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Abstract

We study tail bounds and small ball probabilities for sums of random variables obtained

from a Markov chain. In particular, we consider the following sum

Sp=fiY1) + -+ fu(Y2)

where {Y;}22, is a Markov chain with state space [IV], transition matrix A, and stationary
distribution p such that Y; is distributed as p, and f; : [N] — R. We also consider settings
in which f;(Y;) is vector-valued.

In all results, the bounds are in terms of the spectral gap of the Markov chain. In almost
all of the results in this thesis, when the transitions are independent and the spectral gap
is 1, the bounds match the corresponding bounds for independent random variables up to

constant factors.

e We first obtain tail bounds in the case that only the pth moment of the random variable
fi(Y;) is bounded. This is a Markov chain version of a corollary of the Marcinkiewicz-
~Zygmund inequality. Using this, we also obtain tail bounds for S,, when the f;(Y;) are

elements of an ¢, space.

e Next, we obtain tail bounds in the case that the f;(Y;) are bounded in the range [—a;, a;]
for each . This is a Markov chain version of the Hoeffding inequality. This improves
upon previously known bounds in that the dependence is on \/m rather than
max;{a; }v/n. Using this, we obtain tail bounds for certain types of random variables in

which the f;(Y;) are elements of any Banach space.
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e Next, we obtain sharp tail bounds when the random variables f;(Y;) are bounded
and the expected value of S,, is small. This is a Markov chain version of a Poisson
approximation to sums of independent random variables. As an application, we explain
how such tail bounds can be used to construct simple and explicit resilient functions
that match the non-constructive functions shown to exist due to the work of Ajtai and

Linial.

e Finally, we show that if the f;(Y;) take on values {—v;, v;} with equal probability and
the v; are Euclidean vectors with norm at least 1, the probability that S, lies in a ball
of volume 1 is small. This is a Markov chain version of the Littlewood-Offord inequality.

We also construct a new pseudorandom generator for the Littlewood-Offord problem.
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Chapter 1

Introduction

It is well known by the central limit theorem that in many cases, the probability distribution
of the sum of independent random variables tends to that of a normal distribution as the
number of terms increases. This is even if the random variables themselves do not have a
probability distribution that is similar to a normal distribution. Expanding upon this, one
can ask what properties of normal distributions also hold for sums of independent random
variables. These can include upper bounds on the tails of a Gaussian (concentration), and on
any short interval (anti-concentration). In particular, it is known that for a Gaussian random

variable X with mean 0 and variance 1 that
Pr(|X| > u] < 2exp(—u?/2) (1.1)

and

Pr[|X| <u] <w. (1.2)

Thus, one can ask if sums of independent random variables also exhibit concentration and

anti-concentration.



Concentration for sums of independent random variables: We start by discussing
concentration bounds for sums of random variables. If X7, ..., X,, are independent random

variables each with mean 0 and bounded in absolute value by 1, Chernoff bounds tell us that
Pr[| X + ... + X,| > uy/n] < 2exp(—u?/2), (1.3)

and thus the property of Gaussian random variables exhibited in Eq. (1.1) also applies to
sums of independent variables.

If just the pth moment of the X; are bounded, that is E[|X;|?] < 1, the following
bound on the pth moment of |X; + - - - + X,,| is a corollary of the Marcinkiewicz—Zygmund

inequality (MZ37), for some constant C' independent of n and p.
E[| X, + - -- 4+ X,|P]Y? < C/pn. (1.4)

If w is small enough, then one can obtain tail bounds as in Eq. (1.3) with just a change in
the constant factor of the exponent.
Additionally, if each X; is bounded in absolute value by a;, the Hoeffding inequality (Hoe63)

states that

n

1/2
Pr||Xi4+ -+ X, >u <Z a?) < 2exp(—u?/2). (1.5)

i=1

We also point out that in some cases, it is possible to show that the probability distribution
of a sum of independent random variables tends to that of a Poisson random variable as the
number of terms increases. In particular, it is known that for a Poisson random variable X
with mean p,

Pr[X > u] <exp (u —pu—uln E) . (1.6)
L

If Xi,...,X, are independent random variables in the range [0, 1] and E[X; +--- + X,,] = ®,



then

Pr[X1+'--+Xn2u]gexp(u—q)—uln%). (1.7)

exhibiting the same property as found in Poisson random variables.

Finally in recent years, much attention has been placed on concentration inequalities for
vector-valued random variables. That is, rather than assuming that the X, are scalars, we
can assume that they are matrices, or elements of some other Banach space.

One example of such an inequality is due to Ahlswede and Winter (AW02), who considered
the case of matrices under the Schatten-oo norm. They showed that if X1, ..., X,, are random

d x d matrices such that | X;|| <1 and E[X;] = 0 for all 4, then
Pr{[| X1 + -+ + Xplls. > uv/n] < dexp(—cu?).

This inequality has been extended to many more settings in a similar manner to many of
the above extensions of the regular Chernoff bound in the scalar case. For a more complete
treatment of tail bounds for sums of matrices, see the monograph by Tropp (Trol5).

For general Banach spaces, Naor (Naol2) obtained tail bounds for sums of random
variables from a Banach space satisfying certain properties. Before stating the corresponding

tail bound, we define a quantity called the modulus of uniform smoothness.

Definition 1. The modulus of uniform smoothness of a Banach space (X, || - ||) is

[z + Tyl + [z = 7y
2

px(r) = sup{ 1y e X ] = Iyl = 1}.

Let (X,] -||) be a Banach space so that px(7) < s72 for some s and all 7 > 0. When the

elements of the Markov chain are independent, for f; : [N] = {z € X : ||z|| < a;} and such



that E[f;(Y;)] = 0, it was shown in (Naol2) that

n

1/2
Pr|||AA(Y)) +-+ fu(V2)] > u (Zaf) <exp (s+2—cu?) (1.8)

=1

for some universal constant c.

Anti-concentration for sums of independent random variables: In terms of anti-
concentration for sums of random variables, we will focus for the most part on the following
problem first posed by Littlewood and Offord. If vy, ..., v, € R? are fixed vectors of Euclidean
length at least 1, and Xy, ..., X,, are independent Rademacher random variables, so that

PrlX; = 1] = Pr[X; = —1] = 1/2 for all 7, then

C

for an open Euclidean ball B with radius 1, and a constant C. The case d = 1 was proved by
Erdés (Erd45), and for general d by Kleitman (Kle70), and was subsequently improved by
series of work (Sal83; Sal85; FF88; TV12). When d = 1, Eq. (1.9) shows that this sum of

random variables exhibits the property of Gaussian random variables in Eq. (1.2).

Random variables obtained from a Markov chain

In this thesis, we investigate to what extent independence is needed for the sums of
random variables to exhibit similar behavior to Gaussian and Poisson random variables. In
particular, we consider the case that the random variables are obtained from a Markov chain
as follows. Consider a Markov chain {Y;}°, with state space [N], transition matrix A, and
stationary distribution p such that Y7 is distributed as 7, and let fi,..., f, : [N] = R be

functions on the state space. Then we consider the random variable fi(Y1) + -+ + fn(Y5).



For the most part, we will show that the bounds in the independent case also hold when
the random variables are obtained from a Markov chain, with an additional dependence on
the spectral gap which we define as follows. Let E, be the associated averaging operator
defined by (E,)i; = p;, so that for v € RN E,v = E,[v]1 where 1 is the vector whose entries
are all 1. We define A(Y) to be

AY) = [|A = ExllLou)—La(w)

and the spectral gap to be 1 — A(Y'). The averaging operator £, is the transition matrix
of a Markov chain whose transitions are independent and whose stationary distribution is
i. Thus, in some sense A(Y') represents how close the transitions of {Y;}°, are to being
independent.

Concentration inequalities for sums of random variables obtained from a Markov chain were
first obtained by Gillman, who gave the following tail bound in the case that f; = --- f, = f,

for reversible Markov chains.

Pr(|f(Y1) + -+ f(Ya)| > uy/n] < 2exp (#o_k)) : (1.10)

These bounds were improved by a series of work, including (Din95; Kah97; Lez98; LP04),
where the result due to Leén and Perron is tight for reversible Markov chains. In particular,
this result yields a Markov chain version of both Eq. (1.3) and Eq (1.7).

We remark that the dependence on A in both Eq. (1.10) is optimal, which was shown
in (LP04). In particular, one can consider the Markov chain on two states with the transition

matrix

i
>

1=2

M|

-2
2
142

2

g
>
>

M|



so that f;(1) = 1 and f;(2) = —1 for all 4. Intuitively, the random variable fi(Y7)+-- -+ fu(Ys)
is similar to the sum of n(1 — \) geometric random variables with parameter 1 — A. Thus,
each is close to 1/(1 — A) or close to —1/(1 — \) with equal probability.

Markov chain versions of Bennett’s and Bernstein’s inequality, a version of Eq. (1.3)
with extra dependencies on the variance of the individual random variables, were obtained
in (Lez98; Wag(8; Paulb). Healey developed a simpler proof that does not require the use of
perturbation theory, and allows for differing functions f; (Hea08). The case of non-reversible
Markov chains was first studied in (CLLM12). In work done independently of this thesis,
a version of Hoeffding’s inequality for general Markov chains was shown by (FJS18), and a
version of Bernstein’s inequality for general Markov chains was shown by (JSF18).

In the setting of vector-valued random variables, a tail bound was obtained for ¢y spaces
by (Kar07), with the assumption that the functions are bounded, that is, || f(v)|ls, < L for

all v € [N] for some constant L. In particular, it was shown that when f : [N] — R%

Prl|[f(Ya) + -+ + f(¥a) ey > u/] <329 exp <_&“_L2> |

where E[(f (Y1), u)?], for constants Cy and Cy, v is a constant that depends on A. As A goes
to 1, it behaves like O(1 — X), which matches the exponent for the same setting in Eq (1.10).

Finally, Garg, Lee, Song and Srivastava (GLSS17) were able to generalize the matrix
Chernoff bound due to Ahlswede and Winter (AW02) to Markov chains. In particular it was
shown that for a Markov chain {Y,}22, and function f : [N] — R%*? satisfying E[f(Y;)] =0
and || f(v)]|s., <1 for all v € [N],

Pr{|[f(¥2) + - + f(Ya) s = uv/n] < 2dexp (—e(1 — \u?). (111)

As far as we are aware, this thesis is the first to investigate anti-concentration inequalities



for sums of random variables obtained from a Markov chain.

Overview of Results

In this thesis we obtain the following concentration and anti-concentration results for
Markov chains, along with applications.

In Chapter 3, we prove a corollary of the Marcinkiewicz-Zygmund inequality for Markov
chains, thus generalizing Eq. (1.4) to Markov Chains. Additionally, we use this bound to
obtain moment bounds for sums of random variables from an ¢, space, generalizing Eq. (1.8)
to Markov chains for such spaces. This chapter is based on work with Assaf Naor and Oded
Regev in (NRR17).

In Chapter 4, we prove a Hoeffding inequality for Markov chains, generalizing Eq. (1.5).
Additionally, we use this bound to prove tail bounds for certain types of random variables
from a general Banach space. As an application, we are able to analyze the Schatten-oo norm
of random matrices whose entries are not necessarily independent. This chapter appears
in (Raol9a).

In Chapter 5, we prove a Poisson approximation for sums of random variables obtained
from a Markov chain and different functions, thus generalizing Eq. (1.7) to Markov chains.
As an application, we are able to construct explicit resilient functions matching the non-
constructive functions shown to exist due to Ajtai and Linial. Informally, resilient functions
are functions for which any not too large subset of the inputs cannot affect the output of the
function when the other inputs are set randomly. This chapter is based on joint work with
Oded Regev in (RR17).

Finally, in Chapter 6, we prove a Littlewood-Offord inequality for Markov chains, general-
izing Eq. (1.9). However, our bound has an extra factor in the dimension of the vectors v;. As

an application, we are able to obtain new pseudorandom generators for the Littlewood-Offord



problem. This chapter appears in (Raol9b).



Chapter 2

Background and Preliminaries

In this chapter we introduce the notation to be used throughout the thesis. We also give
background on Markov chains and the special case of random walks on expander graphs which
will be used in the applications of the results in this thesis. We also present some claims that
are used throughout this thesis to bound the norms of products of matrices. Finally, we give

a proof of Gillman’s original bound using similar techniques as the results in this thesis.

2.1 Notation

In this thesis we will use the following notation.
Given vectors v, u € RY so that p has positive entries, (typically u will be a distribution

over [N]), let
N
HU“IE,,(M) - Zﬂi|vi|p-
i=1

We define the inner product for two vectors u,v € RY and p € RY with positive entries to be

N
(U, V) Ly () Z iU Vs
=1



Additionally, we let the operator norm of a matrix A € RV*Y be defined as

IAll -ty = max[[Av]|z, -
vil[v]| L, (=1

We will use ¢, in place of L,(1) where 1 is the vector whose entries are all 1.

The Schatten p-norm of a matrix A € RV*V is defined to be

N

l1Alg, = > st

=1

where sq, ..., sy are the singular values of A.

For a vector v, we let diag(v) be the diagonal matrix where diag(v);; = v;.

2.2 Markov Chains

A Markov chain on a finite state space [IN] is a random sequence, {Y;,}°°, whose elements
are from the state space [N] in which each Y,, depends only on Y,,_;. Additionally, this
dependency on the previous element of the sequence is independent of n. Thus, a Markov
chain can be completely defined by its transition matrix, A € RY*Y where A, is the
probability that Y,, = j, given that Y,,_; = 4, for all n. Such a matrix must be stochastic,
that is, the entries on each row must sum to 1. Thus 1, the vector whose entries are all 1, is
a right eigenvector of A.

In this thesis, we focus only on Markov chains with a stationary distribution p € RY, where
1 is a vector with positive entries that sum to 1, and is a left eigenvector with eigenvalue 1 of
the transition matrix A, so that u'A = u*. One interpretation of the stationary distribution
is that given that Y, is distributed as p, it is also the case that Y,,,; is distributed as u, for
all n. The stationary distribution is not always unique and some Markov chains have many

stationary distributions — for example, the Markov chain whose transition matrix is the

10



identity matrix. This will not affect any of the results in this thesis. For such Markov chains,
a stationary distribution can be chosen arbitrarily when needed.

