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Abstract

Suppose X is an N X n complex matrix whose entries are centered, independent, and
identically distributed random variables with variance 1/n and whose fourth moment is of
order O(n~2). In the first part of the paper, we consider the non-Hermitian matrix X AX* —z,
where A is a deterministic matrix whose smallest and largest singular values are bounded
below and above respectively, and z # 0 is a complex number. Asymptotic probability
bounds for the smallest singular value of this model are obtained in the large dimensional
regime where N and n diverge to infinity at the same rate.

In the second part of the paper, we consider the special case where A = J = [1i—j=1 mod n]
is a circulant matrix. Using the result of the first part, it is shown that the limit eigenvalue
distribution of XJX™ exists in the large dimensional regime, and we determine this limit
explicitly. A statistical application of this result devoted towards testing the presence of
correlations within a multivariate time series is considered. Assuming that X represents a
CN-valued time series which is observed over a time window of length n, the matrix X JX*
represents the one-step sample autocovariance matrix of this time series. Guided by the result
on the limit spectral measure of this matrix, a whiteness test against an MA correlation model
on the time series is introduced. Numerical simulations show the excellent performance of
this test.

1 Introduction and the main results

Let (N ("))nzl be a sequence of positive integers, which diverges to co as n — oco. Suppose
() _{ e . . . .

(X = [xgy) ]ij:o b=y 51 is a sequence of complex random matrices whose entries satisfy the

following assumptions:

NM™ _1n—1

Assumption 1. For each n > 1, the complex random variables {mgy)}i,jzo are i.i.d. with

Ex(()g) =0, E|x(()g)|2 = 1/n, and sup,, n2E|x(()g)|4 <my < 0.
Let (A™) be a sequence of deterministic matrices such that A™ € C**" and such that

Assumption 2.
0 < infs,_1(A™) <sups(4™) < o0,

where so(M) > -+ > s,_1(M) will refer hereinafter to the singular values of the matrix M € C™*™.

Suppose that N(”)/n — v, 0 < v < ooasn— oco. We shall first be interested in the behavior
of the smallest singular value of the non Hermitian matrix X (") A" X (m* _ 2Ty, where z is an
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arbitrary non zero complex number. We shall then use this result to obtain the limiting spectral
behavior of the matrix X ™) .J( X" where J(™ is given by Equation (1) below. Finally, we shall
discuss a statistical application of this last result.

The behavior of the smallest singular value of large random matrices has recently aroused an
intense research effort in the field of random matrix theory [32]. One of the main motivations
for this interest is its close connections with the theory of the spectral behavior of large square
non-Hermitian random matrices. It is indeed well-known that the probabilistic control of the
smallest singular value of the matrix Y — z is a key step towards understanding the behavior
of the spectral measure of the matrix Y [6, 32]. Starting with the fundamental model where Y
has i.i.d. elements, most of the contributions dealing with the smallest singular value assume the
independence between the entries of Y, as seen in [21, 29, 15, 33, 8] among many others. More
structured models, such as the one dealt with in this paper, have received comparatively much
less attention.

Our results will be established under the following additional assumption on the elements of
XM,

)

Assumption 3. The random variables a:gg satisfy sup,, |nE(a:gg))2| <1

To understand the implication of Assumption 3, suppose it does not hold. Drop the superscript
(") and write xgo = Rrgo + 13xeo. In that case, 1/n = [Exd,| = E|zgo|?. Expanding the expecta-
tions, this implies that (ERzoSw00)? = E(R20)?E(Sw00)?. Suppose for the moment, Rxgy # 0.
Then clearly Szgg = aRxzgg w.p.1 for some constant o. Thus, xqg £ exp(10)Z, where Z is a real
random variable and 6 is a constant. This amounts to zgo being real since the factor exp(:6) has
no influence on X JX*. Thus, Assumption 3 essentially says that the x;; are not real.

We can now state our first result. We denote as || - || the spectral norm of a matrix.

Theorem 1. Let Assumptions 1, 2, and 3 hold true. Let C be a positive constant. Then, there
exist «, f > 0 such that for each z € C\ {0},

P sN,l(X(")A(”)X(")* —z) <t, | X|I < C’} <c (no‘tl/2 + n*B> +exp(—c'n),

where the constants ¢, ¢’ > 0 depend on C, 2, and 1y only.

To prove this theorem, the first step is to linearize the model XM A x(m)* _ 4 by considering

the matrix
AT x ¥

c (C(N+n) X (N+n)
X z ’

H® —

By using, e.g., the inversion formula for partitioned matrices, it is easy to see that

n n n)* — n)~1
(XA X — )= < |H™ .

Thus, the problem is reduced to controlling the smallest singular value of H(™. A similar problem
was tackled in [36] and [24]. In this paper, we follow closely the approach of [36]. However, there
instead of H(, the author had a real symmetric matrix with i.i.d. elements above the diagonal.
Our matrix H™ is more structured, and this necessitates a suitable modification in the argu-
ments. Theorem 1 will be proven in Section 3.

Theorem 1 can be used to study the eigenvalue distribution of the matrix X (™ A X (M in
the large dimensional regime (see [6] or Section 4 below for more explanations on this connection).
Motivated by the statistical application described in Section 2, we shall restrict our study in this



paper to the specific case where A equals the circulant matrix

0 1

gm = |1 € R, (1)
1 0

which satisfies Assumption 2, since this matrix is orthogonal. Let {)\én) N(”> 1} be the

eigenvalues of the matrix X J™ X (")*, which are in general complex—valued. The spectral
distribution or measure of this matrix is defined as the random probability measure:

N 1

Hn = N(”) Z 6)\(")

Given a sequence of random probability measures (¢,,) on the space X = R or C and a deterministic
probability measure ¢ on X, we recall that (,, is said to converge weakly in the almost sure sense
(resp. in probability) if for each continuous and bounded real function ¢ on X,

/ pdCy, — / @d¢ almost surely (resp. in probability).

This weak convergence will be denoted as (,, = ¢ a.s. (resp. in probability).

In the asymptotic regime where N (™) /n— v, 0 <y < oo, we shall identify a deterministic
probability measure g such that p, = p in probability. This limit p is called the limiting spectral
distribution or measure (LSD) of the sequence of matrices. To state our result regarding this LSD,
we need the following function. For any 0 < v < 0o, let

gy) = ——1—7+2y)? (OV(y-1)<y<n. (2)

Y + 1
Then g~ exists on the interval [0V ((y — 1)3/7),v(y + 1)] and maps it to [0V (y — vy~ 1),4]. Tt is
an analytic increasing function on the interior of the interval.

Theorem 2. Suppose Assumptions 1 and 3 hold. Then, there exists a deterministic probability
measure g such that p, = p in probability. The limit measure p is rotationally invariant on C.
Let F(r) = p({z € C : |z| <7r}),0 <r < oo be the distribution function of the radial component.

If v <1, then
YY) H0<r<\y(y+1),
F(r) =
1 if r > /v(y+1).
If v > 1, then

1—y~t if0<r < (y—1)32//,
F(r) YT () i (v =132y <r <y + D),
1 if 1> /707 + 1).

The theorem implies that the support of p is the disc {z : |z| < \/y(y+ 1)} when v < 1, and
when v > 1, it is the ring {z : (y — 1)*2/,/7 < |2| < /7(y + 1)} together with the point {0}
where there is a mass 1 — !

Moreover, F(r) has a p051tlve and analytical density on the open interval (0 V sign(y — 1)|y —
1\3/2/\f VA (y —|— 1)). A closer inspection of g shows that this density is bounded if v # 1. If
v = 1, then the denslty is bounded everywhere except when r | 0. A cumbersome closed form



expression for g~1 (and hence for F(-)) can be obtained by calculating the root of a third degree
polynomial. For the special case v = 1, g~ ! is given by
1/3

ti/3 t t
—1
H=-—111 1— — 1—4/1— — <t<2.
gt == Tyt T V' a7 , Osts

As an illustration of these results, eigenvalue realizations corresponding to the cases where
v = 0.5 and v = 2 are shown in Figure 1. Plots of the functions F(r) given in the statement of
Theorem 2 are shown on Figure 2, along with their empirical counterparts.
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Figure 1: Eigenvalue realizations and LSD support.
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Figure 2: Plots of F(r) (plain curves) and their empirical realizations (dashed curves).

Theorem 2 is proven in Sections 4 — 6. Before turning to the proofs of Theorems 1 and 2, we
consider in the next section a statistical application of these results.



2 Application to statistical hypothesis testing

Consider the high dimensional linear moving average time series model
() _ N~ g, (o)
Y= Z By w, s (3)
i=0

where {Bgn) b_, are CVXN deterministic parameter matrices, and {wl(n)}z are random vectors such

that the random matrix W) = [wén) e w,(ln_)l] is equal in distribution to n'/2X (™). Such models
have found increasing attention in, e.g., the fields of signal processing, wireless communications,
Radar, Sonar, and wideband antenna array processing [18, 35]. The sequence of sample auto-
covariance matrices {n~' Y\, ygn)(yt(ﬁ)k)*}, k > 0, carry useful information about the model
(3), specially through their spectral distributions. Some of the works that deal with limit spec-
tral distributions, mostly for high-dimensional real-valued time series, and their use in statistical
inference are, [2, 3, 4, 5, 22, 37].

Except for the order £ = 0, all these matrices are non-Hermitian. LSD results are so far
known only for certain symmetrized versions of these matrices. To the best of our knowledge,
no such results are known for the non-Hermitian sample autocovariance matrices. The result of
Theorem 2 above is a beginning towards deriving the LSD of the sample autocovariance matrices
in the general model (3) by considering the simplest case where B(()”) = Iy and p = 0. This will
be called the white noise model.

Consider the problem of testing the white noise model against an MA correlated model. To
this end, we explore the idea of designing a test which is based on the eigenvalue distribution of
the one-lag sample autocovariance matrix, in contrast to more classical tests that are based on the
singular value distribution of this matrix. A non-rigorous justification of this idea is that when
performing an eigenvalue-based test, we take advantage of the higher sensitivity of the eigenvalues
of a matrix with respect to perturbations as compared to its singular values.

Assuming for simplicity that p = 1, our purpose is to test the null (white noise) hypothesis
Ho: B((Jn) = I,B%n) = 0 against the alternative H1: B((J") = I,B%n) # 0. Consider the one-lag

sample autocovariance matrix
n—1

RV = % Suu
t=0

where the sum is taken modulo n, and observe that under HO, this matrix coincides with
X (™ ) x (" We shall consider the asymptotic regime where n — oo and N/n — v > 0.
By Theorem 2, the spectral measure of ﬁg") converges weakly in probability to the measure u.
This suggests the use of a white noise test based on a distance between the spectral measure of
1§§”) and p. We considered herein a test based on the 2-Wasserstein distance between these two
distributions. For the sake of comparison, we also considered the more classical singular value
based test which consists in comparing N ! tr ﬁgn)(ﬁgn))* to a threshold. We denote these two
tests as T'1 and T2 respectively.

To get a more complete picture of the problem, we also considered a third test which is based
on the eigenvalue distribution of the Hermitian sample covariance matrix

S L [
n * *
Ry =2 | G R
t=0 [Yt-1

Its spectral distribution is known to converge weakly almost surely under HO to the Marchenko-
Pastur distribution MPy, with parameter 27 (see [23], which deals with the Gaussian case). This
suggests the use of the 2-Wasserstein distance between the spectral measure of Ry, and MPs,.
We denote the resulting test as T'3.

Figures 3 and 4 represent the ROC curves obtained for these three tests. The tests T1 and T3
were implemented by sampling u and MP5, from the spectra of two large random matrices and



by using the transport library of the R software. For Figure 3, B;") = aly, while for Figure 4,

the elements b;; of B%n) are chosen as b;; = o/ exp(—8|i — j|/N), where a and o’ are non zero real
numbers.
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Figure 3: ROC curves. Setting: B%n) = aly with o = 1072, (N, n) = (50, 100).

These figures clearly show that T1 outperforms T2 and T3. This tends to corroborate the
intuition that the eigenvalue sensitivity alluded to earlier, can be beneficial when it comes to
designing white noise tests.

To better understand the behavior of the eigenvalue-based tests, the next step would be to
study the large dimensional behavior of the spectral distribution of 1§§") under H1. This appears
to be quite non-trivial and is left for future research.

Notations

The notations dim(V) and V+ will refer to the dimension of the vector subspace V, and the
subspace orthogonal to V respectively. The column span of a matrix M will be denoted as
span(M). Similarly, span(V, d) is the span of the vector space V and the vector d.

The indices of the elements of a vector or a matrix start from zero. Given a positive integer
m, we write [m] = {0,...,m — 1}. For i € [m], we denote as e, ; the i*" canonical vector of
C™, with 1 at the mth plce and 0 elsewhere. Given a matrix M € C™*™ and two sets Z C [m]
and J C [n], we denote as Mz, 7 the |Z| x |J| submatrix of M that is obtained by retaining the
rows of M whose indices belong to Z and the columns whose indices belong to 7. We also write
M. = My 1y and My, = My 1) We define as IIz : C™ — C™ the projection operator such
that IIzu is the vector obtained by setting to zero the elements of u whose indices are in Z¢. We
also denote as uz the vector of C/ZI obtained by removing the elements of u whose indices are in
Z°. When M is a matrix, Iy, refers to the orthogonal projector on span(M).
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Figure 4: ROC curves. Setting: B\™ is a Toeplitz matrix with tr B{™ (B{"™)*/N = 10-2, (N,n) =
(50, 100).

As mentioned above, || - || denotes the spectral norm. It will also denote the Euclidean norm
of a vector. The Hilbert-Schmidt norm of a matrix will be denoted || - ||us. The unit-sphere of C"
will be denoted as S"~1.

