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Abstract

We introduce the neural tangent kernel (NTK) regime for two-layer neural operators and
analyze their generalization properties. For early-stopped gradient descent (GD), we derive
fast convergence rates that are known to be minimax optimal within the framework of non-
parametric regression in reproducing kernel Hilbert spaces (RKHS). We provide bounds
on the number of hidden neurons and the number of second-stage samples necessary for
generalization. To justify our NTK regime, we additionally show that any operator ap-
proximable by a neural operator can also be approximated by an operator from the RKHS.
A key application of neural operators is learning surrogate maps for the solution operators
of partial differential equations (PDEs). We consider the standard Poisson equation to
illustrate our theoretical findings with simulations.
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1. Introduction

Operator learning has emerged as a transformative methodology in machine learning, focus-
ing on learning mappings between spaces of functions. This approach is particularly power-
ful for surrogate modeling tasks in fields like uncertainty quantification, inverse problems,
and design optimization, where the goal often involves approximating complex operators,
such as the solution operator of partial differential equations (PDEs).

Learning linear operators. A classical field where learning linear operators arises is
functional data analysis (FDA), particularly in functional linear regression with functional
responses, also known as function-to-function regression. FDA focuses on understanding
and modeling data best described as functions rather than discrete points. Unlike tra-
ditional data, where observations might be scalar or vector-valued, functional data are
represented by smooth curves, surfaces, or other continuous objects. These functions are
typically observed over a continuum, such as time, space, or wavelength, and are inher-
ently infinite-dimensional (Febrero-Bande et al., 2024; Morris, 2015). The model can be
seen as a generalization of multivariate regression, where the regression coefficient is now
an unknown operator. A standard approach to this problem involves applying Tikhonov
regularization (see Benatia et al. (2017)), with classical rates of convergence resembling a
typical bias-variance trade-off.
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The framework of learning operators extends naturally to nonparametric approaches, such
as conditional mean embeddings (CMEs) in reproducing kernel Hilbert spaces (RKHS).
In these settings, the goal is to represent conditional distributions as operators acting on
functions, enabling the integration of probabilistic modeling with functional data analysis
(Klebanov et al., 2020; Park and Muandet, 2020; Griinewélder et al., 2012). Conditional
mean embeddings generalize the idea of representing conditional expectations as operators
in RKHS, bridging the gap between statistical learning of distributions and operator learn-
ing. In Li et al. (2022) classical Tikhonov regularization has also been analyzed in this
setting, and optimal convergence rates have been established.

These approaches have inspired further research, as highlighted in Mollenhauer et al. (2022),
where the problem of learning linear operators is placed into the broader framework of super-
vised learning in random design and analyzed through the family of spectral regularization
methods, encompassing the earlier examples as special cases. This line of work is advanced
in Meunier et al. (2024) and Li et al. (2024), which establish upper bounds for the finite-
sample risk of general vector-valued spectral algorithms. These results are applicable to
both well-specified and misspecified scenarios, where the true regression function may lie
outside the hypothesis space, and achieve minimax optimality across various regimes.

Learning non-linear operators. The extension of linear techniques for operator
learning into non-linear contexts has been realized through innovative approaches incorpo-
rating neural networks, enabling greater flexibility and efficiency in handling complex func-
tional relationships. In Shimizu et al. (2024), the authors introduce a method that integrates
deep learning into CME by leveraging an end-to-end neural network (NN) optimization
framework. The approach replaces the computationally expensive Gram matrix inversion
required in traditional CME methods with a kernel-based objective, significantly improving
scalability and computational efficiency. For non-linear function-on-function regression, Rao
and Reimherr (2023) proposes a novel framework featuring a continuous hidden layer with
continuous neurons to model functional responses. Two strategies, function-on-function
direct neural networks and function-on-function basis neural networks, are developed to en-
hance flexibility in modeling complex functional relationships. While demonstrating strong
empirical performance through simulations and real data applications, this method lacks
theoretical learning guarantees. Shi et al. (2025) presents a functional deep neural network
architecture with a fully data-dependent dimension reduction strategy. The architecture
comprises three steps: a kernel embedding for integral transformation using a smooth, data-
driven kernel; a projection step using eigenfunction bases for dimension reduction; and a
deep ReLU network for prediction. This approach is accompanied by theoretical analy-
ses, including approximation and generalization error bounds, providing robust theoretical
support for the method. These developments highlight the significant advancements in non-
linear operator learning, driven by neural network-based frameworks that blend theoretical
rigor with practical flexibility and scalability. Another key application area for learning non-
linear operators mapping between function spaces is solving partial differential equations
(PDEs), where the solution operators that connect initial or boundary conditions to the
PDE’s solution are of particular interest (Boullé and Townsend, 2023). Understanding and
approximating these operators is essential, as they encapsulate the underlying dynamics of
the system being studied (Gonon et al., 2024; Tarantola, 2005).
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Traditional approaches for approximating operators, especially for solving PDEs, have been
well-established for decades. Techniques such as the Finite Element Method (FEM), Fi-
nite Difference Method (FDM), and Finite Volume Method (FVM) are classical methods
employed to estimate these operators (Hughes, 2003). These methods discretize the prob-
lem space into manageable subdomains, enabling numerical approximations of the solu-
tion. While highly effective, they have notable limitations. A primary drawback is their
computational cost, which increases exponentially with the problem’s dimensionality, a phe-
nomenon known as the curse of dimensionality. Additionally, these methods require detailed
discretization of the underlying function space, which can be challenging to achieve for high-
dimensional or complex geometries. Another significant challenge arises when dealing with
inverse problems or noisy data, where classical methods often struggle with stability and
robustness (Strang and Fix, 1973).

As a result, there has been a growing interest in novel operator estimation techniques
that incorporate machine learning, and more specifically, neural networks. Neural net-
works offer the capability to learn complex patterns and relationships from data, making
them well-suited for operator learning tasks that might be intractable via traditional meth-
ods Goodfellow et al. (2016). A particularly intriguing development is the emergence of
neural network-based operator learning techniques, which can be broadly categorized into
"encoder/decoder” architectures and neural operators. Both categories of methods have
demonstrated remarkable success in operator learning, showcasing their ability to handle
high-dimensional inputs, complex geometries, and noisy data.

Encoder/Decoder Operators. This framework typically involves three key stages:
encoding the input function into a finite-dimensional parameter space, mapping these pa-
rameters using neural network architectures, and subsequently decoding the parameters
back into a functional representation. The encoding phase often employs parameteriza-
tion techniques where the function is projected onto a lower-dimensional basis, allowing
for computationally feasible manipulation. Spectral Neural Operators represent a promi-
nent example utilize transformations such as Fourier or wavelet transforms to convert input
functions into spectral coefficients, delivering notable robustness and efficiency, particularly
in scenarios featuring periodic behaviors Fanaskov and Oseledets (2024). In parallel, PCA
Operators utilize Principal Component Analysis to transform input functions into scores
corresponding to principal components. This transformation highlights significant variance
patterns within the data, thereby facilitating effective learning and retention of crucial func-
tional characteristics Lanthaler (2023); Kovachki et al. (2024c). Further notable examples
include the DeepONet architecture, which comprises a branch network that encodes the
discrete input function space and a trunk network that encodes the domain of the out-
put functions Lu et al. (2021). Additionally, the application of Variational Autoencoders
Kingma and Welling (2022) and Convolutional Neural Networks (CNNs) is prominent; the
latter utilizes encoder-decoder architectures for addressing image-to-image translation prob-
lems, where the translation can be interpreted as an operator task Badrinarayanan et al.
(2017).

Neural Operators. On the other hand, neural operators constitute an innovative ex-
tension of classical neural networks designed to directly learn mappings between function
spaces. The architecture of neural operators resembles that of traditional neural networks
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but with a crucial distinction: each layer incorporates a kernel integral operator to lever-
age the entire functional information. This design enables them to effectively process and
map the complex relationships inherent in function spaces. One prominent example is the
Fourier Neural Operator (FNO), which employs fast Fourier transforms to model the kernel
integral transformations central to many operators related to partial differential equations
(PDEs). This approach offers a robust framework capable of efficiently managing high-
dimensional input spaces with reduced computational complexity (Li et al., 2021; Qin et al.,
2024; Kovachki et al., 2023). Another example is given by Low-Rank Neural Operators,
which simplify computations by approximating the kernel integral operators with low-rank
representations, thus reducing the computational complexity while retaining essential in-
formation (Kovachki et al., 2023). Physics-Informed Neural Operators (PINOs) integrate
physical laws and constraints directly into the learning process via modified loss functions,
which helps in ensuring that the learned mappings adhere to known physical principles.
This hybrid approach combines data-driven methodologies with theoretical insights, en-
hancing the model’s generalization capabilities across diverse scenarios from fluid dynamics
to material sciences and many others (Wang et al., 2021; Raissi et al., 2019). Graph Neu-
ral Operators extend the neural operator framework to graph-structured data, efficiently
capturing spatial and topological information intrinsic to many real-world problems. By
adapting neural operators to graph settings, these models skillfully navigate complex data
relationships, making them suitable for applications in network analysis and beyond, see
e.g. (Li et al., 2020; Kovachki et al., 2023; Sharma et al., 2024).

Contribution. We aim to learn potential non-linear operators, mapping between
normed function spaces. We cast this problem into the framework of supervised learn-
ing and focus on neural operators that encompass all the aforementioned examples. We
assume our first-stage data are functions from some possibly infinite dimensional normed
space, drawn independently and identically from some unknown probability distribution.
Since we deal with infinite dimensional objects, further discretization is necessary for any
practical implementation. We suppose that some evaluations of the data functions are
available, which we call the second-stage samples, see Section 2. Our primary objective is
to establish fast convergence rates for the mean squared error. Following the paradigm in
Kovachki et al. (2024b), we investigate the data complexity of learning non-linear operators
within the framework of the vector-valued neural tangent kernel (vvNTK). In doing so,
we meticulously account for the precise number of neurons and the second-stage samples
required to achieve these rates. To attain fast convergence rates, however, it is necessary
to restrict the class of operators to be estimated. More precisely, we impose an a priori
smoothness assumption defined in terms of powers of the integral operator associated with
the vvNTK, commonly referred to as a Holder source condition in classical RKHS methods.
Specifically, we limit our scope to learning operators that reside in the range of powers of
the integral operator, with the well-specified case included. To justify this assumption, we
demonstrate that any operator approximable by a neural operator can also be approximated
by an operator from the vwvRKHS. Additionally, we derive convergence rates that account
for the assumed eigenvalue decay of the associated vvNTK integral operator. Our bounds
match those from traditional nonparametric methods in RKHS, which are known to be
minimax optimal; see also Nguyen and Miicke (2023).
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Organization. The rest of the paper is organized as follows. In Section 2, we present
our setting and review relevant results on learning with kernels, and learning with random
features. In Section 3, we present and discuss our main results. Finally, numerical exper-
iments are presented in Section 4. A conclusion in Section 5 summarizes our results and
highlights open research directions. All proofs are deferred to the Appendices.

2. Setup

In this section we provide the mathematical framework for our analysis. We let X C R%
be the input space of our function spaces. The unknown data probability measure on the
input data space X is denoted by p,. Further we let U be the function input space, mapping
from X — Y C R% and V be the function target space, mapping from X — ycC R, to be
specified in Assumption 4. The unknown data distribution on the data space W =U x V
is denoted by p, while the marginal distribution on U is denoted as pu, and the regular
conditional distribution on V given u € U is denoted by pu(-|u), see e.g. Shao (2003). Given
an operator G : U — V we further define the expected risk as

£(G) = Eu[|G(w) — vlf3a(,))] - (1)

It is known that the global minimizer of £ over the set of all measurable operators is given
by the regression operator G*, defined as

G*(u) ::/vv(.),u(dv]u). (2)

2.1 Two-Layer Neural Operator

Hypotheses class. The hypothesis class considered in this paper is given by the follow-
ing set of two-layer neural operators Fjs: Let M € N be the network width. Given an
activation function o : R — R acting componentwise!, some continuous operator A : U —
L?(X, pz;R%), and a bias function ¢ : X — R%, we consider the class Fy; = Far(o, A, ¢),
defined by

Fup = {Ge U= V| (Gou)(z) = —— (a,0 (Bi(Au)(x) + Byu(z) + Bae()),

1
vM
0= (a’ Bl,BQ,Bg) c ]RM % RMXdk % RMXdy « Rdeb} 7 (3)

where we denote with (., .)s the euclidean inner product. Setting d=d+ dy + dy and
© =RM x RM*d we condense all parameters in

0= (CL,Bl,BQ,B:;) = (G,B) €0
B = (B1, B3, B3) € RMxd,

1. If v € R¥, then o(v) = (o(v1), ..., o (vi))".
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Figure 1: Depiction of the architecture of our operator class.

and equip the parameter space © with the norm || - ||@, defined by
16118 = llall3 + 1B, (4)
for any 6 € ©.

In our operator class (3), we first apply an operator transformation BjA(u), where B;
defines a matrix and typically, A defines a kernel integral operator. Depending on the choice
of A, our operator class covers a wide range of practically well-studied neural operators,
such as Fourier Neural Operators, Graph Neural Operators, and Low-rank Neural Operators
(Kovachki et al., 2023; Huang et al., 2024; Kovachki et al., 2024c). The kernel integral
operation A(u), can be seen as an intuitive extension of matrix multiplication in traditional
neural networks to an infinite-dimensional setting. Inspired by Residual Neural Networks,
the second transformation, Bou(.) with By € RM*% is just a matrix multiplication and
keeps information of the original input u(.). The final component, Bsc(.) with ¢ : X — R%
defines the bias. Unlike standard neural networks, the bias here is typically not a constant
but a function. This function can be a linear transformation or a shallow neural network
with trainable parameters. However, to keep our proofs succinct, we assume that c is given
and instead multiply the bias with a trainable matrix Bz € RM*%  see Figure 1. Examples
are provided in Example 2.

In practice, one typically wraps the neural operator between a lifting operator L and a
projection operator P, forming PoGpo L. Here L and P act pointwise, meaning L(u)(z) =
L(u(x)), and they are typically defined via linear transformations or shallow neural networks
(Kovachki et al., 2023). However, to keep the proofs concise, we assume in our work that
L and P are the identity operators.

Note that our operator class requires the function spaces & and V to have the same
input space X C R% . However, if their input spaces differ, they are typically uplifted to
a common higher-dimensional space (Kovachki et al., 2023). For example, let U/ contain
functions mapping from X and V contain functions mapping from X , for dim(X) # dim(X).
In this case, one could consider the operator class

Fa = {Go:U V| (Gou)(@) = g 0,0 (BrA(w)(@) + Byulée) + Bac()) },

for a lifting or projection map £ : X — X. This generalization can be easily adapted to our
analytical results.
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Activation Function. For the activation function o, we impose the following assump-
tions.

Assumption 1 (Activation Function) 1. Smoothness: The activation function o :
R — R is at least two times continuously differentiable with ||o’'||., < Cyr, [|0"]o <
Cyr, for some Cyr, Cyn > 0. In addition, we assume that the second derivative o is
L,n— Lipschitz continuous.

2. Linear growth: For any u € R we assume that |o(u)| < 1+ |ul.

The first condition requires the activation function to be sufficiently smooth: it must
be twice continuously differentiable, with both the first and second derivatives uniformly
bounded. In addition, we assume that the second derivative is Lipschitz continuous. To-
gether, these assumptions ensure that the network output depends smoothly and stably on
both its inputs and parameters.

The second condition restricts the growth of the activation function. Requiring at most
linear growth prevents the network outputs from exploding for large inputs and guarantees
that all quantities appearing in our analysis remain integrable. This condition is mild and
is satisfied by many commonly used smooth activations or their standard smooth approxi-
mations, see Example 1.

