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Abstract. We study quantum neural networks where the generated func-
tion is the expectation value of the sum of single-qubit observables across
all qubits. In (Girardi et al., CMP (2025), it is proven that the probabil-
ity distributions of such generated functions converge in distribution to
a Gaussian process in the limit of infinite width for both untrained net-
works with randomly initialized parameters and trained networks. In this
paper, we provide a quantitative proof of this convergence in terms of the
Wasserstein distance of order 1. First, we establish an upper bound on the
distance between the probability distribution of the function generated by
any untrained network with finite width and the Gaussian process with
the same covariance. This proof utilizes Stein’s method to estimate the
Wasserstein distance of order 1. Next, we analyze the training dynamics
of the network via gradient flow, proving an upper bound on the dis-
tance between the probability distribution of the function generated by
the trained network and the corresponding Gaussian process. This proof
is based on a quantitative upper bound on the maximum variation of a
parameter during training. This bound implies that for sufficiently large
widths, training occurs in the lazy regime, i.e., each parameter changes
only by a small amount. While the convergence result of Girardi et al.,
CMP (2025) holds at a fixed training time, our upper bounds are uniform
in time and hold even as t — oo.
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1. Introduction

In recent years, scientific communities have become increasingly involved in
the use of Artificial Intelligence (AI) to analyze large databases [1,2]. Al cur-
rently encompasses a vast number of subfields, ranging from learning theory to
the mathematical foundations of its development. The core of Al and machine
learning lies in the recognition and identification of complex patterns within
vast amounts of data, enabling these systems to uncover hidden relationships,
make informed predictions, and generate insights that would be difficult, if not
impossible, for humans to discern on their own [3]. Among the new emerging
disciplines, quantum machine learning (QML) is an interdisciplinary field that
merges the principles of quantum computing with classical machine learning
techniques [4-6]. One of the core ideas of QML is to harness quantum algo-
rithms and the unique properties of quantum mechanics such as superposition,
entanglement, and quantum parallelism to enhance the performance of deep
neural models [7]. Quantum neural networks constitute the quantum version
of deep neural models. These new models are based on quantum circuits and
generate functions given by the expectation values of a quantum observable
measured on the output of a quantum circuit made by parametric one-qubit
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and two-qubit gates [8,9]. The parameters of the circuit encode both the input
data and the parameters of the model itself. These parameters are typically
optimized by gradient descent, which involves iterative adjustment to mini-
mize a cost function and improve the performance of the quantum circuit in
the processing and analysis of data [10].

In this paper, we study quantum neural networks applied to supervised
learning for binary classification. Let X be the set of possible inputs (e.g.,
pictures encoded as points in R?), which we assume to be finite. Let © be the
vector of the parameters, and let  — f(©,z) be the function generated by
the quantum neural network. Let {(x(i), y(i)) =1, ..., n} be the set of the
training examples made by the training inputs () € X (e.g., pictures of dogs
or cats) and the corresponding training labels ¢y € {£1} (e.g., y@ = 1 if ()
represents a dog and 3(?) = —1 if 2(!) represents a cat). The goal of supervised
learning is to adjust the parameters © so that f(0O, z) reproduces as closely as
possible the training examples. This is usually achieved by minimizing a loss
function such as the empirical quadratic loss

n

£(0) =Y (£(0,219) — ) (1)

i=1

via gradient descent. For simplicity, in this paper we will consider the
continuous-time gradient flow rather than gradient descent.

Several works have focused on the analysis of quantum neural networks,
as it is believed that they can combine the computational power of quantum
computers with the capabilities of deep learning algorithms [11]. In recent
work [12], the authors had shown that an exponential quantum speed-up can
be obtained via the use of a quantum-enhanced feature space, where each data
point is mapped in a nonlinear way to a quantum state, and then classified by
a linear classifier in a high-dimensional Hilbert space [13]. Nevertheless, a sig-
nificant disadvantage lies in the need to determine the appropriate parameters
to configure the quantum circuit beforehand, and it is not yet clear whether
these parameters can be effectively obtained using a variational technique [14].
In fact, one of the primary challenges associated with training quantum neu-
ral networks is the so-called barren-plateau phenomenon, related to different
causes like entanglement in input states and the locality of observables, which
poses a major obstacle by causing gradients to vanish during the optimization
process, making it difficult to train the network effectively [15-17]. To address
this challenge, several methods have been proposed recently. For instance, in
[18], the authors consider the problem from the perspective of quantum tensor
network optimization; in [19], the authors presented a general theory based
on the Lie algebra of the circuit’s generators to describe the rise of barren
plateaus; in [20], the authors solved the problem of barren plateaus in the spe-
cific case of the Hamiltonian variational ansatz, a kind of quantum circuit used
in quantum many-body problems; in [21], an efficient state ansatz is proposed
to mitigate barren plateaus in the context of variational quantum eigensolvers;
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in [22], a lower bound on the variance of the circuit gradients is derived for
quantum circuits composed by local 2-designs.

In [23], the authors considered an untrained variational quantum circuit
and demonstrated that the associated cost function exhibits an exponentially
vanishing gradient, highlighting the difficulty of overcoming this issue. In con-
trast, the authors in [24] explored more general cost functions inspired by
the quantum generalization of optimal mass transport theory [25] developed
n [26], offering a different approach to mitigate the challenges posed by the
barren-plateau phenomenon. An important problem in the classical theory
of deep learning is the analysis of the behavior of a neural network in the
limit of infinite width. Significant progress has been made in addressing the
question of whether training can perfectly fit the training examples while si-
multaneously avoiding overfitting. A fundamental breakthrough has been the
proof that, in the limit of infinite width, the probability distribution of the
function generated by a deep neural network trained on a supervised learning
problem converges to a Gaussian process [27-29]. These recent developments
have inspired a renewed interest in this important result within the field of
quantum machine learning. Specifically, they have led to investigations into
whether quantum neural networks exhibit similar properties. In this context,
several studies have emerged. For example, [30] proves that in the infinite
width limit, trained quantum neural networks with constant depth operate in
the lazy regime (i.e., the maximum amount by which the training can change
a parameter tends to zero) and are capable of perfectly fitting the training
examples. For a contrasting scenario, see [31].

In the recent work [8], the authors rigorously generalized the above classi-
cal breakthrough to the context of quantum neural networks. They considered
quantum neural networks trained on supervised learning tasks, where the ob-
jective function is defined as the expected value of the sum of single-qubit
observables across all qubits. The authors proved, for the first time, the train-
ability in the limit of infinite width in any regime where the depth is allowed to
grow with the number of qubits (denoted by m), as long as barren plateaus do
not arise. More precisely, Ref. [8] first proves that the probability distribution
of the function generated by a randomly initialized quantum neural network
in the limit of infinite width converges in distribution to a Gaussian process
when the parameters on which each measured qubit depends influence a small
number of other measured qubits [8, Theorem 3.7]. Ref. [8] then proves that
for quantum neural networks trained in continuous time with gradient flow,
the training occurs in the lazy regime and is able to perfectly fit the training
set. The key element of the proof is showing that the dependence of the gener-
ated function on the parameters can be approximated by its linearized version
near the initialization values of the parameters. Consequently, the linearized
evolution equation has an analytic solution whose probability distribution is
Gaussian with analytically computable mean and covariance. As a result, the
probability distribution of the function generated by the trained network is
proved to converge in distribution to the aforementioned Gaussian process (
[8, Theorem 4.15]).
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1.1. Our Results

In this paper, we prove a quantitative version of the results of [8]. Our first goal
is to establish explicit upper bounds on the distance between the probability
distribution of the function generated by the quantum network at initialization
and the corresponding limit Gaussian process. We employ the Wasserstein
distance of order 1, which we denote with dw, and we provide an explicit
upper bound that tends to zero as the number of qubits diverges. Without
giving all the details, we prove the following (see Theorem 5.1 for the formal
statement):

Theorem 1.1 (Convergence at initialization, informal stateglent). We denote
with X the vector made by the elements of X, and with f(©,X) the vector made
by the associated outputs. Let Ko be the covariance matriz of f(0,X) when

the parameters © are randomly initialized. Then, there exist positive numbers

ol KO} given by (5.1) and depending on the number of qubits of the network

m, on the architecture of the network, on the number of possible inputs N and
on the covariance matriz Xy such that

w (£(8,X), N(0,Ko)) < al¥-%o, (1.2)

where N(0,Ky) denotes the centered Gaussian distribution with covariance ma-
triz K.

To obtain the explicit expression (5.1) for aN %0, we employ Stein’s
method, which is a powerful method to estimate the Wasserstein distance
of order 1 of the sum of weakly dependent random variables [32-36]. We will
prove that aY-*¢ depends on the size of the light cones of the quantum cir-
cuit and on a normalizing constant that quantifies the presence or absence
of the barren-plateau phenomenon. The dependence of aY-*o on N scales as

NZ, causing alY-%0 to diverge as the number of inputs increases: the nature of
the network introduces dependencies between different qubits, which cause the
bound (1.2) to be worse than the bound obtained for the sum of independent
random variables in the central limit theorem.

Then, we quantify the distance between the probability distribution of
the function generated by the trained network and its associated Gaussian
process. We prove a strong quantitative version of the results of [8] that can be
applied to any quantum neural network with finite width and therefore does
not require to build a sequence of networks of increasing width. As before,
without giving all the details, we prove the following (see Theorem 5.2 for the
formal statement):

Theorem 1.2 (Convergence of the trained network, informal statement). With
the same notation of Theorem 1.1, let us denote by f(O, X) the vector of the
outputs of a quantum neural network trained via gradient flow for a time t > 0,
where O is the vector of the trained parameters and X is the vector of the
possible inputs. Let X be the vector of the training inputs. Then, there exists a
Gaussian probability distribution N (py(X), K,(X, X)) with mean py := py(X)
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and covariance matriz K, := K(X,X) (that will be determined analytically
in (4.17) and (4.16)) such that

dg)(\s/') (f(@t’ Y)a N(:u‘ta if)) < ,yg’n,fo’ (13)

where {vz’"’%’} are positive numbers given by (5.2) depending on the number

of possible inputs N, on the number of qubits m, on the architecture of the
network, on the covariance matriz at initialization Ko and on the number of
training examples n, and ds,f,) denotes the truncated Wasserstein distance of
order 1 defined in (2.57).

Let us point out that ’yﬁ"ﬁo depends on the previous constant aﬁjﬂ,

and thus, its dependence on N is of order N?. We stress that (1.3) is valid
for any quantum neural network of finite width, unlike the results of [8] which
require to build a sequence of quantum neural networks with diverging width.
Furthermore, [8] proved the convergence to a Gaussian process at fixed train-
ing time, and such result cannot be directly extended to the limit ¢ — oo,
unless such limit is taken after the limit of infinite width. On the contrary,
T]x,n,iKo

the constants {7 } do not depend on the training time, and therefore,

the bound (1.3) is uniform in time and holds for finite width even in the limit
t — oo. Lastly, let us notice that (1.2) and (1.3) imply the convergence results
of [8].

As in [8], the proof of Theorem 1.2 is based on the following upper bound
to the maximum variation of a parameter during training (see Theorem 7.1
for the formal statement):

Theorem 1.3 (Lazy training, informal statement). With the same notation of
Theorem 1.1 and Theorem 1.2, let us denote by x — fi(0,x) the first-order
Taylor approzimation of x +— f(©,x) with respect to the parameters © ex-
panded around their initialization values. Let x — f(Of ) be the model
obtained by randomly initializing © and training x — fi"(0,x) via gradient
flow for time t. Then, for any 0 < 6 < 1 there exist positive numbers {nm, ns}
gien by (7.10) depending on m,n,d, and further constants, such that with
probability at least 1 — §, one gets that

sup | (0, ) — f(O1", 2)| < .o (1.4)
S0

where X is the set of all the possible inputs.

