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1 Introduction

1.1 Foreword

The concentration of measure phenomenon is a notion that was put forward in the
1970’s by V. Milman while investigating the asymptotic (i.e., high dimensional)
geometry of Banach spaces. It is a notion that has since then proved tremendously
useful in a huge variety of contexts, partly due to the work of mathematicians such
as M. Gromov, M. Talagrand and M. Ledoux. Let us mention, among other fields:
combinatorics, functional and discrete analysis, statistics, probability theory, ge-
ometry, statistical physics, and probably much more. It is also a mathematical
theory of its own, with its major theorems (e.g., Talagrand’s inequality), ramifica-
tions into other branches of mathematics, and outstanding open problems.

In this course we will try to convey some basic notions and results related to this
phenomenon, and showcase some of its applications in different contexts. Roughly
speaking, the course will be divided into three parts of approximately equal length.
Michel Ledoux’s monograph [31] will be a major source of inspiration throughout
the notes.

1. The first part consists of the ’geometric theory’ (in particular, isoperime-
try and Cheeger’s constant) and its functional-analytic counterpart, e.g.,
Poincaré and Log-Sobolev inequalities.

2. In the second part we show how the analytic theory using 'log-Sobolev’ in-
equalities can be used to establish two main results of the theory: First,
we prove ”Borell’s inequality” [B] by establishing the Log-Sobolev inequality
(and thus measure concentration) for Gaussian measures, in a dimension-free
way. This has striking ramifications to (and is partly motivated by questions
in) probability theory, infinite dimensional analysis and statistics, among
other things. Second, we state, discuss and summarize the main ingredi-
ents of the proof of what has become known as ” Talagrand’s inequality” [38]
(although there are really many inequalities proved by Talagrand!). Tala-
grand [37] summarized the intuition behind as ’a new look at independence’:
a random variable that smoothly depends on a large number of independent
random variables (but not too much on any of them), is ’essentially’ constant,
in a ’dimension-free” way. It is clear that any formalization of such a state-
ment is to have profound impact on probability theory and, in particular, on
statistics.

3. In the third and final part, we will examine some non-trivial applications to
empirical processes in statistical theory, first passage percolation in proba-
bility theory, and random matrix theory.



Often, proofs can be formulated either analytically or probabilistically. We will
strive to present both points of view, as much as possible. It is usually the case
that one proof informs on the other, and vice-versa, so the audience and readers
are warmly encouraged to make the effort to understand both points of view!

1.2 Definitions

We start with a few informal examples that describe the notion of measure con-
centration from a few different points of view.

From a probabilistic perspective, let us agree that a random variable Z defined
on some probability space satisfies a concentration inequality if for some constant
m — which will typically be FZ or the median of Z — we have for every u > 0

w2
PllZ — > < -
{| m| _u}_cexp{ 21}}

or equivalently
u

P{|Z - ml Su}a—cexp{—g} )

where the constant v is usually related to the variance of Z, and where ¢ > 0
should be a small numerical constant. Sometimes the exponent will not be of the
Gaussian form u?, but at least a function of polynomial growth of u should feature
in the exponent to convey the notion of concentration. We also emphasize that a
concentration inequality should hold for every uw > 0 : it is different from a ’large
deviation inequality’ that holds only ’asymptotically’ (for large enough ).

From a more geometric perspective, we can say that a measure g on some
metric space (X, d) satisfies a measure concentration principle if, for any set A
such that u(A) > 1/2, we have

2

W(A) > 1 - cexp{—%} @)
where A, denotes the r-enlargement of A: that is, points z € X within distance r
of A. This point of view should be of some use to the combinatorists and analysts:
indeed, it is highly reminiscent of the celebrated ’sharp transition thresholds’ of
Friedgut-Kalai [16].

Since this helps to get an intuition on the phenomenon of measure concentra-
tion, it is perhaps worth briefly discussing this result. Consider the random graph
process G(n, p), where every edge of the complete graph K, is present with prob-
ability p - the 'density’ of edges. Let A is an arbitrary monotone graph property
(in the sense that if H satisfies A and H is a subgraph of G then GG automatically
satisfies A - think for instance of the property ’being connected’ or ’containing a
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cycle’). Then A has a sharp threshold of occurrence. That is, there is p. such that
G(n,p. — €) does not satisfy A with high probability, while G(n, p. + €) satisfies
A with high probability, for every ¢ > 0. Here and in what follows, 'with high
probability” means with probability tending to 1 as n — oo. This statement says,
roughly speaking, that if G(n,p) satisfies A with probability bounded away from
0 as n — oo for some p > 0, then increasing p just slightly will guarantee that A
is satisfied with overwhelming probability. The concentration of measure should
be viewed similarly. Suppose a set A carries a small but ’bounded away from 0’
probability: then an e-enlargement of A carries almost full probability.

Note that from this description, the connection to isoperimetric problems is
already quite intuitive: there is measure concentration if and only if the measure
of any set increases very rapidly with its enlargement, i.e., if their ’boundaries’ (in
a sense that can be made rigorous) carry significant weight.

Naturally, the two points of view ([II) and (2]) are strictly equivalent by defining
wA)=P(Z € A).

1.3 Spherical Isoperimetry

It is time to speak about an example. We start with one of the simplest geometric
examples, which is the concentration of measure on a high-dimensional sphere.
Let S™ be the unit sphere in R equipped with the geodesic metric d. Let Z
be distributed according to the uniform probability measure p™ on S”, and let
A be any measurable subset of S" that satisfies u"(A) > 1/2, so that A is a
set with significant area. Recall further our notation for the enlargement (or the
neighbourhood)

A. ={x € S" :d(z,y) < € for some y € A}.
Then we claim that

Theorem 1. Under the above assumptions,
P(Z € A.) = p"(A) > 1 — e (D72 (3)

One particularly striking consequence of this result is that, from a measure
point of view, most of the mass of the sphere is concentrated around points within
distance O(1/4/n) of the equator. This (and some further developments) has
prompted M. Gromov to say that the observable diameter of the sphere is of order
1/y/n, in contrast with its physical diameter of order 1. See Section 1.4 in Ledoux
[31] for more about this notion.



Proof. This proof relies on the spherical isoperimetric inequality and a computa-
tion. The spherical isoperimetric inequality, discovered by ... Paul Lévy in 1919, is
the n-dimensional generalization of the following statement: among all curves on
the unit sphere S C R3, the ones which enclose the largest area for a given length
are circles (which enclose spherical caps). More formally, on a metric measured
space (X, d, i), for a given measurable set A C X, define the Minkowski boundary
measure

pt(A) = hmmf ,LL(A \ A

)-
We say that X has isoperimetric profile [ : [0 o0) — [0, 00) (a function on the real
numbers) if for every m > 0 and every A such that p(A) = m we have

pr(A) = I(m),

and [ is the largest function for which this holds. Then the spherical isoperimetric
inequality sates that on X = S", I(m) = v/(v"'(m)), where v(r) is the volume of
a (spherical ball or cap) B(z,r) for any x € S* and r such that u(B(z,r)) = m.
Hence v=!(m) is the radius r such that v(r) = m. In practice, this means that if
(A) = m and if r is such that u(B(x,r) = m then

p(Ae) 2 p(B(a,r +¢)).

This is, of course, the analogue of the classical isoperimetry in R”, and we won’t
include a proof of it here. Once it is accepted, it suffices to prove (@) for A a
spherical ball of mass > 1/2. Thus the rest of the proof basically follows from the
following computation on the volume of spherical caps.

Let v(r) = p(A) where A = B(x,r) for some (any) x € S*. Then for 0 < r <,

1 T
v(r) = —/ sin"! d#,
sn Jo

where s, = [ sin" " 0df. Since we have assumed that p(A) > 1/2, then r =
/2 + s for some s > 0. Now, let ¢ > 0 and let s = s+ ¢

l—v(r+e¢) = snl/ sin™ ' 0do

r+4e

w/2
=s,! / cos" 1 0do

s+e

Making the change of variable § = 7/v/n — 1, and using the inequality cosu <



e 2 for 0 <u < 7/2, we find

/7r/2 . 1 (m/2)v/n—1 . T
cos™ " 0df = / cos™” ( ) dr
s+e n—1 (s+e)v/n—1 VT — 1

! h e Pdr
n—1 (st+e)vn—1

D2 o VT ey

<L e
T V2(n—1) T V2(n—1)

We now bound s, from below. Integrating by parts twice, we get s, = ((n —
2)/(n —1))8,_9, from which

vn—1s, > vn —3s5,_9

Using this inequality inductively, we obtain s, > 2/y/n — 1. Putting the pieces
together gives us:
1—o(r4e) <e (D2

and thus
(A > p(Blx,r+¢)) >1—e (D2

which is what we wanted. O

A pretty interesting consequence of this is the following: any Lipschitz function
on the sphere (i.e., and function whose local oscillations are small) must be con-
centrated! Recall that a function F': §"™ — R is said to be a C-Lipschitz function,

if
F(x)—-F
oy PR FO
wy,z,yesn d(x,y)

Let mp be the median of F', that is, mp is a number which satisfies
p'{e: F(x) >mp} >1/2 and p"{z:F(zx) <mp}>1/2.
(Note that mp doesn’t have to be unique but always exists).

Corollary 1.

W {z €S |F(x) — mp| > 1} < 2exp (—%) ()

where mp is the median of F'.



Proof. Let A = {F < mp}ie, A={zx € S": F(z) < mg}. If e >0 and
d(x, A) < e then there exists y € A such that d(x.y) < e. Since F' is C-Lipschitz,

F(z) < F(y)+ Ce <mp + Ce.

Taking the contrapposite, {F > mp + Ce} C AS, so that, taking probabilities:

p(E > mp+Ce) <1—p(A) <exp <—%) .

Similarly,

p'(F<mp—Ce) <1—p(A:) <exp <—W) :

Changing r into r/C" and combining these two inequalities, we obtain

. 2
p{x € S": |F(x) —mp| > 1} < 2exp (-%)

as requested. O

So again — choosing r = t/y/n — we see that the measure of the set of points
in S" for which F(x) deviates more than t//n from a constant (here my) is less

than or equal to 2,37%(17%)_ A visual interpretation of this pheonomeon — due
to Gromov — is the following: The unit sphere S” cannot be ’observed’ by us for
n > 3. However, we could think of a visual machine that sends points on high-
dimensional spheres into one-dimensional information (so an ’observable’). We
would think that any 'reasonable machine’ is such that local oscillations in the
domain result in oscillations of the same size in the image — meaning that the
machine is a Lipschitz function. The last inequality then says that 'the observable
diameter of S™ is effectively of size 1/4/n, whereas its diameter as a metric space
is constant’.

1.4 Concentration of Gaussian Measures

A centered Gaussian or normal real random variable with variance 0% (we shall
often write N(0,0?)) is defined by its probability density

o) = = -
o(T) = expy —— -
V2mo? P 207
These random variables are central to probability theory and statistics for various
reasons. We start with a simple calculus exercise.
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Proposition 1. If X is a normally distributed random variable with mean EX
and variance o2, then X concentrates around a constant, namely its mean, in the
sense that, for every u > 0

U2
Pr{|X — EX| >u} < —— .
(X - BX 2 up <o {2}
Proof. We can assume FX = 0 and, replacing X by X/o, also that o = 1. If
®(u) = P(X < u) denotes the cumulative distribution function of X then we
want to prove 2@(—u) < e~ /2 for every u > (0. This is obviously true for u = 0,
and follows from differentiating the inequality

20(—u) = \/?/ e Pdr < e/
™ u

with respect to w in the range 0 < u < /2/w. For u > /2/m we use the well

known bound /2

O(—u) < e

T N2 u

which follows from integration by parts

00 —u?/2 00 —u?/2
/ 1‘6_x2/21d$ = - —/ i26_962/2d:10 < ‘ :
u x u w u

()

O

While the more classical bound ([H) is more exact in the ’large deviation’ context
(that is, for u large), it is not optimal for every w > 0. The last proposition shows
that in the Gaussian case a genuine concentration inequality of type (II) holds with
exponent —u?, v = o2 and leading constant ¢ = 1 — which is often referred to as
Gaussian concentration.

Clearly Proposition [] follows merely from the definition of Gaussian random
variables and elementary calculus, so is not at all surprising. However, we shall see
that Proposition [Ilis a special case of a very general, dimension free phenomenon
that Gaussian measures and processes concentrate around their mean.

For instance we shall prove the following result: Let (B, ||-||5) be a (separable)
Banach space and let X : (Q, A, Pr) — B be a random variable taking values in B
(i.e., a measurable mapping where B is equipped with its Borel-o-field). We say
that the random variable X is centered Gaussian if L(X) is normally distributed
with mean zero for every continuous linear form L : B — R. It is easily seen that
this requirement characterizes normal laws in finite-dimensional real vector spaces



(e.g., [IT] Theorem 9.5.13), but otherwise serves as the natural generalization. A
consequence of Borell’s inequality will be that

w2
P (X1l — EX]] 2 0} < exp {2} ©)
where
o’= sup FEL*X)
L L]p<1
are the 'weak’ variances (and where || - ||’ is the norm of the dual space of B).

We should note that (@) does almost but not exactly yield Proposition [ as a
corollary, but the unifying approach via the theory of Gaussian processes will: We
shall prove for (almost) arbitrary centered Gaussian processes {X; }er where T is

any index set that
u?
P > < e
r{ _u}_exp{ 202}
where 02 = sup,., EX?. This result clearly implies Proposition [ but will also

be seen to imply (@), and has substantial implications in the theory of Gaussian
processes (such as Brownian motion, for instance).

sup X; — E'sup X;

teT teT

2

1.5 Concentration of Product Measures

Let now Xy, ..., X,, be independent and identically distributed random variables
with law P supported in [—1,1] (as long as the range is bounded the restriction
to [—1,1] is immaterial, as one can always rescale), and denote by Pr := P™ the
product probability measure representing the joint law of X1, ..., X,,.

The sample mean % >, Xi is a fundamental quantity in almost all of statis-
tics, but also in the study of random walks and in many other problems in prob-
ability theory. It turns out that the sample mean represents another instance of
the ’dimension-free measure concentration’.

As a first step in this direction, let us briefly prove a classical result due to

Hoeffding [26], in dimension one.

Proposition 2. Let Xy, ..., X, be i.i.d. random variables bounded in absolute value
by one and with EX = 0. Then we have, for every n € N and every u > 0

Pr{%izn;)(izu}gexp{—lgn}. (7)

o (RS PSS .
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and hence also

1 n
w2

i=1




Proof. We first derive a bound on the moment generating function of v.X for v > 0,

namel
’ Ee'X < '/, (9)

To see this, observe that convexity of the exponential function implies

o l—2z _, 14z,

e < 2 e+ 5 e’, —1<z<1.
Taking expectations and using £X = 0 we see
Ee'™ < %ev + %ev — g vHlog(3+3¢%) . o)

where g(v) = —v + log (5 + 1¢*). Clearly g(0) = ¢’(0) = 0, and also ¢"(v) < 1
for all v > 0, so that a Taylor series expansion gives g(v) =
completing the proof of ([).

Now to prove Hoeffding’s inequality, recall Markov’s inequality Pr{|X| > C'} <
E|X|/C. Then, for every t > 0, v > 0, using that the X;’s are i.i.d and (@),

Pr {Z XZ Z t} = Pr {evZ?lei Z etv} S eftvEevzzllei
i=1

_ ) _ 2
— ¢ th;L:1EevX, <e toyn 1€U /2

1=
2

2
vTn
Wt — oo

= e
by choosing v = t/n. Finally () simply follows from multiplying the inequality
featuring in the probability in question by n and applying the last inequality with
t = nu. U

The result says that a sample mean of n bounded i.i.d. random variables satis-
fies a concentration inequality of type () around its mean m = EX with exponent
u?, v = 2/n and leading constant ¢ = 2. In particular, the ’degree of concentra-
tion’, measured by the exponent in the inequality, improves as dimension (i.e.,
'sample size’) n increases.

While Proposition 2] is a genuine concentration inequality, it is still some-
what unsatisfactory: One would think that the size of the random fluctuations
of %Z?Zl X, around the constant £X should depend on the variance o? of X,
and that therefore 2 should be featuring in the exponent on the r.h.s. of (§), as it
does in Proposition [ for example. This more refined result is known as Bernstein’s
inequality: If X1, ..., X,, are as in Theorem B and if 02 = Var(X), then

1< u?
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and thus also

1 n
Ly
n “

=1

u2
P > <2 - . 11
{ ‘“}— {5 ) .

