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Chapter 1

Introduction

Here I will provide an outline of the proof and the path we follow in order
to prove the Kadison-Singer problem
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Chapter 2

Preliminaries

The basic result of this chapter is to prove that there is an infinite sequence of
bipartite Ramanujan graphs and in addition an infinite sequence of irregular
bipartite Ramanujan graphs. The steps we follow in order to derive a simple
proof of this statement are the following: Firstly we will provide definitions
about the matching polynomial and the path tree. Attributes that make the
matching polynomial really useful, are also stated. We will continue to state
some theorems about the real rootedness of certain polynomials.

2.1 Some basic definitions

Definition 2.1. Biregular bipartite graph

A (¢, d)- biregular bipartite graph is a graph whose vertices can be divided
into two disjoint and independent sets U and V such that every vertex in
U has exactly ¢ neighbors in V' and none in U, and every vertex in V' has
exactly d neighbors in U and none in V.

Definition 2.2. Adjacency matrix of a graph

Let G be a graph with n vertices. We define a matrix A with n rows and
columns, such that in its (7, j) entry we put the number of edges that connect
the vertices 7 and j.
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Definition 2.3. Ramanujan graph
Let G be a graph with adjacency matrix A and maximum degree d. We say
that this graph is Ramanujan if all the eigenvalues of its adjacency matrix
lie in the interval [—2v/d — 1,2v/d — 1]

Definition 2.4. Biregular Ramanujan graph

Let G be a (¢, d)-bipartite graph with adjacency matrix Ag. We call this
graph Ramanujan, should all the eigenvalues of Ag be bounded in absolute
value by Ve — 1+ vd — 1.

Definition 2.5. Matching polynomial of a graph
Let G = (V, E) be a graph with n vertices . Also let m; denote the number
of matchings on the graph with 7 edges. We define the matching polynomial

to be Q. (G) = 35 o(—1)'m™ >

Definition 2.6. Path tree

Let again, G = (V, E) be a graph with n vertices. Also chose a vertex a
of GG. For this vertex, the path tree, written T,G is a tree whose vertices
correspond to all paths in G that start at « € G and do not contain any
vertex twice. One path is connected to another if one extends the other by
one vertex.

Definition 2.7. Universal cover

Let G = (V, E) be a graph. The universal cover of a this graph, written as U,
is the infinite tree 7" such that every connected lift of G is a quotient of the
tree. It can be defined concretely by first fixing a "root” vertex vy € GG and
then placing a vertex in U for every non backtracking walk (ug, u1, ..., u;) of
any length [ € N, where a walk is non backtracking if w; 1 # u;,1 for all ¢’s.
Two vertices are adjacent if and only if the walk corresponding to one can
be obtained by appending one vertex to the walk corresponding to the other.
That is, the edges of T" are all of the form (vg, v1,...,v;) ~ (vo, .., Vi, Viy1))-

The following definition is crucial.

Definition 2.8. Interlacing zeros of polynomials

Let f be a polynomial that has exactly n zeros at the points a4, ...,a,. And
also let g be a polynomial with its only roots being at the points by, b, .., b,_1.
We say that g interlaces f if we have the following relation

a; <by <a; <. < by Zay
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Definition 2.9. (Spectral radius)
Let G be a graph with adjacency matrix A. Then its spectral radius is the
absolute value of its maximun eigenvalue, which we denote by p(G)
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Chapter 3

Theorems about the matching
polynomial

Now we can state our first theorem. It was first proved by E.Lieb and
O.Heilemann in their paper [1].

Theorem 3.1. For every graph G = (V, E) the roots of its matching poly-
nomial are all real.

In order to prove this theorem we need first to establish the validity of the
following theorems.

Theorem 3.2. Recurrence relation for the matching polynomsial
The matching polynomial obeys the recurrence relation:

g

where G — i is the graph with the i-th vertex deleted.

Proof. Let’s denote by M the set of all matchings of our graph. We fix a
vertex ¢ and divide the matchings of GG into two classes: those that involve
vertex ¢ and those that do not. The number of matchings of size k that do
not involve 7 is my (G —1). On the other hand, those that do involve i connect

13
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© to one of its neighbors. To count these we enumerate the neighbors j of
i. A matching of size k that includes the edge (i,j) can be written as the
union of (4,j) and a matching of size k — 1 in G — i — j. So, the number of
matchings that involve 7 is

So,

To turn this into a reccurence for Q,(G), we can write:
I‘ni%(—l)kmk(G) :xxnflf%(_l)kmk(G_i) 2 2(k—1) k 1ka . G i— ])
grvi

this proves the desired reccurence relation. O

Now we will review a relation that arises when studying trees

Lemma 3.3. A relation about trees
If G is a tree then its characteristic polynomial is the same as its matching
polynomial

Proof. Let Ag be the adjacency matrix of our tree. And let yg(x) denote its
characteristic polynomial. Then, by definition:

xa(x) = det(xl — Ags) = Z sign(o )H(m] — Ac)iol)

oESy

=1
:Zszgn< \zz ()| H AG’LO’Z

o€Sn i#0 (1)

We will prove that the only permutations that contribute to this sum
are the ones for which oo(a) = a. They correspond to matchings. If o
is a permutation for which there is an a such that o(o(a)) # a then a k
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must exist such that Jay, .., a such that o(a;) = a;41 Vi € (1,..,k — 1) and

moreover o(a;) = a;. For the term (—A,); ) to contribute it must be the
case that (Ag)isu) = 1 for all i’s, and of course (Ag)qy,a, = 1. Now lets
remind ourselves that GG is a tree. But, the only cycles that can occur in a
tree with non repeating vertices are cycles of length 2. Thus the number of
permutations with £ cycles of length 2 is equal to the number of matchings
with k edges. As the sign of a permutation with & cycles of length 2 is (—1)*,
the coefficient of z"72* is (—1)"my(G)

]

In the next theorem we will derive a somewhat strange equality:

Theorem 3.4. For every graph G and verter a € G

Qx(G B a) _ Qx(Ta(G) — (1)
Qa(G) Qx(Ta(G))

Let us first note that the upper-right hand side is a little odd. It is a
forrest obtained by removing the root of the tree 7,(G). We may write it as
a disjoint union of trees as:

T.(G) —a=|J TG - a)

b~a

Proof. 1If GG is a tree, then the left and right sides are identical, and so the
equality holds. As the only graphs with less than 3 vertices are trees, the
theorem holds for all graphs on at most 2 vertices. We will now prove it by
induction on the number of vertices. We will use the recurrence relation of
our matching polynomial to expand the reciprocal of the left hand-side.

