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Abstract

We study quantum neural networks made by parametric one-qubit gates and fixed two-qubit gates in
the limit of infinite width, where the generated function is the expectation value of the sum of single-
qubit observables over all the qubits. First, we prove that the probability distribution of the function
generated by the untrained network with randomly initialized parameters converges in distribution to
a Gaussian process whenever each measured qubit is correlated only with few other measured qubits.
Then, we analytically characterize the training of the network via gradient descent with square loss
on supervised learning problems. We prove that, as long as the network is not affected by barren
plateaus, the trained network can perfectly fit the training set and that the probability distribution
of the function generated after training still converges in distribution to a Gaussian process. Finally,
we consider the statistical noise of the measurement at the output of the network and prove that
a polynomial number of measurements is sufficient for all the previous results to hold and that the
network can always be trained in polynomial time.
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The last years have witnessed the surge of artificial intelligence powered by deep neural networks, which

have achieved an enormous success in several fields such as speech recognition, computer vision

and



natural language processing, up to the recent development of large language models such as GPT-4 [1—-
6]. Quantum neural networks constitute a quantum counterpart of deep neural networks. The functions
that they generate are the expectation value of a quantum observable (such as the number of qubits in
the 1 state) measured on the output of a quantum circuit made by parametric one-qubit and two-qubit
gates. The parameters are usually trained variationally with stochastic gradient descent. Quantum neural
networks have the promise to add the power of quantum computers to the capabilities of deep neural
networks [7, 8]. Indeed, embedding classical data into a Hilbert space whose dimension is exponential
in the number of qubits may give access to computations that are classically hard to perform [9, 10].
In particular, [11] provided an example of a family of datasets — based on the discrete logarithm — that
only a quantum classifier can learn efficiently. However, in all the known examples where quantum neural
networks show quantum advantage, the right parameters need to be known a priori and put in by hand,
and it is unknown whether they could be found variationally. Indeed, there is no problem of practical
interest yet where variationally trained quantum neural networks can provably outperform classical
neural networks. Furthermore, the training of quantum neural networks can suffer from bad local minima
[12, 13] or gradients whose size decreases exponentially with the number of qubits [14], a phenomenon
called “barren plateaus”. The possible solutions that have been proposed to avoid the issue of barren
plateaus consist in changing the cost function of the network. Ref. [15] considered untrained quantum
neural networks with random parameters and proved that local cost functions (i.e., cost functions that
are made by the sum of local terms acting on few qubits each) do not suffer from the issue, provided
that the depth of the network is at most logarithmic in the number of qubits [16]. Ref. [17] proposed
more general cost functions that arise from the quantum generalization of optimal mass transport and of
the Lipschitz constant of [18] and are robust with respect to quantum operations acting on few qubits.
However, a rigorous proof of the efficacy of these solutions is still lacking, and it has been conjectured
that all the architectures for quantum neural networks that do not suffer from barren plateaus can be
simulated efficiently on a classical computer [19].

A fundamental breakthrough in the mathematical understanding of the functioning of classical deep
neural networks has been the proof that, in the limit of infinite width, the training is always able
to perfectly fit the training examples while at the same time avoiding overfitting. More precisely, a
series of works [20-26] has proved that in the limit of infinite width, the probability distribution of the
function generated by a deep neural network trained with stochastic gradient descent on a supervised
learning problem converges to a Gaussian process. Such Gaussian process always perfectly fits the training
examples, and its mean and covariance can be computed analytically given the training data and the
architecture of the network [27-35]. These results prove that the limit of infinitely many parameters is
smooth and analytically solvable, and provide the first rigorous mathematical foundation to classical
machine learning. The proof of these results is based on the following intermediate steps:

® The probability distribution of the function generated by an untrained deep neural network with
random parameters converges to a Gaussian process;

® The variation of any single parameter during the whole training is infinitesimal, but since the number
of parameters is infinite, all the infinitesimal variations add up to a finite change in the generated
function. Such regime is called “lazy training”.

This classical breakthrough has stimulated the study of overparameterized quantum neural networks,
which has been initiated in [36], while their lazy-training regime has been studied in [37]. Ref. [38] proved
that the training of quantum neural networks with constant depth happens in the lazy regime in the
limit of infinite width and is capable of perfectly fitting the training examples. However, quantum neural
networks with constant depth do not have any hope of quantum advantage since the past light-cone
of each measured qubit has constant size and its classical simulation is efficient. Ref. [39] considers the
opposite limit, where the depth is high enough such that the number of parameters grows exponentially
with the number of qubits and the network can reproduce any unitary, and proves the lazy training and
the trainability of the network in such a regime. Ref. [40] proves that, in the same regime, the probability
distribution of the function generated at initialization converges to a Gaussian process.

1.1 Our results

In this paper, we generalize to the quantum setting the breakthrough in classical machine learning
presented above. We consider quantum neural networks trained on supervised learning problems where



the generated function is the expectation value of the sum of single-qubit observables over all the qubits’
and prove for the first time trainability in the limit of infinite width in any regime where the depth is
allowed to grow with the number of qubits as long as barren plateaus do not arise. To be precise, our
conclusions are still valid even if only a fraction of the derivatives of the model function is exponentially
suppressed, while the norm of the gradient (or, equivalently, the covariance of the model function at
initialization, as in Lemma 4.30) is not exponentially suppressed. We stress that quantum circuits that
are deep enough to forbid a naive efficient classical simulation but not too deep such that they do not
suffer from barren plateaus do exist. Indeed, barren plateaus are not present whenever the measured
observable is local and the depth of the circuit scales logarithmically with the number of qubits [16].
Such depth still allows the size of the past light-cone of each measured qubit to scale as a power of the
number of qubits (see subsection 2.5 for more details). In this case, a naive classical simulation would
require exponential time.

Our first result states 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 only a small number of
other measured qubits (Theorem 3.7).

We then consider quantum neural networks trained in continuous time with gradient flow, and prove
that the training happens in the lazy regime and is able to perfectly fit the training set (Theorem
4.10). Contrarily to [38], our results allow for a depth growing with the number of qubits and are thus
valid in regimes with hope of quantum advantage (see subsubsection 4.1.3 for a detailed comparison).
Furthermore, we prove that the dependence of the model on the parameters can be approximated with
its linearized version around the value of the parameters at initialization (Theorems 4.12 and 4.14). The
corresponding linearized evolution equation has an analytical solution that determines the probability
distribution of the function generated by the trained network, which is a Gaussian process whose mean
and covariance can be computed analytically (Corollary 4.9). Building on such results, we prove that
the probability distribution of the function generated by the trained network converges in distribution
to the Gaussian process above (Theorem 4.15).

We then focus on the issues related to real physical setting of the training of the network. On the
one hand, we need to consider that the training takes place in discrete time steps, and we discuss the
convergence of the gradient descent. On the other hand, we have to take into account that the function
generated by a quantum neural network is the expectation value of a quantum observable, which can only
be estimated via measurements. In this regard, we prove that a number of measurement polynomial in
the number of qubits is enough to ensure all the previous results (Theorems 5.4 and 5.9). In particular,
the probability distribution of the function generated by the quantum neural network converges in
distribution to a Gaussian process also in the presence of statistical noise. The above results on the
evolution of quantum neural networks in the noisy setting are our most important achievement. Indeed,
they prove the trainability of the model in polynomial time with respect to the number of qubits, which
is a necessary condition for quantum advantage, and prove that the limit of infinitely many parameters
is smooth. Furthermore, thanks to the above results, the Seeger’s generalization bounds for Gaussian
processes [42] can be applied to any trained quantum neural network satisfying the hypotheses of our
paper in the limit of infinite width. In particular, our results prove that such limit does not trivialize
the generalization properties of quantum neural networks. Indeed, Seeger’s generalization bound can be
nontrivial even if, being infinitely wide, the network has infinitely many parameters with a finite training
set?.

Finally, differently from the main works which have studied the initialization of quantum neural
networks [40, 43], we go beyond the standard assumption that the feature space is a finite set. Indeed,
we rigorously prove that the convergence to a Gaussian process, both at initialization and during the
training, is valid also when we consider an infinite feature space (Theorem 6.4). This achievement not
only makes the mathematical treatment of our results complete, but also gives a precise physical insight:
our proof ensures the existence of a lower bound to the rate of convergence to the Gaussian process

LOur model differs from [41], where a single single-qubit observable, or more generally an observable with eigenvalues +1, is
chosen: in that setting the convergence of the training has been proved to be slower than in the classical case. In our case, on the
contrary, the convergence is exponential in the training time.

20f course, depending on the specific training set and on the specific neural tangent kernel of the considered quantum architecture,
Seeger’s generalization bound can become trivial, but this does not happen systematically for the only fact that the parameters
are more than the training examples.



Table 1 Notation concerning the properties of the circuit at initialization.

Symbol Description Introduced in

m number of qubits in the parameterized quantum circuit subsubsection 2.2.1

L number of layers in the parameterized quantum circuit Def. 2.2

[¢m)] layer-qubit representation Def. 2.3

0ecZ vector of the parameters of the quantum circuit, belonging to the parameter  subsubsection 2.2.1
space; typically & = [0, n]L™

(E] number of parameters |0| := dim & = Lm ibid

rEX input vector, belonging to the input (or feature) space X; typically X =  ibid.
[07 7.l.]dim X

U(©,x) parameterized quantum circuit (unitary operator) ibid.

f(©e,z) function generated by the quantum neural network, often called original model  ibid.

N(m) normalization factor of the model ibid.

M; (extended) future light cone of the parameter & Def. 2.4, Def. 2.5

N (extended) past light cone of the observable k } and Cor. 2.5

M| maximal cardinality of a future light cone in the circuit Def. 2.6

[NV maximal cardinality of a past light cone in the circuit ibid.

which does not depend on the particular discretization of the feature space. In particular, the rate of
convergence will not trivialize to zero as the the discretization is refined.

Summarizing, this paper identifies the limit of infinite width as a regime in which quantum neural
networks are provably efficiently trainable whenever they do not suffer from barren plateaus. Therefore,
despite results such as [12, 13] prove that problems other than barren plateaus can affect the trainability
of variational quantum algorithms, we prove that barren plateaus are the only obstacle that can affect
the trainability of quantum neural networks (at least in the limit of infinite width). Therefore, our results
constitute the first step to prove that useful and provably trainable quantum neural networks do exist.

Having proved that sufficiently wide quantum neural networks that satisfy our hypotheses are effi-
ciently trainable, we hope that our paper will stimulate the practitioners of quantum machine learning
to consider wide architectures. We stress that such architectures do not actually require a quantum com-
puter with as many qubits as their width. Indeed, as we explain in more detail in subsubsection 2.3.3
(see, in particular, Remark 2.9), the expectation value of each measured one-qubit observable can be
estimated independently, and such estimate requires only the qubits in the past light-cone of the mea-
sured qubit. We further stress that our hypotheses are extremely general, and any sequence of quantum
neural networks with increasing width and with not too large depth will satisfy them. What are the best
wide architectures for a given supervised learning problem is a fundamental question that will need to
be answered by experiments.

The article is organized as follows.

In section 2, we fix the setup and the notation of the paper. In section 3, we prove that the function
generated by a quantum neural network with random parameters in the limit of infinite width is a
Gaussian process. In section 4, we consider quantum neural networks trained in continuous time and
prove that the trained model is able to perfectly fit the training set and that the probability distribution
of the generated function generated by the trained network is a Gaussian process. In section 5, we consider
quantum neural networks trained with discrete gradient descent taking into account the statistical noise,
and prove that all the previous results are still valid. In section 6, we extend our result to the general
case of an infinite input space. We conclude in section 7. In Appendix A we show, by means of a
counterexample, that a circuit violating our hypotheses can generate a function that is not distributed as a
Gaussian process. In Appendix B, we compute some architecture-independent bounds for the cardinalities
of the light cones.

In order to improve the readability of the paper, section 3, section 4, section 5 and section 6 start
with the presentation of the results, whose proofs are deferred to the second part of the section.

2 Quantum neural networks and light cones

Quantum neural networks constitute the main paradigm in quantum machine learning [7]. In order to
give a quantitative description of their behaviour at initialization and during training, in this section we



Table 2 Notation concerning the training of the circuit.

Symbol Description Introduced in
n number of examples in the training set subsection 2.1
D training set, whose elements are denoted by (oc(i), y(i)) fori=1,...,n ibid.

X vector containing the inputs of the training set ibid.

Y vector containing the outputs of the training set corresponding to X ibid.
flin(e,z) linearized model subsection 4.4
Keo(z,z') empirical neural tangent kernel Def. 4.1

Ng (m) normalization factor of the empirical neural tangent kernel ibid.

K(z,z") analytic neural tangent kernel Def. 4.2
K(z,z") (uniform) limit of the analytic neural tangent kernel in the limit of infinitely many  Ass. 4.3

qubits
K abbreviation for K (X, XT) ibid.
/\fgin smallest eigenvalue of K ibid.

Table 3 Notation concerning the training of the circuit (continuation).

Symbol Description Introduced in
t continuous or discrete training time subsubsection 4.1.1
F(t) vector containing the model function evaluated in the inputs of the dataset, i.e., subsection 4.2
F(t) = f(©, X)
Flin(¢) vector containing the linearized model function evaluated in the inputs of the subsection 4.4
dataset, i.e., Flin(¢) = flin(0lin X)
n learning rate, which enters the gradient flow equation and is a function of m subsubsection 4.1.1
and Ass. 4.6
70 resized learning rate (which does not depend on m) Ass. 4.6
L(O) cost function for the original model according to the training set Def. 2.1
and subsection 4.4
O parameter vector evolving via gradient flow (or gradient descent) according to the  subsubsection 4.1.1
cost function
Llin(9) cost function for the linearized model, sometimes called linearized cost function subsection 4.4
@ii“ parameter vector evolving via gradient flow (or descent) according to the linearized  ibid.

cost function

will fix a rather generic architecture (see Figure 2), which covers a very large class of situations of interest.
Moreover, most of our results can be straightforwardly generalized to slightly different architectures?.

In the whole paper, we consider a sequence of quantum neural networks with increasing number of
qubits m, and we study the limit of infinite width m — oo. The key point of this section is to identify some
global quantities which describe the physical features of this generic architecture. We will state all our
results in terms of such quantities, without introducing further assumptions on the circuit. Conversely,
if one wants to check if a specific circuit satisfies our theorems, only such global quantities have to be
computed?:

m = number of qubits in the circuit,

L = number of layers of the circuit,
|M| = maximal dimension of the future light cone of a parameter,
V] = maximal dimension of the past light cone of an observable,
N(m) = normalization constant of the model.

All these quantities may depend on the numer of qubits m and, as we will discuss in subsection 2.5, their
mutual growth as m — oo will control the good behaviour of the circuit. The physical meaning of the
light cones is depicted in Figure 5, Figure 6 and Figure 8.

The main notations used in this article are summarized in Table 1, Table 2 and Table 3.

3For instance, one could consider two-qubit parameterized gates instead of one-qubit ones, or consider local observable acting
on O(1) qubits instead of one-qubit observables. This would produce different constants in the bounds we will present.

4If, on the one hand, dealing only with global quantities that ignore the detailed structure is a great simplification, on the other
hand we should not deduce that all the circuits which are indistinguishable in these quantities can be considered equivalent for
the machine-learning problem. Indeed, the specific structure of the circuit typically may improve (or hinder) the learning process
and the generalization capacity of the model.



2.1 The dataset of examples

Let X C RY™X he the feature space (or input space) and let ) C R be the output space. Given a
training set D = {(zV,y®)};=1.n € X x Y, we will call n = |D| the number of examples and we will
represent it in a vectorized form as follows

») e
x=|" | v=|7 | (2.1)

Given any function g : R — R, we will often use the following notation:

9(X) = : o g(XT) = (g(aM) g(@®) - g(a™)) (2.2)

g(z™)

Similarly, for any bivariate function K : R x R — R we will write K(X, X7T) to indicate the n x n matrix
with entries (K (X, X7)) i= K(z®,20)) for 1 <i,j <n.

i
Assumption 2.1 We assume that the set of the possible inputs X is finite.

Remark 2.1 (The case of infinite input space) In a concrete setting we will typically have a finite amount of digits
to codify our inputs (over a bounded interval), so it is reasonable to suppose X to be finite. Even though we will
present all our results under the assumption that X is finite — this allows to provide simpler and less technical
proofs — all the final statements holds even when X is infinite. The reader interested in this technical treatment
of the infinite case can consult section 6, where we provide complete proofs for this more general setting.

Definition 2.1 (Mean squared error) As a cost function associated to the training set D, we will consider the
mean squared error:

@)= 135 (#1027 — )’
i=1

= 1700 - YIB. (23)

2.2 The model function: a quantum circuit

2.2.1 Layers, parameters and observables

Following the notations of [38], let L be the number of parameterized layers of the circuit, which might
depend on the number of qubits m.

Let 01,...,01,, be the parameters of the circuit, which we will compactly write in the vector
61
D)
0= i , (2.4)
eLm

whose dimension will often be denoted as |©|. A circuit is a finite composition of parameterized layers.
We need to clearly define the structure of a layer and how the parameterized gates are arranged.

Definition 2.2 A layer is the unitary operation Up(©,z) € L(H) (1 < £ < L) resulting from



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

followed by

2. a set of one-qubit and two-qubit gates acting on disjoint qubits, i.e., each qubit can be acted on by
at most one gate; each gate may depend only on the input x; the resulting unitary operation will be
called Vy(z) € L(H).

V(z) V(z)
1 — Rx(z;) —H  Rx(z)
2 ——‘ Ry(x) —*‘ Rx(zy)
3 —H Ry(zs) S — —H  Rx(z)
4 — Rx(z)) — Rx(z)

Fig. 1 On the left, an internal structure of V(x) which is forbidden according to Definition 2.2: the entangling gate acting
on the qubits 2 and 3 must be moved to a new layer. The structure on the right is allowed.

To clarify the second point, it is useful to look at Figure 1 as an example: the internal structure of
V(x) on the left is not allowed according to our definition of layer, since qubit 3 interacts with both qubit
2 and qubit 4. On the contrary, the structure on the right is allowed, since each qubit interacts with at
most one different qubit.

In Figure 2 a circuit composed of L layer is represented.

first layer second layer last layer

-€ — - — —

|0y —H w0 H [ Wons1(Os) | Wit yme s (B ymsr) ~+D 0,
|0) —H Wal6e) Wonsol(Ornre) W sty (O ymee) D 0,
™0y . W(6) Vi() Winss(Bnss) | Va(e) WiimesBenmes) H Vi@ H=D Og

10y —H Wa(6.) - | Wan(02m) Win(O1m) +D On

Ui(©) U(©) UL(®)

Fig. 2 Our parameterized quantum circuit.
We introduce a convenient notation for the indices of the parameters.

Definition 2.3 (Layer-qubit representation) Each parameter index ¢ € {1,...,Lm} can be represented in the
formi=m({—1)+k, with £ € {1,..., L}, k € {1,...,m}. k refers to the qubit involved in the single-qubit gate
parameterized by 6;, while ¢ refers to the layer in which such gate acts, as in Figure 3. The following compact
notation, which we call layer-qubit representation of the parameter index i, simplifies the above form:

it=[tm]l=m—1)+k. (2.5)

Therefore, a layer Uy can be written as

Ue(©,2) = Vi(z) (Wien) @ Wieg) @ -+ @ Wiem)) ()
— V() We(©), (2.6)



-
<

k=1 ‘0> — Wiy (0g) [ WiLy(0g) D 0,
!
2 |0) —H Wua(®a) Wisa(6a) D 0, .

3 10) —H Wua(ls) |- Vi) Wis(0ua) H - V(@) D 0, [lllc]=(l-1)m+k

: : : qubit
m |0) — Wim(01m) | Wit (Brom) D 0.
U,(©) UL(®)
Fig. 3 The layer-qubit representation.
where
Wi(©) = (W[a] QWi ® -+ ® W[gm]) (©). (2.7)

The action of the circuit on the initial state |¢p) is described by the unitary operation

U(©,2) =Ur(©,2) - U2(0,2)U1(0,z),  [thour) = U(O, ) |tho) . (2.8)

Let O € L(H) be the observable of the circuit, i.e., the measurement we are interested to perform on

|'(/Jout>-

Assumption 2.2 O is a local observable given by the sum of single qubit observables Oy :

m
0= 0,=010128 @ Lnm
k=1
+1h®02013@ - @ 1p
+1:® - ® L1 ® Om. (2.9)
For each k, we assume that Tr[O] = 0 and that the spectrum of Oy is contained in the interval [—1,+1], as in
the case of Pauli observables. We further assume that the parameterized single qubit gates of the circuit W;(6;)
can be written in terms of hermitian operators G; with spectrum {—1,+1} :
Wi(0;) = e 9% (2.10)

Therefore, the function f(-,x) is componentwise periodic with period m for any x € X.

Remark 2.2 Whenever the spectrum of G; is {—1,+1} for any ¢ = 1,..., Lm (as in the case of Pauli rotation
gates), in the basis diagonalizing G; we have that

Wi;(0;) = exp [—i (1 _1> 91‘] = (eiwi em) (2.11)

is a periodic function of ;, with period® m. Therefore, the domain of © can be identified with the compact set
2 =[0,m)Fm.

Remark 2.3 We stress that our results strongly depends on choosing O as the sum of single-qubit observables
over all the qubits. Indeed, if O is given by a single single-qubit observable, or more generally by an observable
with eigenvalues +1, the training does not in general happen in the lazy regime [41].

We are going to consider, as a model function, the expected value of the measurement of M on the
initial state |0™) = ®}", |0), € H, up to a normalization N (m):

(0™U1(©,2)0U (0, x)[0™)

Sup to an irrelevant phase.



L )
—sz::lfk (0, ), (2.12)

where we defined

(m)(@,2) = (0"|UT(©,2)OLU (0, z)|0™). (2.13)
N (m) is determined by the covariance function of the model at initialization, i.e., when the parameters
© are randomly initialized before the training (see Assumption 3.6). A circuit suffering of the problem
of barren plateaus would have a normalization N(m) exponentially decreasing as a function of m.

Remark 2.4 Because of Assumption 2.2, f,gm)(@7 z) are bounded functions:
17, 2)] < 1. (2.14)

We will use f(©, z) instead of f(™)(©,z), and f(©,z) instead of flim)(@, x) in order to have a cleaner notation.

2.2.2 The encoding of the input

The internal structure of V;(x) can be arbitrary as long as the second point of Definition 2.2 is ensured,
i.e., each qubit interacts at most with one different qubit. This general requirement will be enough for
the discussion of the case with finite X', so the following restriction is meaningful only for the reader
interested in the general case of infinite X' (section 6).

Let S; be the set of the couples {3, j} of qubits 4, j interacting in the layer ¢. If a qubit i does not
interact with any other qubit in the layer ¢ then we will just add the singlet {i} to Sy. Given this definition
we will suppose that the unitaries V' (x) have the form

dim X
. €,5
V)= TT TI v [T e (2.15)
EeS, k=1 jEE

where

1. Ug )k is an arbitrary non parameterized unitary acting only on the qubits belonging to E;

2. lCi’j acts only on the qubit j;

3. Either Spec(/Ci’]) = {—1,+1} (in this case, the ¢-th layer encodes z; nontrivially in the qubit j) or
lCi’] =0 (in this case, the ¢-th layer does not encode xy in the qubit 7).

Vi(x)
1 ~4 e K '— e‘mngl” —l e‘ms’ng” }»—
(D U] (1)
Uitz Uiz, Uiz,
2 e K} RN LR LA

s A0 1 e | [ 0 1 e 1 [ 0 [ e |
1 ‘l e 1% H U1 “ { e®10x H U1 }

2 ‘l e—ia:l oy H UQ } -iz, 0y,

(&

3 __‘ U3 H e—ia:IaX I @ I e-imgax H e-imsay }__

Fig. 4 The general structure of a feature encoding layer (above) for m = 3, dim X = 3 and S; = {{1,2},{3}} according
to (2.15) with a couple of examples.
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As a consequence of the third point, the model function f(O, -) is componentwise periodic, with period
7 for any © € X, so we will consider X = [0, 7]9"™ ¥ In conclusion,

U(@,x) = VL({,C)WL(@) cee V1($)W1(@)7

f(©,2) = ﬁ(omlUT(@,x)OU(@,x)|om>_ (2.16)

Remark 2.5 In Definition 2.2 we asked each qubit to be acted on by at most one gate per layer. Even if in (2.15)
it might appear that more than one gate per qubit is acting, it is sufficient to notice that V;(x) can be rewritten

in the form ,
Vi(z) = @ Uy (@), (2.17)
EeS,

where Ug) (z) are single-qubit or two-qubit unitaries fixed by (2.15), to conclude that Definition 2.2 holds.

2.3 Light cones

2.3.1 Light cones and their extensions

V(z:) [
V(zy) H
V(z) |
V(zy) H
V(z,) F

0) —_Wi6)
10) —| W(6y)
10) — Wil6y)
10) — W,(6)
10Y — Ws(6s)

W(6s) Wis(0i5) =+——]) O,
Wo(0s) |——— Wig(0s6) D O,
Wig(010) F—— Wis(01r) D O,
Wii(011) f——| Wisl0ss) |4—1—D O,
Wis(812) ] Wig(819) D O,
10) — Wel6) = Viws) H— Wisl6i) —— Wal(020) H——]) Oy
10) — Wi0) | V(e Wiy (6:) F Wai(621) D O,

Fig. 5 Extended light cone M3 = {1,6,7} of the parameter 613 for the circuit in the figure. Here m = 7, X = [0, 7|2,
|®| = 21. Informally, the set M3 is the answer to the question: what are all the observables that may depend on the
parameter 6137

I B i B

1 1 1 1T T T

|

Light cones are objects which, together with N(m), characterize the global properties of the
architecture of the circuit and will be crucial to understand the interplay between

1. conditions for trainability,
2. conditions for quantum advantages.

In this subsection we are going to introduce the light cone of a parameter and of a local observable, and
we will define the local Hilbert space of an observable. We start from a simple definition, which is useful
to understand the meaning of these sets (Definition 2.4). Then, we will give an operative definition to
build some sets containing the light cones: we will call them extended light cones (Definition 2.5). Since
the second definition allows cleaner proofs and upper bounds, we will use it in all the computations of
the following sections.

Definition 2.4 (Light cones) For any parameter index ¢ € {1,...,|0|} we define the future light cone .ng of the
parameter 0; as the subset

.,?if ={ke{l,...,m}: fr(©,z) depends on 6;}. (2.18)
Besides, for any qubit index k € {1,...,m} we define the past light cone f,f of the qubit k as the subset

LY ={ie{1,...,10|} : fr(©,z) depends on 6;}. (2.19)

11



10 = Wi(0) = V(e) g— Wi(6y) Wis(0i5) F-——) O,

10| = Walb) = Vi(e,) = Wi(by) }— Wi4(616) D O,

10) —{ Wsl0) |- V) g Waol010) ] Wie(019) | D O;

|0)| =L Wu0) o V() ] Wii(00) [ Wis(01) | D o,

10) — Ws(6) |1 Vie) 4 Wisl612) —— Wis(619) D O;

10y — W@ H Viad) H— Wl | —D o,
=

0y — Wil0) H V(o) —— Wiy(0) =— Wau(0) [|——D 0O,

Fig. 6 Extended light cone N3 = {1,2,3,4,9,10,16,17} of the observable f3(0,z) for the circuit in the figure. Here
m="17,X=1[0,7]2, 0| = 21. Hjoc is the local Hilbert space associated to f3(0, ). Informally, the set A3 is the answer to
the question: what are all the parameters that may influence the observable f3(©,z)?

Both .,Z-f and £} are useful to track the dependence of the observables on the parameters. More pre-
cisely, we want to understand which observables are affected by the random initialization of a parameter
and by its evolution during the training. The following definition generalizes these sets (see Corollary
2.5), giving an operative way to build them by the only knowledge of the interactions between the qubits
of the circuit.

For any circuit U, we need to define some auxiliary sets:

To ={k' € {1,...,m} : the qubit k interacts with (2.20)
the qubit k" in the layer £} U {k},
T (=1L
Ji=9 U Zew <L (2.21)
k/Ej]f+1
NéE= U {lewy. (2.22)
ket

In particular 7! 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. The family of interactions {Zox}e=1,.. Lik=1,..m Wil be
denoted as Zy. When we will consider the sets (2.21) and (2.22) referred to a different circuit U’, we will
use the notation , .

Ji 'U/, N (2.23)
Now we have all the ingredients to define a generalization of the light cones.

Definition 2.5 (Extended light cones) Given any qubit index k € {1,...,m} we define the extended past light

cone N}, of the qubit k as the subset of the parameter indices {1,...,|0|} given by
L
Ne=J M (2.24)
(=1
Furthermore, given any parameter index ¢ € {1,...,|0|}, we define the extended future light cone M; of the
parameter 0; as the subset of the qubit indices {1,...,m} with the following property:
M;={ke{l,...,m}:ie N} (2.25)

12



Lemma 2.3 (Constructive definition of the extended future light cones) As a consequence of Definition 2.5, we
have a procedure to construct the extended future light cones of the parameters using the family of interactions Iy :

MLk =Lk (=1,
M[Zk] = U M[(g+1) k'] { < L. (2'26)
k'€ZLy k
Proof Using (2.22),
[kl € Njy <= [tk|eN} = keTp, (2.27)
and by Definition 2.5,
Mg =K (k] e N} = {K - [tK] e N} = {K - k € T (2.28)
By (2.21), if £ < L,
ke j;f/ < keI,} for some ke gt — ke Iy i, for some k € JKTL17 (2.29)
SO
4 7. 14
Mg ={K ke Tt = |J (kg™ = U Muyn- (2.30)
k€T keZy
Finally,
M[Lk] = {k‘/ ke IL,k:’} = {k/ : k’/ S IL,k} = IL,k- (2.31)
O

Definition 2.6 The mazimal cardinalities of the extended light cones will be denoted as

M| = max [Mel, V] = max A (2.32)
3
and, for any integer k > 1, the sum of the k-th power of the cardinalities of M, will be called
O] .
S=> Ml (2:33)
i=1

Remark 2.6 Clearly, the simplest upper bound to X in terms of |M| is
% < Lm|M|". (2.34)

2.3.2 The circuit seen by a local observable

The aim of this subsubsection is to determine the gates in the circuit on which the expected value of
each local observable actually depends (see Figure 7). We start from the following remark.

Remark 2.7 According to Definition 2.2, we can rewrite

Vi(w) = II VR, (2.35)
{(k,k"):k" €Ly, }/~
where Ve(k”c ) is a unitary operation acting only on the qubit k and on the qubit k', and ~ is the equivalence

relation (k, k") ~ (k’, k). The order of the product of the unitaries Ve(k’lC ) is irrelevant, since they commute as
they act on different Hilbert spaces.

Definition 2.7 (Pruning of a circuit) The pruning operation [-]; (k =1,...,m) of the circuit U to which the
family Zy; is associated,

L
U], = [ULUp—r...U0h], = [[[ Ve@)We(®) ] (2.36)
£=0 k
is the circuit obtained from U by replacing, for any k', k" € {1,...,m}and £ € {1,...,L},
Wiy — 1 — [0k'] ¢ N, (2.37)
vERD L1 e K e and K K0T =0, (2.38)

13
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Fig. 7 Above: the entire circuit. Below: the part of the circuit which contributes to the computation of
(0™ |UT(©,2)07U(0,z)|0™). We will call it the “pruned” circuit.

