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0.1 Abstract

This thesis explores classical transport-entropy inequalities, their connection to Log-
Sobolev inequalities, and the concentration of measure phenomenon. In particular, it
seeks to introduce a reader familiar with analysis and measure-theoretic probability, but
without a strong information or optimal transport background to these beautiful and
understudied tools. We begin with a historical perspective, addressing the development
of the optimal transport problem and the history of entropy. We then develop the the-
ory of transport-entropy inequalities, with a view towards modern applications of these
tools to diffusion models and machine learning techniques. Chapter 2 provides a brief
introduction to key tools from measure-theoretic probability, defines relative entropy,
and briefly introduces the optimal transport problem, focusing on concrete examples
in cases where direct computation is possible. Chapter 3 develops the classical theory
of transport-entropy inequalities through the lens of T}, inequalities, including concrete
examples, showcasing some of the most important results like Pinsker’s Inequality and
Talagrand’s 7> inequality for Gaussian measures. Chapter 4 develops the machinery
needed to state Log-Sobolev inequalities precisely and introduces Log-Sobolev inequal-
ities with three concrete examples. It then connects transport-entropy inequalities to
log-Sobolev inequalities through the Otto-Villani theorem and presents a detailed out-
line of the proof of this major theorem. Finally Chapter 5 concludes the thesis with a
short survey of the application of these tools to modern machine learning methods, em-
phasizing how Log-Sobolev inequalities have helped to develop the theory of diffusion
models and explaining how transport-entropy inequalities are relevant to score-based
generative modeling as a whole.
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Chapter 1

Introduction and Motivation

Why study inequalities? Let us turn this problem on its head and
ask instead why we study equalities. After all, pick two random
numbers; now, aren’'t they almost surely unequal?

Joe Blitzstein [7]

If someone handed you two distributions and asked you to compare them, you might
first be puzzled not only by the task, but also by the fact that you now appear to be in
physical possession of something as intangible as a probability measure. Even setting
that aside, without further context, it is not clear what it should mean to say that two
distributions are “close” or “different.” There are many natural approaches: pick your
favorite event and compare how these two measures assign mass to that event, graph the
densities of these distributions, compare their moments, or compare the expectations
of suitable test functions. Two less obvious but especially useful points of view are the
transport viewpoint and the information-theoretic viewpoint. Roughly speaking, the op-
timal transport approach asks how much effort is required to move one distribution to
the other, while the information-theoretic approach measures the discrepancy between
them in terms of relative entropy.

This thesis is devoted to the study of inequalities that relate transport distances and rel-
ative entropy. I hope that by the time readers reach the end of this thesis, they will feel
fully confident in how to respond if handed two distributions.

1.1 Transport: History of the Optimal Transport Problem

It is rare for a mathematical problem to arise from an immediate, life-or-death practical
concern. Yet, Gaspard Monge, serving as a scientific advisor to Napoleon, found himself
in precisely that position. According to historical accounts, when tasked with design-
ing the most efficient layout for defensive fortifications, Monge confronted what would



become known as the optimal transport problem [30]. The challenge was deceptively
simple: when excavating a moat and using the displaced earth to construct a wall, what
is the most efficient way to transport the soil from the recently dug moat to the wall [39]?

This question opens a series of profound mathematical inquiries: what mathematical
structures best represent the distributions of earth in the moat and wall? By what crite-
rion should one transport plan be judged superior to another? Under what conditions
is the optimal plan unique? And can the geometric or probabilistic properties of these
distributions be used to bound the total effort required for transport?

This formulation was eventually made precise. A much fuller discussion of Optimal
Transport is reserved for Section 2.3.

Definition 1.1.1. For a cost function ¢ : & x & — [0,00) and two distributions pu,v €
P (X)), the Kantorovich optimal transport problem is to find the coupling (X, Y) ~ = with
marginals X ~ g and Y ~ v that minimizes

Ex,v)~z[c(X, V)].

Let I1(u, v) denote the set of all such couplings. This is a convex minimization problem,
and its optimal value is denoted

Tew,v) = inf Ex,y)~z[cX,Y)].
mell(u,v)

1.2 Entropy: History of Entropy

Nearly two hundred years later, Claude Shannon developed his statistical theory of en-
tropy, thankfully under less dire circumstances. Shannon was working at Bell Labs, trying
to understand how much information was lost in the course of a phone call. Designed
to measure the reduction of the amplitude of a signal through a telephone line, Shannon
proposed this new quantity as a measure of surprise.

Relative entropy (also called KL-divergence) is the quantity most of interest for compari-
son to transport distance.

Definition 1.2.1. For two probability measures u,v € 22(%’) with u absolutely continu-
ous with respect to v (written u < v), the relative entropy, also called Kullback-Leibler
divergence of u from v is

dap
Dy (ullv) =Ex~y logE(X) ,

where % is the Radon-Nikodym derivative of p with respect to v. If y is not absolutely
continuous with respect to v, we set Dxp (u||v) = +oo.

4



1.3 Transport-Entropy Inequalities

This thesis will explore the relationship between these two ideas. Heuristically, a transport-
entropy inequality says that distributions that are "information-wise" close (ie those

which have low relative entropy) are also "geometrically" close (low transport cost). If

one distribution has low relative entropy with respect to another, then it must also be

close in transport cost.

Definition 1.3.1. Let u € 2 (%) be a reference distribution and let ¢ :  x & — [0,00)
be a cost function. We say that u satisfies a transport-entropy inequality if there exists a
non-decreasing function a : [0,00) — [0,00] with a(0) = 0 such that for all v e 22(%),

a(Te(,v)) < DxLvIlw).

1.4 Motivation and Outline

This thesis will aim to develop the theory of transport-entropy inequalities from basic
principles. Chapter 2 provides a brief introduction to measure-theoretic probability, rela-
tive entropy, and optimal transport. Chapter 3 develops the classical theory of transport-
entropy inequalities through the lens of T), inequalities, including concrete examples,
showcasing some of the most important results like Pinsker’s Inequality and Talagrand’s
T, inequality for Gaussian measures, closing with a brief discussion of the relationship
between concentration inequalities and transport-entropy. Chapter 4 develops the ma-
chinery needed to state Log-Sobolev inequalities precisely and introduces Log-Sobolev
inequalities with concrete examples. It then connects transport-entropy inequalities
to log-Sobolev inequalities through the Otto-Villani theorem and presents a sketch of
the proof of this major theorem. Finally Chapter 5 concludes the thesis with a short
survey of the application of these tools to modern machine learning methods, emphasiz-
ing how log-Sobolev inequalities have helped to develop the theory of diffusion models
and explaining how transport-entropy inequalities are relevant to score-based generative
modeling as a whole.



Chapter 2

Entropy and Optimal Transport Basics

This thesis aims to be a relatively self-contained introduction to the application of
transport-entropy inequalities to diffusion models. In that spirit, this chapter introduces
the key tools from information theory, probability, and optimal transport that will be used
to develop results and intuition. First, in Section 2.1, we'll review some definitions and
theorems in probability that will be used repeatedly in this thesis. Next, in Section 2.2,
we'll provide an introduction to discrete and differential entropy, eventually building to
a definition of relative entropy, which will be used constantly in Chapter 3 and general-
ized entropy and its tensorization properties, which will be used in Chapter 4. Finally, in
Section 2.3, we'll introduce readers to the basic theory of optimal transport focusing on
concrete examples, which will be very relevant for the material developed in Chapter 3.

2.1 Probability Background

We'll begin by reviewing the probability theory which developed in the years between Gas-
pard Monge and Claude Shannon, which made a formal statement of Monge’s ideas pos-
sible. In particular, Leonid Kantorovich, a Soviet mathematician and economist roughly
contemporaneous with Claude Shannon made progress in understanding the optimal
transport problem in terms of so-called coupled measures [39]. But before we get there,
we'll formulate the problem as it is stated in most modern treatments and cover a few key
definitions.

Definition 2.1.1 (Complete). A metric space (X,d) is defined to be complete if every
Cauchy sequence is convergent.

Definition 2.1.2 (Separable). A metric space (X, d) is defined to be separable if there
exists a countable set S € X which is dense in (X, d).

Definition 2.1.3 (Polish). A metric space & is called a Polish space if it is complete and
separable.



An example of a Polish space is R or any L? space for p < co. A non-example of a Polish
space would be @ since it is not complete.

Remark 1. We go to the trouble to define and explain some basic properties of Polish
spaces here, because Polish spaces can be thought of as the minimum viable setting
for such transport problems to be well-posed. In Chapters 2 and 3, we primarily work
over general Polish spaces. In Chapter 4, we restrict ourselves to R” because some of the
results stated do not hold for a fully general Polish space or require substantially different
approach to show.

In the context of transport-entropy inequalities, we work on a Polish space &, which
we equip with B(%), the o-algebra generated by the open sets in &, which is called the
Borel o-algebra. We write P(%) for the set of Borel probability measures on & [39].

We also briefly review these definitions and a few others here.

Definition 2.1.4 (o Algebra). A collection of subsets of Q), &, is called a o algebra if it
contains the empty set, is closed under complements, and is closed under countable
unions.

Definition 2.1.5 (Borel-o Algebra). For a topological space (X, 1), the Borel o algebra
over X is the o-algebra generated by all the open sets in X.

Definition 2.1.6 (Measure). A map u: % — [0,00] is called a measure if it satisfies:
(@ u(@) =0,
(b) u(A)=0forall Ae %,
(c) (Countable Additivity) for any pairwise disjoint sequence (A;))., < &,
(O] £ i
n=1 n=1

We might be interested in how to approximate the measure of a set A< X under y. The
notion of ‘inner regularity’ gives us a tool to do this.

Definition 2.1.7 (Inner Regular). [1] Let (%, T) be a topological space and 989 be the
Borel o-algebra on X and p be a measure on (%, 2(%Z)). Then we say that p is inner
regular if for all measurable subsets Ac &,

1(A) = sup{u(F) : F < Awhere F is compact and measurable}.

Before we arrive at the final piece of machinery presented in this introduction, we need
one more definition.



Definition 2.1.8 (Absolute Continuity). [5] Let (2, %, u) be a measure space. Let v be
another measure on that space. We say that v is absolutely continuous with respect to y
if for all A€ %, we have that u(4) =0 = v(A) =0.

This gives rise to another useful idea: the equivalence of two measures.

Definition 2.1.9 (Equivalence of Measures). [5] We say that two measures are equivalent
if u(A) =0 < v(A) =0, thatisifv< pand u>v.

Intuitively, this corresponds to the same notion of ‘impossibility.” Thus, if an event hap-
pens v—almost surely then it also happens u—almost surely.

Now, we arrive at a very useful theorem which ensures the existence of a crucial quantity:
the Radon-Nikodym derivative. Intuitively, we know that we can build new measures
v on the metric space (Q, %, 1) by playing the following game: choose a non-negative
function f and define a measure v as follows. For all A€ &, let v(A) := [, fdu. Then,
conveniently, for any A such that p(A) = 0, we must also have v(A4) = [, fdu =0.

The natural question, then, is can we go the other way? If | have a measure v on the metric
space (¥, 28(%)), can I always find a non-negative function f such that v(A) = [, fdu?
The Radon Nikodym theorem says that under extremely mild conditions, this is possible.

Theorem 2.1.10. In particular, if p and v are o—finite and v is absolutely continuous with
respect to 1, then there exists a u—unique non-negative function f such thatv(A) = [, fdu
forall Ae B(X).

Definition 2.1.11 (Radon-Nikodym Derivative). [5] The function f such that v(A) =

J4 fdp is called the Radon-Nikodym derivative of v with respect to p and is usually writ-
d

ten d—;.

Theorem 2.1.12 (Portmanteau Theorem). [6] LetZ be a metric space with Borel-o algebra

F . A sequence of probability measures {1} nen converges in distribution to p, if any of the
following equivalent conditions hold

(@) Eg,[f1— Eulf] forall bounded, continuous f

(b) limsup,,_., un(F) < u(F) for all measurable closed sets F € F

() liminf,,_.o 1, (U) = w(U) for all measurable open subsets U € & .

(d) limsup,, . E., [f1 <Eulf] for all upper semi-continuous functions bounded above

(e) liminf, .o €y, [f] = E,lf] for all lower semi-continuous functions bounded below.

Remark 2. There are, of course, more equivalent conditions, but in this presentation
we've chosen to only include the conditions which are relevant to later chapters.

Because this is a standard theorem and proved in [6], we will omit the proof here.
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2.2 Entropy Background

2.2.1 History of Entropy

Entropy is a term with origins in fields as disparate as thermodynamics and information
theory. It originally appeared in Boltzmann’s work on statistical mechanics but rose to
prominence when Claude Shannon rediscovered it in the context of information theory
[25]. Intuitively, if you learn that a low probability event has occurred, you should be
surprised. This is the idea that "surprisal" and "entropy" formalize.

As it turns out, in the discrete case, entropy behaves well and basically accords with our
intuition. For that reason, this section is split into three parts: first, we will introduce
discrete entropy, then we’ll explain how these ideas extend (sometimes fail to) to the case
of continuous random variables, and finally we’ll offer a fully precise measure-theoretic
definition which encompasses both perspectives.

2.2.2 Discrete Entropy

Definition 2.2.1 (Surprise). [34] Let A be an event with probability p. The surprise of A
:=log, (%) when measured in bits or ln(%) when measured in nats.

Remark 3. In this thesis we’ll always work in nats, and as is common in probability, denote
In as log.

For a discrete random variable, the entropy is simply the expected surprise over all possi-
ble values.

Example 1. This should make sense in the context of a six-sided die, for example. If the
die is loaded and always rolls a two with probability 1, we should not be surprised at all
when, inevitably, a two is rolled. The surprise is 0 and the entropy is also 0. However, on
a standard six-sided die with equal probability of rolling the values one through six, it is
relatively surprising to roll a two, but it is also surprising to roll a three or a one. Entropy
should capture that.

Definition 2.2.2 (Discrete Entropy [12]). Let X be a random variable taking states x €
with probability mass function p : & — [0,1]. Then we call the entropy of X H(X) :=

Y ez P 10g(57)

Example 2. Returning to the previous example, consider three random variables D; rep-
resenting the value rolled by the deterministic always two die, D, representing the value
rolled by a standard, fair six sided die, and D3 a weighted die that rolls a one with proba-
bility 1/2 and a six with probability 1/2. Let’s compute the entropy of each die.

6 1
H(Dy) = )_ p(x;)log(

1
=1-log(=)=1-0=0

9



1 61

6 1
H(Dy) =) plxi)log(——) =) 5 log(——=) =10g(6)

i=1 pxi) 3 (1/6)
6 1 1 1 1 1
H(D3) = l:Zi p(x;) log(p(xi)) = EIOg(ﬁ) + Elog(m) =log(2)

Intuitively, this makes sense. The deterministic D, has zero entropy, since we're never
surprised to see that it rolls a two. On the other hand, any outcome we see on die D5 is
relatively surprising, since there are six equi-probable options. Finally, the "goldilocks"
die Ds has a little more variability than the deterministic die, but less than the fair die.
This is accurately represented by the ordering of their entropies

H(Dy) =0< H(D3) =log(2) < H(D-) =log(6)

2.2.3 Differential Entropy

This notion is extended to continuous distributions in the natural way, by computing the
expectation with respect to the density of the random variable.

Definition 2.2.3 (Differential Entropy [12]). For a random variable Y with density f(y),
we define the entropy of Y as h(Y) = [E[log(ﬁ)] =2 fW) 10g(ﬁ)dy

However, there are a few subtleties to keep in mind. Differential entropy has some rel-
atively counter-intuitive quirks as compared to discrete entropy. For one, differential
entropy can be negative! Consider the following simple example.

Example 3. Let X ~ Unif[0,0]. Let’s compute the (differential) entropy of X.

1 1 0 1
X = _1 - — _1 :l
70 fs‘upp(X)G Og((l/@))dx ﬁ 0 0g(@)dx =log(0)

Notice that for 6 € (0,1) h(X) < 0 while for 6 > 1 h(X) > 0. This suggests some important
intuition: sufficiently "concentrated" continuous distributions have negative entropy.
However, it demonstrates that differential entropy is no longer measuring simple “sur-
prisal," but instead something more complicated.

To see what our intuition for differential entropy should be, consider the following com-
parison of the entropy of a scaled discrete random variable to the entropy of a scaled
continuous random variable.

Example4. [12] Let X be a discrete random variable with entropy H(X). Suppose we want
to compute the entropy of a- X where a € R\ 0 is some non-zero real scalar. Intuitively,
changing the units of X (converting from centimeters to meters, for example) should not
change how surprised we are, intuitively. This is borne out by reality in the discrete case:

H@X)= ) plax;)log( ! )= ). P(aX—ax-)log(—1 )
supp(aX) l plaxi)”  supp(x) l P(aX = ax;)

10



1
= ), p(X=xplogl=——)=HX)
supp(X) P(X = x;)

This is because rescaling is a bijection, so it is obvious that for a # 0, P(aX = ax;) = P(X =
x;), which is the key fact which allows us to move from the first equality to the second.

Now consider the continuous case. Let Y be a continuous random variable with differen-
tial entropy h(Y). Now consider the entropy of Z = aY:

hz)=- fR fr(2)log(f2(2)dz

Then, by the change of variables formula, the fact that the Jacobian of g(z) = az is dy

dz —
||_clz| |, and u-substituting we find

h(Z) = h(aY) = —fmfay(x) log fay (x) dx

=~ [ sl 3)
u:é/a_fRfy(u) log(l_;lfy(u)) du

:_,/RfY(u) logfy(u)du+log|a|f[Rfy(u)du
= h(Y) +loglal.

Thus, in the differential entropy context, changing units also changes entropy. This is
surprising unless we think of entropy as a measure of surprise relative to some reference
distribution or measure. This motivates the more general notion of entropy, which we
will employ from here on out.

2.2.4 Relative and Generalized Entropy

As we've seen above, differential entropy and discrete entropy are useful. However, they
are unified under a more general framework: relative entropy, also called K L—divergence.
Intuitively, KL-divergence measures some notion of how far apart a distribution p is from
a distribution q.

Definition 2.2.4 (Kullback-Leibler Divergence, also called Relative Entropy). 1
If 1 is absolutely continuous with respect to v, the KL-Divergence is

_ ap
Dir(plv) = f% log(a(x)) du(x),

where % denotes the Radon-Nikodym derivative of u with respect to v.

!In this thesis, we'll use the terms KL-Divergence and relative entropy interchangeably.

11



Here, we use the convention mentioned in [12] that Olog(%) =0, Olog(%) =0, and

qlog(%) = 00.

Note that KL-Divergence is not a true metric because it is not symmetric and does not
satisfy the triangle inequality [7]. It is however always non-negative, which can be shown
relatively easily with Jensen’s inequality.

In practice, this quantity is often difficult to compute. Except for densities which follow
relatively nice forms (in particular, densities which follow a known exponential family),
the KL-Divergence is not usually available in closed form.

