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Abstract

The main theme explored in this thesis is the interplay between dimension and probabilistic
phenomena. The ’curse of dimensionality’ is a well-known heuristic that suggests that the
complexity of problems should scale exponentially with the dimension. We choose the path of
optimism and are interested in identifying unifying and universal structures of high-dimensional
distributions that may circumvent the ’curse of dimension.’

In Part I we revisit the classical Central Limit Theorem (CLT) and extend it to higher, and
even infinite, dimensions. The main novelty of our results is that the rate of convergence to the
normal distribution is explicit. In particular, we show that this rate is typically polynomial in
the dimension for a large class of measures. In proving these results, we introduce new methods
to establish the validity of normal approximations. These methods are based on a combination
of stochastic analysis with Stein’s method and optimal transport.

Part II is dedicated to the study of stability properties for several functional inequalities.
Loosely speaking, a functional inequality is said to be stable if the following implication holds:
Whenever a measure almost saturates the inequality, it must hold that the measure is close,
in some sense, to another measure that attains equality. By extending the tools developed in
Part I, we identify the normal distribution as the unique equality cases for various functional
inequalities and establish dimension-free stability estimates for these inequalities. Thus, we
obtain new criteria for normal approximations which are qualitatively different from the CLT.

Finally, in Part III we apply our results to answer questions arising from learning and op-
timization theory. In the first work, we resolve a long-standing open question concerning the
optimal complexity of finding stationary points of non-convex functions. In another work, we
study neural networks and introduce several new algorithms to construct efficient networks with
minimal size. The last work is dedicated to community detection in geometric random graphs,
where we obtain both sufficient and necessary conditions for the possibility of this task.

Due to space and time constraints, several additional works are not included in this thesis.
These works revolve around anti-concentration of polynomial with log-concave variables, rapid

decay of Fourier coefficients and infinite dimensional generalizations of optimal transport maps.
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Introduction

Contents

High-dimensional problems have been the focus of much research in recent years. The results
have been applied in various subjects such as theoretical computer science and machine learn-
ing. The central theme of this thesis is the investigation of phenomena in high dimensions.
A particular case of interest lies in dimension-free phenomena, which hold the same in any
dimension.

The well-known “curse of dimensionality” phenomenon suggests, informally, that the com-
plexity of some problems scales exponentially with the dimension. Thus, at first glance, it
would seem that many high-dimensional problems should be intractable. However, there is
balm as well as bitterness, and some high-dimensional systems exhibit universality properties
which can make their study actually easier, or at least not harder, than their low-dimensional
counterparts. Identifying such properties is often crucial for applications.

A familiar and simple example of this philosophy can be seen in the central limit theorem
(CLT). The CLT states that if (X;)" , are i.i.d. random variables, their sum converges to a
Gaussian. This can be seen as a statement concerning the space R™ equipped with a product
measure which is the joint law of (X;)?_,. Thus, as the dimension increases, in some sense, this
measure becomes easier to understand.

A large part of this thesis is dedicated to understanding the theory behind this type of univer-
sality phenomena. The over-arching goal is to establish sufficient conditions for such normal
approximations in different settings. This is achieved by combining tools from different fields,
including, among others, ideas stemming from Stein’s theory, stochastic calculus, optimal trans-
port, and Malliavin calculus.

The main results in this direction can be classified into two main categories. The first in-
cludes quantitative extensions of the central limit theorem to higher and even infinite dimen-
sions. In the second, we establish the standard Gaussian as the stable extremal case for a family
functional inequalities. Thus, any measure which comes close to saturating the inequality can
be well approximated by the Gaussian. In the course of proving these results, we develop new

tools as well as expand upon existing ones.



Another part of this thesis focuses on applying the above and similar results to problems
in neighboring fields, such as data science and machine learning. A recurring concept in such
applications is the interplay between stochastic processes and learning and optimization al-
gorithms. We show several instances where careful analysis of a carefully chosen stochastic

process can lead to information-theoretical lower bounds on various algorithms.

High-Dimensional Central Limit Theorems

The central limit theorem, first proved by Laplace in 1810 ( [177]), is one of the most important
results in mathematical statistics and probability. The main objects the CLT deals with are
sequences X; of i.i.d. random vectors in R?, and their normalized partial sums S,, = \/iﬁ i X;.
The CLT states that as n — o0, .5,, converges to a Gaussian law, in a suitable metric. =

Despite its significance, this formulation of the CLT may be unsuitable for certain appli-
cations. For instance, the rate at which convergence happens is also important. This rate tells
us how well can a finite sum be approximated by a Gaussian, which is often crucial. In the
1940s Berry and Esseen independently managed to bound from the above the aforementioned
rate ( [35], [108]) in the one-dimensional case.

However, in modern statistics, we are often interested in cases where the dimension, d,
scales as a function of n. A natural question arises in this setting: How should d depend on n to
ensure that S,, converges to a Gaussian? Berry-Esseen’s inequality is inappropriate to answer
such a question, and the situation in high-dimensions has attracted much attention over the years
([22,32,42,188,217,251]). In the first part of this thesis, we establish quantitative convergence

rates with explicit and often optimal dependence on the dimension in various settings.

In Chapter 1, which is based on the paper [106] we have mainly focused on log-concave

measures and proved a quantitative entropic CLT. Thus, if { X;}!"; are i.i.d. log-concave vectors
n

inR%and S, := \/iﬁ X, then, there exists a Gaussian vector (&, such that,
i=1

Ent(S,||G) = O (%@) .

Moreover, if X happens to be uniformly log-concave then the bound improves to the optimal,

Ent(S,]|G) = O (g) .

The above results are the first to give a polynomial dependence on the dimension and apply
to the general class of log-concave measures. In particular, the linear dependence for strongly
log-concave measures is optimal. Previous results either gave an exponential dependence on

the dimension ( [44]) or required stronger assumptions such as finiteness of Fisher information
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( [85]). The chapter also goes beyond the log-concave setting. A similar result is proven for
random vectors with bounded support, at the cost of using the weaker quadratic Wasserstein

metric Ws.

In the proofs of these results, we’ve introduced a new method to derive quantitative conver-
gence rates. The technique uses stochastic analysis and is based on carefully chosen processes,
which encode entropy. To deal with the quadratic Wasserstein distance, we constructed a high-

dimensional counterpart to the process introduced by Eldan in [98].

In another line of work ( [180]), on which we base Chapter 2, we have considered the CLT
for empirical moment tensors. The main objects of interest are normalized sums of independent
copies of X®? for some integer p > 2. The problem has been studied before ( [53, 56,58, 102,
110, 197]) in different settings, mostly when p = 2 and focusing solely on cases where X has

independent coordinates.

Since the random vector X ®? is constrained to lie in a d-dimensional manifold of the tensor
space, standard tools, such as those introduced in Chapter 1 cannot be applied directly, if one
wishes to obtain optimal convergence rates. In the chapter we introduce a novel implementation
of Stein’s method to exploit the latent low-dimensional structure of X®P. It is shown that under

some regularity assumptions, but with no requirement of independence,

) d2p—1
WisIG) =0 (- ).

where
1 n
S, = —= X7P—E[X77]) .
v X))

We hope that our results may be helpful in similar settings where one considers singular mea-

sures which are supported on low-dimensional manifolds of the ambient space.

The final extension of the CLT appears in Chapter 3 and the paper [105] deals with random
functions in infinite dimensional spaces. Most examples of central limit theorems deal with
random vectors in some finite-dimensional space. To go beyond this setting, consider the d — 1-
dimensional sphere S?~! and random processes indexed by S?~!, which are essentially random
elements taking values in the infinite-dimensional space L?(S%1).

One particular case of interest is the random function F(z) := (G - z), for some func-

tion ¢y : R — R and G a standard Gaussians. In the chapter we study the rate at which

n
P = \/Lﬁ 21 F; converges to a Gaussian process in an LP transportation metrics. Our approach
1=
is to embed the processes into some high-dimensional tensor space. In such spaces, the results
obtained in Chapter 2 apply, and we establish several quantitative convergence results, which

depend upon the regularity of ). Processes like P,, are ubiquitous in learning theory. They ap-



pear naturally in algorithms involving neural networks (see [139] for example). Understanding
the extent to which these processes may be approximated by Gaussian processes can further
elucidate the behavior of such algorithms. Prior to this present work there were no quantitative

results in the literature.

Stability of Functional Inequalities

The second part of the thesis deals with stability of functional inequalities. Suppose that H, K :
P(R?) — R are two functionals which assign a number to each probability measure, such that,
for every 1 € P(R?),

H(p) < K(p). (1)

If £ = {p € P(RY)|H(uu) = K(u)} is the set of extremizers, then, at the informal level, we

say that inequality (1) is stable, if we have the implication:
K(pu) —e < H(u) = pisclose to a measure in E.

It turns out that for many well-known inequalities the set of extremizers contains only Gaus-
sians. Thus proving that such inequalities are stable yields a criterion for determining when a
measure can be approximated by a Gaussian.

Chapter 4 is devoted to the celebrated Shannon-Stam inequality ( [219]). According to the
inequality, if X and Y are independent copies of one another and G is a Gaussian with the same

covariance as X, then

X+Y
Ent ( 7 HG) < Ent(X||G).

Moreover, Gaussians are known the only equality cases. One could compare this with the CLT
in which we deal with the n-fold convolution of random vectors. In this sense, the stability of
this inequality is a more delicate question that asks what happens after a single convolution.
In [20], Ball, Barthe, and Naor, gave the first quantitative version of this inequality for one-
dimensional random variables. This result was later generalized in [21] for log-concave vectors
in any dimension. For X and Y, independent copies of an isotropic log-concave random vector,
the result bounds from below the deficit in the inequality in terms of Ent(X||G).

From the perspective of stability, in [84], Courtade, Fathi and Pananjady gave a similar re-
sult, where they removed the restriction that X and Y have identical laws. This was done at the
cost of restricting the result to strongly log-concave vectors and the weaker quadratic Wasser-
stein distance. The paper raised the question of whether an equivalent stability result might hold
for general log-concave vectors under the relative entropy distance. The main result of Chapter
4 expands the method introduced in Chapter 1 to give an affirmative answer to this question.

The chapter is based on the paper [103].



Chapter 5 is a follow-up to the previous chapter and is based on the paper [179]. In this
chapter we explore stability properties of other functional inequalities. Namely, Talagrand’s
transport entropy inequality [229] and Gross’ log-Sobolev inequality [130] which respectively
state,

Wi (X,G) < 2Ent(X||G) and 2Ent(X||G) < I(X]|G).

Here, [(X||G) stands for the relative Fisher information of X. The main result can be stated in

the following way. Let X be a log-concave vector on R?, with a spectral gap c. Then

2Ent(X||G) — W3 (X, G) > cEnt(X||G)
I(X||G) — 2Ent(X||G) > cEnt(X||G). )

Stability properties of these inequalities have been studied by various authors (see [39, 81,
101,113,116, 155, 162]). The main contribution of [179] was to show that the two inequalities
stem from the same general principles and so their stability properties are related. This led to the
strengthening of many previously known results, both by considering larger classes of random

vectors and by establishing stability bounds in the stronger relative entropy distance.

Moreover, it is well-known that the above inequalities are intimately related to the concen-
tration of measure phenomenon. Since the bounds we obtain are uniform over the class of
measures which are log-concave with respect to the Gaussian, we also prove as a corollary an

improved concentration bound for convex functions of the Gaussian.

In Chapter 6 we consider a family of functional inequalities, which arise naturally from a
recent approach (see [68]) to Stein’s method. A matrix valued map 7x is said to be a Stein

kernel for a random vector X, if the following integration by parts formula holds,
E[Vf(X), X)] = E[(7x(X), Hess f (X)) ms] -

The existence of such kernels was explored in a variety of settings (see [85,112,194] for exam-
ples). In fact, the main ingredient in the proofs given in Chapter 2 was a construction of a Stein

kernel for X7,

The seminal paper of Ledoux, Nourdin and Peccati, [161], shows that Stein kernels may be

used to bound some known distances. In particular, they prove the following inequality,
W3 (X, G) < E [ (X) — Lallis]

where W3 stands for the quadratic Wasserstein distance and G is a standard Gaussian. Since Iy

is a Stein kernel for the standard Gaussian, this may be seen as a stability estimate.

The main goal of this chapter is to go beyond the setting of the standard Gaussian. Based
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on the paper [114], we prove an inequality of the following form,
W (X,Y) SE [[[mx(X) — 7v(X)s] -

where Ty, 7y are Stein kernels for X and Y, respectively.

Our main insight was that Stein kernels may be used to construct stochastic processes with
the laws of X and Y as invariant measures. This reduced the above question to show that if two
It6 processes have similar coefficients, then their invariant measures must be close. By adding
to a line of work concerning the stability of solutions to differential equations, we showed that
this is indeed the case under very general conditions. Besides being mathematically aesthetic,
such a result says that we may efficiently sample from a given measure as long as we can

approximate a Stein kernel to some numerical accuracy.

Applications in Data Science

We now describe the contents of the third part of this thesis in which we apply ideas from high-
dimensional geometry to problems which come from learning and optimization theory. The
connecting thread between all topics is that we are able to formulate exact quantitative state-

ments with respect to the dimension.

Chapter 7, based on [60], deals with a basic setting in optimization theory. We are given a
function f : R — R and the goal is to find a point x € R? such that f(z) is approximately
minimal. In case f is convex, there is a well-established theory, and much is known ( [55]).
On the other hand, if f is not convex, then, in general, finding its minimum is not a tractable
problem. Instead, as long as the function is differentiable, we content ourselves with finding
approximate stationary points. That is, some x € R for which ||V f(z)]| is small.

Under some minimal regularity assumptions, one can always find a stationary point of f
by simply following the direction of steepest descent, i.e., advancing in the direction opposite
of f’s gradient. In fact, by carefully following this procedure it can be shown that after taking
about % steps in these directions one can find a point 2 € R? such that ||V f(z)|| < e. This is
true in any dimension.

In [237], Vavasis showed that when the dimension, d, is fixed, one can modify the gradient
descent procedure and obtain better results. Focusing on the case d = 2, Vavasis showed that %
steps suffice for finding an e-stationary point. However, the best possible rate remained open.
Our main contribution in this setting is a new algorithm that improves upon Vavasis’ algorithm
in any fixed dimension. In particular, when d = 2, the algorithm queries the function at most

O <%) times. We also complement our result by showing that our algorithm has optimal

performance. Thus, any other algorithm must make at least 2 (\%) queries, in the worst case,

to find an approximate stationary point.



We base our algorithm on new ideas, different than gradient descent. Rather than following
the trajectory of the gradient, our algorithm preemptively predicts the location of the gradient
flow for future times. This allows us to outperform all previously known algorithms. For the
lower bound, we construct a distribution over hard instances, inspired by unpredictable random
walks, as introduced by Benjamini, Pemantle, and Peres in [31]. We use these random walks to

construct families of functions which are hard to optimize.

Chapter 8 is devoted to neural networks, which are a very popular learning model, used in
data science. In recent years they have proved successful for a wide range of applications, such
as computer vision and natural language processing. The basic idea is to represent arbitrarily
complex functions as combinations of many simple ones, called neurons. An example of a

simple neural network is a function N : R? — R, of the form,

N(z) = Zam(wi - x),

where for eachi = 1,--- ,k, a; € R, w; € R? and o is a non-linear function. k is also called
the width of the network.

The basic procedure of training a neural network consists of receiving some labeled training
set (2;,y;)7—1, where z; € R? and y; € R. The goal is then to find a network N, such that
forevery j = 1,...,n, N(z;) =~ y,;. We say that such a network fits the training set. It is well
known ( [88,166]) that any training set may be well approximated by some network with a large
enough width. Remarkably, even though this suggests that networks can fit random noise, in
many practical settings when y; = f(x;) for some function of interest, the obtained network
is a good approximation for the function f, even outside of the training set. It is precisely this
fact that makes neural networks so popular in practice. However, the theory of this apparently

paradoxical phenomenon is poorly understood.

The chapter is based on [57], in which we tried to make a small step towards better un-
derstanding the theory of neural networks. Specifically, we tackled the question of how large
should £ be with respect to the dimension d, and n, so that there even exists a network which
fits a training set of size n. We’ve obtained a nearly optimal bound. Let € > 0, if (z;) are in
general position, then we show that there exists a neural network N of width k& = O(%), such
that

> (V) ) < e

Note that d - k is the number of tunable parameters in the neural network. Thus, for general
data sets, it must hold that £ > %. Although the question was extensively studied in previous
years [5, 54, 89,90, 96, 149,201, 222], the optimal bound k£ > % remained elusive prior to our

work. We actually give several different constructions which afford the above bound. Among

7



these constructions, our main contribution is based on adding complex weights and on an or-
thogonal decomposition of L?(R¢,v). We hope that this construction may prove useful beyond

the task of memorization.

In the final Chapter 9 we study the problem of extracting information from large graphs.
Problems of this sort may be encountered while researching social networks, gene networks, or
(biological) neural networks. A particularly important task in this spirit is to learn a useful rep-
resentation of the vertices, that is, a mapping from the vertices to some metric space. Consider
the following instance of a random geometric graph (RGG). The vertices of the graph {X;}¢_,
are uniformly distributed on the d — 1-dimensional sphere S¢~! and for i # j, (X;, X;) forms an
edge with probability ¢((X;, X;)) for some function ¢ : [—1,1] — [0, 1]. When the number of
vertices remains fixed, and d — oo, a standard application of the CLT shows that this random
model is indistinguishable from an Erd6s—Rényi graph. Since the edges are of an Erd6s—Rényi
graph are independent, we refer to this graph as having no meaningful geometric interpretation.

One can ask many questions in this setting. The chapter is focused on recovering the latent
position of the vertices, up to the symmetries of the sphere, when observing a single instance
of the graph. We introduce a spectral algorithm that works in every fixed dimension and re-
covers said positions. In essence, this is a geometric generalization of community detection in
the stochastic block model (see [2]). We also provide an impossibility result by proving the
first known lower bounds for recovery in this model. The proofs are based on the analysis of
spherical random walks and exploit the symmetries of the sphere. The chapter is based on the
paper [104].

Preliminaries

Overview of Methods

Here we present some of the recurring methods and tools which appear throughout this thesis.
The main goal of this section is to supply the necessary background needed for this thesis and
we will often refer to this section in the chapters to come. Other than that, we will also explain
how to apply the techniques in some simple scenarios. These applications will later be expanded
in the relevant chapters.

A list of common notations and definition is attached, for the convenience of the reader, at

the end of this section.

The Follmer Process

The first method to be presented is based on an entropy minimizing process, known in the

literature as the Follmer process. The high-level idea which underlies the method is to use the

8



process in order to embed a given measure as the terminal point of some martingale, in the
Wiener space. This will induce a coupling between the measure and . As will be shown,
the process also solves a variational problem, which turns out to yield a representation formula
for the relative entropy. Combining these two properties will prove beneficial in the study of

functional inequalities, which involve entropy and transportation distances.

The process first appeared in the works of Follmer ( [119,120]). It was later used by Borell in
[48] and Lehec in [165] to give simple proofs of various functional inequalities. In this section,
we present the relevant details concerning the process. The reader is referred to [100, 106, 165]

for further details and a more rigorous treatment.

Throughout this section we fix a centered measure ;2 on R? with a finite second moment ma-
trix and a density f, relative to . Consider the Wiener space C/([0, 1], R?) of continuous paths
with the Borel sigma-algebra generated by the supremum norm ||-||__. We endow C([0, 1], R¢)
with a probability measure P and a process B; which is a Brownian motion under P. We will
denote by w elements of C'([0, 1], R?) and by F; the natural filtration of B;. Define the measure

Q@ by ;
T2 ) = Flewn).
(@ is absolutely continuous with respect to P, in which case, a converse to Girsanov’s theorem

implies that there exists a drift, v;, adapted to F;, in the Wiener space, such that the process

t

X, = B, + /vs(Xs)ds, 3)

0

has the same law as (), and that, under (), X; is a Brownian motion. In particular, by construc-

tion, under P, X; ~ p and, since %(w) depends only on wy, conditioned on X7, X; serves a

Gaussian bridge between 0 and X;. Thus, by the representation formula for Brownian bridges

X, X, + (1 - 1)G, 4)

where G is a standard Gaussian, independent from X;. We call v;(X;) the Follmer drift and X,

the Follmer process. As i and v are the laws of X; and B, it is now immediate that

Ent(Q[|P) > Ent(y|7). (5)

A remarkable feature is that, since % depends only on the terminal points, the above is actually
an equality and Ent(Q||P) = Ent(ul|y). This implies that the drift, v, is a martingale (see
Lemmas 10 and 11 in [165]).

dQ

We now use Girsanov’s theorem ( [199, Theorem 8.6.3]) to rewrite - as an exponential mar-

9



tingale,
1 1

Z_Cg(w) = exp —/Ut(w)dXt(UJ)—F%/”Ut(w)ugdt

0 0

Under (), X; is a Brownian motion, so

pu@Ir) = [ w(52)de=; [Elucol

C([0,1],R4) 0

which gives the formula

1

JEluCI] dr ©)

0

Ent(p||v) =

DN | —

For simplicity, from now on, we suppress the dependence of v; on X;. Combining the above
1

with (5) shows that among all adapted drifts u; such that p ~ By + f udt, v, minimizes the
0

energy in the following sense
) 1
vy = argnlltin§ /]E [HutHg} dt. @)
0

Theorem 12 in [165] capitalizes on the structure of % to give an explicit representation of v; as

Ve = Vin (Pl—tf(Xt)) . (8)

where P;_; denotes the heat semi-group. Since v, is a martingale, It6’s formula shows

dv, = Vv, dB; = V2 In (Py_,f(X,)) dB,.

The martingale approach: As is often the case, it turns out that it is easier to work with an
equivalent martingale formulation of the Follmer drift. Consider the Doob martingale E [ X | F;].
By the martingale representation theorem ( [199, Theorem 4.33]) there exists a uniquely-defined,

adapted, matrix valued process I'; which satisfies

t

E [X,|F)] = / I.dB.. )
0
We claim that .
I'.—1
o :/ s~ lagp (10)
1—s

0

10



Indeed, by Fubini’s theorem

1

1 1 1
F_
/FSdB /IddB +/F—Id dB_BlJr//lS — 4 tdB,
0 0

0 s

! dBgdt.

1 tF
- B s = 1d
1+// 11—
0 0
t
Lo—Iy

For the moment denote v; := f S dBs. Since v, is a martingale v; — Uy is a martingale as

well and the above shows that for every ¢ € [0, 1], almost surely,

1

/(vs — v,)ds|F; = 0.

t

This implies the identity (10). In particular, from (8), ['; turns out to be symmetric, which

shows, using 1t6’s formula,

1 1

E (D E (I, —1;)°
2Ent(,uH7):/ [[lvell3] d // 1—3 dsdt /%td)dt. (11)
0

0

Also, note that

which implies
1
Wi (1,7) < Tr/E (T — 14)%] dt. (12)
0

As Xy ~ p, from (8) we get

n B = i) = [19mG@) e =1, 03

Combining (11),(12),(13), we see a very satisfying connection between the log-Sobolev and

Talagrand’s transport-entropy inequalities (as in (2)), for

1 1 1

ﬁ/g%gﬁﬂﬁz%/@Ezﬁﬂﬁzﬂ/mm—mﬂ@
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implies
I(p|ly) > 2Ent(ully) = W3 (1,7) -

These ideas will be revisited in Chapters 4 and 5, where we will introduce a similar proof for
the Shannon-Stam inequality and establish stability estimates and strengthenings for the above

inequalities.

Central limit theorems via the Follmer process: Let us also show how one can prove central
limit theorems by using the Follmer process. Let { X;}", be i.i.d. as j and let { B{}!"_; be inde-
pendent Brownian motions with {T'i}"_, i.i.d. copies of I';, the Fllmer martingale associated

to u, predlctable w1th respect to By.
If S, = f Z X;, then S, '% f Z Yy where dY;" = TidB;. By standard reasoning

about Gaussians random variables, we may write Z Y," as another process 1715 with dﬁ =
=1

=D (Fi)zd/th and B, is some Brownian motion. Denote I'; = LD (T'1)* and note that
i=1 i=1
Y, = / E[l;]dB; —l-/ (Ft - ]E[FJ) dB;.
0 0
Let v fo Ft dBt Observe that 7 follows some (non-standard) Gaussian law. More-

over, there is a natural coupling between  and Y1, which shows, using [t0’s isometry

([ (F-=rayaz) | <[ (F-mi) ol
= [ Var (7)at

where the last equality is due to Fubini’s theorem. Recall that T, = % > (F;‘;)Q. So, the law
i=1

2

Wi (3.71) <E

of large numbers suggests that as n — oo, I, = E [T'?] and, in particular, W3 (’y, }71) — 0,

which is the central limit theorem. This idea is made both rigorous and quantitative in Chapter 1.

Stein’s method via Stein kernels

The second method to appear prominently in this thesis is a somewhat modern manifestation
of Stein’s method through the so-called Stein kernels. Stein’s method is a well-known set of
techniques which was developed in order to answer questions related to convergence rates along
the CLT. The method was first introduced in [224,225] as a way to estimate distances to the
normal law. Since then, it had found numerous applications in studying the quantitative central

limit theorem, also in high-dimensions (see [211] for an overview).

12



At the heart of the method lies the following observation, sometimes called Stein’s lemma
([70, Lemma 2.1]): If G ~ ~,, is a standard Gaussian, and f : R? — R? is locally-Lipschitz,

then a simple application of integration by parts shows,

E[G, (@) = E[divf(G)]. (14)

Moreover, by letting f vary across monomial functions, we can see that (14) completely deter-
mines the moments of (. Since the standard Gaussian is determined by its moments, it is the

only measure that satisfies (14).

Stein came up with the remarkable idea that this property is robust. Thus, if a measure u
“approximately satisfies’ (14) it should be ’close’ to 7,4. Considerable work revolving around
Stein’s theory focused on making this idea quantitative. A recent approach, pioneered by the
seminal paper [68] of Chatterjee, replaced the right hand side of (14) by a more general first-
order differential operator, called a Stein kernel. A Stein kernel for a measure p is defined as

measurable matrix valued map 7 : R" — M,,(R) which satisfies,

/ (e, [(2))du(z) = / (r(z), Df(x)) msdp(z). (15)

where D f stands for the Jacobian matrix of f. Remark that in dimension 1, as long as y has a

density p and a finite first moment, it is straightforward to verify that,

70 yp(y)dy

P(y)

7(z) : (16)
is a Stein kernel for p. Actually, it is the only function which satisfies (15). In higher dimen-
sions, the situation becomes more complicated. In many cases, there are different constructions
of Stein kernels which yield qualitatively different solutions to (15). Not only that, but it also
seems like a challenging task to produce a uniform criterion for determining the existence of
a Stein kernel. For example, as will be shown in Chapter 2, it is quite common for high-

dimensional singular measures to have Stein kernel.

Stein’s lemma is the key insight for the use of Stein kernels. According to the Lemma,
p = g if and only if the function 7(x) = Id. Thus, in some sense, the deviation of 7 from the
identity measures the distance of p from the standard Gaussian. Led by this idea we define the

Stein discrepancy to the normal distribution as,

S() = inf \// I7(x) = 1d|[37g dpa(),

where the infimum is taken over all Stein kernels of ;. By the above, S(i) = 0 if and only

if 4 = ~. Thus, while not strictly being a metric, the Stein discrepancy still serves as some

13



notion of distance to the standard Gaussian. If X is a random vector in R"”, by a slight abuse of
notation we will also write S(X) for S(Law(X)).

Decay of Stein’s discrepancy along the CLT: Stein kernels exhibit several nice properties
which make their analysis tractable for normal approximations. Let X ~ pu, an application of
the chain-rule shows that if 7y is a Stein kernel of X and A is a linear operator with compatible

dimensions, a Stein kernel for AX is given by:
Tax(7) = AE [7(X)|AX = 2] AT 17

(see [85, Section 3] for some examples). Also, it is not hard to see that, if { X;}!, are i.i.d. as p
and X = (X1, ..., X,,), then a Stein kernel for X may be realized as an nd x nd block diagonal

matrix, with each main-diagonal block taken as 7x. By combining the above constructions we

get that, if S,, = ﬁ 3" X, then
=1

g, (1) = = ZE [7x (X3)|S, = ], (18)

is a Stein kernel for S,,.
Now, assume that X is isotropic. By choosing the test function f to be linear in the definition

of the Stein kernel we may see that
E [7x(X)] = Cov(X) = Id. (19)

Thus, (7x(X;) — Id) is a centered random variable, and the above observations show,

2

HS

S(Sn) < B (175, (Sn) — 1dlljys] = E H% DB [rx(Xi) —1d]S,]

1

<

u 1
E || mx(X) ~1d|| | = —E [lx(X) ~ 1dlf7]
i=1

HS

where in the second inequality we have applied Jensen’s inequality and where we have used the
fact that (7x (X;) — Id) are i.i.d. and centered for the last equality. By taking the infimum over

all Stein kernels, we get
S*(X)

2
<
S(5.) < =

(20)

Stein’s discrepancy as a distance: We now discuss the relations between Stein’s discrepancy
to other, more classical notions of distance. This notion has recently gained prominence in the

study of convergence rates along the high-dimensional central limit theorem (see [85,112,196]
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for several examples as well as the book [194]). This popularity stems, among others, from the

fact that the Stein’s discrepancy controls several other known distances.

First, by the Kantorovich-Rubinstein duality for W, ( [240]) it is not hard to show that

Wi(p, ) < S(p). (21)

For simplicity of exposition let us focus on the case d = 1, although all arguments may be
carried out in higher dimensions. Define the Ornstein-Uhlenbeck operator on an appropriate

subspace of L?(v) by,
Lf(z) = f'(z) — xf(),

and for a fixed f, consider the Poisson equation,

Lhy(x) = f(x) = E[f(G)], (22)

where we think about /¢ as the unknown function. If X ~ p and 7 is a Stein kernel for 1, the

Kantorovich-Rubinstein duality implies,

Wi(p,y) = sup  [E[f(X)] - E[f(G)]]

f is 1-Lipschitz

= sup [E[Lhs(X)]|

f is 1-Lipschitz
= swp [B[H () — B[X (X))

fis 1-Lipschitz

= s [ER(0)] ~ B (OB (X)]

f is 1-Lipschitz

< VE[1-7(X))?]  sup Wl = S(n)  sup B},

f is 1-Lipschitz f is 1-Lipschitz

where in the third equality we have applied (15) to the function /. To bound ||7 ||, observe
that when f is a Lipschitz function it may be verified (see also [194, Proposition 3.5.1]) that the

solution to (21) is given by,

hy(z) = — / ﬂe%;_%zﬁ [f(e—'fa: + mG)G} dt.

In particular, if f is 1-Lipschitz and | f'(z)| < 1, then
/ [eS) 67215 ) . \/7 \/— (o9 672t
W) = | | F—==E /(e "2+ VI=cZG)G| dt| < EG?/—dt:L
[y ()] 0/ Vi—e® 7 ) 7] / V1—e2

Thus (21) is established.
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A more careful analysis and an integration along the Orenstein-Uhlenbeck semigroup pro-
duces the more remarkable fact that the same also holds for the quadratic Wasserstein distance
( [161, Proposition 3.1]),

Wi (11,7) < S%(1). (23)

In fact, by slightly changing the definition of the discrepancy, we may bound the Wasserstein
distance of any order. This is the content of Proposition 3.1 in [112] which shows that if 7 is a

Stein kernel of 1, then,

Win(pt,7) < Cy "\// I7(x) — 1d|[375 dp(z),

where C',, > 0 depends only on m. In some cases, one may also compare relative entropy to
Stein’s discrepancy, which is the content of the so-called HSI inequality from [161]. According
to the inequality,

oo 1(u)
Bur(ul}) < 55 1og (14 g5 ).

where I(1||7y) is the (relative) Fisher information of y. Thus, showing a CLT holds with respect
to Stein’s discrepancy can imply an entropic CLT, provided that the Fisher information is finite.
Unfortunately, verifying that a measure has finite Fisher information is a non-trivial task in
high-dimensions (see Section 5 in [161] for further discussion). In Chapter 6 we revisit those
estimates. Among others, we give an alternative proof to (23) and also consider extensions of

the inequalities to non-Gaussian reference measures.

A quantitative central limit theorem: To demonstrate the usefulness of Stein kernels we
now establish a quantitative central limit theorem in dimension 1 for uniformly log-concave
measures. Thus, suppose that /; is a isotropic measure on R with density e~#(*), which satisfies
¢(x)" > o, for some o > 0. Suppose further that x is symmetric, so its density is maximized

at the origin. In this case, for z > 0, the above condition implies ¢(x)" > oz + ¢'(0) = oz.

Let x > 0 and consider the Stein kernel given by (16),

WA AL L L
@“P(ﬂ - 6_80(43) o 6—90(35) T o
From symmetry we may conclude ||7. < <. So,
1
S* () =E, [(r—1)*] <2E,[r*] +2<2 (; + 1) :
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If {X;}!, are i.i.d. as pand S,, := \/Lﬁ > X;. Then, from (20) and (23),
i=1

2 L
ECOPEICER)]
n n

W; (S0, G) < S%(S5)
1

This shows a Berry-Esseen type bound with convergence rate N In Chapters 2 and 3 we

extend this result to much larger classes of measures and higher (even infinite) dimensions.

Notations and Terminology

We now introduce some of the common notations and definitions which are common to most

chapters. When relevant and necessary, specific chapters may include further definitions.

We usually work in R? equipped with the Euclidean norm, which we denote by |||, or
sometimes just || - ||. For a matrix A we denote its Hilbert-Schmidt norm by || A|| gs. This is the
norm induced by the Hilbert-Schmidt inner product (A, B) 5 := Tr (ABT).

A measure 1 on R? is said to be log-concave if it is supported on some subspace of R? and,
relative to the Lebesgue measure of that subspace, it has a density p, twice differentiable almost
everywhere, for which

—V?log(p(x)) = 0 forall z,

where V? denotes the Hessian matrix, in the Alexandrov sense. If in addition there exists an
o > 0 such that
—V?log(p(z)) = ol; forall z,

we say that . is o-uniformly log-concave. The measure p is called isotropic if it is centered and

its covariance matrix is the identity, i.e.,

/xu(dw) =0 and /x ® zp(dr) =14

R4 R4

If v is another measure on R% and m > 0, the m-Wasserstein’s distance between wand v is
defined by

Win(ptv) = ’K/igf/llév—yll’;dﬂ(x,y),

where the infimum is taken over all couplings 7, of ;4 and . Another notion of distance is that

of relative entropy, which is given by

Ent(ul|v) = /log (j-’j) dp.

17



It is known that relative entropy bounds the quadratic Wasserstein distance to the the Gaus-
sian via Talagrand’s transportation-entropy inequality ( [229]) as well as controlling the total

variation distance through Pinsker’s inequality ( [86]). We also define the (relative) Fisher in-

1) = [ vag ()

4 will always stand for the standard normal law on R? with density

formation as,

2
dj.

dva 1 =13

dl‘(x):(QW) © 7

NE

We will sometime omit the subscript, when the dimension is obvious from the context.
Finally, as a convention, we use C,C’, ¢, ... to denote absolute positive constants whose

value might change between expressions. In case we want to signify that the constant might

depend on some parameter a, we will write C,,, C?.
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PART I

HIGH-DIMENSIONAL CENTRAL
LIMIT THEOREMS

“Very simple was my explanation, and plausible enough—as most wrong theories are!”

- The Time Traveler
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High-Dimensional Central Limit Theorems

via Martingale Embeddings

1.1 Introduction

Let XM .., X™ bei.id. random vectors in R%. By the central limit theorem, it is well-known
that, under mild conditions, the sum \/Lﬁ Zle X® converges to a Gaussian. With d fixed, there
is an extensive literature showing that the distance from Gaussian under various metrics decays

1 . . .
as - asn — oo, and this is optimal.

However, in high-dimensional settings, it is often the case that the dimension d is not fixed
but rather grows with n. It then becomes necessary to understand how the convergence rate
depends on dimension, and the optimal dependence here is not well understood. We present a
new technique for proving central limit theorems in R? that is suitable for establishing quantita-
tive estimates for the convergence rate in the high-dimensional setting. The technique, which is
described in more detail in Section 1.1.1 below, is based on pathwise analysis: we first couple
the random vector with a Brownian motion via a martingale embedding. This gives rise to a
coupling between the sum and a Brownian motion for which we can establish bounds on the
concentration of the quadratic variation. We use a multidimensional version of a Skorokhod
embedding, inspired by a construction from [98], as a manifestation of the martingale embed-

ding.
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Using our method, we prove new bounds on quadratic transportation (also known as “Kan-
torovich” or “Wasserstein”) distance in the CLT, and in the case of log-concave distributions, we
also give bounds for entropy distance. Recall that W5 (A, B) denotes the quadratic transporta-
tion distance between two d-dimensional random vectors A and B. As a first demonstration of
our method, we begin with an improvement to the best known convergence rate in the case of

bounded random vectors.

Theorem 1.1. Let X be a random d-dimensional vector. Suppose that E[X] = 0 and | X| <
almost surely for some 3 > 0. Let X = Cov(X), and let G ~ N(0,%) be a Gaussian with
covariance ¥. If { XD}, are i.i.d copies of X and S, = \/%7 S XD, then

BVd\/32 + 21og,(n)

Wy (S, G) < NG

BV dlogn
NG
same conditions. It was noted in [251] that when X is supported on a lattice 5Z¢, then the

quantity Ws(S,,, G) is of order %3. Thus, Theorem 1.1 is within a \/log n factor of optimal.

When the distribution of X is isotropic and log-concave, we can improve the bounds guaran-

Theorem 1.1 improves the result from [251] that gives a bound of order under the

teed by Theorem 1.1. In this case, however, a more general bound has already been established

in [85], see discussion below.

Theorem 1.2. Let X be a random d-dimensional vector. Suppose that the distribution of X is

log-concave and isotropic. Let G ~ N(0,1;) be a standard Gaussian. If {X}"_ | are i.i.d

copies of X and S,, = \/iﬁ S X, then there exists a universal constant C > 0 such that, if
i=1

d>38,
Cd'/?*+oiM n(d)/In(n)

NG

Remark 1.3. We actually prove the slightly stronger bound

WQ(STU G) S

CkqIn(d)+/dIn(n)

4% S’rwG < )
2( ) — \/ﬁ
where
Kq = sup /xlx ® x,u(dx)H : (1.1)
1 isotropic, HS

log-concave R4
as defined in [97]. The recent advances towards the KLS conjecture, made by Chen in [72]
imply g = O(d°*!)), leading to the bound in Theorem 1.2. If the thin-shell conjecture (see
[13], as well [40]) is true, then the bound is improved to k4 = O(1/In(d)), which yields

Cy/dIn(d)?In(n)

Wa (S, G) < NG

22



By considering, for example, a random vector uniformly distributed on the unit cube, one can

see that the above bound is sharp up to the logarithmic factors.

Remark 1.4. To compare with the previous theorem, note that if Cov(X) = I, then E || X ||* =
d. Thus, in applying Theorem 1.1 we must take 3 > v/d, and the resulting bound is then of

order at least d—V\I}g".
n

Next, we describe our results regarding convergence rate in entropy. As a warm-up, we
first use our method to recover the entropic CLT in any fixed dimension. In dimension one
this was first established by Barron, [24]. The same methods may also be applied to prove a

multidimensional analogue. See [43] for a more quantitative version of the theorem.

Theorem 1.5. Suppose that Ent (X||G) < oc. Then one has
lim Ent(S,||G) = 0.
n—oo

The next result gives the first non-asymptotic convergence rate for the entropic CLT, again
under the log-concavity assumption (other non-asymptotic results appear in previous works,

notably [85], but require additional assumptions; see below).

Theorem 1.6. Let X be a random d-dimensional vector. Suppose that the distribution of X is
log-concave and isotropic. Let G ~ N(0,1,) be a standard Gaussian. If {X"}"_| are i.i.d

copies of X and S,, = \/Lﬁ S X then
i=1

10(1 + Ent(X
Bu(s,G) < (20 PtXIIG),

for a universal constant C' > Q.

Our method also yields a different (and typically stronger) bound if the distribution is

strongly log-concave.

Theorem 1.7. Let X be a d-dimensional random vector with E[X| = 0 and Cov(X) = X.
Suppose further that X is 1-uniformly log concave (i.e. it has a probability density =%
satisfying V2 = 1) and that X = ol for some o > 0.

Let G ~ N(0,X) be a Gaussian with the same covariance as X and let v ~ N (0,1,) be a

standard Gaussian. If { XV} | are i.i.d copies of X and S, = \/Lﬁ 21 X, then

d + 2Ent (X||v))
oin

Ent(S,]|G) < 24

Remark 1.8. The theorem can be applied when X is isotropic and o-uniformly log concave for

some o > 0. In this case, a change of variables shows that /o X is 1-uniformly log concave
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and has ol as a covariance matrix. Since relative entropy to a Gaussian is invariant under affine

transformations, if G ~ N(0,1,) is a standard Gaussian, we get

2 (d + 2Ent (/7 X||G))

oin

Ent (S,]|G) = Ent (v0S,[|[voG) <

1.1.1 An informal description of the method

Let B, be a standard Brownian motion in R? with an associated filtration F;. The following

definition will be central to our method:

Definition 1.9. Let X; be a martingale satisfying dX; = I';dB; for some adapted process I';
taking values in the positive semi-definite cone and let 7 be a stopping time. We say that the

triplet (X, I';, 7) is a martingale embedding of the measure p if X, ~ p.

Note that if I'; is deterministic, then X; has a Gaussian law for each ¢. At the heart of our
proof is the following simple idea: Summing up n independent copies of a martingale embed-

ding of i, we end up with a martingale embedding of ;*" whose associated covariance process

N 2
has the form (/>"" | <F§Z)> . By the law of large numbers, this process is well concentrated
and thus the resulting martingale is close to a Brownian motion.

This suggests that it would be useful to couple the sum process >, Xt(i) with the “aver-
N\ 2
aged” process whose covariance is given by E Yo (ng)) (this process is a Brownian

motion up to deterministic time change). Controlling the error in the coupling naturally leads to
a bound on transportation distance. For relative entropy, we can reformulate the discrepancies
in the coupling in terms of a predictable drift and deduce bounds by a judicious application of
Girsanov’s theorem.

In order to derive quantitative bounds, one needs to construct a martingale embedding in
a way that makes the fluctuations of the process I'; tractable. The specific choices of I'; that
we consider are based on a construction introduced in [98]. This construction is also related
to the entropy minimizing process used by Follmer ( [119, 120], see also Lehec [165]) and
to the stochastic localization which was used in [97]. Such techniques have recently gained
prominence and have been used, among other things, to improve known bounds of the KLS
conjecture [72,97,163], calculate large deviations of non-linear functions [99] and study tubular
neighborhoods of complex varieties [152].

The basic idea underlying the construction of the martingale is a certain measure-valued
Markov process driven by a Brownian motion. This process interpolates between a given mea-
sure and a delta measure via multiplication by infinitesimal linear functions. The Doob martin-
gale associated to the delta measure (the conditional expectation of the measure, based on the
past) will be a martingale embedding for the original measure. This construction is described

in detail in Subsection 1.2.3 below.
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1.1.2 Related work

Multidimensional central limit theorems have been studied extensively since at least the 1940’s
[33] (see also [37] and references therein). In particular, the dependence of the convergence
rate on the dimension was studied by Nagaev [188], Senatov [217], Gotze [128], Bentkus [32],
and Chen and Fang [71], among others. These works focused on convergence in probabilities of
convex sets. We mention that in dimension 1, the picture is much clearer and that tight estimates
are known under various metrics ( [35,41,42, 108,209, 210]).

More recently, dependence on dimension in the high-dimensional CLT has also been studied
for Wishart matrices (Bubeck and Ganguly [58], Eldan and Mikulincer [102]), maxima of sums
of independent random vectors (Chernozhukov, Chetverikov, and Kato [73]), and transporta-
tion distance ( [251]). As mentioned earlier, Theorem 1.1 is directly comparable to an earlier
result from [251], improving on it by a factor of v/logn (see also the earlier work [236]). We
refer to [251] for a discussion of how convergence in transportation distance may be related to
convergence in probabilities of convex sets.

As mentioned above, Theorem 1.2 is not new, and follows from a result of Courtade, Fathi
and Pananjady [85, Theorem 4.1]. Their technique employs Stein’s method (see also [47], for
a different approach using Stein’s method) in a novel way which is also applicable to entropic
CLTs (see below). In a subsequent work [112], similar bounds are derived for convergence in
the p’th-Wasserstein transportation metric.

Regarding entropic CLTs, it was shown by Barron [24] that convergence occurs as long
as the distribution of the summand has finite relative entropy (with respect to the Gaussian).
However, establishing explicit rates of convergence does not seem to be a straightforward task.
Even in the restricted setting of log-concave distributions, not much is known. One of the only
quantitative results is Proposition 4.3 in [85], which gives near optimal convergence, provided
that the distribution has finite Fisher information. We do not know of any results prior to Theo-
rem 1.6 which give entropy distance bounds of the form %@ to a sum of general log-concave
vectors.

A one-dimensional result was established by Artstein, Ball, Barthe, and Naor [17] and in-
dependently by Barron and Johnson [145], who showed an optimal O(1/n) convergence rate
in relative entropy for distributions having a spectral gap (i.e. satisfying a Poincaré inequality).
This was later improved by Bobkov, Chistyakov, and Gotze [43,44], who derive an Edgeworth-
type expansion for the entropy distance which also applies to higher dimensions. However,
although their estimates contain very precise information as n — oo, the given error term is
only asymptotic in n and no explicit dependence on the measure or on the dimension is given
(in fact, the dependence derived from the method seems to be exponential in the dimension d).

A related “entropy jump” bound was proved by Ball and Nguyen [21] for log-concave
random vectors in arbitrary dimensions (see also [20]). Essentially, the bound states that for

two i.i.d. random vectors X and Y, the relative entropy Ent (X—\}%Y‘ )G) is strictly less than
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Ent(X||G), where the amount is quantified by the spectral gap for the distribution of X. Re-
peated application gives a bound for entropy of sums of i.i.d. log-concave vectors in any di-
mension, but the bound is far from optimal. It is not apparent to us whether the method of [21]

can be extended to provide quantitative estimates for convergence in the entropic CLT.

1.1.3 Notation

For a positive semi-definite symmetric matrix A we denote by v/A the unique positive semi-
definite matrix B, for which the relation B> = A holds. For symmetric matrices A and B we
use A < B to signify that B — A is a positive semi-definite matrix. By A" we denote the pseudo
inverse of A. Put succinctly, this means that in Af every non-zero eigenvalue of A is inverted.
For a random matrix A, we will write I [A]", for the pseudo inverse of its expectation.

If B, is the standard Brownian motion in R then for any adapted process F;, we denote by

t
| F,dB;, the Itd stochastic integral. We refer by Itd’s isometry to the fact
0

¢ 2 ¢

E /Fsst :/E[HFS”?{S] ds

0 0

when F; is adapted to the natural filtration of B;.
1 will always stand for a probability measure. To avoid confusion, when integrating with
respect to p, on R?, we will use the notation f ... pu(dx). For a measure-valued stochastic

process /i, the expression dy; refers to the stochastic derivative of the process.

1.2 Obtaining convergence rates from martingale embeddings

Suppose that we are given a measure p and a corresponding martingale embedding (X, I';, 7).
The goal of this section is to express bounds for the corresponding CLT convergence rates (of
the sum of independent copies of p-distributed random vectors) in terms of the behavior of the
process I'; and 7.

Throughout this section we fix a measure p on R? whose expectation is 0, a random vector
X ~ 1, and a corresponding Gaussian G ~ N (0, X), where Cov (X) = X. Also, the sequence
{X ¥}, will denote independent copies of X, and we write S, := - f:lX @ for their nor-
malized sum. Finally, we use B; to denote a standard Brownian IIlOtiOIZl_OIl R? adapted to a
filtration JF;.

1.2.1 A bound for Wasserstein-2 distance

The following is our main bound for convergence in Wasserstein distance.
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Theorem 1.10. Let S,, and G be defined as above and let (X, 1y, T) be a martingale embedding
of u. Set 'y = 0 fort > 7, then

o0

Wi (S, G) < /min (%Tr (E [[] E[L)T) ,4Tr (E [rf])) dt.

0

To illustrate how such a result might be used, let us assume, for simplicity, that I'; < kI,
almost-surely for some k£ > 0 and that 7 has a sub-exponential tail, i.e., there exist positive

constants C', ¢ > 0 such that for any ¢ > 0,

P(r>t) < Ce ™. (1.2)
Under these assumptions,
Wi (S, G) g/ ( E [I'}] E[Pf]*),4k2d1@(¢>t)> dt
0
log(n) .
[ dlog(n)k?  4Cdk>?
< dk? / ~dt + ACdR? / ety — L10BAT | 40T
n cn n
0

log(n)

Towards the proof, we will need the following technical lemma.

Lemma 1.11. Let A, B be positive semi-definite matrices with ker(A) C ker(B). Then,

Tr ((\/Z— \/E)Q) < Tr (A - B)? AT,

Proof. Since A and B are positive semi-definite, ker (\/Z + \/§> C ker <\/Z — \/§> .Thus,
we have that

VA~ VB = (VA-VB) (VA+VB) (mwﬁ)* (13)
~ (4-B+|VAVE]) (VA+VB)

So,

w((va-va)) = (((A_B+ V4, vB)) (mwﬁ)*f) |

Note that for any symmetric matrices X and Y, by the Cauchy-Schwartz inequality,

Tr ((XY)?) < Tr (XYXY) < VTr (XYYX)  Tr (YXXY) = Tr (X?Y?).
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Applying this to the above equation shows

v ((vA-vB)) < ((A— p+[vava]) ((vas @)*)2) |

Note that the commutator [\/Z, \/E} is an anti-symmetric matrix, so that (A—B) [\/Z, \/E] +
[\/Z, \/E} (A — B) is anti-symmetric as well. Thus, for any symmetric matrix C', we have that

Te (((A - B) [VAVB| + |[VAVB| (4~ B)) C) =0.

Also, since all eigenvalues of anti-symmetric matrices are purely imaginary, the square of such

matrices must be negative definite. And again, for any symmetric positive definite matrix C,
2 2
it holds that C'/2 [\/Z, \/E] C'/? is negative definite and Tr ([\/Z, \/E] C) < 0. Using

these observations we obtain

2 \ 2 . ) 2
T ((A- B+ VA VE]) ((mwg) ) <1 ((A-B) ((\/Z+\/§) ) |
Finally, if C, X,Y are positive definite matrices with X =< Y then C'/?(Y — X)C'/? is pos-

itive definite which shows Tr (CX) < Tr(CY). The assumption ker(A) C ker(B) implies
0 2
((\/ A+ B) ) = A', which concludes the claim by

Tr ((A ~ B)> ((\/Z+ \/E)T)2> <Tr ((A— B)* A)

Proof of Theorem 1.10. Recall that (Xy, Is, 7) is a martingale embedding of 1. Let (Xf“, NG r<i>>
be independent copies of the embedding. We can always set ng) = 0 whenever ¢ > 7, so that

S . ~ n A 2
i I'%4B" ~ 1. Define T, = LDy (FE”) . Our first goal is to show
0 =1

Tr <(ft —/E [F?]f)] dt. (1.4)

- 2
The theorem will then follow by deriving suitable bounds for [E [Tr ((Ft —VE [F%]) )} us-

[e.9]

W2(G, 5,) < / E

0

L

Vn :

(2

ing Lemma 1.11. Consider the sum

i I'dB{”, which has the same law as S,. It may
=10
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be rewritten as
o

Sn - /f‘tdét,

0

where dB; := %f > ng)dBt(i) is a martingale whose quadratic variation matrix has deriva-

1 . N2 =
— =371 (PQ) I <1, (1.5)
n =

i)

tive satisfying

(in fact, as long as R? is spanned by the images of FE , this process is a Brownian motion). We

may now decompose S,, as

3, _/,/ F2 dBt+ (rt E[F?Ddét. (1.6)

Observe that G := f E[T'2]d B, has a Gaussian law and that E[I'?] = E[I'?]. By applying Itd’s

isometry, we may see that G has the “correct” covariance in the sense that

oo 00 ®2

Cov(G / VE[[2]dB, —E / r2dt| =E / T,dB, = Cov(X).