Lemma 2.4 (Fundamental property of the pruning operation) Given any circuit U(©, x) according to Definition
2.2 and a local observable Oy, acting only on the qubit k, for any |¢) € H the following identity holds

WUt (©,2)0,U(8,2)[) = (¥|[U(6,2)] 0L [U(©,2)],]¥). (2.39)

Proof We prove (2.39) by induction on L. If L =0, U = 1 and [U]; = 1, the claim holds. Let us now consider a
circuit composed of L > 0 layers

U=UrUr_1...UU; (2.40)
and assume the claim for L — 1 layers. The unitary
U'=ULUL_1...Us (2.41)

represents a circuit of L — 1 layers. Since the sets J; ,f and N, ,f are defined starting from the last layer, the circuits
U and U’ have in common

j,f’U:J,f_l‘U/ and N,f‘U:N,f*]U/ Ve 1 (2.42)
Let |¢') = U1 [1h); by inductive hypothesis
W WU oUWy = | [U"]F 0k [U"] o)
= (W|U] U]} 0x [U"], U1 1)
= (| ()t [U]fox U], (i) [0). (2.43)
Suppose {k', K} N T = 0 where k" € Z; j/; then

Vl(kl’k”) commutes with [U']k (2.44)
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since [U’} «, acts as the identity on the qubits k' k", due to the definition of the pruning operation combined with

the elementary property j,f - j]f+1 for any £ =1,...,L — 1. Furthermore, because k € Jlf, both k' and k" are
different from k, whence

Kk T kK Kk T Kk
() 0 0, (H) )~ o

Similarly, if [¢k'] ¢ N, then
W) commutes with [U’]k and O. (2.46)

As a consequence,
@YU Iy = | (viw) T U] 0k [U],, (Vi) [4)
= <¢|[U/V1W1}L(9k [U'ViW1], |4)

= (| [U]} 0 [U] 1), (2.47)
which proves (2.39) for L layers. O

As a corollary, we can show the property anticipated above.

Corollary 2.5 (Extended light cones generalize the light cones) The following relations hold
LPCNy, 2 am, (2.48)

Proof If f1,(©,z) depends on G[gk/], then, by Lemma 2.4 the parameter must appear also in the pruned circuit
U(©,)],. (2.49)

By definition of pruning, the dependence on the parameter 0}y is not removed if and only if [€k'] € NV, ,f. Since

L
N, = U N;f (2.50)
{=1
then 0}y, € N}, whence
N D 2P (2.51)
This implies that
LI ={kie LY C{hie i} =M, (2:52)
(]

Remark 2.8 Since the extended light cones are immediate to construct® using Definition 2.5, from now on we
will consider only them and, with a slight abuse of notation, we will simply refer to them as “light cones”.

In the following sections, when we will need to emphasize the dependence of a local observable fi (O, z)
on the subset of parameter {6; : i € Ny}, we will use the notation (borrowed from [38]) fir(On,, )
instead of f;(©,x). More generally, if we will need to underline the dependence of a function g(©) on a
subset S C {61,...,0Lm}, we will write g(©g) instead of g(O).

2.3.3 Light cones, local Hilbert spaces and classical simulability

As we can clearly notice by looking at Figure 7 and as Theorem 2.4 implies, the Hilbert space involved
in the computations of the output fi(©,x) of a local observable is smaller that #H. This motivates the
following definition.

Definition 2.8 (Local Hilbert space) If we denote as Hi, Ha, . . ., Hm the Hilbert space associated to the qubits

1,2,...,m, the local Hilbert space associated with a local observable Oy, is defined as
k
Hioe = ® Hyr. (253)
ked}

SInstead, the original light cones may be more difficult to construct, when some cancellations of the dependencies occurs or

when G; = 0 for some . The knowledege of the family Zy is insufficient to define .2’,5 and ;'fif, while is the only object involved
in the construction of N and qM;.
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In particular
1
dim Hf . = 217k, (2.54)

Lemma 2.6 (Sufficiency of the local Hilbert space) The computation of fi(©,x) requires only linear-algebra
operations in ’Hlkoc.

Proof Because of Theorem 2.4, the only qubits involved in the computation of f;(©, z) are the ones on which [U]g
acts nontrivially. In particular, [U]; is the identity outside the tensor product of the Hilbert spaces of the qubits

L
Uz =7i. (2.55)
(=1

where we used that Iﬁ"'l - I,g forany £ =1,...,L — 1. Such tensor product is (2.53). O

A necessary condition to achieve a quantum advantage with respect to classical computations is the
requirement that the dynamics of a quantum circuit must be hard to simulate classically. The linear-
algebra operations required to compute the model function f(©,x) are of the order of m times the
operations required to compute a local observable fi (O, ). The order of the number of these operations
is O(poly(dim Hoc))-

Lemma 2.7 (Necessary condition for quantum advantages) We can estimate the dimension of the local Hilbert
space:

olN1/L [N

< maxdim HE <2 (2.56)

Therefore, a necessary condition to achieve a quantum advantage is that |N'| grows superlogarithmically with the
number of qubits.

Any logarithmic or sublogarithmic growth of |[NV| excludes any superpolynomial quantum advantage.

Proof By Definition 2.5, and using the fact that Nj D N for any £ =1,..., L,

Ny = LLJN;f = M S LINVG| and NG| < N, (2.57)
{=1
Since [N{| = logy dim H
L < togy i #f < V1. (2.58)
Taking the maximum over k,
WTl < max logy dim M. < V. (2.59)
]

Remark 2.9 The fact that the outcome of any local observable only depends on the state reduced to the local
Hilbert space has operational consequences when the circuit has to be experimentally realized and gives further
insights about the meaning of the infinite width limit in quantum neural networks.

1. Concerning the implementation, wide architectures do not actually require a quantum computer with
as many qubits as their widths: the number of qubits which are needed in the laboratory is not m, but
maxy log dim HF . = maxy | J;l| (see (2.54)), since the expectation value of each measured one-qubit
observable can be estimated independently, and such estimate requires only the qubits in the past
light-cone of the measured qubit. Without producing architectures which can be naively classically
simulated, it is possible to choose | 7| = O((elogm)?) with d > 2 and € > 0 smaller than a certain
threshold, as we will discuss in detail in subsection 2.5. This means that the effective number of qubits
needed to run a quantum neural network of size m is much smaller than m.

2. Since number of qubits involved in the light cones is the key determining the effective size of the
implemented network and the classical (non-)simulability properties, we should think about maxy, |7}!|
as the effective width of the circuit.
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2.3.4 Architecture-independent bounds and geometrically local circuits

Is it possible to estimate the cardinalities of the light cones without knowing the specific structure of the
circuit? Yes, it is, but the bounds are very weak:

M| <2b N <2t s, < omant (2.60)

For the derivation of these bounds, see Appendix B.

[0) —] V(&) W(6) ] ] D o, 0 V() W(6) 0,
i | 1 T Lpo o™ E 1 E o
10y — DOs Joy+ D 0,
10) j m m m m Do, oy m Dj m m D o,
0 0; )
o L . i . S =} 2 1 . oo
10) — Do, oy D o,
10y — m m m m DOs oy m m m m IDOS
10y — Do, oy D 0,
10y — m m m m DETEIES m :j Dj m D 0y
10y — DO, 0y D o,
10) j m m m m DO, |0y m m m m D O
|0) Doy 10y D Oy
10y —| m i m | Doy 10y— m | m i D Oy

Fig. 8 Light cones M[;g) and N7 for a geometrically local circuit. Since each qubit interacts only with neighbouring
qubits, the growth of the light cones is polynomial in the number of layers L.

All the bounds obtained for the most generic architecture using 2-qubit gates are exponential in L,
which in general is not a good dependence if we are interested in the case L = L(m). These estimates —
which accounts also for the worst case — are typically too loose since, in a physical implementation with
many qubits, the reasonable assumption that only neighbouring qubits interact” turns this exponential
behaviour into a polynomial growth. This can be informally realized by looking at Figure 8. In particular,
the dependence on the number of qubits is of the order

dim Hioe = 2°EY, N =O(L-LY),  |M|=O(LY), (2.61)

where d is the dimension of the lattice on which qubits are arranged. We will not enter into the details
of these circuits since in our theorems we never assume geometrical locality, and all the theorems will be
stated in terms of the maximal cardinalities of the light cones.

We will come back to the problem of the exponential dependence on the number of layers in
subsection 2.5.

2.4 Random initialization of quantum circuits

We say that a circuit is randomly initialized when the parameters 6; are sampled from independent (not
necessarily identical) distributions. At the moment, we do not add any assumption on these distributions
other than the independence and the following requirement.

Assumption 2.8 The final layer is chosen so that, for any k =1,...,m,
E[f4(0,2)] = 0. (2.62)

7Such architectures are called geometrically local [38].
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Now we show that any circuit U(©, z) with traceless local observables satisfies (2.62) by means of a
specific final layer of local parameterized gates. To understand how this works, let us consider the simpler
case in Figure 9 where the observables are Pauli Z.

L L+1
o1 T pz o1 T Wmael Dz
ol pz o Il I lim@al pz
ml ol HAT Hpr — o T HmGeal) Dz
ol p2 ol —llweal pz

U(0,x) U(0,5) R(©)
Fig. 9 The zero mean hypothesis can be obtained by adding a final layer.

Let us add a final layer

Ur+1(©) = Rx(Oz4+1)1)) ® Rx (O1(+1)2]) ® - @ Rx (Oy(141) m))> (2.63)

where
Rx () = e "0x ox = <1 1) : (2.64)

Therefore

fi(©.2) = (0" UN(©,2)U},(©)
L@ ®@Lp1®Zp @11 ®@--- @1y
UL+1(©)U(O,z)[0™)
= (0" U(8,z)
1, ®- - @z nox 7, e=0lasnnox g ... o 1,,

U(©,z)[0m), (2.65)

where X, and Zj, are respectively ox and oz acting on the qubit k. Using the fact that

00 = 51‘3‘ + 1€;k0k (2.66)
and -
e 0" — T cosf —in-Gsinh with || =1, (2.67)
we see that
e99X 5 ,e709X = (1 cosf + iox sinf)oz (1 cos§ — iox sin )

= (1cosf + iox sinf)(oz cosd + oy sin §)

= 07c0820 + gy cosfsinf + oy sin 6 cos§ — oz sin® 6

= 0z(cos? f — sin? @) 4 oy 2sin f cos §

= 0z cos20 + oy sin 26. (2.68)

If 6 is uniformly distributed in [0, 27], then
E[cos26] =0 and E[sin26] = 0. (2.69)

So, if, for all k = 1,...,m, 041 is uniform in [0, 27] and independent of 61, ..., 0L, then
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+(0" U0, 2)L1,... -1 @ Vi sin 2041y 1) @ Lir1,..mU (O, 2) [07) (2.70)
= fx(©,2) cos 20((1+1) k] + 9r(O, ) sin 20111y k)3

E[fi(0,2)] = E[fx(O, z)]E[cos 2041y k)] + Elgx (O, 2)|E[sin 20;141) 1] = O, (2.71)
for all k € {1,...,m} where

fr(©,2) = (0™UT(©,2) (14, ., m) U(©,z)[0™)
gr(©,z) = (0™|UT (O, z) (L1, 51 @Y @ Lyr,...m) U(O,2)|0™)

.....

(2.72)

is the output of the original circuit, which does not depend on 011 4)- The general case is analogous.
The following lemma will be crucial to prove — in terms of the cardinalities of the light cones — that
randomly initialized quantum neural networks yield model functions distributed as Gaussian processes.

Lemma 2.9 (Dependent observables at random initialization) For any k=1, ..., m, let
Pr={k €{1,...,m}: fi,(©,z) is not independent of
fx(©,z) at random initialization}. (2.73)
Then
[Pr| < IMIIN. (2.74)

Proof If the observables f;(0,z) and fi(©,z) are not independent, then there is a parameter on which both
the qubit k& and the qubit k¥’ depend:

Pkg{kle{l,...,m}:NkﬂNk/75@}
={Ke{l,....m}:Ji e N N Nj}
= U {k’e{l,...,m}:ie/\fk/}

’iGNk
= U (K e{1,...,m}:k e M;}
iGN)C

U M. (2.75)

iGNk

Therefore

[Prl < [N max [M;] < [N]|IM]. (2.76)

2.5 Some examples and the estimate of N (m)

In the theorems of convergence and of trainability that we are going to prove in the next sections, the
hypotheses will have the form

_ LemP I MPIN°
lim ————— = —

Jim == 0 (2.77)

for some «, 3,7, > 0 according to the precise statement. It is important to provide concrete examples
of architectures for which it is possible to estimate N(m),| M| and |[N| so that the existence of valid
candidates of circuits is ensured.

The example provided by E. Abedi & al. in [38] (see Figure 10) is a circuit in which

N(m)=+vm, |M|=0(L), |N|=O0O(L*), Lisfixed. (2.78)

As we will see, in general 5 < %, therefore this kind of circuit always satisfies all our theorems. However,
since dim Hjpe = 200 = O(1), such circuit is classically simulable, so we do not expect to achieve
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1 |0) H Rv(e) H Rx(0un) | Rx(0j2y) Rx(Oy) H-D Z
|0) H RBylz) H Rx() | Rx(6j22) Rx(O12) D Z

m |0) H Rylws) H Rx(0s) | Rx(629) Rx(Ous) D Z
v 10Y H Ryl H Rx(Oum) — Rx(Osm) | Ry(Oum) H- D) Z

Fig. 10 The example described in [38].

quantum advantages with such architecture.
A suitable class of circuits for investigating quantum advantages is the one studied by J. C. Napp in [16],
where the following bound is provided

S

N(m) > for some fixed C. (2.79)

CL

[\

In a generic setting, the number of qubits in the past light cone of any observable Oy can grow as
|7 = O(25). (2.80)

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

|Td| = O(LY). (2.81)

Let us assume to choose L = elog, m. Without assumptions on the geometrical locality, |7} = O(m®),
which is an upper bound, so any growth | 7}| = O(m) with € < e can be achieved by an appropriate
choice of the interactions. In this case, each condition of the form (2.77) can be satisfied for ¢, €’ small
enough )
- (logy m)*mP+(r+d)e

m— 00 ml/Z—Ce
since in all our results the hypothesis appears with 8 < 1/2. However, the local Hilbert spaces have a

=0 (2.82)

superpolynomial dimension 2™ . In the geometrically local setting, we can choose | 7;!| = ©((elog, m)?);
if d > 2, then the local Hilbert spaces still have a superpolynomial dimension, since 2(¢log: m)? =
me’logs ™" m Besides, each condition of the form (2.77) can be satisfied for e small 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, which will be discussed in subsubsection 4.1.2. 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.

As a final remark, we explain the deep reason to avoid in general the further simplification given by
Lemma B.1. This lemma would reduce the hypothesis to the simpler (but stronger) form

~ LemPo0+o)L
L S T B (283)

which requires only the knowledge of N(m) and L. The exponential dependence on L (combined with

the behaviour N(m) = O(y/m), which in general is not tight) constrains L to be at most logarithmically
dependent on m. The same bottleneck appears in the case of barren plateaus. Even though this constraint
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does not impede a priori the achievement quantum advantages, such limit on the growth of L with respect
to m might not be intrinsic: in particular, in the case of specific architectures avoiding barren plateaus,
the simplification of Lemma B.1 would fictitiously rule out more interesting behaviours of L(m). This is
the reason why it is important to keep the explicit dependence on the maximal cardinalities of the light
cones in the hypothesis of the theorems proved in the following sections.

3 Quantum neural networks with random parameters are
Gaussian processes

In this section we are going to consider the random initialization of the parameters of the model func-
tion: {6;}i=1,. . Lm, are therefore random variables, which we assume to be independent and identically
distributed. The goal of this section is to study the conditions under which the function generated by the
quantum neural network is distributed as a Gaussian process as in the classical case (Theorem 3.7) and
to fix reasonable assumptions on the output of the randomly initialized circuits (see Assumption 3.6).

[0 , ’7T] Lm

Fig. 11 The uniform random initialization in the parameter space & = [0, 7]L™.

As discussed in Remark 2.2, a typical parameter space could be & = [0, 7]/™ with periodic boundary
conditions — which is a torus. Besides, a typical initialization could be the uniform one (with respect to
Lebesgue measure on the subset [0, 7]X™ C R¥™). These particular choices are a convenient example to
fix ideas on a possible initialization, but the assumptions and the theorem we will state in this section
will be more general.

Differently from the classical neural networks [21], we cannot follow an inductive procedure by per-
forming the limit m — oo layer by layer: in our case, the number of qubits is the same in all the layers.
Moreover, as discussed in subsubsection 2.3.3, the number of layer must grow with the number of qubits
when we look for quantum advantages. Hence, if we proved that the output is distributed as a Gaussian
process for any fixed L, this would be insufficient: the limit L — oo could be performed only after the
limit m — oo, but the dependence L(m) requires a unique limit m — oo in both the spatial (number of
qubits) and temporal (number of layers) directions.

Our approach to face these issues is to consider the global properties of the random outputs and, in
particular, their dependency relations. On the one hand, the strategy and the physical intuition behind
the central limit theorem are important (see Theorem 3.2). On the other hand, looking back at the
discussion about light cones and dependence between the local measurements, it is easy to realize that
the model function is a sum of functions which, in general, are not independent. However, let us fix
k € {1,...,m} and consider the observable f (0, z) after a random initialization of the parameters, which
are independent random variables. For narrow enough light cones, the number of observables fi/ (0, x)
whose output is not independent of the outcome of fi(0,z) will be slowly growing with respect to the
total number of qubits. This situation is depicted in Figure 13. Such behaviour can be thought as an
approximate version of the hypothesis of the central limit theorem. If the deviations from the standard
hypothesis are somehow “small”, the result will still be valid.
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Our results improve and generalize the discussion of [38] by means of quantitative bounds which are
valid for any dependence L(m) and which will be used to determine the behaviour of the circuit in the
limit m — oo.

The outline of this section is the following: first, we will introduce the basic notions about the Gaussian
processes and the theory of cumulants, and we will state some technical theorems from the literature to
support quantitatively the intuition just presented (see subsection 3.1). Then, we will fix and discuss some
assumptions about the output of the circuit (see subsection 3.2). Combining the technical results with
these assumptions, we will prove the main theorem of the section (Theorem 3.7): a sufficient condition
of the form (2.77) to ensure the convergence to the output to a Gaussian process. Finally, we will show,
by means of a counterexample, that a circuit violating the hypothesis we will have just stated does
not produce, in general, an output distributed as a Gaussian process (see Appendix A). Even though
we expect that out hypotheses can be relaxed and the statement of the convergence theorem can be
extended to a larger class of circuits using a different strategy for the proof, this observation excludes a
generalization to any variational circuit.

3.1 Central limit theorem and generalizations
In this subsection we recall some fundamental definitions and results which serve as an introduction to

our results and strategies. We start defining a Gaussian process (see [44] for more details).

3.1.1 Gaussian processes and the central limit theorem

Definition 3.1 (Stochastic process) A stochastic process is a collection of random variables {Xa}qeca, which
defined on a common probability space.

When two random variables X and Y have the same distribution, we write X ~ Y.
Given g € R and 02 > 0, we write X ~ AN (p,02) when X is a random variable with the following
Gaussian probability density function:

p(x) = e 2?7, zelR. (3.1)

If p € RY is a vector and K € RV*¥ is a positive-definite matrix, we write X ~ N (u, K) when X is a
random vector of R with the following multivariate Gaussian probability density function:

1 1 e—%(w—u)Tlcfl(iU—ﬂ)’ T € RN, (32)

p(l‘) = (27T)N/2 %deth

Definition 3.2 (Gaussian process) A stochastic process {Xa }oc 4 is said to be a Gaussian process (GP) if every
finite collection of random variables has a multivariate Gaussian distribution, i.e., for any finite subset FF C A
there exist a vector up € RIFl and a positive semidefinite covariance matrix g € RIFIXIFT guch that

{Xa}aer ~ N(ur,KF). (3.3)

In particular, if we define the mean function p: A — R and a covariance function £ : A x A — R as

wla) = E[X,], (3.4)
K(ava/) =E [(on - ,U(O‘)) (on’ - .U(O/))} )

then pp and K can be seen as the vector and the matrix produced by the evaluations of these functions:

The mean function and the covariance function characterize the Gaussian process. Therefore, we will
refer to the distribution of {X,}aeca by writing

{Xa) ~ GP(u, K). (3.7)
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As an example, the random output of a function f : [0,1] — R can be distributed as a Gaussian process.
In this case, we are setting A = [0, 1], and we are considering x : [0,1] = R and K : [0,1] x [0,1] = R so
that
{f(@)}zep) ~ GP (1, K). (3.8)
Each sample of this distribution consists in a particular function f which is defined at each x € [0, 1].
If we repeated many times the sampling, we would notice that the shape of the function is statistically
affected by p(z) and K(z,z'). In particular, if we fixed a point z; € [0, 1] and we isolated the value f(x1)
of each sample, we would notice that
B[f(z1)] = p(z1). (3.9)
A similar discussion can be done for the covariance of the values of the function and, more generally,
for the distribution of any finite subset of values of the functions in the sample. The notion of Gaussian
process, as in the classical setting, will be necessary to describe the output of the quantum circuit in the
limit of infinitely many qubits.
In order to state the central limit theorem, we recall one of the equivalent definitions of the convergence
in distribution (see e.g.[45, 46]).

Definition 3.3 (Convergence in distribution) Let X be a real valued random variable and let X1, X2, X3, ...

be a sequence of real-valued random variables. The sequence X1, X2, X3,... converges in distribution to X if
lim E[f(Xy)] = E[f(X)] (3.10)
k— o0

for any bounded and continuous function f : R — R. We will use the notation

Xp % x. (3.11)

Lemma 3.1 (Equivalent definition of the convergence in distribution) Let X be a real-valued random variable
and let X1, X9, X3,... be a sequence of real-valued random variables. Then

Xk 4X as k— oo (3.12)
is equivalent to
lim ]P(Xk < :c) = ]P’(X < x) for any x € R such that

k—o0

z+— P(X <) is continuous. (3.13)
Proof See e.g. [45]. O

Theorem 3.2 (Central limit theorem) Let X1, X2, X3,... be a sequence of i.i.d. random variables with
E[X;]=0  Var[X;] = o* (3.14)

and let X ~ N(0,62). Then
m

\/lm,;in>X as m — oo. (3.15)
Proof See [46]. O

The following result is used in the proof of the central limit theorem and we will need it to prove
Theorem 3.7.

Theorem 3.3 (Lévy’s continuity theorem) Let X1, X2, X3,... be a sequence of random variable with character-
istic functions

dp(t) =E [eltx’“] k> 1. (3.16)
If there exists a random variable X whose characteristic function ¢(t) is the pointwise limit of ¢y (t), i.e.

lim ¢ (t) = ¢(t) vVt € R, (3.17)

k—o0
then X}, converges in distribution to X :

X, 4 x. (3.18)

23



Proof See e.g. [46-48]. O

Since, in our case, fr(0,z) is not a sequence of i.i.d. random variables — the local observables are
neither identically distributed nor independent — we need a strategy to generalize Theorem 3.2. This is
the aim of the following paragraph.

3.1.2 Cumulants and dependency graphs

The strategy to prove Theorem 3.7 is based on the theory of cumulants of a random variable, which we
briefly recall (see [49]):

Definition 3.4 (Cumulants) Given a real-valued random variable X, its cumulants x; = k;(X), j € N, are the
defined as

I )
) Y B it X
Ry (X) = (=) 2 loeE [e ] , (3.19)
provided that the derivative exists.
It is easy to prove that
k1(X) = E[X], ko(X) = Var[X], (3.20)
when they exist. If the characteristic function is r-times differentiable, an equivalent characterization of
the cumulants of order j = 1,...,r is provided by the Taylor expansion:
T Py
logE [e"¥] = Z =H(@t)? +o(t")  as t—0. (3.21)
. jl
Jj=1

Now we introduce the theory of dependency graphs following [50]. It will be the key tool to support and
quantify the intuition that a circuit in which two local observables are “often” independent yields an
output behaving as one would expect by the central limit theorem, even though the hypotheses are not
satisfied.

Definition 3.5 Given a family of random variables { X }oc 4, a graph & with vertex set V' is called a dependency
graph for the family if the following property holds: whenever V; and V5 are disjoint subsets of V' such that
there are no edges in ¢ with one end in Vi and one in Vo, the subfamilies of random variables {Xa}qec1; and
{Xa}aev, are mutually independent. We stress that there is no assumption of independence within each of the
sets {Xa}taey, and {Xatacvs-

The dependency graph of a family of random variables might not be unique: the complete graph is
always a valid dependecy graph. However, as we will see in the next theorems, we look for dependency
graph having as few edges as possible.

In Figure 12 we see an example of a dependency graph for a quantum circuit. The edges connect the
index of the observables which are not mutually independent. We should prove that, for our case, this
procedure to construct a dependency graph is compatible with Definition 3.5. Indeed, this statement is
not generalizable to any family of random variables. An example of a triple of random variables which
are independent in pairs but not globally independent can be found in [51, 52]. The case of the quantum
circuit we are considering is not affected by this problem.

Lemma 3.4 Let us consider a quantum circuit as in section 2 with m qubits. Let 4 = (V, A) be the graph with
vertices V.={1,...,m} and edges E defined by

(kK e E — f1(©,x) and f,(©,x)
are not independent at random initialization
ie., k' € Py. (3.22)
Then, ¢ is a dependency graph for { fx(©,x)}recv according to Definition (3.5).
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Fig. 12 A dependency graph for the circuit on the left compared with the trivial graph with no edges (independent
observales) and the complete graph (all the variables are pairwise dependent). Informally speaking, the dependency graph
of the circuit seems somehow closer to the trivial graph than the complete graph, since “far” observables are independent.

Remark 3.1 As already asserted in section 2, in all our discussion we assume that the parameters 61,...,0m
are independent random variables. We will not repeat every time this assumption, which will be almost always
implicit.

Proof Recalling that
P, ={k €{1,...,m}: fi(©,x) is not independent of
fx(©,z) at random initialization}

C{K e{1,...,m}: Ny NNy # 0}

={k e{1,...,m}:3ie{1,...,Lm} such that k € M; and k' € M;}. (3.23)
Therefore, if k' ¢ P}, then the observables
fkOny,2) and  fr(On,, ) (3.24)
are functions of different parameters. Therefore, if V] and V> are subsets of V' such that
VkeVi PK €Va suchthat kK € Py, (3.25)
then the sets
U N and  |J N (3.26)
keVy k'eVa
are disjoint:
UM UM |=U MnNw =0 (3.27)
keVy k'eVy keVy
k'eVs

since Ny NNy = 0 for any k € Vi,k' € Vo. Noticing that the family {fx(©,z)}rer, depends on Ukev, Nk
and the family {fi/(©,z)}x cv, depends on Uk'e\/g N}/, we conclude that they are independent, because they
depend on different independent random variables. 0

We define the maximal degree D of a graph ¥ = (V, F) as the maximum number of edges incidenting
on any fixed vertex
_ _ / . /
D—rknea‘icdegk—rknea‘id{k eV:(k k') eE}. (3.28)

Now that we are able to construct a dependency tree for our circuit, let us state the following technical
theorem:
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Theorem 3.5 ([50]) For any integer r > 1, there exists a constant Cy with the following property. Let {Xa}tacv
be a family of random variables with dependency graph 4. We denote with N = |V| the number of vertices of 4
and D the mazimal degree of 4. Assume that the variables Xo are uniformly bounded by a constant A. Then, if

X = Xa, (3.29)
acV
one has
lkr(X)| < CrN(D41)""tA" (3.30)
with
Cr=2""1p""2 (3.31)

The upper bound (3.30) was stated by Janson in [53]. Déring and Eichelsbacher established in [54]
that the bound, according to the original proof, holds with C,. = (2¢)"(r!)3. Féray, Méliot and Nikeghbali
[50] found the new bound (3.31) by giving a new proof of (3.30).

3.2 Convergence to a Gaussian process

The following assumption fixes the expectation value of the model function at random initialization and
the asymptotic behaviour of the normalization N(m).

Assumption 3.6 Where not otherwise specified, we will assume that the distribution of the independent random

variables 61, ..., 9|@‘, the architecture of the quantum circuit and the normalization N(m) chosen are such that
E[fx(©,z)] =0 VeeX (3.32)

and
lim_ sup [E[f(©,2)f(0,2)] - K(z,2")[ =0, (3.33)

m—o0 m,x’eé\f

where IC : X x X — R is an arbitrary bivariate function from the feature space to the real numbers with strictly
positive diagonal elements, i.e.
K(z,z) >0 VeeX. (3.34)

Therefore N(m) is chosen so that the limit m — oo yields a finite nontrivial covariance function.
This assumption does not fix a unique normalization, since a multiplicative constant or asymptotically
negligible corrections to N(m) produce other valid normalizations. Such ambiguity is irrelevant in the
following discussion: after choosing the circuit we want to study, we will always assume to have fixed a
possible normalization among the ones satisfying Assumption 3.6.

Remark 3.2 Assumption 3.6 implies that the operator norm of % does in general scale with m. Indeed, let us

consider the toy model where the expectation values of each O}, are independent. Then, to get a finite nonzero
variance we need N(m) = y/m, making the operator norm of % scale as y/m.

Remark 3.8 The architecture we introduced in section 2 satisfies (3.32) by Assumption 2.8.

Remark 3.4 The reader may be worried that the existence of the limit (3.33) may be a very restrictive hypothesis.
However, we will now show that such limit always exists for any sequence of quantum neural networks satisfying
the remaining hypotheses upon taking a suitable subsequence.

1. Due to the multiplicative degree of freedom in the definition of N(m) for each m, we can suppose to fix
a constant ¢ (not depending on m) that uniformly bounds the matrix elements [E[f (0, z) f(©,2")]| < ¢
for any z,2’ € X.

2. Since we assumed that the set of input is finite (Assumption 2.1), by a standard compactness argument
it is possible to identify a subsequence (my)gen such that the limit

K(xz,z') = klim E[fm)(©,z) f(™) (0, 2")] (3.35)
—00
exists.
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3. We can now study the properties of the circuits defined by this subsequence. To simplify the notation,
in the rest of the paper we will not refer to any subsequence, but all our results can easily be generalized
to such case.
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Fig. 13 For narrow enough light cones, the number of observables which are not independent of f(©,z) is small with
respect to the total number of observables in the limit m — oo.
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Now that for any k& € {1,...,m} we can estimate the number of the observables which are not
independent of f;(©,z) at random initialization (Lemma 2.9) and that we know how to construct the
dependency graph ¢ of the quantum circuit (Lemma 3.4), we can give an upper bound to the maximal
degree of ¢ and apply then Theorem 3.5. Combining the result with a strategy analogous to the proof
of the central limit theorem, we obtain the following Theorem, which is the main result of this section.

Theorem 3.7 (Gaussian process at initialization) Given 01, ... ,0\0| tndependent random variables, suppose
that Assumption 3.6 holds and that

o mMPIN?
lim ————— =

i 0. (3.36)

Then, as m — 0o, T — f(m)(G, x) converges in distribution to a mean zero Gaussian process with covariance
function K defined in Assumption 3.6:

Fm @, z) & F)(z) ~ GP(0,K)  m — oo (3.37)
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3.3 Proof of Theorem 3.7

Before proving Theorem 3.7, we need to show that the hypothesis (3.36) implies a control on the growth
of the light cones with respect to the normalization constant (see Corollary 3.9) due to an upper bound
of the normalization constant (Lemma 3.8).

Lemma 3.8 Assumption 3.6 implies the following bound: there exists m € N for any m > m.