The regularity assumptions on the activation function ¢ are satisfied by many stan-
dard smooth activations, including tanh, sigmoid, softplus, and smoothed ReLLU variants.
The standard ReLU(u) = max{u,0} and ReLU*(u) = max{u,0}* activations do not sat-
isfy Assumption 1 due to their lack of second-order smoothness. However, they can be
approximated arbitrarily well by smooth activations within our admissible class. Such ap-
proximations are commonly used in theoretical analyses of neural networks (Pinkus, 1999).

Example 1 (Activations) 1. Smooth bounded activation. An admissible activation
is the hyperbolic tangent o(u) = tanh(w). It is real analytic on R and thus C*°(R),
with bounded derivatives of all orders. Moreover, it satisfies |o(u)| <1 <1+ |u| for all
u e R.

2. The softplus activation og(u) = B 'log(l + €’*) has bounded derivative and the
second derivative is \/3/18 - 32-Lipschitz continuous for any § > 0.

We show that the linear growth condition is also satisfied: Since og(u) > 0, it suffices

to upper bound og(u). For u >0, we use 1+ ePu < 2eBY to obtain

log 2
g

og(u) = ;log(l + eﬁ“) < glog(%ﬁ“) =u+

For u < 0, we have e* < 1, hence
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If 8 >log2, then l°§2 <1, and therefore
u+1, u>0,
og(u) < -
pu) < {1’ £ <0,

so that |og(u)| < 1+ |u| for all w € R. Finally, softplus converges uniformly on R to
ReLU as 8 — oo with rate O(1/3). One can also show that

log — ReLU|| Lr(r) — O,
as B — oo, for any 1 < p < 0.

3. Another example is a quadratic (Huber-type) smoothed ReLU defined by

0, t < —¢,
oe(t) = B2 g <,
t, t>e,

which belongs to C?(R), has bounded first derivative and Lipschitz continuous second
derivative. The Huber-type smoothed ReLU converges pointwise and uniformly on com-
pact sets to the ReLU activation as the smoothing parameter tends to zero.

4. Mollified ReLU. Let p € C°(R) be a standard mollifier, i.e., p >0, [p p(t)dt =1,
and supp(p) C [-1,1]. For e > 0, define the scaled mollifier

pe(t) := iPC) ,

and the mollified ReL U activation by
oc(u) = (ReLU * p;)(u) = /max(u— s,0) pe(s)ds.
R

Then 0. € C*(R), has bounded first derivative and Lipschitz continuous second deriva-
tive, satisfies the linear growth bound |o-(u)] < 1+ |u|, and converges uniformly on
compact sets to the ReLU activation as € — 0.

Example 2 (Operator classes) A common choice for the transformation By - Au in our
neural operator architecture is a kernel integral operator of the form

By - (Au)(z) = /D k(& 2)u(@) di, (5)
where k : D x D — R™M>dy gnd D C X. Different variants of neural operators are
distinguished by how the integral operator (5) is approzimated.

In the literature, various parameterizations of k(y,-) have been proposed, ranging from
neural networks to low-rank tensor approzimations and spectral representations Kovachki
et al. (2024a); Li et al. (2020). In the following, we focus on two representative instances
introduced in Kovachki et al. (2024a).
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1. Graph Neural Operators (GNO). In the GNO framework, the integral in (5) is
approxzimated by a Monte Carlo-type quadrature using a finite set of sampling points
B, C D. Specifically, for a given bounded kernel k : D x D — R%**%  the operator is

approximated as
1

| Bz

(Au)(z) = > klaz)ul),

.Z’iEBz

where B, is typically selected either randomly from the second-stage sampling points
or based on a local neighborhood of x—for instance, a ball B(x,r) or a fized number
of nearest neighbors. This discretization reduces the continuous integral to a sum over
local graph edges and can be naturally implemented using message-passing graph neural
networks (GNNs); see (Kovachki et al., 2024a, Section 4.1) and Li et al. (2020).

2. Fourier Neural Operators (FNO). Arquably the most widely used class of neural
operators is Fourier Neural Operators (FNQOs), due to their computational efficiency
and the ease with which the action of the kernel k can be learned in frequency space.
This is made possible under the assumptions that the domain D is a periodic rectangular
boz, typically D = [0, 1}‘[1, and that the kernel depends only on the relative position,

ie., k(z,y) = k(x —y).

Under these assumptions, the operator (5) becomes a convolution and can be expressed
via the Fourier transform:

/D k(% z)u(z)dz = F L (F(k) - F(u)) (z), (6)

where F : L?(D;C%) — ((Z%;C%) and F~1 denote the Fourier transform and its
inverse. The kernel is thus fully represented in frequency space, allowing its action to
be encoded via a collection of learned spectral multipliers.

Concretely, the Fourier transform of u is approximated as

(Fw)) =Y u(@)e ™ e Ch,

zeD

and the integral in (6) is then approximated by

/D k@ nu@) di~ S R [ 3 (@) et || (7)

lez D
where:

o 7 C 7% is a fived set of discrete spatial frequencies (Fourier modes),
e D is a uniform discretization of D,

o R = (F(k)); € CM*Xdy gre trainable spectral weights for each frequencyl, capturing
the action of the kernel k in Fourier space.
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We refer to (Kovgchki et al., 2024a, Section 4.4) for a detailed discussion on the se-
lection of Z and D and for numerical illustrations. Approximation theory and further
insights into FNOs can be found in Kovachki et al. (2021).

The spectral approximation in (7) is directly captured by our model by setting
By =R:=(Ry,...,Ry) € CM* g .=d,|Z|
and defining the lifted representation
(Au)(@)) = (Via(2),..., Va1 (@), Via(z),..., Vg, j7(x)) € C,

where

Via(x) = Z ug () e2mil(z—2)

€D
3. CNN-/local-convolution-type example. Let X C R% and leti)y, ..., g, € L*(R%)
be compactly supported filters. Define

(Au)(z) == ((1/11 s u)(z),. .., (g, * u)(x)) e R%,

where x denotes convolution, or on a discrete grid the corresponding local convolution
sum. Further, let
c(z) = (1,z) € R1Tde

encode a constant channel together with positional information. Then A represents
a bank of local convolutional feature extractors, as commonly used in CNN-based en-
coder/decoder architectures for operator learning and image-to-image maps.

Empirical risk minimization. Our goal is to minimize the expected risk (1) over the
set Fur, i.e.

in £(Gy) .
GSéB?M(9)

Here, the distributions p, pyy and p, are known only through n, i.i.d. samples
((u1,v1), .., (Uny, vpy,)) € (U x V)™ evaluated at n, points (z1,...z,,) € X™. Hence, we
seek a solution for the empirical risk minimization problem

o4 5 RS 2
Juin E(Go) . E(Gy) = nzl 1Go(us) — vsll7,

where || .||, denotes the empirical norm, defined as || f||2 := % Py |f(z)]?.

Gradient Descent and Initialization. We aim at analyzing the generalization prop-
erties of gradient descent, whose basic iterations are given by

0., = 0] — adpE(Gy,)

= 0] — 25" (G, (us) — v3), s G, (i), (8)

n
“i=1

10
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with « > 0 being the stepsize, for some initialization 8y € © and
(u,u'), = % o u(wi)u' (x;) denotes the empirical inner product.

As in Nguyen and Miicke (2023); Nitanda and Suzuki (2020), we assume a symmetric
initialization. The parameters for the output layer are initialized as aﬁ,?) =71 for m €
{1,...,M/2} and ald = —7 for m € {M/2+1,...,M}, for some 7 > 0. Let m be a
uniform distribution on the sphere S971 = {b € RY | ||bll2 = 1} C RY. The parameters for
the input layer are initialized as ) = b’f’sl—M/Q for m € {1,...,M/2}, where (bq(g))%ﬁ are
independently drawn from the distribution 7. The aim of the symmetric initialization is
to make an initial operator Gy, = 0, where 6y = (a(o),B(O)). Note that this symmetric
trick does not have an impact on the limiting NTK, see Zhang et al. (2020), and is just for
theoretical simplicity. Indeed, we can relax the symmetric initialization by slightly changing

our source condition in Assumption 5 to
G*— Gy, = LI H", (9)
for some H* € L%(U, 1), satisfying || H* I 22(4,) < R. The proofs can then be easily adapted.

2.2 Operator valued Neural Tangent Kernel (NTK)

In the more classical setting of nonparametric regression with neural networks, NTK-based
techniques have been studied extensively (Nguyen and Miicke, 2023; Bietti and Mairal,
2019; Chen et al., 2020; Golikov et al., 2022; Xu et al., 2024). Complementary to this
line of work, recent results have also analyzed the generalization of gradient descent via
algorithmic stability for shallow neural networks in Euclidean domains; see, e.g.,Wang et al.
(2025). We extend these perspectives to the setting of operator learning, which naturally
leads to a vector-valued kernel. We therefore recall the definitions and properties of vector-
valued kernels. For further background on vector-valued kernels and their RKHSs, we refer
to Carmeli et al. (2005, 2008).

Definition 2 1. For two function spaces U,V we denote by F(U,V) the vector space of
operators F : U — V and by C(U,V) the subspace of continuous operators. L(U,V)
denotes the space of linear operators fromU — V and L(V) denotes the space of bounded
linear operators from V — V.

2. Given a topological space U and a separable Hilbert space V, a map K : U XU — L(V)
is called a V-reproducing kernel on U if

N
Z <K (ui,uj) ijvi>y > 0
4,j=1

for any uq,...,uy inU,v1,...,oy mV and N > 1.

3. Givenuw € U, K, 1V — F(U;V) denotes the linear operator whose action on a vector
v €V is the function K,v € F(U,V) defined by

(Kyv) (W) = K(u',u)v o €U.

11
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Given a V-reproducing kernel K, there is a unique Hilbert space Hx C F(U;V) satis-

fying
K,e LWV, Hig) Yueld
F(u)=K}F Vuel,F e Hg,

where K, : Hxg — V is the adjoint of K,. Note that from the second property we
have that K (u,t) = K} K;. The space Hy is called the reproducing kernel Hilbert space
associated with K, given by

Hi =span{K,v |ueU,v e V}.
4. A reproducing kernel K : U xU — L(V) is called Mercer if Hy is a subspace of C(U; V).

The connection between kernel methods and standard neural networks is established via
the NTK, see Jacot et al. (2018); Lee et al. (2019). For standard fully connected neural
networks, the feature map of the NTK is defined via the gradient of the neural network at
initialization. Similarly, we can define a feature map for neural operators by

MY — L(LA(X, pe),©)
u— OM(y) == oM

with
(I)UM(U) = Vy (G, (u), U>L2(pz) .

For fixed u € U, the map ®M : L2(X, p,) — O ~ R satisfies
P
q)uM(v) = VG<G90 (u)’U>L2(pz) = (<80pG90 (u)’U>L2(pz))p:1'
With the Euclidean inner product on R its adjoint (®M)*: © — L2(X, p,) is

P
0)=> 0,0,Go,(v),  0=(61,...,0p)" €R”.

This allows us to define an L?(X, p,.)-reproducing kernel in the sense of Definition 2, for
any u,u € U via

P
Kyr(u,u') = (@) ) =) 0,Go, (u) © 0,Gi, (u)

p=1

L mﬁ”; o (89,7 & o ({80, 7607)) +
R o) 0) 4)
o (000) s (0.0 00
where we use for the parameter matrix at initialization the notation B(0) = (b(o) ) bg\(}))

RMxd p — ). (d+ 1) denotes the number of parameters and for any u € U we set J(u) €

12
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F(X, R&Fdt+do) with J(u)(x) := (A(u)(z),u(x), c(x))". Further we define the tensor prod-
uct ® with respect to the L?(p,) inner product (., VL2(pn) DY (W@ 0)(f) := (v, f)r2(pn)u

From Example 4 in Carmeli et al. (2008), we deduce that the corresponding vector-
valued RKHS is

P
Ha = H e FULAX,py)) | Hu = 0,-9,Go,(u), [0]|2 < o0
p=1

= {H e FU; L(X.,p.)) | (Hu)(@) = (Vo(Goyu)(2).0)2, 0 € R, we X},

where we set Vg(Ggyu)(z) = (0, (Goou) (), ..., Ogp (Goou)(z)) € RP.

Given the Assumptions 1 and 4 we have for all u € U,

d
1T (u) ()11 = Z |(J(u) (@) < 1

and for all M,

sup || Kar(u, o) < 447%)0"|%, = &% (10)
w,u' €U

Further we have that VyGy,(.) : U — L*(X, p,;RY) is continuous and therefore Ky, is
Mercer.

In the following result we show that for all u,u’ € U , Kps(u,u’) converges for M — oo
to Koo(u,u') € C(L*(ps), L?(p)) in Hilbert-Schmidt norm, with

Koo(u,u') = Eg, [U (<b(0),J(u)>> ® o <<b(0),J(u/)>>} +

T2§;E90 [0 (19, 1)) ) @ o' (40, 5))) )] .
The proof is provided in Appendix E.2.

Proposition 3 Given the Assumptions 1, 4 we have for any u,u’ € U with probability at
least 1 — 0, where 6 € (0,1),

4K2
| K ar(u,u') — Koo(u, ') s < —= log

VM

2
-

3. Main Results

In this section we state all of our results and give an outline of the proof.

13
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3.1 Assumptions and Main Results

In this section we formulate our assumptions and state our main results.

Assumption 4 (Data distribution and Operator class) 1. We assume that the in-

put space U is a Banach space of functions mapping from X to Y, and is continuously
embedded® into L*(X, py; R%).

2. The output space V is a separable Hilbert space of functions that is continuously embed-
ded in L*(X, pg; R).

3. Furthermore, we assume that U, V, the operator A : U — F(X,R%), and the bias
function ¢ : X — R% are bounded. That is, for any (u,v) € supp(u) and any = €
supp(pz), we have |v(z)| <1 and

17 (u) ()]l <1,

where i
Jw)(z) :== (A(u)(z), u(z), c(z)) T € R4

This assumption fixes the functional framework in which the operator learning problem
and its associated NTK are well posed. Inputs are modeled as elements of a Banach space
U of functions on the domain X (for instance C(X,))), reflecting the infinite-dimensional
nature of operator learning problems arising, for example, in PDE-based applications. The
output space V is assumed to be a separable Hilbert space that is continuously embedded
into L?(X, p;), which ensures that inner products, losses, and kernel evaluations are well
defined with respect to the data distribution.

The uniform boundedness assumptions on the input and output functions, as well as
on the auxiliary operator A and the bias function ¢, play a crucial role in guaranteeing
stability of the model and of the induced NTK. In particular, requiring uniform bounds on
the combined feature vector J(u)(z), which aggregates operator evaluations, input values,
and bias terms, ensures that the network outputs, their parameter derivatives, and the
resulting kernel remain uniformly controlled over the support of the data distribution. These
conditions prevent blow-up phenomena and ensure that the NTK limit exists as a well-
defined, bounded operator-valued kernel on /. Note that, if the input is uniformly bounded,
that is,

lu(z)]1 < C, for all z € X,

then the operator classes discussed in Example 2 are uniformly bounded as well, in the
sense that

|A(u)(z)|l1 < Ca for all z € X.

Consequently, J(u)(z) remains bounded, provided that the bias term is bounded.

2. Continuous embedding means that there exists a continuous injection ¢ : U < L?*(X, p,) such that each
uw € U can be identified with an element of L?(X,p.), and there exists a constant C' > 0 such that
lullL2(p,) < Cllullu for all u € U.

14
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Finally, we impose these assumptions on the input and output spaces to facilitate the
application of the theory of random feature approximation for vector-valued kernels as
developed in Nguyen and Miicke (2023).