0 0

The decomposition (1.6) induces a natural coupling between G and S,,, which shows, by another

application of Itd’s isometry, that

2_

Wi(G,S,) <E /(ft— ]E[FQ]) dB, “5) Tr | E 7(ft—\/ﬁ>2dt
Tr((ft— E[F§]>2>- dt,

~ 2
where the last equality is due to Fubini’s theorem. Thus, (1.4) is established. Since (Ft —+/E [F?]) =<
2 <1~“f - E[Ff]), we have

Tr (E

To finish the proof, write U, := &

<ft — E[F?])Ql) <A4Tr (E[}). (1.7)

™=

<F(Z ) so that ft = /U,. Since I'; is positive semi-
1

A
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definite, it is clear that ker (E [I'?]) C ker(U;). By Lemma 1.11,

|1 ((voi- i) )| <n (e[ )

() -=r)

2

=i

L (e[ - 2 [r7) £ 1))
<im (B[ =[r)),

A 2
where we have used the fact £ (Fg”) = E [I'?] in the second equality. Combining the last

inequality with (1.7) and (1.4) produces the required result.
O

1.2.2 A bound for the relative entropy

As alluded to in the introduction, in order to establish bounds on the relative entropy we will use
the existence of a martingale embedding to construct an Itd process whose martingale part has a
deterministic quadratic variation. This will allow us to relate the relative entropy to a Gaussian
with the norm of the drift term through the use of Girsanov’s theorem. As a technicality, we
require the stopping time associated to the martingale embedding to be constant. Our main

bound for the relative entropy reads,

Theorem 1.12. Let (X;, [y, 1) be a martingale embedding of ;1. Assume that for every 0 <
t <1 E[I'Y] = olq Z 0 and that Ty is invertible a.s. for t < 1. Then we have the following

inequalities:

S

) < %/1@ T (12 - E[12))°))] /10_% .

(1= 170?

and

[e=]

where

and ng) are independent copies of T';.
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The theorem relies on the following bound, whose proof is postponed to the end of the

subsection.

Lemma 1.13. Let 'y be an F,-adapted matrix-valued processes and let F : R x R? — Rx4
be almost surely invertible and locally Lipschitz. Denote Fy(x) := F(t,x) and let X, M, be
defined by

t t
X :/ I'sdBs and M, :/ F,(My)dB;.
0 0

Define the process Y; by

t

t s
I, — F.(Y,
Yt:/FS(YS)dBS+//’"1—MdBTds.
- T

0 0 O

Then,
2

dtds

HS

FS(YS>

Ent (X;||M;) <E
1—5

t

Note that if the process F; is determmlstlc, i.e. it is a constant function, then M; has a
Gaussian law, so that the lemma can be used to bound the relative entropy of X; with respect to
a Gaussian.

Proof of Theorem 1.12. Let (Xt(l), F,Si , 1) be independent copies of the martingale embedding.

Consider the sum process X, = \/—ﬁ Z th), which satisfies X; = f [',dB, where we define, as
i=1 0

in the proof of Theorem 1.10,

n

| B T L
-y (r§ >> and dB, = T, 'S raB

=1

By assumption T'; is invertible, which makes B, a Brownian motion. In this case, (X, I';, 1) is

a martingale embedding for the law of S,,. For the first bound, consider the process

M, = / ' JE4B.,

By It6’s isometry one has M; ~ N (0, X). Also, by Jensen’s inequality

VE[I?] = E Y] = ol

Using this observation and substituting /IE [['] for a constant function F; in Lemma 1.13

yields,
1

Ent (,[|G) < /IE

0

~ 2
I — VEI?

1
- /as—?ds dt. (1.8)

t
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With the use of Lemma 1.11 we obtain

; =E —Tr <(ft - E[rg])2>

<E -Tr (% i (P,S“)Q _E [rﬂ)ZE 2]~
<1E (12 -E[r7)?)].

]E‘ft— E [I'2]

Plugging the above into (1.8) shows the first bound. To see the second bound, we define a

process M/, which is similar to M;, and is given by the equation

t
M = / E [P} dB,.
0

Let GG,, denote a Gaussian which is distributed as M/. For any s, we now have the following

Cauchy-Schwartz type inequality

(Ee)=(Ee)

Since the square root is monotone with respect to the order on positive definite matrices, this
implies

~ 1

E [F} -

n

i: r(;‘)] > ol

=1

Thus,

Ent(S,||G,) < E /1/1 E[ﬁrw dsdt
0

t HS

1 ] 2 1
t
/ /O'SQdS dt
1—1t
0

HS t

IN
&=

s

O/ (E (L M) /10—2(15 dt.

t

Since Cov(G) = Cov(S,), it is now easy to verify that Ent (S,||G) < Ent (S,||G,), which

concludes the proof. O

A key component in the proof of the theorem lies in using the norm of an adapted process

32



in order to bound the relative entropy. The following lemma embodies this idea. Its proof is
based on a straightforward application of Girsanov’s theorem. We provide a sketch and refer the
reader to [165], where a slightly less general version of this lemma is given, for a more detailed

proof.

Lemma 1.14. Let F : R x R? — RdXd be almost surely invertible and locally Lipschitz.

Denote Fy(x) := F(t,x) and let M; = f Fy(My)dBs. For u;, an adapted process, set Y; :=

¢
st )dB; —i—fusds Then
0

1

Eut (vi[100) < 5 [ B [|1£ 0] ar

Proof. Since M is an It6 diffusion, by Girsanov’s theorem ( [199, Theorem 8.6.5]), the density
of {Y; }1eo,1) with respect to that of { M, },c[0,1) on the space of paths is given by

1

1

1

£ = exp —/Ft(Yt)1utdBt—§/HFt(K)1ut||2dt
0 0

If f is the density of Y] with respect to M7, this implies
1=E[f(Y1)E].
By Jensen’s inequality

0=In(E[f(Y1)&]) = E[n (f(Y1)€)] = E[In(f(¥1))] + E[In(E)] .

But,
) 1
E ln(&)] = —5/ 117 0y |*]
0
and
E[In(f(Y1))] = Ent(Y:|[M,),
which concludes the proof. O

The proof of Lemma 1.13 now amounts to invoking the above bound with a suitable con-

struction of the drift process ;.
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Proof of Lemma 1.13. By defintion of the process Y;, we have the following equality

1 1

1 1t
/FthdBt—i—// dBd /FthdBmL/ — F,(Y}))dB, = Xy,
0 0

0 0

(1.9)
where we have used Fubini’s theorem in the penultimate equality. Now, consider the adapted
process

t
I's — Fs(Ys
U = / ( )dBS,
I
0
so that,

Applying Lemma 1.14 and using Itd’s isometry, we get

1 1 2
— Fy(Ys
Ent(X,||M,) g/ [HF (V) utH :/ / - L= B0 p | | a
—s
0 0 0
Ny T, — F(Y) |
= E // Ft—l(y;)s_—s(s) dsdt
1—s5 HS
[0 0
B T, — F(Y,) |
) // Ft(y;)*ls'_—s(s) dtds| |
s J L—s HS
where last equality follows from another use of Fubini’s theorem. O

1.2.3 A stochastic construction

In this section we introduce the main construction used in our proofs, a martingale process
which meets the assumptions of Theorems 1.10 and 1.12. The construction in the next propo-
sition is based on the Skorokhod embedding described in [98]. Most of the calculations in this
subsection are very similar to what is done in [98], except that we allow some inhomogeneity in
the quadratic variation according to the function C; below. In particular, C; will be a symmetric

matrix almost surely, and we will denote the space of d x d symmetric matrices by Sym,,.

Proposition 1.15. Let ;i be a probability measure on RY with smooth density and bounded

support. For a probability measure-valued process |1, let

a; = / zp(de), A= / (x — at)®2ut(d3:)
R R4
denote its mean and covariance.
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Let C : R x Sym, — Sym, be a continuous function. Then, we can construct [i; so that the

following properties hold:
L o = p,

2. ay is a stochastic process satisfying da; = A;C|(t, AI)dBt, where By is a standard Brow-

nian motion on R?, and
3. For any continuous and bounded ¢ : R* — R, [.. o(2)p(dx) is a martingale.

Remark 1.16. We will be mainly interested in situations where j; converges almost surely to a
point mass in finite time. In this case, we obtain a martingale embedding (a,, A,C(t, A}), ) for

1, where 7 is the first time that i, becomes a point mass.

In the sequel, we abbreviate C; := C(t, AI) We first give an informal description of how
fii+e is constructed from i, for e — 0. Consider a stochastic process { X }o<s<1 in which we
first sample X; ~ p, and then set

X,=(1-8)a, +sX,+C'B;,

where B, is a standard Brownian bridge. We can write X. = a, + /¢C; ' Z, where 7 is close
to a standard Gaussian. We then take p; .. to be the conditional distribution of X; given X..
This immediately ensures that property 3 holds and that a; is a martingale.

It remains to see why property 2 holds. A direct calculation with conditioned Brownian
bridges gives a first-order approximation

Pite(dx) o< 6_%(\@Ct_lz_a(x_“t))ch(‘/gct_lz_s(m_at))ﬂt(dx)

o eﬁ(CtZ,xfat>+O(s)Mt (dI)

~ (1 + VelCiZ, x — as)) ps(dx).

Then, to highest order, we have

Ui —a; = Ve | (CiZ,x — a)(x — ap) pe(dx) = e ACy Z,
R4

which translates into property 2 as € — 0.

Observe that the procedure outlined above yields measures i, that have densities which are
proportional to the original density . times a Gaussian density. (This applies at least when A;
is non-degenerate; something similar also holds when A, is degenerate, as we will see shortly.)
Let us now perform the construction formally. We will proceed by iterating the following

preliminary construction, which handles the case when A, remains non-degenerate.

Lemma 1.17. Let i be a measure on R with smooth density and bounded support, and let

C' : R x Sym, — Sym, be a continuous map. Then, there is a measure-valued process i and
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a stopping time T' such that i, satisfies the properties in Proposition 1.15 for t < T and the
affine hull of the support of ur has dimension strictly less than d. Moreover, if jur is considered

as a measure on this affine hull, it has a smooth density.

Proof. We will construct a (R? x Sym,)-valued stochastic process (c;, ;) started at (co, Xo) =

(0,1;). Let us write
1 .

Qi(z) = 3 <x — e, B o — ct)> :

and let i be the probability measure satisfying g%(x) x ezlel”, We will then take [t to be
py(dx) = Fy(x)p(dx), where

1 ~
L /R ()

Note that since ¥y = I, we have pg = p.!

In order to specify the process, it remains to construct (¢, ;). We take it to be the solution
to the SDE
dCt = itCtdBt + itCtQ(at — Ct)dt7 dit = —itCEitdt

Note that the coefficients of this SDE are continuous functions of (¢, it) so long as f]t > 0. By
standard existence and uniqueness results, this SDE has a unique solution up to a stopping time
T (possibly T' = 00), at which point A; (and hence it) becomes degenerate. Observe that, for

every t, f]t = I, and so, the matrix process is continuous on the interval [0, 7.

By a limiting procedure, it is easy to see that pp has a smooth density when considered as a
measure on the affine hull of its support. (Indeed, its density is proportional to the conditional
density of i times a Gaussian density.) It remains to verify that y, is a martingale and da; =
A CdBy.

By direct calculation, we have

d(3;Y) = CAdt
d(37e) = CPeydt + CPay — ¢)dt + CidBy
= CECLtdt -+ CtdBt
1
th(I') = <£U, (503[[‘ - Ctzat> dt — CtdBt>
1
d(e=@@) = —e= @@, (z) + 56_Qt(’”)d[Qt(x)]

= B_Qt(J:) <fL‘, CtdBt + Cfatdt>

!Conceptually, one can replace all instances of i with . if we think of the initial value 3 as being an “infinite”
multiple of identity. However, to avoid issues with infinities, we have expressed things in terms of [ instead.
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Integrating against ji(dz), we obtain

dZt - Zt <CLt, CtdBt + Cl?atdt>

1 1 1

_Z_tdet + Z_tgd[Zt] = Z<at; _CtdBt>

dFy(z) = e*Qt(I)dthl + Zt—ld(eth(x)) + d[Z;l,eth(x)]

= Ft(ﬂf) . <$ — Ay, CtdBt>

dz; ' =

Thus, F;(z) is a martingale for each fixed x, and furthermore,

da; = d/ zp(dr) = / xdp(dx) = / x(x — ay)Cypy(dx)d By = A CydBy.
Rd R4 R4

Proof of Proposition 1.15. We use the process given by Lemma 1.17, which yields a stopping
time 77 and a measure 7, with a strictly lower-dimensional support. If .7 is a point mass, then
we set py = pp forallt > T

Otherwise, by the smoothness properties of yip, guaranteed by Lemma 1.17, we can recur-
sively apply Lemma 1.17 again on pp, conditioned on the affine hull of its support. Repeating

this procedure at most d times gives us the desired process. O

1.2.4 Properties of the construction

We record here various formulas pertaining to the quantities a;, A;, and y; constructed in Propo-

sition 1.15.

Proposition 1.18. Let u, Cy, and (i, be as in Proposition 1.15. Then, there is a Sym -valued
process {¥; }i~o satisfying the following:

e For all t, there is an affine subspace L = L, C RY and a Gaussian measure -y, on R,
supported on L, with covariance ¥; such that ji; is absolutely continuous with respect to

Y4, and

dpie
——(x) x u(x), Vo € L.
@) o ta)

e X, is continuous and for almost every t obeys the differential equation

d
%Et — _EtCEEt

o lim, o+ ;' =0.
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Proof. For 1 < k < d, let T}, denote the first time the measure i is supported in a (d — k)-
dimensional affine subspace, and denote by L; the affine hall of the support of 11;. We will define
Y, inductively for each interval [T}_1, T;]. Recall from the proof of Proposition 1.15 that p; is
constructed by iteratively applying Lemma 1.17 to affine subspaces of decreasing dimension
d,d—1,d—2,...,1. Let f]k,t denote the quantity Y, from the k-th application of Lemma 1.17,
so that ik,t is a linear operator on the subspace L, .

For the base case 0 < t <77, take >, = (ia { —I;)~L. A straightforward calculation shows
that over this time interval, Cil—*;f is proportional to the density of a Gaussian with covariance ;.
Note that since 257 é = I4, we also have lim; o+ 2, L—o.

Now suppose that >; has been defined up until time 7}; we will extend it to time 7}, . Let
Ly, denote the affine hull of the support of xir,, so that dim(Ly) = d — k (if dim(Ly) < d — F,

then we simply have Ty, = T}). Then, for 0 <t < Ty — T}, we may set
- . -1
ETiﬁ-t = (E];t + E;k - Id) )

where the quantities involved are matrices over the subspace parallel to L, but may also be
regarded as degenerate bilinear forms in the ambient space R?. First, observe that continuity of
the processes f]k,t implies the same for ;. Once again, a straightforward calculation shows that
for T}, <t < Thy1, % is proportional to the density of a Gaussian with covariance >.;, where
we view u; and p as densities on Ly (for i, we take its conditional density on Ly).

It remains only to show that Y, satisfies the required differential equation. From our con-

struction, we see that >.; always takes the form (it_ L ) , where H < I; and

d ~ . .
Ezt - —ZtCtQEt

Then, we have

as desired. O

PrOpOSitiOH 1.19. dAt = f (.1' — at)®3ut(dx)0tdBt — AtCtzAtdt

R4

Proof. We consider the Doob decomposition of A, = M, + E;, where M, is a local martingale

and F; is a process of bounded variation. By the previous two propositions and the definition
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of A;, we have on one hand

dA; = d/x®2ut(dx) —da?? = d/x®2,ut(dx) —a; ® da; — day ® a; — A,C* AdL.

R4 R4

Clearly the first 3 terms are local martingales, which shows, by the uniqueness of the Doob

decomposition, dE; = —A;C? A;dt. On the other hand, one may also rewrite the above as

a4 =d [ o = )P uldo) = [ d (@@ - )P p(do)

- Jaas - at>ut<dﬂi> - [ a) @ duguls) + [ (o~ 0)duu(ae)
-2 /(x — ap) @ d[ag, pe(dz)]s + /d[at, ag)epu (der).

Note that the first 2 terms are equal to 0, since, by definition of a,

/dat & (2 — an)pe(d) = day @ /(x ~ a)(dz) = 0.

R4 R4

Also, the last 2 terms are clearly of bounded variation, which shows

dM,; = /(x — a;)®*dp (dz) = /(x — a;)®3Cypuy (dx)d By

R4 R4

O

Define the stopping time 7 = inf{¢|A; = 0}. Then, at time 7, 1 is just a delta mass located

at a, and ps = p, for every s > 7. A crucial is observation is

Proposition 1.20. Suppose that there exists constants to > 0 and ¢ > 0 such that a.s. one of

the following happens

1. foreveryty <t <, Tr (A,C?A;) > ¢

to
2. [ Amin (C?) dt = 00, where Apin (C}) is the minimal eigenvalue of C},
0

then T is finite a.s. and in the second case T < ty. Moreover, if T is finite a.s. then a, has the

law of .

t
Proof. Consider the process R, = A; + [ A;C2A,ds. For the first case, the previous propo-
0

sition shows that the real-valued process Tr (R;) a positive local martingale; hence, a super-

martingale. By the martingale convergence theorem Tr (R,;) converges to a limit almost surely.
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By our assumption, if 7 = oo then

oo o0 oo

/TI' AtO At dt > /Tr(AtCtQAt)dt Z /Cdt =

0 to to

This would imply that ltlim Tr(A;) = —oo which clearly cannot happen.
—00

For the second case, under the event {7 > t;}, by continuity of the process A; there exists
a > 0 such that for every t € [0, ¢,], there is a unit vector v; € R? for which (v;, A;v;) > a. We

then have,

to to
(AtCQAt / Atvt, C At’Ut dt > a /)\mm(ct2>dt = 00,
0

0 0

which implies thntq Tr(A;) = —oo. Again, this cannot happen and so P(7 > ¢y) = 0.
—to

To understand the law of a,, let ¢ : R? — R be any continuous bounded function. By Prop-

erty 3 of Proposition 1.15 f x) e (dx) is a martingale. We claim that it is bounded. Indeed,
Rd
observe that since i is a probability measure for every ¢, then

[ etntds) < maxola)

Rd

7 is finite a.s., so by the optional stopping theorem for continuous time martingales ( [199]
Theorem 7.2.4)
E | [ lahunldn)| = [ plouls).
d R4
Since i, is a delta mass, we have that [ ¢(z)u,(dx) = ¢(a,) which finishes the proof. O

R4

We finish the section with an important property of the process A;.

Proposition 1.21. The rank of A, is monotonic decreasing in t, and ker(A;) C ker(A;) for
t <s.

Proof. To see that rank(A;) is indeed monotonic decreasing, let vy be such that A, vy = 0 for

some to > 0, we will show that for any ¢ > t,, A;vy = 0. In a similar fashion to Proposition
t
1.20, we define the process (vg, A;vg) + [ (vo, AsCZAsv0)ds, which is, using Proposition 1.19,

0
a positive local martingale and so a super-martingale. This then implies that (v, Asvp) is itself

a positive super-martingale. Since (vg, As,v0) = 0, we have that for any ¢ > ¢, (v, Arvg) =0
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as well.
O

1.3 Convergence rates in transportation distance

1.3.1 The case of bounded random vectors: proof of Theorem 1.1

In this subsection we fix a measure 1 on R? and a random vector X ~ p with the assumption
that || X'|| < /5 almost surely for some 8 > 0. We also assume that E [X]| = 0.

We define the martingale process a; along with the stopping time 7 as in Section 1.2.3, where
t

we take C; = AI, so that a; = f ASAI,dBS. We denote P, := AtAI, and remark that since A;
0

is symmetric, P is a projection matrix. As such, we have that for any ¢t < 7, Tr (P;) > 1. By

Proposition 1.20, a, has the law p.

In light of the remark following Theorem 1.10, our first objective is to understand the expecta-

tion of 7.
Lemma 1.22. Under the boundedness assumption || X || < 3, we have E [7] < %

Proof. Let H, = ||a||>. By Itd’s formula and since P, is a projection matrix,
dH; = 2{(a;, PidB;) + Tr (P;) dt = 2(as, P,.dB;) + rank (P;) dt.

So, 4E[H,] = E [rank (P,)]. Since E [H..] < £,

3* > E[H,] — E[Hy :/E[rank(Pt)]dtZ /P(T>t)dt:E[T].

0

O

The above claim gives bounds on the expectation of 7, however in order to use Theorem
1.10, we need bounds for its tail behaviour in the sense of (1.2). To this end, we can use a
bootstrap argument and invoke the above lemma with the measure y; in place of p, recalling
that X |F; ~ i and noting that || X |F;|| < 8 almost surely. Therefore, we can consider the
conditioned stopping time 7|F; — ¢ and get that

E[r|F] <t+ 52

The following lemma will make this precise.
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Lemma 1.23. Suppose that, for the stopping time T, it holds that for every t > 0, E [7|F;] <
t+ 32 a.s., then

1
VieN, P(r>i-28%) < 7 (1.10)

Proof. Denote t; = i - 23%. Since y; is Markovian, and by the law of total probability, for any

1 € N we have the relation

P(1>ti1) <P (7> t;)esssup (IP (7’ —t; > 252|-7:ti)) ,

Mt

where the essential supremum is taken over all possible states of 1i;,. Using Markov’s inequality,

we almost surely have

E [T — tz|ftl] <

1

which is also true for the essential supremum. Clearly P (7 > 0) = 1 which finishes the proof.
O

Proof of Theorem 1.1. Our objective is to apply Theorem 1.10, defining X; = a; and [';, = P,
so that (X, [y, 7) becomes a martingale embedding according to Proposition 1.20. In this case,

we have that I'; is a projection matrix almost surely. Thus,
T (ErE[rE]) <

and
Tr (E[I7]) < dP(r>1).

Therefore, if G and S,, are defined as in Theorem 1.10, then

25210g2(n)d 00
W2 (S,,G) < / EdH / 4dP(1 > t)dt
0 2/3210g2(”)
24321 T
§M+4d / Plr> L252 dt
n 232
2/8210’%2(”)
(1.10) 2 7 Lz%J
purwo [,
n 2
25210g2(”)
2 00 2 2
< 2d3* logy(n) | 842 Z i < 2d3%logy(n) N 32dp3 .
n 27 n n
j=logy(n)]
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Taking square roots, we finally have

BVd+/32 + 21og,(n)
\/ﬁ 7

as required. O

W2(STL7 G) S

1.3.2 The case of log-concave vectors: proof of Theorem 1.2

In this section we fix y to be an isotropic log concave measure. The processes a; = a’, A, = A
are defined as in Section 1.2.3 along with the stopping time 7. To define the matrix process C},

we first define a new stopping time
T :=1Ainf{t| ||AtHop > 2}.
C} is then defined in the following manner:

min(Al, 1) ift<T

Cy =
AI otherwise

where, again, AI denotes the pseudo-inverse of A; and min(AI , 1) is the unique matrix which
is diagonalizable with respect to the same basis as AI and such that each of its eigenvalues
corresponds to an an eigenvalue of AI truncated at 1. Since Tr (AtAI ) > 1 whenever t < T,
then the conditions of Proposition 1.20 are clearly met for ¢, = 1 and a., has the law of .

In order to use Theorem 1.10, we will also need to demonstrate that 7 has subexponential

tails in the sense of (1.2). For this, we first relate 7 to the stopping time 7.
Lemma 1.24. 7 < 1+ 2.

Proof. Let X; be as in Proposition 1.18. As described in the proposition, i, is proportional to 1
times a Gaussian of covariance .;, on an appropriate affine subspace. In this case, an application
of the Brascamp-Lieb inequality (see [133] for details) shows that A, = Cov(y;) < X4 In
particular, this means that for ¢ > 7', when restricted to the orthogonal complement of ker(A;),

the following inequality holds,

d
Ext = 2,028, =< 1,

SO, T S T + HETHop'
It remains to estimate ||ZT||OP. To this end, recall that for 0 < ¢t < T, we have ||At||op <2,

which implies
d

1
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Now, consider the differential equation f'(t) = —3f(t)> with f(T) = ||Zz|,,, which has

solution f(t) = ——%—5—. By Gronwall’s inequality, f(t) lower bounds [12¢]],, for 0 <t <

T, and so, in particular, f(¢) must remain finite within that interval. Consequently, we have

4
>T = ||Z7]],, < =-
127, Pr
We conclude that A
T<T+ ||ET||op < 1+T,
as desired. O

Lemma 1.25. There exist universal constants ¢, C > 0 such that if s > C' - k3 1n(d)? and d > 8
then
P(r>s) <e

where k4 is the constant defined in (1.1).

Proof. First, by using the previous claim, we may see that for any s > 5,

1 s—1 1 s 1
]P’(T>3)§IP(TZ 1 )§P<f23)zp(58 ZT):]P’( max ||At||op22>.

0<t<5s—1
Recall from Proposition 1.19,
dAt = /(I‘ — (lt) X (l’ — CLt)<Ct (Z‘ - (lt) ,dBt>,ut(dx) - AtCEAtdt
Rd

Since we are trying to bound the operator norm of A;, we might as well just consider the matrix

R t
A=A+ f ASC'SQASds. Note that, by definition of 7', for any ¢t < T,
0

t
/&@&wjh

0

Thus, for ¢ € [0, 7],
38y = A+ 1= A, = A, (1.11)

Also, flt can be written as,
dA, — /<x —a) @ (& — a)(Cylx — ay), dBum(dz), Ao = I, (1.12)
Rd
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The above shows

>2) < Aillop >
P (o I 22) <2 (e 1 22).

We note than whenever || A;||,, > 2 then also Tr <A4 ln(d)> g > 2, so that

1
P < max || A[op > 2) <P ( max Tr (A4ln(d)> s 2)

0<t<hHs—1 0<t<5s—1

<P ( max In <Tr (A‘““( ))) > 21n(d)) —P < max (M, + E) > 21n(d)) :

0<t<5s—1 0<t<5s—1

(1.13)

where M; and F; form the Doob-decomposition of In <Tr (A4 In(d ))) That is, M, is a local
martingale and F; is a process of bounded variation. To calculate the differential of the Doob-

decomposition, fix ¢, let vy, ..., v,, be the unit eigenvectors of flt and let o;; j = (v, fltvj> with

da; j = /(m,vﬁ(m,vj)(C}x, dBy) p(dx + ay),

Rd

which follows from (1.12). Also define

§ij = / z,v;) (@, vj) Crop (dr + ay).

v Qi Q5

So that g
2
dag j = \/ai;05(&i 5, dBy), d—t[az‘,j]t = i [|&ll” -

Now, since v; is an eigenvector corresponding to the eigenvalue «; ;, we have

fivj - /(At_l/va Ui><121t_1/2._'[', Uj>0t$ﬂt(d$ —+ (lt).

R4

If we define the measure i, (dz) = det(A,;)!/? ,ut(fll/ ?dx+ ay), then fi, has the law of a centered

1/2

log-concave random vector with covariance A Y 2AtA = I;. By making the substitution

1/2
Yy = At / x, the above expression becomes

& / (y, vi) (y, v, ) CL A Py iy (dy).

Rd

By (1.11) and the definition of 7", C, forany ¢t < T, 1212/2 < 2l and C; < 1,;. So, 121,}/2 <
op

2. Under similar conditions, it was shown in [97], Lemma 3.2, that there exists a universal
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constant C' > 0 for which

e forany 1 <i <d, H§”H2 <C.
d 2
o forany 1 <i<d, > |&,;|I° < Ck2.
i=1

Furthermore, in the proof of Proposition 3.1 in the same paper it was shown
dTr (A;““(d ) < 41n(d Z @D ie, - dBy) + 160K In(d)>Tr <A41“(d)> dt.

So, using 1td’s formula with the function In(z) we can calculate the differential of the Doob

decomposition (1.13). Specifically, we use the fact that the second derivative of In(z) is negative

and get

Tr <A4ln(d)>

dEt < 160/@3 ln(d) ﬁ = 160’1?[ ln(d)2, E(] = hl(d),

Tr <At n ))

and
Tr < Jt 1n(d)> 2
i 2 2 ; _ 2 2
[M], < 16C*In(d) = 16C?In(d)*. (1.14)

dt Tr ( Al ln(d))

Hence, E; < t - 16Ck2 In(d)? + In(d), which together with (1.13) gives

0<t<Hs—1

P(r>s)<P < max M; > 2In(d) — In(d) — 80s ' Ck} 1n(d)2) Vs > 5.
Under the assumption s > 80(7/4;(21 ln(d)2, and since d > 8, the above can simplify to

P(r>s) <P ( max M; > %ln(d)) ) (1.15)

0<t<55~1
To bound this last expression, we will apply the Dubins-Schwartz theorem to write
Mt = W[M]t,

where IV} is some Brownian motion. Combining this with (1.15) gives

]P(T>s)§]P’( max Wy M)

0<t<5s—1 - 2

An application of Doob’s maximal inequality ( [208] Proposition 1.1.8) shows that for any

'K >0
KQ
> < _—
P (0@% = K) = OXP ( 2t ) ’
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We now integrate (1.14) and use the above inequality to obtain

In(d
IF’( max Wy, > né >> <e

0<t<5s~1

where ¢ > 0 is some universal constant. O

Proof of Theorem 1.2. By definition of T" and C}, we have that for any ¢t < T, A,C; < 2I; and
forany t > T, A,C; = AtAI < I;. We now invoke Theorem 1.10, with I'; = A,C;, for which

Tr (]E[Ff]E [rf}*) < 4d,
and, by Lemma 1.25
2 —ct 2 2
Tr (E[I7]) < 4dP (7 > t) < 4de Vit > C - k;1n(d)”.

If G is the standard d-dimensional Gaussian, then the theorem yields

C-£21In(d)? In(n) y 00
WE(S,, G) < / it + / 16dP (7 > t)
0 C-k21In(d)? In(n)

2 2 -
< 4dC k5 In(d)? In(n) +16d / g
n

C-£21In(d)? In(n)

d - k2In(d)?In(n)

n

<

Thus
CkqIn(d)+/dIn(n)

Jn ,

WQ(S’ru G) S

1.4 Convergence rates in entropy

Throughout this section, we fix a centered measure 1 on R? with an invertible covariance matrix
Yand G ~ N (0,%). Let {X®} be independent copies of X ~ p and S, := \/iﬁ S X,
i=1

Our goal is to study the quantity Ent (S,,||G). In light of Theorem 1.12, we aim to construct
a martingale embedding (X, I';, 1) such that X; ~ p and which satisfies appropriate bounds

on the matrix I';. Our construction uses the process a; from Proposition 1.15 with the choice
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Cy := 151,. Property 2 in Proposition 1.15 gives

Thus, we denote

1
Since [ Apin(C?) = oo, Proposition 1.20 shows that the triplet (a;, ¢, 1) is a martingale em-
0

bedding of . As above, the sequence ng)

= n @\ 2
Fyi=1/2200 (Ft ) .

will denote independent copies of I'; and we define

1.4.1 Properties of the embedding

Let v; stand for the F’ollmer drift, defined by 7, in the Introduction, and denote

t

Y, =B, + /vsds.
0

In [100] (Section 2.2) it was shown that the density of the measure Y] |F; has the same dynamics
as the density of y;. Thus, almost surely Y;|F; ~ u; and since a, is the expectation of y;, we
have the identity

=EWi|F], (1.16)

and in particular we have a; = Y;. Moreover, the same reasoning implies that A, = Cov(Y;|F)

and
Cov(Y1|F)

1—-t

The following identity, which is immediate from 7, will be crucial in the sequel,

T, = (1.17)

1

/E [ve)?] (1.18)

0

Ent(Y[|y) =

l\DI»—

Lemma 1.26. It holds that < [Cov(Y;|F,)] = —E [I'}].
Proof. From (1.16), we have

Cov(1|Fy) = E [Yi#*|F] — E[V1|F)®* = E [Y#*|F] — af.
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a; 1s a martingale, hence

d d 9
—E [Cov(Y1|F)] = —EE[[ al] = —E [I7] . (1.19)
O
Our next goal is to recover v; from the martingale a;.
t
Lemma 1.27. The drift v, satisfies that identity v; = | Ff:id dBs. Furthermore,
0
t
Tr (E [(Ts — 10)*])
2 s
E [Hth } = / (1=s) ds. (1.20)
0
Proof. Recall identity (10), from the Introduction,
/ ry—1
v = / ° 1B,
1—5
0
The claim follows from a direct application of Itd’s isometry. O

A combination of equations (1.18) and (1.20) gives the useful identity,

Ent Y1||’y // Tr 1 - S ) })det _ E/TI (E [(Ft - Id)Q})dt, (121)

2 1—t
0

which was also shown in (11). We can further capitalize on the the previous lemma to obtain a

representation for E [Tr (I';)], in terms of E [||v, ||2] .

Lemma 1.28. It holds that
E[Te(Ty)] =d— (1—1) (d—Tr(S) +E [Ju]?]) -

Proof. The identity can be obtained through integration by parts. By Lemma 1.27,

el 2 [ EEE0 )

) / TET), s / TEL), / Ty




Since, by Lemma 1.26, £ [Cov (Y1|F;)] = —E [I'?] integration by parts shows

t

/Tr(E[ra)d T (E[Cov (MIF)

t

(I—s2 (1—s)?

[ Tr (E [Cov (Y3 | F,)))
S R (e

0
t

—Tr (3) - —Trl(JEJI;t]) 2 / —T;l(]% [;Sj)ds,

where we have used (1.17) and the fact Cov (Y;|Fy) = Cov (Y;) = X. Plugging this into the

previous equation shows

Tr (E [I']) d
1t 1—t

—d.

Eflv.]”] = Tr (%)

or equivalently
E[Te(T,)]=d— (1—t)(d—Tr () +E [|Jul*]).

O
Next, as in Theorem 1.12, we define o to be the minimal eigenvalue of E [I';], so that
E[Ty] = o4
Note that by Jensen’s inequality we also have
E [I7] = o714 (1.22)

Lemma 1.29. Assume that Ent(Y;||y) < oo. Then Ty is almost surely invertible for all t € [0, 1)

and, moreover, there exists a constant m = m,, > 0 for which
o >m, Vtel0,1).

Proof. We will show that for every 0 < ¢ < 1, o, > 0 and that there exists ¢ > 0 such that
o > % whenever ¢ > 1 — c. The claim will then follow by continuity of o;. The key to showing
this is identity (1.21), due to which,

Ent (Y1[|y) =

DN | —

1—-t

jﬁmwﬁmmﬁ

Recall that, by Equation (1.17), I'; = %ﬁtm) and observe that, by Proposition 1.21, if

Cov (Y1]Fs) is not invertible for some 0 < s < 1 then Cov (Y;|F;) is also not invertible for
Tr((Ft—Id)2>

- dt = oo which, using the above

1
any ¢t > s. Under this event, we would have that |
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display, implies that the probability of this event must be zero. Therefore, I'; is almost surely
invertible and o, > 0 for all ¢ € [0, 1).

Suppose now that for some t' € [0, 1], oy < %. By Jensen’s inequality, we have
Tr (E[(T, —1,)°]) > Tr (B[, - L)*) > (1 — 00)? > 1 — 20,.

Since, by Lemma 1.26, E [Cov (Y;|F;)] is non increasing, for any ¢’ < ¢ < ' + %tl,

op(1—1t) 1-t 1
o < 1 < T 1ty 1
—t 8(1 -t — 5-)
Now, assume by contradiction that there exists a sequence ¢; € (0, 1) such that oy, < %
and lim ¢; = 1. By passing to a subsequence we may assume that ¢;,; — ¢; > 1’2“ for all .

71— 00
The assumption Ent(Y3||y) < oo combined with Equation (1.21) and with the last two displays

finally gives
. /1 Tr (E [(I';, — Id)2]>dt > /1 1— ZUtdt > i t#l?lLdt > logQil
/ 1—t —J 1—t =~ = J 21—t — =2’
which leads to a contradiction and completes the proof. O

1.4.2 Proof of Theorem 1.5

Thanks to the assumption Ent (Y;||G) < oo, an application of Lemma 1.29 gives that I'; is

invertible almost surely, so we may invoke the second bound in Theorem 1.12 to obtain

Ent(S,]|G) < /1 " (E [?f]__ti [ft} ) /1 o, %ds | dt.

The same lemma also shows that for some m > 0 one has

Therefore, we attain that

Ent(S,]|G) < dt. (1.23)
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Next, observe that, by Itd’s isometry,
1
Cov(X) = / E [I7] dt.
0

Hence, as long as Cov(X) is finite, E [['?] is also finite for all ¢ € A where [0, 1] \ A is a set of

measure 0. We will use this fact to show that

lim Tr <E 2] -E [ftr) —0, Vte A (1.24)

n—o0

~ A\ 2
Indeed, by the law of large numbers, I'; almost surely converges to /IE [['7]. Since (F,@)

n N\ 2
are integrable, we get that the sequence % > (Fg”) is uniformly integrable. We now use the
i=1
inequality

n

- 1 N 2 1 <& N 2
F,< | (F(”) I, <= (r“)) 1,
[ n Z t +1g = n Zz; t + 1g

=1

to deduce that T, is uniformly integrable as well. An application of Vitali’s convergence theo-

rem (see [118], for example) implies (1.24).

We now know that the integrand in the right hand side of (1.23) convergence to zero for
almost every t. It remains to show that the expression converges as an integral, for which we

intend to apply the dominated convergence theorem. It thus remains to show that the expression

Tr (]E 2 —E [ft} 2)

1—-t

is bounded by an integrable function, uniformly in n, which would imply that
lim Ent(S,||G) =0,

n—o0

and the proof would be complete. To that end, recall that the square root function is concave on

positive definite matrices (see e.g., [9]), thus

It follows that
Tr (E 2] - E [1}] 2) <Tr (E[1?] —E %) < Tr (B[N, - 1)) .
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So we have

— dt < —
m?2 1—t¢ — m? 1—¢
0

=), o pneew)

21 2
= WEnt (Yi|]y) < 0.

This completes the proof.

1.4.3 Quantitative bounds for log concave random vectors

In this section, we make the additional assumption that the measure p is log concave. Under
this assumption, we show how one can obtain explicit convergence rates in the central limit
theorem. Our aim is to use the bound in Theorem 1.12 for which we are required to obtain

bounds on the process I';. We begin by recording several useful facts concerning this process.
Lemma 1.30. The process I'; has the following properties:

1. If  is log concave, then for everyt € [0,1], I'; < %Id, almost surely.

2. If pis also 1-uniformly log concave, then for every t € [0, 1], I'; < 1, almost surely.

Proof. Denote by p, the density of Y;|F; with respect to the Lebesgue measure with p := pg

being the density of ;. By Proposition 1.18 with C; = ll—jt, we can calculate the ratio between

p: and p. In particular, we have

d d 1
Bl Soat g b i S 1D D e p—
™! ! (dt t) =2

Solving this differential equation with the initial condition > ' =0, we find that ;! = ﬁld.

Since the ratio between p; and p is proportional to the density of a Gaussian with covariance

>, we thus have

—Vv? log(p:) = —V? log(p) + I,.

1—1
Now, if p is log concave then Y;|F; is almost surely ﬁ—uniformly log-concave. By the

Brascamp-Lieb inequality (as in [133]) we get Cov (Y;|F;) = %Id and, using (1.17),

1
Iy < Zld.

If 1 is also 1-uniformly log-concave then —V?1og(p) = I, and almost surely

1

—V?log(ps) = T

I4.
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By the same argument this implies

O

The relative entropy to the Gaussian of a log concave measure with non-degenerate covari-
ance structure is finite (it is even universally bounded, see [173]). Thus, by Lemma 1.29, it
follows that I'; is invertible almost surely. This allows us to invoke the first bound of Theorem
1.12,

1 2 1

| fE|T (2 -Er3)°)] .

Ent(S,||G) < E/ 1= 127 /O‘S ds | dt. (1.25)
0 t

Attaining an upper bound on the right hand side amounts to a concentration estimate for the
process I'? and a lower bound on 0. These two tasks are the objective of the following two

lemmas.

Lemma 1.31. If i1 is log concave and isotropic then for any t € [0,1),

w (e 07 - £ 1)) < 0 (L o i),

and

for a universal constant C' > (.

Proof. The isotropicity of u, used in conjunction with the formula given in Lemma 1.28, yields
1
Tr (B [I7]) > ~Tr (E[14])* > d —2(1 = OF [[lul|]

where the first inequality follows by convexity. Since p is log concave, Lemma 1.30 ensures

that, almost surely, T’y < 11;. Therefore,

=
VRS
=
=
=+
|
=
—
O
_
N——
VAN
!
~~
=

= e (B[ (- ey
< %Tr (E I, — 7))

< 1t—2t (d(lt;l— t) 1 9R [Hthz]) .

Which proves the first bound. Towards the second bound, we use (1.17) to write

1

2
b= (1—1)?

E [}/1@2"/—_%}2‘
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So,
1

E Ir2)) < g (Y2l < e I

For an isotropic log concave measure, the expression E [[|Y; HS} is bounded from above by C'd*
for a universal constant C' > 0 (see [203]). Thus,

(& (17 - £ 7)) =B I~ E [215] <22 2] < oD

Lemma 1.32. Suppose that 1 is log concave and isotropic, then there exists a universal constant

1 > ¢ > 0 such that

1. Forany, t €0, 5], 0y >

N =

2. Forany, t € [5,1], 00 > 5.

Proof. By Lemma 1.26, we have

d _ o aan B [Cov (V1| F)?]
EE [Cov(Y1[F)] = —E [Ft} - (1—1¢)? :

Moreover, by convexity,
E [Cov (V| F)"] < E |E[Y|A)] < E [IVi]'] L

It is known (see [203]) then when 1 is log concave and isotropic there exists a universal constant
C > 0 such that
E [|[y]|] < Cd*.

Consequently, 4IE [Cov (Y} |F;)] = —%Id, and since Cov(Y;|Fy) = I,

t
1 Cd*t
0

By increasing the value of ', we may legitimately assume that # < 1, thus for any ¢ €

[0, 572] we get that
1
E [COV()/l|.Ft)] >_' §Id,

which implies o, > % and completes the first part of the lemma. In order to prove the second
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part, we first write

A= 4B [Cov(Ya|F2)] wenmarze B [Cov(Yi|F)] — (1 —)E[?]  E[IY] —E [
T T B (1—1t)2 - 1—t

(1.26)

Since, by Lemma 1.30, I'; < %Id, we have the bound

E[l] -E[} - 1_%E[Ft] :—EE[H]-
1—t 1—t t

*f(t)

Now, consider the differential equation f'(t) = (502) = 2

5 .
which concludes the proof.

Its unique solution is
ft) = 5 d2 ;- Thus, Gromwall’s inequality shows that oy >
O

_1_
6Cd%t>

Proof of Theorem 1.6. Our objective is to bound from above the right hand side of Equation
(1.25). As a consequence of Lemma 1.32, we have that for any ¢ € [0, 1),

1

/08_2ds < Cd'(1-t),

t
for some universal constant C' > 0. It follows that the integral in (1.25) admits the bound
PE T (3 -Er3)°)] [ PE T (07— E[13)°)]
/ / o 2ds | dt < Cd* / dt.

(1 —1)%0} ’ (1 —t)ot
0 t 0

Next, there exists a universal constant C’ > 0 such that

cd TE [Tr (@ " [Fﬂ)zﬂ dt < C' T ———dt < C'd¥,
/ (1 —t)a? N / (1-1)°
0 0

where we have used the second bound of Lemma 1.31 and the first bound of Lemma 1.32. Also,

by applying the second bound of Lemma 1.32 when ¢ € [cd~2,d '] we get

—1

dlE Tr IEWQD)]deO’d a7 dt < C'd°
/ 1—t) - /(l—t)5 - '

cd—2 cd—2
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Finally, when ¢t > d~!, we have

LE [Tr (12 - E[r2))? ; °E | Tr (07 - E[13)”
Sy EUGE L N JCE LR

1
<20'd° / <t—2 +E [||ut||2}) dt

d—l

(1.18)
< 4C"dY™(1 + Ent(V3]|G)),

where the first inequality uses Lemma 1.32 and the second one uses Lemma 1.31. This estab-

lishes CdO(1 4 Ent (V- Il
Ent(SnHG)S ( + Ht( lH ))

n

Finally, we derive an improved bound for the case of 1-uniformly log concave measures,

based on the following estimates.

Lemma 1.33. Suppose that y is 1-uniformly log concave, then for every t € [0, 1)
I Tr (E [(rg ~E [rg]ﬂ) <21 —1) (d—Tr(2) +E [Jul?]).
2. o > 0y.

Proof. By Lemma 1.30, we have that I, < I; almost surely. Using this together with the

identity given by Lemma 1.28, and proceeding in similar fashion to Lemma 1.31 we obtain
1
Tr (E [I7]) > ST EM))?>d-21—1) (d—Tr(2) +E [|lv]?]) .

and

T (B[ (02 -E[13])°]) < ™ (B| (17 - 1)°)) < T (B [1a - T3))

<21 —1t) (d—Tr (2) +E [J|u]?]) -

Also, recalling (1.26) and since I'; < I; we get

d E[] - E[I7]
—E Iy = >
il = =0

which shows that o, is bounded from below by a non-decreasing function and so o, > o which
is the minimal eigenvalue of .. O
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Proof of Theorem 1.7. Plugging the bounds given in Lemma 1.33 into Equation (1.25) yields

1 1

_1[E Tr E[r?]) )] .

n — g S
Ent(S,||G) “24s | at

n l—t 202
0 t

2 d+ V¢ )

_ ( BT dt) g 2+ 280t (X]1)

4 Y
ogn

which completes the proof.
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A Central Limit Theorem 1n Stein’s Distance
for Generalized Wishart Matrices and Higher

Order Tensors

2.1 Introduction

Let 1 be an isotropic probability measure on R"”. For 2 < p € N, we consider the following

tensor analogue of the Wishart matrix,

T2 (X B

where X; ~ p are i.i.d. and X Z-Gp stands for the symmetric p’th tensor power of X;. We denote
the law of this random tensor by Wf; 4(t). Such distributions arise naturally as the sample mo-
ment tensor of the measure p, in which case d serves as the sample size. For reasons soon to

become apparent, we will sometimes refer to such tensors as Wishart tensors.

When p = 2, W ;(u) is the sample covariance of . If X is an n x d matrix with columns

independently distributed as u, then Wg 4(p) may also be realized as the upper triangular part
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of the matrix,
XXT — dId

Vd

Hence, W7 ;(11) has the law of a Wishart matrix. These matrices have recently been studied in

2.1

the context of random geometric graphs ( [53,56,58,102]).

For fixed p, n, according to the central limit theorem (CLT), as d — oo, Wf; 4(v) approaches
anormal law. The aim of this chapter is to study the high-dimensional regime of the problem,
where we allow the dimension n to scale with the sample size d. Specifically, we investigate
possible conditions on n and d for the CLT to hold. Observe that this problem may be reformu-
lated as a question about the rate of convergence in the high-dimensional CLT, for the special

case of Wishart tensors.

Our starting point is the paper [58], which obtained an optimal bound when p = 2, for
log-concave product measures. Remark that when x is a product measure, the entries of the
matrix X in (2.1) are all independent. The proof [58] was information-theoretic and made use
of the chain rule for relative entropy to account for the low-dimensional structure of W,% a().
For now, we denote Wid(,u) to be the same law as W7 (1), but with the diagonal elements

removed (see below for a precise definition).

Theorem 2.1 ( [58, Theorem 1]). Let i be a log-concave product measure on R" and let ~

denote the standard Gaussian in R(3). Then,
1. If n® < d then Ent (ng(M)HV) 72%0.
2. Ifn® > d, then Wid(u) remains bounded away from any Gaussian law.

Here, Ent stands for relative entropy (see Section 2.1.1 for the definition).

Thus, for log-concave product measures there is a sharp condition for the CLT to hold. Our
results, which we now summarize, generalize Point 1 of Theorem 2.1 in several directions and

are aimed to answer questions which were raised in [58].

e We show that it is not necessary for p to have a product structure. So, in particular, the

matrix X in (2.1) may admit some dependence between its entries.

e [f ;1 is a product measure, we relax the log-concavity assumption and show the same result

holds for a much larger class of product measures.
e The above results extend to the case p > 2, and we propose the new threshold n?’~! < d.

e We show that Theorem 2.1 is still true when we take the full symmetric tensor W7 (1)

and include the diagonal.
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Naively, since W, ;(11) can be realized as a sum of i.i.d. random vectors, one should be able
to employ standard techniques of Stein’s method (such as exchangeable pairs [69], as proposed
in [58]) in order to deduce some bounds. However, it turns out that the obtained bounds are
sub-optimal. The reason for this sub-optimality is that, while X “? is a random vector in a high-
dimensional space, its randomness comes from the lower-dimensional R". So, at least on the
intuitive level, one must exploit the low-dimensional structure of the random tensor in order to
produce better bounds. Our method is is based on a novel application of Stein’s method which

is particularly adapted to this situation and may be of use in other, similar, settings.

2.1.1 Definitions and notations
Probability measures: A measure is said to be unconditional, if its density satisfies

d d
ﬁ(:l:ml, ) = ﬁqm, o ]zal),

where in the left side of the equality we consider all possible sign patterns. Note that, in par-
ticular, if X = (X¢), ..., X(;,)) is isotropic and unconditional, then , for any choice of distinct

indices j1, ..., jr and powers no, ..., N,

B\ Xon - X@) - X6y - XG

)] — 0. (2.2)

Finally, if ¢ : R™ — R for some N > 0, we denote , 1, to be the push-forward of by .

Tensor spaces: Fix {e;}}_, to be the standard basis in R". We identify the tensor space
(R™)®” with R™ where the base is given by

{ejlejg"'ejp‘l S j17j27 "'>jp S n}

Under this identification, we may consider the symmetric tensor space Sym?(R") c (R")®”
with basis

{ejlej2"'€jp’1 <Jh<J2e < jp < n}

We will also be interested in the subspace of principal tensors, S?r/np(R") C Sym”(R™),

spanned by the basis elements
{6j16j2...€jp|]_ < jl < ]2 < jp < TL}

Our main result will deal with the marginal of W] ;(2) on the subspace S/};r/np(R”). We denote

this marginal law by Wﬁ 4(p). Put differently, if X; = (X1, ..., X;,,) are i.i.d. random vectors
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with law p. Then, er 4(p) is the law of a random vector in S?r/np(R”) with entries

d
1
(Wl Y Xij Xigy oo Xw)
=1

2.1.2 Main results

1<j1<-<gp<n

Our main contribution is a new approach, detailed in Section 2.3, to Stein’s method, which
allows to capitalize on the fact that a high-dimensional random vector may have some latent
low-dimensional structure. Thus, it is particularly well suited to study the CLT for Wi ().
Using this approach, we obtain the following threshold for the CLT: Suppose that 1 is a nice”

measure. Then, if n?~' < d, W? ,(u) is approximately Gaussian, as d tends to infinity.

We now state several results which are obtained using our method. The first result shows
that, under some assumptions, the matrix X in (2.1), can admit some dependencies, even when

considering higher order tensors.

Theorem 2.2. Let 1 be an isotropic L-uniformly log-concave measure on R"™ which is also
unconditional. Denote X2 = ip(,u)—l, where f]p(u) is the covariance matrix of Wf;d(,u).
Then, there exists a constant C,, depending only on p, such that

2p—1
Gy

W3 (S W2, 0.7) < 5

1
where .. W (1) is the push-forward by the linear operator ¥e.

An important remark, which applies to the coming results as well, is that the bounds are
formulated with respect to the quadratic Wasserstein distance. However, as will become evident
from the proof, the bounds actually hold with a stronger notion of distance: namely, Stein’s
discrepancy (see Section 2.2 for the definition). We have decided to state our results with the
more familiar Wasserstein distance to ease the presentation. Our next result is a direct extension

of Theorem 2.1, as it both applies to a larger class of product measures and to p > 2.

Theorem 2.3. Let i be an isotropic product measure on R", with independent coordinates.

Then, there exists a constant Cy, > 0, depending only on p, such that

1. If p is log-concave, then

n2p—1

log(n)?.

Wi (W2u(w).7) <6,

2. If each coordinate marginal of p satisfies the Li-Poincaré inequality (see Section 2.2.2)
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with constant ¢ > 0, then

2p—1

—~ 1 n
W; (qu,d(ﬂ), ’Y) S = log(n)".
3. Ifthere exists a uni-variate polynomial () of degree k, such that each coordinate marginal
of 1 has the same law as the push-forward measure ()., then

2p—1

W22 (Wﬁd(ﬂ)77> S OQ,pnT log(n)Q(k_l),
where Cq ,, > 0 may depend both on p and the polynomial Q).

Observe that, when y is an isotropic product measure, then Wé’ 4(p) is also isotropic (when
considered as a random vector in %p(R")), which explains why the matrix >~z does not
appear in Theorem 2.3. Our last result is an extension to Theorem 2.3 which shows that, some-
times, we may consider subspaces of (R”)®” which are strictly larger than Sfy\r/np (R™). We

specialize to the case p = 2, and show that one may consider the full symmetric matrix Wﬁ a(1)-

Theorem 2.4. Let 11 be an isotropic log-concave measure on R". Assume that y is a prod-
uct measure with independent coordinates and denote 72 = \/So(1) =1, where So(y) is the

covariance matrix of W2 ;(11). Then, there exists a universal constant C' > 0 such that

2 (w3112 n’ 2
W (B7W2,(0), ) < €7 log(n)?.

