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Chapter 1

Overview

The course has three parts. The first part is about eigenvalues, from classical to recent results in
spectral graph theory. The second part is about polynomials, mostly on the method of interlacing
polynomials and the theory of real-stable polynomials. The third part is about eigenvalues and
polynomials, on high-dimensional expanders and log-concave polynomials.

1.1 First Part

The classical spectral graph theory relates (i) the second eigenvalue of the adjacency/Laplacian
matrix and (ii) the graph expansion and (iii) the mixing time of random walks. We will start with
the fundamental Cheeger’s inequality, and then see its applications in analyzing mixing time and in
constructing expander graphs.

Around 2010, there are a few interesting extensions/generalizations of Cheeger’s inequality using
other eigenvalues of the matrix. In previous offerings, we studied these generalizations in details. In
this offering, we will just have an overview of these results. Instead, we will study a new Cheeger’s
inequality for vertex expansion from 2021.

Also around 2010, there are a few interesting results on a linear algebraic formulation of the graph
sparsification problem. We will study a random sampling algorithm, and a deterministic algorithm
using barrier functions. Then we will also study a related concept called spectral rounding, and see
its applications in experimental design and network design.

To provide a more concrete idea, the graph sparsification problem can be formulated as the following
pure linear algebraic problem. Given v1,...,v, € R? such that Dy viv;f = 1[4, find scalars
$1,...,8, with few nonzeros such that Z?:l siviviT ~ I;. The deterministic result says that it is
possible to have only O(d) non-zeros scalars to achieve a constant factor approximation, implying
that any undirected graph has a linear-sized sparsifier. It is striking that this linear algebraic
formulation provides the best-known way to look at this combinatorial graph problem.

1.2 Second Part

The ideas and techniques developed in spectral sparsification turned out to be surprisingly powerful.
It was observed that the deterministic spectral sparsification result is reminiscent to a major open
problem in mathematics called the Kadison-Singer problem. This major problem is very remarkably
solved in 2013 by a novel probabilistic method and a multivariate extension of the barrier method.
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Interestingly, the new probabilistic method is based on viewing eigenvalues as roots of polynomials,
and exploiting interlacing properties of these roots. Besides this method of interlacing family and
the multivariate barrier method, the solution is also built on a beautiful theory for real-stable
polynomials.

In the second part of the course, we will take this polynomial perspective and study the theory of
real-stable polynomials to some extent. Then we will see how this is used in establishing interlacing
properties for the new probabilistic method. And then we will see the multivariate barrier method
and the solution to the Kadison-Singer problem.

Besides the Kadison-Singer problem, this method of interlacing family has several other interesting
applications, including the construction of Ramanujan graphs and even the traveling salesman
problem. To give one example, consider the following special case of the restricted invertibility
problem. Given v1,...,v, € R% such that Yoy viviT = I; and an integer k, the goal is to prove the
existence of a subset S of k vectors with large minimum non-zero eigenvalue )‘min(Zz‘e g v,—v;‘r). It
turns out that the method of interlacing family allows us to reduce the problem to bounding the
maximum root of the polynomial 9"2"(x — 1)"!

1.3 Third Part

In the third part, we will study an active research topic about high-dimensional expanders. This new
concept provides a local-to-global way to bound the second eigenvalue of the random walk matrix,
and it leads to an elegant solution to a long standing open problem called the matriod expansion
conjecture in 2019. Since then, lots of progress have been made in using this new approach to
analyze mixing time of random walks.

Interestingly, this approach of bounding eigenvalues for random walks is also closely related to
analytical properties of some associated polynomials. Consider the following natural algorithm for
sampling a random spanning tree of an undirected graph G = (V, E). Start with an arbitrary
spanning tree 7y. In the i-th iteration, we add a random edge e to the tree and remove a random
edge f on the cycle created and set T; :=T;_1 + e — f. And we simply repeat many iterations and
hope that the tree will look random very soon. Amazingly, the analysis of this algorithm depends
on the analytical properties of the following generating polynomials. Given an undirected graph
G = (V, E), we associate a variable z. for each edge e € F, and consider the generating polynomial
of spanning trees p(z) = Y pcq [[ocr e where T denotes the set of all spanning trees of G. For
spanning trees, we will see that this polynomial is completely log-concave and this implies that the
above random sampling algorithm is fast.

This polynomial approach has been extended very nicely to prove optimal bounds on mixing time
for several other problems, through the so-called log-Sobolev inequality. For these problems, a more
general property called fractionally log-concavity is used to prove strong bounds on log-Sobolev
inequality. This connection between polynomials and mixing time is very elegant.

High-dimensional expanders are also used in a recent breakthrough in constructing locally testable
codes. It is an exciting and very active research area that has shown great promise.
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Linear Algebra

2.1 Eigenvalues and Eigenvectors

Definition 2.1 (Eigenvalues and Eigenvectors). Let A be an n X n matriz. A nonzero vector v is
called an eigenvector of A if Av = Mv for some scalar A\. A scalar X is called an eigenvalue of A if
there exists an eigenvector v with Av = Av.

The multi-set of eigenvalues of A is given by the roots of the characteristic polynomial. This
viewpoint will not be used often in the first part of the course, but it will be of central importance
in the second part of the course.

Definition 2.2 (Characteristic Polynomial). Let A be an n x n matriz. The characteristic polyno-
mial of A is pa(x) = det(xl — A).

Two matrices are said to be similar if one is obtained from another by a change of basis.

Definition 2.3 (Similar Matrices). A matriz X is similar to another matriz Y if there exists a
non-singular matriz B so that X = BY B~!.

It is well known that similar matrices have the same spectrum.

Fact 2.4 (Spectrum of Similar Matrices). If X is similar to Y, then the multi-set of eigenvalues of
X and that of Y are the same.

Proof. One way to see it is that they have the same characteristic polynomial, as
px(z) = det(z] — X) = det(z] — BYB™Y) = det(B(zI — Y)B™') = det(zI — Y) = py(x),

where the second last equality is by Fact 2.27. O

Real Symmetric Matrices

In this course, we mostly work with real symmetric matrices, which have all eigenvalues being real
numbers.
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Theorem 2.5 (Spectral Theorem). Let A € R™ ™ be a symmetric matriz. Then all eigenvalues of
A are real numbers. Furthermore, there is an orthonormal basis of R™ consisting of eigenvectors of

A.

See L01 of 2019 for a proof, which is based on the proof given in the book by Godsil and Royle [GR].

Remark 2.6 (Undirected and Directed Graphs). Theorem 2.5 applies to the adjacency/Laplacian
matrices of undirected graphs, but not for directed graphs. This is the main reason that spectral
graph theory is much more devleoped in undirected graphs. It has been an open direction to develop
spectral graph theory for directed graphs.

Diagonalization: Using the spectral theorem, real symmetric matrices can be written in the
following form. Let A € R™™*™ be a symmetric matrix. Let vq,...,v, € R™ be an orthonormal
basis of eigenvectors guaranteed by Theorem 2.5 with corresponding eigenvalues Aq,..., A,. Let V
be the n X n matrix with the i-th column being v;. Let D be the n x n diagonal matrix with the
(i,7)-th entry being A;. Then the conditions Av; = A\jv; for 1 < i < n can be compactly written as
AV =V D. Since the columns in V form an orthonormal basis, it follows that VIV = I and thus
V=1 =VT. So, we can rewrite AV = VD as

A=vVDV!'=vDVT.

Power of Matrices: Let A € R"*" be a symmetric matrix. The diagonalization form A = VDV
is very convenient in computations. To compute A*, observe that it is simply A* = (VDVT)F =
VDFVT where DF is readily computed as D is a diagonal matrix.

This is very useful in analyzing random walks, as P! is the transition matrix of the random walks
after ¢t steps where P is the transition matrix in one step. We will use the eigenvalues of the
transition matrix to bound the mixing time of random walks.

Eigen-Decomposition: If vy,..., v, form an orthonormal basis, then any = € R™ can be written
as a linear combination civy + ... + ¢,v,. By orthonormality, for any 1 < i < n,

(T, v) = (crv1 + ... + cpop, V) = (Cv, vi) = ¢;.
Therefore, for any x € R",
_ _ .. T T, _ T T
r = {(x,v1)v1 + ...+ (T, 0n)vp = V1V T+ ... VU, T = (vlvl 4+ ...+ vnvn)x.
Since this is true for all x € R™, it follows that
vlvlT + ...+ vnvg =1,.
Now, if v1,...,v, are also eigenvectors of a matrix A € R™*™, then for any = € R"”,
Azx = A(vwi‘r 4+ ...+ vnvg)x = (AlvlvlT 4+ ...+ )\nvnv;‘f)w.

This implies that
A= Nvo] + ..+ Aol

Verify that we can also write the inverse using the eigen-decomposition as

_ 1 T 1 T
A7 = )\—11)11)1 —i—...—i-)\—nvnvn.
Later, this form will also be used to define the “psuedo-inverse” of a matrix A when A is not of full

rank.
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Positive Semidefinite Matrices

An important class of real symmetric matrices is the class of positive semidefinite matrices. A
real symmetric matrix is called positive semidefinite if all of its eigenvalues are nonnegative. This
can be seen as a matrix analog of a non-negative number. The following are some equivalent
characterizations of a positive semidefinite matrix.

Fact 2.7 (Positive Semidefinite Matrix). Let A € R™*™ be a real symmetric matriz. The following
statements are equivalent.

1. A is positive semidefinite, i.e. all eigenvalues of A are non-negative.
2. For any x € R", it holds that 27 Az > 0, i.e. all quadratic forms are non-negative.

8. A=UTU for some matriz U € R™",
The notation A = 0 will be used to denote that A is a positive semidefinite matriz.

It is a good exercise to prove this fact; see L01 from 2019 for a proof. A matrix is called pos-
itive definite if all eigenvalues of A are positive. It is left as an exercise to find the equivalent
characterizations for positive definite matrices as in Fact 2.7.

Check that the set of positive semidefinite matrices forms a convex set. Optimizing a linear func-
tion over the set of positive semidefinite matrices with linear constraints is called semidefinite
programming. This is a very important class of convex optimization problems that can be solved
in polynomial time. We will see it once in this course and we will explain more when we use it.

It is also a good exercise to prove the following useful fact.

Fact 2.8. For any two positive semidefinite matrices A, B € R"*™,

n n

i=1 j=1

Optimization Formulation for Eigenvalues

The main reason why eigenvalues are useful for optimization is through the following formulation,
which is basically the quadratic form but normalized by the vector length.

Definition 2.9 (Rayleigh Quotient). The Rayleigh quotient of a vector x € R™ with respect to a
matriz A € R™*" is defined to be

n n

.%’TA$ . E :izl E :jzl Az’jxixj
T - n 2 :

T Q=1 %

Ry(x) :=

The largest eigenvalue is the maximum value of the Rayleigh quotient.

Lemma 2.10 (Optimization Formulation for ay). Suppose A € R"™™"™ is a real symmetric matriz
with eigenvalues ay > ag > ... > ay. Then

2T Ax
Q] = max ———.
zcRr Ty

9
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Proof. Let vy,v2,...,vy, be the corresponding orthonormal basis of eigenvectors guaranteed by
Theorem 2.5. As v1,...,v, forms a basis of R", any vector x € R” can be written as a linear
combination x = cjv1 + - - - + ¢v,. Then, the numerator can be written as

n
2T Az = (crvr++ - +eavn) T Alcrvr+ - Fenvn) = (crvr+ - +eavn)T (crarvr+ - Henamvn) = Y _ i,
=1

where the second equality is because vy, --- , v, are eigenvectors and the last equality is because
V1, -+ , Uy are orthonormal. Similarly, the denominator can be written as

n
e (crvop + -+ + Cnvn)T(Cl’Ul + ot o) = ZCZQ
i=1

So, the Rayleigh quotient of z is

T n 2 n 2
r' Az _ Dl GG _ 1) i C —
T - n 2 = n 5 — @1.
Tz D i1 G D i1 €

On the other hand, note that v; attains the maximum, and the lemma follows. O

This can be extended to characterize other eigenvalues. In particular, we will use the following
lemma for the second largest eigenvalue later.

Lemma 2.11 (Optimization Formulation for ay). Suppose A € R™™™ is a real symmetric matriz

with eigenvalues o > ag > ... > «y and corresponding orthonormal eigenvectors vy, ...,v,. Let
Ty be the set of vectors that are orthogonal to vi,ve,...,vp_1. Then
xT Az
o = max .
k zeTy xlx

Proof. Let x € T,. Write z = cjv1+- - -+¢pv,. Recall that ¢; = (z,v;) from the eigen-decomposition
subsubsection. Since x € T}, it follows that ¢y = co = --- = ¢x_1 = 0. Using the same calculation
as in Lemma 2.10,
o Az _ > i Gt < Y > i G
ol Yk T Xk

On the other hand, v, € T} and U,{Avk/v,zvk = ay, and the lemma, follows. O

= Q.

The above result gives a characterization of «y, but it requires the knowledge of the previous eigen-
vectors. The Courant-Fischer theorem gives a characterization without knowing the eigenvectors,
and is more useful in giving bounds on eigenvalues. In words, the Courant-Fischer theorem says that
to prove a lower bound on «ay, one needs to show a k-dimensional subspace in which every vector
has large Rayleigh quotient, and the best k-dimensional subspace gives the tight lower bound. And
to prove an upper bound on «y, one needs to show a (n — k + 1)-dimensional subspace in which
every vector has small Rayleigh quotient, and the best (n — k + 1)-dimensional subspace gives the
tight upper bound.

Theorem 2.12 (Courant-Fischer Theorem). Suppose A € R™ " is a real symmetric matriz with
eigenvalues ay > ag > ... > ay. Then
2T Az T Az

ap = max min T = min max —-—.
SCR7:dim(S)=k z€S X' T SCR”:dim(S)=n—k+1 z€S zlx

10
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Proof. We prove the max-min equality. The min-max equality is similar and is left as an exercise.

Let S; be the k-dimensional subspace spanned by the first k& orthonormal eigenvectors vy, ..., vg,
ie. Sy ={x |z =civ1 + -+ ¢y for some cq,...,c; € R}. Then, for any x € S,

2T Az (croy 4 -+ cpvp) TAcrvg + - 4 cpug) B Zle o o QK Zle c?

= = = 0.
T . T .. k2 = k2
xtx (clvl -+ + ckvk) (011)1 + + ckvk) Zi:l c? Zi:l c?
Therefore,
. xT Az 2T Az
max min > min > Qay.

SCRn:dim(S)=k zeS5 xlx — ze8, 1w

To prove that the maximum cannot be greater than «yg, observe that any k-dimensional subspace

must intersect the (n — k + 1)-dimensional subspace T spanned by {vg,vg41,...,v,}. For any
z € Ty,

el Aw 3 clay

T, = ~swm 2 =%

T 2=k €

Therefore,
. ol Ax . 2T Az
max min min Q.

SCRn:dim(S)=k zeS alx — zesSnT, xTx —
O

One consequence of the Courant-Fischer theorem is the eigenvalue interlacing theorem, which will
be useful in the second part of the course.

Theorem 2.13 (Cauchy’s Interlacing Theorem). Let A € R™™™ be a real symmetric matriz and B
be a (n — 1) x (n — 1) principle submatriz of A. Then

o> pr>a> P> > a1 > Bt 2> o,

where ap > ag > ... > ag are the eigenvalues of A and 51 > B2 > ... > Bp_1 are the eigenvalues
of B.

Proof. Assume without loss of generality that B is in the top left corner of A, that is, the first n —1
coordinates.

It should be clear that ap > Bi because the search space for ay is larger than than for Si. More
precisely,
T Az T Az zT Bz

g = max min 7 2 max min T = max min T
SCRn:dim(S)=k z€S x!x SCRn—1.dim(S)=k z€S ' SCRn—1.dim(S)=k z€S '

= B

Next, we show Br > apy1. For any S C R™ with dim(S) = k + 1, its restriction to the first n — 1
coordinates (i.e. S NR" 1) is of dimension at least k. So, if there is a good (k + 1)-dimensional
subspace for A, then there is a good k-dimensional subspace for B, and so f; can do as well as
ag+1. More formally, let Si41 be the (k+ 1)-dimensional subspace that attains maximum for a1,

o 2T Az . 2T Az 2T Ax . 2Bz
Qpy1 = min —x— < min 7 < max min ——— = max min ———
€Sk T X €S 1 NRY—1 T T SCR”—1:dim(S)=k z€S T T SCR™—1l:dim(S)=k z€S T T

= B
O

11
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Perron-Frobenius Theorem

The Perron-Frobenius theorem is the most important result on the eigenvalues and eigenvectors on
non-negative matrices. To state it, we need the definitions of an irreducible matrix and the spectral
radius of a matrix.

Definition 2.14 (Irreducible Matrix). A matriz A € R™*" is irreducible if its underlying directed
graph G = (V, E) is strongly connected, where the vertex set of G is V = [n] and the edge set of G

is B ={ij | Aij # 0}.

The spectral radius of a real symmetric matrix is simply the eigenvalue with largest absolute value.
The following is the more general definition for matrices with complex eigenvalues.

Definition 2.15 (Spectral Radius). The spectral radius p(A) of a matriz A is the mazimum of the
moduli of its eigenvalues.

The Perron-Frobenius theorem is about the largest eigenvalue and its corresponding eigenvectors,
which will be useful in the study of random walks. See chapter 8.8 in [GR] and chapter 8.4 in [HJ13]
for more details and proofs.

Theorem 2.16 (Perron-Frobenius Theorem). Let A € R™*™ be a non-negative irreducible matriz.

1. The spectral radius p(A) is an eigenvalue of A with multiplicity one. In particular, for a real
symmetric matriz, the largest eigenvalue is of multiplicity one and its absolute value is the
largest.

2. If v is an eigenvector with eigenvalue p(A), then all the entries of v are nonzero and they have
the same sign.

Matrix Norms

Definition 2.17 (Operator Norm). Let A be an m x n matriz. The operator norm ||Allop of A is
defined as

Ax |2
|Aljop :== sup | Az | .
TzER™,x#0 H T ||2

This is also denoted by ||A||2 to denote that it is the ratio of the 2-norm of the vectors after and
before the linear transformation. But sometimes it is confused with the Schatten 2-norm of A which
is also denoted by ||Al2, so we use the notation || A||op that is also a common notation.

Exercise 2.18 (Operator Norm of a Real Symmetric Matrix). Show that ||Allop is equal to the
largest eigenvalue of A when A is a real symmetric matriz.

The following are some simple properties that will be useful.

Fact 2.19 (Properties of Operator Norm). Let A € R™*™,

1. ||Allop > 0 and || Allop = 0 if and only if A= 0.

2. ||cAllop = |c||| Allop for every scalar c.

12
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3. [[A+ Bllop < | Allop + [ Bllop-
4. N[ Azlls < [[Allopllz|[2 for every = € R™.

5. [ BAllop < [|Bllopl| Allop

2.2 Formulas and Inequalities

We record some useful formulas and inequalities in this section. A general reference is the book by
Horn and Johnson [HJ13].

Inverse

The following formulas are for updating the inverse of a matrix. See wiki for proofs.

Fact 2.20 (Sherman-Morrison Formula). Suppose A € R™ ™ is an invertible square matriz and
u,v € R" are column vectors. Then A+ wv! is invertible if and only if 1 + v A~ u # 0. In this
case,

A lupT A1

A T—1:A—1_
(A+uv') oA Ty

Fact 2.21 (Woodbury Formula). Given a square invertible n X n matriz A, a n x k matriz U, and
a k x n matriz V, assuming (I, + VAIU) is invertible, then

(A+UV) ' = A7 — AU (L + VA~U) Tva

The following formula is for inverting a block matrix, and the Schur complement is a useful definition.

Fact 2.22 (Block Matrix Inversion). Let A and D be square matrices and
A B
v=(% 7).
If A and the Schur complement D — CA™'B are invertible, then

ol _ [ATTHATB(D-CATIB)TICAT —AT'B(D - CAT'B)
- —(D-CA'B) 'CA™ (D—-cA'B)™ '

When a matrix A is not invertible, we can work with the Moore-Penrose pseudoinverse of A.

Definition 2.23 (Pseudoinverse). Let A € R™ "™ be a real symmetric matriz with eigen-decomposition
A=3T1 \vivl . The pseudoinverse of A, denoted by At is defined as

At = Z %viviT.

i £0
Check the following properties of pseudoinverse.

Fact 2.24 (Properties). Let A be a real symmetric matriz and Al be its pseudoinverse. Then
AATA=A and ATAAT= A1 and (A=A

13
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Determinant

These formulas about determinants will be used in the second part of the course.

Fact 2.25 (Laplace Co-Factor Expansion). Let A be a n X n matriz. For every 1 <i <mn,

det(A) = “(=1)"™ A; ; det (A )

j=1

where Agr is the submatriz with rows in S C [n] and columns in T C [n].

Applying Laplace expansion recursively gives the Leibniz formula.
Fact 2.26 (Leibniz Formula). Let A be a n x n matriz. Then
n
det(4) = > sgn(o) [[ Aoiyir
o€Sn =1

where Sy, is the set of permutations of the set [n] = {1,...,n} and sgn(o) is the sign function of
permutation o which returns +1 and —1 for even and odd permutations.

The following is a simple fact.

Fact 2.27 (Product).
det(AB) = det(A) det(B).

The following result, sometimes known as Sylvester’s determinant identity, can be used to deduce
that the nonzero eigenvalues of AB and BA are the same (with multiplicity).

Fact 2.28 (Weinstein-Aronszajn Identity).

det(I + AB) = det(I + BA).

The matrix determinant formula keeps track of how the determinant changes after a rank-one
update.

Fact 2.29 (Matrix Determinant Formula).

det (M — uvT) = det(M)(1 - UTM_lu).

The Cauchy-Binet formula will be very useful. One application is to compute the number of spanning
trees of a graph.

Fact 2.30 (Cauchy-Binet Formula). Let A be an m x n matriz and B be an n x m matriz. Then

det(AB) = Z det (A[m],S) det (BS,[m])
se(T)

The following formula gives the coefficients of the characteristic polynomials.

14
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Fact 2.31 (Characteristic Polynomial). Let A be an n x n matriz.

n

det(M, — A) =Y _A"F(=1)% Y~ det(Ags).

k=0 SE([Z])
Using Fact 2.31 and Cauchy-Binet formula in Fact 2.30, we have the following identity for the
characteristic polynomial of a sum of outer products.
Fact 2.32 (Characteristic Polynomial of Sum of Outer Products). Let uy,...,u, € R™.
m n
det (a:I — ZUZUZT) = Z)\nfk(_l)k Z det (ZUzUzT)y
i=1 k=0 se(lm) =

where dety(A) = ZSG([Z]) det(Ag.s).

Trace

Definition 2.33 (Trace). The trace of a matrizx A € R™™"™, denoted by Tr(A), is defined as the sum
of the diagonal entries of A.

Fact 2.34 (Cyclic Property of Trace). For two matrices A € R™*™ and B € R™*™,

Tr(AB) = Tr(BA).
By looking at the coefficient of 2”1 of the characteristic polynomial det(x] — A) of A € R™*™ in
two ways, one can obtain the following useful fact (see LO1 from 2019 for a proof).

Fact 2.35 (Trace is Sum of Eigenvalues). Let A1, ..., \, be the eigenvalues of A € R™*™. Then

The following are two advanced results about traces; see [Bha97]. We may not need them explicitly
in this course.

Fact 2.36 (Golden-Thompson Inequality).
Tr(eP) < Tr(e?) - Tr(e?)

Fact 2.37 (Lieb-Thirring Inequality). Let A and B be positive definite matrices and ¢ > 1. Then
Tr ((BAB)q) < Tr(B1AYBY).

Matrix Calculus

The formula for differenting the inverse is obtained by differentiating the identity AA~! = I.
Fact 2.38 (Inverse).

d(A™h = —A71(dA)A~L
Jacobi’s formula is obtained by differentiating the cofactor expansion in Fact 2.25.

Fact 2.39 (Jacobi’s Formula).

%det A(t) =Tr (adJ(A(t)) . 7) - (det A(t)) Ty (A(t)fl . df;g))
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2.3 References

[Bha97] Rajendra Bhatia. Matriz Analysis, volume 169. Springer, 1997. 15
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Christopher D. Godsil and Gordon F. Royle. Algebraic Graph Theory. 8, 12

Roger A. Horn and Charles R. Johnson. Matriz Analysis. Cambridge University Press,
Cambridge; New York, 2nd edition, 2013. 12, 13, 47, 53
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Graph Spectrum

The linear algebraic approach to algorithmic graph theory is to view graphs as matrices, and use
concepts and tools in linear algebra to design and analyze algorithms for graph problems. Spectral
graph theory uses eigenvalues and eigenvectors of matrices associated with the graph to study its
combinatorial properties. In this chapter, we consider the adjacency matrix and the Laplacian
matrix of a graph, and see some basic results in spectral graph theory. A general reference for this
chapter is the upcoming book by Spielman [Spil9].

3.1 Adjacency Matrix

Definition 3.1 (Adjacency Matrix). Given an undirected graph G = (V, E) with V(G) = [n], the
adjacency matriz A(G) is an n x n matriz with A;; = Ay = 14fij € E(G) and Ay = Aj; =0
otherwise.

The adjacency matrix of an undirected graph is symmetric. So, by the spectral theorem for real
symmetric matrices in Theorem 2.5, the adjacency matrix has an orthonormal basis of eigenvectors
with real eigenvalues. We denote the eigenvalues of the adjacency matrix by

Q1 >0 > 2 Q.
It is not clear that these eigenvalues should provide any useful information about the combinatorial

properties of the graph, but they do, and surprisingly much information can be obtained from them.
Let’s start with some examples and compute their spectrum.

Example 3.2 (Complete Graphs). If G is a complete graph, then A(G) = J — I where J denotes
the all-one matriz. Any vector is an eigenvector of I with eigenvalue 1. Hence the eigenvalues of
A are one less than that of J. Since J is of rank 1, there are n — 1 eigenvalues of 0. The all-one
vector is an eigenvector of J with eigenvalue n. So, n — 1 is an eigenvalue of A with multiplicity
one, and —1 is an eigenvalue of A with multiplicity n — 1. The is the example with the largest gap
between the largest eigenvalue and the second largest eigenvalue.

Example 3.3 (Complete Bipartite Graphs). Let K, , be the complete bipartite graph with p vertices
on one side and q vertices on the other side. Its adjacency matriz A(Kp ) is of rank 2, so 0 is
an eigenvalue with multiplicity p + g — 2, and there are two non-zero eigenvalues o and 3. By
Fact 2.35, the sum of the eigenvalues is equal to the trace of A, which is equal to zero as there
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are no self-loops, and so a = —p. To determine «, we consider the characteristic polynomial
det(x] — A) = (v — ) (2 +a)zPT972 = 2Pt — o22P+9=2. Using the Leibniz formula for determinant
in Fact 2.26, any term that contributes to 2PT972 must have p + q¢ — 2 diagonal entries, and the
remaining two entries must be —A;; and —Aj; for some i,j. There are totally pq such terms, one
for each edge, where the sign of the corresponding permutation is —1 as it only has one inversion
pair. So, a® = pq, and thus |a| = VPq. To conclude, the spectrum is (\/pg,0,...,0,—/pq), where
0 #s an eigenvalue with multiplicity p + q — 2.

Bipartiteness
It turns out that bipartite graphs can be characterized by the spectrum of their adjacency matrix.

The following lemma says that the spectrum of a bipartite graph must be symmetric around the
origin on the real line.

Lemma 3.4 (Spectrum of Bipartite Graph is Symmetric). If G is a bipartite graph and o is an
eigenvalue of A(G) with multiplicity k, then —« is an eigenvalue of A(G) with multiplicity k.

Proof. If GG is a bipartite graph, then we can permute the rows and columns of G to obtain the form
0 B
w@=(% )

Suppose u = (5) is an eigenvector of A(G) with eigenvalue . Then

(BOT Zg) (;) =« (;j) == BTz = ay and By = ax.

(s 0) (5)= ()= ()= (),

and thus | * > is an eigenvector of A(G) with eigenvalue —«. By this construction, note that k

It follows that

linearly independent eigenvectors with eigenvalue o would give k linearly independent eigenvectors
with eigenvalue —«, and so their multiplicity is the same. O

The next lemma shows that the converse is also true.

Lemma 3.5 (Symmetric Spectrum Implies Bipartiteness). Let G be an undirected graph and let
Q1 > ... > oy be the eigenvalues of its adjacency matrix. If a; = —ap—_i1r1 for each 1 < i <n, then
G s a bipartite graph.

Proof. Let k be any positive odd number. Then " , af = 0, by the symmetry of the spectrum.
Note that o/f >ak>. . > 047’2 are the eigenvalues of AF because if Av = av then A¥v = aFv. By

Fact 2.35, it follows that Tr(A*) = 3" | a¥ = 0. Observe that Aﬁj is the number of length k walks
from ¢ to j in G, which can be proved by a simple induction. So, if G has an odd cycle of length
k, then Afl > 0 for each vertex i in the odd cycle, and this would imply that Tr(A*) > 0 as each
diagonal entry Afz is non-negative. Therefore, since Tr(A¥) = 0, G must have no odd cycles and is

thus a bipartite graph. O
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Combining Lemma 3.4 and Lemma 3.5, a graph is bipartite if and only if the spectrum of its
adjacency matrix is symmetric around the origin.

Proposition 3.6 (Spectral Characterization of Bipartite Graphs). Let G be an undirected graph
and let ap > ... > ay be the eigenvalues of its adjacency matriz. Then G is a bipartite graph if and
only if a; = —ap—_iy1 for each 1 <i <n.

When the graph is connected, the characterization is even simpler.

Problem 3.7 (Spectral Characterization of Connected Bipartite Graphs). Let G be a connected
undirected graph and let oy > ... > oy, be the eigenvalues of its adjacency matriz. Prove that G is
bipartite if and only if a1 = —a,.

You may need to use the result of Perron-Frobenius in Theorem 2.16 and also the optimization
formulation of eigenvalues in Definition 2.9 to solve this problem.

Largest Eigenvalue

We see some upper and lower bounds on the largest eigenvalue of the adjacnecy matrix in this
subsection.

Lemma 3.8 (Max Degree Upper Bound). Let G = (V, E) be an undirected graph with mazimum
degree d and let oy > ... > au, be the eigenvalues of its adjacency matriz. Then oy < d.

Proof. Let v be an eigenvector with eigenvalue a;. Let j be a vertex with v(j) > wv(i) for all
i € V(G). Then

ar-v(j) = (Av)(i) = Y. v < D u(j) =deg(j) - v(h) < d-v(),

11j€E(Q) 1ij€E(Q)

which implies that a; <d. O

Look at the proof more closely, we can characterize the connected graphs with a; equal to the
maximum degree.

Exercise 3.9 (Tight Max Degree Upper Bound). Let G be a connected undirected graph with
maximum degree d and the largest eigenvalue oy = d. Then G is d-regular and the eigenvalue o is
of multiplicity one.

The maximum degree upper bound can be far from tight. The following problem provides such an
example, whose bound is also important in the study of Ramanujan graphs in the second part of
the course.

Problem 3.10 (Largest Eigenvalue of a Tree). Prove that the mazimum eigenvalue of the adjacency
matriz of a tree of mazimum degree d is at most 2+/d — 1.

On the other hand, the average degree is a lower bound on the largest eigenvalue. More generally,
the largest eigenvalue is at least the average degree of the densest induced subgraph. One corollary
of the following exercise is that the largest eigenvalue is at least the size of a maximum clique minus
one.
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Exercise 3.11 (Average Degree Lower Bound). Let G = (V, E) be an undirected graph with largest
eigenvalue oy. For a subset S CV and a vertex v € S, let degg(v) := |[{u | wv € E and u € S}| be
the degree of v induced in S. Then

a > mag%/ ]S] Zdegs

We remark that the largest eigenvalue of the adjacency matrix of a connected graph is always of
multiplicity one by the Perron-Frobenius Theorem 2.16, and the spectrum of the adjacency matrix
satisfies

d>oa1 >0 >...> o, > —d.
In general, I do not know of a nice combinatorial characterization of the largest eigenvalue of the
adjacency matrix.

Question 3.12 (Largest Eigenvalue of the Adjacency Matrix). Is there a better “combinatorial”
characterization of the largest eigenvalue of the adjacency matrix of an undirected graph?

3.2 Laplacian Matrix

The Laplacian matrix plays a more important role in spectral graph theory than the adjacency
matrix, as we will see some reasons soon.

Definition 3.13 (Diagonal Degree Matrix). Let G = (V, E) be an undirected graph with V(G) = [n].
The diagonal degree matriz D(G) of G is the n x n diagonal matriz with D;; = deg(i) for each
1< <n.

Definition 3.14 (Laplacian Matrix). Let G be an undirected graph. The Laplacian matriz L(G) of
G is defined as L(G) := D(G) — A(G), where D(G) is the diagonal degree matriz in Definition 3.13
and A(QG) 1is the adjacency matriz in Definition 3.1.

When G is a d-regular graph, the diagonal degree matrix D(G) is simply d-I,,, and so the spectrums
of the adjacency matrix and the Laplacian matrix are basically the same. That is, let a; > a9 >

. > ay be the eigenvalues of the adjacency matrix, and A\ < A < ... < A\, be the eigenvalues of
the Laplacian matrix. When G is d-regular, it holds that \; = d — o; for 1 <i <n, and so the ¢-th
largest eigenvalue of A corresponds to the i-th smallest eigenvalue of L. We will use this convention
throughout that the eigenvalues of A are denoted by «; and the eigenvalues of L are denoted by
Ai, and also the eigenvalues of A are ordered in non-increasing order while the eigenvalues of L
are ordered in non-decreasing order. So, later on, when we say the k-th eigenvalue of a graph, we
either mean the k-th largest eigenvalue of the adjacency matrix or the k-th smallest eigenvalue of
the Laplacian matrix.

When the graph is not a regular graph, it may not be easy to relate the eigenvalues of the adjacency
matrix and the Laplacian matrix. On one hand, as we mentioned in the previous subsection, it is
not so easy to give a characterization of a; when the graph is not regular. On the other hand, A is
equal to zero for every graph as we will soon see. We define a matrix for the proof which will also
be useful later.
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Definition 3.15 (Edge Incidence Matrix). Let G = (V, E) be an undirected graph and with V(G) =
[n] and m = |E|. For each edge e = ij € E, let b. be an n-dimensional vector with the i-th position
equal to +1 and the j-th position equal to —1 and all other positions equal to 0. Let B(G) be the
n X m edge incidence matriz whose columns are {b. | e € E}.

For an edge e € E, let L. be its Laplacian matric with (Le)i; = (Le)jj =1 and (Le)ij = (Le)ji =
—1. Note that the Laplacian L. of an edge e can be written as b.bl, and the Laplacian of the graph
G can be written as

L(G)=) L= bbl =B(G)-B(G).

ecE eclR

With this definition in place, the proof that zero is the smallest eigenvalue of Laplacian matrix is
straightforward.

Lemma 3.16 (Smallest Eigenvalue of Laplacian Matrix). The Laplacian matriz L(G) of an undi-
rected graph G s positive semidefinite, and its smallest eigenvalue is zero with the all-one vector
being a corresponding eigenvector.

Proof. As L can be written as BBT as shown in Definition 3.15, it follows that L is a positive
semidefinite matrix by Fact 2.7, and so all eigenvalues of L are non-negative. It is easy to check
that L1 =0, and so 0 is the smallest eigenvalue and 1 is a corresponding eigenvector. 0

Having a trivial smallest eigenvalue and a simple corresponding eigenvector is one reason that
Laplacian matrix is easier to work with. Another reason is that the Laplacian matrix has a nice
quadratic form.

Lemma 3.17 (Quadratic Form for Laplacian Matrix). Let L be the Laplacian matriz of an undi-
rected graph G = (V, E) with V(G) = [n]. For any vector x € R™,

el Lo = Z (z(i) — :L‘(j))2.

ijEE
Proof. Using the decomposition of L in Definition 3.15,

e Lo = :L’T< Z Lij)x = xT( Z bijbiTJ)x = Z :L‘Tbijbz;-:E = Z (z(i) — :r(j))2.
ijel ijelb ijek ijel

O

We will use Lemma 3.16 and Lemma 3.17 to write a nice formulation for the second smallest
eigenvalue when we study Cheeger’s inequality.

Connectedness

The second smallest eigenvalue of the Laplacian matrix can be used to determine whether the graph
is connected.

Proposition 3.18 (Spectral Characterization of Connected Graphs). Let G be an undirected graph
and let \y < ... < A\, be the eigenvalues of its Laplacian matriz L. Then G is a connected graph if
and only if Ay > 0.
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Proof. Suppose G is disconnected. Then the vertex set can be partitioned into two sets S7 and Sy
such that there are no edges between them. For a subset S C V, let xg € R™ be the characteristic
vector of S. Check that both xs, and xg, are eigenvectors of L with eigenvalue 0. Since g, and
Xs, are linearly independent, it follows that 0 is an eigenvalue with multiplicity at least 2, and thus
Ay =0.

Suppose G is connected. Let z be an eigenvector with eigenvalue 0. Then its quadratic form
z' Lz =0, and so > ijen(@(i) —2(4))? = 0 by Lemma 3.17, which implies that x(i) = x(j) for every
edge ij € E. Since G is connected, it follows that = ¢ - 1 for some ¢, and thus the eigenspace

of eigenvalue 0 is of one dimension. Therefore, the eigenvalue 0 has multiplicity one and thus
Ao > 0. O

The proof of Proposition 3.18 can be extended to prove the following generalization.

Exercise 3.19 (Spectral Characterization of Number of Components). Prove that the Laplacian
matriz L(G) of an undirected graph G has 0 as its eigenvalue with multiplicity k if and only if the
graph G has k connected components.

3.3 Normalized Adjacency and Laplacian Matrix

Recall that the spectrum of the adjacency matrix satisfies

d>a1 >0z > ... 2 a, > —d,

where the upper bound and the lower bound depend on the maximum degree d of the graph. So,
when we relate the eigenvalues of the adjacency matrix to some combinatorial parameters, there is
usually a dependency on the maximum degree of the graph.

To remove this dependency and state the Cheeger’s inequality nicely, we will use the following
normalized version of the adjacency matrix and the Laplacian matrix.

Definition 3.20 (Normalized Adjacency and Laplacian Matrix). Let G be an undirected graph
with no isolated vertices. The normalized adjacency matriz A(G) of G is defined as A(G) =
DféADfé, where D is the diagonal degree matriz in Definition 3.13 and A is the adjacency matriz
in Definition 3.1.

The normalized Laplacian matriz L(G) of G is defined as L(G) = D LD~ 2, where L is the
Laplacian matriz in Definition 3.1/. Note that L(G) =1 — A(G).

We will overload notations and still use a; > ay > ... > «, to denote the eigenvalues of A(G)
and A\ < Ay < ... < A\, to denote the eigenvalues of £L(G). Since L(G) = I — A(G) as stated in
Definition 3.20, the spectrums of £(G) and A are basically equivalent such that \; = 1 — «; for
1 < i < n. After the normalization, the eigenvalues are bounded as follows.

Lemma 3.21 (Normalized Eigenvalues). Let G be an undirected graph with no isolated vertices.
Let a1 > ... > a, be the eigenvalues of its normalized adjacency matriz and Ay < ... < A, be the
eigenvalues of its normalized Laplacian matriz. Then 1 = a1 > an > —1 and 0 = A\ < A\, < 2.

Proof. First we prove that \; = 0. Note that 0 is an eigenvalue of £, as
£(D31) = (D"2LD~3)(D?1) = (D3 L1) = 0,
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Note a].SO tha‘
1 1 1 T 1 1 1 /
rG—D 2LD 2 —D QBB D 2 —(D QB)(D 2B)

where B is the edge incidence matrix in Definition 3.15. It follows that £ = I — A is a positive
semidefinite matrix by Fact 2.7, and thus 0 is the smallest eigenvalue of £ and hence A; = 0. This
implies that 1 =1 as A\; =1 — ag.

Next we prove that «,, > —1. We will show that D + A is also a positive semideﬁnitelmatrix. Therll
the same argument as in the above paragraph can be used to show that I + A =D"2(D+ A)D™ 2
is also a positive semidefinite matrix, and this would imply that 1 + a,, > 0 and thus a,, > —1.
There are at least two ways to see that D + A is positive semidefinite. One way is to define B to be
the “unsigned” matrix of B where B;; = |B;j| for all i,j € V, and go through the same argument
in Definition 3.15 and check that D+ A = BBT. Another way is to use a similar decomposition as
in Definition 3.15 and see that the quadratic form of D 4+ A can be written as

zT(D+ Az = Z (acZ + mj)27
ijEE

which is a sum of squares and thus non-negative. This implies that A\, <2 as A\, =1 — a,,. O

3.4 Robust Generalizations

So far we have used the graph spectrum to deduce some simple combinatorial properties of the graph,
such as bipartiteness and connectedness, which are easy to deduce directly by simple combinatorial
methods such as breadth first search and depth first search. So one may wonder why these spectral
characterizations are useful. The key feature of the spectral characterizations is that they can be
generalized quantitatively to prove the following robust generalizations of the basic results:

e )\, is close to zero if and only if the graph is close to being disconnected. This is the content
of Cheeger’s inequality.

e )\, is close to 2 if and only if the graph has a structure close to a bipartite component. This
is an analog of Cheeger’s inequality for A,.

e ) is close to zero if and only if the graph is close to having k connected components. This is
a generalization called the higher-order Cheeger’s inequality.

We will make these statements precise in the next two chapters.

3.5 Problems

The following are some additional problems that are relevant and interesting.
Problem 3.22 (Cycles). Compute the Laplacian spectrum of Cy,, the cycle with n vertices.

Problem 3.23 (Hypercubes). A hypercube of n-dimension is an undirected graph with 2" wver-
tices. Each vertex corresponds to a string of n bits. Two vertices have an edge if and only if their
corresponding strings differ by exactly one bit.
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1. Given two undirected graphs G = (V,E) and H = (U, F), we define G x H as the undirected
graph with vertex set V- x U and two vertices (v1,u1), (v2,u2) have an edge if and only if
either (1) vi = vo and wyuz € F or (2) uy = ug and vivg € E. Let x be an eigenvector of
the Laplacian of G with eigenvalue «, and let y be an eigenvector of the Laplacian of H with
eigenvalue 3. Show that we can use x and y to construct an eigenvector of the Laplacian of
G x H with eigenvalue o + .

2. Use (1), or otherwise, to compute the Laplacian spectrum of the hypercube of n dimension.

Problem 3.24 (Number of Spanning Trees). Let G = (V, E) be an undirected graph with V = [n].

1. Let B be the edge incidence maitriz of G in Definition 5.15. Prove that the determinant of
any (n —1) x (n — 1) submatriz of B is £1 if and only if the n — 1 edges corresponding to the
columns form a spanning tree of G.

2. Let L be the Laplacian matriz of G and let L' be the matriz obtained from L by deleting the
last row and last column. Use (1), or otherwise, to prove that det(L') is equal to the number of
spanning trees in G. You can use the Cauchy-Binet formula in Fact 2.50 to solve this problem.

Problem 3.25 (Wilf’s Theorem). Let G be an undirected graph and «y be the largest eigenvalue of
its adjacency matriz. Prove that x(G) < |a1| + 1, where x(G) is the chromatic number of G. You
may find the Cauchy interlacing Theorem 2.13 useful.

3.6 References

[Spil9] Daniel A. Spielman. Spectral and Algebraic Graph Theory. 2019. 17, 45
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Cheeger’s Inequality

Cheeger’s inequality is the fundamental result in spectral graph theory, which connects a combina-
torial property of a graph and an algebraic quantity of its associated matrix. This connection is
important in the theory of expander graphs and the theory of random walks, which we will see in
later chapters. The proof is also very useful in graph partitioning which we will see soon.

Cheeger [Che70] proved this inequality in the manifold setting, and the inequality in the graph
setting was proved in several works in the 80’s [AMS85, Alo86, SJ89] with motivations from expander
graphs and random walks.

4.1 Graph Conductance

Recall from Proposition 3.18 that a graph G is connected if and only if Ay > 0 where Ay is the
second smallest eigenvalue of the normalized Laplacian matrix. Cheeger’s inequality is the robust
generalization that Ao is large if and only if the graph is well-connected.

To state this formally, we need to define a measure of how well a graph is connected. There are
different natural definitions and we state two of them here.

Definition 4.1 (Edge Expansion). Let G = (V, E) be an undirected graph. The expansion of a
subset S CV and the expansion of the graph G are defined as

= L(S)’ an = min
o(9) = 5] d P(G) : S:|S|§\V\/2‘I)(S)’

where §(S) denotes the set of edges with one endpoint in S and one endpoint in V — S.

Definition 4.2 (Edge Conductance). Let G = (V, E) be an undirected graph. The conductance of
a subset S CV and the conductance of the graph G are defined as

5(S)
S) =
9(5) = Lo18)

and #(G):= min  ¢(9),

 Swvol(S)<|E|

where vol(S) :=  _gdeg(v) is called the volume of the subset S. Note that for all S C V,
0 < @(S) <1, as it is the ratio of the number of edges cut by S to the total degree in S.

For graph partitioning, a subset S C V corresponds to the partition of the vertex set V into two
parts (S,V — S). In the above definitions for ®(G) and ¢(G), note that we only consider the part
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with smaller denominator. Both of these definitions try to identify the “bottleneck” in the graph.
When the graph G is d-regular, the two definitions are basically equivalent, with ®(G) = d - ¢(G).
When the graph G is non-regular, the relation between the edge conductance and the second smallest
eigenvalue is more elegant.

Theorem 4.3 (Cheeger’s Inequality). Let G = (V, E) be an undirected graph and let \a be the
second smallest eigenvalue of its normalized Laplacian matriz L(G) in Definition 3.20. Then

S < 0(Q) < VI,

The first inequality is called the easy direction, and the second inequality is called the hard direction.
We will see that the easy direction corresponds to using the second eigenvalue as a “relaxation” for
graph conductance, and the hard direction corresponds to “rounding” a fractional solution to graph
conductance to an integral solution.

We say that a graph is an expander graph if ¢(G) is large (e.g. ¢(G) > ¢ for a constant 0 < ¢ < 1),
and we say that a subset S C V' is a sparse cut if ¢(5) is small. Both concepts are very useful.

An expander graph with linear number of edges is an efficient object with diverse applications in
theoretical computer science and mathematics; see [HLWO06] for an excellent survey. An important
implication of Cheeger’s inequality is that the second eigenvalue of the normalized Laplacian matrix
can be used to certify that a graph is an expander graph, which provides an algebraic way to
construct expander graphs that turns out to be very fruitful.

Finding a sparse cut is useful in designing divide-and-conquer algorithms, with applications in image
segmentation, data clustering, community detection, VLSI design, among others. The algorithmic
implication of Cheeger’s inequality is discussed in the following subsection.

Spectral Partitioning Algorithm

A popular heuristic in finding a sparse cut in practice is the following spectral partitioning algorithm.

Algorithm 1 Spectral Partitioning Algorithm

Require: An undirected graph G = (V, E) with V = [n] and m = |E].

: Compute the second smallest eigenvalue Ay of £(G) and a corresponding eigenvector x € R™.
: Sort the vertices so that x1 > 29 > ... > z,.

: Let S; = [i] if volg ([i]) < m and let S; = [n] \ [4] if volg ([i]) > m.

return minizlgign,l{gb(&)}.

%CX)MD—‘

The algorithm is strikingly simple, with only a few lines of code if we use some mathematical
software such as MATLAB, which is one reason why this heuristic is popular. The algorithm only
checks the linear number of solutions defined by the ordering in a second eigenvector, although there
are exponentially many subsets S C V.

There is a near-linear time randomized algorithm to compute an approximate eigenvector of the
second eigenvalue, using the power method and a fast Laplacian solver. So, the algorithm is also
fast theoretically, but we won’t discuss the details in this chapter.

The main reason that it is popular is that it performs very well in various applications, especially
in image segmentation and clustering, and it was considered a breakthrough in image segmentation
about 20 year ago [SMO00].
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The proof of Cheeger’s inequality will provide a nontrivial performance guarantee of the spectral
partitioning algorithm, that it will always output a set S with conductance ¢(S) < v/2Xs < 21/0(G).
When ¢(G) is a constant, this is a constant factor approximation algorithm. When ¢(G) is small,
say ¢(G) < 1/n, the approximation ratio could be as bad as ©(y/n). It has been an open problem
to explain the empirical success rigorously, and we will come back to this in the next chapter.

4.2 Easy Direction

In this section, we prove the easy direction of Cheeger’s inequality. For simplicity of exposition, we
assume the graph is d-regular, so £(G) = JL(G). We will outline the modifications needed for the
analysis of non-regular graphs in a subsection at the end of this chapter, but those are just some

additional manipulations where all the main ideas are already in the d-regular case.

First, we start with the nice optimization formulation of the second eigenvalue of the normalized
Laplacian matrix using the Rayleigh quotient in Definition 2.9.

Lemma 4.4 (Optimization Formulation for \2). Let G = (V, E) be an undirected d-regular graph

with V. = [n] and A2 be the second smallest eigenvalue of its normalized Laplacian matriz L(QG).
Then
. )\ 2
. . zT L . x” L . Zz’jeE (35(@) - =T(J))
A2 = min Rg(r)= min ——— = min 7 = v
z€ERM:z 1T z€RM:z1T T° X xeRn:xJ_Td T T z€ERM:z 1T dZieV 1'(71)

Proof. The first equality is by Lemma 2.11, although it was stated in the maximization form, the
same proof works for the minimization form. The last equality is by Lemma 3.17. O

The observation is that the minimization problem of graph conductance can be formulated in a
similar way. The following lemma holds for non-regular graphs.

Lemma 4.5 (Optimization Formulation for Graph Conductance). Let G = (V| E) be an undirected
graph with V' = [n|. Then

L Sen (@) —2()” . .
¢(G)_a:e%l,rll}" > icy deg(i) - z(i)? subject to g‘;deg(l) =i < |B

Proof. Each feasible solution S C V with vol(S) < |E| in the graph conductance problem cor-
responds to a feasible solution xg € {0,1}™ with Y, deg(é) - (:)> < |E| in this formulation,
and vice versa. Note that the numerator counts the number of edges in 6(5) and the denominator
computes the volume vol(S) of S. O

Note that for d-regular graphs, the constraint simplifies to Y,y z(i)? < n/2.

Intuition: The main difference between these two formulations is that the former optimizes over the
continuous domain = € R™, while the latter optimizes over the discrete domain = € {0,1}". A good
way to think of the relation between the two optimization problems is that the former problem is a
“relaxation” of the latter problem. This is a common idea in the design of approximation algorithms.
The latter problem is an NP-hard optimization problem, because of the discrete domain. The
relaxation idea is to optimize over a larger continuous domain, so that the problem can be solved in
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polynomial time. Since we optimize over a larger domain, the objective value of the former problem
could only be smaller than that of the latter problem, and so we expect that Ay < ¢(G). This is
the main intuition for the easy direction. For these two formulations, however, there are also some
differences between the constraints, and it only holds that Ay < 2¢(G).

Proof of the Easy Direction in the d-Regular Case. To upper bound Ao, we just need to find a
vector x L 1 and compute its Rayleigh quotient Rg(z). Let S C V be a subset of vertices with
S| < “2/—‘ Consider the following “binary” solution x € R™ with

(i) = +1/]s] ifieS
TN ves itig S

By construction, z L 1, and so

) 2 1 )\2
o < Re(z) = > ijeE (i) — =(5)) B (S)!- (|5| + m) _ [0(9)] - |V| < 26(8)
- Y ev o (|S| dr V=S| pige) 18]V - 5] =
where the last inequality uses the assumption that |S| < |—‘2/| which implies that \V”i'S\ <2 O

4.3 Hard Direction

By optimizing over a larger domain, however, the objective value of the continuous problem will
typically be smaller than that of the discrete problem.

Tight Example

Consider the cycle of 4n vertices. One can compute the second eigenvector of the cycle exactly, but

we don’t do it here. Recall that Ao = min_ 7 xT L /2T x, so to give an upper bound we just need

to demonstrate a solution with small objective value. Consider
1 2 1 1

1 1
:(1,1—f,1—f,...,f,o,—f,...,—1+f,—1,—1+f,...,—

1 1 1
)
n n n n n n n n

n

Then x L T, and so

—r 2 n(1)?
s B =o(ME) <ol

On the other hand, it is easy to verify that the conductance of the cycle of 4n vertices is @(%) This
is an example where the hard direction ¢(G) < /2 is tight up to a constant factor.

Rounding

For the discrete optimization problem of graph conductance, we would like the solution to be
a binary solution as in the proof of the easy direction. But once we relax the problem to the
continuous domain (so that it becomes polynomial time solvable), the optimal solution x could be
very “fractional” or “continuous” as the above example shown. For the hard direction, the task is
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to prove that there is always a binary solution z with objective value at most the square root of
the objective value of the continuous solution z. A typical way in approximation algorithms to do
this task is to “round” the “fractional/continuous” solution x to an “integral/binary” solution z and
bound the objective value of z in terms of the objective value of z. This is what we will do.

Intuition

Think of the optimizer x to the optimization problem in Lemma 4.4 as embedding the vertices of
the graph into the real line, so that for most edges |z (i) —x(j)| is small. A natural strategy is to do a
“threshold rounding”, where we pick a threshold ¢ and set z(i) = 0if x(7) < t and 2(i) = 1 if (i) > ¢.
A simple analogy is that if most rows/edges have few nonzeros, then there is a column/threshold
with few nonzeros. This intuition can be made precise if the optimization problem is of the form

min ZijeE ‘93(@) - l‘(])|
z€RY dY ey (i)

but the optimization problem in Lemma 4.4 is a sum of quadratic terms and this is basically where
the square root loss in the hard direction comes from.

Truncation

The proof of the hard direction has two steps. The first step is a preprocessing step that truncates an
optimizer € R™ to the continuous problem in Lemma 4.4 to a vector y € R™ with vol(supp(y)) <
|E|, where supp(y) := {¢ | y(i) # 0}. This is to ensure that the solution S produced in the second
step satisfies vol(S) < |E|, satisfying the constraint in the discrete problem in Lemma 4.5.

There are two ways to do this step. The first way requires that x is indeed an eigenvector, and the
proof is shorter and is enough for establishing Cheeger’s inequality. The second way only requires
that z is perpendicular to the first eigenvector, which is important for algorithmic purpose, but the
proof is a bit longer. We will present the proof for the first way and outline the proof for the second
way in the problem subsection in the end. The following lemma is from [HLW06| and it holds for
general undirected graphs.

Lemma 4.6 (Truncating Eigenvector). Let G = (V, E) be an undirected graph and x € R"™ be
an eigenvector of L(G) with eigenvalue \. Let x4 € R™ be the vector with x4 (i) = max{xz(i),0}
for 1 < i < mn, and z— € R™ be the vector with x_(i) = min{z(i),0} for 1 < i < n. Then
Re(z4) < Re(z) = A and Re(z-) < Re(z) = A

Proof. For each vertex ¢ € supp(z4), by the definition of normalized Laplacian matrix in Defini-
tion 3.20 and the assumption that x is an eigenvector with eigenvalue A,

(Lay)(i) =z (i)=Y = (La)(i) = Aa(i) = Az (i).

jiieE deg(i)deg(j) jiieE \/W

This implies that

(wy, Loy) = Y w(i) (Lo < D A=A a3

i€supp(z ) i€supp(zy)

Therefore, Rg(xy) = (wy, Loy )/||z4||3 < A, and the proof is the same for x_. O
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Let 2 be an eigenvector with eigenvalue A\y. Since x # 0 and z is perpendicular to the first eigenvector
which is a positive vector, both supp(z) and supp(x_) are non-empty sets. By choosing either x
or z_ that has a smaller volume in its support and taking a proper normalization, we arrive at the
following corollary.

Corollary 4.7 (Preprocessed Vector). Let G = (V, E) be an undirected graph with V = [n] and
A2 be the second eigenvalue of L(G). There exists a vector y € R™ that satisfies (i) y > 0, (ii)
Re(y) < Xa, (iii) vol(supp(y)) < 5 vol(V) = |E], and (iv) |[y|3 = 1.

For algorithmic purpose, we may not be able to compute an eigenvector exactly, but rather a vector
x that is perpendicular to the first eigenvector and Rg(x) &~ A2. In the problem subsection in the
end, we describe how to truncate the vector to satisfy Corollary 4.7, which is similar but with an
additional shifting/centering step.

In the d-regular case, to summarize, the truncation step transforms a vector x with small Rayleigh
quotient that satisfies z L I in the continuous problem in Lemma 4.4 into a vector y with
small Rayleigh quotient that satisfies | supp(y)| < n/2 that is required in the discrete problem
in Lemma 4.5.

Threshold Rounding

The main step in the hard direction is the threshold rounding step hinted earlier, which takes
a vector y in Corollary 4.7 and outputs a set S C supp(y) with small conductance ¢(S). As
described in the spectral partitioning algorithm, we will only consider those threshold/level sets
S; ={i e V]y(i) >t} fort >0, as in every proof of Cheeger’s inequality. Our proof will
follow that of Trevisan [Irel6], whose idea is to choose a random ¢ and considers the level set
S :={i € V| y(i)?> > t}, and to bound the conductance of S; by computing the expectation of
the numerator and the expectation of the denominator separately. The idea of choosing a random
t is similar to the idea of randomized rounding in approximation algorithms, and his analysis of
computing the expectations separately simplifies the proof.

Lemma 4.8 (Threshold Rounding). Let G = (V, E) be an undirected d-regular graph with V = |n].
Let y € Rt be a vector with non-negative entries. There exists t > 0 such that the threshold set

Sy = {i € [n] | y(i)? >t} is nonempty and satisfies ¢(S;) < /2R (y).

Proof. For convenience, we scale y so that max;y(i) = 1. Let t € (0,1] be chosen uniformly at
random. Note that the set S; is nonempty by construction. In the following, we compute the
expected value of the numerator and of the denominator in Lemma 4.5 separately.

For an edge ij € E, note that the probability that ij € 6(S;) is |y(i)? — y(4)?|, when the random
threshold ¢ falls between y(7)? and y(j)2. By linearity of expectation,

E[I6(S)[] = Y Pr(ij € 6(S) = > |w(@)® = v()?| = D [w6) — y()| - [y@) + y(5)|-

ijeE ijeE ij€E

To relate this expected value to the numerator of the Rayleigh quotient in Lemma 4.4, the Cauchy-
Schwarz inequality is used as in every proof of Cheeger’s inequality so that

E:[16(S)]] < \/Z (@) — v [ |y) + () < \/Z ly (i) —y(j)ﬁ\/zd‘zyw,

ijeR ijel ijel 2%
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where the second inequality holds because ;. ‘y(z)+y(g)‘2 <> ijer 2(y(i)2+y(5)?) = 2d Y cp y(i)?
where the assumption that G is d-regular is used.

For a vertex i € V, note that the probability that i € S; is y(i)?, when the random threshold ¢ is
smaller than y(7)2. By linearity of expectation,

E[d|Se]] =d-> Pr(ie S)=d- Y y(i)

eV eV

Therefore,

Ef0S0l] _ |28 ier ) —vO)*
Ei[d]S]] ~ d- 3 iey y(i)?

2R (y).

Note that we cannot conclude from this that E[¢(S;)] = E¢[|6(S¢)]/d|St|]] < /2R (y), but we can
conclude from this that

5(50)| _

Ee[I6(S0)] - dIStV2Re(p)| <0 = 3> 0 with 6(S) = a5,]

2R (y).

Analysis of the Spectral Partitioning Algorithm

We summarize the proof of the hard direction, which also provides an analysis of the spectral
partitioning algorithm.

Proof of the Hard Direction in the d-Regular Case. Let x € R™ be an eigenvector of £(G) with
eigenvalue \o. First we apply the truncation step in Lemma 4.6 and Corollary 4.7 to obtain a vector
y € R" with R;(y) < Rg(x) = A2 and |supp(y)| < n/2. Then we apply the threshold rounding
step in Lemma 4.8 on y to obtain a nonempty set S; = {i € [n] | y(i)> > ¢} with t > 0 and
&(St) < v/2R;(y) < V2Xy. Since S; C supp(y), it follows that 0 < |S;| < |supp(y)| < n/2 and
thus ¢(G) < ¢(S;) < v/2Xy. Finally, note that S; is a threshold set of y, which is also a threshold
set of x by the construction in Lemma 4.6, as y is either x or x_. This implies that the spectral
partitioning algorithm has considered this set, and thus it will output a set S with ¢(S) < v/2Xs.

4.4 Discussions

We discuss more about the performance of the spectral partitioning algorithm and also outline the
modifications needed for general weighted graphs.

More Examples

Both sides of Cheeger’s inequality are tight, even the constants are tight. For the easy direction,
one can check that it is tight for the hypercubes; see Problem 3.23. For the hard direction, we
have already seen that it is tight up to a constant factor for the cycles. It is possible to assign edge
weights to the cycle so that even the constant v/2 is tight, and we leave it as a challenging example
to work out.
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These are the standard examples to show that both sides of Cheeger’s inequality are tight, but they
do not yet provide much insights about how the spectral partitioning algorithm only outputs a set
S with ¢(S) ~ \/¢(G). For the cycle examples where the ¢(G) ~ /)2, the spectral partitioning
actually works perfectly to output a set S with ¢(S) = ¢(G), because it outputs a set S with
#(S) ~ VA ~ ¢(G). Indeed, it is a general phenomenon that rounding algorithms work perfectly
for the worst integrality gap examples.

