AN INTRODUCTION TO EXPANDERS II

JAEHOON KIM

ABSTRACT. In this note, we learn about expander graphs. The materials on this note
are based on the following sources: [3, 4, 8, 9]

1. RECAPITULATION

Last year, we learned about expander graphs. In short, expanders are d-regular graphs
which satisfies the following loosely equivalent properties.

(1) Combinatorial property: Any vertex set U has comparatively large boundary (ei-
ther the edge boundary |E(U,U)| or the vertex boundary Ng(U)).

(2) Probabilistic property: Random walk mixes fast, i.e. k-th vertex on the random
walk on the graph is almost as if we choose a vertex at random.

(3) Algebraic property: All eigenvalues of the adjacency matrix except the largest one
are small.

Definition 1.1. For S C V(G), the edge boundary 0S = E(S, S) is the set of edges from
S toS=V\S. The edge expansion ratio of G, denoted by h(G), is defined as

h(G) = min @

s|si<n/2 |8
Definition 1.2. The adjacency matriz of a graph G, denoted by A = A(G) is an n X n
matriz whose (u,v)-entry is the number of edges in G between vertex u and vertex v. As it
is real symmetric matriz, it has n real eigenvalues A1 > --- > \,. If a d-reqular graph G
has one eigenvalue d and rest of the eigenvalues in [—ad, ad)], it is called a (n,d, a)-graph,
or an a-expander.

We prove that d;;‘? < h(G) < 4/2d(d — A\2) holds, showing the combinatorial property
and algebraic property are related.

Also, we consider the random walks. It starts at a vertex v chosen according to the
initial probability distribution pg € R™ over the vertex set [n] = V(G) of G, and it moves
to a neighbor chosen uniformly at random. This yields a probability distribution of the
t-th vertex on the walk as (34)'pg. We showed that

1
lpe — 11 = ||(g14)tp — 1 <a'Vn

holds for a random walk over an (n,d, a)-graph where 1 = (1,1,...,1)T. This shows that
the second aspect is also related with others.

We also showed that such an expander is useful for constructions of good error correcting
codes, and error reduction on randomized algorithms. We also see some ways to construct
expander graphs.

This year, we will introduce the (normalized) Laplacian matrix of graphs which enables
us to deal with non-regular graphs. Using this concept, we can extend the definition of
expanders to more general notion of graph approximation. We will also learn more ways to
construct almost best possible expanders using some concept called eigenvalue interlacing.
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2. LAPLACIAN

While learning about the adjacency matrix of graphs and its spectral properties, two
questions naturally arise.

e Is the adjacency matrix of graph the most natural notion?
e Is the assumption of graph being regular important?

The theories we introduced in the last year’s lecture were built on the assumption that
our graph is regular. So, the second question, whether we can also deal with non-regular
graphs, is very natural. However, if we try to deal with non-regular graphs, the analysis
we did before does not work. For example, once we consider the random walks over non-
regular graphs, then the adjacency matrix Ag no longer captures how the random walk
behaves. To overcome this (and other) issues, we introduce the following notion of graph
Laplacians. Also, we will consider more general notion of edge-weighted graphs where
each edge ij of the graph G has a positive edge weight w; ; € Ry on each edge ij.

Definition 2.1. Let D = D¢ be an n by n diagonal matriz where D;; = dg(i) is the
degree of the verter i, and let A = Ag be the adjacency graph of a weighted graph G, where
A j = w; j where w; j is the weight on the edge ij in G. The matriv L = Lg = D — Ag is
called the Laplacian matrix of G, and the matriz L= ZG = D Y2LD1/2 s called the
normalized Laplacian matrix of G.

There are several reasons why these matrices are useful and important. In particular,
we can list the following two reasons.

e This is an analogue of the Laplacian over continuous spaces, measuring ‘smoothness
of functions’ defined over graphs/spaces.

e Together with the normalized Laplacian, many theories generalize to non-regular
graphs.

Let’s convince ourselves that Laplacian is a very natural concept.

Why do we want to measure ‘smoothness’ of functions defined over graphs, and how do
we define this ‘smoothness’? Let’s consider one example.

In recent years, the need for analyzing high dimensional data sets have increased a lot.
Here, high dimensional data are defined as data in which the number of features (variables
observed), are close to or larger than the number of observations (or data points). For
example, when we have patients in hospital, there are a lot of data we need from a patient,
including blood pressure, heart rate, BMI, Cholesterol level, Body fat, respiratory rate,
red cell mass, etc. If the number of features is small, it is relatively easier to analyze the
data. However, if the number of features is large, it becomes difficult to analyze this data
set.

On the other hand, in many cases, these features are not completely independent of each
other. For example, blood pressure level is somehow predictable from cholesterol level in
blood, age, and BMI measurements. So, there are some relations between these features,
which allow us to analyze the data more efficiently. These relations between the features
can be captured using (edge-weighted) graph having the features as vertices, and edge
representing some relations between the features. High weights represents strong relations
while small weight represents weak relations. In this aspect, assuming the features have
real values, each data correspond to a function f € RV,

Let’s assume that we want to do image-filtering. We have an original image of, say,
n pixels, but some noise has been added to the image. How can we filter this image to
obtain a ‘better-looking’ image? Of course, ‘better-looking’ is not well-defined term. If
you think about it, the noise introduces some unnatural “sharpness” to the image, which
makes us to notice the noise. So, if we make the picture somehow “smooth”, then it
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Gaussian-Filtered Gaussian-Filtered
Original Image Noisy Image (Std. Dev. = 1.5) (Std. Dev. = 3.5) Graph-Filtered

FIGURE 1. An example by Shuman, Narang, Frossard, Ortega and Vandergheynst|[8]

becomes better. This is what image filtering is for. So, a most basic way to filter an image
is to replace a pixel by the average of its neighborhood. For example, if we have a pixel of
value 2 surrounded by eight pixels of value 1, then we replace the value 2 by the average
(2+8%1)/9 = 10/9. This will results in a bit blurred picture, but the effects of noises
are somewhat smoothed out. More generally, we can improve the quality of the image by
considering some weighted average putting more weights on closer pixel according to the
normal distribution. This is called the Gaussian filter.

However, this approach does not take into account on the more information we have.
For example, a pixel can come from the face of a person, while a pixel right next to it
comes from the background sky. We do not want to average out these two pixels, which
introduces too much undesired blurr. How one can more efficiently deal with this? We
can consider a graph over the vertex set V of pixels. Each pixel has a real value, which
represents the color. (Usually a color requires three real numbers to represent, but assume
for simplicity that the color can be represented by one number). Then the original image
x € RY is a function over the vertex set, and image with noise y € RY is also a function
where y — x is the noise added. Based on y, one can consider a weighted graph G. We
put edges if two pixels i, are close. More precisely, put an edge between a pixel i and
eight other pixels surrounding . Also, if adjacent vertices have similar values, we put high
weights w; ; on the edge between them. If they have different values, then we put low
weight w; ; on the edge between them. (There are several ways to determine the weight
w; j according to the value difference, but we will not specify them.) Then, depending on
how to determine wj ;,

> wii(y(i) —y()* =y Ly
ije€G
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somehow measures how ‘smooth’ the given image (function) y is. As the original image
is very likely to be more smooth than the noised image, we seek to find a function z € RV
where z’ Lz is smaller or at least not too large. Of course, we want the z to be not too
far from y, so one can use some way called Tikhonov regularization to find a function z
satisfying

argmin, {||z — y |3 + 2" Lz},

where v is a chosen constant. See the above Figure 1 from [8]. This shows that the
graph-based filtering produces a sharper image than traditional Gaussian filter method.

Moreover, if we solve this optimization problem, then the optimal solution is given by

Nz_:l [1 +1’Y)\J (v, ur)uy

£=0
where )\, is the /-th eigenvalue of the Laplacian L and uy is the corresponding eigenvector.

Also, Laplacian of a graph is an analogue of the Laplacian over a smooth space R".
It is roughly a generalization of the second derivatives of a function. In many cases, one
can consider a graph embedded on a given space and consider this graph as an discretized
approximation of the space. So, if we have an analogue of the Laplacian in graphs, then
one can analyze the graphs instead of the space to learn more about the space.

As the Laplacian is the divergence of the gradient of the function, let’s figure out what
those are in graphs. For given a function f : R"™ — R, the gradient is

Vf:(alf782f7aanf)

A concept similar to the partial derivative 0; at ¢ is the difference f(i) — f(j) along the
edge ij divided by some ‘distance’ d; ; between two vertices ¢ and j. So, one can consider
the following incidence matrix K. The columns of K correspond to the vertices in order
(we assume that the vertices in V(G) = [n] are ordered) and the rows of K corresponded
to edges of G with order (this order can be arbitrary). For each edge e; = kh with k < h,
the entry K; ; is defined as

dgn =k,
Kij=19 —1/desn ifj=h, (2.1)
0 otherwise

Then KT is an analogue of Vf.