2.1.3 Related work

The study of normal approximations for high-dimensional Wishart tensors was initiated in [56]
(see [143] as well, for an independent result), which dealt with the case of Wg}d(v). The au-
thors were interested in detecting latent geometry in random geometric graphs. The main result
of [56] was a particular case of Theorem 2.1, which gave a sharp threshold for detection in
the total variation distance. The Gaussian setting was studied further in [207], where a smooth
transition between the regimes n® > d and n® < d, was shown to hold. The proof of such re-
sults was facilitated by the fact that Wﬁ 4(77) has a tractable density with respect to the Lebesgue

measure. This is not the case in general though.

In a follow-up ( [58]), as discussed above, the results of [56] were expanded to the relative
entropy distance and to Wishart tensors Wid(,u), where p 1s a log-concave product measure.
Specifically, it was shown that one may consider relative entropy in the formulation of Theorem

2.1, and that
n3log(d)?

Ent (W2,(0)l7) < 0=,
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for a universal constant C' > 0. The main idea of the proof was a clever use of the chain rule
for relative entropy along with ideas adapted from the one-dimensional entropic central limit
theorem proven in [17]. We do note the this result is not directly comparable to our results. As
remarked, our results hold in Stein’s discrepancy. In general, Stein’s discrepancy and relative
entropy are not comparable. However, one may bound the relative entropy by the discrepancy,
in some cases. One such case, is when the measure has a finite Fisher information. er J(7) 1s

an example of such a measure.

The question of handling dependencies between the entries of the matrix X in (2.1) was
also tackled in [197]. The authors considered the case where the rows of X are i.i.d. copies
of a Gaussian measure whose covariance is a symmetric Toeplitz matrix. The paper employed

Stein’s method in a clever way, which seems to be somewhat different from our approach.

For another direction of handling dependencies, note that if the rows of X are independent,
but not isotropic, Gaussian vectors, then by applying an orthogonal transformation to the rows
we can obtain a matrix with independent entries which have different variances. Such measures
were studied in [102]. Specifically if @ = {a;}¢, C RY, with Y- a? = 1 and X; ~ v are
independent, then the paper introduced Wg)a(v), as the law of,

D i (XPP-E[X77]).

The following variant of Theorem 2.1 was given:
But (W2, ()lly)) < Cn* > al. 23)

When «; = \/L&’ this recovers the previous known result. We mention here that our method

applies to non-homogeneous sums as well, with the same dependence on . See Section 2.9 for

a comparison with the above result, as well as the one in [197].

The authors of [197] also dealt with Wishart tensors, when the underlying measure is the

standard Gaussian. It was shown that for some constant C),, which depends only on p,

n2p—1

Wi <Wﬁ,d<7)77(z)> <G\

Thus, our results should also be seen as a direct generalization of this bound.

Wishart tensors have recently gained interest in the machine learning community (see [8,
220] for recent results and applications). To mention a few examples: In [144] the distribution
of the maximal entry of Wﬁ’ 4() is investigated. Using tools of random matrix theory, the

spectrum of Wishart tensors is analyzed in [6], while [171] studies the central limit theorem
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for spectral linear statistics of Wf;’ 4(1t). Results of a different flavor are given in [239], where

exponential concentration is studied for a class of random tensors.

2.1.4 Organization

The rest of this chapter is organized in the following way: In Section 2.2 we introduce some
preliminaries from Stein’s method and concentration of measure, which will be used in our
proofs. In Section 2.3 we describe our method and present the necessary ideas with which we
will prove our results. In particular, we will state Theorem 2.5, which will act as our main
technical tool. In Section 2.4 we introduce a construction in Stein’s theory which will be used
in Section 2.5 to prove Theorem 2.5. Sections 2.6, 2.7 and 2.8 are then devoted to the proofs
of Theorems 2.2, 2.3 and 2.4 respectively. Finally, in Section 2.9 we discuss a generalization of

our results to non-homogeneous sums of the tensor powers.

2.2 Preliminaries

In this section we will describe our method and explain how to derive the stated results. We

begin with some preliminaries on Stein’s method.

2.2.1 Stein kernels

For convenience, we recall some of the definitions which appeared in the introduction to the
thesis. We say that a measurable matrix valued map 7 : R*” — M,,(R) is a Stein kernel for ,

if the following equality holds, for all locally-Lipschitz test functions f : R" — R",

[ f@)dut) = [ (7). Die) nsdnta).

The Stein discrepancy is defined by,

S(p) := inf \//IIT(I) — 1|35 dp(x)

The first property that we will care about here is the linear decay of discrepancy along the CLT
(shown in (20))

S2(X
S2(S4) < El ) (24)
The second property is the relation to the quadratic Wasserstein distance ((23))
Wi (1,7) < S%(p).- 2.5)
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2.2.2 Smooth measures and concentration inequalities

Our result will mostly apply for measures which satisfy some regularity conditions. We detail

here the main properties which will be relevant.

A measure y is said to satisfy the L;-Poincaré inequality with constant c if, for any differ-

entiable function f with 0-median,

/|f\du§ %/I!Vfﬂzdu.

Remark that the L,-Poincaré inequality is equivalent, up to constants, to the Cheeger’s isoper-
metric inequality. That is, if x4 satisfies the L;-Poincaré inequality with constant ¢ > 0, then for

some other constant ¢ > 0, depending only on ¢, and for every measurable set B,
1" (9B) > du(B) (1 - p(B)).

where 1™ (0B) is the outer boundary measure of B. Moreover, up to universal constants, the
L,-Poincaré inequality implies an Ly-Poincaré inequality. We refer the reader to [61] for further

discussion of those facts.

For a given measure, the above conditions imply the existence sub-exponential tails. In
particular, if 4 is a centered measure which satisfies the L,-Poincaré inequality (or L?) with

constant ¢, then, for any m > 2:

m
2 m
2

- 1
BIXIE) < o (3) ELIXIE)E, 26)

where C,,, depends only on m (see [181] for the connection between Poincaré inequalities and
exponential concentration). All log-concave measures satisfy a Poincaré inequality, which im-
plies that they have sub-exponential tails. In fact, a stronger statement holds for log-concave
measures, and one may omit the dependence on the Poincaré constant in (2.6) (see [170, Theo-

rem 5.22]). Thus, if X is a log-concave random vector,

m
2

E (X5 < CLE [I1X]13]

for some constant C!, > 0, depending only on m.

2.3 The method

With the above results, the following theorem is our main tool, with which we may prove CLTs
for W ,(1).
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Theorem 2.5. Let X ~ p be an isotropic random vector in R™ and let G ~ N(0,1d) stand
for the standard Gaussian. Assume that X faw ©(Q) for some v : R" — R", which is locally-
Lipschitz and let A : SymP(R"™) — V be a linear transformation with V- C SymP(R™), such

that AW, (1) is isotropic. Then, for any2 < p € N,

_ 2n?
5 (A2,00) <2041 5 B LX) 2 [Ipstels,] + 2

Some remarks are in order concerning the theorem. We first discuss the role of the matrix
A. Recall that, in order to use the sub-additive property (2.4) of the Stein discrepancy, the ran-
dom vectors need to be isotropic. This can be achieved via a normalizing linear transformation.
However, the term || A|,, which appears in the theorem tells us that if the covariance matrix of
Wff’ 4(1t) has very small eigenvalues, the normalizing transformation might have adverse effects
on the rate of convergence. To avoid this, we will sometimes project the vectors into a subspace,
such as %p(R”), where the covariance matrix is easier to control. Thus, A should be thought
of as a product of a projection matrix with the inverse of a covariance matrix on the projected

space. For our applications we will make sure that, || A[,, = O(1).

Concerning the other terms in the stated bound, there are two terms which we will need to

control, | /E [HX Hg(p 71)] and \/ E |:HDQO(G)H§p:|. Since we are mainly interested in measures

with sub-exponential tails, the first term will be of order n*~2 and we will focus on the second
term. Thus, in some sense, our bounds are meaningful mainly for measures which can be trans-
ported from the standard Gaussian with low distortion. Still, the class of measures which can

be realized in such a way is rather large and contains many interesting examples.

A map 1) is said to transport G to X if ¢)(G) has the same law as X. To apply the result
we must realize X by choosing an appropriate transport map. It is a classical fact ( [52]) that,
whenever p has a finite second moment and is absolutely continuous with respect to -, there is
a distinguished map which transports GG to X. Namely, the Brenier map which minimizes the

quadratic distance,
o= inf E[|G - ()]
(@) =X
The Brenier map has been studied extensively (see [62, 63,78, 153] for example). Here, we
will concern ourselves with cases where one can bound the derivative of ¢,. The celebrated
Caftareli’s log-concave perturbation theorem ( [64]) states that if 1 is L-uniformly log-concave,

then ¢, is %—Lipschitz. In particular, ¢ is differentiable almost everywhere with

1
IDeu@l,y < -
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In this case we get

1
VE[IPa@I)] < 7+ )

Theorem 2.2 will follow from this bound. The reason why the theorem specializes to uncon-
ditional measures is that, in light of the dependence on the matrix A in Theorem 2.5, we need
to have some control over the covariance structure of qu 4(p). It turns out, that for uncondi-
tional log-concave measures the covariance of ij 4(1) is well behaved. The result might be
extended to uniformly log-concave measures which are not necessarily unconditional as long

as we allow the bound to depend on the minimal eigenvalue of the covariance matrix of Wi’ J(1).

There are more examples of measures for which the Brenier map admits bounds on the Lip-
schitz constant. In [79] it is shown that for measures ;¢ which are bounded perturbation of the
Gaussian, including radially symmetric measures, ¢,, is Lipschitz. The theorem may thus be

applied to those measures as well.

One may also consider cases where the transport map is only locally-Lipschitz in a well
behaved way. For example, consider the case where X = (X(),..., X(n)) ~ p is a product
measure. That is, for i # j, X(;) is independent from X ;). Suppose that fori = 1,...,n, there
exist functions ¢; : R — R such that, if G is a standard Gaussian in R, then ¢;(G') & X

and that ¢ has polynomial growth. Meaning, that for some constants «, 5 > 0,
pi(r) < a(l+z)).

Since p is a product measure, it follows that the map ¢ = (1, ..., ¢,) transports G to X and
that,
| D), < a1+ [J2115,).

op =
Thus, for product measures, we can translate bounds on the derivative of one-dimensional trans-
port maps into multivariate bounds involving the L., norm. Theorem 2.3 will be proved by
using these ideas and known estimates on the one-dimensional Brenier map (also known as
monotone rearrangement). Results like Theorem 2.4 can then be proven by bounding the co-

variance matrix of WEL 4(pt). Indeed, this is the main ingredient in the proof of the theorem.

One may hope that Theorem 2.5 could be applied to general log-concave measures. How-
ever, this would be a highly non-trivial task. Indeed, if we wish to use Theorem 2.5 in order to
verify the threshold n??~! < d, up to logarithmic terms, we should require that for any isotropic
log-concave measure /i, there exists a map 1, such that ¢,(G) ~ p and E [HDwM(G) Hip} <

log(n)?, for some fixed 8 > 0. Then, by applying the Gaussian L,-Poincaré inequality to the
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function ||-||,, we would get,

Var ([[4u(G)],) <E[[|D (llwﬂ (@1,)]5]

- Hn Do)

||2 2

< H DU,
T ||22

~E :||Dwu< )I2,| < tog(m),

where the first equality is the chain rule and the second inequality is a consequence of consider-
ing D, as an n X n matrix. This bound would, up to logarithmic factors, verify the thin-shell
conjecture (see [13]), and, through the results of [97], also the KLS conjecture ( [147]). These
two conjectures are both famous long-standing open problems in convex geometry. Thus, while
we believe that similar results should hold for general log-concave, it seems such claims would

require new ideas.

Another evidence for the possible difficulty of determining optimal convergence rates for
general log-concave vectors can be seen from the case p = 1. In the standard setting of the
CLT, the best known convergence rates ( [85, 106]), in quadratic Wasserstein distance, depend
on the Poincaré constant of the isotropic log-concave measure. Bounding the Poincaré constant
is precisely the object of the KLS conjecture. So, proving a convergence rate which does not de-
pend on the specific log-concave measure seems to be intimately connected with the conjecture.
This suggests the question might be a genuinely challenging one. On the brighter side, we re-
mark that the recent breakthrough of Chen ( [72]) towards the resolution of the KLS conjecture,

can prove useful in establishing such bounds.

2.3.1 High-level idea

We now present the idea behind the proof of Theorem 2.5 and detail the main steps. We first
provide an informal explanation of why standard techniques fail to give optimal bounds. We
may treat Wf,d(u) as a sum of independent random vectors and invoke Theorem 7 from [69]
(similar results will encounter the same difficulty). So, if X ~ p, optimistically, the theorem
will give,
E[llx°r3]
Wl(qu,d(N)v’y) < 77

where we take the Euclidean norm of X ®? when considered as a vector in Sym”(R™). Since

dim (Sym”(R™)) ~ n?, and we expect each coordinate of X“? to have magnitude, roughly
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O(1), Jensen’s inequality gives:

3 3p
2

B2 = B [lxerlf]” 2 dim Syme )2 2 0.

This is worse than the bound v/n2?P~1, achieved by Theorem 2.5.

The high-level plan of our proof is to use the fact that X®? has some low-dimensional
structure. We will construct a map which transports the standard Gaussian GG, from the lower
dimensional space R" into the law of X ®? in the higher dimensional space Sym”(R™). In some
sense, the role of this transport map is to preserve the low-dimensional randomness coming from
R™. The map can be constructed in two steps, first use a transport map ¢, such that p(G) v x ,
and then take its tensor power p(G)®?. We will use this map in order to construct a Stein kernel

and show that tame tails of the map’s derivative translate into small norms for the Stein kernel.

2.4 From transport maps to Stein kernels

We now explain how to construct a Stein kernel from a given transport map. For the rest of this
section let  be a measure on RY and Y ~ v. Recall the definition of a Stein kernel; A matrix-

valued map, 7 : RY — M y(R), is a Stein kernel for v, if for every smooth f : RY — RY,

E[Y, FOD =E[r(Y), Df(Y))us]-

Our construction is based on differential operators which arise naturally when preforming anal-
ysis in Gaussian spaces. We incorporate into this construction the idea of considering transport
measures between spaces of different dimensions. For completeness, we give all of the neces-

sary details, but see [138, 194] for a rigorous treatment.

2.4.1 Analysis in finite dimensional Gauss space

We let 7 stand for the standard Gaussian measure in R and consider the Sobolev subspace of

weakly differentiable functions,
W'2(v) := {f € L*(v)|f is weakly differntiable, and E, | Df||5 < oo}.

where D : W2(y) — L?(v,RY) is the natural (weak) derivative operator. We will mainly care
about the fact that locally-Lipschitz functions are weakly differentiable the reader is referred to
the second chapter of [254] for the necessary background on Sobolev spaces.

The divergence ¢ is defined to be the formal adjoint of D, so that for g : RN — RV,

E, [(Df,9)] = E,[fdg].
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0 is given explicitly by the relation
0g(x) = (z, g(z)) — div(g(z)),

where div(g(z)) = fj g—g:(x).

=1

The Ornstein-Uhlenbeck (OU) operator is now defined by L := —¢§ o D. On functions,
L operates as Lf(z) = —xzDf(x) + Af(x). The operator L also serves as the infinitesimal
generator of the OU semi-group ( [196, Proposition 1.3.6]). That is,

d
L=-—P
dt "

Y

t=0

where

ﬂf@yzENW[ﬂgﬁp+vL—a%Nﬂ. 2.8)

The following fact, which may be proved by the Hermite decomposition of L?(y), will be use-
ful; There exists an operator, denoted L' such that LL~! f = f. In particular, on the subspace
of functions whose Gaussian expectation vanishes, L~! is the inverse of L ( [194, Proposition
2.8.11]).

We now introduce a general construction for Stein kernels. By a slight abuse of notation,
even when working in different dimensions, we will refer to the above differential operators as
the same, as well as extending them to act of vector and matrix valued functions. Note that,
in particular, if f is a vector-valued function and ¢ is matrix-valued of compatible dimensions,
then,

E,[(Df.g)ns] =B, [(f.09)].

Lemma 2.6. Let ,, be the standard Gaussian measure on R™ and let ¢ : R™ — RY be weakly

differentiable. Set v = .7, and suppose that [ xdv = 0. Then, if the following expectation
RN
is finite for v-almost every x € RY,

() 1= By, [(=DL No(y) (Do) |e(y) = ],

is a Stein kernel of v.

Proof. Let f : RY — RY be a smooth function and set Y ~ v, G ~ ,,. Our goal is to show

E{Df(Y), 7(Y))ms] = E[(f(Y),Y)].

Before turning to the calculations let us make explicit the dimensions of the objects which will

be involved. D f is an N x N matrix, while Dy is an N x m matrix. Since DL ¢ is also an
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N X m matrix, it holds that 7, is an N x N matrix, as required. Now,

E[(Df(Y), 7.(Y))us] =E [(Df(Y),E [(=DL™")o(G)(Dp(G)" |¢(G) = Y]) us]
=E [(Df(¢(G))Dp(G), (=DL™")(G)) rs]
=E [(D(f 0 ¢(G)), (=DL")o(@)) us] (Chain rule)
—E[(f o p(G), (—DL™)p(G))] (D is adjoint to 9)
=E[(fop(G), LL p(G))] L=-8D
=E[(f o p(G),»(G))] Elo(G)] =0
=E[(f(Y),Y)] OV =V

In the first line, the inner product is taken in the space of N x N matrices and in the next
two lines, in the space of N X m matrices. Also, note that in the penultimate equality the fact

E [¢(G)] was important for the cancellation of LL ™. m|

The above formula suggests that one might control the the kernel 7, by controlling the
gradient of the transport map, ¢. This will be the main step in proving Theorem 2.5. The

following formula from [194, Proposition 29.3] will be useful:

o0

—~DL 'y = /e_tPthpdt. (2.9)
0

We thus have the corollary:
Corollary 2.7. With the same notations as in Lemma 2.6,

[e.e]

To(2) = / e By, [PtDso(y) (D))" e(y) = :c] dt.

0

We remark that the construction is based on ideas which have appeared implicitly in the
literature, at least as far as [68] (see [194] for a more modern point of view). Our main novelty
lies in interpreting the transport map, used in the construction, as an embedding from a low-
dimensional space. Other constructions of Stein kernels use different ideas, such as Malliavin
calculus ( [196]), other notions of transport problems ( [112]) or calculus of variation ( [83]).
However, as will become clear in the next section, our construction seems particularly well
adapted to the current problem, since it is well behaved with respect to compositions. That is, if
1, ¢ are two compatible maps and 7, is "close’ to the identity, then as long % is not too wild, the
same can be said about 7.,. In our setting, one should think about ¢ as the transport map and
Y(v) := v®P. It is an interesting question whether other constructions for Stein kernels could

be used in a similar way.
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As a warm up we present a simple case in which we can show that the Stein kernel obtained

from the construction is bounded almost surely.

Lemma 2.8. Let the notations of Lemma 2.6 prevail and suppose that | Dp(z)]|,, < 1 almost
surely. Then

I (@)ll,, <1,

almost surely.

Proof. From the representation (2.8) and by Jensen’s inequality, F; is a contraction. That is, for

any function h,
Eyr,, [Pr(R(y))1(y)] < Eynr,, [h(y)Q] . (2.10)

So, from Corollary 2.7 and since || Dp(z)||, < 1, we get,

op —

o0

ey < [ € By [IPDA) Do)y o) = o]

- /e_tEWm :Pt <||D<p(y)||op> IDe)l,p lo(y) za:} dt

< [ By, [IDAWIE, o) = o] dr < 1.
0

The first inequality follows from Jensen’s inequality. The second inequality uses the fact that the
matrix norm is sub-multiplicative combined with Jensen’s inequality for ;. The last inequality

is the contractive property (2.10) and the a-priori bound on || D¢ ||,p. O

2.5 Proof of Theorem 2.5

Let A : (R")®” — V be any linear transformation such that A (X®” — E[X®?]) is isotropic,
and let 7 be a Stein kernel for X®? — E [X®P]. In light of (17), we know that
S (A (X% — B [X*])) S B [ A7 (X* B [X]) AT —1d]
< 2B [ 47 (X7 — E [x°7]) A7[3,6] +2 4]

<242, E [||r (X5 — B [X°7]) [3,5] +2dim(V).

2
s

Thus, by combining the above with (2.4), Theorem 2.5 is directly implied by the following

lemma.
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Lemma 2.9. Let X be an isotropic random vector in R"™ and let o : R" — R" be differentiable
almost everywhere, such that ¢(QG) D' , where G is the standard Gaussian in R"™. Then, for
any integer p > 2, there exists a Stein kernel T of X®P — E [ X ®?], such that

& (I (o~ E[x) ] <my 2 131370 B 100015

Proof. Consider the map u — ¢(u)®? — E [X®P] , which transports G to X*F — E [X®P]. For
a vector v € R™ we will denote %7 := v®? — E [X®P|. Corollary 2.7 shows that the function
defined by,

o0

ﬂmﬁf/é%UMMﬂQWWDW@WWMQW—Wﬂ%

and which vanishes on tensors which are not of the form v%?, is a Stein kernel for X®? —
[E [X®P]. Note that for any two matrices A, B,

[ABll s < /rank(A) [[All,, [ Bl -

Thus, by applying Jensen’s inequality several times, both for the integrals and for F;, we have
the bound

o0

B[] < [ B[R (D6@)™) - Dlete)) ] a
< [ B [rank(D(e(G)™) | Dl@) ™2, B (D@ 2,) | e

< [ne e [l0@@);, B (IDtee) )], )]

op
0

To see the why the last inequality is true, observe that v — ¢(v)®” is a map from R" to R™,
hence D(p(G)%P) is an n? x n matrix, which leads to rank(D(¢(G)®P)) < n. We now use the

fact that P, is a contraction, as in (2.10), so that for every ¢ > 0,

E|[De@)|, B (D@5, )] < E[IDte@],]

op

So,
E|[r(x*)[[s] < nE[IDe@°],]

op
We may realize the map v — ¢(v)®P as the p-fold Kronecker power (the reader is referred to

[206] for the relevant details concerning the Kronecker product) of ¢(v). With ® now standing
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for the Kronecker product, the following Leibniz law holds for the Jacobian:

p
D (p(2)®") =3 o(x)® " @ Dp(x) @ p(z) .
i=1
The Kronecker product is multiplicative with respect to singular values, and for any A, ..., 4,

matrices,

p
141 @ ... @ Ay, = [T 114l -
=1

We then have,

E|[lr(x*)[I}s] < nE|[DG@®];,]

4
=nlkEk

Z 0(G)¥"' ® Dp(G) ® p(G)*r™

op

(Z [p(G)* ' @ Dp(G) ® w(G)@’p—inOp) ,

where the operator norm here is considered on the space of n” x n matrices. The multiplicative

property of the Kronecker product shows that for every i =1, ... p,

lo(@)® ' @ Dp(@) @ (@)™ |, = le (@I | De(@)]

op’

where now the operator norm is considered on the space of n X n matrices, and one can think

about the Euclidean norm as the operator on the space of 1 x n matrices. Thus,
2 _
E[[l7(x*)2,] < m'E [le(@I1 ™ 1De(G),)
< & [Ie(@ 1] & (100l

_ np4\/]E [HXHg(p—l)} \/E [HDQD(G)HZ,} )

where the last inequality is Cauchy-Schwartz. O

2.6 Unconditional log-concave measures; Proof of Theorem
2.2

We now wish to apply Theorem 2.5 to unconditional measures which are uniformly log-concave.

In this case, we begin by showing that the covariance of Wf 4() is well conditioned.
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Lemma 2.10. Let i1 be an unconditional log-concave measure on R" and let ip(u) denote the
covariance matrix W* ,(u). Then, there exists a constant ¢, > 0, depending only on p, such

that if Amin stands for the smallest eigenvalue of ip(u), then
Cp S 5\min-

Proof. We write X = (X(), ..., X(»)) and observe that >7(u) is diagonal. Indeed, if 1 < j; <
Jo < .o <jp <mand1 < j) <jy<..<j, <naretwo different sequences of indices then
the covariance between X ;) - ... - X(;,) and X ;1) - ... - X(j;) can be written as

E | X)) -ng) C X(iZ) ,
where p + 1 < k < 2p and for every i = 2,....k, n; € {1,2}. By (2.2), those terms vanish.
Thus, in order to prove the lemma, it will suffice to show that for every set of distinct indices

j17"'7jp’
2
op<E [(X@l) e X)) ] )

for some constant ¢, > 0, which depends only on p. If we consider the random isotropic and

log-concave vector (X, ..., X;, ) in R?, the existence of such a constant is assured by the fact

that the density of this vector is uniformly bounded from below on some ball around the origin
(see [170, Theorem 5.14]). O

We now prove Theorem 2.2.

Proof of Theorem 2.2. Set P : (R™)*? — Sf};/ﬂp (R™) to be the linear projection operator and

¥p(p) to be as in Lemma 2.10. Denote A = /X1 (u) P. Then, A (X*®P — [E [X®P]) is isotropic

and has the same law as E;l(ﬂ)*f/ﬁ’; 4(1t). The lemma implies

1
1Al15, < —.
op cp

As X is log-concave and isotropic, from (2.6), we get
E|1x]577"] < cn2.

X 1is also L-uniformly log-concave. So, as in (2.7), if ¢, is the Brenier map, sending the
standard Gaussian GG to X,

VE[IPa@I)] < 75

Combining the above displays with Theorem 2.5, gives the desired result. O
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2.7 Product measures; Proof of Theorem 2.3

As mentioned in Section 2.3, when y is a product measure, transport bounds on the marginals
of 1+ may be used to construct a transport map ¢ whose derivative satisfies an L., bound of the
form,

IDe(@)ll,, < (L + ]2). @.11)

op =
for some «, 3 > 0. Such conditions can be verified for a wide variety of product measures.
For example, it holds, a fortiori, when the marginals of ;1 are polynomials of the standard one-
dimensional Gaussian with bounded degrees. Furthermore, we mention now two more cases
where the one-dimensional Brenier map is known to have tame growth. Those estimates will
serve as the basis for the proof of Theorem 2.3.

In [83] it is shown that if y is an isotropic log-concave measure in R, and ¢,, is its associated

Brenier map, then for some universal constant C' > 0,
goLL(x) < C(1+ |x]). (2.12)

If, instead, p satisfies an L;-Poincaré inequality with constant ¢, > 0, then for another universal
constant C' > 0

1
@L(x) < Cc—(l + z2).
¢

Thus, for log-concave product measures (2.11) holds with 8 = 1 and for products of measures
which satisfy the L-Poincaré inequality it holds with 3 = 2. Using these bounds, Theorem 2.3

becomes a consequence of the following lemma.

Lemma 2.11. Let X be a random vector in R™ and let G stand for the standard Gaussian.
Suppose that for some p : R" — R", p(G) v x , and that  is differentiable almost everywhere
with

1De(@)],, < a1+ [|z]12),

for some 3, > 0. Then, there exists a constant Cg, depending only on [3, such that
E|IDp(x)5,] < Cpa*log(n)"
Proof. For any x,y > 0, the following elementary inequality holds,
(z+y)* <27 (2°+ 7).
Thus, we begin the proof with,

E[IDe(G)I5,] < a*E |1+ IGIL)] < 2560°E |6112)

op
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Observe that the density function of ||G/||_ is given by ni) - ®"1, where 1) is the density of the
standard Gaussian in R and @ is its cumulative distribution function. Since the product of log-
concave functions is also log-concave, we deduce that |G| _ is a log-concave random variable.
From (2.6), we thus get

E|[CI] < GE[IGIE]

where C'; depends only on 3. The proof is concluded by applying known estimates to [E G ||io] :
0O

Proof of Theorem 2.3. We first observe that, since p is an isotropic product measure, Wfi J(1)
is an isotropic random vector in %p(R”). Thus, the matrix A in Theorem 2.5, reduces to a
projection matrix and [ Af,, = 1.

Let X ~ p. For the first case, we assume that X is log-concave. Since it is also isotropic, from

(2.6) there exists a constant C, depending only p, such that

E [||X\|§<p*”} < 2. (2.13)

We now let ¢, stand for the Brenier map between the standard Gaussian G and X. Since X has

independent coordinates it follows from (2.12) that for some absolute constant C' > 0.

D), < O+ [2]])-

op —

In this case, Lemma 2.11 gives:

VE[IDA@IE,] < ¢ togtrny .14

where C’ > 0 is some other absolute constant. Plugging these estimates into Theorem 2.5 and
taking C,, = 2C" - C}, - p* shows Point 1.

The proof of Point 2 is almost identical and we omit it. For Point 3, when each marginal of

(1t 1s a polynomial of the standard Gaussian, observe that the map Q:R* = R",

Q(xlv ,ilj'n) = (Q(‘T1>7 ey Q(l'n))v

is by definition a transport map between GG and X. Since () is a degree k polynomial, there

exists some constant C'g, such that

Q'(x) < Co(1 + |=*).
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So, from Lemma 2.11, there is some constant C’é)m, such that

\/E {HDQ(G) ’

op

} < Cp,, log(n)**V.

Moreover, using hypercontractivity (see [140, Theorem 5.10]), since X is given by a degree &

polynomial of the standard Gaussian, we also have the following bound on the moments of X:
E [IX15%7] < (sp)*E [IXI5]" = (8p)#n2~2,

Using the above two displays in Theorem 2.5 finishes the proof. O

2.8 Extending Theorem 2.3; Proof of Theorem 2.4

We now fix X ~ p to be an unconditional isotropic log-concave measure on R™ with indepen-
dent coordinates. If ¥, () stands for the covariance matrix of W7 ;(u1), then, using the same
arguments as in the proof of Theorem 2.3, it will be enough to show that ¥5(u) is bounded

uniformly from below. Towards that, we first prove:

Lemma 2.12. Let Y be an isotropic log-concave random variable in R. Then

1

Y2y > — .
Var(Y™) 2 15

Proof. Denote by p the density of Y. We will use the following 3 facts, pertaining to isotropic

log-concave densities in R (see Section 5.2 in [170]).

e p is uni-modal. That is, there exists a point xy € R, such that p is non-decreasing on

(—00, 7p) and non-increasing on (g, 00).

The first observation is that either p (%) > %, or p (—%) > %. Indeed, if not, then as p is
uni-modal and p(0) > £,

1
2 L

9
4 2 4 1
dr < d — <-4+ —<1--
/p($)x_/p(x)x+10_9+10< =

-2 _1
9
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which is a contradiction. We assume, without loss of generality, that p( ) > L. Similar

considerations then show

é
1 1
Var(Y?) :/x—l 21—0/($2—1)2d:€2—.
R 0

Using the lemma, we now prove Theorem 2.4.

Proof of Theorem 2.4. First, as in Lemma 2.10, the product structure of ;1 implies that 3o (p),
the covariance matrix of Wf 4(1), is diagonal. Write X = (X (1)s s X (n)) . There are two types

of elements on the diagonal:

e The first corresponds to elements of the form Var(X(;X(;)). For those elements, by
independence, Var(X ;X)) = 1.

e The other type of elements are of the form Var <X (22)) By Lemma 2.12, Var(X?) > .

So, if P : (R™)®2 — Sym*(R") is the projection operator, we have that

2
o

op

< 100.

The estimates (2.13) and (2.14) are valid here as well. Thus, Theorem 2.5 implies the result. O

2.9 Non-homogeneous sums

In this section we consider a slight variation on the law of Wp 4(1). Specifically, we let a :=
{a;}4, C RY, be a sequence of positive numbers and X; ~ y be i.i.d. random vectors in R”.

Define Wi 4(1) as the law of the non-homogeneous sum,

M:“

((X7P-E[X77]), (2.15)

||a||2

d —
where for ¢ > 0, [|a||7 := > of. The marginal law W7 ;(x) is defined accordingly. The case
i=1

a; = 1 corresponds to W ;(11). As it turns out, controlling the Stein discrepancy of ij J(1)
poses no new difficulties and Theorem 2.5 may be readily adapted to deal with these laws as

well. The basic observation is that the calculation in (18) also applies to this case.
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Indeed, in the general case, if Y; are i.i.d. isotropic random vectors with Stein kernel given
d

> «;Y; is isotropic as well, and it has a Stein kernel given by

=1

1
el

by 7y, then, S, :=

1 d

2
leellz 5=

Ts, () = &’E [y (Y7)|Ss = 7] .

By repeating the calculations which led to (20), we may see

d
1
S*(Sa) < E[[I75,(Sa) — 1d||35] = E 5 > &R [y (Y;) — 1d]S,]
lallz = g
1< a5
< —— Y B (lry(Y:) — Id]|}s = ;5 E [Imv (V) — 1d]174]
lally = el
which implies
4
SQ(SQ) S ||a||1182(y)
el

Combining this inequality with Lemma 2.9 we obtain the following variant of Theorem 2.5.

Theorem 2.13. With the same notations as in Theorem 2.5,

52 (A2, () <21l (||A||ipp4 B [IXIE] R 100l + n) .

4
lexll

Thus, all of our results apply to non-homogeneous sums as well. We state here only the

analogue for uniformly log-concave measures as reference.

Theorem 2.14. Let ;1 be an isotropic L-uniformly log-concave measure on R™ which is also

unconditional. Denote "2 = \/ %, (1))=Y, where $,(1) is the covariance matrix of Wa,d(,u).

Then, there exists a constant Cy, depending only on p, such that

4
g2 (EI%ng(M)) < %,n?p—l ||04||4'

— 4
LY el

By specializing to ¢ = v and p = 2, the theorem gives the same bound as in (2.3), which
was obtained in [102].

As noted in the introduction, when p = 2, the symmetric matrix defined by (2.15) can be
realized as normalized version of a Gram matrix XX’ , where X is an n x d matrix with inde-

pendent columns.

By taking a different perspective on Theorem 2.14, we now show that, in some special cases,

one may also allow dependencies between the columns of X. Let > be a d x d positive definite

81



matrix and {X;}? ; i.i.d random vectors in R? with common law N (0,Y). Suppose that for

h

everyi = 1,...,d, ¥;; = 1 and define Xy, to be an n x d matrix whose i"" row equals X;. So,

the rows of Xy, are independent while its columns might admit dependencies. Now, set

W,(%) XeXy —d-1d).

- 1 (
Rz
Our result will apply by a change of variables. If U is a d x d orthogonal matrix which diago-
nalizes X the following identity holds:

XeXE = (XgU) (XsU)7T,

with the columns of Xy,UU being independent. Specifically, the rows of Xy, are given by U7 X;.
Thus, if {a; }?_, are the eigenvalues of %, then for every i, j, (XsU);; ~ N (0, a;). This implies
that W72 ;(7) is the law of the upper triangular part of Yy, (5). So,

lledla

4 4
5 (i‘gw) < onelelli _ oy Y.
el el Tr (32)

As a particular case, we can assume that the rows of Xy, form a stationary Gaussian process.
Let s : N — R be a function with s(0) = 1 and define a symmetric d x d matrix by (%), ; =
s(|i — j]). If 33, is positive definite, then the proof of Theorem 1.2 in [194] shows:
d
2 3 1 . . . .
WEWa(3),Go) < CnP 5 > sli = D)s(1d — kl)s(lk — €))s(1¢ — i),

1,5,k 0=1

where G is the law of a Wigner matrix, normalized to have the same covariance structure as
W, (2,). Since s(0) = 1, it is clear that Tr(3?)? > d* and we also have
d
Te(Sd) = Y s(li—j1)s(l5 — kl)s(lk — €])s(]¢ — ).

i,j.ke=1

Thus, our result is directly comparable to the one in [194].
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A Central Limit Theorem for Neural

Networks in a Space of Functions

3.1 Introduction

In the past decade, artificial neural networks have experienced an unprecedented renaissance.
However, the current theory has yet to catch-up with the practice and cannot explain their im-
pressive performance. Particularly intriguing is the fact that over-parameterized models do not
tend to over-fit, even when trained to zero error on the training set. Owing to this seemingly
paradoxical fact, researchers have focused on understanding the infinite-width limit of neural
networks. This line of research has led to many important discoveries such as the ‘lazy-training’
regime [75,234] which is governed by the limiting ‘neural tangent kernel’ (see [139]), as well
as the ‘mean-field’ limit approach (see [148, 175, 176] for some examples) to study the training
dynamics and loss landscape.

The first to study the limiting distribution of a neural network at (a random) initialization was
Neal [189], who proved a Central Limit Theorem (CLT) for two-layered wide neural networks.
According to Neal’s result, when initialized with random weights, as the width of the network
goes to infinity, its law converges, in distribution, to a Gaussian process. Subsequent works have
generalized this result to deeper networks and other architectures ( [122,134,174,198,243,246,
247]). This correspondence between Gaussian processes and neural networks has proved to be

highly influential and has inspired many new models (see [246] for a thorough review of these
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models).

Towards supplying a theoretical framework to study real world neural networks, one impor-
tant challenge is to understand the extent to which existing asymptotic results, which essentially
only apply to infinite networks, may also be applied to finite ones. While there have been sev-
eral works in this direction (c.f. [4,11,12,16,123,132,245]), to the best of our knowledge, all
known results consider finite-dimensional marginals of the random process and the question of
finding a finite-width quantitative analog to Neal’s CLT, which applies in a functional space,

has remained open. The main goal of this chapter is to tackle this question.

In essence, we prove a quantitative CLT in the space of functions. On a first glance, this is
a completely different setting than the classical CLT, even in high-dimensional regimes. The
function space is infinite-dimensional, while all quantitative bounds of CLT deteriorate with the
dimension ( [42,47,85]). However, by exploiting the special structure of neural networks we are
able to reduce the problem to finite-dimensional sets, where we capitalize on recent advances
made in understanding the rate of convergence of the high-dimensional CLT. In particular, we
give quantitative bounds, depending on the network’s width and the dimension of the input,
which show that, when initialized randomly, wide but finite networks can be well-approximated
by a Gaussian process. The functional nature of our results essentially means that when consid-
ering the joint distribution attained on a finite set of inputs to the function, ours bounds do not

deteriorate as the number of input points increases.

Roughly speaking, we prove the following results:

e We first consider two-layered networks with polynomial activation functions. By embed-
ding the network into a high-dimensional tensor space we prove a quantitative CLT, with

a polynomial rate of convergence in a strong transportation metric.

e We next consider general activations and show that under a (very mild) integrability as-
sumption, one can reduce this case to the polynomial case. This is done at the cost of
weakening the transportation distance. The rate of convergence depends on the smooth-

ness of the activation and is typically sub-polynomial.

Organization: The rest of this chapter is devoted to describing and proving these results.
In Section 3.2 we give the necessary background concerning random initializations of neural
networks and we introduce a metric between random processes on the sphere. Our main results
are stated in Section 3.3. In Section 3.4 we prove results which concern polynomial activations,

while in Section 3.5 we consider general activations.

84



3.2 Background

Let 0 : R — R and fix a dimension n > 1. A two-layered network with activation o is a
function NV : R" — R, of the form

N(x) :Zcia(ui-az),

where u; € R",¢; € R, forevery ¢ = 1,..., k. We will refer to k£ as the width of the net-
work. In most training procedures, it is typical to initialize the weight as i.i.d. random vectors.
Specifically, let {w;}¥_, be i.i.d. as standard Gaussians in R" and let {s;}_, be i.i.d. with

P(s; = 1) =P(s; = —1) = 3. We consider the random network,

Let S*~! stand for the unit sphere in R™. By restricting our attention to x € R", with ||z|| = 1,
we may consider Pjo as a random process, indexed by S, In other words, P;o is a random

vector in L?(S"~1), equipped with its canonical rotation-invariant probability measure.

A Gaussian process is a random vector G € L*(S"~"), such that for any finite set {z;}7", C
S™~! the random vector {G(z;)}, € R™, has a multivariate Gaussian law. Since P.o is a
sum of independent centered vectors, standard reasoning suggests that as £ — oo, Pro should
approach a Gaussian law in L?(S"!), i.e. a Gaussian process. Indeed, this is precisely Neal’s

k—o0

CLT, which proves the existence of a Gaussian process G, such that P,o —— G, where the

convergence is in distribution.

To make this result quantitative, we must first specify a metric. Our choice is inspired
by the classical Wasserstein transportation in Euclidean spaces. The observant reader may
notice that our definition, described below, does not correspond to the p-Wasserstein distance
on L?(S™~1), but rather the p-Wasserstein distance on LP(S™!). We chose this presentation for

ease of exposition and its familiarity.

For P, P’, random processes on the sphere, and p > 1 we define the functional p-Wasserstein
distance as,
wr,PP) =t | [ E[P@-P@F]d) .

n—1

where the infimum is taken over all couplings of (P, P’) and where dx is to be understood as

the normalized uniform measure on S"~!. For p = oo we define WF , as,

WF oo (P, P') = n,)E{ sup |P(z) — P'(2)]] .

1
(’P,P xES"*I
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The notation W, is reserved to the p-Wasserstein distance in finite-dimensional Euclidean
spaces.
There is a straightforward way to connect between the quadratic functional Wasserstein

distance on the sphere and the L? distance in Gaussian space.

Lemma 3.1. Let f,g : R — R, and , the standard Gaussian in R. Then,

WFPLS.Prg) < [(f(0) - gla)Pdr(a).

R

Proof. There is a natural coupling such that

W}"S(Pkf,Pkg)S%/E (Zsi(f<wi'x>_g(wi‘x))) dx

Sn—1

[ SRl 0 - gw 0] do

Sn—l =1

_ / (f(z) — 9(x))2dr(a).

R

The first equality is a result of independence, while the second equality follows from the fact

that for any z € S"1, w; - & ~ 7. O

3.3 Results

We now turn to describe the quantitative CLT convergence rates obtained by our method. Our

first result deals with polynomial activations.

d

Theorem 3.2. Let p(z) = Y anmz™ be a degree d polynomial. Then, there exists a Gaussian
m=0

process G on S"~L, such that

=

5d—1 1\ 3
W‘on<7)kp7 g) < Cdmgx{‘am‘z} <n L ) ;

where Cy < d°?, for some numerical constant C' > 0.

According to the result, when the degree d is fixed, as long as k& > nfi=3, Prp is close to a
Gaussian process. One way to interpret the metric VW.F ., in the result, is as follows. For any
finite set {2;}7., C (S"')™, the random vector {Pyp(z;)}7-; C R™ converges to a Gaussian

random vector, uniformly in m. Let us also mention that while the result is stated for Gaussian
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weights, the Gaussian plays no special role here (as will become evident from the proof), and
the weights could be initialized by any symmetric random vector with sub-Gaussian tails.

One drawback of using polynomial activations is that the resulting network will always
be a polynomial of bounded degree, which limits its expressive power. For this reason, in
practice, neural networks are usually implemented using non-polynomial activations. By using
a polynomial approximation scheme in Gaussian space, we are able to extend our result to this
setting as well. We defer the necessary definitions and formulation of the result to Section 3.5,
but mention here two specialized cases of common activations.

We first consider the Rectified Linear Unit (ReLU) function, denoted as ¢(z) := max(0, x).

For this activation, we prove:

Theorem 3.3. There exists a Gaussian process G on S"~!, such that,

log(n) log(log(k)) ) ?

2
WP, 6) < ¢ (AT

where C' > 0 is a numerical constant.

The reader might get the impression that this is a weaker result than Theorem 3.2. Indeed,
the rate of convergence here is much slower. In order to get W.Fs(Pr),G) < ¢, the theorem
requires that k > neloslosn  Also, W, is a weaker metric than WF .. Let us point out that
it may not be reasonable to expect similar behavior for polynomial and non-polynomial activa-
tions. The celebrated universal approximation theorem of Cybenko ( [88], see also [25, 166])
states that any function in L?(S"~!) can be approximated, to any precision, by a sufficiently
wide neural network with a non-polynomial activation. Thus, as k& — oo, the limiting support
of Py will encompass all of L2(S"~!). This is in sharp contrast to a polynomial activation
function, for which the support of Pyp is always contained in some finite-dimensional subspace
of L?(S™~1), uniformly in k.

Another explanation for the slow rate of convergence, is the fact that ) is non-differentiable.

For smooth functions, the rate can be improved, but will still be typically sub-polynomial. As

ef—e T

ette T "

an example, we consider the hyperbolic tangent activation, tanh(x) =

Theorem 3.4. There exists a Gaussian process G on S*~ !, such that,

W2(Py, tanh, G) < Cexp (_%\/ log(k) ) |

log(n) log(log(k))
where ¢ > 0 is an absolute constant.

Finally, let us remark about possible improvements to our obtained rates. We do not know

whether the constant C,; in Theorem 3.5 is necessarily exponential, and we have made no effort

1
2

to optimize it. We do conjecture that the dependence on the ratio “—— is not tight. To support

this claim we prove an improved rate when the activation is monomial.
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Theorem 3.5. Let p(x) = 2% for some d € N. Then, there exists a Gaussian process G on S*1,

such that
2.5d—1.5

where Cy < d°?, for some numerical constant C' > 0.

Remark 3.6. It is plausible the dependence on d and k could be further improved. Let us note
that when d = 2, the best rate one could hope for is proportional to %3 This is a consequence of
the bounds proven in [56, 143], which show that if n® >> k, then when considered as a random
bi-linear form (or a Wishart matrix) Pyp is far from any Gaussian law. In fact, our proof of
Theorem 3.5 can actually be improved when d = 2 (or, in general, for even d), and we are able
to obtain the sharp rate ”—,: It is an interesting question to understand the correct rates when
d> 2.

3.4 Polynomial processes

d
For this section, fix a polynomial p : R — R of degree d, p(z) = > a,,z™. The goal of this
m=0

section is to show that when £ is large enough, Pyp can be well ap];roximated by a Gaussian
process in the W, metric. Towards this, we will use the polynomial p to embed R" into some

high-dimensional tensor space.

3.4.1 The embedding

For m € N, we make the identification (R")®™ = R™" and focus on the subspace of symmetric
tensors, which we denote Sym ((R”)®m). If {e;}, is the standard orthonormal basis of R",

then an orthonormal basis for Sym ((R")®"™), is given by the set
{e|I € MI,,(m)}.
where MI,,(m) is the set of multi-indices,

MIn(m) = {(h,...fn) e N”|I1 4o+ 1, :m}7

With this perspective, we have e; = ®!; (e5"") , and we denote the inner product on Sym ((R")™)
by (-, ). We also use the following multi-index notation: if z = (z1,...,x,) € R™, we denote
e |

i=1

Define the feature space H := &%_oSym ((R")*™). If 7, : H — Sym ((R")®™) is the

88



natural projection, then an inner product on H may be defined by

d
E TV Ty W) m,
m=0

We further define the embedding P : R" — H, P(x Z V/|@m|z®™, which induces a

bi-linear form on H as,

d
E sign () (T, T V) m

m=0

Observe that () is not necessarily positive definite, but still satisfies the following Cauchy-

Schwartz type inequality,

Q(u,v) < |lullal[ol - 3.1)

Furthermore, it is clear that for any x,y € R",

Q(P(x), P(y) = Y am(z-y)" =p(z-y),

and we have the identity,

k k k
1 1 1
Pip(x) = —= Y sip(wi- 1) = —= > siQ(P(x), P(w;)) = Q| P(z), —= > siP(w)
(3.2)
Consider the random vector X, : f Z s; P(w;) taking values in H. By the central limit the-

orem, we should expect X, to approach a Gaussmn law. The next result shows that approximate

Gaussianity of X, implies that the process Pjp is approximately Gaussian as well.

Lemma 3.7. Let G be a Gaussian random vector in H and define the random process on G in
S" ' by G(x) := Q(P(z),G). Then, G is a Gaussian process and,

m=0

WFL(Pip,G) < <2 |am|> W2 (X, 6.

Proof. Let (Xj, G) be the optimal coupling so that W3(X;, G) = E[|| X — G||%]. We then

89



have

W (Pep. G) < B [ sup [Puple) - g(w)\] _E [ sup |Q(P(2). X, — G)

xeSn—1 zeSrn—1

< sup [ P(@)|ay/E[1Xk ~ Gl = sup [|P@)ll - Wa(Xi. G),

J?ES’"‘71 3?68"71

where we have used (3.1) in the second inequality. Now, for any x € S*~1,

d d
IP@) =\ D laml @@, 2®m) 0 = (| > am].
m=0 m=0

k
So, we wish to show that the random vector X, := \/LE > s;P(w;) is approximately Gaus-
i=1
sian inside 1. For this, we will apply the following Wasserstein CLT bound, recently proven

by Bonis, in [47].

Theorem 3.8. [47, Theorem 1] Let Y; be i.i.d isotropic random vectors in RN and let G be the
k
standard Gaussian. Then, if S}, = \/LE > Y,
i=1

VN

W3 (81, @) <~ [ [y YT Y]]

s

Since the theorem applies to isotropic random vectors, for which the covariance matrix is
the identity, we first need to understand ¥ := Cov (P(w)). Let us emphasize the fact that > is a
bi-linear operator on H. Thus it can be regarded as a dim(H) x dim(H) positive semi-definite

matrix.

3.4.2 The covariance matrix

We first show that one may disregard small eigenvalues of 3. Let ()}, v;) stand for the eigen-
value/vector pairs of . Fix § > 0 define V5 = span (v;|\; < §) and let I1s, [T§ be the orthogo-

nal projection unto Vs, Vs, respectively.

Lemma 3.9. Let G ~ N(0,) be a Gaussian in H, then
W2( Xy, G) < Wi (I3 X, TI3G) + 8n%9.

90



Proof. For any coupling (X}, G) we have

WE(Xi, G) < E [ X - GI] = E[IX, — ILGI] + E [ X, — TG
< 2E [|IL,GI] + 2B [ X)) +E [0} X - 4G °]
< 4dim(H)o + E || X, - 156

The proof concludes by taking the coupling for which IT3 X}, IT3 G is optimal, and by noting
dim(H) < 2nd. a

Next, we bound from above the eigenvalues of 3.

Lemma 3.10. Let > = Cov(P(w)), where P(w) is defined as in (3.2). Then
1l < (4)! max{fam|}n s

Proof. Let Y vre; = v € H be a unit vector, we wish to bound (v, ¥v) = Var ((P(w),v)n)
T

from above. Let us denote the degree d polynomial > > \/|an|vrz! = ¢(z) = (P(z),v)n.
i=0 TeMI,, (m)
We will prove the claim by induction on d. The case d = 1, is rather straightforward to check.

For the general case, we will use the Gaussian Poincaré inequality (see [194, Proposition 1.3.7],

for example) to reduce the degree. According to the inequality,

Var ((P(w), v) ) = Var (q(w)) < E [|Vg(w)|3]
-y E ['diqm)

=3V (o)) + & [diqm)r- (33)

Fixi=1,...,n,if I € MI,(m) we denote by 0,1 € MI,,(m — 1), to be a multi-index set such
that

ifi#j
o =7 #J
max(0,[; — 1) ifi=j.

'With this notation, we have,

d
da: g(w) dmZ Z Z |amwvl

m=0 JeMI, (m)

—Z Z |t | w0y

m=0 IeMI,, (m)
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Since d%q is a polynomial of degree d — 1, we thus get by induction,

Var ( diq(w)) < (4d — 4)!mﬁx{|am|}n% Z 3 12

m=0 IeMI, (m

Observe that I; < d and that for every I € MI,,(m), there are at most d different indices i € [n],
for which I; # 0. Therefore,

Z\far (

) < d*(4d — 4)lmax{\amy}n > <d2v1> (4d — 1)'max{\amy}n el
(3.4)
Furthermore, if for some j € [n], d;1; is odd, then E [w?!] = 0. Otherwise,

IE [w?] | < |E [w{™!] | < V.
It is easy to verify that the size of the following set,
Ay = {I € U _ MI,(m)|LE[w?!] # 0},

is at most (Qn) 3. Thus, since there are at most (2n) 7 elements which do not vanish, Cauchy-

Schwartz’s inequality shows,

B[ o] < mpelian)E S OY wthy

m=0 IeMI, (m)

< (4d — Dl max{la,|}nT > 02

I€A;

Note that if [ € A;, then necessarily [; is odd. In this case, it follows that for j # i, E [waf[ ] =
0. Hence, A; N A; = 0, and

ZE [diq(w)] < (4d —1)! mﬂ@xﬂam\}n% Z Z v?

i=1 I€A;

< (4d — Dl max{la,}nT Y v} = (4d — Dlmax{|a,|}n"Z. (3.5
1

We now plug (3.4) and (3.5) into (3.3) to obtain

Var ((P(w),v) ) < (4d)!m7gx{|am|}n%
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Remark that, up to the multiplicative dependence on d, this bound is generally sharp. As an

example, when d = 2¢ — 1 is odd, one can consider the degree d polynomial,

n
E 2 2
xilxiz “ .. ZL‘W

i1, 0p=1

For this polynomial it may be verified that Var(q(w)) = Q(n‘~1) = Q <n7> .

3.4.3 A functional CLT for polynomial processes

Proof of Theorem 3.2. Let § be some small number to be determined later and set X, = X 1/2.X,

and é the standard Gaussian in /{. By Lemma 3.9,

Wi (X, G) < Wiy Xy, 13 G) + 8nt6
= W2(SY2IIE Xy, SV G) + 806 < |2 op W2 (Tx Xy, TTH G) + 8n6.