Qx(G) _ IQw(G_a)_waaQr(G_a_b) 7x_ZQx(G_a_b)
QI(G_G) QI(G_G) x(G_a)

b~a

By applying the inductive hypothesis to G — a, we see that this equals:

T — Z Qm(Tb(G — a) — b) (31)
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To simplify this expression, we examine these graphs carefully. By the ob-
servation we made before the proof,

T,(G—a)—b= [J T.(G—-a-1).

c~b,c#a

Similarly,
T.(G) —a=|JT.(G - a),

which implies

Qu(To(G = a) = [[ Q:(T.(G — a))

Now let ab be the vertex in T,(G) corresponding to the path from a to b.
We also have

T.(G-a-ab)= |J T(G-a)u |J T(G-a—-b)=
cr~a,c#£b e~b,c#a
U TUG-a)UTH(G —a—1b)
cra,c£b
which implies
Qu(To(G—a—ab)) = || QTG —))Q.((TH(C —~a) — b))
c~a,c#£b

Thus,
Qx(Ta(G —a— ab)) Hc~a,07£b Qw(TC(G - a))QZ((Tb(G - CL) - b))

Qx(Ta<G) o a) a cha Qw(Tx<G B @))
Plugging this in to equation 3.1 we get:

Qz(G) i Qx(Ta(G) —a-— CLb)
P T —a)

Q:Jc(G - CL) N

1Qu(Tu(G — a)) = 3 yy Qu(Tu(G) — a — ab)
Qac (Ta(G) - a’)
Qx (Ta(G> - CL)
We obtain the equality claimed in the theorem by taking the reciprocals of
both sides. O
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We will now use theorem 3.4 to prove that the matching polynomial of a
graph divides the matching polynomial of its path tree (the path tree starts
from a random vertex a € G)

Theorem 3.5. For every vertex a € G, the polynomial Q.(G) divides the
polynomial Q.(T,(G))

Proof. We again prove this by induction in the number of vertices in G, using
as our base case graphs with at most 2 vertices. Now by induction for b ~ a,
Q:(G — a) divides Q.(T,(G — a))
As
T.(G) —a=|JTy(G - a)
b~a

we can easily obtain that

Qx(G - a’) ‘ Qx(Ta<G) - (Z)

and so

Qm(Ta(G> B CL)
Qx(G - CL)
is a polynomial with variable x. To finish the proof we apply theorem 3.4,
which gives out

Qa(G)
Q:pTaG :QxTaG_a—:
(Ta(G)) (Ta(G) >Qx(G—a)
Q:(1Tu(G) — a)
Q:(G
(@) Q.G —a)
which finally implies that the matching polynomial of our graph divides the
matching polynomial of its path tree. ]

Now in order to complete the proof of theorem 3.1 we just need to show
that the roots of the matching polynomial of the path tree are all real. In
other words, since we proved that the matching polynomial of any tree is
the same as the characteristic polynomial of its adjacency matrix, we just
need to show that the eigenvalues of the adjacency matrix of any tree are all
real. Since the matching polynomial is of degree n and divides the matching
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polynomial of its path tree, it can easily be concluded that it has n real roots.
Well the characteristic polynomial of any tree is a real symmetric matrix (of
any graph in general), therefore it is a Hermitian matrix and as a result has
only real eigenvalues.

We now continue to another very significant theorem that bounds the roots
of the matching polynomial.

Theorem 3.6. Let G be a graph whose maximum degree is d. Then the roots
of the matching polynomial are bounded by 2+/d — 1.

Proof. Lets first make the observation that the maximum degree of a path
tree of G, lets say T,,(G) would also be d. Therefore if we show the theorem
for trees then since the matching polynomial of a graph divides the matching
polynomial of its path tree, we can generalize it for arbitrary graphs. So lets
take a tree T and its adjacency matrix A. Choose a random vertex to be
the root of the tree, and define its height to be 0. For every other vertex «,
define h(a), to be its distance to the root. Now define D to be the diagonal
matrix whose (a,a) entry is

D(a,a) = (Vd —1)"¥

Recall that the eigenvalues of A are the same as the eigenvalues of DAD™!L.
We will use the fact that all eigenvalues of a non-negative matrix are upper
bounded in absolute value by its maximum row sum.

So we need to prove that all row sums of DAD™! are at most 2v/d — 1. There
are three types of vertices to consider. First, the row of the root has up to
d entries that are all \/dlfl. And for d > 2 we know that \/;i < 24/d—1.
Every leaf only has one non-zero entry in its row, and that entry equals
vd — 1. The intermediate vertices have one entry in their row that equals
vd—1, and up to d — 1 entries that are equal to \/dlj. If we sum that up
we get 2v/d — 1.

Therefore the roots of the matching polynomial of the path tree of our graph
are bounded by 2+v/d — 1, therefore our matching polynomial has zeros that
do not exceed in absolute value 2v/d — 1. O

Lemma 3.7. Let G be a graph and let U be its universal cover. Then the
roots of @,(G) are bounded in absolute value by p(U)
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3.1 2-lifts and the matching polynomial

Bilu and Linial [2] suggested constructing Ramanujan graphs through a se-
quence of 2-lifts of a base graph. Given a graph G = (V, E), a 2-lift is a graph
that has two vertices for each vertex in V. This pair of vertices is called the
fiber of the original vertex. Every edge in F corresponds to two edges in the
2-lift. If (u,v) is an edge in E, {ug, u;} is the fiber of u, and {vg,v1} is the
fiber of v, then the 2-lift can either contain the pair of edges:

L. {(UO,UO), (U17U1)}

2. {(ug,v1), (ug,vo)}

To analyze the eigenvalues of a 2-lift, Bilu and Linial study signings

s : B — {£1} of the edges of G. They place signings in one-to-one corres-
pondence with 2-lifts by setting s(u,v) = 1 if edges of type (1) appear in
the 2-lift and s(u,v) = —1 if edges of type (2) appear. Then they define the
signed adjacency matrix A; to be the same as the adjacency matrix of G,
except that the entries corresponding to an edge (u,v) are s(u,v).

The central theorem of this section is stated bollow. This is the first use of
the probabilistic method in this paper.