RNXN of a Markov chain to be the matrix defined

We define the averaging operator F, €
as (E,)ij = pj, so that E, = 1u', where 1 is the vector whose entries are 1, and pu is a
stationary distribution. Such an operator is also the transition matrix of a Markov chain
whose transitions are completely independent, that is, Y,, does not even depend on Y,,_;. It

is also helpful to note that E,A = AE, = E = E,.

For a Markov chain {Y;}2,, we define the quantity A(Y") to be
A(Y) = ”A - ENHLQ(;J,)-

Informally, this represents how close the transitions of the Markov chain are to being
completely independent. Sometime we refer to 1 — A(Y') as the spectral gap. For example,
if the transition matrix A is £, the transitions are completely independent, A(Y) = 0 and
the spectral gap is 1. On the other hand, if the transition matrix A is I, the transitions are
completely dependent on the previous state, A(Y') = 1, and the spectral gap is 0.

We note that in the literature, it is common to define A(Y') as the quantity

A
AY) = max  1PAlmw
v:(0,1) Lo (,)=0 ||UHL2(M)

This definition is equivalent, which can be seen from the fact that y(A — E,) = 0. Informally,
the v that maximizes ||[v(A — E,)||1,(s) is orthogonal to p.

It is also the case that
AMY) = [[A= (1= AY)Eull Lo

as the operator A — A(Y)E,, maps the space of vectors orthogonal to the all-1’s vectors to

11



itself. This fact will be used in many of the proofs in this thesis.

In many results, it is often assumed that that the Markov chain be reversible, that
is, uiA;; = p;A;;. In other words, running the Markov chain in reverse yields the same
distribution of sequences. The assumption of reversibility is natural; as explained in the next
section, the common example of random walks on undirected graphs are reversible Markov
chains. Practically, the assumption of reversibility implies that the matrix A is symmetric
with respect to the space Lo(p), and thus has an orthonormal basis of eigenvectors along
with real eigenvalues. This further implies that A(Y") is the second largest absolute value of
an eigenvalue of A.

The results in this thesis apply to general Markov chains, without requiring much extra
effort to handle the case of irreversible Markov chains. However, they will all be stated for
reversible Markov chains. Because A\(Y') does not necessarily correspond to the absolute
value of an eigenvalue, it can be difficult to gain an intuition about the spectral gap of
non-reversible Markov chains. Additionally, there are examples of irreversible Markov chains
where A\(Y) = 1 that mix well, and thus it is unclear if A(Y") is an appropriate quantity
to consider when analyzing irreversible Markov chains. For a more complete treatment of

irreversible Markov chains, see the survey due to to Montenegro and Tetali (MT06)

2.3 Expander Graphs

Many of the applications of the results in this thesis use the existance of expander graphs.
A graph G = (V, E) consists of a set of vertices V' and a set of edges E C V x V. For
each vertex v € V', we let its out-degree d(v) be the number of edges e such that e = (v, u)

for any vertex u. Given a graph GG, we can define a random walk to be a random sequence of

12



vertices {Y;}2, such that for every n and every edge (v,u) € E, we have that

1
PrlY,=u|Y, 1 =0]= a0

In particular, a random walk on a graph is an example of a Markov chain. Thus, all the
results in this thesis can also be applied to random walks on graphs.

We let the normalized adjacency matrix A of a graph G be defined by A, = 1/d(e;)
for each edge e € E. This is also the transition matrix of a random walk on the graph G.
Additionally, we can refer to the spectral gap of a graph as the spectral gap of the Markov
chain representing the random walk on the graph.

We say that a graph is undirected if (u,v) € E implies that (v,u) € E. We say that
a graph is d-regular if d(v) = d for all v € E. The stationary distribution of undirected
d-regular graphs is the one that is uniform over all vertices. Thus, the spectral gap of random

walks on these graphs can be expressed as

1 - HA - JH42—>42

where J is the |V| x |V| matrix whose entries are all 1/|V/|.

We say that a family of graphs G is an expander if A\(G) is bounded above by a constant
less than 1 for every G € G or if the spectral gap is bounded below by a constant greater than
0. It is well known that there exist several explicit infinite families of undirected d-regular
graphs that are expanders. We state the following result due to Lubotzky, Phillips, and

Sarnak.

Theorem 1. For every d such that d — 1 is a prime congruent to 1 mod 4, there exists an

infinite family of undirected d-reqular graphs of increasing size such that \(G) < 2v/d — 1/d.
These graphs have the optimal dependence on A and degree d due to the Alon-Boppana

13



theorem, which we state below.

Theorem 2. For every constant d € N, any undirected d-reqular graph G = (V, E) satisfies
AMG) > 2v/d—1/d — o(1), where the o(1) term vanishes as |V| — oo and d is held constant.

The benefit of expander graphs can be seen in considering the seed-length. For a set V,
define a sampler from V of length n as a function whose range is V™. The seed length of
a sampler is defined as the logarithm of the cardinality of the function’s domain, and can
be seen as the number of random bits necessary to sample from the function. Consider a
sampler that is a list of vertices visited in a random walk of a d-regular graph G = (V, E). It
has seed length log, |[V'| + (n — 1) log, d, and in particular, if G is a constant degree expander,
the seed length of H is log, |V| + O(n). On the other hand, if one samples independently,
the seed length is nlog, |V].

The fact that expander walks have small seed length while having a large spectral gap
has led them to many useful applications in theoretical computer science, among other
areas of mathematics. In particular, Gillman’s original bound has been used in randomness
reduction for randomized algorithms (AKK99; AS99), proving the inapproximability of
NP-hard problems (Zuc07), and decoding algorithms for error correcting codes (HOW15).
For a more complete treatment of expander graphs and expander walks and their uses
in theoretical computer science, we direct the reader to the survey by Hoory, Linial, and
Wigderson (HLWO06).

In this thesis, we apply some of our new results on concentration and anti-concentration
for Markov chains to problems in theoretical computer science, via the use of expander walks.
In Chapter 5, we construct explicit resilient functions matching the non-constructive functions
shown to exist by Ajtai and Linial (AL93). Informally, resilient functions are functions for
which any not too large subset of the inputs cannot affect the output of the function when

the other inputs are set randomly. In Chapter 6, we construct an explicit pseudorandom
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generator for the Littlewood-Offord problem. This is an explicit subset D of {—1,1}" of
size |D| < 2V 5o that sampling uniformly from D gives the same anti-concentration

properties up to constant factors for the Littlewood-Offord problem, as sampling uniformly

from {—1,1}".

2.4 Preliminary Claims

We present a few preliminary results that will be used throughout the thesis. These will
mostly be used to bound expressions of the form E[f; (Yj,)--- f;, (Y;,)] for ji,.... 4, € [n].

The following claim shows how the averaging operator can help break up expressions.

Claim 1. For all k > 1, matrices Ry, ..., Ry € RN*N and distributions p over [N]
k k
(1, B RoEy - By Ry o = [ [ Rl oo < [ IRz -
i=1 i=1

The following is Holder’s inequality.

Lemma 1 (Holder’s inequality). Let f and g be vectors, and r,p,q > 1 be such that % = %—F%.

Then

1f o gl < NNz llgllLy
where f o g is the coordinate-wise product of f and g.
We use Holder’s inequality in the next claim to again break up expressions.

Claim 2. Let uy,...,upy; € RY, let U; = diag(u;), and let Ty, ..., Ty € RVN*N. Then for
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any q >k — 1 and a probability measure p on [N],

<

Li(p)
Juillz a ||Uk+1||L 2 (1) (Hll [ )(HHTHL 2 (=L 2 (m)-

q— q—k+T1 qFE+1-25 q+k+1-25

Ifu:=wuy =+ - =ugyy and q > k + 1, this is at most
k
lullt H IT5lle oy oL 20 ) - (2.1)
aTEFI=2; aTEF1=2;

For g = 0o, we obtain the bound

k
vl a1kl 2o ) (H i1 > (H IITjIILg(uHLg(u)) (2.2)
j=1

7j=2

We note that the reciprocals of the norms appearing in the product above in the main

statement. form an arithmetic progression with difference 1/¢q centered around 1/2.
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Proof. By Holder’s inequality and the definition of operator norm,

(Lon)-], = (11em)

<ulle 5y, WlTlL 2 (w—L o
q—k+1 q+k—1 q+k—1

<llulle s,
q—

Li(pw)

L_2g (W)—L_2q (W)
g+k—1 q+k—1

(7)-

<lulle oy wlTille 5, w—r o (M)HUHLq(M)
L oq (=L 2 (p)

q—k+1 qtk—1 qt+k—1
q+k—3 g+k—3

k
< Nl o, qollellzg (HHY}HL 2 (WL 3 (u)>7
1 j=1

aFRFI—2; TFEF1I=2;

L 2q (=L 24 (p)
q+k—1 q+k—1

ITolle sy w1 a0
k=3

as desired. O

The next claim helps rearrange products involving the averaging operator and diagonal

matrices.

Claim 3. Let p € RN be a distribution, and let E, be the associated averaging operator.
Then for any u € CV,

E, diag(uw)E,, = (u, (1) o) Ep-

Proof.

]

Finally, we combine all of the above claims in the following Lemma 2, that will be used
throughout this thesis.

Lemma 2 uses notation which we define below. Let Sy be the set of {0, 1}* of vectors s
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with no two consecutive Os and so that s, = 1. For a given vector s € S, and index j for
which s; = 1, we define p(s, j) > 1 in the following way. Consider the consecutive run of 1s
in which j is located, and let i; and 75 be the first and last indices of this run. (Formally,
iy =max{j <i:s; =0}+1or1if nosuch j exists, and 75 = min{j >i:s; =0} — 1 or k if
no such j exists.) Then we define p(s, ) := 2¢/(q + ia + iy — 2j). In other words, for each
consecutive run of 1s, we assign norms whose reciprocals form an arithmetic progression with

difference 1/¢ centered around 1/2, as in Claim 2.

Lemma 2. Let k > 1 be an integer and q > k + 1. Let Sy C {0,1}* be as above. Let pi be a
probability measure on [N], ui, ..., ur1 € RY be an N-dimensional vectors, let U; = diag(u;)

for all i, and let Ty, ..., T}, € RN*N. We have the following upper bounds on the quantity

(LU(Ty + E)US(Te + E)Us - - - Up(Th + Eu)Ukia1) 1, (2.3)
o Ifu=u = - =up and (u, (1) 1,y = 0, then we obtain an upper bound of
Hunlzj(lu) Z H HTJ'HLp(s,j)(ﬂ)HLp(s,j)(#) : (2.4)
s€ESE jisj=1

o If (uj, 1) o(u) = 0 for all j, then we obtain an upper bound of

| o 2l Loy - kst llio Y 1T 1750220 - (2.5)

SGSk jZSj=1

o Let wj = (uj, () Lo(n)- If the coordinates of uj are in the range [0,1] for all j, then we

obtain an upper bound of

ST vew= | | T 1 Tlleao—zaeo | - (2.6)

s€{0,1}k \j:s;=0 Jisj=1
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Finally, for s € {0,1}*, let 5 := (0,5,0) € {0,1}*"2 and t(s) :=={j : 5, =5;_1 = 0}.
Then if ||u|| ooy < 1 for all i,

Yoo Wl | | TT =2 11 e rawl | - (27)
)

sef0,1}k \jis;=1 jis;=0 jEt(s

1UN(Ty + (1= N E)Us(Tz + (1 = N E)Us - - Up(Ti + (1 = N E) Ul ) <

Proof. We start with the first three statements. For j =1,...,k, let T;y = E, and T}, = Tj.

Then using the triangle inequality, the left-hand side of (2.3) is at most

k
> (H UTJ,S],) U1 (2.8)
s€{0,1}"' J=1 Ll(ﬂ')
For the first two statements in particular, we have that this is equal to
k
> (H UTJ,SJ) U1 : (2.9)
SESk ]:1

L1 (p)

since the terms corresponding to vectors s with two consecutive zeros or with s, = 0 are
equal to 0 because in these cases the term E,UE, =0 (or £,U1 = 0) appears.

Fix an s € Sy for the first and second bound, or an s € {0, 1}* for the third, and let
1 <7 <ry<---<r;<kbethe indices of s that are 0. By Claim 1, the term corresponding

to s in Eq. (2.8) or Eq. (5.4) is at most

| UTWUTy -+ T, ULy - U 1 UT 2 Ty 1 ULy - UT U2 - - TRU | 1y ) -

The lemma for the first three cases now follows by applying Claim 2. In particular, Eq. (2.1)
from Claim 2 gives us the first bound, and Eq. (2.2) gives us the second and third. For the

second bound, we note that because y is a probability distribution, ||u;|r,) < [|%;]L.(w
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for all j. For the third bound, we note that |lu;||; () < 1 for all j, and that ||uj||2LQ(u) <
]| £, (u) = wj, as the entries of u; are in the range [0, 1].
For the final bound, let U] = U; if i € t(s), and U] = I otherwise. Again, let Tjy = E

I

and T, = T;. Then the left-hand side of Eq. (5.4) is at most

2.

s€{0,1}*

k
(H UjTj,Sj> Upi1l

Jj=1

Ly (p)

2

s€{0,1}*

H (1=2X) H |<M7U>L2(ﬂ)’ (2.10)

Li(p) \J%i=0 JEt(s)

k
(H UT) Upyi1
J

where the equality follows from Claim 3 and the fact that Eﬁ = F,. We finish by fixing
an s € {0,1}* and proceeding as in the proofs of the second bound, Eq. (2.5). Note that

]| ooy < 1 for all j O

2.5 The Basic Chernoff Bound for Markov Chains

In this section, we present a proof of the Chernoff bound for Markov Chains as originally
proved in (Gil98). We state our version of the bound below, which is has different constant

factors. Our proof uses the preliminary claims developed in Section 2.4

Theorem 3. Let {Y;}2, be a stationary reversible Markov chain with state space [N] and
stationary probability measure p, and so that Yy s distributed according to . Let fi,..., fu:
[N] — [—1,1] be such that E[f;(Y;)] =0 for alli. Then,

Prfi(Ya) + -+ fa(Ya) = uv/n] < 2exp(—u?/(32¢(1 — \)))

We start by bounding E[| f(Y1) + - - 4+ f(Y,)]?] by a sum of L;(u)-norms of vectors that

can expressed as a product of the transition matrix of the Markov chain as well as matrices
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defined by the function f. We note that Lemma 3 will also be used in Chapter 3 in the

corollary of the Marcinkiewicz-Zygmund inequality for Markov chains.