Also, recall that the divergence on a multivariate differentiable vector field F measures
the amount of ‘flow’ coming out/into a point when the flow is determined by the vector
field. When F = (Fy,...,F,), we have

divF = F1 +--- + 0,F,

The vector field should correspond to a function defined over edges (which is same as
‘direction’). As the values flows linearly over edges, the 9.F. for an edge e should be the
value of e divided by the length of e (which measures how fast the flows are coming into
the vertex). Then divergence at a vertex is simply the summation of the values on the
edges divided by d;;, i.e. divg(i) = _;cn(;) 8(j7)/di;, where g(ji) = —g(ij) if the edge
ij appears in the function g as the order (4,4). Indeed, this is precisely the matrix K”'g.
Hence, we can see that it is very natural to define the Laplacian as

KT'K =D — Ag,
1
analogue of the Laplacian of continuous functions. Again, this is measuring how smooth
a function defined over the graph is.

where G has the weights w; ; = for each edge ij. Hence, Laplacian matrix is a graph
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Lastly, let’s see how normalized Laplacian helps us to deal with non-regular graphs
in some situations. We will consider the random walks. Recall the definition of the
random walk. For a given (not necessarily regular) edge-weighted graph G, we begin at
some vertex. In each time step, we move to another vertex. When it moves, it moves
to a neighbor with probability proportional to its weight, i.e. it moves from ¢ to j with

Wi, 5

probability 7= where d(i) = X jen(;) Wiy is the weighted degree of the vertex. (If the

graph is not weighted, we treat each edge as an edge with weight 1 and moves from ¢ to j
with probability 211;;(;) )

Let p; € R™ be the probability distribution at time ¢ where p:(i) is the probability of
being at the vertex i at time ¢t. As this is a probability distribution, we have ). p;(i) = 1.
If the walk starts at ¢, then we consider pg = 1y;; being the characteristic vector where
all probability is concentrated on the vertex i. The probability of being at a vertex ¢ at
time ¢ + 1 is the sum over the neighbors j of i of the probability that the walk was at j at
time ¢ times the probability that it moves from j to ¢ in time ¢ + 1. Hence

, w(i,j )
pia(i) = 3 Uep), (22)
d(j)
JEE(G)
Here d(j) is the weighted degree of j. This yields the walk matrix W := AgD~!. Let

W = %I + %W be the walk matrix for the lazy walk. (For lazy walk, we have an additional
assumption that we stay at the vertex with probability 1/2 in each step.)

It is natural to analyze the random walks by studying the spectral aspects of W or w.
However, one problem is that this matrix is not symmetric, so we can’t apply spectral
theorem to obtain real eigenvalues and orthonormal eigenvectors. However, we can still
show that this matrix has n real eigenvalues and real eigenvectors, while their eigenvectors
might not be mutually orthogonal. For this, we consider the following the normalized
adjacency matrix instead. This is a symmetric matrix, so it has real eigenvalues and
orthonormal eigenvectors. Let

AV: D—I/QWDI/Q — D_I/QAD_1/2.

In random graphs, what we are interested in is the stationary distrubition. At the sta-
tionary distribution A acts as if it is the identity I. So, considering the following matrix
makes sense.

I—A=I1-D'2AD'2 =D YD - AD % = Lg.
Moreover, I — Ais a positive semidefinite matrix while A is not. So analysis are more
convenient in many cases.

Up to multiplying D~'/2 on both sides, the normalized Laplacian captures the essence
of the behaviour of random walks.

Proposition 2.2. The vector u is an eigenvector ofi of the eigenvalue \ if and only if
DY?u is an eigenvector of W of the eigenvalue 1 — .

Proof. Note that DY2L = (D — Ag)D~'/2 = (I — W)DY2, so D'/2Lu = (I — W)D'?u.
Hence, Lu = Au if and only if
DY2Lu = D2 u = A(D?u) = (I — W)D'?u.
O

Also, it is easy to see that W has the same eigenvectors with W. Moreover, assuming G
being connected the degree vector d is the Perron vector (the eigenvector for the largest
eigenvalue whose all entries are positive) of W of eigenvalue 1 as

AD7'd = A1 = d.
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So, the Peron-Frobenius theorem yields that the eigenvalues of W' lie between —1 and 1,
and the eigenvalues of L lies between 0 and 2. It is also not difficult to prove that the
graph is bipartite if and only if 2 is an eigenvalue of L.

w1

For lazy random walks, W = 51 + %W has eigenvalues
l=w1 22w, >20.

By the above proposition, we know that A has the Perron vector d/2 where dl/ 2() =
d(i)'/2.

One reason why we consider a lazy random walk is that it has an advantage over
random walk. The lazy walk on a connected graph always converges to one distribution:
the stationary distribution. For non-lazy one, the distribution might not converge on
bipartite graphs. We already see that the following is an eigenvector for W = AD~1.

1
= ——d.
T4
Let vi,...,v, be the orthonormal eigenvectors of L corresponding to eigenvalues 0 =

Al =2-2w; < <\, =2 —2w,. If we just consider the eigenvectors of W, they are

not orthogonal each other, so we consider the eigenvectors of L. Then W has eigenvalues
w1, ...,w,. For an initial distribution pg, we can find constants ¢; such that

D™'?py =" civi.
i
Here, ¢; = viTD_l/on. Especially for i = 1, we have

Cc1 = VTD_1/2p0 = (d1/2>T (D_1/2p0) = =
! a2 [at2| - ld2

The last equality holds as pg is a probability distribution. Then
p: = /tho — DI/QD—I/QWtDI/QD—l/on
— Dl/Q(D—l/QWDl/Z)tD—l/on

= Dl/z(}[ + %Av)t Z CiV;

17pg 1

2
= D/? Z wfcivi
7

= D1/261V1 + DY/? wacivi.
i>2
We have the final equality as we have w; = 1. As 0 < w; < 1 for all ¢ > 2, the right-hand
term go to zero as t goes to infinity. Here, as D'/2v; is a scalar multiple of the Perron
dl/2

vector d of W, vi = faizzy)> SO

1 dl/2 d d

|!d1/2\|)||d1/2H a2z 32, d(0)

From this, we can suspect that how fast the convergence happens depends on wy =
1 — X2/2. So, as Ay is away from 0, the convergence get faster. There are several possible
ways to measure the speed of convergence. We will consider pointwise distance as follows.

DY2¢pvy = DY?(

Theorem 2.3. For alli,j and t, if po = 0; = 1y, then

(i) — 7(5)] < ff("))wg
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Proof. Note that p.(j) = 5]-Tpt. Then as above, we know
pi(j) = 0] pr = 7(j) + 6] D> wicpvy.
>2
So, we want the upper bound on the size of 5;‘-FD1/2 Zezz wheevy. Recall that
1

V(i)
So, ST D23,y whepve = 4/ ?l(d)) 61 g0 wyve(vy 6¢). Then we have
07 D _wiveviioil =13 wi(0fve)(vi 8l < wp > |67 vellvi i

£>2 0>2 0>1

C; = ViTDl/Q(SZ' = Vépéz

= wy 185110 = w5
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3. SPECTRAL SPARSIFIERS

As we saw before, the Laplacian captures many properties of the graph G. In the ex-
ample of image processing, the computation of the quadratic form x’ Lgx was important.
Also, the following theorem shows that this quadratic form captures the essence of the
eigenvalues of the Laplacian matrix. Here, the expression x;]}ix is called the Rayleigh
quotient of x with respect to M.

Theorem 3.1 (Courant-Fischer Theorem). Let M be a symmetric matriz with eigenvalues
A <---<M\,. Then

. xI' Mx . xI' Mx
Ak = max min —— = min  max T
SCR"  zeS—{o} xTx SCR™ gzes—{o} xTx
dim(S)=n—k+1 dim(S)=k

where the maximization and the minimization are over subspaces S and T of R™.

Similarly, in many cases, computing the quadratic form x” Lgx is useful and it requires
O(n?) multiplications of numbers in general.

However, if L has O(n) many non-zero entries, then we can do this computation more
efficient way in O(n) multiplications. This motivates to find a graph H with small number
of edges, where Ly can ‘approximates’ Lg for a given graph G. Of course, finding such a
graph H can take quite a time, but if we have to compute x’ Lx many times for different
vectors x, finding one such a graph H and compute x’ Lzx many times can be much more
efficient.

For a d-regular graph GG, when the adjacency matrix of G has eigenvalues py > -+ > iy,
the Laplacian eigenvalues are exactly \; = d — ;. So being an expander is equivalent to
|d — \i| <ed fori>2. As Lk, has eigenvalues 0,n,n,...,n this is also equivalent to

d
|Le — —Lk,|| < ed
n

[[Mx]]
Nl :
value of the matrix if M is a symmetric matrix.

where we write || M|| = maxx for the operator norm. This is just the largest eigen-

Definition 3.2. We say that G is an e-approximation of a graph H if
1-¢e)HxG<(1+¢)H,
where H < G means xT Lyx < x' Lagx for all x.
We can check the following proposition.

