite constant Kp. In order to assess the
validity of the derivative inverse inequality for the underlying infinite-dimensional operators, we
verify that Kp is bounded as the discretization dimension increases. To do so, we compute Kp
for a sequence of discretizations with increasing dimensions and check that Kp remains bounded.

Numerically, we can estimate Kp by solving the eigenvalue problem C’;/ 2Hy0§;/ 2y = Au, where
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C’y2 = §:1(A}?CA)_1/2u§)0A ® u?CA is the square root of the pseudo-inverse of Cy with r being
the rank of C'y, and taking Kp to be the largest eigenvalue Apax.

The estimates of Kp for the three PDE examples are shown in Figure 1. The operators Hy
and C'y are estimated using 20,000 training samples to ensure that the estimates of Hy and Cy are
accurate. In all three examples, we find that the estimates of Kp do not grow significantly with the
discretization dimension. However, we also find that the estimates of Kp for the steady Burgers
equation example are much larger than those for the semilinear elliptic PDE and linear elasticity
examples, and fluctuate more with respect to the discretization dimension. This is likely due to the
sensitivity of the eigenvalue problem to numerical errors since the eigenvalues of Cy decay rapidly
to zero. Overall, we take these results as suggestive but not conclusive evidence that the derivative
inverse inequality holds for the examples considered.

Semilinear Elliptic Steady Burgers Linear Elasticity
10?1 10°1 10

/I

Q Q Q
Y R - N
— —5 = 3|
101 104 104
128 256 512 128 256 512 548 814 1252
dy dy dy

Figure 1: Estimates of Kp for the three PDE examples across a sequence of discretizations with
increasing dimensions. The operators Hy and Cy are estimated using 20,000 training samples.

5.4.2 COMPARISON OF RECONSTRUCTION ERRORS

We begin by presenting a comparison of the different choices of dimension reduction strategies
in reconstructing the output and the derivatives. To this end, we compute the PCA /DIS bases
using a large sample size of N = 20,000, which we take as a proxy for the exact PCA/DIS. The
resulting eigenvalues are shown in Figure 2 for the PCA/DIS bases corresponding to the three
PDE problems: semilinear elliptic, steady Burgers, and linear elasticity. Additionally, we present
samples of the inputs and outputs, along with a selection of the first few basis vectors in each case.
These are given in Figure 3 for the 1D examples (semilinear elliptic and steady Burgers PDEs) and
in Figure 4 for the 2D linear elasticity problem.

In the spectra of the covariance/sensitivity operators in Figure 2, we observe that the eigenval-
ues decay rapidly at an algebraic rate (i.e., A; ~ i~? for some § > 0) in all cases. On the input
side, the PCA eigenvalues simply correspond to the eigenvalues of the covariance operator (second-
order /fourth-order elliptic PDE operators). These decay rates are independent of the input-output
map. On the other hand, the DIS eigenvalues tend to decay at a faster rate than the PCA eigenval-
ues, reflecting the sensitivity information about the underlying map. This can be seen in the input
basis vectors shown in Figure 3. Whereas PCA basis vectors are global sinusoidal functions, the
DIS basis vectors are localized to the regions of low diffusion coefficient in the semilinear elliptic
example and near the Gaussian peak in the steady Burgers equation example. On the output side,
the spectra and corresponding basis vectors are similar between the PCA and DIS in the exam-
ples considered. This reflects the fact that both the output PCA and DIS take into account the
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underlying mapping. Moreover, we also observe that the DIS eigenvalues are larger than the PCA
eigenvalues.

Semilinear elliptic (Input)

Steady Burgers (Input)

Linear elasticity (Input)

107!
5 1072 —4]
< 10 L4
=R 9
g 10 10771 1077<
&
i 10-104 10144 10710
10° 10! 102 10° 10! 102 10° 10! 102
Semilinear elliptic (Output) Steady Burgers (Output) Linear elasticity (Output)
N _ 1 -3 —4
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= 106 10794 -7
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Figure 2: First 200 eigenvalues corresponding to the PCA and DIS bases for the three PDE problems
considered. These are computed using a large sample size of N = 20,000, which we take as a proxy
for the exact PCA/DIS.

In Figure 5, we present the reconstruction errors for the output (by the output PCA/DIS) and
its derivative (by output PCA/DIS and input PCA/DIS) for the three PDE problems considered
in this work. That is, we plot the reconstruction errors,

(= P(EF P,

2 9
T

I( = P)DeF |32 ps(e.9))

2 b)
1De %2 s e vy

IDeF(I = Q)32 ms(e.0)

2 )
1De F Il s e vy

for different ranks r, where each is normalized by the second moment of the output or the derivative.
Here, the errors are computed using a test set of Niest = 22,000 output and derivative samples. The
corresponding reconstruction error bounds of Section 3.5 are also plotted for reference. Specifically,
for the output reconstruction by output PCA/DIS and the derivative reconstruction by input/out-
put DIS, the bounds are simply the trailing eigenvalue sums and are computed and plotted exactly
in Figure 5. On the other hand, for the derivative reconstruction by input/output PCA, the bounds
are additionally scaled by a constant (E,[|DF H%( X,y)] and K p, respectively). Since these constants
can be large and may obscure the visualization, we do not explicitly plot the bounds using these
constants. Instead, we plot the lines K7 3.2, APCA and Ky 3220, puFCA for some prescribed
values of K1, K> to illustrate the decay rate of the reconstruction error bound.

For the output reconstruction, output PCA and DIS perform comparably, with significant
reductions in the reconstruction error as the rank r increases. The two differ only slightly in the
steady Burgers example, where PCA errors are noticeably smaller for the lower ranks. Similarly, the
two output bases are also comparable when reconstructing the derivative, where the reconstruction
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(b) Steady Burgers equation

Figure 3: Samples of input-output pairs along with the 1st, 2nd, 3rd, 5th, and 9th PCA /DIS basis
vectors for the 1D PDE examples. Top: semilinear elliptic PDE. Bottom: steady Burgers equation.
Note the localization of the input DIS basis vectors to the region s < 0.5 in the semilinear elliptic
PDE example where the diffusion coefficient is smallest, and to the region near s = 0.4 that is the

center of the Gaussian profile scaling the source in the Burgers example.

40



DIMENSION REDUCTION FOR DERIVATIVE-INFORMED OPERATOR LEARNING

Sampled input Sampled output

- L

<

0
* . -1
(a) Sample input and output

Input DIS 1 Input DIS 2 Input DIS 3 Input DIS 5 Input DIS 9
= .

Input PCA 1 Input PCA 2 Input PCA 3 Input PCA 5 Input PCA 9

et " e

—-1.00 -0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00

Output DIS1  Output DIS 2 Output DIS3  Output DIS5  Output DIS 9

oNoRoNoge

Output PCA'1 Output PCA2 Output PCA3 Output PCA5 Output PCA 9

gppgn

(b) Input and output bases

Figure 4: Top: a sample of an input-output pair for the linear elasticity problem. Bottom: the
1st, 2nd, 3rd, 5th, and 9th PCA/DIS basis vectors for the input and output of the linear elasticity
problem.
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(a) Semilinear elliptic PDE
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(b) Steady Burgers equation
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Figure 5: Reconstruction errors (normalized by the second moments of the test data) in the output
and its derivatives for the three PDE problems. Left column: reconstruction error of the output by
output PCA/DIS. Center column: reconstruction error of the derivative by the output PCA/DIS.
Right column: reconstruction error of the derivative by the input PCA/DIS. Bounds for the re-
construction error in terms of the trailing eigenvalues are shown in the dashed lines. Here, true
bounds are shown for the output PCA/DIS in output reconstruction and input/output DIS for
derivative reconstruction cases. For the reconstruction of the derivatives by input/output PCA
basis, we do not explicitly compute the constant, but instead the plot shows the line corresponding
to K135, 11 APCA and Ko 3070, 4 PO for some prescribed K7, K> to illustrate the decay rate of
the reconstruction error bound.
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errors using the PCA and DIS bases are almost identical for the semilinear elliptic PDE and linear
elasticity examples. However, for the steady Burgers example, the DIS reconstruction errors are
consistently smaller than those of PCA, though both errors do decay rapidly. On the other hand,
when reconstructing the derivative using the input PCA /DIS, the DIS bases produce significantly
lower errors than the PCA bases. As previously mentioned, this is to be expected, since the input
PCA basis does not incorporate any information about the underlying map and hence cannot be
expected to accurately capture its derivatives.

We also make a few remarks on the reconstruction error bounds. First, we note that for the
cases of output reconstruction by the output PCA and derivative reconstruction by the input/out-
put DIS, the bounds are, in fact, equalities, and match the observed errors. In the case of the
output reconstruction by the output DIS, the bounds, though slightly conservative, do provide a
good approximation of the observed errors, especially for the higher ranks. For the derivative re-
construction by the output PCA, the bound required the additional assumption of Assumption 10,
postulating the existence of a constant that relates the map’s derivative D¢ F to its output . While
this is only numerically verified for the examples, the reconstruction errors do appear to decay at a
rate consistent with a bound of the form Kp 2 ., AfCA, suggesting that the assumption may be
reasonable. Finally, for the derivative reconstruction bounds of the input PCA, we observe that the
K Y22, 1 iF YA bounds are overly conservative for the 1D example problems. The observed errors
instead decay at a faster rate that tracks with the DIS rate, suggesting that the PCA bases may be
serendipitously aligned with the sensitivity of the operator in these cases. On the other hand, for
the 2D linear elasticity problem, the observed errors align more closely with the K » % ., ,quA
bound, which is a slower decay than the DIS.

5.4.3 EXCESS RISKS IN RECONSTRUCTION ERRORS

Next, we consider the excess risks associated with the sampling errors in the empirical PCA /DIS.
That is, we compute the empirical PCA and DIS using smaller sample sizes ranging from N = 80
to N = 640, and then compare the excess in reconstruction errors relative to the proxy of the exact
PCA/DIS, which we compute with N = 20,000. That is, for each empirical output PCA ﬁf CA we
evaluate the excess risk in the output reconstruction error,

(1 = PPOAY(F = F)|Z — (I = PEOY(F = F)l3,
1712, ’

while for the empirical output/input DIS, ﬁPIS and YA/TDIS, we evaluate the excess risk in the
derivative reconstruction error,

I(I — BPS)DeF |2 — (I = PPS)DeF |72

+ HS(E.))) BIES)
||D€FH%2(7,HS(E,37))
and 2
1D F(I = Q)1 ey — 1PeF T = QP) T2, mse.n)
[DeF 172, 1s(e.0) |

all normalized by the second moment of the output or the derivative, respectively. Here, the errors
are again estimated using the test set of Ny = 22,000 function and derivative samples. This is
repeated over 10 independent runs to obtain results on the average excess risk. We present these
in Figure 6, Figure 7, and Figure 8 for the semilinear elliptic, steady Burgers, and linear elasticity
problems, respectively.
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Figure 6: Excess risks in the output and derivative reconstruction errors for the semilinear elliptic
PDE problem for ranks » = 10 and r = 30. Values are normalized by the second moments of the
test data. For reference, the global N~1/2 rate is shown in the dotted line while the local N~! rate
is shown in the dashed line. The filled regions correspond to the 10%-90% quantile ranges of the
10 independent runs.

The excess risks corresponding to the semilinear elliptic and linear elasticity examples both
appear to follow the local rate of O(N~1) for both PCA and DIS and for both ranks considered.
Moreover, the excess risks decrease as the ranks increase, implying that the inverse dependency on
the spectral gap in the bounds of Propositions 25 and 26 is not strongly felt in these examples.
With the rapid decay of eigenvalues, spectral gaps for the larger ranks are orders of magnitude
smaller than those of the smaller ranks and should otherwise have a great impact on the excess
risk bound. This suggests that the particular form of the excess risk bound is pessimistic in these
scenarios, and that more care is needed in deriving sharper estimates, such as those in Blanchard
et al. (2006); Reifl and Wahl (2020).

The results for the steady Burgers example are less conclusive. The O(N~1!) rate is observed
in some cases, while the error appears to follow more closely the rate of O(N -1/ 2) for the output
DIS with » = 10 and the input DIS for both » = 10 and r» = 30. However, we also note that the
resulting trends are likely polluted with sampling errors in computing both the PCA/DIS used as
the reference, as well as in the estimation of the excess risks themselves by finite test data and
finitely many runs. In particular, the excess risks for the input DIS are on the order of 100
using just N = 80, and hence small errors in the computations can lead to significant variations in
the estimated excess risks. For this reason, one should be careful in drawing conclusions from the
steady Burgers example.
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Figure 7: FExcess risks in the output and derivative reconstruction errors for the steady Burgers
problem for ranks r = 10 and r = 30. Values are normalized by the second moments of the test
data. For reference, the global N~1/2 rate is shown in the dotted line while the local N~! rate is
shown in the dashed line. The filled regions correspond to the 10%-90% quantile ranges of the 10
independent runs.

5.4.4 NEURAL NETWORK GENERALIZATION ERRORS

We now present experiments in which we attempt to learn the operators and their derivatives using
the RBNO architecture. For these experiments, we train RBNOs via the Sobolev training (H%
training) procedure for the four possible pairs of input/output bases across a range of different
ranks. For each rank, we consider training sample sizes of N = 640 up to N = 16,000. We then
compute the errors in predicting the output and its derivative, i.e.,

||F_F9”%% HDé’F_Dé'ﬁQH%ﬂ(%Hs(

&)
an .
17T,

2
1PeF 2, mse.v)

The end-to-end neural operator generalization errors are estimated on a test dataset consisting of
Niest = 4,000 function and derivative samples. These error results are presented in two different
ways. For fixed ranks, we plot the generalization errors as a function of the number of training
samples, while for fixed sample sizes, we plot the generalization errors as a function of the rank.
The results are shown in Figure 9, Figure 10, and Figure 11 for the semilinear elliptic, steady
Burgers, and linear elasticity problems, respectively. Note that the labels for the different input
and output basis pairs adopt the convention of input basis-output basis, e.g., DIS-PCA corresponds
to the case of input DIS and output PCA.

We begin by making a few general observations. First, for any fixed rank r, both the output and
derivative generalization errors decrease as the training sample size N increases, often continuing
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Figure 8: Excess risks in the output and derivative reconstruction errors for the linear elasticity
problem for ranks r = 20 and r = 40. Values are normalized by the second moments of the test
data. For reference, the global N~1/2 rate is shown in the dotted line while the local N~! rate is
shown in the dashed line. The filled regions correspond to the 10%-90% quantile ranges of the 10
independent runs.

until a plateau is reached (i.e., a floor value in the error where further increasing the sample size
does not lead to a significant decrease in the error). This likely corresponds to the limit of either
the ridge function approximation (i.e., truncated inputs/outputs) or the approximation power of
the neural network itself, as the plateau tends to occur later for larger ranks and the corresponding
floor values in error are lower. We also note that, often, the output errors reach the plateau long
before the derivative errors, while the derivative errors continue to improve with increasing sample
sizes. This is especially noticeable in the steady Burgers example, where a fast decrease in the
derivative errors with respect to the training sample size begins after the output errors begin to
plateau. The observed behavior may suggest that the neural networks tend to first learn the output
values before they learn the derivatives.