Lemma 3. Let {Y;}2, be a stationary reversible Markov chain with state space [N|, transition
matriz A and stationary probability measure p, and so that Y is distributed according to p,

and let f1,..., fn: [N] = R Then for any even integer ¢ > 2 and any integer n > 1,

E[lfiY) + -+ LYl <qt ) [UL AT U A - - Ug A" ULy ),

V0, 0g—120:
vo+-+vg—1<n—1

where wu; is the vector such that u;(v) = f;(v) and U; = diag(u;).
Proof. Because ¢ is even, the left-hand side can be rewritten as

q

E [Trowa)|- (2.11)

weEn]? =1

Let V, be the set of vectors in w € [n|? so that 1 < w; <wy < --- <w, <n. Then Eq. (2.11)

is bounded above by

q!ZE

weVy

Hf(WwJ] :

i=1

The lemma follows by noting that

q
E H f(sz) S ||UAw1—w2UAw3—w2 . UAwq_wq_lU]-HLl(,u)
i=1
and that the map sending any w € V; to the vector (w; — 1, wy — wy, ..., w, — wy—1) (whose
coordinates are non-negative and sum to at most n — 1) is injective. [l

We proceed by applying Lemma 3 to each term in the sum to obtain a bound on the gth

moment.
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Lemma 4. Let {Y;}2, be a stationary reversible Markov chain with state space [N] and
stationary probability measure i, and so that Yy is distributed according to . Let fi,..., fu:
[N] — [—1,1] be such that E[f;(Y;)] =0 for all i. Then for any integer n > 1 and any even

2<gq,

q/2
Effi(V) -+ fulYa)lY] < 47" (—1 . )\) |

Proof. When ¢ > n, we have
E[(f(W1) + -+ F(Wa))] < mf < ni/2g"2.
By Lemma 3, we can bound the left-hand side from above by

q! Z ||U1AU1UQAU2 s Uquq71U1||L1(M),

V0,5.+0,Vg—1>0:
vo+rtvg—1<n—1

where A is the transition matrix of Y and wu; is the vector such that u;(v) = fi(v) and
U; = diag(u;). For each j, let T; = A% — E,,. By Eq. (2.5) of Lemma 2, this is bounded

above by

q! > > I (2.12)

VO yeery vqflz(]: SESq,1 j:Sj=1
vo+-Fvg—1<n—1

using the fact that

|AY — Eullaw—ro0) = 1A = EL) 7 || Lo(y—La) < (1A = EullLouy— L) -

Let Ao = (1 — ¢/(2n))A, and notice that since (1 — ¢/(2n))" > 279, Eq. (2.12) is at most

127 > b | B (2.13)

VO yeeey ’Uqflzo: SESq_l j:Sj=1
vo+-+vg—1<n—1
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Fix some s € S,_1, and let gy (respectively ¢;) be the number of coordinates of s that are 0
(respectively 1). Notice that go+¢1 = ¢—1 and that by definition of S,_1, ¢1 > ¢/2. Consider

the go + 1 variables v; for which either j = 0 or s; = 0. There are

(qo + n) - (2n)e0+1

go+1) = (q@+1)!

ways to set them so that their sum is at most n — 1. Therefore, the term corresponding to s

n (3.5) is at most

QO+1 n QO+1

2 1 q1
g (2" N = gras
72 qO+1' 11 Z (0 + 1) (1—Ao)

:s5=1 1=0
2
< ql2f (2n)7% Ly
T g2 (g + 1) \1 = X

2
< Qqth/2(2n)lJ/2 1 ! .
- 1—-A

The first inequality above follows by noting that ¢; > ¢/2 and that Ay < 1 — ¢/(2n) and thus

1/(1 = Xg) < 2n/q. The second follows by noting that because ¢; > ¢/2, and qo + ¢1 = ¢ — 1,

we have ¢ ~%2(qy + 1)! > (¢/2)!, and that (1 — Xo)™' < (1 —\)~L. O
We prove Theorem 3 by using Markov’s inequality.

Proof of Theorem 3. Tf u?/(16e(1 — X)) < 2, the right-hand side is greater than 1 and the
theorem holds trivially.

Otherwise, by Markov’s inequality,

Prfi(Y3) + -+ fu(Ya) = /il = Pr{(i(Y3) + - + fu(¥a))? > un®?)
E[(fiY1) 4+ -+ fu(Yn))? ]

- uan/Q

By Lemma 4 and letting ¢ be an even integer in the range [u?/(32e(1 — X)), u?/(16e(1 — \))]
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we obtain the upper bound of exp(—q/2) < exp(—u?/(32¢(1 — X)). The Theorem follows by

repeating the above for the left tail. m
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Chapter 3

A Marcinkiewicz-Zygmund Inequality
for Markov Chains

Let Xq,..., X, be independent and identically distributed real-valued random variables

such that E[X;] = 0 and E[|X;|?] <1 for some ¢ > 1. Then it is well known that
E[[ X1+ + Xa|" < Van, (3.1)

for example by the Marcinkiewicz-Zygmund inequality (MZ37) applied in the case that all
variables are identically distributed. After applying Markov’s inequality, Eq. (3.1) allows
one to obtain sharper tail bounds than what is given by Chebyshev’s inequality, without
requiring a bound on the moment generating function Elexp(¢X;)], which is necessary to
apply Chernoff bounds.

We obtain the following analogue of Eq. (3.1).

Theorem 4. Let {Y;}2, be a stationary reversible Markov chain with state space [N,

transition matrix A and stationary probability measure p, so that Yy is distributed according

top. Let X\ = [|[A— E,llo 1o Let f: [N] = R and ¢ > 2 so that E[f(Y1)] = 0 and

25



E[|f(Y1)]?] < 1. Then for any integer n > 1,

E[lf(Y1) +- -+ FV) T S 4 /155

By a simple application of Markov’s inequality, one can obtain the following tail bound.

See Section 3.4 for the proof.

Corollary 1. Assume the setting of Theorem 4. Then there exists a universal constant C
such that for any u > 0,

/2
P+ S0 2 il < (o)

In particular, if ¢ > u*(1 — \)/(Ce), then

Pr{lf(Y1) + -+ f(Ya)| Z uv/n] < exp (2 - —UQ(;C_@ A)) '

Vector-valued random variables: Using Theorem 4 we also obtain moment bounds
when the function f is vector-valued, in particular, when f takes on values in ¢, for p > 2. In
the case of independent random variables, the following moment bound follows from (Naol2,

Theorem 2.1). In particular, if X3, ..., X, are independent and identically distributed random

variables such that E[X;] = 0 and E[||X;||7 ] < 1, then

E[| X1+ -+ Xl 17 < v/max{p, ¢}n. (3.2)

When the random variables are not independent, we obtain the following moment bound.

Theorem 5. Let {Y;}32, be a stationary reversible Markov chain with state space [N],

transition matriz A and stationary probability measure i, so that Y is distributed according

top. Let A= ||A = Eul|ro(u)—Lau)- Let f:[N] = R™ and p,q > 2 so that E[f(Y1)] = 0 and
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ElF(Y)II ] < 1. Then,

EF() + -+ F) V7 5 /el

As in the scalar case, a simple application of Markov’s inequality yields the following tail

bound.

Corollary 2. Assume the setting of Theorem 5. Then there exists a universal constant C

such that for any u > 0,

max a/2
Pr(|[f (Y1) + -+ f(V)le, > uv/n] < (C/w(l_—ii;;l}) ‘

In particular, if ¢ > u*(1 — \)/(Ce), then

Pl 0) 4+ 105l 2 vl < s (p - POV

2Ce

We remark that the dependence on max{p, ¢} in Eq. (3.2) (and similarly Theorem 5),
rather than just ¢ as in the scalar case, is in fact necessary. To see this, consider the following
construction for the case p even, n = p and ¢ = 1. Let vy,...,v, € R¥ be random vectors
such that (v;); = —1% - (¢;/2) where s, ; is the ith digit in the binary representation of j,
and ¢; are independent Rademacher random variables. Then it always holds that ||v;|ls, =1

for all 7. Additionally,

b
E[H”l‘i‘""i‘?);,”gp] >E mjglx(vl+...+vp)j = 5

3.1 Preliminaries
The following preliminaries are specific to this chapter.
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When v € (RN and || - || is a norm on R?, we let

N
HUHZP(MH.”) = Z i |va |-
=1

As stated in the introduction, our bounds are in term of the quantity A = ||A —
E || Ly —r2()- We will use the Riesz-Thorin interpolation theorem (Rie27; Tho48) to

bound ||A — E,||L,(u)—L, () in terms of A.

Theorem 6 (Riesz-Thorin interpolation theorem). Let 1 < py < p; < 00 and 1 < gy <
@1 < oo. Let p and u' be any probability measures and let T be a linear operator such
that || T L,y () —Lay ) and [T L, (u)—Lq, ) are finite. Let 1/pp = (1 — 0)/po + 0/p1 and
/g9 =(1—0)/q0+6/q1. Then

9
1T 1| 2y (1) Loy () < TN M)_>L 1T, (=L, ()

We use the Riesz-Thorin interpolation theorem to prove the following bound on ||A —

E,u”Lp(,u)—wp(p) in terms of A\(A — Eu) =|A- EMHL2(#)—>L2(#)‘
Claim 4. Let A be a stochastic matriz, and let E, be the averaging operator on its stationary
distribution. Then for all 1 < p < oo,

1—|1-2
1A = Bullyostoi < 214 = Bl 1520 .

Proof. Because A is a stochastic matrix, || Az, -1, and [|AllL. (L. are bounded
above by 1, and the same is true for £,,. Therefore, [|A—E,|| 5, (u)— L. (1), A= Epull oo ()= Lo (1) <

2. When p < 2, by Theorem 6

11
1A = Bullz, o0 < 204 = Bl

2(p)—La(p)’
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and similarly when p > 2,

2
1A = Eully o6 < 2114 = Bl 1000

as desired. O

3.2 Calculating moment bounds in the scalar case

We start proving Theorem 4 by considering even moments. Thus, we can use combining
Lemmas 3 from Chapter 2 used in the proof of Gillman’s original bound, and apply Eq. (2.4)
from 2, also from Chapter 2. Finally, we can use Claim 4 to bound the norms of the matrices
that appear in the corresponding expression. In particular, we point out the left-hand side of

the inequality in Lemma 5 below appears in the right-hand side of the inequality in Lemma 3.

Lemma 5. Let A € RV*N be a stochastic matriz, and let X = ||A — E,,|| 1, (u)—Lo(u) for some
probability measure j1 over [N]. Let u be a vector such that ). pu; =0 and let U = diag(u).
Then for all n > 1 and all even q > 2,

q/2

S UATUAR - UA ULy < C1(1— )2

v0,...,Vq—1>0:
vo+-+vg—1<n—1

N oS

for some universal constant C'.

Proof. We start by applying Eq. (2.4) from Lemma 2 in Chapter 2 with £ = ¢ — 1 and
T; = A% — E,. Because AE, = E,A = E, we have that A% — E, = (A — E,)" and thus

| T\ Loy L2y = AY. By Claim 4, ||T5]|, < 2\ (=1=2/p(D - and thus we

p(s,5) (W)= Lip(s, 5y (1)
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can bound the left-hand side of (3.3) from above by

lull?, () Z Z H o\ (1=[1=2/p(s,7)]) (3.4)

s€Sq—1  v0,...,g—1>0:  jis;=1
vo+-+vg—1<n—1

Let Ao = (1 — ¢/(2n))A, and notice that since (1 — ¢/(2n))" > 279, Eq. (3.4) is at most

0y (1-1-2/p(5.9))
L CIF I DD RN | (A

$€ESq—1  V0,...,vg—120:  jis;=1
vo+-Fvg_1<n—1

v;(1—=|1-2/p(s,j
4q||u||%q(u) Z Z H )\0( [1-2/p( J)\). (3‘5)

$€Sq—1  V0,..,Vg—120:  jis;=1
vo+-+vg—1<n—1

Fix some s € S,_1, and let ¢y (respectively ¢;) be the number of coordinates of s that
are 0 (respectively 1). Notice that ¢y + ¢; = ¢ — 1 and that by definition of S,_, ¢1 > ¢/2.

Consider the gy + 1 variables v; for which either j = 0 or s; = 0. There are

(00) < Lo

go+1) 7 (q+1)!

ways to set them so that their sum is at most n — 1. Therefore, the term corresponding to s

n (3.5) is at most
(Io+1

+1'I[§:A1“2M“ . (3.6)
(90

jisj=1 i=0

The sum in (3.6) is bounded above by

SN L < 1
T2l = = [T=2/p(s, DL = Ao)
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where we used the convexity of A\§ in a. Therefore, (3.6) is at most

é;ﬁi}(leﬁm IT =11 =2/p(s,5)~" (3.7)

Recalling the definition of p(s, j), notice that the contribution to the product in (3.7) coming

from a run of consecutive 1s of length r in s is

ﬁ(l— r+1—2i>—1_tﬁj< q >2
P q 71,:1 g—r—1+2i/ °

Assuming for simplicity that r is even (a similar calculation holds for odd r), this is

o _ 2 —r— —r—1 g — 1\ —(¢—1)
- () (5)) s ()T ()
2 2 2e 2e

_ g—1\""
<2rr.2'< )
. 2e

<27 .e-e*- (2e)"

S 647‘

)

where we used Stirling’s approximation, \/2p < n!/((n/e)"n'/?) < /2pe. Summarizing, the
product in (3.7) (over all j such that s; = 1) is at most e*®* < e* and therefore (3.7) is at

most

g, 2n)©*! ( 1 )‘” o, (20)7 ( L )”2 < ¢l (ZH)W( 1 )‘”2 (3.8)
(go+1)!'\1 =X q1=92(go + 1)1 \1 = X (g/2)! \1=A

The first inequality in Eq. (3.8) follows by noting that ¢; > ¢/2 and that \g < 1 — ¢/(2n)

and thus 1/(1 — X\g) < 2n/q. The second follows by noting that because ¢; > ¢/2, and

Qo+ @ = q— 1, we have ¢~92(qy + 1)! > (¢/2)!, and that (1 — X\g)™t < (1 — )7L

We complete the proof by plugging this back into (3.4) and noting that there are at most
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29-1 elements in Sg-1- ]
Finally, we obtain the moment bound described in the introduction.