Example5. In the case where p, g are both Gaussian measures, however, we can compute
this quantity. Let p be the measure corresponding to the distribution A (u,, 0%) and ¢q

be the measure corresponding to the distribution A (i, 0%7). Then,

pX)
Dkr(pllq) =Ex~pllog PTes) 1 =Ex~pllog p(X)-logq(X)] = Ex~pllog p(X)]-Ex~pllogq(X)]

Then, substituting in the normal densities, we find

1 1 (X — pp)? (X — pg)?
Di(plig) = =3 10g(0}) - > log(07) ~ Ex- T%p e T%,q
Simplifying and using the definition of variance, we find
2 2 2
1 a (X —pp) (X —pg)
DiL(pllg) = —Elog(—g) ~Ex-p |5 | +Ex-p | 55—
(o ) 20y

Ogq 1 1 2 2
. _§+EEX~p[(X_NP) +2(up = ) (X = pp) + (1 = ftg)°]

Dxr(pllg) =10g(
p

202 2

ﬂ)+afo+(ﬂp_“q)2 1
o q

Dxr(pllg) =log(
p

2.2.5 Generalized Entropy

Now, we only need one more conception of entropy to complete our discussion. Though
we've already defined entropy above, we need to update our definition slightly to ac-
commodate the a context we will encounter in Chapter 4. In particular, as we've de-
scribed above in Example 4, differential entropy is not scale-invariant. Generalized-
entropy is also not scale-invariant, but has been re-normalized such that Ent,(c- f) =
cEnt,(f) Ve=0.

12



KL(p||q) = 0.3541

0.4 1 —— p(x), Normal(0,1)
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(b) Gaussian vs Uniform

Figure 2.1: Examples of KL-divergence behavior under different distribution pairs.
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Definition 2.2.5 (Generalized Entropy [18]). Let f be any non-negative function on &
and u be some measure on & . We define

Ent,(f) := f%flog(f)d,u— (f% fd,u) -log([% fd,u)

Remark 4. Note as in the rest of Section 2.2, we use the convention that 0log0 = 0.

Remark 5 (Connection Between Generalized Entropy and Relative Entropy). Notice that
if f is already normalized such that f,- fdu = 1, then it is a probability density. In that
case, we have that

Enty(f) = [ flogfdu=H(fulu)

Finally, we will state and prove two lemmas that will be extremely useful later. First,
we'll offer a second way to express this generalized entropy as a supremum over a set of
functions, and second we’ll describe how this entropy behaves on product measures.

Lemma 2.2.6 (Generalized Entropy is a Supremum, [22]).

Ent,(f)= sup E[fg]
g:Elef]=<1

where expectations are with respect to (L.

The following proof expands the presentation given in [22], where the proof of this lemma
is compressed into the proof of Proposition 2.2.

Proof. As usual, in order to show equality, we’ll show both directions of the inequality.
First, recall that

bt (f) = [ fiogipau-( [ rau)-tog( [ rau]
x x x
Then, consider the normalized version of f, which we’ll define as

__f
[ fdu

Then, we have
Ent,(f) = fflog du (ffdu)fhloghdu
Then, by Young’s Inequality (see [22], page 25), we have that

a-b< aloga—a+eb fora=0,beR

Then,
h-g<hlogh—h+ef forganyfunctionR— R
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Then, integrating both sides, we have

fhgd,usfhlogh—h+egdu:fhloghdu—1+fegdu

Re-normalizing to recover f, we multiply by [ fdu on both sides to find

ffgdus (ffdy)fhloghdu

E[f gl < Ent,(f)

Then, noticing that this inequality holds for arbitrary g as defined above, we may take the
supremum on both sides to conclude

Then, we have

sup [E[fgl]=<Ent,(f)
g:E[e8]=<1

Then, for the other direction, we observe that we can take

8" =log Ty

feg*du: 1

[ 15" au= [ Frog i =pniyip

which finishes the other direction of the inequality and therefore completes the proof. [

since

Then, consider

The next lemma is very useful in Chapter 4.

Lemma 2.2.7 (Tensorization of Entropy, Proposition 2.2 in [22]). Let (%, i, ii), i =
1,...,n, be probability spaces, define X = Z) x - x %X, and P := 4, ® ---® u,. Let f:
X1 x - x X, — R be measurable and non-negative. Define

filxi)) = f(x1,%2,...,Xi—1, Xi, Xit1,-.., Xp)

where we treat (x1,...,Xi-1,Xi+1,--.,Xn) as fixed. Then, we have that for any such f, the
following inequality holds:

Entp(f) < )_ E[Enty, (f)).
i=1

As above, the proof of this lemma expands the treatment given by [22]in Proposition 2.2.
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Proof of Lemma 2.2.7. First, consider a function g : & — R which satisfies [e8dP < 1.
We want to understand what the ith coordinate contributes when we decompose g. In
particular, consider

and

Then, define .
g'(x1,...,x,) =10g(Gi/Gj41)

Then, g’ can be thought of the additional log-weight gained by observing x; once you've
already seen x;+1, Xi+2,...X,. Concretely, we can think of

g (X;,..., X,) = log(E[e®]X;, ... X)) —log(E[e®| X;41, ..., Xp])

which can be thought of as the ‘reverse martingale increment.’
Now, notice that g’ satisfies our requirement from Lemma 2.2.6,

i 1
8 XiresXn) 11 (x:) = Gi(x;,..., du:(x:) =1.
f,-e i) Gir1(Xit1,-.0 Xn) Ja; (e X) A (1)

Then, we can also notice that
n .
g(x1,...xp) < Zg’(xl,...,xn) forall (x1,...,X,) E X1 x X x -+ x X,
i=1

since the sum telescopes as follows:

Y gl = Y (108(G;) —10g(Gi+1)) =10g(G1) —108(Gp+1) = g—log(f e8dP) = g.
i=1 i=1

The final inequality holds because we have by hypothesis that [ e8dP <1 = log([ e8dP) <
0.
Now, notice that the above gives immediately that

Erlfgl< ) Eplfg'l
i=1
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Now, we'll look at the LHS of this inequality. Consider one term in the sum. Then, rewrit-
ing the expectation as an integral and interchanging the inner and outer integral by Fu-
bini’s theorem, we find

Eplfg'1=E,,

fX fi(0(EHiOdui (0

Where p_; means we integrate over all coordinates which are not i.
Therefore,

n

Elfgl< Y Eplfg'l=) Eu,
[ i=1

i=1

fX fi0EHimduin| <Y Ep[Ent,, (f)]
i i=1

Thus, we can take the supremum on both sides over all admissible test functions g and
finally apply the result of Lemma 2.2.6 Therefore, we have

Entp(f) = sup E[fgl<) EplEnty,(f})]
g:Ele8]=<1 i=1

which completes the proof. O

2.3 Optimal Transport Background

Just like Gaspard Monge, our first task is to make precise what we mean by an “efficient”
transport plan. There are two ways to frame the optimal transport problem: one is due
to Gaspard Monge and the other is due to Kantorovich. The latter is usually seen as a
generalization of Monge’s approach [39].

2.3.1 Transport Plans

This begins with the definition of a transport map, which requires a review of the notion
of a “push forward measure."

Definition 2.3.1 (Pushforward). Let (¥, (%)) and (%, 2(%)) be two measurable spaces.
Let 4 be a measure on & . Further, let T : & — % be a measurable function. We say that
Ty the push forward measure of u by T on % is defined by

(Typ)(B):= w(T~'(B)) VBeB)
Then, we can define the transport map.

Definition 2.3.2 (Transport Map). Let (Z,2(%X)) and (%,%(%)) be two measurable
spaces. Let u be a measure on & and v be a measure on %. Wesay that T: X — Yisa
transport map if v = Typ.
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This idea is closely related to how we think about couplings of measures p and v.

Definition 2.3.3 (Coupling). [41] Let (¥, 1) and (¢, v) be two probability spaces with
and v two probability measures. We say that 7 € 22(Z x %) is a coupling of p and v if it
has the property that 7(A x %) = u(A) and n(Z x B) = v(B). The set of all such couplings
of pand v is denoted I1(y, v).

Example 6. The simplest example of a coupling is the ‘product’ measure, p® v. Let
(%, w and (%, v) be two probability spaces with y and v two probability measures as in
the definition. Let 7 := 4 ® v be a measure on the space & x %, 28(%¥) ® B(%) defined
by m(A x B) = u(A)v(B). We can easily verify that this satisfies our definition. Namely
n(Ax¥) =u(A)v(¥) = u(A) as desired, since the measure of the whole space is always 1.
Similarly 7 (% x B) = u(%)v(B) = v(B). Conveniently, this formulation assures us that for
any two measures (i, v), the set of all their couplings I1(y, v) is never empty.

Example 7. For concreteness, consider the set of couplings of u = v = Bernoulli(1/2). We
know at least that the independent coupling exists from the example above. Since yu=v
there exists a diagonal coupling, ie 7({(x,y) € X x X : x = y}) = 1. We also have the per-
fect correlation case: X =Y = P(X =Y) = 1. A natural question is what are all such
couplings. Because Bernoulli random variables are simple, we can give a complete de-
scription. First notice that the coupling is fully determined by the set of joint probabilities
pij:=P(X=1i,Y = j)fori,je{0,1} where p;; =0, Z,-yj pi;j = 1 and we have the following
marginal constraints to ensure that y(A) = Bern(1/2) and v(A) = Bern(1/2), namely that
the row and column sums are all 1/2 in the following table.

Y=0 Y=1| Rowsum
X=0 Poo  Poi
X=1 Pio  Pn

Col sum I I

N =D | =

2 2
We can solve this system to express the set of all couplings of y, v. These marginal con-
straints imply the system is uniquely determined by a single parameter 6 = pgo. Solving
in terms of 0, we find p;y = % — 0 by the column constraint, pg; = % — 6 by the row con-
straint, and using the fact that }; ; p;; = 1, we find p1; = 0. Thus, any coupling of these
two measures p and v can be expressed (for 0 <6 < %, to ensure we have non-negative
probabilities) as
Py = 2
o [% -0 0

In particular this means the set of couplings I1(u,v) = {Py : 0 € [0, %]} is a 1-dimensional
convex set, which we can think of as a line segment in this context.

0 1—9]
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This example also builds the useful intuition that for discrete marginal distributions u
(which assigns positive mass to m values, that is, has support size m) and v (which assigns
positive mass to n values, that is, has support size n) the set of all possible couplings,
IT(u,v), is a convex set with dimension (m —1) - (n—1) [23].

The idea of a “push forward measure" also gives rise to a natural coupling. In particular,
if v = Ty(p) is a push forward, then the coupling 7 := (Id, T)#u is a coupling of y and
v. Unfortunately, not every coupling arises from such a map 7. Consider the following
counterexample.

Example 8 (Sometimes, there exist couplings between measures, but no transport map!).
Consider two discrete measures, p and v where p = §, is a Dirac mass at x and v =
§6y1 + %6y2 + %6y3, where y; # y» # y3. Then v(y;) = %, v(yo) = %, and v(y3) = %, but
w(T~(y) €0,1Vi € {1,2,3}, since u must be zero unless x € T~ 1(y) U T~ (y2) U T 1 (y3).
The key structural problem here is that transport maps can’t split mass from a single atom
using a deterministic map, so any push forward measure Ty u = 6 7() must also be a Dirac
mass.

This asymmetry will be relevant when comparing the Monge and Kantorovich formula-
tions of the optimal transport problem later.

2.3.2 Cost Functions

The notion of efficiency is made formal by a “cost” function which we require to be lower
semi-continuous and bounded below at 0.

Definition 2.3.4. Recall that a function f: D — R is lower semi continuous at X if
Ve>030>0s.t. f(X)—e< f(x) Vxe Ns(x)nD.

There are many natural cost functions, which are of varying degrees of utility depending
on the context.

(a) Euclidean Distances

(i) c(x,y) =|x—ylisaverynatural notion of distance which simply penalizes the
absolute distance between the initial point x and the end point y. Suppose
we're in Monge's situation of moving dirt from one set of piles to another set of
locations. Perhaps the cost corresponds to how much fuel is needed to move
the dirt and our cars have constant gas mileage over distance.

(i) c(x,y) = (x- y)2 is the most commonly used cost. This might correspond
to a context in which humans move dirt and get more and more tired as the
distance increases.

(iii) c(x,y) = |x— y|P is the natural generalization of cost functions based on Eu-
clidean notions of distance
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(b) Discrete Cost I(x # y) penalizes disagreement with a constant factor of 1 and says
that staying in place costs nothing. This cost offers a convenient connection to the
total variation distance between two measures, as we'll see later.

(c) Stranger Costs: so far, we've seen relatively nice functions, but cost functions need
not correspond to metrics

(i) Asymmetric Costs: c(x,y) # c(y, x) Perhaps transporting dirt from x to y re-
quires moving uphill and is thus more difficult than moving dirt downhill
where gravity helps. In that case a sensible cost function would be necessarily
asymmetric.

(ii) Possibility / Impossibility costs: suppose we require that our transport plan is

C(x, f el
supported on some areaI'. A cost function like c(x, y) = cxy) for(xy)
+oo for(x,y)¢l

would account for that constraint.

2.3.3 Monge and Kantorovich Formulations

Now, we finally have all the necessary machinery for stating Monge’s Optimal Transport
problem.

Definition 2.3.5 (Monge’s Optimal Transport Problem). [39] Given two probability spaces
(%, w and (%, v) with u and v two probability measures, find the Ty, such that

f% c(x, Trnin (X)) dp(x) = c(x, T(x))du(x)

inf f
p—measurable maps T:X —Ywv=TyuJ g
What this definition says is that we're looking for the measurable map T that sends u to
v and that makes the total cost of moving mass from x to T(x) as small as possible with
some initial allocation of mass specified by p. This problem treats each x as indivisible.
If we have three piles of dirt x;, x2, x3, then we're obliged in this formulation to send all
of the dirt in pile 1 to T'(x;). Here we treat our initial divisions of the mass as fixed, un-
splittable objects. But what if it is more convenient to move half of the mass of dirt in pile

1 to one location and half the mass to another? This possibility is allowed under a more
general formulation of the OT problem.

Definition 2.3.6 (Kantorovich’s OT Problem). [39] Given two probability spaces (%, u)
and (%, v) with u and v two probability measures, find the coupling that minimizes

f c(x,y)dn(x,y)
X xY

over all couplings 7 € 1(, v).
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We know that there exists at least one coupling, since the independent coupling exists (as
described above).

Let’s consider a simple example to see what we're actually comparing in the Kantorovich
formulation.

Example 9. Consider & = R and suppose v and u are the laws of familiar random
variables. Let X ~ v = Unif[0,1] and Y ~ p = Unif[1,2]. Consider two potential cou-
plings, either Y = X +1 or X and Y independent. Consider the cost function given by
c(x,y) = (x— y)?. Now, we'll compute the cost of each coupling.

For the independent random variables, we find

2 pl 2
f(x—y)zdﬂ(x,y):f f x2—2xy+y2dxdy:f 1/3-y+y*dy=11/6
R2 1 Jo 1
Now consider the coupling Y = X + 1.2 We find that the cost is given by
fRz (x=y)?dn(x, y) = E (X~ (X +1)*] =1

Thus, with the quadratic cost, we observe that the independent coupling is strictly more
expensive, which should accord with our intuition, since quadratic cost penalizes spread-
ing mass widely, and the deterministic coupling bounds cost between any two x and y at
1, preventing scenarios possible under the independent coupling, like (x = 0.001, y = 2).

Remark 6. It is also important to observe that the Monge and Kantorovich problems need
not coincide when no transport maps exist. In particular, the Monge problem is not guar-
anteed to have a solution, while the Kantorovich problem is.

It is worth noting at this juncture that for continuous distributions, this problem is only
analytically tractable in a few special cases. Monge’s formulation, for example, with L!
cost |x — y| was only solved correctly in 1999, as mentioned in [39]. This is a major moti-
vation for the transport-entropy inequalities presented in Chapter 3. In particular, when
we cannot compute the transport distance directly, it is often sufficient to upper bound
it with some tractable quantity, like entropy.

However, in discrete cases, there is a clear algorithmic approach. The following example
is inspired by the wonderful blog post, [42].

Example 10. Suppose you are Gaspard Monge practicing moat building in a nice grassy
field. Consider five piles of dirt and five holes scattered around this field. Piles of dirt

2Interestingly, as we'll be able to prove later Y = X + 1 is the optimal coupling. To understand why, we
need to dig into the structure of the problem. The key fact here is that our cost function c(x, y) is particularly
nice in that it looks like the Euclidean distance in R?. It turns out that this analogy is incredibly important.
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correspond to our initial distribution u and holes correspond to our desired final config-
uration v. Suppose that the dirt is initially distributed as follows:

1 3 4 1

1
u= E&xl,yl) + Eé(xz,J’z) + 105(x3,y3) + 56(964,)/4) + E&xs,ys)

where § 4, y,) is a Dirac mass at location (x;, y;). We suppose our field is divided up into 25
squares, each of which is 1 meter by 1 meter. Each pile of dirt and each hole lives entirely
in one of those squares.

Suppose our holes are distributed according to v as follows

1 1 1 1 1
V= 55(u1.wl) + 55(uz.Wz) + 35(u3,W3) + 35(u4,W4) + 56(’15-“/5)

Suppose our cost function is is

c@b) =V(a -b)?+AMaz—b)?,  A>1

because moving in the left-right direction in our field is much easier than moving in the
up-down direction. We can compute our cost matrix C as follows

— 12 )2 5%3
C= [\/(xl u]) +/1(_Vz w]) i jell,2,..5) eER
Here, the (i, j)th entry of C represents the cost to move from pile i to hole j.
Then, the transport plan T* is determined as follows.

5 5
* . . . T
T™ = argminpps<s(7, C) = argminpeps:s l;; T;;C;j subjectto Tl=pandT'1=v

where the constraint enforces that we have the correct marginals. Then, Tl.*j is the amount
of dirt transported from pile i to hole j. Notice that this is just a simple constrained linear
optimization problem, so linear programming techniques can solve this easily.

Lemma 2.3.7 (Existence of Kantorovich Transport Plans). [39] Given two Polish spaces
(Z,w and (% ,v) with p and v two probability measures, and a lower-semi contin-
uous cost function ¢ : X x ¥ — [0,00), there exists a nmmin € Il(u,v) that minimizes
K1) = 4w €(x, Y)dn(x, y) over all couplings m € II(i, v).

Proof. [39] We'll approach this directly. First, we want to show that the set we're minimiz-
ing over is compact, so our first task is to verify that I1(u, v) is compact in the topology of
convergence in distribution®. Then, we'll consider a minimizing sequence of measures
7y, such that K () — infrern,v) K () and apply lower-semi-continuity to conclude that
T min 1S @ true minimizer.

30ften called weak convergence by probabilists and weak* convergence by folks from functional analysis
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Step 1: Compactness We'll show that the space of couplings I1(y, v) is compact first by
verifying that it is tight and then applying Prokhorov’s theorem. Recall that the fam-
ily of measures II(u,v) is tight if Ve > 0, there exists a compact set A x B such that
T(AxB)=1-€¢ Vmell(y,v).

