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We characterize the possible outliers in the spectrum of large deformed
unitarily invariant additive and multiplicative models, as well as the eigenvec-
tors corresponding to them. We allow both the nondeformed unitarily invari-
ant model and the perturbation matrix to have nontrivial limiting eigenvalue
distributions and spiked outliers in their spectrum. The free subordination
functions play a key role in this analysis.
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1. Introduction.

1.1. Statement of the problem. The set of possible spectra for the sum of two
deterministic Hermitian matrices Ay and By depends in complicated ways on
the spectra of Ay and By (see [23]). Nevertheless, if one adds some random-
ness to the eigenspaces of By then, as N becomes large, free probability pro-
vides a good understanding of the behavior of the spectrum of this sum. More
precisely, set Xy = Ay + Uy ByUj;, where Uy is a random unitary matrix dis-
tributed according to the Haar measure on the unitary group U(N), and suppose
that the empirical eigenvalue distributions of Ay and By converge weakly to
compactly supported distributions @ and v, respectively. Building on the ground-
breaking result of Voiculescu [39], Speicher proved in [36] the almost sure weak
convergence of the empirical eigenvalue distribution of Xy to the free additive
convolution u B v. This convolution is again a compactly supported probability
measure on R. A similar result holds for products of matrices: if Ay, By are in
addition assumed to be nonnegative definite, then the empirical eigenvalue dis-

tribution of A}V/ZU NBNUy A}\{Z converges to the free multiplicative convolution
u X v, a compactly supported probability measure on [0, +00). (We recall that
AII\,/ZUNBNU]"\‘,A}\,/2 and Bllv/zUNANU;t,B}V/Z have the same eigenvalue distribu-
tion, and that X is a commutative operation.) Finally, if Ay and By are deter-
ministic unitary matrices, their empirical eigenvalue distributions are supported
on the unit circle T = {z € C: |z] = 1} and the empirical eigenvalue distribution
of AyUnBnUj; converges to the free multiplicative convolution p X v, a prob-
ability measure supported on T. (We refer the reader to [42] for an introduction
to free probability theory. We describe later the mechanics of calculating the free
convolutions H and X.)

The fact that the empirical eigenvalue distribution of X converges weakly to
w B v does not mean that all the eigenvalues of Xy are close to the support of this
measure. There can be outliers, though they must not affect the limiting empirical
eigenvalue distribution. Sometimes one can argue that these outliers must in fact
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exist. For instance, the case when the rank » of A and its nonzero eigenvalues are
fixed is investigated by Benaych-Georges and Nadakuditi in [12]. Denote by

nz-zys>0>yp1 229

these fixed eigenvalues. Of course, in this case u = dg is a point mass at 0, so the
limiting behavior of the empirical eigenvalue distribution of X is not affected
by such a matrix Ay. More precisely, the empirical eigenvalue distribution of
Xn = Ay + UnvBnUj;, converges weakly almost surely to the limiting empiri-
cal eigenvalue distribution v of By. One can however detect, among the outlying
eigenvalues of Xy, the influence of the eigenvalues of Ay above a certain critical
threshold. We use the notation

AX) == AN (X)

for the eigenvalues of an N x N matrix X, repeated according to multiplicity. The
Cauchy-Stieltjes transform of a finite positive Borel measure v on R is given by

Gv(Z):/RdV(t)

z—t

for z outside the support of v, and G denotes the inverse of this function relative
to composition. When the support of v is contained in the compact interval [a, b],
the branch of the inverse function G; ! that satisfies G, !(0) = oo is defined and
real-valued on the interval («, 8), where

az}clgGv(x), B =£1£G,,(x).
The following result is proved in [12], Theorems 2.1 and 2.2.

THEOREM 1.1. (1) Denote by a and b the infimum and supremum of the sup-
port of v, respectively. Assume that the smallest and largest eigenvalues of By
converge almost surely to a and b, respectively. Then, almost surely for 1 <i <,

G\ /v, vi> 1B,

Iim A;(Xpy) =
N—o00 i(Xn) {b, otherwise.

Similarly, almost surely forO < j <r —s —1,

G\ ye—j)y  vemj <1/a,

N—o00 N-j(XN) {a, otherwise.

(2) Fixip {1, ...,r} such that 1/y;, € (o, B). For each N, define

Aig(XN), Yip > 0,

A(N) =
:)"NFHo(XN)v Yip < 0
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and let uy be a unit-norm eigenvector of Xy associated to the eigenvalue M(N).
Then the following almost sure limits hold:

—1
y2GL(Gy (1/7i)

: 2
ngnoo ||Pker(y,~OIN—AN)uN|| =

and

. 2 .,
lim || Peer(y; 1y—amyunll= =0, i # .
N—o0

This result lies in the lineage of recent, and not so recent, works studying the in-
fluence of fixed rank additive or multiplicative perturbations on the extremal eigen-
values of classical random matrix models, the seminal paper being [5], where the
so-called BBP phase transition was observed. See also [5, 6, 29] for sample co-
variance matrices, [19, 22, 24, 32, 33] for deformed Wigner models and [31] for
information-plus-noise models. These investigations were first extended to pertur-
bations of arbitrary rank in [34] and [4] for sample covariance matrices, in [20]
for deformed Wigner models and in [17] for information-plus-noise models. It is
pointed out in [20] that the subordination function (relative to the free additive con-
volution of a semicircular distribution with the limiting empirical eigenvalue distri-
bution of the perturbation) plays an important role in the fact that some eigenvalues
of the deformed Wigner model separate from the bulk. In [16], it is explained how
the results of [34] and [4] in the setting of sample covariance matrices can also
be described in terms of the subordination function related to the free multiplica-
tive convolution of a Marchenko—Pastur distribution with the limiting empirical
eigenvalue distribution of the multiplicative perturbation.

Similar results have been obtained in [12], Theorems 2.7 and 2.8, for multiplica-
tive perturbations of the type Ajl\,/2 UnByUy Allv/z, where Ay — Iy > 0 is of fixed
rank p € Nand By > 0.

In this paper, we investigate the asymptotic behavior of the eigenvalues and
corresponding eigenvectors of the following models:

o Xy =An+UynByUy, where Ay = A}, By = By are deterministic, and Uy
is a Haar-distributed unitary random matrix;

o Xy = Allv/zUNBNU;(,A}\,/Z, where Ay, By > 0 are deterministic, and Uy is a
Haar-distributed unitary random matrix;

o Xy =AnNUNBNUj}, where Ay, By € U(N) are deterministic unitary matrices
and Uy is a Haar-distributed unitary random matrix.

In the first two models, we assume that Ay and By have compactly supported lim-
iting empirical eigenvalue distributions p and v, respectively. In the third model,
we assume that the supports of p and v are not equal to the entire unit circle.
A fixed number p € N of eigenvalues of A y—the spikes—Iay outside the support
of u for all N € N, but all other eigenvalues of Ay converge uniformly to the sup-
port of p. A similar hypothesis is made about By and v. We answer the following
questions:



OUTLIERS IN THE SPECTRUM OF DEFORMED MODELS 3575

e When are some of the eigenvalues of Xy almost surely located outside the sup-
port of the limiting empirical eigenvalue distribution uHv (resp., uXv) of X ?
In other words, when does the spectrum of Xy have outliers almost surely?

e What is the behavior of the eigenvectors corresponding to the outliers of X ?

The interesting question of the nature of the fluctuations of the outlying eigen-
values around their theoretical limit is beyond the scope of this paper. Although
the spiked models first appeared in the statistical literature [29], they have been
studied from a theoretical probability point of view since then. This is the point
of view we adopt: therefore, we do not claim a statistical relevance for the models
under study, we do not have statistical application in mind and we do not examine
statistical questions such as the estimation of spikes [3].

When there are no spikes, it was shown in [21] that, given a neighborhood V
of the support of u H v, the eigenvalues of Xy are almost surely contained in V
for large N € N. Our paper extends the results of [12] to perturbations of arbitrary
rank, and it also extends the free probabilistic interpretation of outlier phenomena
in terms of subordination functions as described in [20] for deformations of Wigner
models. Indeed, the occurrence and role of Biane’s subordination functions [14] in
the analysis of the interaction spikes/outliers is quite natural. We clarify this in the
additive case through the following heuristics, leaving the precise statements to
Section 2.

1.2. Heuristics. Let a and b be two free self-adjoint random variables in a
tracial W*-probability space. Biane showed ([14], Theorem 3.1) that there exists
an analytic self-map w: CT — CT of the upper half-plane C* = {x +iy: y > 0}
(depending on a, b) such that

(1.1) Eca[z —@+b)"']= (o) —a)"!, zeC*.

Here, Ec[a) denotes the conditional expectation onto the von Neumann algebra
generated by a and 1. The function w is referred to as a subordination func-
tion. (This formula is a particular case of Biane’s result. Formula (1.1) appears
in this form in [41], Appendix.) The subordination function continues analytically
via Schwarz reflection through the complement in R of the spectrum of a 4 b. If
Ay — ain distribution as N — 0o, while a single eigenvalue 8, common to all of
the matrices Ay, stays outside the spectrum of a, this eigenvalue will disappear in
the large NV limit, in the sense that it will not influence the spectrum of a. Thus, the
analytic function w(z) will not be prevented a priori from taking the value 6.
However, if relation (1.1) were true with a, b and Ecpa) replaced by Ay,
Un By UI’(, and E, respectively, and with the same subordination function w, then
any number p in the domain of analyticity of w such that w(p) = 6 must generate a
polar singularity for the right-hand side of (1.1). Therefore, each such p must gen-
erate a similar singularity for the term on the left-hand side of the same equality,
thus necessarily producing an eigenvalue of Ay + Uy By Uy,. While this scenario
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is not exactly true, we prove that an approximate version does hold. Namely, we
show that a compression of the matrix

E[(z — (Ax + UnByUR)) '] + Ay

to a certain subspace Vy is close to w(z)ly,, almost surely as N — oo. This
insight is crucial in our arguments.

It follows from our results that a remarkable phenomenon (first noted without
proof in [12], Remark 2.12, for finite-rank perturbations) occurs: a single spike of
Ap can generate asymptotically a finite, possibly arbitrarily large, set of outliers
for X . This arises from the fact that the restriction to the real line of some subor-
dination functions may be many-to-one. In other words, with the above notation,
the set @~ ({#}) may have cardinality strictly greater than 1, unlike the subordina-
tion function related to free convolution with a semicircular distribution that was
used in [20].

The case of multiplicative perturbations is based on similar ideas, with the sub-
ordination function w replaced by its multiplicative counterparts ([14], Theorems
3.5 and 3.6).

In addition to outliers, we investigate the corresponding eigenspaces of Xy . It
turns out that the angle between the outlying eigenvectors and the eigenvectors
associated to the original spikes is determined by Biane’s subordination function,
this time via its derivative.

The paper is organized as follows. In Section 2, we describe in detail the matrix
models to be analysed, and state the main results of the paper. In Section 3, we
introduce free convolutions and the analytic transforms involved in their study.
We give the functional equations characterising the subordination functions. In
Section 4, we collect and prove a number of auxiliary results, and in Section 5 we
prove the main results.

2. Notation and statements of the main results. We denote by C* = {7
C: Iz > 0} the upper half-plane, by C™ = {z € C: Jz < 0} the lower half-plane,
and by D = {z € C: |z| < 1} the unit disc in C. The topological boundary of
the unit disc is denoted by T = dD. For any vector subspace E of C", Pg de-
notes the orthogonal projection onto E. M, (C) stands for the set of m x m ma-
trices with complex entries, GL,,(C) for the subset of invertible matrices, and
U(m) C GL,,(C) for the unitary group. The operator norm of a matrix X is || X||,
its spectrum is o (X), its kernel is ker X, its trace is Tr,, (X) and its normalized
trace is tr,, (X) = %Trm (X). The eigenvalues of a Hermitian matrix X are denoted

MX) == A (X),
and the probability measure

1 m
= — 5.
Mmx m; A (X)
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is the empirical eigenvalue distribution of X. When X is unitary, its eigenval-
ues are ordered decreasingly according to the size of their principal arguments
in [0, 27). If X € M,,(C) is a normal matrix, we denote by Ey its spectral mea-
sure. Thus, if § € C is a Borel set, then Ex(S) is the orthogonal projection onto
the linear span of all eigenvectors of X corresponding to eigenvalues in S. The
support of a measure p on C is denoted supp(p). Given any set K € R, we define
its e-neighborhood by

K, ={xeR: inf{lx —y|: ye K} <e¢}.

As long as there is no risk of confusion, the same notation will be used when K
and K are subsets of T. Open intervals in R and open arcs in T are denoted (a, b).

As already seen in Section 1, the Cauchy (or Cauchy-Stieltjes) transform of a
Borel probability measure p on C is an analytic function defined by

1
@.1) Go() = [[——dp(). 2T\ supp(o).

We only consider finite measures p supported on R or T. We denote by F), the
reciprocal of G, thatis, F,(z) =1/G,(z). The moment generating function for

pis
1
e w@=[ 1 don.  zec\frec: > eswpil

The n-transform of p is defined as

1//,0(2)
1+ wp (2) ‘

The relevant analytic properties of the transforms above are presented in Sec-
tions 3.1-3.3.

The free additive convolution of the Borel probability measures p« and v on R
is denoted by wu B v and the free multiplicative convolution of the Borel proba-
bility measures p and v either on [0, +00) or on T is denoted by p X v. Given
W, v, denote by w; and wy the subordination functions corresponding to the free
convolution p B v. They are known to be meromorphic on the complement of
supp(u H v). As the name suggests, they satisfy an analytic subordination prop-
erty in the sense of Littlewood:

(2.3) Gumv(2) = G (w1(2)) = Gy(w2(2).

A similar result holds for the multiplicative counterparts of the subordination func-
tions. We have

(2.4) Ypuww (2) = Y (01(2)) = Yo (02(2)),

where w1 and w; are analytic on {z € C: 1/z ¢ supp(u X v)}. Free convolutions
are defined in Sections 3.1-3.3, and the subordination functions are defined via
functional equations in Sections 3.4.1-3.4.3.

np(Z) =
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In the following three subsections, we describe our models and state the main
results. To avoid dealing with too many special cases, we make the following tech-
nical assumption, which will be in force for the remainder of the paper, except for
Remark 2.6.

