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Introduction

Many inference problems amount to finding structure hidden in some large data set. Examples include:

e community detection, i.e. clustering of graph nodes into groups of nodes with statistically similar
properties (applications: recommender systems for online social networks; functional groups of proteins
in cell chemistry)

e graph alignment, i.e. finding a mapping of one graph’s nodes to another one’s that is at least approxi-
mately a graph isomorphism (applications: automatic translation; de-anonymization of databases)

e matrix completion, i.e. filling missing entries of large matrix so that the result has low rank (application:
recommender systems)

e Hamiltonian cycle detection, i.e. finding a Hamiltonian cycle in a graph so that most edges connect
nodes that are nearby in the cycle (application: fast sequencing of DNA).

To understand the hardness of the task, and assess the performance of candidate algorithms, one approach
consists in considering random instances where the desired structure has been planted in some random
background.

In the past few years, this approach has been attempted on all the above problems, revealing fasci-
nating phase transition phenomena: For some problem-dependent notion of signal-to-noise ratio (SNR), an
information-theoretic threshold SN R;r exists such that the task is impossible below it, not enough signal
being present in the observation, and feasible above it. There may further exist a computational threshold
SN Rcomp such that no algorithm is known to succeed in polynomial time below it, while fast algorithms
are known to succeed above it.

Community detection on data generated from the Stochastic Block Model provides a good illustration of
these phenomena, and of the methods from probability, information theory and statistical physics allowing
their characterization.

In these notes we will primarily consider the problems of community detection and tree reconstruction
for large graphs drawn from probabilistic models. For community detection, we will consider the so-called
Stochastic Block Model, which generalizes the Erdés-Rényi random graph. For tree reconstruction, we will
consider Galton-Watson branching trees.

The organization of these notes is as follows.

In a first part we consider community detection in a “strong signal” regime, where it is possible to not
only cluster all but a vanishing fraction of nodes into their correct communities, but it is also possible to
estimate all parameters of the generative Stochastic Block Model from which the graph was drawn. The
analysis for this strong signal regime relies on two complementary tools. Linear algebra provides bounds on
perturbation of the eigenvalues and eigenvectors of Hermitian matrices. We complement it with probabilistic
bounds on the spectral norm of random matrices.

In a second part we consider tree reconstruction. To put this problem in context, we introduce the
framework of Gibbs Markov random fields. We review general properties, and introduce the Bethe free
energy, the belief propagation (or product-sum) algorithm, its properties on tree Markov fields and its link
to Bethe free energy minimization.



We then establish phase transitions on feasibility of the tree reconstruction problem. First we show that
the so-called Kesten-Stigum threshold determines the phase transition for a particularly simple reconstruction
named census reconstruction. Next we characterize the phase transition for optimal reconstruction from
properties of a fixed point equation.

The third part covers results on community detection in the stochastic block model in a “weak signal”
regime. We show the links between this problem and that of tree reconstruction, establish feasibility of
community detection above the Kesten-Stigum threshold, impossibility of community detection below the
tree reconstruction threshold, and the existence of “hard phase” below the Kesten-Stigum threshold where
community detection is feasible, but known algorithms require exponential time to perform this detection.

Additional topics to be be covered:

-hypothesis testing on presence or not of planted structure in given graph;

-semi-definite algorithms and their application to community detection / hypothesis testing;

-phase transitions on spectra of low-rank deformations of Wigner matrices?



Part 1

The strong signal case: matrix
perturbation bounds






Chapter 1

Spectral bounds and perturbation
inequalities

Spectral methods will be central in our treatment of graph clustering / community detection. In this
chapter we thus introduce fundamental inequalities and perturbation bounds for eigenvalues and eigenvectors
of matrices that will be needed in the sequel. For Hermitian matrices we shall in particular introduce
inequalities of Weyl on perturbations of eigenvalues, and the famous “sin ©” theorem of Davis and Kahan
on perturbations of eigenvectors. For general (non-Hermitian) matrices we shall introduce the Bauer-Fike
theorem on eigenvalue perturbations. Finally we shall discuss fundamental inequalities on spectra of graphs,
namely the Cheeger inequality and the Alon-Boppana inequality, and their relationship to the concept of
expander graphs.

1.1 Singular value decomposition and principal components analy-
sis

Consider a rectangular n x p matrix X = (X;;)ic[n],jep) € C"*P with complex-valued entries X;;. Its singular
value decomposition is given by the factorization

X =UAV™, (1.1)

where U € C™*" and V € CP*P are unitary matrices, i.e. U*U = I, V*V = I,, where M* = M s the
transpose of the complex conjugate of a matrix M and I,, is the identity matrix in dimension n (in case X
is real, U and V can be taken real and orthogonal), A € R"*P_ with non-zero elements only on its diagonal.
In addition, the diagonal elements o; of A are non-negative, non-increasing: o; > g2 > ... > o,ap. They are
known as the singular values of X and the number of non-zero singular values o; > 0 is the rank of matrix
X. The columns of U (respectively, of V) are the left (respectively, right) singular vectors of X.

Denoting by wu; and v; the i-th left and right singular vectors, the above factorization also reads

nAp

X = Z UV}
i=1
One can show (exercise!) existence of the singular value decomposition by considering the Hermitian (n +
p) X (n + p)-matrix
0 X
v-( %)

and applying to it the spectral theorem, which says that Hermitian matrices have a real spectrum and an
orthonormal basis of eigenvectors.



Recall that the operator norm of a matrix X € C"*? is defined as

1 X
X = sup .
1Xller = sup T

It is also equal to the largest singular value, o1, of X. Operator norm is often called spectral norm.
Recall also that the Frobenius norm of X is defined as

X0 =[5 112 (13)

It also coincides with the f5-norm of the vector of its singular values, i.e.

IXlp = [> 07
%

Principal components analysis is a dimensionality reduction technique. It amounts to approximating
matrix X, for any given r < rqg < n A p, where rq is the rank of X, by the rank r-matrix X,. defined as

T

*

X, = E OiUv; .
i=1

It enjoys the following properties.

Proposition 1.1. Among all rank-r approximations of X, X, minimizes the approzimation error both in
Frobenius norm and operator norm. Moreover one has

||X - Xr”op = Or+1, HX - XTHF =

1.2 Perturbations of eigenvalues and eigenvectors

We will denote by convention, for a n x n matrix M with real spectrum, \;(M) its i-th eigenvalue, sorted in
decreasing order, i.e. A\{(M) > --- > \,(M).
The following inequalities are due to Weyl:

Theorem 1.1. For two Hermitian n x n matrices H, W, and any i € [n], one has:
[Ai(H) = Ai(H + W) < o1 (W). (1.4)
Proof. The Courant-Fisher min-max characterization theorem states that for a Hermitian matrix H, one has

o L
weV  ul|

Ni(H) = sup
v:i—dimensional subspace

(1.5)

Use this to bound \;(H + W), taking for V' the subspace spanned by the 4 first eigenvectors of H, say
u1,...,u;, assumed orthonormal. Specifically, let § = (01,...,0;), with ||0]|*> = 2221 10;12, and u(f) =
pO¥ 6;u;. This gives

j=1

)\i(H + W) < inf9:|‘9“:1 u(9)*(H + W)u(&)
< SUPy |y =1 @ Wu + infg, g =1 w(0)" Hu(0)
< o1 (W) + infouy gy =1 225y 105]°X;(H),
which gives \;(H + W) < \(H) + o1(W). The same reasoning gives \;(H) < \;(H + W) + o1(-W) =
Ai(H + W) + o1 (W), hence the result. O

10



The Courant-Fisher min-max characterization can also be used to prove the following

Theorem 1.2. (Cauchy interlacing theorem) Let A be a n x n Hermitian matriz, and P € C"*™  with
m < n be such that P*P = I,,,, the identity matriz. Then the m X m matrix B := P*AP is such that

Ai(A) > Mi(B) > A A).

Proof. Let vy, ...,v; be an orthonormal collection of eigenvectors of B associated respectively with A1 (B), ..., \;(B).
Let E; denote the space spanned by wvq,...,v;. Thus denoting F; the image by P of E;, one has
Ai(B) = inf uw*P*APu
u € k;
Jull =1
= inf v Av
v e F;
[ofl =1

where the last inequality follows from the Courant-Fisher theorem and the fact that F; has dimension i,
which itself follows from the fact that P has full column rank.
For the converse inequality, the same reasoning can be applied to —A and —B to yield

)‘mfiJrl(_B) = _)‘i(B) < )‘mfiJrl(_A) = _)‘nfmﬂ'(A)'
O]

We now state a theorem on the perturbation of eigenvectors of Hermitian matrices. It appears in Yu et
al. [46], and is a variant of the celebrated Davis-Kahan “sin ©” theorem. We refer to [46] for its proof.

Theorem 1.3. Let H,ﬁ € RPXP be symmetric real matrices with eigenvalues \y > --- > A, and 5\1 >0 >
5\p respectively. Fiz 1 < r < s < p and assume that min(A.—1 — A, As — Asq1) > 0, where Ay = 400 and
Apy1 = —00. Letd=s—r+1and let V = (vy,...,vs) € RPX4, V = (by,...,0s) € RP*% have orthonormal
columns of eigenvectors, Hv; = A\jvj, ﬁ@j = Xjﬁj.

Then there exists an orthogonal matriz O € R4 such that

23/2 min(d'/?||H — f{”op, |H — ﬁ”F)
min(A—1 — A, As — Asy1)

VO -Vl < . (L6)

We give a proof of a version of this theorem when one only aims at controlling the perturbation of a
single eigenvector:

Proposition 1.2. Let H, H be two Hermitian p X p matrices, v € [p] and let

d:= inf |\, = A
j:)‘j;é)\r

Let 0, be a normed eigenvector of H associated with \,. Then, provided that |H — H|,, < 6, there exists a
normed eigenvector w of H associated with X\, such that

iy > [1- N (17)
6~ 17— Hllop

Proof. Decompose ¥, on an orthonormal basis vy, ..., v, of eigenvectors of v as

p
’IA)T: E 91’1)1
i=1

11



Apply H to both sides to obtain

which in turn gives

Taking norms, this gives
p ~ A A~
D10 = NiJF = I(H = H)o||* < [ H = H]3,

For \; # A, one has
) <|)\ — A
§|)\ /\|+\)\ Ar|

< A = Xl +1H = Hllop,
where we used Weyl’s inequality in the last step. Combined with the previous inequality this gives, assuming
6> [|H — Hlop:
D 0PI — 1 H = Hllop)* < ||H - HI3,
DV
Let then
w =

- — 021
\/EM_A R

It is easily verified that w is a normed eigenvector of H associated with \,.

Using the fact that > ©_, [6;]*> = 1, and (6, w) = />, ;|2, this gives

17— H]3,
[0 = I[H = Hllop)?

5> |H — Hllop = 1~ (8,,w)? <

the announced inequality (|L.7]). O
In contrast, an application of the theorem to the special case d = 1 would give:

31 F 2
2 ||H_HHop

201 = (o, o)) € ———

(1.8)
In that particular case, both (|1.7) and (1.8 imply that, when § > HH Hop, elgenvector v, of H associated

with A\, appears nearly unchanged up to sign, as eigenvector ¥, of H associated with \,. We now give a
version of the celebrated Bauer-Fike theorem, which can be used instead of Weyl’s inequality when dealing
with non-Hermitian matrices.

Theorem 1.4. Let matriz M € C"*" = TAT~! where T is an invertible matriz and A is a diagonal matriz
with diagonal entries {\;i}icpn], so that the \; are the eigenvalues of M. Let W € C"*™ be (non-necessarily
Hermitian) perturbation matriz. Then any eigenvalue p of matriz N := M + W wverifies

inf 5= A < Wy Ty 77, (1.9)

12



Proof. Let u be an eigenvalue of N and u an associated normed eigenvector. The result trivially holds if u
is an eigenvalue of M. Assume then that u # \;, i € [n]. Write

pu = (M + W,

so that
u= (pul, — M) *Wu=T(ul, — A) ' T ' Wu.

Taking norms, this yields

ful =1 < ||T(uln — A)*lT*1W||Op
<N gy sUDse g 1o = Nal ~H[ T WV

op’
which yields the announced result. O

Remark. We will see in subsequent chapter associated results for perturbations of eigenvectors that can be
used instead of Davis-Kahan’s sin © theorem for non-Hermitian matrices.

1.3 Graph spectra, expansion and Cheeger inequality

We now look more specifically at spectral properties of matrices associated with graphs. Let then G = (V, E)
be an undirected graph, with vertex set V' = [n] and edge set E, E consisting of non-oriented pairs {3, j}
of distinct vertices. The two most fundamental matrices associated with such a graph are: its adjacency
matrix A = A(G) defined by

Aij = i jyems
and its Laplacian matrix L = L(G), defined by

L. — d; = Zk;éiAik ifj:i,
I fAij if j #£1.

In the above we introduced the degree d; = d;(G) of node 4, defined as the number of neighbors of node
1 in the graph.

A graph G whose nodes all have the same degree d, i.e. d;(G) = d, is called a d-regular graph. For
d-regular graphs on n vertices, it holds that L(G) = dI,, — A(G).

We often write L for L(G) and A for A(G) to shorten notations. It is readily verified that for all u € R™,

’LLTL’LL = Z Aij (ui - Uj)Q.
i<j
This establishes that the Laplacian matrix L is positive semi-definite, a property we denote by

L > 0.

In fact the above identity gives us more: it implies that A, (L) = 0, and that the constant vector e = {1} is
an associated eigenvector.

By definition, the spectral gap of graph G is given by its second smallest Laplacian eigenvalue,
Mot (L(G)).

We shall also need the following two quantities associated with graph G:

A(G) := sup d;(G)

i€[n]

is the largest degree of nodes in G. For any vertex set S C V/, the corresponding partition of V' into S and
its complementary set S = V' \ S has an associated isoperimetric ratio %, where E(A, B) denotes
the number of edges in E with one endpoint in set A and the other endpoint in set B.

13



We then define the isoperimetric constant of G as

I1(G) ::min{|E‘(|SS’|S)|,SCV,O<|S§Z}. (1.10)

It is readily seen to be the smallest isoperimetric ratio of all partitions of node set V into two parts S, S.

Definition 1.1. An undirected graph G = (V, E) is a y-expander (respectively, a ~y-spectral expander) for
some constant v > 0 if its isoperimetric constant I(G) (respectively, its spectral gap Xy |—1(L(G))) is larger
than ~y.

A family of undirected graphs {Gp = (Vy, Ep)}nen is an expander (respectively, a spectral expander) if
there exists some vy > 0 that is a lower bound of the isoperimetric constant I(G,,) (respectively, of the spectral
gap Ay, |-1(L(Gy))) uniformly in n € N.

It turns out that such expansion and spectral expansion are closely related properties. Indeed we have
the following inequality due to Cheeger:

Theorem 1.5. The isoperimetric constant I(G) of undirected graph G verifies

1(G) < V2AG) A 1(L(G). (1.11)
Before we turn to its proof, let us establish the easier result:
Proposition 1.3. The isoperimetric constant I(G) of undirected graph G verifies

1(G) = 5

(1.12)

Proof. The Courant-Fisher variational characterization gives
L
An—1(L) = inf {W,x sw,e) = 0} ,
x

where we used that A, (L) = 0 admits e as an associated eigenvector.
Define then z € R" by x; = l;c5 — %, i € [n], where S is the subset of V' achieving the minimum in the
definition of I(G). The above characterization yields
_IB(S.5)
n—1 > :
[S1(1 = [5]/n)

The inequality (1.12)) follows since necessarily |S| < n/2. O

A

It directly follows from the Proposition (Exercise!) that graph G is connected if and only if A\,,_1(L) > 0.

Proof. (of Cheeger’s inequality). Let x be a non-constant eigenvector of L associated with its eigenvalue
An—1. Possibly after changing the sign of x, assume that S := {i € [n] : &; > 0} verifies |S| < n/2. Let

y = {z] }icm)-
Write ) N
Macalgl? = Siep #i (La)o)

= 3w |2 Aij(mi = w))
=3 :Zj;ﬁi Ay
>3 w _Zj;éi Agj(x

>3 | i - xj)}

14



which yields
Xien Aiyi —y;)*
2
[yl

>\n71 Z

Note next that
2
D Aylity)® <2 Y0 Ayl +u)) < 28(G) |yl
(ij)EE (ij)EE
Use now Cauchy-Schwarz inequality to obtain
2
S Al —uil| < | DD Aulwi—u)?| | D Ay )
(ij)eE (ij)eE (ij)eE

The three previous inequalities yield the bound

o Zpes A Yi)? X ijer ij(yi+yj)2> R2

An— > I (1.13)
1P Y orem Asi (s + 15)? 20(G)y
where we introduced the term
> Ayl -y
(ij)€E

Finally, R can be lower-bounded in terms of the isoperimetric constant I(G) as follows. Let tg = 0 < #; <
< t,, denote the distinct values taken by the y;. For k =0,...,m,let Vi := {i € V : y; > i }. Necessarily,
[Vi| < |S| < n/2 for all k > 1. Write then

E A¢j|y¢2 *yjz
(ij)eE
m

> > Aij (47 = v3)

k=1 (ij)eE:y;<y;=t

NE
M

Al — i)+ + (tg-&-l —t7)]

= Z Z tifl)

Combined with ((1.13]), this inequality yields the annoucned result (1.11]). O

Remark. The proof given here is taken from [30], which in fact establishes a refined version, with (A(G) —
An—1) in place of A(G) in the upper bound. The original Cheeger inequality is concerned with Laplace
operators on manifolds, and is obtained through an integration-by-parts argument of which the above proof
contains a discrete analogue.

Remark. Together, Cheeger’s inequality (1.11) and (1.12) entail the following. A family of graphs {Gy }nen
with uniformly bounded degrees A(Gy) < A, n € N is an expander if and only if it is a spectral expander.

15



Remark. FEigenvector x associated with the second smallest eigenvalue A\,,—1 of the graph Laplacian L(G) is
sometimes referred to as the Fiedler vector of G. The proof of Cheeger’s inequality shows in fact that there
exists some k € [m] such that
|E(Vk, Vi)
Vil

In other words, there exists some threshold t € R such that the partition of [n] based according to the Fiedler
vector x into S = {i : x; >t} and S = {i;x; <t} necessarily satisfies

< 2A(G‘))‘nfl-

|E(S, S

n )|
S| < 5 and 5 < V2A(G) M1 (L(G)).

Combined with inequality (1.12), this implies

|E(|§’|S)| <2VA(G)I(G).

Thus for some sequence of graphs Gy, = (V,,, Ey,) such that I1(G,,) — 0 asn — oo and with uniformly bounded
degrees A(G) < A, it follows that there exist graph partitions (S,,Sy) for Gy, based on the Fiedler vectors
of each G, with an asymptotically vanishing isoperimetric ratio, i.e.

| En(Sn, Sn)|

n—o0 min(|S,|, [Sn|)

b

where E,,(A, B) is the number of edges of G, with one endpoint in A and the other in B. This provides
a first justification that spectral partitioning of a graph, i.e. partitioning of a graph based on eigenvectors
of associated matrices, produces interesting partitions, namely here a partition with vanishing isoperimetric
ratio. We will see in the sequel other spectral partitioning methods, as well as desirable properties they enjoy
for graphs sampled from probability distributions of interest.

1.4 Ramanujan graphs are the best expanders: Alon-Boppana in-
equality

We shall need the following notions. The graph distance d¢ (i, j) between two vertices i,j € V is defined
as the length in edges of the shortest path connecting ¢ to j in G. The graph diameter D(G) is defined as
the largest graph distance dg(7,j) between distinct vertices 4, j. For given vertex ¢ € V and integer r > 0,
Ba(i,r) :={j € V,dg(,j) < r} is then the ball for dg centered at i and of radius r.
We now focus on undirected d-regular graphs G = (V, E') with node set [n]. In that case, the spectral
gap An—1(L(Q)) also reads
An-1(L(G)) = d — X2 (A(G)).

It turns out that this spectral gap cannot be arbitrarily large. Indeed we have the following result of Alon
and Boppana:

Theorem 1.6. For a d-regular graph with diameter at least 2r + 1, then necessarily

A2 (A(G)) > 2v/d — 1 cos (W) . (1.14)

r—+2

A simple counting argument (Exercise!) guarantees that a graph G = (V, E') with node degrees upper-
bounded by A can have within distance r of any given vertex at most A[(A —1)" — 1]/(A — 2) vertices (we
assume implicitly that A > 3: simpler bounds hold for A < 3). Thus if it comprises n vertices, its diameter
D(G) must satisfy
In(1+n(A—-2)/A)

In(A)

D(G) > > loga (n/3) = O(log(n)).

16



A direct consequence of Theorem |1.6] obtained by taking a Taylor expansion of the term cos (T +2> in ,
is the following

Corollary 1.1. For fized d, a d-reqular graph G on n nodes verifies
X2 (A(G)) > 2v/d —1 (1 — O(log(n)~?)), (1.15)
so that in the limit n — oo, its spectral gap M\,_1(L(QG)) is no larger than d — 2v/d — 1 — 0, (1).
It is interesting at this stage to compare this with the notion of Ramanujan graph that we now define:

Definition 1.2. An undirected d-regular graph G is a Ramanujan graph if it verifies
max(A2(A(G)), [An(A(G))]) < 2vd — 1. (1.16)

In light of the Alon-Boppana result, we see that there do not exist any d-regular graphs with a spectral
gap larger than that of Ramanujan graphs by a non-vanishing margin Q,(1). In other words, Ramanujan
graphs are the best possible expanders.

Proof. (of the Alon-Boppana theorem . Let 4, j be two vertices in V at distance dg (i, j) at least 2r + 1,
so that the balls B(i,r), B(j,r) are disjoint. Let M := B(i,7) U B(j,r) be the union of these two balls, and
m := | M| its cardinal. Let G’ denote the subgraph of G induced by the vertices in M. Its adjacency matrix
A(G") € R™*™ also reads

A(G") = P*A(G)P,

where P* € R"*™ denotes the matrix corresponding to projection onto coordinates in M. It is readily seen
that P*P = I,,,. Thus, by Cauchy’s interlacing theorem, one has

A2 (A(G)) = X2 (A(G)).

Note that by construction, G’ consists of two disjoint connected components B(¢,r) and B(j, r). By Perron-
Frobenius theorem, the adjacency matrix A(B(i,7)) (respectively, A(B(j,7))) of the subgraph of G induced
by B(i,r) (respectively, B(j,)) admits a non-negative eigenvalue Ay (A(B(i,7))) (respectively, A1 (A(B(j,7))))
with largest modulus among its eigenvalues. Both are also eigenvalues of A(G’), so that

A2(A(G)) = min (A (A(B(i, 7)), A (A(B(5, 7)) - (1.17)

For ¢ > 0, denote by Wa, (i, B(i,7)) the collection of walks in B(¢,7) of length 2¢ which start and end at
node 4, and by waq (%, B(4,7)) its cardinal. Again by Perron-Frobenius theorem, it holds that

/\1(A(B(Z,7‘))) = lim (qu(i7B(i, r)))l/(Zq) )

q—o0

To lower-bound this limit, we now introduce the notion of graph cover.

Definition 1.3. Given an undirected graph G = (V, E), graph C = (W, F) is a cover of G if there exists a
cover map ¢ : W — V such that:

1) p(W) =V, and

2) for any u € W, ¢ defines a bijection between the sets {v € W : (uv) € F} and {j € V : (ij) € E}.

Let 7; denote the infinite d-regular tree. Specifically, its vertex set consists of sequences (i1, ...,4¢) in
[d] x [d — 1], £ > 1, and of the empty sequence (). Its edges consist of all pairs of vertices of the form
{1, yie—1), (i, d0) L

A fundamental property is then that any d-regular connected graph G admits T as a cover. This is easily
shown by constructing the cover map ¢ iteratively, starting with some arbitrary choice ig € V' for ¢(), then
choosing for {¢(k)}, k € [d] an arbitrary map with image set {j € V, (io,j) € E}. The construction can be
carried on indefinitely, and must necessarily cover all of V' if GG is connected.
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The infinite d-regular tree 75 is known as the universal cover of d-regular graphs.
We now use this construct to lower bound wa,(B(i,7)). We may assume that the cover map ¢ is such
that ¢() = i.
We further denote by 74, the subgraph of T; made of nodes at distance at most r from the root (). A
key property is then that
waq (5, B(i,7) > w2 (), Tar). (1.18)

To establish this, let us first verify that (i) closed walks uq,...,usq in Wag((), Ta,r) are mapped by ¢ to
closed walks (¢(u1),. .., ¢(ugq)) in Way (4, B(i,7)). This is readily established, arguing by induction on r that
¢ maps the vertices in T4, to those in B(%, r), then using the property that ¢ necessarily maps edges of 7y,
to edges of B(i,r), and finally since by construction ¢() = i.

Next we argue that (ii) two distinct walks in Way((), Ta,r) must be mapped by ¢ to distinct walks in
Waq (i, B(4,7)). Consider two walks u1,...,usq and vi,...,veq in Wae((), 7a,r), and assume that the first
index at which they differ is ¢ < 2q. Then by the local bijection property of the cover map ¢, it must be
that ¢(ug) # @(ve). This establishes (L.18).

We now evaluate the right-hand side in . Let P41 denote the path graph of length r and with
r 4+ 1 vertices that we take as {0,...,r}. A counting argument ensures that

w2q((), Tar) = (d = 1)%w2q(0, Pry1). (1.19)

Indeed we can project each walk in Way((), Ta,r) to a walk in Why(1, Pr4+1) by mapping a vertex at distance
s in Tg, from the root to vertex s in P, 1. We then argue that to each walk 41,...,424 in Wag(0, Pry1) we
can associate at least (d —1)? distinct walks in Whq((), 7a,r) that get projected onto 41, ..., i, since indeed
we have at least (d — 1) choices for each move away from the root, and there must be ¢ such moves.
Let us now show that
lim(wag(1, Pp4)) "2 = 2cos(m/(r +2)). (1.20)
q—00
Combined with (1.17)—(1.19) and the fact that ¢ and j are interchangeable, this will conclude our proof of
(T.14).
The limit in the left-hand side of (1.20)) coincides with the Perron-Frobenius eigenvalue of A(P,11). The

result will thus follow if we can exhibit (xg,...,z,) that is an eigenvector of A(P,;1) with non-negative
entries, and associated with eigenvalue 2 cos(w/(r + 2)). Classical trigonometric identities can be used to
verify that x; = sin (%) satisfies these conditions. O

Remark. The above proof of the Alon-Boppana theorem is inspired from Mohar [32], which establishes
stronger results. In particular the argument extends to show that many eigenvalues of A(G) must exceed the
left-hand side of , and also extends to give a version of the Alon-Boppana lower bound applicable to
certain classes of non-reqular graphs.

1.5 Notes

Good references on linear algebra, PCA and SVD: Horn and Johnson (and Golub and Van Loan). We only
saw a subset of Weyl’s inequalities, a complete treatment is in some blog of Terence Tao. Specific focus
on inequalities for eigenvalues: Bhatia. Non-normal matrices more difficult, give rise to pseudo-spectra:
Trefethen et al.