To see that this is the case here, recall that since p and v are Borel measures on Polish
spaces, we know they are inner regular. Thus for any § > 0 we can find compact sets
K c X and L c Y such that u(X \ K) < 6 and similarly for v such that v(Y \ L) < 6. Notice
that this bounds how much mass can sit outside K x L under any 7 € I1(y, v). In particular,
any point (x, y) ¢ (K x L) means that either x ¢ K or y ¢ L. This means we can use sub
additivity to find the bound

A(Xx Y\ (KxL)=aXx(Y\L)+a(X\K)xY)

Now, we can apply the definition of a coupling which preserves marginals. Since above
we're taking the measure of the whole sample space in one coordinate and a subset in
the other, we find

A(Xx Y\ (KxL)=v(Y\L)+ u(X\K)

Then, applying the bounds from inner regularity above, this directly implies
A(XxY)\(KxL)<6+0 = n(KxL)=1-20

Choosing 6 = 5 gives the exact statement of tightness.

Now, we need to invoke Prokhorov’s Theorem [6] which says that a collection of proba-
bility measures I1(u, v) is tight if and only if the closure of IT(y, v) is sequentially compact
under the topology of convergence in distribution. We've just shown that IT(y, v) is tight,
thus its closure must be sequentially compact. If we can show that I1(y, v) is its own clo-
sure (thatis, itis closed), then we have demonstrated that I1(y, v) is sequentially compact.

Now, recall that a set is closed if it contains all its limit points. Consider a sequence 7, €

[Ty, v) that converges in distribution to 7, which means precisely that for any continuous
bounded test function f, we have

ff(x,y)dnn(x,y) ﬁff(x,y)dﬂ(x,y)

We need to show that 7 € II(u,v). The trick here is to choose a clever test function f
which allows us to conclude that u = Pf mand v = Pﬁf . Pick f(x,y) = f(x) where f is
continuous and bounded (which amounts to a nice projection onto the x coordinate).
First, note that since for every n, m, has p as its marginal in the x-coordinate, we know

ff(x)du(X) =ff(x,y)dnn(x, )
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Then, by hypothesis
ff(x,y)dnn(x,y) —»ff(x,y)dn(x,y)

Then, by definition of the pushforward measure, this means

ff(x)du(x) =ff(x,y)dﬂn(x,y)ﬂff(x,y)dn(x,y)
= f fx,y)dPyn(x)

Then, since we're working in Polish spaces, if two measures agree when integrated against
every bounded continuous test function, they must be equal. Thus u = P;f 7. We can
play exactly the same game with f(x,y) = g(y) to conclude that v = Pg 7. Therefore,
lim,,_.o 7, = m € Il(y,v) so we have that I1(y, v) is weakly closed.

Now, recall that on Polish spaces, sequential compactness is equivalent to compactness,
so we've finished step 1, showing I1(y, v) is compact.

Step 2: 7* is a Minimizer If we knew that our cost function c(x, y) was bounded and
continuous, we would be done, but in this context there are two reasons why we can’t ap-
ply convergence directly. First, note that c(x, y) is lower-semi-continuous on the product
space & x% but what we actually want to say is that K (;) is lower semi continuous on the
space of measures with the topology of convergence in distribution. The Portmanteau
Theorem allows us to move between these ideas, since it gives equivalent definitions for
convergence in distribution [6].

Let 7, € I1(y, v) be a minimizing sequence, that is K () — infzer,v) K(1). Then, since
I1(u, v) is sequentially compact as established above, we have that there exists a subse-
quence 7,, and some 7" € [1(u, v) such that 7, — .. Now we just need to verify that

inf K(n)zf c(x, y)dn*(x,y)
mell(u,v) X xY

Note first that the Portmanteau theorem gives us that

K(r™) :f c(x, y)dm™(x,y)
X xY

<liminf cx,ydmn,y(x,y) = lim K(r,) = inf K(r)
n—oo Jor oy n—oo mell(w,v)

Then, by the definition of inf, we have K(7*) = infrem v K (). Therefore, we have

K#*) = inf K()
mell(w,v)

which says exactly that 7* = 7, is a minimizer. O
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Now that we know that such minimizer exists for the Kantorovich formulation, it still
remains to understand why this formulation which we’ve gone to a lot of trouble to es-
tablish might be useful. To see this involves stepping back for a moment and considering
three ways to compute the distance between two measures that we've seen thus far. First,
we've discussed the KL Divergence between two measures p and v, second we've (implic-
itly) seen the notion of an L” distance between two functions, which we can extend to the
LP distance between two cumulative distribution functions corresponding to measures,
and third we've seen the notion of optimal transport distance, namely the smallest total
cost to move some mass from some configuration y to some other configuration v.

Example 11. This example is loosely inspired by a discussion in [39].

Consider the following simple example: let u be the measure corresponding to I(X € [0, 1])
and v be the measure corresponding to I(X € [§,1 + d]) for some 6 > 0. Let’s compute all
three notions of distance between these two measures.

(a) KL-Divergence
Dgp(ullv) =00

since for any 6 > 0, there exists the region [0,0) of length 6 where u assigns some
positive probability and v assigns none. Therefore u is not absolutely continuous
with respect to v so the KL-divergence is infinite. Note also that this is not an
issue of ordering either. While the other examples are symmetric and Dk is not in
general, in this case Dk (v||1) = oo because of the support mis-match at the upper
end, this time, on the region [1,1 + ). This clearly does not result in a sensible
notion of distance.

(b) LP Distance
A reasonable thing to do in this case might be to consider the L? distance between
the two density functions corresponding to ¢ and v. Recall that f,, = I(X € [0,1])
and f, =1(X €[6,1+6]). Then

drr (fur 1) = 1 fu= fill

Then, note that

1 x€[0,0)
fu@ - fr(x)=40 x€l6,1]
-1 xe(1,1+6]

Thus
25)YP  for |8 <1

iy (fur fy) =
LU 12 {z“p for 5] = 1

This approach is more reasonable in the sense thatitas § — 0, f, and f, get closer
together. However it says unreasonably that the distance between f, and f, is the
same for all § > 1. In particular, it says that f, and f, are exactly 21'P apart whether
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(©)

6 =1 or 6 = 1000000000, which seems not to respect the underlying geometry of
the problem. If, for example, you were responsible for moving dirt from y to v, you
would certainly notice the difference between § = 1 and 6 = 1000000000.

OT Distance with p—norm Cost
The optimal transport distance is exactly given as

inf ff(x—y)pdn(x,y)

mell(u,v)

Consider the deterministic coupling induced by T'(x) = x + 6, which resembles the
coupling we considered in Example 9. This transport map corresponds exactly
to n* = (Id x T)4u and has the correct marginals, which says x ~ Unif[0,1] and
x+ 6 ~ Unif[d,1+6]. Then m* € [1(y, v) and it has cost

1
fflx—ylpdn*(x,y):f lx—(x+68)|Pdx =6F
0

We know that this is the optimal coupling by the Monotone Rearrangement Theo-
rem.

Theorem 2.3.8 (Monotone Rearrangement Theorem [33]). Let v and pu be two
Borel-measurable probability measures on R with CDFs F, and F,, respectively. Let
Fﬁl(u) = inf{ly € R: Fy(y) = u} for u € [0,1] be the quantile function. Then, let
c(x,y) = d(x—y) be a convex, continuous cost function such that

1
f d(F; (- F;'(0)dt < co.
0

Define the non-decreasing map

T(x):=F,'(F,(x), xeR.

Then the coupling n := (id, T)#V is an optimal solution of Kantorovich’s optimal
transport problem between v and p with cost c. If, in addition, if F,, is continuous
and d is strictly convex, then T is the unique optimal transport map fromv to p.

The theorem is proved in [33], another nice exposition of it is given in Theorem 2.1
in [39]. We do not prove this theorem here because it is not crucial to the point of
this thesis, which argues in effect that rather than direct computation of transport
distances, an upper bound provided by an easy and elegant entropy computation
usually suffices. We will provide a sketch of the main ideas of the proof below for
the interested reader.
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Proof. The idea of the proof is to first notice that any optimal coupling y has a
crucial monotone property which holds for all (x, y) € supy.

In particular the set supy is monotone in a particular way which means that for
any pair of points (x, y) and (X, ), we have that

dx—-y)+dF-7) <dx—-7) +dE-y).

The key insight which is usually shown via contradiction is that this monotone
property implies monotone behavior of the transport map, that is

XSX = y=<j.

This result finishes the strictly convex case. For the non-strict case, the idea is to
use a sequence of approximating functions, each of which is strictly convex, and
simply take the limit. O

This result tells us that the minimum distance is given exactly by
1 1
f (Fljl(l‘) —F;l(t))pdt :f (t—(t+86)Pdt=6P
0 0

since the inverse CDFs here are precisely F,; (1) = tand F, ' (¢) = t + 6 for £ € [0,1].
Thus our coupling is the optimal coupling and therefore the optimal transport dis-
tance between p and v is exactly 6. This has very nice, intuitive properties. In
particular, it is strictly increasing in 6 and goes to 0 as § — 0. In particular, the op-
timal transport distance with p—norm cost respects that difference between 6 = 1
and 6 = 1000000000 that both KL Divergence and L” distance ignore.

Notice though that this is as much a property of our choice of cost function c(x, y) as it is
of the optimal transport problem formulation. If we had instead chosen a cost function
like ¢(x, y) = min(1,|x— ylz), we could re-create the problems with the L2 formulation in
the problem. In particular, the optimal transport distance with this new cost function
é(x,y) = min(1, |x — y|?) would be the same for § < 1, ie the transport distance would be
52, but for § > 1 the transport distance would get “stuck” at 1. In particular for § > 1, the
OT distance is 1 regardless of whether 6 = 1 and 6 = 1000000000.

This gives us the crucial intuition for defining Wasserstein distances: we want something
that respects the underlying geometry of the problem.

Whenever we discuss Wasserstein distances, we'll restrict ourselves to the following set-
ting. Let 2 <R and % < R%, and let’s work only with distributions whose p*” moment
is bounded. In particular, let

v EP,(X) ={y € 2(X) such that f% |x|P dp(x) < oo}
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Definition 2.3.9 (Wasserstein Distance). [39] [33] Let y,v € 22,(%). Then, the Wasser-
stein distance is defined as

1
Wy(u,v) = min (f lx—ylPdn(x,y) b
mell(wv) \Jx x%

Remark 7. This should be very familiar! The Wasserstein distance is exactly the p*” root of
the minimum of the Kantorovich optimal transport problem with cost function c(x, y) =
|x— y|P. From here on out, we'll denote the solution to the Kantorovich optimal transport

1
problem with cost function c as T¢(v, 4). This means we can write W, (u, v) = gr (4, v) 7.

Lemma 2.3.10. Notice that the Wasserstein distance is a valid metric on the space of the
space of distributions with bounded p'"* moment.

Proof. The metric inherits its properties from the c(x, y) = |x — y|”. Symmetry and non-
negativity are immediate from the structure of the cost function. The triangle inequality
comes from ‘gluing’ measures together and Minkowski’s inequality, though this takes
some effort to prove. See [33] Lemma 5.2 and Lemma 5.3 for full details. O
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Chapter 3

Classical Transport-Entropy Inequalities

The key idea behind transport-entropy inequalities is that there should be some way to
connect how far distribution v is from distribution pu (the optimal transport distance) to
how surprising v looks if you expected p (the relative entropy). Intuitively these ideas are
closely connected as the many examples given in Chapter 2 seem to suggest.

This chapter will first introduce a general formulation for transport-entropy inequalities
in Section 3.1. In Section 3.2, we introduce the most common class of transport-entropy
inequalities, T}, inequalities which compare Wasserstein distance to relative entropy and
prove that Gaussian measures satisfy a T, inequality. Next, in Section 3.3, we present
a classical inequality, Pinsker’s inequality as a kind of ‘Ty’ transport-entropy inequality.
Finally, in Section 3.4, we demonstrate one application of transport-entropy inequalities:
establishing concentration inequalities.

3.1 Introduction to Transport-Entropy Inequalities

Definition 3.1.1 (Transport-Entropy Inequality [17]). Let c: & x & — R be a lower semi-
continuous cost function and let

H(- | @) : 2(X) — [0,00)

be the relative entropy of some measure with respect to u. Let a : [0,00) — [0,00) be an
increasing function satisfying a(0) = 0.
We say that p € 22(X) satisfies a transport-entropy inequality if

a(Te(v,w) < 2CH(v|p)  forallve 2(X),

where T, (v, u) denotes the optimal transport cost with respect to the lower semi-continuous
cost function and C is a fixed, non-negative constant.

Remark 8. This requires that cz(TC (K, ,u)) =0, since we know that H(u | 1) = 0. To ensure
that a(T.(u, @) = 0, it is enough to require c(x, x) = 0 for all x € & and «(0) = 0, which we

29



assume from here on out. Notice that if we don’t require that a(T c (W, ,u)) =0, no measure
will ever satisfy this inequality, since the relative entropy of u with respect to itself is
always 0, as made clear by Definition 2.2.4.

3.2 T, Inequalities

Arguably the most important class of such inequalities offer a bound on Wasserstein
distance by relative entropy. These inequalities are the so-called T}, inequalities which
provide bounds on the Wasserstein—p distance.

Definition 3.2.1 (T}, Inequality). Let (%, d) be a metric space and u a measure of & such
that /. g d(x0, x)P d(x) < oo for some xo € . We say that y satisfies a T, inequality with
constant C > 0 if for all probability measures v on & such that [, d(xo, x)” dv(x) < oo for
some xp € &, we have

W, (u,v)* <2CH(v|w)

or equivalently
Wy (W, v) = V2CH(V|W)

where H(-|u) is the relative entropy with respect to y and W), is the Wasserstein-p dis-
tance.

Remark9. In general, we restrict to measures 1, v € 22, (X)) = {y € (X)) : /- o |xIPdy(x) <
oo}, that is measures that have finite p’* moment because we need the Wasserstein—p
distance to be finite in order for this inequality to be meaningful.

Remark 10. Different authors have different preferences and conventions about whether
to absorb the 2 into the constant C. We choose not to and will be consistent with this
throughout Chapters 3 and 4.

The two most common transport-entropy inequalities are the 77 and 7>, inequalities.

Definition 3.2.2 (T} Inequality: T1(C) : Wy (v,u) < \/2C H(v | w)). [18]
Define

P(X):= {v € 2(X) :fd(xo,x) dv(x) < oo for some x, € X}.

For p € 27, (X), we say that u satisfies the transport inequality T3 (C) with constant C >0

if for every v € 22, (X)),
Wiv, 1) =/2CDxkr(v| W),

where W; denotes the 1-Wasserstein distance and Dk (v | p) is the Kullback-Leibler
divergence, which is also called the relative entropy and denoted H(v|u).
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To build intuition, we consider two simple reference measures ¢ on R and compute the
quantities in the T} inequality along a concrete parametric subfamily {vy} of absolutely
continuous measures.

Proving the T; (C) inequality from its definition is often difficult, because it requires veri-

fying that
Wilv,u) = 2CH(v| )

holds for all v < pwith H(v | 1) < oo and finite first moment. In the short examples below
we instead verify the inequality only for a named parametric subfamily {vy}. This direct
calculation is useful for intuition, but it does not by itself establish that u satisfies T (C)
universally.

Example 12 (Beta Distribution). Consider u as the measure corresponding to a Beta(1, 1)
distribution and define the test family as v; = {Beta(# + 1,1) : £ > —1}. First, let’s compute
the relative entropy.

First, note both densities have the same support, so the relative entropy is finite and well
defined.

Hv,| )—f@(x)lo (ﬂ(x))dx—f1(1+t)xt(lo (1+0) + tlog(x))dx
tI) = o du g du =, g g

1 1
=01+ t)f x'log(1+ )dx+ (1+ t)f x'tlog(x)dx =log(1+t) — —
0 0 1+¢

which results from applying nice results about § integrals [7].

Now, we'll compute the Wasserstein-1 Cost W (v, ). Here, we'll apply the Monotone Re-
arrangement Theorem (Theorem 2.3.8) which gives us a straightforward way to compute
the Wasserstein-1 distance. First, note that the distribution functions of ¢ and v; on [0, 1]
are

X
Fu(x) =x, th(x):f A+Du'du=x"""
0
By Theorem 2.3.8, the optimal transport from p to v, for the cost c(x, y) = |x — y| is given
by the monotone map
1
T(x)=F, ' (Fu(x)) = F, ' (x) = xT+,

and therefore

1 1
Wl(Vt;,U):fO IJC—T(x)Iclu(x):f0 )x_xﬁ dx.

Set p = 1 > 0. Then

1 1 1 1
f xdx=—, f xPdx=——.
0 2 0 p+1

>

Note, for £ >0 (i.e. p < 1) we have x” = x on (0, 1), while for -1 < ¢ <0 (i.e. p > 1) we have
xP < x. Thus in all cases
1

1
Wivey, ) = |= — ——
1(Ve, 1) ‘2 Pl

1 1

2 1+-L

_'1 1+¢

2 2+t
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Finally, simplifying gives the closed form solution

| £]
Witvo ) = —o > —1
Vel =555

Now, note that we have two functions which we want to compare over our entire para-
metric family v;.

|t
22+1)

t
Hwv|p) =log(1+ 1) — 1 and Wy (v, p) =

To see if y satisfies the T;(C) inequality for the family v, we want to compare
e s 2-C-(log(1+1) d )
—V . . —_——
42+ 1)? 8 t+1
Now, finally, we need to show that there is one scalar C which ensures this holds for all
t > —1. Consider the ratio
2 2 2
_Wlvew” _ 102+1)72 _ t
2H(v¢w)  2(og(l+16)—--L) 8(t+2)2(log(t+1)— L

+1 +1

R(1)

Now, note that on the domain (-1, 00) this function which is a composition of continuous
functions is continuous. At the boundaries lim;_._; R(t) = 0, which can be verified with
L'Hopitals rule and note that lim;_.o, R(#) = 0. Since it is continuous and bounded at
endpoints, it attains a finite supremum. This is effectively by the extreme value theorem,
since, although the interval (-1, 00) is not itself compact, for any € > 0, the set {¢: R(f) =
€} is contained in a compact interval to which we can safely apply the extreme value
theorem, which ensures that the maximum is itself contained in (—1,00). Then we can
safely set
C:= sup R(1)
te(—1,00)

and be assured that this C is large enough to ensure that the family v; does satisfy the
T, (C) inequality, since for some constant C, we have for all £ > -1

2

t
m SZC(]Og(l-I- t)—m)

See Figure 3.1 to see the comparison between the optimal transport distance (in blue)
and the KL-divergence (in red) for all £ > —1. Intuitively, it should make sense that the KL-
divergence grows faster than the Wasserstein distance in this example for the following
reason.