We focus on the term W3 (IT} X}, TI} G) for which Theorem 3.8 may be invoked,

Wiy %, 11:6) < Vg [ p 2
< YO g [Py 2,
< VO g )Py

In the first inequality, we have used Jensen’s inequality on the bound from Theorem 3.8. Let us
estimate E [|| P(w) HZZ] By definition,

sri =2 | (S mtoir) | < (S ()

g (Z ) (S = ($52) ()

d

< (Z ai) 16%(2d)!n** < max{a?,}(100d)!n*
m=0

The first inequality is Cauchy-Schwartz and in the second inequality we have used the fact that

||w||2 has sub-exponential tails.

Since dim(H) < 2n4, it follows that,

(100d)!n %

WX, G) < [ llop

max{a2,} + 8ns.
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We plug the estimate for ||X||,, from Lemma 3.10 to deduce:

(110d)1n?4-05

max{|a,|*} + 8n’d.

1
2d—0.5 31\ 3 1
0% maxn | }> to obtain

We now take § = <(110d)!

5d—0.5
n

W2(Xy, G) < 16 max{|an|} ((110d)!) kf

To finish the proof, define the Gaussian process G by G(z) = @ (P(z), G), and invoke Claim
3.7. |

3.4.4 Animproved rate for tensor powers

Throughout this section we assume that p(z) = 2 for some d € N. Under this assumption, we

improve Theorem 3.2. This improvement is enabled by two factors:

e A specialized CLT for tensor powers, proved in Chapter 2.

e An improved control on the eigenvalues of >, which allows to bypass Lemma 3.9.

Let us first state the result about approximating tensor powers by Gaussians. Note that for a
polynomial p as above, we have the embedding map P(r) = x®¢. Since the image of P is
always a symmetric d-tensor, we allow ourselves to restrict the embedding map P and overload
notations, so that P : R" — Sym ((R")®d>. In this case, for w ~ N (0,1;), we have ¥ :=

k
Cov(P(w)), and X}, := \/LE >~ s;P(w;). An immediate consequence of Theorems 2.2 and 2.5
i=1
is the following result:
Theorem 3.11. Let the above notations prevail. Then, there exists a Gaussian random vector

G, in Sym ((Rn)®d>, such that,

2d—1

_ n
Wi (Xp, G) < Call Rllopll =l ——

where Cy = d°?, for some universal constant C' > 0.

Remark that the results in Chapter 2 actually deal with the random vector v/>~1.X,. Since
we care about the un-normalized vector X, we incur a dependence on ||X||,,. We now show

how to bound from below the eigenvalues of X..

Lemma 3.12. Let A\, (X) stand for the minimal eigenvalue of Y. Then

1
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Proof. Let v € Sym ((R”)®d) be a unit vector. We can thus write v = Y wvre;, with
|I]=d
v? = 1. Define the degree d homogeneous polynomial ¢ : R" — R, by ¢(z) =
[EMT, (d)

S°  wrzl. In this case we have (v, P(w)) = g(w), and it will be enough to show,
[EMT,(d)

1
Var ((v, P(w))) = Var (¢(w)) > I
We will use the variance expansion for functions of Gaussian vectors, which can be found

at [194, Proposition 1.5.1]. According to this expansion, for any smooth enough function f :
R™ — R,

Var(f(w) = Y ”E[Vn;f!(w)]”m. (3.6)

Here V" f is the m'" total derivative of f, which we regard as an element in (R")*™. In

particular, we have,

2
[Va(w)] |

d! '
Now, if I # J are two multi-subsets of [n], with I, J € MI,,(d), we have

Var (q(w)) > IE

d d
@SEJ =0 and @II =]

So, since V4 f = {-5q} remt, (a)»

IE [V )] li= > Iwi=>1,

IeMI, (d)

and

Var (g(w)) 2 .

as required. O
We are now in a position to prove Theorem 3.5.

Proof of Theorem 3.5. By combining Lemma 3.10 and Lemma 3.12, there exists some numer-

ical constant C’ > 0, such that
ISllopl =712, < d'nF

Thus, Theorem 3.11 shows that there exists a Gaussian vector G' in Sym ((R")®d> , such that

2.5d—1.5

W22 (Xka G) S dCdnT7
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for some other constant C' > 0. Define the Gaussian process G(z) = (P(x), G), then Lemma

3.1 shows,
2.5d—1.5

WF?Z (Pp, G) < dCdnT,

which concludes the proof. When d = 2, it is not hard to see that ||X]|, can be bounded by an

absolute constant (see Lemma 3.13). In this case,
IZlaplZ7H5, < C,

which is the reason behind Remark 3.6. O

3.4.5 Dimension-free covariance estimates for quadratic tensor powers

2

When considering the polynomial p(x) = z*, we can strictly improve upon Lemma 3.10 and

obtain dimension-free bounds. As noted in the proof of Theorem 3.5, this explains Remark 3.6.

Lemma 3.13. Suppose that d = 2. Then,

1%lop < 1.

Proof. As in the proof of Lemma 3.12, let v = '21 vije; @ ej, with Yo7, = 1. Define
INES
q(x) = > v jxiz;. It will suffice to bound Var(¢(w)) from above. Since ¢ is a quadratic
ij=1
polynomial, the variance decomposition (3.6) gives,

Var(q(w)) = [E[Vg(w)] ||* + %HE [Vig(w)] |1*.

for i € [n], we have “=q(w) = > (1 + &;;)v; jw;. So, E [Vg(w)] = 0. On the other hand,
i =1

Ve = B | atw)| <23t =2

i,j=1

and the claim is proven. O

3.5 General activations

In this section we consider a general (non-polynomial) activation function o : R — R. Our goal
is to derive a quantitative CLT for the random process Pro. Our strategy will be to approximate

o by some polynomial, for which Theorem 3.2 applies. We set 7y to be the law of the standard
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Gaussian in R. Lemma 3.1 suggests that, in order to control the remainder in the approximation,
it would be beneficial to find a polynomial p, such that p and o are close in L*(7).
In L%(v) there is a distinguished set of polynomials, the so-called Hermite polynomials.

Henceforth we denote h,, to be the m!" normalized Hermite polynomial,

hon() = (_% (Cg’;—mmef> 7.

The reader is referred to [140] for the necessary definitions and proofs pertaining to Hermite
polynomials. We will mainly care about the fact that {h,, }5°_, forms a complete orthonormal

system in L?(7y). Thus, assuming that ¢ € L?(vy), it may be written as,

o= Z Gmhum , Where 6, == /a(x)hm(x)dv(x).

m=0 R

Let us also define the remainder function of o as,

R,(d)= ) &
m=d+1
If we define the degree d polynomial
d
Pa ‘= Z Tmhm, 3.7
m=1
we then have,
lo = pall72(,) < Ro(d). (3.8)

With these notations, the main result of this section is:

Theorem 3.14. Suppose that o € L?*(vy). Then, there exists a Gaussian process G on S*™*, such
that,

max |6, |* log(k)
2 <m0 8
WfQ(PkU,g) — C /{Z% + RJ <Cl log(n) log(IOg(k))) 7

where C' > 0 is a numerical constant.

Before proving the theorem, we first focus on the coefficients of the polynomial p,, defined
in (3.7), with respect to the standard monomial basis. For this, we write h,,, explicitly (see [140,
Chapter 3]) as,

wf3

_ (=1 ey
b (x) = mjzo Ww :

Write now pg = Y a,,2"™ and let us estimate a,,.
m=0
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Lemma 3.15. It holds that

|ay,| < max|d; 27,
K3

| 2
vm!

Proof. We have:

m)/2)2- /2

<max|gz|z ﬁ max|az|Z \/7

1 i 1 (d+1 .
< max |54 N i:Em <m> max |G| ——= o (m N 1) < miax|al| \/_2

where the last equality is Pascal’s identity. O

. il
|am| < E "7Z|7n|((Z _
=m

We may now prove Theorem 3.14.

Proof of Theorem 3.14. Fix d and let G be the Gaussian process promised by Theorem 3.2, for
pq- By the triangle inequality,

WF3(Pro,G) < 2WF3(Pro, Pepa)+2WF3(Prpa, G) < 2WF 2 (Pro, Pipa) +2WF5(Prpa, G).
We now invoke Lemma 3.1 with (3.8) to obtain,

WF3(Pro, Pepa) < pa — oll72(,) < Ro(d).

For the other term, Theorem 3.2 along with Lemma 3.15 imply,

nd

WF? (Pepa, G) < mzaX|0'l|2 ded o

1
3

for some numerical constant C' > 0. So,
n2d

WF5(Pro,G) < 2maX|az|2d0d o + 2R, (d).

Finally, choose d = [ {55 logl(C:“Lg)(l]f))g(log(k))—l' It can be verified that for any 6 > 0, > 0,

log(k) log(k)

dCd . n2d S ].Og(k) 100 log(log(k)) . e 10 — O(k%)
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This implies the existence of an absolute constant C’ > 0, for which,

max |6;*
WF3(Pro,G) < C' | — Py + R,(d) | .
6
The proof is complete. O
3.5.1 ReLU activation
In this section we specialize Theorem 3.14 to the ReLU activation ¢(z) := max(0,x). The

calculation of &m may be found in [91, 126]. We repeat it here for completeness.

Lemma 3.16. Let m € N. Then,

\/Lﬁ m=1
[Ym| = < 0 m > 1 and odd - (3.9)
(\;;:/3% otherwise
bn| < mg , and
Ru(d) < 3.

Proof. Note that once (3.9) is established the rest of the proof is trivial. Thus, let us focus on

calculating ﬂm We will use the following formula for the derivative of Hermite polynomials,

hip () = V/mhy s (). (3.10)

Using this, we have, with an application of integration by parts,

B = / i (@) (2)dy(z) =

R

bnla)oa) = "2 = [ b (el (o)

—Jm / hun1(2)d(2)

x>0

dm 1 g2
= 1/ —7) d:cm e (x)dx

- \/ -1) 'dxm 2¢ 7
)+ \/m’lw2
V2T

x>0

8

Il

D‘
ﬁA
1=

D‘
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For h,,,(0), the following explicit formula holds:

0 for m odd

(—1)’”/2% for m even

hin(0) =

In this case, for m even,

_m o ymper [om (m=3) L ym(m = 3
- S e T Ve

and (3.9) follows. O

Theorem 3.3 follows immediately, by plugging the above Lemma into Theorem 3.14.

Proof of Theorem 3.3. From Lemma 3.16 we see that max \TM < 1, and so coupled with The-

orem 3.14, we get

2 1 (log(n)log(log(k)) "
Wy (Pro,G) < C (ké + ( o (k) ) ) .

It is now enough to observe,

o=

1 log(n) log(log(k)) \*
k _O<< log(k) ) )

3.5.2 Hyperbolic tangent activation

ef—e T
et4e *

should expect it to have better polynomial approximations than the ReLU. This will lead to a

Let us now consider the function tanh(z) := as an activation. Since it is smooth, we

faster convergence rate along the CLT. An explicit expression for tgrﬁlm may be difficult to find.
However, one may combine the smoothness of tanh with a classical result of Hille ( [135]) in
order to bound the coefficients from above.

This calculation was done in [202], where it was shown that for the derivative \tgrﬁ’m\ <

e~CV™ where C' > 0, does not depend on m. We now extend this result to tanh.

Lemma 3.17. Let m > 0. It holds that

ltanh,,| < e~ V™

)
for some absolute constant C' > (.
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Proof. Since |tanh’,,| < e~¢V™, Hille’s result ( [135, Theorem 1]) shows that we have the

point-wise equality,

tanh’(z) = Z @’mhm(x).
m=0

We now use (3.10), and integrate the series, term by term, so that

< tanlt,,
tanh(z) = Z ——— hp()
m=1 \/m
So, tgrﬂm = tan\l}/%“l , which proves the claim. O

From the lemma, we get that there is some absolute constant C' > 0, such that R, (d) <

e~CVd_ This allows us to prove Theorem 3.4.

Proof of Theorem 3.4. From Lemma 3.17 along with Theorem 3.14, we get

2 L (Y -
W;(Pro,G) < C (ké e < C\/log(n) log(log(k))» |

As before, the claim follows since,

_ ex L el
=0 ( P ( C\/log(n) log(log(k))>> |

x5
= =
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PART II

STABILITY OF FUNCTIONAL
INEQUALITIES

“All are equal, but some are more equal than others.”

- Paraphrasing pig Napoleon
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Stability of the Shannon-Stam Inequality

4.1 Introduction

Let 1 be a probability measure on R% and X ~ p. Denote by h(u), the differential entropy of y

which is defined to be p
i

h =h(X)=— [ In|— | du.

(1) =) = - | “(dx) p

R4
One of the fundamental results of information theory is the celebrated Shannon-Stam inequality
which asserts that for independent vectors X, Y and A € (0, 1)

h (x/XX VI /\Y> > AL(X) + (1 — Mh(Y). @.1)
We remark that Stam [223] actually proved the equivalent statement
62}1(}2+Y) Z eZhSiX) + 62}12}’)’ (42)

first observed by Shannon in [219], and known today as the entropy power inequality. To state

yet another equivalent form of the inequality, for any positive-definite matrix, >, we set vx as
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the centered Gaussian measure on R with density

_ (z,2_11>

dys(z) e 2

dz V/det (27X

For the case where the covariance matrix is the identity, I;, we will also write v := ~y,. If

Y ~ v we set the relative entropy of X with respect to Y as

Ent (y||v) := Ent(X||Y) = /m (3-5) dp.

Rd

For G ~ 7, the differential entropy is related to the relative entropy by
1 9r  d
Ent(X||G) = —h(X) = SE[|X]}5] + 3 In(2m).
Thus, when X and Y are independent and centered the statement
Ent (\/XX + VI Y| \G) < AEnt(X||G) + (1 — \)Ent(Y]|G), 4.3)

is equivalent to (4.1). Shannon noted that in the case that X and Y are Gaussians with propor-
tional covariance matrices, both sides of (4.2) are equal. Later, in [223] it was shown that this

is actually a necessary condition for the equality case. We define the deficit in (4.3) as
Sppialin ) == 0ppra(X,Y) = (AEnt(X\|G)+(1—A)Ent(Y|yG)) Ent (\/XX +VI= Y| \G) ,

and are led to the question: what can be said about X and Y when dgpr\(X,Y) is small?
One might expect that, in light of the equality cases, a small deficit in (4.3) should imply that
X and Y are both close, in some sense, to a Gaussian. A recent line of works has focused on
an attempt to make this intuition precise (see e.g., [84,231]), which is also our main goal in
the present work. In particular, we give the first stability estimate in terms of relative entropy.
A good starting point is the work of Courtade, Fathi and Pananjady ( [84]) which considers
stability in terms of the Wasserstein distance (also known as quadratic transportation). A crucial
observation made in their work is that without further assumptions on the measures yx and v,
one should not expect meaningful stability results to hold. Indeed, for any A € (0, 1) they

show that there exists a family of measures {/i. }.~o such that dgpy(fte, 1) < € and such that

1
3

of Gaussians. Thus, in order to derive quantitative bounds it is necessary to consider a more

for any Gaussian measure s, Wa(pe, 7s) > z. Moreover, one may take (. to be a mixture

restricted class of measures. We focus on the class of log-concave measures which, as our

method demonstrates, turns out to be natural in this context.
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Main Contributions

Our first result applies to uniformly log-concave vectors. Recall that, if there exists & > 0 such
that
~V2In(f(x)) = €l for all z,

then we say that the measure is £-uniformly log-concave.

Theorem 4.1. Let X and Y be 1-uniformly log-concave centered vectors, and denote by 0%, 0%
the respective minimal eigenvalues of their covariance matrices. Then there exist Gaussian
vectors G x and Gy such that for any \ € (0, 1),

A1 =\
dppIA(X,)Y) > (2 )

4 4
<U§(Ent (X||Gx) + oyEnt (Y||Gy) + %En‘c (GxllGy) + %/Ent (GyﬂGX)) :

To compare this with the main result of [84] we recall the transportation-entropy inequality
due to Talagrand ( [229]) which states that

W2(X,G) < 2Ent(X]|G).

As a conclusion we get

A(l— A
orra(X.Y) 2 Cry oy N (02 (X, G) + WA (V. Gy ) 4 W3 (G, Gy)

where C,, ,,, depends only on ox and oy. Up to this constant, this is precisely the main result
of [84]. In fact, our method can reproduce their exact result, which we present as a warm up in
the next section. We remark that as the underlying inequality is of information-theoretic nature,
it is natural to expect that stability estimates are expressed in terms of relative entropy.

A random vector is isotropic if it is centered and its covariance matrix is the identity. By a re-
scaling argument the above theorem can be restated for uniform log-concave isotropic random

vectors.

Corollary 4.2. Let X and Y be &-uniformly log-concave and isotropic random vectors, then

there exist Gaussian vectors G x and Gy such that for any \ € (0,1)

AL

- A 1 1
Sppia(X,Y) > T)§2 (Ent (X||Gx) + Ent (Y||Gy) + 5Ent (Gx||Gy) + 5Ent (Gy”Gx)) :

In our estimate for general log-concave vectors, the dependence on the parameter £ will be
replaced by the spectral gap of the measures. We say that a random vector X satisfies a Poincaré

inequality if there exists a constant C' > 0 such that

E [Var(¢(X))] < CE [HV@D(X)HQ , for all test functions .
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We define C,(X) to be the smallest number such that the above equation holds with C' =
C,(X), and refer to this quantity as the Poincaré constant of X. The inverse quantity, C,(X)™
is referred to as the spectral gap of X.

Theorem 4.3. Let X and Y be centered log-concave vectors with o%, o3 denoting the mini-

mal eigenvalues of their covariance matrices. Assume that Cov(X) + Cov(Y) = 21, and set

max (%, %) = C,. Then, if G denotes the standard Gaussian, for every X € (0,1)
X Y

min(o%, 0%)

Sppra(X,Y) > KA(1—)) ( c
p

) (Ent (X||G) + Ent (Y|G)),

where K > 0 is a numerical constant, which can be made explicit.

Remark 4.4. For £-uniformly log-concave vectors, we have the relation, Cp(X ) < % (this is a
consequence of the Brascamp-Lieb inequality [50], for instance). Thus, considering Corollary
4.2, one might have expected that the term Ci could have been replaced by Cf) in Theorem 4.3.

We do not know if either result is tight.

Remark 4.5. Bounding the Poincaré constant of an isotropic log-concave measure is the ob-
ject of the long standing Kannan-Lovaz-Simonovits (KLS) conjecture (see [147, 160] for more
information). The conjecture asserts that there exists a constant X > 0, independent of the
dimension, such that for any isotropic log-concave vector X, Cp(X ) < K. The best known
bound is due to Chen which showed in [72] that if X is a a d-dimensional log-concave vector,
Cy(X) = O (V).

Concerning the assumptions of Theorem 4.3; note that as the EPI is invariant to linear trans-
formation, there is no loss in generality in assuming Cov(X) + Cov(Y') = 2I,;. Remark that
C,(X) is, approximately, proportional to the maximal eigenvalue of Cov(X). Thus, for ill-
conditioned covariance matrices %if)’ %g) will not be on the same scale. It seems plausible

to conjecture that the dependence on the minimal eigenvalue and Poicnaré constant could be

replaced by a quantity which would take into consideration all eigenvalues.

Some other known stability results, both for log-concave vectors and for other classes of mea-
sures, may be found in [83,84,231]. The reader is referred to [84, Section 2.2] for a complete
discussion. Let us mention one important special case, which is relevant to our results; the so-
called entropy jump, first proved for the one dimensional case by Ball, Barthe and Naor ( [20])
and then generalized by Ball and Nguyen to arbitrary dimensions in [21]. According to the

latter result, if X is a log-concave and isotropic random vector, then

1
5EPI,%(X7X> > Ent(X||G),

= 8G,(X)

where C,(X) is the Poincaré constant of X and G is the standard Gaussian. This should be

compared to both Corollary 4.2 and Theorem 4.3. That is, in the special case of two identical
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measures and \ = %, their result gives a better dependence on the Poincaré constant than the
one afforded by our results.
Ball and Nguyen ( [21]) also give an interesting motivation for these type of inequalities:

They show that if for some constant x > 0,
5EP1,§(X7X) > kEnt(X]|G),

then the density fy of X satisfies, fx(0) < ex. The isotropic constant of X is defined by
=f X(O)i, and is the main subject of the slicing conjecture, which hypothesizes that Ly is
uniformly bounded by a constant, independent of the dimension, for every isotropic log-concave
vector X. Ball and Nguyen observed that using the above fact in conjunction with an entropy
jump estimate gives a bound on the isotropic constant in terms of the Poincaré constant, and in
particular the slicing conjecture is implied by the KLS conjecture.
Using ideas originating from additive combinatorics, the setting of the entropy jump is fur-
ther investigated in [156, 172].

Our final results give improved bounds under the assumption that X and Y are already close
to being Gaussian, in terms of relative entropy, or if one them is a Gaussian. We record these

results in the following theorems.

Theorem 4.6. Suppose that X,Y be isotropic log-concave vectors such that C,(X), C,(Y) <
C,, for some C,, < oo. Suppose further that Ent(X ||G), Ent(Y||G) < 1, then

A1 = \)

0 XY)>— 2
EP[,)\( Y) > 36C,

(Ent(X||G) + Ent(Y]|G))
The following gives an improved bound in the case that one of the random vectors is a
Gaussian, and holds in full generality with respect to the other vector, without a log-concavity

assumption.
Theorem 4.7. Let X be a centered random vector with finite Poincaré constant, C,(X) < oc.
Then

p(X) — )—1H(A(Cp(X)
Cp(X) = In(Cp(X)) —

oppin(X,G) = (/\ - A G _1 D+ 1)> Ent(X[|G).

Remark 4.8. When C,(X) > 1, the following inequality holds

MG D OGO =) 41 5 20
(A Co(X) —In (G (X)) - )Z Co(X)

Remark 4.9. Theorem 4.7 was already proved in [84] by using a slightly different approach.

Denote by I( X ||G), the relative Fisher information of the random vector X. In [113] the authors
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proof the following improved log-Sobolev inequality.

(1= Cp(X))*
p(X)(Cp(X) —In (Cp(X) — 1))

1(X]|G) > 2Ent(X[|G) 5

The theorem follows by integrating the inequality along the Ornstein-Uhlenbeck semi-group.

4.2 Bounding the deficit via martingale embeddings

Our approach is based on ideas somewhat related to the ones which appear in Chapter 1: the
very high-level plan of the proof is to embed the variables X, Y as the terminal points of some
martingales and express the entropies of X, Y and X +Y as functions of the associates quadratic
co-variation processes. One of the main benefits in using such an embedding is that the co-
variation process of X + Y can be easily expressed in terms on the ones of X, Y, as demon-
strated below. In Chapter 1 these ideas where used to produce upper bounds for the entropic
central limit theorem, so it stands to reason that related methods may be useful here. It turns
out, however, that in order to produce meaningful bounds for the Shannon-Stam inequality, one
needs a more intricate analysis, since this inequality corresponds to a second-derivative phe-
nomenon: whereas for the CLT one only needs to produce upper bounds on the relative entropy,

here we need to be able to compare, in a non-asymptotic way, two relative entropies.

In particular, our martingale embedding is constructed through the Follmer process, defined
by (7) in the introduction. This construction has several useful features, one of which is that it
allows us to express the relative entropy of a measure in R? in terms of a variational problem on
the Wiener space. In addition, upon attaining a slightly different point of view on this process,
that we introduce here, the behavior of this variational expression turns out to be tractable with

respect to convolutions.

In order to outline the argument, fix centered measures x and v on R? with finite second

moment. Let X ~ pu, Y ~ v be random vectors and G ~ + a standard Gaussian random vector.

An entropy-minimizing drift. Let 5, be a standard Brownian motion on R? and denote
by F; its natural filtration. In the sequel, we denote th , to be the Follmer drift associated to X

(and the same for Y) and,
t

X, =B, + /vfds.
0
Let us recall some of the properties which were proven in the introduction to this thesis.

It turns out that the process v;* is a martingale (which goes together with the fact that it
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minimizes a quadratic form) which is given by the equation
v = Valn (Py(fx (X)) . 4.4)
where fx is the density of X with respect to the standard Gaussian and P, _; denotes the heat

semi-group. Moreover, from Girsanov’s formula,

1
1
Ent(X||G) = 5/E [H%XHﬂ dt. 4.5)
0

Another important fact concerns the marginal X;, which follows a rather simple law,

X, Z1X, + V(1= 1)G. (4.6)

Lehec’s proof of the Shannon-Stam inequality. For the sake of intuition, we now repeat

Lehec’s argument to reproduce the Shannon-Stam inequality (4.3) using this process. Let X; :=

t t
BX + [vX¥dsandY; := B} + [ v} ds be the Follmer processes associated to X and Y, where
0 0

B;X and B} are independent Brownian motions. For A € (0, 1), define the new processes
wy = VK + V1= ),

and
By = VABX + V1 - B,
By the independence of B and B}, B, is a Brownian motion and

1

By + /wtdt =VAX; + V1 -\,

0

Note that as the v;¥ is martingale, we have for every ¢ € [0, 1],
E[v)] =E[X3] =0.

From the bound on relative entropy in (1.21) coupled with (4.5) and the independence of the
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processes, we have,

1

JE ]

0

=5 [E[I] de+ 5= [ [I01E] ¢

= AEnt(X4]|G) + (1 A)Ent(YlHG)

Ent(VAX; + V1 — \Y||G) <

l\’)|>/ l\DIr—\

This recovers the Shannon-Stam inequality in the form (4.3).

An alternative point of view: Replacing the drift by a varying diffusion coefficient. Lehec’s
proof gives rise to the following idea: Suppose the processes v;* and v} could be coupled in a
way such that the variance of the resulting process \/XU;X ++/1 — Av} was smaller than that of

w, above. Such a coupling would improve on (4.3) and that is the starting point of this work.

As it turns out, however, it is easier to get tractable bounds by working with a slightly
different interpretation of the above processes, in which the role of the drift is taken by an

adapted diffusion coefficient of a related process.
t
The idea is as follows: Suppose that M; := f F,dB; is a martingale, where F} is some

0
positive-definite matrix valued process adapted to F;. Consider the drift defined by

t

U ::/FS_IddBS. 4.7)
1—s

0

1

We then claim that B, + f u,dt = M. To show this, we use the stochastic Fubini Theorem
0

( [238]) to write

1 1

/FtdBt :/IddBt /(Ft_Id dBt Bl+// d dBt Bl+/Utdt
0

0

Since we now expressed the random variable )/, as the terminal point of a standard Brow-
nian motion with an adapted drift, the minimality property of the Follmer drift together with
equation (4.5) immediately produce a bound on its entropy. Namely, by using Itd’s isometry

and Fubini’s theorem we have the bound

1

@5) — 1) E|(F,—1
Ent(My[|G) < %/E[Hutﬂ Tr// 5 E[(F-L)] . _ —Tr/ [( 1t_td) i
0
(4.8)

This hints at the following possible scheme of proof: in order to give an upper bound for the
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expression Ent(vAX, 4+ /1 — AY;||G), it suffices to find martingales M/;X and M such that
Mi¥, M} have the laws of X and Y, respectively, and such that the \-average of the covariance

processes is close to the identity.

The Follmer process gives rise to a natural martingale: Consider E [ X |F;], the associated
Doob martingale. By the martingale representation theorem ( [199, Theorem 4.3.3]) there exists

a uniquely defined adapted matrix valued process I';X, for which

t
E[X,|F] = / I*dBX. 4.9)

0
We will require the following identity, which appeared in (10),

t
rX—1
o)X = / —s — dgBX. (4.10)
1—s
0
The matrix T';* turns out to be positive definite almost surely, (in fact, it has an explicit simple

representation, see Proposition 4.12 below), which yields, as in (11),

Ent(X[|G) = %/lTr (& [(fi_ld)z])dt. @.11)
0

Given the processes [';X and 'Y, we are now in position to express VAX + /1= )Y as the
terminal point of a martingale, towards using (4.8), which would lead to a bound on dgpr . We
define

By i= A )P+ (1= ) (1)),

and a martingale B, which satisfies
By = 0and dB, = [ (VA¥dBS + V1=V dBY ).

Since ') and '} are invertible almost surely and independent, it holds that

[B]t - tId,

where [B]; denotes the quadratic co-variation of B;. Thus, by Levy’s characterization, B; is a

standard Brownian motion and we have the following equality in law

1 1 1
/ftdétz \/X/rgde§+\/1—A/r}”dB§’ L VX + VI -
0 0

0
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We can now invoke (4.8) to get

e,

1
2 1—-1t
0

Ent (JXX1 FVIz )\Y1HG> <

Combining this with the identity (4.11) finally gives a bound on the deficit in the Shannon-Stam

inequality, in the form

(AE [(Fg —Id)2] +(1-NE [(Ff —Idﬂ —B [(ft_1d>2])dt

1—-t

1 1 Tr
dppin(X,Y) > 5/

0

) /1 Te (B ] - AE[1¥] - (1= NE[1}])

dt. 4.12
13 (4.12)
0

The following technical lemma will allow us to give a lower bound for the right hand side in

terms of the variances of the processes I';X, T'Y . Its proof is postponed to the end of the section.

Lemma 4.10. Let A and B be positive definite matrices and denote
(A, B)y := M + (1 = \)Band (A?, B?), := AA* + (1 — \) B>
Then

Tr (\/W — (4, B)A> — A(1— \)Tr ((A _ By ( (A2, B2), + (A, B)A)_l) .

Combining the lemma with the estimate obtained in (4.12) produces the following result,

which will be our main tool in studying dgpr ).

Lemma 4.11. Let X and Y be centered random vectors on R® with finite second moment, and
let TX,T'Y be defined as above. Then,

dppia(X,Y) >

(0¥ -1 (\/A (TF) + (1= 2 (T +AT¥ + (1 - A)FK>_1D

1-t¢

1 Ir (]E
A1 — )\)/ dt.

(4.13)

The expression on the right-hand side of (4.13) may seem unwieldy, however, in many cases

it can be simplified. For example, if it can be shown that, almost surely, F%X , Ff = ¢1, for some
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deterministic ¢; > 0, then we obtain the more tractable inequality

Sppra(X,Y) > m; A /1 G [((ft;f) Ddt- (4.14)

As we will show, this is the case when the random vectors are log-concave.

Proof of Lemma 4.10. We have

Tr (\/(A2,B2) —(A,B)A)
:Tr(<\/(A2,B2) —(A,B)A>< (A?,B?)H(A,B)A)( (AQ,BQ)AJF(A,B)A)l).

(V42 B2); — (4, B),) (V4% B + (4, B),)

=M1—-X) (4*+ B> — AB — BA) ++/(42,B?),\(A4, B), — (A, B)\v/ (A%, B?),,
we have the equality

Tr (\/W — (4, B)A> — A1 = \)Tr ((A2 + B2~ (AB + BA)) ( (A2, B2), + (A, B)Ql)

+ Tr ( (A2, B?)\(A, B)x ( (4% B2 + (4, Bh) _1)

Ty (<A, B)w/(A2 B2 (VA2 B + (4, B)Q_l)

Finally, as the trace is invariant under any permutation of three symmetric matrices we have that

Tr <AB( (A2,BQ)A+(A,B)A>_1> - <BA< (AZ,BZ)AJr(A,B)A)_l),
and
T (/T B4, B): (V& B + (A, B),) )

=Tr ((A,B)M/(Aagz)A <\/(,42,Bz)A + (4, B)A>l) :

Thus,
T (VI B - (4,8)2) = AL - VT (4= B) (VI B + (4.3,) ).
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as required. O

4.2.1 The Follmer process associated to log-concave random vectors

In this section, we collect several results pertaining to the Follmer process. Throughout the
section, we fix a random vector X in R™ and associate to it the Follmer process X, defined in
the previous section, as well as the process I';*, defined in equation (4.9) above. The next result

lists some of its basic properties, and we refer to [100, 106] for proofs.

Proposition 4.12. Fort € (0, 1) define

£e@) = ooy 122512 7oy
XA 2(1—t) ) 7%
where fx is the density of X with respect to the standard Gaussian and Z, x is a normalizing
constant defined so that [ f% = 1. Then
Rd

o fi is the density of the random measure p, := X1|JF; with respect to the standard Gaus-

Cov (pt)

; X _
sian and I'y = =74,

o [N is almost surely a positive definite matrix, in particular, it is invertible.

e Forallt € (0,1), we have

d
—E[T}] = : 4.1
HE 7] — (4.15)
e The following identity holds
I, -E([I'¥
E v ®@v)] = dT[tt] + Cov(X) — 1y, (4.16)

forall t € [0,1]. In particular, if Cov(X) =< 1, then E [T'X] < 1,

In what follows, we restrict ourselves to the case that X is log-concave. Using this as-
sumption we will establish several important properties for the matrix I';. For simplicity, we
will write I'; := Ff( and v; = th . The next result shows that the matrix I'; is bounded al-
most surely, this is essentially a generalization of Lemma 1.30 from Chapter 1 and the prove is

similar. We repeat it here for completeness.

Lemma 4.13. Suppose that X is log-concave, then for every t € (0, 1)
1
r, < ;Id.
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Moreover, if for some & > 0, X is &-uniformly log-concave then

1

M<—— 1,
T -g+t !

Proof. By Proposition 4.12, 11, the law of X;|F; has a density p;, with respect to the Lebesgue

measure, proportional to

[ElE = Xell5 | |5 (1 =) — Jlo — XI5
fx(z)exp (T) exp <_2(1——t)) = fx(z)exp < 20 —1) ) )

Consequently, since —V?2fx = 0,

1

—vﬂn@g:—v%k—(1————)uz t

1-1

1,
1—¢ d

It follows that, almost surely, 1 is ﬁ—uniformly log-concave. According to the Brascamp-

Lieb inequality ( [50]) a-uniform log-concavity implies a spectral gap of «, and in particular
Cov(uy) =< %Id and so, I'; = Colv—(‘t“) = %Id. If, in addition, X is &-uniformly log-concave, so

that —V?2fx = £I,, then we may write

t (1—t)E+t
V2?1 — — =1
D(Pt)_(f+1_t)d =) d
and the arguments given above show Cov () < %Id. Thus,
1
ri<———— 1,.
(T

Our next goal is to use the formulas given in the above lemma in order to bound from below

the expectation of I';. We begin with a simple corollary.

Corollary 4.14. Suppose that X is 1-uniformly log-concave, then for every t € [0, 1]
E[T;] = Cov(X).

Proof. By (4.15), we have
d El] -E[I}
—EI}] = ——.
gt 1—t

By Lemma 4.13, I'; < I;, which shows

d
—E[I] = 0.
SEIL] =
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Thus, for every t,
E[I;] = E[[y] = Cov(X|Fy) = Cov(X).

O

To produce similar bounds for general log-concave random vectors, we require more intri-

cate arguments. Recall that C,(X) denotes the Poincaré constant of X.

Lemma 4.15. If X is centered and has a finite a Poincaré constant C,(X) < oo, then

E [1?] < (PCp(X) +1(1— 1)) TE 7).

Proof. Recall that, by equation (4.6), we know that X, has the same law as t X; + /t(1 — )G,
where G is a standard Gaussian independent of X;. Since C,(tX) = t?C,(X) and since the

Poincaré constant is sub-additive with respect to convolution ( [82]) we get
Cp(X;) < CL(X) +t(1 —1).

The drift, v;, is a function of X; and E [v;] = 0. Equation (4.4) implies that V,v;(X;) is a

symmetric matrix, hence the Poincaré inequality yields
E [0P?] < (£2C,(X) + t(1 — 1)) E [Vov,(X)?] -
As vy(X;) is a martingale, by 1td’s lemma we have
dvy(Xy) = Vv (Xy)dBy.
An application of It6’s isometry then shows

E[V,v,(X,)?] = %E [ (X0)*?]

where we have again used the fact that V,v,(X}) is symmetric. O

Using the last lemma, we can deduce lower bounds on the matrix I';* in terms of the Poincaré

constant.

Corollary 4.16. Suppose that X is log-concave and that o>

Cov(X). Then,

is the minimal eigenvalue of

1 min(1,02)
e Foreveryt e {O, cp(—x)ﬂ} E [[y] = ==1,.
o2

2 3

e Foreveryt € [Cp(+)+1’ 11, E[[] = min(1,02) 1
T

2 3 t(2%+1) La.
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Proof. Using Equation (4.10), Itd’s isometry and the fact that I'; is symmetric, we deduce that

(=1,

Combining this with equation (4.16) and using Lemma 4.15, we get

CE[) = E

I, — E[T]
1—-1¢

E 2] - 2E (0] + 1,
(1)

In the case where X is log-concave, by Lemma 4.13, ', < %Id almost surely, therefore [E [Ff] <

Cov(X) — Iz + = (FPCo(X) +t(1 —1t))

4.17)

2E [I';]. The above inequality then becomes

(1=t (0? = 1) Lo+ (1 —t)(Ig — E[Ty])
< (tC(X)+ (1 =t)E[Ty] + (FPCo(X) + (1 —t)) (Is — 2E[Ty]) .

Rearranging the inequality shows

02 —2to? — Cp(X)t? + t?0>

I, XE[l
2 — 4t — 2C,(X)t2 + Cp(X)t + 212 4 E[L].
Aslongast < W,we have
, 1 02 (4C,(X) — 0?)
fo?>1, =I;= £ I, <E[l
ne=t 3d_2Cp(X)(02—|—4)—04d_ T
2 2 (4C,(X) — o?)
o2 <1, T1,< 21 I, <E[D
Ho=h N 50 (X) 02+ 4) ol ™ T
which gives the first bound. By (4.9), we also have the bound
dpipi_ B -ETZ 1-1
—E[I'Y] = - LE[y] = —=E[T
TE] = ————— = T E[l] [T4]

The differential equation
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1
X) )
U2 +1

Using Gromwall’s inequality, we conclude that for every ¢ € LCp(— 1} ,

E[T,] = min(1, o?) 1
- t(2952 1)

L.

We conclude this section with a comparison lemma that will allow to control the values of
2
E [HthQ]

Lemma 4.17. Let ty € [0, 1] and suppose that X is centered with a finite Poincaré constant
Cp(X) < oo. Then

o forty <t <1,

E [[lve]la] > E [[lvel5] f;}(gj&?__ 11)>ttj tto'

e For(0 <t <t

E [[lvells] <E [[lvell3] tt;((g:((;(())__ 11))tt: tto‘

Proof. Consider the differential equation
g(t) = (Co(X)#* + (1 — t)) ¢'(t) with initial condition g(ty) = E [||vsl3] -

It has a unique solution given by

to (Cp(X) = 1)t +1¢
to (Cp(X) = 1)t + 1ty

9(t) = E [[lve,|I3]

The bounds follow by applying Gromwall’s inequality combined with the result of Lemma 4.15.
O

4.3 Stability for uniformly log-concave random vectors

In this section, we assume that X and Y are both 1-uniformly log-concave. Let B, B} be
independent standard Brownian motions and consider the associated processes I';, 'Y defined

as in Section 4.2.

The key fact that makes the uniform log-concave case easier is Lemma 4.13, which implies
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that I;¥, 'Y’ < I,; almost surely. In this case, Lemma 4.11 simplifies to

1

ML= [ (T (Var®) T (varryy) T (B[] -E[1Y]))
2 / = 1 -t

OppIA(X,Y) > dt,

0

(4.18)

where we have used the fact that
T (B0 -1)°)) = o (B (X —E )] +E (Y —E[Y])’] + €[] -E[1}])).

Consider the two Gaussian random vectors defined as

1 1
GX:/E[Fﬂ dBfandez/E[Ff] dBy
0 0

and observe that

1 1 1 1
X:/FthBtX :/(rff —E[Fﬂ)dBf"+/E[Fﬂ dB}* :/(rtX —E[I}]) dB* +Gx.
0 0 0 0

This induces a coupling between X and G'x from which we obtain, using Itd’s Isometry,

1 2 1
W; (X,Gx) <E /(Ff-E[Pﬂ)dBff :/Tr (Var (I'}Y)) dt,
0 0

and an analogous estimate also holds for Y. We may now use E [I'X] and E [I'}Y] as the diffu-

sion coefficients for the same Brownian motion to establish

1 2 1

W2(Gx.Gy) <E / E[X]-E[Y])dB, | | = / T (&[] - E[1)])°) ot

0 0

Plugging these estimates into (4.18) reproves the following bound, which is identical to Theo-
rem 1 in [84].

Theorem 4.18. Let X and Y be 1-uniformly log-concave centered vectors and let Gx, Gy be
defined as above. Then,

AL — \)

oppIA(X,Y) > (W; (X[|Gx) + W3 (Y]IGy) + W3 (Gx, Gy)) .

To obtain a bound for the relative entropy towards the proof of Theorem 4.1, we will re-

quire a slightly more general version of inequality (4.8). This is the content of the next lemma,
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whose proof is similar to the argument presented above. The main difference comes from ap-
plying Girsanov’s theorem to a re-scaled Brownian motion, from which we obtain an expression

analogous to (4.5). This is essentially Lemma 1.13, which we restate here for convenience

Lemma 4.19. Let F; and E,; be two F;-adapted matrix-valued processes and let X;, M, be two

processes defined by
t t

Zy = /Fsst, and M = /ESdBS.
0 0

Suppose that for every t € [0, 1], Ey = cl, for some deterministic ¢ > 0, then

1
Ent(Z||M,) <T/]E )] 4
n 1 1) S 1r C2l—t .

0

Proof of Theorem 4.1. By Corollary 4.14
E[I)] = oxlyand E [I)] = oyl forevery ¢ € [0, 1].
We invoke Lemma 4.19 with £, = E [I'*] and F; = I'* to obtain

[ Tr (Var (1))
A En(x|Gy) < [~

0

dt.

Repeating the same argument for Y gives

1

o Ent(Y||Gy) < /

0

Tr (Var (I’f))
1—t

dt.

By invoking Lemma 4.19 with £, = E [I'}] and E, = E [I'Y'] and then one more time after

switching between F; and E;, and summing the results, we get

(B[] - E1)])%)

02 0'2
2 2 1-1t¢
0

dt.

Plugging the above inequalities into (4.18) concludes the proof. O
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4.4 Stability for general log-concave random vectors

Fix XY, centered log-concave random vectors in R?, such that
Cov(Y) + Cov(X) = 21, (4.19)

with 0%, 0% the corresponding minimal eigenvalues of Cov(X) and Cov(Y). Assume further

that %, % < G, for some C, > 1. Again, let BtX and Bz/ be independent Brownian
Y X

motions and consider the associated processes I';, '} defined as in Section 4.2.

The general log-concave case, in comparison with the case where X and Y are uniformly
log-concave, gives rise to two essential difficulties. Recall that the results in the previous section
used the fact that an upper bound for the matrices I';X, '), combined with equation (4.13) gives
the simpler bound (4.18). Unfortunately, in the general log-concave case, there is no upper
bound uniform in ¢, which creates the first problem. The second issue has to do with the lack of
respective lower bounds for E[I';*] and E[['}]: in view of Lemma 4.19, one needs such bounds

in order to obtain estimates on the entropies.

The solution of the second issue lies in Corollary 4.16, which gives a lower bound for the

: 2 2
processes in terms on the Poincaré constants. We denote £ = (201 =y mm(agy IX ), so that the
P

corollary gives
E[IY],E[I)] = (4.20)

Thus, we are left with the issue arising from the lack of a uniform upper bound for the
matrices '), T'} . Note that Lemma 4.13 gives I';* < 11,, a bound which is not uniform in ¢. To

illustrate how one may overcome this issue, suppose that there exists an € > 0, such that

Ty (B [(0X - TY) P (B | 1Y)
O/ ( [(1—15) Ddt<%0/ < [(1—15) Ddt.

In such a case, Lemma 4.11 would imply

B LR (DX —1)?
dppiA(X,Y) 2 )\(15 A)Tr/ [( tl—t t) ]dt.

0

Towards finding an ¢ such that the above holds, note that since v;* is a martingale, and using

(4.5) we have for every t, € [0, 1],

1 1
1—1t 1
(1= to)Bnt (X]16) = " B[ |3] de < 5 [ B [[loX2] t < B (x1[6). @21)

0 to
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Observe that
T (B0 -17)%)) =T (B[ (0¥ — 1) + B[ (1Y = 1)*] - 2B [ls - 1Y E[1, - 1}])

Using the relation in (4.10), Fubini’s theorem shows

1

1
/ ‘vt :Tr// 18 dsdt
—3)
to
g 1IE (rgf—ld : 1]E X 1)
Tr// = dtds—i—Tr// § dtds
—3)
to

0 to s
[ E [(Ff - Id) ]
=(1—1ty)E [HvtOH } +Tr/ T

to

ds.

Combining the last two displays gives

e JELC I 0 (o o] o) Y- 10 (] )

to to
y X 1Y
— 2Ty / E L Ftl}_]Et[Id Dla e

to

Using (4.16), we have the identities:

X
W E [v @ v;*] + 14 — Cov(X)

and : y
2Bt e sl 41 co)

from which we deduce

2]E[Id—Ff(]E[Id—Fﬂ
1—t

=L—-EI]DE[v;f @]+ (L—E[I[])E [v) @]

+ (L —E[IY]) (Is = Cov(X)) + (I; — E [I}]) (Is — Cov(Y)).

Let {w; }_, be an orthornormal basis of eigenvectors corresponding to the eigenvalues {);}%_,
of I, — E [Ff } The following observation, which follows from the above identities, is cru-

cial: if A; < 0 then necessarily (w;, Cov(X)w;) > 1. In this case, by assumption (4.19),
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(w;, Cov(Y)w;) < 1and

<wi’E[Id—F JE [l — Y] i>§0.

1—-t

Our aim is to bound (4.22) from below; thus, in the calculation of the trace in the RHS, we may
disregard all w; corresponding to negative \;. Moreover, if A; > 0, we need only consider the
cases where

(wi, La—E [I}]) w;) >0,

as well. Since,

2 <wi, Bl - Fl]_Et[Id — L }wz> =(w;, E [Ig — T wy) (E [(v), w;)?] + 1 = (w;, Cov(Y)w;))

+ (wi, E [y = T} ] wi) (B [(0, wi)*] + 1 = (w;, Cov(X)w;)) ,

under the assumptions taken on w;, we see that all the terms are positive. Using the estimate

(4.20), the previous equation is bounded from above by

(1= (B [(v,w)®] + 1 = (wy, Cov(Y)wi) + B [{v;", wi)*] + 1 — (w;, Cov(X)w;))
= (1= (B [(v,w)’] + B [(v, wi)?]),

where we have used (4.19). Summing over all the relevant w; we get

BB T g (o)) 2 [10712))

Plugging this into (4.22) and using (4.21) we have thus shown

E|(IX —TY)?
Tr/ [ — ]dt225(1—t0) (Ent(X]|G) + Ent(Y]|G))

to

— (1= to) (B [eiX[l3] +E[loX15]) (4.23)

This suggests that it may be useful to bound E [Hv || ] from above, for small values of %,

which is the objective of the next lemma.

Lemma 4.20. If X is centered and has a finite Poincaré constant C,(X) < oo, then for every

s < m the following holds

E[[lox]3] < % - Ent(X]G).
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v

Proof. Suppose to the contrary that E [HU H } 3 - Ent(X||G). Invoking Lemma 4.17 with

to = s? gives

[Hvt || ] > Ent(X||G) - (

whenever t > s2. Thus,

/1 E o] ]dt>Ent(X||G)/li<((Cp(X) D41,

s2

(Co(X) = 1)t —In (£ (Cp(X) = 1) + 1) ||

= Ent(X[|G) ((Cp(X) = 1)s* + 1) A, (X) — 1)

s2

(4.24)

1
Note now that for s < 302G, (X)1D)

dt((Co(X)—1)s*+1)  (Cy(X)—1)s°t—1
ds4((Co(X) —Dst+5)  s2((Cp(X) = 1)t +1)

<0,

and in particular we may substitute s = in (4.24). In this case, a straightforward

— 3(2C, ( )+1)
calculation yields
1

/ 10 2) de > Ent(x]6).
&
which contradicts the identity (4.5), and concludes the proof by contradiction. O

We would like to use the lemma with the choice s = £2. In order to verify the condition on

the lemma which amounts to £? < we first remark that if 03( < 1, then it is clear

1
3(2CH(X)+1)°

that £ < m Otherwise, 0% > 1 and
2 9
£ < 1 oy < 1 2—-o0% < 1 '
9%(X) 4 13 9%(X) 4 1 3 3(2C,(X) +1)
Ox Ox

As the same reasoning is also true for Y, we now choose t, = &2, which allows to invoke the

previous lemma in (4.23) and to establish:

E [(rgf Ty 2]
Tr/ ————dt > € (Ent(X[|G) + Ent(Y]|G)). (4.25)
&2

We are finally ready to prove the main theorem.

Proof of Theorem 4.3. Denote £ = (QCi =y min(”;“ %) Since X and Y are log-concave, by
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Lemma 4.13, TX, Ty’ < {1, almost surely. Thus, Lemma 4.11 gives

EA(1 - ) / Tr (B [(0F — T7)?))
2 1—1¢

dt.

oppra(X,Y) >
£2

By noting that C, > 1, the bound (4.25) gives

EN1—N)

dppia(X,Y) > (Ent (X||G) + Ent (Y]|G))

min (o, 0%

zKA(l—A)( i >) (Ent (X|G) + Ent (Y|G))

for some numerical constant X > 0. O

4.5 Further results

4.5.1 Stability for low entropy log concave measures

In this section we focus on the case where X and Y are log-concave and isotropic. Similar to

the previous section, we set {x = m, so that by Corollary 4.16,

E[I)] = &x1a

Towards the proof of Theorem 4.6, we first need an analogue of Lemma 4.20, for which we

sketch the proof here.

Lemma 4.21. If X is centred and has a finite Poincaré constant C,(X) < oo,
9 1
E lve, 2] < 1Ent(X]|G).

Proof. Assume by contradiction that E [||ve. ||? > LEnt(X||G). In this case, Lemma 4.17
y ¢xllo 4

implies, for every t > £x,

((Cp(X) —1)éx +1)
X) = 1)éxt +&x)

E [|[o];] > Ent(xiG) -

S
/\N
—~
@)
T
— |

A calculation then shows that

1
/E [l 2] e > Ent(x116).
Ex

which is a contradiction to (4.5). O

127



Proof of Theorem 4.6. Since v;* is a martingale, E [Hvt H } is an increasing function. By (4.5)

we deduce the elementary inequality

1
1 2Ent(X||G)
[l ] < = Rl a= =2

which holds for every s € [0, 1]. For isotropic X, Equation (4.16) shows that, for all ¢ € [0, 1]

0

l\DI»—

(1-t)E [Hvt I } = Tr (I — E [1Y]) < 2Ent(X[|G) <

where the second inequality is by assumption. Note that Equation (4.16) also shows that

E [I'¥] = 14 which yields, for every ¢ € [0, 1]

0=I,—E[I)] = %Id.

Applying this to Y as well produces the bound

X . 1Tv 1Y X
eor Lt L1 Tt VA PN (E i Ft}) O (‘E = })
1—1 2 1—1 2 11—t

5 (B[l 2] + &Il 12])

Set ¢ = min({x, &y ). Repeating the same calculation as in (4.22) and using the above gives

that

PR -1))’]
Tr
1—1

f - (B ] R ).

dt > (1 = &) (Ent(X|G) + Ent(Y]|G))

Lemma 4.21 implies

(Ent(X||G) + Ent(Y]|G)) .

l\DI»—

FE|(TX —T7)?
Tr/ [( — )}dt Z(l £) (Ent(X||G) + Ent(Y||G)) >
3

Finally, by Lemma 4.13, ['X, 'Y < %Id almost surely for all ¢ € [0, 1]. We now invoke Lemma
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4.11 to obtain

1 b'e Y2
AL = A E| (¥ -17)
dpprA(X,Y) > (25 )Tl"/ [ tl_tt }dt
3

A1 =)

> =g (Bt(X[[G) + But(Y][G))

4.5.2 Stability under convolution with a Gaussian

Proof of Theorem 4.7. Fix A € (0, 1), by (4.6) we have that
A
VA (\/Xxl +V1-— /\G> L B, + /vgfdt.
0
As the relative entropy is affine invariant, this implies

Ent (VA (VAX + VI =2G) |[VAG) = Ent (VAX, + VT =26||6) = %/E [0 at.