We stress that, for any fixed n and 6, 1y.n,s — 0 for m — oo if barren
plateaus do not arise. Therefore, (1.4) proves that if m is large enough, each
parameter remains with high probability close to its initialization value and
that the training happens in the lazy regime. In the formal statement of Theo-
rem 1.3, we provide two main improvements with respect to [8, Theorems 4.10,
4.12]. First, [8, Theorems 4.10, 4.12] require to build a sequence of networks
with increasing width and hold only if the width is larger than some value that
has not been computed. Instead, we want to describe the training dynamics of
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a network with finite width; therefore, we have replaced the hypotheses about
the asymptotic behavior of the network with the quantitative requirement at
finite size (7.6). Second, while the bounds of [8, Theorems 4.10, 4.12] con-
tain constants that have not been computed and that depend on the failure
probability of the training at finite width, we have provided explicit bounds.

The article is organized as follows. In Sect. 2, we introduce some pre-
liminaries, notations, and our hypotheses. In Sect. 3, we recall some known
facts about Gaussian processes. In Sect. 4, we recall some facts about the
Stein method and its relationship to the Wasserstein distance of order 1. In
Sect. 5, we state our main results. In Sect. 6, we prove Theorem Theoreml.1.
In Sect. 7, we prove Theorem 1.3, which is then used to prove Theorem 1.2.
In the same section, we prove Theorem 1.2. We conclude in Sect. 8. Lastly, for
the sake of completeness, we include appendices to discuss the regularity of the
solutions of the Stein’s equation (Appendix A) and some theorems proved in
[8] regarding the convergence of the function generated by a quantum circuit
to a Gaussian process (Appendix B).

2. Preliminaries

Let us start by introducing the notation of the present work (Tables 1 and 2).

TABLE 1. Notation concerning the general properties of the
circuit and the Wasserstein distance

Symbol Description Introduced in

m Number of qubits in the parameterized quantum circuit Section 2.2

L Number of layers in the parameterized quantum circuit Definition 2.1

C) Vector of the parameters of the quantum circuit Equation 2.3

P Denotes the parameter space, so that © € &. Here & = Section 2.1
[07 7r}Lm

(€] Number of parameters |©| := dim& = Lm Section 2.2

U(©,x) Parameterized quantum circuit (unitary operator) 1bid.

f(©,z) Function generated by the quantum neural network Section 2.4

N(m) Normalization factor of the model ibid.

M; (Extended) future light cone of the parameter ¢ Definition 2.13

N (Extended) past light cone of the observable k Definition 2.7

| M| Maximal cardinality of a future light cone in the circuit Equation 2.14

IN| Maximal cardinality of a past light cone in the circuit 1bid.

P Set of indices of the observables depending on the observ- Equation 2.22
able ¢

P, Set representing the union of the sets P; for those j in P; Equation 2.26

dw Wasserstein distance of order 1 Section 2.8

d&,f,) Truncated Wasserstein distance of order 1 ibid

w Continuity modulus of the Hessian of the solution of Stein’s Equation A.3

equation
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2.1. Training Data

Let X € R? be the feature space, i.e., the set of all the possible inputs, which
we assume to have finite cardinality N = |X|. We will often use the notation
X to represent the vector having as entries the elements of the input space X.
Let R be the output space. Let

D= {(x(i),y(i)):izl,...,n}CDCx‘é (2.1)

be the training set. We set n = |D| to be the cardinality of D. We let &
be the parameter space, and let © € & be the vector of the parameters. Let
f 2 xX — R be a generic parametric function. As a cost function, we
consider the mean squared error on the training set D of cardinality n
n
£(0) =Y (f(0,29) = y)

i=1

2

(2.2)

2.2. Quantum Neural Networks

Let C? be the Hilbert space of a single qubit. In what follows, we denote by
m € N the number of qubits of the quantum neural network. Hence, the Hilbert
space of the system is H = ((C2)®m, and its dimension denoted as dim J{ is
2™, Following the notations of [8], we recall what a “layer” is.

Definition 2.1. A layer is a unitary operation U(0©, z) € £(H) resulting from:

1. the application on each qubit of a different parametrized single-qubit gate
W;(©) € £(C?); each parametrized gate depends on a single parameter
0;, which is different for each gate,

followed by

2. a set of one-qubit and two-qubit gates acting on disjoint qubits, that is,
each qubit can be acted at most one gate; each gate may depend only on
the input x; the resulting unitary operation will be called V' € £(H).

In what follows, a quantum circuit is a combination of parameterized layers
Ue(©,x), £ € N. Next, we let L € N be the number of layers in a quantum
circuit, which may depend on the number of qubits m.

In the next, we consider #q,...,05,, be the parameters of a quantum
circuit, so that © will be the vector
61
02
0= . , (2.3)
eLm
of dimension dim® := |©| = Lm. We now recall a convenient notation for the
indices of the parameters used in [8].
Definition 2.2. Each parameter index i € {1,..., Lm} can be expressed in the

form i = m(¢ — 1) + k for some ¢ € {1,...,L}, and k € {1,...,m}. Here, k
refers to the qubit involved in the single-qubit gate parametrized by 6;, while
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¢ refers to the layer in which such gate acts. The following compact notation,
which we call layer-qubit representation of the parameter index ¢, simplifies
the above form:

i=[fm]=m—1)+k. (2.4)
Therefore, a layer Uy (©, x) can be written as
Ue(©,2) :=Vi(z) Wi ®@ -+ ® W[gm]) (©)
= Vi(z)Wy(0),
where we have set W;(0) := (W[a] ®R-® W[gm]) (©). The result of the circuit
on an initial state |t¢g) is described by the unitary operation
U©,z) :=Ur(0,2)---U1(0,x); [Yout) := U(O, 2)|1hg). (2.6)
2.3. Light Cones

The architecture of the network generates a causal structure where the prob-
ability distribution of the outcome of the measurement of each output qubit
can depend only on some of the parameters, and each parameter can influence
only some output qubits. Such causal structure is formalized by the notion of
light cones:

Definition 2.3. (Light cones) For any i € {1,...,|0|}, we define the future
light cone ,,?if of the parameter 60; as the subset

,%f ={ke{l,...,m}: fr(©,x)depends ond,} . (2.7)
Analogously, we define the past light cone £} of the qubit k as the subset
LP={ie{l,...,|0]}: fr(©,z)depends onb;}. (2.8)

(2.5)

Both sets Efif , and gkf are useful for tracking the dependence of ob-
servables on the parameters. In general, it is difficult to provide an explicit
representation of them. For this reason, we now introduce another family of
sets that can help us to explicitly track the dependence on the parameters.
For any quantum circuit U, we define the following sets. For each layer ¢, and
qubit k, we set
Jog = {k € {1,...,m} : the qubit k interacts with the qubit &’ in the layer ¢}

U{k}. (2.9)
We now set,
Jop ifl=1L,
Ji = U dew ife<L. (2.10)
k/€3i+1
In particular, g}, is the set of qubits in the past light cone of the observable

k, i.e., the qubits involved in the computation of its expectation value.
Furthermore, we set

Ny = {lew]} (2.11)

k'e€dy,
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Definition 2.4 (Extended light cones). Let us fix a quantum circuit U. Given
any qubit index k € {1,...,m}, we define the extended past light cone Ny, as
the subset of the parameter indices {1,...,|©|} given by

L

Ny =N, (2.12)
=1

Similarly, we define the extended future light cone of a parameter index
1€{l,...,]|0]}, as

M, :={ke{l,...,m}:ie N} (2.13)
In the next, we set

M = max [M; [N] := max [Ny | (2.14)
the maximal cardinalities of the extended light cones.

Remark 2.1. We notice that £} C N, and iﬂif C M;, and thus from now on,
we can only consider the extended light cones.
2.4. Assumptions on Architecture and Initialization

We assume the following:

A 1. We consider an observable O given by the sum of single-qubit observables
Oki

Ozzokzol®12®®ﬂ7n+ﬂl®02®®1m
k=1
1, ®1:® - ® O, (2.15)

where each Oy is traceless and has the spectrum contained in the interval
[—1,1]. We further assume that the parametric one-qubit gates of the circuit
W;(0;) can be written as time evolutions generated by hermitian hamiltonians
G; with spectrum in {—1, 1}, i.e.,

Wi(0;) =e 9% G =gl=g7". (2.16)

We notice that 6; — W;(6;) is periodic with period = up to an irrelevant
multiplicative constant, so we fix the parameter space to be & = [0, n]F™,
and thus [O] = dim& = Lm. The function generated by the network is then

f(©,z) = mmmwf(@ £)OU(O,z)|0™)

1 m
NmZ

(2.17)

where

fe(©,z) == (0™|UT(©,2)0, U(O,z)[0™). (2.18)
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A 2. We assume that each parameter 6; is initialized independently by sam-
pling it from the uniform distribution on [0, 7| and that the final layer is chosen
so that Eg fx(0,2) =0forany k = 1,...,m and any x € X. For any z, 2’ € X,
let

Ko(z,2") =E(f(©,2) f(©,2")). (2.19)
We assume that Ko(z,2) > 0 for any x € X and that N(m) is chosen such
that

r;lg&(%o(x, x)=1. (2.20)

Finally, we assume that N(m) > 1 (our bounds would anyway become trivial
if N(m) <1).
In what follows, let us set
Vi.={1,...,m}. (2.21)
For each k € V', we define
Pr:={k' €V : fi(6,x) is not independent from fi(O,z)}. (2.22)

This set is crucial since takes track of the number of random variables fi/ (0, x)
that have correlation with f(0,z). Let 4 = (V, E) be the graph with vertices
V, and edges F defined as follows. We say

(k,k") € E if and only if k' € Py. (2.23)
Furthermore, we define the maximal degree D of 4 as the maximum
number of edges containing any fixed vertex as
— _ / . / -
D := rknea&(degk = r]?ea&d{k eV:(kk)eE} = max |Pr|. (2.24)
Let us notice that according to the definition of P;, we have that j € P; if and

only if ¢ € P;. Let dist be the distance on ¢ given by the length of the shortest
path, such that for any i € V' we have

Pi={j eV dist(i,j) <1}. (2.25)
In what follows, we set
Pii=J Py ={j €V dist(i,j) <2}, (2.26)
Jie®;
and
D= max {(i,j) PiND; £ (ZJH = max [{(i.j) : dist(i,) < 4} (2:27)

Lemma 2.1 [8, Lemma 2.9]. For any k € {1,...,m}, let Py be defined as in
(2.22). Then

| Pl < [MI[N]. (2.28)
In particular,

D < [M|IN]. (2.29)
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Lemma 2.2. We have

D < |M|* N (2.30)
Proof. Note that by definition of D, we have that
D < D%,
and so that by Lemma 2.1, we are done. O

Remark 2.2. For any : =1, ...m, let
f1(0,X)
Z; = E —__" - (2.31)
(m)

N
keP;

Then if P N flsj = (), we have that Z; is independent of Zj. This fact will be
significant when proving Theorem 5.1.

