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Abstract

We propose a very general framework for deriving rigorous bounds on the approxi-
mation error for physics-informed neural networks (PINNs) and operator learning
architectures such as DeepONets and FNOs as well as for physics-informed opera-
tor learning. These bounds guarantee that PINNs and (physics-informed) Deep-
ONets or FNOs will efficiently approximate the underlying solution or solution
operator of generic partial differential equations (PDEs). Our framework utilizes
existing neural network approximation results to obtain bounds on more involved
learning architectures for PDEs. We illustrate the general framework by deriving
the first rigorous bounds on the approximation error of physics-informed operator
learning and by showing that PINNs (and physics-informed DeepONets and FNOs)
mitigate the curse of dimensionality in approximating nonlinear parabolic PDEs.

1 Introduction

The efficient numerical approximation of partial differential equations (PDEs) is of paramount
importance as PDEs mathematically describe an enormous range of interesting phenomena in the
sciences and engineering. Machine learning techniques, particularly deep learning, are playing
an increasingly important role in this context. For instance, given their universal approximation
properties, deep neural networks serve as ansatz spaces for supervised learning of a variety of
(parametric) PDEs [17, 66, 37, 50, 51] and references therein. In this setting, large amounts of training
data might be required. However, this data is often acquired from expensive computer simulations
or physical measurements [50], necessitating the design of learning frameworks that work with
limited data. Physics-informed neural networks (PINNs), proposed by [16, 39, 38] and popularized
by [63, 64], are a prominent example of such a learning framework as the residual of the underlying
PDE is minimized within the class of neural networks and in principle, little (or even no) training
data is required. PINNs and their variants have proven to be a very powerful and computationally
efficient framework for approximating solutions to PDEs, [65, 48, 52, 61, 72, 31, 32, 55, 56, 57, 2]
and references therein.

Often in the context of PDEs, one needs to approximate the underlying solution operator that
maps one infinite-dimensional function space into another [36]. As neural networks can only map
between finite dimensional spaces, a new field of operator learning is emerging wherein novel
learning frameworks need to be designed in order to approximate operators. These include deep
operator networks (DeepONets) [8, 46] and their variants as well as neural operators [36], which
generalize neural networks to this setting. A variety of neural operators have been proposed, see
[42, 43] but arguably, the most efficient form of neural operators is provided by the so-called Fourier
neural operators (FNOs) [41]. Both DeepONets and FNOs have been very successfully deployed in
scientific computing [47, 53, 7, 45, 44, 62] and references therein. Finally, one can combine PINNs
and operator learning to design physics-informed DeepONets/FNOs [70, 44, 69, 20].
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From a theoretical perspective, one needs to provide a rigorous guarantee that the learning framework
can approximate the underlying PDE solution (operator) to desired accuracy. More precisely, given
an error tolerance ¢ > (0, we need to rigorously prove that the approximation error of the neural
network (operator) can be made smaller than . For efficient approximation, one has to further
ensure that the computational complexity (measured in terms of the size) of the learning architecture
grows at most polynomially in e 1. In particular, exponential growth has to be ruled out. As neural
networks, DeepONets and FNOs are all universal approximators [12, 8, 46, 40, 35] of the underlying
functions or operators, it is possible to show that the approximation error can be made as small as
desired. However, these results do not guarantee efficient approximation as the underlying network
size could still grow exponentially with decreasing error, see [73] for neural networks in very high
spatial dimensions, [40] for DeepONets and [35] for FNOs. Hence, the real theoretical challenge
in this context lies in proving efficient approximation results for the different learning architectures
in scientific computing. Such efficient approximation results have mostly been obtained for neural
networks in the supervised learning setting e.g. [21, 33, 29, 4, 59] and references therein. In contrast,
there is a relative scarcity of such efficient approximation results for PINNs and operator learning
with notable exceptions being [23, 13, 14] (for PINNs), [40] (for DeepONets) and [35] (for FNOs).
Moreover, the underlying proofs in these works are often on a case-by-case basis and the overall
abstract structure is not clearly identified. Finally, no similar rigorous approximation results for
physics informed operator learning are available till date.

This paucity of generic efficient approximation results for PINNs and operator learning for PDEs sets
the stage for the current paper where our main contribution is to propose a very general framework
(Section 3) for proving bounds on the approximation error for space-time neural networks, PINNs,
DeepONets, FNOs and physics-informed DeepONets and FNOs for very general PDEs. Consequently,
we obtain the first rigorous bounds for physics-informed operator learning in literature. Our framework
is based on the observation that error estimates for different types of neural network architectures
can all be obtained from one another. As error estimates for neural network approximations of PDE
solutions at a fixed time are the easiest to obtain, and hence constitute the largest proportion of
currently available estimates, we devote particular attention to demonstrating how these available
estimates can be used to obtain novel bounds on the approximation error for space-time networks,
PINNs and (physics-informed) operator learning. Our results provide a roadmap for deriving
mathematical guarantees for deep learning methods in scientific computing by simplifying the proofs,
as the needed work essentially reduces to verifying a small number of assumptions. We demonstrate
how the generic error bounds from Section 3 can be applied in practice in Section 4, among others
by giving short alternative proofs for known results and also proving a number of novel results.
In particular, we show in Section 4.1 that PINNs can overcome the curse of dimensionality for
nonlinear parabolic PDEs such as the Allen-Cahn equation i.e., the network size does not grow
exponentially with increasing spatial dimension. Moreover, dimension-independent convergence
rates are also obtained for (physics-informed) DeepONets and FNOs, provided that the PDE solutions
are sufficiently smooth. These are the first results of their kind. We note that many of the proofs and
some examples are deferred to the supplementary material (SM).

2 Preliminaries

2.1 Setting

Given T' > 0 and D C R<, consider the function u : [0,T] x D — R™, for m > 1, that solves the
following (time-dependent) PDE,

Lo(u)(t, ) =0 and wu(z,0) = ug Y(t,z) € [0,T] x D, (2.1)

where ug € Y C L?(D) is the initial condition and £, is a differential operator that can depend
on a parameter (function) a € Z C L?(D). In our notation, we will often suppress the parameter
dependence of £ := L, on a for simplicity. Depending on the context, one might want to recover
one of the following mathematical objects: for fixed a and ug, one might want to approximate u(7")
or u(-,t), for all ¢ € [0,T] with a neural network; a more challenging task would be to learn the
operator G : X — L?(2), where X = Yor X = Zand Q2 = D or Q = [0, 7] x D. We will use this
notation consistently throughout the paper, see SM A.1 for an overview.



2.2 Approximating PDEs with neural networks

Neural networks A (feedforward) neural network Uy : R% — R4 is defined as a concatenation
of affine maps A; : R%-1 — R% : z + W,z + b; and an activation function ¢ : R — R that is
applied component-wise resulting in,

ug(y) = ApoocoAp 1.covn.... occoAsocoAi(y). 2.2)

The weights and biases of the affine maps 6 = {W, b; }1<;<, are the trainable parameters. We will
quantify the size of a neural network by its depth(ug) := L and its width(ug) = max; d;. In order to
obtain a neural network that approximates the solution u of PDE (2.1) at time ¢ = T', one chooses the
parameters of ug such that a discretization (quadrature) of 7 (6) = ||u(T) — ug||2(p) is minimized.
The training data is acquired from either measurements or potentially expensive simulations.

PINNs Physics-informed neural networks are neural networks that are trained with a different,
residual-based loss function. As the PDE solution v satisfies £(u) = 0, the goal of physics-
informed learning is to find a neural network uy for which the PDE residual is approximately zero,
L(ug) =~ 0. To ensure uniqueness, one also needs to require that the initial condition is satisfied i.e.,
ug(0,x) ~ ug(x), and similarly for boundary conditions. In practice one minimizes a quadrature
approximation of 7 (6) = || £(u0)l|7 (.71 py + 46 (0, -) =uol|72 (1), Where additional terms can be
added to (approximately) impose boundary conditions and augmented by data. A desirable property
of PINNS is that only very little or even no training data is needed to construct the loss function.

Operator learning In order to approximate operators, one needs to allow the input and output of
the learning architecture to be infinite-dimensional. A possible approach is to use deep operator
networks (DeepONets), as proposed in [46]. Given m, fixed sensor locations {x; };":1 C D and
the corresponding sensor values {v(x;)}7.; as input, a DeepONet can be formulated in terms

of two (deep) neural networks: a branch net 3 : R™ — RP and a trunk net T : D — RPHL,
The branch and trunk nets are then combined to approximate the underlying nonlinear operator
as the following DeepONet Gy : X — L?(D), with Go(v)(y) = 70(y) + > 1y Be(v)Tk(y). A
second approach is that of neural operators, which generalize hidden layers by including a non-local
integral operator [42], of which particularly Fourier neural operators (FNOs) [41] are already well-
established. The practical implementation (i.e. discretization) of an FNO maps from and to the space
of trigonometric polynomials of degree at most N € N, denoted by L?;, and can be identified with
a finite-dimensional mapping that is a composition of affine maps and nonlinear layers of the form
£(2); = oc(Ww; + by Fx'(Pi(k) - Fn(2)(k);)), where the P;(k) are coefficients that define a
non-local convolution operator via the discrete Fourier transform Fp;, see [35].

Physics-informed operator learning Both DeepONets and FNOs are trained by choosing a suitable
probability measure p on X and minimizing a quadrature approximation of J(6) = [|Go(v) —
G|l L2 (Xx9)- Generating training sets might require many calls to an expensive PDE solver,
leading to an enormous computational cost. In order to reduce or even fully eliminate the need
for training data, physics-informed operator learning has been proposed in [70] for DeepONets
and in [44] for FNOs. Similar to PINNSs, the training procedure aims to minimize a quadrature

approximation of J(0) = [|£(Go)llz2 . (xxq)-

uxde

3 General results

We propose a framework to obtain bounds on the approximation error for the various neural network
architectures introduced in Section 2.2. Figure 1 visualizes how different types of error estimates can
be obtained from one another. Every box shows the name of the network architecture, the form of the
relevant loss and the theorem which proves the corresponding estimate for the approximation error.
Every arrow in the flowchart represents a proof technique that allows one to transfer an error estimate
from one type of method to another (see caption of Figure 1 for an overview of those techniques).

We give particular attention to the case where it is known that a neural network can efficiently
approximate the solution to a time-dependent PDE at a fixed time. Such neural networks are usually
obtained by emulating a classical numerical method. Examples include finite difference schemes,
finite volume schemes, finite element methods, iterative methods and Monte Carlo methods, e.g.
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A
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B
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Figure 1: Flowchart of the structure of the results in this paper, with ¢ € {2, co}. The letters reflect
the techniques used in the proofs: A uses Taylor approximations (Section 3.1), B is based on finite
difference approximations (Section 3.1), C uses trigonometric polynomial interpolation (Section 3.2)
and D uses the connection between FNOs and DeepONets (Section 3.2).

[33, 59, 9]. For ¢ > 0, we denote by U° an operator that for any ¢t € [0,7] maps any initial
condition/parameter function v € X to a neural network 1€ (v, t) that approximates the PDE solution
G(v)(+,t) = u(-,t) at time ¢, as specified below. Moreover, we will assume that we know how its
size depends on the accuracy e.

Assumption 3.1. Ler q € {2,00}. Forany B,e > 0, ¢ € N, ¢t € [0,T] and any v € X with
|v|| e < B there exist a neural network U® (v, t) D — R and a constant CP 0> 0s.t.

HUE(v,t)—g(v)(~,t)HLq(D) <e and tIeI[I(E)DI(“ ||Z/{ v, t) HWM(D) C’ 3.1

Under this assumption, we prove the existence of space-time neural networks and PINNs that
efficiently approximate the PDE solution (Section 3.1), as well as FNOs and DeepONets (Section
3.2) and physics-informed FNOs and DeepONets (Section 3.3).

3.1 Estimates for (physics-informed) neural networks

We will construct a space-time neural network uy for which both ||ug — || e ([0, 71x p) and the PINN
loss || £(ug) || £a([0,77x ) are small. To accurately approximate the time derivatives of u we emulate
Taylor expansions, whereas for the spatial derivatives, we employ finite difference (FD) operators
in our proofs. Depending on whether forward, backward or central differences are used, a FD
operator might not be defined on the whole domain D, e.g. for f € C([0, 1]) the (forward) operator
AF[f] == f(z + h) — f(x) is not well-defined for = € (1 — h, 1]. This can be solved by resorting
to piecewise-defined FD operators, e.g. a forward operator on [0, 0.5] and a backward operator on
(0.5,1]. In a general domain (2 one can find a well-defined piecewise FD operator if (2 satisfies the
following assumption, which is satisfied by many domains (e.g. rectangular, smooth).