Reference on graph theory: Bollobas. Specifically on algebraic graph theory, Laplace eigenvalues etc:
Dan Spielman, Fan Chung?

On the role of Cheeger inequality and its relation to graph clustering: see higher order Cheeger inequality
paper [26].

On expander graphs, and construction of Ramanujan graphs: book by Lubotzky.

Recent breakthrough on showing existence of (bipartite) Ramanujan graphs of all sizes: Spielman et al.

On Alon-Boppana inequality and Ramanujan graphs: classical proof given in [36]. Mention Friedman’s
result, or perhaps at a later chapter.
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Chapter 2

Bounding the spectral norm of random
madtrices

In this chapter we consider random symmetric matrices W € R™*™ such that {W;;}i<,; are independent
random variables. We introduce bounds on the corresponding spectral, or operator norm ||W|,, that will
be used in the next Chapter, in conjunction with the tools on perturbation of eigenstructure of matrices of
the previous chapter.

2.1 The trace method

The basic building block of the trace method is the following inequality: for any k > 1,

p(W)2F < Tr (W2F). (2.1)
This inequality is asymptotically sharp, in the sense that

L
2k

p(W) = lim Tr (W),

and hence not much is lost in the approximation. On the other hand, the trace of W?* admits the following

combinatorial expansion
2k—1

W) = > ] Wy (2.2)

This combinatorial representation together with moment assumptions on the variables W;; allows to
establish bounds on the moments of p(W) and in turn bounds on tail probabilities of its distribution. Here
is a simple illustration of this approach.

Proposition 2.1. Assume that the W;; are independent centered random variables such that

d
|Wi;] <1 a.s. and E[Wg] < -
for some (possibly n-dependent) constant d > 1.
Then for any € > 0, one has
lim ]P’(p(W) > \/3n€> —0. (2.3)
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Proof. Fix some k > 1. For a given path v = (yo,...,72x) appearing in (2.2), we denote by v(y) (resp. e(7))
the number of distinct vertices (resp. edges) appearing in ~. Since the Wj;; are centered, for a term in
to be nonzero it is necessary that each edge be traversed at least twice. Additionally the paths v considered
are connected, so we can restrict our study to paths satisfying

v(y) —1<e(y) <k

We first bound the contribution of a fixed path 7: for each edge (z,y) appearing in v we denote its
multiplicity kyy, i.e. the number of times it is visited. Then

2k—1
E H Womo < I E[[Wayl (2.4)
(@,y)€v
< I] EWZ] (2.5)
(a:,y)E'y

s <Z)e<v> | .

where we used the fact that |[W,,| <1 almost surely.

Now, let C'(v, e) be the set of paths with v(y) = v and e(y) = e, and C’(v, ) the set of canonical paths,
i.e. paths in C(v,e) with vertex set equal to [v]. Any path in C(v,e) can be uniquely mapped to a canonical
path by labeling its vertices by order of appearance, and hence

< v / < v / 2.
[Clv,e)| <n”|C(v,e)| <m v('y)—I{lgaz((’y)gkC (v,€), (2.7)

and the above maximum depends only on k. Combining (2.6) and . we find

k e+1 e
E[Tr (W2F)] ZZ|CU6 (n)

e=0v=1

k e+1 e

< ZZn”|C’ v, e) <)
e=0v=1

< " (k)nd",

where the last constant only depends on k.
We are now in a position to apply a Markov bound: for € > 0, choose k such that 2ke > 1, and write

e 2k
P(p(W) > \/3n6> < %

< C//(k_),rLleke,
which goes to 0 by choice of k. O

A finer combinatorial analysis, performed in Anderson et al. [3] (Theorem 2.1.22 p.23), yields a sharper
result:

Theorem 2.1. Assume that the Wi; are centered, and such that for some o > 0, E(ij) < o2, and for each
k > 2, one has:

where C' is a constant that does not depend on n. Then for any € > 0, one has

lim P(p(W) > ov/n(2+€)) = 0. (2.8)

n—oo
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Note that it requires stronger moment assumptions than the previous result. It is sharp, in that if
EW? = o2, then p(W)/(o+/n) converges in probability to 2. The trace method was introduced by Fiiredi

and Komlés in [I6], where they established the result (2.8) under the assumptions that EW;; = 0, |W;;| <1
almost surely, and Var(W;;) < o for some fixed o > 0.

Remark (Further discussion on random matrix theory). Variations on the above-mentioned result in An-
derson et al. [3], Theorem 2.1.22 p. 23 can be found in Bai and Silverstein [4], Theorem 5.1 p. 92. More
recently, Van Vu [{4)] and Péché and Soshnikov [38] also establish a similar scaling for the spectral radius.
However these results require strong specific conditions on the distributions of the entries of the random
matrices that are typically not satisfied in the random graph context we consider, hence the need for the
alternative tools that we shall next consider.

2.2 Bernstein inequality for sums of centered independent random
matrices

In this section we establish the following inequality:

Theorem 2.2. Let Xq,...,X,, be independent Hermitian random matrices such that:
E(Xk) =0, || Xkllop <L almost surely, k € [m)]. (2.9)
LetY =3 jcpm Xk, and
v(¥) = [EC)lop = | Y EX3llop: (2.10)
ke[m)]
Then for allt > 0,
—¢2
PAM(Y)>1t) < _ . 2.11
M) = )_neXp<2(v(Y)+Lt/3)) 211)

This implies for all t > 0

P(|Y[lop = ) < 2nexp (M) - (2.12)

For a Hermitian matrix X = UAU*, and a function f : R — R, the matrix f(X) is defined as
f(X) = Udiag(f(Ai))U™.
We will need the following lemmas, whose proof will be given after that of the Theorem:

Lemma 2.1. For independent Hermitian matrices Xy, k € [m], andY =37, (., Xk, one has

ETre’Y < Trexp Z InEefXx | (2.13)
ke[m]

Lemma 2.2. For Hermitian X such that E(X) =0 and || X||op < L almost surely, then
02
EGGX j exp Q%EXQ) s

06X 0°/2
InEe”* < 1_0L/3IEX2,

Vo € (0,3/L), (2.14)

where <X represents the semi-definite order on Hermitian matrices.

Lemma 2.3. For two Hermitian matrices A, B such that A < B, then for all i € [n], A\;(A) < X\;(B).
For a non-decreasing function f : R — R, it follows that

Tr f(A) < Tt f(B).
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Proof. (of Theorem The second property (2.12)) follows from two applications of the first inequality
(2.11), to Y and —Y, and a union bound.
To establish (2.11]), first note that for arbitrary 6 > 0, one has

PAL(Y) > t) < e PE M) < e %R Tr(eY).

Optimized over 6§ > 0 this gives
P(\(Y) > 1) < inf e O Tr(efY). (2.15)

Next use Lemma [2.3] to bound the right-hand side of the previous inequality, and obtain

> < i —0t 0X g
PA(Y) >1t) < ég%e Trexp kg]lnEe

Lemma [2:2] entails that the matrix argument in the exponential is less, for the semi-positive definite
order, than 6?/(1 —6L/3)E3", ., Xi. Lemma used with for f the exponential function, then provides
an upper bound on the right-hand side of this expression, yielding

2

2
PO (Y)>t) <  inf e 2T /E X?
(M(Y) = )_ee(lol[,l?a/L)‘e Fexp —6L/3 Z k

This last expression is bounded by

inf e ot + 0°/2 (Y)
1mn X — e —— .
6€(0,L/3) nexp 1— 9L/3U

Chosing 6 so that 6t = %U(Y), or equivalently taking 0 = t/(v(Y) +tL/3) yields the announced result
(2.11)). O

To prove Lemma we will exploit Lieb’s theorem, that we now state:

Theorem 2.3. (Lieb). For a fized n X n Hermitian matriz H, the function
A — Trexp (H + In(A))

defines a concave mapping on the set of n x n Hermitian positive definite matrices A.

Proof. (of Lemma . Let Y = Zke[m} Xy. Taking expectations first conditionally on X1, ..., X,,_1, one
has

ETrexp(Y) <EJE [Trexp (Zk 1 X + In(exp(X ))) | X7 1]}
<E Trexp( ml X, +ln(Eexp(Xm))>}7

where we used Jensen’s inequality together with Lieb’s theorem, the latter being applicable because exp(X,)
is a positive definite matrix. Iterating this argument gives the desired inequality (2.13]). O

Proof. (of Lemma [2.2). Let 6 € (0,3/L) be fixed. Write
X =1+0X (X —I-0X)=T+4+0X + Xf(X)X
where

f(x) = ————— for x # 0, and f(0) =

e —1— 0z Hj
2 2
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The function f is non-decreasing (this can be seen from its series expansion). For z < L, one therefore has
f(z) < f(L). By assumption, the eigenvalues of X do not exceed L, so that f(X) < f(L)I. Thus necessarily,
for all u € C™,

WX F(X)Xu = (Xu)* f(X)(Xu) < f(L)u*X?u,

and thus X f(X)X =< f(L)X?2. Tt follows that
X <IT+6X+ f(L)X2 (2.16)

To conclude, note that

el —1-0L 1 (6L)F—2 62 0Lk S |
L)=—"—"= <= =
F(I) _2§>I

L2 e K T 21-0L/3

This yields together with (2.16)), using the fact that X? is positive semi-definite:

022

2 _x2
1-0L/3

X <T+6X+

Taking expectations, using the fact that X has zero mean, we obtain

62/2

— = _EmXx?
1-6L/3

EefX < T+

Since for all z € R, (14 z) < e®, we can deduce from this the first inequality of Lemma ie.

62 /2

Ee’ X < A
© —eXp(l—eL/3

IEX2> )

To deduce from this the second inequality of the Lemma, we exploit the fact that the logarithm is operator-
monotone, stated in the following lemma. O

Lemma 2.4. For two positive definite Hermitian matrices A, B such that A < B, necessarily one has
In(A4) < In(B).

Proof. We first establish that for all non-negative u € R,
—(A+ul)"' < —(B4ul)™t. (2.17)
To that end, let A, = A+ ul, B, = B+ ul. Note that 0 < A, < B,, so that
0<B;Y2A,B;Y?<1.

This entails that
I j (B;1/2AuB;1/2)71 — Bi/2A51B5/27

which in turn guarantees that B;! < AL, or equivalently (2.17). Thus for all u > 0,
(I4+u) T—(A+ul) ' 2(1+uw) "= (B+ul)™!
Note that the logarithm In(A) admits an integral representation as

1mAy_Awa+mU_(A+umluw

Since the semidefinite order is preserved by integration against a positive measure, the previous inequality
implies that In(A) < In(B) as desired. O
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Proof. (of Lemma For any subspace of dimension i, the fact that A < B implies

Taking suprema over B, the Courant-Fisher theorem then guarantees that A;(A) < A;(B). Since Tr f(A) =
2iem) f(Ai(A)), for non-decreasing f : R — R, the second inequality Tr f(A) < Tr f(B) follows. O

For a proof of Lieb’s theorem, and more in-depth discussion of matrix concentration inequalities, the
reader can consult the monograph by Tropp [42], from which the above proof is taken.

2.3 Epsilon-nets and the Feige-Ofek bound

Definition 2.1. Let M be a metric space, endowed with distance dpq. For a subset C' of M and any € > 0,
an e-net N of C is a collection of points x of C such that C is contained in the union of balls B(z,€) of
radius € whose centres x span N :

AC U B(x,¢).

zeN
The smallest cardinality of e-nets of C' is denoted by N(C,dq,€).
Our use of e-nets will be via the following Lemma, which essentially reduces the control of the spectral

norm of a symmetric matrix A to the control of the supremum of |z " Az| over x in an e-net of the unit sphere
S

Lemma 2.5. Let A be a symmetric n x n real matriz and let S*~! denote the unit sphere in R™ for the
Euclidean distance. Then for any € € (0,1/2) and any e-net N' of S*~ 1, one has

sup ‘xTAx’ <Al < sup |xTAx|. (2.18)
zeN eN

1—2¢,
Proof. Let € € (0,1/2) and N an e-net of S"~!. By Courant-Fisher, it holds that

[ Al = max(A1(A), An(A)) = Jax, ly" Ayl.

This establishes the left-side inequality, since N' C S*~1.
For the right-side inequality, take any y € S"~1, and an associated € A such that ||z — y| < e. Write
then
y Ay=a"Az+ 2 Aly —2) + (y — )" Ay,

so that
ly" Ayl < |27 Az| + 2€[|A|| < sup |&" Az| + 2¢[|A].
zeN

The right-side inequality follows by taking the supremum over y € S™~1. O

Remark. It is readily seen that the conclusion (2.18)) of the Lemma also holds when for N we take an e-net
of the ball B, centered at 0 of radius 1 in R™ rather than a net of its boundary S™ 1.

The following is a typical volume argument to obtain bounds on minimal net sizes n(C, daq, €):

Lemma 2.6. For each n € N, € € (0,1), letting d,, denote the Euclidean distance in R™, one has
2 n
N(B,,dn,€) < (1 + ) . (2.19)
€
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Proof. Fix € € (0,1) and n > 0. Construct the e-net A in an iterative fashion, adding at each step ¢ a new
point x(¢) in B, \ Ui;llB(w(s), €), i.e. a point that is not yet covered. By construction, the points of the net
are separated by distance at least € so that the balls B(z, ¢/2) have disjoint interiors. Moreover, these balls
are all included in B(0,1 + €/2). Thus

Vol (UzenB(x,€/2)) = [N|Vol(B(0,€e/2)) < Vol(B(0,1 + €/2)).
The conclusion follows be noting that the volume of a Euclidean ball of radius r in R™ is " Vol(B,,). O

Using techniques of Feige and Ofek [I5] we shall establish the following

Theorem 2.4. Let G be an Erdds-Rényi random graph with parameters (n,p) where the “average degree
parameter” d := np verifies

colog(n) < d, (2.20)

where c¢o > 0 is any positive constant. Let A denote the adjacency matriz of G, and A its expectation.
Then for every ¢ > 0, there exists ¢’ > 0 that depends only on cy and c, and such that, with probability

at least 1 —n~°¢,

|A— Al < IV

As previously mentioned, the proof uses an e-net N of B,, and the right-side inequality in . Let then
x € N be a vector of the e-net. Distinguish pairs i < j of indices in [n] according to whether |z;z;| < Vd/n,
in which case (i, j) is termed a light couple for z, which we denote (4, j) € I(x), or whether |z;z;| > Vd/n,
in which case (7, 7) is termed a heavy couple for z, which we denote (i, j) € h(x).

By Lemma inequality ([2.18)), we have

|A— A < [2S; +2S}], (2.21)

1— 2

where

d
S; = sup Z xi(Aij — E)m] )

2N (i, jyel(a)
d
Sh (= sup Z LL‘Z‘(Aij — H)LL'] .
2€N | (i,5)eh(x)

Bounding the contribution S; of light couples: Chernoff plus union bound arguments
Fix some € N. Let A € R. Noting Z;; := A;; — d/n, write

Ee? Ztiei ¥i%i i — [Tijyei e wimid/n (1 — 4 4 doAwizy)

< eZ(i,_j)el(x) =z (d/n)+(d/n) 1% —1]

bl

where we used the inequality (1 + z) < e*. To proceed we will rely on the inequality
1
Vr € R, |x|§§:>ew—1—x§2m2,

established by considering the expansion of e®. Plugged into the above inequality, using the fact that only
light couples (4, j) are considered, this ensures that for all A such that |A| < 37> one has

Ee/\ Z(i,j)El(z) Tixj Zij < eZ(i,j)El(z) Q(d/")ﬁw?ﬂ”?.
The Chernoff bounding technique thus yields, taking A = n/(2v/d):

P jyeuw) TitiZis 2 CVd) < e "C2eXnes (/DT
< e—n(C/2-1/4)

25



where we exploited the fact that ||z|| < 1 to obtain

(4,5)€l(z) i.j€ln]
Similarly, taking A = —n/(2v/d) we obtain

P( Z SL'ZL]S']Zl < 70\/@ < 67"(0/2*1/4).
(@,5)€l(x)

Taking a union bound, we thus obtain:
P(S; > CVd) < 2|N]e™(C/2=1/4),
By Lemma Inequality , we thus obtain
P(S, > C\/(E) < 2en=C/2+1/4+In(1+2/€)]

By choosing constant C' sufficiently large, the contribution of \S; to the upper bound can be made less
than 2Cv/d with probability exponentially close in n to 1.

Bounding the contribution S, of heavy couples: the bounded discrepancy property.

We can bound S}, as follows:

Sy < Ty + Uy, (222)

where

Ty := sup | Z zixjAij|, and Uy := sup | Z zizj(d/n)). (2.23)
zeEN . zeEN .
(17])€h(w) (Z,])Eh(w)

For arbitrary x € B, consider two independent random variables I, J uniformly distributed in [n]. Write
then
| 2 yen@ Ties(d/n)] < (d/n) 3 jep 1224015 van
< ndE[|xIxJ|1|$1wJ\>\/E/n]

< ndE|sz | L]

< n?VdE[z3x%]
< Vd,

where we used E[z2] = (1/n)||z||*> < (1/n) in the last step. This Markov inequality argument then implies

U, < V. (2.24)

The last (and most delicate) step of the argument will leverage global properties of G, namely the bounded
degree property and the bounded discrepancy property to obtain, uniformly in « € B,,, a bound in

O(Vd) on Uy,

Definition 2.2. Graph G with vertex set [n] is said to have the bounded degree property with average degree
d and tolerance factor ¢y > 0 if and only if every vertex i € [n] of G has degree at most c1d.

Graph G is said to have the bounded discrepancy property with tolerance factors ca, cs > 0 if and only if the
following holds. For any two vertex subsets A, B C [n] such that |B| > |A|, letting u(A, B) := |A] - |B|(d/n),
and e(A, B) denote the number of edges with one endpoint in A and another endpoint in B, then one of the
following two properties holds:

e(A,B) A
L Sxs < ec2

2. e(A,B)In (Z((QZB))) < ¢3|B|In (l%\) .

An essential step to bound T}, is the following
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Proposition 2.2. Let graph G satisfy the bounded degree and bounded discrepancy conditions with average
degree parameter d and tolerance factors ¢y, (c2,c3) respectively. Then it holds that

sup E w2 Ay < eaVd, (2.25)
x€B, . |
(i,5)€h(z)

where constant c4 depends only on c1,ca, c3.

Proof. Consider x € B,,, and assume without loss of generality that x; > 0 for all ¢ € [n]. For each k € Z, let

v =28 Ay :z{ie[n]:fy\k/%l Sxi<% .
Since x; < 1, necessarily Ay, is empty for k > [log,(y/n)]. We shall also use the following notations:

ak = |Agl, k < [logy(vn)|;

piie == p(Ag, Ag) = arar, k€ < [logy(v/n)];

e(Ar,A

Ake 1= %7 k, £ < [logy(v/n)].

We then have
Z(i,j)eh(w) vixjAi < Zk,@:’yk’yeZ\/Ee(Ak’A[)%%
=D k> akaz%%z%%
= \/azk’g:,yk,wz\/a ApOyTy,
where we introduced the notations
2 AeVd
ap = ap k| oy = M\f, k, € < [logs(v/n)].
n YeYe

We then have

Z l‘inAij S Zﬂz ],kaz\/alakgalakagakg. (226)

(i.9)€h(z) ke
We shall use repeatedly the following bound, which follows from x € B,, and the definition of Ay:
dap<4ad ai<a (2.27)
k i€[n]

To upper bound the right-hand side of (2.26]) we shall consider the following distinct cases for pairs of indices
(k, £) such that vy, > Vd and ay, < ag:

o <1 < (k,0) € Oy,
At < eco & (k,0) € Oy,
Y > Ve & (k,0) € C3,
e(Ag, Ae)log(Ake) < csaglog(n/as) < (k,£) € Cy.

By the bounded discrepancy property, the sets Cy and C4 cover all possible pairs k, /.
Write then, by definition of Cf:

S s vala<a doy (k Oarawore <Y agoy < 16,
k2 k¢

where we used (2.27)). Write next, recalling the definition of oyy:

eczx/g
Zk),@ lfymz\/&lakéae 102 (kv é)OékOégO'kg < Zk,l lysz\/gozkag v~

< Zk,z QLOpecs
< 16ecs.
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By the bounded degree property, one has

apcrd ney

e = agag(d/n) aig.
Thus for fixed k,
2
S dey (b, Oaore = Y, 1o, (k, £)a, 2264

n ’Yk"fef

Ye ncivd
< Xl O 2
_ Yevd
- ZZ:'Yk>'Y£\/Ecl i
< 2¢4,

where we replaced the geometric sum by its value 2. This entails:

Z lfysz\/alakﬁae 1, (k, O)agoyore < 2¢q Zak < 8¢y.
k.6 k

We shall now consider summations restricted to pairs (k, £) in Cy, the second case of the bounded discrepancy
condition. Expressed in terms of Axy and ay this condition reads:

d o
Aiearag—log(Age) < czaglog | — |,
n Ay

implying

1 1 7
— 1 < eg—1 = 1.
/\ké\/;iakn 0g(Are) < 03\@ og (w)

This is equivalent by definition of ox¢ and oy, to:

Yk

’V@\/E

We further distinguish three conditions on the couples (k, £), which specify the dominant term from Agg, ¢
and 1/ap:

oreo log(Ae) < c3 [21og(7e) + log(1/aw)] . (2.28)

log(Ake) > 7§ [2log(ve) +log(1/ar)] & (k) € C1,
2log(ve) = log(1/ay) < (k,0) € Cs,
2log(7e) < log(1/cv) < (k,0) € Cs.

For (k,¢) € Cy, N CY, (2.28) implies
i

k
Yevd

ooy < 4deg

Thus

> cuncpes (b Ooreon < des > 7\’;& < 8cs,
k kiye <vevd e

which yields

Z L, ,svala<adcinopcs (ks Oagopore < 8cs Zaz < 32c¢s.
ool ¢

For (k,¢) € CY := C4\ C1, one has

[21og () + log(1/ay)] < log(ve),

|

log()\kg) <

hence Ay < 7y, Assume further (k,£) ¢ Cy. Thus

1< ope = Auev'd < vd (2.29)

- VeYe T Vk
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Assume also (k, £) ¢ Cs, so that Ags > ecq, and without loss of generality, that constant ¢ appearing in the
bounded discrepancy property satisfies ca > 1, so that log(Age) > 1. Then, if moreover (k,¢) € Cy4, using

(2.28) we obtain

Tk
4log(ve)-
YeVd

oreay < c3

This entails log(7)
Tk 108(7e
Ek Loy <a, doynca\(cruey) (b, O)akoke < 4des Ek 1%5\/37& ~

where we used (2.29). Upper-bounding log(v¢)/ve by 1, we get that the above sum is at most 8cz. This
entails

Z L, .,>vala<adoynca ciues) (kO araeore < 8cs Zaz < 32¢;.
K, ¢

Assume finally that (k,£) € C¥ := C% \ Cf. Then log(Axe) < log(1/cy). This implies

_Awvd 1 Vd

Okt <
VeV Qg Yk

Thus

Vd
Z L, ,>vala<a oy (k, O)ogeon < Z Yeve =2
‘ Lyeye>Vd

This entails
Z lysz\/ﬁlakﬁae lcé/(k‘,f)akagakg <8.
ke

Collecting all bounds, we arrive at

> mimiAy; < 2Vd[16 + 16ecy + 8cy + 64cs + 8]
(i.5)€h(x)

The announced result therefore holds with

cq :=16[12 + ¢1 + 2eco + 8cs).

Let us now establish the following
Proposition 2.3. For an Erdds-Rényi graph G(n,p) with average degree parameter d = np satisfying
Co 1Og(n) S da

where cg > 0 is an arbitrary positive constant, then for any ¢ > 0 there exist constants c1,ca,c3 > 0

that depend only on cy and ¢ and such that the bounded degree and bounded discrepancy properties with

corresponding average degree d and tolerance factors c¢; hold with probability at least 1 — n~¢.

Proof. Bounded degree property: For a Binomial random variable X ~ Bin(m, ¢), a Poisson random
variable Y ~ Poi(mgq) with the same mean and A € R, one has

Ee)\X — (1 o q+qe)\)m S e(mq)(ek—]) _ EG)\Y.

Thus a Binomial random variable admits tighter Chernoff bounds than a Poisson random variable with the
same mean.
The degree D; of any node ¢ in G is distributed as Bin(n — 1,d/n). Thus for any x > 1 we have:

P(D; > kd) < e~ )
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where h(x) := zln(xz) — 241 is the so-called Cramér transform of a Poi(1) random variable. The probability
that there is some ¢ € [n] with D; > kd is thus no larger than

ne—dh(n) < nl—coh(n) )

It thus suffices to choose ¢; > 1 such that: coh(cy) > ¢ — 1 to ensure that the bounded degree property with
average degree d and tolerance c¢; holds with probability at least 1 — n~°.

Bounded discrepancy property: Let us assume that graph G satisfies the bounded degree property
with parameter ¢;. Let A, B C [n] with respective sizes a, b such that a <b. Let p := u(A4, B) = ab(d/n).

Assume first that b > n/e. By the bounded degree property, e(A, B) < adc; so that e(A, B)/u < ecy.

Assume now that b < n/e. Since e(A, B) is Binomial with mean no larger than p (the case where it
equals 1 corresponds to AN B = ), by the previous Chernoff bound applied to Binomial random variables,
we have for x > 1 that

P(e(A, B) > kp) < e Hh(%),

To use this in a union bound over sets A, B, we will choose k such that for all a < b < n/e,

e—uh(n) n n <7’L_2_C.
a)\b) —

A sufficient condition for this to hold, based on the inequality
( n) ne\m™
S (7> )
m m

a(l+1In(n/a)) +b(1+In(n/b)) + (24 ¢)In(n) < ph(k).

It can be checked (exercise!) that the function  — 2 In(n/z) is monotonic non-decreasing on [1,n/¢e]. Since
a <band b < n/e, a sufficient condition for the above inequality to hold is then provided by

4bIn(n/b) + (2 + ¢)In(n) < ph(k).

is given by

Again by monotonicity, In(n) < bln(n/b), hence a further sufficient condition is
b
(6 + ¢)—1In(n/b) < h(k).
w

Remark that for k > 4, h(k) > k1n(k)/3. Let then for all b, 1 < b < n/e:
k(b) = inf{k € [4,+00) : kln(k) > 3(6 + ¢)(b/p) In(n/b)}.
Then by a union bound we have that with probability at least 1 — n~¢, for all A, B C [n] with a := |A] <
b:=|B| <nlfe,
¢(A, B) < k(b)u(A, B). (2.30)
If k(b) = 4, then the first condition for bounded discrepancy holds with eco = 4. Otherwise, x(b) In(x(b)) =

3(6 + ¢)(b/u) In(n/b) so that
< 3(64c)b

B S Gm)

In(n/b),

and in turn

e(A, B)In(k(b)) < 3(6 + ¢)bln(n/b).
In view of , this entails

cnm ()< (),

that is to say the second condition for bounded discrepancy holds, with tolerance ¢z = 3(6 + ¢). O
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Remark (Sharpness of conditions in Theorem ). .