(2.5) Neither of the two limiting measures (4, v is a point mass.

Under this assumption, the subordination functions extend continuously to the
boundary of their domains (see Lemmas 3.1, 3.2 and 3.3). Our results, however,
remain substantially valid without this assumption, and we discuss in Remark 2.6
the relevant modifications.

2.1. Additive perturbations. Here are the ingredients for constructing the ad-
ditive matrix model Xy = Ay + Uy ByUjy;:

e Two compactly supported Borel probability measures n and v on R.
e A positive integer p and fixed real numbers

0r=>0>--->0,

which do not belong to supp(u).
e A sequence (Ay)nen of deterministic Hermitian matrices of size N x N such
that:
— Ay converges weakly to u as N — 00;
— for N> pand0 € {6y,...,0,}, the sequence ()»,,(AJ\/))fl\’:1 satisfies

card({n : A, (Ay) = 6}) = card({i : 6; = 6});
— the eigenvalues of Ay which are not equal to some 6; converge uniformly to
supp(u) as N — oo, that is,

lim ma dist(A,, (AN), s =0.
N1—>ooxn(AN)¢{9)f ..... 0,) ist(hn (Aw), supp(i0))

e A positive integer g and fixed real numbers
T2 2T

which do not belong to supp(v).
e A sequence (By)nyen of deterministic Hermitian matrices of size N x N such
that:
— By converges weakly to v as N — 00;
— for N >q and 7 € {11, ..., 74}, the sequence ()L,,(BN)),II\’:1 satisfies

card({n: A, (By) =t}) =card({j: tj = 1});

— the eigenvalues of By which are not equal to some 7; converge uniformly to
supp(v) as N — oo.
e A sequence (Uy)yen of unitary random matrices such that the distribution of
Uy is the normalized Haar measure on the unitary group U(N).
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It is known from [39] that the asymptotic empirical eigenvalue distribution of
Xy is u B v. In the following statement, we take advantage of the fact, discussed
later, that the functions w; and w» extend continuously to the real line. The points
o € R\ supp(u B v) satisfying w;(p) = 6 are isolated but they may accumulate to
supp(u Hv). We denote by Py and Q y the projection onto the space generated by
the eigenvectors corresponding to the spikes of Ay and By, respectively. These
can also be written as

2.6) Py=Ea,({61,....6,),  On=Epy({t1,.... 7))

in terms of the spectral measures of Ay and By. We are now ready to state our
result for the additive model.

THEOREM 2.1.  With the above notation, set K = supp(u BHv), and

K' = KU[Ua) {9}} |:Ua) {rj}

i=1

where w1, wy are the subordination functions satisfying (2.3).

(1) Given ¢ >0, we have P(3Ng VN, N > Ny, 0 (Xn) C K]) =1.
(2) Fixanumber p € K'\ K, let e > 0 be such that (p —2¢, p+2e) NK' = {p},
and set k = card({i : w1(p) =6;}), £ =card({j : w2(p) =7;}). Then

P(3No VN, N > Ny, card({oc(Xn)N(p—e, p+¢)}) =k +£) = 1.
(3) With p and ¢ as in (2), we have

lim | PyExy((p—&,p0+€)) Py — 1 EAN({wl(,O)})H
N—o0 a)l (p)
and
lim | ONUN Exy((p = .0+ ) U3 O = ——Eny ([ox(0)})| =
N—00 w5 (p)

almost surely.
(4) With p and € as in (2), suppose in addition that £ = 0. Then almost surely,

Jim,sup{[ 1, (o e -

o) (o) |
E€Ex,((p—ep+e)CV, |l < 1} —0.

Analogously, if k =0, then almost surely

|Evy Byuz, ({@2(0)})§ =

li :
Jim,sup| 50

& e Exy((p—e.p+0)CY, ]2 < 1} o0,
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REMARK 2.2. Incase k > 0 and £ > 0, the result of (3) above implies the
following. Almost surely for ¢ small enough, if, for N large enough, {£1, ..., &4¢}
is an orthonormal basis of Ex, ((p — ¢, p +¢)), then

k+¢

. 2 Suwy(p).0k
N EIEOO,; [Bay@kalz == e =
and
o kL 2 Buy(p),rt
Nl_l)r_rﬁoonX::]”EUNBNU;(T)SnHZZ 60/2(,0) ’

for 6, T € R, where 84, (), is the usual Kronecker symbol. Thus, assertion (4) is
a strengthening of (3) in the special case k¢ = 0.

We give below two simple examples to illustrate the correspondence between
spikes and outliers for unitarily invariant additive models, emphasizing the phe-
nomenon (first noted without proof in [12], Remark 2.12, for finite rank perturba-
tions) of a single spike generating multiple outliers.

EXAMPLE 2.3. The numerical simulation presented in Figure 1, due to
Charles Bordenave, illustrates the appearance of two outliers arising from a sin-
gle spike. We take N = 1000 and Xy = Ay + Uy ByUy,, where Ay =2p — Iy,

60 T T T T T T

FIG. 1. The horizontal grid elements have a width of 2 units, starting at the left end with coordinate
—2. The two outliers appear at approximately —0.07420064427396 and 10.09926345874086.
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with p an orthogonal projection of rank N /2 = 500. The matrix By is given by
the formula

W
S S
BN=|:2«/N—1 W ”Xl},

O1x(v=1) 10

with W being sampled from a standard 999 x 999 GUE. A few elementary com-
putations based on the results mentioned in Sections 3.1 and 3.4.1, as well as
the fact that the R-transform of the standard Wigner distribution is R(z) = z in-
dicate that the support of the empirical eigenvalue distribution of Xy tends as

N — 0010 [a, —b] U [b, a] where a = ¥ 184233 4 181253 76017503,

24233
\/18 2‘/— + “/2182%_ 2~ (0.369008729828. Theorem 2.1 indicates the pres-
ence of two outliers at py = 1 — 311 _ N2ISH60VIL () (7420064427396
and pp = 5 — 3IL 4 V2I5+60VIL v 10 09926345874086 (some computa-

t10ns/ver1ﬁcat10ns were performed using Maple).

EXAMPLE 2.4. As noted above, the occurrence of multiple outliers gener-
ated by a single spike may happen also in the case of finite rank perturbations
(see [12], Remark 2.12). In fact, asymptotically even countably many outliers
may appear. The following example, due to Charles Bordenave, illustrates to a
certain extent this phenomenon. In the graph from Figure 2, we present the cu-
mulative distribution function for the empirical eigenvalue distribution of the ma-
trix UyDnUy, + 3eje}, where N = 21 — 1, Dy = Diag(dy, di, . .., d1o), with

d;j =2710+/13],; and e} being the vector (1,0, ...,0) € CV. One outlier appears
10 L
0
8]
7]
6
> °
4 aEEE——
3]
2 ——
1—- b
{1 am®
0

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

FI1G. 2.  This time, the vertical grid indicates the sizes of the eigenvalues.
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in each interval of the complement in R U {oo} of the support of up,, with the
solution in the component containing infinity occurring, as expected, in (0, 4+-00).
The reader is invited to imagine the case of (dp, d1, ..., d1o) above being replaced
by (do, ...,dm), m — oc.

2.2. Multiplicative perturbations of nonnegative matrices. Here are the ingre-
1/2,

dients for constructing the multiplicative model Xy = AII\,/2 UvByUNAN™:
e Two compactly supported Borel probability measures  and v on [0, 4+00).
e A positive integer p, and fixed positive numbers

912922-~~29p>0

which do not belong to supp(w).
e A sequence (An)neN of deterministic nonnegative matrices of size N x N such
that:
— [y converges weakly to p as N — 00;
—for N > p and 6 € {61,...,0,}, the sequence {A, (AN)}r[lV:1 satisfies
card({n: A, (Any) =0}) =card({i: 6; =0});
— the eigenvalues of Ay which are not equal to some 6; converge uniformly to
supp(u) as N — oo.
e A positive integer ¢, and fixed positive numbers

T1>217>217>0

which do not belong to supp(v).
e A sequence (By)nyen of deterministic nonnegative matrices of size N x N such
that:
— 1By converges weakly to v as N — 00;
—for N > q and 7t € {11,...,74}, the sequence {)un(BN)},]l\’:l satisfies
card({n: A, (By) =7}) =card({j: 7, =7});
— the eigenvalues of By which are not equal to some 7; converge uniformly to
supp(v) as N — oo.
e A sequence (Uy)yen of unitary random matrices such that the distribution of
Uy is the normalized Haar measure on the unitary group U(N).

It is known from [39] that the asymptotic empirical eigenvalue distribution of X
is u X v. The projections Py and Q y used in the following statement were defined
in (2.6).

THEOREM 2.5. With the above notation, let w1, wy be the subordination func-
tions satisfying (2.4), set K = supp(u X v), v;(z) =w;(1/z), j =1,2, and

K'=KU [O vll({l/é,-})} U [CJ vzl({l/rj})]

i=1 j=1
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(1) Given & > 0, we have P(ANy VN, N > No,o(Xy) C K}) = 1.
(2) Fix a positive number p € K' \ K, let ¢ > 0 be such that (p — 2¢, p +2¢) N
K’ ={p} and set k = card({i : v1(p) =1/6;}), £ =card({j: va2(p) = 1/7;}). Then

P(3No VN, N > Ny, card({o(Xy) N(p—e,p+e)})=k+£)=1.
(3) With p and ¢ as in (2), we have

_ pwi(1/p)

T/ EAN({I/w1<1/p>})H —0

lim ” PNEXN((,O —&,p+ 8))PN
N—o00
and
lim ” ONUNExy((p—€,p+8)UyON
N—o00

_ pan(1/p) B
T Eny ([1/n(1/p))] =0

almost surely.
(4) With p and ¢ as in (2), suppose in addition that £ = 0. Then almost surely,
pwi(1/p)|.
wy(1/p)

£ Ex,((p—e p+8)CV, ] < 1} —o.

Jim_ sup{||| Eay({1/a1(1/0)))E|2 —

Analogously, if k =0, then almost surely

pw2(1/p)|.
wh(1/p) |’

§eExy((p—ep+8)CY, [Ell2 < 1} =0.

i s o 1t/ -

REMARK 2.6. The analogue of Theorem 2.1 when p = §g was proved in [12]
under the additional assumption that all eigenvalues of A except for the spikes
are equal to zero. Our arguments below provide a proof of this result without this
additional assumption. Similar observations apply to Theorem 2.5 when either p
or v is a point mass. The only case in which one needs to be more careful is that
of Theorem 2.5 for the positive half-line when p or v is equal to §y. Suppose,
for instance, that v = §g # . The eigenvalues of Xy = A}V/ZU ~NBn U]"\‘,A}\,/2 are
uniformly approximated arbitrarily well by the eigenvalues of

Xy = Ay Un(By +eIN)US AN =Xy +eAy,
and our methods do apply to the perturbed model X ., whose asymptotic eigen-
value distribution is w X §,. The outliers are calculated explicitly by noting
that n,xs, (2) = nu(€2), 80 w1(2) = €z, w2(z) = nu(ez)/e. Thus, vi(z) = ¢/z
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and v2(z) = n,(e/z)/e. The outliers of Xy . are the solutions of the equations
vi(p) =1/6;,i=1,...,pand v2(p) =1/(t; +¢), j=1,...,q. The first set of
equations yields the outliers €6;, i = 1, ..., p, while the second set of equations
can be rewritten as

—(r. Po(E _
p=(7j +8)|:877u<p>], j=L....q.

As ¢ — 0, we conclude that the outliers of Xy are the numbers z;y, j=1,...,q,
where y =n,,(0) = Jo© tdu(2) is the first moment of p. If u = v = 8o, a similar
argument shows that X y has no outliers at all, that is, limy_, || X 5| = 0 almost
surely.

2.3. Multiplicative perturbations of unitary matrices. Finally, we describe
the ingredients for the construction of the multiplicative matrix model Xy =
AyUyByUjy, with unitary Ay and By:

e Two Borel probability measures ¢ and v on T with nonzero first moments such
that supp(u X v) # T.

e A positive integer p and fixed complex numbers 61, ..., 6, € T which do not
belong to supp(u) and such that

2w > argf; > --- > argh, > 0.

e A sequence (An)nen of deterministic unitary matrices of size N x N such that:
— [y converges weakly to u as N — 00;
— for N> pand0 € {6,...,0,}, the sequence {)L,,(A]\/)}f:’:1 satisfies

card({n: A, (An) =0}) =card({i: 6; =0});

— the eigenvalues of Ay which are not equal to some 6; converge uniformly to
supp(u) as N — oo.
e A positive integer g and fixed complex numbers 71, ..., 7, € T which do not
belong to supp(v) and such that

27 >argt) >--- >argt, > 0.

e A sequence (By)yen of deterministic unitary matrices of size N x N such that:
— g, converges weakly to v as N — oo;
— for N >qand 7 € {11, ..., 74}, the sequence {1, (B;\/)}rjl\’:1 satisfies

card({n: A, (By) =1}) =card({j: tj = 1});

— the eigenvalues of By which are not equal to some 7; converge uniformly to
supp(v) as N — oo.
e A sequence (Uy)yen of unitary random matrices such that the distribution of
Uy is the normalized Haar measure on the unitary group U(N).
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It is known from [39] that the asymptotic empirical eigenvalue distribution of
Xy is X v. When p € T and ¢ > 0, the interval (p — &, p + &) consists of those
numbers in T whose argument differs from arg p by less than . With this conven-
tion, Theorem 2.5 holds verbatim in the unitary case as well.

REMARK 2.7. Itis easy to see that our results hold equally well when Ay is
random, independent of Uy, and has spikes 6;(N), ..., 0,(N) with the property
that limy 0 6; (N) = 6;, 1 <i < p, almost surely. Similarly, By can be taken to
be random, independent of Ay and Uy, and with spikes 71(N), ..., 7,(N) that
converge almost surely to 7y, ..., 7,. The proofs use the general form of Proposi-
tions 5.1 and 5.7, respectively.