2.5. The Neural Tangent Kernel

Before presenting our main result, let us review some relevant facts about the
quantum neural tangent kernel as presented in [8]. We are interested in the
analysis of the minimization of the cost function (2.2) via gradient flow:

% = -—nVel(6,) (2.32)
where n > 0 is the learning rate that can be reabsorbed by rescaling the
training time, and the initial value of © is given by the random sampling of A
2. Notice that

d do; 2
aﬁ(@t) = Vel(0:) = —n[Vel(6:)]; < 0. (2.33)
We stress that in general, the loss function £(0) is not convex; hence, gradient
flow is not guaranteed to converge to a global minimum. Given a training set
D= {29,y )}z € X xY, we will call n = |D| the number of examples
and we will represent it in a vectorized form as follows

2 e
X = ,ov=|".|. (2.34)
() )
Given any function g : R — R, we will often use the following notation:
g(zM)
g(z?) - ) ,
gX) =" T g(XT) = (g(aW) g(@®)) - g(at™))  (2.35)
g(z™)

Similarly, for any bivariate function K : R x R — R we will write K (X, XT)
to indicate the n x n matrix with entries (K(X,X7)).. = K(z,2()) for
1 < 4,7 < n. In what follows, we denote by

X = (m(l), x(”))T (2.36)

ij
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the vector of the training inputs and by X the vector of all the possible inputs
in X. We set
f(®t7 1,(1))

f(@t,I(Z))

F(t) := = (0, X). (2.37)

f(@)tv x(n))
From the gradient flow equation (2.32) and the chain rule, the evolution equa-
tions for the parameters and the model function can be written as

d(?tt = _nv@f(@taXT)Vf(@hx)L(@t),

L 1(6r,2) = -1 (Vo f(0r,2)" Vo f(01nXT)V o, x)L(04),

where Ve f(0, XT) denotes the gradient of f(©;, XT) with respect to © while
Vo,,x)L(0;) indicates the gradient of the cost function L with respect to
(O, X). Recall that T is the transposition operator.

(2.38)

Definition 2.5. We define the empirical neural tangent kernel, in short empir-
ical neural tangent kernel, as

Ko(z,2') := (Vo f(01,7))" Ve f(Or,2'). (2.39)
(2.38) can be written as
49 = Ve (O XT)V e, x)L(01),
$1(64,X) = —nKe, (z, XT)V (0, x)L(61).

We mention that the quantum neural tangent kernel has been studied
in several works inspired by the success of the neural tangent kernels (NTKSs)
in describing the dynamics of classical neural networks and the convergence
of the training processes [37-42]. In [37], a quantum NKT for deep quantum
circuits is introduced considering a first-order expansion with respect to the
parameters since, during training, for a deep enough circuit the parameters
do not move much from initialization. In [38], the authors propose the use of
efficient quantum algorithms to construct kernel functions based on properties
that are difficult to compute by classical computations. In [39], the authors
consider a class of hybrid neural networks composed of a quantum data encoder
followed by a classical network where the quantum part is randomly initial-
ized according to unitary 2-designs, and the classical part is also randomly
initialized according to Gaussian distributions, then they apply the NTK the-
ory to construct an effective quantum kernel, which is in general nontrivial
to design. In [40], neural tangent kernels for variational circuits are defined,
then the authors derive dynamical equations for their associated loss function
in optimization and learning tasks, they analytically solve the dynamics in
the lazy training regime. In [41], the authors study the connections between
the expressibility and value concentration of quantum tangent kernel mod-
els. In particular, for global loss functions, they rigorously prove that high
expressibility of quantum encodings can lead to exponential concentration of

(2.40)
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quantum tangent kernel values to zero. In [42], there is an analysis on the
effects of hyperparameter choice on a quantum kernel model performance and
the generalization gap between classical and quantum kernels.

2.6. The Assumptions for the Neural Tangent Kernel

In what follows, we introduce some useful assumptions to treat the behavior
of the neural tangent kernel. Before, let us recall the definition of the analytic
neural tangent kernel.

Definition 2.6. We define the analytic neural tangent kernel as the expectation
of the empirical neural tangent kernel:

K(z,2') .= E(Ke(x,2")). (2.41)

A 3. We suppose that the neural tangent kernel restricted to the training in-

puts K = K(X, X7 is invertible. We denote with \X__and AX, its maximum
and minimum eigenvalue, respectively.
A 4. Let us furthermore assume that
96n\/ Lm|M|?|N]
K
)\min 2 N2 (m) 1Og <2n2 N(m)>7 (242)

Lm|M?|N|? o1 1
N3(m)  256log2 N2
Eq. (2.42) will be needed to enforce that the empirical neural tangent kernel
is strictly positive with high probability, while eq. (2.43) will be needed to
enforce that the empirical neural tangent kernel is close to the analytic neural
tangent kernel with high probability.

(2.43)

2.7. The Expected Behavior of N (m) in Circuits with Logarithmic Depth
In the quantitative bounds that we are going to provide in the next sections,
the dependence on the number of qubits will appear as

PN N
(o o ¥ (2.49)

for some «, 3,7,9,0,v > 0 according to the precise statement. As discussed
in [8], in some cases it is possible to estimate N(m), | M| and |N| so that the
asymptotical behavior of the bounds for wide circuits can be studied. In the
example provided by E. Abedi & al. in [30] we have L = O(1) and

N(m) = m, |M|=0(L), [N|=O(L?). (2.45)

As we will see, in general § < %, this kind of circuit always satisfies all our
theorems. However, since dim Hj,. = 205 = O(1), such circuit is classically
simulable, so we do not expect to achieve quantum advantages with such ar-
chitecture.
A suitable class of circuits for investigating quantum advantages is the
one studied by J. C. Napp in [43], where the following bound is provided
N(m) >

> QC—NZ for some fixed C. (2.46)
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Furthermore, we will prove that (see (6.18))

N(m) < /mM|N]. (2.47)

In a generic setting the number of qubits in the past light cone of any observable
Oy can grow as

9] = 0(2"). (2.48)

Under the hypothesis of geometrical locality (i.e., each qubit can interact only
with the nearest neighbor qubits), a d-dimensional lattice of qubits has

3k = O(L?). (2.49)

Let us assume to choose L = elog, m. Without assumptions on the geometrical
locality, |JL| = O(m®), which is an upper bound, so any growth |J}| = ©(m*")
with ¢ < e can be achieved by an appropriate choice of the interactions. In
this case, the dependence on the number of qubits will provide a prefactor
(2.44) asymptotically vanishing provided that e, €’ are small enough. Indeed,
up to multiplicative constants, (2.44) will behave as

1 B+ (v+6)€e v
lim <(°g2T:31 e (logm)” | =0 (2.50)

m—00

since in all our bounds we have 5 < 1/2. However, the local Hilbert spaces

have a quasi-exponential dimension 2’"6/. In the geometrically local setting, we
can choose |J}| = O((elog, m)?9); if d > 2, then the local Hilbert spaces have
a super-polynomial dimension, since 2(¢1°g2 m)? — e’ logs ™ m Besides, (2.44)
is asymptotically vanishing for e small enough.

The fact that there are circuits such that the quantities of the form (2.44)
are asymptotically vanishing—as in (2.50)—is fundamental to understand why
both conditions of Assumption A 4 are reasonable. Since in (2.43) a quantity
of the form (2.44) appears, we immediately see that it can be satisfied by the
circuits described above when the number of qubits is large enough. Similarly,
for any fixed Ao > 0, if we restrict the class of circuits considered above to the
ones having AE, > )¢, then (2.42) holds provided that m is large enough.

We should mention that the exponential decrease of N (m) on the number
of layers is a manifestation of the phenomenon of barren plateaus [43]. We will
not further investigate the particular architectures which satisfy our theorems,
but our statements will be motivated by the existence of examples such as the
ones we have just presented.

2.8. The Wasserstein Distance of Order 1

In this subsection, we introduce the distance that we employ to quantify the
closeness between the probability distribution of the functions generated by
quantum neural networks and the associated Gaussian processes (for a pre-
cise definition of what a Gaussian process is, see Section 3): the Wasserstein
distance of order 1, also called Monge—Kantorovich distance or earth mover’s
distance [44-46]. The Wasserstein distance of order 1 has been introduced in
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the context of optimal mass transport as the minimum cost required to trans-
port a mass distribution into another [47,48]. It admits applications in several
areas of mathematics [25] and in the general scenario of transporting resources
in the cheapest way [49,50]. As a distance among probability distributions,
the Wasserstein distance finds natural applications in statistics [51] and ma-
chine learning [52-55] and it is also be extended to the quantum realm and
considered in the context of quantum machine learning [24,56].

Let (Q2,P) be a probability space. Let us denote by ¥ := ¢(R?) a col-
lection of Borel-measurable real-valued functions on R?. We say that the class
¢ is separating if the following property holds: any two R?-valued random
variables F, G satisfying h(F), h(G) € L*(Q,P) and E (h(F)) = E (h(G)) for
any h € €, have necessarily the same law. The distance between the laws of
F and G induced by ¥ is

d¢ (F, G) := sup {|E (h(F)) — E (h(G))| : h € €}. (2.51)

The Wasserstein distance of order 1 between the laws of F' and G, denoted by
dw(F,G), is obtained from (2.51) by taking ¢ to be the set of all functions
h :R? — R such that [All;, <1, where

[h(z) = h(y)]

aty T =yl
z,yG]Rd

1l = ; (2.52)

and |||, denotes the usual Euclidean norm in R?. The Wasserstein distance
of order 1 admits the following equivalent formulation:

dw (F,G) := inf {/]Rded |z —yllydy(z,y) : v € F(law(F),laW(G))} , (2.53)

where I'(law(F'),law(G)) denotes the set of all probability measures supported
on R? x R? with marginals law(F), and law(G). In (2.53), we defined the
Wasserstein distance of order 1 between the law of two random variables,
F,G. In general, this definition applies for any probability measures u, v on
R¢. Furthermore, the distance (2.53) can also be expressed in terms of the
so-called Monge-Kantorovich formulation [57]. Let 7' : R? — R be a Borel
map, and denote by 7% the push forward of p through T' defined by

Tyu(E) := w(T7Y(E)) VE CR? Borel (2.54)

The Monge version of the transport problem is the following: Let u, v be prob-
ability measures on R¢ absolutely continuous with respect to the d-dimensional
Lebesgue measure. Minimize

T [ =T ()|, dp(z), (2.55)

Rd xR4
among all the transport maps T from p to v, that is, all maps T such that
Typ = v. It is well-known that (2.53) is equivalently written in terms of the
minimization problem (2.55). That is, there exists an optimal transport map
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T :R? — R? such that
() = [ o =Tl du(o) (2.56)

In what follows, given s > 0, we will also need the following truncated version
of the Wasserstein distance of order 1, denoted as d%,f,)(F ,G):

dg/f,)(R G) :=inf {/ A (2, y)dy(z,y) 1 v € F(law(F),law(G))} )
o (2.57)
where
d®(z,y) ==z —yl, As, forz,yeR (2.58)

Let us denote by %rip(1),s the class of 1-Lipschitz functions with respect to
d®), and by %1p(1) the class of 1-Lipschitz functions with respect to |||,
Notice that G1ip(1),s C @Lip(1), and thus by the dual characterization of the
1-Wasserstein distance, we get that

d(F,@) < dw(F,G). (2.59)

3. Some Relevant Facts About Gaussian Processes

In this part, we collect some of the properties needed in the study of the con-
vergence of a sequence of random variables {X,, },en to a Gaussian processes.
Let us start by recalling what a stochastic process is.

Definition 3.1. A stochastic process is a collection of random variables (X4 ) ¢ 4
defined on a same probability space, where A is a set of indices.