Notice that the parameter ¢ “tilts” the Beta distribution from the uniform distribution on
the unit interval (given by a Beta(1,1)) towards one of the two end points: ¢ > 0 piles mass

near 1 and —1 < ¢ <0 piles mass near 0. As t — —1, we know Beta(1 + ¢, 1) 4 0o while also
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Comparison of transport-entropy bounds

_
a2ty

— C(log(1+ 1) —¢fy). C=1

0 2 4 6 8 10
t

Figure 3.1: Relative entropy and KL-Divergence plotted against all possible values of
r>-1

t — oo, we have that Beta(l + ¢, 1) 4 01. This means in some sense which we will make
precise later that this family of distributions is ‘concentrated.” In one dimension, the op-
timal W;-transport is monotone and is explicitly given by the monotone rearrangement
theorem (2.3.8) so W is the roughly the average amount of dirt displaced resulting from
this transformation of the unit interval. Crucially, transport on a bounded interval has a
natural saturation point. No coupling can move mass more than distance 1, and as we've
seen,

Wilve, ) < 1
2
However, the relative entropy does not saturate: as t — oo (or ¢ | —1) the tilted density be-
comes highly non-uniform (and converges to one of two Dirac delta measures. Therefore,
the Kullback-Leibler divergence blows up. Thus the ratio W; (v, )%/ H(v, | ) is small in

the extremes of ¢, and the “worst case” must occur at an intermediate tilt where transport
is noticeable but entropy has not yet exploded to oo.

Now we’ll move on to the arguably more common T3 transport inequality. In this case
it is possible to verify directly a very useful result which we’ll state after providing the
definition of the T5 inequality.

Definition 3.2.3 (T, Inequality: T>(C) : Wa(v,u) < \/2C H(v | w)). [18] Define

P (X):= {v € 2(X) :f&l(xo,x)2 dv(x) < oo for some x; € X}.

For u € 22,(X), we say that u satisfies the transport inequality 7>(C) with constant C >0

if for every v € 22, (X),
Wo(v, ) </2CDgr(v| W),

where W, denotes the 2-Wasserstein distance.

It turns out that Gaussian measures satisfy this inequality. This fact is crucial to the study
of these inequalities and will come up over and over again in the following sections. This
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was a major result proved by Talagrand in 1996 [37]. A very nice presentation of this proof
is given in [18], and for the most part, the subsequent proof follows [18].

Proposition 3.2.4 (Gaussian Measures on R satisfy 7»). The Gaussian measurey corre-
sponding to a standard normal distribution on R satisfies the following T, inequality with
C=1forallve ZR):

W£(v,y) <2H(vly)

Proof. The key idea of this proof is to take advantage of the similarity in form between
the standard normal density, which gives rise to a nice relative entropy formula, and the
quadratic cost function used in the OT computation of the Wasserstein-2 distance.

We'll begin by rewriting the normal density in potential form to emphasize this quadratic
form.

du(x)=e VPdx

2
where V(x) = % + log#.

Let v be any probability measure on R with finite second moment. Now, recall the Mono-
tone Rearrangement Theorem 2.3.8. This handy theorem tells us what the optimal map
T on R under any convex, continuous cost function, including this one, c(x, y) = |x — y|2.
In this case, by Theorem 2.3.8 the optimal transport plan is deterministic, given by
T(x) = F; ! (F,(x)) where F;!(-) is the quantile function of v and F,, is the CDF of p. We
can write this more explicitly as T'(x) = F, ! (®(x)) where ® is the normal CDE

Now, we'd like to compute the entropy and show that it upper bounds the Wasserstein-2
distance.

In the case where v is not absolutely continuous with respect to i, we're done since that
means that H(v|y) is infinite which is trivially an upper bound on W22 (v, ). Therefore, we
can assume without loss of generality that v <« p and that the Radon-Nikodym derivative
is well defined.

To do this, first write out the definition of the entropy in terms of f = Z—Z the Radon
Nikodym derivative.

H(v|w :flog(f)dv:flog(f(T(x))d,u

where the last equality follows from the fact that v is the push-forward of u by T, ie
v = Ty where T is the map given by the Monotone Rearrangement Theorem.
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Now, it remains to find what exactly f(7(x)) is in terms of our density. We can find this
by noticing that T'(x) is monotone increasing and therefore differentiable almost every-
where.

Notice that T'(x) is monotone increasing in x by construction, since ®(x) is a CDF and
therefore increasing in x and the quantile function is similarly increasing in its argument,
by its definition. In particular, for any x; < xp, we know ®(x;) < ®(x) so it suffices to
check that for any p; < p», we have F, 1 (p1) < F, } (p2).

To see this, recall that Fv_l(p) :=inf{x e R: F, (x) = p}, so for any p; < p,, we must have
{y:Fy(y) = p2} €{y: Fv(y) = p1}, which implies exactly that F, ! ijs monotone increasing.

Now, we'll observe that the map T is almost everywhere differentiable by recalling that
amonotone map on R is almost everywhere Lebesgue differentiable (for a proof of this
fact see [38]).

Now, note that we can re-write our MRT coupling to solve for this quantity. Recall T'(x) =
F, 1 (Fu(x)) <= F,(T(x)) = Fy(x). Then, using the definition of the CDE we find

T (x) X
f2e V' ¥dz= f e V@dz

—00 —00

Now, we can differentiate both sides with respect to x. Clearly
i(fx e VD ) = oV
ax J-co

and by the chain rule, we find exactly

d T(x) 74 V(T
d—( f(@)eVPdx) =T (x) f(T(x)e” VT,
X J-o
Therefore, we have
-V(x) 1

— -V(x)+V(T(x))
T’(x) e—V(T(x)) T’(x)

e 'O =T f(Te” T = f(T(x) =
Now, we can compute our entropy by substituting in this value
Hvlw) = fR log(f(T(x))dp = fR (V) + V(T(x) —log(T'(x))e” P dx
Now, this is beginning to look promising, because the quadratic form of V(x) makes
the —V(x) + V(T (x)) look promising if were hoping to extract a squared difference
term from our integral to make it match the Wasserstein-2 distance. The problem is

precisely to remove the —log(T’(x)) term and at the same time use it to argue that
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Hwv|w) = W22 (v, 1) + positive constant. There are three clever algebraic tricks which will
allow us to do just that.

First, we'll add zero! Notice that —log(7”(x)) = T'(x)—1-log(T’ (x))— (T’ (x)—1). Therefore,
we have:

Hv|p) :f(—V(x) + V(T(xX) + T'(x) = 1=log(T'(x)) - (T"(x) = e”"WPdx
R
Now, we can split the integral:

H(v|u):f(—V(x)+V(T(x))—(T’(x)—1))e_v(x)dx+f(T'(x)—l—log(T'(x)))e_V(x)dx
R R

- -

I L

Considering I> we note that the integrand is positive over the entire domain of integration
R, by recalling that for any a = 0, we know that a — 1 —log(a) = 0. This applies since we
know that T'(x) = 0 almost everywhere. Similarly, e™* is always positive. Therefore, we
know that this integral I, > 0.

Now, turning to integral I;, we want to interpret 7’ (x) — 1 as the result of integration by
parts in order to convert —V (x) + V(T (x)) + T'(x) — 1 into something that looks like the
c(x,y) =x—T@X)*=x*-2T(x) + T(x)?|.

In particular, consider
f (T'(x) - e "Wdx
R

as the remaining term in integration by parts. Suppose instead of the current problem,
we were interested in solving

f (Tx)-x)V'x)e VP dx
R

Now, let’s integrate this by parts. Let f = (T(x) —x) and g’ = V'(x)e”V™. Then, we find
that

f (T(x)-x)V'(x)e” V¥ dx = —[(T(x) - x)e” V@2 +f (T"(x)-De VP dx
R R
= f (T'(x) - De V¥ dx
R
Where the first term vanishes at the boundary.

Now, we notice that

f(—V(x) + V(T (x))+ T'(x) - l)e_v(x)dx = f (-Vi(x)+ V(T(x)))e‘V(x)dx
R R

n'g

L
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+ f (Tx) -0V (x)eVWdx
R
Then substituting our integration by parts result, we find

f(—V(x) +V(T@)+ T (0)-1e " Pdx= f (V) + V(Tx)e VWdx
R R

~~

L

+ f (T -0 V' (e Pdx
R
Factoring our integrals, we find

f(—V(x)+V(T(x))+T’(x)—l)e_v(x)dx:f(—V(x)+V(T(x))—V’(x)(T(x)—x))e_V(x)dx
R R

g

L

Then, we have

H(Vl,u)Zf(—V(X)+V(T(x))—V’(x)(T(x)_x))e—V(x)dx
R

J

-

L

+ f (T'(x) =1 -log(T"(x))e " Pdx.
R

J

-~

I,

We know that I, is non-negative, so we have that
H(v|p) = f (=V(x)+ V(T(x) = V' (0)(T(x) - x)e V" Pdx
R

Now we'll finally leverage the form of V(x). It is really the connection between the
quadratic form of the cost and the quadratic form of the Gaussian potential that makes
this proof work. Notice that

2 2
x _|_log(271))+ T(x) +log(27t)

—_ —_ ! —_ = —(—
V(x)+V(T(x) =V (X)(T(x) —x) =—( > 2 2 2

2 a2
T(x)? - xT(x) + % - w

—x(T(x)—x).

Therefore, we can finally conclude

— )2 w2 ,
H(vl,u)zfme—v(x)dx:ﬂ'
R 2 2

Therefore, we've proved that for every v € 2 (R), Wy (v,y) < 2H(v|y) as desired.

Intuitively, what this property means is that you can't ‘move’ a Gaussian density very far
in W, distance without having to re-weight its density by quite a lot (ie having a very
large KL-Divergence). The magic of the Gaussian case is that almost every portion of this
inequality is computable and available in a nice closed form. O
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Example 13. A natural question after going to all this trouble to prove this inequality is
whether we can do better with the constant. In particular we have proved this for C =1,
but is it possible to make C smaller? No, as it turns out. To see why, consider a very simple
v = A (m,1), a translation of the normal distribution y = .A4°(0,1).

We'll first compute the entropy of H(v|y). To do this, recall Example 5, where we found
that

2 2

o 05+ (Up — Kg) 1
D =log(—1) + 2 —=
xL(pllq) g(ap) 203 5

Therefore,

1+m?> 1 m?
2

H(v|y) =log(1) + > 73 =

Again, applying the Monotone Rearrangement Theorem 2.3.8, we find that the optimal
coupling between v and y is given by T'(x) = F, 1 (®(x)). Here, since v ~ A4 (m, 1), the CDF
of v is given by F, (x) = ®(x — m) = F,(p) = m+®~!(p), so the composition

T(x) = F, (®(x)) = x+ m

Thus, the Wasserstein-2 Distance is given by

1/2 1/2 1/2
Wa(v,y) = ( fR (x— T(x))zdy(x)) = ( fR (x—(x+ rn))zd)f(x)) = (mz fR dy(x)) =|m|
Therefore, we have exact equality, that is W22 (v,y) = m2=m?=2H (vly), so the inequality
is tight for Normal translations and C = 1, so we can do no better than in Proposition
3.2.4

Another very natural question is how do the 77 and T, inequalities relate. In particular if
we know that y ~ A4(0,1) satisfies T»(1), we might wonder if it also satisfies T7(2)? As it
turns out, it does. To see this, we'll prove a general fact: namely that as p increases, the
‘strength’ of the transport-entropy inequality increases.

Theorem 3.2.5 (For p = q, T,(C) = T4(C)). Let T,(C) be the inequality defined above,
namely that for (% ,d) a metric space and a j1 a measure with finite p'* moment, there
exists C > 0 such that for all measures v on & with finite p'" moment, we have Wy, (u,v) <

V2CH(V|W). Then for p = q, we have T,(C) = T4(C).
To prove this, we need a convenient way to compare p—norms and g—norms of functions.

Lemma 3.2.6 (Holder’s Inequality). [31] For some metric space (¥ ,d) and r,s € [1,00]
such that% + % = 1. Then, for any measurable functions g, h on & , we have

lIghlly < 11gl1-11hlls
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Now, we'll prove Theorem 3.2.5.

Proof. First, note that by Holder’s Inequality (see Lemma 3.2.6), we have that

1 1
(f d(x,y)qdn(x,y))q < (f d(x,y)Pdn(x,y))p
x x

We can see this by applying Lemma 3.2.6 with g =1, f(x) =d(x, )9, r = g and s = ﬁ.

This gives exactly

alp
f d(x,y)qdn:f dx,y)?-1ldn(x,y) < (f d(x,y)pdn(x,y))
X xX X xxX X xxX
Then, raising both sides to the power of % gives the desired result.

Therefore, we can take the infimum over all couplings of p, v. This preserves the inequal-
ity, yielding

1
Wy(u,v) = inf (f d(x,y)9dn(x, y)) ! < inf (f d(x,y)Pdn(x,y) "= Wy, v)
mell(pv) \Jar xa mell(p) \Ja xx

Therefore, if we have p = g, we have W), (u,v) = W, (u,v). Thus if y satisfies a transport-
entropy inequality T}, (C) with constant C, we know that W, (1, v) < W), (i, v) < /CDkp(V|W).

O
This leads to a nice corollary of the T, result.
Corollary 3.2.7. Ify ~ A (0,1) theny satisfies a Ty (1) inequality.
Proof. This follows directly from Theorem 3.2.5. O

A natural response to this very nice result would be to try to prove the T, (C) inequality
for some measure pu for some p as large as possible and simply use the Theorem 3.2.5 to
derive all of the smaller p examples. This would lead quite naturally to considering the
case T, (C) where we take the limit as p — oo of the Wasserstein-p distance. This turns
out not to be a fruitful approach for some very interesting reasons. To learn a little more
about transport-entropy inequalities, we'll spend a little time on this non-example.
Before we do anything else, however, we need to define the W, distance. Following [2],
we define the ‘worst case’ transport cost as follows.

Definition 3.2.8. For a given transport plan = € I1(u, v) we define the T, cost (which is
intuitively the furthest mass has to move according to this transport plan) as

Too(T0) 1= €SSSUP . ye X x X:r,,, >0 lx—yl

where esssup denotes the essential supremum
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Then we can interpret the Wasserstein-infinity distance as the mini-max cost.

Definition 3.2.9.

We(u,v) = inf Ty, (r)= inf esssu o |x—
OO(“ ) JIEH(/J,V) OO( ) HEH(”,V) p(xyy) 7[| _V|

Itis notimmediate from this definition that this is the limit as p — oo of the Wasserstein-p
distance we had above. We verify this fact briefly, though it is given as an exercise in [33].

Lemma 3.2.10. Let u and v be compactly supported measures on & .
WOO (u) V) = r}l_{& Wp (lJ'r V)

Proof. We'll prove equality in the usual way, first by showing

’}im Wy, v) = Woo (1, v)

and then by showing
plim Wy (u,v) = Weo(, V).

First, note that the map p — W), (u, v) is non-decreasing by Theorem 3.2.5, so we know
that L:=1lim,_.., W, (u, V) € [0,00] and exists.

Let 7* € [I(u, v) be optimal for the essential supremum loss, that is let 7* be the coupling
that yields the smallest essential supremum and thus is used in the the W, (u, v) distance.
Then, note Wy, (4, v) < (fy- 1x — y|Pdn*)!'P since n* is not necessarily optimal for the cost
lx = yIP.

Then, taking the limit of both sides as p — oo (which is permitted and well defined in both
cases since, first 7* is a probability measure, and second c(x, y) = |x — y|” is bounded,
since we assume u and v to be compactly supported), we have that the inequality is
preserved in the limit:

lim W,(u,v) < lim (f lx— yIPdr*)YP = Wao (1, v)
p—oo p—o© Jy

Now, we'll show the other direction, which takes a bit more work lim,_., Wy, (u,v) =
WOO (I,t, V) .

The key idea here is to use the fact that by construction, we know that W, < esssup,, |x —
yI. Notice that since this is the case, if we can show thatesssup,, [x—y| <limp_ W) (1, V) :=
L, then we're done.

To see why esssup,, |x — y| < lim, .o, Wy, (u,v) := L, recall the definition of the essential
supremum. Notice that

esssup,|lx—y|lsL < Ve>0, n(x—y|>L+€e)=0
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Thus, we should consider sets of the form
Ge:=1{(x,y):lx=y|>L+¢€}

and try to show that as n gets large the probability of the event G, occurring gets small.

In particular, let p, be a sequence such thatlim,_.., p, — oo, and for each n, let 7, be the
optimal coupling for the cost function |x — y|P» which gives rise to the W), (u,v) distance.
Then, since the 7, are compactly supported (which follows since p and v are compactly
supported), we have that 7, — n* € TI(y, v) up to a subsequence.

Now, fix € > 0 and consider the set G, := {(x, y) : |[x — y| > L+ €}. Clearly on the set G, we
have
|x—ylPr = (L+¢)Pr

since we're just exponentiating the criterion for being in G,. Then, integrating both sides
over G, we find

(L+e)p"nn(G€):f (L+e)”"dnnsf lx—y|Prdn,
Ge Ge

Now, we need some way to compare this to W),,. Notice that since W), — L, we know
that for n sufficiently large, we have that

€
an(u,v) SL+§

This is exactly the inequality we need, because we can now compare this quantity to
fGe |x—y|P"dm,. Notice that other than the domain of integration, (W), (4, v))P" = f% |x—
y|Prdm,. Thus, since the function is non-negative on its entire domain we have

(L+€)Pm,(Ge) = | (L+e)Prdm, < |x—J’|p"dﬂnSf Ix—ylp"dnns(L+£)Pn
Ge Ge x 2
More simply, this gives

L+e€/2
L+e
L+e/2

Then, since € > 0, we have e <l s0 limn_.oo(LLJr—féz)’”” = 0. Therefore,

(L+6)Pm,(Ge) < (L+§)P" — 74(Ge) = ( P

L+e/2

L+e
Then, as desired we have for all € > 0, that 7 ,,(G,) = 0. Now, we can apply the Portmanteau
theorem to extend this to a claim about 7 *. Recall that the Portmanteau Theorem gives
equivalent definitions for convergence in distribution [6]. Here recall that it says (in part)

0< lim 7,(G.) < lim ( P =0
n—o0 n—o0
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that convergence in distribution is equivalent to the statement that for all measurable
open subsets U,
7" (U) <liminfzx,(U)
n—oo

Now, taking G, to be our set (which is open because the map (x, y) — |x— y| is continuous
and the preimage of an open set under a continuous function is open), we find that

1" (Ge) < li’?linfnn(U) <0

which says directly that 7*(G,) = 0, so, as described above, we know esssup,, |x — y| <
limy, .o, Wy (u,v) := L, which says directly that lim ., Wy, (i, v) = W (u, v). Therefore,

Weo(, v) = lim W)y (p,v)
p—oo

O

While this is certainly a nice and natural extension of the W), (u, v) metric, it has some
problems which make it ill-suited to the transport-entropy inequality context.

For one, there is still no known analytic way to find Wy, (¢, v) where p and v are two ar-
bitrary measures on a Polish space [2]. This is because for p = co instead of minimizing
some integral quantity, you are minimizing an essential supremum, which is in general
non-convex in the couplings 7 € IT(y, v).