REMARK 2.8. The above remark allows us to treat sums or products of
more than two spiked matrices. More precisely, let £ > 3 be an integer, let

Ag\}), ceey Ag\l,() € My(C) be deterministic Hermitian matrices and let
U (1), e, I(f ) € U(N) be independent Haar-distributed random matrices. Sup-

pose that the eigenvalue distribution of A%) tends weakly to p; and Ag\{) has
spikes subject to the hypotheses of Section 2.1. Then Xz(\];) =U 1(\,1 )A%)U ](Vl * 4
4 U ](\5{ 71)A§<,€71) U J(f Dy AE\],() has asymptotic eigenvalue distribution equal to
w1 H---Buyg, and the outliers in the spectrum of X 1(\],() are described by an appropri-
ate reformulation of Theorem 2.1. The result can be proved by induction on k if we
observe that X I(\I,CH) has the same distribution as A%H) +UnBnUy, where By =
X 5\],‘) and Uy is a Haar-distributed unitary independent from U z(v] ), cees ](\f De
U(N). A similar remark applies to Theorem 2.5 in the case of the circle. For
the multiplicative model on [0, +00), the corresponding generalization applies to

models of the form A,/*Us_1 A% - U2 AY?U A UF AY?US - A2 U (AP

REMARK 2.9. While we assume unitary invariance for our models, we would
like to emphasize that our results apply to models for which the concentration
results from Lemma 4.11, respectively, Corollary 4.12, the strong asymptotic free-
ness results of [21] and an asymptotic version of Lemma 4.7 hold.

3. Free convolutions. Free convolutions arise as natural analogues of classi-
cal convolutions in the context of free probability theory. For two Borel probability
measures i and v on the real line, one defines the free additive convolution p H v
as the distribution of a 4+ b, where a and b are free self-adjoint random variables
with distributions u and v, respectively. Similarly, if both u, v are supported on
[0, 400) or on T, their free multiplicative convolution p X v is the distribution of
the product ab, where, as before, a and b are free, positive in the first case, uni-
tary in the second, random variables with distributions @ and v, respectively. The
product ab of two free positive random variables is usually not positive, but it has
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the same moments as the positive random variables a'/?ba'/? and b'/2ab'/?. We
refer to [42] for an introduction to free probability theory and to [13, 37, 38] for
the definitions and main properties of free convolutions. In this section, we recall
the analytic approach developed in [37, 38] to calculate the free convolutions of
measures, as well as the analytic subordination property [14, 40, 41] and related
results.

3.1. Additive free convolution. Recall from (2.1) the definition of the Cauchy—
Stieltjes transform of a finite positive Borel measure @ on the real line:

1
Gu@ = [ ——du.  zeC\suppio)

This function maps C* to C~ and limy4 400 iyG,(iy) = n(R). Conversely, any
analytic function G : Ct — C~ for which limy4o0iyG(iy) is finite is of the
form G = G |c+ for some finite positive Borel measure @ on R. When p has
compact support, the function G, is also analytic at 0o and G, (o0) =0 (see [1],
Chapter 3, for these results). The measure p can be recovered from its Cauchy—
Stieltjes transform as a weak limit

—1
3.1 dp(x) =lim —3G,(x +iy)dx.
o

This is the Stieltjes inversion formula and it holds for signed measures as well.
The density of (the absolutely continuous part of) u relative to Lebesgue measure
is calculated as

) = tim 3G, (x + i)
—(X) =11m —-§ X l
dx vy = H Y

for almost every x relative to the Lebesgue measure. In particular, R \ supp(x) can
be described as the set of those points x € R with the property that G, |c+ can be
continued analytically to an open interval I > x such that G|, is real-valued. On
the other hand,

—1
ylﬁ)l T S H(x+ly) +

almost everywhere relative to the singular part of 1. Indeed, these facts follow from
the straightforward observation that (—T[)_IANSGM (x +1iy), y > 0, is the Poisson
integral of . See [25] for these aspects of harmonic analysis.

It is often convenient to work with the reciprocal Cauchy-Stieltjes transform
F,,(z) =1/G(z), which defines an analytic self-map of the upper half-plane. This
function enjoys the following properties:

(a) Forany z € Ct, JF,(z) > w(R)~13z. If equality holds at one point of C*,
then it holds at all points, and pu = M(R)(s,M(R)mFM (i)
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(b) In particular, the function
(3.2) hu(z) = Fuz) —p(®) 7'z,  zeCH,

is a self-map of C* unless  is a point mass, in which case &, is a real constant.

(c) If u is compactly supported, there exist a real number « and a finite positive
Borel measure p on R with supp(p) included in the convex hull of supp(u) such
that

1
(3.3) F,L(z)zoz—l—u(R)_lz—l-/R:dp(t), z € C\ supp(p).

Conversely, if F: CT — CT extends to an analytic real-valued function to the
complement in R of a compact set, and if limy_, ; o, F'(iy) = 00, then there exists
a compactly supported positive Borel measure © on R satisfying F' = F),. The
value u(R) is determined by w(R) =limy_, 1 oo iy/F(iy).

(d) If w(R) =1and pisasin(3.3), then p(R) = [p(t — [ s du(s))?du(t) and
o=— [ptdu(r).

Equation (3.3) is a special case of the Nevanlinna representation of analytic self-
maps of the upper half-plane ([1], Chapter 3):

1412
t—z

(3.4) F(2) =a+bz+fIR dQ (1), zeCt,
where a € R, b > 0 and Q2 is a finite positive Borel measure on R. We identify
a=NF@{),b=1limy_, o F(iy)/iy, QR) =3IF@{) —b. If thde(t) < +o00,
then (3.4) reduces to (3.3), with » = u(R)™! and dp(r) = (1 + 2)dQt), o« =
a— [ptdQ(t).

The Cauchy-Stieltjes transform of a compactly supported probability measure
w is conformal in the neighborhood of oo, and its functional inverse G;l is mero-
morphic at zero with principal part 1/z. The R-transform [37] of 1 is the conver-
gent power series defined by

_ 1
R.()=G;'(2) — -
The free additive convolution of two compactly supported probability measures
w and v is another compactly supported probability measure characterized by the
identity
R;J,EEV = Rp, + R,

satisfied by these convergent power series.
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3.2. Multiplicative free convolution on [0, +00). Recall from (2.2) the def-
inition of the moment-generating function of a Borel probability measure © on
[0, +00):

zt 1
wu(z):/[o’Jroo) - dp(t), ZE(C\{ZE(C. gesupp(,u)}.

This function is related to the Cauchy—Stieltjes transform of u via the relation

@ ==Gu(7) -1
7)=-— -)-1L
. < . <
It satisfies the following properties, for which we refer to [13], Section 6:
o Yy (CHcC™.
o ¥, ((—00,0) S (u(f0}) —1,0) and

_ 10} — 1' _ 1= (0 }
2 2

¥, (iCh) {z eC: ‘z
In addition,

Jim (0 =p(0) =1, Tim g0 =0,

im v/, 0 = |

0,+00

tdu(r).
)

e In particular, if supp(u) is compact and not equal to {0}, then v, is injective on
some neighborhood of zero in C.
e Y, is injective on iC™.

It is often convenient to work with the eta transform, or Boolean cumulant func-
tion,

1///L (2)
1+ W (2)

It inherits from v the following properties:

um (z) =

(a) m > argn,(z) > argz for all z € C™*, where arg takes values in (0, )
on C*. Moreover, if equality holds for one point in C*, it holds for all points
in (C+, and u = 517;L(Z)/Z = SW;L(O) for any z € C™.

(b) limypon,u(x) = 0 and limyyon), (x) = f[o’+oo)tdu(t). In particular, if
supp(u) is compact and different from {0}, then 7, is injective on some neigh-
borhood of zero in C.

(c) If w # 8o, ny is strictly increasing from (—o0, 0] to (w{oH (w0} —
1), 0], where u({O})_l(u({O}) — 1) should be replaced by —oo if u({0}) = 0.
Moreover, 7,, is injective on iC*.
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(d) Conversely, if an analytic function n: C* — C7 satisfies 7 > argn(z) >
argz for all z € C* and lim,4o n(x) = 0, then n = n,, for some Borel probability
measure on [0, +00) ([9], Proposition 2.2).

The X-transform [13, 38] of a compactly supported Borel probability measure
W # 8o is the convergent power series defined by

-1
S(0) = nMZ(Z)’

where n;l is the inverse of n,, relative to composition. The free multiplicative con-
volution of two compactly supported probability measures pu # 8g 7 v is another
compactly supported probability measure characterized by the identity

2w (2) = X (2) Xy (2)
in a neighborhood of 0.

3.3. Multiplicative free convolution on T. The analytic transforms involved in
the study of multiplicative free convolution on T are formally the same ones as in
Section 3.2, but their analytical properties are different. Thus,

1
‘ﬁu(Z)=[Eli—tztd,u(t), zeC\ {ZGCZ gesupp(u)}.

It satisfies Ry, (2) > —% for all |z] < 1. We work almost exclusively with the eta
transform, or Boolean cumulant function,

% (2)
1+ ‘//u (2)
The following properties of 1, are relevant to our study:

77;4(2) =

(a) For any z € D, we have |, (2)| < |z|. If equality holds at one point in D \
{0}, it holds at all points in D), and u = 8y, (z)/; = 8%(0) for any z € D\ {0}.

(b) 1,(0) =0 and n;,(0) = fptdu(t). In particular 5, is injective on a neigh-
borhood of zero in C if and only if [ 7du(r) # 0.

(¢) The function 7, continues via Schwarz reflection through the set {z €
T: 7 ¢ supp(u)}, that is,

_—, |z| > 1.
nu(§)

Nu(z) =

(d) For almost all points 1/x with respect to the absolutely continuous part of
w (relative to the Haar measure on T), the nontangential limit of ,, at x [denoted
by <tlim;_, y 1,,(z)] belongs to D, and for almost all points 1/x in the complement
of the support of the absolutely continuous part of w, the nontangential limit of
Ny at x belongs to T. Moreover, if u has a singular component, then for almost
all points 1/x with respect to this component, the nontangential limit of 7, at x
equals one.
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(e) Conversely, if an analytic function n: D — D satisfies n(0) = 0, then n =
ny for a unique Borel probability measure on T ([9], Proposition 3.2).

When [ptdu(t) # 0, we define the X-transform [13, 38] of 1 as the convergent
power series
-1
N, (2)
X, (z) = H—.
Again, the free multiplicative convolution of two probability measures p and v

with nonzero first moments is another probability measure with nonzero first mo-
ment characterized by the identity

2Ry (2) = 2y (2)Z(2)

in a neighborhood of 0.

If both of n and v have zero first moment, then u X v is the Haar (uniform)
distribution on T; see [42]. From now on, we always assume that all our probability
measures on T have nonzero first moments.

3.4. Analytic subordination. The analytic subordination phenomenon for free
convolutions, as seen in (2.3) and (2.4), was first noted by Voiculescu in [40]
for free additive convolution of compactly supported probability measures. Later,
Biane [14] extended the result to free additive convolutions of arbitrary probabil-
ity measures on R, and also found a subordination result for multiplicative free
convolution. More importantly, he proved the stronger result (see heuristics in the
Introduction) that the conditional expectation of the resolvent of a sum or product
of free random variables onto the algebra generated by one of them is in fact also a
resolvent. In [41], Voiculescu deduced this property from the fact that such a con-
ditional expectation is a coalgebra morphism for certain coalgebras, and through
this observation he extended the subordination property to free convolutions of
operator-valued distributions. For our purposes, considerably less than that is re-
quired: we essentially only use the complex analytic properties of these functions.

3.4.1. The subordination functions equations for free additive convolution.
Given Borel probability measures p and v on R, there exist two unique analytic
functions wi, wp: C* — CT such that:

(1) limys oo (iy)/iy=1,j=1,2.
(2) For every z € C*, we have

(3.5) w1(2) + 02(2) — 2= Fu(01(2)) = Fy(02(2)) = Fumv (2).

(3) In particular (see [10]), for any z € CT U R such that w; is analytic at z,
w1 (2) is the attracting fixed point of the self-map of C* defined by

w Fy(Fu(w) —w+2z) — (Fu(w) —w).

A similar statement, with p, v interchanged, holds for w;.
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We note that (3.5) implies that the functions w1, w> continue analytically across an
interval (o, 8) € R such that w1|(q,g) and w3 |(q, ) are real-valued if and only if the
same is true for F},m, . For the sake of providing an intrinsic characterization of the
correspondence between spikes and outliers, we formalize and slightly strengthen
this remark in the following lemma. Here, we use the functions 4, h, defined
by (3.2).

LEMMA 3.1. Consider two compactly supported Borel probability measures
w and v, neither of them a point mass. Then the subordination functions wy and
wy have extensions to Ct U {oo} with the following properties:

(a) w1, :Ctu {oo} — Ctu {oo} are continuous.

(b) If x e R\ supp( B v), then the functions w and wy continue meromor-
phically to a neighborhood of x, w1 (x) = hy,(w2(x)) + x € (R U {00}) \ supp(w),
and w(x) = hy(w1(x)) +x € (RU{oo}) \ supp(v). If w1 (x) = 00, then wy(x) =
x — Jptdu(t) €R, and if wr(x) = 0o, then wi(x) =x — [ptdv(t) € R.

(c) Conversely, suppose that w; continues meromorphically to a neighborhood
of a point x € R and that w1(y) € R when y € (x — 8§, x +96) \ {x} for some é > 0.
If x € supp(u B v), then x is an isolated atom for n B v.

In the context of Part (b) of the above lemma, we note that %, is analytic around
infinity, and £, (00) = — [pt du(1).

PROOF OF LEMMA 3.1. Part (a) was proved in [8], Theorem 3.3. Fix x €
R\ supp(u B v). Equation (3.5) indicates that w; and w, must take real values
on (x —3,x +8) \ {x} for some § > 0. Schwarz reflection implies that w; and w>
have meromorphic continuations with real values on R across the corresponding
intervals.

