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We establish bounds on the spectral radii for a large class of sparse random matrices, which
includes the adjacency matrices of inhomogeneous Erdés-Rényi graphs. Our error bounds are
sharp for a large class of sparse random matrices. In particular, for the Erdés-Rényi graph
G(n,d/n), our results imply that the smallest and second-largest eigenvalues of the adjacency
matrix converge to the edges of the support of the asymptotic eigenvalue distribution provided
that d/logn — oo. Together with the companion paper [3], where we analyse the extreme eigen-
values in the complementary regime d/logn — 0, this establishes a crossover in the behaviour
of the extreme eigenvalues at d < logn. Our results also apply to non-Hermitian sparse random
matrices, corresponding to adjacency matrices of directed graphs. The proof combines (i) a new
inequality between the spectral radius of a matrix and the spectral radius of its nonbacktrack-
ing version together with (ii) a new application of the method of moments for nonbacktracking
matrices.

1. Introduction

The goal of the present paper is to obtain bounds on the spectral radius of a sparse random matrix.
Sparse random matrices arise naturally as adjacency matrices of random graphs. In spectral graph
theory, obtaining precise bounds on the locations of the extreme eigenvalues, in particular on the
spectral gap, is of fundamental importance and has attracted much attention in the past thirty
years. See for instance [11, 16, 1] for reviews.

The problem of estimating the spectral radius of a random matrix has a long history, starting
with the seminal work of Fiiredi and Komlés [15], subsequently improved by Vu [25]. For the simple
case of the Erdés-Rényi graph G(n,d/n), where each edge of the complete graph on n vertices is
kept with probability d/n independently of the others, it is shown in [15, 25] that the smallest
and second-largest eigenvalues of the adjacency matrix converge to the edges of the support of
the asymptotic eigenvalue distribution provided that d/(logn)* — oco. In this paper we derive
quantitative bounds for the extreme eigenvalues, which are sharp for a large class of sparse random
matrices, including G(n, d/n) for small enough expected degree d. An immediate corollary of these
bounds is that the extreme eigenvalues converge to the edges of the support of the asymptotic
eigenvalue distribution provided that d/logn — oo. Together with the companion paper [3], where
we analyse the extreme eigenvalues in the complementary regime d/logn — 0, this establishes
a crossover in the behaviour of the extreme eigenvalues of the Erdés-Rényi graph. The location
d =< logn of this crossover for the extreme eigenvalues parallels the well-known crossover from
connected to disconnected graphs.



Our results hold for a very general class of sparse random matrices with independent mean-
zero entries. In particular, we also obtain bounds for the extreme eigenvalues of inhomogeneous
Erd&s-Rényi graphs and stochastic block models. They hold for Hermitian random matrices, corre-
sponding to adjacency matrices of undirected random graphs, as well as for non-Hermitian random
matrices with independent entries, corresponding to adjacency matrices of directed random graphs.

In their seminal work, Fiiredi and Komlés [15] bound the spectral radius of a random matrix by
estimating the expected trace of high powers of this matrix. The technical challenge of this strategy
is to derive a sharp upper bound on the number of simple walks with given combinatorial properties.
The novelty of our approach lies in a new use of the nonbacktracking matrix. Nonbacktracking
matrices and combinatorial estimates on nonbacktracking walks have proved to be powerful tools
to study largest eigenvalues of some random matrices, see [14, 24, 7]. Indeed, counting non-
backtracking walks turns out to be significantly simpler than counting simple walks. Moreover, on
regular graphs, the nonbacktracking walks are counted by polynomials of the adjacency matrix,
and the Ihara-Bass formula (see e.g. [19]) implies a simple relation between the spectrum of the
adjacency matrix and the nonbacktracking matrix. In this paper, we extend this strategy beyond
regular graphs. Let H denote the sparse random matrix we are interested in, and B its associated
nonbacktracking matrix (defined in Definition 2.1 below). Our proof consists of two main steps: a
deterministic step (i) and a probabilistic step (ii).

(i) The first step is an estimate of the spectral radius of H in terms of the spectral radius of B,
summarized in Theorem 2.2. This step also requires bounds on the ¢ — ¢ and ¢! — (>
norms of H, which are typically very easy to obtain by elementary concentration results. The
main algebraic tool behind this step is an Thara-Bass-type formula given in Lemma 4.1 below.
Using this lemma we obtain an estimate relating the eigenvalues of B and H, Proposition 4.2
below, from which Theorem 2.2 easily follows.

(ii) The second step is an estimate of the spectral radius of B, summarized in Theorem 2.5
below. Our starting point is the classical Fiiredi-Komlds-approach of estimating E Tr B¢ B*¢
for £ > logn, which may be analysed by counting walks on multigraphs. Our main result
here is Proposition 5.1. The argument is based on a new soft combinatorial argument which
revisits a reduction of walks introduced in Friedman [14].

Our main result for Hermitian sparse matrices, Theorem 2.7, follows from Theorems 2.2 and 2.5
combined with classical concentration estimates. The proof of our main result for non-Hermitian
sparse matrices, Theorem 2.11, is proved by an argument analogous to that used to prove Theorem
2.5; the key observation here is that the independence of the entries of H automatically results in
a nonbacktracking constraint in the graphical analysis of E Tr H¢H*¢.

In [2], an approach to estimating spectral radii of random matrices is developed by comparison of
the spectral radii of general inhomogeneous random matrices to those of corresponding homogeneous
random matrices. After our preprint appeared online, this approach was significantly extended in
[22] to cover, among other things, sparse random matrices. For G(n,d/n) in the regime d/logn —
00, both our approach and that of [2, 22] yield bounds that are sharp to leading order, although
our bound on the subleading error is better than that of [2, 22]. In the complementary very sparse
regime d/logn — 0 our bounds are sharp up to a universal constant while those of [2, 22] are not.
See Remark 2.8 below for more details.

We conclude this introduction with a summary of the main contributions of our paper.



(i) We obtain bounds on the spectral radius of a large class of sparse random matrices. For
G(n,d/n), our leading order bound is sharp in the regime d/logn — oo and sharp up to a
universal constant in the regime d/logn — 0.

(ii) We establish optimal bounds at leading order for the spectral radius of sparse non-Hermitian
matrices that are of mean-field type, which means that any |H;;| is a.s. much smaller than

the 2 row norm \/maxi ZjIE|HZ-j]2.

(iii) We establish optimal bounds at leading order for the spectral radius of the nonbacktracking
matrix in the regime where the ratio of the 2 — ¢*° and ¢! — /> norms grows. Such bounds
are of some independent interest notably in view of recent applications of non-backtracking
matrices in community detection; see [20]. Moreover, our estimate on the spectral radius of
the nonbacktracking matrix is a key ingredient in the subsequent analysis [4] of the crossover
at d < logn.

(iv) We establish a very simple and general relationship between the spectral radii of a Hermitian
matrix and its nonbacktracking version, which we believe can be of some use in other contexts
as well.

(v) Our proof is simple and fully self-contained, and in particular does not need a priori bounds
on the spectral radius of a reference matrix.
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cation in the proof of Proposition 4.2. We would like to thank Ramon van Handel for many helpful
discussions on the articles [2, 22]. C. B. is supported by grants ANR-14-CE25-0014 and ANR-16-
CE40-0024-01. A. K. gratefully acknowledges funding from the European Research Council (ERC)
under the European Union’s Horizon 2020 research and innovation programme (grant agreement
No. 715539_RandMat) and from the Swiss National Science Foundation through the SwissMAP
grant.