The other problem is that this distance penalty is incredibly strict. In effect, the W, dis-
tance gives the ‘minimax’ distance, because the cost function is the largest point-wise
distance between the initial configuration of dirt pilesx and the final arrangement y. It
is not natural that the KL divergence of v with respect to y would have to respect that
‘worst-case scenario’ transport cost, because KL Divergence is a global quantity, so ask-
ing it to upper bound a point-wise 'worst case’ distance is unnatural. It is perhaps for this
reason that the T, case is rarely studied in the transport-entropy literature.

To see this concretely, consider the following simple example.

Example 14. As usual for these examples, we'll work on & = R and consider the standard
Gaussian measure y. We'd like to compare the W, distance between y = .47(0,1) and the
family of measures v; = {A4(0, 02): 02 > 0}. We'll also compare this to Dk (v||y) to see
exactly how strict an inequality of the form W, (y,v) < /2CDk(v||y) for the family v,
would be.

In this simple example in 1-D, we can compute the optimal Wasserstein distance between
Y and v € v, just by using the Monotone Rearrangement Theorem 2.3.8. In particular, we
have

Woo(v,y) = sup |, (1) = F, ' (1)
t€[0,1]
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Then, recalling that any measures v € v; = {4/(0, 0%):0%>0}is just a scaled Gaussian, we
know its inverse CDF is of the form F, !(¢) = c®~1(z). Applying this fact, we know

Woov,7) = sup 0@ () =D~ 1(H)|=|o—1| sup @ () =

te(0,1] te[0,1]

+oo foro #1
0 foro=1

Now, recall our computation of the KL Divergence between two Gaussian measures in
Example 5. Here, clearly we have

_L 5 2
Dy (vIly) —5(0 —1-log(o?)) <oo

Thus, in this case, it is clearly not possible to upper bound the infinite W, (y,v) distance
by the finite K L-Divergence. Intuitively, this corresponds to the fact that in the worst-case,
when moving mass between two Gaussians with different variances, we have to move
some mass infinitely far, but if we are expecting to see a Gaussian with unit variance, we
are not that surprised to see a Gaussian with non-unit variance. This is the problem with
comparing ‘worst-case scenario’ point wise costs with global measurements.

3.3 T, and Pinsker’s Inequality

The natural thing to consider now is whether the limit as p — 0 is more useful. In fact, it
is and gives rise to a very famous and useful inequality, called Pinsker’s Inequality, which
compares the total variation distance between two measures and the KL-Divergence be-
tween them. In order to interpret this as a transport-entropy inequality, we first need
to give an interpretation of TV distance as an optimal transport cost which is intimately
related to the limit as p — 0 of the Wasserstein-p distance.

In particular, we'll show that Total Variation Distance is exactly ||u—v||rv = limj,_.o Wy (u,v) p
distance. Before we do, however, we’ll define total variation distance, show that it is an
optimal transport cost, and then, finally, connect it to lim,_.o W), (u, v)?.

Definition 3.3.1 (Total Variation Distance). The total variation distance between two
probability measures p and v is given by

=ity :=sup |u(A) —v(A).
AeF

Before we prove Pinsker’s inequality, we need two helpful lemmas which help us connect
total variation distance to entropy.

Lemma 3.3.2 (Integral Expression of TV Distance). For u, v two measures on a Polish
space X wherev < u, we have that

1
||V_,U||TV:_f |f—1ldu
2J)ax

where f = Z—Z the Radon Nikodym derivative.
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Proof. To see this, begin with the ordinary definition of TV distance:

= vty = sup |u(A) —v(A)|

AeF

Now, consider the RHS.
dv
|(A) —v(A) :f ——dp— pu(A) :f (f—-Ddu
Adu A
Now, take the sup of both sides:

sup |[v(A) — u(A)| = sup[ (f—Ddu
AeF AeFJA

Now, notice that in order to maximize the RHS, we should pick A:= {x: f(x) > 1}, that is
all the points where v puts more mass than p. The, we have

sup |v(A) — u(A)| = sup (f-D*du
AeF AeF J{f>1}

Then, notice that the positive part and the negative part have equal area, thus we have

f f-1du=0 :[ (f—1)+du:[ (f-1)"du
{f>1uif<1} {f>1} {f<1}

Therefore, we have

1
sup |v(A) — u(A)| = —f |f—1ldu
AeF 2Jx

0
Lemma 3.3.3 (Total Variation Distance is an Optimal Transport Cost). Let u,v be proba-
bility measures on the same measurable space (¥ ,F). Then

lg-viry = min f Ly d(x, ).
rell(uy) Jor

Proof. This proof is given in [24] and has been lightly adapted to our notation.
We show the equality by proving matching upper and lower bounds. First, we show that

lu—=viry < inf Lixzy dm(x, y).
mell(u,v) Joa xa

Let € I1(u, v) be arbitrary, and let (X, Y) ~ 7. Then

f Lixzy dn(x, ) =Ex[Lixzyy] =X #Y).
X xX

Now let A € &. Since 7 has marginals y and v,

p(A) =v(A) = Ex[14(X) —1a(Y)].
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Moreover, on the event {X = Y} we have 1 4(X) —14(Y) =0, so
(A —v(A) = Ex[(1a(X) = 1a(Y) Lixz1y] -
Hence
|(A) = V(A)] = |[Ex[(LaX) = 1a(Y) 1ix2vy]|
<Ex[114(0) =14 Lixzv3]

<Ex[Lixzy)]
=n(X#Y).

Taking the supremum over A € &, we obtain
lp=viry =m(X#Y).

Since 7 € I1(u, v) was arbitrary, it follows that

lu—viry < inf a(X#Y)= inf Lixzy dm(x,y).
mell(w,v) mell(w,v) Jo <
Now, in the other direction, we want to show that ||u—Vv|I7v = [o, g Lixz dm(x,y) =
En[l{x¢y}] =a(X#Y).

To see this we begin by decomposing ||u—v|| 7y analogously to Lemma 3.3.2. In particular,
we note that if g and v are dominated by a common measure A (if we're working on R”
that would be the Lebesgue measure). Let g and / be the densities corresponding to u
and v respectively.

L=||u—v||w:f (g—h)*dA
x
:f (min(g(x),h(x))+(g—h)+d)l:1—[ min(g(x), h(x))dA(x)
x x

The idea here is to decompose each density into a common part and an excess part
unique to pu or v respectively. Then, we couple the common part of p and v along the
‘diagonal’ where x = y which costs nothing and then couple the un-matched mass, which
has total mass exactly L. In particular, we define the coupling

n(dx,dy)=Lm(dx,dy)+ (1 -L)ny(dx,dy)

1 (g-h" () (h-* () min{g(x), h(x)}
L

Aldx)

A(dy))+(1—L)( Adx)6.(dy)).

This is clearly a measure on & x & since it is a convex combination of probability mea-
sures and L corresponds to the mass of the un-matched part, while 1 — L corresponds to
the mass of the matched part. It is easy to verify that the marginals are p and v respec-
tively, so it is clearly a valid coupling.
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Now, we need to compute the optimal transport distance with the discrete cost [(x # y).
We've already shown
f% o ].{x;éy} dn(x, y) = [En [1{X¢y}] = JI(X ;'f Y) = LTL’l(X ?f Y) <L

Since 7, has mass concentrated on the diagonal X =Y.
Therefore, we have exactly that

_inf AX#Y)<sL=|lu-vllry
well(u,v)

Combining this with the first bound, we get the desired equality

l=virv=_min [ Vs drtny)
well(uy) Jor <

O

Now, we have all the materials to relate this metric to lim,_o W (u, v)P. Crucially, here,
we're relating this to the transport cost, not the standard Wasserstein distance. This
lemma was suggested by a comment in [15].

Lemma 3.3.4. Let (%, d) be a Polish space with metric d(x,y) = |x— y|. Then,

lim W, (u,v)P = lim T, (u,v) = lim  inf dx, Wdn(x,y)=|lu—v
lim » (W, V) lim p (L, V) LS S S (x, NFdnr(x,y) =llu—=vllrv

for u,v with at least finite first moments.

Proof. The proof of this lemma follows very closely the proof of Lemma 3.2.10. They are
both examples of standard technique.

Let p,, be a non-negative sequence converging to 0 where 0 < p,, < 1.

First, we'll show the upper bound. Recall by Lemma 3.3.3 that ||u—v||rv = infzen,m 7(X #
Y). Therefore, for any € > 0, we can pick 7€ € II(u, v) such that

(X £Y)<|lu—vllry +e€

Now, as mentioned in Section 6 of [15], we know that d(x, y)P" — (X # Y) point wise.
Then, dominated convergence under the fixed coupling 7. gives

limsup T, (i, v) Sf% %U(X;éy)dﬂe(x,y) <llu=vllrv+e

n—oo

Then, taking the limit as € — 0, we find

limsup Ty, (1, V) < |l —vllry

n—oo
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which gives the desired upper bound.

Now, we’ll show the lower bound. Choose a sequence of ‘almost-minimizing’ couplings
1, such that for each 7,,, we have

1
f d(x, y)Prdmn,(x,y) < Tp, (W, V) + —
X n

Now, notice that since & is a Polish space we have that a subsequence 7, — infreryy,v) K (7).

Next, we'll fix some § > 0. Notice that we have
d(x,y)P" = 6P l(d(x,y) = )

Then, integrating both sides, we have

f d(x,y)”"dﬂn(x,y)zf 6P"(d(x,y) =2 8)dmp(x,y) = 6P mp(d(x, y) = 0)
PATA X xxX

Now, consider the limit as p,, — 0. Clearly lim,,_.o,8”* = 1. We now want to apply the

Portmanteau Theorem 2.1.12. In this form, it says that weak convergence (ie 7, 4 ) is
equivalent to the fact that for all measurable closed subsets C, limsup,, .., 7,(C) < 7(C).
Observe here that the set of interest is

{(x,y):d(x,y) =6}

is the preimage of a closed set under a continuous function and so is itself closed. There-
fore we know that

liminf d(x,Prdm,(x,y) =x{(x,y):d(x,y) =6}

n—oo Xk

Then, taking the limit as 6 — 0, we have

liminf dx, »Prdmn,(x,y) =n{(x # y}
n—oo X<k

since limg_o{(x,y) :d(x,y) 20} ={(x,y) : x # y}.

Now, notice that the mass 7 assigns to the so-called ‘diagonal’ part can'’t exceed the mass
that is actually shared by the two marginals p and v. Therefore, we have exactly that

a{x=y)=<1-llp=vllry = a({x £y =llp—vllrv

Thus, we have that

liminf ” dx,yPrdm,(x,y) zn({(x#y) =lg—vllrv

n—oo X x

as desired. Thus we have the upper and lower bounds which completes the proof. O
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A nice corollary of this result is that Pinsker’s Inequality can be seen (roughly speaking)
as Tp inequality, in the sense that
2 2 1
Wy (v, ) = [l —vll7y < EH(VIM)

This Ty notation is not standard in the field, but is beginning to be more common among
papers like [4] which interprets TV, as we do, as a Wasserstein distance. More formally,
we would say Pinsker’s inequality is the discrete-metric analogue of a Talagrand transport
inequality.

Theorem 3.3.5 (Pinsker’s Inequality). The inequality

1
v —plldy, < SHW I,

or equivalently
1
lv—ullpy < EH(VI/J)
holds for all probability measures 1 on Z .

Proof. Here, we'll use the two lemmas above to prove Pinsker’s Inequality 3.3.5. This
proofis adapted from the version given in [18], which is in turn taken from Remark 22.12
and Theorem 22.10 in [41]. There are many nice proofs of this fact, which are summarized
in Section 1 of [10]. I've presented the one below because it is relatively self-contained,
but there is a very nice proof in [43] which makes use of the so-called “data-processing”
inequality.

The key idea of this proof is to use Lemma 3.3.2 to rewrite the LHS. Let f = Z—; be the
Radon-Nikodym derivative. In particular, we have

1
||M—V||Tv=—f |f—1ldu
2 Jx

Then, we can notice that the entropy term, which is the term we want to use to bound
this total-variation distance, has a similar algebraic form.

HOlW = [ flogfydp

We'll exploit this algebraic similarity to actually write the proof using Taylor expansion
and the Cauchy-Schwarz inequality.

Let’s begin first by supposing that H(v|u) < oo, since otherwise, this is trivially true. We're

going to take the upper bound H(v|u) and try to algebraically extract the quantity ||y —
vllTy = %f% | f —1|du from it. We'll begin to do this by u-substituting u = f —1. Therefore

48



Hwv|p) = [%flog(f)du = f(l +u)log(l+u) —udu= f¢(u(x))du

Now, consider the function ¢(#) = (1 + ) log(1 + £) — . We'll compute the derivatives
¢' (1) =log(1 + 1)

1
(,b”(f) = m fort>-1

Now, we'll use Taylor’s Theorem with remainder at x = 0 to algebraically relate this quan-
tity to f,,- 1 f — 1ldp.

t
¢m:¢(t)|t:o+¢’(t)|t:0(0—t)+f0 (1 0¢" (X dx

Now, notice that ¢(0) = (1 + 0)log(1 +0) —0 =0 and ¢’'(0) = log(1 + 0) = 0. Therefore, we

have ,

t —
(P(t):(1+t)log(1+t)—t:f (t—x)(p”(x)dx:f udx
0 o 1+x

We need to do one more u-substitution before we’ll put this ¢(¢) back into the entropy

expression H(v|u). Let s = % <= x = stwhere s€ [0,1]. Then, we have that

Ly—sr 11-s
)= ——tds= tzf ds
o 1+st o 1+st
Now that we've made ¢(¢) easier to relate algebraically, we’ll substitute back in. In partic-
ular, we have

Hv|p) = f(/)(u(x))du ffm ()dsdu(x)

Now, we'll apply the Cauchy-Schwarz inequality (Wthh is exactly Holder’s Inequality
3.2.6 with p = g = 2). Recall that (with very informal notation) says that ([ gh)? < [ g°-
[ h?. Now, we need to take a nice product form that is going to decompose into two
components, one of which, when squared is exactly u(x)? This motivates the
choice of our g and h.

1+su(x)

lu(x)|vV1-s ) u(x)*(1-s)
gx,8) = ——= = g (X, 8) = ————
V1+su(x) 1+ su(x)

h(x,s)=+v Q-1+ su(x)

Then,
g(x,s)-h(x,s)=ux)|(1-s)

Now, we'll apply the Cauchy-Schwarz inequality

u (x)(l—s)
1-9s)dsd f f —— ~dsd
(,[%f[o,l]lu(xm sds MX)) ( o1 1+su(x) saplo)
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(f f 1-5)A+sux)dsdu(x)|.
2 Jio,1]

Then, note that this first term is exactly

(f f -9 du(x))zf flog fdu=Hww
[0,1] z

1+ su(x)

by the above.

Now, observe that

(1 - +sux)dsdu(x)

f(f (1—s)ds+u(x)f s(l—s)ds)du(x)

X

f( +— u(x))d,u(x)
x

1
2

S

Therefore, we have that

2
1
(f f Iu(x)l(l—s)dsdu(x)) <-—H(v|w)
a Jio,1] 2

Now, it remains to relate the LHS to the total variation distance. Note that substituting
back u(x) = f(x) — 1, we find

1 2
(f f Iu(x)l(l—S)dsdu(x))
X JO

1 2
= f f If(x)—ll(l—S)dsdu(x))
Zx Jo

1 2
= f |f(x)—1|(f (l—s)ds)du(x))
X 0

2
= lf If(x)—lld,u(x)) by Lemma 3.3.2
2)x

2
= ||,U_V||TV

Thus we have exactly as desired that

=i, < H(vlu)
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There is another very nice, but less well known inequality of this flavor which is intro-
duced in [8] and described very well in [10]. This inequality improves on Pinsker’s In-
equality 3.3.5 in the sense that the total variation distance is bounded above by 1, by
constriction, ie for any two measures p and v we must have that

lu=vilry <1 = llp—viffy, <1.

However, as we've seen often with KL-divergence 2.2.4, it is unbounded. In particular,
for any H(ulv) > 1, Pinsker’s Inequality 3.3.5 is vacuously true. This suggests we can do
better, but, as it turns out, not simply by changing the constant in Theorem 3.3.5.
Instead, we need to venture beyond the extended T, (C) inequality universe, and employ
a more general transport-entropy inequality of the more general form described in Defi-
nition 3.3.5.

This theorem is originally stated in [8], Lemma 2.1, but I found it in [10] and follow that
presentation.

Theorem 3.3.6 (Bretagnolle-Huber Inequality). Let ¥ be a Polish space and i, v two mea-

sureson % . Then
=iy = V1= e HOW

Remark 11 (BH Bound is a transport-entropy Inequality). Note that we can rewrite Theo-
rem 3.3.6 as a transport-entropy inequality in the form of Definition 3.1.1. In particular,
after a bit of algebra,it is clear that

=Vl = V1-e VW — —log(1 - |lu—vll}y) < Hv|p)
which is clearly of the form

a(Te(v,w) < HWv|w

where we take a(f) := —log(1 — t2), which verifies a(0) = 0, c(x, y) =1(x # y) as discussed
in Lemma 3.3.3,and C = 1.

It just remains to prove this statement.
Proof. As with Pinsker’s Inequality, there are many ways to prove this statement, but I
think that the proof given in [10] which adapts a proof given of Lemma 2.6 in [40]. This

proof mirrors the style of our proof of Theorem 3.3.5, which uses a nice expression of the
TV distance and applies Cauchy-Schwarz to reach the desired conclusion.

We begin by noting that for two measures p, v, with corresponding densities g and h,

that are dominated by a common measure A we have (as demonstrated in the proof of
Lemma 3.3.3)

le=vllry = l—fmin(g(x),h(x))dﬂ(x) =fmaX(g(x),h(x))d/1(x)—1
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Then we can nicely express

=iz
=1-A+lp=viItv)A=llg=viTv)

-1-(/ min(g(x),h(x))d/l(x))( [ maxtgt, oy dico).
z x

If we can bound ([, min(g(x), h(x))dA(x)) - ( [, max(g(x), h(x))dA(x)) above by e~ 1K)
then we're done.

To do this, recall the informal statement the Cauchy Schwarz inequality: ([ vw)? < [ v?-
[ w?. If we take

w= \/max(g(x), h(x))

and

v= \/min(g(x), hix)) = v-w= \/max(g(x), h(x)) -min(g(x), h(x))
We have

2
(f% \/maX(g(x),h(x)) min(g(x), h(x)) dxl(x)) Sf%maX(g(x),h(x))dxl(x)

f min(g(x), h(x)) dA(x).
X

Crucially, we can recognize that \/ max(g(x), h(x))-min(g(x), h(x)) = \/ g(x)h(x) since
multiplication is commutative. Therefore, we have

2
U \/ §(X) h(x) dﬂl(x)) Sf maX(g(x),h(X))de)-f min(g(x), h(x))dA(x)
X X X

Now we can cleverly upper bound ([, v/g(x) h(x) d?t(x))2 to finish the proof. We begin
by rewriting the expression as an exponential, since in the end we want to bound the

quantity by e HVIW),
2
(f \/ &(xX)h(x) d/l(x))
x

_ ezlog[E,l[\/h(x)g(x)]
_ Josled v

by Jensen’s Inequality

h(x)
> e[Eulog[@ — e HOVIW

Therefore, we have that
( | min(g(x),h(x))d)t(x))( [ maxtgeo, htp daco) = 0w
x x
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Thus, as desired, we have

2
= vty

<l-e VW — u—vlly < V1-e HOVIW

Note that this bound is never vacuous, since

lim V1-e HVIW =1

Hv|p)—oo

3.4 Concentration Inequalities and Marton’s Argument

For readers familiar with probability theory, the previous sections may seem to be missing
something crucial. In particular, the intuition for transport-entropy inequalities (namely
that the optimal way to rearrange mass from one configuration u to another v should
be related to how surprised we are to observe v if we expected u seems to be demand a
connection to concentration inequalities.