Proof of Theorem 4. If ¢ > n, we have

f) +---+ f(Va)

n

(1:| 1/q

lf(Y)|T+ -+ |f(yn)|q] 1/q

E[f(Y3) + -+ f(V)I/ =n-E H

n

§n-El

<n

< Vaqn,

as desired, where the first inequality follows from Jensen’s inequality.
When 2 < ¢ <n is an even integer we combine Lemma 3 from Chapter 2 and Lemma 5

to obtain the following inequality.

q'n?/?

]EHf(YD +-+ f(Yn)|q] S Cq(l - /\)_q/QHUH%q(M) (Q/Q)'

The theorem follows in this case by noting that ¢!/(¢/2)! < ¢%/2.
We now treat the general case when ¢ is not an even integer. Let p be the largest even
integer smaller than ¢. Let T, be the linear transformation from functions on [N] to functions

on [N]™ defined as
Tf(W) = f(Y)

for W € [N]". Consider the operator Iy — E,,, where Iy is the identity operator. First, by
Claim 4 (or directly by the triangle inequality), ||Ixy — E,||L,(u)—L,(u) < 2. Moreover, for all
functions f on [N], E[(Ix — E,) f(W)] =0, i.e, the image under Iy — £, of any function f is
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a centered function. Therefore, by the even integer case of the theorem, we have that

on
|1 0 (In — Eu)||Lp(p)—>Lp(un) S 1\’ (3.9)

where p, is the law of (Y3,...,Y,). Similarly, we can replace p with p + 2 in Eq. (3.9). By

Theorem 6, we obtain that there exists some 0 < # < 1 such that

1T o (In = Bl 2y Latun) < NT0 0 (I = B)IL (1, o 1T © (U = BT, a0 2y 0)

< (p+2)n
~ 1—A

< [_qn
~J 1_)\7

which implies the desired conclusion of the theorem. O

3.3 Calculating moment bounds in the /, case

In this section we prove Theorem 5. We consider functions of the form f : [N] — R™
with the property that E[f(Y1)] = 0. Then we will bound ]E[||Sn||2’p]1/q where S, = f(Y1) +
-+« + f(Y,). The proof proceeds in three steps. In the first step, we handle the case p = ¢,
which follows almost immediately from Theorem 4. We then derive from this the case p = 2
by using Dvoretzky’s theorem (Dvo61), which provides an embedding of 5 into ;. Finally,

we derive the case 2 < p < ¢ by interpolation, and the case p > ¢ follows from the case p = q.

3.3.1 A bound on the ¢gth moment for ¢,

Bounding the ¢th moment for ¢, only requires a bound on the sum of ¢th moments of
many scalar random variables, which we already have from Theorem 4. We carry out these

computations in the following lemma.
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Lemma 6. Let {Y,}22, be a stationary reversible Markov chain with state space [N|, transition

matriz A and stationary probability measure r(s) <, so that Y] is distributed according to p.
Let A = [|[A = Byl 2o(u)—120) and let f 2 [N] = R™ so that E[f(Y1)] = 0 and E[|| f(Y1)|7,] < 1.
Let S, = f(Y1)+ -+ f(Y,). Then for q > 2,

E[ISa[14]77 S /7
Proof. Note that
E[llSall7,] = E[(Sn)1 "+ [(Sn)al* + - -+ + [(Sn)m|] -
Applying Theorem 4 to each |(.S,);|?, we find that this is bounded above by
(Can/(1 = A\)P2(E[] A + - +E[|ful]) < (Caqn/(1—N)"2,

for some universal constant C as desired. O

3.3.2 A bound for /¢

Dvoretzky’s theorem, which we state below, shows that {5 can be embedded into ¢, for

any ¢ > 1 (Dvo61).

Theorem 7. For all 1 < ¢ < o0, € > 0, and integer m, there exists N,(m,€) and a linear

function g : R™ — RNa(™) 5o that for all x € R™,

[2lle; < llg()lle, < (1 + )|l

Lemma 7. Let {Y}2°, be a stationary reversible Markov chain with state space [N|, transition

matriz A and stationary probability measure i, so that Yy is distributed according to j. Let
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A= ||A = E.|lLy)— Loy and let f: [N] = R™ be so that E[f(Y1)] = 0 and E[|| f(Y1)]|7,] = 1.
Let S, = f(Y1) + -+ f(Y,). Then for q > 2,

1 qan
E[Sa1)7 < (/72

Proof. Let g be the function in Theorem 7 for ¢ = 1 and m. Then,

B[IS,17 < Ellg(S) L Vs
=E[l|lg(f(Y1)) +---+ g(f(Yn))qu]l/q
S Ellg(FOIE 7 /an T =)

< 2E[|lf(V)IIE]"Van/(1 = A)

where the first inequality is by Theorem 7, the second is by Lemma 6 (applied to the function

go f), and the last is again by Theorem 7. []

3.3.3 A bound for /¢, for all p > 2

We need the following generalization of the Riesz-Thorin interpolation theorem, which

can be obtained from Theorems 4.1.2 and 5.1.2 in (BL76).

Theorem 8. Let 1 < py < p; < o0 and 1 < q < oo, and p and i’ be distributions. Let T
be a linear operator such that ”THLq(u;épo)—wq(u/;épo) and ||T|| Ly (usty, )= Lo(ustn,) @€ finite. Let

1/pg =1 —6)/po+0/p1. Then

1-6 0
TN 2 atustng) > Latwitng) < WL Gustn)— Latrstpo) 1T | Loty ) Lottty

The following is the upper bound on E[||S, 7 ]'/9.

Proof of Theorem 5. For the case p < ¢, as in Theorem 4, let T}, be a linear transformation
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from functions f on [N] to functions on [N]", so that
T.f(W) => f(V7)
i=1

for W € [N]™. As in the proof of Theorem 4, let Iy be the identity operator, and note that

by the triangle inequality || In — E, |1, (u6,)—Lq(uit) < 2, for p=2,q. Then by Lemma 7 and

by Lemma 6,
< 4
1T © (In = Bl g (it = LaGuunste)s 1T © (I = By Ly sty = Lo(pnita) S 1 -\
where p, is the law of (Y1,...,Y,). The statement of the theorem follows from Theorem 8

and setting pp = 2, p; = ¢, and py = p.
If p > g, then by Jensen’s inequality, ]E[||Sn||3p]1/q < E[||Sn||§p]1/p, and the theorem follows

from Lemma 6. O

3.4 Tail bounds

We now prove the two tail bounds mentioned in the introduction. Both proofs follow

easily from Markov’s inequality, and are nearly identical.

Proof of Corollary 1. The first tail bound follows by noting that
Pr(|[f(Y2) + -+ f(Ya)| = uy/n] = Pr([f (Y1) + - + f(Ya)|? > (u?n)"?]

and using Markov’s inequality and Theorem 4.
For the second tail bound, note that if u < {/2Ce/(1 — \), then the right-hand side is
greater than 1 and the inequality holds trivially. Otherwise, the bound follows by taking

q = u*(1 — \)/(Ce), which is greater than 2. O
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Proof of Corollary 2. The first tail bound follows by noting that
Pr(|[ f(Y1) + -+ f(Ya)lle, = uv/n] = Pr[[ f(¥1) + -+ f(Y)IIF, = (u®n)??]

and using Markov’s inequality and Theorem 5.
For the second tail bound, note that if v < y/pCe/(1 — \), then the right-hand side

is at least 1 and the inequality holds trivially. Otherwise the bound follows by taking

q = u*(1 — \)/(Ce) which is greater than p, and thus max{p, ¢} < 2q. O
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Chapter 4

A Hoeftfding Inequality for Markov
Chains

In this chapter, we prove a Markov chain version of Hoeffding’s inequality. We also use
this to prove tail bounds for sums of vector-valued random variables, and in pariticular point
out an application to norms of random matrices whose entries are obtained from a Markov
chain.

Let Y7,...,Y, be independent random variables uniform over [N] and let the functions
fi,---, fn be on [N] so that f; has range [—a;, a;]. Recall from the introduction that Hoeffding

obtained the following tail bound (Hoe63).

n 1/2
Pr|[fi(Y) + -+ fulYa)] > (Z ) < 2exp(—?/2) (4.1)

In this work, we generalize Eq. (4.1) to reversible Markov chains with a stationary distribution.

In particular, we prove the following.

Theorem 9. Let {Y;}2, be a stationary reversible Markov chain with state space [N,

transition matriz A, stationary probability measure p, and averaging operator I, so that Y
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is distributed according to pr. Let X = ||A — E,|| o) — 1oy and let fi,..., fr : [N] = R so
that E[f;(Y;)] =0 for alli and |fi(v)| < a; for all v € [N] and all i. Then for u > 0,

N 1/2
Pr||fiYi) 4+ + fu(Ya)| > u (Z a?) < 2exp(—u*(1 — \)/(64e)).

One interpretation of Theorem 9 is that for a Markov chain {Y;}°, and functions

fi,.ooy fu t [N] = [=1,1], the random vector (f1(Y?),..., fu(Y,)) is sub—gaussian.

4.0.1 Extension to vector—valued random variables

We extend Theorem 9 to random variables from a fixed Banach space as follows. We
stress that the setting in the following theorem is more limited than that of Eq. (1.8). In
particular we only allow random variables of the form f(Y;)X; in which f(Y;) is a random

scalar and X; is a fixed element from the Banach space.

Theorem 10. Let (X,|| - ||) be a Banach space, and let Xi,..., X, € X. Let {Y;}32, be
a stationary reversible Markov chain with state space [N], transition matriz A, stationary

probability measure j1, and averaging operator E,, so that Yy is distributed according to p.
Let X = ||A = Eu|lno(u)—La(n), and let fi, ..., fo : [N] = [=1,1] be such that E[f;(Y;)] =0 for

all i. Then there exist universal constants C and L, such that for any u > 0,
Pr{l|fi(Y)X1+ -+ fu(Yo) Xal 2 uCE[[|g: X1 + -+ + g2 Xa|l]] £ Lexp(=Cu?(1 = N))

where g1, ..., g, ~ N(0,1) are independent standard Gaussian random variables.

Note that Eq. (1.8) implies that E[||[g1 X1 + -+ + ¢, Xa ] < CV/s(|1 Xal2+ - + | Xa]?)
for some constant C'. This follows from the fact that the distribution of the normalized sum

of independent Rademacher random variables approaches that of a Gaussian, in the limit.
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Thus for Banach spaces that satisfy px(7) < s72, we also have the bound

Pr (| fi(YD) X1+ 4 (V) Xall 2 uCV/s(IX0]? + - + 1 Xa]?) | < Lexp(=Cu?(1 = )

4.0.1.1 Bounds on the Schatten co-norm of a random matrix

As an application, we are able to generalize bounds on the Schatten co-norm of a matrix
with independent entries to matrices whose entries are obtained from a reversible Markov
chain with stationary distribution.

Let Z C [d] x [d] be the set of pairs (i, ) such that ¢ < j, and let B = (b;;) € R¥? be
a symmetric matrix with positive entries. Let X € R%*“ be the random symmetric matrix

whose entries are

5i,jbi,j if (Z,j) el
Xi,j =

gjibi;  otherwise

where ¢; ; are independent Rademacher random variables. Then it was shown in (BvH16)

that

E[|X5..] < min { C( + 0.v/log ), | Blls.. | (4:2)

for some absolute constant C, where

0 = max E b7, and o, = max |b; ;. (4.3)
7 - ’ 1,J
\

We generalize Eq. (4.2) to reversible Markov chains with a stationary distribution. In
particular, we obtain a similar bound in terms of A = ||A — E,,|| 1, () L,(x) On the Schatten
oo-norm of a matrix whose entries are chosen in the following manner. We start by choosing
an arbitrary permutation of the entries in the diagonal and upper triangular part of the

matrix. Then we fill in the entries according to the order given by the permutation, using
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the values given by the Markov chain. Finally we fill in the entries in the lower triangular
part of the matrix, so that the matrix is symmetric. The case that the transition matrix is
A = E, corresponds to choosing the entries of the diagonal and upper triangular part of the

matrix independently, as in (BvH16).

Corollary 3. Let {Y;}2, be a stationary reversible Markov chain with state space [N],
transition matriz A, stationary probability measure p, and averaging operator E,, so that Y,
is distributed according to p. Let X = ||A — E,||Lo()—L2(0), let f:V — [=1,1] be such that
E[f(Y;)] =0, and let B € R¥™? be a symmetric d x d matriz with positive entries. For any

injective function w: T — {1,2,...,(d> +d)/2}, let X be the symmetric matriz defined by

F(Youg)bi; if (4,7) €T
ij =

f(Yoga)bji  otherwise

X

Then,

E[|Xs..] < min{

C
m(g T Oxy logd)> HBHSOO} >

for some absolute constant C', where o and o, are defined as in Eq. (4.3).

4.1 Preliminaries

The following preliminaries are specific to this chapter.
The following simple claim bounds ||7|| 1, (u)— Lo () for a matrix 7" in terms of [|T|| 1, (- L. (1)

and ||T|| L. (u)—Loo(u)- This can be viewed as a special case of interpolation of matrix norms.

Claim 5. For any matriz T,
||T||%2(,u)—>L2(/L) S ||T||L1(,U«)4)Ll(/l)||T||Loo(ﬂ)‘>Loo('U')'
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Proof. For all z, u € R™ so that u has positive entries,

n n 2 n n n
Tl = S (z ) <3 (z w) (z mmz)
i=1 j=1 i=1 j=1 j=1

<N 2 (= oo 1T (@ 0 @) 2y ) 2100 S N TN ey Lo ) 1T N 2 ()= 22 ) 12 T 0

where the first inequality follows by Cauchy-Schwarz, and o denotes entrywise product. [

4.2 Proof of Theorem 9

To prove Theorem 9, we follow the strategy of bounding the gth moment for some even
integer ¢, and using Markov’s inequality to obtain a tail bound. We start by expanding
(fi(Y1) 4+ -+ fu(Yn))? into a sum of monomials.