The fact that the spectral radius of |A — A|| is of order at least \/d, where d = np is the average degree,
can readily be obtained by considering the all-ones vector.

This spectral radius can be > v/d for d < log(n). This is for instance seen by considering d = ©(1), for
which there are in G(n, p) isolated stars with ©(log(n)/loglogn) branches, inducing eigenvalues of A of order

O(+/log(n)/loglogn), hence eigenvalues in A — A of the same order that is large compared to \/d = O(1).

Finer analysis of the exact necessary condition on d for which ||A— Al = O(v/d): add reference to recent
paper by Bordenave et al.

We shall in fact need the following consequence of Theorem 2.4}

Theorem 2.5. Let A be a random symmetric matriz, with entries A;; independent up to symmetry, A;; €
[0,1], and such that E(A;;) < d/n for some upper bound parameter d. Assume that for some positive constant
Co,

colog(n) < d < n(l-—cp). (2.31)

Then for all ¢ > 0 there exists ¢ > 0 such that with probability at least 1 — 1/n°, one has
p(A —E(A)) < &Vd. (2.32)

Proof. The centred matrix A—E(A) has its entries in [—d/n, 1], so that the centred matrix B := (1—d/n)(A—
E(A)) has its entries in [—d/n,1 — d/n]. It is therefore stochastically smaller, for the convex ordering, than
the matrix C' — E(C') where C is the adjacency matrix of a G(n,d/n) Erdés-Rényi random graph (maybe
more details on this comparison). By Strassen’s theorem one can construct the matrices B and C on the
same probability space such that

E(C — E(C)|B) = B.

The spectral radius p(-) is a convex function. Thus by Jensen’s inequality,
p(B) = p(E(C —E(C)|B)) < E(p(C —E(C))|B).

Let for notational convenience S = p(B) and R = p(C — E(C)). The previous display then implies S <
E(R|S). By Theorem we have the existence, for all ¢ > 1, of ¢/ such that R < ¢/+v/d with probability at
least 1 — n~¢. Moreover, the spectral radius of an n x n matrix with entries bounded in absolute value by 1
is at most n.

We thus have, for t = ¢/\/d,
R < nlpst + thSt’

Multiplying by 1ss:+1 and taking conditional expectations with respect to S this yields
S1s>t41 < nlgsip1P(R > tS) + tlsse41P(R < #]9),
so that

S —t
P(R > t|S) > 1s>t41 > 1>
n—t n—t

In turn, taking expectations this yields
P(S>t+1) <nP(R>t)<n'"c
Letting ¢/ = ¢(c) be the constant provided by Theorem the previous display gives
P((1—d/n)||A— A > ¢(c+1)Vd+1) <n~°,

so that, using the assumption (1 —d/n) > ¢o, and taking n large enough to ensure 1 < v/d, Inequality (2.32))
indeed holds with probability at least 1 —n=¢ for ¢ = [¢(c + 1) + 1]/co. O
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2.4 Kolchinskii-Giné results for graphon-related matrices

Before stating the main result of this section, we recall without proof the following result.

Theorem 2.6. (Kato [21l]) Let T be a linear, self-adjoint operator acting on a Hilbert space of functions
L2(X, ), where T is a non-negative measure. Assume that T is compact, i.e. it maps any bounded set to a
set whose closure is compact. Then T admits a discrete spectrum {Ai}r>1, an associated orthonormal basis
of eigenfunctions {¢tr>1, and it can be represented as

ww=2mma4m@mww.

k>1

We now establish the following result, which is a special case of results by von Luxburg et al. [43],
themselves variations on earlier results by Koltchinskii and Ging, see [24].

Theorem 2.7. Fiz a compact metric space X, a symmetric, continuous function K : X x X — Ry,
and a probability measure © on X. Let Xi,...,X, be i.i.d., distributed according to . Let M) =
(n'K(X;,X;))ijem)- Define the operator T on L*(X, ) via

zwm;Lmemwm»

Consider its spectrum, split into {)\j}izl, its positive eigenvalues sorted in decreasing order, and {\] }i>1,

its negative eigenvalues sorted in increasing order.

»(n)

Denote by )\j_’(n) the i-th largest positive eigenvalue of M, and \; its i-th smallest negative eigenvalue.

Then for each i > 1, we have the convergence in probability lim,, )\?E’(") = )\f

Let ig such that )\i % 0 is of multiplicity d, with )\i == )\iiOerfl and vii’(n) orthonormal eigenvectors
of M associated to )\f’("), i=1g,...,i0+d—1. There exist orthonormal functions {wf} fori=rig,...,i0+
d—1 of T associated with )\i such that in probability, ||vii’(") - {nil/zwii(Xk)}ke[n] I — 0.

Proof. By Example 2.19, p.264 in [21], operator T is compact, and thus admits a discrete spectrum {\; }i>1,
here considered as sorted by decreasing modulus. Denote by {¢;}:;>1 an associated orthonormal basis of
eigenfunctions. K is moreover such that

K(z,y) = Z Nidi(2)di(y),

and

SN = [ K(wy)’n(dv)n(dy).
i>1 x2

Let g > 0 be defined as
So:= inf |\ — AE|.

FNENE 0

Fix some (small) € > 0, and let jo > iy be such that
2 .2

Y A<

J>jo
and that /\i appears d times (its multiplicity) in the sequence (A1,...,\;,). Let for each j € [jol,
_ 9i(Xe)

Vn
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For all i,j € [ig], one has, by the law of large numbers, almost sure convergence of (v;,v;) to 1,—;. Let

w1, ..., wj, be the n-dimensional vectors obtained by Gram-Schmidt orthonormalization of (v1,...,v;,). Let
Vi=Tlv1,...,05], W= |wi,...,w,], and R the jo X jo matrix such that
VR=W.

Thus R converges almost surely to the identity matrix.
Let wj,41,...,w, complement wy,...,w;, into an orthonormal basis. Let A = Diag(A1,...,\;,). De-
compose M (") as

M®™ = A+ B+ C + D, where :
A=WAWT, B=(M™ —VAVT), C=VAVT -WT), D=(V-W)AWT.

The fact that VR = W with R converging almost surely to the jy X jo identity matrix as n — co ensures
that
ICllop < ||Wlllop||113‘1HoplllAHopllR‘1 — Ilop W l[op
= 1B lop M [R™F = Iop
— 0 almost surely as n — oo.

A similar evaluation yields the almost sure limit lim,,_,« || D]|op = 0.
Note that

1
By = EK/(X]C7X£)7

with
K'(z,y) = K(z,9) = Y Xoi(@)5(y) = D Xid;(2);(y).
J€ljo] J>Jjo
One then has

1
IBl[% = o} Z K'(Xy, Xp)*.
k,l€[n]

The following
1
lim — Z K'(Xy, X)? = QK/(%?/)QW(dx)W(dy)
X

n—o0o M
k,€[n]
holds almost surely, see e.g. Serfling (it can be proven straightforwardly from the usual strong law of large
numbers for continuous K’ and compact X, but holds more generally). From the expression of K’ this
yields
i 2= 2
Jim [[BIIF = DX <
J>J0
Thus M = WAWT + E, where || E||,, < 2¢ for large enough n.
We can now apply Weyl’s inequality, to deduce that for all fixed j > 1,

+,(n)

lim sup ] —)\ji| < 2e.

n—oQ

Consider now the eigenvalues )\;t’(n) of M™ for j =g, ..., ig+d—1. Let V = [T)ZE, .. ,ﬁiio+d_1} where the ﬁf
are an orthonormal system of eigenvectors of M (™ associated with the )\;E’(n), and W = [wi, ... ,wiio+d71] is

constructed from the columns of W whose indices j are such that A\; = )\i. The Davis-Kahan sin © theorem
yields the existence of a d X d-orthogonal matrix © such that

2224 2| B op

VO —W|r < 3
0
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The right-hand side is asymptotically no more than 23/2d'/22¢/8,. Let V := [vE

+
R 7Ui0+d—1] be constructed

from the columns v; of V such that A\; = )\iio. Since R converges to the identity, we have
lim |[W —V|r=0.
n—oo

This then yields 5 R
limsup [|[VO — V|| g < 2%/2d/%2¢/6,.

n— oo

Since € can be chosen arbitrarily small, Vis asymptotically close in Frobenius norm to ver. By construction,
this latter matrix’s columns can be written (n~/ 21/)?()( k))keln) for a system of orthonormal eigenfunctions

wji of K associated with eigenvalue )\iig. =
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Chapter 3

Community detection in the strong
signal regime

3.1 The Stochastic Block Model and the Graphon Model

For a number of vertices n € N, a number of blocks or communities K > 0, a probability distribution
o = {ag}rek] and a symmetric matrix P € [0,1]% %% the Stochastic Block Model G(n, «, P) is defined as
follows.

The types o; of nodes i € [n] are sampled i.i.d. according to . Conditionally on on] := {0;}ic[n], each
(unoriented) edge (i, j) is present with probability Py, ., independently over pairs (i,7), 1 < i < j < n.
Accordingly, for a target collection of types sp,) € [K]™ and an edge set e,

Plop = s, E=¢) = [ e [T (Pos, Lagee + (1= Pais)Ligee) -
i€[n]

i<j

We shall also consider the following extension. Let X be a compact metric space, endowed with a
probability measure 7 and a symmetric, continuous function F : X x X — [0,1]. The graphon model
G(n, 7, F) is then defined as follows. Node types o; are sampled i.i.d. from X according to 7. Conditionally
on o7,, edge (7,7) is present with probability F'(c;,0;).

3.2 Spectral community detection for the SBM in the strong signal
regime

We define the strong signal regime for the SBM as follows. We assume K, a, and the K x K symmetric matrix
B to be given. We then consider the random graph G distributed as G(n, «, (d/n)B) where d represents the
average degree, or the signal strength in our observed graph G. We say we are in a strong signal regime
when d diverges to infinity with n.

We shall first establish the following

Theorem 3.1. Assume that \/In(n) < d < n® for some constant & € (0,1). Assume that minge(x] o > 0
and that matriz B € RE*X has distinguishable blocks, i.e. for all k # ¢ € [K], 3m € [K] such that
Bim # Bem- Let R be the rank of matriz B. The with high probability:

i) The spectrum of A, the adjacency matriz of a spectral block model G ~ G(n,«, (d/n)B) consists of R

eigenvalues A1, ..., Ag of order ©(d), and n — R eigenvalues of order o(d).
i1) Spectral embedding based on the orthonormal set of eigenvectors x1,...,xr of A associated with
A, .., AR, associating to vertex i the vector z; = /n(x1(i),...,zr(i)) € R captures the block structure in

the following sense:
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For some € > 0 depending only on B and «, for all vertices i,j € [n]\ B, where B is a set of “bad” vertices
of negligible size |B| = o(n), one has

> ¢ otherwise.

Let

A= éB(,in and W =A4— A. (3.1)
n

i,J
The proof of Theorem proceeds with the following steps. We first etablish the following
Lemma 3.1. Under the assumptions of Theorem [3.]],

with high probability, p(W) < d. (3.2)

Proof. Perturbation matrix 1 is the sum of diagonal matrix Diag({—(d/n)B;,,,), whose spectral radius is
obviously O(d/n) and thus a fortiori o(d), and of matrix (A;; —E(A;)); je[n), whose spectral radius can be
bounded using the results of the previous chapter. In particular, Theorem

§ < 1/5, with b = O(1) and w = max(d, logn), yielding

p(W) = O (v/max(d.logn))

The assumption /logn < d then implies (3.2)).
In the case where d > n” for some x > 0, Proposition [2.1|entails that with high probability, p(W) < vdné
for arbitrary £ > 0. Choosing ¢ < k/2 implies again (3.2)). O

5| applies in case d < n with

Remark. Under the assumption d > logn, Bernstein’s inequality applies here (exercise!) with v = O(d)
and L = ©(1), and can also be used to establish (3.2)).

The next result describes the structure of matrix A:

Lemma 3.2. For allt € RX define ¢(t) € R™ as ¢(t); := t,,. Symmetric matriz A € R™*" defined in (3.1))
verifies

Ap(t) = dp(Mt), teRK, (3.3)

where M = BDiag({dw }uex) € RF*K and a,, =n™! >icin) Loi=u-
Let (ftu,tu)uelr) be pairs of non-zero eigenvalues and associated eigenvectors of M. The spectrum of A

consists in R non-zero eigenvalues \,, = dp,,, u € [R] with associated eigenvectors ¢(t,,), and eigenvalue 0
with multiplicity n — R.

Proof. Identity (3.3]) follows from the block structure of A. The image of any vector by A is block-constant so
that any eigenvector associated with a non-zero eigenvalue is block-constant. Thus any eigenvector associated
with a non-zero eigenvalue reads ¢(¢) for some ¢t € RX. The result follows. O

Corollary 3.1. By the distinguishability assumption of blocks (for all k # £ € [K]|, there exists m €
[K] with B # Bim) ensures the existence of positive € function of B et {Gm}me[x) such that for any
choice of orthonormal eigenvectors T1,...,Tg of A associated with its non-zero eigenvalues A\, u € [R], the
eigenvectors z; = /n(z1(i),...,zr(i))" € R verify

o; =05 = |z — z|| =0,

Ui#Jj = ||ZiffjH > €. (34)

Vi, j € [n],{
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Proof. Let t, € RX be such that v/nz, = ¢(t,). Then noting va = Diag({yv/@u}ue(x), the vectors
{Vaty}uer) are orthonormal, since the Z,, are orthonormal. ¢, is an eigenvector of M, so that \/at, is an

eigenvector of symmetric matrix v/a@Bv/& with associated eigenvalue j,,. Thus

\/an: Z Mu\/atutg\/aa

u€[R]
hence
B= )" pututy. (3.5)
u€[R)
Clearly for two vertices i,j7 € [n] such that o; = o, then z, = z;. If 0, = u # 0; = v, as z; =

(t1(u), ..., tr(w)" and z; = (t1(v),...,tr(v)) ", we conclude from (3.5) that, if z; = 2; held, then B would
have two identical lines, which contradicts the distinguishability hypothesis. The set of possible collections
of eigenvectors {tu}ue[R] is compact, and the quantities

Iz =2l = [ D (twlu) = tu(v))?
]

wE[R

for u # v are continuous functions of these vectors, which are strictly positive. They are thus lower-bounded
by some € > 0 that is a function of B and & only. O

Proof. (of Theorem [3.1)). Weyl’s inequalities (1.4) together with (3.2) and Lemma [3.2] ensure the announced
property of the eigenvalues of A.

The Davis-Kahane theorem ensures that for a system of orthonormal eigenvectors x,...,xg of A
associated with its R eigenvalues of magnitude ©(d), there exists a corresponding orthonormal system of
eigenvectors Z1,...,Zr of A associated with its non-zero eigenvalues and verifying

(x5, 2;) = 1= O((p/d)?),

where p = p(W), or equivalently |z; — z;||* = O((p/d)?) = o(1). For i € [n], the R-dimensional vector z; is
defined as /n(z1(i),...,xr(i)) . We define similarly z; (i) = /n(Z1(i),...,Zg(i))". Thus

dollzi—zlP=n > oy —2l* = nb(n),

i€[n] JE[R]
where 6(n) = o(1). Bienaymé-Tchebitchev inequality then yields:
(i €[] : 15— 3]l = 6(n)/%}] < nB()* = o(n).

Corollary [3.1] ensures that the Z; coincide within a block, and differ by at least some € > 0 bounded away
from 0 between block, which concludes the proof. O

This result suggests algorithms for the choice of the embedding dimension k used to construct the spectral
embedding z, = \/n(x1(u), ..., z,(u)) € R¥, for instance letting R = min{i € [n] : |\;| > T|\i41]}, where
the eigenvalues \; of A are sorted by decreasing absolute value and T' > 1 is a large constant. With high
probability, for large enough T, R = R under the assumptions of the theorem.

It can also be used to prove that specific clustering algorithms applied to the R-dimensional spectral
embedding will correctly classify all but a vanishing fraction of the vertices.

Consider for instance the following clustering strategy. Having formed ¢ groups C1i, ..., Cy of vertices in
[n], so long as there remain e;n un-grouped vertices, i.e. so long as

£
S 10l < (1= e,
m=1
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choose one un-grouped vertex iy uniformly at random, and define group Cyy; as those remaining vertiecs
J such that [|z;,,, — z;|| < €.

Then part ii) of the theorem ensures that, for e;,es > 0 sufficiently small, with high probability this
procedure produces K groups, and there exists a permutation s of [K] such that for all ¢ € [K]:

|Ce \ Dyl + [ Doy \ Ce| = o(n), (3.6)

where Dy := {i € [n] : 0; = £}. In other words, this procedure correctly reconstructs the K blocks assciated
with the underlying vertex classes o; € [K]|, except perhaps for a negligible fraction of vertices, which could
be either mis-classified or unclassified.

To see this, assume that property is verified at step £ < K. If 1 < min,,¢[x) @, the construction
does not stop, and a uniform choice for vertex ip41 falls with probability 1 — o(1)in one of the D,,, m €
[K]\ {s(1),...,s(0)}, and does not belong to the set B of “bad vertices”. For ez > 0 sufficiently small, ii)
ensures that Cy verifies

D, \BcC,CD,UB.

Defining s(¢ 4+ 1) = m, the announced property is then satisfied at step £ + 1. Finally, after the K-th
step, the number of remaining vertices is o(n) and thus the process stops.

The schemes we just described involve three parameters 77!, €, e and the argument necessitates all
three to be sufficiently small with respect to model parameters. Schemes have been proposed for selecting
such parameters as functions of the observed graph so as to ensure these schemes succeed with probability
1 — o(1) for arbitrary values of the model parameters. Details can be found in [28].

3.3 Inference for graphon models in the strong signal regime

Let X be a compact metric space, endowed with a probability measure 7 and a symmetric, continuous
function F' : X x X — [0,1]. The graphon model G(n,n, F') is then defined as follows. Node types o; are
sampled i.i.d. from & according to 7. Conditionally on oy, edge (3, j) is present with probability F'(o;,0;).

It can be seen as an extension of the SBM to an infinite collection of blocks. The definition of successful
reconstruction in that setup must therefore be adapted.

One possible notion of reconstruction is as follows: infer from the observed graph a symmetric matrix
Kij providing an accurate estimation of the matrix F(o;,0;) of probabilities of edge presence.

We consider the following strong signal regime: assume that the distribution 7 on metric compact
space & is fixed, together with a continuous symmetric function K : & x X — R;. Assume then that
F(z,y) = %K (z,y), for some “signal strength” parameter d. By strong signal regime, we refer to this special
setting, with signal strength d — 400 with n — oo.

The following statement will involve the spectral analysis of operator

TJG£%G%TWD=AK@wﬁwhwmeﬁWL

in terms of its eigenvalues \;(T), sorted by decreasing absolute value: |\ (T)| > |A2(T)| > - -+, and orthonor-
mal systems of associated eigenfunctions 1);:

/ Vi(y);(y)m(dy) = Li=;.
X

Theorem 3.2. Let A ~ G(n,w,(d/n)K). Let R > 1 be fizred , and such that |Ar41(T)| < |[Ar(T)|. Let
Ui, ..., ur be an orthonormal collection of eigenvectors of A associated with the eigenvalues A1(A), ..., Ar(A)
of A. Assume that \/Togn < d < n® for some fived § € (0,1). Define for all i, j € [n],

R
Kij = 3 A Ayuiyue) (37)



Then with high probability, one has

S [BRy — Klowoy)] = ofn?) +0(n*ch). (3.5)
i,j€[n]

where o; € X is the type of vertex i, i € [n], and
= > M(K) (3.9)
>R

Proof. Let
1
M = E (K(Ji7oj))i,je[n] y
and let {\¢(M)}se[n) denote its eigenvalues, sorted by decreasing absolute value. Then the argument of
Lemma applies, showing, with W = A — dM, that with high probability p(W) <« d. Weyl’s inequality

then ensures that
1
Ae(A) = Ae(M)| = o(1), £ € [R]. (3.10)

The Davis-Kahane theorem also ensures the existence of an orthonormal collection of eigenvectors
v1,...,vg of M associated with A;(M),..., Ag(M) such that

lwe — vel] = o(1), £ € [R]. (3.11)
Moreover, Theorem ensures that the eigenvalues A¢(K) of operator T satisfy
[Ae(M) = Xe(T)| = o(1), € € [R], (3.12)
and guarantees the existence of an orthonormal system of eigenfunctions v, such that
1 2
b [0li) — —=vlon)| = ol1), ¢€ [R) (3.13)

Note that for some constant Cg, one has for each i,j € [n]:

E (€[R]
where: )
Yig(6. 1) = [(GAc(A) = nh(T)ue(@ue(z)]
Yij(€,2) = [nAe(T)[ue(i )W(])—W() (7))
Yij(€,3) = [Me(T)[nve(i)ve(s) — W(m)W(%)]]

2
Vi) = [Seepm elD)beloi)belos) - Ko, aﬁ]
Evaluations (3.10) - 3.12)) together with the fact that the vectors u, are normed ensures that Z Y1) =
o(n?).

Evaluations and ([3.13) guarantee respectively that > Yij(6,2) and Y2, Yi;(¢, 3) are both o(n 2).
Finally, the 1aw of large numbers mentioned in the proof of Theorem 27 ensures that

Jm o 3 Vs = [ (30 MDanls) - K r(do)e(dy),
i,j€[n] L€[R)

The conclusion then follows from the fact that the integral in the right-hand side of the previous display
equals precisely €%, in view of the spectral decomposition

2,y) = > A(T)ve(a)tbe(y).

0>1
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Part 11

Statistical physics and Belief
Propagation
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Chapter 4

Graphical models prerequisites

In this chapter we introduce the basic definitions of graphical models, and classical results that will be needed
later on.

4.1 Pairwise graphical models and Markov random fields

Definition 4.1. Let G := (V, &) be a simple undirected graph with vertex set V and edge set £, X a finite
alphabet, and functions ; : X - Ry, i €V, 1 : X x X = Ry, e € £. The probability distribution yu on XV
defined by
1
plz) =~ [Tvi) T i)

= e=(i,j)€E

is a pairwise graphical model with underlying graph G. In the above expression, Z is a normalization constant

given by
Z=> T¢i=) [ wii(zi ),

reXVieV e=(1,5)€E

and also referred to as the partition function.

Example 4.1. The Ising model from statistical physics corresponds to the alphabet X = {—1,1}, 1;(x;) =
exp(hiz;) and ¢, j(x;,x;) = exp(Jijzx;). In that case random variable X; is known as the spin at site (or
vertex) i, parameter h; € R is the external field at site i, and J;; is the coupling coefficient between the spins
at sites i and j.

Definition 4.2. Given an undirected graph G = (V, ), a finite alphabet X and a distribution u on XV, the
pair (G, ) is a Markov random field if there exist functions Vg : XX — R, indexed by the cliques K of G
and a normalization constant Z such that:

ple) = & [[vnlan). aex”, (4.1)

where we denote x i := (;)ick, and the product runs over all cliques of G.

It is immediate that a pairwise graphical model is a Markov random field (if the graph has cliques K
that contain more than two vertices, take the corresponding ¥y identically equal to 1).

The factored form of a Markov random field has the following implication. Let A, B, C' be subsets of
vertices such that C separates A from B, that is any path in G from A to B must traverse C. Let A’ denote
the set of nodes i € V'\ (AU BUC) such that there is a path in the graph from A to ¢ that does not cross C.
Let also B’ = V\ (AUBUCUA’). Then, because C separates A from B, (AUA’)N(BUB’) =, and cliques
K of G can comprise, besides nodes of C, either nodes of AU A’, or nodes in B U B’, but cannot comprise
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nodes of both AU A" and B U B’. This implies that p(z) can be factored as F(zauauc)G(zpupuc). Tt
follows that under p, conditionally on X, X4 and Xp are independent. Indeed this amounts to showing
that

P(Xauc = vauc)P(Xpuc = zpuc) = P(Xaupuc = vausuc)P(Xe = z¢),
which follows by writing these probabilities as sums over values ya, ya, yB, yg’ . It constitutes the direct
part of the following theorem:

Theorem 4.1. (Hammersley-Clifford). Given a Markov random field (G, u), for any subsets A, B,C of V
such that C' separates A from B, then X4 and Xp are independent conditionally on X¢ under p.
Conversely, let u be a distribution on XV such that u(z) > 0 for all x € XV and for all subsets A, B,C

of V such that C separates A from B, then X o and Xp are independent conditionally on X¢ under p. Then
(G, 1) is a Markov random field.

Proof. The argument for the direct part has been sketched above. The converse is established as follows.
Fix 2* € XY. For any subset S C V, let

N ENEN:A
¢s(as) = [[ wlav,zj) D
UCs
We first establish that
pa) =pu(z*) [ ¢ss). (4.2)
SCV,S#0
Recall the identity
PG I D CS Vi P (4.3)
BCA BCA

Next note that, since by (4.3)), ngv(_l)‘s‘ =0, one has
N _1)ls\U| N
H os(zs) = H H N(waTV\U)( Y = H M(anxV\inU’

SCV,S#0 SCV,S£QUCS Ucy

Ky = Z (—1)IS\I,
S#£D,UCSCV
Using (4.3)), one has that kg = —1, Ky = 1 and ky = 0 for U # (), V. This establishes (4.2)).
We now show that for each S that is not a clique of G, necessarily ¢g(zg) = 1.

To that end, first remark that, if for some j € S, z; = 27, necessarily ¢s(rs) = 1. Indeed:

where

(—1)IS\UI

bs(zs) = H (M(#(xU,xv\U) ) 7

UCS\{5} m[”j’acs{?\(UJrj))

fo—

and the ratio in the above equals 1 when z} = z;.
Next assume that S is not a clique, i.e. there are i,j € S such that (i, 7) is not an edge of G. Write then

ds(zs) = ][] (M(M(xU’xV\U) >

UCW\{i} xU-‘riaxV\(U_;,_i))

(=1)I5\UI

Now the above ratio is, by the Markov conditional independence property, independent of the value of ;.
Indeed, for a fixed U, let K =V \ {i,j}, for ke V, yp = ax if k € U, yp, =z} if Kk € V\ U. One then has:

(v, T ) P(X; = 2| XK = y)P(X; = y;| Xx = yx)  P(X; = 2} | Xk = yx)

(T 46 T\ (1744)) - P(Xs =il Xk = ye)P(X; =y Xk =yk)  P(Xi = 2| Xk = yk)

We may thus replace z; by z7. Having done so, we can now conclude by the previous result that os(xg) =
1. O
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4.2 Extremal characterization of Gibbs measures

The Markov random field distributions we have just seen are of the form

pla) = (), e XY,

where 1 is given in explicit form, but Z is not. Equivalently, it can be written as the celebrated Boltzmann

distribution Z~le=£@)/T with energy function E(z) and temperature T by making the identification i (x) =
—E(x)/T
e .