Rates of convergence. In the following, we establish fast convergence rates for the
excess risk and thus need to impose refined a priori assumptions in terms of a source
condition and eigenvalue decay.

We let
Loo L2(u7l~bu,V) — L? Z/{ ,uu;V)
G»—>/K () ()

denote the kernel integral operator associated to the NTK K,,. Here the integral is defined
in the sense of Bochner integration (see, e.g., Dashti and Stuart (2015), Sec. A.2). Note that
L is bounded and self-adjoint. Moreover, it is compact and thus has discrete spectrum
{1}, with p1; — 0 as j — oco. By our assumptions, L is of trace-class, i.e., has summable
eigenvalues (see e.g. Steinwart and Christmann (2008)).

Assumption 5 (Source Condition) We assume 3

G*=L_ H", (11)
or some H* € L*(U, 1u,), satisfying ||H*|| 2 < R with R>0,r>0.
(B)

This assumption characterizes the hypothesis space and relates to the regularity of
the regression operator G*. The bigger r is, the smaller the hypothesis space is, the
stronger the assumption is, and the easier the learning problem is, as £} (L2 (U, p; V)) -
L2 (L*(U, p; V) if 11 > ro. Note that G* € Hoo holds for all 7 > 1

1

5, in fact we have

ran(L3%) = Hoo (see e.g. Steinwart and Christmann (2008)). The next assumption relates
to the capacity of the hypothesis space.

Assumption 6 (Effective Dimension) For any A\ > 0 we assume
NiowN) = tr (Loo(Loo + M) <A77, (12)
for some b € [0,1] and ¢, > 0.

The number N ()) is called effective dimension or degrees of freedom Caponnetto and
De Vito (2007). It is related to covering/entropy number conditions, see Steinwart and
Christmann (2008). The condition (12) is naturally satisfied with b = 1, since L, is a trace
class operator which implies that its eigenvalues {p;}; satisfy p; < i~1. Moreover, if the
eigenvalues of L., satisfy a polynomial decaying condition pu; ~ i~¢ for some ¢ > 1, or if
Lo is of finite rank, then the condition (12) holds with b = 1/¢, or with b = 0. The case

3. Note that the power of L is defined via its SVD: L3, := 3772, 115 (¢, ) ¢;-
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b = 1 is referred to as the capacity independent case. A smaller b allows deriving faster
convergence rates for the studied algorithms.

Our next general result establishes an upper bound for the excess risk in terms of the
stopping time 7" and the number of neurons M of our gradient descent algorithm (8), under
the assumption that the weights remain in a vicinity of the initialization. The proof is
outlined in Section 3.2 and further detailed in Appendix B.

Dependence of r and b on the architecture. The parameters r in the source condi-
tion and b in the effective-dimension assumption are not free constants independent of the
architecture. They are determined by the spectral properties of the kernel integral operator
Lo, and therefore depend implicitly on the choice of activation o, the operator A, the bias
function ¢, and the input distribution p,. In the present paper we work at this abstract
level, as is standard in RKHS learning theory. A more explicit characterization of how
architectural choices translate into concrete values of r and b for general neural operators
appears to be open and is left for future work, see also Remark 12.

Theorem 7 Suppose Assumptions 1, 4, 5 and 6 are satisfied. Assume further that o €
2r+b
(0, /{72)7 2r —+ b > 1; n, Z ng := 62r+b—1’

1

3<T<CnF*, M >CBClog?(n,)T*V, n,>CB>T* log*(T),

and

Vitell]l : |6:—0olle < B-, (13)
for some B; > 14+ 1. Then we have with probability at least 1 — 9,

1Goy = G Loy < C T log?(2/9) (14)

with C,C,C > 0 independent of n,,n,, M,T, B-.

Finally, the above result directly leads to rates of convergence for operator learning in
the vvNTK regime.

1
Corollary 8 Suppose all assumptions of Theorem 7 are satisfied. Choosing Ty, = n;" ™"

gives with probability at least 1 — §

1Gos, — G lLyu) < C log(2/5) - () :

T

for some C > 0.

We comment on the above result. Theorem 7 provides an upper bound for the excess
risk in estimating nonlinear operators using a shallow neural operator network trained
with gradient descent. The risk bound is expressed in terms of the stopping time and
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demonstrates that gradient descent is, in fact, a descent algorithm, decreasing the risk at
each step with high probability, provided the algorithm is stopped early. We also specify
the minimum number of neurons required to achieve this bound, which depends on our a
priori assumptions about the model (source condition and eigenvalue decay). Notably, in the
misspecified case r € (0,1/2), this minimum number increases and matches the results found
in Nguyen and Miicke (2023) for nonparametric regression in the NTK regime. In addition,
our result provides a minimum number of second stage samples from the discretization to
achieve this bound.

We can reformulate Theorem 7 to obtain the sample complexity required to achieve a
certain e-accuracy. On order for the excess risk to have accuracy of € > 0, the algorithm

QTTH’) first stage samples and O(¢~?2 log? (5_1/ ")) second stage samples.

requires O(e™
1 —__r_
Choosing T' = O(n;"*") in Theorem 7 leads to the convergence rate O(n, ***), which
is known to be minimax optimal in the RKHS framework Caponnetto and De Vito (2007);
Blanchard and Miicke (2017).

, where we can only assume that G* € H,, we

For the well-specified case b =1, r = %

obtain from Theorem 7:
" _1
Gor,, = G lauy = © (n7F).

Note that in this case we only need M > O (1 /1, log2 nu) many neurons and
n, > 0O (\/nu log2 nu) many second stage samples.

In the kernel learning framework, the assumption 2r + b > 1 refers to easy learning
problems and if 2r + b < 1 one speaks of hard learning problems Pillaud-Vivien et al.
(2018). In this paper we only investigate easy learning problems and leave the question,
how many neurons M and second stage samples are needed to obtain optimal rates in hard
learning problems Lin et al. (2020), open for future work.

We finally want to point out that all bounds given in Theorem 7 and Corollary 8 require
the iterates 6; to stay close to the initialization. We show below in Theorem 9 that this
assumption is indeed satisfied.

The weights barely move. Our next result shows that the assumption (13) is indeed
satisfied and the weights remain in a vicinity of the initialization 8y. The proof is provided
in Appendix C.

Theorem 9 (Bound for the Weights) Suppose the Assumptions 1, 4, 5 and 6 are sat-
isfied. Let 6 € (0,1] and T > 3 and M > My, n,,n, > ng, where My, ngy are defined in (69).
With probability at least 1 — 100 it holds

Vitell]l : |6:—6olle < B:,
where
1
B, := max {1 + 7, Cy log(T)T™a{03 =7} . s <1> } ,
o
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where C, > 0 depends on r, k,a and is defined in (60), and with

Bs <O}T> =1+ 106/ Nz (1)~ 1) (,/O‘T ) 3/2<12>

Corollary 10 (Refined Bounds) Suppose the assumptions of Theorem 9 are satisfied.
Let T = cnf’"*b 2r +b > 1.

1. Letr > 1 5 and n, > ng, for some ng € N depending on d,r,b. With probability at least
1-6

BT(57 T) S CR,T‘,H,O( log(T) ’ (15)
if
M > Cn,a,r,o,HLooH d~2 10g4(T)T2T 10g2(d~/5) )
N > Co oo T 0 log?(1/6)

2. Letr < % With probability at least 1 — 9
B-(8,T) < Croypaplog(T)TH2".
This holds if we choose

M > Cﬁ,a,r,a,”ﬁwﬂ J2 10g4(T)T5_8T IOgQ(CZ/(S)a
N, > Ca,b,/i,||ﬁoo||T2T+b logg(l/é)

For some constants ¢, Crr x.aby Cr.a.ro0,|Coolls Casby,|| ool > 0-

If we incorporate the above worst-case bound on the weights into our main result,
Theorem 7, and combine the resulting constraints on M and n,, we obtain the following
corollary.

Corollary 11 Suppose that the assumptions of Theorem 9 are satisfied. Let o € (0,572),
assume that 2r +b > 1, and let n, > ng := e2T+b 1 Set

1

T =cn2t?

Then, with probability at least 1 — &, it holds that
* 7%% 3 2
1Gor = G llrauy < Cm ™ log”{ < ). (16)
This bound s valid provided that the following conditions hold:
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- 1
) OgQ(T) T(1+b)V27‘ 10g3 <5> ]

vV
Qe
IS8
N
5}
o
o
3
N
v
5}
o
o
VRS
>
N——
B
vV
(@Y

M > C d*1og®(T) T 12" log? () , ny > C log?(T) T +bVE=2) 1563 <(15> .

Here ¢, C, C > 0 are constants independent of n,, n,, M, T, B, and d.

Remark 12 (Analysis of NTK Spectrum.) It is known that a certain eigenvalue decay
of the kernel integral operator Lo tmplies a bound on the effective dimension. Thus, as-
sumptions on the decay of the effective dimension directly relate to the approrimation ability
of the underlying RKHS, induced by the NTK.

Meanwhile, there are some results known that shed light on the RKHS of standard neural
networks, that are induced by specific NTKs and activation functions (Bietti and Mairal,
2019), Geifman et al. (2020), Chen and Xu (2020), Bietti and Bach (2020),Fan and Wang
(2020). For neural operators, however, the RKHS has not yet been explored, at least to the
best of our knowledge. We hope to build on the existing results for neural networks in future
research to gain a deeper understanding of the RKHS in the context of neural operators.
However, the approximation properties of neural operators are well-studied (Huang et al.,
202/4; Schwab and Zech, 2021; Marcati and Schwab, 2023; Kovachki et al., 2021, 2024c).
For example, Kovachki et al. (2024c) show that all continuous operators can be arbitrar-
iy well approrimated by neural operators with a non-polynomial and continuous activation
function.

3.2 Outline of Proof

Our proof is based on a suitable error decomposition. To this end, we further introduce
additional linearized iterates in H;:

Ty

B () = B (w) = = S CEY (), 0) K (g, ) (17)
.
Hy(w)(2) = (V(Gay (u)(2)), 0 — o) - (18)

with initialization F)¥ = Hy = 0. The iterative algorithm of FM is known as kernel
gradient descent (KGD) with respect to the kernel K, and H; describes a linear Taylor
approximation of the neural Operator around 6y. We may split

1Gor — Gl 2y < N Gor — SarHrll 120, + IS0 (Hr = Fp)l| 2y + IS0 FR = G2, -
(19)
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where Syy @ Har — L?(U, p,) is the inclusion of Hys into L?(U, ). The first error in (19)
describes an Taylor approximation error. More precisely we use a Taylor expansion in 6,
around the initialization 6. For any x € X and ¢ € [T], we have

Go, (u)(z) = Goy(u)(x) + Snr (V(Gay (u)(2)), 0: = Oo) o + 7(0,,00) () ()
= Sy Hy(u)(x) + r(g,,00) (u) () - (20)
Here, r(ghgo)(aﬁ) denotes the Taylor remainder and can be uniformly bounded by

16 — 6ol|2
/M 9y

as Proposition 25 shows. This requires the iterates {6; };c[7 to stay close to the initialization
90, i.e.

1Gor — SmHrl 22(00) < I7(00,00) |0 S Br

sup [|0; — bolle < B- ,

te[T]
with high probability, for some B; < oco. We show in Theorem 9 that this is satisfied
for sufficiently many neurons. The second error term in (19) depends on the number of
neurons M and on the number of second stage samples n,, see Theorem 18. More precisely,
we obtained

1 1
M 3
Sy (Hr — Frp )HL2(M) S log(T) B (\/M + m) )
Nguyen and Miicke (2023) considered a similar error term, but for neural networks instead of
operators. We used improved spectral regularisation inequalities to obtain rates for second
stage samples and a shorter, more concise proof than in Nguyen and Miicke (2023). The
last error term in (19) describes the generalization error of KGD. Applying the results of
Nguyen and Miicke (2023), we obtain that, with high probability,

ISMFP = Gl 2guy S T,

provided that the number of random features satisfies
M > log(n,)T*.

See Proposition 19 for a precise statement. As a result, we arrive at an overall bound of
Theorem 7

\ 1 1 .,
Gy = Gl S o8(T)BS (= ) +77 (1)

Remark 13 As shown in (21), the number of neurons M and the sample size ny must be
chosen of order larger than

o(T*) = O(nf%)

in order to ensure that the approximation error between the neural operator Gy, and the
random feature method FQM attains the optimal learning rate of kernel estimators. At first
glance, it may seem nonintuitive that smoother target functions (i.e., larger values of the
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smoothness parameter r) require a larger number of neurons, or equivalently random fea-
tures M, to achieve optimal rates, since smoothness is often associated with easier learning
problems. The key reason is that the optimal learning rate itself depends explicitly on r. To
make this effect explicit, note that the kernel estimator admits the closed-form representation

FM = 8 or(SuSi) v,

where

~
L

or(z) :=ad (1-azx)

J

denotes the spectral filter associated with gradient descent (cf. Nguyen and Micke (2023))

and v = (v1,...v,,) € V™. Moreover, for each fived x € (0,a™!), one has ¢r(z) — x71

as T — oo. Consequently, for large n and large T, and in a low-noise regime in which
v; & G*(u;), the estimator satisfies

Il
o

and can therefore be interpreted as a (regularized) projection of G* onto the image of L.
In order to achieve the optimal rate, this projection must be sufficiently close to G* in the
L?-norm, that is, it must intersect the ball

__2r
B, = {FeLl*Up): |G =F|I> <n, "}

As r increases, the radius of this ball shrinks, making the approrimation requirement in-
creasingly restrictive. Consequently, the image Im(Lyr)—and hence the random feature
RKHS Hpyr— must grow accordingly to ensure that this intersection remains nonempty.
Since the size of Hyr increases with M, this provides a natural explanation for why a larger
number of random features is required to learn smoother target functions at the optimal rate;
see also Figure 2.

Figure 2: Geometric illustration of the approximation requirement for random feature
methods. The ball B, around the target function G* shrinks as the smooth-
ness parameter r increases. To attain the optimal learning rate, the RKHS H ;s
must be sufficiently rich to intersect B,.
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4. Numerical Illustration

In this section we support our theoretical investigation that in the well-specified case, the
optimal generalization properties can be achieved with a neural operator comprising only
M = O(\/n,) neurons and n, = O(y/n,) second stage samples (see Theorem 7). Remarkably,
the empirical evidence presented in Figure 4 and 5 aligns with this theoretical prediction.
More precisely we considered the one dimensional Poisson problem,

—Av=u in (0,1)
v=20 on {0, 1}.

We aim to estimate the solution operator that maps the input function u to the solution
v. In the one-dimensional case with zero boundary conditions, the analytical form of the
solution operator is straightforward to obtain. Specifically, we have:

1
v(z) = /0 G, y)u(y)dy,

with G(z,y) = %(m +y — |z — y|) — zy. Therefore, we randomly sampled 800 polynomials
u; and computed their analytical solutions v;. These functions {u;, vi}fgi were then used
as training data to train our neural operator using GD, and a symmetric initialization
(2.1). The test set {u;, v;}5°9,, was used for evaluation. As shown in Figures 6 and 7, after
reaching n, = M =T = /n, = 20, there is no further significant improvement in the neural
operator’s performance.

The empirical efficiency of neural operators (NOs) has been demonstrated in numerous
works through extensive numerical simulations. Importantly, these studies consider signifi-
cantly more complex problem settings than the one-dimensional linear example investigated
in this paper.

A setting closely related to our NTK-based perspective is presented in Nelsen and
Stuart (2024). The authors provide detailed simulation studies on the direct training of
operator-valued random feature kernel estimators. In particular, their experiments also
analyze the influence of the number of random features on the approximation accuracy.
The learned object is the solution operator associated with PDEs such as the Burgers
equation and the Darcy flow equation. These simulations offer valuable insight into the
statistical-computational trade-offs in random feature—based operator learning.