(4.26)
Lemma 4.17 yields,

X2 2] AMGCp(X) =1
B 0] > B o ] ST ot >

and
X112 X112 A Cp X)—1Dt+t
B [l 1] < = [l )\((Cp((X))— 1))tj:A fort < A
Denote . \ ( ( ) )
O IAC(X) = 1)t 4t O IAC(X) — 1)+t
= '_/A(CP(X) Ty adand '_/A(CP(X)—l)t+)\dt'
A 0

A calculation shows

AGCX) =D+ D (A=A (Cp(X) = 1) = In (Cp(X)) + In (A (Cp(X) — 1) +1))

Il == D)
AG(X) = 1)

Y

as well as

ACo(X) =D+ 1) AMCp(X) = 1) =In (A (Cp(X) = 1) + 1))

I ~
ACp(X) = 1)

129



Thus, the above bounds give

EMXW%:%/E“MWﬂﬁzé/EUMWﬂﬁ+@ﬂ%Jih

and

A
1 1
Ogﬁ/EUMWﬂﬁgﬁh
0

1S monotone increasing with respect to o and decreasing with

o

a+p8
respect to 3 whenever «, 5 > 0, those two inequalities together with (4.26) imply that

Now, since the expression

Ent (\/XX+ \/ﬁGHG> < hflent(XHG)

_ AMG(X) = 1) = In (A (Cy(X)
N Cp(X) = In (Cp(X)) -

-1)+1
: ) D pnex(c).
Rewriting the above in terms of the deficit in the Shannon-Stam inequality, we have established

Srpra(X, G) = AEnt(X[|G) — Ent (VAX + MG) ‘G)

A(Cy(X) — 1) — In (A(C(X) — 1) + 1)
= (A - CoX) —In(Cp(X)) 1

) Ent(X|[|G).
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Stability of Talagrand’s Gaussian
Transport-Entropy Inequality

5.1 Introduction

Talagrand’s Gaussian transport-entropy inequality, first proved in [229], states that for any mea-

sure 4 in R, with a finite second moment matrix,

W3 (11,7) < 2Ent (ul]7). (5.1)

Recall that « is the standard Gaussian measure on R%, Ent (u||) stands for relative entropy,
and W, (i, ) is the L,-Wasserstein distance (with Lo cost function).

Since this fundamental inequality tensorizes, it holds in any dimension. Using this quality,
the inequality was shown to imply a sharp form of the dimension-free concentration of measure
phenomenon in Gaussian space. The reader is referred to [129, 159,240] for further information
on the topic. By setting the measure j to be a translation of 7, we can see that the inequality is
tight and that, in particular, the constant 2 in (5.1) cannot be improved. One, in fact, may show
that these examples account for the only equality cases of (5.1). We are thus led to consider the

question of stability of the inequality. Consider the deficit

Orar(p) == 2Ent(ully) — W3 (1,7) -
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Suppose that 1, () is small. In this case, must x4 be necessarily close to a translate of 7?
A first step towards answering this question, which serves as a starting point for the current
work, was given in [113] (see also [155]), where it was shown that there exists a numerical

constant ¢ > 0, such that if p is centered,

(5.2)

Wil(“? ) Wi (s 7))
d ’ Vd ‘

Here, W, ; stands for the L;-Wasserstein distance with L-cost function. The inequality was

Wi (p,7)
Vd

hope to improve this result in several ways; First, one may consider stronger notions of distance

dra1 (1) > cmin (

later improved in [81], and was replaced by the larger quantity WW; (i, y). One could

than W, 1, like relative entropy. Indeed by Jensen’s inequality and (5.1),

W2 (1,
# < Wi (p,v) < 2Ent(ul|y). (5.3)

Second, note that for product measures, 1, (1) grows linearly in d, while the RHS of (5.2) may
grow like Vid (this remains true for the improved result, found in [81]). The dimension-free
nature of (5.1) suggests that the dependence on the dimension in (5.2) should, hopefully, be
removed. The goal of the present work is to identify cases in which (5.2) may be improved.
Specifically, we will be interested in giving dimension-free stability bounds with respect to the
relative entropy distance. We will also show that, without further assumptions on the measure
14, (5.2) cannot be significantly improved.

This work adds to a recent line of works which explored dimension-free stability estimates
for functional inequalities in the Gaussian space, such as the log-Sobolev inequality [39, 101,
113,116,162], the Shannon-Stam inequality [83,103] and the Gaussian isoperimetric inequality
[23,77,185].

Results

In our first main result, we restrict our attention to the subclass of probability measures which
satisfy a Poincaré inequality. As in Chapter 4, a measure 4 is said to satisfy a Poincaré inequality

with constant C,, (1), if for every smooth function g : RY — R,

2
/g%m— (R/gdu < Cp(u)/HVgHgdu,
Rd d Rd

where we implicitly assume that C, () is the smallest constant for which this inequality holds.
If 1 satisfies such an inequality, then, in some sense, ;o must be regular. Indeed, ; must have

finite moments of all orders. For such measures we prove:

Theorem 5.1. Let ;1 be a centered measure on R? with finite Poincaré constant C,(u) < oo.

132



Then

(1 (Coli) £ 1) (2= 2Cy) + (ol + 1) (Cy 1)
i) 2 i (AmEE

) Bnttulh)

Note that as the deficit is invariant to translations, there is no loss in generality in assuming
that 1 is centered. Furthermore, the Poincaré constant tensorizes, in the sense that for any two
measures v and 4, Cp(r ® p) = max (C,(v),Cp(r)). So, if p is a product measure C, (1)
does not depend on the dimension and we regard it as a dimensionless quantity. For a more

applicable form of the result we may use the inequality

_ (1 (x+1)2—-2x+ (x+1) ln(x))) S In(z + 1)
min { 7. @—1) Z

valid for x > 0, to get
In(Cp(p) +1)
4Cp (M)

Theorem 5.1 should be compared with Theorem 1 in [113] and Theorem 4.7 which give simi-

Oral (1) = Ent(u||7y).

lar stability estimates, involving the Poincaré constant, for the log-Sobolev and Shannon-Stam

inequalities.

Regarding the conditions of the theorem; as will be shown in Section 5.2 below, there exists
a measure /. for which 07, () may be arbitrarily close to 0, while W (p, ) remains bounded
away from 0. Thus, in order to establish meaningful stability results, in relative entropy, it is

necessary to make some assumptions on the measure .

In case the measure ;4 does not satisfy a Poincaré inequality, we provide estimates in terms
of its covariance matrix. It turns out, that if Cov(u) is strictly smaller than the identity, at least

in some directions, we may still produce a dimension-free bound for dr(p).

Theorem 5.2. Let i be a centered measure on R and let {\;}_, be the eigenvalues of Cov (1),

counted with multiplicity. Then

d
Orar (1) > Z ( ) /\‘(_ 1 ) log( )ﬂ{/\i<1}'

=1

2(1—z)+(xz+1) log(x)
z—1

Remark that for 0 < = < 1, the function g(x) := is positive and that it is

a decreasing function of . Also, it can be verified that ¢’ is actually concave on this domain,
from which we may see g(z) > %(a: —1)%. Thus, if Cov () =< I, then the Theorem implies the

weaker result ]
Ora(p) =  [la = Cov(p)lls

where ||-|| ;4. stands for the Hilbert-Schmidt norm. In line with the above discussion, we may
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regard || Cov(u) — 14]|3,¢ as a certain distance between y and the standard Gaussian. Theorem 3
in [101] gives a similar estimate for the log-Sobolev inequality. Indeed, our methods are based

on related ideas.

If Cov(u) = Iy, Theorem 5.2 does not give any new insight beyond (5.1). The next result

applies, among others, to this case.

Theorem 5.3. Let y be a centered measure on RY, such that Tr (Cov(p)) < d. Then

Bnt(y[7)? Entww)).

5Tal(,u> Z min ( 6d ) 4

As opposed to the previous two results, Theorem 5.3 is not dimension-free and is directly
comparable to (5.2). Under the assumption Tr (Cov(p)) < d, by using (5.3) we may view
the theorem as a strengthening of (5.2). We should also comment that by Pinsker’s inequality
( [86]), relative entropy induces a stronger topology than the YV, metric. On the other hand,
(5.2) holds in greater generality than Theorem 5.3 as it makes no assumptions on the measure
. It is then natural to ask whether one can relax the conditions of the theorem. We give a

negative answer to this question.

Theorem 5.4. Fix d € N and let £ > d. There exist a sequence of centered measures ji;, on R?
such that:

e lim Tr(Cov(ug)) =¢.

k—o0
e lim 5Tal (uk) =0.
k—o0
. 1115111an22(#;€,7) >¢—d>0.
—00

Thus, even for one dimensional measures, in order to obtain general stability estimates in
relative entropy or even in the quadratic Wasserstein distance, the assumption Tr (Cov(u)) < d

1S necessary.

The counterexample to stability, guaranteed by Theorem 5.4, may be realized as a Gaussian
mixture. In fact, as demonstrated by recent works ( [65,83,101]), Gaussian mixtures may serve
as counterexamples to stability of several other Gaussian functional inequalities. This led the
authors of [101] to note that if a measure y saturates the log-Sobolev inequality, then it must be
close, in Lo-Wasserstein distance, to some Gaussian mixture. We show that this is also true, in

relative entropy, for Talagrand’s inequality.
Theorem 5.5. Let 11 be a centered measure on R%. Then there exists another measure v with

Cov(v) = Cov(u), such that if dta (1) > d,

Ent V%
5Ta1(/JJ) Z w7
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and if dra(pt) < d,

1 Ent(p|lv7)?

5Tal(:u) Z 3\/§ \/a

Note that, in light of Theorem 5.4, the above theorem is not true without the convolution,
and we cannot, in general, replace v * v by 7.

For our last result, define the Fisher information of p, relative to -y, as

1) = [ v ()

Gross’ log-Sobolev inequality ( [130]) states that

2
dp.
2

I(pfly) > 2Ent(pl|y).

For this we define the deficit as

Ous(p) = L(plly) — 2BEnt(uly).

As will be described in Section 5.3 below, our approach draws a new connection between Tala-
grand’s and the log-Sobolev inequalities. One benefit of this approach is that all of our results
apply verbatim to the log-Sobolev inequality. Some of the results improve upon existing esti-

mates in the literature. We summarize those in the following corollary.

Corollary 5.6. Let 11 be a centered measure on Re. Then there exists a measure v such that
Cov(v) < Cov(u) and

1 Ent (p|lv*v)> Ent (u|lv =)
3v3 N 6 '

drs(p) > min <

Moreover, if Tr (Cov (u)) < d then

Ent(p7)? Ent(qu)) ’

5LS(M) > min ( 6d ) 4

The second point of the corollary is an improvement of Corollary 1.2 in [39] which shows,

under the same hypothesis,

Wi (1t,7)
d b)

for some universal constant ¢ > 0. The improved bound can actually be deduced from Theorem

ors(p) > ¢

1.1 in the same paper, but it does not seem to appear in the literature explicitly
The first point of Corollary 5.6 strengthens Theorem 7 in [101] which states, that for some

measure v: 1 W3< )
N
5LS(,U) > 2 :U’ v

=15 Va
135

(5.4)



Our proof closely resembles theirs, but our analysis yields bounds in the stronger relative en-
tropy distance. The authors of [101] raise the natural question, whether the dependence on the
dimension in (5.4) can be completely discarded. The same question is also relevant to o (/).

We do not know the answer to either of the questions, which seem related.

Organization

The remainder of the chapter is organized as follows: In Section 5.2 we give a counter-example
to stability of Talagrand’s inequality, proving Theorem 5.4. Section 5.3 is devoted to explaining
our method and proving some of its basic properties which will then be used in Section 5.4 to
prove the stability estimates. Finally, in Section 5.5 we give an application of our results to

Gaussian concentration inequalities.

5.2 A counterexample to stability

In this section we show that one cannot expect any general stability result to hold if
Tr (Cov(p)) > d. We present a one-dimensional example, which may be easily generalized

to higher dimensions. The following notations will be used in this section:

e For 02 > 0, 7,2 denotes the law of the centered 1-dimensional Gaussian with variance

a2

e Fix¢ >1andk € N, we set

1 1
=11-— —Vk(e—1)-
i ( k) "+ 1 TRE-D)

Recall now the Kantorovich dual formulation (see [124,240], for example) of the L,-Wasserstien

distance. For v and ; measures on R, we have

W2 (1, v) = sup / g()du(x) - / (Qq)(@)dv(z) §, (5.5)

g

where the supremum runs over all measurable functions, and ()¢ denotes the sup-convolution

of g, namely
Qg(z) = sup{g(y) — (= — y)*}.
yeR
Proof of Theorem 5.4. We first note that Var (1) Ll ¢ > 1. Towards understanding o (1t )

we use the fact that relative entropy is convex with respect to mixtures of measures ( [86]), so

Bnt(yul[7) < 7Ent (uenlh) = 5= (RE 1)~ 1=k~ 1)) < S0 56)
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To control the Wasserstein distance, define the functions

: vk
gr(z) = N\ o
(1 — W) T otherwise

The main idea is that as k increases, (g vanishes in an ever expanding region, while growing
slowly outside of the region. Formally, for 0 < z < h*l/E — k(lnl:)ki_l)7 it holds that
2

(k) In(
VE VEY 1\ VEY VE Y
& (m) i (‘m) ) <1n<k>> i <””‘ m) =0
and in particular, if ﬁ <,

a(y) — (z —y)? <0,

which shows Qg (z) = 0. There exists a constant ¢ > 0 such that

vk k(n(k) - 1)
In(k) In(k)

which, combined with the previous observation shows that for |z| < cki, Qgp(z) = 0. If
|z| > cki it is standard to show Qg (z) < In(k)z2. So,

/ng(w)dvl(w)ﬁln(k) / w’dyi(z) = In(k) Cﬂkie‘CQer / dy | 2250,
R

le|>ck o>kt
where the equality is integration by parts. Also, it is clear that
k—o00
/gk(x)d’yl(x) =% 0.
R

Now, if ¢ denotes the density of the standard Gaussian, then by a change of variables we have

%/gk(x)d%@l)(w) = (1 - m%) % / NG (x;_ 1)90 (\/k (Z = 1)> d

R ] >

In(k)

(1 - ﬁ) €-1) / y2o(y)dy = € — 1.

1
W= Vet

137



Combining the above displays with (5.5) we get,

Wi (g, 1) > / x)dp(x / Qar(x)dy (z

R

= (1 — %) /gk(x)d%(x) +%/gk($)d7k(fl)($) - /ng(x)dm( ) 222 6 1.

Finally, from (5.6) we obtain

k—o0

Sral (i) = 2Ent (pr||v1) — Wi (s, 1) —— 0.

We remark that, in light of Theorem 5.5, it would seem more natural to have as a coun-
terexample a mixture of Gaussians with unit variance, as was done in [101] for the log-Sobolev
inequality. However, (5.2) tells us that the situation in Talagrand’s inequality is a bit more
delicate, since the inequality is stable with respect to the VW, metric. Thus, as in the given
example, a counterexample to stability (in the W, metric or relative entropy) should satisfy
klg{.lo Wi (g, y) = 0, while lig g}f Wa (g, v) > 0. keeping this in mind, it seems more straight-
forward to allow the second moments of the summands in the mixture to vary while keeping
their means fixed at the origin. This is also very similar to the counterexample, obtained in [83],

for the entropy power inequality.

5.3 'The Follmer process

Our method is based on the Follmer process which was defined in (7). Recall that if p is a
measure on R? with expectation 0, a finite second moment matrix and a density f, relative to 7.

Then, we associated to it the Follmer drift, v;, adapted to F;. Define

t

X, =B, + /vs(Xs)ds,

0

which satisfies X; ~ p, and as in (4),

X, 21X, + /(1 - 0)G,
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for GG a standard Gaussian, independent from X;. Further recall the defining property of v,

1

/E o] 5.7)

0

Ent(p|ly) =

[\.')Ib—

As in the previous chapters, we also introduce the martingale counterpart,

t

E[X,|F)] = / r,dB,.

0

for which it was shown in (10)
t

v, —/Ff_ldst. (5.8)

— S

0
Finally, recall the representations, (11),(12),(13), which implied both the log-Sobolev and Tala-
grand’s inequality,

(plly) = 2Ent(ul|y) > W3 (11,7)

through

1 1

n /wmﬁ [EC o e -1

The above representations are especially useful, since they yield formulas for the deficits,

1

ors () = Tr/t . w&, (5.9

I 2
Srar (1) > Tr/t-wdt. (5.10)

0

The above formulas are the key to Corollary 5.6.

Proof of Corollary 5.6. Note that by (5.9) and (5.10), any estimate on o, (1) which is achieved
by bounding

1—-t

Tr/t.wdt

0

from below will also imply a bound for dps(x). Since Theorem 5.3 and Theorem 5.5 are proved

using this method, the corollary follows. O
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5.3.1 Properties of the Follmer process

Our objective is now clear: In order to produce any stability estimates it will be enough to show,
roughly speaking, that the process I'; is far from I, not too close to time 0. In order to establish
such claims we will use several other properties of the processes I';, v;, which we now state and
prove. First, as in Lemma 1.28, it is possible use (5.8) along with integration by parts to obtain

the identity:

E[I; — Ty

]E[Ut®’0t]: 1—¢

+ (Cov(u) —1y) . (5.11)
Combining the fact that v; is a martingale with (5.8) we also see

g o] = B0 =T

dt (1—¢t)?
1 EL—T\\>  (E )2 = Tr (Cov(p) —1a))°
() - BT

where we have used Cauchy-Schwartz for the inequality. Using this we prove the following two

lemmas:

Lemma 5.7. It holds that d E[l, - E [F2]
“EM = el
g (L) 1t

Proof. Since I'; is a symmetric matrix equation (5.8) implies

E[(s—14)%

iE [v; @ vy] = 11

dt

Combined with (5.11), this gives

E[I;—T)Y dE[,—-T] E[l;—I]—(1—-t4%E[l)

(1—-t2 dt 1—-t (1 —1)2 '

Rearranging the terms yields the result. O

Lemma 5.8. Suppose that Tr (Cov(u)) < d and let v; be as defined above. Then:

e For0<t< i E [Hthg] <E [HU1/2||§] E[||v1/2||22]d(172t)+2d'
2

o Fort <t<LE[|v|;] >E [va”;] E[||U1/2||22]d(1—2t)+2d.
2

Proof. Since Tr (Cov(u)) < d, (5.12) gives

(E [lll3])*

d
%E [Hthg} 2 d
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The unique solution to the differential equation

t)? 1
gt = g<d> , with inital condition g <§> =E [”mm“ﬂ ;

is given by
2d

loaally] (1= 26) + 20

90) =B [|lovzal] - |

The result follows by Gronwall’s inequality O

To get a different type of inequality, but of similar flavor, recall (4),

X, 21X, + i1 - 0)G,

where G is a standard Gaussian, independent from X;. Now, suppose that ;. satisfies a Poincaré
inequality with optimal constant C, (). In this case X, satisfies a Poincaré inequality with a
constant smaller than t*C,(1) + ¢(1 — t). This follows from the fact that the Poincaré constant
is sub-additive with respect to convolutions ( [49]) and that if X ~ v and a X ~ v, for some

a € R, then C,(v,) = a*C,(v). Applying the Poincaré inequality to v;(X;), we get

E (Il < (1°Cplin) + (1~ 0) [Vl = (PColu) + 10— 1)) & [Jl2]. 513

where the equality is due to the fact that v, is a martingale. Repeating the proof of Lemma 5.8

for the differential equation

g(t) = (Cy(n) + (1 — 1)) ¢'(t), with inital condition g G) —E [[Jorsll3]

proves:

Lemma 5.9. Assume that i has a finite Poincaré constant C, (1) < oo. Then, for v, defined as

above:

e For0<t<s3,

E [||vt||§] <k [‘}01/2”;] (Cplp) — 1)t +1°

oFor%StSl,

Bl 2 B {llnelly] o By Syt
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5.4 Stability for Talagrand’s transportation-entropy inequal-
ity

We begin this section by showing two ways the Follmer process may be used to establish quan-
titative stability estimates. As before, j is a fixed measure on R¢ with finite second moment

matrix. I'; and v; are defined as in the previous section. Fix t, € [0, 1], by (5.10), we see

1
E[(1; — T,)?
Orar(pt) > toTr/[(fftt”dt-

to

Now, using (5.8), we obtain, by Fubini’s theorem,

1

1
(I —T) E [(I; — T})°
/(E (llvsllz] = E [llvl5]) ds = Tr// 1d_t 2 dtds :Tr/[(fftt”dt,

to to to to

and

1

Orar(11) = to /E [llvella] dt = (1 = to)E [lJurg|l5] | = to(1—to) (2Ent(ully) — E [[vrll5]) -

to

(5.14)
where we have used (11) and the fact that v; is a martingale. Another useful bound will follow

by applying (5.8) to rewrite (5.10) as

1 1

(T} — 1)
Srat (1 Tr/tl—t 1t td /tl—t [lol12] dt

0 0
Integration by parts then gives

1

Orar(p) > /(2t — DE [||vg]13] dt. (5.15)

0

At an informal level, the above formula becomes useful if one is able to show that £ [||vt ||§] is

large for t > 1 and small otherwise.

5.4.1 Measures with a finite Poincaré constant

We now assume that the measure /£ has a finite Poincaré constant C, () < oo.
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Proof of Theorem 5.1. First, suppose that E [Hvl/Q H;} < Ent(u||7y). In this case (5.14) shows

1
Orar 2 7 Ent(pe]}y).

Otherwise, E [H“l/?”;] > Ent(p||7y), and plugging Lemma 5.9 into (5.15) shows

(i) 2 Ent(ull) [ (20— 1) (CS;() ) )tl it
(

(Co(p) + 1) (2 = 2Cp (1) + (Cp(p) + 1) In (Cp (1))
(Cpp) — 1) ’

= Ent(u[|v)

where the equality relies on the fact

d(Cyln) + 1) (Coln) — DACy()(t — 1) — 1 — ) + (Cyl) + 1) In (Cyl) — 1)t + 1)
i Coli) 1)

(Gl £ D

=@ =D BT

The proof is complete. O

5.4.2 Measures with small covariance

Here we work under the assumption Tr(Cov(x)) < d and prove Theorem 5.3.

Proof of Theorem 5.3. Denote ¢, = E [Hful /2H§:| We begin by considering the case ¢, <
Ent(u||7y). In this case, (5.14) shows

1
Orar () > ;LEnt(uH'Y)-

In the other case, ¢, > Ent(u||v) and Lemma 5.8, along with (5.15), gives

1
cu(2t — 1)
O > 2d = dt
Ta(i) 2 /cu(1—2t)+2d
0

_ o —dIn (¢, + 2d — 2¢,t) — ¢t ‘1
B Cu 0
~ 2d(dIn(2d +c,) — dIn(2d — ¢,) — c,)

Cc

[\

W
2d coth™! <z—i)

= 2d —1

Cu
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Note that (5.11) implies ¢, < 2d, so the above is well defined. Also, for any x > 1, we have the
inequality coth™(z) - & — 1 > =13, applying it to the previous bound then gives

32

¢ Ent (ul|y)
Spu(p) > 2 5 2T
i) 2 57> 64

We can get a dimension free bound by considering directions v € R? in which Cov(yu) is

strictly smaller than the identity. For this we use Lemma 5.7 to establish:

LEM-E[]
dt -

1-1t 1—t

Fix v € R%, a unit vector, and define f(t) = (v, E[[]]v). As E[I';] is symmetric, by Cauchy-
Schwartz
(v, E[]v)* < (v,E [T, v).

This implies
HORERIV)
1—t '

If (v, E [['y] v) = A, from Gronwall’s inequality we get

d
af(t) <

(v, ET]v) < (5.16)

A=—Dt+1

Using this, we prove Theorem 5.2.

Proof of Theorem 5.2. For \; < 1, let w; be the unit eigenvector of Cov(u), corresponding to
A;. From (5.16) we deduce, for every ¢ € [0, 1],

We now observe that as v, is a martingale, and since p is centered, it must hold that vy = 0,

almost surely. Combining this with (5.11) shows E [I'g] = Cov(u) and in particular

Using (5.16) and the fact that I [I';] is symmetric, we obtain:

(wnE [l T w) _ (o E L~ Tu)? ¢ (1= o) Ao Y
! 1—¢ = 1—t = 1—t _t(l_t)((ki—l)t%—l) ’
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So, by (5.10),

1 1

2
5Tal Tr/t E Id Ft dt > Z]l{)\ <1}/t, <UZ7E [(Id Ft) ]Uz>dt

o1-t 1—-t
0 0
1

d )\_1 2
> 1 t(1 — ) dt

=1

4201 - Ai) + (A + D log(\:)
=2 N — 1

Lin <1y

5.4.3 Stability with respect to Gaussian mixtures

In this section we prove Theorem 5.5. Our proof is based on [101], but we use our framework
to give an improved analysis. To control the relative entropy we will use a specialized case of
the bound given in Lemma 1.13. We supply here a sketch of the proof for the convenience of

the reader.

Lemma 5.10. Let H; be an F;-adapted matrix-valued processes and let N, be defined by

t
Nt:/ H.dB;.
0

Suppose that H, is such that for some ty € [0, 1]:
1. ]:It = H; almost surely, fort < t,.
2. Fort >t f[t is deterministic and ﬁ[t = 1,

Then, if M, is defined by
t
M, = / H,dB,
0

1| [(Ht—ﬁt>2]

Ent (N1||M1> S TI‘/ 1 ;

we have

dt.

Proof. Define the process



t ~ ~

Denote u; = f %dBS, so that, dY; = H;dB; + udt, and, by assumption u; = 0, whenever
0

t < ty. It follows that Y; = M; for ¢t < ¢, and that, using Fubini’s theorem, Y; = ;. Indeed,

t 1 1

1 1 -
. H, — H, 3 .
5/ / = ——dB,dt = /MM#/KE—EM&:M.(MD
— S
0 0

0 0 0

We denote now by P, the measure under which B is a Brownian motion. If

1 1
~ 1 ~ 2
g = exXp —/Ht_lutdBt — 5/ HHt_lut d
0 0

~ t ~
and we define the tilted measure () = £ P, then by Girsanov’s theorem, B; = B; + f H Lugds
0

t],

is a Brownian motion under () and we have the representation

t
Y, = /f[sdés.
0

If t < ¢y, then as u; = 0, we have l-:j’t = B, and Y}, has the same law under () and under P,
which is the law of M. Moreover, for ¢ > ¢y, ﬁt is deterministic. Therefore, it is also true that

the law of
Y, + / H,dB,
under () and the law of

}/t()—f_/ﬁtch

under P coincide. We thus conclude that, under (), Y; has the same law as M; under P. In

particular, if p is the density of Y; with respect to M, this implies

1 = Ep [o(My)] = Eq [o(¥1)] = Ep [p(V1)€].

By Jensen’s inequality, under P,

0= In (B [0(¥1)€]) > E [In (p(¥1)€)] = E [In(p(¥))] + E [In(E)].
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But,

1 1

_E[In(€)] = %/E Mﬁ]{lut 2} dt < /E [lel?] dt

to

o JAO s P
e,

to

and, from (5.17)
Ep [In(p(Y1))] = Ent(Ny ]| M),

which concludes the proof. O

Remark 5.11. In order to apply Girsanov’s theorem in the proof above, one must also require

some integrability condition from the drift u,. It will suffice to assume

0/1 e[|

2
dt is uniformly bounded, then Novikov’s criterion applies. The general

2
}dt<oo.

1 ~
Indeed, if [ | ;'
0
case may then be obtained by an approximation argument (see [165, Proposition 1] for more

details). In our application below this condition will be satisfied.

We are now in a position to prove that stability with respect to Gaussian mixtures holds in

relative entropy.

Proof of Theorem 5.5. Fix ty € [0, 1], by (5.10) we get

'E (1 —T\)?]

(STa]([L) Z toTI‘/ 1 ; dt. (518)
to
Define the matrix-valued process
~ Ft O S t < to
Ft - )
ﬂ;ld to<t<1

to(t—2)+1
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and the martingale

One may verify that

1 1—t 2
‘/ It N,
to(t —2) + 1
to

1 ~
which implies, My — M, = [T4(M;)dB; ~ ~. Also, from (9),

to

to to

Mt - /f‘tdBt - /FtdBt - ]E [X1|.Ft0] .

0 0

If vy, is the law of E [ X |F;, ], then since { B, } s>, is independent from E [ X |F;, ], we have that
Vg, * 7 18 the law of M;. We now invoke Lemma 5.10 with the process E [X;|F;] as N;. Since

I, meets the conditions of the lemma, we get

N2
1E[Q}—PJ]
Ent(X||M;) = Ent(p||vy, *v) < Tr/ T3

to

can O L],

1-t¢

dt

to to

Observe that by showing that the above integrals are finite we will also verify the integrability

condition from Remark 5.11. Applying (5.18),

. 2
E[(“_I‘O } Sra(p)
2Tr / dt < 2———~=
1—¢ o
to

To bound the second term we calculate

o], ey
t0t2
2Tr/ dt?d/ dt

1—1t 1-—1t
to
1—t, 1
=2d | —-In(l+t(t—2) - —m7
( L+ tft = 2) - 5 )
:2d0m1—my+ fo )
— 1
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Combining the last displays, we get

Ent (]|, %) < 2 (5“;0(“) +d <ln(1 o) 4+ 0 )> .

1— ¢,
Suppose that d1y (1) > d, then choosing t) = 5 gives

Ent(ul|v, * )

< Orar ().
5 < Oral(pe)
1
Otherwise, dr,1(11) < d and we choose ty = (‘ST%J(“)) ’ < % A second order approximation,
shows that for s € [0, 1],
S
In(1 — < 25
n(l—s)+ T, <2

Hence, for the above choice of %,

win
W=

OTa
Ent(p||v, x ) < 2 Ttl('u) + 4dty® = 31 (p)3ds.
0

This implies
3
2

1 Ent(p[v, *7)
3v/3 Vd

which is the desired claim. Finally, by the law of total variance, it is immediate that

S 6Ta1(:u>7

Cov (v4,) = Cov () .

5.5 An application to Gaussian concentration

We now show that our stability bounds imply an improved Gaussian concentration inequality

for concave functions.

Corollary 5.12. Let f be a concave function and G ~ ~ in R%. Suppose that f is even, then for
anyt > 0,

412

P(f(G)>1)<e "]

Before proving the result we mention that our proof follows the one presented in [212]. We
use Theorem 5.1 to improve the constant obtained there. One should also compare the corollary
to the main result of [205] which used Ehrhard’s inequality in order to show that E [||V f(G) ||§]
may be replaced by the smaller quantity Var(f(G)), at the cost of a worse constant in the
exponent.

The assumption that f is even is used here for simplicity and could be relaxed.
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Proof of Corollary 5.12. For A > 0, denote the measure vy, = ﬁdv and let (X,Y) be a

random vector in R?? which is a realization of the optimal coupling between v, and . That is,

Wa(va,7) =1/E X — Y”%]

As f is concave, we have by using Cauchy-Schwartz:

X ~ vy, Y ~~vand

£, [M] — B, V] < E(VAFY), X - V)] < /¥ [IV 7))/ 1 - VIE]
= \/NE, [[[V£]5]Wa(va, 7). (5.19)

Since f is concave, vy has a log-concave density with respect to the standard Gaussian. For

such measures, Brascamp-Lieb’s inequality ( [50]) dictates that C,(v,) < 1. Note that

(x+1)(2—=2x+ (x+ 1) In(x)
(z —1)°

1
> 3 whenever z € [0, 1].
In this case, since f is even and v, is centered, Theorem 5.1 gives us,

1
Ora(vy) > ZEH'E (ally)

which is equivalent to

7
Wi (v, 7) < ZEnt(VAHV)-

Combining this with (5.19) and the assumption, E, [\ f] = 0, yields

E,, [M] < \/AZE [V £13] Ent(ws] 1),
For any z,y > 0 we have the inequality, \/ry < 7 + y. Observe as well that
Ent(vy]|y) = By, [Af] = In (E, [¢M]).
Thus, In (E, [eM]) < A2LE, U|Vf||§} . By Markov’s inequality, for any A, ¢ > 0
P(f(G)>1t) =P (M > M) <E, [eM] e™ < exp ()\21—761@7 IV ]3] — )\t) :

We now optimize over A to obtain,

4¢2

P(f(G) > 1) <e ™I
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Stability of Invariant Measures, with
Applications to Stability of Moment

Measures and Stein Kernels

6.1 Introduction

Let X;,Y; be stochastic processes in R¢ which satisfy the SDEs,

dX, = a(X)dt + /27(X,)dB,, dY, = b(Y,)dt + \/20(Y;)dB,. (6.1)

Here B, is a standard Brownian motion, a, b are vector-valued functions, and o, 7 take values in
the cone of symmetric d x d positive definite matrices, which we shall denote by S; . Given

Xp and Y, we shall write the marginal laws of the processes as X; ~ p; and Y; ~ 1.

Suppose that, in some sense to be made precise later, a is close to b, and 7 is close . One
can ask whether the measure j; must then be close to ;. Our goal here is to study the quantita-
tive regime of this problem. The method used here is an adaptation of a technique developed by
Crippa and De Lellis for transport equations. That method was introduced in the SDE setting
in [67,167]. Our implementation here will be a bit different, to allow for estimates in weighted

Sobolev space that behave better for large times, and will allow us to compare the invariant
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measures of the two processes, under suitable ergodic assumptions.

We will be especially interested in the case where, X; and Y; admit unique invariant mea-
sures, which we shall denote, respectively, as i and v. In this setting, we will think about v as

the reference measure and quantify the discrepancy in the coefficients as:

= |la = bl|z1) + Vo — \/FHL2(1/)-

Remark that, throughout the paper, unless otherwise specified, when a matrix norm is consid-
ered, we treat it as the Hilbert-Schmidt norm. Our main result is an estimate of the form (see

precise formulation below)
dist(p, v) < h(B),

where dist(+, -) stands for an appropriate notion of distance, which will here be a transport dis-

tance, and lim h(3) = 0.
B—0

While the assumption of unique invariant measures is certainly non-trivial to verify for
general coefficients, we also show how to apply our stability estimates in some specific cases of
interest. In particular, we will show that if two uniformly log-concave measures satisfy certain
similar integration by parts formulas, in the sense arising in Stein’s method, then the measures

must be close. This problem was the original motivation of our study.

6.1.1 Background on stability for transport equations

Part of the present work is a variant in the SDE setting of a now well-established quantitative
theory for transport equations with non-smooth coefficients, pioneered by Crippa and De Lellis
[87].

As demonstrated by the DiPerna-Lions theory ( [94] and later estimates in [87]), there is a
significant difference in the stability of solutions to differential equations when the coefficients
are Lipschitz continuous versus when they only belong to some Sobolev space (and are not
necessarily globally Lipschitz). Our focus will be on the latter, and arguably more challenging,
case. As we shall later discuss, the techniques can be carried over to the setting of stochastic
differential equations we are interested in here, as worked out in [67, 167].

The strategy for quantitative estimates, introduced in [87], in the Lagrangian setting relies
on controlling the behavior of In(1+| X, —Y;|/0) for two flows (X}) and (Y}), with a parameter §
that will be very small, of the order of the difference between the vector fields driving the flows.
A crucial idea is the use of the Lusin-Lipschitz property of Sobolev vector fields [169], which
allows to get Lipschitz-like estimates on large regions, in a controlled way. We will discuss this
idea in more details in Section 6.2.2. The ideas of [87] were adapted to the Eulerian setting

in [215,216], using a transport distance with logarithmic cost.
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Existence and uniqueness of solutions to SDEs and Fokker-Planck equations with non-
smooth coefficients by adapting DiPerna-Lions theory was first addressed in [117, 158], in-
spiring many further developments, such as [67,109,232,244]. We will not discuss much the
issue of well-posedness here, and focus on more quantitative aspects of the problem. We refer
for example to [167, Section 3.1] and [232] for a comprehensive discussion of the issues, in
particular with respect to the different ways of defining a notion of solution. As pointed out
in [67,167], the kind of quantitative methods used here could also prove well-posedness by

approximation with processes with smoother coefficients.

6.2 Results

6.2.1 Main result

We consider two diffusion processes of the form (6.1), and assume that they admit unique
invariant measures p and v. We fix some real number p > 2 with ¢ its Holder conjugate, so that

% + ]% = 1. We then make the following assumptions:

HI1. (Regularity of coefficients) There exists a function g : R? — R, such that for almost
every 7,y € R%:

la(z) = a(y)ll, Iv7(x) = V7T < (9(z) + 9(y)) [z = yll, (6.2)

and

19l £20 () < 00.

To simplify some notations later on, we also assume that ¢ > 1 pointwise, which does

not strengthen the assumption since we can always replace g by max(g, 1).

H2. (Integrability of relative density) Both ;o and v have finite second moments, and it holds
that

H3. (Exponential convergence to equilibrium) There exist constants «, C'y > 0 such that for

dv

o < .
du >

LP ()

any initial data yp and any ¢ > 0 we have

Wh(pe, 1) < Crre™" Wh(pao, 1).

We denote for the second moments
o) = [ Vel md0) = [ 1o
]Rd ]Rd
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Concerning Assumption (H1), it is the Lusin-Lipschitz property we mentioned above, and
which we shall discuss in some depth in Section 6.2.2 below. One should think about it as
being a generalization of Lipschitz continuity, as it essentially means o and a may be well
approximated by Lipschitz functions on arbitrarily large sets. In particular, this property holds
for Sobolev functions when the reference measure is log-concave. When C'y = 1, the third
assumption corresponds to contractivity, which for reversible diffusion processes is equivalent
to a lower bound on the Bakry-Emery curvature [241]. Allowing for a constant C'y > 1 allows
to cover other examples, such as hypocoercive dynamics, notably because the assumption is
then invariant by change of equivalent metric, up to the value of C'y. See for example [28, 182]

Now, for R > 0, define the truncated quadratic Wasserstein distance by:
Wi () =it [ minle — yf, R)dr. 63)

where the infimum is taken over all couplings of 1 and . Here, we say that 7 is a coupling
of 1 and v if 7 is a measure on R?¢ whose marginals on the first and last d coordinates equal
1 and v, respectively. This is a distance on the space of probability measures, weaker than the

classical WW,. With the above notations our main result reads:

Theorem 6.1. Assume (H1),(H2) and (H3) hold, and denote

B = lla=0blrp) + Vo — V7l L20)-

Then, for any R > 1,

Y

— , ) In (111 <1+ER>> +1n (mQ(u)+m2(V)) +k-R
Wy r(v, 1) < 100CE R (|9l 720, v/ dpll 1o -

1 1 _
wherea+5—1.

Remark 6.2. Essentially, the theorem says that VA\EQ, r(v, 1) decreases at a rate which is pro-

—1 -1
portional to 4/In (1 + %) . We could improve the rate to In (1 + %) by considering a
truncated )V, distance, as shall be discussed in Remark 6.8. However, for our application to

Stein kernels it is more natural to work with W;.

Let us discuss now the role of the term ||dv/dpl|},,) in Theorem 6.1. In order to use
la —bl|Lrwy + IO — v/Tl|2(w) as a measure of discrepancy, it seems necessary that the sup-
ports of 1 and v intersect, otherwise we could just change o and a on a p-negligible set and
have 8 = 0 in the conclusion of the theorem, which obviously fails in this particular situation.
Thus, since the bound in Theorem 6.1 only makes sense when ||dv/dp|;,(, is finite, one may

view this term as an a-priori guarantee on the common support of  and v.
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The logarithmic rate obtained here may seem quite weak. In the setting of transport equa-
tions, the logarithmic bounds obtained by the method considered here are sometimes actually
sharp [216]. We do not know much about optimality in the stochastic setting, since it may
be that the presence of noise would help, while the method used here cannot do better in the

stochastic setting than in the deterministic setting.

As alluded to in the introduction, if the coefficients a and /7 are actually L-Lipschitz, in

which case g = % in (H1), then one may greatly improve the rate in Theorem 6.1.

Theorem 6.3. Assume a and \/T are L-Lipschitz and that (H3) holds, and denote

B = lla =020 + VT — VOl L2)-

Then,
41241 L
WQ(I/, u) < 15CH2"‘ 15} (; + 1) .

This type of estimate is part of the folklore, and a version of it appears for example in [45].

6.2.2 About the Lusin-Lipschitz property for Sobolev functions

We will now discuss in some more depth Assumption (H1). As mentioned previously, it is
motivated by the Lusin-Lipschitz property of Sobolev functions with respect to the Lebesgue
measure [169]: if a function f : RY — R satisfies [ |V f|Pdz < oo then for a.e. z,y € R? we

have

[f(z) = F(y)| < (M|V f[(x) + MV f](y)|z =y, (6.4)

where M is the Hardy-Littlewood maximal operator, defined on a non-negative function g as,

My(a) =sup B [ gl
r>0 Br(m)
C' a dimension-free constant, and B, is the Euclidean ball of radius r. This operator satisfies

the dimension-free continuity property

M fllzrz) < Cpll fllLe(aa),

when p > 1. The dimension-free bound on C), is due to E. Stein [226]

In particular, if V f € LP(dx), then f is A-Lipschitz on the regions where M |V f| is smaller
than \/2, which are large when A is, by the Markov inequality. The important distinction
between using an estimate on M |V f| instead of V f is that, even if both V f(z) and V f(y) are
controlled, we do not automatically get an estimate on f(x) — f(y), since the straight line from
x to y may well go through a region where |V f| is arbitrarily large. The use of (6.4) nicely

bypasses this issue.

155



An important issue for the applications we shall discuss here is that working in functional
spaces weighted with the Lebesgue measure is not always the most natural when dealing with
stochastic processes. It is often preferable to work in () with a probability measure adapted
to the problem considered, which here shall be the invariant measure of the reference stochastic
process. However, in general the maximal operator has no reason to be continuous over L (),
unless o has density with respect to the Lebesgue measure that is uniformly bounded from
above and below on its support. As soon as p is not compactly supported, this cannot be the
case. Therefore, we shall make strong use of a work of Ambrosio, Brué and Trevisan [7], which
proves a Lusin-type property for Sobolev functions with respect to a log-concave measure. The
proof uses an operator different from the Hardy-Littlewood maximal operator, more adapted
to the setting. We shall not discuss here the specifics of that operator, since we only need the
Lusin property, and not the maximal operator itself. The exact statement of their result, in the

restricted setting of log-concave measures on R, is as follows:

Proposition 6.4. Let ;1 be a log-concave measure, and p > 2. Then for any function f €
WYP(p), there exists a function g such that | f(z) — f(y)] < (g(z) + g(y))|x — y| for a.e. x and
y, and with ||g|| 1) < Cpl|V fl|Lr(u) With C, some universal constant, that only depends on p.

This statement is proved in [7, Theorem 4.1], and also holds for maps taking values in some
Hilbert space. It is written there only for p = 2, but the reason for that restriction is that
they work in the more general setting of possibly nonsmooth RCD spaces, rather than just R?
endowed with a measure. The only point where they require the restriction to p = 2 is when
using the Riesz inequality [7, Remark 3.9], which in the smooth setting is known for general

values of p, as proved in [19].

6.2.3 Related works

As mentioned previously, the adaptation of the Crippa-De Lellis method to derive quantitative
estimates for stochastic differential equations was already considered in [67] and [167].

The results of [167] give stability estimates with bounds that depend on ||V o||1p(4z). Con-
sidering estimates weighted with the Lebesgue measure allows to use the Hardy-Littlewood
maximal function directly. As mentioned above, the main focus here is to get estimates that
are weighted with respect to a probability measure adapted to the problem, which may behave
very differently, for example when the coefficients of the two SDE are uniformly close, but not
compactly supported.

To use estimates in weighted space, [67] considers functions such that

/ (M f|)?de + / (M| f))2dps, < o0,

with 1, the flow of the SDE. The authors also consider other function spaces of the same nature,

sharper in dimension one, or that handle weaker integrability conditions on M|V f| than L? (but
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stronger than L'). Since the space depends on the law of the flow at all times, it may be difficult
to determine estimates on such norms. For the application considered in Section 6.2.4, we do
not know whether the approach of [67] could apply.

We shall also focus on establishing very explicit quantitative estimates in transport distance,
highlighting in particular the dependence on the dimension.

Another approach was developed in [45] to directly obtain relative entropy estimates be-
tween the distributions at finite times. The upside of that approach is that the quantitative
estimates are quite stronger, depending polynomially on some distance between the coeffi-
cients. The two downsides are that they depend on stronger Sobolev norms, requiring that the
derivatives of the two diffusion coefficients are close in some sense, as well as a-priori Fisher
information-like bounds on the relative densities, rather than L? bounds. Fisher information-like
estimates were then derived in [46] by directly comparing generators via a Poisson equation,
also using stronger Sobolev norms.

Finally, when the two diffusion coefficients match, one can derive relative entropy bounds
via Girsanov’s theorem. Unfortunately, this strategy cannot work when the two diffusion coef-

ficients differ.

6.2.4 An application to Stein kernels

We now explain how our result might be applied in the context of Stein’s method for bounding
distances between probability measures. Given a measure v on R? and X ~ v, we slightly relax
the definition of Stein kernels, given in the introduction to this thesis and define a matrix valued
map 7 : R? — M%(R), such that:

E[(Vf(X),X)] =E [(V* [(X),7(X))ns] - (6.5)

The main difference is that here we consider test functions f : R? — R. As before, the
map 7, = Iy, which is constantly identity, is a Stein kernel for . Stein’s lemma suggests
that if 7, is close to the identity then v should be close ~y. This is in fact true, and there are
many examples of precise quantitative statements implementing this idea, for various distances
between measures, such as transport distances, the total variation distance, or the Kolmogorov
distance in dimension 1. The one most relevant to the present work is inequality (20), which

states that for any 7 which is a Stein kernel for a measure v,
Wi (v,7) < |Ir = Lallr2w)- (6.6)

The proof of this inequality strongly relies on Gaussian algebraic identities, such as the Mehler
formula for the Ornstein-Uhlenbeck semigroup. We are interested in similar estimates when
neither of the measures are Gaussian. The main motivation comes from the fact that many ways

of implementing Stein’s method, including the one developed in [161], are hard to use for target
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measures that do not satisfy certain exact algebraic properties (typically, explicit knowledge
of the eigenvectors of an associated Markov semigroup). We shall prove a weaker inequality
holds for certain non-Gaussian reference measures and for one particular construction of Stein

kernels. To understand this construction we require the following definition.

Definition 6.5 (Moment map). Let ;1 be a measure on R%. A moment map of y is a convex
function ¢ : RY — R such that e~ is a centered probability density whose push-forward by
Vpis .

As was shown in [80,213], if x is centered and has a finite first moment and a density, then
its moment map exists and is unique as long as we enforce essential continuity at the boundary
of its support. The moment map ¢ can be realized as the optimal transport map between some
source log-concave measure and the target measure i, where we enforce that gradient of the
source measure’s potential must equal the transport map itself. The correspondence between
the convex function ¢ and the measure p is actually a bijection, up to a translation of ¢, and the

measure associated with a given convex function is known as its moment measure.

If 1« has a density p, then ¢ solves the Monge-Ampere-type PDE
e? = p(Vp) det(VZp).

This PDE, sometimes called the toric Kéhler-Einstein PDE, first appeared in the geometry lit-
erature [34,95,164,242], where it plays a role in the construction of Kéhler-Einstein metrics on
certain complex manifolds. Variants with different nonlinearities have recently been considered,

for example in [150].

The connection between moment maps and Stein kernels was made in [112]. Specifically,
it was proven that if ¢ is the moment map of p, then (up to regularity issues) the matrix valued

map,
7= V2 (Ve ™), (6.7)

is a Stein kernel for p. Since ¢ is a convex function, 7, turns out to be supported on posi-
tive semi-definite matrices. For this specific construction of a Stein kernel we will prove the

following analogue of (6.6).

Theorem 6.6. Let i be a log-concave measure on R such that
9 1

aly < —=V7In (dp/dx) < —lg,
@

for some o € (0,1] and let 7, be its Stein kernel defined in (6.7). If v is any other probability

measure and o is a Stein kernel for v which is almost surely positive definite and bounded from
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below, then for = ||\/T — \/0||r2(u) and M = max (m3(pn), m3(v)),

In (m (1 n M7>) + M2 1In(M)?
In (1 + M72>

Moreover, if  is radially symmetric, has full support, and d > c, for some universal constant

W (p,v) < Ca™*d”M? In(M)?||dv/dpl|

c>0,

In (In (1 4 M > + M?*In(M)?
Wi (i, v) < Ca™2d*M?* In(M)?||dv/dpl| 2

Finally, if | /7, is L-Lipschitz, then

W2(u,v) < 10004+ (2L + 1) 8.

It should be emphasized that, except in dimension one, Stein kernels are not unique. Differ-
ent constructions than the one studied here have been provided for example in [68,85,178,195].
Unlike the functional inequalities of [161] for the Gaussian measure, our results will only work
for the Stein kernels constructed from moment maps (at least for one of the two measures). In
particular, in order to define a stochastic flow from a Stein kernel, we must require the kernel to

take positive values, which to our knowledge is not guaranteed for other constructions.

While this estimate is somewhat weak, it seems to be one of the few instances where we can
estimate a distance from a discrepancy for a class of target measures, without explicit algebraic
requirements for an associated Markov generator. Recently, there has been progress on imple-

menting Stein’s method for wide classes of target measures via Malliavin calculus [111, 127].

Note that if one of the two measures is Gaussian, since the natural Stein kernel for the
standard Gaussian is constant, and hence Lipschitz, one could use the stronger Theorem 6.3
to get a stability estimate, which would still be weaker than that of [161], but with the sharp

exponent.

One may wonder why we do not prove this type of estimate directly using Stein’s method.
The key difference lies in that we do not need a second-order regularity bound on solutions of
Stein’s equation, which we do not even know how to prove here. To be more precise, the natural
way to try to use Stein’s method for this problem would be to apply the generator approach using
the generator of the process dX; = —X,;dt + MdBt, where T is the Stein kernel for .
Applying Stein’s method to bound say the WV, distance would require us to bound ||V f|| and

[|V2f|| for solutions to the Stein equation

—x-Vf—i—Tr(TVQf):g—/gd,u
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for arbitrary 1-Lipschitz data g. While a slightly stronger version of Assumption (H3) could be
used to prove bounds on ||V f]|.., the techniques used here would not help to bound ||V2 f||w.
So using Stein’s method would require some ingredients we do not have. Indeed, in general
proving second-order bounds is usually the most difficult step in implementing Stein’s method
via diffusion processes, and in the literature has mostly been done for measures satisfying cer-
tain algebraic properties, such as having an explicit orthogonal basis of polynomials that are
eigenvectors for an associated diffusion process (for example Gaussians or gamma distribu-

tions).

6.3 Proofs of stability bounds

A rough outline of the proofs is as follows: as a first step we will use [t6’s formula to show that
(H1) implies bounds on the measures x; and v, for fixed ¢. Indeed, (H1) will allow us to replace
quantities like ||7(X;) — 7(Y})||, which will arise through the use of 1td’s formula by something
more similar to || X; — Y;||. We will then use (H2) to transfer those estimate to the measure v as
well.

After establishing that y; and 14 are close, (H3) will be used to establish the same for ;4 and v.

We first prove this in the easier case of globally Lipschitz coefficients encompassed by
Theorem 6.3.

6.3.1 Lipschitz coefficients - proof of Theorem 6.3

Proof of Theorem 6.3. By 1td’s formula, we have
XYl = 20XV, alX0) ~bV))di+VB(X—¥o) (Vo (X~ VT (V) B+ (X,)— v (V) .
So,

D (16— %] < E (1~ %] +E [la(X) b3 ] + E [IVA(X) — VAT

We have

E [[la(X;) = b(Y)[?] < 2E [[|a(X;) — a(Y2)|]*] + 2E [la(Y:) — b(Y2)[1?]
<2L7E [||X; — Yil?] + 2lla — bll72(,,)
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and

E [[[Vo(X) = vT(Y)IIF] < 2B [[IVo(X:) — Vo (Y)IIP] + 2E [[IVo(Yy) — v7(YD)l[’]
<2L°E [||X; — YilI*] + 2Vo — V7220,
Combine the above displays to obtain,

d

SE[I1X = YilFY] < (1+4L2)E [I1X, = YilP] +2llo = HEsq,) + 20V — VTl

We choose g = vy = v so that v, = v for all s > 0, and denote r = 2||a — b||%2(y) + 2[|\/o —
VT[72(,- To bound W5 (v, 11), we consider the differential equation

f'(t) = (1 +4L*) f(t) + r, with initial condition f(0) = 0.