We have the following

Definition 4.3. The Gibbs free energy functional G is defined on the set M(XY) of probability measures on
XV as
G(v):=—-H(v) —E, Iny(z), (4.4)

where H(v) := 3 v(x)In(1/v(x)) is the Shannon entropy.
We then have the following

Proposition 4.1. The Gibbs free energy G(v) is strictly conver on M(XY), is minimal at v = p, the
Boltzmann-Gibbs distribution, at which point it equals —In(Z).

Proof. The function z — zln(z) is strictly convex on R, hence strict convexity of G. To determine the
minimum of G over M (XY), introduce the Lagrangian

L, A) :=G) + A1 - v(x)).

x

Setting dL/dv(z) = 1 4+ In(v(z)) — Iny(x) — A to zero yields v(x) = Cy(x) for some constant C. This
constant must be Z~! for v to be a probability measure. Using the expression of u(z) it is readily verified
that G(u) = —In(Z). O

Remark. Recall that the Kullback-Leibler divergence D(p||q) between two distributions p, q on the discrete
set X is by definition
p(%))
D = z)In | —/—= ).
vl = 3 ot =
The Gibbs free energy G(v) can then be expressed as
G(v) = =In(Z) + D(v||p),

and the proof of the above proposition gives the classical result that Kullback-Leibler divergences D(p||q) are
non-negative, equal to zero if and only if p=q.

4.3 Tree Markov fields and belief propagation

Consider a tree Markov field, that is a Markov random field (G, 1) where graph G is in fact a tree. In that
particular case, tasks of interest such as evaluation of the partition function Z, computation of marginal
distributions, etc become tractable.

Specifically, assume to be given functions ¢; : X — R, ¢;; : X? — Ry such that

M(x)zénzbz(fz) H Vi (xs, 25), zeXx.

i€V (ij)eE

For any edge (ij) of G, let i — j be an arbitrary orientation associated to it. Consider the subtree 7;_; of G,
consisting of nodes k € V that remain connected to i in G if we remove the edge (ij) from G. In other words,
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Ti—j is the connected component of ¢ in the graph (V, &\ (ij)). We let V;_,;, &_,; denote the corresponding
sets of vertices and edges respectively.

Consider further the Markov random field on 7;_,; corresponding to the functions {¢y,k € V;_,;} and
{vre, (kL) € €}

Let {bi—;(x;)}s,ex denote the corresponding marginal distribution of X;. We will further let p;(z;)
(respectively, pi;;(z;,2;) ) denote the marginal distribution of X; (respectively, (X;, X)) for the original
Markov random field.

We then have:

biaj(xi)—Zilj > IT ¢eC@) T erelan, zo), (4.5)

w k€Vin \{i} kEVi_,; (kO)EE,;

where the normalization constant Z;_,; is given by

Zi—>j = Z H l/}k(.rk) H Q/Jkg(xk,l’g). (46)

xk,kevi%j kGVi*;j (kf)egi*)j

For a leaf node i of G, this simplifies to

Vi(zi), Zing = Z V(). (4.7)

T, EX

bimj(wi) = 7
i—j

For a non-leaf node i, to obtain a recursive relation on b,_,; we split the product in (4.5)) into the factor
i) [T Kot Uiz, ;) and, for each k ~ i, k # i, the factor

I v ] dem(aezm).

LEV i (fm)GSk*,i

This readily implies, by distributing for each k ~ i, k # j the summation over x4, ¢ € Vi, \ {k} to the
corresponding factor, the identity:

1

E"/’i(mi) T D twiwn, ) Zesibrsilan)- (4.8)

ki k] T,

bisj(x;) =

This identity implies a recursive formula for the normalization constants:

Zi; = Z V() H Zdjki(xkyl’i)zk—m‘bk%i(l‘k)- (4.9)

T, €X k~ik#j Tk

Exactly the same reasoning further gives the following identities:

pi(wi) = %%(%) 11D twilwrs i) Ziosibrsi(an), (4.10)

k~i T

and

Z = Z 7/11(%‘)HZmz’(ﬁﬁk,iﬂi)zk—nbk—n(%k)- (4.11)

T, €X k~i X

The above equations allow to compute recursively, for each edge of the original tree graph and its two
orientations, both the partial normalization constants Z,;_,; and the distribution b;,;. They further allow
to compute the marginal distributions p; and the partition function Z. Moreover, they readily imply that
the joint marginal distribution p;;, for an edge (ij) € &, is given by

1
pig (@i, 25) = — i (3, 25) Zinybinsj (€1) Zj—ibjsi(25)- (4.12)
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One usually does not keep track of the partial normalization constants Z;_,;, and rather expresses the
above relations as:

bisj(@s) o ulws) [ D twalwn, wi)brosi(an), (4.13)
k~ik#j Tk

pii) o i) [ D vni (@, wo)bii(@n), (4.14)
k~i Tk

g (@i, 5) o< ij (i, 25)bisj(T:)bj—i (). (4.15)

The first equation, (4.13]), is known in the literature as “belief propagation”, and also as the sum-product
algorithm. The above derivations establish the following

Theorem 4.2. For a Markov random field (G, i) whose graph G is a tree, the belief propagation (or sum-
product) algorithm , initialized on leaf nodes i of G with , converges in a finite number of steps.
Its limit is such that the marginal distributions p; and p;; for i € V and (ij) € € are given by and
(4.15)) respectively.

We end this section with another remarkable property of tree Markov fields.

Theorem 4.3. For a tree Markov random field (G, i), the distribution u can be written as:

I_I,LLz x;) H sz (@s,2) , reXY. (4.16)
i€V (ij)e€ 'ul L M](xj)

Denoting by d; the degree of node i in G, it can alternatively be written

HMZ xz H wij(xi, xj), «€ xV. (4.17)
2% (ij)e€

Proof. The proof is by induction on the number of nodes n = |V|. Formula (4.16) obviously holds for n = 1.
For n > 1, let i € V be a leaf node of G, and j be the only neighbour of 7 in G. Node j separates ¢ from V' \ i.
We then have, by the conditional independence property [£.1}

1
) = pij(zi, ;) ——P(Xp\; = Typ\y)-

Now, Xy\; is a Markov random field on the tree graph obtained from G by removing node i and the edge
(i7). Indeed, this can be shown by summing over z; € X’ the expression for u(x). The induction hypothesis
applied to this tree Markov field then gives the result. O

4.4 Chow-Liu trees and maximum likelihood estimation

Given a sample X (1),..., X(N), where each X (n) € XY is a vector with coordinates in X’ indexed by i € V,
consider the question of determining a tree Markov field (i, 7) maximizing the (log-) likelihood

N
L= Z log u(X(n
n=1

We shall parameterize the desired tree Markov field by its graph component 7 = (V, £) and by the marginal
distributions p;, pij, ¢t € V, (ij) € €.
Introduce for all ¢ # j € V the empirical distributions

N
. 1
,U'i('r Z]-X (n)=x> /J’lj ‘rﬂx_[ NZ (n)=z;,X;(n)=x;

n=1
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The log-likelihood reads, in view of (4.17):

L = 25:1 Yiev(l — di) In[p; (Xi(n))] + Z(i,j)e;‘,‘ In [p15(Xi(n), X;(n))]
=N, =di) 3oy, fs(wi) npi(xs) + N Do iyee 2o o, ig (Tis 25) In [ (2, ;5)]

We denote this formula by N x A[f, u|T]. Let ig be a leaf node of T, with edge (ig, jo) incident to ig in T.
Define also T’ to be the tree obtained from T by removal of ig from V and (ig, jo) from £. We then have

N T) = S e | 0 Al T (4.19

The first term in the right-hand side of (4.18]) reads

52 o () o ol (1) 10 i 2ly) = 32, i () o s () [ (522500 ) + 1 (gl ()]
= Zy ﬂ]o( ) [ D(Mzol]o( ‘y)HMono( |y)) H(ﬂioljo('w)] .

From the property of Kullback-Leibler divergence discussed in Remark [£.2] we see that we should choose
Hioljo (]Y) = fLig)jo (z]y) to maximize this first term.

Since the second term A[f, p|77] in the right-hand side of is of similar nature to the left-hand side,
with a tree 7’ with one node less than 7, we obtain by induction on |V| that for fixed tree T, one should
choose p;; = fi;; for each edge (4, j) in order to maximize the likelihood of the observations.

Maximum likelihood estimation is then completed by optimizing over tree 7. In view of , this
corresponds to the following

fiij (%, y)
max Z Zﬂ” (z,y) ln( (@)@ )) (4.19)

T: tree on v( See(T)

Note that the sum corresponding to edge (7,7) in the above is the mutual information I(X;; X;) between
variables X; and X; with joint distribution f;;.

Thus maximum likelihood estimation is performed by identifying a tree 7 on the node set V of maximal
weight, as measured by the sum over its edges (4, j) of the mutual information I(X;; X;).

Efficient algorithms for determining a maximum weight tree are available, for instance Kruskal’s algorithm
iteratively adds edges of maximal weight which do not lead to cycles in the graph being constructed.

4.5 Bethe free energy and belief propagation

For a given distribution v on XV, the “energy” term —E, In(¢)(z)) in the Gibbs free energy reads, for a
pairwise graphical model,

“E, () = =Y env V(@) [Liey M) + e Wi (2, 7,))|
= =D iev 2omex Yil@) In(i(:) = Xo(ij)ee Do 0 en Vi (Tis @) (i (2, 5)),
where we denoted by v; and v;; the one-point and two-point marginals of distribution v.
The Bethe free energy provides an approximation of the Gibbs free energy that is expressed only in terms

of such marginals v;, v;;. The approximation of the entropy term in terms of such marginals is based on the
expression (4.17) of a tree-Markov field distribution, and reads:

HBethe Z Z vij(xs, x5) In(1/vi(z, x5) +Z Z (1 = dy)vi(a;) In(1/vi(z;)).
(ij)€E i, x;€X i€V x; X

This leads to the expression for the Bethe free energy of a Markov random field in terms of the marginal
distributions v;, v;;:

GRethe (¥t {ris}) = X(jee 2w wyen Vid (@i ) [= Intbij (s, 25) + In(vi; (w3, ;)]
+ Eiev ine){ vi(zi) [_ In o () + (1 — dy) ln(Vi(xi))} .
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Determining g by minimizing the Gibbs free energy may not be tractable for general graphs G. Instead, one
can try to minimize the Bethe free energy (4.20) over sets of distributions v;, v;; that satisfy the natural
constraints

> vilw)=1,i€V, (4.21)

T, €EX
Y wiyleiag) =1, (ij) €€, (4.22)
T;,T;EX
Vi(xi) = Z Vij(xi,,fj), 1€V, x; € X, (Z]) eé&. (423)

T;EX

Remark. 1) The number of variables is reduced from |X|VI to |V|-|X| + |E| - |X|? when going from Gibbs
free energy minimization to Bethe free energy minimization.

2) In general, for marginal distributions v;, v;; satisfying constraints , there may not exist
any distribution v on XY of which these are the marginals.

3) The constraints (4.21) and are redundant when holds, but their inclusion facilitates the
derivation to follow.

Minimization of (4.20) under constraints (4.21)—(4.23)) can be approached by introducing the Lagrangian
L((vi, vij), (@is Bijs Misj)) = GBethe Vit {Mis}) + 2 iy i3, cx vilai) — 1)

+ 2y Bis X, oy e Vis (@i 75) — 1) (4.24)
D (i) 2omiex Niog (@) [Vilwi) = 3o, e x vij (@i, 25)]-

Consider a stationary point of the Lagrangian, i.e. a pair {(v;,v;;), (o, Bij, Ai—;)} such that partial deriva-
tives of £ with respect to all its variables are zero. The conditions

6[1/8% = 8£/8ﬁw = 85/8>\H3(x2) =0

state that v; and v;; satisfy the constraints (4.21])—(4.23]).
One further has

(xl,z,)—o & =i (wi, 25) + 1+ vy (2, 25) = Aisj (23) — Ajoil;) + By = 0,
63’(11) 0 — i) + (1= di) (1 + Invg(a) + i+ 3,5 My (a15) = 0.

This allows to prove the following

Theorem 4.4. Assume that ;(z;) and ¥;j(x;,x;) > 0 for all (i,7) € € and x;,x; € X. There is then
a one-to-one correspondence between stationary points of the Lagrangian (4.24) associated with Bethe free
energy minimization and fized points b;_,;(x;) of belief propagation.

Proof. Consider a stationary point of £. The previous identities obtained by setting to zero the partial
derivatives of £ with respect to the primal variables v;(x;) and v;;(z;, ;) yield

vi(x;) o exp ( = Ini(zi) + 32,0 A (xz)}) , (4.25)
Z/ij (xi, xj) X ’L/)ij (l‘i, J,‘j) exp()\i_m- (351) + )\j—m‘ ($j>) (426)

Let us then define
bi_>j (J?Z) = eXp(/\i_n- (.Ti)), 1€V, x; € X. (427)

Constraint (4.23]) guarantees that, for all (ik) € £, as a function of z; one has

D in(@i wr)bisi(wr) o< bisp ()~ () T ST T b (i) /4.,

TREX 120
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Fix now j ~ i, and multiply the above relations for all £ ~ i, k # j. This yields

H Z%k(lﬂz’,xk)bk—n(ﬂ?k)m H biak(xi)ildji(ﬁci)ilHbi—w(l’i)a

ki k#j Tp€X ki, k£ L

which after simplification of the factor [], ; . £ bi—(z;) ! shows that the corresponding messages b;_,;(z;)
satisfy the belief propagation relation (4.13)). It is immediate to verify that the identity (4.26) is equivalent to
(4.15) with v;; = p,;. To complete the first implication, note that thanks to the belief propagation relation

verified by b;_,;, identity (4.26) yields
1/(di—1 1/(di=1)
vilw) o (e VDT (0@ Ty Sy Yril@n 2N (@) )
= Yi(xi) [Tomi 2oy e Vri (ks Ti) Mo (Th)

which is precisely the expression when setting p; = v;.

Reciprocally, given messages b;_,;(z;) that satisfy the belief propagation relation , these must
necessarily be strictly positive when functions v;, ¢;; are. We can then define )\iﬁj(mi) = 1In bi%j(xi). By
then letting v; = p;, vi; = ps; with p;, ps; as in and , we again obtain from similar evaluations
that necessarily (v;,v;;) constitute a set of primal stationary points of the Lagrangian with associated dual
variables A;_, ;. O

4.6 Notes

The relation between belief propagation and Bethe free energy minimization was identified by Yedidia,
Freeman and Weiss [45].
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Chapter 5

The tree reconstruction problem

Let 7 be a tree graph with root r. We denote by £, the set of nodes of generation d, starting with £y = {r}.
we also denote by Ty the tree down to generation d, by E, the set of its (unoriented) edges and Vj its vertex
set.

Each node 4 has trait o; € [g] inherited from its parent p(i), potentially with errors. Specifically we
assume that for all d, conditionally on 7 and the spins oy, , of all nodes of generations 0,...,d — 1, nodes
i in L4 have independent spins with distribution

Ta O-Vd71) = H PUp(i)sw

1€LG

P(Uﬁd =Scq

where P is a stochastic matrix assumed irreducible and with stationary distribution {vs}secjq. The joint
distribution of spins o; of all nodes is then fully specified by imposing that o, is distributed according to v.
It is easily verified that {o; };ecv, is a Markov random field with conditional independence structure prescribed
by Ta.

We will use as an illustration the special case where P, = p, Prs = (1 —p)/(¢ — 1), s # 7, for which v
is uniform. In that particular case, one has for all sy, € [g]":

p

1 _
IP)(O'Vd = SVd) X ' H |:p15i_sj + q—illsﬁésj . (51)
(i,J)EEq

This is the so-called symmetric Potts model.

The tree reconstruction problem is then: based on knowledge of 73, and traits (or spins) o; of generation
d nodes i € L4, can one infer o,., the ancestor’s trait, non-trivially as d — oco?

In this chapter we consider Galton-Watson trees conditioned on survival, since in case of extinction the
tree reconstruction problem is trivial. An important special case is that of offspring distribution Poi(«) for
fixed @ > 1. The results in this chapter also admit versions for trees that are not necessarily Galton-Watson,
see in particular Evans et al. [I4] and Mossel and Peres [35].

5.1 Information theory background

Denote by H(v) := >, vsIn(1/v,) the entropy of a discrete distribution v, and by H(X) the entropy of the
(distribution of a) random variable X.
The conditional entropy H(X|Y) of X given Y is by definition

H(X|Y) = Z%pr,Y(l",y) In (m)
— H(X,Y) - H(Y)
- Zy py (y)H (Law of X conditional on Y = y).
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This last formulation readily extends to the case where the random variable Y is not discrete.
The mutual information I(X;Y') between two discrete random variables X, Y is by definition

I(X;Y) =HX)+HY)-HX,Y)

= ., p ) (55

= D(px,vlpx ® py).
This last characterization implies, based on properties of Kullback-Leibler divergence, that I(X;Y") is non-
negative and equals zero if and only if X and Y are independent.

Given three discrete random variables X,Y,Z, the conditional mutual information I(X;Y|Z) is
defined as
I(X;Y|Z) =HX|Z)+H(Y|Z)-H(X,Y|2)
=>..12(2)D(px y|z=:|IPx|2=> ® Py|2=2)-

It follows again from properties of the Kullback-Leibler divergence that conditional mutual information
I(X;Y|Z) is non-negative, and equals zero if and only if for almost all values z of Z, X and Y are conditionally
independent given Z = z.

Using this definition, one can obtain by elementary manipulations the following chain rule for computing
mutual information:

I(X;(Y,2)) =1(X; Z2) + I(X;Y|Z).
We now recall the following data processing inequality:

Lemma 5.1. Given three discrete random variables X, Y, Z such that X and Z are independent conditionally
on'Y, it holds that
I(X;Y) > I(X;2).

Proof. Compute I(X; (Y, Z)) in two ways using the chain rule, to obtain
I(X5Y)+I(X;Z2)Y) = I(X; Z2) + 1(X; Y| Z).

Conditional independence of X, Z given Y implies that I(X; Z|Y") = 0; non-negativity of conditional mutual
information I(X;Y|Z) then gives the result. O

5.2 Non-trivial reconstruction

Let Fq = 0(Ta,0v,), Ga = 0(Ta,0r,) and s g = P(o, = s|Ga), s € [q].
Mutual information between o, and G4 is by definition

I(0y;Ga) = H(or) — H(0r|Ga)
= ]Ezse[q] ’}s,d hl(’}s,d/Vs)
=E> iy Plor = s|Gg) In (b‘”zﬁ'gd)) :

By the data processing inequality, since conditionally on G4, o, and G411 are mutually independent (this
is true for both Galton-Watson and deterministic trees T), it follows that

I(0r;Ga) > 1(0y;Gaq1)-
The limit limg o I(0y;Gy) therefore exists. We will then say that
Definition 5.1. Tree reconstruction is feasible if limg_o0 I(0r,Gq) > 0.

Recall the following definitions:
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Definition 5.2. Given a filtration {Gq}aen, i-e. an increasing family of o-fields, the family {Mg}taen of
random variables is a Gq-martingale if for all d > 0,

]E(Md+1|gd) = M,.

Definition 5.3. A family of random variables X; indexed by t in some arbitrary set T is uniformly integrable

l E(| X1 =0.
Alim supE([ X1 x,24)

Let us now recall two classical results on martingales.

Theorem 5.1. Given a filtration {Gq}taen and a uniformly integrable Gg-martingale {My}aen, then there
exists a Goo-measurable and integrable random variable Mo, such that: My = E(Mx|G4), and limg_soo My =
M, with convergence taking place both almost surely and in L.

Reciprocally, for any integrable, Goo-measurable random variable Mo, the sequence My := E(My|Gq) is
a uniformly integrable Gg-martingale that converges almost surely and in L' to M.

We shall also make use of the following

Theorem 5.2. Given a decreasing family of o-fields Hq, for a given integrable random wvariable X, let
Xg:=E(X|Hq). Then almost surely and in L it holds that limg oo Xq = E(X|Hoeo)-

Proposition 5.1. Non-reconstructibilty, i.e. limg_,o I(0y,Gq) = 0, is equivalent to: Us q — v, in probability
as d — oo for all s € [q].

Proof. Indeed, let us assume without loss of generality that inf (4 vs > 0 (We can otherwise restrict ourselves
to the subset of {s € [¢] : vs > 0}). On the simplex M([¢]) of probability distributions y on [g¢], the Kullback-
Leibler divergence D(p||v) is then continuous, non-negative, and equal to zero only at p = v.

Assuming non-reconstructibility, then for all € > 0, the probability that {#; 4}sc[q belongs to the set of
probability measures p such that D(p||v) > €) must go to zero. The fact that v is the unique minimizer of
D(-|lv) on M([g]) then implies that 7y must converge in probability to v.

Conversely, if 74 converges in probability to v as d — oo, for any € > 0, and d large enough, the probability

that D(0q]lv) < € must be at least 1 —e. On the complementary event, one has the deterministic upper
bound

D(@al) < € = Infg) = In( inf ().

This gives limsup,_, . I(0,; Gq) < € 4+ Cé, hence the result. O

Remark. We can interpret the reconstruction property as follows. Given some loss function L(s,s'),
when asked to produce an estimate § of o, based on observation G4, to minimize average loss EL(0,,§),
if I{(or,Ga) — 0 as d — o0, a deterministic rule § € argmingciq -, VsL(s,s") cannot be beaten asymptoti-
cally. In the converse situation limg_ o I(0,,Gq) > 0, for non-triwial loss functions, the rule

§ € argming ¢y Z UsaL(s,s")

S

can achieve strictly better performance.

In the particular case L(s,s’) = 1lszs, the optimal loss is achieved by taking § € argmax(vsq), and
achieves average loss E(1 — SUPsciql Us.q). Assuming further that v is uniform on [q], it follows that the
limiting loss (which must exist, because Us q is a martingale) is strictly less than (1 —1/q) if and only tree
reconstruction is feasible. Indeed, SUP,e[q) Us,d = 1/q, and the asymptotic loss is 1 — 1/q if and only if
sup, s — 1/q in probability, which is equivalent by Proposz'tion to non-reconstructibility.
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5.3 Census reconstruction above the Kesten-Stigum threshold

Let X, 4 denote the number of individuals at generation d with trait s:

Xea= Y lo—s

1€ELY

We also refer to the vector Xy := {Xs,d}se[q] as the census of generation d. We will then consider the
following

Definition 5.4. Census reconstruction is feasible if limgy_,o I(0,; X4) > 0.

Remark. The data processing inequality guarantees that the limit limg o I(0r; Xg) exists whenever T is
either a deterministic or a Galton- Watson branching tree.
Still by the data processing inequality, census reconstruction implies tree reconstruction.

When T is a Galton-Watson tree with offspring distribution Poi(«), {X4}a>0 is @ multi-type branching
process where a type 7-individual has Poi(aP;s) children of type s, independently over s € [¢]. This is a
special case of the family of multi-type Galton-Watson branching processes studied by Kesten and Stigum
in [22].

Let us order the eigenvalues of P in decreasing order of absolute value, and denote them by Ag, s € [q]:
A1 =1> || >--- >|\;|. We then have the following
Theorem 5.3. Assume a|Xz|> > 1, and let T be a Galton-Watson branching tree with offspring of mean
a > 1 and bounded second moment. Then census (and hence tree) reconstruction holds.

Let {5} s¢q denote a (non-constant) eigenvector associated with eigenvalue Ao of P. Construct from the
census X4 the random variable

Zg:=(a- Ag)fd Z X ds.
s€[q]
Then Z4 contains non-trivial information on o, in the sense that there exists some t € R such that
limg I<O-r§ 1Zd§t) > qﬂ
Proof. The second result implies the first since Z4, and hence 1z,<;, are functions of the census X4, and

Gq-measurable, and the data-processing inequality then ensures that I(o,;Gq) > I(oy; Xq) > I(0r;12,<t).
Now, Z; is a uniformly integrable F4-martingale such that E(Z4|Fy) = =5, . Indeed:

E(Za|Fa-1) = (a-X2) °E [Zieadﬂ 2 jp(j)=i Loy | Fa-1

= (a . A2)7d Zieﬁdfl azse[q] Pa-isxs
= Z4-1,

because z is an eigenvector of P associated to Ay. To establish uniform integrability, we use the conditional
variance formula to show that the second moment of Z; is bounded:

Var(Zd) = Var(E(Zd|.7:d_1)) + E(V&I‘(de:d_l))
= Var(Zg—1) + |a - Ao 2E(Var(YX,c o, To: [ Fa-1))
=Var Zg_1 +|a- x| E(X e, . Var(3_ ., (j)=i To; | Fa—1))
<VarZ; 1+ C(Oz . )\2)72dE|£d,1|,

where C' := sup (g Var(3_; )=
has finite second moment. Since E|Ly4| = o, it follows that

To,;|Fa—1;0; = 7) is finite by the assumption that offspring distribution

Var(Za) < VarZg1 + C(alXf*)~¢
< Var(Zo) + Yp_y ClafXaf?) "
< Var(Zp) + C =2

ahaP—1°

1If X2 and = are complex, then this statement should be modified to: there exists some t € R such that either
limg_ o0 ](0’»,«; 1§R(Zd)§t) > 0, or limg_, I(O’r; 1‘3(Zd)§t) > 0.
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by the assumption that a|As|? > 1.

By the martingale convergence theorem, Z,; converges almost surely and in £! to Z,, such that E(Z.|Fy) =
Zq. In particular, E(Z|Fo] = @,

Recall that the coordinates (zs),¢[q are not all equal. We could assume this since the constant vector is
an eigenvector of P associated with eigenvalue 1.

Assume that for (Lebesgue almost) all ¢t € R, 1z__<; is independent of o,.. Thus for Lebesgue almost all
t e R, all s € [qg],

P(Zo < tlo, =8) =P(Zo < ).

However, this implies that E(Zy|o, = s) is independent of s, which is impossible since it equals x5, which
cannot be constant in s. Thus there exists a set of positive Lebesgue measure of ¢’s such that 1z _<; and
o, are correlated. Choose one that is a continuity point of all conditional distributions P(Zs € -|o, = s),
s € [q]. Then almost surely for all s € [q],

lim P(o, = s|Z4 <t) =P(o, = s|Zx < t).

d—oo

The claim follows, because the latter property implies that limg o I(0r;12,<¢) = I(07;12,<¢) > 0. O

Another question of interest is: can one obtain non-trivial information about o, if the spins o; for i € L4
have been slightly distorted? Specifically, assume that each such spin o; is probabilistically modified into
o} € [g], using some Markov transition kernel My, = P(0} = 7|o; = s). We pose the following

Definition 5.5. Let p be a distribution on [q]. Robust distribution holds with respect to p if for any e > 0, and
Markov transition kernel M given by My, = €lg—r + (1 — €) s, it holds that iminfy_, o I(om; (T, G‘/Ed)) > 0.