The proof — which is only marginally more involved than the one of Proposition
— can be found, for instance, in [34]. To interpret this inequality, it is instructive
to rescale the centered sample mean, so that one has the equivalent inequality

1 « v?
i=1

3v/n

This suggests that — as n — oo — this inequality approaches Gaussian concen-
tration. This of course has a deeper meaning that is linked to the central limit
theorem, which states that

1 n
— Y X, =" N(0,0?)
VS

as n — 00, which gives a heuristic explanation of (I2)) at least for large n. In fact
one may at first sight hope for 'pure’ Gaussian concentration ev*/20% in (I2), and
wonder why the 33}’5 term occurs in the denominator of the exponent. That this
term cannot be improved uniformly in u, however, can be seen as follows: Take
X, i.i.d. Bernoulli variables with success probability p := p,, very small depending
on n, say p, = 1/n. A standard result in probability is that the distribution of
> i X, can in this case be very well approximated by the distribution of a Poisson

variable Y with rate 1, in fact one can show that

Pr{ZXi Zu} —P{Y >u}

Since the tail of a Poisson random variable is of order e and not e~ 2, we cannot
expect 'pure’ Gaussian concentration in (I2) if o% is very small and/or depends
on n (as in this Bernoulli example). Note also that this does not contradict the
‘limiting” Gaussian concentration suggested by the central limit theorem, as the
distribution of the X;’s in this 'counter-example’ changes with n.

This shows that product measures of bounded random variables in one dimen-
sion satisfy concentration inequalities. It was mentioned after Proposition [Il that
one-dimensional Gaussian concentration extends to arbitrary dimensions without
a price by virtue of Borell’s inequality, and one may ask the same question for
product measures. One of the most striking achievements in the theory of mea-
sure concentration in the last decades is Talagrand’s inequality [38], which shows

<1/n.

u
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that the same is true for product measures in infinite dimensions. For instance
Talagrand’s inequality for empirical processes (these processes, which will be de-
fined precisely below, parallel the role of Gaussian processes in the treatment of
Gaussian measures in a way) will imply that for X3, ..., X,, i.i.d. centered random
variables in a Banach space (B, || - ||z) that are bounded (||X||g < 1) one has a
genuine concentration inequality (comparable to (Il above):

1 <& 1 <& u?
P — X; — X; > < _— 13
2> O B R e I

where V' is a quantity that needs some more careful discussion (but will depend
on the variance of X in a suitable way).

Someone who knows the field of probability in Banach spaces will immediately
recognize the following: The central limit theorem for a sum Y., X; of general
B-valued centered random variables holds only under certain conditions on the
geometry of B (see [I] and [32]), whereas the concentration inequality (I3) will be
seen to hold (in more or less) arbitrary Banach spaces. This offers one of the deep-
est insights in the theory treated in this course: concentration of product measures
is — contrary to what one may expect at first — NOT related to the central limat
theorem, but a self-standing probabilistic phenomenon. A complete understanding
of this involves some subtleties and requires more context, so we postpone exact
statements and definitions to Section [6l

- F
B

B
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2 Isoperimetric and Poincaré Inequalities

In this section we discuss a class of inequalities calles Poincaré inequalities, and
their relation to, on the one hand, spectral quantities (ie., having to do with the
eigenvalues of a certain operator), and, on the other hand, isoperimetric problems.
We will notably discuss the celebrated Cheeger inequality in this context. We start
by defining what is a Poincaré inequality. Recall that the variance of a random
variable f with respect to a probability measure p is Var,(f) = E,((f — m)?) =

Eu(f2) - Eu(f)Q-

Definition 1. A measure p on a space X is said to satisfy a Poincaré inequality
with constant c if

Var,(f) < ¢ [ (V1P (14)
X
for every f: X — R such that the various terms in (1j)) make sense.

Usually we will have in mind that X is a smooth Riemaniann manifold with
metric g which is either compact or open and bounded, and that p is a probability
measure on X. However, not much is lost in thinking that X is a finite graph
and that Vf denotes the discrete derivative f(y) — f(x) for x and y neighbours
in f (the integral then becomes a sum over the edges). We will come back to the
discrete case in more specific details below.

Poincaré proved that if X is the closure of an open domain in R™ with smooth
boundary, equipped with the standard Euclidean metric and Lebesgue measure,
then X satisfies (I4]) for some ¢ > 0. Here is an elementary proof in dimension
n = 1, in which case we may assume without loss of generality that X = (0,1).
Then if f is C* and m denotes the average of f, we have:

[ 1560 -mias= [ |56~ [ s
< [ [ 1560 - spasar
:/01/01 /:f’(u)du
g/ol/ol\t—s\/:f’(u)Qdudsdt

2
ds

2
dsdt

14



by applying Cauchy-Schwarz’s inequality (twice). Thus, by Fubini’s theorem:

1 1 1 1
/ 1F(s) — m|2ds < 2 / F(u)2du / / £ — 8| Lpscncr dids
0 0 0 0

u2

< 2/0 f(u)?*dufu(1 — u) 5 (1 —u)
1 ' / 2
<3| rwpa

and (I4) holds with ¢ = 1/2. (Better optimal constants are possible).

Intuition.To say that there is a Poincaré inequality amounts to the following
statement. Say a number ¢ > 0 is given. We try to build a function f on X such
that E(f) = 0 and the standard deviation off is o (fixed). Then there is a Poincaré
inequality if there is always a “smoothest” function which achieves this standard
deviation. In particular any function with zero mean and standard deviation ¢ has
to be rougher than this function, in the sense that its gradient has larger L? norm.
This is a highly intuitive fact for domains in R?, so unsurprisingly the Poincaré
inequality holds with a great degree of generality - as we will soon see. But first,
we explain why we are interested in this inequality.

Remark 1. In (T]), the L* norm of the gradient makes sense even if the function
is not C%, e.qg. if the weak derivatives exist and are L? functions as in the Sobolev
space W2 = HY. In proofs below, we will freely apply the Poincaré inequality for
functions in W12,

2.1 Poincaré implies concentration

Theorem 2. Assume that (X, g) satisfies a Poincaré inequality (Ij)) for some
c > 0 and that p is absolutely continuous with respect to the volume element.
Then if p(A) > 1/2, we have for all e > 0

WA = 1 - exp (— (15)

€
3vc)
In other words, a Poincaré inequality always implies an exponential concentra-

tion for (X, u).

Proof. Let A, B be subsets of X such that d(A, B) = ¢ (later, we will take B to
be the complement of A.). Define a function f : X — R by the following. Let
a = u(A) and let b = u(B). Let f be a function such that f(x) = 1/a on A and

15



f(z) = —1/b on B. In between A and B, interpolate as smoothly as possible, say
linearly. For instance, take

fla) = % 1 (3 + %) min(e, d(z, A)).

g \a

f is not smooth but is in the space W2, so we can apply the Poincaré inequality
(I4) to it (this is where we use the fact that p is absolutely continuous with respect
to the volume element). This will give us a lower bound on the total roughness
of f and thus may tell us how b and a differ - in particular, we hope to show
concentration, so that b is indeed much smaller than a.

Note that since f is constant on AU B, we have V f = 0 on this set. Moreover,

1/1 1
|Vf|§_<_+_)7
e\a b

p-almost surely. Thus, integrating:

1 /1 1\?
[1vstans 5 (5+5) (1—a-b)

On the other hand, if m denotes the mean of f,
Var(£) = [ (7 = m)dy
> [ (r=mpdus [ (1= mpdy
A B
> a(l/a —m)® +b(—1/b—m)?

Calculus shows that the right-hand side is minimized for m = 0. Thus, after
expanding, we find:

Var,(f) = =+

Q=
S =

Plugging this into (I4]), this implies:
L1 1 1+12<1 .
a b~ \a b

or equivalently

? - - — — _
%§(1+%)(1—a—b):<1 ¢ b)(a+b)<1 ¢ b<1 a_%

a ab - ab — ab

16



where we have used that a +b < 1. Rearranging, we get (since a > 1/2):
l—a 1-a 1 l1—a
< < .
a l/a+e%/c = 14+ae?/c — 1+¢%/(20)
If B= A¢and £2/(2¢) = 1 or € = v/2¢, then we find

p(A9) < (A%

and, iterating, 1 — pu(A.) < 27771 Thus if r > 0 and if ke <7 < (k + 1)¢, noting
that r — p(A%) is monotone non-increasing,

log 2
1—p(A,) <277 <exp <— .
vV 2c¢

b<

Since log2/v/2 = 0.49... > 1/3, we get

1~ () < exp (‘W)

as claimed. O

Note. Ledoux’s proof of this result, p. 48, contains several typos that affect
the proof.

2.2 Poincaré inequality and eigenvalues

On every Riemaniann manifold (X, g) there is one particularly natural measure
which is the volume element dv. If furthermore, X is compact then dv is a finite
measure and we can define = dv/V, where V is the total volume, so that u
is a probability measure. In that case, we claim that (X, g, ) always satisfies a
Poincaré inequality, and furthermore that the constant ¢ > 0 is the first eigenvalue
of an operator —A, where A is defined on functions on X and is called the Laplace-
Beltrami operator, or shortly the Laplacian. Formally, if f is a smooth function
on X, then
Af =div(VYf)

as for the usual Laplacian in R™. Alternatively, one may think of a general finite
graph X and a Markov chain defined on X through its transition probability
matrix P. In that case A = P — I, where [ is the identity matrix.

In all those cases, spectral theory guarantees that the eigenvalues of —A are all
nonnegative, and form a discrete set. Thus they can be ordered in a nondecreasing
way 0 < A\; < Ay < .... Usually we are interested only on strictly positive eigenval-
ues. We have written here \; < \;;; because the eigenvalues may have nontrivial
multiplicity. However, it is a fact that the first eigenvalue A\; has multiplicity 1:
see Proposition VIL.4.1 in [§] or Corollary 2 in Chapter T of [7].
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Remark 2. if the Riemaniann manifold X is not compact, it becomes necessary
to impose boundary conditions in order to get a discrete spectrum. These are
typically of the Dirichlet type, meaning that f|aox = 0, or of Neumann type: that
is, Of /On = 0 on 0X. In both cases there is a discrete spectrum, however in
the Neumann case the first eigenvalue is Ay = 0, corresponding to the constant
eigenfunction equal to 1 on X. On a compact manifold, or in the Dirichlet case
for open bounded manifolds, then it is a fact that \y > 0.

A good and short introduction to the Laplacian on Riemaniann manifolds can
be found in the book by Chavel [7], Chapter I. Chapters VII.1 and VII.2 in another
book by Chavel, [8], contains many more details, but is still very accessible.

Theorem 3. Assume that (X, g) is a compact Riemaniann manifold. Then a
Poincaré inequality (I4) holds with ¢ = 1/\;. Moreover, 1/A\; is the smallest
constant for which (Ij]) holds. In particular, there is the concentration inequality:
for all measurable A C X such that u(A) > 1/2, and for all € > 0

H(A) > 1 exp (—5 ;1) | (16)

Proof. We may regard C? functions on X as elements of L?(X), which is a Hilbert
space when equipped with (f, g) = | fgdu. Green’s formula states that for any C?
functions f and g,

/ (Af)gdp = — / (Vf,Vg)dpu.

(Since the manifold is compact there is no boundary term). In particular, —A
is self-adjoint and nonnegative for this scalar product, hence the eigenspaces are
orthogonal to one another, and there exists a complete orthonormal basis of L?(X)
which consists of eigenfunction fi,... that are associated with eigenvalues Ay, .. ..
Thus for every f € L?(X) one may write

fF=> (55

Jj=1

and by Parseval’s identity

o0

LA =) (1)

J=1

Now, let £(f,9) = [(Vf, Vg)du, the so-called Dirichlet energy. Then & is bilinear
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symetric, so if 7 > 1 one has, letting o; = (f, f;)

0<¢€ <f—Zajfjaf—Zajfj>

E(f, ) —22% (f, ) +Za]ake fi 1)

J,k=1

—&(f, f) +2Zaj(f, Af;) — Z ajou(fj Afr)
j=1 Jik=1
Ef. f)— zza§Aj+Za§Aj

Thus E(f, f) > 77—, aj); for all r > 1, from which we deduce:

o
Z Ozjz-)\j < 00
j=1

and . .
EF, 1) =D x> M) ol =M|f|
j=1 j=1

by Parseval’s identity. Note that if f has zero mean, then ||f||* = Var, f. By
adding to a zero-mean f a constant number, note that neither the variance nor
the Dirichlet energy are changed, from which we deduce that for any function f
on X:

Varuf< E(f 1)

as claimed. To see that this is sharp, take f = fi. O

2.3 Cheeger’s inequality

We now explain the connection of the Poincaré inequality to isoperimetric prob-
lems. This explains Theorem [2 from a more geometric perspective. Recall the
definition of the isoperimetric constant:

+
h— inf 2
acx ()

where () is open with compact closure within X.
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It is not hard to see that if X is compact then h, as defined here, must be equal
to 0 (take, for instance, X itself or X minus a small ball of radius € > 0, and let
e — 0.) Thus in the compact case, one needs to change slightly the definition,
for instance by requiring that ©(2) < 1/2. But for the sake of simplicity we only
speak about the open bounded case.

It can be shown that if X is a n-dimensional Riemaniann manifold (n > 2),
then

(17)

where A is the n — 1-dimensional Riemaniann area measure for submanifolds of X.
We have seen how we can expect to have exponential concentration of the form
w(A,) > 1 —e P for u(A) > 1/2. The following fundamental inequality shows
that (up to the the constants in the exponential) what we get from a Poincaré
inequality is stronger.

Theorem 4. (Cheeger’s inequality) The following inequality holds in complete
generality:
h?/4 < Ay,

where \ is the first eigenvalue of —A with Dirichlet boundary conditions.

Proof. The proof consists of two results which are interesting in their own right.
First, introduce a more general ’isperimetric constant’ h, for v > 1:

h, = inf A(0%Y)

~ 0 Vol(Q) -1/ (18)

If 0 < h, < oo then v may be called an ’isoperimetric dimension” of X, and
it is fairly obvious that h, > 0 can only occur if v > n, the dimension of the
manifold. The standard isoperimetric number of (IT)is obtained by taking v = oo
in (IX). The first one says that the isoperimetric constant can be viewed as an L'
equivalent of the Poincaré constant.

Lemma 1. (Federer-Fleming theorem)

d
B — ing LIV 1dk
520 | fllv -1

where the infimum is taken over f € C2°.

Proof. The proof is closely related to the arguments in the proof of Theorem [2] so
we skip it. (This is an adaptation of Theorem I11.2.1 in [§]). O

The second result is the Nirenberg-Sobolev inequality, which is a particular
case of the well-known Sobolev embedding (on which we will come back later).

20



Lemma 2. There is the following inequality: for any function ¢ € C°, then

v—2
>7hu v/(v—2)-
IVella 2 g yul a2

Proof. We follow Lemma VI.1.1 in [8]. We may assume that v > 2 and that h, > 0
without loss of generality. Let f = |¢|” where

2 —1)
=2
Then p > 2, and f € C° a.e.-du. By the Federer-Fleming theorem,
IVfll = bl fllvyo-1)- (19)

But note that
IVf|=plo|P | Vo|, ae.-dpu.
Therefore, integrating and applying the Cauchy-Schwarz inequality, we obtain:

[ 1V 11 < pIVlalolizg L,
Putting this together with (I9), we get

N o
Since f = |¢P], we get
LAy 1
Vol > —hy,———7— = —h[[¢]l2/0—2)
P 9l5p-1
as claimed. [

Now, letting v — oo in the Nirenberg-Sobolev inequality we obtain:

1V6ll> > Shllolle (20)

for any ¢ € C*°. Let f = f1, the first eigenfunction of the Dirichlet Laplacian. We
claim that this inequality (20) also holds for ¢ = f. This is because, since f has
Dirichlet boundary conditions, we can find a sequence of functions ¢, € C* such
that ¢, — f in Sobolev norm, i.e., V(¢, — f) and ¢, — f both tend to 0 in the
L? norm. Thus applying 20) to ¢, and letting n — oo, this also applies to f.
However, by Green’s formula

IV £ll2 = VAl £l

which, after squaring in (20), completes the proof. O
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2.4 Discrete case: Markov chains on graphs

Much of the theory developed above has an equivalent for the discrete case, where
the manifold X is replaced with a graph G = (V, E') and the gradient of a function
f 'V — R defined on the vertices of the graph, is given by the discrete derivative

Vf(e)=fly)— f(z), e=(z,y) € E.

