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Abstract

We study the distribution of fully connected neural networks with Gaussian random
weights/biases and L hidden layers, each of width proportional to a large parameter n.
For polynomially bounded non-linearities we give sharp estimates in powers of 1/n for the
joint cumulants of the network output and its derivatives. We further show that network
cumulants form a perturbatively solvable hierarchy in powers of 1/n. That is, the k-th
order cumulants in each layer are determined to leading order in 1/n by cumulants of order
at most k computed at the previous layer. By explicitly deriving and then solving several
such recursions, we find that the depth-to-width ratio L/n plays the role of an effective
network depth, controlling both the distance to Gaussianity and the size of inter-neuron
correlations.

Keywords: Deep Learning, Neural Networks, Finite Width Corrections, Cumulants,
Quantitative CLT

1. Introduction

We live in an era of big data and cheap computation. This has led to remarkable progress
in domains ranging from self-driving cars (Krizhevsky et al. (2012)) to automatic drug dis-
covery (Jumper et al. (2021)) and machine translation (Brown et al. (2020)). Underpinning
many of these exciting practical developments is a class of computational models called neu-
ral networks. While they were originally developed in the 1940’s and 1950’s (see e.g. Hebb
(1949); Rosenblatt (1958)), the complexity of state-of-the-art neural nets is unprecedented.

The undeniable empirical utility of modern neural networks has led over the past decade
or so to significant interest in principled theoretical approaches to understanding deep learn-
ing (e.g. Bartlett et al. (2021); Belkin (2021); Jacot et al. (2018); Kawaguchi (2016); Roberts
et al. (2022)). One of the most well-developed lines of such work focuses on analyzing net-
works in the so-called NTK regime. As we explain more fully in §2.1, the NTK regime cap-
tures the structure of neural networks asymptotically when the network depth and training
set size are held fixed, while the hidden layer widths tend to infinity.

In the NTK regime neural networks are surprisingly simple. At the start of training,
when the network parameters are chosen at random, the network output converges to a
Gaussian process. The limiting covariance function, moreover, satisfies an explicit recursion
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with respect to network depth (see Theorem 2 and Lee et al. (2018); Matthews et al.
(2018); Neal (1996); Novak et al. (2018); Yang (2019a,b); Yang and Schoenholz (2018)).
Further, when network parameters are optimized by using gradient descent to minimize a
mean squared error objective, the full optimization trajectory coincides with that of the
network’s linearization around the start of training (see Bartlett et al. (2021); Chizat and
Bach (2018); Du et al. (2018); Jacot et al. (2018); Lee et al. (2019); Liu et al. (2022); Roberts
et al. (2022)). Neural networks in the NTK regime are thus equivalent to linear models.

While the NTK regime sheds light on the empirical success of optimization in modern
deep learning, it is therefore too rigid to capture the ability of real work networks to learn
data-dependent features (see e.g. Hanin and Nica (2020a); Huang and Yau (2020); Roberts
et al. (2022); Yang and Hu (2021)). Since it is precisely such feature learning that is
believed to be crucial for understanding why neural networks generalize well in practice,
it is imperative to understand neural networks beyond the NTK regime. Prior work has
approached this in several ways:

e Mean field instead of NTK initialization. The simplification of neural networks
in the NTK regime alluded to above depends on initializing networks in the specific
way typically done in practice. A range of articles such as Bordelon and Pehle-
van (2023); Mei et al. (2018); Rotskoff and Vanden-Eijnden (2018); Sirignano and
Spiliopoulos (2020); Woodworth et al. (2020); Yang et al. (2022) point out that al-
ternative mean-field initialization schemes can lead to feature learning and non-linear
training dynamics, even at infinite width.

e Growing dataset size. Even with the NTK initialization, if the size of the training
dataset and network width tend to infinity together, neural networks need not become
linear models (e.g. Cui et al. (2023); Hanin and Zlokapa (2022); Li and Sompolinsky
(2021); Seroussi and Ringel (2021)). Characterizing the simultaneous limit of wide
networks training on growing dataset sizes remains an important open question.

e Large learning rates. A key requirement for the asymptotic linearization of neural
network training in the NTK regime is that learning rates (i.e. step sizes used in
gradient descent) should tend to zero as the network width tends to infinity. Articles
such as Lewkowycz et al. (2020) and Zhu et al. (2022), however, show that larger
learning rates lead to non-NTK behavior.

e Finite width corrections to the NTK regime. Neural networks at large but finite
width are neither Gaussian processes at initialization nor linear models during training
(see Hanin (2018); Hanin and Paouris (2021); Hanin and Nica (2020b,a); Hanin and
Zlokapa (2022); Huang and Yau (2020); Roberts et al. (2022); Yaida (2020)). A key
message of these articles is that depth amplifies finite width effects, including feature
learning. This setting is the focus of the present article.

A key difficulty in the finite width approaches of the last bullet point is that, at initial-
ization, the distribution of network outputs is both non-Gaussian and involves complicated
correlations between neurons. The purpose of the present article is to develop, in simplest
important setting of fully connected networks (see §1.1 for the definition), a flexible set
of probabilistic tools to characterize these non-Gaussian effects. We summarize our main
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contributions in §1.2. Before doing so, we introduce in the next section some notation and
a precise statement of the problem statement.

1.1 Notation and Problem Statement

By definition, a fully connected network is a map that associates to each network input

Zo € R™ an output z4 ™" € R™+1 through a sequence of intermediate representations
(£) n

2o € R™

2

- (1)

ey JpEY + W), e>1
oM+ wMg,, (=0’

where
WD) ¢ R+ xng pletl) ¢ Rrutr

In the recursion (1), the univariate function ¢ : R — R applied to a vector z§ € R™ is
short-hand for applying it separately to each component and the widths ng,...,np+1 are
known a priori. The entries of the matrices W and the components of the vectors b are
called the weights and biases in layer /£, respectively. We shall typically refer to

20 = (zg()l, . .,z,(f;);a) € R™
as the vector of pre-activations at layer £ corresponding to the input z,. The most popular
choices of o in practice include ReLU(¢) := max {0,¢} as well the hyperbolic tangent and

their variations. We will analyze these cases in detail later (see §B.2), but for our general
results make only the following mild assumption

Assumption 1 There exists r > 1 so that the r-th derivative of o exists almost everywhere
and grows at most polynomially:

T

B> 1 st H(1 + \x|)*kdira(x)

< 0.
Lo°(R,dx)

The primary objects of study in this article are random fully connected neural networks,
obtained by choosing network weights and biases of a fully connected network to be inde-
pendent centered Gaussians:

Wi(jf) ~ N(0,Cw /ne—1), bl@ ~ N(0,C) independent. (2)

Here Cy > 0, Cyy > 0 are fixed constants. The 1/ny_; scaling in the weight variance ensures
that the moments of the outputs 25" remain uniformly bounded as n1,...,nr, — 0o (see
e.g. Theorem 2). The distribution (2) is used in practice to initialize neural networks at
the start of training (e.g. by gradient descent on an empirical loss)?.

The main problem we take up in the present article is to characterize the joint distribu-

tion of any finite number of components in a random neural network z, — 25" evaluated

1. While (2) is indeed the default initialization scheme mainly used in practice, there exists an important
alternative often referred to as a mean-field initialization in which the final layer weights W**Y have
a much smaller variance Mei et al. (2018); Rotskoff and Vanden-Eijnden (2018); Yang et al. (2022). In

this context, our analysis applies directly to pre-activations 29 in hidden layers with £ < L.

(He
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at potentially different inputs in the regime where the input dimension ng is arbitrary, the

inputs x, satisfy
1
— llzall} < oo,

the output dimension nr.q is fixed, and the hidden layer widths n, are taken large but
finite:
de,C > 0 s.t. en <ni,...,np < Cn, n > 1. (3)

Our approach will be to describe the random field z, — 25"

power series) in 1/n and recursively in L.

perturbatively (i.e. as a

1.2 Main Contributions

The main results/contributions of the present article are:

e Sharp Estimates for Cumulants at Finite Width. At any fixed finite depth
L and large width n, we prove that the k-th cumulant of a random neural network
vanishes if k is odd and tends to zero like n=%/2%1 at large n when k is even. See
Theorem 3 and Corollary 6. This estimate is sharp in terms of its dependence on n
and can be viewed as a quantitative Central Limit Theorem for the finite-dimensional
distributions in wide neural networks (see Theorem 2).

e Hierarchy of Layer-wise Cumulant Recursions. At any fixed finite depth L and
large width n, we prove for any £ = 1,..., L that in a random neural network the k-th
cumulants of pre-activations Z&Z—H) in layer £ + 1 are determined to leading order in
1/n by the cumulants of order at most k in layer ¢. In this way, the distribution of
a random neural network forms a perturbatively solvable hierarchy which extends the
infinite width covariance recursion from Theorem 2. See Theorem 4 and Corollary
5. This is similar in spirit, though with a rather different focus, to the breakthrough
work Huang and Yau (2020), which provides a hierarchy in powers of 1/n for the

dynamics of the NTK during network training.

e Emergence of Effective Network Depth. By solving explicitly cumulant re-
cursions for the k = 4%, 6" 8" cumulants we observe a remarkable phenomenon.
Namely, while the k-th cumulant goes to zero like n=%/2t1 we also find that it grows
like L¥/2-1 at large depth L. Taken together, this shows that random neural net-
works that are both deep and wide are not close to Gaussian processes, with depth
amplifying finite width effects. Specifically, it is the effective network depth, given by
the depth-to-width ratio L/n, rather than the apparent depth L that is a more infor-
mative measure of neural network depth and complexity. This suggests a non-trivial
double scaling limit for random neural networks in which

n,L — oo and  L/n— £ €0,00).

See Conjecture 11. For non-linear networks this scaling limit has only started to be
considered Hanin (2018); Hanin and Nica (2020b); Huang and Yau (2020); Li et al.
(2022); Roberts et al. (2022). Even in the very special case of product of L iid random
n x n matrices (sometimes called deep linear networks) the simultaneous large n, L
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regime has revealed a range of interesting and not fully understood properties (see
e.g. references in Akemann and Burda (2012); Akemann et al. (2019); Gorin and Sun
(2018); Hanin and Nica (2020b); Hanin and Paouris (2021); Hanin and Zlokapa (2022);
Liu et al. (2016)). This stands in contrast to the £ = 0 regime often considered in
previous work on neural networks (c.f. e.g. Du et al. (2018, 2019); Jacot et al. (2018);
Liu et al. (2022)).

Several key ideas used to derive the results outlined above were first derived at a physics level
of rigor in Roberts et al. (2022). This monograph, based on joint work of the author with
Roberts and Yaida, develops a set of techniques that allow one to characterize properties
of wide network at first order in 1/n. A key strength of these techniques is that they can
be applied both at initialization (e.g. to understand objects such as the 4-th cumulant
of the network output and the variance of the NTK) and also to networks after training
(e.g. to obtain layer-wise recursions such as those in Chapter oo of Roberts et al. (2022)
for network predictions after training). However, not only are these techniques developed
only at a physics level of rigor but they are not well-adapted to studying all order effects
in powers of 1/n. One of the contributions of the present article is therefore to both make
mathematically rigorous the ideas in Roberts et al. (2022) and extend them to the point
where one can tractably study higher cumulants, though for now only at initialization.
We refer the interested reader to §3 for a brief technical summary of how we are able to
systematically capture the structure of all effects at all orders in powers of 1/n.

1.3 Outline for Rest of the Article

The remainder of this article is structured as follows. We begin in §2.1 by providing some
background about prior work on why at the start of training neural networks in the NTK
regime are Gaussian processes. We then present a range of results about the distribution of
wide but not infinitely wide networks at the start of training. As a first result we provide in
§2.2 sharp estimates, in terms of powers of 1/n for the cumulants of the output of a random
neural network and its derivatives (see Theorem 3). Then, in §2.3 we give expansions, as a
series in 1/n, for expectations of observables evaluated on the finite-dimensional distribution
of the output of a random neural network (see Theorem 4). This yields two Corollaries. The
first, Corollary 5 shows formally that cumulants form a perturbatively solvable hierarchy
with respect to network depth. Corollary 6 then makes these recursions explicit in some
special cases. As a final result, we present in §2.4 the solutions to the cumulant recursions
from Corollary 6, in which the effective network depth enters explicitly.