We also recognize that, unlike the reconstruction errors, the generalization errors of the neural
operators given a fixed training sample size do not decrease monotonically with respect to rank,
as is typical of bias-variance trade-offs in neural network training. For smaller ranks, the gener-
alization errors can be made small with fewer training samples, but ultimately reach the limit of
the truncated representation. On the other hand, the ridge functions can be made more expressive
with a larger rank, but require more training samples to learn an accurate neural network repre-
sentation. Thus, for a fixed number of training samples, there is an optimal rank that achieves
the smallest generalization error for the output and derivative predictions. As seen in Figures 9 to
11, the optimal ranks are larger when the training sample sizes are larger. Moreover, the optimal
ranks for approximating the output tend to be larger than the optimal ranks for approximating
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the derivatives, which is consistent with the observation that the derivatives are more difficult to
learn.

Finally, we discuss the effect of the choice of dimension reduction. In particular, the choice
of input dimension reduction, which determines the optimal ridge function error, has the greatest
impact on the generalization errors. In most cases, the input DIS significantly outperforms the input
PCA in terms of the errors for both the output and the derivatives. This suggests that despite the
fact that the DIS basis does not explicitly incorporate the second-derivative information required
to bound the derivative ridge function errors (as in Proposition 32), it remains an effective choice
of dimension reduction for learning the derivatives in practice. The differences in errors between
the input DIS and PCA do, however, tend to decrease as the rank increases. For large ranks, the
generalization errors are likely dominated by the neural network’s ability to learn the underlying
mapping rather than the dimension reduction.

On the other hand, the choice of output dimension reduction only modestly affects the gener-
alization errors, since it is only involved in the reconstruction of the output/derivatives. Across
the examples considered, this difference is only significant for the steady Burgers example at low
ranks (r = 10,15) and for sufficiently large training sets, where the training errors can be made
sufficiently small such that the difference between the reconstruction errors is apparent. In such
cases, the two strategies perform as expected—the PCA leads to smaller errors in the output while
the DIS leads to smaller derivative errors.

5.4.5 COMPARING SOBOLEV TRAINING TO CONVENTIONAL TRAINING

Lastly, we compare Sobolev training (H}/ training) to conventional training (L% training) for the
RBNOs, where the same input and output bases are used for both training procedures. Re-
call that in conventional L% training, we only use the input-output pairs (z, U, F(z1)) as our
training data, while in H% Sobolev training, we use the augmented input-output-derivative tuple
(2, UTTF(ack), UlDeF (xr)Vy) as our training data. For clarity, we present only the comparisons
for the PCA-PCA and DIS-DIS basis pairs, and note that the differences between the two training
procedures show similar trends for the other two basis pairs (PCA-DIS and DIS-PCA). The result-
ing generalization errors are compared in Figure 12, Figure 13, and Figure 14 for the semilinear
elliptic, steady Burgers, and linear elasticity problems, respectively.

Overall, we observe that the generalization errors for both the output and derivatives tend to be
smaller with H, $ training than with Lg{ training, especially for smaller training sample sizes and for
the derivative predictions. In many cases, H, % training can yield over an order of magnitude smaller
errors. This is intuitive, since for each sample of the input, H; training incorporates additional
training data in the form of the projected derivative U,fDgF/(x;)V;, which mitigates overfitting
and explicitly encourages derivative consistency. As the number of training samples increases,
the generalization errors for the L% training tend to improve, and in some cases, the errors can
be comparable to those of the H% training, especially for the output predictions. This suggests
that with sufficiently many training input-output pairs, the neural network can eventually learn
the underlying mappings and their derivatives even without the derivative data for the example
problems considered here.

These results are consistent with the observations reported in the literature on derivative-
informed operator learning, and we refer to the works of O’Leary-Roseberry et al. (2024); Cao
et al. (2025); Luo et al. (2025); Cao et al. (2026) for more detailed comparisons between H% and
Lg, training for a range of operator learning and downstream tasks involving more complex PDE
operators. In particular, these works show that by leveraging the reduced-basis architecture and
efficient strategies for computing the projected derivatives, H$ Sobolev training can be conducted
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(a) Generalization errors for the semilinear elliptic PDE as a function of the number of training samples for
fixed ranks r = 10, 20, and 30.
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(b) Generalization error for the semilinear elliptic PDE as a function of the rank for a fixed number of
training samples, N = 1,000, 4,000, and 16,000.

Figure 9: Neural network generalization errors for the output (||-||2,) and derivatives (|-|3;:) of the
semilinear elliptic PDE normalized by the second moments of the %est data. The neural I;Yetworks
are trained via Sobolev training (H% training) using different basis pairs for dimension reduction.
Results are presented as both a function of training sample size (top) and as a function of rank
(bottom). Solid lines correspond to averages over 10 independent runs, while the filled regions
correspond to the 10%-90% quantile ranges across these runs.
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(a) Generalization errors for the steady Burgers PDE as a function of the number of training samples for
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Figure 10: Neural network generalization errors for the output (|| - ||32) and derivatives (| - [3;,) of
Y v

the steady Burgers PDE normalized by the second moments of the test data. The neural networks
are trained via Sobolev training (H% training) using different basis pairs for dimension reduction.
Results are presented as both a function of training sample size (top) and as a function of rank
(bottom). Solid lines correspond to averages over 10 independent runs, while the filled regions
correspond to the 10%-90% quantile ranges across these runs.
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Linear Elasticity
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(b) Generalization error for the linear elasticity PDE as a function of the rank for a fixed number of training
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Figure 11: Neural network generalization errors for the output (|| - ||32) and derivatives (| - [3;,) of
the linear elasticity PDE normalized by the second moments of the tegt data. The neural netvs;orks
are trained via Sobolev training (H% training) using different basis pairs for dimension reduction.
Results are presented as both a function of training sample size (top) and as a function of rank
(bottom). Solid lines correspond to averages over 10 independent runs, while the filled regions
correspond to the 10%-90% quantile ranges across these runs.
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with only a modest increase in computational cost compared to conventional L?Y training, while
yielding significant improvements in generalization errors for both the output and derivatives.
When comparing the different choices of bases for the L% training, we again observe that input
DIS tends to outperform PCA for both the output and derivative predictions. This suggests that
the benefits of DIS for learning in the H% norm exist even when using L% training. We note that
similar observations have also been reported in the literature of active subspaces for surrogate
modeling in terms of L% accuracy (Zahm et al., 2020; O’Leary-Roseberry, Villa, et al., 2022).

6. Conclusions

In this work, we considered the analysis of derivative-informed operator surrogates that use reduced-
basis representations of the input and output spaces and a neural network that is constructed to
approximate the finite-dimensional mapping between the truncated inputs and outputs. The main
contributions of the present work are H% approximation error bounds developed for different choices
of dimension reduction—namely, PCA and DIS.

To this end, we first presented a universal approximation theorem for generic orthonormal bases,
which shows that approximation of operators in HY" for any m > 0 to arbitrary accuracy using
the reduced-basis architecture is possible. To provide more insight on how the dimension reduction
strategy affects the approximation errors, we proceeded with a basis-specific analysis, decomposing
the error into dimension reduction error and neural network approximation error. The dimension
reduction errors were considered in detail for the PCA and DIS bases, including the statistical
errors associated with the sample-based estimators of the PCA /DIS operators. The neural network
approximation error was analyzed using the universal approximation results for Sobolev norms
from Hornik (1991), which we extended to accommodate deep architectures and non-saturating
activation functions while providing approximation rates in terms of the size of the network when
specifically using ReLU* activation functions. The different results were combined to provide an
end-to-end error bound. We note that, of the various combinations, the mildest assumptions were
required to bound the H}{ approximation error when using PCA for input dimension reduction and
DIS for output dimension reduction. In developing these results, we also filled gaps in existing
results for the derivative-informed subspaces in the L?y case, especially in the separable Hilbert
space setting.

We also presented numerical results to validate our theoretical predictions, comparing the re-
construction errors, excess risks, as well as the end-to-end errors of the resulting neural operators
in both L% and H Wl For the reconstruction errors, we observed that the PCA /DIS eigenvalue decay
does indeed translate to appropriate bounds in the reconstruction errors. In the case of empirical
PCA/DIS, we observed that the excess risks of the reconstructions typically decrease with sample
size N at a rate consistent with the local regime of O(N~!) as opposed to the global regime of
O(N -1/ 2). We did not, however, observe the effect of the inverse dependence on the spectral gap
(Ar — Ap41) in our numerical examples. This suggests that our approach for bounding the excess
risk is pessimistic, and that more refined approaches such as those taken in Blanchard et al. (2006);
Reifl and Wahl (2020) may be necessary to provide sharper and more practical bounds.

When used to construct operator surrogates, we observed that the choice of dimension reduction
(PCA vs DIS) is especially important for the performance of the neural operator in both output
and derivative learning. This has important practical implications—an effective choice of dimension
reduction allows for smaller rank and hence smaller networks, which in turn requires fewer training
samples and lower training times. This is especially true for the derivative error, which often
required more training samples to learn accurately compared to the output itself. In this regard, the
DIS significantly outperformed the PCA for input dimension reduction, since it explicitly accounts
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(a) Generalization errors for the semilinear elliptic PDE as a function of the number of training samples for
fixed ranks r = 10, 20, and 30.
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(b) Generalization error for the semilinear elliptic PDE as a function of the rank for a fixed number of
training samples, N = 1,000, 4,000, and 16,000.

Figure 12: Neural network generalization errors for the output (||-||2,) and derivatives (|-|2,) of the
semilinear elliptic PDE normalized by the second moments of the twest data. The neural networks
are trained via either Sobolev training (H71 training) or conventional training (Lg training) using
the PCA-PCA and DIS-DIS basis pairs for dimension reduction. Results are presented as both a
function of training sample size (top) and as a function of rank (bottom). Solid lines correspond
to averages over 10 independent runs, while the filled regions correspond to the 10%-90% quantile
ranges across these runs.
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(a) Generalization errors for the steady Burgers PDE as a function of the number of training samples for
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Figure 13: Neural network generalization errors for the output (|| - ||32) and derivatives (| - [3;,) of
the steady Burgers PDE normalized by the second moments of the tesvt data. The neural netvs;orks
are trained via either Sobolev training (H71 training) or conventional training (Lg training) using
the PCA-PCA and DIS-DIS basis pairs for dimension reduction. Results are presented as both a
function of training sample size (top) and as a function of rank (bottom). Solid lines correspond
to averages over 10 independent runs, while the filled regions correspond to the 10%-90% quantile
ranges across these runs.
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Linear Elasticity
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(a) Generalization errors for the linear elasticity PDE as a function of the number of training samples for
fixed ranks r = 20, 40, and 60.
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Figure 14: Neural network generalization errors for the output (|| - ||32) and derivatives (| - [3;,) of
the linear elasticity PDE normalized by the second moments of the tegt data. The neural netvs;orks
are trained via either Sobolev training (H71 training) or conventional training (Lg training) using
the PCA-PCA and DIS-DIS basis pairs for dimension reduction. Results are presented as both a
function of training sample size (top) and as a function of rank (bottom). Solid lines correspond
to averages over 10 independent runs, while the filled regions correspond to the 10%-90% quantile
ranges across these runs.
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for the sensitivity of the underlying map, while the PCA and DIS provided similar performance
when used for output dimension reduction for the examples considered.

We note that several of our results for dimension reduction required additional assumptions. For
example, Assumptions 10 and 11 were needed in order to bound higher-order derivatives by lower-
order ones. Although we have provided analytical examples to show that these are satisfied for
certain classes of operators, it would be of interest to identify alternative properties of operators that
can be used to ascertain the reconstruction/ridge function bounds for the derivatives. One possible
example is holomorphy (Lopushansky, 2023; Marcati et al., 2025). It is known that holomorphic
operators are amenable to linear dimension reduction (Lanthaler et al., 2022; Lanthaler, 2023;
Schwab and Zech, 2023; Adcock et al., 2024a; Herrmann et al., 2024; Adcock et al., 2025), possibly
allowing one to derive favorable approximation rates in the infinite-dimensional Sobolev norms in
terms of both the latent dimension r and the size of the neural network.

Moreover, the error bounds presented in this work for the dimension reduction relied on the
spectral decay of the PCA/DIS operators. This is commonly observed for elliptic PDE problems
(such as those shown in the numerical examples), where explicit estimates may be available under
the aforementioned holomorphy assumptions. However, this may not be the case in settings such
as advection-dominated or hyperbolic PDE problems. Thus, although linear dimension reduction
such as PCA /DIS is often preferred for its statistical efficiency, one may need to consider nonlinear
dimension reduction strategies in such cases, for which the incorporation of derivative information
is a possible direction for future work.

We also note that neither the statistical learning errors nor the training (optimization) errors
of the neural network are treated theoretically in this work. However, both are important for the
understanding of derivative-informed operator learning, since many performance benefits arise due
to the inclusion of derivative information in the Sobolev training process itself. In this regard, an
analysis of generalization errors and out-of-distribution errors for Sobolev training, extending the
works of, say, Lara Benitez et al. (2024); Reinhardt et al. (2026), is of great interest. Overall,
we believe operator learning with derivative information remains open to further theoretical and
numerical explorations, with many interesting outstanding research questions.
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Appendix A. Useful Supporting Results

A.1 Cameron—Martin space

We note some useful facts about the Cameron—Martin space.
Lemma 45. Suppose v; € X are eigenvectors of the non-degenerate covariance operator Cy such
that Cxyv; = \jv; for i € N. Then 0; = C;(/Qvi is an orthonormal basis for the Cameron—Martin

space &.
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Proof Consider any h € £. Then h = C}Y/ *w for some w € X. Moreover, (v4)$2, is an orthonormal
basis for X such that e, := w — i v; (v;,w), — 0. Now note that

en = Cx PR =S 0O P <C;(1/ 203, 05" 2h>
=1

= C? (h - znju (@, h>g>

i=1

X

—1/2
=:Cy ' "&p,

where &, = h — > i ¥; (s, h)¢ is the complementary component of the projection onto the span
of (3;)"; in €. It remains to see that ||&,[% = (£n,En)e = (Ensen)y — 0. [ |

Lemma 46. The inclusion operator v : € 3 ww— w € X is Hilbert—Schmidt.

1/2

S 703)2, to evaluate the

Proof We use the basis generated by the covariance (C’)l(/ 21}1)5’21 = (A
Hilbert—Schmidt norm,

HLHIQ{S(E,X) = ; <)\Z1/2vi,)\21/2vi>x = ;/\i =Tr(Cy) < 0.

A.2 Convergence in Sobolev Norms

Here, we provide a supporting result for the convergence of functions in the Sobolev norm H; =
H'(7, ).

Lemma 47. Let F € H}{ and let (F,)52, be a sequence of H% functions such that F,, — F in
L?*(7,Y) and DgF, — VU for some U € L*(v,HS(E,Y)). Then, F,, — F in H. and DgF = V.