Let us assume for simplicity that G is undirected (we will only use the gradi-
ent squared, so the orientation doesn’t matter anyway), and consider the simple
random walk on G: thus if p(z,y) denotes the transition probabilities: p(z,y) =
1/deg(z) if y ~ z, and 0 otherwise. It has a reversible equilibrium probability
distribution p(x). That is,

w(@)p(z,y) = p(y)p(y, x) (21)

and p(x) is proportional to deg(z). Define the Dirichlet energy of this function f
is given by

1
Ef.f =5 > (fy) = f(@)’p(z, y)p(z).
Y
A Poincaré inequality states that

Var f < ¢ £(f, f) (22)

for all functions f : V' — R. Recall that the discrete Laplacian is the matrix
L=P—-1,

where [ is the V' x V identity matrix and P = (p(x,y))sy inv is the transition
matrix. The matrix L is the (discrete) generator of the random walk, in the sense
that for any bounded function f:V — R,

n—1
F(X) =) LF(X:), n=0,1,...
i=0
is a martingale in the natural filtration of the random walk (Xo,...). By the
Perron-Frobenius theorem, P has all its eigenvalues smaller or equal to 1, so we
can order the eigenvalues of L in nondecreasing order \g =0 < \; < Ao ...

Definition 2. The number \; > 0 is called the spectral gap of the random walk.

The spectral gap comes up in a number of probabilistic and geometric problems.
In probability, the spectral gap is intimately connected to asymptotics of the mizing
time of the random walk, i.e., how long does it take for a random walk to reach
its stationary distribution.

We start with an analogue of the Poincaré inequality described in Theorem [l
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Theorem 5. There is the equality:

ST
)\1_}% Var f

The proof is a copy of the continuum version of this result (Theorem [B]). In
particular, this gives us a (discrete) Poincaré inequality (22]) satisfied with ¢ =
/A

We now prove a concentration inequality (closely related Theorem []) which
holds in complete generality for functions that are sufficiently 'smooth”, i.e., Lip-
schitz in a suitable sense. For f:V — R, define

1711 = 5 5up 3 15) = £ Pptay) 23)

Theorem 6. Assume that (p, ) is reversible on the finite graph G, and let \y > 0
be the spectral gap. Then if ||| F|||c < 00 we have:

T <F > /Fd,u + 5) < 3eclIFllevAe/2, (24)

Proof. While (24]) can be proved along the same lines as Theorem 2] we propose
a different approach which is more adapted to this case. Let

D(N) = / eMdp

be the Laplace transform of the random variable £’ under the distribution p. We
may assume by homogeneity that ||| F|||« = 1. By the Poincaré inequality applied
to M2 we get
)\1 Var(e’\F/Q) < 5<€>‘F/2, eAF/2)’
that is,
M(B(N) — B(A/2)%) < E(eMT2 T2,

On the other hand, if we compute the Dirichlet energy of e*/?

5(€>\F/27 eAF/Q) — Z (eAF(ﬂC)/2 _ €>\F(y)/2)2p(3;7 y)u(x) by symmetry
F(x)<F(y)

A2 _ »
<5 Y. MVFEW - F@)plr.y)p(r) usingl-e <z
F(z)<F(y)

_ %22 FO S (F(y) — F@)) 1 gry<rnp( 2)u(y) by @D

we get

< NIFNE Y MW uly) = Xo(N).

Y
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Thus we get
AM(P(N) — D(N/2)%) < A2P(N).

Rephrasing this, we get the inequality:

1

°N) < T

®()/2)?,

for every A < y/A;1. This can now be iterated, yielding:

O(N) < 1:[ (%) B(N/27)*"

Note that ®(A) = 1 4+ AE(F) + o(A) as A — 0 (by the Lebesgue convergence
theorem), and we may assume without loss of generality that E(F) = 0. Thus

letting n — oc:
o0

1 o
S
1£[0 1 — A2/(4%)\)
and note that this infinite product converges for every A > 0 (but we have only
show that the above inequality holds if A < y/);). If we also set A = v/A;/2 then
the right-hand side is a universal constant slightly smaller than 3 (slightly bigger
than e) and we find

(/A /2) < 3.

The proof of Theorem 2 is now an easy application of Markov’s inequality:

p(F>e)<p(eM >e)
< e P(N) = 3e YN/

as desired. The proof extends immediately to arbitrary function F' with ||| F|||s <
0. U

We now mention a couple of useful and rather unexpected consequences of this
Theorem, which relates the spectral gap of the random walk to the diameter of the
graph. Let G = (V, E)) be an undirected finite graph and let p be the equilibrium
measure of simple random walk on G: thus, u(x) = «/deg(z), where a > 0 is a
normalising constant. We say that p is nearly constant if there exists C' > 0 such
that

< ] .
pl(x) < Cmin p(y)

In particular this is guaranteed to happen if the graph G is regular (in which case
we can take C' = 1).
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Theorem 7. Let N\ be the spectral gap of the random walk, and let 6 be the
diameter of the graph (maximal distance between two vertices). Then

2
A\ < (810g(120 Card V)) .
V26

Proof. We first show how to extend Theorem [@ to a concentration away from the
median. Let

D(z,y) = sup [f(y) — f(z)]

[ flloe <1

Then for any set A such that u(A) > 1/2 we have, denoting A. the D-enlargement
of size € of A,

p(A2) > 1= Bexp(—ey/\/4). (25)

Indeed, F'(x) = min(r, D(z, A)) satisfies |||f]||c < 1 so Theorem [@] applies to it.
On the other hand,

[ Fdu< 1= ulayr
thus

(A7) < p(F >)

<pu (F > /Fd,u + m(A))

< (F > /qu—i—’r’/Q) < 3exp(—ry/A/4)

by Theorem [6l This proves (28). In particular, if F' is 1-Lipschitz for the distance
D, the same reasoning as for the sphere shows that

w(|F = mp| > 1) < 6exp(—ry/A/4). (26)

Now, fix a,b € V, and let 2r = D(a,b). Consider the function F(y) = D(y,b),
and let m be a median for F'. Note that since F is 1-Lipschitz for the distance D,
we have:

p(a)p(b) < p @ p{(z,y) : |[F(x) = F(y)| = 2r}.
Decomposing on the event where |F'(z)—m| < r, |F(y)—m| < r,or |[F(x)—m| >r
and |F(y) —m| > r, we get to the upper-bound:

pla)u(b) < 2u(|F —m| > r) < 12exp(—r/A1/4),
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using (26). On the other hand, note that D(a,b) > d(a,b)v/2. Indeed, for every

17112 = 5510 3 (7 0) — F@)Pp(a.v)

< Ssu{lf(y) — f()l e ~ )2 = VA1
and thus
D(w.y)= swp [f(y) = f@)] 2 sup_ [fly) = [()] = V2d(z, y).
Thus

p(a)p(b) < 2u(|F —m| > 1) < 12exp(—Vv2d(a,b)/A1/8).

Since 1 is almost constant, note however that p(z) > 1/(C Card V). Thus taking
a, b a pair of vertices which realise the diameter, gives us the result. O

The spectral gap of a random walk is an important quantity, and contains
much information about the properties of the random walk. For instance, its
inverse R = 1/)\; is called the relaxation time, and is closely related to the mizing
time of the random walk. Intuitively speaking, this is the time it takes for the
process to reach its equilibrium distribution. Equivalently, if we think of heat
diffusion on the graph, starting from a situation where a particular vertex has
temperature 1 and every other vertex has temperature 0, this is the time it takes
for the temperature distribution to take its stationary values.

Thus the spectral gap gives information about how long to run a particular
Markov chain to get a stationary sample. As such, the relaxation is a quantity of
fundamental importance in statistics or computer science: the MCMC is one of the
10 most widely used algorithms in the world. The upper-bound from Theorem [7]
gives a lower bound on the relaxation time R. In practice this will rarely be sharp,
but it maybe useful to give theoretical polynomial or logarithmic lower bounds on
the running time of an MCMC algorithm.
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3 Logarithmic Sobolev Inequalities

3.1 Introduction and definition

Log-Sobolev inequalities, introduced by Leonard Gross in 1975 [22], are one of the
essential tools for proving concentration phenomena, not only because they require
in some sense less understanding about the underlying geometry of the measured
space, but also because they yield sharper results for concentration, i.e., Gaussian
rather than exponential. They are particularly well-suited for infinite-dimensional
analysis.

We start by recalling the classical Sobolev embedding for functions in R™. Let
2 be a bounded open domain in R™ with sufficiently regular boundary (Lipschitz
boundary, or satisfying the 'cone’ condition for Brownian motion). Let W*P(Q)
be the Sobolev space of order (k,p) where k > 1 and p € [1,00): this is the set
of functions for which all k (weak) derivatives are in LP(Q). In particular, W2
is denoted by H' is a Hilbert space. Then the Sobolev embedding states the
following:

Theorem 8. Let f € WFP(Q). Then f € W54(Q) for any {,q such that { < k

and

1 1 k-
- <-4+ — (27)
p q n
Moreover, this embedding is continuous: that is,
[f1le.q < el fllkp (28)

where the Sobolev norm || f||xp is given by the sum of the LP norms of all derivatives

of order k.

In the case where k = 1 and p = 2, which is the case we are in fact really
interested in, we have already proved this result (it is the Nirenberg-Sobolev in-
equality). Let us make a few important comments on this result. First, this result
tells us that if f € W*? for some k > 1 and p € [1,00), then its derivatives of
order ¢ < k are in fact not only in LP but also in L? where ¢ is defined by (27),
and note that ¢ > p. In the case k = 1, p = 2, this says

[fll24e. < call V2

where €, > 0 and €, ~ 4/n as n — oo. Thus lower-order derivatives are more
integrable. Interestingly, how much more integrable depends on the dimension n,
as shown by (27). Note that as n — oo (in order to work in dimension-free setup)
we have 1/q — 1/p, and thus the Sobolev gain appears to become negligible in the
limit. In fact things are more subtle, as we will see that if K = 1 and p = 2, we
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can still get a logarithmic additional control when n — oo: under the Gaussian
measure, we will see with the Gaussian Log-Sobolev inequality (Theorem [30)

/ £ log(f2)dp < ¢ / (V f)dp (20)

for some ¢ > 0, provided the right normalisation is chosen (E(f?) = 1). In-
terestingly, this logarithmic gain compared to the Poincaré inequality has huge
consequences for the concentrative properties. In particular we will see that this
in general leads to Gaussian concentration (Theorem [).

We will essentially take ([29) as our definition of a Log-Sobolev inequality.
Given the flog f term, there is a natural probabilistic interpretation in terms of
the entropy of the random variable f. This leads us to the following definition.

Definition 3. Let (X, g) be a Riemaniann manifold, equipped with a probability
measure . We say that pu satisfies a Log-Sobolev inequality with constant C' > 0
if for every smooth function f such that the terms below are well-defined:

Ent, (f2) < 2C / IV f 2. (30)
Here Ent(f) denotes the entropy of the function f:

Ent,(f) = E(f log f) — E(f) log E(/).

More generally, this definition makes sense on any metric probability measure space
(X,d, ), where |V f| denotes the generalized gradient:

yor d(2,y)

Note that the entropy of a random variable (function) is always nonnegative
by Jensen’s inequality (since the function x +— xlogz is convex) and is defined as
soon as E(X log™ (1 + X)) < co. It is also homogeneous of degree 1 (as a norm
should be).

A first, unsurprising result, is that a Log-Sobolev inequality is always stronger
than a Poincaré inequality.

Proposition 3. Assume that p satisfies a Log-Sobolev inequality (30) for all
smooth functions f with constant C' > 0. Then for all bounded smooth functions

/
Var,(f) < C / IV fPdp,

i.€., the Poincaré inequality is satisfied.
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Proof. The proof is simple and relies on a Taylor expansion of the Log-Sobolev
inequality ([B0) applied to 1 + ef, where f is any bounded function with zero
mean. Indeed, note first that V(1 4 ef) = eV f so the right-hand side of ([B0) is
2Ce? [ |V f|*dp. The left-hand side, on the other hand, has the following asymp-
totics as ¢ — 0. First, using the probabilistic notations P and X instead of p and
f, by the Lebesgue convergence theorem

E[(1+eX)?log((1 +eX)?)] = 2E[(1 + 26 X)(e X — £2X?/2)] + o(c?)
= 2eR(X) + 4’ E(X?) — 2E(X?) + o(e?)
= 3’E(X?) + o(e?) (since E(X) = 0).

Also,
E[(1+eX)?|log E[(1 + eX)? = (1 + ’E(X?)) log(1 + £*E(X?))
= (14 ?E(X?))(’E(X?)) + o(?)
= ’E(X?) + o(g?)
so that

Entp[(1 + eX)?] = 2e*E(X?) + o(?).
From this we conclude (using ([B0)): for all € > 0

2e?E(X?) + o(e?) < 20¢? / IV f|2du

so that necessarily
Var, f =E(X?) < C/ |V f|?dp.

Since this inequality is unchanged by the addition of a constant to f, it holds for
any smooth function f with compact support, thereby proving Poincaré’s inequal-
ity. U

3.2 Log-Sobolev implies Gaussian concentration

We now state the result which explains our interest in log-Sobolev inequalities.
Let (X, d, i) be a general measured metric space. If ¢ : (X,d) — (Y, |- |) then we
may define the (generalised) gradient length of ¢ at the point x to be:

V6(a)| = lim sup W

which matches the usual definition when X = R™ and Y = R. The important
property that is used in this proof is that the generalized gradient satisfies the
following chain rule: if f: X — R and ¢ : R — R is smooth, then

Vo) <18 NIV
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pointwise. Recall that if a function is K-Lipschitz

Theorem 9. Let (X,d, ) be a metric measure space in which the Log-Sobolev
inequality (30) holds, where |V f| is interpreted as above. Then every K — Lipschitz
function is integrable and if F': X — R is such a function, we have:

u{x:F@ﬂEi/FUM+T}fﬂmp(—gé%a). (31)

Proof. We start by proving the result for F' bounded. The following argument is
due to Herbst and is described in Theorem 5.3 from Ledoux [31]. Let ®(\) denote
the Laplace transform of F":

d(N) = /e’\qu.
Our goal will be to show that if f Fdp =0, and F' is bounded,
D(N) < CEN/2, (32)

and the result then follows from Markov’s inequality and optimising in A: indeed
for every A > 0: assuming (B2]) then we have

P(F >7r) <eMP(\) < exp(—Ar + CK?*)\?/2).

The term in the exponent is optimal when —r + CK?)\ = 0, i.e. if A = r/(CK?),
in which case we obtain:

P(F >7r) < exp(—r?/(20K?)),

as claimed (the general, not necessarily bounded case is then an easy consequence
of the monotone convergence theorem). Thus it suffices to prove (32]). To do this,
assume by homogeneity that K = 1 and consider the function

G()\) _ E(GAF_CA2/2).

If f is defined as f2 = eM'~9/2 g0 that G(\) = E(f?), then by the Log-Sobolev
inequality

Ent,(f?) < 20/|Vf|2d,u. (33)

Now, note that by definition of the entropy,

Ent,(f2) = E(eM2(\F — CX2/2)) — G(A\) log G())
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Let us now get an upper-bound on the the right-hand side of (33]). Note first that
by the genearlized chain rule,

)\2
[Ivitdn <% [19Fper-ori,
A2 AF—C)\?/2 2
gZ/e N2 = N2G(N) /4.
since |[VF| < K almost everywhere, by Rademacher’s theorem, and K = 1 by
assumption.Thus, using ([33]) and our lower bound on the entropy, we get

E(M-CN2(\F — CN2/2)) — G(A) log G(A) < CA2G(N)/2
and thus
E(eM =N (AF — CA?)) — G(\) log G(A) < 0

but note that the first term in the left hand side is now simply equal to A\G'(\),
hence:

AG'(N) — G(N\)1log G(N\) < 0.
Equivalently, if

H(\) = logf()\); A > 0;
and H(0) = G'(0)/G(0) = E(F) = 0. Then we get
(\) = %[AG’(A) G\ logG(N)] < 0

and thus H(\) < H(0) = 0 for all A > 0. In particular, G(A\) < 1 for all A > 0.
That is,
D(N) < CEN2, (34)

which proves (32]). O

Remark 3. Below we will prove that the infinite-dimensional Gaussian measure
satisfies a Log-Sobolev inequality. In fact a similar argument may be used to prove
that any compact manifold X has a Log-Sobolev inequality. Furthermore, it can be
shown that if
p— inf LIV Pl
f#0 Ent,(f?)