The relation G m,(z) = G, (w1(z)) shows that the limit lim,_, y G, (w1(2)) is
real for y € (x — 8, x + 8) and therefore u({w1(y): y € (x —6,x +6)}) =0 by the
Stieltjes inversion formula. In particular, w;(x) ¢ supp(u). To conclude the proof
of (b), suppose that w; (x) = oo. It follows from (3.5) in conjunction with items (c)
and (d) of Section 3.1 that

wr(x) = Zlgr)lc Fu@)—w@+z=x+ wli_)moo Fu(w)—w=x— A;td,u(t),

such that w; is analytic at x. The statement for w>(x) = oo follows by symmetry.
Finally, suppose that the hypotheses of (c) are satisfied. It was observed in [8]

that wy(y) is also real for y € (x — 8, x 4+ ). [Indeed, if Jwy(y) > 0, relation (3.5)

implies

(3.6) w1(y) + ©2(y) =y + Fumn(y) =y + Fy(@02())

and, therefore, IF,(w2(y)) = Swz(y). This relation can only hold when v is a
point mass, a case which we excluded.] Now, (3.6) implies that F},m, is continuous
and real-valued on (x — 6, x + §) \ {x}, and this yields the desired conclusion via
the Stieltjes inversion formula. [l
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3.4.2. The subordination functions equations for multiplicative free convolution
on [0, +00). Given Borel probability measures i, v on [0, +00), there exist two
unique analytic functions w1, wy: C\ [0, +00) — C\ [0, +00) with the following
properties:

(1) 7 >argw;(z) > argz forze Ctand j =1,2.

(2) Forevery z € C\ [0, 400), we have

3.7 w = 77;;,((01 (Z)) = 771)(602(1)) = NuXv (2).

(3) In particular (see [10]), for any z € C* UR such that e is analytic at z, the
point 1 (z) := w1(z)/z is the attracting fixed point of the self-map of C \ [0, +00)

defined by
w (nﬂ(zw))
w Ny .
Nu(zw) w

A similar statement, with w, v interchanged, holds for w,.

A version of Lemma 3.1 holds for multiplicative free convolution on [0, +00).
Since the proof is similar to the proof of Lemma 3.1 and of Lemma 3.3 below, we
omit it. Item (a) appears in the proof of [7], Theorem 3.2.

LEMMA 3.2. Consider two compactly supported Borel probability measures
w, v on [0, +00), neither of them a point mass. Then the restrictions of the subordi-
nation functions wi and wy to C* have extensions to Ct U {00} with the following
properties:

(a) wi,wp: CtU{oo} — Ct+ U {00} are continuous.

(b) If 1/x € R\ supp(u X v) then the functions w) and w> continue analyti-
cally to a neighborhood of x, 1/wi(x) = wa2(x)/xny(wa(x)) € R\ supp(u), and
1/wr(x) = w1(x)/xn,(w1(x)) € R\ supp(v).

3.4.3. The subordination functions equations for multiplicative free convolution
on T. Given Borel probability measures &, v on T with nonzero first moments,
there exist unique analytic functions wi, w;: D — D such that:

(1) lwj@)|=lzl,z€eD, j=1,2.
(2) Forevery z € D, we have

(3.8) M =N (01(2)) = nv(@2(2)) = Nz (2).

(3) In particular (see [10]), if z e DU T and w is analytic at z, then the point
h1(z) := w1(2)/z is the attracting fixed point of the self-map of D

Ds>wr d nv<nu(zw))e]])).
Nu(zw) w

A similar statement, with p, v interchanged, holds for w;.
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LEMMA 3.3. Consider two Borel probability measures w,v on T with
nonzero first moments, neither of them a point mass. Suppose that T \ supp(u X
V) # &. Then the subordination functions w| and w; have extensions to T with the
following properties:

(@) wy,wr :DUT — DU T are continuous.

() If 1/x € T \ supp(u X v) then the functions w; and wy continue analyti-
cally to a neighborhood of x, 1/w1(x) = wa(x)/xny,(w2(x)) € T \ supp(u), and
1/wa(x) = w1(x)/xnu(w1(x)) € T\ supp(v).

PROOF. Part (a) can be found in [7], Theorem 3.6. Fix 1/x € T \ supp(u X
v). Equation (3.8) coupled with items (d) and (e) of Section 3.3 indicate
clearly that w1, @y must take values in T at least a.e. on a neighborhood of x.
As proved in [7], Proposition 1.9(a), if, say, w; does not reflect analytically
through a neighborhood of x, then for any ¢ > 0O the set of nontangential limits
{<lim,— . w1(2): arg(xe_ig) < arg(c) < arg(xeie)} of w; around x is dense in T.
As T\ supp(u) is nonempty, many of these limits will fall in the domain of analyt-
icity of n,,. In particular, we may choose an arbitrary interval / = {e'": t € [s1, 521}
strictly included in the domain of analyticity of 1, and we will be able to find
points 1/c, € T \ supp(u X v) tending to 1/x so that <lim, .. w1(z) =d, € I.
Obviously, in that case any limit point of {d,},cn Will still belong to I, and hence
be in the domain of analyticity of n,. Pick such a limit point dy. Note that, as a
trivial consequence of the Julia—Carathéodory theorem ([25], Chapter I, Exercises
6 and 7), n;l(w) > 0 for any w € T in the domain of analyticity of #,, and thus
n; (dp) > 0, which implies that 1, is conformal on a neighborhood U of d (in C).
Now recall that

nuﬁv(cn) = <Zzli>nc],, nulgv(z) =< Z]i)ngn 77,u(a)1 (Z)) = nu(dn)-

Letting n go to infinity (along a subsequence, if necessary), and recalling that
1/x ¢ supp(u X v), we obtain 1,x,(x) = 1n,(dp). Both functions are analytic
around the two respective points from T, so the conformality of 7, on U allows us
to find 1, (U) as a neighborhood of n,x, (x) on which the compositional inverse
n;l can be defined. We write n;l o nuXy on some convex neighborhood W of x
which is small enough so n,x, (W) C n,(U) (the existence of W is guaranteed
by the continuity of n,x, around x). Pick points z, € D such that |z, — ¢,| < %
Clearly, lim,_, o 2z, = X, so that for all n € N large enough, z,, € W. Pick a piece-
wise linear path going consecutively through the z,’s, so, by the convexity of W,
this path stays in W and necessarily converges to x. For any z in this path, we have

ﬂum(Z) =MNu (C!)l (Z)) - w1(z) = (7]/:1 © Wm)(z),

which, by analytic continuation and analyticity of n;l o nuxy on W, forces wi
to be analytic on W, providing a contradiction. Thus, w; extends analytically
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through x. The same argument shows that w, extends analytically around x. The
last statement of (b) above follows again from the simple remark that w,(x) =

xnu (w1 (x)/wi(x). U

Unlike the case of free additive convolution, the functions w; and w, are
bounded on D, and hence do not have pole singularities on T.

4. Preliminary results. The proofs of our main results will be based largely
on both scalar- and matrix-valued analytic function methods, as well as on some
elementary results from operator theory. We start by collecting some results which
apply to both additive and multiplicative models. We use the notation introduced
in Section 2.

4.1. Boundary behavior and convergence of some families of analytic functions.
The following convergence result for sequences of Nevanlinna-type functions is
necessary in the analysis of eigenvectors corresponding to outliers. C(X) denotes
the space of complex-valued continuous functions on a topological space X. We
use the notation |p| for the total variation measure of a signed Borel measure p
on R. That is, |p| = p* + p~, where p = p™ — p~ is the Hahn decomposition
of p. The total variation of p is ||o|| = |p|(R).

LEMMA 4.1. Let {pn}nNeN be a sequence of signed Borel measures on R sat-
isfving the following properties:

o There exists m € R such that supp(pn) C [—m,m] for all N e N;
e py — 0in the weak*-topology as N — oo, that is,

dim [ F@dov =0, feC(-mm).

Then there exists a sequence {vy}neN C [0, +00) converging to zero, independent
of z, such that

1 1
/ —d,oN(t)‘<(1+—~ 2>vN, z€CH, NeN.
RZ—t (32)

PROOF. The number M = supyy |lon || is finite by the uniform boundedness
theorem. Suppose, to get a contradiction, that the conclusion of the lemma does
not hold. Passing if necessary to a subsequence, we deduce the existence of v > 0
and of numbers zy € C* such that

1
vl 1+ ) <
( (Szn)?
The inequality

, N eN.

1
/ dow (1)
RZIN —1

1 . 1 M
/ ——dpn(1)| < M dist(zy, [-m,m])” < <
RZIN —1 ~SZN
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implies that the sequence {|zy|}nen is bounded (by m + M /v) and the sequence
{Izn}n>0 1s bounded away from zero (by v/M). Passing to a further subsequence,
we may assume that the limit w = limy _, o, zy exists in C*. The uniform bound-
edness of pp shows that

1 1
lim ‘/ dpn (1) —/ —d,ON(Z)‘ =0.
N—oo|JR ZN — 1 RwW—t

We conclude that the numbers [ (1/(w — 1)) dpn (t) do not converge to zero, con-
trary to the hypothesis. The lemma follows. [

An analogous result holds for T.
LEMMA 4.2. Let {wn}neN be a sequence of analytic self-maps of the unit disc

such that the limit w(z) = limy_ oo wn (2) exists for all z € D. Then there exists a
sequence {vN}neN C [0, +00) converging to zero, independent of z, such that

lon(2) —w(2)| < zeD,NeN.

N
1—z|

PROOF. Suppose, to get a contradiction, that the conclusion of the lemma is
not true. Passing if necessary to a subsequence, we deduce the existence of v > 0
and of a sequence {zy}nen C D such that

4.1 v <

<|on@n) —o@in)|,  NeN.

I —lznl ™
Combining this with the obvious inequality
lon(z) —w(2)| <2, zeD,

we see that the sequence {7y} yeN is contained in a compact subset K of ID. Mon-
tel’s theorem implies that the convergence of wy to w is uniform on K, and this
clearly contradicts (4.1). The lemma follows. [

The following lemma from [18], Appendix, is proved using ideas from [28].
We use the notation D(R) for the space of infinitely differentiable, compactly sup-
ported functions ¢ : R — C.

LEMMA 4.3. Let A be an analytic function on C\ R which satisfies

|A@)] = (2l + K)*P(13z] ™)

for some numbers o > 1, K > 0, and polynomial P with nonnegative coeffi-
cients. Then for every h € D(R) there exists a constant ¢ > 0 depending only on
o, K, P, h such that

lim sup
y—0t

/Rh(x)A(x +iy)dx|<c.
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We also record a result from [16], Lemma 6.3, on the boundary behavior of
a certain Poisson kernel convolution [see (3.1) and the comments following it].
We use E to denote the expectation. If v: R — C is a continuous function and A
is a self-adjoint matrix, then v(A) is constructed using the continuous functional
calculus.

LEMMA 4.4. Given a deterministic N x N matrix Cy, a random N x N
Hermitian matrix X v, and a continuous function h: R — R with compact support,
we have

1 _
E[TI‘N[]’!(XN)CN]] =£11JI,I(% ;SA‘%E[TI‘N[(XN —(t +iy)IN) 1C]\/]]h(l‘) dt.

4.2. Matrix-valued functions and maps. An essential ingredient in our analy-
sis is the resolvent of Ay and of the matrices X (depending on the model consid-
ered, Xy = Ay + Uy ByUS, Xy = Ay UG BNUNAY or Xy = ANUy By U).

We denote by
(4.2) Rv@ =@GIv—Xv"" z¢0(Xy)

the resolvent of X . It is a random matrix-valued rational function with poles in
R for the first two models and T for the third. For the first two models, it has the
following properties:

(1) Ry(@) = Ry (2)*. In particular, Ry (x) is self-adjoint if x e R\ o (Xy).

(2) Ry isanalytic at co, and lim;_, o, zRN(z) = Iy, where Iy denotes the N x
N identity matrix. The limit is in the norm topology of My (C) ® L (U(N), my),
where m y denotes the Haar measure on U(N).

(3) With the notation RT = (T + T*)/2 and IT = (T — T*)/2i for the real
and imaginary parts of T, respectively, we have for z € C

—IRy(2) = 32((32) %Iy + Nzly — Xp)?) ™!
- 3z /
- p N-
|22 + 21Nz | X v Il + | X v 117

This last quantity is uniformly bounded below in N for z in any fixed compact set
K C C*. In particular, if C > 0 is such that sup, | Xy | < C,

R4
43 —SE[(zIy — Xn) "' > Iy.
.3) ElGIn = X0 )2 Tame e

For the unitary model, a slightly different property is needed.

(@) If z € D, we have o(zXy) C D, and thus o((Iy — zXy)™)) C {w e
C: 5w > 1/2}. Therefore,

1 1 1
St[—RN<—>] > Iy, zeD.
Z z 2

(This observation uses the fact that Xy is unitary, and hence normal.)
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The following lemma is a fairly straightforward generalization of a result of
Hurwitz. A similar result appears in [12]. In the statement, we use K; to denote
the subset of y consisting of all points at distance strictly less than § from K. In
the special case K = {p}, we write (p — d, p + &) instead of K.

LEMMA 4.5. Let y be either R or T, let K C y be compact, and let r be a
positive integer. Consider an analytic function F: C\ K — M, (C) such that F ()
is diagonal for each 7 € C\ K, F(00) = I, and z + (F(z))ii € C has only simple
zeros, all of which are contained in y \ K, 1 <i <r. Fix § > 0 such that det(F)
has no zeros on the boundary of Ks relative to y, and let py, ..., ps € y be a list
of those points z € C\ Ks for which F(z) is not invertible.

Suppose that there exist positive numbers {8x}nen and analytic maps Fy : C\
K5y — M, (C), N € N, such that:

(1) limy o0 éy =0;
(2) Fn(z) is invertible forz € C\ y and N e N;and
(3) Fn converges to F uniformly on compact subsets of C\ K.

Then:

(1) dim(ker(F(p;))) equals the order of p; as a zero of z > det(F(z));
(i) Given e > 0 such that

1
e < S min{|pi — pjl. dist(or, K»): 1 <i#j <.

there exists an integer No such that for N > Ng, we have:

— counting multiplicities, det(Fy) has exactly dim(ker(F (p;))) zeros in (pj —
epjt+e)Cy,j=1,....s,and
- {z€eC\ Ks: det(Fn(z)) =0} C Uj'zl(loj — &, pj+e).