Theorem 3.8. Let G be a graph and Ay the adjacency matriz with entries
s(u,v). We define fs(x) = det(xl — As) for an arbitrary 2-lift s. Then by

letting s to be uniformly random we get

IEse{:l:l}m fs(x) = Q:E(G>

Proof. Let sym(S) denote the set of permutations of a set S and let || denote
the number of inversions of a permutation 7. Expanding the determinant as
a sum over permutations o € sym([n]), we have:
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Esldet(x] — Ag)] =

=E, » (- ‘“‘Hz[ Aol

o€sym|n]
—E, 3 (—1)llglti=eOl T (-
oesymin] i#o(i)

— Z (=1)llg =N g, H —Si0()
oesymin] i#a(i)

Since s;; are independent with E[s; ;], only those products which contain
even powers (0 or 2) of the s; ; survive. Thus, we may restrict our attention
to the permutations o which contain only orbits of size two, or in other words
in permutations that can be written as the product of disjoint 2-cycles. These
are the k-matchings on S. Now we change the index of the summation. The
index was the permutation itself, now we change it to k, which counts the
number of 2-cycles this permutation has. So if [{i : ¢ = 0(i)| = n — 2k then
the sign of the permutation would be (—1)* and the coefficient of (—1)*z"~2*
would be my(G), since the number of permutations with k-cycles correspond
to the number of k-matchings. As a result:

Es[det(z] — As)] = Q.(G)
O
In order to demonstrate the importance of the signed matrix of a graph
G, namely A, the following theorem must be stated.

Lemma 3.9. Let A be the adjacency matrix of a graph G, and A, the signed
adjacency matrix associated with a 2-lift G. Then every eigenvalue of A and
every eigenvalue of A are eigenvalues of G. Furthermore, the multiplicity of
each eigenvalue of G is the sum of its multiplicities in A and A;.

Proof. 1t is not hard to see that the adjacency matrix of Gis A=

A A
Ay Ay
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where A; is the adjacency matrix of (V,s!(1)) and A, the adjacency matrix
of (V,s71(=1)). So A= A; + Ay, Ay = A — Ay. Let v be an eigenvector of
A with eigenvalue p. It is easy to check that © = (v,v) is an eigenvector of
A with eigenvalue p. Similarly, if u is an eigenvector of Ay with eigenvalue
A, then @ = (u, —u) is an eigenvector of A with eigenvalue A. As the ©’s and
@’s are perpendicular and 2n in number, they span all the eigenvectors of A.

[
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Chapter 4
Interlacing families

n—1

Definition 4.1. We say that the polynomial g(z) = [[;_; (x — a;) interlaces
a polynomial f(z) =[]/, (z —b;) if

by <a; <by<...<a,1<b,

We say that the polynomials fi, f, ..., fx have a common interlacing if there
is a polynomial g so that g interlaces f; for each .

Lemma 4.2. Let fi,.., fr be polynomials of the same degree that are real-
rooted and have positive leading coefficients. Define

k
fo=>
=1

If f1,.., fr have a common interlacing, then there exists an ¢ such that

mazxrootf; < mazrootfy

Proof. Let the polynomials be of degree n. Let g be a polynomial that
interlaces all the f; and let a,,_; be the largest root of g. As each f; has a
positive leading coefficient, it is positive for sufficiently large z. As each f;
has exactly one root that is at least a,,_1, each f; is non positive at a,_1. So,
fo is also non-positive at a,_1, and eventually becomes positive. This tells

23
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us that fj has a root that is at least a,_1, so the largest root is at least a,,_1.
Let b,, be this root. As fj is the sum of the f;, there must be some ¢ for which
fi(bn) > 0. As f; has at most one root that is at least a,,_1, and f;(a,_1) <0,
the largest root that is at least a,_1 and f;(a,_1) < 0, the largest root of f;
is at least a,_; and at most b,,. O

Now lets introduce a significant definition.

Definition 4.3. Interlacing Family

Let Sy, .., S,, be finite sets and for every assignment si,...,s,, € 51 X --- X
S, let fs, s, be a real-rooted degree n polynomial with positive leading
coefficients. For a partial assignment sy,...,s, € S1 X -+ X S with k& <m
define

f817~~~:5k = Z f517--~78k,8k+17~-~,8m

Sk+1€Sk+15-SmESm

f@: Z fs1,...,sm

515--98m

as well as

We say that the polynomials {f;, .} form an interlacing family if for all
k=0,...,m—1and all sq,...,s, € 51 X...X Sk, the polynomials

{f517~-~a5k7t}t65k+1
have a common interlacing.

Theorem 4.4. Let Sy, ..., Sy, be finite sets and let {fs, s, } be an interla-
cing family of polynomials. Then, there exists some s1,..., 8y, € Sy XX S,
such that mazrootfs, . < mazrootfy.

Proof. 1t is an easy consequence of the previously stated lemma. O]

Lemma 4.5. Let ¢ > 0 and f a real-rooted polynomial of degree n. Then
the polynomial

Je= (I - Ea)nf

is real rooted and has simple roots.
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Proof. Lets first take the operator T, = I — €d. It suffices to prove that T.f
is real rooted with n — 1 distinct roots. If this statement holds, then one can
repeat this process n times. Let {x;}} be all the real roots of f. Lets suppose
that the polynomial T,f = f — ¢ f has a non-real root zy. Take a sufficiently
small contour around this root, and a sufficiently small €, such that

> —

1

| <1 |e§|<1 — |—€f| <|f

)

on this contour. Using Rouche’s theorem we can deduce that inside this
contour f and 7T.f have the same number of zeros. Therefore T; is real
rooted. To continue, lets assume that f has a zero z; of multiplicity m.
Namely f(z) = (z — 20)™g(2), and 2z is not a root of g(z). Then

Tef = (2 = 20)™ (2 — 20)9(2) — emg(2) — §(2)(z — 20))

One can easily see that the multiplicity of 2y has dropped by 1. ]

Lemma 4.6. Suppose fi,..., f,, are monic, real-rooted polynomials of de-
gree n. Let A\;(f;) denote the k-th largest root of f; and let 1 be any probab-
ility measure on the set {1,...,m}. If fi,..., f,, have a common interlacing,
then for all k € {1,...,n}:

min Ak(fi) < M(Ereu(fr)) < max Ak(fi)

Proof. Fix k € {1,...,n}. Let a, <,...,< a; be the roots of the common
interlacing of the polynomials fi,..., fi, ie. apr1 < Me(fi) < ag. The
polynomials (f;) are all monic, so they all have the same sign at ax,; and the
same opposite sign at a,. Hence their average changes sign in the interval
[ak11, ag], so it has to vanish in the same interval by the intermediate value
theorem. It is therefore real-rooted by a simple counting argument. Moreover
it is easy to see that the root is sandwiched between the smallest and the
largest root of the f;’s on the interval [ag1, ax). O]

Lemma 4.7. Let f1,..., fi be (univariate) polynomials of the same degree
with positive leading coefficients. Then fi, ..., fx have a common interlacing
if and only if Zle i fi is real rooted for all convex combinations A\; > 0,

Zf:l Ai = 1.
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Proof. Instead of proving this theorem for an arbitrary &, we will prove it for
k = 2, and the generalized one follows by induction. Namely, we will prove
that the following two statements are equivalent

1. f and g have a common interlacing.