After presenting our results, we give some background on cumulants and Gaussian
integration by parts in §4. We then explain the main idea behind the proof our most
technical results, Theorems 3 and 4, in §3 before providing detailed proofs of our results
starting in §5. Finally, in the Appendix, we recapitulate the discussion of criticality and
universality in deep neural networks from Roberts et al. (2022), recall a trick for obtaining
the exact distribution of the output a ReLLU network evaluated a single input, and give a
detailed analysis at large depth of the infinite width behavior of the Gaussian processes
obtained from networks with tanh-like non-linearities.
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2. Results
2.1 Background on Neural Networks at Infinite Width

To put the results of this article into context, note that in practice neural networks have
many parameters. Thus, to study the structure of neural networks at the start of training,
it is sensible to first understand various limits in which the number of parameters tends to
infinity. The most well-studied regime of this type (though not the only option cf eg Mei
et al. (2018); Rotskoff and Vanden-Eijnden (2018); Sirignano and Spiliopoulos (2020, 2021);
Yang and Hu (2021)) is the NTK regime alluded to in the Introduction. By definition, this
regime is accessed by fixing the depth L, the input and output dimensions ng, nr+1, the non-
linearity o, the initialization scheme (2) and considering the limit when nq,...,n; — oo.
In view of the relation (3) the NTK regime is obtained by taking n — oo at fixed L. At the
start of training, neural networks converge to a Gaussian process (see Theorem 2 below and
Lee et al. (2018); Matthews et al. (2018); Neal (1996); Novak et al. (2018); Yang (2019a,b);
Yang and Schoenholz (2018)). More precisely, we have the following result:

Theorem 2 (Gaussian Process Limit of Wide Networks) Fiz a non-negative inte-
ger r > 0, and suppose o : R — R is r-times differentiable and that its r-th derivative
1s polynomially bounded:

d?"
(1+ |a))* < o0.

dk > 1 s.t. sup e
T

z€eR

o(x)

Then the finite-dimensional distributions of the stochastic process T, — z&LH) and its par-

tial derivatives (with respect to the input) of order up to r converge to those of a centered
Gaussian process with nyy1 4id components. The limiting covariance function of each com-
ponent

KLLﬁJrl) = lim Cov (Z(L—‘rl) Z(L+1)> s Ta, T € Rn()’

. 9 A4
N1 ,eeey, VL —00 Lo uB

satisfies the recursion

ey _ )G+ Cwo(za)o(28)) g, €21 @)
o Co + C;TVOV 2521 Tjialyip, t=0
In the statement of Theorem 2 and henceforth we reserve the symbol (f(za,25)), to
denote the expectation of f(zq,23) with respect to the Gaussian distribution

(Za,zﬁ) ~ ./\[ <O, ( Kaa /foéﬁ )> ,
Kag  Kpp
where ko3 = K(xq,23) is a given covariance function. The conclusion in Theorem 2 is
not new, having been obtained many times and under a variety of different assumptions,
including for more general architectures. See Hanin (2021); Lee et al. (2018); Matthews
et al. (2018); Poole et al. (2016); Yang (2019b). We refer the interested reader to Hanin

(2021) for a discussion of prior work and note only that convergence of the derivatives of
the field 251" to its Gaussian limit does not seem to have been previously considered. We
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give a short proof that includes convergence of derivatives along the lines of the arguments
in Hanin et al. (2022); Lee et al. (2018) in Appendix §A.

In the NTK regime, not only are neural networks at initialization given by Gaussian
processes but, for the purposes of optimization of a squared loss with a small learning rate,
the network can be replaced by its linearization at the start of training (see Bartlett et al.
(2021); Chizat and Bach (2018); Du et al. (2018); Jacot et al. (2018); Lee et al. (2019); Liu
et al. (2022)). Taken together, these two points show that at least at infinite width and
finite depth, it is the structure of the network at initialization that determines not only
the start of training but really the entire training trajectory. However, as we’ve already
mentioned, by virtue of the second point, the infinite width limit is too rigid to capture
the ability of real work networks to learn data-dependent features (see e.g. Hanin and Nica
(2020a); Huang and Yau (2020); Roberts et al. (2022); Yang and Hu (2021)). With the
NTK initialization (2), only finite width networks can capture these effects! It is the study
of such networks that we take up in this article.

2.2 Results on the Size of Cumulants at Finite Width

Since in the infinite width limit, the field 25" is Gaussian (see Theorem 2), it is natural to
study finite width corrections to this regime by considering the behavior of the cumulants
of 24" and its derivatives at large but finite values of the network width n. Recall that a
Gaussian process is determined by the condition that the mixed cumulants of order three
and higher vanish. Our first result, Theorem 3, gives sharp estimates on the rate of vanishing
in powers of 1/n for the cumulants of the finite-dimensional distributions of z, D at large
width, providing a quantitative version of Theorem 2.

In order to state Theorem 3, we need some notation. First, given random variables
X1,..., X, with finite moments defined on the same probability space, let us denote their
mixed cumulant by

31@

X1, X)) =i —
K( 1, 3 /C) 1 atlatk 0

logE [exp [—i(t1 X1 + - -+t Xg)]] - (5)

Thus, for example, k(X;1) = E[X;] and x(X1, X2) = Cov(X1, X3). We refer the reader to
§4.1 for background on cumulants. Next, let us we fix a finite collection

{4, € A} CR"™,

of | A| distinct network inputs. Moreover, let us also fix a collection of p directional deriva-
tives:

D:(dl,...,dp), ] —Vv] Z'Uz] x; (6)

and for any multi-index J = (j1,...,Jp) € N? denote by

Dl :=d}' -l

T=XTq

the corresponding differential operator of order |J| := ji + -+ + jj.
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Theorem 3 (size of cumulants in random networks) Fiz r,L > 1 and suppose that
o : R — R satisfies Assumption (1) with this value of r. Suppose further that one of the
following two conditions holds:

e o0 is smooth

e the limiting covariance matriz

. Ji () Jo (0)
(nh_{go Cov (DO& Lo Dai Zl;az) > [J1],|J2]<r (7)
al,a2€
of derivatives of order at most r in the directional derivatives di,...,d, of the scalar

field z%é) is strictly positive definite in the infinite width limit for all £ < L.

s

Then, for each k> 1 and 1 <l < L+1, asn — o0

50 5,0 Y _ )0 k odd
& <Daizi19o‘1’ o ’Dal’zzik?o"“> N {O(ng“)7 k even’ ®
where the implicit constant in the error term depends on k, the inputs xo,,...,%a,, the
multi-indices Ji, ..., Jg, the weight and bias variances Cy, Cyy, the non-linearity o, and the

layer index £.

We prove Theorem 3 in §5. At a physics level of rigor, Theorem 3 with k£ = 4 and no
derivatives was already derived in the breakthrough work of Yaida (2020). In fact, Yaida’s
original article went much further: it obtained a recursive formula with respect to ¢ for the

© 2 ) at layer £ in terms of the second and fourth cumulants

fourth cumulant K,(Zil;al, s B
at layer £ — 1. This is analogous to the recursion (4) for the infinite width covariance
Kéfl)oa. This theme was then picked up and significantly expanded upon in the physics
monograph Roberts et al. (2022), which computes, among other things, at order 1/n the
leading corrections to the field 289 and its derivatives with respect to both z, and model
parameters. We will reproduce some of these recursions and obtain new ones of a similar
flavor below (see Corollary 6).

Compared to prior work the main novelty of Theorem 3 is two-fold. First, it gives sharp
estimates in powers of 1/n for cumulants of all orders (the sharpness can already be seen
when ¢ = 2). Second, it treats in a uniform way the cumulants for not only the values but

also all derivatives of 2{".

2.3 Results on Layer-wise Recursions for Cumulants

The estimate (8) in Theorem 3 only gives the order of magnitude in powers of 1/n for
the cumulants R(Djlz(é) ., D7tz ) but does not directly provide information about

1% 000 " Qg
their structural dependence on the remaining model parameters Cy, Cyy, 0, £. Our next set
of results supplies such information.

To state them, let us denote by F(®) the sigma algebra generated by the weights and
biases in layers up to and including ¢. Since we’ve assumed weights and biases to be
Gaussian and independent for different neurons, note that conditional on F© the vectors

zz(ﬁl) = <Z(Z+1), a € A)

;0
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are independent centered Gaussians with the conditional covariance
Cyr
l {+1 (£+1) w l l
E((Ml/ := Cov (Zi(;oq ), Zi s | f ) = Cb + ’I’Lig ZO’ (Z](§()3/1> g (ZJ(;()312> . (9)
j=1

Let us denote by
4+1) (641
K‘(()fl)(IQ = COV (Zi(;oq )7 ZZ( Ne %) )) E [Egl)a2:|
the finite width covariance and by

AO . xO 0

ajog [e5Ke D] a1o

the difference between the conditional covariance matrix £ and its mean ). Further, let
us agree to denote by (), the expectation with respect to a collection of centered jointly
Gaussian random vectors

DA 2 = (Dizi;a, ac A |J| <)
which match the covariance of the neural network derivatives

DY =" = (D2 ac A 1] <7)

« zoz’

in the sense that

a 11 a1’ Q2 12 [e%) a2 061062

¢
Cov (D 2ira1s D22 2iy0y) i= Cov (DJI O pll) ) = 811, DI D220
in each component separately but are defined to have zero covariance for different neurons.

Theorem 4 (1/n expansion of expectations at finite width) Fiz an integer r > 0
and suppose that f is continuous and polynomially bounded. Then for any q. > 0 we have

E [f (DS”zﬁ”, L Dﬁrzf,fjj))]

2qx q
EGRE T o S, o5,

[71, |J'|<T
a,a’'eA

+O0(n %71, (10)

where the sum is over multi-indices J, JJ' € NP of order at most r, we’ve set
JI'W)  _ pd pd (0 J J 2 (6)
Al = pIplxl), & [ DIDEl] (11)

and the derivatives 8Dizj~a are interpreted in the weak sense if f is not differentiable.

For example, taking » = 0, m = 1, and A be the singleton {a} gives

E[f ()] = ZE [(890) ] ((02)7 F (1)) ., +OGT D (12)
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As we explain in Lemma 18, Theorem 3 immediately yields

I[85 <o ().
=1

showing that the expansions in (10) and (12) are indeed series in decreasing powers of 1/n.
Moreover, each term in these power series is simply given by computing a Gaussian integral
with covariance £“* in which different neuron are independent.

We prove Theorem 4 in §7 and give the main idea of the proof in §3. By substituting
various polynomials in z§{ " for f into the perturbative expansion (10), it is now possible
in principle to deduce recursions for the cumulants at layer £ + 1 in terms of objects of the

same type at layer . In particular, we have the following

E

Corollary 5 (hierarchy of cumulants in 1/n) With the assumptions of Theorem 3, the

mized cumulant
Jp _(4+1) Jop o, (£+1)
K <Dalzil;a1 Y ,Da%zi%a%

equals

S CULEY, i =1, 2)) & (pggzgfgl, o Diggizgﬁ.{%) +0 (n—k> |

J<k
J!i=1,...,2j
o+
<14+ T2k
(13)
where the sum is over multi-indices J!, the constants C(J{,K&?aji,j =1,...,2k) depend

only on the multi-indices J] and the infinite width covariance KO while the implicit con-
stant in the error term depends on k, the inputs xo,, ..., Tq,, the multi-indices J1, ..., Jy,
the weight and bias variances Cy, Cyy, the non-linearity o, and the layer index £.

We do not know how to efficiently compute the coefficients C' in the recursion (13) for
general cumulants. Instead, we compute then by hand for small values of k£ and a single

input z, € R":
0 1 (£41) (£41)
Kokea *= (2k_1)!!”<zi;a seee Zig > (14)

2k times

when k = 2,3,4. See Corollary 6. In order to facilitate a compact form for the recursions
described in first bullet point, let us write

1l = iy (2 { (0~ )}

with the derivatives interpreted in the weak sense if ¢ is not sufficiently smooth and where
we remind the reader of our standing notation

, 15
" (15)

22 dz
2

\/271"

(F(2))e = / K)o K >0

10
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Corollary 6 Fiz r > 1 and suppose that o : R — R satisfies Assumption (1) with this
value of r. Consider a depth L random neural network with input dimension ng, hidden
layer widths nq,...,np, output dimension nr4+1 and non-linearity o. Fiz z, € R™ and
define

© ._ Lo Cw<y

2
o "= 9 2La = )>K£’

where the second derivative is interpreted in the weak sense if o is not twice differentiable.
For each £ =1,...,L, in the notation of (14), the fourth cumulant satisfies

70
/+1 0,2;a 4 Y4 _
Q;>:4%f+(ﬁg WO +0(n2). (16)

Further, the 6-th cumulant satisfies

(0) (0)
1) Tz 3To2a 0 0  3Tiia [ (0) (©)\2 ¢ _
K’é;a ) = n% + 2ne X|(|;)a’%z(1;g¢ + 4 <X|(|;)a"€4(1;)04> + (X|(\,21> Hél + O(n 3)' (17)

Finally, the 8-th cumulant satisfies:

0+1 1 ¢ 0 \2
A = o (1 3 (1))

L [0 @ @ (0N, 3 (m® \2 3.0 0 ] ©
+ 2| 215 3:0X) 0 — 1270 2,0 (XH;Q> Ty <T2,2;a) — 5Li 10 030 | Fiia
1 © () (0 © (0> ) ©\?
e _2T22 oL 150X §T42 (XH a) + (X|| a) (“4;a>
1 ¢ ¢ ¢ o\?2|
+ 2 +12T;;a(x\a;> | w2
3 (0 N2 0N\ (.03 O\ 0 (0 (©
+ 372 (T4,1;a) (XH;a> (H4;o¢> (XH a) T471;o¢/i4;a 6;c
+ (Xfff) K4+ O(n). (18)

The initial condition for the recursions (16)-(18) is that k3. =0 for all k > 2.

Remark 7 Note that for k = 2,3,4, we therefore see that to leading order in 1/n the
recursions for /<;<”1> depends only on /<c a for j < k. This allows us to interpret (16) - (18)
as a forming the start of hierarchy in powers of 1/n describing the cumulants of the output
of a random meural network.

Let us briefly compare Corollary 6 to results in prior work:

e In the special case when o is 1—homogeneous (i.e. is linear, ReLU, leaky ReLU,
etc, see (74)), the full distribution of a neuron pre-activation z( ) can be worked out
in closed form. Namely, as we explain in §B.2.1 and Appendlx D, is has the same
distribution as a Gaussian with an independent random variance given by a product
of independent weighted chi-squared random variables. This was first pointed out
in Hanin (2018); Hanin and Nica (2020b) and described in the language of special
functions (namely Meijer G functions) in Zavatone-Veth and Pehlevan (2021). For
such non-linearities obtaining the recursions (16)-(18) is not new.