So, to find an example where the spectral partitioning algorithm performs poorly, we need to
look at the examples where the easy direction is tight but the algorithm outputs a set S with
&(S) ~ VA2 = \/¢(G). Actually, for the hypercube examples where the easy direction is tight, there
are vectors in the second eigenspace where the spectral partitioning algorithm performs perfectly
and performs poorly.

Problem 4.9 (Spectral Partitioning for Hypercubes). Let G be the hypercube of dimension d with
24 yertices and L(G) be its normalized Laplacian matriz.

1. Show that there is an eigenvector vector x € R2" of L(G) with eigenvalue A2 so that the spectral
partitioning algorithm applied on = outputs a set S with ¢(S) = Rg(x) = %)\2.

2. Show that there is an eigenvector vectory € R of L(G) with eigenvalue Aa so that the spectral
partitioning algorithm applied on y outputs a set S with ¢(S) = /R (y) = vV Ae.

Since we do not have control over which eigenvector in the second eigenspace is returned, this
provides an example where the spectral partitioning algorithm could perform poorly. But perhaps
this example is not so satisfying as we do not see clearly how the spectral partitioning algorithm is
fooled.

We construct such an example in the following by tweaking the cycle example. Let G be the weighted
graph with vertices {v1, ..., v, Unt1, - .-, V2, }, and two cycles (vi,ve, ..., v,) and (Vp+1, Vnt2, - - - V2n)
where every edge in these cycles is of weight one, and a “hidden” matching {vivp41, VaUp12, . . ., Vnv2, }
where every edge in the matching is of weight say 100/»2. Then it is easy to see that the set of small-
est conductance is the set S := {vy,...,v,} with ¢(S) = O(1/n2). However, the edges in the hidden
matching are so light that the spectral partitioning algorithm did not “feel” them, and still thinks
that the embedding of the cycle is the best embedding of the vertices onto the real line. Indeed,
one can verify that the second eigenvector z in this example is still the same as that in the cycle of
n vertices, with z(v;) = x(vp44) for 1 <i < n. Therefore, Ay is still O(1/n2) which is close to ¢(G),
but the cut of smallest conductance is completely lost in x and every threshold set has conductance
Q(1/n). This is a more insightful example to see how the spectral partitioning algorithm is fooled.
This example is a weighted graph, but one can also modify this example slightly to keep the same
structure while making the graph unweighted.

Cheeger’s Inequality for General Weighted Graphs

Once we understand the proof for the d-regular case, it is not difficult to extend it to general
weighted graphs.

Let G = (V, E) be an edge weighted graph with a non-negative weight w(e) > 0 on each edge e € F.
The weighted degree of a vertex i is defined as deg,,(i) = >, ;cpw(ij), and the diagonal degree
matrix is denoted by D,,. The weighted adjacency matrix A,, is defined so that (Ay);; = w(ij)
for all i,j € V. The weighted Laplacian matrix L,, is defined as D,, — Ay, and the weighted
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_1 _1
normalized Laplacian matrix £, is defined as Dy, 2 Ly Dy, 2. Check that the quadratic form 27 L,z =

> ijeE w(ij) (z(i) — x(j))Q. The following is a generalization of Lemma 4.4 for Ag of £,,(G), which
can be obtained by a change of variable.

Exercise 4.10 (General Optimization Formulation for A2). Let G = (V, E) be a weighted graph
with V = [n] and Ay be the second smallest eigenvalue of L,,(G). Show that

.. . N 2
- - yTLyy - Dijerw(id) (y(@) —y(j))
2 — — 3 N .
YER™: Y, oy deg,, ()y(1)=0 YT Dy yeR™ T, oy deg, (Jy()=0 > ;cy deg,, (i) - y(i)?

The weighted conductance of a subset is defined naturally as ¢, (S) := w(6(5))/ vol,(S) where
w(6(S5)) := Y ces(s) wle) and voly(S) := 3, g deg,, (i), and the weighted conductance of a graph is
defined as ¢, (G) = ming. o1 ()< 1ol (V) @(S). Choosing an appropriate binary solution involving
voly, (S), the easy direction can be shown similarly as in the d-regular case.

Exercise 4.11 (Easy Direction for General Weighted Graphs). Let G = (V,E,w) be an edge
weighted graph and Ay be the second smallest eigenvalue of L,(G). Show that %)\2 < ou(Q).

The main changes are actually in the easy direction. For the hard direction, the proofs are basically
the same. The arguments in Lemma 4.6 and Corollary 4.7 work the same way. The analysis of the
threshold rounding is very similar to that in Lemma 4.8, but on the formulation in Exercise 4.10.

Exercise 4.12 (Hard Direction for General Weighted Graphs). Let G = (V,E,w) be an edge
weighted graph and Xy be the second smallest eigenvalue of L,(G). Prove that ¢.,(G) < v/2Xg.

4.5 Problems

Problem 4.13 (Truncation). We outline the truncation step which does not require that the vector
is an eigenvector. The following statements are for general weighted graphs. You may specialize the
problem to the d-reqular case.

Let G = (V,E) be a weighted undirected graph with V. = [n] and y € R™ be a vector with
Sicy degy, ()y(i) = 0. Let Ry(y) :=y* Lwy/y" Dwy be the weighted Rayleigh quotient.

1. Let ¢ be a value such that vol,({i | y(i) < c}) < Zvoly(V) and vol,({i | y(i) > c}) <
2voly,(V). Let z =y — cI. Prove that Ry(2) < Ry(y). You may need to use the assumption

that 3, ., deg,, (i)y(i) = 0.
2. Let z € R™ be the vector obtained in the previous step. Let z4 € R™ be the vector with

24 (1) := max{z(i),0} for 1 <i<n, and z— € R™ be the vector with z_(i) := min{z(i),0} for
1 <i < n. Prove that min{ R, (24 ), Rw(2—)} < Ry (2).

3. Conclude with the suitable generalization of Corollary 4.7 that allows one to continue to prove
the hard direction for general weighted graphs.
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(Generalizations of Cheeger’s Inequality

We give an overview of some recent generalizations of Cheeger’s inequality using other eigenvalues.
The presentation follows the chronological order.

5.1 Bipartiteness Ratio and Maximum Cut

Recall from Proposition 3.6 that a graph G is bipartite if and if the spectrum of its adjacency matrix
is symmetric around the origin, and from Problem 3.7 that a connected graph G is bipartite if and
only if oy = —a, where «; is the i-th largest eigenvalue of the adjacency matrix. These results
are for the spectrum of the adjacency matrix, and the following is a corresponding result for the
spectrum of the normalized Laplacian matrix.

Exercise 5.1 (Spectral Characterization of Bipartiteness). Let G = (V, E) be an undirected graph
and A, be the largest eigenvalue of its normalized Laplacian matriz L(G). Then A\, = 2 if and only
if G has a bipartite component, i.e. a connected component that is a bipartite graph.

Trevisan | Tre09] proved that A, is close to 2 if and only if G is close to having a bipartite component,
in the same style as in Cheeger’s inequality in Theorem 4.3. To state the result, we write the
optimization formulation for 2 — A, and then motivate the corresponding definition of bipartiteness
ratio of a subset of vertices S.

Exercise 5.2 (Optimization Formulation for 2 — \,). Let G = (V, E) be an undirected graph and
An be the largest eigenvalue of L(G). Then

2 — )\, = min

e (x(0) + 2(5))?
wekr 3oy deg(i) - x(i)?

(i)

Let S C V(@) be a bipartite component with partition S = (L, R) such that all the edges in S are
between L and R. Then the vector € {—1,0,1}" where

+1 ifiel
z(i))={ -1 ifieR

0 otherwise

is a solution to the above optimization problem with objective value 0. Using this association
between a vector z € {—1,0,1}" and a bipartition of a subset S = (L, R), Trevisan considered the
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following definition of the bipartiteness ratio of S = (L, R) where each edge within L and each edge
within R contributes 2 in the numerator while an edge in §(S) contributes 1 in the numerator.

Definition 5.3 (Bipartiteness Ratio). Let G = (V, E) be an undirected graph with V- = [n]. The
bipartiteness ratio of a vector x € {—1,0,1}" is defined as

ZijeE ‘m(z) + x(])‘
> iev deg(i) - [x(i)]

The bipartiteness ratio of a graph G is defined as

Blz) =

B(G) = xe{r_nfﬁl}nﬁ(x)‘

Trevisan proved the following analog of Cheeger’s inequality for 2 — A, and 3(G).

Theorem 5.4 (Cheeger’s Inequality for A, [Tre09]). Let G = (V, E) be an undirected graph and A,
be the largest eigenvalue of L(G). Then

%(2 “ M) < B(G) < V2= h).

The easy direction is left as an exercise and the hard direction is left as a problem. Trevisan used
the ideas in his proof of Cheeger’s inequality as shown in Section 4.3 to define L; = {i | z(i) > v/t}
and Ry = {i | (i) < —v/t} and S; = (L, R;) for a uniformly random ¢ to prove the hard direction.

Maximum Cut

In the maximum cut problem, we are given an undirected graph G = (V, E') and the task is to find
a set S C V that maximizes [§(S5)|. This is a classical NP-complete problem. It is an exercise that
there is always a subset S C V with |§(S)| > 3|E|, and this gives a trivial 3-approximation algorithm
for the problem. It was not known how to do better until Goemans and Williamson [GW95]
introduced semidefinite programming into approximation algorithms and used it to design a 0.878-
approximation algorithm for the maximum cut problem. Semidefinite programming was the only
approach to do better than %—approximation for the maximum cut problem until Trevisan used
Theorem 5.4 to design a spectral 0.531-approximation algorithm.

The power of the spectral method is that it gives a better upper bound on the optimal value than
the trivial upper bound | E|. Suppose the maximum cut (S, V —S) cuts at least 1—e fraction of edges
Then check that B(G) < €, and thus 2 — X\, < 25(G) < 2¢e by the easy direction of Theorem 5.4.
So, if we compute that 2 — A\, is large, then we know that the maximum cut only cuts at most %/\n
fraction of edges, and thus the trivial approximation algorithm of cutting 50% of edges would be
a 1/x,-approximation algorithm. To summarize, when A, is bounded away from 2, then there is a
better than 1/2-approximation algorithm for the maximum cut problem, using the easy direction of
Theorem 5.4.

On the other hand, when 2 — \,, is small, by the hard direction of Theorem 5.4, we can find a subset
S = (L, R) with small 5(5), so that most edges with an endpoint in S are between L and R. So we
commit on putting vertices in L on one side and vertices in R on the other side. Then we solve the
maximum cut problem on V — S recursively. Suppose the returned partition is V' — S = (L', R').
Then we return the best of (L’ U L, R" UR) and (L' U R, R’ U L) as our solution, to ensure that at
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least 50% of edges in §(.S) are cut. To summarize, when A, is close to 2, we can find a set S and
ensure that more than 50% of the edges with an endpoint in .S will be cut in the returned solution,
using the hard direction of Theorem 5.4.

With these ideas, it should be clear that they can be combined to give a better than 1/2-approximation
algorithm for the maximum cut problem. Soto [Sot15] improved the analysis and gave a spectral
0.614-approximation algorithm for the maximum cut problem.

5.2 Small-Set Expansion

A more refined notion of expansion is to study the expansion of sets of different size. We assume
the graph is d-regular in this section.

Definition 5.5 (Expansion Profile). Let G = (V, E) be a d-reqular graph. For any 0 < § < 1/2,
define

6(C) = oo im0, 90

to be the d-small-set expansion of G. The curve ¢5(G) for 0 < § < 1/2 is called the expansion profile
of the graph G.

The problem of finding small sparse cuts is useful in applications such as community detection in
a social network. Also, this problem is of much theoretical interest because of its close connec-
tion to the unique games conjecture [RS10]. The small-set expansion conjecture by Steurer and
Raghavendra [RS10] states that for any e > 0, there exists 0 < 6 < 1/2 such that it is NP-hard
to distinguish between ¢5(G) < € and ¢s(G) > 1 — e. This conjecture is still wide open, and if
true this would imply optimal inapproximability results for many well-known problems, including
Goemans-Williamson 0.878-approximation algorithm for the maximum cut problem!

Motivated by this connection, Arora, Barak and Steurer [ABS10] proved the following Cheeger’s
inequality for small-set expansion, which roughly says that if Ag is small for a large enough k, then
there is a set S with |S| ~ |V|/k and ¢(S) =~ v/ A.

Theorem 5.6 (Cheeger’s Inequality for Small-Set Expansion [ABS10]). Let G = (V, E) be a d-
reqular graph and M\ be the k-th smallest eigenvalue of £(G). For k > n?5,

38 C V with |S| < n'~? and 6(S) < ,/Aﬁ’“.

They used this theorem to design a sub-exponential time algorithm for the small-set expansion
conjecture and the unique games conjecture, together with the ideas of subspace enumeration and
graph decomposition. This is an influential paper as it opens up the line of research about higher
eigenvalues of graphs.

Analytically Sparse Vectors from Random Walks
Using the threshold rounding in Lemma 4.8, if we could find a vector x with |supp(x)| < 6|V| and
R;(x) < Ak, then we can find a set S with |S| < 6|V| and ¢(S) < v/ Ag. This is the starting point.

The constraint | supp(x)| < 0|V is combinatorial and not easy to work with directly. Note that any
vector satisfying this constraint satisfies the condition ||z||; < /d|V]- ||z ||2 by Cauchy-Schwarz, an
analytical condition more suitable for spectral analysis.

37



Eigenvalues and Polynomials

Definition 5.7 (Combinatorial and Analytical Sparse Vectors). Let x € R™ be a vector and § €
[0,1]. We say x is d-combinatorially sparse if |supp(x)| < dn, and x is d-analytically sparse if

[z]l1 < Von[z|2.

By a truncation argument similar to that in Problem 4.13, we can reduce the problem to finding a
d-analytically sparse vector with small Rayleigh quotient.

Problem 5.8 (Combinatorial Sparse Vector from Analytical Sparse Vector). Let x € R'} be a non-
negative vector that is d-analytically sparse. Prove that there exists a non-negative vector y € R}
that is 49-combinatorially sparse with Rz (y) < 2Rg(z).

The main idea in [ABS10] is to find such a vector from random walks, a topic that we will study
in the next chapter. Let W = 1] + 1A =1- fL be the lazy random walk matrix. Note that our
assumption A < A translates to ap > 1 — 5 Where ap, denotes the k-th largest eigenvalue of W.
The main argument using the spectrum is

SUIWhGIE = 32T Wy = Te (W) - Za%k( oy

=1 =1

where the last equality is by Fact 2.35. Therefore, there exists i € [n] such that

k A\ 2t
H XZHQ - n 9 ;

and this gives an analytically sparse vector as ||[Wy;||1 = 1 since it is a probability distribution.

On the other hand, by a relatively standard spectral argument using eigen-decomposition and the
power mean inequality, one can prove that the Rayleigh quotient R(W'y;) is small for every i € [n].

Problem 5.9 (Rayleigh Quotient of Random Walk Vector). Let G = (V, E) be a graph with V = [n],
L be its normalized Laplacian matriz, and W = I — %L be its lazy random walk matriz. For any
i€ [nl,

Re(W'x) <2 =2 Whilly".

These two claims combine to give a vector Wy; that has small Rayleigh quotient and is analytically

sparse. More precisely, by settmg t = M and doing some calculations, one can check that there

exists i with W'y; being - 7 analytlcally sparse and R(Wty;) < 2’\ 1“" Then Theorem 5.6 follows
when k > n20.

5.3 Higher-Order Cheeger Inequalities

Recall from Exercise 3.19 that Ay = 0 if and only if G has at least k connected components. After
seeing Cheeger’s inequality in Theorem 4.3 and its analogy for A, in Theorem 5.4, we now expect
that there is also a robust quantitative generalization of this fact.

Actually, the Cheeger inequality for small-set expansion in Theorem 5.6 can be seen as one such
generalization, because when A\, = 0 there exists a component of size at most 7/k, and Theorem 5.6
proves that there exists a sparse cut of size roughly 7/k when k is large enough.

In the following, we see another generalization that Ay is small if and only if G has at least k disjoint
subsets S1, ..., Sk each is close to a connected component.
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Definition 5.10 (k-Way Edge Conductance). Let G = (V, E) be a graph. The k-way edge conduc-
tance is defined as

orx(G) = mi max ¢(5;),

= m
51,82,...,5,CV 1<i<k

where the minimization is over pairwise disjoint subsets Sy,...,S of V.

The following higher-order Cheeger inequalities were obtained independently by two research groups.

Theorem 5.11 (Higher-Order Cheeger Inequalities [LOT14, LRTV12]). Let G = (V, E) be a graph
and A\ be the k-th smallest eigenvalue of its normalized Laplacian matriz. Then

1
M < ok(G) S k2 /A

Moreover,

(Zﬁk(G) S \ logk . )\Qk.

Note that Theorem 5.11 guarantees that there are disjoint sparse cuts and hence also a sparse cut of
size at most 7/k, but Theorem 5.6 gives a stronger quantitative bound with no dependency on k which
is crucial for the small-set expansion and the unique games conjectures. In short, Theorem 5.11 and
Theorem 5.6 are incomparable, and it would be very interesting to obtain a common generalization
of these two results. The following is another open question.

Question 5.12. Is it true that ¢;(G) < polylog(k) - VA ?

Spectral Embedding

The high level plan is to find k disjoint supported vectors x1,...,xr such that each has small
Rayleigh quotient R;(z;). Then we can apply the threshold rounding in Lemma 4.8 on each x; to
find S; C supp(x;) with small conductance ¢(S;) < /Rg(x;).

An interesting new idea in [LOT14, LRTV12] is to use the spectral embedding defined by the first
k eigenvectors to find the k disjoint sparse cuts.

Definition 5.13 (Spectral Embedding). Let G = (V, E) be a graph with V = [n], Ay <... < \; be
the k smallest eigenvalues of L(G), and vy,..., v, € R™ be corresponding orthonormal eigenvectors.
Let U € R™¥F be the n x k matriz where the j-th column is vj. The spectral embedding u; € R* of
a vertex i is defined as the i-th row of U.

The spectral embedding is used in practice to find disjoint sparse cuts. A popular heuristic is to
apply some well-known geometric clustering algorithms, in particular the k-means algorithm, to
partition the point set in the spectral embedding into k groups/clusters, and use this partitioning
to cut the graph into k sets. It is still an open problem to analyze this heuristic rigorously.

The proof in [LOT14] analyzed a slightly different algorithm that clusters the points based on
directions. As vy, ..., v, are orthonormal vectors, the matrix U in Definition 5.13 satisfies UTU = I,
and this implies that the spectral embedding satisfies the following isotropy condition.

Exercise 5.14 (Isotropy Condition). Let u1,...,u, € R¥ be the spectral embedding of the vertices
in Definition 5.13. For any x € R¥ with ||x||2 = 1, prove that

n

Z(m,ui>2 =1.

=1
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Note that >°%  ||u;||> = k as UTU = Ij. The isotropy condition implies that the points ui, ..., u, €
R* must be “well spread out” in different directions.

Definition 5.15 (Radial Projection Distance). Let uy, ..., u, € R¥ be the spectral embedding of the
vertices in Definition 5.13. The radial projection distance between two vertices v and j is defined as

U; Uj

fuilla w2

(i, ) = H

if |Juil| > 0 and ||u;|| > 0. Otherwise, if u; = uj = 0 then d(i,j) := 0, else d(i, j) := oo.

Problem 5.16 (Spreading Property). Let G = (V, E) be a graph with V = [n]. Let uy, ..., u, € R¥
be the spectral embedding of the vertices in Definition 5.15. Let S C'V be such that d(i,7) < A for

alli,j € S. Then
1
D lluil? < 5
ics -4

Informally, the spreading property implies that the points cannot be concentrated in less than k
directions, as otherwise the spectral embedding cannot identify k clusters.

Suppose there are k clusters Si,..., Sk such that Zz‘estUiH2 ~ 1 for 1 < i < k and the pair-
wise distance d(S;,5;) 1= mingeg, pes; d(a,b) is large. Then [LOT14] uses an idea called smooth
localization to find k disjoint supported vectors x1,...,x; € R™ each with small Rayleigh quotient.

To achieve this condition, [LOT14] also uses a random partitioning idea to partition R* and removes
all points close to boundaries so that the distances between different parts are lower bounded. For
more details, see L04 in 2019 or the notes by Trevisan [Trel6| or the journal paper [LOT14].

Randomized Rounding Algorithm

The algorithm in [LRTV12] is elegant and simple to describe.

Algorithm 2 Randomized Rounding on Spectral Embedding [LRTV12]

Require: An undirected graph G = (V, E) with V = [n] and m = |E|, and a parameter k.
1: Compute the spectral embedding u1, ..., u, € R* in Definition 5.13.
2: Pick k independent Gaussian vectors g¢i,...,gr € N(0,1)". Construct disjointly supported
vectors hi,...,hp € R" as follows:

ha(j) = (uj, i) if 1 = argmax;ep{{uy, 9i)}
! 0 otherwise

3: Apply the threshold rounding in Lemma 4.8 on each h; to obtain a set S; C supp(h;) and
#(Si) < /2R (hg).
4: return all S; with ¢(5;) < Vlogk - Ag.

It is proved in [LRTVI12| that this algorithm will return (k) subsets with constant probability.
The proof is by computing the expectation and the variance of the numerator and the denominator,
using some properties of Gaussian random variables.
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5.4 Improved Cheeger Inequalities

Recall that it is an open question to explain the empirical performance of the spectral partitioning
algorithm. In practical instances for image segmentation and data clustering, it is reasonable to
expect that there are only a few outstanding objects/clusters in the input image/dataset. One way
to formalize this is to assume that the k-way conductance ¢y (G) of the input graph is large for a small
constant k. By the higher-order Cheeger inequality in Theorem 5.11, this is qualitatively equivalent
to Ag is large for a small constant k, which is typically satisfied in practical instances of image
segmentation. The following improved Cheeger’s inequality shows that the spectral partitioning
algorithm performs better in these inputs.

Theorem 5.17 (Improved Cheeger’s Inequality [KLL"13]). Let G = (V, E) be a graph and M\ be
the k-th smallest eigenvalue of its normalized Laplacian matriz. For any k > 2,

Ag kAo
AP < =
> =MD

The proof of Theorem 5.17 shows that the spectral partitioning algorithm achieves this guarantee.
Note that when A\, = Q(1) for a small constant k, Theorem 5.17 implies that the spectral partitioning
algorithm is a constant factor approximation algorithm for graph conductance. This provides some
rigorous justification of the empirical success of the spectral partitioning algorithm.

Exercise 5.18 (Tight Example for Theorem 5.17). Check that the improved Cheeger’s inequality is
tight up to a constant factor for the cycle examples.

There are also related improved Cheeger’s inequalities which work with ¢x(G) directly and with the
robust vertex expansion of the graph [KLL17].

k-Step Functions

To see the main intuition in [KLL"13], consider the simpler scenario when g is small but A3 is big.
Since Ag is small, the graph has a sparse cut (S, V —.S) by Cheeger’s inequality in Theorem 4.3. As
A3 is big, ¢3(G) is also big by the higher-order Cheeger’s inequality in Theorem 5.11. This implies
that the induced graph in each S and V — S should be an expander graph, as otherwise there is
a good way to cut them into smaller pieces which would contradict that ¢3(G) is big. Since the
induced graphs in S and V' — S are expander graphs and (S,V — S) is a sparse cut, we expect that
the minimizer for the Rayleigh quotient in Lemma 4.4 should look like a binary solution and thus

A2~ ¢(G).

The proof of Theorem 5.17 has two main steps. The first step is to show that if \; is large for a
small constant k, then any eigenvector of the second eigenvalue should look like a k-step function.

Definition 5.19 (k-Step Function). Let G = (V, E) be a graph with V = [n]. Given y € R™ and
1 <k <mn, wesayy is a k-step function if the number of distinct values in {y(i)}icy is at most k.

Lemma 5.20 (Constructing k-Step Approximation). Let G = (V, E) be a d-regular graph with
V = [n]. For any x € R", there is a (2k + 1)-step function y such that

423 - Re(2)
o -y < =2 ),
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The second step is to show that if the second eigenvector is close to a k-step function, then the
spectral partitioning algorithm performs better.

Lemma 5.21 (Rounding k-Step Approximation). Let G = (V, E) be a d-regular graph with V = [n].
Let x € R™ with ||z||2 = 1 and let y € R™ be a (2k + 1)-step function. The spectral partitioning
algorithm applied on x outputs a set S with |S| < n/2 and

¢(S) < 4kRy(x) +4V2k - |z — yll2 - vV Re ().

Note that Theorem 5.17 follows immediately from Lemma 5.20 and Lemma 5.21.

To prove Lemma 5.20, the idea is that if x is far from being a k-step function, then x must be
“smooth /continuous”, and it is possible to decompose z into k disjoint supported vectors x1, ...,z €
R"™ such that each has small Rayleigh quotient as shown in the following figure.

03 0.06 ‘

0.05 — X —

X 0.04 — -
003 -  x =
0.25 - 7 002 - x * !

0.01 — x x —

0 10 20 30 40 50 60

02 [ % i

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 0.05 — x —

e 0.04 |- x _

002 |- % -
x 001 |- XX % i

01 0 10 20 30 40 50 60

0.06

S 0.05 - -
* 0.04 |- 4
X 0.03 P =

Xx 0.02 - x X =

Figure 5.1: The figure on the left is the function z. We cut x into three disjointly supported vectors
x1,x2,x3 by setting to = 0, t; ~ 0.07, t ~ 0.175, and t3 = maxx(i). For each 1 <i < 3, we define
xi(7) = min{|z(j) — ti—1|, |z(j) — ti|}, if i1 < x(j) < t;, and zero otherwise.

For Lemma 5.21, it is instructive to work out the special case when x is exactly a k-step function.

Problem 5.22 (Rounding k-Step Function). Prove Lemma 5.21 when x is a (2k+1)-step function.

The general idea is to choose a random threshold ¢ with probability proportional to the distance to
the nearest step in y. See L05 in 2019 or [KLLT13] for details.
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Chapter 6

Random Walks on Graphs

Given an undirected graph G = (V| E), a random walk is a simple stochastic process where it starts
from a vertex, and in each step the walk moves to a uniformly random neighbor of the current
vertex. Some of the basic mathematical questions about random walks are:

1. (Stationary Distribution:) Is there a limiting distribution of the random walks?

2. (Mixing Time:) How long does it take for the current distribution to be close to the limiting
distribution?

3. (Hitting Time:) Starting from a vertex s, how long does it take to first reach a vertex ¢?

4. (Cover Time:) How long does it take to reach every vertex in the graph at least once?

There are two main approaches to questions (1) and (2). One is probabilistic and uses the idea
of “coupling” two random processes. Another is spectral and uses the eigenvalues of the transition
matrix. We study the spectral approach in this chapter and refer the reader to [Hig02, LPWO06] for
the coupling approach.

Questions (3) and (4) are best answered by viewing the graph as an electrical network. This is a
topic that we used to study but probably not in this offering. We refer the reader to [DS84, AF02,
LP16, Spil9] for the interesting connection between random walks and electrical networks.

6.1 Markov Chains

In this section, we consider the more general setting of a finite Markov chain and state the funda-
mental theorem.

A finite Markov chain is defined by a finite state space and a transition matrix.

Definition 6.1 (Transition Matrix). Let [n] be the state space. A matriz P € R™™ is a probability
transition matriz if P is non-negative and Zje[n] Pj =1 for each i € [n]. For1<1i,j <n, the
entry P;j is the transition probability from state i to state j.

Definition 6.2 (Markov Chain). A sequence of random variables (Xo, X1,...) is a Markov chain
with state space [n] and transition matriz P € R™*" if for all i,j € [n] and t > 1,

Pr Xy =7 Xe=iNXem1 =1 N...NXo=1ip) =Pr [X¢p1 =34 | Xy =i] = P(i, 5).
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The first equality is called the Markov property, which states that the transition probability from i to
j 1s the same regardless of the states Xg, ..., Xi—1 that precedes the current state X;.

We can simply think of a Markov chain as a random walk on a weighted directed graph G = ([n], w),
where the transition probability from state ¢ to state j is proportional to the edge weight w(, j)

such that P;; = w(i,j)/ Z]—e[n] w(i, j).

Irreducibility and Aperiodicity

The following are two properties that will imply the existence of a unique limiting distribution.

Definition 6.3 (Irreducibility). A Markov chain defined by transition matriz P € R™ ™ is called
irreducible if for any two states i, j, there exists an integer t such that Pr[X; = j | Xo =1i] > 0.

An equivalent definition is that the underlying directed graph G = ([n], E) where E(G) := {ij |
P;; > 0} of P is strongly connected.

This property is called irreducibility, because if it is not satisfied then the Markov chain is reducible
to a smaller one for the study of the limiting distribution, as the limiting distribution if exists will
only have support on a strongly connected component.

Definition 6.4 (Aperiodicity). The period of a state i is defined as ged{t | Pr[X; =i | Xo =] > 0},
the greatest common divisor of the set of times when it is possible to return to the starting state 1.
A state i is called aperiodic if its period is equal to 1. A Markov chain is called aperiodic if all states
are aperiodic; otherwise it is called periodic.

For examples, random walks on an undirected bipartite graph is periodic as every state has period
2, and random walks on a directed cycle of length k£ > 1 is periodic as every state has period k. In
general, there is no limiting distribution if the Markov chain is periodic.

Irreducibility and aperiodicity together imply the following property that after enough number of

steps, the probability to transit from any state to any other state is positive.

Proposition 6.5 (Reachability). For any finite, irreducible, and aperiodic Markov chain, there
exists an integer T < oo such that Pr[Xy = j | Xo =14 > 0 for all i,j and all t > 7.

The proof uses aperiodicity and a simple number-theoretic argument to prove the statement for all
i = j, and then uses irreducibility to prove the statement for all i # j. See [Hig02, LPW06] for a
proof.

Stationary Distribution and Convergence

Definition 6.6 (Stationary Distribution). For a Markov chain defined by transition matriz P €
R™ "™ a probability distribution @ € R™ is a stationary distribution if TP = T when T is represented
as a row vector.

Informally, a stationary distribution 7 is a steady distribution as #P! = 7 for any ¢ > 1, and a
limiting distribution if exists is a stationary distribution.

We measure how close are two probability distributions by the total variation distance.
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Definition 6.7 (Total Variation Distance). Given two probability distributions p,q € R™, the total
variation distance of P and G is defined as

n

. 1 . : L.
drv(p.q) == B Z Ip(i) — q(i)| = 5”]0 — |l
i=1

Consider the Markov chain defined by a transition matrix P € R™*"™. Let pp € R™ be an initial
probability distribution on the states. Let p; € R™ be the probability distribution p; := po P! after
t steps of random walks. We say that p; converges to a probability distribution ¢ as ¢ — oo if
limy o0 drv (]5;57 (D = 0.

Fundamental Theorem of Markov Chains

One more definition before we state the fundamental theorem.

Definition 6.8 (Hitting Time). For a Markov chain defined by transition matriz P € R™" ", the
hitting time from state i to state j is defined as

Hi,j = min{t >0 | Xt = j,XO = ’L}

The first return time to state i is defined as H;", := min{t > 1| Xy =i, Xo = i}.

Given any finite, irreducible, and aperiodic Markov chain defined by P, after we run it long enough,
then it is possible to reach any state from any other state by Proposition 6.5. If two Markov chains
(X1, Xo,...) and (Y1,Y2,...) of P meet at the same state at some time ¢ such that X; = Y;, then
we cannot distinguish the probability distributions of X and Y, for 7 > ¢ anymore as the Markov
chains forget about the history. By Proposition 6.5, any two Markov chains of P will eventually
meet, and so they will converge to the same distribution as ¢ — oo, and thus a unique limiting
distribution exists. This is the intuition of the coupling proof of the following fundamental theorem.

Theorem 6.9 (Fundamental Theorem of Markov Chains). Consider the Markov chain defined by
a transition matriz P € R™ ™. Let pg € R™ be an initial probability distribution on the states.
Let p; € R™ be the probability distribution p; := poP? after t steps. If the Markov chain is finite,
irreducible, and aperiodic, then the followings hold.

1. There exists a stationary distribution 7.
2. The distribution py converges to T as t — 00, no matter what is the initial distribution py.
3. There is a unique stationary distribution.

4. 7(i) = limg oo (PY);; = (E[H;rl])*l, the inverse of the expected first return time to i.

We will see a spectral proof of this theorem in the special case of random walks on undirected
graphs. For the general result, see [Hig02] for a probabilistic proof using coupling, [LPWO06] for
a probabilistic and algebraic proof, and [HJ13| for a purely algebraic proof related to the Perron-
Frobenius Theorem 2.16.
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6.2 Random Walks on Undirected Graphs

We consider random walks on an unweighted undirected graph G = (V, E) with V' = [n], where in
each step the walk moves to a uniformly random neighbor of the current vertex. The fundamental
theorem becomes simpler and easier in this special case, as there are simple characterizations of
irreducibility and aperiodicity and also the limiting distribution.

Matrix Formulation: The transition probability P;; from a vertex ¢ to a vertex j is simply
1/deg(i), and so the transition matrix is P = D7 'A where D is the diagonal degree matrix in
Definition 3.13 and A is the adjacency matrix in Definition 3.1. Let pg : V' — R be an initial
probability distribution, and p; be the probability distribution after ¢ steps of random walks. By
definition, pi1(9) = >2;,;eppe(j)/ deg(j) for all 1 < i < n. Note that these equations can be
written compactly as prr1 = PTp, = (AD71)p;, and by induction p; = (AD71)'py. We remark
that it is common to write a probability distribution as a row vector, but in these notes we use the
convention that p; is a column vector.

Stationary Distribution: Recall that a probability distribution 7 : V — R is a stationary
distribution of P if PTmr = 7. It is equivalent to saying that 7 is an eigenvector of PT with
eigenvalue 1. Given that P = D~ !A for random walks on undirected graphs, it is not difficult to
identify one such eigenvector.

Lemma 6.10 (Stationary Distribution of Undirected Graphs). Let G = (V, E) be an undirected
graph and P = D™ A be its transition matriz. The distribution 7 : V — R with

deg(7) _ deg(7)
Yjevdeg()  2[E|

(1) =

for all i € V s a stationary distribution of P.

Irreducibility: Is 7 in Lemma 6.10 the unique stationary distribution? Not necessarily. For
example, if the graph is disconnected, then the distribution after many steps depends on the ini-
tial distribution (e.g. which component does the starting vertex belongs to). This corresponds to
the irreducibility condition in the fundamental theorem. For undirected graphs, the irreducibility
condition is simply equivalent to the condition that the graph is connected.

Aperiodicity: Even if the graph is connected, a limiting distribution may not exist. For example,
in a connected bipartite graph, if the initial distribution pg is on a single vertex, then the distribution
p¢ depends on the parity of ¢, as the support of p; oscillates between the two sides of the bipartite
graph. This corresponds to the aperiodicity condition in the fundamental theorem. For connected
undirected graphs, observe that the aperiodicity condition is equivalent to the condition that the
graph is non-bipartite.

Fundamental Theorem: Given the simple characterizations of the conditions in the fundamental
theorem, it reduces to the following statement for undirected graphs.
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Theorem 6.11 (Fundamental Theorem for Undirected Graphs). Let G be a connected, non-bipartite
undirected graph. Let P = D™'A be the transition matriz of random walks on G. The distribution
7 in Lemma 6.10 is the unique stationary distribution. Furthermore, p; :== (PT)!pg converges to
as t — oo regardless of the initial distribution po.

Lazy Random Walks: The non-bipartiteness condition is to ensure that the Markov chain is
aperiodic. There is a simple modification of the random walks so that this assumption can be
removed, by adding self-loops in the graph.

Definition 6.12 (Lazy Random Walks). Let G be an undirected graph. The transition matric W
of the lazy random walks is defined as W = %I + %DilA. In words, the lazy random walks stay at
the current vertex with probability 1/2 and moves to a uniform random neighbor of the current vertex
with probability 1/2.

By doing the lazy random walks, we make the graph non-bipartite and obtain the following corollary
of Theorem 6.11.

Corollary 6.13 (Fundamental Theorem for Lazy Undirected Graphs). Let G be a connected undi-
rected graph. Let W = %I + %D_lA be the transition matriz of lazy random walks on G. The
distribution 7 in Lemma 6.10 is the unique stationary distribution. Furthermore, p; == (W7T)'pg
converges to w as t — oo regardless of the initial distribution py.

It will be clear from the spectral analysis why the constant 1/2 is used.

6.3 Spectral Analysis of Mixing Time for Undirected Graphs

In this section, we will prove the fundamental theorem for undirected graphs in Theorem 6.11 using
a spectral analysis. Besides that the spectral analysis is elegant, it has the very important feature
that it can also be used to analyze the mixing time, which is the rate of convergence to the unique
stationary distribution.

As in Chapter 4 for Cheeger’s inequality, we will first assume the given undirected graph is d-regular
and prove Theorem 6.11 and then define and bound the mixing time. After that, we outline the
modifications needed for general undirected graphs.

Spectrum for Regular Graphs

For d-regular graphs, the transition matrix P for random walks is simply P = D714 = éA = A, the
normalized adjacency matrix. And the transition matrix W for lazy random walks is W = %I + %.A.
This is the main simplification from the d-regular assumption, as the matrices P and W are still
real symmetric. Another simplification is that for d-regular graphs the stationary distribution 7 in
Lemma 6.10 is simply the uniform distribution I/x.

Our goal is to prove that limy o, P'pg = I/n regardless of the initial distribution pg, as long as the
graph is connected and non-bipartite. And, similarly, limy_,oo Wpg = I/n, as long as the graph is
connected.

To compute Plpg and Wpg, a repeated application of the same operator, it is very helpful to know
the spectrum of the matrices P and W as discussed in Chapter 2. Let a3 > as > ... > «;, be the
eigenvalues of A and vy, ..., v, be the corresponding orthonormal eigenvectors. Recall that
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e a1 =1and vy = T/ﬁ from Lemma 3.21,
e a9 < 1if and only if G is connected from Proposition 3.18,

e and when G is connected, o, > —1 if and only if G is non-bipartite from Problem 3.7.

For the lazy random walk matrix W, the spectrum is $(1 + a1) > $(1+ag) > ... > (1 + ap),
which implies that the smallest eigenvalue is at least 0 > —1. This is why the non-bipartitness
assumption can be removed when we consider lazy random walks.

Limiting Distribution

We translated the combinatorial conditions in the fundamental theorem into spectral conditions,
and the fundamental Theorem 6.11 for d-regular undirected graphs can be restated as follows and
the proof is relatively straightforward.

Proposition 6.14 (Limiting Distribution for Regular Graphs). Let G = (V, E) be a d-regular
undirected graph with V' = [n]. Let P = A be the transition matriz of random walks on G and
l=oa;>ay>...>aqy beits eigenvalues. If an < 1 and o, > —1, then limy_,oo Plpy = T/n.

Proof. Let v1,v9,...,v, be the corresponding orthonormal eigenvectors. For any initial distribution
Po, a8 Vi,...,V, forms an orthonormal basis, we can write pg = civ1 + ... + ¢c,v, as a linear
combination of vy, ..., v,, where ¢; = (pg,v;) for 1 <7 < n. Then,

n n n
Plpy = Al ( Z civi> = Z Aty = Z c,-aﬁvi.
i=1 i=1 i=1
The assumptions ag < 1 and «,, > —1 imply that |a;] < 1 for 2 < i < n. Hence,
n
Jim Plpg = lim ;cmﬁvi = cvy,
—

as all but the first term go to zero as t — co. Recall that in the d-regular case, vy = 1/yn and thus
c1 = (po, /vn) = 1/y/n as po is a probability distribution. Therefore, we conclude that

Sl

lim Ptpg =cv =
t—o00

=SB
4

O

Basically, the proof says that under the assumption |a;| < 1 for 2 < i < n, Plpy converges to the
first eigenvector which is proportional to the all-one vector.

Check that the fundamental theorem for lazy random walks in Corollary 6.13 hold for d-regular
graphs as well.
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Mixing Time

The mixing time is to quantify how fast p; converges to the limiting distribution. The following
definition is for general Markov chains.

Definition 6.15 (Mixing Time). Consider the Markov chain defined by a transition matric P €
R™ ™ Let pg € R™ be an initial probability distribution on the states. Let py € R™ be the probability
distribution py : (PT) po after t steps. Suppose that the limiting distribution m = limy_, o Py €LiStSs.
For any 0 < € < 1, the e-mizing time 7.(P) of P is defined as the smallest t such that dpy(p,m) < €
for any initial distribution pg, where dpv is the total variation distance in Definilion 6.7.

To bound the mixing time, we use the same approach and assume that as and |a,| are bounded
away from one for a! to converge to zero quickly for 2 < i < n.

Theorem 6.16 (Bounding Mixing Time by Spectral Gap). Let G = (V, E) be a d-regular undirected
graph with V = [n]. Let P = A be the transilion matriz of random walks on G and 1 = aq > ag >
. > ay, be its eigenvalues. Let g :== min{l — ag,1 — ||} be the spectral gap. Then the e-mizing
time of P is
1
T(P) < —In <E>
g

€

Proof. Recall from Proposition 6.14 that Plpy = % +> 0, c;alv; where v1, ..., v, are the orthonor-
mal eigenvectors, and the limiting distribution is 7 = I/n. So,

E c,a Vi

Since vy, ..., v, are orthonormal, it follows that from the spectral gap assumption that

n n
E ciaﬁvl E ot < (1 - g)* g 2.
i=2 i=2

= HPOHQ < ”POH1 =1, and thus

drv (pt, 7) = dpv(P'po, 7) = HPt Po— — v,

2

Note that > ,c? < >°%

zlz

drv(pe,m) SV/n

g cla V;
2

=2

n
< |n1—g)%> e < V(1 —g)' < Ve .
=2

Therefore, by setting ¢ 2> éln(%), we have dpv(pg, m) < € for any initial distribution py. O]

For the lazy random walk matrix W, recall that the smallest eigenvalue is at least 0, and so the
spectral gap for W is simply g = %(1 — a2). The following is an important corollary from Cheeger’s
inequality in Theorem 4.3 that 1 — ag > ¢(G)?

Corollary 6.17 (Bounding Mixing Time by Conductance). Let G = (V, E) be a d-reqular undirected
graph with V- = [n]. Let W = %I + %A be the transition matriz of lazy random walks on G. Then
the e-mizing time of W is

(W) < ¢(é)2 In (%)
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This provides a combinatorial condition that guarantees fast mixing. In particular, for expander
graph where ¢(G) = Q(1), the mixing time of lazy random walks is O(Inn), such that the random
walk reaches an almost uniformly random vertex after O(lnn) steps. For many applications, it
is important that the mixing time is polylogarithmic in the graph size, as we will discuss some
examples soon.

Corollary 6.17 is very useful in designing random sampling algorithms. For the purpose of uniform
random sampling, the analysis for regular graphs is usually enough, as we can design the Markov
chain (possibly by adding self-loops) so that the underlying graph is regular.

Spectrum for General Graphs

The random walk matrix for general graphs is P = D7 !4 and the lazy random walk matrix is
W = %I + %P. The main difference is that these matrices are not necessarily symmetric, and so
we cannot directy apply the spectral theorem in Theorem 2.5 to reason about their eigenvalues and
eigenvectors. A simple but important observation is that P and W are similar to a real symmetric
matrix (see Definition 2.3 for the definition of similar matrices), and so the eignevalues of P and W

are still all real numbers.

Lemma 6.18 (Spectrum of Random Walk Matrices). Let G = (V, E) be a connected undirected
graph with V. = [n] and A be its normalized adjacency matriz. Let the eigenvalues of A be oy >
Qg > ... > ay and v1,v9,...,0, be the corresponding orthonormal basis of eigenvectors. Then the
eigenvalues of the random walk matriv P = D™'A are a1 > ag > ... > ay,, and the corresponding
eigenvectors of PT = AD™! are Dévl,Dévg, . .,Dévn, Also, the eigenvalues of the lazy random
walk matriv W = 31 + 3P are 3(1 + 1) > $(1+ o) > ... > 3(1 + ), and the corresponding

. 1 1 1
eigenvectors of W' are D2vy, D2vs, ..., D2v,.

Proof. Note that P = D™'A = D_%(D_%AD_%)D% = D_%AD%, and so P is similar to A, as
D is non-singular when the graph is connected. By the same argument, W is similar to %I + %A.
So, by Fact 2.4, P and A have the same spectrum, and W and %I + %A have the same spectrum.

Note that D%vi is an eigenvector of PT with eigenvalue «;, as pT (D%vi) = (D%ADfé) (D%vi) =

D%Avi =y (D%vi), and similarly D%vi is an eigenvector of W with eigenvalue %(1 + ;). O

Note that D%vl, e ,D%vn are linearly independent as D is non-singular for a connected graph.
Therefore, any initial distribution pp can be written as > | ciD%vi, a linear combination of the
eigenvectors of PT and W7. With this setup, we can adapt the proof in Proposition 6.14 to prove
the following equivalent form of the fundamental theorem for undirected graphs in Theorem 6.11.

Problem 6.19 (Limiting Distribution for Undirected Graphs). Let G = (V, E) be an undirected

graph with V. = [n]. Let P = D™1A be the transition matriz of random walks on G and 1 = oy >

a9 > ... > ay be its eigenvalues. If an < 1 and o, > —1, then limy_so0 (PT)ipy = ﬁ where d is

-

the degree vector with d(i) = deg(i) for 1 <i < n.

Then the same approach as in Theorem 6.16 works to bound the mixing time f9r general undirected
graphs. To bound [|(PT)!py — 7||2, it will be more convenient to bound || D2 ((PT)'py — ) |3, so
as to take advantage of the orthonormality of v1,...,v,. Then, one can bound ||(PT)!py — 7|2 <
vn %(1 — g)! where g is the spectral gap, and extend the results for d-regular graphs to general
undirected graphs.
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Problem 6.20 (Bounding Mixing Time). Prove Theorem 6.16 and Corollary 6.17 for general undi-
rected graphs.

The same arguments work for weighted undirected graphs basically without modifications, by gen-
eralizing the definitions as in Section 4.4.

We remark that this spectral approach can be extended to prove the fundamental theorem for
directed graphs as well, but it is more involved and requires the Perron-Frobenius theorem and the
Jordan normal form (see [HJ13] for proofs).

6.4 Random Sampling

An important application of random walks is in random sampling. Consider the following algorithm
for generating a random spanning tree of an undirected graph.

Algorithm 3 Random Exchange Algorithm for Sampling Random Spanning Trees
Require: An undirected graph G = (V, E).
1: Compute an arbitrary spanning tree Tp of the graph.
2: for1 <t<rtdo
3 Choose a uniform random edge e € F — 11 to Ty_1.
4:  Choose a uniform random edge f in the unique cycle in T;_1 + e.
5
6
7

Set Ty :=T;—1 +e— f.
: end for
: return 7.

To analyze this algorithm, it is equivalent to analyzing the random walks on a huge “spanning tree
exchange graph” H, in which there is a vertex in H for each spanning tree of the graph, and two
vertices in H have an edge if the corresponding spanning trees T' and T’ can be obtained from one
step of the algorithm (i.e. 7" =T + e — f for some edges e, f in the input graph).

Note that if the original graph G has n vertices, then this exchange graph H could have as many as
Q(n"=2) vertices. So, to prove that 7 < poly(n) would work to return an almost uniform random
spanning tree, we must prove that the random walks in the exchange graph mix in polylogarithmic
time in the size of H. In other words, we need to prove that the spanning tree exchange graph H
is an expander graph.

This is usually a difficult task. There are different approaches to prove fast mixing of Markov
chains. One is called the coupling method, which is the most common and versatile probabilistic
technique in bounding mixing time (see [LPWO06]). Another is called the canonical path method,
which is based on using multicommodity flow to lower bound the graph conductance so as to use
Corollary 6.17 to upper bound the mixing time. A very important application of the canonical path
method is to approximate the permanent of a non-negative matrix [JSV04]|, which is equivalent to
counting the number of perfect matchings in a bipartite graph.

We won’t discuss these methods in this course, but we will see how to analyze the random exchange
algorithm for sampling random spanning trees using the new techniques from high dimensional
expanders in the third part of the course.
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6.5 Local Graph Partitioning

Another useful application of random walks is in graph partitioning. As we have seen in the small-
set expansion problem in Section 5.2, the random walk distribution Wy; for some starting vertex i
can be used to find a small sparse cut of the graph. This idea was originally proposed by Spielman
and Teng |ST13|. They proved that the performance of the random walk algorithm for graph
partitioning is similar to that of the spectral partitioning algorithm in Chapter 4. Furthermore,
the random walk algorithm has the important advantage that it can be implemented locally, such
that the running time depends only on output size but not on the original graph size, and this
provides a sublinear time algorithm for graph partitioning for some instances. This idea can also be
used to design approximation algorithms for the small-set expansion problem [KL12]. Local graph
partitioning is an active research topic on its own, and there are several other algorithms such as
using PageRank vector [ACL06] and evolving sets [AOPT'16]. We won’t discuss these results further
in this course. This is a good project topic for those who are interested in these algorithms.

6.6 Problems

Problem 6.21 (Lower Bounding Mixing Time). Let G = (V, E) be an undirected graph with V =
[n]. Let W = %I + %D_lA be the transition matriz of lazy random walks on G. Prove that the
e-mizing time of W is

(W) 2 —1a2 In G)

where ag is the second largest eigenvalue of the normalized adjacency matriz A(G). A simpler

problem is to prove that
1 1
€ W 2 —1 )
(W) 2 »(G) n(e)

where ¢(G) is the edge conductance of G. You may also consider the special case when G is d-regular.

Problem 6.22 (Page Ranking). Suppose someone searches a keyword (e.g. “car”) and we would
like to identify the webpages that are the most relevant for this keyword and the webpages that are the
most reliable sources for this keyword (a page is a reliable source if it points to many most relevant
pages). First we identify the pages with this keyword and ignore all other pages. Then we run the
following ranking algorithm on the remaining pages. Fach vertex corresponds to a remaining page,
and there is a directed edge from page i to page j if there is a link from page i to page j. Call this
directed graph G = (V, E). For each vertex i, we have two values s(i) and r(i), where intentionally
r(i) represents how relevant is this page and s(i) represents how reliable it is as a source (the larger
the values the better). We start from some arbitrary initial values, say s(i) = 1/|V| for all i, as we
have no ideas at the beginning. At each step, we update s and r (where s and r are vectors of s(i)
and 1(i) values) as follows: First we update r(i) =3, ..cp s(j) for all i, as a page is more relevant
if it is linked by many reliable sources. Then we update s(i) = Zj:ijEE r(7) for all i (using the just
updated values r(j)), as a page is a more reliable source if it points to many relevant pages. To keep
the values small, we let R = le‘jl r(i) and S = Z‘ZZ‘I s(i), and divide each s(i) by S and divide
each r(i) by R. We repeat this step for many times to refine the values.

Let s,r € RVl be the vectors of the s and r values. Give a matriz formulation for computing s
and . Suppose G is weakly connected (when we ignore the direction of the edges the underlying
undirected graph is connected) and there is a self-loop at each vertex. Prove that there is a unique
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limiting s and a unique limiting r for any initial s as long as s > 0 and s # 0. You may use the
Perror-Frobenius Theorem 2.16 to solve this problem.
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Chapter 7

Expander Graphs

In this chapter, we first define expander graphs and see some of their properties. Then, we study
a deterministic combinatorial construction of expander graphs, called the zig-zag products. Then,
we discuss various interesting and important applications of expander graphs. Most of the material
in this chapter is extracted from the excellent survey by Hoory, Linial, and Wigderson [HLWO06].

There are several possible ways to define regular expander graphs.

1. Combinatorically, expander graphs are graphs with very good “connectivity”, e.g. graphs with
good edge expansion or vertex expansion.

2. Probabilistically, expander graphs are graphs in which random walks mix rapidly.

3. Algebraically, expander graphs are graphs with a large spectral gap a1 — ao.

We have already seen in Chapter 4 and Chapter 6 that these definitions are closely related. Cheeger’s
inequality in Theorem 4.3 states that a graph has a large spectral gap if and only if its edge expansion
is large. The spectral analysis in Corollary 6.17 and Problem 6.21 show that lazy random walks
mix quickly if and only if the spectral gap is large.

Note that complete graphs are the best expander graphs in each of the above definitions, but we are
interested in sparse expander graphs with linear number of edges, that is, d-regular expander graphs
with constant d. In constructions of expander graphs, the spectral definition is the most convenient,
and we will use the following stronger spectral defintion that also bounds the last eigenvalue.

Definition 7.1 (Spectral Expanders). Let G be a d-regular graph and let d = oy > g > ... >
oy, > —d be the spectrum of its adjacency matriz. We say that G is an (n,d,€)-graph if it has n
vertices, is d-reqular, and with max{as, |a,|} < ed. The quantity o := max{ao, |a|} is called the
spectral radius of the graph.

The smaller is the spectral radius, the stronger the graph is as a spectral expander. Probabilistically,
the spectral radius is small if and only if the non-lazy random walks mix rapidly, as shown in
Theorem 6.16. Combinatorically, |ay,| is small if and only if there is no nearly bipartite component,
as shown in Theorem 5.4.
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7.1 Properties of Expander Graphs

We collect more combinatorial and probabilistic properties of a spectral expander in this section.

Expander Mixing Lemma

A well-known and useful property of expander graphs is that it behaves as a random d-regular
graph. Consider the number of edges between two subsets S, T of vertices.

Definition 7.2 (Induced Edges). Given a graph G = (V,E) and S, T C V, define E(S,T) :=
{(u,v) | u € S,veT,uv e E} be the set of ordered pairs where u € S and v € T. Note thal an edge
withw € SNT and v € SNT is counted twice, as both (u,v) and (v,u) are in E(S,T).

In a random graph where every pair of vertices has an edge with probability %, we expect that
|E(S,T)| is close to 4|S||T|. The expander mixing lemma says that in a spectral expander |E(S,T)|
is close to this expectation.

Theorem 7.3 (Expander Mixing Lemma). Let G = (V, E) be a d-regular graph with V' = [n]. If
the spectral radius of G is «, then for every S CV and T CV,

d|S||T
(s, 1) - B < o 57y

Proof. First, we write |E(S,T)| as an algebraic expression. Let xs and x7 be the characteristic
vectors of S and T, such that xg(i) = 1if i € S and xg(i) = 0 if ¢ ¢ S. Notice that |E(S,T)| =
XEAXTa where A is the adjacency matrix of G.

Then, we use eigen-decompositions of xg and xr to relate |E(S,T)| to the eigenvalues of A. Let
v1,...,Un be an orthonormal basis of eigenvectors of A. Recall that oy = d and v = ﬁl. Write

Xs = > iy av; and x7 = Y, bjv; as linear combination of the eigenvectors. So, a1 = (xg,v1) =

% and by = (xr,v1) = % Then, by orthonormality of v1, ..., vy,

‘E(S, T)‘ = XEAXT = Zaia,—bi = dS;]l|T| + Z o;aqb;.
i=1 i=2

Therefore, by the definition of spectral radius and an application of the Cauchy-Schwarz inequality,

ds|IT] _ |& n .
5.1 - P < |5 o] < o3 ot < ol Bl = allxsllalr e = o/ TSTTT
=2 =2
where @ = (a1,...,ay) andg:(bl,...,bn). O

The following is a consequence of the expander mixing lemma.

Exercise 7.4 (Maximum Independent Set of Spectral Expanders). Let G = (V, E) be a d-reqular
graph with V' = [n] with spectral radius . Show that the size of a mazimum independent set is at
most °7. Conclude that an (n,d, €)-graph has chromatic number at least %
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Converse of Expander Mixing Lemma

Interestingly, Bilu and Linial [BL06| proved a converse of the expander mixing lemma, showing that
it comes close in characterizing the spectral radius of a graph.

Theorem 7.5 (Converse of Expander Mixing Lemma [BLO6]). Let G = (V, E) be a d-regular graph
with V = [n]. Suppose that for any subsets S, T CV with SNT # 0, it holds that

d|S||T
s - P < o 57T

Then all but the largest eigenvalue of A(G) are bounded in absolute value by O(a(l + logg)).

The proof of Theorem 7.5 is based on the following linear algebraic lemma.

Lemma 7.6 (Bounding Spectral Radius [BLO6]). Let A be an n x n real symmetric matriz such
that the £1-norm of each row of A is at most d, and all diagonal entries of A are with absolute value
O(oz log(g) + 1). Suppose that for any two wvectors u,v € {0,1}™ with supp(u) N supp(v) = 0, it
holds that [u” Av| < al|lulla||v|l2. Then the spectral radius of A is O(alog(£) +1).

The proof of Lemma 7.6 is based on linear programming duality and is not quite intuitive. It would
be very interesting if there is a proof of Theorem 7.5 which is of a similar style of Trevisan’s proof
of Cheeger’s inequality in Theorem 4.3.

Vertex Expansion

Cheeger’s inequality proves that a d-regular spectral expander has large edge expansion. One could
lower bound the vertex expansion of a d-regular graph through edge expansion, but with a factor d
loss. Tanner’s theorem proves a much stronger lower bound than that followed from edge expansion.

Definition 7.7 (Vertex Boundary). Let G = (V, E) be an undirected graph. For S C 'V, the open
vertex boundary of S is defined as 9(S) :={v € V=S| Ju € S with wv € E}, and the closed vertex
boundary of S is defined as OS] := S UI(S).

Definition 7.8 (Vertex Expausion). Let G = (V, E) be an undirected graph. The vertex expansion
of a subset S CV and of a graph are defined as
0(5))] :
W(9) = and Y(G):= min P(5).
=g (@)= 538, )
Theorem 7.9 (Tanner’s Theorem). Let G = (V, E) be a d-reqular graph with V = [n]. Suppose the
spectral radius of G is at most ed for some 0 < € < 1. Then, for any 0 < § < 1/2, for any subset
S CV with |S| = dn,
1
S)> — s —
w(s) = 6(1 — €2) + €2
Proof. The key is to consider the quantity || Axs||3, where A is the adjacency matrix and yg is the
characteristic vector of S C V. For a vertex v € V, let degg(v) := [{u € S | wv € E}| be the
number of neighbors of v in S. On one hand,

(Xvears deg(v))” (d/5])*
A 2 _ eoa(v)? = ego(v)? = .
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On the other hand, we write xs = Y i ; ¢;v; as a linear combination of the orthonormal eigenvectors
of A, with v; = 1/y/n and ¢; = (xs,v1) = |S|/v/n. Then

n 9 n d21S|2
sl3 = || ||| = 3 a2 < BT 4 (e (sl — ) = a](3 + (1~ 9)),
=1 =1

where the second equality is by orthonormality of vy,...,v,, the inequality is by the assumption
of the spectral radius and Y., ¢? = ||xs||?, and the final equality is by plugging in |S| = dn.
Combining the inequalities yields the theorem. O

Note that when § < €2, Tanner’s theorem gives (S) > 1/€2, which implies that |9(S)| is much
larger than |S| when |S| is small enough. Check that a straightforward application of Cheeger’s
inequality only gives ¥(S) > 3(1 —¢) for [S| < |V]/2.

Alon-Boppana Bound

How small can the spectral radius be? There are graphs, called Ramanujan graphs, with spectral
radius 2v/d — 1. This is essentially tight, as the following theorem by Alon and Boppana showed.

Theorem 7.10 (Alon-Boppana Bound). Let G = (V, E) be a d-reqular graph and oo be the second
largest eigenvalue of its adjacency matriz. Then

2v/d—1—-1
0 = VA= (e (@)2)

where diag(G) denotes the diameter of the graph G.

Note that the theorem implies that if we have an infinite family of d-regular expander graphs each
has spectral radius at most «, then o > 24/d — 1 as the diameter goes to infinity as the size of the
graph grows.

There are two different proofs of this result. One is by the trace method, which computes the
number of closed walks that starts and ends at some given vertex. Another is by constructing a
function with small Rayleigh quotient. These two methods can also be used to solve Problem 3.10,
which is closely related to the spectral radius of Ramanujan graphs as we will see later in the course.

We will not prove Theorem 7.10 and refer the reader to [HLW06] or Trevisan’s blog posts for proofs.
We just present an easy proof that the spectral radius is at least v/d (1 — 0(1)), using a very simple
trace argument.

Claim 7.11 (Easy Lower Bound on Spectral Radius). Let G = (V, E) be a d-regular graph with
V = [n]. Then its spectral radius o is at least v/dy/"=2.

Proof. Note that Tr(A2%) > nd, as each edge uv contributes one length-two walk from u to v and one
length-two walk from v to v. On the other hand, by Fact 2.35, Tr(A?) = Y"1, o? < d? + (n—1)a?.
Combining the two inequalities gives the claim. O
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Random Walks on Expander Graphs

We know from Theorem 6.16 that random walks on a (n,d, €)-graph converge to the uniform dis-
tribution in O(logn/(1 — €)) steps. Interestingly, random walks on expander graphs not only give
good randomness properties for the final vertex in the walk, but also for the sequence of vertices
traversed in the walk. In some applications, the sequence of vertices of a walk can be used to replace
a sequence of indpendent uniform random variables.

The following result is not of the most general form, but it will be enough for the application
of probability amplication that we will see in Section 7.3. See [HLWO06, Vadl2] for more general
statements. To get an intuition, it is instructive to compare the probability bound below with the
probability bound when each X; is an independent uniform random sample.