Assumption 3.2. There exists a finite partition P of ) such that for all P € ‘P there exists ep > 0 and
vp € BY = {z € R+ ||z||_ < 1} such that for all x € P it holds that v +¢p(vp+BL) C Q.

Additionally, we need to assume that the PINN error can be bounded in terms of the errors related to
all relevant partial derivatives, denoted by D*®) := DFD2 := 9F921 ... 9%4, for (k, o) € NG

Tq

Assumption 3.3. Let k,¢ € N, C' > 0 be independent from d. It holds for all v € X that,

[1£(Go(v HLq([o r)xpy < C - poly(d) - Z HDW’O‘)(Q — ge)‘

(K ) eNGH?
K <k ||, <€

. (32
La([0,T]x D)

In this setting, we prove the following approximation result for space-time networks and PINNs.



Theorem 3.4. Let 7,5 € N, let u € C*7)([0,T] x D) be the solution of the PDE (2.1) and let
Assumption 3.1 be satisfied. There exists a constant C(s,r) > 0 such that for every M € N and
g, h > 0 there exists a tanh neural network ug : [0,T] x D — R for which it holds that,

luo — ull pago.r1xpy < CllullcoM ™ +e). (3.3)
and if additionally Assumption 3.2 and Assumption 3.3 hold then,
H‘C(UG)HLQ([O,T}XD) + Jlug — u”LQ(B([O,T]XD))
< C - poly(d) - In* (M) (||ul| oo M*~5 + M?* (eh ™" + CZ,p7Y).
Moreover, depth(ug) < C - depth(U®) and width(ug) < CM - width(U®).

(3.4)

Proof. We only provide a sketch of the full proof (SM B.2). The main idea is to divide [0, 7] into M
uniform subintervals and construct a neural network that approximates a Taylor approximation in time
of w in each subinterval. In the obtained formula, we approximate the monomials and multiplications
by neural networks (SM A.7) and approximate the derivatives of u by finite differences and use
(A.2) of SM A.2 to find an error estimate in C*([0, 7], L9(D))-norm. We use again finite difference
operators to prove that spatial derivatives of u are accurately approximated as well. The neural
network will also approximately satisfy the initial/boundary conditions as |[ug — ul| z2(a([0,11x D)) S
Cpoly(d)||ue — ul| g1 (jo,77x Dy Which follows from a Sobolev trace inequality.

We note that the bounds (3.3) and (3.4) together imply that there exists a neural network for which
the total error as well as the PINN loss can be made as small as possible, providing a solid theoretical
foundation to PINNs for approximating the PDE (2.1).

3.2 Estimates for operator learning

In this section, we use Assumption 3.1 to prove estimates for DeepONets and FNOs. First, we prove
a generic error estimate for FNOs. Using the known connection between FNOs and DeepONets
(SM Lemma B.6) this result can then easily be applied to DeepONets (Corollary 3.7). In order to
prove these error estimates, we need to assume that the operator ¢/ from Assumption 3.1 is stable
with respect to its input function, as specified in Assumption 3.5 below. Moreover, we will take the
d-dimensional torus as domain D = T¢ = [0, 27)¢ and assume periodic boundary conditions for
simplicity in what follows. This is not a restriction, as for every Lipschitz subset of T¢ there exists a
(linear and continuous) T?-periodic extension operator of which also the derivatives are T¢-periodic
[35, Lemma 41].

Assumption 3.5. Assumption 3.1 is satisfied, let p € {2, 00} and let p* € {2,00} \ {p}. For every
€ > 0 there exists a constant C5,,,, > 0 such that for all v,v" € X it holds that,

U (0, T) —=U (', T)]| o < Céanlv — ]| - (3.5)

In this setting, we prove a generic approximation result for FNOs.

Theorem 3.6. Letr € N, T > 0, let G : C"(T%) — C"(T<) be an operator that maps a function
ug to the solution u(-,T) of the PDE (2.1) with initial condition ug, and let Assumption 3.5 be
satisfied. Then there exists a constant C' > 0 such that for every ¢ > 0, N € N there is an FNO
Gy : L3 (T4) — L% (T?) of depth O(depth(U?)) and width O(Nwidth(U*)) with accuracy,

IG = Gollp2 < Cle + Cou, BN /2" 4 COENT). (3.6)

Proof. We give a sketch of the proof, details can be found in SM B.3. Given function values of v
on a uniform grid with grid size 1/N, we use trigonometric polynomial interpolation (SM A.6) to
reconstruct v and use this together with Assumption 3.1 to construct a neural network. The resulting
approximation is then projected onto L3, through trigonometric polynomial interpolation. O

A recent result, [35, Theorem 36] (SM Lemma B.6), shows that any error bound for FNOs also
implies an error bound for DeepONets, by choosing the trunk nets as neural network approximations
of the Fourier basis. We apply this result with ¢ ~ poly(1/N) to Theorem 3.6 to obtain the following
generic error bound for DeepONets.



Corollary 3.7. Assume the setting of Theorem 3.6. Then for every ¢ > 0, N € N and ev-
ery corresponding FNO Gy from Theorem 3.6 there exists a DeepONet G5 © X — L*(D) with
width(3) = O(N4), depth(B) = O(depth(Gy)), width(7) = O(N*1) and depth(7) < 3 that
satisfies (3.6).

3.3 Estimates for physics-informed operator learning

Using the techniques from previous sections, we now present the very first theoretical result for
physics-informed operator learning. We demonstrate that if an error estimate for a DeepONet/FNO
and the growth of its derivatives are known (see SM D.1 on how to obtain these), then one can
prove an error estimate for the corresponding physics-informed DeepONet/FNO. For simplicity,
the following result focuses only on operators mapping to C"(D) but the generalization to e.g.
C"([0,T] x D) is immediate by setting D' := [0, T] x D.

Theorem 3.8. Consider an operator G : X — C"(D), r € N, that satisfies Assumption 3.2 and
Assumption 3.5 with £ € N. Let \* € (0, 00], let A\, C(A\) > Owith A < X\* and letc : N — R be a
Sfunction such that for all p € N there is a DeepONet/FNO Gy such that

Hg(v) - g9(v)HL2(D) < Cp_/\ and ’g9(v)

ooy < Cp”™ VreNwveX. (3.7)

Then forall B € Rwith0 < g < M there exists a constant C* > 0 such that for all
v € X and p € N it holds that
1£(Go ()| 2y < C P77 (3.8)

Proof. For suitable D%, use SM Lemma B.1 with ¢ = 2, f; = G(v) and fo = Gy(v) together with
(3.7) to find

1D(G(v) = Go ()] 12y < Clr. N @™ A" +p7 ). (3.9)
Let 5 e Rwith0 < 8 < M We carefully balance terms by setting h = p~ = and
A= Tfea(r) + 73 to find (3.8). Conclude using Assumption 3.5. O

Finally, we use Theorem 3.4 to present an alternative error estimate for a physics-informed DeepONet
in the case that Assumption 3.1 is satisfied. As this assumption is different from assuming access
to an error bound for the corresponding DeepONet, it is interesting to use the techniques from the
previous sections rather than directly apply Theorem 3.8. The proof of the following theorem can be
found in SM B 4.

Theorem 3.9. Letr,s €N, T > 0, let G : C"(T¢) — C) ([0, T] x T¢) be an operator that maps
a function uy to the solution u of the PDE (2.1) with initial condition ug, and let Assumption 3.5
be satisfied. There exists a constant C' > 0 such that for every Z, N, M € N, €, p > 0 there is an
DeepONet Gy : C"(T?) — L2([0,T] x T¢) with Z¢ sensors with accuracy,

1£Gs D 210, 17ma) < CM* P (lull ey M™* 4+ M TN e+ Clip 277 TP +CEPNTT)).

(3.10)
Moreover; it holds that, depth(3) = depth(U®), width(8) = O(M(Z¢ + Néwidth(U?))),
depth(7) = 3 and width(1) = O(MN?(N + In(NM))).

4 Applications

We demonstrate the power and generality of the framework proposed in Section 3 by applying the
presented theory to the following case studies. First, we demonstrate how these generic bounds can
be used to overcome the curse of dimensionality (CoD) for linear Kolmogorov PDEs and nonlinear
parabolic PDEs (Section 4.1). These are the first available results that overcome the CoD for nonlinear
parabolic PDEs for PINNs and (physics-informed) operator learning. Next, we apply the results of
Section 3.3 to both linear and nonlinear operators and provide bounds on the approximation error for
physics-informed operator learning.



4.1 Overcoming the curse of dimensionality

For high-dimensional PDEzs, it is not possible to obtain efficient approximation results using standard
neural network approximation theory [73, 13] as they will lead to convergence rates that suffer
from the CoD, meaning that the neural network size scales exponentially in the input dimension. In
literature, one has shown for some PDEs that their solution at a fixed time can be approximated to
accuracy £ > 0 with a network that has size O(poly(d)e~#) and therefore overcomes the CoD.

Linear Kolmogorov PDEs We consider linear time-dependent PDEs of the following form.
Setting 4.1. Let s,r € N, ug € CZ(R?) and let u € C*7)([0,T] x R?) be the solution of

Opu(z,t) = %Trace(o(a:)a(x)TAx[u] (z,t)) + p(x)” - V[u](z, 1), u(0,2) = up(x) (4.1)

for all (x,t) € D x [0,T], where o : R — R™9 and 1 : R — R? are affine functions and for
which ||u|| o (s.2) grows at most polynomially in d. For every € > 0, there is a neural network g of
depth O(poly(d) log(1/c)) and width O(poly(d)e ") such that ||ug — Uol| 00 (ray < €

Prototypical examples of such linear Kolmogorov PDEs include the heat equation and the Black-
Scholes equation. In [21, 6, 33] the authors construct a neural network that approximates «(7") and
overcomes the CoD by emulating Monte-Carlo methods based on the Feynman-Kac formula. In [14]
one has proven that PINNs overcome the CoD as well, in the sense that the network size grows as
O(poly(dpg)e =) with pg as defined in SM (C.10)). For a subclass of linear Kolmogorov PDEs it is
known that pg = poly(d), such that the CoD can be fully overcome. We provide a shorter, alternative
proof (in SM C.2) for this result based on Theorem 3.4. SM Lemma C.6 verifies that Assumption 3.1
is satisfied.

Theorem 4.2. Assume that Setting 4.1 holds. For every € > 0 and d € N, there is a neural network

r+o s+1

ug of depth O(depth (7)) and width O(poly (dpg)e™2+F) =2 j_%) such that,

H‘C(ue)HLZ([O,T]X[O,l]d) + Jue — u”LQ(a([OyT]X[O,le)) g 4.2)

Nonlinear parabolic PDEs Next, we consider nonlinear parabolic PDEs as in Section 4.3, which
typically arise in the context of nonlinear diffusion-reaction equations that describe the change in
space and time of some quantities, such as in the well-known Allen-Cahn equation [1].

Setting 4.3. Let s,7 € N and for ug € X C C"(T9) let uw € C*")([0,T] x T%) be the solution of
(atu)(tv‘:c) = (Aﬁ?u)(ta :l?) + F(u(t,x)), U(Oa I) = UO(I)a (tax) € [Oa T] X D7 (4.3)

with period boundary conditions, where F : R — R is a polynomial and for which ||ul| . 2) grows
at most polynomially in d. For every ¢ > 0, there is a neural network ug of depth O(poly(d) ln(l/a))
and width O(poly(d)e=") such that ||ug — Uol| oo (ray < €. Let p, resp. p*, be the normalized
Lebesgue measure on [0,T] x T resp. 9([0,T] x T%).

In [29] the authors have proven that ReLU neural networks overcome the CoD in the approximation

of u(T"). We have reproven this result in SM Lemma C.14 for tanh neural networks to show that

Assumption 3.1 is satisfied. Using Theorem 3.4 we can now prove that PINNs overcome the CoD for

nonlinear parabolic PDEs. The proof is analogous to that of Theorem 4.2.

Theorem 4.4. Assume Setting 4.3. For every o,e > 0 and d € N there is a neural network ug of
r+o s+1 1+

depth O(In(1/¢)) and width O(poly(d)e~ A 7=355=55T) such that,

H8tu9 - Aa:ue - F(UG)HLz([O,T]XTd,;L) + ||U - u9||L2(6([0,T]><Td,y,*)) S E. (44)

Similarly, one can use the results from Section 3.2 to obtain estimates for (physics-informed)
DeepONets for nonlinear parabolic PDEs (4.3) such as the Allen-Cahn equation. In particular, a
dimension-independent convergence rate can be obtained if the solution is smooth enough, which
improves upon the result of [40], which incurred the CoD. For simplicity, we present results for C'(2")
functions, rather than C'(*>) functions, as we found that assuming more regularity did not necessarily
further improve the convergence rate. The proof is given in SM B.4.