It is customary to write X ~ Y when the random variables X, and
Y have the same probability distribution. We say that a random variable X
is Gaussian, or distributed according to a Gaussian probability distribution
N(u,0?) with u € R, o # 0, if its probability density is given by
1 —(z—pw)?

p(z) = \/272(3 22z eR.
o

In the vectorial case, given 1 € R, and X € is positive definite matrix, we
write X ~ N(u,X) if X is a random vector with probability density function

RdXd

pa) = — L K ),
(2m)% /det(K)

In what follows, we recall what a Gaussian process is.

z € R.

Definition 3.2. A stochastic process { X, }aca is called Gaussian process (GP)
if for every subset F' C A there exist a vector pup € RIFI and a positive
semidefinite covariance matrix Xz such that

{Xataer ~ N(ur,Xp). (3.1)



Quantitative Convergence of Trained Quantum

In particular, if we define the mean function p: A — R, and the covari-
ance function X: A x A — R as

u(a) == E(X.) (3.2)
(e, o) = E ((Xa — p1(0))(Xer — p(a))), (3.3)

then, we can consider ur, and KXp as the vector, and the matrix given by the
evaluations of these functions, that is, we may set

pr = u(F), Kp=X(FFT). (3.4)

An important fact about the Gaussian processes is that it can be char-
acterized by the mean and the covariance function. Then, we can refer to a
Gaussian process { X, }aca by writing

{Xataea ~ GP(u, X). (3-5)

In what follows, we aim to recall some about the convergence in distribution
of random variables.

Definition 3.3. We say that a sequence of real random variables { X, } ,en con-
verges in distribution to a real-valued random variable X if for any bounded,
and continuous function f : R — R, one has that

JJim_E((X.) = E(/(X).

In this case, we denote it as X, 4 x.

4. Multidimensional Stein Methods

In this section, we recall some concepts related to Stein’s method, which we
will employ to study the closeness between the law of a function generated by
a quantum circuit and that of a Gaussian random variable. Stein’s method is a
probabilistic technique that enables the assessment of the distance between two
probability measures via second-order differential operators. Specifically, we
aim to bound the Wasserstein distance of order one using bounds on solutions
to the so-called Stein equations, which we briefly review in this section.

In what follows, we set d > 1, and denote by My, the set of all real
d x d-matrices. Given a positive semidefinite matrix ¥ € Mgy 4, we denote by
Ny4(0,3%) the law of a R%valued Gaussian vector with mean zero and covari-
ance matrix . When ¥ is the identity matrix, we write 14. In what follows,
we closely follows the notation of [32, Chapter 4]. We denote the Hilbert—
Schmidt inner product and the Hilbert-Schmidt norm by (-,-)yq and [|-|| g,
respectively:

(A,B)ys = tr(ABT), || Allgs = /(4 A)ys VA, BEMgyxa, (4.1)

where tr(-) denotes the usual trace operator. In the next, we denote by [|Al|,
the operator norm of A

[Allop = sup { ||[Az||, : z € R* such that [|z||, = 1}, (4.2)
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where [-||, is the Euclidean norm of R?. The following lemma, commonly
referred to as Stein’s Lemma, will be used to derive bounds on the Wasserstein
distance of order one between probability measures:

Lemma 4.1 [32, Lemma 4.1.3]. Let ¥ be a positive semidefinite d X d matriz.
Let N = (Ny,...,Ng) be a random vector with values in RY. Then N has
Gaussian Ng(0,%) distribution if and only if

E (N, VF(N))ga) = E (3, Hess f(N))ys) (4.3)

for every C? function f : R* — R having bounded first and second derivatives.
Here, we have denoted by Hess f the Hessian matriz of f.

In the statement of the previous lemma, there is no need to restrict
>} to be positive definite. However, in the next definition, we make such an
assumption.

Definition 4.1. Let 3 be a positive definite d x d matrix. Let N ~ Ny(0, X).
Let h : R? — R be such that E|h(N)| < +oo. The Stein equation associated
to h and N is the partial differential equation

(X,Hess f(x))ys — (@, V f(2))ga = h(x) —E (h(N)). (4.4)
A solution to Eq. (4.4) is a O%-function f satisfying (4.4) for every = € R
The following proposition relates Lipschitz functions with Eq. (4.4).

Proposition 4.1 [32, Proposition 4.3.2]. Let N ~ Ng(0,%). Let h : R? — R
be a function with Lipschitz constant K > 0. Then the function fj, : R? — R
given by

fulz) = /OOOIE(h(N) —h (exp(ft):ch \/mjv)) dt (4.5

is well-defined, it is a C%-function and satisfies (4.4) for all x € R, Further-
more,

sup |[Hess fu (2)[|gs < KVA|[S7|,, 15112, (4.6)

zeRd

The following theorem provides an explicit relationship between the
Wasserstein distance of order one and the bound given in (4.6).

Theorem 4.1 [32, Theorem 4.4.1]. Let ¥ be a positive definite d x d matriz,
and let N ~ Ng(0,X). For any square integrable random vector F with values
in RY, we have

dw(F,N) < sup [E((X,Hess f(F))ys) — E((F, Vf(F))ga)l (4.7)
feEZ4(E)

where
Fa(X) = {f :RY — RisC?, and sup [[Hess f(x)|lgs < Vvd HZ—luop ||Zép}.
z€RI
(4.8)



Quantitative Convergence of Trained Quantum

This theorem provides an explicit form for bounding the Wasserstein
distance of order one. However, this comes at the cost of a less favorable
bound with respect to the dimensionality of the ambient space R?, and the
fact that the right-hand side depends on the inverse of the covariance matrix
3, which can be challenging to determine explicitly in certain cases [58].

4.1. The Analytic Solution for the Linearized Model

By using a linearized version of (2.40), it is possible to study the behavior of
this evolution equation directly. In particular, the first-order approximation of
the function f(©,-) enables the analysis of the asymptotic properties of the
function itself [8,30]. In what follows, we consider

doejr in in
= = —1Ve (00, XT)V pine, x) LM (O)),

_ _ A ' _ (4.9)
%thl(@}fln7X) _ —77K®o (l‘,XT)Vflin(@ltin7X)Lhn(®};n),
where the linearized version f1"(©Hn ) of the system (2.40) is given by
(O x) = f(©0,2) + Ve (O, z)" (O — ). (4.10)

Furthermore, L' is the loss function £ computed on D using the linearized
model function (4.10) instead of the original model function f(©q,-). Using
the notation (2.37), we may write the equation for f(©y,-), and for fin(@hn .)
as

S F(1) = ko, (F(1) ), @)
S P(1) = o, (F™ () - V) (4.12)

where Fi"(¢) := fin(@li| X), Ko, = Ko, (X, XT), for t > 0. For one moment,
suppose that Ke, is invertible. The solution of (4.12) gives the evolution of the
linearized function evaluated at the inputs of the dataset. Since Fi"(0) = F(0),
we have that

Flin(t) = e Koo (F(0) — V) + V. (4.13)

For a new input, one gets that

d . . o

LSO 1) = —ne, (x, XT)e R (PO) = Y).  (4.14)
Therefore,

1 (1", @) = [(80,2) — Ko, (2, XT)Kg! (1 = e775e0t) (F(0) - V).
(4.15)
Based on this observation, [8] proved that the probability distribution of

{f1(©y,2)} sex converges in distribution to a Gaussian process in the limit of
infinite width. This motivates the following notations. We denote by f(°)(-)
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the Eaussian process to which (0o, -) converges in distribution. Let us denote
by X the vectors of all the inputs of X. For ¢ > 0, we set
Ki(z,2') = Ko(z,2") — K(z, XT)K' (1 — e "5) Ko (X, 2")
— K@, XT)K™ (1 — e ") Ko (X, 2)
+ K(z, XT)K ™ (1 — e 7)) Ko (X, XT)
(1—e %) K'K(X,2"),
(4.16)
pe(z) == K(z, X")K~H (1 — e "5) Y. (4.17)
More precisely, [8, Corollary 4.9] proved that {f'"(©;,z)},cx converges to

the Gaussian process with mean and covariance defined by (4.17) and (4.16),
respectively.

5. Main Results

In this section we state our main results.

Theorem 5.1 (Convergence at initialization, formal statement). Suppose that

A 1-A 2 hold true. Let Ko = Ko(X, YT) be the covariance matriz of the
quantum neural network at initialization. Then, we have

dw (7(0.3).50.50) < 5 (25| %ol +6)
m|MTEIN T2

N7 (m) (14+log N(m)), (5.1)

where N(0,XKq) denotes a centered Gaussian process with covariance Xo.
Proof. See Sect. 6. O

Theorem 5.2 (Convergence of the trained network, formal statement). Suppose

that A 1, A 2, A 8, and A 4 hold true. Let Ky := Ko(X, YT) be the covariance
matriz of the quantum neural network at initialization. Then, for any s > 0
and any t > 0, we have

A (0.3, N (%), %))
L2mO/4|M|11/2|N|°/2

< C(N7n’|‘y‘|2’)‘£in7?075) N5(m)

(I1+1log N(m)),

(5.2)



Quantitative Convergence of Trained Quantum

where

OV, n, ||Y |2, AE.., Ko, 5) ;:965N2+8\/ﬁH%g H [Kol|2 (N2 4+ an®2)

+ 13202 VN (2][Y3 + 4n) <1 + 273>
(Amln)
+2 (vt [Y]) (AK +(AK6)M>

(5.3)

and N(14(X),X;) denotes Gaussian process with mean vector j;(X) and co-

variance matriz K; := K (X, YT), where py and Ky are defined by (4.17) and
(4.16), respectively.

Proof. See Sect. 7. 0

Remark 5.1. The convergence rates in Theorem 5.1 and Theorem 5.2 strongly
depends on the number of possible inputs N. We stress that, if we are interested
in only a limited set of inputs, we can improve the rates by restrict X to such
set. For example, we can choose X to be the set of the training inputs together
with a single test input and get N = n+ 1. Furthermore, let us notice that the
right hand side of (5.2) does not depend on the training time, and therefore,
this bound is uniform in time and holds for finite width even in the limit of
t — 4o00.

6. Convergence at Initialization

In this Section, we prove Theorem 5.1.

Proof. Let h: RY — R be a Lipschitz function with Lipschitz constant equal
to one. Let X be the vector of all the inputs in X. Let

ka@X ka Dfori=1,...,m;

k%fp keP; (61)
fi( s )
N(m)
For the sake of a clean notation, let W := (0, X), and we set H f := Hessian f

to denote the Hessian of a generic smooth function f : R? — R. Notice that

W =W;+ Z,. (62)

X; = fori=1,...,m.