Theorem 7.12 (Concentration Property of Random Walks on Spectral Expanders). Let G = (V, E)
be a d-reqular graph with spectral radius ed for some € < 1/10. Let B C'V with |B| < ﬁlw. Let X
be a uniform random vertex, and X1, ..., X be the vertices produced by t steps of a random walk.
Let S = {i | X; € B} be the set of times when the random walk is in B. Then

n(s-2)=(3)"

Proof. We first set up the matrix formulation of the problem. Let n = |V|. The initial distribution
Po = T/ n of X is the uniform distribution. Let xp and xz be the characteristic vectors of B and B
respectively, where B =V — B. Let Ip be the diagonal matrix with a 1 in the ¢-th diagonal entry if
© € B and zero otherwise, and similarly /5. Let p be a probability vector, i.e. p is non-negative and
the sum of its entries is at most one. Then Ig - p is the probability vector that is the restriction of
p on B, such that (Ig-p)(i) =p(i) if i € B and (Ip-p)(i) =0if i ¢ B. Check that the probability
the random walk is in B at precisely the time steps in S is

bs = TT(IZt‘A)(IZt—l‘A)(IZt—z‘A) s (IZTA)(IZrA)pO’

where Z; = Bifi € S and Z; = Bifi ¢ S, and A is the normalized adjacency matrix which is the
probability transition matrix of the random walks. We will prove that ps < (5 L)ISI The theorem
will then follow by a union bound as

S| 10N\ 5 N 9 \ t+!
S| > < < = <2t = = (=) .
ri-g)s B oms 8 G) = 2 6 =6) =(G
S:8|>t/2 S:|S|>t/2 S:[8|>t/2
To prove ps < (& L)ISI we use the concept of operator norm in Definition 2.17. Check that ||Ig||op =
| I5llop = HAHop = 1. We will prove that ||[IgA|lop < %, and this would imply that pg < (5)|S|
because

' (I2,A) (Iz,_,A)Iz,_,A) ... (Iz,A)(1z,A)po
< T2 - || (T2 A) Tz, A) Tz, o A) - .. (I2,A) (T2, A)po]|, by Cauchy-Schwarz

<17l (Huzimog pollz by Fact 2.19
S| 1
<l (3) - poll as [ IpAlop < 7 and | IgpAlop < 1
()" 11l = v and [lpolls = —
i as = +/Nn an = — .
9 2 Poll2 Jn
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It remains to prove that ||[IpA|lop < % Let x be any nonzero vector. Write x = c1v1 + ... + CpUn,
where vy, ..., v, are the orthonormal eigenvectors of A with eigenvalues oy > ... > ay,. Then

n
Ip E CiOGV; IBE Ciov;

i=1 =2

2 2

| IpAz|2 = | IgA(civr + ... + cavn) |2 =

< 2”[3610&12}1 ”2 + 2‘

2

where the inequality is by ||z +yl3 < 2||zl3 + 2||ly||3. Recall that oy = 1, v; = 1/y/n and
1= (z,v1) = f > x(i). So, the first term on the RHS is

n 2 n . 2 2
4 1
(Z“f' )) 151 —2|Bi<2221x(1)> <oip) 12 < Ly,
n
=1

where the first inequality is by Cauchy-Schwarz and the second inequality is by the assumption that
|B| < 155- The second term on the RHS is

n 2
2’ Ip)_ cioiv; = 2202042 < 26220 < 2¢%|z||3 < 5Oi|$||27
i=2 2

where the equality is by orthnormality of vq,...,v,, the second inequality is by the assumption
that the spectral radius of the adjacency matrix A is at most ed and so the eigenvalues of A=A/d
satisfies maxa<i<n{|oi|} < €, and the last inequality is by the assumption that € < ;5. Combining
the two terms,

2| Inerono 2 =

< 2||Ipll3, Qv

1
1Az |3 < %lelig = [IpAllop < ¢

O

See [Gil98] for a well-known Chernoff bound for spectral expanders, and [GLSS18] for a recent
generalization to the matrix setting. See [CPT21| for an interesting recent paper showing that
many functions are fooled by expander random walks, in that they cannot distinguish independent
random samples from those obtained by expander random walks.

7.2 Constructions of Expander Graphs

It can be shown that a random d-regular graph is an expander graph with high probability using
the combinatorial definitions, by standard techniques using Chernoff bound and union bound. It is
a good problem to work out the details; see [HLW06, Vad12] for the precise statements and proofs.

Perhaps surprisingly, while almost every d-regular graph is an expander graph, it is very difficult
to come up with a deterministic construction of expander graphs. One possible explanation is that
random graphs have high descriptive complexity, while in deterministic constructions the infinite
family of expander graphs can be described in a succinct way.

There are explicit constructions of d-regular expander graphs, most of them are algebraic construc-
tions.

e A family of 8-regular graphs G,, for every integer m. The vertex set is V = Z,, X Z,. The
neighbors of vertex (z,y) is (z,y+ ), (zty,y), (z,y+1+x), (z+1+y,y), where all additions
are mod m. Note that this family is very explicit, meaning that the neighbors of a vertex can
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be computed in O(logm) time, which is very useful for some applications such as probability
amplification as we will see. This construction is due to Margulis whose proof did not give
any explicit bound. Gabber and Galil proved that its spectral radius is at most 5v/2 < 8.
Their proof uses Fourier analysis; see [HLWO06].

e A family of 3-regular p-vertex graph for every prime number p. The vertex set is Z,, and a
vertex is connected to x + 1,2 — 1 and its multiplicative inverse =1 (for vertex 0 its inverse
is 0), where the additions are mod p. The proof uses some deep results in number theory.

e The main source of explicit deterministic construction is from Cayley graphs, which are graphs
defined by groups. Some of the stronger expanders, the Ramanujan graphs with spectral radius
2¢y/d — 1, are from Cayley graphs and the proofs require sophisticated mathematical tools.

In the second part of the course, we will see a new way to show the existence of “bipartite” Ramanujan
graphs using combinatorial and probabilistic methods, through interlacing family of polynomials.

In the following, we will study a combinatorial construction of expander graphs, known as the zig-
zag product, whose proof is more elementary and intuitive, although the bound is not as sharp and
the construction is not as explicit.

Combinatorial Constructions

The general idea of the combinatorial constructions is to construct bigger expander graphs from
smaller expander graphs.

The base case could simply be a constant size complete graph. Let G be an (n, k, €1)-graph and H
be an (k,d, e2)-graph. A natural product of G and H is to replace each vertex v in G by a copy
of H, so that each edge incident on v is incident on a different vertex of H. This is called the
replacement product of G and H.

Definition 7.13 (Replacement Product). Let G be a k-reqular graph on n wvertices and H be a
d-regular graph on k vertices. The replacement product G (v) H is a graph where the vertez set is the
Cartesian product [n] x [k] of the vertex set of G and H, and two vertices (u,i) and (v,j) have an
edge if and only if (1) u=v and ij € E(H) or (2) vu € E(G) and v is the i-th neighbor of v in G
and u s the j-th neighbor of v in G.

Intuitively, G (x) H is a combinatorial expander if G and H are combinatorial expanders. Consider
aset S C V(G(@)H). If S has either large of small intersection with each “cloud” (copy of H), then
S should have large expansion because of the large expansion of G as S is basically a set of vertices
in G. If S has medium intersections with many clouds, then S should have large expansion because
of the large expansion of H as there are many crossing edges within each such cloud. However, it
is not clear how to make this intuition precise, as there seems to be no clean way to decompose
a subset’s contribution into its contribution from G and its contribution from H. In a way, the
spectral proof that we are going to see soon can be thought of as a linear algebraic approach to
carry out this idea in a more general setting.

Zig-Zag Product

The actual construction by Reingold, Vadhan and Wigderson |[RVWO02] that we will analyze is
slightly more complicated.
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Definition 7.14 (Zig-Zag Product). Let G be a k-regular graph on n vertices and H be a d-regular
graph on k vertices. The zig-zag product G (@) H is a graph with the same vertez set [n] x [k] as the
replacement product, and two vertices (u,i) and (v,j) have an edge if and only if u # v and there
exists a € [k] such that (u,i)—(u,a), (u,a)—(v,b), and (v,b)—(v,j) are all edges in the replacement
product G(X) H, where (u,a)—(v,b) is the unique edge incident on (u,a) with v # u (i.e. the unique
edge incident on (u,a) that leaves the cloud of u in the replacement product).

In words, each edge in the zig-zag product G (z) H corresponds to a length three walk in the re-
placement product G (r) H, where the first step is within a cloud, the second step is the unique way
to leave a cloud, and the third step is within the other cloud.

The intuition that the zig-zag product is a spectral expander comes from random walks. Fdge edge
in G (z)H corresponds to a random step in H, a deterministic step in G, and a random step in H.
We should think of the first two steps as going to random neighboring cloud, and the third step
corresponds to moving to a random neighbor within the neighboring cloud. Since both G and H are
spectral expanders and thus have the fast mixing property, after not many steps of random walks,
we won’t know which cloud we are in and the location within the cloud, and so G'(z) H also has the
fast mixing property and hence a spectral expander.

Theorem 7.15 (Zig-Zag Theorem). Let G be an (n, k,€1)-graph and H be an (k,d, e2)-graph. Then
G@ H is an (nk,d? €1 + e2 + €3)-graph.

We will prove the theorem in the next subsection. Let us first see how zig-zag product can be used
to construct bigger and bigger constant degree expander graphs. The idea is to combine with the
following standard operation that decreases the spectral radius.

Definition 7.16 (Graph Power). Let G be a graph with adjacency matriz A. The k-th power G*
is the graph with the same vertex set as G and with (weighted) adjacency matriz A*.

In words, the number of parallel edges between v and v in G* is equal to the number of length k
walks between u and v in G. Note that the spectral radius of G* has improved significantly, but
the degree of G* has also improved significantly.

Exercise 7.17 (Spectral Radius of Graph Power). IfG is an (n, d, €)-graph, then G is an (n, d*, €¥)-
graph.

The idea of the combinatorial construction is to use graph power to decrease the spectral radius,
and then use zig-zag product to decrease the degree while not increasing the spectral radius too
much.

Theorem 7.18 (Expanders from Zig-Zag Product). For large enough constant d, there is an infinite
family of d*-regular with spectral radius at most %dg,

Proof. Let H be a (d*, d, 1/16)-graph. We can prove its existence by a probabilistic argument when d
is a large enough constant. Since d is a constant, one can find it by an exhaustive search in constant
time.

Using the building block H, we inductively define G; by G1 = H? and G411 = G7(@)H. We claim
that G; is a (d*, d?,1/4)-graph for all i > 1. The base case is clearly true by Exercise 7.17. Assume
G; is a (d%,d? 1/4)-graph. Then G7 is a (d,d*,1/16)-graph by Exercise 7.17. And G? @ H is a
(d*+1) @2 1/1)-graph by Theorem 7.15. O
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Proof of the Zig-Zag Theorem

Check that G () H has nk vertices and is d*-regular. We bound the spectral radius of G(2)H in
the rest of this subsection.

Matrix Formulation: The first step is to write down the walk matrix Z of the zig-zag product
G@H. Let W(H) be the k x k walk matrix of H, which is simply 7 A(H) where A(H) is the
adjacency matrix of H. Let W be the nk x nk matrix with n copies of Wy on the diagonal, which
is the transition matrix of one step of random walk within the clouds in G'(z) H. The steps between
clouds are deterministic: the walk moves from a vertex (u,7) to a unique vertex (v,j) with v # w.
The transition matrix for this deterministic step is thus a permutation matrix P with P, ) v j) = 1
for each inter-cloud edge and zero otherwise. It follows from the definition of the zig-zag product
that
Z =WPW.

So the random walk matrix of G (z) H has a very nice form, which should be the reason for the
definition of zig-zag product in Definition 7.14.

The graph G (z) H is a regular graph, and so Tk is an eigenvector of Z with eigenvalue 1. To prove
the zig-zag product theorem, we will prove that for all f L T, the Rayleigh quotient

/T2 f|
I1£113

and this will imply that the spectral radius of Z is at most €1 +ea+¢€3 by the optimization formulation
of the second eigenvalue in Lemma 2.11 and an analogous formulation for the last eigenvalue.

§61—|—€2+6%,

Rz(f) =

Vector Decomposition For any f L 1,5, we decompose f to two vectors to apply the results in
G and in H. This is where the power of linear algebra comes from, as in the larger domain R™*
there is a natural way to decompose the vector, while in the combinatorial setting it is not clear
how to decompose a set of vertices in G'(z) H into a set of vertices in G and a set of vertices in H
to apply the expansion properties of G and of H as we discussed before.

Define fg as the average of f on clouds, such that fg(u,i) = %2521 f(u,g) for all (u,i) €
V(G (@) H), so that two vertices in the same cloud have the same value in fg. Define fg = f — fa.
Note that fg sums to zero in each cloud, such that Z?Zl fr(u,7) = 0 for each u € G. Using
triangle inequality,

\FLZf| = |fTWPW f| = |(fa+fu)TWPW (fo+fu)| < |fEWPW fo|+2| fEW PW fu|+|fHEW PW f.

Since W(H) - [,=1,as Hisa regular graph, it follows that W fg = fg as vertices in the same
cloud have the same value in fg. Therefore,

(P Zf < |fEPfal + 2 f&PW ful + [ fEWPW ful.

We will use the spectral expansion of G to prove |fLPfq| < e1]| fe||3 in Claim 7.21, the spectral
expansion of H to prove |fEWPW fg| < €3] fu||3 in Claim 7.19, and a simple argument to bound
2| fEPW fu| < 26| fall2ll frr |2 in Claim 7.20. Assuming these claims, then
1F72f1 < allfels + 2ell fallall fall + &l frll3
< allfelll +e(lfel3 +I1ful3) + el fal
< (ate+a)lfl3
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where the last inequality holds because fo L fg and so || f||3 = || fa |3 + || fu |3 and also || fall2 <
Il flle and || ferll2 < || fll2- This will complete the proof of Theorem 7.15 and so it remains to prove
the three claims.

Spectral Expansion The following claim uses the spectral expansion of H and that fg sums to
zero in each cloud.

Claim 7.19 (Quadratic Term of H). |fEWPW fy| < é3| full3
Proof. As the spectral radius of W (H) is ez, we claim that |[W(H) - z||2 < €|z for any = L 1j.

To see this, let x = Zle ¢iv; where v,...,v, is an orthonormal basis of eigenvectors of W (H)
with eigenvalues aj,...,a,. Note that c; =0 as vy = 1/\/E and z L 1. Then

k
E C;OU;
=2

where the first inequality is by the spectral radius of W (H). This implies that [|W fi |2 < e2|| fu ||
as the sum of the entries in each cloud is zero in fy as we argued earlier. Therefore,

\FEWPW fu| < W fgllz - | PW fullz = IW ful3 < &3l full3,

where the first inequality is by Cauchy-Schwarz and the equality is because P is a permutation
matrix. 0

2 k

k
2 2 _ 2 2 _ 2112
Zciai < EQZCZ’ < &z 3,
= i—2

2
2 2

I ) ol = |- (2:)

The second claim is straightforward.

Claim 7.20 (Cross Term). |fZPW fu| < el fa 2|l fr||2-

Proof. By Cauchy-Schwarz,
[[EPW ful < fallz - |PW frlla = |l fallz - IW full2 < el fe |l fr |12,

where the last inequality was established in the proof of Claim 7.19. O

The final claim uses the spectral expansion of G and that f L T,.
Claim 7.21 (Quadratic Term of G). |fLPfq| < el fa 3

Proof. The main point is to see that the LHS is equal to a corresponding quadratic form of the walk
matrix of G. To see this, we “contract” each cloud to a single vertex. Define g : V(G) — Ras g(v) =
Vk - fa(v,4). Note that ||g||3 = || fg||3. Note also that fEPfe = g?"W(G)g, where W(G) is the
random walk matrix of G, as each edge (u,i)-(v, ) in G (@) H contributes fg(u,i)- fa(v,j) to f&Pfa
while the corresponding edge uv € G contributes (\/Efg(u, D)) (%) (VEfa(v,5)) = fa(u,i) - fo(v,7)
to g' Wg. Therefore,

fEPfe  ¢"Wyg

Ifalls — lgll*

Since f L 1, it follows that f¢ L T and thus g L I. As G is an (n, k, €1)-graph, we conclude that

fEPfa  g"Wyg
7 = 7 S €l
I fell3 gl

66



Chapter 7

This concludes the proof of Theorem 7.15. The idea of decomposing a vector into different compo-
nents is useful in many proofs. We will use it again when we study high dimensional expanders in
the third part of the course.

7.3 Applications of Expander Graphs

We discuss some of the many interesting applications of expander graphs in this section, with
more details on expander codes as they are the basics of the recent breakthroughs in designing
asymptotically good codes that are locally testable [DELT21, PK21].

Probability Amplification

Suppose we have a randomized algorithm with error probability 1/100 requiring n random bits. To
decrease the failure probability, a standard way is to run the randomized algorithm independently k
times, and then take the majority answer as the output. By a standard Chernoff bound argument,
this decreases the failure probability to 6% for some small constant 6. The number of random bits
used is kn.

We show how to achieve exponentially small error probability while using only n + ck bits where ¢
is a constant. First, we see the above analysis in a slightly different perspective. Let V be the set
of all n-bit strings. The randomized algorithm has error probability at most 1/100 is equivalent in
saying that among the 2" n-bit strings, at most 2"/100 of them are “bad” strings. Denote this set of
bad strings by B C V. The standard algorithm of taking the majority answer would fail if and only
if we choose more than k/2 random strings from B, which is highly unlikely as |B| < 1—(1)0|V|. We
can interpret the standard algorithm as doing a random walk of length k& on the complete graph on
V', and use the corresponding bit strings of the vertices X1, ..., X} on this walk.

The idea is to replace a random walk on the complete graph on V' by a random walk on a constant
degree expander graph on V. Construct a d-regular expander graph G with 2" vertices with spectral
radius ed where d is a constant and € < 1/100. This can be done, say, by taking a large enough
constant power of a Margulis expander. In the first step of the random walk, we use an n-bit
random string, with error probability at most 1/100. In the subsequent steps, instead of using n
random bits to find the next n-bit string, we just choose a random neighbor of the current string in
GG and use the corresponding string in this random neighbor. Since G is a d-regular graph, we just
need to use [log, d] random bits to choose a random neighbor in each subsequent step. Thus, the
total number of bits used is n + (k — 1) - [logy d]. Note that it is important that the neighbors of
a Margulis expander can be computed quickly, so that we can find out the corresponding strings in
this random walk quickly.

What is the error probability of this expander walk algorithm? This is exactly what Theorem 7.12
is formulated for, which shows that the error probability of taking the majority answer of a random
walk of length k on a spectral expander with ¢ < 1/100 is at most (2/v/5)F.

This is just one example of using expander graphs in derandomization; see [HLW06, Vad12, AB06]
for many more. The expander mixing lemma in Theorem 7.3 is very useful in derandomization.

Constructing Efficient Objects

We can think of a d-regular expander graph as a very efficient, as it only has a linear number of
edges and it achieves very high connectivity. It should not be surprising that expander graphs are
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useful in constructing efficient networks.

One interesting example is the construction of superconcentrators, which are directed graphs with n
input nodes and n output nodes, satisfying the strong connectivity property that for any £ < n there
are k vertex disjoint paths between any k input nodes and any k output nodes. For instance, the
complete bipartite graph K, , satisfies this property, but it has ©(n?) edges. Valiant conjectured
that there is no superconcentrator with O(n) edges, in an attempt to prove circuit lower bound.
Later, he found a recursive construction of superconcentrator with O(n) edges using expander graphs
as building blocks. See [HLWO06] for details.

Superconcentrators and expander graphs can be used to design efficient algorithms as well. One
application is in designing fast algorithms for computing matrix rank [CKL13], where an expander
graph or a superconcentrator is used to “compress” a rectangular matrix A € F™*" with n > m
into a square matrix B € F"*™ in linear time such that rank(A) = rank(B) with high probability.

A famous classical example of using expander graphs is to construct optimal sorting networks [AKS83],
with O(nlogn) edges and depth O(logn).

Undirected Connectivity in Log-Space

A striking application of the zig-zag product in Definition 7.14 is to solve the s-t connectivity
problem in an undirected graph in logarithmic space. If we are allow to use randomized algorithms,
then there is a very simple algorithm to solve the s-t connectivity problem in log-space, simply
running a random walk for O(n?3) steps would do, as it is well-known that the expected cover time
for any undirected graph is at most O(n3). There is a deterministic algorithm by Savitch that solves
the more general problem of s-t connectivity in directed graphs in O(log2 n) space, by recursively
guessing the midpoint of a directed s-f path. It has been a long standing and important open
problem whether directed s-t connectivity can be solved in log-space. If such an algorithm exists,
then this would imply that NL = L, the complexity classes of non-deterministic log-space problems
and deterministic log-space problems are the same.

Reingold [Rei08| discovered a determinstic O(logn) space algorithm for s-t connectivity in undi-
rected graphs using zig-zag products. Suppose the input graph G is a d-regular expander graph for
a constant d. Then it can be shown that G has diameter O(logn). Then one can enumerate all
paths of length O(logn) in O(logn) space, since each neighbor can be described in [log, d] space
as we have seen in the probability amplification application above. Reingold’s idea is to transform
any graph G into a d-regular expander graph H such that s, ¢ are connected in G if and only if s, ¢
are connected in H. First, one can reduce G into a d-regular graph with constant d by replacing
each vertex of high degree by a constant degree expander graph (and adding self-loops to each low
degree vertex), similar to what was done in the replacement product in Definition 7.13. To improve
the expansion, one can construct the graph (G @)C)%, where C is a (d,d"/'®,1/2)-graph. Using a
variant of the zig-zag theorem in Theorem 7.15, it is possible to prove that the spectral gap doubles
in the resulting graph. Then, one just needs to repeat this construction O(logn) times to get a
graph H with constant spectral gap, as the initial spectral gap is at least £2(1/n2) for any connected
undirected graph. Note that the size of H is at most a polynomial factor larger than the size of G,
and s, t are connected in G if and only if s,¢ are connected in H.

A technical difficulty in carrying out this approach is to compute a neighbor of a vertex in H in
log-space. The hope is that there are only O(logn) recursion levels for the zig-zag construction, and
in each level we only need constant space, as there are only three steps and the degree is constant.
Reingold proved that this can indeed be done; see [Rei08, Vad12] for details.
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Hardness Amplification

Random walks on expander graphs can also be used for hardness amplifications, to take instances
that are hard to approximate and construct instances that are even harder to approximate. See
for example Chapter 22 of [AB06] for a simple application of expander random walks in proving
hardness of approximating maximum independent sets.

Dinur [Din07| found an amazing proof of the very important PCP theorem using expander random
walks. Her proof was inspired by Reingold’s result, which involves many iterations of “powering” and
“degree reduction”, that makes the underlying constraint satisfaction problem harder and harder to
approximate. See [AB06] for a good exposition of the PCP theorem. This is a great project topic
especially for those who are interested in complexity theory.

Expander Codes

A main motivation for early developments in expander graphs is from coding theory.

A code C C {0,1}" of length n is a subset of n-bit strings, where each string in C is called a
codeword. To design a good error correcting code, we would like to choose codewords that are
far from each other so as to correct more errors, but at the same time choose as many codewords
as possible so as to maximize the information rate. This can be thought of as a sphere packing
problem, where the objective is to fit in as many disjoint spheres of a certain radius as possible in

Definition 7.22 (Distance of Code). Given C C {0,1}", the distance of C is defined as dist(C) :=
mingyec du(x,y), where dg(z,y) is the Hamming distance between two codewords x and y. The
relative distance of C' is defined as dist(C)/n.

Definition 7.23 (Rate of Code). Given C C {0,1}", the rate of C is defined as log|C|/n, where
log |C| can be thought of as the number of bits of information sent.

Definition 7.24 (Asymptotically Good Code). A family C,, € {0,1}" of codes is asymptotically
good if there are constants r > 0 and 6 > 0 such that for all n both the relative distance of Cy, is at
least 6 and the rate of C, is at least r.

The existence of an asymptotically good code can be proved a standard probabilistic method. For
the codes to be useful in practice, we would also like that encoding and decoding can be done
in polynomial time in n (and ideally linear time in n), but this makes the problem much more
challenging.

A common class of codes is the class of linear codes, where C' is a linear subspace of 5. Linear
codes have the advantage that they can be described by a basis and so encoding can be done in
O(n?) time. Also, a simple but useful property of linear codes is that the minimum distance of the
code is equal to the minimum ¢;-norm of a non-zero codeword, because dg(z,y) = ||z — y|/1 and
x — gy is a codeword. The natural decoding strategy is to find the nearest codeword of a received
word, but this is an NP-complete problem even for linear codes.

Low Density Parity Check Codes The idea of constructing codes from graphs was first sug-
gested by Gallager, who uses sparse bipartite graphs to design low-density parity check codes (LDPC
codes).
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Let A be a parity check matrix for code C, such that C = {x | Az = 0} where A € {0,1}™*"
with m < n. Each row i of A is a parity-check constraint, requiring Z?:l Ajj - x(j) = 0 where the
addition is mod 2. Note that the rate of this code is 1 — m/n, so we want ™/n to be bounded away
from 1.

The matrix A can be viewed as a bipartite graph G = (L, R; F) with L = [n] and R = [m] between
the variables and the constraints, where there is a vertex in L for each variable and a vertex in R
for each constraint, and variable ¢ and constraint j has an edge if and only if 4;; = 1. We will see
that good expansion of G yields good LDPC codes.

Definition 7.25 (Left Small-Set Vertex Expansion). Let G = (L, R; E) be a bipartite graph with
|L| =n and |R| =m and m < n. For any 0 < 0 < 1, define the left 6-small-set vertex expansion of
G as

0(5)]

Lo . :
v (G) = SCL:|S|<6n S|

where O(S) is the vertex boundary in Definition 7.7.

Note that @Z)(;L(G) < k for any k-left-regular bipartite graph G and any §. Kahale proved that a
Ramanujan graph satisfies w(SL(G) ~ %k for some constant § > 0 and this bound cannot be improved.
In the following, we will need a stronger requirement that ¥ (G) > %k:, which is satisfied in a random
k-left-regular bipartite graph with high probability. Capalbo, Reingold, Vadhan, Wigderson gave
deterministic constructions of these “lossless expanders” satisfying @D(SL (G) > 0.99k for some § > 0

and m/n < 0.99 using some variant of the zig-zag product.

First we see that the relative distance of a lossless expander code is a constant. The proof uses the
unique neighbor property of a lossless expander.

Theorem 7.26 (Distance of Expander Code [SS96]). Let G = (L, R; E) be a left k-regular bipartite
graph with 1/15L(G) > %k Then the parity check code C(G) defined by G has relative distance greater
than §.

Proof. Let S C L be a subset of left vertices with |S| < dn. Then [9(S)| > £|S| by the left small-set
vertex expansion assumption of G. A simple counting argument shows that that there exists a
vertex v € 9(5) C R with only one neighbor in S. Let us call such a vertex a unique neighbor of S.

To lower bound the minimum distance, recall that it is equivalent to lower bounding the /-
norm /support-size of a codeword = € {0,1}". Let S be the support of z. If |S| < dn, by the
previous paragraph, there exists a unique neighbor v € R of S§. This implies that the parity con-
straint on v is not satisfied by z, and thus z is not a codeword of the parity check code defined by
G. Therefore, any codeword of this parity check code must have support size greater than én, and
thus the minimum distance of this code is greater than dn. O

The key feature of the LPDC codes defined by expander graphs is that there is a surprisingly simple
and efficient decoding algorithm.
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Algorithm 4 Flip Algorithm for Expander Code

Require: A parity check matrix A € {0,1}"*" and a bit string « € {0,1}".

1: Let 29 := 2 and ¢t = 0.

2: while there is an unsatisfied parity check constraint do

3:  Find a bit ¢ such that flipping it decreases the number of unsatisfied parity constraints. That
is, an i € [n] such that HA(ac(t) + Xi) Hl < HAa:(t) H1> where x; is the characteristic vector of 4
and the addition is under arithmetic mod 2. Set z(t1) := z(®) 4 v, and ¢ « ¢t + 1.

4: end while

5: return z(®).

The analysis of the flip algorithm uses a stronger assumption about the left small-set vertex expan-
sion than than in Theorem 7.26.

Theorem 7.27 (Efficient Decoding of Expander Code [SS96]). Let G = (L, R; E) be a left k-reqular
bipartite graph with L = [n] and R = [m] and ¥} (G) > 2k. Let x be an n-bit string whose distance
from a codeword y is at most %571. Then 4 will return y in at most m iterations.

Proof. Let AW := {i € [n] | 2®(i) # y(i)} be the set of errors at the t-th iteration. The plan
is to argue that as long as disty (m(t),y) = ‘A(t)‘ < dn, there exists a bit ¢ such that flipping
it decreases the number of unsatisfied constraints, and also argue that disty (:zr(t),y) < én for all
t if disty (w(o),y) < %571. These would imply that after at most 7 < m iterations, there will
be no unsatisfied constraints and so z(7 is a codeword, and thus z(” must be equal to y as
distz (2(7),y) < 6n while the distance between y and other codewords is strictly bigger than én.

For ease of notation, let A := A®) be the set of error at some iteration . Assume that 0 < |A| < dn,
we would like to argue that there is a bit ¢ that flipping it decreases the number of unsatisfied
constraints. Partition 9(A) into the set of satisfied neighbors 0, (A) of A and the set of unsatisfied
neighbors 0_(A) of A. On one hand, since |A| < én, by the left small-set vertex expansion of A,

0+(A)[ +10-(A)| = [0(A) > zk‘\Al-

On the other hand, when we consider the k|A| number of edges between A and 9(A), observe that
each vertex in 4 (A) has at least two such edges while each vertex in 9_(A) has at least one such

edge, and so
204 (A)[ +0-(A)] < KA.

Combining these two inequalities gives that |0_(A)| > 1k|A|. This implies that there must exist
a vertex ¢ € A with strictly more unsatisfied neighbors than satisfied neighbors. Therefore, as
long as |A| < dn, there must exist a bit ¢ such that flipping it decreases the number of unsatisfied
constraints.

To complete the proof, we argue that |A| < dn in any iteration. Suppose this is not true, then
since |A| changes by one in each iteration, there is an (earliest) iteration such that |A| = én. Then,
by the argument in the previous paragraph, there are strictly more than %k|A| = %kén unsatisfied
constraints in that iteration. However, since |A()] < $0n, the number of unsatisfied constraints in
the beginning is at most %kén. This contradicts with the previous paragraph that the number of
unsatisfied constraints is decreasing when |A| < dn. O

Spielman showed that it is possible to use expander codes to obtain asymptotically good codes that
are linear time encodable and decodable!
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Tanner Codes Tanner code is a generalization of LDPC code in which the “base code” can be
more general than just checking parity. Let Cy C {0,1}* be the base code. Let G = (V, E) be a
k-regular graph with V' = [n] and E = [m]. The Tanner code is defined as C(G) := {y € {0,1}" |
Yis(y € Co Vi € [n]}, where y5;) is the vector y restricted on the k edges in (i) for a vertex i € V.
That is, each bit y(j) of a codeword is on an edge j € E of G, and a binary string y is a codeword
if y15(s) 1s a codeword of the base code Cy for every vertex i € V of G.

The advantage of using Tanner code is that we could use a stronger base code with larger minimum
distance, rather than just the parity check code with minimum distance only two. With a base
code Cy of minimum distance dy, the requirement on the vertex expansion of G can be relaxed
to k/dp to achieve the same distance as that of the corresponding LDPC code. In particular,
because of Tanner’s theorem in Theorem 7.9, one can simply use a spectral expander as G to design
asymptotically good codes that are linear time encodable and decodable, without using lossless
expanders. The decoding algorithm is still an iterative “fixing” algorithm where we replace an
invalid codeword on a vertex by its nearest codeword. The analysis has a similar flavor that if
the decoding algorithm fails, then one argues that there must be a “denser” subgraph than what is
allowed by the expander mixing lemma.

The recent breakthroughs [DELT21, PK21] in designing asymptotically good codes that are also
locally testable is a generalization of Tanner codes on 2-dimensional expanders (where graphs are
1-dimensional expanders). Hope we will have some time to discuss it in the third part of the course
when we study high-dimensional expanders.
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Chapter 8

Fastest Mixing and Vertex Expansion

We study a very recent result by Oleskar-Taylor and Zanetti [OZ21] relating the fastest mixing time
to the vertex expansion of a graph, proving a surprising and beautiful Cheeger inequality for vertex
expansion.

The fastest mixing time problem was proposed by Boyd, Diaconis and Xiao [BDX04]. In this
problem, we are given an undirected graph G = (V, E) and a target probability distribution 7 :
V — R. The task is to assign a transition probability P(u,v) on each edge wv € E(G), so that
the stationary distribution of random walks with transition matrix P is w. The objective is to
find a transition matrix P that minimizes the mixing time to w, among all transition matrices
with stationary distribution m. We know from Chapter 6 that the mixing time to the stationary
distribution is approximately inversely proportional to the spectral gap 1 — ay(P) of the transition
matrix P, where 1 = a1(P) > ag(P) > -+ > oy |(P) > —1 are the eigenvalues of P. The fastest
mixing time problem is thus formulated in [BDX04| by the maximum spectral gap achievable through
a “reweighting” P of the adjacency matrix of G.

Definition 8.1 (Maximum Reweighted Spectral Gap [BDX04|). Given an undirected graph G =
(V, E) and a probability distribution = on V', the mazimum reweighted spectral gap is defined as

A5 (G) == max 1— ay(P)

P>0
subject to  P(u,v) =0 Yuv ¢ E
ZP(U7U):1 YueV
veV
m(u)P(u,v) = 7(v)P(v,u) Yuv € E.

The last constraint is called the time reversible condition, which is to ensure that the stationary
distribution of P is w. Note that \5(G) = maxp>o(l — az(P)) = maxp>o A2(I — P), which is the
mazimum reweighted second smallest eigenvalue of the normalized Laplacian matriz of G subject to
the above consiraints.

Boyd, Diaconis and Xiao showed that this optimization problem can be written as a semidefinite
program and thus A3(G) can be computed in polynomial time. Subsequently, the fastest mixing
time problem has been studied in various work (see the references in [OZ21]), but no general
characterization was known. Roch |Roc05] showed that the vertex expansion ¢(G) defined in
Definition 7.8 is an upper bound on the optimal spectral gap A5(G). Very recently, Olesker-Taylor
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and Zanetti [OZ21]| proved that small vertex expansion is qualitatively the only obstruction for
fastest mixing time to the uniform distribution.

Theorem 8.2 (Cheeger Inequality for Vertex Expansion [0Z21]). For any undirected graph G =
(V,E) and the uniform distribution 7 = 1/|V|,
2
WGP _ .

fog [77 5 4(0) £ ().

In terms of the fastest mizing time 7*(QG) to the uniform distribution,

1 ) log” ||
— <7 < .
o) ~T DR

Note the analogy to the Cheeger’s inequality in Theorem 4.3, where spectral gap is replaced by
maximum reweighted spectral gap and edge conductance is replaced by vertex expansion.

Unlike Cheeger’s inequality for edge conductance where ¢(G)? < Xo(G) < ¢(G), it is noted in [0Z21]
that the log |V| term may not be completely removed: Louis, Raghavendra and Vempala [LRV13]
proved that there is no polynomial time algorithm that can distinguish between 1 (G) < € and
Y(G) 2 v/elogd for every e > 0 where d is the maximum degree of the graph G, assuming the small-
set expansion conjecture of Raghavendra and Steurer [RS10]. So, if the log |V| factor in Theorem 8.2
can be completely removed, then A\5(G) is a polynomial time computable quantity that can be used
to distinguish between the two cases, disproving the small-set expansion conjecture.

Remark 8.3 (Uniform Distribution and Self-Loops). We will make two assumptions about the
problem. One is that the target distribution is the uniform distribution. Another is that the graph
has a self-loop on each vertex, so that the problem in Definition 8.1 is always feasible. In the context
of Markov chains, this corresponds to allowing a non-negative holding probability on each vertez.

8.1 Dual Program for Fastest Mixing

To prove Theorem 8.2, Oleskar-Taylor and Zanetti use a dual minimization program obtained by
Roch [Roc05] of the primal maximization program in Definition 8.1, to relate A3(G) to the minimum
vertex expansion of the input graph. We will use Von Neumann’s minimax theorem to derive Roch’s
dual program.

Theorem 8.4 (Von Neumann’s Minimax Theorem). Let X,Y be compact conver sets. If f is a
real-valued continuous function on X XY with f(x,-) concave on'Y for allx € X and f(-,y) convex
on X forally €Y, then

gg{n;lgf(x,y) = max min f(z,y).

In the proof, we will use the following semidefinite program for computing the second eigenvalue,
which is an extension of the spectral program in Lemma 4.4 to higher dimension but with the same
optimal value.

Lemma 8.5 (Semidefinite Program for the Second Eigenvalue). Let P € R™ ™ be a reweighted
matriz of a graph G = (V, E) satisfying the constraints in Definition 8.1. Then

| Sl £0) = F) 2 - Plu,v)
— P) = .
tmaalP)= e R o SR ITOIE
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Proof. As explained in Definition 8.1, 1—ag(P) = A2(I — P) where I — P is the normalized Laplacian
matrix of the weighted graph P with weighted degree one for each vertex. By Lemma 4.4,

_ : Zuv E\f(u)—f(v)|2P(u,v)
1 —az(P)= FVSR, %ﬁv F(0)=0 - S ey F(0)2 ;

which is almost the same as in the statement, except that f: V — R instead of f: V — R™ as in
the statement. Clearly, by considering all f: V' — R”, the feasible set could only be bigger and so
the optimal value could only be smaller. On the other hand, given a solution f : V — R", by using
the inequality

. 1
min — < = ——
1<i<n by — Y b

on the coordinates of f: V' — R", we see that the best coordinate gives a one-dimensional solution
f 'V — R with objective value as good as that of the n-dimensional solution f : V — R”. To
summarize, the relaxation from f:V — R to f: V — R" is an exact relaxation. O

To see that it is a semidefinite program, recall that a positive semidefinite matrix Y can be written
as FTF where F € R™" by Fact 2.7. We associate each column v of F to f(v), so that Y, , =
(f(u), f(v)) for all u,v € V. Then the above program can be rewritten as

min > (Yiu — 2V + You) - Plu,v)
wwek
subject to Z Yoo=1
veV

> Yuu=0

u,veV
Y =0,

where the objective function is the numerator in Lemma 8.5, the first constraint is normalizing the
denominator in Lemma 8.5 to one, the second constraint is equivalent to the constraint ), f(v) =
0, and the last constraint is to ensure the correspondence Y, , = (f(u), f(v)) for all u,v € V. So,
the program in Lemma 8.5 can be written as optimizing a linear function with linear constraints
on the entries of a positive semidefinite matrix Y, and this is a semidefinite program that can be
solved in polynomial time.

The reason that we use the above semidefinite program for the second eigenvalue instead of the
spectral program is that the set of feasible solutions is a convex set (while it is not the case for the
spectral program), and this would allow us to apply the Von-Neumann minimax theorem to derive
the following dual program by Roch.

Proposition 8.6 (Dual Program for Fastest Mixing [Roc05, OZ21]). Given an undirected graph
G = (V,E) with a self-loop on each vertex and the uniform distribution © = 1/|V| on V, the
following semidefinite program is dual to the primal program in Definition 8.1 with strong duality
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X5(G) = v(G) where

G) = i
WO = oy lilly g, 290
- v

subject to Z:Hf(v)H2 =1

veV

> flw)=0

veV

gu) 4+ g(v) > || f(u) — f()||*>  Yuv € E.

Proof. For a fixed P, by Lemma 8.5,

| S el F(u) = F(0) |2+ Plu,v)
— P) = .
TmoeP) = e B o SO

The maximum reweighted spectral gap in Definition 8.1 can thus be formulated as

A5 (G) = max(1 — ap(P)) = max min Zwepll f(w) — F@)* - Plu,v)
P20 P20 f:VoR™, S, ey f(0)=0 2vev I F ()2
subject to P(u,v) =0 Yuv ¢ E
ZP(u,v) =1 YueV
veV
p=rpT

Check that the assumptions in the Von Neumann minimax Theorem 8.4 are satisfied, and so we
can switch the order of the max and the min and obtain the dual program

— . el f(v) — f(v) I - P(u,v)
"= PV, Yy S0)=0 P20 2vevlF (@12 ’

subjected to the same constraints on P as above.

For a fixed f : V — R"™, note that the inner maximization problem is a linear program over the
entries of P, and so we can reformuate it using LP duality to obtain

G) =
’7( ) f:V—R" ZUEV flv)= g>0 Z g

17w — Fo) P
Sl fE TER

where g(u) is a dual variable for the constraint ) i, P(u,v) = 1. Note that the constraint g > 0 is
from the assumption that there is a self-loop at each vertex. Normalizing so that -, v/ [| f(v)[* =1
gives the statement. 0

subject to g(u) +g(v) >

We remark that the self-loop assumption is to ensure that the dual program has the inequality
g > 0. This is a crucial but subtle condition that will be used only once, and we will point it out
when it is used.
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One-Dimensional Dual Program and Random Projection

The first step in the proof of Theorem 8.2 is to project the solution f : V — R™ to v(G) into a
1-dimensional solution f: V — R as follows.

Definition 8.7 (One-Dimensional Dual Program for Fastest Mixing [OZ21]). Given an undirected
graph G = (V, E), Y(O(Q) is defined to be the program:

(@) = min > gv)

 [VSR, gVoRsg

subject to Z fw) =1

veV

> fw)=0

veV
g(u) + g(v) > (f(u) — f(v))? Yuv € E.

A very important result in metric embedding is the dimension reduction theorem by Johnson
and Lindenstrauss, which says that n high-dimensional vectors can be projected into O(logn)-
dimensional vectors so that the pairwise Euclidean distances are approximately preserved.

Theorem 8.8 (Johnson-Lindenstrauss Lemma). Given 0 < € < 1, a set X of n points in R™, there
is a linear map A : R™ — R* for k <1In(n)/e? such that for all u,v € X it holds that

(1= lu—v]3 < [[Au— Av|5 < (1 +¢)llu—v[3.

Apply the Johnson-Lindenstrauss lemma to the n-dimensional solution f in Proposition 8.6 to
obtain a O(logn)-dimensional solution f’ with only constant distortion, and then use the “best”
coordinate in f as a solution to Definition 8.7, one can prove the following bounds between the two
programs. Note that the log |V factor in Theorem 8.2 is from this dimension reduction step.

Problem 8.9 (Dimension Reduction [0Z21]). For any undirected graph G,

1(G) < +yV(G) Slog [V(G)] - (G).

The main step in the proof of Theorem 8.2 is the following Cheeger-type inequality between the
1-dimensional program in Definition 8.7 and the vertex expansion of the graph.

Theorem 8.10 (Cheeger Inequality for Vertex Expansion [0Z21]). For any undirected graph G,
DG SANG) SU(@).
Combining Proposition 8.6 and Problem 8.9 and Theorem 8.10 gives
Y(G)? SA(G) Slog|V]-4(G) = log [V] - A3(G)  and  A3(G) = 7(G) <+V(G) S 9(G),

proving Theorem 8.2. Henceforth, our goal is to prove Theorem 8.10, although we will need to do
one more transformation described in the next section before getting to the main proof.
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8.2 Matching Expansion

Instead of reasoning about the vertex expansion directly, Oleskar-Taylor and Zanetti defined an
interesting new concept called the matching expansion, and showed that it is closely related to the
vertex expansion and is easier to relate to the 1-dimensional dual program in Definition 8.7.

Definition 8.11 (Matching Expansion [OZ21]). Let G = (V, E) be an undirected weighted graph
with a weight w(e) on each edge e € E. Given a subset of edges F' C E, let the weight of a mazimum

matching in F be
TS .
V( ) matclgizagXZWQF Z w(e)

eeM
Define the matching expansion of a subset S CV and of the graph as
v(6(5)) :
v(9) = d V,(G) = v(S).
¥u(S5) 5 ¥u(G) S:O<f§l|1§|w2¢ (5)

Note that while vertex expansion of a set in Definition 7.8 could be much larger than one, the
matching expansion of a set is always at most one (in the case when w(e) =1 for all e € F), as is
the edge conductance of a set in Definition 4.2. However, it can be shown that the vertex expansion
of a graph is about the same as the matching expansion of a graph.

Problem 8.12 (Matching Expansion and Vertex Expansion). Let G be an undirected graph where
every edge is of weight one. Then

o (G) < P(G) < 44, (G).

The main technical work in [OZ21] is in proving the following Cheeger inequality for matching
expansion.

Theorem 8.13 (Cheeger Inequality for Matching Expansion [0Z21]). For any undirected graph G
where every edge is of weight one,

¥ (G)? < Y(G) £ ¥u(G).

It should be clear that Problem 8.12 and Theorem 8.13 imply Theorem 8.10, which in turn implies
Theorem 8.2. Our goal is then to prove Theorem 8.13.

Maximum Matching, Auxiliary Directed Graphs, and Directed Matching

The intuition that matching is relevant to the problem is from the constraints in the 1-dimensional
dual program in Definition 8.7. The following lemma follows from weak duality of linear program-
ming and is easy to see directly. This is the only place that the constraint g > 0 is used crucially,
so pay attention when the following lemma is used in the main proof.

Lemma 8.14 (Matching and Vertex Cover). Let G = (V, E) be an undirected graph with a weight
w(e) on each edge e € E. The weighted matching number v(E) is upper bounded by

> g

veV
subject to  g(u) + g(v) > w(u,v) Yuv € E
g(v) =20 Yo e V.
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From this perspective, a good way to interpret the solution to Definition 8.7 is that g is a weighted
fractional vertex cover when each edge has weight (f(u) — f(v))2. The following auxiliary graphs
will be used in the main proof.

Definition 8.15 (Auxiliary Graphs). Let G = (V, E) be an undirected graph and f,g be a solution
to the program in Definition 8.7. Define Gy to be the weighted undirected graph where each edge uv

in E has weight |f(u)? — f(v)?]. Define ?f to be the orientation of Gy where there is a directed
edge uv with weight f(u)? — f(v)? if and only if wv € E(G) and f(u) > f(v).

A matching in an undirected graph is a subgraph in which every vertex is of degree at most one.
The following analog of directed matching will be used in the proof.

Definition 8.16 (Directed Matchirg). Given a directed graph = (V, E) with a weight w(e) on

each edge e € ﬁ, a subset of edges F' C E is a directed matching if the indegree and the outdegree

of each vertez in F' is at most one. Let v(E) be the maximum weight of a directed matching in B

A simple combinatorial argument shows that the maximum weight of an undirected matching is
within a constant factor of the maximum weight of a directed matching.

Exercise 8.17. For any edge-weighted graph G = (V, E) and any orientation 8 = (V, E),

V(E) < v(E) < 4(E).

8.3 Cheeger Inequality for Matching Expansion

As in the proof of Cheeger’s inequality in Theorem 4.3, one direction is the easy direction where we
see that 41 (@) is a relaxation for the matching expansion 1, (G), and another direction is the hard
direction where we round a fractional solution to v()(G) to obtain an integral solution to 1, (G).

Easy Direction

There are two ways to see the easy direction. One way is to plug in a binary solution defined by a
set S minimizing the matching expansion to upper bound v (Q).

Proposition 8.18 (Easy Direction for Matching Expansion [0Z21]). For any undirected graph G
where every edge is of weight one,

YD(G) £ v(G).
Proof. Given S C V, plug in

Fo) = - IS[[V =8| forve s, and fo) = —— L ISV — S

Let M be a maximum matching in 6(.5). Set g(v) = 2/|5] for v € M and g(v) = 0 otherwise. Check
that it is a feasible solution to v()(G) in Definition 8.7 with objective value at most 41/, (S). [

otherwise.

Another way is to understand the easy direction of Theorem 8.2 directly, as to use the edge con-
ductance of a reweighted graph H of G to certify the vertex expansion of the input graph G.
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Proposition 8.19 (Vertex Expansion through Edge Expansion). Let H be an edge-reweighted graph
of G = (V, E) with weighted adjacency matriz P satisfying the constraints in the primal program in
Definition 8.1. Then ¢(H) < Y(G) where ¢(H) is the weighted edge conductance of H.

Proof. As the reweighted matrix P satisfies the constraints in Definition 8.1, the graph H is a
weighted 1-regular graph and so its weighted edge conductance is simply

S(H) = min w(6(5) _ i w(5(5))7
S:0<voly (S)< L vol, (V) VOl (S)  so<isi<iiv) S|

where we denote w(u,v) = P(u,v) as the weight of an edge and w(4(5)) = }_ c5(5) w(e). Observe
the important point that [9(S)| > w(d(S5)), because each edge in §(S) has an endpoint in 9(S5)
and each vertex in 0(5) has weighted degree one, and so [0(S)] = }_,co(s) degw(v) = w(d(5)).
Therefore,
¢(H)=  min wio(s)) <  min —= =Y(G).
so<|si<iv) 15| so<|s|<iv] |5
O

By Proposition 8.19, the edge conductance of any edge reweighted graph H of G satisfying the
constraints in Definition 8.1 is a lower bound on the vertex expansion of G. To prove the best
lower bound on the vertex expansion of G, we thus maximum the edge conductance of an edge
reweighted graph H. Note that the edge conductance of the reweighted graph H is lower bounded
by the spectral gap of the reweighted matrix P by the easy direction of Cheeger’s inequality in
Theorem 4.3. Therefore,

A3 (G) =

= max <
H:H is a reweighting of G H:H is a reweighting of G

Xo(H) < max 20(H) < 2¢(G).

To summarize, a good way to understand the easy direction of the new Cheeger inequality for vertex
expansion in Theorem 8.2 is that it is a way to certify the vertex expansion of a graph through a
reduction to the edge conductance and spectral gap of a reweighted graph. Very interestingly, the
hard direction proves that there is always a reweighted graph so that this reduction works well to
certify the vertex expansion.

Hard Direction

The structure of the hard direction is similar to that for Cheeger’s inequality in Chapter 4. The
first step is a truncation step to ensure that the output set S satisfies |S| < |V|/2. Again, as
in the truncation step in Lemma 4.6 in the hard direction of Cheeger’s inequality, the condition
> vey f(v) = 0is used to trade for the non-negativity condition and the support-size condition.

Problem 8.20 (Truncation). Let G = (V, E) be an undirected graph and = = 1/|V| be the uniform
distribution. Given a solution f,g to vV(G) in Definition 8.7, there is a solution x,y with x > 0
and y > 0 and |supp(x)| < |V|/2 such that
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Again, the main step is to apply threshold rounding on the solution in Problem 8.20 to find a set S
with small matching expansion.

Proposition 8.21 (Hard Direction for Matching Expansion [0Z21]). Let G = (V, E) be an undi-
rected graph and m = 1/|V| be the uniform distribution. Given a solution x,y salisfying the condi-
tions in Problem 8.20, there is a set S C supp(z) with 1, (S) < /YD (G).

Proof. Let Sy := {v €V | z(v)? >t} be alevel set for t > 0. Choose t uniform randomly, Trevisan’s

argument implies that
S u(6(Sy))dt

min ¢, (S) < fo—
t fooo |St‘dt
so that we can compute the numerator and the denominator separately.
The denominator is

” _ (" v = ” z(v)? = z(v)? =
A\&W_A S 1(0 € St };An(m:mw S () =1,

veV veV veV

—
To bound the numerator, Oleskar-Taylor and Zanetti consider the auxiliary graphs G, and G, in
Definition 8.15. Using some combinatorial arguments about matchings, they proved a key lemma
in Lemma 8.22 that

/wm&&»ﬁ<8mag.
0

Assuming Lemma 8.22, let M be a maximum weighted matching in G,, we further bound v(G;)
by standard Cauchy-Schwarz manipulation so that

v(Go) = ) [e(w)? —z(v)?]

uveM
= Y Ja(w) — 2()] - [o(u) + 2(v)]
wveM
< Z (z(u) — x(v))2 Z ((u) + x(v))2
wweM uveM
< Z (z(u) — x(v))Q\/Z 2x(v)?
uveM veV
= 23 (a(w) —z(v)”.
uveM

where the last inequality holds because M is a matching so that each vertex is of degree one in M.

Next, we use the weak duality between matching and vertex cover stated in Lemma 8.14 to relate
the RHS to the solution y in Problem 8.20, so that

3 (ww) —2@)” <D y) S4NG),
wveM veV

where the first inequality is where the constraint y > 0 is crucially used. Therefore, we conclude

that
min (5) < S YOSV oy <8 B S (aw) — o) < (7@,
t fU ‘St’dt uveM
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O

It remains to prove the key lemma about the numerator. Let M; be a maximum matching in ¢ (SQ>
Then fo fo |M;|dt. The main idea is to prove that a greedy directed matching M

H
in G satlsﬁes |M N 6(5})\ > 1| M| for every ¢. That is, the fixed matching M is almost as good as
the maximum matching in every threshold set .S;.

Lemma 8.22. Let G = (V, E) be an undirected graph and m = 1/|V| be the uniform distribution.
Given a solution x,y satisfying the conditions in Problem 8.20, let Sy := {v € V | x(v)? > t} for
t >0, then

/OO (6(Sy))dt < 8v(Ga).
0

Proof Using the definitions of Gz and Gx in Definition 8.15, we will prove that [;°v(6(Sy))dt <
2V(G ), and then the lemma follows from Exercise 8.17.

— - . =
To prove [y v(6(Sy))dt < 2v(G,), we consider a greedy directed matching M in Gy, which is
obtained by sorting the directed edges in non-increasing order of weights and greedily adding edges
to the directed matching whenever possible.

Let M; be a maximum matching in §(S;). Note that there could be a different max1mum matching
for each t. The key observation is that the fixed greedy matching M satisfies |M N (&St | > |J\ﬁ>|/2
for each t. To see this, let uv be an edge in My with x(u) > x(v). Suppose uv ¢ M. Since M is
a greedy directed matching, when uv was considered and was not added to M, then either K has
outdegree one or v has 1ndegree one at that time, as otherwise we could add the edge uwv to M In
either case, say uw € M then it must hold that z(u)? — z(w)? > x(u)? — z(v)?, as the edges are
considered in a non-increaging order of weights. Since uw, is at least as long as uv, the edge uw is
in every threshold cut that wov is in, and so uw € §(S¢) N M. Using this argument, we can map each
edge uv € M to some other edge in §(S;) N M sharing an endpoint with wv. Crucially, since M, is
a matching, each edge in M is mapped by at most two edges in M, one for each endpoint. This
establishes the claim that [M Nd(S;)| > |M|/2. Then, we can conclude that

—

OOV = h Y = z(u)? — z(v)? v
/O (5(S,)dt /O\Mt|dt<2/0 sl =2 S (a(w)? — 2(0)2) < 2(Ga).

_>
wweM

Summary and Discussions

Starting from the primal program A3(G) in Definition 8.1, we construct the dual program ~(G)
in Proposition 8.6 using von-Neumann minimax theorem. Then we use the Johnson-Lindenstrass
lemma, to reduce an n-dimensional solution to v(G) to a 1-dimensional solution to 4! (@) in Defi-
nition 8.7, where the log |V| factor in Theorem 8.2 is from this step. Then we consider the matching
expansion 1, (G) in Definition 8.11 as a proxy to the vertex expansion ¥ (G) in Definition 7.8, and
reduce the Cheeger inequality for vertex expansion in Theorem 8.2 to the Cheeger inequality for
matching expansion in Theorem 8.13. The easy direction of Theorem 8.13 can be proved by plug-
ging in a binary solution from matching expansion. Also, there is a good way to understand the
easy direction of Theorem 8.2 as a reduction from vertex expansion to the edge conductance of the
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best reweighted graph. The hard direction of Theorem 8.13 is proved by a truncation step and a
threshold rounding step as in the proof for Cheeger’s inequality in Theorem 4.3. A key Lemma 8.22
in the hard direction is proved by a combinatorial argument about greedy directed matching. After
finding a set of small matching expansion, we can use Problem 8.12 to find a set of small vertex
expansion.

Oleskar-Taylor and Zanetti left open the problem of reducing the log|V| factor in Theorem 8.2 to
log d where d is the maximum degree of the input graph, and the problem of generalizing Theorem 8.2
to arbitrary target probability distribution 7. It would also be interesting to construct an example
where Theorem 8.2 is nearly tight.

8.4 Problems

Problem 8.23 (A and Symmetric Vertex Expansion [BHT00]). Bobkov, Houdré and Tetali defined
an interesting quantity

Ao(@) = min ey Mewwer (@(4) — ()’
o0 z:V—-R, .Z’LT EUGV LU(U)Q
and prove an analog of Cheeger’s inequality that

2V (G)? £ A(G) £ 2V(G),

where

0(S)ua(V - 5)| v aV
d o = 0]
s v —s ™ (G) = min ®7(5)

is called the symmetric vertexr expansion of the graph. Give a proof of their theorem.

oV (9) = |V]|-
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Chapter 9

Spectral Sparsification

In this chapter, we introduce the spectral sparsification problem formulated by Spielman and
Teng [ST11], which is a generalization of the graph sparsification problem formulated by Karger [Kar99].
Then we will see a random sampling algorithm to solve the problem by Spielman and Srivas-
tava [SS11], matching the result for the graph sparsification problem by Benczur and Karger [BK15].

As we will see in later chapters, the study of spectral sparsification has led to major breakthroughs,
and this is a striking example of using linear algebraic techniques to solve combinatorial problems.

9.1 Graph Sparsification

The graph sparsification problem is to find a sparse graph which approximates all cut values of a
given graph.

Definition 9.1 (Cut Approximator |[Kar99|). Let G = (V, E) be an undirected graph with a weight
wg(e) on each edge e € E, and H = (V, F) be an undirected graph on the same vertex set with a
weight wir(e) on each edge e € F. For 0 < e <1, we say H is a (1 £ €)-cut approzimator of G if
forall SCV,

(1 - 6) . 'U)(;((SG'(S)) < 'U)H((SH(S)) < (1 + 6) . 'U)(;((SG'(S))

This problem was formulated by Karger [Kar99|, and the goal is to find a sparse graph H that is a
good cut approximator of the input graph G. Note that this definition does not require that H is
a subgraph of G (that is, F' C E), but all constructions that we will see satisfy this property which
is useful in some applications.

Uniform Sampling

A first example to think about is when G is a complete graph. We know from Chapter 7 that a
random sparse graph H is an expander graph, which is a good approximation to the complete graph.
So it is a natural strategy to construct a sparsifier H by sampling a uniform random subgraph of
G. Karger considered the following simple uniform random sampling algorithm, where the idea is
that the expected weight of each edge e in H is the same as the weight of e in G.
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Algorithm 5 Uniform Sampling Algorithm for Graph Sparsification

Require: An unweighted undirected graph G = (V, E).
1: Set a sampling probability p. For each e € F, with probability p, add e in F' with weight 1/p.
2: return H = (V, F).

Karger proved that the uniform sampling algorithm would work to sparsify the input graph G when
the minimum cut value of G is Q(logn).

Theorem 9.2 (Uniform Sampling for Graph Sparsification [Kar99]). Let G = (V, E) be an un-
weighted undirected graph with V' = [n] and minimum cut value c. Sel the sampling probability
p= 961510". Then H produced by Algorithm 5 is a (1 £ €)-cut approzimator of G with O(p - |E|) edges
with probability ot least 1 — %.

The well-known Chernoff bound is used to analyze the success probability.

Theorem 9.3 (Chernoff Bound for Heterogeneous Coin Flips). Let X1, Xo,..., X, be independent
random variables with X; = 1 with probability p; and X; = 0 otherwise. Let X = 2?21 X; and
p=EX]=>" E[X;] = pi be the expected value of X. Then, for any 0 < § < 1,

Pr (1X — | > dp) < 2¢ ",

The proof outline of Theorem 9.2 is as follows. With the assumption that the minimum cut value
is Q(logn), Chernoff bound can be used to show that the probability that wg(dg(S)) is not a
(1 £ e€)-approximation of wg(dg(S)) for a particular subset S C V' is at most 1/ poly(n). While this
probability is quite small, this is not nearly small enough to apply a union bound on the exponential
number of subsets directly. Karger’s observation is that there are only a polynomial number of small
cuts as stated below, and so a more careful union bound based on the cut value can be used to
prove Theorem 9.2.

Proposition 9.4 (Number of Approximate Minimum Cuts). Let G = (V, E) be an unweighted
undirected graph with V = [n] and minimum cut value c. For any o > 1, the number of subsets S
with [6(S)| < ac is at most n21.

An interesting way to prove Proposition 9.4 is to use Karger’s random contraction algorithm for
solving the minimum cut problem. See [Kar99] or L03/1.04 of CS761 for proofs of Theorem 9.3 and
Proposition 9.4.

Non-Uniform Sampling

Without the minimum cut assumption, then it is easy to see that the uniform sampling algorithm
could fail. For example, consider the dumbbell graph where there is a bridge connecting two complete
graphs.

In 1996, Benczur and Karger [BK15] designed a very clever non-uniform sampling algorithm, where
the sampling probability p. for each edge e = wv is proportional to the “connectivity” of v and
v. The idea is that edges with low connectivity are in H with higher probability p. and smaller
weight 1/p. because they are crucial and so we basically just keep them (with the right expectation),
while edges with high connectivity are in H with lower probability and larger weight to sparsify the
graph. They defined a notion called “strong connectivity” for the non-uniform sampling algorithm
and proved that every graph has a cut approximator with only O(nlogn) edges.
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Theorem 9.5 (Benczur-Karger Cut Sparsification |[BK15]). For any edge-weighted undirected graph
G = (V,E) and any 0 < € < 1, there is a reweighted subgraph H = (V, F) on the same vertez set
with at most O(%) edges such that H is a (1 £ €)-cut approximator of G. Furthermore, H can

be computed in nearly linear time O(|E|).