(so that a Log-Sobolev inequality holds if and only if p > 0), and if n is the
dimension of the manifold X then

ny
n—1

)\1>p>

where 7y is any lower-bound on the Ricci curvature of X.
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4 Concentration of Gaussian Measures and Pro-
cesses

In this section we shall investigate several ways in which Gaussian measures en-
joy dimension-free concentration phenomena. There are several mathematical ap-
proaches to establish this (geometric, probabilistic, analytic), and we take an an-
alytic approach via Ornstein-Uhlenbeck semigroups with some probabilistic ele-
ments coming from Gaussian processes.

First some definitions: Let 7' be any (nonempty) set and let (€2, 4, Pr) be a
probability space. Then a Gaussian process G is a mapping G : T'x (2, A4, Pr) — R
such that for any finite set of points (¢y, ..., tx), the vector (G(t1), ..., G(tx)) has a
multivariate normal distribution. We shall say that G is centered if EG(t) = 0
for every ¢t € T. All standard Gaussian processes (such as the usual variants of
Brownian motion and sheets, Brownian bridges, etc.) as well as Gaussian measures
in normed linear spaces B (by simple duality arguments, see Subsection [£.4]) can
be accommodated in this framework.

As we shall see a unified way to establish dimension-free measure concentration
for Gaussian measures is through studying the suprema of Gaussian processes, that
is by studying the random variable sup,. G(t) (or alternatively, sup,. |G (¢)]). To
ensure that sup, ., G(t) is well defined, let us assume that 7" is countable. [Note
that otherwise this supremum is not necessarily a proper random variable. Usually
G will have continuous sample paths and then the supremum can a fortiori be
realized as one over a countable set, so that this is not really a restriction.]

Since E'sup, G(t) is generally not zero we can expect concentration of sup, G(t)
only around its mean E sup, G(t) (or, alternatively, around its median). Indeed we
shall prove the following fundamental result, which is due independently to Borell
[5] and Sudakov & Cirelson. Note that it holds with 'minimal structure’ required
for the Gaussian process (i.e., no 'stationarity’ requirement, no assumption on the
increments, no sample-continuity etc.). The only condition is that the maximum of
the process exists almost surely (which is necessary to even formulate the result).

Theorem 10 (Borell’s inequality). Let G(t),t € T, be a centered Gaussian process
indexed by the countable set T', and such that sup,.p G(t) < 0o almost surely. Then
Esup,cp G(t) < 00, and for every r > 0 we have

o

where 0® = sup,er E(G*(t)) < 00.

sup G(t) — Esup G(t)' > 7’} < 2e7" /27

teT teT

We note that the same inequality holds if G(t) is replaced by |G(t)| everywhere
in the theorem.
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Before we prove Theorem [0 below let us add some comments. The quantity o>
is sometimes called the 'weak’ variance of (G, as the supremum over 7' is outside of
the expectation of the second moment of G(t). Indeed one of the hidden strengths
of this result is that the dependence on the variance of the process G is simply
through o?: Think of the simplest case where T' = 1,...,n and where the X (t)'s
are i.i.d. centered normal: then E max<;<, G*(t) grows logarithmically in n (being
the maximum of n i.i.d random variables) whereas max;<;<, EX?(t) is bounded
by a fixed constant!

We should also emphasize that Theorem [[0 does not give any information about
the size of Esup, Gy, it just says that sup, G concentrates around its expectation.
If one is interested in estimating the size of £ sup, GG; one can use Dudley’s entropy
integral [12] and refinements using 'generic chaining’ [39], but this is not the content
of these notes.

4.1 The Ornstein-Uhlenbeck Semigroup

We shall prove Theorem [0 in Subsection by applying a powerful logarithmic
Sobolev inequality for Gaussian measures on R™. To establish this log-Sobolev
inequality we need some simple analytic tools from semigroup theory that are
summarized in what follows. We refer to Section 1.4 in [4] for an excellent reference.

Let v = =, be the canonical Gaussian measure on R" and denote by LP(~,) the
space of p-fold y-integrable functions on R™. The Ornstein-Uhlenbeck semigroup
(P;)¢>0 is the family of integral operators defined by

Pi(h)(x) = /n hie ™tz + (1 — e 2)Y2y)dy(y), t € [0,00],2 € R™

There are other (equivalent) ways to define these operators, the one used here is
also know as the "Mehler formula’. Clearly whenever h is a bounded (measurable)
function these operators are well-defined. More generally, recall that v equals the
image of the measure 7 ® 7 on R" x R" under the mapping (z,y) — e 'z +
V1 —e 2ty (write e 'z + /1 — e~ 2y = xsinO(t) + y cos () for 6(t) = arcsin(e™)
and use that for XY ii.d. centered Gaussian vectors and every 6 the random
variable X sin@ + Y cos# has the same distribution as X'). Therefore

[ m@laria) = [ [ bt 4 VI=eTylaria)driv)
so that Fubini’s theorem implies that P;(h) exists and is y-integrable whenever h

is. The same holds for L!(~) replaced by LP(v). Similarly we obtain for f € L'(v)
that

[ @i = [ [ e s VIZeTpin @i = [ ada),
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or in other words

Poo(Fi(h)) = Ps(h) (35)

so that 7 is a (in fact the unique) invariant measure for family of operators (F;);>o.
From the above and dominated convergence and a simple approximation argument
we also obtain, for f € LP(7)

lim Pi(f) = Po(f) in LP(7). (36)

t—o00

On the other ’end’ of the parameterization we have, since ~ is a probability mea-
sure,

Bo(h)(x) = h(z). (37)

Using furthermore the change of variables

(y, z) — e_s—l —c + vize™ e z
Y Jv1 — €—2t—25y V1 — e—2t—2s

which also realizes v as the image of v ® + one has
RPI)@) = [ Rh(e e VI=ETy) ity
- / / h (e_se_t:p +eVI—e 2y +V1— 6*282) dr(z)d(y)
= /h (e*t*sx + \/mw> dry(w)

so that
Py(Psh)(z) = Prysh(z), (38)

which implies that (P;):;>¢ has the properties of a semigroup. The (infinitesimal)
generator of the semigroup is the operator defined by

Lh = lim w
s—0 S

(in L*(v)) (39)

for h € L*(7y) for which this limit exists. This is equivalent to

d
LER(f) = ZB(f) (40)
(apply B9) to h = P,(h) and use (B8)) for one direction and recall Py(h) = h for

the other).
The following Proposition gives a useful characterization of L in terms of a
second differential operator and an integration by parts formula for this operator
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(which is called the Ornstein-Uhlenbeck operator). We define a Gaussian Sobolev
space: Let WJ(R™ v) be the completion of the space of infinitely-differentiable
functions with compact support in R™ with respect to the norm

1£1R = -~ 2 (@)dy(z) + -~ [V f(@)[Pdy(@).

Say f € WF(R",y) if f,Df € Wy (R", 7).

Proposition 4. Denote by A the Laplace operator on R™ and by V the gradi-
ent operator. Let L be the infinitesimal generator (39) of the Ornstein-Uhlenbeck
semigroup. Then we have L = A — xV and the integration by parts formula

- [ 11ty = [ Vs Vo

holds true for every [ € WHR™ v), g € WZ(R", 7).

Proof. The identity L = A — xV has several proofs: There is for instance a
probabilistic one using Ito’s formula and martingales, a funtional-analytic one
using Hermite polynomials as orthonormal bases for L?(7), and one that simply
uses Taylor expansions. We shall give here a rather pedestrian calculus proof for
‘smooth enough’ f (the general result following from approximation arguments):
clearly 'machinery’ can give faster proofs here but we prefer to stay self-contained.
In view of (40) it is sufficient to establish that

d

ZP(f) = (& =2V)(B(f)

holds. Define
Pu(F)@) = [ fasind +ycos)dr(y)

and furthermore the mapping 6(t) = arcsin(e™") so that Py (f) = P,(f) and

(41)

d d d o d sin 0
P = 5P = R = 5P (<)

0=0(t)
by the chain rule. Denote by (-, ) the regular inner product in R". Then

d

d
Pf) = [ 5 f(asing +ycosO)dy(y)

= /(Vf(:csin@ +ycosf), xcost — ysinh)ydy(y)
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— COSG/(Vf(a:sin@—|—ycos«9),x>d”y(y)

—sin@/ (Vf(xsinf+ycosh),y)dy(y)

0
- @ / f(wsing + ysin6)dy(y), )
0
_Z?SGA/f(xsin@ercos@)dV(?/)
0
= 2 ((VRf.2) - AR(f) (42)

where we have used, in the last but one step, that

V. (f(zsind + ycosf))

sin 0

V.f(xzsinf +ycosf) =

as well as integration by parts for the i-th coordinates

e Z?ly2/2
/ / —f (xsinf + y cos 0)y; )T ————dy

d?
= cos@/n (di)Qf(a:smH—i—ycosﬁ)dfy( Y) (43)

cosf d? '
= G L, (e v linto)

Plugging the last expression in (42]) into ([41]) gives

d

—FB(f) = = (VP f,z) — APy(f))

= — (A= 2V)(RA/)

0=0(t)

which completes the proof of the first claim. Given the identity L = A — 2V the
second claim of the proposition now follows immediately from integration by parts

on [Vf-Vgdy. O

4.2 The logarithmic Sobolev inequality for Gaussian Mea-
sures in R"

We will now prove that the canonical Gaussian measure v := 7, on R" satisfies the
log-Sobolev inequality condition of Theorem [@ This in turn implies that arbitrary
Lipschitz-maps of Gaussian measures concentrate in a dimension-free way, and will
in particular be seen to imply Theorem [0

The following theorem is originally due to Gross [22] (it is sometimes called
”Gross’ logarithmic Sobolev inequality”).
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Theorem 11. Let vy be the canonical Gaussian measure on R™ with mean vector
zero and covariance matriz equal to the identity. Then for every f € Wy (R™, v)
we have

Bat,(f) <2 [ Ve

Proof. We shall assume first that f is infinitely differentiable, bounded and satisfies
inf, f(z) > ¢ > 0 to simplify technicalities (in particular so that we can interchange
differentiation and integration below as we wish). We comment on the general case
at the end of the proof.

If we set h = f? then it is in fact sufficient to establish

2
Ent.,(h) < %/ |V:| dy (44)

since

VAP _ RV
TR
We use the Ornstein-Uhlenbeck semigroup (P;):>o introduced in the previous sub-
section. Define

— 4V

E(t) = [ () log Pi(h)dy

for which we have E(0) = [, hloghdy in view of ([B1) and

E(o0) = lim P,(h) logPt(h)dfy:/ hd’ylog/}R hdry

t—o0 Rn

in view of (Bf). For f bounded and infinitely differentiable E(¢) is continuously
differentiable for every ¢t > 0 by standard arguments involving dominated conver-
gence so that

g
- /0 © ()it = B(0) ~ B(x)

which implies

Ent, (h) = E(0) — E(c0) = — /0 N % l /R PR log PiR)dy | dr. (45)

Using (40) we have

%(Pt(h) 10gPt(h)) = %(B(h))logPt(h)+3(h) EPt(h)

= LP,(h)log P,(h) + %Pt(h)
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and interchanging differentiation and integration we arrive at

% [/Rn P,(h) logPt(h)dV] = /Rn LP,(h)log P,(h)dy + /n %Pt(h)d’y

R

To the first summand we apply integration by parts from Proposition IZI to obtain

/LPt(h) log Py(h)dy = —/th<h> - (log Pi(h / |vpt

For the second summand we interchange integration and dlfferentlatlon again to
obtain from invariance of v (i.e. (33])) that

d d d

P,(h)d~y Po(Pi(h)) = = Px(h) =0.

[ Py = SPa(Ph) = TPl =0

We conclude that the integrand in ({H) equals

d [VE(h)?
F,(h)log Pi(h))dy = — —

& | (g Ry = - [ EEEL

To proceed with the proof, note that the chain rule (and another interchange of
differentiation and integration) clearly implies that

VP,(h) = e ' P,(Vh)

dry. (46)

so that
IVP,(h)| < e Pi(]Vh|) (47)

Furhermore — writing shorthand v(y) = e~*(-)+(1—e~2*)1/2y - the Cauchy-Schwarz
inequality implies

R = [19nel o < ror (SE). o

Combining ([@5), [@d), [47) and ([@8) we conclude

Ent,(h) = / / Wpt ddt2 2
[ (o5

where we have used invariance of v (i.e., (83)) in the last step. This establishes

().
The result for f € W} (R™,v) satisfying f > 0 then follows from Fatou’s lemma
and since one can devise a sequence ¢; of bounded infinitely differentiable functions

satisfying ¢; > 1/i s.t. ¢; — f in || - |12 and almost everywhere. For an arbitrary
function f € Wy (R",~) the result follows from the fact that |f| € W} (R") and
IVIAII =1V 1l 0
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We note that the same proof implies a log-Sobolev inequality with constant 2/¢
for log-concave measures du = e~Yd\ where Hess(U) > cI. In the proofs one uses,
instead of the Ornstein-Uhlenbeck semigroup, the semigroup with infinitesimal
generator A — VU - V.

4.3 Proof of Borell’s Inequality

We are now in a position to apply the log-Sobolev inequality Theorem [g] to prove
Theorem Let G(t),t € T, be a centered Gaussian process indexed by the
countable set 7', and such that sup,.; G(t) < oo almost surely. Fix a finite set of
points t1, ..., t, in T" and denote by G = (G(t1), ..., G(t,,)) the associated Gaussian
random vector with positive semi-definite covariance I' = V'V. Now if N is a
random vector in R™ distributed according to the canonical Gaussian measure 7,
then by the usual properties of normal random variables the distribution of VAN
is the same as the one of G. Define the mapping

F(z) = 1121?2;(‘/:6) x e R", (49)
to which we will apply Theorem [ with X = R"™ and p = . To verify that F' is
Lipschitz from R™ to R we use the Cauchy-Schwarz inequality that

vaﬂx -y
J

|(V); —

ii (5

Since furthermore

Z =Var(Gy,) <

we see that the mapping I is Llpschltz with Lipschitz constant o and hence satisfies
the conditions of Theorem [ with K = ¢ which — combined with Theorem [IT] (and
thus C' = 1) — gives that

2
Pr (&1&}; Gy, > E max Gt + r) < exp {_T"Q} . (50)
The same inequality applied to —F gives
2
Pr (1n<1;a<>;Gt <E11£1ixn(}’t —7’) gexp{—ﬁ}. (51)

This is already ’almost’” Borell’s inequality: it holds only for a finite maximum of
points, but the fact that the last bound is completely dimension free already shows
the ’infinite-dimensional nature’ of the inequality.
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To continue with the proof we show that Fsup,G; is finite: choose ry large
enough so that 1 —e~78/27" > 1/2 and m large enough so that Pr {sup, G; > m} <
1/2 (which is possible since sup, G is finite almost surely). Then we have from

(630

< 1—eT/ < Pr { max Gy, > E max Gy, — TO}

1<i<n 1<i<n

= . o — <
Pr{{lrgzagthl > E@%G“ ro} N {SLtlth < m}}

—i—Pr{{maX Gy, > E max Gy, —ro} N {squt > m}}
t

1<i<n 1<i<n

N | —

IN

Pr {E max G, <m —i—'r’o} +1/2
1<i<n
so that

E max Gy, <m+ 1
1<i<n

(a 'nonrandom’ event A that has positive probability 'happens with probability
one’ since 0 < Pr(A4) = [14dPr =14 [dPr=1,4 = 1). Since m and ro do not de-
pend on n we can take a finite subset T,, = {t1, ..., t,,} T such that max;cr, G; /
sup,cr G and then by monotone convergence also ' max;<;<, Gy, /" Esup, G; to

conclude
Esup G(t) < oc. (52)

teT

Now to pass from (B0) and (EI]) to Theorem [0 take T, /T as above so that, for
every € > ()

Pr{squt—Esqut>'r’+e} < limianr{math—Esqut>7’+6}
teT teT n teTy teT
n teTy

= liminf Pr {maXGt — EEHE%XGt > T}
€Tn

677’2/202

using (B0). Repeating this argument for the lower deviations (using (5Il)) completes
the proof of Theorem [I0

4.4 Gaussian Measures in Banach Spaces

We shall show here how Theorem implies results for general Banach-space
valued Gaussian random variables. Let (B, || - ||g) be a (for simplicity) separable
Banach space with norm || - ||5, and let X : (€2, A4, Pr) — B be a random variable
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(a measurable mapping where B is equipped with its Borel-o-field). The law of
X is called a centered Gaussian measure v on B if v o L~! is normally distributed
with mean zero for every continuous linear functional L : B — R.