Theorem 4.5. Assume Setting 4.3 and let G : X — C™(T9) : ug + u(T) and G* : X —
C@([0,T] x T : ug — u. For every o, > 0, there exists a DeepONets Gy and Gy such that

||g - QGHLZ(TdXX) S €7 ||£(g;)”L2([O,T]XTdXX) é €. (45)

Moreover, for Gy we have 0(5 sensors and,

(d+0)(248)

)
width(3) = O(c~
O

it depth(B) = On(1 /) w
width(r) = =), depth(r) = 3,
whereas for G} we have O(e™ i d) sensors and,
. _1— B+a)(d+r(2+6))
width(8) = O(s " et ), depth(8) = O(In(1/¢)), @7
width(1) = O(e™ '~ =2 ), depth(7) = 3.

4.2 Error bounds for physics-informed operator learning

We demonstrate how Theorem 3.8 can be used to generalize available error estimates for DeepONets
and FNOs, e.g. [40, 35] and SM D.1, to estimates for their physics-informed counterparts.

Linear operators In the simplest case, the operator G of interest is linear. In [40, Theorem D.2], a
general error bound for ReLU DeepONets for linear operators has been established, which still holds
for tanh DeepONets. Using Theorem 3.8 it is then straightforward to prove convergence rates for
physics-informed DeepONets for solution operators of linear PDEs (2.1).

Consider an operator G : X — LQ(’]I‘d) 1 v — w as in Section 2.1, where v is the parameter/initial
condition and w the solution of the PDE (2.1). Following [40], we fix the measure x on LQ(’]I“d) as
a Gaussian random field, such that v allows the Karhunen-Loéve expansion v = kezd apXpeg,
where |ai| < exp(—(|k|) with £ > 0, the X}, ~ N(0,1) are iid Gaussian random variables
and {ey, }rcza is the standard Fourier basis (SM A.5). In this setting, we can prove the following
approximation result, the proof of which can be found in SM D.3.

Theorem 4.6. Assume the setting above and that of Assumption 3.3, and assume that G(v) €
C**Y(T) for allv € X. For all 3 > 0 there exists a constant C' > 0 such that for any p € N there
exists a DeepONet Gy with p sensors and branch and trunk nets such that

< Cph. (4.8)

W) =

||£(g9))HL2(L2(Td)
Moreover; size(T) < Cp*i, depth(7) = 3, size(8) < p and depth(8) =

Nonlinear operators For nonlinear PDEs a general result like Theorem 4.6 can not be obtained
from the currently available tools. Instead one needs to use Theorem 3.8 for every PDE of interest. In
the SM, we demonstrate this for a nonlinear ODE (gravity pendulum with external force, SM D.5)
and an elliptic PDE (Darcy flow, SM D.6).

5 Related work and discussion

This is the first paper to rigorously expose the connections between the different deep learning
frameworks from Section 2.2 for generic PDEs. Until now, most available results focus on providing
generic results for one specific method. In [28] and [22] one uses neural networks that approxi-
mate solutions to a generic ODE/PDE at a fixed time to construct space-time neural networks. A
generalization to PINNS is not immediate as the proof involves the emulation of the forward Euler
method. We have overcome this difficulty by constructing space-time neural networks using Taylor
expansions instead (Theorem 3.4). To bound the approximation error of PINNs one can use the
generic error bounds in Sobolev norms of e.g. [23, 24] for very general activation functions or the
more concrete bounds [13] for tanh neural networks. In both approaches, the only assumption is that
the solution of the PDE has sufficient Sobolev regularity. As a consequence, these results incur the
curse of dimensionality and are not applicable to high-dimensional PDEs. The authors of [13] analyze
PINNs based on three theoretical questions related to approximation, stability and generalization.



Other theoretical analyses of PINNs include e.g. [67, 68, 27]. For DeepONets, convergence rates for
advection-diffusion equations are presented in [15] and a clear workflow for obtaining generic error
estimates as well as worked out examples can be found in [40]. Similar results are obtained for FNOs
in [35]. A comprehensive comparison of DeepONets and FNOs is the topic of [47]. To the best of
the authors’ knowledge, no theoretical results for physics-informed operator learning are currently
available.

A second goal of the paper is to prove that deep learning-based frameworks can overcome the curse of
dimensionality (CoD). PDEs for which the curse of dimensionality has been overcome include linear
Kolmogorov PDEs e.g. [21, 33], nonlinear parabolic PDEs [29] and elliptic PDEs [4]. By assuming
that the initial data lies in a Barron class, the authors of [49] proved for elliptic PDEs that the Deep
Ritz Method [18] can overcome the CoD. Since the Barron class is a Banach algebra [9] it is possible
that our results, which mostly only involve multiplications and additions of neural networks, can be
extended to Barron functions. For PINN:S, it is proven that they can overcome the CoD for linear
Kolmogorov PDEs [14]. We give an alternative proof of this result, improve the convergence rate
(Theorem 4.2) and additionally prove that PINNs can also overcome the CoD for nonlinear parabolic
PDEs (Theorem 4.4). DeepONets and FNOs can overcome the CoD in many cases [40, 35] but we
note that this does not yet include nonlinear parabolic PDEs such as the Allen-Cahn equation. In
Theorem 4.5 we prove that dimension-independent convergence rates can be obtained if the solution
is sufficiently regular.

It is evident that the generic bounds presented here can only be obtained under suitable assumptions.
These should always be checked to prevent misleading claims about mathematical guarantees for
the considered deep learning methods. We briefly discuss how restrictive these are and whether
they can be relaxed. Assuming the existence of a neural network that approximates the solution
of PDE at a fixed time (Assumption 3.1) is of course essential, but such a result can usually be
obtained by emulating an existing numerical method. Proving a bound on the Sobolev norm of
that network is always possible as we only consider smooth networks. Assumption 3.2 holds for
many domains, including rectangular and smooth ones. Assumption 3.3 and Assumption 3.5 also
hold for a very broad class of PDEs, much like the assumption on the size of the neural network
approximation in Setting 4.1 and 4.3 holds for most functions of interest. Therefore, the assumption
that the PDE solution is C'(5>") -regular seems to be the most restrictive. However, results like Theorem
3.4 could be extended to e.g. Sobolev regular functions by using the Bramble-Hilbert lemma instead
of Taylor expansions. Another restriction is that we exclusively focused on neural networks with the
tanh activation function. This was only for simplicity of exposition. All results still hold for other
sigmoidal activation functions, as well as more general smooth activation functions, which might
give rise to slightly different convergence rates. A last restriction is that the obtained rates are not
optimal, but this is not the goal of our framework. In particular, for PINNs for low-dimensional PDEs
it is beneficial to use e.g. [24, 13].

Optimizing the obtained convergence rates and comparing with optimal ones is one direction for
future research. Previously mentioned possibilities include extending to more general activation
functions and less regular functions. Another direction is to make the connection between our results
and that of [9] where they prove that Barron spaces are Banach algebras and use this to obtain
dimension-independent convergence rates for PDEs with initial data in a Barron class by emulating
numerical methods. Finally, we only considered the approximation error in the present analysis. It
would be interesting to prove generic results for the total error of the trained learning architectures by
also bounding the underlying generalization error.
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A Notation and preliminaries

We introduce notation and preliminary results regarding finite differences, Sobolev spaces, the Legen-
dre basis, the Fourier basis, trigonometric polynomial interpolation and neural network approximation
theory.

A.1 Overview of used notation

Table 1: Glossary of used notation.

Symbol Description Page
o tanh activation function
d spatial dimension of domain
T periodic torus, identified with [0, 27)¢
D general d-dimensional spatial domain p-2
Q general domain, either Q = D or Q = [0,7] x D p.2
o0 boundary of €2
Yy function space of parameters for £, e.g. L, witha € ) p-2
Z function space of initial conditions for the PDE (2.1) p.-2
X input function space of the operator G p-2
g operator of interest, G : X — L?(Q) p.2
L, L, differential operator that describes the PDE p-2
T, s regularity of the PDE solution, u € C"(D) oru € C*")([0,T] x D)  p.3
D) plhe) .= DD := 9Foo1 ... 924, for (k, o) € Ng T p. 4
1 upper bound on |||, p. 4
q see Assumption 3.1 p-4
p,p* see Assumption 3.5 p.5
poly(d) apolynomial in d p.5
(ofy subset of C'" functions with compact support
A finite difference operator; if the variable is time: A} p.6
IN grid point indices, Jx = {0,...,2N}¢ p. 14
Kn Fourier wavenumbers Ky = {k € Z% | |k|oo < N}
L? Space of square-integrable functions
H? Sobolev space of smoothness s, with norm || - || = p. 14
L% L3 C L? trigonometric polynomials of degree < N p. 16
A.2 Finite differences
Forh > 0,a € Nd, r € Nand ¢ := ||| ,, we define a finite difference operator A" as,
k+r—1
APt x) = > " f(tw+ hb), (A.)
£=0

for some b € R? that allows to approximate D& f up to accuracy O(h*). This means that for any
f € C™* it holds that

B AR @) — DEF ()| < o (2
where ¢y, > 0 does not depend on f and h. Similarly, we can define a finite difference operator
A’;Z [f](t, z) to approximate D¥ f (¢, ) with the same accuracy as in (A.2).

h" forh >0, (A.2)

Cr+e

A.3 Sobolev spaces

Letd € N,k € Ng,1 < p < ooandlet C Rdbeopen. For a function f : 2 — R and a
(multi-)index o € N g we denote by
oledl ¢

Déf = —-——
/ Oz{*t - - 0z

(A3)
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the classical or distributional (i.e. weak) derivative of f. We denote by L?(€) the usual Lebesgue
space and for we define the Sobolev space W*P(Q) as

WEP(Q) = {f € LP(Q) : D*f € LP(Q) for all & € N¢ with |a| < k}. (A4)

For p < oo, we define the following seminorms on W**((2),

1/p
Flwmeey = | Y ID%FI%0q) form =0,...,k, (A.5)
|a|=m
and for p = oo we define
| Flymoe(y = max D% fll o (@) form=0,...,k. (A.6)

Based on these seminorms, we can define the following norm for p < oo,

i 1/p
Hf”wk,p(ﬂ) = Z ‘f|Wm P(Q) ) (A7)
m=0
and for p = oo we define the norm
1 T ) = (max (Flwm o) (A8)

The space W () equipped with the norm ||- [ wr.n () is a Banach space.

We denote by C*(Q) the space of functions that are k times continuously differentiable and equip
this space with the norm Hf”ck(g) = ||fHWk.,,(x,(Q).

Lemma A.1 (Continuous Sobolev embedding). Let d,? € N and let k > d/2 + (. Then there exists
a constant C' > 0 such that for any f € H*(T?) it holds that

Ifllceray < ClUF I gw(pay- (A.9)

A.4 Notation for Legendre basis

In a one-dimensional setting, we denote for j € N the j-th Legendre polynomial by L ;. Following
the notation of [60], it holds that L;(z) = Zgzo c;xz* where, with m(0) := (j — £)/2,

(A.10)

a_Jo j—60,...,jYU2Z +1,
CT D2 () () VIFT o, U2z,

where each polynomial is normalized in L?([—1, 1], \/2), where ) is the Lebesgue measure. Simi-
larly, the tensorized Legendre polynomials,

d
H v (x;)  forally € NI, (A.11)

constitute an orthonormal basis of L2([—1, 1], A\/2%). By considering the lexicographic order on
N2, of which we denote the enumeration byk: N — Ng, one can defined an ordered basis (Lj) jeN
by setting L; := L ;.