The following lemma bounds the expectation of monomials in the f;(Y;), and can be
derived from Lemma 2 in the introduction. Recall that S,_; C {0,1}97! is the set of strings

with no consecutive 0’s and so that s;,s,-1 =1 for all s € S5,_;.

Lemma 8. Let {Y;}22, be a stationary reversible Markov chain with state space [N|, transition
matriz A, stationary probability measure j1, and averaging operator E,,, so that Yy is distributed
according to ju. Let X = ||A = E,||L,(0)—Lo(n) and let fi, ..., fn : [N] = R so that E[f;(Y;)] =0
for all i and |fi(v)] < a; for all v € [N] and all i. For all q, and w € [n]? such that

wy Swy < e < Wy

Elfun (Vo) Fus (Vi) Foy (Vi )] < sty =y Y (H A)

s€Sq—1 \irs;=1

Proof. We apply Eq. (2.5) from Lemma 2 in Chapter 2, letting k = ¢ — 1, u;(v) = fu,(v) for
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all v € [N], and T; = A¥+~% — E,. Note that for all £ > 0,
AF— B, =A" - A"'E, - E,A+E.= (A" - E,)(A-E,) =(A-E,)".

The lemma follows by noting that |[u;|z () < w, and || T3] 1,0 — 1oy < AV O
We obtain the following bound on the moments of f;(Y1) + -+ f.(Y,).

Theorem 11. Let {Y;}2, be a stationary reversible Markov chain with state space [N,
transition matriz A, stationary probability measure p, and averaging operator E,,, so that
Yy s distributed according to p. Let A = [|[A — E,||L,(0)—1o(u) be less than 1, and let
Jis-oos fu i [N] = R so that E[f;(Y:)] = 0 for alli and | f;(v)| < a; for all v € [N] and all i.

Then for even q,

1 \72 [ a/2
I )+ £ < 000/ (12 ) (Z ) .

Proof. Let o : [n]? — [n]? be the function where o(w) is the sorted list of coordinates of w in

non-decreasing order. Then by Lemma 9,

E[(A(Y)+ -+ V)T = Y Elfun (You) fun (Yas) -+ fuoy (Y, )]

we[n]q
S Z awlawg Tt awq Z ( H Ag(w)i+1_a—(w)i> . (44)
we[n]4 s€Sg—1 \irs;=1

Let (q[(;]z) denote the collection of subsets of [g] of size exactly ¢/2. For each subset Z € ((1[(/1]2),

let Wz C [n]? be the set of all vectors w such that for each j € [n],

Hi:ie€Zandw;, =7} ={i:i€{L,3,5,...,¢q— 1} and o(w); = j}|,

43



i.e. the multi-set (J,c,{w;} is equal to the multi-set {o(w)1, o(w)s,o(w)s, ..., 0(w)e—1}. Let
wr, wg\z € [n]9? be the restriction of w to the coordinates in Z and [g]\Z respectively.
Additionally, for each Z & (q[%) and s € S, 1, let Tz, be the n?/2 x n%/2? matrix defined as

follows. For each w € [n]?, the entry in the wzth row and wyzth column of 77, is

[Lis=1 Aozt if w e Wy
T s(wz, wignz) =
0 otherwise.

Because

Eq. (4.4) can be bounded above by

S Y tnau, o aw (H Ao@wlii— aw)z> S Y (a1 a0,

SESg—1 IE( 9 )wEWI its;=1 SESG-1 Ie(q[/]g)

<|S max T,
541( ) o T

®q/2
7, /2

|a®9/2|,, = ||cz||‘1/2 Both |S,-1| and ( /2) are each bounded above by 29. Thus by Claim 5, it

where a®4/2 € R™"” is the vector such that a} = a;,a, -+ a;,, for i € [n]¥? and thus

is enough to show that

1 q/2
HTI,stl—wu HTI,S”ZOO—MOO < (q/2)! (m) .

We show this for || 77 s||¢..—e..; the proof for ||T7 s||¢—e, is similar.
Because the entries of T are positive, ||T7s/s. e, is just the largest row sum of 17 .

Without loss of generality, assume that Z = {1,3,5,...,¢ — 1}. Then the sum of the entries

44



of the row corresponding to wz = (wy, ws, ws, ..., w,_1) is

o(w)s o(w)s

Y. Dwnwgao) <@@/2)) ) Y - Y [ et
W2, W4,...,Wq: WEWT wo=c(w)1 wa=oc(w)s wg=0c(w)g—1 ©:8;=1
1 q/2
<(q/2)! | ——
as desired. The first inequality follows from the fact that w € Wz and wy, w3, ws, ..., we—;
determine o(w)y, o(w)s, o(w)s, . ..,0(w),—1 exactly, and that there are at most (¢/2)! possible
orderings of ws, wy, ..., w,. The second inequality follows from the definition of S,_;, which

implies that for every positive even integer k < ¢, either s;_; = 1 or s = 1, along with the

formula for the sum of an infinite geometric series. m

Finally, Theorem 9 follows by considering the moment generating function and applying

Markov’s inequality.

Proof of Theorem 9. If A > 1 or if u < 8/ V1 =\, the theorem holds trivially as the right-
hand side is greater than 1.
Otherwise, we start by bounding the moment generating function. Let 8 = (1—\)u/(32(a?+
-+ a2)'/?) By Theorem 11 and keeping in mind that by Jensen’s inequality, odd moments

are bounded above by even moments,

Elexp(0(fr(Y1) + -+ + fu(Ya

q=0
< 2 820-1(2g — 1)! 824(2q)!
o) (1 . A)q'U/Qq
<2 8244
q=0



By Markov’s inequality,

n 1/2
Pr| (Vi) + -+ ful¥2) zu<zag>
i=1

" 1/2
=Pr [exp(&(fl(Yl) + -+ fu(Yn))) > exp <9u<z af) )]
_ Elexp(O(fi (V) + -+ fa(Yi))]

T e (u(SL @)

< 2exp (u*(1 —\)/64 —u?*(1 — N)/32)

= 2exp (—u’(1 — \)/64)

The final bound follows by doing the same for the left tail, and noting that if u > 8/v/1 — A,
either 4 exp(—u*(1 — \)/64) < 2exp(—u?(1 — \)/(64e)), or 2exp(—u?(1 — \)/(64e) > 1.

]

We note that it is possible to obtain stronger tail bounds that improve on the constant

factor by optimizing some of the calculations above, but we will not do so here.

4.3 Extension to vector—valued random variables

To prove Theorem 10 we use the techniques of Talagrand’s generic chaining. These
techniques apply to random variables that satisfy the “increment condition,” which we define

below.

Definition 2. A metric space (T,d) and process (Z;)ier satisfies the increment condition if

for all w and all s,t €T,

u2
Pr[|Z; — Zi| > u] < 2exp (—W) :
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When (Z;)er is a gaussian process, that is Z; is gaussian for all ¢ € T', we can equip T’
with the canonical distance, d(s,t) = E[(Z, — Z;)?]'/2.

Theorem 9 essentially states that for a a Markov chain {Y;}?°, and functions fi,..., f,:
[N] — [—1,1] with E[f;(Y;)] = 0, the process (Z;)er defined by Z; = (f1(Y1)t1, ..., fu(Yo)tn)
for T'= R" satisfies the increment condition if the associated distance is 1/32¢/(1 — A) times
the Euclidean distance.

We also define the 7, functional.

Definition 3.

: i/2 /
Y2(T, d) = inf 22%3 ; 21/ min d(t,t'),
where the infimum is taken over all sequences of subsets Ty CTy C --- C T such that |To| =1
and |T;| < 22" fori > 1.

The majorizing measures theorem, due to Talagrand (Tal87) (see also Theorem 2.4.1
in (Tall4)), gives bounds on the expected value of sup,cq Z;, where (Z;);er is a gaussian
process, in terms of v,(7, d) where d is the canonical distance. We state the theorem below.
Theorem 12 (Talagrand’s majorizing measures theorem). For some universal constant C,
and for every gaussian process (Zy)ier,

1
ZnlTd) <E {sup zt] < Cv(T, d),

teT

where d(s,t) = E[(Z, — Z;)*]"/2.

We also use the following tail bound for any process that satisfies the increment condition,

which is given as Theorem 2.2.27 in (Tall4).

Theorem 13. If the process (Z;) satisfies the increment condition, then for uw > 0, Then,

Pr | sup [X; — Xi| > Lyo(T,d) +ul sup d(ti,t2)| < Lexp(—u?).

s,teT t1,to€T
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We now describe how to select T to apply the above tools to the setting of Theorem 10.
Let (X, ]| - ||) be a Banach space, and let (X*, | - ||«) be the dual space of X with closed unit
ball B*. Recall that for x € X,

[z]| = sup [(z*,z)].
z*eB*

(see for instance, Theorem 4.3 in (Rud91)). For fixed Xi,..., X, € X, let T C R™ be the set
of points,

T = {({(z", X1), (&%, Xo), ..., (z*, X)) : * € B*}. (4.5)

Note that 7" is symmetric, as for every z* € B*, we also have —z* € B*. It follows that

1/iXe+ -+ fuXa| = Sg(ﬁ t). (4.6)

Finally, we prove Theorem 10.

Proof of Theorem 10. Consider the metric space (7', d) where T' is as constructed in Eq. (4.5)
and d(s,t) = \/32¢/(1 — \)||s — t||,- Then by Theorem 9, the process (Z;);cr defined by
Zy = (fiY1)t1, ..., fu(Ya)t,) satisfies the increment condition.

Additionally, consider the Gaussian process (Z,);er on the metric space (T,d'), so that
Zy = git1 + -+ + gpt, for independent standard Gaussian variables ¢q,...,¢g, and d =
E[(Z, — Z,)*]*/2. Then by Theorem 12,

’72(T7 d) = )\’VQ(T7 d/) S ﬁE

teT

32 C
‘ {Sup Zt']

The theorem then follows from Theorem 13 the observation that sup, , | Z, — Z;| = 2sup, Z;

as T is symmetric, and Eq. (4.6). O
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4.3.1 Comparison to matrices with independent entries

We prove Corollary 3, which follows from a straightforward application of Theorem 10.
In order to apply Theorem 10, we need a bound on E[||X’||s..] when X’ is the random

symmetric matrix whose entries are

gijbi; if (i,j) €T
X’L/J =

gjibij  otherwise

where g; ; ~ N(0,1) are independent standard Gaussian random variables (rather than
Rademacher random variables, as in Eq. (4.2)). This setting was also discussed in (BvH16)

in which it was shown that

E[|| X'||s.] < C(o + ./logd), (4.7)

where o and o, are defined as in Eq. (4.3).

Proof of Corollary 3. Let X' be the random matrix defined above. Then by Theorem 10 and
Eq. (4.7),

C , cr
B[l X]ls..] < — )\E[HX ls.] < — (0 + 0.y/1ogd)

>

Finally, because |f(v)] < 1 for all v € [N] and B has positive entries, it follows that

[ Xls0 < IBlls.., always. O
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Chapter 5

Poisson Approximations for Markov

Chains

In this chapter, we investigate to what extent sums of random variables obtained from
a Markov chain share properties with Poisson random variables. As an application, we
construct explicit resilient functions matching the nonconstructive versions shown to exist
due to Ajtai and Linial (AL93).

In particular, let {Y;}52; be a reversible Markov chain with state space [N] and stationary
distribution u, and let fi,..., f, : V — [0,1] (where often f; = --- = f, = f) be so that
E[fi(Y1)+- -+ fu(Yn)] = ®. When the Y; are completely independent of each other, a simple

calculation shows that the moment generating function is bounded above by
E[afl(Yl)erJrfn(Yn)] <exp((a—1)-®).

The above bound easily imply tail bounds on f;(Y;) + -+ + f,.(Y,,) by Markov’s inequality.

In this chapter we prove an analogous bound for the case of Markov chains

Theorem 14. {Y;}2, be a reversible Markov chain with state space [N| and stationary
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distribution p, and let X\ = NY'). Let fi,...,fn : V. — [0,1], and let o; = E[f;(v)]. Let
O :=E[fi(Y1) + -+ fu(Ya)]. Then for 1 <a <1/A,

1—A
Ela/1Y)+-+fa(Ya)] < —1)-P- ) 1
o <exp(@--0- (12 5.1

The proof strategy we use for Theorem 14 is to first bound expressions of the form
IE[Z’LU1Z”LU2 T Zwk]
where Z; = f(Y;) for all i. The will then allow us to bound expressions of the form

E[(fi(Y1) + -+ fu(Ya))"]

for integers ¢, which will finally allow us to obtain a bound on the moment generating
function.

As stated previously, bounds on the moment generating function immediately imply tail
bounds. In particular, by plugging in o = A= — (1 — \)/(¢'/2X3/2) in Theorem 14 we obtain

the following.
Corollary 4. In the setting of Theorem 14, for allt > 1/X,

1 1—-A

PrisSn 2 19] < (5 = jiayrs

—t®
) exp(® - (1 — N)(VEr —1)/)) . (5.2)
For instance, for A = 1/2, we obtain

Pr[S, > t3] < (2 - \/g) " exp(® - (V2 - 1)) .

We also note that for large ¢, the bound in (5.2) is roughly A\*®, which is again close to tight
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by the example in Section 5.0.1.

5.0.1 Sharpness

We now sketch an argument showing that Theorem 14 is sharp in the following sense.
Fix arbitrary A € [0,1) and ® > 0, and consider the Markov chain with transition matrix
A =M+ (1—)\)J of dimensions N x N where J is the matrix whose entries are all 1/N.
This corresponds to the walk where at each step we either stay in place with probability A, or
choose a uniform vertex with probability 1 — X. Let f; =--- = f,, = f be the function that
assigns 1 to a u = ®/n fraction of “marked” states and 0 to the remaining states (where we
assume for simplicity that ®|V|/n is integer). Equivalently, one can consider a Markov chain
with two states, one marked and one unmarked; a step in the chain stays in the same state
with probability A and otherwise chooses from the stationary distribution, which assigns mass
4 to the marked state and 1 — y to the unmarked state.