If B’ is the dual space of B equipped with its operator norm || - ||/, then we
can use the Hahn-Banach theorem to represent the norm of an element = € B by
|zllp = sup.r,, <1 |L(z)|. For a Gaussian random variable we thus have

|X|lp = sup [L(X)] (53)
L Ll <1

and we can study the supremum of the Gaussian process Gy := L(X),L € T
where T' = {L : ||L||p < 1} is the unit ball of B’. For every x € B, the linear
mapping L — L(x) is weak-*-continuous on the weak-*-compact metric space T
and thus the supremum (B3] exists (everywhere and hence also almost surely).
By continuity this supremum can be realized as one over a countable subset of
T, which we shall also denote by 7. Now Theorem [0 (and the observation that
L € T implies —L € T' by linearity so that sup;cp G = sup;cp |GL|) proves that
any Gaussian random variable in a Banach space has a finite first moment

El[X|s < o0
and satisfies the concentration inequality
Pr{||X|ls - E|X||s| > r} <277/ (54)

where 0% = sup; ., EL(X)? are the 'weak variances’. In other words, the norm of
every Gaussian random variable in a separable Banach space concentrates around
its mean with a perfect ’one-dimensional’ Gaussian tail.

We should note that o2 is always finite: Since || X||p < oo almost surely there
exists M finite such that Pr{||X||p > M} < 1/2. For any continuous L € T
we thus have Pr{|f(X)| > M} < 1/2 where M does not depend on L. Let
0?(L) = EL*(X) so that L(X)/o(L) is standard normal. Then we can take R
small enough such that

1/2 < Pr{L(X)/o(L) > R}
— Pr{L(X)/o(L) > R,|L(X)| < M} + Pr{L(X)/o(L) > R,|L(X)| > M}
< Pr{o(L) < M/R} +1/2

so again the ’constant’ event o(L) < M/R has positive probability and thus
probability one. Since M/R < oo does not depend on L we conclude that
super FL*(X) < M/R < 0.

We should emphasize again that the estimate (B4]) does not convey any infor-
mation about the size of E||X||p (other than that it is finite). If one needs more
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information about the size of E|| X |5 (in dependence of o for instance), the answer
depends on the geometry of the Banach space B, and can often be estimated by
direct methods from probability in Banach spaces, see [I], [32]. Alternatively one
can use moment inequalities for suprema of Gaussian processes, see, e.g., [12] and

39].
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5 Log-Sobolev Inequalities in Product Spaces

5.1 Entropy in product spaces

The reason that Log-Sobolev inequalities are so convenient is that, in addition
to their power to prove concentration results, they are fairly easy to establish
for product measures once they are established for each individual space. This
is essentially a consequence of the fact that ”"entropy behaves well with respect
to independence”. Furthermore, we will see that in doing so, the Log-sobolev
constants are dimension-free, so it will suffice to prove a log-Sobolev inequality in
one dimension, from which the infinite-dimensional case follows automatically.

We consider the following setup. Let (Xi,dy, 1), ... (Xn, dp, i) be metric
probability measure spaces and let X = X; x --- x X,, and denote the product
measure by 4 = 13 @ ... ® p,. X is also endowed with a natural ”¢?” metric:
that is, for z,y € X, d(z,y)? = >, di(x;, y;)*. We assume that a Log-Sobolev
inequality holds for every space X;: that is, if f : X; — R, then

Eat,, (%) <26, [ |9 P
X;
for some C; > 0, and where |V f| is the generalized gradient,

V(@) = limsup W

for x € Xj.

Theorem 12. For any locally Lipschitz function f: X — R, we have

Ent,(f?) <2 <max C) / |V f2du
where V1?2 = 3" [ |Vif]?, i.e., the coordinatewise gradient where all variables
except the ith one are frozen.

Proof. The first result is a ”variational” characterization of entropy.

Lemma 3. Let f be a nonnegative random wvariable on some probability space.
Then

Ente(f) = sup { / fodP: / 9P < 1}. (55)

Proof. By homogeneity we may assume that E(f) = 1, in which case Ent(f) =
E(flog f). By Young’s inequality:

uv < ulogu —u + e’
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we get for [e9dP <1,

/fgd]P < Entp(f) — 1+ /engP’ < Entp(f).

Thus the supremum in the right-hand side of (55 is less or equal than Entp(f).
By considering g = log f, we get the other direction. O

The second result is that the entropy is additive in the following sense. Given
x € X, let f; denote the function on X; defined by freezing all variables except the
1th one. Thus
fz() = f(l‘l, R V7 [ P R ,l‘n).

Lemma 4.

AGEDS /X Ent,, (f;)du (56)

Proof. This is Proposition 5.6 in Ledoux [31], and we follow his proof. Let g be a
random variable such that [efdu < 1. For z;,...,x, fixed and 1 < i < n, then

define
f eg(yl7---=yi—lyxi7---yxn)dlu/1 B -d/iifl

gi(:pl, oo, xy) = log

where the the numerator of the fraction is interpreted when i = 1 as g(z1, ..., z,).
Then by cascading the sum we get

since we have assumed that f eddp < 1. Moreover, for any fixed x = (x1,...,2,) €

X,
; WL Yim 1 20T it 1) (1 (] P
/ e9Vidy; = /dﬂz'(Zi) Je o P = L,
X, f 9L, Yim 1Y Tit 1 5ens m")dﬂl d

by Fubini’s theorem. It follows that:

[ tou< ; [t ; / ( /X | fi(gi)idui) i
< Z [ Bat (5

which proves Lemma [l O

To finish the proof of Theorem 2], we apply Lemma @ to f? and use the Log-
Sobolev inequality on each X;. The result follows at once. O
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5.2 Further results and applications

We record here some further results on entropy in product spaces, all of which will
be used in proofs below.

Lemma 5. For any real-valued function f defined on S™ and for P = py X -+ X i,
we have

Entp(ef) < Z / Ri(e!)(x)dP(x),
where, for x = (x1, ..., T,),
R = [ ) = f P i),

with fl = f(xla s i1 T - wxn)-

Proof. By Lemma [l it suffices to prove this lemma for n = 1. By Jensen’s inequal-
ity,

Entp(e!) = /fefdP—/efdPlog/efdP

< /fefdP—/efdP/fdP

B %//[f(fc) — FW)][e’™ — "W ]dP(x)dP(y)

IN

[ @) = 5wl - e ap@apy)
f@)=f(y)

using Fubini in the last step. But, for v > u,
e’ —e" = / edr < (v—u)e’
so that (v —u)(e” — e*) < (v — u)?e?, which gives the result. O

There is another 'variational” definition of entropy and its consequence which
is sometimes useful. Let & be a convex function on a finite or infinite interval (e.g.,
¢(u) = ulogw on [0,00)), differentiable on its interior, and let the range of f be
contained in it. Then, assuming existence,

[ = ( [ ran) =t [ i) - e+t peo)an
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To see this note that the integral at the right hand side for ¢t = [ fdu is the left
hand side. Now, note that the convex function y = £(x) at [ fdu is larger than
or equal to the value at [ fdu of the tangent line to the graph of this function at
(t,£(t)), which gives

([ 1an)z e+ [ ran—1) et

proving the claim. Applied to entropy, this gives the following ‘variational defini-
tion of entropy’:

Lemma 6. Ent, f = infi>o [ [flog f — (logt + 1) f + ¢] du. Here p is a probability
measure and f > 0.

Corollary 2. Under the hypotheses of Lemmal[{, and with ¢(u) == e +u —1,
we have (for any A € R)

Eutpe < 3 6 (/) = fu(@) P (),

where y;(z) = (z1,. .., 21,0, Tip1, ..., Tp)-

Proof. By Lemma [ it suffices to consider n = 1, in which case y(z) = 0. By
Lemma [@]

Ent,e/ = 125/[]“61[ — (logt + 1)e! + tjdu = in]fR/¢(f —u)eldp,
= ue
where the last identity results from changing logt to u. Now, take u = f(0). O

We finish this section with a concentration result for general functionals of
product measures that can derived from the log-Sobolev theory. It gives a first
rigorous formalization of the intuition mentioned in the introduction that a random
variable that smoothly depends on a large number of independent random variables
18 ‘essentially’ constant, in a ’dimension-free’ way.

Theorem 13. Let F' : [0,1]" — R be a separately convez (i.e., convez in each

coordinate) and 1-Lipschitz function and let P be a product probability measure on
[0,1]™. Then, for every r >0,

P{F > /FdP+r} < g/ 16n,
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Proof. If f is convex in each coordinate and smooth, then
filai) = filys) < (@i — i) fi (@),

where we are using the notation of Lemma Bl That lemma gives

eur(e!) < [ [ St (80) apiar)

Therefore, we have the log Sobolev inequality for e/:

Entp(e) §/|Vf(:p)|2dP(x).

Now, if f is 1-Lipschitz, |Vf(z)] < 1 a.e. by Rademacher’s theorem, and by
convolving with a Gaussian kernel if necessary, we can assume |V f(z)| < 1 every-
where. Take f = AF' — A\? (wiht F' convolved with a Gaussian kernel if it is not
smooth) to get

Entp(eM ) < A2 / MNP,

Define A(\) = [ e~ dP. By definition of entropy, the last inequality becomes
/ AN NF = X2)dP — AN log A(X) < A2A(N).

But

2 1 2 1
AN = %/()\F —2X%) MNP = 3 /(AF — MM ap — XA2A(A).

This yields the following differential inequality:
A — Alog A <0.

Take H()) := +1og A()\) and note, as in previous theorems that H(0) = limy .o H()\) =

DY
EF. Since . LA
H'(\) = —ﬁlog/\()\) + \ A

the above inequation becomes

H'()\) <0, H(0)=EF.

This means that H()\) is a non-increasing function and, since H(0) = EF, we
obtain

H(\) < EF, \>0,
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log A(N\) < AEF, X >0,
Now, applying this inequality in combination with Chebyshev,

AEF

L PIAFN S AEFRA-NY o O
P{F > EF+r}=P{e > e p< AEF+Ar—X2 € ’

and the result follows by taking A = r/2. The theorem is proved for F' convolved
with a Gaussian kernel in the non-smooth case; convolve with Gaussian kernels
G, converging in law to &y and take limits to complete the proof. O
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6 Talagrand’s Inequality for Empirical Processes

6.1 Empirical Processes

Throughout this and the subsequent subsections, let X, ..., X,, be i.i.d. random
variables taking values in some measurable space S, A and with law P (defined
on A). Denote their joint product law by Pr. Suppose we are given a uniformly
bounded class F of functions defined on S, w.lo.g. sup,cgsup ez |[f(s)| < 1. The
empirical process is defined as

va(f) = Vn <— > (X))~ Ef(X))> ,  feF. (57)

i=1

In words these are centered and scaled sample means indexed by the class of
functions F. Empirical Process Theory studies the probabilistic properties of these
stochastic processes, with a particular view on the uniform fluctuations of v,,, that
is, the random variables sup ;e z |V, (f)]-

As the index sets F of these processes are abstract we cannot use the classical
theory of stochastic processes (which uses spaces of continuous functions, the cad-
lag space, Skorohod-topologies etc..) We should note that considering 'abstract’
F is not 'general abstract nonsense’, but arises naturally in many situations, par-
ticularly in statistics. Examples are F equal to a family of indicators of subsets
of R? — for instance {1(_ooy : ¢ € R?}, or convex subsets of R?, or sets with
smooth boundaries —, as well as various classes of functions: for instance F a
ball in a Lipschitz-space, or F a finite-dimensional vector space of functions, or
F={K((-—y)/h) :y € R,h> 0}, or F a class of functions indexed by some pa-
rameter space © (think of Maximum Likelihood Estimation), and many others. In
a way considering abstract empirical processes is useful in a similar way as it was
to consider abstract Gaussian processes in the previous section, and since sample
means occur almost everywhere in statistics, proves to be broadly applicable.

It is clear that for a fixed f € F, we have that

va(f) = N(0,0%(f))

asn — oo by the central limit theorem, and where o?(f) = E(f(X)—FEf(X))% To
make this central limit theorem "uniform’ in F is a highly nontrivial problem (even
the formulation of it!). As this is not the focus of these lecture notes we refer to
the monograph by Dudley [12] for a rigorous treatment of this problem and of the
theory of empirical processes. Let us mention only that rather specific conditions
have to be imposed on the class F for this 'uniform central limit theorem’ to
hold, and by definition one says that F is a 'Donsker’-class if v,, converges in law
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in the space of bounded functions on F (equipped with the uniform norm) to a
generalized Brownian bridge process.

Instead of studying the weak convergence of the empirical process, we ask a
different question here: Can we generalize Hoeffding’s inequality Proposition 2] or
even Bernstein’s inequality to general suprema sup ;. z [v(f)| of empirical processes
(and then also to sums of i.i.d. Banach space valued random variables)? And if
yes, does this result relate to the fact that there is a central limit theorem (so do we
have to require that F is Donsker), or is the concentration of product measures a
general ’dimension-free’ phenomenon unrelated to the central limit theorem? One
of the most striking substantiations of the concentration of measure phenomenon
due to Talagrand [38] is that concentration inequalities for empirical processes can
be proved in generality (without invoking CLT-type conditions).

6.2 Talagrand’s inequality and variations thereof

Talagrand’s inequality for empirical processes in its general form (with universal
constants) [38] is

Theorem 14. [Talagrand’s Inequality] Let F be P-centered, countable and uni-
formly bounded by one. Then there exists an absolute constant K such that

Pr( zn:f(Xz) zn:f(Xz) >T> < %exp{—%log <1+E;2)}

i=1 i=1
where ¥ = sup ey f2(Xi) are the random variances.

— Esup
fer

sup
feFr

The inequality is not stated in a 'Bernstein’-way (as in ({II]) above), neverthe-
less the exponent has the correct order: if r/EY? is moderate (meaning that the
variances are not too small) then the tail is Gaussian (i.e., the exponent can be
bounded by r?/EX2K), whereas if r/EX? is large the tail is of a Poissonian form
rlog(l+r).

As it stands the inequality may not be useful unless one can control the ran-
dom variances. If one is only interested in 'Hoeffding’ type inequalities, then one
can simply estimate EY? < n and obtain an exponent —(r*/Kn) in the above
inequality. However, taking into account the variances of f(X), in particular in

their 'weak’ form

o® = sup Ef*(X), (58)
fer
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is crucial in many situations. Talagrand showed how to do this in [36], as follows:

n

ES* < no®+Esup|>  (f*(X;) — Ef* (X))
S

n

< no’+4FE ?uP Z (f(Xi) — Ef(X))
€F =1

where the second inequality follows from a contraction inequality for Rademacher
processes that we shall detail in Subsection below.

Working with this bound for £Y? one can obtain sharp constants in a Bernstein-
type version of Talagrand’s inequality. This was initiated by [33]. In [6] and [30]
(cf. also [34]) it is proved that

Theorem 15. Let F be P-centered, countable and uniformly bounded by one, and
let 0> > Ef*(X). Then

(Supi >ESHpi ) Sexp{—wri%}
3

fer JeF ;=

as well as

(supi <Esupi —'r’) gexp{—ﬁ}

feF fe]-‘

where V- =no? 4+ 2Esup;cx |y f(X5)].

Note that one can easily show that a bound of the above type (with universal
constants) always follows from Theorem [[4l Note also that if one prefers to re-
place > f(X;) by | > f(X;)| one can replace F by F U —F to obtain the desired
result. Specialized to a singleton class F, the upper deviation result retrieves the
one-dimensional Bernstein inequality, so this result is sharp in this sense, and in
fact provides a genuine infinite-dimensional version of Bernstein’s inequality. For
the lower deviations the ’Gaussian’ constant is sharp whereas the Poissonian is 2
instead of 2/3 — this remains an open problem at this stage.