11
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e The breakthrough work Yaida (2020) was the first to obtain, at a physics level of
rigor, the recursion (16) and probe its solutions at large £.

e The ideas in Yaida (2020) then seeded the development in the monograph Roberts
et al. (2022) a much richer analysis, producing at a physics level of rigor many re-
cursions similar in flavor to (16)-(18) that describe the the behavior of objects such
as network derivatives at the start of training, the NTK at the start of training, and
even the change in the NTK and the resulting output of a trained network. Many of
these results go far beyond what we are currently capable of doing mathematically.

e The analysis in Roberts et al. (2022) never required studying cumulants Ii(;’i,a for

k > 3, and while the techniques developed there can certainly be used to obtain
the recursions (17) and (18) we take a rather different approach in this article that
produces such recursions more directly.

The functional X(f;)a plays a fundamental role in the recursive description of random neural
networks supplied by Corollary 6, whose proof is in §7. In §B we explain a principled
procedure, called tuning to criticality, that reveals its origin (as well as that of a similar
object we denote XT) .,) and explains how to choose Cjy, Cy so that these functionals are
approximately equal to 1 at large £. As we will see, such a choice will ensure that the
recursions in Corollary 6 and their infinite width counterpart (4) have well-behaved solutions
at large . We will then return in §B.2.1 and §B.2.2 to solving the recursions from Corollary
6 in random networks tuned to criticality (see (76) and Corollary 8).

2.4 Results on Effective Depth and Low Order Cumulants

As a final result, we record the following consequence of Corollary 6, which shows that it is
the effective network depth that controls the size of low order cumulants.

Corollary 8 Suppose o is either ReLU or tanh and consider a depth L random neural
network with input dimension ng, output dimension nyy1, hidden layer widths satisfying

Ny ...,np =n>1,

and non-linearity o with Cyy = 1 if 0 = tanh and Cy = 2 if 0 = ReLLU as well as C, =0
in both cases. Write £ = L/n and define the normalized cumulants

(L)

A Mk
2k;o0 " (K&ﬁ))k

of pre-activations in layer L corresponding to a fized network input xo. We have for k =
2,3,4 that

Eg;)a = o (14+0(L7Y) +0(n™), (19)

where Cy, are some positive universal constants depending on o. The implicit constants in
error terms O(L™1) depend on o,Cy, Cy and constants in O(n=7), j = 2,3,4 may depend
in addition on L.

12
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Remark 9 Although we have formulated Corollary 8 only for ReL U and tanh non-linearities
we actually prove it for a more general classes of ReLU-like and tanh-like non-linearities

defined in §B.

Remark 10 Combining estimate (19) for k = 2 with the definition (79) of the K, = 0
universality class and (14) yields that in the setting of Corollary 6 we have to first order in
1/n and to leading order in 1/L that

Var {(z%l)ﬂ = const x (1+¢), Corr ((233”)2, (%{;1))2) Comixb, € %

where \//a\r[X] = Var[X]/E [X?]|. Thus, both the fluctuations of a single neuron pre-activation
and the correlation between different neurons is controlled to first order in 1/n,1/L by the
effective network depth €.

We prove Corollary 6 in §7.1 and note that formula (19) was derived in Yaida (2020) for
k = 2 at a physics level of rigor. While we do not know how to generalize the results in
(19) to obtain the corresponding formulas for general k, we make the following conjecture:

Conjecture 11 (Double Scaling Limit for Random Neural Networks) Consider a
random depth L neural network with input dimension ng, hidden layer widths

N,...,np, =n>1,

output dimension nry1 and non-linearity o. Suppose further that this network is tuned to
criticality in the sense that (73) is satisfied. Fixz a non-zero network input ro, € R™ and
write &€ = L/n. For each k > 1 there exists Coi, > 0 depending on the universality class of

o so that
(L)

Kop!
= Cug 40 (€.
(1622)
Moreover, for each £ € [0,00) there exists a probability distribution P¢ , on R, depending
only on & and o, such that in the double scaling limit

L
n, L — o0, — =€,
n

(0

the random variable z;;, converges in distribution to a random variable with law Pe ;.

3. Overview of Proofs

In this section, we present the essential idea for how we analyze a random fully connected
neural network z, — Z&L—H) at finite width. Our approach is based on the following
structural properties:

©

e The sequence of fields z5’ is a Markov Chain with respect to £.

13
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e Conditional on the sigma algebra F© defined by zg) is a Gaussian field with inde-
(£+1)
pendent components Zig - See Lemma 14.

(4+1)

e

©

e The variance of each component z depends on zy’ only through random variables

of the form

1 &
(’)Sf) = — Z f(zi(.g), f : R — R polynomially bounded
Ny = ’

which we refer to as collective observables. See (9).

e Centered moments of collective observables depend on n as if the random variables
f (z(z)) were independent:

(0 2[of])] =0 (). wzo

Establishing this is the most difficult technical aspect of the present article. See
Theorem 16 and Lemma 18.

Let us briefly explain, mostly dispensing with rigor, how these four ideas come together to
obtain a recursive description of the distribution of the field z((fﬂ) in terms of that of z((f).
To keep the notation to a minimum, we fix a network input z, and focus on describing
the joint distribution of zi(f Oj_ 1), i =1,...,m. Extensions to multiple inputs and derivatives
proceed along very similar lines. Denoting by £ = (&1, ...,&y) dual variables, consider the

characteristic function

pD(E) == [exp [—i S €520
7j=1

()

Conditioning on zg’ and using (9) allows us to write

P =E [eXp [—; I5[E E&%” ;

where we remind the reader that

nyg
0 _ (+1) | (0] _ Cw (0) 2
Yoo = Var [zm | F } Cy + ” jz:;a(z];a)
is a collective observable at the previous layer. Writing
0B8], Al =30 -B[5).

we find 1 1
PO = B [exp |1 11 A% | exp [~ lel? o2

14
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The second term is precisely the characteristic function of a centered m-dimensional Gaus-
(0)

sian with iid components of variance ka4. Moreover, at least heuristically, the first term
can be written

E |oxp |- llel* 22] | = S (48] Gor il

q>0

The concentration estimates (20) ensure that this series converges. Moreover, since the
Fourier transform turns polynomials into derivatives we have

(4+1)

—||¢|]* = Laplacian in the variables Zio

Hence, we obtain for any reasonable test function f that

E [f(zi(f;l), i — 1,...,m)} :i;q!]E [(Ag@)q] <<Zm:6§i;a>qf(zi;a,z'= 1,...,m)> K

i=1 k0,
. . . . . . ¢

where (2o, ¢ = 1,...,m) is a vector of iid centered Gaussians with variance n&& The con-

centration estimates (20) ensure that this expression is a power series in 1/n. In particular,

E[fGid ™ i=1m)] = (i i =1, m) g (21)

E[A%2] /(& 2
—i—T << 83m> [(Zisa, 1 = 1,...,m)> +0(n™?).
i=1 0

(4+1)

This is the essence of Theorem 4. To derive usable recursions for cumulants of z;. o
bl

for instance that, in the notation of Corollary 6,

, note

f@(f% = %Iﬁ (ZZ-(fjl)7 Zz(fjl)v Zi(;eojrl)7 z(,gcjl)> =K [(A(Z))Q} .
Writing
X; = o () B (i)

Jio Jio

we thus have
(+1) 0\?] _ C& 2 2 1
kD = | (Aw) = VR [X] + O (1 -0y ) E[XaX0).
Applying the expansion (21) to both these terms and a bit of algebra already yields
i) =5 |(20)]
_Yw 4 _ [ 2\2
=¥ (%)~ (M)m)

Raa

2 1
+ 03 (1 —n,t) <(<02>H&% —-E |:O'(Z§€()X)2]> + 1 <8202>i§£ nf&) +0(n™?).
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A short argument supplied in §7 shows that
l _
<U2>nff& =E {U(zil)ﬂ +0(n™h
£)

and that we may replace /i(()g by its infinite width limit K((m in all remaining expectations
at the cost of an O(n~!) error. This already yields the recursion (16) of Corollary 6.

4. Background

4.1 Properties of Cumulants

Recall that, given random variables X7,..., X on the same probability space, we denote
their mixed cumulant by

ak

X1, Xp) =i ———
K/( 1, Y k') ? 8tlatk —o

logE [exp [—i(t1 X1 + - - - + 6 X )]] -
In the following result, we recall the key properties of these mixed cumulants that we will

need.

Proposition 12 (See Theorem 2.3.1 in Brillinger (2001)) Mized cumulants satisfy the
following properties.

1. Suppose X = (Xi,...,Xy) is a random vector with finite moments of all orders.
Then, for any sub-sigma algebra F of the probability space on which X is defined
H(Xla'-ka): Z H(H(Xm’f)v"'ﬂ'f(XTrb‘]:))v (22)

T=(T1,...7p)
where the sum is over all partitions 7 of [k| and for each a =1,...,b
Xn, = (X, 1 €mg).
This is known as the law of total cumulance. See Brillinger (1969).

2. Suppose X = (X1,...,Xk) is a random wvector with finite moments of all orders.
When X can be partitioned into two independent subsets, the mized cumulant r(X)
vanishes. More precisely, suppose I C [k] and that 1,1 # (). Then

Xy := (Xi,iEI)J_X[c:(Xi,igl) — K(Xl,...,Xk):O. (23)
3. Mized cumulants are multi-linear. More precisely if

are random variables with finite moments defined on the same probability space, then

Ty Ty T Ty
K § TP, CHE T E i k Xig ke | = E § a1 i gk (X1, X k)
=1 =1 =1 =1

(24)
for any a; ; € R.
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4. Suppose X = (X1,...,X;) ~N(0,X) is a centered Gaussian with covariance ¥.. Then

for any i1, ..., i € [j]
Yiti k=2
k(X ., X5 ) = 1 . 25
(i i) {O, otherwise (25)
5. Moments are polynomials in cumulants. Specifically, suppose X = (X1,...,Xk) is a

random vector with finite moments of all orders. Then,

b
EXXd= Y [[#(Xn), (26)
a=1

T=(T1,...,Tp) O=

where the sum is over all partitions of [k] and for each a € [b] we’ve written

X, o= (Xi, i € ma).

6. Cumulants are polynomials in moments. Specifically,

b

R(X X = Y (D)o - D [E

T=(T1,.e0,Tp) a=1

11 XZ»] : (27)

7,'€7Ta
where the sum is over all partitions of [k] and for each a € [b] we’ve written
Xp = (Xiy i € 70).

4.2 Gaussian Integration Lemma

Lemma 13 Fix r > 1, a r X r matriz ¥ and measurable function g : R — R that is
polynomially bounded:

Ir>1 st sup [(1+|z]]) " g(z)| < oo
z€R”
If X is a standard Gaussian random vector in R", then the function
S E [g (EVQXH (28)
18 smooth on the open set of strictly positive definite k X k matrices. Further, if g is a smooth

function and each of its derivatives is polynomially bounded, then the map (28) is extends
to a smooth function on the closed set of positive semi-definite matrices and, in particular,

0
E [g (21/2)()} —E [(aiajg)(zl/ 2X)] . (29)
OEZ-J-

Proof On the open set of strictly positive definite matrices, the Gaussian density

1 1
Y — exp [—QxTE_lx —5 log det(27r2)]

17
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is a smooth function of ¥ with derivatives that are polynomials in z and the entries of
¥, ¥~ The assumption that f is polynomially bounded shows that we may differentiate
under the integral sign and see that that

1 1
E [g(ZlﬂX)} = / g(x) exp [—szE_lfL‘ —5 logdet(ZwE)] dx

is indeed a smooth function of 3. Suppose instead that g is a smooth function and that
it’s derivatives are all polynomially bounded. Suppose first that g is in fact a Schwartz
function. Then, writing g for its Fourier transform we have

E[g(="/2X)] = / G©)exp {—;ETES} dg.

Since g is also Schwartz, we may differentiate under the integral sign to obtain

0

9 2x)] =— [ ceq L _
827;3'1@ [g(El 2X)] a - §i&;9(§) exp [ 2§TE€] d§ =E [axiaxj

o). (30)

r=X1/2X

Finally, if g is not Schwartz but is smooth with all derivatives being polynomially bounded,
we consider the convolution

2
Y 1
ge(x) = (gx ) (@), ely) = exp [_”2” - 1og<zm>] |
Then, g, is Schwartz for all ¢ > 0. Moreover, note that ge(El/ 2r) is also polynomially

bounded for any PSD matrix 3. Specifically, for any fixed PSD matrix ¥ we have for any
k>1

sup sup sup
e€[0,1] || Z—%o]|<1 z€RT
¥ PSD

(14 el ge(2Y/22)

= sup sup sup
€€l0,1] ||Z—20||<1 z€R”
> PSD

(Nl [ =2 = )y
< s sw s {@ i) [ (][5 0| ) v
€€l0,1] ||Z—30||<1 z€R™ R"
¥ PSD
< o0, (31)

Note that there exists K > 0 depending only k, 7,3 so that

el < o) e

Hence, since

sup [ [yl e(y)dy < oo
e€[0,1] JR"

18
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we find that

sup sup  sup
€€[0,1] [|Z—0||<1 z€R™
¥ PSD

(14 [lal]) *ge(5120) | < ox. (32)

The estimate above allows us to use dominate convergence to see that for any PSD X
E [g(El/zX)] ~lmE [96(21/2)()} . (33)
€E—r

To complete the proof we note that g and 0;0jg. are both Schwartz for any positive e.
Moreover, 0;0;0,0mg. satisfies (32). Hence, we conclude by applying (30) that for any PSD
matrix Y there exists C' > 0 so that

E [9:(125)] — E [9:(5X)] = 0,00 B [(0i9,90(55 X0 (= - o),

sup  sup
15— So|<1 e€[0,1] 1= — ol
> PSD
<swp s S [E[(@000m)g (512 X)] |
e€l0,1] I5=30lI<1 ;g mmt.r
<C.