2. The polynomial h; = tf + (1 — t)g is real-rooted for all ¢ € [0, 1].

The statement (1. = 2.) follows from the previous lemma. Assume as a
first step that f and ¢ have no common roots and that their roots are simple.
Under these assumptions the roots of h; trace n different intervals I; on the
real line as t varies from 0 to 1, starting from the roots of ¢ and ending at the
roots of f. Each one of these intervals contains exactly one root of f and one
root of g. Otherwise, (taking g as an example) there would exist a t # 0 and
z € R such that hi(z) = g(z) = 0 which would imply that f(z) = 0 which in
turn contradicts the no-common-roots assumption. Therefore one can choose
subintervals J; C I; with pairwise disjoint interiors containing one root of f
and one root of g only, hence establishing interlacing. To prove the general
case, notice that the no-common-roots assumption is not problematic since
one can always factor the common roots out and put them back at the end.
One could easily get an interlacing sequence for f and g from an interlacing
sequence of the factored-out. O



Chapter 5

Real Stable polynomials

In this chapter we will establish the real-rootedness of a class of polynomials.
We will do this by considering a multivariate generalization of real-rootedness
called real-stability. In particular, we will show that the univariate polyno-
mials we are interested in are the images, under well-behaved linear trans-
formation, of a multivariate real stable polynomial.

Definition 5.1. A multivariate polynomial f € R[z, ..., z,] is called real
stable if it is the zero polynomial or if

f(z1,.,20) #0
whenever the imaginary part of every z; is strictly positive.
Lemma 5.2. Let Ay, .., A,, be positive semi definite matrices. Then
det(z1 A1 + ... + znAn)

is real stable

Proof. By a standard continuity argument using Hurwitz’ theorem it suffices
to prove the result only in the case when all matrices A1, .., A, are positive
definite. Set z(t) = a + M with a € R" A € R} and t € R. Note that
P =X\A;+..+ )\, A, is positive definite and thus it has a square root. Then

f(2(t)) = det(P) det(tI + P2 HP1/?)

27
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where H = an Ay + ... + a, A, Since f(2(t)) is a constant multiple of the
characteristic polynomial of the Hermitian matrix H, it has only real zeros.
O

Lemma 5.3. Let p,q € R" and u, v variables. Let T' = 1 + p0,, + ¢0, be an
operator acting on polynomials of two complex variables. Then T' preserves
real stability.

Proof. Let f(u,v) be a real stable polynomial of two complex variables u, v.
Should we fix v we can get for f(u,v), since it is a one variable complex
polynomial that f(u,v) = ¢;[[,(v — w;1). On the other hand, should we
fix u, we get that f(u,v) = e [[;(v —wj2). Now we compute 7' f(u,v). We
easily get that:

Tf(u,v) = f(u,0)+pfulu, v)+afolu,v) = flu,0)(14 #JFZ :

— U — Wj2
J ]7

Since f(u,v) is real stable then the imaginary parts of w;;,w;2 are non-
positive. Should we suppose that the imaginary parts of both u, v are posit-
ive, the the imaginary part of

p q
Dt D

)

is negative. Therefore establishing that T'f(u,v) is real stable. O
Before giving the proof to a very important lemma, let’s first state the
celebrated matrix-determinant lemma:

Lemma 5.4. Matrix determinant lemma
Let A be an invertible matrix and u, v vectors in R™. Then

det(A + uv”) = det(A)(1 4+ vT A )
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Proof. If det(I +uvT) = 14 vTu is shown then the result of the lemma is an
easy consequence. Lets set B = uv! =

uivr ... ULV,
U201 ... U2V,
UpV1 ... UpUp

Let us start by finding the characteristic polynomial pg(z) = det(B — xI) of
B. Since B has rank(B) < 1, we know that it has at least n — 1 eigenvectors
associated to the eigenvalue 0. Since the sum of all eigenvalues must be
tr(B) = vTu, we see that

py(z) = det(B — ) = (—=1)"2"(z — v"w)
Now plug in x = (—1) and deduce the required formula:
pp(l) =det(B+1)=1+v"u
0]

Lemma 5.5. Let A be an invertible matrix, and let a,b be vectors in R"
and p € [0,1]. Also suppose that Z, is an operator that acts on multivariate
polynomials induced by setting the u variable equal to zero. Then:

702y (14p0y+(1—p)0,) det(Aduaa” +vbb") = pdet(A+aa’)+(1—p) det(A+bb")

Proof. Using the matrix-determinant lemma, which states that for every non-
singular matrix A and every real number ¢ that

det(A + taa”) = det(A)(1 + ta’ A~ a)
One consequence of this is Jacobi’s formula for the derivative of the determ-
inant:
O, det(A + taa’) = det(A)(a¥ A a)
This formula implies that:
ZuZy(14p0y+(1—p)0,) det(A+uaa’ +vbb") = det(A)(1+p(a” A a)+(1—p) (6T A7'b)).

By the matrix determinant lemma this equals

pdet(A + aa”) + (1 — p) det(A + bb")
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Using the above results we can prove our main result on real rootedness.

Theorem 5.6. Letaq,...,a,, andby,...,b,, bevectors in R™, and let pq,...,pm
be real numbers in [0,1], and let D be a positive semidefinite matriz. Then
every (univariate) polynomial of the form

— Z (H]%)(H(l —p;))det(zl + D + Z a;al + Z bb!)
SC[m] i€S i¢S icS oy

18 real rooted.