Let us denote by g one solution of (4.4) associated to h. Further, by Proposition
4.1 one gets that

E (h (W) = h(N(0,K))) = E ((Xo, Hg (W))yg =W -Vg(W)).  (6.3)
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Let us now choice a further random variable 6 independent from all the vari-
ables X; and uniformly distributed in [0, 1]. By the fundamental theorem of
calculus, we write for z,u,v € RY

(Vyg(z+v) = Vg(z),u) = E ((Hg(z + 0v), ww"),o) - (6.4)
Since W;, X; are independent, then we obtain

E (X, Vg(W; + Z;))) = E((X;, Vg(Wi + Z;) — V g(W2)))
=E((Hg(Wi +0Z:),X: 2] ) 1) -

Then, we insert this equality into (6.3) to obtain that
E (h (W) — h(N(0,%)))

=E ((fKO,Hg f: XiZ! Hg(W; +0Z;)), ) (6.6)
=1

Furthermore, we write

E (h (W) — h(N(0, %))

R

<§: (X, Z' Hg(W; + Z;) — Hg(W; +9Zi)>HS> .
. (6.7)

Note then that

EY (X Zl', Hg(W; + Zi) = Hg(W; + 02;))

i=1

<SEY NXlly || 27 ||, |1 Ha(Wi + Zi) — Hg(W; + 023, - (6.8)
=1

On the other hand, notice that by Proposition A.1 with d = N, we get for
z,y € RV,

1Hg(x) = Hg(y)ll, < w(N, [z = yll,), (6.9)

where w denotes the modulus of continuity of Hg. Hence, by (6.9), and since
the maximum number of qubits involved in the definition of Z; are D as defined
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in (2.31) and (2.24), we have that

EY (Xiz],Hg(W; + Z:) — Hg(Wi + 02;)) o

i=1

m
<SEY IXilly |1 2] ||, w (N, (1= 6) (1 Z:l,)
=1

SEY 1Xlly || 2] ||, w(N, 11 Zill,)

< wwome (% wom VF):

(6.10)

Let us now proceed to bound the first term on the right hand side of (6.7).
Let us define

C;=E(X;Z]), (6.11)

and observe that Z C;=E Z X, WT =K, where we have used that X; and
i=1 i=1

W; are independent, for all i = 1,...,m. Since g € .%#4(X), we have that Hg

satisfies (4.6), and thus

m
E <1K0 — Z X, Z] Hessian g(W)>
i=1

HS
VN[ %oz E|F0 - xi27
p i=1 HS
m 2
<VN|[E| 1%z || B Ko~ Y Xiz?
P i=1 HS
1 m 2
= VN[5 [1%o]|Z | E D (Ci - Xi2F)
o i=1 HS
1 m 2
— VN %y ol B S8z
i=1 HS

(6.12)

where we have defined M,; := C; — XiZiT, for i = 1,...,m. Notice that from
Remark 2.2, by the definition of Z;, and Z;, these are independent whenever

PN fT’j = (). Notice that the same holds true for M, and M; for any i,j =
1,...,m. Furthermore, since the maximum number of qubits involved in the
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definition of Z; is D as defined in (2.24), then
DN

T
”Cl”HS ’ HXzzl ||HS < W’ (6.13)
so that
2DN
M; < 3 6.14

Then, by inserting in (6.7), inequalities (6.10), (6.12), and (6.14), we conclude
that

E[h (W) = h(N(0, Xo))|

m 2 o

L e S e ()
<, it P e ()

o (6.15)

where in the last inequality, we have used that if i, j are observable such that
M;, M; are independent, then their components do not give any contribution
to the sum on the right hand side of (6.15) (recall that D is the constant defined
n (2.27), and denotes the maximum over all possible related observables i, j).
By taking the supremum over all the functions with Lipschitz constant one,
we obtain the left-hand side of (5.1). That is,

w (£(8,X), N(0,%p)) < Yo, (6.16)

It remains to bound this constant CN’TU. First, we notice that

Ko(z,z) = N2( ) kkz 1E[fk (©,2) fi (0, )]

= Nzl(m) > ( > E[fe(0,2) fur(0,2)] + Y E[fk(@,wnE[fk/(@,x)})

k=1 k'€Py, k'g€ P,
= E[fx(O, (O,
NQ(m kgi; [£1(8,2) fr (6, )]
< E[|fx(©, (O,
3 m)gz [1£x(©,2)[lfx (©, )]

m

1
Z ; Ng( Ny e ] < g MIN(617)

where the last inequality follows from Lemma 2.1. Therefore,

1
1 = max Ko (z,x) <

ma Ny NI (6.18)
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We recall that

_ i ==

o(d,z) = z(C(1,d) — 2log ), ?fxgl, with O(Ld) = 314247 ( : )
c(1,d), ifx>1. d T (%)

(6.19)

Recalling Wendel’s inequality [59], valid for any = > 0 and s € (0, 1),

I(z+s)
T < e, 2
e x (6.20)
we set * = d/2 and s = 1/2 in order to upper bound
C(1,d) <28 sz\/g <214V, (6.21)
In particular, for d > 1 we can upper bound C(1,d) < < 6v/d. Furthermore,
D N£< (1,d) — 2log DVN + log N (m )) if DVN < N(m),
(m) C(1,d) if DV'N > N(m),
ﬁf( (1,d) +log N(m)) if DVN < N(m),
DYRC(1,d) if DV'N > N(m),
Dx/ﬁ
< WC(L d) (1 + log N(m))
afo (1+log N(m)),

N(m)
(6.22)

where we have noticed that d, D, N(m) = 1. This, combined with Lemma 2.1
(D < |M||N]) and Lemma 2.2 (D < (|M]|N])*), implies

N %o e 13 VIIMPINE | e m| MNP
oo <INV K| ol My + O S (L log N(m))
<2 (ollz=—1ll 17 1k m| M2 N2
<N (2H9<0 HOPHSCOij+6> Ny (Lt g N(m)).
(6.23)
where in the second inequality we have used (6.18). O

7. Convergence of the Trained Network

7.1. Quantitative Lazy Training for a Finite Size Circuit

In this section, we provide a renewed proof of some results in [8] that takes into
account the quantitative contribution of the finite-size effects and where we do
not need to build a sequence of networks with diverging width. Therefore, the
results will apply to any network satisfying the expressivity condition (7.6).
We will often need the following lemma.
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Lemma 7.1. (Lipschitzness of the gradient [8, Lemma 4.20]) The following in-
equalities hold:

| M|
100,16, )11 < 217 (72)
2
IVos(©.0) - Vas@© o)l <4 Tl -0l )

Theorem 7.1. (Lazy training, formal statement) Suppose that A 1, A 2, and
A 3 hold true, and let

2n
Eh
Let us assume that, fixed a constant 0 < § < 1, it holds that

NS 96m/Lm|M| IN| / )

Then, there exist a positive number )\min( ) satisfying

R(8) = [[Y]]2 + (7.5)

Xmin((;) /\K (77)

3 min?

whose explicit expression is provided in (7.20) below, such that, when applying
gradient flow with learning rate n, the following inequalities hold with proba-
bility at least 1 — § over random initialization:

2 ~
L(@t)gRT@e—WminW Vit >0, (7.8)
o0/nR(GIM| 1 e
_ < — _ n mm(é)t > .
101 = Bolloe < =5 % (1-e ) vt (7.9)
sup |£(O,x) — f(O7", )|
zeX
1>0
~ -3 2,,2 5 2
< 13202 R2(6) (1 + (Amm(a)) ) W log N (m).
(7.10)

Proof. We recall Chebyshev’s inequality for a random vector V' with E[V] = v
and E[(X —v)?] = 02

1
k2"
Calling F'(0) = f(O©g, X ), we have E[F(0)] = 0 and E[F?(0)] = diag(Ko (X, XT)).
Let us define

P(IV = vll2 = klloll2) < (7.11)

R(6) == |[V]|2 + \/?H(diag(fKo(X, XT))1/2H2 (7.12)
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Hence,

P(I[F(0) = Y2 = R(3)) <P ([F(0)]l2 > R(5) = Y1l2)

<||F Mo > (diag(Ko(X, XT)) 1”” ) g
Therefore,
)
P(||F(0) = Y2 < R(0)) >1— 3 (7.14)
Using that
Zﬂ(o(x(i),x(i)) =n, (7.15)
i=1
we have
2 . 1/2
R() == [V ]2 + \/;H(dlag(fKo(X, x|
5 /o 1/2
=Y+ \/; (Z Ko(x(ﬂ,x(ﬁ))
i=1
2n
<l 2 (7.16)

where we have used that Ko(z(?, (") < 1. In particular, R(§) > 1, which
means R(§) < R?(J), which will be used later.
For the sake of a lean notation, we define

o(6) = 16?1\/]\[[?”213)” IN]| 1og27nr‘" (7.17)
plm) = 5 T T (i — 900)
1_\/1 128ny/nR(5) Lm|M[3|N]|
(Ain —9(0))2 N3(m)
4y/nR(0) M|
S N — 9(0) Nm)’ (718)
h(6) == 16n]\£(m)p(m), (7.19)
Ronin(8) 1= ML, — 9(8) — h(), (7.20)

where the bound follows from 1 — /1 — 2 < z. Let us informally clarify the
meaning of these definitions; in particular, the following claims, which will be
formally proved later, might help to understand the idea behind the appar-
ently complicated form of (7.17)-(7.20). We call Spec(A) the spectrum of a
symmetric matrix A.
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e The minimal eigenvalue A\, =~ of the analytic kernel K (X, X7) is not in
general the same one of the empirical kernel at initialization f(go and
during the training K o, We will need to lower bound ming¢t<s, min Spec
(Ke,) and we are going to call Amin(0) our estimate. ¢; is a time that
will be discussed later. Of course the bound will worsen with the size of
the trajectory of ©; (0 < ¢t < ¢1) in the parameter space: if p(m) is the
maximal possible radius that such trajectory can achieve with respect to
the starting point, Amin(8) will decrease with p(m).

® Amin(6) is made of two corrections to A%, : the first one—g(8)—emerges
from the fact that, even if the empirical neural tangent kernel at initial-
ization is concentrated on the analytic neural tangent kernel, they are
different matrices; the second one—h(§)—is due to the evolution from
f(@o to K@t. The latter grows with the radius of the trajectory.

e In the proof we will study the trajectory from ¢ = 0 to ¢ = t;, where the
final time is the first instant when the parameter vector ©,, is far from
©p more than p(m) in the parameter space, where it will be crucial to
require p(m) to satisfy

(m) = 2vnR(&)M| 1
’ N(m)  Xuin(6)
in order to conclude the proof of (7.8) and (7.9). Since p(m) linearly
appears in Amin (8), in order to compute p(m) we need to solve the second-
order equation provided by (7.21). The solution is (7.18).

Therefore, by our definitions, we have that p(m) satisfies (7.21) (which can be
explicitly verified by using the definitions provided above). In particular, by
(7.18),

(7.21)

~ _2VRREIM 1 1

Roin(@) = DO s S0 =00, (122)
and, by hypothesis (7.6), which can be restated as
9(6) < M (7.23)
we have that
R (0) > A 50, (7.24)

/3 min

Let B, (0p) = {0 : [|©¢ — O|oc < 7} be the ball of center Oy and radius

Let us now recall the following quantitative result about the closeness
between K and K proved in [8]:

Theorem 7.2. [8, Theorem 4.7] Suppose that we initialize a parameterized quan-
tum circuit randomly, that is, the parameters 0; are taken as independent ran-
dom wvariables. Then, for any xz,z’ € X we have

1 Nim) ) |

o) 2
256 Lm|M AN " (7.25)

P (|Ko(r.a) ~ K(x.2)] > <) < exp (
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Let || - ||lus be the Hilbert—Schmidt norm and let us apply Theorem 7.2
to Fij == K(z®,20)) — Ko, (2, 20), where 1 <i,j <n,ie. F =K — Ke,:

n

P Fllus > d =B | 3 (Fy)? > & <P[maxﬂj|>e/n}
ij

ij=1
- 1 N4(m €
< 2 IRl < nter (‘256 Lmﬂvt(|4|§ﬂ2 n> |
(7.26)
whence, by (7.17),
(I F s < g(0)] < 1. (7.27)
When ||F|lus < g(0), the maximum eigenvalue of |F| is Ap < g(d), so
F <X |F| < Apl < g(0)1.
The previous equation implies that
K- Ko, <g(®)1 = Ko, =K —g(6)L = (\E,, —g(6))1.
So,
Koy (X, X) = (M — 9(9)) 1 (7.28)
with probability at least 1 — g. Let
ty =inf {t: ||©; — Oglloc = p(m)}. (7.29)
For t < t; we have, by [8, Lemma 4.22],! we have
o, (o)~ Ko, < 162250 M o, — 4 < 1622500 ).
(7.30)
Therefore,
Ko, — K s < 16 Z 2 B ) < his), ()
whence