2
Its unique solution is given by f(¢) = r%. Thus, by Gronwall’s inequality

(AL +1)t _ 1

W22(V7 :U’t) = W22(Vt7/~bt> < E [HXt - }/tHQ} < T4L2—-‘r1

By Assumption (H3) we also know that
WQ (Mt7 M) S CHe_H'tWQ(Va M)

Thus,

(AL2+1)t _ |
Wa(v, 1) < Wa(v, i) + Wa (e, 1) < ‘

<~ TW + CHe_H'tWQ(I/, ,u),

or equivalently when ¢ is large enough

e(dL?+1)t _ (L7 +1)t
2(v, 1) \/4L2+1 1— e mcH \/4L2+11—e MOy

1n<1+ 2 ) +In(Cpr)
K

We now take t = to get

4241

T 417 +1 2K o aLa1
W < ]_ ]_ 2K
2(V’M)_\/4L2+1< o )< +4L2+1) Cu

41241 L
<100, r (— + 1) .
K

To finish the proof it is enough to observe that r < 232 O
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6.3.2 Proof of Theorem 6.1

To prove Theorem 6.1, we will first show that, under suitable assumptions, for a given¢ > 0, the
measure /i, cannot be too different than v,. Following [87] we define the logarithmic transport

distance, which serves as a natural measure of distance between u; and v4:

2
Ds(p,v) := igf/ln (1 + ]a:é_;y]) dm,

where 0 > 0 and the infimum is taken over all couplings of x4 and v, i.e. D;s is a transport cost
(but not a distance, and the cost is concave, not convex).
We have the following connection between Dy and )/\/22 r» Which is essentially the same

as [215, Lemma 5]. The proof of this lemma may be found in Section 6.5.

Lemma 6.7. For any R, 9, > 0, we have

D5(PJ> V)

= Ds(p V))
W2 (1) < e <— + Re + B2 Y)

Remark 6.8. We can define WL r in the same way, and a similar proof would also show that

Yy D(;(/'l’v V) Dé(ﬂy V)
w V) <0 ———~ |+ Re+ R—————~,
LR(H: V) eXP ( € © In (1 + —5@)

which motivates Remark 6.2.

Observe that if § < R, then by choosing € = ID(‘sl(i ’;) in the above lemma, we obtain
n(1+5

~—|

A2 D5(/1“7 V)
Wy r(1,v) < 2R (5 - NCEwO) 0+ %)> : (6.8)

Moreover, if both 1 and v have tame tails then it can be shown that for R large enough,
W, v) = WE ol ).

This is made rigorous in Lemma 6.18, in Section 6.5. For the logarithmic transport distance,

we will prove:

Lemma 6.9. Suppose that (H1) and (H2) hold and that X, = Yy almost surely with Yy ~ .
Then, for any t, 6 > 0,

1 2
(g, 0) < 21 (101l ol + 5l = e + V5 = V7l )

where q is such that % + % =1L
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Proof of Theorem 6.1. To ease the notation we will denote
a = 20|dv/dull iy 1917200, 8 = 2lla = bll i) + 20V0 = VTl 20
We choose § = (§ in Lemma 6.9 and obtain:
Ds(pe, ve) < (a4 1)t
Now, combine the above estimate with (6.8) to get

(a+1) (a+1)
1n<1+§) 1n(1+§)

To see the second inequality note that 5 < RIn(1 + %)_1. With Assumption (H3), we have

W2 e, i) < 2R | B+ t| <2r (t + R). 6.9)

Wa r(tie, 18) < Walpu, 1) < Cre ™ Wa(v, 1) < Ce™t" <\// |z|2dp + / !flf\de) :

Observe as well that since v is an invariant measure,

Wz,R@ta v) =0.
We thus get,
W (vi, ) + Wan(jue, 1) < Crre™y/m3() + m3 ().
Take
1
to:= —In <\/m%(;z) + m3(v) In (1 + E)) ’
K B
for which,
N N Cy
WZ,R(Vtoa V) + W2,R(,ut07 M) < —,
In (1+%)
and, by using (6.9),
—~ 2R(«
WQ,R(Nto) Vt()) S ( (t() + R)
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To conclude the proof, we use the triangle inequality,

War (11, V) < W r(Vig, v) + Wag(ttio, 1) + Walpig, 1)

In (1+%) tn (1+5)
S (CH . ¢w N ((m
In (1 + %) "

Proof of Lemma 6.9

)+ i) (145 ) + HR> |

O

In this section our goal is to bound the logarithmic distance between X; and Y; and thus prove

Lemma 6.9. Towards this, we let Z;, = X; —

Y;. A straightforward application of Itd’s

formula

gives the following result, whose proof may be found in [167, Section 4.1].

Lemma 6.10. Suppose that (X, Yy) ~ 7 are coupled in the optimal way for way D;s. That is,

E, [ln (1 + 1Xoo YOH)] = Ds (o, o). Then,

Ds(pa, vi) < Ds(po, vo) + 2/OtE [<ZS’T(ZX|;)+_5Z(YS)>} ds
Y | [NcC e RaT Y

With the above inequality we may then prove.

Lemma 6.11. Let ¢t > 0. Then,

Dy(ji 1) < Ds(po, 10)+2 / ( 191220y + 19135
0

Proof. We have

|a(Xs) — b(Ys)|

[ |a(X,) — a(Yy)]

<Z57 a(Xs) — b()/S))
s

<E
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Using Assumption (H1), we get

|a(Xs) — a(Y5)]

< E[g(Xs) +9(Yo)l = llgllzr s + llgllzre.)-

We also have,

So,

<Zs>a(Xs) - b(Y;»
. [ VACERE

Similar calculations yield,

Vo (Xe) — VT(Yo)lI” 2 2
E |: |Z |2 1+ 62 < 4“9“%2(;“) + 4“9”%2@9) + 5_2 H\/E_ \/FHLQ(VS) :

1
< lgllzr o) + gl 2wy + 5 la — bHLl(yS) :

As itis fine to assume || gH%Q(p) > ||gll£1(p) > 1 for any probability measure p we consider, since

we assumed for convenience that g > 1, we now plug the above displays into Lemma 6.10. O

Lemma 6.9 is now a consequence of the previous lemma.

Proof of Lemma 6.9. We start from Lemma 6.11. Since iy = vy = v, and v is the invariant

measure of the evolution equation for (Y;), we have

t

1 2
D) <2 [ (5 (g2 + 9132 + lla = bllzs) + 551v7 - ﬁH%a(y)) ds.

0
(6.10)

-1
Letq = (1 — %) . By Holder’s inequality,

dv
lglZ2) < NglZoaq || =
el oy
Also,
dps dv
gl Z2 sy < NglZ2og | = < llgllZ2og || 7 :
(ps) () du Lo() () du Lo
where in the second inequality we have used that ‘ Cil—‘if » is monotonic decreasing in s. We
LP(p
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plug the above displays into (6.10), to obtain

1 2
(s 0) < 2t (10140l Doy + 5l = Bl + 2IVE ~ VAl ).

which concludes the proof. O

6.4 Proofs of the applications to Stein kernels

In this section we fix a measure ;4 on R?, with Stein kernel T, constructed as in (6.7). For
now, we make the assumption that 7, is positive definite and uniformly bounded from below.
In the sequel, when we say that a measure is isotropic we mean that it is centered and that its
covariance matrix is the identity. To apply our result, we must first construct an It6 diffusion
process with p as its unique invariant measure. Define the process X; to satisfy the following
SDE:

dX, = —Xydt + 1/ 27,(X,)dB,. (6.11)

Lemma 6.12. (i is the unique invariant measure of the process X;.

Proof. Let L be the infinitesimal generator of of (X;). That is, for a twice differentiable test

function,

Lf(x) = (=, Vf(z)) + (ru(2), V* f(2)) rs.

From the definition of the Stein kernel (6.5), we have
Eu[Lf(z)] =0,

for any such test function. We conclude that 1 is the invariant measure of the process. Unique-

ness follows, since 7, is uniformly bounded from below ( [38]). O

Before proving Theorem 6.6 we collect several facts concerning this process.

6.4.1 Lusin-Lipschitz Property for moment maps

We would now like to claim that the kernel 7, exhibits Lipschitz-like properties as in Assump-
tion (H1). For this to hold we restrict our attention to a more regular class of measures. Hence-

—V(z

forth, we assume that ;4 = e )dz is an isotropic log-concave measure whose support equals

R< and that there exists a constant o > 0, such that
9 1
alg < VAV < —14. (6.12)
«
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In some sense, this assumption can be viewed as restricting ourselves to measures that are not
too far from a Gaussian distribution. Under this assumption the main result of this section is
that Stein kernels satisfy the Lusin-Lipschitz property that we need in order to apply Theorem
6.1. That is:

. . d . .
Lemma 6.13. Let 1 be an isotropic log-concave measure on R® satisfying (6.12) and let 7, be
its Stein kernel constructed from the moment map. Then, there exists a function g : R — R

such that for almost every x,y € R%:

V) = | < 0t + gl -

and,
9l r2( < Cd*Pa™,

where C' > 0 is a universal constant. Moreover, there exists a constant ¢ such that if | is

radially symmetric and has full support then we also have for d > c
9]l < Cd™7* a8,

In the sequel we will use the following notation, for v € R?, 9, ¢ is the directional derivative
of ¢ along v. Repeated derivations will be denoted as 9%, p, 92, v, etc. If e;, fori = 1,...,d,
is a standard unit vector, we will abbreviate 9;pp = ., . Finally, Vo~ is the inverse map of
V.

Recall that 7, = V2p(Vp 1), where Vi pushes the measure e~ #dz to u. Thus, keeping in
mind Proposition 6.4, our first objective is to show 05,0 € W?(u), forevery i, j,k = 1,...,d.

This will be a consequence of the following result:

Proposition 6.14 (Third-order regularity bounds on moment maps). Assume that (i is isotropic
and that V?V > aly. Then, fori,j =1,...,d and j # 1,
1. [|VOio|Pe ?dx < Ca™.
2 12,— -1
2. [|IVOePe#de < C(d+a™).

Here C'is a dimension-free constant, independent of .

Note that under the isotropy condition, necessarily & < 1. These bounds build up on the

following estimates :

—V(x

Proposition 6.15. Assume that ;1 = e )dz is log-concave and isotropic and o is its moment

map.

1. For any direction e € S~! we have

[ @opesia <o
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2. [ (V) 'V, VO2p)e ?de < 324/ [ (z,e)*du < C, with C' a dimension-free

constant, that does not depend on (.
3. If u has a convex support and V?V > alg with o > 0, then V? o < a1,
4. If p has full support and V?V < Sl with 3 > 0 then V? o > 3711,

The first part was proved in [151] (see [112, Proposition 3.2] for the precise statement). The
second part is an immediate consequence of [155, eq (55)]. The third part was proved in [151].
The last part is part of the proof of [155, Theorem 3.4]

Proof of Proposition 6.14. The first part is an immediate consequence of items 2 and 3 of

Proposition 6.15. For the second part, with several successive integrations by parts, we have,

[ @erevin = - [(@un @t + [ @)@k ds
~ [(@e @ e~ [ @)@ Or)e v
+ [ @) @O0 wda
/((’9jkg0) e S”clas#—/(@ukgo) e Pdr + - L /(8 ]k,go) e Ydx
+% / (a§k¢)4e¢dx+}l / ((Osp)* + (0;0)* e ?dx.  (6.13)

1
2

| /\

Moreover, since V¢ is positive-definite, we have |0%.¢| < (9%;¢ 4 07,) /2, and therefore

Z/ 2.0) Ve Pdr < = Z/ 0+ Opp)'e Pdu

< (d. (6.14)

Summing (6.13) over k implies the result, via the moment bounds for isotropic log-concave

distributions and the 2nd order bounds on ¢. O

We will also need the following result about radially symmetric functions.

Proposition 6.16. Suppose that (6.12) holds and that ;o = e~V ®dx is radially symmetric and
has full support. Then, there exists an absolute constant ¢ > 0, such that, for any i,j, k =
1,...,d ifd > c:

/|@fjk<p|4e_‘pdx < Ca™30%*,

for some absolute constant C' > (.
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Proof. Note that ¢ satisfies the Monge-Ampere equation
e =e (V9 det (Vzgp) ,

and that it can be verified that if V' is a radial function then so is . Let: = 1,...,d, by taking

the logarithm and differentiating the above equation we get:
Oip = (VV(Vip), Vi) = T (V20hp (V2) ') .
By Proposition 6.15, alq < Vo < 114 Hence,
T (V%)™ V20ie) < |0ipl + [(VV (V). VOio)| < [0re| +a VA VV (Vi) (6.15)
where the second inequality used Cauchy-Schwartz along with ||Vd;p| < Vd||V?¢||sp. The

proof will now be conducted in three steps:

d
. —1 .
1. We will bound Tr ((Vzgo) V282-<p> in terms of Tr (V29,¢) = J; D256

4
d
2. Using (6.15), we’ll show that f (Z 8§?jigo> e~ ¥dx cannot be large.
j=1
3. Finally, we will use the previous step to bound f (agji¢)4 e~ ?dx.

Step 1: We now wish to understand Tr <(V290)71 VQ@-@). Write ¢(z) = f(||z||*), so that,
Vip(z) = 2f (l2)*)la + 4" (|2]*)z2". (6.16)
The bounds on V2 imply the following inequalities, which we shall freely use below:
a < 2f (=), 2f (l=[)) +4f" () [l2]* < o7,

and
47" (lz®) | =]?] < o™

By the Sherman-Morrison formula,

N T A Vi N
9™ 0= 3777575 (1~ 57 4 PP )
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So,

A" (el 3
2 28@ Z a{tze' °
(V) ¥0) = 5 (Z b (el + A (Il ””)
(6.17)

A calculation shows

05jip(x) = Az (223 f" ([ 2]*) + £ (2l*) + 205" (N2]1%),

and
Zaﬂw = da; 2| []? " (2 )1?) + (d+ 2) f"(||=]|?))-
Also,
B oo = 4a; (2| * £ (|]?) + 3|l £ (| ]*)) -
: 1 af" (|l)12) |2 2/ (|lz]12)
Thus, if D(2) := 1 — spmprap (e PP = 7P (P
Z B Af"(Jl=]?) Pk
0 Pl )?) +4f7(l|2]|?) ]2 woei
Af"(|z|1?) || ]? ) 5 9
8 ||| f (|| =*)
( 2f([[2][2) + 4" (||z|?)||=|?

47" (2] )4 (a1
21 (||z)12) 4 4£7(||z]|2) ||| zi " ([|%]]%)

= D(z )8$z!\wH F"(Nll?) + (d = 1+ 3D(x)) 4z f"(J|2]1*)

+<d+2—3

Z 5ie + (d—1+3D(x) — D()(d + 2)) da: f"(||=]|*)

_3 @il
o — Cda™®
Z Ji EE

-3 |$z|

(I

= D(2)Tr (V?9;¢) — Cda

-1

In the inequality, we have used (6.16) along with the bounds 4| f”(||z||?)] < iopz» and a? <
D(z) < a~2. (6.17) then implies:

Cda™3 L

2 2 D( ) . 2
T ((V36) ™ V0h0) 2 5o T (V20h) = g e

= 2f([l=I1?)
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Step 2: We now integrate with respect to the moment measure, so the estimate from the pre-
vious step, along with the bounds o? < D(z), o < 2f”(||z]|) < o, and (6.15) give:

/Tr (V28i<,0)46_“’d93 SCOz_lQ(/ |0ip|*ePdx

1
+ o td? / IVV (Vo)|*e ?dr + d*a™* /

Jl*

evdz). (6.18)
Let us look at each term on the right hand side. By a change of variable

/ Brpltevda = / sl *dp < C,

since higher moments of coordinates of isotropic log-concave measures are controlled.

For the second term, since V is a transport map, we get that

/ IVV (Vo) fedr = / 1YV [ 4dp

Recalling that olqy < V2V < 114, we apply the Poincaré inequality for 11, and since |V|VV || =
2IV2VVV| < 2a7HVV],

/HVV(W)H%—%xg </\VV|2d,u)2+4of3 (/]V‘/Pdu).

By integration by parts, [ |VV|*du = [ AVdu < da™!, and hence
/ IVV (Vo) |*e ?dr < 5d*a™*.
For the third integral, we may use the fact that when d > c, a reverse Holder inequality holds for

negative moments, and may be applied to radially symmetric log-concave measures (see [204,

Theorem 1.4]). According to the inequality,

-2
! e Pdx < C |z||?e*dx < Ca™2
l*

We now plug the previous three displays into (6.18) to conclude,

d 4
/ (Z a;”jig;) e fdr = / Tr (V20,0)" e ?da < Ca™d". (6.19)
j=1
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Step 3: Now, lets,j,k =1,...,d be distinct. We have,

[ @e)'esin =5t [ (@l e v
4
= i— (/ z! (3" (|2]”)) " e ¥d + / 7 (xzf”'<|rxu2>>4e“”dx> |

4
4 _
< g5 [t (P (=) e *da

<8t [t (el P 0hel?) + (04 2) ) e
+85/m;1 ((d—l—2)f”(||x||2))4e_¢’dm

=/ (Zamm) Hdrt [ ((d+ 2 () o

< (Cat @2 [ (@ (ol o),

where we have used (6.19) in the last inequality. For the remaining integral term, denote z..; =

(;Ul, vy i1, Lijg1, ...,.Td>. Then
" 214 —¢ 1 " 2\\4 _—o
(zif"(l2]|*))" e ?dx = W(%Hﬂfwi\l-f (lz)*))" e~ *da

1

S/Wzyﬁx? "(lx)?) e da
Tl 5

_ 1 82 4 ~2d

AT A||4Z( z’j‘p) € "axr
g

1
< da4/ e Pdr < CdaS.

By

In the last inequality we again used the reverse Holder inequality for negative moments of
radially symmetric log-concave measures. Plugging this estimate into the previous display

finishes the proof, when |{4, j, k}| = 3. The other cases can be proven similarly. O

We are now in a position to prove Lemma 6.13.

Proof of Lemma 6.13. Since V! transports i to e~ ¥dx, from Proposition 6.14 we conclude
that 7, € W'%(u) and that || D7,||z2(,) < Cd*?a~'/2, where D stands for the total derivative
operator. Here, we have used the identity || D*¢||12(cvar) = || D7yl 12(,), Which follows from

(6.7). Thus, by Proposition 6.4, there exists a function g for which,

I7u(2) = 7l < (9(2) + g(w)llx = yl,
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and ||| z2¢u) < 0231—72. Proposition 6.15 along with (6.12) shows

valg < /7

Hence,

/7)== T lde) = o)l

Take now g : f g to conclude the proof. If x is radially symmetric, then Proposition 6.16

shows || D7, La(u) < Cdia~% and the proof continues in a similar way. O

6.4.2 Exponential convergence to equilibrium

We now show that the process (6.11) satisfies the exponential convergence to equilibrium prop-

erty we require, as long as (6.12) is satisfied.

Lemma 6.17. Assume that i = e~V dx with a~'1; > V2V > al,. Then the diffusion process
(6.11) satisfies Assumption H3 with k = 1/2 and Cg = a2

Proof. As demonstrated in [154], the diffusion process Vi~ (X,), where (X;) solves (6.11),
satisfies the Bakry-Emery curvature dimension condition CD(1/2,00) when viewed as the
canonical diffusion process on the weighted manifold (R¢, (V@)1 e%). Therefore it is
a contraction in Wasserstein distance, with respect to the Riemannian metric d, with tensor
(V2p)~1 [241]. That is

Waa, (o Vp,e?) < e_t/QWZ,ch (oo Vi, e™%).
From the bounds on V2 given by Proposition 6.15, we have
a Mo —y* > dy(w,y)* > ale -yl

and the result follows, using again the two-sided Lipschitz bounds on V. O

6.4.3 Stability for Stein kernels

Proof of Theorem 6.6. We consider the two processes

dXt = —Xt + \V QT(Xt)dBt7
dY, = —Y, + \/20(Y,)dB,.
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By Lemma 6.12, 1 and v are the respective invariant measures of X; and Y;. By Lemma 6.17,
Assumption H3 is satisfied with x = %, Cyx = o2 By Lemma 6.13, Assumption H1 is satisfied
with HgH%%#) < Cdda™2.

Setp = 00,q¢ = 1 and R > 0. Plugging the above estimates to Theorem 6.1, we get

n (1n (14 £)) + (M) + R
In <1+%>

v and p are log-concave and in-particular have sub-exponential tails. We apply Lemma 6.18,

W2 (v, 1) < Ca™®dR ||dv/dul|,

from the appendix, to obtain a constant C’ > 0 such that

W2(V7 M) < 2W2,C’M2 ln(M)2<V7 M)a

which proves the first part of the theorem. For the second part, if 4 is radially symmetric, then
we take p = ¢ = 2, and by Lemma 6.13, H1 is now satisfied with Hg|]%4(u) < Cdza~1% and the
proof continues in the same way. The last part of the theorem is an immediate consequence of
Theorem 6.3. O

6.5 Transport inequalities for the truncated Wasserstein dis-

tance

Proof of Lemma 6.7. We let m denote the optimal coupling for Ds and (X, Y') ~ 7. Define the

sets

D= {(z,y) eR*: |lz —y|* < R},

D {(x,y) €D:In (1+ | ;f”g> < Dé(g’”)}.

We now write
E [min (|X = Y% R)] =E [IX = YIPLp] + E [|X = Y|*1p5] + R E[Tsae\ D],
and bound each term separately. Observe that for any o € R,
72
ln(1+§> <o <= |z|] <dver — 1.

Thus,
D
E[|X -Y[*1p] < 6% exp (#) :
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Next, by Markov’s inequality

(1 BEYEY S D) s gy (1 X))

EIX = YIPLyp| < RE Vg p| < Re.

So,

Finally, a second application of Markov’s inequality gives
RE 12 \D] < R-P (| X —=Y|* > R)
X -Y|? 2 D,
:R-P(ln(l—ku) 21n(1+R—2)) AL
O

Lemma 6.18. Let X ~ u,Y ~ v be two centered random vectors in R%. Assume that both X

and 'Y are sub-exponential with parameter M, in the sense that for every k > 2,

E[|X|** E[|Y|**
[HkH}’ [HkM <M (6.20)

Then
Wg(u, v) < 2W22,CM2 ln(M)Q(,uv v),
for a universal constant C' > (.

Proof. Fix R > 0 and let w denote the optimal coupling for Wg, rand (X,Y) ~ 7. Then,

E[|X -Y]*] =E[IX = Y[*Ijx—ye<r] + E [IX = Y[*1)x_yjp>&]
< Win(uv) + VE[IX =Y [P (|X - Y2 > R).

X — Y also has a sub-exponential law with parameter C' M, where C’ > 0 is a constant. Thus,
by (6.20), for some other constant C,

E[|X -Y|* < CME[|X - Y],

and \/P([|[X —Y|]2> R) < e~ . Take R = (CM In(2C'M))?, to get.

—~ 1
E [ X =YI°] < Wyr(uv) + SE[IX =Y,

which implies,

Wi (1, v) SE[IIX = Y|°] < 205 o, v).
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PART III

APPLICATIONS IN DATA SCIENCE

“Thou art god, I am god. All that groks is god.”
- Michael Valentine Smith
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Methods in Non-Convex Optimization -

Gradient Flow Trapping

7.1 Introduction

Let f : R — R be a smooth function (i.e., the map = +— V f(z) is 1-Lipschitz, and f is
possibly non-convex). We aim to find an s-approximate stationary point, i.e., a point x € R?
such that |V f(x)]|2 < e. It is an elementary exercise to verify that for smooth and bounded
functions, gradient descent finds such a point in O(1/ 52) steps, see e.g., [192]. Moreover, it was
recently shown in [66] that this result is optimal, in the sense that any procedure with only black-
box access to f (e.g., to its value and gradient) must, in the worst case, make Q(1/e%) queries
before finding an e-approximate stationary point. This situation is akin to the non-smooth con-
vex case, where the same result (optimality of gradient descent at complexity 1/2) holds true

for finding an e-approximate optimal point (i.e., such that f(x) —min,cga f(y) <€), [190,192].

There is an important footnote to both of these results (convex and non-convex), namely
that optimality only holds in arbitrarily high dimension (specifically the hard instance in both
cases require d = Q(1/£?)). It is well-known that in the convex case this large dimension re-
quirement is actually necessary, for the cutting plane type strategies (e.g., center of gravity) can

find e-approximate optimal points on compact domains in O(d log(1/¢)) queries. It is natural to
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ask: Is there some analogue to cutting planes for non-convex optimization?' In dimension
1 it is easy to see that one can indeed do a binary search to find an approximate stationary point
of a smooth non-convex function on an interval. The first non-trivial case is thus dimension
2, which is the focus of this chapter (although we also obtain new results in high dimensions,
and in particular our approach does achieve O(poly(d) log(1/¢)) parallel depth, see below for
details).

This problem, of finding an approximate stationary point of a smooth function on a com-
pact domain of R?, was studied in 1993 by Stephen A. Vavasis in [237]. From an algorithmic
perspective, his main observation is that in finite dimensional spaces one can speed up gra-
dient descent by using a warm start. Specifically, observe that gradient descent only needs
O(A/e?) queries when starting from a A-approximate optimal point. Leveraging smoothness
(see e.g., Lemma 7.5 below), observe that the best point on a v/A-net of the domain will be
A-approximate optimal. Thus starting gradient descent from the best point on v/A-net one
obtains the complexity Oy (6% + ﬁ) in R¢. Optimizing over A, one obtains a Oy ((%) dQTd?)
complexity. In particular for d = 2 this yields a O(1/¢) query strategy. In addition to this algo-
rithmic advance, Vavasis also proved a lower bound of Q(1/4/¢) for deterministic algorithms.
In this chapter we close the gap up to a logarithmic term. Our main contribution is a new
strategy loosely inspired by cutting planes, which we call gradient flow trapping (GFT), with

log(1/¢)

complexity O === |. We also extend Vavasis lower bound to randomized algorithms, by

connecting the problem with unpredictable walks in probability theory [31].

Although we focus on d = 2 for the description and analysis of GFT in this chapter, one can
in fact easily generalize to higher dimensions. Before stating our results there, we first make
precise the notion of approximate stationary points, and we also introduce the parallel query

model.

7.1.1 Approximate stationary point

We focus on the constraint set [0, 1], although this is not necessary and we make this choice
mainly for ease of exposition. Let us fix a differentiable function f : [0,1]? — R such that
Va,y € [0,1]% [V f(z) = Vf(y)l]2 < ||z — y||2. Our goal is to find a point = € [0, 1]? such that
for any €’ > ¢, there exists a neighborhood N C [0, 1]¢ of « such that for any y € N,

fl@) < fly)+e- o=yl

"We note that a different perspective on this question from the one developed in this chapter was investigated
in [136], where the author asks whether one can adapt actual cutting planes to non-convex settings. In particular
[136] shows that one can improve upon gradient descent and obtain a complexity O(poly(d)/e*/?) with a cutting
plane method, under a higher order smoothness assumption (namely third order instead of first order here).
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We say that such an x is an e-stationary point (its existence is guaranteed by the extreme value
theorem). In particular if z € (0,1)? this means that ||V f(z)|2 < . More generally, for

r = (z',...,2%) € [0, 1]¢ (possibly on the boundary), let us define the projected gradient at x,

9(x) = (91(2), .., galx)) by:

gi(x) = A (x) ifz' € (0,1),

It is standard to show (see also [237]) that x is an e-stationary point of f if and only if ||g(x)||2 <

€.

7.1.2 Parallel query model

In the classical black-box model, the algorithm can sequentially query an oracle at points z €
[0, 1]¢ and obtain the value® of the function f(x). An extension of this model, first considered
in [191], is as follows: instead of submitting queries one by one sequentially, the algorithm
can submit any number of queries in parallel. One can then count the depth, defined as the
number of rounds of interaction with the oracle, and the total work, defined as the total number
of queries.

It seems that the parallel complexity of finding stationary points has not been studied before.
As far as we know, the only low-depth algorithm (say depth polylogarithmic in 1/¢) is the naive
grid search: simply query all the points on an e-net of [0, 1] (it is guaranteed that one point in
such a net is an e-stationary point). This strategy has depth 1, and total work O(1/c%). As we
explain next, the high-dimensional version of GFT has depth O(poly(d) log(1/¢)), and its total

work improves at least quadratically upon grid search.

7.1.3 Complexity bounds for GFT

In this chapter we give a complete proof of the following near-optimal result in dimension 2:

Theorem 7.1. Let d = 2. The gradient flow trapping algorithm (see Section 7.5) finds a 4e-

log(1/¢)
g

stationary point with less than 10° queries to the value of f.

It turns out that there is nothing inherently two-dimensional about GFT. At a very high level,
one can think of GFT as making hyperplane cuts, just like standard cutting planes methods in
convex optimization. While in the convex case those hyperplane cuts are simply obtained by

gradients, here we obtain them by querying a O(\/E)—net on a carefully selected small set of

Technically we consider here the zeroth order oracle model. It is clear that one can obtain a first order oracle
model from it, at the expense of a multiplicative dimension blow-up in the complexity. In the context of this chapter
an extra factor d is small, and thus we do not dwell on the distinction between zeroth order and first order.
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hyperplanes. Note also that the meaning of a “cut” is much more delicate than for traditional
cutting planes methods (here we use those cuts to “trap” gradient flows). All of these ideas are
more easily expressed in dimension 2, but generalizing them to higher dimensions presents no

new difficulties (besides heavier notation). In Section 7.5.4 we prove the following result:

Theorem 7.2. The high-dimensional version of GFT finds an e-stationary point in depth O(d* log(d /<))
d—1

and in total work d°@ (%) S

In particular we see that the three-dimensional version of GFT has complexity O (%) .
This improves upon the previous state of the art complexity O(1/¢!?) [237]. However, on the
contrary to the two-dimensional case, we believe that here GFT is suboptimal. As we discuss
in Section 7.6.3, in dimension 3 we conjecture the lower bound Q(1/£%¢).

In dimensions d > 4, the total work given by Theorem 7.2 is worse than the total work
O ((%) %> of Vavasis’ algorithm. On the other hand, the depth of Vavasis’ algorithm is of the
same order as its total work, in stark contrast with GFT which maintains a logarithmic depth
even in higher dimensions. Among algorithms with polylogarithmic depth, the total work given
in Theorem 7.2 is more than a quadratic improvement (in fixed dimension) over the previous

state of the art (namely naive grid search).

We also propose a simplified version of GFT, which we call Cut and Flow (CF), that always
improve upon Vavasis’ algorithm (in fact in dimension d it attains the same rate as Vavasis in
dimension d — 1). In particular CF attains the same rate as GFT for d = 3, and improves upon
on it for any d > 3. It is however a serial algorithm and does not enjoy the parallel properties
of GFT.

Theorem 7.3. Fix d € N. The cut and flow algorithm (see Section 7.4) finds an c-stationary
2d—2
point with less than 5d° log (g) (l) 41 queries to the values of f and V f.

€

Organization: The rest of the chapter (besides Section 7.6 and Section 7.7) is dedicated to
motivating, describing and analyzing our gradient flow trapping strategy in dimension 2 (from
now on we fix d = 2, unless specified otherwise). In Section 7.2 we make a basic “local to
global” observation about gradient flow which forms the basis of our “trapping” strategy. Sec-
tion 7.3 is an informal section on how one could potentially use this local to global phenomenon
to design an algorithm, and we outline some of the difficulties one has to overcome. As a warm-
up, to demonstrate the use of our ideas, we introduce the cut and flow” algorithm in Section
7.4 and prove Theorem 7.3. In Section 7.5 we formally describe our new strategy and analyze
its complexity. In Section 7.6 we extend Vavasis’ 2(1/4/¢) lower bound to randomized algo-
rithms. Finally we conclude the chapter in Section 7.7 by introducing several open problems

related to higher dimensions.
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7.2 A local to global phenomenon for gradient flow

We begin with some definitions. For an axis-aligned hyperrectangle R = [a1,b1] X - - - X [ag, by

in R, we denote its volume and diameter by

d d

diam(R) := Z(bZ — a;)? and vol(R) := H(bz —a;)

i=1 i=1

We further define the aspect ratio of R as mexi(bi—01) " The 9 faces of R are the subsets of the

a;
min; (b; —a;)

form:
[a1,b1] X -+ x {a;} X -+ X [ag,bg] and [a1,b1] X -+ x {b;} x -+ X [aq, ba),

fori =1,...,d. The boundary of R, which we denote OR is the union of all faces.

If E C [0,1]%is a (d — 1)-dimensional hyperrectangle and § > 0, we say that N C E is a
d-net of E, if for any = € E, there exists some y € N such that ||z — y[|o < . We will always

assume implicitly that if N C FE' is a d-net, then the vertices of £ are elements of V.

We denote fi(E) for the largest value one can obtain by minimizing f on a d-net of E.

Formally,
fX(E) = inf
5 (E) SUPIIQNf(x)7

where the supremum is taken over all d-nets of £. We say that a pair (£, z) of segment/point
in [0, 1]¢ (where E is not a subset of a face of [0, 1]%) satisfies the property P, for some ¢ > 0 if
there exists 0 > 0 such that

2

flz) < f5(E) — % + ¢ - dist(z, E),

where

dist(z, F) := ;1612 |z — yll2-

When FE is a subset of 9]0, 1]¢ we always say that (E, z) satisfies P, (for any ¢ > 0 and any
z € [0, 1]9).

For an axis-aligned hyperrectangle R and x € R, we say that (R, x) satisfies P, if, for any of
the 2d faces E of R, one has that (F, z) satisfies P.. We refer to x as the pivot for R.

Our main observation is as follows:

Lemma 7.4. Let R be a hyperrectangle such that (R, x) satisfies P, for some © € R and ¢ > 0.
Then R must contain a c-stationary point (in fact the gradient flow emanating from x must visit

a c-stationary point before exiting R).
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This lemma will be our basic tool to develop cutting plane-like strategies for non-convex
optimization. From “local” information (values on a net of the boundary of R) one deduces a

“global” property (existence of approximate stationary point in R).

Proof. Let us assume by contradiction that R does not contain a c-stationary point, and consider

the unit-speed gradient flow ((t))s>o constrained to stay in [0, 1]¢. That is, z(t) is the piecewise

differentiable function defined by z(0) = x and $xz(t) = — ”gg((;(%)))h , where ¢ is the projected
gradient defined in the previous section. Since there is no stationary point in 2, it must be that
the gradient flow exits R. Let us denote 7' = inf{t > 0 : z(¢) & R}, and E a face of R such that
z(T) € E. Remark that E cannot be part of a face of [0, 1]%. Furthermore, forany 0 < ¢t < T,

one has

S

fx(t)) = f(x(0)) = /0 g(x(s)) - diﬂi(S)dS < —c-t < —c-a(t) —2(0)]2-

where the first inequality uses that /2 does not contain a c-stationary point. In particular, this
implies f(x(T)) — f(z) < —c - dist(x, £), so that,

min f(y) < f(z) — ¢ dist(z, E) .

yerR

Lemma 7.5 below shows that for any § > 0 one has f;(£) < mingep f(y) + %, and thus
together with the above display it shows that (F, =) does not satisfy P,, which is a contradiction.
O

Lemma 7.5. For any (d — 1)-dimensional hyperrectangle E C [0, 1) and § > 0 one has:

52
J5(E) < min f(y) +

Proof. Let x € E be such that f(z) = min,cg f(2). If x is a vertex of £, then we are done
since we require the endpoints of E to be in the d-nets. Otherwise x is in the relative interior of

E, and thus one has Vf(z) - (y — ) = 0 for any y € E. In particular by smoothness one has:

1

flo) = f0)+ [ Vfatly =) (o= o
< @)+ [ ly =l = f)+ 5y = ol

Moreover for any §-net of E there exists y such that ||y —z||]» < 2, and thus f(y) < f(z)+02/8,

which concludes the proof. O

Our algorithmic approach to finding stationary points will be to somehow shrink the domain

of consideration over time. At first it can be slightly unclear how the newly created boundaries
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interact with the definition of stationary points. To dispell any mystery, it might be useful to
keep in mind the following observation, which states that if (R, x) satisfies P,, then = cannot be

on a boundary of R which was not part of the original boundary of [0, 1]%.

Lemma 7.6. Let R be a rectangle such that (R, x) satisfies P, for some v € R and ¢ > 0. Then
r ¢ OR\ 0[0,1]%

Proof. Let E be a face of R which is not a subset of 9]0, 1]¢. Then by definition of P., and by
invoking Lemma 7.5, one has:

flz) < f5(E) — 5—2 + ¢ - dist(z, £) < min f(y) + ¢ - dist(z, £) .

8 yeE
In particular if € E then dist(x, £) = 0, and thus f(x) < min g f(y) which is a contradic-

tion. O

7.3 From Lemma 7.4 to an algorithm

Lemma 7.4 naturally leads to the following algorithmic idea (for sake of simplicity in this
discussion we replace squares by circles): given some current candidate point z in some well-
conditioned domain (e.g., such that the domain contains and is contained in balls centered at
x and of comparable sizes), query a /z-net on the circle C' = {y : ||y — x| = 1}, and de-
note y for the best point found on this net. If one finds a significant enough improvement, say
f(y) < f(z) — 2e, then this is great news, as it means that one obtained a per query improve-
ment of ©(¢73/2) (to be compared with gradient descent which only yields an improvement of
©(£7?)). On the other hand if no such improvement is found, then the gradient flow from x
must visit an e-stationary point inside C.> In other words one can now hope to restrict the do-
main of consideration to a region inside C', which is a constant fraction smaller than the original

domain. Figure 7.1 illustrates the two possibilities.

Optimistically this strategy would give a O(B/<%/?) rate for B-bounded smooth functions
(since at any given scale one could make at most O(B/c*/?) improvement steps). In particular
together with the warm start this would tentatively yield a O(l /e3/4) rate, thus already improv-
ing the state-of-the-art O(1/¢) by Vavasis.

3In “essence” (C,x) satisfies P., this is only slightly informal since we defined P. for rectangles and C' is
a circle. In particular we chose the improvement %5 instead of the larger %5 (which is enough to obtain P.) to
account for an extra term due to polygonal approximation of the circle. We encourage the reader to ignore this
irrelevant technicality.
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Figure 7.1: The red curve illustrates the gradient flow emanating from z. On the left, the flow does not
visit an e-stationary point and y has a significantly smaller function value than x. Otherwise, as in the
right, we shrink the domain.

There is however a difficulty in the induction part of the argument. Indeed, what we know
after a shrinking step is that the current point x satisfies f(x) < f(y) + € for any y € C. Now
we would like to query aneton {y : ||y — x|z = 1/2}. Say that after such querying we find that
we can’t shrink, namely we found some point z with f(z) < f(z) — § + %, and in particular
f(z) < fly)+ %8 + % for any y € C. Could the gradient flow from z escape the original circle
C' without visiting an e-stationary point? Unfortunately the answer is yes. Indeed (because
of the discretization error §?/8) one cannot rule out that there would be a point y € C' with
f(y) < f(2) — 5, and since C' is only at distance 1/2 from z, such a point could be attained
from z with a gradient flow without e-stationary points. Of course one could say that instead of
satisfying P. we now only satisfy P, 52,4, and try to control the increase of the approximation
guarantee, but such an approach would not improve upon the 1/¢? of gradient descent (simply

because we could additively worsen the approximation guarantee too many times).

The core part of the above argument will remain in our full algorithm (querying a /c-net
to shrink the domain). However it is made more difficult by the discretization error as we just
saw. We also note that this discretization issue does not appear in discrete spaces, which is
one reason why discrete spaces are much easier than continuous spaces for local optimization

problems.

Technically we observe that the whole issue of discretization comes from the fact that when
we update the center, we move closer to the boundary, which we “pay” in the term dist(z, E)
in P., and we cannot “afford” it because of the discretization error term that we suffer when
we update. Thus this issue would disappear if in our induction hypothesis we had F; for the
boundary. Our strategy will work in two steps: first we give a querying strategy for a domain
with Py that ensures that one can always shrink with P. guaranteed for the boundary, and

secondly we give a method to essentially turn a P. boundary into F.
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7.4 Cut and flow

We now fix d € N and consider [0, 1]¢. We say that a pair (H, z) is a domain if H C [0, 1]¢
is an axis-aligned hyperrectangle and x € H. In this section, we further require that if H =
[a1,b1] X -+ X [ag, by), then for every 1 < i, j < d, 2=% ¢ {1 1,2}. In other words, all edges
of H either have the same length or differ by a factor]of ]2 The Cut and Flow (CF) algorithm is
performed with two alternating steps, bisection and descent (See Figure 7.2 for an illustration
of the two steps, when d = 2).

1. At the bisection step, we have a domain (H, x) satisfying . Let k& € [d] be any coordi-
nate such that by — a; is maximal and set the midpoint, m; = @ We now bisect H

into two equal parts,

H1 = [al,bl] X e X [ak,mk] X e X [ad,bd],

H2 = [al,bl] X - X [mk,bk] X e X [(ld,bd],

so that H; U Hy, = H and E = Hy N H, is a (d — 1)-dimensional hyperrectangle. Set
N C FE to be a d-net and,

zy = argmin f(y).

Here 0 is some small parameter to determined later. To choose a new pivot = for the
domain we compare f(zy) and f(x). If f(x) < f(xy), set T = x otherwise T = zy.
We end the step with the two pairs (Hy, Z), (Hs, T).

2. The descent step takes the two pairs produced by the bisection step and returns a new do-
main (H, %) satisfying Py such that H € {H,, H,}. This is done be performing gradient
descent iterations:

T =31 — Vf(Zi1), (7.1)

2

where 7o = . Set T = g—Q, and # = Zy. Then, H = H, if # € H, and H = H,

otherwise.

The CF algorithm starts with the domain (Hy, ) where Hy = [0, 1]¢ and z is arbitrary. Given
(Hy, x;) the algorithm runs a bisection step, followed by a descent step and sets (Hy 1, Zyy1) =

(}NI , &), as described above. The algorithm stops when the diameter of H; is smaller than .
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Figure 7.2: The left image shows the bisection of H into two equal parts H; and Hj. The right image
shows the trajectory of gradient descent, starting from x and terminating at Z, inside H.

Let us first prove that at the end of the descent step, the obtained domain satisfies .

Lemma 7.7. Suppose that (H, ) satisfies Py, then either the descent step finds an -stationary

point or (H, %) satisfies Py as well.

Proof. Let us first estimate the value of f(Z). Observe that, by smoothness of f, if we consider

the gradient descent iterates (7.1), we have

1 1 2
F(@i1) = f(Z) > IV f(@ima) |5 — §||Vf(ffz’—1)\|§ = §||Vf(fz‘—1)“§ > %,

where the last inequality holds as long as z;_; is not an e-stationary point (see also Section 3.2
in [55]). It follows that,

e? < f(x) — =€

Now, let E/ C OH be a face such that E’ # Hy N H,. Then, £ C OH and by assumption,
(E', x) satisfied P,. Since f(Z) < f(x), itis clear that (£’, ) satisfies Py as well.
We are left with showing that, if £ = H; N H,, then (E, %) satisfies Fy. Indeed, from the

. . 2
construction, and using 1" = ‘3—2, we have,

F@) < 1) — 5" < f3(B) - 3 < fi(B) - %

Let us now prove Theorem 7.3.
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Proof of Theorem 7.3. Observe that diam(H,) = +/d and that after performing d consecu-
tive bisection steps, necessarily, every face of H; was bisected into two equal parts. Hence,
diam(Hy.q) < $diam(H,), and,

1\ L
diam(H,) < (§> V.
Choose T' = [dlog, (@)L so that diam(Hp) < e. We claim that 7 is an e-stationary point.
Indeed, by iterating Lemma 7.7 we know that the pair (Hr, zr) satisfies Py. By Lemma 7.4,

there exists x, € Hp which is a stationary point and ||z, — 27|z < e.

All that remains is to calculate the number of queries made by the algorithm. At the bisection
step we query a d-net N, over a (d — 1)-dimensional hyperrectangle, contained in the unit cube.

Elementary computations show that we can take,

(2d)"!

|N|SW~

Combined with the number of queries made by the descent step, we see that the total number

of queries made by the algorithm is,

{dlogg (@)—‘ <<25?d1—1 + i—j) )

We now optimize and choose § = £7+12d. Substituting into the above equations shows that the

5d° log, (C—Z) e
€

number of queries is smaller than

7.5 Gradient flow trapping

In this section we focus on the case d = 2. We say that a pair (R, x) is a domain if R is an
axis-aligned rectangle with aspect ratio bounded by 3, and x € R (note that the definition of
a domain is slightly different than in the previous section). The gradient flow trapping (GFT)

algorithm is decomposed into two subroutines:

1. The first algorithm, which we call the parallel trap, takes as input a domain (R, =) satis-

fying P,. It returns a domain (R, Z) satisfying P. and such that vol(R) < 0.95 vol(R).

The cost of this step is at most 2 dh%(m queries.
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2. The second algorithm, which we call edge fixing, takes as input a domain (R, ) satisfying
P. (for some £’ € [e,2¢]) and such that for & € {0,1,2,3} edges E of R one also has
P, for (E, x). It returns a domain (R, #) such that either (i) it satisfies P.. and for k + 1

edges it also satisfies Fy, or (ii) it satisfies P( . and furthermore vol(R) <

1+550 lolg(l/s) )
diam(R) log(1/¢)
€

0.95 vol(R). The cost of this step is at most 90 queries.

Equipped with these subroutines, GFT proceeds as follows. Initialize (R, zo) = ([0, 1]?, (0.5,0.5)),
go=¢,and kg = 4. Fort > 0:

o if ky = 4, call parallel trap on (Ry, z;), and update ki1 = 0, (Riy1, Tey1) = (Rt, Tt), and

Et+1 = E.

e Otherwise call edge fixing, and update (R 1, %i11) = (Rt, 7). If Ry = R, then set

kiv1 =k + 1 and ;41 = &, and otherwise set k; 1 = 0 and ;.1 = (1 + m> £t

We terminate once the diameter of R, is smaller than 2¢.
Next we give the complexity analysis of GFT assuming the claimed properties of the sub-
routines parallel trap and edge fixing in 1. and 2. above. We then proceed to describe in details

the subroutines, and prove that they satisfy the claimed properties.

7.5.1 Complexity analysis of GFT

The following three lemmas give a proof of Theorem 7.1.
Lemma 7.8. GFT stops after at most 200 1og(1/¢) steps.

Proof. First note that at least one out of five steps of GFT reduces the volume of the domain by
0.95 (since one can do at most four steps in a row of edge fixing without volume decrease). Thus
on average the volume decrease per step is at least 0.99, i.e., vol(Ry) < 0.997. In particular
since Ry has aspect ratio smaller than 3, it is easy to verify diam(Ry) < 24/vol(Rr) <
2 % 0.997/2. Thus for any T' > 10g;g9,99(1/2%), one must have diam(Ry) < 2¢. Thus we see
that GFT performs at most 10g;og/99(1/¢%) < 2001log(1/¢) steps. m|

Lemma 7.9. When GFT stops, its pivot is a 4e-stationary point.

T
Proof. First note that ez < (1 + m> e, thus after " < 2001og(1/¢) steps we know
that (R, xr) satisfies at least Ps.. In particular by Lemma 7.4, R; must contain a 2¢-stationary
point, and since the diameter is less than 2¢, it must be (by smoothness) that z is a 4e-stationary

point. O

Lemma 7.10. GFT makes at most 10°4/ % queries before it stops.
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Proof. As we saw in the proof of Lemma 7.8, one has diam(R;) < 2 X 0.99'/2. Furthermore

2log(1/e) log(1
90VMZO.99W4 < 105\/@.
t=0

the " step requires at most 90
bounded by:

queries. Thus the total number of queries is

7.5.2 A parallel trap

Let (R, x) be a domain. We define two segments £ and F' in R as follows. Assume that R is
a translation of [0, s] x [0, 7]. For sake of notation assume that in fact R = [0, s] x [0, 7] with
s € [r,3r] and x' > r/2, where z = (2!, z?) (in practice one always ensures this situation with
a simple change of variables). Now we define £ = {r/6} x [0,7] and F' = {r/3} x [0,r] (See
Figure 7.3).

r E F

r r
6 6

T T
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
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| |
| |
| |
| |
| |

S

Figure 7.3: The parallel trap

The parallel trap algorithm queries a y/7c-net on both E and F' (which cost at most 2

7 -
2\/§). Denote 7 to be the best point (in terms of f value) found on the union of those nets. That
is, denoting N C F'U E for the queried /re-net, then

T = argryrg]rvlf(y)-

One has the following possibilities (see Figure 7.4 for an illustration):
o If f(x) < f() then we set & = z and R = [rr/3, 5] x [0, 7].

e Otherwise we set # = Z. If 7 € F we set R = [r/6,s] x [0,7], and if T € E we set

R =10,7/3] x [0,r].
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The above construction is justified by the following lemma (a trivial consequence of the defini-
tions), and it proves in particular the properties of parallel trap described in 1. at the beginning
of Section 7.5.

Lemma 7.11. The rectangle R has aspect ratio smaller than 3, and it satisfies VOl(R) <
0.95 vol(R). Furthermore if (R, x) satisfies Py, then (R, i) satisfies P..

Proof. The first sentence is trivial to verify. For the second sentence, first note that for any
edge E of R one has P, for (E, Z) since by assumption one has Py for (£, z) and furthermore
f(#) < f(z). Next observe that R has at most one new edge F with respect to R, and this
edge is at distance at least /6 from Z, thus in particular one has ¢ - dist(z, E) — §2/8 > 0 for
§ = \/re. Furthermore by definition f(#) < f#(E), and thus f(#) < f;(E)—%—l—e-dist(i:, E),
or in other words (E, Z) satisfies P.. O

Figure 7.4: The three possible cases for (R, Z). R is marked in red.

7.5.3 Edge fixing

Let (R, z) be a domain satisfying P.. for some €’ € [e, 2¢], and with some edges possibly also
satisfying P. Denote £ for the closest edge to = that does not satisfy Py, and let r = dist(x, £).
We will consider three* candidate smaller rectangles, R;, R, and R3, as well as three candidate
pivots (in addition to x) 1 € OR;, o € ORy and x3 € OR3. The rectangles are defined by
Ri = RN {y : ||lvi-1 — yllo < 5}, where we set 1o = z. The possible output (R, %) of
edge fixing will be either (R;, x;_;) for some i € {1,2,3}, or (R, z3) (see Figure 7.5 for a
demonstration of how to construct the rectangles).

To guarantee the properties described in 2. at the beginning of Section 7.5 we will prove
the following: if the output is (R;, x;_1) for some 7 then all edges will satisfy P(1 Tk )<
(Lemma 7.14 below) and the domain has shrunk (Lemma 7.12 below), and if the output is
(R, z3) then one more edge satisfies P, compared to (R, z) while all edges still satisfy at least
P, (Lemma 7.13 below).

Lemma 7.12. For any i € {1,2,3} one has vol(R;) < 2vol(R). Furthermore if the aspect

ratio of R is smaller than 3, then so is the aspect ratio of R;.

4We need three candidates to ensure that the domain will shrink.
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Figure 7.5: Edge fixing: the rectangles R, Ro and R3 are marked in red, from left to right.

Proof. Let us denote ¢, (R) for the length of R in the axis of £ (the edge whose distance to z
defines r), and ¢5(R) for the length in the orthogonal direction (and similarly define ¢ (R;) and
l(Ry)).

Since R; C R one has ¢,(R;) < (;(R). Furthermore (5(R;) < 2r and {5(R) > r, so that
l5(R;) < 2(5(R). This implies that vol(R;) < 2vol(R).

For the second statement observe that ¢;(R) > bg—m > % (the first inequality is by assump-
tion on the aspect ratio of R, the second inequality is by definition of 7). Given this estimate,
the construction of R; implies that %r < Uy(Ry), l1(R;) < %r, which concludes the fact that R;

has aspect ratio smaller than 2. O

Queries and choice of output. The edge fixing algorithm queries a ,/ 500+g?"(1/5)—net on OR;

forall i € {1,2, 3} (thus a total of 4,/ w < 904/ “Oggﬂ queries), and we define x; to

be the best point found on each respective net.
If for all s € {1, 2,3} one has

fzs) < floiey) — —, (7.2)

then we set (R, %) = (R, x3). Otherwise denote i* € {1,2,3} for the smallest number which
violates (7.2), and set (R, %) = (R, zi_1).

Lemma 7.13. If (R, %) = (R, x3) then (£, x3) satisfies Py. Furthermore for any edge E of R,
if (E,z) satisfies Py (respectively P..) then so does (E, x3).

Proof. Since (R, %) = (R, z3) it means that f(z3) < f(zo) — €'r. In particular since (€, z)
satisfies P., one has f(z¢) < f5 (&) — % +¢’'r, and thus now one has f(z3) < f5(€) — % which
means that (€, x3) satisfies F.

Let us now turn to some other edge £ of R. Certainly if (£, z) satisfies Py then so does

(E, x3) since f(x3) < f(xo). But, in fact, even P., is preserved since by the triangle inequality
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(and ||z3 — xo||2 < 7) one has

flxs) — & - dist(xs, E) < f(x3) +&'r — &' - dist(xg, E) < f(xg) — &' - dist(zo, F).

Lemma 7.14. If (R, %) = (R;, z;_1) for some i € {1,2,3}, then (R, %) satisfy P(1+

1 .
500 log(1/<) )5/

Proof. By construction, if (R, %) = (R;, x;_1), then for any edge F of R; one has f(z;_;) <

fg*(E)Jr%r. Furthermore one has %’“ = —ng(l/a)+ <1 + W%Q/EJ %7", and thus one has

P(ngsoo s e for (F, x;_1) whenever dist(x;_1, F) = %. Indeed, since 0 = \ / s5o1eai70 1zgr(1/5)’
flxig) < fX(E) > + (14 5 " dist ( E)
Li— - g - aist (z;—1, .
Vo 8 8 x 5001log(1/¢) !