Proof. Let uq,...,u,, and vy,...,v,, be formal variables and define

Q(QZ, ULy o v oy Uy, V1y - .. ,Um) = det(l’[ + D+ ZuiaiaiT + szbzb?)
Lemma 5.2 implies that () is real stable. We claim we can rewrite P(x) as
= (H ZuiniTDQ(xaula ceey Um, Uy e e avm)7

where T; = 1+ p;0y, + (1 — p;)0,,. To see this we prove by induction on k
that

HZuzszTl (T, Upy ey Uy VL, ey Upy) =

Z sz H (1 —p;))det(xl + D + Z a;al + Z bib] + Z(uiaiaiT + v;b;bl))

SClk] €S 1€[k]§ €S 1€[k]§ >k

The base case (k = 0) is trivially true, as it is the definition of Q. The
inductive step follows from the matrix determinant lemma, stated earlier.
The case k = m is exactly the claimed identity. Starting with @ (a real
stable polynomial) we can then apply Lemma 5.3 and the closure of real
stable polynomials under the restrictions of variables to real constants to see
that each of the polynomials above, including P(z), is also real stable. As
P(z) is real stable and has one variable, it is real rooted. ]

Having established the above useful theorem, we need to apply it to deduce
another theorem, that will finally prove a stronger version of a conjecture of
Bilu and Linial, regarding Ramanujan graphs.



31

Theorem 5.7. We need to prove that the polynomial
Z ( H pi)( H (1 —p;)) det(xl — Ay)
se{£1}m its;=1 iisi=—

1s real rooted.

Proof. For each vertex u, let d, be its degree, and let d = max,d,. This is
of course equivalent to proving that the following polynomial is real-rooted:

Z ( H pi)( H (1 —pi)) det(z] +dI — Ay) (5.1)

se{£1}m is;=1 irsi=—1

as their roots only differ by d. We now define for each edge (u,v) € E, the
rank 1 matrices

Li,v = (ey — €v)(ey — €y)

Lz_ni) = (eu + ev)(eu + ev)T

T

where e, is the elementary unit vector in the direction u. Consider a signing
s and let s,, denote the sign it assigns to edge (u,v). Since the original
graph has maximum degree d, we have

dl —A,= > Lyw+D
(u,w)EE
where D is the diagonal matrix whose uth diagonal entry equals d — d,. As
the diagonal entries of D are non-negative, it is positive semidefinite. If we

now set a,, = (e, — €,) and b,, = (e, + €,) we can express the polynomial
5.1 as

Z (H pz)( H (1—p,))det(w[+D+ Z au,vaz,v_l_ H bu,vbg,v)

se{£1}m u:s;=1 1:8;=—1 Su,p=1 Su,v=—1
which we know from the previous theorem 5.6, to be real rooted. O]
Before moving to the proof of some conjectures on Ramanujan graphs,

we will provide a theorem that is useful in the proof of the Kadison-Singer
problem. It is also a theorem about real stability.
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Theorem 5.8. If p € R[zy,. .., 2] is real stable, then so is

(1 =0.)p(z1,s -y 2m)

Proof. If we fix 25,... 2, then the resulting polynomial is also real stable.
Let’s then study that one with fixed all variables but one, which we call z.
Then:

(1 —=0.)p(2) = p(2) — 0-p(z)

We study that polynomial when I'm(z) > 0 to check whether it has any roots.
We know that Im(z) >0 = p(z) # 0. Then

p(z) — 0.p(z) = p(2) (1 — 22y oy -3

p(z) — 2 — 2

)

where z; are the roots of p(z). Since Im(z;) < 0 and Im(z) > 0 then
Im(z —2;) > 0 Vi. That implies that Im(}_, =%-) > 0, and therefore the

z2—2z;

theorem holds. O




Chapter 6

Results on a conjecture of Bilu
and Linial

Now it is time to state a theorem about the characteristic polynomials of the
2-lifts.

Theorem 6.1. The polynomials { fs}scr1ym are an interlacing family.

Proof. We will show that for every 0 < k < m — 1, every partial assignment
s1 € £1,...,s, £ 1 and every X € [0, 1], the polynomial

>‘f81 ,,,,, Sk,l(‘r) + (1 - A)fsl ----- Sk,—l(x)

is real-rooted. The theorem will follow then from Lemma 4.7. To show
that the above polynomial is real-rooted, we will apply Theorem 5.7 with
karl:)\u Pr+y2y- -+, pm:1/2uandp1:%forlglgk [

Theorem 6.2. Let G be a graph with adjacency matriz A and universal
cover T. Them there is a signing s of A so that all of the eigenvalues of A
are at most p(T'). In particular, if G is d-reqular, there is a signing s so that
the eigenvalues of Ay are at most 2v/d — 1.

Proof. The first statement follows immediately from theorems 4.4 and 6.1
and lemma 3.7. The second statement follows by noting that the universal
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cover of a d-regular graph is the infinite d-regular tree, which has spectral
radius at most v/d — 1. O]

Lemma 6.3. Every non-trivial eigenvalue of a complete (¢, d)-biregular graph
is zero.

Proof. The adjacency matrix of this graph has rank 2, so all its eigenvalues
other than 4++/cd, must be zero. O

Theorem 6.4. For every d > 3 there is an infinite sequence of d-reqular
bipartite Ramanujan graphs.

Proof. By lemma 3.9 and theorem 6.2, for every d-regular bipartite Ramanu-
jan graph G, there is a 2-lift in which every non-trivial eigenvalue is at most
2v/d — 1. As the 2-lift of a bipartite graph is bipartite, and the eigenvalues of
a bipartite graph are symmetric about 0, this 2-lift is also a regular bipartite
Ramanujan graph. Thus, for every d-regular bipartite Ramanujan graph G,
there is another d-regular bipartite Ramanujan graph with twice as many
vertices. [

Theorem 6.5. For every c,d > 3, there is an infinite sequence of (c,d)-
biregular bipartile Ramanujan graphs.

Proof. We know from Lemma 6.3 that the complete (c,d)-biregular graph
is Ramanujan. We will use this as a base for a construction of an infinite
sequense of (¢, d)-biregular bipartile Ramanujan graphs. Let G be any (¢, d)-
biregular Ramanujan graph. As mentioned in the definitions chapter, the
universal cover of GG is the infinite (¢, d)-biregular tree, which has spectral
radius /¢ — 1 4+ +v/d — 1. Thus Theorem 6.2 tells us that there is a 2-lift of G
with all its eigenvalues at most /¢ — 1++/d — 1. As this graph is bipartile, all
of its non-trivial eigenvalues have absolute value at most v/c¢ — 1++/d — 1. So,
the resulting 2-lift is a larger (¢, d)-biregular bipartile Ramanujan graph. [




Chapter 7

The Mixed Characteristic
Polynomial

This is essentially the second part of this thesis, in which the Kadison-Singer
problem is proved.