Then we claim that as n goes to infinity, the left-hand side of Eq. (5.1) converges to the
right-hand side. To see that, we say that a step of the walk is a “hit” if (1) the walk chooses
a uniform state (which happens with probability 1 — X), and (2) that chosen state is marked.
Then observe that the random variable counting the number of hits during the walk converges
to a Poisson distribution with expectation (1 — \)® (since it is the sum of n independent
Bernoulli random variables, each with probability (1 — A)u of being 1). Moreover, each time
a hit occurs, we stay in that vertex a number of steps that is distributed like a geometric
distribution with success probability 1 — A. (We are ignoring here lower order effects, such as
reaching the end of the walk.) Therefore, using the probability mass function of the Poisson

distribution and the moment generating function of the geometric distribution, we see that
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for any a < 1/, as n goes to infinity, E[a"] converges to

> P VD=V (2NN (- w1 - et =)

_ exp<q>_ <<1 _1)\—>(2)\_ 1))) |

as desired.

5.1 Bounding monomials

In this section we prove Lemma 9, bounding the expectation of monomials in the f;(Y;).

Lemma 9. Let {Y;}2, be a stationary reversible Markov chain with state space [N|, transition
matriz A and stationary distribution p so that Yy is distributed as p, and let X\ = \(Y'). Let
fiyoooy fu i V= [0,1], and let o; = E[f;(Y:)], and let Z; = f;(Y;) for alli. Then for all k > 1

and w € [n)* such that wy < wy < -+ < wy,

E[Zw1Zw2 R Zwk] < Z m< H m) ( H )\wiJrl_wi)‘

s€{0,1} k-1 1:8,=0 is;=1
Proof. Let d; = w;+1 — w; for all 4. Let u; be given by (u;), = fu,(v) and let U; = diag(u;).
Then

E(Zuwy Zwy ** Zo) = UL AT URA® - - - A% UL |1, (- (5.3)

Let T;o = E, and T;; = A% — E, and notice that | Tiall Lo = L) < A% . Using the triangle

inequality, we can bound the right-hand side of Eq. (5.3) from above by

> T W UsTo, - Tt Ukl o)

s€{0,1}k—1
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By Eq. (2.6) in Lemma 2 in Chapter 2, for each s, the term corresponding to s satisfies

NU\Th s, UsTo sy - Thomt s Urd| 21(0) £ /O Oy ( H ,/Jwiawiﬂ) ( H )\dz‘> . (5.4)

1:8;,=0 i:8,=1
The lemma follows by summing over s € {0, 1}*71. ]

It is interesting to note that we can also let T}y = (1 — A%)E, in the proof above to obtain

a bound of

E[Z'WIZ’LUQ T Zwk] S Z m( H (1 - )‘wiJrl_wi)m) < H )\w”l_wi)

se{0,1}k—1 1:8,=0 i:s;=1

k—1
=V Ow Owy H((l - )‘wH—l_wi)\/ gwigwi+1 + /\wi-H_wi)' (55)
i=1

When oy = - -+ = g, = u, this bound simplifies to
k—1
E[Zwlzwz tee Zwk] <u H((l - )\leiwi)/L + )\wiﬂ*wi).
i=1

Observe that for the two-state Markov chain described in Section 5.0.1, for every n > 1
and every 1 < w; < --- < w, < n, this inequality is actually an equality. Indeed, the
left-hand side is the probability that we are in the marked state at all the steps wq, ..., wy.
The probability of being in the marked state at step w; is o (as we are in the stationary
distribution); and the probability of being in the marked state at step w;;; conditioned on
being there at step w; is (1 — A\Wit1=Wi) 4 \Wit1—wi,

This observation implies that the moment generating function E[a"] of an arbitrary
graph and arbitrary fi,..., f, with all E[f;] equal can be bounded by the moment generating
function of the corresponding two-state Markov chain (as can be seen from the Taylor

expansion; see Eq. (5.8) below). This can be used to give an alternative (and perhaps more
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intuitive) proof of Theorem 14. We do not include this proof here since it is not clear how to

extend it to the case of general o;.

5.2 Proof of Theorem 14

In this section we complete the proof of the main theorem using the bound in Lemma 9.

We start with the following easy corollary of Cauchy-Schwarz.

Claim 6. Let P € R[X, ..., X,] be a multivariate polynomial with non-negative coefficients.

Then for x1,...,Tu,Y1,---,Yn € R,

P<x1y17372312;---737nyn) S HlaX{P(QJ%,.I‘g,_..7 121> P(y17y27"'7y121)}'

Proof. Let
P(Xy,.., Xp) = > an X[UX52 - X

meN”T

for some a,, > 0. Then

P(x1y1, 22y, - Tnthn) = Y Gon(2152) ™ (2202)™ -+ (X0 Y)™

meNn
—= Z( am ml m2... )( am mi mz. .y;nn)
meNn
1/2 1/2
< Z CLm;Cle 2ma | xiﬂm) ( Z amy2m1 2my yimn>
<m€N" meN™
S maX{P(x%,xg, Ty 721) P(y17y27 s 7y721)}7
where the first inequality follows from Cauchy-Schwarz. O

Lemma 10. Let {Y;}2, be a stationary reversible Markov chain with state space [N, tran-

sition matriz A and stationary distribution p so that Yy is distributed as p, and let A = \(Y).
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Let f1,..., fn: [N] = [0,1], let Z; = f;(Y:) for all i, and let o; = E[f;(v)], ® =01 + -+ + 0p.

For all k € [n], let W, C [n]* be the set of all w such that wy < wqy < -+ < wy. Then

k—1 Pi+1)\k—i—1
— ( ) (i 4+ DT = N)F=imt

(2

Z L Ly wk

weWy,

Proof. By Lemma 9 and Claim 6,

< Z Z m<n m)(n )\wi+1wi>

weWy, se{O,l}k—l 1:5,=0 i:8;=1

< max{ Z Z O, H Ow, iy H \Wit1—wi

Z T Zongy -+ + Lo,

weWy,

weWp, s€{0,1}k-1 i:8;=0 i:8,=1
2 > ow [ ow LA w,}_
weW), se{0,1}k~1 Q5= iisi=1

We assume for the remainder of the proof that the second term is the maximum. A similar
proof holds under the assumption that the first term is the maximum.

We will show that for each s € {0, 1}F71

Wi 41 —W; (01 4+ 4 Un)k_|5|)\|s|
% ( Il %) < [ ) = (k= [sPN(L = A)lsl (5.6)

weWy 1:5;= i:8,=1

where |s| is the number of coordinates of s equal to 1. This proves the lemma, as there are
(kﬁ;il) vectors s € {0,1}%71 such that |s| = j. From this point we fix s.

Let ws be w restricted to the coordinates ¢ such that s; = 0 along with the kth coordinate.
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Then

() () 2 (1) (2 1)

weWp, 185 i:5;,=1 wW:ws=v i:5;=1
k?—lSl A |8|
< S (e ) (25)

UEWk,H =1

where the last inequality uses the observation that the function that maps any w € Wj_
with ws = v to the sequence of positive values (w;;1 —w;);s,—1 is an injective function. Finally,

Eq. (5.6) follows by noting that

k—|s| o1+ - —I—U)I“'S'
Z)<H"”f>§ (=t

Ue(k[—nﬂﬂ
O

The following lemma gives an upper bound on the moments of S,,. We denote by {Z} the
Stirling number of the second kind. This counts the number of ways to partition a set of n

labelled objects into k£ nonempty unlabelled subsets

Lemma 11. Let {Y;}2, be a stationary reversible Markov chain with state space [N, tran-
sition matriz A and stationary distribution p so that Yy is distributed as p, and let A = \(Y).
Let fi,....fn:V = [0,1], let Z; = fi(Y;) for all i, and let S,, = Zy + -+ + Z,,, and let

o, =E[Z;], =01+ -+ 0,. Then for all positive integers q,

o< S {2 (3 e

Proof. Consider the subset Dy C [n]? of vectors with exactly k distinct coordinates. Note
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that
q

112,

J=1

q

112

Jj=1

E[S]= Y E
weE[n]?

q
=> ) E
k=1 weDy

We will upper bound each term on the right-hand side separately.
Fix a k, and let W, C [n]* be the set of vectors w so that w; < ws < -+ < wy. Let

¥ @ Dy — Wy be the function mapping each w € Dy to the vector whose coordinates are

exactly those in w in sorted order and without repetition. Then because Z; € [0, 1] for all 1,

k

H Zw(w)j ‘

j=1

q

112,

J=1

(5.7)

Y E

weE Dy

<> E

we Dy,

Moreover, for all w € W}, we have [~} (w)| = {#} k! (as this is the number of ways to partition

q labeled balls into & nonempty labeled boxes), and thus Eq. (5.7) is equal to

k

112 |

J=1

{Z}k' Y E

weWy,

The lemma then follows from Lemma 10. O]

Finally we can insert the upper bounds from Lemma 11 in the Taylor expansion of a*» to

prove Theorem 14.

Proof of Theorem 14. By Lemma 11,

E[a®] = Z log(a)"E[S}] (5.8)
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Rearranging the sums yields

R ()R 6

=1

Using the following identity (Stal2, Eq. 1.94(b)),

i{ }log _ (o ;!1)’f’

(which can be seen by writing v — 1 = €!8(®) — 1 as log(a) + 5; log()? + & log(a)® + -+ ) we

can rewrite Eq. (5.9) as

0 )\kfi ]
1 —1) — (a—1)F . 1
+; Tl ;(2_1) /\)k_l(a ) (5.10)
Using the following identity for 0 < z < 1,

= (5—1\ ... .

Z (Z _ 1)‘7:]_1 - (1 - x)_z’

Jj=t

which follows from differentiatin 29 = (1—2x)"! atotal of i — 1 times) we can rewrite
g ]—0

Eq. (5.10) as
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5.3 Explicit constructions of resilient functions

We apply our expander sampler to construct resilient functions. Informally, these are
Boolean functions for which any not too large subset of the inputs cannot affect the output

of the function when the other inputs are set randomly. We define resiliency formally.

Definition 4. Given a function f: {0,1}* — {0,1}, and Q C [{], let Io(f) be the probability
that a random assignment of the variables in coordinates [(]\Q does not determine the value
of f. Let I,(f) = maxqcyy,joi<q Lo(f). We say that f is T-strongly resilient if I,(f) < 7 -q

for all ¢ < /.

Note that a function that is a constant, or close to a constant, will by definition be
resilient, and thus we restrict our attention to functions that are almost balanced, i.e., are
0 on about half the inputs, and 1 on the other half. Almost-balanced resilient functions

were shown to exist by Ajtai and Linial (AL93). An explicit construction was shown by

Meka (Mek17), who proved the following.

Theorem 15. For some universal constants c¢1,co > 1, the following holds. For infinitely

many {, there exists an efficiently computable function f : {0,1}* — {0,1} such that
o f is almost balanced, that is Pryegoy[f(x) = 1] = 1/2 £ 1/10.
o fis (ci(log® () /t)-strongly resilient.
o f has a depth 3 monotone circuit of size at most £2.

The proof in (Mek17) uses a sampler based on the extractors constructed in (Zuc97). We
will show how to instead use expander samplers, leading to a somewhat simpler proof of the
same theorem.

We start by outlining the general strategy used to prove Theorem 15. The function is

constructed as follows. Let P = { P!, P? ..., P*} be a set of partitions of [¢] such that each P*
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is a collection of v sets, Pf*, Pg', ..., P, so that | P¢| = £/v for all j and PPUPSU---UPK = [(].

The construction is the function fp : {0,1}* — {0,1} defined as

= A \/(/\ ) (5.11)

a€lu] i€[v] \keP

To prove that fp is almost balanced, Meka starts by showing that his choice of partitions

is a design, which we define below.

Definition 5. Let P = {P' ..., P"} be a set of partitions of [{] so that every partition has v
parts, each of size w, and thus { = v-w. Ford < w, P is a d-design if for all « # 5 € [u] and
i,j € [v], ]Pfﬂpﬂ <w—d. Ford<k <wandd € (0,1), we say that P is a (d, k,J)-design

if it is a d-design and for all a € [u] and i,j € [v],
PromllPf NPl <w -k >1-4.
Now, define the function
bias(u,v,w) := (1 — (1 —27%)")*

which can be interpreted as the probability that f(x) = 1 if the leaves of the formula in (5.11)
(i.e., all occurrences of the xj) are also independent and uniform over {0,1}. Meka proceeds
by showing that if a set of partitions is a (d, k, d)-design, and bias(u, v, w) is close to 1/2,

then so is the bias of the function fp. In particular, he shows the following.

Theorem 16. Let P = {P',... P“} be a set of partitions of [(] so that every partition

has v parts, each of size w, that is a (d,k,d)-design. Assume v = 6(1)w2¥ and 1/3 <
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bias(u,v,w) < 2/3. Then,

Przw{o,l}l [f'P = 1] - bias(u, v, ’ZU)

< C(w exp(—$(k)) + exp(—Q(d)) + 2w5) :

To prove that fp is resilient, Meka shows that his choice of partitions is load-balancing,

which we define below.

Definition 6. Let P = {P' ..., P} be a set of partitions of [{] so that every partition has
v parts, each of size w, and thus { = v -w. P is (q,t)-load balancing if for all Q C [¢] with

|Ql < g and j € [v],
o t
Eonp) [H(Q N PJ £ 0)21977 ‘] <4
v
Note that E,py[|@Q N P§*|] = ¢/v. In Theorem 2.5 in (Mek17), it was shown that if a set
of partitions is load-balancing, then there is a bound on I,(fp). In particular, we have the

following.

Theorem 17. Let P = {P',... P} be a set of partitions of [¢] so that every partition has v
parts, each of size w, and is (q,t)-load balancing. Then fp is (u(1—27%)""9) . (t2=")-strongly

resilient.