Proposition 3.3. A d-reqular graph G is an e-expander if and only if it is an e-
approximation of %Kn.

Proof. If G is an e-expander, then for all z € R” that are orthogonal to 1 = (1,1,...,1)7,
we have

(1—e)dx'x <xTLgx < (1 +¢)dx'x.

T

However, as we have xT L4 gX = dxTx, so G is an e-approximation of %Kn.
n

The other direction also follows as
(1 - E)LH <X Lg = (1 + E)LH
implies
—eLly < Lg— Ly <elLy.

With H = %Kn, Ly has all eigenvalues d or 0, so we have ||Lg — Lg|| < ed, hence G is
an e-expander. ]
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So, when the graph being regular is not so important, one can consider a (not neces-
sarily regular) graph which is an approximation of a complete graph instead of a regular
expander. This also suggests that we can consider sparse approximation of graphs other
than the complete graph. For example, a regular bipartite graphs approximating a com-
plete bipartite graphs are called bipartite expanders, and we saw last year that they are
useful.

What about more general graphs? Can we find a sparse graph approximating any given
graph G?7 If H is an e-approximation of G, then they share many characteristics.

e the eigenvalues of the graphs are similar.

e the edge-boundaries ), jer(s,3) Wi of all sets are similar, as these are given by
1gLa1s.

e all solutions of linear equations in two matrices Ly, L are similar.

3.1. Random subgraph. The proof in this subsection is from [?]. One of the most
natural approaches to construct a sparse approximation of G is that, for each edge ab, we
independently at random choose the edge with some probability pg,. If ab is included, then
we give it weight wq p/pqep. By dividing by p, 5, we preserves the matrix ‘in expectation’. To
see this, let L, ; be the Laplacian of the single edge ab, then we have Lg = jc g WapLap
while

E[Ly] =) Pap(Wap/Pap)Lap = La.
abeE
We collect the following matrix Chernoff bound. For a given matrix X, we write A, (X)

to denote the k-th smallest eigenvalue, and Apj, and Apax to denote the smallest and
largest eigenvalues.

Theorem 3.4. Let Xq,...,X,, be independent random n-dimensional symmetric positive
semidefinitie matrices so that || X;|| < R almost surely holds. Let X =% . X; and let jimin
and fimax be the minimum and mazimum eigenvalues of E[X] =) . E[X;]. Then we have

2 .
Prmin(X) < (1 — &) pmin] < nexp(—- ;‘gm) for0<e<1,
82Nmax
Pr{Anax(X) < (14 €)ttmax] < nexp(— 3R ) for 0 <e.

Note that the matrices X1,...,X,, can have different distributions. Before applying
the matrix Chernoff bound, we take a transformation so that pmin = tmax = 1. This will
make analysis easier, and allow us to deal with eigenvalues other than the largest and the
smallest ones. For positive definite matrices A and B, we know that A < (1 + ¢)B is
equivalent with B~1/24AB~1/2 5 (1 4 ¢)I. Even for positive semi-definite matrices, if A
and B has the same null spaces, we can do the same thing in their column space. So, we
have

Ly < (1+e)Lle «— LG ’LyLy? < (1 +e) LY Lol

/% is the square root of the Moore-Penrose pseudo-inverse of Lg. Let II =

where LJGr
LJGF/2LgLJCS/2, which is the projection matrix on to the range of Lg. So it suffices to find

a graph H where Lg/ ’L HLZ_;/ % is an g-approximation of II. As multiplication by a fixed
matrix is a linear operation and expectation commutes with linear operations, we know

E(L Ly Ly? = LY PRIy LE? =10

We will project all the vectors to the span of II and carry out the analysis, then we can
assume that II is in fact an identity.
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Let

Wq,, +/2 +/2 . -
Xop = { K,:LG Loy L, with probability pq p

otherwise.

so that LE/QLHLE/Z =Y aber Xab- We want to choose the probability p,; so that

L Lo L)

1
Pap = Ewa,b

holds for some R which we determine later. Then when an edge ab is chosen, we have
| Xapl| = R. We will see that for most of the edges ab, p,; will be smaller than 1. If it is
at least 1, then we will later partition this edge into multi-edges of probability at most 1.

We define the leverage score of edge £, be the weight of the edge times the effective
resistance Regr(a,b) = (1, — 1) LE(1, — 1) between its endpoints, i.e.

lap = wap(le — 1) LE(1e — 1p).
Note that
ILE Loy L) = ILE* 1a—10)T (La—1,) LE 2| = [|(La—1,) LE L (1a—1,)7 || = Reg(a,b).

It is known that the the leverage score of an edge equals the probability that the edge

appears in a random spanning tree chosen proportional to the weight [], JEB(T) Wi of the
trees, so the sum of leverage score is n — 1. So, we have ), pap = "Tﬁl. We choose
R = % Hence, there are at most 3.5¢2nlnn edges ab with Pap > 1. For those
edges, split X, into k = L%bj random variables which appear as RLZ/ 2La7bLg/ ? with

Lot M 02 Lo, L/ with the probability
Pab/R — k. By using Chernoff bound on real numbers, the number of edges in H is at

most 4 2nInn with high probability. Also we have

> E[Xqp) =1L

abeE

probability 1 and one more that appears as

Using matrix Chernoff bound, we have
2
€ _
Pr[)\maX(Eb: Xap) >14+¢] < nexp(—ﬁ) < nexp(—1.1lnn) < n~ Y10,
a

For the lower bound, we can just consider on the vector spaces consisting of all vectors
orthogonal to the constant vector, so treat the smallest eigenvalue of II to be 1. We then
find that

2

Pr[/\min(z Xap) <1—¢] < nexp(—ng) <nexp(—1.7lnn) < n—1/10
ab

Union bound yields the desired result.

3.2. Interlacing polynomials. The multiplicative logn term on the number of edges
naturally arises in the applications of the Chernoff bound. In order to remove this term, we
tackle this problem by using the method of eigenvalue interlacing. What does ‘interlacing’
means? Basic idea is to observe how eigenvalues changes when we add an edge to H. Once
we add an edge to H, then eigenvalues of H march forward together in a well-coordinated
way, which we call ‘interlacing’.

Definition 3.5. Let p € R[x] be a polynomial of degree k € {d — 1,d} with all real roots
ay < -+ < ag and q € R[z] be a polynomial of degree d with all real roots 1 < -+ < [y.
If k =d — 1, then we say p interlaces q if f1 < a1 < - < g1 < By. If k =d, then we
say p interlaces Q if a1 < 1 < -+ < ag < By.
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We say that a set {p; : i € [n]} of real-rooted polynomials have a common interlacing
if there is a polynomial ¢ € R[z| that interlaces each p;. One of the key reason why
we consider this concept is the following lemma. Note that adding (§; — 6,)7(6; — §;)
to the Laplacian matrix Ly yields the Laplacian Lgy. where e is an edge of weight
1. So, studying the eigenvalue of A 4+ vv” in terms of eigenvalues of A provides some
understanding on how the eigenvalues evolve when we add or remove edges.

Lemma 3.6. Let A be a symmetric matriz and let v be a vector. For a real number t
let pi(z) = x(A +tvvl). Then for t > 0, po(x) interlaces p;(z) and there is a monic
polynomial q(x) of degree n — 1 so that for all t, py(x) = x(A) — tq(x).

Proof. Let \y < --- <\, be the eigenvalues of A and p; < --- < u, be the eigenvalues of
A+ tvv”. The Rayleigh quotient of A + tvv’ is always greater than or equal to the one
of A, so Courant-Fischer Theorem implies A; < p;. On the other hand, Courant-Fischer
theorem states that

i = max min xT (A +tvvl)x
dim(S)=n—i+1xeS—{0},||x]|=1
< max min  x7 (A4 vvl)x
dim(S)=n—i+1 x€S,x1Lv=0,
[I[|=1
< max min  x! Ax
dim(S)=n—i+1x€S5,x1v=0,
[Ix[|=1
< max min x!' Ax = Ait1-

T dim(S)=n—i zeS—{0},||x||=1

The final inequality holds as S N v has dimension either n —i + 1 or n —i. So, po(x)
interlaces p;(x).
By rescaling t if necessary, we can assume that v is a unit vector. Note that we have

X(A+terel) = det(x] — A —terel) = det(xI — A) — tdet(zI™ — AN)) = y(A) — tx(AD),

where A is the submatrix of A by removing its first column and row, and the polynomial
x(AM) has degree n — 1.
Consider a rotation matrix @ with Qe; = v with |det(Q)| = 1. Then

X(A +tov") = X(QA + t0v")QT) = X(QAQ" + terer)
= X(QAQ") — tg(z) = x(A) — tq(x)
for some ¢(z) of degree n — 1. O

Why is interlacing important? As we mentioned, this describes how the eigenvalues
evolve when we add an edge by edge to a graph. Also, this concept is helpful to study
real-rooted polynomials, i.e. the polynomials whose roots are all real. As the Laplacian
and adjacency matrix are both symmetric, the characteristic polynomials of graphs are
real-rooted, hence this concept of real-rootedness is related to what we are studying. In
general, if we consider two real-rooted polynomials, it is not guaranteed that we can get a
real-rooted polynomial. However, if we have two polynomials having a common interlacing,
then we can say more about their sum. This can be captured by the following theorem.