The definition of “strong connectivity” is a bit unnatural, and Benczur and Karger conjecured that
it can be replaced by the more natural edge-connectivity between u and v. This conjecture is proved
by Fung, Hariharan, Harvey and Panigrahi in 2011 [FHHP19].

Applications of Graph Sparsifications

An important feature of Theorem 9.2 and Theorem 9.5 is that they provide a near-linear time
algorithm to find a cut sparsifer, and they become an important primitive in designing fast graph
algorithms. For example, suppose we would like to solve the minimum s-¢ cut problem in a graph
(. Standard algorithms have their time complexity depending on the number of edges in G, so
when G is dense with Q(n?) edges the algorithms are quite slow. To design a fast approximation
algorithm, we can first use Theorem 9.5 to obtain a (1 &+ €)-cut approximator H of G with only
O(nlogn/e?) edges. Then, we just run the standard algorithms on H to find an optimal s-t cut in
H, and it can be shown that this is a (1 4 3¢)-approximate minimum s-t cut in G. More generally,
with these sparsification algorithms, for many graph problems about cuts (e.g. graph conductance),
one could trade a small loss in the optimality of the solutions for a time complexity that is faster
by at least one order of n.

Truly remarkably, Karger [Kar00]| used the uniform sampling algorithm in Theorem 9.2 to design a
near-linear time algorithm to solve the minimum cut problem optimally. It is actually crucial that
the sparsifier is unweighted for this application, so for example the stronger Theorem 9.5 cannot
be used. It took more than 20 years for researchers to finally find a deterministic near-linear time
algorithm for the minimum cut problem [KT19].

9.2 Spectral Sparsification

On their way of designing a near-linear time algorithm for solving Laplacian systems of linear
equations, Spielman and Teng [ST11] defined the following stronger notion of spectral sparsification
for Laplacian matrices.

Definition 9.6 (Spectral Approximator). Let G = (V, E) be a weighted undirected graph and H =
(V,F) be a weighted undirected graph on the same vertex set. For 0 < e¢ < 1, we say H is a
(1 + €)-spectral approximator of G if for all x : V — R,

(1—¢) - 2TLgr <alTLpyz<(1+e) - 2T Lge,

where Lg and Ly are the weighted Laplacian matrices of G and H respectively. Equivalently, H is
a (1 + €)-spectral approzimator of G if

(1—€)Lg < Ly < (14+¢)Lg.

Exercise 9.7 (Spectrum of Spectral Approximator). Let G and H be weighted undirected graphs
with Laplacian spectrums A\ < o < ... < Ay and v1 < v < ... <y, respectively. Prove that if H
is a (1 £ €)-spectral approzimator of G, then (1 —e)\; < v; < (1+€)\; for every 1 <i <n.
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Again, the goal is to find a sparse graph H that is a good spectral approximator of the input
graph G. Their original motivation is to use Ly as a “preconditioner” for solving the equations
L¢ - z = b. Their definition is inspired by the result of Benczur and Karger |[BK15] and is indeed a
more demanding one.

Lemma 9.8 (Spectral Approximator is Cut Approximator). If H is a (14 ¢€)-spectral approzimator
of G, then H is a (1 £ €)-cut approzimator of G.

Proof. Let S be a subset of vertices and g be the characteristic vector of S. Then, by Lemma 3.17,

FLaxs= Y. wli,i)(xs(i) — xs(7)” = we(0a(9)),
ijEE(G)

and similarly XL Lyys = wy (5H(S)) Since H is a (1 £ €)-spectral approximator of G, it follows
that

(1—€)-x§Laxs < xsLuxs < (14+€)xsLaxs = (1—e€)wa(d6a(S)) < wu(5u(S)) < (1+€)-wa(5a(S)).

As this holds for any subset S C V| H is a (1 & ¢€)-cut approximator of G. O

Since spectral sparsification is a strictly stronger requirement than cut sparsification, one would
expect that it is a strictly harder problem to solve. Initially, Spielman and Teng [ST11] proved that
there is always a (1 4 €)-spectral sparsifier with O(n polylog(n)/e?) edges and gave a fast algorithm
for constructing such sparsifiers. This is enough for their grand goal of designing a nearly-linear
time algorithm for solving Laplacian equations, which has become the engine for a new generation
of fast algorithms for graph problems.

Reduction

In 2008, Spielman and Srivastava [SS11] revisited the spectral sparsification problem and proved
that there is always a (1 = ¢)-spectral approximator with O(nlogn/€?) edges, thus by Lemma 9.8
generalizing the result of Benczur and Karger in Theorem 9.5 for cut sparsification. They reduced
it to the following simpler statement where the objective is to bound only the maximum eigenvalue
and the minimum eigenvalue.

Theorem 9.9 (Sparse Spectral Approximator of Identity Matrix [SS11]). For any m wvectors
ULy .oy Uy € R satisfying Z?il ulu;f = I, there always exist scalars si,...,S, with at most
O("lf#) nonzeros such that

m
(1-9oI, = Zs,uluf < (1 +e)l,.
=1

For the reduction, we need the concept of pseudoinverse of a matrix in Definition 2.23.

Definition 9.10 (Pseudoinverse of Laplacian Matrix). Let G be a connected graph. Let 0 = A\ <

Ao < ... <\, be the eigenvalues of L(G) and uy, . .., u, be the corresponding eigenvectors. Then the
pseudoinverse of L(G) is LI; =3, )\iuzuZT And the square root of Lg is LZQ =3, \/%ulu;f
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Lemma 9.11 (Reduction to Identity). Suppose for any m vectors with > v, vivl = I, there are
always scalars with at most O(nlogn/e®) nonzeros such that (1 —e)I, < > ity slvzv;f < (14 €e),.
Then for any graph G = (V,E) with n vertices and m edges, there is always a graph H with
O(nlogn/e?) edges such that H is a (1 £ €)-spectral approzimator of G.

Proof. We assume without loss of generality that G is a connected graph. Let Lg = cp beb! be

the Laplacian matrix of G as written in Definition 3.15. Define v, = UTLnge where LZQ is from
Definition 9.10 and U is the n x (n — 1) matrix where the i-th column is the (i + 1)-th eigenvector
uiy1 of L(G) for 1 <i<mn —1. Then

S v =S UTLE BT LU = UTLE Lo LU = UT(Z uuT) U=1In.

ecE ecE 1=2
By assumption, there are scalars sq, ..., S, with at most O(nlogn/e?) nonzeros such that
(1—e)I Z 5evevl < (14 €)1,
ecl

Multiplying Lcé U on the left and U TLZZ on the right of the above inequalities, then LlGQU U TLZQ =
L and thus

(1—¢€)L Zsebb (1+¢€)Lg

ecE
Let H be the graph with weight s, on edge e. Then Ly = Y. p sebebl, and thus H is a (1 £ ¢€)-
spectral approximator of G with O(nlogn/€?) edges. O

Random Sampling Algorithm

Isotropy Condition: We first get some intuition about the condition )", v;v; = I,,. We have
discussed this isotropy condition before in Exercise 5.14 when we studied the hlgher order Cheeger’s
inequality. When m = n, then vy,..., v, must be an orthonormal basis. When m > n, we can think
of vi,...,vm as an “overcomplete” basis, as we can write any x € R" as x = [, = (ZT 1 Vv T)x =
> 1(:1: v;)v;, which has applications in communication theory. Also, as stated in Exercise 5.14, for
any unit vector y € R", it holds that > I" (y,v;)*> = 1. Informally, the vectors are “evenly spread
out” so that the projections of these vectors to any direction y are the same. Given ) ,_, v,-v;[ = I,
we would like to find a small subset of vectors S C {1,...,m} and some scaling factors so that
> ieg Siviv] & I, and thus >, ¢ si(y,v;)? = 1. So, the subset should still be “evenly spread out”,
with the contrlbutlon in each direction about the same.

Idea: As in the cut sparsification case, uniform sampling may not work. For example, if some
vector v; has ||vj|| = 1, then we must include v; in the solution, as otherwise that direction will
not be covered in the solution and so it won’t be a spectral sparsifier. The analogy in the cut
sparsification result is that a cut edge must be included in any cut sparsifier. So, as in the cut
sparsification case, we need to do non-uniform sampling if we do random sampling.

The idea is similar and very natural. For longer vectors, we should set the sampling probability pe
to be higher because they are crucial and so we basically just keep them. For shorter vectors, we
can afford to set the sampling probability p. to be lower and the weight 1/p. to be larger in order
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to reduce the number of vectors. Concretely, we sample each vector v; with probability ||v;[|3, and

if it is chosen, we set the scalar s; = W, so that the expected contribution is
212

T T
vV} ) Vv
"t . Pr[v; is chosen] =

il i
[[i |2 [|vi ]2

T

E [s;o0] | = v |? = vivl

Algorithm: The actual algorithm is basically the same, but we need to repeat the experiment
O©(logn) times and take the average, so that we can prove concentration.

Algorithm 6 Random Sampling Algorithm for Spectral Sparsification

Require: Vectors vy,. .., v, € R" satisfying > UZ'UZ-T = I,.
1: Initialization: 5§+ 0 and 7 = 6162".
2: for 1 <i<mdo
3 forl1 <t<rtdo
4: Update s; ¢ s; + %pi with probability p; = ||v;][3.
5 end for
6: end for
7: return > 10, s;vivl.

There are two steps in the analysis. One is to show that there are O(nlogn/e?) non-zero scalars.
Another is to show that the returned solution is a (1 + €)-spectral approximator to the identity
matrix.

Expectation

We bound the number of non-zero scalars by computing its expected value and using Markov’s
inequality. The sampling probability is used to bound the expected value.

Lemma 9.12 (Number of Nonzeros). Let § be the output of Algorithm 6 and S = supp(s) be the
set of vectors with non-zero scalars. Then |S| = O(nlogn/e?) with probability at least 0.9.

Proof. The expected value is

BISII =Y Prlie S| =) (1-(1-p)) <3 (1= (=) =7 _pi

where 7 = 6162" as defined in Algorithm 6. Note that

(S

Il
R

m m m m m
= Sl 3o = 3 = 3 )
i=1 i=1 i=1 i=1 =1

vwf) =Tr(1,) = n,

(2

where we used Tr(AB) = Tr(BA) in Fact 2.34. Therefore, E[|S|] < 7Y%, p; = Tn = 6nlnn/é?,
and the result follows from Markov’s inequality that Pr [|S| > 10E[|S]]] < 1/10. O
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Matrix Chernoff Bound

There is an elegant generalization of the Chernoff-Hoeffding bound to the matrix setting. The proof
uses the Golden-Thompson inequality in Fact 2.36.

Theorem 9.13 (Matrix Chernoff Bound [Irol2]). Let Xi,..., Xy be independent, n x n real sym-
metric matrices with 0 < X < rl. Suppose pimin - In < ZlelE[Xi] < Mmax - In. Then, for any
0<e<,

E2 k E2
Pr [ max(ZX) (1+€) ,umax} <ne "3 and Pr [Amin<ZXi> < (1—e)umin} < ne” T,

=1

Note that it is almost an exact analog of the Chernoff-Hoeffding bound in the scalar setting, by using
the maximum eigenvalue and the minimum eigenvalue to measure the “size” of a matrix. Informally,
it says that if we consider the sum of independent random matrices, when each matrix is not too
“big/influential”, the sum is concentrated around the expectation in terms of the eigenvalues.

Concentration

The algorithm was designed in a way such that the proof that the solution is a (1 + €)-spectral
sparsifier is a direct application of the matrix Chernoff bound. The reweighting by the sampling
probability is set to ensure that no random variable is too influential.

Lemma 9.14 (Success Probability of Spectral Approximation). The output of Algorithm 6 satisfies
(1—e)l, < > siviv; < (14 €)I, with probability at least 1 — =2

Proof. The random variables are

TDi
0 otherwise

Xi,t = ;

’U"UT . .1
{”_ with probability p;

for vector i in iteration ¢. The output of the algorithm is Y := """, >°7 | X;;. The expected
output is

T T

:ZZE[ zt Zzpz V;0; Z /Ui:i :Zvivz'T:In-

i=1 t=1 i=1 t=1 i=1 t=1 =1

So, the expected output is exactly the identity matrix, with pmax = tmin = 1. To apply the matrix
Chernoff bound in Theorem 9.13, it remains to find a bound r so that X;; < rI. Note that

X ol ) _1< v >( v; )T
e T el T\l )\l

which is a rank-one matrix of a unit vector, and so the maximum eigenvalue is just 1/r and thus we

can set 7 = 1/7. By Theorem 9.13, as 7 = 6161;”7

27 1
Pridmax(Y) > 14¢ <ne” 3 = ne~2nn — =
n

The lower tail follows similarly. So, with probability at least 1 — %, we have A\pax(Y) < 1+ € and
Amin(Y) > 1 —¢, and thus (1 —€)I,, Y < (1 + €)I, proving that the solution is a (1 % €)-spectral
approximator of the identity matrix. O
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Combining Lemma 9.12 and Lemma 9.14 by a union bound, we know that a (1+€)-spectral approx-
imator of the identity matrix with O(nlogn/e?) vectors exists, and indeed the random sampling
algorithm will succeed with constant probability. This proves Theorem 9.9, and the reduction in
Lemma 9.11 proves the theorem by Spielman and Srivastava that every graph has a (1 + ¢€)-spectral
approximator with O(nlogn/e?) edges.

Discussions

By considering spectral sparsification, there is an elegant and arguably simpler proof of Theorem 9.5
for cut sparsification by Benczur and Karger. In the cut sparsification problem, it was not very clear
that what is the right sampling probability, and the conjecture that edge-connectivity can be used
for sampling was only answered much later [FHHP19|. In the more general spectral sparsification
problem, however, there seems to be only one natural choice for the sampling probability and the
analysis follows directly from the matrix Chernoff bound. This is a great example that a more
general problem can be easier to solve than a special case, where in the special case there seem to
be multiple reasonable approaches while the generalization points to the right approach.

Sampling Probability: For spectral sparsification of graphs, the sampling probability of an edge
e = uv is proportional to

lvel3 = UTLLb |13 = 8T LLPUUTLLb, = bT LEbe = Reffg (u, v),

where Reffg(u,v) is the effective resistance of the two endpoints v and v in the graph G, when we
view the graph as a resistor network with each edge being a resistor of resistance one. An equivalent
characterization of effective resistance is

Reffg(u,v) = min 62‘ is a unit flo fromutov}.
() f:EﬁR»{e;ﬂ) / w

This quantity can be thought of as an interpolation between the shortest path distance and the
maximum flow value of a graph. Effective resistance is known to be closely related to some quantities
in random walks such as the commute time and cover time. Recently, this concept has various
applications in designing fast graph algorithms where spectral sparsification is an excellent example.

Fast Algorithm: Spielman and Srivastava also gave a nearly linear time algorithm to estimate
the effective resistances of all edges. The main tools are a nearly linear time algorithm to solve a
Laplacian system of equations (which is a breakthrough result by Spielman and Teng), and also the
dimension reduction result by Johnson and Lindenstrauss in Theorem 8.8. As a consequence, there
is a nearly linear time randomized algorithm for constructing a spectral sparsifier of a graph, which
is important for designing fast algorithms for other graph problems.

Tight Example: The analysis of the random sampling algorithm is tight. In a complete graph,
the effective resistance of every edge is the same. So, the random sampling algorithm on a complete
graph is just the uniform sampling algorithm. A “coupon collector” argument can be used to prove
that random sampling won’t work to find a cut sparsifier with o(nlogn) edges. It is a good exercise
to work out the details.
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Randomized Linear Algebra: Random sampling and dimension reduction are very useful in
designing fast algorithms for numerical linear algebra problems. We illustrate these ideas in a basic
problem, the least square problem. In the least square problem, we are given an n x d matrix A and
b € R™, and the objective is to find an € R? that minimizes || Az — b||o. We are usually interested
in the case when n > d, so the problem is over-constrained. Exact algorithms require Q(n poly(d))
time, which is too slow when n is large.

We would like to find an approximation algorithm with ||Az" — b]| < (1 4 €) ming|| Az — b2 in
O(nd + poly(g)) time, which is near linear when n > d. The idea is to use a nearly linear time
algorithm to compress the matrix A into a k x d matrix B = SA with k = poly(g), and then solve
the least square problem on min,||S(Ax —b)||2 exactly as our approximate solution. The techniques
in spectral sparsification can be used for the compression.

Given A € R™? and b € R", we first reduce the problem to the case when the columns of A
are orthonormal. This is reminiscent to the reduction to the identity matrix in Lemma 9.11, so
that ATA = I; or equivalently >y aiaZT = I; where a; is the i-th row of A. Then, we construct
a matrix B by sampling and rescaling each row proportional to its squared length, so that B =
S siazal ~ I with only O(dlogd/e?) nonzero scalars. Therefore, B has O(dlogd/€?) rows,
where each row of B is \/s;a; so that (1 —€)ATA < BTB < (1+¢)AT A. This is a good “subspace
embedding” as || Az||3 ~ || Bx||3 because 27 AT Ax ~ 7 BT Bxz. All the technique details are similar
to those in spectral sparsification, e.g. using matrix Chernoff bound. The sampling probability is
called the leverage score of a row, a generalization of effective resistance.
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Chapter 10

Barrier Method

In Chapter 9, we have seen that spectral sparsification is a stronger notion than cut sparsifica-
tion, but this provides a linear algebraic formulation that connects the problem to more general
mathematical phenomenon, which leads to an elegant solution that matches the best known result
in cut sparsification. In this chapter, we will see that this stronger notion even leads to a sur-
prisingly strong solution that goes beyond what was known (or perhaps thought possible) for cut
sparsification. The main theorem that we will study is by Batson, Spielman and Srivastava.

Theorem 10.1 (Linear-Sized Spectral Approximator of Identity Matrix [BSS14]). For any m vec-
tors vy, ...,vm € R™ satisfying Z:’;l viviT = I, there always exist scalars s1, ..., sy with at most
dn nonzeros such that

<1 _ \%)2-1” <> s < (1 n \}g)z I,

=1
It follows from the reduction in Lemma 9.11 that every graph has a linear-sized spectral sparsifier.

Theorem 10.2 (Linear-Sized Spectral Sparsifier [BSS14]). For any edge-weighted undirected graph
G = ([n],E) and any 0 < € < 1, there is a reweighted subgraph H = ([n|, F') on the same vertex set
with at most O(n/e2) edges such that H is a (1 £ €)-spectral approzimator of G.

One corollary is that every graph has a (1 + €)-cut sparsifier with at most O(7/e?) edges, which
improves upon Theorem 9.5 by Benczur and Karger. It is quite remarkable that a harder problem
leads to a stronger solution in a well-studied special case. Up until now, there is no known alternative
way to obtain linear-sized cut sparsifiers without going through the concept of spectral sparsification.
It is an interesting challenge especially to those who prefer to see combinatorial algorithms to solve
combinatorial problems.

10.1 Deterministic Algorithm and Polynomial Perspective

The approach taken to prove Theorem 10.1 is different from the random sampling approach used in
previous algorithms in Theorem 9.2, Theorem 9.5, and Theorem 9.9. It is a deterministic “greedy”
approach that uses a potential function to guide the algorithm to add one vector at a time.
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Intuition from Characteristic Polynomials

As discussed in [BSS14], the intuition of their approach is from a polynomial perspective to the
problem. Let A € R™" be the current partial solution, where A = 0 initially. They considered
the characteristic polynomial p4(z) = det(zI — A) = [[;_, (z — A;) whose roots are the eigenvalues
of A, and studied how it changes after adding one vector. By the matrix determinant formula in
Fact 2.29,

" (v, u;)?
Parper (v) = det(z] — A—vol) = det(z] — A) - (1 — v (2] — A)"v) = pa(z) - <1 - Z <"7>>
j=1

where \; are the eigenvalues of A and u; are the corresponding orthonormal eigenvectors. Suppose

we add a uniformly random vector v from vy, ..., v, to A. Then, by the isotropy assumption,
Ay L S Jug > 1
2 2 T T
E[(“v“j> } _mzl<1)z‘,uj> :E'uj <;vivi>uj— le :%_
1= 1=

This implies that the expected characteristic polynomial is

n

E [paconr (0] = pa(o) (1= 30— ) = pate) = - Oupa(o)

m 4~ x— )\
Jj=1

as Oypa(z)/palx) = z;‘:l 1/(x — Aj). Since we start from A = 0, the initial polynomial is pa(z) =
™. After t iterations, the expected characteristic polynomial becomes

pe(x) = (1 — %%)tae”.

This generates a standard family of orthogonal polynomials, called the associated Laguerre polyno-
mials, whose roots are known. After t = dn iterations, the ratio of the largest root to the smallest
root of pg,(x) is known to be

d+1+2Vd

d+1—-2Vd

and this is the ratio of the maximum eigenvalue and the minimum eigenvalue in Theorem 10.1.

This is only a heuristic argument, as there may not be any vector v with its characteristic polynomial
PAtvr () equal to the expected characteristic polynomial. The proof of Theorem 10.1 in [BSS14]
is also not based on this approach, but this foreshadows the polynomial approach that we will study
in the second part of this course.

Algorithm Structure

As discussed in Chapter 9, one advantage of the algebraic formulation for spectral sparsification in
Theorem 9.9 is that we “only” need to keep track of the maximum eigenvalue and the minimum
eigenvalue of the current partial solution, instead of the exponentially many cut values as was done
in the cut sparsification problem. So the general idea is to maintain an upper bound of the maximum
eigenvalue and a lower bound on the minimum eigenvalue of the current partial solution, and to
control how they evolve over time. This will be done using two potential functions ®* and ®; that
we will define and study in the next section.
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Assuming the existence of the two potential functions, we first describe the structure of the deter-
ministic “greedy” algorithm. Initially, we start from the empty solution Ag = 0, some upper bound
ug of the maximum eigenvalue of Agy, some lower bound [y of the minimum eigenvalue, so that
the potential values ®"0(Ag) < ¢, and Py (Ag) < ¢ for some values ¢, and ¢; that will be fixed
throughout the algorithm. In each iteration ¢, we find a vector v; and a scalar s and add s - viviT
to the current solution so that A,y + A; + sviv;f, and shift the upper bound w11 < us + d, and
the lower bound l;41 < [ + &; by some fixed amount §, and §; to maintain the invariants that
PU+1(Agy1) < by and OH+1 (A1) < ¢y and also ugy 1 and Iy, 1 are upper and lower bounds of the

maximum eigenvalue and the minimum eigenvalue of A;41 respectively.

Algorithm 7 Deterministic Greedy Algorithm for Spectral Sparsification

Require: Vectors vy,..., v, € R” satisfying Z;il viviT =1,.
1: Initialization: Ag = 0 and 7 = dn.
2: Choose ug, lg, ¢u, ¢; so that dvo (A()) < ¢, and 07 (A()) < ¢y.
3: Choose two parameters &, and d; and set uy = ug + t6,, and Iy = lg + td; for any t > 1.
4: for 1 <t <7 do
5

Find vector v € {v1,...,v,} and scalar s and set A; = A;_1+s-vv’ to maintain the invariants
that &Yt (At) < (bu and q)lt (At) < (Z)l and )\maX(At) < Ut and )\min(At) > lt.
end for

e

: return A

There are many parameters ug, lg, ¢y, @1, 0y, 6; to be chosen, and we will only do so in the end.

10.2 Potential Functions

The magical element in this algorithm is the definition of the potential functions, that will make
everything works beautifully. Before we state the potential functions used in [BSS14], let us discuss
some natural attempts and see what we need.

Norm of Eigenvalues

A natural first attempt is to simply use the maximum eigenvalue and the minimum eigenvalue as
the potential functions (i.e. ®*(A;) = Amax(A¢) and @;(A;) = Amin(A¢)), and then inductively prove
that Amax(At) < Amax(Ai—1) + 0y and Amin (A¢) < Amin(A¢—1) + ;- This way of measuring progress
does not work well for this problem, as the matrix A; is n-dimensional, and just focusing on the
maximum direction cannot distinguish between the case where every direction is large or where one
direction is large and all other orthogonal directions are small. Ideally, we hope to say something
such as after n iterations, every direction is increased by one unit. To prove it inductively, we would
need a potential function to let us argue that the maximum direction is increased by 1/n unit per
edge on average, but the maximum eigenvalue is not such a smooth/robust quantity for this.

By the above discussion, we would like to have a more global quantity that will take into considera-
tion of all directions. One possible parameter of this kind is % Tr(A), which is the average eigenvalue
of the current solution. For this, we can easily argue that the average eigenvalue increases smoothly,
but the problem is that we cannot conclude that the maximum eigenvalue is small by using that
the average eigenvalue is small.
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So, we would like to have a more global quantity that is smooth enough to measure the progress made
in each iteration, and also that the maximum eigenvalue is small when this quantity is small. Let A =
(A1(A4), A2(A), ..., A\n(A)) be the spectrum of the current solution. Note that Amax(A4) := || Al is

the infinity norm of the spectrum, while Tr(A) := || X|; is the 1-norm of the spectrum. Interpolating
Y
between these two extremes, we may consider the quantity (% Sy X;’) T | Allp. We know

that setting p ~ log n would approximate HXHOO well, but the p-norm may not be so convenient for
calculations. In convex optimization, there is a softmax function that is defined as log >"" ; exp(\;),
which is known to be convex and differentiable and approximates the maximum well. In our setting,
the softmax function can be nicely written as log Tr(e?), where e := 32 %Xk is the matrix
exponential of A. So this seems to be a good potential function to be used for spectral sparsification,
and indeed this function is used in the proof of the matrix Chernoff bound. I think this function can
be used in Algorithm 7 to give a deterministic algorithm with the same guarantee as the random
sampling algorithm by Spielman and Srivastava in Theorem 9.9 (please see [dCSHS16]), but it is
not enough for linear-sized spectral sparsification.

Barrier Functions

Batson, Spielman, and Srivastava mentioned in [BSS14| that the definition of their potential func-
tions is inspired by the calculation of the expected characteristic polynomial in Section 10.1.

Definition 10.3 (Barrier Functions). Given u,l € R and a real symmetric matriz A € R™" with

eigenvalues A1, ..., An, the upper barrier function and the lower barrier function are defined as
o "1
DA (u) := ®U(A) == Tr(ul,—A)~! = d ®a(l) := O(A) :=Tr(A-IL,) ! = :
(1) i= B4 o= Tl A)™ =30 o and 00)s= BA) o= (AT =305

We will use the notations ®“(A) and ®;(A) when we fir u and | and see the barrier functions as a
function of the matriz A, and we will use the notations ®4(u) and ® 4(1) when we fix A and see the
barrier functions as a function of u or .

When u > Apax(A4) and I < Apin(A), these functions measure how far the eigenvalues of A are from
the barriers u and [, and they blow up as any eigenvalue approaches a barrier. Suppose we could
maintain the invariant that say ®“¢*(A) < 1 for all ¢. This will ensure that u; is a “comfortable”
upper bound of the maximum eigenvalue, as there could be at most one eigenvalue with value at
least u; — 1, at most two eigenvalues with value at least uy — 2, and so on. This is a more global
quantity that takes all the eigenvalues into consideration, and has the property that it changes
smoothly to measure the progress made in each iteration.

The following properties of the barrier functions are simple but useful. We will see a generalization
in the multivariate setting in the second part of the course.

Exercise 10.4 (Monotonicity and Convexity). Let A € R™*" be a real symmetric matriz. For any
U > Amax(A) and any § > 0, the upper barrier function satisfies

oA (u) > dMu+0) and PA(u)+6- (D (u+9)) > @4 (u+9).
For any 1 4+ 0 < Amin(A) and any § > 0, the lower barrier function satisfies
A(l) S @a(l+0) and Da(l) + 0+ (Da(l+0))" = Ba(l+ ).
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The strategy in Algorithm 7 is to ensure that wu; is increased slowly while maintaining the invariant
that the potential value ®“¢(A;) is small. More explicitly, we can define a family of “soft” bounds
on the max/min eigenvalue, parameterized by the value of the potential functions.

Definition 10.5 (¢-Soft-Max and ¢-Soft-Min). Given a real symmetric matriz A € R™™ and a
parameter ¢ > 0, the ¢-mazx of A and the ¢-min of A are defined as

¢-max(A) := max{u | ®(u) = ¢} and ¢-min(A) :=min{l | D(l) = ¢}.

They can be understood as the inverse of the upper and lower barrier functions.

The parameter ¢ can be thought of as a sensitivity parameter, which controls the tradeoff between
how accurate the bound is and how smoothly it varies. The strategy in Algorithm 7 is to fix an ¢
and then bound ¢- max(A;) and prove that ¢- max(A;) < ¢-max(As_1) + 0, for all ¢ > 1.

The barrier functions are similar to the log-barrier functions used in the interior point method for

convex optimization.

Remark 10.6 (Log-Barrier Functions). Let pa(x) = det(xI — A) be the characteristic polynomial
of A. Note that

O (A) = m = 8,10 (pa(z)) and Dy(A) = —d,log (pa(x)).

These functions blow up when x is getting close to a root.

10.3 Changes of Potential Values

There are nice formulas to analyze the change of the barrier functions when we add a vector and
do a rank-one update.

Upper Barrier Function
For the upper barrier function ®“(A), adding a vector s-vv” would increase the potential value, but

increasing the upper bound « would compensate for it to maintain the invariant % (A+s-v0’) <
DU(A).

Lemma 10.7 (Upper Barrier Change). Suppose u > Amax(A). For any vector v, if

o ((u+ 8,)1 — A) v

= Tu(A) — du T (A)

- vT((u + 0u) I — A)_lv =:Uyx(v),

1
s

then
(I)U+5u (A ts- UUT) < q)u(A) and )\max (A +s- ’UUT) <u-+ 5u
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Proof. Let v/ := u + §,. By the Sherman-Morrison rank-one update formula in Fact 2.20,

(A4 s wl) = Tr ((u’[ —A—s- U’L)T)_l)

B P L At (W' T — A)~L
= Tr ((u[ A) + 1—s-vT(uwl— A"

s-vT (Wl — A%
1—s- 0TI —A)"1lv

= P T(A) +

v (W'T — A)~2
s —oT(u/'I — A)~ v

loss

= OU(A) — (BU(A) — BT (A)) +

gain

Rearranging shows that ®+% (A4 4+ s - vvT) < ®“(A4) when /s > Ua(v). This also implies that
Amax(A + 5 - vvT) < u + 6, as otherwise Apax(A + 8" - vvl) = u + 4, for some s’ < s and thus
utou(A+ ¢ - vvT) = oo, but this contradicts that ®“+o (A + s - voT) < ®¥(A) is bounded. O

Lower Barrier Function
For the lower barrier function ®;(A), adding a vector s-vv? would decrease the potential value, but
increasing the lower bound ! would increase the potential value. Note that there is an additional
condition about the barrier value to ensure that we still have a lower bound on the minimum
eigenvalue.

Lemma 10.8 (Lower Barrier Change). Suppose Amin(A) > 1 and ®;(A) < 1/s,. For any vector v, if

T - -2
0<1§v (A= (1+o)I) v
S D15, (A) — 2i(A)

—oT(A-(+ 61)1)_11) =: La(v),

then
Dy, (A + s va) < P(A) and Apin (A + 5 U’UT) > [+ d;.

Proof. Note that Amin(A) > 1 and ®;(A) = >, 1/(N — 1) < 1/8 imply that 1/(Amin — 1) < 1/
and thus Apin > 1+ 6. S0, Amin(A + 5 - vv7) > Amin(A) > 1 + 6. Then, by a similar calculation
using the Sherman-Morrison formula as in Lemma 10.7,

vI(A =112
Dy (A+ s vvT) = O(A) + (Brag,(A) — (A4)) — Ve ol (A1) To
loss o
Rearranging shows that @445, (A+ s-vv!) < ®;(A) when 1/s < La(v). O

10.4 Averaging Argument

We need to prove that there exists a vector v and a scalar s such that both the assumptions in
Lemma 10.7 and Lemma 10.8 hold, so that we can conclude that the invariants ®%+ou (A—I—S-UUT) <
O%(A) and A\pax (A—i—s-va) < u+6, and Py, (A+3‘va) < ®;(A) and Apin (A+s-va) >+
in Algorithm 7 hold simultaneously.
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The idea in [BSS14] is to prove that Y " La(v;) > > Ua(v;), and so there exists a vector v;
such that La(v;) > Ua(v;). Therefore, by setting s to be a scalar such that L4(v;) > 1/s > Ug(v;),

then both the assumptions in Lemma 10.7 and Lemma 10.8 are satisfied and thus all the invariants

hold simultaneously for A + s - vw;[ .

The calculations work out quite nicely using the isotropy condition > /", vwiT = I,.

Upper Barrier Function

Lemma 10.9 (Total Upper Barrier Shift). Given vy,..., v, € R™ such that > vivl = I,

S Ua(y) < 5i +3U(A).
i=1 v
Proof. Using the isotropy assumption » ;" v;v; = I, it follows that
Zv?((u-i—éu)l UZ—ZTI‘< ((u+6u) I—A)_QviviT> :Tr(((u+6u)I—A)_2>,
i=1

and similarly

1

3 T ((u+6,)1 — A) oy = Tr <((u + 6] — A)_l) — putdu(A),
=1

By the convexity of the barrier function ®*(A) = ®4(u) in terms of u in Exercise 10.4, the “gain” is

@U(A) — () = DA () — B u+6,) > ~0u- (¥4 (u+6,)) = b Tr (w6~ 4) 7).

Therefore,
i " (vl ((u A _
ZUA(%‘) = Z + ) £u+6 ()A) +vf ((u+6,)1 — A) lvi)
i=1 i=1
Tr U 2
c e (<A> <1)>u+6 Ty )
< % + 94 (A)

Lower Barrier Function

The calculations for the total lower barrier shift is similar, but is a bit trickier. Note that the
following lemma also requires the assumption that ®;(A) < 1/5 as in Lemma 10.8.

Lemma 10.10 (Total Lower Barrier Shift). Given vi,...,vp € R™ such that Y ", viU;‘F = I, if
y(A) < Vs, then

S La(os) > ;l — y(A).
=1
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Proof. As in the proof of Lemma 10.9, using the isotropy assumption Y .-, v,-v;[ = I,

Z’U —(+0)1) o =Tr (A= (+6)1) %) and Zv — (4 3)1) " vy = iy, (A).

Therefore,

U l 1) 21)1' _
ZLA 'Uz Z < q)l+6l ( )+ gl()A) - ,UzT(A - (l + 6l)1) 1Ui)

T (A— (I+06)1) ">

T B gy L)

Using convexity in Exercise 10.4 as in the proof of Lemma 10.9,

By, (A) — By (A) = DAl +8) — Pa(l) <& - (Pall+6)) =6 -Tr (A~ (1 +6)1) "

This gives Y ;) La(v;) > 5 — ®;15,(A), which is slightly weaker than the statement and is not
enough for the invariants to hold throughout the algorithm. To prove the statement, we need to
work harder and show that

Tr (A—(l+5l)f)_2 1

s (A) — @y(A) — Q45(4) > - 5 — 9)(4),

which is equivalent to the following claim by rearranging.

Claim 10.11 (Lemma 4.3 of [MSS21]). If ®;(A) < 1/5,, then

(Bre(A) = (W) < Tr (A= (48D = 5 (B (4) = ().

Proof. By definition of the lower barrier function in Definition 10.3

) n 1 B 1 2_ n d 2
(Prys,(A) — 2i(A)) _(;)\i—(lJr&) )\Z-—l> _(;(Ai—(l+5z))'(>\i—l)>

Using Cauchy-Schwarz inequality and then the assumption §; - ®;(A) < 1, the RHS is

: (Zi; (Aiél— l)> (z: (Ai—(z+5f;)2-(&—1)> : (Z: (N — (z+5f;)2-(xi—1))‘

Check that this is equal to the RHS of the statement of this claim. O

The claim completes the proof of this lemma. O

Both Barrier Functions

Combining Lemma 10.9 and Lemma 10.10 with the averaging argument in the beginning of this
section, we arrive at the following conditions for the invariants in Algorithm 7 to hold throughout.
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Lemma 10.12 (Invariants). Let Ag = 0. If we choose ug > 0,1y < 0, ¢y, @1, 6y, 0y so that

1 1 1
PU(Ag) < ¢y and Py (Ag) < P and ¢ < 5 and 5~ & > 5 + Gu,
l ! [

then Algorithm 7 can always find a vector v and a scalar s in each iteration t to maintain the
invariants that " (Ay) < ¢y and P, (A1) < ¢ and Amax(Ar) < ug and Apin(A¢) > 1, where
ur = ug + tdy and ly = lg + t; as defined in Algorithm 7.

Proof. The proof is by a simple induction. The induction hypothesis is that ®“¢(A;) < ¢, and
D), (Ar) < ¢ and Amax(Ar) < up and Apin(A¢) > l;. This holds at ¢ = 0 by our assumptions. For
the induction step, by Lemma 10.9 and Lemma 10.10 and our assumption,

1

FouS g T - () Y Lafo),

i < — (I)ut A < —
E UAt(U)_ 5u+ ( t)_ 5. 3, 2

i=1

So there exists some v € {v1,...,vn} such that Ua,(v) < La,(v). Let s be a scalar such that
Ua,(v) < 1/s < Ly, (v). Then, it follows from Lemma 10.7 and Lemma 10.8 that the invariants hold
for t + 1 with A; 1 = A; + s - vvT and w1 = ug + 0y and L = Iy + 6. O

Wrapping Up

With Lemma 10.12, it remains to choose ug, lo, ¢y, @1, Oy, d; to prove Theorem 10.1. Batson, Spielman
and Srivastava set

d+Vd n 1 n  Vd-1
lp:= —Vdn, ug:=(—=——)n, =0, (Ag) = ——=—F%, ¢y =P (4))=—=——+,
0 0 (\/ﬁ—l) # (o) lo +d ¢ (4o) uo  d++/d
so that the first three conditions in Lemma 10.12 are satisfied. Then, they set
Vd+1 1 1
=1 and 6y i=—— — ——¢;=—+ Oy,
! Jio1 5 ¢ 5 ¢

and so the last condition in Lemma 10.12 is also satisfied. Therefore, after dn iterations of Algo-
rithm 7,

d+v/d Vd+1
W“W<%_uo+dn-au_jgl+d-ﬂ+l_(\/ml)Q
Amin(Adn) ~ lan lo+dn -6 A+ d Jisi)

completing the proof of Theorem 10.1.

10.5 Discussions
There are many subsequent work on spectral sparsification and we discuss some of them here.

e Allen-Zhu, Liao, and Orecchia [ALO15| constructed linear-sized spectral sparsifier using the
regret minimization framework in convex optimization. This provides a more systematic way
to derive the result and a different interpretation of Batson, Spielman, Srivastava’s result as
using a different regularizer in the regret minimization framework. Their tools developed are
also more convenient in some applications as we will discuss more in the next chapter.
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e Lee and Sun gave an almost linear time algorithm [LS18| and then a nearly linear time
algorithm [LS17| to construct linear-sized spectral sparsifiers. Their first algorithm in [LS18|
is an adaptive sampling algorithm that is interesting and easy to describe. In the first iteration,
the algorithm samples say n%% vectors using effective resistance as in Theorem 9.9. Then, it
will update the sampling probability using barrier functions, and repeat this process for n%0!
iterations. Their intuition is from balls-and-bins that the maximum load is only a constant
after throwing n%% balls to n bins.

e One may wonder whether there are other sampling algorithms for constructing spectral spar-
sifiers. An interesting result by Kyng and Song [KS18] is that the union of logn/e? random
spanning trees is an (1 + €)-spectral approximator, and this is tight.

e de Carli Silva, Harvey and Sato [dCSHS16| generalized the result in Theorem 10.1 to spar-
sifying sums of positive semidefinite matrices that have arbitrary rank, with applications in
hypergraph sparsification.

A main open question is if every vector is of the same length (or more generally when every vector
is short), then is there an efficient algorithm to construct an unweighted sparsifier? This is closely
related to the Kadison-Singer problem that we will study in the second part of the course.
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Spectral Rounding

In the spectral sparsification problem in Chapter 9 and Chapter 10, we are given vy, v, ..., Uy € R™,
and the goal is to find a “reweighting” s1, ..., sp, with few nonzeros so that > ", 8;vv] A Yo vivl.

In this chapter, we consider the following spectral rounding problem where the goal is to find an
“integral reweighting” that approximates the input.

Definition 11.1 (Spectral Rounding). Given vi,va,...,vym € R and scalars x1,...,z, € R>q,
find integer scalars z1,...,2m € Z>o such that

m

m
E l‘iUiUiT% E Zivi’UiT.
=1 =1

More generally, we are also giwen k linear constraints in a matric A € R%m and are required to
find integer scalars z1,...,2zm € Z>q that also satisfies

AT =~ AZ.

Note that there is no requirement on the number of nonzeros in Z as in the spectral sparsification
problem, rather the requirement is on the integrality of Z.

The motivation of this problem is from designing approximation algorithms for some discrete op-
timization problems, where we should think of £ as an optimal fractional solution to some convex
relaxation of a combinatorial problem, and our goal is to find an integer solution 2’ that is almost as
good as #. The additional linear constraints can be used to incorporate the objective value of the
solutions, and/or some other constraints such as upper and lower bound on the size of the solutions.
We will see two concrete applications in the next section.

This problem in its strongest form is as general as the Kadison-Singer problem that we will study
in the second part of the course. In this chapter, we consider a simpler setting where the two-sided
approximation requirement is replaced by a one-sided approximation requirement. The main result
that we will study is by Allen-Zhu, Li, Singh and Wang [ALSW17], who formulated the following
minimum eigenvalue problem and used it to design approximation algorithms for experimental
design problems.

Theorem 11.2 (Minimum Eigenvalue Problem [ALSWI17]). Given v1,...,v, € R™ and scalars
x1,...,Tm € R>q satisfying

m m
g xiviv? =1, and g r; =k,
=1 =1
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there is a polynomial time algorithm to find integer scalars z1, ..., zm € Z>q satisfying

i n—1\2 i
;zivivf¢<1— 3 ) - I, and ;zi:k.

To see its connection to the spectral rounding problem in Definition 11.1, first we apply the same
reduction as in Lemma 9.11 to reduce to the case when 27;1 xww;f = I,,. Then the two-sided
approximation requirement in Definition 11.1 becomes (1 — €)I, < Y.ivy zivivl =< (1 + €)I,, for
an € as small as possible. In Theorem 11.2; the two-sided requirement is replaced by the one-
sided requirement Y " zv;vl = (1 — €)I,. And there is one linear “cardinality /budget” constraint
Yot xi &= >z to satisfy, without which the problem is trivial.

The proof of Theorem 11.2 in [ALSW17] is based on the regret minimization framework developed
for spectral sparsification by Allen-Zhu, Liao, and Orecchia [ALO15]. It will take quite some time to
introduce this framework properly and we will not do so, but we will briefly describe their framework
at the end of this chapter.

Instead, we will present a new proof of Theorem 11.2, following the (informal) polynomial perspec-
tive for spectral sparsification from [BSS14] that we described in the beginning of Chapter 10. I
hope this proof serves better as a bridge to connect to the second part of the course, starting next
chapter.

11.1 Applications

Before we see the proof, let’s first see some applications of Theorem 11.2, which is useful in designing
approximation algorithms for choosing a good subset of points/vectors/edges.

Experimental Design

In experimental design problems, we are given vectors vy, ..., v, € R™ and a parameter k > n, and
the goal is to choose a (multi-)subset S of k vectors so that ), ¢ v;v] optimizes some objective
function. The most popular and well-studied objective functions are:

3=

e D-design: Maximizing (det (3 ;cqvivy))".
e A-design: Minimizing Tr <(Zies UW?)_1>.
e E-design: Maximizing A\min (ZiGS viv;f).

These problems of choosing a representative subset of vectors have a wide range of applications

(see [ALSW21, LZ21]), but these are all NP-hard. To design approximation algorithms, we consider
the following natural convex programming relaxations for D/A /E-design.

n 1 n n
n -1
max (det (Z T - Uﬂ]?)) / min Tr (Z i - viU;‘F) / max Amin(Z x; - vﬂ)?)
=1 i=1 i=1
m
s.t. Z$Z < k.
=1

x; >0, for 1 <i<n.
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After we computed an approximately optimal solution z in polynomial time, we can apply the
transformation as in Lemma 9.11 to reduce to the case where E?il miviv? = I,,. Then we can
apply Theorem 11.2 to obtain an integral solution z, and then apply the reverse transformation in
Lemma 9.11 to see that z has the following performance guarantee.

Problem 11.3 (Experimental Design). Prove that Theorem 11.2 can be used to obtain a (1 + €)-
approzimation algorithm for D/A/E-design when k > n/€>.

This approach is used in [ALSW21, LZ21] to provide a unifying algorithmic framework for designing
the best known approximation algorithms for a large class of experimental design problems. We
will discuss some ideas of these work in the end of this chapter.

Network Design

The general setting of network design is to find a minimum cost subgraph satisfying certain re-
quirements. The most well-studied problem is the survivable network design problem, where the
requirement is to have at least a specified number f, , of edge-disjoint paths between every pair of
vertices u,v. Linear programming is the default approach in designing approximation algorithms
for network design problems. It is observed in [LZ20] that spectral techniques can also be used for
survivable network design problems, as well as to incorporate additional spectral constraints. For
example, consider the following convex relaxation:

min E Cele
xX

ecFE
Z Te > MmaAax {fuv} VS CV (connectivity constraints)
ueS,vgS
e€d(S)
Ao(Lg) > A (algebraic connectivity constraint)
0<z. <1 Vee E (capacity constraints)

where c. is the given cost of an edge e € E, and L, is the Laplacian matrix where each edge e has
weight z.. The algebraic connectivity constraint can be used to lower bound the edge expansion of
the solution.

Exercise 11.4 (Second Laplacian Eigenvalue and Edge Expansion). Let G = (V, E) be an undirected

graph. Prove that

o [0(9)]
M(La) <2 —_—,
2(le) < o<isi<vi2 |5

Without the algebraic connectivity constraint, the above is a linear program and there is an elegant
iterative rounding 2-approximation algorithm by Jain to solve the problem. With the algebraic con-
nectivity constraint, the above becomes a convex program and it was not known how to handle both
connectivity constraints and the algebraic connectivity constraint simmultaneously. The observation
in [LZ20] is that the one-sided spectral rounding result in Theorem 11.2 can be adapted to design
an approximation algorithm for this problem.

Exercise 11.5 (Spectral Rounding for Network Design). Let = € [0,1]™ be a fractional solution
to the above convex program and L, be its Laplacian matriz. Show that if z € {0,1}™ is an
integral solution satisfying L, > L., then z satisfies the connectivity constraints and the algebraic
connectivity constraint simultaneously.
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In [LZ20], Theorem 11.2 is extended to find z € {0, 1}™ satisfying L, > L, with

ZC@Z@ < (1+0(e)) - Zcexe L0 (%)

ecE ecE

for any 0 < € < 1/4, where cpax := maxecg{c.} is the maximum cost of an edge. This spectral
rounding approach enlarges the set of constraints that one could handle in designing approximation
algorithms for network design problems. We will discuss some technical ideas in the end of this
chapter.

11.2 Barrier Method with Polynomials

The goal of this section is to present a proof of Theorem 11.2 using the polynomial perspective
from [BSS14]. First, we will rephrase the barrier functions in Definition 10.3 in terms of polynomials.
Then, we will present the plan following the intuition in the beginning of Chapter 10. Finally, we
will proceed with the analysis and introduce some ideas about interlacing polynomials.

Soft-Max and Soft-Min of Polynomials

Recall the ¢-soft-max and ¢-soft-min in Definition 10.5 using the barrier functions in Definition 10.3.
The strategy in the deterministic greedy Algorithm 7 in Chapter 10 is to fix ¢, ¢; and then prove
that ¢,- max(A;) < ¢y-max(A;—1) + 0y, and ¢p- min(Ay) > ¢- min(Ay—1) + 6; for all ¢ > 1.

There are natural interpretations of the barrier functions from the polynomial perspective.

Remark 11.6 (Soft-Max and Soft-Min of Polynomials). Let p4(y) = det(yl — A) be the character-
istic polynomial of A. Note that

¢-max(ps) = ¢-max(A) = max {u ‘ o (u) = AC) = d)} = Amax <pA - ;p/fl)

and

: . . 1
¢-min(pa) := ¢-min(A) = min {l ‘ Dy(l) =— = <Z>} = Amin (pA + gp;;).
So, using the ¢-soft-min to lower bound Apin(p) can be understood as using the minimum root a
related polynomial p + %p’ to lower bound Apin(p). Actually, slightly more can be said.

Exercise 11.7 (Soft-Min). Let A be a real symmetric matriz. Show that Amin(pa) > ¢-min(pa)+
for any ¢ > 0.

A

Proof Plan

Given vy, ..., v, € R™ and scalars 21, ..., 2, € Rsq such that > 1", zu0l = I, and Y1 | x; = k,
our goal is to find z1,...,zm € Z>o with > ", z; < k and )\min(Z;L ziviviT) as large as possible.

Initially, we start with Ag being the n x n zero matrix. In each iteration 1 <t < k, we would like
to find a vector v € {v1,...,v,} and set Ay = A;_1 +vv?. This will ensure that A; = > | ziv;0!
for integers z1, ..., zy for any ¢t > 0.
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As in Section 10.1, we consider the expected characteristic polynomial when we add a random
vector with probability proportional to x;. The following lemma is by the same calculation as in
Section 10.1.

Exercise 11.8 (Expected Rank-One Update). The expected characteristic polynomial after we add
a vector v; with probability x;/k is

m
T; 1
E[patwr] = Z? Patua? =Pa— P4

Now, instead of considering the roots of (1 — %8)’“:1:” after k iterations as in Section 10.1, we would
like to use ¢- min to show that (i) the “expected progress” after one iteration is good and (ii) there
is a vector v which achieves this expected progress. Concretely, the plan is to prove that there exists
a vector v with

G i (p g r) > 6 min (Belpa o)) = 6-min (pa — 1 -pls) > 6-min(pa) + quﬁ (1L.1)

The equality is from Exercise 11.8. We will prove the last inequality in the next subsection, and
then the first inequality in the subsection after. Assume the two inequalities in Equation 11.1 always
hold. Then, by induction, after k iterations,

)\min(pAk) > = ¢ +¢ mln(pAk) > (:; +¢_min(pz40) + k_l::_¢ = _n;l + k_]f_¢’

where the first inequality is from Exercise 11.7. Some calculations show that choosing

- <n-(?>21-”§n-1> - Amin<z”i”5p>><1‘ n;1>2'

€S

This proves Theorem 11.2. It remains to prove the two inequalities in Equation 11.1 in the following
two subsections.

Shifting Lower Barrier

It turns out that the techniques developed for the barrier functions in Chapter 10 can be used to
bound the maximum and minimum root of a real-rooted polynomial as well. The following lemma is
from Lemma 4.3 of [MSS21], proving the last inequality in Equation 11.1. The proof is very similar
to the proofs in Lemma 10.8 and Lemma 10.10 for the lower barrier function, just rephrased in the
language of polynomials.

Lemma 11.9 (Lower Barrier Shift [MSS21]). If p is real-rooted and s,¢ > 0, then p — sp’ is real

rooted and )

1_~_¢

¢-min (p — sp’) > ¢-min(p) +

Proof. Tt is well known and we will prove it in the next chapter that p — sp’ is real-rooted if p is.
Let | = ¢-min(p) such that [ is the minimum value with ®,(l) = ¢. Let
1

0= .
+¢

® =
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To prove the lemma, we will prove that (i) [+ < Anin(p — sp’) and (ii) ®p_sp (14 6) < ¢, and this
would imply that ¢- min(p — sp’) > 1+ § = ¢- min(p) + 6.

For (i), we claim that
1
)\min(p - Sp/) > Amin(p> > ¢‘ min(p) + a > [ 4+6.

The second inequality is from Exercise 11.7 and the third inequality is from the definition of .
To see the first inequality, note that p(y) and —s - p/(y) with s > 0 have the same sign for all
Y < Amin(p), and thus any y < Apin(p) cannot be a root of p(y) — s - p'(y), which implies that
)\min(p - Sp/) > )\min(p)~

For (ii), we write ®,_g, in terms of ®, = —p’/p so that
<I> _ (=) ((L4sPp)p) P s®;, o A
p=sp p— sp/ (14 sP,)p p 1+sP, P % + @,

whenever all the quantities are finite, which happens everywhere except at the roots of p and p—sp’.
Since [ + ¢ is below the roots of p and p — sp/, it follows that

@/ (14 9)
1 4@,(+9)

AR |
L4 @,(1+0)
N—_—————

gain

q)p—sz?’(l +4) = q’p(l +6) — = (I)p(l) + (q)’p(l +6) — (I)p(l))

loss

Therefore,

Py p(l+0)<Pp(l)=¢ <= Pp(1+5)—P,(]) < ®,(1+9)

ST a0t (11.2)

As in Lemma 10.10, using convexity of ®,(l) will get us close but not enough; see Remark 11.10. So
we need to work a bit harder as in Lemma 10.10. Using % = % — ¢ and rearranging, the condition
in Equation 11.2 is equivalent to

(21 +8) — @, (D)% < B0 +3) — (2,1 +8) — 2, (D).

This is exactly what Claim 10.11 proved, which completes the proof of (ii) that ®,_, (I4+d) < ¢. O

Remark 11.10 (Convexity Not Enough). Using convezity ®,(1 +6) — ®,(1) < § - (1 + 9) in
Bzrercise 10.4, the condition in Equation 11.2 holds if

! (1 +0) 1
T = (<,
11 ,(1+9) 5t 0p(l+0)

s

§-@,(1+6) <

but we cannot conclude that 6 being 1/(%+<I>p(l)) = 1/(%+¢) suffices to maintain the nonincreasing
potential. This is the same situation as in Lemma 10.10.

Common Interlacing

Now we would like to prove the first inequality in Equation 11.1. In general, given real-rooted
polynomials pi,...,p, and a convex combination ¢ := > ", w;p; of them, there may not be any
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useful relations between the roots of p1, ..., pmy and g. For example, ¢ may not have real roots even if
P1,- - -, Pm are all real-rooted, so we cannot hope to prove inequalities such as maxj<j<m{Amin(pi)} >
Amin(q). We will discuss more in the next chapter.

An important observation of Marcus, Spielman, and Srivastava is that if p1, ..., p;, have a “common
interlacing”, then we can relate the roots of py, ..., pm and the roots of ¢ and prove the inequality
maxi<i<m{Amin(Pi)} > Amin(¢) and more. We will introduce interlacing polynomials properly in
the next chapter. After reading the next chapter, it will be a good exercise to prove that the

polynomials
1
P1 = pAJrvw? + gp:‘\Jrvlv?’ Y Prm = pA+va£ * Ep;lJrvmv?;,,

have a common interlacing, to establish the first inequality in Equation 11.1.

Problem 11.11 (Interlacing Property of ¢-min). If p1,...,pm are real-rooted polynomials that have
a common interlacing, then for any expected polynomial g =Y ;" pip; with > i i =1 and p; >0
for 1 < i < m, there exists i € [m] with

¢-min(p;) > ¢-min(q).

Assuming Problem 11.11, we have completed the proof of Theorem 11.2 using polynomials.

11.3 Regret Minimization

The original proof of Theorem 11.2 is based on the regret minimization framework developed
in [ALO15]. The general idea in regret minimization is to find some distributions of experts that are
almost as good as the best experts. I won’t be able to introduce regret minimization properly, but
let me try to give an informal high level idea of the regret minimization framework in the specific
setting of spectral rounding.

In the minimum eigenvalue problem in Theorem 11.2, the objective is to find a (multi-)subset S
with large Amin(ZieS viviT), or equivalently a (multi-)subset S such that mT( Y ies viviT)m is large
for all vectors x € R™ on the unit sphere. In this problem, we think of each direction z on the
unit sphere as an expert. In each iteration ¢, given the current solution Ay, the regret minimization
framework would maintain a “smart” probability distribution u; on the unit sphere, which puts
higher probability on z if 27 A;x is small and a lower probability on = if 27 A is large. In words,
the probability distribution puts more focus on the directions that the current solution A; has not
covered well. The distribution is summarized succinctly by a density matrix P, = [ xzxldu;. This
density matrix guides us naturally to add a vector v; that maximizes the inner product (viviT , Py)
to Ay, to cover the directions that are not covered well. The analysis in the regret minimization
framework proves that if the probability distributions p; are smart, then the “regret”

Z(Utv?, P)— min Z(UtvtT, zzT)
2€R™:||z =1

>1 t>1

of using P; over time instead of focusing on the worst directions (or best experts) is small. So, if
we could always find a vector v; in each iteration with a large inner product with P, which we
can because of the isotropy condition, then we can conclude that >, (vv], P) is large and hence
min, Zt>1<vtv,§p, zzT) = min, ;ET( Yo Utvf)x = )\min(zt>1 vtvtT) is also large.
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A versatile and commonly used approach to maintain the distributions is by the multiplicative
weight update method. If we use it for spectral sparsification, then we can recover the O(nlogn/e?)
result by Spielman and Srivastava in Theorem 9.9.

The insight in [ALO15] is that the barrier functions used by Batson, Spielman and Srivastava in
Definition 10.3 can be interpreted as a new way of updating the probability distributions, by setting
P, = (¢pA; —1,1)~2 where Ay is the current solution and [; is chosen such that P; = 0 and Tr(P;) = 1.
This can be integrated into the regret minimization framework to give the following regret bound:

Amin<ivwf>z BV ZT: (e, Br) (11.3)

T pl/2
t=1 N ¢ y =1 1+ ¢<Ut”t By >
increase of ¢-soft-min

initial lower bound

where we should interpret ¢ as the same parameter in soft-min, the negative term is the initial lower
bound in the barrier method, and each term in the summation as the increase of the ¢-soft-min.
Using the isotropy condition ) ", vinT = I, it is possible to show that there always exists a vector
with a large increase of ¢-soft-min to prove Theorem 11.2.

Local Search

In applications of spectral rounding or the minimum eigenvalue problem, often we are given z €
[0,1]™ and we would like to find z € {0,1}™ instead of just z € Z™. This is called the “without
repetition” setting, where each vector can be chosen at most once, which is a more general setting
than the “with repetition” setting, where each vector can be chosen more than once. In [ALSW17],
it was shown that the same greedy algorithm can only achieve a constant factor approximation
algorithm, not the (1 4 €)-approximation algorithm in Problem 11.3 when k > n/e2.

An interesting new idea in [ALSW21]| is to analyze a local search algorithm, where we start from
an arbitrary subset Sy with k vectors, and in each iteration t > 1 we find a pair i;—1 € S;_1 and
Ji—1 & Si—1 and set Sy := S;—1 — i1—1 + ji—1. This guarantees that each vector is chosen at most
once. They developed the following rank-two update formula for regret minimization:

T A T
)\min(ZleT> > —2\;ﬁ —{—Z ( <U]tvjtaPt> . <'UztUz't,Pt> )’ (11.4)

=\ 1+ 20(v;,07, Py 1—2¢(v, 0T, P

and used it to get the same result as in Theorem 11.2 in the more challenging without repetition
setting. It would be interesting to recover this result using the polynomial approach in Section 11.2.
See Problem 11.14 for a possible starting point.

Randomized Local Search

The local search approach in [ALSW21] is extended in [LZ20] to handle linear constraints as de-
scribed in Definition 11.1. The idea is to randomly choose a vector v;, to remove from S;_; with
probability proportional to (1 — z;) - (1 + 204<11th37-:, Pt1/2>), where x; is the fractional value of the
i-th vector and the other term is in the denominator in Equation 11.4, and similarly choose a vector
v;, to add to S;—1 with probability proportional z; - (1 — 2¢><vitv;€, Pt1/2>). Informally, the terms
(1 —x;) and x; are to ensure that the linear constraints are approximately preserved, and the terms
from the denominators in Equation 11.4 are to ensure that the minimum eigenvalue is improving.

The proof is by showing that these sums are concentrated around their expected values.
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In [LZ21], it was shown that this randomized local search approach gives the best known algorithms
for experimental design problems, where for D/A-design the randomized local search algorithm
achieves a (1 & €)-approximation when k > n/e, better than the requirement k > n/e? for E-design.

Again, it would be interesting to recover these results using the polynomial approach in Section 11.2.

Two-Sided Spectral Rounding

We will study the two-sided spectral rounding problem in Definition 11.1 in the second part of the
course.

11.4 Problems

Problem 11.12 (Total Effective Resistance). Let Lg be the Laplcian matriz of a graph G = (V, E).
Recall that Reffg(u,v) = (xu *Xv)TLE(Xu*Xv) is the effective resistance between vertices u,v € V.
Show that |V| - Tr(L]Lc) = %Zu,vEV Reffq(u,v). Use this fact with Theorem 11.2 to obtain an
approximation algorithm for minimizing the total effective resistance subject to the constraint that
the (multi- )subgraph has at most k edges.

