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Density of Brown measure of free circular Brownian
motion

Laszl6 Erdés and Hong Chang Ji

Abstract. We consider the Brown measure of the free circular Brownian motion, @ + +/7x, with
an arbitrary initial condition a, i.e. a is a general non-normal operator and x is a circular element
x-free from a. We prove that, under a mild assumption on a, the density of the Brown measure has
one of the following two types of behavior around each point on the boundary of its support — either
(i) sharp cut, i.e. a jump discontinuity along the boundary, or (ii) quadratic decay at certain critical
points on the boundary. Our result is in direct analogy with the previously known phenomenon for
the spectral density of free semicircular Brownian motion, whose singularities are either a square-
root edge or a cubic cusp. We also provide several examples and counterexamples, one of which
shows that our assumption on a is necessary.

1. Introduction

Let M be a von Neumann algebra with faithful, normal, tracial state (-). In [22], Brown
proved that for every operator @ € M we may associate a probability measure p, on C
uniquely determined by

(log|a—z|)=/ loglw — z|dpa(w), VzeC, (1.1)
C
or equivalently
1
Pa = EMlOgW —). (1.2)

with the distributional Laplacian on the right-hand side. Obviously (1.2) implies that pg is
identical to the spectral measure when a is normal (so that aa® = a*a). It was also proved
in [22] that p, is consistent with the holomorphic functional calculus.

The main purpose of our paper is to study the Brown measure of the sum a + /7x
around the edge, where a € M is a general operator, x € M is a circular element *-free
from a, and ¢ > 0. (A circular element is defined by the sum (s; + is,)/ V2 where (s1, 52)
is a free pair of semicircular elements.) If the time ¢ varies, the flow t — a + J/1x is also
known as the free circular Brownian motion. Several of our results may be compared with
analogous known results in the Hermitian case, for the semicircular flow a + ﬁs where
a = a* and s is a semicircular element.
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Somewhat informally, our results are as follows. In the main result, Theorem 10, we
identify the behavior of the Brown measure of @ 4+ +/7x at the boundary of its support.
More specifically, we prove that if a satisfies (see Assumption 7)

1 1

———)>—, Vz e spec(a), (1.3)
la — z|? t

then at any point z € dsupp p, . Jix the density p of p,, /. admits one of the following

two asymptotic expansions around zg;

(a) (Sharp edge) as z — zg, we have'

p(z) ~ 1(z € SUPP Pt /7x)- (1.4)

(b) (Quadratic edge) as z — zo while away from a certain direction in C = R?, we
have

p(z) ~ |z — 20|*1(z € supp p, 4 ix)- (1.5)

We here emphasize that our result is exhaustive, that is, no decay rate for p other than ze-
roth or second order is possible at the boundary. Note that the first case (a) with sharp edge
is exactly the behavior of py, in which case the density is given by p(z) = (7)1 (|z| < 1).
The second case (b) may occur only on an analytic submanifold of the boundary (which is
typically discrete), consisting of special critical points. In fact, (b) does not happen except
for countably many #’s; see Remark 11 for details. We are not aware of any previous result
that shows the second asymptotics (b) for general a.

The assumption (1.3) is a mild, typical condition, which for example is true for limits
of natural random matrix models; see Remark 8. In fact, in our other result Theorem 14,
we construct a concrete example showing that the assumption (1.3) is necessary for Theo-
rem 10. In particular, we prove that the density may have an arbitrarily fast decay without
(1.3).

Finally in Theorem 15, we prove for general a that the number of connected com-
ponents of supp p, 7, U spec(a) decreases in ¢ > 0. The corresponding result for the
Hermitian free Brownian motion a@ + +/fs was proved in [17, Proposition 3].

Theorem 10 is motivated by the corresponding Hermitian phenomenon proved in [2],
whose result applies to the spectral measure of the free semicircular Brownian motion
a + +/ts with Hermitian a and semicircular element s. It was proved in [2, Theorem 2.5]
that, when a is Hermitian satisfying a condition” that is implied by (1.3), any spectral edge

'The asymptotic relation ~ in (1.4) and (1.5) denotes that the left-hand sides are bounded from above
and below by the right-hand sides, up to a constant factor that depends only on a, zo, and ¢. See also
Notational Remark 3.

