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Abstract

Spectral clustering has become one of the most popular algorithms in data clus-
tering and community detection. We study the performance of classical two-step
spectral clustering via the graph Laplacian to learn the stochastic block model.
Our aim is to answer the following question: when is spectral clustering via the
graph Laplacian able to achieve strong consistency, i.e., the exact recovery of the
underlying hidden communities? Our work provides an entrywise analysis (an {o-
norm perturbation bound) of the Fiedler eigenvector of both the unnormalized and
the normalized Laplacian associated with the adjacency matrix sampled from the
stochastic block model. We prove that spectral clustering is able to achieve ex-
act recovery of the planted community structure under conditions that match the
information-theoretic limits.

Keywords: Spectral clustering, community detection, graph Laplacian, eigenvec-
tor perturbation, stochastic block model.

1 Introduction

Data with network structure are ubiquitous, ranging from biological network to social
and web networks [18,33]. Among many networks, one of the most significant features
is community structure or clustering, i.e., a subset of vertices in a huge network are
strongly connected while the inter-community connectivity is relatively weak. Detecting
community structure in networks is one central problem across several scientific fields:
how to infer the hidden community structure from the linkage among vertices? A vast
amount of research has been done to solve the challenging community detection prob-
lem [17,18,23,33]. In particular, community detection with random block structure is an
intriguing topic for researchers in mathematics, computer science, physics, and statistics.
One prominent example is the stochastic block model (SBM), which is originally proposed
in [21] to study social networks. Now it has become a benchmark model for comparing
different community detection methods. A recent surge of research activities is devoted
to designing a variety of algorithms and methods to either detect or recover the hid-
den community with emphasis on understanding the fundamental limits for community
detection in connection with the SBM [1].
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On the other hand, spectral clustering is one of most widely used techniques in data
clustering. The classical spectral clustering follows the well-known two-step procedure:
Laplacian eigenmap and rounding [6, 34, 36, 40]. Despite its popularity and empirical
success in numerous applications, its theoretical understanding is still relatively limited.
The main difficulty lies in obtaining an entrywise analysis of the Fiedler eigenvector of
the graph Laplacian.

In this work, we will study the performance of spectral clustering in community de-
tection for the stochastic block model. We denote by G(n,py,,¢,) the stochastic block
model with a total of n vertices and n/2 vertices for each community; the adjacency
matrix A = (A;j)1<ij<n of this network is a symmetric matrix which has its (z, j)-entry
an independent Bernoulli random variable:

n, if (¢,7) are in the same community,
Pay = 1) = {p (i,7) y

qn, if (¢,7) are in different communities,

where p, > q, for all n. Note that the parameters p and ¢ usually depend on n; for
simplicity, we replace p, and ¢, by p and ¢ if there is no confusion.

We focus on answering the following fundamental questions: under what conditions
on (n,p,q) is the classical two-step spectral clustering method able to recover the un-
derlying hidden communities exactly? Moreover, we are interested in the optimality of
spectral clustering: does spectral clustering work even if the triple (n, p, q) is close to the
information-theoretic limits?

1.1 Related work and our contributions

As all three topics, community detection, spectral clustering, and stochastic block models,
have received extensive attention, it is not surprising that there exists a large amount of
literature on each of them. While an exhaustive literature review is beyond the scope of
this paper, we will briefly review each of these topics, and highlight those contributions
that have inspired our research.

Community detection for general networks is well studied and has found many appli-
cations. We refer interested readers to [17,18,33] for more details on this topic. Spectral
clustering [6, 34, 36,40], which is based on the graph Laplacian [9], plays an important
role in data- and network-clustering. It is closely related to finding the globally optimal
ratio cut and normalized cut of a given graph. In fact, spectral clustering is a natural
spectral relaxation of the NP-hard ratio/normalized cut minimization problem. Much
excellent research has been done to address how well the solutions to these NP-hard
problems are approximated by solutions derived from the spectra of graph Laplacians,
which includes (higher-order) Cheeger-type inequalities [9,24]. However, one theoretical
challenge still remains: for what types of graphs is spectral clustering able to recover the
globally optimal graph partitioning and the underlying communities? This is pointed
out in [25], where the authors state “An important future work would be to extend some
of the results and techniques [...] to spectral clustering using the graph Laplacian”. The
main bottleneck is the highly challenging problem of providing an entrywise analysis of
the Fiedler eigenvector, the eigenvector associated with the second smallest eigenvalue
of the graph Laplacian. In fact, this major problem regarding the entrywise analysis of
Laplacian eigenvectors is also mentioned in [3] as one future research direction.

The analysis of the stochastic block model originated from [21] in the study of so-
cial networks. Since then, a vast amount of follow-up research has been conducted to
understand how to recover the hidden planted partition with efficient polynomial-time
algorithms. In particular, we are interested in the fundamental limits of detection and



community recovery in the stochastic block model [1]. Here, detection is defined as pro-
viding a network clustering which is correlated with the underlying true partition [32].
Generally speaking, the sparser the graph is, the more difficult it is to detect or recover
the underlying communities. For the model G(n, p,q) we call the rate at which p and ¢
tend to 0 their sparsity regimes. The detection threshold is usually studied for sparser
graphs, in particular in the regime p = an™! and ¢ = bn~! with a > b. The work [12]
applied the cavity method, a heuristic from statistical physics, to predict that a detec-
tion threshold exists for the community detection problem under stochastic block models.
Later on, this detection threshold is confirmed by [27,30,32]: the detection of community
is possible if and only if (a — b)? > 2(a + b).

Another line of work on the stochastic block model focuses on correctly recovering
from the adjacency matrix the true label of each vertex [1,2,4,5,7,19,20,41], which is only
possible in denser regimes. We say an algorithm achieves weak consistency (or almost
exact recovery) if with probability 1 — o(1), the proportion of misclassified nodes goes to
0 as n goes to infinity. The weak consistency of spectral method in learning stochastic
block model is discussed in [25,31,35,42]. Strong consistency (or exact recovery) on the
other hand requires no misclassified node with probability 1—o(1). The concept of strong
consistency was introduced and investigated in [7], which is followed by a series of work
including a sharp theoretical threshold [2,31] in the critical regime p = an~'logn and
q = Bn~'logn. This fundamental threshold states that maximal likelihood estimation
(MLE) achieves strong consistency if /o — /B > /2 and no algorithm can achieve
strong consistency if \/a — /B < v/2. Among all the existing approaches, semidefinite
programming relaxation has proven to be a powerful tool for exact recovery [2,5,19,20,29].
In particular, in [5,20] it has been shown that SDP relaxation will find the underlying
hidden partition exactly if /oo — /B > /2 with high probability, which is optimal in
terms of the information-theoretic limit [2,31].

The success of SDP relaxation always comes with a high price: its expensive com-
putational costs are the main roadblock towards practical application. Instead, spectral
methods [8,10,25,28,31,35,41,42,44] are sometimes preferred when tackling large-scale
community detection problems. Some spectral methods perform the clustering tasks
via the eigenvector of the adjacency matrix or the Laplacian: if the adjacency matrix
(Laplacian) is close to its expectation whose eigenvector reveals the hidden partition [16],
then the eigenvector of the adjacency matrix (Laplacian) contains important information
which can be used to infer the hidden partition. With the help of classical /5-norm eigen-
vector perturbation, mainly based on the Davis-Kahan theorem [11], one can prove the
correct recovery of the majority of the labels by simply taking the sign of the eigenvectors.
However, matrix perturbation under /5-norm, in spite of its convenience, becomes rather
limited in studying the exact recovery of hidden community structure. The Davis-Kahan
theorem does not give a satisfactory bound of how many labels are correctly classified
because fo-norm perturbation analysis does not yield a sufficiently tight bound on each
entry of the eigenvector.

As a result, we prefer an /,-norm perturbation bound of eigenvectors when we are
concerned with exact recovery. However, it is much more challenging to get an /,,-norm
perturbation bound for eigenvectors of general matrices. Fortunately, recent years have
witnessed a series of excellent contributions on the entrywise analysis of eigenvectors for
a family of random matrices [3,14,15,37]. Our approach is mainly inspired by the work of
Abbe and his co-authors (see [3]), which gives an entrywise analysis of eigenvectors with
interesting applications in Zs-synchronization, community detection, and matrix comple-
tion. In particular, one application of their work shows that the second eigenvector of
the adjacency matrix is strongly consistent down to theoretical limit. The major tech-



nical breakthrough is the so-called leave-one-out trick. One can also find applications of
this trick in other examples including synchronization [43] and the analysis of nonconvex
optimization algorithms in signal processing [26].

It is well worth noting that the result in [3] mainly focuses on studying the eigenvectors
of the adjacency matrix which enjoys row/column-wise independence. However, in our
case, the graph Laplacian no longer has this independence. Thus, new techniques need
to be developed to overcome this challenge. In [37], the authors study a graph Laplacian
based method and prove its strong consistency in the critical regime p = an~!logn
and ¢ = An~'logn. But they do not show strong consistency for all constants down to
theoretical limit /o — /B > v/2.

In this work, we establish an £,.-norm perturbation bound for the Fiedler eigenvector
of both the unnormalized Laplacian and the normalized Laplacian associated with the
stochastic block model. We prove that spectral clustering is able to achieve strong con-
sistency when the triple (n, p, ¢) satisfies the information-theoretic limits y/a — /3 > v/2
in [2,31] where p = an~!logn and ¢ = Bn~'logn. In particular, our analysis of the
normalized Laplacian is new and should be of independent interest.

1.2 Organization of our paper

Our paper is organized as follows. Section 2 reviews the basics of graph Laplacians,
spectral clustering, as well as perturbation theory. We will present the main results,
including the strong consistency of spectral clustering, in Section 3. Numerical experi-
ments are given in Section 4 which complement our theoretical analysis. The proofs are
delegated to Section 5.

1.3 Notation

We introduce some notation which will be used throughout this paper. For any vector
r € C", we define |||l = max; |z;| and ||z| = /> ., z7. For any matrix M € C™*™,
we denote its conjugate transpose by M and its Moore-Penrose inverse by M*. Let
M;. be the ith row of M, which is a row vector. Let ||[M|| = max =1 ||Mz|| denote

the spectral norm, [M|[F = />, ; |M;;|* denote the Frobenius norm and [[M]], =

max||z|=1 || Mz||,, = max; ||M,|| denote the two-to-infinity norm. We denote by 1, the
n x 1 vector with all entries being 1 and let .J, = 1,,1,] be the n x n matrix of all ones.
Furthermore, the vector sgn (z) denotes the entrywise sign of the vector x and diag(x)
denotes a diagonal matrix whose diagonal entries are the same as the vector x. Let f(n)
and g(n) be two functions. We say f(n) = O(g(n)) if |f(n)| < C|g(n)| for some positive
constant C' and f(n) = o(g(n)) if lim, .« |f(n)|/|g(n)] = 0. Moreover, f(n) = Q(g(n))
if g(n) = O(f(n), f(n) = w(g(n)) if g(n) = o(f(n)), f(n) = Olg(n)) if g(n) = O(f(n))
and f(n) = O(g(n)).