2. Main results

For a positive integer n we abbreviate [n] := {1,2,...,n}. For a square matrix M we denote by
o(M) the spectrum of M and by p(M) = maxyc,(ar)|A| the spectral radius of M. Note that
for Hermitian M we have p(M) = ||M]| := ||M]|2—2, the operator norm of M. In some heuristic

discussions on the limit n — 0o, we use the usual little o notation, and write z < y to mean
x/y — 0.

Definition 2.1. Let H = (H;j); jefn) € Mn(C) be a matrix with complex entries H;; € C. The

nonbacktracking matriz associated with H is the matrix B = (Bey)e rem2 € My2(C) defined for
— (i i 2 _ 2

e=(i,j) € [n]* and f = (k,1) € [n]* by

Bef = Hk‘l]-j:k‘]-i;ﬁl . (21)

We shall need the £2 — ¢>° and ¢! — ¢* norms of a matrix H € M, (C), defined respectively as

1Hl2500 = max [> " [Hijl?,  [|Hll1-00 = max| Hyl. (2.2)
7 . 27‘7
J



The following deterministic result estimates the spectral radius of an arbitrary Hermitian matrix
in terms of the spectral radius of its nonbacktracking matrix.

Theorem 2.2. For x > 0 define f(x) through f(z) =x+az ' ifz > 1 and f(z) =2 if 0 <z < 1.

Let H € M,,(C) be a Hermitian matriz with associated nonbacktracking matriz B. Then

p(B)
|1 H 2500

Using f(z) < 2+ (z — 1)2 we immediately deduce the following result.

15 < HHnmf( ) T H oo

Corollary 2.3. If H is Hermitian with associated nonbacktracking matriz B then

p(B) — [ H|l2-00)7
[ H 200

We shall study the spectral radius p(B) for the following class of random matrices.

IH| < 2[[H|l2-00 +

Assumption 2.4. Let H € M, (C) be a Hermitian random matriz whose upper triangular entries
(Hij)1<i<j<n are independent mean-zero random variables. Moreover, suppose that there exist ¢ > 0
and k > 1 such that
max S E[Hy2 <1,  maxBlHgP <, max|Hyl < - as. (2.3)
1 F 1,] n 1,] q
For the interpretation of these parameters, consider first the simple case where A is the adjacency
matrix of the homogeneous Erdés-Rényi graph G(n,d/n) with 1 < d < n. Define H := d~/2(A —
FEA). Then it is easy to check that Assumption 2.4 holds with ¢ = v/d and x = 1. Thus, the
parameter ¢ controls the sparsity of A (the smaller it is, the sparser A may be). Moreover, if the
graph associated with A is inhomogeneous, the variances E\Hij|2 depend on ¢ and 7, and k has to
be chosen larger than 1. Thus, x controls the structure or inhomogeneity of A (the closer to 1 it
is, the less structured, or more homogeneous, A is).

Theorem 2.5. There are universal constants C,c > 0 such that the following holds. Suppose that
H satisfies Assumption 2.4 and that B is the nonbacktracking matrixz associated with H. Then for
1Vg< nt/10k=1/9 gnd ¢ > 0 we have

P(p(B) > 1 +¢) < CnPmealosite)

Remark 2.6. Note that if Assumption 2.4 holds for some ¢ > 0 then it also holds for any 0 < ¢ < ¢.
Hence, if £1/9 < n'/19, we may apply Theorem 2.5 to § = ¢ A (n'/10x~1/9).

From Theorems 2.2 and 2.5 it is not hard to conclude an upper bound on the norm of H. We
first note that general concentration inequalities imply that there exists a universal constant ¢ > 0
such that, if H satisfies Assumption 2.4 then for all ¢ > 0 we have

P(|IH] - E|H]| > t) < 207" (24)

See for instance [9, Examples 3.14 and 6.8]; the concentration inequality in [9, Example 6.8] is
given for the largest eigenvalue Amax(H) = supjg,—1(z, Hz), but the same argument applies to
1| = supyg =y o<1y, H ).

The estimate (2.4) shows that, up to subgaussian fluctuations of order 1/g¢, it is sufficient to
control the expectation of the norm of H. Our main result in this direction is the following.



Theorem 2.7. There is a universal constant C' > 0 such that the following holds. Suppose that H
satisfies Assumption 2.4. Then for 1V q < nY/Px=Y9 we have

V1
E|H| <2+ 0 with 1= Y281 (2.5)

IViogn’ q

In particular,

Jogn
E||H|| <2+ C ‘;g”. (2.6)

Moreover, under the same hypotheses, if in addition ¢ > C and max; Zj E|H;j|> =1 then
C
E||H| < E||H|j2—00 | 2+ 7)) (2.7)

Theorem 2.7 shows that with high probability, |H| < 2 + o(1) as soon as ¢*> > logn and
r < n'?/13 (See also Remark 2.13 below). As illustrated in [17, Theorem 2.2] and [3, Corollary
1.4], this statement is sharp. We remark that for entries with symmetric distributions, a related
bound (without sharp error bounds) was obtained in [17, Theorem 2.1]. (However, the assumption
of symmetric distributions rules out random graphs.)

Remark 2.8. Theorem 2.7 also provides an estimate for the very sparse regime ¢> < logn. Writing
q®> =n~2logn for n > 1 we find from Theorem 2.7 and (2.4) that

n
Viogn
with high probability. On the other hand, in [3] we proved that for A the adjacency matrix of
G(n,d/n) with d = n"?logn and H = (A — EA)/q we have
_n
v2logn

with high probability for n > 1 (where a ~ b denotes that a/b — 1 as n — oo). Thus, in the very
sparse regime ¢?> < logn and for general sparse random matrices, Theorem 2.7 yields bounds whose
dependence on n and d is optimal up to a universal constant for the example of the Erdos-Rényi
graph.

IH| < C

IH][ ~

Remark 2.9. For any Hermitian matrix H we always have || H |20 < |[H||. The estimate (2.7)
may be regarded as a probabilistic counterpart to this statement, saying that with high probability
the converse estimate is also true up to a constant.

Remark 2.10. Stated explicitly without referring to Assumption 2.4, for instance the estimate
(2.6) states that for any Hermitian matrix H with independent centred entries, if

7/2 9
max E|H; |2 - <max > E|H¢j2> < n‘l/mHmaXIHile
i, ( 4 bJ Le
J

then

v/logn.

E|lH| < 2\/m?xZE|Hm2 + O maxi |
J

is replaced by any larger number.

The same remains valid if the quantity Hmaxi’j|Hij\ H [0



Our techniques also apply to non-Hermitian matrices with independent entries.

Theorem 2.11. Let H € M, (C) be a random matriz whose entries (H;j)1<i j<n are independent
mean-zero random variables. Moreover, suppose that there exist ¢ > 0 and k > 1 such that (2.3)
holds. Then for 1V ¢ < n'/Y9%~19 and e > 0 we have

P(p(H) > 1+¢) < Cn? crlosll¥e),
for some universal positive constants C, c.

Remark 2.12. In Theorems 2.5, 2.7, and 2.11, the almost sure last condition of (2.3) can be easily
relaxed by a truncation argument of the entries of H (see for example [27]). We do not pursue this
generalization any further.