The actual condition in [2, Theorem 2.5] is that supy,, ,~o|lm(2)| < oo, where m solves the M-
valued Dyson equation (see e.g. [2, (2.3)]). Specializing to a + +/7s, it is easy to see that the solution is
m(z) = 1/(a —z — tm(z)) where m(z) is the Stieltjes transform of p, s (see e.g. [2, (1.2)]). Then (1.3)
implies supy, ,~¢llm(z)| < oo by [17, Lemma 4]. Essentially the same, but more quantitative proof that
(1.3) implies supy,, ,~ollm(z)| < oo appeared also in [38, (A.4)].
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of @ + /ts is either a square-root edge or a cubic cusp. More precisely, if we write p for
the density of p, /. then for each xg € d{x : p(x) > 0} we have either

p(x) ~ /(x —x0)+ asx — Xxo, (1.6)

where (x — xg)+ can be the positive or negative part of (x — x¢) depending on whether
Xo is a left or right edge point, or

,o(x)~|x—x0|1/3 as x — Xog. 1.7

Another closely related motivation comes from edge universality for local eigenvalue
statistics of random matrices. From [45, Thoerem 6], it is well known that p, 4 x is the large
N limit of p4 4 x, where A + X € CV*N
to @ and X consisting of i.i.d. entries with mean zero and variance 1/N. Hence our result
implies that the eigenvalue density of A + X has universal (over A) macroscopic behavior
at an edge point, and more importantly it identifies the two universality classes of local
eigenvalue statistics corresponding to (a) and (b). Indeed, our results have already been
used in very recent papers [39,40] to prove the edge universality when (a) and (b) holds,
if X is a Ginibre ensemble and A satisfies certain restrictive assumptions e.g. normality.
Also, the current result is used in our work [23], where we prove edge universality at
sharp edges (case (a)), in full generality i.e. for any matrix of the form A + X where 4 is
arbitrary and X has an i.i.d. entry distribution.

is a deformed random matrix with A converging

1.1. Previous works

As mentioned above, our paper is largely motivated by the corresponding Hermitian prob-
lem, i.e. studying the spectral measure of the free sum a@ + /s of a Hermitian a with a
semicircular element s. Hence we first focus on the previous work on p, /. The law
Pa+./zs 18 often referred to as the free additive convolution and denoted by pq B p /-
Rigorous analysis on this subject began by Biane in [17], who proved various regularity
properties of p, . / for fully general a, including boundedness and Holder continuity of
its density as well as the number of connected components of its support. See also [15]
for a generalization of Biane’s result on Holder continuity to free infinitely divisible laws.
Later the free convolution of two generic measures was studied in the series of papers
[8—10] by Belinschi, using the analytic subordination results proved in [11] by Belinschi
and Bercovici. Notably, it was proved that a general free additive convolution is also abso-
lutely continuous in [9, Theorem 4.1], and has bounded density under mild assumptions
in [10, Corollary 8].

On a finer scale than in the aforementioned works, there have been several results to
probe the density of free convolution at spectral edges. More precisely, a typical goal in
this context is to prove that the density decays as square-root around the spectral edge,
similarly to the semicircular law. In [38, 43, 44] (see e.g. [38, Lemma 3.5]), it has been
proved that the free convolution p, H p_/;; has square-root decay at extremal edges as in
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(1.6) under the assumption that

1 1 1
/H;mdpa(y) = <m> > . Vx € supp pg = spec(a). (1.8)

Notice that (1.8) is exactly the same as (1.3) when a is Hermitian. More recently in [6,
Theorem 2.2], a similar result was proved for the free additive convolution of two general
measures with power-law decay at an extremal edge. These results are confined to the
extremal edges precisely due to possible cusps in (1.7). As mentioned above, it was proved
in [2] that under a somewhat weaker condition” than (1.8) the only other type of singularity
of p, 4 /zs than the square-root edge is the cubic cusp. See [41,42] for more results on inner
singularities of general free additive convolution. We also mention that if the semicircular
element s is generalized to (semi-)circular elements in certain block forms, then other
types of singularities may also occur, see [35, 36].