A broader comparative overview is provided in Gonon et al. (2024), where extensive
numerical experiments benchmark different learning-based approaches for approximating
solution operators. The comparison includes Fourier Neural Operators (FNOs), convolu-
tional neural networks (CNNs), and DeepONets, as well as classical numerical schemes such
as finite difference methods (FDM) and finite element methods (FEM). The experiments
span a variety of nonlinear PDEs, including the Allen—Cahn equation and reaction—diffusion
systems, highlighting both accuracy and computational efficiency across methods.

In Kovachki et al. (2024a), multiple classes of neural operators—such as Fourier Neural
Operators (FNOs), Graph Neural Operators (GNOs), and low-rank neural operators—are
compared across a broad range of experimental settings. These experiments investigate
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multi-layer architectures and analyze both predictive performance and computational com-
plexity. The study provides a systematic comparison of architectural choices within the
neural operator framework.

Further large-scale numerical experiments with Fourier Neural Operators (FNOs) have
demonstrated their capability to handle complex and high-dimensional tasks. Notably,
FNOs have been successfully applied to global weather forecasting at high spatial resolu-
tion (Pathak et al., 2022), as well as to more challenging differential equations with complex
geometries (Lowery et al., 2024; Li et al., 2021). These studies highlight the scalability and
robustness of neural operators in multidimensional and real-world scientific computing set-
tings, reinforcing their practical relevance for learning solution operators across diverse
applications.
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Figure 3: A random realization of a polynomial u, its solution v and the estimator NO(u).
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5. Conclusion

In this work, we studied two-layer neural operators in the neural tangent kernel regime
and established optimal convergence rates for operator learning under standard source-
condition and effective-dimension assumptions. Our analysis combines tools from vector-
valued RKHS theory, random feature approximation, and the analysis of shallow neural
networks, and extends these techniques to the setting of learning operators between function
spaces. In particular, we derived high-probability excess-risk bounds for early-stopped
gradient descent, together with explicit requirements on the number of neurons and second-
stage samples needed to achieve these rates.

A central motivation for this framework is the learning of solution operators of partial
differential equations. Neural operators provide a flexible and scalable alternative to clas-
sical discretization-based methods, especially in settings where repeated evaluations of a
solution map are required. Our results give theoretical support for this approach in the
NTK regime and show that, under suitable assumptions, neural operators achieve the same
minimax-optimal rates known from classical nonparametric learning in RKHS.

At the same time, several important questions remain open. First, our analysis is
restricted to easy learning problems, that is, to the regime 2r + b > 1. Extending the
theory to hard learning problems and understanding the corresponding requirements on
the number of neurons M and second-stage samples is an interesting direction for future
work. Second, while our rates are expressed in terms of the source-condition parameter r
and the effective-dimension parameter b, a more explicit understanding of these quantities
requires a deeper analysis of the limiting neural tangent kernel K., and its associated
kernel integral operator. In particular, the spectral properties of the NTK and the resulting
structure of the induced vector-valued RKHS for neural operators are, to the best of our
knowledge, still largely open.
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We hope that the present work provides a useful first step toward a learning-theoretic
understanding of neural operators and that it motivates further research on their approx-
imation properties, induced RKHS structure, and statistical-computational trade-offs in

more general settings.

Glossary
U The function input space, mapping from 5
X =Y CRY.
V The function target space, mapping from X — Y C R. 5
7 Probability measure on U x V. 5
X Input space of our function spaces. 5
o Probability measure on the input data space X. 5
& Mean squared error, £(G) := E,[||G(u) — UH%Q(%)' 5
G* Target operator, G* := [}, v(.)u(dv|u). 5
M The width of the neural operators. 5
P Number of all trainable parameters. 12
o The activation function acting point-wise from 7
R — R.
Fum Class of neural operators. 5
i Number of samples drawn from pu. 10
n, Number of samples drawn from p,. 10
|-l Empirical norm, || f[[7 = 7= 372 [ f(2)) [ 10
(u,u'),, Empirical inner product 11
(i), = L Y0 u ().
(., )2 Euclidean inner product. 5
| - lle Norm of the parameter space O, |03 = ||a||3+ || B||%. 6
J(u) € F(X,R¥+dytdo)  J(y)(2) := (A(u)(x), u(z), c(z))" 12
(-5 ) L2(p0) L?(X, pz)— inner product. 13
® Tensor product (u @ v)(f) :=u- (v, f)r2(p,)- 13
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Appendix A. Preliminaries

For our analysis we need some further notation. We define

LU, ) = L* (U, ps L*(X, pr)),
equipped with the norm
Gy = | NGy ()
For each M € NU {oo}, we denote by
Sur s Har = LU, )

the canonical inclusion operator of Hys into L2(U, fiy)-
The adjoint operator S}, : L*(U, jt,,) — Hs is identified as

83,6 = / K Glu)a(du)
u
where K, denotes the element of s equal to the function ¢ — K/ (u,t). The covariance
operator Xy : Hyr — Has and the kernel integral operator Lys @ L2(U, i) — L*(U, 1y
are given by
YuG =8y SuG = / K G(u)py(du) (22)
u
LrG = SySLG = / Kt G i (du) (23)
u

which can be shown to be positive, self-adjoint, trace class (and hence is compact). The
empirical versions of these operators are given by

§M Hy — V™, (§MG> = KX/LU],G,
j
1
S]T/[ DY —>HM7 S&V: EZKM’UJ‘TU’
7=1
Nu
S . ox o . S 1 *
S i=SySm s Har — Haa, Su=— > K, Kip,,
u j=1
where V"™ is equipped with the norm |v|%,, = n%z;lll |Ui||%2(pac) . We introduce the

following definitions similar to Definition 2 of Rudi and Rosasco (2017):

Zyv O = Has, (Zm0) (1) = VG, ()"0,

ZipHat - O, 26 = [ | V60 (0@)G0@)dpe ()i (w).
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~ 1 ~
2y 0 (R ——||- ||F) o (Bue), = VG (m))Te,
% Ny XNy 1 % 1 S
Zyp o R I-lF)—®, Zya = — D0 VG (ui)(xj)ai;,
u'vx u X i 1 ]:1
Cv:0—0, Cv = / / VG, (u)(x) VG, (u)(x) " dpy () dp, (u), (24)
uJsx
R R 1 Ny Nx
Cy:© — 0O, Cv = o z; Zlvego(ui)(xj)vago (ui)(z;) " (25)
=1 )=

Remark 14 Note that Cp; and 5M are self-adjoint and positive operators, with spectrum
in [0, k%] and we further have Car = Z3, 20, Cor = 2520, S = Zm 23y

Appendix B. Error Bounds

B.1 Error Decomposition

Recall the error decomposition from Section 3.2:

1Gor — Gl r2ua) < Gor — SarHrll 1200, + [Sar(Hr — F2) | 1200, + S0 F2 = G ll12(0,) -

A IT 17T

(26)

This section is devoted to bounding each term on the right hand side of (26). To this
end, we need the following assumption:

Assumption 15 Let T' € N. Assume we have
Vitelll : ||6:—6olle < B, (27)
for some constant By > 1+ 7.

We will show in Section C that this assumption is satisfied with high probability, if M
is sufficiently large.

B.2 Bounding 7

In this section we provide an estimate of the first error term ||Go, — SpHrl|12(,,) in (26).
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Proposition 16 Suppose that Assumption 15 is satisfied.

C’VG(BT)B?—
1Gor — SmHrl 12(4,) < — i

with Cyg(B;) = 4max {||0'||so, [|0”|lcc } Br

Proof [Proposition 16] From Assumption 15 and Proposition 25 we immediately obtain for
alz e XY,uel

|Gor (u) (@) — SarHr (u) ()] = [7(95,07) () ()]
CVG(BT) 2
————= ||0r — 6
i 167 — boll&
Cyva(B,)B?
< VGO 28
< ool )
with Cya(Br) := 2max {||0']|cc, ||0”||cc } max {1, B; + 7}. Moreover, since B, > 7 + 1, we
obtain

<

Cva(Br) = 2maX{HJ/HOO, ||<7”HOO} (Br + 7) < 4max {||0/||OO, ||0"Hoo} B, = é’vg(BT).
[ |

B.3 Bounding 77

In this section we estimate the second term [|Sns(Hr — Ff')||2(,,) in (26). A short calcu-
lation proves the following recursion:

Lemma 17 Let t € N, M € N. Define @iy := Hy — FM € Hyr. Then ()¢ follows the

recursion 4y = 0 and

i1 = (Id — aSap)iy — a2y — aZyE® — a8y

Y- Sy (2ubl, + 2ud® + §id)
5=0
where
1 = ﬁ ‘2 i(Get (ug)(zj) = vilz))) (VGo, (ui)(5) = VG (ui)(5)) € © ,
=1 j=1
(2) _ ;i(gi—si) o,
“i=1
IR T(00,0,) € V™,
with T g, 0,) = (r(gmgt)(m), ces T(eo,et)(unu)) and

éi ,S; € © ) §§m) = <(G9t(ul) — Ui),amGgo(ui»n‘“ ng) = <(G9t(ul) — vi),8mGgo(ui)>L2(p$)
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Proof [Lemma 17] Plugging in H; the recursive definition of 6; leads to
Hi1 = (VGay(u), 0111 — 00)g
n
~ ~ S 2 o
= H; — aZy&") — a2y — aSy€” — - Z K (ui, ) (He(ui) — vi). (29)
i=1
Here we used the fact that Gy, = 0. Therefore, applying a Taylor expansion again yields
Gy, = Hi + r(g,,)- Combining the above recursive formula of H; with the recursive def-

inition of FM results in the first equation of the statement. The second equation can be
derived by iterating the first equation t times. |

Theorem 18 Let § € (0,1], a < 1/k%. Suppose Assumptions 1, 15, are satisfied. Let
~ 2

M > My = (8dk*BocaT) V 8k*||Loo|| ! log? 2 with B = log %. Then we have

with probability at least 1 — 6,

vVt e [T]: HSMatHLQ(uu) < 4&E(M,n,, By, k) (log(T) + 6)
where w; == Hy — FtM and

¢&(M,n,, Br, K,0)
L <CVG(BT)BT Cvc(Br) 4x? (Br +1) | <16> (25 + 1)CVG(BT)B72'>
a VM vM v 0 VM ‘

Here, the constant Cyg(B;) is defined in Proposition 26. If we further assume

<I€BT + BZ + 1> +

M > M]] = max{Mo,Ml}

with

1
My = 48Cva(B, )BT (log(T) +6)° and n, > 325" (B, + 1) T (log(T) + 6)° log (56> ’

we have

. 1
Vit € [T] : ”SMutHLQ(Hu) < ﬁ .

Proof [Theorem 18] Applying (Nguyen and Miicke, 2023, Proposition A.15) gives (for
A= (aT)7 and M > (8dK?BcaT) V 8k Lo|| " log? 2) with probability at least 1 — &

”th HHM
, 30
T (30)

1 ~1
[Sartiel £2¢0,) = 18570 ll2en, < 2 (1250 llaey, + 2
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Let a € {0,1/2}. Using Lemma 17, we find for any ¢ € [T7,

t—1
1S5 es1l, = o | 0 S0 = aSan)* (2€0, + 202, + S3,E2)
s=0 Har
T—1
- S = 2(1
< a3 |(aSa) (Id — aSar)* Zar€) llpey +
s=0
T—1
a0 N (aSa) Y (Id — aSy)? ZMST SHHM
s=0
T—1
- S a 3
=N [(@Za) (I — aSar)* SR s, -
s=0

From Proposition 33 we further obtain with probability at least 1 — 4,

Sa 200+3(T) 2 (T) : :
IS0 Sal—“( L 2D ) (10 o + 7 o + 1 o)

where 7, was defined in Lemma 31.

Bounding Hégl)H@: We have

0o = || —— 2“2 (G, (us)5) — i) (VG (1) () — VG (1) )
Y =1 j=1 o
< 33 Gauw) ) — w19, (1)) — VG w5
=1 j=1

From the Assumption 4 we have |v;(z;)| <1 and from Proposition 26 we have

Cva(B-

Ga(w)(@)] < sl ulle + 58, - ol

(31)

(32)

with Cyg(B7) := 2max {||0']|co, ||6”]| 00 } max {1, B; + 7} . Using these bounds we obtain

. Cva(B,
1€V o < (nuet byllo + Z¥EBD) g, —%H%H) sup ||V Go, (u)(z) — VG (u) ()6
v M reX ueU
Cva(Br) 9 > (CVG(BT) >
< ( &||6; — Oolle + —=="216; — 0|5 + 1) [ =216, — 6
= (K‘” t 0||@ \/M || t 0”@ \/M || t 0”@
CVG(BT)BT < CVG(BT) 2 >
< VO (kBy + 22T B2 1),
== v \" e

where we used Proposition 24 for the second inequality.
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Bounding ”ét@)”@: By definition of ét@) we have

0| =SV, ) ) (G ) ) — i) (33)
=1 j=1
— Ky, VG, (ui)(2)(Go, (ui) () —vi(z))|| (34)
(S
< nln Z Z VG, (ui)(z))vi(z;) — Ep, VGo,y (wi) (z)viz)||  +, (35)
=1 =1 o

1 Ty Nx

D> VG (i) ()G, (ui) (v7) — B, VG, (u) ()G, (wi) ()| (36)
=1 j=1 o

=T +11I. (37)

For I we set W := izgl VG, (u;)(z)vi(x;). Note that |Wj|l2 < k? := B, E||W;|]3 <
k* := V2. Therefore we have from Proposition 41 with probability at least 1 — 4§,

I<4/{210 %

For II, we cannot directly apply Proposition 41, since the summands involve 6, which
means they are no longer independent. However from Proposition 49 we have that with
probability at least 1 — 9,

42 4 2Cyvq(By) 5

< - - ZEVEANTT G, — .

1< 2 0g () 100~ tollo + A o 13

Therefore we have,
2
2(2) < 4K é _ QHCvg(BT) _ 9
], < S=0m (5) 18~ tbllo + )+ ZSE o~ oy,
4k% (B, + 1) <4) 2kCyq(B;)B?

<——L Zlog | < |+ ——=""L. 39

. 3
Bounding ||£§ )||VW:
Using Proposition 25 we have

) _ Ly 2 Cvq(B-)B?
Hft ’ Ynu o ; Z Hr(gtﬁo)(u)HLQ(pz) S 7

u 221
To sum up:
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Plugging the bounds of the errors §§i), i € {1,2,3} into 32 leads to

- 20, 1(T)  2py(T) . )
a4 < gl-a [ lats a (1) (2) 3) [l
88710, < ( e ) s (1€ + 167l + 1€ ) - (40)

20,1.1(T) 2,(T)
l—a 2 a )
S « ( \/a + \/ﬁ f(M, n«Y7BT7/<"’7 6)7 (41)
with
§(M,n,, Br, K, 0) = (CVG\(/%T B+ < B+ ¢ )B2+1>
1

4/<;2 4k* (Br +1) 4 (2 +1)Cya(B;) B2
N log <5) + I )

Plugging (40) into (30) gives,

X ol [ EY
ISartir| 2 (u,) < 2 (1230713, + 2 /ol

< 4¢(M,n,, B-,k,6) <m (T) + my2(T) n my2(T) . 770(T)>

VT VT T
=4¢(M,n,, B, k,0) (log(T) 4 6) .

Note that, to derive this final bound we conditioned on four events, where each of the
events holds true with probability at least 1 —§. By Proposition 34, we therefore obtain the
last inequality holds with probability at least 1 — 4. Redefining § = 46 proves the claim. H

B.4 Bounding 777

For bounding the last term in our error decomposition we use the results obtained in Nguyen
and Micke (2023).