Remark 2.13. It can easily be seen from the proofs that in Theorems 2.5, 2.7, and 2.11, the
condition ¢ < n'/13x~1/12 can be relaxed to ¢ < n(1=%)/125=1/12 for any fixed dy € (0,1). Then,
the constants involved in the statements depend on Jy. Consequently, our main results hold for
k < n'~¢ for any fixed ¢ > 0. The applications to inhomogeneous Erdés-Rényi graphs in Section 3
can be slightly strengthened in this direction; we shall not pursue this direction further. Moreover,
since the parameter ¢ only appears as an upper bound in (2.3), our results clearly apply without
an upper bound on ¢; see Remark 2.6.

2.1. Overview of proofs. We conclude this section by giving an overview of the proofs of our
main results — Theorems 2.2, 2.5, 2.7, and 2.11. Theorem 2.2 is proved in Section 4. The first main
ingredient is a variant of the IThara-Bass formula, Lemma 4.1, which relates the spectra of H and B
by characterizing the spectrum of B as the singularity set of an explicit matrix function, denoted
M(X) — H(N). The second main ingredient is an analysis of the matrix function M (\) — H(\),
estimating its singularities in terms of eigenvalues of H, hence concluding the proof of Theorem
2.2. The proof of Theorems 2.5 and 2.7 are given in Section 2.7, where we estimate the spectral
radius of B. The main work is to estimate E Tr B¢ B*¢ for large ¢, which is performed in Proposition
5.1. It is proved using a variant of the classical moment method, exploiting the nonbacktracking
property of B to significantly reduce the combinatorics of the resulting graphs. Theorem 2.5 then
easily follows using Markov’s inequality, and Theorem 2.7 follows by an elementary argument using
Theorems 2.2 and 2.5. Finally, in Section 6 we prove Theorem 2.11. Its proof is remarkably similar
to that of Proposition 5.1. Indeed, since the entries H;; and Hj; for i # j are independent, to
leading order, the resulting walks on graphs do not backtrack. This results in walks analogous to
those of Section 2.7, and we may take over much of the arguments developed there to conclude the
proof of Theorem 2.11.

3. Application to inhomogeneous Erdés-Rényi graphs

3.1. Undirected graphs. An important example of a matrix H satisfying Assumption 2.4 is the
(centred and rescaled) adjacency matrix of an inhomogeneous (undirected) Erdés-Rényi random
graph, where each edge {i,j}, 1 <i < j <, is included with probability p;;, independently of the
others. Let A be its adjacency matrix and set

H:=d Y2(A-EA),



where

d:= maprij (3.1)
J

is the maximal expected degree. Then for each i,5 and each k > 2, we have |H;;| < 1/v/d and
E’Hij|2 < pij/d- We set

q:= Vid A nt/10g1/0 ) K= W . (3:2)

Remark 3.1. A scenario of particular interest is when the probabilities p;; are all comparable (i.e.
x = O(1)) and the typical expected degree d is not too large, in the sense that d < n'/®. In that
case we have g = V.

We deduce the following immediate consequence of Theorem 2.7.

Theorem 3.2. Let A be the adjacency matrixz of an inhomogeneous Erdds-Rényi graph, with d and
q defined as in (3.1) and (3.2). If ¢ > 1 then

E|A - EA VI
EIA-BAl o o 1 i g Y1087 (3.3)
Vd Vv1Vlogn q

for some universal constant C' > 0. If the maximal expected degree is not too large in the sense that

d>1 and d"7? max p;; < n /10 (3.4)
0.J

which in particular includes the scenario of Remark 3.1, then

logn

E|A-EA| <2Vd+C, | ——=1——.
1V log(=5")

(3.5)

In [13, 10], it is proved that |[H| < C if d is at least of order logn. Theorem 3.2 retrieves
this result and states also that ||[H|| < 2+ o(1) as soon as d > logn. In the homogenous case
(i.e. when for all 4,7, p;; = d/n), it is well known [18, 5] that the empirical distribution of the
eigenvalues of H converges weakly to the semi-circular law with support [—2, 2] as soon as d > 1.
Theorem 3.2 then also gives the convergence of the extreme eigenvalues to the boundary of [—2, 2]
as soon as d > logn. In the companion paper [3], we study the largest eigenvalues of H in the
regime d < logn, showing that a crossover occurs at d < logn. Interestingly, in at least the regime
d < logn, [3, Corollary 1.4] implies that the upper bound (3.5) is sharp up to the multiplicative
constant C; see Remark 2.8.

Theorem 3.2 can be used in statistical inference on graphs, where one wishes to infer information
about EA from a single observation of A. Weyl’s inequality for eigenvalues implies that, for any
integer 1 < k < n, the k-th largest eigenvalue (counting multiplicities) of EA and A differ by at
most ||[A —EA|| (see for example [6]). Hence, Theorem 3.2 shows that the location of an eigenvalue
X of EA can be effectively estimated from the spectrum of A as soon as |A|/v/d is much larger than
the right-hand side of (3.3). In particular, if |A| is of order d, the condition reads

| logn
d _— 3.6
> loglogn (3:6)



As mentioned above, [13, 10] require the stronger condition d > logn. We also recall that classical
tools from perturbation theory assert that also the corresponding eigenspaces of A and EA are
close when ||A — EA| is small compared to the spectral gap around the eigenvalue of A under
consideration (for instance, the Davis-Kahan Theorem [12] gives a precise quantitative statement
of this kind). We may summarize our discussion with the following corollary, which can be used in
statistical inference on graphs when (3.6) is satisfied. For simplicity of presentation, we focus on
the case where the expected maximal degree is not too large, that is when (3.4) holds.

Corollary 3.3. Let A be the adjacency matriz of an inhomogeneous Erdds-Rényi graph, with d
defined as in (3.1). Suppose that (3.4) holds and n > 3. Then for some universal constant C > 0

and for any 0 < e < 1, if
C 1
d> =, /28" (3.7)
g2\ loglogn

|A—EA|| <ed,
with probability at least 1 — 2exp(—e2d3/C).

then

Proof. This is an elementary argument using (3.5), the condition (3.7), and (2.4). We omit the
details. O

3.2. Directed graphs. An important example of a matrix H satisfying the assumptions of Theo-
rem 2.11 is the (centred and rescaled) adjacency matrix of an inhomogeneous directed Erdds-Rényi
random graph, where each directed edge (i,7), 1 < i,5 < n, is included with probability p;;,
independently of the others. Let A be its adjacency matrix and set

H:=d '?(A-EA),
with d given in (3.1). We deduce the following immediate consequence of Theorem 2.7.

Theorem 3.4. Let A be the adjacency matrix of an inhomogeneous directed Erdds-Rényi graph,
with d and q defined as in (3.1) and (3.2). If ¢ > 1 then

P(p(dfl/Q(A —EA)) >1 +€) < Cn2fcqlog(1+s)’

for any € > 0 and some universal positive constants C,c. If the maximal expected degree is not too
large in the sense that (3.4) holds, then we have

]P)(p(d—l/Q(A _ EA)) >1+ E) < CnQ—C\/ElOg(l-{-E)

for alle > 0.

The following corollary can be deduced directly, using the version of the Bauer-Fike theorem
given in [8].
Corollary 3.5. Suppose that the assumptions of Theorem 3.4 hold, and suppose moreover that for
all i,j we have p;j = d/n where d < n/>. Then for any ¢ > 0 such that 2(1 + ¢) < Vd, with

probability at least 1 — Cn2_cﬁlog(1+5), A has ezxactly one eigenvalue at distance at most (1 —|—€)\/&
from d and all other eigenvalues with modulus at most (1 + 6)\/;1



4. Comparison of spectra of H and B and proof of Theorem 2.2

The rest of this paper is devoted to the proofs of Theorems 2.2, 2.5, 2.7, and 2.11.