2 Preliminaries

2.1 The Laplacian and spectral clustering

In this section, we briefly review the basics of spectral clustering which will be frequently
used in the discussion later. Let A € R™" be the adjacency matrix where A;; = 1 if
node ¢ and node j are connected and A;; = 0 if node ¢ and node j are not connected.
Let D = diag(Al,) be the diagonal matrix where D;; is the degree d; of node i, i.e.,



d; = Z?Zl A;;. The unnormalized and normalized Laplacians are defined as
L:=D— A, L — D 3LD" 3

respectively. It is a well-known result [9] that both L and L are positive semidefinite.
Moreover, their smallest eigenvalue is 0 and the corresponding eigenvectors are 1,, and
D%]ln, respectively.

We say (A, u) is an eigenpair of the generalized eigenvalue problem (M, N) if

Mu = ANu.

If N = I is the identity then we say (A, u) is an eigenpair of M. All eigenvectors are
normalized to have unit length if not specifically specified. The unnormalized spectral
clustering involves solving the eigenvalue problem (L,I) and the normalized spectral
clustering takes many forms due to the following fact.

(A, D%u) is an eigenpair of (£, I) ,u) is an eigenpair of (L, D)

— (A
<= (), u) is an eigenpair of (DL, I)
<= (1 — A, u) is an eigenpair of (A, D)
<= (1 — A, u) is an eigenpair of (D4, ).

We order the eigenvalues of (L, 1), (£,I), (L, D), (D7'L,I) in increasing order and
those of (A, D), (D71 A, I) in decreasing order to keep them in correspondence.

Spectral clustering consists of two steps: (i) compute the Fiedler eigenvector u (here,
with a slight abuse of terminology, we call both the eigenvectors with respect to the second
smallest eigenvalue of the unnormalized Laplacian L = D — A and of the random walk
normalized Laplacian I — D~'A the Fiedler eigenvector); (ii) apply rounding techniques
to u to obtain the clusters. In particular, in this paper we simply assign the membership
of node i by taking the sign of u;. The spectral clustering algorithm is illustrated for the
unnormalized Laplacian and the normalized Laplacian in Algorithm 1 and Algorithm 2,
respectively, see also [36,40].

Algorithm 1 Unnormalized spectral clustering

1: Input: Adjacency matrix A.

2: Compute the unnormalized graph Laplacian L = D — A.

3: Find the eigenvector u of (L, I) that corresponds to the second smallest eigenvalue.
4: Obtain the partitioning based on sgn(u).

Algorithm 2 Normalized spectral clustering

1: Input: Adjacency matrix A.

2: Compute the unnormalized graph Laplacian L = D — A.

3: Find the eigenvector u of (L, D) that corresponds to the second smallest eigenvalue.
4: Obtain the partitioning based on sgn(u).

2.2 Perturbation theory

Suppose A is an adjacency matrix sampled from two-community symmetric stochastic
block model G(n,p,q). Without loss of generality, we assume the first n/2 nodes form

bt



one community and the second half nodes form the other one. Let A* = EA be the
expectation of A, and then we have

AF — pJn/2 qJn/Q
qJn/Z pJn/2

where p > ¢. Let
. _npta 2

D*: I,, L*:=D"-A" ['=[[———A"
2 n(p+q)

Y

which correspond to the degree matrix, unnormalized Laplacian, and normalized Lapla-
cian associated with A*. Then
U* _ L :H-n/2
2 \/ﬁ _]]-n/Q

is the eigenvector that corresponds to the second smallest eigenvalue of both L* and
(L*, D*). Now one can easily see that running spectral clustering based on A* gives
the perfect result since sgn(uj) exactly recovers the underlying partition. Seeing A as
perturbed A*, we study how the eigenvalues and eigenvectors of L (or £) differ from
those of L* (or £*). For eigenvalue perturbation, we resort to the well-known min-max
principle, which gives rise to the famous Weyl’s inequality.

Theorem 2.1 (Courant-Fischer-Weyl min-max/max-min principles). Let A be
an n X n Hermitian matrix with eigenvalues Ay < --- < N\ < -+ < \,. For any
de{1,2,---,n}, write Vy for the d-dimensional subspace of C". Then

, (x, Ax) . (x, Az)
A = min max = max min
vVevizeV\{0} (z,x) VEVn 111 zeV\{0} (T, )

Theorem 2.2 (Weyl). Let A be an n x n Hermitian matriz with eigenvalues Ay < --- <
An. Let B be an n x n Hermitian matrix with eigenvalues p; < --- < p,. Suppose the
eigenvalues of A+ B are p1 < -+- < p,. Then fori e {1,2,--- ,n},

Ai i < pi <A A i

For eigenvector perturbation, the Davis-Kahan theorem plays a powerful role in our
analysis. Here we state a version of it that allows us to deal with generalized eigenvalue
problems, which is particularly useful in the case of normalized spectral clustering. The
following theorem essentially follows from the results in [13]|, but we will give a self-
contained proof in Section 5.

Theorem 2.3 (Generalized Davis-Kahan theorem). Consider the generalized eigen-
value problem Mu = ANwu where M is Hermitian and N is Hermitian positive definite.
It has the same eigenpairs as the problem N='Mu = \u. Let X be the matriz that has
the eigenvectors of N~ M as columns. Then N~'M is diagonalizable and can be written
as

N7TIM = XAX 7' = Xy Y + XoAYVE

H
2

where



Suppose 6 = min; | (Ag),;; — 5\| is the absolute separation of \ from Ay, then for any
vector i we have .
X K(N)||(NTIM — Alal|
\Pif < ¥ .
where P = (Y, AV H = T — (X)) XH is the orthogonal projection matriz onto the
orthogonal complement of the column space of X1, k(N) = ||N|| - ||N"Y| is the condition
number of N and Y, is the Moore-Penrose inverse of Ys.

When N = I and (/A\7 @) is the eigenpair of a matrix M, we have

H(M—M)a
.

sinf <

where 6 is the canonical angle between @ and the column space of X;. In this case
Theorem 2.3 reduces to Davis and Kahan'’s sin § theorem [11].

3 Main results

The main goal of this paper is to show that both the unnormalized and normalized spectral
clustering achieve strong consistency for the model G(n,p,q) when p = alogn/n, q =
Blogn/n and v/a—+/B > /2. To this end, we develop an entrywise analysis of the Fiedler
eigenvector of the unnormalized and normalized Laplacian. But before we talk about the
eigenvectors, it is important to ensure that the eigenvalues are properly “separated”.
Here the separation of eigenvalues means the perturbations of the eigenvalues of L (or
L) away from those of L* (or £*) are smaller than the eigengaps of L* (or £*). This is
to ensure the second eigenvector “comes from” uj and it is essential when applying the
Davis-Kahan theorem. Since the first eigenvalue of L or L is not perturbed at all, we
want the second and the third eigenvalue to be separated. Specifically, we want

(A3 = A3) + (A2 — A3) < A5 — S,

This is where the behaviors of the unnormalized and normalized Laplacian differ greatly.
For the normalized Laplacian, we first present a concentration bound for ||[£ — L*||
in Section 3.1 that is tighter than the ones in existing literature. This bound gives
|£ — £*|| = O (1/+/logn) while the eigengap A3(L*) — A2(L*) = O(1). Therefore Weyl’s
theorem automatically ensures the separation of A\y(L) and A3(L). For the unnormal-
ized Laplacian L, we have L — L* = (D — D*) — (A — A*). By Lemma 3.2 we can
bound ||A — A*|| = O(y/logn). Moreover one can use the Chernoff bound to show
that ||D — D*|| = O(logn). Thus ||L — L*|| = O(logn). Noting that the eigengap
A3(L*) — Aa(L*) = ©(logn), one can not draw an immediate conclusion that As(L) and
A3(L) are separated. We will discuss how to resolve this difficulty in Section 3.2, where
we bound the eigenvalues of L and £ in a more general setting. In short, we are able
to find A\o(L) < Blogn + O (logn/y/n) and A3(L) > (8 + €)logn for some € > 0, which
shows that the eigenvalues are indeed separated.

Finally we give entrywise bounds for the second eigenvector of L and (L, D). Our
analysis is mostly inspired by the work of [3] as well as the leave-one-out technique in
[26,43]. The core is to find an appropriate approximation to the second eigenvector of
L or (L, D). Denote by @y the choice of approximation and uy the output eigenvector of
the algorithm. An admissible candidate of 5 should satisfy the following two properties:

(i) The entrywise error between uy and s is negligible.
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Figure 1: Boxplots showing the two properties of the approximation . For unnormalized
spectral clustering @y = (D — Ao(L)I)"*Auj and for the normalized spectral clustering
Gy = (1 —Xo(L)) 1Dt Aui. We fix n = 5000, a = 10, § = 2 and the number of trails to
be 100. Two quantities (up to sign of uy) are shown in the boxplots: (1) /n ||us — Gl ;
(2) v/nmin {z(ts);};_, where z; =1 for i <n/2 and z; = —1 for i > n/2+ 1.

(ii) The entries of uy exactly recover the planted communities and are sufficiently
bounded away from zero.

We choose the following particular choices of @y for the unnormalized and the nor-
malized spectral clustering.

e For the unnormalized spectral clustering, we let

iy = (D — M\p(L)I) " Aus,.

e For the normalized spectral clustering, we let
?12 == (1 - )\Q(L))_lD_lAUS.

While more detailed discussion will be provided in Section 3.3 on how to prove the two
properties of 9, we first present a numerical illustration in Figure 1, which implies that
these two choices are indeed satisfactory.

3.1 Concentration of the normalized Laplacian

In this section we assume A is an instance of the inhomogeneous Erdés-Rényi graph
on n nodes where node 7 and j are linked with probability p;;. We have the following
concentration result for the normalized Laplacian.