Thus, if ¥ — 3o/ ||X — Xo|| = X1, we find by applying (33) to 0;0;¢ that

e [9(21/2)()} —E [g(z(l)/QX)} E [96(21/2)()] -E {96(2(1)/2)()}

i = lim i
iz, [BE S 1= = =
T o stz ] (E = 20)i
= i Iy 3 000540 g
" 1/2

ij=1

This shows that (29) holds for any ¢ that is smooth, completing the proof of Lemma 13. B

5. Proof of Theorem 3

Let us first recall the notation. We fix > 1 and assume that ¢ : R — R satisfies assumption
1 with this value of . We also fix a finite collection x4 = {zq,a € A} C R™ of distinct
network inputs and p directional derivatives dy,...,d, as in (6). We denote by

N(p,r) =#{J = (J1,---»Jp) EN | j1+ - +jp <7},

which computes the number of possible derivatives of order at most r in the p directional
derivatives dj. We also denote by F () the sigma algebra generated by the weights and
biases in layers up to and including ¢. The starting point for proving Theorem 3 is the
following simple but fundamental observation.
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Lemma 14 For each ¢ > 0, conditional on F©,

{(DJ ) e A, || < 7‘) }"‘“

« l « i=1
is a collection of ngy1 1id centered Gaussians of dimension N(p,r).

Proof The defining recursion (1) of a fully connected network yields for each «, J

041 (e+1) (e+1) ¢ (e+1) ¢
D" = DL G S e (40) =+ Sl i (40).
(34)
Note that Do (2" Zjg ) are measurable with respect to F). The conclusion now follows since
the weights Wl]””, 7 =1...,np and bias biz“) are centered Gaussians and are independent
for different 1. |

Thus, the structure of z4™" and its derivatives is always that of a Gaussian field after

conditioning on F®. To ease the notation in what comes given f : RMIXN(Mo.r) 5 R et us
abbreviate

f(4h) =1 (Dl ac AT <r), el

Next, we remind the reader that given f : RMI*XN(m0m) _y R which is measurable and
£)

polynomially bounded, the corresponding collective observable O}

o) = Zf< @)

and that the statement (67) in Proposition 21 ensures

at layer / is

supE HO;@H < . (35)

n>1

Recall also our notation for the conditional covariance

e

E((fl)oa = Cov ( Z(fa-tl)’ zéoj;l) ’ Fl ) =Cy+ Cn&:/ ZJ (zj(al) o (zj(foa)
j=1

and note that both it and its derivatives

= Cov (Di2{V, DR | FO)

[e%} za1 » Hag zag

Cw

_ pJi w (o) 0

=Dy Do; | G + nig ZU (Zj;oé1> g (Zj;oéz)
j=1

DDy

Qa2

are collective observables at layer £. Our first application of Lemma 14 is the following

(€+1)

reduction of the study of cumulants of D!z to the cumulants of certain collective

observables.
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Proposition 15 Fix k,¢ > 1 and p-dimensional multi-indices Ju, ..., Ji with |J;| < r. If k
s odd, then
<DJ1 (+1) Djk (e+1)) —0

aq z1a1"‘ (o9 zkoak

In contrast, if k is even

(DJ1 e+ ., D7 (ZH)) = finite sums of/-i(O%),.. oY) ),

o1 %t ax iy, 0 fry2

where O%) are collective observables of the form

{4
DADESY. . AL\l < (36)
Proof Using (22) and recalling that F (®) is the sigma algebra generated by weights and
biases in layers up to and including ¢, we have that x (Diﬁ Z(lel), .. Dg’z sztﬁ) equals

3 m( <<DJ ) }f(@) ...,K((DJZ(E—H))ﬂB ]f“)>>, (37)

m=(71,...,7B)

where the sum is over partitions 7 of [k] and for b=1,..., B we’ve abbreviated
J(4+1 J (£+1)
(D P >>ﬂb (Dai A4, tem).
By Lemma 14, {(D/ f;l a€ A |J| <d),i=1,...,np01} are iid centered Gaussians

conditional on F(). Hence, by the properties (23) and (24) and (25) from Proposition 12,
in the sum over partitions above, a term is non-zero only if

Vb € [B], |7rb] =2 and iﬂb(l) = ’L'ﬂb(z)

11,01 7

k is even observe that by (34)

(DJl (£+1) D722 €+1)‘]_— ) =5 DJ1 DJQZ()

11 ay z2 a2 1112 o

This proves that x <DJ1Z(Z+1) .. Dszz( ak)> vanishes if k is odd. To treat the case when

Substituting this into (37) completes the proof. [ |

When k = 2, Proposition 15 and our assumption (1) shows that for each ¢ > 1, any
i1,12 € [ney1], @ € A, and multi-indices Ji, J5 of order at most d, there exists a polynomially
bounded function f : RMXN(m0.d) 5 R for which

« (DD, DY)~ [0f)]

a1 11 a1 T a2 z2a2

In light of (35) this proves Theorem 3 when k = 2. Further, since the cumulant of 2 or more
random variables is shift-invariant, we may assume for k£ > 3 that the collective observables

D’ 1DJ2 2553a2 in Proposition 15 are replaced by their zero mean versions:
AJ 0 = DA DESY,, — B DADES,,| . (38)

Q1o Qo2 Qa2

Hence, Theorem 3 is a special case of the following result.
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Theorem 16 Fiz k,m > 1. Consider any m-tuple F' = (f1,..., fm) consisting of measur-
able, functions
fi RMXN@O) SR =1 .m

that are polynomially bounded and satisfy
E [O}f)} ) [fi (z%&)] —0, i=1,...,m.
Define the m—tuple of collective observables
8%) = ((’)%), i= 1,...,m) .
Consider further any measurable polynomially bounded functions
gi :R™ =R, j=1,...,k

which are smooth in a neighborhood of 0. If f; and o are in fact smooth, then, for every

£>1
Sl;[l) nF g (gl (8;@) ey Ok (8;@))‘ < 00 (39)
Moreover, (39) holds without the assumption that f;,o are smooth provided that for each ¢

the vector of iterated directional derivatives (Dizi(,eo)[, |J| < r,a € A) of order at most r is
non-degenerate in the sense of (7).

Proof Our starting point is a reduction of Theorem 16 to the case when g; are polynomials.
This is related to a technique called the delta method in some parts of the mathematical
statistics literature Ver Hoef (2012).

Proposition 17 (Polynomials are Enough for Theorem 16) Fiz m > 1 and suppose
that for each n > 1 we have an m—tuple X, = (X, 1,..., Xpm) of mean 0 random variables
that possess bounded moments of all orders:

sup |E [Xgll---Xg";n” <00, Vi qm > 0. (40)
n>1 ’ ’
Suppose for any given polynomials p1,...,pr in m variables we have
sup nk_lﬁ(pl(Xn),---,pk(Xn))‘ < 00. (41)
n>

Then, for any measurable, polynomially bounded functions g; : R™ — R, j =1,...,k, which
are smooth in some fized neighborhood of 0

sup |n* 1k (1 (Xn) -y 0k (Xn))‘ < 0. (42)

n>1

Proof We begin with the following simple Lemma, which allows us to translate between
the cumulants bounds (41) and high probability bounds.
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Lemma 18 For any q>1

sup sup ‘n(%WE [an” < 0.
n>11<i<m ’

Proof We have by property (26) from Proposition 12 that

bl ——
w—#g;(nSB) b=1 |7p| times

Since by assumption X, has mean 0, we have
K(Xim) = E[Xjn] = 0.

Thus, the only partitions 7 = (m1,...,7p) € S(m) that give rise to non-zero terms in the
expression above must have B < |4]. Moreover, for any such partition, we have

31=0- (2] =14+ S i< R mi

Hence, we find

B
sup nl31R [Xiq;n” < g H up plml—1 Xi;n,...,Xi;n) < 00,
——

n>1
= T=(T1,...,7B) b=1" .
reP(m) jm 22 o] times
where the final inequality follows from the assumption (41). |

Applying Markov’s inequality and Lemma 18 shows that for any ¢ > 1 we have

supniP (S) < 0o, S = {|Xim| <n VA =1, m} . (43)

n>1

This localization estimate allows us to replace each g; by its Taylor expansion around 0.
Indeed, note that

K (gl(Xn)> . agk’(Xn)) =P (E [gl(Xn>q1 e 'gk(Xn)Qk] , -+ < k’)

for some universal polynomial P evaluated at the mixed moments of X,, (the formula for this
polynomial is given in (27) but is not important). Moreover, using the growth assumption
(40) on X and the fact that g; are polynomially bounded we find that

sup E [g(Xp)? -+ - gi(Xn) %] < 00, Vai,...,qx > 1. (44)

n>1
This, in combination with the localization estimate (43) applied with ¢ = k — 1 yields

K (91(Xn)s- - s ge (X)) = P (E[Ls, g1(Xn)® - gi(Xn)9], q1 4+ + gm < k)+O(n~F+).
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Note that for n sufficiently large, on the event S, the argument X,, is in any fixed neigh-
borhood of 0. Hence, we may write

gj(Xn> =p;j(Xn) + O(n_k+1)a

where p; represents the j—th order Taylor expansion of g; around 0 with j sufficiently large
(say bigger than 4k) and the constant in the error term is uniformly bounded. This yields

k(g1(Xn), -, g6(X0)) = P(E[1g,p1(Xn)? - pp(Xn)?™], @i+ + gm < k)+O(n 1),

Finally, using the mixed moment estimates (40) and the localization estimate (43), we
conclude

K (gl(X’I’L)7 e 7gk(Xn)) =P (E [pl(Xn)ql T ‘pk(Xn)qm] ) q1 R dm S k) + O(nikJrl)
=K (p1(Xn), -, pr(Xn)) + O(n_k+1)'

Recalling (41) completes the proof. [ |

Proposition 17 shows that, in establishing the conclusion (39) of Theorem 16, it is
sufficient to assume that g; are polynomials. The remainder of the proof of Theorem 16
is by induction on /¢, starting with ¢ = 1. In view of Proposition 17, the following result
establishes the base case.

Proposition 19 (Base Case: Theorem 16 holds for polynomials at ¢ =1) Fizk,m >
1 and suppose f;, i = 1,...,m are as in the statement of Theorem 16. Then, if p1,...,pk
are any polynomials in m variables, we have

sup nF 1k <p1 (8%”) s e ey Pk (8%1)))‘ < 0.

n>1

Proof Since cumulants are multi-linear, we may and shall assume that p, are monomials:

(@) (@) () a a a
pa(x):xQ ::x?l e gdm x=(T1,...,2Tm), Q():<q§),...,q,(ﬂ)). (45)
Recall that
ni
1 . -1 (1)
O =mn Zf’ (Zj;A> :
i=1

(a) (a)

Therefore, writing ¢(® := q + -+ qm we find

m ql(a)
Pa (89) - ”Iq(a) Z fr@, S = H H fi (Z(-gm)’
P

7@ imlg=1 Jo

where the sum is over tuples of multi-indices

q; {

JO = (@) I = (55 € i€ m], g € [)). (46)
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Hence, using that cumulants are multi-linear (see (24)), we obtain

K (p1 (89) ey Dk (8%1))) = n;(q(l)erJrq(k)) Z (frs-o fym),

JO LTk

where the sum extends over ordered collections (J (a), 1<a< k:) of multi-indices as in (46).
The expression on the right hand side can be interpreted as an average. Namely, we can

think of the indices jé?i) € [n1] are chosen uniformly from [n;] and independently for all

1,q,a. Writing £ for the average with respect to this distribution, we obtain

K p1 8%1) s Dk 83:1) =&k (fra, fym)]
(i (

Our goal is to show that this average is small. To quantify this, let us associate to each
collection (J), a € [k]) a graph

G (19 aelk) = (K, £(I, aclh)). (47)
with vertex set [k] and edge set defined by

(a.a)eg (S ael]) <= 3 eml acld®] qelgf"]st i = i)

q’5i”

The key point is that in light of the vanishing property (23) of cumulants and the fact that
neurons at layer 1 are independent

G (J(“), a € [k:]) disconnected - K (f%, EER) ‘(]%i)ﬂ) =0.

Hence,

K (pl (8%”) ey Dk (8;}))) =& [1{g(J<a>,ae[k]) Connected}/@ <f§2>, .. ,fﬁ,)g))} .

Since f; are assumed to be polynomially bounded and the distribution of the neuron pre-

. . 1) . . . .
activations z; (i is that of centered Gaussians with mean 0 and covariance
b

C
€5 eh) _ 5 . w § : . .
Cov (Zil;aﬁzig;ag) = 51”2 Cb + 7 Tjia1 Ljsan )
0 =m0
we have for any fixed k that

sup  sup
n>1 g1 . ja)

(1) (1)
H(J(1>,..., J(k)))<oo.
Hence,

K (p1 (89) vy Dk (8;}))) =0 (73 <g (J(“), a € [k]) connected)) ,
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where P is the probability measure associated to our random draw of JU ... J®)  To
(a)

complete the proof, note that since m, g, are fixed, by a simple union bound, we obtain

P <Q <J(a), a€ [k’]) connected ‘ g <J(a), a€k - 1]) connected> =0(n™).