Theorem 3.7 (Common interlacing theorem). Let pi,...,pm € R[z] be a set of real-
rooted polynomials of degree n with positive leading coefficient and let py = Zz‘e[m} pi. If
{pi : i € [m]} have a common interlacing, then we have the following.

® Dy is real-rooted.
e for each k € [n], min; A\p(pi) < M\(pz) < max; Ag(pi)-
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Proof. Let aq < --- < a, be a common interlacing sequence for the polynomials p1, ..., Dm,
meaning that ar < Ag(p;) < ags1, and let ap41 be a large enough number so that
pi(an+1) > 0 for all i. As each p; has positive leading coefficient, they all have the
same sign at a; and the same opposite sign at as etc so that it has negative sign at a,
and positive sign at a,4;. This implies that py changes sign in the interval [a;, as] so it
has to vanish in the interval by the intermediate value theorem.

So, it has at n real roots. Moreover, it is easy to see that such roots are sandwiched by
the smallest and the largest root of the polynomials p;’s on the interval [a, agi1]. ]

The following lemma swill be useful for us later.

Lemma 3.8. Let p,q be polynomials of degree n and n — 1, and let pi(x) = p(x) — tq(x).
If p; is real-rooted for allt € R, then q interlaces p.

Proof. If they have common roots o we divide (x — «) on both polynomial to assume that
their roots are distinct. If g does not interlace p, then p has two roots A\; < Aj+1 where ¢
has no roots in [A\;, A\j11]. As t can be both positive and negative, we lose no generality by
assuming that p and ¢ both are positive on the interval (A;, \j+1). For small ¢, p;(z) has
two roots in the interval, but for large ¢, it has no real roots in the interval. As ¢ increase,
the roots continuously vary and do not cross A\; and A;41, this yields a contradiction to

the real-rootedness of p;(x).
O

Lemma 3.9. If p,q are polynomials with positive leading coefficients of degree n and
t-p(z)+ (1 —t)q(z) is real-rooted for all t € [0, 1], then p and q have common interlacing.

Proof. Assume that p, ¢ have no common roots. Let A\ < --- < A\, and p; < --- < uy be
the roots of p(x) and q(x), respectively. If they don’t have a common interlacing, up to
swapping p and g, we have p; < A\j—1 < A\; < p41 for some i. Without loss of generality,
assume n —i is odd. Then p(x) is positive on (A\;—1, A;) and ¢(z) is negative on the interval
[Ai—1, Ai]. Similarly as before, continuously decreasing ¢ from 1 to 0 will move the roots of
tp(z) + (1 — t)g(z) in a continuous way. And these roots lie within the interval [A;_1, A;].
However, when ¢t = 0, there are not roots in this interval, so these roots become complex
at some point, a contradiction that this is real-rooted for all ¢. ]

More generally, the following theorem characterizes the polynomials with common in-
terlacing.

Theorem 3.10 (Dedieu, 1992). Let p1,...,pm € Rlz| be polynomials of degree n with
positive leading coefficients. Then p1,...,pm have a common interlacing if and only if
all convex combinations of p1,...,pm are real-rooted polynomials, i.e. Zie[m] Aip; s real-

rooted for all Ai > 0 with 3 _;cpy i = 1.

i€lm
The following fact is also useful for us later.

Lemma 3.11. Let p,q be polynomials of degree n and n — 1 such that q interlaces p and
both have positive leading coefficients. For every t > 0, define pi(z) = p(x) — tq(x). Then
pi(x) is real-rooted and p(x) interlaces py(x).

Proof sketch of the lemma. As p,q are interlacing, we know what sign does ¢(z) have at
the i-th root A; of p(x). This yields a root in [A;, A\j+1] for every i, and yields the desired
statement. ]

Also, the following theorem provides particular instances where the interlacing occur,
which follows from Lemma 3.6.

Theorem 3.12 (Cauchy interlacing theorem). Let A € R™*™ be a symmetric matriz and
v € R". Then the characteristic polynomial x 4(x) interlaces X g7 ().
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Moreover, we can express X 44,7 () in terms of x 4(z). For this, we need the following
lemma.

Lemma 3.13 (Matrix-determinant lemma). det(A + uv?) = (1 +vT A=1u) det(A).
Proof. We know that

I 0\ (I+w" u I 0\ [I u
T 1 0 1/ =0T 1)~ \0 1+vTu

Taking determinant, we obtain det(/ 4+ uv”) = 1 + vTu. Hence, we have det(A 4 uv’) =
det(A) det(I + A~ up®) = det(A)(1 + v A1), O
By this lemma, we have
det(zl — A —vol) = (1 — v (xI — A)~ o) det(z] — A).
Assume v # 0 as this is trivial otherwise. Let A1,..., A, be the eigenvalues of A and
Uy, - - un be orthonormal eigenvectors corresponding to A1,...,An. Then we have A =

> )\ qujul , and orthonormality implies Y w;ul = I. Thus we have 21— A = >, (z—\; )uul
so we have

_ 1
(zI — A7 = Z xi}\iuiuiT.
i€[n]
Hence, we have

Lol (@l — Ay =13 UTU‘uTv—l—ZM
o -\ 1% - _\ .
i i —~ T =\

T

Thus, we have

() (1o S )P
XA+UUT(:C)_XA<x) 1 Z T — N\ :

7
This roughly says that the eigenvalues p of A + vvl is either an eigenvalue of A, or
when f(p) =5, L) P ““” becomes 1. As this function maps (A;, Ai+1) to R bijectively for

i € [n—1] (it also maps ()\n, o0) to R4 ), we can also use this to show the Cauchy-interlacing
theorem. Note that the value of f(-) indicates some bound on the new eigenvalues.

3.3. Linear size sparsifiers. Using eigenvalue interlacing techniques, we can prove that
there exists a graph H with linearly many edges approximating a given graph G.

Theorem 3.14. [1] For every d > 1 and every undirected weighted graphs G = (V, E, w)
with n = |V|, m = |E| there is a weighted subgraph H with d(n — 1) edges that satisfies

LG<LH<d+1+2%iG
d+1—2vd
d+142v/d

If we choose d = 1;)—20 then we have dr—avd < 1+ ¢. This proves that there is a graph
H with d(n — 1) = O(Z) edges such that Lg < Ly < (1+ E)LG Note that the best &
we can get here is roughly L, which is roughly twice of 2V . As we saw last year,

Alon-Boppana theorem yields that this is roughly twice of best p0881ble value.
We will prove the following theorem.

Theorem 3.15. Let d > 1 and vi, ..., vy € R™ with ), vjv; = 1. Then there is a subset
S C [m] with |S| < dn and nonzero scalars s; >0 for alli E S, such that

d+1+2vd
ZSZUZ T < (i)[.

— d+1-2Vd
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Let’s first see how this theorem imply what we want. Assume that G is a connected
graph because we can find approximations for each component and take a disjoint union.
As we know Lg = KT K for edge-vertex signed incidence weighted graph K. Consider the

matrix M = Lg/ KT and its column vectors V1,...,Uy. (This is exactly same as taking
the vectors Lg/2LabL2/2 for each edge ab € E(G).) Then we have

Sl = LPKTR(LET = LEP Lol = 1.
%

As I is an identity on the image of Lg (which is isomorphic to R"~1), the above theorem
yields a subset S C [m] of size at most d(n — 1) and numbers s; for i € S such that

d+1+2Vd

II < sivwiTﬁ _—
Z (d+1—2\/&

€S

)L

Let Mg be the m by m diagonal matrix with i-th component s; for ¢ € S and 0 for
i ¢ S. Note that M é/ ’K is an edge-vertex incidence matrix obtained by deleting some
some edges and rescaling some edge weights from G. So Ly = KT MgK is the Laplacian
of the subgraph H with edge weights w;s;. As we know ), g sivinT = LJGF/2LHL2;/2, we

have Lo <X Ly < (%)Lg.

Now, we aim to show that Theorem 3.15 holds. We say the vectors are in isotropic
position if their outer products sums to the identity. In order to prove the theorem, we
will choose v; one by one. In fact, Cauchy’s interlacing theorem states that all eigenvalues
march forward when we add vo” to a matrix A.

Assume A is the matrix we have by adding the chosen vectors so far. For eigenvalues
A1, ..., Ap and corresponding orthonormal eigenvectors ui,...,u,, if we choose v; uni-
formly at random, then we have

1 1 1
E[Z(U?%F] = ZU]TUiUiTUj = Zufuj =—
J J J
This shows that, in expectation, all eigenvalues of A will shift by the same amount 1/m.
So we can expect that all eigenvalues are more or less t/m after adding ¢ vectors randomly
chosen from vy,...,v;,.