N(m) < CvVmy/|M||N]. (3.38)

Proof We recall that we assumed that fi (0, z) are bounded observables:
|fL(©,2)] <1 VEe{l,....m}Vz e X,VO € £. (3.39)
By Assumption 3.6 there exists m; € N such that, for any m > mg

0< %K(z,x) < E[f2(0,2)). (3.40)

Hence, for m > my, K(z,z) can be estimated as

m

S E[f(0,2) fis (O, 2)

k,k'=1

1 1

glC(at,x) < 2(m)

2

= N2(m) > ( > Elf(©0) fr(0,2)] + D E[fk(@,xnﬁ[fk/(@,x)})

k' €Py, k' é'Pk

1 & 1 1
< N2 o> < mmmkax\m < mm|MHN|. (3.41)

where the last inequality follows from Lemma 2.9. Let
C; = max V2 , N(m) ‘ .
VK@, 2) vmy/[MIN =1, m. -1

With such a definition of Cy, the following inequality holds not only for m > m, but more in general for any

(3.42)

m > 1:
N(m) < Cav/my/|M||N] VreX, (3.43)
SO
N(m) < Cvmv/|M||N]| Ym>1, (3.44)
where
C = inf Cs. (3.45)
TEX
O
Corollary 3.9 If
o mIMPIN?
B TNy (346)
then %
MV =0. (3.47)

m—oo N(m)
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Proof First, by Lemma 3.8,

mMPNE  mMPNVE 1 VMV (3.48)
N3(m) = C3m32MP2INE/2 O3 Vm '
which implies
fim MV (3.49)
m— 00 m
Besides, using again Lemma 3.8
VIMINIYm
1<C Nom) (3.50)
therefore
IMINT _ (IMPIN? 1/2< VI H [vm M WI2
N(m) N2(m) - m) N2( )
_ e (M M
_\Fc( o N3(m) ) (3.51)
whence
1/2
MV IMINNYE L mMPIV P
A Ny < VO (T e \ 7 N3(m) =0 (3.52)
O

We now have all the ingredients to prove Theorem 3.7.
We fix a finite collection x4 = (z(®),a € A). Let ¢ € R4 and ||€]l; = 3, |€a]- The characteristic
function of the finite collection of random variables f(") (0,2 ,) is

Om(€) = E [exp {if")(0,2.4) - €4}

S
= lexp {ZN(m) ;fk(@,xA).gAH, (3.53)
where
fe(©,24) - 6a =Y fu(©,2() - &, (3.54)
acA
We rename
1

y(m = f (©,24) &4 (3.55)

ﬁMs

(m)
and we introduce a fictitious variable ¢ such that ¢, (&) = ¢m (£, t = 1):

Oom(&,t) =E [exp(itf(m)(@, x4) - §A)}
—E [exp(itY(m))} . (3.56)

As we saw in paragraph 3.1.2, log ¢,,(&,t) can be expanded in terms of the cumulants of ¥ ("™):

o0 (m)

d {
A = () logdn(§,t) = logdn(,t) = > (it (3.57)

r=1
As we proved in Lemma 3.4, a valid dependency graph & = (V, E) of the quantum circuit is

V={12..m} E={kK)eVxV:kecP (3.58)
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where

Pr={k €{1,...,m}: frr(0, ) is not independent of

f1x(©, ) at random initialization}. (3.59)
Calling
D= .
Iglea% degk, (3.60)
by means of Lemma 2.9 we can bound
/ !/
= : = < . .
D rglea‘;cl{(k,k)erV k' € Pr}l xkng;c|7>k|_|/\/t|w| (3.61)

The random variable Y (™) is a sum of uniformly bounded random variables by Assumption 2.2:

1 €111
) . < 3.62
S @) € < H (3.62)
Therefore, Theorem 3.5 can be applied:
e - ' 4l D\"
(m) <27’ 1,.r—2 D 1 r—1 ||£||1 < @ T. 363
Using the following inequality for the factorial [55]
,r,’l"
e— <r! — r’ <e'rl, (3.64)
eT
we further estimate
del€lhD\"
(m) <™ !
[k ™| < i) ( N (m) rl. (3.65)
In this way, we can control the tail T'(¢,&) of the Taylor expansion of log ¢,,,(§,t):
oo Kﬂ(ﬂm)
T(t,€) =)~ ()", (3.66)
r=3 :
o (m) oo | (m)
Ky T |’$T | r
T = |3 Gy | < S
r=3 ’ r=3 :
< Z m (4€|51tD>
— D\ N(m)
mD? X [ 4e||€||itD\"
= (el s 3 (
N3(m) =\ N(m)
MPINP IMINTY
< (deje ]y ™IMEVE de||¢ 1t . 3.67
< (el ™ o 3 (elllhd) s (3617
The following bounds hold for fixed ¢ and &. If, by hypothesis,
21 A2
i TMENVE (3.68)

m— o0 N3(m)
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then, by Corollary 3.9, we must also have

lim %Jlg' =0, (3.69)
which implies, for some mg (which depends on ¢ and §),
el et < 5 o (3.10)
Therefore
g SR v 5 T -0 @
So we can expand
10g 6 (€) = log b (€,1) = 5 (€) — 548" (€) + T(&, 1) (372

Recalling that A is finite and using the summation convention over « and 3, we can compute

™ = E[Y(™)] = 0 because of the (3.32), (3.73)
m
(m) _ iy my2) gy m2 — L o (@) f,, (8) 4
Ry =BT B TP = s kkgzlfa [£1(©,) fi (0, 27))] &, (3.74)
™ e K@@, 28)) g5 as m — 0o because of the (3.33). (3.75)

Since the logarithm is a continuous function, we have pointwise convergence:

1
i 6, (6) = exp { 36, . (3.76)
m—00 2
This is the the characteristic function of a multivariate random variable (whose distribution is jointly
Gaussian), so we can conclude by Lévy’s theorem 3.3.

Remark 8.5 (A counterexample for large light cones) The hypotheses under which Theorem 3.7 holds are very
general, since the proof is based only on the dependency relations between the observables. Many studied examples
of circuits respecting the most general structure of a variational circuit could be considered, even with arbitrary
(and artificial) parameter dependence and distribution. It is interesting to notice that, if we relax the hypothesis
on the growth of the light cones, we can exhibit a circuit that violates Theorem 3.7. An explicit construction is
done in Appendix A.

4 Trained quantum neural networks are Gaussian processes

4.1 Introduction
4.1.1 Training quantum neural networks

As in the classical setting, the aim of the training is the minimization of a cost function £(0,D) (from
now on, we will omit the dependence on D) based on the discrepancy between the model function
f(o, x(i)) and the training labels y(¥). This can be done in continuous time by the gradient flow method.
The vector of the parameters evolves according to the differential equation

®t = —nveﬁ(@t), (41)
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[O,T(]Lm

Fig. 14 Gradient flow in the parameter space

where 17 > 0 is a constant which resizes the time. This equation ensures that the cost is decreasing during
the evolution (see Figure 14)

d
%['(@t) =0, VoL(0;) = —n|[VeL(0y)[3 < 0. (4.2)

The problem of the minimization of the cost is, in general, non-convex, so the convergence to a global
minimum is not ensured. We are going to discuss this issue in subsubsection 4.1.2.

Since the computation of the model function in a concrete setting happens in discrete time, the
minimizing procedure will be by described by the gradient descent method, which consists in the update
of the parameters according to the rule

Or41 — Ot = —nVe L(Oy). (4.3)

Besides, we should notice that the right-hand side of (4.3) is exactly known only performing an infinite
amount of measurements, since the model function is defined as an expectation value (and, at the moment,
we do not have a procedure to compute the derivatives of the model function). In a real setting, we will
be able to perform only a finite amount of measurements of the output of the circuit. Therefore, we will
need to substitute the RHS with an estimator of the gradient.

In this section, in order to understand the behaviour of the circuit during the training procedure and to
focus on the main properties of the limit m — oo, we will start considering the gradient flow equation
without noise. Later, in the next section, we will understand how to deal with the discrete time and the
noise, and we will prove that the limit m — oo allows us to solve a non-convex optimization problem.

Remark 4.1 We stress that the parametric unitary operator U(0, z) encodes both the input = and the trainable
parameters ©. Therefore, the training does not generate a single state of m qubits, but rather a parametric family
of states {U(©,z)|0™)},cx that depend on the input x. For this reason, training the quantum neural networks
considered here is not equivalent to finding a low-energy state of a given Hamiltonian, and the two tasks may
have very different complexities. Therefore, results on the classical easiness of finding low-energy states such as
[56] may not apply in the scenario considered in this paper.

4.1.2 Trainability: the loss landscape and barren plateaus

Before entering into the details of the equations of our model, let us discuss briefly the possible landscapes
that may appear in a generic optimization task and the consequences on the gradient-flow training. We
will also mention the main problems discussed in the current literature.
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0*=0_
Fig. 15 Convex £(O).

When £ is a convex® function, then the convergence to the minimum is guaranteed, whatever the
result of the initialization is (see Figure 15).

L(®) Oy

O* o
Fig. 16 Non-convex L(©).

On the contrary, a generic non-convex cost function may be characterized by maxima, saddle points,
local minima which are stationary points for the gradient flow evolution. In particular, after a random
initialization in which the initial set of parameters is sampled far from a global minimum, the gradient
flow evolution could lead to a local minimum, where the naive algorithm stops: the cost function cannot
be further minimized by a continuous evolution of the parameters. Therefore, the result is not the one
expected (see Figure 16).

L(©)

@*

Fig. 17 Barren plateaus scenario.

Different problems may arise in the training of a quantum circuit. The main problem is constituted
by barren plateaus (see e.g. [14-16, 58]), depicted in Figure 17: in some classes of circuits, typically
when they are very deep, after a random initialization of the parameters the optimization landascape
is characterized by gradients with a norm that decays exponentially with the number of qubits. This
means that the convergence of the training is slow and that the estimate of the expectation value of the

8There are various shades of convexity, which can provide different results concerning the rate of convergence of the minimization
procedure. For a survey on the main definitions, see [57].
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gradient, in order to be precise enough, requires an exponentially large amount of measurements. This
would hinder any potential speedup of the quantum algorithm.

L(©)

Fig. 18 Swampland of local minima.

There are other possible obstacles: in some class of shallow circuits which does not exhibit barren
plateaus, the loss landscape can be swamped with many local minima which are far from the global
minimum [13] (see Figure 18). If the local minima are rare with respect to global minima, the initialization
procedure and the consequent training can be iterated until the global minimum is reached. But if the
landscape is dense of local minima, we may have a too large number of iterations necessary to find a
starting point for which the training converges to optimal parameters.

L(©) § o
-— 0

JCECH|

Fig. 19 Our scenario: lazy training.

We are going to prove that the limit m — oo yields a very peculiar landscape (see Figure 19), which
has many features in common with the one of wide classical neural networks. First, the minimum of the
empirical cost approaches to zero as the number of qubit increases: the model becomes able to fit the
dataset. Second, fixed any § > 0, with probability at least 1 —9 over random initialization, the parameters
evolve succesfully from the starting point ©¢ to a minimizer ©* which is increasingly close to ©¢ as
m — oo (lazy training). The closeness of Oy and O* allows to compare the model with its first-order
Taylor expansion around ©y. This comparison is motivated by the fact that an analytic solution for the
linearized model is computable and its probability distribution during training is known.

In order to achieve these results — and to generalize them to the noisy setting in section 5 —, we follow
a strategy which combines some ideas from [22], [38] and [59].

1. In subsection 4.2, we translate the gradient flow equation (4.19) into a differential equation for the
model function (4.22) and we define the empirical neural tangent kernel (Definition 4.1), which is a
bivariate symmetric function of the input space appearing in (4.22) and describing the evolution of
the randomly initialized network during the training.

2. In subsection 4.3, we define the analytic neural tangent kernel as the expectation value of the empirical
neural tangent kernel (Definition 4.2) and we study its properties.

3. In subsection 4.4, we introduce the linearized version — which is the first order Taylor expansion — of
the model (4.34) and we compute its evolution equations under gradient flow.
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4. In the first part of subsection 4.5, we show that the empirical neural tangent kernel with the parameters
initialized randomly concentrates on its expectation value (Theorem 4.7), using a strategy which
generalizes the proof of [38]. Differently from [38], our bounds are quantitative and they hold not
only in the case with a fixed number of layers and with a geometrically local architecture, but for any
dependence of the number of layers with respect to the number of qubits and for any architecture.
As a consequence of our concentration inequality, we show that the linear model is distributed as a
Gaussian process during all the evolution in the limit of infinitely many qubits (Corollary 4.9).

5. In the second part of subsection 4.5, we generalize the classical proof of [22] to the quantum setting
in order to show that, as the number of qubits increases, the trained model converges to the examples
— i.e., the cost function converges to zero — and the parameters are increasingly close to their value
at initialization (Theorem 4.10).

6. In the last part of subsection 4.5, with some computations involving the size of the light cones, we
show that the discrepancy between the model and its linearized version is small if the parameters
are close to their value at initialization (Theorem 4.23). As a consequence, we show that the model
converges to its linearized version in the limit of infinitely many qubits (Theorem 4.12). This result is
a strong generalization of Theorem 4.2 of [38]: not only we consider the more general setting of a non-
fixed number of layers and of generic architectures, but we also extend the convergence of the model
to the linearized version from the dataset to all the input space. Furthermore, in [38] the convergence
to the linearized model at any time can be achieved only by performing first the limit of infinitely
many qubits, while for a circuit with finite size their bound diverges as t2; clearly it is a fictitious
divergence, since the training is convergent. Our bounds are valid for any time also in the (physical)
finite size case.

7. As a consequence of the previous results, we conclude that the model function converges to a Gaussian
process in the limit of infinitely many qubits (Theorem 4.15). This is the main result of this section.

Most of these strategies are valid also in the noisy setting with a discrete time evolution, provided that
the variance of the estimator of the gradient is sufficiently small. We will prove in section 5 that there
is a polynomial? upper bound on the variance which ensures an exponentially fast convergence of the
training as in the simpler setting of this section.

4.1.3 Lazy training in the quantum setting

Before presenting our results, let us briefly review the results of a recent work about lazy training for
quantum neural networks. In particular, we will focus on the statements and the bounds that we need
to improve in order to achieve our convergence results.

E. Abedi, S. Beigi and L. Taghavi study in [38] a generalization to the quantum setting of the results
of [60] for the classical case. In particular, they consider a geometrically local circuit'’ having a fixed
number of layers. They prove the following results, which hold in the limit of infinitely many qubits:

1. the neural tangent kernel (see (4.8)) concentrates on its expectation value at random initialization
(Theorem 4.1);

2. the evolution of the parameters is small during the training, so the linearized model behaves similarly
to the original model (Theorem 4.2).

Let us quote the precise statement of the theorems proved by [38]. Differently from the notation we
used so far, the parameters are labelled 61,...,6, in [38].

Theorem 4.1 ([38]) Let f(©,z) be a model function associated to a geometrically local parameterized quantum
circuit on m qubits with a fixed number of layers

f©0) = > @ (02 = (MU @000, 2)0"), (4.4)
such that
9 e, < ¢ P pew|<e viien. . ..en (4.5)
893 ) =6 89180‘7 ) > s J RPN . .

9with respect to the number of qubits

10More precisely, [38] requires that the qubits are arranged on modes of a bounded-degree graph, that the two-qubit gates can
be applied only on pair of qubits connected by an edge and that the observable is a sum of terms, each of which acts only on a
constant number of neighboring qubits.
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Suppose that the observable O is also geometrically local given by
m
0=> 0y, (4.6)
k=1

where Ok acts on the k-th qubit and possibly on a constant number qubits in its neighborhood, and satisfies
|Okllz < 1. In this case the model function is given by (4.4). Suppose that 01,...,0p are chosen independently
at random. Then, for any x,z’ € R? we have

P (|f<@(x,m’) —E[Ke(z,2)| > e) < exp (—Q <m2€2)> , (4.7)

where .
K@(:L‘7.CL‘I) = V@f(Gv 1}) : VG)f(@,I/), (48)

Remark 4.2 We will introduce a normz}lization Nk (m), depending on the number of qubits, in the definition of
the (empirical) neural tangent kernel Kg(z,z’) (see Definition 4.21).

Theorem 4.2 ([38]) Let f(©,x) be a model function associated with a parameterized quantum circuit satisfying
the assumptions of Theorem /4.1. Suppose that a dataset D

D= {(m(l),y(l)), ey (:L‘(n), y(n))} with 2 € R? and y(i) eR (4.9)
is given. Assume that at initialization we choose ©¢ = (01(0),...,0,(0)) independently at random, and apply the
gradient flow to update the parameters in time by

O = —VeL(6y), (4.10)

where L(©) is the mean squared error. Then, the followings hold.

10,0, (t)| = O( E(@0)> . (4.11)

m

1. For any 1 < j <p we have

2. For any z,x' we have

0 Ko, (z,a")| = O < M) : (4.12)

m
3. Let fi'"(©,z) be the function associated to the linearized model, i.e.

£1(©,2) = (60, 2) + Vo (O, z) - (O — ). (4.13)

Suppose we train the linearized model with its associated loss function

7@111& =_V Lhn @hn ) n ) . A 2

56 OLTOM) e,y = Ly (75 (©,20) =y ). (4.14)
lin "

@0 == @()7 i=1

Then, for all t we have

(711 zn: <f(@t’x(i)) _ flin(@iin’x(i)))2> 1/2 Y (E(\@F:n)tz) . (4.15)

i=1

and
1£(0,) — £ =0 <£(®°)3/2t2> . (4.16)

m

We improve both these results:
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1. We will consider a more general setting in which the number of layers is not fixed and can grow with
the number of qubits. This is a necessary condition to achieve a quantum advantage, as we discussed
in section 2. Furthermore, our discussion will not be restricted to the class of geometrically local
circuits: the only locality assumption we will state will concern the observable measured at the end
of the circuit. Therefore, we will generalize (4.7) to our larger class of circuits and we will provide
a quantitative bound (Theorem 4.7): the constant ¢ appearing in (4.48) can be explicitly computed
following the proof we give.

2. As remarked in [38], the bounds of Theorem 4.2 are effective when the cost function at initialization
does not depend on the number of qubits. More precisely, it is enough that £(0g) = o(ml/ 3) in order
not to trivialize (4.12), (4.12), (4.15) and (4.16) as m — oo. [38] claims to expect this property when
the model at initialization approaches a Gaussian process, but no proof concerning the probability
distribution of the function is provided. In section 3 we have proved that, in the limit of infinitely many
qubits, the function generated by a quantum neural network with randomly initialized parameters
converges to a Gaussian process when the parameters on which each qubit depends influence only a
small number of other qubits (Theorem 3.7). Therefore, the cost function at initialization is bounded,
with high probability, by a constant (Corollary 4.16).

3. We will prove that the whole training takes place in the lazy regime: the displacement of each param-
eter from its initial value is bounded by quantity which is convergent as t — oo for m fixed, and which
is arbitrarily small as m — oo (Theorem 4.10), i.e.

sup [|©: — Oplleo < C(m), with lim C(m)=0. (4.17)
t

m—o0

A bound on the derivative of the form (4.11) does not imply the stronger property (4.17). The same
improvement will be done for (4.12) in Corollary 4.11: we will prove that the neural tangent kernel is
frozen on its value at initialization.

4. Furthermore, the bounds (4.15) and (4.16) become trivial as t — oo with m fixed. We will prove a
quantitative bound for the distance between the original model and its linear approximation over the
entire input space with no divergences for ¢ — oo and m fixed (Theorem 4.12).

4.2 Gradient flow and neural tangent kernel

We call ©; the evolution of ©g under gradient flow. We will sometimes use the compact notation

f(®t7 x(l))

e

, where (z9,)eD n=|D| (4.18)
f(®t7 z(n))
or similar vectorized forms of the model function. Using the gradient flow equation

0; = —nVeL(0:), (4.19)

and the chain rule, the equations for the evolution of the parameters and the model function can be
rewritten as follows

C’

—nVe (04, XT)V e, x)L(O:)

d T T - . (4.20)
@f((atﬂ) = (V@f(@t,x)) 0, = *U(Vef(@tvx)) Vo f(Oy X )Vf((at,x)ﬁ(@t)
Definition 4.1 (Empirical NTK) We define the empirical neural tangent kernel (NTK) as
> no_ 1 T /

where N (m) is a normalization factor, which will be specified by Assumption 4.3.
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The set of equations (4.20) becomes

O =-1Vef(0n X))V e, x)L(6:)

d (4.22)

i/ (©na) = =0 Nic(m) Ko, (, XT)V s, x)£(01)

4.3 Assumptions and properties of the NTK

In the previous subsection we introduced the empirical NTK. Now, we introduce its expectation value
over random initialization of the parameters and we discuss some properties.

]?eﬁnition 4.2 (Analytic NTK) The analytic NTK K is defined as the expectation value of the empirical NTK
Kg over random initialization of the parameters:

K(z,2') =E [k@(x, x/)] , (4.23)

Assumption 4.3 We assume that we can choose a normalization N (m) such that there exists a limit function
K: XxX =R

. / = N
mlgnoo m,il’lgx |K(z,2") — K(z,2')] =0 (4.24)
not identically zero. We also assume that the minimum eigenvalue of the ﬁm’tell matriz K = K(X, XT) is strictly
positive: Afﬂ(in > 0.

Remark 4.3 We stress that, provided that Assumptions 3.6 and 4.3 are satisfied, the architecture of the quantum
neural networks can be completely arbitrary. In particular, we do not need to assume that the qubits are arranged
on a regular lattice with 2-qubit gates acting only between neighboring qubits.

Remark 4.4 Proceeding as in Remark 3.4, the limit (4.24) always exists upon taking a suitable subsequence.

Since K is a finite matrix, its spectrum is bounded. In particular, we will call AE, _ its maximum
eigenvalue.

As in the case of N(m), we are left with some degrees of freedom in the choice of Ng(m) under
Assumption 4.3: a global factor or negligible corrections do not change that requirement. As we will see,

a multiplicative factor o« > 0 in

X

K — oK (4.25)
would rescale
ME o aE (4.26)

Since MK, will regulate the rate of convergence of the training (see Theorem 4.10), in the face of this
rescaling one may question the well-definedness of this quantity. As we will see, an arbitrary parameter
1o will always multiply )\fflin in the expression of the rate of convergence: therefore, any rescaling constant
can be absorbed in 7y, and this simply represents a reparametrization of the continuous time in the

gradient flow equation.

Assumption 4.4 From now on, we will assume that the parameters {0;},—1,... Lm are distributed as independent

uniform random variables in [0, 7], i.e., the initialization of the circuit is uniform in the parameter space & =
[0, 7] Fm.

Under Assumption 4.4, we can more explicitly write

Lm
K(z,2) = —— /[ e Y 0,0(0,2)01,1(0, ). (4.27)

NK (m) JLm (7T)Lm

11The number of examples in D is assumed to be finite.
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Remark 4.5 As we will prove later (see Theorem 4.15), the analytic NTK, together with the training set and
the covariance at initialization, fully characterizes the probability distribution of the function generated by the
quantum neural network in the limit of an infinite number of qubits. In the classical setting, there are some
standard architectures which have been extensively studied (e.g. fully connected or convolutional neural networks).
For such architectures, a closed formula is known for the corresponding analytic NTK. In the quantum setting,
there are no standard architectures which have been proved to be more suitable for a quantum advantage yet.
Therefore, as mentioned in the previous sections, we will never fix any specific architecture of the quantum circuit
in our work, but we will only study the general properties holding for arbitrary overparameterized quantum
neural networks. As a consequence, we will not provide any closed formula for the analytic NTK in the quantum
setting. However, computing a closed formula for the analytic NTK for any finite size circuit is theoretically
always possible by a direct (and inefficient) calculation, as discussed in Appendix C.

As we saw in the previous sections, N(m) has to grow rapidly enough in order to ensure that a
hypothesis of the form (2.77) is verified. The main limit to this request is due to barren plateaus. Since,
as we will see, (2.77) is going to be generalized to

. LemP| MNP
1 ~0 4.28
m3%e (N (m))" N (m) (4.28)

for some exponents «, 3,v,0 and p that will be specified later, we may wonder if there is an analogous
problem with Nk (m). The aim of next lemma is to show that — differently from N(m) — Nk (m) does not
suffer from the problem of a potential too weak growth'2. Furthermore, we will prove that a condition
(4.28) can always be translated into the slightly stronger form (2.77).

Lemma 4.5 (Bounding the NTK normalization) If Assumption 3.6 and Assumption 4.8 are satisfied, then

Q(1) < Ni(m) < O (IN]), (4.20)

which means that there exist c1,co > 0 and mg € N such that, for any m > myg
c1 < Ng(m) < co|N]. (4.30)
Proof See subsection 4.7. O

Remark 4.6 Since we are interested in the case L = O(poly(m)), we have that
N1 < [6] = Lm = O(poly(m)) —  Ng(m) = O(poly(m)) (4.31)

independently of the behaviour of N(m). Therefore, a superpolynomial suppression of N(m) in (4.28) cannot be
solved by the growth of Ng (m). However, due to the lower bound on Nk (m), we see that the problem of barren
plateaus is rooted in the normalization N(m) of the function and does not involve Ng (m).

Remark 4.7 As a consequence of this lemma, the estimates we will present in the following can be simplified if
we set

1
<c 4.32
Ng(m) — (452)
or, without loss of generality,
1
—— <1 4.33
Nic(m) = 13

by a rescaling of the normalization Ng (m). This of course may weaken the upper bounds or make the hypotheses
of the theorems stronger, but it allows us to present the inequalities (4.28) in the cleaner form (2.77) which does
not involve the computation of the asymptotic behaviour of Ng (m).

12Because of the form of (4.28), a too weak growth would mean Ng (m) = o(1) as m — oo.
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4.4 Analytic solution for the linearized model

As we will prove, the first order Taylor expansion around the values of the parameters at initialization is
an approximation of the model which becomes increasingly accurate as the number of qubits is large. As
in the classical case, this linear approximation allows an exact solution of the evolution equations in the
case of the mean squared error. Therefore, when the number of qubits is large, the analytical solution
for the linear model becomes a precious result to understand the evolution of the original model, which
cannot be computed analytically. So, let us start introducing the linearized model function:

(O @) = f(®0,2) + Vo (B0, 2)" (8 — O). (4:34)
The set of equations (4.22) for the linearized model reads

O = —nVe (00, XT)V fine, x) L™ (OF)
(4.35)

d in in 2 in iny ’
%fl (@}: ,T) —WNK(m)Keo(vaT)vflin(@yn,X)ﬁl (@}s )

where £ is the loss function computed on D using the linearized model instead of the original model.

We recall that n = |D|. In the case of the mean squared error, the solution of (4.35) can be analytically
computed. We recall that

1 -1 : 1\ 2
B @)y _ <z>>
£©) =35 (£O.2) —y
1£(X) = Y3 (4.36)
After writing the gradient of the loss function with respect to the function,

f(©n,X)-Y, (4.37)

1
Vie,x)L(O) = -

the equations of both the original and the linearized model become

6, = —gv@ﬂ@hXT)(f(et,X) ~Y)

N e, (2, X7) (00, %)~ V)

(4.38)

d
&f(gtvx) =0

6" = ~1Ve (00, X")(f (6", X) - Y)

Nie(m) (4.39)

d in in 2% in in )

%fl (@i ,CL’) =N Keo(vaT)(fl (@i 7X)_Y)
Using the notation introduced above, the equations of evolution for the model and its linearized version
evalued at the dataset inputs read

E(t) = —nNKT(m)K@ (F(t) - Y), (4.40)
) = M oo () - ), (141)

where Ko, = Ko, (X, XT) and Fin(t) = f"(©}", X). In order to write the analytical solution for a
new input, we assume Kg, to be invertible!®. The solution of (4.41) gives the evolution of the linearized
function evalued at the inputs of the dataset. By definition F'"(0) = F(0):

Flin(t) = e 5 Koo (F(0) - V) + Y. (4.42)

13 This is ensured asymptotically by Assumption 4.3 and by the statements (4.7) and (4.24).
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For a new input x € X

Il
3

S ) = —n M g (o XT) - (P (0 - v)

n
N e m -
= —UKTm)K@O (2, XT)e— 5 Kot (F(0) — V). (4.43)
Therefore
. . ~ A o Ng(m) &
J (O, @) = [(©0,2) = Roy(a, XT)Rg! (1 — e ™55 Keat) (P(0) - ). (4.44)

Assumption 4.6 As m increases, we fiz a constant ng > 0 and we rescale the learning rate

n
"= Ny (4.45)
Hence, (4.44) reads
1O, 2) = £(©0,2) — Koz, XT)Eg) (1 - 7Koot ) (F(0) - V). (4.46)

The theorems in the following subsection show that, in the limit m — oo, {fi%(O" z)},cx is a
Gaussian process and f(Oy,x) converges to fi*(0n, z).

4.5 Convergence to the linearized model

The following theorem is a generalization of [38, Theorem 1] to quantum circuits which are not
geometrically local and whose number of layer may depend on m.

Theorem 4.7 (NTK concentration at initialization) Calling m the number of qubits and L(m) the number of
layers, let us assume that

1 DaMPINP
m—oo N2.(m)  N*(m)
When a parameterized quantum circuit is initialized at random, i.e., the parameters 0; are independent random

variables, the empirical NTK converges in probability to the analytic NTK as m — oo. In particular, there exists
a constant ¢ such that, for any z,x’ € X, we have

(4.47)

% N4(m) 2
P||Ke(z,2') — K(z,2)] > ¢| < —cNE (M) =
[IRo(ea') ~ Koa)] 2 €] < exp | -eNi(m) g s o
N4(m) 2
< —cNj (m)——— e 2| 4.4
— eXp |: c K(m)Lm|M|4|N|2 € ( 8)
Proof See subsection 4.8. O
Remark 4.8 The hypothesis (4.47) can be simplified with the (slightly stronger) request
4 2
lim Lm| MITINT” 0, (4.49)

m—00 N4(m)

which may be easier to be operationally verified, since the computation of Yo and Ng (m) are not required.

Denoting 25 the convergence in probability, and recalling that the convergence in probability implies
the convergence in distribution [45], we are going to prove, informally speaking, the following implication:

lim flin((__)iin, (E)
f(©0, ) % FOI() e
. » , _ , —  can be written in terms of (4.50)
Ko, (z,2") = K(z,2') — K(z,2")

() and K(-, -).
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The advantage of writing lim,,, ;o f (05" ) in terms of f(°)(-) and K(-, -) is that the first object is
a random variable with a known Gaussian process distribution, while the second object is a deterministic
function. So, the distribution of lim,, . f ““(@t7 x) can be defined by means of the following corollaries
of Lemma 4.7.

Corollary 4.8 If (4.47) and Assumption 4.3 hold, the empirical NTK appearing in the solutions (4.46) of the
equations of the evolution under gradient flow converges in probability to the limit function K of the analytical
NTK. Therefore

el gy 4 1)) - K, xTYR™! (11 — e‘%[‘t) (F) _y) (4.51)

as m — 00. At the RHS, ) (z) and F(°) = f(>)(X) are the random variables obtained in the limit m — oo
over random initialization according to Theorem 3.7.

Proof See subsection 4.9. O

Corollary 4.9 (The linearized model is a GP during all the evolution) Asm — oo, {fli“(@%in, z)}pex converges

in distribution to a Gaussian process {ft(oo)(x)}zex with mean and covariance
(@) = Kz, XT)E™! (11 - e‘”om) Y, (4.52)
Ki(z,2") = Ko(z,2")
— K(x, XT)f(_l (]l — e_nof(t) Ko(X, x/)
K@, xEKE™! (]l — e_nokt) Ko(X, z)

+ K(z, XT)E ™! (11 - e—%f“) Ko(X, xT) (11 - e—%f“) K'K(X,2). (4.53)

Proof See subsection 4.9. O

Now we state the theorems which prove that f(©;,z) and f*(0L" z) are asymptotically close as
m — oo, adapting the strategy presented in [22] to the quantum setting.
First, we show that the model converges to the examples as t — co and that it enters the lazy regime as
m — o0, i.e.