Problem 11.13 (Upper Barrier Shift). Prove the following analog of Lemma 11.9 for the upper
barrier function. If p has real roots and s,¢ > 0, then p — sp’ is real-rooted and

1
I .
I
Problem 11.14 (Expected Polynomial After Removal). This problem might be helpful in obtaining
the bound in Theorem 11.2 in the more challenging without repetition setting using the polynomial

approach. Suppose the current solution A has k vectors say vy, . ..,vr € R"™. Show that the expected
characteristic polynomial after removing a uniformly random vector is

¢- max (p — sp') < ¢-max(p) +

n

k
E [pa_vr(y)] == %Zmﬂiv;(y) - (1- E) -paly) + % Paly)-
i=1

Question 11.15 (Improved Approximation Ratio when k = n). Is it possible to improve the
O(1/n?) minimum eigenvalue bound in Theorem 11.2 when k = n?
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Method of Interlacing Polynomials

Marcus, Spielman, and Srivastava [MSS14] turned the heuristic argument from [BSS14] about ex-
pected characteristic polynomial described in Section 10.1 into a powerful probabilistic method. We
have already previewed this method in a simple form in Section 11.2 without seeing the details.
In this chapter, we will go through the relevant concepts and describe the method in its general
form. Then we will see an interesting and relatively simple application to the restricted invertibility
problem, in two different ways.

12.1 New Probabilistic Method

In standard probabilistic method, we compute the expectation of a random variable E[X], and
then conclude that there is an outcome in the sample space with value at least or at most E[X].
Consider the minimum eigenvalue problem in Theorem 11.2; in which the quantity of interest is
Amin (Y ;e vivl ) for some multi-subset S with S| = k. To prove that there is a multi-subset with
large minimum eigenvalue, the standard way is to compute p = Eg. 51— [)‘min(ZieS viv;f)] and
then conclude that there is a mult-subset S with S| = k and Amin(>;c g vivy) > p.

Marcus, Spielman, and Srivastava took an unusual route to solve this kind of problems. First,
instead of working with the random matrix A =3, ¢ viviT directly, they consider the characteristic
polynomial pa(x) = det(xl — A) of the random matrix. Note that Amin(A) is simply the minimum
root of the characteristic polynomial Apin(pa). Then, quite surprisingly, instead of computing the
expected minimum eigenvalue of a random characteristic polynomial E [Amin(pa)], they compute
the minimum eigenvalue of the expected polynomial Apin (IE Alp A]). The following is an instantiation
of their new probabilistic method for the minimum eigenvalue problem, when each vector is chosen
independently and uniformly randomly.

Proposition 12.1 (Probabilistic Method for Minimum Eigenvalue). Suppose vi,...,v, € R™ are
vectors with 1", UiUiT = I,. For any k > n, suppose ri,...,ry are independent uniformly random
vectors in {vi,...,vn} and let A := Zle ririT be a random matriz. Then, with positive probability,

Amin(PA) > Amin (E[pa]).

In general, E [Amin (PA)] # Amin (E [p4]), and in fact the latter term could be bigger than the former
term, and so this proposition is not trivial at all.

Characteristic polynomials have not played an important role in much of spectral graph theory. One
disadvantage for instance is that the information about the eigenvectors is lost. Very interestingly,
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the method by Marcus, Spielmman, and Srivastava showed that they often satisfy a number of very
nice algebraic identities and are amenable to a set of very elegant analytic tools that do not naturally
apply to matrices.

12.2 Interlacing Polynomials

Let p1, ..., pm be real-rooted polynomials and ¢ = >, y;p; be a convex combination of pi,...,pp,
where 2311 w; = 1and p; > 0 for 1 <4 < m. Under what conditions can we conclude that say
max; Amin(Pi) > Amin(¢)? In general, it could be far from true. For example, p1 = (x — 1)(z — 2)
and ps = (z — 3)(z — 4) are both real-rooted, but their average 3(p1 + p2) is not even real-rooted.
Even if assume p; + po is real-rooted, there is in general no simple relationship between the roots

of two polynomials and the roots of their average.

The main insight of Marcus, Spielman and Srivastava is that in several problems of interest, the
(characteristic) polynomials satisfy some interlacing properties that would allow us to conclude that
max; Amin(pi) > )\min(Q)'

Definition 12.2 (Interlacing Polynomials). Let p be a degree n polynomial with real roots oy >
... >y and let g be a degree n or n — 1 polynomial with real roots 51 > ... > By (ignoring B, in
the degree n— 1 case). We say that q interlaces p if their roots alternate and the largest root belongs
to p such that

a1 > fr>an > B> Bt > oy > B

Definition 12.3 (Common Interlacing). A set of degree n real-rooted polynomials p1, . .., pm s said
to have a common interlacing if there is a polynomaial q that interlaces each p; for 1 <1 < m.

Equivalently, p1,...,pm have a common interlacing if there are inner-disjoint intervals I > Iy >
... > I, on the real line such that the k-th largest root of each p; for 1 < i < m is contained in Iy

An important class of interlacing polynomials are characteristic polynomials of matrices under rank-
one updates. The following is also called Cauchy’s interlacing theorem, and one can prove it in a
similar way as in Cauchy’s interlacing Theorem 2.13, using Courant-Fischer Theorem 2.12.

Exercise 12.4 (Cauchy’s Interlacing Theorem). Let A € R™™ be a real symmetric matriz and

v € R"™. Then pa interlaces pa,,r.

Note that Exercise 12.4 implies that if A € R™" is a symmetric matrix and v1, ..., v, € R™, then
PAyooTs s PAtol, have a common interlacing.

Common Interlacing and Probabilistic Method

If p1,...,pm have a common interlacing, then any convex combination ¢q of py,...,pn is also real-
rooted and we can compare the roots of pi,...,p,, with the roots of q. The proof is a simple
application of the intermediate value theorem in the interval I; for the j-th root for each j.

Theorem 12.5 (Probabilistic Method for Common Interlacing Polynomials). Suppose p1,...,pm
are real-rooted polynomials of degree n with positive leading coefficients. Let A\, (p;) be the k-th largest
root of pj. If p1,...,pm have a common interlacing, then for any non-negative numbers [, ..., fim
with > i = 1 and for any 1 <k <n,

min Me(p5) < M (Ejmplps]) < max Ak (p5)
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Proof. Let ¢ = > 1% uipi. Let w = max;j Amax(pj) and | = min; Apax(pj). We would like to argue
that Amax(g) is contained in [[, u].

First, we argue that Apax(q) < u. Aspi,...,pn all have positive leading coefficients, all polynomials
are positive in the range (u,00). As ¢ is a convex combination of pi, ..., pm, so ¢ is also positive in
the range (u,00). Therefore, ¢ cannot have a root in the range (u,o0), and thus Apax(q) < u.

Next, we argue that Amax(q) > I. If | = u, then p;j(u) = 0 for all 1 < j < m, and thus g(u) = 0
and hence Amax(¢) = uw > [. Henceforth we assume ! < w. On one hand, note that g(u) > 0 as
each p;j(u) > 0 and there exists i with p;(u) > 0 (e.g. the one with Apax(pi) = 1 < u). On the
other hand, since py, ..., py have a common interlacing, A\a(p;) < [ for each j, and since p1,...,pm
all have positive leading coefficients, each polynomial p; is non-positive in the range [A2(p;), A1(p;)]
with Ao(pj) < land A\i(pj) > [ for all 1 < j < m. Therefore, p;(l) <0 for all 1 < j < m, and thus
q(l) < 0. Since g(u) > 0 and ¢(I) < 0, by the intermediate value theorem, there exists r € [[,u)
such that g(r) = 0, and therefore Apmax(q) > .

A similar argument works for any 1 < k£ < n and is left to the reader (see Lemma 2.11 of [MSS21]).
It may be more convenient for the argument to first reduce to the case when pq,...,p, have no
common roots. O

So, if we could show that a set of polynomials have a common interlacing, then we can apply
Theorem 12.5 to show that there exists a polynomial with large/small k-th largest root by showing
that some weighted average polynomial has large/small k-th largest root.

Common Interlacing and Real-Rootedness

We are thus interested in some general techniques to prove that a set of polynomials have a common
interlacing. Note that Theorem 12.5 proves that if py,...,p, are real-rooted and have a common
interlacing, then any convex combination of pi,...,p, is also real-rooted. It turns out that the
converse is also true. This gives us a characterization when a set of real-rooted polynomials have a
common interlacing. We use the following simple fact in the proof.

Exercise 12.6 (Common Interlacing is a Pairwise Property). A set of polynomials p1, ..., pm have
a common interlacing if and only if each pair of polynomials p;,p; have a common interlacing for
all 1 <i+#j<n.

We also use the following well-known result from elementary complex analysis without proof.

Theorem 12.7 (Continuity of Roots). The roots of a polynomial are continuous functions of its
coefficients.

Theorem 12.8 (Common Interlacing and Real-Rootedness). If p1, ..., pm are degree n polynomials
and all of their conver combinations Y ;| wip; are real-rooted, then pi,...,pm have a common
interlacing.

Proof. By Exercise 12.6, we only need to prove the lemma for two polynomials. We assume without
loss of generality that p; and po have no common roots, as otherwise we can just divide both poly-
nomials by their common factors, prove that the resulting polynomials have a common interlacing,
and conclude that the original polynomials also have a common interlacing.
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Let g, = (1 —p) - p1 + p - p2 for p € [0,1]. If we keep track of the roots of g, from =0 and p =1
as a continuous function of u, then each root of g, is a continuous curve on the complex plane as
varies from 0 to 1 by Theorem 12.7. Since each g, is real-rooted by assumption, the curve of each
root j is an interval J; on the real line, with one endpoint being a root of p; and the other endpoint
being a root of ps.

We would like to argue that these intervals are pairwise inner-disjoint (i.e. they are disjoint except
possibly at the endpoints). Suppose to the contrary that this is not the case, that one endpoint of
an interval is contained in the interior of some other interval. This implies that some root r of a
polynomial, say pi, is a root of g, for some 0 < px < 1, but then

0=qu(r) =0 —p) pi(r) +p-p2(r) =p-pa(r) = p2(r) =0,

contradicting that p; and ps have no common roots. Therefore, these intervals are pairwise inner-
disjoint. This implies that the intervals can be arranged so that J; > Js > ... > J,, and thus p;
and p2 have a common interlacing. O

By Theorem 12.8, to prove a set of polynomials have a common interlacing (in order to apply
the probabilistic method), it is equivalent to proving that all convex combinations of any two
polynomials are real-rooted. In the next chapter, we will study methods to prove that a polynomial
is real-rooted.

Differential Operators and Common Interlacing

In Section 10.1 and in Section 11.2, the expected characteristic polynomials are of the form (1—s0)p
for some scalar s. With the results in the previous subsections, we can show that this differential
operator preserves real-rootedness and also common interlacing.

Problem 12.9 (Differential Operators and Common Interlacing). Prove that if p is real-rooted, then
(1 —s0)p is also real-rooted. Furthermore, prove that if pi,...,pm have positive leading coefficients
and a common interlacing, then (1 — sO)p1,..., (1 — $0)py, also have a common interlacing.

With Problem 12.9, it should be straightforward to solve Problem 11.11, and thus completing the
proof of Theorem 11.2 using a simple version of the method of interlacing polynomials.

12.3 Interlacing Family

Recall that in Proposition 12.1, the goal is to prove that there is a positive probability that a random
matrix A = Zle Tir;[ satisfies Amin(P4) = Amin (E[pA]), where there are m” possibilities of A. To
prove this statement by directly applying the probabilistic method in Theorem 12.5, we need to
prove that these m* different characteristic polynomials have a common interlacing. A moment of
thought reveals that this is clearly not true in general.

The idea of Marcus, Spielmman, and Srivastava is to build a tree structure among these polynomials
and show that the children of each internal node have a common interlacing. This idea is similar
to the method of conditional expectations used in derandomization.

Definition 12.10 (Interlacing Family). An interlacing family consists of a finite rooted tree T and
a labeling of the nodes v € T' by monic real-rooted polynomials p,(x) € Rlx], with two properties:
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1. Every polynomial p,(x) corresponding to a non-leaf node v is a convex combination of the
polynomials corresponding to the children of v.

2. For all nodes v1,vy € T with a common parent, all convex combinations of p,,(x) and py,(x)
are real-rooted.

We say that a set of polynomials is an interlacing family if they are the labels of the leaves of such
a tree.

Note that, by Theorem 12.8 and Exercise 12.6, the second condition implies that all the children
have a common interlacing, and it follows from Theorem 12.5 that all convex combinations of all
children are real-rooted.

The above definition may look a bit abstract, but in applications the root polynomial will usually
simply be the average polynomial of all the leaves, while the internal nodes will usually simply be
the average polynomial of the leaves of the corresponding subtrees. Let us see a concrete example
that is useful for the minimum eigenvalue problem in Theorem 11.2.

Example 12.11 (Interlacing Family of Multi-Subset of k Vectors). Let vy,...,v,, € R™. For any
S1,...,Sk € [m], define

k
Dsy,....s, () 1= det (a;]n — szin;).
i=1

The tree T is a complete m-ary tree, with depth k, and thus m"* leaves. Fach leaf of the tree is
labeled by a sequence si,...,Sk, representing a path from the oot to the leaf, where s; represents
the s;-th child of the internal node in the (i — 1)-th level, with the root being in the 0-th level. The
polynomaals in the internal nodes are defined inductively as

1 & 1
Psy,se(T) = — Zpsly--~75t7j($) = "%t Z Psy,e..psi, (T)
m m

St41,--,5k

for any t < k and the root polynomial is

po(z) = mk Z p517---75k(x)'

815,85k €[m]F

We will prove in the next chapter that these polynomials P := {psl7..,7sk(3:)} 0 form an

81,,SKE[M
interlacing family.

It may not be easy to establish that a set of polynomials forms an interlacing family, and in some
applications the theory of real stable polynomials is needed to prove so, which we will study in the
next chapter.

But once we have established that a family is an interlacing family, we can then easily relate the
roots of the root-polynomial to the roots of the polynomials in the leaves. The following theorem
follows from a simple induction using Theorem 12.5.

Theorem 12.12 (Probabilistic Method for Interlacing Family). Let P be an interlacing family of
degree n polynomials with root labeled by py(x) and leaves by {p;(x)}i1cr where L is the set of leaves.
Then, for any 1 < j <mn, there exist leaves a € L and b € L such that

Aj(Pa) < Aj(po) < Aj(po)-
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Proof. The proof is by a simple induction on the depth of the internal node. By Theorem 12.8,
the second condition in Definition 12.10 implies that every pair of children of the root node have
a common interlacing. By Exercise 12.6, it follows that all the children of the root node have a
common interlacing. Then, Theorem 12.5 proves that there is a child a; of the root node with
Aj(Pa;) < Aj(pp) and there is a child by of the root node with Aj(ps, ) > A;j(pp). By induction, there
is a leaf node a in the subtree of a1 with A\;(ps) < Aj(pa;) < Aj(pp), and there is a leaf node b in
the subtree of by with A;j(ps) > Xj(pe,) > Aj(pg). O

12.4 Restricted Invertibility

In this section, we see an interesting application of the techniques developed so far to the restricted
invertibility problem. This is not the first application of the method of interlacing family, but it is
the simplest as it only involves univariate polynomials, and so we present it first to separate the
ideas of the interlacing family method from the theory of real-stable (multivariate) polynomials.

The restricted invertibility problem is a well-studied problem in functional analysis, which says
that a matrix of high stable rank has a large column submatrix with large smallest singular value.
We consider an equivalent formulation that is very close to the minimum eigenvalue problem in
Theorem 11.2.

Definition 12.13 (Restricted Invertibility Problem). Given v1,...,v, € R™ and an integer k < n,
find a subset S C [m] with |S| = k to mazimize A\p( > ;cqviv]), where Ag(A) denotes the k-th
largest eigenvalue of matriz A.

To illustrate the method of interlacing family, we only consider the special “isotropy” case when
>y viviT = I,,. We remark that, unlike the minimum eigenvalue problem, it is no longer true
that the general case can be reduced to this special case, because of k < n. Marcus, Spielman, and
Srivastava [MSS21| used the method of interlacing family to derive a sharp result in the isotropy
case.

Theorem 12.14 (Restricted Invertibility in the Isotropy Case). Suppose v1, ..., v, € R™ are vectors
with Y"1 vivl = I,,. Then, for every integer k < n, there ewists a subset S C [m] with |S| =k and

()= 0D

€S

Although this result is sharp for a large regime of k, we do not know whether it is tight when k ~ n.
The following question is closely related to Question 11.15

Question 12.15 (Restricted Invertibility when k ~ d). When m = O(n) and k = n — 1, the lower
bound in Theorem 12.14 is Q(1/n2). Is this tight? To my knowledge, the best lower bound that we
can hope for in this regime is Q(1/n).

Ravichandran [Rav18] presented a different way to use the interlacing family method to derive the
results in [MSS21], with an additional application of proving a quantitative Gauss-Lucas theorem
which we may mention later. We will present both approaches, as this will allow us to see two
different interlacing families for the problem.
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Interlacing Family of Multi-Subset of Vectors

The proof in [MSS21] uses the interlacing family that we described in Example 12.11. We have not
proved that it is indeed an interlacing family yet, but we assume it is in this subsection. Then,
to apply the probabilistic method in Theorem 12.12, we just need to compute the polynomial in
the root of the tree and bound its k-th eigenvalue. The calculations for the expected characteristic
polynomial in Section 10.1 and in Exercise 11.8 can be used to compute the root polynomial from
the leaves up.

Exercise 12.16 (Root Polynomial in Example 12.11). When Y it vivl = I,,, the root polynomial
pg n Brample 12.11 is
k
1
po(x) = <1 — m8x> "

Note that the k-th largest root of pg(z) is simply the smallest root of the polynomial z~"*)py(z) =

z= (k) (1 — %853)’{3:" Marcus, Spielman, and Srivastava observed that it is a slight transformation
of an associated Laguerre polynomial and a known result by Krasikov implies that

Ak(po) = (1 - R)Qn.

n m

Therefore, we can conclude from Theorem 12.12 that there is a leaf with the k-th largest eigenvalue
at least A\g(pp), proving Theorem 12.14.

It is quite amazing that the method of interlacing family reduces the restricted invertibility problem
to a pure mathematical problem of bounding the smallest root of a well-known polynomial. So,
the heuristic argument in Section 10.1 can indeed be made precise, using the method of interlacing
family, at least for the restricted invertibility problem.

Question 12.17 (Polynomial Proof for Spectral Sparsification). Can you prove the spectral spar-
sification result i Theorem 10.1 by turning the heuristic argument in Section 10.1 into a precise
proof (possibly using the method of interlacing family of polynomials)?

Interlacing Family of Principle Submatrices

Ravichandran’s approach is based on the family of characteristic polynomials of principal submatri-
ces of a matrix. Let A € R"™" be a real symmetric matrix. For 1 <14 <n, let Ay € R(n—1)x(n—1)
be the principal submatrix of A obtained by deleting the i-th row and i-th column of A. Note
that the characteristic polynomials PApys - PApy of Ag1y, ..., Agny have a common interlacing by
Cauchy’s interlacing Theorem 2.13. So, by Theorem 12.5,

I’IlzaX {)\max (A{l}) } > )\max < Z pA{i}) > leln {)\max (A{Z}) }
i=1

Ravichandran noted that there is a very nice formula for > ", p Ay and observed that it can be
used to define an interlacing family of the characteristic polynomials of principal submatrices.

Theorem 12.18 (Thompson’s Theorem [Tho66]). Let A € R™*™ be a real symmetric matriz, and
let Ay, ..., Ay be the (n — 1) X (n — 1) principal submatrices of A. Then

m
/
D _Pagy =1
i=1
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Theorem 12.19 (Interlacing Family of Principal Submatrices [Rav18]). Let A € R™™"™ be a real
symmetric matriz. For S C [n], let Ag be the principal submatriz of A obtained by deleting the rows
and columns of S. For any 0 < k < n, the set of characteristic polynomaials {pAs}\S\:k forms an

interlacing family, with the root polynomial being p(:) (z) which is the k-th derivative of pa(x).

Proof. There are ( ) polynomials in this family. We organize them as the leaves of a tree T" of depth
k, where each node in T at depth i corresponds to a subset S C [n] of size ¢ and a principle matrix
Ag of size (n — 1) x (n — ). The root is at depth 0, and it corresponds to the empty set and the
original matrix Ay = A. The i-th node at depth 1 corresponds to the singleton subset {i} and the
principal submatrix A;. Inductively, given a node of T" at depth ¢ which corresponds to a subset
X C [n] of size i, it has n — ¢ children which correspond to the subsets X U{j} for each j € [n]\ X.
The tree then has n x (n — 1) x ... x (n — k+ 1) = k!- (}) leaves, where each subset of size k is
associated with k! leaves of T' (one for each permutation).

Next we define the polynomials in the nodes of T'. For a leaf node, let S be the corresponding subset
of size k, the polynomial is simply pa, which is the characteristic polynomial of Ag. Inductively,
from the leaves to the root, the polynomial of an internal node of 7' is defined as the sum of the
polynomials of its children.

Now we compute the polynomials in the nodes of T'. The leaves at depth k are the base cases. For
a node at depth k£ — 1, it corresponds to a subset X C [n] of size k — 1, with the polynomials in its
children being pay,,, for j € [n] \ X. By Thompson’s Theorem 12.18,

/
Z pAXU{J} DAy

JEMNX

For a node at depth ! which corresponds to a subset Y C [n] of size [, the induction hypothesis is

that the polynomials at its children are pgtul{__? for j € [n]\'Y. Then, by Thompson’s theorem, the
J

polynomial at this node is

(k—1-1) (bi—1)
Z pAYU{J ( Z pAYU{j}) - (p;‘}/) - pAY )

JEMNY JEMN\Y

(k)

proving the induction step. Therefore, for the root node, the polynomial is p,” as stated.

Finally, we check that these polynomials satisfy the conditions in Definition 12.10. Property (1) is
satisfied as the polynomial at a non-leaf node is the sum of the polynomials of its children, which
is the same as the average polynomial up to a scalar which does not change the locations of the
roots. For property (2), first we consider the case that the non-leaf node is at depth k — 1, then the
polynomials at its children have a common interlacing by Cauchy’s interlacing Theorem 2.13, and
thus the second property is satisfied by Theorem 12.8. Note that common interlacing is preserved
by the differential operator 0., using the same proof as in Problem 12.9. Therefore for a node at

depth ! which corresponds to a subset Y C [n] of size [, the polynomials pg ) for j € [n]—Y at its

children have a common interlacing, because p, ) for j € [n] — Y have a common interlacing by
Cauchy’s interlacing theorem and applying the differential operator 0, at each of these polynomials
(multiple times) preserves the common interlacing property. We conclude that the polynomials at
the leaves form an interlacing family, with the root polynomial being p(*)(A). O

As a consequence, the method of interlacing family in Theorem 12.12 implies the following bound.
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Theorem 12.20 (Ravichandran’s Theorem [Rav18|). Let A € R™"™ be a real symmetric matriz.
There exists a subset S C [n| with |S| =k and

Amax (4) < Ama (1),

Ravichandran applies Theorem 12.20 to the restricted invertibility problem in the following way.
Given v1,..., v, € R™ with 2211 vivz-T = I, let V€ R™™ be the matrix with the i-th column be
v;. Consider the m x m matrix B = I,,, — VTV. For a subset S C [m] with |S| = k, check that

A < Z vw?) =1— dpax (B[m]\s).

€S
So the restricted invertibility problem is reduced to finding a subset X of size m — k with small
maximum eigenvalue Apax(By). Using Theorem 12.20),

o) =1 i > 1— (m*k)>: _ (mfk‘ _1\ym—n n)
S%?XkAk<;UZUz) 1 le)I(I‘liI}n_k)\max(BX) >1 Amax(pB 1 )\max 835 (‘T 1) x|,

as the matrix B has eigenvalue 1 with multiplicity m — n and eigenvalue 0 with multiplicity n,
because VTV has the same spectrum as VV' = I,, by Fact 2.28. Therefore, once again, we have
reduced the bound in the restricted invertibility problem to a pure mathematical problem about
the maximum root of a well-studied polynomial.

Discussions

We end with two concluding remarks. One is that instead of looking up the known results for
the roots of the specific polynomial in Exercise 12.16 and 9™ %(z — 1)™ "2" in Ravichandran’s
approach, we can use the results in Lemma 11.9 and Problem 11.13 from the barrier method to
bound the roots of these polynomials. So, combining the method of interlacing family with the
barrier method would give self-contained proofs of Theorem 12.14.

Another is that the proofs are constructive in that they give polynomial time algorithms to find
such a subset. We leave this to the reader to check.
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Real Stable Polynomials

To use the method of interlacing family of polynomials in Chapter 12, we need to check whether a
set of polynomials pq, ..., pm, have a common interlacing, and this is reduced to checking whether
all convex combinations ¢ = > ;*, p;p; are real-rooted polynomials by Theorem 12.8. In this
chapter, we will see some characterizations of real-rooted polynomials. The main object that we
will study is the class of real-stable polynomials, a multivariate generalization of the class of real-
rooted polynomials. We will use the techniques in the theory of real-stable polynomials to prove
that the family in Example 12.11 is an interlacing family.

13.1 Real-Rooted Polynomials

A polynomial is real-rooted if all of its roots are real numbers. One important example of real-rooted
polynomials is the characteristic polynomial of a real symmetric matrix (more generally Hermitian
matrix), as the roots are the eigenvalues of the matrix and they are real numbers by Theorem 2.5.

Besides computing all the roots of a polynomial, there is a general characterization for checking
whether a given polynomial is real-rooted.

Theorem 13.1 (Hermite-Sylvester). A polynomial p(z) = [}, (x — X)) is a real-rooted polynomial

if and only if the n x n matriz H with Hj; =", )\§+J_2 18 a positive semidefinite matriz.

Given a polynomial in the coefficient form p(z) = Y"1 c;a?, note that the entries of H (which
are moments of the roots) can be computed from the coefficients efficiently by Newton’s identities,
and thus Hermite-Sylvester’s theorem provides a polynomial time algorithm to check whether a
polynomial is real-rooted. We will not use this theorem to check whether a polynomial is real-
rooted, and we leave the proof as an interesting problem to solve for the reader.

Another approach to show that a polynomial p(z) is real-rooted is to start with a known real-rooted
polynomial ¢(z) (e.g. the characteristic polynomial of a real symmetric matrix) and show that p(z)
can be obtained from ¢(z) by some real-rootedness preserving operations.

Exercise 13.2 (Real-Rootedness Preserving Operations). Prove that the following operations are
real-rootedness preserving operations:

1. (Scaling:) If p(x) is real-rooted, then p(cx) is real-rooted for any c € R.
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2. (Inversion:) Ifp(x) = Y. ci-x' is a degree n real-rooted polynomial, then so is the polynomial
n 1\ n %
x p(E) = ioCn—i - T

3. (Differentiation:) If p(x) is a real-rooted polynomial, then so is p'(x), the derivative of p(x).

We will use this approach to prove that a polynomial is real-rooted, but in the more general multi-
variate setting which we will define in the next section.

In the remainder of this section, we collect some nice properties of real-rooted polynomials. They
will not be used for the method of interlacing family of polynomials, and we refer the reader to the
course notes of Oveis Gharan [Ove20] for proofs.

Gauss-Lucas Theorem

The following theorem is a generalization of item (3) in Exercise 13.2. The proof is by considering
p'/p and writing a root of p’ but not p as a convex combination of the roots of p.

Problem 13.3 (Gauss-Lucas Theorem). If p € Clz]| is a non-constant polynomial with complex
coefficients, then all roots of p' are in the convex hull of the set of roots of p.

Ravichandran used the techniques developed for the restricted invertibility problem in Section 12.4
to prove the following quantitative generalization of the Gauss-Lucas theorem, which bounds the
area of the convex hull after many differentiations.

Theorem 13.4 (Quantitative Gauss-Lucas Theorem [Rav18|). Let p € C[z] be a degree n polynomial
with complex coefficients. Then, for any ¢ > 1/2,

1K (') | < 4(c - A)|K(p)],
where K(p) denotes the convex hull of the roots of p and |S| denotes the area of the convex set S in
the plane.

n

Note that there are examples where taking the (%

One such example is (z + 1)"?(z — 1)"2.

— 1)-th derivative does not decrease the area yet.

Generating Polynomials

Given a probability distribution p over [n], we define its generating polynomial as

n
pu(x) = ZMz‘ -zt
i=1
The following is an interesting characterization of when such a generating polynomial is real-rooted.

Proposition 13.5 (Real-Rooted Generating Polynomials). The generating polynomial p,(x) is
real-rooted if and only if p is the distribution of a sum of independent Bernoulli random variables.

We will study in a later chapter about probability distributions with real-stable generating polyno-
mials, and we may discuss the proof of Proposition 13.5 there.

One consequence of Proposition 13.5 is that we can use Chernoff bounds to bound the coefficient
a; = Pr[X = i] with ¢ far away from the mean E[X] = Y " 4 -a;. From this connection, we
expect to see a Bell curve when we plot the numbers ai,...,a, of a real-rooted polynomial with
non-negative coefficients. This intuition can be made precise by the notion in the next subsection.
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Log-Concavity

The following is an analog of a log-concave function for a sequence.

Definition 13.6 (Log-Concave Sequence). A sequence ao, ..., a, of non-negative numbers is said
to be log-concave if for all 0 < i < n,

1
Ai—1 - Gip1 < CLZ2 <~ 5 ( IOg(CLi_l) + log(aH_l)) < log(ai).
A sequence ag, ..., an of non-negative numbers is said to be ultra log-concave if for all 0 < i < n,
a; a; ai \?
s ()
G") G NG
We can use the operations in Exercise 13.2 to reduce a degree n real-rooted polynomial to a quadratic

real-rooted polynomial involving only a;_1,a;, a;+1, and then consider the discriminant of the re-
sulting quadratic real-rooted polynomial to prove the following result.

Problem 13.7 (Newton Inequalities). For any real-rooted polynomial p(x) = Y. a; - * with
non-negative coefficients, the sequence ag, ..., an s ultra log-concave.

In the third part of the course, we will study log-concave polynomials and see that some sequences
from combinatorial problems are log-concave (such as the number of matchings of size 7).

13.2 Real Stable Polynomials

The class of real-stable polynomials is a multivariate generalization of real-rooted polynomials.

Definition 13.8 (H-Stable Polynomials). A multivariate polynomial p € Clxy, ..., xy] is H-stable
if p(z1,...,2y) # 0 whenever (x1,...,xy,) € H™ where H = {y € C| I(y) > 0} is the upper-half of
the complex plane.

In the third part of the course, we may see some other stable polynomials where the root-free region
is differently specified (e.g. sector-stable polynomials).

Definition 13.9 (Real Stable Polynomials). A multivariate polynomial p is called real stable if p
1s H-stable and all coefficients of p are real numbers.

Some simple examples of real stable polynomials are p(z1,...,x,) = x122 - -, and p(x1, ..., Ty,) =
a1x1 + ...+ apxy where a; > 0 for 1 <4 < n. Some simple non-examples of real stable polynomials
are p(z1,72) = x1 — 22 and p(x1, T2, ¥3,T4) = T172 — T3T4.

Note that it is a generalization of real-rooted univariate polynomials, using that complex roots of a
polynomial with real coefficients come in conjugate pairs.

Exercise 13.10 (Univariate Real-Stable Polynomials). A wnivariate polynomial p € Rlx] is real
stable if and only if it is real-rooted.

Sometimes it is more convenient to check whether a multivariate polynomial is real-stable by check-
ing whether certain derived univariate polynomials are real-rooted.
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Exercise 13.11 (Univariate Restrictions). A polynomial p € Rlxq,...,x,] is real stable if and only
if for any b € R and a € R", the univariate polynomial p(a + yb) in y is not identically equal to
zero and is real-rooted.

Using Exercise 13.11, one can draw some pictures to see that the polynomial 1 — zy is real-stable
while the polynomial 1 + zy is not real-stable.

In this course, the source of all real-stable polynomials comes from determinants.

Proposition 13.12 (Source of Real-Stable Polynomials). If Ay,..., A, € R™ "™ are positive semidef-
inite matrices, then p(xo,x1,...,Tm) = det(zol + > 1", x;A;) is a real stable polynomial.

Proof. The plan is to show that if I(z;) > 0 for all 0 < i < m, then the matrix zol + > /" x;A; is
of full rank, and hence det(xzol + >_:" z;A;) # 0, implying real stability.

Let v € C", and write v = ¢ + 1d where ¢ € R" is the real part and d € R" is the imaginary part of
v. Let X = xol +> % 2;A;, and write X as R(X) +13(X) where R(X) is the real part and J(X)
is the imaginary part of X. Note that if J(z;) > 0 for all 0 < i < m, then I(X) > 0, as 4; > 0 for
0<i<mand I >0.

We claim that Xv = 0 only if v = 0, and hence X is of full rank. To prove this, we show that
v*Xv = (¢ —1d)T(R(X) 4+ 13(X))(c +1d) = 0 only if ¢ = d = 0. Note that the imaginary part of
v*Xw is

S (e — 1d)T(R(X) + 13(X)) (e + zd)] = TY(X)e+ dTI(X)d,

and this is equal to zero only if ¢ = d = 0, because (X ) > 0 when I(z;) > 0 for 0 <i < m. O

One could also prove Proposition 13.12 using the univariate restrictions in Exercise 13.11; see Oveis
Gharan’s notes [Ove20].

Later, we will start from the multivariate real-stable polynomials from Proposition 13.12, and then
apply the real-stability preserving operations in the next section to prove that a univariate polyno-
mial is real-stable, and hence real-rooted by Exercise 13.10.

13.3 Real Stability Preserving Operations

There are several real-stability preserving operations, with some deep characterizations. We just
present the proofs of two operations that we need in this course, and state others without proofs.

The following operation will be useful in reducing the number of variables in the multivariate
polynomial.

Proposition 13.13 (Specialization). Let p(x1,...,%y) be a non-zero real-stable polynomial. For
any ¢ € R, p(c,za,...,Ty) is a real-stable polynomial.

Proof. 1t is clear that p(c, z2,...,zy) has real coefficients as p has real coefficients and ¢ € R. For
stability, consider the sequence of polynomials py = p(c + 127F zo, Zy,) for k > 1. Note that
each py, is a H-stable polynomial (but may have complex coefficients) as p is H-stable. The sequence
{pk}x>1 is converging uniformly to the polynomial p(c, x2, ..., Tm).

Suppose, by contradiction, that p(c,xa, ..., x,) has a root z9,. .., 2z, with $(z;) > 0for 2 <i < m.
By Hurwitz’s Theorem 13.14, for any small enough € > 0 and for every large enough %k (depending
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on €), the polynomial py also has a root ya, ...,y with |y; — z;| < € for 2 < i < m. By choosing
e small enough, we still have S(y;) > 0 for 2 < i < m, but this means that p; has a root with all
imaginary parts positive, contradicting the H-stability of py. O

Hurwitz’s theorem is from complex analysis. The following statement is from Wikipedia.

Theorem 13.14 (Hurwitz’s Theorem). Let {fi}r>1 be a sequence of holomorphic functions on a
connected open set G that converge uniformly on compact subsets of G to a holomorphic function
f which is not constantly zero on G. If f has a zero of order | at zg, then for every small enough
p > 0 and for sufficiently large k € N (depending on p), fr has precisely | zeros in the disk defined
by |z — zo| < p including multiplicity. Furthermore, these zeroes converge to zy as k — 0o.

The other operation that we need is the differential operator that we have seen a couple of times
already. The following proposition is for univariate polynomials.

Proposition 13.15 (Partial Differentiation). If p € Clx| is H-stable, then p+ s-p’ is H-stable for
any s € R.

Proof. Since p(x) is stable, it can be written as c¢[[;_, (v —w;) with S(w;) <0for 1 < j <n. Then

)5 w) =) (1430 ).

For z with (z) > 0, p(z) # 0 as p is H-stable. Furthermore, since ¥(z) > 0 and I(w;) < 0 for
1 < j < n, it follows that %(Z_—lwi) <0for 1 <j <mn, and thus 1 +3°7 x—swj # 0. This proves

that g(z) + s- ¢'(2) # 0 if (2) > 0, establishing H-stability. O

This result can be generalized to multivariate polynomials easily by univariate restriction.

Corollary 13.16 (Partial Differentiation). If p € Rlx1,...,xy] is real-stable, then (14 s- 0y, )p is
real-stable for any s € R.

Proof. Tt is clear that (1 + s- 0, )p has real coefficients if p has. For any ya, ..., ¥ym with S(y;) > 0
for 2 < i < m, the polynomial ¢(z1) := p(x1,¥2,...,Ym) is stable by definition. Proposition 13.15
proves that (14 s- 3, )q(z1) is also stable. This implies that (14 s-d,,)p has no roots in which all
of the variables have positive imaginary part, proving stability. O

The following are some other operations that preserve real-stability, whose proofs are elementary.

Exercise 13.17 (Real-Stability Preserving Operations). Let p(x1,xa, ..., 2Tm) and q(x1,...,Tn) be
real-stable polynomials. Then

1. (Product:) p - q is real stable.

2. (Symmetrization:) p(x1,T1,%3,...,Ty) is real stable.
3. (External Field:) p(ciz1,coxa, ..., cmTm) is real stable for any ci,...,cm > 0.
4. (Inversion:) p( — i,l‘g, ey xm) -:z:il1 1s real stable where dy is the degree of x1 in p.
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5. (Differentiation:) Oy, p is real stable.

Borcea and Briandén characterized a class of differential operators that preserve real stability.

Theorem 13.18 (Borcea-Brindén Theorem). For vectors o, f € N™, let z® = z*(1) ... 22" gnd
P = 851(1) . --af;m) and let D = Za,BENm Cap - T % be a differential operator with cap € R
for all a, B € N™. Then D is a stability preserving operator (i.e. it maps any real-stable poly-
nomial to a real-stable polynomial) if and only if the polynomial Za,ﬁeNm Ca,g = T - (—w)? €
R[x1, ..., &m, w1, ..., W] on 2m variables is real-stable.

For examples, 1 — Ox10x2 is stability preserving because 1 — (—wi)(—w2) = 1 — wiwy is a real
stable polynomial, and similarly 1 4+ z10x5 is stability preserving. For non-examples, 1 + 0y, 0, is
not stability preserving as 1 + wjwy is not a stable polynomial, and similarly 1 — 0y, 0y,04, is not
stability preserving.

Problem 13.19 (Real Stability Preserving Operators). Use Theorem 13.18, or otherwise (both are
possible), to prove the following results.

1. For any 1 < k <n, the k-th elementary symmetric polynomial ZSC([”]) x5 is real stable.
=k

2. Let MAP be the operator that only retains the multiaffine monomials of a given polynomial,
e.g. MAP(1 + x + 323y + 22y) = 1 + o + 2xy. Prove that MAP is stability preserving.

See [Wagl1] for a survey on real-stable polynomials, with a proof of Theorem 13.18.

13.4 Multilinear Formula, Mixed Characteristic Polynomials, and
Interlacing Family

In this section, we use the tools from real stable polynomials to prove that a generalization of the
family in Example 12.11 is an interlacing family, which will be a key component in constructing
bipartite Ramanujan graphs and resolving the Kadison-Singer problem in the next two chapters.

Mixed Characteristic Polynomial and Multilinear Formula

We consider the setting where each A; is a random symmetric rank-one matrix with finite sup-
port (e.g. A; is aa” with probability 0.6, bb” with probability 0.3, cc’ with probability 0.1), and
A=73%""A;is asum of independent rank-one matrices. We are interested in proving that the set
of all possible characteristic polynomials det(zI — >, A;) forms an interlacing family. The fol-
lowing identity of the expected characteristic polynomial is at the heart of the approach by Marcus,
Spielman, and Srivastava.

Theorem 13.20 (Multilinear Formula). If Ay, Ag, ..., Ay, are independent random symmetric rank-
one matrices, then

IEAIMAm[det ()\I—iAiﬂ .y (1 — 0y,) det </\I+§:a:i-IE[Ai])

=1 =1 i=1

r1=x2="+"=Im,=0
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The right hand side of the multilinear formula is called the mixed characteristic polynomial of the
expected matrices E [A4],...,E[A,,], which are not of rank one in general.

Definition 13.21 (Mixed Characteristic Polynomial). The mized characteristic polynomial of n xn
matrices By, ..., By, (not necessarily rank-one) is defined as

,u[Bl, .. ,Bm]()\) = ﬁ (1 — 8352) det <)\I+ ixl . BZ>

=1 =1

T1=xo= =Ty =0

There are different proofs of Theorem 13.20. We first present the proof from [MSS15a] (suggested by
James Lee), and then discuss a proof by Tao [Tao13]| which shows more clearly why it is a multilinear
formula. The original proof by Marcus, Spielman, and Srivastava used the Cauchy-Binet formula
in Fact 2.30.

Inductive Proof: The base case is similar to the calculations in Section 10.1 and in Exercise 11.8,
with the only difference that E [A;] is not necessarily a scaled identity matrix.

Lemma 13.22 (Expected Rank-One Update). For any square matriz M and a random vector v,

E, [det(M — U’UT>] =(1—0,)det (M +z-E [UUT] )

:1::0.

Proof. First, we assume M is invertible. By the matrix determinantal formula in Fact 2.29,
det(M — vol) = det(M) - (1- ’UTM_IU) =det(M)(1—Tr (M_lvUT)).
Taking expectation on both sides,
E,[det(M — vol)] = det(M) — det(M) Tr (M 'E [vo']).
On the other hand, by the Jacobi’s formula in Fact 2.39,
Oy det (M +z-E [vov"] )| _, = det (M) Tr (M~'E [v0"]),
and so the lemma follows when M is invertible. When M is not invertible, we can choose a sequence
of invertible matrices that approach M. Since the lemma holds for each matrix in the sequence and

the two sides are polynomials in the entries of the matrix, a continuity argument implies that the
lemma also holds for M as well. O

Then Theorem 13.20 can be proved by applying Lemma 13.22 repeatedly.

Exercise 13.23 (Inductive Proof of Multilinear Formula). Complete the proof of Theorem 15.20
by using Lemma 13.22 inductively and the assumption that Ai,..., A, are independent random
variables.
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Multilinear Proof: The proof presented by Tao [Taol3] also starts from the matrix determinantal
formula, which shows that det(Al — >""; A;) is multilinear in terms of A;, when each A; is a rank
one matrix. Then we can understand that the RHS of Theorem 13.20 is just a Taylor expansion of
the LHS.

Lemma 13.24 (Taylor Expansion of Multilinear Polynomial). Let p(x1,...,2zn) be a multilinear
polynomaal in x1,...,Tm. Then

p(xlv e 7xm> = H (1 + xiayi)p(yb L 7y’m)

E—
i=1 v Yym

Proof. As p is a multilinear polynomial, it can be written as p(x1,...,%m) = ZSC[m] cs [Lics 4,
where cg is the coefficient of the monomial [ [, g ;. Note that cs = [[;cq 9y, p(y1, -
as differentiation and substitution kill all the terms except cg. Therefore,

p(x1, ... Tm) = Z (Hx,-)(H@,L.p(yl,...,ym)‘y:0> :ﬁ(l—i—xia i)p(yl,...,ym)‘

SC[m] i€S ieS i=1

o aym) Y1=..=Ym=0’

y:0‘
O

Putting in p(x1, ..., zmy) = det(B+x1A1+. . .+xpAp) in Lemma 13.24 gives the following corollary.

Corollary 13.25 (Determinant of Sum of Rank One Matrices). If Ay,..., Ay, are symmetric rank-
one matrices, then

m
det(B + x1 A1 + ...+ 2mAp) = [ [ (1+ 2i0y,) det(B + y1A1 + ... + ymAp) K
i=1 Y1=...=Ym=
To prove Theorem 13.20, we set B = A and 1 = ... = x;, = —1 in Corollary 13.25. Then, we take

the expectation on both sides using the sum of monomials form, and move the expectation inside
the summation by linearity of expectation, and then move the expectation inside the products by
independence of the random variables Ay, ..., A, to obtain the following result.

Exercise 13.26 (Expansion Proof of Multilinear Formula). Complete the proof of Theorem 13.20
by proving that

Ea, .. A, [det <M — 214)} =pn[E[A1],... ., E[4n]](N),

the mized characteristic polynomial of E[A1], ..., E[An] in Definition 13.21.

Interlacing Family of Independent Rank-One Matrices

With the multilinear formula in Theorem 13.20, we are now ready to prove that the set of all possible
characteristic polynomials {det(A] — > /" A;)} form an interlacing family. The following lemma
will be useful in showing that all conditional expectation polynomials are real-rooted.

Proposition 13.27 (Expected Characteristic Polynomial is Real-Rooted). The expected character-
istic polynomial B4, . A, [det ()\I—Z?il Az)] 1s real-rooted for any independent random symmetric
rank-one matrices Aq,...,Apn.
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Proof. We start from the RHS of the multilinear formula in Theorem 13.20. Since each A; is
a random symmetric rank-one matrix, the expected matrix E[4;] = Zj pjvjva = 0 is a positive
semidefinite matrix. So, by Proposition 13.12, the multivariate polynomial det(A 4>, x;-E[4;])
is a real-stable polynomial. By the results in stability preserving operations in Corollary 13.16 and
Proposition 13.13, applying the differential operator 1 — 0,, and substituting real numbers preserve
stability. Therefore, the LHS of the multilinear formula is a real-stable univariate polynomial in A,
and thus real-rooted by Exercise 13.10. O

The following interlacing family plays a major role in the sequence of papers by Marcus, Spielman
and Srivastava [MSS15b, MSS15a, MSS21].

Theorem 13.28 (Interlacing Family of Independent Rank-One Matrices). Let Ay, Aa, ..., A be
random symmetric rank-one matrices, where each A; has l; possibilities Uiylvgjl, . 7/U'ivliv,i1:li' The
set of all [T, l; polynomials in {det(A] — > 7", Uﬁjivz‘T,ji)} form an interlacing family, where each
Jgi € {1,...,l;} for 1 < i < m. Furthermore, the root polynomial of the interlacing family can be
Eai,... A, [det ()\I > Az)] for any independent distributions on Ay, ..., An.

Proof. The tree has depth m, with the root at depth 0. At depth 0 <i < m —1, each node has ;1
children. Each leaf of the tree is labeled by a sequence (j1,72,--.,Jm), representing a path from
the root to the tree, where j; € [l;] represents the j;-th child of an internal node in the (i — 1)-th
level. The polynomial in the leaf node corresponding to (ji, j2, ..., jm) is det(A — >, Ui,jiUiT,ji)a
a choice vjiv}-:, for each A; for 1 < i <m.

Given the independent distributions on Ay, ..., A;,, the polynomial in an internal node (j1, jo, . . ., jk)
at depth k is defined as Eq,_, .. 4, [det ()\I - Zle vi7jivz'7:ji - Zﬁkﬂ Ai)], the conditional ex-
pectation polynomial where A; = vjiv}; is fixed for 1 < ¢ < k. The root polynomial is then

Ea,,. A, [det (A= 307 Aj)].

We need to check that the two conditions of an interlacing family in Definition 12.10 are satisfied.
The first condition is satisfied by construction, that the polynomial in each non-leaf node at depth
k is a convex combination of the polynomials in its children, where the convex combination is based
on the given probability distribution of Ay, which is independent of other random variables.

For the second condition, we need to prove that the polynomials in the children of a non-leaf node
have a common interlacing. By Theorem 12.8, it suffices to prove that all convex combinations
of the polynomials in the children of a non-leaf node are real-rooted. Consider an internal node
(J1,---,Jk) at depth k, with lj children (j1,...,75k,1),..., (41, -, Jk, k). Given any convex combi-
nation g1, ..., uy, with g, >0 for 1 <a <l and Zé’;l e = 1, we need to prove that

i k m
E det [ M — UL — - A;
Ha Agy2yeAm e Uz:]ivl,‘ji vk+17avk+1,a ?
a=1 i=1

1=k+2

is real-rooted. Observe that this is just the expected characteristic polynomial Ep, . B, det(\ —
Sty B;) for a related set of independent random symmetric rank-one matrices, where By, ..., By
are just the (deterministic) random variables with B; = vmivgji with probability one, By is the
random variable with By = vk+1,av,{+17a with probability p, for 1 < a <lgi1, and Bgio,...,Bmn
are just the same as the random variables Agys,..., Ap. By Proposition 13.27, any such convex
combination is real-rooted, and hence the children have a common interlacing by Theorem 12.8. We
conclude that the polynomials in the leaves form an interlacing family. O
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Note that this generalizes the family in Example 12.11, and thus completes the proof for the re-
stricted invertibility result in Theorem 12.14.

We will use this interlacing family for constructing bipartite Ramanujan graphs and resolving the
Kadison-Singer problem in the next two chapters.
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Chapter 14

Bipartite Ramanujan Graphs

We will see how Marcus, Spielman, and Srivastava [MSS15] used the method of interlacing family
of polynomials to prove the existence of bipartite Ramanujan graphs, using the 2-lift construction
proposed by Bilu and Linial [BL06].

The expected characteristic polynomials in this problem are exactly the matching polynomials of
graphs, and we will see some classical results of these polynomials.

14.1 Combinatorial Constructions of Ramanujan Graphs

Recall the definition of Ramanujan graphs from Chapter 7.

Definition 14.1 (Ramanujan Graphs). Let G = ([n], E) be a d-regular graph and oy > as > ...
oy, be the eigenvalues of its adjacency matriz. We say G is a Ramanujan graph if max{aa, |ay|}
2v/d — 1.

We are interested in constructing an infinitely family of d-regular graphs that are all Ramanujan.
This is best possible, as Alon-Boppana Theorem 7.10 proved that for any € > 0, every large engouh
d-regular graph has max{ag, |a,|} > 2v/d — 1 — €. There is a meaning of the value 2v/d — 1, which
is the bound on the absolute value of the eigenvalues of the infinite d-regular tree, the best possible
d-regular expander graphs in the combinatorial sense.

There are known constructions of Ramanujan graphs of constant degree from Cayley graphs. All
known graphs are (¢ + 1)-regular where ¢ is a prime power. The analyses of these constructions
use deep mathematical results and in particular some by Ramanujan (and hence the name). They
are explicit in that the neighbors of a vertex can be computed in O(logn) time. See the survey by
Hoory, Linial, and Wigderson [HLW06] for more details.

2-Lifts

It is of interest to find combinatorial constructions of Ramanujan graphs. Bilu-Linial [BLO6]| pro-
posed a method to construct Ramanujan graphs using 2-lifts.

Definition 14.2 (2-Lift). Let G = ([n], E) be an undirected graph. A signing of the edges of G is
a function s : E(G) — {—=1,+1}. The 2-lift G = (V, E) of G associated with a signing s is defined
as follows. The vertex set V of Gs is V. ={1,...,n,1' ... n'}, where each vertez i € V(G) has two
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copies i and i’ in Gy. For each edge ij € E(G), if s(ij) = 1, then the edges ij and i'j' are in E;
otherwise, if s(ij) = —1, then the edges ij’ and i'j are in E.

Bilu and Linial conjectured that if G is Ramanujan, then there is a 2-1ift of G that is also Ramanujan.
Note that if G is d-regular, then any 2-lift of G is also d-regular with the number of vertices doubled.
So, if the conjecture is true, then it implies the existence of an infinite family of d-regular Ramanujan
graphs for any degree d. Just start with the complete graph on d + 1 vertices, which is Ramanujan,
and keep doing a good 2-lift to double the graph size. Bilu and Linial used probabilistic method
(Lovasz local lemma) and the techniques in proving the converse of expander mixing lemma in

Theorem 7.5 to prove that there exists a 2-lift with max{as, |am|} < v/dlog d.

Spectrum of 2-Lift

There is a nice formulation to analyze the spectrum of a 2-lift of a graph.

Definition 14.3 (Signed Matrix). Given a graph G = ([n], E) and a signing s : E(G) — {—1,+1} of
the edges, the signed matriz Ay € R™™" is defined as follows. Ifij € E, then (As)ij = (As)ji = s(ij),
otherwise (Ag);; = 0.

The proof of the following statement is left as a homework problem.

Problem 14.4 (Spectrum of 2-Lift). Given a graph G = ([n], E) and a signing s : E(G) — {—1,+1}
of the edges, the spectrum of the adjacency matrizc A(G’S) of the 2-lift G, is equal to the disjoint union
of the spectrum of the adjacency matriz A(G) of G (called the old eigenvalues) and the spectrum of
the signed matriz As (called the new eigenvalues). That is, the multiplicity of an eigenvalue o of
A(Gy) is equal to the sum of the multiplicity of o of A(G) and the multiplicity of o of As.

With this statement, to prove that there is a Ramanujan 2-lift of a d-regular Ramanujan graph
G = (V, E), it is equivalent to proving that there is a signing s : E(G) — {—1,+1} so that the
maximum absolute eigenvalue of the signed matrix Ay is at most 24/d — 1. Bilu and Linial made
the following stronger conjecture which does not assume that G is a Ramanujan graph.

Conjecture 14.5 (Bili-Linial [BL06]). For any d-regular graph G = (V,E), there is a signing
s: E(G) — {—1,4+1} so that all eigenvalues of Ag have absolute value at most 2v/d — 1.

14.2 Bipartite Ramanujan Graphs from Interlacing Family

Marcus, Spielman, Srivastava [MSS15] proved Conjecture 14.5 for bipartite graphs.

Theorem 14.6 (Bili-Linial Conjecture for Bipartite Graphs [MSS15]). Any d-regular bipartite graph
G = (V,E) has a signing s : E(G) — {—1,+1} so that the mazimum eigenvalue of As is at most
2v/d — 1.

Note that for a bipartite graph, bounding the maximum eigenvalue is enough because the spectrum
is symmetric (see Lemma 3.4), even for the signed matrix. This is the reason that Theorem 14.6
only holds for bipartite graph, because the new probabilistic method using interlacing polynomials
can only bound the maximum eigenvalue (or one eigenvalue), but not the maximum eigenvalue and
the minimum eigenvalue at the same time.
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As the spectrum of a bipartite graph is symmetric, any d-regular bipartite graph has the maxi-
mum eigenvalue equal to d and the minimum eigenvalue equal to —d, which are called the trivial
eigenvalues. A bipartite graph is Ramanujan if all its non-trivial eigenvalues are at most 2v/d — 1.

Definition 14.7 (Bipartite Ramanujan Graphs). Let G = ([n], E) be a d-regular graph and o1 >
Qg > ... > ayp be the eigenvalues of its adjacency matriz. We say G is a bipartite Ramanugjan graph

if max{ag, |an-1]} < 2vd —1.

A corollary of Theorem 14.6 and Problem 14.4 is that any bipartite Ramanujan graph G has a 2-lift
that is Ramanujan. Note that a 2-lift of a bipartite graph is bipartite. So, starting from a complete
bipartite graph with 2d vertices, which is Ramanujan (see Example 3.3), repeatedly applying a good
2-lift proves the following theorem.

Theorem 14.8 (Bipartite Ramanujan Graphs of Every Degree [MSS15]). For every d, there is an
infinite family of d-regular bipartite Ramanujan graphs.

Probabilistic Method

Theorem 14.6 is proved by the method of interlacing family of polynomials developed in Chapter 12
and Chapter 13. Given a d-regular graph G = (V, E) with m := |F| edges, there are totally 2"
different signed matrices of G and we consider the uniform distribution on these 2™ signed matrices.
The plan is to prove that there exists a signing s : E(G) — {—1,+1} such that

Amas (det (21 — A3)) < Amax (Ese{ﬂ}m [det(z] — AS)]> <ovd—1. (14.1)

The first inequality is a relatively straightforward application of Theorem 13.28 and we will prove it
in this subsection. For the second inequality, it turns out that the expected characteristic polynomial
is exactly the “matching polynomial” of the graph, a well-studied object in the literature, and the
upper bound 2v/d — 1 is already proved by Heilmann and Lieb in the 70s. We will compute the
expected polynomial in the next subsection, and then review some classical results about matching
polynomials in Section 14.3.

Theorem 14.9 (Probabilistic Method for Signed Matrices). For any d-regular graph G = (V, E),
there exists a signing s : E(G) — {£1} such that )\max(det(xl — As)) < Amax (Es[det(ajl — As)]),
where the expectation is over the uniform distribution of all the signings of the edges.

Proof. To apply Theorem 13.28, we would like to write Ag as a sum of independent random rank
one symmetric matrices. Note that we can write A; = ) _p Ae, where each A is a random
variable with (A¢)ij = (Ae)ji = s(ij) if e = ij and all other entries zero. The issue is that A, is
a rank two matrix, not rank one. Instead, we consider the random variable L. = D. + A., where
(De)ii = (De)jj = 1if e = ij with all other entries zero. So, each L, is the signed Laplacian matrix
of an edge, which is a rank one matrix. Denote L, = ) __p L., which is a sum of independent
random rank one symmetric matrices. Note that Ly = dI + A as the graph is d-regular, and thus
det(z] — A;) can be written as det((x+d)I — Ls). Applying Theorem 13.28 on the random variables
{Le}eck, there exists a signing s : E(G) — {£1} such that

Amax (et (Y] — L)) < Amax (Es [ det(yl — Ly)])

By doing a change of variable y = z+d, the same signing s satisfies the statement of the theorem. [
Theorem 14.9 proves the first inequality in Equation 14.1.
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Expected Characteristic Polynomial

Perhaps surprisingly, the expected characteristic polynomial is already known to be equal to the
matching polynomial of a graph, a well-studied polynomial in Combinatorics.

Definition 14.10 (Matching Polynomials). Given an undirected graph G = ([n], E), let m; be the
number of matchings in G with © edges with mo = 1, the matching polynomial of G is defined as

pa() = (=1)"-my - 2",

i>0
The following identity is by Godsil and Gutman (see [God93]).

Theorem 14.11 (Expected Characteristic Polynomial is Matching Polynomial). Given an undi-
rected graph G = ([n], E), the expected characteristic polynomial of the signed matrices is

Eocr1yim [det(m[ — AS)} = pa(z),

where the expectation is over the uniform distribution of all the signings of the edges.

Proof. Let My = xI— A;. We expand the determinant of M, as sum of permutations as in Fact 2.26,
so that

Eodet(s] — A) =Eg Y sgn(a)H(Ms)iya(i) = sgn(o) - E, [H(Ms)iva(i)}

gESy i=1 gESy i=1
where sgn(o) = (=1)"™() and inv(o) := [{(i,4) | i < jand o(i) > o(j)}| is the number of
inversion pairs of the permutation o. Since each edge is independent and E [(M;); ;] = 0 as each

edge is equally likely to be +1, all the permutations with at least one variable with degree one
vanished. Therefore, for the permutations remained, each edge (M,);; appears exactly twice and

i k
Es |:H(M3)’i,(7(i):| — 2k, H(MS)?[,jl — 2k
=1

=1

for some k. So, each matching of size k will contribute sgn(c) to the coefficient of " 2*. Check
that each matching of size k has the same sign, with sgn(o) = —1 if k is odd and sgn(o) = 41 if k
is even. We conclude that E, det(z] — Ag) = Y s 0(—1)F - my - 22" = pe(x). O

14.3 Matching Polynomials

Quite amazingly, the maximum root of the matching polynomial was studied by Heilmann and Lieb
in 1972 and their result is exactly what is needed for bipartite Ramanujan graphs.

Theorem 14.12 (Heilmann-Lieb). For any undirected graph G of mazimum degree d, the matching
polynomial pg(x) is real-rooted with mazimum root at most 2v/d — 1.

So, the results by Godsil-Gutman in Theorem 14.11 and Heilmann-Lieb in Theorem 14.12 combined
to establish the second inequality in Equation 14.1, and this completes the proof of Theorem 14.6.

The original proof by Heilmann-Lieb uses recursion and induction. We present an approach by
Godsil [God93| which consists of three steps:
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1. The matching polynomial of a graph G of maximum degree d divides the matching polynomial
of an associated tree T (called the path tree) of maximum degree d.

2. The matching polynomial of a tree T is equal to the characteristic polynomial det(zl — A7)
of its adjacency matrix Ap.

3. The maximum eigenvalue of the adjacency matrix Ar of a tree T' of maximum degree d is at

most 2v/d — 1.

Since the characteristic polynomial of the adjacency matrix of a tree (and more generally a graph)
is real-rooted, (1) and (2) imply that the matching polynomial of a graph is real-rooted. Therefore,
the maximum root of the matching polynomial of G is

)\max(ug(ﬂv)) < Amax (MT(ac)) = )\max(det(xl — AT)) <2vd-—1,

where the first inequality is by (1), the equality is by (2), and the last inequality is by (3). Therefore,
proving the three steps would complete the proof of Heilmann and Lieb’s result in Theorem 14.12.

The third step is already done in Problem 3.10. The second step is left as an exercise, as its proof
is similar to that in Theorem 14.11, showing that only permutations corresponding to matchings
contribute to the characteristic polynomial.

First Step

The proof of (1) in [God93] is not long but involves algebraic manipulations. Here we try to give a
proof by pictures. Given a graph G, we start from an arbitrary vertex v. Let the degree of v be d,
and the neighbors of v be uy, ..., uqs. We add d—1 copies of G —wv to the graph and call the resulting
graph H. Check that the matching polynomial of the disjoint union is equal to the product of the
matching polynomials, i.e. pg,uG, () = pe, (z) - pa,(z) where G1 U Gy is the disjoint union of two
graphs Gy and Ga. Therefore, pup(z) = pa(z) - (pa—o(z))
G divides the matching polynomial of H.