3.4.1 Concentration Inequalities

Definition 3.4.1 (Concentration Inequality [18]). Let & be a Polish space and d some
metric on &. Further, let §: [0,00) — R* be a ‘profile’ such that lim,_, (r) = 0. We say
that a measure p verifies a concentration equality with profile g if

puxe X :dx,A)<rh)=1-p6(r) forr=0

for all measurable A < 2 such that p(A) = 3

Theorem 3.4.2 (Marton’s Argument). Consider a transport-entropy inequality for measure
W on some measure space X of the form

Ta(u,v) <a Y(Hv|w) forallve P(X)

where a : R>y — R is a bijection such that a(0) = 0. In particular T 4(u,v) is the total
optimal transport cost for moving u to v where the cost function d(x, y) is a metricd on &'
Then, for all measurable subsets A < % such that u(A) = %, the following concentration
inequality holds

p(A) =1~ e—a(r—a‘l(log(Z)))

wherer = a 'log(2) and A" := {x € X :d(x,A) < r}.
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Proof of Marton’s Argument . We'll prove this statement by considering two measures,
one which corresponds to the mass in A and one which corresponds to the mass not
contained in the ball A”. The idea is to apply the fact that d is a metric and therefore has
obeys the triangle inequality. This behavior allows us to bound the mass not contained
in A"

Formally, fix some arbitrary measurable set A« & which has at least half the total mass
(ie. u(A) = %). Consider the complement of the enlargement of A defined as B:= (A")¢ =
Z \ A". Define the following two measures

1

dpas(x) = mﬂ(x € A)du(x)
1

dug(x) = ﬁﬂ(x € B)du(x)

Now notice for any coupling 7 of 4 and pp we have

fd(x, ydar(x,y)=r

sinceif x€ Aand y € B, d(x,y) = d(y, A) = r. Therefore, the optimal coupling must have
cost at least r if for every possible coupling the cost is at least r.

Talpa,pup) = inf U%d(x,y)dn(x,y) >r

mell(pua,up)

Then, we'll first take advantage of the fact that d is a metric. Thus, by the triangle in-
equality we know for any set of three points (x,y,z) € Z3 we have d(x,y) < d(x,z) +
d(z,y). Then consider the measure y on 2 which has (x, z)-marginal 7| € II(u4, ) and
(z, y)—marginal 7, € [1(u, up). We know such a measure exists by the gluing lemma. Then,
we integrate both sides of the point-wise triangle inequality, which gives

fd(x,y)dysfd(x,z)dy+fd(z,y)dy

Then, using the marginals, we get

fd(x,y)dﬁ(x,y)sfd(x,z)dn1+fd(z,y)dng

where 7 is a coupling of 14 and pug. Then taking the infimum over all such 7, and 7, we
have

Tala, up) < Talpa, )+ Ta(u, 1up)

Putting it all together, we have
r<Ja(a,pup) < Talua, w) +Ta(w, up) < a ' (H(ualw) + o (H(uglw)
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where the final inequality follows by the assumption that u satisfies a transport-entropy
inequality with constant C and so, taking v = 1,4 in the first case and v = up in the second
gives the above.

Then, finally, we'll use the definition of relative entropy given in Definition 2.2.4. In
particular

o) = [ 1w s =108 ) (s
H = | log| =2 |dus= | log| — |dus=log| — A) =log| ——
(Lalp fog( il KA . og (A) pa=log (A) pa(A) =log L(A)

Then, by hypothesis since p(A) = %, therefore
H(pualp) = —log(u(A) <log(2)
An identical computation applies to p(B). Therefore
H(uglp) = —log(u(B)) = —log(1 — u(A")

Therefore
r<a l(log2)+a !l (-log(1—pu(A"))

Applying a to both sides, multiplying by —1 and exponentiating gives

e—a(r) > elog(Z) +log(1-u(A")

Then, re-arranging, we get the desired concentration inequality

,Ll,(Ar) >1— e—a(r—a_l(log(Z)))
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Chapter 4

Log-Sobolev Inequalities and
Transport-Entropy Inequalities

4.1 Motivation

As we've shown in Chapter 3, Transport-Entropy inequalities are an incredibly useful tool
for understanding how distributions compare. However, we've also seen that these in-
equalities are difficult to prove, especially in high-dimensional settings. In Chapter 3, We
explored one potential (but unsuccessful) way to prove a large class of transport-entropy
inequalities: namely, observing in Theorem 3.2.5 that for p = q,T,(C) = T4(C) and
trying to prove a transport-entropy inequality for the limit p — oo. This, as we've demon-
strated, does not work. It is far too strict in the point-wise sense to be useful. However
there is something to learn from this failure.

In particular, we do want to use a stronger, more local statement to control global devia-
tions, and we want this stricter condition to imply the transport-entropy inequalities of
interest. As it turns out, the correct tool in this setting is a log-Sobolev inequality.

This chapter will first introduce the tools and structures needed to define a log-Sobolev
inequality precisely, namely Markov Processes and Dirichlet Forms. Then, in Section 4.2,
we offer three examples of measures which satisfy log-Sobolev inequalities. Finally, in
Section 4.3, we introduce and sketch a proof of the Otto-Villani theorem, which shows
how Log-Sobolev inequalities can be used to derive a certain class of transport-entropy
inequalities.

4.1.1 Log-SobolevInequalities

Definition 4.1.1 (General Log-Sobolev Inequality [18]). We say that a probability measure
@ on & satisfies a log Sobolev inequality for a constant C > 0 if

H(fplpw) <2CI(fulw
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for all sufficiently smooth, non-negative functions f: & — R* such that [ fdu = 1.

Remark 12 (Note on Constant Conventions). Some authors use C = 2C as their constant.
For the rest of this chapter I'll use the 2C convention because it means that Gaussian
measures satisfy a LS(1) inequality, which is simple to remember and it is consistent
with the convention to preserve the 2 in our Transport-Entropy inequalities in Chapter 3.
Similarly, some authors prefer a different normalization convention for I(fy|u) which
we will discuss in greater detail in Section 4.1.3.

Intuitively what this inequality says is that the relative entropy of v with respect to p is
bounded above by the some function of the local-roughness of v. This should make some
sense: a density should not be able to distribute mass in a very non-uniform way without
having local roughness.

This differs from transport-entropy inequalities in a few key ways. The first and most obvi-
ous is that in T, (C) inequalities (recall Definition 3.1.1), we upper bound the Wasserstein
distance with the entropy, rather than upper bounding the entropy by some function of
the local roughness of the density. Second, and more subtly, as we've discussed, T, in-
equalities compare two measures by studying two different notions of global difference,
while here we’re comparing a global quantity (relative entropy) to a local one (informa-
tion).

The natural question, then, is why such a local statement should imply a global transport-
entropy inequality. The heuristic answer is dynamical. In particular, as you learn in
calculus, the way to go from local statements to global ones is to integrate. We can think
(heuristically) of the time-dependent process which causes some measure v (such that
v < ) to evolve over time with limiting distribution u. This produces a path (v;) ;> from
v to equilibrium p. Along this flow, the information governs the instantaneous decay of
entropy:

d
_EH(W | w=1I(v; | W

A Log-Sobolev inequality says that H(v|u) < CI(v¢|w), which means exactly that when-
ever entropy is large, the rate of change is large. This suggests that there is a strong push
to be close to the stationary distribution pu. If we imagine integrating both sides, we can
think of the stochastic process as describing a ‘path’ in Wasserstein space. In particular,
the total transport cost from v to ¢ can be bounded by integrating this local quantity along
the flow. Since log-Sobolev controls entropy by information, it forces the flow to reach
equilibrium efficiently enough that the total transport cost displacement is bounded by
the initial entropy.

This is a rough sketch of the intuition which we will formalize in the following chapter.
The first step is to clarify the new ideas and terms we’ve introduced in Definition 4.1.1.
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In order to make the above heuristics formal, there are quite a few new constructions in-
volved in this definition which we’ll define carefully before moving on to the application
of these inequalities.

First, we need to account for the fact that our heuristic description introduced a stochastic
process which evolves over time, while in the definition, we only consider a fixed measure
p and a set of functions. This is because embedded in the definition of a Log-Sobolev
inequality is an implied stochastic process, which we use to define /. In particular, we
need to formalize the class of stochastic processes that we will work with and explain a
few of their relevant properties.

4.1.2 Markov Processes

This section is intended to introduce readers familiar with the basic theory of Markov
chains to a somewhat more abstract view of these processes through the lens of semi-
groups and generators.

Since we are working with a process which sends v — 1, we need to formalize and clarify
the properties of such a process. One desirable property is that the future of v, should
only depend on its present state, rather than the entirety of the past.

Definition 4.1.2 (Markov Process). A stochastic process {X;};>¢ is called a Markov Process
ifforeverynand f; < £, <--- < t, we have that

a
X[antn_l,...,X,;l = thlth_l.

Similarly, we require that this process has u as an equilibrium (also called stationary)
distribution and this Markov process is u—reversible.

Definition 4.1.3 (Stationary Distribution). [13] A measure p on & is said to be a station-
ary measure if

u(A) = f Pi(x,A)u(dx) forevery measurable Ac .
x

Equivalently, and more intuitively, if Xy ~ p then for all £ =0, X; ~ p.

Though it may be more familiar to describe a Markov process by its transition kernel
(o1, in discrete time, its transition matrix), a more general formulation is in terms of
semi-groups and generators. For an algebraist, a semi-group is just a set with a binary
associative operation, but in the context of Markov processes, it means something a bit
more specific. First, we consider the set over which we operate. The elements of the set
are so-called Markov operators.
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Definition 4.1.4 (Markov Operator [3]). Consider a space (Z,%) and a set of real, mea-
surable functions W = {f : (¥, %) — (R, 8(R))}. Then, an linear operator P on W (i.e. an
operator P such that P(af + f) = aP(f) + P(f)). Then, we say that P on W is a Markov
operator if for all f € W such that f is bounded and measurable, P(f) is also bounded
and measurable. We also require P(1) = 1 where 1 is the constant function x — 1. Then,
finally we require that for all f =0, we have P(f) = 0.

Now, as introduced in [3], consider the family of Markov operators indexed by ¢ = 0:
P = {P;}>0 which describe the family of distributions of a Markov process {X;} ;>0 on
some measurable space (%', %). In particular we have

Pi(f(x)) =E[f (X1 Xo = x]
for t =0 and x € Z and a bounded measurable function f: % — R.

Definition 4.1.5 (Markov Semi-Group). Take &2 as above. We say that &2 is a Markov semi-
group if it has an identity Py = Id, it has an associative binary operation P;o P; = P;, ; for
any s, £ = 0 and finally, there exists a o —finite measure p which is a stationary distribution
for any P; with £ = 0.

Now, we want to make formal the notion of %Pt, which will lead us to the definition of
the ‘generator’ of a Markov-semi-group. Omitting some of the nitty-gritty details because
they are primarily technical and not conceptual (we refer interested readers to Appendix
1 of [3]), we note that there exists a dense linear subspace 2 of L?(u) on which our family
of bounded linear operators & = {P;};>¢ act, such that d P;|;~ exists and is uy—square
integrable.

Definition 4.1.6 (Infinitesimal Generator). The operator L: %2 — L?(u) such that

Pf-f
r

L(f):=1i
N im
is called the Markov generator of the semi-group 22 = {P;};>¢ and we say it has domain
PD(L):={f € L*(w) : Lf exists and Lf € L*(u)}.

To see how these definitions work in practice, we’ll build up the theory from the simplest
Markov process: a discrete time random walk on the integers Z. Here we'll introduce the
convention that discrete time is indexed by n € N and continuous time by ¢ € R™.

Example 15 (Discrete Time Simple Symmetric Random Walk). For concreteness, let
{Xn}nen be a simple symmetric random walk on Z beginning at the origin. Thus, let
Xo = 0. The Markov process evolves as follows:

+1 with probability 3

Xpi1 =X+ where =
n+1 n €n+l €n+1 {_1 with probability%
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The transition matrix of this chain is infinite but is of the form

% when j=i+1

where p;;: = P(X =jlXp=10)=
[Pijli jezz Pij (Xn+1 = 1 Xn = 1) {0 otherwise

Now, let’s turn to the semi-group and generator perspective. What are the Markov op-
erators in this context? Well, they are precisely the linear operators on W :={f : Z —
R|f is bounded} that satisfy Definition 4.1.4. We leave it to the reader to verify that these
operators satisfy Definition 4.1.4. They are of the form

P, f(x) =E[f(XDIXp = x].

Notice that we can compute this exactly. We simply notice that there are two cases, either
X1 =x+1or X; =x—1, each of which occurs with probability %, since we've decided to
work with a symmetric random walk. Therefore,

1 1
P1f) =E[f(X)IXo=x] =S f(x+ D)+ fx—1)

What about the 7 step operator? That’s easy! We apply the same logic:

Py f(x) =ELf (Xn)|Xo = x] = P"(f (x)

which can be unwound recursively, conditioning on successive X;s, where P" indicates
the composition of Py with itself n times. However, to verify these operators satisfy Def-
inition 4.1.5, that is form a semi-group, we do not even need to compute the explicit
form of this operator. Instead, simply notice that Py f (x) = E[f(X)|Xo = x] = f(x) for all
f € W and note that the composition property also follows from the rules of conditional
expectation. In particular, we note that

Primf(x) = E[f (Xn+m) Xo = x]

while

Py (P (f(x))) = E[Pm (f (Xn))1 Xo = x] = E[E[f (Xn) | Xo = Xnl1 Xo = x] = E[f (Xy+m)| Xo = X]

where the last equality follows from the tower law.
We'll leave the verification of the stationary measure property to the reader.

Now, we need to consider the generator L. Notice since we are working in discrete time,

clearly the infinitesimal generator L(f) := lim;|o Pt};_f of Definition 4.1.6 is undefined.
The useful analog in the discrete case is the 1-step transition probability. Since this chain

is time-homogeneous, we have that the discrete generator L is given by

_(P-Df Pf-f
1

1 1
Lf: :Pf(x)—f(x):5f(x+1)+§f(x—1)—f(x)
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Even in the relatively simple case of a discrete state space in discrete time the virtues of
this semi-group formulation are beginning to be clear — they are certainly more wieldy
and informative than an infinite dimensional matrix.

As suggested by the fact that we had to go a bit out of our way to define the generator
in the discrete time setting of Example 15, the continuous time setting is where the real
value of the semi-group/generator perspective begin to shine. For concreteness and
simplicity, consider the following example which adapts the discrete time random walk
into a continuous time random walk. See page 87 of [32] for an introduction to compound
Poisson processes, which are a fairly common technique for embedding discrete time
stochastic processes into continuous time.

Example 16. Define the continuous-time-random walk as {X;};>¢ by

Ny
X;=) & =S8y,
i=1

where N is a Poisson process with rate A =1 and

&= +1 with probability %
" 1-1 with probability %

and S, is the simple, symmetric random walk described in Example 15 called S here
instead of X to avoid confusion. This process is exactly the continuous time analog of the
simple symmetric random walk. This verification is also left as an exercise to the reader.
Now we’re ready to compute the semi-group corresponding to this process as well as find
its infinitesimal generator.

As above, we know that the elements of the semi-group are of the form

| Xo=x1=)_ Pu(f(x))P(N;=n)
i=1

Ny
P,(f(x) =ELf(X)IXo = x] = E[f(Sy,)|Xo = x] =E[f (Z &
i=1

where P, is the Markov operator defined in Example 15. Now, substituting in the density
of N;, we find

Pi(f(x) = (Z e—l‘%Pn) (f(x) = (e—t y ( n') )(f(x)) = (e~'e'P) (f) = "P-Df
n=0 4 n=0 .

Now, we're in a position to compute the infinitesimal generator. Recall that

it el
t )0 t

L(f) = 1}{51
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Now, to simplify, we Taylor expand the numerator in ¢ about £ =0

2
eMEP=DI :f+(P—I)f+%(P—I)2f+...

Then, substituting this in, we find

Pof=f o [+P-Df+5P-Df+—f

L(f)=1i
(f) }H)l t tl0 t
All terms with exponent greater than or equal to 2 are sent to zero, so we're left with
1 1
L(f) —l m tf / =P,f(x)-f(x)= 5f(x+ 1) +zf(x— 1) - f(x)

As we had hoped, this is exactly the discrete Laplacian from Example 15, which makes
sense because the instantaneous behavior of this process should match the one-step
behavior of the discrete time chain.

Now, finally, we can move on to a continuous time, continuous state-space example. The
most natural example to take here is the scaling limit of a simple symmetric random walk,
which is Brownian motion. Recall (for full proof, see Theorem 1.9 in [29]). In particular,
we have by Donsker’s theorem that

lim (Zt ) teto,1) = lim ( 9y eion (Bt)te[o 1]
\/_
where (By) (0,17 is standard Brownian motion on the unit interval and convergence is in
distribution.

Example 17 (Brownian Motion). The utility of the semi-group perspective is even clearer
in the context of Brownian motion. Consider standard Brownian motion on the unit
interval (B;) rcj0,1] @s our Markov process. It is easy to verify that B; is a Markov process.
As before, we'll first consider a Markov operator

Pif(x) =E[f(By)|Bo = x] =E[f(B; + x)] = E[f (x + V1 Z]

where the last equality follows from the fact that B; ~ .A(0, ) and we take Z to be an
independent standard normal random variable.

Now, supposing f is sufficiently smooth, we can Taylor expand in v/z. We're allowed to do
this because we assume f € CZZJ(IR) since that’s the natural domain on which the infinitesi-
mal generator is defined, so it is appropriate to use it for the semi-group computations
too.

Therefore, we have

Fx+VtZ2) = f(xX)+VIZf (x) + ézz f'(x)+o0(D)
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Taking expectations on both sides and recalling that the first moment of a normal random
variable is zero, we have

t
P f(x)=Elf(x+VtZ] = f(x)+ > ' (x)+o0(1)

Then, computing the generator is comparatively easy:

L Pf—f L f@H @+ -f®) 1,
Up =l =i : =5/

This derivation is somewhat heuristic, but should communicate clearly that exactly as
we had hoped, the continuous time, continuous state space generator is the continuous
Laplacian!

Now, we can define one last quantity which will be helpful in the rest of the chapter.