5.3.1 Our construction

Our construction differs from Meka’s only in the choice of partitions P, and thus it is
enough to prove that our partitions are also a design and are load balancing. Let ¢y, co, A
and d be constants to be chosen below. Let G = (Zy, E) be a d-regular undirected graph
with vertex set Zy for some prime N to be chosen later. Let 7 C Z% be the set of paths of

length n on G. Define the function r : Zy — Z% by

r(v) = (v mod N,2v mod N, ..., c;v mod N),
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and let U = {(r(t1),7(t2),...,7(tn)) : t € T} be a subset of vectors of Z*, obtained by
concatenating the result of  on the vertices of paths in 7.

Fori € Zy and o € U, let

P*={(k—1)N + ((i —ag) mod N) : k € [nc1]} C Znne,s

so that P® is a partition of the set Zyne,, and thus our function will be on the set {0, 1}N ner
We will refer to each set P* as a part of the partition P*. We let P(G) = {P“: a € U} be

the collection of partitions constructed from a graph G.

Parameters

Our construction depends on the constants ¢y, co, A and d, and also n and N. Below, we
describe how to choose c1,co, A and d. For the rest of the section, we assume that these

conditions hold.

e ¢; is a universal constant chosen in the proof of Corollary 7.

1
i >\ = 8261 :
e d = 0O(1/)\?) is the degree of expander graphs with spectral gap A

o is the constant from Claim 7 below, and does not depend on anything.

It is known that there exist d-regular expander graphs G of any large enough size so that
d = O(1/A?) for all A (for example, the expander graphs constructed in (LPS88). Thus, there
exist constant factors so that the first three dependencies hold.

We allow n to be any integer, and we choose N according to the following claim.
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Claim 7. There exists a constant co < 1 such that for all n and all d, the following holds.

There exists a prime number N such that for u = Nd" !,

0 < N —2"In(u/1In2)) < 229"

Proof. Consider the function

p(x) =2 —2"(Inz+ (n—1)Ind +Inln2).

Because ¢(x) is continuous, there exists an 2* > 1 so that ¢(z*) = 0, and we let N be the
next largest prime. Note that z* < 2(¢; 4+ Ind)n29™ as ¢(z*) is positive for this z*. By
results on gaps between primes (see for example, (BHPO01)), there exists a prime number in
the range [z*, 2* + 2“"] for some universal constant ¢, less than 1. Thus if we assign to N

this prime number, ¢(z*) =0 < N —29"(In(u/In2)) = ¢(N) < N — a* < 2247, O

Claim 7 can be used to apply the following fact, which will be used both to prove that

Jp(a) 1s almost-balanced and strongly resilient.

Fact 1. Letn < N <wu, B>1and 0 < N —2"(In(u/In2)) < B and 0 = (1 —27")N. Then
(140)*=0(1) and (1 —0)*=1/24+ O(Blnu)2™".

5.3.2 Strongly resilient

To prove that fp(q) is resilient, we will use the same general strategy as in (Mek17) but
use the result of Theorem 14 in place of (Mek17, Theorem 1.8). In particular, we will show

that P(G) is load balancing, and then apply Theorem 17.

Lemma 12. Let G = (Zy, E) be a graph, let A = X\(G). Then P(G) is (q,t)-load balancing
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forq < N and

t = exp ((201 —-1) (11__2?0) .

Proof. Fix a Q C Zpyne, so that |Q| = ¢, and fix j € Zy. Let a be a uniformly random

element of U, and define the random variable
gi=k:j—aeQn{(k—1)N,(k—1)N+1,...,kN =1} and k € [(i — 1)c1 + 1,ic1]}|.

Then,

Su = QNP = gt + g

and

E(K(Q N PF # 9)219771) < E[25] — 1+ E[S,)]

con(i 0 (154)) 218
Q| o 1— A
< e ((2 _1) (1 : 261A))

as desired, where the second inequality follows from Theorem 14 and noting that g; is bounded

above by ¢, and the third inequality follows because |@|/N < 1. Note that because A < 27,

the conditions of Theorem 14 hold. m
We can now conclude that fp) is strongly-resilient.

Corollary 5. Let n be any integer, and let N be chosen according to Claim 7. There exists a
graph G = (Zy, E) such that the function fp(q) : {0,1}"N — {0,1} is O((log® £) /{)-strongly

resilient.

Proof. By Lemma 12 and Theorem 17, fp(q) is (u(1 — 27" )N=9) . (¢271)-strongly resilient

for some constant t. For ¢ = O(2"), it holds that u(1 — 27"1)¥=7 = O(1), which follows
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from applying Fact 1 and Claim 7. The corollary follows in this case by noting that
2"t = O(¢/(log® £)). When g > 271, the corollary holds trivially. O

5.3.3 Almost balanced

To prove that fp() is almost balanced, we will also use the same general strategy as
in (Mek17). In particular, we will show that P(G) is a design, and then apply Theorem 16.
To aid in the proof that the set of partitions P(G) described is a design, we also define the

following distance dy(z, x’).

Definition 7. For two sequences x, 2’ € ZY, let dy(z,2") = mingez, |{i € [d] : z; — 2} #

a mod N}|.
We now prove that P is in fact a design.

Lemma 13. Let G = (Zy, E) be a graph such that \(G) = X\. Then if \ < 1/4 and n < /N,
then P(G) is a (c; — 1,n(c; — 1)/2, e (2X)?)-design.

Proof. As in (Mek17), we note that for o, 5 € Z%, and 7, j € Zy, it holds that
|PEN P ={k € [n]: B —ax=(j —i) mod N} < w—dp(a, B).

Note that if v, u € Zy are distinct, then dy(r(v),r(u)) > ¢; — 1, and thus dy (o, 5) > ¢ — 1
for all distinct o, 5 € U.
Now fix a path t € T. By Corollary 4, the probability that a random walk (Y7,...,Y,) € T

agrees with ¢ in at least n/2 coordinates is bounded above by

1 1—=A —n/2 n 1=\ 1/ n/2
(X_(N/Q)—ln)\g’/z> exp(N-(\/N)\/Q—l)T>§e (2N)"=]

where the inequality follows from the conditions set on A and n. To see this, let the function
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g; be the indicator function for ¢;, that is g;(¥;) = 1 if Y; = ¢;, and is 0 otherwise. Then,
Sn=91(Y1) 4+ -+ -+ fu(Y,) is the number of vertices that agree with ¢, and E[S,| = n/N. If
Sp < n/2, then dy((r(ty),...,r(ty)), ((r(s1),...,7(sn)) > n(cy —1)/2. O

Now we can apply Theorem 16 to get the following.

Corollary 6. For any n and d, let N be as in Claim 7, and v = |U|, and assume that
1/3 < bias(u, N,nc,) < 2/3. Let G = (Zn, E) be a d-regular graph such that \(G) = X for
A <1/4. Then

Pra:w{O,l}N" [fP(G) = 1] — bias(u, N, ncy)| <

C’(ncl exp (- Q(@)) + exp(—Q(e; — 1)) + el/*(461A1/2)”).

Proof. Apply Lemma 13 and Theorem 16. O]

Finally, we prove that fp() is almost balanced, using a bound on bias(u, N,nc;) that

follows from Corollary 6 and Claim 7.

Corollary 7. Let n be any integer, and let N be chosen according to Claim 7. There exists

a graph G = (Zy, E) such that the function fp): {0,1}"V* — {0,1} has the property that

Procionyfre(z) =1 =1/2%c

for some constant ¢ < 1/10.

Proof. If we let 6 = (1 — 27")N then

bias(u, N,ncy) = (1 —0)* =1/2+ 0(1)
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as desired by Fact 1 and Claim 7. The corollary follows from this, Corollary 6, and the fact

that ¢; can be made arbitrarily large. O
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Chapter 6

The Littlewood-Offord Problem for
Markov Chains

Let vy, ...,v, € R? be fixed vectors of Euclidean length at least 1, and let ¢q,...,¢, be
independent Rademacher random variables, so that Prle; = 1] = Pr[e; = —1] = 1/2 for
all i. The celebrated Littlewood-Offord problem (LO43) asks for an upper bound on the
probability,

PI'[E—:lUl + -4 epu, € B] (61)

for an open Euclidean ball B with radius 1. This question was first investigated by Littlewood
and Offord for the case d = 1 and d = 2 (LO43). A tight bound of (n%) /2" = O(1/y/n)
when n is even, with the worst case being when the vectors are equal, was found by Erdos
for the case d = 1 using a clever combinatorial argument (Erd45). Such bounds can be
contrasted with concentration inequalities like the Hoeffding inequality in the scalar case and
the Khintchine-Kahane inequality in the vector case, both of which give an upper bound on
the probability Pr[||ejv1 + - - - + €,0,|| > k+/n] for positive k. In contrast, an upper bound on

Eq. (6.1) can be considered a form of anti-concentration, that is showing that the random
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sum is unlikely to be in B.

In the case that the v; are d-dimensional vectors, a tight bound up to constant factors of
C'//n was found by Kleitman (Kle70), and was improved by series of work (Sal83; Sal85;
FF88; TV12). In the scalar case, under the restriction that vy, ..., v, are distinct integers,
an upper bound of n~%2 was found by Sarkézy and Szemeredi (SS65).

In this chapter, we investigate the case in which €q,...,¢, are not independent, but
are obtained from a stationary reversible Markov chain {Y;}°, with state space [N] and
transition matrix A, and functions fi,..., f, : [V] = {—1,1}, using &; = f;(Y7).

Let 1 be the stationary distribution for the Markov chain, and let E, be the associated
averaging operator defined by (E,);; = u;, so that for v € RN, E,v = E,[v]1 where 1 is the
vector whose entries are all 1. As in the rest of this thesis, our generalizations will be in

terms of the quantity

A= HA - EMHL2(H)%L2(#)‘

We show that the Littlewood-Offord problem can also be generalized to Markov chains with an
extra dependence on A, for all dimensions. We additionally consider the one-dimensional case
when the scalars are distinct integers. In all cases, the proof is based off a Fourier-analytic
argument due to Haldsz (Hal77).

The random variables in all cases are defined in the same way, which we state below.

Setting 1. Let {Y;}3°, be a stationary reversible Markov chain with state space [N], transition
matriz A, stationary probability measure 11, and averaging operator I, so that Y; is distributed
according to pr. Let X = ||A — E,|| L)~ L), and let fr, ..., fr o [N] = {=1,1} be such that
E[fi(Y:)] = 0 for every i. Then consider the random variables fi(Y1), fo(Y2), ..., fu(Yn).

We obtain the following theorem that upper bounds the probability that the random sum

is concentrated on any unit ball. In the case that the v; are one-dimensional, the bound is

tight up to a factor of 1/(1 — X)/(1 4+ A) in A. Note that the bound depends on the dimension,
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while in the independent case, there is no dependence on the dimension.

Theorem 18. Assume the setting of 1. Let v € R? and R > ﬁ& for some universal

constant C'. For every set of vectors vy, ...,v, € R? of Euclidean length at least 1,

C-RVd
Pr{|| fi(Y1)vr + f2(Y2)va + -+ - + fu(Ya)vn — @olle, < R < RSN
for some universal constant C'.

In the one-dimensional case, we also consider the restriction that vy,...,v, are distinct

integers.

Theorem 19. Assume the setting of 1. Then for every set of distinct integers vy, ..., v, > 1

and b € 7Z,
C
Prfi(Yi)vy + fo(Yo)va + - + fu(Ya)vn = 0] < m
for some universal constant C'.
Finally, we consider a different setting, where rather than choosing 1, . . . , €, independently,

we choose these uniformly at random from a subset D of {—1,1}" that we can construct

explicitly.

Theorem 20. For every n, there exists an explicit set D C {—1,1}" of cardinality at most
20V for some universal constant Cy such that the following holds. For every vy, ..., v, > 1

and b € R and ¢ chosen uniformly at random from D

Pr(lejvy + eqva + -+ + v, — 0] < 1] <

ER

for some universal constant C' independent of n.
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One interpretation of Theorem 20 is that one can obtain similar results as in the Littlewood-
Offord problem in one dimension using much less randomness, and in particular, using Cy/n
bits of randomness rather than n.

This setting was also considered in (KKL17), in which they were able to construct an

explicit set of cardinality n2™, from which a random sample satisfies

log(n)1/e

Prifi(Y)or + fo(Ya)vg + -+ 4 fu(Ya)vn = ] < NG

for any constant ¢ bounded above by 1. Sampling from the set in Theorem 20 guarantees a
stronger bound on the probability that the sum lands in any interval, while requiring more

randomness when ¢ < 1/2.

6.1 The Littlewood-Offord problem for independent
random variables

As warm up, we present the bound in the independent case for 1-dimensional vectors,
or scalars. These calculations will be used later in the proofs of Theorems 18, 19, and 20,.
This bound was first proved by Erdés (Erd45) who used a clever combinatorial argument
that applies Sperner’s theorem. The proof we present is in spirit, due to Haldsz (Hal77) and
is based on techniques from Fourier analysis.

We start by presenting the following concentration inequality due to Esséen (Ess66),
which will allow us to upper-bound probabilities. This inequality is in the spirit of Fourier

inversion, but written in a way that can be more readily applied for our purposes.

Theorem 21 (Esséen concentration inequality). Let X € R? be a random variable taking a
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finite number of values. For R,c > 0,

d
R Vd

Prillx — Rl=0|—+— Elexp(2mi(&, X))|| d€.

sup Pr{[|[X — zolle, < R (\/EJr )/&Rd ||522<a‘ lexp(2mi(€, X))]| d€

zoC€Rd €

The following bound is implicit in the proof of Proposition 7.18 in (TV06) and will be

used to further bound the quantities obtained from Theorem 21

Claim 8. Let vy,...,v; € R be such that |v;| > 1 for all j. Then

/ (g'm 2mév;) ) \/—_

for some constant C'.
We now prove the bound in the independent case.
Theorem 22. Let vy,...,v, € R be non-zero, and let €1,...,e, be independent random

variables uniform over the set {—1,1}. Then for all xy € R,

PI’H€11}1 + e, — .CEO‘ < 1] S

slo

for some constant C' independent of n.