The notations P, and [E, will refer respectively to the probability and the expectation with
respect to the law of the vector x.

3 Proof of Theorem 1: smallest singular value

To simplify the notations, from now on, we omit the superscript (™. We shall mostly work on
the matrix A~! instead of working on A. Writing sj,¢ = inf,, s,_1(A~!) and Ssup = SUP,, S0 (A1),
Assumption 2 is rewritten as 0 < sjpr < Sgup < 00. We also assume that z # 0 without further
mention.

3.1 General context and outline of proof

We first observe that if we establish Theorem 1 under the assumption that the entries have
densities, then it continues to hold in the general case. This is because we can replace the matrix
X with, say, the independent sum (1 — n=29)"1/2(X + n=19X’) where X’ is a properly chosen
matrix whose elements have densities, and use a standard perturbation argument. Hence, we
assume throughout this section that the elements of X have densities.

Suppose E € CNV*" is such that ||E||?||A|| < |z|. Then det(z — EAE*) # 0. This implies that
the multivariate polynomial det(z — X AX™) in the variables (Rx;;, S2;;);,; is not identically zero.
Since X has a density, we conclude that z — X AX™ is invertible w.p. 1.



Define the matrix .
= |4 X o ctmx ()
X z ’

By the well-known inversion formula for partitioned matrices [19, §0.7.3], we have

o1 [A+AXT(z - XAX)TIXA —AX*(z - XAXT)T!
| —(z-XAX") XA (z— XAX*)~L |

which shows that
[(XAX* —2)7 Y < [[H Y.

Therefore, to obtain Theorem 1, it is enough to prove that
P lsnin1(H) <, [1X] < C) < e (n012 4+ 07) + exp(—c'n), (4)

where ¢, > 0 depend on C, z, and my only.

A similar problem was considered in [36] and [24]. Instead of H, the author of [36] worked on
a real symmetric matrix with i.i.d. elements above the diagonal. We shall follow the argument
of [36]. However, since our matrix H is more structured, a substantial adaptation of the proof is
required. Here is a description of the general approach.

First recall that

svan-i(H) = _min |[Hul.
Invoking an idea that has been frequently used in the literature since [21, 29], we partition SN +7~1
into two sets of compressible and incompressible vectors as follows.

Let 6,p € (0,1) be fixed. A vector in S¥+"~1 is said to be #-sparse if it does not have more
than [@(N +n) | non-zero elements. Let SY ™"~ be the set of vectors of SN*+7~1 that are supported
by the (index) set Z C [N + n]. Given S C CN*" let Ns(S) denote the §-neighborhood of S in
CN+7 in the Euclidean metric.

Given 6, p € (0,1), we define the set of (¢, p)-compressible vectors as

comp(d,p) =S¥ n ) Na(STTTY).

IC[N+n]
\Z|=[6(N+n))

Note that this is the set of all unit vectors at a distance less or equal to p from the set of the
f-sparse unit vectors. The set incomp(, p) of (6, p)-incompressible vectors is the complementary
set SN\ comp(4, p).

With these notations, we write

SN4n—1(H) = inf )||Hu\| A inf )HHUH (5)

u€comp(0,p u€incomp(0,p

for judiciously chosen 6, p € (0,1).

The infimum over comp(f, p) is relatively easier to handle. Given a fixed vector u € SV+tn—1
we first show that P [||Hu| < ¢] for some ¢ > 0 is exponentially small in n. Recall that an e-net is a
set of points that are separated from each other by a distance of at most €. Now, since the vectors
of comp(8, p) are close to being sparse, it has an e-net of controlled cardinality for a well-chosen
€ > 0. Using this, along with a simple union bound, we will be able to infer the smallness of the
probability that inf,ccomp(s,p) [[Hul is small.

The infimum over the set of incompressible vectors poses a much bigger challenge since the
e-net argument fails. In this case the argument is more geometric. Observe that when u is
incompressible, Hu is close to a sum of O(n) columns of H with comparable weights. This
helps to reduce the problem of controlling infycincomp(,p) [[Hu|| to the problem of controlling the
distance between an arbitrary column of H and the subspace generated by the other columns.



Let hg be the first column of H, and let H_q € CV+)x(N+n-1) he the submatrix left after
extracting this column. Partition H accordingly as

b 9o
H =
[910 G} ’
with b € C and G € CIN+7=D)x(N+n=1) " Then, the distance dist(ho, H_o) between ho and the
column span of H_g equals (G~! will be shown to exist)

b— G1
dist(ho, H_o) = b= g0Ggu0 |
V14 lgonGTH?

Our purpose is to bound the probability that this distance is small. If we write

(6)

=l ] x=l

where B € C(»=1x(»=1) "and 2 € CV is the first column of X, then

- bio B W
gor = [bor $]7910—[$},andG—{W zIN} (7)
Assuming inverse exists, partition G~! as
1_|E F (n—1)x(n—1) NxN
G _{P rl EcC , ReC . (8)

Then using Equation (6), we have

_|b—=bo1Ebig — 2" Pbig — bor F'x — x*Rx|  Num
(1 + Hb01E+ Jf*P”Q + ||b01F + SU*R||2)1/2 Den ’

diSt(ho, H_o)

where
Num = |b — bg1 Eb1g — * Pb1g — bo1 Fx — 2*Rzx|, and (10)
10
Den = (1+ [[bor E + 2*P|% + |[bor F + 2" R|%) /2.

To control the behavior of Num, we need an anti-concentration result. Loosely speaking, we
show that conditionally on the matrix W and for most of these matrices, the probability that a
properly normalized version of the random variable x* Pbyg + bgy F'x + «* Rz lives in an arbitrary
ball of C of small radius is itself small.

Small ball probabilities are captured by the so-called Lévy’s concentration function. Given a
constant vector a € C™ and a random vector Z € C", Lévy’s concentration function of the inner
product (a,Z) at € > 0 is

Lz((a,Z),e) = lsutgéﬂ”z [[{a, Z) —w| < ¢].

When the elements of Z are i.i.d. random variables with finite third moment, the behavior of Lz
can be controlled by the Berry-Esséen theorem, whose use in random matrix theory dates back
to [21]. Berry-Esséen theorem is a refinement of the Central Limit Theorem and implies that when
a € S"~! has O(n) elements with magnitudes of order 1//n, it holds that Lz ({a, Z),e) < e+1/y/n.

Our plan now is to apply this theorem after replacing Z with the random vector x. Unfortu-
nately, this theorem cannot be used as is on the random variable z* Pb1g + bg1 F'x + =* Rx because
of the presence of the quadratic form z*Rx. To circumvent this problem, we use a decoupling
argument that replaces x* Pbig 4 bo1 F'x + x* Rx with an inner product that can be processed by
the Berry-Esséen theorem. This decoupling idea that dates back to [14] has also been used in [36].



3.2 Technical results

The following proposition is a variation of [33, Prop. 5.1], see also [6, Lem. A2] and [16]. This
variation is needed because we want the constants ¢ and ¢’ to depend on the law of the Z;’s via &
and K. For completeness, we provide the modified proof in Appendix A.1.

Proposition 3 (Distance of a random vector to a constant subspace). Let Z = (Zy,...,Z,_1) €
C™ be a vector of ii.d. centered unit-variance random variables such that for some x > 0,
E|Zy|?T" < C. < oo. Then, there exist ¢,¢/ > 0 and § € (0,1) that depend only on x and
C,; and that satisfy the following property. For all n > 1, and for any deterministic subspace V'
of C™ such that 0 < dim(V') < dn,

P[dist(Z, V) < cv/n] < exp(—c'n).
We shall also make use of:

Lemma 4 (Rosenthal’s inequality [28]). Let Zy,..., Z,—1 be independent random variables such
that EZ; = 0 and E|Z;|? < oo for p > 2. Then there exists a universal constant C), such that

n—1 n—1 n—1
P p/2
E‘E Z: gcp(§ E|ZP Vv (§ E|Zi|2) )
i=0 =0 =0

These results easily lead to the following lemma:

Lemma 5. Let the matrix X satisfy Assumption 1. Then, there exist constants c,¢’ > 0 and
a constant § € (0,1) that depend on my only and that satisfy the following property. For each
deterministic vector u € S*~1 and each deterministic subspace V' C C with 0 < dim(V) < N,

P [dist(Xu, V) < ¢] <exp(—c'n). (11)

In particular, for each deterministic vector a € CV, it holds that P[||Xu — a| < ¢] < exp(—c'n).
Similar conclusions hold if X is replaced with X*.

Proof. Let Zg,...,7nx_1 € C1*™ be the rows of X, and define the random variables Z;, = /niju
for k € [n]. These random variables are i.i.d., centered, and have unit-variance. Furthermore,
writing u = [ug, ..., u,_1]", we get by Rosenthal’s inequality that for some universal constant C,

B|Z1[* < C ((nPEIX 0[S wl") v 1) < Cma.

Writing Z = [Z, ..., Zn_1]7, we note that dist(Xu, V) = dist(Z, V)//n. Applying Proposition 3
with kK = 2, we obtain (11). The rest of the claims follow immediately. O

The e-net argument alluded to above will use the following lemma.

Lemma 6 (Metric entropy of a complex sphere, Lemma 2.2 of [8]). Let V' € C™ be a k-dimensional
subspace, and let S C V. Given € > 0, the set S ! N S has an e-net of cardinality bounded by

(3/)%.
The two following results regarding Lévy’s concentration functions will be needed.

Lemma 7 (Restriction of the concentration function, Lemma 2.1 of [29]). Let Z € C™ be a vector
of independent random variables. Then, for each nonempty Z C [n], we have Lz({(a,Z),e) <

Lz, ({az, Z1),¢€).

Proposition 8 (Anti-concentration via the Berry-Esséen theorem). There exists a constant ¢ > 0
such that for any vector Z = [Zy, ..., Z,_1] of complex centered independent random variables
with finite third moments,

' ct ¢ E|Z?
c(S%0) < 5w tEERE

10




For a proof, see [32, Chap. 2] or [6, Lem. A6]. In particular, if there exist two positive constants
c2 and c3 such that E|Z;]|? > ¢3 and E|Z;|® < c3 for each i € [n], then

L’(Z Zi,t\/ﬁ) <+ \C/% (12)

where ¢’ = ¢/,/cz and ¢’ = 003/03/2.
We now enter the proof of Theorem 1 via proving Inequality (4). Recall that we have written
X = [z W] where z is the first column of X. Given C > 0, we denote as &, (C) the event

Eop(C) = [W] < 1.

In the remainder of this section, the constants that do not depend on n will be referred to by the
letter ¢, possibly with primes or numerical indices. In all statements of the type

Pl[-- < Né& <exp(—cn)+cin™7,
where £ = [||X|| < C] or &,(C), the constants such as ¢, ¢, or ¢; depend on C, z, and my at

most.

3.3 Compressible vectors

Recalling (5), we start with the compressible vectors. The probability bound for these vectors is
provided by the following proposition:

Proposition 9. Let Assumption 1 hold true. Then, there exists 9 € (0,1), pg > 0, ¢ > 0 and
¢’ > 0 such that

P H inf ||Hull gc} N[IX]| < C]} < exp(—c'n) for all large n.
u€comp(09,p)

Proof. We first show that there exist ¢, ¢; > 0 such that for each deterministic vector u € SN+tn—1,
P[||Hull < ¢g] < exp(—cin). (13)

Let us partition u as u = [vT,w']T, where v € C" and w € CV. Since |u|| = 1, either |jv] > 1/v/2
or |lw| > 1/v/2. Assume that |Jw|| > 1/v/2, and note that [||Hul| < co] C [[JA™ v + X*w]|| < col.
Writing @ = w/||w||, we have

P[X"w+ A7 < o] = P[|X"® + A~ v/ [[w] | < cof ]
<P[IIX"5 + A0/l < ¢V

< exp(—cin)

by applying Lemma 5 and choosing cq and ¢; judiciously. When ||v|| > 1/4/2, we can use a similar
argument (with possibly different ¢y and ¢;) after observing that [||[Hu| < ¢o] C [[| X v+ zw]|| < ¢o].
This establishes (13).

Now, on the event [||X|| < C], we have

X* A1
melle <Y fenscviven

On this event, assume that there exists y € N /20,)({u}) such that [[Hy| < co/2. Then
[Hu| < ||H(u—y)||+ [|Hy|| < ¢o. In other words,

[3y € Neojecm ({u}) + 1Hy|l < co/2] NI X < C] C [[[Hul| < co.-

11



Now, let 6y € (0,1) to be fixed in a moment, and choose Z C [N + n] in such a way that
IZ| = |f9(n + N)|. By Lemma 6, the unit-sphere SY ™71 of the subspace of the vectors of CN+"
that are supported by Z has a (co/(2C))-net of cardinality bounded by (6Cg /co)?*!. Applying
the previous results and making use of the union bound, we get that

P [[3y € Noyocu (SYT) ¢ I1HYI| < c0/2] NIX] < CT] < (6Cu /o) N+ exp(—ein).