Hence,

P (g (J(“), a € [l{:]) connected)

= O(nikJrl). (48)

Thus,
K (pl <8g)) e Dk (8%1))) = O(n_k+1),

as desired. u
Propositions 17 and 19 together show that the conclusion (39) of Theorem 16 holds
at layer 1. In conjunction with Proposition 17, the following result establishes that if the

conclusion (39) of Theorem 16 holds at some layer ¢ > 1 then it also holds at layer ¢ + 1.
This will complete the proof by inductive of Theorem 16.

Proposition 20 (Inductive Step: Reducing to smooth cumulants) Fiz ¢ > 1.

Case 1: Suppose that o is smooth. Assume that for any collection
F = (f; RAXN(oT) R G — 1,...,m)

of smooth and polynomially bounded functions and any g; as in the statement of Theorem
16 the conclusion (39) of Theorem 16 holds at layer ¢:

sup n* 1k (gl (8&9) yoo oy Ok (8;@))‘ < 0.

n>1

Then, if p1,...,pr are any polynomials in m variables, and F = (f;,i=1,...,m) is an
arbitrary collection of smooth and polynomially bounded functions f; : RIAXN(mor) _y

then
sup n* 1k (pl (Bgﬂ)) sy Pk (8%+1)>)‘ < 00.

n>1

Case 2: Suppose o is not smooth but satisfies Assumption 1 and that (DJZ(Z) a€e A |J| <

ayo0
) is non-degenerate in the infinite width in the sense of (7). Assume that for any collection

F = (f; RAXN(oT) R G — 1,...,m>
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of measurable and polynomially bounded functions and any g; as in the statement of Theorem
16 the conclusion (39) of Theorem 16 holds at layer £:

U CICRORRRACH)IEE

Then, if p1,...,pr are any polynomials in m wvariables, and F = (f;, i=1,...,m) is an
arbitrary collection of measurable and polynomially bounded functions f; : RMAXN(no.d) _y R

then
sup [n* 1k (p1 (8(;“)) sy Dk (855“)))‘ < 0.

n>1

Proof The proof of Proposition 20 is similar but somewhat more involved than that of
Proposition 19. Moreover, the two cases are proved in essentially the same way, except that
we will employ the different cases in Lemma 13. We give the details in the case when o is
smooth and indicate where the proof is modified slightly to handle the non-smooth case.

To start, as in the proof of Proposition 19, note that since cumulants are multi-linear
(see (24)), it is enough to assume that p; are monomials. Thus, borrowing the notation
from the proof of Proposition 19 (see starting (45)), we find

o (p1 <8%+1)) N (8%+1))> _ nzﬁuu...ﬂ(a)) Z . (f(%f)l), o 5:;:)1)) ,
JO T
where

ij)l : HHf(é:;17 fZH —f( (£+1))'

i=1¢g=1

Note that, as in Proposition 21, the polynomially bounded assumption on f; and the non-
linearity o together with the Gaussianity of weights and biases show that

sup‘ ( ﬁrl , f(Hl))’ < 0. (49)

Using the law of total cumulance (22), we find that (pl(agﬂ)), . ,pk(BgH))) equals
— (g 4 4-g(®) £+1) (¢ 12+1)
.y ! ) “(”( m)’}-)) A ( S | FE ))
T=(T1,...,7B) JO gk
where 7 is any partition of [k] and
fJ(ﬂ'b) = (fJ(a), a < T‘—b) .

Just as in the proof of Proposition 19, we may interpret the sum over J® ..., J®) as an
average over the distribution in which jé?i) are drawn iid uniformly on [ng41]. Writing £ for
averages with respect to this distribution yields

R (PO @) = 3 e [r(w (AT 1FO) e (10 1 F9))]

T=(T1,0-,7p)
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As in (47), we may associate to each collection J () the graph G (J (’”)). Recall that by

Lemma 14, the neurons pre-activations Dézl(é ; Yin layer £+ 1 are independent for different

i conditional on F). Hence, in view of the vanishing property (23) of cumulants, we obtain

that & (p1(8(£+1)), e ,pk@%*”)) equals

Z £ [1{Q(J(’Tb)) connected Vbe[B]} (“( Jﬁjll) |]:(€> H( Jf:; | F¢ ))}

= (1)

Since we’ve assumed that f; are smooth and polynomially bounded, Lemma 13 shows that
for each b € [B] = {1, ..., B} the conditional cumulant ( [ (Hl) | z(f)) is a smooth function

of the centered entries DJ! D2 A((M)ag of the conditional covariance of ( azz(éj(l ,ae A |J| < r)

given F(). Thus, since these entries are collective observables at layer £ we may apply the
inductive hypothesis of Case 1 to find that

K (pl(Bng))a e apk(B%H))) = Z P [g (J(“b)> connected Vb € [B]} O(n=B*1h).
T=(T1y0 )

Combining this with the estimate (48) shows

. <p1 <8%+1)> DR (8;@1))) _ Z ~B+1 ﬁ noIml+y — Ok,

Tr:(ﬂllz"wﬂ-B)

as desired. The proof in Case 2 is almost identical. The only difference is that, we must

introduce the event
S = {|ALEO] <71/} (50)

Q12

Precisely as in the proof of Lemma 18 we find that
P(S;) = O(n™>).

Hence,
K (pl (8;5“)) yero s Dk (8;?1))) =K (pl (B%Jrl)) yeey Dk (8(6+1 ) | S ) +0(n™),

where we’ve implicitly used (49). Moreover, since in Case 2 we assume that the vector
<DJ GO < o€ .A) is non-degenerate in the infinite width limit in the sense of (7),

CY’LOl
Oé’LOé

we see that for n sufficiently large the covariance of (DJ DT < ac A) given F©),
which is the matrix with entries

E [DJIDJQZ(Z) i| y 1,0 € .A, |J1| 5 ’J2| S T

ajan

is also non-degenerate. On the event S,,, the conditional covariance of (Di fe; VI < ac A)

given F(), which is a matrix with entries DJlDJ2 Z&I)Cm is also non-degenerate for all n
suﬁ"lciently large. Hence, we again conclude by Lemma 13 that conditional on S,, (which is
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measurable with respect to F()) for each b € [B] the conditional cumulant x ( ijbl) | F© )

is a smooth function of D! 1DJ2 25130@: which are collective observables at layer ¢. The re-
mainder of the proof now proceeds in the same way as for Case 1. |

6. Proof of Theorem 4

Let us recall the notation. We consider a random depth L neural network with layer widths
ngy .-, NL+1 with
de,C > 0 s.t. ecn <nq,...,np < Cn,

and a non-linearity o that satisfies (1) for some r > 1. We also fix p > 1 directional deriva-
tives dy,...,d, as in (6) and the corresponding vectors of iterated directional derivatives

D=7 = (Dg A a e A T = (i, dp) €NPLT] < r) .
Theorem 4 concerns, for each fixed m, ¢ > 1, the expectation of a function f of of the form
f(Df”" RN el B
which depends on all directional derivatives in d; of order at most r in any m neuron pre-

activations at layer £ + 1. We seek to show that if f is both continuous and a tempered
distribution, then for all g, > 1 we have

E [f <D< § V... D= ffj)ﬂ = O~ 1)+ (51)
2q* / q
+Z 24 l K( Z A o ZaDnga D7, m) f(DirZ1,--wD§rzm)> }
=0 =7 71 e
a,a’e

We remind the reader the notation in this formula. First, we continue to denoted by (-),
the expectation with respect to a collection of centered jointly Gaussian random vectors

Dirzi = (Dizm, ac A |J| < r)
with the same covariance

Cov (Dilyzil;aw Dézziz;OéZ) Cov (Djl ") DJ2 " ) =0 th,(é)

[e%1] 11 al?) Taz zz,az i1i2 Koy ag

as the true vectors of derivatives D4 <r (Zj‘l in each component separately but zero covariance

for different i. Second,

O =E[p=r@], w20 = (D]D 2())%55, (52)
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is an average of the conditional covariances

DJDJ’ ( ) — Cov < Zg 1) DJ’ (€+1) | F 6)) _ DiDi: Cy + wa Za (z@é) o (z({l/>

ala 73
f]l

Finally, Aii,’(e) measures the corresponding fluctuations:

AL = sl ~r[piDgsl],

aa’

J7,(0)

and we collect Ai ./ into a matrix as follows:

<r(0) . ( AJT(0)
A= ()— (Aaa, )‘JHJ’|<7’

a,a’'e A

Our first step is to note that since the weights and biases in layer ¢ + 1 are Gaussian,
independent of one another, and independent of the sigma algebra F) generated by all
prior weights and biases, we may write

E [f (D<7" ﬁjl), o >D§Tz££;—t41)>] -F [f <<Z§r,(g)>1/2 Zi (Zgr,(£)>1/2 Zmﬂ ,

where Z1,...,7,, are standard Gaussians which are independent of one another and of
=0 Moreover, because £="() is PSD the relation (52) ensures

ker(k) C ker(257")) as.,
where we recall our standing notation that s = E [257", (Z)] By decomposing
Z; = Zi;|| +Zi. 1, Zz';H € ker(n(z)), Zi| € ker(lﬁ(é))l

and writing EET’(@ for the compression of =" onto ker(/@(g))l we obtain by a slight abuse
of notation that

E[f (D230, D<) =B [f ((Ei““))m g (550) Zm,l>].

The key point is now that Z; | are standard Gaussian vectors supported on a subspace

on which k) is strictly positive definite and that EET’(Z)

Consider the event

maps this subspace into itself.

n—{‘Aaa, Z)’ <n Y a,d € A, |J], ‘J’ <r} {H ZST”(@HOO<TL_1/4}.

Note that, by applying Theorem 16 and arguing exactly as in Lemma 18, we find that since
ATT0)

- are centered collective observables,

Vg >13C, > 0s.t. P(SS) < Cy-nY,
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which we summarize by writing that P(S$) = O(n™°). Since f is a tempered distribution
and a continuous function, its expectation against any Gaussian is finite and we therefore
have

E [f (Dérzg‘f;”, o ,Dﬁrzgfjj))} =K [1snf ((zf“(@)m Zii,. .., (zf“@)m Zm,L)] :

~

plus an error of size O(n~%°). Let us denote by f(1,...,&y,) the Fourier transform of f
and abbreviate

E=(&,nbm)s EIP=D0NGIP,  de=der--dém
=1

For a C > 0 that we will choose later let us write

E [lsnf <<EET’(Z)>1/2 VATIRER (EET’(Z))UQ Zm,L>:|
_ 7 _1 = Tw<r,(f) ¢
S GE PIE &]

= 1 O s (0)
= J(ﬁﬂEll  €XD l— ¢r'y 51] dg
As%mog(n) i 2; .

~ 1 m ST’(@)
' FOE !1 n OXP !— &'s f” dé
A£2SCIOg(n) . 2 ZZ; s

= Ic+1lc.

1s, exp

dg

Let us now check that
Vg >13C =C(q) st. Ic =0(n"1). (53)

By the fundamental structure theorem of tempered distributions (see e.g. Friedlander et al.

(1998)), there exist bounded continuous function u; ; and an integer o( f), called the order
of f, such that

Q)= >, DM, (54)
I,J
11,J]<o(f)
where where the derivatives D7 with respect to &1, ..., &y, are defined in the weak sense and

¢ raised to a multi-index I denotes the corresponding monomial. Thus, we may use (54) to
write

1 — <
Io| = D’ [ ¢ |1 2N eIes=Oe ) a
el 2 As%mog(n)uLJ@) (5 [Snexp[ 2;@ * g”) ¢

I,J
[1],]J]1<o(f)
1 & ,
< D>l / E[15n|po<f><5>\exp [—zZsfzi ’%”da
1,J [1£]]7>C log(n) i=1
[1],|J]<o(f)
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where p,() is some polynomial of degree at most 20(f) in the variables &1, ..., &y, in which

<r,(6)

the coefficients are themselves polynomials the entries of ¥X7"". On the event S, entries

of EEMZ) are uniformly bounded in n since by Theorem 16 the entries of x() are uniformly
bounded in n and the event S, guarantees that the difference k¥ — £=() is small for all
large n. In particular, for some T' > 0 we may write

o(f)
1g, .

Po(p) (€1, &m)| <15, T (1 + H€H2>

Note moreover that for all n sufficiently large, on the event S,,, we have that for some \g > 0
and any ¢ € ker(k())+ that

1 r
SETEE 08 = 2o lel .