PROOF. Assertion (i) is obvious. The functions fy (z) = det(Fn(z)) converge
to f(z) =det(F(z)) uniformly on compact subsets of C\ K. The theorem of Hur-
witz (see [35], Kapitel 8.5) guarantees that, for sufficiently large N, fx has (count-
ing multiplicities) exactly as many zeros as f in C \ K. All the zeros of fy were
assumed to be in y and, therefore, these zeros cluster around {py, ..., ps} in the
following sense: for any given ¢ > 0, there exists an N, € N such that

{ze C\ Ks: det(Fy(2)) =0} C U(,Oj —&,pj+¢€)
j=1

when N > N,. When ¢ > 0 is small enough, there are (counting multiplicities)
exactly dim(ker(F (p;))) zeros of fy in (p; — &, pj +¢). U

Later, we apply this lemma in order to control the behavior of functions related
to the resolvent Ry .
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Next, we collect some facts about matrix functions and maps on matrix spaces
which commute with the operation of conjugation by unitary matrices. First, an
analog of the Nevanlinna representation for matrix-valued functions ([26], Sec-
tion 5). Let m > O be fixed and let F': C\ [—m, m] — My (C) be an analytic func-
tion. Assume that IF(z) = (F(z) — F(z)*)/2i is nonnegative definite for z € CT,
and F(x) = F(x)* forx € R\ [—m, m]. Then F can be represented as

(4.4) F(Z)=A+Bz—/[_ ]czlp_(?,

Z€ (C \ [_m7 m],
where A is a self-adjoint matrix, B > 0, and p is a measure with values in My (C)
such that p(S) > 0O for every Borel set S C R. Observe that
p(R) = lim z(A + Bz — F(z)).
—> 00
The norm of such a function can obviously be estimated as

R

o~
)

, zeCt.

|IF@| = 1Al + 1Bzl +

The specific situation we have in mind is as follows. Let X be a random self-
adjoint matrix in My (C) such that || X|| < m almost surely. Pick b € My (C) such
that Ib := (b — b*)/2i > 0 (that is, Jb is positive definite). The matrix E[(Nb +
z3b — X)~ ! is analytic in z, it is invertible for

2 € C\ [—(m + 1%b1)] 3b) 1], (m + [1951)[ Sb) 1],

and it is self-adjoint for

z€R\ [—(m+ [9b]) | (3b) 7"

, (m + %61 [ (3B ]

Moreover,
SE[(Mb + 230 — X)"1] <0, zeCT.

It follows that the function F(z) = (E[(%b + z3b — X)) ~! satisfies the prop-
erties required for it to have a representation of the form (4.4). The matrices A, B
and p(R) are easily determined. Indeed, we have

(E[(3b — (X —%b))']) ™' =3b — eE[X — %b] — e2[E[X (Ib) ' X]
— E[X1(3b)'E[X]] 4 O(&?)
as ¢ — 0. Substituting ¢ = 1/z, we obtain
F(z) =z3b —E[X]+Nb

- xp)y~ (X —
_ E[(X - E[X)(3b)" (X - E[X])] n 0(12)
z z

4.5)
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as z — 00. This yields the three equalities below:

A=-E[X]+%b, B=23b,
(4.6)
p(R) =E[(X — E[X])(3b) "' (X — E[X])].

We are mostly, but not exclusively, interested in the case Ib = Iy.

These observations apply to the variables X y from our models. We begin with
Xy =ANn+UnByNU;;, where (Ay) and (By) are any sequences of deterministic
real diagonal matrices of size N x N with uniformly bounded norms and limit-
ing distributions 1 and v, respectively. As before, Ry (z) = (zIy — Xn)~!. More
generally, if b € My (C) satisfies Ib > 0, then Ry (b) = (b — Xy~ L

LEMMA 4.6. The function b — E[Ry (b)] takes values in GL(N) whenever
b > 0. Moreover,

SE[Ry(B)] ' =3b  and
IE[Ry ()] | < 1]l + C1 +4C,|(3b)~Y|,  Ib>0,

where C1 = supy ([An]l + |BN1), and Cy = supN(trN(BIZ\,) — [try(BV)1P). In
particular,

SE[Ry ()] = Szly  and
@.7)
4Cy

—, zeCT,
R¥4

|E[RN@)] '] < Izl +C1 +

PROOF. It is well known that an element of a C*-algebra is invertible if its
imaginary part is strictly positive or strictly negative. Since IRy (b) < O for any
b with Ib > 0, and E is completely positive, it follows that JE[Ry(b)] < O,
so E[Ry (b)] € GL(N). The relation JE[Ry (b)]~! > Ib follows from [11], Re-
mark 2.5. The second inequality follows immediately from the observations pre-
ceding the lemma, and from the fact that for any deterministic matrix Z,

IE[UNBNU;‘,ZUNBNU}’{,] — E[UNBNU]”\‘,]ZE[UNBNU}’{,]
— (try (B%) — [ty (By)]? N try(Z)1 L ,
—(rN( N)—[TN( N)]) ﬁrN( )N_ﬁ . ]

In some situations, it is convenient to see how E[(zIy — Xn)~!] depends on
Ap; recall that Xy = Ay + Uy ByUy,. This is achieved to some extent by the
following lemma (see also [30]).

LEMMA 4.7. Fix a matrix By € MN(C). Let b € My (C) be such that b —
UBNU™ is invertible for every U € U(N), consider the random matrix R(b) =
(b — UNBNUI’{‘,)_1 and its expected value G (b) = E[(b — U;\‘,BNUN)_I]. Then:
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(1) ForeveryY € My(C), we have
(4.8) G(b)Y —YG(b) =E[R(b)(Yb — bY)R(D)].
If G(b) is invertible, we also have

Y(GB) ' =b)— (G = b)Y
4.9) | |
=G (b)) E[(R(b) — G))(Yb—DY)(R() — G(b))]G)™".
(2) G(b) € {b})’, where {b}" denotes the double commutant of b in My (C).
REMARK 4.8. The conclusion of item (2). of the above lemma applies to any

complex differentiable map f defined on an open set in My (C) with the property
that f(V*bV)=V*f(b)V forall V € U(N).

PROOF OF LEMMA 4.7. The analytic function
HY)=E[(b—e"UyByUSe )]

is defined in an open set containing the self-adjoint matrices. Moreover, the invari-
ance of the Haar measure under multiplication implies that H is constant on the
self-adjoint matrices. Since the self-adjoint matrices form a uniqueness set for ana-
lytic functions, we deduce that H is constant in a neighborhood of the self-adjoint
matrices. In particular, given Y € My (C), the function

E[(b— e UyByUye ™))
does not depend on ¢ for small ¢ € C. Differentiation at & = 0 yields the identity
E[R(D)(UnBNUNY —YUNBNUR)R(D)] =0.

Using now the fact that R(b)UyByUy = —Iy + R(b)b and UyByUR R(b) =
—Iy + bR(b), we obtain

E[—YR(b) + R(b)bYR(b) + R(b)Y — R(D)YDR(D)] =0

which is equivalent to (4.8) because E[R(b)Y] =G (b)Y and E[YR(D)] =Y G(b).
To prove the second identity in (1), observe that

E[R()(Yb — bY)R(D)]
=E[(R(b) — G())(YD—DY)(R(D) — G(b))] + G(b)(Yb — bY)G(b)
so (4.8) implies
Gbh)Y -YGWM)—Gb)(YDb—-bY)G(b)
=E[(R(D) — G(b))(Yb —bY)(R(b) — G(b))].

Relation (4.9) is now obtained multiplying this relation by G (b)~! on both sides.
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To verify (2), we need to show that G (b) commutes with any matrix Y € {b}'.
This follows immediately from (4.8). [

The preceding lemma shows that G (b) must be of the form u(b) for some ra-
tional function u of a complex variable, and (4.9) allows us to show that in fact
G(b)~! is close to a matrix of the form b + wly when the variance of R(b) is
small. This follows from the next result.

LEMMA 4.9. Assume that ¢ > 0, and T € My (C) satisfies the inequality
|K*(TY —YT)h| <e||Y]|

for every rank one matrix Y € My (C) and all unit vectors h, k € CN . Then for any
w in the numerical range W(T) = {h*Th : |h|| = 1}, we have |[T — wiy| < 2e.

PROOF. Given two unit (column) vectors &, k € CV, consider the—necessa-
rily rank one—matrix Y = kh™ € My (C). The hypothesis implies that

k*Tk — h*Th| = |k*(TY — YT)h| <e.

We deduce that the numerical range W(T) = {h*Th : ||h|| = 1} has diameter at
most ¢ and, therefore, there W(T — wily) C{A € C: || <&} for any w € W(T).
Thus, any w € W (T') satisfies the conclusion because the norm of an operator is at
most twice its numerical radius (see [27], Theorem 1.3-1). [

A further property of eigenvectors of Hermitian matrices which are close in
norm to each other appears in the analysis of the behavior of the eigenvectors of
our matrix models. The following lemma appears already in [16]; we offer a proof
for the reader’s convenience.

LEMMA 4.10. Let X and Xo be Hermitian N x N matrices. Assume that
a, B,8 € R are such that « < B, 8 > 0, and neither X nor X¢ has any eigenvalues
inla —8,a]U[B, B+ 6] Then

4(8 — 28
|Ex((@ ) — Ex, (@ B)] < f =120

<= ——IX = Xoll.

In particular, for any unit vector § € Ex,((a, ﬁ))((CN),

48 —a + 26)
w82

|(In — Ex((@. B)))5 ], < IX — Xoll.

PROOF. Consider the rectangle y having as corners the complex points o —
(1+1i)5/2 and B + (1 £i)§/2. By assumptions, we have o(X) N ([ — 5, x] U
[8,8+68]) =9 and o (Xo) N ([ — 8, ] U [B, B + 6]) = &. Thus, the spectral
projections can be obtained by analytic functional calculus:

1

Ex((@.B)) — Exy((@. ) = 5 /y[(x ~ X)) — (A= Xo) "] da.
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An application of the resolvent equation and elementary norm estimates yield

|Ex (@, B)) = Exo((e. B))]

-0
= /y O —X) (X0 = X)O0 — Xo) "' dn

1 ~1 ~1
sﬂxww43<%—m@—m)na

<(ﬂ—a+28)||X_XO||sup ! sup !
- T rey 1A — Xl sey 1A — Xoll
4(B — o +26)
< TP TTX — Xoll-

7

The lemma follows. O

For the following concentration of measure result, it is convenient to identify
CN with the subspace of C¥*! consisting of all vectors whose last component is
zero. Similarly, My (C) is identified with those matrices in My 1(C) whose last
column and row are zero. We use the notation V for variance.

LEMMA 4.11. Fix a positive integer r, a projection P of rank r and a scalar
z€ C\R. Then:

(1) limy o0 |[PRN(2) P* — PE[RN(2)]P*|| = 0 almost surely.
(ii) Given unit vectors h,k € CN, V(k*Ry(z)h) < C/[N|3z|*].
PROOF. Assertion (i) is equivalent to the statement that, given unit vectors
h,keCN
(4.10) lim k*(Ry(z) —E[RN(2)])h=0
N—o00
almost surely. The random variable k* Ry (z)h is a Lipschitz function on the uni-

tary group U(N) with Lipschitz constant C/|3z|?. An application of [2], Corol-
lary 4.4.28, yields the inequality

e
P(}k*(RN(z) —E[RN()])h| > — a) < 2exp(—CN?|3z|*?)
N2™
for any o € (0, 1/2), and (4.10) follows by an application of the Borel-Cantelli
lemma. To prove (ii), apply the same inequality in the usual formula E[X] =
JoF° P(X > t) dt for a positive random variable X. [J

In the following result, the coefficient #* can be replaced by ¢ if we estimate
the operator norm of a matrix by its Hilbert—-Schmidt norm.
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COROLLARY 4.12. Fix a positive integer t, matrices Y, Z of rank at most t,
and a scalar z € C\ R. Then:

E[|Y (Ry(z) —E[Ry@])Z|*] < CeHIY 121212/ [N 13214

PROOF. Choose orthonormal vectors hi,...,h; whose span contains the
range of Z and orthonormal vectors ki, ..., k; whose span contains the range
of Y*. The corollary follows from the inequality

Y (Rv(z) —E[Ry(])Z| < Z IY I ZI| k5 (Ry (2) — E[Rw (2)])hi]

i,j=1
and Part (ii) of the preceding lemma. [

REMARK 4.13. We note for further use that Lemma 4.11 and Corollary 4.12
apply to the resolvent of any self-adjoint polynomial in m + 1 noncommuting vari-

ables P(A(l), ceey A(m) UnBnUy) as long as the norms of A(J) and By are uni-
formly bounded in N

5. Proofs of the main results. The three subsections below provide parallel
treatments of the three models under consideration.

5.1. The additive model Xy = Ay + UyBnUy,. We use the notation from
Section 2.1. Fix o € supp(u) and S8 € supp(v). Due to the left and right invariance
of the Haar measure on U(N) we may, and do, assume without loss of generality
that both Ay and By are diagonal matrices. More precisely, we let Ay be the
diagonal matrix

Ay = Diag(01.....0p. M. ....al" ).

(N)

where osz) > .-+ >ay_,. We also have 6 > --- > 6,, but no order relation is

assumed between 6; and a; ) other than 6; # oe;N). For N > p, we write Ay =

Al + A%, where
. N N
'y =Diag(a, ..., a,a™, ... al) )p)

and
Ay, =Diag(01 —,...,0, —,0,...,0).
H/_—‘
N-p
We have A}, = Py®Py, where Py is the p x N matrix representing the usual

projection CV¥ — CP” onto the first p coordinates, and

© =Diag(0; —a, ...,0, — ).
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The operator Py is precisely Ea, ({61, ...,0,}) co-restricted to its range. Simi-
larly, By = B), + B}, where

. N N
By :D1ag(,8,...,ﬂ,ﬂ1( ),...,ﬁl(\,_)q),
——
q

B;(,:Diag(n—,3,.--,Tq—,Bso’---’g):Q*NTQN’
N—q
T =Diag(ti — B,...,14 — B),

and Qy is the ¢ x N matrix representing the usual projection CV — C9.