Proposition 19 (Theorem A.4. in Nguyen and Miicke (2023)) Suppose Assumptions
1

1, 5, 4 and 6 are satisfied. Let § € (0,1], a < 1/k?, T < Cin."™, 2r +b > 1 and
2r+b
n, > ng = eQrﬁ—l. With probability at least 1 — 9, we have

ISMER — G|l 12,y < C2 log?(2/6) T,

provided that

T e (0,3)
M > Myr(T,r) := Cslog(n,) - { T*H@ =1 p e [11] (42)
T 1 € (1,00)

where the constants Cq,Cs, C3 > 0 do not depend on n,,n,,d, M, T.
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Remark 20 In Theorem A.4. of Nguyen and Micke (2023), different assumptions on n,
were proposed, however in the proof of Theorem 3.5 from Nguyen and Miicke (2023), it was
1

shown that T < Cin/™*" is enough to guarantee the bound of 19.

B.5 Proof of Main Result

Proof [Theorem 7] Following the error decomposition of (26) and using the bounds of
Proposition 16, 18, 19 we obtain with probability at least 1 — 4,

* CVG(BT)B?' —r —r
1Gor — G|y (ua) < RV +T7" +Co log*(2/6) T (43)
< C log*(2/8) T . (44)

Collecting the restrictions on the number of neurons and samples from the above Propo-
_1 2r+b
sitions, we obtain the final lower bounds 7' < Cin ™, 2r +b > 1 and n, > ng := e2r+v—1,

. 16
n, > 3262 (B, + 1) T% (log(T) + 6) log (12).
M > My(T,6,d,r,b, o, B;) == max { M7, M1}, (45)

with Mj;, My;r defined in 18 and 42. |

Appendix C. Bounds on the Weights

C.1 Proof of main result: The weights barely move

Proof [Theorem 9] We prove this by induction over 7" € N. Assume that the claim holds
for T € N. We show that this implies the claim for 7"+ 1, for all 7' € N.
A short calculation, similar to (29), shows that the weights (6;); follow the recursion

S

Ori1— 00 =y (Id—aCu)' (¢, + ¢, + 2 + ¢ + )
t=0

with

1 Ny Ny

(V=3 D (Go(wi) () — G (i) (7)) (VG (ui) () — VGay (ui) (x7))
ulbe Ly j=1
1 Nu  Nx

¢? = — DD (G (ui)(5) — vilx;))(VGo, (wi)(x5) — VG, (ui) () ,
=1 j=1

& = 25 00.0.), (T00,0.))i.g = T(00,00) (i) (73)

<§4) — L’}\X/IV — ZXJG*’ Vij = vi(azj)

O = zr,6* .
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Hence,

041~ tollo < a3 (1 - Buny el +a 3 (1 - aCunrefy,
t=0 t=0
ta ET: H(Id - aCAM)%}SLH@ ta ET: H(Id - acAM)tg;‘*th@
t=0 t=0
+a ) ||d—alu)e -
t=0

Bounding « Z?:o H (Id— a(/?\M)thth@.
First, note that

03" - B2, <0 Y et - a1 1l
t=0 t=0

T
<ad [l e -
t=0

Note that we already bounded Ct(l) in the proof of Theorem 18. However, to bound the
weights, we need a more refined bound. To this end, let

1
_— 1
T < Copyen2 ™, my > 120057 N> My,

where My is defined in Proposition 19. From Proposition 22, we obtain with probability
of at least 1 — 4,

T
1
o lcMle
t=0

TR5 4+ Ti+v B3 2 1 1 )
< Cune o (TEETTBL | E(ry (THBD) T (12Y))

M VM V1 V1 0
TB2 B? Tlog(T) Tlog(T) s (12
<2Co<nr'ca" = = . TT log2 | — )
<2 (5 + g (nim+ (P + T ) (5)))
for some Cy ., > 0 and where we set 7 = max{0, 3 —r}, Co = max{||0’||, [|[0’| %, 0" ]|, 0" |2 }-

For the last inequality we used T” < B; by definition of B; and the quantity n,.(T') is defined
in Lemma 31.

If we let
n, > Cowp T (46)
n, > T2 maX{O,%—’/‘}’ (47)
M > max{Mirr, Moo 1}, (48)
M-n, > C’aﬂw - C - BE T2 logQ(T) log3(12/6), (49)
M -1, > Copr- Co - B2 T? log*(T) log®(12/6), (50)
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for some Cy . » > 0, and where

Cor := max{||0||oc, 0"lI3c; 0" loo: 0”13}, Maorr = Camr - Cor - max{T By, (T)* B},

we obtain

T
o> 1¢Plle < By /5.
t=0

Bounding a Y] |[(Fd - aCu)i¢f?, |
From Lemma 23, we obtain with probability at least 1 — ¢,

dB2 ~Corgn ~
< 7T _—9,0 log(4d2 /8

with Cpr on = 334 - max{Ha’Hoo, lo” ||loo} - max{ Ly, Lyn}. Hence,

o> a- aCur)' ¢, < 0> - o™ - 16le
t=0 t=0

< oT JB?_ . 00/70.//
ny, - M

B;, (51)

log(4d2/6)

<

Q| =

provided that
M -n, > 250° B2d* C2 ., T? log(4d*/6). (52)

Bounding a Y/, H (Id— a(?M)thZtH@
Recall that with probability at least 1 — §/5, for all ¢ € [T,
16: — bolle < By .

Since Cyg(B;) < 4max {||0'|| o, [|[6”]lc } Br, we obtain from Proposition 33 and Propo-
sition 25,

aZH 1d—aCu)'¢, | = H (1d — aCu)" ¢
f T T—t
ﬁgou - olu)" " (VaZi)| - IFnan I
- 2v/aT
= \/m ?é?ﬁ ||7“ (60,05 HF
< 8- max {]|0']loc, l6” ]| oo } - B - %
S é 5 (53)

35



NGUYEN AND MUCKE

provided that M > M(¢®)), with

M(C®) = 1600 @ - max {[[o”||oe, 0" |oc} - BET . (54)

Bounding « Z?:o H (Id— a(/?\M)tC%ZtH@. We write

ol turit), = Eor-coudin-se,

< 03|00 olunf B3 | 1S el

Jeit (2o 23

‘e : (55)

For the first term, we obtain from (94),

aZT:H(Id—aCM e < \FZH 1d — aCy)' (aCur) 2 +aﬁZH 1d— aCy)|
t=0

szon+\F(a )
=4+aT, (56)

if we take A =1/(aT).
For the second term, we obtain from Proposition 45, with probability at least 1 —§ with
A= 1/(aT),

Iyl <2, (57)
if
M > C,log*(1/58), mn, > C.Tlog(T)log*(1/6),
n, > C,T log(T) log? (1/6),
for some C,, > 0.

For the third term, we apply Proposition 48 with A = 1/(aT") with probability of at
least 1 — 9,

Hchf (ZM - ZMG*)

<2 (T (- ) 0V Ne @D (= o) 1o (),
! M > Cy .dT log(T)log(1/5),
and

n, > CoxTlog? (12/8), n, > CoxTlog? (12/6),
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for some C . > 0.

The above choices for n, and n, imply

1 1 12 dak
2 T =+ = )10g%2 (=2 _—
wa (1 )oe (F) < 57

IN

Hence,

HC‘W (ZM _ ZMG*>

|

_Cai%erW(\ﬁ \/>>-10g3/2 <152> (58)

Combining (56), (57), and (58) with (55) and recalling the definitions of B, and Bs (=)
from Theorem 9, we find with probability of at least 1 — 36

ag H(Id - aé\M)tC%ZtH@

<0 g - ) () ()

CoxVaTl
256a max{1l, x} B 1
- Cor S\ arT
256 max{1l, k} 1 1
< ’ . . qmax{0,5—r} R
< Ca,[@ 10g(T) T 2 B(s (OzT)
< B;/5, (59)

where the constant in the definition of B, is set to

1
(s := max {CR,r,n,aa 1280a max{ : H}’ 1} ) (60)
CO[,I{
with CRy . > 0 defined in (68).
For the bound (59) to hold, we need to assume
M > M(CW) = Cu, d Tlog(T) log*(1/5), (61)
n, > 1,((W) 1= Cy e Tlog(T) log? (12/6), (62)
¢ 2 1 (CW) 1= Ca Tlog(T) log® (12/5), (63)

for some for some C, ,, > 0.

Bounding oY/, H (Id - ozCAM)tC;E’th@.
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We have

aZH (Id — aCy) C@tH —aZH (1d - aCr) 25,G" |

<03 50 oG] [t

1 1
—1 * 2 3 *
’ HCM,)\ZMﬁM)\ Eoo,)\G

1 1
2 2
’ HﬁM,)\‘Coo,/\

L2 (Hu)

For the first term we obtain

ai |a=aCuyCua|, < ET: |(rd - aCur)i(aCun)| + - ET: [(ra - aur¥],
=0 e p

< 2log(T) 4+ A(aT)
< 3log(T),

if we again let A = 1/(aT") and since T' > 3 by assumption.
By Proposition 47, with probability at least 1 — 44

|Cutacuna
T T T T 12
§2</<;2 (a + 2 >+5/-€ ./\/’ﬁoo((OéT)l)< = 4/E )) 3/2< )
n, Ty T, L 0
if

M > M(¢W), (64)
n, > max{4ax?, Ca7,€}Tlog2(12/5), (65)
n, > max{4ar?, C, T log®(12/9), (66)

where M(¢) is defined in (61) and where C,, ., > 0 comes from Proposition 47. The given

choices of n, and n, imply
hatali B <
(nu + n,l,> log 5 ) T 2k2

Entseann| < Bs (O}T) ,

where B (ﬁ) is defined in Theorem 9.

Hence,

From Proposition 35 we obtain almost surely
HCM)\ZM[’ M=2.
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Furthermore, (Nguyen and Miicke, 2023, Proposition A.14) gives with Probability of at
least 1 — &

1 1
LA Lonl <2

By Assumption 5 and Proposition 37,

1
-1
oo,)\G

< RK’T(O{T)maX{O,%fT}.

&
L2(pw)

Combining the previous bounds gives for A = 1/(aT") with probability at least 1 — 54

T

1 1
= 5CR,T,H,Q log(T)Tmax{Uv%—T} . B;s <>

aT
= %’ (67)
where we set
Chrana = 60RK" ™02} (68)

Collecting everything. Finally, combining the bounds of all error terms and plugging
in A = 1/(aT) gives with probability at least 1 — 104, for all ¢ € [T+ 1]

10: — olle < Br,
provided that

M -n, > CoprB2 T? - max{C, log?(T) log®(12/5),d*C2, . log(4d®/5)},  (69)

M -n, > Cqpr- Cor - B2T? log?(T) log®(12/6), (70)
with
Cyr := max{Cy, Cc2y,
Cor := max{[o”[|oo, |0"[[36 110" [loo: 10”136}
Cor o 1= 334 - max{||0'|| oo, [|0” ||} - max{ Lo, Lo},
and
n, > max {Cox T1og(T) log? (12/8), Copes T}, (71)
n, > Co.. Tlog(T) log? (12/5). (72)

Furthermore, we need

M > max{Myr, Mo, g1 », M(C®)), M(¢CP)}, (73)
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where My is defined in Proposition 19 and
My oy = Conir - Cor - max{TB2 n,(T)*B,},
M(¢®)) = 1600 - @ - max {[|0”]|c, 0”0 } - T B,
M(CW) := Cy . d Tlog(T) log?(1/6).

Proof [Corollary 10]

Recall that we assume .

T = cen2 0.

We first verify that the assumptions of Theorem 9 are satisfied for this choice of T
According to the constraints in (69) and (71), it is required that

M 2 G| Lol mbio’o  TAX {Tz’"*b, Tlog(T) 10g2(1/5)} :

for some constant Cy 4 |20 |,r,b,07,0" > O-
It is therefore sufficient that

2r+b
ny, Z COQH’”LOO ||7r7big/7UNT ’

provided that n, > n1(d) is large enough so that

1
Tnl log(Tnl) 10g2 (5) < TT%I-H)‘

Hence, if
c<C!

o,k || Loo||,r,b,07 0"

our choice of T satisfies the required assumption on n,. Now we can prove the statement.

1. Let r > % A short calculation shows that

1 T T 2

Bs (w) =1+ 10k/Nz ((aT)~1) <\/O‘ a )1 g3/2 <5>

1+b 1+b
<1+ Copr fp +\/T 10g3/2< )

nll nﬂ/
1—2r [14b
S 1 + Ca,b,,tg n[;kr+2b + L 10g3/2 <]‘62> S 2
n,

12 4r+2b

ny > ng 1= (2Cabn10g3/2 < 5 )) )
3/2 12 2 1+b

n, > | 2Cqp . log 5 T,

40

>[5

if we let ¢ <1 and
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Hence, B (6,T) < CRy.x,alog(T).

For r = % we similarly obtain Bs(T') < 2 if we let ¢ < C, 55 be small enough.

We finally bound the number of neurons that are required for achieving this rate from
Theorem 9. According to the constraints in (69) and (71), it is required that

M > Cyorior o Lo * max{log(T)T2’”, BT, B2T d* log(d/s), dT log(T) log?(1 /5)} .

Bounding the maximum gives that it is enough if

M= CR,K,a,r,a’,J”,HLOOH &’ 10g4(T)T2T IOgQ(dN/(s) )

for some CR . o0 0 | coo|| > 0- Similar we obtain for number of second stage samples
that are required,

My 2 Copor | Lol ‘max{ Tlog(T)?log?(1/8), T logg(l/é)}

Bounding the maximum gives that it is enough if

N, 2> Ca,b,H,HCOOHTlJ’_b 10g3(1/5)7

if n, > n3(d) is large enough so that
log?(Ty) Ty < T,

holds true.

CIfr < %, then similar as before we have

Bs(aT) < Cop,T2"

for some Cf p, c > 0, if ¢ < log=3(1/8) and ¢~ 1T *t* < n,. Hence, B, (T) < C’Rm,@a’blog(T)Tl_QT.
A lower bound for the number of neurons follows the same way as in the other case:
M > Cfi,oa,r,a,”ﬁooﬂ d~2 10g4(T)T5_8r IOgQ(d/6)7

T, Z CO(,Z),R,”E T2T+b log3(1/5).

ool

To sum up the statement holds true if we set

¢ := min {1, ! Ca,ﬁ,b,d} ,

O‘v"{vll‘COO ||7T7b70'/70'”’

n > ng := max{nj, ng, n3}.
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C.2 Error bounds for the weights

In this section, we derive some error bounds that are necessary to prove our main results
about the weights in Section C.1.
Lemma 21 (Nguyen and Miicke (2023)) Let

Ff = Syd(Lm)G™ € Har (74)

where ¢ denotes the spectral reqularization function associated to gradient descent , see e.q.
Blanchard and Miicke (2017). Then

1F; 30, < Ol g #7203 —7}

/
for some C}, , < o00.

Proposition 22 For allt € [T}, let ||0; — 0o|| < B, and

1

1
T < Ca,r,mngr+b7 Ny 2 T2 max{O,E—r}’ M > MIIL

where My is defined in Proposition 19. Set v = maX{O,% —r}. We have with probability
of at least 1 — 9,

T
1
a Y l¢Mlle <
t=0

TB> +T’B3 B2 Tlog(T) Tlog(T)\, s (12
a,k,r " Yol = = T . r T 1 < 3
Canr G ( M " VM (17( )+< Vi " Vi > 8 (5)>>

for some Cpr > 0 and where we set Cyr := max{||o’||co, |0"]|%, l0”]l00, lo” |2} The
quantity n-(T) is defined in Lemma 31.