We then have the following

Theorem 5.4. Let T be a Galton- Watson tree with offspring distribution of mean o > 1 and bounded second
moment. Above the Kesten-Stigum threshold, i.e. when a|X2|> > 1, robust reconstruction holds, and can
be performed from the perturbed census X;yd = Zz‘ezd 15—s. Specifically, let y = M~1x, where x is the
eigenvector of P associated with \o. Let

Zh = (- Ag) 7 Z Yo! -
€LY

Then there is some t € R such that
lim I(UT, lZégt) > 0.

d—o0

Proof. Vector y is well-defined since M is clearly invertible, for arbitrary ¢ > 0 and distribution pu. By
definition of Z/, and our choice of y, one has

E(Z&U:d—l) = |a : )‘2|_d Zie[)d_l azse[q] Eq—e[q] PLTz‘SMSTyT

Moreover, one has:

Var(Zh|Fa-1) = |a- |72 Dicca . Var(X )= Yo, | Fa-1)
< Clapa)~a= Lal,

for some suitable constant C' > 0. However, a~%|L;_1| is easily seen to be a uniformly integrable martingale
when o > 1, and thus E[(Z, — Z4_1)?|Fa—1] converges to zero almost surely as d — co. Thus the conditional
distributions P(Z), € -|o, = s) and P(Z4 € |0, = s) admit the same weak limits for all s € [g]. The result
follows. O
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5.4 Below the Kesten-Stigum threshold

We now establish the following

Theorem 5.5. Consider a Galton-Watson branching tree with Poisson offspring distribution of mean a > 1.
Assume that a|X2|? < 1. Then census reconstruction fails, i.e. Xq = {Xs,d}selq) i such that limg o0 I(0; Xgq) =
0.

While we consider here only the case of Poisson offspring, the result admits extensions to other branching
trees. In particular, the more delicate case of b-ary trees is handled in Mossel and Peres [35].

Proof. When a|)z|? < 1, the results of Kesten and Stigum [22] show that conditionally on o, = 7 and on
survival of the branching process, {a~%?(X, 4 — adus)}se[q] converges in distribution to a g-dimensional
Gaussian vector whose distribution does not depend on the initial value 7 of o,.

Survival occurs with a probability that does not depend on o, in our model.

It then follows that for two initial conditions 7, 7/ in [¢], we can generate coupled corresponding vectors
XX such that for all e > 0, limg_, 0 P( X\ — X{7)| > ea?/2) = 0.

The random variables X‘gTd) 41 and X;Td,il admit conditionally on Fy the distributions

Xs(i)lﬂ ~ Poi | « Z Xs(f?dPs/s , te{r, 7'},
s’€[q]

with independence for distinct s.
Let M = E(X), |Fa), My = (M7 + M), and

€0 = LIME) = MDA
S 2 s s s :

The coupling result entails the existence of a function oy going to zero as d — oo such that with high

probability, €, < ay. Conditionally on Fy, the variation distance between XC(;)I and X((iii is upper-bounded
by

Z Z e—MS—eS\/MS (]\4S + e /Ms)k _ e—MS—i-eS\/JVIS (Ms — € /Ms)k’
1 .
s€[q] k20 w

For fixed s we split the corresponding sum over k into two sums, according to whether | M — k| < wgv/' M,
or not, where wy = 1/,/ag. The summation over k such that |M; — k| > wgv/Mj is upper bounded by the

sum of the two + terms
P(|Poi(Ms & es\/ M) — Mg| > war/ Ms),

which must go to zero on {e; < ay}. The summation over k such that |M; — k| < wgv/M; is upper bounded

by
S
k!
|k_Ms|SWd M,

VI (1t [V/M)F = eV (1 - /M)

We have the equivalent

eEes VM otk(Fes/VMA+O0(e2/M.))
eO(eswd)

1+ 0(yaa)

on the event that €, < «ay4. Thus the second summation is, with high probability, upper bounded by
O(\/ag) = o(1). this implies that the variation distance between X{gT) and X;T) goes to zero as d — oo.

eiﬁsm(l + Es/\/ﬁs)k
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This implies in turn that I(o,; X4) goes to zero. For instance, this can be seen by letting fq(x) := P(X, =
z|o, = 8)/P(Xq = ) for € N?. One then has

P(Xg=z|or=s
I(op; Xa) = Zse[q},meNq vsP(Xq = zlor = s)In (%)

= ZmeNq P(Xd = 1:) Zse[q] Vst(x) ln(fs(-r))
< erNq P(Xd = x) Zse[q] I/SfS(LI:)[fS(I) - 1]'

However v, fs(z) < 1 so that the last term is upper bounded by

DD P(Xa=2)|fs(x) — 1.

s€[q) T€NY

Note now that, because ¢, vrfr(z) = 1:

2vene P(Xa = @) fs(2) =11 < 3o g vr Dpena P(Xa = 2)| fo(2) = fr(2)]
< sup; refg dvar (P(Xa € +|or = 8),P(X4 € |0, = 7))

to obtain

Io,; X4) < q sup dyer(P(Xg € -|o, = 5),P(Xy4 € -Jo, =T)).
s,7€[q]

O

Remark. Janson and Mossel [19] showed that below the KS threshold, for bounded degree trees, for any
measure (1 that is non-degenerate (i.e. infycpg ps > 0), robust reconstruction with respect to p is impossible.

5.5 Sufficient condition for non-reconstruction for two symmetric
communities

Consider the case where ¢ = 2, for which it will be convenient to denote the two traits by +1 and —1, or +
and —. Assume further a symmetric transition matrix P, with for some fixed € € (0,1), Py = P__ =1 —g¢,
and Py = P_, = e. In that case, Ao =1 — 2¢, and we have the following

Theorem 5.6. For two-type symmetric propagation on a deterministic tree T such that

lim sup 1 In(|£4]) < In(a), (5.2)
d—o0 d

tree reconstruction fails when (\3)?a < 1.
To prove Theorem we follow [I4]. We need the two following lemmas.

Lemma 5.2. Consider the trees T, T’ depicted on Figure where node variables are binary spins, each
uniformly distributed with values +1, edge weights are in [0,1] and represent transmission probability, e.g.
P(r1 = o0,) = (14 6)/2 or equivalently E(o,11) = 6.

Then there exists a probability transition matriz M : {—1,1}> — {—1,1}2 such that

P(U’l" = S8r, 01 = 51,02/ = 82) = E P(UT = 8,01 = U1,02 = u?)M(ul,uQ),(sl,sz)-

uy,ug ==

Proof. To be completed O
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Figure 5.1: Two trees for propagation of binary spins

Lemma 5.3. Consider two random vectors U € {£1}%, V € {£1}°, that are mutually independent and
independent of the spins of the two trees on Figure . Let X =oqU,Y =03V, X' =01U,Y =09V.
Then there is a probability transition matriz M on {+1}2T% such that the joint law of (0., (X', Y")) is
obtained as the joint law of o, and the image of (X,Y) by M.

Proof. Reduce the problem to that of the previous lemma: for each set of 4 states {£x, &y} in {£1}9° use
the previous channel... O

Corollary 5.1. For the binary symmetric transmission of spins on fized tree T, one has

I(oy;0p,) < Z I(o,;05).
Jj€La

The proof is by induction, and uses the fact that the mutual information I(X;(Y7,...,Y,)) is, provided
the Y; are independent conditionally on X, upper-bounded by Z;L:l I(X;Y;). It alternates between splitting
the tree and applying the previous corollary.

Proof. (of Theorem [5.6). For some node i € L4, one has again a symmetric channel between o, and o;
characterized by E(c,.0;) = (1 — 2¢)? = M\ or equivalently, by P(o; = 0,) = [1 + Ag]/2. Thus, letting
Gd = )\g,

Iopo0) =) $1E00 1 (1 4 st6,)

st== 1 1te0
SODINE R e C))
=02
Thus by Corollary one has
I(oy;02,) < |LalA3, (5.3)

and under the assumption (5.2)), the right-hand side of the above is upper-bounded by < (aA2 + o(1))4,
hence goes to zero as d — oo. This concludes the proof. O

Corollary 5.2. For two-type symmetric propagation on a Galton-Watson tree with mean number of children
«a, reconstruction fails when (\2)%a < 1.
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The corollary in fact follows from the previous bound (5.3) on the mutual information I(o,;0.,) for a
deterministic tree, which yields here:

I(oy; (02, Ta)) = I(or;Ta) +1(or;0c,|Ta)
<0+ E((min(1, [£4]A3%)).

By Markov’s inequality, the probability that |£4] > o + d is upper-bounded by (1 + 6/a)~?. Picking § > 0
such that (o + §)A3 < 1 then implies that limg_,oo I(0r; (02,,Ta)) = 0.

5.6 Optimal inference and belief propagation

The conditional distribution #5 4 = P(o, = s|G4) can be computed recursively, following the so-called Belief
Propagation (or sum-product) algorithm described in the previous chapter. We rederive it in the context of
the tree reconstruction problem. We need the following notation:

1/2 = ]P(UZ = $|gi7d), 1€ Vd, s € [q}a

where G; 4 is the o-field generated by 74 and the spins o; of all nodes j € L4 that admit ¢ in their ancestry
line to the root r. We denote by L; 4 the corresponding set of nodes of L.

Let us fix some values s, , for the spins o, ,.

Write then, introducing the notation S(i) to denote the set of nodes j such that p(i) = j:

P(Ui = S|U£i,d = Sl:i,d) X VSP(Jl:i,d = Sﬁi‘d‘o—i = s)
= Vs 2 claljes() Pl0Lia = 52,40, 0s0) = S5(i)|0s = 9)
= Vg ZSje[q],jeS(i) HjES(i) P(Gﬁj,d = S»Cj,dao'j = Sjlo'i = 8)

= Vs [Lies@) 2os,e1q P(OL,.0 = 52,4l05 = 8;)P(0j = sjloi = s)
P(oj=sjloc,

j.d—5L5, d)
X Vs HjeS(z') Esje[q} Ve, Pss;s

where we used Bayes’ formula and conditional independence. This computation proves the following recursive

formula for v*: )
J

1 vl
vy = Zivs H Z V—’Pssj, (5.4)

JES(i) s;€lq]

where the normalization constant Z° is such that > seld] vi=1.

Remark that when v! = vy, j € S(4), s € [g], one obtains v/ = v,. In other words, the distribution v is a
trivial fixed point of the Belief Propagation recursion.

Besides providing an algorithm for determining the conditional distribution of a node’s spin, it also
provides a basis for analyzing the feasibility of tree reconstruction.

Let us denote by pi the probability that a node has k children, our primary example corresponding to

Poisson offspring, pr = e~®a* /k!. Let us also define the mapping

Frp: M(la)* - M(lq) o (55)
1 k n;(s; .
Moeees e =7 {Zk(n1,-~7nk)ys Hj:l Zsje[q Vs P”J}se[q] )

where Z(n1,...,n%) is the normalization constant.

Denote by Q4 the probability distribution of the random vector {P(c, = 5|Gq)}secq in the simplex
M ([q]) of probability distributions on [g], conditionally on o, = 7. then implies the following recursive
characterization of (), 4, where ¢ is any continuous function on M ([¢]):

/M([q])éﬁ( )Qra+1(dn) = Zpk/ d(Fr(m, - - i) H Z Prs,Qs,.a(dne). (5.6)

k>0 Y M(aD* (=1 s,€[q]
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This stochastic recursive equation is known as the density evolution equation (see Mézard and Montanari
1371).

Consider now the law Qg on M([q]) of the random distribution P(c, € :|G4), no longer conditioned on
the exact value of ¢,. Writing this random, G;-measurable distribution as 74, observe that

fM([q]) ¢(77)Q7,d(d77) = E[(b(ﬁd)‘or = T]

= %]E[(b(ﬁd)larzr]
- Elo(Da)a )]A
Jaaiap S0 52 Qdn),

or put differently,

T) A~
Qralan) = L0, (an). (57)
This allows to recover the simple identity
Qd = Z VTQT,d~
T€[q]

Using these we may re-express ([5.6) in terms of the unconditional distributions Qu only, as:

/ ¢(m) Qa1 (dn) = Z VTZpk/ O(Fw(m, - ) H > P, (s Qa(dne)- (5-8)
M([q])

clg k>0 M) =1 s,€q] Vse

Note that necessarily, for all d, || M) nQa(dn) = v. We shall call fixed points Q of (5.8) that verify this
condition consistent fixed points. We then have the following

Lemma 5.4. Any fized point distribution Q of (5.8) is consistent.

Proof. Given a fixed point Q of (5.8), let for any s € [q], ms := fM([q]) n(s)Q(dn). Taking ¢(n) = n(s) in
(5.8) gives:

H 1Ete ut P
Z VTZpk/ ) Zk(nl ...,nk; H Z PTWW dW)

TE[q] k>0 £=1s,€[q
SIS | R o)
k>0 j=1t;€q) Vit
'k
:Vszpk 27 st) .
k>0 te[g] ¢

Summing this identity over s € [q] gives
k
1= w om0 )"
s€lqg] k>0 telq) Ve
By convexity of the function 2 — 2* on R, for all k € N, it follows from Jensen’s inequality that

my k me k
Dscia Vs (el B Pst)” 2 (Xacrg Vs Dterg B Pot) )
(Zte ]mtzse q Vs Stult)
1,

where in the last step we used the fact that v is invariant for P. We must therefore have equality in Jensen’s
inequality for all k& > 0 such that py > 0. Since for some k > 1, we must have p; > 0 (otherwise tree
reconstruction is uninteresting), and the corresponding function k& — z* is then strictly convex, this implies
that s — Zte[q] T—:Rgt must be identically 1. In view of (5.9)), this implies that ms; = v for all s € [¢q]. O
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We then have the following

Theorem 5.7. The distributional recursion (5.8]) admits a unique fixed point if and only if the tree recon-
struction is infeasible.

Proof. Let 6, denote the Dirac distribution on 7. Initialized with QO = ZTG[ al v-0-, recursion (|5.8)) charac-

terizes the distribution Qd of the distribution 24 of the root spin o, conditionally on Gg .

Define Hy = 0(Ga, T,{0z, }k>a).- Conditionally on Gy, o, is independent of 7 and {o., }x>4. Thus
D4 is also the distribution of ¢, conditionally on Hg4. The sigma-fields Hy decrease with d. Thus by the
backward martingale convergence theorem [5.2] 7y converges almost surely to the limit D, which is the
conditional distribution of o, given Hoo. It follows that Qg converges weakly to Quc, the distribution of 7.
By continuity (details to be added), then necessarily Q. is a fixed point of .

The Dirac mass on distribution v is a fixed point of . Under the assumption that there is a unique
fixed point, 24 then converges in probability to v, and Proposition[5.1]implies that reconstruction is infeasible.

Conversely, assume that there is a non-trivial fixed point Q of (5-8). Let then, for 7 € [g],

n(7)

vr

Q(dn) = ——=Q(dn).
By Lemma Q is consistent, and this thus defines a probability distribution on M ([g]). The fixed point
relation (5.8) of Q implies that the @), are fixed points of the conditional recursive distribution equation
(5.6). Given observations o;, i € L4, construct the distributions 7; = @,,, and propagate them towards the
root 7 of the tree using belief propagation .

The fixed point verified by the @, implies that the obtained distribution at the root is distributed
according to @,,. Determine at random an estimate &, of o, by setting 6, = s with probability 7(s), where
7 is the belief thus obtained at the root. Write then

I(ov;ov) = Zs,TE[q] Vs fM([q]) n(7)Qs(dn) In (Vs fM([q]l)/:’V(TT)Qs(dn)>

=5 €lq fM([ )77 n(7)Q(dn) In (quqM(s)n(r)Q(dn))
5,7 q e

= D(m|lv@wv),

where m is the distribution on [g] x [¢] specified by
mar= [ nlomr)Qn)
M([a])

Assume that I(o,;6,.) = 0. Then necessarily, m = v ® v. This implies in particular that for all s € [q],

2
/ n(s)2Q(dn) = ( / n<s>Q<dn>)
M([q)) M([q])

Then necessarily, 7(s) = v Q-almost surely for all s € [q], i.e. Q = 6, a contradiction. O

5.7 Notes

The proof of Theorem builds on that of Proposition 1 in Mézard and Montanari [29], that it extends by
relaxing the assumption that v is uniform.

Sly [40] used the density evolution equation to prove that for b-ary trees and the symmetric Potts model
7 when ¢ > 4, reconstruction is feasible below the Kesten-Stigum threshold. Such results had earlier
been conjectured in Mézard and Montanari [29].
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Chapter 6

Community Reconstruction

We now assume that P is reversible for v, i.e. vsPs; = 1P, s,t € [q]. We consider the following problem.
Given n nodes i € [n], assign to each a spin o; € [g], drawn i.i.d. according to v. Conditionally on node
spins, independently for any pair of nodes (4, 7) in [n], with respective spins o; = s, 0; = t, create an edge
between them with probability Rs:/n, where

Rst = aPstl'
Vi
The reversibility condition on P implies that R is symmetric. Moreover conditionally on node spins, the
average number of neighbors of any node ¢ is asymptotic to « as n — oo, irrespective of the value o; € [q].
The resulting random graph is known as the stochastic block model; it generalizes the Erdgs-Rényi random
graph G(n,a/n), which would correspond to the case where Ry = a. We will also make use of the mean

progeny matriz (M) 1e[q describing the average number of spin ¢-neighbors of a node with spin s. Is is
readily verified that M = aP.

6.1 Inference problems

Reconstruction is the problem of providing estimates of the underlying block structure, possibly through
spin estimates 6; determined from the observed graph.
We have the following definition

Definition 6.1. The overlap of spin estimates 6; is by definition

1
max — Z lr(oi)=6; — SUP Vs, (6.1)
o i€[n] s€la]

where T runs over permutations of [q].

We say that weak reconstruction is feasible (respectively, polynomial-time feasible) if there exist estimates
G; computed from G (respectively, computed in polynomial time from G), that achieve with high probability
overlap at least € for some € > 0.

Remark. Zero overlap can always be achieved by taking 6; = 1. In the case where vs = 1/q, it can also be
achieved by assigning the &; independently of G, in an i.i.d. manner.

An alternative definition of weak reconstruction consists in requiring that there exist estimates &; such
that the two empirical distributions of the o; and &; be asymptotically correlated, i.e. for some ¢ > 0, that

with high probability,
. pn(s, 1)
lim inf E pu(s,t)In | ———= ] > ¢, (6.2)

e s,t€[q) Vstn(t)
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where p,(s,t) = %Zie[n] Lo,=s6,=t and qn(t) = 3 iy Pn(s:1).

The first notion always implies the second. By the argument of [9] in the proof of Theorem 5, it holds that
when v is uniform on [q], the second property implies that a possibly different estimate &, can be constructed
that achieves strictly positive overlap and thus in that case the two notions coincide. When v is not uniform
however, the two notions may differ.

6.2 Weak community reconstruction implies tree reconstruction

We have the following

Lemma 6.1. Let d < cln(n) for ¢ > 0 small enough, and let i € [n]. Then conditional on o; = s, the law
of the d-neighborhood of i in G, constituted of graph edges and node spins, converges in variation to that of
the Poisson Galton-Watson branching process studied in the previous section.

We just sketch the idea and refer the reader to [9] for details. The Stein-Chen method entails that
[Poi(A\) — Bin(n, \/n)|ly5y < 2A/n. We may further show that with high probability, the d-neighborhood

in G of node i is cycle-free, and that its size is o(n¢) for some constant ¢’ less than 1/2 for small enough
¢ > 0. The proof then consists in building the d-neighborhood of ¢ by successively considering nodes j
already added to this neighborhood, and adding their yet undiscovered neighbors of each type s. At each
step, the probability that the number of newly added type s neighbors differs from Poi(aP;,s) is thus at
most O(n¢ 1) + O(1/n). The overall probability of failure is at most O(n2¢'~1) = o(1).

We need another Lemma, whose idea appeared in Mossel, Neeman and Sly [34], and which was extended in
Gulikers, Lelarge and Massoulié [I7]. In both references, only the case of symmetric SBM on two communities
was treated, but the proof generalizes directly to give:

Lemma 6.2. Let i be chosen uniformly at random in [n], d < cln(n) for ¢ > 0 small enough, U be the
d-neighborhood of i in G, V the set of nodes at distance d+ 1 from i in G and W = [n]\ (UU V). Then

Ve > 0, nh_}n;o P([P(o; = sloyuw,G) — P(o; = slov, G|yy)| =€) = 0.

Essentially the Lemma states that the spins o; on the graph G follow an approximate version of the
Markov random field conditional independence property.

Combined with the previous lemma it entails that, for randomly selected ¢ and j, provided d — oo,
assuming the tree reconstruction problem is infeasible, with high probability

P(o; = s|G,ow,0; =t) = vs.

One has a fortiori

]P’(O’i = S|G, 05 = t) — Us.
This implies that for any estimates 6; = f;(G), with high probability (using Bienaymé-Tchebitchev inequal-
ity), for all s, ¢,

Pr(8,t) = vsqn(t) + o(1).

In turn this readily implies the following

Theorem 6.1. Reconstruction in the SBM is impossible according to the second, weaker definition (6.2))
proposed in the Remark[6_1] whenever the associated tree reconstruction is impossible.

The inverse implication is not expected to hold true in general, see for instance Moore [33] p.29, which
suggests the existence for a particular example of 5-community symmetric block model of parameter ranges
for which tree reconstruction is possible while the corresponding weak community reconstruction is not.

This begs the question: can one identify the exact condition on model parameters for which weak com-
munity reconstruction is feasible?
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6.3 Conjectured condition for community reconstruction

Such a condition has been rigorously identified in Coja-Oghlan et al. [II] for symmetric, disassortative
Stochastic Block Models. The corresponding results in [I1] are in fact a confirmation of a more general pre-
diction from statistical physics that might be called the Bethe Ansatz, after the Bethe free energy introduced
in Chapter [ for pairwise graphical models. We now try to convey its general idea.

Consider the density evolution equation of the tree reconstruction problem associated with the
community reconstruction problem at hand. Let Q denote any fixed point solution of .

The premise for the argument below is that this fixed point characterizes the distribution of messages
that are stationary points of belief propagation in a large graph limit, and hence candidates for distributions
achieving the minimum of the Bethe free energy.

Now, if the graph we are considering was a tree, for an arbitrary node ¢ with degree D;, and i.i.d. samples
M, --.,ND,, according to formula , the conditional distribution p; of node i’s community given the rest

of the graph would read
D;

pa(s) v [T (Y oy, 12 (6.3

Jj=1 s;€lq] 5

In our particular setup, where D; admits a Poisson distribution, it turns out that pu; is in fact distributed
according to Q

Similarly, for an arbitrary edge (i, j), given i.i.d. samples 1,7’ drawn according to Q, according to ,
the conditional joint distribution p;; of the types of nodes i and j would read

) (6.4)

These can in turn be used to characterize the Bethe free energy of the corresponding stationary set of
messages, by applying formula , as:
CRethe((nih (1)) = Tpee Ty et (510 5) [~ I(520) + Iy (s1.,))|
+ 2 iev Dusiefq Hilsi) [ Invs, + (1= D;) In(pi(si))]
~ n(-E(Q) - H(Q)),
for functionals £ and H defined by

1iij(s,s') o

Ps,s’

Vgr

~B@)= [ Qan) ) -l + 5 [ [ Qan@@n) | 3 msls -] )

s,s’
and

“HQ) = 5[ [ QUENQY) T, iy (5,8 Wi (s, 8)
gm0 B(Poi(a) = d) [ -+ [ Qdm) .- Qldn) ey mals) (1 — d) ()

In the above formula, j;; stands for the distribution in , and p; stands for the distribution in with
D; =d.

The ansatz then states that when the graph on which we consider a Markov random field is locally tree-
like with long-range correlations that are “weak” in some suitable sense, the posterior distribution of spins
is well approximated by the minimizer Q* of the Bethe free energy functional we have just identified over
fixed points Q of the recursive equation.

In turn, it predicts that the mutual information I(op,); G) between the observed graph G and the spin
vector o7, is asymptotically equivalent to n[) v In(1/vs) — H(Q*)]. Thus reconstruction is feasible if and
only if H(Q*) > > vsIn(1/vy).

[11] establishes correctness of this formula and adaptations thereof to various models (including symmetric
disassortative SBM, random graph coloring, and random linear binary codes). See also [13], which addresses
the related problem of establishing a law of large numbers for the logarithm of the partition function of
Gibbs measures on a sparse random graph.
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6.4 Failure of classical spectral methods in sparse case

Spectrum pollution: Combination of first and second moment methods imply that in each community s,
there exist nodes ¢ with: degree d = ©(In(n)/Inlnn), and all neighbors of degree at most ¢ < d. Moreover
this still holds for some ¢ in the complement of the giant component. Hence there are eigenvectors with
associated eigenvalue ©(1/In(n)/Inlnn) and support in some non-giant connected component. These would
not provide information on the spins. With some additional work one can show that y/In(n)/Inlnn is the
correct order of magnitude for the Perron-Frobenius eigenvalue of such graphs.

Another argument for showing that information is not present in the eigenvectors related to large eigenval-
ues is as follows. Assume that for some eigenvalue p, the corresponding normed eigenvector z is non-localized,
i.e. for some € > 0, the set Z of nodes i such that |z;| > €/4/n has macroscopic size, i.e.

|Z| > en.

Write then by the relation yx = Az,
€
1€l = p—=< x|

Summed over ¢ € 7 this yields

peVn < Y lal x {ieTingi < [ d?
j€ln] \/ et

by Cauchy-Schwarz, where d; is the degree of node j. Since the sum of squares of degrees concentrates
around n(a? + ), we get with high probability:

Va2 4+«

p< Y

€
Thus any eigenvalue p that is large compared to A cannot have an eigenvector that is delocalized. While not
a proof, this gives a plausibility argument that standard spectral clustering based on embedding nodes from
eigenvectors of leading eigenvalues of G’s adjacency matrix can’t lead to successful weak reconstruction, even
above the Kesten-Stigum threshold.

6.5 Spectral redemption

The Belief Propagation equations can be written in terms of distributions 17 that are passed along neighbor
nodes i ~ j, and are updated as follows:

ki
i = Va ki ngs 2sicla Vsu RS“_% .
2velq) Ve Hkmihs 2ospelq V5" Brsy
The following conjecture was made by Decelle et al. [12]:

Conjecture 6.1. When above the Kesten-Stigum threshold, BP initialized with random starting points con-
verges to some limit messages Y277 such that positive overlap is achieved by &; € argmaz,eiq ¥y, where

J~is;€lq]

Despite convincing numerical evidence, this conjecture is still open, and an analysis of the convergence
properties of regular BP message passing on G drawn from the Stochastic Block Model is still missing. The
challenge of analyzing BP therefore led Krzakala et al. [25] to consider its linearized version instead. Writing
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i =y (1 + €577, the first order linearization of BP around the trivial fixed point distribution v reads,
using the relation between R, and Ps; and reversibility of P with respect to v:

i q ksi
EZ; 7= § § Gsk ’L[Pssk - I/Sk]'

k~ik#5 sk €]

We can further drop the term v, in the above since the normalization constraint implies that Zs efﬁiys =0
Introduce the non-backtracking matrix B, whose columns and rows are indexed by oriented edges (i — j)

in graph G, hence it is of size 2m where m is the number of non-oriented edges of GG, defined by
Biyjr—se = 1j—1pz.
It is then readily seen that the linearized BP equations read
e=(B" @ P)e.