If dist(x;_1, ) < % then by the triangle inequality, dist(xzo, &) < r, and moreover E is also an
edge with respect to R. Thus from the definition of r, (F, x() satisfies . Also by our choice
of x;_1, we know that f(x; 1) < f(zo). Hence (E, z;_1) satisfies Py as well. |

7.5.4 Generalization to higher dimensions

As explained in the introduction, there is no reason to restrict GFT to [0, 1]* and, in fact, the
algorithm may be readily adapted to higher-dimensional spaces, such as [0, 1]¢, for some d > 2.
We now detail the necessary changes and derive the complexity announced in Theorem 7.2.

First, if F' is an affine hyperplane, and = € [0, 1]%, we define P, for (F, z) in the obvious
way (i.e., same definition except that we consider a §-net of F'). Similarly for (R, z), when R
is an axis-aligned hyperrectangle.

Gradient flow trapping in higher dimensions replaces every line by a hyperplane, and every
rectangle by a hyperrectangle. In particular at each step GFT maintains a domain (R, ), where
R is a hyperrectangle with aspect ratio bounded by 3, and x € R. The two subroutines are

adapted as follows:

1. Parallel trap works exactly in the same way, except that the two lines £ and F' are re-

placed by two corresponding affine hyperplanes. In particular the query cost of this step
d—1
is now O ((M) ’ ) and the volume shrinks by at least 0.95.

£

2. In edge fixing, we now have three hyperrectangles R;, and we need to query nets on
diam(R) log(1/¢) =n
&g

their 2d faces. Thus the total cost of this step is O | d < > ’ ) Moreover,

suppose that domain does not shrink at the end of this step and the output is a domain

(R, Z) for some other # € R. In this case we know that R has some face F, such that
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(F, z) did not satisfy Py, but (F, &) does satisfy I. It follows that we can run edge fixing,

at most 2d times before the domain shrinks.

We can now analyze the complexity of the high-dimensional version of GFT:

Proof of Theorem 7.2. First observe that, if R is a hyperrectangle in [0, 1]¢ with aspect ratio
bounded by 3, then we have the following inequality,

diam(R) < 3V/d - vol(R)1.

By repeating the same calculations done in Lemma 7.8 and the observation about parallel trap
and edge fixing made above, we see that the domain shrinks at least once in every 2d + 1 steps,
so that at step 7',

vol(Ry) < 0.9521,

and
diam(Ry) < 3v/d - 0.95@ 04,

Since the algorithm stops when diam(Rr) < 2e, we get

r-ofen(?)

The total work done by the algorithm is evident now by considering the number of queries at

each step. O

7.6 Lower bound for randomized algorithms

1
Ve
order to find an e-stationary point. This extends the lower bound in [237], which applied only

In this section, we show that any randomized algorithm must make at least () ( > queries in
to deterministic algorithms. In particular, it shows that, up to logarithmic factors, adding ran-

domness cannot improve the algorithm described in the previous section.

For an algorithm A, a function f : [0,1]> — R and € > 0 we denote by Q (A, f,¢) the
number of queries made by A, in order to find an e-stationary point of f. Our goal is to bound

from below

Qrana(€) :=  inf supE4[Q (A, f,e)],

A random f

where the infimum is taken over all random algorithms and the supremum is taken over all

smooth functions, f. The expectation is with respect to the randomness of A. By Yao’s minimax
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principle we have the equality

Qrand(g) = sup inf IEfN'D [Q (A7 f7 6)] :

p A determinstic

Here, A is a deterministic algorithm and D is a distribution over smooth functions. The rest of

this section is devoted to proving the following theorem:

Theorem 7.15. Let h : N — R be a decreasing function such that

k
k=1
and set
~ 1
S = 7.3
k=1
Then,
1
Qrand(g) =0 1
ve-si([])
Remark that one may take h(k) := m in the theorem. In this case S, (k) = O(log*(k)),

and Qpanale) = N <m> , which is the announced lower bound.

One of the main tools utilized in our proof is the construction introduced in [237]. We now

present the relevant details.

7.6.1 A reduction to monotone path functions

Let G,, = (V,,, E,) stand for the n 4+ 1 x n + 1 grid graph. That is,
V,=40,....,n} x{0,...,n}and £, = {(v,u) € V, x V, : ||lv —u||; = 1}.

We say that a sequence of vertices, (v, ..., v,,) is @ monotone path in G,, if vy = (0,0) and for
every 0 < i < n, v; — v;_1 either equals (0,1) or (1,0). In other words, the path starts at the
origin and continues each step by either going right or up. If (v, ..., v,) is a monotone path, we

associate to it a monotone path function P : V,, — R by

—|lv ifv e {vg,..., v,
poy = [l e o)

|lv|[1 otherwise

By a slight abuse of notation, we will sometimes refer to the path function and the path itself as
the same entity. If i = 0, ..., n we write P, for P~'(—4) and P[i] for the prefix (P, Py, ..., P;).
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If v € V,, is such that P(v) > 0, we say that v does not lie on the path.
We denote the set of all monotone path functions on GG, by F,,. It is clear that if P € F,, then

P, is the only local minimum of P and hence the global minimum.

Informally, the main construction in [237] shows that for every P € F,, there is a corre-
sponding smooth function P : [0,1]> — R, which ’traces’ the path in P and preserves its
structure. In particular, finding an e-stationary point of P is not easier than finding the mini-
mum of P.

To formally state the result we fix € > 0 and assume for simplicity that % is an integer. We
henceforth denote n(e) := \% and identify V,,) with [0, 1]? in the following way: if (¢,7) =

v € Vy(c) we write square(v) for the square:

. 11 : 11
square(v) = ! Tt } X [ J J+

n(e) +1 n(e) +1 n(e)+1 n(e)+1]"
If o : [0,1]? — R, then supp(y) denotes the closure of the set {z € [0,1]? : p(z) # 0}.

Lemma 7.16 (Section 3, [237]). Let P € F, ). Then there exists a function o 0,1 - R
with the following properties:

1. P is smooth.

2. P= fp + L, where l is a linear function, which does not depend on P, and

supp(fp) C U square (P;) .
i=0

3. Ifz € [0,1]? is an e-stationary point of P then x € square (P,).

4. if P' € ¥ is another function and for some i = 0, ...,n, (P,_, P/, P/, |) = (Pi_1, P, Piy1).
Then

y A
P |square(Pi) = P|square(Pi)

We now make precise of the fact that finding the minimum of P is as hard as finding an
e-stationary point of P. For this we define G (A, P), the number of queries made by algorithm

A, in order to find the minimal value of the function P.

Lemma 7.17. For any algorithm A, which finds an e-stationary point of smooth functions on

[0, 1]2, there exists an algorithm A such that

forany P € Fy ).
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Proof. Given an algorithm A we explain how to construct A. Fix P € F ). If A queries a
point - € square (v) C [0, 1]2. Then A queries v and all of its neighbors. When .A terminates it
has found an e-stationary point. By Lemma 7.16, this point must lie in square (P, ). By query-
ing P, and its neighbors, A will determine that P, is a local minimum and hence the minimum
of P.

Since each vertex has at most 4 neighbors, it will now suffice to show that A can remain
consistent with 4. We thus need to show that after querying the neighbors of v, A may deduce
the value of P(z).

As we are only interested in the number of queries made by A, it is fine to assume that A
has access to the construction used in Lemma 7.16. Now, suppose that P(v) > 0 and v does not
lie on the path. In this case, by Lemma 7.16, P(x) = ¢(z), which does not depend on P itself
and /(z) is known. Otherwise v = P, for some i = 0, ..., n. So, after querying the neighbors of
v, A also knows P;_; and P;;,. The lemma then tells us that P\Square(v) is uniquely determined

and, in particular, the value of P(z) is known. a

7.6.2 A lower bound for monotone path functions

Denote D, (n) to be the set of all distributions supported on F,,. By Lemma 7.17,

Qrana(€) > sup inf  Ep.p [Q (A, ]5,8)} > 1 sup inf Epop [g <A, P)] )

DeDy(n(e)) A determinstic DED, (n(2)) A determinstic

In [227], the authors present a family of random paths (Xs)s~o C Dp(n). Using these random
paths it is shown that for every § > 0,

Grana(n) := sup inf  Ep.p[G (A, P)=Q(n'™).

DED,(n) A determinstic

Orunal) = O ((%) H) -

Their proof uses results from combinatorial number theory in order to construct a random path

This immediately implies,

which, roughly speaking, has unpredictable increments. This distribution is then used in con-

junction with a method developed by Aaronson ( [1]) in order to produce a lower bound.
We now present a simplified proof of the result, which also slightly improves the bound. We

simply observe that known results concerning unpredictable random walks, can be combined

with Aaronson’s method. Theorem 7.15 will then be a consequence of the following theorem:
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Theorem 7.18. Let the notations of Theorem 7.15 prevail. Then

Grand(n) = Q (%) .

The theorem of Aaronson, reformulated using our notations (see also [227, Lemma 2]), is

given below.

Theorem 7.19 (Theorem 5, [1]). Let w : F,, x F,, — R™ be a weight function with the following

properties:
e w(P,P')=w(P,P).

e w(P,P') =0, whenever P,, = P!.

Define
T(w7P) = Z 'lU(P7Q),
QEF,
and forv € 'V,
T(w, P,v) := Z w(P, Q).
QEFL:Q(v)#P(v)
Then
) T(U), P) T(’LU, Pl)
ran = Q ’
Grana (1) . mw(T@ngfﬂwJ%W

PP(v)#P' (v),w(P,P")>0

For P ¢ F,, one should think about w as inducing a probability measure according to
T(w,Pv)
T(w,P)
that P(v) # Q(v). That is, either v € P or v € (), but not both. The theorem then says that if

w(P,-). If @ is sampled according to this measure, then the quantity

is the probability

this probability is small, for at least one path in each pair (P, P’) such that P, # P/, then any

randomized algorithm must make as many queries as the reciprocal of the probability.

We now formalize this notion; For a random path X € D, (n), define the following weight

function:
0 it P, =P/
Wx (P, P,) = n—1
P(X =P)- > P(X = P/|X[i] = P[i]) otherwise
i=0

Here wx (P, P') is proportional to the probability that X = P’, conditional on agreeing with P

on the first ¢ steps, where ¢ is uniformly chosen between 0 and n — 1. Note that, for any ¢,

P(X = P)-P(X = P|X[i] = P[i])
= P(X[i] = P[i]) - P(X = P|X[i] = P[i]) - P(X = P'|X[i] = P[i])
—P(X =P)-P(X = P|X[i] = P[i)).
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Hence, wx (P, P') = wx(P’, P). We will use the following theorem from [131], which gener-

alizes the main result of [31].

Theorem 7.20 (Theorem 1.4, [131]). Let h be as in Theorem 7.15, Then there exists a random
path X" e D, (n) and a constant ¢, > 0, such that for allm > k, and for every (vg, v1..., Uy,

sequence of vertices,

Ch
sup P Xﬁlquh:v ,...,Xﬁh = Um—k) < . (7.4)
lul=m ( = ’ " kf(k)
For X" as in the theorem abbreviate wj, := wyn and recall Sy(n) = 3 15, We now
k=1
prove the main quantitative estimates which apply to wy,.
Lemma 7.21. Forany P € F,,
> wi(P,Q) > P(X" = P)- (n— c,Su(n)).
QeFy
Proof. We write
n—1
S w(PQ) =P(X"=P) 3 SP(X* = QIx"[i] = Pli)
QEF, Q:Qn#Py i=0
n—1
= P(X" = P) 1 - P(X"=Q|X"i] = Pp]))
=0 QQn:Pn
n—1
=P(X"=P)|[n- P (X" =QIX"[i] = P[@]))
=0 Q:Qn=Pn
Using (7.4), we get
P (X" = Q|X"[i] = Pli]) < P(X" = P,|X"[i] = P[i]) < cn
> B(X*=QIX"i) = Pl) < BXE = RIX"] = Pl < oy
Q:Qn=Pp
and ,
SOY P(X" = QXM = Pll) <30 T = asSi(n),
4 k- h(k)
1=0 Q:Qn=Pn k=1
O

Lemma 7.22. Let P € F,, and v € V,, such that ||v||, = ¢ and P, # v. Then,

> wi(P,Q) < 2P(X" = P)cpSi(n).

Q€F,
Qe=v
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Proof.

/-1
D wn(PQ) =P(X"=P)> > P(X"=Q|X"[i] = P[i])
Q€F, i=0 Q:Qn#Pn
Qe=v Qe=v
/—1
<P(X"=P) P (X" = Q|X"[i] = Pli])
1=0 Q:Q=v

Observe that if Qy = v, then ()4 must equal v + (0,1) or v + (1,0). In particular, for i < ¢,
(7.4) shows

3 P (X" =QIX"[i] = Pli])

Q:Qe=v
<P (X} =v+(0,1)or X7\, =v+ (1,0)|X"[i] = P[i])
<P (X7 = v+ (0,1)|[X"i] = Pli]) + P (X7}, = v+ (1,0)|X"[i] = P[i))
20h
SUTi=) hlr1=i)
So,

26h
e ((+1—4) A0+ 1—1)

I
©
©
i

We are now in a position to prove Theorem 7.18.

Proof of Theorem 7.18. Let P € F,, and let v € V,,, with
|lv|ls = ¢and P, # v.

Note that P(v) = £. So, if @ € F,, is such that Q(v) # P(v), then necessarily (), = v. We now

set P’ € F,,, with P(v) # P’(v). In this case, the previous two lemmas show

ma T(wh,P) T(wh,P’)
X
T (wy, Pyv) T (wy, P, v)

>, wa(P,Q) >, wi(P,Q)

T(wn, P) _ qern _ Q€F, n — cpSp(n)
- T(wha P7 U) Z UJ}Z(P, Q) Z wh(P, Q) - ZChSh(n)
QeFy, QeF,
Qv)#P(v) Qe=v
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Since we are trying to establish a lower bound, we might as well assume that S, (n) = o(n).
So, for n large enough

n — cpSp(n) n
20h5h<n) - 4ChSh(n) '
Plugging this estimate into Theorem 7.19 yields the desired result O

7.6.3 Heuristic extension to higher dimensions

In this section we propose a heuristic approach to extend the lower bound to higher dimensions.
In the 2 dimensional case, the proof method of Section 7.6 consisted of two steps: first re-
duces the problem to the discrete setting of monotone paths in [n]?, and then analyze the query
complexity of finding the minimal point for such path functions. Thus, to extend the result we
should consider path functions on the d-dimensional grid, as well as a way to build smooth
functions on [0, 1]¢ from those paths.

The lower bound for finding minimal points of path functions in high-dimensional grids was
obtained in [253], where it was shown that, in the worst case, any randomized algorithm must
make (2 (ng> queries in order to find the end point of a path defined over [n]?. Thus, if we can
find a discretization scheme, analogous to Lemma 7.16, in higher dimensions, we could obtain
a lower bound for finding e-stationary points. What are the constraints on such a discretization?

First note that necessarily the construction of [253] must be based on paths of lengths
Q (ng), for otherwise one could simply trace the path to find its endpoint. In particular, since
each cube has edge length % an analogous construction to Lemma 7.16 will reach value smaller
than —¢ - n2~" at the stationary point (i.e., the endpoint of the path). On the other hand, in at
least one of the neighboring cubes (which are at distance less than 1/n from the stationary
point), the background linear function should prevail, meaning that the function should reach a

positive value. Since around the stationary point the function is quadratic, we get the constraint:

. 1\2 1\ 72
—6-n21+<—) >O<:>n<(—) .
n 19

In particular the lower bound {2 (ng) now suggests that for finding stationary point one has the

_d_
complexity lower bound (1) %2,

7.7 Discussion

We introduced a near-optimal algorithm for finding e-stationary points in dimension 2. Finding

a near-optimal algorithm in dimensions d > 3 remains open. Specific challenges include:
1. Finding a strategy in dimension 3 which improves upon GFT’s 0(1 /e) complexity.
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2. The heuristic extension of the lower bound in Section 7.6.3 suggests {2 | —— ] as a com-

cdt2
plexity lower bound for any dimension d (note in particular that the exponent tends to 1
as d tends to infinity). On the other hand, [66] proved that for d = Q(1/£?), one has the

complexity lower bound Q(1/£2). How do we reconcile these two results? Specifically

we raise the following question: Is there an algorithm with complexity Cj/e for some
constant C; which depends only on d? (Note that Cy as small as O(v/d) would remain
consistent with [66].) Alternatively we might ask whether the [66] lower bound holds
for much smaller dimensions, e.g. when d = ©(log(1/¢)), are we in the 1/ regime as

suggested by the heuristic, or are we already in the high-dimensional 1/£% of [66]?

3. Especially intriguing is the limit of low-depth algorithms, say as defined by having depth
smaller than poly(dlog(1/e)). Currently this class of algorithms suffers from the curse of
dimensionality, as GFT’s total work degrades significantly when the dimension increases

(recall from Theorem 7.2 that it is O (%) ). Is this necessary? A much weaker question

e 2
is to simply show a separation between low-depth and high-depth algorithms. Namely
can one show a lower bound Q2(1/e¢) with ¢ > 2 for low-depth algorithms? We note that

lower bounds on depth have been investigated in the convex setting, see [191], [59].

4. A technically challenging problem is to adapt the construction in [Section 3, [237]] to
non-monotone paths in higher dimensions. In particular, to formalize the heuristic ar-
gument from Section 7.6.3, such construction should presumably avoid creating saddle

points.

Many more questions remain open on how to exploit the low-dimensional geometry of smooth
gradient fields, and the above four questions are only a subset of the fundamental questions that
we would like to answer. Other interesting questions include closing the logarithmic gap in
dimension 2, or understanding better the role of randomness for this problem (note that GFT
is deterministic, but other type of strategies include randomness, such as Hinder’s non-convex

cutting plane [136]).
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Memorization with Two-Layers Neural

Networks

8.1 Introduction

We study two-layers neural networks in R? with k neurons and non-linearity ¢ : R — R. These

are functions of the form:

W

T —> aﬂ/)(wg - T+ bg) , (8.1)

=1
with ag, b, € R and w, € R? for any ¢ € [k]. We are mostly concerned with the Rectified
Linear Unit non-linearity, namely ReLU(¢) = max(0,¢), in which case wlog one can restrict
the recombination weights (a) to be in {—1, 1} (this holds more generally for positively ho-
mogeneous non-linearities). We denote by F (1) the set of functions of the form (8.1). Under
mild conditions on ¢ (namely that it is not a polynomial), such neural networks are universal,

in the sense that for £ large enough they can approximate any continuous function [88, 166].

In this chapter we are interested in approximating a target function on a finite data set. This
is also called the memorization problem. Specifically, fix a data set (2, ¥;)icjn) € (R? x R)™ and
an approximation error ¢ > 0. We denote y = (y1, .. .,¥»), and for a function f : R — R we

write f = (f(x1),..., f(z,)). The main question concerning the memorization capabilities of
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Fr (1) is as follows: How large should be & so that there exists f € Fy(¢)) such that ||f —y||* <
elly||* (where ||- || denotes the Euclidean norm)? A simple consequence of universality of neural
networks is that £ > n is sufficient (see Proposition 8.4). In fact (as was already observed in [29]
for threshold v) and binary labels, see Proposition 8.5) much more compact representations
can be achieved by leveraging the high-dimensionality of the data. Namely we prove that for
1 = ReLU and a data set in general position (i.e., any hyperplane contains at most d points),
one only needs &k > 4 - "% to memorize the data perfectly, see Proposition 8.6. The size
k ~ n/d is clearly optimal, by a simple parameter counting argument. We call the construction
given in Proposition 8.6 a Baum network, and as we shall see it is of a certain combinatorial
flavor. In addition we also prove that such memorization can in fact essentially be achieved
in a kernel regime (with a bit more assumptions on the data): we prove in Theorem 8.8 that
for k = Q (% log(1/ 5)) one can obtain approximate memorization with the Neural Tangent
Kernel [139], and we call the corresponding construction the NTK network. Specifically, the

kernel we consider is,

E[Vut(w - z) - Vi (w-y)] = E[(z - y)¢'(w - 2)¢'(w - y)],

where V,, is the gradient with respect to the w variable and the expectation is taken over a

random initialization of w.

Measuring regularity via total weight. One is often interested in fitting the data using func-
tions which satisfy certain regularity properties. The main notion of regularity in which we are
interested is the total weight, defined as follows: For a function f : R? — R of the form (8.1),

we define
k

W) = laely/llwell? + 2.

=1
This definition is widely used in the literature, see Section 8.2 for a discussion and references.
Notably, it was shown in [26] that this measure of complexity is better associated with the
network’s generalization ability compared to the size of the network. We will be interested in

constructions which have both a small number of neurons and a small total weight.

Our main contribution: The complex network. As we will see below, both the Baum net-
work and the NTK networks have sub-optimal total weight. The main technical contribution
in this chapter is a third type of construction, which we call the harmonic network, that under
the same assumptions on the data as for the NTK network, has both near-optimal memorization

size and near-optimal total weight:
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Theorem 8.1. (Informal). Suppose that n < poly(d). Let xy, ..,z € S* ! such that

\xi-xjyzo(%)

For every £ > 0 and every choice of labels (y;)!'_, such that |y;| = O(1) for all i, there exist
k=0 (%) and f € Fp(¢) such that

and such that W(f) = O (y/n).

We show below in Proposition 8.3 that for random data one necessarily has W(f) =
Q (y/n), thus proving that the harmonic network has near-optimal total weight. Moreover we
also argue in the corresponding sections that the Baum and NTK networks have total weight at

least n+/n on random data, thus being far from optimal.

An iterative construction. Both the NTK network and the harmonic network will be built by
iteratively adding up small numbers of neurons. This procedure, akin to boosting, is justified by
the following lemma. It shows that to build a large memorizing network it suffices to be able to

build a small network f whose scalar product with the data f - y is comparable to its variance
I£11%:

Lemma 8.2. Fix (z;)!_,. Suppose that there are m € N and «, f > 0 such that the following
holds: For any choice of (y;)",, there exists f € F,, (1) withy -f > a|ly||* and ||f]|* < B|ly]|*
Then for all £ > 0, there exists g € F (1) such that

lg = yI* < ellyl®

with 5
k< glog(l/e).

Moreover, if the above holds with W (f) < w, then W (g) < “log(1/¢).
Proof. Denote 1 = § and 1y = y. Then, there exists fi € F,,(¢), such that

042 (Jé2
Infy = rlf* = lIrll* = 20y - £+ 9?[[£]]* < o) (1 it _>

g B
2 2
< Il (1 - %) T (1 - %)

The result is obtained by iterating the above inequality withr; =y — 7 Z;;ll f; taken as the
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residuals. By induction, if we set g = 7 Z?:l fj. we get

a2 042 k
e — vl = e — rel] < [l (1 _ E) P (1 . ?) |

O

In both the NTK and harmonic constructions, the function f will have the largest possible
correlation with the data set attainable for a network of constant size. However, the harmonic
network will have the extra advantage that the function f will be composed of a single neu-
ron whose weight is the smallest one attainable. Thus, the harmonic network will enjoy both
the smallest possible number of neurons and smallest possible total weight (up to logarithmic
factors). Note however that the dependency on ¢ is worse for the harmonic network, which is
technically due to a constant order term in the variance which we do not know how to remove.

We conclude the introduction by showing that a total weight of Q(y/n) is necessary for
approximate memorization. Just like for the upper bound, it turns out that it is sufficient to
consider how well can one correlate a single neuron. Namely the proof boils down to showing

that a single neuron cannot correlate well with random data sets.

Proposition 8.3. There exists a data set (x;,y;)icin) € (S x {—1,1})" such that for every
function f of the form (8.1) with v L-Lipschitz and which satisfies ||f — y||*> < L||y|? it holds
that W (f) > ¥,

Proof. We have
1 2 2 2 1 2
SIylF =l = yl° 2 llyl" =2t -y = £y = -yl

that is

which implies:

Zy (w-x; —b) .
s VwP e T AW(S)
Now let us assume that y; are =1 uniformly at random (i.e., Rademacher random variables),

and thus by Talagrand’s contraction lemma for the Rademacher complexity (see [Lemma 26.9,
[218]]) we have:

" ap(w -z —b) w-x; —b
Emanyi— Zyl Hsz—i-bQ

+n§2L\/ﬁ,
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and thus W(f) > g/—Lﬁ O

8.2 Related works

Exact memorization. The observation that n neurons are sufficient for memorization with
essentially arbitrary non-linearity was already made in [18] (using Carathéodory’s theorem),
and before that a slightly weaker bound with n + 1 neurons was already observed in [30] (or
more recently 2n+-d in [252]). The contribution of Proposition 8.4 is to show that this statement
of exactly n neurons follows in fact from elementary linear algebra.

As already mentioned above, [29] proved that for threshold non-linearity and binary labels
one can obtain a much better bound of n/d neurons for memorization, as long as the data is
in general position. This was generalized to the ReLLU non-linearity (but still binary labels) in
[250] (we note that this paper also considers some questions around memorization capabilities
of deeper networks). Our modest contribution here is to generalize this to arbitrary real labels,

see Proposition 8.6.

Gradient-based memorization. A different line of works on memorization studies whether
it can be achieved via gradient-based optimization on various neural network architectures. The
literature here is very large, but early results with minimal assumptions include [168,221] which
were notably generalized in [5,96]. Crucially these works leverage very large overparametriza-
tion, i.e., the number of neurons is a large polynomial in the number of data points. For a critique
of this large overparametrization regime see [76,125,248], and for a different approach based on
a certain scaling limit of stochastic gradient descent for sufficiently overparametrized networks
see [74,175]. More recently the amount of overparametrization needed was improved to a small
polynomial dependency in n and d in [149,201,222]. In the random features regime, [54] have
also considered an iterative construction procedure for memorization. This is somewhat differ-
ent than our approach, in which the iterative procedure updates the w;’s, and a much smaller
number of neurons is needed as a result. Finally, very recently Amit Daniely [89, 90] showed
that gradient descent already works in the optimal regime of £ = é(n /d), at least for random
data (and random labels). This result is closely related to our analysis of the NTK network in
Section 8.4. Minor distinctions are that we allow for arbitrary labels, and we take a “boost-
ing approach” were neurons are added one by one (although we do not believe that this is an

essential difference).

Total weight complexity. It is well-known since [26] that the total weight of a two-layers
neural network is a finer measure of complexity than the number of neurons to control its gen-
eralization (see [193] and [15] for more recent discussions on this, as well as [27] for other

notions of norms for deeper networks). Of course the bound W = O(\/ﬁ) proved here leads
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to vacuous generalization performance, as is necessary since the Harmonic network can mem-
orize completely random data (for which no generalization is possible). It would be interesting
to see if the weight of the Harmonic network can be smaller for more structured data, partic-
ularly given the context raised by the work [252] (where it was observed that SGD on deep
networks will memorize arbitrary data, hence the question of where does the seeming general-
ization capabilities of those networks come from). We note the recent work [141] which proves
for example that polylogarithmic size network is possible for memorization under a certain mar-
gin condition. Finally we also note that the effect in function space of bounding W has been
recently studied in [200, 214].

Complex weights. It is quite natural to consider neural networks with complex weights. In-
deed, as was already observed by Barron [25], the Fourier transform f(z) = [ Fw) exp(iw -
x)dw exactly gives a representation of f as a two-layers neural network with the non-linearity
Y(t) = exp(it). More recently, it was noted in [10] that randomly perturbing a neuron with
complex weights is potentially more beneficial than doing a mere real perturbation. We make
a similar observation in Section 8.5 for the construction of the Harmonic network, where we
show that complex perturbations allow to deal particularly easily with higher order terms in
some key Taylor expansion. Moreover we also note that [10] considers non-linearity built from
Hermite polynomials, which shall be a key step for us too in the construction of the Harmonic
network (the use of Hermite polynomials in the context of learning theory goes back to [146]).

While orthogonal to our considerations here, we also note the work of Fefferman [115],
where he used the analytical continuation of a (real) neural network to prove a certain unique-
ness property (essentially that two networks with the same output must have the same weights

up to some obvious symmetries and obvious counter-examples).

8.3 Elementary results on memorization

In this section we give a few examples of elementary conditions on k, ¢ and the data set so
that one can find f € Fj(¢) with f = y (i.e., exact memorization). We prove three results: (i)
k > n suffices for any non-polynomial 1, (ii) & > % + 3 with ¢(t) = 1{t > 0} suffices for
binary labels with data in general position (this is exactly [29]’s result), and (iii) k > 4 - "%

with ¢ = ReLLU suffices for data in general position and arbitrary labels.

We start with the basic linear algebraic observation that having a number of neurons larger
than the size of the data set is always sufficient for perfect memorization:
Proposition 8.4. Assuming that 1 is not a polynomial, there exists f € F,, (1) such that f =y.

Proof. Note that the set of functions of the form (8.1) (with arbitrary k) corresponds to the

vector space V' spanned by the functions vy, : « +— 1(w-z+b). Consider the linear operator ¥ :
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V' — R™ that corresponds to the evaluation on the data points (x;) (i.e., U(f) = (f(2:))icpn))-
Since 7 is not a polynomial, the image of ¥ is Im(W¥) = R". Moreover Im(¥) is spanned by
the set of vectors W (1)) for w € R% b € R. Now, since dim(Im(¥)) = n, one can extract a

subset of n such vectors with the same span, that is there exists wy, by, . . ., w,, b, such that

Span(‘l’(wwl,bl), ceey \Ij<wwn,bn)> =R" 5

which concludes the proof. O

In [29] it is observed that one can dramatically reduce the number of neurons for high-

dimensional data:

Proposition 8.5. Fix ¢)(t) = 1{t > 0}. Let (;);cn) be in general position in R (i.e., any
hyperplane contains at most d points), and assume binary labels, i.e., y; € {0,1}. Then there
exists f € Fny3(1) such that f =y.

Proof. [29] builds a network iteratively as follows. Pick d points with label 1, say x1, ..., x4,
and let H = {z : u -z = b} be a hyperplane containing those points and no other points in the
data, i.e., z; ¢ H for any i > d. With two neurons (i.e., f € F»(?)) one can build the indicator
of a small neighborhood of H, namely f(z) = ¢(u-z— (b—7)) —¢(u-x — (b+ 7)) with 7
small enough, so that f(z;) = 1 fori < dand f(x;) = 0 fori > d. Assuming that the label 1 is
the minority (which is without loss of generality up to one additional neuron), one thus needs

at most 2" 75 ' neurons to perfectly memorize the data. O

We now extend Proposition 8.5 to the ReLLU non-linearity and arbitrary real labels. To do

so we introduce the derivative neuron of v defined by:

Y((u+6v)-x—b) —Y(u-x —b)

f§,u,v,b MM 5 ) (82)
with § € R and u, v € R%. As § tends to 0, this function is equal to
Juwp(@) =Y (u-2—bv-x (8.3)

for any x such that ¢ is differentiable at u - z — b. In fact, for the ReLU one has for any =
such that u - = # b that fs5,.,4(2) = fu.s(x) for 6 small enough (this is because the ReLU is
piecewise linear). We will always take J small enough and u such that fs5, ,5(%;) = fuvs(z;)
for any i € [n], for example by taking

1 . |u-z;— b

§=-min ———= . 8.4
2 o al oy
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Thus, as far as memorization is concerned, we can assume that f, ,, € F2(ReLU). With this

observation it is now trivial to prove the following extension of Baum’s result:

Proposition 8.6. Let (x;);c[n) be in general position in R? (i.e., any hyperplane contains at most
d points). Then there exists f € Fyrn-(ReLU) such that f =y.

Proof. Pick an arbitrary set of d points, say (x;);<q4, and let H = {z : u-x = b} be a hyperplane
containing those points and no other points in the data, i.e., x; ¢ H for any ¢ > d. With
four neurons one can build the function f = f, ,—+ — fuvp+- With 7 small enough so that
f(z;) = x; -vfori < dand f(x;) = 0 fori > d. It only remains to pick v such that v - z; = y;
for any ¢ < d, which we can do since the matrix given by (z;);<q4 is full rank (by the general

position assumption). O

Let us now sketch the calculation of this network’s total weight in the case that the xz;’s are
independent uniform points on S! and y; are +=1-Bernoulli distributed. We will show that the
total weight is at least n?/ \/d, thus more than n times the optimal attainable weight given in
Proposition 8.3.

Consider the matrix X whose rows are the vectors (z;);<q. The vector v taken in the neuron
corresponding to those points solves the equation Xv = y and since the distribution of X is
absolutely continuous, we have that X is invertible almost surely and therefore v = X 1y,
implying that |v| > || X||ohV/d. It is well-known (and easy to show) that with overwhelming
X|lop = O(1), and thus |jv|| = Q(V/d).

Observe that by normalizing the parameter ¢ accordingly, we can assume that ||u|| = 1. By

probability,

definition we have u-x; = bforalli = 1,...,d. A calculation shows that with probability (1)
we have b = O(1/+/d).

Next, we claim that |v - u| < (1 — p)||v]|| for some p = (1). Indeed, suppose otherwise.
Denote ¢ = 3 >~ - Itis easy to check that with high probability, ||c|| = O <\/Lg> Note that
vee= ézie[d} y; = O(1/+/d). This implies that

o]
b(lv - ul = O(1)) < v+ (bu— )| < V/[[v]]* = (v uw)?[bu — | < v 20
where we used the fact that (bu — ¢) L (v - u)u. Thus we have

Q1 - 20) = b(1 — 2)[[v]| = O(/p).

leading to a contradiction. To summarize, we have ||v|| = Q(V/d), |Jul| = 1, |u-v| < (1—p)||v]],
p = Q(1), and b = O(1/+/d). Since spherical marginals are approximately Gaussian, if  is
uniform in S~ we have that the joint distribution of (z - u,z - v) conditional on v and u is
approximately N (O,é ( ! (1=0)8
(1=p)8 P
with probability ©(1/n) we have |z - v| = Q(1) and |z - u — b| = O(1/(nV/d)).

)) with p = (1) and § = ©(d). Therefore,
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We conclude that

, |z; - u — b < 1 )
Pldi>d+1st. —— =0 (—=

Therefore, we get & = O(1/n+/d) which implies that the weight of the neuron is of order at least
@ — Q(nv/d). This happens with probability (1) for every one of the first n/(2d) neurons,
implying that the total weight is of order n?/+/d.

xl,...,xd) = Q(1).

8.4 The NTK network

The constructions in Section 8.3 are based on a very careful set of weights that depend on the
entire dataset. Here we show that essentially the same results can be obtained in the neural
tangent kernel regime. That is, we take pair of neurons as given in (8.2) (which corresponds in
fact to (8.3) since we will take § to be small, we will also restrict to b = 0), and crucially we
will also have that the “main weight” v will be chosen at random from a standard Gaussian, and
only the “small perturbation” v will be chosen as a function of the dataset. The guarantee we
obtain is slightly weaker than in Proposition 8.6: we have a log(1/¢) overhead in the number of
neurons, and moreover we also need to assume that the data is “well-spread”. Specifically we

consider the following notion of “generic data’:

Definition 8.7. We say that (z; ), are (v, w)-generic (with y € (5-,1) and w > 0) if:
e ||x;]| > 1foralli € [n],
o Sy imw] 241y
o and |z; - z;| <y ||zl - ||x;]| forall i # j.

In the following we fix such a (y,w)-generic data set. Note that i.i.d. points on the sphere

are <O ( %) , O(l)> -generic. We now formulate our main theorem concerning the NTK

network.

Theorem 8.8. There exists f € Fi.(ReLU), produced in the NTK regime (see Theorem 8.9
below for more details) with E[||f — y||*] < ¢||y||® (the expectation is over the random initial-

ization of the “main weights”) provided that

k-d220w-nlog(1/€)-%. (8.5)

In light of Lemma 8.2, it will be enough to produce a width-2 network, f € F5(ReLU),

whose correlation with the data set is large.
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Theorem 8.9. There exists f € F(ReLU) with

1 I 1
y£> 4. floel/) o (8.6)

10 log(2n)

and

w-n
IE1* < ==yl (8.7)
In fact, one can take the construction (8.2) with:

1m1n,€[n lu - ;]

(8.8)

UNNOId v = Z ym,5—

iu-x; >0 |U fL’Z|

which produces [ € Fo(ReLU) such that (8.6) holds in expectation and (8.7) holds almost

surely.

To deduce Theorem 8.8 from Theorem 8.9, apply Lemma 8.2 with @ = - - loell/1) anq

10 log(2n)
B=un
P

For u € R, set
fulz) =¢'(u-z)v -z, (8.9)

where v is defined as in (8.8). Observe that as long as u - x; # 0,Vi € [n], a small enough
choice of 9 ensures the existence of f € F»(ReLU) such that f = f,,.

To prove Theorem 8.9, it therefore remains to show that f, satisfies (8.6) and (8.7) with
positive probability as u ~ N'(0, ;). This will be carried out in two steps: First we show that
the correlation y - f for a derivative neuron has a particularly nice form as a function of u, see
Lemma 8.10. Then, in Lemma 8.11 we derive a lower bound for the expectation of the correla-

tion under u ~ N (0, I;). Taken together these lemmas complete the proof of Theorem 8.9.

Lemma 8.10. Fix v € RY, the function f, defined in (8.9) satisfies

Zylfu v) = > | (8.10)
iu-x; >0
and furthermore
n wen n
D fulw) <= D (). (8.11)
i=1 i=1

Proof. We may write



To maximize this quantity we take v = > ¢'(u - z;)y;x; so that the correlation is exactly
equal to:

I = : (8.12)

which concludes the proof of (8.10) (note also that ¢/'(t) = 1{t > 0} for the ReLU). Moreover

HOIESY
D fulai)? = Y (W (@)@ 0)* < M (Z wi] ) ol ®13)
i=1 i=1 1=1

O

Lemma 8.11. One has:

> i

1 Jlog(1/v) 2
~ > N 1
u N(0,1,) =10 IOg 2n Zyz ||l’ ||
i ux; >0 i=1
Proof. First note that
2
> || =y Hy,
i u-x; >0

where

€X.:

2 1 i
H;; =Elz; - 2j1{u-z; > 0}1{u-z; > 0}] = —Ti (4_1 + arcsin (Hi.n ' ||xj.”)> '
? J

x
Tlall ||€L"g||

||z;]|. Note that V' = 0 and thus we have (recall also that arcsin(t) = > .7 (g;))'Q . %):

Let us denote V' the matrix with entries V; ; = and D the diagonal matrix with entries

> 22 Vo2(i+1)
D'HD'=Z .
Z (2i41)2 2i4+1

Now observe that for any 7, by the Schur product theorem one has V°* = 0. Moreover V' is
log(2n)

equal to 1 on the diagonal, and off-diagonal it is smaller than ~?, and thus for i > oa(1/3)

one

has V°! > %In. In particular we obtain:

I — 27)! 1
D'HD T = [ = U) - I,
T (241)? 2i+1
i> log(2n)
=2log(1/7)
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It is easy to verify that % > M+/2, and moreover ). v a7 2 \/LN’ so that for y € (3, 1),

1 i (20)! 1 1 log(1/7)
R (242 2i+1 ~ 10 \ log(2n) ’
=2log(1/7)

which concludes the proof. O

We conclude the section by sketching the calculation of the total weight of this network.
Recall that the neurons are of the form (8.9). According to (8.12) and Lemma 8.11, we have that
v|| = Q(y/n). Moreover, with high probability we have ||u| = ©(v/d),

and thus the weight of a single neuron is at least ”7;—” = \/Tg. Adding up the neurons, this shows

for typical neurons,

that the total weight is of order \/Tg (since k = ©(n/d) and the coefficient in front of the neurons
is of order (:)(%))

Now suppose that ¢ is taken according to (8.4). The main observation (we omit the details
of proof) is that © and v have a mutual distribution of roughly independent Gaussian random
vectors (without loss of generality we can assume that » _ y; = 0 which implies Eu - v = 0). In

this case we have § = O (%) This implies a total weight of order at least n/n.

8.5 The complex network

We now wish to improve upon the NTK construction, by creating a network with similar mem-
orization properties and which has almost no excess total weight. We will work under the

assumptions that
||z;|| = 1 forevery i € [n], and, |z; - x;] < v fori # j. (8.14)

In light of Lemma 8.2, it is enough to find a single neuron whose scalar product with the data

set is large. Thus, the rest of this section is devoted to proving the following theorem.

Theorem 8.12. Assume that (8.14) holds, that m is large enough so that ny™ 2 < % and that
foralli € [n], y? < ny? with ||y||> < n. Then, there exist w € R? and b, o € R, with

lwl?, [b]* < Cindlog(n)™, |o| =1,

such that for
f(z) =0 ReLU(w -z +1b),

we have

y-f> Cm

S
= log(n)™ 7 Juz P
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and
n
6] < 2 log(n)™,

m

where c,,, C,, > 0 are constants which depends only on m.

By invoking an iterative procedure as in Lemma 8.2, we obtain our main estimate. As it
turns out, our construction will give a good fit for almost all points. If A C [n] and v € R™ we
denote below by v 4 the projection of v unto the indices contained in A. With this notation our

result is:

Theorem 8.13. Assume that (8.14) holds, that m is large enough so that ny™ 2 < % and that
|y||? = n. There exists f € F(ReLU) and A C [n], with

k= ’VCm’}/Q log(j/g)nlog(,n)(m%rm)—‘ :

such that )

Elllfa —yall?] <ellyl®, Al >n— et (8.15)

and

W(f)=0 <w\/n72d> : (8.16)

where C,, is a constant which depends only on m.

Observe that if (z;)c[,) are uniformly distributed in the S?1 then v = O (ﬁ) and we get

that W(f) = O (M \/ﬁ> , which is optimal up to the logarithmic factors and the depen-

£

dence on €.

The proof of Theorem 8.13 follows an iterative procedure similar to the one carried out in
Lemma 8.2. The only caveat is the condition y? < n~? which appears in Theorem 8.12. Due
to this condition we need to consider a slightly smaller set of indices at each iteration, ignoring

ones where the residue becomes too big.

Proof of Theorem 8.13. We build the network iteratively. Set fo = 0, Ay = [n] and ro; = y;.
Now, for ¢ € N, suppose that there exists f, € F;(ReLU) with

3

2 £
Hmm—mmsQ— )MH

log(n)m2+m n72

Set rg; = ;i — fe(z;) and Ay = {i € Ap_1|rf; < ny*}. We now invoke Theorem 8.12 with the
residuals {r¢;|i € A} to obtain a neuron f € F;(ReLU), which satisfies

Cm 1
(re)a, - £ 2> [rell?,

~ log(n)™/? \/ny?
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and
n
4,17 < 2 log(m)".

m
Since we may assume ||(r;)4, > > ne (otherwise we are done), the second condition can be

rewritten as

log(n)™
2 2
14, I < [(re)a, |-
m
In this case the calculation done in Lemma 8.2 witha = —<=,_—1_and § = log(m)™ shows
log(n)m~/2 ny2 Cm€
Py— C?ne
that for n := Tog(mym T one has

3

a 5
It~ woal? < (1 1o ) el

n)m2+m an

In other words, if we define f,1 € Fpiq (ReLU) by fri1 = fo +nf,

41
[er)a -yl < (1o — =)y,
¢ e = log(n)m™*+tm n~2

The estimate (8.15) is now obtained with the appropriate choice of k. Let us also remark that
for any /,
o) a l” < o) all® < l(re)a,, 17 = ny*lAe \ Adl.

By induction
(o) all® < lyl* = ny* (n — [Ad)

This shows that | Ay| > n — 7% The bound on W( f) a direct consequence of Lemma 8.2. O

8.5.1 Correlation of a perturbed neuron with random sign

Towards understanding our construction, let us first revisit the task of correlating a single neu-

ron with the data, namely we want to maximize over w the ratio between |Y ", y;1)(w - x;)|

and \/_._, ¢(w - z;)2. Note that depending on whether the sign of the correlation is positive
or negative, one would eventually take either neuron x — (w - z) or x — —(w - z). Let
us first revisit the NTK calculation from the previous section, emphasizing that one can take a

random sign for the recombination weight a.

The key NTK-like observation is that a single neuron perturbed around the parameter w, and
with random sign can be interpreted as a linear model over a feature mapping that depends on w.

More precisely (note that the random sign cancels the 0" order term in the Taylor expansion):

Eovi—ssy a0 ((w+ av) - z) = y(z) - v+ O(8), where @,(z) = ¢/ (w-z)z.  (8.17)
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In particular the correlation to the data of such a single random neuron is equal in expectation
to > . y; Py (x;) - v+ O(0), and thus it is natural to take the perturbation vector v to be equal to
vo =1y, YiPw(z;) (Where n will be optimized to balance with the variance term), and we now
find that:

2

Eoni—s6) Zyiafliﬂ((eran)'l’i) = +0(8) = ny" H(w)y+0(5) , (8.18)

i=1

n Z inDw(xi)

where H (w) is the Gram matrix of the feature embedding, namely
H(w)j = Pu(i) - Pu(2;).

Note that for v = ReLU, one has in fact that the term O(0) in (8.17) disappears for ¢ small is

enough, and thus the correlation to the data is simply 7y " H (w)y in that case.

As we did with the NTK network, we now also take the base parameter w at random from a
standard Gaussian. As we just saw, understanding the expected correlation then reduces to lower
bound (spectrally) the Gram matrix H defined by H; j = Epr(o,1,) [¢' (w - )¢ (w - ), - ;).
This was exactly the content of Lemma 8.11 for 1) = ReLU.

8.5.2 Eliminating the higher derivatives with a complex trick

The main issue of the strategy described above is that it requires to take o small, which in turn
may significantly increase the total weights of the resulting network. Our next idea is based on
the following observation: Taking a random sign in (8.17) eliminates all the even order term
in the Taylor expansion since EQN{_lyl}[a_lam] = 0 for any even m (while it is = 1 for any
odd m). However, taking a complex a, would rid us of all terms except the first order term.
Namely, one has E,ec.jq=1[a"'a™] = 0 for any m # 1. This suggests that it might make sense

to consider neurons of the form
z— Re (a7 ((w+av) - z)),

where a is a complex number of unit norm.

The challenge is now to give sense to ¢(z) for a complex z, so that the rest of the argument

remains unchanged. This gives rise to two caveats:
e There is no holomorphic extension of the ReLU function.

e The holomorphic extension of the activation function, even if exists, is a function of two

(real) variables. The expression ¢((w + av) - x) when a ¢ R is not a valid neuron to be
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used in our construction since we’re only allowed to use the original activation function

as our non-linearity.

To overcome these caveats, the construction will be carried out in two steps, where in the
first step we use polynomial activation functions, and in the second step, we replace these by
the original activation function. It turns out that the calculation in Lemma 8.11 is particularly
simple when the derivative of the activation function is a Hermite polynomial (see Section 8.6
for definitions), which is in particular obviously well-defined on C and in fact holomorphic. In
the sequel, we fix m € N so that

N | —

Define
1

p(z) = NG

where H,, is the m-th Hermite polynomial. Note that we also have ¢’ = H,,,_;.

H,(z), zeC

The first step of our proof will be to obtain a result analogous to Theorem 8.12 where 1 is

replaced by .

Lemma 8.14. Assume that (8.14) holds, that m is large enough so that ny™ 2 < % and that for
all i € [n), one has y? < nvy?. There exist w,w' € R and z € C,|z| = 1, such that for

g(z) =Re (z- ¢ (0 +iw') - 2)), (8.20)

we have,

1 2
y-g=>—F+|yl"
ol WzH |

Moreover, its weights admit the bounds
[@]|, [|[@']]* < d(4C; log(n))™ (8.21)

and for all i € [n],
%

@ - i, [0 - 2] < (4C;, log(n))
Given the above lemma, the second step towards Theorem 8.12 is to replace the polynomial

attained by the above lemma by a ReLLU. This will be achieved by:

e Observing that any polynomial in two variables p(x,y) can be written as a linear com-
bination of polynomials which only depend on one direction, hence polynomials of the

form g(az + by).

e Using the fact that any nice enough function of one variable can be written as a mixture
of ReLLUs, due to the fact that the second derivative of the ReLLU is a Dirac function (this

was observed before, see e.g., [Lemma A.4, [142]]).
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e The above implies that one can write the function (z,y) — ¢(x + iy) as the expectation

of ReLUs such that the variance at points close to the origin is not too large.

These steps will be carried out in Section 8.5.4 below.

8.5.3 Constructing the complex neuron

Our approach to Lemma 8.14 will be to construct an appropriate distribution on neurons of type
(8.20), and then show that the desirable properties are attained with positive probability. In what
follows, let w ~ A(0,1;). Define

v(w) =

1 n
Z yip' (w - ;) ;.
vyt i
Next, let a be uniformly distributed in the complex unit circle, and finally define
g9(x) = Re (a™"p((w + av(w)) - 7)) . (8.22)

We will prove the following two bounds.

Lemma 8.15. Under the assumptions (8.14) and (8.19), one has

Ely g > ly[]?

24/ny?

Lemma 8.16. Suppose that the assumptions (8.14) and (8.19) hold. Assume also that for every

i we have y; < n~y>* Then one has, for a constant C,, > 0 which depends only on m,
E[|gl’] < Crn.

Moreover, for every i € [n] and s > so, for some constant s,

P(|Re((w +v(w)) - ;] > s), P (|Im((w + v(w))) - ;] > s) < exp (CLS_W’”) . (8.23)

m

Recall the definition of the Gram matrix H,

Hij=Eunogg ¢ (w-2i)@' (w- zj)z; - 2]
As suggested in (8.18), we will need to bound H from below. We will need the following
lemma.
Lemma 8.17. Under the assumptions (8.14) and (8.19), one has H > %In.
Proof. If X and Y are standard, jointly-normal random variables with E [XY] = p, by Lemma

8.22 one has E[H,,_1(X)H,,—1(Y)] = p™ ! and thus here H,; = (z; - ;)™. In particular if
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n-y™ < 1/2 we obtain that for all ¢ € [n] one has 1 = H;; > 23, [H,;|. By diagonal

dominance we conclude that H > %In. O

Proof of Lemma 8.15. For any € N, 3 # 1, we have that E [a~'™?] = 0. Thus, since ¢ is an

entire function, by taking its Taylor expansion around the point w, we obtain the identity

E, [a 'o((w + av(w Zﬁl [a™ PP (w - 2;)(v(w) - 2)°] = ¢/ (w- z)v(w) - 2.
B=0

So we can estimate

Ey o Zlee a to((w + av(w Zyz w [P (w - z)v(w) - x;]

=1

B (@' (w - i)@' (w - zj)@; - @]
1 T 1 9
- Hy > 7
m2y y 2 2\/n—%llyﬂ
where the last inequality follows from Lemma 8.17. O

Proof of Lemma 8.16. In what follows, the expression (), will denote a constant depending
only on m, whose value may change between different appearances. Our objective is to obtain

an upper bound on

Isll* = ZIRe atp((w + av(w)) - z;)) |

Since ¢ is a polynomial of degree m we have
lgll® < Cu Y (14w - zi™ + [o(w) - z:*™) .
i=1

Moreover w - z; is a standard Gaussian and thus E[|w - z;]*™] < (2m)™. It therefore remains to

control, for z € {z1,...,x,}, the expression

2m

m 1 -
|’U(U]) ' I’|2 = (’I’L’y2)m Z yiHm—1<w : wz)xz - T
=1

From hypercontractivity and the fact that the Hermite polynomials are eigenfunctions of the

Ornstein-Uhlenbeck operator we have (see [140, Theorem 5.8])

E [Jo(w) - z[*™] < (2m)*™E [Jo(w) - «|*]™
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Thus, it will be enough to show that E,,[Jv(w) - z;|*] = O(1). We calculate

2

Eu[lv(w) - ;]

Hy(w-z); -z,

(EZy Hypos (2Pl
T Z Yy B[ Hyp 1 (w - 23) Hyp oy (w - 20)] (2 - 25) (0 - :z:])>

i

1 - 2 2
e (; yi lwi - ;)" + Z iy (x %‘)|> ,

14!

where we used that E[(H,,,_;(w - 7;))?] = 1 and
|E[Hm_1(w . ZEi>Hm_1(w . ZEZ/)” = ’Iz . J]i/|m_1 < ,ym—17

valid whenever i # i'. By using that ||y||> = O(n), we get

o y|xzx|2 _|_ ||Y||2 0(1)
nvy? — ¢ J nv n

To deal with the last term, observe that since ¢ # i’ then |(z; - x;)(x; - z;)| < 7, thus

yz {L‘] :L‘z

(Z il ) <" ly[* = 0(1),

i#£d!

where in the last inequality we’ve used ™2 < L. So, E,,[[v(w) - 2;]?] = O(1) as required.