Proof Recall that for any sequence ()5, in FC*> that converges to F' in L?Y = L%(v,)) and is
Cauchy in H%, we have ¢, — F'in H% (see Bogachev, 1998, Section 5.2). In particular, this means
lim, 00 Dgy, = DeF. It remains to construct the sequence ¢,, € FC* using F), € H% For k € N,
we will use a subsequence F,,, such that || F;,, — F||Lg <1/k and ||DgF,, — \I/HL% < 1/k. Moreover,

by the density of FC* in HJ, we can find ¢y, such that |¢,, — Fnk||H% < 1/k. Thus we have
IF = pullze < IF = Fugllzs + | Fo — o2 < 2/
Moreover,

[Depny, — ¥l r2(y,ms6,3) < 1Dewn, — DeFulln2(y,mse,y)) + 1De Py, — Y 22(y,m8(6,0)) < 2/k-

That is, ¢p, — F in LgY and Dgyy,, converges to ¥ in L%(y,HS(£,))). By the uniqueness of the
limit, this means ¢,, — F'in le and DgF = V. |
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A.3 Trace Minimization and Eigenvalue Problems

In this section, we state Fan’s theorem, which is a result on the maximization of quadratic forms over
orthonormal sets. This is related to trace minimization and is used extensively for the reconstruction
error results.

Lemma 48 (Fan’s theorem, as stated in Bhattacharya et al., 2021). Let (H,(-,-)5,) be a separable
Hilbert space and A : H — H be a non-negative, self-adjoint, compact operator. Denote by A1 >
A2 > ... the eigenvalues of A, and for any r € N (where N = {1,2,...}), let S, be the set of
collections of r orthonormal elements of H. Then,

T T

(ui%lj}é& ; (Auj, ui)y = Zzzl A

Fan’s theorem asserts that of all orthogonal projections, projections onto dominant eigenvectors
of a non-negative, self-adjoint, compact operator A minimize the trace of (I — P,)A(I — P,), which
shows up in the analysis of the reconstruction errors. This is summarized in the following lemma.

Lemma 49 (Trace minimization). Let (H,(-,-);,) be a separable Hilbert space and A : H — H
be a non-negative, self-adjoint, trace-class operator with eigenpairs (\;,u;);2, given in order of
decreasing eigenvalues. Let also P,.(H) denote the class of rank r € N orthogonal projections in H.
Then,

i I—P)A(I i,
p,in, ) T(T = PA Z

and the minimum is attained by P = Y711 u; @ u; = D i1 w;i (Us, )y

Proof Note that for trace-class operator A and I — B e L(H,H), their composition is also trace-
class. By the cyclic property of the trace, we then have

Te((I — B.)A(I — P.)) = Tr(A(I — B)) = Tr(A) — Tr(P,AP,).

For any b € Pr(H), the projection can be written as P = i1 U; ® u; for some orthonormal
basis of H, (u;);2,, where (@;);_, spans the range of P,. Then, using the same basis to compute

the second trace, we have
-

Tr(ZSTAﬁ’T) = Z <'llz, Aal>7—[ ;
i=1

which by Lemma 48, has a maximal value of >7i_; ;. Moreover, this is attained by (u;);_; comlng

from the eigenvectors of A with the largest eigenvalues. Thus, the minimum of Tr((I—P,)A(I—P,))
is given by
o0 o0
Tr(A) — Z (ui, Aug)y _ZA’L_ZA Z Ais
=1 i=r+1
which is attained by the projection P, = Y i u; ® ;. [ ]

When the eigenvalue problem is solved for an approximation A (e.g., an empirical estimate of
A), the corresponding projection is suboptimal. The excess error can be bounded by the difference
between A and A as measured in the HS(H, H) norm.
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Lemma 50. Let (H,(-,-)y,) be a separable Hilbert space. Suppose A € L(H,H) and Ae L(H,H)
are non-negative, self-adjoint, and trace-class, with eigenpairs (N, ;)32 and (Xi,ﬂi)gﬁl, respec-
tively, both given in order of decreasing eigenvalues. Then, given r € N, the projection IBT =
Yoioq U @ Uy satisfies

Tr(A(I - P)) < Y N+ V2r||A— Allusan (39)
i=r+1

and N
2||A — AH2HS(7-L,H)
>\r - >\r+1 .

Tr(AI-B) < Y A+
i=r+1

(40)

Proof The proof follows that presented in Reiff and Wahl (2020) in the context of covariance
estimation, noting that it applies generally for self-adjoint trace-class operators. We reproduce the
proof here for completeness. We start by writing

TH(A( = B)) = Tr(A(T - P) + Te(A(P, — B)) = 3 A+ Te(A(P, — B),
i=r+1

where P, = >27_; u; ® u; comes from the exact optimal projection. We now seek to bound the
€XCess error
& =Tr(A(P, — P)), (41)

~

often referred to as the excess risk in covariance estimation. By Lemma 48, P, maximizes Tr(ﬁ )
amongst rank r orthogonal projections. Therefore, we know that Tr(AP,.) > Tr(AP,) and so
Tr(A(P, — P;)) < 0. Subtracting this from the excess error yields

~

& =Tr(A(P, — P.)) < Tr((A — A)(P. — P,)).
Using the Cauchy—Schwarz inequality, we have

& < Tr((A - *’1)(Pr‘ - 131”)) = <A - A, P, — 131“> ) <[A- AHHS(H,H)HPT - ﬁrHHS(H,H)' (42)

HS(H, M

Expanding the projection error gives

o
1P = Pl = 1Prllfis e + 1 Prlfissg — 2 <Pr€iv Pr€i>H

i=1

where HPTH%{S(H,H) = r and Hﬁr”%IS(H,H) = r. Moreover, using e; = u;, we have (Prui,ﬁrui)q.[ =
(ui, Paui)z > 0 for i < r and (Prug, Poug)y = 0 for i > r. Thus, ||P, — ]Sr”HS(H,H) < V/2r, giving
(39).

For (40), we first note that the bound is trivially infinite if A\,;1 = A, so we proceed assuming
Ar > Arg1. We claim that the excess error upper bounds the projection error as

26,

1P — Prllfisagn) < PV

. 43
- )\r—i-l ( )

Combining this claim with (42), we have

A _ 26, _
&2 <A = Allsiseao 1B = Prllfisaean < m“fl — Allfis 20
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Dividing through by &, gives (40).
It remains then to prove the claim in (43) To this end, we begin by introducing the notation
A =u;j@u;, Pr=1— P, and PL =1- P We also have the identities P, — P PL PL and

r

Tr(P,PL) = Tr(P,PL). This latter identity follows from the fact
TH(PBY) = Te(Pu(BE — P)) = Ta(=Pu(P, — P) = Te(I = Py)(Py — Py)) = Te(P-Py),
since Tr(P, — P,) = 0. Now, expanding the norm || P, — ﬁr”%{s(ﬂﬂ)a we have
1P = Prllfisaer) = Te((Pr = B)(Pr = By)) = Tx((Pr — P)(B- = Pl)) = 2Tx(P.P)
where we have used the fact that Tr(P,«PrlA) = Tr(P,P+) = 0 and Tr(P.PL) = Tr(P.PL). Moreover,
since Tr(P,Pt) = Tr(P.PLPLIP,) = HPTP,H|2HS(H7H) , we can further expand this as

1P = Prllfiscruny = 20 BB sy = 2D 1A B s ae.m0)- (44)

On the other hand, the excess error is given by

ér = Z/\ <A”P P >HS(H H)

:Z)\ <AZ,PL P,,L>HS(HH) - Z Aj < ’“_P”>HS(H,H)

Jj=r+1
= ZAZTI“(AZﬁTJ') — Z )\jTr(Ajﬁ,,«).

i=1 Jj=r+1

Moreover, we have STr(P.PL) — BTr(P,PL+) = 0 for any 8 € R. Thus, subtracting this from the
sum yields

<

6= - HTHAB + Y (8- \)Te(A;P,)

i1 j=r+1
=> (- B)HAiﬁrlH%IS(H,H) + > (B- >\j)||Ajﬁr||2HS(H,H)
i1 j=r+1

Taking 8 = A\r41 and comparing the resulting expression with (44), we see that

26r — A — Arg1 DL2 - pL2 D2
0 oy T AL B > 923" (4, P — P, - P, ,
P ; W [ s (r,20) ; | s = | s (7,70)

since \j — A1 > A — A1 > 0 for e <7 and A\rpq — A; >0 for j > r + 1. This proves the claim.
|

A.4 Interchanging Differentiation and Integration

For the analysis of the H% approximation properties of conditional expectations, we need to consider
the interchange of (Sobolev) differentiation and (conditional) expectation. We first look at the
sufficient conditions for interchanging Fréchet differentiation and integration. A general result is
difficult to find, so we state and prove a version that is sufficient for our purposes.
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Theorem 51 (Interchanging Fréchet differentiation and integration). Let X}, X5 and Y be separable
Banach spaces, F : X1 x Xo — Y be a continuously (Fréchet) differentiable function, and v be a
probability measure on Xa. Suppose that F additionally satisfies the following assumptions

1. The function F(x1,-) : Xo — Y is integrable with respect to v for every 1 € X

2. The partial derivative Oy, F(z1,) : Xo — L(X1,)) is integrable with respect to v for every
r1 € X

3. There exists an open set U C Xy and a function g € L' (X, v;R) such that

102, F(z1, 22) | £(21,3) < 9(22)
for every x1 € U and x2 € Xs.
Then, for all x1 € U,
Dy By [F(21,22)] = Egy [0y F(21, 72)]-

Proof Let Fi(x1) := Egymn[F(21,22)] and U(x1) := Egzymn[0n, F (21, 22)], where both are well-
defined by the integrability assumptions. In particular, at any x; € X3, U(x1) is a linear operator
on X, and for any h € X7,

W (z1)hlly = 1Eayns [0, F (21, 22)b]lly < Bayun[[|0n, F (21, 22) || 20200 )12l 21 -
Thus, integrability implies Ez,~y [||0r, (21, 22) || £(x,,3)] < 00, such that ¥(z1) € L(A7,)) for any
r1 € X;. Consider now the residual
[R(z1,h)lly _ [[Fi(z1+h) — Fi(z1) — U(z1)hlly
1] 2, 1] 2, ’
as h — 0. Combining the terms inside the expectation, we have
[R(z1, W)y By [F(21 + by w9) — Fa1, 22) — O, Fa1, 22)R][y
[[2]] 2, 1] 2,

Again, by Bochner integrability, we can bring the norm inside the expectation

[R(z1,h)|ly [F'(x1 + h,xa) — F(1,22) — Oy F(x1,22) 0]y

T T S Ewgwy .

1] 2, 1] 2,

Since F' is differentiable, the integrand

1B (21,22, )lly . _ 1 F(21 +h,22) — F(21,22) — Oy Fz1, 22)lly

HhH?ﬁ HhH?ﬁ
as h — 0 for every x1 € &1 and x2 € X5. It remains to bound this by an L' function to apply the
dominated convergence theorem. The triangle inequality and the mean value theorem give
1Ry (1, 22, h)ly _ 8UPrefo] 10 (F (21 + th, 22)) [ e, 1Pl + 1100, F' (21, 22) |30 1] 21
1], - 172l 2,
As U is open, for any x1 € U and h sufficiently small, we have z1 + th € U for all t € [0,1]. This
implies supycjo 1 102, (F'(z1 + th, 22)) |l (a0, ) < g(w2). Thus,
[ R (21, 22, h)
[172]] 2,

Applying the dominated convergence theorem thus gives | R(z1, h)||y/||h|x, — 0, and so DF(x1) =
\I/(Zﬂl) = E12NV[DIIF(.T1, .’xg)] |

Using Theorem 51, we can proceed to consider conditional expectations for functions in FC°.

0

ly < 2g(x2).
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Lemma 52 (Interchanging Fréchet differentiation and conditional expectation). Suppose F' € FC™
and let V;, = (v;)i_; be an orthonormal set in € for which (Cytv;)i_, are well-defined in X. Then,
the conditional expectation B.[F|o(V;1)] € C°(X,Y), and its derivatives are given by

D"E,[Flo (V)] = E,[D*F(Q: (), -, Qr(-))]o (Vi)
for any k € N, where DF(2)(Qr(-),...,Qr() : (ha, ... hi) = DFF(2)(Qhu,..., Qrhy).
Proof We start with the first derivative. The conditional expectation is given by

B [Flo(ViDl(@) = [ FQua -+ (T = Q)y)(dy).

First, since the derivatives of F' € FC™ are continuous and of finite rank, the mappings x ~— D*F(z)
take values in a separable subspace of L (X)) and hence are Bochner measurable. By boundedness
of F and its derivatives, the function (z,y) — F(Qrz + (I — Q,)y) satisfies the hypotheses of
Theorem 51. We can therefore interchange differentiation and integration to obtain

E,[Flo(V)](@) = [ DF(@ra + (I = Q)y)Q1(dy) = E,[DFQ.lo(V)].

Let Ly, denote the bound on ||D*F(z)||z, (xy)- To see boundedness of the derivative, we have

IDE, [Flo(Vi)](2) ]| .y < / IDF(Qrz + (I = Qr)y)Qr|l c(x3)v(dy) < Li||@Qrllc(x x)-
On the other hand, to see continuity, we have
IDE, [Flo(V;h)](x2) = DE,[Flo(Vi)](21)ll c(x »)
< [IDF(@uz + (1 = Q)9)Q: = DF(@ur1 + (T = Q)@ vy ()
< [ LalQul e o2 =l 7 (dy)
= Lo|| Qe 2 ) 22 — a1 &,

where the last inequality follows from the mean value theorem and boundedness of the second
derivative. Higher-order derivatives follow by induction, starting from the hypothesis that

DFE, [Flo(Vi1)] = By [DFF(Qr (), ..., Qr()]o (V1)

for some k > 1. Then, we can view z — D*F(2)(Q.(-),...,Q,(-)) as another separably-valued map
with bounded derivatives, for which the same arguments can be used to show

DE,[D*F(Q:(),- .., Qr (Do (V)] = B, [DM 1 F(Q, (), .., Qe ())o (V).

k times k+1 times

Thus, E,[F|o(V;1)] has continuous and bounded kth order derivatives for all k € N.
|

Finally, the result can be extended to Sobolev differentiation of functions in HI" through a
density argument, giving us Lemma 17.
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Proof (of Lemma 17) By the density argument, we can find a sequence of FC* functions, (F3,)5%;

convergent to I in H". This also means E, [F|o(Vi1)] converges to E,[F|a(V,)] in L%, since

B [Fulo (Vi) = By [Flo(ViD]I1Z2
2

— / H/ Fo(Qre+ (I —Qp)y) — F(Qrz + (I — Qr)y)y(dy)|| ~(dx)

< [[ 1@+ (1= Qo) = F(@ra + (1 = Qu)y) P (dy)y(d)
= |17 = Pl

By Lemma 52, we can interchange the conditional expectation and Fréchet differentiation
for F, € FC™. Since this coincides with the Sobolev derivative, we have D¢E,[F,|o(V;1)] =
E,[De F,Q.|lo(Vi1)]. Moreover, we can verify E,[DeF,Q,|o(V;)] converges to E,[DegFQ,|o(V,1)],
since

B, [De FQrlo (Vi) — By [De FQrlo (Vi)]II72 (4 msce 3y

_ / H / DeFu(Qrz + (I — Q)y)@r — DeF(Qur + (I — Q1)y)Qs(dy)

2

v(dz)
HS(E,Y)

< / 1D Fu(Qr + (I = Qr)y) — DeF(Qr + (I — Q) Iis e | Qe 17 e £)7(dy)y(dx)
= |DeFy — DeF (1220, s (e.3)-

Applying Lemma 47, we obtain D¢E, [F lo(Vi1)] = E,[DeF Qr|o(V;)]. Moreover, repeatedly apply-
ing this yields the desired result for higher-order derivatives.
|

A corollary of Lemma 17 is that the conditional expectation is contractive in the HY" norm.