Theorem 3.1. Let A be the adjacency matriz of a random graph on n nodes whose
edges are sampled independently. Let A* = EA = (pij)ij=12..n. Let L and L* be the
normalized Laplacian of A and A* respectively. Assume that nmax;; p;; > cologn for
some co > 1. Then for any r > 0, there exists C = C(cg,r) such that

C' (n max;; pij)S/Q

min{dpyin, d5;, }3

min

£ = L] <

r

with probability at least 1 —n™".
minimum degree of A*.

Here dyn is the minimum degree of A and dZ . is the

n



Theorem 3.1 relies heavily on the following concentration result of the adjacency
matrix A, which we take directly from Theorem 5.2 of [25].

Lemma 3.2. Let A be the adjacency matriz of a random graph on n nodes whose edges are
sampled independently. Let A* = EA = (pij)ij=12..n and assume that nmax;;p; < d
for d > cologn and ¢y > 0. Then, for any r > 0 there exists a constant C' = C(r,cy)
such that

|A — A*|| < CVd

with probability at least 1 —n™".

The requirement nmax;; p;; > logn in Theorem 3.1 is necessary for concentration.
To see this, consider a homogeneous Erdés-Rényi graph G(n,p) on n nodes with edges
occuring with probability p. It is well known that if np < logn then the graph is
asymptotically almost surely disconnected [38], causing £ to have multiple 0 eigenvalues,
which leads to ||£ — L*|| > 1.

The key to applying Theorem 3.1 is to control the minimum degree. If p = w(logn/n)
in the model G(n, p), then one can use Chernoff bound to show dp, = €(np) and thus the
concentration reads ||£ — £*|| = O (1/y/np). In comparison, the unnormalized Laplacian
only has the concentration ||L — L*|| = O(y/nplogn). Indeed, L — L* = (D — D*) —
(A — A*) and the Chernoff bound gives ||D — D*|| = O(y/nplogn), Lemma 3.2 implies
|A— A%|| = O (/np). Noting that |[£*]| = ©(1) and ||L*|| = ©(np), one can see that
the concentration of £ is better that of L by a factor y/logn. This shows that the
concentration of £ is order-wise the same as the concentration of A and better than that
of L. The bad concentration of D is eliminated by the construction of L.

3.2 Eigenvalue perturbation

In this section we assume A is an instance of the block model G(n,p,q). But we do not
assume the sparsity regime of p or q.

Unnormalized Laplacian

We have A\ (L*) = 0, \y(L*) = ng, and N\;(L*) = n(p+ ¢)/2 for i = 3,4,--- ,n. To keep
the second and third eigenvalues of L separated, we want ||L — L*|| to be relatively small
compared to A3(L*) — A\y(L*), i.e. compared to the associated eigengap. Unfortunately
this is not always satisfied in the critical regime where p = alogn/n and ¢ = Slogn/n
due to the bad concentration of L that we discussed earlier. As we will see, in this regime
we have A\y(L) < Blogn 4+ O (n’l/ 2log n), which means the second eigenvalue is well
bounded from above. The challenge is to find a relatively tight lower bound for A3(L).
According to Weyl’s theorem and lemma 3.2,

As(L) > As(L*) + Amin(L — L¥)
> A3(L7) + Amin(D — D*) — [|A — A7|
~0

<\/ log n) .
Therefore whether the second and the third eigenvalue are separated depends on how well

we can bound d,;, from below. Through a Poisson approximation to binomial variables
we are able to bound d,,;, in the lemma below.



Lemma 3.3. Let A be an instance of G(n,p, q) where p = alogn/n and Slogn/n.

forany 0 < £ < O‘Tw, we have

P(%ngC%%Bbgn—fk%n>231—2nf@mm

for n larger than a constant N = N(«, [3). Here

s = 0 R o (AR ) e

Then

The function f characterizes a trade-off between the perturbation of d.;, and its
probability. Note that when ¢ is sufficiently close to 0, f will eventually be negative,
then Lemma 3.3 loses its usefulness. To ensure that d,,;, is well controlled from below,

we introduce the following conditions on the constants a and /.

(A1) There exists 0 < £ < O‘—;ﬂ such that f(&a, ) > 0,
(A2) Va — /B > V2.

From the discussion above, one can see that condition (A1) is enough to ensure dp, >
(B + €)logn, which implies the separation of eigenvalues. The condition (A2), which

characterizes strong consistency, implies (A1).

Lemma 3.4. (A2) implies (Al).

We define dyyy € R™ to be the vector with the ¢th entry being the number of edges
between the ith node and the community that does not contain the ith node. Define
d? .. = Edyy. The concentration of d,, around its expectation plays an important role
in the perturbation of Ao(L). The eigenvalue perturbation theorem for the unnormalized

Laplacian is formally stated below.

Theorem 3.5. Let A be an instance of G(n,p,q).

(i) (Lower bound for the third eigenvalue in the critical regime.) Suppose p = alogn/n
and ¢ = Blogn/n. Then for any & > 0 and € > 0 there exists C = C(&, o, 5,€) > 0

such that

(D) > 20

logn — (£ 4+ €)logn
with probability at least 1 — Cn~f&xh),

(i1) (Upper bound for the second eigenvalue.) There holds

2
/\Q(L) S ng + E <dout - dfmt’ ]]‘”> .

(11i) (Lower bound for the second eigenvalue.) For any p > pologn/n and r > 0, there

exists M = M (po,r) > 0 such that for q satisfying

P4 bgn7

7 MY

it holds that

32Hdout — dT)utHHdoutH
n*(p —q)

2
)\2([1) 2 nqg -+ ﬁ <dout — d* 1n> +

out’

10



with probability at least 1 — 3n™".

Moreover, suppose p = alogn/n and ¢ = Slogn/n. If o and B satisfy (A1) so that
there is some constant 0 < £ = &(a, B) < (o — B)/2 satisfying f(&; e, B) > 0, then
there exists Cp,Cy > 0 depending on o, 5 and & such that

Ao(L) > Blogn — Ciy/logn
with probability at least 1 — Con /&8,

We leave the terms regarding d,, in the statement on account of the fact that their
behaviors change as the sparsity regime of ¢ changes. Although these terms get smaller
as ¢ gets smaller, it is hard to put these relations in a unified form. We provide the
following lemma to discuss how to control ||doy — di || and (dow — df i, 1) The term
||dout || is then controlled by ||douws — dfyl| + ||dfu -

Lemma 3.6. (i) If ¢ > qologn/n? for some qo > 0, then for any r > 0 there exists
C = C(qo,r) > 0 such that

P (Hdout — gy, 1n)| = Cy/n?qlog n) <2n7".

(i1) If ¢ > qologn/n for some qy > 0, then for any r > 0 there exists C' = C(qo,r) > 0

such that
P (|ldow — dyuill = Cv/n%q) <0,

(111) If ¢ > qo/n? for some qo > 0, then there exists C = C(qy) > 0 such that

n2q

1
P (Ildow — diul| > OV/P0) < -+

For p = alogn/n and ¢ = flogn/n where \/a — /B > v/2, the eigenvalue perturba-
tion is simply

Blogn — O(y/logn) < Xo(L) < Blogn + O(logn/v/n)

and
A3(L) > (B +¢€)logn

for some constant € > 0 with probability 1 — O (n=/(&>#)).

Normalized Laplacian

For £*, we have A\ (L*) =0, \o(L*) =2¢/(p+ q), and \;(L*) =1 for i =3,4,--- ,n. We
provide a perturbation bound for \s(L).

Theorem 3.7. Let A be an instance of G(n,p,q).

(i) (Upper bound for the second eigenvalue) Suppose p > po/n and q > qologn/n?
for some po,q0 > 0. Then for any r > 0 there exists C; = Ci(r,po) > 0 and
Cy = Cs(r, po, qo) > 0 such that

2 Jalogn
P (AQ(L) i oA Og”) >1- O
p+q np

11



(ii) (Lower bound for the second eigenvalue) For any r > 0 there exists pg = po(r) > 1
and M = M (py,r) > 0 such that for all p > pylogn/n and q > qologn/n? satisfying

b—

7

3\§

we have

2 Vql ng + —= ||dou
1P</\2(£)>—q—01< o8 | va | t”)>z1—02n—r

p+yq np n(p — q)y/np

for Cy,Cy > 0 depending on py ,qo and r.

Moreover, if p = alogn/n and ¢ = Blogn/n with a > 2 then there exists 0 < £ =
E(a, pB) < a—w such that f(&;a, ) > 0 and

a+p 3\/logn

for C3,Cy > 0 depending on o, and &.

P (/\Q(ﬁ) 25 —C ! ) >1— Cyn &b,

As for A\3(L), one can use Weyl’s theorem and the concentration of £ (Theorem 3.1)
to give a good bound. For p = alogn/n and ¢ = Blogn/n where \/a — /B > /2, the

eigenvalue perturbation is simply
2 1
< (L) < —— b +0 ( )

2B, (L)
a+p Viegn ) — a+p Vn

)\3(£)21—O(\/1iﬂ>.

3.3 Strong consistency

and

In this section we assume A is an instance of G(n,p,q), p = alogn/n, ¢ = flogn/n and
Va =B > 2
Unnormalized spectral clustering

The goal of the following discussion is to give a proof sketch of Theorem 3.8.
Theorem 3.8. Let p = alogn/n, ¢ = Blogn/n and \/a — /B > /2. Then there exists
n=mn(a,B) >0 and s € {£1} such that with probability 1 — o(1),

Vn(suz)i > 1 fori < §

and
Vn(sug); < —n fori > — 5 2

One can see Theorem 3.8 implies that the unnormalized spectral clustering achieves
strong consistency down to the information theoretical limits. Let the vector (D —
Ao(L)I)~t Auj be the approximation to us, the second eigenvector of L. Theorem 3.8
follows after the following two claims. With probability 1 — o(1),

(1) [luz = (D = AD) 7" Aug| |, = o(1/+/n);

12



(ii) sgn ((D — Xo(L)I)~"' Au}) exactly recovers the planted communities and

|((D = Ao (L)1) Auz) | >

i

Si=

for all + and some 1 > 0.

The two claims are up to sign of uy, meaning we write suy (s € {1, —1}) simply as uy. We
first look at claim (ii). Note that dpax — A2(L) = O (logn), it boils down to showing that
the entries of Au} are well bounded away from zero by an order of logn/y/n. Since each
entry of Auj can be expressed as the difference of two independent binomial variables,
an inequality that was introduced in [1,2] gives the desired tail bound.