Hence, passing to polar coordinates, we find that

<t Y |mhmm/1 (14 72U mN DA Ao g
, r2>C'log( )
1131<e()

where we recall that N(r,p) is the number of derivatives of order at most r in the p vector
fields di,...,d,. Thus, we conclude that that for any ¢ > 1 there indeed exists C' =
C(q),C" = C'(q) such that

IC < C”n_q,

confirming (53). We therefore define C' := C(g. + 1) and rewrite 1o as follows:

Il = FIOE |15, exp |—= > ¢lnn®
. /|g|2<mog(n>f(§) snep[ Zg ”é

= / (&) exp [—125?#)@] [15 exp [—ZgTW ” de.
€12 <C log(n) 2

Note that on the event S,, there exists T' > 0 so that

m . 1
sup E ?Ai ’(z)fi < CTm |A]? Ogl(/z).
1€11><Clog(n) i=1 n

Hence, we may choose Q* = Q*(¢*,C, | A|) > 1 so that

Q*

q
=E |1 nz 2[“ (ZfTA<T l) +O0(n~ 1),

q=0

E

1g, exp [— ZfTA<T O,

(55)

We thus conclude that Il equals

Qx q m
(*1)‘1 T A <ry( ’\ ox _1 Tﬁ(@) '
2t e (55557 | R0 |5 St

q=0
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plus an error of size O(n~%~1). Note also that by applying Lemma 18 we have

m q
1g, <Z §?A%)§i>
=1

Hence, since ]?is a tempered distribution and x® is strictly positive definite on ker(/ﬁ(@)J—,
the terms corresponding to 2¢* +1 < ¢ < Q* in (55) are of size O(n~%~!). Moreover,
applying the same reasoning as we used to bound Iz, by incurring another error of order
O(n~%~1) we may drop the restriction in I that ||¢||* < C'\/log(n). All together, Il
therefore equals

=0 (JlelPnT41) .

s oG o]

q=0

plus an error of size O(n~%~!). Using that multiplication by components of ¢; acting
on the Fourier transform corresponds to differentiation of with respect to the variables
{DJz.0, @ € A, |J| < 1}, yields the desired expression (51) and completes the proof of
Theorem 4. ]

7. Proof of Corollary 6

The goal of this section is to derive recursions for

Ko = ik (AL, ..., AL0),
—_—
k times

where we defined ALy, in (11). Let us write

so that
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By symmetry, we then have
2 C2

ket =E [(A,@Q) ] = n—VZ]E [(X7] + Cfy (1 —ny ') E[X1X2] (56)
3

W) =B (a0)]

c3 3C3 1 1 2
- nszE [(X7] + =% (1 — > E [X{Xs] + Cjy <1 - ) (1 — > E [ X1 X2X3]

g Ty

(57)
= (a)] e [(Aa@)f - G (g [xt] - 35 [x2]?)
<;1> {E [X2X,)" - E [X2] E [X2] - 2F [X1X2]2}
+ {E [X$X,] —E[X}]E[Xo] — 2E [X7] E [X1X,)] H

+ Ciy (1 - 1) <1 — 2) (;) {E [XiXoX3] —E [XT] E[X1Xo] — 2E [X1X2]2}

T

+ Ciy (1 - nlg) <1 - ni) (1 - ;;) E[X1X2X3X4]. (58)

To evaluate the mixed moments of X; that appear in (56)-(58), we use Theorem 4 in the

case g = 1,7 = 0,¢q, = 1. In this setting, if f is a continuous function and a tempered
distribution, we find

4
E |:f (Z](_;L) ey 21(73?0{)] = (f (Zl;a, e 7Zm;oz)>ﬁ(£) (59)
/@(f) m 2
MGZRET < D 2] f e .,zm;a)>
=1 w(0)
/ﬁ((;f) m ’
=1 (0
(0) 0\? 4
HS;a + 3 /434;& m )
+ 24 <4| ) < Z azzj;a / (Zl;on cey Zm;a)> + O(n 4).
k(0

j=1
We remind the reader that, by definition, z1.qa,..., Zm:« are iid centered Gaussians with

variance k4a. Since the derivations of (16)-(18) are very similar, let us give the details for

only cases of ﬁff)a and ng)a. We have, using (59), that

w0 = [ (20)"] = S (o), - (4))

1
+C% (1-n;h) (<X1>ig; +3 (0%0%)0 ﬁyg) +0(m™2).  (60)
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Next, note that by Theorem 4 we have
ria = KL +0(n™).

Moreover, note that since z, # 0, we have K&Q is non-zero. Hence, Gaussian integration
by parts yields that for any measureable polynomially bounded f we have

()@ = ()0 +O(n7"). (61)
Raa Ko
Note also that for all ¢ by applying (59) we have
LRGN —2
(Xi)wo = —gh4a (0°X1) oy +O(n72). (62)

Thus, recalling the definition (72) of me the estimate (60) immediately yields (16). Next,
using (59) as well as (61) and (62) that

CHE[X]] = Oy (XT) oy + O(n™) = T§3, + O(n 7).

Further, we seek to evaluate E [X{X5] up to errors of size O(n=2). We apply (59) as well
as (61) and (62) to obtain

CiE [XTX,] = CW <X1>H<Z> (X2) o0 +O(n?)
[< D) ko (0 Xa) o + 2(PXT) i (92 X2) o]
N TQ(@ O 0 4 o2,

20X |04

Finally, we must evaluate E [X7X5X3] up to errors of size O(n3). Again using (62), we
find

CivE [X1X2X5] = Ciy (X1) w00 (X2) o0 (X3) 000
c3 _
+?W iL [6 (X1) o0 (07 X2> 0 +O0(n 2)]
c3
+7‘§/ é()x [ <‘92X1> o +0(n~ )}
ICy (@ -3
+ = <x|| a/€4.a> +0(n™7)
3 3 _
=270 (A0) (0 X0) i + () L+ O,

This completes the derivation of the recursion for mé{i. O

7.1 Proof of Corollary 8: 2nd, 4th Cumulants at Large Depth for the K, =0
Universality Class

In this section, we complete the proof of Corollary 8. The results when o is the ReLU
follow directly form the exact formula (76). For non-linearities such as tanh in the K, =0
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universality class, our starting point is to observe that for every x, # 0 and § € (0,1) we
have

1

K = =+ 0s(67%1), (63)
a

where the implicit constant depends on §,z, and the constant a is defined in (79). This

result was already derived in (5.93) of Roberts et al. (2022) (see Proposition 22 for a

mathematically complete proof). In order to prove Corollary (8) for k = 4 we must therefore

show that

o _ 2 -1 _% () 2 —1
Fin = 51+ 0(7)) = = (KQ) 1+ 0(™). (64)

The proof of this estimate is a straightforward calculation using Theorem 4 and the technical
Lemma 23. Indeed, Theorem 4 shows

of 2
K = =X (<‘74>,$<e> - <‘72>i<4>) + (M%) Al

Ty
plus errors of size O(n~2). A direction computation then yields

Civ

L

()0 = (Vi) = = (<42) (L4 0 M)

Hence, setting ny = n we may apply Lemma 23 to obtain

2

73n€a2(1 + 0.

0
The proof of Corollary 8 for k = 6,8 is similar and is left to the reader.
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Appendix A. Proof of Theorem 2

Our proof of Theorem 2 closely follows the proof of Theorem 1.2 in Hanin (2021). Let us
first recall the notation and assumptions. We fix o : R — R such that

e There exists r > 1 so that the r-th derivative of o belongs to L°°.
e There exist ¢, ¢ > 0 so that

2 c/ d’l’
e~ g o(x)

We take C, > and Cy > 0 and consider a random depth L neural network with input
dimension ng, output dimension ny 1, hidden layer widths satisfying

de,C > 0s.t. en<ny,...,np < Cn, n>1,
non-linearity o and random weights and biases as in (2). We also fix a finite collection
zp = {xq, a€ A}
of distinct network inputs as well as an integer m and study for each ¢ the random vectors
Dgrsz) = (DSTZZ-;A, 1=1,... ,m) ,

where

D<"zi4 —(DJ © aeA,i:l,...,m,\Jygr)

a za’

are the derivatives of z“) of order at most r. Our goal is to show that, as n — oo, the joint

distribution of the random vectors DSTzl( 34 converges to that of of centered jointly Gaussian

vectors that are independent for different i and satisfy

lim Cov (DJl ) play “)) D D2 KW

) Y
n—00 o1 %i; e a2 zozz aja

where

no
K5 = Ot Cw {0 (2a)o(28) e s Kay = Cot Cw D _ e T
j=1

is the infinite width covariance from Theorem 2. To prove this, let us denote by F ©) the
sigma algebra generated by the weigts and biases in layer up to and including ¢. Observe
that, conditional on F), we have that D<7"z(€)4 are already independent for different ¢ and
that, since the weights and biases are Gausswm each is a centered Gaussian with conditional
covariance

aq zal a2 zaz ala)

Cov <DJ1 (L) pz ) ’;ﬂ >> DI D%

where

2 00s = Z ( JOﬂ) (Zﬂ(ég@) '
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Thus, by the continuous mapping theorem, it suffices to show that for any multi-indices
J1, Jo with |J;| < r and any o, s € A we have

nlgrl;o E [Dil1 D 2%3%} exists and is finite (65)
and
: J1 yJ2 (¢
lim Var [DJ, D23, | = 0. (66)

We establish (65) and (66) by induction on ¢ the following more general statement.

Proposition 21 Denote by N(ng,r) the number of derivatives of order at most r in ng

variables. Consider any measureable function f : RNG0XIAL 5 R that is polynomially
bounded, and define

e

(’);f) = o Zf (Dgrzj;A) .
j=1
Then,
nh_)ngo E [ng} exists and is finite (67)
and
lim Var [ng)] ~0. (68)

Proof We proceed by induction, starting with £ = 1. Since weights and biases are Gaussian,
the vectors Dgrzi(;lf)l are independent for all ¢ and jointly Gaussian. The polynomial growth
assumption on f show the moments of f(x) are finite if x is Gaussian. This allows us to
apply the SLLN to conclude both (67) and (68).

Let us now assume we have proved (65) and (66) for layers 1,...,¢. We start by fixing
any polynomially bounded f and establishing (65) at layer ¢ + 1. We have

E|0f V] =E[f (D21)]

As above, conditionl on F®), we have the following equality in distribution:

1/2
D=7z 4 L (2500) P2 2N (0 Iner) (69)

where Z is independent of the conditional covariance matrix

=00 _ (D DR,

>a1,a2€¢4

The key observation is that each entry of 2" is of the form (’)Ef) for polynomially bounded
f. Hence, we may apply the inductive hypothesis to conclude that there exists a matrix
»="® gsuch that the following convergence in distribution holds

pIRORECIS sE as  n — oo.
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The polynomial growth assumption on f together with the Skorohod representation theorem
and dominated convergence show that

n—o0

lim E [f (D* z1,4)] =E [f <(E§r,(€))1/2 Z)] =: @Sfﬂ) exists and is finite.

This proves (67). To show (68), we proceed similarly. Namely, we have

v o] = v (0745 (1) (0 (0745) . (45)

Note that

Var [ (D)) <& [ 157 [ (03]

Jj=1

Hence, since f? is also polynomially bounded we have already shown that (67) holds at
layer £ 4 1, we see that

Var [0 0] = Cov (f (D=3) £ (D=28Y)) + 0.

Next, using that conditional on F© the vectors D=" (gl) are independent for different ¢

we conclude from the law of total covariance that
Cov (f (D=A3Y), 1 (D= 44")) < Var [IE [f (p=r=4") ) }"Z)”

Combining the equality in distribution (69) with the polynomial growth condition on f and
the dominated convergence theorem we find

Tim Var [E [f <D<7’ ‘ FO ” — Var [IE [f <(2<’"’“>>1/2 Z>” —0.

This completes the proof that (68) holds at infinite width, establishing Proposition 21.
|

Appendix B. Criticality and Universality in Wide and Deep Networks

In the main body we presented two kinds of results about the structure of random neural
networks at large but finite width. The first, Theorem 3, concerned the order of magnitude
for cumulants of the output of such a random network and its derivatives. The second,
Theorem 4 and Corollary 6, spelled out recursions with respect to the layer index ¢ that
describe, to leading order in 1/n, network cumulants at layer ¢ + 1 in terms of those at
layer £. Our purpose in forthcoming sections is to analyze these recursions at large ¢ and to
apply this analysis to obtain results about the structure of gradients in deep fully connected
networks. Before doing this, we must take a step back and ask: for which o, Cy, Cyy are the
recursions (4) describing the infinite width covariance K well-behaved at large £?
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In section §B.1, we recall a more or less canonical answer to this question whose roots
are in the early articles Poole et al. (2016); Raghu et al. (2017) and that was recently spelled
out in the generality presented here in Roberts et al. (2022). This procedure, called tuning
to criticality, prescribes combinations of o, Cy, Cyy for which K (®) is indeed well-behaved at
large £. As we shall see below, the term criticality is meant to be evocative of it’s use in
the analysis of 2d systems in statistical mechanics in that tuning to criticality consists of
choosing Cj, Cyy so that the infinite width covariance function K® is as close to constant
as a function £ as possible.

At a high level, there are two reasons to ask that K ) be slowly varying as a function of £.
First, it arguably only makes sense to study perturbative corrections in 1/n recursively in £
if the limiting n — oo covariance structure does not change too rapidly between consecutive
layers. Second, and perhaps more importantly, as explained and thoroughly validated in
Park et al. (2019); Raghu et al. (2017), deep fully connected networks (without residual
connections He et al. (2015), batch normalization Ioffe (2017), etc) are numerically stable
enough for gradient-based optimization to succeed only if they are tuned to criticality.

We discuss in §B.2 how considerations underlying criticality naturally give rise to a
notion of universality classes for random neural networks. Even the correct definition of
universality is still not fully understood. Unlike in random matrix theory, universality for
random neural networks depends not on the statistics of the individual weights and biases
(though this is also an interesting direction to consider e.g. Hanin et al. (2022)) but rather
on the effect of the non-linearity o on the behavior of the infinite width covariance K© at
large values of the depth /.

Before giving the details, we take this opportunity to emphasize, as we have elsewhere,
that the definitions of criticality and universality, the approach to solving the recursions
for fsg,i; ., from Corollary 6, and the resulting lessons learned about the role of the effective
network depth L/n closely follow the ideas developed in the monograph Roberts et al.
(2022). Though we pursue them in a somewhat different way, the author would nonetheless
like to acknowledge that his co-authors Dan Roberts and Sho Yaida in the book deserve
significant credit.