, and so the matching polynomial of

7 ra rd /.
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Consider the following graph H’, where the edge vu; in G is replaced by vu; in the i-th copy of
G — v for 2 < i < d (see the picture below). The claim is that the matching polynomials of H and
H' are the same. The reason is that there is a one-to-one correspondence between matchings in H
and matchings in H’, as v can only be matched to one vertex. See the pictures, where the red edges
are the edges in a matching. Now, in H', there are no cycles involving v.
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v

Applying the same operations (duplicate and branch, and remove isolated vertices) on uj in the
first copy of G — v, on ug in the second copy of G — v, and so on, the resulting (big) graph will have
no cycles and is a tree. The resulting tree is called the path tree of GG, as there is a path in T for
each path in G. See the following picture from [God93] for a complete example.

0123 01234
012

1 /0134

o1 —013
0132

0231

02 — 023
T o234

021 ~— 0213

02134

All these operations preserve the property that the matching polynomial of the old graph divides
the matching polynomial of the new graph, and so by induction the matching polynomial of the
original graph G divides the matching polynomial of the path tree, which has maximum degree at
most d. This “proves” the first step. See Chapter 6 of [God93| for the formal proof.

14.4 Discussions and Problems

One obvious open question is whether this approach can be extended to construct a true Ramanujan
graph (that satisfies |ay,| < 2¢/d — 1). There is a trick to get something close.

Problem 14.13 (Twice Ramanujan Graphs). Show that the current approach can be used to con-
struct a d-regular graph with max{ag, |a,|} < 4v/d — 1.

Another obvious open question is whether this approach can be made efficient algorithmically.
Note that the natural attempt would not work, as it is NP-hard to compute the coefficients of
matching polynomials. Marcus, Spielman, Srivastava [MSS18] gave another construction of bipartite
Ramanujan graphs using interlacing families for permutations, and Cohen [Coh16| showed that their
construction can be implemented in polynomial time.

The following is an exercise that completes the second step of Godsil’s proof.
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Exercise 14.14 (Matching Polynomial of a Tree). Prove that the matching polynomial of a tree T
is equal to the characteristic polynomial det(xzI — Ap) of its adjacency matriz Ap.

The following are some identities for matching polynomials, which can be used to give a formal
proof that the matching polynomial of a graph G divides the matching polynomial of its path tree.
They can be proved by some simple relations between the number of matchings in a graph and its
subgraphs.

Problem 14.15 (Identities for Matching Polynomials [God93]).

1. peum(x) = pe(x) - pp(z) for disjoint G and H.
2. ua(r) = pene(T) — pie\uo(T) if € = uv is an edge of G.

8. pa(x) =2 pea(®) = Dy Hovui(T) if u € V(G).
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Chapter 15

Multivariate Barrier Method

Marcus, Spielman, and Srivastava [MSS15] proved Weaver’s conjecture using the method of inter-
lacing family of polynomials. A key component in their proof is a multivariate barrier method to
bound the maximum root of the expected characteristic polynomial, which is an extension of the
barrier method by Batson, Spielman and Srivastava for spectral sparsification in Chapter 10.

15.1 Weaver’s Conjecture

It was observed that the linear-sized spectral sparsification result by Batson, Spielman, and Srivas-
tava in Theorem 10.1 looks similar to the conjecture by Weaver, which is known to be equivalent
to the Kadison-Singer problem (see [MSS15, MSS14]), whose positive resolution would have impli-
cations in several areas of mathematics.

Conjecture 15.1 (Weaver’s Conjecture). There exist positive constants « and € so that the following
holds. For every m,n € N and every set of vectors vi,...,vy, € R" such that

Zviv;f:[n and ||vil|3 <a for 1<i<n,

there exists a partition of {1,...,m} into two sets S1 and So so that

Amax<zvivg> <l—€ for 1<j5<2.

’iESj

Note that since ) ;g vl + > ies, viv] = I,,, the conclusion in Weaver’s conjecture is equivalent
to

el, < Z viviT <(1—¢€l, and eI, = Z Uﬂ),L-T < (1 — €)1y,
€51 1€S52

and so the vectors in S7 and in Sy form spectral approximators of the identity matrix. In The-
orem 10.1 by Batson, Spielman, and Srivastava, the task was to find scalars sq,..., sy, with few
nonzeros so that

1 - 1
(1-eI, < Zsiviv? <(1+el, = 5(1 —el, < Z Slvin-T < 5(1 +e)l,
i=1 i=1
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So, if all the scalars si/2 are either zero or one, then Theorem 10.1 would have given a positive
resolution to Weaver’s conjecture. This is not always possible, however, since if there is a long
vector (say ||v;|| = 1), then setting si/2 to be zero or one would violate the minimum eigenvalue and
the maximum eigenvalue bounds. This is why there is an additional condition ||v;]|3 < o in Weaver’s
conjecture, which says that long vectors are the only obstructions to finding such a partitioning.

Graph Sparsification

In terms of graph sparsification, the question in Weaver’s conjecture corresponds to finding an
unweighted sparsifier. Recall the reduction in Lemma 9.11 and the discussions in Subsection 9.2,
the length ||v;]|3 is equal to the effective resistance of the i-th edge in the graph. So, Weaver’s
conjecture in the graph setting states that if the maximum effective resistance of an edge is small
enough, then there is a partitioning of the edges into two groups so that the subgraph formed by
each group is a spectral approximator of the original graph. Some examples of graphs with small
maximum effective resistance are expander graphs and edge-transitive graphs (such as hypercubes
and Cayley graphs).

Omne could apply the matrix Chernoff bound in Theorem 9.13 to this problem, and it works for
o < 1/log?n with high probability, but this is not enough for Weaver’s conjecture. The approach
by Batson, Spielman, and Srivastava for spectral sparsification heavily depends on a careful choice
of scalars and does not seem applicable for constructing unweighted sparsifiers. See [BST19| for a
recent paper on constructing unweighted sparsifiers.

15.2 Probabilistic Formulation

Marcus, Spielman, and Srivastava formulated and proved a probabilistic statement that implies
Weaver’s conjecture.

Theorem 15.2 (Marcus-Spielman-Srivastava [MSS15]). Let v1,...,v, € R be independent ran-
dom vectors with finite support such that

m
E[vaip] =1, and E[||v|3] <eforl1<i<m.
i=1

Then

Pr [Amw(ivwf) <(1+ ﬁ)z] > 0.

Reduction

Weaver’s conjecture is about partitioning and Theorem 15.2 is about sum of random variables, but
there is a simple reduction from the former to the latter.

For each vector u; € R™ in Weaver’s problem, define a random vector v; € R?>" with two choices:

v; = V2 (uz> with probability 1/2  and v = V2 <0

0 Ug

) with probability 1/2.
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The first choice corresponds to putting w; in the first group, and the second choice corresponds to

putting u; in the second group. Then, by the assumption that Y ;" 1ul = I,
T m m T
o1 (w0 T wul 0\ (I, 0
elf] = (7 wp) = Rl -2 (' ) (& 5) -
1= 1=

Similarly, by the assumption that ||u;[|3 < a,
E [||vill3] = E [v vi] = 2/|uill3 < 20

By Theorem 15.2, there exists a choice of vy, ..., vy, such that Amax(D it viv; Iy < (14 Vv2a)2
intended, we put vector wu; into Sy if we select the first choice for v;, and put u; into So 0therw1se.
Then the conclusion from Theorem 15.2 implies that

/\max<<2ziegluiuf 0 >> (1+V2a)? = AmaX(Zvl ) %(1+\ﬁ)

2 ZzeSQ Uity i€S;

for 1 < j < 2. So, when « is small enough (say « < 35), then £(1+ v2a)? < 1 and thus Weaver’s
conjecture follows. We record the following corollary for future references.

Corollary 15.3 (Solution to Weaver’s Conjecture). Under the same setting in Conjecture 15.1,
there exists a partition of [m] into two sets S1 and Sy such that for 1 < j < 2,

(1 -0) 4 S

i€S;

(1+v2a)*-

l\')\r—t

Corollary 15.3 is quantitatively stronger than Weaver’s formulation, as when « is small enough, we
can bound how far is the solution from the ideal partitioning %I , which will be useful in applications.

Proof Overview

The plan of the proof is to show that there exists a choice of the random variables vy, ..., v,, such
that

)\max<det (ﬂn - iw >) < Amax (Evh_,_,vm [det (ﬂn — ivz >D (1+ve)? (15.1)

=1 =1

We have established in Theorem 13.28 that the set of all possible characteristic polynomials det(xI,,—
S vivl) forms an interlacing family, and the root polynomial can be set to be E,, [det (J:In—
Yoy vszT)] where the expectation is taken over the independent uniform random dlstributions on
V1,...,Um. Therefore, by the new probabilistic method for interlacing family in Theorem 12.12, we
have already proved the first inequality, using the techniques from real stable polynomials described
in Chapter 13.

The main goal of this chapter is to prove the second inequality in Equation 15.1, given the assump-
tions that E [||v;[|3] < efor 1 <i<m and E [} 1" v;v] | = I,,. In Chapter 14, when we construct
bipartite Ramanujan graphs, the expected characterlstlc polynomial turns out to be exactly the
matching polynomial and there were known results bounding the maximum root. For Weaver’s
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conjecture, bounding the maximum root of the expected polynomial is a major technical challenge
(that took Marcus, Spielman, and Srivastava four years to solve).

Recall the multilinear formula in Theorem 13.20 that

Eoy...om [det ()\I —~ ivw?)] = ﬁ (1 — 8y, ) det ()\I - ix -E [vp] ] )

=1 =1 i=1

r1=x9=+ =Ty, =0

This formula plays an important role in the first step, by showing that the expected characteristic
polynomial is real-rooted to establish common interlacing for the new probabilistic method to work.
Perhaps unexpectedly, the formula also plays an important role in the second step. Their idea is
to first prove an upper bound of the “maximum root” of the multivariate polynomial det ()\I +
Stz E [vivﬂ ), and then maintain a good upper bound after each (1—0,,) differential operator
is applied. To establish the upper bound, they finally realized that the barrier method developed
for linear-sized spectral sparsification in Chapter 10 can be extended to the multivariate setting in
a syntatically similar way!

15.3 Multivariate Approach

To bound the maximum root of the univariate polynomial E [det ()\I o viv; )] the approach
taken is to bound the “maximum root” of the multivariate polynomial [T (1 — 9,,) det (A +
Yot E [Uﬂ}iT] ), which will be defined in a moment.

First, we use the assumption and define some notations to slightly simplify the statement. Using
the assumption that E [Z?; vivﬂ = I, we rewrite the RHS of the multilinear formula as

ﬁ(l—&ri)det(i()ﬂ—xi)-E[vwﬂ) :fj1 Ous det<2xl viv, >

i=1 i=1
Denote the matrix E [vz ] B; and note that B; = 0 for 1 <14 < m. Denote the polynomial after
applying the differential operator k times by

Pr(@1, . am) = [ (1 = 0z,) det (ZmiBz), (15.2)
=1

i=1

r1=...=Tm,=0 T1=...=Tm=A

so that po(z1,...,2m) = det(3 /", 2;B;) and pp(x1,. .., Tm) = [[12; (1 — Oy,) det (Z?il xlBZ)

Definition 15.4 (Above the Roots). Given a multivariate polynomial p(x1,...,xy), we say a point
y € R™ is “above the roots” of p if p(y +1t) > 0 for allt = (t1,...,tm) € RY,.

Our goal is to prove that the point (1 + /€)? -1 is above the roots of the multivariate polyno-
mial py,(21,...,2y). Note that this implies that the maximum root of the univariate polynomial
PN ) =TT, (1 — 0,) det (D7 @iB;) oy =...=a,n=x is at most (1 + y/€)?, and thus by the
multilinear formula the maximum root of the univariate polynomial E,, .. [det ()\I — Z:’;l vivf )]
is at most (1 + 1/€)2.

Initially, since > ", B; = I, by assumption, it follows that py(¢,¢,...,t) = det(tI) > 0 for any
t > 0, and so the point ¢ - I is above the roots of pg for any ¢ > 0. The strategy in [MSS15] is to
prove inductively that (¢ 4+ 6,...,t+0,t...,t) is above the roots of py for some § for all 1 < k < m.

%,_/

k coordinates
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Multivariate Barrier Functions

To execute the above inductive proof strategy, a similar approach as in Chapter 10 for spectral
sparsification is used, to establish a “soft /comfortable” upper bound for the induction to go through.

Recall that in Definition 10.3, the potential function ®“(A) = Tr(ul — A)~! is defined, and the
invariant ®“(A) < ¢ is maintained to guarantee that u is well above the roots. Also recall from
Remark 10.6 and Remark 11.6 that ®“(A4) = p/y(u)/pa(w) where pa(x) = det(zl — A) is the
characteristic polynomial of A, and so the potential function has a natural interpretation in terms
of polynomials. This univariate barrier function is generalized to the multivariate setting as follows.

Definition 15.5 (Multivariate Barrier Functions). Given a real-stable polynomial p € R[z1, . .., Ty
and a point y € R™ above the roots of p, for 1 <1 < m, the barrier function of p in direction i aty
is defined as
@i (y) = 2 p(y)
p(y)

FEquivalently, we can define

‘ a0, (i) 1
D (y) = 22— = :
ad Gy.i(yi) jzz:l Yi = Aj

where qyi(t) is the univariate restriction q,;(x) = p(y1,. .., Yi—1,t,Yit1,-.-,Ym) where X1, ..., A\g
are the roots of this univariate polynomial, which is real-rooted as substituting real numbers preserve
real-stability by Proposition 15.13.

For spectral sparsification, we maintain one potential function @A(x) to show that u € R is well
above the roots by showing that ®*(u) < ¢ for some small ¢ € R. For Weaver’s problem, we
maintain m potential functions @Zl)(m), ., @' () to show that y € R™ is well above the roots by
showing that @) (y) < ¢ for 1 <i < m for some small ¢ € R.

Definition 15.6 (Induction Hypothesis). Let o = (¢,...,t) € R™ be the initial point above the
roots of po in Equation 15.2 for some t > 0, such that @;(xo) < ¢ for some ¢ € R for 1 <i < m.
This is the base case. Let x, = (t+0,...,t+0,t,...,t) with the first k coordinates being t + 0. The
induction hypothesis is to maintain that (I>1i,k (xx) < & for 1 < i <m, for 1 < k < m where py is
defined in Equation 15.2. The parameters t, ¢, will be chosen at the end.

15.4 Bounding the Maximum Root

In this section, we do the calculations to carry out the induction as described in Definition 15.6.

Monotonicity and Convexity

The following monotonicity and convexity properties are generalizations of Exercise 10.4 in the
univariate case to the multivariate setting.

Proposition 15.7 (Monotonicity and Convexity). Suppose p € Rlz1, ..., x| is real-stable and y
is above the roots of p. Then, for all i,j € [m] and 6 > 0, the following two properties hold.

1. Monotonicity: ®},(y + 6 - ej) < ®(y) where e; is the j-th vector in the standard basis.
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2. Converity: ®}(y+0-ej) — PL(y) < -0y, PL(y+0-€;).

The proof of the univariate case in Exercise 10.4 is easy, but the proof of the multivariate case
in Proposition 15.7 is not. The proof in [MSS15] uses a deep result that any bivariate real-stable
polynomial p(x1, z2) can be written as £ det(x1 A+29B+C) for some A, B = 0 and some symmetric
C. Then they do some explicit computations from this representation to prove monotonicity and
convexity.

Tao [Tao13] gave a more elementary proof using complex analysis. We gave a proof sketch of Tao’s
proof in L15 in the previous offering of CS 860. We won’t give a proof of this proposition in this
offering, and refer the reader to [MSS15, Taol3]. One reason is that the arguments are different
and independent from the rest of the proofs and also not self-contained, and another reason is that
I don’t understand the proofs well enough to provide any further explanations.

Inductive Proof

As a warm up, we first see that when a point y is well above the roots, then y is still above the
roots after the operation 1 — 0,,.

Lemma 15.8 (Above the Roots after One Operation). Suppose that p € Rlz1, ..., x| is real stable
and y € R™ 4s above the roots of p, with the additional property that @;(y) <1forl<i<m.
Then y is still above the roots of (1 — Oy, )p for 1 < j < m.

Proof. Let z € R™ be a point above y such that z > y. We would like to prove that (1—0;,)p(z) # 0
for any 1 < j < m, and this would imply that y is still above the roots of (1 — 0,,)p. By the

monotonicity property in Proposition 15.7, ®5(z) < @%(y) < 1 for 1 < j <m. This implies that

Dz, p(2)

1> @%(z) = ()

= 0#p(2) = 0;p(2) = (1= 85,)p(2)-
0

The lemma shows that y is still above the roots after one differential operation, but we cannot
repeat this argument because the condition Qzlfaz.)p(y) < 1 may no longer hold. To maintain
the invariant, we will increase the upper bound in ‘the corresponding coordinate to decrease the
potential value. Assuming the monotonicity and convexity properties of the multivariate barrier
functions in Proposition 15.7, the proof in the following inductive step is actually very similar to the
univariate case as presented in Lemma 11.9 (and also in Problem 11.13). Basically, we can do exact
calculation to compute the increase of the potential function after the 1 — 0,, operation, and then
use convexity to bound the decrease of the potential value by shifting up the barrier to y + 0 - e;.

Lemma 15.9 (Maintaining the Potential Values). Suppose that p € R[z1,...,zy] is real stable and
y is above the roots of p. Suppose further that @;(y) <1- % for 1 <i <m for some d > 0. Then,
for1<i,j<m,

B1_o, )+ 6+ ¢5) < Bi(y),

and y + 0 - e; is still above the roots of (1 — Oy, )p.
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Proof. By Definition 15.5,

00200 (-9 (-9 | (=B _ g 0%
U0 (1= 0u,)p (1-ohp  (-¥p  (Q-0)p " 1-9}
Therefore, '
~ » Oz, @3 (y + dej)
oY Y+ de;) = B (y + de;) — ——L I
1oty +3) = Byl + ) — BT
To prove q)%lfazj )p(y + dej) < @;(y), it is equivalent to proving that
, . 9.’ Se
i (y) — D (y + dej) > —-2 oy +0¢5) (15.3)
1 — ®p(y + dej)
By convexity of the multivariate barrier function in Proposition 15.7, we have that
@Ii,(y) — @;(y + dej) > =0 - 8xj<1>;(y + de;).
So, Equation 15.3 holds if we could prove that
: Oy, )y + de; 1
§ - O, @), (y + bej) < — pj(y S U F - , (15.4)
1 — @p(y + de;) 1 — Pp(y + dey)
where the equivalence is by noting that Bqu); = (9%.(1){, and so the numerators are the same,

and 0y, @;(y + dej) < 0 as the barrier function is monotonically decreasing above the roots by
Proposition 15.7 and so the inequality is reversed when we cancel the numerators. Our assumption
implies that

> 1 ' > ' 1
1—p(y) 1= Tp(y + dey)
as desired, where the second inequality is again by monotonicity. We conclude that <I>’('17 5 )p(y+ -
ej) < ®(y) for 1 < 4,5 < m, and y+ 0 - e; is still above the roots of (1 — 0y, )p by Lemma 15.8. [

We will choose ¢ =1 — % in the induction hypothesis in Definition 15.6.

Choosing the Parameters

By Lemma 15.9, if we choose the initial 29 = (¢,...,t) such that @;(1:0) <l-iforl1<i<m
for some ¢ > 0. Then, by induction, z,, = (¢t +9,...,t+ J) is above the roots of p,,. This would
imply that t 4+ ¢ is above the roots of the univariate polynomial E [det ()\I -y viviT)] by the
multilinear formula. It remains to optimize ¢ and § to prove the best upper bound.

Note that for the induction step to go through, we only used the property that the polynomial is
real stable, and the general properties of monotonicity and convexity. We have not used the specific
form of pi in Equation 15.2. Also, we have not used the crucial assumption that E [[lv;[|3] < e.
These are (only) needed in the following computation of the initial value.

Recall that po(x1,...,2m) = det(3_;~, x;B;) where B; = E [viv;f] > 0. The assumptions of Theo-
rem 15.2 are that >.7" | B; = > E [v;v] | = I, and E [||v;]|3] = Tr(B;) < e. The initial potential
function is
-1
8 () = QA (D i) det (N wB) T (S 2iB) By) _ gy ( (ix 5) B
det (Zi:l :CZBl) det (Zi:l {L'ZBz) i1
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where the second equality is by the Jacobi formula in Fact 2.39. Put in g = (¢,...,t), using the
assumptions that » ;" B; = I and Tr(B;) < ¢, the initial potential value is

@], (z0) = Tr ((t1) ' B;) = T Tx(B,) <

Sl

If we set ¢ so that @f;o (2g) < 7 <1— %, then by Lemma 15.9, we will get the final bound ¢ + 4. So,
we should set ¢ so that § =1 — %, and the final bound is

1
1—

t+ y
t

This is minimized when ¢t = /€ + ¢, and the final bound is (1 4 v/€)?. This completes the proof of
Theorem 15.2 using the induction hypothesis in Definition 15.6.

15.5 Discussions

The major open problem is to design a polynomial time algorithm to find the solution in Theo-
rem 15.2.

It is interesting to reflect on the journey to the solution to the Kadison-Singer problem. First, it
started from the nice formulation of the spectral sparsification problem, as an intermediate step
to design a fast Laplacian solver. Then, the reduction to the isotropy case, which helps to match
the cut sparsification result by Benczur and Karger. Then, the barrier method was developed,
starting with the heuristic argument from expected characteristic polynomial. Then, the interlacing
property was observed, and the heuristic argument was developed as a new probabilistic method
of interlacing family. The theory of real-stable polynomials was used to establish that the family
in Theorem 15.2 is an interlacing family, with the crucial multilinear formula. Finally, the barrier
method was understood as a way to bound roots, and it was extended to the multivariate setting
through the multilinear formula to solve the problem. It is an amazing line of work with so many
great ideas and techniques developed.
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Chapter 16

Strongly Rayleigh Measure

We see some applications of the theory of real-stable polynomials in probability theory. Some results
will be used in the next chapter to extend the method of interlacing family of polynomials.

We have mentioned in Section 13.1 that the real-rootedness of the generating polynomial of a prob-
ability distribution implies some strong properties of the probability distribution. In this chapter,
we study the following generalization of this concept to the multivariate setting.

Definition 16.1 (Strongly Rayleigh Measure). Given a probability distribution p : {0,1}" — R,
the generating polynomial is defined as

gu(171,..-7$m) = Z M(S)HIL’I
SClm] ies

We say p is strongly Rayleigh if its generating polynomial g, is a real-stable polynomial.

We will see some interesting examples in Section 16.1, and some useful properties in Section 16.2.
Some parts of this chapter are from the course notes of Oveis Gharan [Ovel5, Ove20].

16.1 Determinantal Measure

An important example of strongly Rayleigh measure is determinantal measure. This is also called
the determinantal point process in the literature (see [KT12]).

Definition 16.2 (Determinantal Measure). Let X be a random variable over {0, 1}™ with probability
distribution p : {0,1}™ — R. We say u is determinantal if there exists a matriz A € R™*™ such
that

Pr(SCX)= Y nu(R)=det(Asys)
RR2S

for every subset S C [m], where Agg is the |S| x |S|-submatriz of A restricting to the rows and
columns corresponding to S.

There is a compact formula to write the generating polynomial of p in terms of A.

Proposition 16.3 (Generating Polynomial of Determinantal Measure). If p : {0,1}™ — R is
determinantal with an m x m matriz 0 < A L I, then the generating polynomial is

gu(z) = det(l — A+ A - diag(x)).
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Proof. Let h(x) = det(I — A+ A - diag(z)) where z = (x1,...,25) € R™. We will prove that
h(xs) = gu(xs) = >_pcg #(R) for every subset S C [m] where xs is the characteristic vector of the
subset S, and this will imply that h(z) = g,(x). Note that

: I —Ags
h(xs) = det (I — A+ A - diag(xs)) = det ( |05\ s f’ilg g) = det(1,,,_ 15| — Ag.5)-

Let det(Apy) = 1. Recall the expansion of the characteristic polynomial in Fact 2.31 that

n

det(\, — A) =Y A" F(=1)% Y~ det(Ags).

k=0 se(in)
Applying this formula on h,
m—|S| m—|S|
hixs)=1+ > (-DF > det(Agp)=1+ > _ (-D¥ > Pr(X 2R)
k=1 R:RCS,|R|=k k=1 R:RCS,|R|=k

where the second equality is by the definition of determinantal measure where X denotes the random
outcome. Using the inclusion-exclusion principle that

1Yl

Pr(X NY #0) =) (- > Pr(X2R)

k=1 R:RCY,|R|=k
for a fixed subset Y and plugging in Y = S, the above expression can be simplified to

h(xs)=1-Pr(XNS#0)=Pr(XNS=0)=Pr(X C9)= Z w(R) = g(xs)-
RCS

O

Then the proof that determinantal measure is strongly Rayleigh follows from the results of real-
stable polynomials in Chapter 13.

Theorem 16.4 (Determinantal Measure is Strongly Rayleigh). If o : {0,1}™ — R is determinantal,
then u is strongly Rayleigh.

Proof. Using Proposition 16.3, we just need to prove that h(z) = det(I — A + A - diag(z)) is a
real-stable polynomial. We prove the claim when 0 < A < I, and the claim for 0 < A < I will
follow from a continuity argument using Hurwitz’s Theorem 13.14 as in Proposition 13.13. Note
that h(z) = det(I — A+ A - diag(z)) = det(A) - det(A~! — I + diag(z)), where we used that A = 0
so that A1 exists and also det(A) > 0. Since 0 < A < I, it follows that B := A~! — I 3= 0, and so
det(A~1 — I + diag(z)) can be written as det(B + > 1%, x; diag(e;)) where B 3= 0 and diag(e;) = 0
for 1 <i <m. By Proposition 13.12, det(B + Y ;" ; diag(e;)) is a real-stable polynomial and so
is h(z). (Actually, the proof in Proposition 13.12 only proves the case when B = 0, but the case
B = 0 follows from the same continuity argument using Hurwitz’s Theorem 13.14.) g
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Volume Measure

One interesting example of determinantal measure is the volume measure.

Definition 16.5 (Volume Measure). Given vectors vy, ..., v, € R" that satisfies Y v, vivl = I,
the volume measure 11 is defined as u(S) = det (Y, cq viv; ) for each subset S C [m] with |S| = n.
Note that p is well-defined by the Cauchy-Binet formula in Fact 2.50, as

1 = det(, —det(Zv, ) = Z det(va?) = Z w(S).

S:SC[m],|S|=n €S S:S5C[m],|S|=n

The following will be the base case of the proof that volume measure is determinantal.

Lemma 16.6 (Marginal Probability of Volume Measure). Let X be a random output of the volume
measure pi. Then Pr(j € X) = ||v;||%.

Proof. Let V be the n x m matrix with the j-th column being v; for 1 < j < m. Let VZ be
the n x (m — 1) matrix where the j-th column of V' is removed. By the Cauchy-Binet formula in
Fact 2.30,

Prijg X)= > det(zv, )_detva)

S:j¢S,S|=n i€s
By the matrix determinantal formula in Fact 2.29 and the assumption that VV7 = I,,,
det(V5V2") = det(VVT —wj0f) = det(VVT) (L — o] (VVT)v;) = 1 — [y |*.

O

The Gram matrix of the vectors vq,...,v,, shows that the volume measure is determinantal. The
proof of the following theorem uses that the formula for the characteristic polynomial and the
inclusion-exclusion principle are the same.

Theorem 16.7 (Volume Measure is Determinantal). Let Y = VTV be the m x m Gram matriz of
the vectors vy, ..., v, € R™. Let X be a random output of the volume measure p. For any S C [m],

Pr [S C X] =det(Ysg).
Xr~p

Proof. We prove by induction on the size of S. The base case when |S| = 1 was done in Lemma 16.6.
For the induction step, as in the proof of Lemma 16.6, note that

det (VVT = qovl
Prﬂ[X NS =0]= ( det(V%/:%e)S ) = det (In - Z vivl-T).
€S

On one hand, by the inclusion-exclusion principle,

15|
Pr[XmS @]—1—Pr[XﬂS7é@—1+Z > Pr(X2R]

X~p
k=1 R:RCS,|R|=k
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On the other hand, let Vg be the n x |S| submatrix of V' with the columns in S. By det(/ + XY') =
det(I + Y X) in Fact 2.28 and the formula for the characteristic polynomial in Fact 2.31,

S|

det (In - vin-T) = det(L, — VsVE) = det(Lig — VEVe) = 1+ Y (-1)F Y det(VEVa).
i€S k=1 R:RCS,|R|=k

By the induction hypothesis, Pr(R C X) = det(Yr,r) = det(VZ Vg) for all R C S. So, there is a
one-to-one correspondence between the (inner) summands in the above two equations for |R| < k—1,
and hence we must have Prx.,[S C X] = det(VI Vy) = det(Ys,5) as stated. O

Combining Theorem 16.7 and Proposition 16.3 gives a formula for the generating polynomial of the
volume measure.

Corollary 16.8 (Generating Polynomial of Volume Measure). Let i be a volume measure as defined
in Definition 16.5, and Y be the Gram matriz of the vectors as defined in Theorem 16.7. Then the
generating polynomaial is

gu(z) =det (I =Y +Y - diag(z)).

Spanning Tree Measure

An interesting consequence of Theorem 16.7 is that the uniform distribution on spanning trees is
determinantal.

Definition 16.9 (Spanning Tree Measure). Let G = (V, E) be an undirected graph with edge weight
we on each edge e € E. Let the edge set E be the ground set. Let u : {0, 1}‘E| — R be the probability
distribution with p(T) o< [[,cq we if T is a spanning tree and zero otherwise.

The uniform distribution of the spanning trees in a graph is a special case when w, = 1 for alle € F.
Using the proof in the matrix tree theorem in Problem 3.24 and the reduction to the identity matrix
as in Lemma 9.11, one can show that the spanning tree measure is a volume measure.

Problem 16.10 (Burton-Pemantle Theorem). Prove that the spanning tree measure for any weighted
undirected graph is a volume measure (and hence determinantal and strongly Rayleigh).

(It may be more convenient to consider the matriz L(G) + 117 so that it is invertible and do the
matriz tree theorem with this modified Laplacian matriz.)

A nice corollary of Problem 16.10 is that we have a nice formula from Theorem 16.7 to compute
the probability that a subset of edges F' C FE is contained in a random spanning tree.

16.2 Properties of Strongly Rayleigh Measure

Some useful properties of strongly Rayleigh measures follow from closure properties of real stable
polynomials in Chapter 13.

Exercise 16.11 (Strongly Rayleigh Preserving Operations). Suppose p: {0,1}™ — R is a strongly
Rayleigh measure. Prove the following distributions are also strongly Rayleigh.
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1. (Conditioning:) The conditional probability distributions p|z,—0 and pi|g,—1 where the i-th vari-
able is fixred to 0 or 1 for some 1 < i < m.

2. (Projection:) For a subset S C [m], the projection of p onto S, denoted by u|s, is the distri-
bution supported on subsets of S, where for any R C S,

WsR)= S (D).

TC[m]:TNS=R

3. (Ezternal Field:) Given a non-negative vector (Ai,..., Am), p* A is the distribution where

g NS) = u(s) [ v
1€S

The following exercise shows that some concentration property holds for strongly Rayleigh distri-
butions.

Exercise 16.12 (Rank Sequence). Suppose p : {0,1}"™ — R is a strongly Rayleigh measure. For
0<i<m, leta; =Prg,[|S| =1i]. Use Problem 13.7 to show that the sequence ag, ..., an is ultra
log-concave as defined in Definition 13.6.

Truncation

We will use the following result from real stable polynomials.

Lemma 16.13 (Homogenization). Given a polynomial p € Rlx1,...,xy], the homogenized version
of p, denoted by pg, is defined as

pH(fEl T T +1) —_ xdegp p( I Tm )
9 y My Y m—+1 $m+1 9 9 xm+1
For any real stable polynomial p € R[z1, ..., xn] with non-negative coefficients, py is real stable.

The following truncation operation is quite useful.

Theorem 16.14 (Truncation). Given a distribution p and an integer k > 1, the truncation of p is
defined as the distribution u, where uk(S) oc u(S) if |S| = k and zero otherwise. For any strongly
Rayleigh distribution p and any 1 < k < n, ug s strongly Rayleigh.

Proof. Let gu(x1,...,2m) be the generating polynomial of . As p is strongly Rayleigh, g, is real
stable. Consider the homogenized version (g,)n of g,. By Lemma 16.13, (g,)n is also real stable.
Let the degree of g, be d. Observe that the generating polynomial of yy, is

d—k
Gup X 8xm+1gHH _a
Im+1—0

because only the terms with the degree of z,,4+1 being d — k remained, and those terms have

total degree exactly k in other variables x1,...,2, in the homogenized polynomial (g,)r. By
Exercise 13.17 and Proposition 13.13, differentiation and specialization preserves real stability and
S0 gy, is real stable. Therefore, by Definition 16.1, py is strongly Rayleigh. O

This provides an alternative proof that the volume measure is strongly Rayleigh.
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Problem 16.15. Let L = 0 be an m x m matriz. Prove that the polynomial 3_g.gc,,, det(Ls,s) 25
is real stable. Conclude that the volume measure in Definition 16.5 is strongly Rayleigh.

One useful implication is that the determinantal point process restricted to size k subsets, called k-
DPP, is still strongly Rayleigh, even though it is no longer determinantal. So, in particular, k-DPP
still enjoys the nice properties of strongly Rayleigh distributions, including the negative correlation
property in the following subsection.

Negative Correlation

This is probably the most important property of strongly Rayleigh distributions, as for instance it
allows us to apply Chernoff bounds on the variables to prove concentration results.

The simplest form of negative dependency is Pr(z; = 1 | ; = 1) < Pr(a; = 1). Note that the
probability Pr(z; = 1) can be read from the generating probability as

= > uls),

S:53i

Pr(z; =1) = 0y,9(x1,...,Tm)

r1=...=Tm=1

the sum of the coefficients containing ¢. Therefore, we can rewrite the negative correlation inequality
as Pr(z; =1Nx; =1) < Pr(z; = 1) - Pr(z; = 1), and then express it using generating polynomial
as

Strongly Rayleigh measures satisfy this inequality for any y € R™, not just for y = I.

Theorem 16.16 (Negative Correlation). Let g(x1,...,zm) be a multi-linear real stable polynomial.
Then, for all i # j, for all y € R™,

(02,02,9()) - 9(y) < (92,9(4)) (92, 9(y))-

Proof. For any y € R™, consider the bivariate restriction

f(87t) = g(y17 e Yi—1,Yi + Sy Yit1y--- 73/j—173/j +t7 yj-‘rla ... 7ym)

Then f is a bivariate real stable polynomial. Since g is multi-linear, note that

f(s:t) =g(y) +5-03,9(y) +t - 0u;9(y) + st - 02,05,9(y).

The univariate polynomial h(s) = f(s,1) is H-stable (but not necessarily real). Let a + b be a root
of h(s). Then

R(h(a+1b)) = g(y) + a- O, 9(y) — b 9,05,9(y) = 0,
S(h(a+1b)) = b+ 04,9(y) + 0x;9(y) + a - 0z,04,9(y) = 0.

Solving the two equations by eliminating a, we get

(02,05,9%)) - 9(y) — (02,00,9(1))° - b= (90, 9(y))* - b+ (92,9(1)) - (8, 9(y))-

By stability of h, we have b < 0. This implies that (0x,0x;9(v)) - 9(y) — (9x,9(y)) - (92,9(y)) < 0. O
The converse of Theorem 16.16 is also true; see [Ove20].
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Negative Association

A stronger form of negative dependency is called negative association.

Definition 16.17 (Negative Association). The binary random variables {x1,...,x,} are negatively
associated if for any two non-decreasing functions f,g € {0,1}™ — R that depend on disjoint set of
variables, it holds that

Elf(x1,... zm) - g(x1,...,xm)] <E[f(z1,...,2m)] - Elg(z1,...,2m)],

where a function f is nondecreasing if f(Z) > f(§) if £ > 7.

Note that negative correlation is a special case of negative association. Feder and Mihail [FM92]
used negative correlation as the base case in an induction to prove that the random variables
of a strongly Rayleigh measure are negatively associated. Borcea, Brandén and Liggett [BBLO9]
developed the theory of strongly Rayleigh measure and use it to answer many questions about
negatively dependent random variables (see [Peml11]).

One consequence of negative association is that Chernoff bounds apply on the random variables

from a strongly Rayleigh distribution, even though they are not independent.

Theorem 16.18 (Concentration of Strongly Rayleigh Distribution). Let p : {0,1}"™ — R be a
k-homogeneous strongly Rayleigh distribution. Let f : {0,1}™ — R be a 1-Lipchitz function where
|f(S1) — f(S2)| <1 for any two sets S1, Sy C [m] with |S1ASa| = 1. Then, for any a > 0,

M

a

Pr[|f—E[f]|>a] <e F.

Oveis Gharan used this theory to prove many interesting properties of random spanning trees,
and used these properties to design and analyze approximation algorithms for traveling salesman
problems. We refer the reader to his notes [Ovel5]| for some interesting examples.

16.3 References

[BBL09| Julius Borcea, Petter Brandén, and Thomas Liggett. Negative dependence and the geom-
etry of polynomials. Journal of the American Mathematical Society, 22(2):521-567, 2009.
159

[FM92] Toméas Feder and Milena Mihail. Balanced matroids. In Proceedings of the 24th Annual
ACM Symposium on Theory of Computing, May 4-6, 1992, Victoria, British Columbia,
Canada, pages 26-38. ACM, 1992. 159

[KT12] Alex Kulesza and Ben Taskar. Determinantal point processes for machine learning. Found.
Trends Mach. Learn., 5(2-3):123-286, 2012. 153

[Ovel5| Shayan Oveis Gharan. Course notes of “Recent developments in approximation algo-
rithms”, lecture 10-12. 2015. https://homes.cs.washington.edu/"shayan/courses/
approx/index.html. 153, 159, 226

[Ove20] Shayan Oveis Gharan. Course notes of “Polynomial paradigm in algorithm design”, lecture
4. 2020. https://homes.cs.washington.edu/ shayan/courses/polynomials/. 128, 130,
153, 158, 171, 173, 175, 179, 187, 211

159


https://homes.cs.washington.edu/~shayan/courses/approx/index.html
https://homes.cs.washington.edu/~shayan/courses/approx/index.html
https://homes.cs.washington.edu/~shayan/courses/polynomials/

Eigenvalues and Polynomials

[Pem11| Robin Pemantle. Hyperbolicity and stable polynomials in combinatorics and probability.
Current Developments in Mathematics, 2011(1), 2011. 159

160



Chapter 17

More Interlacing Families

We see some further developments in the method of interlacing family of polynomials in this chapter.

17.1 Interlacing Family for Strongly Rayleigh Measure

Motivated by the thin tree problem, Anari and Oveis Gharan [AO14] developed an interlacing family
for strongly Rayleigh distributions and applied it to the asymmetric traveling salesman problem.
We will first study the interlacing family and then discuss the application.

Recall that the interlacing family and the probabilistic formulation by Marcus, Spielman, and Sri-
vastava in Theorem 13.28 and Theorem 15.2 crucially depend on the random variables being inde-
pendent. Anari and Oveis Gharan proved a beautiful generalization of the probabilistic formulation
to strongly Rayleigh measures. In the following, a strongly Rayleigh measure p is homogeneous if
every non-zero monomial in the generating polynomial g, is of the same degree.

Theorem 17.1 (Probabilistic Method for Strongly Rayleigh Measure). Let p : {0,1}™ — R be
a homogeneous strongly Rayleigh measure such that the marginal probability Prg.,[i € S| of each
element 1 < i <m 1is at most €1. Let vy,..., v, € R™ be vectors in isotropic condition 27;1 Uﬂ)iT =

I, and ||v;||3 < €3 for 1 <i < m. Then
P [t

Product distributions are strongly Rayleigh distributions, so Theorem 17.1 should be more general
than Theorem 15.2, but the leading constant is just slightly larger that it cannot be used to prove
Weaver’s Conjecture 15.1. It can still be used to prove a multi-partitioning version of Weaver’s
conjecture for any r > 5, using a similar reduction as in Section 15.2.

< 4(e1 + €2) + 2(e1 + €2)?| > 0.

Problem 17.2 (Multi-Partitioning Weaver’s Problem). Let vy, ..., v, € R™ be vectors in isotropic
condition Y 1t viv] =TI, and ||v;||3 <€ for 1 <i < m. Then, for any r, there is an r partitioning
of [m] into S1,...,S, such that for any 1 < j <r,

St <1( ) 2t "

€S
The proof of Theorem 17.1 is based on the same two key steps as in Chapter 14 and Chapter 15:
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1. Prove that the family of polynomials {det (xI Y ics Viv; )}SESupp(u)
family, and apply the probabilistic method in Theorem 12.12 to show that there exists S €
supp(u) with

)\max<det (m[—z v )><)\max<ESN#[det (xI Zviuf)]).

€S €S

forms an interlacing

2. Bound the maximum root of Eg.,[det (2] — Y, cgviv] )] = Y g pu(S) - det (I — 3 ,cgviv]).
Expected Characteristic Polynomial

Recall that in the solution to the Weaver’s conjecture in Chapter 15, both steps depend crucially
on the multilinear formula in Theorem 13.20. Anari and Oveis Gharan proved a generalization
incorporating the probability measure p.

Theorem 17.3 (Expected Characteristic Polynomial of Strongly Rayleigh Distribution). Let g,
be the homogeneous generating polynomial of a measure p : {0,1}™ — R with degree d. Let
V1,02, ...,0m € R". For any c € R,

¢ Z w(R) det (c/\I - Z 2fuivf>

RC[m)] 1€ER i

::13

(1 — 82 )g#(cl —i—:L') det </\I+ szvz )‘
1 i=1 =0

Proof. Start with the LHS. Let A; = v;v] , which is rank one so that det(A\]+_; z;4;) is multilinear
in x;. Then

> u(Rydet (AL+widi) = > u(R) Z x5 ( [T 0s det (AL+>"w;4;) }f:0> (17.1)
R R

_ % S;R <ga det(AI+ZxJ i)l >
_ %:#(R;S )(Ea det()\l+2x] ) >

where the first equality is by the multilinear expression of det(A + .. x;A4;) as described in
Subsection 13.4.

The idea is to come up with one polynomial g with coefficient »_p g (1) on the monomial z,
and another polynomial f with coefficient [[;cg Ox, det(AM + > 7L, 7 A4;)|z=0 on the monomial z3.
Clearly f(x) := det(A + > 7%, i ds).

Consider g, (cl +2) = S, u(R ) Licg(c + 7;). Each R with R 2 S contributes pu(R) - c/Fl=I5
to #%. Therefore, since p is homogeneous, the coefficient of z° in g, is > rros H(R) - clBI=1S1 =

=15 Y rros M(R). Let g(z) := gulcl + ).

Since both f and g are multilinear in x;, the coefficient of [[;cg z? in f - g is the product of the
coefficients of % in f and in g. We can read the coefficient of [Lics a:? in f- g using the formula

2719 [Ties 02,f - gli—o- So,

2702 foglamg =" Y0 @] 0, det()\I—era:j )leo

€S R:RDS €S
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Therefore,

[0~ = S0

i=1 €S

= ch( 1)lsl. (C>|S|< Z M(R))(il_g@xidet<kf+§:lﬂfjAj)‘fo)'

S R:RDS

Note that the LHS of this equality is equal to the RHS of the statement, and the RHS of this equality
is equal to the LHS of the statement by plugging in x; = —2/c in Equation 17.1 for 1 <i<m. 0O

Using Theorem 17.3 and Corollary 16.8, we have the following formula for the expected characteristic
polynomial for the volume measure.

Problem 17.4. Let vy, va, ..., 0, € R™ with > ", viv; = I, and let p be its volume measure as in
Definition 16.5. Then, for any c € R,

cd=n Z w(S) det (c)\I—Z QUiU;‘F) = ﬁ ( 0 )det (CI+Z T0;0; ) -det ()\I+Z Ti0;0; )’d )

SC[m] €S i=1 i=1 i=1

Interlacing Family

Once the formula in Theorem 17.3 is established, the proof that the family of polynomials { det (x[ —
Y ics Viv; )} Sesupp(y) forms an interlacing family is similar to that of Theorem 13.28. First, using
that g, is real stable as p is strongly Rayleigh, we can prove that the expected characteristic
polynomial is real-rooted.

Exercise 17.5 (Expected Characteristic Polynomial is Real-Rooted). The ezpected characteristic
polynomial Es~, [det (x] — Y ies ’UiviT)] 18 real-rooted for any strongly Rayleigh distribution p.

Then, using a tree with depth m where each internal node has at most 2 children, and associating
each non-leaf node with the conditional expected polynomial, we can use a similar argument as in
Theorem 13.28 to establish an interlacing family for strongly Rayleigh measure.

Problem 17.6 (Interlacing Family of Strongly Rayleigh Measure). Let p : {0,1}" — R be a
strongly Rayleigh measure with homogeneous generating polynomial g,. The set of all polynomials
m {det (:BI Y ics Vil )}Sesupp form an interlacing fomily, where the root polynomial can be

chosen to be Eg~,, [ det (:L’I Siesvivl)]-

Multivariate Barrier Argument

The second step is to upper bound the maximum root of the expected characteristic polynomial.
The proof structure is similar to that in the induction hypothesis in Definition 15.6. The same mul-
tivariate barrier functions ®7(y) = 8,,p(y)/p(y) as in Definition 15.5 are used. Starting with a point
(t,...,t) which is above the roots of the multivariate polynomial g#()\l +x)-det ()\I+Ei:1 T30 ;‘F),
Anari and Oveis Gharan proved that (t+6,...,t+9,t,...,t) with the first £ coordinates being ¢+ ¢
for a small ¢ is still above the roots after applying the differential operator (1 — 8%1) for 1 <i<k.
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Also, the monotoncity and the convexity of the barrier functions in Proposition 15.7 are important
in the analysis.

The main difference is that the differential operator (1 — 02) is different. So, not only they need
to keep track of ®%(y) = 9.,p(y)/p(y), but also the second derivative Wi(z) = 92 p(y)/p(y) as well.
They prove a new lemma that 8, U (y)/0s,®%(y) < 287 (y), also using the result that a bivariate
real-stable polynomial can be written as det(z1 A+ 2B + C) for A, B 3= 0 and C Hermitian. As in
Chapter 15, the assumptions Pr(i € S) < €; and |v;]|3 < €2 are (only) used in the computation of the
initial value of the barrier functions. Because of the differential operator (1—92.) = (1+8,,)(1—09x,),
they could prove that the shift ¢ is much smaller as (1 — 0y,) shifts the root up while (1+ 0,,) shifts
the roots down, hence getting a final bound that is much smaller than that in Theorem 15.2.

We refer the reader to [AO14]| for details. It would be very nice if one could strengthen their result
to prove Weaver’s Conjecture 15.1.

Thin Tree and Asymmetric Traveling Salesman Problem

The main motivation of their work is the thin tree problem and its application to the asymmetric
traveling salesman problem (ATSP).

Definition 17.7 (Thin Tree). Given an undirected graph G = (V,E) and 0 < a < 1, we say a
spanning tree T is a-thin if |07(S)| < a- |0g(S)| for all S C V. In words, a spanning tree is a-thin
if it uses at most a-fraction of edges in every cut.

There is a strong conjecture about the existence of a thin tree.

Conjecture 17.8 (Goddyn’s Conjecture). Every k-edge-connected graph has a O(%)—thin tree.

If the conjecture is true and a O(%)—thin tree can be found in polynomial time, then it would imply
a constant factor approximation algorithm for ATSP [AGM™17].

It can be proved that a random spanning tree is a O(log’i o +4)-thin tree [AGM17]. The argument
is similar to that in cut sparsification, using Chernoff bound and careful union bound. The reason
that we can apply Chernoff bound is that the edges in a random spanning tree are negatively

associated as shown in Chapter 16.

As in graph sparsification, one can define a stronger spectral notion of a thin tree.

Definition 17.9 (Spectrally Thin Tree). Given an undirected graph G = (V,E) and 0 < a < 1,
we say a spanning tree T is a-spectrally-thin if L(T) < « - L(G), where L(T) and L(G) are the
Laplacian matrices of T and G respectively.

Exercise 17.10 (Spectral Thin Tree is Combinatorially Thin Tree). Prove that an a-spectrally thin
tree is also an a-thin tree.

One advantage of this stronger notion is that it is easier to work with. For example, given a tree,
it is easy to check whether it is a-spectrally thin, while it is not known how to check whether it
is (combinatorially) a-thin. Moreover, the solution to the Weaver’s conjecture in Corollary 15.3
provides a non-trivial sufficient condition for the existence of a spectrally thin tree.

Proposition 17.11 (Sufficient Condition for Spectrally Thin Tree [HO14]). If the mazimum effec-
tive resistance of an edge in a graph G is a, then G has a O(«)-spectrally thin tree.
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The solution to Weaver’s conjecture in Corollary 15.3 implies that if the maximum effective resis-
tance of an edge in G is «, then the edge set of G can be partitioned into two subgraphs H; and
Hj such that for i € {1, 2},

%(1 — \/%)LG < Ly, < %(1 + \/ﬁ)LG-

The idea in Proposition 17.11 is to recursively apply this partitioning in each subgraph (with slightly
weaker bound on the maximum effective resistance of an edge) until we cannot apply again, by that
time there will be O(é) edge-disjoint subgraphs of G, each is connected and O(«)-spectrally thin.
This gives hope that the techniques developed in the method of interlacing family of polynomials
can be used to prove Goddyn’s conjecture. Proposition 17.11 gives us a spectrally thin tree, which
is combinatorially thin, but it requires the assumption that the maximum effective resistance of
an edge is small, which is not necessarily satisfied in a k-edge-connected graph. The breakthrough
by Anari and Oveis Gharan [AO15], in a high level, is to reduce the combinatorial problem to the
spectral problem, and use Theorem 17.1 to prove the following result.

Theorem 17.12 (Anari, Oveis Gharan [AO15]). Every k-edge-connected graph has a O(log logn -
1 .
E)—thm tree.

The reduction, however, is very complicated and technically challenging. Also, there is now a con-
stant factor approximation algorithm for ATSP. So we just highlight some underlying mathematics
of the thin tree result. First, check that the probabilistic formulation for strongly Rayleigh measure
can be used to prove Proposition 17.11 without using recursion.

Exercise 17.13 (Direct Proof of Sufficient Condition). Show that Theorem 17.1 can be used to
prove Proposition 17.11. You may use the fact that the probability that an edge is in a uniform
spanning tree is equal to the effective resistance of an edge, i.e. Prple € T| = Reff(e).

The main advantage of Theorem 17.1 is that the output is guaranteed to be a spanning tree, so that
we get connectivity for free (without worrying about the minimum eigenvalue), which is important
for the thin tree problem. The following is the fundamental building block of their approach.

Theorem 17.14 (Spectral Thin Tree from Subgraph). Given a graph G = (V, E) and a subset
of edges F' C E such that (V, F) is k-edge-connected, if Reff(e) < € for all e € F, then G has a
O(% + e) -spectrally thin tree in F.

Proof Idea: Since F is k-edge-connected, there are at least /2 edge-disjoint spanning trees by Tutte
or Nash-Williams’ theorem. This implies that there is a point in the spanning tree polytope with
maximum edge value O(1/k). By expressing this point using “maximum entropy distribution”, it
can be proved that there is a weighting of the edges, so that the weighted random spanning tree
distribution p (which is still homogeneous strongly Rayleigh by Exercise 16.11) has maximum
marginal probability of an edge O(1/k), i.e. e = O(1/k) in Theorem 17.1. The assumption about
effective resistance implies that €2 < ¢, and so Theorem 17.1 can be applied. O

With Theorem 17.14, their strategy is to add “short-cut” edges in the graph, so that they don’t
change the cut structures much, while creating many edges with small effective resistance. They do
it in O(loglogn) iterations so that the edges with small effective resistance form a k-edge-connected
subgraph. The most difficult step is to prove the existence of good short-cut edges, which they proved
by using an involved analysis of a semidefinite program. They managed to prove Theorem 17.12
after 80 pages of work after Theorem 17.14.
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17.2 Interlacing Family for Matrix Discrepancy

The result by Marcus, Spielman, and Srivastava on Weaver’s conjecture can be interpreted as an
improved discrepancy bound over the matrix Chernoff bound in Theorem 9.13. Taking this per-
spective, Kyng, Luh, and Song [KLS20| considered the following more refined matrix concentration
result.

Theorem 17.15 (Matrix Concentration with Variance |Trol2]). Let & € {£1} be independent
random signs, and let Ay,..., Am € R™™ be symmetric matrices. Let 0% = ||Y.", var[&]A2].

Then,
( 64— 6A,
=1 i=1

This theorem implies that with high probability the discrepancy is at most O(y/logn)-o. The main
result of Kyng, Luh, and Song is to prove that there exists a signing with a stronger discrepancy
bound.

2

> t-a) < e~ 7.

Theorem 17.16 (Matrix Discrepancy of Rank One Matrices [KLS20]). Consider any independent

scalar random variables &1, . .., &y with finite support. Let uy, ..., upy, € R™ and
(€] (uiu )?
Then there exists a choice of outcomes €1, ..., €y in the support of &1, ..., & such that
m
Z 51 Ui U, Z € UiU <4o.
i=1
Note that if [|u;||3 < e and Y., wjul = I,,, then 02 < ¢, and the conclusion is that there is a signing

€1,...,6m € {£1} with HZz:l ezuz ; H < O (v€). Check that this matches the result of Marcus,
Spielman and Srivastava in Corollary 15.3 applied to the same setting (i.e. with {1} instead of
{0,1}). Theorem 17.16 is more flexible that allow arbitrary biased +1 random variables, instead of
only zero mean random variables. Also, Theorem 17.16 is more refined in that it proves stronger
bounds when there are only a few vectors with ||u; |3 = € while other vectors are much shorter.

Two-Sided Spectral Rounding

One interesting application of Theorem 17.16 is the two-sided spectral rounding problem from
Chapter 11.

Problem 17 17 (Two-Sided Spectral Rounding). Let vy,...,v, € R™ and x € [0,1]™. Suppose
S wvvl =1, and ||vi||3 < € for all i € [m]. Prove that there exists a subset S C [m] satisfying

(1-0(e) I x> viv] < (1+0(Ve)) - .

€S

This result can be slightly extended to incorporate one non-negative linear constraint, which has
some applications in network design.
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Theorem 17.18 (Two-Sided Spectral Rounding with Costs [LZ20]). Let v, ...,vm € R™, z € [0,1]™
and ¢ € RZ,. Suppose ) ;" " zivivl = 1, ||lvil|3 < € for all i € [m] and coo < €*(c,x). Then there
exists z € {0,1}™ such that

(1-O(v/e <> zwivn] < (140(V0)-I,  and  (1-0(Ve))-(c,x) < (¢, 2) < (140(Ve))-(c, z).

i=1

Proof Ideas

Theorem 17.16 needs to bound the maximum eigenvalue and the minimum eigenvalue of the differ-
ence. Their main idea is to consider the polynomial

det (le — (i{zuzul ) > = det (m] Z{zul ) det <ac[ + Z&uz )
i=1

Note that the largest root of this polynomial is

)\max<det <$2[ - (igzuzu?>2>) = i&zuzu?
=1 i=1

They found a nice formula for the expected characteristic polynomial.

Proposition 17.19 (Expected Characteristic Polynomial for Matrix Discrepancy). Letuq, ..., Uy, €
R™. Consider independent random variables & with means p; and variances %2. Let QQ € R™™ pe
a symmetric matriz. Then

Eg[det< 2[—<Q+Z — pi)uiu )2>]

H <1 - ia;) det <a:I Q+ Z:zzfyzuZ ) det (:cI +Q+ Zz,%uz )

=1 =1 =1

z21=...=2m=0

This formula is obtained inductively by the following lemma, as in the inductive proof of the
multilinear formula in Subsection 13.4.

Problem 17.20 (Expected Characteristic Polynomial after One Step). For positive semidefinite
matrices M, N € R™*™ o € R™ and & a random variable with zero mean and variance v2,

14
2 dt?

Ee | det (M — gou) - det (N + goo™) | = (1= 555 ) det (M + tyov™) det (N + tyou™)| _

Proposition 17.19 implies that the expected characteristic polynomial is real-rooted. Then, using a
similar argument as in Theorem 13.28 and Problem 17.6, one can prove that the set of all possible
characteristic polynomials form an interlacing family. Therefore, by the probabilistic method in

Theorem 12.12, there exists a choice of outcomes €1, ..., €, in the finite support of &1, ..., &, such
that

m m m 2

Z €U U ZIE [&i] uiu Amax <E§11'-~7£m, {det <x2[ — (Z(& —E [Q)um?) )] >

i=1 i=1
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Then the second step is to bound the maximum root of the expected polynomial. The differential
operator 1 — 831_ in Proposition 17.19 is the same as in the formula for strongly Rayleigh measure
in Theorem 17.3. It turned out that the same setup (including the induction hypothesis and the
multivariate barrier functions) and many calculations in [AO14] can be reused. The base case is
different, and once again the assumptions are (only) used in computing the initial values of the
barrier functions.

17.3 Interlacing Family for Higher Rank Matrices

The interlacing families that we have seen so far all involve sum of rank one matrices. It was
remarked that the same approach would fail spectacularly for sum of higher rank matrices, e.g. the
multilinear formula in Theorem 13.20 does not hold and the expected characterisitic polynomials
may not even be real-rooted anymore. Cohen [Coh16] found a very clever solution to bypass expected
characteristic polynomials and proved the following generalization of Theorem 15.2.

Theorem 17.21 (Cohen [Cohl16]). Let Ay, ..., An € R™"™ be independent random positive semidef-
inite matrices with finite support such that

E[ZAZ] =1, and E[Tr(A;)] <efor1<i<m.
=1

Then

Pr [Am(i/xi) < (14 \/2)2} > 0.

The insight of Cohen is to focus on the RHS of the multilinear formula, the mixed characteristic
polynomial in Definition 13.21. The following is a generalization with a “non-mixed” matrix M,
where the mixed characteristic polynomial in Definition 13.21 is a special case with M = 0.

Definition 17.22 (Generalized Mixed Characteristic Polynomial). The generalized mized charac-
teristic polynomial of n x n matrices M, By, ..., By, (not necessarily rank-one) is defined as

w[M; By, ..., Bnl(N) :ﬁ(l—aﬁi) det <)\I—M+ixi-3i>

i=1 1=1

T1=xo=+ =Ty, =0

The multivariate barrier argument in Chapter 15 proved that

Amax (u [E[A],...,E[Ay]] (A)) = Amax ( ﬁ(1 — 8,,) det (/\I + Zm: i E[A] )

i=1 i=1

)§(1+¢€)2-

=0
Cohen’s proof has two steps. The first step is to prove that the set of all possible mixed characteristic
polynomials form an interlacing family and so the probabilistic method in Theorem 12.12 applies.

Problem 17.23 (Interlacing Family for Mixed Characteristic Polynomials). Let A1, ..., A, € R™"
be independent random positive semidefinite matrices, where each A; has k possibilities M; 1, ..., M;},.
Prove that the set of all k™ possible mized characteristic polynomials p[Mi ;,, ..., My, 1(X) where
each 1 <i; <k for 1 < j < m form an interlacing family, and the root polynomial can be chosen to
be u[E[A1],...,E[A]]. Conclude that there exisis a choice M; € supp(A;) for 1 < j < m such
that

Amax (u (M, ..., My ()\)) < Amax (u [E[A],...,E[Ay]] (/\)) .
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The second step is to prove that the maximum root of the characteristic polynomial can only be
smaller than the maximum root of the mixed characteristic polynomial.

Proposition 17.24 (Maximum Root of Mixed Characteristic Polynomials). For any positive semidef-
wnite matrices My, ..., My,

m

Amax(det (M -3 M)) < Amax (u [Mi, ..., My (A))

=1

The proof of Proposition 17.24 is by applying the following lemma, repeatedly, where we move the
mixed part to the non-mixed part one at a time. The proof of the following lemma nicely uses the
convexity of real-stable polynomials for points above the roots.

Lemma 17.25 (Inductive Step for Proposition 17.24). Let M, M;,..., M, € R™™ be positive
semidefinite matrices. Then

Amax (u [M + My; My, ..., My, 1] ()\)) < Amax (u [M; M, ..., M,,] (A))

Proof Sketch: Consider the bivariate polynomial

m—1 m—1
p(A\ x) = H (1 — 0y,) det ()\I — M + xM,, + Z a:zMZ)
i=1

j=1 r1=...=Tpy—1=0

Note that
p(A, —1) = ,u[M + Mp,; My, ... ,Mm_l} (A) and (1 —0,)p(\,x)|z=0 = ,u[M; My, ... ,Mm} (A).

Let A\* be the maximum root of p(\, —1). Note that both p(\,—1) and (1 — 9,)p(\, x)|,=0 are
real-rooted with positive leading coeflicients. So, to prove the statement of the lemma, it suffices to
prove that (1 — 9,)p(\*, z)|,=0 < 0.

Using the result that any bivariate real-stable polynomial p(x1,x2) can be written as +det(x1 A +
x9B + C) for some A, B = 0 and some symmetric C' (or the complex analysis argument in Tao’s
blogpost), it can be shown that the roots of the univariate polynomial p,(\) can only decrease when
we increase x. This implies that the point (A*, —1) is above the roots of p(\, x). Since (\*, —1) is
above the roots of p(\, z), the point (A*,0) is also above the roots of p(\, z). Again, by the result
of bivariate real-stable polynomial, it follows that p(\*,z) is convex along the interval z € [—1,0],
which implies that

p(A*,0) — p(A*, =1) < 9,p(A*,0) = (1 —=0,)p(\*,2)|s=0 < p(\*,—1) = 0.