Lemma 3.9. Suppose o > f3, {Wl}?ﬁ are i.i.d Bernoulli(alogn/n), and {Zl}fﬁ are
i.i.d Bernoulli(flogn/n), independent of {WZ}:ﬁ For any € € R, we have

P S Wi—Y Z <elogn | < n (Vo VB /2velos(e/o))2,
=1

i=1
To prove claim (i), note (D — Aol )us = Auy and expand

Uy — (D — /\2[)_114’&; = (D — /\2])_1A(U2 — ué)

/(D — AI)7Y|, = O (1/logn). It remains to show that

N G

This quantity is at the center of both unnormalized and normalized spectral clustering.
The technique that we use to control ||A(us — u3)|| is originated from [3], in which a
row-concentration property of A is the key. We cite the row-concentration in the following
lemma.

We have established that dy,, > (8 4 €)logn and Ay < Slogn + O (logn/+/n), therefore

Lemma 3.10 (Row-concentration property of the adjacency matrix). Let w € R"
be a fized vector, {X;};_, be independent random variable where X; ~ Bernoulli(p;).
Suppose p > max; p; and a > 0. Then

(2+a)pn

[l

< 2eP,

Zn: wi(X; — EX;)

i=1

P >

) [lwll

The row-concentration property of A is probabilistic, meaning w and A must be
independent. But (us — u}) and A are not independent. To overcome this, we use the
recently developed and popularized leave-one-out technique. Specifically we consider
an auxiliary vector ugm) defined as the second eigenvector of L™ the unnormalized
Laplacian matrix of A where A is constructed in a way that A = A everywhere
except for the m-th row and m-th column which are replaced by those of A*. The purpose
of this auxiliary vector is that the m-th row of A, denoted by A,,., is now independent
of (ugm) — u*). Thus the m-th entry of A(us — u}) is bounded by

| A (ug — ug)| < ‘Am. <u2 — ugm)>‘ + ’Am. (ugm) — uZ)

13



The first term in the right hand side is well bounded by the small /o-norm of (ug — ugm))

In fact, by exploiting the structural difference of L and L™, the Davis-Kahan theorem
eventually gives the bound

Using this in conjunction with the fact that

141l oo < IEAI|, . + 114 = EA|| = O (Viogn)
we are able to bound the first term

A (w2 = )] < 114l |

uz = u"|| = O (L)

Usg —u(zm)H =0 (x/logn||u2||oo) :

For the second term, we can now use the row-concentration property which yields
m logn ||u
’Am- (ué : —u§> =0 (—g ! 2||°°> :
log logn

[|A(uz2 —u3)[, = o (logn |usl|.) -

Finally we prove ||us||, = O (1/4/n). Indeed,

Thus

uall o = |[(D = AaD) M Aus|| < |[(D = Ao)Aud| |+ [|(D = Xod) F Alug — u3)|]

Noting that [|(D — XoI) ' A(ug — u3)]|, = o(||uz|| ), the second term on the right hand
side is thus absorbed into the left hand side. Therefore

)=o)

uzll oo = O (||(D — Xod) " Auj

Claim (i) then follows.

Normalized spectral clustering

The proof for the normalized spectral clustering is similar to its unnormalized counterpart,
albeit more technically involved. Let uy be the eigenvector of (L, D) that corresponds
to the second smallest eigenvalue A\y(L). We use the vector (1 — A\o(L£)) ' D T Aub as an
approximation to us. Then we prove with probability 1 — o(1),

(1) [fuz = (1= A2(£)) D~ Aus||, = o(1/v/n);

(i) sgn ((1 — Ao(L)) ' Dt Aul) exactly recovers the planted communities and

_ 11 gy e
(L= 2a(0)7' D7 Au) | = ==

for all + and some 1 > 0.

Theorem 3.11. Let p = alogn/n, ¢ = flogn/n and \/a—+/B > /2. Then there exists
n=mn(a,B) >0 and s € {£1} such that with probability 1 — o(1),

Vn(sug); >n fori < g

and n
Vn(sug); < —n fori > 5 + 1.

14



4 Numerical explorations

We illustrate the strong consistency of both spectral clustering methods in Figure 2. It
can be clearly seen that both methods achieve strong consistency down to the theoretical
threshold /oo — v/B > /2. The major behavioral difference between the two methods
is when we are below this threshold, namely when a > 3 but /o — /B < v/2. In this
region, strong consistency is impossible but weak consistency is possible. In Figure 3 we
plot the empirical average agreement for each method. Here the agreement is defined
as the proportion of the correctly classified nodes. We see that the normalized spectral
clustering performs much better in the region between the red line and the green line. The
unnormalized spectral clustering does not work as well as the normalized counterpart does
since the unnormalized Laplacian is unable to preserve the “order” of the eigenvalues (in
the sense discussed at the beginning of Section 3). This shows that the bad concentration
of L indeed causes trouble in this sparsity regime. In fact we are able to find an eigenvector
of L that has a high agreement, but often this eigenvector is not the Fiedler eigenvector.

30 1 30 1

25 0.8 25 0.8

(a) Unnormalized spectral clustering (b) Normalized spectral clustering

Figure 2: Empirical success rate of exact recovery for both spectral clustering methods.
We fix n = 600 and the number of trials to be 20. For each pair of o and 3, we run both
methods and count how many times each method succeeds. Dividing by the number of
trials, we obtain the empirical probability of success. The red line indicates the theoretical
threshold /o — v/ = v/2 for strong consistency.

We further explore other possible choices of approximation i, to the second eigen-
vector of L or (L, D). Figure 4 shows \/n||uy — us|| for different choices of @,. These
approximations can be interpreted from an iterative perspective. For example, our choice
of iy = (D — \o(L)I)" ' Auj for the unnormalized spectral clustering can be seen as the
output of one-step fixed point iteration for solving the system (D — A\o(L)I)u = Au with
initial guess uj. The vector iy = (1 — X\o(L)) "D Auy = D P Aul/No(D7LA) for the
normalized spectral clustering can be seen as the output of an one-step power iteration
on the matrix D~!'A with initial guess w}, which is similar to the original idea in the
paper of Abbe et al. [3]. We attempt to adopt the power iteration idea on the shifted
Laplacian @P — L, where P =1 — %Jnxn is the projection onto the orthogonal com-
plement space of span{1,,}. The purpose of introducing this shift is to make the Fiedler
eigenvector correspond to the leading eigenvalue, and thus we can apply the idea of power
iteration. However this idea does not seem to produce a satisfactory result. We also point
out that the A\y(L) and A2(L) in our approximations can be replaced with Ao(L*) and

15



30 1 30 1

25 0.9 25 0.9

20 20

(a) Unnormalized spectral clustering (b) Normalized spectral clustering

Figure 3: Empirical expectation of agreement for both spectral clustering methods. We
fix n = 600 and the number of trials to be 20. For each pair of @ and 5 and each trial,
we run both methods and calculate their agreements. Averaging over all trials, we obtain
the empirical expectation of agreement. The red line indicates the theoretical threshold
Va — /B = /2 for strong consistency. The green line is o = 3, which serves as the
theoretical boundary for weak consistency in this sparsity regime.

Ao(L*) respectively. Doing so will only introduce a higher order error in our analysis,
which is confirmed by the results in Figure 4.

* :
09+
251 +
0.8 |
|
* + 06 |
¥ T

051

[
-
051 1

+ 0.2F
= == ol == ==
T 2 5 ‘ % 2 5
(a) Unnormalized spectral clustering (b) Normalized spectral clustering

Figure 4: Boxplots showing \/n ||us — Us]||, (up to sign of uy) for different choices of .
We fix n = 5000, a = 10, 8 = 2 and the number of trials as 100. Left: (1) 4y = u}, (2)
iy = ("2 p [y /(MEr) P+q> Ao(L)) where P =T —2L,.,,, (3) @ta = (D—No(L)I) ™" Aus,
(4) g = (D — \o(L*)I)~ 1Au2 Right: (1) @ = u}, (2) 42 = (1 — X(L)) ' D1 Aul, (3)
Uy = (1 — Xo(L*)) ' D7 Aus,
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5 Proofs

5.1 Proofs for Section 2.2

Proof of Theorem 2.3. Let N = VXV be the spectral decomposition of N. Define
Nz = X3VH and N~2 = VX3, Then (N_5>HMN_5 is Hermitian and admits the
spectral decomposition

(N—%>H MN~—% = UAU™ (5.1)

where U is a unitary matrix and A is a real diagonal matrix consisting of the eigenvalues.
Left multiplying by N ~2 and right multiplying by N 2 on both sides in equation (5.1)
gives

NM = XAX !,
where X = N=2U. We write

Ay — N Ay — N é
1 1 1~ 1 .
r=(N"'M = X)ia X[ Az_j\[}X u—X[ A2_M} M

N —1
where & = Y4 and 8 = Y;#a. Multiplying both sides from the left by <A2 . )\I> Y
gives
N —1
5= (A2 - )J) Yir.

Then
1

Pi= ()"0 = ()5 = ()" (A= A1) v
Finally, note that
[X: X)) =U"Nz = {UlH } NE = PGH] ,
hence we have Y = UFNz2. So
17|

||pa||§HN—;WU;IVHH AQ_nyHHU;IHHN;

\/—H N-'M — Al

J

5.2 Proofs for Section 3.1
Proof of Theorem 3.1. We have

1

e~ )| = |[D-2aD~E — (D) Ear(D)

NI

<||pia-anp TRATDTE — (D) 2AN(D)"

The first term on the right hand side is easily bounded by using Lemma 3.2

A— A* A/ axX;i Piq
< H H §C1(Co,7‘) nm XJpJ

min dmin

|p3(a—-ap
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with probability at least 1 — n~". Denote d = Al,, and d* = A*1,,, then the second term
is bounded by

NI

D 2A*D"z — (D*) 2 A*(D*)~

NI

D 2A*D 2 — (D*)*%A*(D*)f

IN

F

2
:\ ,;p?j ( 4, - dW;)

2
" [ Vdid; — /I
Smi?xpz‘j Z( /_;.d‘d_ﬁ"d*f J)
i,7=1 [t At e

2
~ max;; pij i d;d; — dfd;f
B dmind:nin : \/ dzd] + d;k d;

i,7=1

maxX;; Pij u Y 2
SQ min{dmin, d;knin 3 Z]ZI (dzdj - dz d])
__ MmaXy Py H T TH
2 min{ duin, 4. }3 dd" —d"(d")" ||

max;; Piq T
< J Pig ( T H R H)
<gmintd s (= )|+ @ =y @

max;; Piq y . X
=smnind gy (1l = 11+ 1 = )

maxi; Pij . . i}
= min{d s & (A A = A | Ta][* + [ A A = A% |[10])

maXi; Pij

= A— A 4 2]|A*]) [|A = A%||[|1,])7
S i, dr 35 A= AN+ 20470 1A = AT L

where we have used the fact that HUUTHF = ||wT|| = [|u||[|v]|] for any u and v. Again
by using the bound for (A — A*), we get

EETr -

max;; Piq
<Cs(eo, ) — 7 dmin], d;fn NE (y/nmax;; pi; + nmax;; pij) /Rmax; p;j - N
o )P2
<Cy(cg, r) I Py)

min{dyin, d5; 3

with probability at least 1 —n~". Therefore combining the two terms we get

nmax;; P;; m.)3/2
12— £7]] < Cu(eo,r) VPG 4 0y ) U0 i)

dmin min{dmin, d;knin}g
(d3yin) /P MAK Pij (nmax;; p; -)5/2
— Cl (Co, T') dmin(d* . )2J J —+ 03(00, T) min{dmii’ d{" ‘ }3

(n maxij pij)5/2

= C4<CO’T)min{d oy d BB

with probability at least 1 —n™". O
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5.3 Proofs for Section 3.2

We start with some basic concentration inequalities.