Proof. By Theorem 21, the left-hand side can be bounded above by

1 n
&) / Efexp(2mig(e1vn + - - - + envn))]| dE = Cy / H|E[exp(2m§€jvj)]]df

— / H |cos(2mv;)| dE (6.2)

IN

SIe
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for some constants C; and Cy. The first equality follows from the independence of the ¢;,
the next equality follows from the fact that ; is uniform over {—1,1} for all j, and the

subsequent inequality follows from Claim 8. O

6.2 The Littlewood-Offord Problem for Random Vari-
ables from a Markov chain

Now we consider the case that eq,..., ¢, are obtained from a Markov chain. The proof
follows very closely the proof for independent random variables in Proposition 7.18 in (T'V06)
which itself is due to Haldsz (Hal77).

Before proving Theorem 18, we first prove the following that will allow us to upper-bound

negative moments of binomial random variables.

Claim 9. Let © = B(n,p) be a binomial random variable with n trials, each with success

probability p > 0. Then for all positive integers d,

1 d°
E < .
{(:H 1)6’} ~ ndpd

Proof. Note that because d(i+1) > i+d for all non-negative 7, the right-hand side is bounded

above by dE [(xi—'d),} , where the term inside the expected value can be written as

n

LA _ n! ; o
Z(Jpl(l—p)” i+ d) =§0(n_i)!<i+d)!p (1-p)

=0

The claim follows by noting that n < n +1 for 1 <17 < d. O
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We start by considering the case of 1-dimensional vectors, or scalars. We allow in
this case for at most one-half of the v; to have length less than 1. This will allow us to
generalize to higher dimensions. We note that in the case of independent random variables the
corresponding statement follows from the usual Littlewood-Offord problem, by conditioning

on the ¢; such that |v;| < 1, for just an increase in the constant factor in the bound.

Lemma 14. Assume the setting of 1. Then for every vq,...,v, € R such that [{i : |v;| >

1} > n/2 and zo € R,
Pr(|fi(Y1)v1 + fo(Yo)vg + -+ -+ fr(Yo)v, — 20) < 1] <

for some universal constant C'.

Proof. By Theorem 21,

Pr“fl(}/l)l}l +oeee At fn(Yn)Un - 1‘0| < 1] <

e / [Blexp(2mig AV + -+ LYV )dE (63

for some constant C;. Note that

[ exp@mic f;(vi)v:)

j=1

Elexp(2mi&(fi(Y1)v1 + -+ fu(Yn)vn))] = E (6.4)

Let T, = A— (1 — N)E,, let u; be the vector defined by u;(y) = exp(2mif;(y)v;) for
y € [N], and let U; = diag(u;). For s € {0,1}"7!, let t(s) be the set of indices j such that

sj—1 = s; = 0, and also includes 1 if s; = 0 and includes n if s,_; = 0. Then the right-hand
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side of Eq. (6.4) is bounded above by

[UL(Ty + (1 = NE)U(T2 + (L = N E)Us - - - Uyt (T + (L= N E) UL () <

> I > IJTa-» I leos(2rgu;)| |,

sefo,1}n1 \jis=1 j:5;=0 jet(s)

where the inequality follows by Eq. (2.7) in Lemma 2 in Chapter 2 and evaluating |{i, ) 1, (|-

Let t'(s) be the set of indices j € t(s) such that |v;| is greater than 1. When [t/(s)| = 0,
the corresponding product disappears. When |¢/(s)| > 0, we can apply Claim 8. Thus, the
right-hand side of Eq. (6.3) can be bounded above by

ao D> LTI A I a=-» S (6.5)

s€{0,1}n=1 \jis;=1 Jis;=0 ‘t/(S)‘ +1
Let r: {0,1}"" — [n — 1] be defined as
r= HJ 085 = 5541 =0 and |Uj| > 1}’7

so that r(s) < [t/(s)| for all s € {0,1}""!. Let s be a random vector from {0,1}"~! so that
for each s € {0,1}"!

Pris=sl=( J] A | JT =N

j:szl j:SJ‘ZO

By the definition of r and s, the right-hand side of Eq. (6.5) is bounded above by,

CE

r(s) +1

We conclude with the following argument. Let ' = B(|n/4] — 1,(1 — A)?) + 1 where
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B(n,p) denotes a binomial random variable with n trials, each with success probability p. It

follows that 7’ is dominated by r(s) + 1, and thus

S[GlsCE)" e

where the second inequality follows by Jensen’s inequality. Finally, by Claim 9, the right-hand

C

El__=
r(s)+1

—1
side of Eq. (6.6) is bounded above by C' ((1 —A)y/ Ln/4j) as desired. O
Before proving Theorem 18, we prove the following bound on random unit vectors.
Claim 10. Let v € R? be a random unit vector uniform over the d — 1-dimensional sphere.
Then there exists a constant C' such that

1 1
P > | > =
r@“"cﬂ] =3

Proof. We start by noting that the probability density function of v; at ¢ is proportional to
(1 —¢2)[=3)/2 which is also the probability density of the beta distribution, shifted so that

the domain is [—1, 1]. The probability density function at all points is bounded above by

1 I'(d—1) 1 Ci(d — 1)43/2¢=d+2
. < . < —
20=3 T'((d—1)/2)2 — 243 C%((d —1)/2)d2e—d+1 — Covd =1

for some constants C; and Cy, where the inequality follows from Stirling’s approximation

(see (Jam15)). The claim follows by letting C' = Cy/4. O
We now use Lemma 14 to prove Theorem 18 as follows.

Proof of Theorem 18. Let A € SO(d) be a random rotation uniform over the Haar measure of
the special orthogonal group. Then it is enough to consider the random variable || A f1(Y7)v; +

oo+ Afn(Yo) v, — Azolls,. Additionally, the left-hand side in the statement of the theorem is
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bounded above by
Prl(Af(Ya)vr + - + Afu(Ya)o, — Azo)s]| < B, 6.7)

This is because if the absolute value of the first coordinate of the random vector is greater
than R, so is the Euclidean norm.
By Claim 10, for any fixed d, it holds that |f;(Y;)v;| > 1/(C'V/d) for at least half of the i

for some constant C’. By Lemma 14, we have that Eq. (6.7) is bounded above by

L. C-RVd
T (1=Mvn

C"- RVd sup Pr ||(Afi(Y)vr + - + Afo(Yy)v, — <
sup Pr [(Af1(Y1)oy Su(Yn)vn — o)1 NG

as desired. O

Remark 1. For scalars, Theorem 18 is tight up to a factor of \/(1—X)/(1+ A). To see

this, consider the transition matriz on two states defined by

1= 14+
2 2
A=
14X 1=)
2 2

with f(1) =1 and f(2) = —1, and stationary distribution uniform over both states. Such
a Markov chain can be interpreted as first choosing a state at random, and then at each
subsequent step choosing a new state uniformly at random with probability 1 — X, or switching
states with probability X\. We can associate with this walk a sequence of numbers, (X1, Xs,...)
obtained as follows. Whenever a state is chosen at random, we add a new entry in the sequence
starting at 1, and increase this entry every time the state is suitched. Then conditioned on

this sequence, f(Y1) + f(Ya) + -+ f(Y,) is distributed as €1 + €9 + - - - + £, where n is the
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number of entries in the sequence that are odd. Thus, if n is considered as a random variable,
PHLAYE) + (Y0 4o+ (V) =0] < B |2

If we assume that n is large, then the probability that any given step in the walk is the start
of a entry that will eventually be of odd length is approzimately 1/(1 + X), and thus, n is
approxzimately distributed like B(n, (1 — X)/(14+ X)), and thus

. {%] : V(- A)Cn/u + \)

6.3 Extension to distinct v;’s

Theorem 22, the bound obtained in the independent case, is tight when vy = --- = v, = 1.
It is reasonable to ask if one can obtain better bounds on the probability Prle;v; +- - -+¢,v, €
BJ] under certain restrictions of vy, ..., v,. In particular, when the v; are distinct integers,

Sarkozy and Szemeredi (SS65) showed that for all zp and for some constant C'
C
Prlejvy + -+ + g0, = 0] < 3 (6.8)

which is a factor n smaller than Theorem 22.

Like Erdés’s proof of Theorem 22, the proof of the above by Sarkozy and Szemeredi uses
a clever combinatorial argument. However, Halasz’s Fourier-analytic argument can also be
used to prove the above. A similar bound can be achieved in the case of Markov Chains, as
in Theorem 18.

Our proof is based on the techniques used in (TV06) for the same problem, in which the
Fourier-analytic argument is over the group Z, for some large enough p, rather than over the

integers or over the real numbers. The following claim is implicit in Corollary 7.16 in (T'V06)
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and will be used in our computation.

Claim 11. If vy, ..., v, are distinct positive integers, then there exists a prime p such that
p > wv; for all i, and

3

§€Zy

2 C
[H | cos(2m¢ - Uz)|] < i

i=1

We use Claim 11 to prove Theorem 19 which is a Markov chain version of Eq. (6.8).

Proof of Theorem 19. Let p be the prime in Claim 11. Note that by Fourier inversion,

Prifi(Y1)v1 + fa(Y2)ve + - - + fu(Yo)vn = 20

< Pr[fi(Y1)v1 + fo(Yo)ve + -+ - + fr(Yn) v, = 29 mod p

€€,

(6.9)

Let T; = A— (1 — A\ E, for all j, and let u; be the vector defined by u;(y) = exp(2mi(§ -
fi(y)v;)/N). Then the absolute value of the expectation inside the right-hand side of Eq. (6.9)

is bounded above by

[U\(Th + (1 = N E)U(Ty + (1 = N E)Us - Upa(Tr1 + (1 — )\)EM)Unl”Ll(#) <

SSO{ I [ TTa=n] | IT leostene w1

sefo,1n=1 \jis;=1 jis;=0 jEt(s)

by Eq. (2.7) in Lemma 2 in Chapter 2, where for each s € {0,1}"!, we define ¢(s) to be the

set of indices j such that s;_; =s; =0,0rs; =0if j =1or s;_y =0if j = k+ 1. Thus by
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Claim 11, we can upper bound on the right-hand side of Eq. (6.9) by

C

1
PR U | R | Rl R e

s€{0,1}n—1 \jis;=1 Jj:s;=0
where the inequality also holds in the case that |t(s)| = 0.

As in the proof of Theorem 18, let r : {0,1}""! — [n — 1] be defined as

r=1{j:sj=sj =0},

so that r(s) < |t(s)| for all s € {0,1}""1, and let s be a random vector from {0,1}""! so that

for each s € {0,1}"*

Pris=sl=[ J] A | JT -

Jisj=1 j:sj=0

By the definition of 7(s), we have

Prif(Yi)vr + f(Yo)va + -+ f(Ya)v, = 0] < —E {Wiwz}

As before, let v’ = B(|[(n/2] —1,(1 — X)?) + 1. Then because ' is dominated by r(s),

# [ <= [ < (G [5]) 610

where again the second inequality follows by Jensen’s inequality. Finally, Claim 9 can be

used to upper-bound the right-hand side of Eq. (6.10). H

81



6.4 A Pseudorandom Generator for the

Littlewood-Offord Problem

In this section we prove Theorem 20. As stated in the introduction, this theorem can be
interpreted as proving the existence of a pseudorandom generator for the Littlewood-Offord
problem.

We start by describing the construction of D. Our construction will be based on expander
graphs which we define as follows. Given a d-regular graph G = (V| E), let A be the
normalized adjacency matrix of G and let J be the matrix whose entries are all 1/|V|. We
say that a family of d-regular graphs G is a family of expanders if for all graphs G in the

family,

A = T Lo = Lo < A

for some constant A bounded away from 1, where p is the vector whose entries are all 1/|V].
In particular 1 — ||A — J||£,(u)—La(u) is also the spectral gap of the Markov chain that is a
simple random walk on G. When G = (V| E) is d-regular, the stationary distribution is y,
and the averaging operator is J. It is well known that there exist infinite families of expander
graphs of constant degree d (see for example, (LPS88) and (Mar88)).

Let G = ({—1,1}*, E) be a d-regular graph from such a family so that || A—J| 1, ()15 <
A for some constant A\ independent of k. We let our set D be the set of concatenations of the
labels of walks of length n/k on G, and thus D has cardinality 2¥*¢1"/* for some constant C;

independent of n and k.

Proof of Theorem 20. Let p be the uniform measure on {—1,1}* and let D be as defined
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above. Then by Theorem 21,

1
sup Prooplle1vr + eve + -+ - + v, — 2] < 1] < C/ |E[exp(2mi&(e1v1 + - - - + £,0p))]|dE.
roER -1

(6.11)
For each j € [n/k], let Ty = A — (1 — \)J and let u; € RI=51" be the vector defined by

uj(w) = exp(2miw(W 1)k 10G-1k41 o+ WikvE))S
and let U; = diag(u;). Then |E[exp(2mi&(e1v1 + - - - + €,v,))]| is bounded above by,

HUI(Tl + (1 - /\)J)Uz(T2 + (1 - )‘>J)U3 T Un/k—l(Tn/k—l + (1 - /\)‘])Un/kl”h(m <

Z H A H (1= H ‘<U17M>L2(u)’ )

se{0,1}F \Jis;=1 J:s5=0 Jj€t(s)

where the inequality follows by Eq. (2.7) in Lemma 2 in Chapter 2, and for each s € {0,1}/~1,
we define t(s) to be the set of indices j such that s;_; =s; =0,0ors; =0if j=1ors;_; =0
if j =n/k.

Note that (u;, 1) 1, () is the Fourier transform at £ of the random variable w; —1)k11v(—1)k41+
.-+ + wjgv;, where each coordinate of w is uniformly random over the set {—1,1}. This

brings us back to the original setting of completely independent random variables, and by

Eq. (6.2), it follows that

k
(Ujy 1) Ly(u) = HCOS<27W(J'—1)I¢+£§)-
=1
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w > [ I A) [ TLa=2) ( IT TLkostzrogom)] | de <

se{0,1}n/k= 7T \Jisg=1 jisj=0 jet(s) =1
1 C
> > (1A {ITa-» ,
20 i \ism ) \uszo k(t(s)[ + 1)

where the inequality follows from Claim 8, We proceed by using the same argument as in
Lemma 14 starting from Eq. (6.5), which gives an upper bound of C/\/k - (n/k) = C/\/n as

desired. Finally, we obtain a construction of the desired size by letting k = y/n. O
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