Now, we collect related works on the non-Hermitian object, the Brown measure
Pa+./ix» Where x is circular. Biane and Lehner in [18, Section 5] proposed a method
to compute the density of p,, , and gave several examples. In the case of Hermitian a,
very recently in [34, Theorem 1.1] Ho and Zhong managed to completely characterize the
support of p, ./, and prove that the density is bounded by 1 /(mrt). More importantly,
they also discovered that p,, /¢ (on R) is a pushforward of p,, s, (on C) via a map
involving analytic subordination functions. Results of [34] have been extended in [33]
where x was replaced with a more general elliptic element. The key approach in [33,34]
was the PDE techniques developed in [24], that were also important in several other recent
works on free multiplicative Brownian motion (with unitary initial condition); see e.g. [31]
and references therein.

A more related line of works is [7, 16,46] by Zhong et al., where a can be completely
general, typically non-Hermitian or even non-normal. In these works, the same charac-
terization of supp p, /. as in [34] was extended to general @ beyond Hermitian, and a
slightly more explicit formula than [34] was proved for the density of p, /. See e.g.
[7, Theorem 7.10] for a rigorous statement. We emphasize that [7, 16,46] used purely free
probabilistic methods, effectively making the proof depend only on specific functionals
of a (see fq,7(z) in (2.3)). Hence these works were able to cover general non-normal a,
whereas PDE methods in [34] actually computed partial derivatives of the log determinant
of a in (1.1), requiring a to be Hermitian.

There is another independent series of papers [19,20] by Bordenave et al. covering
Pa+./ix- These two works mainly concern eigenvalues of large non-Hermitian random
matrix of the form 4 + X, where A is a deterministic matrix and X consists of i.i.d.
entries. Since the eigenvalues are asymptotically distributed as p, s, as the matrix size
increases (see [45]), it was vital therein to study the support of p, /.. In [20, Theo-
rem 1.4], when a is normal, the same formulas for the support and density of p, +ix 8
in (and prior to) [7, 16,46] were proved. Then in [19, Proposition 1.2], for general a, a
slightly stronger characterization for the support of p,, s, was proved under the addi-
tional assumption that supp o, /7, = spec(a + tx). We remark that all previous works
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on p, 4 /7, mentioned above focused on qualitative properties of p,, s, such as its sup-
port and a general upper bound on its density. In contrast, our results concern precise
asymptotics of the density of p, ., at the boundary in a typical situation.

Finally, sharp cutoff of the density at the edge as in (1.4) was proved in [1, Proposi-
tion 2.4] under a different setting, with @ = 0 but more general x corresponding to a large
random square matrix X whose entries have varying variances (in contrast to a circular
element, the limit of a Ginibre matrix). Later in [4, Theorem 2.5] this result was further
generalized to X with correlated entries but still with @ = 0. However, the Brown measure
is radially symmetric when @ = 0 making the problem easier.

1.2. Methods

Our proof of Theorem 10 mainly involves detailed analysis of the Schwinger—Dyson equa-
tion associated to the Hermitization of @ + /7 x. The Hermitization is the operator-valued
map defined by

( 0 a+ Jtx —z
Cozr

2X2
@+ Jix — )" 0 )eC ® M, (1.9)

whose image is Hermitian as the name suggests. By the definition of the Brown measure,
it suffices to study the family of spectral measures {p|, /7y : Z € C}, which precisely
matches that of the Hermitization up to symmetrization. Then the x-freeness of a and x
gives rise to the Schwinger—Dyson equation for the resolvent of the Hermitization given
by (see Proposition 19)

—(C+ £TrM(©)) a—:z

-1
(a—2z)* —(§+§TrM(z;))) , $eCImf>0. (1.10)

M(§)=(

Here, M is the C?*?-valued Stieltjes transform of @ + +/fx — z given by

-1
M(¢) = (Id®(-))(((u+\/_?i_z)* ‘“”ix_z) ) (1.11)

The main task in our proof is to study the Stieltjes transform Tr M (in) when z is close
to the spectral edge and n > 0 is small; see Lemma 25. We remark that [46] first derived
and used the equation (1.10) for general a, and likewise, our method is more related to
[7,16,46] than [33, 34]; see Section 4 for more details.

While the Dyson equation in (1.10) played a crucial role also in [7, 16,46], we study it
in a different regime. The line of works [7, 16,46] handled general a, but only considered
z well inside the bulk (corresponding to Im Tr M (in) ~ 1 as n — 0) or far outside of the
spectrum (ImTr M (in) < n). In contrast, to study the density p(w) around an edge point z,
one needs to take both |w — z| and n small. This poses a major difficulty since the Dyson
equation is highly unstable in the joint limit |w — z|, n — 0. The precise behavior of the
density along the boundary can only be detected if one takes the more involved limit n — 0
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first. We resolve this instability in Lemma 25 which is the main new technical part of our
proof.