Lemma 7.1. For every square matrix A and random vector v, we have

Edet(A — vv*) = (1 — 0;) det(A + tEov*)|i=o

Proof. First, we assume that A is invertible. For the general case just choose
a sequence of invertible matrices that approach A. By the ‘matrix determ-
inant lemma’ we have

E det(A — vv*) = Edet(A)(1 — v)
=Edet(A4)(1 — TT(A vu*))
= det(A) — det(A)ETr(A tvv*)
= det(A) — det(A)Tr(A ' Evv*)

On the other hand, with the use of Jacobi’s formula
(1 — 0;) det(A + tEvv*) = det(A + tEvv*) — det(A)Tr(A™'Evv*)
The claim follows by setting ¢t = 0 ]
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Now let’s introduce the mixed characteristic polynomial and give a theorem
about it.

Theorem 7.2. Let vy, ...,v, be independent random column vectors in C?
with finite support. For each i, let A; = Ev;vf. Then:

m m

plAg, .o Apl(x) = EX[Z vuf(z) = H(l 0.,) det( CIZI—l—Z 2iA)| sy ==z =0

=1 i=1 =1

Proof. The proof of this theorem relies on Lemma 7.1 We will show by in-
duction on k that for every matrix M,

k k
Edet(M — Y vwf) = [[(1 - 0.,) det( M—l—zzz | —
=1

i=1

The base case k = 0 is trivial. Assuming the claim holds for ¢ < k, we have:

k k—1
E det(M — Z vivy) =E,, . vh_1Eu, det(M — Z vvs — vkvy) by independence
=1 =1
k—1
=E, v, (1—0,)det(M — Z VU7 + 2 Ak)|z=0 by Lemma 7.1
i=1

k—1
=(1-0,)E, . _,det(M + z Ax — Z V)| zm0 by linearity
i=1
k-1 k-1

= (1 - 82k> H( — 0. )det(M + 2k Ak + Zzz 7 21= =2Zk—1 O’Zk=0

i=1 =1

k
H detM+Zzz z z1: -=z=0

as desired. O

Of course the mixed characteristic polynomial is real rooted.

Finally, we use the real rootedness of mixed characteristic polynomials to
show that every sequence of independent finitely supported random vectors
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vy, ..., Un define an interlacing family. Let [; be the size of the support of the
random vector v;, and let v; take the values w; 1, ..., w;;,, with probabilities
Dily -5 Dil;- Where: wi,l = (ui, Od, .. ,0d>, wm = (Od, Ua, Od, Ce ,Od),

where w1, ..., u, € C? vectors.

Now for j; € [l1], ..., Jm € [lm], define:

G = | [PraX D wigiwls ] (@)
i=1 i=1
Theorem 7.3. The polynomials gq;, .. ;.. form an interlacing family.

Proof. For 1 < k <m and j; € [l1],...,jr € [lg], define the partial assign-
ment

k k m
Djrseeesin (:C) = Hpi,jiEka,...,va[Z wi:jiw:,ji + Z Uiv:] (:C)
i=1 =1

k+1

Also let .
G0(7) = Euy,on XY v07](2)
i=1

We need to prove that for every partial assignment j1, . . ., jx (possibly empty),
the polynomials

{qj'l,tht (x)}t=17~--»lk+1

have a common interlacing. By Lemma 4.7, it suffices to prove that for every
nonnegative Ay, ..., A, , summing to one, the polynomial

lkt1

Z )\tqj1,...,jk,t (x)
t=1

is real rooted. To show this, let w41 be a random vector that equals wy1 4,
with probability A;.



Chapter 7. The Mixed Characteristic Polynomial 38

Then, the above polynomial equals:
k k m
[P wn XD @iy, + wnpatpyy + Y viv](x)
i=1 =1 i=k+2

which is a multiple of a mixed characteristic polynomial and therefore real
rooted. [



Chapter 8

The Multivariate Barrier
Argument

In this chapter we will prove an upper bound on the roots of the mixed
characteristic polynomial p[Ai, ..., A,)(z) as a function A;, in the case of
interest " A; = I. Our main theorem:

Theorem 8.1. Suppose A, ..., A, are Hermitian positive semidefinite matrices
satisfying Y iwy A = I and Tr(A;) <€ for all i. Then:

mazroot u[Ai, ..., An)(z) < (1+/e)?

We begin by deriving a slightly different expression for u[A;, ..., Ay,](x)
that allows us to reason separetely about the effect of each A; on the roots.

Lemma 8.2. Let Ay, ..., A, be Hermitian positive semidefinite matrices. If
> A; =1, then
ulAr, .., Apl(z) = H(1 —9y,) det(z Yili)ly1==ym=c
i=1 i=1

Proof. For any differentiable funtion f, we have

9y, (f (i)

Yyi=zi+r — azzf(’zl + .1')
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So, the lemma follows by substituting y; = z; + x into the previous product
and observing that it produces the expression on the right hand side of The-
orem 7.2. O

We will often use the polynomial

m

QY1s- - Ym) = H ;) det( Z YiAi)lyseeym

=1

To be more specific u[Ay, ..., Anl(x) = Q(x, ..., z) holds, as seen in
lemma 8.2

Definition 8.3. Above the roots
Let p(z1, ..., 2m) be a multivariate polynomial. We say that z € R™ is above
the roots of p if

plz+1t)>0 foral t=(t,....tn) €R™ ;>0

i.e. if p is postive on the nonnegative orthant with origin at z. We will denote
the set of points which are above the roots of p by Ab,

Definition 8.4. Barrier function
Given a real stable polynomial p and a point z = (z1,..., zy) € Ab,, the
barrier function of p in direction ¢ at z is

, 0.,p(2)
@’L z) = 7

o2 p(z)
Equivalently, we may define ®! by:

<

i QZz
D (2150, 2m) =

Zi
qzz 'L j=1 ~t

where the univariate restriction

Qi(t) = (21, .o, Zic1, Zik1y - - Zm)

has roots Ay, ..., A\, which are real.

Now lets give out first theorem about the barrier functions.
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Lemma 8.5. Convexity of the barrier function
Let p real stable polynomial of m variables. Then:
g O

(—1) @‘I’;(iﬁ) >0

whenever £ = 0,1,2,... and z lies above the roots of p. In particular the
function ¢ — @,(z + te;) is non-negative, non increasing, and convex for
non-negative ¢, where e; is the vector with zeros except a 1 in the j-th entry.