1. both sup,~q |0 — Opllee and sup,q |OF* — O;]|o converge to zero in the limit of infinitely many
qubits; B

2. as a consequence, the linear model becomes an increasingly good approximation of the original model
during the training.

Therefore, the distribution of the trained model with many qubits will be close to the distribution of the
linearized model.

Theorem 4.10 (Convergence to the examples and lazy training) Let us assume that the hypotheses of Theorem
3.7 and of Theorem 4.7 are satisfied and that Assumption 4.3 holds. For any § > 0, there exist m € N and some
constants Ry, R1 such that, when applying gradient flow with learning rate n = #(m)no, for all m > m the

following inequalities hold with probability at least 1 — § over random initialization for all t > 0:

n A{gin
IF(t) = Y2 < Ro /nlog(@n) e 31, (4.54)
Ry M| ( 12K ¢
— < A/ 1 [ bl B _ 370 Amin ) . .
Proof See subsection 4.10. O
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Remark 4.9 The (4.54) is equivalent to

£(O) < %R% log(2n)e™ 3M0Amint, (4.56)

As in the classical case, the consequence of the lazy training is that the NTK is “freezed” on its
initialization value.

Corollary 4.11 (Freezing of the NTK) Let us assume that the hypotheses of Theorem 3.7 and of Theorem 4.7
are satisfied and that Assumption 4.3 holds. For any 6 > 0, there exist m € N and a constant Rg such that,

when applying gradient flow with learning rate n = #(m)no, the following inequality holds for all m > m with
probability at least 1 — § over random initialization:
. 5 Ry S MPIN]
sup sup |Ke,(z,2") — Ko, (z,2")| < —2 ny/log(2n) —s————t—. (4.57)
t xx'ceX 0 ‘ )\Ilr(lin NIQ((m)NB(m)
Proof See subsection 4.11. O

As we will prove in subsubsection 4.6.3 (see, in particular, Theorem 4.23), the lazy behaviour of
the training ensures that the second order corrections becomes negligible in the limit of infinitely many
qubits provided that the parameter at which the model is evaluated are the same:

in Lm|M*|N|
1£(0,2) — f(©,z)| < T Nm)

[CECH [ (4.58)
This upper bound, combined with the lazy training estimate (4.55), will lay the foundations for the bound
which takes into account the difference in the trajectories ©; and ©}" (see Lemma 4.13 and Theorem
4.14):

_ ) C 2,021 A[6] A/]2
0na) = (01 a)| < (e + € ) ntoutom) =  hog v, a0

for some C and C’, with high probability.
Let us see more in detail the statements that lead to the convergence of the evolution of the original
model to the evolution of the linearized model, which is a Gaussian process.

Theorem 4.12 (Uniform convergence to the linearized model) Let us assume that the hypotheses of Theorem
3.7 and of Theorem 4.7 are satisfied and that Assumption 4.3 holds. For any § > 0, there exist a constant Ry > 0
and m € N such that the following inequality holds for all m > m with probability at least 1 — & over random
initialization:

2
Jin Ry 2 Lm| MYV
sup sup |f(O¢,z) — f (O, 2)| < | — | n"log(2n)—————. 4.60
1o sup /(00 ) = (©0.) ( £> S0 2 N (1.60)
Proof See subsection 4.11. O

Remark 4.10 Since the LHS of (4.60) contains a supremum over x € X', when

Lm|M*IN]
m=o0 NZ.(m)N3(m) 0 (4.61)

the model converges to its linear approximation uniformly in x.

Now we have to take into account the fact that the equation of evolution for the parameters ©; and
O} involve different cost functions — the original and the linearized ones — so they are in general different
after ¢ = 0. We therefore need a control on their discrepancy.
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Lemma 4.13 (The parameters differ at the second order) Let us assume that the hypotheses of Theorem 3.7
and of Theorem 4.7 are satisfied and that Assumption 4.3 holds. Then, for any 6 > 0 there exists C1,C2 and an
integer mo € N such that, for any m > mo,

in Cy 3 Lm‘M|5|N|2
0, — o} < | —2— 4+ Co | nlog(2n) —H2 L PR 1og N(m 4.62)
H t ||oo <()\r[r(11n)3 Ni(m) (m) (
with probability at least 1 — 6.
Proof See subsection 4.12. O

Thanks to the previous lemma, we can now control the discrepancy between the two models taking
into account the different trajectories in the parameter space.

Theorem 4.14 (The original evolution is close to the linear evolution) Let us assume that the hypotheses of
Theorem 3.7 and of Theorem 4.7 are satisfied and that Assumption 4.3 holds. Then, for any § > 0 there exists
C1,C2 and an integer mg € N such that, for any m > mg

in, ali Cs 3 L*m? M|°|N|?
f(©r,z) — fi(OF",z)| < + Cy | nlog(2n) =2~ 1og N (m) (4.63)
t (E? N3(m)
with probability at least 1 — 4.
Proof See subsection 4.13. O

The following theorem is the main result of this section.

Theorem 4.15 (Quantum neural networks as Gaussian processes) Let us assume that a circuit satisfying
Assumption 4.3 and such that
_ LPmAMINP

is randomly initialized according to Assumption 3.6 and is trained using the gradient flow evolution (4.19).
Then, for any t > 0, in the limit of infinitely many qubits m — oo, {f (O, x) }rcx converges in distribution

to a Gaussian process {ft(oo)(x)}gCeX with mean and covariance
pe(z) = K(z, XT)E ™1 (11 - e*nﬂm) Y, (4.65)
Ki(z,2') = Ko(z, ")
— Kz, xT) K™ (11 - e*mf“) Ko(X, ')

— K@, xT)E! (1 - e*’mfﬁ) Ko(X, )

+ K(z, XT)R™! (1 - e*nofﬁ) Ko(X,xT) (11 - e*%f“) KE'R(X,2). (4.66)

Proof See subsection 4.14. O

4.6 Some useful lemmas

In this subsection we motivate and prove some lemmas which will be frequently used in many of the
proof concerning the convergence of the training.

4.6.1 Loss function at initialization

The first statement is a corollary of Theorem 3.7 and consists in a bound on the mean squared loss at
initialization. The role of this theorem is to fix — with high probability — the highest value of the mean
squared error that the randomly initialized model could produce in the limit of infinitely many qubits.
This result is not immediate, since, even though the local observables are bounded and, if m is fixed,
also the model is bounded, the model function could in principle diverge for some inputs in the limit of
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infinitely many qubits. Therefore, the loss at initialization could be arbitrarily large. Furthermore, this
result lays the groundwork for a proof of an exponential convergence of the form

L(O;) < Ce U™ Vm > myg for some C,1,mg > 0. (4.67)

Indeed, (4.67) implies an upper bound to the loss at initialization.

Corollary 4.16 Let us assume that the hypotheses of Theorem 3.7 are satisfied. Then, for any § > 0, there are
a constant R > 0 and integer mo € N such that

P(|F(0)—Y[s<R)>1—-8 VYm>mg (4.68)

over random initialization, where
R = Ry(5, max |y V|, K)/nlog(2n). (4.69)
3

Remark 4.11 If L is the mean squared error, the claim is equivalent to

Vm>mo P (5(@0) < %R%) >1-3. (4.70)

Proof We recall that K(x,z) > 0 for any € X by Assumption 3.6. Let

J?:K(:c(l),x(l)), o= max o; and y = max |y
1<i<n 1<i<n

(4.71)

By Theorem 3.7, the random variables {f(@o,x i )}i:L...,n converge in distribution to {f(oo)(m(i))}i:L,,,,n,
which are Gaussian random variables with mean zero and variance 7. Given a constant R to be fixed later, for
any ¢ = 1,...,n we can compute

P{|f(°°)(x(i)) OIS f}

R . .
—p | () (5® (@) (20) (()y > (@) 4.79
1a) = Sy @) = L -y (4.72)
which can be estimated using Chernoff bound [61]:

P16 -y 2 T

R o)
1
< 2exp 202 <—n — |y ’) (4.73)
Let
Ry (8 ’C)_<1/1+L10 ng#)\/ia (4.74)
00,9, - log 2 g 5 \/50' hog 3 .
and
R = Ro+/nlog(2n). (4.75)
Then
B [ log(2n) 2 log(2n)
R=+vn ﬂa\/log(Zn) + Tog 2 log 5 +y log 2 (4.76)
> /n [V204/log(2n) + 1og§ +y (4.77)
. dn 0 -
> /n |V20; 10g7+|y | foranyi=1,...,n. (4.78)
Since

7 > V2o flog = + |y = [y, (4.79)
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we can bound (4.73) as follows

r 2
00) ¢ (i i R 1 (R i
P |f( )(m())_y(”Zﬁ < 2exp 952 <\/ﬁ_|y()|>}
r 2
< 2exp ~552 (\[J”/log 6) ]
< 2exp flog%} :%. (4.80)

Since the random variables {f(@o,x(i))}i:17,,,7n converge in distribution to {f(oo)(a:(i))}izl)m?n, there exists
mg € N such that

P||f(©0,2) — 4| > —] < QIP’{ £ () — @ } Ym > mo 4.81
[1760,2%) =y = IL] < 22| el) -y 0] = T (481)

because of Lemma 3.1. Therefore,
P||f(00,2@) — @ > L] < 2 (4.82)

7 - \/ﬁ — n
The union bound ensures that
PlIf(©0,2) -y < & vieq,... . n}|>1-8 (4.83)
Vn

So, with probability at least 1 — ¢,

I1F(0) Z ( (@9, 2" — (”) <y }% =R (4.84)
=1 =1

O

4.6.2 Lipschitzness of the model

The aim of this subsection is to compute the Lipschitz constant of the model, of its gradient and of the
NTK. In particular, we will prove that

\f(@,x) - f((a/vx)‘ < 2N(71n) ”00’ (4'85)
2

IVos(©.0) - Vaf(©, o)l < 4 50 M0 - o)., (4.56)

2 / % ’ E1‘~/\/l|2|-/\/.|
[Rali,s') — Koy e.0)] < 16 2L EEL o . (4.87)

(4.85)-(4.87) imply
Lm|M
0.0) ~ (0" 0)] < 22 o - ], (4.59)
Vo7(0.2) - Var(@.n)lx <4 S0 Mo — o1 (1.8
A . L 3

Ko (z,2') — Ke,(z,2')] < 16WH@ ~ B0llo- (4.90)

Even though it is not suitable to discuss quantum advantages and barren plateaus, the example of
[38], which we already introduced in subsection 2.5, turns out to be particularly useful to describe the
behavior of the lazy training in in the new light of the previous inequalities. Indeed, recalling that, in
this example,

Lisfixed and  N(m)=+m, (4.91)

we have

1£(8,2) = f(&,2)] < er(L)vm [© — ©|| s, (4.92)
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Vo f(0,2) — Ve (©,)]w < \(F)

|Ko(z,2') — Ko, (2,2")] < ¢3(L)[[© — Oo] e (4.94)

1© — &, (4.93)

The fact that the Lipschitz constant of the model diverges with m is a necessary condition for the
lazy training; otherwise, any evolution yielding a small change in the parameters

|18+ — Oglleo = 0(1) as m — 0o (4.95)

would asymptotically be uneffective to modify the output from the initial value to the expected label
according to the dataset. Also the decreasing Lipschitz constant of the gradient is meaningful: a lazy
change in the parameters induces a small change in the gradient, which therefore remains closer to the
one of the linearized model. Finally, from the Lipschitz constant of the kernel we understand that it is
the lazy regime to ensure the freezing of the kernel to its initial value.

The starting point to prove the Lipschitzness lemmas is the following statement.

Lemma 4.17 (Uniform bounds on the derivative of the observables) The function 9g,0s, fi(©, ) is continuous
with respect to © and the following bounds hold for any i,j € {1,...,Lm}:

|09, fx(©,7)| <2, (4.96)
109,00, [k(O, )| < 4, (4.97)
|Mi 0 M|
0g. <4 —. .
‘897’6% f(av {E)‘ <4 N(m) (4 98)
Proof Let || - || be the norm of the Hilbert space of the physical states, and let || - ||z be the operator norm
10l = i [Ov]. (4.99)
U
By Assumption 2.2 ||Og|lz <1 for all k € {1,...,m}, so
£5(0.2)] = [(0U1(©,2)0U(8,2)[0)| < 1. (4.100)

Furthermore, by Assumption 2.2, the generators of the unitaries encoding the trainable parameters have spectrum
{—1,+1}. In quantum circuits like these, the derivatives of the expectation value of any observable with respect
to any parameter can be written in terms of other expectation values computed for “shifted” parameters. These
identities are indeed known as parameter shift rules (see (14) in [62]):

09, f1(0,7) = fr(©+ AW 2) — fr@— AW 2) Al = {4 oy (4.101)
i 0 j#i.
Therefore, we immediately see that
106, £1(0,2)| < |fu(© + AW 1) + | fr(© — AW 2)] <2 (4.102)

Similarly, using a parameter shift rule for f,(© + A® z) we get
Do, 06, [1(©,7) = B, fr(© + AV x) — 9y, fr(6 — AW x)
= f1(© +2AY,2) - f1,(6,2) - f1(0,2) + f1(© — 241, x),

= fe(©+2A0 2) —2£,(0,2) + fr(© — 247 2), (4.103)

whence
190,00, f£(0,2)| < 1£1(© +2AD &) +2|£,(0,2)] + [ fx(© — 241 2)| < 4. (4.104)
O

We need this further result to identify the Lipschitz constants we are looking for.
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Lemma 4.18 (Bounded differential on a convex implies Lipschitz) Let f : U — R™ be continuously differentiable,

where U C R™ is convex. If the differential of f is bounded, i.e.
K= d
max |df (z)]z < oo,
then
1f) = f@I<Klly—=|  Va,yel.

Proof See e.g. [63].

We finally need the following technical estimate.

Lemma 4.19 The following upper bound holds:
19|

Z\M NM;| < IMPIN].
1<]<\®|

Proof Let us define
S;={ie{l,...,|0]} : MyNnM; # 0},

so that we can write

9]
DoIMin Myl = T IMin My < DT IM,
i=1 ’iESj iGSj
9]
12;121‘@2'/\41 nM;| < (max|S |) (mjax|./\/lj|) .

An estimate of the cardinality of S; can be done by means of the following rewriting
S, :{iE{l,...,‘@|}:MiﬂMj#®}
={ie{l,..,|0]}:Fkel,....m:i e Ny Aje N}
={i€{1,...,‘@|}:3k€/\4]‘:iENkAj € N}
={ie{l,...,|0}: Ik € M; :i € Ny},

1551 < |M;i[ max [Ny| = | M;[N].

Therefore,
O] 2
ZleﬁMﬂ < (max|/\/lj|) V] < IMP2A.

1<]<|@|

Lemma 4.20 (Lipschitzness of the gradient) The following inequalities hold:
| M|
) <2
00,£(6,2) < 237
M
N(m)

221 m
< 2L M|,
N(m) = 2Ly M

MV
N(m)

196, (8, X2 < 2v/n 7

Ve f(©,2)[1 <

Ve f(©,z) — Vo (0 2)|e <4 [ISEXCHISS
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(4.105)

(4.106)

(4.107)

(4.108)

(4.109)

(4.110)

(4.111)

(4.112)

(4.113)

(4.114)

(4.115)
(4.116)

(4.117)

(4.118)



Proof (Lemma 4.20) We will use the bounds of Lemma 4.17 and the notation introduced in the proof of Theorem

4.7:
1 m
09, 1(6, ) = Wgaefk@m, r—)kezjjw 0, I (6, ),
1 |Mi|
96,10, 2)| < 5775 ZA; 196, 11(6,2)] < 2720,

which is (4.115). Moreover,

n

- D)2 < 2vm ML < 9 /m 1M
106,70, X2 ¢21 (@0.5(©,20)* <2y ol <o L
which proves (4.116). We can also estimate
Lm 9 Lm
Ve f(©,z)[1 = ; |0, (0, )| < W;IMH
221 m
= <
N(m) — 2LN(m) M,
so that (4.117) is verified.
In a similar way
1 |M; N M|
109,00, f(©,2)] < Nm) > 196,09, fr(0,7)] < 4W.
keM;NM;

If we fix any x € X and we call

hx(@) = V@f(67 I)7

(4.119)

(4.120)

(4.121)

(4.122)

(4.123)

(4.124)

Lemma 4.17 ensures that h.(©) is a continuously differentiable function. Given any v € ]R‘@I, the differential of

he(©) (with respect to ©) acts as
Sl
dha(©)v =Y 99,Ve f(O,)v;
i=1
The operator norm of dhz(©) : (RI®!, £2°) = (RI®I ) is given by
ldha (©)lgee 00 = sup [[dh(O)v]oo

llvllo<1
9]
< sup Zag Veof(O,z)v;
vl <1 o
|©]
= sup max 0y, Oy, 7O,z
\u |<1 1<5<(0] Z v
|@|

< sup max 0,0, f(e,x
lvi| <1 1<J<|®\Z| )
O]
= 0y, 0p. f(O,
1<H]1g}|<@‘2| 0,00, f(©, )|
4 O]

NOm) 12025 2 M D Ml

IN

Using Lemma 4.19, we have that

IM?IN|
oo _ypoo L4 — .
(@)= < 45T
So, the uniform bound on the convex domain & of © ensures, by Lemma 4.18, that
M2V /
— ! < |7 _

and this finally proves (4.118).
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Lemma 4.21 (Lipschitzness of the model) The following inequality holds:
Xy

17(8,2) = J(6, @)l <250

1© — oo

Proof Using Lemma 4.18 and Lemma 4.20:
0,x) — @/, < max ||df (O, -0 00,

where
Lm
ldf(©,2)z = sup |> 0, f(O,2)v;
[[v]]oo <1 i=1
< Vo f(©z)1 <222
>~ e y L)1 S N(m)
Therefore
1£(©,2) — £(&,2)] < 2-2 |0 - ©||o.
! NS 2N m)

Lemma 4.22 (Lipschitzness of the NTK) The following inequality holds:

5 N / 1MV

Proof By Lemma 4.20, we have
|k@0 (xv IE,) - k@(‘ra :E/)|

= L Vef(@0.2) Vef(@nt) - Vol(®.1) Vef(®.7)

Ng (m)
1

= Ng (m) .(V@f(@o,x) - V@f(@,:c)) -Veof(Oo, :c/)

+ Vol (©,2) (Yol (©0,2)) - Ve f(©.2))|
1

IA

+ Vo r©,2)||,[Vos(©0,2") - Vo r(©,2)|., )

4 MV ,
< N (m)N(m) (Ve f(©0,2)||, + ||[Vef(©,2)|,) €0 — Ol
S M2V
= N vz 10 7 Ol

4.6.3 Original model, linearized version and lazy training

€0 = Olloc-

NG (IVes(©0,2) = Vo £(©,2)] [ Vo (©0,2)],

(4.129)

(4.130)

(4.131)

(4.132)

(4.133)

(4.134)

The following Theorem 4.23 claims that the difference between the original and the linear model at
any input point is bounded by a diverging factor multiplied by the square of the infinity norm of the
difference between the initial parameters and a new choice of the parameters. The square is crucial, since
in the lazy regime ||©; — ©g||o is suppressed by a factor 1/N(m) (see Theorem 4.10), which would not

be sufficient to ensure the convergence to the linearized model without such square.

Theorem 4.23 (Discrepancy between the original and the linearized model) For any ©¢ € & defining the

linearized model, we have the following upper bound:

2
o LM

2

£(©,2) — f™(8,2)|
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In order to understand how the convergence follows from the previous inequality, we can consider
again the example of [38], i.e.

L is fixed and N(m) = +/m. (4.136)

In this case, we can bound, by Theorem 4.10,

c
10t — Bolloo < NG (4.137)
so that )
) m c 1
‘f(@t,x) — fhn(@t,x” S C/ﬁ (\/ﬁ) 0.8 ﬁ (4138)
Therefore, in the limit m — oo we have uniform convergence
(O, ) = f(Oy, -). (4.139)

Let us see in the proof how a fine estimate of the second derivative using light cones ensures the result.

Proof We apply the multivariate version of Taylor’s theorem with integral remainder to f(©,x) with respect to
the parameters.

Lm

£(©,2) = f(©0,2) + Vf(©0,2)T (0 — Og) + > Rij(0,2)(8; — 0i0)(0; — 0;0) (4.140)
ij=1
with
1 1
Rij(©,2) = 5/0 (1= )0, 9, (0 + (6 — B), ) dt. (4.141)

By Lemma 4.17,

1t |Mi N M| |M; N M|
. < = _ =7 .
|R;;(©,)] < 2/0 (1-1) (4 N@m) dt N (4.142)
So
. Lm
£(©,2) = f(©,2)| = | Y Rij(©,2)(6; — 0:0)(0; — 050)
i,j=1
BN S AEER PR
> Z N(m) Olloco
7,7=1
1 Lm
< — ; ; — 0o|%. .
< Nom) <Lm1§,1g>£m§|/\/ll ﬂMﬂ) 1© — ©ol5e (4.143)
Using Lemma 4.19, we eventually estimate
lin Lm| M|V 2
_ < 2V Vg — . .
O

4.6.4 The minimum of the loss for the linear model and the convergence of the
kernel

In this subsubsection we show that the linearized model, for sufficiently large m yields

mingegrm £7(0) = 0 (4.145)
with high probability, where £ is the mean square error for the linearized model. If the linear model
is able to perfectly fit the dataset — i.e., £"(©*) = 0 for some ©* € RY™ — and the training converges

to the global minimum of the cost, then, in the limit of infinitely many qubits, also the original model,
which is close to its linearized version in the lazy regime, will be able to perfectly fit the dataset.
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Remark 4.12 In this subsubsection we will use the result of Theorem 4.7. Even though the proof of Theorem 4.7
is delayed to subsection 4.8 for a cleaner presentation, such proof will not use any result of this subsubsection.

The starting point is a convergence lemma, which will be used in different proofs.

Lemma 4.24 (Convergence of the minimum eigevalue) Suppose that the matriz elements of a sequence of n. X n
symmetric matrices My converge in probability to the matrix elements of a positive matric Moo > 0:

mli_r)rlOOPH(Mm)ij — (Mx);j| > € =0 Vi, je{l,...,n} Vé>0. (4.146)

Let /\%in > 0 be the minimum eigenvalue of Moso. Then, for any 6 > 0 and n € (0,1) there exist mg € N such
that, for all m > mg,
M, = nAM 1 (4.147)

with probability at least 1 — 6.

Proof The convergence in probability implies that

n
. . 2 2
i P = Mocllp > = Jim B | 3 (M) = (o)l 2 €
)=

< lim P {max|(Mm)ij — (Mwo)sij| > €/n

m—00 i]
n
< lim P [[(Mm)ij — (Moo)ij| > €/n] =0. (4.148)
i,j=1

Therefore, for any § > 0, there exist mq(€e) € N such that, for any m > mq(e),
[Mm — Moo||p < € (4.149)

with probability at least 1 — §. Let Fy, = Moo — Mm. Since ||[Fim||rp < €, the maximum eigenvalue of |Fy,| is
Am < €, SO

Fon = |Fn| = Am1 < €. (4.150)
Let /\%in be the minimum eigenvalue of M. The previous equation implies that
Moo — My <€l = My = Moo — €l = (A, — 1. (4.151)
M

Since )‘rrl\{in is positive and € > 0 is arbitrary, letting e = (1 — n)A,);, > 0 — which fixes mg — the claim holds. O

Then, we need a translation of Assumption 4.3 into a property of the gradient of the function at
initialization which will be used to fit the dataset in the overparameterized regime.

Lemma 4.25 If (4.47) holds, then for any xz,x’ € X, Assumption 4.8 implies the convergence in probability of
Ko, (z,2') to K(z,2") over random initialization.

lim P [|f<@0 (z,2)) — K(z,2")| < e] =1 Ve>o0. (4.152)
Proof Given e > 0, by Assumption 4.3, there exists m € N such that

|K (z,2") — K(z,2")] < g Vm>m Vaz,o' €X. (4.153)
Therefore, Vm >m Vz,z' € X,

|I§'@0 (z,2') — K(z,2')| < |IA('@0 (z,2") — K(z,2')| + |K(z,2") — K(z, )|
< |Ke,(z,2') — K(z,2")| + % (4.154)
Furthermore, by Theorem 4.7, if m > m
1@[|f<@0(m,x’) - K(z,2')| < (—:] >P [|f<@0 (2,2) = K(2,2)| + 5 < e]

=P [\f(@O (z,2") = K(z,2")| < S]
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>1—exp [chﬁ(m)WJE% (%)2} . (4.155)

Hence
lim P [|k@0 (z,2) — K(z,2")| < e} =1 (4.156)

m— o0
O

Lemma 4.26 Let n = |D|. If (4.47) and Assumption 4.3 hold, then for any 6 > 0, there exists mg € N such
that, for any m > mg,
{89, f(©0,X)}1<i<Lm is a complete set of vectors for R" (4.157)

with probability at least 1 — § over random initialization.

Proof Since, by Lemma 4.25, as m — oo
Lm
. 1 T
Ko, (X, XT) = ——— 5" 08y, f(©0, X)p. f(00, X 4.158
0o ) N (m) ;:1 0, f(©0, X)0p, f (60, X" ) (4.158)

converges in probability to K (X, X T)7 which is strictly positive by Assumption 4.3, there exists mg € N such that
Ko, (X, XT) is strictly positive for all m > mg by Lemma 4.24 with high probability over random initialization.

Calling
_

v; = 0, Og, X) € R", 4.159
i \/W Otf( 0 ) ( )
we can rewrite .
m
Ko, = Koo (X, X") =Y vy . (4.160)
=1

Since

1. IA(@() is strictly positive, it is invertible, so its range is R,
2. the range of Kg, is Span{v; }1<i<rm.,

we conclude that
Span{vi}lgiSLm =R". (4.161)

Now we are ready to prove the following statement.

Corollary 4.27 For any 6 > 0 there exists mg € N such that
mingeprm £7(0) =0  Ym >mg (4.162)

with probability at least 1 — § over random initialization.

Proof Using Lemma 4.26,

{09, f(©0, X) }1<i<im (4.163)
is definitely a complete set of vectors for R™ with high probability. So, there exists a1,...,ar,, such that
Y — f(B0,X) € R" can be written as a linear combination:

@199, f(©0, X) + -+ + arm0,,, f(©0,X) =Y — f(O¢, X). (4.164)
So, choosing
aq
©=600+| : |, (4.165)
ALm

we have

Llin(@) _ l En:% (flin(@’x(i)) - y(Z))Z
=1

n-
%

51760, X) + Vo £(60, X)7 (6 — 89) ~ V3
%||f(@07X)+(Y—f(®0,X))—YII%:O. (4.166)
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4.7 Proof of Lemma 4.5

We need some preliminary statements in order to prove Lemma 4.5.

Lemma 4.28 Assumption 4.3 implies that each diagonal term of K = K(X, XT) is strictly positive:
K(z,z) >0 Y (z, ) € D. (4.167)

Proof By Assumption 4.3, K is a strictly positive matrix, so its diagonal elements are strictly positive. O

Corollary 4.29 Under Assumption 4.3, the following property of K holds:
Jz € X such that K(z,z) >0 K(z,z)>0. (4.168)

Proof Fix z € X such that (z,-) € D. By Lemma 4.28, we know that K (z,x) > 0. Furthermore, by Assumption
3.6, K(z,z) > 0. O

Lemma 4.30 Under the Assumption 4.4, the following inequalities hold for all x € X
1E[7(©,2)] <E[IVor©,2)I°] <4INE[£*©,2)]. (4.169)

The following statement is an improvement of [16, Lemma 1] for our case: in the proof we use stronger
bounds, in order to obtain a more effective constraint to our purpose.

Proof Since f(0, z) is periodic with period 7 in each component, we can consider the Fourier series decomposition

) 7 Lm d6; )
f©,2)= > fo(2)e®” where fy(x) = / H(f) e 2910, 2). (4.170)
veztm 0 =1

f(©,z) is of the form
7(©,2) = <O‘UT(®,JC)MU(@,$)‘O>

= (0[S]w](©)81--- W] (©)S]  \ MS[ 1 WL(O)---S2W1(©)51]0), (4.171)
where
m .
AC (4.172)
1=1

We can consider the projectors P on the eigenspaces of G;:

3
G =pP'-P  P'+P =1 (4.173)
In this way, we can rewrite
.G, 0. P+ 6. P~
Wz(ev) _ 6720191 —e i6; P, 67,01Pi

_.0. Pt _. 0. P
—e 10; P; (Pi++Pi )6197Pi

= iptpefip (4.174)
This means that in
F(©,2) = (0|S] - W](0:) - ST \MSL 1+ Wi0)) - $110) (4.175)
the only dependence on 6; will appear as
fO,2) =2 070 (0,2) + F40(0,1) + M f (0, 1), (4.176)
where f (i’é)(@, z) does not depend on 6;. Therefore, we know that
Jie{l,....,Lm}:v; ¢ {0,£1} — fo(z) =0, (4.177)
so we can restrict the sum of the Fourier expansion to
fO,2)= 3 fulx)eXO. (4.178)
ve{0,£1}Lm
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Writing f(©, z) as sum of local observables depending on a limited light cone, we can further restrict the set of
v such that fy,(z) # 0. Let

supp(v) = {i € {1,...,Lm} : v; # 0}. (4.179)
Then
™ do;\ _2i0.0
Fo) = [ O S [ (O 1)
0 =1 k=1
< T dalf’b v; T dai*i'v'
- / IEE VAR | N ES i FACIVES
k=1 0 i@Ny 0 iens
¢ T do; _2ip;v,
= Z .. (supp(v (/ I (*e ‘ ) fk(eNkvfﬂ)>7 (4.180)
k=1 0 Gen, T
where
1 if supp(v) C N,
. 4.181
X5 (supp(v)) = {0 otherwise (4.181)
Hence, _
fo(x) #0 —  3Jke{l,...,m} :supp(v) C N. (4.182)
This means that ~
@) #0 = Jsupp() < max [Nl = W], (4.183)

The function f(©,x) is differentiable, hence
9o, f(©,2) =21 Y wifu(a)e?O. (4.184)
ve{0,£1}Lm

By Parseval’s identity

- 2
E[fen)= Y  |h@], (4.185)
ve{0,£1}Lm
- 2
E[@s,/@2)° =1 > o} |f@) (4.186)
ve{0,£1}Lm
(4.187)
Using the fact that in the sum of (4.186) only the terms multiplied by v; € {0,£1} contribute to the result,
- 2 . 2
E[@,f00) =14 ¥  Baw[ =1 ¥ |R@], (4.188)
ve{0,£1} 1™ ve{0,£1}E™
v; 70 v; 70
. 2
E[IVes(© 2)?] = 3y (@)
J=lye{o,£1}1™
’Uj;éo
- 2
=1 ¥ X |ho)
ve{0,£1}Lm™ jiv;#0
- 2
=4 3 swp() | fol@)|
ve{0,£1}Lm
. 2
<4l Y |h@| =awiE[f@©,0)]. (4.189)
ve{0,£1}Lm
For the other inequality, we start again from (4.186) and, calling 0 = (0,...,0) € zEkm,
) Lm 9 Lm ) _ 2
E(IVef@ o)l =S E[(@,10.2)°] =4 3 | D0} | o)
Jj=1 veZLm \ j=

=1 Y Phefze Y R

vezZl™\{0} veZlm™\{0}
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~ 2 ~ 2
=4 Y |f@)| —4|fo@) (4.190)
’UEZLm
Now we notice that
Lm
]E[f(ewl‘)] = Z ffu(l‘)]E |:627,@»vj| = Z f'u(ll') H E [6229jvji|
veztm vezLm j=1
= Y Ful@)duo = folx). (4.191)
’UEZLm
By Assumption 3.6, _
E[f(©,2)] =0 — fo(z) =0. (4.192)
Therefore
- 2
E[IVes@.2)12] >4 3 |fu@)| =18 [s20,2)]. (4.193)
’UEZLm
O

To prove Lemma 4.5 we are going to use Lemma 4.30 in order to bound the normalization Nk (m)
in terms of the normalization N(m) and of the geometric quantities related to the architecture of the
circuit. We will use this notation:

Kon(,2') = E[£(0,2)£(0,2")]. (4.194)
From Assumption 3.6, there exist a limit covariance function I : X x X — R

lim K, (z,2") = K(z,2). (4.195)

m— 00

Now we are ready to prove Lemma 4.5. -
As in Corollary 4.29, let € X such that both K (z,z) and K(z,z) are positive. We notice that

1
NK(m)

K(z,x) = E[|Vf(©,2)|°] Kp(z,2) =E [f*(0,2)] . (4.196)

Therefore, the results of Lemma 4.30 can be restated as

A (z,2) < Ng(m)K(z,z) < 4|N|/Kn(z, z) (4.197)
Dividing by K (z,z),
K (z, ) VKo (, )
4———= < N, <AN|—F—F—. 4.1
K(z,z) — x(m) < 4N K(z,x) (4.198)
Since K,, — K and K — K as m — oo, there exist mg such that, for any m > mg,
%K(x,x) < Kz, x) < 2K(z, ), %K(x,x) < K(z,z) <2K(z,7). (4.199)
which implies, for all m > my,
VK
K(z, ) < Nk (m) < BWM V. (4.200)
K(z,z) K(z,z)

4.8 Proof of Theorem 4.7

We need the following lemma.
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Lemma 4.31 (McDiarmid’s concentration inequality [64]) Let Xi,...,Xn be independent random wvariables,
each with values in X. Let f : X" — R be a mapping such that, for every i € {l,...,n} and every
(x1,...,20), (x],...,2n) € X" that differ only in the i-th coordinate (i.e., Vj # 1, ;= x;),

\f(xl,...,xn)—f(xll,...,x%)\Sci. (4.201)
For any e >0

i=16

2¢2
P(f(X1,...,Xn) —E[f(X1,...,Xn)] =€) <exp <—W> . (4.202)

Following the strategy of [38], we show that the hypotheses of McDiarmid’s concentration inequality
4.31 are satistied by Kg.