Krzakala et al. [25] thus conjectured that positive overlap can be achieved above KS by constructing
estimates &; from the leading eigenvectors of non-backtracking matrix B. One motivation for this conjecture
is the separation between parameters Ry, vs and the non-backtracking nature of BP through the tensor
product between B and P. Thus a single spectral clustering algorithm based solely on B could extract signal
from G drawn from any SBM.

Characterization of spectrum of B:

Theorem 4 of [9] gives a characterization of the spectrum of B. To state it, we need the following notation.
Let \;(M) denote the eigenvalues of the mean progeny matrix aP sorted by decreasing absolute value, hence
Ai(M) = a)Xi(P). Let A\;(B) denote the eigenvalues of the non-backtracking matrix B sorted by decreasing
modulus.

Let x; € R? denote an eigenvector of M associated with eigenvalue \;(M). Let y; € R?>™ be defined for
any oriented edge e = (u,v) by y;(e) = x;(0,). Finally let z; = B*BT’y;, where £ = cln(n) for positive
sufficiently small constant ¢ > 0. Then we have the following
Theorem 6.2. Let rq = sup{i € [q] : |[N;(M)|2 > X\ (M)}. Then for all i € [ro], |\i(B) — X\i(M)| converges
to zero in probability. For i > ro, |Ni(B)| < v/ A1 (M) + o(1).

Moreover for i € [rq] such that eigenvalue \;(M) is simple, B admits an eigenvector &; associated with
Ai(B) that is asymptotically parallel to z;, i.e.

lim (2, &) 1
n—oo ||z - [|&ll

Moreover for such i € [ro] with i > 1, the vector ¢ € R™ defined by ¢, = \/ny_, ., &uv) is such that the
empirical distribution %Zue[n] O(au,.) CONVETGES iN probability to the distribution of a pair (o, ) such that
I(o,¢) > 0.

The intuition for why iterates of B applied to vectors y; might be good candidates for eigenvectors of B
is as follows. Fix some oriented edge u — v. By definition of y;,

B yi(u —v) = Z x;(0c)|{number of length ¢ nonbacktracking walks from (e, f) to (u,v)}|.
(e.f)

By coupling the neighborhood of node v with a GW branching process, the latter sum corresponds to the
martingale we studied earlier, up to factor (a\;(P))¢, whose mean is x;(c,). It is uniformly integrable, hence
converges to a limit, with distribution that depends on o,,, that we denote A, ,. Thus heuristically,

BT(BT ) (u — v) =~ (\(M) T AL = X(M)y;(u — v).

Still heuristically, this gives some indication for why the entries of vector ¢, obtained by projecting eigenvector
& down to R™, might be correlated with the spin vector, just as the census in the tree reconstruction problem
was correlated with the spin at the root node.
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Remark. In [[1|], the structure of the eigenvectors & of B when \;(M) has multiplicity larger than 1
is elucidated. [{1] also establishes the following result. Let {(v) = /n)", ., & (u,v), where & is a normed
eigenvector of B associated with \o(B). Partition then the nodes v € V into two sets I, I~ in a probabilistic
manner by letting

1 1
P(v e IT|&) = 5t ﬁf(”)llﬁ(v)\SK'

Assign label 1 to each node in I't and label 2 to each node in I~ . Then, for equal-sized communities (v, = 1/r)
and when above the Kesten-Stigum threshold, this procedure achieves strictly positive overlap.

6.6 Existence of hard phase

Argument in Banks et al. [5]: consider the symmetric SBM on ¢ blocks, with edge probabilities ¢;,, /n, cout/n.
The average degree d is [¢in + (¢ — 1)cout]/g- The mean progeny matrix admits d as its Perron-Frobenius
eigenvalue, and Aa = (¢, — Cout)/q is its only other eigenvalue (with multiplicity ¢ — 1). Let A := Ay /d.

Say that a partition of node set [n] is good if it splits it into g equal-sized sets and its number of
within-group edges m;,, and its number of accross-group edges m,; verify

|min - mzn| S 7?,2/3, |mout - mout| S 7’l2/37
where M, = (ncin)/(2q), Mout = [n(q — 1)cout]/(2¢). Tt is shown in [5] that, provided

2qIn(q)

S = DN+ (g = DA + (= DO - V(=X

then with high probability, any good partition necessarily has overlap £(d, g, \) > 0 with the true partition,
where 8(d, g, \) is defined as the solution of a fixed-point equation. Thus a brute-force search succeeds to
achieve positive overlap with high probability. The proof follows the first moment method: it shows that
the expected number of good partitions with overlap below the announced one goes to zero as n — co.

6.7 Nature of hard phase

The intuition for the nature of the hard phase is as follows. Feasibility corresponds to the fact that the Bayes
posterior distribution P(o = -|G) puts with high probability mass (1) on a set of spin vectors whose overlap
is bounded away from zero. Hardness corresponds to the fact that for an initialization of belief vectors that
is independent of o, with high probability BP iterations will converge to the uninformative, trivial fixed
point. The hard phase therefore corresponds to a case where the trivial fixed point for BP is attractive while
there exists a set of “good configurations” which captures sizeable mass in the posterior distribution of the
spin vector. Since the energy of the good configurations is lower than that of uncorrelated ones, there must
therefore exist an entropy barrier between the two stable points of BP (add plot).

6.8 Non-backtracking matrices and Ramanujan graphs

Ramanujan graphs, introduced by Lubotzky, Phillips and Sarnak [27] are by definition d-regular graphs
whose adjacency matrix A is such that

swp A} <2vd—1;

AESP(A),|Al#£d

see also Lubotzky [27] for more background. We now relate this property to that of the spectrum of the
nonbacktracking matrix B of the graph. Let thus G = (V, E) be a graph on n := |V| nodes with m := |E|
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edges, and define B to be the 2m x 2m matrix indexed by pairs (e, f) of oriented edges on the edge set E
of G such that

Bef = 162:f1 1617’5f2
where e = (e1,e3) and f = (f1, f2). We shall use the notation e=! = (eq,e1), i.e. e ! is the reversal of edge
e.

We assume that the oriented edges are ordered as e(1),...,e(2m) so that for i < m, e(i +m) = e(i) L.
Following Horton, Stark and Terras [18] set J = ( IO IgL . Then define the n x 2m start matrix S

and the n x 2m terminal matrix T" by setting Sye = ly=e,, V€V, e € E, and Ty = 1y=c,, v €V, e € E.
Further define A to be the graph’s adjacency matrix, D to be the diagonal matrix of node degrees and
Q=D-—1I,.
We then have (Proposition 1 p. 14 in [1§]):

SJ=T, TJ=S5,
A=ST', SS'=TT' =D =Q + I,; (6.5)
B+J=T'S.

We finally reproduce from [18] the identity between (n + 2m) x (n 4+ 2m) matrices

I, 0 (1—-u?)I, uS (I, —uA+4*Q uS I, 0 (6.6)
T’ IQm 0 Igm —uB o 0 Igm + uJ T — US/ Igm ’ ’

where u € C is an arbitrary complex scalar, and which directly follows from (6.5]).
Taking the determinant of the above gives the celebrated IThara-Bass formula, that we now reproduce:

(1 —u?)""™Det(I — uB) = Det(I — uA + u*Q). (6.7)

The previous identities (6.5f6.6)) can further be used to establish basic correspondences between eigenvalue-
eigenvector pairs (A, y) of B and and vectors # € C™ in the kernel of the n xn symmetric matrix A\2I,, — A A+Q.
We have the following

Proposition 6.1. Let (\,y) be an eigen-pair of B such that A ¢ {—1,0,1}. Then the vector x := Sy is in
the kernel of A\2I,, — A + Q.

Conversely, let x € C™ be a non-zero vector in the kernel of \°I,, — NA + Q, for some X\ ¢ {—1,0,1}.
Then the vector y := (AJ — Ia, ) S’ is non-zero, and in the kernel of Ao, — B.

Proof. Let u = A"1 and z = — %5 Sy, where (), y) is an eigenpair of B such that A ¢ {—1,0,1}. Write

1—u?

(I —uA+u?Q)Sy = Sy —uST'Sy+ u?(SS' —1,)Sy
=Sy —uS(B+J)y+u*(SJT'S — S)y
=Sy —uSu~ly —uSJy +u?SJ(B + J)y — u*Sy
= —uSJy +u?SJuty + u?Sy — u2Sy
=0,

where we used identities (6.5, the fact that y is an eigenvector of B with eigenvalue v~!, symmetry of J
and J? = Iy,,.
For the converse statement, setting again u = A~!, write

(Isy, — uB)uy = (Ioy — uB)(J — ulyy,)S'x
= (J —ulyy, —uBJ +u’B)S'x
= (JS" —uS" —u(T'S — J)JS +u*(T'S — J)S")x
= (T" —uT'SJS +u?T'SS" — u?T")x
=T'(I, —uST +u?(Q + I,,) — v’I,)x
=TI, — uA +u?Q)x
-0,

where we used repeatedly the identities (6.5) and finished with the identity (I, — uA + v?Q)z = 0, holding
by assumption. To show that y # 0, compute Sy = (A\* — 1)z and use A ¢ {—1,1}, z # 0. O
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We then have the

Corollary 6.1. A d-regular graph is Ramanujan if and only if the spectrum of its non-backtracking matriz
B consists of eigenvalues with modulus d — 1 or at most \/d — 1.

Proof. By Proposition A € Sp(B) if and only if A € {—1,0,1} or A+ (d — 1)/ € Sp(A). Equivalently,
A€ {-1,0,1} or A = prypt—ald=l) ”ﬁ;“(d_l) for some p € Sp(A). For |u| = d, this gives A € {d — 1,1}. Thus the
graph is Ramanujan if and only if the spectrum of B consists of eigenvalues in {—1,0,1,d — 1}, and equal

to HEVI AL ”HZ);MM < dfor some p with |u] < 2v/d — 1. The corresponding eigenvalue has modulus v/d — 1,
hence the result. O

6.9 From Kesten-Stigum thresholds to the Baik-Ben Arous-Péché
phase transition

The Baik-Ben Arous-Péché transition in random matrix theory implies in particular the following (see
Benaych-Georges and Nadakuditi [7]). Consider a symmetric n x n noise matrix X,,, with independent,
zero mean, Gaussian entries with variance o2 /n off-diagonal and 202 /n on the diagonal. The Wigner semi-
circle law entails that its spectral measure converges almost surely to the distribution with density

402 — g2
2027

Then for P, with rank r and non-zero eigenvalues 0;, ¢ € [r], such that |¢1] > --- > |0,| one has the following
for all ¢ € [r] as n — oo:

Ljz|<20-

i (X P, 6.8
(Xn + Pn) = +20 otherwise. (6.8)

a.s. { 0+ it |6, > o,
Note that reconstruction of the #; and the corresponding eigenvectors is again a planted structure recon-
struction problem, this time under a different assumption on the background noise in which the structure
has been planted.

A parallel can be drawn with Theorem The adjacency matrix A corresponds, conditionally on the
node spins, to a noise matrix X,, with variances py, (1 — pyy) where py, = =2+2=. The sum of variances on
row u is thus asymptotic to

> VR, == M\(M).

s€[q]

We thus have the correspondance o2 <+ A\;(M). Moreover, the expectation of matrix A conditional on the
spins has rank at most ¢, and eigenvalues corresponding precisely to the spectrum of the mean progeny
matrix M. Thus the eigenvalues \;(M) are visible in the spectrum of B if and only if they satisfy the
Kesten-Stigum condition \;(M)? > \;(M).

This corresponds precisely to the condition |6;] > 0. Let us show that we can push the correspondence
further, at least when the average degree « is large. Assume that for some fixed u > 0,

Ni(M)? = (1 +u)a,

and that the degrees d; of nodes are such that sup,;c, [di —1 — a| = o(a). In full rigour Theorem is
proven for o = O(1); if it was extended to this range where o > 1, we could justify the following heuristic
argument.

There exists A = A\;(B) = £4/(1 + u + o(1))a. Thus,
Det[A*] — A + ol + ae] =0,
where € is a diagonal matrix with entries a=1(d; — 1 — a) = o(1). Thus

Det[(\/a)A — (N2 /a+ 1) — ¢ =0
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The Bauer-Fike theorem implies that the spectrum of (A/a)A — (A?/a + 1)1 contains an eigenvalue that is
o(1). Thus A admits an eigenvalue p that satisfies (using A < «)

A2/a+1+0(1) a
S Vi S SO}

which corresponds precisely to .

6.10 Conclusion

Many exciting areas not covered here, e.g. Approximate Message Passing (see e.g. [20]), a method well suited
to analyze models with average degree o > 1, a regime for which averaging phenomena induce simplifications
compared to the sparse regime. A number of exciting open problems too: nature of hard phase, in terms
of landscape for Belief Propagation dynamics, not sufficiently understood; analysis of alternative planted
structure reconstruction problems. More subtle phenomena can also be considered, such as the spinodal
transition (see e.g. [39]), in some models displaying a phase where Belief Propagation successfully performs
non-trivial reconstruction, but nevertheless achieves suboptimal performance.

Finally, this domain sheds new light on the problem of computational complexity, bringing to bear tools
of statistical physics and information theory, and revealing a more refined picture than worst case approaches
popular in Computer Science do.
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Chapter 7

Detection problems

In the previous chapter we considered the problem of reconstructing some structure present in an observed
graph, namely the partition into blocks of nodes underlying the Stochastic Block Model distribution of the
graph.

We now consider the following hypothesis testing problem: given some graph, does it present a specific
underlying structure or not? More precisely, the null hypothesis Hy corresponds to the case where the
observed graph has no specific structure, e.g. it is drawn from the Erdgs-Rényi distribution G(n, «/n), while
under H; it displays some structure, e.g. a block structure for a graph drawn from the stocahstic block model
G(n,v, (a/n)P) for some irreducible, reversible transition matrix P on [g]|, with stationary distribution v.
Below we will denote by P,, the distribution of the observations under the null hypothesis and by Q,, the
corresponding distribution under the alternative hypothesis, omitting the subscript n when convenient.

The likelihood ratio Y = % plays a key role in this hypothesis testing problem. Indeed the Neyman-
Pearson lemma states the following. A test T'(G) € {0, 1} that maximizes the probability of correct detection
P(T = 1) while guaranteeing a probability of false detection Q(7T" = 1) to be below a given threshold € > 0
can be constructed by setting T =1if Y > ¢, T =0if Y < ¢, and issuing a random value for 7" when Y = ¢,
for some choice of threshold ¢.

We shall adopt the following definition of detection:

Definition 7.1. We say that detection between {P,} and {Q,} is feasible if there is a series of tests {T,}
such that
lim (P,(T, =0)+ Q,(T, =1)) =0.

n— oo

Another relevant notion from hypothesis testing theory is the following

Definition 7.2. The sequence {P,}n~0 of distributions is contiguous with respect to {Qy}nso if for any
sequence of events E,, we have the following implication:

lim Q,(E,) =0= lim P,(E,)=0.

n— oo n—0o0

The following result is easily shown:

Lemma 7.1. Assume that there is a finite constant C > 0 such that sup,,~Eq, Y,? < C, where Y,, = j(gz.

Then the sequence {Py,}n>o is contiguous with respect to {Qp }n>o-

Proof. For events F,,, write

Pn(En) = EQn(lEnYn) < \/ Qn(En)]EQnYnQ < V Qn(En)C

The implication directly follows. O

We will be using the following consequence:
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Proposition 7.1. If {P,} is contiguous with respect to {Qn}, and thus in particular when the assumption
of the previous lemma holds, detection between {P,,} and {Q,} is not feasible.

Proof. Let E,, = {T,, = 1}, where T,, is a test assumed to succeed at detection between the two se-
quences. Thus necessarily, lim, - Q,(E,) = 0. By contiguity, it follows that lim, . P,(E,) = 0, and
thus lim, oo Pp (T, = 1) = 0. This contradicts successful detection, which requires instead P, (T;, = 0) =
1—P,(T,, = 1) to tend to zero. O

Lemma 7.2. The variation distance [P, — Qu|var is upper-bounded by 24/Eq, (Y,2) — 1. As a consequence,
if limy, 00 Eg, Y,2 = 1, then limy oo [P — Quloar = 0, and the two sequences {P,}, Q,} are mutually
contiguous.

Proof. By definition,

P — Qnlvar = 25upy [Pr(A) — Qn(A)| =2supy [Eg,14(1 —Y,)|
< 2supy /Qu(A)Eq, (Y, — 1)2
<2y/Eq, (Y, —1)2
=2/Eqg,Y? -1,

where we used the fact that Eg, (Y) = 1. The fact that mutual contiguity holds when the variation distance
P, — Qplvar tends to zero follows from |P,(E,) — Qn(Ey)| < |Prn — Qnlvar- O

We will discuss first detection in the binary symmetric block model, and then consider the planted clique
detection model, a variant with a different scaling in terms of edge presence probabilities and block sizes.

7.1 Detection for the binary symmetric block model

The spins oy, i € [n] are chosen uniformly, i.i.d. in {£}, and P((uv) € E(G)|o,)) equals a/n if 0; = 0, and
b/n otherwise. This corresponds to v = (1/2,1/2), a = (a + b)/2, and

_a_ _b_

— b
p-( ).

a+b a+b

We know from the previous chapter that block reconstruction is possible in polynomial time if 7 :

=

_ (a=b)®
— 2(a+b) > 1,
and impossible (irrespective of computational resources) if 7 < 1. The same transition point determines
feasibility of detection:

Theorem 7.1. Let P denote the law of the binary stochastic block model with parameters (n,a,b), and Qy,

2
the law of the Erdds-Rényi graph G(n,a/n), where « = (a+b)/2. Let 7 := g‘(l;_il).
when 7 > 1, and infeasible when T < 1.

Then detection is feasible

Proof. We rely for the direct part on Theorem [6.2} which guarantees that, when 7 > 1, the two eigenvalues
A1(B) and Ay(B) of the non-backtracking matrix of the symmetric Stochastic Block Model converge in
probability as n — oo to @ = (a + b)/2, and (a — b)/2 respectively. On the other hand, Theorem
implies that under distribution @,,, we have again convergence in probability of \;(B) to «, but with high
probability, |\2(B)| < v/a+ o(1).

Thus the test T,, = 1 if and only if |[A2(B)| > (1 + €)+/a succeeds whenever (1 + €)\/a < |a — b|/2.

To show the converse when 7 < 1, we shall rely on Proposition [7.1] and establish that the likelihood ratio
Y,, has bounded second moment under Q,,. To ease notation, we drop indices n. Write

P(Glom =9) _ s
W =2 Z H Wi (8), (7.1)

se{x}" (u,v)
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where the product is over unordered pairs (u, v) of nodes in [n], and

a%) if s, = s, and (uv) € E(G),

W (s) = %fbl if s, # s, and (wv) € E(Q),

weRtse #‘é{}l@n) if s, = s, and (uv) ¢ E(Q),
1-b/n .

ng/(%) if s, # s, and (wv) ¢ E(Q).

For fixed s,t € {£}", we let Wy, = Wi, (s) and Vi, = Wi, (). It can be checked directly that the following
identities hold:

EqWay = 1, (7.2)
1 (a —b)? n (a—b)?
n 2(a+ b) 4n?
1(a—0b)? (a—10)?
Cn2a+b)  4n?

SuSvtuly = + = EoWyy Vi = 1+ +0(n?), (7.3)

SuSvtuty = — = EqWy Vi =1 +0(n™3), (7.4)

(7.5)
Let now p = p(s,t) := %Zie[n] siti, and Sy = [{(u,v) : SySytyut, = £}|. One then has:

1 2 1 2
2 _ _
p = E + ﬁ Z SuSpluty = H + E(SJ'_ — S_)
uFv
Also, 2n=2(Sy +S_) =1 —n"'. Thes two equations give

7’L2 2

_ 2 _n —(1- "
Se=(4A) T — 5 S=(01-A) (7.6)
Put together, these relations will imply that, when 7 < 1, one has

6—7'/2—7'2/4
Vi=71 '’
which will then imply contiguity of P,, with respect to @,, and hence infeasibility of detection. We now
establish (7.7). Letting v = Z + <“4;Z>2, Write
EQYV% = 27271 Zs,te{i}" H(uﬂ;) EQWquuv
= 27 Zs,tG{:I:}“(l +y+0n?)%H (1 -~ +0(n"?)>%,

where we used the representation (|7.1]) of Y,, together with (7.3) and (7.4). Using the relation (1+z/ n)”2 =
(1—1—0(1))@"””"”“2/27 valid for fixed x as n — oo, replacing in the last expression S and S_ by their expressions

(7.6)), we obtain

EqY,? = (1 +0(1)) (7.7)

2 2
2 _ 77'/277'2/4 —2n 4 (a B b)
EqY,; = (1+o0(1))e 2 ,t;{i}n exp <2 [ 1 +nr] | .

The summation together with its prefactor 272" can be interpreted as the expectation Eexp(Z2/2[r + (a —
b)2/(4n)]) where Z, =n~1/23"" & and the & are i.i.d. uniform on {£}.

By the central limit theorem, and continuity of the function z — exp(72%/2), the random variable
exp(7Z2/2) converges in distribution as n — oo to exp(7Z2/2), where Z ~ N'(0,1). To conclude, it remains
to show that lim,, . Eexp(Z2/2[r + (a — b)?/(4n)]) = (1 — 7)~1/2. This will follow form the fact that
Eexp(7Z2/2) = (1 — 7)~/2 (which is readily verified), and uniform integrability of the random variables
exp(7Z2/2). To establish this uniform integrability, write

P(e7Zn/2 > M) = P(|Z,| > /2In(M)/7) < 2e 2/ (27)

where the last inequality follows from Hoeffding’s inequality. This last term reads 2M ~"/7, and is integrable
in M for M larger than 1, which guarantees uniform integrability, and the announced convergence. O

1/7
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Remark. The above proof is taken from Mossel, Neeman and Sly [3])]. For the direct part of the proof, they
construct a test based on counts of short cycles in the graph rather than on the second largest eigenvalue of
the non-backtracking matriz B as we do here.

The authors of [3] further show, for T < 1, contiguity of Q,, with respect to P,,. This implies that
consistent estimation of model parameters a, b is impossible. Indeed assume that there is an estimator a,, that
converges in probability under P, to a. Then for arbitrary fired € > 0, let E,, = {|a —a| > €} , P,(E,) — 0.
However the Erdés-Rényi graph G(n, «) is also a binary symmetric block model with parameters identical to
a. The estimator a should thus converge in probability to o under @y, a contradiction when a # .

7.2 Planted clique detection: informational threshold

We consider as a null model (hypothesis Hy) the Erdgs-Rényi graph G(n,1/2), and for some integer k > 0,
as the alternative hypothesis Hy, an ErdHos-Rényi graph distributed as under Hy, to which we added all
the edges connecting nodes in a set K of siz k, chosen uniformly at random from k-subsets of [n]. We shall

denote by ([Z]) the collection of such subsets.
We then have the following

Theorem 7.2. Let e > 0 be fized. Assume that k = (1—€)2logy(n). Then the variation distance |Qp—Pu|var
tends to zero as n — co. The two sequences are thus contiguous, and detection is infeasible.

On the other hand, when k > (1 + €)logy(n), detection is feasible based on the following test: select Hq
if and only if the observed graph contains a clique of size ko = (1 + €) logy(n).

Proof. For the first part, we shall rely on Lemma [7.2] and show that under Q,, the second moment of the
likelihood ratio Y,, goes to 1 as n — oo. Notice first that

_ 1 Pn(G:g‘K:C)
Yn(g) = @ ZCG([ZL]) Ol
(2)

1o clique of ¢

= [y () 2

Then

L c.ore(tn) 22(1’;)(@(0, C’ cliques of G)

]EQYnQ ( L

I
7N

—~
)
~

N Do ([n]) 22( ) Q(C, [k] cliques of G)
2(5)— (2
5 SO 067 () &6
(n) = 0( ) (i ?)Qkp/z
where we used symmetry with respect to the set C’ to fix it to C’ = [k], introduced the size £ of C' N C, and

finally bounded (Z) by k£/2. By replacing k by its upper bound (1 — €)2log,(n), the last term in the above
display is upper-bounded by n(* . We thus have

—~
=3

IN

EqY,, < (1+o(1)% i (4 ) ) ntt=e)f
<o (§ )(k |é)'"_€['

Computing the ratio of consecutive terms in the above sum, it follows that these are decreasing with ¢, so

that

k k!
E@YHQ < 1+ k<1) Wn_e =14+ k?’n_e =1+ 0(1).

This concludes the first part of the proof.
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We now show that with high probability under Q,,, G' contains no clique of size ky = (1 + €) logy(n). To
that end we use the union bound:

@y (G contains a clique of size ky) < (;Z])Qn([k()] clique of G)
e n 2_ 20

< phop—(1+e)(ko—1)

S n—eko-‘rl-‘re’

and for fixed ¢ > 0, this last term goes to zero as n — oco. Thus the probability of deciding H; under Q,
goes to zero as n — oo, while by design, the test always decides H; when H; holds. O

7.3 Planted clique detection: computational threshold

In this section we shall establish that, provided the size parameter k verifies k = Q(y/n), detection and
reconstruction of a planted clique of size k are both feasible in polynomial time.

We shall consider spectral methods. Their analysis will rely on the following result, that follows from
Theorem 2.1.22 in [3]. It applies to so-called Wigner matrices, that is n X n symmetric matrices M with
iid. entries M;; =Y; on the diagonal, i.i.d. entries Z;; = M;; off diagonal, i € [n], j € [n], i < j, such that
E(Yl) = E(Zlg) = 0, Var(Zu) =1:

Theorem 7.3. Consider an n X n Wigner matriz M as above. Assume moreover that, for some fized
constant ¢ > 0, it holds that

VE > 1, 1 = max(B(|Y1 ¥, E(|Z12|%)) < k°F. (7.8)

Then the largest eigenvalue My (M), multiplied by 1/+/n, converges in probability to 2 as n — oo.
Moreover, for all fizxed § > 0 and ¢’ > 0, one has

’

PO (M) > v/A(2+ ) = o(n ™). (7.9)

Remark. The second property is obtained by a careful application of Fiiredi and Komlos’ trace method, of
which we gave a crude illustration in the first chapters. This yields the upper bound

1

P\ (M) > Vn(240)) <n(l1+6/2)"2F —u—,
1—k/n

where ¢ is the constant appearing in (7.8]), and k is any integer such that k¢ < n. The result then follows by

choosing k = n/?c.