Finally, considering all the sets Z C [N + n] such that |Z| = |09(N + n)], recalling the elementary

bound on the binomial coefficients (') < (em/k)*, and using the union bound, we get that

36eC2,\ PN
P[[By € comp(fs,co/(2Cn)) : 1yl < co/2 NI X]| < O] < ( QH) exp(—cin).
0

A small calculation shows that the right hand side is of the form exp(—c'n) for n large when 6y is
chosen small enough. By taking pg = ¢¢/(2Cy), the proposition is proven. O

3.4 Incompressible vectors

3.4.1 Tools

One main feature of incompressible vectors of C™ is that they contain O(n) elements of absolute
values of order O(n~1/2), as shown in [29, Lem. 3.4]. A slightly stronger version of this lemma,
will be needed in this paper:

Lemma 10. Let u = [ug,...,u,_1]" € incomp(6, p), and let @ = [ig, ..., Un_1]' € S""L. Then
the set
J={ie[n]: L<|u-|< 2 and |a|<i}
Vi T T Von T Von

satisfies |J| > On/2.
Proof. Let

2 2
=5 Ja=qien il < —=
) b =lie ] il <

Ji={ien]: |ul < b, and Js = {i € [n] : |u;| >

P
v

Since |ju|| = ||a|| = 1, we get by Tchebychev’s inequality that |J¢|,|JS| < 6n/4. Moreover,
lu =T sul| = |[Ijsull < p by the definition of J3. Recalling the definition of incompressibility, we
get that |.J5| > On. Thus, |J| = J1 N Jo N Jy > 1 — |JE| — | JS| — |JS| > 6n/2. 0

One consequence of [29, Lem. 3.4] is the following lemma, which implies that the infimum of
||[Hul| over a set of incompressible vectors can be handled by controlling the distance between an
arbitrary column of H and the subspace generated by the other columns:

Lemma 11 (Invertibility via mean distance, Lemma 3.5 of [29]). Let M € C" be a random
matrix. Let my be the kth column of M and let M_; € C"*(™=1) be the submatrix left after
removing this column. Then,

t 2 —
P inf M < — < — P [dist M_) <.
ueinclolxlnp(e,p) 1Mul} < \/ﬁ} = 9n Z [dist (my, M_y) < 1]

An expression for these distances is provided next.

Lemma 12. Let M € C"*", and partition this matrix as

M= fmo M) = [0 o],

12



where mg and M_g are as in Lemma 11, mqg is the first element of the vector mg, and M is the
bottom (n — 1) x (n — 1) submatrix of M_q. Assume that M;; is invertible. Then,

_ M1
dist(mg, M_g) = [moo — mo1 My, m10|'

14 [|moy My, |2
Proof. We develop the expression dist(mg, M_g)? = méﬂjﬁiomo, where
My, =1—M_o(M*oM_o)" ' M*,.

is the orthogonal projector on span(M_g)+. Using the Sherman-Morrison-Woodbury formula,

1

(M*oM_o)~" = (mfymor + My Myy) ™' = M M" — ¥ a?

M 'a*aM ",
where a = mg, M;;'. We thus obtain after a small calculation that

1 1 —a 1 1
1 _ _
Mo =77 |all? [a* a*a] 1+ ||al? [a*] L

Since mgy = [zfﬂ, we then get that dist(mg, M_g)? = |moo — amio|?/(1 + ||a]|?), which is the

required result. O

3.4.2 Distance control

Using Lemma 11, we need to control the distance between a column of H and the subspace
generated by the other columns.
Denote as 3, the k™™ column of X (thus, zg = ). Let by and #,; denote the k*® column of

A1 and the ¢*" row of X respectively. Then the columns of H are one of the two types: [Zk] ,
k
Ty
ZeN ¢
to control the distances involving columns of the first type.
Partitioning H as H = [ho H,o], where hg is the first column of H, we have

and } . Due to the fact that A is not necessarily a diagonal matrix, it will be more difficult

Proposition 13. Let Assumptions 1, 3, and 2 hold true. Then
P[[dist(ho, H_o) < t] N [|| X]| < C]] < e1(n®Y/5341/2 4 n=1/22) 4 exp(—con).
Since [|| X|| < C] is obviously included in £, (C), it will be enough to establish the inequality
P[[dist(ho, H_o) < ] N Eap(C)] < 1(n®Y/ 881/ 4 n=1/22) 4 exp(—con)

to obtain Proposition 13. Replacing [||X || < C] with £,,(C) will be more convenient due to the
independence of x and &,,(C). The remainder of this section is devoted towards proving this
inequality. Recall the formula for dist(hg, H_g) given in (6). To be able to use Lemma 12, we
need to check that G defined in (7) is invertible. Remember that X is assumed to have a density.

Lemma 14. The matrix G is invertible with probability one.

Proof. Since z # 0, the matrix z[y is invertible. Thus, to show that G is invertible with the
probability one, we need to show that the Schur complement A = B — 2 'W*W of zIy in G is
invertible with the probability one.

Since A~! = [bb bg} it holds that rank(B) > n — 2. Thus, either B is invertible or
10
rank(B) =n — 2.
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Assume it is invertible. Then on the set {W € CN*("=1 . |=1W*W| < s,_9(B)/2}, it
holds that s,_2(A) > s,_2(B) — ||z 'W*W| > s,_2(B)/2 > 0. Thus, det(A) is a non-zero
multivariate polynomial in the real and imaginary parts of the elements of W. Since W has a
density, det(A) # 0 w.p. 1.

Assume now that rank(B) = n — 2. Then we can write B = UV* where U,V € C(n—1)x(n=2)
are full column-rank matrices. Writing W* = [w Y] where w € C"~1, we get that

*

B-z"'WW=[U z'w|[V —w] —z"'YY*=D-z"'YY"

Given a vector u L span(U), the inner product w*w is a continuous random variable, thus u*w # 0
w.p. 1. Consequently, w ¢ span(U) w.p. 1., which implies that [U z_lw] is invertible w.p. 1.
The same argument holds for [V —w] , and thus the matrix D is invertible w.p. 1. To obtain that
A is invertible, it remains to apply the previous argument after replacing B with D and W* with
Y, and making use of the independence of w and Y along with the Fubini-Tonelli theorem. O

Using Lemmas 12 and 14, we get that on a probability one set, Equation (6) holds. On the
probability one set where G is invertible, write G=1 as in (8). Then, from (6), dist(ho, H_o) =
Num/Den where Num and Den are as given in (10).

To study the behavior of Num and Den, we first need to show that the image of each determin-
istic vector by the matrix R at the right hand side of (8) is incompressible with high probability.
This will be stated in the corollary of Proposition 16 below.

Lemma 15. s,,_3(B) > Sint.

Proof. The matrix byob}, + BB* is a principal submatrix of the Hermitian matrix A=1A=*. Using

the variational representation of the eigenvalues of A= A=* we get that s,,_2(b1ob},+BB*) > Sian-

By Weyl’s interlacing inequalities, s,_3(BB*) > s,_2(b1gbi, + BB*), hence the result. O
Proposition 16. There exist 615 € (0,1), p1g > 0, and ¢16 > 0 such that for each d € CcV,

]P’H Lt dist (G m ,span ([SJ)) < pw} mgop(C)} < exp(—cign).

wecomp(O16,p16)

Proof. Let 616 € (0,1) and t € (0, 1) be fixed later, let Z € [N] such that |Z| = |#16NV ], and fix an
element w of the unit-sphere S]IV ~1. In this first part of the proof, we shall control the probability

of the event
. . v 0
Lt o (0o ([)) <1 i

The event between brackets is included in the event

Ewt)=[FveC" ! FaeC: |Bv+W*w| <t |[|[Wv+zw+ad|| <t]. (14)
Let 0
E *

B=|P 15

L { 5n—2(B):| {q*] (15)

be a singular value decomposition of B, where p (resp. ¢) is the last column of the unitary matrix
[P p] (resp. [Q q] ). Given any vector y € C"~!, we shall use in the remainder of the proof the
notations yo = Ilgy and y, = Iy, making y = yo +y, an orthogonal sum. As is well-known (see
[27]), the vector u = —B*W*w where B* is the Moore-Penrose pseudo-inverse of B, minimizes
|By + W*z|| with respect to y. Assume that there is a solution v € C"~! of the inequality
|By + W*w|| <t in y. Then, since u is also a solution, we get that

|B(uq —vq) + B(uq — vg) + Bv+ W | <t,
and hence,

1B(ug = vq) + Blug = vg)l| < [[Bv + W wl| +¢ < 2¢.
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Noting that B(ug —vg) and B(u, —v,) are orthogonal, we get that || B(ug —vg)|| < 2t. Recalling
by Lemma 15 that the smallest singular value of the restriction of the operator B to the subspace
span(Q) is bounded below by si,¢, we get that

2t
lvg —ugll < —-

mn

The vector v also satisfies the inequality ||[Wv 4 zw + ad|| <t for some a € C. Thus,
W (vg — ug) + Wug + Wug + zw + ad|| < t.

which implies that on the event &,,(C),

2C
Wo, + Wug + zw + ad|| < |[|[W(vg —ug)|| +t < <1+ )t
Sinf

Observing that vg is colinear with g, we get at this stage of the proof that

2C
Ew(t)NER(C) C |Fe, BEC, : ||Wqg+ Wug + 2w+ ad|| < (1 +

inf

) t} NEn(C).  (16)
To proceed, we need to control the Euclidean norm of ug. For m, M > 0, consider the event
Eug(m, M) = [m < [ug| < M].

Since uqg = —IgB*W*w, we get from Lemma 15 that s;[W*w]| < [Jug| < st Wrwl.
Lemma 5, there exist ¢ > 0 and ¢; > 0 such that P[||W*w|| < ¢g] < exp(—cin). We thus obtaln

P [8UQ(sbupco, me) N EOP(C’)] < exp(—en). (17)

To bound the probability of the event at the right hand side of the inclusion (16), we consider
separately the situations where |§| is large and where |3]| is bounded above. Consider the event

Eg>(m, M) =[Fa,B € C : [|[fWq+ Wug + 2w + ad|| <m, [B] > M].
On &y, (5 c0, 8 s;.10) N Ep(C), it holds that

—102

inf

1BWq+ Wug + 2w + ad|| > ||BWq + 2w + ad|| — st C? > | 8| dist(W ¢, span[w, d]) — s

inf

From Lemma 5, there exist ¢z, 3 > 0 such that P[dist(W ¢, spanw, d]) < ¢3] < exp(—czn). Writing
s = (1 4+ 2C/sint)t, we have
g|ﬂ|>(8 M) N g ( supcO’ 1n%C) N gOP(C)
C [3B € C : |B|dist(Wq,span[w,d]) — s;.;C? < s, |3| > M|
s+s:C?

inf

dist(W ¢, spanfw, d]) < i

Thus, setting C’ = (s + s, ;C?)/ca, we get that

mf
P (€15 (5,C") N Eug (e 05 8infC) N Eop(C)] < exp(—csn). (18)
We now discretize the ball |3] < C’. Consider the event

Ep<(5,C") =3Fa,BeC : ||BWq+ Wuqg + zw + ad|| < s, |5] < C'].

<)

Given k, ! € Z, define the event

E k0, s,C) = [Ha eC: H (k+0)Wq+ Wug + zw + ad

_ 5
CV?2
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For B € C, let kg = |[CV2RB/s] and €5 = |[CV23B/s]. Then |3 — (ks +z€5)3/(0\@)| < s/C.
Therefore,
Eip1<(5,C") N Ep(C) C U &k, 0,25, C).

k€T,
|k+20|<CC/V2 /s

Let us bound the probability of the event &;(k,£,2s,C) N &y, (s bupco, m% (). Recalling that ug =

—HQBﬁW*w and that w is supported by Z, we observe that ug and Wze. are independent.

Writing r = S(Ckij}%@q +ug and 7 = r/||r||, we have

Eq(k,£,25,C) N Ey, (s bupco, mf C)C[FaeC,: |[Wr+zw+ad| <2s]N [HuQH > sbupco]
C[BaeC,: W .r+ zwze + adze|| < 28] N [[lug| > sSup co]
C [|lr|l dist (Wze .7, span[wze, dze]) < 2s] N [|lugl| > ssupco]

C [dist (W .7, spanfwze, dze]) < 28Ssup/Co] -
By Lemma 5 once again, P[dist (Wze .7, spanfwze, dzc]) < ca] < exp(—c3|Z¢|). Thus, if we choose
t small enough so that (2 + 45%1{) Sz%t < co, we get that

P [Eq(k,€,25,C) N Eyy (s tC)] < exp(—(1 — O16)c3n). (19)

supco’ 1nf

Putting things together, we get

P[Leig_l dist (G m span ([SD) < t} msop(O)}

SPE(t )ﬁgop(C)] (using (14))
< P[E0(8) N Eug (Saup0:50i C) N Eop(O)] + P [Eug (s
<P[Ep>(s,C)NE, (bulpco, SintC) N Eop(C)]
+ P [E151<(5,C") N Eug (siupcos s $itC) N Eop(C)] + exp(—cin) (using (17))
< exp(—ecsn) + Z P [E4(k, £,25,C) N Eyy (s Supco,s;n}C)] + exp(—cin) (using (18))
|k+m|§cc'f/s
< exp(—ern) + " exp(—(1 — O15)can) (using (19)),

Co, 1n%0> ﬁ(‘:OP(CV)]

where C" = 0" (my, C) > 0.