Definition 4.1.7 (Carré du Champ (Square of a Field) Operator, see Section 1.4.2 in [3]).
Consider the Markov semi-group (P;) ;> with an infinitesimal generator £ and a domain
2(%£) which has a vector subspace of nice functions « such that for any pair (f, g) € «
such that fg € 2(%). The Carré du Champ operator is a bilinear map I' : & x o — R such
that

1
L(f,8= E[:f(fg)—ff(g)—gf(f)]

Remark 13. Notice that when Z = A is the Laplacian on R as in Example 17, we have
L(f,g)=Vf-Vg=['-g'

4.1.3 Dirichlet Forms, Information, and Entropy

Now that we know what a Markov process is,it is possible to define some familiar quanti-
ties in a new way. In particular, many readers will be familiar with the theory of Maximum
Likelihood Estimation. In that context, there is some parameter of interest & which we'd
like to estimate a parametric family of densities from which our data is drawn which
are indexed by 6. Suppose for simplicity that this family f(6) is twice differentiable in
0. Suppose we observe data X and we compute our likelihood f (6, X). Then, the Fisher

information is given by
0 2
0)=E (ﬁ (log(x,6) ]

where the expectation is taken over the data.

This setting may seem initially to be far removed from our own, here, but crucially, some
intuition connects them. We should think of Fisher information as describing the curva-
ture of the log-likelihood function. In particular, large Fisher information corresponds
to a sharp peak, which means that only a small neighborhood of values of 6 provide a
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high log likelihood. Conversely, small Fisher information indicates we shouldn’t be very
confident in our maximum likelihood estimate of 8 since there is a large neighborhood
of possible 0 values which correspond to similar values of the log-likelihood.

The message from the Fisher information case is that curvature and relative roughness are
crucial quantities in understanding the behavior of a density that information captures.
We'll now turn to the more general setting:

Definition 4.1.8 (Donsker-Varadhan information). Consider two measures y and v on
some measure space & . Then, the Donsker-Varadhan information of

&W/f,v/f) whenv < pwith density f thatisv=fu for\/fe2(&)
+oo otherwise

I(viw ={

we write the Donsker-Varadhan information of a function as

LN =6G/1\/1

for all non-negative functions f € 2(&).

There are still a few pieces of machinery we need to define here. First, we need to under-
stand what &(/f, /f) means. Intuitively, & (g, g) measures the variability or ‘energy’ of
g. Now, we can make use of the definitions in the previous section to formalize this

Definition 4.1.9 (Dirichlet Form). [18] ! Let (X;) ;¢ be a Markov Process with state space
&', semi-group (P;);>o with generator £, and stationary measure u. Additionally, let
(X¢) =0 be reversible with respect to u. For any g € 2(%)), we define the Dirichlet form

£ 8):=(-2£ggu= f%(—xg)(x)g(x)u(dx)

Remark 14. Notice, that when 8(\/?, \/7) = f% IV\/flzdu, we recover four times the
standard Fisher information. See page 40 of [18] for a more detailed description.

Example 18. For concreteness, consider the measure = e~V ¥ dx on % =R. Let u be the
law of a standard normal distribution (so V' (x) = %2 + % log(2m) and consider the generator
given by
d? d
L=A-VV.-V=——x—
dx dx
Then, consider diffusion (X;) ;>0 which is generated by the infinitesimal generator Z.

Then, Donsker-Varadhan information for a measure v = fu is given exactly by

101w =6G/F\/ )

IThere is a small measure-theoretic subtlety here, which is explained on page 39 of [18]. In particular,
we define the Dirichlet form on the closure (&,2(&)).
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since we've assumed that v < . For notational convenience, we'll let g := /f

Iviw = fR(—i’g)(x)g(x)u(dx)

= fR(—g”(x) +xg'(x)) g(x) p(x) dx

= [;(—g"(x))g(x)cb(x)dx+fmzxg'(x)g(x)cb(x)dx
where ¢(x) is the pdf of a standard normal distribution.
Then, we'll integrate by parts with the additional hypothesis that the boundary term
vanishes. Taking u'(x) = —g” (x) and v(x) = g(x)¢(x) for our first term gives

—ng”(x)g(x)d)(x) dx = ng'(x) (g0p(x)) dx
= fR(g’(x))%(x) dx+fﬂ_\qg’(x)g(x) ¢'(x)dx.

Therefore we have

Ivip= ]ﬂ;(—g”(x) +x8'(x)) g(x) p(x) dx

= fR (g (x))*p(x) dx.

So, finally, substituting back g = \/f, we conclude that

d 2
I(VIu)—fR(a\/f(x)) u(dx).

Generalized Entropy

Now, we only need one more piece to understand Definition 4.1.1 formally. Recall Def-
inition 2.2.5. In effect, then, this generalized entropy construction simply provides the
correct re-scaling to allow us to discuss relative entropy between a non-negative function
and a reference measure.

To conclude this section, we'll review a very useful identity which concisely relates gener-
alized entropy and information.

Proposition 4.1.10 (de Bruijn’s Identity on R, a simplified version of proposition 5.2.2
in [3]). Let u (withdpu = e V@ dx) be a measure on & = R" such that p is a stationary
measure for some diffusion (X;) ;=9 with corresponding semi-group (P;) ;=9 and generator
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%, which gives a Dirichlet form & and domain 2(&). Then, for all positive f € (&), we
have

da 1
EEntp(Ptf) ==21,(P:f) = —EjFisher(Ptf)

Proof. This proof follows just from working with the definitions and applying properties
of integrals. First, choose a sufficiently nice f € 2(&). We can extend to f € 2(&) by
approximation, which we leave to the reader to complete, since the key ideas of the proof
are demonstrated by the nice f case.

%Entu(Ptf) = % (f% P:flog(P:f)du— (f% Ptfdu) -log (f% Ptfdu))

Now, differentiating under the integral sign (which is allowed since we're restricting our
interest to nice f), we get

d d d
aEntu(Ptf) = f%(l +log(Ptf))E(Ptf)du— (1 +log(‘[% Ptfdu)) (Ef% Ptfdu)

Then, noticing that p is a stationary measure for the Markov process, we have
d d
— | Pifdu=— f du=0
PT. f% cfdu dat o fdu
since V¢ =0, we have [P;fdu= [ fdu.
Therefore, we have

d d
aEntu(Ptf) = f%(l +1og(Ptf))E(Ptf)dp

Now, recall that in the nice, symmetric diffusion case (see Example 18)
d
E(Ptf) =LP:f)=(A-VV-V)(P:f)=AP;f -VV-VP;f
Therefore, we have

d
EEntﬂ(P,f) :f%(l+10g(P,f))(APtf—VV-VPtf) du
:f (1+log(Ptf))APtfe'de—f (1+log(P:f)) (VV-VP;fle "V dx

X x

Then, we can integrate the first term by parts, so taking u/(x) = AP;fe~" and v(x) =
1 +1log(P;f). Thus, we have

f (1+log(P,f))AP;fe Vdx = f V(1+log(P; f)VP;fe Y dx— f (1+log(P; /IVV-VP; fe Vdx
X X
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Now, substituting back, we get

%Entﬂ(P,f):f (1+log(P[f))AP[fe_de—f (1+1log(P:f)) (VV-VP,fle "V dx
X X

:f vQ +log(Ptf))VPtfe'de—f(1 +log(P;f)VV-VP;fe Vdx
X
—f (1+1og(P:f)) (VV-VPfle "V dx

X

Then, noticing that terms cancel nicely, we get

d VP, fI?

— Ent, (P, f) = — f V(1 +log(P V(P fle Vdx=- NPT oV ax = —21(p, fulw
dat x x Pif
as desired, which we find by applying Definition 4.1.8. O

4.2 Examples of Log-Sobolev Inequalities

Now that we have all the ingredients, we can actually work with Log-Sobolev inequalities.
As in Chapter 3, we'll investigate some examples of measures which satisfy Log-Sobolev
Inequalities. As usual, we'll begin with the well behaved Gaussian case on R.

4.2.1 Gaussian Measures

Standard Gaussian on R
The following statement is originally due to Gross [19], but I'll follow the notation in [3].

Theorem 4.2.1 (Gaussian measure satisfies an LS(1) inequality ). Lety be the standard
Gaussian measure on R,

1 2
dy(x) = ——e ¥ % dx.
Y V2

Consider the Ornstein—-Uhlenbeck generator

Lf=f"=xf'

the carré du champ operator
rif,e)=r'¢,
and the associated Dirichlet form

é”(f,g):]n;f’(x)g'(x)dy(x).

Its domain is
D& ={fel*(y): f e*n},
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Then, for every g € 2(8),

Ent, (f*) <28(f,f) = sz | ()1 dy (x).

Equivalently, y satisfies LS(1).

As is natural for such a useful theorem, there are many different proofs of this statement.
We'll follow the original proof presented by [19], but restricted to the one-dimensional
case to begin with. We’ll begin by proving the one-dimensional case, also referencing the
presentation by [22].

Proof. The structure of this proof is very clever. We'll first show that Bernoulli random
variables satisfy such a Log-Sobolev inequality and then apply the central limit theorem
to deduce that Gaussian measures also satisfy this inequality. The nice thing about this
idea is that we can compute all of the quantities of interest directly in the Bernoulli case.

First, consider the measure p on {0, 1} corresponding to the Bernoulli(%) random variable.
The analog of Theorem 4.2.1 is exactly

1
Ent,(f?) < E[E[|Df|2]

where D is the discrete analog of the infinitesimal generator £ as introduced in Exam-
ple 15. In particular,

D(f)=f@1) - f(0)
Then,

Enty (/) = fgg fHlog(f%) dpu- (fgef r d,u) log (fgg 7 dp)

2 2 2 2
f(0) ;‘f(l) log(f(o) ;‘f(l) )

1 1
= 5[0 1og(£(0)) + 5 f()*log(f(1)*) -

Then, we have

EID 121 = ElfQ) - £O) 2] = (£(0) - F(D)

Therefore, all we need to show is that

2 2 2 2
_fo ;f(l) log(fm) ;f(l) )

1 1
Ent,(f?) = 5 f0?log(f(0)%) + 5 F2log(f1)?)

1
< (Fo-rmy’
To see this, consider the function

2 2 2 2
)_f(O) -;f(l) 1Og(f(o) + (1) )

1 1 1
dif)=3 (f(0) - f(l))z—if(o)zlog(f(O)z)—zf(l)zlog(f(1)2 >
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and it suffices to show that d(f) = 0. Notice this is minimized as f(0) = f(1), that d(f) is
convex and therefore minimized at 0 (to convince yourself, substitute u = i( £0) - f(1))?,
rewrite d(f) in terms of u and compute the first and second derivatives).

Thus, we have Entu(fz) < %[E[IDfIZ].

Now, we need to understand how this inequality behaves on the n-dimensional cube
because we need to consider a sum of Bernoulli variables in order to apply the central
limit theorem. Now, consider the product measure u®u---®u = u”* on the n—cube {0, 1}".
Then, we claim the following lemma holds:

Lemma 4.2.2. [22]
1 n
Entyn (f%) = 5 3 EUD;i fI°]
i=1
where D; f(x1,...,Xp) = Dfi(x) = fi(x®V) - £;(x“9), and x“? means replace the ith
coordinate with z € {0, 1}.

We can deduce Lemma 4.2.2 from the so-called Tensorization property of entropy, which
we proved in Lemma 2.2.7, in Section 2.2.
In particular, applying the two-point inequality

1
Ent,(f?) < 5[E[|Df|2]

in each coordinate to
n

Enty, ou,-ep, (f) < Y E[Ent,, (f)]
i=1

gives exactly
1 n
Ent,n (f2) = 5 Y END;fI1A.
i=1

Now, we will construct a suitable quantity to apply the Central Limit Theorem to. In
particular, consider Xi,..., X, iid 1. We want the centralized sample mean. Define

2 1
Sp=—=Y (X;-=
n ni:l( j 2)

where we subtract off the sample mean of each Bernoulli random variable and rescale
appropriately.

Consider some test function € Ci, where as usual we'd like ¥ to be bounded and at
least twice continuously differentiable. We will extend this to any function g € 2(&) =
{f € L?(y): f" € L?(y)}. Consider

Fn(xl; x2,---,xn) = U/(Sl’l)-
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Then, we can apply Entn (fz) = %2?21 [E[IDl-fIZ] to F.
Thus

1 n
Enty ((S)?) < 7 ) EID;Fyl’
i=1

All that’s left then, is to carefully take the limit as 7 — oo of both sides applying the central
limit theorem appropriately.

First, recall the statement of the central limit theorem in the simplest independent and
identically distributed (IID) case, which is all we need here.

Theorem 4.2.3 (Central Limit Theorem IID Case [7]). Let X3, X5,..., X, iid U with finite
variance o> and let S, = ;‘:1 X;. Then

Sp—nu Vn d
_—Xn - AN(0,1).
- ( 0] 0,1

Now, we'll begin with the LHS. We want to understand

. 2
I}%Entpn (p(Sn)9).
First, notice that the central limit theorem tells us that
Sn i Z ~ Y.

Then, recall that the Portmanteau Theorem 2.1.12 says that for any bounded, continuous
function, h, if Y, 4 Y, thenE[h(Y;,)] — E[h(Y)].

Now, recall the definition of generalized entropy:

Entyn [(Sp)*] = Ely (Sn)*log(y (S) )] — Ely (Sn) 1 1ogEw (Sp)*)).
Conveniently, 11 (s,) = w(s,)? and ho(s,) = ¥ (s,)?log(w (s,)?) are both bounded and con-
tinuous by our assumptions on v, since for s, we maintain the convention that 0log0 = 0.
Then Theorem 2.1.12 gives exactly that

Ent,n [y(S,)%] — Ent, (y).

Now, turning our attention to the RHS, we first notice by the fact that X; id U

1 n
3 L6 [(DiF?] = S Epn [(D1F?]

Now, notice that the discrete gradients D; F;,, — ﬁ f'. In particular, we have
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1
D\ Fy, = ( (X——)+ —)—y(—= ) Xj—-2)——)
= Z ’ \/_ v ,Z Vi

Thus, we have

1]1

5 Y Eun[(DiF)] = gtEpn [(D1Fn)?]

i=1
n 2 & 1 1 2 2 1 1 1)\?
= el =[x - =]+ = P .
2 " (‘” nzl( 2)+\/ﬁ) ( Zl( 2) \/ﬁ))

Now note that by the mean value theorem there exists some random 6, € [-1,1] such
that

ol bl - sl

which is permissible since we've assumed that y € Cl% so ' is uniformly continuous

Then, we have that

S %))Z

Now notice that
2
L 2 &I 1\ 6
~ N Eu[(D;Fy?] = 2E[| v | —= (X,-——)+—"))]
2 (D] (w(ﬁ,-:zz 2)*

Now, since (y')? has bounded continuous derivatives, it is Lipschitz, and therefore, we

\S}

have as n — oo

2 & 1\ 0 2
lim E[(w'(—= Y [Xi— = |+ —=)*1-E ’—§ (Xl——)

i=2
Now, recall that by the Central Limit Theorem (and a little bit of algebra),

kg
i~ |4~y
\/_l =2 2
Therefore, we have that by the Portmanteau Theorem again

[E[(U//(\/zﬁi:iz(xi - %)))] ~E|(v' ()]
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Then, putting everything together we have

Ely (= ZZ (Xi - 5) + ﬁ)ﬁ —E|(v'@)’]
1=

Now multiplying both sides by two, we have

Y. Ew[(DiF?] = 2E| (' (2))’]
i=1

N =

Finally, since taking limits preserves the inequality we have for all v € Ci(IR), we have

Ent, (f3) <28(f,f) = 2fR | ()1 dy (x).

Finally, to extend this to all functions
g€ ={fel’(y): f e *(p)}

it suffices to notice that Ci(IR) is dense in (&), so for any g € (&) we can construct a
sequence so smooth, compactly supported gy € CIZQ(IR) such that g — g € L(y) and g~
g’ € L2(y). Then, the desired inequality holds for each of our approximating functions
and we pass to the limit as k — oco. Finally, this completes the proof! O

Now that we've gone to a lot of trouble to establish this log-Sobolev inequality for R, we
can get a host of nice results for R” almost for free with the help of Lemma 2.2.7.

Standard Gaussian on R"

Proposition 4.2.4 (Gaussian Measures on R” Satisfy an LS(1) Inequality). Lety, =y ®
Y- --®v be the product measure onR" whereyy ~ A (0,1). Then, forall f € 2(&), v, satisfies
the following Log-Sobolev inequality

Entyn(fz) <28(f,f) = szn IVflzdyn(x)

Before we state the relatively short proof of this fact, it is worth remarking on the fact that
the constant C in Proposition 4.2.4 and in Theorem 4.2.1 are the same. This means that
this inequality is ‘dimension-free’ in a very nice sense. This property, that the constant of
the Log-Sobolev inequality is independent of the dimension of the measure is one reason
why Log-Sobolev inequalities are so useful.

Moreover, as we saw in Chapter 3, it is in general hard to determine the optimal couplings
in dimension n = 1, especially for more complicated cost functions. The fact that our Log-
Sobolev inequality is dimension free will allow us to infer transport-entropy inequalities
in higher dimensions without any additional work.
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Proof of Proposition 4.2.4. To see this, recall the tensorization of entropy lemma from
section 2.2. In particular, Lemma 2.2.7 says that measures y; on measure spaces &; for
i€{l1,2,...,n} and any function f: %) x --- x &, — R, such that f € (&), we have

n
Enty, epy--opu, (f) < Y E[Enty, (fi)].
i=1

Now, applying this to an arbitrary test function, we find that

Enty, (f*) < ) E[Ent, (f)l <) (2 fR (ffxa)?dyn) =2 fR IVFPdyn(x)
i=1 i=1 " "

This completes the proof. O

Gaussian with Finite Covariance

We can even go one step further — working with a standard Gaussian for this many pages
of a thesis may bore some readers, so we’ll also show that an LS inequality holds for a
multivariate gaussian vector with mean 772 and non-singular covariance matrix X.

Corollary 4.2.5 (Non-Standard Gaussian Log-Sobolev Inequality, compare with Propo-
sition 1.6 in [11] and a remark on page 258 in [3]). Suppose u ~ N, (i, Z) is the measure
corresponding multivariate normal random variable in R". Then, for all f € 2(8), u
satisfies the following Log-Sobolev Inequality

Enty(f*) < zf SVf-Vfdu(x)
Rn

Proof. The proof follows from simply applying the change of variables formula. In partic-
ular, we can represent X = /27 + m where Z ~ y,. In particular, define

g(Z)=fm+2"%22) = f(X)
Then, for each g, we must have
Ent”(fz) =Ent,, (g%
< sz \Vgl?dy, = sz 1212V f(im +2Y22) 12 dy,

:ZfRnZVf-Vfdu
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4.2.2 Strongly Log-Concave Measures

A natural next question is about non-Gaussian measures. After all, we've already estab-
lished transport-entropy inequalities for the simple one-dimensional Gaussian case, so
while the above will allow us to move into n—dimensions and infer TE-inequalities for
non-standard Gaussians, if we couldn’t extend our claims beyond the Gaussian case after
introducing all this new machinery, the above might seem a little pointless. However,
there is a very nice, natural extension of this for non-Gaussian measures that will prove
very powerful.