4.1. An Ihara-Bass-type formula. The following lemma is a variant of the Thara-Bass formula.
It is inspired by [23] and generalizes ideas from [21]. It is essentially contained in Theorem 2 of [26];
for the convenience of the reader and to keep this paper self-contained, we give the simple proof.

Lemma 4.1. Let H € M,(C) with associated nonbacktracking matriz B and let A € C satisfy
A2 # HijHj; for alli,j € [n]. Define the matrices H(X) and M(X) = diag(m;()))iepn) through

. )\Hw zka'L

Then X € o(B) if and only if det(M(X) — H(\)) = 0.

Proof. We abbreviate ij = (i,§) € [n]>. Let A € o(B) be an eigenvalue of B with eigenvector
T € (C[”P, i.e. Bx = Az, which reads in components

k#j

for all 4, j € [n]. We define y € C™ by, for each i,
Yyi = Z Higaip, -
k

The eigenvalue equation Az = Bz reads
)\Q?ji =Y — Hijxij .
Exchanging ¢ and j, we obtain
Arij = yj — Hjixji
from which we deduce
)\213ji = /\yl — H¢j>\$¢j = )\yl — Hijyj + Hz’jHjixji .

Hence, because A\? # H;;Hj;,
Avi — Hijy; (4.3)

YT N HH

We see from this last expression that y # 0 if = # 0. We plug this last expression into (4.2) and get

Ny MHyy; Z AHip s, Z Hi Hyiyi
A2 — Hinji A2 — H’inj’L A2 — zkaz A2 — zka:z
i.e.
Z )\Hlkyk Z zk:Hklyz
)\ AQ zkH]m, A2 Zkal



We conclude that

)‘2yi Hz]szyz )‘sz’yk zkazyz
o Z A2 — Z 2

Yi = A2 — Hinji A2 — Hin]Z kaz kH/m

Hence,
Hy; AH iy
1+ ik — 0,
< Z A2 — Hkaz> Z A2 — zk:sz

which proves that 0 is an eigenvalue of M(\) — H()).
Conversely, if 0 is an eigenvalue of M (\) — H(\) with eigenvector y, we define x through (4.3).
Then the above computation also implies that x satisfies (4.2), i.e. Bz = Az, so that A € o(B). O

4.2. Comparison of spectra and proof of Theorem 2.2. We use the notation M < N for
Hermitian matrices M and N to mean that N — M is a positive matrix. The key estimate behind
the proof of Theorem 2.2 is the following result. We thank Sasha Sodin for his help in simplifying
its proof.

Proposition 4.2. Let H € M,,(C) be a Hermitian matriz with associated nonbacktracking matriz
B. Suppose that there exists § € [0,1] such that

max |H;;| <9 and maxz |Hij? <1+56. (4.4)
17.] 7 .
J

Let
Ao :=max{1+ V6, max(o(B) N R)}. (4.5)

Then

H <)o+ i + 69.
Ao
Proof. Let H(A) and M(\) be the matrices defined in Lemma 4.1. First note that 0 < M (X\g) —
H(X\o). Indeed, as A — 400,
M) —H\) =I+0(\1),
so that for A\ large enough M(\) — H(\) is positive definite. But by Lemma 4.1, the real zeros of
A — det(M(X) — H(X)) are the real eigenvalues of B, which implies that for A > )Xo, det(M(\) —

H()\)) > 0. By continuity, we conclude that M(\) — H()) is positive definite for any A > \.
Next, a direct computation shows that for any A > 1 + /8, we have

1
= [Hy[*

1 1
< 0|Hyj) <
—52 <0 ]‘1+5+2ﬁ—52

We deduce (by the Schur test or the Gershgorin circle theorem) that [|\H (\)—H || < d max; >, |Hi; 2 <
26. Another computation shows that for any A > 1 + /3, we have

1y _ 1 | Hii | 1/ 149
(\) — )= R ) < (0
Ami () (AJFA) A<§1—A—2|Hiky2 AT = A262
A1+ A720) 2\
/\2_52

IAH;;(\) — Hyj| = \HU|3 5|Hw!2 S| Hij|* .

=9

10



(In the last step, we considered separately the cases A > 2 and A < 2, for which we use A2 — 62 > 1.)
From both previous computations, we deduce that for any A\ > 1+ /9,

1
AMN) —H(N) = )\+X — H + 66.
To sum up, we have

1
0j/\0(M<)\0)—H()\0))j)\o—i-)\f—H—}—G(S,
0

from which the claim follows. O
We may now conclude the proof of Theorem 2.2.

Proof of Theorem 2.2. Set 0 := ||H||1-00. Note that § < 1 because ||H||2y00 < 1. By Proposi-
tion 4.2, for A1 := max{1 + v/, p(B)}, we have

H < f(A1) 466

By considering the cases \; = p(B) and A\; = 14++/4 separately, and using that 2 < f(14xz) < 2422,
we easily find that if |H||2—s00 < 1 then

IHI < f(p(B)) + 7l H[1-500 -

The claim for arbitrary H now follows by homogeneity. O

5. Estimate of p(B) and proof of Theorems 2.5 and 2.7

The main estimate of this section is the following result.

Proposition 5.1. Suppose that H satisfies Assumption 2.4 and that B is the nonbacktracking
matriz associated with H. There exist univeral constants cg, Cy > 0 such that the following holds.
Ift>1,q>1, and 6 € (0,1/3) satisfy

nl/3—6
< ¢ min{éqlogn,qzﬁl/g} (5.1)

then
ETr B*B* < Con?0¢? .

5.1. Proof of Proposition 5.1. Throughout the following we fix £ and mostly omit it from our
notation. For any e € [n]? and f € [n]? we have

(Be)ef = Z BealBamQ T Baé—lf'

ai,....ar—1€[n]?

By Definition 2.1, we therefore find

4
(BY)es = Z Heey Heyeo -~ Hey gy
3
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where the sum runs over £ = (£_1,&,...,&) € [n]*? satisfying (£_1,&) = e, (§-1,&) = f and
&1 F# &y fori=0,...,¢— 1. Hence,

’I‘I'BZBK* _ Z |(B€)ef|2
e,f€[n]?
= HgaHag - Hy qHgeHag He o
£Le?
where the sum runs over ¢! = (¢L,,...,&}), € = (€2,,...,€2) € [n]**? such that (¢1,,&)) =

(621.60), (§-1,&0) = (§71,&7) and &y # &y and &4 # &2, for i =0,...,¢ — 1. Note that ¢!,
does not appear as an index of H. Fixing all indices except ¢, = ¢2, we find that the sum over
¢l = €2, is bounded by n. The remaining sum over &}, &2, ... ,f}, 5? is nonnegative. This yields
the estimate

I oY4s I7 I7 I7
BB <n ) HggHgg-Hy gHgeHag - He o

glez
=n ) HygqHaq - Hy qHge He o, Hag.
gle?
where the sum runs over &8 = (&,...,€}),&2 = (&,...,€2) € [n]**! such that (&,¢} ,&) =

(6.7 1,&) and & | # ¢l and & | # &2 fori=1,...,¢ — 1. In the second step we used that
H is Hermitian. Renaming the summation variables, we have

YA 534
Tr B*B** < nZH&)&H&SQ T H€2e71€2£ )
¢eC

where

Ci={€=(C0,...,&0) € N)*™ : &0 = &0, &1 = &1, i1 # &g for i € 20 — 1\{(}} .