Now, let ¥; be a t-net of (SY~1). Given an element y of N;(SY ™) N SN=1, there exists
y € S¥7! such that |ly — ¢/|| < t, and there exists w € X such that ||w — y/|| < t. Thus,
lly — wl|| < 2t by the triangle inequality. Assume that there exist « € C and v € C*~! such that

the inequality .
i)l =
Y] d

holds true. Then on the set &,(C), we have

Jo o]+ all = o (1] - L)+ < B+ =0

By Lemma 6, |2 < (3/t)?%l. Adjusting ¢ again in such a way that (20 +2z]+1)(2+ 4%) %t <
c2, we obtain that

IP’H Lt dist <G B] , span (BD) < t} msop(c*)}

yEN;(SY ~HnsN 1

< (3/t)*"°™ (exp(—c1n) + C" exp(—(1 — f16)csn)) .
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Finally, considering all the sets Z C [N] such that |Z| = [#14N ], and using the bound (7)) <
(em/k)¥ along with the union bound, we get that

dll nf - dist (G m span ([2])) < 1] N&w(0)]

wecomp(16,t)
< (e/616)"°™ (3/1)*"™ (exp(—e1n) + C" exp(—(1 — b16)czn)) .
Choosing 616 small enough, we get the result with p;s =t and ¢4 small enough. O

Corollary 17. For each deterministic vector d € CV \ {0},

P[[Rd/|Rd|| € comp(f16, p16)] N Eop(C)] < exp(—cien).

b=l - 7

with y € CV, and let § = y/||y||, which can be shown to be defined w.p. 1 as in the proof of
Lemma 14. Considering the event £ = [§ defined, § € comp(66, p16)], our purpose is to show
that P[€; N Ep(C)] < exp(—cign). Since

& |/ =i [5).
el ol () em)

)
wecomp(f16,016)

Proof. Write

it holds that

and the result follows from Proposition 16. O

3.5 Handling the denominator Den in (10)

Lemma 18. There exist positive constants ¢1g and C}g such that
PIM]| = Cis|[R[[] 0 Eop(C)] < exp(—caign),

where M = F, P, or E.

Proof. We reuse here the notations of the singular value decomposition (15) of B. For any matrix
M with n — 1 rows, we also use the notations Mg = IIgM and M, = II,M. We first prove the
result for M = F.

From Lemma 5, we know that there exist cp,c > 0 such that P[||Wq|| < ¢o] < exp(—cn). We
shall show that on the event [|[Wql|| > ¢o] N Ep(C'), there exists some Cy > 0, such that

Vu € SN || Ful| < Ci(1 + || Rul).

This will establish that

PIF[ = CL(1 +[[RI)] N Eop(C)] < exp(—cn). (20)
Recall that
b=l = ] = 2] =
or equivalently,
Bv+W*'w=0 (21a)
Wo+zw =u. (21b)
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Since By, L Bug, we get from Lemma 15 and (21a) that

sintl[vell < [[Bug| < W wl,
thus, |lvg|l < (C/sint)||w|| on Ep(C). Writing v, = Bgq, Equation (21b) can be rewritten as
BWq =u — zw — Wug, which gives that

18| <

1 2| + C? /s
y B E oty
Co

€o
on [[|[Wq|l > co] N Ep(C). Since |[v]|* = |B]? + |lvgl|?, there exists C; > 0 such that ||v|| <
C1(1+ ||w|]), and the inequality (20) follows.

Our next step is to show that there exists a constant Cy such that &,(C) C [||R|| > Cs). It is
then easy to deduce from (20) that P [[||F|| > C’||R||] N Exp(C)] < exp(—cn) with C" = C1(Cy ' +1).
We shall assume that ||R|| < Cz on &,,(C) and obtain a contradiction if Cy is chosen small enough.
From the equation GG~ = IN4n—1, we have

BF + W*R =0, (22a)
WF+zR=1. (22b)

By Equation (22a), ||BF|| < CCj on &,(C). Writing BF = BFg + BF, and observing from (15)
that span(BFg) and span(BFy) are orthogonal, we obtain that || BFg|| < ||[BFg + BF,|| < CCs.
Turning to (15) again and using Lemma 15, we also have

IBFq|* = [|1F*Q¥*Q"F| > siullF*QQ"F|| = siyl Foll?,

thus, ||Fg|| < CC%/sint. Now, rewriting Equation (22b) as WF, —I = —zR — W F and using the
triangle inequality, we get that |[WE, —I|| < |z|[|R|| + [[W Fgl| < (|z| + C?/8inf)C2. Since W F, is
a rank-one matrix, the set of vectors u € S¥~1 such that WF,u = 0 is not empty. For any such
vectors, we have

(I + C*/si)Co = |WE, — I|| > [(WE, — Dl =1,

which raises a contradiction if we choose Cy < (|2 + C?/sint) ~!. The lemma is proven for M = F.

The case M = P can be shown similarly. To handle the case M = E, we first show an analogue
of (20) where (F, R) is replaced with (E, F'), and then we combine the obtained inequality with (20)
to get that P[[||[E|| > C1(1 + ||R]])] N Eep(C)] < exp(—cn) with possibly different constants. The
rest of the proof is unchanged. O

The following lemma is very close to [36, Prop. 8.2], with the difference that the bound on the
probability in Statement 3 is a Berry-Esséen type bound.

Lemma 19. The following hold true:

1. There exist ¢19,C19 > 0 such that
P[[[|go1G || < Ci9] N Eop(C)] < exp(—cign).

2. Let ¥y = [yo,...,yn_1]" € CV be a random vector with independent elements such that

Ey; = 0 and E|y;|> = 1/n for all i € [N], and let M € CN*¥ be deterministic. Then for
each n > 0,

1 ||[M
P[ny*Mng”HS] o1

ViV

3. There exists ¢ > 0 such that for each € > 0,

i an*Rn < s”R\}ﬁHS} N gop(C)} < e+ %

18



Proof. To prove the first statement, we write ||go1]| = [|go1G G| < |lgo1G || |G||. By Lemma 5,
there exist two constants c,c19 > 0 such that ||goi|| > ||z|| > ¢ with a probability larger than
1 — exp(—cign). Moreover, |G|l < (C+ |z| V sgup) on Ep(C), hence the result.

We have

* % N M 2
1y | = By arneey = 00

Thus, P[|ly*M|| > || M||us//nm | < n by Markov’s inequality, which proves Statement 2.
Turning to the third statement, we start by writing

* Re
la*RI = 3 Bz ena)l = 3 o Rewa) = 3 [ Bewsl*l(w, el (23)
kE[N] k€E[N] ke[N] ok
Define uy = Reni/||Renk || = [wok,---sun—14]". The idea of the proof is the following. By

Corollary 17, uy is incompressible with high probability. Moreover, = and u; are independent.
Therefore, we can use the Berry-Esséen theorem (Proposition 8) to control the behavior of the
inner products (z,ux). We then use [36, Lemma 8.3] to pass from these inner products to the
sum at the right hand side of (23). Indeed, this lemma shows that if Zy, ..., Zx_1 are arbitrary
nonnegative random variables and if pg,...,pny_1 are nonnegative numbers such that > pp = 1,
then P[> ppZi <t] <25 pilP[Z) < 2t] for each t > 0.

Specifically, define for each k € [N] the set of indices

Ikz{ [N]'\p/lﬁ_uzﬂ_\/—}

Using the independence of = and wug, Lemma 7 and Proposition 8, we get after a small calculation

that
P, [|<x,uk>\ < E\/2/n} < E””(Z 9E¢$0ui,k,€\/2/n> <ViAl,
1€Ly
where
ceV2 8cm3/4 1

Vk == + 3 9
p16VTIN"T 63023, /Tl
and ¢ > 0 is the constant that appears in the statement of Proposition 8. Observing that
DkelN] |Ren k||* = || R||}s and using [36, Lemma 8.3], we get that

[Z |Rf31\|ka| (@ u)[? < %} Z | Ren k|| (Vi A1),

oyl v I1BlEs

Defining the event Encomp = Niepnj[ur € incomp(bie, p16)], we know from Corollary 17 that
P& comp N Eop(C)] < Nexp(—cign). Moreover, |Zp| > 616N/2 on Eincomp for each k € [N] by

Lemma 10. Thus, by changing the value of the constant ¢ above we get that Vi < ce + ¢/4/n on
Eincomp for each k € [N]. Putting things together, we conclude that

. R Re g2
p[[le i < LE5) e, (0)) = B [p, [ 30 1O g2 < S o]
Vn KEIV] I Rlfs n
Re
< 2EW[ Z |”1|\|”€|(Vk A1) Op} + QEW[]lgmmp]l E0p(C) ]
kE[N] HS
< 2ce + 2¢/+/n + 2N exp(—cign),
which leads to the required result after changing once again the value of c. O

Lemmas 18 and 19 lead to the following control on the denominator:
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Lemma 20. There exist positive constants cog and Csg such that for each n > 0,
P HDen2 > Coo(1 + 77_1)HR||%S] N EOP(C)] < 2n + exp(—coon).

Proof. Starting with the expression Den® = 1+ ||go;G~*||?, and using Lemma 19-1, we get that

P [[Den2 > (Crg + D)]|g01G?] NEop(C)] < exp(—cign). (24)
Since [|go1GH)? < 2(||bo1 E||? + ||bo1 F||? + ||z* P||? + ||z* R]|?), the event

€= [lgnG7H1* = 2(bor E|I* + [bor FI|* + | Pllfis/ (nm) + |1 Rlfis / (1m)]

is included in the event

& = [la"PI2 > |1 Plfas/Gm)] U [ll2" RI? > | Rlfhs/(m)
Thus, P[] <P[E'] =Pw @ P[] < 2n by Lemma 19-2. Furthermore, the event

&" = [llgorG7I* = 482, CTs | RN + 2CF|| BRI /n + 2I| RlEis / (nm) ]

is included in the event

EUIE] = CuslIRITUIIF] = Cisl|RITU I[Pl = Cis||RI]],
since ||P|lus/n < ||P||. Thus,

P[E"NEp(C)] < 2n+ 3exp(—cisn)

by Lemma 18. The proof is completed by combining this inequality with (24) and using the
inequality ||R|| < ||R||us- O

3.6 Handling the numerator Num in (10)

This is the only section where we shall need Assumption 3.

We shall use the idea of decoupling that will allow us to replace the term x*Pbig — bp1 F'x —
x* Rz in the expression of this numerator with an inner product whose concentration function is
manageable by means of the Berry-Esséen theorem. This decoupling idea that dates back to [14]
has been used many times in the literature, including in [36]. The following lemma can be found
in [31] or in [36].

Lemma 21. Let Y and Z be independent random vectors, and let Z’ be an independent copy of
Z. Let E(Y, Z) be an event that depends on Y and Z. Then

PIE(Y, Z)2 < BPIE(Y, Z) N E(Y. 2')]

Lemma 22. Let a € C, u,v € CN and M € CVN*¥ be deterministic. Let Z C [N]. Then for each
t>0,
Plla*Ma +u'e + 2" v+ a| < t)* < Bye o Loy (70 — 2pe)* Mye 727 + 25 Mz 70 (70 — 250), 21)

z

where z’ is an independent copy of x (here we assume that the right hand side is equal to one if
Z =10 or [N]).

Proof. Assume without loss of generality that Z = [|Z|]. Write
m:[mz}, and i:[x,zl
Xc L7e
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Using Lemma 21 with Y = 2z, Z = x7c, and Z’ = 2/, we get

Pllz* Mz + u*z + v + a| < 1]
SPosigear |T"Mr +u's + 2" +a| <t |T°MT +u'E + 370 +al <
<Prsogeale [|[e*Mx — "Mz +u*(x — %) + (x — Z)"v| < 2¢],

where the second inequality is due to the triangle inequality. Developing, we get that

P "Mz — "Mz +u*(z — %) + (x — )" v| < 2t]

ez, w e e
=Poy age ar, [[(Tze — 27e)" Mze 727 + 27 Mz 10 (270 — 270)

tuke(zze — %) + (w7e — 2 ) 07| < 2]
<Eiyeat Loz (270 — e )*Mze 127 + 2y M1 70 (X7 — Th7c), 28) .

We now have all the ingredients to prove Proposition 13.

Proof of Proposition 13. In the remainder, we write
Epen(1) = [Den < Cy || R||ms]
where C), = 02162(1 +n1)Y2, Given t > 0, we have

P [[dist(ho, H_o) < t] N Eap(C)]°
= P[[Num < tDen] N &,(O)]?
< 2P [[Num < tDen] N Epen (1) N Eop(C)]? + 2P[Epen(n) N Eop(C)]?

and
P [[Num < tDen] N Epen(n) N Eop(C)]* < P[[Num/||R||us < tC,] N Eup(C))*
2
= Ew [Eo[Linum/ | Rllus <t0,]] Leoy ()]
< Ew [(Bo L iNum/|Rllns<tcy]) e )] -

Given an arbitrary Z C [n], we denote as u € ClZl, v e C*°l, and w € CE°I three independent

vectors, independent of everything else, such that u £ z7 and v, w £ x7e. Recalling the expression
of Num in (10) and using Lemma 22, we get that for each s > 0,

P, [Num < 5}2 < Eywly ((v—w)*Rze zu + u* Rz e (v — w), 25)

=E, Ly ((v—w)*"P;eRPru+ u*P;RPze(v — w),2s) , (25)
where P; the Cl — CN linear mapping such that if Z = {i; < --- < i)}, then Pru =
0,...,0,u1,0,...,0, Uz}, 0, .. .), where u; is at the position ;.

Let £ = (&o,.-.,&{n—1) be a vector of N i.i.d. Bernoulli random variables valued in {0, 1} such

that P[§y = 1] = p, where the probability p will be fixed below. This vector is assumed to be
independent of everything else. Since (25) is true for each Z C [N], we can randomize Z by setting
Z={ie[n]: & =1}. Setting s = ||R||usCyt, we obtain

v—w)*P/.R v ox BPrc(v —w
(EoLiNum/|Rlus<tCy])” < EeEywly ((|R|)|HSIPIU +u PIIIR(IIHS)’ 20,,t>
(x —2') Tz R v x RIze(x — ')
= Ef@@"cu (%PIU +u Pzw, 2Cnt . (26)
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where 7’ is a vector that has the same law as z and that is independent of all other random
variables.

Write
Yo
_ Rlge(x—2') : and 5 — (x — 2')*IIz<R -G Tl
Y Rz — )] S U T iy N1
YN-1
and let
VAlRIg (e —o))| i@ — ) TR
a= and & = .
V2(1 = p)||R[|us V2(1 = p)||R[lus
For i € Z, let

Z; = ag;|Prul; + o|Pruly;.