Finally, to see (8.23) observe that both Re(w +v(w)) and Im(w +v(w)) are given by degree
m polynomials of w, a standard Gaussian random vector. In [140, Theorem 6.7] it is shown that
there exists a constant a,, depending only on m, such that if P is a polynomial of degree m and

X is a standard normal random variable, then for every ¢t > 2,

B (Ip(0)] > tVEP)?]) < exp (—ant/™)

Thus, since
E [|[Re(w + v(w)) - ;] ,E [Im(w + v(w)) - zi|*] < E[14 |w -z + |v(w) - 2;]*™] < Ch,

the bound (8.23) follows. O
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We are finally ready to prove the existence of the complex neuron.

Proof of Lemma 8.14. Consider the random variable
F=g-y=>Y yglx:)
i=1

and set W = Re(w + v(w)) and W’ = Im(w + v(w)). Lemma 8.15 gives

1
24/my?

E[F] > Iy

Using Lemma 8.16 and Cauchy-Schwartz we may see that

Zg(%)Q

. A second application of Cauchy-Schwartz gives

E [FQ] < ZyizEw,a < Cmn”}’HQ-
i=1

Define G = ]1{31':|W.xi|,‘W’-x¢‘Z(4Cm log(n)) 7 }

E|FG| < \/ConllyPE[G].
Now, the estimate (8.23) and a union bound yields
1
E[G] < nexp (—4log(n)) < —.
n

Therefore, 1
E[FG| < —Cullyl.
n

Combining this with the lower bound of E[F|, we finally have

]E[F(l - G)] S 1

1 2

where the last inequality is valid as long as n is large enough. The claim now follows via taking

1
I¥I2 = ~Cunllyll >

a realization that exceeds the expectation. Since we might as well assume that the sample

contains an orthonormal basis, (8.21) follows as well. O

8.5.4 Approximating a complex neuron with ReLLU activation

Our goal in this section is to prove the following lemma, showing that the complex polynomial
can be essentially replaced by a ReLU. We write ¢)(t) = ReLU(¢) and recall that ¢(t) =

T (1)
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Lemma 8.18. For any w,w' € R% z € C with |z| = 1 and M > 0, there exist a pair
of random variables S, B and a random vector W € R? such that for any x € S with
m(lw-z|+ |w'-z|) <M,

E[SY(W -z — B)| = j\j[’:ZRe(z-gp(w-x—l—iw’-x))?

where c, ,,, depends only on m and z and there exists another constant c,,, such that

1
- 2 Czm Z Cm- (824)
Cm
Moreover,
|S| = 1,|B| < M almost surely,
and

W =w+j-w forsomej € {0,1,...,m}.

Let us first see how to complete the proof of Theorem 8.12 using the combination of the

above with Lemma 8.14.

Proof of Theorem 8.12. Invoke Lemma 8.14 to obtain a function
g(z) = Re(z-¢(z-w+ix-0"))

such that )

y-g> ———|lyl’
VT

and such that for every i € [n],

Set M = 2C,,mlog(n)?

o, w, b, such that

, so that m(|w - z;| + |@" - x;]) < M. By Lemma 8.18, we may find

b2 < M2, w2 < m2(la]| + [@'])? < AC,m*dlog(n)™, o] =1,

for which we define f(z) = o9(w - x — b). The lemma then implies,

/

m 2

225



and

IE1°P =D (W(w -z =b)* <2) " (jw-zl* +b7)

i=1 =1

<2M?n + 22 lw - 2]

i=1

By Lemma 8.18, w = w+j-w' for some j = 0, ...,m . Hence, |w-z;|* < 2m(|w-z;|*+ |0 - x;]?)
and

I£]J? < 2M2n +4m Y (|0 - @ + | - 24]%) < 10mM>n.
=1

The proof is concluded by substituting M. O

It remains to prove Lemma 8.18. This is done in the next subsections.

On homogeneous polynomials

Since our aim is to approximate a polynomial by ReLU, we first find an appropriate polynomial

basis to work with.

Lemma 8.19. Any polynomial of the form (z,y) — Re(z - (x + iy)™) has the form,
Z aj(z+7-y)™.
=0

Proof. Define

Hm = {p(z,y)|pis a degree m homogeneous polynomial},

and
Apn={(xz+7-y)™j=0,....,m}.

It will suffice to show that A,,, forms a basis for H,,. The result will follow since Re(z-(x+iy)™)

is clearly homogeneous. For 0 < j < m,setp; = (z + j - y)™, so that p; € A,, and
— (m k, k. m—k
= E x™mr,

Note that the set {()y*z™ *|k = 0,...,m} forms a basis for H,, and in that basis p; has
coordinates (1, j,..., ™). Taking the Vandermonde determinant of the matrix whose columns

are {p,; : j = 0,...,m}, we see that it must also be a basis for #,,. O
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Corollary 8.20. Let w,w' € R% and =z € C, then we have the following representation:
Re(z-p(w-z+iw' - x)) = me((w + jw') - x),
§=0

where each p. ; is a polynomial of degree m, which depends continuously on z.

Proof. The representation is immediate from the previous lemma. To address the point of con-

tinuity, we write

Re(z - p(w -z +iw' - z)) = Re(2)Re (p(w - z + 1w - 2)) — Im(2)Im (p(w - z + iw' - z))

Re(2)Re (p(w -z +iw' - z)) + Im(2)Re (i- p(w - x + iw' - z))

I

<
Il
o

(Re(2)pu;((w + jw’) - x) + Tm(2)ps;((w + ju') - 2)) .
So, p. ; is a linear combination of p; ; and p; ;, with coefficients that vary continuously in z. O

ReL.Us as universal approximators

Next, we show how ReLLU functions might be used to universally approximate compactly sup-

ported functions.

Proposition 8.21. Let f : R — R be twice differentiable and compactly supported on [— M, M].
Then, there exists a pair of random variables S, B, such that, for every x € [—M, M],

f(x)
S

E[S¢(z — B)] =

and such that, almost surely |B| < M and |S| = 1.

Proof. Observe that, when considered as a distribution, ¥ (x)” = &y. Therefore, there exists a

linear function L such that
M
f@)+ 1) = [ oo - )" Wi
M

f"(x) is the second derivative of a compactly supported function which implies that f(z)+ L(x)
is compactly supported as well. Hence, L(z) = 0. Let B be the random variable whose density

is fALf/]‘f”l and set S = sign(f”(B))). We now have
-M

[ —n)f Wy f)

BB ATz
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Completing the proof of Lemma 8.18

Set x s to be a bump function for the interval [— M, M]. That is,

Xu - R — Ris smooth.

e 0 <xm<1l

e xu(x)=1forz € [-M,M].

xum(x) =0 for |z| > 2M.
By Corollary 8.20, for any w, w’ € R?, z € C we have the representation

Re (z - p(w -z + iu' - 2)) xar (-] +mlu-2]) = 3 po((wjuw')-2)xar(|w-2]+mlu’-]).
§=0
(8.25)

Proof of Lemma 8.18. Define X = {z € S ;m (jw- x| + [w' - z[) < M}. Observe that for
all z € X,

Re (p(w- 2 +iw' - ) = Re (p(w - @+ iu' - 2)) xar (m (- 2| + [’ - ).

Moreover, if j = 0,...,m, then xp((w + jw') - ) = 1, as well. By invoking Proposition
8.21 we deduce that for every j = 0, ..., m, there exists a pair of random variables S;, B; and a

constant ¢, ; > 0 depending only on 7, m and z, such that

B[S0 (w+ju') @ = Byl = —Lpe((w -+ ju') - 2)xas((w+ ju') - @), Vo € X,

Here we have used the fact that if p; is one of the degree m polynomials in the decomposition
(8.25), then there exist some constants C? ;, C ; > 0, for which

M 2M
s [l [l <com
M

—2M

We now set .J to be a random index from the set {0, ..., m} with

-1
Z7j

X
j/

C

P(J = j)
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If wesetc,,, = Zc%l’ and S := S;, B = B;,W = w + Ju' it follows from (8.25) that

!
B z,]
i

E[SY(W -z —B)] = T 3 peg((w+ ju) - a)xar((w + juf) - )

= SR (= ol -+ iuf ) xar (m (2] + o ).

Finally since, by Corollary 8.20, c,,, depends continuously on z, a compactness argument
implies (8.24). O

8.6 Hermite polynomials

Define the m’th Hermite polynomial by:

H,(z) = (\_/%7 (CZB—mme—f) 7.

For ease of notion we also define /_; = (. The Hermite polynomials may also be regarded as

the power series associated to the function F' (¢, x) = exp(tx — %) Indeed,

F(t,z) = exp (93_2 (- t)?)

=) ﬂHm(gg). (8.26)

and we deduce
H,’n =vmH,,_;. (8.27)

Also £ F(t,z) = (x — t)F(t, z) and a similar argument shows that

—H,(z) = Hy1(x) — Hypo(x). (8.28)

Furthermore, we show that the family {H,,} satisfies the following orthogonality relation,

which we shall freely use.
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Lemma 8.22. Let X, Y ~ N(0,1) be jointly Gaussian with E[XY] = p. Then

Proof. Fix s,t € R. We have the following identity

E[F(s,X)F(t,Y)] = Elexp(sX +tY)] exp (— i ;_ tQ) = e,

where in the second equality we have used the formula for the moment generating functions of
bi-variate Gaussians. In particular, we have

derm’ dm+m’

WE [F(s, X)F(t,Y)]

st-p

t=0,5=0  ds™mdt™ t=0,5=0

By (8.26), the left hand side equals E [H,(X)Hy(Y')], while the right hand side is 6, ,,v p"". The

proof is complete. O

8.7 More general non-linearities

We now consider an arbitrary L-Lipschitz non-linearity v that is differentiable except at a finite
number of points and such that E . 0,1)[(¢'(X))?] < +oco. In particular, with Hy, Ho, ...
being the Hermite polynomials (normalized such that it forms an orthonormal basis) we have

that there exists a sequence of real numbers (a,) such that

w/ = ZCL@H@.

£>0

Our generalization of Theorem 8.8 now reads as follows:

Theorem 8.23. Under the above assumptions on 1, there exists f € Fi(1) with |f — y|*> <
elly||* provided that

16w - L
pods 1L ).
ZbM ay
=2log(1/7)

In fact there is an efficient procedure that produces a random f € Fy(¢) with E[||f — y||?] <
elly||*> when (8.5) holds.

Proof. First we follow the proof of Lemma 8.10, with the only change being: (i) in (8.9) there
is an additive O(4) term (also now the condition on w is that « - x; is not in the finite set of points
where 1) is not differentiable), and (ii) in (8.13) we use that |¢)'| < L. We obtain that for u € R¢
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there exists f € F5(1)) such that

2
n 1 n
i J Ly Z - ! U T;)Y;i Ty s 8.29
;yf( )25 ;w )y (8.29)
where the 1/2 compared to (8.10) is due to modification (i) above, and furthermore
u 2w-n-L <
2

Do f@) < =D wif (), (8.30)

i=1 =1

where the added term L is due to modification (ii) above and the added 2 is due to (i).
Next we follow the proof of Lemma 8.11, noting that the matrix H is now defined by (recall

Lemma 8.22) H; j = Y- a7 (i - ;)" to obtain:

2

n 1 n
Evxon || D%/ (- zyi| >3 3 ab- 34l (8.31)
= 02 5ioea =t

In particular we obtain from (8.29) and (8.31) that (8.6) holds true with the term 1—10 log(1/)

log(2n)

replaced by i > s lox(2n) a?, and from (8.30) that (8.7) holds true with w replaced by 2w - L.
=2log(1/7)

We can thus conclude as we concluded Theorem 8.8 from Theorem &.9. O
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Community Detection and Percolation of

Information in a Geometric Setting

9.1 Introduction

Community detection in large networks is a central task in data science. It is often the case that
one gets to observe a large network, the links of which depends on some unknown, underly-
ing community structure. A natural task in this case is to detect and recover this community
structure to the best possible accuracy.

Perhaps the most well-studied model in this topic is the stochastic block model (SBM) where
a random graph whose vertex set is composed of several communities, {c1, ..., ¢4 } is generated
in a way that every pair of nodes v, u which belong to communities ¢(u), ¢(v), will be connected
to each other with probability p = p(c(v), ¢(u)), hence with probability that only depends on the
respective communities, and otherwise independently. The task is to recover the communities
¢(-) based on the graph (and assuming that the function p(-, -) is known). The (unknown) asso-
ciation of nodes with communities is usually assumed to be random and independent between
different nodes. See [3] for an extensive review of this model.

A natural extension of the stochastic block model is the geometric random graph, where
the discrete set of communities is replaced by a metric space. More formally, given a metric
space (X, d), a function f : V' — X from a vertex set V' to the metric space and a function

¢ : Ry — [0, 1], a graph is formed by connecting each pair of vertices u, v independently, with
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probability
p(u,v) == @ (d(f(u), f(v))) .

This model can sometimes mimic the behavior of real-world networks more accurately than the
stochastic block model. For example, a user in a social network may be represented as a point
in some linear space in a way that the coordinates correspond to attributes of her personality
and her geographic location. The likelihood of two persons being associated with each other in
the network will then depend on the proximity of several of these attributes. A flat community

structure may therefore be two simplistic to reflect these underlying attributes.

Therefore, a natural extension of the theory of stochastic block models would be to under-
stand under what conditions the geometric representation can be recovered by looking at the
graph. Our focus is on the case that the metric is defined over a symmetric space, such as the
Euclidean sphere in d-dimensions. By symmetry, we mean that the probability of two vertices
to be connected, given their locations, is invariant under a natural group acting on the space. We
are interested in the sparse regime where the expected degrees of the vertices do not converge
to infinity with the size of the graph. This is the (arguably) natural and most challenging regime

for the stochastic block model.

9.1.1 Inference in geometric random graphs

For the sake of simplicity, in what follows, we will assume that the metric space is the Euclidean
sphere, and our main theorems will be formulated in this setting; It will be straightforward,
yet technical, to generalize our results to more general symmetric space (see [92] for further

discussion on this point).

In order to construct our model, we need some notation. Let o be the uniform probability
measure on S ! and let p : ST! x S71 — [0, 1], be of the form ¢(z,y) = f((z,y)) for some
f:[=1,1] = [0, 1]. Define the integral operator A, : L* (S*~*) — L? (S*~!) by

A,(9)(x) = / oz, y)9(y)do(y).

gd—1

It is standard to show that A, is a self-adjoint compact operator (see [137], for example) and so
has a discrete spectrum, except at 0. By definition, ¢ is invariant to rotations and so A, com-
mutes with the Laplacian. It follows that the eigenfunctions of A, are precisely the spherical
harmonics which we denote by {v;}2°,. Thus, if \;(A,) denotes the eigenvalue of ¢ corre-

sponding to 1; we have the following identity,

P = Z A ® ;. 9.1)

=0
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In particular, )y = 1 and for i = 1, ..., d, 1); are linear functionals such that, for =,y € S,

d

d-(z,y) =Y hi(@)i(y). 9.2)

=1

Note that in our notation the eigenvalues are indexed by the spherical harmonics, and are

therefore not necessarily in decreasing order. By rotational invariance it must hold that
AMe): = A =...= A\ (9.3)

Define |||l = sup, , ¢(x,y). We make the following, arguably natural, assumptions on the

function ¢:

Al. There exist § > 0 such that min; ;4 [A(p) — \;| > 0.

A2. Reordering the eigenvalues in decreasing order \;, > A\;; > \;, > ... there exists C' > 0

such that for every ¢ > 0, \;, < (Z.fl)g.

Let {X;}", ~ o be a sequence of independently-sampled vectors, uniformly distributed
on S1. Let G (n, %(p(Xi, X j)) be the inhomogeneous Erdds-Rényi model where edges are
formed independently with probability %gp(Xi, X;) and let A be the adjacency matrix of a ran-
dom graph drawn from G (n, 2¢(X;, X;)).

Definition 9.1. We say that the model is € — reconstructible if, for all n large enough, there is

an algorithm which returns an n x n matrix A such that

1 2
EZ‘AM - Xi- Xj|" <e.
ihj
Remark that, due the symmetry of the model, it is clear that the locations can only be
reconstructed up to an orthogonal transformation, which is equivalent to reconstruction of the

Gram matrix.

Theorem 9.2. For every ¢ > 0 there exists a constant C = C(e,d), such that the model is

g-reconstructible whenever

i - 2> . 4

Jmin A = A@)[" 2 Cllell 94)

Remark 9.3. Observe that, since the left hand side of condition (9.4) is 2-homogeneous, whereas
its right hand side is 1-homogeneous, we have that as long as the left hand side is nonzero, by
multiplication of the function ¢ by a large enough constant, the condition can be made to hold

true.
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Theorem 9.2 should be compared to the known bounds for recovery in the stochastic block
model (see [3]). In particular, it is illuminating to compare the SBM with two communities
to linear kernels in our model. In this case, both models are parameterized by two numbers
a,b. In the SBM these are the inter- and intra- communities probabilities and in our model, the
coefficients of the linear function. In the SBM, recovery of the communities depends on the

(a—b)?

ratio = ——. The example below gives the same result for linear kernels, with a dimensional

affect, which typically makes reconstruction easier.

Example 1. Consider the linear kernel, p(z,y) = a + b(z,y), with [b] < a. A calculation

shows that

Myp) =

Qo &

Applying our theorem, we show that the model is reconstructible whenever

2

>C-(a+0D).

a — —

d

Methods and related works. Our reconstruction theorem is based on a spectral method, via

the following steps:

1. We observe that by symmetry of our kernel, linear functions are among its eigenfunc-
tions. We show that the kernel matrix (hence the matrix obtained by evaluating the kernel
at pairs of the points (X;)) will have a respective eigenvalues and eigenvectors which

approximate the ones of the continuous kernel.

2. Observing that the kernel matrix is the expectation of the adjacency matrix, we rely on a
matrix concentration inequality due to Le-Levina-Vershynin [157] to show that the eigen-

values of the former are close to the ones of the latter.

3. We use the Davis-Kahan theorem to show that the corresponding eigenvectors are also

close to each other.

The idea in Steps 2 and 3 is not new, and rather standard (see [157] and references therein).
Thus, the main technical contribution in proving our upper bound is in Step 1, where we prove
a bound for the convergence of eigenvectors of kernel matrices. So far, similar results have only
been obtained in the special case that the Kernel is positive-definite, see for instance [51].

The paper [235] considers kernels satisfying some Sobolev-type hypotheses similar to our as-
sumptions on ¢ (but gives results on the spectrum rather than the eigenvectors). Reconstruction

of the eigenspace has been considered in [230] for positive definite kernels in the dense regime,
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in [228] for random dot products graphs and in [14] in the dense and relatively sparse regimes
again for kernels satisfying some Sobolev-type hypotheses.

Let us also mention other works which augmented the SBM with geometric information.
The paper [93] considers the problem of discrete community recovery when presented with
informative node covariates, inspired by the spiked covariance model. The authors derived a
sharp threshold for recovery by introducing a spectral-like algorithm. However, the model is
rather different than the one we propose in which the community structure is continuous.

A model which is slightly closer to the one we consider appears in [121]. In this model,
communities are still discrete but the edge connectivity depends continuously on the latent po-
sitions of nodes on some d dimensional sphere. In such a model, recovery of the communities
may be reduced to more combinatorial arguments. Indeed, the number of common neighbors
can serve as an indicator for checking whether two nodes come from the same community. A
similar idea was previously explored in [56], where a triangle count was used to establish a

threshold for detecting latent geometry in random geometric graphs.

9.1.2 Percolation of geometric information in trees

The above theorem gives an upper bound for the threshold for reconstruction. The question of
finding respective lower bounds, in the stochastic block model, is usually reduced to a related
but somewhat simpler model of percolation of information on frees. The idea is that in the sparse
regime, the neighborhood of each node in the graph is usually a tree, and it can be shown that
recovering the community of a specific node based on observation of the entire graph, is more
difficult than the recovery of its location based on knowledge of the community association of
the leaves of a tree rooted at this node. For a formal derivation of this reduction (in the case of
the SBM), we refer to [3].

This gives rise to the following model, first described by Mossel and Peres [186] (see also
[184]): Consider a g-ary tree T = (V, F) of depth k, rooted at € V. Suppose that each node
in V' is associated with a label £ : V' — {1, .., k} in the following way: The root r is assigned
with some label and then, iteratively, each node is assigned with its direct ancestor’s label with
probability p and with a uniformly picked label with probability 1 — p (independent between the
nodes at each level). The goal is then to detect the assignment of the root based on observation
of the leaves.

Let us now suggest an extension of this model to the geometric setting. We fix a Markov
kernel ¢(x,y) = f({x,y)) such that [, , p(z,y)do(y) = 1 forall z € S '. We define
g : T — S% ! in the following way. For the root r, g(r) is picked according to the uniform
measure. Iteratively, given that g(v) is already set for all nodes v at the ¢-th level, we pick the
values g(u) for nodes u at the (¢ + 1)th level independently, so that if  is a direct descendant

of v, the label g(u) is distributed according to the law ¢(g(v), -)do.

237



Denote by T}, C V the set of nodes at depth k, and define by 1 the conditional distribution

of g(r) given (g(v))yer,. We say that the model has positive information flow if
lim E [TV (u,0)] > 0.
k—o0
Remark that by symmetry, we have
E[TV (e, 0)] = E[TV (g, 0)|g(r) = e1]

where r is the root and e; is the north pole.

Our second objective in this work is to make the first steps towards understanding under
which conditions the model has positive information flow, and in particular, our focus is on

providing nontrivial sufficient conditions on ¢, ¢ for the above limit to be equal to zero.

Let us first outline a natural sufficient condition for the information flow to be positive
which, as we later show, turns out to be sharp in the case of Gaussian kernels. Consider the

following simple observable,

1
Zy = T Z g(v).

veT},

By Bayes’ rule, we clearly have that the model has positive information flow if (but not only if)

liminf — ElZk e)lg(r) = el
k—s00 \/Var [(Zk,e1)] g(r) = e]

This gives rise to the parameter

> 0. 9.5)

A= [ (edplen 0ydota),
Sd—1
which is the eigenvalue corresponding to linear harmonics. By linearity of expectation, we have
E[(Zy, e1)|g(r) = e1] = Me)".

For two nodes u, v € T define by ¢(u, v) the deepest common ancestor of u, v and by ¢(u, v) its
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level. A calculation gives

Var [(Ze, e} 9(r) = e1] = qiz E [g(v)1g(u)i]g(r) = e1] — ()™
- qiz E [Elg(0)1lg(c(u, v))|Elg(uhilg(clu, )] g(r) = e1] — M)
= g 22 Elaelwn)fllr) = ] Mo -\
< inA J2th—ta) _ ()2
Z M) 70 — M)

Zqé 2(k— Z -20 )\((,0>2k _ )\(QO)%

~
||M»
L
—
=
>

This gives a sufficient condition for (9.5) to hold true, concluding:

Claim 9.4. The condition g\()* > 1 is sufficient for the model to have positive percolation of

information.

We will refer to this as the Kesten-Stigum (KS) bound.

We now turn to describe our lower bounds. For the Gaussian kernel, we give a lower bound
which misses by a factor of 2 from giving a matching bound to the KS bound. To describe the
Gaussian kernel, fix 5 > 0, let X be a normal random variable with law A/ (0, 5) and suppose
that ¢ : S! x S! — R is such that

¢(x,-) is the density of (z + X )mod2m, (9.6)

where we identify S' with the interval [0, 27). We have the following result.

Theorem 9.5. For the Gaussian kernel defined above, there is zero information flow whenever

g (p) <1

Related results in the Gaussian setting. In the discrete setting,an analogous result was ob-
tained in [183]. In fact, our method of proof is closely related. We use the inherent symmetries
of the spherical kernels to decouple the values of g(r) and g(v), where v is some vertex which
is sufficiently distant from r. This is same idea of Proposition 10 in [183] which uses a decom-
position of the transition matrix to deduce a similar conclusion.

Another related result appears in [187]. In the paper the authors consider a broadcast model

on a binary tree with a Gaussian Markov random field and obtain a result in the same spirit as
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the one above. However, since the random field they consider is real valued, as opposed to our
process which is constrained to the circle, the method of proof is quite different.

In the general case, we were unable to give a corresponding bound, nevertheless, using the
same ideas, we are able to give some nontrivial sufficient condition for zero flow of information
for some ¢ > 1, formulated in terms of the eigenvalues of the kernel. To our knowledge,
this is the first known result in this direction. In order to formulate our result, we need some
definitions.

We begin with a slightly generalized notion of a g-ary tree.

Definition 9.6. Let ¢ > 1, we say that 7' is a tree of growth at most g if for every k € N,
Tl < [d"]-

Now, recall that ¢(x,y) = f({x,y)). Our bound is proven under the following assumptions

on the kernel.

e f is monotone.

e f is continuous.

e A\(p) > 0and forevery i > 1, |\ < A(y).
We obtain the following result.

Theorem 9.7. Let ¢ satisfy the assumptions above and let T be a tree of growth at most q.

There exists a universal constant ¢ > 0, such that if

-1

L A = Alp))?

q <
M) (1)
1“( i) )

then the model has zero percolation of information.

9.2 The upper bound: Proof of Theorem 9.2

Recall that .
o= Mth @ P,
k=0
with the eigenvalues )\; indexed by the spherical harmonics. Define the random matrices

M,, ¥, by
1 1
My)i; = —p(Xs, Xj),  (¥n)ix = ——=Ui(X5).
( ) J n90< ]) ( ) & \/ﬁwk< )
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Note that M, is an n X n matrix, while ¥,,, has infinitely many columns. Furthermore, denote
by A the diagonal matrix diag{\;}°,. Then

(My)i; = %; e (X ) (X5) = (W AW, ;.

For » € N we also denote

P = At ® U,
k=0

the finite rank approximation of ¢, A" = diag{\;}},_,, and ¥/, the sub-matrix of ¥,, composed

of its first  columns. Finally, denote
M = Ur A" (0T,

As before, let A be an adjacency matrix drawn from G (n, 2¢(X;, X;)) so that EA = M,,. Our
goal is to recover Ut! from the observed A. The first step is to recover W from M,. We
begin by showing that the columns of W7 are, up to a small additive error, eigenvectors of M.

To this end, denote
E,, = (W)Tur —1d,,

C(”? ’f‘) = ||En,r||zp, and K = max; \;.

Lemma 9.8. Let u; be the i’th column of V,, and let 7 > 0. Then

| M u; — )\Zung < K*(/C(n,r)+1)C(n,7).
Moreover, whenever n > 1(r) log(2r /n), we have with probability larger than 1 — 1),

Clnr) < 41(r) log(2r/n)'

n

where [(r) only depends on r and on the dimension.

Proof. Let e; € R" be the 7’th standard unit vector so that u; = ¥ e;. So,
(U = (U)Wl e, = (Id, + (U0)TVU! —1d,)e; = e; + B, ;.
We then have

M u; = W A™(U7) uy; = U Ae; + UT A" E, e
= )\7,\11:167, + \IJ:LATEn7T€Z' = )\lu, + \I/;ATEn7r€Z'.
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To bound the error, we estimate || M/ u; — Au;||5 = |7 A" B, qe;||5 as

<ATEn,rei7 (\I;:L)T\IIZLATEn,reD - <ATEn,r€i7 En,rATEn,rei> + HATEn,Tez'H;
< (V€ + 1) IN Eypeilly < K2 (V1) + 1) Cn, 7).

It remains to bound C'(n, 7). Let X! = (¢o(X;), ..., ¥,—1(X;)) stand for the i’th row of U7 .
Then, £, , = % Yoy ((er rXTr — Idr), is a sum of independent, centered random matrices.
We have

n

2
1 T T
hoom e (23 (e - 10)

op

_ % [ (cenrx; —1a,)°

op

Furthermore, the norm of the matrices can be bounded by

]' T T 1 T
|2 (xomxr = )| = Dt 715 -

op
Zr:qpf - 1) .
i=0 00

1
< —max (1,
n

Note that the right hand side of the two last displays are of the form ~/(r) where I(r) depends

only on r and d (not not on n). Applying matrix Bernstein ( [233, Theorem 6.1]) then gives

IP><||E I >t> <2 n_
n.r = S zZrex — s
llop P\ a1+ 43

where [(r) depends only on 7 and d. Choose now ¢, = w. Aslongasn > [(r)log(2r/n),
to < 4, and the above bound may be refined to

n t3
P (||En,r||op > t0> < 2rexp (_W70> _

With the above conditions, it may now be verified that 2r exp (—%é) < 1, and the proof is

complete. O

We now show that as r increases, the eigenvectors of M, converge to those of M,,. Order
the eigenvalues in decreasing order \;, > A\, > A, > ... and let A., = Zf; )\12 Note
that it follows from assumption A2 that A~, = O(r=3). We will denote by \;(M,,), \;(M])

the respective eigenvalues of M,, and M, ordered in a decreasing way, and by v;(M,,), v;(M)
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their corresponding unit eigenvectors. Suppose that s is such that

Mp) =Ny == My (9.7)
Moreover, define

V= span(v,,, (M), ..., v, ,(My,)), V. :=span (vlsH(M;), e led(M;)) )

The next lemma shows that V/, is close to V,;” whenever both n and r are large enough.

Lemma 9.9. For all n,r, let P, , be the orthogonal projection onto V. Then, for all n > 0
there exist constants ng,ro such that for all n > ng and r > ro, we have with probability at

least 1 — n that, for all w € V,,,
[w—Fowll, < —=

where 6 and C' are the constants from Assumption Al and Assumption A2.
Proof. We have

E (M, — M7 =) E(M, - M)},

0,

ij k=r

Applying Markov’s inequality gives that with probability 1 — 7

Ao,  C
; < <t (9.8)

Theorem 1 in [235] shows that there exists n large enough such that with probability larger than
1 —n, one has
|)‘Z(Mn) - )\ls+i| < 5/47

with § being the constant from Assumption Al. It follows that

)

>\ls+1 (Mn)7 e )‘ls+d(Mn) € /\(90) - 4_1 A

while by (9.8) and Weyl’s Perturbation Theorem (e.g., [36, Corollary II1.2.6]), for r large
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enough with probability 1 — 7,

30 30

— M)+ — |, fori # lgyq, .. lsia (9.10)

NOI) ¢ (M) - 5 .

Combining (9.8), (9.9) and (9.10) it follows from the classical Davis-Kahan theorem (see e.g.
[36, Section VII.3]) that with probability at-least 1 — 2, for every w € V,,,

4C

2
|w — P wll; < ol

Denote

n

d
1 1
G =4 D v (M), (M)", (Gr)ig = —(Xi, X;).
k=1
A combination of the last two lemmas produces the following:

Theorem 9.10. One has
|G — GLllr — 0

in probability, as n — oo.

Proof. Denote

> v, (M) (v, (M)

k=1

G =

QU

Then
|G — GLllr < NG — GLllr + 1Gn = G lr

We will show that the two terms on the right hand side converge to zero. Let r(n) be a function
converging to infinity slowly enough so that C'(n,r) — 0, for the constant C'(n, r) defined in
Lemma 9.8. Taking n = 7n(n) to converge to zero slowly enough and applying Lemma 9.8,
gives forall 2 <7 < d +1,

1My = Me))usll3 < en

n

with u; the ¢’th column of W] and where ¢,, — 0 as n — oco. Now, if we write
ui =y v (M),
=0
the last inequality becomes
ST INAL) = M@l = ST = M@)oy (M)Pa2; < en, W2 <i<d+ 1.
J J

244



Using Equation (9.10), we have

4e,
3 a?<%—>o, 9.11)
j¢{ls+17"7ls+d}

and thus )

d
wi— > aig v, (M) =0, V2<i<d+1.

k=1

2

Define a d x d-matrix B by B; ; = ;. Then we can rewrite the above as
T T 2
H(ul, coug) = (v (M), g, (M) - BHF — 0.

Now, since for two n x d matrices R, S we have || RRT —SST || < (|| Rllop+ |Sllop) 1R — S| -
It follows that

G = (U (M), o, (M) BB (v, (M), v (M) e = 0. (9.12)

s+1(

Observe that
Bij = (unu) — > ik,
k¢{15+1r~7ls+d}

implying that

©.11)
(BBT)ij — Eij| < ) P N A ()

E¢{lsy1,-lsta} k¢{lst1,lsqa}

where I/ = F, .. Consequently we have
|BB" —1dglop < C(n,7) — 0,
which implies that

| (M) I = 0.

Uls+1(MrTz)’ s 7/Uls+d(M£))(BBT - Idd)(vl (M:L)v s

s+1 Y Uls+d

Combining with (9.12) finally yields
G, — GLllF — 0.

in probability, as n — oo.
If P is the orthogonal projection onto V! = span(v; ., (M}),..., v, ,(M})), and Q is the
M,),...,v,,,(M,)), then Lemma 9.9 shows that for all

1 > 0, with probability at least 1 — 7, asn — oco (and r = nea — 00), we have for every unit

orthogonal projection onto span (v

s+1( s+d(
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vector v
(P —1d)Quv| < ¢, (9.13)

with some ¢,, — 0. By symmetry, we also have for every unit vector v that
|(Q —1d)Pv| < &,

(this uses that fact that both P and () are projections into subspaces of the same dimension).
The last two inequalities easily yield that || P — Q||,, < &,. Since this is true for every n > 0, it
follows that

|G — GLllF =0,

in probability, as n — oo. O

Now, after establishing that M, is close to \I/Z“, the second step is to recover M,, (and
therefore W4t1), from the observed A. For the proof we will need the following instance of the

Davis-Kahan theorem.

Theorem 9.11 ( [249, Theorem 2]). Let X,Y be symmetric matrices with eigenvalues \y >
s 2> Ay TESp. 5\0 > e 2> j\p with corresponding orthonormal eigenvectors vy, . .., v, resp.
0oy« Up. Let V = (Ugt1, ..., Vspq) andV = (0s41, . .., Us+q). Then there exists an orthogonal

d X d matrix R such that

232 min(d2||Y — X ||op, ||Y — X||F)

Il'liIl()\s - /\s—l-la )\s—l—d - >\s+d+1)

VR =V < :

Our main tool to pass from the expectation of the adjacency matrix to the matrix itself
is the following result regarding concentration of random matrices, which follows from [157,
Theorem 5.1].

Theorem 9.12. Let A be the adjacency matrix of a random graph drawn from G (n, %go(Xi, X j))
Consider any subset of at most 10n/||¢||~ vertices, and reduce the weights of the edges inci-
dent to those vertices in an arbitrary way but so that all degrees of the new (weighted) network
become bounded by 2||¢|| . Then with probability at least 1 — n™" the adjacency matrix A’ of
the new weighted graph satisfies

|A" = My|| < CV @]l
We can now prove the main reconstruction theorem.

Proof of Theorem 9.2. Let A be the adjacency matrix of a random graph drawn from the model

G (n, %go(Xi, X ])) We first claim that with probability tending to 1, there exists a re-weighted

246



adjacency matrix A’ as defined in Theorem 9.12. Indeed by Chernoff inequality for have for all
i € [n],
P(d; > 1.5|¢]|e) < €7

and therefore, by Markov’s inequality, the expectation of the number of vertices whose degree
exceeds 2||¢||o goes to zero with n.

Denote by \; > \| > ... its eigenvalues and by v{, v}, ... the corresponding orthonormal
eigenvectors of A'. LetY = (v;_,,..., v}, ). By Theorem 9.11 there exists an 2 € O(d) such
that

(001 (M), oo 01, (M) = YR, <

Hence by Theorem 9.12 we have

(s ().t (08)) — Y| < OV VP

with probability 1 — n . It follows that

G, —vY7||, < ovd. —— V1Pl

Combining this with Theorem 9.10 yields

e —vy7||, < ova. — Vel

So,

% Z X+ X = (Y T)]" < Cd
0]

which gives the desired reconstruction bound.

9.3 Lower bounds

Our approach to proving lower bounds will be to exploit some symmetries which are inherent

to well behaved kernel functions. We thus make the following definition:

Definition 9.13 (DPS property). Let i be a probability measure on S!, and let w € S
We say that p has the Diminishing Post-translation Symmetry (DPS) around w property with
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constant ¢, if there exists a decomposition,

= (1= &)t + pte,-

Here 12, is a probability measure, invariant to reflections with respect to w=. In other words, if

R =1; — 2ww?, R,us, = . For such a measure we denote pn € DPS,,(¢).

If instead ;. is a measure on (S?~!)7kl, we say that ;. € DPS” (¢) if a similar decomposition

exists but now the reflections should be applied to each coordinate separately.

We now explain the connection between the DPS property and percolation of information
in trees. For this, let us recall the random function ¢ : T — S?~!, introduced in Section 9.1.2,
which assigns to the root, r, a uniformly random value and for any other u € T, the label g(u)

is distributed according to ¢(g(parent(u)), -)do.

Lemma 9.14. Suppose that there exist a sequence (py,) with limy_,, pr, = 1 such that for every

w, o € ST and every k > 0,

Law((9(v))ver, |9(r) = 20) € DPS}, (p)-

Then there is zero percolation of information along T'.

Proof. Denote X = g(r) and Y = g(v),er, and let px |y be the density of XY with respect to
0. Our aim is to show that Ey [TV (XY, 0)] = o(1). We first claim that it is enough to show
that for all x, 2’ € S%~! and all § > 0 one has,

P(M—lgé‘){—x>—1—o(l). (9.14)
pxy (z/

pX\Y(xl)

Indeed, let H = {M —1<46 } Note that, by Bayes’ rule,

pxy(r) _ pyix=a(Y)
pxy (@) pyix=o(Y)

Let 7 € S9! be some fixed point and let 2’ be uniformly distributed is S?~! and independent
from Y. We will use E, to denote integration with respect to x’, which has density px. Simi-
larly, £y stands for integration with respect to the density py of Y and E,/ y is with respect to
the product px - py. The symbol P will always mean probability over 2’ and Y.

As a consequence of the assumption (9.14), there exists a function, as long as k, is large

enough we have,
PH|IX =z)=1-4.
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as long as k is large enough. For any measurable set A, we denote the projection:
yA={yeY:(z,y) € Aforsomez’ € X}.
Define now the set
H = {2 y)|(«',y) € Hand Ep/[15(-,y)] > 1 — 46}
In particular, for every y € 11y H',
Eu[1y(-,y)] > 1 — 494,

and by Fubini’s theorem, P (H'|X = z) > 1 — 40.

Consider the random variables o := a(Y) = 222" and 8 .= B(2/, V) = Prix=s/(¥) By

py (Y) py (Y)
definition of H , we have
Moreover, for almost every Y,
Bar (6] = o [ privesVpx(e) = (V) = 1
x’ = PY | X =x' Px\T ) = Py -
py(Y) | y(Y)

So,
(1=0)(1 =49)Ey [alny, ] < (1= 0)Ey [@Ey [1]] < Euy [B1g] < Euy [6] = 1.

Observe that Ey [aly, | = P(IIyH'|X =2) = 1 — o(1), where the second equality is a

consequence of Fubini’s theorem. Hence, let us write /1 (d), so that
1— hl(é) = (1 — 5)(1 - 45)EY [a]-HyH’] S (1 - 5>E$/’Y [O[].H/] .

Markov’s inequality then implies,

< Ewgy [BlH’] — (1 — (S)Em/7y [Cl{]_H/]

P(Bly > (1 —90)aly ++/hi(6 hi(6).
(81 = (1= datu + Vin®)) < s < V()
(9.16)
Now, we integrate over z’ to obtain,
(]_ - (5)(1 — 45)041HYH' S (1 — 5)0&Ez/ [1H’] S Ez/ [/BlH’] S 1,
which implies
1
1y < ) 17
=1 6)(1— 40) O-17)
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Keeping in mind the previous displays, we may choose ho(9), which satisfies (lsin% he(9) = 0,
_>
aly < 1+ hg(é) and Ex/,y [Oé]_H/] >1- h2(5)

So, an application of the the reverse Markov’s inequality for bounded and positive random

variables shows,

B Epy [0lp] — (1 —+/h2(6)) _ 1= ha(6) — (1 —+/ha(6))
P (01w 21 M@>Z1+@@—Q—J@@)Z1+@@—Q—J@@)
_ \/ h2(5) _ h2(§) (918)

ha(0) + ha(9)

Note that the as 6 — 0 the RHS goes to 1. Thus, by combining the above displays, there exists
a function h, which satisfies [lsii% h(0) = 0 and some H"” C H', with P (H’) > 1 — h(6), such
that, by (9.17) and (9.18),

1yv|a — 1| < h(9),

which implies, together with (9.15) and (9.16)
]_H//‘Ck — 5’ < h(é)

This then gives
1p/|1 = B| < 2h(6).

We can thus conclude,
EyTV (XY, X) = Eyu [|8 — 1]] = 2Ey, [(1 — 8)1p<1]
< 2Ey. [(1—B)lg<ilpyn] +1—P(H")

= 2By |1 — B|1a] + h(0)
< 5h(5).

Take now § — 0to get Ey TV (XY, X) — 0.

Thus, we may assume towards a contradiction that there exist z, 2’ € S%~! and a set I’ C
(STHITkl such that

P(Y € FIX =) >, 9.19)
and under {Y € F'},
pxlE) o s (9.20)
PX|Y(37

for some constant § > 0.
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Let w € S ! be such that the reflection R := I; — 2ww? satisfies Rz = 2’. Under our

assumption, there exists an event Ay, which satisfies
P(Ag| X =2)=1—o0o(1)
and such that Y|(X = z, Ay) is R-invariant. By (9.19), we also have
P(A| X =2, Y € F) =1—-0(1),
and thus there exists y € F' such that
P(Ag| X =2,V =y) =1—o(1). (9.21)

By continuity, we can make sense of conditioning on the zero probability event £ := {X =
z, Y €y, Ry}} Note that we have by symmetry and since y € F/,
pxpy(x) _ P(Y =yl|E)

Y=y = 146< - . (9.22)
pxy(@)  P(Y = Ry|E)

On the other hand, we have by definition of A,
P(Y = Ry|E, Ay) = P(Y = y|E, A),
which implies that

P(Y = Ry|E) = B({Y = Ry} N A,|E)
P({Y =y} N A|E)
B(Y = y|E)(1 — o(1))

which contradicts (9.22). The proof is complete. O

9.3.1 The Gaussian case

Our aim is to show that certain classes of kernel functions satisfy the DPS condition. We begin
by considering the case where the kernel ¢ is Gaussian, as in (9.6). In this case, the function
g may be defined as follows. Let 7" be a g-ary tree. To each edge e € E(T') we associate a

Brownian motion (B.(t)):c(0,1) of rate 3 such that for every node v € V' we have

g(v) = Z B(1) mod2m

ecP(v)
where P(v) denotes the shortest path from the root to v.
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For every node v € T}, let us now consider the Brownian motion (B,(t))~_, defined by
concatenating the Brownian motions B, along the edges e € P(v). Define by E, the event that

the image of B,modr contains the entire interval [0, 7), and define Ey, = (), E,. Our lower

veT})
bound relies on the following observation.

Claim 9.15. Fix v € T}, and set py, := P(E}). Then, for every 0,zy € S', Law(g(v)|g(r) =
Io) c DPS];(pk)

Proof. Fix 6 € [0, 7). Given the event E,,, we have almost surely that there exists a time ¢, < k
such that B, (t,) € {0 — 7, 6}. By symmetry and by the Markov property of Brownian motion,
we have that the distribution of g(v) conditioned on the event { B,(t,) = 6, Yv} is symmetric
around 6. Thus, by considering (B,(t))er,, under the event {t, < k|v € T}} we get that for

any o, Law ((g(v))ver,|g(r) = x¢) is symmetric around 6. So,

Law((g(v))uer, l9(r) = 20) € DPS(py).

We will also need the following bound, shown for example in [107].
Lemma 9.16. Let B(t) be a Brownian motion of rate 3 on the unit circle. Then,
P(Image(B(s)modn)o<sc; = [0, 7)) > 1 — Ce /2,

We are now in a position to prove Theorem 9.5.

Proof of Theorem 9.5. Lemma 9.16 immediately implies that for all v € T},
P(E,) >1— Ce k82,

On the other hand, a calculation gives \(p) = E[cos(B;)] = e ?/2. Thus, applying a union
bound implies that for some constant C' > 0, P(E},) > 1 — Cq*\(p)*. Hence, by Claim 9.15,

Law((g(v))ver; |9(r) = 20) € DPS,(1 = Cq"A(0)").

The result is now a direct consequence of Lemma 9.14. O

In the next section we generalize the above ideas and obtain a corresponding bound which

holds for distributions other than the Gaussian one.

252



9.3.2 The general case

On symmetric functions

We begin this section with simple criterion to determine whether a measure belongs to some

DPS class. In the sequel, for w € S9!, we denote,
HY = {2z € S"'|{z,w) >0} and H, = {x € S™*|(z,w) < 0}.

Lemma 9.17. Let f : [—1,1] — R satisfy the assumptions of Theorem 9.7 and let y € S*L. If
w= f((-,y))do, then for any w € S, u € DPS,(2 - py), where p,, = min (u(H}), u(H,)).

w

Proof. Without loss of generality let us assume that y € H;. Monotonicity of f implies
w(HY) > u(Hy). Now, if R = 1; — 2ww? is the reflection matrix with respect to w, then we

have forany z € H,

[z, 9) < f((Rx,y)).

This follows since (z,y) < (Rx,y).
Let us now define the measure /i;, such that

i, JfUew))ife e H,

do F((Rz,y)) ifze HY.

fi is clearly R-invariant and the above observation shows that 5 (S*!) < 1. We can thus

define fi,, = p — [i;,.

To obtain a decomposition, define y;, = P (’gg_l) and p,, = W, for which
o= (1= i, (S")) o+ 15, (ST )i

The proof is concluded by noting % (S¢~1) = 2u(H,).

O
Our main object of interest will be the measure ;.,,(y) which, for a fixed y, is defined by
po(y) i= p(a, y)do(x) = f((z,y))do(x). (9.23)
Let us now denote,
. F(g) 2\ (d—3)/2
Ba(t) = (1—1%)

L) ’
which is the marginal of the uniform distribution on the sphere. We now show that the spectral

gap of ¢ may determine the DPS properties of 11, (y).
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Lemma 9.18. Let w € S ! and suppose that f is monotone. If |{(w, y)| <! then

pe(y) € DPS,, (1_3—2(@)) -

16f ’

Proof. Assume W.L.O.G. that (y,w) > 0. By Lemma 9.17 it will be enough to bound [ 1, (y
e
from below. Let X ~ 1, (y) and define Z = (X, y). We have E [Z] = A(y) and by Markov’s

inequality,

Fort € [—1,1], set S; = {x € ST !|{x,y) = t} and let H?? stand for d — 2-dimensional
HI2(S:NHy)

Hausdorff measure. To bound [ s,(y) we would first like to estimate rE)

Hy

- A
We know that 0 < (w,y) < %\%)- Denote t, := (w,y) and fix t < to := 1+2(e0)_

With no loss of generality, let us write w = e; and y = t,e; + /1 — 1%62. Define now
z=—/1 —1tZe; + t,eo. We claim that

{v €S, (v, 2)

1
>
VI—2 7 2V/d
If v € S, its projection onto the plane span(y,w), can be written as ¢ - y + /1 — t?c - z, for

(v,w)y =t-t, — V1 —1% /1 —t2c

} C S,NH,. (9.24)

some ¢ € [—1,1]. So,

Now, whenever

tot,
c> ,
VI /T2
we get (v, w) < 0. Also,
t-1, 1

m\/— \/"\/W

where we have used ¢t < 1 for the first inequality and ¢, < in the second inequality. By

2\f
combining the above dlsplays with j@ = ¢, (9.24) is established.
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Thus, by taking the marginal of .S; in the direction of —z, we see

HI2(S, N H) 1 1
v > _1(s)ds > C(8)ds > ——B, 4 [ —
Hi-2(S,) = / Ba-1(s)ds > / Ba-1(s)ds > 2\/3&[ 1 d
—1 _ﬁ
1 T(Lh) 1) (¢=9/2 1
> 1—= .
T 2VdD(%2) d 10y/e
d—1
where we used EEZ? > ‘/TE, valid for any d > 3. We use the above estimates with Fubini’s

2
theorem to obtain:

P(X € H) :/f(t)Hd‘Q(StﬂH;)dtz/f(t)Hd‘Q(StﬂH;)dt

-1

1 P(Zg 1+A(90)) S 1= AMy)

o . B
> T\/E/f(t)H 2(Sp)dt = 10y/e 9 =70
5

Mixing

Recall the random function g : T — S1 introduced in Section 9.1.2, which assignes to
the root, r, a uniformly random value and for any other u € T, the label g(u) is distributed
according to ¢(g(parent(u)), -)do =: p,(parent(u)).

Suppose that v € T}, and let {v;}%_, denote the simple path from r to v in T. Fix 2y € S¢!, for
1 =20,...,k, we now regard,

Xi = g(vi)lg(r) = wo,

as a random walk on S¢~!. Observe that given X;_;, X; ~ o (Xi—1). The following lemma

shows that this random walk is rapidly-mixing.

Lemma 9.19. For w € S% 1, let

S(w) = {u e ST (u,w)| < 11_6—:\/%0)}7

1n( A(w)(lfﬂm))
and set kg = %. Then, if f satisfies the assumptions of Theorem 9.7,

1—A(s0)'

P(Xy, € S(w)) > D)
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Proof. Note that if U ~ Uniform(S?~1), then

P(U € S(w)) = / Bd(t)thQFF(gi)l)ﬂ (16; )11—6%@21—12(@) 025)

1-X(¢)
<503

It will then suffice to show that P(X}, € S(w)) can be well approximated by P(U € S(w)).
Since X}, has density A%~ f((x,x)), the following holds true,

2

(P(U € S(w)) - P(X, € S(w)))* = /(%?V“%%»—Udﬂ@

S (w)

< / (A1 f (2, 20)) — 1) do(z).

S(w)

We now decompose the density as f({z, xg)) = > At (x)1;(x0). So that
i=0

AP (2, 20)) ZA% Jhi(o).

We know that 1)y = 1 with eigenvalue Ay = 1, and we’ve assumed that | \;| < A\; = A(p) for
every ¢ > 1. Thus,

/(AI;O1f<<3775’70>)_1)2d‘7<x): / (Zﬁ%&x)%(:c@) do(x)
S(w) Stw) N1
<O [ 3 @) otz o)

S (w) i=1 i=1

< M) 2 f(1)%

where in the last inequality we have used f(1) = > \i(y)¥i(y), which is valid for any
In(220A(e)

_ e ) , by (9.25), we get,

d—1 :
y € S 1. Thus, since k )

1-Aep) S 1= AMy)

P(Xi, € S(w)) 2 (U € S(w) - —>2 > —

Since the random walk X}, mixes well, we now use Lemma 9.18 to show that after enough

steps, X will be approximately invariant to a given reflection.
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Lemma 9.20. Let w, o € S\, Then,

Law((g(v))uer, 9(r) = z0) € DPS;, (1= ¢"p") .

n _ 2
wherep = (1= O 04,
In( 225575 )
Proof. Let R = I; — 2ww” denote the linear reflection with respect to w*. Then, the claim is
equivalent to the decomposition,
X = PX;, + (1 - P)XE,

where X}* is invariant to reflections by R and P ~ Bernoulli(s;,) is independent from { X, X '}

k
In(\ 1-A(p))?
with s < (1_ n(&)( 6(J(5P))) :
327(1)

. In this case, from Lemma

i | — . 1-A(p)
Consider the case that for some i = 0, ..., k, |[(X;, w)| < TV

9.18, given X;, we have the decomposition,

pp(Xi) = (1 - w> Hpw + %Ufo,w()(i)a

where ¢, ,(X;) is R-invariant.

We now generate the random walk in the following way. Fori = 0, ..., k, let
1—A
P, ~ Bernoulli (%) , (9.26)

.. . . A
be an i.i.d sequence. Given X, if [(X;, w)| > 116;5) then X, 1 ~ py(X5).

Otherwise, |(X;, w)| < = 6\([) To decide on the position of X;,; we consider P;. If P, =0
then X1 ~ fi,.,(X;). Otherwise P; = 1 and we generate X;y; ~ puf, ,(X;). We denote the

latter event by A; and A = U] A,

law

It is clear that, conditional on A, RX;, "= X. Thus, to finish the proof, if A is the comple-

ment of A, we will need to show

_ In(A)) (1= A(p))? k
PA) < |1~ . (A(@(Hw) 600
3570

Towards this, let S(w) and ko be as in Lemma 9.19. Coupled with (9.26), the lemma tells us
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that )
]P(Ako) > (1_/\“0)) )
600

Now, by restarting the random walk from X, if needed, we may show,

P(4) £ 3 Bl < (1- L3E0) " < (1 Ll

k
m< ko

Hence Law(X}) € DPS(1 — p) and the claim follows by taking a union bound over all paths.
0O

Proving Theorem 9.7

Proof. By Lemma 9.20, for every w, zo € S1.

law(g(v)ver,g(r) = 20) € DPSL(1 — ¢"p"),

n — 2 .
where p = <1 - Al<<,,()/<\1(fl)(¢>> a (?0(59 ) > By assumption
n(432f(1)7)

qg<p,

and Lemma 9.14 gives the result. O
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