Proof. The first case is when ¢ = j. Since we are only interested in z such
that z € Ab,, we can study p(z) = p(z1,..., 2, ..., zy) for all variables fixed
and real, except z;, which would just vary on the real line. We get:

i ok ok+1 d 1

(=1) @‘PZ(Z) = (—1)f g logp(z) = k1) _(——

)k+1
Oz +1 o Fi Y

where y; are all real roots. Since z; — y; is positive when z € Ab, the claim

follows.

Of course, if £ = 0, then by fixing all variables except one, let’s suppose it is

x1, we get that:
d

Py(21) = Z !

l‘ J— .
=1 1T Y

We know that z; —y; > 0, so ®, >0

Now for the second case i # j. By freezing all the other variables and
relabeling, we may assume that there are only two variables z; and 25, which
we call from now on x1, s, since they are real and x = (x1, z5). Thus p(z1, x2)
is a real stable polynomial. The task is to show

p O

This is equivalent to
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So it suffices to show that (—1)k88—kk log p(z) is non-decreasing in the z; direc-
T3

tion. By continuity, it suffices to do this for generic z; (thus we may exclude
a finite number of exceptional x; if we wish)

For fixed x1, the univariate polynomial p,, : xo — p(x1, x2) is real stable, and
thus has real roots, which we denote as y;(x1),...,ya(x1). For generic z,
the number d of roots does not depend on x7, and the y;(z1) can be chosen
to vary smoothly in z;, and the multiplicity of each root y;(x;) is locally
constant in x;. We then have:

(1) grglowple) =~k =D o

k d
1=

So it suffices to show that each of the (m—yli e )k is a non-increasing function
of z1. But if (21, z5) lies above the roots of p, then the y;(x;) all lie below o,
so it suffices to show that the y;(x1) are all generically non-increasing. If this
were not the case, then y;(z1) would have a positive derivative for all z; in
an open interval. In particular, there would be a zy such that the root y;(x1)
has a positive derivative and a constant multiplicity m for all x; sufficiently
close to xg. By analytic continuation we conclude that for complex z; near
xo, the polynomial zo — p(z1, 22) has a complex root y;(21) near y;(zo). We
expand the function ¢(z1,22) = 2o — y;(z1) in Taylor series around (xg, o),
and we get

(21, 22) = —Ui(x0) (21 — x0) + (22 — yo) + lower order terms

These lower order terms don’t matter at all in our analysis. Thus we see by
Taylor that we can choose ¢;(x¢)(z1 — o) = 61 and zo—yo = 67, with 6; > 0.
Thus we get 21, 2o with positive imaginary parts such that p(z1, z5) = 0, which
contradicts stability, and the claim follows. Note that this was possible,
because y;(xg) > 0. O

The real purpose of the barrier function is to allow us to reason about
the relationship between Ab, and Ab, s, ,. In particular the monotonicity
statement alone immediately implies the following lemma.



43

Lemma 8.6. Suppose that p is real stable, that z € Ab,, and that q);(z) < 1.
Then 2 € Ab,-s,

Proof. Let t be a non-negative vector. As @ is nonincreasing in each coordin-
ate we have ®!(z +t) < 1 therefore:

Dp(z+1t) <plz+t) = (p—0.,p)(x+1t) >0

as desired O]

The above Lemma allows us to prove that a vector is above the roots of
p — 0.,p. However we need the barrier function to be bounded away from 1.
To remedy this, we present the following lemma.

Lemma 8.7. Suppose that p(zi,..., z,) is real stable, that z € Ab,, and

that § > 0 satisfies: .
Then for all 7:

poo. (21 06j) < O (2)

Proof. We will write 0; instead of 0., to ease notation. We begin by the left
hand-side of the wanted result.

(I)i _ 8z<p - ajp)
PP p—0yp

a1 -app)
(1 = Pp)p |

_1-®)an) (20—
(1—dp)p (1—dp)p
, 0,7 , ;
i 8j<I>;

— ¥p

1— )
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We would like to show that ®;_, (2 + de;) < ®,(2). By the above identity
this is equivalent to
0;®1 (2 + dey)
1 — ®)(2 + dey)

< @ (2) — Pl (2 + dey)

By the convexity of the barrier function we get that
P! (240e;) < D! (2)+00;D) (2+de;) <= 6(—0;®L(2+0¢;)) < I (2)—D! (2+0e;)
Thus it is sufficient to establish that:

B 8]613;,(2 + 5ej)
1 — ®)(z + de;)

< 5(—0;®i (= + be;)
We know about the numerator of the above inequality that it is nonnegative
from Lemma 8.5, so we may divide both sides by the numerator to obtain:

1
1 —®i(z+ dej) —

Now use the monotonicity of the barrier function ®(z + de;) < ®/(z) and
conclude that in order for the claim to follow we need

1
——— <94
1 —®i(z)

which we know to be true from the assumption ®7(z) <1 — . O

Now let’s give the proof of theorem 8.1 that will inevitably prove the
conjecture of Kadison- Singer. We have all the tools necessary to move
closer to the conjecture.

Proof. Of theorem 8.1
Let

m

Py, ym) = det(D) i A;)

i=1
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and set t = € + \/e.

The vector t1 = ¢(1,...,1) is above the roots of P, since if we choose €

R™* then

P(t1+8) =Pt +f,... . t+t,) =det(d (t+1)A;) =det(t] + Y #;A) >0
i=1 i=1

The last equality holds because it is the determinant of the sum of positive
semidefinite matrices.

Now by the ‘matrix determinant lemma’, and the ‘Jacobi’s formula’, we
get that

; AP(y1,- - Ym) S -1
P s Ym) = =Tr ZAZ Az
P ym) = 5 «;;y ) A
Also,
, Tr(A;) e €
O%(t1) = <-= =
Now let 6 = ﬁ =14 +/e. Define for k € [m],
k
Pe(yr, ..y Ym) = H(l —0y)P(y1, - Ym)
i=1

Note that P,, = Q
Set 2° to be the all-t vector, and for k € [m] define 2* to be the vector that
is td in the first k coordinates and ¢ in the rest.

' =(t,...,1)

e = (t 406, t+0,t,...,1)

By inductively applying lemmata 8.6, 8.7 we get that z* is above the roots
of Py, and that for all 4: '
Pp(r*) < ¢

It follows that the largest root of

plAs, .., Anl = Pz, ..., 2)
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1S at most

t+0=1+ e+ Vet+e=(1+e)?