From [60, eq. (2.19)] it also follows that,

d
Vs € No,v € N¢ Lol e (-1,100) < H(l + Quy) /s, (A.12)
j=1
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A.5 Notation for Standard Fourier basis

Using the notation from [40], we introduce the following “standard” real Fourier basis {e } .z« in d
dimensions. For & = (k1, ..., kq) € Z%, we let o(k) be the sign of the first non-zero component of
x and we define

1, o(k) =0,
e, :=Cy ¢ cos((k,z)), o(k) =1, (A.13)
sin((k,z)), o(k)

where the factor C > 0 ensures that e, is properly normalized, i.e. that |[e|| 2(p¢) = 1. Next, let

k : N — Z% be a fixed enumeration of Z¢, with the property that j ~ |k(j)| is monotonically
increasing, i.e. such that j < ;' implies that |K(j)|co < |K(j’)|co- This will allow us to introduce an
N-indexed version of the Fourier basis,

ej(r) :=e.y)(z), (jeEN). (A.14)

|
I
—

Finally we note that
\|e,§||cs([072ﬂ]d) < |K[ - (A.15)

A.6 Trigonometric polynomial interpolation

For N e N, letz; = 212\;:{1 and lety; € Rforall j € 7y = {0,...,2N + 1}%. We will construct
an operator

On RN L2(T) : y s Qn(y), (A.16)
where Qn (y) is a trigonometric polynomial of degree at most N such that Qn (y)(z;) = y; for
all j € Jn. We construct this polynomial using the discrete Fourier transform and its inverse. For

ke Ky ={-N,...,N}% we define the discrete Fourier transform as,
Xi(y) = Y yjexp(—ilk, ), (A.17)
JEIN

and the trigonometric interpolation polynomial as,

Ov)(2) = —o— S Xe(y) exp(ith, )

|KN| keEKXN

= ﬁ Z Z y; cos((k, z — z;))

kEKN JEIN

= ﬁ Z Z Yj (COS((k,xj)) cos((k, z)) — sin((k, z;)) sin((kz,z>))

keXN jEIN

= ﬁ S yianjen(2),

keEKXN jEIN

(A.18)

where,

ag,; = cos((k;,:cj)), o(k) =1, (A.19)
)

We can also define an encoder £ by,
En : C(TY) = RVN: f s (f(2))) e - (A.20)

The composition Qx o Ey is called the pseudo-spectral projection onto the space of trigonometric
polynomials of degree at most /N and has the following property [35].

Lemma A.2. For s,k € Ng with s > d/2 and s > k, and f € C*(T?) it holds that
1F = (@ 0 ) ()l gy pay < Cls, N fll gy, (A21)

Sor a constant C(s,d) > 0 that only depends on s and d.
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A.7 Neural network approximation theory

We recall some basic results on the approximation of functions by tanh neural networks in this section.
All results are adaptations from results in [13]. The following two lemmas address the approximation
of univariate monomials and the multiplication operator.

Lemma A.3 (Approximation of univariate monomials, Lemma 3.2 in [13]). Let k € Ny, s € 2N — 1,
M > 0 and define f, : [-M,M] — R : x — 2P for all p € N. For every ¢ > 0, there exists a

shallow tanh neural network 1 o : [—M, M) — R® of width @ such that

maxc || fy = (Vse)plypro < & (A22)

Furthermore, the weights of 1, . scale as O (675/2) for small €.

Lemma A.4 (Shallow approximation of multiplication of d numbers, Corollary 3.7 in [13]). Let
d e N, ke Ngand M > 0. Then for every € > 0, there exist a shallow tanh neural network

QZ : [-M, M]¢ — R of width 3 [%—‘ ’Pd,d’ (or 4 if d = 2) such that

Xa(@) =[] = <e. (A23)
i W ko0

Furthermore, the weights of the network scale as O(E_d/ 2) for small ¢.

B Additional material for Section 3

B.1 Auxiliary results for Section 3

Lemma B.1. Let g € [1,00], r,¢ € Nwith ¢ < rand fy, f» € CO7([0,T] x D). If Assumption 3.2
holds then there exists a constant C(r) > 0 such that for any o« € N& with ¢ := |||, it holds that

D5 (= )l 0 < CU = Follpuh™ + max | fileonh™)  ¥A>0. B

Proof. From the triangle inequality and (A.2) the existence of a constant C(r) > 0 follows such that,

|2 = fo)ll 0 < mag [ D=y = h=- AR+ COMT A2 = Fel
< cer ]H:H%’)é ’fj|c(0,r)hrie + C(T)hiznfl - f2||Lq~ O
Lemma B.2. Using the notation of the proof of Theorem 3.4 (SM B.2), it holds that
e

<. (B.2)
CO

Proof. Using the Faa di Bruno formula [11] and its consequences for estimating the norms of deriva-
tives of compositions [13, Lemma A.7] one can prove for sufficiently regular functions g1, g2, h1, hs
estimates of the form,

HD'G(QI ohy —gao hz)HCO < C(llgr — g2l cisn, + 1P — Rl cisiy ), (B.3)

assuming that the compositions are well-defined and where the constant C' > 0 may depend on
g1, g2, h1, ho and their derivatives. Using this theorem we can prove that

M A (s
Dk — phe) 373" 1/1%1\2[](') Pt —tm) - PM (1) < CO. (B.4)
1.

m=1 =0

Because the size of the neural network X s in the definition of @ does not depend on its accuracy &
(see Lemma A.4) we can rescale 0 and therefore set C' = 1/2 in the above inequality.
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Next, we observe that,

MslAZS'L (m’x)

’“‘)ZZ%—ZZ,~<@7%><F%>-¢%@>

m=1 =0
MslAlSlDaf( ) k <k‘

- >y S PRI

m=1 =0 n=0

(B.5)

)am ot — ) - OB ()

n

Analogously to before, because the sizes of the neural networks @‘is are independent of their accuracy
d we can rescale 0 such that ||(B.5)[| .o < 6/2. The claim follows by the triangle inequality,

|pE@—a)| < IBAeo +IB5)eo <o (B.6)

O

Lemma B.3. Let AIZE be a finite difference operator cf. Section 3.3, let 1 < j < d, let { € Ny and
let o« € N¢ with ||e||, = €. Let u, i € O ([~2h, 2h] x D) such that

D2 (u(t, ) = a(t, )| ., < e (B.7)
Then there exists ¢, > 0 holds that,

s—1 A’LS z[ ](O J})
k,a “7 i . -k a s—k
phe (3R () || e (bR IDSuleewh ) B

i=0 L4

Proof. Lett € [—2h,2h], a € N¢ with ||oc||1 = ¢ and z € R? be arbitrary. We first observe that,
=1 AL a1 Al 1[D°‘A](0 2)

phey Lis W02) '—Z i T ®.9)

Taylor’s theorem then guarantees the existence of &, , € [—2h, 2h] such that

s lAzs % 0.2)
Dk 27]}11}!( )tl—u(t,-)

i=0
4 4 (B.10)

_ Sik AZJ,Ftk’S_L_k[D?m(O’m)ti _ DHk’au(O’x) a4 D> u(y s l’)ts—k

R itk il (s — k)! '

Now observe that because of assumption (B.7) and the definition and properties (A.2) of the finite
difference operator, there exists a constant C's > 0 such that,

HAH-ks i— kDaA](O .CL') Al+ké i— k[D ](O x)’ SCSE7

AT D) (0,0) : (B.11)
hot e — DRy (0, )| < Co| DXu| ooy B F.

Combining all previous results provides us with the existence of a constant ¢ > 0 such that,

s—1 AZ ;85— ’L[ ](0 m) ‘
k,a 7
D e e (2

i=0 La
s—1—k
7,' CS o s—i—kp1 1 o 5— (B12)
< Z {hwk TR *\D ulooh kh} + E‘D:c oo h®
i=0
(Eh + |D Ulc( o)h - )
O
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Definition B4. Let C >0, N e N O <e < land a = ln(C’N’“/s). Foreveryl < j < N, we
define the function ®Y : [0,T] — [0,1] by

L (a(t_};))
N (t) = %a— <a (t— TUN_U)) — %a— <a (t— 7}3)) , (B.13)
N (t) = éa <a (t— T(N]'V_l)>> + %

The functions {(I>§V }; approximate a partition of unity in the sense that for every j it holds on ]N
that for some € > 0,

o7 (t) =

N | =

1-— Z N, <c and >oooeN, <. (B.14)

v=—1 |v]>2,
j+ve{L,...N}

This is made exact in [13, Section 4].

Theorem B.5. Let k € NU {0}, ¢ € {2,00}, £ > 0and s € N. Let ji be a probability measure on
Dandlet f € C°([0,T],L(p)). Assume that for every 0 < £ < k there is a constant C; > 0 for
which it holds that for every N € N there exist functions {p,N é,\le that satisfy forall 1 < 5 < N,

’f*;téV

= Dy(f(t)—pN(t H <SCNTH e
CUIY L) e s |pits O oy <€ & B3

Let Cy, := max{maxo<¢<k CJ, | fllcr (0,79, 14(u))» 1}- There exists a constant C(k) > 0 that only
depends on k such that for all N > 3 it holds that,

N
C
f*ZP?"Pﬁv < CInf (W) {Nsk_kwLﬁNk} (B.16)
- Ck([0,T],L9 ()

Proof. We follow the proof of [13, Theorem 5.1]. All steps of the proofs are identical, with the only
difference being that the W*:>°([0, 1]¢)-norm of [13] is replaced by the C* ([0, T] x L?(u ))-norm
in this work. Following [13], one divides the domain [0, T into intervals ¥ = [t;_1,t;], with
t; =4T'/N and N € N large enough. On each of these intervals, f locally can be approximated (in
Sobolev norm) by p§v , by virtue of the assumptions of the theorem. A global approximation can

then be constructed by multiplying each pé»v with an approximation of the indicator function of the
corresponding intervals and summing over all intervals.

We now highlight the main steps in the proof. Step 2a (as in [13]) results in the following estimate,

ol CN*
=Y geey < Cllfllem paguy | €+ N Int ( : ) o ®ID
= CH(IN La())
Step 2b results in the estimate,

N
S O(f—p) - e <Cl" <Civk) [chk +ENF +Cka+15] . (B.I8)
=t CH(IN L9()
Putting everything together, we find that if CN* > ¢,
N
f=2 oy
=t C*([0,T),L9 (1)) (B.19)

ON* Cr
=om (8) {Hf"ff’“(f{wq(m) +CN* e + g +ENT
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In particular, if we set N*1e = N~k and N > 3, then we find that

I llow v Lauy +€
stk

N
k
DI < Chn* (N) +ENF| . (B.20)
j=1

CF([0,T),L(n))

O

Lemma B.6. Let Gy : X — Y be an tanh FNO with grid size N € N and let B > 0. For every
€ > 0, there exists a tanh DeepONet G : X — Y with N d sensors and N¢ branch and trunk nets
such that
sup  sup |Gy (v)(x) — Go(v)(2)| < e (B.21)
lvll poo <B x€T4
Furthermore, width(B) ~ N9, depth(8) ~ In(N), width(r) ~ N%N + In(N/e)) and
depth(7) = 3.

Proof. This is a consequence of [35, Theorem 36] and Lemma D.1 with e <~ N de, O

B.2 Proof of Theorem 3.4

Proof. Step 1: construction. To define the approximation, we divide [0, 7] into M subintervals
of the form [t,,—1, ], where ¢, = mT /M with 1 < m < M. One could approximate u on
every subinterval by an s-th order accurate Taylor approximation around t,,, provided that one
has access to Diu(~7tm) for 0 < ¢ < s — 1. As those values are unknown, we resort to the

finite difference approximation Diu(-,t,,) ~ M - All/S];; (U= (uo, tm)], which is a neural network.
See SM for an overview of the notation for finite difference operators. Moreover, we replace the
univariate monomials ; : [0,7] — R : ¢ — ¢* in the Taylor approximation by neural networks
?? 1 [0,T] — R with ||p; — @||cr+1 < 6. Lemma A.3 guarantees that the output of ($?):Z; can
be obtained using a shallow network with width 2(s 4+ 1) (independent of §). The multiplication
operator is replaced by a shallow neural network X4 : [—a, a]*> — R (for suitable a > 0) for which
| x =Xs|lcr+1 < 8. By Lemma A.4 only four neurons are needed for this network. This results in
the following approximation for f € C°([0,7] x D),

s—1 i,5—1
an[f](taz) ::2;5 M 5

2 e L0 (t—tm) Ve [0,T],z€ D, 1<m< M.
(B.22)
Next, we patch together these individual approximations by (approximately) multiplying them with a
NN approximation of a partition of unity, denoted by ® ... ®3 : [0, 7] — [0, 1], as introduced

in Definition B.4 in SM B. Every ® can be thought of as a NN approximation of the indicator

m
function on [t,,—_1, t,]. For any €, > 0, we then define our final neural network approximation

u:[0,T] x D — Ras,

M
i) = > % (ﬁfn[w(uo,tm)](t,x),@%(t)) vVt € [0,T], z € D. (B.23)

m=1

Step 2: error estimate. In order to facilitate the proof, we introduce the intermediate approximations
u:[0,T) x D — Rand N, : C°(D) x [0,T] x D — R by,

i o ) (1) o o S ATt ) .
u(t,x) = Z N[5, (¢, z)- @M (t) := Z Z ey pi(t—tm)- DM (1), (B.24)
m=1 .

m=1 i=0

where %, = U (ug, t,,). Note that & can be obtained from @ by replacing the multiplication operator
and the monomials by neural networks. Since these the size of these networks are independent of
their accuracy §, we can assume without loss of generality that | D*®) (% — @) |« < & (see Lemma
B.2) for any relevant D(-e).
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It remains to prove that D(*:®)7 ~ D)y, Combining the observation that D) N, [a2 ] =
D¥N,,[D27%E,] with Lemma B.3 lets us conclude that forall 0 < k < s — 1 and t € [t,,_2, timaals

HD<’fva>(Nm[a;](t, ) — uft, -))‘

< O(MH(|DZ@E" = w)(sti)l| o + [l g M)

La
(B.25)
We use Theorem B.5 with ‘f A p] = N [Da’\n} 6 < O MkHDa U — U)('atm)HLq,
CZ — C( )|u|C(k,1{) to find that,
[Dte @ )| < @Dl M5 + MPHDE@ — (e ta)]) B26)

where C(r,s) > 0 only depend on r and s. Finally, using Lemma B.l to bound
| D& (@5, — u)(-,tm) HLq and combining this with Assumption 3.1 proves (3.4).