Ko, (X, XT) = (AE, —g(0) —h(6) 1 = Auin(8)1  VE<t,  (7.32)

with probability at least 1 — § (by the union bound applied to the events
described above). Recalling that

d .
%f(gtax) = —nKe, (x’XT) (F(t)-Y),
for ¢ < t; we have, with probability at least 1 — 0 (see eq. (7.14)),
d .
ZIF@ = Y5 = —2n(F(t) - Y) Ko, (F(t) - Y) < =20 Amin ()| F (1) — Y13,

Isince in the current work we do not introduce the normalization N (m) for the neural

tangent kernel, it is sufficient to set Nx(m) = 1, and X1 = Lm in the quoted result.
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1 55
L(©:) = *IIF() Y3 < 3¢ e Mm@ (0) — V|3
B R2(9)
< 277)\mm(6)t )
e 5 (7.33)
Recalling also that
Or = —nVef(0n,X)  (F(t)-Y)
and using Lemma 7.1,
d
Z10:(t) = 0,00 < | 5:0:(0)| = [0, (8, X) - (F(1) = V)|
< ||<9a FO, X)) F(t) = Y2
< 2V s RO (.39
2v/nR(§)|M| 1 K (5
= 10;(t) — 6;(0 - 1 — e Mmin(9)t Vi< ty,
046) = 8,01 < 2= ) :
(7.35)
= 1184 = Bl < p(m) (1= e Pn1) Vi<t
(7.36)

with probability at least 1 — §, where the last implication follows from (7.21)
combined with the definition (7.24) of A\pin(0). If ¢1 < oo, then

184, — Ol < p(m) (1 - e—nimmw)tl) <p(m) Vt<t, (7.37)

with probability at least 1 — ¢, but this contradicts the definition (7.29) of ¢4,

so we must have ¢; = co. This implies that (7.33) and (7.36) hold for any ¢ > 0;

so, we have proved (7.8) and (7.9). Combining the latter with [8, Theorem

4.23], we can estimate

Lm|MP|N|
N(m)

Lm|M|?|N|
Wﬂ%”&
(7.38)

sup|f(©r, ) — F(y,2)| < 1©¢ — 0|2 <

with probability at least 1 — §. Now, we want to prove that
: 16nR(5) Lm|M|?|N]| s
F(t)— Fi(t)|ls < = (1 —~ "*mm(‘”t) 7.39
1E(t) (®)ll2 o (6)  N2(m) (m) e ;o (7.39)
with probability at least 1 — 3. We follow the strategy of [30], using our results
to improve the final bound. Let us define

At) = |F(t) = F™(0)]l

and compute

1d 4

> (t)

n . d . d . . .
lin/qlin ,.(2 “ i)y _ 2 rlin/qlin (%)

=3 (Ot — (@l o)) ((0na®) - Gl

i=1
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= *nz <f(@t,(£(l)) _ f]in(@?n,x(i)))

< (Ko, (@9, XT)(f(61, X) = Y) = Ko(=, XT)((6}", X) - Y))
= —n(F(t) = F™(1))" Ko, (F(t) = Y) +n(F(t) — F™(1))" Ko (F"™(t) = Y)
= —n(F(t) — F™(t))" Ke,(F(t) = )
—n(F(t) — F™(t))" Ke(F(t) — F™ (1))
T+ (F(t) - F ()T Re(F(t) — ) (7.40)
Noticing that Ko is positive semidefinite,
n(F(t) - F ()T Ke(F(t) — F'(1)) <0, (r.41)
so (7.40) becomes
S A1) < ()~ F™ ()T Ko, (F(H) ~ V)
+n(F(t) = F™ ()" Ke(F(t) = Y)
= —n(F(t) = F™ (1)) (Ko, — Ko)(F(t) = Y) (7.42)
whence
A0 5AG)] < allFW) - POl o, - KollnllF) - Y1
= nA(t)| Ko, — Kollopl F(t) = V|2 (7.43)
Therefore,
G| < 1K, - KollllF() - V1 (7.44)
By (7.33)
|F() = Y2 < R(8)e™ im0, (7.45)
and by (7.31)
Ko, — Koy llan < 1Ko, — Koy lus < 1602200 Ny (7.46)
NZ2(m)
we have
Lm|M[*|N| i (B)t
9 AD] < 16nR(E)n—Fze = p(m)e” (7.47)
whence

16nR(5) Lm|M|?|N| -
At) € = m) (1 — e Mmin(Ot)
0 <55~ " ( )
and this proves the claim (7.39). Now we have all the ingredients to finish the
proof. We adapt to our case the strategy of [60]. Let us compute

10: = 01" . = n[[Ve/(0n, XT)(F(t) =Y) = Ve [(©o, XT)(F™ (1) — )|

o0
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<n|[(Vef(©:1, XT) = Ve f(©0, X)) (F(t) - Y)|
+1||Vef(©o, XT)(F™ (1) — F(1))|| .
< nsup [|0s, f(Or, X) — 9, (O, X)|l2||F(t) = Y|z

o0

+nsup |9, (o, X)[l2[|F™ () — F(#)]l2 (7.48)

Let us bound the previous expression term by term. Combining the Lipschitz-
ness result of Lemma 7.1 with the lazy training bound (7.36), and using the
convergence to the examples (7.33), we control the first term:

nsup [|9g, f (O, X) — 9, f (O0, X)[2[|F(t) — Y2

2
< AnVRR() g5 om)

=: A(t). (7.49)

6*7]>\mm(5)t

Regarding the second term, we need two different estimates to be used for

“small” and “large” t, as we will show soon. The first estimate is based on the

Lipschitzness of the gradient Lemma 7.1 and on (7.39):

32nn/nR(8) Lm|M|3|N| o(m)
Amin (0) N3(m)

=: B(t). (7.50)

nsup [|9g, f (O, X) 2| F1(t) — F(t)]|2 <

The second estimate exploits again Lemma 7.1 and the convergence to the ex-
amples for the original model (7.39); we also need to quantify the convergence
to the examples for the linearized model; this immediately follows from the
analytic solution for the evolution of linearized model (4.10) and from (7.13):

nsup ||9p, f (O, X)|[2l| F™(t) — F(1)]2

|M‘ in
<onvigs (I () =Yl + 1F(2) = Y1o)
|M‘ —gA\E ¢ i (S
< N Amin _ N Amin ()t
< 2”ﬁzv(m) (e IF(0) = Y||2 + R(8)e )
M| —noAX. t — 7 Ami
< "0 Amin NAmin ()¢
< 2n\/ﬁN(m)R(5) (e +e )
M R
< T o Amin(0)E ) .
< 477\/5R(6)N(m)e C(t) (7.51)
Hence,
|6: — ™| < A(t)+ B(t) and [|©,— O <A{t)+C(t). (7.52)
Defining

1
t* = ———log N(m), (7.53)
n)‘min((s)
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we integrate

Jo. - o t*

0
_ s DENL_p(m)
= WARO) 5

| BVAR(E) Ln[MPIN]_p(m)
Xmin((s) N3 (m) Xmin ((5)
4\/ﬁR(5) |M‘ e~ log N (m)

Amin (9) N(m)
_ 4VnRE) M| {(IMINH 8n

< /OOO A(t)dt+/ B(t)dt+/; Ct)dt

log N(m)

>\min(5) N(m) Xmin((s)
W log N(m)> p(m) + N(lm)} . (7.54)

So, using [8, Theorem 4.23] together with (7.36) and (7.54), we conclude
by computing
(O, 2)—f™(0)", z)]
= |f(01,2) = (B0, %) = Vo [(O0, )" (64" — B9
<|f(On2) = f(Or,2)| + [Vo f (B0, 2) (64" — 64)]

Lm|M?|N| 9 Lm|M|,
g _ 9 in -
_ ImMPN] 5 8YAR(S) Lm|M?

S TN S ) Nom)

n m 2
{<|M|NI + Xmil@) L Ng\gn')N log N(m)> p(m) + N(lm)}

20nR2(6) Lm|M|4|N\ 128n2 R2(8) L?m?|M|5|N]
h )\1211111(5) N3(m) (Xmin((;))S N3(m)

8v/nR(8) Lm|M|?
Amin(6) N3(m)

log N(m)

=: &, (0). (7.55)

We can use inequality (6.18) to bound

2 P2
o) < O g 20 — 2
>\min(5) )\min(a) (Amln(5)>
L*m?|MP|N]?
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wR0) [, 5 L
Amin () (Xmin((s))Q (Xmin(a))g
2m2 5 2
P BB (1 tog v ()
<13WPRAS) | 14— LQm;5J(VE77|j)|N|2 (1+log N(m)) ,
)\min((s))

(7.56)

where we have recalled that R(J) < R?(§) and, in the last inequality, we have
used that, for z > 0,

22 + 5% 4+ 322% < 20 + 52? +322% + (x — 1)? + (v — 4)*(x +2) = 33(1 + 2°).
(7.57)

This concludes the proof. O

7.2. The Wasserstein Distance Between f and f!i»

In this part, we prove an upper bound to the Wasserstein distance of order 1
between the objective function f(©;,r) and its linearized version fin(©}" 7).

Lemma 7.2. Suppose that A 1, A 2, A 3, and A 4 hold true. Let X be the
vector of all the inputs of X. Then, for any s > 0 we have

a¥) (f(e,,X), el X))

< 13202V N <||Y||2 + 2m/N(m)> (1 + (12(7)3>

L?m?2|M|5|N|? 5
T No(m) (1+41log N(m)) + 7N(m). (7.58)
Proof. Note that
Ay (84, X), f™ (6, X)) < Emin {[|f(6:,X) — (O}, X)||, . s}
< Emin {\/Nsup |f(@t,x) — f““(@?“m)f , 5}

zeX

where N indicates the number of inputs in X. Further, let us take
O 1= ——; (7.59)

since (7.6) holds with d,,, we then apply Theorem 7.1, and so that when
applying the gradient flow with learning rate 7, the following inequality holds
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with probability at least 1 — §,, over random initialization:

sup |f(©,z) — (Ol 2)| < 132n2R%*(5,,) | 1 + %
iS5 (Rmin(6)
L2m2|M\5|N|2

where Apin(0,) is defined according to (7.20), and satisfies (7.7) due to (2.42)
in A 4. Let us call € the event in which (7.60) holds, and let £° be its comple-
mentary. Clearly P(€) < 1 and P(E€) < d,,, and thus

Emm{ﬁ sup |£(©0,) — fn(OF", )] }
zeX

<E | VNsup|f(©z) - f(O, z)|
e X
t>0

e +E(s|€% 6.  (7.61)

Hence, by applying (7.60) and (7.61), one gets that
4y (£(0,X), (6", X))

1 L2m2|M|N|?
N5(m)

<132V NR2R2(6,) | 1+ (1 + log N (m))

(o))

N(m)

+

K N5(m)

min

2,2 5 2
<132V Nn2R%(5,) <1+ ( 27)3> Lo M

s
where the last inequality follows by (7.7). Now by the choice of §,, and R(,,)
defined according to (7.16), we are done. O

7.3. The Closeness Between f!" and a Gaussian Process

Let us define the following processes:
Ri(X) i= ~Ko, (X, XT)Rg! (1 =70 ) (F(0) = V), (7.63)
RP(X) =KX, X")K~' (1 —e ") (f1)(X) - V). (7.64)

In the next, we show that for any ¢ > 0, fi%(0;, X) is close to Z;(X) that is
defined as

Zy(X) = fOX) - KX, XT)K ™ (1 — e 5) (fO)(X) —Y).  (7.65)
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Notice that Z; follows a normal probability law N(u(X), K (X, X )), where

(X)) represents its mean vector, and K; := K;(X, X ) its covariance opera-
tor. These quantities are the vectorial form of (4.17), and (4.16), respectively.