Kafe,a') = NKl(m)V@f(G ¥) Vo (©,4)
1 1 m 1| ,
= N agj fk(@,:r) 89j fk/(@,l’/). (4203)
i (

k,k'=1 jENk ﬂ/\fk/
In order to clarify when a term depends or not on a particular parameter 6;, we use the notation
fx(On,,x) instead of fi(©,x), (4.204)

so that we emphasize that f;, depends only on 6; with i € N.
Let T C{1,...,m} x{1,...,m} x {1,...,|0|} be the set defined as

I ={(kk,j):j €N NN} (4.205)
Let
Tk, (OnuN,, ) = O, fr (O, @) Og, frr (O, '), (4.206)
so that we can rewrite
Ko(z,z') = L ! > Tiw (O ) (4.207)
© 9 - NK(m) N2(m) . k,k',j NkUNkJ . .
(k,k",5)eT
We fix i € {1,...,]|0|} and we ask that 6; = 0} for all j # 7. In order to compute K@(ﬂc,x') — Ko (x,2),
we notice that
1 §‘f Nk UNk/ — Tk,k/,j(@NkUNk/) — Tk,kﬁj(@j\/k,u/\/k/) =0, (4.208)
so we define
FiZ{(k,k/,j) 1j €N NNy i € Ny, UNg b (4.209)

Therefore, using the bound of (4.96), |1}« ;| < 4. This implies

N . 1 1
Ko(z,2') — Keo/(z,2") = N (m) N2(m) Z (T 5(©) = Thoir 5(0')) (4.210)
(k,k’,5)€T;
N . 1 1
Koo ) = Kol < gy wogmy , 2, (Thars( O+ o (®)
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< 1 T4
~ Ng(m) N2(m)

S(4+4). (4.211)

So, we need to compute |T';|. A change of perspective on the constraints in the definition of I'; allows an
easier computation:

D= {(kK.,j): (ke M; VE € M) NkeM; A K €M}, (4.212)

If we assume that the condition k£ € M; holds (first term in the following RHS), by symmetry we can
estimate the cardinality of I';:

Ly ={(k,K,j): ke M; A ke M; AK€ M;)}
U{(k, k' j): K e My N ke M; ANE € Mj)}, (4.213)

ITi| < 21{(k,K,j) k€ My A ke M, AK € M)}
=2/{(k,K',j): ke M; N jeE Ny N K € M;)}
< 2| My max [N | max M| < 2| M;||M]|N]. (4.214)
j

Therefore, in McDiarmid’s concentration inequality 4.31, we have

o 1 [M|N| '
= Nrc(m) N2(m) |M;]. (4.215)
Summing the squares of ¢;:
19 2 9] 2
MV ) M|V
2 — 16‘— M= (16— — ] =,. 4.216
;Cz ( Ng (m)N2(m) ; Ml Ng(m)N2(m)) 2 (4216)

Calling ¢ = 1/256, we have

P [|K@(x,:c') — K(z,2')| > e] < exp {_CNE((m)NAL(m) 2]

€
[ MJZN 22,
N*(m)
<exp |—eNZ(m)————"—— 2| . 4.217
4.9 Proof of Corollaries 4.8 and 4.9
We need a preliminary statement.
Theorem 4.32 (Slutsky’s theorem [65]) Let X1, Xa,... be a sequence of random vectors or matrices converging
in distribution to a random vector or matrix X
X, % x (4.218)
and let Y1,Ys,... be a sequence of random vectors or matrices converging in probability to a constant vector or
matriz C
v, % . (4.219)
Then
Xp+Y S X +0, (4.220)
XY, % xc. (4.221)
Furthermore, if C is invertible,
Xu/Vi % x/C. (4.222)
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4.9.1 Proof of Corollary 4.8

Corollary 4.8 can be proved as follows.
By Lemma 4.25,
Ko(z,2') & K(z,2') as m — oo. (4.223)
Furthermore, by Theorem 3.7
f(®o, -) LN f() as m = oo (4.224)

Let F = {xa}aca be a finite family of inputs z, € X containing the inputs of the dataset
{2} cicn C F (4.225)

Since the solution (4.46) for the output corresponding to any input xg € F is the following linear
combination of the outputs {f(©¢,Za)}taca,

Fm (O, 25) = F(O0,75) = Koy (ws, XT)EG! (1= e7Fo0t) (£(85,X) = V) (4.226)
we can write -
(O 25) = 3 ML Koyl f (€0, 7a) + (RO[Ke,]) Y, (4.227)
acA

where the entries M ég [Ke,] and the components of R®)[Kg,] are continous functions of the elements of

matrix of the empirical NTK R

{Key (Ta,Tar) tajarea- (4.228)
By continuity, the (finite) matrix M (¢ )[Keo] and the (finite) vector R [Keg,] converge in probability to
M{)[K] and RO[K):

M) [Ke,] & M), RY[Ke,] & RV[K]. (4.229)

By Slutsky’s theorem 4.32, we conclude that

{flin(@iimxﬁ)}xﬁe}_ i> {Z M/E)Q [f(]f(oo)(za) =+ (R(t) [K})T Y} as m — oo, (4.230)
acA TgEF
i.e.
PO, )5 % F )] = KO XK (1= e ) (79 (3) =), (4.231)

Since we assumed X to be finite, this is enough to prove the convergence of the distribution to the entire
Gaussian process: it is sufficient to choose F = X.

Remark 4.13 In section 6 we will generalize the convergence of { f(0¢, z)},cx to a Gaussian process for the case
of X being infinite. This will not require to prove that also {flin(Gt, x)}zex converges to a Gaussian process: we
will only need the convergence of {f(O¢, z)},cx for any F finite set of inputs, which, as we will see, is a corollary
of the convergence of the linearized model for a finite number of inputs. Therefore, the proof given above will be
enough for our purposes.

Proof of Corollary 4.9

In the limit m — oo, the solution (4.51) is a linear combination of the Gaussian processes fi(Qg,z) =
f(©g,x) and F(0), so it is a Gaussian process as well, with
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(2, XT)E ! (11 - e*%f“) Y, (4.232)
(@) = @) (7@ = (@) |
[(F&(@) = K2, XT)R (1= emKt) pO))
x (5@ = K@, XT)R ™ (1= emmKt) peo)) |
= Ko(z,z")
— K(z, XT)K ! (11 - e*ﬂof’“) Ko(X, z')
~K(a, XT)K ! (11 - e—%f“) Ko(X, )
+ Kz, XT)K™! (11 - e*%f“> Ko(X, XT) (11 - e*%f“) KK (X,7). (4.233)

4.10 Proof of Theorem 4.10

Because of Corollary 4.16, we can ask
1
P(|FO)=Y|2<R)>1- 3 V'm > my for some R = /nlog(2n)Ry. (4.234)

In order to simplify the notation, we introduce

6/nR M|
Ng (m)AK;, N(m)’

min

p(m) = (4.235)

Let B, (©¢) = {0 : ||© — O¢|loc < 7} be the ball of center ©¢ and radius r. By Lemma 4.24, there exists
m € N such that

K

. A8,
Ko, (X, XT) = —mL Ymzm (4.236)

with probability at least 1 — g. By uniform continuity* of © K@(X, XT), if p(m) is small enough,
i.e., if m is larger than m; € N*° (we take m; > m),

. 2K,
Ko(X,XT) » %1 VO € Bym)(©9)  Vm >m;. (4.237)
Let
t1 =inf {t: ||O: — Opllec > p(m)}. (4.238)

For t < ¢; we have IA(@t — %]1 Recalling that
d 2 T
ﬁf((%t,x) = —noKe,(z,X") - (F(t)-Y), (4.239)

we have, with probability at least 1 — g,

A

L1P() ~ Y13 = ~2m0(F(t) ~ V)" Ko, (F(H) - Y)

2
< = 30N | F(8) = Y3 (4.240)

14The uniform continuity is ensured by the fact that the derivatives of the entries of K@(X, X7T) with respect to the parameters
are bounded and the dimension of Kg (X, X7) is fixed.
5By uniform continuity of © — Ko (X, XT), m1 does not depend on Og.
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Therefore,

|F(t) — Y|)2 < e 80Nt || F(0) — Y |12

< e 3M0 Mt R2

— Y

with probability at least 1 — 0 by the union bound with (4.234). Recalling also that

N o ) -
61 =~ oy Ve (00 X) - (F(1) - ¥)
and using Lemma 4.20
d d o
16 —0: < =@, - ) . _
1940 = 600 < | )| = | T 500, £(0.5) - (F(t) - ¥)
Mo
0y, f(O, X Ft)-Y
< oy 105 ©. Xl (1) = V1]
o M| —LnoE ¢t
< 370 Amin
- NK(m)2\/ﬁ N(m) Re ’
6\/ﬁR |M| _1 )\K_ t
. —f. < 1 — 10 Amin <
= 1040) = 0:0)] < ey (1= e ) vEst
— €4 = Bolles < p(m) (1 - e‘%"‘“ﬁmt) Vi <ty,

with probability at least 1 — §. If ¢; < oo, then

1©t, — Bolloc < p(m) (1 - e‘%""*ﬁ‘"“) <p(m) Vt<t,

(4.241)

(4.242)

(4.243)

(4.244)

(4.245)

(4.246)

but this contradicts the definition (4.238) of ¢1, so we must have ¢; = co. This implies that (4.241) and
(4.245) holds for any ¢ > 0 and m > m = max{mg, m;} with probability at least 1 — 4, so, if we set

Ry = 6Ry, we have proved (4.54) and (4.55).

4.11 Proof of Corollary 4.11 and Theorem 4.12
4.11.1 Proof of Corollary 4.11
By Lemma 4.22 and Theorem 4.10,

sup| Ko, (2,2') — Ko, (z,')
t

S MPINT
Z1 [ MPIV]
Ni (m)N3(m)
Z1 [ MPIV]
NZ(m)N3(m)’

=9 n+/log(2n)

Ry

67/\[('
R

= )\%n log(2n)

with probability at least 1 — §.

Proof of Theorem 4.12

where Ry = 96R,,

(4.247)

We simply combine the discrepancy estimate of Theorem 4.23 with the lazy training result of Theorem

4.10:

_ LmlMPIN]

SUp 1(01,0) — [ (O0,2)] < T SO, — Ol
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Lm|MP2N| [ R, M| ’
S TN ()\K ”V1°g(2”)NK<m>N<m>>

min

2 m 4
(f;) n? log(Qn)W. (4.248)

min

IN

4.12 Proof of Lemma 4.13

In order to prove Lemma 4.13, we need the following preliminary statement.

Lemma 4.33 (Bounding the discrepancy on the examples) For any 6 > 0 there exists mqg such that, for any
m > myg

C
AK )2

min

IF(t) — F™(t)|l2 <

2 L MIMINT (0 —dnon e
n“v/nlog(2n) N2 (m) N3 (m) (1 e 3 ) (4.249)

with probability at least 1 — 6.

Proof We follow the strategy of [38], using our results to improve the final bound. Let us define
A(t) = ||[F(t) = F'™(8)]l2- (4.250)
and, recalling that
d , . . d , . , .
Z1012Y) = Ko, (o XT)(f(61,X) =) and 2 f"(01,21) = Ko, (=), XT) (/1 (€1, X) ~ V),
(4.251)

let us compute

1d o, _~x1d ()y _ olingglin ()12
50 =355 (10 - e =)

x (Ko, (@@, X)(£(64,X) = V) = Ko, (2, X")(f(OF", X) - 1))

—Y) +mo(F(t) — F™ (1)) Ko, (F™(t) = Y)

—-Y). (4.252)
Noticing that R'@O is positive semidefinite,

—mo(F (1) = F'™(t))" Ke, (F(t) — F'™(1)) < 0, (4.253)
so (4.252) reads

3 SEAR(0) < —n(F () — F(0))7 Ko, (F(t) = ¥) + no(F (1) ~ F(0)) Ko, (F(1) - ¥)

= —no(F(t) - F™ ()" (Ke, — Ke,)(F(t) —Y) (4.254)

whence

A0 A0)] < Wl PO - POl o, ~ Koy el )~ Y

= mA®)|Ke, — Koyl F(t) = Yll2- (4.255)
Therefore,

d

#(t)\ < moll Ko, — Koy ll2lIF(t) = V1. (4.256)
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By (4.54)

IF(t) — Y|z < Rov/nlog(2n)e” 30 mint, (4.257)
and by Corollary 4.11

Ko, — Ko, llz < | Ko, — Ko, || F

4
< —Rz n? log(Qn)iLzm‘M| ?‘;/W ,
mm NK(m)N (m)
so that A
C 70 2 Lm|./\/l\ |N| B R AT
|0t A(t)] < = n“v/nlog(2n) —————r——e 810 min C =3RgR2 (4.258)
3NE NZ(m)N3(m)
whence A
Lm|M|*|N]| —LIpoaK. ¢
At) < ———n*/nlog(2n) —5 L (1 — ¢~ 37M0Amin (4.259)
T N w7t )
O

Now we have all the ingredients to prove Lemma 4.13. We adapt to our case the strategy of [66]. Let
us compute

160 = &1l = LIV (©n XT)(E(W) = V) = Vo (€0, XT)(F™(1) ~ V)|

< 1 |[(Vo (01, XT) - Vo (€0, XT)) (F(t) - V)|,
+ 4| Vo f (@0, XT)(E™ (1) — F(1))],
< 12 5up 190, £(O1, X) — 05, f (€0, X) 2| F (1) ~
+ 52 190, £(O0, )2l (6)  F (1) (4.260)

Let us bound the previous expression term by term. Combining the Lipschitzness result (4.89) with the
lazy training bound (4.55), and using the convergence to the examples (4.54), we control the first term:

L sup||0p, (O, X) — 90, £ (€0, X) |2l F(2) = Y

MV
g”¢4'LUW@ B0l F(t) — Y12
JMEIV] Ry M|
< Tog(2n)——"___ip@) —y
< DV IR () - Y
dnRy IMPIN|
< B S S —
=K nlog(2n)N m)NZ(m )HF() Y2
L nlog@n)M Ro/mlog(Zn)e Mt
Alin Nk (m)N
_ AnBoly M — 570N pint
- N nlOg(Qn)NK(m)NQ(m)e 3
_ Aol 5 CAMPINT e
=K, " R ey A, (4261

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 (4.116) and on Lemma
4.33:

%sup 196, £ (©0, X) |2 F™(t) — F(t)]]2

M|

< Vg

|10 (8) = F(t)]]2
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4 K
< %ng n2y/n log(2 )W <1fe*%noz\m;nt)

0m) (A N ()N
2nC LM N

TSR (T

_ 27700n30 nwz-

= oy P N N = PO

The second estimate exploits again (4.116) and the convergence to the examples for the original model
(4.54); we also need to quantify the convergence to the examples for the linearized model; this immediately
follows from the analytic solution (4.42) and from Theorem 4.10:

%Sup 19, £ (©0, X) |2 FE(t) — F(t)]2

M
NG '( ')th“()F(mQ
2 M
< 2L (10 - Y+ 1F() - V)
< \/77,“24' ( _notKOO F0)-Y)+Y)— YH2 + Rm/nlog(Zn)e_%”"’\gi"t)
2n |M|

IN

T ( ( *ﬂo)xmthF Y||2 + Ry nlog(Qn)e*%no)\fsint>
2 1
7 |M| R nlog(Qn) ( —70Amint _’_e—gno)\gjnt)

= U N(m)
|M| —LInoaE ¢
< 4 1 2 _ 370 Amin
< ARyny/log(2n) 7
< 4Rono/ log(2n)]\|fﬂ(/lme§"°*f§mt =: O(t). (4.262)
Hence . o .
|6 —O"|| . < A(t)+ B(t) and ||©,— O[] < A(t) + C(t). (4.263)
Defining
. 3
t* = VS log N(m), (4.264)
we integrate
oo t* oo
o, — ol g/ A(t)dt+/ B)dt+ [ C(dt
o
_ 2RoRy 5 o(2n) IMBIN
C ()2 Nie(m)N?(m)
217()0 3 Lm|M|5|N| 3
n” log(2n log N(m
O 12" ) R N ) o, 8 N ()
12R M| s Nem
/\KO log(2n)]\|[(m|)e log N (m) (4.265)
Using the bound of Lemma 3.8
m|M||N
]|VQ(|| ] | >1, (4.266)
we have
in 6C 12RgR 12R Lm|M|N|?
o -6l < (s + iy + ) wt g Pt g Nmy (420
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and with an upper bound of the form
azx® + bz + cx < Oz + Cy (4.268)
for suitable C; and Cy, where, in our case, * = 1/A\E. a0 =6C,b=12RyR; and ¢ = 12R,, we conclude

Lm|MPIN?

Ni(m) log N(m). (4.269)

, C
€ -6y < (()\Kl) + 02) n?log(2n)

min

4.13 Proof of Theorem 4.14
Using the result of Theorem 4.23 and (4.117)

[f(©r,2) — f(0F" 2)]

= [f(81,7) = (B0, %) = Vo [(Q0,2)" (4™ — B9
=f(04,z) — f(Og,z) — Vo f(On,z)T (0, — ©y) — Ve (O, z)T (0" — 0,
<|f(6t, ) — f““(@t, 2)| + Ve f(©o,z)T (04" — ©,)|
Lm|M|*|IN .
= Wﬂet = |3 + Ve f(©0,2)[1]|0F" — Ot
Lm|M|?|N]| o LmM|
T Nm) 19~ ollee +2 0/ = Ot co- 4.270
< N 19~ Oolleo + 27 ll (4.270)

Now we use Lemma 4.13 and the lazy training inequality (4.55):

F(©12) - (0l )
LM [ R? M2
< TN ((AQHP”Q log(2n) N;%(m)zv?(m))

Lm|M| Cy Bl an|M|5|N|2O .
Nm) ((AK) *CQ) toe(2n) =ty 18 NV (m)

Lm|M|*|V]
N (m)N?(m)

+ 2

IN

n?log(2n)

(A£III)2
m2
+2 <( Cl) + Cg) n? log(2n )—'Ml il

N () log N(m). (4.271)

)\K

min

Therefore, is easy to show that

X . C L2 2 6 2
(@0 ) — f(@ )| < (QK E +c4) n3log<2n>”W1ogN<m>. (1.272)

min

4.14 Proof of Theorem 4.15

Lemma 4.34 The hypothesis
R e
lim ——M——————
m— oo N»° (m)
of Theorem 4.15 ensures that the hypotheses of Theorem 3.7 and of Theorem 4.7 are satisfied, i.e.
mIMPIN? 1 SMPINVP

w0 ™ B NE ) Ni(m)

log N(m) =0, (4.273)

=0. (4.274)

Furthermore,
 ImMPN]
m—o Ni(m)N3(m)

i.e., the bound of Theorem 4.23 is nontrivial in the limit m — oo.

(4.275)
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Proof We will use that |[M],|A], and L are all bounded from below by 1, and Ny (m) is asymptotically bounded
by (4.30) of Lemma 4.5, and we will use the inequality of Lemma 3.8 in the form

m|M||N]
1<c———"— 4.2
<c NZ(m) (4.276)
so that
- mMPIN? o mP MPNP o LPm MNP _
0 M = 5m) S Sl T No(m) S e T Ny 08N (m) =0, (4.277)
Lm|M|*|V] Lm?| MP°|N|? “m® | MV
0< lim ————2—-<c lim ————-—-<c¢ lim ———~<——1logN(m)=0. (4.278)
e NZ ()N (m) = “mSbo NZ(m)No(m) = mihe N3(m)
Now, noticing that (4.273) implies that limm— oo N(m) = 00, we conclude that
2 2 3 3
o< i L DAMEWE 1 SimiMEW
m=oo Ni(m) — N%(m) m=so NZ(m)  NO(m)
1 LPmAMS NP
<c li =0. .
¢ lim N(m) N (m) 0 (4.279)
O

Now we are ready to prove Theorem 4.15.
Let X € RY be any (finite dimensional) vector on N distinct inputs {Z1,...,7,} € X and let A;(X) be
the random vector
Ay(X) = f(8,X) — [1(6y, X). (4.280)
We show that A;(X) 2 0 as m — oo. Let €,6 > 0. By Theorem 4.14, there exists mg such that, for any
m > mo,

]P’(sup sup | f(Op,z) — f(O)", z)|

t' xeX
Cs *m? M|PIN?
< Cy ) n?log(2n) ———————log N >1-94. 4.281
(e + ) ontam S o) | > 25y
whence
P(f(@t,X) — O™ X)|2
L*m?* M[°|NT?
< 3log(2n) ——————1log N >1-34. 4.282
Y (g + ) oo 2 o ) 252
There is also mq € N such that
Cs L*m? M|°|N?
VN <(>\§m) + C’4> n? log(2n)W logN(m)<e  Vm>m. (4.283)
So, for any m > max{mq, m }, )
B (JAX)]2 <) 214, (4.284)
S0
A(X)Z0 as m— . (4.285)

By Corollary 4.9, {fli“(@?“,x)}me{il,wfn} converges in distribution to a Gaussian process with mean
1y and covariance ICy defined in the statement of the corollary:

(1100, 2)}oex L (£ (@) oen (4.286)

Now, applying Slutsky’s theorem 4.32 we have

F(0,X) = (0, X)+ A(X) S ) as m— 0. (4.287)
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Since X is finite, we can choose X = vec(X) so that we have the convergence of the full multivariate
Gaussian distribution, which is the Gaussian process itself.

Remark 4.1/ This argument is not valid in the case of X infinite because we cannot consider X = vec(X). See
section 6 for the proof in the most general case.

5 Noisy training of quantum neural networks

5.1 Gradient descent with a finite number of measurements

The model function f(©,x) is defined in terms of expectation values of quantum observables, whose
result is not deterministic. Therefore, the algorithm has to be iterated a number of times which increases
with the precision required.

Also the gradient of f(©,x), which is involved in the training of the neural network, has to be estimated
through repeated measurements. This can be done using the parameter-shift rules. The limited precision
of the model function and of its gradients has to be taken into account when we look for the convergence
of the training. As depicted in Figure 20, if the variance of the estimator of the gradient of £ is not
sufficiently small, the training could converge to a neighborhood of the minimum. For instance, if the
variance of the estimator is fixed, when the parameters are sufficiently close to a minimum the exact
gradient becomes of the same order of the statistical noise and the evolution is subject to relevant
deviations. If, at a certain point, the noise becomes much larger than the exact gradient, the parameters
evolve in a random direction, possibly away from the minimum. The size of the neighborhood depends
on the variance of the estimator and on the shape of the loss near the minimum.

The procedure of estimating the model function, its gradient and of computing the evolution of the
parameters is done in discrete time steps. This is why we need to move from the gradient flow to the
gradient descent.

Fig. 20 Three possible scenarios: on the left, the gradient flow; in the middle, the stochastic gradient descent which
converges to a neighborhood of the global minimum due to the high variance of the estimator of the gradient; on the right,
the stochastic gradient descent with sufficiently small variance.

The aim of this section is to prove that for a sufficiently high number of measurement — which scales
polynomially with the number of qubits — the training converges exponentially fast to the global minimum
of the loss function, as we saw in the simpler case discussed in section 4. The strategy is based on two
steps:

1. prove that the deterministic gradient descent converges to the global minimum;
2. show that, for a sufficiently small variance of the estimator of the gradient of the loss, the same
convergence can be proved.

Since also in this case we retrieve the lazy training regime in the limit of infinitely many qubits, the
trained model function is still a Gaussian process after random initialization and stochastic training.
The outline of this section is the following.

1. In subsection 5.2, we introduce the deterministic gradient descent and we prove that it makes the
empirical loss converge to zero (Theorem 5.1).
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2. In subsection 5.3, we discuss the stochastic gradient descent and we prove that the convergence of
the empirical loss to zero, the lazy training and the convergence to the linearized model are still valid
(Theorem 5.4). As a consequence, the model is a Gaussian process in the limit of infinitely many
qubits also in the case with noise (Theorem 5.9). These two theorems are the most important results
of the section and of the article.

3. In subsection 5.4, subsection 5.5 and subsection 5.8 we prove the main theorems of the previous
subsections.

5.2 Deterministic gradient descent

The gradient descent equation is
@t+1 — Gt = —ﬂVQE(@t) (5].)

As in the case of gradient flow, we consider the mean squared error function:

L3 2 (a0 — )
=1

SR () - VIR, (52)

L(©y)

This means that the equation (5.1) can be rewritten as
Orr1 =0y = — Vo F(t) - (F(t) = ), (5.3)

We will see, in the proof of Theorem 5.9, that the solution of (5.3) for the linearized model gives, for
t — oo, the same result obtained in the continuous time setting:

lim f™(0y,) = f(B0,x) — Ko, (z, XT)Kg, (f(80, X) = Y), (5-4)

t—o0

provided that

Mo < (5.5)

K K
)\min + >‘max

and m is large enough (see subsection 5.8). The equation (5.4) shows that linearized model trained for
infinite time perfectly reproduces the training labels.

Theorem 5.1 (Deterministic gradient descent) Let us assume that the hypotheses of Theorem 3.7 and of Theorem
4.7 are satisfied and that Assumption 4.3 holds. Let us furthermore assume that

) 3
m 72””” L,M =0. (5.6)
m—00 N (m)N?(m)
For any 6 > 0, there exist m € N and some constants Rgy, R1, Ry such that, when applying gradient descent with
learning rate n = Wl(m)no’ where

2
<, 5.7
7o )\K +Agax ( )

min
the following inequalities hold for all m > m with probability at least 1 — § over random initialization:

t
IF(t) = Y|z < /nlog(2n) Ro (1 - 7’0?) , (5.8)

M|

6Rg
0, -0 < 20, S L
1©: ollee < 57 IOg(2n)NK(m)N(m)

min

Proof See subsection 5.4. O
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Remark 5.1 The (5.8) is equivalent to

R2 nOAK- 2t
L£(6y) < 7010g(2n) 1= ) (5.10)

Analogously to the continous-time case we have uniform convergence to the linearized model.

Theorem 5.2 Let us assume that the hypotheses of Theorem 3.7 and of Theorem 5.1 are satisfied and that
Assumption 4.3 holds. For any § > 0, there exist a constant Ry > 0 and m € N such that the following inequality
holds for all m > m with probability at least 1 — § over random initialization:

2
lin 6Ro 2 Lm|M|*|V]
sup sup |f(O¢, ) — f (O, x)| < n”log(2n)——————. 5.11
1 5 (0 2) 1 (©1,0)] < { {1 ) e ) (511)
Proof Combining Theorem 4.23 with the inequality (5.9), the bound (5.11) follows immediately. O

Also the proof of the convergence to a Gaussian process is similar to the continuous time setting,
with some differences dues to the discrete nature of time in the evolution of the model. All the details
of the proof of the convergence will be given for the noisy case in the following subsection and can be
immediately adapted to the case discussed in this subsection by removing the additional terms due to
the statistical noise.

5.3 Stochastic gradient descent

Assumption 5.3 (Unbiased gradient descent) We consider the gradient-descent evolution
Oi41 — 6 = —ng(t)(Gt), (5.12)

where for any training time t € N, g(t)(@t) is an unbiased estimator of the gradient of the loss function in the
stochastic gradient descent equation, i.e., an estimator whose average conditioned on the past history coincides
with the exact value of the gradient. More formally, each g(t)(@t) is a random vector such that, for any k < t,
any &, € R and any O, € RI®!

£ [gzm(@t) | g™ (@r) =& Vh<t|=05L0) VOeZ (513)

we have

Remark 5.2 The meaning of (5.13) is the following: once we are at time ¢, we perform the measurements of the
output of circuit and we build an the estimator g(*) (©¢) such that its expectation value is Vg £(©) whatever the
output of the measurements employed to determine {g(o), g(l), e 7g(t_l)} was. This is what we physically ask.

The aim of the following theorem is to show that, with a bound on the variance which is polynomial

in the number of qubits, an unbiased estimator of the gradient of the MSE loss is suitable to achieve an
exponential convergence to the global minimum with a lazy evolution of the parameters.
The idea is to compare the stochastic evolution with the exact one. In Figure 21, a tentative strategy is
depicted on the left. Given an initial vector of parameters ©g, the stochastic evolution of the parameter
is represented by the violet curve (the parameter vectors are called ©;), while the deterministic evolution
with the exact gradient is the blue curve (the parameter vectors are called (:)t), which is known to
converge to the global minimum by Theorem 5.1. We could try to bound the distance between the two
curves using some arguments based on the triangle inequality. However, some problems may arise.

1. At each time step ¢t > 0, the point O, at which the estimator of the gradient is computed is different
from the point ©; at which the exact gradient is computed; this means that, even if the exact evolution
is close to a minimum (V@E((:)t) <€), the estimated distance ||©; — (:)tHoo would affect the upper
bound on Vg £(0;) with a bias due to a rough triangle inequality argument, i.e.

VoL(0:) < VoL(O:) + ([|0: — Otllo). (5.14)

It is easy to realize that g is non decreasing. The hope is to show that somehow ||©; — ©;||s becomes
small with ¢.
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Fig. 21 The global and the local strategies to approach the stochastic gradient descent convergence. With a global strategy
we lose track of the path in the parameter space.