Then the concentration function £, at the right hand side of (26) can be rewritten as
L. (ag*PIu + o Pry, /2/(1 — p)Cnt\/ﬁ> — L. (Z Zi /21 — p)c,,wﬁ)
icT

We wish to control this by using the Berry-Esséen theorem (Proposition 8). Recalling Proposi-
tion 16, define the set

. 2 2
j:{’ewﬁ%ﬁ %"fma“d'%—m}

By the restriction lemma 7, we have
£(3 2 VAT =D)Cotv) < £u( Y Zi/2/(1=p)Cytv/n).
i€l i€INT

Informally, we expect |ZNJ| to be of order O(n) with high probability, the E,|Z;|? to be lower
bounded with high probability, and the E,|Z;|* to be upper bounded with high probability for
1 € ZNJ, in order to benefit from the effect of the Berry-Esséen theorem in a manner similar to
Inequality (12).

More rigorously, for each ¢ € Z, we have

Eu|Zi|* = Egyolagimoo + ayiToo|* = Elzoo|® (&%) + o®|yi]?) + 2aaR (B2, 5:7i)
> n (@257 + oPlyil?)

for all n large, where ¥ = liminf, n(1 — |Ez3;|) is positive by Assumption 3. Focusing on the set
INJ, we get that

- Ing
2 Bz 2070 3 oyl > 02052, nN L (27)
i€INT T
Moreover,
T
> EulZil® < 32E[aool* (o + 5[3)&.
' 0°/% N'3/2
i€INg 3]

Then, by the Berry-Esséen theorem,

L., (Z Zi,\/2/(1 — p)Cnt\/ﬁ>

i€l

S/lu( Z Zi,mcnt\/ﬁ)

1€INT

< <\/2/(1 —P)CLCUM + 326mi/4(0;3; a%) 1 ) Al
apisy/IINJ| p§’6193/291é a3 VIINJT|

NN
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(here, we assume that L£,(} 7~ ---) =V =11 ZNJ = 0). The constant ¢ > 0 in the term after
the second inequality is the one that appears in the statement of Proposition 8. In the remainder
of the proof, the value of this constant may change without mention.

At this stage of the calculation, we have

P[[dist(ho, Hoo) < 1] 1 Eop(C)]2 < 2Eapeoar[(V A D)Ly 0] + 2PLEDen(n)® N Eap(C)2. (28)
Now, take p = 1 — #14/8, and consider the event
& = (171> N(1 = 016/0)] = [ Y& > N(1 = 016/4)] .
Since & = [|Z| > N(p — 616/8)], we get by Hoeffding’s concentration inequality that
PIEE] < exp(—N675/32).

Consider also the event
Eincomp = [y € incomp(16, p16)]-

By Corollary 17, there exists a constant ¢ > 0 such that

PES N&op(C)] < exp(—cn).

incomp
On &incomp, we have that | 7| > 616N/2 by Lemma 10. Therefore, on & N Eincomp, it holds that
IZINJ|=N—|I°UJ°| > N —|I°] = |T°| > Nbys/4.

It remains to control the terms o and & in the expression of V. Given a small § > 0, consider
the event

Rllzc(x — o _
£a(8) = [BRlIs/vi < EEC DN < govvz s ]
2(1-p)
z—x' ) Tz R _
Mo 2R B o gorr2) R )
2(1-p)
Note that a € [3,571/?] and & < B~Y/2, thus (® + &%)/a® < 26792 on £,(B). Apply-
ing Lemma 19 after setting the vector y in its statement to [£o(zo0 — 20),---,EN—1(TN-1,0 —

)T /1/2(1 — p), we get that there exists a constant ¢ > 0 for which

P[E.(B)° N Eop(C)] < ¢B + ﬁ

Turning back to (28), we can now conclude by writing
P[[dist(ho, H,Q) < t] n (‘:OP(C)]Q < QEW@,I@/ [V]].gf ]].gincomp ]]'50(5)]15011(0)]] + 2]?[85]
+ 2P[£icncomp n EOP(C)} + ZP[S(N (6)C N ‘SOP(C)]
+ 2P[Epen(n)° N E6p(C)]?

< n p=9/2 1 ,
_C(ﬂ\/ﬁtJr Tn +B+n+\/ﬁ)+exp(cn).

If we take n oc n~/2 and 8 oc n= /11 (without further optimization of these exponents), then we
get that
P[[dist (ho, H_o) < 1] N Eep(C)]? < e(n®/*4t + n~ /1Y) 4 exp(—c'n),

which proves Proposition 13.
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3.7 Theorem 1: end of proof

First note that for any k € [n], Proposition 13 continues to hold when dist(hg, H_¢) is replaced
by dist(hy, H_), by the same proof. When n < k < N + n, too, the proof continues to be valid
once the roles of A and z are interchanged. Indeed, one can check that the argument is simpler
and hence is omitted. Applying Lemma 11, we obtain that

P H inf | Hul| < t} N gop(C)} < e(nBV/88 /2 4 7122y L exp(—c'n).

u€incomp (g, p9)

Using Proposition 9 along with the characterization (5) of the smallest singular value, we obtain
Theorem 1 with v = 81/88 and 5 = 1/22.

Remark 1. The proof of Proposition 13 shows that the origin of the slow decreasing term n~" =
n~1/22 at the right hand side of the last inequality is the O(1/y/n) decay that is optimal while
using the Berry-Esséen theorem, as shown by Inequality (12). To obtain a better decay rate of
the concentration functions, one can use the so-called Littlewood-Offord theory instead. This was
the approach of [29, 33, 34, 36] among others to solve small singular value problems.

Remark 2. Assumption 3 was needed in the proof of Proposition 13 to ensure that the variance
at the left hand side of (27) is bounded away from zero.

4 Proof of Theorem 2

4.1 A general approach: log potential

A well established technique for studying the spectral behavior of large random non-Hermitian
matrices is Girko’s so-called hermitization technique [12]. This is intimately tied to the logarithmic
potential of their spectral measures.

Recall that the logarithmic potential of a probability measure p on C is the C — (—o0, 0]
superharmonic function defined as

U.(z) =— jc log |\ — z| pu(dA) (whenever the integral is finite).

The measure i can be recovered from U, () in the following way. Let D’(C) the space of Schwartz
distributions on C and let A = 9?2 +8§ = 40,05 for z = x4y € C be the Laplace operator defined
on D'(C). Let

C°(C) ={¢: ¢ is a compactly supported real valued smooth function on C}.

C

Note that C°(C) ¢ D'(C). Then
i = —(2m) AU, (29)

in the sense that
1
[ o) utd) = -5 [ 8e@)Uu) dz, g e 2 (©).
c T Jc

It is also known that the convergence of the logarithmic potentials for Lebesgue almost all z € C
implies the weak convergence of the underlying measures under a tightness criterion (see, e.g., [6]).

Turning back to our matrix ¥ = XJX*, the logarithmic potential of its spectral measure can
be written as

1 1
Uy, (2) = =4 > log|Ai — 2| = — o7 log [ det(Y — 2)|

1 *
= —gy logdet(Y —2)(Y - 2)" = —/k’gA Vn,z(dN),
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where the probability measure v, . is the singular value distribution of Y — z, given as

1 N-1
Un,2 = N ZO 65,;(Y—Z)'

The above observation is at the heart of the hermitization technique. It transforms the eigenvalue
problem into a problem of singular values. To study the asymptotic behavior of u,, we need to
study the asymptotic behavior of U, (z) for Lebesgue almost all z € C. In the light of the above
relations, this approach may be formalized as follows:

Proposition 23 (Lemma 4.3 of [6]). Let (M,,) be a sequence of random matrices with complex
entries. Let ¢, be its spectral measure and let o, , be the empirical singular value distribution of
M, — z. Assume that

(1) for almost every z € C, there exists a probability measure o, such that o, , = o in probability,
(ii) log is uniformly integrable in probability with respect to the sequence (o, ;).

Then, there exists a probability measure ¢ such that {,, = ¢ in probability, and furthermore,

Ue(z) = f/log)\ o.(d\) C-—ae.

Note that to successfully apply Proposition 23 to p,,, we need to establish that:
Step 1: for almost all z € C, v, , = v, (a deterministic probability measure) in probability.

Step 2: the function log is uniformly integrable with respect to the measure v, . for almost all
z € C in probability. That is,

Ve >0, lim limsupP [/ [log A| 1j10g A|>T Vn,2d(N) > €| =0. (30)

T—o00 n>1 0

By achieving these two steps, we conclude that there exists a probability measure p such that
pn = p in probability, and such that U, (z) = — [log|A| 7.(d\) C-almost everywhere. It would
then remain to identify the measure p to complete the proof of Theorem 2.

The proofs of the results devoted to the asymptotic behavior of v, , (mainly, Step 1) are
provided in Section 5. Step 2 relies heavily on Theorem 1 above. The proofs of the results devoted
to the identification of g are provided in Section 6.

4.1.1 Step 1: Weak convergence of v, .

Going a bit further than what Proposition 23 requires on Y, we shall show that for each z € C,
there exists a probability measure v, such that v, . = v, almost surely. As is usual in random
matrix theory, this convergence will be established through the convergence of the associated
Stieltjes transforms. For this, it will be convenient to consider the Hermitian matrix

D(z) = {Y* .

Y — 2
zZ

whose spectral measure

N—-1

. 1

Un,z = IN E (6si(Y—z) + 6—si(Y—z))
1=0

is the symmetrized version of v, , (i, , is symmetric in the sense that 7, ,(S) = y, ,(—S) for each
Borel set S C R). It is enough to show that 7, , converges weakly a.s. to a probability measure
v,.
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Given n € C; = {w € C,Sw > 0}, let us write

Qz,m) = (B(z) =)~
_ {Qoo(Zﬂ?) Qo1 (2, n)

Qo(z:m)  Qui(z,n)

S O L e Lo o A A RS

(Y =2 (Y =2) =] (Y —2)" (Y —2)"(Y —2) = n°]” ’
which is the resolvent of ¥(z) in the complex variable 7.

The a.s. convergence v, ., = v, is a consequence of the following theorem. Its proof will be
provided in Section 5.1. By this theorem, the first assumption in the statement of Proposition 23
is satisfied when M,, is replaced with Y — z. Note that the Stieltjes transform of a symmetric
probability measure is purely imaginary with a positive imaginary part on the positive imaginary
axis.

Theorem 24. Let Assumption 1 hold true. Then

1 s 1 s
oy T Qzn) = p(en) and S trQui(zn) oy ld(z), nEeCy (32)

where for each z € C, (p(z,-),d(z,)) is a pair of holomorphic functions on C, such that v~ !p(z, ) is

the Stieltjes transform of a symmetric probability measure, |d(z, )| < v/Sn, and writing p(z, it) =
th(z,t) for t > 0, the pair (h(z,t),d(z,)) € (0,00) x C uniquely solves the equations

—th(z,t) + zd(z,1t) = u(h(z,t),d(z,1t),t) — 7, (33a)

zh(z,t) + td(z,1t) = v(h(z,1),d(z,1t),t), (33b)

where

1 [*™ h% +|d)? + dexp(:0)
h,d) = — de d
u(h,d) 27 /0 h? + |1+ dexp(:0)]2 "’ o

1 [ hexp(—10)
v(h, d) = %/0 W1+ dexp(B)E "

(34)

By [11], the convergence of (2N)~! tr Q(z,n) in (32) implies that i, , = ¥, (symmetric) a.s.,
with Stieltjes transform v~!p(z,-). The system of equations (33) which provides the values of
p(z,) on the positive imaginary axis completely determines the measure &,. The function d(z, ut)
will be used below to identify the limit measure .

4.1.2 Step 2: uniform integrability

It is equivalent to show the uniform integrability of log | - | with respect to (i, ,). Note that log is
unbounded near both 0 and co. The following proposition will address uniform integrability near
zZero.

Proposition 25. Let (M,) be a sequence of random matrices such that M, € C"*". Let

M, = [ , and assume that there exist three constants «, 8, C' > 0 such that

My, ]
“Btr (M, — )" < C(1+tnP). (35)
n

Assume in addition that there exist a sequence of events (£,) such that P[ES] — 0, and two
constants v, 7 > 0 such that for n large enough,

P [[sn_l(Mn) <n77l N é’n] =0(n). (36)
Then, denoting as &,, the empirical singular value distribution of M,,,
5
Ve >0, limlimsupP U/ log ) Ern(d/\)‘ > 5] —0. (37)
§—0 n>1 5
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For a detailed proof, please refer to [17, Proposition 14] or to [9, Section 6.2]. We just point
out that starting from (35) and making some elementary Stieltjes transform calculations, one can
show that there exist constants K, p > 0 such that Ed, ([—x,z]) < K(xVn~"). This so-called local
Wegner estimate [38] on the number of intermediate singular values, used in conjunction with the
control provided by (36) on the smallest singular value, leads to (37).

The validity of condition (35) in Proposition 25 is guaranteed by the next proposition. It is
proven in Section 5.2. The n~!/? rate can be improved but is adequate for our purposes.

Proposition 26. Let Assumption 1 hold true, and assume that z # 0. Then, there exist two
constants o, C' > 0 such that

%Etr Q(z,t) < C(1 +t~n~1/2),

Condition (36) on the smallest singular value of Y — z in Proposition 25 is a consequence of
the following corollary to Theorem 1, whose proof is immediate.

Corollary 27 (Corollary to Theorem 1). Let Assumptions 1 and 3 hold true. Let C be a positive
constant. Then, there exist a, § > 0 such that for each z € C\ {0},

Plsy_1(Y —2) <t | X]| <C]<ce¢ (natl/2 + n_5> + exp(—c'n), (38)

where the constants ¢, ¢’ > 0 depend on C, z, and my only.