Corollary 53. Suppose I' € HI" for some m € Ny and let V. = (vi)i_y be an orthonormal set in
& for which (Cy v;)_, are well-defined in X. Then, ||IE7[F|J(VTT)]HH¢ < [|F|[ -

Proof As shown in the proof of Lemma 17, the conditional expectation is contractive in the L%
norm. Thus, for any k£ < m, we have

IDEE, [Flo (Vi T2, 15, (.)) = IBA[DEF(Qr () -+, Qr(NIo (VDI 2 115, 6.0
< ||D§F(Qr()7 RS QT('))”%Q(%HS;C(E,)?))

k
< HDEFH%?(%HS;C(&J/))‘

A.5 Wiener Chaos Expansions and Polynomial Forms

In this section, we show that nth-order polynomial forms on X satisfy the derivative inverse inequal-
ity (Assumption 10) and the Hessian inverse inequality (Assumption 11) with constants Kp = n
and Ky =n—1. Let H, : R = R denote the nth Hermite polynomial, defined for n =0,1,... by

_1\n x2 n x2
H,(z)= (\/17)' exp <2> dci—nexp (—2> .
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With this choice of normalization, the Hermite polynomials form an orthonormal basis of L?(v;)
where 77 is the standard Gaussian measure on R. Moreover, one has H, (z) = /nH,_1(z), which
implies that the derivatives of Hermite polynomials are also orthogonal under the L?(v;) inner
product. To simplify notation, we will also let H,(z) := 0 for n < 0.

We can also define multivariate Hermite polynomials as tensor products of univariate Hermite
polynomials. Recall that for a multi-index o = (a1, a2,...), a; € NU{0}, we have |a| = 272, o;
and suppa = {i € N: a; # 0}. Then, for a € A := {a: |a| < oo}, we define

Hy(x) = H H,, ().

1ESUpPp

In the case of separable infinite-dimensional Hilbert spaces X and ), the family of Hermite
polynomials H,, o € A, along with an orthonormal basis of the Cameron—Martin space £, can

be used to construct an orthonormal basis of Li = L%*(v,Y). For example, given the PCA basis

( PCAyoo

v; “1)52, (normalized in &), one defines the basis functions H, o : X — R,

H,\(z):= H H,, <<x,C;(1vZ-PCA>X) .

1ESUpPp «

Any function F € L% can then be represented as

= Z caHy ()

a€EA

with coefficients ¢, € ), which is known as the Wiener chaos expansion. Moreover,

IFIZ: = 3 licall3

a€A
Note that the derivatives of H. , along vP CA | which are orthonormal in £, are given by
DeHyo(x)oy " = \JarHya—e, (@), (45)

where the multi-index o — ¢, is defined as

aj—1 j=k,
(a—ek)j:{ ’ !
o J# k.

This means that DgH., o are also orthogonal in L?(v,HS(E,R)), and
12y = 3 o [ Hroe (22 = el Hoally <ol (1)

In fact, repeatedly applying the derivative formula (45) gives that DlgH%a are orthogonal in
L?(v,HSi(E,R)) for any k € N, and

1DE Hoya (@)1 15, (2 2)) = e (o] = 1) - (Ja] — & +1). (47)

We refer to Nualart (2006, Chapter 1) for a more complete exposition.

Using the above properties of the Hermite polynomials, we can show that nth order polynomial
forms on X satisfy the derivative inverse inequality and the Hessian inverse inequality with constants
Kp=nand Kg=n-—1.
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Proposition 54. Let F € L,QY be represented by Hermite polynomials up to degree n € N,
F(z)= Y caHyal(x).
lo <

Then, F' satisfies the derivative inverse inequality (12) with constant Kp = n and the Hessian
inverse inequality (13) with constant Ky =n — 1.

Proof We first note that since the Wiener chaos expansion for F' is of finite polynomial order,
F e Hfj for any £k > 0. We start by considering the derivative inverse inequality. For F' =

> laj<n CaHya, its mean-shifted form is given by F — F = > 1<|aj<n CaHy,a. Then, given any
u € ), we consider the function u* o (F' — F), where u*(y) = (y, u)y. This has the representation
u o (F —F) =3 1<|a<n (U Ca)y Hya- Now,

(u, Hyu)y = Ey[||De(u” o F) g (e )] = B[l De(u” o (F = F))l[fis(e.m)-

Orthogonality of the derivatives of Hermite polynomials along with (46) (see also Nualart (2006,
Proposition 1.2.2)) gives

E,[[[De(u o (F = F)llfis(er)] < nllu” o (F = F)l[72(,) = n {u, Cyu)y,,

which shows that Kp = n.

The Hessian inverse inequality is shown similarly. We first note that DgF has a Wiener chaos
expansion of degree n — 1, DeF' = 37 4 <p1 AqH, o, where A, € HS(E,)). Moreover, let G :=
DeFv =3} 0<n—1 AavHy o, for which we have

E, (|| De(De o) lfis(e,3)] = E4lllDeGllifisep)] < (n = DEL[IG]3] = (n — DE,[||[ DeFol3)].

Thus, K =n — 1. |

Appendix B. Universal Approximation Theorem in Sobolev Norms

B.1 Original Theorem of Hornik

Hornik (1991) proved a universal approximation result for scalar-valued functions using a single-
layer, arbitrary-width neural network in any weighted Sobolev norm on finite-dimensional input
spaces with a finite measure v. For f € C™(R? R), this Sobolev norm is defined in Hornik (1991)
as

Hwam»p(y,R)—(/R J@raw+ ¥ [ d@“f(ﬂ?)!pdl/(x)) ,

1<]e|<m
where we are using the multi-index notation for derivatives, with o = (a1, ..., aq) and
Hlal
o 1 (@) !

= — (X ).
at aq
Ox{"...0x,

The original result (Hornik, 1991, Theorem 4) considers activation functions that are non-
constant with bounded value and derivatives up to some order m > 0, and states that single-layer
neural networks with such activation functions are universal approximators of the space

Oy (RE) = {f € C™(R™™) : | flwmom) < 00}
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Recall that C}"(R) denotes the space of functions with bounded derivatives up to order m, i.e.,
¢ € OF'(R) if ¢y € C™(R) and for any k = 0,...,m, there exists My > 0 such that |»*)(¢)| < My
for all t € R. We can paraphrase Hornik (1991, Theorem 4) as follows.

Theorem 55 (Universal approximation with smooth, bounded activation functions). Suppose v
is a finite measure on R4 and g € C™P(R%n) for some m € Ny, p € [1,00). Let 1 € C/*(R) be
non-constant. Then, for any e > 0, there exists a single-layer neural network ¢y, g with activation
function ¥ and some width dyw € N such that

lg = wolwmogr) < €

B.2 Extension to Smooth Non-saturating Activation Functions

In practice, smooth and non-saturating activation functions, such as GELU, softplus, and SiLU,
are often used instead of bounded activation functions. Thus, we will extend the above result to
include activation functions belonging to A" as defined in Definition 1. The extension is based on
the fact that for any ¢ € A™, we can construct a new activation function ¢ that is non-constant
and has bounded derivatives up to order m through a linear combination of shifted versions of .
This allows us to identify single-layer neural networks using the activation function 1) as single-
layer neural networks using the activation function 1, which, combined with Theorem 55, yields
the desired result.
To this end, we start by defining the one-step difference operator Dy, as

(Orf)(t) = f(t+h) = (D).

We note that for any f that is non-polynomial, there exists some shift h such that Dj f is non-
constant.

Lemma 56. Suppose f € C°(R) is non-polynomial. Then, there evists h € R such that Dy f is
non-constant.

Proof We proceed by contradiction. If (Dp,f)(¢) is constant for all A € R, then we have f(¢ +
h) — f(t) = ¢(h) for some function ¢ : R — R. Taking t = 0, we see that c¢(h) = f(h) — f(0) is
continuous. Moreover, using two increments h; € R and hy € R, we have

c(h1 +ha) = f(h1 + h2) — f(0) = f(O+ h1 + ho) — f(h1) + f(h1) — £(0) = c(h2) + c(h1),

and hence c is additive. Since continuous and additive functions are necessarily linear, this implies
that for any t € R, f(t) = f(0+t) = ¢(t) + f(0), so that f is an affine polynomial and contradicts
the initial assumption. [ |

We can then construct ) € Cy'* by repeatedly applying the difference operator to ¢ € A™, with
the shifts chosen to ensure that the resulting function is non-polynomial.

Lemma 57. Let m € Ny and suppose f € C™(R) is non-polynomial. Then, there exists ho, . .., hpn
such that

g(t) == (Dp,, - - -Dno f)(2),

is non-polynomial and belongs to Cy"(R).
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Proof We proceed by induction. First, consider k = 0, such that f € C°(R) is non-polynomial
and Lipschitz continuous. Let L > 0 denote the Lipschitz constant. For any h € R, we have
g =Dnf € CY(R) since D, f(t)| = |f(t+h) — f(t)| < L|h|. Additionally, since f is non-polynomial,
by Lemma 56, there exists some hg € R such that g = Dp,f is non-constant (and hence non-
polynomial as g is bounded). Choosing this hg yields the desired result for k = 0.

Now, suppose the result holds for some k—1 with £ > 1 and consider a non-polynomial function
f € CHL(R). This implies that f'(t) € C*L1(R) and is also non-polynomial. By the induction
hypothesis, there exist ho, ..., hgy—1 such that Dy, . ...Dp,f’(¢) is non-polynomial and in C’f*l(R).
Let gx—1 :=Dp,_, -..Dpof, such that g;_; =Dp,_,...Dp f' € C{ffl(R). In particular, boundedness
of gj._, implies that g;_; is Lipschitz continuous. Moreover, since gj._; is non-polynomial, gi_; is
also non-polynomial. Therefore, by the same reasoning for the k = 0 case, there exists hx € R such
that g = Dp, gx—1 is non-polynomial and in CP(R), which combined with the fact that ¢’ € C’f_l (R),
implies that g € C¥(R), yielding the desired result. Thus, the result holds for all m > 0. |

We can then use the bounded activation function 1) based on Lemma 57 with the original
universal approximation result in Theorem 55 to obtain a single-layer neural network with activation
function v that approximates g in the desired Sobolev norm.

Theorem 58 (Shallow universal approximation with A™ activation functions). Suppose v is a
finite measure on R%n and g € C7P(R%n Réut) for some m € Ny, p € [1,00), and let 1) € A™.
Then, for any € > 0, there exists a single-layer neural network ., ¢ with activation function v and
some width dyw € N such that

||g - ‘:Oll),@HWm’P(l/,Rdout) <e
Moreover, @y € Ci(R%n Rdout),
Proof Consider first doy = 1. Since 1 € A™, we have that 1) € C*1(R) for some k > m and 1 is
non-polynomial. Thus, we can define a new activation ¢ = Dy, ...Dp,% as in Lemma 57, which is

non-polynomial and belongs to Cf(R) C CY'(R). Then, by Theorem 55, there exists a single-layer
neural network of width dy with activation function v,

ega(x) = W2 (Wiz + by) + by

with weights VVl € Rdwxdi“, WQ € RMJW, and biasgs b, € RJW, by € R, such that |g —
egallwmrwr) < e Evidently, ;5 € Cm(R%n, R) since 1) € C"(R). Moreover, ¢ =Dy, ...Dp,? is

2k+1

a linear combination of shifted versions of v with at most terms, such that

2k+1

D) =D aip(t+b),

i=1
with suitable a;, b; € R for i = 1,...,2F1. This implies that P4 can be written as

2k+1

%Lﬁ(x) = W2 Z ai@b(wlfﬁ + Bl + bz]-JW) + BQ = W21/;(W1x + bl) + bo,
=1

where 1 Ay = (1,...,1) € RW . That is, 054 corresponds to a single-layer neural network ¢y ¢
with activation function ¢ and width dy = 28T 1dy,, whose weights are

W,
W; = € RdWXdi“, W,y = [CLlWQ, asWa, ... ,a2k+1W2] S RleW,
W,
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and biases are B
by + b1 1CZW
by + bs1 5 _
by = W e Rdw . by, =by € R
51 + b2k+1 1JW

The case doyy > 1 follows by applying the same construction to each output component using the
appropriate error tolerance and parallelizing the resulting networks. |

B.3 Extension to Deep Neural Networks

Additionally, the result can be extended to deep neural networks by considering approximations to
the identity function Id(z) =

Lemma 59. Suppose p € CJ"(R%") for some m € Ny and 1) € A™ is an activation function. Then,
for any € > 0, there exists a single-layer neural network Idg with activation function v such that
Idg o p € C"(R%n) and

[1dg © @ — @llgmmainy < €. (48)

A fortiori, given a finite measure v on R and p € [1,00), for any € > 0, there exists a single-layer
neural network Idg with activation function ¢ such that Idg o ¢ € C,’)”(Rdin) and

[1dg 0 ¢ — @llwmrr) < € (49)

Proof First, let M} denote the bound on the kth derivative of ¢. That is, for any £k = 0,...,m
and any multi-index a with |a| = k, we have |0%p(z)| < My for all x € R%n. We then construct
an identity approximation Idy on the interval [—My, My], which contains the range of ¢. By
conventional universal approximation results on compact sets such as Pinkus (1999, Theorem 4.1),
for any § > 0, there exists a single-layer neural network Idy with activation function ¢ such that
||Id9 — Id”C’”([—Mg,Mg]) <é.