5.1.1. Reduction to the almost sure convergence of a p X p matrix. Here, we
explain how to reduce, in the spirit of [12], the problem of locating outliers of
AN +Un B), Uy, to a convergence problem for a random matrix of fixed size p x p.
The matrices Ay and By, have no spikes and, therefore, [21], Corollary 2.2, applies
to the matrix X}, = A’y 4+ Uy Bj,U};. Recall that K = supp(u B v). The corollary
states that for any integer k& > 0O there exists almost surely Ny € N such that for any
N > N, we have o (X ;v) CcK 1. We reformulate this result as follows: there exist

positive random variables (65) yenN, such that
o(Ay +UnByUR) € Ksy,s N e N,

and limy_, o, 65 = 0 almost surely. Indeed, choose for instance §y = % for any
Ni < N < Ni41. Given z € C\ Ks,,, we have

zIy — (AN + UNB;VUK’) =zly — XEV — AX,
= (v — Xy)(In — (eI — Xiy) "' A})
and, therefore,
det(zIy — (An + Uy ByUS)) = det(zly — XYy ) det(Iy — (zIy — Xy) ™' P5© Pyy).

Using the fact that det(/ — XY) =det(/ — YX) when XY and Y X are square
matrices, we obtain

det(Iy — (zIy — X)y) ' PE®Py) = det(I, — Py(zIn — X))~ ' P 0©),
SO
det(zIN — (AN + U]T/B;\]UN))
=det(zIy — Xy) det(I, — Py(zIx — X))~ ' P}0©).

We conclude that the eigenvalues of Ay + Uy B) U} outside K3, are precisely
the zeros of the function det(Fy(z)), where

(5.1 FxG@) =1, — Py(zly — Xiy) ' P5©
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in that open set. This is a random analytic function defined on C \ K v» with values
in M,(C). We argue next that the sequence {Fy(z)}n converges almost surely to
the deterministic diagonal matrix function

. 01 —«a O0p —a
F(z):Dlag(l—i,...,1—7>,
w1(z) —a w1(z) —a

where w; is the subordination function from (2.3).
5.1.2. Convergence of Fy. We begin with a somewhat more general result.

PROPOSITION 5.1.  Fix a positive integer p, and let Cy and Dy be determin-
istic real diagonal N x N matrices whose norms are uniformly bounded and such
that the limits

ni = Nli_f)noo(CN)ii

existfori =1,2,..., p. Suppose that the empirical eigenvalue distributions of Cy
and Dy converge weakly to n and v, respectively. Then the resolvent

Ry()=(zIy —Cy —UxDyUS)™',  z€C\R,

satisfies

1 1
5.2 lim PyE[Rn(z)]|PY = Dia ( )
(5-2) Nooo N [Rn@]Py g w1(z) — N w1(z) —np

where wy is the subordination function from (2.3).

PROOF. Since all functions involved satisfy f(z) = f(2)*, it suffices to
consider the case of z € CT. Fix such a scalar z and apply Lemma 4.6 and
Lemma 4.7(2) to b = zIy — Cpn to conclude that the N x N matrix E[Ry(z)]
is invertible and diagonal. Set

1 )
(5.3) wp,i(2) = m + (CN)iis 1<i<p,

and observe that Jwy ;(z) > Iz for z € CT by Lemma 4.6. We proceed to show
that this function satisfies an approximate subordination relation. We state this
separately for future reference.

LEMMA 5.2. We have

Jim [E[Ry(@)] ~ (oni@Iy = Cy) [ =0.  zeChi<izp.
— 00
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PROOF. The existence of
Qn@) =E[Ry()] ' +Cn,  zeCT,

is guaranteed by Lemma 4.6. We apply now Lemma 4.7 with z/y — Cy in place
of b and Dy in place of By, so E[Ry(2)] = G(zIy — Cy). Relation (4.9) shows
that

YQn(z) — Qn()Y
= E[Rn(2)] 'E[(Rn () — E[Ry(2)])
x (YCy — CNY)(Ry(2) —E[RN@)IE[RN (D], ¥ € My(©).

Suppose that ¥ has rank one and &, k € CV are unit vectors. In this case, there
exist rank one projections p, p2 and rank two projections ¢, g» (depending on z)
such that

K (YQN(z) — QN (@)Y)h
=kKE[Ry ()]
x E[p1(Rn(2) —E[RN(2)])q1(YCn — CnY)q2(Rn (2) — E[RN(2)]) p2]
x B[Ry (2)] 'h.

Indeed, the third and first factors in the product above have rank one, while the
rank of YCp — CyY is at most two. We deduce that

K (Qn (@)Y — YN (@)h| < |[E[Ry@)] ' |PIYCy — CnY |
x E[| p1(Ry(z) — E[Rx ) ])a1 |*]"/*
x E[|q2(Ry (@) — E[Ry @] p2|*]"2.

We use now the estimates from Lemma 4.6 and Corollary 4.12 along with the
inequality |[YCy — CnyY| < 2||Cn]l|Y ]| to obtain a constant C > 0 (independent
of N and z) such that

(z] + 14 (1/32))?
N|3z|*

The number wy ;(z) is precisely the (i, i) entry of the matrix Qx(z), and thus
it belongs to the numerical range W (2y(2)); indeed it equals e 2y (z)e;, where
e1, ..., ey is the canonical basis in which Cy is diagonal. Lemma 4.9 yields the
estimate

|k*(QN(Z)Y — YQN(Z))h| <C

1Yl

(zl + 1+ (1/32))?
N|3z|* ’

|28 (2) —oni(2)In]| <2C

which gives the desired result as N — oco. [J
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Fixnow i € {1, ..., p} and observe that the family of functions (wy ;) is nor-
mal on CT. Voiculescu’s asymptotic freeness result shows that

Jim (E[RN(2)]) = Gumv(2) = Gy (@1(2)),

so Lemma 5.2 implies that wy ; converges uniformly on compact subsets of C*.
This, together with a second application of Lemma 5.2, implies (5.2) and com-
pletes the proof of Proposition 5.1. [J

The convergence result for the functions Fy also uses a normal family argu-
ment, more specifically the fact that a normal sequence converges uniformly on
compact sets if it converges pointwise on a set with an accumulation point which
belongs to the domain.

PROPOSITION 5.3.  Almost surely, the sequence {Fy}n converges uniformly
on compact subsets of C\ K to the analytic function F defined by

(5.4) F(z)=Diag<1 _ e M), zeC\K.
w1(z) —«a w1(z) —«a

PROOF. Lemma 3.1, Part (b), and the hypothesis on «, show that the function
7+ 1/(w1(z) — «) is analytic on C \ K. Define

D={zeC\K:RzeQ,Jz€Q\ {0}}.

The first p diagonal elements of A’y are all equal to «, and thus Lemma 4.11
(i) and equation (5.2) of Proposition 5.1 (applied to Cy = A’y and Dy = By)
show that given z € D, the sequence Py (zIy — X ;V)*l P}, converges almost surely
to (1/(w1(z) — @))I,. Moreover, by [21], these functions are almost surely uni-
formly bounded on any compact subset of C \ K. Uniform boundedness on some
neighborhood of infinity in C U {oo} is automatic. We deduce that, almost surely,
this sequence converges uniformly on compact subsets of C \ K to the function
(1/(w1 — a))1,. The proposition follows immediately from these facts and (5.1).

g

5.1.3. Proofs of the main results for the additive model.
PROOF OF THEOREM 2.1, PARTS (1) AND (2)—EIGENVALUE BEHAVIOR.

We proceed in two steps.

Step 1. We investigate first the case in which ¢ = 0, that is, By = B), has no
spikes. Equivalently, we prove our result for the simpler model Ay + Uy B}, Uj;.
We can work on the almost sure event on which:

e there exists a random sequence {5y }yen (as introduced in Section 5.1.1) such
that limy_, oo 8y =0 and o (A} + Uy By U}) € K;,, forall N, and
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e the sequence (Fy)y defined in (5.1) converges to the function F' defined by
(5.4) uniformly on the compact subsets of C \ K (guaranteed by Proposi-
tion 5.3).

We apply Lemma 4.5 on this event, with y = R. We first argue that the hypothe-
ses of that lemma are satisfied. The values of F are clearly diagonal matrices and
F(00) = I,,. We show that the zeros of (F(z));; are simple. Indeed,

| (2)(6; — @)
(01(z) —a)?’

and the zeros of | are simple by the Julia—Carathéodory theorem ([25], Chapter I,
Exercises 6 and 7) because w1 (CT) c CT.

Hypotheses (1) and (3) of Lemma 4.5 follow from Proposition 5.3. To verify
hypothesis (2) of Lemma 4.5, observe that if Fx(z) is not invertible then z is an
eigenvalue of the self-adjoint matrix Ay + Uy By Uy, hence real. There are arbi-
trarily small numbers § > O such that the boundary points of K5 are not zeros of
det(F). When this condition is satisfied, Lemma 4.5 yields precisely the conclu-
sion of Theorem 2.1(1)—(2), when g = 0. Indeed, as explained in Section 5.1.1, the
eigenvalues of Ay + UyBy Uy, in C\ Kj are exactly the zeros of det(F v), and
the set of points z such that F (z) is not invertible is precisely U _j o] '({6;}). This
completes the first step.

Step 2. Suppose now that ¢ > 0 and use Step 1 above to obtain the existence
of a sequence of positive random variables (§y)nyen such that limy_, 006y =0
almost surely and o (Ay + Uy By US) € KS’N, where

(F/(Z))ii =

_KUUa) ({6:}).

We proceed as in Step 1 (switching the roles of Ay and By) in order to conclude
that the eigenvalues of Xy outside K é/N are precisely the zeros of the function

det(l; — On(zIy —UnANUy, — B}V)_1 Oy T) in that open set, where

and Qy is the orthogonal projection C¥ — C9. Lemma 4.5 is applied now to the
functions

Fy@) =1, — On(zIy — UyANUS — By)'O5T, N=>gq,
~ . 71— B g — P )
F =D 11—
N lag( (@) — p 02@) — B

and the compact set K”. The convergence of {Fy}n to F follows by an adaptation
of Proposition 5.3. This completes the proof of Parts (1) and (2) of Theorem 2.1
in the general case g > 0, provided that k = 0. By symmetry, we have also proved
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these assertions in case £ = 0. To prove (2) in case k€ # 0, we use a perturba-
tion argument. Fix p € R\ K such that w;(p) = 6;, for some iy € {1, ..., p} and
w2(p) = 7}, for some jo € {I,...,q}, and fix £ > 0 as in the statement of (2).
Choose 6 € (0, £/3) so small that w; ((p — 368, p + 35)) contains no spikes 6; # 0;,
and w((p — 38, p+38)) contains no spikes 7; # tj,. Since w is strictly increasing
on (p — 348, p+368), we have w1 (p + 28) = 6;, +n, with n > 0. We use the already
established Part 2 of the theorem to conclude that, almost surely for large N, the
perturbed matrix

Xy =Xn+nEay{6i})

has ¢ eigenvalues in (p — &, p +6) and another k eigenvalues in the disjoint interval
(p + 8, p + 35). An application of Lemma 4.10 and Part 1 of the theorem for
sufficiently small 6 shows that Xy has k + ¢ eigenvaluesin (p — e, p +¢). U

PROOF OF THEOREM 2.1, PARTS (3) AND (4)—EIGENSPACE BEHAVIOR.
We borrow heavily from the techniques of [16]. There are again two steps.

Step A. We prove Theorem 2.1(3)—(4) under the additional assumption that
0 >-->0, 11>-->17, k=1, and £ = 0. Thus w(p) = 6;, for some
io e f{l,..., p}, and w2(p) & {11, ..., 74}. Assertion (3) of Theorem 2.1 follows
if the equalities

Bipi
1\/h_r>nooHEAN({9i})EXN (0 —&,p+8)Eay({60i}) — ———Ea,({6:}) ” =0,

@) (p)
and
lim | Epy ({7;})Exy((0 —&.p+ &) Epy({z;})]| =0
N—oo
are shown to hold almost surely foralli =1,...,p, j =1, ..., g. The Hermitian

matrices in these equations have rank one, so their norm is equal to the absolute
value of their unnormalized trace. Thus, we need to show that

(5.5)  lim Try[Ea, (16))Ex, (0 —e.p + )] = w?fi)), i=1,....p,

and
(5.6) Nli_f)nooTrN[EBN({Tj})EXN((P —&,p+¢)]=0, i=1....q,

almost surely. It is useful to write the random variable in (5.5) in terms of func-
tional calculus with continuous rather than indicator functions. Choose § > 0 so
small that each interval [0; — §,6; + §] contains exactly one point of o(Ay)
(namely, 6;) for i =1, ..., p and for large N. For each i =1, ..., p, choose a
function f; € D(R) with support in [6; — §,6; + 8] such that 0 < f; <1 and
fi(6;) = 1. Also choose a function 4 € D(R) with support in [p — &, p + €] such
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that 0 <h <1 and h(x) =1 for x € [p — &/2, p + ¢/2]. For sufficiently large N,
we have E 4, ({6;}) = fi(An). Also, by the already established assertion (1) of the
theorem, we have Ex, ((0 — &, p +¢€)) = h(Xy) almost surely for N sufficiently
large. Thus, we see that, almost surely for sufficiently large N and fori =1, ..., p,
we have

(5.7 Trn[Eay ({6:}) Exy ((p — &, p + )| =Ten [A(Xn) fi (AN ]-

To complete the proof of (5.5), we obtain as in Lemma 4.11 a concentration in-
equality for the right-hand side of (5.7) and then we estimate the expected value.
In the following argument we use the fact that a Lipschitz function on R remains
Lipschitz, with the same constant, when considered as a function on the selfad-
joint matrices endowed with the Hilbert—Schmidt norm. See [16], Lemma A.2, for
a simple proof of this fact, first observed in [15].

LEMMA 5.4. Fixi e {l,...,p}, denote by y the Lipschitz constant of the
Sfunction h, and set C = supy || By ||. For N sufficiently large, the random variable
Zn =Tr[h(XN) fi (AN)] satisfies the concentration inequality

n*N
]P’(|ZN—IE(ZN)]>n)§2€xp(—W>, n>0.