Because the entries of H are independent and have mean zero, we find

ETr B'B* < nEZ HepeyHeygy - Heyy 16905 (5.2)
gec

where we defined C as the set of ¢ € C such that [{i€[20:{&-1,&} = {a,b}}| # 1forall a,b € [n].
In words, for £ € C every unordered edge cannot be crossed only once by &.

In the following we shall need several basic graph-theoretic notions. Since they involve paths
on multigraphs, it is important to introduce them with some care. By definition, a (vertex-labelled
undirected) multigraph G = (V(QG), E(G), ¢) consists of two finite sets, the set of vertices V(G)
and the set of edges E(G), and a map ¢ from E(G) to the unordered sets of one or two elements
of V(G). For e € E(G), the set ¢(e) is the set of vertices incident to e. The edge e € E(G) is a
loop if |p(e)| = 1. The degree deg(v) of a vertex v € V(G) is the number of edges to which it is
incident, whereby a loop incident to v counts twice. The genus of G is g(G) := |E(G)| — |V (G)|+1.
A path of length | > 1 in G is a word w = wowprwiwis . . . wi—1w; such that wo, wy, ..., w; € V(G),
wo1, W12, -« . ,wi—1; € E(G), and ¢(w;—1;) = {w;—1,w;} for i = 1,...,1. We denote the length [ of w
by |w| :=[. The path w is closed if wy = w;. For e € E(G) we define the number of crossings of e
by w to be me(w) := Zi:l Lu;_1,=e- In particular, we have 3. gy me(w) = |w|.

12



Moreover, the multigraph G is called simply a graph if ¢ is injective, i.e. there are no multiple
edges. (Note that in our convention a graph may have loops.) For a graph G we may and shall
identify E(G) with a set of unordered pairs of V(G), simply identifying e and ¢(e). Similarly, we
identify a path w with the reduced word wqw; ...w; only containing the vertices, since we must
have w;_1; = {w;—1,w;} fori =1,...,1.

Definition 5.2. For £ € C we define the graph G¢ as

V(Ge):={&:1=0,...,2(}, E(Ge) = {{&-1,&}i=1,...,2(}.
Thus, § = &1 - - - &2 is a closed path in the graph G¢.

Next, we introduce an equivalence relation on C by saying that two paths & ,§~ € C are equivalent,
denoted ¢ ~ &, if and only if there exists a permutation 7 of [n] such that 7(&) = & for all
i=0,...,20. Clearly, the numbers |E(G¢)| and |V (G¢)|, and hence also g(G¢), only depend on the
equivalence class of £. We denote by [{] C C the equivalence class of a path £ € C in the set C.

Lemma 5.3. For any £ € C we have

—9(G¢ Gz) 2|E(Gg)|—2¢
E Z HeyeoHegy - Heyy 1650 < n! =908 g 5)(] [E(Gel-2¢
gelé]

Proof. Abbreviate g := g(Gg¢), a := |E(Gg)|, and s := [V(Gg)|, so that g = a — s + 1. Since the
claim only depends on £ through its equivalence class [£], we may replace & with any equivalent
path of [¢] obtained by relabelling the vertices. Thus, we may suppose that V(Gg) = [s] and that
there is a spanning tree 1" of G¢ such that for all ¢ € 2,..., s the subgraph T][ﬂ is a spanning tree
of [t]. (This amounts to the requirement that the vertices [s] are first explored in increasing order
by the path £.) Moreover, we enumerate the edges of Ggaseq,...,eq, wherefor t =1,...,s -1
the edge e; is the unique edge of T'[[;4] that is not an edge of T'[j,), and the edges es, ..., e, are the
remaining g edges in some arbitrary order.

For t = 1,...,a we abbreviate m; := me,(£) for the number of crossings of e; by £&. Moreover,
we denote by Z ,, the set of injective maps from [s] to [n]. Then we have

EY HeooHae o Heveo = ) BHoeen He@r@)  Hrieor(n)
¢elg] TE€Lsn

< > JIBIAZ,).

TeIs,n t=1

where we used the independence of the entries and the convention 7({z,y}) := {7(z),7(y)}. We
use the estimate

1
k _
max g E|H;;|" < = (k=2,3,...) (5.3)
J
for the edges eq,...,es_1 and the estimate
k fo _
II%%XE’HZ‘J" < g2 (k=2,3,...) (5.4)
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for the edges es, ..., eq; both of these estimates follow immediately from (2.3). Thus we find

me—2 Z HE‘H:Z;

E Z Heoey Heyeo -+ Heyy 165, < H

n
tsq

¢elé T€Ls n t=1
- 1
m
H nqmt 2 Z H HT ‘ ’f'TLsfl_2
TELs— 1,n t=1
Lk 1 1
me
< H nqmt72 Z H E|H7' t)‘ m372*2 qm57172
t=s TGIS,Q n t=1
<- -
1 1
H mt 2 Z m1 2 o ms—2_2 qms—1_2
T€L1n
_ nq2afZ:t:1 me (H/n)aﬁsu#l )
We conclude the proof noting that g = a — s+ 1 and >}, my = 2/. O
Definition 5.4. We say that a pair (G, w) formed by a multigraph G and a path w = wowgiwiwis . .
is normal if
(i) V(G) ={wo,...,w} = [s] where s := |V (G)|;
(ii) the vertices of V(@) are visited in increasing order by w, i.e. if w; ¢ {wo,...,w;—1} then

W; > Wiy nn, Wi—1.

Clearly, each equivalence class of ~ in C has a unique representative { such that (Ge¢,§) is
normal. We denote Cy := {{ € C: (G¢,§) normal}. Thus, from (5.2) and Lemma 5.3 we deduce
that

ETr B'B™ < n? Y n 906 g9(Ge) 21BGO)I =2 (5.5)
§€Co

Next, we introduce a parametrization of Cy obtained by deleting vertices of the graph G¢ that
have degree two. In this process the two exceptional vertices {&g, &} are not collapsed. This process
will result in a multigraph, denoted by U({) below. A similar construction appears in [14]. We
refer to Figure 1 for an illustration of the following construction.

Definition 5.5. Let G be a graph and V C V(G). Define the set
Iy(G) :={v e V(G)\ V: deg(v) = 2} .

Define the set Xy (G) to be the set of paths w = wq---w; in G such that wy,...,w;_; are pairwise
distinct and belong to Zy(G) and wo, w; ¢ Zy(G). We introduce an equivalence relation on ¥y (G)
by saying that wq - --w; and w; - - - wp are equivalent, and denote by ¥\,(G) = {[w] : w € Xy(G)}
the set of equivalence classes.

The next definition constructs a multigraph G’g from G¢, obtained by replacing every [w] €
Zf{&) &z}(G) with an edge of E(Ge).