Step 3: size estimate. The following holds,
depth(u) < Cdepth(U®), width(u) < CMwidth(U*). (B.27)

B.3 Proof of Theorem 3.6

Proof. Step 1: construction. Let N € N, let &y : C°(T?%) — RIW~I be an encoder and
Qn : RIINI L3, be a trigonometric polynomial interpolation operator. If welet G = U0 Qo0&
then we can define an FNO Gy : L%, (T9) — L% (T4) as Gg(ug)(z) = (Qn 0 En 0 G)(up)(x).

Step 2: error estimate. We decompose the L2-error of the FNO using the triangle inequality and the
inequality ||{® — G||L2 < C5plluo — Qn 0 En © ugl| 1, which follows from Assumption 3.5,

IG — Goll 2 < 1G — U]l 2 + Claplluo — Qw0 Ex o uollpy + G — Goll e (B.28)
First, we find using a Sobolev embedding result (Lemma A.1) and Lemma A.2 that,

[0 — (Qn 0 En)(wo) ||, < [|to — (O © EN) (o) || yyasne < CLAN TP Jug| ., (B.29)

where p* is such that 1/p 4+ 1/p* = 1/2. Next, we observe that for any ug € X with ||ug||,. < B
that H (On o EN)(ug HHT(Td) < CB =: B. Hence, by applying Lemma A.2 to the second and last
term of (B.28) we find that,

IG — Goll 2 < Cle + CEu, BN "H4/¥" 4 0B N77). (B.30)

Step 3: size estimate. As for any FNO, the width is equal to N%width(2/¢). The depth in this case
is equal to depth(U°).

O

B.4 Proof of Theorem 3.9

Proof. Step 1: construction.

Lete > 0and n, N € N. We first introduce some notation. Let Jy = {0,...,2N + 1},
Ky = {-N,...,N}9 let {e;},en be an ordered Fourier basis, as described in SM A.5, and let
{€;}en be a neural network approximation of the same basis such that

o <e. (B.31)

max ||e
keEKXN

Using notation from SM A.6, let Qy : RII~I — C/(T?) be the trigonometric polynomial interpolation
operator as in (A.18) and let & : C(Td) — RII~| be the encoder as in (A.20). We define

@N CRIINT C(’}I‘d) Dy |]CN| Z Z Yjar, €k, (B.32)
keXnN jJEIN
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with coefficients ay, ; as in (A.19), as a neural network approximation of Q.

Inspired by the proof of Theorem 3.4 (and using its notation as well), we define G : C' (T4) — L2(u)
by

M osLABS Q o0&z oug,tm)|(tm,x
B S A U 0 R
1.

m=1 i=0
Then it holds that

(Qn o én o G)(u = > > >

s—1 ar,; A;/SMZ[ a(QZogzoumtm)](tm’xj)

— Wy, k()
i i,m, )
keKn jETN m=1i=0 K| M=
U mk(t,x) = Q2 (t — t) @M ()ep ().
(B.34)
Now for every i, m, k let U; ,,, . : [0,T] X T4 — R be defined as,
Vim(t,2) = X5 (00t = tm), @1 (1), 8 (2)) (B.35)

where X is a neural network approximation of the multiplication operator. We can then construct a
DeepONet as

p
g B] Ug) T] (t,x)
=1

s—1 M AV U (Qz 0 E7 0 ug, t)|(tms ) | -

a
= Z > Z|kj . M 4! Wimi(t, 2).

1= =1kekn |jEIN

(B.36)

We see that we need to set p = sM (2N + 1)? and that the trunk nets are given by Tj ~ \Tli,m’k, up
to a different indexing.

Step 2: error estimate. First we use Assumption 3.3 to see that

1£6 ~ Gl < O3 [5G — G|
k,a

(B.37)

L2

Next, we observe that using Assumption 3.1, Assumption 3.5 and (B.29) it holds that,
U (Qz 0 E7 0 ug) — G(uo) (-, T)|| < &+ C&a, CBZ " H/1. (B.38)

One can then use Theorem 3.4, but by replacing € by (B.38) in the error bound (3.4), to find that

[PEG =) | < CmF Ml g M*=* + M (e + Con 21" + CEPRT)

(B.39)
Then, using the observation that D*:®)(Id — Q 0 Ex)G = D(Id — QN o Ex)DFG we find that

HD(’“"")(Id —Qno gN)é(UO)H < CN_(T_K)HngA(UO)HH ; (B.40)

which can be combined with the estimate
HDfé(uo)HH < M1 MF I (M)|[UF(Q7 0 £2 0 wo)| . < M1 In*(M)CE,, (B.41)
where we used that for ug € X with [Jug|o. < Bitholds ||(Qn o En)( HHT(W <CB =:B.

Next, we make the rough estimate that,
|p%=)(Qy ~ Qn) o 5N)§(’LL0)HL2 < ONUM - I (M) max [leg — 8l (B42)
Finally, using Lemma B.2 we find that

[p®(@xoen oG- Gnw)|| , <6 (B.43)

L2
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By settinge = M ~""*N~% h = 1/N and using that M?* < M*+s=1 and C?,e < C’fr we find,

1£G = Go)|| 12 < C* (M) ([l oy MF=5 4 MEF71 (e + Clap 27 F )N + CE N
(B.44)
We conclude by using that lnk(M) < CM? for any p > 0.

Step 3: size estimate. It follows immediately that depth(3) = depth(U¢), width(8) = O(M (Z¢+
Néwidth(U#))), depth(T) = 3 and width(7) = O(MN4(N + In(NM))).

O

C Additional material for Section 4.1

C.1 Auxiliary results

Lemma C.1. Let e > 0, let (0, F,P) be a probability space, and let X : Q — R be a random
variable that satisfies E [| X || < e. Then it holds that P(|X| < &) > 0.

Proof. This result is [21, Proposition 3.3]. O
Lemma C.2. Lety € {0,1}, 8 € [1,00), ag, 1, Zg, T1, T2, - . . € [0, 00) satisfy for all k € Ny that

zp < In(k) (o + ark) " + Z B2 + Tmax(i-1.03 | - ((eR))
=0

Then it holds for all k € Ng that

(00 +a0Bin() _ [n®aotan2 @+ 28 im0
T (@A) 20E2) 7k ) (k) (a + )57 Y2(38)F Ly =1 '
Proof. This result is [30, Corollary 4.3]. O

Lemma C.3. Let o € [1,00), g, 71, ... € [0,00) satisfy for all k € Ng that xj, < axf_,. Then it
holds for all k € Ny that
zp < aFFDigk (C.3)

Proof. We provide a proof by induction. First of all, it is clear that ¢y < axg. For the induction step,
. 1)1 .
assume that z_1 < aklxék DY for an arbitrary k € Ny. We calculate that

k
T < a (ak!x(()k_l)!> < a(]”l)!xlgl. (C.4)

This proves the statement. O

Lemma C4. Let { € N, f € C*(R,R), h € C*(T% R) and let By denote the (-th Bell number.
Then it holds that

¢
£ 0 Blerqay < I lleey (Bellllges gay + loera)) - (©5)
Proof. Let II be the set of all partitions of the set {1,..., ¢}, let & € N¢ such that ||a||, = ¢ and
let . : N* — N? be a map such that D = 287‘()_ Then the Faa di Bruno formula can be
g=1Tu(

reformulated as [11],

| B
D f(h(a)) = Y2 100 - [T 1

well Bemw HJEB axL(j)
|B] (C.6)
= 3 £ () T o2y p () Db ).
well, Ben H]GB axl(])
|m]>3

23



Combining this formula with the definition of the Bell number as B, = |II|, we find the following
upper bound,

¢
|fohloiw) < Z 1 llcemyllPllce-1my + 1 f lor @yl Pl ceqry
mell (C.7)

< Wy (Bellblle sy + oo ) -

C.2 Proof of Theorem 4.2

Definition C.5. Let (Q, F, i) be a measure space and let ¢ > 0. For every F /B(R?)-measurable
function f : Q — RY, we define

1/q
||f||cq(#7”.||m) = [/Q Hf(w)H%d/‘(dw)} : (C.8)

Let (2, F, P, (Ft);c[0,7) be a stochastic basis, D C R? a compact set and, for every z € D, let

X*:Qx[0,T] — R< be the solution, in the Itd sense, of the following stochastic differential
equation,
dX} = p(XP)dt + o(XF)dBy, X§ ==z, x€D,tel0,T], (C.9)

where By is a standard d-dimensional Brownian motion on (2, 7, P, (Ft).c[0,17)- The existence of
X7 is guaranteed by [3, Theorem 4.5.1].

As in [14, Theorem 3.3] we define pg4 as

1XS = X¥M 2agp -0 <

pd = max sup 00, (C.10)

€D 4 tel0,7], |s — t|%
s<t

where X7 is the solution, in the It6 sense, of the SDE (C.9), ¢ > 2 is independent of d and
|\~H£Q(P_’H_HM) is as in Definition C.5.

Lemma C.6. In Setting 4.1, Assumption 3.1 and Assumption 3.5 are satisfied with
JuC ) =U(@,0)]| oy S€ CZp=CB-poly(dpa),  Ciap =1, (C.11)

where t € [0,T] and p € C2(R?). Moreover, there exists C* > 0 (independent of d) for which it
holds that depth(U®) < C*depth(p°) and {width, size}(U*) < C*e~2{width, size}(p°).

Proof. 1t follows from the Feynman-Kac formula that u(t, z) = E [¢(X{)] [58]. Replacing ¢ by a
neural network @° with || — &°|| 0 < € gives us,

[ lexin [ x2)]|, , < o= Fllco (C.12)

L2(p

Using [14, Lemma A.2] (which is based on [21]) we find,

) 1/2
2(0) = || [ o) -~ S )| i) | | < AP i3
D t m i—1 t - \/’I’T/L
From [14, Lemma A.5], for all z € R?, ¢ € [0, 7] and w € € it holds that
d
Xp(w) = 3 (X¢Hw) = XP(w)) @ + X7 (@), (C.14)
i=1
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Using this equality, together with Holder’s inequality and the boundedness of || X[||,, [14, Lemma
A.5] we find that,

9 1/2

E[(IIs)] :=E /D E [D23°(X])] - fZDaAE (X7 (wm))| p(dz)

4 /471 (C.15)
E xr 1 - xr
< C-poly(pg) -E / E [ (X)) — p— E (X (wm))| p(dz)

< CB - poly(pa)

Combining the previous results gives us,

E[Vm-(I)+ Y (Ila)| < CB-poly(pa). (C.16)

llell, <€

If we combine this with Lemma C.1 then we find the existence of (w; ) such that for

1 m
U (g EZ 3 (Xel ~ X0 )) v+ XO(w)) (C.17)
=1 =1
it holds that
|E [ (x2)] -t (p,1)] <X (C.18)
L2(D) — m’
and by setting m = =2 and (C.12) we find that,
|u(-,t) = U (p,t HLQ(D <e, C’f@ = CB - poly(pa), Cap = 1. (C.19)

Moreover, it holds that
depth(U®) < C*depth(&°), {width, size}(U°) < C*e~2{width, size}(5°) (C.20)

where we write C* = Cpoly(dpg). O
We can now present the proof of the actual theorem.