Lemma 5.1. (i) (Chernoff) Let {X;}!_ | be independent variables. Assume0 < X; <1
for eachi. Let X = X1+ -+ X, and p =EX. Then for anyt > 0,

t2
B(X — ] > 1) < 2exp (—Mt).

As a result, for any r > 0, there exists C = C(r) > 0 such that
P (\X —pl>C <logn + \/,ulogn)) <2n".

(i1) (Bennett) Let X ~ Poisson(\). Then for any 0 < z < A,

P(X < A1) < exp (-%h (—§)> ,

where h(u) = 2u™2((1 + u) log(1 + u) — u).

(111) (Chebyshev) Let X be a random variable with finite expected value p and finite

non-zero variance 2. Then for any real number t > 0,

0_2

P(|X_N|Zt)§t—2~

Proof. (i) We omit the proof of the first inequality as it is a common form of the Chernoff
bound. To prove the second inequality, we set
t2
2u+t

=rlogn,

which is t = 3 (r logn + \/r2log’n + 8rulogn> < C(r) (logn + v/plogn).
(ii) The moment generating function of X is

FefX — e,\(etl)

for 6 € R. Fix 0 < z < A, then for any 6 > 0,

P (X < \— l’) - P (eGX < 69(/\7:10)) — P (69()\7fo) > 1)
(&

< IO e—0X _ (A(e*9—1)+0(>\—:c))'

The penultimate step is due to Markov’s inequality. Finally, by setting 6 = — log (1 — %) >

0 we get
2

P(X <A—x) <exp <_§_Ah <_§)>

as claimed. O
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Unnormalized Laplacian

Proof of Lemma 3.4.

af _ 28
8_5—_10g<1_a+ﬂ>>0

for 0 < &€ < O‘Tw So it suffices to prove f(a—gﬁ;oz,ﬁ) > 0 when y/a — /B > v/2. Since
a+ B > 2v/af + 2, we have

(252 0) v 25)

>Blog( )\/_6

:5{\/; s (53 +35) 1)

It is straightforward to show by differentiation that /z — log (% + %) — 1 > 0 when
x> 1. O

The crucial step in controlling the minimum degree in the critical regime is the fol-
lowing Poisson approximation to binomials.

Lemma 5.2. Let X ~ Binomial(n/2,p) and Y ~ Binomial(n/2,q) for n even. Suppose

p = alogn/n and g = Blogn/n for constants o and 5. Let v = (a + B)/2, then there
exists ¢, — 0 depending on v such that for every k < vylogn,

l k
P(X+Y =k)< (1+cn)n_7%.

Proof. For k < ~logn,

(1) (2 k1) 1 a k alogn\ "
_2\2 2 . )k (—logn> <1— )

k! (n/2 5 >
1 alogn\ w1 (5108m)(1-%)
= ( 10%”) (1 - >

n

(2 log n)k
k! ’

where a,, — 0 and is independent of k. The last inequality is due to

N1}

<(1+ap)n-

o (1087) (1= Z852) log (1 — el 7
i o

=1.

Similarly there exists b, — 0 independent of k such that

(B log n)k

P(Y=k) < (L+b)n 22—
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Finally note that

k
PX+Y=k=) P(X=)PY =k-1)
=0
< (1+an)(1+ bn)n”wl(;{#)k
. (ylogn)*
K

=1+cy)n
With the help of the Poisson approximation we can now prove Lemma 3.3.

Proof of Lemma 3.3. Let d; be the degree of the 1th node. Let X be a Poisson variable
with mean # logn. Then by Lemma 5.1 and Lemma 5.2, for n large enough

a+ a+ B

P(dig 10gn—§10gn> < 2P (X§

logn — £ log n)

Taking union bound yields

a+pf

P (dmin > logn — &log n) > 1 — 2n f (&),

We prove Lemma 3.6 before we prove Theorem 3.5.

Proof of Lemma 3.6. (i) Note that

(dowt — dgygs 1) = 22 Z (A —q).

=1 j:%+1

The result follows from the Chernoff bound.
(ii) Let Ayye denote the matrix after removing all edges within the same community in
A. By Lemma 3.2,

P (|[dons = diul| = Clao. 7)v/n%)

P (1(Aout = A2)Lull = Clao,r) /)
P (|[Aous — Aguell = C(g0,7)v/nq)

b

IA A

n

(iii) One can calculate the following two central moments of X ~ binomial(n/2,q) by
using the formula provided in [22]:

ng\ 2 1 1
E(X—_) — Cng(l—q) < =
{ 5 ] 5l —q) < 5ng
ng\ 2 1 9 9 1
var (X — —) = inq(l —q)(ng—6g —ng°+6¢~+1) < inq(nq + 7).

2
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Let X; ‘& binomial(n/2, ¢) and Y; e binomial(n/2, ). Then by letting ¢ = Cy(go)n’q
in Chebyshev’s inequality,

n/2 1,2
ng\ 2 1 ) sn*q(ng +7) 1 /1 0.01q
P <Xi——> <(z+cC >1-2 1 sy (2 .
; 2/ — (2 + 1((]0)) na) = Ci(qo)?n*¢®> — 2\ n + n2q
Same inequality holds for Y;. By the union bound
P (Ildows — el < Co(a0) V%)
/2 ng\2 n ng\ 2
P (-F) X (M) <Gl
i=1 i=n/2+1
1 .
n n%q
O

Proof of Theorem 3.5. (i) Weyl’s theorem shows

Ao(L) 2 As(L*) + Amin (D — D) — [|A = A%

= Oé—gﬁlognjL (dmin - a;—ﬁlogn) —|J]A — A"||
= din — [|[A — A7]

By Lemma 3.3, for n large enough

a+f

P (dmin > logn — &log n) > 1 — opf&eh),

Then by Lemma 3.2,
P (HA _ A< cl(g,@,ﬂ)\/@) >1 - p I,
Therefore for n > N = N(§, o, 3, €),
a+ 3
2

P <A3<L> > logn — (£ + €) log n) > 1 — gn ),

Or equivalently for all n,

a+f
2

P (A?)(L) > logn — (£ + €) log n) >1— Cy(€,a, B, e)n I ExD),
(ii) By the min-max principle

A2(L) = min max {x, La)
vVevizeV\{0} (z, )

< max (x, Lx)
xESpan{]lm,uz},HatH:l

= (u3, Lug)

2 2 .
B E <dout7 ]ln> =ng+ E <d0u‘3 — gy ILTZ> :
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The third step is due to L1,, =0 and 1,, L uj.
(iii) Let ug be the eigenvector of L that corresponds to Ao(L), We have

Ao(L) = (ug, Lug) = ((uz — u3) + uy, L((ug — us) + u3))
= (u3, Lus) + 2 (ug — uy, Luy) + (ug — us, L(ug — u3))
> (uy, Luy) + 2 (ug — us, Luy)

2 * * *
g + — (dow = douy, Ln) — 2 |uz — w| || Lus|

v

2 * 4 *
=ng + n (dowt — Aoty Tn) — % |[ug — 3| ||dout|| -

Let 0 be the angle between uy and ul. Assume 6 € [0, 7/2], because otherwise just let
us := —ug. Then by letting N = I, M = L, 4 = u}, A= Xo(L¥), Xy = [\/%;ﬂn UQ} and
P be the projection matrix onto the orthogonal complement of X; in Theorem 2.3 we get
(L = L)usl]  2|ldous — dil|

0 d/n ’

where 0 = A\3(L) — A2(L*) which we for now assume to be positive. Therefore

[|Pusl| = sin(f) <

2v2 ||dout — d,
g — w3|] = /2 — 2cos(f) < V2sin(f) < \/_”(;l\l/tﬁ °“t||. (5.2)

Thus

2 . 8v/2 \
/\2(L) > ng+ n <dout — dgu ﬂn> T on Hdout - dout” ||dout|| . (5-3)

It remains to find a lower bound for §. If p > pylogn/n then for any r > 0, the Chernoff
bound and Lemma 3.2 give

P (HD — D*|| > Cl(po,r)\/nplogn> <2n~"
and
P (I[A = A%|| = Ca(po,r)y/mnp) < n”".
Therefore there exists M (po, r) large enough, such that for ¢ satisfying

n(p — q) > M+/nplogn,
we have
d=A3(L) — Xa(L") = (A3(L*) — Aa(L7)) 4+ (A3(L) — A3(L"))

> "D p - - A
n(p —q)

2v/2

with probability at least 1 — 3n~". Combining this and (5.3) concludes the first half of
the statement.

If p=alogn/n, ¢ = flogn/n and « and [ satisfy (A1) so that there is some constant
0 <& < (a—p)/2 satisfying f(&; «, B) > 0, then by part (i),

>

P (\3(L) > Blogn + e(a, B)logn) > 1 — Cs(&, v, B)n~F &5, (5.4)
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Therefore

P (6 > e(a, B)logn) > 1 — C5(¢, a, B)yn~/(EA), (5.5)
and .
P (HuQ uyll < C4(a,ﬁ,€)m> >1-Cya, 8,00 1@D. (56)

Finally combining (5.3), (5.5) and Lemma 3.6 gives
P (Az(L) > Blogn — Cg(a, B,€)/log n) >1— Cq(a, B,&)n~ &>,

Normalized Laplacian
Proof of Theorem 3.7. (i) Let us be the eigenvector of (L, D) that corresponds to
A2(L). Using the min-max principle we get

A2(L£) = min max (z, L)
VeV, zev\{o} (z,x)

< i (x, Lx)

1 1
xESpan{D? ﬂn,D?ug} <l’, 5L'>

<D%u§ —z,L(D3u} — a:)>

D23 — x| |?