Proof [Proposition 22| By using once again a Taylor expansion we obtain for t € [T7],

Ny Ny

D0 (Gay () () — G () (25)) (VGo, (wi) (w5) — VG (ui) ()
i=1 j=1 o

1

nu n(l’

<=

ny My

SN 0,00 (wi) (5) (VGo, (ui) () — VG, (i) (2;)) ||+

=1 j=1 o

1

T Ty

IN

Tw  Nx

! ﬂ ZZ (Hi(wi)(zj) — Ff (ui)(25)) (VGo, (ui) () — VG (wi)(z5))|| +

1 , Z Z (Fy (wi)(z) — G™(ui) (7)) (VGo, (ui)(z5) — VGa, (us) (7))

= It+IIt+IIIt, (75)
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where F}* was defined in (74).

Bound I; : By using Proposition 24 and Proposition 25, we obtain for ¢ € [T]
Cva(Br)? 3 Cva(Br)*B: _ 16 - max {]|o’ ]|, HU//Hoo}2 B}

A7 |16: = Bolls < i S M :
Here, we use that

Cva(Br) =2 max {||0'||sc, [|[0”]|oc } max{1, By + 7} < 4 - max {||0'||sc, ||0”||oc } B~

following from Assumption 15.

I; <

Bound II; : Note that F} € Hjy, therefore there exist some 6} such that Fy(u)(z) =
(VGo,(u)(x),0F) and || Ff |2, = [10f]|e (see for example Steinwart and Christmann (2008)
Theorem 4.21). Using these equations we obtain

1 Tw Ny

SN Afwiag) - (16— Oolle + 1 lrenr) (76)

i=1 j=1

11 <

My

with
Ausy ) 1= || (TG, () ) = VG () (7)) (VG () ) |

By definition of the operator norm and Proposition 24, we have

Aus,5) = max || (VG (us) () = Vi (:) (7)) (VG () (7)) e

< IV Go, (1) (5) = VG () 5) =
e ()

where e, denotes the k-th unit vector in RY. Plugging (77) into (76) and applying Lemma
21 leads to

C BT K *
11, < SEL g, — oo (161~ ollo + 177 i)

< CVG(]?;’)BTK (BT + C’:@a tmax{O,%—T})

< 4r max {[|0’ s, ||| 00 } B2
- M

(BT +Cl, tmax{ov%—”}> . (78)

Bound I11I; : By Proposition 24 we have

T = | S5 (R ) (0) = G 00) (1) (VG (1) ) — VG () z)
W =1 j=1 o
Cva(Br)Br (@) (i4)
< VGT (r11? + 111)

Amax {[|o’[loc, [|0”||oc } B?

- vM

A 1Y (79)
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where
11 = | LSS ) ) — 6 ) )]~ B () () — G () )|
W =1 j=1

111" = E|F} (u)(x) — G*(u)(x)] .

To sum up: If we plug the bounds of I}, I1;, I11; into (75) we get for some Cy x > 0
and by setting 7 = max{0, % -},

T
a> Nl lle <
t=0

TB:+TY’ B B2 ([~ (i)
Ca,nmax{\la’lloo,Ha’Hio,HU”\IomHa”Ilio}'( - tA e | QI I :
M M t=0

(80)
Assume mow that
1
T <Coprpni™™, n,> 2max{05 =} N f > My,

where My is defined in Proposition 19. Applying Proposition 50 gives then for all ¢ € [T
with probability of at least 1 — 4,

11 = | LSS R ) — € )]~ B () (&) ~ G (u)@)
T =1 =1
o (e (2)

for some C’a,,@ > (. Combining this bound with Proposition 34, we obtain,

gnff) < Coun <T%T) + Tl\‘;iéb) log (?) . (82)

With the same assumptions as for IT It(i) we have from (Nguyen and Miicke, 2023, Propo-
sition A.1) ( with A = (at)™!)

115 = E|F (u)(2) — G*(u) ()] < |S:F; = G| 1200y < Car t7

T
ST < Co np(T) (83)
t=0

for some C,, > 0 and where we used Jensen inequality in the first equation. Plugging (83)

and (82) into (80), implies
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T
a e <
t=0

TB+TY"B3 B2 Tlog(T) Tlog(T) 3 (12
C“’“””C""< M +¢M'<””(T)+( Vs >1°g2 <5>>>

for some Cy . > 0 and where we set Cpr := max{||0’||oc; [|0'[|%, [|0” || cos [|0”]|% }- [ ]

Proposition 23 For allt € [T] and some T € N, let ||6;—6y|| < B;. Then, with probability
of at least 1 — 6,

JBQ-C ! g
max (Vo < —— =27

227 29 Nog(4d? /6
max i og(4d?/9),

with Cy or = 334 - max{||0'||oc, ||0"||oc} - max{Lys, Ly»}. Here, Ly and L,» denote the
Lipschitz constants of o' and o”, respectively.

Proof [Proposition 23] We start with the following decomposition for any ¢ € [T,

Ny Nx

16200 = {3 DG (i) a) — vies)) (VG () 5) — VG, (ue) (7))
uttn g j=1 o
2
M Ty My
- [AZ > (nln >3 (" wia) =~ ue)) (o) I les) = (1) J(u»(xm))) -
m= =1 j=

We will now bound I and I separately.
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(t)

I) Using the mean-value theorem for by,
and bﬁ?:

(t)

we obtain for some Bm on the line between b,

2
I=J§[§jl —— ZZ §) = vilz)) (a((bw)TJ(ui)(xj))a((bs,?))TJ(ui)(xj)))))
M Ny T 2
ZAI%Z_ o, 2 2O ) = e BT ) (b2 - b2, J(ui><xj>>)
M Ny Nx ?
<J1WZl( N oy 2 2 () 03) = ) B i) ) ) )
" I= 2
2
< 16— ol o o ;Zulimuz)(x]) 0i(w))" (b7 (i) (1)) T (i) () 2
<Bi sup ( ZZ v(w->>a’<bTJ<u-><m->>J<u~><xW)2
SM & yaeey, Pt Y VTR ’

with Cp. := B; + 1. For the penultimate inequality we used that maﬁie[M],te[T]ﬂagi) _
a(()Z)|7 Hbf‘) - b(()z) |2} < B; and therefore

max ([, 1512} < mmaflay” — ai? |+ Jag”| 107 = b2 + 1712} < B +1. (85)

IT) Similarly, we obtain with (85) and the Cauchy-Schwarz inequality
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2
M d ny My
= Zkz(nl (6 wtes) — (e (off — o) a’((b;?)TJ(uZ)<x]>>J<uz><xj><k>) ¥
9 M d 1 ny My
MZZ<nn (G*(ui) () = vilx)aiy)
m=1 k=1 =1 j=1
2
(f"((bn?) () ()T (i) () *) = o (O T () (1)) T () (a25) *) )
282 & 1 X ’
<37 A DO (G (i) (w5) = vilwy))o' (0T T (i) ()T (wi) (@) ) |+
k=1 lbll2<Cs Y =1 j=1
9 M d 1 . n
MZZ<M (G (u3)(5) = vi(a))
m=1 k=1 i=1 j=1

9 M d 1 ny Ny
3 3 e - o)
m=1k=1\ """ i=1 j=1
2
(o ()T T (i) () () ) = o' (BT J(uz><xj>>J<ui><xj><k>)>
g M d ~ 2
<7 > (n " ZZ —vi(2;))0" (b J (i) () <b$§) -, J(Ui)(fb’j)> J(Ui)(fb’j)(k))
m=1 k=1 Y =1 j=1
2
M
< %Z o0 - 6] Z S S @ ) i) BT ) ) a5) ) )
m=1 =1 j=1 2
< 25 f: S (G o)) = )T ) )) ) a) ¥ ) ) |
Mo 2 <C, e - e o |
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To sum up, we obtain by plugging the bounds of I and I into (84),

2
max sup Y —vi(z:)o’ (b7 J(wi) ()T (wi z;) )
[ﬂm'b—¢3§2%@3 ;é; (7)) (0T (i) ()T (i) ()™ |+
2

N

1 T N

22 sup

ki1 Ibl2<Cp, \ Tl (=7 5

(87)
Setting z = (u,v) € Z :=U x V we define for all k,1 € [d],

hij(2) = (G (w)(25) — v(;))J (u) ()™,
hiej(2) = (G*(u) () = v(a))J (w) ()™ T (u) ()Y,

and the following events,

e 240"l oc 2
Bo={ sup o' (b7 I (ui) ()| < = (20, Lo+ /log 5 | ¢ -
Ibll2<C5, |7 Vi 5

i i=1 j=1
n n,
u X 24”0.//”00 2
Egy = sup i (20)0" (07 J(ui)(z5))| < 222 2Cp, Lo 4 1/log =
lbl2<Cs, nnz;; T i :

Here, L,, L,» denote the Lipschitz constants of ¢’ and ¢”, respectively, and Cp_ = B, + 1.
We aim at applying Proposition 29 for bounding the probabilities. To this end, note that
|k jlloo < 2 and ||k ]lco < 2, so Cp = 2. Moreover,

= oy =

Eu[hkvj(z)al(b—rm)] = }Eu[hkvm(z)a"(b—r:ﬁ)] =0.

As a result, the events Ej, Ej; occur with probability of at least 1 — 0.
Finally, we obtain from Proposition 34 together with (87), that with probability of at
least 1 — ¢

V3dB; 24max{||o’||so, [|0”|lc } 2(d? + d)

rnaxHCt le < 4Cp, max{ Ly, Lyn} + 24/ log

te[T] VM Vv, 1)
dB2-C,i ~
< 7T T9,0° loe(4d2 /6§

with Cpr o = 334 - max{||0'||oc, ||0”||oc } - max{Ly, Ly»}. This proves the claim.
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Appendix D. Technical Inequalities
D.1 Lipschitz Bounds

In this section we provide some technical inequalities. We start proving that the gradient
of our neural operator is pointewisely Lipschitz-continuous on a ball around 6y which we
define as

Qoo(R) :={0=(a,B) €O : |0 —bg|lo < R}.
Moreover, for u € U we define
[ulloc == sup [lu(z)]l2.

zEsupp(px)

Proposition 24 Suppose that Assumptions 1 and 4 are satisfied. Let u € U with ||Juf < 1.
Then, for any x € X and any 0,6 € Qp,(R),

IV Golt) @) - TG5(00(w)lg < “TEE [0~ e
Here, the constant Cyg(R) is given by
Ova(R) = 2ma { o]l oo |0l oo} max {1, B + 7} (59)

Proof [Proposition 24] Recall the definition of our operator class

Fu = {G@ Y ’ G@(’LL) = LMZi\/{:l am0(<bm7J(u)>) )

§ = (a’ B) e RM « RMX(dk—O—dy—i-db)} )
The partial derivatives are given by
uxzia u)(x ; w)(z) = 2o u)(x w)(z))W)
Oa,, Go(u) () Nivi ((bm, J(u)(2))), 8y Golu)(x) WiTi ((bm, J (u)(2))) (J (u)(x))").
Denoting further VGyg(u) = (0,Go(u), 05Gg(u))
aaGG(U) = (aalGQ(’LL), .. -,aaMGG(U)) € RM, aBGg(u) = (abznGe(u)('x)) € RMX(dk-i-dy-i-db)

we then have for any u € U, = € supp(px),

10aGo(w) () = 0aG(u) (@)||y = D (Par, Golu) () = D, G(u) ()
L ~ :
> (o ((ms T@)(@))) = (b, T (w)(@))) )

HOJHOO RI(2
< B-—-B
I M H HF7
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where we used the assumption ||J(u)(x)|l2 < ||J(u)(x)|1 < 1. In addition,

M dk +dy +db

JosGo(u)(e) - 05G; @ = 30 3 (94, Gow) (@) — By, ) ())

M
Z%Z . (am0’<<bm7J<u><w>>><J<u><x>>U>>—aw’«f?m,J<u><x>>><J<u><w>><”>)2

210”3

M
(H=—> (m = am)? (0" (b () (@)))? () () D)2 < T2 0 — a3

and where

Z Z m — G0,m) (UI(<bm,J(u)(gﬂ)>)70-/(<bm’<](u)(x)>)) ((J(u)(z))(j)))2

M dk +dy+dy

Z Z ( ((bm J(U)(w)>)—0’(<5m,J(u)(x)>)) ((J (u)(z))9)))?

2R2||U//”2 Mdk+dy+db y 9 .
<= =Y Y (= b @) (J@)(@)9)
m=1  j=1
2720”2, M di dy+dy - 2 ,
+ e S S (= B T @) @) (@)
m=1  j=1
2[|0” |2, (R? + 72 _
BN
Finally,
2
[V Go(u) (@) = Vaz(w)(@)||g = [|0aGo(w)(2) — 0aG(w) (@)||5 + [|0Ga(w) (2) — D5G5(w)(@)]|7
/<><> /OO ~ 20”<2>0R2+T2 -
<1Zip- B+ 2 Jo—af3 + AL Ty
4H’H2 2y (1 A2 R B
<~ max {LR +T} la—al3 + B - B|I}
Cva(R)? _
S LT[
where we set Cyg(R) = 2max {||0'|| o, ||0”]|c0 } max {1, R + 7}. [ ]
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Proposition 25 Suppose Assumption 1 holds and that 6,0 € Qo,(R). For allxz € X and
u €U, denote by g (u)(x) the remainder term of the Taylor expansion from

Go(u)(z) — Gg(u)(z) = (VGa(u)(x),0 — B) ¢ + g4 (u)(@).
Then,
1. o) (u)(@)] < S8 6 - 9],

2. (VGo(u)(z) = VGy(u)(),0 — ) < L |0 — ]2,

where Cy(R) is defined in Proposition 24.

Proof [Proposition 25]

1. Recall that the remainder term T(0,9) of the Taylor expansion is given by

rog)(W)(@) = (0 — )" V2G4(u)(z) (0 - 0),

where V2G;(u)(x) denotes the Hessian matrix evaluated at some 0 on the line between
0 and 0. Note that the remainder term can be bounded by the Lipschitz constant L of
the gradients i.e. for any v € © we have,

VG§+hv(u)(a:) - VGy(u)(x)

VQGé(u) (x)v = lim

h—0 h

= i 7G40 ) = VGi0) 0
h—0 |h

<,
h—0 |h

<L,

Proposition 24 shows that for the set ng( ) this Lipschitz constant is given by L =
Cya/V M. Therefore by setting v = 6 — § we obtain for the remainder term,

Cvc(R)

70,6 (W) ()] < Wi 16— 0113

2. Using again Proposition 24 together with Cauchy - Schwarz inequality, we obtain for
the second inequality,

Cva(R)
VM

(VGo(u)(z) — VGy(u)(),0 - B)¢ < S
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Proposition 26 Suppose the Assumptions 1, 4 hold and that 0 € Qg,(R). Then, for any
u €U, x € X, we have

Cva(R)

|Go(u)(x) — Go(u)(2)] < k- |0 = bolle + JM

16 — 6ol

where k > 0 is the constant from (10).
Proof [Proposition 26]
By Assumption 4, for any (u,v) € supp(p) and any = € supp(ps), we have
[[J(w)(@)]L < 1.

We compute the squared gradient norm at initialization 6g:

R
IV G, (u) ()| = > (9(Gay (u)(x)))”

2 M d 9
7 (M I@)) @@ ()

Using ||J(u)(z)]|1 <1 and the Assumption 1, we obtain
IVGoy(w)(@)13 < 4+ 7%[0"|5 = &°.
Using this bound together with Proposition 25, we obtain

Go(u)(x) — Gy (u)(z) = (VGo,(u)(x),0 — o) g + 7(9,90) (1) (2)
Cva(R)
VM

< k|0 —bolle + 16 — 601

D.2 Uniform Bounds in Hilbert Spaces
In this section we recall uniform convergence bounds for functions with values in a real

separable Hilbert space.