Let Go be a G(n,1/2) Erdés-Rényi graph, and K a random subset of [n] of size k. To determine whether
we observe G or (G1, that is G plus the added clique K, and in the latter case estimate set K, we proceed
as follows.

For some fixed € > 0, first remove uniformly at random, and independently of the edges in the observed
graph G, en nodes from [n], and consider the induced graph G’ on the remaining n’ := (1 — €)n nodes. Let
K’ be the nodes of the planted clique, if any, retained in G, and k' := |K’| its size.

Consider then the following n’ x n’ matrices associated with Gf, and G4, the induced graphs without and
with planted clique:

GOl _ +1 i (i,5) € E(Gg 1),
il 7 1 —1 otherwise.

Then S° is a Wigner matrix, to which Theorem applies, yielding for all fixed 6 > 0, ¢/ > 0:
P(A(S%) > Vi/(2+6)) = o(n~ ). (7.10)
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The difference A := 8! — S is given by

0 0 P
Aij:{ |()Sij|_sij ifi,j e K,

otherwise.

Note A := E(A|K’). This is a block matrix, with eigenvector (1/vV/k")1 g, associated with eigenvalue & — 1.
Moreover, matrix A — A is, conditionally on K’, a Wigner matrix on its K’ x K’ block, and zero elsewhere.
Theorem applies to give for all 4, ¢ > 0:

P(AL (A — A) > VE(2+6)|K') = o(k'~°).

Write then

St=A+W,

where W = W0 + (A — A).
We then have the following

Theorem 7.4. Assume that k = 0+/n, where 8 > 4 and € > 0 is such that (1 —€) > 4. Fizr > 0 such that
0l—€)—2>r>2.

Let S be the signed matriz constructed from G', that will coincide with S* under H;, i € {0,1}. Then the
test that decides Hy if M\ (S) > rv/n’ and Hy otherwise succeeds with probability 1 — o(n=<") for all ¢ > 0.

Proof. Under Hy, then A;(S) = A (S°) < (2 + 6)v/n’ with probability 1 — o(n~¢") for all fixed § > 0. The
announced guarantee holds because 6 = r — 2 > 0 by assumption.
Under Hy, using Weyl’s inequality,

M(8) = A (A) = W0 lop — A = Allop-

Thus for all §,¢ > 0 fixed, conditional on K’, with probability 1 — o(n=¢), A\;(S) > k' — 1 — (24 8)v/n/ —
(24 0)VE'. Since, for any € > 0, with probability 1 — o(n~¢) one has k&' > (1 —e — €'}k > (1 — e — € )v/n/,
the result follows by our choice of r. O

Remark. The setting aside of a set J of en nodes is in fact not necessary for detection, as can be seen from
the previous proof. Its use will appear in the estimation of the planted clique K.

We now turn to the estimation of K, assuming that we are under H;. Let 2 be a normed eigenvector of S!
associated with A1 (S'). Then, by the results on perturbations of eigenvectors, provided that 2|[W||,, < k' —1,
we have

W12,
= 1= [Wlop]?

[, 1/VE k)| > \/1 -
and the right-hand side is 8 = Q(1) with probability 1 — o(n~¢"), provided (1 — €) > 4. Thus we have for

some sign s:

SE:%ZﬁVR

=

and a fortiori:

> il = BVE.

i€K’
Let

C={ieK :|z|>a/Vk'}, D={i¢ K':|z;|>a/Vk},
where a > 0 is a constant chosen strictly less than 5. We then have:
BVE < fai| + K a/ Vi

i€C
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Also, by Cauchy-Schwartz inequality,

> lzil < ViCl.

ieC

VICT = (B = a)VF.

Thus:

Also, we have

2
«
Z(Cl+D) < > af <1
CuD

Thus, among the nodes i € C'U D, at least a fraction (3 — a)?a? belongs to C.

We now use the set J of en nodes initially set aside. For each j € J, if it does not belong to K, it has
Bin(|C| + |D|,1/2) neighbors in C' U D. If it does belong to K on the other hand, it has |C| + Bin(|D|,1/2)
neighbors within C'U D. Thus, selecting some suitable ¢ > 0, and letting

Jo={jeJ: Z Liwi 2 (IC]+ (D) (1/2+€)}
i€CUD

will, for each constant ¢’ > 0, with probability 1 — o(n’cl), contain all nodes in J N K and no other.

The estimation procedure then consists in returning, as an estimate of K, those nodes in J* together
with the nodes i of G’ that are neighbors of all nodes j € J*. By the previous analysis, for k = 6/n with
6(1 — €) > 4, this method succeeds with high probability. Indeed, on the event that J* = J N K, all nodes
in K’ are automatically included in the estimated set K&, while each node of G’ not in K’ is connected to all
nodes in J* with probability 217", Thus for all ¢ > 0, with probability 1 — o(n’cl), K=K.

It now remains to address the case when k = 0y/n with § = Q(1) and 6 < 4. In that situation, we can
rely on the following technique due to Alon et al. [I]. Let £ > 0 be an integer such that 6 > 44/2=. Consider
detection first.

Pick sequentially all subsets of ¢ vertices. If they form a clique, consider the collection of other nodes
that are neighbors of each of them. Under Hj, these remaining nodes are connected according to an Erd&s-
Rényi graph, and thus the test based on the leading eigenvalue of the associated S matrix will fail, and this
with high probability for the polynomially many such collections of ¢ vertices, in view of our guarantee in
1—o(n~") on the success probability of each such test.

Under Hy, for some collection of £ vertices all belonging to the planted clique K’, the derived graph will
consist of K’ —/ nodes in the clique, plus n” = Bin(n’ — K’,27¢) vertices. Besides clique edges, the remaining
edges in the derived graph are present with probability 1/2. This is thus a graph with n” ~ 27n/ nodes
and a planted clique of size 8y/n. The ratio 6y/n/v/n’ is thus strictly larger than 4 by our choice of £.

By our previous analysis, the test must then succeed with high probability on such an induced graph.
Again by the previous analysis, with high probability, on such an induced graph we can apply our detection
procedure based on the set J of en nodes initially set aside, and this will allow reconstruction of the planted
clique.

We have thus shown the following

Theorem 7.5. For k = 6y/n, and 6 = Q(1), there exist polynomial time procedures which succeed with high
probability for (i) detecting whether a size-k clique has been planted in a G(n,1/2) Erdds-Rényi graph, and
(i) identifying all nodes in the planted clique.
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Chapter 8

Semi-definite programming approaches

A semi-definite program is an optimization program of the following form:

Minimize (C, X)
Over XeStH
Such that (A;, X)=10b;, i=1,...,m,

where S is the cone of semi-definite positive symmetric n x n matrices, (4, B) = Tr(AB") is the Frobenius
scalar product between matrices, C, Ay, ..., A,, are symmetric n X n matrices, and by,...,b, € R.

The key property of such a program is that it is a convex minimization problem. Indeed, S} is a
convex cone, as can be readily verified from the definition of positive semi-definiteness. It can be solved in
polynomial time, e.g. using the ellipsoid method initially developed by Kamarkar to solve linear problems.
More precisely, a solution within an additive error of € can be found in time polynomial in n, m and log(1/e).

Several NP-complete combinatorial optimization problems admit convex relaxations into semi-definite
programs, whose solution (accessible in polynomial time) can be post-processed to yield an approximate
solution of the original combinatorial optimization problem with bounded sub-optimality.

This chapter will introduce the Goemans-Williamson approximate solution to the max-cut graph parti-
tioning algorithm. It will then establish the Grothendieck inequality, and how it can lead to approximation
of the cut-norm of matrices. Finally it will illustrate an approach to obtain non-trivial block reconstruction
in stochastic block model well above the Kesten-Stigum threshold, based on the solution of an adequate
semi-definite program.

8.1 Max-cut and the Goemans-Williamson algorithm

Given a graph G = (V, E), the max-cut problem amounts to finding a partition of V into two sets V_, V.

such that the number |E(Vy, V_)| of edges across this partition is maximal. It is NP-complete, contrarily to

the min-cut problem which, thanks to the max-flow min-cut theorem, can be solved in polynomial time.
Letting A denote the adjacency matrix of G, the max-cut optimization problem can be written as

Maximize Zu,’ue[n] Auu[l - Yuv]

Over Yes§!
Such that Yy, = o,0,, u,v € [n]
where oy € {+1,-1}, u € [n].

We let MC(G) denote the optimal value of this problem. Equivalently, the last constraint requires that Y is
of rank 1, and has all its entries in {—1,1}. If we suppress this last constraint, and only impose that Y, =1
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for all u € [n], we obtain the following semi-definite relaxation:

Maximize Zu,ve[n] Al — Yau]
Over YesStH
Such that Y, =1, u € [n].

We let GW(G) denote the optimal value of this problem. By construction, GW(G) > MC(G).

Assume that we have obtained an optimal solution Y*. Taking a symmetric square root Z of matrix
Y*, and noting z, the u-th column of Z, one has Y’ = (z,, z,), and the constraint on the diagonal of Y*
guarantees that the vectors z, lie on the unit sphere S*~! of R™.

The z, vectors can then be used in a randomized algorithm as follows.

1. Pick a uniform vector z on S"~1. Construct the sign vector o by letting o, = sign((z, z,)). Let C(o)
denote the corresponding cut-size.

2. Repeat N times.
3. Output the largest cut obtained over the N iterations.
One then has the following result:

Theorem 8.1. The expected value E(C(0)) of the cut resulting from the above procedure is larger than
0.878MC(G).

Proof. For two indices u, v, one has

arCCOS(Zy, 2
P(oy = +,0, = —) = #

Therefore
EC(0) = upel) Ay, 22 zuze)

= 7 Duveln] Ay arccos(zy, zy).

It can be verified by calculus that for all x € [-1,1],
1 1
—arccos(z) > B=(1 — x),
T 2
where 8 = 0.87856. This implies that EC(0) > SGW (G), and the result follows from GW (G) > MC(G). O

Corollary 8.1. For e > 0, the above randomized algorithm outputs a cut that is less than (1 — €)M C(G)
with probability at most [1 + ¢C/(n?/4 — C)|~N, where C := EC(0).

The corollary thus shows that for large enough N, the randomized algorithm produces with high proba-
bility a cut that is within 5(1—¢) of MC(G). It simply relies on the fact that, letting p = P(C'(0) < (1—¢)C),
since C (o) € [0,n?/4], one has

p(l—e)C+ (1 —pn?/4>C,
so that p < [n?/4 — C]/[n?/4 — C + €C].

Remark. A more detailed presentation can be found in Mohar [31], which describes in particular a deran-
domization scheme due to Goemans and Williamson, allowing to find a cut of size at least BMC(G) with
probability 1 in polynomial time.
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8.2 The Grothendieck inequality

For a rectangular matrix M € R™*™ consider the following norm:

||MHoo~>1 = sup Z Mml'lyj

zi,y;€{—1 1}16 iem]

A semi-definite relaxation of the combinatorial optimization defining || M||s—1 is as follows:

Maximize Zie[n],je[m] M;; (i, Uj>
Over ui,v; € R (8.1)
Such that||u;|| =1, ||v,]| = 1.

To see that this is indeed a semi-definite program, one may rewrite the objective function as <M Y) where
M and Y are square symmetric matrices of size n + m, M is given by

~ 1 T
=t 0 M\
2 \M 0
The matrix Y is assumed semi-definite positive, with ones on the diagonal. Then considering a square
root of matrix Y, its first m columns as vectors v;, and its last n columns as vectors u;, it follows that

Yomti; = (ui,v;), and the maximization of (M,Y’) over semi-definite positive Y with ones on the diagonal
is indeed equivalent to the above optimization.

Let f(M) denote the value of the semi-definite program (8.1I). Clearly, f(M) > |[M|so—1. The
Grothendieck inequality is the following

Theorem 8.2. For any n x m real matrix M, the optimal value f(M) of . satisfies

f(M) < Kg||M||oo—s1, (8.2)
for some universal constant Kq, with Kg < m
Proof. [

see Alon and Naor [2]). Our in

8.3 Application: semi-definite programming for block reconstruc-
tion in the SBM
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Part 111

Spectral methods for the sparse SBM
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Chapter 9

Local convergence of sparse SBMs

We begin the systematic study of the sparse SBM by studying the local structure around an arbitrary vertex.
Throughout this chapter, G is a random graph generated according to SBM(n, 7w, P/n), with average degree
d.

Preliminaries

Labeled rooted graphs A labeled rooted graph is a triplet g. = (g, 0, 0) consisting of a graph g = (V, E),
a root o € V, and a labeling function ¢ : V' — N. The set of such graphs with V' C N will be denoted by G..
The notions of distance, induced subgraphs and neighbourhoods extend naturally to this setting.

For a graph g = (V, E), x € V for t > 0, we denote by (g, x); the subgraph of G induced by the vertices
at distance at most ¢ from z, rooted at . If g has a label function o, we can consider (g, x); as an element
of G, as well. The boundary of this set, or equivalently the set of vertices at a distance exactly ¢ from x, is
written as 9(g, x);.

When the root x is chosen uniformly at random in V', this turns g into a random element of G, denoted

U(g)-

Notions of weak convergence For two rooted (possibly labeled) graphs (g, 0), (¢, 0'), define

k=sup{t e N: (g,0); = (¢',0")s},
where the isomorphism between (g, 0); and (¢’, 0’); also preserves labels. Then, we can define the distance
between (g,0) and (¢’,0’) as
d.((g,0),(g',0")) = 27", (9.1)
with the convention that 27°° = 0. This turns G, into a compact metric space and hence we can define a
weak convergence of measures:

D .
Uy — b = nh_{lgo E.,.f=E.f (9.2)

for any function f : G, — R that is continuous with respect to the metric d.. Since (Gs,d) is a totally
disconnected metric space, the following equivalence also holds: the sequence (p,)nen converges weakly to
w if and only if for all finite rooted graphs « and depth ¢ > 0,

Jim P, ((9,0)e = 7) = Pul(g,0)e = 7). (9.3)

Any of those equivalent definitions corresponds to the so-called Benjamini-Schramm convergence, from the
seminal work [8].

In this chapter, we show in essence that the random graph U(G) converges in distribution to the Galton-
Watson tree (T, p) defined in [TODO]. We will consider both versions of the weak convergence, and show
slightly stronger results in both cases: we show for a depth t that is logarithmic in n, and we provide
rigorous convergence speed bounds for specific functionals in .
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9.1 Neighbourhood growth rates

In expectation, the size of (G, z); (resp. (T, p);) grows at most like d*. We provide quantitative versions
of this bound.

Lemma 9.1. There exists absolute constants cy,c1 > 0 such that for any s >0 and x € V,

P(Vt >0, |0(G, )| < sd") > 1 —coe %, (9.4)
and the same holds for (T, p).
Proof. We begin by showing that this result holds for (7T}, p). For k > 1, define

t
e, =d "?*Vt and fi = H(l +ep).

t'=1
Since the series Y &; is bounded, so is f;, and hence there exists a constant ¢; so that for all t > 1,
eg<c and 1< fi<ec. (9.5)
Let S; = |0(T, p)¢]; we have Sp =1, and for t > 0

St
St+1 - Z Yka
k=1

where the Y}, are i.i.d Poi(d) random variables. By a Chernoff bound, for any integer £ > 1 and s < 1,

4
IP(Z Y, > Ms) < e~ tmls) (9.6)

k=1

where we defined 7(s) = slog(s) — s + 1. In particular, we have

gt pugtt1.2 ne
P(Sp1 > s frprd ™! | Sy > sfed') < emsd f(IFen) < omfsd ey = = Os(il)

using the existence of some 6 > 0 such that (1 + x) > 6z for x € [0, ¢1].
Finally, using the bounds in (9.5)), for any s > max(1/6,1/¢c;),

e—é‘s

o0
P(3t: S; > scid™) < 26_05t =T
—_ 6 S

t=1
from which the statement of Lemma [0.1] ensues for suitably redefined constants co, c;.

Now, counsider the random graph z; conditioned on (G, z), if y € 9(G,x); has type i, the number of
undiscovered neighbors of y is upper bounded stochastically by

j=1

where the V;; are independent random variables with V;; ~ Bin(n;, Wj;/n). Hence, for any 6 > 0, using that
14z < e® we get that

E[e™] =[] (1 Wy miWi 69) i

=1 1 g

S exp (60 — 1) E 7T1‘W¢j
j=1
_ efd(esfl)7

which is the charactersitic function of a Poi(d) random variable. Hence, the inequality also holds for
G, and the same proof applies. O
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This tail bound can then be turned into moment bounds via classical arguments

Lemma 9.2. There exists a universal constant ¢ such that for every p > 1:

efan (PG cor wnt s (PE21YTF < ety

t>0 dt t>0 z€[n] dt

g =

As a result, for anyt > 0,p > 1, we have

E[\(G,z)t|p]% <dpdt and E{max |(G,x)t|p} ' < d(In(n) + p)d".

z€[n]

The same inequalities hold for (T, p) (resp. n independent copies of (T, p)).

G @)\ _ [ o 0(G, )|
ey (UG =0 [ p(ma 25 20

oo
< cop/ sPTlem 18
0

< cPpl

Proof. For any p > 0

via the Gamma function expression for the factorial. This implies the first inequality; the second one is done
identically, using

P(maxmax'a(G’x)t' > s) <max [ 1, Z I["(rmaxa(G’gC)t| > s)

t>0 ze[n] dt ot t>0 dt

Now, for any ¢t > 0,
t

_ v10G )| _ oy |0(G 2)e
(G, 2)| = tZ_:Od —g S ddmax———
We can then take the p-th power and the expectation on both sides to get the desired result. [

Taking p = In(n), and using the Markov inequality, the following easy corollary ensues:

Corollary 9.1. There exists an absolute constant ¢ > 0 such that with probability at least 1 — 1/n, for any
x € [n] and t >0,
(G, z)¢| < cln(n)d

9.2 Weak convergence of sparse SBMs

We now consider the convergence of local subgraphs of G, by showing the existence of a coupling between G
and (T, p) up to logarithmic depth. The main ingredient of this section is the following exploration process
of the neighbourhood of z € [n]:

Definition 9.1. Start with Ay = {z}, and at stage t > 0, if A; is not empty, take a vertex x; in Ay at
minimal distance from v, reveal its neighbourhood Ny in [n]\ A¢, and update Ary1 = (At UN) \{x:}. Denote
Fi the filtration generated by (Ao, ..., As), and Dy = Jy< <, As the set of discovered vertices at time t.

We first show that G is locally tree-like, i.e. it contains only a few cycles. We say that a graph g is
h-tangle-free is for any vertex x € g, the h-neighbourhood of x contains at most one cycle.

Lemma 9.3. Let h < klogy(n) with 0 < k < 1/2. Then:
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1. the random graph G is h-tangle-free with probability at least 1 — en?+1,

2. the probability that a fized vertex x has a cycle in its h-neighbourhood is at most cn™ 1.

Proof. We first prove the second statement. Let 7 be the first time at which every vertex in (G, z), has
been revealed. It is clearly a stopping time for the filtration (F;);>0; and by construction, given F,, the set
of discovered edges forms a spanning tree of (G, ). Hence, conditioned on F,, the number of undiscovered
edges in (G, ), is stochastically upper bounded by Bin(m,a/n) where m = |(G, )| and a = max; ; W;;.
Using Lemma [9.2] we immediately get

P((G, x)p is not a tree) < aE[(G, 2)nl] <entL
n

We now turn to the first statement. If G is not h-tangle-free, it means that for x € [n], there are two
undiscovered edges in the exploration process of (G, x)p. Using the fact that

P(Bin(m, q) > 2) < ¢*m(m — 1) < ¢*>m?,

we find

2E|(G, z)p|? d2h
P(G is h-tangled) < 3 ° € 2”3)’" ] e en2i,
n n

z€[n]

as required. O

Before proceeding to the main proof of this section, we recall a few facts about distance in measure
space. Recall that the total variation distance drv between two measures P1,P; on the same probability
space (2, F) is defined as

dTv(]P)hIPQ) = Ssup |P1 (A) — IF)Q(A)|
AeF

It is also defined by the following characterization:

dry(Py,Pg) = iIif]P, P(X; # X2)
Xo~Pa

where the supremum is over all couplings of Py, Py, i.e. probability measures P on (22, F ® F) such that the
marginal distributions of P are P; and Ps.

Proposition 9.1. Let h ~ klog,(n) for k < 1/2. Then, for any x € [n], if the random tree (T, p) is started
from o(p) = o(x), there exists a universal constant ¢ > 0 such that

drv (L((G,2)n), LT, p)n)) < cln(n)*n* ! (9.7)

Proof. Consider again the exploration process of Definition and let 7 be the time at which all of (G, z);,
has been revealed. We perform the same exploration process, denoted (A}, Ny) in parallel on (T, p), which
corresponds to a breadth-first traversal of the tree. At each timestep ¢, denote by Y; = (Y;(1),...,Y:(r)) the
distribution of spins in V; (resp. Y/ that of N}). Let P, be the law of Y; given F;, and by Q; the law of Y/
(no conditioning needed).

From Corollary and Lemma with probability at least 1 — cn®~!, we have 7 < cIn(n)n” and
(G, x)y, is a tree. Hence, by recursion, it suffices to show that for each timestep ¢, if the coupling holds until
t, then

dry (Py, Q) < cln(n)d* 1. (9.8)

Assume that o(z;) = i. Letting n.(j) be the number of vertices with spin j in [n]\ Dy, then given F; the
random variables (Y;(j));e- are independent and Y;(j) has distribution Bin(n(j), Wij/n). The random
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variables (Y(j));e[, are also independent, and Y/(j) has distribution Poi(m;W;;). We shall couple those
processes using the following classical bounds (see e.g. [6]):

dry (Bin <m, )\> ,Poi()\)> < A and  dpv(Poi()), Poi(\)) < |A — )|
m m

Using the triangle inequality, we have

drv (P, Qr) < drv | P, ® Poi (W) +drv ® Poi (W) , Qy

J€Elr] J€Elr]
i (i)

< Z < J +W1] n — T

JE€[r]
G
<l ,w)h|7
n
which proves . O

9.3 Weak law of large numbers for graph functionals

We now leverage the results of the previous section to show concentration properties for local functionals.
We say that a function f : G, — R is h-local if f(g,0) is only a function of (g, 0)p.

Lemma 9.4. Let f,¢ : G. — R be two t-local functions such that | f(g,0)| < (g, 0) and ¢ is non-decreasing
by the addition of edges. Then there exists ¢ > 0 such that for all p > 2,

pq1/p )
Z f(G,0) —E Z f(G,0) < ev/np®?d'E [maxw(G 0)? ] ’
o€[n] €ln) ocln]
Proof. For x € [n], define E, the set of edges of the form {x,y} with 2 < y. Then (E, )¢, is an independent

vector, and since the union of F, is the whole graph G we can write

=" f(G,0) = F(Ey,....Ey)

for some measurable function F. Define G, the graph with vertex set V and edge set E \ E,, and
Y - Z f Ia
0€[n]

The random variable Y, is Uy 4, Ey-measurable, and hence we can use the Efron-Stein inequality (see [10],
Theorem 15.5): for any p > 2,

p/2

EY —E[Y]"] < (cyD)E| | D (¥ - Ya)? : (9-9)

z€[n]

Since f is t-local, for a given = € [n], the difference f(G,0) — f(Gs,0) is nonzero only if x € (G,o0);.
Consequently,

‘Y_Yac|§ Z |f(G?0)_f(Ga:>0)‘

0€(G,x)+

S %(G0) +%(Cvo)

o€ (G,x)¢
< 2|(G, ) ome[uiw(G,o).
o€|n
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Using Hélder’s inequality, we find

p/2
p
E _ 2 < p/2—1op
Z (Y -Y,) <n 2PE Z (|(G,x) | - zréaxw(G 0))
z€[n) z€[n]
<np/2\/E[|<G,x>t|2p] (6.0
og|n
The desired bound then follows from and Lemma O

The second bound relates the expectation of graph functionals with their equivalents on trees. It can be
viewed as a generalization of (9.2]), with guarantees on the convergence speed.

Lemma 9.5. Let h ~ rlogg(n) with 0 < k < 1/2, and (T, p) be a Galton-Watson tree with random root spin
o(p) ~ . There exists ¢ > 0 such that for any h-local function [ : G, — R,

1 Z Ef(G,x) —Ef(T,p)| < cln(n)n""? [maxE[f(G,z)2]V | max E[f(T,p;)?]
n x€[n] i:o(p;)=i

Proof. Notice that by definition of (T, p), we have
1
n
z€[n]

where o(p,) = o(x). Let £, be the event “the coupling between (G, z);, and (T, p. )p fails”; since f is h-local,
we have f(G,z) = f(Ty, ps) on ES. From the Cauchy-Schwarz inequality, for any x € [n],

< VPG %E f(Tx,w)) ]
< V/cln(n)2n2s—1 (\/IE )2] + VE[f(Ty, x)2 )

where the last inequality follows from Proposition O

Combining the two previous results, we show a proposition that both encapsulates the weak local con-
vergence and the concentration properties of G:

Proposition 9.2. Let h ~ rlogy(n) with 0 < k < 1/2. Let f : G. — R be a h-local function such that
|f(g,0)| < al(g,0)n|? for some a, 3 > 0. Then, there erists a universal constant ¢ > 0 such that for any

S

s > 0, with probability at least 1 —n=%,

Z (G, x) —Ef(T, p)| < calog(n)®/?+Fpre(+H)=-1/2

ace [n]

Proof. We use the following version of the Markov inequality: for a random variable X and p > 1,
1
IP’(|X| > aE[X 7] ) <a?. (9.10)

Let 1(g,0) = al(g,0)n|?; it is easily checked that 1) satisfies the conditions of Lemma Further, by
Lemma [9.2] we have

[maxw(G 0)? } < ca(log(n) v p)Pd*".

o€[n]
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We apply (9.10) with a = e and 2p > sln(n): with probability at least n=%,

1 1
1 R < 5/248 r(14+8)~1/2
- E f(G,z) —E - mg[ }f(G,x) < caln(n) n

z€[n]

The exponent in n above is more than the one in Lemma[J.5 hence by the triangle inequality, upon adjusting
the constant c,

=S J(Gu) ~ BT, p)| < caln(n)?/ 20 040172

z€[n]
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Chapter 10

Tree functionals and pseudo-eigenvectors

We have shown in the previous chapter that all local functionals of G' concentrate around their tree equiva-
lents. We will leverage this fact to build pseudo-eigenvectors for the non-backtracking matrix B, stemming
from local functionals.

10.1 Tree martingales

For a vector £ € R" and ¢ > 0, we define the functional

fer(g,0)= D bota (10.1)

1 €0(9,0)¢

When ¢ is an eigenvector of M, these correspond to the classical tree processes defined by Kesten and Stigum
23, 22]. Let (T, p) be a Galton-Watson tree, and define F; the o-algebra generated by (T, p);. Throughout
this section, we denote by E, the conditional expectation E[ - | F].