- (ug, Dus) = 2|[x|[\/(u3, Duz) + |[z|[?
(us, Dus) — 2||z||\/(u3, Duj)
where (w3, D1,)
U;, n 1
== —-D21,
YT, oLy

is the part of D%uz that is parallel to Délln. The third equality is because Délln is in the
null space of L. Therefore the Rayleigh quotient takes maximum in the direction orthog-
onal to Dz1,,. The last inequality is valid because later we will see ||z|| < 23/ (us, Dus).
Next we aim to give an upper and lower bound for (uj, Lu}), an upper bound for
|(u3, D1,,)| and a lower bound for (uj, Du3) = £ (1,, D1,). First by Lemma 3.6,

2
(15, L) = 10 + = (dow. = i, 1) < 00+ C (g0, 7)/alogm (5.7)
with probability at least 1 — n™". By Chernoff,
c ey neta| |1 n(p+q)
(3. 0up) - "2 ED | g, pu,y - 222D
1 n
_ |ty g et
n 2

S|

<;Aﬁ+zz%) - nle )

i>j

/pl 1
S@(r)( P (;gn+ Oin+\/plogn+\/qlogn>

< Cs(r,po)v/plogn (5.8)
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with probability at least 1 —n~". Finally by Chernoff,

n/2

|<u§,Dﬂn>|:% Zd Y 4

it=n/2+1
n/2 n/2

:% 2D A i i Aig

i=1 j=1 i=n/2+1 j=n/2+1

n/2 n/2

1 n’p
AR DD DTS

i=1 j=1 i=n/2+1 j=n/2+1

< Cy(r,po)\/nplogn (5.9)

with probability at least 1 — n~". Therefore by combining (5.8) and (5.9),

us, D1, Cy(r,po)v/plogn [logn
||I|| — ‘( 2 >’ ( pO) plog <C5(T,p0) p
VILDLT = ez~ Gy ) iTogn

for N > N(r,pp). This justifies the claim that ||z|| < 1./(u}, Duj). Combining
(5.7), (5.8) and (5.9) yields

(u3, Luy)
Ao(L) <
< ng + Ci(qo,7)v/qlogn

p+q 03(7’ po)vplogn - 06(7’ po)\/ logn VALY

2 valogn
< a + C7(r, po, %)ﬁ
(p+q) np

with probability at least 1 — 3n~" for n > N(r,py). Or equivalently

vqlogn
np

2
P (Az(ﬁ) < =0 + C7(7, o, qo)

>1— Cs(r,po)n”~
pP+q

for all n.
(ii) By the Chernoff bound and the union bound, for any r > 0, there exists py = po(r)
large enough such that for p > pglogn/n,

IP (dmax S Cl(pO; T)”Z?) Z 1 - n—r' (510)
and
P (duin > Ca(po,7)np) > 1 —n"". (5.11)
We have
(uz, Lus)
Ay =
<U’27 DUQ

)
(ub, Lus) + 2 (ug — ub, Lus) + (ug — ub, L(ug — uj))
(g, Dug) + 2 (ug — ug, Dus) + (uy — ub, D(ug — uj))
- (u3, Luz) — 2[Jus — wj[|| Luj||
~ (us, Dug) + 2[uz — usl[|[Dus]| + [|luz — u3|*[| D]
(uz, Lus) — =lluz — u3||{|dout |

- 2[|uz —us[|dmax

<u§’ DU§> + Vn + ||U2 - u§||2dmax
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Combining (5.7), (5.8) and (5.10) gives
na + (a0, )WTog T — =l — w3l [ dows|
W + Cy(r, po)v/plogn + Ci(po, r)np (W + ||ug — u§|\2>

T

A2(L) >

with probability at least 1 — 3n™". It remains to find an upper bound for [|Jug — ud|

through Davis-Kahan. In Theorem 2.3, we let M = L, N = D, A = p+q, U = u3,

X, = [\/Lﬁ 1, uz] and P be the projection matrix onto the orthogonal complement of

X;. Since uj is orthogonal to 1,,, we have ||Puj|| = sin(f) where 6 € [0, 7/2] is the angle
between uy and uj. Therefore

V2||(ptL = Ar)w
(5 )
where § = A3(L) — Xa(L*) > A3(LF) — Xao(L¥) — ||L— LF|| = BEL — ||£L — L*||. Using

p+q
Theorem 3.1 in conjunction with (5.11) we get
C
P (H.c—,c*u < M) >1—n".
V1P

Therefore there exists M (pg,r) > 0 such that

llug — usz|| = /2 — 2cos(f) < v2sin(f) < (5.12)

implies

To control the numerator in (5.12), note that

2
. " d? ng
D—IL - )\ *|| 2 - out

2 n N
d( 1) - d-(l))
n(p + Q)dmin n Z ( out nqa;,

n

S S (- 2) -

IN

2
_— Aout — d
npdmin\/ﬁ ||7Lp( t out)

2 « «
smwwmmeHm—mn

mmvrmu<0m ALl + [[(An = AL )

— (I[Aous = Aguel + [[Aim = ALI]) ,

min

—ng (din — d3, )|

where the second line follows from A;, = A— A,y and dy, = A;,1,,. Combining Lemma 3.2

and (5.11) we get
1 )>1 20
—2n7".
NP/

POMT%—M@HS%@WG
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Therefore

Jn
P <HU2 —usl| < 07(]90,7“)—1)) >1— Cs(po,r)n"".

n(p —q)
Finally,
M(£) > ng + Cs(qo,7)Vqlogn — J=|us — ||| |dow |
2 = —
2D 1 Cy(r, po)v/pTog n + Ci(po, )np (—””Qﬁ”' + [uz — u;lP)
ng + Cs(q0,7)v/a1og 1 — 4Cs(po, 1) s || dowt |
2D Gy, po)vpTog + Calpo, 1)  Cr(po, 1) s + Cirlpo, )2 s
n dout
. 2¢ %\/plogn—l——qﬁJr\/qlogn%—%
08(]707%7 )

p+q np

>_2q — Cy(po; qo,7) QIOgnanq—i_‘/LﬁHdoutH
p+q o np n(p — q)/np

with probability at least 1 — Co(po, 7)n"".
Now suppose p = alogn/n and g = Slogn/n with o > 2. It is easy to see that there
exists £(a, f) < # such that f(&; a, ) > 0. Then by Lemma 3.3,

P (dmin > Ci1(e,€)np) > 1 —n /&5, (5.13)
In this case the proof above still holds but with » = f(&; «, 8). Therefore

1
Viogn

P (||u2 —ui|| < Ca(a, 5,€) ) > 1 — Cis(a, B,&)n 1EH) (5.14)

and

2p
P(A(L) > —— -C >1-C e
( 2( ) Oé‘i‘ﬁ 14( ﬁ 5)\/@) - 15(057575)”
where we have used Lemma 3.6 to bound ||dous||- O

5.4 Proofs for Section 3.3

Any statement involving eigenvectors are up to sign, meaning that for any eigenvector wu,
either u or —u will suit the statement. For example, the expression ||u — v|| should be
understood as mingeqi1y [[su — v||.

Unnormalized spectral clustering

Let A" be the matrix that A(m A;; when neither 7 nor j equals m and A ™) = A}

when i or j equals m. Let L(™ be the corresponding unnormalized Laplacian matrlx of
A Let usy be the eigenvector of L that corresponds to the second smallest eigenvalue
Ao(L). Let ug be the eigenvector of L™ that corresponds to the second smallest

eigenvalue \o(L(™). The lemma below bounds ‘

Lemma 5.3. There exists £ = {(a, ) > 0, C1,Cy > 0 depending on «, f and &, such
that f(&; 0, 8) > 0 and

P ( max
1<m<n

w2 ugm>H =G Huzrloo> >1— Cyn I &),
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Proof. In Theorem 2.3 we let M = L™ N

Then up to sign of eigenvectors,

I
~
>
|
<
5’
ps
I
>~
P
h
ol
>
I
=
3
<
)
| IS

e < ) o
where 6, = A3(L(™)) — \y(L). We first use Weyl’s theorem to bound A3z(L™) from below.
The proof is similar to Theorem 3.5 (i). We note that by the construction of A™) the
(m, m)-entry of (D™ — D*) is 0 and the (i,4)-entry (i # m) only differ from (d; — d)
by at most 1. Thus by Lemma 3.3, Lemma 3.2, Lemma 3.4 and the union bound, there
exists (o, f) < # such that f(&; a, ) > 0 and

min Ag(L™) > A(L) + min {Apn(D" — D7) — [JA™ — A"

}

1<m<n 1<m<n
> Ag(L") + min {Apin(D — D) — 1,0} — max || AT — A%
1
_ mm{dmin _1, W} ~ max [|A" — 47
2 1<m<n

> flogn + € (o, ,€) logn

with probability at least 1 — C1(a, 3, &)n~ &8 (A does not strictly fit the setting of
Lemma 3.2. But note that the mth row and column of A — A* cancel to 0. Thus we are
essentially applying Lemma 3.2 to a submatrix of A — A*.) Using this in conjunction
with Theorem 3.5 (ii), we have

P < min 4, > (v, 3,€) logn) > 1 — Cyla, B, 6)n~TEA),

1<m<n

To bound the numerator in (5.15), we consider bounding the mth entry of (L™ — L)us
and the other entries separately. Let v = (L™ — L)uy then

(vl = (L") = L)mottz| = [(L* = L)mua| < [|L* = L]  |Juz] - (5.16)
For i # m,

(Z vf) 1/2 ) (Z(Afm A, (ugm) B ugi)>2> 1/2

i#m i#=m

1/2
< 2{ug|l (Z(Afm - Aim)2>
< 2{Juall o (14" = Al

< 2 usll. 14" — Al (5.17)
Therefore by the Chernoff bound and Lemma 3.2,

max [|(L"™ = Ljug|| < (|[L" = Ll + 214 = A%} [|uzl |, < Caler, B,€)logn[us|

1<m<n
with probability at least 1 — Cs(a, 8,&)n=F(&8) This concludes the proof. O

The next lemma gives an entrywise bound of A(us — u3), which is the at the center
of both unnormalized and normalized spectral clustering.
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Lemma 5.4. There exist Cy,Cy > 0 depending on «, 5 and & such that

logn '
P(|[A(uy —ud)||. < Ch——n=r— | > 1 — Con /E*H),
Q|m %mm_lﬁm@%ﬂ—' .