We will prove that this indeed happens. Let’s compute the expected characteristic
polynomial for A 4+ vv”. Recall Lemma 3.13.

Let A; be the matrix we obtain by adding vu! for j random vectors v chosen from {v;}.
Using matrix-determinant lemma, we have

Xapor(2) = (1= 0" (2] = A)~v)xa(2).

As A= Nuwu! and I =Y uul’ by orthonormality of uy, ..., u,, so we have zI — A =
S (z — M)usul. Hence, (21 — A)~! =" L wul’. Thus

i=1 z—\;

n

1—ol(@el — A w=1- Z ! vl v=1- Zn: (uiTU)2.
oA ' =T A

So,

Hence, in expectation, we have

EXasr (1) = xa(2)(1 - 3 1)
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As det(zl — A) = [];(x — \i), we know that

1
EXAiJrl (w) = XA; (1’) - EXQM (l‘)

So, if we actually choose ‘average of v’ every time, then we have

(@)= (1= LDy @)= (10— LDy
the set of such polynomials forms a family of orthonormal polynomials known as Laguerre
polynomials. It is known that when j = dn, we have ’)\\Z‘j:éjj)) = ﬁﬁg? This is pre-
cisely the bound we hope for. However, as we are not choosing ‘the average’ vector from
V1,...,Um, we actually have to make a specific choice. So we need more complicated

argument with the roles of weight s;.
We now start the proof of Theorem 3.15. The following well-known lemma is useful.

Lemma 3.16 (Sherman-Morrison). For nonsingular symmetric matriz A and a vector v,
we have
A*IUUTA*1
T TA T

For a symmetric matrix A with eigenvalues \; < --- < A\, and values ¢, u € R, we define
lower /upper barrier function as

(A—wv?)™t =471

n n

@(4) = (A=) = 30 1 and @A) = x((ul — 4)7) = ) !

; oy — )\
=1 =1

This is roughly the expression we saw before, which provides some bound on the eigenvalues
of the new matrix A +vv”. When u is an upper bound on the largest eigenvalue ), of A,
®“(A) being small means that it is an upper bound with a room to spare, while ®%(A)
being large means that it slightly over A,,. At the time, we have an upper bound u.q with
An < Uolq. We want to choose s, v and Upey SO that upeyw is a better (or at least not worse)
upper bound of the largest eigenvalue of A + svv’ than ugq is of A. In other words, we
want ®Unew (A + spvT) < dUld(A). The following lemma tells us for which choices of s, v
we can get such a conclusion.

Lemma 3.17 (Shifting upper barrier). Let A be a symmetric n by n matriz and let v € R™
be any vector. Let ugq > 0 satisfy Amax(A) < Uold and Upew = Uolq + 0 for some § > 0.
Let s > 0. If

VT (Upew ! — A)72
Quold (A) — Punew(A)

Ua(v) == + 0T (e — A) 7t <

®w | =

)

then we have
Plnew (A + SUUT) < @Yl (A) and Apax(A + sva) < Upew-
Proof. By Sherman-Morrison lemma, we have
P (A + svvT) = tr((unewl — A — svvT)™1)
5(tnew! — A) " ovT (upew I — A)71
1 — svT (upew!l — A)~1
s tr [(unewl — A) " ovT (upew! — A)7Y
1 — svT (upewl — A)~ 1w
0T (Upew! — A)72
1/s — v (upew! — A)~ 1o

= tr | (Unew! — A)_l +

= tr [(tnew! — A)_l] +

— @Unew (A) +

0T (Unew! — A)—2

= QUold(A) — (PUeM(A) — PUrev(A)) + 1/5 — 0T (upewl — A)~ 1o’
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Here, 1/5 > Ua(v) > 07 (unew! — A)~'v and @Ueta(A) — dUnew(A) > 0, we know that the
denominator 1/s — v7 (upew! — A)~1v is positive. However, we know that

VT (Upew I — A) 20 <0
1/s — v (upewl — A)~ 1o —

from the assumption that Ua(v) < 1. This proves ®Usev (A4 + svvT) < dUold(4).

From the above, for any ¢t < s, we have that ®Unew (A + tvoT) < ®Uold(A) is finite,
as 1/s < 1/t. If Apax(A + svvT) > Upeyw, then there exists some 0 < s’ < s with
Amax (A + 8'v0T) = Upey, then we have ®Unew (A + s'vvT) = oo, a contradiction. Hence
Amax(A + sv07) < tpew holds. O

—(®%1(A) — @™ (A4)) +

Similarly, we can obtain a condition for finding a good new lower bound.

Lemma 3.18 (Shifting lower Barrier). Let A be a symmetric n by n matriz and let
v € R™ be any vector. Let log > 0 satisfy Amin(A) > loig and lpew = loiq + 0 for some
0<0< g ray- Lets>0. If

Lold
VT (Upew] — A) 20 1
La(v):= new —oT A—lpewl _1027>0,
( ) anew (A> - ngld (A) ( ) S
then we have
Dy (A+ sva) <Oy (A) and Apin(A + sva) > lhow-

Proof. As Apin(A) > lo1q, all eigenvalues of A are strictly larger than £,4. Hence ﬁ >
0 for all i € [n]. As @y (A)=>" )V;_ilgold < 1, we have m < 4. This shows that
Amin(A) > Loig + 6 = lpew. Hence, for every s > 0, we have Apin (A + svv?) > Apin(4) >
lnew- This shows the second inequality.

To prove the first inequality, use Sherman-Morrison lemma, we have

Dy (A4 svvT) = tr((A+ svvT — lew])™Y)
1 S(A =l D) T 00T (A — lpew D) !
1 — svT(A — lpewI) v
s-tr [(A — lnew]) "tovT (A — Enewl)_l]
1—svT(A —tlpewl) v
B V(A = lpewI) ™0
1/s — vT(A — lpewI) v

new

=tr | (A — lpewl)”

=tr [(ﬁnewl — A)*l] —

=, (4)

V(A = lpewI) ™20

= ¢€old (A) + ((bénew (A) - ¢£old (A)) + 1/8 _ ,UT(A _ Enewl)*lv.

Thus, it suffices to prove

V(A = lpewI) 20 <0
1/s —vT(A —bpewl) v = 7
which comes from the assumption that L4(v) > 1/s. O

(Do (A) = Pr,yy (A)) +

The eigenvalues all will increase in the process of adding viv;r, and the upper bound and
lower bound all will increase in the process. The upper bound and the largest eigenvalues
both increase, so we want the upper bound to not increase too little. On the other hand,
the lower bound and the smallest eigenvalues both increase, so we want the lower bound
to not increase too much. This asymmetry causes some problem in the later proof, and
the following lemma is useful to deal with the issue.
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Lemma 3.19. Suppose that Ayin(A) > log and 0 < @y (A) < e and 1/6 —e > 0. Then
D iefn)(Xi — lnew)

6216[71 ( new) 1()\1 - gold)i1

Proof. We have 6 < 1/e. As A 1 o <2 Zold =Py, (A) < e, we have A\pin(4) —

lolg > 1/ > 6. Using this, we have )\mm(A) > lo1a+6 = lew. Thus for each i, (A\j—fpew) !
is positive.
Rearranging the desired result yields that

Z (>\z - gnew)_2

i€[n]

=

- (benew (A) 2 g - ééold (A)

v

1
<5 + ©£new (A) - <Dfold ) 6 Z new )\ - Zold)

=1\ = + 1) Z new Az - gold)_l o Z HEW )‘Z - 601d>_1

i€[n]
2
— Z ()\z - gnew)_l()\i - Eold + (6 Z new )\z - gold)l) .
This is equivalent to the following.
2
J Z new >\ - gold -1 > o Z new )\ - gold) . (31)

= n] i€ [TL]

So, it suffices to prove (3.1).

Let x,y € R™ be the vectors with entries x; = (\; —Eold)*1/2 and y; = (A\i — lnew) 1 (Ni —
loa)~Y/? respectively. Then the right side becomes 6%(x7%y)2. Using Cauchy-Schwarz
inequality and the fact that 1 > de, we have

52(xTy)2 < 52||x||2\|y||2 =9 (Z()‘ — Low) 1) (5 Z Cnew) )‘ —Loa)” )

i€[n) i€[n]

= 5<I>£old ) Z new )\l - gold)_l
1€[n]
<de|d Z Lrew) /\ - £01d)
i€[n]
< o Z new )\ - Eold)
1€[n]

This proves the lemma.

Now, we prove the following key lemma.