Given this construction, we can then look to bound the error between Idg o ¢ and ¢ in the
Cm(R%n) norm. Consider first the k = 0 case, where we have

1dg o () — p(z)| < 4, Vo € R, (50)

since @(z) € [~My, Mp] for all z € R%». For the first derivative, we have 6 -(Idg 0 ¢)(x) =
1dy(p()) 22, such that

9 ) |
5, (1do 0 ) () - af (z) <6M,,  VaeRbn (51)

< 1) - 1|52

For the higher-order derivatives, we recall the Faa di Bruno formula for multivariate functions
(Hardy, 2006). For f:R? — R and g : R — R, this takes the form

oF(go oMy
B a =2 oD L =5,
Ly - x“ﬂ mell Jem [es Zi;
where II is the set of partitions of {1,...,k} and |r|,|J| refer to the number of elements in 7 and J,

respectively. Note that there is only one partition of size one, i.e., mp = {{1,...,k}}, which yields
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the term ¢'(f )%. We can therefore decompose the sum as
‘k

Bmil...
(g0 f) T rf DI GLT o) | A oMy
O0x;, ... 0z, O0x;, ... 0z, eIl () ger Hjes Oy,

Applying this to the composition Idgy o ¢, the error in each component of the kth derivative is
given by

o o o*p (1)
(Idgop)— (¢) = (Idgop—1) -——F—+ Idy™" () :
Oz, ...0x;, Oz, ... 0z, 0 ox;, . 8:6% El—%ﬂ-k} ¢ Jl;‘!r [Tjes Oz,

Again, the first term can be bounded by
9 p(z)

< 6My, Ve R%n,
Ozi, ... 0y | = F v

‘((Idle °p)(x) = 1)

while each term in the sum can be bounded by

hﬁ@m»nawmﬁ

<5 [ My, Vo € Rén,
ser Hjes 0i; [T s

Jem

Thus, the overall error in the kth derivative can be bounded by

oF ok ‘
B o, Moo 9)@) = 5o (o)) <OMy+ > S]] My, vreR™. (52)

mell\{r} Jem

To obtain the bound in the CJ*(R%n) norm, (48), it suffices to choose § and hence Idy such
that the upper bounds in (50), (51), and (52) for k = 2, ..., m are simultaneously less than e. The
bound in the W™P(v,R), (49), follows by analogous reasoning. [ ]

To complete the proof of Theorem 2, it remains to extend the single-layer approximation result
of Theorem 58 to deep neural networks.
Proof (of Theorem 2) Beginning with the single-layer approximation result of Theorem 58, we can
construct a deep neural network by appending the identity approximation Idg, to the output of
the single-layer network. We focus on the case of doyt = 1, since the case of dyyy > 1 follows by
applying the same construction to each output component and parallelizing the resulting networks.

We first illustrate this for the case of d;, = 2 layers. Let p1 = @y, € C}" (R%n) be the single-layer
approximation to g as defined in Theorem 58. Then, we define ¢y = Idg, o ¢; as the deep neural
network with d; = 2 layers. The approximation error is given by

lg = @2llwmrer) < 19— @1llwmeer) + llp1 —Ide, o w1llwme,r)-

By Theorem 58, we can choose o1 such that [|g — ¢1|lpwmrr,r) < €/2, and by Lemma 59, we can
choose Idg, such that |[Idg, o w1 — @1|lwmrr) < €/2, such that ||g — @2|lwmepr) < €

For dr, > 2, since Idy, o 1 remains in C’;,”(Rdi“), the same reasoning can be applied to append
additional identity approximations to the output of @2 to construct a deep neural network with d,
layers, @9 = Idg 4y OO Idp, o ¢1, using the appropriate error tolerance for ¢ and the identity
approximations to ensure that the total accumulated error is less than e. |
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B.4 Approximation Rates for ReLU* Activation in Sobolev Norms

As discussed in Theorem 3, when specifically working with ReLU* to approximate functions in
the Gaussian Sobolev space HT in finite dimensions, we can obtain bounds for the neural network
size. These follow from standard arguments by first considering the Wiener chaos expansion of the
target function, and subsequently emulating the truncated expansion with a ReLU* neural network.
While the proof is standard, we provide details for completeness. To this end, we first show when
g € H'(y,Rdut) for some | > m, the Wiener chaos expansion of g converges in H™(y, R%ut) at the
rate N~(=m)/2 when truncated to polynomial degrees up to N.

Proposition 60. Let [,m € Ny with | > m, and let v = N(0,14,) be the standard Gaus-
sian measure on R%n. Consider a function g € H'(y,R%u) with Wiener chaos expansion g =
Yooto szn caHeo, where H, is the din-variate Hermite polynomial of degree o. Let gy =
Z,]LV:O > la|=n Catla be the truncation of the Wiener chaos expansion to total polynomial degrees
up to N. Then, there exists a constant k = k(l,m) such that for any N € N, we have

—(l—
g = I3 3 rm ¢y etousy < BN g1, mdousy-

Proof With v = N(0, 1 ), the Cameron-Martin space coincides with R%n, and H™(vy, Rut)
functions admit a Wiener chaos expansion in terms of the dj,-variate Hermite polynomials H,.
Moreover, by (47), we have the spectral characterization of the H™ (v, R%ut) norm,

ri(m) Y Y (L+n)"llcalld < Ngllim(y pioy < K2(m) D2 Y (1+n0)"eall3,

n=0 ‘a|:n n=0 ‘a|:n

with equivalence constants x1(m),k2(m) > 0 that depend on m. The truncation error is then
bounded by

o0
lg — gNH?{m('Y,Rdout) < Kg(m) Z Z (1+ n)chaHg
n=N-+1 ‘a|:n

On the other hand, since g € H' (v, Rdout), we have that
[ee]
S (Ut w)leald < 67 g2, paon) < - (53)
n=0 |a|=n

Thus, we rewrite the truncation error bound as

(o] o
9= 912ty < 2(m) S Y (L) lealE = a(m) 3 (1m)™ ! 3 (L) eally.
n=N-+1 |o¢‘:n n=N-+1 |o¢‘:n

Using the bound in (53) along with the fact that (n + 1)~ < N™~ for all n > N + 1, we have
19 = 9312y oy < K7 2N 2

where we can take (I, m) = r; '(I)k2(m) as the constant in the statement. [ |

We can then construct the ReLU* neural network approximation by emulating the truncated
Wiener chaos expansion. To this end, it is known that ReLU* can exactly represent entire sets
of polynomials in an efficient manner. For example, Opschoor et al. (2021) show that given a
downward closed multi-index set A, for any scalar-valued polynomial within this set, there exists
a ReLU” neural network that can represent this polynomial exactly, where the size of the neural
network depends only on the size of the multi-index set, |A], and not on the input dimension dj,.
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Proposition 61 (Proposition 2.14 in Opschoor et al., 2021). Fiz di, € N and k € N, k > 2. Then,
there exists a constant Kscalar = Kscalar (k) such that for any finite downward closed multi-index set
AC Ngi“ and any scalar-valued polynomial p(x) = 3" ,cp cax®, there exists a ReLU* neural network
Py R%» — R such that

801/179(‘73) =p(z), V€ ]Rdm7

with depth(¢y0) < Kscalar 10go(JA|) and size(py.p) < Kscalar|Al-

For vector-valued polynomials, we can simply emulate each output component separately by a
ReLU* neural network and parallelize the resulting networks.

Corollary 62 (Vector-valued polynomial emulation). Let N € N, diy,, dout € N, and k € N,k > 2
be given. Then, there exist constants Kdepth = Kdepth(din, k) and Ksize = Esize(din, dout, k) such that
for any polynomial function p : Rén — Rdewt of total degree at most N € N, there exists a ReLU*
neural network ¢y, ¢ such that

epo(r) =p(x), Ve R%n,
with depth(pye) < Kdepth (10go (V) 4 1) and size(py.p) < Ksigo N %in |

Proof We consider the downward-closed multi-index set Ay = {a € Ngi“ . la] < N}. Then, p(z) =

(P1(), - - -, Pdous (7)), where each p; is a scalar-valued polynomial of the form p;(z) = >, cp Dz
for some coeflicients c( D e R By Proposition 61, for each ¢ = 1,...,doyt, there exists a ReLU*

< ’iscalar(k)‘AN‘ and

neural network @; such that @;(z) = p;(z) for all z € R%» with size(p;)
depth(@i) < /{scalar(k’) 10g2(|AN|)-

Since ReLU* can be used to exactly represent the identity function Id(z) = =z as a single-
layer neural network of fixed size kiq = k1q(k) (Opschoor et al.; 2021, Proposition 2.3), we can
append additional identity layers to @;, i.e., ¢; = Ido --- o Id o @;, such that each ¢; is a ReLU*
neural network with the same depth, max;—; g4, depth(¢;). We can then define the vector-
valued network ¢y 9 = (1, ..., Pd,.,) such that ¢y o(x) = p(z) for all x € Ré%n. Moreover, ¢y g is
a feedforward neural network with

depth(py.g)
size(y.0)

scalar(k) 10g2(’AND7

<
< dout(l + Rld(k)) (Kvscalar(k)’AN| + HId(k)Hscalar(k) 10g2(|AN|)) < Hl( outs )|AN|

Here, we have accounted for the additional identity layers in the size bound, of which there are at
most Kscalar (k) logs (|An]), using the fact that the direct composition of n neural networks f1,..., fa
has size at most Y7, size(f;) + 1 size(fi11) - size(fi) (see, for example, Opschoor et al., 2021,
Definition 2.2). Finally, since ]AN| (N;me) < kp(din)N%n | with a constant ky(di,) > 0 that
depends on dj,, we have that

depth(@w,G) < Hdepth(dina k) (IOgQ (N) + 1) ) Size(sow,@) < ﬁsize(dim dout7 k)Ndin-

We now combine the above two results to complete the proof of Theorem 3.
Proof (of Theorem 3) It suffices to consider g # 0, since the result for g = 0 is trivial. For g # 0,
we first consider the truncated Wiener chaos expansion gy of g to polynomial degrees up to N. By

Proposition 60, we can choose
N = | (! =0
= [ (gl
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where [-] denotes the ceiling function and x = x(l,m) is the constant from Proposition 60. This

choice of N ensures that the truncation error satisfies ||g — gNH%,m ( e2.
Y

RdinJRdout) S
Furthermore, by Corollary 62, there exists a ReLU* neural network g0 such that oy g(z) =
gn(z) for all z € R%n. To this end, we note that

2

_1 _ _im - _ —m
N < e (Mgl )™ + 1< REm) (¢ Mgl +1)77

with #(l,m) = H(l,m)ﬁ + 1, where the second inequality follows from the fact that at? + 1 <
(a+1)(t+ 1)? for any a,t,p > 0. We can estimate the size and depth of this neural network using
the bounds from Corollary 62. For the depth, we have

depth(py,g) < Kdepth(din, k) (logy(N) + 1)
2
< epat(din ) (logy (R(Lm)(e Mgl +1)77 ) +1)

< ey ) (1o (L)) + 1= Togs (gl +1) +1)
< ma(din, k. 1.m) (logz (€7 lglly +1) +1).

For the size, we make use of the fact that (¢ + 1)? < 2P(¢tP 4 1) for any ¢,p > 0 to obtain

2dip

Size(@d),@) S ’{size(dina douta k)’%(l, m)din (E_IHQHH% + 1) e

2d;

S /@2(dinadout7kal>m) ((E_lng”]{’l}/) l—m + 1) )

Thus, the desired result holds with constants k1(din, k, [, m) and ka(din, dout, k, L, m). [ |

Appendix C. Proofs for the Error Analysis
C.1 Proof of Lemma 18

Proof (of Lemma 18) We leverage the universal approximation result of Theorem 2 with a den-
sity argument. Let € > 0 be arbitrary and consider any n > 0. Since FC* is dense in H',
we can find Fy) € FC* such that ||F' — F||g;» < n. This also means that | PE, [Flo (V)] —
P.E, [Fn‘U(V}T)]HH;n < 1. We then focus on approximating P.E.[F,|o(V;)].

By Lemma 52, since F,, € FC®, we have E,[F,|o(V,!)] € Cg°. We therefore look for an approxi-
mation of the function g,(s) := U,'E,[F,|o(V;")](V,s) by a neural network, where g, € C°(R",R").
In particular, Theorem 2 implies that there exists a neural network ¢ = ¢y, g approximating g, such
that [|g, — ol gm(y, rr)y < 1, where v, = N(0, I) refers to the standard Gaussian on R". Moreover,

the L?Y error between P,E.[F,|o(V;1)] and U, o ¢ o V; can be expressed as
JIREF o) - Unp(Via)3r(de) = [I0TE [Flo(VDIVVie) - e(Via)lyde),

since ||Poul3, = |U u||3. We can now perform a change of variable to s = V;iz. Since V; is
orthonormal in &, s is distributed according to ~,, such that

JIBE, [E o) - Unp(Via) 3r(de) = [IUTE, [Fylo(VDI(Vis) = 9() B3 (ds)
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Furthermore, since we have defined g, = U,/E,[F,|o(V,)](V;s), we have

JIEE (VDI (Vis) = o) (ds) = [ ll90(s) = (5) e ().

Similarly, for kth derivative,

JIDE P B, Ry (Vih)(2)) — DHUp(Viia)) s, .37 (do)
- / |PES (D Fy o (ViD@rr) @y Q) = Un DR (V) (VT Vi) s, ey )

where we have interchanged differentiation and conditional expectation using Lemma 17 in Ap-
pendix A.4. We then follow the same approach, projecting the norm into the reduced subspace and
then performing the change of variables s = V,'z to obtain a similar bound for the derivatives,

JIDEPE, By o (V)] (@)) - Dk(Urgo(vﬁx»H%{skw,ymdx)

= / U B (D Eyfo (VDI Vi) (Ve Vi) = DoVl ) [, ()
= [ IO D By o (ViDI(Ves) (Ve Vi) = Do) 3, (ds)
= [1D"g,(s) = D* () 1 (d).

where we have used || - |5, = || - [|us, ®"r) to denote the tensor Frobenius norms on R”, noting
that || - ||, = || - ||F is the standard matrix Frobenius norm.
Finally, since the Fréchet derivatives coincide with the weak derivatives, we have

1Py [Fylo (VD)) = Ur 0 9 0 Vil ll e = llgy — @llm s, ey < 0

Combined with the fact that ||P.E,[F|o(V,T)] — PTEV[FW|0(WT)]||H¢ < 7, it suffices to choose
n=¢/2. [ |

C.2 Proof of Lemma 19

Proof We begin with the unshifted case, b = 0. For F € H,ly, we can directly define g(s) :=
UAE,[Flo(Vi1)](Vis), which is well-defined for v,-almost every s. Then, g € H'(y,,R") and
90l iy, ey < |F g - Indeed, the density and change-of-variable arguments used in the proof
of Lemma 18 show that g is the H!(v,,R") limit of the sequence of functions g,(s) € Cf°(R",R"),
and ||/l gt (4, mry = ||PTIE,Y[F|J(VTT)]HH% < ||F||H% By Theorem 3, we can find a ReLU* network ¢
such that ||g — @l gm(y, rry < € with

depth(p) < k1 (logy (¢ M|F g +1) +1),  size(p) < ks <(€1HFHH£/) = 1) |

where we have directly expressed the bounds in terms of ||F!|| mt, and Ky = ki(r,k,l,m) and

ko = ka(r,k,l,m) are based on the constants from Theorem 3 (note that di, = doys = r). By the
same change-of-variable argument as in the proof of Lemma 18, we have that |P.E,[F|o(V,)] —
UropoVilllum = llg — @l gm(q, pry < €