Proposition 27 Let G be a family of functions mapping from Z := U x V to [-C,C].
Then, for any 6 > 0, with probability at least 1 — § over the draw of an i.i.d. sample S of
size ny,, the following holds
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log %

sup|— > g (zi) — E[g(2)]| < 8CRs(G) + 12C

where
Nu

1
Rs(G) := Ersup - ; gl@i)r; (90)

denotes the empirical Rademacher complezity of the class G with r; being iid rademacher
variables.

Proof [Proposition 27] The proof can be found in Mohri et al. (2018). [ ]

Proposition 28 Let 6 : R — R be Lipschitz continuous with Lipschitz constant cs. Let
further h; : Z=UxXxV =R, j=1,..,n,, and define

Nx

Go =19+ Bi(C) X Z =R g(b,2) = - 3 hy(=)o({b, () a;))},

where B;(C) denotes the closed ball of radius C' in RY. Provided the Assumptions 4 and 1
we have

with Cp, := maX;e[p, 17|00

Proof [Proposition 28] By definition of ﬁs(gc) we have,

. 1 Ny 1
Rs(Go) = —Er | sup > g(bz)ri| = —Ery vy [Erny | SUD anyo1(b) + 9 (b, 2n,) Ty | |
Ty bll2<C 5= L llall2<C

where gn,—1(b) = S g (b, 2) 7. By definition of the supremum, for any ¢ > 0, there
exist ||b1]|2, ||b2]]2 < C such that

Gn—1 (b1) + g(b1,2n,) > (1 —€) | sup qn,—1(b) + g (b, zn,)
lbll2<C

and dn,—1 (b2) -9 (b27 Znu) > (1 - 6) sup qnu—l(b) -9 (b7 Znu) .
oll2<C
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Thus by definition of E,, ,

(1 - e)E'f'nu Sup qnu—l(b) + rnug(b7 Znu)
lbllz<C

1 1
:(1 - 6) [2 Sup [Qnu—l(b) + g(b) Z’nu)] + 5 Sup [Q’nu—l(b) - g(b) Znu)]
l[Bll2<C lIBll2<C

<5 1 () + (b1, 20,)] + 5 lan, 1 (62) = (b2, 2]

Now set s™ = sgn g(zp,,b1 — be) with g(z,b) := n% >ty hj(2)(b, J(u)(x;)) (note that
s™ is independent of r,,). Then, the previous inequality implies together with the Lipschitz
property:

(1-oE,,, [ sup  gn,—1(b) + rn,g(b, znu)]
lbll2<C

1 _
S 5 [qnbf_l (bl) + qnu—l (b2) + co'snug(znu? bl - b2)]
1 i 1 -
<5 sup [gn,—1(0) + ¢o8™ Gz, )] + 5 sup [gn,—1(b) = 55" G(zn,, )]
[bl2<C lIbll2<C
1 . 1 -
= 5 Sup [qnufl(b) + Co'g(znzﬁ b)] + 5 Sup [Qnufl(b) - Cag(znw b)]
[bl2<C l[bll2<C

- ETn Sup QTLM—l(b) + rnuco—g(znu7 b) °
lloll2<C

Therefore, we proved

(1 - €)E, SUp  gn,~1(b) + 7,0 g(2n,:b) | - (91)

lloll2<C

sSup qnu (b) S ]ETnu
bll2<C
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Proceeding in the same way for all other ¢; with ¢ < n, — 1 leads to

o

(1—-¢)

7‘
M

lbll2<C 55

Ny
1
sup Zg b, z;) Z] _n—ET

sup Z riceg(zi, b)]

Hb||2<C i—1

T
Cs
= —E, | sup <b rz h J(u)(a:])>
Ces I
Sad | PR BT
i=1 Y =1 )
~ 2
Cle- d ny Ny
<2 ISR Yo Y hy(a )
k=1 =1 7=1
~ 2
d n n
CC& U 1 X
= Bl - (k)
| 2= (n > hi(2) T (w) ()
k=1 i=1 j=1
COpes | 1 &3 & )
< o = o Z(J(u)(%)(k))
u Y j=11i=1 k=1
< C’C’hc(;'
= T
Hence, we obtain for e — 0
1 u CChes
—E, | sup g(b,yz)ri| < .
ne e T Vi
|
Proposition 29 Let 6 : R — R be Lipschitz continuous with Lipschitz constant cs. Let

further h; : Z=UXxV =R, j=1,..,

n,, such that

E[h;(2)5(b" J(u)(x))] = 0

for any ||bll2 < Cp and maxjcp,) [|hjlloc < Cp. Then, we have with probability of at least

1-3,

Ny Ny

ZZh %)5

&b J(u;)(x

)| <

55

120315 |0
VT

/ 2
<0365Ch+ log 5) .
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Proof [Proposition 29] From Proposition 27 we have with probability 1 — o

Tw N

ZZh 2)5 (b7 T () ()

log %

< 8Ch[16]looRs(Gesy) +12ChlI5llooy [ -,

(92)

where @S(QCB) denotes the empirical Rademacher complexity defined in (90) and the func-
tion class G¢,, is defined as

Gop = B;(Cp) x 2 = R:g(bz) = Zh 2)6 (b7 J(us)(z )

From Proposition 28 we have

CBC[;C}L
Vi

Plugging this inequality into (92) proves the claim.

Rs(Gey) <

D.3 Elementary Inequalities

Lemma 30 The function f(x) = (1 — z)/a" for j,r > 0 has a global mazimum on [0,1] at
7. Therefore we have sup e 1] f(z) < o

Proof [Lemma 30] If f(x) is continuous and has a maximum, then log f(x) will at the same
point because log x is a monotonically increasing function.

In f(x) =rlogz + jlog(l — z)
:>d1nf(a:) _r Jj

dzx r 1—=x
EPinf@) v G
dz2 22 (1—2)?

The second derivative is obviously less than zero everywhere, and the first derivative is
equal zero at ——. Therefore it is a global maximum. |

Lemma 31 Letv > 0,t € N. Then

' Uﬁl v>1
STt <n(t)  with nu(t) = {1+ log(t) v=1
p p ve0,1)
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Proof [Lemma 31] We will only prove the first case v > 1. The other cases can be bounded

with the same arguments. Since

i

V< / z Vdx

i—1

we have for v > 1,
t t
> i ”<1+/ 2 dx <
=1 1 v
|

Lemma 32 Leta >b>0. Then we have
-1

26
T = 1)+ Zgma(T — ).

a

%

1 1 <
s (T —s)b = Te

I
—

s

Proof [Lemma 32] For any ¢ € [T'] we have

T-1 1 T-1 1 1
l T-1 1 1 t i
T L (T —s)b (T —1t)P — s
1 T-1 1 1 T-1 1
= ta ; s (T — )b &= 50
l77b(T -1)+ T t)bna(T 1)

Setting t = T'/2 the result follows.

, %] we have,

Proposition 33 For T €N, a € {0,3}, a € (0

ozEM Id—aEM) I < na(T),

M

i)

s=0
T—1

i) 3 S0 (1d— aS)*Sisll < 1,y (T)/V,
-~ i

iii) H(Id—aCM) (fZM)H 01 (T) = 2VT.
s=0
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Further we have for any M > 8d k25T V 8k*| Loo|| ! log? 2 with B = log M%ﬂfi—"j}ff‘)m
cdi=d + dy + dp that with probability at least 1 — /2,

-1 20,,1(T)  2p (1
B ~ ~ a1 (1 1a(T)
w E aXy)Id — aXp)’ Zull < 2 + )

Proof [Proposition 33] Note that the spectrum of a3, is contained in [0, 1], therefore by
Lemma 30 we have for any r > 0,

[(aSa) (Id — oSy )®|| = sup (1 —z)°2" <

-
<(5) (93)
x€[0,1] r+s
where we use the convention (0/0)? := 1.
From (93) and Lemma 31 we further obtain for any r € [0, 1]

-1 R (NN
T _ S <
> ISy ta- oSyl < 3 () (94)
s=0 5=0
T N
<> (1) =wim, (95)
s=1 s
This already proves part 7). For part i) we have from (93) Lemma 31
T-1 A
> ldd = aSy) S|
s=0
T

71 — —
S V@S2t (1d — aSa)2 | fa
s=0

T-1 2a+1 ati

1 2a+1 1 1 2
< — _ < — — < T .
T Ja \/<2a+1+25> - az<s> _n‘”%( )V

s=0

Similar as in part i) we have for 7i7) we have from (93) Lemma 31

T-1
> (Id - aCy)* (VaZi,)|
= 3"\ ltd - aCury(vaCu)|
s=0
1 = 1 T /1\2
< EZ (1+2S> <> (s> <. (7).

S=
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For part iv) we have with probability at least 1 — §/2

T-1

> (@S (Id — ) Zu]|
s=0
T—1

$o\a S s 10— 1 _1
< s S (@S (Id — aSar)* (@S ) 1E A5 A IE A 2 |
s=0

_ 21,11 (T) L 2a(T)

~ \/a /;O(T )
where we used in the second inequality (94), (Nguyen and Miicke, 2023, Proposition A.15)
(for X := (aT)~ ') and 35. [ |

Proposition 34 Fori =1,...,k, let §; € (0,1) and let E; be events with probability of at
least 1 — ;. Set

IfP(A|E) > 1 =0 for some event A, then

k
P(A) > (1 -9) <1 - Z(sl) :
Proof [Proposition 34] We write

P(A) > / P(A|w)dP(w)
E
> (1 - §)P(E)

—-9) (1 P (Um/m))

Il
—

Appendix E. Operator Bounds and Concentration Inequalities
E.1 Operator Bounds
Proposition 35
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a) For any A > 0 we have

~ 1 <
2 *
HCMAZM

_1
< 1a HZMQ)\ZMH < 11

b) For any A > 0 we have
1
ICh 2R LAl < 2.

Proof The bound of b) can be found in Rudi and Rosasco (2017) (see proof of lemma 3).
For a) we have

2

1) P ~
ez = |z + 22

- H(ZA;;[ZAM FAN)TY2EE 2028 2+ )\)‘1/2H
- H%QM@;@M + A)*lH <1.

The second inequality follows the same way where we used that Xy, = Z) 23, |

Proposition 36 Let H be a separable Hilbert space and let A and B be two bounded self-
adjoint positive linear operators on H and X > 0. Then

_1
2

a5

> o=

1 1 1
oo, s

with

Proposition 37 Forr > 0 we have

“E;oéA‘Cgo < KA

_1
Proof For r >1/2 we have ||L_ LT || < k™12, For r < 1/2 we have

_1 r 1/2
2 s — 7 < r—
Hﬁmﬁm g (e E
M: _ ATL/2 A >
since | (s + A2 ~ u:_l/Q i > A [ ]
< )\7’—1/2‘
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Proposition 38 Let Bi, Bo be two non-negative self-adjoint operators on some Hilbert
space with ||Bj|| < a,j = 1,2, for some non-negative a.

(i) If 0 <r <1, then
1B = Bsll < || B1 = Ball",

for some C, < co.

(i1) If r > 1, then
|1B1 = Bs| < Cor | B1 = Ball,

for some Cg, < 00.

Proof See for example Aleksandrov and Peller (2009), Blanchard and Miicke (2017) (Propo-
sition B.1.) [ |

E.2 Concentration Inequalities

In this subsection we generalize Bernstein type inequalities for double sums and apply them
to our operators from section A. The first inequality was first established for matrices by
Tropp (2011). For the general case including operators the proof can for example be found
in Lin and Cevher (2018) (see Lemma 26):

Proposition 39 Let &1, -, &, be a sequence of independently and identically distributed
selfadjoint Hilbert-Schmidt operators on a separable Hilbert space. Assume that ||| < B/2
almost surely for some B > 0. Let V be a positive trace-class operator such that E [{%] < V.
Then with probability at least 1 — 0, (§ €]0, 1[), there holds

ii&—l@[&] <235+ 2|V||8 4try
mi:l a

—1 .
3m m 0 PElee s

Corollary 40 Let Xi,---,X,, and Y1,...Y, be independent sequences of independently
and identically distributed random variables such that f(X;,Y;) defines a selfadjoint Hilbert-
Schmidt operator on a separable Hilbert space H, for some function f: X x Y — F(H, H).
Assume that || f(X1,Y1)|| < B/2 almost surely for some B > 0. Let for any (z,y) € X x Y,
f(z,y)? and V be positive trace-class operators such that E [f(X,Y)Q] <V . Then with
probability at least 1 — 20, there holds

Ly 2B8 2B [2B|VIB  [2|VIB
%ZZf(Xi,Yj)—Ef(X,Y) < - + o +\/T+ 1

i=1 j=1

with 8 :=log HY 3 .= log ﬁg“g and V = % S Ey (X5, Y) .
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Proof We start by proving that the following events hold true with probability 1 — §,

1> 2Bf 2B||V||5
A= %ZZf(XZ-,Yj)—EYf(Xi,Y) < 3nﬁ+ “n 15 7 (96)

i=1 j=1
DR oy 2B [2V[|B
pe | Somron w2 BB

Bounding A: Using that X;, Y} are independent, we can condition on {X; = z;}*, as
follow,

P(A) =E on [P(Az1,...,2m)]. (98)

Weset & := = 3" f(z;,Y;). Note that conditioned on {X; = 2}, where ; is contained
in the support of 1x, we have that §; are iid w.r.t. py. By assumption we have ||&;|| < B/2
and for the second moment we have by Jensen inequality and by assumption, Ey[¢?] <

% Z;il EYf(wiv Y)2 =< B% ZZI EYf(xi7 Y) = Bf/
From Proposition 39 we therefore have, that with probability (over pu$") at least 1 — 4,

Loy 285 |2V

From (98) we therefore have that P(A) > 1 — 4.

Bounding B: Again we set & = Ey[f(X;,Y)]. By assumption we have ||£|| < B/2 and
Ex&? < V. From Proposition 39 we therefore have, that with probability at least 1 — ¢, the
event B holds true.

To sum up: Using the bounds of event A and B, we therefore have with probability
at least 1 — 26,

1 m n 1 m n
m;}_jﬂxi,yj) SE/XY)| < |20 ) J(XY)) By f(X.Y) (99)
=1 j=1 U =1 j=1
1 m
+ m;EYf(XiaY) -Ef(X,Y) (100)
_2B3 28 [2BIVIB | PVIE 0
3n 3m n m
This proves the claim. |

The following concentration result for Hilbert space valued random variables can be
found in Caponnetto and De Vito (2007).
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Proposition 41 (Bernstein Inequality) Let Wy, --

, Wy, be i.i.d random variables in a

separable Hilbert space H with norm || - ||3. Suppose that there are two positive constants B

and V' such that

E [HW1

~Emll] <

1
SIB'2y?
2 Y

Vi>2.

Then for any ¢ € (0,1], the following holds with probability at least 1 — 4:

ZWk ~EWi]
H
In particular, (102) holds if
Willy < B2 as.
Corollary 42 Let Xy, -+, Xy, and Yi,..

&
n

_i_i

vn

) (5)

and E [leuit] <VZ,

(102)

.Y, be independent sequences of independently

and identically distributed random variables such that f(X;,Y;) is contained in a separable

Hilbert space H with norm || -

are two positive constants B and V' such that

1 (X1, Y1) Iy, < B/2

a.s.,

and B [| 70X, YD)l < V2.