Sometimes it is useful to state the last inequalities in the following (essentially
equivalent) way:

(sup Z f(X;) > Esup Z F(X) +V2Vr + r) e” (59)

feF fe]-‘

as well as

<sup Z f(X;) < Esup Z F(X) —V2vr — 7’) <e. (60)

feF fe]-‘
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6.3 A Proof of Talagrand’s Inequality

We shall provide here a proof of Theorem [[4l We first remark that Talagrand’s
inequality does not follow from Theorem [[3, and refined methods are necessary.
Very roughly speaking the idea is prove directly a log-Sobolev type inequality for

the function e*?,

2 =sup ; F(X5),
with Pf = 0. These in turn yield solvable differential inequalities for the Laplace
transform of Z whose solutions give exponential inequalities (recall the "Herbst
method’).

Obtaining sharp constants in Talagrand’s inequality basically requires a very
careful (and intricate) study of the differential inequalities involved. This has been
done in [33], [6] and [30], but we abstain from it to reduce technicalities. For the
upper deviation version in Theorem [[3] sharp constants are available, whereas for
the lower deviations this is only the case for the 'Gaussian’ component, and this
remains an open problem.

The proof below follows Ledoux [31] who invented this proof, and borrows from
the exposition in Giné [I7].

6.3.1 A bound for the Laplace transform of empirical processes

We start with an auxiliary result for empirical processes that take only positive
values (i.e. where f € F are all positive functions).

Proposition 5. Let F be a countable collection of measurable functions on S
taking their values in [0,1]. Set Z = supscry .| f(X;). Then, for all X >0,

EeM < e(eL1)EZ.
Proof. Tt suffices to prove this theorem for F finite, say F = {f1,..., fx} (by using
approximation arguments as in the proof of Borell’s inequality). For 1 <i < n
and 1 < k < N7 set .’L‘f = fk(Xl>7 Ty = (f1<X2)77fN<XZ)> € B = [071]N7

pi = L(x;) and P = iy X -+ X fi,, a probability measure on E™ = ([0, 1]V)*, and
x=(x1,...,2,) € E". Then

Ee’\Z:/ M@ P ()

where



By Corollary
Batp(e) < ) / 6 (\(Z(x) — Z(yi(x)) D dP(x),

where y;(x) = (z1,...,2i-1,0,241,...,2,). Let Ax, Kk =1,..., N, be a partition
of K™ such that .
Ay Clz e B": Z(x) =) _af}
i=1

(A is contained in the set where the maximum is attained at the k-th function).
Let 7, = 7(z) = I4,(z) and 7 = (74,...,7x). Then, since zf >0,

1<k<SN - 4~
1<j<n,j#i

N
0<Z(x)— Z(y(x)) = Z(x) — max Z xfﬁZTkazf:T-xigl.
k=1

Since ¢(u) := e * 4+ u — 1 is convex and 0 at 0, for A > 0 and u € [0, 1] we have
d(Au) < up(X). We then conclude from the last two inequalities and Corollary 2]
that

Entp(e??) < <;5()\)Z / (7 - 2)eM?@dP(z) = p(N) / Z(2)eM @ dP(x),

since S T oa; = S S mak = SN m S0 ok = Z. This is a kind of
log-Sobolev inequality.
Let A(\) = Ee*?. By definition of entropy,

Entp(e’) = E (A ZeM) — (Be*) log (Ee*) = AN'(A) — A(A) log A(N), A > 0.
Hence, the log Sobolev type inequality gives
AN'(X) — AN Tog A(N) < p(AM)A'(N), A >0.

or

(1—e™MANN) < AN logA(N), A>0.
With J()\) = log A()), this becomes J' < (1 —e™*)71J, or
(log J)' < (log(e* — 1)), A >0.
This can be integrated: for any Ay > 0 and A > A,

J(A) et —1
< Z -
J()\o) o log ero —1°

log
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J (Mo
eAO( —)1<

J(A) < et —1).
By I'Hopital and Taylor development of the logarithm,
J(Ao)

Ao—0er — 1

(since clearly limy_o(log Fe*?) = EZ). O

=FEZ

6.3.2 A Bernstein-type version of Talagrand’s inequality

Theorem 16. Let F be a countable collection of measurable functions on S uni-
formly bounded by one, and set Z = supscry iy f(X;). Let further ¥? =
Sup e » iy f2(Xi). Then, for all v >0,

1 . r?
P{|Z—-EZ| >r} SQeXp{—Emm (@,7’)} (61)

Proof. Again we can take F finite, say F = {fi,..., fn}, the case of general F
following from standard approximation arguments. In analogy to the proof of the
previous proposition set aF = fo(Xy), 7, = (x},.. .,va), r = (21,...,2,) € E",

E = [L1Y, g = LX), f(X0)), P = fin X -+ X fin, 50 that Z = Z(x) =
Max;<j<n El L zF. Using Lemma Bl and its notation we have

Em‘u—VZ//A“WM@ Zu() — Z ()P dpa () () P ()

where we recall that for each 7 the vector y is such that y; = z; for j # ¢ and with
y; € [=1,1]". [There is a slight abuse of notation as we write y instead of y®,

simply to avoid having to write y( g ]
Let us fix i. Let again A, C {z : Z(z) = Y7, 2%}, k < N, be a partition of

zlz

E™, and set 7(x) = 14,(x). For x € Ay we have

Z(x) — Z(y) le @zgvzlyr_zwr Zly o =yt
since y and x differ only in the i-th coordinate, so that
Z(x) = Z(y) <> m()(zf — yf) (62)

follows (note the lack of absolute values in this inequality). Furthermore we always

have
1Z(z) — Z(y)] SmgX\xf—yﬂ <2 (63)
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Then, for A > 0,

//AZ( )>AZs (s [Zi(wi) = Zi(ya) e dpri i) dpi ()

</ / Zm v dpa()dps ()

using (62)) together with the fact that Z;(x;) > Z;(y;) on the domain of integration.
Thus, in this case,

Entp(c") < AQZ / / Zm M OdP(@)dpy)
-/ sz — PP AP @)y

Now,

N n n n n
k k2 k k2 k2 kN2
ZTk(x)Z(% —y;)” < ml?XZ(xi —y;)" < ngXZ(xi) +2m]?XZ(yi) g
and we get, for A > 0 as well as trivially for A = 0,
Entp(e!”) < 20% [E(X?eM) + E(X%)E(eM)] . (64)

For A < 0, we use (62]) with x and y interchanged, and (63]), to obtain, for each 1,

//>\Z( )>A\Z [Zi(ws) = ZiCy) e dpa () dps ()

//ZTk )2 N dp () dp (1),
Then, adding over 7 and integrating, as before, we get, for A < 0,

Entp(e*?) < 2X2*M [E(22eM) + E(2?)E(eM)] . (65)
(64)) and (€H) give that, for all |A| < A, Ao to be specified below,

Entp(e”) < A? [E(X%eM) + E(X?)E(eM)] . (66)
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with ¢y = 2e*. This is a kind of modified log Sobolev inequality, and what

remains now is to integrate the corresponding expression for the Laplace transform
of Z =7 — EZ. First we transform it.
Set A()\) := Ee*?. Since e* = e %2 homogeneity of Ent and (686]) give

AN — A log AN) = Entp(e*?) < ¢p)2 [(EEQ)J\()\) n E(E%AZ)} A < .

(67)
Now we estimate the second summand at the right hand side. Using Young’s
inquality with y = e*? > 0 and 2 = X2 — (e — 1) EX?, we get

B(2207) = (o= 1)(EX)E + B (52~ (e — 1) B
< (e—1)(ES)EM + NE(Ze?) — BN + e (0P,

By Jensen’s inequality, Eer > 1 (here we are using EZ = 0) and by Proposition
applied to X2 we also have

E622—(e—1)E22 <1
which plugged in the previous inequality give
E(S%M) < (e — 1)(EX?)AN) + AN(N), AeR.

Replacing this in (67)) yields a differential inequality that we will be able to inte-
grate:

A~ Rlog A < )2 (e(EZQ)]\ + AA’) LA < . (68)

Set

and notice that

H(0) := lim H(\) = 0

(see the end of the proof of Proposition [). Since

, 1 o 1N o o
H = —plog/\+ XA A (AN — AlogA),
inequality (68) becomes
N .
H <cy|eEX? + )\X +log A(N) |, H(0)=0, [N <X (69)
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where we also added ¢y log A(\) > 0 (cf. Jensen above) on the right hand side. Inte-
grating from 0 to A (JA| < \g), and taking into account that limy o A~!log Fe*? =
0, we get

log A < co(eXN2EX? 4+ A\2log A).

If oA < 1, this is (1 — cpA?) log A < cpe A2 EY2, that is, with kg = coe/ (1 — coAd),
AN) < VB N < A
Hence, for 0 < XA < A\g and r > 0,
P{Z-FEZ>r}= P(e’\Z > M) < exp (koA EX? — Ar),
and for —)\g < A\ <0,
P{Z — EZ < —r} = P(e" > ™) < exp (oA’ EX? — |AJr) .

Make the natural choice |A| = r/(2koEX?) as long as this is dominated by A,
that is, for r < 2kgA\gEX?, which gives an exponent of —r?/(4kqE%?), and choose
Al = Ao for r > 2k Ao EX2, to get an exponent smaller than or equal to A\gr/2, to

get
, 2 Aot
P{Z—EZ ZT} Sexp{—mln (m,T)}

as well as

P{Z—EZ|>r} <2 i r or
— r ex —min |\ ———=, —/— .
== 2P ArgEY2’ 2

Constants: the only constraint is coA3 = 2e**A3 < 1. One gets some constants,
but not the best. For instance, for A\g = 1/5 we get

1 . r?
P{lZ—-EZ|>r} < Qexp{—ﬁmm (@,7’)},

which is the desired result. O

6.3.3 Completion of the Proof of Theorem [14]

To improve the Bernstein-type Theorem to the more general exponent from
Theorem [I4], one truncates at a certain level, applies Theorem to the trun-
cated variables, and Proposition [l to the sums of absolute values of the variables
truncated away from zero.
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Let 0 < p < 1 to be chosen below, and define F, := {fljs<, : f € F},
Z, = SUPfer, Z?:l f(Xi) and W, = SUPfer Z?:l | F(X)p(x))>p- Write

P{|Z-EZ|>4r} < P{|Z,— EZ,)| > r}+P{W,+ EW, > 3r}.
By Theorem [16 and homogeneity

I r? o
P{|Z,—-EZ,| >r} < Qexp{—l—o min (@,;)},

for all » > 0, and. Note further that Proposition il implies by Markov’s inequality
and a simple optimization in A

Pr{Z>EZ +r} <exp{—E(Z)h(r/E(Z))}
for h(u) = (1 4 u)log(1 + u). This gives, for r > EW,

P{W,+ EW,>3r} < P{W,>EW,+r} < exp{—flog (1 + EICV )}
p

2
EY?
p = p(r) = min (1, ) :

Choose then

r

Either p =1and W, = 0or p < 1 and r > EY?; in this last case, since W, < ¥?/p,
we have

EY?
r>VrE¥? = > EW,, (70)
p

so, the inequality for W, applies in this case. Now, for all u > 0,

u/3 > 127 log(1 + 4u),

and we therefore have, in both cases,
« i 1 ST | 1+ 4dr
rXxmin [ — ——— —lo .
p3Ex2) =12 8\ T B
For the second case, by (70),
r r 1 4r
1 1 >1 1+ 4/ > -1 1 )
Og( +EWP)_Og< " E22>_40g< +E22>
Combining we obtain
r 4r
P{|Z - EZ| > 4r} <3exp {mlog <1 + EZP) } :

which proves Theorem [I4] without absolute values. Applying this theorem to
F U —F completes the proof.
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6.4 Moment Bounds via Rademacher Symmetrization

If one wants to apply Talagrand’s inequality Theorem [I4] some formidable tasks
remain: First, there is the task to control

n

E sup Z fA(X;) < no? + Esup
feF = feF

S (X - EfQ(X))i (71)

i=1

in the case where one needs a result that depends on the weak variances o? >
supser B f2(X) and the bound n is too crude. Second — if one needs information
on the quantity sup;cz[>-:, f(X;)| rather than on

> F(X) > F(X)

i=1 i=1

— Esup
feFr

sup
feFr

then the size of the quantity

FE sup (72)

feF

> F(X)

i=1

has to be estimated. In both cases we have to control the moment of the supremum
of a centered empirical process, and we shall discuss in this subsection some tools
to do this.

6.4.1 Rademacher Processes

A key technique in the theory of empirical processes is Rademacher symmetriza-
tion. This was first introduced into empirical processes in the classical paper [2]]
and we show how this applies in the context of Talagrand’s inequality.

Let €;,7 = 1,...,n, be i.i.d. Rademacher random signs (taking values —1, 1 with
probability 1/2), independent of the X!s, defined on a large product probability
space with product probability Pr, denote the joint expectation by E, and by E.
and Ex the corresponding expectations w.r.t. the ¢;’s and the X;’s respectively.
The following symmetrization inequality holds for random variables in arbitrary
normed spaces, but we state it for the supremum norm relevant in empirical process
theory: For F a class of functions on (S, A), define ||H || = sup;c» [H(f)] .

Lemma 7. Let F be a uniformly bounded P-centered class of functions defined
on a measurable space (S, A). Let ¢; be i.i.d. Rademachers as above, and let
a;, 1 =1,...,n be any sequence of real numbers. Then

Zgif(Xi) Zf(Xi)

n

> alf(X) +a)

i=1

1
_E <2F
2

F

(73)

<FE
f

F
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Proof. Let us assume for simplicity that F is countable (so that we can neglect
measurability problems). Since Ey f(X;) = 0 for every f,i, the first inequality
follows from

E|) af(X)| =EEx||> f(X)— Y f(X)
=1 F i:g;=1 iig;=—1 F
SEEx|| Y fX)+Ex Y f(X)| +EEx| Y f(X)+Ex ) [f(X)
ig;=—1 ig;=1 F ig;=1 g, =—1
<2F

Z F(X3)

where in the last inequality we have used Jensen’s inequality and convexity of the
norm. To prove the second inequality, let X, ;,7 = 1,...,n be an independent copy
of Xi, ..., X,,. Then, proceeding as above,

]:

E|D f(X)|| =E|D_(f(X) = Ef(Xny)
i=1 Na i=1 F
<E|Y (F(X) +a) = Y (f(Xnsi) + )
=1 i=1 F

which clearly equals

E.Ex

 alf (X)) +ai— f(Xn)—a) = D a(f(Xi) +ai— f(Xnpi) —as))

iie;=1 igj=—1

]:

Now Pr being a product probability measure with identical coordinates, it is in-
variant by permutations of the coordinates, so that we may interchange f(X;) and
f(X,44) for the i's where e; = —1 in the last expectation. This gives that the
quantity in the last display equals

E.Ex Z gi(f(Xi) +a; — f(Xnwi) —ai)|| <2E Z gi(f(Xi) + @)
i=1 F i=1 F
which completes the proof. O

This simple but very useful result says that we can always compare the size of
the expectation of the supremum of an empirical process to a symmetrized process.
The idea usually is that the symmetrized 'Rademacher process’ has, conditional on
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the X;’s, a very simple structure. One can then derive results for the Rademacher
process and integrate the results over the distribution of the X;’s.

Let us illustrate this by an example, which is a contraction principle for Rademacher
processes due to Kahane [2§] that we state here without proof. See [32], p.112, for
a proof.

Theorem 17 (Contraction Principle for Rademacher Processes). Let F': RT —
R* be convex and increasing. Let ¢; : R — R, ¢(0) = 0, be contractions (i.e., such
that |pi(s) — wi(t)| < |s—t|) and let T be a bounded subset of R™. Let (;)I, be

1.1.d. Rademachers. Then
1
EF | = sup < EF sup ;
2 (b, tn)eT t=(t1,stn)ET

Combining this with Lemma [ we can reduce the moment of the centered
random variances in (7)) to the usual moment of the empirical process.

n

25i¢(ti)

i=1

Proposition 6. Let F be as in Lemma[7] and satisfying in addition that sup ;e £ || f ||
15 bounded by one. Then

n

Bop| 2

(f2(X;) — Ef*(X))| < 16Esup

feFr

> X))

i=1

Proof. We first use Lemma [ with a; = —F f?(X;) to obtain

> e (X))

i=1

n

> el (xX0)/2)|.

i=1

Esup |y (f*(X;) — Ef* (X))

FeF iz

< 2FE sup
feFr

= 4F sup
feFr

Now apply Theorem [ with ¢t; = f(X;), T ={(f(X;):i=1,...,n): f€e F} CR"
and p;(s) = p(s) = min(s?/2, 1) which satisfies p(0) = 0 as well as |¢(s) — ¢(t)| =
|(t — s)(t + s)/2| < |t — s| so that the r.h.s. of the last display is bounded by

Zgif(Xi) Zf(Xi)

i=1 i=1

8E sup
fer

< 16 Esup
feFr

where the last inequality follows from the first part of Lemma [1 (’desymmetriza-
tion’). O
6.4.2 Moment Bounds for Empirical Processes

The question then in the application of Talagrand’s inequality is how we can
estimate the size of Esup;cr|> 7 f(X;)[? Here the 'geometry’ and 'size’ of the
set F cannot be neglected.
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A classical approach comes from empirical processes and works with ’entropy
methods’ — entropy here meaning a measure of the size in an infinite-dimensional
set: Define N(e, F, L2(Q)) to be the minimal number of balls needed to cover the
class F by balls of radius less than ¢ in the L?(Q) norm, where () is some probability
measure on (5,.4). The logarithm of this covering number is sometimes called the
entropy of F w.r.t. L?(Q), the origin of this name being due to Kolmogorov, who
was aware of the possible confusion.