Invoking the boundedness of the fourth moment specified by Assumption 1, we know from [39]
that -
1] 22 14 . (39)

Thus, the probability of the event [||X|| < C] converges to 1 by setting C' = 2 4 /4. By Propo-
sition 26 and Corollary 27, the assumptions of Proposition 25 are satisfied for M,, =Y — z with
z # 0. Therefore, the uniform integrability of the log| - | near zero specified by (37) is true when
&y, is replaced with 7, ,, and z # 0.

Remark 3. The proof of Theorem 1 showed that we can take = 1/22, recall Remark 1 in
Section 3.7 above for more comments on this point. The consequent slow rate at the right hand
side of (38) is the primary reason that we conclude the uniform integrability of the log| - | near
zero only in probability. The convergence in probability stated in Theorem 2 is due to this.

To be able to apply Proposition 23, it only remains to establish the uniform integrability of
log | - | near infinity, namely

T—oo p>1

Ve >0, lim limsupP ’/ log || f/n,z(d)\)’ >e| =0.
A=T

But this result follows immediately from the identity 1} x<¢ fl
T>14 )+ 2]+ 1.

A7 log |A| 7n, 2 (dA) = 0, valid for

4.2 Identification of u

At this point, we know that there exists a probability measure p such that wp,, = wp in probability,
and such that

Un(z) = f/logw U,(d\) C-—ae.

We now aim to identify g and establish its properties that are specified in Theorem 2. To
that end, we rely on equation (29). We use an idea that dates back to [10] and that has been
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frequently used in the literature devoted to large non-Hermitian matrices. Define on C x (0, 00)
the regularized versions of U, (z) and U, (z) respectively:

1
Up(z,t) = — 5 log det((Y — 2)*(Y —2) +t%), and
1 2, 42y -
U(z,t) = -3 log(A\* 4+ t%) w.(dN).
In parallel, let us get back to the resolvent Q(z,n) defined in (31). By Jacobi’s formula,

oty (2, 1) = % b (Y — 2)((Y — 2) (Y — 2) 4+ £2)~! = % r Qoa (2, 21).

Letting n — oo we know from Theorem 24 that 0:U,,(z,t) — (27)~1d(z,1t) a.s. At the same time,
Up(2,t) = U(2,t) a.s. since v, , = v,. We can therefore assert that 9;U(z,t) = (2v)~1d(z,1t) in
D'(C), and then extract the properties of pu from the equation

1 2 . 1. oy
u= —%AUH = }g%azagu(z,t) = —%}E)I(l)azd(z,lt) in D'(C).
This line of thought leads to the following proposition. Its proof is provided in Section 6.1.
Proposition 28. Ast — 0, the function (2v)~'d(-,t) converges to 9;U,(-) in D’'(C).

The following lemma specifies the properties of the function g defined in (2), that we shall
need. Its proof is straight-forward and is omitted.

Lemma 29. Consider the function g on the interval [0V (y—1),]. It is analytical and increasing
on (0V (y—1),7). Moreover, g(0V (y—1)) =0V (y — 1)3/v, and g(7) = (v + 1).

By this lemma, g has an inverse g~ on [0V (v — 1)3/7,v(y + 1)] that takes this interval to
OV (y—1),7]. On (0V (v —1)3/7,v(y + 1)), the function g—! is analytical and increasing.

By showing that d(z,4t) converges as t — 0 point-wise for each z # 0 and by identifying the
limit function b(z), we get the following proposition whose proof is given in Section 6.2.

Proposition 30. Let b(z) be the function defined on C\ {0} as follows:

If v <1, then
—g7 (212 if 0<]z] <\y(v+ 1),
b(z) =
—/z if [2] > /(v +1).
If v > 1, then

~(-1)/z i 0< 2] < (v - 12/,
b) =4 —g 1 (=P)/z i (v =12/ <ol < VA F D,
b(z) = —v/z i |2 2 A FD.

Then 9:U,(z) = (27)'b(z) in D’'(C).

By Lemma 29, b(z) = b(u + w) defined in the statement of Proposition 30 is continuously
differentiable as a function of u,v on the open set

S={z€C:2#0, 2" # (v=1)%/v, 2> #v(v + D}.

Therefore, AU,, = 40,0;U,, coincides with 2y~19.b in D'(S), where 9.b is the pointwise derivative
of b w.r.t. z. Specifically, for each test function ¢ € C2°(S), we have

1 1
Ledu=—5- [ o080, d: = —— [ w0 dz = [ o(11(2) e

T Jc C
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where, by Proposition 30, the density f(z) of p on S is given by

Lo 07D _ L gl (2P) i 0V (v — 1)3/7) < |2 <Ay + 1),
f(Z) _ Yy V4 YT (40)

0 elsewhere
Hence the density f depends on z through |z| only, and thus g is rotationally invariant on S.

Now we consider i on the boundary 95. We deal separately with the cases v <1 and v > 1.
First suppose 7 < 1. Let 0 < s < r < 4/7(7 + 1). Changing to polar co-ordinates, we get

1
z: |z s, r — 120 (|2
u({z: 2] € [s.7]}) = /{ZM} g ([2P?) de

2
727{_/ do/ 2,0829 1 2)

=77l () =y g (s,

But since y71g71(0) = 0 and v~ tg7 (y(y + 1)) = 1, we get that

p({0}) = p({z: 2| = Vr(y + 1}) = 0.

establishing the formula in Theorem 2 for v < 1.

Now suppose v > 1. Put a = (y — 1)%/2/,/7.

If we set 0 < s < r < a, we obtain from (40) that pu({z : |z| € [s,7]}) = 0.

Ifa<s<r< /y(y+1), then u({z: |z| € [s,7]}) = v g7 1(r?) — v~ 1g71(s?) by the same
derivation as for v < 1.

Now we claim that p({z : |z2| = a}) = 0. To show this, let ¢ : [-1,1] — [0,1] be a smooth
function such that ¢(0) =1 and ¢(—1) = ¢(1) = 0. Given € > 0, define the C — [0, 1] function

vu(z) =0 (E22)

which is supported on the ring {z : a—e < |z| < a+¢}. It is then enough to show that [ . dpu — 0
as € — 0. Indeed, by an integration by parts, we get that

1 1 ,/(lzl—a
/wgdu———/z/ia ) 0.b(z —/@we dz = Sem mqﬁ ( . )c(|z|) dz

where the function ¢(p) = zb(z) for p = |z| is a real bounded function near p = a that satisfies
¢(a) =1 — v by Proposition 30. Making a cartesian to polar variable change, we get that

[ v MT T a [ (£4) o) /¢ Je(eu+ a) du

— — T (1) = d(-1)) =0

e—0 Y

by the dominated convergence theorem.

Since y~tg71(a?) = 1—y~1, we can infer now that pu({z : s < |2| <r}) =y 1g 1 (r?)—(1—y71)
for each s € (0,a) and each r € [a,/y(y+1)). Letting s | 0 and r T \/v(y + 1), and recalling
that g~ 1(y(y + 1)) = v, we get that

p{z: 2l < VAl + D) =1- 1 =271 + u({0}).

Similarly to p({z : |2| = a}) = 0, we can show that pu({z : |z| = /(v +1)}) = 0. We therefore
get that u({0}) = 1 —~~1, and hence the formula in Theorem 2 is verified also for v > 1.
This completes the proof of Theorem 2.
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5 Limit singular value distribution

Given (z,7) € C x C4, a € R, and a sequence (a,(z,7n)), of complex numbers, the notation
an = Op(n®) (or a, = Oy(n™) when n = t) will refer in this section to the existence of a constant
C > 0 and two non-negative integers k and ¢ such that

Clnl*
< «
|an(2a77)| — (sn)gn

The constants C, k, and ¢ may depend on z but not on 7 nor on n. If a,(z,n) is a matrix, then
the notations a, = O, (n®) and a,, = O;(n®), are to be understood in a uniform entry-wise sense.

5.1 Proof of Theorem 24

We start by showing that for each z € C, the bulk behavior of the singular values of ¥ — z is
completely specified by Assumption 1 and does not depend on the particular distribution of the
elements of X.

Our first result is a standard concentration result which helps to replace the traces by their
expectations. The proof uses well-known methods, see [1], and we omit it.

Proposition 31. Under Assumption 1, for each (z,7) € C x Cy,

1 1tr Qoo(2,7m) ter(z,n)]_l[trEQoo(z,n) trEQo1(2,m)| as. 0
n [trQuo(z,n) trQu(z,m)| n [trEQuo(z,m) trEQui(z,m)] nooo”

The above expectations are easier to compute when the entries are Gaussian. The next result

establishes that we can assume this without any loss. Let 2V = (U 4 4V))/v/2n, where U and
N—-1,n—1

{\j/]i,j:O
the xfjf are independent copies of z/V. Clearly, these entries satisfy Assumption 1. Let ijf (z,m)
be the analogues of the Q;;(z,7), obtained by replacing the matrix X with XV. The proof of
the following proposition proceeds along standard lines and uses the boundedness of the fourth
moment in Assumption 1 and the fact that the first two moments of the two sets of variables
agree. We omit the details.

V are real independent standard Gaussian random variables. Define XV = [a: , Where

Proposition 32. Under Assumption 1, for each (z,77) € C x C,

l trEQOO('Z?n) trEQm(Zﬂ?)] _ l {UEQ{)\(/)(Z,U) tIEQ'(/)\{(Zﬂ’]) -0 (n71/2)
n [trEQuo(z,n) trEQ11(z,m) n trEQ%(z,n) trEQﬁ(zm) n '

Hence, in the rest of this subsection we assume that the elements of X are distributed as z/V.

This enables us to study n~! tr EQ;;(z,n) with the help of two Gaussian tools that are frequently
used in random matrix theory. The first is the Integration by Parts (IP) formula [13], [20], and
the second is the Poincaré-Nash (PN) inequality [7], [25]. A detailed account of the use of these
tools in random matrix theory can be found in the treatise [26].

Let w = [wp,...,w,_1]" be a complex Gaussian random vector with Ew = 0, Eww' = 0,
and Elww*] = 2. Let ¢ = p(wo, ..., wn_1,Wo,-..,W,_1) be a C' complex function which is
polynomially bounded together with its derivatives. Then, the IP formula reads as

Buie(w) = 3 [, E | 200 (a1)

Furthermore, writing

Vwe = [0p/0w, ..., 330/3107,,_1}T and Vgp = [0p/0wy,. .., 330/81?},,,_1}T,
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the PN inequality is
Var (p(w)) < E [Vup()” Z Vupw)| +E[(Vapw))® E Vapw)] . (42)

We shall apply (41) to the case w = X and ¢ = u*Quv where Q = Q(z,7) is the resolvent
given by Eq. (31) (seen as a function of X), and u and v are deterministic vectors in C2V. If we
disregard (z,7) and write Q(z,1) = Q¥ to emphasize the dependence of the resolvent on X, then,
given a matrix A € CN*", the resolvent identity implies that
QX +A _ QX = _gX+a (X +A)J(X +A)" = XJX* 0X

(X +A)J Y X +A) —XJTLX* '
Using this equation we can obtain the expression of du*Qu/0Z;;, where i € [N] and j € [n].
Taking A = ey ;e ; we get that

n,j
ou*Qu

8@-]-

L p¥k
XJen’JeNﬂ-

= —u"Q { Qu.

XJflen,je}k\,,i
In particular, by taking u = ean i and v = ean ¢ for k,¢ € [N], we obtain from these equations

that
9[Qoo]r,¢ _

5 —[Qo1 X T 1;[Qo0)ie — [QooX J]1;[Qrolie, (43)
T

and by taking u = ean, and v = ean ny¢ for k, £ € [N], we get

0[Qo1]k,e _

e —[Qoo X J1k;[Q11]ie — [Qo1 X T 11;[Qo1]ie- (44)
T

Given M € C™*", we shall also use the trivial relations
[MJ*).j = [M].jsx and  [J*M];. = [M]ig,.,

where both the sum j + k and the difference i — k are taken modulo-n.
We can now start our calculations. Recalling that x; refers to the 4™ column of X for j € [n],
our first task is to study quadratic forms of the type x;Qooz, and z}Qo1x¢. Define the matrices
N -1 1
Ago = E [2;Qooxe], ,_, and Ao = E [2;Quize], -

It is obvious that X £ XJ™ for each m € Z. Thus, given a measurable function f : CV*N —
CN*N and the integers k, ¢, m € [n], it holds that

szrmf(XJX*)xZer = e;,k+mX*f(XJX*)X€n,Z+m
— e:z,k;J_mX*f(XJmJJ_mx*)XJmen,g
£ 2} f(XTX ),

where the index summations are taken modulo-n. As a consequence, the matrices Agg and Aoy
are circulant matrices, a fact very useful to us.
Starting with Agg, we have by the IP formula (41),

Z E[(Zix[Qoolij)xje] = ZE [ ngfjo U)}
j

1,j=0

Ex;Qooze

1
- Z Li—j 1r—¢E[Qoo]i;

‘,J’

- = ZE Qo1 X J ™ ieir|Qooljj — — ZE Qoo X J]ieZik[Q10];; (using 43)

4,J

= ]lk:éEtrQOO/n_ [[X*Qu1 X J ke tr Qoo/n] — E[[X*QooX J]ke tr Q1o/n] -
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We also have

* Tik QOI 7 ) .
ExyQo1x, = JZOIE Tik[Qor)ij) 0] = ZE [ 250 J } (using 44)
= Lp=E[tr Qo1/n | — E[[X" QOOXJ]M trQ1/n] — E [[X* Qo1 XJ ke tr Qo1 /n] .
In right side of the above two expressions we have terms of the type E[[- - -], , tr Q;;/n]. We can

use the PN inequality (42) to decouple [---],, from tr Q;;/n. Specifically, we have the following
lemma, which is proven in Appendix A.2.