PROOF. The lemma follows from [2], Corollary 4.4.28, once we establish that
the Lipschitz constant of the function

g(U) =Try[h(An + UBNUY) fu(AN)], U e U(N),
is at most 2Cy . For any U and V in U(N), we have
() — g(V)| = | Ten [ fi(An) ((Aw + U BN U*) — h(Ay + V By V¥))]|
< ”h(AN + UBNU*) — h(AN + VBNV*)HZ
<y|U*ByU — V¥*ByV

2

where we used the Cauchy—Schwarz inequality for the Hilbert—Schmidt norm and
the fact that || f; (An)|l2 < 1. Since

[UBNU* — VBNV, < [UBN(U* — V), + | — V)By V],
<2|BNIIIIU = V2,
we conclude that |g(U) — g(V)| <2Cy||U — V|2, as desired. [J

The above result, combined with the Borel-Cantelli lemma, yields immediately

(Tea[A(XN) fi (AN)] = E[Try [A(XN) fi (AN)]]) =0, i=1,....p,

lim
N—oo
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almost surely. We complete the proof of (5.5) by showing that

. _ Biyi .
Jim E[Tey[A(Xx) fi(An)]] = A 1,....p.

Lemma 4.4 with Cy = f;(Ay) allows us to rewrite this as

fim_lm -3 [ ELTn[Ry @+ i) fiCAw T dr = O
R

N—ooyl0 T a)ll(p)’
i=1,...,p,
or more simply, because f;(Ay) is the projection of CV onto the ith coordinate,
o] Sigi
5.8 11mlm—S/E Ry(t +iy)],; Jh@) dt = ——>—, i=1,...,p.
58 Jim lim =3 | B[Ry +] i@ dr==Z05, i P

Lemma 5.2 suggests writing

(5.9) E[Rn (2)ii] = + AN (2), i=1,...,p,zeC".

w1(z) —b;

We proceed to estimate the functions A; y.

PROPOSITION 5.5. There exist positive numbers {ay}y such that
AN @) <anv(1+1z]) (1 41327, zeC\R,i=1,...,p,

and limy_,ocay =0.

PROOF. Define analytic functions wy; for i = 1,..., p using (5.3) with
Ap, By in place of Cy, Dy, respectively. These functions are analytic outside
the interval [—||An |l — I|Bn|l, |An| + || Bn |1, and the hypothesis that || Ay|| and
| By |l are uniformly bounded implies their analyticity on C \ [—m, m] for some
m > 0 independent of N. The matrix E[Ry(z)] belongs to {Ay}” by Lemma 4.7,
and is therefore a diagonal matrix, so

wn,i(z) = (E[RN(Z)]_I)H +6;, i=1,...,p.
By Lemma 4.6 and the considerations preceding it [especially (4.5) and (4.6)],
. wnN,i(2)
lim
7—> 00

Zl_ipgo wn,i(2) —z2=—(An + E[UnBNyUy]);; +6; = —try (By)

=Un)ii =1,

and
zlirroloz(a)z\/,i(z) —z+tn(By)) = —E[(Xy — E[(XN)])Z]H

= —(try (B}) — try (Bx)?),
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for N> pandi=1,..., p. It follows that we have, as in (3.3), Nevanlinna repre-
sentations of the form
1
ovi@ =2ty - [ ——doy@),  zeC\[-m.ml,
[-m,m] T — 1

where oy ; is a positive measure on [—m, m], with total mass try (B,ZV) —try(By)3.
Similarly, the subordination function w; from (3.5) can be written as

wl(z)=z—/thv(t)—/RZ—itdo(t), zeC™T.

The hypothesis that the empirical eigenvalue distribution of By converges to
v implies in particular limy_, o try (By) = gt dv(t). In addition, the fact that
limpy_ 00 wn,; = w1 uniformly on compact subsets of C \ [—m, m] implies that
o is supported in [—m,m] and that limy_.~ oy, = o in the weak*-topology.
Lemma 4.1, applied to the sequence py ; = oy, — o yields nonnegative numbers
{un.i}N=s such that limy 0o vy,; =0 and

, zeC™T.

1
lo.i(2) — w1(2)] < (1 + W)vw + ‘/thvm — try(By)

We can now estimate

|E[R @) ] 1 ‘ 1 1
N (@ii] = = -
T o1@ =6l oni@ -6 w1(z) -6
_ oni(2) —o1(2)]
lon,i(z) — billw1(z) — 6]
lon,i(2) — w1(2)]
13z]2
2
2
<an(1+1z)" =3,
N( | I) |%Z|4
where
aszax{vN,l,...,vN’p, /tdv(t)—trN(BN)H.
R

The proposition follows. [

COROLLARY 5.6. We have

[ sint+ i) =0, i=1...p.
R

lim limsup
N—oo y—0

PROOF. The preceding proposition allows us to apply Lemma 4.3 to obtain a
positive constant ¢ such that

lim sup
y40

f Ai,N(t +iy)h(t)dt‘ <can
R
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for N>pandi=1,...

, p- The corollary follows. [J

The preceding result, combined with (5.9), shows that (5.8) is equivalent to

| pote b
(5.10) 1im—ss~/ )
o

yl0 T

—e w1t +iy)—6;

i
wi(p)’

i=1,...,p.

This is easily verified. Indeed, denote by €2y, y > 0, the rectangle with vertices

p £ ¢e/2 +iy. Calculus of residues yields

)

1 1
—- Z == 9
27i ./z)szy w1(z) —6; wy(p)

On the other hand,

l@/pﬂ h(t)

T p—e 1(t+1iy)—06;

ioi i=1,...,p.

h(t) ]dr.

1 /ﬂﬂ"[ h(t)
S 2miJp—e Lot +iy)— 6 o1t —iy)—6;
Now we use the fact that h =1 on (p — €/2, p + £/2) to conclude that

1 pte h(t
L
i p—e @] (t+ ly) — 6;

is a sum of the following four integrals:

1 /9—8/2 h(t)
il - v
T Jp—e w1(t+iy)—6;

| pemel2-iy ]
_/ —dz,
2mi Jp—ej2+iy w1(2) —6;

9

1 1
—/ ——dz,
2mi Jaq, w1(z) —6;

1 [rte h(t)

LR [ R—
T Jote2 01(t +iy) —6;

1 /p+s/2+iy 1

— ——dz,
p+e/2—iy w1(2) —6;

2mi

all of which are easily seen to tend to zero as y | 0. This completes the proof of
(5.10) and therefore of (5.5). We observe now that the proof of (5.5) for i # ip
uses only the fact that wi(p) # 6;. Therefore, switching the roles of Ay and By
in this argument yields a proof of (5.6) and completes the proof of Part (3). of
Theorem 2.1 in this case if k =1 and £ = 0. The case £ = 1 and k = 0 follows by

symmetry.

Assertion (4) of the theorem follows from (3) simply because Ex, ((0 — &, p +
€)) is a projection of rank one. Indeed, denote by {ei}lN: | the canonical basis in
CN,s0 Aye; = 6;e;. Let £ be a unit vector in the range of Ex, ((p —¢, p+¢)), s0
Exy((p—¢,p+€))h=(h, )& forevery h € CN. Direct calculation shows that

p

PNEx,((p—¢, p+e)Pyeiy =Y (ei E)(E, ei)e;

i=1
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and thus, almost surely, for all ¢ > 0, there exists Ny such that if N > Ny and
§ € Exy((p—e¢,p+e¢)), then

Cig| <L.

P 1
;(Eio,fi)(g,ei)ei - m

2
|

In particular, we obtain ||(e;,, £)|~ — 1/w](p)| < ¢, which is precisely the first re-
lation in (4). The case k =0, £ = 1 follows by symmetry.

Step B. In this step, we prove (3) and (4) in the general case of spikes with
higher multiplicities and arbitrary values for & and £. We use an idea from [16] to
reduce the problem to the case considered in Step A. Given N > p + ¢, let n and
8 be positive numbers such that the matrices

(5.11) AN, = Ay + Diag(pn, (p — Dn,...,n,0,...,0),
———
N-p
(5.12) By.s = By + Diag(¢8, (¢ — 1)8,...,8,0,...,0)
——
N—q

have distinct spikes 6;(n) =6; + (p —i + Dn and 7;(8) =7; + (¢ — j + 1)4,
respectively. The fact that w; is increasing and continuous at p implies that, for

sufficiently small 7, there exist exactly k indices i1, ..., iy such that the equations
w1 (t) = 6;,(n) each have a solution p, = p,(n) € (p —e,p+¢),n=1,2,... k.
Similarly, for sufficiently small § there exist £ indices ji,..., je and £ values

Pk+n = Pk+n(8) € (0 — &, p + ¢€) such that wy(pk4,(8)) =7, (8), n=1,..., L.
The numbers n and § can be chosen such that the intervals (o, — 21, pn + 21),
n=1,2,...,k+ ¢, are pairwise disjoint and contained in (p — ¢, p + ). We con-
clude that the arguments of Step A hold with Xy , s = Ay, + UnyBn sUy, pn,
and 7 in place of Xy, p and ¢, respectively. Thus

lim | PyExy.,s((on =10, on + 1)) Pn — ————Eay, ({@1(0n)}) ”
N—o0 1( n)
almost surely forn =1, ..., k 4+ £. We have
k+¢
Y Exy,s((on—1.0n+m)=Exy, (0 —&.p+¢)
n=1
and also, noting that E4, ,({w1(py)}) =0forn=k+1,..., k+ ¢,
k+¢
> Eayn({or(on)}) = Eay({e1(0)})
n=1

for small 5. In addition, 1/} (p,) can be made arbitrarily close to 1/w](p) by
making » sufficiently small. We conclude that for any y > 0, if n, § > 0 are suffi-
ciently small, almost surely for all large N

PNExy, ((p =& p+8) Py — ———Eay({or <p)})H <y

1
a)l(p)
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Clearly,
XN — Xn.psll < pn+qé.

An application of Lemma 4.10 shows that almost surely, there exists an Ny de-
pending only on & such that if N > Ny, for any y > 0, if n,§ > 0 are sufficiently
small (depending only on y and not on N), then

(5.13) |Exy,s((0—e.p+8) — Exy((p—e,p+8)| <t

The first inequality in (3) follows at once, and the second one is proved similarly.
We now verify assertion (4) when £ = 0. Let & (N) be a unit vector in the range
of Ex,((p — &, p + ¢)). Since the quantity in (5.13) is small, we can find, al-

most surely for large N, unit vectors é%) € Exy,;((p—¢ep+ €))CN such that

lims 1,05 N) — ";‘,%) || = 0, uniformly in N. It suffices therefore to prove that

lim sup |\EAN({w1(P)})5(N)|| -
N—o00 1( )

can be made arbitrarily small for appropriate choices of 1 and §. Write S;{V) =

gl(N) +- +<’§(N) with £\ in the range of Exy,s((on—=n,pn+n),n=1,...,k.
The case of assertion (4) proved in Step A shows that for any 7, § > 0 sufficiently
small,

lim |Ea,, (for( )})g(N>||2—M—o n=1,...k
N—so00 AN~'7 1 IO}’Z n a)/] (pn) — Yy — l,...,R.
We also have limy _, o ||EAN477({01-(77)})$,§N) |=0fori ¢ {if,...,ir}. Since

Eay({o1(0)}) = Eay,({w1(01), ..., 01(00)}),
the relation

E (N)
1Eay (o DY - ,l(p)\

d ||s“v>||2
<| S 12, (1o ha™ P - \
1(,0n a)l(p)‘
+ Z | Eay, ({@1(om)DEN|
m#n
implies
li E N2 _ ! L.
imsup||Eay (for22))es 51 wl(m S (o)~ @ (o)
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The desired conclusion follows by noting that a)’l (on) = a)’l (pn(n)) can be made ar-
bitrarily close to w/ (p). The second part of assertion (4) follows by symmetry. [

The proofs of the versions of Theorem 2.5 for the positive line and for the unit
circle follow the same outline. We avoid excessive repetition and only indicate the
differences in the tools used throughout the proof.

5.2. The multiplicative model X y = A}v/z UyBy U]"\‘,A}v/z. We use the notation

from Section 2.2. As in the previous section, we assume that both Ay and By are
diagonal matrices:
— (N) (N)
Ay =Diag(01,...,0p, 0y ", ...,ozN_p),

. N N
By :Dlag(rl,...,rq,ﬂl( ). ...,ﬂl(v_)q).

Since w, v # &, fix o € supp(u) \ {0} and B € supp(v) \ {0}. We use the following
multiplicative decompositions:

/ V 1 /

A, =Diag(e, ..., a, a%N), ey a](\,ij),

A%, =Diag(01/a, ..., 0,/a,1,..., 1),

By = By By, = By By,
. N N
B), =Diag(8, ..., B, ,31( ). ..,,31(\,_)(1),

By, =Diag(ti/B,...,14/B,1,..., 1).
As before, we write AY, = Py®Py + Iy — P}, Py, where Py is defined as in
Section 5.1 and
© = Diag(1/c, ...,0,/a).
Similarly, By, = ONT On + Iy — Q3 On, where Qy is defined as in Section 5.1
and

T =Diag(ti/B, ..., 14/B).

We discuss first the behavior of the model A}V/ZU NByUy A}\,/z with spikes only

on Ay. The essential step is a reduction to a convergence problem for a sequence
of matrices of fixed size.

5.2.1. Reduction to the almost sure convergence of a p x p matrix. Recall that
K = supp(u X v). Corollary 2.2 of [21] yields the existence of positive random
variables {x}yen such that

o ((Ay)'*UnByUR (A)'"?) € K,

and limy_, oo 65y = 0 almost surely.



OUTLIERS IN THE SPECTRUM OF DEFORMED MODELS 3617

We argue first that, in case 0 ¢ supp(u X v), it follows that X is almost surely
invertible for large N. Indeed, in this case, 0 ¢ supp(u) U supp(v). Therefore, Ay
and By are invertible for large N, and thus so is X . This observation allows us
to restrict the analysis to nonzero eigenvalues of X .

Denote X, = A}\{ZUN By U]’E,All\,/z. Fix z € C\ (K, U {0}) such that the matrix
zIy — (Aﬁv)l/zUNBﬁ\, U;\‘,(A/,\,)l/2 is invertible. Using Sylvester’s identity det(I —
XY)=det(I — Y X), we obtain for large N

det(ZIN — X;\,)
_ Nd —1 47 ' \1/277% p/ 1 \1/2
=z det(Iy —z7 AR (Ay) ""UNByUN(AY) ')

Py ByUR (4y)'7?)