This way of measuring the size of classes of functions is at the heart of the
study of the central limit theorem for empirical processes, but can be applied to
moment bounds as well. The proof uses chaining techniques and Rademacher
symmetrization, but does not belong to this course.

Theorem 18. Suppose F is P-centered and uniformly bounded by one, and denote
by P, = % Y Ox, the empirical measure associated with the sample. Suppose

log N(g, F, L2(P,)) < H(1/e) (74)

for every n and some reqularly varying function H that is zero on [0,1/2] and
increasing on [1/2,00). Denote by o> > Ef*(X) the usual weak variances. Then
there exists a constant C'(H) such that

S rxa)|| <o) (VaoyHR]) + H2/o)).
i=1 F

This theorem has a fairly long history. While it roots go back to Dudley’s
famous paper [10], with subsequent work in [36], [I3], this general version is due to
[18]. There is also some work on the constants in this inequality in the appendix
of [19]. Remarkably [18] show that the above theorem is sharp at least if the first
term in the upper bound is dominant (and if the estimate for H is sharp).

While working with covering numbers with respect to the L?*(P,) metrics is
useful for sharp formulations (Talagrand calls this 'random geometry’), to apply
this theorem it is usually more practical to estimate the "uniform’ covering numbers
sup, log N(e, F, L*(Q)). This is usually still a formidable task, but empirical
process theory provides several tools for this — from combinatorics, approximation
theory, geometry etc. There is a rich and applicable number of examples as well as
a general theory, which however, cannot be covered here. We refer to [12] for a very
comprehensive account. For instance for all the examples of classes of functions
mentioned in the introduction to this section sharp uniform entropy bounds exist
in the literature.

E

6.4.3 A ’statistical version’ of Talagrand’s Inequality

The moment bounds from the last subsection could be used to estimate the moment
E >0, f(Xi)|lz by an upper bound that depends only on o and n. However,
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what does one do if this bound turns out not to be sharp, or if one does not obtain
a bound at all? In statistical applications it is often sufficient to have a good
random’ estimate of E'||3"7" | f(X;)|| . An interesting idea in this direction — due
to Koltchinskii (see, e.g., [29] and also his forthcoming St.Flour lecture notes) is
the following: Let us assume for the moment that F is not P-centered, so that we

want to control
n

> (f(X0) — Ef(X)))

i=1

E

]:

The ’statistician’ usually does not know this quantity (due to the two expecta-
tions). However, by Lemma [[ with a; = —FE f(X;) this quantity is less than or
) (75)

equal to
Z eif (Xi)
i=1 F

and by virtue of Talagrand’s inequality for the two-sample empirical process ¢;, X;,

the random quantity
Z eif (Xi)
i=1 F

which is usually computable for the statistician, concentrates around the expecta-
tion featuring in ([73]). Using these ideas we can prove, starting from (B9) and (60),
the following result. We do not care too much about optimality of the constants
here, but it should be clear that they are of a ’small’ numerical form.

2K

Proposition 7. Let F be a countable class of functions uniformly bounded by 1/2,
and let

o > sup Ef*(X)
feF

be the weak variances. We have for everyn € N and x > 0

n

Pr{ IS ) - BFO)| =65 S erx)
n =1 F n =1 F
10 (x + log2)o? +22x+10g2} <o
n n

Proof. Let us define Z = E > (f(X;) — Ef(X))]| -, then we have from (G0)

[y
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that

e’ > Pr{Z < EZ —+\/2x (no® +2EZ) — ZL‘}
> Pr {Z < EZ —\2ano® — VazEZ — :1:}
> Pr {Z <0.5E7 — \2ano? — 3x} (76)

1

n

LS (rix) - Pf)”f < 05| L ) - 1)

2002 3z
F n n

where we have used vVa+b < \/a + Vb as well as Vab < “T“’ By the same
reasoning we have from (9]

|

To prove the proposition, observe

|
<ref

+Pr {6 H% > eif(Xi)

I

)—U

=]
—

LU )| =8|

n

1

n

S (X)) - Pf)

2 92
+10\/xi+—x}
e n n
1 1 ro? 221
- X)—PHll >3E=S & f(X, 1.5¢/ 2% 401522,
DIGESETIIE Tt SEVIES| IEAENC n}
2 99
<852 0.85—:”}
F n n
2
gPr{ +V2xa +7_x}
n F n 3n
1 2x0?2 3z
Pri =S e f(X, _ _ 2
- r{ nZetf( ) . - n}

where we have used Lemma[7l The first quantity on the r.h.s. of the last inequality
is less than or equal to e™® by using the bound (77)). For the second term, note
that (76]) applies to the randomized sums >  €;f(X;) as well by just taking the
class of functions

LS (v - Py

n

1
f > 6ngfif(Xi)

1

1

LS (rx) - Py !

n

> (f(x:) = Pf)

i

]:

1
. < 05E Hﬁ > eif(Xi)

G={g(r,z)=7f(z): f €T},
7 € {—1,1}, instead of F and the probability measure P = 271(6_; + ;) x P
instead of P. It is easy to see that o can be taken to be the same as for F, so
that (7€) applies. This gives the overall bound 2¢~*, and a change of variables in
x gives the final bound. O
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6.5 Sums of i.i.d. Banach-Space valued Random Variables

Similar to Subsection [£.4] above, one can ask how results for empirical processes
carry over to sums of i.i.d. Banach space valued random variables. Suppose we
are given a sequence of i.i.d. centered random variables X, X1, ..., X,, taking val-
ues in the (for simplicity again separable) Banach space (B, || - ||s), and assume
furthermore that the variables are bounded by one: || X||p < 1. [Centered means
here EX = 0 in the Bochner sense but it suffices by boundedness of X to check
that Ef(X) = 0 for every f € B'.] Then taking F to be the unit ball of B’ as
in Subsection [£4] above, we see that sup,cr [ f(X)| < || f|3/| X5 = 1, so that the
class F is uniformly bounded by one. Furthermore the norm of the sample mean

satisfies . .
> X > F(X)
i=1 B

i=1
and Talagrand’s inequality Theorem [I4] gives us, for some universal constant K,

- . 1 r?
Pr X X; >r < —exps —— ¢,
{ z; N z; . } K p{ Kn}
a genuine analogue of Hoeffding’s inequality in infinite dimensions. This can be
used to prove, for instance, under sharp conditions (using truncation), the law
of the iterated logarithm in Banach spaces. It also implies a law of large num-
bers in Banach spaces (just use Borell-Cantelli), although clearly the boundedness

assumption on X is not necessary.
Moreover, if we take into account the random variances, and using Proposition

= sup
fer

- F

[0, then
Pr En Xil| —F En X; > <iexp{—ﬁlog(1+ r )}
: ! : ! - - K K EX?
i=1 B =1 B
where

>

i=1

EY? < no?+ 16E

B

with 0 > supp,n <y EL*(X) the weak variances. The moments E'[|3°7, Xi| 5
can be directly controlled by using techniques from probability in Banach spaces
(taking into account the geometry of B). We refer to [I] and [32] for results of
this type. One can alternatively try to use Theorem [I8 with F equal to the unit
ball of B’ to control moments of norms of sums of i.i.d. Banach space random
variables. This will be particularly useful when B is far away from a Hilbert space
(and hence has no 'nice’ geometry), for instance if B equals the space C'(K) of
continuous functions on K for K some compact metric space.
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6.6 Estimation of a Probability Measure

Talagrand’s inequality was partly motivated by concrete problems in statistics (see
[2] and in particular [34]), and has since found an enormous amount of applications
in statistics, which cannot be summarized here. To give a flavour of some of
the results that can be proved using Talagrand’s inequality, we shall discuss in
this section a theorem that sheds new light on the most fundamental problem of
statistics — estimation of the distribution of a random variable.

Suppose we are given a sample X,..., X, of i.i.d. random variables each of
which has law P with distribution F(t) = P(X < t). The classical theorems of
mathematical statistics attempt to establish that the empirical distribution func-
tion

1 n
E,(t) = - D Lo (X3)
i=1

is the optimal estimator for F'. There are results on this fact from Doob, Kol-
mogorov, Smirnov, Donsker, Dvoretzky, Kiefer, Wolfowitz, Dudley and many oth-
ers between the 30s and the 60s. One of the main theorems of this theory is the
"asymptotic minimaxity’ of F,, proved by Dvoretzky, Kiefer and Wolfowitz [9]:
Denote by P the set of all distributions on R, and by 7 the set of all ’estimators’
(all real-valued measurable functions of the sample Xi, ..., X,, and ¢). Then

Sy B s () ~ ()
n - infr, e7 SUppep B sup;cp | T,.(t) — F(t)]

~1. (78)

The conclusion is that if nothing is known apriori about the distribution of F,
then the empirical distribution F), cannot be improved upon as an estimator (at
least for large samples). This result is mirrored in Donsker’s functional central
limat theorem which says that

Ja(F, — F) =4 Gp in (2(R) (79)

where (>°(R) is the space of bounded functions on R, and where Gp is the P-
Brownian bridge.

However, the sample may contain more information — for instance one may be
interested in estimating the density f of F' as well. Clearly the statistician usu-
ally does not know that F' has a density, and indeed even if a density exists the
statistical performance of any estimator heavily depends on the regularity prop-
erties of f: To understand this phenomenon, define for any nonnegative integer s
the spaces C*(R) of all bounded continuous real-valued functions that are s-times
continuously differentiable on R, equipped with the norm

oo = D 1Dl

0<a<s
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For noninteger s > 0, set

= 3 (D% fl 4+ sup 2@ = D2 )]

OSQS[S} l‘;ﬁy |ZL' o y|8_[8}

and define
C*(R) = { € CIR) : | fl], . < o0} (30)

where [s] denotes the integer part of s.
One can then prove (see [27]) that

o\ @D
lim (logn) inf  sup Eysup|T,(z) — f(z)| > (D) >0 (81)

n Th€T 1| fllto<D = xz€R

so that the best rate of consistency (convergence) that any estimator for f can
achieve depends on t. Now constructing an estimator that achieves this rate of
convergence is not simple, and will usually require knowledge of ¢ (which the
statistician scarcely has).

Using Talagrand’s inequality and methods from nonparametric statistics devel-
oped in the last 20 years, one can prove the following result, which shows that one
can construct a purely-data-driven estimator F,, which is as good as the empirical
distribution function for estimating F' (cf. ({{9)) but also optimally estimates the
density f of F, if it exists, but without any apriori information required! In this
sense F), strictly outperforms the empirical distribution function.

Theorem 19. Let Xy, ..., X;, be i.i.d. on R with common law P. For any gwen T
there exists a (purely-data-driven) estimator F,, such that

Jn <Fn - F) 4 Gp in (®(R),

the convergence being uniform over the set of all probability measures P on R,
i any distance that metrizes convergence in law. If furthermore P possesses a
bounded and uniformly continuous density f with respect to Lebesgue measure,
then

{the Lebesque density f, of F, exists}

eventually, and )
[ fn = flloo = 0p(1).
If, in addition, f € C*(R) for some 0 <t < T, then also

A loon\ /@D
an—fHoo:OP(( ).
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The paper [19] is entirely devoted to the proof of this theorem, and it would
require another lecture course to be covered in all detail. But we should note that
it heavily uses Talagrand’s inequality at several instances. In [20] a more concrete
construction of the estimator F, is given by using wavelet theory.
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A Concentration inequalities for Wigner random
matrices

The goal of random matrix theory is the study of the statistical properties of the
eigenvalues of an N x N matrix, whose entries are random variables with a given
probability law, in the limit N — oo.

Here, I am going to discuss so called Wigner random matrices, whose entries
are, up to some symmetry constraints, independent and identically distributed
random variables. In particular, I am going to consider hermitian Wigner matrices
(but the results I will present can be easily extended to real symmetric matrices).

Definition 4. A hermitian Wigner matriz is an N x N matriz H = (h;j)1<i<j<n
such that

1
hij = \/—N(:pw + 1Y) foralll <i<j<N

L

VN

where {x;;, yi;, Tii } is a collection of real independent identically distributed random
variables with Ex;; = 0 and Ex; = 1/2.

Remark 4. The diagonal element are often assumed to have a different distribu-
tion, with Ex;; = 0 and ExZ = 1. All results I will present remain true with this
different convention.

Remark 5. Note that the entries scale with the dimension N. The scaling is
chosen so that, in the limit N — oo, all eigenvalues of H remain bounded. To see
that this is the correct scaling, observe that

N
a=1 ]

where Ay, for a = 1,..., N are the eigenvalues of H. If all A\, stay bounded and
of order one in the limit of large N, we must have E Tr H> ~ N and therefore
E ‘hZJ‘Q >~ N_l.

Ezample. The Guassian Unitary Ensemble (GUE) has probability density given
by
P(H)dH = const e % IrH: gy
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where dH = sz\i ;jdhi;dhy; [T, dhy; is the Lebesgue measure on RN, Tt is simple
to check that the Guassian Unitary Ensemble is an ensemble of hermitian Wigner
matrices, where the entries {z;;,v;;} have probability density function g(z) =
const -e~*" and the diagonal entries {z;;} have probability density function g(x) =

2
const - e~ % /2,

A.1 Wigner’s semicircle law

The first rigorous result in random matrix theory was proven by Wigner in 1955.
Wigner proved the convergence of the density of the eigenvalues (sometimes called
denstiy of states) towards the famous semicircle law. Fix £ € R, and consider the
interval of size n > 0 centered at E, I, = [E —n/2, E+n/2]. Let N'[1,] denote the
number of eigenvalues of H inside [,,. The density of eigenvalues in the interval
I, is then given by N[[,]/Nn (we divide by N to obtain a quantity of order one,
because the typical distance between eigenvalues is of order 1/N). Wigner showed
that, for every 6 > 0,

lim lim P ( NL] — pSC(E)’ > 5) =0 (82)

n—0 N—oo NT]

where py.(E) = (2r)~'\/1 — E?/4 for |E| < 2 and p..(E) = 0 otherwise.

Remark 6. More generally, Wigner proved that, for every fixed n > 0 and § > 0,

E+n/2
lim P < N —/ ' Psc(s)ds| > 5) =0.

N—oo Nn E—n/2
Remark 7. Note that the semicircle law is independent of the particular law of
the matriz entries (under the assumption that Ex;; = 0 and Ex}; = 1/2).

Remark 8. Note that Wigner’s result concerns the density of states (density of
eigenvalues) in intervals containing typically order N eigenvalues. In (83), the
order of the limit is important. It tells us that we let N — oo keeping n fixed.
In this sense, Wigner’s result s about the convergence to the semicircle law on
macroscopic intervals.

Several questions emerge naturally from Wigner’s result. Is it possible to show
convergence to the semicircle law for the density on smaller intervals, containing
less than order N eigenvalues? Is it possible to prove that the density of states
concentrates around its mean value? How large are the fluctuation of the density
around the semicircle law or around its average value?
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A.2 A general concentration inequality for eigenvalues
The next theorem is a first (but, as we will see, not final) answer to these questions.