72



DIMENSION REDUCTION FOR DERIVATIVE-INFORMED OPERATOR LEARNING

For the shifted case, b # 0, we take ¢p := ¢ — U, b as the approximating neural network, which
corresponds to shifting the final layer bias of ¢ by U,’b. We then have

| [F — blo(ViD)] = Uy 0 9y 0 Vil sy = 1P, [Flo (V)] = Ur 0 90 Vil < e,

where @, has the same depth as ¢, while its size is at most size(y) +r, accounting for the possibility
of introducing up to r additional nonzero parameters in the bias term of the final layer. Thus, the
depth and size estimates also hold for the shifted case by absorbing r into the size constant xo.

|

C.3 Proof of Theorem 12

The universal approximation of projected conditional expectations in H" can be used to obtain
the generic universal approximation result of Theorem 12 as follows.
Proof (Theorem 12) Let € be arbitrary. Given F' € H' and the output basis (u;)72;, we have

|FIZ; = [Z!uu yIZ] ZE[% plf] <o

where the interchange of sum and expectation is possible since all terms are non-negative. Moreover,
for any r > 0, we have

ZE[UH

i=r+1

|_|

i=r+1

|F - P.F|2, =E, {Zw, yl?| =

Thus, ||F — P, F|| L2 converges monotonically to zero as r — co. Analogously, for any k& < m,

!
||D5F”%2(7,Hsk(5,y)) =>. > E [

j=141,....i=1

<Uj, DE‘F(’LU“, ey wlk)>y

2
] < 00, (54)
using any orthonormal basis (w;)$2; of £, such that

<Uj, D(@F(w“, ey wlk)>y

00 [ee] 2

J=r+1liy,...,ip=1

also converges monotonically to zero. This allows us to find some ry such that [|[F— Py, F|lgm < €/3.
For the input basis (v;)$2,, we then consider a rank rx > ry, such that the conditional expectation
E,[F|o(V;,1)] also satisfies [|F — E, [F|0(VTXT)]||H¢ < €/3. This is possible since the conditional
expectations converge to F' as r — oo by Bogachev (1998, Theorem 5.4.5). We can now increase
the output rank to ry in order to make the input and output ranks equal, i.e., r = rxy > ry. Note
that

|F = BFllp < 1P = Pry Pl < ¢/3

due to (54) and (55) and
|PF B, [P Flo (V)] iy < IF = By [Flo V)l < €/3,

since || Prllzy,y) = 1.
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Lemma 18 then implies the existence of a neural network ¢y, ¢ such that the neural operator
Fo=U,opygo V,! approximates the projected conditional expectation to error

S [P Flo (VD] = Follmm < €/3.
Thus, combining the error terms in a triangle inequality yields the desired error bound,
|F = Bl < |[F = BoFllip + | BF = By [BFlo(V) [y + B [P Flo (V)] = Byl < e.
|

C.4 Proofs for the Error Decompositions
C.4.1 PROOF OF PROPOSITION 20

Proof (of Proposition 20) The results follow from decomposing each term into its component
within the projection subspace and its orthogonal complement. We begin with the L% error. For

F=U,o0poV, +F, we can write the misfit || F(z) — ﬁ(m)”%, as

|F(z) = F(2)|3 = [|1B(F(z) = F@)|3 + I(I = P)(F(x) = F)II3,
since (I — P,)U, = 0. Moreover, using the decomposition F' — F=F—-F+F-— ]5, we have
(= PYE =B} = (= P(F = F)3+2{(I = P)(F = F), (F = F))_ +|[(1- P)(F - B3,
We recognize that || — Py z(y.y) = 1 implies [|(I — P.)(F — F)|}3 < ||F — F||3,. Then, taking the
expectation over -y removes the cross term and yields the bound (18).

For the derivative error, we have DF(z) = U,D(V,iz)V,!. Thus, using (v;)$2, as the basis for
evaluating the Hilbert—Schmidt norm, we have

|De F () — DeF(2) s e,y = ZH DeF(x) — DeF(x))vil3

= Z I(DeF(x) — DeF(x))vill3) + i |(DeF(x) = DeF(2))uill3
— i=r+1

= |(DeF(2) = DeF(2))Qr s e ) + 1D F(2)(I = Q) fis(e ).
since Dgﬁ ()(I — Q,) = 0. By analogous reasoning, we can further decompose the first term into
I(DeF(x) = DeF(2))Q: llfis(e,y) = 1P (DeF(2) — DeF(x))Qr s e,y
+ (I = P)De F(2)Qy lIfis .-

Finally, since ”Qr”ﬁ(&g) = 1, we have ||( — PT)DEF(»T)QrHIQ{s(g,y) < ||(I = PT)DgF(m)H%{S(&y).
Combining the individual components and taking the expectation yields the bound (19).

To obtain (20) and (21) for the terms involving F', we make use of Parseval’s identity with the
basis (u;)$2,. For the function value, we have

1P-(F = F)3 = |UUHF = Upp(Vilz) = B)[3 = TN F = F) - o(Vila)|l5.
For the derivative, we additionally use (v;):2; as the basis for the HS(£,)) norm, giving
1P+ (DgF(z) — DeF)Qrllfige.y) = IUS DeF(2)Vy — Dp(Vila) 3.
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C.4.2 PROOF OF COROLLARY 21

Corollary 21 then follows as a result of the error decomposition in Proposition 20 along with the
universal approximation of conditional expectations in Lemmas 18 and 19.
Proof (of Corollary 21) By Proposition 20, we can decompose the approximation error into

|F — Fall3s < 1P(F — B3 + (I~ BY(EF — F)|3 + |[F — F3,
and

|F— ﬁel%q <||P-(DeF — DeF)Qrll2(y mis(e.))
+ (I = P)DeF 720, ms(eyy + IDeF(I = Qr)l1 72, ms (e v))-

We first make use of the conditional expectation F, = E,[F|o(V;)] as an intermediate to the
approximation F, such that P.F, = IEW[PTF|0(V,JL)] is the optimal L?Y approximation to P,F
within the closed subspace of o(V;!)-measurable functions. Since Fy is also o(V,!)-measurable,

the variational characterization of the conditional expectation gives orthogonality in the sense that
(P.(F — F,),P.(Fp — FT))L% = 0. Thus, the error ||P.(F — Fy)||3; can be decomposed as
ol

1P (F — Fo)l 72 < 1PH(F — F)|72 + 1P (Fr — Fy)|72.

For the derivative error, we note that PTDgﬁ}QT =E,[P,D¢F QT|0(V,JL)] by Lemma 17. Therefore,
by analogous reasoning, we have

|PA(DeF — DeFy) Q|22 ey < 1P (DeF — DeFr)Qul 3 mise. v
+ || P (DeF, — DSFG)QTH%Q(%HS(&J)))'

By Lemma 18, there exists a neural network ¢y, g such that U, o > (Py,0 0 7Al approxnnates P, (ﬁr —
F)=E,[P.(F — F)\U(VT)] in | - ||H1 to error e. This means that Fy = U, o @p.00 Vil + F satisfies

the desired error bounds. If ¢ = ReLUk with k£ > 2 is used, we can instead make use of Lemma 19
with the error tolerance €/2 to obtain ©y,0, such that the desired error bounds hold with

1 X _ m%
depth(ey) < 1 (1ogy (HIFllp+1) +1). sinelioyp) < o (I )™ +1)

Here, k1 = k1(r, k,m) and ke = ka(r, k, m) are based on the constants from Lemma 19 with [ and
m in Lemma 19 corresponding to m and 1 in this result. |

C.5 Proof of the Subspace Poincaré Inequality, Theorem 28

We begin by stating the Poincaré inequality, which holds for Gaussian measures on separable Hilbert
spaces (Bogachev, 1998).

Theorem 63 (Poincaré inequality for Gaussian measures). Suppose F' € H% Then,
E,[|F — F|3] < E, [ DeFllise,v)):

where F' = E,[F] is the mean of F.
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The subspace Poincaré inequality then follows from the Poincaré inequality itself.
Proof (Of Theorem 28) The procedure is almost identical to that of Zahm et al. (2020), with
justifications to ensure the operations are valid in the separable Hilbert space setting. We first
consider the case where F' € FC*, for which we can define G(z,y) := F(Q,z + (I — Q)y), such
that By, [G(z,y)] = E,[F|o(V;D)](x). Since @, and I — Q, are continuous linear operators, we
have

9yG(x,y) = DF(Qrx + (I = Qr)y)(I — Qr).
Moreover, since Q,x + (I — Q,)y ~ v whenever (x,y) ~ v ® v, we know

[ 16 = [[1F@ + 1 = Qw3 dn) = | FIE; < .

An analogous calculation can be made for 9,G. Therefore, we have [ |G(z,y)|*v(dy) < oo and
J ||8yG(x,y)||%{S(&y)'y(dy) < oo for almost every x. This suggests that G(z,-) € H)} for almost
every x, with a Sobolev derivative equal to 9,G(z, -). Applying the Poincaré inequality on separable
Hilbert spaces gives

J16@.) = EyrlGlap)IBr(dy) < [ 10,62, isie,yy1(dy)

for almost every x. Integrating again over x ~ - gives
JJ1F @+ (1 = @o)y) = B, [Flo(Vi)](a) 31 (dy) (da)
< [[IDF@a+ (1 = Q)T = @) isie.y1(dy)(da).

Since By [Flo(Vi)](x) = By [Flo(Vi))(Quz + (I = Qu)y) and Qua + (I — Qu)y ~ 7, we obtain the
inequality (30) for F' € FC.

We use a density argument to extend the result to arbitrary F' € Hé We first note that (30) is
equivalently written as

||F_EW[F‘O-(V;‘T)]HL?Y <[ DeF(I — Qr)llp2(y,15(6,))-

From here, consider an approximating sequence F;, € FC* converging to F' in H,i An application
of the triangle inequality gives

IF =By [Flo(ViDllze < 1Fa = Ey[Fala (VD2 + I1F = Fullzz + 1By [F = Fulo (Vi)]llLz-
Applying the subspace Poincaré inequality for F;, yields
IF = ES[Flo(ViDllz2 < [1DeFall = Qo)ll 2 mseeyy + I1F = Fallzz + 1By [F = Fulo(Vi]| 2.
Another application of the triangle inequality yields

|F = Bs[Flo(VDlllzz <IDsF( = Qu)llz2i s + (DeFo = DeF)I = Qu)ll12 sz,
+11F = Fullg2 + By [F = Fulo(Vih)]l| 2

Since F,, — F in Hvl, the latter three terms involving the difference of F,, and F' can be made

arbitrarily small (see also Corollary 53). This leads to the subspace Poincaré inequality for general

F e HL. |
v
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C.6 Proofs for the Sampling Error Bounds
C.6.1 PROOFsS FOR THE MONTE CARLO ERRORS, LEMMAS 33 AND 35

Here, we present the proofs in the analyses of the sampling errors in Section 3.7. We begin with
the proofs for the Monte Carlo error bounds, Lemma 33 and Lemma 35. The proof of Lemma 33
is reproduced below from Bhattacharya et al. (2021).

Proof (of Lemma 33) Given the assumption that the second moment is bounded, we have

LN 1 X _
<N,§Zk‘z’NZZk‘Z>H]
_ NN
-+ N
= (Bar [l ~ 121
= 3 (B [le - 218,

where we have made use of the independence of z;, z; for i # j. |

Ex [l - 23] = En

1
Eno(ll2l17] +

We then proceed with the proof for the error in the fourth moments.
Proof (of Lemma 35) Assume first that z is a centered random variable, i.e., Z = 0. Then,

1 N N N N 1 N
En(llz - 2]3] = NAEN [<Z%sz> <Z Zks Zl> ] =i > En (20250 (2 21) 5] -
X =1 H

i=1  j=1 k=1 i,k =1
For (z;)¥; that are i.i.d., the expectation is zero whenever a single index differs from the remaining
three, e.g., i # j, k, [, since
En [(2is 2j) 3 (2> 21)3] = (En[2i], En[25 (25, 20)90)) 3y = (Bzm[2], Enlz5 (25, 20)94])5, = O.

Thus, the only non-zero terms are those where all indices are equal, i.e., ¢ = j = k = [, and those
where two pairs of indices are equal, e.g., i = j # k = [. The former contributes IV terms of the
form E..,[[|z[|3,]. The latter case corresponds to (];7) : (3) = 3N(N — 1) terms, where for every
term, the Cauchy—Schwarz inequality implies that

2
Ew ({21, 2)3 (20 2] < En [lzillaclizslimllzelizclizilizgd = B 26015 Bav 26015 = B [I1213]
where we have again made use of independence. Combining the two contributions, we arrive at

NE:[[lll] + 3NNV = DE-w [[l]3,)° _ K.
N* - N?’

En [z - 2l14) <

where it suffices to take
K. = EZNV[”ZH%-L] + SEZN,,[HZH%P.

When 2z is uncentered, we note that

1 < 1Y
Z_Z:N;;(Zk_Z):N,;Zk

where Z, = z; — Z are centered i.i.d. random variables. Thus, applying the result for the centered
case above to the random variable Z yields the desired result. |
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C.6.2 PrROOFS FOR PCA AND DIS SAMPLING ERRORS, PROPOSITIONS 36 AND 37

The proofs for Propositions 36 and 37 then follow from the previous results, Lemmas 33 and 35.
Proof (of Proposition 36) Bhattacharya et al. (2021, Lemma B.2) considers the uncentered case.
To derive the result for the centered case, we decompose the covariance estimator Cy as

~

N
S (F(zr) — F) ® (Fax) — F)
k=1

Cy =

=

(F(zp) —F+F—F)® (F(z) — F+ F — F)

I
=
™=

k=1
N

LS (P — ) (Fla) — F)— (F— F) o (F— )
k=1

Let Cy := & S0 1 (F(zy) — F) ® (F(xg) — F). Then,

Cy — CA')J”%{S(y,y) <2|Cy - éyH%IS(y,y) + QH(ﬁ ~F)® (F - F)H%Iso;,yy (56)

In particular, the first term reverts to the case of uncentered covariances ||Cy — éy”HS(y’y),
which we present here for completeness. Since ||y ® y|lug(y,y) = [lyll3 for y € ¥, we have

E[Il(F = F) @ (F = F)lfis.y)] = By [IF = Flly] < co.

This allows us to apply Lemma 33 using the random variable z = (F — F) ® (F — F), taking values

in the Hilbert space HS(Y,Y), whose mean is Cy = E,[(F — F) ® (F — F)]. This gives the bound

) E,(I(F — F) @ (F — F) — Cylfisy)
En[ICy — Cylisy] < ~ S

For the second term in (56), we have
I(F = F) @ (F = F)lluswy) = |1F — FI
such that

|F = FliL, +3IF - F,
N2 ’

En(|[(F — F) @ (F — F)|fisy) = EnlIF — FI3] <
Combining the bounds for the two terms from (56) yields

o 2B, [|[(F — F) ® (F = F) = Cyll}gpy)]  2IF = Fllzs +6llF = Fll7,
]ENH|Cy - CyHHS(y,y)] < N + N2 :

Since N~2 decays faster than N~!, we can simply take the constant as
Mey = 2B, [|(F = F) @ (F = F) = Cyllfisy.p)] + 2|1 F = Fllzs + 6[1F — Fl7.