Lemma 3.20 (Barrier shifting lemma). Let A be an n by n symmetric real matriz. Let
Uold, Lol > 0 be numbers satisfying Amax(A) < tolq and Amin(A) > loiq. Let ey, ¢, 0y, Op
satisfy @4 (A) < ey, Py, (A) < e and

1
0< —+¢e, <

— &y-
Ou

5
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Let tupew = Uold + 0y and lpew = loig + 0¢. Then there exists i € [m] and s > 0 such that
the following holds.

(1) Ua(w) < < La(w).

(2) )\max(A + sz ) < Unew -

(3) )\mm(A + sv;v; ) > Lnew-

(4) @ (A + svv]) < ey

(5) (I)Z,,eW(A+3Uz ) < gy.

Proof. In order to use the previous two lemmas, we want to find s and ¢ satisfying
1
Ua(vi) S — < La(v).

To make sure such a choice exists, we aim to show that > ;cp Ua(vi) < 3 epn La(vi).

Note that for a matrix M, we have tr(M) = tr[Y_,(Mv;)vl] = tr[Y, vl (Mwv;)]. Using this,
we have

> ictm] Vi T upewI — A)~ -
2_ Ualoi) = guo]ld (A) — Dunew (A Y o (e — )
i€[m] i€[m)]
_ tr(unew! — A)iz]
T Plold (A) — Dunew (A)
i€lm (unew - )\1)72
_ > €[m] - - + pnew (A)
> icim) (o = Ai) ™1 = (Unew — Ai) 1)
-~ i) (Unew — Ai) 2
5u Zie[m}((uold - )‘i)_l(unew - )\i)_l)
1 1 1
<f—|-‘I’unew(A)§*+‘1)u°1d(A)§——i—gu,

We have the final line as upew > uolq implies Zie[m] (tUnew — Ai) 72 < Zie[m}((uold -
i) " Htpew — Ai)71). Similarly, we have

+ tr[(tnew! — A) 7Y

+ @Unew (A)

Z'Le[m] U; (A €H€W 1
Z LA(Ui) = @énew (A) — <I>£01d( + ZEZ[T’:I] new ) (3
o tr[(A - lrewl) 72
(bfnew (A) - (Déold (A)

Zze[m]()‘l - gnew)_2 TP (A)
= Knew
Dicim) (A = bnew) ™ = (A — Lowa) 1)
o Zie[m} (Xi — gnewr2
0e 3 iepm) (Ni — lnew) 7H(Ai — Lowa) ™1)
Here, unlike the case before, the number /¢,y is bigger than £g)q, so there’s no guarantee
that fney is smaller than );, so we don’t know if (A\; — luew) ™t > (A; — £oiq) ™! holds.
However, Lemma 3.19 still yields that the above number is at least i — Py (A) > iz —&y.

Thus, we have

4 tr[(A — loew]) ]

+ (Dgnew (A)

1 1
;UAMS(S Sg—azé ZLA(W)-

] i€[m]

This shows that there exists an i € [m] such that 0 < U (v;) < La(v;), so choose s so that
Ua(vy) < % < L 4(v;). For this choice of ¢ and s, we have
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(1) Amax(A + svv; Y < Upew and @Unew (A + 50;0; Iy < @uola(A) < ¢, by Shifting upper
Barrier Lemma

(2) )\min(A + SIUZ'IUZ'T) > lhew and (Dfnew (A + 5v0; ) < P old (A) < & by Shifting lower
Barrier Lemma.

This finishes the proof. (|
Finally, we prove Theorem 3.15.

Let
\f d+1 1 Vd—1 -n n
&= —F7=,&u = ,60:7,’&0:7.
\/& — 1 \/& d -+ \/& &y €u
Then we have i + ey = é — &y.
Let Ag be the empty matrix. For each 0 < 57 < dn — 1, we will choose v; and s and let
Ajp = A+ sv, I Initially, we have £o < Amin(Ao) = 0 = Amax(Ag) < ug and

U (Ag) = tr[(uel) "] = —

= Eu,
n
Yty
For each i € [dn], let u; = ug + 96, and ¢; =l + idy. Assume that in jth turn, we have
l; < Amin(45) < Amax(45) < u;
D (Aj) < eu, By, (Aj) < ey
By Lemma 3.20, there exists i € [m] and s; > 0 such that A;1; = A;+s;jv;vl which yields
i1 < Amin(Aj41) < Amax(Aj41) < ujp
"t (Aj1) < ewy Py (Aj41) < er

By running this until we have Ag,, we obtain a set S C [m] of size at most dn. Then
we have

(I)EO(AU):’CI‘[( KDI) ] = &y.

vd(vd+1)*
Vd-1

(d f)n - £0+dn6€ = édn < )\mlll(Adn) > Amax(Adn) < Ugp = U0+dn5u =
Hence, A = V- Vd-1 A satisfies
Vd+1?

dvdn
Vd -1
(d) S Amin(A) S )\maX(A) S ( d
This proves what we want.
Note that this proof naturally yields an algorithm for constructing a spectral sparsifier
which runs in O(dn3m) time.
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4. BIPARTITE RAMANUJAN GRAPHS VIA LIFTS

Recall that last year we proved Alon-Boppana theorem, which states that any graph has
its second largest eigenvalue at least 24/d — 1 — €. This motivates the following definition
regarding how strong an expander can be.

Definition 4.1 (Ramanujan graph). A d-regular graph is Ramanujan if every eigenvalue
of its adjacency matrix except the largest one is between —2v/d — 1 and 2v/d —1. A d-
reqular bipartite graph is Ramanujan if every eigenvalue of tis adjacency matrixz except the

largest and smallest one is between —2+/d — 1 and 2+/d — 1.

It is widely believed that a random d-regular graph has a good probability to be a
Ramanujan graph.

In 2004, Friedman proved that \;(G) < 2v/d — 1+ ¢ holds for all ¢ > 1 with probability
1 — O(n/(Va=1+1/21-1) " Mfjller-Novikoff-Sabelli empirically showed that the largest non-
trivial positive eigenvalue and the smallest nontrivial negative eigenvalue of a d-regular
graph follows some distribution called a Tracy-Widom distribution. It is conjectured that
approximately 52% of d-regular bipartite graphs are Ramanujan and approximately 27%
of d-regular non-bipartite graphs should be Ramanujan.

Also, d-regular graphs of degree d are known to exist for infinitely many d. Lubotzky,
Phillips, Sarnak, 1986 and Margulis 1988, Morgenstern 1994 showed them. They used
number theoretic constructions. Here, we will provide a more flexible approach to build
a bipartite Ramanujan graphs. The result is from [5] and the proof uses techniques form
[7].

4.1. Interlacing families. We will consider a notion called interlacing families. Ideally,
we want to show that out of whole choices of graphs, a random graph is Ramanujan with a
positive probability. In some sense, there are huge set of characteristic polynomials where
the expectation of them is like a characteristic polynomial of a Ramanujan graph. In such
a situation, we want to be able to choose one polynomial from the set which acts like the
expectation. This is possible if all such polynomials have a common interlacing.
However, hoping that all of them has a common interlacing is too much. Still, we want
to somehow have control on the roots of (at least) one of the polynomials. More precisely,
we want to conclude that the maximum root of one of the polynomials is upper bounded
by the maximum root of the average (equivalently the sum) of the polynomials. We can
achieve this by enforcing some layered structures among the polynomials as follows.

Definition 4.2 (Interlacing families). Let Si,..., Sy be finite sets and S =[], S;. For
each s = (s1,...,8m) € S, we have a polynomial ps with positive leading coefficient. For
each k € [m] and partial tuple s = (s1,...,s;) € Hie[k] Si, let

bs = Z P(s1,ec5m) and pg = Zps-

(5k+1:-~~75m)eni>k Si ses
We say that the polynomials {ps : s € S} form an interlacing family if for each 0 < k <
m—1 and (s1,...,8;) € Hie[k] Si, the polynomial {ps,,. . s+ :t € Sk+1} have a common
interlacing.

With this definition, we can prove the following theorem.

Theorem 4.3. Let Si,..., Sy, be finite sets and let {ps : s € [[;c,, Si} be an interlacing
family of polynomials. Then for every 0 < k < m, there exist (s1,...,s;) € Hie[m] S; such
that the largest root of ps,....s, is upper bounded by the largest root of pg.

Proof. When k = 0, the statement is trivial as the largest root of py is at most the largest
root of pg.
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Assume that there exists 0 < & < m — 1 such that the largest root of ps, . s, is at most

the largest root of pgy. Then we have

Psi,.csp, = § Ds1,...sp,t-

teSk 11

k

Since {ps, .. st : t € Sk+1} has a common interlacing, there exists spy1 € Sk such that
the largest root of Ds1,....sps1 18 at most the largest root of ps, ... s., which is at most the
largest root of pg by the induction hypothesis. ([l

As a corollary, we obtain the following.