Lemma 7.3. Let us fir 0 < s < +0o. Let X be the vector of all the inputs in
X, and let X be the vector of the n training inputs. For any t > 0, we set
Ky = K (X, YT) defined according to (4.16). Suppose that A 1, A 2, and A
3 hold true. Then

d(S) lin e <A\ A~ W7y0 HK(Y7XT)||OP n7%0
W (F17(0 X), Nue(X). %)) < ONF0 4 == O

( et TR OE )MTnLN”;'(ﬁ'JMF(m—YHQ

e (L N 1Y
256 Lm|M[?|N|? 32 (7.66)

where CN%0 s defined according to (6.15), and C™%0 defined as

e = v, I8l T+ vt (v )
(7.67)

where D, 15, and w are defined in (2.24), (2.27), and (A.3), respectively.

Proof. Consider 0 < s < +o0o, and let h be a 1-Lipschitz function. Let us

define

rlin lin ¥

Ji (iat ,X) = f(Oo, ):"Rt( )7 (7.68)
Ry(X) = -K(X,X")K ' (1 —e %) (F(0) - Y).

Notice that by the triangle inequality
di) (fimeln, X), 2,
di) (e, X), el X)) + diy (el X). z,)  (7.69)

2’8}

) ,s} : (7.70)

. ,s} .
(7.71)

In what follows, since 7 is a constant, we can absorb it into the variable ¢, and
therefore, we will not consider it further. Hence, for each matrix ¥ depending

and so

dg/f/)(flin(eiin)Y)7 Zt) < E min {Hflin((_)?n7?) _ f'lin(@iin7Y)‘

+ Emin{Hf““(@?“,Y) -7

Notice that by the definition of f and f'", we have
Emin{Hf““(@?“,Y) — finelin X) , ,s} < Emin {HRt - R,
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on X, X such that the inverse matrix (X(X, X7))~! is well defined, we define
the matricial function,

M) =2(X, XT)27 (1 — e ¥), where ¥ = 2(X, X7), and
Y= (32X, XxT) L (7.72)

For the sake of simplicity, given a covariance matrix ¥ of a set of real-valued
random variables indexed by the elements of X, we write ¥, := 3(X, X7).
Then

M(K) =K. K Y1 -e ), M(K)=KK'(1-e'%), where K = Ke,.
(7.73)

Notice that
dM = d2, 271 — e ™) = 2, 271N (1 — %)
1
+3,57! / e Tt dne” (179)% g (7.74)
0

Let us denote by A\
A>. 1. Notice that

the smallest eigenvalue of 3, and suppose that ¥ >

min

1
||dM||op < ||dz ||0p )\Z + ||E || ||dz||0p ()\27)
E.
+t”X: ||op )\Z ||dEH .
1 1
S NdZulop 35—+ 1=l ||d2||opm
1
+ ()\gln) HE H ||dE||0p . (775)

On the other hand, by the definition of Ry, and R,

E min {HRt - Rt) i ,s} = Emin {H (M(f() - M(K)) (F(0) — Y)‘

78}7
2

(7.76)

where K = K@O is the empirical tangent kernel, and K the analytic tangent
kernel. In what follows, fix 0 < & and we call & :=

{w €Q: HK(Y,YT) - IA((Y,YT) < s}. We write
op

5}
2

Emin{H M(K) - M(K)) (F(0) — Y)’
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and thus

E min {HRt — Rt

5}
2

<P()E (min{” (M(R) — M(K)) (F(0) - Y)’ 2 ) e) FP(ES)s
<P(&)E (min{” (M(f() - M(K)) Hp 1(F(0) — )|, ,s} s) P (%) s.
(7.78)

Let us take o € [0, 1]. By the fundamental theorem of calculus, we write

X LaM(z .
M(K) — M(K) = / %a)da, Sa = aK + (1 - a)K. (7.79)
0 «
By (7.75) we have that
v~ ms)|
B IR R B » s, 1
b do op )\gln dov op (Afn(in)2
1 dE
.
( mln) op
T < T
)\gm HK X X ) K@()(X7X )Hop + W ||K*||op
LI, [ - &
(AIIEIH)2 ° op
(7.80)
Hence, we obtain that
E <min{HM(f<) - M(K)H IF(0) — Y], s} e)
op
—E (mln{|F -Y|,,s} 8) (7.81)
T (mm{mnop IF(©) ~ V], .5} a)
3 .
R E <mm (1Ko 1F ) = Y, 5} e) L (182)

In order to bound K., and ‘ C.|| , let us first notice that, for a generic

real n1 X ng matrix A such that |A;;| < a for any 1 <i¢<np and 1 < j < no,
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by convexity of x — 22 we have

oISt \ =1 \j=1 loll<t i=1 j=1

ni ng 2 ny N2
Ao = sup |5 (S ey | < swp \[ma D03 a2z
I

< a sup < ay/ning (7.83)

loll<1

where v € R™2. A uniform bound on the matrix elements of K@ can be ob-
tained as follows. By Lemma 7.1, for any 1 < i < Lm and x € X we have

M

) <2—— .
\891f(®0,a:)| X 2N(m)7 (7 84)
therefore,
R Lm Lm
(Ko, (z.2')| = | 06, f(©0, )05, f(©0, )| <19, f(©0, )| 0s, f(O0, )|
j=1 j=1
Lm|M|?
<4 .
NZ(m) (7.85)
whence
/7Lm M /7Lm M|?
|K llop <4 | | and || Kflop < ‘K'DHOP 4 | ‘ :
(7 86)
Hence, we obtain that
E <min { HM(K) - M(K)Hop IF(0) = Y], . s} 8)
€ .
< (mm{nF(m—YnQ,s} 8)
+2_° E(min {4\/ Lm|M| 1F(0) — Y||2,s} ¢
2 (Aﬁm)
€ Lm\M|
< \/ — .
Let us now compute IP’(&C). Proceeding as in (7.83) we get
HK(Y,YT) ~KX.XD|| <N sup [K(z.0) - K(z,2)).  (7.88)

op z,x’€X
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Then, by Theorem 7.2 and (7.88), one gets

PE) P <N sup |K(z,2') — K(z,2')| > 5)
z,2'€X

P( sup |K(x,2') — K (z,2')| > >

z,x’'eX ﬁ
- 1 Nim) &2
<exp| ———=——55— | -
P\ T 956 Lm|MZN]2 772 (7.89)
Therefore, by (7.71) together with (7.87) and (7.89), one has

2

F min {Hflin(@iin,Y) _ fiin(@}fin’Y)‘

€ Lm|M|
< \/ E(||F(0) =Y/, |
<Aﬁm (/\ﬁm) ) (IF©0) =Y, 1€)
+e _7Mi s
*P\ 7956 LmMEIN]2 772 (7.90)
Let us now estimate the remaining term [E min { Hf““(@?n,Y) —Z| s}. No-
2

tice that

Fin(@4, X)) = 7, = (80, X) — (%)
~ (KX XK (1= e715) (80, X) — [*)(X))),
(7.91)

and thus

E min {Hflin(@?n,Y) — 74

)

<603 - 000, + X8 o 0, ) — )
i ||KXXT lo =
= A (£(00, ), N(0,Ko)) + 32y (700, X), N0, 50))

(7.92)

where the last identity follows by the existence of an optimal plan. Then by
(6.16), one gets that

1 (X, X1

E min {H Flin(@lin, X) — Zt‘ v onKo - (7.03)

s} < CNXo 4 =
2 )\mln
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Therefore, combining (7.90) and (7.93) with (7.70), we obtain
A (/(01.X). N(ue(X). %))

N, Ko ||K Y XT)Hop n,Ko
<Cy K C
€ Lm|3\/[|2
+ VN E(|F(0) - Y], )
(Afﬁm (AK )* ) ’
e 1 N%m) 52
xp|————-tn— ) s.
P{ 7956 LmMEIN]Z 32 (7.94)
Let us choose ¢ = \/ﬁ Notice that
1
E(IF(0) =Y, [€) < <SP EF(0) =Y, <2E|F(0) =Y,  (7.95)
where
P(E) =1-P(E) >1 L N(m) 1 1 (7.96)
=1- >l—exp|l————-—-"-L—— | > - .
P\ T 256 LmMEINE N2 ) T 2
which follows from A 4, and our conclusion follows. O

We now are in position to prove Theorem 5.2.

Proof of Theorem 5.2. Let us fix s > 0.
Notice that thanks to Lemma 7.2

A (f(04,X), N1 (X), K1)
<Ay (£(0,.X)., /e, X)) +dy) (/' (e, *) N (X), %))

2
<132n2\/N<Y|2 2n/N(m) ( 3>

L2m?|M]°|NJ?
N (e Nm) + m

+ i) (MO X), N (X), X)) (7.97)
On the other hand, by Theorem 7.3, we obtain that
diy (F™ (O X). N(e (X), X))
KX, X7

op ~n, Ko
M\E. Cm
min

<O+

6 —~— Lm|M?

(ﬁAmm NG (NP NE(m)

+ exp —i N4( ) ! s
256 Lm|M|?|N|? N(m)N (7.98)

)E[IIF(O) — Y]
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Hence, combining (7.97), and (7.98) we get

A (f(01, X), N(114(X), %))

< S +Cﬁ,f0 + ||K Y XT)HOan,fD
S VNm) " Ao "
2
+1320°V'N <|Y2 + \/Zn\/N(m)) (1 + (;{7 )3>
L2m2|M\5|N|2

(1+1log N(m))

( T )Jﬁﬁm> 1F(0) = Y]

+ exp —i N (m) ! s
256 Lm|M|2IN|2 N(m)N ] (7.99)

We recall that

N®(m)

_ _ 1 D 2
cnFo ::\/EHK01H H:K()pr D(2nD) . _Dmn W(TMND >’
op

(N(m))* (N (m))? (m)
(7.100)
where we recall that
C(1,d) — 21 if v <1 14+2dT (4
w(doz) o= {7 CLD = 2log o) Ha <l o g3l 200 3)
C(1,d) if x> 1. d T(9)
(7.101)
We notice that by proceeding as in (6.23), we also obtain that
o 1 M|7/2|N\7/2
o <o (2| (Tl +6) TR g .
oo <o (2% ol +0) MRS (1 -+ log M)
(7.102)
Furthermore, in order to simplify (7.99), we recall (7.86)
Lm|M|?
KX)oy < 4VER T (7.108)

we upper bound

@Wﬁ mmw0<my%mwmm<@w%M>Nw

(7.104)
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and, by virtue of A 2, we compute
E[|F(0) - Yll2]* < E[|[F(0) - Y|3]

— ZE [(f(@o,x(i)) _ y(i))Q}

whence

E[|F(0) = Y] < y/n+ Y5 < Vi A+ V]2

Now, we know that

whence

holds. Therefore,
1 N3 1 256—2 L 2IN|?
e (L NOm) 1250 LN
256 Lm|M|2|N|2 77 e N3(m)
The last ingredient is again (6.18):
N(m) < /m|M||N].
Then, it’s laborious but easy to show that
Ay (£(©0,X), N (X), X))
S

—2 ——1 — i m|M|7/2|N|7/?
S Nmn+N(4M°me”w+® N3 (m)

4V |M| (on Hp||g<o||§p+6)

m|M|7/2|N|7/2
N3(m)

+132n2\/ﬁ(2||Y||§+4n) N(m) <1+ 27 )

(1 +log N(m))

L2m?2|M|?| N2
.ZV5(71L)|| (1+1log N(m))

49 1 n 6 —— Lm|M|?
VNm)AE, ()\5111)2 "N52(m)

256 o Lm|M| N
imintulpy Vol bl B L B
- N3 (m)

> (Vn+Y]l2)

(7.105)

(7.106)

(7.107)

(7.108)

(7.109)

(7.110)

(1+log N(m))
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9/4IN(19/41N19/4
o MDA
N (m)

—1 — %
x <2H9<0 [, o], +6
+an?2VN (HfKO | 1ol +6
op

— 27
£ 13202V N 2|V |2 +4n) [ 14+ —21
Gl +4n) ( (Aﬁirl)?’)