We begin with a small lemma, that will prove very useful:

Lemma 10.1. Let x; € (T, p); for some t > 0, and £ € R" any vector. Then

E, Z Eolen) | = [ME](o(z4)),

Tt—Te41
where the sum ranges over all children xyy1 of xy in T.

Proof. Let o(z:) = i. Conditioned on F;, we have

Y botwin = D Yk

Ty—=Tpq1 J€[r]

where Y; ~ Poi(M;;). Thus,
B Y Lo = O Mij& = [ME](0).
JElr]

Tt—Te41

Proposition 10.1. Let (i, ¢) be an eigenpair of M. Then the random process

Zy = p”" fou (T p) (10.2)

is a (Ft)¢-martingale, with common expectation ¢, (,).

95



Proof. Let t > 0 be fixed. We have

Zig1 — Ly = /f(tﬂ) Z Z Go(t41) — HPo(xy)

2, €0(T,p)t \Tt—>Tt41

By Lemma [10.1] we have for any x, € 9(T, p);

Et Z ¢O'(-'L't,+1) = [MQﬂ(O’(I’t)) = H“(rba(wt)v

Tt—>Tt41
which concludes the proof. O

Our tools also allow to compute the correlation of those two martingales, which reduces to the study of
their increments:

Lemma 10.2. Let (u,¢) and (¢, ¢") be two (not necessarily distinct) eigenpairs of M, and consider the
martingales Z; and Z; as in (10.2). Then

B[(Zis1 = Z0)(Z141 — Z)) = [} I [MF (60 ¢')](0(p))

As a result, the martingale Z; converges almost surely and in £? whenever u? > d, and for any 0 <t < t/,

/ - M2(po (o
el = S B

Proof. Denote by Ay = Z;11 — Z; (vesp. A} = Z; | — Z}) the martingale increments. We first compute the
conditional expectation E;[A;A}]:

]Et[AtAi] = [/j‘lj‘/]_(t—i_l) Z E(‘Thx;)v

xy,2, €0(T,p)e

with the correlation term F(zy,x}) given by

E(zy,23) =E, Z Po(zii1) — HPo(xy) Z ¢;($;+1) - M/¢:7(w;)

LTt—>Tp41 wfﬁ*m:i_*_l

Since disjoint subsets of a Galton-Watson tree are independent, F(z,x}) is zero except when x; = x}.
Letting o(x:) = i, we have as before

E(z,m) =B || Y Yie; —nei | | Y Yie; — 1'd)]
JElr]

JE[r]

=E| | Y= Mij)e; | | D (V5 — Myy)g)

J€lr] J€lr]

=E| > M;o;¢),
L F€(r]

= [M(¢ 0 ¢')](),
where we used the fact that E[Y;] = Var(Y;) = M,;.
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Now, we are in position to repeatedly apply Lemma [10.1

E[AA] = [pe]7FY Y [M(¢0)](o(x0))

z:€0(T,p)¢e
= (/)" VM (b 0 ¢))(a(p)),
which completes the first part of the proof. Now, for 0 < ¢ < ¢, since the increments are centered,
t—1

E[Z:Z;] = E[ZoZj) + Y E[AA]]
s=0

t—1
= Go() By + Dt ]I [T (¢ 0 ¢)](0(p)),

s=0

which corresponds to the second part of the proof. Finally, since the spectral radius of M is d, E[Z?] is
bounded whenever ;2 > d. By the Doob martingale convergence theorem, this implies that Z; converges
both almost surely and in £2. O

10.2 A top-down approach

Although the proofs in the previous section are necessary to obtain the martingale convergence properties,
they can seem unnecessarily complex. We present here another "top-down" point of view, that recovers
essentially the same results.

From [TODO], it is clear that the law of (T, p) only depends on the distribution of o(p). Thus, for a
functional f : G, — R, we can define its Galton-Watson transform f € R" as

?(Z) = ]Ea(p):zf(T7 p) (103)

Although this transformation obviously loses a lot of the strucure of f, Proposition indicates that f
encapsulates all the necessary information about the action of f on G. In this framework, the results of the
previous section are reformulated as follows:

Proposition 10.2. Let (i, ¢) and (1, ¢’) be two eigenpairs of M, and define fe, as in (10.1)). Then

fou=n'¢, (10.4)
t
Foilore=> 1> M*(¢o¢), (10.5)
s=0
and if Fy i = (fo,e01 — pfoe)?, then o
Fop=M"(pog) (10.6)

The top-down transformation All tree functionals we have considered so far can be understood in terms
of the following transformation 0, defined for any functional f : G, — R:

Of(T,p) =" F(T',0), (10.7)
plevp

where T” is the subtree of T rooted at p’. An important property is that all subtrees (77, p’) are independent
with the same distribution (depending on the spin of p’). This representation makes the transformation 0
very convenient; in particular, Lemma [I0.1] implies that for any functional f: G, — R,

af = MT. (10.8)

97



It is also easy to check that the functional f¢; defined in (|10.1)) satisfies the following recurrence relation:

fear1(g,0) = 0fe(g,0). (10.9)

This allows to recover virtually all results of the previous section, without the martingale property. The
correlations can be obtained through the formula (similarly easy to prove)

frodfa=Mfiofatdfr100fs. (10.10)

10.3 Pseudo-eigenvectors of B

We now explain how those estimates on trees can be translated to eigenvector equations on B. For the
remainder of this section, we set

(= |klogy(n)], (10.11)

for some constant x that will be fixed later. For i € [rg], define the pseudo-right (resp. left) eigenvectors

Ui, Vi aS

U = 73%1. and v; = (B")
R T

We also let U (resp. V) be the m x rp matrix whose columns are the u; (resp. v;). The matrix of pseudo-

eigenvalues is simply

(10.12)

¥ =diag(p1, - -y flrg)- (10.13)
Finally, we introduce the quantities 71-@) defined as

t 1*Tl»t+1

3

T = +O(7}), (10.14)

where the limiting value ~; is simply
1

:1—Ti'

We shall show the following proposition:

Proposition 10.3. There exists a universal constant ¢ and a choice of k in (10.11)) such that with probability
at least 1 — en~Y* the following holds:

* . / _
1U*U — diag({m: 7" Viepo)) | < en™ /4 (
* . YA _
VY — diag({dr” Yiepro)ll < en™/* (10.17
UV = Ly || < en™V/* (
[V*BU - £f|| < en™/4 (

At first glance, it is not clear how those results relate to the eigenvalue decomposition of B (or BY).
However, if we assume that U and V' are orthogonal (i.e. that the RHS of (10.18]) is zero), and define

S =U*sty,
then:

e the eigenvalues of S are exactly the jf,

e S satisfies exactly Equation (10.19)).
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In fact, Proposition already implies that the eigenvalues of Pim(U)BéPim(V) (where Py denotes the
orthogonal projection on a subspace H) are indeed close to the ﬂf. Studying the eigenvalues of B on the
orthogonal of these subspaces requires completely different methods, and will be the focus of the next chapter.

We first give an overview of the arguments used. Let g be any graph, and e = (e1, e3) an oriented edge
in g. We define the graph functional

hoi(g:€) = D Gotw) (10.20)

To=€s,...,Tt

where the sum ranges over all paths v = (zo,..., ;) such that (e1,7) is non-backtracking. The following
facts are then immediate:

e by definition of B and y;, for any e € E,

het(G,e) = [B'Xi](e) (10.21)
o if (g,e1)¢41 is tangle-free, then there is at most two non-backtracking paths from e to any vertex z,
hence
heo e (g, €)] < [(g, €1)e41] (10.22)
e finally, consider a Galton-Watson tree (T, p) and e = (p, p’). Then
hot(T,e) = fo (T, p'), (10.23)

where T” is the subtree of T whose root is p'.

We therefore have an explicit link between the graph functionals studied before and quantities of the
form B'Y;, which we shall use to show Proposition Since all matrices involved are of size rg X rg, it is
enough to show that the inequalities hold element by element. We show slightly stronger statements, and
leave to the reader to check that these lemmas imply the desired inequalities.

Lemma 10.3. Let ¢ as in (10.11)), with k < 1/24. Then, with probability 1 — en~ Y4, for any 0 < t < 3¢

and 1,7 € [r],

|(xi, B'X;) — nﬂ§‘+15ij| < en®/*

Proof. Consider the graph functional
f(gu O) = 1(g,o)t+1 is tangle-free 90]'(0(0)) Z h@i,t(ga 6).
e:e1=o0

On the one hand, assuming that G is 3/-tangle-free (which happens with probability 1 — n~ /% as soon
as k < 1/8), we have

> f(Ga) =Y wilen)[B'Yl(e) = (xi B'Y)-
z€[n] ecE
On the other hand, we have

F(Tp) = 0i(0(p)) Y fo,t(T',0") = 0i(0(p) fioy 41 (T, ).

Hence, for any k € [r], B
F(k) = pi i (k) ps(k).
Since f is obviously ¢ + 1-local, the bound (|10.22) allows us to use Proposition with probability at
least 1 — n~1/4,

S f(Gox) —n S mif (k)| < clog(n)?/2nt 12,

z€[n] ke(r]
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It then remains to notice that by Equation [TODO],

Z Trpi(k)p; (k) = 6i;.
kelr]

O

This lemma implies the bound (10.18]) (resp. (10.19)) by taking ¢ = 2¢ (resp. ¢t = 3¢). For the two other
bounds, the proof is slightly more complicated, but follows the same principle:

Lemma 10.4. Let ¢ as in (10.11), with k < 1/12. Then, with probability 1 — cn=/*, for any 0 <t < ¢ and
i,j €[rl,

55 ]

’<(B*)th‘, (B*)'x;) — ndu?t’yi(t) < end/t,

Proof. We first show how the first inequality implies the second: since P? = I and P = P*, we have

((B")'xi: (B")'x5) = (P(B")'xi, P(B")'x;)
= <BtPX1, BtPX]>
= <Bt Xi» Bty(]%

where we used the parity-time symmetry of P. Hence, it suffices to prove the first inequality. Define this
time the functional

f(g7 0) = 1(g,o)t+1 is tangle-free Z htpi,t(gv e>h50j,t(ga 6)

e:er=o0
It is easy to check that both
> (G x) = (B'X:, B'Y,)
z€ln]
and
J(T,p) =0 fo,tfo; t)(T, p),
where 0 is the operator defined in . From Lemma and Proposition we deduce

t
F=) luapi]" M= (g 0 ¢)).
=0

S

In order to apply Proposition (with 8 = 2), we need to compute (7, f). Since 7 is a left eigenvector of

M with eigenvalue d, we have
¢

(m, f) = (m, 00050 > [mips]*d+1.

s=0
The first term is equal to 6;; as above, and the second is a geometric sum, which when ¢ = j is equal to
duft’ygt). This completes the proof. O
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Chapter 11

Tangle-free decomposition and the trace
method

The methods we have developed so far gave us a set of approximate right (resp. left) eigenvectors of B, the
u; (resp. v;) for i € rg. It remains to bound all of the |E | — ro eigenvalues to apply perturbation bounds. We
will do so using the trace method already encountered in Chapter [2| This is an intuitive choice, since Bf f
already counts the number of non-backtracking paths between e and f. However, several problems arise:

e since B is of size m X m, which is random, finding a suitable centered version of B is non-trivial;
e we need to bound only the eigenvalues in im(U)*, which itself depends on BY;
e the path counting estimates of Proposition are too coarse for the bounds we need.
Hence, we need a preprocessing step on B before applying the trace method: this is known as the tangle-free

decomposition.

11.1 Tangle-free decomposition of B’
Define the set of oriented edges of the complete graph E(V) as
B(V) = {(,9) | 2,y € V. £ y}.
We can consider B as a matrix in E (V')-space by setting
Bey=AcAfle .

This embedding preserves the spectral properties of B; by abuse of notation, we use the same notation for
B when viewed as a matrix in F and E(V). We can extend the vectors x;, x; accordingly:

xi(e) = pi(a(er1)) and Xi(e) = pi(o(e2)).

For k € N, e, f € E(V), we let ]—"ff be the set of tangle-free paths of length k from e to f. Then, when
G is (-tangle-free, for any k < ¢ we have B¥ = B®*) where

k
BY = 3 [[ 4w (11.1)

aeFkft =0
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In order to get the zero-mean property needed for the trace method, we define the centered version of A:

Wo(a)o(y)
Ag;y = Awy _ 7?47

from where we can define A) as

k
S T4 (11.2)

ze]—'f;'l t=0

We link B®) and A® using the following identity: for any a,b € RY,

¢ ¢ ¢ k-1
[Lee =TT+ 3 T~ 1T
=0 t=0 k=0 t=0 t=k+1

with the convention that an empty product is equal to 1. Applying this identity to the products in (|11.1)

and (11.2),
A(Z)JFZ ) H—ztmt+1 (‘Ww) H Aviaris (11.3)

k=0 pe Fhit t=0 t=k+1
Define the matrix K2 as @
2
Koy =1 o) Woter)o(n)

where e —> f means that (e1, ea, f1, f2) is non-backtracking. Then, the middle sum of (11.3)) is very similar to
A= () BE=k=1) "with the following caveat: the concatenation of two tangle-free pathb is not necessarily

tangle-free! To remedlate this, we let fﬁt} be the set of non-backtracking paths (xg,...,xsy1) such that:
e (z9,...,x) and (Tg41,...,Te41) are both tangle-free
o (zo,...,xp41) is not tangle-free.

Then, for 1 <k < /¢ —1, we have

k— {—k— 4
Z H Az Wolan)o (i) H Avin = A( VE® B Y } [R( )]€f7
weFH 1=0 s=th+1

where R,(f) is simply
L

Z watwwﬂ o(zk)o(Th41) H Aﬂfzwul'

weFLt] t=0 t=k+1

Finally, to deal with the case k = 0 and k = ¢, we introduce

Kef = 1o iWo(eo(e) and  Klp =1 fWo(s)0(s2)

We can then write

é 1 —1
1 1
B® = A KB“ 1 ARV @ BU—k=1) L ZA-Dfr _ 2N p) 11.4
+ + = E + = ”,;:1 ’ (11.4)

The last step is to understand the matrix K. Let
W= ZM)@X? and L=K®% W,
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then it is easy to check that

Wef = WU(€2)0'(f1)’

and hence L. is zero except if e; = f1, ez = f1 or e2 = fo. We thus define the (hopefully small) matrices
S,(f) — A=1) [ pgt—k-1)
All of the discussion of this section can be summarized in the following proposition:

Proposition 11.1. Let £ > 0, and assume that the graph G is {-tangle-free. Then, for any x in REWV) guch
that ||z|| = 1, we have

1 d -1 r
1B < HA(Z)H + gH[(B(e—l)H +2 ZZHA(k_l)XiH (i, B 1)
k=1 1:1=1

(11.5)
1oy e®y 4 Ll aten) 1 ([ 0
J— J— - / —
o s aer|+ DR,
k=1 k=1
Before moving on, we expand on why we expect each term in (11.5) to be small:
L[ A®, |A® ;]| and ||R,(f)|| involve matrices with zero-mean random elements, so their norm is

bounded by the trace method;

2. since the matrices K and L are very sparse with bounded entries, the norms of S ,(f) and KBU~1 are
also bounded,;

3. finally, if = € im(V)*, then
((B*)"xi,z) = 0.

Since (B*)*x; is an approximate eigenvector of B*, {(B*)*~*~1x,, x) remains small enough.

Remark. We shall only prove Equation TODO in Proposition TODO, bounding B* im(v)L - The bound for

im(U)* is almost identical; reversing the role of A and A in (11.3) and multiplying par x on the left yields an
expression almost identical to (11.5), but depending on (x, B*='=1x;) instead. The rest of the proof proceeds
identically.

11.2 Non-backtracking trace method

The goal of this section if to prove the following proposition:

Proposition 11.2. Let ¢ ~ klog,(n) with k > 0. There exist constants ¢, s such that for n large enough,
with probability at least 1 —n~*, the following bounds hold for 0 < k < { and i € [r]:

HA(’“)H < log(n)°d*/? (11.6) HA%@H < log(n)°y/nd*/? (11.7)
|RO|| < togmyar=2 (118 1511 < Vinlog(n)“d‘ /> (11.9)
HBWH < log(n)°d" (11.10) HKB(’“)H < log(n)°/nd" (11.11)
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We shall only prove two of these bounds, namely ((11.6)) and (11.10]). These will give some good examples
of a more involved trace method for both zero-mean and nonzero-mean matrices. Note that the bounds
(11.7) and (11.11)) are significant improvements on the naive bounds of the form

|a®%| < 1a®@i) and - |[KB®| < |1K)1BO)

which give a linear dependence in n in both cases.

11.2.1 Basics of the trace method

We start with A%, Since this matrix is not symmetric, the corresponding version of (2.1)) is the following:
for any m > 0,

1AW |27 < Ty [(ka)*)m} (11.12)

We can now expand the right-hand side, using the convention es,,+1 = e; and the symmetry condition

(AW),; = (a®)

ffl,fl:

(k)2 T (A®) (k)
AT < | Z H (A )e%hezi (A )ezm,e%
m
= (k) (k)
- 72 H (A >52i—1,€27‘, <A >e;£1’627i}+1
k
= > T4 (11.13)

where Wy, ,,, is the set of sequences of paths v = (71,. .., v2m) such that, for all ¢ € 2m], v; = (Vi,0,-..,Yik) €
[n]**! is non-backtracking tangle-free, and we have

(Vik=15%i,k) = (Vit1,1,Yi41,0); (11.14)
again with the convention that y2,,.1 = 71. Note that the same inequality also holds for B*, becoming

2m k

HBkH?m S Z HHA'Yi,t—l'Yi,t (1115)

YEWi m i=1 t=1
To any path sequence v € Wy, ,,, we associate the undirected graph G, = (V,, E,) with
VW:{'YLt‘lSiSzmyOStSk} and Ery:{{%,tfl,’yi’t}|1§’i§2m,1Stﬁk}

We now group the sequences in Wy, ,,, according to their topological properties. We say that two sequences
~ and 7/ are equivalent, and write v ~ ~/, if there exists a permutation s € &,, such that 7' = s o ~y, where

(507)it =5(Yi,t)-

It is straightforward to check that ~ is an equivalence relation, which partitions Wi, ,,, in disjoint classes, and
that |V,| and |E,| are constant on each class. For s,a > 0, we thus define W, (s, a) the set of equivalence
classes [y] € Wy m/ ~ such that [V,| = s and |E,| = a. The graphs G, are necessarily connected by the
boundary condition , hence Wy, (s, a) is nonempty only if a — s+ 1 > 0. In order to bound the sum
in , we therefore need the following steps:

e bound the size of Wy (s, a),

e bound the contribution of a single equivalence class [y] € Wi (s, a).
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11.2.2 Bounding W (s, a)

We show the following proposition:

Proposition 11.3. Let s,a > 0 witha —s+ 1> 0. Then
\Wk,m(870)| < (ka)Gm(aferl)Jr?m'

Since the proof of this result is quite involved, we break it into several steps.

Preliminaries Throughout this section, we will consider a path sequence v as a single continuous path
indexed T' = {(3,t) | 1 < i < 2m,0 < t < k} with the lexicographic ordering. We define the canonical
representative of a class [y'] € Wy (s, a) as the only path v € [7/] such that V., = {1, ..., s} and the vertices
of V,, are visited in order. We leave to the reader to check that each class indeed contains exactly one such
path.Therefore, bounding Wk m (s, a)| is equivalent to bounding the number of canonical paths. In turn,
such an upper bound is equivalent to finding an injective encoding of the set of canonical paths.

For (i,t) € T, we let ;4 = Vi, Vig+1- If 5441 is visited for the first time, we say that e; ; is a tree edge.
It is easy to check that the set of tree edges indeed forms a tree 7; any edge not belonging to 7 is an excess
edge. The number of such edges is g =a — s+ 1.

A first encoding Each path 7; can be subdivided into sections with the following structure:
1. a (possibly empty) sequence of tree times, where e; ; is an already discovered edge of T,
2. a (possibly empty) sequence of first times, where +y; ;41 is an undiscovered vertex at time (4, t),
3. and finally a cycling time, where e; ; is an excess edge.

We encode each of this section with the following information: the first and last vertices (zq,z1) of the
sequence of tree times, and the cycling time 7 (if the last section does not have an excess edge, we let 7 = k).
This information allows us to recover the entire section, for the following reasons:

e there is a unique non-backtracking path between vertices zo and x1 on 7T, so the sequence of tree times
is uniquely determined,

e the number of first times is 7 — (7' + 1 + dy(zg, z1)), where 7/ is the previous cycling time, and the
vertices are visited in order,

e and finally the excess edge is (z2, (), where xo is the end of the sequence of first times and xzj is the
first mark of the next cycling time.

This yields a first encoding of canonical paths, using s2k possibilities for each cycling time.

Refining the encoding The issue with this first encoding is that the number of cycling times is potentially
very high. However, we haven’t used the fact that each path ~; is tangle-free. First consider the case where
~; contains no cycles; then each excess edge is used at most once si doing otherwise would create a cycle;
hence the number of cycling times is at most g.

Otherwise, let ¢1 be the first time ¢ where ;s € {7i,0,...Vit—1}, and to < ¢1 such that v, s, = ¥i,. Then
the cycle (Yiotg,-- -7, ) is the only cycle formed by ~;, call it C. We add the exit mark ¢ to y;, which is
the first time ¢ > ¢; such that e;; is not an edge of C. The cycling times ¢t with 0 <t <¢; or to <t < k are
called important imes; other times are called superfluous times. Then:

e no two important times can share an edge, since otherwise it would create a second cycle in ~;,

e we do not need to mark the superfluous times, since the path ~; is simply cycling around C between ¢;
and tg.
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As a result, the number of marks is at most g per path, with s2k choices for them, plus a possible additional
cycling mark with s choices. This yields the bound

Wim(s,a)| < 8™ (s*k)*™, (11.16)

which is much lower than the one in Proposition [11.3]

11.2.3 Bounding the contribution of a path class

We now fix a path class [y] € Wk m(s,a), and define its contribution cp,) as

2m k
= 3 0 T A
1=

where s : [s] — [n] ranges over all possible injections from V, to [n]. The goal is to show the following:

Proposition 11.4. For any [y] € Wg.m(s,a), we have

e < <d)81 (@)HH, (11.17)

n n
where pmax S an upper bound on the entries of P.

Proof. We first rewrite this sum as

WZE 1T A%ecen |

eckE,
where m, is the multiplicity of an edge e in G. In particular, note that c(,; is zero except when m, > 1 for
all edges in E,. Using the inequality

E[A7] < @ (11.18)

for all x,y and the independence of the entries of A, we have

‘M= s Z H 005(61)""’5(62)

s eck,

Now, fix a spanning tree 7 of G,. For e ¢ T, we simply use the bound P;; < pmax. Let z be a leaf of T,
and y the only vertex connected to x. For any injection s, define s_,, the restriction of s to [k] \ . Then, we
can decompose

Z H oos(el),aos(ez) Z H

s cck, sz e€T\{z,y} s(a)

Pgyos P

_z(e1),005_,(e2) oos_4(y),008(x)
. 11.19
) 3 Freenents), (11.19)

where the second sum ranges over s(x) ¢ im(s_,). Letting i = 0 0os_,(y),
Poos,,,(y) cos(x) Po’os,,,(y) cos(x) Pijnj
st AL Vikas SN st AL Vikas SN 2 J — .
d TS ) <) —t=d
s(x) s(z)€[n] J€lr]

Note that the sum

Paos_m(e ),005_4(e2)
Z H 1n 5 2

5z eeT\{z,y}
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is the exact equivalent of the LHS of (11.19)) for the tree T'\ z. As a result, an immediate recursion yields
Z Paos,z(y),oos(x) S ndsfl7 (1120)
s(x) "

where the factor of n corresponds to the image of the tree root. Proposition then ensues from dividing
by n® on both sides. O

Remark. Since Eq. (11.18)) also holds for the matriz A, the contribution for a path class [y] to the bound
on ||BF||>™ also satisfies Proposition |11./).

11.2.4 Wrapping up the trace method

2m

Now that we have both of the needed ingredients, we are ready to bound E[||A®)||?™]. We write
EA®|Pr) < Y E

k
H A’Yi,t—l’vi,t
YEWk,m i=1t=1

<> D ey

5,0 [Y]€EWk m (s,a)

s—1 s—a
< 3 @km)ema—stDam <d> (Bme) " e (11.21)

n n
s,a

We just need to determine the bounds on s,a. The crucial remark is that since each edge of G, has to be
visited twice for ¢, to be nonzero, we have s —1 < a < km, and hence 0 < a — s+ 1 < km. This gives

km+1 km 6m g
E[HA(’“)HQm} < n(2km)2m Z ds—1 Z ((ka) )
s=2 g=0

n

< n(2km)?™ kmd*™ i ((%m)m)g

n
g9=0

We now choose
clog(n)
m=————;
log(log(n))
for a sufficiently small choice of ¢, it is easy to check that

/™) <log(n)/9) 2km <log(n)?> and (2km)®™ = o(n).
In particular, the above geometric series converges, and (11.6]) ensues via a Markov bound.

Remark. The bound on B is almost identical: FEq. (11.21)) still holds, but for different bounds on s,a.
Indeed, each edge does not need to be visited twice, so the weaker s —1 < a < 2km holds instead. One can
then easily check that this bound on s implies (11.10)).

11.3 An approximate eigenvector equation

The goal of this section is to deal with the term (x;, B"*~'z) in Proposition In view of what has
already been proven, the following bound will be sufficient:

Proposition 11.5. Let £ as in (10.11)), with k < 1/12. With probability 1 —n~¢, we have for any 0 <t < £,
i €[r] and x € im(V)*:
(xs, Btz) < clog(n)®v/nd!/? (11.22)
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The case i > r is immediate, and can be treated directly: by Lemma[10.4 and the triangular inequality,
(xi, B'z) < [(B*)"xill

< V24O 4 3/
< cvnd’?,

having used the fact that u?t'yi(t) < d' whenever p; < Vd.
For i € [rg], the situation is different since p?* > d'. However, we can write the telescopic sum

iy Hxi, Bta) = ;7 (xi, B'x) — puy (xi, B'x)

£—1
=" b B — Y , B )
s=t

/—1
< 3 w7 B Y — Bl

s=t

where in the first line we used that (x;, B‘z) = 0. Our aim is thus to show an appxroximate eigenvector
equation on £. Specifically, we show the following bound:

Lemma 11.1. Let ¢ as in (10.11), with x < 1/12. With probability at least 1 — n~¢, for any i € [ro] and
0<t<{,
|B**'Xi — wiB*xi|| < TODO

Proof. Define the functional

f(g,0) = Z (hg;t41(g,€) — Nih¢i,t(gve))2ﬂ (11.23)
e:e1=o
where we recall that hg, ; is defined in ((10.20). O
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