14
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Figure 1: In the top diagram we draw the graph G¢ associated with the path ¢ =
1,2,3,4,5,6,7,8,9,9,8,10,4,5,6,7,8,9,9,8,11,12,13,12,11,14,15,16,14,17,18,4,10,8,11,14,16,15,14,17,18,4,3,2,1.
Here ¢ = 22. Note that G¢ has a loop but no multiple edges. The number of crossings of each edge by ¢
is 2, except for {8,9} for which it is 4. Note also that (Ge,&) is normal. In the bottom diagram we draw
the multigraph U associated with £. We label the vertices of U by 1,...,7 and the edges of U by a,...,J.
The path in U associated with £ is ( = 1a2b3c4d4c3e2b3cdd4c3 f5g6gbhT7i752e3 f5hTi7j2al. The number of
crossings of each edge by ( is 2, except for ¢ for which it is 4. Note that ¢ is normal in U. Here v = 6 and
the weights k of the edges of U are given by ko =3, ky =4, ke =1, kg =1, ky =1, k; =2, k;, =1, k; = 3,
kj = 3.

Definition 5.6. Let & € Cp. Set V(Gy¢) := V(Ge) \ Zgey 6,1 (Ge) and E(Ge) = Ef{go 5[}(G) with
o([w]) := {wo,w;} for each [w] € Zf{go £Z}(G). We also assign to each edge [w] € E(G’g) the weight
ki to be the length of the path w.

Let now & € Cp, which is a closed path §p&; - - - §2¢ of length 2/ in the graph G¢. Because of the
nonbacktracking condition in the definition of C at all vertices of G¢ except {y and &, we find that
every pair §;—1§; must be contained in a word w € Yyg ¢,3(Ge). By writing £ as a concatenation
of words from Yy¢ ¢,1(G¢), we therefore conclude that the closed path & = o€y - - - € in the graph
G¢ gives rise to a closed path é = éoémélflg . -ér_h«éT on the multigraph Cg. We stress the
fundamental role of the nonbacktracking condition in the definition of C in the construction of f ;
without it such a construction fails.

Summarizing, for any given £ € Cy we have constructed a triple (G’g,f, l;:), where C?g is a
multigraph, f is a closed path in C;’g, and k = (lAce)ee E(Ge) is the family of weights of the edges of

Ge.
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Note that f and G’g are in general not normal in the sense of Defintion 5.4. We remedy this
by setting 7 to be the unique increasing bijection from V(G’g) to {1,...,]V(G§)|}. Denote by
(U, ¢, k) = (U(€),¢(£), k(&)) the triple obtained from the triple (Gg, g, l%) by relabelling the vertices
using 7. By definition, £y = 7(&) = 1. Moreover, we set v = v(§) := 7(&).

We refer to Figure 1 for an illustration of the construction of (U, (, k). We now collect several
basic properties of the mapping & — (U, (, k).

Lemma 5.7. The mapping § — (U, (, k) satisfies the following properties.
(i) The mapping & — (U, (, k) is injective on Cy.

(ii) 9(U) = g(Ge).

(iii) ¢ is a closed path in the multigraph U. It is normal in U in the sense of Definition 5.4. In
particular, o = (¢ = 1.

(iv) Every vertex of V(U) \ {1,7} has degree at least three. The vertices 1 and ~v have degree at
least one.

() |BGe)| = Coe ) e
(vi) me(C) =2 for all e € E(U) and 20 =3 c iy me(C)ke.

Proof. All of these properties follow immediately from the construction of (U, (, k). For (i), we
emphasize that the requirement § € Cp is crucial, for a relabelling of the vertices of G¢ will not
change the resulting triple (U, (, k). O

Having constructed the triple (U, (, k), we may now use it to estimate the right-hand side of
(5.5). By property (i) above, it suffices to sum over (U, (, k) instead of £. We find

ETr B'B" < n’ Z n_g(U)q*ZeeE(U) me(Qke+23 cep(wv) ke 1 9(U)

(UGH)
—n? 3 ) Teen heme(©-2) o)

(Uk)

where the sum ranges over all triples (U, ¢, k) obtained from all £ € Cy. Since k. > 1 and m(¢) > 2
for all e € E(U), we find

D ke(me(Q)=2)= > (me(¢) —2) = [¢| - 2[EU)].
e€E(U) ecE(U)
Since ¢ > 1, we therefore get
ETr B!BY < n? Z n~9W) Z2EW)=I o)
(US:k)

Note that the summand does not depend on k. For fixed (U, (), we may therefore estimate the
sum over k by estimating from above the number of families k¥ = (k¢)cc gy such that ke > 1 for
all e € E(U) and }_.c gy keme(¢) = 2(. Since me(C) > 2 > 1, this is certainly bounded by the
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number of families k = (ke )ee gy such that ke > 1 for all e € E(U) and }_ . gy ke = 2¢, which is

equal to o
<\E?£Ui : 1> s <|E?€U>|> |

) 60 \EODI )
ETr BB <n? 3 n90) RIEW)|=Icl o (V) |
(U,0)

We conclude that

|E(U)]

where the sum ranges over pairs (U, () obtained from all £ € Cy. We estimate this sum using the
following bounds on |E(U)|.

Lemma 5.8. For U as above we have
[E(U)] <39(U) +1,

and

V() <29(U) +2.

Proof. In order to prove the upper bound on |E(U)|, we write

2AB(U)| = ) deg(v) >2+3([V(U)| - 2),
veV(U)

where we used the fact that each vertex in V(U) \ {1,~v} has degree at least 3, and {1,v} have
degree at least one. This gives

2 4
V) < SIBU) + 5,

which implies that g(U) > |E([Q|_1 and g(U) > M 1. =

Using Lemma 5.8 we conclude

Bt <2 Y 120\ ) sow)-Icl o)
ETr B*B gnﬁq W ng qg Cfﬁ‘/g ,
g
U,)

where we used that g(U) < /.
Next, we claim that the number of pairs (U, () such that |E(U)| < e, |[V(U)| < v and ¢ has
lenght m is at most

emvC.

Indeed, we may build the path ¢ directly as follows: at each of the m steps of the path (, we choose
an edge numbered from one to e and, for each newly visited edge, we attribute an end vertex among
v possible choices. Since (U, () is normal and ¢ visits all edges of U, this characterizes uniquely the
pair (U, (). Using Lemma 5.8, we therefore find that the number of pairs (U, () such that U has
genus g and ¢ has length m is bounded by

(3g + 1)™(2g + 2)%9+1.
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Putting everything together, we find

240 \%
ETr BZBZ* 2£q2 Z Z 39 + 1 2g + 2)3g+1 <> n*gqﬁg*mﬁg

g=0m=1 29 +2
20 20
1\™ 3 6 g 4g\™
s;cn%@2§:<q) + Cn2e? 2§:<CW > E:((f) , (5.6)
m=1 m=1
where we used that g < £. Since ¢ > 1, the first term of (5.6) is bounded by Cn?/?¢%. For any
x > 0 we have Zm L™ < 26(1 4 2%). Thus, the second term of (5.6) is estimated by
L L 20
Crl3¢®\7? Crl3¢®\7 (4g
243 2 243 2
14 14 e = . .
Cn qu::l< - > +Cn qu::l< - > (q) (5.7)

Now, assume that

3,6 q n

(we will then check that (5.1) implies (5.8)). By the assumption (5.8), the first term of (5.7) is
estimated by Cn?¢3¢%. The second term of (5.7) may be written as

(5.8)

4q
Cn203¢* exp [ glog ——— 4 2(log —
3 exp s i + 20

The argument of the exponential is maximized for

n
=20/ log ——=—.
g / . k03¢0
Plugging this back in, we find that if (5.8) holds then this maximum is reached for g < 4¢ and we

deduce that ETr B!B* < Cn?¢*q?.
What remains, therefore, is to show that (5.1) with large enough Cjy and small enough ¢y implies