Proof of Theorem 4.2. We use Theorem 3.4 with £k = 1 and / = 2 and combine the result with
Lemma C.6. We find that for every M € N and §, h > 0 it holds that,

L@@ — U)HLq qo11xpy T 118 = tll L2 5(00,71x D))

< OB - poly(dps) - (M) ([ulgon M= 4 MA6H—2 + w2 )
Setd = h", M—1=5 = §1-2/" we find that
@~ HLq( o1xpy T 118 = tll L2500, x py) < CB - poly(dpa) In(1/8)5" T (C22)
Using that In(M) < C'M? for arbitrarily small o > 0, we find that we should set
§ = v M=ot (C.23)
O
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C.3 Nonlinear parabolic equations

Some examples of nonlinear parabolic PDEs of the type (4.3) are:

¢ The Kolmogorov—Petrovsky—Piskunov (KPP) equation [34] is a celebrated model that is often
used to model wave propagation and population genetics. The model is particularly useful
for systems that exhibit phase transitions. One obtains the KPP equation if one chooses
a sufficiently smooth nonlinearity F' that satisfies the requirements F'(0) = F(1) = 0,
F'(0)=7>0, F(u) >0and F'(u) < rforall 0 < u < 1. Well-known examples include
the Fisher equation [19] with F(u) = ru(1 — u) and the Allen-Cahn equation [1] with
F(u) = ru(l —u?).

* Branching diffusion processes give a probabilistic representation of the KPP equation for
the case where F(u) = B(Y 4o, axu” — u) with a, > 0 and Y, aj, = 1. In this setting,
the PDE (4.3) describes a d-dimensional branching Brownian motion, where every particle

in the system dies in an an exponential time of parameter /3 and created k i.i.d. descendants
with probability ay [26, 54].

* Finally, the PDE (4.3) arises in the context of credit valuation adjustment when pricing
derivative contracts to compute the counterparty risk valuation, e.g. [25]. The dimension d
corresponds to the number of underlying assets and can be very high.

C.4 Multilevel Picard approximations

In what follows, we will provide a definition of a particular kind of MLP approximation (cf. [30])
and a theorem that quantifies the accuracy of the approximation. First, we rigorously introduce the
setting of the nonlinear parabolic PDE (4.3) that is under consideration, cf. [30, Setting 3.2 with
p < 0]. We choose the d-dimensional torus T¢ = [0, 27)¢ as domain and impose periodic boundary
conditions. This setting allows us to use the results of [30], which are set in R, and yet still consider
a bounded domain so that the error can be quantified using an uniform probability measure.

Setting C.7. Letd,m € N, T, L, L € [0, 00), let (T, B(T?), i) be a probability space where j is
the rescaled Lebesgue measure, let g € C(T? R) N L?(p), let F € C(R,R), assume for all x € T¢,
y, z € R that

|[Fly) = F(2)| < Lly =2, max{|[F(y)] |g(x)[} < L. (C.24)
Let ug € CL2([0,T) x R4, R) N L2 () satisfy for all t € [0,T],x € R? that
(Orug)(t,x) = (Agug)(t, z) + F(uq(t, x)), uq(0,z) = g(z). (C.25)

Assume that for every € > 0 there exists a neural network F., a neural network g. and a neural

~

network Z. with depth depth(Z.) = depth(F;) such that

Note that for some of the equations introduced in Section C.3 the nonlinearity £’ might not be globally
Lipschitz and hence does not satisfy (C.24). However, it is easy to argue or rescale g [40, 5] such
that u4 is globally bounded by some constant C'. For instance, for the Allen-Cahn equation it holds
that if [|g|| - <1 then ||ug(t,-)||,.. < 1foranyt e [0,T][71]. One can then define a ‘smooth’,
globally Lipschitz, bounded function F' : R — R such that F'(v) = F(v) for |v| < C and such that
F(v) = 0 for |v| > 2C. This will then also ensure the existence of a neural network F' that is close
to Fin C°(R)-norm.

In this setting, multilevel Picard approximations can be introduced. We follow the definition of [30].

Definition C.8 (MLP approximation). Assume Setting C.7. Let © = |J,, 2", let (2, F,P) be a
probability space, let Y. Q — [0,1], 8 € ©, be i.i.d. random variables, assume for all § € ©,
r € (0,1) that P(Y? <r)=rletU:[0,T] x Q= [0,T], 0 € O, satisfy forallt € [0,T], 6 € ©
that W& =t + (T — )Y, let W?: [0,T] x Q — RY, § € O, be independent standard Brownian
motions, assume that (U)gce and (W%)gco are independent, and let U?: [0,T] x T% x Q — R,

ﬁE—F’

. <& Nge —gllogy <& I Ze —Idllco1—g1q0py <& (C.26)
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n € Z, 0 € O, satisfy foralln € Ny, 0 € ©,t € [0,T], z € T that

In(n) = 9,0,—k
Ut x) =~ NS gla + WY
k=1
n—1 (T t) mn ¢
- 0,ik . 0,—i,k 0,ik 6,i,k
P kZ<F<U5 ) = W@FUT ) e+ WG )|
1= =1
(C.27)

Example C.9. In order to improve the intuition of the reader regarding Definition C.8, we provide
explicit formulas for the multilevel Picard approximation (C.27) forn = 0andn =1,

1 | — _
Ut,e) =0 and Uf(t,2) = — [Z 9@+ WECTN (T — 1) F(0). (C.28)
k=1

Finally, we provide a result on the accuracy of MLP approximations at single space-time points.
Theorem C.10. It holds for all n € Ny, t € [0,T), x € T? that

1/2
2 n
B [ UO(t, z) — u(t,m)’ ] < L(T + 1)exp(LT)(1+2LT) . (C.29)
m™/2 exp(—m/2)
Proof. This result is [30, Corollary 3.15] with p < 0, p < 2 and £ « L/2. O

C.5 Neural network approximation of nonlinear parabolic equations

In this section, we will prove that the solution of the nonlinear parabolic PDE as in Setting C.7 can
be approximated with a neural network without the curse of dimensionality. At this point, we do not
specify the activation function, with the only restriction being that the considered neural networks
should be expressive enough to satisfy (C.26). By emulating an MLP approximation and using that
F, g and the identity function can be approximated using neural networks, the following theorem can
be proven.

Theorem C.11. Assume Setting C.7. For every ,0 > 0 and t € [0, T there exists a neural network
4. : T% = R such that
[ () = u(t, )| oy < & (C.30)

In addition, U satisfies that
depth(t.) < depth(gs) + log, (3C1 exp(m/2) /e)depth(Fy),

4Cy exp(m/2) ) e (C.31)

width (. ), size(u.) < (size(gs) + size(ﬁ;) + size(Zs)) < s

where
Cy = (T+1)(1+ Lexp(LT)), Cy=5+3LT,

IS (V) (C.32)
9C? exp(m/2)

Proof. Step 1: construction of the neural network. Lete,d > 0 be arbitrary and let F= ﬁ(;,
g = gs and Z = Z; as in Setting C.7. We then define for alln € Nand 6 € ©,

m"

~ In(n) ne1  ~ 0,0,—k
Ufta) = =22 |3 (@ o g+ Wiy ™)
k=1

mnfi

n—1 mn Tt

ZT—t L a0 PP :

+3 )[ (Z Yo FY(U™M) — 1n(i) (@ o FYOT )™ e+ W
1=0

k=1
(C.33)
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with notation and random variables cf. Definition C.8. Note that for every ¢t € [0,T],n € N, § € ©,
every realization of the random variable U’ (¢, -) is a neural network that maps from T to R.

Letn € Ng, m € Nand ¢ € [0, T] be arbitrary. Integrating the square of the error bound of Theorem
C.10 and Fubini’s theorem tell us that

EM U,?(t,x)—u(t,x)‘zdp(x)} :/WE{

O(t,2) — ult, xﬂ du(z)

C.34
L AL(T + 1)’ xp(LT)(1 4 2LT )" €3
m™exp(—m)
From Lemma C.1 it then follows that
2 4L%2(T + 1 2LTY(1 4 2LT)*"
i </ 0(t,2) — u(t,aj)‘ du(z) < 22T+ D" expLT)(1 +21T) ) >0.  (C35)
y i exp(—m)
As a result, there exists w = w(t,n,m) € Q and a realization U2 (w) such that
L(T+1 LT) (14 2LT)™
Q@)(t,) - ult, -)] < AT+ Dexp(LT){ 1 2LT) (C.36)
L2(p) mn/2 exp(—m/Q)
We define
w:[0,T] x N? = Q: (t,n,m) — @(t,n,m) (C.37)
and set forevery 1 < k < n,
Uf () = Ul (w(t,n,m))(t,x) and UL, (t,x) = Ul (w(t,n,m))(t, ) (C.38)

for all k£ € Ny and all § € ©. We then define our approximation as ﬁgyw(t, ).

Step 2: error estimate. We will quantify how well U0

n,w

that for f1, fo € C(R) and hy, hy € L?(u) it holds that
[fioh— fao h2HL2(,L) <l fiohi— fao h1HL2(#) +lfz0h1— fao h2||L2(#)
< ||f1 - f2||CO(]R) + |f2‘Lip(]R)||h1 - h2||L2(,u)7
and the fact that 2n < 2™ for n € N we find that it holds for every 6 € O that,

07, (t2) = Uf o (t,°)|

approximates U%w. Using the calculation

(C.39)

L2 (1)

n—1
< () (19— gz + = DIT =Wl ) + T |77 0 Fo O — FoullH

o L2(p)

n—i 73(0,—1,k) (0,—1,k)

+TZ]]-N I OFOU?, 1w —Fo Uz 1w L2(n)

~ = (n—n (n+1)n
< 1n(n) l|g—g||L2(u) +2TnHF—F‘ ooy ((n—l)—l— T+ ) I — 1] o

9 ,i,k) 9 ,i,k) ( —1i,k) (0,—1,k)

LT ‘ +1 -u’ )

Z ( pagy T OV S 2T

< 1y(m)2 [u@— o + T F = Py, + 0T = Tl

n—1
+ 5™ (max{1, LT}) HU(o k) Ui(e,i,k:)‘ 1 ()||0C — g k)‘ ) .
Z LI ( PR L S A1)

(C.40)

Now let us set for every k € Ny,

Ty = Sup HUlf,w(t’ ) - Ulg,w(tv )‘
(G

, (C.41)
L2 ()
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and in addition we define g = ||g — g||L2(“)—|-THﬁ - FHCO( y o1 = |2 —1d|co and 8 = 2+ LT
R
Taking the supremum over all § € © in (C.40) gives us for all k¥ € Ny that,

k—1

zr < In(k) (oo + ark)B* + Z BN (@5 4 Tmax{i-1.0})- (C42)
=0

Therefore, we can use Lemma C.2 with v <— 0 then gives us that for all £ € Nj it holds that,

Sup Hﬁg,w(t’ ) - Ulg,w(t7 )’

0€O L2(p)
(1+V2)k [ . ~ k
< (k)5 (15 = 9ll o + T||F = F| , 41T~ Tdllco ) (24 L)
(C43)
Next we define
Cy = (T +1)(1+ Lexp(LT)), Co=5+3LT. (C.44)
Combining (C.36) with (C.43) then gives us that,
U0 (t,-) — ult, - ’
|08ty —ute ),
S’Anwta'ngwtv" +'U3wtv'*Ut7"
w(ts) w(t:?) o) wl(ts) —u(t,) ) (C.45)
<CiCy <||§ —gllagn + HF - FHCO(R) + 1T = 1 go +m "2 exp(m/2)) .
For an arbitrary o > 0, we choose
m= CQQ(IH/U), n = ologe, (4C1 exp(m/2) [¢) (C.46)
and if we choose g = g5 and F = Fj such that,
5 € 81+U
g-— <o0o= = , c.47
19=9ll20) = 0= 15707 (4C1) 7 exp(om/2) (C47)
then we obtain that
U0 (t,- —ut,-‘ <e. C.48)
[MCOETOR] (

Step 3: size estimate. We now provide estimates on the size of the network constructed in Step 1.
First of all, it is straightforward to see that the depth of the network can be bounded by

Lo(UR,) < £5(G) + (n = 1)Ls(F) < L5(§) +loge, (3C1 exp(m/2) /o) L5(F).  (C.49)

Next we prove an estimate on the number of needed neurons. For notation, we write M,, =
M (U, ). We find that for all 0 < k < n,

M, < ILN( ) F(Ms(G) + (k = 1)M;5(T))

—|—Zm (2Ms(F) + (2k — 2i — ))M5(Z) + M; + Munaxgi—1.0y) 50

k—1
< In(k)(Ms(G) + Ms(F) + kMs(T))(2m)* + Z mF T (M + Mipaxgi-1,0})-
1=0

Applying Lemma C.2 to (C.50) (i.e. ag <= Ms(g) + Ms(F F), ay < Ms(Z) and B < 2m) then
gives us that

M, <= (M(;( ) 4+ Ms(F) + Ms(2))(1 + V2)™(2m)". (C.51)
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Observing that 2 + 2v/2 < C and recalling that m = C2* /%)

we find that
(Mé(lg\) + Ma(ﬁ) + Mé(I))CQ(3U+2)n/J

4C1 exp (m/2) ) i (C52)

M, <

N~ N

3

(M5(3) + Ms(F) + M5(Z)) (

For the width, we make the estimate Widtha(ﬁ,?,w) < M,,.