We also mention that the sharp edge phenomenon was covered earlier in [1,3,21] with
somewhat more general x, but only for a = 0. The Dyson equation depended only on
|z| in these papers, so that the Brown measure was rotationally invariant. Consequently,
the second phenomenon (b) was simply absent therein, and even the geometry of (a) was
essentially one-dimensional, i.e. one only needed to show that p(|z]|) has a sharp cut-off.
But with non-zero a, we have to keep track of z as a genuinely two-dimensional parameter
in order to prove (a) and (b) along a general boundary (beyond circles) of supp pg+x -

1.3. Organization

In Section 2, we rigorously define our model and state the main results. Section 3 is
devoted to examples and counterexamples, along with pictorial illustrations. In Section 4
we provide free probabilistic preliminary results. Finally in Section 5, we prove the main
result Theorem 10. The remaining results, Theorems 14 and 15, are proved respectively
in Appendices A and B.

Notational remark 1. For an operator a in a von Neumann algebra M, we define |a| :=
(aa®)V/2?, |al, = (a*a)'/?, and

a+a* a—a*
Rea := , Ima:= —.
2 2i

For a von Neumann algebra M, we define H; (M) := {a € M : Ima > 0} to be the open
upper-half plane in M. When M = C, we use the shorthand notation Cy = H (C). For
each n € N, we define My, (M) := C"" ® M to be the x-algebra of (n x n) matrices
over M.

Notational remark 2. We write D(z,r) :={w e C:|lw—z| <r}forw e Candr > 0,
and denote D := D(0, 1). The integral with respect to the Lebesgue measure on C is

denoted by
/ f(z)d?z.
C

Notational remark 3. For two functions f, g on a set I with g > 0, we write f < g to
denote that | f(i)| < Cg(i) for alli € I and a constant C > 0 that do not depend on .
For f,g > 0, we write f ~ gif f S gand g < f.If f, g are parametrized by multiple
indices, say, (i, j), then we write f* <; g if f(i, j) < C(j)g(. j) for all (i, j), where
C(j) > 0 does not depend on i. Likewise, we write /' ~; gif f <; gandg <; f.

2. Definitions and main results

Definition 1. Let (M, (-)) be a W*-probability space, that is, M is a unital von Neumann
algebra and (-) is a faithful, tracial, normal state on M. Let x,a € M be a *-free pair such
that x is a free circular element.
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Recall that a collection of *-subalgebras {:M; : i € I} of M is called -free if, for any
bi,....bym € M withb; € M,-j, we have

bi)=0,Vj 1,...
{( j)=0,Vjell,....m}, — (biba--bm) =0.  (2.1)

il ;él'm, ij # ij+1, Vj (S {1,...,}’1’!— 1},
A collection of elements {¢; : i € I}in M is called *-free if the x-algebras generated by
c; are *-free. A free circular element in M is defined by the sum x := (s; + is2)/~/2

where (s, s2) is a free pair of semicircular elements in M, that is, each s; is self-adjoint
with spectral distribution given by

(f(s0) / Flo)—— 11[ 2o (0)dx,  f € C([-2,2]). (2.2)

Definition 2. For each b € M, we denote the spectrum of b by spec(b). We write pp for
the Brown measure of b with respect to (-) defined in (1.2). For each n > 0, we define the
function fp ,: C — (0, 00) as

1
Son(2) = <—Ib T n2>’ (2.3)

and we further define f3: C — (0, 00] as

1
fo(2) = <| — |2> = lim, fo.1(2). 24)

Remark 3. The functions fp . f3 have the following properties which can be proved
with elementary calculations.

(1)  fp isreal analytic in C \ spec(d).

(ii)  fp,y is continuous for each > 0, and f} is lower semi-continuous. In particular,
the set {z € C: f3(z) > ¢} is open for each ¢ € R.

(iii)  fp is strictly subharmonic in C \ spec(b), more precisely, for all z € C \ spec(b)
we have

9 1

(iv) We can recover the measure pj5—| from the function n — f3 ,(z) via moments
of |b — z|?. In particular, we can compute (log|b — -|) and hence pp.