B.1 Tuning to Criticality

As originally explained in Poole et al. (2016); Raghu et al. (2017) and recently spelled out
in a definitive way in Roberts et al. (2022), tuning a neural network to criticality means
seeking choices of (Cjp, Cyy) that lead to critical fixed points of the form (K., K, K,) for
the recursion (4), viewed as a dynamical system describing (K&%,Kgg,[(&%) with time
parameter £. Specifically, criticality requires

dK, >0  s.t. K. =C,+Cw <02(z)>K* ()
0K

oKD
oK)

aB
ves1 o —o8
OK.))

=1 (D

KSd=K.

=1, (L)
K A=K d=K{)=K.
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where

)
KC(MB = Cb =+ CWKéoﬂ)u ((105) - no ij;axj;[% Loy Xp € R™,

The intuitive meaning of these conditions is as follows. Due to Theorem 2, the first guar-
antees the existence of a fixed point K, for of the recursion

K((X@'l) =Cy+ Cw <02(Z)> (70)

K

of the infinite width variance. In particular, (x) implies

K = Cb+—|! ol? = — Ké@—hm\/ar[(e)] K., Vi>1.

n—oo

Thus, if a network is tuned to criticality, there is a critical radius

K24 := noCy (K — Cp)

crit
such that for inputs z,, on the sphere of radius K the variance of z ., is independent of ¢
in the infinite width limit. In non-critical networks, we expect this variance to either grow
or decay exponentially in ¢, leading to numerical instabilities The second condition (||)
considers the infinite width limit of the variance of z for an input z, for which K is
close to K. Specifically, condition (||) requires for all E > 1 that

K =Varl)] = K.+ 6K = K= lim Var { (¢ )} = K, + 0K + o(6K).

n—o0

This guarantees that the fixed point K, of the recursion (70) is critical and hence that
for inputs near the sphere of radius K¢t the variance of the resulting pre-activations z“)
is approximately constant in ¢ at large n. The final condition (L) considers instead the
covariance between two inputs on the sphere of radius K. Namely, given two nearby
network inputs z,zg € R"° with

K = K| = K., KQQ_CJr—ZmeJB—K—(SK,
7=1

the third condition asks that
K(e) = lim Cov (de) z@> =K, — 0K+ o(6K), W
af n—00 a0 7158 * ’ .

This ensures that the covariance between pre-activations z( ) and z! ﬂ corresponding to two

nearby inputs on the K .-sphere are approximately mdependent of ¢ at large n. A simple
computation directly from the recursion (4) shows that

oD Cov 1o
W)= ] | =S, (™)
aK(éJrl)
) 2
XL(K) = (9K(2 K=K Y=Kk)=K N CW<(8ZU(Z)) >K' (72)
o B~ Rap™

Hence, all together, tuning to criticality requires

K,>0st K,=Cy+Cw <02(z)>K* and X[ () = x1(Ky) = 1. (73)
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B.2 Universality Classes of Random Neural Networks: Two Examples

We now turn to discussing the notion of universality classes for random neural networks. To
start, recall from Theorem 2 that the behavior at large depth £ of random fully connected
neural networks at infinite width is completely specified by the asymptotics of the limiting
covariance function K®. Observe, moreover, that the coefficients in the recursions for k =
2,3, 4 of the cumulants /1;5,:,2 from Corollary 6, which by Theorem 3 determine the behavior
of random neural networks at finite width to the first four orders in 1 /n, are completely
determined by o, the infinite width covariance K, and cumulants n;?; o < ko Itis
therefore in terms of the large ¢ behavior of K that we should hope to define universality
classes of random neural networks at large depth. At present it is not clear what the correct
general definition of such a universality class should be. We content ourselves instead with

studying two important classes of examples.

B.2.1 THE UNIVERSALITY CLASS OF RELU

The most popular non-linearities used in practice are positively homogeneous of degree 1,
i.e. have the form

o(t) = (a-Lyeoy +arlysopt,  a,ap €R, a_#ay, a2 +al #0. (74)

Such non-linearities include the ReLU (a— = 0,a4 = 1) and the leaky ReLU (a_ €
(0,1),a+ = 1). A direct computation, left to the reader, shows that criticality is achieved

if and only if

2
Ky > 0is arbitrary and C, =0, Cw = 5——.
ai +aZ

Thus, the first property of the ReLU universality class is that setting (Cy, Cw) = (0,2/(a? +
a?)) allows all non-negative K, to satisfy (x). In fact, at criticality, a simple symmetrization
argument shows that the variance of neuron pre-activations is preserved exactly even at
finite width

Var [zz(go){} = Var {21(2] = Z—W |]:1:a|]2 Yl ng,...,ng > 1, xo, € R™ (75)
’ ' 0
and, relatedly, that we have
¢ l n
X = X (EQ) = 1=x 1 (KQ) = x),,  ¥0>1, 20 €R™.

The remarkable property (75) is much stronger than the criticality condition (x), which
requires only that this condition holds for some value of ng! ||z4||* and only in the limit
when n — oco. It implies that the cumulant recursions from Corollary 6 for 1—homogeneous
non-linearities have constant coefficients and are therefore particularly simple to solve. For
instance, we find at leading order in 1/n

C2 2
A= 5 g - ]+ (42

2 2 2( ai—i—af ) 1
S . — i | ,
<(a2++a2)no [zl > (a2 +a%)? an/

=1
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which shows that while /ﬂfa is suppressed by one power of 1/n relative to the infinite width

variance K4a, it also grows one order faster in £. This illustrates an important and general
theme: depth amplifies finite width effects. It is the effective depth ¢/n of neurons at layer
¢ that measures the distance to the infinite width Gaussian regime.

Moreover, in the special setting of 1-homogeneous non-linearities there is a simple
method for obtaining the full distribution of the pre-activation vector z{’ at a single input
at any finite values of ng,...,n,. This was first pointed out in Hanin (2018); Hanin and
Nica (2020b); Zavatone-Veth and Pehlevan (2021) and is briefly reviewed in Appendix D.
A key takeaway is that if we take the hidden layer widths n; = --- = ny = n, then we
have following convergence in distribution to product of independent normal and log-normal
random variables:

9 /
. d 2||lxq
lim Zi(;? = (WLGL‘)%) Zyexp [—pu(, at,a-) +o(§,aq,a-) 2], (76)
L/n7—>§E[O,oo) + B
where
4 4
2 § ay +aZ ..
_) = == (6—"-=-1 Z1,Zy ~ N(0,1) iid.
:u(g)a+7a ) g (£,CL+,(Z ) 4( ((I2++(1%r)2 >a 1, 42 ( ) )11

The convergence (76) reveals that for a fixed input the distribution of the output of a
random with 1—homogeneous non-linearities at large depth and width depends in a simple
way on the limiting effective network depth £. This bolsters the claim that they are all
part of the same universality class. It also means that increasing the network depth L
drives it away from the infinite width Gaussian behavior observed at £ = 0 and that the
outputs of deep and wide networks are not well-approximated by a Gaussian at all, unless
¢ is infinitesimal, in which case the log-normal term exp [—u(&, aq,a—) + 0(&, aq,a_)Zs] is
negligible.

Prior work Hanin and Nica (2020a,b); Hanin and Rolnick (2018) of the author shows
that when o = ReLU (or any other 1-homogeneous non-linearity), the distribution at large
n, L of not only the network output zé,La“) but also is derivatives with respect to inputs x,
and model parameters (e.g. weights and biases) depends only on the effective depth L/n.
We further note that it has also been observed that log-normal random variables describe
the structure of gradients in residual networks, even during/after training Li et al. (2021).

To complete our discussion of the ReLU universality class, we make two final remarks.
First, a direct computation (reviewed briefly in Proposition 26 of Appendix D) shows that
at criticality for any non-zero inputs z,,, £, € R™ with the same norm we have

lim Corr (z(@ 29 ) =1 ME,QG + o(1)). (77)

n—yoo b’ Tisan 37T(a3_ +a?)

The power law exponent 2 that appears in this estimate is common to all 1—homogeneous
non-linearities and is another reason to believe they fall into the same universality class.
In contrast, this exponent equals one for non-linearities in the K, = 0 universality class
presented below. The estimate (77) suggests that in order to define a double scaling limit

n, L — oo and L/n — ¢ in which the entire field z, — 24" is non-degenerate (rather than
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just its value at a single input) one must rescale distances in the input space to prevent
the collapse of correlations otherwise guaranteed in (77). We leave this as an interesting
direction for future work.

B.2.2 THE UNIVERSALITY CLASS OF HYPERBOLIC TANGENT

The second class of non-linearities we study is what Roberts et al. (2022) termed the K, =0
universality class, which we take to mean non-linearities ¢ such that

e o is a smooth, odd function satisfying Assumption 1.

e o satisfies

<0 R S A (78)
J103 s g5 1= j!dtj agl\t).

t=0

e K, =0 is the unique fixed point of equation (x).

e At criticality, for every non-zero network input z, € R™ and each ¢ € (0,1) we have
as L — oo that

1 _
K(E = — (1+0(L71), (79)
where the implicit constant depends on ¢ and x, and we’ve set
a:=—623.
01

This specific value of a, which is positive by (78), is the only possible candidate for
decay of the form (79) that is consistent with the recursion (4).

Some remarks are in order. First, if K, = 0 is the unique fixed point for (x), then a simple
computation shows that criticality is achieved if and only if

K, =0, Cp =0, Cw = o072 (80)

Next, our definition of the K, = 0 universality class does not make apparent whether it
is empty. As we will see in Proposition 22, however, the K, = 0 universality class is in
fact quite large and contains for example the hyperbolic tangent and more generally any
non-linearity that is tanh-like in the sense that is smooth with o1 # 0, has the opposite sign
as its second derivative

for almost every z, sgn (o(z)0”(2)) = —1,

is sub-linear

3C >0 s.t. Vz e R |o(2)] < |o17],

and is controlled by its first few non-zero Taylor series coefficients at 0:
3C > 0s.t. V2 >0, 01240325 < o(z) <o1z+ o325 + Oz,

Further, by definition, for the K, = 0 universality class, the infinite width variance Kya

O

of neuron pre-activations z;./ is qualitatively different from that of 1—homogeneous non-

linearities. Indeed, K4 depends on L, decaying polynomially to 0. Moreover, at large L,
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the value of K4 is independent of the initial condition K{a to leading order in L. As a
final remark let us point out that searching for non-linearities o so that K, = 0 at criticality
is quite natural. Indeed, for any o that is twice differentiable, we have

X|(K) = x1(K) + Cw (o(2)0" (2))
Hence, if K > 0, then
X(K) =1, x0.(K) =1 = (0(2)0"(2)), = 0.

But if o is a sigmoidal function such as tanh, then o(z)c”(2) < 0 for all z # 0. Hence,
(0(2)0"(2)) ¢ = 0 can only occur when K = 0.

As in the monograph Roberts et al. (2022), let us now probe the role of network depth
by studying the large L behavior of the cumulants /1;2) o kB =2,3,4, in networks with non-
linearities from the K, = 0 universality class tuned to criticality. Note that in (79) the
limiting behavior of the variance Ky depends (mildly) on the non-linearity o in terms of
is first few Taylor coefficients at 0. As we are about to see, however, the behavior of the
higher cumulants /1(2? o k= 2,3,4, when normalized by the appropriate power of K is
independent of o at 1éading order in n and L and depends only on universal constants and
the effective network depth L/n.

Appendix C. Infinite Width Analysis of Tanh-like Non-linearities

The purpose of this section is to derive some basic properties of the infinite width variance
recursion

K = Cy+ Cw (0(2)) 10 - (81)
We abbreviate )
_14
Cjldai,_,

o(x)

and consider here the case when ¢ that is a tanh-like non-linearity in the sense that o
satisfies:

O‘j:

e o is smooth at 0 with o1 # 0
e 0 has the opposite sign as its second derivative
for almost every z, sgn (o(2)0”(2)) = —1. (82)

Note that this forces o9 = 0 and

6
a::—£>0.

01

e ¢ is sub-linear:

3C >0 s.t. Vz e R |o(2)] < |o12], (83)
e o is controlled by its first few non-zero Taylor series coefficients at 0:

3C > 0s.t. V2>0, o1z+4032°< o(z) <o1z+ o32° + Cz* (84)
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We will be interested in understanding the recursion (81) at criticality in the sense defined
in §B.1. Specifically, we remind the reader that this means we choose Cjy, Cy so that

dK, >0 s.t. K, =Cy+ Cw <O’2(Z)>K*

X (Kx) = %W (0%(0(2)%)), =1
XL(Ky) =Cw <(0'(z))2>K* =1.

Before stating our main result (Proposition 22), let us explain intuitively what we expect.

First of all, as we shall see in Proposition 22, tanh-like non-linearities requires K, = 0 for
()

criticality. Second, by Taylor expanding the recursion (4) around small values of Kng we

find
KUY = K0 - a (K2) v o ((52)°).

This is well-approximated by the ODE

d
K () = —aK(1)?,

whose solution is

K(t) = (at + Kt())) o

This form for the solution has two important properties that we will check in Proposition
22 hold for the actual solution K9 to the discrete difference equation (4):

e At large t, K(t) tends to zero like 1/at plus an error of size roughly O(t~2).

e The leading order behavior of K (t) at large ¢ is independent of the initial condition.