2. However, since (5.14) asymptotically gives few information on the convergence of ©; to ©* due to the
bias g, we can only worsen the estimate:

[©¢+1 — Ori1lloc < 10141 — Otlloo + 181 — Otlloc + O141 — Ol - (5.15)

So, the bias g(||©; — ©¢||s) is non-decreasing with ¢. This hinders any conclusion on the convergence.

The discussion of this naive strategy is the starting point to understand what goes wrong in this case
and to motivate our different approach. The main problem with a global comparison between the exact
and the stochastic paths is that the iteration of triangle inequality bounding the discrepancy between ©;
and ©, prodigally collects all the previous estimates, accumulating inaccuracy with time. What we need
is a local approach. This can be achieved by performing a deterministic gradient descent step starting at
the last point of the stochastic evolution, as depicted in Figure 21 on the right.

{9t+1 =0 — ng(t)(Gt) stochastic gradient descent, (5.16)

étJrl =0, —nVeoLl(O) locally deterministic gradient descent.

Now, the variance of g (©,) must be chosen so that ||©;11 — ©;11]|s is small enough to fulfill these
criteria:

1. £(©.1) is sufficiently close to £(0;41) so that a decrease with respect to the previous cost £(6,) is
ensured;

2. the distance between ©;,; and ©,,; is a summable function of ¢ which goes to zero as the number of
qubits increases, so that the lazy training result is still valid.

This will be the strategy to prove Theorem 5.4, which is the most important result of the article together
with Theorem 5.9

Theorem 5.4 (Trainability of the model) Let us suppose that Assumption 4.3 holds. Let us furthermore
assume that
o Ll M
m— o0 N3(m)
We suppose to train our model according to the gradient descent described in Assumption 5.8 for a training
time T € N with learning rate n = #(m)no, where

0. (5.17)

9
< 5.18
S E I NE (5.18)

min
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We furtherly assume the following condition on the variance of the estimator of the gradient: for any choice
of t <T and &, € R and O € Rlel,

Var[gﬁt)(@) | g (e =& Vk<t]

4
K
g O0in) NN 5
= Q00 T IMPZIOP  (t+12 ")

(5.19)

where cy = ﬁ.
For any 6 > 0, there exist m € N and some constants Ro(d), R1(9), R2(d) such that for all m > m the
following inequalities hold with probability at least 1 — § over random initialization and stochastic training:

3

N(m)

IM[[©]

Ry M|

+ )\Tn\/log@n)m, (5.21)

in 2 NN
sup [ /(©0,2) — (04, 2)] < 283 (Msin) lom(2) M)
zeX m

B2 A 2t
L£(6;) < 70 log(2n) [ 1 — 22min } (5.20)

10t — Opllso < RimoALin/log(2n)

Lm|M[*|V]
N (m)N3(m)’

2R3 o
+ ﬁn log(2n)
min

(5.22)

foranyt <T.

Proof See subsection 5.5. O

Remark 5.3 (Dependence of the variance on £(0) and on ¢) As already introduced in subsection 5.1, the variance
of the estimator of the gradient must be sufficiently small so that the exact value of the gradient is not completely
blurred by the statistical noise. In the proof of Theorem 5.4 we show that a small cost function implies a small
gradient. So, the cost function in the bound (5.19) ensures that the variance is exponentially small (in time) when
the cost and its gradient are exponentially small. Furthermore, an explicit dependence on t appears in (5.19).
This is due to the iterative comparison of the stochastic gradient descent with the exact gradient descent of the
strategy we discussed in the introduction of this subsection. Indeed, we need the probability that the estimated
gradient is too far from the exact gradient to be increasingly small along the minimization procedure. Otherwise,
we could not provide a union bound ensuring that the sum of the probabilities that estimated gradient is not
close enough to the exact gradient is small (see (5.113)).

In the following proposition we explain why the bound on the variance (5.19) implies that a polynomial
number of measurements (with respect to the number of the qubits) is sufficient to

Proposition 5.5 (A polynomial number of measures) For any €,d > 0, let M(e,0) be the number of measure-
ments required by the gradient-descent algorithm of Theorem 5.4 to get a cost less than € with probability at least
1—20. Then,

wloo

4
4\ 3
Lm|/\/l> Lim', (5.23)

N3(m)

where the term in parentheses tends to 0 for m — oo from the hypothesis (5.17) of Theorem 5.4, and the remaining
terms grow at most polynomially in m whenever the number of layers L grows polynomially with m.

M(E7 5) < 0(67 €, Aginf n) (

Proof We recall that, if X and Y are independent random variables, then

Var[X + Y] = Var[X] + Var[Y], (5.24)
therefore, if X1,..., X s are i.i.d. random variables, then
M
1 _ Var[X{]
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By Assumption 2.2, the generators of the unitaries encoding the trainable parameters have spectrum {—1,+1}.
Then, there is a simple strategy to compute the derivative dy, f(©, ). In quantum circuits like these, indeed,
the derivatives of the expectation value of any observable with respect to any parameter can be written in terms
of other expectation values computed for “shifted” parameters. These identities were introduced in [62] (see in
particular (14)) and they are known as parameter shift rules:

1%}
90 0 j#i
so that an unbiased estimator hl(.t’l) (©, ) of Op, f(©, z) can be constructed by measuring the output of the circuit
at 2 different points

O f(©,2) = F©+AD 2)— f@ 2D z) AW = {Z J=1 (5.26)

r{t©,2) = BP0, 2) — n{ (0, 1), (5.27)
where h{"1*) (@, ) are the outputs of the mutually independent measurements of O on ’1/;(@ + A<i>,x)> -
U© + A", z)0™m):
E [hﬁ.t’”(@,x)] —E [hﬁt’l’“(@, ) — hgtvl")(e;c)]

hl(_t,l,+)(@7x) _ h§t,1,—)(@7x) (6,x). (5.28)

0
86;
All the expectation values and all the variances are meant to be conditioned on any possible story of the pre-
vious estimators. Iterating this procedure M ®) times, we have a family of unbiased and independent estimators

{hl(,t’k)(@vf)}ke{1,~~~>M(t>} of aigif(@,x). Since, by Assumption 2.2, O is a sum of m observables with spectrum

n [—1,1], a very rough uniform bound on the variance of hgt’l’j)(G + A(j),:c) can be easily provided:

m2

(tk.5) ()
Var [h ©+A )] < N (5.29)
whence )
p(E:k) 2m
Var[ (@,m)] < Ny (5.30)
Therefore,
M®
() (t.k)
9, (8,z) = M(t) Z it (e, z) (5.31)
is an unbiased estimator of 6i91 f(©,x) with variance
(t) 1 2m?
Var[ o, :c)] T N (5.32)

By (5.19) we notice that, in the physical implementation of the quantum neural network, the variance required
at each time step is of the form

N (m)N?(m) L(©¢)

(t) (k) — K
Var[g”(©1) | 9 (O8) =& VE <] < el A ) ST 5 (5:33)
This is ensured if the number of measurements M (*) is sufficiently large
2 2 2
L o5, A ) L) L) (5.30)
M®) N2(m) — IM|ZL3m3  (t+1)2
ie.
2735 2
® _ 2 IM|“L°m (t+1) (5.35)

c(6, \E. 'n) NZ.(m)N*(m) L(O:)
is sufficient. Since this procedure must be repeated for each parameter, the total number of measurements required
at time ¢ is

M) =10|M® = Lmm®). (5.36)
To get e-close to the minimum of the cost, by (5.20) the number of time steps required is, at most,

o) _ log (1) +log (RO log(2n)) '

“alog (1 - 23fin)
So the total number of measurements required is bounded by
T
a t=1 ’ (5 )\mln’ )6 N?((m)N4(m)
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Setting
2T (T + 1)

C(8, e, \in ) = 5.39
( € min n) C((s’ )\gin7n)€ ( )
we get
4
MPPLAmS (@) K Lm|M*\? Lim3
M(e,8) < O(6, e M, m) ML 05 ¢ K,
4
LmM™*\® s 1
< C(8,€, Mins ) (N3|(m)|> Lims, (5.40)
where (a) follows from Lemma 4.5. The claim follows. O

Theorem 5.4 is the fundamental result to prove that also in the noisy case the model is a Gaussian
process during the training in the limit of many qubits. However, we still need to verify that the noisy
trajectory in the parameter space is close to the exact trajectory with the linearized evolution equation.
This result is ensured by the following statements, which require a further suppression £(m) — 0 in the
bound for variance of the estimator for the gradient of the cost function; we are going to choose £(m) in
order to ensure the rate of convergence needed to obtain the convergence to a Gaussian process. We will
also replace § with 0/4: this is just a technical detail which will be used in the proof for a union bound.

Lemma 5.6 (The parameters differ at the second order) Let us assume a condition on the variance of the
estimator of the gradient stronger than (5.19) by a factor £(m)/4: for any choice of t < T and & € R and
0, € RI°I

var[g{”(©) | g™ (©1) =& Vh <]

, () N2 m)N(m)

6/4
< L(© 5.41
> CoTio n2 |M‘2|®‘3 f(m) (t+ 1)2 ( )7 ( )
where co = ﬁ. Then, for any fixred § > 0, there exist some constant C1,Co and an integer m € N such that,
for any m > m,
in Cl 3 Lm|M|5|N|3 1
0, — o} < + Co | n”log(2n)—————— 1o Nmf(l—s—Nm m) 5.42
with probability at least 1 — 4.
Proof See subsection 5.6. O

Now it is clear why we need the further suppression £(m) in the bound for the variance of the estimator
of the gradient of the cost function, as we will discuss more in detail in Corollary (5.7) and in Theorem
(5.8): the divergent term N (m) must be cancelled by &(m) in order to ensure the following statements.

Corollary 5.7 If we choose, in particular

&m) = S5 )’ (5.43)
which means requiring that
Var[g{”(©) | g™ (©1) =& Vh <]
4
2K ) 2
, (M) NZGn) o4
< .44
= CoTo n2 |M|2|@‘3 (t—|— 1)2 [’(@)7 (5 )
where ¢y = ﬁ, then, for any 6 > 0, there exist C1,C2 and mg such that, for any m > my,
in Cy 3 Lm‘M|5|N|3
0, — 6} <[ —2— + s | ndlog(2n) =L 108 N(m) (5.45)
H ||oo ()\III(I'in)S N4(m)

with probability at least 1 — 4.
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Now we have all the ingredients to state the generalization of Theorem 4.15 to the discrete time
setting with statistical noise.

Theorem 5.8 (The original evolution is close to the linear evolution) Let us suppose that the hypotheses of the
previous lemmas are satisfied; in particular, we ask (5.44) for the variance of the estimator of the gradient of the
cost function. Then, in the presence or in the absence of statistical noise in the gradient descent, we have the
following bound: for any § > 0 there exist some constants C3 and C4 and a number of qubits mg € N such that,
for any m > mg

li li Cs L2m2 M8V |4
1£(8,2) — fin@ehr 2)| < ((/\K)?, + C4> n’ log(Qn)W log N (m) (5.46)
min
with probability at least 1 — 6.
Proof See subsection 5.7. O

Theorem 5.9 (Quantum neural networks as Gaussian processes — noisy setting) Let us assume that a
circuit satisfying Assumption 4.8 and such that
o LPmA MV

is randomly initialized according to Assumption 3.6 and is trained using the noisy gradient descent with the
following bound on the variance of the estimator of the gradient of the cost function: for any choice of t <T
and &, € R and O, € Rle‘,

Var[g{”(©) | g™ (@1) =& Vh <]

4
2K ) 2
2 ( min)  Ng(m) 46/4
< €070 n2 |M|2|@‘3 (t+ 1)2 (@) (548)

Then, in the limit of infinitely many qubits m — oo, {f(O, x)}pcx converges in distribution to a Gaussian

process { £°°) () }zex with mean and covariance
pe(z) = K(z, XK1 (1 ~(1- nof()t) Y (5.49)
Ke(z,2') = Ko(z,z'),
~ K@, x"E™ (1- (1-mK)") Ko(X, )
R, XT)R! (1 ~(1- nof{)t) Ko(X, )

+ K@, XE™ (1= (1-mK)") x

x Ko(X, X7 (1 -(1- nok)t) K'R(X,2)). (5.50)

Proof See subsection 5.8. O

5.4 Proof of Theorem 5.1

Lemma 5.10 (Lagrange theorem for vector valued functions in several variables) Let U C R™ be a compact
conver set and let f : U — R™ be continuously differentiable. Then

1
f) — f2) = { /0 df(x + t(y - m))dt} (v —2). (5.51)

Proof See e.g. [63]. O
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The following lemma is crucial both for the deterministic and the stochastic case. We show that,
if we are asymptotically close enough to the parameters at initialization, then a gradient descent step
contracts the distance between the output of the model and the labels provided by the dataset.

Let B, (0¢) = {0 : ||© — Ogl|cx < 7} be the ball of center ©¢ and radius r.

Lemma 5.11 (Single step of gradient descent) Let us assume that the hypothesis of Theorem 4.7 is satisfied and
that Assumption 4.3 holds. Let 6 > 0, ¢ € (0,1) and suppose

n

= 7" m<<Tg Tk 5.52
Nk (m) /\gin + )\I]n(ax ( )
Furthermore, let r(m) : N = RT such that
2
lim LMV r(m) = 0. (5.53)

mr00 Ny (m)N2(m)

There exists . € N such that, with probability at least 1 — § over random initialization, given any © and ©' both
in By.(,,)(©0) and satisfying

0 -0 =-nVeL(0), (5.54)
where L is the MSE loss, the following inequality holds for any m > m:
1£(8',X) = Yll2 < (1= Cnordiin ) 1£(8, X) = Y1l (5.55)
Proof Let us start rewriting
1/(©,2) = Y2 = I(f(&,2) = f(8,2)) + (£(©,2) = Y)l|2- (5.56)

Calling'®
Vof(©®+1(0 —0),z)T
Vof(®+7(0 —0),zHT
DF(r) = . (5.57)
Vof(©®+7(0 —0),z")T
we can apply Lagrange theorem 5.10 to obtain

|:/01 DF(r)dr

1
/0 (DF(1)(©' —©) + (f(©,X) - Y))dr

178, X) = Y2 =

1 !
g/o dr|DF(r)(' - ©) + f(8,X) - Y|,

(0" —©)+(f(6,X)) ~Y)

2

2

= |DF(€)(© - ©)+ £(©,X) = Y|, (5.58)
where £ € [0, 1]. By the definition of gradient descent (5.54), we also have
/ 0
158 ) = Yll2 < || = 25 DF(©)VL(©) + £(8.X) =]
B —DF(©Vef(©,XT)(F(©,X)=Y)+£(©,X) Y],

Ng (m)
]]_ _

<|-
= o T -
N H ( Ny (m) DF(§)Vef(©,X )) (f(©,X)—Y)

2

< 1£(©, X) = Ylz. (5.59)

L

10 T

Calling © = © + £(0" — ©), by convexity of the ball,

1© = Bolloc <(m)

10" — Ol < r(m) (5.60)

éEBT(m)(@O) because {

16We use the convention of considering VfT as a row vector.
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Now we have to estimate

(1 S DF(&)(V@f(G,XT)>

Ny (m)

L

Lm
= n ~

L

= H (11 — o (K(X, X - KX, xT) + Ko, (X, X7)

Lm
*K@g(XvXT)JFm aejf(é7X)agif(9?XT))>
i=1

<1 =KX, XDz +mol KX, XT) - Koo (X, XT)| ¢ ’
iagif(eo,X)agif(Go,XT) - gagif(é, X)d, f(©,X7)
< 11— moK (X, XT)l e+ mol KX XT) — Koy (X, XT)
% (8o, F(©0, X) — 89, (O, X) 8y, f(O0, XT)
o

> " 06, £(6,X) (0, (00, XT) — 05, f(©,XT))

i=1

+ 1o

L

710
N (m)

L

0
Ng(m)

L
Each term can be bounded as follows. Let us start with

1—noK(X, XD < 1 —nol.
I —noK(X, )‘|£*Ae%1§§f;K| noA|

Since f(A) = |1 —moA| is convex,
K K
I = moK (X, X1l 2 < max{|1 —noAminl, [1 —70Amax|}

: 2
and, since ng < NE GAE

min max

1—mA =0 < /\*:i>m.
70 2
Therefore, we can conclude that
12— oK (X, XTIl < 1= noiin

as illustrated in Figure 22. Now we consider

1- rn()Am in f(A): I- T]UA

1-?70)\1‘113)(

I 1
)‘mjn Amiﬂ + >\m ax )\ * )\max
2

Fig. 22 Behaviour of f(\)

Mol K (X, XT) = Ko, (X, XT)||z < |K(X, XT) = Koy (X, X1)| .

We can claim, by Theorem 4.7 and Lemma 4.24, the existence of m; € N such that

. 1—
IK(X, XT) = Koo (X, X)|lr < <T<) Mo Ym 2 m
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with probability at least 1 — 4.
Finally, using Lemma 4.20,

Lm
> (99,1(©0, X) — 09, (6, X) 0y, f(©0, XT)

i=1

L
Lm

> (99, f(©0, X) — 05, £(6, X) Dy, f(©0, XT)
=1

<

F

2

IN

n Lm
> (Z (96, f(©0,29)) — 9y, f (O, w(j))aeif(eow(j/)))

j.g'=1 \i=1

IN

n Lm
> (Sup |p,, (©0,2()) — By, £(©,2) > |30if(90756(j/))|>
¢ i=1

J:3'=1

n Lm 2
< supsup |y, /(0. @) = 99, /(©,2)],| D (E : |30if(907w(j/))|>
v =1 \i=1

Lm n

< sup sup |a,, f(©0,2) — Dp,, f(©,z)|sup > _ |9, f(©0,2"))| | D 1
¥/ L Gii=1

<nsup ||Vef(©0,7) — Vo f(O,)| sup Ve f(©0,2")|,

MV

2
2% < 8n 31| M]| \/\/’|T
N(m)

=nd (m) =" N2(m)

1©0 ~ ©lloo -

(m).

=

Hence

n
H (n ~ N DF(&)(V@f(QXT))

L

¢

1— 1 MPPN
Sl—nokfﬁin+<7>no>\f§in+8nno LM ‘r

2 Nrc ()N Z(m) ™)
Because of (5.53), there exist mg € N such that

S MV
Nk (m)N?(m)

1 _
8nmo r(m) < (TC) noMSm  Vm > ma.

This yields

Y
H (1 - NK?m DF(E)(Vef(G,XT)>

L
<1- nOAﬁin + (1 - C)nokgin =1- CWO/\gin-
Therefore X
[£(0, X) = Y2 < (1 = ¢nodmin) 1 /(©, X) = Y|z

for all m > m = max{my, ma}.

Now we have all the ingredients to prove Theorem 5.1.
Because of Corollary 4.16, we can ask

)
P(F(0)-Yl|2<R)>1- 5 Vm > my for some R = y/nlog(2n)Ry

with probability at least 1 — g.

As in the proof of the Theorem 4.10, we introduce

M|

p(m) = %n 1og(2n)m.

min

7

2

(5.68)

(5.69)

(5.70)

(5.71)

(5.72)

(5.73)

(5.74)



We prove (5.8) and (5.9) by induction. If ¢ = 0, then
[F(0) =Yz <R (5.75)

holds because of the previous assumption; (5.9) does not have to be proved for ¢ = 0. Let us suppose
that (5.8) and (5.9) hold for any ¢ < ¢*. Recalling that

CHECHE —ﬁm)v@ﬂ@t, X) - (F(t) - Y) (5.76)

and using Lemma 4.20, we have

10:(t+1) = 0,(1)| < |20y, (€1, X) - (F(t) = V)

- NK(m)
o M|
< Nt 2V i IFO) = Yl (5.77)

Hence, because (5.8) holds for any ¢ < t*,

U M| 1 ’
B4 1) = 00 < v o (1 g,

M|

= 2Ronon+/log(2n) N (m)N(m)

1 t
<1 - 3770>\ﬁn) Vi < t*. (5.78)

Therefore, using the triangle inequality and considering the supremum over i of the previous inequalities,
-

1041 = Oplloc < Y 1Ok+1 — Oklloo
k=0

M| :
< 2Rgn log(2n)no KT Z

[e'S) k
1
< 2Ryn/log(mm M5 (1—noA£m)

Nk (m)N(m) — 3
6Ro M|
= —n\/log(2n) —F———+— = . 5.79
NE_ Y 0g(2n) N ()N () p(m) (5.79)
This means that (5.9) holds also for ¢ = t* 4+ 1. Now, let us notice that

S IMPN _ 6Ro S MPINV]
1 —_— =1 —n/log(2n) —m——7— =0 5.80
A N () N2 () P T AE T 08(21) (1) N3 () (5.80)

by hypothesis. We invoke'” Lemma, 5.11 with probablity to fail g instead of ¢ and choosing the following
parameters:

r(m) = p(m), 0" = 041, O = Oy, ¢= (5.81)

W =

Therefore

)\K. tT+1
IF(t* +1) — Yl|s < Roy/nlog(2n) (1 - ""3‘“) (5.82)

which is (5.8) for t = t* + 1.

17Since r(m) and ¢ are always the same in the proof by induction, the lemma has to be claimed once.
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5.5 Proof of Theorem 5.4

Lemma 5.12 The hypothesis
lim L MNP

m—oo N3(m) 0

(5.83)

of Theorem 5.4 ensures that the hypotheses of Theorem 3.7, of Theorem 4.7 and of Theorem 5.1 are satisfied, i.e.

L mIMEWE
m=oo  N3(m)

: 1 Sy MPNV
lim 5 1 =0,
m—o0 N (m)  N*(m)

S MV

0,

————————— = 0.
m=o0 N (m)N3(m)
Proof 1t is easy to see that
o omMPINP L I MNP
< — < _—— =
0< lm N3(m) = L N3(m) 0,
2 2 4 2
pe L TMPINE o ImMPWE
N#(m)  N*(m) m—oo  N3(m)
2 41 nr12
0< lim —UMEWI -y ImIMPIVE

m s NZ(m)N3(m) = m™s N3 (m)

Two simple lemmas are proved now, so that the computations will be simplified later.

Lemma 5.13 (An elementary inequality) Let z € R such that
2? < A+ A’ + B,

where A, A', B > 0. Then
z<VA+VA +B.

Proof The equality 22 = A + A’ + Bz holds if and only if

B2+ 4(A+ A B— /B2 4+ 4(A+ A')
r=x1 = or r=x9= 3 ,
so the inequality z> < A + A’ + Bz implies
xo <x < x,7.
Since
271 =B+ /B2 +4(A+A') =B+ \/B2 + (2VA)2 4 (2VA)2
<B+B+2VA+2VA' =2(B+ VA + VA,
we have

z <VA+ VA +B.

Lemma 5.14 (Another elementary inequality) Let x € [0,1]. Then

§§1/17§7\/17$.
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Proof First we notice that

,/1—5—\/1—:520. (5.97)
,/1f§+\/1fx§2, (5.98)

Then we use that, for z € [0, 1],

whence

—-Vi—uz. (5.99)

Now we are ready to prove Theorem 5.4. As usual, because of Corollary 4.16 we can ask

5
P(IF(0) = Y2 <R)21—5 Vm=>my (5.100)

for some R = y/nlog(2n)Ry with probability at least 1 — g.
At each temporal step, let us introduce two different evolutions of the same parameter vector O,

one stochastic and one deterministic. More precisely, let us consider two stochastic processes ©; and ©;
defined for ¢t > 0 by
) =0, —ng¥©
~t+1 t = 19" (0y) - (5.101)
Ot41 =6 —nVeLl(6y)
It is crucial to notice that the parameter vector appering in the RHS of the second equation is O, not O;.
When we discussed the strategy to prove the theorem, we emphasized the necessity to bound the dis-
crepancy between the loss function evalued at the new points ©;y1 and ;1. An upper bound can be
computed starting from the Lipschitzness of the model. By Lemma 4.21,

F(O1,2) — F(©3,2)] < 2j0] M

g 101~ ©2llx. (5.102)

This implies the following bound on the growth £(©):

n

1£(01) ~ £(2)] = 5= 3 ((F(01,219) —y0)? — (1(02,2) — y)?)
=1

= =3 (f(O1,2) = f(62,2))

i=1
% (F(01,09) =y + £(©2,2) = y©))

\/7”]0(617 ) f(@QvX)”?X

X E(Hf(@l,X) ~ Y2+ |1 f(©2,X) — YH2)

<V2/6| |/2/l (VL(O1) + VL(O2))]|01 — O2]|cc- (5.103)

In particular,

L(01) < L(Oy) + ﬁ|@|%¢@n@1 — 05|00
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+ VIOl 3L 101 - 0all VLB (5.104)

So we can apply Lemma 5.13 with 2 = \/£(0;) and

A=L(0y), A= ﬁ@b'vﬂ(fn')m@z)el - (5.105)
e ML
B= ﬁ|®\—N(m) 101 — O2]|ne, (5.106)

obtaining

VEGY) < VIOy) + \4/5(92)\/\/§|@|]\|,/(Mm|@ _ 012

M
4Vl 01 - Bl

< <<‘/,c(@2)+ ,/ﬁ@|]%||@1 @2||}X{2) . (5.107)

The discrepancy between the loss function after a deterministic evolution of the parameters and the loss
function after a stochastic evolution of the parameters is small when the outcome of the stochastic evo-
lution is close to the result of the deterministic evolution. This can be done controlled by a concentration
inequality. For any choice of t < T and &, € R and 0, € RI®!,

Orr1 — Ors1 = (Vo L(©) — ¢ (0y)), (5.108)

E [9i(t +1) =0t +1) | gM(O8) =& V< t} =0, (5.109)
Var[@i(t+1) Oit+1) | g (O)) = & Vk<t}

= 172Va1" [ggﬁ(@t) | g™ (@) =& V< t} . (5.110)

In order to have a cleaner notation, from now on we will not explitictly write that the variance and
the probability are contitioned on any possible outcome of the previous estimators, even though we will
always assume this. By Chebyshev’s inequality,

~ 1
P (|9i(t+ 1) — 6:(t+ 1) > kn Var[ “(@t)D < (5.111)
If we set
PR LcJ PP (5.112)
30 ’ '
then
5 19l ()
[0;(t+1)—=0;(t + 1)| < nm 35(t+1) Var |g;”(©y)| Vt<T,Vi
Lm T 0o
1 6 6 6 1
il >1-— 2 —
|© |Z:17r2; )2_ 2’/T2;(t+1)2

(5.113)
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So, if

~ (C]
10041 = Buralle < my/ 2Lt + 1) sV [57 01,

we can bound the loss function evalued at ©,; by using (5.107)

4 4 a |M| 0 1/2
VL(O11) <\ L(Owy1) + \/ \/§|9|W||9t+1 Ol

2 /\/l
<A/L(Oyy1) + \/ n’r? |@\3 LMI* )(t+1)2squar {gi(t)(@t)}.

Now we prove the following bounds by induction on ¢:

t

—1 k
104 — Ol < 2RoNSiym/Tog(Zn) 5o Z( o )

k:O

1 )\ 2t
£(01) < 2R3 10g(2n) (1 o ;““)

If t = 0, it is clear that they hold. Now, let us assume that they hold for ¢ = t*.
Using the deterministic evolution

O 41— Opr = — Ve (O, X) - (F(t) - Y)

o
Nk (m)

and using Lemma 4.20

b (4% * Yl *
6, +1) = 0,()| < NKgm) 00, §(O1, X) - (F(t*) V)|

IN

Ng(m)

M| v
= 2Romnon+/log(2n) N (m)N(m) (1 - Uo)\mm) .

By the triangle inequality, using the inductive hypothesis,

1041 — Oploc < [|O¢-+1 — O+ ||

+ 04 — O0l[
-

< 2Rgmon log(2n) ‘M| Z (1 - no)\mm>

=0

In particular, both |[©4 — Ol and ||O4+ 41 — Op|oe are bounded by

o k
2Ronon+/log(2n) ]\G((l;i\)/t]LT(m) > ( - 1770)‘m1n>

k=0
./\/l
= ( )/\K \/10g2n | | (m).
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(5.114)

(5.115)

(5.116)
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Now, let us notice that

lim 21|./\/l—|2|./\/'|p(m): lim 67071 log(2n)§h\M—P|M
A W () N2 (m) "™ = i 3E NZ ()N (m)

min

=0 (5.121)

by hypothesis. We invoke'® Lemma 5.11 with probablity to fail g instead of 0 and choosing the following
parameters:

- 2
r(m)=p(m),  O'=Op4,  O=6p, (=3, (5.122)
Therefore

1O 41, X) ~ Yla < (1 - noAmm) 1£(©, X) = Y]|a, (5.123)

which yields

VLOp11) <41 *770/\mm VL(O)

. \/2n ™ o8 IJV(lI )(t+1)2var[ (@t*)], (5.124)
We recall that n
n= WUO‘ (5.125)

By hypothesis (5.19), the variance is sufficiently small:

4\/ ‘C(@t*+1) < 1- 7770)‘115111 \% + \/ TIOﬂ— 00770 (A§1D)4£(@t*)

272
\/1— SnoAE A = 2
( 7]0 min T 70Amin 3 8647‘[‘2) @t
K
J1= Zpoak 4 0min ) o7 (5.126)
3 min 6
Using Lemma 5.14 with z/4 = noAE, /6,
4\/ ‘C(@t*+1) < < 1- 7770)\111111 \( mm 1 - 3,’70)\mm> 4\/ E(@t*)
)\

= /1 - M2min 4/7(0,.), (5.127)

whence
K N2
L(O41) < (1 - ’70A3m> L(O4-). (5.128)

Then, using the inductive hypothesis,

R2 \ 2(t*41)
L(Op41) < 70 log(2n) <1 - 7703“) : (5.129)

18Since r(m) and ¢ are always the same in the proof by induction, the lemma has to be claimed once.
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So, both the bounds (5.116) hold for ¢ = t* 4+ 1. By induction, they are valid for any ¢ € N.
Using Lemma 4.20,

6:(t+1) = 6:(8)| = mlon, £(01)| = 2 Zaeif<@t,m<f>>(f<@t,w“>> ~yV)

- V2 1
= N

— 2B VEO) (5.130)

190, £ (©, X2 () =Y

By the triangle inequality,

”@tJrl - Gt”OO < H@tle - ét+1||00 + Hét+1 - @t”OO

<nm '§'<t+1)\/m+2f 'M'JTt

e AEL) Ng(m)N(m) V6
= |35|(t+1)‘ﬁ’7( n) |J\£l||29|352 e VEO)

+ 2\/577%\/5((%)

fﬂo% log(2n) X
/e , x 2 N(m) M| >< oK >t
x (n AE +2\/§n7 1 — Plmin ) 5.131
(™5 05" (i) N m)N () 3 (5-131)
Hence, using again the triangle inequality,
T—1
18 = Bolloe < D 1Os41 — O4l|oo
t=0
Ve k(2 N(m) M| )
< noRo/log(2 AE +2 x
< o/ (5 0" G5+ 15
t
XZ( m1n>
_ 3Ry \/log(2n)( 0 (K )2 N(m) +om |IM|
N, " V5 ) (4] * 2 Nl N
N(m) n M|
log(2n) [ Ry (0)noAE, Ry (6 5.132
o) (RO gy RO gy ) 5192

where we recalled the dependence Ry = Ro(d). This proves (5.21). Finally, we use Theorem 4.23 to give
the upper bound

|f(®ax) - flin(@’x”

Lm|M]2 N N(m n M 2
<y oo (B OmAS S + o) i
5 2 |[VIN(m) R3(9) Lm|M|*|V]
< 2R%(8) log(2n)n? (Aﬁm) o +2( I%in)zn log( n)m, (5.133)

where in the last line we have used that (x + y)? < 222 + 2y?. And this concludes the proof.
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5.6 Proof of Lemma 5.6

We need to introduce some definitions in order to deal with the discretization of time and with the noise.
Let us consider the case in which the gradient of the cost is exactly known and let us define (¢, x) as

f(Ors1,2) =: f(Or,2) + Vo f(0r,2)T (011 — ;) +7(t,2), (5.134)

so that the discrete evolution reads

= -—nVef(O2) VoLl(Oy) +r(t,x)
= —noKe, (, XT)(F(t) = Y) +r(t,x). (5.135)

Let us now generalize the previous equation in the presence of the noise due the finite number of
measurements; as before, we introduce r(t, x) as

F(Or1,2) =1 f(Or,2) + Vo (O 2) (Ort1 — ) +r(t,x), (5.136)
but we also define
g(O;) =: VL(Oy) + e(t) and S(t,z) = —nVe f(Orz) e(t) (5.137)
so that
041 — 6 = —ngM(0,) = —n(VeL(6y) + €(t)) (5.138)
whence

Af(O4,x) = f(Or11,2) — f(Or, %) = Vo f(Or,2)" (141 — O) + r(t, 2)
= —nVe (01, 2)" (VoLl(:) +e(t)) +r(t,x)
= —noKe, (x, XT)(F(t) = Y) +r(t, x) + 6(t,z), (5.139)

therefore the noiseless case can be recovered from (5.139) by setting §(¢t) = 0. We extend the time
parameter ¢ to semi-integers as follows

[(O141,7) + f(Oy, )
2

f(9t+1/27$) L=

. 1
= f(O,z) — %OK@t(x,XT)(F(t) -Y)+ 5(7‘(75,33) +0(t,x)). (5.140)
This compact notation will be useful in the upcoming computations. It is simple to verify that

o 1111@ T + 1i11®7x
! (6t+1/27-75)::f (Gt )2 28 2)

— flin(@t,!)?) _ %K@o (!E7XT)(F1in(t) _ Y) (5.141)

Later we will also use that, for any function g(t), the following identity holds
1
LAG() = L+ 1) - g°()

(9t +1) +9(t) (g(t + 1) — g(t)) = g(t + 1/2)Ag(2), (5.142)

N = N =

where we used the previous convention on semi-integers time values.
The following lemma is a crucial ingredient to prove Lemma 5.6.
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Lemma 5.15 (Bounding the discrepancy on the examples, discrete time case) Let us assume a condition on
the variance of the estimator of the gradient stronger than (5.19) by a factor £&(m): for any choice of t < T and

& €R and ©), € RI®!,
Var[gt”(©) | oM (©4) =& Yk <1]

, ()" N2 m)N(m)

6/4
<
= €o7o n2 |M‘2|®‘3 f(m) (t+ 1)2 ['(@)7
where ¢y = 864 . Then, for any 6 > 0, there exists C,C’' and mg € N such that, for each m > mq
i L MNP
1Bt~ F™ ()] < w2 tog(am) LRIV |
(Amln) ( )

with probability at least 1 — &, where

A(m) = C'oAiny/nlog(2n)/€(m)

Proof We will use the compact notation mentioned above:
lin lin /o lin
B(t) = f(0r, X), F7(t) = f7(0r, X)

f(Oi41,X) + (64, X) fhn(Gﬁh )+ f(OF", X)

F(t+1/2) = 5 , P (t41p) = 5

We recall that K’@t = R’@t (X, XT).