Then for any ¢ € (0,1], the following holds with probability at least 1 — 4:

NS XY R

i=1 j=1

fX,Y)

H

with Z := ( + \/—> log (%) + V2

B

<

m

+—+—+

vmoon

Vv

B

B

I, for some function f: X x Y — H. Suppose that there

Proof We start by proving that the following events hold true with high probability,

E[|f(X, V)3

A { LS Byl V)1 -
=1
=1 j—1
C = { %ZZf(Xszj) - Ey f(X;,Y)
i=1 j=1
D {H; S By f(X0¥) — BA(X,Y)
=1

H

<2

X

<2

S\U:J

e
(

B2
< <

B

_|_
n

+

B
n

v

vm

()}

(103)

3 S0 B K V1) log@ |

)=}
Jus2)}-

(104)

(105)

(106)
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with Z = (2 4 BV ) log (1) + V2.

Bounding A: Set W; = Ey[||f(X;,Y)||3]. Then by assumption |W;| < B?/4 and
E[|W;]?] < %. From Proposition 41 we therefore have with probability at least 1 — 4,

(2 2pm(l)

Bounding B: Using that X;, Y] are independent, we can condition on {X; = z;}, as
follow,

%ZEY[H FXuY)|3] = ENFX,Y)I3]
=1

P(B) =E, gn [P (Blz1,...,2zm)]. (107)
We set W; := L 3" f(x;,Y;). Note that conditioned on {X; = x;}7, we have that W

are iid w.r.t. py. By assumption we have ||[Wj|| < B/2 and for the second moment we
have

EvIIWIE] < — S Ev{l i, V).
=1

From Proposition 41 we therefore have, that with probability (over p™) at least 1 — 6,

m n 1 m . 2
LSS vy By <2 (P \/mzizlz@ymm,y)uﬁ] e (1),

—1 i—1 n
=1 j= U

From (107) we therefore have that P(B) > 1 — 0.

Bounding C: Note that P(C|A, B) = 1, since conditioned on A we have by assumption,

Ly B> BV 4
o BV < (T 7 1o () + Bl VIR

B? BV 4
<|l—+—=]1 - &
< (o 7)o (5) +v
and plugging this inequality into the bound of B, leads to the bound of C'. By Proposition
34 we therefore have, P(C) > 1 — 24.

Bounding D: Again we set W; = Ey[|| f(X;,Y)||%] and obtain by Proposition 41 with

probability at least 1 — ¢,
(B V) [
= \m T ym/) G )

1 m
2L RS Y) - |
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To sum up: Using the bounds of event C' and D, we therefore have with probability
at least 1 — 30,

LSS LY BN <SS A Y) By s (X Y)| (10)

i=1 j=1 i=1 j=1

H H
¥ ;;Eyﬂxi,m SEXY)| - (09)
§2<5L+\/‘%+f+\/§>log<§). (110)
This proves the claim. |

Proposition 43 (Rudi and Rosasco (2017) (Lemma 9)) For any M > 8x*||Ls||~! log? 2
we have with probability at least 1 — §

1
L0l > 3ol

Proposition 44 (Nguyen and Miicke (2023) Proposition A.18.) For any A > 0 with

7.2
M > % with C) s, = log % we have with probability at least 1 — 0

Ne,,(N) <4 (1 + 2log ?) Ne o (V).

4
Proposition 45 For any A € (0,1], any M > 8x*||Loo|| "t log? 2 and n,, n, > 25 C**é”;(lJr'lL““)

with Cy s, = log Hﬁgfo%’ define the following events,

_1 ~ _1
Ei= {HCM; (Cu —cm) | = 3/4} : (111)

4 1
2 2
<2 HCM,,\CM,,\

< 2}. (112)

~ L1 1
Ey = {HCM%\C]%/[)\
Providing Assumption 4 we have that both events holds true with probability at least 1 — 30.

Proof E;) Set f(u,z) := C;f/\VG(;O (u)(z)VGy, (u)(:z:)TC;f/\ We have || f(u, 7)|| < k?/\ =
B and

/432

By, [f(0,2)] 5 5

CuCyfy = V.
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From Proposition 40 we have with probability at least 1 —

2k2f3 2/-@25 2/@2||V||ﬁ 2K2[3
<
— 3\n, 3)\nu An,l (113)

40V and P o= nlu Yo Ep, f(ui, x) and where we used

: - 4trV 5 .
with 8 := log |VrH6’ 5 = log il

VIl < &2/A
For 8 we have

1

Hc5 (G —cur) €3/

4try 4TYCMCJ\_4)\
B =log 5= i, I
V]| [[@YavaN
ATx CurC\(Cur | + )
ICarl|d
2
< log A5 |[Cu || + 4T (Cur)
- |Car |6
8k2
114
XG5 (114

16x*
<log ————= = Chs,
MLoolld

< log
(115)

where we used for the last equation, that we have from Proposition 43

1
ICx Il = 1£arll = I £ocll (116)

Now we want to further bound V and j.
First we set & = E,, f(u;, z). Note that [|¢]| < x?/A and
Ee2 S Bf(u,z)? < V.
From Proposition 39 and (114) we therefore have with probability at least 1 — 4§

< ’ =
HV CMC H 3\n, T An,

Now let n, > 8CA L , then we have HV CMCM,\H < 1 and therefore

HVH HV CrChy, H+||CMCM)\||<2 (117)

7264C || Loo .
If we assume n, > %H”, we instead have
| Lol
V= CuCyt H < .
H 52
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This implies together with the reversed triangle inequality,

1) > emChtyll = ||V — cucih |
= [[CuCar 5K2 ICas]l + A 5k2
[£ooll Lol o [[£osl
> — > 11
— 4k? 5k2 T 20k2’ (118)
where we used (116) and A <1 < k% in the last step.
Plugging (118) into § gives,
. AtrV 80x*
B =log —— <log = Ch - (119)
Vo [respY

To sum up we have Hf)H < 2 and B, B < Cs,x- Plugging these bounds into (113) leads to

1 _1 QHQCAJN 2,‘<JQC',\5N 4/%20)\5,{ 2%20)\5,{
C2(C 7C )CQ < i) 77+ b AL 120
H M "M M=M= 3\n, + 3\n, AN, + n, (120)
4
using the assumption n,, n, > 2r C*"S’“/\(HHLWH), proves the result.
E5) The result now follows from Proposition 36 and the event Ej.
|

Related operator-theoretic techniques for regularized least-squares learning in RKHSs
were developed by Lin, Guo, and Zhou (Lin et al., 2017).

Proposition 46 For any A > 0 define the following events,

- {lik -,

<2 (\'2 (; + ;) + V/25K2N, (L) (\/177 + \/177» log3/? (?) } (122)
By = {HCAM - CMHHS < (2;# (; + 7;[) 4r> <\/17T + \/17?)) log?/2 <?>} . (123)

Providing Assumption 4 we have for any 6 € (0,1) that each of the above events holds true
with probability at least 1 —§ .

Proof )
Ey) Set f(ui, zj) == C&?AVGgo(ui)(xj)VGgo (u;)(z4) 7. Note that

1 f(uis i) |lmrs < K*/VA:= B
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For the second moment we have,

E £ (u, )35 < £*Tr(Cyf\E | VGoy () (@) VG, (u) (x) " |)

= K*Tr(CuCyfy) = KN (V)

where we used for the last equation, that ¥y, = Zy/ 23, and Cyy = 23,2, so therefore

Nu(\) =T SySpt, = Tr 25,95 20 = TrCuCyly. (124)

Further we have by Proposition 44:

Ney, (A < (1 + 2log )4./\[500( ) < 12log(4/6) N () . (125)

From Proposition 42 we therefore have for V2 := 12x%log(4/6) Nz ()\)

S?(B—i— v +E+ Z)log<12>
HS nu nu nw nA (5
with Z = (£ 4 BV ) log (12) + V2,

Note that if we let n, > % log?(12/6) we further obtain Z < 25x2log(4/8) Nz (\),
o (A

> 501
where we used that log(4/0) Nz (\) > 1. Therefore we have

k-]

ey (Gvr —Cu ’

HS
K21 1 1 1 32 (12
<2(55 (o) + VBN (v ) e ()
Eb) Set f(u;,xj) := VGay(u;)(x;)VGay (u;)(x;) . Note that

| f(ui, )| ws < k% = B

For the second moment we have,

E|If(u,2)ll5s < 6" =2 V2

From Proposition 42 we therefore have

. 2 2 2 7
HCM—CMH SQ(K—F " —l—i—i— — | log
HS
1

nb{ \/ nM nA’ n X
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4
Proposition 47 For any A € (0,1], any M > 8x*||Loo|| "' log? 2 and n,, n, > 25 C*"S"‘)\(H”Ewu)

with C) s, := log %, we have that with probability at least 1 — 49,

Hcﬁlcl H<2 Y e () 1o (22 (a2
inChaal| <2 (5 oo+ o A W,y 5)

2
If in addition n,, n, > w log® (%)

it <2
Proof Using Proposition 46 we obtain with probability at least 1 — 34,

[esiacna

= HC;“ (CM _CM) HHS 1

1 1

~_1 1 _1 ~
< —= ICuaChra )CM?A (CM—CM>H +1
~1 1 52 1 1 12
< 2 2 v 2 1 3/2 [ == 1.
—HCM*CM’A (ﬁ(n n)”””w <m m)) 8 (5>+
(127)

From Proposition 45 we have with probability at least 1 — ¢,

11
HCM,Q,\CKL,\ <2 (128)

and therefore

~ 271 1 12
HCM{AC}W,AH <2 ('1 (n - > +5/RENZ (A < =+ M)) log®/? <5) . (129)

The above inequality therefore holds if we condition on the events ((127), (128)). Using

Proposition 34 now shows that the above inequality holds with probability at least 1 — 46 .
400K2Nz . (N)
A

If in addition n,, n, > log3 (%) we further obtain

HCAA}I,ACM,AH <2

oy 8dk2C 5. 2 . 4
Proposition 48 Let M > =525 > A log? (12/5) with Cysy = log ||£83:||>\5' We

have with probability at least 1 — § that the following event holds true:
Jexis? (Zirv -z )|

oG5 (3 2) e o ) ()
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Proof [Proposition 48]
By (24) we have

ny My

‘ = T, ZZJC ZuJ:z Ef(Z,ZE)

2

st (2 23

where f(z;,z;) = C_I/QVGQO(UZ)(%)UZ(%) and z; = (uj, v;).
Note that by Assumptlon 4 we have

_ 1
170l < |Cud VG @@, < = s IVGn)@)l; <

s

and
BlfolE < [ (e vent@], =

Now we need to prove that v = Nys(\). Note that we have ¥y = ZyZ5, and Cpy =
Z312M, SO
Nu(A) = Tr Syt = Tr 25505 20 = TrCuCyy,

since Z}\'}EK/} \Zm =C MCJ\_4 - By the the ciclicity of the trace and the definition of Cys, we
have

TrCuCyyy = /
XxU

2

Tr (VG (u) () VG, ()@)€ ) = / ez e, @) =

Further we have by Proposition 44:

Nz, () < <1+210g >4N£m( ) < 1210g(4/6) No (V) . (130)

So by setting B = % and V2 = 121og(4/6) Nz (N), it follows from Proposition 42, that
with probability at least 1 — ¢ ,

lenl? (Ziv - zi67))|

<2 (2 LB 2 g (2

- n, o\, n, N, B\% )

with Z := ( + \ﬁ) log (3) + V2. Note that if we let n, > “—;logQ (12/6) we further
obtain Z < 2510g(4/5) N (N), where we used that log(4/8) Nz (A) > 1. Therefore we

have
|eas? (Zirv - ziie))|

<23 (o) Ve (G ) ()
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Proposition 49 Given that 6; € Qg,(R) and Assumption 1, we have with probability at
least 1 — 0,

1 T  Nx
. 0 VGay (i) (w5) G, (ui) (x5) — By, VGa, (u;)(2)Go, (ui) ()
W =1 j=1 o
0r — bollg + ——=—=1|0: — bol|5-
< 2% ou (5) 100 dullo + 2, — o
Proof [Proposition 49] Using a Taylor expansion in 6y we have
Go, (u) (@) (u)(z) = (VG (u)(2), 0 — bo)g + 1(6,,00) (u) (@)
Therefore
S VG, (1) 5) G (1) () — By, Gy (1) ()G (1) 1) (131)
=1 j=1 o
1 ny Ny
<\ D0 VGay () () (VGay (ui)(25), 00 — bo)g — Ep, VG, (wi) () (VGia, () (), 6 — o) e
I =1 j=1
(132)
1 Ny Mx
) S VG () ()70 (00) (55) — B, VG () (@), () ) | (133)
ulx i 4 j=1 o
=1+11. (134)

For I we have
I'< ZW EpzW Het - 90”@

"=t HS

with Wj == L 50, VG, (ug) (2;) Vi, (us) ()" Note that [|[W]ms < w2, W] < &
Therefore we have from Proposition 41 with probability at least 1 — &,

4k? 4
1< s (5) 16t

For I1 we have from Proposition 25,

Cvy(R)

11 <2k
v M

16¢ — ol

71

S}



NGUYEN AND MUCKE

1

Proposition 50 Let T < Cn"*" , 2r +b > 1, n, > tQmaX{O’%_T} and M > My with
Miyrr from Proposition 19 and some C > 0, defined in the proof. With probability at least
1 -6, we have fort € [T,

Ny Ny

. ZZIFE(UO(%) G (ui)(z)| = E|F (u)(2) = G"(u)(2)|

~ 1 1 12
<C lo 3/2
— oK <\/TTM + /77’1/;{/) g 6
Proof [Proposition 50] First we start with bounding F}* and G*. Note that F} € Hyy,
therefore there exist some 6 such that Fi(u)(x) = (VGy,(u)(x), ) and ||F||n,, = 10F]le

(see for example Steinwart and Christmann (2008) Theorem 4.21). Therefore we have from
Lemma 21

* * max{0,%—r
|Fi(w) ()] = [(V Gy (u)(2), ;)] < K Ff [la4y, < Clg 7102770

For G* we have from Assumption 4
G (W(@) < [ Pp@lotdol <

Now set f(ui, 25) = | () () — G (u) ). 1
Then we have |f(u;,z;)| < Cf, {03 1 = Oy {0277 .= B and from
(Nguyen and Miicke, 2023, Proposition A.1) we have ( with A = (at)™!)
Ef(u,2)” = [SmF; = G*||72() < Cap t72 = V2, (135)

1

for some C). o < o0 as long as M > My, T < Cn"", with C' from Theorem 19 .
From Proposition 42 we therefore have,

LSS I () — G ) )| — I ()(2) — G ()

B \%4 B Z 12
<2(—+ +—+ log
n[l n[/{ n,\/ nl 5

with Z = ( f) log (12) + V2 From T < Cq il 25 for some Cy,, > 0 we further

ZZ 7 (i) (25) = G (i) (25)] = E|F (u)(2) = G (u)(2))]
& =1 j=1
R tmaX{O,%—r} 1 tmax{O,%—r} 1 5 19
< /2 (==
>~ Coz,f{ ( n, + tr\/’l’TM + T, + m log ( 5 )
<

C“’“(m+m>1°g (5)



OPTIMAL CONVERGENCE RATES FOR NEURAL OPERATORS

m
Proof [Proposition 3]
Recall that
3M
Ky(u,u') = (@31 @) =" 0nGoy (1) @ 0 G, (u)
m=1
- ]‘145_:10 (<b,<,?>, J(u)>) %0 (<b<0>, J(u’)>) +
% mf:l 720’ (<b§2> J(u)>> J(u) ® o’ (<b<0>, J(u’)>) J(),
We now set
Wi = & (<b§2>, J(u)>) Q0 (<b,§2>, J(u')>) +
720’ (<b§g>, J(u)>) J(u) @ o’ (<b$,2>, J(u’)>) J().
Note that ||w1||gs < x%and E [||w1||§{5} < k*. The result now follows from 41. [ |
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