Corollary 4.4. Let Dy,...,D,, be independent probability distribution with the outcome
of Dy in S;. Let P = {ps,....sm : si € Si} be an interlacing family. Then there exists
($1,.-+,Sm) € HiE[m] S; such that the largest root of ps, .. s, s at most the largest root of

m

ESiNDi I:pslv"'787n (x)] :

Proof of this corollary is straightforward. Let s ~ D; x --- x D,,. Note that the
Pls = (s1,---,5m)] - Psi,....s, has the same root as ps, . s.. So, the summation can be
converted into weighted average, so direct application of the previous theorem yields this
corollary. Expression the interlacing families in terms of probability distribution makes
analysis more convenient.

Together with Theorem 3.10, the interlacing condition on the above P can be restated
as follows.

Corollary 4.5. Let Dy,...,D,, be independent probability distribution with the outcome
of Dj in Si. Let P =A{ps,,... om : 5i € Si}. If
Eg;~p; [pxl,---wm (w)]

is real-rooted for any independent probability distribution D; on S;, then there exists
(S1y--+,8m) € Hie[m] S; such that the largest root of ps, ... s, S at most the largest root of

m

m

ESiNDi [pshm,sm (x)]
Note that E ;,~p, [Psi,....sp,zp41,...zm ()] can be expressed as E[py, ... q,, (z)] where z; is

s; with probabiffirt;?li for ¢ < k, and z; ~ D; for ¢ > k. So, the condition on the above
corollary ensures that every convex combination of the polynomials on the children of any
internal vertex in the interlacing tree is real-rooted. Hence, Theorem 3.10 implies that
they form an interlacing family.

4.2. 2-covers. Bilu and Linial in 2006 used the idea of lifting a graph to construct large
expanders. This lifting can be formalized by the following notion of covers.

Definition 4.6. Let G = (V,E) be a graph with |E| = m. Let s : E — {—1,+1} be
a signing of the edges of G. Then the 2-cover G5 of G associated with s is the graph
Gs = (Vs, Es) whose vertices and edges can be labeled as Vi = {up,ur : v € V} and
Es = {(up,vr)(ur,vr) : wv € E, s(uv) = 1} U{(ur,vr)(ur,vr) : wv € E, s(uv) = —1}.

It is easy to see that when G is a bipartite graph, G is also a bipartite graph for any
signing s. It is known that the eigenvalues of a 2-cover G4 can be related to the eigenvalues
of the base graph G.

Lemma 4.7. Let G be a graph and A be its adjacency matriz, and As be the signed
adjacency matriz of A with respect to a signing s of the edges. Let G4 be the 2-cover of G
and let B be its adjacency matriz. Then every eigenvalue of A and every eigenvalue of A
is an eigenvalue of B. Furthermore, the multiplicity of each eigenvalue of B is the sum of
its multiplicities in A and As.
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The eigenvalues of A are called ‘old eigenvalues’ and the eigenvalues of A, are called ‘new
eigenvalues’. It was conjectured by Bilu and Linial that every for every d-regular graph G,
one can find a signing s where all new eigenvalues of G are in [—2v/d — 1,2/d — 1]. We
will prove this conjecture for bipartite graph (. This will allow us to obtain another d-
regular Ramanujan graph on 2n vertices from a d-regular Ramanujan graph on n vertices.

In order to find a desired signing, we will prove the following.

o {det(xl — As)}seq+1ym forms an interlacing family.
e the maximum root of ) _det(z] — A,) (equivalently Eg[det(x] — Ay)]) is at most
2¢/d — 1.

Note that this provides an upper bound on the maximum root, but not a lower bound
on the smallest root. However, if the original graph we start with is bipartite, then upper
bound on the smallest root automatically imply the lower bound as the eigenvalues of
bipartite graphs are symmetric around zero. Hence, this proves what we want.

We will do the second job first. Consider the matching polynomial Mg (x) of G defined
by

Mo(@) = 3 (~Dfmpa™ 2,
0<k<n/2
where my, is the number of matchings with k edges in G with my = 1. We can prove the
following theorem.

Theorem 4.8. When s € {£1}" is chosen uniformly at random, we have
E[det(xI — As)] = Mg(x).

Proof. For a permutation o € Sy, let Fix(c) be the set of fixed points of o and let
fix(o) = |Fix(o)|. We know that

n

det(zl — Ay) Z sign(o H (@] — Ag)i o) = Z sign(o H As(i,o(
i=1

0ESh 0€Sh i1¢Fix(o)

So, we have

E[det(z] — As) Z sign(o)z ™R H As(i,0(7))
o€Sn 1¢Fix(o)

Here, we know that E[S(i,0(7))] = 0 for every i where o (i) # i. So, if the term inside the
expectation is linear in terms of A(i,0()), then this contributes zero to the computation.
Ounly possible way to make a nonzero contribution is when io (i) € F and o(o(i)) = i. In
this case, we know that S(i,0(:))S(o(i),7) = 1. Thus the only permutations that count
are the involutions. As an involution with n — 2k fixed points have a sign (—1)*, we have

Eldet(z] — A,)] = Y sign(0)a™E | J[ As(i,0()| =D (—1)Fmypan 2

oES i¢Fix(o) e
O

On the other hand, it is known that the following theorem holds. We omit the proof.

Theorem 4.9 (Godsil 93). Let G be a graph with the mazimum degree at most d. Then
M (x) is real-rooted and the largest root is at most 2v/d — 1.

Now, we prove that the polynomials {det(x] — As)}scq+1)m forms an interlacing family.
Choose an ordering on the m edges of the graph. We can now associate s € {£1}* with
Ds = Es’w{il}m—k[X(As,s’)]'
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Theorem 4.10. Let vy,...,v; be independently distributed random n-dimensional vectors
and let A be a symmetric n-dimensional matriz. Then the polynomial

E [ x(A+ Z vivl)
1€[k]

1s real-rooted. Moreover, for every vector u in the support of vk, all polynomials

E | x(A+uu” + Z vl )
i€lk—1]

have a common interlacing

Proof. We prove this by induction on k. Assuming that we have proved it for k, we now
prove it for k+1. Let u be any vector and t € R. Let pi(z) = E[X(A+tuuT+Zi€[k] viv)].
By Lemma 3.6, we have p;(z) = po(x) — tq(z) for some polynomial g of degree n — 1. By
induction hypothesis applied to A + tuu”, the polynomial p;(z) is real-rooted for all ¢.
Thus Lemma 3.8 implies that ¢(z) interlaces pg(x).

On the other hand, Lemma 3.11 tells that po(z) interlaces ps(x). So, we may conclude
that for any u € R",

E[x(A+ Z viv] )] interlaces E[y(A 4 uu® + Z vl )]
i€(k] ic[k]
Now, choose u from the support of vg;; and apply Theorem 3.7 to conclude that (if p
interlaces ¢; where all has positive leading coefficients, then p also interlaces a convex
combination of ¢;)

E[x(A+ Z vwl)] interlaces E[x(A + vpi1vis, + Z vivl )]
ic[k] i€[k]

and that the latter polynomial is real-rooted. O

For every edge ab of G, let v, , be the random vector that is 1, —1; with probability 1/2
and 1 + 1, with probability 1/2. Then the random matrix Ay is distributed according to

Z vaybfug’b —dI.

abeE
Subtracting dI shifts the roots by d, and so does not impact any results we have proved
about interlacing of real-rootedness. Also the expectation of the characteristic polynomial
is the matching polynomial, whose largest eigenvalue is at most 24/d — 1. This shows
that for a given d-regular bipartite Ramanujan graph on n vertices, we can find another
d-regular bipartite Ramanujan graph on 2n vertices.

However, if we also want to better control the number of vertices in such a Ramanujan
graph, then we can generalize the 2-cover to an r-cover. As +1 can be identified with the
permutation Ss, we can consider a choice of permutation in S,. Using this, we can find
an n-vertex d-regular Ramanujan graph for all d and all n which has only small prime
factors.

One shortcoming of this proof is that it does not yield an explicit graph and does not
yield an efficient algorithm.
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5. BIPARTITE RAMANUJAN GRAPHS VIA UNIONS OF MATCHINGS

Another way of proving the existence of Ramanujan graphs is to take a union of d
random perfect matchings. This was done by Marcus, Srivastava, Spielman in 2015. Of
course, to obtain a bipartite graph, we have to take a bipartition AU B and take random
perfect matching between A and B. However, for simplicity, we just take d random perfect
matchings, and show that the second eigenvalue is smaller than 24/d — 1. These analysis
can be extended to obtain a bipartite Ramanujan graph. The result in this section comes
from [6].

5.1. Interlacing. We first show the following theorem. In the end, we want to keep
adding TIMTIT to our matrix where M is an adjacency matrix of a perfect matching and
IT is a random permutation matrix. For this, let

py,.. 1, (7) = X(Z IL; ML ).
i€[d]
We wish to show that these polynomials form an interlacing family. We take a detour
so that we can use more elementary techniques. We will break the one choice of II; into
many simpler choices so that it would be easier to analyze.