SANIE() - F ()3
= S (IFG+ 1) = F™(+ D3 - 11F@) - F0)13)
- (F(t Y1) - F) - F™¢ 4+ 1) + F““(t))T (F(t 1) — Pt + 1/2))
( F(1) - A1 ))T (Pl 2) — F( 1)

o (Ko, (F() ~¥) ~ Koy (F™(1) = V) (Flt+1/2) — F™(t 4 172))
+ (1, X) + 8, X)) T (F(t+1/2) = ™ (t41/2))
o (e, — Koy (F(t) ~ Y) ~ Koy (F™ (1) - F1)) " x
x (F (t+1/2) — F'(t + l/2))
+ (6, X) + 8, X)) T (Flt+1/2) = ™ (t41/2))

= —mo(F(t) = V)" (Ko, = Koy) (F(t+1/2) = F™(t+12))
+ 0 (F™ () = F(5) Ke, (F(t+1/2) = F™ (¢ +172))

+ (r(tX) + 8, X)) (F(t+1/2) = F™ (t41/2))
= A(t) + B(t) + C(¢)

where
A(t) = —mo(F(t) = V)" (Ko, — Koy) (F(t+1/2) = F™(t+1/2))
B(t) := mo(F™ (1) = F(1))" Koy (F(t+1/2) = F™(t +1/2))

= (r(t, X) +6(t, X)) " (F(t+ 1/2) —F““(t+1/2))

(5.143)

(5.144)

(5.145)

(5.146)

(5.147)

(5.148)

(5.149)
(5.150)

(5.151)

Now, in the absence of statistical noise thanks to Theorem 5.1 — which we invoke with probability at least 1 — g

— we have (5.8). In the presence of statistical noise, we invoke Theorem 5.4 with probability 1 — g, so that (5.41)
ensures that (5.19) is verified. Using the analogue of Corollary 4.11 in the discrete time setting (the proof would
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be identical) with probability at least 1 — % we have the following bound, which holds with probability at least
1- 9
2

AW < mollF(8) = Y|zl Ko, = Koy lle ||F(t+1/2) = F™(t +112) |

t
K
oA . .
< noRov/nlog(2n) (1 — 10%min 3mm) Ko, — Ko, llFx

x % HF(t +1) - F™(t+ 1)+ F(t) - Flin(t)”z

min

t
oM | Re n? Lm|M|*|V]
< noRp+/nlog(2n) (1 3 ) K log(2n) le( ()N (m) X
1 in in
x §<||F(t+1) Fing 4 1) + [|F(t) - F (t)|}2>

t
_ RoRamo > Lmn| M|} N oK
I 1-—
NE_ " Vnlos(2n) N2 (m)N3(m) 3 .

x5 (HF(t +1) - FE+ )| +||F() - F““(t)||2). (5.152)
Using (5.140) and (5.141),
B(t) = mo(F™ (t) = F(t)" Re, (F(t+1/2) = F™(t+1/2))
= no(F™" () = F(1)" Ko, (F(t) = D Ko, (F(t) = Y)
- P (1) + B Ko, (F™ (1) - V)
+ B(F(t) = F (1) Koy (r(t, X) + 6(t, X))
= —mo(F'"(t) = F (1) Ke, (F™ () = F(¢))
- ?(F““(t) — F(1))" Ko, (Ko, (F(t) = V) - Ko, (F™(t) - V)

+ D™ (1) = F(1) Koy (r(t, X) +8(t, X))

= —no(F'"™(t) = F(1))" Ko, (F™ (t) - F(t))
- @(F““(t) — F(1))" Ko, (Ko, (F(t) = V) = Ko, (F™(t) - V)
+ DE () — F(1) Koy (r(t, X) +5(t, X))
= —no<F““<t> — F(t)" Ko, (F™(t) - F(t))
i B (1) = F(1) Ko, (Ko, — Ko )(F(1) = Y) = Ko, (F™ (1) = F(1)))
(r

)
”O<Fh“<>f F(t)" Ko, (r(t, X) + 6(t, X))

2 .
= ()~ o) (—mke, + L&D, ) (77" () - F(0)

- %’(Fl‘“(t) —F(1)" Key (Ko, — Ko )(F(t) = Y)

+ DE™ @) = F)T Koy (r(t, X) + (2, X)). (5.153)
We recall that, in the discrete time setting, we always require that
Amm + Amax
in particular
2
no < x> (5.155)
)\max
therefore it exists p > 1 such that
1 2
no = — (5.156)
P Miax



The spectrum of K@O converges to the spectrum of K, so, if m is large enough,

Spec(Ke,) C [0, pAmax] = [0,2/m0]- (5.157)
Now, we notice that
O =56 -£<0 = £ (5.158)
hence, for any £ of the form .
& =mnoA A € Spec(Keg,), (5.159)
we have ¢(£) <0, so the matrix
M = —noKe, + ?i{éo (5.160)

is negative semidefinite. Whence,
2
n li T 7 2 2
B(t) < *50(1? ()~ F(t)” Ke,(Ke, — Ke,)(F(t) = Y)
+ B(F(E) = F(£) Koy (r(t, X) + 8(t, X). (5.161)
We recall that we just required the maximal eigenvalue of K@O to be smaller than 2/ng, so
- 2
Keylle < —, (5.162)
10
which will be useful soon. Indeed,
2
10 || pli . : :
|B(t)| < 70||Fm(t) — F®)l2lKe,llclKe, — KeyllclF(t) = Y2

+ RAF (1) = FO)ll2| Koyl (¢, X) + (8, X)l12
. AK ¢
< FP() ~ F(0)]l2 ( Ko, — Koyl rRov/nlog(2n) (1 - ’”g“)

+ ”—03\| (t, X) +6<t,X>||2>

2 4
lin m 2 Ro o Lm|M[*|N|
< FTR) = F()l2 ( 3K " 10g(2”)WR0 nlog(2n)x

min

t
K. 2
« (1 _ 7703mm> + @—Hr(t X) +6(t, X)||2>

¢
ling,y RoRano o Lm|M*|V]| 0
< |F™ ) F(t)||2( N vnlog(2n )Nf((m)NS(m) (1 3

+ [ (8, X)ll2 + |5(t,X)|2) (5.163)

Finally,
C®I <lr(t, X) + 86, )|z || Pt +1/2) = F™ ¢+ 112)||

1 . .
< (Irte, X+ 1666, X)) 3 ([# 4+ 1) = P2+ 1]+ |70 - 770, ) (5.164)
Now, as we discussed above, we use that
1
FA9% (1) = g(t +1/2)Ag(t) (5.165)
with )
g(t) = |F(t) = F"™(1)])2 (5.166)
so that

SUE@+1) = F™( 4+ Dl + [F() — F™(0)]2) AIF() ~ F ()]

- %AHF(t) — FIn) 2 = A(t) + B(t) + C(8). (5.167)
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Hence,

[A@®)| +[B®)] +[C@)] .
(IF(t+1) = Fin(e+ D2 + [F(2) = F(1)]2)
Using our bounds and recalling that, for any a,b > 0,

|AIF(E) - F™(#)]2] < 5
2

we find that

4 K \!
_ lin < [ BoRamo o Lm|M[*IN| M0 min
}A||F(t) F (t)||2’ < ( K n“v/nlog(2n) NZ (m)N3(m) 1 3 +

min

+ {7 (8, X)l2 + [15(2, X)||2> X

IE() = F™ (1))
: (1 " 3 (IF(t+1) = Fin(e + 1)z + [|F(t) — F““(t)llz)>

t
RoR2mo 2 Lm|M|*|N| oS,
<3| —== 1 om)—————- (] - mn
= < NE_ T Vios( n)NIQ((m)N3(m) 3 | °

min

+ et X)ll2 + ||5(t»X)II2>

Due to Theorem 4.23,

Lm|M?|N
i) < ZE I 0y - e
so, recalling (5.131)
R
[©¢41 — Otlloo < 10— +/log(2n) x
V2
t
TV (\k \2 N(m) M| M0 fnin
i 2V2n——m"—-—— 1 - —=
< (™35 (%) iy 2V 5 )
we can bound
oo 2R2
Z |r(t,z)] < 217070 log(2n) x
t=0
? 2 N(m)|V] Lm|M|*|V| 3
2mCo [\ K m 9 Lm
i 8
% <770 3 (mm) Im o0 NZ(m)N3(m) ) 2noAK.

2

3R§ 27mco (o K \2 Nm)V| 2 Lm|M|*|N]
< = 0 IOg(2n) <7]O 3 (2)‘min) Lm +8n NIQ((m)NZi(m) ’

min

where we used that

t=0 min min

2t
o0 K
Z 1_ 70 Amin _ 1 < 3
3 2noAE (no)\fn(in)Q B 27}0)\K
3 - 3

Let us claim that the variance of the statistical noise is small enough

S 8]5(t, X)ll2 < A(m)
t=0

(5.168)

(5.169)

(5.170)

(5.171)

(5.172)

(5.173)

(5.174)

(5.175)

with high probability, where A(m) — 0 fast enough when m — oo. More precisely, we have previously invoked

Theorem 5.4, so we can assume that (5.114) holds, i.e.

17(VeL(©:) — g (00))]loo = 0411 — Ors1lloo
<nm %(t + 1) sup 4/ Var [gl(t)((at)}‘

g (©0) =VLO) +¢e(t) and  §(t,x) = —nVef(Orz) c(t)

Recalling that
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and using (5.20) in (5.41) to write explicitly
le®)lloe = Vo L(O1) — g (O)l|oo

<7 |§‘(t+1)sup\/\m

-, |@(t+1)< () W2t

30 n2  [MPeP
1/2
/4 R 1 2t
(t+/1)2 = log(2 )<1—§770Af§in) > ¢(m), (5.178)

we finally know that, with the estimate (4.117),
[6(t, X)ll2 < nv/nsup [Ve f(Or, z)l1]le(t)]|oo
xr

9]

o (- DVEm) %

<oy (27 ) =

4
K 2
o e 2()‘“““) Ni(m)N?*(m) /4 ROlo e(2n) VY 20\ Y/
o0 T2 IMZO3 (t+1)2 2 3 \min

2

K.
< Rov/cov 103(2n)(>\rn\/lg) (NK(m)??no)W\/g (1 - ;WO)‘gin)t §(m)
t
< Roﬂ\/% Vo (@n) (noAs,)” (1 - %noxfﬁm) §m) (5.179)

where we recalled that Ny (m)n = nng. Then

3T R, c 2
ZBHMX||2< T\ 6 Vs (mnin)” VEGm)

t=0 min
< 97Rg,/ %no)\fr{lin\/nlog@n)\/ﬁ(m) =: A(m) (5.180)
Summing the bound (5.170), we conclude that
l
[E(t)—F"(#)]l2
9R] ymico (o k \2 N(m)N| 2 Lm|M|*|N|
< .
oo/ log(2n) (770 3 () TE T e
min
3RoRs o Lm|M*|N]|
+ n“v/nlog(2n) ——————— + A(m)
(Nin)? N (m)N3(m)
N| a2 o 1 Lm|M|*|N]
< Covmlog(2n) [ min, Xl +
o Im Mo (Main)? ) Ni (m)N3(m)
+ A(m) (5.181)
for some Cy. This can be simplified further by recalling Lemma 3.8, which ensures that for some ¢ > 0
4 2 3
2 N'(m) Nm)IN| _ em|M|"|N]
—_ < 182
2 OMENE Im = LN3(m) (5.182)
and by noticing that, by assumption,
2 1
Mo < < ) (5.183)
)\IIIfln + )\rnax Aﬁm

whence
1P —F™ )2
3, K 2 mo 1 Lm|M|*|N]?
S Cl\/ﬁlog(Qn) (770>‘min +n (}\K + ()\K )2>> N3(m) +A("")

min min

1+ 2n% Lm|MA NP
(K2 N3(m)

min

< C1v/nlog(2n)

+ A(m)
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._C Lm|M*IN?
T (i)’ N3(m)

for some C7 and C. O

n?y/nlog(2n) + A(m) (5.184)

Now we are ready to prove Lemma 5.6. Many estimates are similar to the continuous time setting.
Let us start from

1A(©; = O}")
||V s (01, XT)(E() ~ Y) + ne(t) = Vo £ (00, XT)(F™ (1) Y|

IN

oo

A

%s%p 196, (O, X) — Do, f(©0, X)[|2| F(t) = Y|l
+ %sgp 196, f (©0, X[l F™™ (t) — F(t) ]2 + nlle(®) oo (5.185)
Similarly to the continuous time setting,
%slz;p 106, f (O, X) = 0o, f (O0, X) 2| F'(t) = Y2

47701{01{1 2 |M|3|N| 770)‘min '
< - — =: .
K n* log(2n) N2 (m) N2 (m) 1 3 A(t), (5.186)

min

2 sup 190, £ (B0, X)ll2|F™(6) = F (1)

< 4Ryno+/log(2n) ]\|7/(\er) (1 - no)ggin> =:C(t), (5.187)

while, using Lemma 5.15,

%Sup 196,.f(©0, X) [l F(t) — F(£)]|2

Loy [ (0) = F()]e

IN

mIMIANT3
< Z?ﬂ% <()\g:n)Q7”L2\/ﬁlog(2n)L]|\'f/\3/l(m|;\/| + A(m))

2O 3y LMV
(V) Nic(m) N ¥(r)

Therefore, (5.185) implies the following two bounds:

+ QUOﬁ]\WQ\;]LWA(m) = B(t) (5.188)

1A(©: = ;)| < A(t) + B(t) +nlle(t)llo (5.189)

and

1A(0: = O]l < A(t) + C(t) + 1lle(t)|oo- (5.190)
Due to the hypothesis (5.41) the variance of ¢g*)(©,) is small enough for the bounds we are interested
in: indeed, with probability at least 1 — &, by (5.178) we have

4
Ol (M)~ N (m)N?(m)
||€(t)HOO < 7(25 + 1) COT](% n2 ITM|2|(__)|3

36
1/2
5/4 R? 1o\

X (t + 1)2 710g(27’b) (1 - §n0>\min f(m)7
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 Ror " » [co N (m)N(m) '
= A oo R i) ) (1 e, ) V)

whence, similarly to (5.180)

an\ Moo < Tﬁ/ 2 [ ogam) (o) L /)
3

0 Amin \M|Lm
1 [co | )
= 6\/ﬁ (97rR0 \/nlog (2n) no/\mm ) M|Lm
1 N(m)

= mmA(m)

As in the continuous time setting, we define

It is useful to notice that

l1+z<e” VreR - (1-2)<e™ V<l Vt>0.

Indeed,

i 1— no/\gin ' _ 3 tz_l 1— nOAﬁin '
3 T A 3

t=t* min =0
31— (1-mAR./3)"
no)\rln(in 770>\mm/3
3 <1 770/\m1n)
no)\mm 3
< 3K e*%no)\ﬁf;n < i e~ log N(m) _ 3K ;
no)\min n0>\m1n no)\min N(m)

So we can sum the bounds for (5.185), using (5.195) for the one concerning C'(t):

0o t*—1 0o
o < ZA(t)Jr Z B(t) + ZC +Zn|| Moo
t=t*
121%01«21 n?log(2n) |IM3N]
T (AE)? N (m)N2(m)
6C Lm|MP|N|?
O " B N ()

6 M|
3 N (m >N<m>

1230 \/7

;,mn N(m)
Tom \M|LmA(m)‘

16 - 63"

+ log N(m)

_|_

log N(m)A(m)

Now, using the definition (5.145) of A(m) and recalling that o A%

min

A(m) = C'oAfyinv/nlog(2n)\/E(m) < C'v/nlog(2n)y/E(m
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(5.192)

(5.193)

(5.194)

(5.195)

(5.196)

(5.197)

(5.198)



we conclude that, thanks to the estimate (5.182),

12RyR1+/c 2210 |IM* N2

[0 =61l < =5 o o8 R Gy
T (A?ﬁi) n log(2n)W10gN(m)
S o) T o ) /G
12;;?11\1/\/—Lm/\/1| I)NI
+3g’ o (@) LmIMIINI JEm. (5.199)

Since lim,, oo N(m) = oo under our assumptions, we can suppose to take m large enough so that
log N(m) > 1. Therefore, we can finally simplify the above expression as follows:

||®t - @iin |oo
mIMIBINI3
< ((}\gl B + CQ> n? log(2n)lm\/ log N(m)% (1 + N(m) 5(m)) . (5.200)

5.7 Proof of Theorem 5.8

Let r € {0,1} be the binary variable indicating the presence (r = 1) or the absence (r = 0) of noise. We
will use it to unify (5.11) with (5.22):

_ glin M1 M
(O 2) = £7(O0 2)| < (55357 108(20) g Do

( m1n)2
N
+ rMa(AE W‘L#

min) 115 10g(2n) (5.201)

Therefore, considering also (4.117) and (5.182)

f(©,2) — f““(9““ z)|

f(©0,7) — Vo f(0p,2)T (6™ — 6y)|

£(©0,2) — Ve f(00,2)T(0; — ) — Vo (60, 2)T (6" — 0)]
f““(% )| + Vo f (00, 2)" (O — ©,)|

F™(©0,2)| + Ve f(©0, )10 — Ol

M, Lm|M*|N| K \2,2 Lm|M*IN?
DK 2 n lOg(Qn)NIQ{(m)N?’( )—|— rMac(Agin) “ng log(2n) No(m)

Lm|M|
N(m)

@@9
“a“zeuse

) =
) =
) =
) =

+2 [0 — |- (5.202)

Combining this result with Corollary (5.7), we have that

(O, 2) — f (O, 2)]

M, Ll M|
< " B R G N ()

min

M |N|3
(NS, P o)
LQ 2 6 3
+2 ((/\g E + 02) n? log(2n)W log N(m)
M 21 ( ) 2m2|M|5|N‘2 L2m2|M|3|N|4
OE 2" BTN (m) N3 (m)

min

+ rMsyclog(2n)
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L2m2 | MNP

N (m) log N(m)

+2 <()\gl)3 + Cg) n3log(2n)
C L2m2I MBI |4
< <()\K3)3 + C4> n? log(2n)mj\flg\(/lnL)L/\/| log N(m), (5.203)

min

where we supposed, as above, that m is large enough so that log N(m) > 1 and, in order to get the above
bound simplified, we also used (5.183) and Lemma 3.8 in order to get an inequality as in (5.182).

5.8 Proof of Theorem 5.9
Lemma 5.16 The hypothesis

. LPm2 MO N
of Theorem 5.9 ensures that the hypotheses of Theorem 3.7, of Theorem 4.7 and of Theorem 5.4 are satisfied, i.e.
mIMPINP

L N ()
1 SMPWE
m—oo N2.(m)  N*(m)
o Lm| M|V
lim =
m—oo  N3(m)
Furthermore, the bounds (5.21) and (5.22) of Theorem 5.4 are nontrivial as m — oo, i.e.

N(m) M|

0, (5.205)

0, (5.206)

0. (5.207)

i = i - 1 = 2
e o] = e N (m)N(m) ~ (5:208)
4
lim M =0, lim M —=0. (5.209)
m=oco  Lm m—o00 N?( (m)N3(m)

Proof (5.205) and (5.206) are ensured by (5.207) because of Lemma 5.12. So we just need to prove (5.207). Using
the inequality of Lemma 3.8 in the form

m|M||N]
1<ec—r—7—— 21
< N2y (5.210)
we have
. Lm|M|*N? . Lm?MPIN?
O T N3 (m) S mbe NS(m)
< i Ml N(m) =0 (5.211)
= N5(m) og im) = ’
Now we notice that
. N(m) . ININ(m) . |NVINS(m)
< < rrr AV oo Ll S S
0 M TMie] S me  Lm — mie LmN(m)
3 3 3 2 2 6 4
5 . NI IMPINE) 5 L2Pm2 MOV B
S T DNy S e Ngm) sNm =0, (212

where we used again 5.210. This proves the first requirements of (5.208) and (5.209). Finally, with a similar
strategy
: M| 2 o mAMPIN|?
<1 — < 1 —_—
0= maeo Ng(m)N(m) — € mSeo N5(m)
22 6 r/14
2 . L*m*|M|°|N|
< —_— = .
<c mlgnoo N5 (m) log N(m) =0, (5.213)
and
. Lm| M|}V . L2 MPP N
0< lim 5 o S lim C——F
< i LSMAMIOINT
- 7‘rzl—r>nooC N5(m)

This concludes the proof of Lemma 5.16. O

log N(m) = 0. (5.214)
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As in section 4, we need to show that the linearized model converges to a Gaussian process in the
limit of many qubits. It will be useful to recall that

-+
|

N t
1 ok 11— (1—U0K60> 1 NN
(11 - noK@0> - == (1 (11 - noKeo) kgl (5.215)
g 1-(1-mKe,)

b
Il

provided that Keg, is invertible.

Lemma 5.17 The solution of the gradient descent equation (5.3) for the linearized model is
. . R t\ .
/™(04,2) = £(©0,7) ~ Ko, (z,X") (11 - (1-mkKe,) ) Koy (f(80,X) —Y), (5.216)

provided that K@O is invertible.

Proof We start from (5.3) for the linearized model:
Ori1 — Or = —LVe [ (01, XT)(f7(01, X) - V), (5.217)
which can be rewritten as
Or41 — O = —%Vef(907XT)(f(@07X) +V6/(00,X) (01 —Y)
=~ Ve [(60, XT)VES(©0, X)O1 +b, (5.218)

where 6; = ©; — Oq and
b=—1Vef(€0, XT)(f(€0.X) - V). (5:219)

So, we have to solve the recurrence relation

— . . Q T T —
Ot = (1~ 1Yo f(©0, X)VE/ (€0, X)) 64 + b 5.220)
Op=0
Calling
_ T\ T
and redefining n = #(m)no, we have
O111 = (L —noMe,) Ot +b
{_t+1 (I —noMe,) Ot + . (5.222)
©9=0
It is easy to see that
61 =1
©2 = b+ (1L —moMe,)b
O3 =0b+ (]l — noMgO)b-i- (1 - "70M®0) b
~ t—1
6= (1-nMe,)"b, (5.223)
k=0
whence
1 (Or,7) = f(©0,7) + V& f(©0,7)0;
t—1
= f(©0,2) + V6 £(00,2) Y (1 —10Me,)* b
k=0
t—1
= [(60,2) = 2VEf(00,2) Y~ (1~ mMe,)* Vol (©0, XT)(f(€0, X) - V). (5:224)
k=0
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By the definition of Mg, .
Me, Ve (©0,X")

_ 1 T\oT T
= Ny (Vo (€0, XT)VE 169, X)) Ve (80, XT)
_ T T T
= Vo (00, X") 55 (V6 (00, X)Ve (60, X))
= Vo (00, X")Ke,, (5.225)
which yields
. -1 Nk
1'(©1,2) = £(©0,2) = LVE[(©0,2)Ve (00, X) Y (1 - mKe,) (f(€0,X)-Y)
k=0
k
= f(89,z) — Ko, (x, X Z (11 —770K®0> f(©0,X)-Y)
N T LN\t
= f(©0,z) — Ke,(z, X") <]l - (]l - noKeo) ) f(©9,X) —Y). (5.226)
O
Remark 5.4 Let )
no < my (5.227)
ie. 9
no = m for some e > 0. (5228)

min

Because of Assumption 4.3 and Lemma 4.25, K@O(X7 xT ) converges to K, which is invertible, as m — oo. So, if
m is large enough, then

N AK
Spec(Keg,) € [rg‘“,/\fﬁax +el, (5.229)
whence
>\K
1— =5 <1, (5.230)
2\ + 2¢ 2¢
T—no\Sax+e)>1 - 200 T 4 & 5 1. 5.231
m0(Ama ) ME o« + 2 Mok + 2¢ ( )
Therefore . .
-1<1l—moA<1 VA € Spec(Kg,) — —1<1-nKg, <1 (5.232)
so, in the limit ¢ — oo,
. ¢
(1 - noKeo) 50 (5.233)
and (5.226) converges to
lim f1(64,2) = f(©0,z) — Ko, (2, X")Kg, (f(©0,X) ~Y). (5.234)

t—o0

Lemma 5.18 In the limit m — oo, {flin(@?n,x)}rex converges in distribution to a Gaussian process

{£{°)(2)}pex with mean and variance
pe(z) = K(z, XK~ (1 -(1- nof()*’) Y, (5.235)
lCt(:c,a:/) = ICO(:L:EI),
~ K@, x"E™ (1- (1-mK)") Ko(X, )
- K@, x"E (1- (1-mK)") Ko(X,2)
+ Kz, X1 (1 ~ —nof()t) x

x Ko(X,xT) (1 —(1- nof()t) EYR(X, o). (5.236)

96



Proof By Lemma 4.25,
Ko(z,2') % K(z,2') as m — oc. (5.237)
Furthermore, by Theorem 3.7
F(00, )L () as m— . (5.238)
Let F = {Za}aca be a finite family of inputs zo € X containing the inputs of the dataset
{m(i)}lgign CF (5.239)

Since the solution (5.226) for the output corresponding to any input xg € F4 is the following linear combination
of the outputs {f(©¢,za)}aca and of Y,

. . . N
6" 25) = £(©0,25) — mKe, (z, X ") (]1 - (]l - noKeo) ) K5l (f(©0,X) - Y), (5.240)
we can write T
fme ag) = 3 MY Ko, £ (90, 7a) + (R(t) [1%90]) Y, (5.241)
a€cA

where the entries M /gg [Ke,] and the components of R® [Ke,] are continous functions of the elements of matrix
of the empirical NTK

{Ko,(a:Ta)}a,areA (5.242)
By continuity, the (finite) matrix M (¢ )[Keo] and the (finite) vector R [Ke,] converge in probability to M é )[f( ]
and RM[K):

M) Ko, B M) (K], BRW[Ke,] & RVIK). (5.243)
By Slutsky’s theorem 4.32, we conclude that
(O 2p) aper L { 3 MR ) (@) + (R(t)[f{])T Y} as m - oo, (5.244)
acA zgEF
i.e.
PO O S )= B XD R (1= (1 =noR) ) K0 - y). (5.245)

In the limit m — oo, the solution (5.245) is a linear combination of the Gaussian processes {f'™(0¢,z)}per =

{f(©0,2)}recr and F(0), so it is a Gaussian process {ft(oo)(x)}me}- as well, with

(@) = E £ @)]

[ 7 ] K(z,xT) (Jl —(1- nof()t) K YE [F<°°)] —Y)
= K(z, X7 (11 — (1 - noK) ) Ky, (5.246)
—E[(# @) - @) (@) - m@))]
E[ (£ @) = K@, X") (1= (1= noK)") K PO
(1@ - K@, XT) (1 (1= noR)") BT FE))
= Ko(z,z")

- K@, XK (1- (1= mK)") Ko(X,a')
~ K@, XNE (1= (1= m0K)") Ko(X, )
+ K@, XNET (1= (1-mK)") %
x Ko(X, X") (1= (1=noR)") KT K(X,2). (5.247)

Since we assumed X to be finite, this is enough to prove the convergence of the distribution to the entire
Gaussian process: it is sufficient to choose F = X. O
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Remark 5.5 In section 6 we will generalize the convergence of {f(0¢,z)},cx to a Gaussian process for the case
of X being infinite. This will not require to prove that also { (0, z)},cx converges to a Gaussian process: we
will only need the convergence of {f(O¢, z)},crF for any F finite set of inputs, which, as we will see, is a corollary
of the convergence of the linearized model for a finite number of inputs. Therefore, the proof given above will be
enough for our purposes.