The strategy for the sampling error estimates in the DIS case is similar (and in fact, simpler,
since we do not need to account for the centering by the empirical mean).
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Proof (of Proposition 37) Recall that for Hy = E,[DgF*DgF] and Hy = E,[DgFDgF*|, their
empirical estimators

_ 1

N N
N ~ 1
Hy > DeF(xy,)*DeF(xy), Hy = — Y DgF(x;)DeF ()",
Ni= N=
are sample averages of the random variables DgF*DeF and DgF DgF* that take values in the
Hilbert spaces HS(E, £) and HS(Y, )), respectively. Note that for Hilbert—Schmidt operators A €
HS(H1,Hz2) and B € HS(Hz,Hs), which map between separable Hilbert spaces Hi, Hz, Hs, the

norm of their composition satisfies || BA| g, 25) < | Allus e ,242) | BllHs(#2,25)- Thus, we have
D F*DeF|lus(ee) < I1DeFllfisey)y,  1DeFDeF*|usy,y) < | DeFllis(e y)-
Squaring and taking expectations gives us
E, (|| De F*De Flfis e 6)] < By [|De Fllfis (e )] < 00
and
EV[HDSFDgF*HI%IS(y,y)] < EW[HDSFH?—IS(E),)/)] < 00
by our moment assumption. This allows us to apply Lemma 33, which yields the desired result

with constants

My, =E,[|DsF*DeF — Hx|lfig e ) Mpy, =B, [[|Dg FDgF* — Hy|fs(y.3)]-

y

C.7 Proof of Theorem 13

We now conclude with the proof of the main theorem, Theorem 13, which combines all the results
from the previous sections.
Proof First note that under the assumption that ' € H' N Wﬂ}"l, for almost every realization

of the samples Sy = (mk)fy:l i v, the empirical estimator Fe Y, the empirical covariance @y
and sensitivity operator ﬁy lead to orthonormal bases (4;)72; in Y, and the empirical sensitivity
operator Hy leads to an orthonormal basis (oP5)2, in £. Additionally, Assumption 8 ensures that
(C3'0PS)r_, are elements of X. We can therefore apply Corollary 21 to obtain the existence of a
neural network ¢, g such that (22) and (23) hold for any ¢ > 0, with corresponding estimates for
depth and size when using ¢ = ReLU* with k > 2.

The remaining terms in (22) and (23) are the mean estimator error, ||F — F 13, which satisfies

the Monte Carlo error bound of Corollary 34,
allp)
1P~ P2,
N )
ridge function and reconstruction errors due to the input dimension reduction \A/r,

|F— 32, |1BADeF — DeF)Qu 2oy sy IDeFU — Qo) msieyy):

En[IF - F[3] <

and reconstruction errors due to the output dimension reduction (7T,
I = P)F = P2, I = P)DeF |72, ns(e.9))-

We can then consider each dimension reduction strategy separately, substituting in the results from
the reconstruction, ridge function, and sampling errors developed in Section 3 to obtain the final
approximation errors.
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Empirical output PCA U, = Uf CA: For the output reconstruction error, Proposition 24 gives

2||Cy — éy”%{g(y,y) }

PCA PCA
)‘r - )‘r+1

I = BPEAY(F = F)I7z < >0 A"+ min {\/?!Cy = Oy llus)-
i=r+1

To bound the derivative reconstruction error, we additionally require Assumption 10, which com-
bined with Proposition 25 gives

I(I = BY*)De Fl[72(, ms (e

s ) N 2”037_63}H2HS ARY
S KD ( Z )\%’DCA + min {@‘Cy - CyHHSOJ,y)v APCA _ )\PCFA’ ) .
i=r—+1 r r+1

Taking expectations with respect to the sampling error with the help of Proposition 36 gives

~ 2|Cy — éy”%{s(y V) 2rMc 2M¢c
Ey [ min < v2r||Cy — Cyllus , : < min =3 2
( { IR - N T OROR - ATEN

with Mc,, = 2B, [[|(F — F) @ (F — F) = Cyllfig(y 3] + 2|1 F = Fl|74 +6[|F — F||7,. Thus, the overall
’ vy vy

constants are K§,1) =1, K§,2) = Kp, and My = 2E,[|(F - F)® (F — F) — C’y||12{s(y yl +2|[F —

Fllzs +6llF = F7;.

Empirical output DIS U, = ﬁPIS: From Propositions 26 and 27, we have

SDIS o (12 — | DIS . o ? 2| Hy — ﬁyHQHS(JJ,JJ)
H(I - P’r )(F - F1)HL,2y < Z )\Z + min 2THH37 - HyHHS(y,y)v \DIS _ )\DIS )
i=r—+1 T r+1

DIS __ \DIS
)‘r /\r+1

o0
I = BPP)DeFlfEai sy < D A +min {V 2r||Hy — Hyllusy,»):
i=r+1

2| Hy — Hy||2Hs(y,y) }

Taking expectations with respect to the sampling error using Proposition 37 gives

. ~ 2||Hy — ﬁy”%{so} V) . 2rMpy 2Mpy
T T T T

where My, = E,[|De FDeg F™* — HJ’”%IS()),)))]' Thus, the overall constants are KJ(}) = Kg) =1 and
My = EV[HDEFDEF* - Hy”%{g(yy)]-

En

Exact input PCA V, = VPCA: Under Assumption 8, the results in Proposition 23, Corollary 29,
and Proposition 31 give

o0
IDeF(I = QF M7z ms(eyy < Ev [HDFH%(X,J;)] oo,
1=r+1

o
2 PCA
|DFH£(X,3))} Z Ky
1=r+1

[o.¢]
|B-(DeF = DeF)Q7 M e ms(e.y) < B [ID*FllZye] Bollli] D2 wfe™.
1=r+1

IF-Fl3 <E,|

Moreover, since there is no sampling error in the exact PCA, these bounds are deterministic, such
1 2
that My = 0, K¢ = E,[| DF|[2 5 )], and K = B, [|D2P|2, 3B, [l|2]3] + By [ DFII% 4 3]
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Empirical input DIS V, = YA/,,DIS: Proposition 26 and Corollary 29 give

DIS DIS

o0
£~ Fr||%g < Y p?"™ + min { V2r||Hxy — Hx[lus.¢), P
T

2|Hx — ﬁXH%{S(s,e)
1=r+1

- lu'r—f—l

Ty 2
| DeF(I — @DIS)HQ < i DIS ind Vor|Hy — 2| Hx _HXHHs(s,e)
€ v L2 y,msE,y) < pi -+ min r|Hx — Hx |lus(e,e) DS DTS ,
i=r+1 Ho My

To bound the derivative ridge function error, we additionally need Assumption 11, which combined
with Proposition 32 gives

IP-(De F — DeF) QY™ 72, ms e.y)

o _ 2Hy — Hellsec

<Kp| Y w4+ min{ vV2r|Hxy — Hy|usee), DIS( =k

DIS _
i1 Mo /‘Lr-‘rl

Taking expectations with respect to the sampling distribution and applying Proposition 37 then
yields

R 2| Hyx — Hellfge ) 2r My 2Mpy
Ex |min{ v2r|Hy — Hx|lus(e.c)s 7 < min = p ’
[ { (&£ uDIs — DI N (P = p )N

where My, = E,[|DgF*DsgF — HXH%{S(S g)]- Thus, the overall constants are KS) =1, KEYZ) =
Ky + 1, and My = E,[| De F*DeF — Hu[%g(¢ o))

As suggested in Remark 14, we have used Assumption 8 to ensure the DIS yields C’;lﬁPIS that
are elements of X. We do not need the full Assumption 8 in the input DIS result. Instead, we can

relax the assumption by directly assuming that F' is such that the eigenvalue problem involving
Hy yields C'oP™S that are indeed elements of X. [

Appendix D. Proofs for the Analytic Examples

D.1 Proofs for the Coefficient Map with Nonlinear Transformations
D.1.1 VERIFICATION OF THE MOMENT BOUNDS, PROPOSITION 40

Proof (of Proposition 40) We first note that Fréchet differentiability of F' can be shown from first
principles by verifying the explicit expressions for the derivatives given in (37). From (37), we then
see that D" F is continuous. To this end, consider any x, z € ¢? and v1,...,v, € £2, for which

=, (g () — g ()2

|| (DnF(z)—D"F(J;))(Ul,,Un)‘|?2zz 1A
k=1

W2 (W2,

n

Repeatedly applying Holder’s inequality and using the fact that ||v]|ge < ||v]|,2 gives the bound
| (D"F(2) = D"F()) (v1, .., vn) |2 < sup 9™ (") = g™ @) P T llvillZ-
€ i=1

That is, [|[D"F(z) — D"F(z)|lz, e2,¢2) < SUDken lg™ (2*)) — g (2(*))|. Consider now a convergent
sequence x; — z in ¢2. Then, xj — x in £°°, which implies that acg.k) — 2(®) uniformly in & € N and
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all components of the converging sequence are contained in a compact interval, say, [-R, R] C R
for some R > 0. The continuity of g™ then implies uniform continuity over [~ R, R], which gives
SUPLeN ’g(”) (asgk)) — g™ (x(k))’2 — 0. Thus, F' € C"™(X,)). Note that continuity in turn implies
that F' : X — ) and its derivatives D"F : X — L,(X,)) are strongly measurable with respect
to 7. Here, it suffices to observe that F and D" F' are Borel measurable and separably valued, the
latter of which follows from the fact that their ranges are separable, being continuous images of the
separable space X.

Moreover, by the boundedness of g(") (t) forn =1,...,m, we can show by analogous reasoning
that | D"F(z)||z,x,y) < M forall 1 <n < m and all z € X. Here, the n = 1 case additionally
implies that F'is Lipschitz continuous, which in turn implies that F' has finite moments of any order
under v since Fernique’s theorem asserts that E,[||z|%] < co for any p € [1,00). Therefore, we
have F' € LP(v,)) and D"F € LP(~,L,(X,Y)) for any n = 1,...,m and any p € [1,00). Finally,
since the embedding from £ to X is Hilbert—Schmidt, we have I’ € W*? for any p € [1, c0).

|

D.1.2 VERIFICATION OF THE INVERSE INEQUALITIES, PROPOSITION 41

Proof (of Proposition 41) We make use of the explicit expressions for the derivatives of F' and
the fact that 2(*®) are independent Gaussian random variables to compute the expectations in the
inverse inequalities.

Derivative inverse inequality. To see that the derivative inverse inequality holds, we test the
operators Cy and Hy with arbitrary v € Y and compare the resulting expressions. To begin, we
note that the expectation of the output is zero, i.e.,

Ew[g(x(k))]>°°

B\ [F(2)] = ( - =0

k=1

o 2
( g(l‘(j)) u(k)) _
k=1 k

Since z(®) are independent Gaussian random variables and g(z(*)) are centered, the cross terms in
the square of the sum vanish, leaving

as g is odd. For the covariance operator, we have

Eq[{u, F — F)gi] = Exw’y[(“’F(m)>§i] il

k)

8

E,[(u, F — F)3

Evey [9(®)?]. (57)

Similar calculations can be made for the derivative covariance Hy. We have that

o

* 1/2
Epr || De F(2) ul|2] = Egmn [||C¥ DF () u| %] =

Comparing (57) to (58), we see that it suffices to find a constant Kp > 0 such that
0REons g (@®)’] € KpEsns[g(a™)?]) VR EN, (59)

which would then imply that the derivative inverse inequality holds with the constant Kp.
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To this end, boundedness of the derivatives of g implies that
lg(z) —z| < M|z|* Vz R, (60a)
lg/(x) — 1] < M|z| VxeR. (60b)
Using (60a) inside the second moment gives us a lower bound
Einr[9(2™)?] = Eprr [|l2®) 7] + 2Ens [(9(2™) = 20)2®] + By [(g(2®)) — 2®)?]
> Banry |20 = 2M By [|oOF ] = Moy |20

2
> 0% — 4/ Mo} — 3M?a}. (61)
™
Analogously, using (60b) inside the second moment gives us an upper bound

Eomr [ (@®)2] = 1+ 2E,s [('@®) = 1) - 1] + Eans [(g/(@®) — 1)
< 14 2ME s [t + M2Eqes [l ®]?]

2
< 1+2\/—MJ;€+M20;3, (62)
™
or equivalently
2
0 g ()] < 02 4 24/ ;Ma,:;’ + M2, (63)

Here, we have made use of expressions for moments of the Gaussian random variable z(*) ~ N/(0, o?)
in the final steps. Since o5, — 0, there exists K € N such that for all £ > K, o}, is sufficiently small
and

2
o
Esnnlg(2™)?] = o ke lg'(@*))?] < 207,

which implies that U,%]Ex,\q[gl(l‘(k))ﬂ < A4E;~y [g(z*))?] for all k > K. For the finitely many k < K,
we can choose a sufficiently large K p such that OB yn g (29))?] < f(JD]ExN.Y [g(z))?] for all k < K,
noting that . [g(z*)?] > 0 since ¢’ is continuous and ¢’(0) = 1. Combining the two cases, we
have that (59) holds with Kp := max{4, Kp}, which in turn implies that the derivative inverse
inequality holds with the same constant Kp.

Hessian inverse inequality. We can verify the Hessian inverse inequality by a similar approach.

Given any v € £, we have

(v™)?
e

Eonnly' (@), (64)

WE

EwNW[”DEF(x)UH%)] =
k

For the Hilbert-Schmidt norm of Hessian action, we consider the PCA basis (wy)32, of £ defined
by wy, := oek, where ey, is the standard Euclidean basis in ¢? with a one in the kth position and
zeros elsewhere. Then, we have that

Epny lz ||D§F(:U)(U,wk)|]§;] Epny
k=1

1

,U(] (J))

I

k=1j5=1

g”(l‘(j))2] )

Using the fact that w(j ) — oy if 7 = k and zero otherwise, we have, after interchanging the sum
and expectation,

Eznny [Z |D2F () (v, wy)] ] = Z l o o2 xwfy[g”(iv(k))2]] . (65)
k=1
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Comparing (64) to (65), it suffices to find a constant Ky > 0 such that
02Epnlg" ()2 < KyEyps[g' ()] VEeN, (66)

which then implies that the Hessian inverse inequality holds with the constant K.
This can be shown by analogous calculations to the derivative inverse inequality. For the
derivative, we have

EINV[gl(a:(k))Q] >1- 2\/§Mak — M?%a3, (67)
and for the Hessian, we simply have
02 nlg” (@ M)?] < M0 (658)
Thus, there exists some K € N such that whenever k > K (o} is sufficiently small), we have that
Eonn[g'(@)] 21/2,  0fEunslg"(z™)?] < 1/2

such that o7E,[g" ()2 < By [g/(2)?] for all k > K. For the finitely many k < K, we
can choose Ky sufficiently large such that OBy g (xF))?] < f(JHEIN,Y [¢'(x*))?] for all k < K,
again noting that B, [¢'(2z®)?] > 0 since ¢’ is continuous and ¢’(0) = 1. Therefore, (66) holds
with Kp := max{1, K 17}, which implies that the Hessian inverse inequality holds with the same
constant K.

|

D.2 Proofs for the Semilinear Elliptic PDE Examples
D.2.1 WELL-POSEDNESS AND DIFFERENTIABILITY OF THE SOLUTION OPERATOR

We begin by establishing the well-posedness of the solution operator S defined for the semilinear
elliptic PDE (38) under Assumption 42, which is a consequence of the standard theory of monotone
operators.