Lemma 33. For each i,j € {0,1} and each k, £ € [n],
Var (trQij /n) = Oy(n~?) and Var(z}Q;; m¢) = Op(n~1).

Let us write ¢;; = ¢;;(2,m) = n 'Etr Q;;(z,n) for i, € {0,1}. Using the lemma, and applying
the Cauchy-Schwartz inequality, it is easy to see that

ExZQOOmE = ]lkZEqOO —E [[X*Qolx‘]_l]ké] Joo — E [[X*QOOXJ]]QZ] q10 + (97](,',L—.3/2)7 and
Ex;Quize = Li—eqor — B [[X*QooX J]ke] q11 — E [[X* Qo1 X T re] qor + Op(n=3/?).

Since Y is a square matrix, we see from (31) that goo = ¢11. Thus, the equations above can be
written in a matrix form as

Aoo(In + q10J) + qooAo1d " = qooln + On(ﬂfg/z)a and (45)
qo0Aoo + Aor(In + qo1J ™) = qoa L, + O, (n~3/?). (46)

Let us give these equations a more symmetric form. Developing (46) x gooJ ~* — (45) X (I +qo1J 1),
we get that
Ao [630 — (In + q10d) (L + go1 T )] = —qoo + Oy (n™%/2). (47)

Similarly, taking (45) X qooJ — (46) X (I + g10J), we get
Aot [a80 — (In + q10d) (Tn + q017 ™1)] = ¢80 — qo1(In + q10]) + Oy (n™%/2). (48)
Now, by using the obvious identity Q(X — n) = Iox we obtain

—nQoo — ZQo1 + Qu XJ ' X* = Iy,
—2Q00 — NQo1 + Qoo X JX™ =0,

(the similar equations involving the terms Q19 and Q11 will not be used). Taking the traces of
the expectations, we get

—nqoo — Zgo1 +n" "t AgrJ T =, (49)
—2qoo — Ngo1 +n” ' tr Ago =0, (50)

where v,, = N/n.

Recalling that q(()o)(z n) = n~'Etr QM (z,7), the function ~; ‘I(()o)( ,+) is the Stieltjes trans-

form of the probability measure Ei, ,. Hence, |y, qéo)(z,n)\ < 1/Sn. So, {q(()g)(z,-)}neN is

a normal family of holomorphic functions on C,. Similarly, q((;f)(z, ) = n"tEtr Q((ﬁ)(z7 -) and
q%)(z,n) = n 1Etr Q%)(z,n) are holomorphic functions in 7 € C, whose absolute values are
bounded by sup,, v./S7.

Using the normal family theorem, let us extract from the sequence (n) a subsequence (still
denoted as (n)) such that q(()n)( Z,4)s q(()rf) (z,+), and qgg) (z, -) converge to holomorphic functions in the
sense of uniform convergence on the compact subsets of C,. Denote these functions respectively
as p(z,-), d(z,-) and d(z,-). We shall show that they uniquely solve a system of equations on the
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line segment ¢[C, 00) of the positive imaginary axis, where C' is some positive constant. This will
show that p(z,-) is uniquely defined on C,, and that goo(z,:) —n p(2,-) and qo1(z,) —n d(z,*)
on C,. We then show that t3p(z,1t) — 7 as t — oo. This will lead to the fact that v~ 1p(z,-) is
the Stieltjes transform of a symmetric probability measure 7.

Assume that n = st where ¢ > 0. Then, since the measure E7, . is symmetric, goo(z,4t) =
18(z,t) with s(z,¢) > 0. Moreover, we notice from the expressions of Qo and Q19 in (31) that
q10(z,1t) = Go1(z,1t).

Recall that Agg and Ap; are circulant matrices. Define the so-called Fourier matrix

F,=n"1/2 [exp(ZZﬂkE/n)]Zzio .
Then the circulant matrix J can be written as
J = F, diag(exp(—2uk/n)){ZoFr,

Notice that the matrices Agg, Ap1 and J commute, since they are circulant.
Now Equation (47) can be rewritten as AggP = 25 + E where E = Oy(n=3/?) is a circulant
matrix, and

n—1
P =5+ (I + qoJ)(In + go1J*) = F,, diag (52 + 11+ qo1 exp(2l€/n)|2)£70 Fo- (51)

If ¢ > 2sup,, vn, then |go1| < 1/2, and thus, the positive definite matrix P satisfies P > (1/4)1, in
the semi-definite positive ordering. In view of Equation (50), we need an expression for n =1 tr Ago.J.
We can write

n

trAgo astrP1J n trP~'JE 18 f exp(—2uml/n) tr P71JE

52
$2 4+ |1+ qo1 exp(2eml/n)|? n (52)

n n n n
£=0

Given two square matrices My and M, of the same size, it is well known that |tr My Ms| <
(tr My M7)Y2(tr Moy M3)/2. Thus, since E = Oy(n=%/%), we get that

tr P~1JE 1 1
[te P~ JE| < —Vtr P-2Vir EE* < =2n'20,(n"Y?) = Oy(n71).
n n

n

By a similar derivation, and in view of Equation (49), we also get from Equation (48) that

tr A J-1 1% 24 2 + qo1 exp(2uml/n
01 _ = Z - |QO1‘ qo1 p( /2) + Ot(nfl). (53)
n ni= s?+ 1+ qo1 exp(2eml/n)|

Now, taking n to infinity along the subsequence (n) in Equations (49), (50), (52), and (53), writ-
ing p(st) = 1h(z,t) where h(z,t) > 0, and noting that d(z,t) = d(z,1t), the pair (h(z,t),d(z,1t))
satisfies the system of Equations (33) of the statement of Theorem 24 for ¢ > 2sup,, vx.

Let us consider the system of equations in (h,d) € (0,00) x C

—th + zd = u(h,d) — ~, (54a)
zh +td =v(h,d), (54b)

where u(h,d) and v(h,d) are given by Equations (34). Writing

1 [ 1 1 [ exp(20)
I =_— df d J =_— de
(a,u) 2m /0 a? + |1+ uexp(:0)|? an (a,u) 27 /0 a? + |1 +uexp(10)]2 "’

the system (54) can be rewritten as

—th 4 zd = (h? + |d|*)I(h,d) + dJ (h,d) — 7, (55a)
zh +td = hJ(h,d). (55b)
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By using the residue theorem (derivations omitted), we know that the integrals are given by the
expressions

2 2
I(a,u) = ! , and J(a,u):i 1- o+ +1
V(@ + u? +1)% — 4fuf? 2u V(@ + u]? +1)% — 4fuf?

(56)

for each @ € R and u € C such that a # 0 or |u| # 1.

Lemma 34. There exists C > 0 (depending on z and 7) such that for each t € [C,o0), the
system (54) has a unique solution (h,d) such that h € (0,~/t) and |d| < ~/t.

Proof. Equation (??) can be written equivalently as zd = dJ (h, d) — t|d|?/h. Note that dJ(h,d)
and I(h,d) are both real and depend on d through |d| only. Thus, zd € R, and if we write
z = pexp(10), then (h,d) is a solution for this z if and only if (h,d’) is a solution for z = p, where
d' = dexp(—10) € R. Consequently, we can assume without loss of generality that z and d belong
to R in the system (54).

This system can be written equivalently as [h,d]T = f([h,d]"), where

f Rl 1 —t z| |u(h,d) —~v
dl) 8224222z ¢ v(h,d) |~
We shall show if C is large, f is a Banach contraction on the space S = [0,2v/t] X [—v/t,v/t].
If C is large enough, we get from the integral expressions of u(h,d) and v(h,d) that

2 3
Iu(h,d)ls% and \v(h,d)|g%.

Hence, writing f([h,d]") = [f1, f2]T, (and recalling that z is real), we get that vt > tju(h,d,t)| +
|zv(h,d,t)|, thus f; > 0, and moreover,

St + 3|yt~ 2y

27|Z|t ! ‘Zh/ 3y v
f < — < -
! t2 +22 t

and |f2| < 2 +22 t

for C large enough. Thus, f([h,d]") € S when [h,d]" € S.
We now consider the Jacobian matrix Jac(f) of f. After some easy derivations that we omit,
we obtain that when C is large, there exist a constant C’ > 0 such that

du
oh

C/
S 77

du
ad

o
oh

ov
<C' d |—
< (', an 9

< ¢ (on 5).

<,
- t

Since
1 —t z| |Ou/Oh Ou/Od
Jac(f) [Z t} |:8'U/6h 61}/8d] )

S
we get that || Jac(f)]] < 1/2 on S for C large enough, and the result follows from Banach’s fixed
point theorem. O

Lemma 35. th(z,t) — v as t — co.

Proof. The functions h(z,t) and d(t) satisfy Equation (33a), and furthermore, 0 < h(z,t), |d(t)| <
v/t. From the expressions (56), it is clear that (h* + d?)I(h(z,t),d(t)) and d(t)J (h(z,t),d(t))
converge to zero as t — co. The result is then obtained from Equation (55a). O

We now need to prove that (h(z,1t), d(z,1t)) satisfy the system of Equations (33) for each ¢ > 0.
By the convergence qoo(z,-) = p(%,-), we get that Ep, , = ©,. In particular, Eo, , is tight. Let
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a > 0 be such that inf, ED, ,([—a,a]) > 1/2. Recalling that Er, , is symmetric, we have

1
s(z,1t) = —1q00(2,2t) = —1y, / —Ev, .(d)\)

A—at
= —1Yn ( 1 1 )EV d\ :/Lnt]Ev d\
2 /)\—zt+—)\—zt P,z (dA) 22+ ¢2 Un,z(dA)
Wt
~ 2 aZ+t2

Therefore, for each ¢ > 0, the matrix P defined in (51) satisfies P > ~t/(4(a® + t?))I in the
semidefinite ordering for all n large. By repeating the argument that follows Equation (51), we
obtain that (p(z,t),d(z,1t)) solve the system (33).

To complete the proof of Theorem 24, it remains to show that 7, , = v, almost surely. This is
obtained at once by combining Propositions 31 and 32 with the convergence of qoo(z,-) to p(z,-).

5.2 Proof of Proposition 26

We first assume that X = XV , where XV was defined before the statement of Proposition 32.
Fixing z # 0, and writing goo(z,1t) = s, we first show that there exist constants o, C > 0 such
that

s€(0,C(1+n"tt)] for te(0,1]. (57)

From Equations (49), (50), (52), and (53), we get that

—t5 + Zqo1 = Un(t) — Yn + Os(n™1), (58a)
25+ tqor = vn + Oy(n™ 1), (58b)
where
", = 1 TS 322+ lgo1]? + qo1 exp(227r€/72L)7 and v, — 1 S i sexp(—2uml/n) .
n s*+ |1+ qo1 exp(2url/n)| n = s+ |1+ qo1 exp(2uml/n)|

We now show that |go1| < C1 + Oy(n~1) for some constant C; > 0. It is enough to focus on the
case |go1| > 2. Using

5° + |qo1|* + |qo1

s?+ (lgo| = 1)*

it is easy to see that |u,| < 5. Since s < sup,, v, /t, we get from Equation (58a) that |go1| <
C1 + O¢(n~1) for some constant C; > 0.

Now using the obvious inequality |v,| < 1/s along with Equation (58b), we get that |z|s <
1/54C1 4+ Oy(n1). Thus, s? < Cy(1+ s+ st~*n~1) for some a, Cy > 0. If s > 2C5, we have that
0.5 < 8% — Cas < Oz(1 + st™n~1) < s(1/2 + Cot=n~1), thus, s < 1+ 2Cot~*n~1, and (57) is
established.

Removing the Gaussian assumption on the elements of X, Proposition 26 is obtained by com-
bining Proposition 32 with (57).

lun| <

6 Properties of u
6.1 Proof of Proposition 28
We first show that U(-,t) is continuous, and that there is a probability one set on which

Un (1) CAON U(-,t) for each t>0. (59)

n—0o0
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Fix t > 0. From the almost sure weak convergence of i, , to &, and (39), we get that U, (2, t) LN

n—roo

U(z,t) for each z € C. Furthermore, by the Hoffman-Wielandt theorem (see [19]), given z, 2’ € C,
we have max; |s;(Y — 2) — s;(Y — 2/)| < |z — 2'|. Thus, |Un(2,t) — U (2, t)| < |z — 2'|/(2t?), and
taking n to infinity, we get that U(-,t) is continuous.

Let I be a compact set of C. For z € K, we have

(X + max.ex |2])?

o +logt].  (60)

1
[Un(z,t)] < N Zlog(l +5;(Y — 2)2/t?) + |log t| <

On the underlying probability space 2, let & be the probability one event where the conver-
gence (39) takes place. For each z € K, define the event

E(z) = Un(z,t) =, U(z,1)].

Since U, (+,t) is measurable on the product space Q x C and U(+,t) is continuous, the function
Ig(zy(w, 2) is measurable on € x C. Moreover, for each z € C,

=15 w2) Plaw) =0
By the Fubini-Tonelli theorem, there exists a probability one set S C 2 such that
/’C(l —lgy(w, 2)) dz =0 for each we S.
Let ¢ € C2°(C) be supported by K, and let w € SN &;. We have
[ o) U0 2] < el [ aert) = U0 0) Lo o 2)
el | (e 0) = U O] (1= Ly ,2) d.