(5.8). From (5.1) we find
7345\ 7%
n> (=L , (5.9)
U

which implies the first estimate of (5.8) for small enough ¢y. Moreover, (5.9) yields

3
36 Con
n’ <
= ,{gsq6

We conclude from (5.1) that

3
g a5 _ €oq con
Egcoéqlogn—?logn <310g<,453q6>’

which implies the second estimate of (5.8) for small enough ¢y. This concludes the proof of Propo-
sition 5.1.
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5.2. Proof of Theorem 2.5. This is a simple application of Proposition 5.1 and Markov’s in-
equality. We have

P(B) = p(Bf)l/f < ”BZHI/Z — ||BZB*Z”1/(2€) < (TI“(BEB*K))U(%) ‘ (5‘10)
Thus we get
ET BZB*Z
P(p(B) > 1+2) < BT BB > (1+9%) < 10

At

Choosing § := % in Proposition 5.1, we find by assumption of Theorem 2.5 that (5.1) holds with
¢ := [5qlogn], with some universal constant ¢ > 0. We therefore find from Proposition 5.1

P(p(B) > 1+ ¢) < Cn%¢®(logn)*(1 4 g)~caloen < opd—calos(i+e)
as claimed. This concludes the proof of Theorem 2.5.

5.3. Proof of Theorem 2.7. We start by proving the following intermediate result.

Proposition 5.9. There are universal constants C,c > 0 such that the following holds. Suppose
that H satisfies Assumption 2.4. Then for 1 < ¢ < n'/19%1Y9 and § > 0, we have

IF’(||HH >24C6+ 3) < Cp3ealos(4V) | pe=ah(3Vo?) (5.11)

where h(d) := (1 + J)log(1+9) — 4.

Proof. The proof is a combination of Corollary 2.3 and Theorem 2.5. By assumption, we have
|H|[1-00 < 1/q. We estimate || H 200 using Bennett’s inequality [9, Theorem 2.9]. Fix i € [n] and

define the independent random variables X, ..., X,,, where X; := |Hij]2. By assumption on H we
have X; < 1/¢* and > EX ]2 < 1/¢?. Since >_;EX; < 1, we conclude from Bennett’s inequality
that
P(Z|Hij|2 >1+ t> < e h) (5.12)
J

By a union bound, we therefore deduce that P(||H|j2—oo = 1+ t) < P(|H|2500 = V1+tVE?) <
ne~T°h(tVEh) e apply this last statement to ¢ = §. The claim now follows from Corollary 2.3 and
Theorem 2.5 applied to €2 = §/C. O

We are now ready to prove Theorem 2.7. We begin by noting that without loss of generality we
can assume ¢ > 1. Indeed, if Theorem 2.7 is already established for ¢ > 1 then in the case ¢ < 1
we can apply it to H' = H/(1/q), with corresponding parameters ¢’ = 1 and x’ = kq?> < k, and the
claim follows easily.

From now on we therefore assume that ¢ > 1. Let us first prove (2.5). We claim that for large
enough K and any n, q, k satisfying

1<qg< /%19 and k>1, (5.13)

we have

P(||H|| - E[H|| <6) +P(|H|| <2+2C5) > 1, (5.14)
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where C' is the constant in Proposition 5.9 and

5 _ Kn _ logn
- VIVioegn' = qg
Supposing for now that (5.14) has been proved, we find that the intersection of both events
from the left-hand side of (5.14) is nonempty, and hence E||H|| < 2 + (2C + 1)§, which concludes

the proof of (2.5).
What remains, therefore, is to prove (5.14). We first remark that, with ¢ = 2/e,

KA/1 K
qd = ogn _ i > oK (5.15)
V1Viogn +/1Vliogn

uniformly over all n > 2 and ¢ > 1 (distinguish 7 < e and 7 > e). We shall assume that ¢y K > 1.
By (2.4) and (5.11), it suffices to prove that, by choosing K large enough, the three numbers

ar = ¢%6%, ag == qlog(1 + \/5) , az = ¢*h(5 vV 6%) —logn (5.16)

can be made arbitrarily large, uniformly under the conditions (5.13). Indeed, the term C'/q from
the left-hand side of (5.11) is bounded by C¢/(coK) < C4§ by (5.15).

First, from (5.15), a1 > (coK)?. Hence, a; can be chosen arbitrarily large if K is large enough.
Similarly, to prove that as can be chosen arbitrarily large, we note that the function f(x) =
log(1 + /x)/z is positive and decreasing on (0, 1). Hence, from (5.15), we have

az = (oK) f(coK/q) = (coK) f(coK) = log(1l + /oK),

as desired.

To prove that as can be chosen arbitrarily large, we consider the cases n < e and n > e
separately. For n < e, we use h(x) > c¢(z? A z) for all z > 0 and for some universal constant ¢ > 0.
Hence h(d V §2) > ¢§? and

ag > cq*6? —logn = (cK* —1)logn,

as desired. For > e, we use the refined bound h(z) > c(x? A 2)(1 Vlogz) for all z > 0. Hence
h(6 V 62) > c62log 6% and, since log 62 > ¢ logn for some constant ¢ > 0,

az > cc'¢*6%logn — logn = (c K* — 1) logn,

as desired. This concludes the proof of (2.5).
Finally, we prove (2.7). First, Jensen’s inequality implies that E|H|js—,o > 1. Note also

the triangle inequality gives ||| X||2—o0 — [|Y]|2m00] < | X — Y2500 < \/Zw | Xi; — Yi;|?, and the

function X +— || X||2— 0 is separately convex in the entries of X (as a maximum (2.2) of separately
convex functions). Hence, we may apply Talagrand’s concentration inequality in the form of [9,
Theorem 6.10]. We find that there exists a universal constant ¢ > 0 such that for any ¢ > 0,

P([| Hll2500 — BN Hll200| > t/q) < 2¢7° (5.17)

This last inequality and (2.4) implies that if we prove that the event

{IIHH < [H|l2-500 (Hi)} (5.18)
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has probability at least 1/2, then

C 2t
E|H|| < E|H 200 (2 + q) + 2 <E| o <z +

C—I—Qt)

where ¢ is such that 4e =" < 1/2, the constant ¢ is as in (2.4)~(5.17), and we used that E||H |30 >
1. Therefore, it suffice to prove that (5.18) holds with probability at least 1/2. With probability
at least 3/4, for some universal constant ¢ > 0, we have

t
p(B) <1+
q
and, from (5.17) with probability at least 3/4,

>1-L.

[H 200 = B[ Hl2—00 — .

SRS

We deduce from Corollary 2.3 that with probability at least 1/2, if ¢ > 2t,

2t/)2 1 c’ H C’
P 1 1) < oo+ S < 2o+ P
q 1-C/q q

Adjusting the constant C, we obtain (5.18). This concludes the proof of (2.7), and hence also of
Theorem 2.7.

E||H| < 2|H C
R L

6. Non-Hermitian matrices: proof of Theorem 2.11

The main estimate of this section is the following result.

Proposition 6.1. Let H € M, (C) be a random matriz whose entries (H;j)1<i j<n are independent
mean-zero random variables. Moreover, suppose that there exist ¢ > 3 and k > 1 such that (2.3)
holds. There exist universal constants co, Cy > 0 such that the following holds. If ¢ > 1, ¢ > 1, and
§ € (0,1/3) satisfy (5.1) then ETr HCH** < Cont*q?.

Once Proposition 6.1 is proved, Theorem 2.11 follows by the argument of Section 5.2.