Proposition 64 (Well-posedness of the solution operator). Consider the semilinear elliptic PDE
(38) with the nonlinearity g satisfying Assumption 42. Then, for any f € H (), there erists
a unique solution u € H}(Q) that solves the PDE (38). That is, S : H () — HI(Q) is a
well-defined solution operator.

Proof Let B(u) := —Au+ g(u) be the nonlinear operator defined on H}(£2) such that the PDE can
be written as B(u) = f. We can verify that B is a strongly monotone, coercive, and hemicontinuous
operator, which implies that for any f € H~1(f2), there exists a unique solution u € H}(£2) such
that B(u) = f (Troltzsch, 2010, Theorem 4.1).

To see strong monotonicity, note that for any u,v € H}(Q), we have

(Bu) = B(0). u =) s oy = [ V(=) + (9(u) = g(0))(u — v)a2

> /Q IV (u — v)[2dQ

= HU_UHJQL[(%(Q)v (69)
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where (-,-) ;r-1(0)x 1 (o) denotes the duality pairing between HYQ) and H} (). Here, we have
used the fact that g is monotonically increasing, which implies that (g(u(s))—g(v(s)))(u(s)—v(s)) >
0 for all s € Q. Coercivity follows from monotonicity and the fact that g(0) = 0 by taking v = 0 in
(69), which gives us

(B(u),u) -1 () xm2 (@) 2 ”qu'—IS(Q)‘

Finally, B is hemicontinuous, i.e., [0,1] > ¢t — (B(u + tv), w) pr-1(0),m} () 18 continuous for all
u,v,w € HE(Q). Evidently, the linear part of B, i.e., —A, is continuous. On the other hand, the
nonlinear part g(u) : Hi(Q) — H~1(Q) is continuous since g is in C™(R) with the appropriate
bounds on its growth and Hg(Q) < L®(2) — H~1(Q). As such, we can treat the nonlinear part
as a continuous Nemytskii operator from H{(Q2) < L>® to L™ — H~(Q). The overall operator B
is then hemicontinuous as the sum of two continuous operators. |

In fact, we also have that S is Lipschitz continuous since we have strong monotonicity. Alter-
natively, Lipschitz continuity can be obtained by the global bound on the first derivative operator,
which we show in the following proposition on the differentiability of the solution operator. The
proof is based on standard arguments using the implicit function theorem on Banach spaces, but
we include it here for completeness.

Proposition 65 (Differentiability of the solution operator). Let S : H=Y(Q) — H}(Q) be the
solution operator considered in Proposition 64 with the nonlinearity g satisfying Assumption 42 for
somem € Nym > 2. Then, S € C™(HY(Q), H}(Q)) and its first two Fréchet derivatives are given
by the following:

w = DS(f)¢p solves — Aw + ¢ (S(f))w = ¢ (70)

and

2= D?S(f)(¢1,¢2) solves — Az +¢'(S(f))z = —¢"(S(f))wiws, (71)
where w; = DS(f)¢; for i =1,2. Moreover, we have that

IDS(H cea-1(0),m@) < 15
ID2S () 2y a1-1 (). 1130y S 19" (S o= ()5

where < denotes an inequality up to a constant independent of f € H~1(€).

Proof We define the residual operator R : H} (Q)x H~1(2) — H=Y(Q) as R(y, f) := —Ay+g(y)—f,
such that the solution operator S satisfies R(S(f), f) = 0 for all f € H1(Q2). We note that R
is m-times continuously differentiable since the linear parts are smooth and the nonlinear part
g(y) is m-times continuously differentiable as a Nemytskii operator from L*°(Q) to L*°(€2), which
continuously embeds into H~1(£2). Moreover, we can compute the following derivatives of R:

DyR(ya f)’UJ = —-Aw + gl(y)wv

for any w € H}(Q) and ¢ € H~1(Q).
We let Ayw := —Aw + ¢'(y)w. Since g is monotonic, we have ¢'(y) > 0, such that the operator

Ay is both coercive and continuous. Here, coercivity follows from
(Ayw, w) -1 ()< mi (@) = /Q IVwl? + ¢/ (y)w?dQ > HwH?{é(Q)a (72)
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while continuity follows from

(Ayw, 2) - @y x| = \ /Q Vu - Vz + g (y)wz 2 < (1+ 529" @) | @)l o 1 2] a1 0
(73)
where £, is the Poincaré constant, i.e., |[vr2@q) < K,pHUHHé(Q) for all v € H}(2). Given any
y € Hj(9), the embedding of Hj(€2) into L>(2) implies that ||g/(y)||fe(q) is finite and hence A,
is continuous. The Lax-Milgram theorem implies that Dy R is invertible with a bounded inverse.
By the implicit function theorem, it follows that S € C™(H~1(Q), H}(2)) and its derivatives are
given by implicit differentiation as in (70) and (71).

Boundedness of the derivative operators. Let us first consider the derivative operator
DS(f) : HY(Q) — H}(2). We have that w = DS(f)¢ solves the linearized PDE, A,w = ¢,
where y = S(f) is the solution of the original PDE. The Lax—Milgram theorem also gives a bound
on the solution of the linearized PDE in terms of the coercivity constant (which is one in this case),
ie.,

lwll 20 < 10llH-1(0)- (74)

Thus, we have that ||DS(f)||£(H_1(Q)’Hé(Q)) < 1forall f € H1(Q). This additionally implies that
S is Lipschitz continuous with Lipschitz constant at most one.
Similarly, for the second derivatives, we have that for z = D2S(f)(¢é1, ¢2),

Ayz = —4" (y)wywo, Ayw; = ¢, 1=1,2.
Here, ¢"(y)wiws is an element of H~1(Q) in the form
(9" (y)wiws, v) 1)1 () = /Qg”(y)wmwdﬁ

for any v € H}(£2). Moreover, by Hélder’s inequality and the embedding of H{ () into L*(£2), we
have

’<9”(y)w1w27U)Hfl(g)ng(Q)’ = ‘/Qgﬂ(y)wlwwdﬂ‘ < HQ”(?J)HLOO(Q)H’wlHL4(Q)\|w2\|L4(Q)HUHL2(Q)

S " Wl poo @ lwll g o lwell ) 101l 2 ()

such that ||g" (y)wiwz|l g-1(0) S ||g”(y)HLoo(Q)”wl”Hé(Q)H'LUQHHé(Q), where the constant is indepen-
dent of y and hence f. Together with (74), this yields

121 0) S 19" W)l oo @yl -1 D2l -1

which is the desired bound for D2S(f). [ |

We can also obtain bounds on the higher-order derivatives of S in terms of the derivatives of g
evaluated at the solution S(f) by analogous arguments to the second derivative case.

Proposition 66 (Higher-order derivatives of the solution operator). Let S : H~1(Q) — H(Q) be
the solution operator considered in Proposition 64 with the nonlinearity g satisfying Assumption 42
for some m € Nym > 2. Then,

Pn
DSl 2, -1 (02), HY(Q)) (1 + Z lg™ HLOO(Q)> ; (75)
forn=2,3,...,m, where p, is some positive integer that depends on n.
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Proof The proof follows by induction. The base case of n = 2 is given by Proposition 65. Suppose
now the result holds for all orders of derivatives up to n — 1 for some 2 < n < m. We can obtain
an expression for the action of the nth derivative, D"S(f)(v1,...,v,), by implicit differentiation,
Le., by considering the equation D}(R(S(f), f))(v1,...,vn) = 0. For the semilinear elliptic PDE
of (38), we have by Faa di Bruno’s formula

D3 (R(S(f), )1, ,vn) = =AD"S(f)(v1, ..., vn) + g’(S(f))D”S(f)(vl, ceeyUn)
+ 3 g ) IT DVIS(F)(v))je0)s (76)
mell\{m } Jem
where II is the set of all partitions of {1,2,...,n} and 7, is the partition consisting of only one set

{1,2,...,n}. Note that we are using D¥S(f)((vj)jes) to denote the action of the kth derivative of
S at f on the tuple of vectors (vj);cs.

From (76), we see that analogous to the second derivative case, we can obtain the nth derivative
action w = D"S(f)(v1,...,vn) as the solution of the linearized PDE, linearized about y = S(f),
with the right-hand side given by the sum of products of lower-order derivatives of S and derivatives

of g. That is,
Ayw = — Z g(\ﬂl H DIJ\S ((vj)jer)-
mell\{mn} Jer

We can bound the H~! norm of the right-hand side using the bounds on the lower-order derivatives
of S from the induction hypothesis along with the embedding L>(Q)) < H~!(Q). First, we have

> g™ T1 DYIS () (v5)se) SIS g™ T DS (w))jer)
r€I\{mn} Jér Hoi() |lmemim) Jén Loo(8)
S Y Mg"SEN ey T1 (HDlJlS(f)Hc,J(H—l(Q)ﬁg(Q)) 11 \UjHH—l(Q))
mell\{mn} Jerw jeJ

= ( ST g TSN @ 1 HD|J|S(f)||L,J(H1(9),H3(Q))) T lvill zr-10)-
j=1

mell\{m } Jem

For the partitions 7 € IT\ {m,} we have 1 < 7| <mn and 1 < |J| < n for all J € n. For |J| =1,
we have |[DS(f)llzm-1(0 )iy < 1 by Proposition 65, while for 2 < |J| < m, we can apply the
induction hypothesm ie.,

| P11
IDYIS(H)l g, -1 yEN Q) S | 1+ Z g™ (S L0y :
11

Thus, the overall bound on the right-hand side is of the form

pn n
S g™ TT 1S () (vh)ser) (1 + Z 19" (Sl Lo )) T lvill -1
j=1

mell\{mn } Jem H-1(Q) k=2

for some positive integer p,, that depends on n. Combining this with the bound (74) gives
pn n
1D S(f) (1, - - vn)ll 3 @) (1 + Z lg™ (S(f)) Iz Q)> I loill—1(
j=1

which yields the operator-norm bound for DS in (75).
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D.2.2 VERIFICATION OF THE MOMENT ASSUMPTIONS, PROPOSITION 43

Proof (of Proposition 43) Since S € C™(H~1(2), H}(2)) by Propositions 65 and 66, we also have
that F' = Sowxy € C™(X,)). The moment bounds for F' can be obtained as follows. First,
boundedness of 1y along with the bounds from Propositions 65 and 66 imply that for any = € X,

IE @)y < llzllx, (77)

IDF ()]l zx,y) S 1, (78)
Pn

||DnF( )H,C (x.,) ( +Z||g k) LXZL’ ||L°°(Q)> ) n:2,3,...,m. (79)

From Assumption 42, we have that |g*)(s)| < M (1 + |s|9) for some M > 0 and q > 0, such that
9% (S @) S 1+ 15D gy (50)

The embedding of Hj(Q2) into L> () gives us [[S(taz)|| o) S ||S(LX:U)HH1 (@), and the Lipschitz
continuity of S gives us HS(LXx)HHé(Q) S vzl m-1(0), Wh1ch is further bounded by ||zl p2(q) due
to the boundedness of the embedding. Substituting this into (80) gives us

ID"F (@)l 2, (x,) S (14 [l2] %) n=23,...,m, (81)

for any z € X.
To obtain the moment bounds for F' and its derivatives, we first note that F' and D"F, 1 <n <
m, are strongly measurable. Indeed, it again suffices to observe that F and D"F are continuous
mappings from the separable space X to ) and L, (X,)), respectively, such that they are Borel
measurable and separably valued, and hence strongly measurable. Moreover, since Fernique’s
theorem implies that all moments of ||z|x, z ~ N (0,Cy) are finite, the bounds in (77), (78), and
(81) imply that F' € LP(v,Y) and D"F € LP(v, L,(X,))) for any p > 1. Finally, together with
the Hilbert—Schmidt embedding of £ into X', these bounds also imply that F' € W™P(~, ) for any
p=> 1L
|

D.2.3 VERIFICATION OF THE HESSIAN INVERSE INEQUALITY, PROPOSITION 44

Proof (of Proposition 44) Let v € € be arbitrary. We first derive a lower bound for || DgF(z)v][3,
that is analogous to a coercivity result. Recall that w = DgF(x)v solves the linearized PDE
Ayw = txv, where Ayw = —Aw + ¢'(y)w and y = F(x). Moreover, by the continuity of A, as in
(73), we have

1
>
1+ Rl Wl e

In particular, for y = F(x), using arguments analogous to those used to derive (81), we have that
19" (W)l () S (1 + [|z[|%) - Therefore, there exists a constant k1 > 0 such that

lwll 720 [Aywllg-1(0)-

DF$02:w2>LLU27 .

Taking the expectation with respect to v gives us

E,[|DeF(@)ol}] > Killeavlly-s o). (82)
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where K1 = Egy [k1(1 + ||2]|%)72] > 0 since the integrand is positive and finite for all z € X.

For the second derivative, we can derive a matching upper bound for || DZF(z)(v, )”12{5( gy To
this end, we take (wi);’ol to be the eigenfunctions of Cy normalized in the £ norm (i.e., the PCA
basis), such that ||w;||% = uPCA. Then, we have that

IDZF () (v, wi)[3) = IID* S (eavw) (vaew, exwi) 31 )
S 19" (S(eaa)) oo o leacvll -1 o leawill -1 o
S (U 23 lexv - g leawillf-1 q)-
Moreover, we have that HLle'H%—[—l(Q) < KZHZWHQX < pPCA. Summing over the basis (w;)$; then
yields
IDEE () (v, ) Ifis(e.») Z IDEF (@) (v, wi) |3 S (1 + [ 3) eavllF- ZMPCA (83)

Since 322, uPCA = Tr(Cx) < oo, there exists a constant #g > 0 such that

IDEF (2) (v, ) fis(e,) < w21+ [2ll%)?leavllF-1 (o)-
Taking expectations yields
B[l DEF(2) (v, ) lfis(e )] < Kalleavlf-q), (84)
where Ko = ko [(1+ ||2]|%)?] < oco.
Finally, comparing (82) and (84) gives us

K
E,[| DEF (2)(v, ) Ilrse )] < éEv[IIDeF(x)vH%;]-

Thus, F' satisfies the Hessian inverse inequality with Ky = Ko/ K. |
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