Now we are ready to prove Theorem 5.9.
Let X € RY be any (finite dimensional) vector on N distinct inputs {Z1,...,Z,} € X and let A;(X) be
the random vector
Ay(X) = [(81,X) = [™(6y, X). (5.248)

We show that A,(X) £ 0 as m — co. Let €, > 0. By Theorem 5.8, there exists mg such that, for any
m Z mo,

tl xeX

]P’(sup sup |f(Op,x) — flin(G?,n,xﬂ

2, 2 6| A/|4
< (()\kc?’)g + 04) n3 log(2n)Lmj\[t,)/\(/:n')N’| log N(m)) >1-6. (5.249)

whence

P(f(@t,)_() = O, X))z

Cs 3 L*m?| M N
There is also mq € N such that
C L2m?| M|C|N|*
VN <(>\ﬁli)‘3 + C’4> n3 log(2n)N|5(n|l)|| log N(m) < e VYm > my. (5.251)

So, for any m > max{mg, m1}, -

P(JAX) <€) >1-6, (5.252)
SO B

A(X)E0 as m— . (5.253)

By Corollary 4.9, { (0" 2)},cx converges in distribution to a Gaussian process with mean p; and
covariance /C; defined in the statement of the corollary:

{1100, 2)}aex L (£ (@) boen (5.254)

Now, applying Slutsky’s theorem 4.32 we have
F0,X) = "0, X)+ A(X) S f) as m— oo (5.255)

Since X is finite, we can choose X = vec(X) so that we have the convergence of the full multivariate
Gaussian distribution, which is the Gaussian process itself. And this concludes the proof of Theorem 5.9.

Remark 5.6 This argument is not valid in the case of X infinite because we cannot consider X = vec(X). See
section 6 for the proof in the most general case.
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6 The case of an infinite input space

So far we considered the case of a finite input space X in order to provide simpler proofs for the reader
interested in the physical case of having a finite number of digits to codify an input belonging to a
compact space. However, for a rigorous and complete mathematical treatment of the topic, we will extend
all our results to the more general case of an infinite input space. In particular, in order to prove the
convergence when X is infinite, we need the following steps:

1. the functions generated by quantum neural networks are equicontinuous and equibounded with high
probability (Lemma 6.2 and Lemma 6.3);

2. therefore, with high probability, they belong to a compact set by Ascoli-Arzeld’s theorem;

3. as a consequence, Prokhorov’s theorem can be invoked: the family of the distributions of the functions
generated by quantum neural networks is compact;

4. we will use this fact to prove that the limit of that stochastic process is the Gaussian process defined
by the linearized model (Theorem 6.4).

Let us see all the steps in detail. All the statements will be proved for the case of discrete time with noise
for a more concise presentation. Most of the proofs in the continuous time setting would be identical or,
when slightly different, simpler; the reader can easily reconstruct the complete proofs for that case.

In order to prove the equicontinuity of the model function (Lemma 6.2) we need the following
concentration inequality:

Lemma 6.1 (Corollary of the Efron—Stein inequality [67]) Let Xi,...,Xn be independent random variables
taking values in X and let Z = f(X) be a square-integrable function of X = (X1,...,Xn) with the bounded

differences property: for some constants cy,...,cn it holds that
sup |f(x1,...,xn)—f(xl,...,xi_l,x;,xi+1,...,xn)|gci 1<i<n. (6.1)
Z1,ee T,z €X
Then,
1 — 2
Var(2) < § z; . (6.2)
i=

Now we can prove the following lemma:

Lemma 6.2 (Equicontinuity with high probability) Under the same hypotheses of Theorem 3.7, let us suppose
that
L M*IV?

6.3
e N2 (m)N(m) (63
Then, for any § > 0 there exists M > 0 such that for any m > 1, with probability at least 1 — § we have
max sup |0z, f(O,x)| < M . (6.4)
i=1,...,dimX zcx
t>0

Proof As introduced in subsubsection 2.2.2, f(©, z) is periodic with period 7 in each input x;. So, we can consider
the Fourier series decomposition

o) = 3 DT where f9(0)= [

qGZdim X X

(W)gl%e_%qu(@,w). (6.5)

Recalling Definition 2.7 and Lemma 2.4, we can consider the pruning of the model (2.16):
_ t
1 f
yrr <o‘ [U (e,x)] O, [U(®, x)}k‘0>
1

= N A M@V @ wievle)],

Ok [VL(z)WL(©) -+ Vi(z)W1(O)]; [0), (6.6)
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where the only encoding unitaries in (2.15)

dim X

v = T TT vy [T

EeS, j=1 i€E

(6.7)

which may contribute to fi(©, ) are the ones such that i € N, ,f , as a consequence of the pruning property (see

Lemma 2.4), and such that Kﬁ’i # 0. Therefore, let N;j;, be the number of times that x; appears nontrivially

(i.e., ICf’i #0) in the light cone of f;(0,z). We can consider the projectors PE . on the eigenspaces of ICf’i:

gty

i _ ot - + - _
Ky =Pl = Pioi Pioit+FPiei=1

In this way, we can rewrite

0

—uthCj —e

i Pt iz P
e —ix; P, e'ri Piy

—iz; Pt ot — ix; P, .
— o J,z,L(Pj’Z’iJer’Z’i)emJ i
_ _—izj pt+ 1T p—
=e Py te P
This means that in fi(©,z) the dependence on z will appear as
@)=Y ek (g),
qEQK

where f(q’k)(G)) does not depend on x and where
dim X

Qr = X {=Njr,—Njr+1,...,Njp—1,Nj}.
j=1
We define Nmax = max;  N; so that we can extend

Qk - Q = {—Nmax, —Nmax +1,..., Nmax — 1, Nmax}dimX

and

f(q’k)(O) :=0 when q€Q\Qy,

fe(©,2) = > e ek o).

so that we can rewrite

q€Q
Then . .
FO,m) =" fr(©,2) =Y M (Z f(q’k)(6)> :
k=1 qeQ k=1
Calling
1©):=3" 1P e),
k=1

we have proved the representation

fe,m) =" M flde),
q€Q

where f(Q)(G) does not depend on x, whence
0r f(©,2) = 3 2igie® ™ f19) (@),
q€Q
so that, for any = € X,

102 £(0,2) <23 lail| 19 (0)]

q€Q
1/2 1/2
2
<2( >l [ [re)
qeQ qeqQ

< 2(2Nmax + DI Y/2 N, (/ f(® a:’)z’dxl)l/2
< max max v s (ﬂ-)dimX .
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(6.11)

(6.12)

(6.13)

(6.14)

(6.15)

(6.16)

(6.17)

(6.18)

(6.19)



We notice that the final bound (6_.19) does not depend on z. Calling C = C(Nmax,dim &) := 2(2Nmax +
NAmA N2 - and du(x) = da:/(ﬂ)dlmX, which is a probability measure on X', we therefore have that

|:sup |02, £(©, 7) } <c/ ] du(z). (6.20)

Let us consider ©® = ©g. For any m > 1 the functions E [(f(@o,a:))Q] are continuous for x € X and they

converge uniformly to K(z,z) by (3.33). Then, on the compact domain X', we are allowed to exchange the limit
and the integral as follows:

. 2
) <
i 2 [ sup 10n, f(@0.0) 2| <0 [t £ [(7(00.0)7] dute) = € [ K)o
Being K(z,z) the uniform limit of continuous functions, it is continuous too, so it has a maximum over its
compact domain. This means that the above integral is finite. As a consequence, there exists a uniform bound

MO on E [supIGX |8$lf(@07$)|2]

E [sup |Ozif(®0,x)|2} <My VYm>1. (6.21)
reX

Let us now generalize the previous result to © = ©4 for any ¢t > 0. By Theorem 5.8, there exists mg € N such
that, with high probability,

sup
zeEX

F(O4,2) — f“n(@?“,x)l < B(m)  with lim B(m) =0, (6.22)

m—0o0
for all m > mg and for any ¢ > 0, whence B = maX;;, >y, B(m) < co and
If(Or,2) < |f™@©"2)|+ B VzeX, Vm>m. (6.23)

Furthermore, we know that for m large enough, K@O (X, X T) is invertible with high probability and therefore,
by Lemma 5.17 and Remark 5.4 (see, in particular, (5.232)),

£ (O 2) = £(©0,2)| < |Ko, (2, X ") Ko, (n -(a- UOK@0t>t> (F(0) - Y)\
< [Koq (@, XDll2l|Ke, | #I1F(0) = Y1l2. (6.24)

Both HRE;HF and ||F(0) — Y|2 are bounded with high probability by Corollary 4.16 and Lemma 4.25 for m
large enough; let their product be bounded by vC’ with high probability. We will denote with £ the event in
which all the previous bounds are satisfied. We can suppose that P(€) > 1 —§/2.
We will use a couple of times the following inequality. Let X > 0 be a non-negative random variable. Then
EX]=PEE[X |E]+PEVE[ X | £°]
>PEE[X|E] (6.25)
Let us use (6.25) for this bound:
2

E[((00,2) | €] < 3=5E [(£(©0,2))?] < 2K(z, ) (6.26)

Let us now combine (6.20), (6.23) and (6.24):

limsupE | sup \(’%Eif(@t,ar:)\2 &
t>0

. 2
< limsup 2C (E [sup (flm(@t, :r)) £
X

m— oo t>0

Bz> du(x)

+2E [[| Ko, (o, X )3 Ko, IFIF(0) = VI3 | £ ] )du(a)

< limsup 2C (QIE [(f(@o,gv))2 ‘ S} + B?

m—0o X

<2C (4/C(a:, z) + B?

+2C limsup | E [ero(x,XT)H% ‘ g] dp(x)) (6.27)

m—oo JX
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Regarding the last term, we need a bound of the form

limsup | E [||1f<@0 (2, XT3 ‘ 5} du(z) < A. (6.28)

m—o0

Let us recall that

N 10\ 2 7\ 2
(Key(@.2)" = (Vof(©0,2) - Vo f(©0,2)

<|IVef(©0, )3 Ve f(©0, )3
1 1 1~ 1 -
< 51Vef(©0,0)3 + 5 IVes(©0.a") 3 = S K8, (x,2) + 5 K&, (") (6.29)
and write more explicitly
[||K@0(mX ‘ ] ZE[KOOxx (5]
1 & . . N
=3 Z (E [K(%O(m,x) ' 5} +E [Kéo(x@,m(ﬂ)) ’ SD
j=1

|3

E [kgo(x,x) ‘ 5] + % zn:]E [kgo(x(j),x@) ‘ 5]
j=1

<2 (Varl Yo | €]+ (B[ Yo | £])?)
1 n 9
+5Z(Var[yj]5]+(E[Yj\5])). (6.30)
j=1

where Y} is the random variable

Y; = Ko, (x(j),x(j)), with 2O =g (6.31)
By Assumption 4.3,

lim  sup )E[K@O (z,2")] — K(z,z )‘ =0 Vo, x' € X, (6.32)

m—0o0 ;c,ac’EX

i.e., E[Y;] converges uniformly to K(m(j)7m(j)). Noticing that, by definition, Y; > 0 for any m > 0, we can use
(6.25)

B[] 2 PEE[Y; €] (1-5) B[ €]

whence 5
E[Y;[&] <E[Yj]+ 5—E[V)] (6.33)
limsup sup ‘]E [Y; } £ - K’(m(j),x(j))’ < sup K (z,z) < sup K(z,x) (6.34)
m—oo  0<j<n —OuzeXx reX

2 =gex
Furthermore, being I_(_ (x,2") the uniform limit of continuous function, it is continuous, too; as a consequence, on
its compact domain K (z,z’) is bounded. Then, there is a constant G (which is uniform in j = 0,...,n and in
2% = 2 € X) such that
E[Y;|E] <G (6.35)
for m large enough.
limsup [ (E[Y; | €])? du(z) < G* (6.36)
m—oo JX
We recall that in (4.215) we proved that (6.1) holds for the model f(©,z) as a function of the parameters, i.e.,
for any z, 2’ € X
sup ’R'@(x,x/) - K'@/(x,x/)‘ <c¢ 1<k<Lm, (6.37)
0c?
0;.€[0,27)
where ©' := (61,...,0,_1, 9;, Ok+1s---,0Lm), with
1 MV
N (m) N?(m)

cr =16 | M. (6.38)
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Furthermore, for any m > 0 and z,2’ € X, the function © — K@(am x/) is continuous on the compact domain
Z 5 O: it is therefore bounded and, as a consequence, square-integrable. Whence, by Lemma 6.1,

o LmlMAWE
Var[Y;] < 64Nl2((m)N4(m) =: A(m). (6.39)
Using again that Y; > 0, we can bound
Var [ V] =PEE[ Y] | €] +PEIE[ V] | & ]
(]P(S [Y) | E]+PEIE]Y; | €°])?

(8))2[ el ®ly;|e))

2(1—% Var[Yj‘S]ZiVar[Yj’E'] (6.40)
Since limm 00 A(m) = 0, we can compute
1imsup/ Var [ Y} | €] du(z) < 4lim sup/ Var [Y;] dp(x) = limsup A(m) = 0. (6.41)
m—oo JX m—oo J X m—oo
So, for any 7 =0,...,n
limsup | E [|R@D (x(j),m(j))|2} du(z) < G2, (6.42)
m—oo JX

whence

lim sup XIE [Hf(eo(x,XT)H%] du(z) < nG? =: A,

m— o0

therefore there exists a constant M which does not depend on ¢ and t such that

E | sup |0z, f(On,2)> |E| <M  Vt>0 (6.43)
TeX
t>0
for any m large enough.
limsup [ E [\f(@o (x,a:)|2] du(z) < G* (6.44)

m—oo Jx

Finally, by Markov’s inequality

[x7]
PX|>a) < L) (6.45)
with
M
X = sup |0z, f(O, x)] and a=1/—, (6.46)
TEX 20
>0
we have
M 5 .
P | sup |0z, f(Or, )| >\ == | € | £ = Vee X, 1<i<dimdA, (6.47)
el 2 2

>0
therefore the claim holds with probability at least 1 — . So far we proved that there exists m € N such that, with
probability at least 1 — 4,

max sup |0z, f(O, )] < M (6.48)
i=1,...,dim & pcx
for any m > m. However, we know that
sup |00, f(6, )] = M(m), (6.49)
OceP,xeX
1<i<dim X

where, for any m € N*, M(m) < oo. Whence, if we set

M =max M(1),...,M(m —1), (6.50)
then
sup |0z, f(Or, z)| < M (6.51)
zeX
>0
for any i, with probability at least 1 — §, for all m > 1. O
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Lemma 6.3 (Equiboundedness with high probability) Let us suppose that the hypotheses of Lemma 6.2 are
satisfied. Then, for any 6 > 0 and there exists C > 0 such that for any m > 1, with probability at least 1 — § we
have

sup |f(©¢,z)| < C. (6.52)
rzeX
>0
Proof Let us fix T = =) € X. Let
o? = K(z, ), o? =supo?, and §= y(l). (6.53)
>0

2

By Lemma 5.18, it is easy to see that o° < oo. Furthermore, by Lemma 5.18, the random variable f(O¢,Z)

converges in distribution to ft(oo)(i’), which are Gaussian random variables with mean y(#) and variance o7.
Given a constant R to be fixed later, we can compute

|11 @) - > A
=P[/ @) >R+ +P [~/ @) = R-y], (6.54)
which can be estimated using Chernoff bound [61]:

P11 @) 512 R| <o [—é (ot 9] 4o [—é (-7

< 2exp [—ﬁ (R |g|>2] . (6.55)
t
Let
R(5,5,0%) = V2o, [log (%) +1gl. (6.56)

Then we can bound (6.55) as follows

0

< 2exp {710g§] =7

0
where we used that o?/c7 > 1. Since the random variable f(©;,Z) converges in distribution to ft(oo)(a_c), there
exists mg € N such that

P[If(@t,f) N R] < 2P[|f§°°>(rz> NE R} ¥m > mo (6.57)

because of Lemma 3.1. Therefore,

P|:|f(@tyf) -yl = R} < g (6.58)
Now, we have that, for any x € X
f©r0) = f©na)+ [ 1 (ger@nee+a-9m)as (6.59)
whence, by Lemma 6.2, there is a constant M (§/2)
|f(©1,2)| < [f(Or,7)] + /Ol(w —Z) - Vo f(Or,§x + (1 - £)T)dE
< |1f(O1,2)| + [l — Z[loo (dimX sup  sup |8:1:if(9t7$0)|>
1<i<dim X zo€X
< f(©r,7)| + 27 dim X M (g) (6.60)
with probability at least 1 — §/2. Therefore, for any m > mq
|f(©4,2)] < R+ |7 + 2rdim XM = C (6.61)

with probability at least 1 — 8, where C does not depend on x or m. However, as discussed at the end of the
proof of Lemma 6.2, this result can be generalized as follows: for any § there is a constant C' such that

[f(©nz)|<C  VzeXVt>0 (6.62)
with probability at least 1 — & for any m > 1, where C does not depend on z or m. O
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Theorem 6.4 (Convergence to a Gaussian process) Let us consider any feature space X C [O,ﬂ]dimx,

which may also be an infinite set. Let us suppose that

. LPm2 MO N
Then, for any fized t > 0, as m — oo,
d )
{£(®r, Vwerx 5 {7 (Dhaer, (6.64)

where {ft(oo)( )V}zex is the Gaussian process characterized by mean and covariance
w(z) = K(z, XT) K (11 (- nof()t) Y (6.65)
Ki(x,2") = Ko(z,z),
= Ko, XK (1= (1= mK)") Ko(X,a')
~ K@, x"E (1- (1-mK)") Ko(X, )
+ K@, XE™ (1- (1-mK)") x

x Ko(X, XT) (11 ~(1- noi{)t) K'R(X,2)). (6.66)

Proof The hypothesis (6.63) is the same of Theorem 5.9, so by Lemma 5.16 we immediately see that the hypotheses
of Lemma 6.2 and Lemma 6.3 are satisfied. We recall that both the parameter space and the model function
depends on the number of qubits:

oM ez =2 0,2 =fm0©M™ ). (6.67)

Let pum,+ the probability distribution of the function generated by the quantum neural network with m qubits at
time t; it is the probability distribution on CO(X, R), the set continuous function from X to R (endowed with the
sup norm), induced by the random initialization of the parameters of the circuit and, in case, by the statistical
noise during the training. Let us fix 6 > 0. Then, by Lemma 6.2 and Lemma 6.3, there exist Ms > 0 and C5 > 0
such that, for any m > 1 and ¢t > 0

P sup \&;if(m)(@t,mﬂ < Ms, sup |f(m)(9t7:c)| <Cs|>1-6 (6.68)
reX zeX
1<i<dim X
The family
K :={g € C°(X,R) : |g(z) — g(y)| < Msdim X|[& — yloo, l9(x)| < C5Vx,y € X} (6.69)

is a set of equicontinuous and equibounded continuous functions, so by Ascoli-Arzela’s theorem it is compact
[68]. In particular, for any m and ¢,
g (K5) > 16 (6.70)

This means that, fixing ¢ > 0, the family of measures {fim,¢}m>1 is tight. Then, by Prokhorov’s theorem [69],
each subsequence fi,,(z),+ of {#tm,t}m>1 has a convergence subsubsequence Bm(k(n)),t O & measure foo,t On

CO(X ,R) according to the weak topology. This implies the convergence in distribution of the entire sequence

{rm ey, -)}m>1 to a unique stochastic process {gt(oo)(x)}mexz

M@, ) S g% (), (6.71)

Let us characterize this stochastic process. Fixed any finite family F of inputs, by Theorem 5.9 we know
that the limit distribution of {f(©¢,z)},cr is a multivariate Gaussian with mean function p(z) and
covariance K¢(x,z"). Therefore, arbitrariness of F', by the limit distribution is

O, ) L ) (6.72)

i.e., the unique limit is {gt(oo) () }rex = {ft(oo)(x)}xe;(; this proves the claim. O
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7 Conclusions

We have proved that in the limit of infinite width, quantum neural networks can always be trained in
polynomial time with respect to the number of qubits as long as they do not suffer from barren plateaus,
and that the probability distribution of the function generated by the trained network converges in
distribution to a Gaussian process, whose mean and covariance can be computed analytically.

More precisely, we have proved the following results. First, the probability distribution of the function
generated by a quantum neural network with randomly initialized parameters converges in distribution
to a Gaussian process when the cardinalities of the light cones are sufficiently small (Theorem 3.7).
Second, the trained model is able to perfectly fit the training set exponentially fast in time, and the
probability distribution of the function generated by the trained network converges in distribution to a
Gaussian process whose mean and covariance can be computed analytically (Theorem 4.15). We have also
provided a quantitative bound (4.55) that shows that the training happens in the lazy regime (Theorem
4.10 and Theorem 4.12). Furthermore, we have taken into account the statistical noise due to the finite
number of measurements to estimate the gradients of the cost function. In particular, we have studied
the evolution of the model under gradient descent with an unbiased estimator of the gradient of the
cost function (5.12). We have proved that a sufficiently large number of measurements ensures all the
convergence results of the noiseless setting with high probability (Theorem 5.4 and Theorem 5.9). Such
number grows polynomially with the number of qubits (Proposition 5.5), so that any quantum advantage
is not hindered by the training procedure. From the mathematical point of view we also have given a
novel contribution in this field: going beyond the standard assumption that the feature space is a finite
set, we have rigorously proved that the convergence to a Gaussian process, both at initialization and
during the training, is valid also when we consider an infinite feature space (Theorem 6.4).

For a real quantum circuit, the number of qubits will unlikely be large enough to completely suppress
the non-Gaussianities in the probability distribution of the function generated by the quantum neural
network. As in the case of classical neural networks, this should not be seen as a problem: on the contrary,
the deviations from the Gaussian limit make the neural tangent kernel trainable and can help to improve
the generalization power of the neural network [70]. However, a rigorous understanding of such deviations
is still an open problem in both the classical and the quantum case.

We stress that, despite Ref. [19] conjectured that all the architectures for quantum neural networks
that do not suffer from barren plateaus can be simulated efficiently on a classical computer, our results are
valid also in regimes that have hope of quantum advantage. Indeed, from the discussion in subsection 2.5,
a quantum neural network with the qubits arranged on a d-dimensional lattice and the two-qubit gates
acting between neighboring qubits does not allow for naive efficient classical simulations whenever d > 2
and the depth grows at least logarithmically with the number of qubits. On the other hand, assuming
that the variance of the function generated by the quantum neural networks considered in our paper
behaves as in the architecture of Ref. [16]'?, for any d the hypotheses of our theorems are always satisfied
for a logarithmic scaling of the depth L ~ elogm with e small enough but independent on m.

Our results open several questions:

® [s it possible to determine quantitative bounds for the distance between the probability distribution
of the function generated by a given trained quantum neural network with a finite number of qubits
and the Gaussian process associated to the covariance at initialization and the analytic neural tangent
kernel of the network? Answering this question would avoid the need to consider a sequence of quantum
neural networks with increasing number of qubits and would determine the width at which the results
of this paper become valid.

® How does the convergence of the probability distribution of the generated function to a Gaussian
process depends on the size of the training set, i.e., how should the number of qubits scale with the
number of examples for our results to be valid? For classical neural networks, a width polynomial in
the number of examples is enough [71], and we expect the same to hold in the quantum setting.

e Is it possible to prove nontrivial bounds to the normalization constant N(m) of a generic quantum
circuit and therefore determine whether the circuit suffers from barren plateaus? The study of the

19Formally7 Ref. [16] considers random nonparametric two-qubit gates sampled from a 2-design. However, there are no reasons
to believe that the architectures that we consider, where the two-qubit gates are fixed, will have a different scaling of the variance
of the generated function.
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detailed architecture of the class of circuits satisfying the hypotheses of our theorems would be essential
to determine which architectures can have hopes of quantum advantage.

® Can the class of circuits satisfying of our theorems be extended? More precisely, we wonder whether
there are circuits whose light cones grow faster than the requirements of the form (2.77) that appears
in the hypotheses of our theorems, but whose output is trainable and converges to a Gaussian process.
We do expect that the hypotheses of our theorems can be relaxed, but, in order to envisage a larger
class of variational circuits for which our results hold, it may be necessary to formulate new proofs
using different strategies.

All these questions will be considered in our future works, with the hope to answer to some of them
and to give new insights on the working principles of quantum neural networks. Finally, we hope that our
results can open the way to answering the main open problem in quantum machine learning: are there
problems of practical relevance that variationally trained quantum neural networks can solve better than
any classical algorithm?

A A counterexample for large light cones

In this section, we will show that, if we relax the hypothesis of Theorem 3.7 concerning the growth of
the light cones, we can exhibit a circuit which generates a function whose distribution at initialization is
not a Gaussian process.

41 1) |1s) v s [Pout)
0 —i o 7 D i
10) %2 D B0,
) o D .
10) oy D B,
10) £ D Buo.

L— m-1 layers —— m-1 layers — — m-1 layers —!

Fig. 23 Pathological circuit

Let us consider the circuit in the figure. It is a variational circuit in which the feature encoding gates
and most parameter gates are trivial, since they act as the identity on the qubits. For this reason they
are not represented in the figure. The only exception is the layer £ = m, in which we identify aj = [,k
Each layer has one C-NOT as an entangling gate and, in the layers £ = 1 and ¢ = 2m — 1, a Hadamard
gate appears. The total number of layers is L = 3m — 3 = O(m) and the light cones have cardinality
O(m). The local observables are Pauli Z rescaled by a bounded factor 0 < 85 < 1.

The initial state, after the Hadamard gate, becomes

1
|00...0>£>|¢1>—2(|oo...0>+|1o...o>). (A.1)
After the first m — 1 layers the state becomes

lba) = %(|oo...o>+ 11...1)) (A.2)
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The single qubit gates labelled by «y are phase gates
Pla;) = <1 eicu) in the computational basis. (A.3)

The state after the action of these gates is

L
V2

If we assume that «y, are i.i.d. random variables distributed as

l3) = (|oo...o> +ei22":1ak|11...1>). (A.4)

Play = 0) = % Play = ) = (A.5)

we have, by symmetry,

m m 1
P(ZakEOmod 27r> :IFD(ZakEwmod 27r> =3 (A.6)

k=1 k=1

So the following states are equally likely

1
ﬁ(|00...0>i|11...1>). (A7)
The following C-NOTs produce the state
1 1
[thy) = ﬁ (|00...0) £]10...0)) = ﬁ(|0> +1]1))®]0...0). (A.8)
Then, by the Hadamard gate,
_ b Hy _J10)®]10...0)
) = 5 (0 £ 1) @10...0) 2 [u5) = {|1> o0 (A9)
The final C-NOTs yield
10y ®]10...0) ~]100...0)
w5>_{|1>®|0...0> "~ |w"“’»_{|11...1> ' (A.10)
The local observables are given by
Or = Bro®  with  Br=Vk—Vk— L. (A.11)
Then, the output function is
1(6) = Fgms WoutlOlth)  with N(m) = v/
- %(ﬁﬂf—ﬁ)ﬂﬁ—ﬁwmﬂx/ﬁfm))
=41, (A.12)
which means that
P(f(0) = 1) = B(f(0) = 1) = ;. (A.13)



This distribution does not converge to a Gaussian process as m — oo.

This circuit has a remarkable property: if we perturb the first qubit by a local operation which
cancels the first Hadamard gate, the result is completely changed and the result does not depend on the
parameters «;.

) |12) |1hs) [y (s |Vout)
|0> @ @ D Blo—z
|0> M D B?Uz
10) [o5] D B,
10) (o] D B0,
‘0> "a—””“ D BIHUZ
Y1) = [9h2) = [¢3) = |¢ha) = [00---0),  [¢hs) = |[+) ®[0---0), (A.14)
1

[Yout) = ﬁ(\00-~0> +[11---1)). (A.15)

If we also cancel the second Hadamard gate, the output changes again: it is equal to the input.

| 7*b1> | w?,) | 'll)?> | ¢4> ‘ lll)5> | wou,t>
|0> @ D Bio,
10) | D o0,
|0> @ D 530—2
|0> @ D B0,
|0> @ D BIHO.Z
Y1) = [¥2) = [¥3) = [Y04) = [¥5) = [Pour) = [00---0). (A.16)

In both cases, a “small” perturbation of the circuit (i.e., a unitary transformation acting on a single qubit)
has important consequences in the final state of all the qubits. A more robust behaviour of the output
state with respect to such perturbations would be a very desirable property for a variational circuit.

B Architecture-independent bounds for light cones

Lemma B.1 (Architecture-independent bounds are exponential in L) Without any knowledge on the family of
interactions Iy of a circuit U, we can estimate the cardinalities of the light cones as follows:

Wl < 25, (B.1)
Mgyl < 257175 (B.2)
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Proof Since we use only two-qubit gates, |Zp ;| < 2.
By (2.21) and (2.22), we have

. ; ITrkl <2 (=1L,
= < B.3
W] = Tk | < |u7/f+l|n}f}x|zl,k’| <ot <L (B.3)
So, inductively,
NZ <9 N(f+1) B
{' ’“Ll <2 - WE <ot (B.4)
Wil <2
Whence, by Definition 2.5,
& e L
Vil < ST IVETI < ST 2 < 2B (B.5)
=0 (=1
which is (B.1). Now, by Lemma 2.3, if £ < L,
[Mie| < |Ze gl max | Mgy gl < 2max My pl- (B.6)
and, since
Mgy =ZLr —  [Mpyl <2, (B.7)
we have the recurrence relation
m,?x |M[€k]| < 2m,?x |M[(@+1) k]| (<L
(B.8)
max |M[Lk]‘ S 2
k
Therefore L0
—0+1
[Miew| < max | Mg | < 2 A (B.9)
O

Corollary B.2 The bounds of Lemma B.1 imply the following bounds on the maximal cardinalities and the sums
defined above
M| <2F <2t w, <2mant (B.10)

Proof The first two bounds are immediate, while the third can be proved as follows:

Lm m L m L
S = DO IMIT =SS Mgt < S0 (29
=1

k=1/4=1 k=1/¢=1
L L L+1
AN 4 (2™ -1
=mY_ (2) <md> @) =m T
=1 =0
n
< (2n -~ 1) m2"l < omant. (B.11)

C Computation of the analytic NTK

In this appendix we explain how K(z,z’) := E [X@(x, x’ )} can be analytically computed for any given

circuit with finite width. Using the fundamental rules of quantum mechanics, a laborious but elementary
linear algebra computation allows to write f(O,z), and therefore Ko (z,2"), as an analytic function of ©
for any fixed x and z’. Clearly, this naive method does not provide a classically efficient algorithm, since
it is based on computations in the local Hilbert spaces of each observable; such spaces typically have
superpolynomial dimension with respect to the number of qubits. In the spirit of the proof of Lemma
4.30, we already know which kind of dependence on © will appear: since K. o(z, ') is defined in terms of
the derivatives of f(0,z) and f(©,z’), by virtue of (4.178) we will obtain an expression of the form

Ko(z,x S Z fo(x)e?©v24p | - Z fu(2") e 25w (C.1)

!
) —
Nic(m) ve{0,£1}Lm we{0,£1}Em
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= S @) ful@)eF O ) (- w), (C.2)

Ng(m
K( v,wef{0,£1}Lm

(C.3)

where the coefficients f, () are the results of the linear algebra computations in the local Hilbert spaces
of each observable. Therefore, we see that the computation of the expectation value at initialization is
elementary as well, since the parameters are uniform random variables (see Assumption 4.4):

K(z,2') =E [K@(:c, x’)] (C.4)
- ¥ X @k r:[m Ea, [0 (©5)
- Uywegjﬂ}m Fo@) Fula) (0 w>:f[1 1), (C.6)
- oo T R@TEw, (€1

where 1,,—=_,,; is the characteristic function

D L e (C.8)
J J O v]#_w]

This shows that an analytical form for K (z,2") can be computed.

We stress that the algorithm outlined above will in general have a runtime that grows polynomially in
the dimension of the local Hilbert spaces of Definition 2.53 and will not be efficient. However, our results
are not meant as an alternative algorithm to replace the sequence of quantum neural networks, but just
as a means to mathematically characterize the probability distribution of the functions generated by
the trained quantum neural networks. Indeed, if the covariance at initialization and the analytic neural
tangent kernel could be computed efficiently on a classical computer, the associated kernel regression
algorithm would also be efficient to run on a classical computer and therefore quantum neural networks
would have no advantage in the regime where our results apply.
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