=N det(Iy — Ay + A (In — 27 (AYy)
= det((Iy — AR)(In — 27" (4y) "
x det(zIy — (Ay) ' PUN By UL (AY)?).
The matrix (Iy — AR)(Iy — 2(A)2Un B U (A1) ™! 4 AY, is of the form

Fy(z) =
0 Iyp]’

where Fly is the analytic function with values in M, (C) defined on C\ (K5, U {0})
by

Un B U3 (AN) )" + A7)

1 -1
(5.14) Fy(z):=(I, — O)Py <1N - 2(A;V)I/ZUNB;\,U;';,(A;V)l/z) Py 40,

and O is the diagonal p x p matrix defined earlier. Thus, for large N, the nonzero
eigenvalues of X'y, outside K5, are precisely the zeros of det(Fy) in that open set.
As in Section 5.1, the random matrix functions sequence {Fy}y converges a.s. to
a diagonal deterministic p x p matrix function:

5.2.2. Convergence of Fn. We start with the analogue of Proposition 5.1.

PROPOSITION 5.7. Fix a positive integer p, and let Cy and Dy be determin-

istic nonnegative diagonal N x N matrices with uniformly bounded norms such
that, foralli =1, ..., p, (Cy)ii # 0 and the limits

ni = NlEnOO(CN)ii

exist. Suppose that the empirical eigenvalue distributions of Cy and Dy converge
weakly to w and v, respectively. Then the resolvent

RyG) = (zIy — C\*UNDNULCYD) ™, zeC\R

satisfies
lim PyE[zRy(z)]Py =Dia < ! ! )
b4 z = _ ., ).
Wi VLN = R T e ) T o G )
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PROOF. We consider without loss of generality elements z € C*. If Cy is
invertible, then Lemma 4.7(2) applied to b = zC;,1 implies that E[Ry(z)] is diag-
onal. If Cy is not invertible, then

1iIBlE[(ZIN —(Cn + EIN)I/ZUNDNUX,(CN + 811\/)1/2)_1] :E[RN(Z)].
&

The limit of diagonal matrices is diagonal, so E[ Ry (z)] is diagonal. Define

1 Z .
C19) eniz)i= (CN>,-Z«<1_E[RN(Z—‘)],-,-)’ t=i=p.

We prove the uniform convergence on compact subsets of C \ Rt of the se-
quences {wy ;}N>p of analytic functions to w;. The multiplicative counterpart of
Lemma 5.2 is as follows.

LEMMA 5.8. Assume that Cy > ely for some ¢ > 0. We have

lim |zE[Ry(2)] — (Iy —on.i(z"H)Cx) '] =0, zeC\R,iefl,...,p}.
N—o00

PROOF. For z € Ct, define

Qv () = (Cy) B[Ry ()] =E[(Cn) ™' — UnDNUE) '

This function is well defined by Lemma 4.6, and the second equality is justified by
Lemma 4.7(2). We apply Lemma 4.7(1) with b = (zCy)~! to obtain

Y(Qn () — @Cy) ) — (@) — @Cy) Y
= Qv@E[(zCy) ' = UNDNU}) ™ = Qv 7))
x(Y(zCn) ™' = zCn)7'Y)
x (zCw) ™' = UvDyUR) ™" = Qv (@) 7)) ().

Consider arbitrary norm one vectors %, k € CN and an Y of rank one to conclude
the existence of rank one projections pj, p»> and rank 2 projections g1, g» such that

k(Y (Qn(2) — 2CN) ") — (@ (2) — (zCn) ) Y)A
<|ev@ ||y ey = cCn) Y|
< E[|p1((zCx) ™ = UnDNUE) ™ = Qn(2) a1 |]

x B[ q2(((zCx) ™' = UnDyUS) ™ = Qn(2) ) p2|?]

Lemma 4.6 yields |y (2)]| < [[GCN) ™' + IDN Il + 4cll(1/3(1/2)Cy |, with
c € (0, +00). Remark 4.13 provides estimates for the last two factors. The estimate
1Y (zCy) L = zCy) Y| < 2||Y |11z~ e~ is obvious. Thus,

C(z,
(Y (@) = @CW) ™) = (@) = Cy) Y| < (zzv .

172

1/2

1Yl
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for some constant C (z, ¢) independent of N. The (i, i) entry of the matrix Qx(z) —
(zCy) s precisely e/ (Qn(z) — (zC ~) " Dei, which belongs to the numerical
range of Qy(z) — (zCy)~'. Lemma 4.9 yields

C ’
|28 () — C) ™! = (e (2N (2) — zCn) e In| <2 (]ZVE).

Since Cy is diagonal, the lemma follows by letting N — oco. [

The proof of Proposition 5.7 when Cy is bounded from below by a posi-
tive multiple of I is now completed by an application of the above lemma. In-
deed, using Biane’s subordination formula (2.4) and the asymptotic freeness result
of Voiculescu [39], we obtain

Jm oy CE[Ry @) =1+ Yumu(1/2) = 1+ Y (@1 (1/2).

Clearly, try ((Iy — a)N,i(l/z)CN)*l) — 1+ Yy (limy_ oo wpy i (1/2)). The result
follows by analytic continuation. The general case follows by replacing a nonin-
vertible Cy by Cy + ely. The approximation is uniform in N, so a normal family
argument yields the desired result as e — 0. [J

Observe that
Fn(z) =, — ©)Py(zRy(2)) Py + O,

where R denotes the resolvent of (AQ\,)I/ 2y NBYy U;’\‘,(A;\,)l/ 2. An application
of Proposition 5.7 to Cy = Ay and Dy = By, Remark 4.13, as well as of
Lemma 3.2, yield the following result. We leave the details, similar to the ones
in the proof of Proposition 5.3, to the reader.

PROPOSITION 5.9.  Almost surely, the sequence {Fy}n converges uniformly
on the compact subsets of C\ K to the analytic function F defined on C\ K by

, 6; 1 8;\?
Fo)=diag((1-2)—— + %) .
a)l—awiz™") o)z

5.2.3. Proofs of the main results for the positive multiplicative model.

PROOF OF THEOREM 2.5(1)—(2)—EIGENVALUE BEHAVIOR. Step 1. We
prove our result for the model A}V/z UnByUR, A}V/z in which only Ay has spikes.
We consider the almost sure event, whose existence is guaranteed by Proposi-
tion 5.9, on which there exist a sequence {éy}ny C (0, +00) converging to zero
such that:

o o(AY UNBLULAY?) C K, and
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o the sequence {Fy(z)}n>p converges to

, 6; 1 6;\?
F@) =diag(1-2)—— 4%
a)l—awiz™)  o)jm

uniformly on the compact subsets of C \ K.

On this event, we apply Lemma 4.5 with y = R, the sequence {Fy}y>, and its
uniform on compacts limit F. We argue first that the function Fy(z) given by
equation (5.14) is invertible for z ¢ R. Indeed, the relations preceding (5.14) imply
that, if Fy(z) is not invertible, then z is an eigenvalue of the selfadjoint matrix
X'y, and hence it is a real number. This verifies hypothesis 2. Hypotheses 1 and 3
follow from Proposition 5.9. Finally, F(c0) = I,

o @1/ —a)
(F (Z))jj 221 —awi(1/2)?

and the zeros of | are simple by the Julia—Carathéodory theorem. Thus,
Lemma 4.5 applies to F and F.

For almost every § > 0, the boundary points of K are not zeros of det(F).
When this condition is satisfied, Lemma 4.5 yields precisely the conclusion of
Theorem 2.5(1)—(2), when g = 0. Indeed, as noted above, the nonzero eigenvalues
of X j\, in C\ K are exactly the zeros of det(Fy ), and the set of points z such that

F(z) is not invertible is precisely J;_, vl_1 ({1/6;}). This completes the first step.
Step 2. This is completely analogous to the reasoning from the second step of
the proof of Theorem 2.1(1)—(2). We omit the details. [J

PROOF OF THEOREM 2.5, PARTS 3 AND 4—EIGENSPACE BEHAVIOR. Step A.
We assume first that 6y > --- >0, >0, 71 >--->71, >0, £=0and k = 1.
Step A of the proof of Theorem 2.1 is modified as follows: X is replaced by
A%ZU N By U;{,A}\,/Z, the analogue of Lemma 5.4 holds with the constant C re-
placed by supy || An||l| By, and Proposition 5.5 is replaced by the following state-

ment.

PROPOSITION 5.10. There is a polynomial P with nonnegative coefficients, a
sequence {an}n of nonnegative real numbers converging to zero when N goes to

infinity and some nonnegative integer number t, such that for everyi =1,...,p
and 7 € C\ R,
1
5.16 E(R i|l=———— + A ,
( ) [ N(Z)u] 21— Gwi(1/2) + l,N(Z)

with

AN @| < (1 +12) P13z Hay.
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PROOF. We set

1 Z
oni(2) = 97(1 _ m) 2 €C\ [0, +00).

As established in Proposition 5.7, limy_ s E[zRN (2)]ii = (1 — 601 (1/2)) "' 1t
follows that wy ; converges to w; uniformly on compacts of C\ [0, 4-00). Clearly,
wy i is also defined on a neighborhood of zero. Note that

1 1 1 1
yam on.i(=1/1y) 91-( lim E[—iyRN(—iyn,-,-) 9,-( 1)
y—> 400

and

lim iywpn;
y——+00

(—_1) _ b BOXwG X L
6; y>+oo  E[iy(iy + Xn) i 0;
In addition, since || Xy || < ||An ||| Bn |l which is uniformly bounded, the map z —
wn.i(—1/z) is analytic and real on the complement of an interval [—m, 0], with
m = supy [[Anx|||Bn|l. Thus, the maps z — wy ;(—1/z) and z = wi(—1/z) are
Nevanlinna maps (3.3), and hence can pe represented as
wN’,‘(—l):/ qu)]v,i(l), Z€C+,
Z [-m,0] t — 2
and

w1<_—1>:/[ deb(z), zeCt.

z mo0]t—2
Here, &y ;, @ are positive measures on [—m, 0], @y ;([—m,0]) = %IE[XN]ii,
and ®([—m, 0]) = LU0 _ 4 7y(7). Thus, Lemma 4.1 applies to py.; =

le‘d:LL(I)
®y ; — P to allow the estimate

‘ . —1 —1 ‘ e 1
“’NJ(?) - wl(?) = ”N’l( + —@z)z)'

We have

Z 1—91'6()1\/,,'(%) < 1_91'0)1(%)

6 e - @il
|21 1(1 = g1 (D)1 = Giwn i ()]

1 1 (Iz| + m)*
<1x3 1+ ) UN,i-
13z] (32)/ 6: @y i ([—m, 0D P ([—m, 0])
The proposition follows. [
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To complete the argument of Step A, it suffices now to observe that the residue
of the function 1/(z(1 — 0;1(z71))) at p is equal to

Sl )190)1(1/;0)/0 o »
] /p’/la)/l(l/p)’ ) ’

Step B: We use the same perturbation argument as in Step B of the proof of
Theorem 2.1. We reduce the problem to the case of a spike with multiplicity one,
to which we apply Step A. The only change from the argument in Step B of The-
orem 2.1 comes from the form of the subordination functions. We use perturba-
tions (5.11) and (5.12) and define Xy 5, = A}V/ZSUNBN,,,U]T,A}V/ZS. The quantity
| Xn,5,7 — XnIl tends to zero uniformly in N as S+ n — 0. The details are omit-
ted. O

5.3. The unitary multiplicative model Xy = AyUnByUy,. We use the nota-
tion from Section 2.3. The tools used are identical to the ones used in the analysis
of the positive model Xy = A}V/ZU NBN U;\‘,A]l\,/z. However, the domains of defi-
nition of the analytic transforms involved are different. We indicate the relevant
differences. Choose «, 8 € T such that 1/« € supp(u) and 1/8 € supp(v). The re-
duction to the almost sure convergence of a p X p matrix is performed the same
way, and the same concentration inequality holds [this time with Lipschitz con-
stant m] in Lemma 4.11. The counterparts of Propositions 5.7 and 5.9 hold,
but in Proposition 5.9 we must consider z € C \ T. The resolvent Ry is defined by

Ry (2) = (zdny — ANUNBNU;{‘,)_l. The function wy ; defined by

! (1 S S— >, zeD,
(AN)ii E[Ry(z7D]ii
is easily seen to map D into itself and fix the origin. Indeed, |(Ax);i| = |(A§v)ii| =
1. In the unitary version of Lemma 5.8, no supplementary condition on A’y is
required, and for Q2 defined as in the proof of Lemma 5.8, the estimate becomes
128 (2] < 2/|z] if |z] < 1. The estimates for the corresponding resolvents are
provided by Lemma 4.6.

wp,i(z) =

5.3.1. Proofs of the main results for the unitary multiplicative model.

PROOF OF THEOREM 2.5(1)—(2)—EIGENVALUE BEHAVIOR. We must now
apply Lemma 4.5 with y = T. It will be applied to y =T, the sequence { Fx(2)}n
defined by

Fx() =z(I, — ©)Py(zly — AyUNBNUR) ' P +©,  zeC\T,

and the limit F provided by Proposition 5.9. Observe that Fy(z) is invertible for
z ¢ T. Indeed, it is easy to see that, if F(z) is not invertible, z belongs to the
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spectrum of the unitary operator Ay Uy B, Uy;. The convergence of Fy to F fol-
lows from the appropriate version of Proposition 5.9. Clearly, F(z) is diagonal
and, again by the Julia—Carathéodory theorem, this time applied to the disk, its
diagonal entries have only simple zeros. The remainder of the argument requires
no further adjustments. [J

PROOF OF THEOREM 2.5(3)—(4)—EIGENSPACE BEHAVIOR. The relevant
changes for this part of the proof occur in Proposition 5.10, where (1 —|z])~! must
be used instead of |3z|~! and an application of Lemma 4.2 in place of Lemma 4.1.
Also, the perturbations (5.11) and (5.12) are applied to the arguments of 6; and t;,
respectively. [
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