By (60) and the continuity of U(-, t), the term |U,,(z,t) — U(z,1)| is bounded. Thus, the first term
at the right hand side converges to zero by the dominated convergence, while the second is zero

for n large. This proves (59).
Equation (59) implies that, 0:U,(-,t) 2—(9% OsU(-,t) almost surely. On the other hand,
n—oo
we know from Jacobi’s formula that the pointwise derivative of U, (z,t) with respect to Z is

(2N)~t tr Qo1(z,2t). Moreover, this derivative coincides with the distributional derivative Uy, (2, t).
By Theorem 24, (2N)~" tr Qo1 (2,1t) —>— (27y)~'d(z,1t) for each z € C. By an argument similar

n—
to the one used in the proof of (59), we can show that this convergence holds almost surely in

D'(C). Thus,

O:U(z,t) = (2y)"'d(z,4t) in D'(C) for each t > 0. (61)
We now show that ,
uct) 29 v, as tlo. (62)

It is clear from the expressions of U(z,t) and U, (z) that U(z,t) T Uu(z) as t | 0. Therefore,
0 <U(z,t) —U(z,t0) < Uu(z) —U(z,tg) for 0 < t < ty, and since U(-,tp) is continuous hence
locally integrable, we get (62) by the monotone convergence theorem.

Proposition 28 follows from (61) and (62).

6.2 Proof of Proposition 30

The following preliminary lemma is needed.

Lemma 36. For each z # 0, the function h(z,t) is bounded for ¢ € (0, 00). Moreover, |d(z,t)| <
C/|z|, where C' is a positive constant.
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Proof. Assume without loss that |d(t)| > 2. Using

2 2
| < h* + |d| +|d|’
h2? + (|d| — 1)2
it is easily seen that |u(t)] < 5. Observing that h(z,t) < 1/t by the general properties of the
Stieltjes transforms, we obtain from (54a) that |d(t)| < C/|z| for some C' > 0.
Using the inequality |v(t)| < 1/h(z,t) along with (54b), we get that h(z,t)? < |z|~L(th(z,t)|d(t)|+
1) which shows that h(z,¢) is bounded when z # 0. O

We now enter the proof of Proposition 30. Since 7, is symmetric,

- - 1 . _ 1 Ly _ vt
h(z,1t) = —p(z,1t) = Z,y//\—zt’/z(d)\)_ 5 ()\—zt+—)\—zt)uz<d)\)_/)\2+t2uz<d)\)’

thus, on ¢ € (0, 1], the function

h(z,1) / Yoo
>
t T ) A2+ 1V2(d)‘)

is lower-bounded by a positive constant.

In the proof, we shall use the fact that (h(z,t),d(z,1t)) satisfies the system of equations (55).
We rewrite Equation (55a) as v = (h% + |d|*)I(h,d) + dJ(h,d) — zd + th, and Equation (??) as
zh +td = hJ (h,d), or equivalently, as zd = dJ(h,d) — t|d|?/h. Since h(z,t) > 0 for t > 0, we can
use the expressions (56) of the integrals I(h,d) and J(h,d) to obtain

R

+ — (B2 +1d)?),
h? +d]* +1 ot ol t o, 9
22d=1—-——""— = dPP~=1—-~v— —"—— + (K2 +1—1d]*),
y4 A(h,d) | ‘ h 0 h2—|—|d|2 h( | |)

where A(h,d) = (h? + |d|? +1)? — 4]d|*.

We now let ¢t — 0. Here, each sequence t;, — 0 satisfies one of two cases : either ¢y /h(z,tx) — 0,
or ty/h(z,tx) — a where « is a positive number. Indeed, we have just shown that ¢ /h(z, ;) — 00
is excluded.

Case t;/h(z,t;) — 0. Using Lemma 36, and taking a further subsequence that we still denote as
(k), we can assume that d(tx) — b € C and h(z,t;) — r > 0. The pair (r,b) satisfies the equations

72A(r, b) = (r2 + \b|2)2, and (64)
Y

By Equation (65), the number y = —Zzb is real and satisfies

2
2 2 2, Y Y

re 4+ b7 =r"+ = 66
o 22 1—7y+2y (66)

Moreover, we have A(r,b) = ((v/(1 — v + 2y) + 1)? — 4y*/|z|>. Replacing in (64), we get

2
o ] 1
SN ST T T A
(1—7+2y ) |22 (1 —vy+2y)?

Reducing to the same denominator, we get after some simple manipulations that
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where ¢ is the function given in the statement of Theorem 2. Let us delineate the domain of
variation of y. Equation |2]? = g(y) = (1 —v+2y)%y/(y+ 1) shows that y(y+1) > 0, thus y < —1
or y > 0. By Equation (66),

gl

I AR N (VR0
1—v+2y = |22

P (I—vy+2y)*
We therefore get that 2y + 1 — v > 0 and furthermore, by rearranging the terms of the inequality

above, that 2 + (1 — 2y)y + (v — 1) < 0. The last inequality implies that v — 1 <y < v. In
conclusion, we get that y € [0V (y —1),7] \ {0}.

Yy
|z

The case t;/h(z,tx) — o > 0. Here we get of course that h(z,t;) — 0. Taking a subsequence
if necessary, we shall assume that d(t;) — b. Getting back to the system (63) and taking ¢ to
zero, we get that

v |1 =[P = b1 + afb* |1 — [b?]
22b[* = (1 = 7)[b]* — 7 + afb]*(1 = [b]*).
The first equation implies that |b| € {0,1}, and that

0% 1

o= _—
[b]> |1 — b
Replacing « by its value in the second equation, we get after a simple calculation that

) 1= [b?

Here we need to consider two cases: either |b] < 1 or [b] > 1. If |b] < 1, we get from the last
equation that b = —vy/z (thus, |z| > 7). Plugging in the expression of «, we get that

1 1
2
a=12"| - ——— |-
i <7 |Z|2_72>

Since a > 0, this implies that |z] > y/v(y + 1).
If |b] > 1, we obtain that b = (1 —~)/Z, thus, |z| < |1 — | and
a=|z|? < 7 — L )
(1=7)2 (=922

Using again that o > 0, we get after a small calculation that v > 1 and |2]? < (y — 1)3/~.
Let us summarize our conclusions for clarity.

o If ti,/h(z,tx) — 0, let b be an arbitrary accumulation point of d(z, ), and let y = —Zzb.

— Ify <1, then y € (0,9], and [2]* = g(y) € (0,7(y + 1)].
— Ify> 1, theny € [y — L,9], and [2[* = g(y) € [(v — 1)*/7,7(v + 1)].
o If t;/h(z, 1) converges to a positive constant, let b be an arbitrary accumulation point of
d(Z, tk).
— If v <1, then |z]* > y(y+ 1), and b = —v/Z.
— If 4 > 1, thein either |2|? > v(y + 1) in which case b = —v/%, or |z|> < (y — 1)3 /9, in
which case b= (1 —~)/z.

These statements show that given z # 0, the accumulation points b reduce to a genuine limit.
Moreover, the behavior of this limit b(z) is as described in the statement of Proposition 30.

From the point-wise convergence d(z,1t) —+—0 b(z) for z # 0 and Lemma 36, we get that
d(-,at) =0 b(*) in D'(C). Thus, (27)'b(z) = 9:U,(z) in D'(C) by Proposition 28.
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A Supplementary proofs

A.1 Proof of Proposition 3

Given a > 1, we have by Markov’s inequality that P[|Zp| > a] < 1/a. Let b € (0,1 — 1/a). By
Hoeffding’s concentration inequality, we have

n—1
PSS 1ic <

=0

n—1
=P lz —1iz1<a +1P[| Zo| < a] = n(P[|Zo| < a] —b)
i=0
< exp(—2n(P[|Zo| < a] — b)),
Given J C [n], let £7 be the event
Er=[€T e |Zj| <d.
Then we just showed that

1}»[ U gj} > 1 — exp(—2n(P[| Zo| < a] — b)?).
JC[n]:|T|>nb

Let J C [n] be such that |J| > nb. Assume without loss of generality that J = [|J|]. To obtain
the result, it is enough to prove that

P[dist(Z,V) < e1v/n| E7] < exp(—can), (67)

where ¢1,co > 0 depend on k and Cy only.

Define Z% = [Z§,...,Z%_,]7, where the Z2 are independent copies of a random variable whose

law is the distribution of Zy conditionally on the event [|Zy] < a]. Recalling that II; is the
orthogonal projection on the subspace of the vectors that are supported by J, we note that
dist(Z,V) > dist(I7(Z),I17(V)). Then, the inequality (67) will be established if we show that

P [dist(TIl7(Z%), 7 (V)) < c1v/n] < exp(—con).

Write Z% = Z* +EZ°, and define the subspace W = span(V,EZ¢). Since dist(Il7(Z*),117(V)) >
dist(IT7(Z%), 117 (W)) = dist (17 (Z*), 17 (W)), the claim can be reduced to

P [dist(I1; (2%), Ty (W) < e1v/n] < exp(—can). (68)
Consider the disc D = {z € C : |z| < a}, and define the convex and 1-Lipschitz function
f:DVYI SRy, oz dist(z, Ty (W)).
If we denote as p, the probability law of an element of Z¢, then (68) can be re-expressed as

pEVI(f < erv/n) < exp(—can). (69)

We can now make use of Talagrand’s concentration inequality, which shows that

V1| f = MJ| > at) < dexp (~17/16) | (70)
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®|T|

where M f is a median of f under u, '~ '. This inequality shows that there exists a constant C' > 0

such that
Ef —Mf|<Ca and Ef>+/Ef?-_Ca. (71)
Writing Z% = (Z2,...,Z%), we now have
D 7]
Ef? = E [dist(Tly (2°), Ty (W))?] = ZIE ) M, ], -

Observe that E[ZF ||Zo| < a] = (1 — E[Z31)2,>a])/P[|Z0o| < a]. From the assumption on the
(2 + K)-th moment, E[Z81|z,>a] < Ci/a®, and hence, E[Z3 ||Zo| < a] > 1 — Cy/a*. We can
similarly show that (E[Zo || Zo| < a])? < 2C,/a*. Thus, E[(Z2)?] > 1 — 3C,/a”. Moreover, since
dim(II; W) < dim(W) < dim(V) 4 1, we have

|71

n
Z [HHJ W)L i Z HHJ(W - Z [HHJ(W)L]M
Jj=1

Jj=1 JjeETC
>n—dim(V)—1—(n—|J)|)
> nb—dim(V) — 1.

Assuming that dim(V) < nb, and using (71), this leads to:

Mf > \/nb— dim(V)/2

for @ above a value that depends on « and C, only. Put ¢t = y/nb — dim(V')/(4a). Observing that
in this case, f < at = |f — M f| > at, we can apply (70) to obtain

P27 < /b Gm(V)/4) < (1~ M f| > /b (V) /4
< 4exp (—(nb — dim(V))/(28a2)) ,

and (69) follows after bounding dim (V') and adjusting ¢; and ¢z in a straightforward manner. This
concludes the proof of Proposition 3.

A.2 Proof of Lemma 33

We start by showing that Var(n™! tr Qoo) = O,(n~?), the proof for the other n~!tr@;; being
similar. Applying the NP inequality to the function p(X) = n=!tr Qo, we get that

N—-1n—1

1
Vargogﬁ Z E

,7=0

2

(%

8xij

Oy

(%ij

2 N—-1n—1
\ (72)

1
+;ZE

,j=0

We focus on the first term at the right hand side of this inequality, the other term being treated
similarly. Using Equation (43),

2

—1

N1
é)fp _1 Z M = % [Qo1 X T~ i;[Qoolir + [QooX J]k;[Q10)ik

8xij n —0 833‘1']' 0

E
I

—% (1Qu0Qu1 X J~ij + [Q10Qo0 X J]i5) -

Hence, using the inequality tr M P < || M|| tr P when the matrix P is Hermitian and non-negative,
we get

2 * )k *
n ZE ‘ O, § ﬁEtr X" Q01Q00RQo0Qo1 X + Etr X*Q50Q70Q10 Qoo X
ij
4 1 4N 1
NG Sn)in * n?
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This shows that Var(n™! tr Qoo) = O, (n™?).
We now show that Var (25Qoo z¢) = O,(n~!) (proof is similar for other @;;). Writing this
time ¢(X) = x}Qoox¢, we also use the inequality (72) to bound Var ¢. Here we have

N-1

Oy

8@»]»

OZmik [QOO]mppo
85%-

m,p=0

= 15—;[Qo0Xie — [X Qo1 XJ 1 [Qo0X]ie — [X*QooX J]1;[Qr0X]ie,

thus,

2
3 * * * * *
< n (EHQOOW”2 + E (27,Q01 X X Q51 7k 75 QooQpoT¢)

1

SE| 22

n i 6$ij
+E (2;,Qo0 X X Qoo rk 77 Q10Q70Tr)) - (73)

We have E||Qooz¢||? < (Sn)~2E||z¢||? = (Sn)~2N/n. Moreover,
* N _ 1/2 1/2
E(2}Qo X X*Qrex)® < E [ Qo X [|*lx]*] < (Sm)~* (BIX|®)"? (Bl )®) ">

Using, e.g., [30, Prop. 2.3], we get that there exists a constant C' > 0 such that E||X||® < C (we
note here that [30, Prop 2.3] can be applied to the Gaussian real case. Extension to the complex
Gaussian case is easy). Thus, E(z;Qo1 X X*Qfzk)? = O,(1). It is clear that E(2}QooQfoxe)* =
0,(1), and hence, E (2; Qo1 X X *Qf,xr ;QooQboxe) = Op(1) by the Cauchy-Schwarz inequality.
The third term at the right hand side of Inequality (73) can be dealt with similarly, which shows
that n=! >i;E 0 /0z:;|° = O,(n~1). The term involving dp/dx;; at the right hand side of (72)
can be bounded in a similar manner, leading to the bound Var (z;Qoo z¢) = O,(n~'). This
concludes the proof.
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