C.6 PINN approximation of nonlinear parabolic equations

Setting C.12. Assume Setting C.7, let g € C(T%,R) N L?(u)! and let w : [0,T] x N*> — € be
defined as in (C.37) in the proof of Theorem C.11. Let USM: 0, T] xTIxQ R necZfco,
satisfy for alln € No, e > 0,0 € ©,t € [0,T), x € T¢ that

~ In(n) e el o~ 0,0,—k
Uf () = = ST o g) @+ Wiy ™ (w(t, n,m))
k=1
n—1 mn
(T —1) i1 D300k
Y Y (@ e @)
i=0 k=1
— ()T 0 BT (WP @w(tnom)), o+ WG, (witn, m>>>] :
(C.53)
Lemma C.13. Assume Setting C.12. Under the assumption that,
max ||7/| < (C.54)
1<5<k Ck([—L—-1,L+1])
where T7 denotes j compositions of I, it holds for all £, k € Ny that,
R Y, 2(£+1)!
4 H <Ig 2B,(1 4+ v2)*(1 + 2B THFH k 7
beb H F@llgon (orxmd) [8llce e +2Be(1+ V2)* (1 + 2B, c@(R))
(C.55)

and where By denote the (-th Bell number i.e., the number of possible partitions of a set with {
elements.

Proof. We prove the claim by induction on £.

Base case. From Definition C.8, we find that for £ = 0 and all £ € Ny it holds that

(C.56)

sup (|07
0€6

Claim (C.55) follows immediately for ¢ = 0.

) < H/g\HCO('[[‘d) + QTHF\’

k.
Co([0,T] x T4 CO(R)

Induction step. We assume that claim (C.55) holds true for all 0 < ¢* < ¢ — 1 and k£ € Ny. From
this assumption, we will deduce that (C.55) holds true for £ and all k£ € Ny. We first observe that it
follows from Lemma C.4, the induction hypothesis and the fact that (C, ¢)¢>¢ is non-decreasing for
any k, that forall § € © and 0 < 4,5 < k it holds that,

(T7 o F)(0Y.) < Hzﬂ' o F“
“lee([0,17xT4)

. (C.57)

B,CY ‘(7.9 ‘
c@(m)( R e T e

.~ PRIV
and where (again using Lemma C.4) it holds that HIJ o FH < 2By HFH .
CL(R) ct

!The function § can but need not be the same as the function g., for some € > 0, of Setting C.7.
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Using this estimate and the fact that (C} ¢) x>0 is non-decreasing for any ¢, we can make the following
calculation for every k € Np,
sup |U? ‘
beb | Pl qor)xm)
k—1

~ k—i—1 _ 7\ (7710
< In0lfloes + TZ; e ’(I ° F)(U’V“)‘cw(([o,T]xqrd))

k—1
751 ’I’“ io F)(U? ‘
* Z (i) sup | MWi10)| o ozixre
k—1
< ”r 7.
In(k)|g] e epay JFQB/THFH )2 <B£Ck,e—1 +Slelg Uiw C 0.0 (([0,T]xT4))

BV k-1
2B THFH (i) | B,C* ‘ ‘
+ 25, CZ(R); N(i) (| BeCy - 1+SUP =19 o0 (((0.1]xT4)

< In(k) (19l ce (pay , R)Cﬁx—lk)

n ZQBZTHF‘

Sup‘ i— lw‘

( up ‘ﬁfw‘ + Iy )
CHR) \geo ! 7 1COO(([0,T]xT?) COA(([0,T]xT4))

(C.58)

e
Application of Lemma C.2 with ag - [§lce(gay. 1 4= 2BeCl 1. B < (1+ ZBETHFHC[( ) and
, "
~v < 0 gives us
< \/g\|CZ(Td) + 2B€C£7g_1

sup"ﬁaw‘ < 14+v2)k(1 + 2B THF‘

seo |l Pllco(oyxra) 2 vt ‘ 1w (C.59)
< |lorcen + 2801+ VB )k] Clos

Filling in the definition of C}, ¢ indeed gives us the formula as stated in (C.55), thereby concluding

the proof of the claim. O

Lemma C.14. Let F' be a polynomial. For every o,e > 0 there is an operator U® as in Assumption
3.1 such that for every t € [0, T,

24 (o, ) = G(v) (o, )| pogray S &, CF < OBV CFy, < Ce7. (C.60)

S

Moreover it holds that depth(U®(ug,t)) < depth(ip) + Cln(e™1), width(U®(uo,t)) <
width(tg)e =277 and size(U* (ug, t)) < size(ug)e=277.

Proof. The three bounds are a consequence of, respectively, Theorem C.11 and Lemma C.13 and
(C.45). The size estimates follow from Theorem C.11. Note that one might have to rescale the
constant o > 0. O

D Additional material for Section 4.2

D.1 Errors of DeepONets

In [40], numerous error estimates for DeepONets are proven, with a focus on DeepONets that use
the ReLU activation function. In order to quantify this error, the authors fix a probability measure
u € P(X) and define the error as,

1/2

5 = / / 1G(w) W) - Go(w)(w)|® dydu(u) | ®.1)
X U
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assuming that there exist embeddings X L?(D) and Y= L?(U). From [40, Lemma 3.4], it then
follows that & (D.1) can be bounded as,

& < Lip,(G)Lip(R o P) (&)" + Lip(R)&4 + ér, (D2)

where Lip,, (- ) denotes the a-Holder coefficient of an operator and where & quantlﬁes the encoding
error, where & 4 is the error incurred in approximating the approximator A and where (5071 quantlﬁes
the reconstruction error. Assuming that all Holder coefficients are finite, one can prove that &is

small if é"g, & "4 and 6’73 are all small. We summarize how each of these three errors can be bounded
using the results from [40].

* The upper bound on the encoding error & depends on the chosen sensors and the spectral
decay rate for the covariance operator associated to the measure p. Use bespoke sensor
points to obtain optimals bounds when possible, otherwise use random sensors to obtain
almost optimal bounds. More information can be found in [40, Section 3.5].

* The upper bound on the reconstruction error &% depends on the smoothness of the operator
and the chosen basis functions 7 i.e., neural networks, for the reconstruction operator R.
Following [40, Section 3.4], one first chooses a standard basis 7 of which the properties
are well-known. We denote the corresponding reconstruction by R and the corresponding

reconstruction error by (;@\ﬁ In this work, we focus on Fourier and Legendre basis function,
both of which are introduced in SM A. One then proceeds by constructing the neural network
basis T i.e., the trunk nets, that satisfy for some € > 0 and p > 1 the condition

(D.3)

€
Qe |7 — TrllL2 < TEL

.....

which is shown to imply that,
Er < Ex + Ce, (D.4)

where C' > 1 depends only on [}, ||u||* dGxu(u). Using standard approximation theory,
one can calculate an upper bound on fﬁ and using neural network theory one can quantify

the network size of T needed such that (D.3) is satisfied. For the Fourier and Legendre bases
such results are presented in Lemma D.1 and Lemma D.2, respectively.

* The upper bound on the approximation error & "4 depends on the regularity of the operator
G. We present the tanh counterparts of some results of [40, Section 3.6] in the following
sections, with the main result being Theorem D.6.

For bounded linear operators, these calculations are rather straightforward and are presented in [40,
SM D]. For nonlinear operators, one has to complete all the above steps for each specific case. In [40,
Section 4], this has been done for four types of differential equations.

D.2 Auxiliary results for linear operators

Following Section D.1, we need results on the required neural network size to approximate the
reconstruction basis to a certain accuracy (D.3). The following lemma provides such a result for the
Fourier basis introduced in SM A.5.

Lemma D.1. Let s,d,p € N. For any ¢ > 0, there exists a trunk net T : R% — RP with 2 hidden
layers of width O(pd%l + psln (pssfl)) and such that

p*? max |7 j4y <€, (D.5)
j=1,...,p
where ey, . . ., e, denote the first p elements of the Fourier basis, as in SM A.5.
Proof. We note that each element in the (real) trigonometric basis e1, .. ., e, can be expressed in the
form
e;(xz) =cos(k-x), or e;j(r)=sin(k-x), (D.6)
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for k = k(j) € Z? with |k|o < N, where N is chosen as the smallest natural number such that
p < (2N + 1)9. We focus only focus on the first form, as the proof for the second form is entirely
similar. Define f : [0,27]Y = R : 2 + s -z and g : [-27dN,27dN] — R : x + cos(z).
As f([0,27]¢) C [-27dN,2ndN], the composition g o f is well-defined and one can see that it
coincides with a trigonometric basis function e;. Moreover, the linear map f is a trivial neural
network without hidden layers. Approximating e; by a neural network 7; therefore boils down to
approximating g by a suitable neural network.

From [13, Theorem 5.1] it follows that the function g there exists an independent constant R > 0 such
that for large enough ¢ € N there is a tanh neural network g; with two hidden layers and O(t + N)
neurons such that

g = Gtllos (—2man 2rany) < 4(8(s + 1)3R)* exp(t — s). (D.7)

This can be proven from [13, eq. (74)] by setting 6 < % k< 5,54 t,N < 2and using ||g . =1
and Stirling’s approximation to obtain

1 3\ 1 N ,
(t—s)! (22> Sm(t_s) <exp(s—t) fort>s+ e (D.8)

Setting ¢t = O(In(6~') + sIn(s)) then gives a neural network g, with ||g — gy
follows from [13, Lemma A.7] that

cs < 7m. Next, it

lgof=gtoflles(o2may < 16(c*s*d*)*[lg — G| o ([~2ndn 2xan)) || SCS([O,Qw]d) D.9)
< 16(e?s*d?)*n(2mdN)°. '
From this follows that we can obtain the desired accuracy (D.5) if we set 7; = Gy(,;) o f with
—-3/2
€p
= D.10
K 16(2n Nd3e2s1)s’ (D.10)

which amounts to ¢ = O(s ln(sN 5’1)). As a consequence, the tanh neural network 7; has two

hidden layers with O(s ln(sN 5’1) + N) neurons and therefore, by recalling that p ~ N¢, the
combined network 7 has two hidden layers with

d+1

(’)(p(sln(sNe_l) +N)) = O(psln(ps€_1> +p ) (D.11)
neurons. O
D.3 Proof of Theorem 4.6
Proof. Consider the setting of Theorem 4.6. Using [40, Theorem D.3], the reasoning as in [40,

Example D.4] and Lemma D.1 we find that there exists a constant C' = C(d, £) > 0, such that for
any m, p, s € N there exists a DeepONet with trunk net 7 and branch net 3, such that

size(T) < C(p% + ps ln(pssfl)), depth(T) = 3, (D.12)
and where
size(B8) <p, depth(8) <1, (D.13)
and such that the DeepONet approximation error (D.1) is bounded by
" cml/d
||g(v)—g9(v)”L2( <) <e+ Cexp (—cp ) + Cexp ——7a | (D.14)
! log(m)
Moreover, it holds that
V() ()] < Cp*e, (D.15)

since in this case T approximates the Fourier basis (SM A.5). From (A.15), one can then deduce
the estimate on the C'*-norm of the DeepONet. This proves that (3.7) in Theorem 3.8 holds with
o(s) = s/d. This concludes the proof. O
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D.4 Auxiliary results for nonlinear operators

We provide a neural network approximation result for the Legendre basis from SM A .4.

Lemma D.2. Letn,p € N. For any € > 0, there exists a trunk net T : R% — RP with two hidden
layers of width O(p) such that

3/2

p*% max ir; — Ljflcs - <& (D.16)

where Ly, ..., L, denote the first p elements of the Legendre basis, as in SM A.4.

Proof. Let j € 1,...,p. It holds by definition of Legendre polynomials and the corresponding
enumeration (SM A.4) that the degree in every variable is at most p. Therefore, L; is a product of d
univariate polynomials of degree at most p. From [13, Lemma 3.2] it follows that one needs a shallow
tanh neural network with O(p) neurons to approximate a univariate polynomial to any accuracy. The
result from [13, Corollary 3.7] can be used to construct a shallow tanh network that approximates the
product of the d univariate polynomials. Note that its size only depends on the dimension d and not
on the polynomial degree p or the accuracy. Finally, [13, Lemma A.7] ensures the accuracy of the
composition of the two subnetworks. It then follows that there exist a tanh neural network of width
O(p) and two hidden layers that achieves the wanted error estimate. O

In our proofs, we require tanh counterparts to the results for DeepONets with ReLU activation
function from [40]. We present these adapted results below for completeness.