Chapter 9

Proof of the Kadison-Singer
problem

In this chapter we will state and prove the Kadison-Singer problem, using
the technics developed in this thesis.

The original question of Kadison singer was the following

Conjecture 1. Kadison-Singer Problem

Does every pure state on the (abelian) von Neumann algebra D) of bounded
diagonal operators on [y have a unique extension to a pure state on B(ly),
the von Neumann algebra of all bounded operators on /57

This conjecture has been shown to be equivalent to a number of conjectures
including Anderson’s Paving conjecture[5, 6, 7], Weaver’s discrepancy theor-
etic conjectures|[11], the Bourgain-Tzafriri Conjecture[8, 10], the Feichtinger
Conjecture and the R.-Conjecture [9].

These conjectures are proven in this thesis by proving Weaver’s Conjecture,
as amended by [11, Theorem 2], and says:

47
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Conjecture 2. There exist universal constants n > 2 and 6 > 0 so that the
following holds. Let wy, ..., wy, € C? satisfy ||w;|| < 1 for all i and suppose:

> Nuw)fF=n
i=1
for every unit vector u € C?. Then there exists a partition Si, Sy of {1,...,m}
so that
Sl <n -6
i€S;

for every unit vector u € C? and each j € {1,2}

A proof of Anderson’s projecton paving conjecture is also given:

Conjecture 3. Paving Conjecture
For every € > 0 there is an r € N such that for every n xn self-adjoint complex
matrix 7" with zero diagonal, there are diagonal projections P, ..., P, with

> i_y P, = I such that
IPTR| < elT| fori=1,...,r
The paving conjecture can be extended to infinite operators 1" € Bly by an

elementary compactness argument, which then gives an immediate solution
to the Kadison-Singer problem.

Now we prove two theorems, the second of which implies conjectures 2
and 3. The first will be proved using the technics developed earlier, and the
second one using the first.

Theorem 9.1. If ¢ > 0 and vq,...,v, are independent random vectors in
C? with finite support such that

m

*
E Evv; = 14
i=1

and
Elvi]|* < e for all i
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Then: .
Pl > owill < (L+V6)] >0
i=1

Proof. We will make extensive use of the theorems presented earlier, partic-
ularly theorem 8.1.
Let A; = Ev;vf. We have

Tr(4A;) = ETr(vw}) = Evlv; = E||lv||* < e for all i

The expected characteristic polynomial of the ), v;vF is the mixed char-
actersitic polynomial p[Ay, ..., Ay](z). Theorem 8.1 implies that the largest
root of this polynomials is at most (1 + /€)2.

For i € [m], let [; be the size of the random vector v;, and let v; take the
values w; 1, ...,w;;, with probabilities p;1,...,p;;, respectively. Theorem 7.3
tells us that the polynomials ¢;, ;. are an interlacing family. So, theorem
4.4 implies that there exist ji,..., J;, so that the largest root of the charac-

teristic polynomial of
m
*
E :Wi,jiwz‘,ji
i=1

is at most (1 + /€)?

O
Corollary 9.2. Let r be a positive integer and let uy, . .., u,, € C? be vectors
such that: .
Z wuy =1
i=1
and ||u;]|* < 6 for all i. Then there exists a partition {Si,...S,} of [m] such
that

1
wur || < ——l—\/S)Q
Hiezsj | (\/7:

Proof. For each i € [m] and k € [r], define w; ; € C™ to be the direct sum of
r vectors from C?, all of which are 0¢ except for the k* one, which is a copy
of u;. Namely:
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U; Od
Od U9
wii=|.|, Wa2=]. and so on
0 0
Now let vq,...,v,, be independent random vectors such that v; takes the

values {\/rw;}_, each with probability 1/r
These vectors satisfy:

UZU: ded e ded
Od d w; U Od d

Evop = | 0 0 T T and o = rllw® < ré
Od><d Od><d e uluz*

So,
m
§ : *
]E’Uﬂ)i = [rd
=1

and we can apply Theorem 9.1 with ¢ = rJ to show that there exists an
assignment of each v; so that

(L+Vrs)* > || ZWZH =Y. Y Vrwa)Vrw)|

k=1 t:v;=w;
Therefore by setting Sy = {i : v; = w;; }, we obtain:
1, - 1
I wafll = 1) wiwill < =110 Y (Vrwig) (Viwig) || < (—=+V6)
. ‘ r . T
1€SE 1€Sy k=1 i:v;=w; j
and this is true for all k. O

Having established this Corollary, we can now prove the equivalent forms
of the Kadison-Singer problem quite simply. If we set r = 2 and 6 = 1/18



o1

this implies Conjecture 2 for n = 18 and 6 = 2. We can also get Conjecture
3 by this Corollary, however it is somewhat more involved. We will prove it
in the following chapter.
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Chapter 10

The Paving Conjecture, a proof

The main result of this section is the following quantitative version of conjec-

ture 3. We will say that a matrix 7" can be (r, €)-paved if there are coordinate

projections P, ..., P, such that > P, = I and ||PTF,|| < €T for all .
We will need a lemma presented in 3

Lemma 10.1. (Theorem 3 of [3]) Suppose there is a function r : R, + N so
that every 2n x 2n projection matrix () with diagonal entries equal to 1/2 can
be (r(e), %)-paved for all € > 0. Then every n x n self-adjoint zero-diagonal
matrix 7' can be (r?(¢), ¢)-paved for all € > 0

Now we are ready to prove the paving conjecture.

Theorem 10.2. The paving conjecture For every e > 0, every zero-
diagonal complez self-adjoint matriz T can be (r, €)-paved with r = (6/¢)*.

Proof. Let () be an arbitrary 2n x 2n projection matrix with diagonal entries
equal to 1/2. Then Q = (uju;); cpn is the gramian matrix of 2n vectors
Uy, ... U, € C" with ||u]] = 1/2 = 5. Applying Corollary 9.2 to these
vectors for any r yields a partition S,...,S, of [2n]. Letting Py be the
projection onto the indices in Sy, we have for each k € [r] :
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. 1 13
| PeQPsl| = [[(wiuy)iges, || = ||ZUUH 7+7) _+W

1€SE

Thus every @ can be (r, 15<)-paved for r = 36/¢*. Applying Lemma 10.1
yields the result. O
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