More Results

The interlacing family for permutations in [MSS18] and the interlacing family for the paving problem
in [RL20| are also very interesting.
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Chapter 18

Real-Stability and Log-Concavity

In this chapter, we study the pioneer work of Gurvits on using real stable polynomials in combina-
torial problems that inspired the recent developments, and we see some applications of real-stable
polynomials in designing approximation algorithms for combinatorial optimization problems. This
concludes the second part of the course about real stable polynomials, and connects to the third
part of the course that involves log-concave polynomials. Our presentation follows closely that of
the course notes by Oveis Gharan [Ove20].

18.1 Gurvits’ Capacity Inequality

An influential concept defined by Gurvits is the capacity function [Gur04, Gur06].

Definition 18.1 (Capacity of a Polynomial). Let p € R[z1,...,x,] be a polynomial. The capacity
of p is defined as
(T1,...,Tn)

e P
cap(p) = :}:I;% Tl T
n

The main theorem in [Gur06] is to use the capacity of a real-stable polynomial p to estimate the
coefficient of the monomial z1 -- -z, in p.

Theorem 18.2 (Gurvits [Gur06]). Let p € Rxy,...,zy,] be a real-stable polynomial with non-
negative coefficients. Then

e cap(p) < By, -+ O, p| ,_y < cap(p).

The proof of the second inequality is easy and holds for any non-negative polynomial. The proof of
the first inequality is deferred to the next section after we introduced log-concavity.

The optimization problem in the capacity function can be formulated as a convex program, which
can be solved in polynomial time using only a value oracle.

Proposition 18.3 (Computing Capacity). Given a real stable polynomial p with non-negative coeffi-
cients, and an oracle that for any x € R™ returns the value p(x), there is an algorithm to compute the
capacity of p up to (1+€) factor in time poly ((p), /), where (p) := n+deg(p)+|10g cmax|+| 10g Cmin|
and Cmax, Cmin o7¢ defined as the mazimum and minimum coefficients in p.
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Proof Sketch: The idea is to do a change of variables to replace z; by e¥:, which is valid since = > 0.
Then consider the logarithm of the objective function

log cap(p) = inf {log (p(eyl, .. ,ey")> — Zn:yz}
i=1

yeRn

Since all the coefficients of p are non-negative, the term log (p(eyl, .. .,ey")) can be written as
log 3", a;et’¥) where a; > 0 and b; € R™ for all i (one term for each monomial). This is known as
the log-sum-exponential function, which is a convex function in y (often used as a soft-max function
in convex optimization).

Using the ellipsoid method to compute log cap(p), one can implement the separation oracle using
only a value oracle and analyze the time complexity by bounding the volumes of the outer ellipsoid
and the inner ellipsoid. See [AO17] for the details. O

Permanent

Gurvits [Gur06] used Theorem 18.2 to approximate the permanent of a matrix and to give a beautiful
proof of the Van der Waerden’s conjecture.

Definition 18.4 (Permanent of a Matrix). The permanent of a matriz A € R™™™ is defined as

per(4) = Z HAi,a(i)a

ocesSn =1

where the summation Tuns over the set of all permutations of n elements.

Gurvits’ idea is to read the permanent of a matrix from the following real-stable polynomial.

Exercise 18.5 (Permanent Polynomial). Given a non-negative matriz A € RZ5", the permanent

polynomial is defined as
pa(T1, ... xn) = HZAi,j “Xj.
i=1 j=1

Show that pa is a homogeneous real-stable polynomial with non-negative coefficients and per(A) =
Oy + Op,pA(T1, . .. ’m”)‘x:()'

It follow from Theorem 18.2 and Exercise 18.5 that there is a determininstic e™-approximation
algorithm for the permanent of a non-negative matrix. The best known deterministic approximation
ratio is (v/2)" by Anari and Rezaei [AR19]. A major breakthrough in approximate counting is a
randomized (1+ €)-approximation algorithm for the permanent of a non-negative matrix by Jerrum,
Sinclair and Vigoda [JSV04] with running time polynomial in n and 1/e. Their method is to
use Markov chains to sample a uniform random perfect matching of the bipartite graph of the
input matrix. It has been a long standing open question to match this result with a deterministic
algorithm.

Van der Waerden conjectured that the permanent of an n X n non-negative doubly stochastic matrix
is at least e~™. This conjecture was proven in the 80s by Gyires and by Egorychev and Falikman.
Gurvits provided a simple and elegant proof using Theorem 18.2 and the AM-GM inequality (which
follows from the concavity of the logarithmic function).
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Exercise 18.6 (Weighted AM-GM Inequality). Let ai,...,an > 0 and p1, ..., p1n > 0 with Y -y i =

1. Then
n n
> o= [t
i=1 i=1

Theorem 18.7 (Van der Waerden’s Conjecture). The permanent of any non-negative doubly stochas-
tic matriz A € R™ " is at least e~ ™, where a matriz is called doubly stochastic if every row sum and
every column sum is equal to 1.

Proof. Let pa be the permanent polynomial in Exercise 18.5. By Exercise 18.5 and Theorem 18.2,

per(A) = a;m T 8$npA(x17 ) xn)‘ >e " Cap(pA);

=0 —

and so the statement would follow if we could prove that cap(pa) > 1 for any non-negative doubly
stochastic matrix A. For any = € R,

n o n n o n A n Zn A n
pa(er,ooan) = |13 Aigay = [T 115 = [Ta7= ™ = 1] s,
j=1 7j=1

i=1j=1 i=1j=1

where the inequality is by the weighted AM-GM inequality in Exercise 18.6 and the assumption
that every row sum is equal to one, and the last equality is by the assumption that every column
sum is equal to one. This implies that cap(pa) > 1 and completes the proof. O

Gurvits’ result can also be used to give a simple proof of the following bound by Schrijver, whose
original proof is combinatorial and highly complicated.

Problem 18.8 (Schrijver’s Bound). Let G be a k-regular bipartite graph with n wvertices on each
side. Prove that the number of perfect matchings in G is ot least (%)n

18.2 Log-Concavity

We follow the proof of Theorem 18.2 by Oveis Gharan [Ove20] that highlights the role of log-
concavity. The following simple lemma about univariate polynomials will be used in the base case.

Lemma 18.9 (Log-Concavity of Non-Negative Real-Rooted Polynomial). Let f € Rz] be a real-
rooted polynomial with non-negative coefficients then log f is a concave function on R>o.

Proof. Let aq,...,a, be the roots of f. As all coefficients of f are non-negative, it follows that
f(x) > 0 for all x > 0 as long as f # 0, and so all the roots of f must be non-positive. Assume
without loss that the leading coefficient of f is one, then

n

log f = log (H(ac - ai)) = zn:log(af — ;).
i=1

i=1

Since a; < 0 for 1 < i < n, we conclude that log f is concave on R>q as each log(z — o) is
well-defined and concave on R>¢ and the sum of concave functions is a concave function. O

The following is Theorem 18.2 in the univariate case.
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Lemma 18.10 (Univariate Case of Theorem 18.2). For any real-rooted polynomial f € Rlz]| with
non-negative coefficients,

inf —~.
x>0 X

Proof. It f(0) =0, then f'(0) = inf,~¢ @ as f(z) is a convex function in z, and so the inequality
holds trivially. Henceforth we assume that f(0) > 0. By log-concavity of f from Lemma 18.9, for
any x > 0,

/
log f(a) < 1og f(0) + allog FO) = tog ™ <hog 7(0) + o 1o
The RHS is minimized when x = f(0)/f’(0), and this implies that
: f(z) f(0) . f(z)
;r;f(’] log " <log f(0) +1 —log 70) = 1+logf'(0) > gf(‘)log pat
which implies the lemma. O

We are ready to prove Theorem 18.2.

Proof of Theorem 18.2. The proof is by induction on the number of variables n. Let

q(z1,. .., Tp-1) := Op, Plz,=0-

Note that q is real-stable as differentiation and substituting real number preserve real stability by
Exercise 13.17 and Proposition 13.13, and also g has non-negative coefficients as p has.

For any zj,...,2,—1 > 0, consider the univariate polynomial f(z,) := p(x1,...,2n—1,2,). Note
that f is real-stable and thus real-rooted, and also f'(0) = g(x1,...,2p—1). Applying Lemma 18.10
on f,

¢ f(xn)zl ; p(:cl,...,xn).

1
/ . N
_1) = f(0) > = -
q(x1, . Tpoq) (0) > ezljl>0 Tn ea:lyfl>0 T

Using this and applying the induction hypothesis on g, we conclude that

axl T 8xnp r1=...=xnp=0 = a371 e 8xn71q‘x1:”.:xn_1:0
IV . T1yeeey -1 _ . L1yeeo )L
> el inf a(@1,..,2n1) >e ™ inf p7< R n)
T1yeesn—1>0 X1 Tp_1 ZT1yZn>0 T Ty

O

Finally, we prove the following generalization of Lemma 18.9, which can be seen as a generalization
of the well-known fact that det(X) is log-concave over the space of positive semidefinite matrices.
This result will be useful in the next section for designing approximation algorithms.

Theorem 18.11 (Log-Concavity of Homogeneous Real-Stable Polynomials). Let p € Rz, ..., )]
be a homogeneous real-stable polynomial with non-negative coefficients. Then p is log-concave on
RZ,.
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Proof. To prove the statement, we will prove that logp(a + tb) is concave along the line a + tb, for
any a € R} and b € R, such that a 4 tb € R} for all ¢t € [0,1]. Let p be homogeneous of degree k.

Then
pla+ th) :p(t(% +b)) - 'p(% +b).

Since p is real-stable and a € R}, p(at 4 b) is real rooted. Let p(at + b) = cTTE,(t — \i) where
A1,..., A € Roare the roots. Then p($ +b) = CH§:1(% — Ai), and so

k
p(a +tb) = t* -p(% +b> = CiHl(l —t\i)

Note that A\; < 1 for 1 < i < k, as otherwise there exists ¢ € [0,1] such that p(a + tb) = 0,
contradicting to our assumption that the line a 4 tb € R’} for ¢t € [0,1] and so p(a +tb) > 0 as p
has non-negative coefficients. Therefore,

k
log p(a + tb) = log(c) + Z log(1 —t\:),
i=1

which is a concave function as each log(l — t);) is a concave function of ¢ for ¢ € [0,1] when
A < 1. ]

18.3 Determinant Maximization

In this section, we see some applications of Gurvits’ capacity inequality in Theorem 18.2 and the log-
concavity of real-stable polynomial in designing approximation algorithms for some combinatorial
optimization problems.

The determinant maximization problem is closely related to the D-design problem that we have
discussed in Section 11.1.

Definition 18.12 (Determinant Maximization Problem). Given a positive semidefinite matriz M €
R™ ™ and an integer k, the goal is to output a set S C [n] with |S| = k that mazimizes det(Mgs).

Oveis Gharan [Ove20] give a simple proof of the following result by Nikolov [Nik15] using the theory
of real-stable polynomials.

Theorem 18.13 (Nikolov [Nik15]). There is a polynomial time algorithm that gives a e=* approz-
imation to the determinant mazimization problem.

Proof Sketch: Consider the following mathematical program for the problem:

max log Z det(Ms g) H T

SCn):|S|=k i€S
n
subject to Z =k
i=1
z; >0 forl<i<n.

First we argue that the program is convex and can be solved in polynomial time. We know from
Problem 16.15 that the polynomial }- g,y 5=k det(Ms,s) [[;c 5 @i is real-stable when M = 0. As
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this polynomial is homogeneous with non-negative coefficients as M = 0, it follows from Theo-
rem 18.11 that the objective function is a concave function, and thus the program is a convex
program. We remark that the proof of Problem 16.15 also provides a compact representation of
the polynomial in the objective function, so that we can evaluate the objective function in time
polynomial in terms of the size of the input M.

Note that the convex program is a relaxation of the determinant maximization problem, and so its
objective value }_gc 5=k det(Ms,s) [[;c5 @i is at least the optimal value opt. Given an optimal
solution x to the convex program, we consider the following simple randomized rounding algorithm.

Let u be the distribution on [n| where p(i) = =i/k. Choose k indexes i1,1i9,...,ix € [n], where
each index i; is sampled from p independently. If i1,...,4; are all distinct, then we output S =
{i1,...,ix}, otherwise we output "failed”. Then, the expected objective value of the output is

E [alg] = Z Pr[S is sampled] - det(Mg ) = Z (k! : H %) -det(Mg,5) > e F - opt,
SE([Z]) SE([Z]) i€S

where the second equality is because there are k! permutations to choose the same subset S, each
permutation with probability [[;cg 7. This bounds the integrality gap of the convex program,
but note that the randomized rounding algorithm is not a polynomial time algorithm (see Exer-
cise 18.14). Nikolov |[Nik15| derandomized this analysis using conditional expectation to give a
deterministic polynomial time algorithm with the same guarantee. O

Exercise 18.14 (Exponential Running Time). Show an ezxample where the randomized rounding
algorithm in the proof of Theorem 18.13 runs in time Q(e").

Problem 18.15 (Sampling by Volume). Suppose there is a polynomial time algorithm that outputs
a random size-k subset S with probability proportional to det(Mgg). Show that this algorithm can
be used to give a randomized polynomial time e *-approzimation algorithm for the determinant
mazimization problem.

Determinant Maximization with Partition Constraints

Nikolov and Singh [NS16] considered the generalization of the determinant maximization problem
with partition constraints. The following is a simple version of their problem.

Definition 18.16 (Determinant Maximization with Partition Constraints). Given a positive semidef-
inite matrizc M € R™™ an integer k and a partition of the ground set [n] into Py U Py U ... U P,
the goal is to output a set S with |SNP;| =1 for 1 <i <k that mazimizes det(Mgg).

We briefly discuss the main ingredients in [NS16]. The natural relaxation in the proof of Theo-
rem 18.13 (with suitable modification) has unbounded integrality gap. The key contribution by
Nikolov and Singh is to come up with a very interesting convex relaxation for the problem. Let
B:={SCn]||SNP|=1V1<i<k} bethe set of subsets that satisfy the partition constraints.
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Write M = VTV and let v; be the i-th column of V. The relaxation in [NS16] is

n
: T
opt = st;p HZ}f det (;xiyivivi >
subject to Z z; =1 Vi<i<k
JEP;
0<z; <1 Vi<j<mn,

[[vi=1 VS € B.
€S

Nikolov and Singh showed that it is indeed a relaxation and it can be solved in polynomial time.
They analyzed the simple rounding algorithm where we choose one vector in P; with probability dis-
tribution {z;};ep,. The analysis uses the real-stability of the polynomial p(y) := det(}> ", z;yviv]).
They reduced the problem of bounding the expected value of the output to bounding the coeffi-
cient of the monomial zj ...z, of a related real-stable polynomial, and then they applied Gurvits’
inequality in Theorem 18.2 to prove that the convex program gives a e *-approximation to the
problem.

Generalized Permanent Inequality

Extending the convex program in [NS16], Anari and Oveis Gharan [AO17] obtained an elegant
generalization of Gurvits’ permanent inequality. The following is a simpler version of their main
theorem.

Theorem 18.17 (Generalized Permanent Inequality [AO17]). For any two multi-linear real-stable
polynomial p,q € Rlxq, ..., z,] with non-negative coefficients,

cp(k) - cq(k) < sup inf p(@)ay)

e _ap()q(y)
f em g <
sup 1nf e Z a>02,y>0 (:zy/a)a’

a>0%:y>0 (azy/a)a T

where a, z,y € R™ are vectors, and k is over the set of monomials of p and q with coefficients c,(K)
and cq(k) respectively. For two vectors a,b € R™, ab € R™ denotes the vector with the i-th entry

being a;b;, and a® € R denotes the number I, afi.

They showed that this result generalizes Gurvits’ inequality and Nikolov-Singh’s result, and provides
deterministic polynomial time algorithms for several counting problems.

Concluding Remark
Besides the applications we discussed, Gurvits’ concept of capacity has found important applications

in analyzing scaling problems including matrix scaling, frame scaling and operator scaling, and there
are various applications of these scaling problems (see e.g. [GGOW20]).
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Chapter 19

High Dimensional Expanders

We begin the third part of the course about high dimensional expanders and log-concave polyno-
mials. In this chapter, we study a definition of high dimensional expanders through local spectral
expansion. We will introduce the necessary concepts and then prove a fundamental result by Op-
penheim called the trickling down theorem. See [Ove20, HL21] for similar notes which are used in
the preparation of this chapter.

High Dimensional Expanders

As we have seen in Chapter 7, expander graphs have nice combinatorial, probabilistic, and algebraic
properties, which is an important reason that there is a rich theory with connections and applications
in diverse areas. While it may be easy to generalize the definition of expander graphs to higher
dimensions for some properties (e.g. combintorial expansion in hypergraphs), it is not easy to find
a definition in higher dimension that generlizes all nice properties of expander graphs. There are
various definitions of high dimensional expanders, some using concepts from algebraic topology;
see [Lub18] for a survey with motivations and applications.

In this course, the main application of high dimensional expanders is in analyzing mixing time of
Markov chains. We will study a more recent and elementary definition developed in [KM17, DK17,
KO20], which was motivated by the study of random walks.

19.1 Simplicial Complexes

A simplicial complex is a high dimensional generalization of a graph.

Definition 19.1 (Simplicial Complex). A set system is a pair X = (U, F) with U as the ground set
and F is a set of subsets of U. A simplicial complex is a set system that is downward closed, such
that if r€e F and o C 7, then o € F.

We follow the convention of using Greek letters o, 7,1, a, 8 for subsets in F. The following are some
basic definitions about simplicial complexes.

Definition 19.2 (Face, Dimension, Pure Simplicial Complex). Any subset o € F is called a face of
the simplicial complex X = (U,F). A face o is of dimension k if its size is |o| =k + 1, e.g. a 0-
dimensional face is a singleton (a vertez), a 1-dimensional face is a pair (an edge), a 2-dimensional
face is a triple, etc. Given a simplicial compler X = (U, F), we use X (k) to denote the set of
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faces of dimension k. A simplicial complex is d-dimensional if the mazimum face size is d+ 1. A
d-dimensional simplicial complex is pure if every mazimal face is of size d + 1.

Simplicial complex is a very general definition. We can associate a simplicial complex to many
classes of combinatorial objects.

Example 19.3 (Simplicial Complex from Spanning Trees). Given a graph G = (V, E), we can
define a simplicial complex X = (E,JF) where the ground set in X is the edge set E of G. A subset
of edges E' C E is in F if and only if E' forms an acyclic subgraph in G. It should be clear that X
s a pure simplicial complex. When G is connected, the mazimal faces correspond to spanning tree,
which are of size |V| —1 and so X is (|V| — 2)-dimensional.

More generally, every matroid naturally corresponds to a simplicial complex.

Example 19.4 (Simplicial Complex from Matroids). A matroid M = (U,J) is a set system where
U is the ground set and J is the set of subsets of U which satisfies the following two properties:

1. J is downward close, i.e. S €J and T C S implies T € J.

2. If ST €7 and |T| > |S|, then there exists x € T\ S such that SU{z} € J.

So, by (1), M = (U,J) is a simplicial complezx. And, by (2), M = (U,J) is a pure simplicial complex.
The sets in J are usually called the independent sets, and the mazimal sets are usually called bases.
It 1s not difficult to check that the simplicial complex from spanning trees is a matroid.

A more general example is the class of linear matroids. Given a matriz A € F™*"™  the linear
matroid of A is defined as M = ([n],J) where the ground set [n] is the set of columns of A, and a
subset S of columns is in F if and only if the columns in S are linearly independent. We leave it as
an ezxercise to check that it is a matroid and includes the matroid from spanning trees as a special
case.

There are many more simplicial complexes that one can define, e.g. simplicial complexes from
cliques of graphs, simplicial complexes for graph coloring, etc. We may discuss some of these in
later chapters.

Weighted Simplicial Complexes

We will consider pure simplicial complexes with weights on its faces. We follow the convention
in [DDFH18] that the weights form a probability distribution on the faces of the same dimension.

Definition 19.5 (Weighted Simplicial Complexes). A weighted pure simplicial complex (X,11) is a
pure simplicial complex with o probability distribution 11 on the faces of maximal dimension.

In applications of random sampling, the probability distribution in the maximal faces are usually
the uniform distribution, so they are simply unweighted simplicial complexes, but the following
definition of induced distributions will be important in our study. An alternative way to think
about these induced distributions is to think of them as weighted degrees of a subset in the simplicial
complex.
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Definition 19.6 (Induced Distributions). Given a d-dimensional weighted pure simplicial complex
(X, 1), a probability distribution I on X (k) for 0 < k < d is defined inductively as follows. The
base case is Iy = II. For d —1 > k > 0, the probability distribution Il : X (k) — R is defined by
considering the marginal distributions such that

1
I (o) = k+2 Z Mi1(8) (19.1)
BeX (k+1):Da

for each face a € X (k). Equivalently, we can understand 11y as the probability distribution of the
following random process. Sample a random face B € X(d) using the probability distribution 114,
and then sample a uniform random subset o of B in X (k), so that

1 1
M) = o M) = - Pr (5>l
’ (g:ﬁ) 56)((2(1):;53@ ’ (gi%) A~Ma

We will often drop the subscript about the dimension of the face. Just keep in mind that each I
is a probability distribution.

19.2 Local Spectral Expanders

We first define links and graphs of simplicial complexes, and then define local spectral expanders.

Links

The following is the key definition that enables a local-to-global approach for simplicial complexes.

Definition 19.7 (Links). Let X = (U,JF) be a simplicial complezx. For a face o € F, the link X, is
defined as
Xo={B\a|BeTF,BDa}

In words, X,, is defined by the faces T that can be used to extend o such that aUT € F.

If X is a pure d-dimensional simplicial complex and o € X (k), then X, is a pure (d—|«|)-dimensional
simplicial complex (where the empty set is a face of dimension —1). In the spanning tree complex
X = (E,7J), given a subset of acyclic edges F' € J, the link X is defined such that a subset of edges
F'is a face in Xp if and only if F U F’ is an acyclic subgraph. In matroid terminology, the link Xpg
is obtained by “contracting” the elements in F. A general approach to study a simplicial complex
is to decompose it into its links, as we will see later in this chapter.

The probability distributions Iy, ..., 1I; on X in Definition 19.6 can be used to define IIg, . . . , 117 ,
on X, using conditional probability, where II*(7) o« Prgm,[8 D 7| 8 D ¢

Definition 19.8 (Induced Distributions on Links). Let (X,II) be a d-dimensional weighted pure
simplicial compler. For any face o and any 7 € X,

() e . WU ol = I(aUT) _ M(auT)
() : 5~H|E+\a|71 B=auUT|BDa] > 81— tr <ol e 1(B) (ICT;JIT\) (o)’ (19.2)

where the last equality follows from Definition 19.6.
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Often, it is enough to understand that II1%(7) oc II(a U 7), and just see the denominator in Defini-
tion 19.8 as a normalizing constant.

Exercise 19.9. Verify that 11 is a probability distribution for every 0 <k < d — |a/.

Skeletons and Graphs

Definition 19.10 (k-Skeletons). Given X = (U,J), the k-skeleton of X is the simplicial complex
X = (U, Fy) where Fy, is the set of faces of F with dimension at most k. When there are weights
on the faces in F, we use the same weight on the faces in Fy.

The special case of 1-skeleton will be of particular interest, which could be thought of as the
underlying graph of the simplicial complex.

Definition 19.11 (Graph of Links). For a link X, the graph Go = (X4(0), Xo(1),11) is defined
as the 1-skeleton of Xo. More explicitly, each singleton {v} in X, is a vertex v in Gy, each pair
{u,v} in Xy is an edge uv in G, and the weight of uv in G4 is equal to I ({u,v}).

A simple observation is that if X is a pure d-dimensional simplicial complex and II is the uniform
distribution on X (d), then for any a € X(d — 2) the weighting II{ on the edges of G, is uniform.
We will use this simple observation later.

Random Walk Matrices
The definition of local spectral expanders will be based on the random walk matrices of the links.

Definition 19.12 (Random Walk Matrix of a Link). Given the graph Go = (Xa(0), X (1),1I¢) of
a link X, let A, be the adjacency matriz of G, and let D, be the diagonal degree matriz where

Do(w,2) = Y Aalwy)= Y Tf({z,y}) = 2005({z}).

y€Xa(0) y€Xa(0)

Check that the last equality follows from Definition 19.6 and Definition 19.8. The random walk
matric W, of G, is defined as

— D~ _ Iz} - WMaud{zy})
Wy =D Ay where Wy(z,y) = 21—18‘({53}) = o[+ 2) Tu =D for all {z,y} € Xuo(1).

Check that the last equality follows from Definition 19.5. Note that the distribution IIg s the
stationary distribution of Wy, as

« « — R a
(I§) "W = (I§) " D3 Ao = 5(1)TAa = (I5)".

Recall from Chapter 6 that the random walk matrix and the normalized adjacency matrix of a
graph are similar matrices, and so the eigenvalues of the random walk matrices are real. The largest
eigenvalue of W, is one and the all-one vector is a corresponding eigenvector.
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Local Spectral Expanders

Finally, we can state the definition of high dimensional expanders that we will use.

Definition 19.13 (Local Spectral Expanders [KM17, DK17, KO20]). Let (X,II) be a pure d-
dimensional simplicial complex. We say (X,II) is a vy-local-spectral expander if \o(Wy,) < v for all
faces a € X, where \o(W,,) is the second largest eigenvalue of the random walk matriz W,.

More generally, given v_1,...,7v4—2, we say (X,II) is a (y-1,...,74—2)-local-spectral expander if
X (Wa) < i for all faces o € X (k) for all =1 <k < d—2.

The definitions in [KM17, DK17| require a lower bound on the minimum eigenvalue of W, as well.
The above definition is from [KO20] where Kaufman and Oppenheim realized that only upper
bounding As is enough for fast mixing of higher order random walks that we will define in the next
chapter.

We can understand the above definition as requiring the “local” random walks in each link graph
are fast mixing. As the random walk matrix has the same spectrum as the normalized adjacency
matrix, we can also understand that the above definition as requiring the “local” weighted graphs
of the links have large edge conductance through Cheeger’s inequality.

Example 19.14 (Complete Complex). Consider the complete compler Xq = (U, F) where every
subset S C U with |S| < d+ 1 is in Fg, equipped with the uniform distribution on the faces of
dimension d. Then the graph of every link of dimension k is an unweighted complete graph with
d — k vertices, with second largest eigenvalue of the random walk matriz being —1/(d — k — 1).

It is not surprising that a complete complex is a good high dimensional expander (if not, what is?).
As in expander graphs in Chapter 7, the goal is usually to construct high dimensional expanders
with few maximal faces. Unlike in the graph case, however, random simplicial complexes are not
high dimensional expanders with high probability. It is difficult to construct sparse high-dimensional
expanders, with only a few known algebraic constructions [Lub18|. This is a topic of great interest
but is out of the scope of this course.

19.3 Oppenheim’s Trickling Down Theorem

To show that a simplicial complex is a ~-local-spectral expander, we need to bound the second
largest eigenvalue of the random walk matrix for every link up to dimension d — 2. In applications
where the goal is to do uniform sampling of the maximal faces, it is usually much easier to work
with the random walk matrix of the “top” links of dimension d — 2, because the graphs of these links
are unweighted as we mentioned before. For “lower” links, just determining the edge weights may
already involve some difficult counting problems. So, it would be very nice if we could bound the
second largest eigenvalues of the lower links by the second largest eigenvalues of the top links, and
Oppenheim’s trickling down theorem [Oppl8] provides such a general bound for any pure simplicial
complex.

Theorem 19.15 (Oppenheim’s Trickling Down Theorem [Opp18]). Let (X, II) be a pure d-dimensional
weighted simplicial complex where 11 satisfies Equation 19.1 and Equation 19.2. Suppose the graph
Gy = (X(0), X (1),1II1) is connected and X\o(W,,) <~ for all v € X(0). Then

y
Ao (W) < ——.
2(Wy) T
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Note that the condition that the graph Gy is connected is necessary, as the example of two disjoint
cliques shows. Applying Theorem 19.15 inductively would give us the following bound.

Exercise 19.16 (Oppenheim’s Bound [Oppl8]). Let (X,II) be a pure d-dimensional weighted sim-
plicial compler where 11 satisfies Equation 19.1 and Equation 19.2. If G4 is connected for every
a € X(k) for every k < d—2, then for any —1 < j <d-—2,

i < Yd—2
Tl (d=2—j)yi2

In general, when v4_o > 0, the bound deteriorates as we go to lower links. But if we could prove
that v4_2 < 0, then Oppenheim’s bound in Exercise 19.16 would allow us to conclude that the
simplicial complex is a 0-local-spectral expander, which is almost as strong as the complete complex
in Example 19.14. An important example of 0-local-spectral expander is the matroid complex in
Example 19.4.

Matroid Complex

The following result is proved in [ALOV19], as an important step in proving the matroid expansion
conjecture that we will explain in the next chapter.

Theorem 19.17 (Matroid Complex is 0-Local-Spectral Expander [ALOV19|). The simplicial com-
plex of any matroid in Fxample 19.4 with the uniform distribution on the mazimal faces is a 0-local-
spectral expander.

Proof. Let X be a pure d-dimensional simplicial complex from a matroid M. By Oppenheim’s
bound in Exercise 19.16, we just need to prove that the graph of every link is connected and the
second largest eigenvalue of the random walk matrix of the links of diemnsion d — 2 is at most 0.

The first claim that the graph of every link is connected follows from the second axiom of matroids
stated in Example 19.4, and is left as a simple exercise.

For the second claim, we first consider the adjacency matrix A, of a face « of dimension d—2. Since
the probability distribution on the maximal faces is the uniform distribution, every non-zero entry
of the adjacency matrix has the same weight. For bounding the spectrum, without loss of generality,
we rescale the matrix such that A, (7, j) = 1 if aU{i, j} is a maximal face and A, (7, j) = 0 otherwise.
We would like to argue that A, has at most one positive eigenvalue, and this would imply that
the normalized adjacency matrix A, has at most one positive eigenvalue by the Courant-Fischer
Theorem 2.12, and this would imply that the random walk matrix W, has at most one positive
eigenvalue as W, and A, are similar matrices.

To argue that A has at most one positive eigenvalue, let us start with the spanning tree complex
in Example 19.3. In the spanning tree complex X = (E,J) of a graph G = ([n], F), the maximal
faces are of size n — 1 and thus of dimension d :=n — 2. Given a face F' C E of dimension d — 2,
with |F| = n — 3, the subgraph formed by the edges in F' has exactly three components left. Note
that the edges remained in the link X are the edges with endpoints in different components. Two
edges e, f in X form a face of size 2 if and only if F'U {e, f}is a spanning tree if and only if e and
f are not parallel edges if we contract the three components into single vertices. In other words,
the edges in X can be partitioned into three equivalent classes Fy, Es, F5 such that two edges e, f
form a face of size 2 in Xp if and only if they do not belong to the same subset. So, the adjacency
matrix Ap can be written as J — XE1X§1 — XE2X:§2 — XE3X:£37 where J is the all-one matrix and
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XE; is the characteristic vector of E; for 1 < ¢ < 3. Therefore, Ap is a rank-one matrix minus three
positive semidefinite matrices. It follows from Courant-Fischer Theorem 2.12 or Cauchy interlacing
Theorem 2.13 that Ar has at most one positive eigenvalue, and this concludes the proof for spanning
tree complexes.

The same proof works for linear matroids, where two columns ¢, j form a face of size 2 if and only
if they are parallel in the linear algebraic sense, and so again the columns can be partitioned into
equivalence classes Fy, Eo, ..., E; (with [ not necessarily equal to 3) so that A = J — Elizl XEnglw
In general, this holds for arbitrary matroids and is known as the matroid partition property and so
the same proof works. O

The proof can be generalized so that the probability distribution on the maximal faces are product
distributions.

Exercise 19.18 (Product Distributions). Let X = (E,J) be a matroid complex. Suppose each
element e € E has a weight w.. Consider the probability distribution 11 where each mazimal face F
has probability I1(F') proportional to [[.cpwe. Prove that (X,11) is still a 0-local-spectral expander.

One may wonder what are other 0-local-spectral expanders. The following problem shows that they
have very restrictive structures such that the graphs of the top links must be complete multipartite
graphs.

Problem 19.19 (Complete Multi-Partite Graphs). The adjacency matriz of a graph G has at most
one positive eigenvalue if and only if G is a complete multi-partite graph.

19.4 Garland’s Method

The main goal in this section is to prove Oppenheim’s Theorem 19.15. We will first prepare by
introducing different inner products for the calculations in the proof. Then we will introduce
the Garland’s method which decomposes a structure of a simplicial complex to the corresponding
structure of its links. Then we will present the proof of Oppenheim’s theorem.

Inner Products and Rayleigh Quotients

Recall from Chapter 6 that the random walk matrix of a graph and the normalized adjacency matrix
of a graph are similar matrices, and so the eigenvalues are real, but the eigenvectors may not be
orthonormal using the standard inner product. It will be convenient to work with a different inner
product so that the eigenvectors are orthonormal with respect to this inner product. Given a random
walk matrix W = D7'A, we have shown in Lemma 6.18 that the eigenvectors uy,...,u, € R?
satisfies (ui,uj)p = >y D(1,1) - ui(1) - wj(I) = 0. For simplicial complexes, we will use the
probability distribution Iy to define the inner product, which is equivalent to the degree distribution
as shown in Definition 19.12.

Definition 19.20 (Inner Products using IT). Given a simplicial complez (X,1II), for two functions
fyg:X(0) = R, define

(£:9)m, = Binx [f()g(@)] = > To(i) f(i)g(i).

1€ X (0)
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Similarly, given a link X and two functions f,g: Xo(0) = R, define (f, g)ug := Eiwx, o) [f(9)g(4)]-
Note that W, is self-adjoint with respect to this inner product, as

(F Wad)g = (2 D Aat)g = 5 (s Aag) = 5(Aaf ) = (Waf g)g- (193)

Check that this tmplies that oll eigenvalues of Wy, are real with corresponding eigenvectors orthonor-
mal with respect to this inner product.

We also define Rayleigh quotients using the inner product in Definition 19.20.

Definition 19.21 (Rayleigh Quotients using II). Given a simplicial complex (X,1I) and a link
(Xa, I%), for a function g : X,(0) — R, the Rayleigh quotient of g is defined as

(9,9)mg

Check that there is a one-to-one correspondence between the Rayleigh quotients of W, and the
Rayleigh quotients of Aa defined as fTALf/fT f, and in particular the second largest eigenvalue of
W, can be characterized as

7Wa o
(W) =  max G Wadimg (19.4)
9:<97T)H8:0 <gag>H8‘

The advantage of working with W, (instead of A, or Ay ) is that we know that the vector 1/|1 g
is an eigenvector of W, with eigenvalue 1 for every link a. Let uq,...,u, be the eigenvectors of W,
that are IIf-orthonormal. Given any y € R", note that we can write y = cius + ... 4+ cpu, with
¢i = (Y, ui)mg, and in particular

_ {y, D

c1 = (y,ur)ng = T (19.5)
g

Garland’s Method

Our plan is to bound the second largest eigenvalue of W using the Rayleigh quotient formulation
in Equation 19.4. Garland’s method is a well-known technique in high dimensional expanders that
decompose a term (Rayleigh quotient in this case) into the corresponding terms over the links,
so that we can apply the properties (second largest eigenvalue in this case) in the links to bound
the terms over the links in order to bound the original term. We first define a notation for the
localization of a function into a link.

Definition 19.22 (Localization to Link). Given a simplicial complez (X,11), a function f : X (k) —
R and a face T, the localization of f to X (k) is defined as fr : X;(k) — R such that f-(o) = f(0)
for all 0 € X, (k).

The following two lemmas show how to decompose the denominator and the numerator of Equa-
tion 19.4 respectively.

Lemma 19.23 (Decomposition of Denominator). Given a simplicial complex (X,II), for any two
functions f,g: X(0) — R,

<f’ g>H0 = IE'U"’HO |:<f7J7 g’U>H6}:|7
where f, is the localization of f to X,(0) as defined in Definition 19.22.
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Proof. The proof is by showing that the distribution Il can be written as E,m,[lI§] by using
conditional probability. Note that <f>g>1'[0 = > wex (o) Ho(w) f(w)g(w) and

B (o] = 3 o) ¥ Mt = ¥ (X M) ) fwsw

veX(0) weX,(0) weX(0) “veX(0)

where l:I(’)’ is just an extension of II§ (with zero entries) so that it has the same dimension as Ilo.
We prove the statement by showing that Ilo(w) = },c x (o) Ho(v) - g (w) as

Do(w)=5 > W(woeh)= > o) Miw)= Y o) - Hf(w).

vi{w,w}eX (1) vi{w,v}eX(1) veX(0)
where the first equality is by Equation 19.1 and the second equality is by Equation 19.2.

An alternative succinct way [Ove20] to write the above proof is

EwNHo [f(w)g(w)] = va€H1Ew|{v,w} [f(w)g(w)} = ]E’UGHO]E{U,’LUHU [f(w)g(w)] = EUNHO [<fva gv>H8]a

where in the first equality to sample a random vertex w we choose a random pair {v,w} and then
drop a random vertex with probability 1/2, in the second equality we use an equivalent process of
first choosing a random vertex v then choose a random edge {v,w} incident on it and then choose
the other vertex w. O

Lemma 19.24 (Decomposition of Numerator). Given a simplicial complex (X,11), for two functions
f9:X(0) =R,
<f7 Wg>H0 = EWNHO |:<fva Wvgv>ng:| )

where W and W, are the random walk matrices of the empty link Xy and the link X, respectively.

Proof. The proof is by showing that the adjacency matrix can be written as the expected matrix of
the adjacency matrices of the links. We use Equation 19.3 to write the terms using the adjacency
matrices so that <f, W9>H0 = %(f, Ag) and

Ey~r1o [<fv, Wvgv>ng} = Ey~r1o |:%<fv7Avgv>} = Ey~rg [%<f7 Avgﬂ = %<f, (EUEHOAU>9>

where A, is just the extended matrix of A, (with zero rows and columns~) so that it has the
same dimension as A. We prove the statement by showing that A = E,¢r,A,. Using conditional
probability, for each entry (u,w),

Auw = Ih({u,w}) = % Y. b(fwvuw)) = Yo o) - Mi({u,w})

vi{u,v,w}eX(2) vi{u,v,wreX(2)
= > o) M({ww}) = Y Ho(v)- (A),,
vEX(0) veX (0)

where the first line is by Equation 19.1 and Equation 19.2.

An alternative succinct way [Ove20] to write the above proof is to rewrite the first step as < f, VVg>H0 =
Efywi~rm [f(v)g(w)] (exercise) and the remaining steps as

E{u,w}NHI [f(u)g(w)] = E{u,v,w}wﬂgE{u,w}|{u,v,w}[f(u)g(w)] = EUNHOE{u,v,wHU[f(u)g(w)]
= EUNHOE{u,w}NH’f [f(u)g(w)] = IEUNHO [<fv’ Wvg”>1’[8] :
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Proof of Oppenheim’s Theorem

We are ready to prove Oppenheim Theorem 19.15. Let G be the graph of X and W be its random
walk matrix. Since G is connected by assumption, the second largest eigenvalue of W is less than
one. Let A < 1 be the second largest eigenvalue of W and f be a corresponding eigenvector achieving
the maximum of the Rayleigh quotient in Equation 19.4 with (f, T)HO = 0. We assume without loss
of generality that (f, f)m, = 1. Therefore, by Lemma 19.24,

= (£, W )y = Everto | {fos W)y |

As each W, is a random walk matrix, the largest eigenvalue of each W), is one with the corresponding
eigenvector being 1,/[|1y[|my = 1,, where 1, is the localization of 1 into X,(0) as described in
Definition 19.22. To bound (fy, Wy fu)ng, we use Equation 19.5 to decompose the vector f, as

fo={fo: L)y - Lo + f- where (I, fi )y =

Expanding the quadratic form using W,1, = 1, (I,, fj‘>ng = 0 and the self-adjoint property in
Equation 19.3, the cross terms are zero and we get

<fv7vav>H” - <fv> >Hv+< , Wy fL> <fva >Hv+’7< q%?fq%) (1 '7)<fva >H”+’7<fvafv>l'[8

where the inequality is by the characterization of the second largest eigenvalue in FEquation 19.4
and the assumption that each link has second largest eigenvalue at most ~, and the last equality is
by (fo, fo)my = ( fu, T >H” (fi, fj)ng by the same orthonormality argument. Therefore, using the
decomposition of the denomlnator in Lemma 19.23 and (f, f)r, = 1,

Eyem, Rfv?W fv> ] < Eyery {( N fo, T >H” +7<fvafv>l’[“} =7+ 1 —7) - Epem, [(fv, >H}

Note that, by Equation 19.2 and Definition 19.12,

Ul = Y Mwint)= ¥ ) = 3 W) fiw) = W H)

we Xy (0) weX,(0)

Hence, as f is an eigenvector of W with eigenvalue A and (f, f)m, = 1,

Everty |(for )| = Bveno [(WH@)?] = (WEWF)g, = 3 {f, P = N2

To summarize,

A= Euerty [(fuos Wolu)gs | S5+ (=) Buenig| (s T | =7+ (1 = )02

Solving this quadratic inequality gives either A > 1 or A < /(1 — ). Since G is connected and
A < 1, we conclude that A < /(1 —~) as stated in Theorem 19.15.

19.5 Problems

The following are two interesting problems.
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Problem 19.25 (Spanning Tree Complex without Oppenheim). Use the results in Chapter 16 to
prove directly that the spanning tree complez is o 0-local-spectral expander, without using Oppen-
heim’s trickling down theorem.

Problem 19.26 (Approximate Negative Correlation of Matroids). In Chapter 16, we have seen
that the variables in a random spanning tree are negatively correlated, such that for any two edges

e# [,
%r[e€T|f€T]§%r[e€T].

This is known to be not necessarily true for general matroids, but not all is lost. Use the result
that any matroid complex is o 0-local-spectral expander in Theorem 19.17 to prove that for any two
elements i # j in a matroid,

%r[i €eB|jeB]|< 2PJ’3r[i € B,

where B is a uniform random basis of the matroid.

Question 19.27. It is an open question what is the best constant that one could prove for the
approrimate negalive correlation property of matroids in Problem 19.26. There are examples showing
that the constant is at least 8/7, and some congectured that this is tight.

19.6 References

[ALOV19| Nima Anari, Kuikui Liu, Shayan Oveis Gharan, and Cynthia Vinzant. Log-concave
polynomials II: high-dimensional walks and an FPRAS for counting bases of a matroid.
In Proceedings of the 51st Annual ACM SIGACT Symposium on Theory of Computing,
STOC 2019, Phoeniz, AZ, USA, June 23-26, 2019, pages 1-12. ACM, 2019. 184, 198,
209, 210

[DDFH18| Yotam Dikstein, Irit Dinur, Yuval Filmus, and Prahladh Harsha. Boolean function anal-
ysis on high-dimensional expanders. Approzimation, Randomization, and Combinatorial
Optimization. Algorithms and Techniques, 2018. 180, 196

[DK17] Irit Dinur and Tali Kaufman. High dimensional expanders imply agreement expanders.
In 58th IEEE Annual Symposium on Foundations of Computer Science, FOCS, pages
974-985. IEEE Computer Society, 2017. 179, 183

[HL21] Max Hopkins and Shachar Lovett. Course notes of “Expander graphs and high-
dimensional expanders”, lecture 6. 2021. https://cseweb.ucsd.edu/classes/sp21/
cse291-g/CSE_291_Expanders_and_HDX_Course_Notes.pdf. 179

[KM17]  Tali Kaufman and David Mass. High dimensional random walks and colorful expansion.
In 8th Innovations in Theoretical Computer Science Conference, ITCS, volume 67, pages
4:1-4:27, 2017. 179, 183, 191

[KO20] Tali Kaufman and Izhar Oppenheim. High order random walks: Beyond spectral gap.
Comb., 40(2):245-281, 2020. 179, 183, 194, 196

|Lub1§] Alexander Lubotzky. High dimensional expanders. In Proceedings of the International
Congress of Mathematicians (ICM 2018), pages 705-730, 2018. 179, 183

189


https://cseweb.ucsd.edu/classes/sp21/cse291-g/CSE_291_Expanders_and_HDX_Course_Notes.pdf
https://cseweb.ucsd.edu/classes/sp21/cse291-g/CSE_291_Expanders_and_HDX_Course_Notes.pdf

Eigenvalues and Polynomials

[Opp18]

[Ove20]

Izhar Oppenheim. Local spectral expansion approach to high dimensional expanders

part I: descent of spectral gaps. Discrete & Computational Geometry, 59(2):293-330,
2018. 183, 184

Shayan Oveis Gharan. Course notes of “Polynomial paradigm in algorithm design”, lec-
ture 12. 2020. https://homes.cs.washington.edu/ shayan/courses/polynomials/.
128, 130, 153, 158, 171, 173, 175, 179, 187, 211

190


https://homes.cs.washington.edu/~shayan/courses/polynomials/

Chapter 20

Higher Order Random Walks

We study two related random walks on simplicial complexes, called the down-up walks and up-down
walks. The main result is that they are fast mixing if the simplicial complex is a good local-spectral
expander. A consequence is that the natural random walks on matroid bases is fast mixing, proving
the long-standing matroid expansion conjecture.

20.1 Random Walks on Simplicial Complexes

Kaufman and Mass [KM17] defined two natrual random walks on faces of dimension k in a simplicial
complex, the up-down walks that go through faces of dimension k 4+ 1 and the down-up walks that
go through faces of dimension k — 1. The most intuitive way to define these walks is to consider the
following bipartite graphs.

Definition 20.1 (Bipartite Graph of a Layer). Let (X,II) be a pure d-dimensional simplicial com-
plex. For any —1 < k < d—1, the bipartite graph Hy, = (X (k), X(k+1); E) has one vertez for each
face in X(k)UX(k+ 1), with an edge between a face a € X (k) and a face f € X(k+ 1) if and only
if a C B and the weight of this edge is k%_? gy1(6).

Up and Down Operators

We consider the random walk matrix of these bipartite graphs and define the important up and down
operators, which correspond to one-step random walks on the bipartite graphs in Definition 20.1.

Definition 20.2 (Up and Down Operators). Let (X,II) be a pure d-dimensional simplicial complez.
Let Ay, be the adjacency matriz of Hy, with Ag(a, ) = Ak(B,a) = k—iz My11(B) if a C B for any
a € X (k) and 8 € X(k+ 1) and zero otherwise. For each face a € X (k), the weight degree of « is

1
deg(a) := Z Ak(a, B) = Z k12 A1 (8) = Ik (a),
BeX (k+1):8Dc BeX (k+1):8Da

where the last equality is by Fquation 19.1. For each face f € X (k+ 1), the weighted degree of (3 is
1
deg(p) := Z Ap(a, B) = Z kr2 e+1(8) = Me41 ().

aeX (k):aCp aeX (k):aCp
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The random walk matriz Wy of Hy, can thus be written as

(0 Dgp

where Dyy1 is a X (k) x X (k + 1) matriz and Uy, is a X (k+ 1) x X (k) matriz with

_ Ap(e,8) Ty (B) _ Aglep) 1
Dk+1(06,6) - deg(a) - (k—i—;)lﬂk(a) and Uk(/gaa) - deg(,B) - k+2

for a« € X(k) and g € X(k+ 1) satisfying « C 3. The matriz D11 is called the down operator
from X(k+1) to X(k) and Uy, is called the up operator from X (k) to X(k+1).

The following remark may clear up some potential confusion about the naming convention.

Remark 20.3 (Down Up Confusion). The name down operator comes from the perspective that
Dyy1 is an operator that maps a function f: X(k+ 1) — R to a function g = D1 f : X (k) — R,
and so the output is one dimension lower and it is called a down operator. In other words, the name
comes from when we do right-multiplication on the matrix.

When we do random walks, however, we do left-multiplication of the form p? Wy,. So Dyq actually
maps a distribution in X (k) to a distribution in X (k+ 1), and the output is one dimension higher.
It is a bit confusing for us because we mostly think about random walks, but it won’t be a big issue
that we won’t often talk about these down and up operators alone.

A useful property is the adjoint property of the up and down operators.

Exercise 20.4 (Adjoint Property). Let (X,II) be a pure d-dimensional simplicial complex. Prove
that for any f : X(k) >R and g: X(k+1) — R,

<kavg>l_[k+1 = <f7 Dk+lg>Hk-

Up-Down Walks and Down-Up Walks

The two random walks defined by Kaufman and Mass correspond to two-steps random walks on
the bipartite graphs in Definition 20.1.

Definition 20.5 (Up-Down Walks and Down-Up Walks). Let (X,II) be a pure d-dimensional sim-
plicial complex. Let Hy be the bipartite graph in Definition 20.1 and Wy, be the random walk matriz
on Hy in Definition 20.2. Consider

w2 — (DPr+1Uk 0 _. PE 0
K 0 U D1 0 P,ZH ’

where PkA e RXK)XXK) s called the up-down walk matriz and PkV«H e RXK+DXX(k+1) 4 called the
down-up walk matriz.

A simple but important property of PkA and ka+

be used in an inductive proof to analyze the spectrum of Pdv .

; is that they have the same spectrum. This will
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Exercise 20.6 (Same Spectrum of PkA and P,Z_l). Prove that there is a one-to-one correspondence

. VAN \V/
between the non-zero eigenvalues of P~ and P/, .

It will be helpful to write out the entries of PkA and PIZI explicitly.

Exercise 20.7 (Entries of PkA and szl). Let (X,1II) be a pure d-dimensional simplicial complez.
For o, € X(k),

ﬁ_Q / if a =d
PP (a,a)) = E%%%%% ifaua € X(k+1)
0 otherwise.
For 5,6 € X(k+1).
Mp11(8") e
o 2 aeX (k):ach oy i@ 4 B=10
n o I / )
Pk+1(ﬂvﬁ)_ % ’LfﬂmﬁIEX(k)
0 otherwise.

Notice that POA is just the standard lazy random walks on a graph. The non-lazy up-down walks
turn out to be important in the analysis.

Definition 20.8 (Non-Lazy Up-Down Walks). Let (X,II) be a pure d-dimensional simplicial com-
plez. For —1 <k <d — 1, the non-lazy up-down walk matriz P}* € RXE)XX(K) 45 defined as

k+2/ _a 1
Pl i= s (B - )
L RN )

Ezplicitly, for o,/ € X(k),

_Mgpa(aa’) ,
Pé\(a,a’) — { (k+1)(k+2) g (a) ifaud € X(kE+1)

0 otherwise.

For the notations, remember that the A in P2 represents that there could be self-loops, while the
A in P’ represents that the two endpoints are different.

The stationary distributions of PkA ., PP, ka are all the same. This can be checked by direct calcu-
lations or check that the time reversible condition (i.e. m; P (4, j) = m;P(j, ) for all 7, j) is satisfied.

Exercise 20.9 (Stationary Distributions). The stationary distributions of PkA, P, ka are I1j.

This will allow us to use the inner product (-,-)m, to bound the eigenvalues of PkA P, ka using
the Rayleigh quotients with I in Definition 19.21.

Random Walks on Matroid Bases: To sample a uniform random basis of a matroid, we consider
the matroid complex with the uniform distribution on the bases, and run the down-up walk Pdv.
Then, by Exercise 20.9, the stationary distribution is the uniform distribution. Note that the down-
up walk Pdv is the natural algorithm that we start from an arbitrary basis By, and in each iteration
t > 0 we drop a random element ¢ of the current basis and then add a random element j so that
Biy1 := By — i+ j is a basis, and repeat. Observe that the random spanning tree algorithm in
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Chapter 6 is a special case. We know from Theorem 19.17 that a matroid complex is a 0-local-
spectral expander. We will see in the next section that the up-down walks and the down-up walks
of a good local-spectral expander mix quickly. Thus this provides a simple and efficient algorithm
to sample a uniform matroid basis, answering a long-standing open question called the matroid
expansion conjecture that we will explain at the end in the next section.

20.2 Kaufman-Oppenheim Theorem

Kaufman and Oppenheim [KO20| proved that if the simplicial complex is a good local-spectral
expander, then the up-down walks and the down-up walks mix quickly.

Theorem 20.10 (Kaufman-Oppenheim Second Eigenvalue Bound [KO20]). If (X,II) is a v-local-
spectral expander, then for any 0 < k < d, the second eigenvalue of ka 1S

M(PY)<1— —— +ky.

We will present the proof of this theorem in the rest of this section, and discuss the matroid
expansion conjecture at the end.

Garland’s Method

An important step in the proof is to use Garland’s method to decompose the down-up walk matrix
and the up-down walk matrix into matrices of the links. We need a definition similar to, but different
from, Definition 19.22.

Definition 20.11 (Restriction to Link). Given a simplicial complezx (X,1II), a function f: X (k) —
R and a face 7 € X(k — 1), the restriction of f to X-(0) is defined as fr : X;(0) — R such that
fr(x) = f(rU{x}) for all x € X-(0).

The following lemma shows that the non-lazy up-down walk matrix P can be decomposed into the
random walk matrix W, of the links for 7 € X (k — 1). The reason that we consider the non-lazy
up-down walk is that there are no self-loops in the random walk matrices of the links.

Lemma 20.12 (Decomposition of Non-Lazy Up-Down Walk Matrix). For any pure d-dimensional
simplicial complex (X,11) and any function f: X (k) — R,

<fv P,Ig\f>l_[k = ETNHIg—l <f7'7 WTfT>H67

where W is the random walk matriz of the link T in Definition 19.12.

Proof. The main idea is to decompose P} into transition matrices where each is about the transitions
involving a particular link 7 € X (k —1). Let P be the X (k) x X (k) matrix with

M1 (U )
(k+1)(k+2) (o)

PMo,0') = if aNa’ =7 and P/(0,0") =0 otherwise.
Note that P = 37 ¢y (1) ¥ by Definition 20.8, as the transition between any two faces o, o’ €

X (k) involves a unique link 7 = aNa’ € X (k—1). The observation is that this matrix P/ is almost
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the same as the random walk matrix W of the link 7. Let o« = 7 U {2z} and o = 7 U {y}. Then,
from Definition 19.12,
I(r U{z,y}) (U ) 1

Wele) = sy o fe]) ~ a2 el @)= g W\ noiin).

So, if we extend the small matrices Wr appropriately to W (i.e. put the (z,y)-entry of W, on the
(rU{x}, 7U{y})-entry of W, and set all other entries to be zero), then

TeX(k-1)

and so it should be clear that a quadratic form involving P/ can be decomposed as a sum of
quadratic forms involving W, as in the statement.

To write it concisely, we decompose the quadratic form directly (instead of decomposing the matrix
P}). By writing the quadratic form as a sum of | X (k)| x | X (k)| terms,

I 1(cUd’) .
ceX(k),0’€X (k):oUo’€X (k+1) (k + 1)(k5 + 2)

For each pair 0,0’ € X (k) with 0 Uo’ € X(k + 1), their intersection 7 := o No’ € X(k —1). Let
x =0 \7and y = ¢’ \ 7. Then the corresponding term on the RHS is from the link X, with
contribution

M1 (7) - Ig(2) - Wr(z,y) - fr(2) - f-(y)
= T 1(7_) . Hk(TU{x}) . Hk+1(TU{1‘,y})
- (Il +1) - Mea(7)  (I7]+2) - (T U {z})

Hk 1(JUO/) /
m%%ff)'f(a)-

frufa}) - f(rU{y})

The statement follows by noting that there is a one-to-one correspondence because each transition
in P} involves a unique link 7 € X (k — 1). O

The next lemma shows that the down-up walk matrix can be decomposed as the down-up walk
matrices of the links which are simple rank-one matrices.

Lemma 20.13 (Decomposition of Down-Up Walk Matrix). For any pure d-dimensional simplicial
complex (X, 1) and any function f: X(k) — R,

(f, kaf>Hk =Erm,_, (fr, JTfT>H(T)7

where J, = 1(I§)" is a X,(0) x X,(0) rank-one matriz.

Proof. The proof is similar to that in Lemma 20.12. We decompose ka into transition matrices
where each is about the transitions involving a particular link 7 € X(k — 1). Let PY be the

X (k) x X (k) matrix with
% (o)
(k + 1)2 : kal(T)

PY(0,0') =

A ifoNo’ D7 and PY(o,0') =0 otherwise.
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Note that ka =2 ¢ X(k-1) PY by Exercise 20.7, where the summation in the self-loop probability
for o is split into the subsets 7 C o for 7 € X (k — 1) where each takes a summand. Let 0 = 7U {z}
and ¢/ = 7 U {y}. By the definition of J; and Equation 19.2,
(rU{y}) I, (o) 1

J(z,y) =10} (y) = = —  PV(o,0) = Jr(o\7,0'\7).

D=1 = (3 1@~ G ) e () F 0 0) = A )
Check that the remaining calculations are similar to that in Lemma 20.12, with the contribution
from 0,0’ € X (k) involving at link 7 € X (k — 1) is the same from LHS and RHS, being equal to

(o) - Ui (o) .
(k‘ + 1)2 . kal(T)

flo)- (o).

Comparing Down-Up Walk and Non-Lazy Up-Down Walk

The decomposition of the down-up walk matrix in Lemma 20.13 shows that ka can be written as the
sum of rank-one matrices in the links each with second largest eigenvalue 0, while the decomposition
of the non-lazy up-down walk matrix in Lemma 20.12 shows that P}' can be wrttien as the sum
of random walk matrices in the links each with second largest eigenvalue at most v for a y-local-
spectral expander. The main step in Kaufman-Oppenheim’s theorem is to compare the spectrum
of the down-up walk matrix ka with the non-lazy up-down walk matrix P/*, which intuitively can
be understood as a term-by-term comparison between a complete graph and an expander graph.

Proposition 20.14 (Comparision of P, and P}* [KO20, DDFH18]). If (X,II) is a y-local-spectral
expander, then
Plé\ - ka <1, 71

for any 0 < k <d—1, where A <1 B donotes (f, Af)n < (f, Bf)nx for all f.

Proof. Using Lemma 20.12 and Lemma 20.13,
<f7 (Plé\ - ka)f>nk = ETNHk,_1<fTa (W’T - JT)f’T>H6'

For each term, write f; = cI + f+ where <f, f$> = 0 as in Equation 19.5. Then note that

g
<f7'7 (WT - J‘r)f‘r>1—[6 = <CT+ f#u (WT - JT)(CT+ f#)>1—[6 = < T 7(W‘r - JT)f’ﬂ_>H6’
because W,1 = J,1 = 1 and also (II§)"W, = (I15)7J, = (II7)T. Therefore,

(F.(PL =PV, = Beanne (5 (Wr = I )y
Erotte YW Fr £ s

Eretry, v fr, fr>H6

Y s

where the first inequality is by the Rayleigh quotient characterization in Equation 19.4 and the
assumption that (X, II) is a y-local-spectral expander, and the last equality is left as Exercise 20.15.
O

VAN VA

Exercise 20.15 (Decomposition of Identity). Prove that (f, f)u, = Erwrr,_, (fr, fr)ug.
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Inductive Proof

Now we are ready to prove Kaufman-Oppenheim’s Theorem 20.10. The proof is by an interesting
induction, that we start from the spectrum of POv and use Exercise 20.6 and Proposition 20.14 to
reason about the spectrums of Pk,v and PkA and P}). We prepare with the following exercise which
will be used in reasoning about the spectrums.

Exercise 20.16 (Bounding Spectrum by Quadratic Forms). Let A, B € R™*" be two self-adjoint
matrices with respect to the inner product 11 (see Fquation 19.3). If A <n B as described in
Proposition 20.14, then X\i(A) < Xi(B) for all 1 <i <n.

Proof of Theorem 20.10. The proof is by induction on k. In the base case when k£ = 0, the matrix
Py’ is of rank one (see Exercise 20.7), and thus the second largest eigenvalue is at most 0, and the
statement holds.

Now, assume the statement holds for k£, and we would like to prove the inductive step. By Propo-
sition 20.14, P} <, ka + 1. It follows from Exercise 20.16 and Exercise 20.9 that

1
M(PY) < Xo(PY) 4y < 1=+ (1),

where the second inequality is by the induction hypothesis on Pk,v . Recall from Definition 20.8 that

k42, A I A k41 I
APA:————<P -;——J P2 = P, .
Pl Trre) T T Thath T

Therefore, the second largest eigenvalue of PkA is

1 k+1)2 1
( )7<1——+(k+1)7.

PA < - —1-
Ao(F) T2 kr2 T kr2 ' kte

< i

— k 1)

pe1 DD
Finally, recall that P,ZH and PkA have the same spectrum by Exercise 20.6, and this completes the
induction step. O

Combinatorial Interpretation: To summarize, one could visualize the proof as having a stack
of bipartite graphs, one for each layer as in Definition 20.1. To reason about the spectrum of the top
layer, we start from the down-up walk of the bottom layer. The key step using Garland’s method
is to observe that the (non-lazy) up-down walk in the layer above has a similar structure to the
down-up walk in the layer below, by replacing each clique J; in a link 7 in the down-up walk in
Lemma 20.13 by an expander graph W, in the up-down walk in Lemma 20.12, whose expansion
comes from the assumption of the local-spectral expander. So, if the down-up walk is an expander
then the up-down walk is still an expander but with slightly weaker expansion (as we just replace a
complete graph by an expander graph), and this is essentially the term-by-term comparison step of
Kaufman and Oppenheim in Proposition 20.14. Finally, within the same layer, we use the simple
but important property that the up-down walk and the down-up walk having the same spectrum
to carry out the induction.
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Matroid Expansion Conjecture

Recall from Theorem 19.17 that the matroid complex is a 0-local-spectral expander (using Oppen-
heim’s trickling down Theorem 19.15). Then, by Kaufman-Oppenheim’s Theorem 20.10, Ao (Pdv) <
1-— T-lu where r := d + 1 is the rank of the matroid. By standard analysis of mixing time in
Theorem 6.16, the e-mixing time of the natural down-up walks is at most O(r log %) = O(r*log2)
where N is the number of bases and n is the number of elements in the ground set.