For i,j € [n], let T'; ; be a permutation matrix swapping ¢ and j. Let S be a random
matrix that is equal to I'; ; with probability s and equal to the identity with probability
1—s. We call this a random swap. Let o : S, — R>¢ be a probability distribution over the
permutations and consider the sum  ;cr,; > on o (IDx (A + IBIIT). Let o be realizable
by swaps if this distribution can be achieve by multiplication of random swaps.

We will choose some random swaps X%,...,X%,X%,...7Xg. Fix n by n matrices
My, ..., My. For each B} € supp(X}), we let

pa(@) =x(D_(Bi... B)M;(Bj,... BI)T.
i€[d]

Pp1

1

In order to be able to apply Corollary 4.5 to these polynomials, it suffices to prove the
following.

Lemma 5.1. For any symmetric matrices My, ..., My and for any random swaps Sll, ey S,il, ey S,‘jd,
the polynomials
E[Psll,...,s;j (z)]
d

1s real-rooted.

The following lemma allows us to compute the expectation when we multiply a random
swap to a given matrix on both side.

Lemma 5.2. Let A be a symmetric matriz. Then for all i and j, there exists vectors u
and v such that
Fi,jAFZj =A-— UUT + UUT.

Proof. We may assume ¢ = 1,5 = 2. As A — Fi,jAPZj is symmetric, it suffices to prove
that it has rank 2. It is easy to see that such a matrix has form

a By

B —a —y7

y -y O
If o # S, then every row is a linear combination of the first two rows. Otherwise, then the
first two rows are linearly dependent and all other rows are in the span of (1,—1,0,...,0).
Hence, it has rank 2. N

In order to prove what we want, we define two terminologies.
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Definition 5.3. Let p(Ay,...,A3) be a degree n homogeneous polynomial of the entries
of the matrices as variables. We call this polynomial p(Ay,...,Aq) be ‘good’ if p(zl —
Ay, ... xl — Ay) is real-rooted for any symmetric matrices A1, ..., Aq. We call a degree n
polynomial p(Y1,...,Yy) be ‘nice’ if for any t and v € R™ and i € [d], p(xl — Ay,...,x] —
A q ol — Ay —tov” ol — Ay, ... 2l — Ag) = pal — Ay, ...zl — Ay) — tq(x) holds for
some polynomial q of degree n — 1 with a positive leading coefficient.

The ‘goodness’ is referred as the hyperbolicity of the polynomial p(zl — Ay, ...,z — Ay)
with respect to (I, 1,...,I). For more on this concept, see [10]. The ‘niceness’ is essentially
the rank-1 linearity.

Note that by Lemma 3.6, p(A4q, ..., Ag) = det(A; +---+ Ay) is a polynomial satisfying
both of the above two properties. We show the following.

Lemma 5.4. Let X be an arbitrary random swap. If the polynomial p(Ay,...,Aq) is good
and nice, then Ex[p(A1,..., Ai_1, XA; 1 X1, Aiiq,..., Ag)] is also good and nice.

Proof. Let X be I'y, with probability s and I with probability 1 —s. Then as Fa,bAz'F?;b =
A+ —uu® + vvT, we have

Ex[p(A1,..., Ai—1, XA X", Aiyr,. .., Ag)]

=s-p(A1,..., A — wul — va,Ad) + (1 —s)p(A1,...,Aq).

As this is a convex combination of two nice polynomials, it is easy to see that it is also
nice.

Fix an arbitrary vector v and u. Let ry(z) = p(z] — Ay, ..., ol — A; —tov® .. al — Ay).
As p is nice, there exists a degree n — 1 polynomial ¢(z) with positive leading coefficient
such that

ri(z) = ro(z) — tg(x)
where both ry and ¢ has positive leading coefficients. As p is good, we know that r(x) is
real-rooted for all £ € R. So, Lemma 3.8 implies that ¢(x) interlaces ro(z). Lemma 3.11
now implies that ro(z) interlaces r1(z).

By the same argument, we know that p(xl — Ay, ...,z — A; +uu” —vo®, .. 2l — Ag)
interlaces 71 (z).

Hence, both p(zl — Ay,...,xl — A;,..., ol — Ag) and p(zl — Ay, ..., ol — A; +uu’ —
vl ... xl—Ay) interlaces r1(z), so they have common interlacing. As for certain v and v,
we have Fa,bAiF?;b = A; —uu” +vv”, by Theorem 3.7, any convex combination of them is
real-rooted, this shows that the polynomial Ex[p(Ay,..., A; 1, XA; 1 X7, Ai1,...,Aq)]
is good. O

Hence, repeatedly applying this shows that E[II; X II7,...,I1;X4I1]] is real-rooted
where each II; is a random matrix with distributions realizable by swaps.

Lastly we can show that a uniform random permutation can be generated from random
swaps.

Lemma 5.5. For every n, there exists a finite sequence of random swaps Si,...,S; so
that Si...Sg is a uniform random permutation.

Proof. We use induction on n. When n = 1, it is trivial. By induction hypothesis, we have
S1,...,Sk so that we have Sj...Sy is a uniform random permutation on [n — 1] which
fixes n. Let S be a random swap that swaps 1 and n with probability 1 — 1/n. Then it is
easy to see that

S1...85:551...5,

has the uniform distribution on S,,. ]

Combining these results, we obtain that there exists a choice of Ily,...,II; where the
second largest eigenvalue of pry, .11, is at most the second largest eigenvalue of E{pr, . 11,].
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5.2. Quadrature for the finite free convolution. We want to analyze what Eycg, [x(A+
IIBIIT)] is. This finite sum can be expressed by using the following integral.

Definition 5.6. Let p(x),q(x) are characteristic polynomials of A and B. Then their
finite free convolution is the polynomial

p(x) By q(2) == Egeom [X(A + QBQ")).

Here, @ € O(n) is a random orthonormal matrix chosen according to the Haar measure.
The Haar measure here is the probability distribution over O(n) that is invariant under
group operations, which are multiplication by orthonormal matrices. Note that the expec-
tation above does not depend on the eigenvectors of A and B, but only depends on the
eigenvalues (thus the characteristic polynomials). To see this, recall that one can find an
orthonormal matrix R mapping an orthonormal basis of A to another orthonormal basis
of A’ with the same eigenvalues, so that A = RA’RT. As Q € O(n) is chosen according
to the Haar measure, () and QT have the same distribution. So

Elx(A +QBQ")] = E[x(RA'R" + RQB(RQ)")] = E[x(4" + QBQ")].

Similarly, B can be replaced with B’ having the same eigenvalues. With this, we know

the following. We will omit the proofs.

Theorem 5.7. Let A and B be symmetric matrices with constant row sums. If A1 = al
and B1 = b1, then we know that the characteristic polynomials are

X(A) = (z —a)p(z) and x(B) = (z - b)q(x).

Then we have
Ertes, [x(A + IBIT)] = (z — a — b)(p(x) B, -1 ¢(x)).

Moreover,

Theorem 5.8. Let p(z) = Y & o(—1)'a;z"" ! and g(x) = 3 o(—1)'b;z"~*. Then

p(x) By q(z) =) 2" F(-1)F Z qubj.
k=0 i+j=k
5.3. An upper bound on the roots. Now, we need to prove that the polynomial
En[x(A + IIBIIY)]
has its root bounded. For given polynomial p(z) = [[;cq(z — Ai), let

1 1 P

and let

Kp(w) = max{z : Gp(z) = w}
be the inverse Cauchy transform. This is similar to the Barrier from the Sparsifier as we
have the following.

Theorem 5.9. For polynomials p(x) and q(z) of degree n and for w > 0, we have
1
Kpng(w) < Kp(w) + Kq(w) = —.

Combining this, we know that for p(z) = - x(M) = (z — 1)"/2=1(x +1)™2, we have

1 n/2—-1  n/2 <"

Gp() = (a:—l x—l—l)*xQ—l

n—1 :gx(M)('r)
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where M is the adjacency matrix of a perfect matching. Also, we have
Kp(w) < Ky (w)
for all w > 0. Then the above theorem yields that
d—1 d—1
Kp...imp(w) < dKp(w) — — < dKy (v (w) — —

is an upper bound on the largest root of pH ---Hp. Let w = VdCSl, then K (nr) (w) =

v/d — 1. Then we have
d—2

dle(w)—%gd\/d— —(d—l)ﬁ:d\/d— —(d—=2)Vd—-1=2Vd— 1.

Note that Theorem 5.7 provides a polynomial-time method for computing the expected
characteristic polynomials.

However, this is not enough to obtain a polynomial time algorithm to construct a
bipartite Ramanujan graph.

In each time, we can n! choices of the permutation. For each permutation, we can
compute how the root of expected characteristic polynomial changes by the choice and
choose one permutation, and repeat d times. However, this yields O(dn™) time algorithm.
But, instead, one can choose an edge by edge rather than choosing one perfect matching.
One can show that this also yields an interlacing family with the same expectation. As we
only have to check n possibilities each time, and repeat dn times, this yields an efficient
algorithm. See [2] for more.
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