Proposition 22 If o is a tanh-like non-linearity in the sense defined above then criticality
1s achieved for o only with

K, =0, Cp =0, and  Cy = o> (85)
Moreover, for every § € (0,1) we have

2o g 1

K9>0 = sup 0o~ g

aa < 0. (86)
>1

Proof The proof relies on the following estimate

Lemma 23 Fiz C1,C5, 9 > 0 satisfying
Co>1, p#Cr+1

as well as x € {<, >}. Suppose also that for each £ > 0 we have
ar1 x &+ (1—Cae, G €[0,1] (87)
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with ag € R given and that there exist C1,C% > 0 so that

e P A [ R s
Then
v -1 —Cyy y—C -1
ag+1 * 101G (L+0(7h) + e a0 (14+0(47)) (88)

where 7 is the Euler-Mascheroni constant and the implied constants depend only Cq, Ca, C1, C.

Proof By unfolding the recursion (87) we find

¢ ¢ ¢
a1 x Y & [ (0=¢m) a0 [T (1 =¢m).
s =0

We have

J4 4
[T —=¢e)=exp [Z log (1 — Co(¢") ™ + 0(5—2))]

=1

¢
O™ + 3 —Cy(e")
=1
=exp [O(L71) — Clog(€) — Cay]

=e @ (1+0(07h) .

This gives the second term in (88). For the first term, we write

4 4 4 B 4
to JI 0=¢)=> &exp| > log(l—¢)
=1 0=0"+1 =1 L =041
/ r l
=D grexp| Y —Ca(f") 7+ 0((@”)%]
=1 Le =041
l
= Z C1()YA+0¢) Hexp [—Cg log (é) + O((Z')l)]
=1

4
=072y ()Tt o)
=1
14+ Cy -

This completes the proof of (88). [ |

(L o(h).

Note that for any K > 0 we have
XH(K) :XJ_(K)+CW <O’(Z)U”(Z)>K. (89)
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Hence, at criticality, we must have
<a(z)a”(z)>K* =0.
But due to assumption (82) we have
K>0 = <J(Z)U”(Z)>K < 0.

Thus, we indeed find that we must have K, = 0 at criticality. Hence, in light of (89)
criticality is equivalent to the system of equations

K. =0=0Cy+Cwo(0)%,  x(0) = x1(0) = Cw ((¢'(2))*), = Cwoi = 1.
This system has a unique solution:
Cb = 07 CW = O;Qa

completing the proof of the criticality conditions (85). Let us now establish (86). First note
that at criticality the sub-linearity condition (83) guarantees that for all § > 0 there exists
¢s € (0,1) such that

K> = Cw <a(z)2>K < (1—c¢) <z2>K =(1—-c5)K.
Hence, for all K, > 0 there exists £y > 1 such that

KO<Kk = EKWY<s v>1. (90)

In particular, K42 is monotonically decreasing and converges to K, = 0 as £ grows. Let us

now define for each ¢ > 1

Ké@ = i—ke(e), a:=-622 > 0,
al o1

where a is positive due to (82). Note that since K&Q tends to zero with £, so does e, Let
us agree that for any ¢ € R the symbol ¢ (resp. t~) means that for ¢ sufficiently large we
may make the constant ¢+ (resp. ¢) arbitrary close to ¢ from above (resp. below). In order
to prove (86), we start with the following elementary estimate.

Lemma 24 For all £ > 1, we have

1 2
€ 62(6 1) + € <1 7 ae ) . (91)

Further, there exists a constant C > 0 depending only on o with the following property. For
all K > 0 there exists a constant £y > 1 so that if KO < K, then for all § € (0,1) we have

C 2—0 C 20
/+1 4 -
) §£3+6()(1—€ ), VEZ&;.—max{d, a,&)}. (92)
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Proof Plugging in the estimates (84) into the recursion (81) yields for some C' > 0
depending only on o

C 2 C 2 C
) « Z L O |1 24 =2 © — = (0y3
<G te [1 £+€2}+(e ><a+€>+0(e )

Note that for all £ > 2C/a we have —a + C'/¢ < 0. Hence, for all £ > max {2C'/a,C/d} we
have

€(€+1) <

= Q

+ €@ [1 - 265} + C ()3,

Moreover, if €) < 0, then (¢(9)3 < 0. If on the other hand € > 0, then from (90) we find
that there for all K > 0 there exists £y so that (¢(©)3 < a(e¥))?/4 for all £ > £y. Hence, in
all cases, for each § € (0,1) if £ > max {2C/a,C/d,4y} , we find

C 2—90
/+1 4
e )§£3+6()|:1_£:|7

as claimed. The lower bound follows from a similar but simpler computation. |

Fix § € (0,1). The relation (92), together with Lemma 23, show that for all K > 0 there
exists some C’ > 0 depending on §, 0, K such that if K& < K then

¢ 14
2 ‘
(]_><C'[2+e(5) 5 6]

SRl
=Ls

=041

This shows that

1
V6 e (0,1) Is >1 st. €9 < s =l (93)
To conclude (86) it therefore remains to deduce that
1
VK, Ky >0,0€(0,1)3;>1 st. K <K9 <K, = €9> =R 0
(94)

To aid with this, we will need the following

Lemma 25 For any § € (0,1) there exists €5 > 1 with the property that if £ > {5 then
(O > g0y () 5 (g )20

Proof Suppose ) > —¢=2+9 The lower bound in (91) yields for some C,C’ > 0

D) 10+ 1)—2+5 > (04 1)—2+6 [1 — (1 +£71)2—5} _9p3+8 _ cp—a+2s
> 00730 — O 4 )

which is non-negative for all ¢ sufficiently large. |
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We are now in a position to establish (94). In light of the previous Lemma we need only
consider the case when

Vo e (0,1)305>1 st ) < —270

Note that in light of the upper bound (93) we find that for all § € (0,1) there exists {5 > 1
and Cs > 0 so that for all £ > £5 we have

K& > kO (1 — aKgfa) > KO <1 —a (—le + 056_2+5>> =K <1 - % - a05€_2+5> .
a

Hence, assuming Ky > Kéooz > Ki > 0, we may iterate this inequality to find that there
exists ¢ > 0 depending on K1, K and £y > 1 so that

K9 >

(a7

C
— > .
i Ve > Ly

Hence, since ¥ < 0 for all £ > ¢5 we find for all £ > max {lo, ls} that

—a(e©)2 > 6(@)%

Substituting this into the lower bound (91), we find that for all £ > max {£y, {5}

C’ 1+4+¢
¢ 0 ¢ (1 4 ) ’

Since €%) < 0, we see by applying Lemma 23 that there exists C' > 0 so that for all
¢ > max {{y, {5}

4+1) g

6( = _gl—i-c'

But now we can bootstrap this estimate. Indeed, for any § € (0,1) we substitute this into
the lower bound (91) to find that for all ¢ sufficiently large

C’ 2—90
41 l

Again applying Lemma 23 yields that for all ¢ sufficiently large

C
0+1
e( ) > ——€2_5.

This completes the proof.
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Appendix D. Exact Solutions for 1-homogeneous activations

In this appendix, we collect several known computations related to the distribution of
neuron activations in random fully connected networks with 1—homogeneous activations.
Specifically, we fix a one homogeneous non-linearity

O'(t) = ((I+1t>[) + Q_1t<0)t

and consider a random fully connected neural network with input dimension ng, output di-
mension ny41, hidden layer widths ny, ..., ny, and non-linearity o that is tuned to criticality

in the sense that 5

a? +a%’

Our first task is to derive in §D.1 a known exact formula for the infinite width covariance
Kgi;l) as a function of K&%,K{%,K%. Then, in Section §D.2, we sketch a derivation of
the limiting distribution (76) of a neuron pre-activation in the double scaling limit n, L —
0o, L/n — 7.

Cy =0, Cw =

D.1 Covariance Propagation in Random Fully Connected 1-homogeneous
Networks

In this section, we consider two network inputs .,z of the same norm:

K0 = ~ollaall = K = cllagl =K. K >0 (95)
Let us define L con® 0
e&% — b ;HQB , Corrg[)g L R— 73
()
(¢+1)

Our goal is to derive the following explicit recursion for €, 5 interms of e((fg. This derivation
follows the approach in §5.5 Roberts et al. (2022). To the author’s knowledge, the following
formula (or really something equivalent) was first derived in Cho and Saul (2009).

Proposition 26 (Correlation propagation for 1—homogeneous activation functions)
At criticality, we have the following exact formula:

) 20w (ay —a_)? [1 ? ] 1 ¢ _ [
- gl < 2R 1 00—+ (3= ) ot (V)]

+Cwara—(1 - 2€)) (96)

In particular, taking 5&% small we find

L5 =5 ()" o (),

Hence, as £ — oo,
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Proof We have from Theorem 2 that
0+1
Kéﬁ* )= Gy + Cw (0(2a)0(28)) ko) > (97)

where we recall that the brackets above mean the average with respect to the Gaussian

distribution , ,
e Kl K

~ Nl e B ]
%8 Kop Kpp

Since we are at criticality, we have

=

2

Cy=0, Cyw=—-5
b w CL%_"‘G?_

and that moreover

0 _ -0 _
K\ =Ky =K,

where K is the constant from (95). Our first step is to change from the Gaussian variables
Za, 2g to the new Gaussian variables
{_Z(X-{—Zg _ Za— 28
WK T R

We have
Za=VE(E+n), z2=VK(E-n).

Moreover, writing

)

_o_ 1 Kap

T ©) -0\ /2
(Kearss)

we find
Var[(] =1 — ¢, Var[n] = ¢, Cov([¢,n] = 0.
Hence, the right hand side of the recursion (97) reads

CWK/R/RG ((1 — 5)1/25 +£1/27]) o ((1 — €)1/2§ — 51/27]) exp {—; (52 + n2)} %ﬁn

Using the definition of o yields

o <(1 _ 5)1/25 i 51/217) o <(1 _ 5)1/25 _ 61/277>
= (a4 1gy>0 + a-lgin<o) (a1 Le—yn0 + a-1gy<o) (1 = €2 — en?).
Changing variables (§,7) — (=, —n) inside the integral and averaging yields
K'Y = oy Kaya_ (1 — 2e)

af
CwK(ay —a_)? 1 dédn
+ 9 /]R2 1(176)§276n2>0((1 - 6)52 - 6772) eXp D) (52 + 772) Ton
Passing to polar coordinates and explicitly computing the resulting integral is now straight-
forward and completes the derivation of (96). [ |

56



CUMULANTS IN RANDOM NETWORKS

D.2 Full Distribution of Neuron Pre-activations at a Single Input and the
Derivation of (76)

Our purpose in this section is to briefly recall an exact formula for the full distribution of
(L+1) (L+1)

a neuron pre-activation z; . ’. For this, note that since z, — za is piecewise linear
and the event that the Jacobian Jxaz&LH) is not well-defined at x, has probability zero,
we may write

Z(()L-i—l) — JmQZ&L—'—l)wa-

Next,
T, 2D = AN p@yy (L) o pOyy (), (98)

where W are simply the weight matrices and
3o

DY .= Diag (U'(z(ﬁ)), i=1,... ,ng> .

Arguing exactly as in Proposition 2 of Hanin and Nica (2020b), we have the following
equality in distribution:

pOWE ... pWwy® L ApEy @) . pOp L),

where A is a diagonal matrix with iid 41 entries on the diagonal that is independent of
W® and the diagonal matrices

DY = Diag<a+§i(£) ta (1—¢9), i=1,... ,n@>, ¢ ~ Bernoulli(1/2) did.

=d®

Combining this with (98) and recalling that the entries of W(+1) are iid centered Gaussians
with variance Cy /ny yields

)

1/2
L d g <CW> [DOwW @ B,

e ny,

where Z; ~ N(0,1) is independent of ﬁ(@, W®, i =1,...,L. Further, due to the right
orthogonal invariance of the Gaussian matrices W and the normalization that the variance
of the entries of W is Cyy /ng_11, we have that

log [(%) e Hf)(L)W(m . ﬁ(l)W(”xaH]

al, [Cw o] =1 [Cw (a0, o
_2log[no||xa||}+;210g[mHDZW“M‘”

where u() € R™-1 is collection of deterministic unit vectors and W® are independent
random matrices with iid standard Gaussian entries. The summands on the previous line
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are independent and are each distributed like the logarithm of a randomly weighted x?
random variable:

e

(;LVZ Hﬁ(@W(e)u(e)HQ d (;V: 3 (d@)Q (z}“)2,

(2
J=1

where Zi(e) ~ N(0,1) are iid and independent of dzm. Putting this all together, we find that

1/2 L 1/2
Z(Lﬂ)g(izv,mﬁ) -Zl-H<CW> [DOwOu|

(e
’ n
=1 N

is a product of L + 1 independent random variables. Moreover, a direct computation shows
that

Cy & 2 2 1 Cy <= 2 2 -
E flog | S0 3 (4) (2°)| | = -gvor | SE 20 (47) (27| + 00
1 at + af _
= g (S 1) 00

and also that
Var |log CTZ/ i: (dz(@)>2 (ZZ.@)>2 — Var C;:/ Ze: (dz@))Q (Zi(f)>2 +0(n;?)
=1 =1
1 at +at 9
= <6<ai i 1) O

Combining the preceding two estimates, taking n, L — oo with L/n — ~ and applying the
CLT yields

1/2
. L d
lim A 5 (Ollfvallz) Zyexp [—p(v, a4, a-) + o (v, a4, a-) Zo] ,
L/n;ryE[O,oo)
where

4 4
a; +aZ

AT ) ) 7, ~ N0, 1) id.
(a2 + a?)? >7 b .11

i
M<7’a+7a_) = 0'2(’)/,G,+,CL_) = Z (6

This is precisely the statement of (76).
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