Proof. All the statements in this proof hold for a probability at least 1 — Cn /(&8 for
some C' = C(a, ,&) > 0. Asymptotic notations hide constants that depend on «, 8 and
&, We claim

1
\mwrmwuZO(Mﬂﬁﬁﬂ) (5.18)

log logn

kuzo(%g. (5.19)

We first prove (5.18). Then we use (5.18) to prove (5.19). Finally combining them
concludes the proof. To start, note that

[A(uz — u3)llo = max |Am. (uz — u3)l
< s, A (v =05 )| o A (167~ 3)
< max [|All [ = ™) + max A7, (5"~ u3)
+ max. (A— A" (ugm) — u§> : (5.20)

For the first term on the right hand side we have

Al 00 S [A™500 + 1A= A =0 <\/10gn>

and

max
1<m<n

uy = ™| = O ([Jus|.)

Therefore, it holds that

max
1<m<n

uf"|| = 0 (Viegn|Jusll..) (5.21)

For the second term we have

Ar (ugm) — ug)

< max [| A%, [[uf" = u;

max
1<m<n

1<m<n

< 14l [ o8 + s = )

=220 (Juallo+ =) (522

where we have used (5.6). For the third term we can use the fact that the mth row
of A and ué’"’ — u} are independent, therefore by the row concentration property of A

(Lemma 3.10) and union bound, we have (by letting a = W and p = alogn/n in
Lemma 3.10)
Jax. (A— A <ug ) u2> =0 (1I<nax |lwl| (m logn
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where w = ugm) —u} and p(t) = (1 Vlog(1/t))~! for t > 0. ¢(x) is non-decreasing,

©(t)/t is non-increasing and lim;_,o ¢(t) = 0. For brevity we set x = \/n ||wl|, v = ||w]|,

v =1/y/logn and
() = ]l ¢ (—"“’" ) log 1.
VTl

When y/z > ~ we have

logn x [y logn y
*) = Y= ) S =)
(+) (%) )

NG

When y/x <~ we have

logn y) logn
— . Z) < .
(%) N (m SN ()
Thus for any z,y > 0 we always have
logn Y
(9 < B2 (o) + Lot
vn g
Lemma 5.3 and (5.6) give
_ (m) _ o«
Doz @ = Vi max ||us" -]
(m) %
< —
i (e [[of” = |+l + 1.
= Vn -0 (|luz]])
and
max y = max |juy" || < max |[uy" —us|| +[Juz — w3l = Ousll, +7):
Therefore
—oany, (ul™ )| = o y
max (A =A%) <U2 ug) = ﬁO(lgnggn {w(va(v)})

_losn, (fnuzu (1) + ”“;"wsow)w(w)

\/_
logn vn Viogn 1
0 [zl [lualloo +
Vn loglogn log logn loglogn
ogn
2
0 (L. ) (5:29
Thus (5.18) follows after (5.20)-(5.23). To prove (5.19), we expand

oo = [[(D = X (L)]) 1AU2H

< |[(D = X(L)I)™ D = XD Ay — ub)|| - (5.24)

Note that dyin > Slogn + Q(logn) and A\o(L) < Slogn + O (logn//n). It holds

H(D_)Q(L)I)AHOO < m =0 (lo;n) '
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Therefore the two terms on the right hand side of (5.24) are bounded by

0= x4l = 0 (o il sl ) = 0 (=)

logn

10 = 2D At = ]|, = 0 (o A = )1 ) =0 (ol )

log loglogn

Hence the second term of the right hand side of (5.24) is absorbed into the left hand side
and (5.19) follows.
O

Proof of Theorem 3.8. For i < n/2, the ith entry of Auj can be written as

n/2

1 n
(Au;‘)l-:% ;Aij— > Ay

j=n/2+1

Therefore by Lemma 3.9, there exists €(«, 5) > 0 such that

1 2
P ((Aué)i > € ‘zfﬁ”) > 1 -~ (VaVB?/2Heloga/8)/2 — | _ (1),

Similarly for i > n/2 + 1,

Let z; =11ifi <n/2and z; = —1if i > n/2 + 1. By union bound

logn

NG

P (zl (Auz), > m(e, B) for all z) =1-o0(1). (5.25)

Using the fact that
P (dmax < 01(04) log n) =1- 0(1)7

we get

772(047 ﬁ)
\/ﬁ

P <z (D = Xa(L)]) " Aug), > for all 7,) =1-o(1). (5.26)

Finally note that
uy = (D — Xo(L)I) P Auly + (D — Mo (L)) A(ug — u3). (5.27)

The proof is finished by combining (5.26), (5.27) and Lemma 5.4. O

Normalized spectral clustering

Let A0 be defined in the same way as we did in the unnormalized case. Let uy be
the eigenvector of (L, D) that corresponds to the second smallest eigenvalue A\y(L). Let
ugm) be the eigenvector of (L(™), D™)) that corresponds to the second smallest eigenvalue
Ao(L™). Readers should bear in mind the equivalence of the several eigenvalue problems
regarding the normalized Laplacian (see Section 2.1).
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Lemma 5.5. There exists £ = &(a, ) > 0, Cy,Cy > 0 depending on «,  and £, such
that f(&a,8) > 0 and

]P(max

1<m<n

Uy — uS")H <Gy Hu2||oo> > 1 — Oyn fEeh),

Proof. By Lemma 3.3, we can pick (o, ) < # such that f(&;«, 8) > 0 and

P (dinin > Ci1(cv, 8,€) logn) > 1 — Ca(a, B, &)n &), (5.28)
Similar bound for maximum degree follows after the Chernoff bound.

P (dmax < Cs(a, 5,€)logn) > 1 = Cu(a, B, &)~ E5), (5.29)

All the statements in the following proof hold for a probability at least 1 — Cn /(&) for
some C' = C(a, 3,£) > 0 unless otherwise specified. Asymptotic notations hide constants
that depend on «, B and £. We first note that by construction of A™)

4™ > mln{dmin -1, a;—ﬁlogn}

min

max

d™) < max {dmax +1, a —;— B logn}

for all m. Therefore by (5.28) and (5.29) we have

lggn dmm = Q(logn). (5.30)
and
max d"™ = O(logn). (5.31)
We decompose
1
Uy =a—1, + buém) + cut (5.32)

Vn
where u! is the unit vector that is orthogonal to span{1,, ugm)} Then
1 =a?+b* + 2ab L]1,uém) +
NZD

m ]' m
<u2,ug )> = a<ﬁ]1,ug )> + .

We aim to bound

HuQ—UQ \/2—2 uQ,u2 >

2
u2, /U/2 >

2
J ln,u(m)> ) + 2¢?
vn

< V2 |a| + lel). (5.33)

IN
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We will use the term |c| to bound |a| and Davis-Kahan to bound |c|. Taking inner product
with \/LED(m)]ln on both sides of (5.32) yields

1 1 1 1

where we have used the fact that <Iln, D(m)uém)> = 0. Note that (1,,, Duy) = 0, we have

(fem-om)

n

|||
< T max B

=1

=0 (2 ). (5.35)

where the last step is due to the Chernoff bound. Indeed, when i # m, by construction
of A™), |d§m) —d;| = |Aym — A%,| < 1. And it is easy to see that E|A;, — Af.| < 2p.
Therefore the Chernoff bound gives

max
1<m<n

1
_ (m) — m
< \/ﬁ]l”’ b u2>' 1m0

™ — d;

)

P (Z |dz(m) —d;] = O (log n)) >1—n fExp-1

i#m
When ¢ = m we use the Chernoff bound again,
P (™ = dp| = |dm — d%| = O (logn)) > 1 — /&)1,

Thus by the union bound we have

n

(m) 4
max S |d™ —d,

=1

= O (logn)

which proves the last step of (5.35). We proceed to use the almighty Chernoff and the
union bound once again,

S A 23 A

SR UPR L G
1=mgn \ v/ "V "/ T 1Zmean

=7 i>7
> (a+B)logn 0 <logn)
2 NG
= Q(logn). (5.36)
Then by (5.31),
1 m), L m
max <%]ln,D( Ju > < max HD( )H = 0O (logn). (5.37)
Combining (5.34)-(5.37) we get
=0 ! 5.38
max |a] = NG [ullo + max fef | (5.38)

33



It remains to bound |c| through Davis-Kahan. In Theorem 2.3 we let M = A™ N =
D(m)’ 5\ = )\2(147 D) =1- /\Q(E), U = Ug, X1 = |: 1 I]-n Ugm)] Then

=
v/ k(D) DM =1 Am) _ D-14
lc| = |sin 6] < KD« 25 ) el (5.39)
where 6 € [0,7/2] is the angle between uy and u*,
Om = Aa(A, D) — Ag(A™ D) = X5 (LMY — Xy(L) > Ns(L) — —[|£t™ — £

By applying (5.30) in Theorem 3.1 we have

max HE - L

1<m<n

=0 (o)

(Although £ does not strictly fit the setting of Theorem 3.1, readers can check that
the bound above is true by referring to the proof of Theorem 3.1. Specifically all we need
is maxj<m<n HA(m) — A"l = O (\/log n), which is guaranteed by Lemma 3.2.) Thus
combining this and Theorem 3.7 (i) we have

1mm Om > A3(L7) — Xa(L) — nax Hﬁ(m) — L =Q(1). (5.40)
It follows immediately after (5.30) and (5.31) that
(m)y —

pax. k(D) =0O(1). (5.41)

Finally we need to bound the numerator in (5.39). Let v = ((D™)~1A™) — D=1 A)qy,
We consider bounding the mth entry of v and other entries separately. When i # m,

(d“’” _> e 2 ( ) Aulte)
) Z j#m i

Using the fact that d\™ — d; = A% — Ay, and (5.31), (5.29) we can bound |v;| by

|Ui! =

Ay (= d™ )+ d™ (A7, - Aim)‘ d; — dgm>\
o < Il - P,
dz’ d; Jj#EmM di d;
- (™ = A3, (A7 — Ain) o3 P~ Al
= ||U )
|Az B zm‘ |/4 - zm|
< luzly - ' + (m)
o (I mm— 2))
logn
Therefore
1/2 ] 1/2
S| —o| (Z (Aim Ajm)2>
[|v2|]o
=0 A— A"
(Yl g - e,
[|uz| ||uz]
=0 < ||A— A" <.
< logn l I Vviogn
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When i = m,