The first lemma considers the neural network approximation of the map u — }A/(u), as defined in
[40, Eq. (3.59)].

LemmaD.3. Let N, d € N, and denote m := (2N +1)%. There exists a constant C > 0, independent
of N, such that for every N there exists a tanh neural network ¥ : R™ — R™, with

size(¥) < C(14 mlog(m)), depth(¥) < C(1 + log(m)), (D.17)
and such that ¥(u) = (Y; (u),..., Yo (w)), for all u € R™.

Proof. The proof is identical to that of [40, Lemma 3.28]. O

We can now state the following result [66, Theorem 3.10] which is the counterpart of [40, Theorem
3.32] for tanh neural networks.

Theorem D.4. Let V be a Banach space and let J be a countable index set. Let F : [-1,1]7 — V
be a (b, e, k)-holomorphic map for some b € ¢1(N) and q € (0, 1), and an enumeration . : N — J.
Then there exists a constant C' > 0, such that for every N € N, there exists an index set

Ay C {u = (v1,v2,...) € [;e 7No | vj # 0 for finitely many j € j}, (D.18)

with |[Ax| = N, a finite set of coefficients {c, }veny C V, and a tanh network ¥ : RNV — RAN,
Y= {\Iju(y)}VEAN with

size(¥) < C(1 4+ Nlog(N)), depth(¥) < C(1+ loglog(N)), (D.19)
and such that
sup | F@) = D Ve e)| < CN'THAL (D.20)
ye[-1,1]7 VvEAN v

Using this theorem, we can state the tanh counterpart to [40, Corollary 3.33].

Corollary D.5. Let V be a Banach space. Let F : [—1,1]7 — V be a (b, ¢, k)-holomorphic map
for some b € t1(N) and q € (0,1), where k : N — J is an enumeration of J. In particular, it is
assumed that {b; } jen is a monotonically decreasing sequence. If P : V — RP is a continuous linear
mapping, then there exists a constant C > 0, such that for every m € N, there exists a tanh network
U R™ — RP, with

size(V) < C(1 4 pmlog(m)), depth(¥) < C(1+ loglog(m)), (D.21)
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and such that

sup [P o F(y) — VY (Yu1)s- - > Yum)) le2mey < Cf|P[m™%, (D.22)
ye[-1,1]7
where s := q~* —1 > 0 and ||P|| = || P||v_s¢2 denotes the operator norm.
Proof. The proof is identical to the one presented in [40, Appendix C.18]. O

Finally, we use this result to state the counterpart to [40, Theorem 3.34], which considers the
approximation of a parametrized version of the operator G, defined as a mapping

Fi =117 = L2(U)  y = G(u(5y))- (D.23)
A more detailled discussion can be found in [40, Section 3.6.2].

Theorem D.6. Let F : [—1,1]7 — L%(U) be (b, , k)-holomorphic with b € ¢4(N) and k : N — J
an enumeration, and assume that F is given by (D.23). Assume that the encoder/decoder pair is
constructed as in [40, Section 3.5.3], so that [40, Eq. (3.69)] holds. Given an affine reconstruction
R :RP — L2(U), let P : L2(U) — RP denote the corresponding optimal linear projection [40, Eq.
(3.17)]. Then given k € N, there exists a constant Cy, > 0, independent of m, p and an approximator
A : R™ — RP that can be represented by a neural network with

size(A) < Cr(1 + pmlog(m)), depth(A) < Cr(1 + log(m)).
and such that the approximation error &, "4 can be estimated by
Ea < Cr|| P m~*,

where ||P|| = ||P||L2(v)—re is the operator norm of P.
Proof. The proof is as in [40, Appendix C.19.1]. O

D.5 Gravity pendulum with external force

Next, we consider the following nonlinear ODE system, already considered in the context of approxi-
mation by DeepONets in [46] and [40],

dUl v

—, — V2,

dt (D.24)
B2 sin(o) + u(t)

dr Y 1 .

with initial condition v(0) = 0 and where v > 0 is a parameter. Let us denote v = (v1,v2) and

s = (L 320) v0= () (D.25)

so that equation (D.24) can be written in the form

% =g(v)+U, v(0)=0. (D.26)

In (D.26), vy, vo are the angle and angular velocity of the pendulum and the constant -y denotes a
frequency parameter. The dynamics of the pendulum is driven by an external force u. With the
external force u as the input, the output of the system is the solution vector v and the underlying
nonlinear operator is given by G : L?([0,T]) — L?([0,T]) : u — G(u) = v. Following the
discussion in [40], we choose an underlying (parametrized) measure p € P(L?([0,T])) as a law of a
random field u, that can be expanded in the form

2t

u(tY) =Y Yiager (;) ., telo,T), (D.27)
kEZ

where ey (z), k € Z, denotes the one-dimensional standard Fourier basis (A.5) and where the coeffi-

cients o > 0 decay to zero as ay < C,, exp(—|k|€) for some constants C\,, ¢ > 0. Furthermore,
we assume that the {Y}; } ez are iid random variables on [—1, 1].

Assuming the described setting, the following lemma gives an error bound of tanh DeepONets in
terms of the sizes of the corresponding branch and trunk nets.
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Lemma D.7. Consider the DeepONet approximation problem for the gravity pendulum (D.24), where
the forcing u(t) is distributed according to a probability measure ji € P(L*([0,T])) given as the
law of the random field (D.27). For any k,r € N, there exists a constant C = C(k,r) > 0, and a
constant ¢ > 0, independent of m, p, such that for any m, p € N, there exists a DeepONet with trunk
net T and branch net 3, such that

size(7) < Cp, depth(T) = 2, (D.28)
and
size(B) < C(1 4+ pmlog(m)), depth(8) < C(1+ log(m)), (D.29)
and such that the DeepONet approximation error (D.1) is bounded by
E<Ce ™ om™F +Cp, (D.30)
and that for all s € N,
IV () ()] < CpY/2T2se, (D31)

Proof. The proof of the statement is identical to that of [40, Theorem 4.10], with the only difference
that we consider tanh neural networks instead of ReLU neural networks. As a result, the proof comes
down to determining the size of the trunk net 7 using Lemma D.2 instead of [60, Proposition 2.10],
thereby proving the tanh counterpart of [40, Proposition 4.5], and replacing [40, Proposition 4.9] by
Theorem D.6. The C*-bound of the DeepONet follows from the C*-bound of Legendre polynomials
(A.12) and Lemma D.2. O

We can again follow Theorem 3.8 to obtain error bounds for physics-informed DeepONets. As-
sumption 3.2 is satisfied for [0, T']. As a result, we can apply Theorem 3.8 to obtain the following
result.

Theorem D.8. Consider the setting of Lemma D.7. For every 3 > 0, there exists a constant C' > (

such that for any p € N, there exists a DeepONet Gy with a trunk net T = (0, 71,...,Ty) with p
outputs and branch net 3 = (0, B1, .. ., 8p), such that
size(T) < Cp, depth(T) =2, (D.32)
and
size(B8) < C(1 4+ p?log(p)), depth(B) < C(1 + log(p)), (D.33)

and such that

Go(uhr _ g,

< COp~~. D.34
o <Cp (D.34)

L2(p)

+ sin(ge (u)1) — u(t)

+ H dgﬁd (u)2
L2 () L
Proof. Lemma D.7 with s < 1, k < r and m < p then provides a DeepONet that satisfies

the conditions of Theorem 3.8 with * = +o00 and equation (3.7) with o(s) = d/2 + 2sd. The
smoothness of v is guaranteed by [40, Lemma 4.3]. Moreover, it holds that,

dGo(u dGy(u)1  dG(u
H ol _ gy < H ol A0y, - Gowa] e D39)
dt L2(u) dt dt L2 () “
and also that,
dGe(u ]
H % + ysin(Gp(u)1) — u(t)
L2 (p)
dGo(u);  dG(u)s , . |
< — , e
< H o o O +v||sin(G(u)1) — sin(Go(u)1) L (D.36)
dGp(u)2 — dG(u)s
: H it dt LQ(H)MHG(u)l — Go(w1 ] 12,y
Combining this estimate with Theorem 3.8 with k = 2 then gives the wanted result. O
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D.6 An elliptic PDE: Multi-d diffusion with variable coefficients

Next, again following [40], we consider a popular model problem for elliptic PDEs with unknown
diffusion coefficients [10] and references therein. For the sake of definiteness and simplicity, we shall
assume a periodic domain D = T in the following. For b € Ny, we consider an elliptic PDE with
variable coefficients a,

=V (a(z)Vu(z)) = f(2), (D.37)

for u € C*T2(D) with suitable boundary conditions, and for fixed f € C®(D). Similar to the
previous examples, we fix a probability measure w on the coefficient a by assuming that every a can
be written as

a(z,Y) =a(z) + Z arYier(z), (D.38)
kezd

with notation from SM A.5, and where for simplicity @(z) = 1 is assumed to be constant. Further-
more, we will consider the case of smooth coefficients z — a(x;Y"), which is ensured by requiring
that there exist constants C,, > 0 and £ > 1, such that |ay| < Cy, exp(—|k|oo) for all k € Z4. Still
following [40], we define b = (by, ba,...) € £}(N) by

bj = Coexp(—1]k(j)|s), (D.39)

where x : N — Z< is the enumeration for the standard Fourier basis, (SM A.5). Note that by
assumption on the enumeration «, we have that b is a monotonically decreasing sequence. In the
following, we will assume throughout that ||b||,» < 1, ensuring a uniform coercivity condition on all
random coefficients a = a(-;Y") in (D.37). Finally, we assume that the Y; € [—1, 1] are centered
random variables and we let i € P(L?(T?)) denote the law of the random coefficient (D.38).

The following lemma provides an error estimate for DeepONets approximating the operator G that
maps the input coefficient a into the solution field u of the PDE (D.37).

Lemma D.9. For any k,r € N, there exists a constant C' > 0, such that for any m,p € N, there

exists a DeepONet Gg = R o A o € with m sensors, a trunk net T = (0,71, . .., Tp) with p outputs
and branch net 3 = (0, 81, ..., Bp), such that
size(B) < C(1 + pmlog(m)), depth(B) < C(1+ log(m)), (D.40)
and
size(T) < de%l depth(r) < 2 (D.41)

such that the DeepONet approximation error (D.1) satisfies

~ 1
&< Cetm? L om~k 4 CpT, (D.42)
and that for all s € N

IV (u) ()] .. < Cp*/. (D.43)

Cs

Proof. This statement is the tanh counterpart of [40, Theorem 4.19], which addresses ReLU Deep-
ONets. We only highlight the differences in the proof. First, one should use Lemma D.1 instead of
[40, Lemma 3.13], which then results in different network sizes in [40, Lemma 3.14, Proposition
3.17, Corollary 3.18, Proposition 4.17]. Second, one needs to replace [40, Proposition 4.18] with
Theorem D.6.

Moreover, in this case the trunk net 7 approximates the Fourier basis (SM A.5). From (A.15), one
can then deduce the estimate on the C'*-norm of the DeepONet. O

It is straightforward to verify that the conditions of Theorem 3.8 are satisfied in the current setting.
Applying Theorem 3.8 then results in the following theorem on the error of physics-informed
DeepONets for (D.37).
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Theorem D.10. Consider the elliptic equation (D.37) with b > 1. For every 3 > 0, there exists
a constant C' > 0 such that for any p € N, there exists a DeepONet Gy with a trunk net T =
(0,71, ...,7p) with p outputs and branch net 3 = (0, 1, ..., Bp), such that

size(B) < C(1 4+ p?log(p)), depth(B) < C(1 + log(p)), (D.44)
and
size(T) < Cp? depth(T) <2 (D.45)
such that
HV (a(z)VGe(a)(x)) — f(ac)HL%L) < CpP. (D.46)

Proof. We first check the conditions of Theorem 3.8. Lemma D.9 with s < 1, k < rand m < p
then provides a DeepONet that satisfies the conditions of Theorem 3.8 with r* = 400 and equation
(3.7) with o(s) = s/d. Moreover, the following estimate holds,

IV (@(@)VGs(@)()) = @) 2,
< ||v (@) VG (@)(2)) =V (a(@)VG@)(@))]| 2,

d
< Z lalleo [0 poiy F 2 laller 960~ )@@l s,
j=1

Combining this estimate with Theorem 3.8 with £ = 2 then gives the wanted result. O

(D.47)

2 (G~ G)(a)(@)
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