Theorem 20.17 (Sampling Matroid Bases by Down-Up Walks [ALOV19|). Given a matroid M
with n elements and rank at most r, the mizing time of the down-up walk of the matroid complex is
at most O(r?log ).

The matroid expansion conjecture by Mihail and Vazirani from 1989 states that the bases exchange
graph has edge expansion at least one, which follows from Theorem 20.17 and Cheeger’s inequality
in Theorem 4.3.

Problem 20.18 (Matroid Expansion Conjecture). The bases exchange graph G = (V, E) is the
underlying unweighted graph of the down-up walk matriz of the matroid complex. Prove that the
edge expansion of G is at least one, that is, |6(S)|/|S| > 1 for all S CV with |S| < |V|/2.

One may understand the resolution of the matroid expansion conjecture as using the right induction
for the problem which may not be easy to come up with without the perspective of a simplicial
complex and the concepts such as links. It would be great if someone could write a completely
combinatorial proof (without using any linear algebra) of the matroid expansion conjecture using
the combinatorial interpretation above.

Question 20.19 (Combinatorial Proof of Matroid Expansion Conjecture). Is there a purely com-
binatorial proof of the matroid expansion conjecture?
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Spectral Independence

We will first show that Kaufman-Oppenheim Theorem 20.10 can be improved to a natural product
form. Then we will see the notion of “spectral independence”, a nice probabilistic formulation of this
improved result without the language of high-dimensional expanders. Finally, we will mention some
recent developments using this notion in analyzing random sampling algorithms for combinatorial
objects.

21.1 Improved Analysis of Higher Order Random Walks

The proof of the matroid expansion conjecture shows that the techniques developed in higher order
random walks provide a completely new approach to analyze mixing times of Markov chains. Unlike
previous approaches such as couplings and multicommodity flows, this simplicial complex approach
directly bounds the spectral gap of the random walk matrix. It is of great interest to investigate
whether this approach can be extended to other problems such as independent sets and graph
colorings.

First we discuss some limitations of the results in Chapter 20. Note that Theorem 20.10 can be used
to establish a non-trivial spectral gap of Pdv only when A < ﬁ, which is a very strong spectral
requirement of the simplicial complex. As discussed in Problem 19.19, the second eigenvalue is at
most zero if and only if the graph is a complete multi-partite graph, and more generally a 0-local-
spectral expander can be shown to be a weighted matroid complex. For most natural combinatorial
simplicial complexes, it does not hold that \o(Gs) < O(d%) even when restricted to faces a of
dimension d — 2. This suggests that we need to sharpen the bound in Theorem 20.10 in order to
apply this approach for other problems.

Small Improvement

It was observed that the comparison bound in Proposition 20.14 can be slightly improved.

Proposition 21.1 (Improved Comparison of P, and P{* [AL20]). Let (X,II) be a pure d-dimensional
simplicial complex. For any 0 < k < d—1,

Plé\ipkv <Hk’yk—l(lipk;v)

where v; = max,ex(j) A2(Wa) is the mazimum second largest eigenvalue of the link graphs of
dimension j as in Definition 19.13.
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Proof. Following the proof in Proposition 20.14,
<fv (Pk/;\ - P]?)f)Hk = ETNHk,1<fTL7 (WT - JT)fTL>H6 < ET~Hk,17k—1<lea fTL>H6 (211)

Instead of bounding the right hand side simply by ]Erwnk,17k—1< fry fr we collect the dropped

)i
terms to prove the stated bound. As in Proposition 20.14, write f, = ¢ + f+ where <T, f$>HT =0
0

and ¢ = (fr, I>H6 as in Equation 19.5. So, the dropped terms are
ETNH;C_1’YR71<CT7 CI>H6 = Vk—-1 'ETNHk—l <f7’7 I)>12'[6 = Vk—1 'ETNHk—l <f7’7 JTfT>H6 = Yk—-1" <f7 kaf>l_[k7

where the second equality is because (f, f)%g = (fr, 1I5)2 = (f-, (M) (W) £7) = (fr, Jr- fr)uz since

Jr = T(HS)T as defined in Lemma 20.13, and the last equality is by the statement in Lemma 20.13.
Therefore, we conclude that

(f,(Pf =P ) f)m, < ETNHk_lﬁyk71<f’7+’f7+>H6
= Ereme Ye—1{/r, fT>H6 —Erom,  k—1(cl, CT>H6
= 7k—1<f,f>nk—Vk—1'<f,kaf>nk
= -1 ([, (I = B))n,,
where the second line is by < frs fT>Hg

third line is using Exercise 20.15 and the calculation above. This holds for any f and thus implies
the statement. O

= <cf, CT>H6 + (f# le>H6 using orthonormality, and the

T

Product Form

The small improvement in Proposition 21.1 is very simple, but what is perhaps surprising is that
this is all we needed to prove a much sharper bound on )\Q(ka ).

Theorem 21.2 (Improved Second Eigenvalue Bound on P [AL20]). Let (X,II) be a pure d-
dimensional simplicial complex. For any 0 <k <d,

k—2
1
M(BY) 1= [T a =)
j==1

where 7y; := max,ex(j) A\2(Wa) is as defined in Definition 19.13.

Proof. We prove by induction on k. The base case is when k = 0, where POv is a rank one matrix
and so A2(P,”) < 0, and hence the statement trivially holds.

Now, assume the statement holds for k£, and we would like to prove the induction step. By Propo-
sition 21.1, P <m, Yk—1 -1+ (1 — 'yk_l)ka, which implies by Exercise 20.16 and Exercise 20.9
that
k—1
A2 (PL) < g1+ (1= yp-1) - Ae(PY) <1— L ITa-
- k2= k+1 ’

i=—1
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where the last inequality is by the induction hypothesis. Recall from Definition 20.8 that

k41 AL I
T k2R T ko

PA7k+2<PA I

== - — p~
B 1k k—|—2) k

Therefore, the second largest eigenvalue of PkA is

k-1 k—1
k+1 1 1 1
A (P2 < (1— 1—1-) - — Tl a-.
2(F) < 55 k+1il_l( W)t 2 k+2£[1( %)
The induction step follows from Exercise 20.6 that kaﬂ and PkA have the same spectrum. O
Implications

We discuss some implications of the product form in Theorem 21.2. A basic result is that a simplicial
complex X has Ao(P)’) < 1if and only if A\2(Ga) < 1 for every face a of dimension up to d — 2.
Theorem 21.2 provides a quantitative generalization of this result. The product form matches the
combinatorial intuition that we replace the complete graphs in the links of ka by expander graphs
in the links of P as described in Chapter 20, and so we expect that the spectral gap decreases by
a multiplicative factor but is always non-zero.

Combining with Oppenheim’s trickling down Theorem 19.15, Theorem 21.2 provides the following
convenient bound for the second eigenvalue of higher order random walks in a black box fashion.

Exercise 21.3. Let (X,1I) be a pure d-dimensional simplicial complez. For any 0 < k < d, suppose
Ve—2 < Til and G4 1s connected for every face o up to dimension k — 2, then

1

Ao(PY)<1— G

In particular, this implies that the down-up walk Pdv is fast mixing for any O(é)—local—spectral
expander, which is an improvement of Theorem 20.10 where it requires the simplicial complex to
be a O(d%)—local—spectral expander. See [AL20] for an application of Exercise 21.3 in sampling
a random independent set of size up to n/(2A) where n is the number of vertices and A is the
maximum degree of the input graph.

Another consequence is that the following type of eigenvalue profile is enough to guarantee polyno-

mial mixing time.

Exercise 21.4 (Improving Profile). Let (X,1II) be a pure d-dimensional simplicial complex. If there
15 a constant 0 < ¢ < 1 such that

( )_<E _c E)
V=170 -+, Vd-2) = d>d_17"'71 )
then
1
)\Q(Pdv)gl_d1+c‘
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21.2 Spectral Independence

Anari, Liu and Oveis Gharan [ALO20]| defined a notion called spectral independence, which is
a nice probabilistic formulation of Theorem 21.2 without using the language of high-dimensional
expanders.

The following correlation matrix is a natural matrix that records the pairwise correlation of the
elements. As we will see, this matrix is closely related to the random walk matrix of the empty link
of a corresponding simplicial complex of the probability distribution.

Definition 21.5 (Correlation Matrix). Let p: {0,1}" — R be a probability distribution on subsets
of [n]. The correlation matriz of  is a 2n X 2n matriz ¥, whose rows and columns are indezxed by
[n] x {0,1}, with

W((i,a0). ) = Pr [20) = a; | Z() = a)] = Pr [2() = )

fori# j and a;,a; € {0,1}, and \If((i,ai), (7, aj)) =0ifi=j.

Remark 21.6. The correlation matriz in [ALO20] is defined slightly differently, with
V(00 Gray)) = Pr [20) = aj | 26) = ai] = Pr [26) = a; | 26) =1 - ai.

The above definition of the correlation matrices is from [AASV21, CGSV21].

The following conditional correlation matrices are the correlation matrices given a partial assign-
ment. As we will see, they are closely related to the random walk matrices of the links of a
corresponding simplicial complex of the probability distribution.

Definition 21.7 (Conditional Correlation Matrices). Let p: {0,1}" — R be a probability distribu-
tion on subsets of [n]. Let S C [n] be a subset of size k and let ag € {0,1}* be a binary string of
length k with an entry for each element i € S. Let Z(S) = ag be the event that Z(i) = ag(i) for all
i €S when Z ~ p. The conditional correlation matriz W, is a 2(n — k) x 2(n — k) matriz, whose
rows and columns are indexed by ([n] \ S) x {0,1}, with

Wy ((1ai), Goay)) = Pr [20) = a; | 20) = 0, Z(S) = as] = Pr [2()) = a; | Z(S) = as]

fori#j and a;,a; € {0,1}, and W((i, ), (j,a;)) =0 if i = j.

The following definition of spectral independence is closely related to local-spectral expansion of a
corresponding simplicial complex of the probability distribution.

Definition 21.8 (Spectral Independence). A probability distribution p : {0,1}" — R on subsets
of [n] is called n-spectrally independent if for any S C [n] with |S| < n — 2 and partial assignment
ag € {0, 1}|S|,

Amax (\IJaS) <n.

Let’s see some examples before we go on. First, it is easy to see that if p is an independent product
distribution (i.e. there exist A1,..., A, such that pu(S) oc Y .. ¢ A;), then p is O-spectrally indepen-
dent. This suggests that spectral independence is an algebraic way to quantity the independence of
a probability distribution.

A more interesting example is the class of negatively correlated distributions that we studied in
Chapter 16.
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Problem 21.9 (Spectral Independence of Strongly Rayleigh Distributions). Let p : {0,1}™ be a
homogeneous distribution such that for all i # j,

Z}:r“ (Z(i)=1|Z()=1] < ZPNrH [Z(i) =1].

Prove that Apmax(V) < 1 where U is the correlation matriz of u. Conclude that a homogeneous

strongly Rayleigh distribution as defined in Definition 16.1 is 1-spectrally independent.

Glauber Dynamics

A natural random walk on a probability distribution u : {0,1}" — R is called Glauber dynamics.

Definition 21.10 (Glauber Dynamics). Let p: {0,1}" — R be a probability distribution on subsets
of [n]. Start with an arbitrary subset Sy € supp(u). At each iteration t > 1, we choose a uniformly
random element i € [n] and set

M(Sz—1\{i})
M(St—l\{’i}) +u (St—lu{i})

g Si—1\{i} with probability
=

Si—1 U{i}  otherwise.
Check that this Markov chain has stationary distribution .

The main result of this formulation is to bound the spectral gap of the transition matrix of the
Glauber dynamics by the spectral independence of the probability distribution.

Theorem 21.11 (Spectral Gap via Spectral Independence [ALO20]). Let p : {0,1}" — R be a
probability distribution that is n-spectrally independent. The random walk matriz of the Glauber
dynamics of u has spectral gap at least

S0

Simplicial Complex for Glauber Dynamics

The proof of Theorem 21.11 is by (1) defining a simplicial complex X* for u, (2) showing that the
down-up walk P\, of X* is exactly the Glauber dynamics in Definition 21.10, (3) seeing that the
conditional correlation matrices of u are basically the matrices W, — J, of the links of X* in the
proofs of Proposition 20.14 and Proposition 21.1, and (4) seeing that the spectral gap bound in
Theorem 21.11 for Glauber dynamics follows from that in Theorem 21.2 for down-up walks.

Definition 21.12 (Simplicial Complex of Assignments). Let p : {0,1}" — R be a probability
distribution on subsets of [n]. The simplicial complex (X", II) is defined with ground set [n] x {0,1},
with a mazimal face ¢ == ((1,Z(1)), (2, Z(2)),...,(n, Z(n))) of dimension n — 1 with I1(¢) := pu(Z)
for each Z € supp(p). In words, each mazimal face of X* corresponds to an assignment of the n
binary variables with non-zero probability in p.

Note that there is a one-to-one correspondence between a face (o5 of X* and a partial assignment
as € {0,1}151 on a subset S C [n] of binary variables. Hence we denote the links of X* by X4y for
S C [n] and for ag € {0,1}I51.
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Step (2) is left as an exercise.

Exercise 21.13 (Glauber Dynamics and Down-Up Walks). Verify that the down-up walk matriz
Pv 1 on X# s ezactly the transition matriz of Glauber dynamics on p in Definition 21.10.

Step (3) is to see that the correspondence between conditional correlation matrices of p and random
walk matrices of links of X*.

Lemma 21.14 (Correlation Matrices and Random Walk Matrices of Links). Let p: {0,1}" — R
be a probability distribution on subsets of [n] and X* be the simplicial complex in Definition 21.12.
For a partial assignment ag € {0,115 on a subset S C [n],

1
Was = Jas Sy g7 Jas * Yas);

where U, is the conditional correlation matriz in Definition 21.7, W, is the random walk matriz
of the link XU in Definition 19.12, and Jqq := T(HSS)T is defined as in Lemma 20.13.

Proof. We first check that each off-diagonal entry of LHS and RHS matches. Let ag be a partial
assignment and a;, a; be two bits for i, j ¢ S. Then agyy;) is used to denote the partial assignment on
SU{i} which extends ag with the i-th variable being assigned a;, and agy; ;3 is defined analogously.
By Definition 19.12 and Equation 19.1,

H(asugi )
(IS +2) - M(asugy)

(sive) ™" Pramy [2(S U G 3Y) = asugiay]

(151 +2)- (\5|+1) T Prya [Z2(SU{i}) = asu]

= n—|}5|—1 Pr [2(5) = a; | 2() = ai, 2(S) = as].

Wag ((Za ai), (4, aj)) -

Similarly, by Equation 19.2,

Jus (200, Gr0) = T3 (G03)) = ot il = L P [205) = ay | 2(5) = as].

This shows that the non-diagonal entries of ¥, and (n—|S|—1) - Wyg — (n—|S])- Jug are the same.
Rearranging and noting that the diagonal entries on RHS are bigger than that on LHS proves the
statement. O

We are ready to prove step (4) and thus Theorem 21.11.
Proof of Theorem 21.11. The plan is to use the assumption that p is n-spectrally independent

(instead of local-spectral expansion of X*) to prove Proposmon 21.1 with v replaced by —}—,
and then the theorem follows by plugging in 441 = —}— into Theorem 21.2 to obtain

)\2(an—1)§ —%H(l—% = ilj( 1)-
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To see Proposition 21.1 holds with vy, = ﬁ, we use Lemma 21.14 in Equation 21.1 with
X; = X4 so that

<f7 (Pk/; _Pk’v)f>Hk = ETNHk71<f-%7(WT - JT)fTJ_>H6
< TLa(JT_}'\I]T)fTL>H6

< E..
- Mo "k —1
n 1L el
< ETNHk,1m< T 7f7- >H6’
where the last inequality uses the assumption that Amax(V,) < 1 and (f;, J,f;) = 0. Then the
rest of the proof of Proposition 21.1 is the same with v;_; replaced by —/—. O

To summarize, Theorem 21.11 can be seen as finding the corresponding simplicial complex so that
Glauber dynamics is the same as down-up walks, and then interpreting the matrix W, — J; in
the proof of Proposition 21.1 as correlation matrices to define spectral independence. Spectral
independence is a nice formulation so that probabilists do not need to know about high-dimensional
expanders to use the result, and indeed this notion has led to many recent developments and we
will discuss some in the next section.

21.3 Applications

In this section, we just briefly discuss some of the recent developments and point to the relevant
references.

Sampling Independent Sets from Hardcore Distributions

The first major application of the spectral independence formulation is to prove fast mixing for
sampling independent sets from the hardcore distribution.

Definition 21.15 (Hardcore Distributions). Given a graph G = (V, E) and a parameter A > 0,
define the hardcore distribution py : {0, 1}V = R as ur(S) = M5 /Z5(N) for each independent set

S CV, where
Za(N) = > Al

SCV:S is an independent set

is the normalization constant called the partition function.

Estimating the partition function is a well-studied problem in statistical physics. Given a graph
of maximum degree A, there is a critical threshold A(A) = (A — 1)271/(A — 2)2 called the “tree
uniqueness threshold”, where A < A(A) corresponds to the regime where the “influence” of a vertex
u on another vertex v in the infinite A-regular tree decays exponentially fast in the distance between
u and v.

The tree uniqueness threshold is about a mathematical property, but very interestingly this is also
about computational complexity. A seminal work of Weitz showed that for any A < A(A), there is a
deterministic fully polynomial time approximate scheme to estimate Zg(\). Another seminal work
of Sly proved that for any A > A(A), there is no such scheme to estimate Zg(\) unless NP = RP.
Both proofs connect explicitly the mathematical property to the computational complexity.
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It was conjectured that the simple Glauber dynamics in Definition 21.10 for the hardcore distri-
butions mixes in polynomial time whenever A < A(A). Anari, Liu and Oveis Gharan [ALO20]
introduced spectral independence and used this notion to resolve the conjecture positively. Their
proof uses the self-avoiding walk tree defined by Weitz to write a recurrence to bound the maxi-
mum row sum of the correlation matrices ¥ in Definition 21.5 to bound their maximum eigenvalue
Amax(¥) to apply Theorem 21.11 to conclude fast mixing. The proof is interesting and nontriv-
ial which extends previous techniques in “correlation decay”. One advantage of this randomized
algorithm is that the dependency on A in the running time is much better than that of Weitz.

Sampling Graph Coloring from Glauber Dynamics

The work on spectral independence [ALO20] inspired many recent developments. One natural
generalization is to sample from distributions p : [k]” — R where the variables are of larger arity.
This class of distributions includes the problem of sampling a random graph coloring of a graph.
The long standing major open problem for sampling graph coloring is that the simple Glauber
dynamics as in Definition 21.10 mixes rapidly as long as the number of colors k is at least A + 2
where A is the maximum degree of the input graph. Note that the Glauber dynamics may not be
irreducible when £ < A + 1. The best known result is by Vigoda that the Glauber dynamic mixes
in polynomial time as long as k > 11A/6, so there is a very large gap between the upper bound
and the lower bound.

The random graph coloring problem is very well-studied, where previous results are mostly based
on the coupling techniques to prove fast mixing. Using spectral independence with “correlation
decay” arguments, the previous results can be recovered [CGSV21, CLV21]| with improved running
time. Some of these results also rely on log-Sobolev inequalities and entropy techniques that we will
study in later chapters. The main goal in this line of work is to use these new ideas originally from
high-dimensional expanders to make progress on the long standing open problem about mixing time
of Glauber dynamics for graph coloring.

Problem 21.16 (Simplicial Complex for Graph Coloring). Define a simplicial complex for graph
coloring so that the down-up walk matriz corresponds exactly to the Glauber dynamics. Define the
corresponding notion of spectral independence and compare to those defined in [CGSV21, CLV21].

Coupling and Spectral Independence

A general question is how does the spectral independence method relate to other methods for proving
fast mixing such as the most popular coupling techniques. Recent work in [Liu21, BCC'22| show
that certain types of coupling proofs imply spectral independence as well, suggesting the spectral
independence method could be a unifying method in analyzing mixing times of Markov chains.
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Chapter 22

Log-Concave Polynomials

In this chapter, we take a different perspective to view a 0-local-spectral expander as a strongly
log-concave polynomial. Then we see two related notions of polynomials, sector-stable polynomials
and fractionally log-concave polynomials, and their connections to spectral independence.

22.1 Log-Concave Polynomials

The polynomial approach is actually the original approach that was used to solve the matroid
expansion conjecture [ALOV19] that we saw in Chapter 20.

Definition 22.1 (Strongly Log-Concave Distribution). Let p: {0,1}" — R be a probability distri-
bution and g, (x) = 3 gcp M(S) - Tlies @i be its generating polynomial as defined in Definition 16.1.
We say 1 is a log-concave distribution if log g, is a concave function at the point I.
We say p is a strongly log-concave distribution if for any k > 0 and any sequence of integers
1<ty .. ix <m,

(8%1 . -ﬁmikg“) (X1, 2n)

is log-concave at the point 1.

In Chapter 19, given a d-homogeneous probability distribution p, we use u to define a pure (d —1)-
dimensional weighted simplicial complex (X,,II) as in Definition 19.5, with Il := p being the
distribution on the maximal faces of dimension d—1. In this chapter, give a d-homogeneous probabil-
ity distribution, we use u to define a d-homogeneous generating polynomial g, as in Definition 22.1.
The connection between the weighted simplicial complex (X, II) and the generating polynomial g,
is through the Hessian matrix of log g,, at the point 1.

Exercise 22.2 (Hessian Matrix of a Polynomial). The Hessian matriz of logp is

p- (V?p) — (Vp)(Vp)"
p? ’

V2logp =

A basic result in convez analysis is that log p is concave at a point x if and only if V2 log p is negative
semidefinite at x.

The main observation in [ALOV19] is that the Hessian matrix of g, is closely related to the random
walk matrix of the empty link of X,.
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Theorem 22.3 (Strongly Log-Concave Polynomial and 0-Local-Spectral Expander [ALOV19]). Let
p:{0,1}" = R be a probability distribution, g, be its generating polynomial as in Definition 22.1,
and X, be its weighted simplicial complex as in Definition 19.5. Then g, is strongly log-concave if
and only if X,, is a 0-local-spectral expander.

Proof. The main step is to show that the “random walk matrix” of the Hessian matrix of g, at
point 1 and the random walk matrix of the empty link of X, are the same. On one hand, let

H :=V?g,| _; be the Hessian matrix of g, at the point 1. Note that Guly,er =1,
(Vg#) ‘x:f(z) = axlg/”‘x:f - SNI;A [Z € S] and (V2gl‘) |m:f(z’]) = aﬁia‘rjg”‘}mzf - Swll‘i [{Z’]} < S]

Let Dp be the degree matrix of H. Then, as p is d-homogeneous, for any i € [n],

n

DHQJ%:EZH@J):§:g$[ﬁJ}QS}:M—J)£LPES]
j=1 Jj=1

On the other hand, let the random walk matrix of the empty link be W. For i # j € [n], by
Definition 19.12 and Definition 19.6,

Wiy~ MUY @) Pre [0 €] Prow [{i} € 8]
Com({d) o) prge,fies] (=1 -PrsyfieS]

Therefore,
W = Dy'H.

With this identity, we next show that g, is log-concave if and only if Ao(W) < 0. In one direction, if
g is log-concave, then V2log gy is negative semidefinite by Definition 22.1. Note that this implies
that H = VQQM has at most one positive eigenvalue by the identity in Exercise 22.2. Check that it
follows that W = D;H also has at most one positive eigenvalue, and thus A2(W) < 0.

In the other direction, if W has at most one positive eigenvalue, then note that W has exactly one
positive eigenvalue, as 1 is an eigenvector of W with eigenvalue 1. Check that this implies that
M(W — 1) < 0, and then it follows that Dy (W — III]) = H — 451(Vg,)(Vg,)" is negative
semidefinite. By the identity in Exercise 22.2, this implies that V2 logp is negative semidefinite.

Finally, observe that there is a one-to-one correspondence between the differentiated polynomi-
als (8%.1 ‘--(‘39%9“)(1’1, ..., Ty) and the links Xy; ;.4 of the simplicial complex. Thus, by the
arguments above, the differentiated polynomial at point 1 is log-concave if and only if the second
eigenvalue of the random walk matrix of the corresponding link is at most 0. Therefore, we conclude
that g, is strongly log-concave if and only if X, is a O-local-spectral expander. O

Corollary 22.4 (Matroid Polynomial is Strongly Log-Concave). The generating polynomial of the
uniform distribution on matroid bases is strongly log-concave.

This result was proved earlier in [AOV18] using advanced techniques from Hodge theory for ma-
troids [AHK18], so the techniques from high-dimensional expanders provide a more elementary and
simpler proof. It is very interesting to see a correspondence between the concepts in polynomials
and the concepts in high-dimensional expanders (see [ALOV19| for more).
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Mason’s Ultra Log-Concavity Conjecture

An important consequence of the polynomial perspective is a proof of the conjecture that the rank
sequence of a matroid is ultra log-concave.

Theorem 22.5 (Mason’s Conjecture [ALOV18, BH20|). For a matroid M on n elements with my,
independent sets of size k, the sequence mqg, m1, ..., My s ultra log-concave such that for 1 < k <mn,

2
<mk> > Mp—1  Mk41

)/ ~ G5 Gh)

The question that whether the sequence mg, my,...,m, is log-concave was a long standing open
problem in combinatorics from the 70s, and was first proved in [AHKI18] using Hodge theory for
matroids. The proof of the stronger ultra log-concavity in [ALOV18, Ove20] is short and elementary,
and should be readily understandable for readers who followed the course thus far. There is another
proof of ultra log-concavity in [BH20| using a closely related notion called Lorentzian polynomials.
We remark that Gurvits also studied log-concave polynomials earlier in his work on generalizations
of permanent problems.

22.2 Sector-Stable Polynomials

Given that the matroid expansion conjecture can be solved from both the high-dimensional expander
perspective and the strongly log-concave polynomial perspective, and that the high-dimensional ex-
pander approach can be extended further as in Chapter 21, one may wonder whether the polynomial
approach can also be extended further and possibly in different directions.

A very interesting recent paper by Alimohammadi, Anari, Shirajur, Vuong [AASV21] proposed two
notions for polynomials called sector-stability and fractional log-concavity. We discuss sector-stable
polynomials in this section, and fractional log-concave polynomials in the next section.

Definition 22.6 (Sector-Stable Polynomials). The open sector of aperature am centered around the
positive real axiz is denoted by

Ty, = {exp(m+zy) |z eR,y € (— @,%>}
A polynomial g(z1,...,zn) is [y-stable if

21y 52 €T = g(z1,...,2,) #0.

Note that I'; is the right half-plane, and I';-stability is called Hurwitz-stability. The following
exercise shows that it is a generalization of real-stable polynomials for homogeneous polynomials.

Exercise 22.7. Show that a homogeneous polynomial is Hurwitz-stable if and only if it is H-stable
in Definition 15.8.

A very interesting theorem in [AASV21] is a connection between sector-stability and spectral inde-
pendence. The proof is very nice and elegant, using some elementary complex analysis.
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Theorem 22.8 (Sector-Stability Implies Spectral Independence). Suppose that u : ([Z]) — R>q is
a probability distribution whose generating polynomial is Uy-stable. Then the £1-norm of any row in
the correlation matriz U in Definition 21.5 is bounded by

2
N
S|miesiies-prlies|<

S31)

A consequence is that Apax(¥) <

Sector Stability Preserving Operations

Before we see some examples of sector-stable polynomials, we first record some sector-stability
preserving operations from [AASV21].

Exercise 22.9 (Sector-Stability Preserving Operations). Show that the following operations pre-
serve I'q-sector stability.

1. Specialization: g(z1,...,2,) — gla,2z2,...,2,), where a € Ty,.
2. Scaling: g(z1,...,2n) = g(A121, X222, ..., Anzn), where \; >0 for 1 <i <mn.
3. Dual: g — g*, where g(z) = ngn] cs - 2% and g*(z1,...,2,) = Esg[n} cg - 2IM\S,
Exercise 22.10 (Homogenization). If multi-affine polynomial g(z1,...,2n) = > gcin Cs - 25 is

T'y-stable, then its homogenization

h S S
921y 2y W, e, Why) = Z cg - 2% - w

is mulli-affine, homogeneous of degree n, and I’y jo-stable.

Proposition 22.11 (Partial Derivative). If g(z1,...,2n) is a multiaffine polynomial, then 0..g is
sector stable for 1 <i < n.

Theorem 22.12 (Truncation). If g(z1,...,2,) is ['1-stable, then gy is either identically zero or
I’y jo-stable, where gy, 1s the truncation of g that keeps only the degree k terms.

Applications

One application in [AASV21] is to sample matchings of a given size in planar graphs. The starting
point is a theorem by Heilman and Lieb.

Theorem 22.13 (Monomer-Dimer Polynomial). Given a graph G = (V, E) with edge weight we for

e € E, the polynomial
IR

MCE:Mmatching eeM vivg M

is T'y-stable, where {z,}yey are the variables in this polynomial.
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This polynomial is not homogeneous, and homogenization does not preserve Hurwitz-stabiliy, nor
truncation to matchings of a given size. Applying Theorem 22.12, however, they can say that the
truncation to matchings of a given size is still I'; 5-stable, so that they can apply Theorem 22.8
to prove that the Markov chain on the set of “monomers” is fast mixing. For any class of graphs
that counting matchings is polynomial time solvable, including planar graphs and bounded genus
graphs, their results can be used to approximate sample and count matchings of a given size.

Another application is in non-asymmetric determinantal point process.

Theorem 22.14 (Non-Symmetric k-DPPs). For any matriz L € R™ " satisfying L + LT = 0 and
a number k, the polynomial

9(z1, ..y 2n) = Z det(Ls ) H 2

se(m) ies
is I'y jo-stable

The following result shows some limitation on the class of sector-stable polynomials for combinatorial
problems.

Lemma 22.15 (Bounded Length of Sector-Stable Distributions). If u : {0,1}" — R is a T'y -
sector-stable distribution, then the length of edges of its Newton polytope newt(u) is at most 2k,
where

newt(u) := conv({S: u(S) > 0}).

This result shows that if the polytope of the combinatorial problem has unbounded edge length
(such as the matching polytope and the arborescence polytope), then the corresponding generating
polynomial cannot be sector-stable.

22.3 Fractionally Log-Concave Polynomials

The class of fractionally log-concave polynomials is a generalization of the class of log-concave
polynomials.

Definition 22.16 (Fractionally Log-Concave Polynomials). A polynomial g,,(21,...,2y,) is called
a-fractionally log-concave for o € [0,1] if log g, (27, ..., 25) is concave when viewed as a function
over RY.

«

, 2% at the point 1 is closely related
to the correlation matrix in Definition 21.5. The proof is similar to that in Exercise 22.2 and
Theorem 22.3.

The key observation is that the Hessian matrix of log g, (2{, ..., 2

Proposition 22.17 (a-Fractionally Log-Concavity and Spectral Independence). Let u: {0,1}" —
R be a probability distribution and g, be its generating polynomial. Then g, is a-fractionally log-
concave at the point 1 if and only if Amax(¥) < é where W is the correlation matriz of u as defined
in Definition 21.5.
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Proof. Let H := VZ%log g, (2¢,...,2%)|,_7. Let Pr[i] :== Prg.,[i € S] and similarly Pr[i A j] :=
Prg.,li € SAj € S]. Check that a similar calculation as in Exercise 22.2 gives

..={a@w—UPﬂﬂ—aﬂ%M2 ifi=j
Y @2 (Pafi Ag) — Prfi] - Pr[j]) ifi#£

Let D := diag(Pr[i]) be the diagonal matrix of marginal probability. It follows from Definition 21.5
that

1 1
V=D "'H+-I
(6% (6%

This implies that Apax(¥) < é if and only if Apax(D~'H) < 0 if and only if H < 0 if and only if
g, is a-fractionally log-concave at the point I. O

Recall from Theorem 18.11 that a homogeneous real-stable polynomial is log-concave, and thus
log-concavity is a generalization of real-stability that does not involve root locations. Using Propo-
sition 22.17 and Theorem 22.8, we see that fractionally log-concavity is a generalization of sector-
stability that does not involve root locations.

Theorem 22.18 (Sector-Stability Implies Fractionally Log-Concavity). For o € [0, %], if gu s
o -stable, then g, is a-fractionally log-concave.

Proof. Theorem 22.8 proves that I'yo-stability of g, implies that Amax(¥) < é, and thus implies
that g, is a-fractionally log-concave at the point T by Proposition 22.17.

Note that sector-stability is preserved under the change of variables z; — \;z; when Aq,..., A\, are
positive reals by Exercise 22.9. This allows us to map any point in RY, to the point 1, and to use
the above argument to show that g, is a-fractionally log-concave at any point in RE. O

While fractional log-concavity at the point I is equivalent to a bound on the eigenvalues of the corre-
lation matrix W, it does not imply a bound for the conditioned distributions pg. However, fractional
log-concavity at all points in R%, does, because the polynomial for conditional distributions pg can
be obtained as the following limit:

9u ()\zl,...,)\2|s|,...,zn)
AlS] ’

I
G5 o€ Jim
Scaling the variables or the polynomial, and taking limits all preserve fractional log-concavity.
Theorem 22.19 (Fractional Log-Concavity Implies Spectral Independence). If u : ([Z]) — R>¢ has
a a-fractionally log-concave generating polynomial, then the correlation matriz of every conditioned

distribution us has mazimum eigenvalue é It follows that u is é—spectmlly independent as defined
in Definition 21.8.
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Chapter 23

Log-Sobolev Inequalities

We introduce log-Sobolev inequalities for analyzing mixing time of random walks, and see that they
provide the optimal bound for the down-up walks on strongly log-concave distributions.

23.1 Analyzing Mixing Time Using Log-Sobolev Inequalities

In this section, we first define variance and relative entropy, and then define spectral gap and log-
Sobolev constants, and then see their uses in bounding mixing time, and finally some intuition about
these definitions. The presentation in this section is based on [CGM21, AJK 21, BT06, MT06].

Variance and Entropy

In Chapter 6, when we analyze the mixing time of random walks, we upper bound the total variation
distance dv (p¢, ™) by upper bounding || D~1/2(p;—)||2 (see Problem 6.20). This can be understood
as bounding the variance of f := p;/m, the density of p; with respect to = at time ¢ > 0.

Definition 23.1 (7-Variance). Let f : [n] — R be a function and m be a probability distribution on
[n]. The variance of f with respect to 7 is defined as

Var,[f] .= E[f%] — (Err[f])za
where Ex[f] = Zie[n] (i) f(i)-

There are other ways to measure the closeness of two probability distributions. A well-known
measure is the relative entropy between the two distributions.

Definition 23.2 (KL-Divergence). Let p and q be probability distributions on [n] such that q(i) =0
implies p(i) = 0 for 1 < i <n. The Kullback-Liebler divergence, or relative entropy, between p and
q 1s defined as

n ' P i
Do [l ) = 3 o) log 22,
— q(4)
where we follow the convention that 0log0 = 0. Check that Dxy,(p,q) > 0 by Jensen’s inequality.

Pinsker’s inequality shows that KL-divergence can be used to upper bound the total variation
distance.
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Theorem 23.3 (Pinsker’s Inequality). For any two probability distributions p,q on [n],

drv(p,q)? < 2Dxr(p || q)-

So, to analyze mixing time, it is also natural to consider the relative entropy betwen p; and .
Definition 23.4 (m-Entropy). Let f : [n] — R be a function and 7 be a probability distributions on
[n]. Define

Ent,[f] := Er[flog f] — Ex [f log(Ex [f])] .
Check that Ent[2] = Dky,(p || 7) for a probability distribution p.

Spectral Gap and Log-Sobolev Constants

We only consider reversible Markov chains in this course, which include transition matrices of
random walks on undirected graphs.

Definition 23.5 (Reversible Markov Chain). Let P € R"*" be the transition matriz of a Markov
chain whose stationary distribution is 7. We say P is reversible if for all i,j € [n],

(i) - P(i,7) = 7(j) - P(4,9)

Let 11 := diag(w). Then the reversible condition can be stated as ILP being a symmetric matriz.

The following definition should be understood as the quadratic form of the Laplacian matrix when
we consider random walks on undirected graphs.

Definition 23.6 (Dirichlet Form). Let P € R™™"™ be the transition matriz of a reversible Markov
chain whose stationary distribution is w. For two vectors f,g € R™, the Dirichlet form is defined as

£p(f.9) = (I~ P)fog)e =g (M-TIP)f = 0 3" w(i) - Plid) - (906) ~ 9()) - (7)) — 7(3)),

1<i,j<n

where 11 := diag(m). The last equality can be seen by thinking of Il — ILP as the Laplacian matriz
of the underlying undirected graph with an edge weight 11(i) - P(i,j) for each pair i,j € [n].

Remark 23.7 (Laplacian?). The matriz I — P is often called the Laplacian in the literature, but we
resist not to do so as it is not consistent with our convention (e.g. I — P may not be symmetric).

For random walks on an undirected graph G, the adjacency matriz of G is ILP, and note that I — P
has the same spectrum as the normalized Laplacian matriz of G.

The Dirichlet form is sometimes called the energy of the function f, which can be thought of as a
measure of the local variation of f along the edges of the underlying graph. On the other hand, the
variance in Definition 23.1 can be thought of as a measure of the global variation of f. Then the
spectral gap can be interpreted as a lower bound on the local variance by the global variance, and
this perspective is useful in designing approximation algorithms on expander graphs (e.g. [BRS11]).

Definition 23.8 (Variational Characterization of Spectral Gap). Let P € R™ "™ be the transition
matriz of a reversible Markov chain whose stationary distribution is w. Define

A(P) = inf{m ’ f:[n] = R, Varg[f] 750}.
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Exercise 23.9. Show that A\(P) = 1 — aa(P) where as(P) is the second largest eigenvalue of P.

We note that the spectral gap is sometimes called the Poincaré constant. The log-Sobolev con-
stant replaces the variance of f in the denominator of the spectral gap by the m-entropy of f in
Definition 23.4.

Definition 23.10 (Log-Sobolev Constant [DSC96|). Let P € R™ ™ be the transition matriz of a
reversible Markov chain whose stationary distribution is w. Define the log-Sobolev constant of P as

a(P) = inf{m ’ [ [n] = Rxo, Entﬂ[f2] £ 0}.

The modified log-Sobolev constant is introduced by Bobkov and Tetali [BT06].

Definition 23.11 (Modified Log-Sobolev Constant [BT06]). Let P € R™*™ be the transition matriz
of a reversible Markov chain whose stationary distribution is w. Define the modified log-Sobolev
constant of P as

Ep(f,log f

p(P) = int { REREDL | 1) R, Bt (] 2 01

These definitions may not look intuitive. In the following, we will first state the results of using
spectral gap and log-Sobolev constants to bounding mixing time, and then we will provide some
intuitions about these definitions.

Bounding Mixing Time by Log-Sobolev Constants

We have already seen in Chapter 6 that we can upper bound the mixing time by lower bounding
the spectral gap. The following is a generalization of Theorem 6.16.

Theorem 23.12 (Mixing Time by Spectral Gap). Let P € R™"™ be the transition matriz of a
reversible Markov chain whose stationary distribution is w. The e-mizing time in Definition 6.15 is

1 1 1
(P)< —(1 log ~ |,
7e( )NA(P)<ogﬂmin+0g€>

where Tmin = Minep, (i) (which is L when 7 is the uniform distribution).

The significance of the log-Sobolov constant is a much better dependence on 1/myi,. The following
result is proved by Diaconis and Saloff-Coste [DSC96].

Theorem 23.13 (Mixing Time by Log-Sobolev Constant [DSC96]). Let P € R™*"™ be the transition
matriz of a reversible Markov chain whose stationary distribution is w. Then

1 1

1
(P) < —( log1 log = |.
7e( )Na(P><og ngmin+ og€>

Bobkov and Tetali [BT06] proved a similar result for modified log-Sobolev constant.
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Theorem 23.14 (Mixing Time by Modified Log-Sobolev Constant [BT06]). Let P € R™ ™ be the
transition matriz of a reversible Markov chain whose stationary distribution is w. Then

1 1 1
(P) < ——( logl log = |.
7e( )NP(P)<og ngmin+°ge>

Bobkov and Tetali also proved that

2\(P) > p(P) > 4a(P),

and so the lower bounds on these constants are increasingly difficult to obtain. The modified log-
Sobolev constant has the advantage that it provides the same upper bound on the mixing time,
while it is always at least as large as the log-Sobolev constant.

Intuition from Continuous Time Random Walks

The definitions of the spectral gap and the modified log-Sobolev constant come quite naturally from
continuous time random walks. We would not be able to introduce continuous time random walks
properly, so we just state the definition.

Definition 23.15 (Continuous Time Random Walks). Let P € R"*" be the transition matriz of a
reversible Markov chain whose stationary distribution is m. For any t > 0, the transition matriz, or
the heat kernel, is defined as

Let pg € R™ be an initial distribution. Then p? = ngt 18 the distribution at time t.

As discussed earlier, we will consider f; := p;/7 and keep track of how fast it converges to 1.

Exercise 23.16 (Change of Density). Let P € R™*"™ be the transition matriz of a reversible Markov
chain whose stationary distribution is w. Let fi(i) = pi(i)/7(i) for all i € [n] be the density of p;
with respect to m at time t > 0. For any initial distribution pg and all t > 0, show that

ft = Hy fo.
Furthermore, for any i € [n], show that

dfy (i)
dt

= (P =) f:) ().

It turns out that the change of variance is exactly the Dirichlet form.

Lemma 23.17 (Change of Variance). Let P € R™*" be the transition matriz of a reversible Markov
chain whose stationary distribution is w. Let fy = pi/m. Then

d
%Varﬂ(ft) = _QEP(ftv ft)-
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Proof. Note that Var,(f;) = Ex[f?] — 1 by Definition 23.1, and so

n

SVar(f) = Y w(i) - T4l faz ((P= D)) = =28 p(f o).

=1

So we can understand the spectral gap in Definition 23.8 is defined to ensure that

%Varﬂ(ft) = _28P(ft7ft) < —2)\(P) . Varﬂ(ft) — %log (Var,r(ft)) < —2)\(P)

By integrating on both sides, we see that the variance is exponentially decreasing as
log (Var(f)) — log (Varx(fo)) < —2A(P) -t =  Varg(f) < Varg(fo) - e,

Note that the initial variance Vary(fo) < /mmim, and this implies Theorem 23.12 for continuous
time random walks. This argument can be adapted for discrete time random walks. This is a good
exercise to work out; see [MT06] for a solution.

Bobkov and Tetali used the same logic to define the modified log-Sobolev constant, by using relative
entropy in place of variance.

Lemma 23.18 (Change of Relative Entropy). Let P € R™™ be the transition matriz of a reversible
Markov chain whose stationary distribution is w. Let f; = py/m. Then

d
—Ent(f1) = —€p(filog fy).

Proof. Note that E;[f] = 1 and thus Ent.[f] = E.[f log f] by Definition 23.4, and hence

%Entﬂ(ft) = ZW( ) - *ft( ) log fi(i) = ZW(Z) ‘ (1 +10gft(i)) ‘ ((P - I)ft)(i) = —&p(fi,log f1),
i=1 i=1
where in the last equality we use that > ;" w(i)((P — I)fi)(i) = (m,(P —I)f;) = 0. O

So the modified log-Sobolev constant is defined to ensure that

%Enmr(ft) = —&p(filog f)) < —p(P) - Enty(fi) = Ente(fi) < Enty(fo) - e )

Crucially, the initial relative entropy is

1
po(i) < log :
Z) Tmin

Entr[fo] = Zpo ) log

and this implies Theorem 23.14 for continuous time random walks by Pinsker’s inequality in Theo-
rem 23.3.

I have not found a general proof of Theorem 23.14 for discrete time random walks, and it was
mentioned in [MTO06] that “there seems to be no discrete-time analog” of it.

In the combinatorial applications that we will see, however, there are direct proofs of the exponential
decreasing of the relative entropy, and thus the mixing time bound in Theorem 23.14 holds.
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23.2 Log-Sobolev Constant for Strongly Log-Concave Distribution

It is already difficult to prove a lower bound on the spectral gap, and so there are very few known
result on proving a lower bound on the log-Sobolev constants. This is starting to change after the
resolution of the matroid expansion conjecture. Not only do the techniques from high dimensional
expanders provide a direct way to establish a lower bound on the spectral gap, recent developments
extend the techniques further to establish a lower bound on the modified log-Sobolev constant. The
first result in this direction is by Cryan, Guo and Mousa [CGM21].

Theorem 23.19 (Modified Log-Sobolev Constant for Strongly Log-Concave Distribution [CGM21]).
Let p be a d-homogeneous strongly log-concave distribution. Then the modified log-Sobolev constant
of the down-up walk Pdv i Definition 20.5 is

p(Py) >

ISHN

The proof in [CGM21] is very nice, but we will not present it here. Rather, we will present a recent
generalization for fractionally log-concave distributions in the next chapter. We just note here that
the proof in [CGM21] shows that the relative entropy is exponentially decreasing after one step of
the down-up walk such that

1
D (Pyp | m) < (1= ) - Drep || m),

and using Pinsker’s inequality as in the previous section gives the optimal mixing time analysis for
the down-up walk on matroid bases.

Corollary 23.20 (Optimal Mixing Time for Sampling Matroid Bases [CGM21]). The mizing time
of the down-up walk in Chapter 20 for sampling uniform random matroid bases of size d is

1
T(PY) S d(logd + loglogn + log E)

Near-Linear Time Algorithm for Random Spanning Trees

One immediate consequence of Corollary 23.20 is that the mixing time of the down-up walk for
sampling uniform random spanning trees is at most O(nlogn). To design a near-linear time algo-
rithm, one needs to implement each iteration in the down-up walk efficiently, but it is not known
how to do so.

Fortunately, the trick in [ALO"21] is to consider the down-up walk on the dual matroid. Given
a graph G = (V, E), the rank of the dual matroid is |E| — |V| + 1 < |E], so the mixing time of
the down-up walk on the dual matroid O(|E|log ‘—f') by Corollary 23.20. The resulting algorithm
is as follows. Let Ty be an arbitrary spanning tree. In iteration ¢ > 0, sample a uniform random
edge e € E — T3, and then sample a uniform random edge f in the unique cycle in T} + e and set
Ti11 =Ty + e — f, and repeat. This algorithm has been studied by Russo, Teixeira and Francisco,
and they show that each iteration can be implemented in amortized O(log|E|) time using the
cut-link trees data structures.

Theorem 23.21 (Near-Linear Time Algorithm for Sampling Random Spanning Trees [ALOT21]).
Given a graph G = (V, E), there is an algorithm to sample a random spanning tree in G with
distribution e-close to the uniform distribution and running time O(|E|log|E|log @)
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The problem of designing a fast algorithm for sampling a uniform random spanning tree is well-
studied. The previous best known algorithm is by Schild with almost-linear running time O(m!*°(1)),
This is based on a line of work that simulated another Markov chain for generating random spanning
trees, using techniques from Laplacian solvers and electrical flows. The algorithm by Schild is very
sophisicated and complicated, and so Theorem 23.21 is a dramatic simplification based on better
analysis of mixing time.

Concentration Inequality for Strongly Log-Concave Distribution

One main application of log-Sobolev inequalities is to prove concentration inequalities [BLM13,
VH14]. The following result is a consequence of Theorem 23.19 for strongly log-concave distributions.

Theorem 23.22 (Concentration of Strongly Log-Concave Distributions [CGM21]). Let u be a d-
homogeneous strongly log-concave distribution with support Q C {0,1}". For any observable function
f:Q2—=Randa >0,

CL2

Pr (@) ~Eafl 2 o] < 20 (- 37 ).

where v(f) is the mazimum of one-step variances

u(f) = max{ S PY () - (f(x) f<y>)2}-

e
yeN

The proof of Theorem 23.22 follows from the Herbst argument (see [BLM13]). The reader is referred
to [CGM21] for the proof. For a c-Lipschitz function under the graph distance in the bases exchange
graph, v(f) < ¢? and thus Theorem 23.22 generalizes the concentration result for strongly Rayleigh
distributions in Theorem 16.18.
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Entropic Independence

We end with a very recent paper by Anari, Jain, Koehler, Pham, Vuong [AJK " 21a], who introduced
the notion of entropic independence and used it to lower bound the modified log-Sobolev constants
of fractionally log-concave distributions. The presentation is taken directly from [AJK21a].

24.1 Larger-Step Down-Up Walks

We will consider the following natural generalization of Definition 20.5 for down-up walks.

Definition 24.1 (Larger-Step Down-Up Walks). For a probability distribution p : ([Z]) — R and

an integer | < k, the k < | down-up random walk ka(_)l is the sequence of random sets Sy, S, ...
generated by the following algorithm:
fort=0,1,... do
Select Ty uniformly at random from subsets of size l of S;.
Select Syr1 with probability o< u(Si4+1) from supersets of size k of Ty.
end for

We also take this opportunity to redefine the down and up operators, but use different notations,
that are more natural for the analysis of random walks. Compare with Definition 20.2 and see
Remark 20.3. We will think of these as matrices that act on probability distributions on the left.

Definition 24.2 (Down Operator). For a ground set [n| and n > k > 1, define the row-stochastic
(n] [n]

down operator Dj,_,; € RODX(T) gs

n FTES

1

Dk*ﬂ(sv T) = (
0 otherwise.

Definition 24.3 (Up Operator). For a ground set [n] and n > k > 1, and probability distribution
[n] (n]
l

e ([Z]) — R>q, define the up operator Uiy, € ROV as

M5 T C S
Usi(T,S) = {ZS'DTM(S) T C >
0 otherwise.

The following properties should be familiar.
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Exercise 24.4 (Stationary Distributions of ka<—>l and PIcA<—>l)' Define pp := pu and more gener-
ally define p; := upDyg_;. The operators ka<—>l = Dp_ U and Plik = Ui Dy both define
Markov chains that are time-reversible and have nonnegative eigenvalues. Moreover i and p; are
respectively their stationary distributions.

24.2 Entropic Independence

The notion of entropic independence is about the entropy contraction of the down operator.

Definition 24.5 (Entropic Independence). A probability distribution p on ([Z}) is said to be (1/a)-
entropically independent, for o € (0,1], if for all probability distributions v on ([Z]),

DiL (VDg—1 || pDr—1) < Dxr(v || p)-

1
ak
We remark that spectral independence can be used to prove the variance contraction of the down
operator (see [Ove22]), which can be used to prove a lower bound on the spectral gap as in Chap-

ter 23. So Definition 24.5 can be seen as a natural analog of spectral independence for proving a
lower bound on the modified log-Sobolev constant as in Chapter 23.

We study two main results from [AJK"21a]. The first one characterizes entropic independence and
fractionally log-concavity. In particular, it proves that an a-fractionally log-concave distribution is
(1/a)-entropically independent for all conditional distributions.

Theorem 24.6 (Entropic Independence and Fractionally Log-Concavity [AJK21a]). Let u be a
probability distribution on ([Z]) and let uy = pDyg_1 € R™. Then, for any o € (0,1],

1 n
p is —-entropically independent <= V(z1,...,2n) € Ry, gu(27,..., zf:)ﬁ < E w1 () - 2.
o >
i=1

Consequently, if u is a-fractionally log-concave, then u is (1/a)-entropically independent. Moreover,
 is a-fractionally log-concave <= Axp is (1/a)-entropically independent YA = (A1,..., \,) € R,

where A1 is the distribution scaled by external field X such that gy, (21, ..., 2n) < gu(M21, ..., An2n).

The second one proves that if u is (1/a)-entropically independent for all conditional distributions,
then the k <> k — é down-up walk is fast mixing.

Theorem 24.7 (Local to Global Entropy Contraction [AJK'21al). Suppose p : ([z]) — R>o
is a-fractionally log-concave, or more generally (1/a)-entropically independent for all conditional
distributions. Let | < k — [1/«a]|. Then, for all probability distributions v on ([Z]),

DL(VDp—1 || pDp—1) < (1 — &) - DxL(v || p).

Consequently, the k < | down-up walk with respect to u has modified log-Sobolev constant Q(k)
where Q0 hides an absolute constant and when 1/« is an integer then

= () (1)
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Combining Theorem 24.6 and Theorem 24.7, the k < k—é down-up is fast mixing for a-fractionally
log-concave distributions. Note that this is a generalization of the result of Cryan, Guo, and Mousa
in Theorem 23.19 for strongly log-concave distributions, which are 1-fractionally log-concave. This
also gives the optimal mixing time analysis for the monomer-dimer systems and the non-symmetric
determinantal point process that we discussed in Chapter 22 (see [AJK21a]).

24.3 Fractional Log-Concavity Implies Local Entropic Contraction

In this section, we prove one direction of Theorem 24.6, that fractionally log-concavity implies
entropic independence. We refer the reader to |[AJKT21a| for the other direction, which is not
needed for the conclusion of fast mixing.

The following statement will be used to replace log-concavity by é—th root concavity.

Problem 24.8. Let C C RY, denote a conver cone. For a d-homogeneous function f: C'— Rxo,

f is log-concave if and only if f1/¢ is concave.

The first step is to show that fractional log-concavity implies that the transformed generating
polynomial is upper bounded by its linear tangent.

Lemma 24.9 (Linear Tangent Upper Bound). If u is a a-fractionally log-concave distribution on
([n]) then
k)

n ak
gutm) < (o mG) =)
i=1

Proof. Let f(z1,...,2n) = gu(27,.. ,zﬁ)ﬁ be the transformed generating polynomial. As the
polynomial g, (2{,...,25) is ak-homogeneous and log-concave, it follows from Problem 24.8 that f

is concave. Therefore, by concavity, for all z1,..., 2z, > 0,

where the last equality is because f is 1-homogeneous and so » ., dif(1) = f(I). By the chain

rule,
04(1) = (o 0u(D) (o oM ) = L Priies] = (),

where the last equality is by the definition that u; = pDg_,1. Therefore,

ferm) S @ m = galefm < (Lm) )"
i=1 i=1
O

The second step is to show that the linear tangent upper bound implies entropic independence. A
key idea in the proof is to fix the marginal probability and to use the following Gurvits’ capacity-type
bound proved by Singh and Vishnoi, which is obtained by convex duality.
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Lemma 24.10 (Capacity Bound of Relative Entropy). Consider a homogeneous distribution (i :
([Z]) — R>q and let g, (21,...,2n) be its multivariate generating polynomial. Then, for any q € RY,

with Z?:l q; = 1,

i . 21y s 2n
inf {Dxr(v || ) | vDg—1 = q} = —log ( inf gu(l))

21 4ey2n >0 qul e zf{q”

Lemma 24.11 (Linear Tangent Upper Bound Implies Entropic Independence). If p is a homoge-
neous distribution whose generating polynomial g, satisfies

n ak
gu(2y, . 2n) < (Zpl(z)zl) .
i=1

forall z1,..., 2, € RSy, then p is (1/a)-entropically independent.

Proof. Let v be an arbitrary probability distribution on ([Z]) and let vy := v D1, so that 11 € RY
and 1", v1(i) = 1. By Lemma 24.10,

i 0 : gu(21, - -, 2n)
Duav ) 2 (Dralo ) v = = o (e G ).

By the linear tangent upper bound,

n o lyak
inf 9u(21,. ., 2n) it <Zi:1 pa (i) - zf) . ﬁ (,ul(i) >ak.l,1(i)

21500520 >0 lec-m(l) .. Zf{‘”l(”) T 21,0200 z’f'”l(l) . Zfi‘”l(”) iy V1 (z)

where the last inequality is by plugging in z; = (v1(2)/u1(7))%. Taking log and negating gives

Dir(v || 1) > —log [ | (‘:8)%() = ak Y wi(i) log (:11((?)) — ak - Dir,(vDyos1 || #Drs1),
=1 i=1

which establishes (1/«)-entropic independence by Definition 24.5. O

Finally, we note that a-fractional log-concavity is preserved by scaling, which implies that the
generating polynomial of any conditional distribution

9u ()\21,...,)\2|S|,...,zn)
AISI ’

o lim
g,us A—00

is also a-fractionally log-concave, and thus pg is also (1/a)-entropically independent by Lemma 24.9
and Lemma 24.11.

Therefore, we have proved the direction of Theorem 24.6 that we need, that an a-fractionally
log-concave distribution is (1/a)-entropic independent for all conditional distributions.

24.4 Local Entropy Contraction to Global Entropy Contraction

In this section, we prove Theorem 24.7, which also proves Theorem 23.19 for strongly log-concave
distributions.
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Proof of Theorem 24.7. The plan is to write both Dky,(v || 1) and Dky,(vDy—; || pDr—1) as a
telescoping sum of terms of the form Dk (vDg—i || #Dk—i) — DL(VDp—s(i—1) || #Dg—(i=1))-

Consider the following random process. Sample a set S ~ p and uniformly at random permute
its elements to obtain Xi,..., X;. Notice that any prefix Xi,...,X; is distributed according to
uDy_;. Consider the random variable

VDkHi({Xla NN ,Xz}) lo Z/Dkﬁi({Xl, PN ,Xl})
1D (X1, X)) B uDe ((X1, - X))

T =

Then
Esulril = Egx, ... xiy~puDy:[7i] = Du(vDg—si || #Dg—i)-

Therefore, we can write both Dy, (v || n) and Dkr,(vDy—y || #Dx—1) as telescoping sums

e
—_

-1
®KL(V ” M) = E[Tk] = (E[Ti—l—l]_E[TiD and DKL(VDI@%Z H MDkHl) = E[Tl] = (E[Ti+1]—E[Ti]).

7

Il
=)
I
o

i
To prove entropy contraction, it is equivalent to proving that the last £ — [ terms in the telescoping

sum are sufficiently large compared to the rest.

Let A; := E[TH_l] — E[TZ] and 3; := m
w is (1/«)-entropically independent, and thus it follows from Definition 24.5 that

. As p is a-fractionally log-concave, by Theorem 24.6,

1
Ao = Dxr,(vDg—1 || pDr—1) < o DrL(v | pn) = Ao < Bo(Ar+--+ Ap_q).

As conditioning preserves a-fractionally log-concavity, we can apply the same argument to each
conditional distribution u(- | Xi,...,X;) and then take the expectation over Xi,..., X; to get

A < Bi(Aig1+ ..o+ Agq)

for each 1 < ¢ <[ —1. Combining these inequalities, it follows inductively that for all 0 <¢ <[ <
Y
-1
A< Bi-(Ar+ .+ 2p0)- T B+ 1)
j=i+1
Hence,

-1 k

-1 .

Ag+ -+ Agy Ao+ -+ A j
=1+ <1+ ; +)=Jla+5) = :

Art -t Ara Art -t Ak Zﬁ 1111 A g( . j:l!_[lJrlj

1
«

Let I'(-) be the Gamma function. If 1/« is an integer, then the RHS is
Fk+1)/T(k+1-1) B K/ (k—1)! [k k—1
T(k+1—-1/a/T(k+1-1-1/a) (k—1/a)/(k—1—1/a)! \1/«a 1/a )
This implies that
DxL(v || 1) :Ao+-~~+Ak—1 ( >/< )
Dxr(v || #) = Dkr(VDg—si | pDr—s1)  Ar+--+Apy — \1/a 1/a
<

(1=r)- DL (v [| p)-

and rearranging gives the entropy contraction statement Dy, (v Dy || #Dg—1)
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Finally, by the data processing inequality in information theory, apply the up operator would not
increase the relative entropy, and so

D (WP || wPyL;) = DrL(VDksiUisk || pDk—iUisk) < D (vDg—sy || pDi—t) < (1—£)-Dxr(v || p).

This implies that the relative entropy is exponentially decreasing and thus the we can upper bound
the mixing time as in Theorem 23.14 with p(P) ~ k. This proves the consequence of the modified
log-Sobolev constant in bounding mixing time. It is left as in Problem 24.12 to prove that entropy
contraction indeed implies a lower bound on the modified log-Sobolev constant. O

Problem 24.12 (Entropy Contraction Implies Modified Log-Sobolev Constant). Let v be a prob-
ability distribution on [n]. Let P denote the transition matriz of an irreducible, reversible Markov
chain on [n] with stationary distribution p. Suppose there exists some a € (0,1] such that for all
probability measures v on [n] which are absolutely continuous with respect to p, we have

Dxr(vP || pP) < (1 —a) - Di(v || p).
Then the modified log-Sobolev constant of P is

p(P) > 2.

24.5 Summary

Since the resolution of the matroid expansion conjecture using the connection to high-dimensional
expanders, there are many recent developments in analyzing mixing time of Markov chains. It is
quite amazing to see that the techniques can be extended to bounding the (notorious) modified
log-Sobolev constants, with applications in proving optimal mixing times, in bounding correlations,
and in proving concentration inequalities. In these most recent developements, the concepts from
high-dimensional expanders have been bypassed and one could understand the results directly us-
ing probabilistic and analytical concepts (see the newer papers [AJK™21b, CE22]). This area is
progressing and evolving very quickly, and the notes in the next offering may be entirely different.
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