"OAY A "OLAE A
o mj mj mj mj
o = 3 (52 - 222 (| < hll |3 (52 - m)‘
Jj=1 j=1
mj mj
(55
7=1 7=1
Thus ||v|| = O (|us||,,).- Note that what we used to bound ||v|| are (5.31), (5.29) and
|A — A%|| = O (vlogn), which are independent of m. Hence
max [[((D") A — DAY = O ([, (5.42)

It follows after (5.39), (5.41), (5.37) and (5.42) that

max fef = O (|luzllso) - (5.43)
The proof concludes after combining (5.33), (5.38) and (5.43). O

Lemma 5.6. There exist Cy,Cy > 0 depending on o, 8 and & such that
logn :
P ||A(ug — us <O—2 " ) >1—Cyn &b
(140 = )l < G0 ) > 1
Proof. Similar to the proof of Lemma 5.4, we will prove the following two claims:

[|lua|| . logn
A —ul = % 2 44
|| (u2 u2)||oo 0] ( loglogn ) (5 )

sl = O (%) | (5.45)

For (5.44), we refer to the proof of (5.18) in Lemma 5.4. Although us in Lemma 5.4 is
the second eigenvector of L and here us is the the second eigenvector of (L, D), one can
observe that all we need for the proof of (5.18) to hold are

mas |uz = uf"|| = O ()

1<m<n

and

1
—usll =0 .
[z — ua]l <\/10gn)

The former is guaranteed by Lemma 5.6 and the latter by (5.14). Therefore we have
proved (5.44). To prove (5.45), we expand

1
=||l———D7!4

1

—1 *
D™ Aus T (L)

D' A(uy — uj) (5.46)

iy

1
< -

By Theorem 3.7 and the bound for d,;, we have

-o{i)
~ logn
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Therefore the two terms on the right hand side of (5.46) are bounded by

1= (L)

]‘ —1 *
Hl—w)D Ay

1 A
=0 (g Ml sl ) =0 (=)

1 1 1
L 0 (o Mt = )1 ) =0 (ol

D7 A(uy — uj)

Hence the second term of right hand side of (5.46) is absorbed into the left hand side
and (5.45) follows. O

Proof of Theorem 3.11. By (5.25),

logn

NG

P (zZ (Aus), > m(e, B) for all z) =1-o(1).

Using this in conjunction with Theorem 3.7 (i), we have

1 IR 1 ,

P (Zz <T2(QD IAUQ)i 2 772(0[,6)% for all Z) =1- O(l) (547)

Finally note that
1

=—— D 'Au+ ———— D A(uy — ul 5.48

U2 1 _ >\2<L) U2 + 1 . AQ(E) (u2 'LL2) ( )

The proof is finished by combining (5.47), (5.48) and Lemma 5.6. O
References

[1] E. Abbe. Community detection and stochastic block models: recent developments.

2]

The Journal of Machine Learning Research, 18(1):6446-6531, 2017.

E. Abbe, A. S. Bandeira, and G. Hall. Exact recovery in the stochastic block model.
IEEE Transactions on Information Theory, 62(1):471-487, 2016.

E. Abbe, J. Fan, K. Wang, and Y. Zhong. Entrywise eigenvector analysis of random
matrices with low expected rank. Annals of Statistics, 2019.

A. A. Amini and E. Levina. On semidefinite relaxations for the block model. The
Annals of Statistics, 46(1):149-179, 2018.

A. S. Bandeira. Random Laplacian matrices and convex relaxations. Foundations
of Computational Mathematics, 18(2):345-379, Apr 2018.

M. Belkin and P. Niyogi. Laplacian eigenmaps and spectral techniques for embedding
and clustering. In Advances in Neural Information Processing Systems, pages 585—
591, 2002.

P. J. Bickel and A. Chen. A nonparametric view of network models and newman—
girvan and other modularities. Proceedings of the National Academy of Sciences,
106(50):21068-21073, 20009.

R. B. Boppana. Eigenvalues and graph bisection: An average-case analysis. In 28th
Annual Symposium on Foundations of Computer Science (sfes 1987), pages 280-285.
IEEE, 1987.

36



[9]

[10]

[11]

[12]

F. R. Chung. Spectral Graph Theory, volume 92. American Mathematical Society,
1997.

A. Coja-Oghlan. Graph partitioning via adaptive spectral techniques. Combina-
torics, Probability and Computing, 19(2):227-284, 2010.

C. Davis and W. M. Kahan. The rotation of eigenvectors by a perturbation. iii.
SIAM Journal on Numerical Analysis, 7(1):1-46, 1970.

A. Decelle, F. Krzakala, C. Moore, and L. Zdeborova. Asymptotic analysis of the
stochastic block model for modular networks and its algorithmic applications. Phys-
ical Review E, 84(6):066106, 2011.

S. C. Eisenstat and I. C. F. Ipsen. Relative perturbation results for eigenvalues and
eigenvectors of diagonalisable matrices. BIT Numerical Mathematics, 38(3):502-509,
Sept. 1998.

J. Eldridge, M. Belkin, and Y. Wang. Unperturbed: spectral analysis beyond Davis-
Kahan. In F. Janoos, M. Mohri, and K. Sridharan, editors, Proceedings of Algo-
rithmic Learning Theory, volume 83 of Proceedings of Machine Learning Research,
pages 321-358. PMLR, 07-09 Apr 2018.

J. Fan, W. Wang, and Y. Zhong. An /., eigenvector perturbation bound and its
application to robust covariance estimation. Journal of Machine Learning Research,
18(207):1-42, 2018.

U. Feige and E. Ofek. Spectral techniques applied to sparse random graphs. Random
Structures € Algorithms, 27(2):251-275, 2005.

S. Fortunato. Community detection in graphs. Physics Reports, 486(3-5):75-174,
2010.

M. Girvan and M. E. Newman. Community structure in social and biological net-
works. Proceedings of the National Academy of Sciences, 99(12):7821-7826, 2002.

O. Guédon and R. Vershynin. Community detection in sparse networks via
Grothendieck’s inequality. Probability Theory and Related Fields, 165(3-4):1025—
1049, 2016.

B. Hajek, Y. Wu, and J. Xu. Achieving exact cluster recovery threshold via semidef-
inite programming. [EEE Transactions on Information Theory, 62(5):2788-2797,
2016.

P. W. Holland, K. B. Laskey, and S. Leinhardt. Stochastic blockmodels: First steps.
Social Networks, 5(2):109-137, 1983.

A. Knoblauch. Closed-form expressions for the moments of the binomial probability
distribution. SIAM Journal on Applied Mathematics, 69(1):197-204, 2008.

A. Lancichinetti, S. Fortunato, and F. Radicchi. Benchmark graphs for testing
community detection algorithms. Physical Review F, 78(4):046110, 2008.

J. R. Lee, S. O. Gharan, and L. Trevisan. Multiway spectral partitioning and higher-
order Cheeger inequalities. Journal of the ACM (JACM), 61(6):1-30, 2014.

37



[25]

[20]

28]

[29]

[30]

[31]

[32]

33]

[39]

[40]

[41]

J. Lei and A. Rinaldo. Consistency of spectral clustering in stochastic block models.
The Annals of Statistics, 43(1):215-237, 2015.

C. Ma, K. Wang, Y. Chi, and Y. Chen. Implicit regularization in nonconvex sta-
tistical estimation: Gradient descent converges linearly for phase retrieval, matrix
completion, and blind deconvolution. Foundations of Computational Mathematics,
pages 1-182, 2018.

L. Massoulié. Community detection thresholds and the weak Ramanujan property.
In Proceedings of the forty-sizth annual ACM symposium on Theory of computing,
pages 694-703, 2014.

F. McSherry. Spectral partitioning of random graphs. In Proceedings 42nd IEEE
Symposium on Foundations of Computer Science, pages 529-537. IEEE, 2001.

A. Montanari and S. Sen. Semidefinite programs on sparse random graphs and
their application to community detection. In Proceedings of the 48th Annual ACM
symposium on Theory of Computing, pages 814-827, 2016.

E. Mossel, J. Neeman, and A. Sly. Reconstruction and estimation in the planted
partition model. Probability Theory and Related Fields, 162(3-4):431-461, 2015.

E. Mossel, J. Neeman, and A. Sly. Consistency thresholds for the planted bisection
model. Flectronic Journal of Probability, 21, 2016.

E. Mossel, J. Neeman, and A. Sly. A proof of the block model threshold conjecture.
Combinatorica, 38(3):665-708, 2018.

M. E. Newman. The structure and function of complex networks. SIAM Review,
45(2):167-256, 2003.

A. Y. Ng, M. I. Jordan, and Y. Weiss. On spectral clustering: analysis and an
algorithm. In Advances in Neural Information Processing Systems, pages 849-856,
2002.

K. Rohe, S. Chatterjee, and B. Yu. Spectral clustering and the high-dimensional
stochastic blockmodel. The Annals of Statistics, pages 1878-1915, 2011.

J. Shi and J. Malik. Normalized cuts and image segmentation. IEEE Transactions
on Pattern Analysis and Machine Intelligence, 22(8):888-905, 2000.

L. Su, W. Wang, and Y. Zhang. Strong consistency of spectral clustering for stochas-
tic block models. IEEE Transactions on Information Theory, 66(1):324-338, 2019.

R. van der Hofstad. Random Graphs and Complex Networks, volume 1 of Cambridge
Series in Statistical and Probabilistic Mathematics. Cambridge University Press,
2016.

R. Vershynin. High-dimensional probability: An introduction with applications in
data science, volume 47. Cambridge university press, 2018.

U. Von Luxburg. A tutorial on spectral clustering. Statistics and Computing,
17(4):395-416, 2007.

V. Vu. A simple SVD algorithm for finding hidden partitions. Combinatorics,
Probability and Computing, 27(1):124-140, 2018.

38



[42] S. Yun and A. Proutiere. Accurate community detection in the stochastic block
model via spectral algorithms. ArXiv, abs/1412.7335, 2014.

[43] Y. Zhong and N. Boumal. Near-optimal bounds for phase synchronization. SIAM
Journal on Optimization, 28(2):989-1016, 2018.

[44] Z. Zhou and A. A. Amini. Analysis of spectral clustering algorithms for community
detection: the general bipartite setting. Journal of Machine Learning Research,

20(47):1-47, 2019.

39