Theorem 20 (Guionnet, Zeitouni; see [23]). Suppose that the law of the entries
{4, yij, xii} satisfies the logarithmic Sobolev inequality with constant ¢ > 0. Then,
for any Lipshitz function f: R — C, and § > 0, we have that

P(|Trf(H) — E Tr f(H)| > 6N) < D¢ W (83)
Moreover, for any k =1,..., N, we have
P(lf(A(H)) —E f(A(H))] = 6) < 2 I (84)

In order to prove this theorem, we want to use the observation of Herbst that
Lipshitz functions of random matrices satisfying the log-Sobolev inequality exhibit
Gaussian concentration. This result was stated and proved in Theorem [@, adn we
rephrase it here for the convenience of the reader:

Theorem 21 (Herbst). Suppose that P satisfies the log-Sobolev inequality on RM
with constant c. Let G : RM™ — R be a Lipshitz function with constant |G|.. Then,
for every o > 0,

52

P(|G(z) — Ep G(z)| > ) < 2¢ 9% .

Since Trf(H) = )_,, f(Aa), we see that Trf(H) is a Lipshitz function of the
eigenvalues of H, if f is Lipshitz. The question is whether or not the eigenvalues
of H are Lipshitz function of the matrix entries. If yes, then Trf(H) is a Lipshitz
function of the matrix entries, and concentration follows by Theorem 2Il In other
words, to complete the proof of Theorem 20, we need to show that the eigenvalues
of H are Lipshitz functions of its entries. To this end, we will use the following
lemma.

Lemma 8 (Hoffman-Wielandt). Let A, B be N x N hermitian matrices, with
eigenvalues Nt < \gt < - <Ay and AP < AP < ... < \E. Then

N
S OIM = MP< Tr(A-B).
i=1
Proof. Since SN (A\Y)? = Tr A% and YN (A\P)? = Tr B2, it is enough to show

that N
TrAB <> AP

i=1
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Suppose now that A = UsD U, B = Ug DUy, with Uu, Up unitaries and Dy =
diag (M,..., %), and Dp = diag (\P,...,A\§). Then, introducing the unitary
matrix V' = U;Up, we find that

Te AB = Tr DAVDEV* =Y XA [y

0]

< max {Z )\f)\f w;j : wi; > 0, szj =1 for all J}szj =1 for all z} )
irj i j
To conclude the proof of the lemma, it suffices to show that W = 1 is a maximizer.
To this end, let W = (w;;) be any maximizer. If wy; # 0, there exist j, k s.t.
wy; > 0 and wy; > 0. Let v = min(ws;, wg;) and define a new matrix W = (w;;)
by

w1 = wyy + v, Wk = Wgj + V,

Wy = Wy — Vs W1 = Wg1 — V
and Wy, = Wy, for all remaining ¢, m. Then, we observe that

> NN (i — wig) = v (AAF + AAZ = AP = NP
]

= v\ = A = AP) > 0.

Hence W is also maximal. Repeating this procedure at most 2N — 2 times we
arrive at a maximizer with wy; = 1. Repeating the same procedure for all diagonal
elements, we show that W =1 is a maximizer. O

Corollary 3. Let X = ({zij, yij, 2ii}) € RN and let \o(X), 1 < o < N be the
eigenvalues of the Wigner matriz H = H(X). Let g : RV — R be Lipshitz with
constant |g|z. Then the map RN 3 X — g(M(X),..., \v(X)) € R is Lipshitz
with coefficient \/2/N |g|z. In particular if f : R — R is Lipshitz with constant
|flz, the map RN" 5 X — Trf(H) is Lipshitz with constant /2| f|.

Proof. Let A = (Aq,...,Ax). Observe that

9(A(X)) = g(A(X))] < [gle IAX) = AX]|2 = lgle Z [Ai(X) = (X7

< lgle VIR(H(X) — H(X'))? = |g]c Z |45 (X) = hiy (X7)[?

< VN IglellX = X g
(85)
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Since g(A) :=Tr f(H) = Z;\; f(A;) is such that
N
l9(A) = g(A)] < If1e Yy = NI < VNIl 1A = Al
j=1

we see that ¢ is a Lipshitz function on RY with constant v/ N|f|;. Combined with
(85, this completes the proof of the corollary. O

We are now ready to show Theorem 201

Proof of TheoremZD. Let X = ({zij,yij, :i}) € RY". Let G(X) = Tr f(H(X)).
Then G is Lipshitz with constant v/2|f|;. Hence, by Theorem EI], we find

52N2

P (|Tr f(H) — ETr f(H)| > 6N) < 2¢ “VZ.

To prove (84]), we observe that, by Corollary B], the function G(X) = f(Ax(X)) is
Lipshitz with constant \/2/N |f|.. Hence (84) follows by Theorem 211 O

Applications of Theorem[20} From (84]), choosing f(s) = s, we find immediately
that, for any j =1,..., N,
N2
PN —EX| >6) <2 4 . (86)
This inequality implies that the fluctuations of the j-th eigenvalue around its
average value are at most of the order N='/2. Since the distance between eigenvalue
is much smaller we actually expect the fluctuations to be much smaller. In fact,
it is known that, if Ay denotes the largest eigenvalue of H,

lim P (N?*?(\y —2) > s) = Frw(s) (87)

N—oo

where the Tracy-Widom distribution Frw is given by
Frw(s) =e” J* da (z=s)a*(@)

with ¢ being the solution of the equation ¢"(x) = zq(z) + ¢*(z) with ¢(z) ~ Ai(x)
as x — oo (Ai is the Airy function). The convergence to the Tracy Widom
distribution was first proven by Tracy-Widom for GUE, and then extended by
Soshnikov (see [35] and references therein) to a large class of Wigner matrices. Eq.
(B7) implies in particular that the fluctuations of Ay are of order N=%2. In the
bulk of the spectrum, fluctuations should be even smaller, since eigenvalues are
closer. For GUE, it was proven by Gustavsson (see [24]) that, as N — oo
)‘j — t(]) . N(O, 1)

logl/2 N
4(1-t(5)*)N
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in distribution. Here #(j) is the location, according to the semicircle law, of the
j-th eigenvalue of H, and j = j(N) is chosen so that j(N)/N — a € (0,1) as
N — oo. Hence in this case the fluctuations of \; are of the order (log N)*/2/N.

Theorem can also be used to get concentration of the density of states.
There is here a little obstacle, which follows by the observation that

N1

= —T H-FEl<
= e = E| <)

and that the characteristic function x(|z — E| < 7 is not Lipshitz. To circumvent
this problem, it is useful to approximate the density of states by the imaginary
part of the trace of the resolvent. The idea here is that x(|z| < n) ~n?/(2? +n?).
This leads to

NI 1 7 1 1

~ T =—ImTr ———.
Nn Nn (H—-E)?*+n*> N H—-FE—1n

It is a fact that concentration bounds for the r.h.s. can then be translated into
concentration bounds for the density of states N'[1,]/Nn. We will not go into these
details; instead, we will look for concentration bounds for the imaginary part of
the trace of (H — E —in)~".

Taking f(s) = (s — E —in)~', it follows that f is Lipshitz with constant 2.
Therefore, (83) implies that

P ( iIm Tr; — Eilm Tr

5 2 52N27]4 8
_ | > < 2e 7 4.
NYYHE—i N H—FE—in| = )— © (88)

This immediately implies that the fluctuations of the imaginary part of the resol-
vent at distances 1 ~ 1 from the real axis are of order N~! with Gaussian tails
(the same bound can then be obtained for the density of states on intervals of
size n ~ 1). This result is optimal. Note that (88) implies concentration also for
the density of states on intervals of size N~/2? « n < 1, which do not contain a
macroscopic number of eigenvalues. The estimate (88]), on the other hand, does
not say anything about the density of states on intervals of size n < N~/2,

A.3 Concentration of eigenvalues at the right scale

This remark leads to two natural questions. Is it possible to establish convergence
to the semicircle law for the density of states on scales N™%/2 < n < 1 for which
we know (by (88)) that the density concentrates around its average? Is it possible
to get concentration and convergence to the semicircle for n < N~%/2? As long as
n>> N~! the interval I, contains a large number of eigenvalues (which converges
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to infinity as N — oo). For this reason, we should expect that, for n > N—!
concentration around the average and convergence to the semicircle law hold. We
will see that this is indeed the case. The first ingredient to prove these facts is an
upper bound on the density of states on small intervals.

Theorem 22. Suppose that the random variables {x;;, yi;, i} have Gaussian de-

cay (in the sense that, for some § > 0, E ' < o0 ). Then there exist constants
Ky >0 and ¢,C < oo such that

P (N[E _ "?VQUE + /2] > K) < CeVEND (89)

forall E € R, n=n(N)> (logN)?/N, N >2, and K > K.

Remark 9. Under somehow stronger assumptions on the law of {x;;, yij, i}, one
can improve (89) to

P (N[E —n/2,E+n/2]

> K| < CeENn
Nn - )_ ‘

Remark 10. [t is possible to extend these bounds to the case n(N) = K/N for a
large, but fired K (independent of N ). Intervals of size K/N typically contain a
finite number of eigenvalues.

Proof of Theorem[22. We use the inequality (with I, = [E —n/2, E +n/2])

NI, C 1 c. < 1 .
1 1 | S ().
N _Nm rH—E—i?] Nm;H—E—Z’?]O’j) (90)

Now observe that, for example for j =1,

1 (1,1) = 1
H—E—in""" hy—2—a-(B—2)"la

where a = (ho1,...,hn_11) € CN=1! is the first column of H, after removing the
diagonal element hi;, and B is the (N — 1) x (N — 1) minor of H, obtained by
removing the first line and column. If we denote by p, and v, the eigenvalues and
, respectively, the eigenvectors of B, we find that

1 1
—(1,1) = .
H—E—z’n<’) hiy —z— S lowal

o o —2

Note that a is independent of u, and v,. Therefore,

Ela-va]* =E Y aa7(i)va(j) = N".

0]
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We define &, = Nla - v,|*. Then we have E£, = 1 and
1 1

—(1,1)= 91
H—E—m( ) hn—z—%zauf‘iz (91)
Taking the absolute value, we find that
1 1
Im ——(1,1) < - z
H—-FE—1n 7]+Nzam (92)
Nn

< .
2 aclua—El<n S0

Now we observe that, since the eigenvalues of H are interlaced with the eigenvalues
of B, {a: |ta — E| < n}| > N — 1. On the other hand, we observe that, for any

m=1,...,N,
S 6 = S (b vy 2 = [ Pb?
j=1 j=1

where b = v/N a is a vector in CV~! with independent and identically distributed
components such that Eb; = 0 and E |b;]* = 1, and B, is the orthogonal projection
of rank m, projecting into the space spanned by the v, j = 1,...,m (remark that
the b; are independent of the v,,). It is simple to check that E||P,b[|* = m. We
need to know that the probability for ||P,b|| < m/2 is very small. Concentration
estimates for quadratic forms are well-known. To get the desired bound, we can
use the following lemma proven by Hanson-Wright, and extended by Wright to
variable which are not necessarily symmetric.

Lemma 9 (Hanson-Wright, Wright, see [25], [40]). Let X;, i = 1,..., N be a se-
quence of independent and identically distributed random variables with EX; = 0.
There exists a constant C' > 0 such that

N
’ (Z ai (XiX; — EX;X;) > 5) < = Cmin(5/1A18% 1 Als)
ij=1

where ||Al| denotes the operator norm of the matriz A = (|a;j|)i<; and ||A||us =
(>0 |ai;|2)Y? is its Hilbert-Schmidt norm.

Using this lemma, with A = (| >, va(1)Ta(j)|), we find [|A]] < /m and
| Al|Zs < m, and thus

P (“|Pmb||2 _m’ > 5) < G*Cmin<%7%) '
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With 6 = m/2, we find
P (|| Pnb]|* < m/2) <e OV

since we are interested in the regime with m > 1.

From (O0) and ([@2)), we find

where £ = VNja® - 0|2, and a¥) is the j-th column of H without the diagonal
entry h;j, ugf), v$) are the eigenvalues and eigenvectors of the minor BY) of H
obtained by removing the j-th line and the j-th column. Therefore

NIL)] . Nn
VUl . . G) « DAV
]P’(Nn >K)<P|N[,]>KNyp and3j=1,...,N: §. < 5

a:|u@ —E|<n

KNn

= NP I]>KN d § 1) « 2271

ailuV—E|<n
S Ne—C\/KNn S Ce—c\/KNn

where we used the fact that KNn > K(log N)?, for a sufficiently large K, to
absorb the factor of N in the exponential. O

Using the upper bound on the density given by Theorem 22| it is immediately
possible to improve the concentration estimate (88). Let

1 1
f (@i yig, wiiy) = NTT H—E—in
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Assuming that the entries satisfy a Poincaré inequality, we have that

1 1 1 2

T—— FE—Tr—
var (f) N H-—E—in N H—E—i

2
o (1 1
< il - -
C; o1y (NZ)\ . m>| i (N a )\Q—E—in>
2
8:1011( Z)\ —E )

+Z
TN = Da B <A6—E+m>2

C
0o ONg 8Aa6—)\f; O O
{Z Oxij Ox;ij ayij 0y i 2 0z Ox;; } .

2

We find

> o Ry, Doy 57 Oha Dby _ 7 Xt =

axz] axz] aylj 8?/2] 8xu 8xu

and therefore

C 1
< — .
var (f)_N?);‘)\a_E_mﬂél (93)
Using the trivial bound |\, — E — in| > n, we find
C
ar () < o (01)

which implies that the fluctuations of the density of states are small as long as
n > N~Y2; this is the same result as in (88). But now, using the upper bound
on the density, we can improve (@4]). In fact, we only have to use the bound
|Aa — E —in| > n for those « for which |\, — F| < n; the upper bound implies
that, with very high probability, there are not more than C'Nn such a’s. Hence,
making use of the upper bound, we find

CNnp C
N3774 o N2773

var (f) < (95)

which is small, for > N~2/3. This argument can be made rigorous using a dyadic
decomposition (see Theorem 3.1 in [I4]). Note, also, that the bound (@3] can be

exponentiated, if we assume that the entries satisfy a log-Sobolev inequality (the
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simplest proof consists in applying an inequality by Bobkov-Gotze, see [3]). We
find (see Theorem 3.1 in [14])

1 1 1 1
P(l-Tt——— —E—Tr———
('N "H-E—i N H-E-i

> E) < e—ana min{(log N)~1',Nn3¢}

(96)
for every ¢ > 0 which implies concentration for all n > N~2/3,

The concentration bound (@) is still not optimal. As mentioned above, one
expect concentration of the density of states (and convergence to the semicircle
law) for arbitrary intervals of size n > N~!. Tt turns out that the right approach
to get concentration on these small scales consists in proving first the convergence
to the semicircle law. For intervals away from the edges, the convergence to the
semicircle law on these small scales is established in the following theorem.

Theorem 23. [Theorem 4.1 in [15]] Assume that the random variables {x;;, yij, T }
have Gaussian decay at infinity. Let

and

Mse(2) = /dypsc—(y)-

y—z
Then, for any k > 0 there exist C,c < oo such that

P  sup  |mn(E+in) —m(E+in)] >4 | < Cem VN
Ee(—2+kK,2—kK)

for all 6 < Ck, (logN)*/N <n<1, N>2.

Remark 11. my, mg. are known as the Stieltjes transforms of the empirical
eigenvalue measure

() = 5 360 — )

and, respectively, of the semicircle law. The convergence of the Stieltjes transform
implies convergence for the density of states. We find (see Theorem 4.1 in [17])

E—n/2.E+n/2
p sup NIE —1/2,E +n/2]
Ee(—2+kK,2—kK)

Nn

- psc(E)' > 5) < 06_662m .
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Remark 12. In particular, Theorem [23 implies that

[Emy (2) = mae(2)] <

ER
=

for all z = E + in with E € (=2 + x,2 — &) and (log* N)/N < n < 1. Therefore,
we obtain the concentration bound

P sup imy (E + i) — Emy(E 4 in)| >0 | < CemVNT, (97)
Ee(—2+kK,2—kK)

Remark 13. [t is possible, with some more work, to extend the result of Theorem
and the concentration bound (97) to the microscopic scale n = K /N, with large
but fized K ; see Theorem 3.1 in [15]. This scale is then optimal; forn < N7', the
typical number of eigenvalues in the interval I,, = [E —n/2, E+n/2] is very small
and the fluctuations of the density are certainly important.

A complete proof of Theorem 23 can be found in [I5]. The main idea of the
proof is that the Stieltjes transform of the semicircle law satisfy a self-consistent
equation

1
Mee(2) + ———— =0
z 4+ mye(2)
which is stable away from the edges. This implies that to prove that |my(z) —
mge(z)] is small | it is enough to show that |my(z) + (z +mpy(z)) 7| is small. This
follows making use of expressions like ([@]). An important ingredient of this proof
is the upper bound on the density of states obtained in Theorem 22
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