Theorem 4.2.6 (LS Inequality for Convex Potentials (Corr. 5.7.2 in [3])). Consider the
measure |1 on R", written in potential form as e~V dx, where W : R* — R is a smooth,
scalar-valued potential. Denote the Hessian of W as ZEW . If W is uniformly p— convex,
that is

W (x) = pI, forallxeR"

for some p >0, then u satisfies the LS(%) inequality,
2, _ 2 2
Ent,(f°) < E - IVfledu(x)

forall fe2(8).

Proof. We'll provide an outline of the proof of this statement, here, but a full proof is
presented in [3], pages 268-269.

Consider the Markov semi-group (P;);>¢ which has pu as its stationary measure and is
generated by &£ = A—-VIWW-V. We'll use this semi-group to understand how the curvature

of W relates to Log-Sobolev inequality we're interested in proving.

First, recall that by Proposition 4.1.10, we have for any positive, sufficiently smooth func-
tion h

d
—Enty(Ph) = = Iy (Pch)

Equivalently, by integrating both sides we have
Ent,(Ph) = f L,(Phydt.
0
Our job, then is to prove that
© 2
f L,(Phydt < =I,(h).

0 P

If we can show this, we are done, since we will just take = f2 and recover

2
Ent Zs—f VF2du(x).
nt,, (f°) p WI flrdux)
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How, then, do we show [;° I,,(P;f)dt < %Iﬂ(h)?
First notice if we can show that

L,(P:h) < e 2Pt L, (h)
we’re done, since integrating the RHS of this gives exactly the desired bound.

To see
I,(Ph) < e *P'I,(h)

involves comparing the first and second derivatives of

R”

and applying the Hessian bound. For details, see 5.7.2 and Theorem 5.5.2 in [3]. The
theorem follows immediately from this bound. O

4.2.3 Product Measures, Convolution of Measures and Tensorization

Finally, now that we know how to prove individual Log-Sobolev inequalities, it would be
very nice to know how to combine them.

We've already seen how to extend Log-Sobolev inequalities to product measures via
Lemma 2.2.7.

However, we might also be interested in convolutions of measures. In particular, if we
have two measures y; and pp which individually satisfy LS(C;) and LS(C») inequali-
ties respectively, what can we say about the convolution y; * yp. The extremely handy
Lemma 2.2.7 allows us to answer that question with just a bit more work.

Theorem 4.2.7 (Log-Sobolev Inequalities for Convolution of Measures, an extended ver-
sion of Proposition 1.3 in [11]). Suppose iy, ..., fi, are measures onR% each of which satisfy
a log-sobolev inequality with constant C;. Then for any f € 2(&), we have

n
Entyspysesp, (f) =203 cl-)fw IVFI2d (% o % - % ).
i=1

Proof. We'll just show this for two measures p; and p», since the result for » measures
follows immediately by induction.

First, recall that to sample from the convolution of two measures p; and p,, we sample
from p; and py independently and sum our observations. This means that

1 * 2 = (X + ) ® o)

75



This allows us to connect the convolution of y; and p; to their product measure. In
particular if we let g(x, y) := f(x + y), then

Enty, ., (f2) = Enty e, (8°)-
Then, Lemma 2.2.7, combined with the individual Log-Sobolev Inequalities gives
Enty, ., (f) = Enty, e, (8°)

SZlefIng(x,y)lzdul(xwluz(y)+2szfIVyg(x,y)l2 dpn (x)dpa(y)

Then, since V,g(x,y) =V,g(x,y) = Vf(x+y), we have

Enty, wp, (f2) = Enty, op () < 2(Cy + Cy) f IV @ * 1) (2)

exactly as desired. O

4.3 Log-SobolevInequalities and Transport-Entropy Inequal-
ities

There are rich connections between transport-entropy inequalities and log-Sobolev in-
equalities as hinted at by the introduction to this chapter. The following section intro-
duces two major theorems that connect these perspectives, on the one hand showing
that Log-Sobolev inequalities are exactly the right tool to imply 7> transport-entropy
inequalities, and on the other connecting the key ingredients of a log-Sobolev inequal-
ity (namely, entropy and information) with the key ingredients of a transport-entropy
inequality (namely Wasserstein distance and entropy).

4.3.1 Otto-Villani Theorem

Now, we've developed a series of techniques for proving Log-Sobolev inequalities, it is
finally time to see how these inequalities imply transport-entropy inequalities. The key
tool here is the Otto-Villani theorem.

Theorem 4.3.1 (Otto-Villani). [26] Suppose p is a probability measure on R". Then if u
satisfies a Log-Sobolev inequality with constant C, then u also satisfies a T» inequality with
the same constant C.

Remark 15 (Extensions of the Otto-Villani Theorem). As mentioned in [18] this theorem
is actually much more general. It was first proved on a smooth complete Manifold in
2000 by Otto and Villani in [26]. The proof presented there is difficult and simpler, more
general versions both of the statement and of the proof have been developed since. It
turns out that this theorem is true not just on R”, but also on many other (relatively nice)
Polish spaces. These extensions are beyond the scope of this thesis, but are an active area
of research. Much more detail is available in [16].
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As with many such important theorems, there are many different proofs of this fact avail-
able. We'll follow the proof presented in [16] and presented again for measures y on R”
in [18], though we’ll change their normalization conventions to match those used in the
rest of the thesis and add detail where their proof is compact.

Proof of Theorem 4.3.1. The structure of this proofis quite neat and has the virtue of mak-
ing use of a couple of the results we’ve shown previously in the thesis and in reiterating
the connection between Log-Sobolev Inequalities, transport-entropy inequalities, and
concentration inequalities. In particular, we'll do the following:

LS(C) = T;(C) = Dimension-Free Gaussian Concentration = T5(C)

We begin with the LS(C) inequality, which states that for all f € 2(&)
Ent,(f%) < ch IV FI2du(x).
RV[

Now take f? = e’8, which is the right substitution since we want to use concentration-
inequality style arguments and this exponential form fits nicely with those tools.
Then, substituting gives

Ent,(e') sch IVe'8"212du(x).
Rn
The LHS gives

g
Jetsdu

Ent, (e'$) :[etglog du

Define
Zp:= f e'8du

as in [18]. Then, we have that
Ent,(e'8) = tZ, - Z;10g Z;.
Then, we have on the RHS
tgl22 t° 2 ¢
IVe's'?|7du(x) = — | |Vgl-e'¥du
R 4 Jpn

Then, since g is 1-Lipschitz by construction, we have |[Vg(x)| < 1 for almost every x.
Therefore, we have

flVglzetgdysf e'du= 7,
R? Rn
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Combining the LHS and RHS of the LS(C) inequality gives
, Ct?
tZt - ZtIOth < T

Then, dividing both sides by > Z; gives
tZ; - Ztloth < C

127, 2

Recognizing that the LHS looks exactly like the quotient rule, we’ll find that
d (log(Z[)) - C
dat A 2

Now we can integrate both sides with respect to ¢ and find that
fetgdli < ot f8du+5

This says exactly that Z; is sub-gaussian. This is true for all 1-Lipschitz g.

Lemma 4.3.2 (W) and 1-Lipschitz Functions). Suppose u is a probability measure on R".
Then u satisfies

Wi (g, v)> <2CH(WV|u) Vv
if and only if for every 1— Lipschitz function f :R" — R and all s € R, we have

f esfd’uS esffd,u+C32/2
[Rn

This lemma is a very simple, special case of Corr. 3.4 in [18], where the more general case
is proved, so the full proof is omitted here. The idea of the proof s to the use Kantrovich
dual characterization of a transport distance and apply the definition of entropy.

Thus, we've successfully established that u satisfies a 71(C) inequality. However, the
claim is that u satisfies a 7> (C) inequality. As demonstrated in Theorem 3.2.5, unfortu-
nately the implication only goes from 7,(C) = T;(C), so we have some more work to do.

The last step is to recognize that T, inequalities are special in the following sense.

Lemma 4.3.3 (7> and Gaussian Dimension Free Concentration Property, a specialization
of Corollary 5.5 in [18] to R"). Let u be a measure on R". p satisfies T>(C) if and only if
there exists a constant K such that

un(Ar) > 1 _Ke—rz/(ZC)

forall Ae R" such that " (A) = 1/2, andr = 0. We define A as the neighborhood of radius
r in R"™ where distance is the Euclidean distance. We call this a Gaussian Concentration
inequality, because it implies that u" has sub-gaussian tails.
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As above, this is proved in [18] and so we will not repeat the proof here. Instead, we refer
interested readers to Theorem 5.4 and Corollary 5.5.

The key idea here is to notice that we can show that this inequality holds by applying two
theorems we've already proved. First we'll invoke the ever-helpful Lemma 2.2.7.
Then, since we have by hypothesis that y satisfies LS(C) on R". Then

Ent,(f*) < 2ch” IV f12dp(x)

Then, Lemma 2.2.7 tells us that

k

Enty, op,--ou, (§) < Y E[Enty, (8:)].
i=1

Thus, considering the k—times tensorization of u, we have
k
Ent,«(f%) < ) E[Ent,(f7)]
i=1
Now, applying the LS(C) inequality in each coordinate we get

fnqzn IViflde]

Then, swapping the sum and integral and applying the fact that on the product space
IVFI?2 =XK1V f1% gives

k k
Ent i (f%) < ; E[Ent,(f7)] <2C ; E, ¢

Ent,(f?) < 2cf IV 2 du*

Notice that this k—fold inequality preserves the constant C. Then, recall Marton’s Argu-
ment (Theorem 3.4.2), which says that if u satisfies

Falp,v) < a (HV|w)

Then, for all measurable subsets A € & such that u(A) = %,

inequality holds

the following concentration

'u(Ar) >1— e—a(r—a’l(log(Z)))

where r = a~'log(2). Here we apply Marton’s argument to the tensorized measure p*
taking the cost function which is the distance metric d(x,y) = |x — y| and the function
a(-) = (2. Therefore, a~1(-) = v/ Therefore, Theorem 3.4.2 gives exactly that there exists
some constant K such that

'uk(Ar) >1 —Ke"rz/(ZC).

where K collects the constant terms in e~*"~ '108@)  Then, we can notice that the
conditions of Lemma 4.3.3 are satisfied exactly. Thus since u* satisfies a dimension-
free concentration inequality, have that u satisfies a 7> (C) transport-entropy inequality,
exactly as desired. O
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4.3.2 HWIInequalities

To conclude this chapter, we will also mention a key inequality which combines entropy
(H), Wasserstein distance (W), and Donsker-Varadhan information (I).

Theorem 4.3.4 (HWI Inequality, Theorem 3 in [26]). Consider the measure y1 on R", writ-
ten in potential form as e”"V dx, where W : R — R is twice-differentiable scalar-valued
potential. Denote the Hessian of W as AW . If W is uniformly p— convex, that is

W (x) = pl, forallxeR",

then, u satisfies the HWI inequality for all non-negative, smooth, and compactly supported
functions which are normalized to be densities on R", that is

H(fulp) < Wa(f i 0\ Tu(f) — ngz(fu,u)

The proof of this theorem can be found in the original paper [26] and a nice expository
version in [18].

Note the striking similarity of the conditions in Theorem 4.3.4 to the conditions of The-
orem 4.2.6. In particular, we also have under these conditions that u satisfies an LS (%)

inequality, and thus by Theorem 4.3.1, that u satisfies a T» (%) inequality.
This theorem seems appropriate to end this thesis on because it unifies these three major

tools for comparing distributions. It unites three key perspectives on how distributions
differ and offers an extremely elegant way to compare them.
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Chapter 5

Modern Applications and Conclusion

This thesis has traced the relatively short history of transport-entropy inequalities from
Monge’s original formulation of the optimal transport problem in the 1780s to the central
theorems of Chapter 4 discovered in 2000 by Otto and Villani in [26]. This thesis has
primarily (and intentionally) focused on transport-entropy inequalities as objects that
are of intrinsic interest for anyone who wants to study and compare measures, as well as
a beautiful unifying approach to understanding many seemingly disparate inequalities.

Historically, however ,transport-entropy inequalities have entered the literature primar-
ily as means to an end. These tools became popular and well studied in the 1990s, when
it became increasingly clear that these inequalities were intimately related to the concen-
tration of measure phenomenon.

While I hope I've demonstrated over these last four chapters that these tools are of in-
dependent and intrinsic interest, in this final, very short chapter, I'll break slightly from
the conceit of the thesis and admit that my underlying motivation has not just been to
explain and present these fascinating and beautiful tools, but especially to present them
in an accessible way to people interested in probabilistic machine learning.

In particular, I think that these tools should be of interest to many people currently study-
ing diffusion models. While there has been an enormous amount of interest in the last
few years in studying diffusion as an optimal transport problem, there has been com-
paratively much less work which applies transport-entropy inequalities to the diffusion
model setting. In the following section I'll offer a short introduction to diffusion models,
and in the final section of the thesis I'll discuss a few recent papers which succeed in
connecting diffusion models to Log-Sobolev and transport-entropy inequalities as well
as mention a few open questions, which I hope are of interest.

81



15 -1
10 x 10
15,4 20 15,, -20

t =0, data ~ po t=T/2, data ~ pr/s t =T, data ~ N(0,1,)

Figure 5.1: Intuition for a Diffusion Map [14]

5.1 Diffusion Models

Score-based generative models construct a generative process by learning to reverse a
prescribed noising diffusion. The forward (data-destruction) process gradually perturbs
samples from the data distribution according to a stochastic differential equation (SDE).
A common choice is the Ornstein—-Uhlenbeck or variance-preserving diffusion [36]:

dX, = fX, dt+ gt) dw, 5.1)
—— ~—
drift diffusion

which defines a family of intermediate densities (p;)c[0,1] that interpolate smoothly be-
tween the data distribution py and a simple reference distribution (typically a standard
Gaussian) at time ¢ = 1.

The generative mechanism relies on the fact that this diffusion is approximately re-
versible. Under suitable regularity conditions, the reverse-time dynamics of the process
satisfy another SDE:

dX; = | fX:, 1) — g(1)> VX, logp:(Xy) | dt+ g(1),dW;, (5.2)
N———
score function

where the additional drift term depends on the score V logp;(x), i.e., the gradient of
the log-density of the forward process at time ¢. Thus, generative sampling amounts to
running this reverse-time SDE, provided the score function is known.

Since p; is not available in closed form, we parametrize a neural network sy (-, f) to approx-
imate the score function. A natural training objective is the denoising score-matching
loss:

T
2(0) = fo AOE 00 [15Ke, 1) — 55K, DIE] 1, (5.3)

where A(?) is a user-chosen weighting [14]. This is the classical perspective on diffusion
models.

82



However, increasingly, people are formulating diffusion models as a transport problem
[28]. In particular, we can reformulate the diffusion problem as follows. Suppose we
have a reference distribution uy which corresponds to a simple, easy to sample from
distribution, like a multivariate Gaussian. Our target distribution is usually the true data
distribution (which we’ll call ;) from which we only have finitely many samples.

The key idea here is that we can understand u; = Ty, so if we can construct T explicitly,
we can sample from y; easily by drawing a sample from py and applying the transport
map, ie X; = T(Xp) ~ u1. The innovation of diffusion models in this framework is to in-
troduce a time dependent interpolation of (u;) tej0,1; which obeys certain nice continuity
properties and then learn a vector field that represents how p; should change at that time
step. For Gaussian py, it can be shown that this vector field can be found as a conditional
expectation, which diffusion models approximate by solving a least squares problem.

5.2 Recent Work and Open Problems

As discussed in [28], a detailed survey of optimal transport as it relates to diffusion models,
the stochastic interpolates learned by modern diffusion models are crucially not optimal
in the transport sense. This was proved in [21] only in 2022, and previously it had been
conjectured that the Fokker-Planck equation provided the OT map between the target
and initial densities. That such a fundamental question about the properties of diffusion
models was open until relatively recently should give the reader some idea of the diffi-
culty and interest of studying the properties of these models.

The question of in what sense the transport map implicitly constructed by diffusion mod-
els is optimal is very interesting, unsolved, and relevant to understanding how these
models generalize. Understanding the geometric properties of the maps which diffusion
models do learn is also an open and interesting question.

It is perhaps obvious from the structure of the diffusion problem (learn a map subject
to some functional form constraints which sends pg to pgata) that transport-entropy in-
equalities might provide some insight. In the following section, I'll highlight a few recent
papers that apply these tools and invite further study.

In [27], they derive a new bound on the W, distance between the true data distribution
Puue and the learned distribution pg for their particular and new diffusion sampling

algorithm when the data distribution is norm sub-gaussian (ie if X ~ pyue, P(I|X—-E[X]]| =
2

2
t) <2e 202) and the score approximation sg is Lg—Lipschitz. Their key contribution is to
provide a bound

Wa(Ptrues Po) < Ti + Tii + Tiij
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where T; is a constant derived from the early-stopping of the reverse process (for com-
putational reasons, diffusion models are never run all the way to ¢ = 0, but instead to
some € > 0), T;; is a bound in terms of /£ (0) where £ (0) is the score-matching loss,
which captures the approximation error between sg(t,-) and Vp;. Finally T;;; comes from
approximation error due to the Langevin dynamics. Interestingly their proof relies on the
Log-Sobolev Inequality (and the Otto-Villani theorem) to derive Tj;; in order to bound
the Langevin sampling dynamics. This paper offers good evidence for the fact that TE
inequalities and Log-Sobolev inequalities are extremely useful for analysis of diffusion
models.

Another such paper [9] gives non-asymptotic estimates for the Wasserstein—2 distance
between the pyye and py under a series of assumptions, first that the optimization
algorithm is sufficiently nice in the sense described in Assumption 1 in [9] and that
the data distribution has finite second moment and is strongly log-concave, as well as
feT |IVlog p:(0) 12dt < oo, the approximation for the score sy is continuously differentiable
and Lipschitz. Then, W> (pue, pg) is bounded by four different constants, which are fairly
involved and described in detail in Appendix E of [9].

Both these papers make very good use of these transport-entropy tools to bound the loss
of interest. However, there is another, more tentative sense in which transport-entropy
inequalities may be useful for understanding the geometry of the non-optimal stochastic
interpolatant maps learned by diffusion models. This section is rather speculative, but I
hope it provides a sense of what these tools have to offer to the machine learning world.

Two other recent papers provide independent bounds, one on the relative entropy and
the other on the W, distance between the true data distribution pye and the learned
distribution py. In [35], they show that (under some fairly mild regularity conditions) the
KL-divergence between py,e and py can be upper bounded by £ (0) + K for a relatively
simple constant K. This shows that training effectively decreases upper bound on the
KL-divergence. In [20] they follow a similar process to demonstrate that (again under suit-
able regularity conditions) training a diffusion model by minimizing the score matching
loss implicitly minimizes the Wasserstein-2 distance between pyye and pg. Both upper
bounds are given in terms of functions of the score-matching loss. If the two bounds
in these papers are compatible in the sense that Wa (pirue, pg) < Ka(Dgr(Piruell pg) then
that transport-entropy style inequality might be of value in understanding certain geo-
metric properties of diffusion maps.
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