The rest of this section is devoted to the proof of Proposition 6.1. The proof of Proposition 6.1
is similar to that of Proposition 5.1. Essentially, the nonbacktracking condition in the definition of
B is replaced by the independence of the entries of H. We compute

Lrrxl __ I7 I7 I7
TH'H" =) HaqHgq - Hy gHgeHag He o
13

where the sum ranges over all £ = (£ :i € {0,1,...,0},v € {1,2}) € [n]**2 such that (&,&}) =
(€5, €7)-

Because the entries of H are independent and have mean zero, we find

Lyl _ T T T
ETH'H =E) HggHag - Hy aHggHag He o (6.1)
gec
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where C is the set of pairs £ = (£1,£2) € [n]?+2 satisfying (&1, &}) = (€3,€2) and

2 (-1

YD e en=(a) # 1

v=11i=1

for all a,b € [n].

As in Section 5.1, we estimate the right-hand side of (6.1) using graphs. In contrast to Section
5.1, in this section we always use directed graphs and multigraphs. The following definitions
closely mirror those from Section 5.1. By definition, a (vertex-labelled) directed multigraph G =
(V(G), E(G), ¢) consists of two finite sets, the set of vertices V(G) and the set of edges E(G), and
amap ¢ = (¢4,¢_) from E(G) to the ordered pairs of elements of V(G). The edge e € E(G)
is a loop if ¢4 (e) = ¢—(e). We define the outdegree deg, (v) := 3 cp(c) Lo, (e)=v, the indegree
deg_(v) := X cep(@) Lo (e)=v» and the degree deg(v) := deg (v) + deg_(v) of a vertex v € V(G).
As always, the genus of G is g(G) := |E(G)| — |[V(G)| + 1. A path of length | > 1 in G is a
word w = wowprwiwis . .. wi—yw; such that wy,wi,...,w; € V(G), wor,wi2,...,w_1y € E(G),
and ¢(w;—1;) = (wi—1,w;) for i = 1,...,1. We denote the length [ of w by |w| :=[. For e € E(G)
we define the number of crossings of e by w to be me(w) := 22:1 1y, ji=e-

Moreover, the directed multigraph G is called simply a directed graph if ¢ is injective, i.e. there
are no multiple edges. (Note that in our convention a directed graph may have loops.) For a
directed graph G we may and shall identify F(G) with a set of ordered pairs of V(G), simply
identifying e and ¢(e). Similarly, we identify a path w with the reduced word wow; ...w; only
containing the vertices, since we must have w;_1; = (w;—1,w;) fori =1,...,1l.

The following definition is analogous to Definition 5.2.

Definition 6.2. For £ € C we define the directed graph G¢ as

V(Ge) = 1{& 1ie{0,....00,ve{l,2}},  B(Ge) = {(& 1,&) ie{l,....05ve{l,2}}.
Thus, ¢! = ¢jét- --Q} and 2 = ¢2¢2. --fg are paths in G¢.

As in Section 5.1, we introduce an equivalence relation on C by saying that &, ¢ € C are equivalent
if and only if there exists a permutation 7 of [n| such that 7(£)) = ¢/ foralli =0,...,20 and v =1, 2.
The following result is analogous to Lemma 5.3.

Lemma 6.3. For any £ € C we have

- 1-g(Gs) ,.g(Ge) 2| E(Gz)|—2¢
E) HyaHyq Hy alggHag Hg g <m0 OO0 amors.
g€ld]

Proof. The proof is almost identical to that of Lemma 5.3. Using its notations, we suppose without
loss of generality that V(Gg) = [s] and pick a (directed) spanning tree T' of G¢ such that, for all
t =2,...,s the subgraph T/ is a spanning tree of [t], and enumerate the edges e1,...,es—1 of T
so that for all £ = 1,...,s — 2, the edge ¢; is an edge of T'|;;; ) that is not an edge of T'|jy and
¢_(e;) = t. Then the argument from the proof of Lemma 5.3 carries over verbatim, using the
estimates (5.3) and (5.4), which also hold under the assumptions of Proposition 6.1. O

Next, we define normal paths in analogy to Definition 5.4.
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Definition 6.4. For v = 1,2, let w” = wywg,wiwyy ... w;_pwy, be a path in a directed multi-
graph G. We say that (w',w?) is normal in G if

(i) V(G) ={wg, ..., wh,wf, ..., wh} = [s] where s := [V(G)];

ii) the vertices of V(G) are visited in increasing order first by w! and then by w?, i.e. if w!
?

1 1 1 1 1 e o2 1 1,2 2 1
{lfo"”’lfifll then %)Z > wi, ..., w;_y, and if wi ¢ {wp, ..., w;,wg, ..., wi ) then w; >
Woy ey Wi, WGy vy Wi -

Each equivalence class of ~ in C has a unique representative £ = (¢!,¢?) that is normal in Ge.
We denote Cp := {{ € C : { normal in G¢}. Thus, from (6.1) and Lemma 6.3 we deduce that

ETr H'H™ <n ) n 790 g9(G0) 2B(Gol 2L (6.2)
£eCo

Figure 2: In the top diagram we draw the graph G¢ associated with the pair § =
(€1,€%),  where ¢! = 1,2,3,4,5,6,7,8,9,8,9,8,10,11,10,7,8,10,11,10,7,6,7,6,12,13,14 and &2 =
1,2,3,4,15,4,5,6,12,2,3,4,15,4,15,4,5,6,12,2,3,4,5,6,12,13,14. Here ¢ = 26. The total number of cross-
ings by ¢! and €2 of the edges (2,3), (3,4), (4,5), (5,6), (6,12), (12,2), (4,15), (15,4) is three, and of all
other edges two. Note that { is normal in G¢. In the bottom diagram we draw the directed multigraph
U associated with £, which in this example is just a directed graph (i.e. it has no multiple edges). The
paths ¢!, (2 in U associated with & are ¢! = 12345666775677545489 and (? = 12334823334823489. The pair
(¢*,¢?) is also normal in U. Here v = 9.

We now introduce a parametrization (U,(, k) of Cy obtained by deleting vertices of G¢ that
have degree two, except the vertices 1 = 53 = {g and 5} = §§. The construction follows verbatim
that of Section 5.1, whereby all graphs and multigraphs are directed. Note that every vertex of
the directed graph G¢ that is not 1 or fz} = @% and has degree two has indegree one and outdegree
one. More formally, we define Z(£) := {v € V(G¢) \ {1,£ = €2}} as well as $(£) to be the set
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of directed paths w = wq...w; in G¢ such that wi,...,wi—1 € Z(§) and wo,w; € Z(§). Then we
define G’g to be the directed multigraph obtained from G¢ by replacing each directed path w € ¥(§)
by a directed edge from wg to w;. We denote the resulting paths in ég associated with &', &2 by
€1, €2, and the length of the path w associated with e € E(Gg) by k. Applying a suitable bijection
7: V(Ge) — [[V(Ge)|], we obtain the triple (U, ¢, k), where U is a directed multigraph, ¢ = (¢*,¢?)
is a pair of paths normal in U of lengths r',r? satisfying 1 = C& = Cg and vy := gjl = sz, and
k = (ke)eer@) is the family of weights of the edges of U. See Figure 2 for an illustration of the
construction of (U, (,k). As in Section 5.1 every vertex in V(U) \ {1,~} has degree at least three.
The remainder of the proof now follows to the letter the argument from Section 5.1 starting on
page 16. This concludes the proof of Proposition 6.1.
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