(14 log N(m))

) m2|M|9/2|N|9/2

N (m) (1+1log N(m))

2|\ |11/2(N\f[9/2
>Lm IMIZZINTY 4 4 vog N (m))

N®(m)

2m9/4|M|21/4\N|9/4

N5(m)
9/417(19/4|\]9/4 9/4 N\ (113/4|N\|5/4
o (L mpapy e AN
M Vo) w;n) N )

256 —2 Lm?2|M|3|NJ3
(Vn+Ylz) + —sN TN m)

2m9/4|3\/[|11/2|3\f\9/2
N5(m)

— — L
S C(N,n, [V [l2, Ain» Ko, 5) (1+1log N(m)) (7.111)

where

— — J— || —— —_ i ___
C(N,n, |[Y]|2, A, Ko, 8) := 965N + 8V N HiKO 1H %ol 2, (V% + an/?)
op

+13202VN (2|Y]3 + 4n) <1 + 27)

(Axilgin)3
F2(vat i) <A§+(A£) Nn).
(7.112)

8. Conclusions

We have studied quantum neural networks whose generated function is given
by the expectation value of the sum of single-qubit observables on the state
generated by a parametric quantum circuit (A 1). Our main result is a quan-
titative proof of the convergence to a Gaussian process of the probability dis-
tribution of the functions generated by such networks in the limit of infinite
width for both untrained networks with randomly initialized parameters and
trained networks.

First, we have considered the probability distribution of the function
generated by a quantum neural network with untrained randomly initialized
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parameters. In Theorem 5.1, we have provided an upper bound to the Wasser-
stein distance of order 1 between such probability distribution and the Gauss-
ian distribution with the same covariance.

Then, we have considered the probability distribution of the function
generated by the network during the training dynamics via gradient flow. In
Theorem 5.2, we have proved an upper bound to a truncated version of the
Wasserstein distance of order 1 between such probability distribution and a
suitable Gaussian process. The proof of Theorem 5.2 is based on Theorem
7.1, which states that, for large enough width, the generated function can be
approximated by truncating to the first order its Taylor series with respect to
the parameters of the model around their initialization value, implying that
each parameter remains with high probability close to its initialization value
and that the training happens in the lazy regime.

Both upper bounds Theorem 5.1 and Theorem 7.1 tend to zero in the
limit of infinite width, provided that the network does not suffer from barren
plateaus. Therefore, our results provide a quantitative proof of the convergence
in distribution to a Gaussian process proved in [8].

While [8] requires to build a sequence of networks with diverging width,
our results can be applied to any quantum neural network with finite width.
Moreover, [8] proves the convergence in distribution to a Gaussian process only
at fixed training time, and such result holds in the limit ¢ — oo only if such
limit is taken after the limit of infinite width. Instead, all the upper bounds
proved in this work do not depend on the training time and hold in the limit
t — oo for finite width.

Our results open the way to several possible research directions:

e It would be interesting to extend our results to the case of an infinite input
space, such as a subset of R?. In particular, we would like to generalize
the functional bounds for the Wasserstein distance for classical neural
networks, see for instance [61, Theorem 1.1], and [62, Theorem 3.12].

e It would also be interesting to determine lower bounds to the distance
between the probability distribution of the function generated by the
trained network and the corresponding Gaussian process, or at least to
determine the asymptotic scaling of such corrections in the limit of infinite
width, providing a quantum generalization of the classical results in this
direction [63-66].
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Appendix A. Regularity of the Solutions of the Stein Equation

In what follows, we recall some recent result about the regularity of the solu-
tions of the Stein equation (4.4) obtained in [36]. Let us fix d > 1, and suppose
that ¥ = 1gxq is identity matrix in R% Given h : RY — R a 1-Lipschitz
function, we consider fj, as a solution of the Stein equation (4.4).

Proposition A.1. Let h: R* — R be a 1-Lipschitz function. Then the solution
fn of the Stein equation (4.4) satisfies,

|Hessian fj, (x) — Hessian fj, () ||,
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=l (©0 @) —20om(le —yil)). i he =yl <1
C(1.d) i o= ylly > 1.
Here, we have denoted by C(1,d) the constant given by
s1+24T (49)
C(1,d) := 22 2/ A2
(L.d) e (A2)

Proof. This result was proved in [36, Proposition 2.3] in a more general case.
O

In the next, let us define w(d, -) : [0, 00] — [0, co] the following function:

_ oo
w(d, z) = {x(C(l,d) 2log z), ifxz <1,

A3
C(1,d), if x > 1. (4-3)

Notice that w(d,0) = 0, lim,_,o+ w(d; z) = 0, and it is non-decreasing, then it
is a modulus of continuity.

Appendix B. Convergence Toward a Gaussian Process

In this Appendix, we briefly summarize some of the key results established in
[8]. There, the authors consider a sequence of quantum neural networks with
diverging width satisfying A 1-A 4 and the following further assumptions:

A 5. Suppose that the covariance of the generated function at initialization
converges uniformly:

lim sup [E(f(0,2)f(0,z")) — X (z,2')| =0, (B.1)

m—+00 z,2'eX
where Xg° : X x X — R is a kernel such that
K (z,z) > 0 for all z € X. (B.2)

A 6. Suppose that N(m) grows sufficiently fast such that
m|MP?IN[?

li . B.
mirﬂm N3(m) 0 (B-3)
A 7. Alternatively, suppose that
. L?m?|M|%|N|?

A 8. Suppose that there exists a positive constant Nk (m) depending on the
number of qubits m and a kernel K> : X x X — R such that the analytic
neural tangent kernel rescaled by Ng(m) converges uniformly to K:
K /
lim  sup Klw2) — K*®(z,2")| = 0. (B.5)
m—+00 x,x'€X NK (m)
Further, suppose that the minimum eigenvalue of K> = K (X, X1 is strictly
positive, and denote it by A%

min*
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The following is one of the main achievements of [8].

Theorem B.1. [8, Theorem 3.7] Suppose that A 1-A 2, A 5-A 6 hold true.
Then as m — —+oo, the probability distribution of the generated function at
initialization converges in distribution to the Gaussian process with mean zero
and covariance K§° satisfying our assumption A 5.

We notice that Theorem B.1 does not provide any convergence rate. Next,
we prove that Theorem B.1 can be derived from Theorem 5.1.

Corollary B.1. Let us suppose that A 1, A 2, and
N2

Then

m——+oo

so that © — f(©,x) converges in distribution to a Gaussian process with mean
zero, and covariance operator Kg°.

Proof. Follows from Theorem 5.1 and (B.6). O

Let us notice that to establish the convergence result Theorem B.1, in [§],
the authors used the Lévy’s continuity theorem combined with an appropriate
upper bound on the cumulants of f. This approach was necessary because the
random variables { f } 7", defined in (2.17) exhibit weak dependence, meaning
the standard central limit theorem cannot be directly applied [67,68]. Nev-
ertheless, they were able to impose the weaker convergence assumption A 6
instead of (B.6). Next, let us recall another remarkable convergence result
proved in [8] regarding the behavior of the trained objective function f(©y,-).

Theorem B.2. Let us consider a sequence of quantum neural networks trained
via gradient flow with learning rate #(m)

G = N Vef(GtaXT)Vf(@t,);)ﬁ(@t)’
%f(@tﬂﬁ) = _#(m) (V@f(etvx)) v@f(@taXT)Vf(@t,X)L(@t)a
(B.8)
and satisfying A 1, A 2, A 5, 7, A 8. Then, for any t > 0, in the limit of
infinitely many qubits m — +00, {f(O4,x)}rex converges in distribution to a

ft(oo)(a:)}wex with mean and covariance

Gaussian process {
K (z,2") = K (2, 2") — K= (z, XT)(K>=) L (11 — K“) K (X, z')
~ K, XT)(K>®) (1 — K“) K& (X, )
+ Kz, XT) (K<)~ (1 - e—tnK“) % (X, XT)

(11 - e*tnK“’) (K®) 1K™ (X, '),
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1 (z) = K (z, XT) ()~ (]1 - e*t"K“) Y, (B.10)
where K := K=(X, XT).

Next, we prove that the conclusion of Theorem B.2 can be obtained from
Theorem 5.2.

Corollary B.2. Let us consider a sequence of quantum neural networks trained
via the gradient flow (B.8) and asymptotically satisfying A 1, A 2, A 5, A 8,
and

2m9/4 || /2N 2/2
lim
m— oo N5(m)
Then, for any s > 0 and any t > 0, we have

lim A (00,30, NG (X),%59) = 0, (B.12)

(I1+log N(m)) =0. (B.11)

so that the trained quantum neural function x — f(O x) converges in dis-
tribution to a Gaussian process with mean pug°, and covariance operator K°
defined by (B.10), and (B.9), respectively.

Proof. Theorem 5.2 provides a bound on the truncated W; distance between
the function generated by the trained network at finite width and the Gaussian
process with mean and covariance

Ki(z,2") = Ko(z,2') — K(z, XT)K (11 —e ﬁ) Ko(X, ")

— K, XT)K~! (]l - e_t"fg) Ko(X, x)

R (@, XTE (1 - e 5) %0(X, XT) (519
(11 — ﬁ) KK (X, ),
fi(z) == K(z, XT)K ! (1 e~ %’) Y, (B.14)
where
K(z,2') = [](Vif(z)) Va, o eX. (B.15)

Notice that by the triangle inequality, we have that
4y (00,3, Ni=(%), 55°) < i) (£(00, %), N(ju (%), K1)
) (NG (), %), N (%), 5657)) (B.16)

Furthermore, since (B.11) implies A 4, by Theorem 5.2, and by [8, Remark
4.7], we simply let Ng(m) > 1, and then we still have that
)

Ay (100, 3), N(X), X)) < O, n, [V 2, A0, Ko, 5)
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L2m9/4|M|11/2\N|9/2
No(m)

(1+1log N(m)) ,
(B.17)

where C(N,n, ||Y]|2, A, , Ko, s) is the positive constant given by (5.3). Then

by (B.11) we obtain that (B.17) tends to zero as m goes to infinity. On the
other hand, notice that

A (N(e(X), Ko), N (X), K3°)) < dwy (N(pe (), K, N (Ymg)) |
18

where dyy, is the Wasserstein distance of order 2. Moreover, by [69, Equation

(4)]
(dm (N(gt (X), K, N(5°(X), K5° >) ) 2

= (%) = = (X, + tr (Ko + K7 - 2K,%K7°)

Nl

) . (B.19)
Then, by applying A 8, we conclude that
i dwy (N (), %), N (X), 557) ) = 0. (B.20)

Therefore, by combining (B.6) with (B.16), (B.17), (B.20), we obtain our de-
sired convergence.
O
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