Remark 4. If b is normal, we trivially have supp pp = spec(b). For a general b we
have only supp pp C spec(b), as z > (log|b — z|) is harmonic in C \ spec(d). Although
supp pp may be strictly smaller than spec(b) in general, in most cases they are equal; see
Remark 16 for more details.

Before presenting our new results, we here record a previous result on the Brown
measure of @ + +/x from [7,46]:
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Theorem 5 ([7, Theorem 7.10] and [46, Theorem 4.2]). For each t > 0, define the open
domain O; C C as

D; = {z e€C: fa(2) > %} (2.6)

Then we have the following.

(i) supp Py iy = Dr-
(1) pg4 iy IS absolutely continuous with respect to the Lebesgue measure in C.

(iii) The density of p, /iy is bounded by ()~ in C, and positive, real analytic
in i)t.

Recall from Remark 3 (ii) that the domain Dy is open, and it is always non-empty
since f4(z) = oo except for z in a p,-null set; see (2.22)—(2.23) for a proof.

Remark 6. Recall from [17] that, for a free pair of Hermitian operators (b, s) in M with a
semicircular element s, the set supp(pp . ﬁs) may not be increasing in . In contrast, D,
the support of p, /. is always increasing in # since &, increases by its definition. Also
by [46, Theorem 4.5] we have

supp pa C i_)t, vt > 0. 2.7

2.1. Results

We now present the new results of this paper. The main result, on the spectral edge of
Pa+ix- 18 obtained under the following mild regularity assumption on a. Later in Sec-
tion 2.2, we discuss how to check its validity in certain cases.

Assumption 7. Fixt > 0. We assume spec(a) C Dy, that is, we have

1 1
fa(2) = <m> > o Vz € spec(a). (2.8)

Remark 8 (Ubiquity of (2.8)). Observe that Assumption 7 automatically follows if both
supp pa = spec(a) and supp p, C Dy hold true, that are slightly stronger than the trivially
valid inclusions supp ps C spec(a) and supp p, C D; from Remark 4 and (2.7). While
there are somewhat pathological counterexamples to supp p, = spec(a) or supp pg C
D, (see Remark 16 and Theorem 10), one can still think of both as typical situations.
For example, the first equality typically holds for *-limits of random matrices, and the
second inclusion is satisfied unless p, has a fast decay at some point in the support; see
Remark 16 and (2.23), respectively. We also remark that the first part supp p, = spec(a)
can be directly compared with [19, Assumption (A3)], which reads as supp p, /7, =

spec(a + /1x).

Remark 9 (Regularity of d40;). Note that spec(a) C £; implies the strict inclusion
spec(a) € D, since spec(a) is compact and D, is open. Thus, recalling the function f,
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is real analytic (hence continuous) and strictly subharmonic on C \ spec(a), we find that
Assumption 7 implies

0D, = {Z eC: fa(2) = ;} 2.9)

Then it also immediately follows that 9, is an analytic curve (see also Remark 11),
hence of Lebesgue measure zero in C.

Theorem 10. Let t > 0 be fixed and a satisfy Assumption 7. Define the set of critical
points
C; = {Z € dD; : V fo(z) = O}, (2.10)

where V is the usual gradient in C = R2. Then there exists a density p for Pa+ix that
satisfies the following.

(i)  (Outside) p is identically zero on C\ D; = {z € C : fu(z) < 1/t}.

(ii) (Bulk) For each § > 0, there exists a constant cg > 0 such that
p(z) >co Vze {z € O, : dist(z, 0D,) > 8}. (2.11)

(iii) (Sharp edge) Let z € 0D, \ €;. The density p(w) satisfies the following asymp-
totics as W — z in Dy,

1 _a—1 2
p(w) = E<|a—z| NV fa@)] + O(lw —z). (2.12)
In particular, there exist constants ¢, Cy, 81 > 0 such that
cilg, (w) < p(w) = Cilg (w), |w—z[ <6 (2.13)

(iv) (Quadratic edge) Let z € €,. The (2 x 2) Hessian matrix H|[ f4] of fa (viewed
as a function in R? = C) at z satisfies Tr H|[ f4](z) > 0, and the density p(w)
satisfies the following quadratic asymptotics as w — z in Dy;

p(w) = Qz[w—z]+0(|w—z|3), (2.14)
where u — Q,[u] is a real-valued quadratic form on C defined by’

{la —z7la — zI3?)

(la —z174)

| Hfal . (2.15)

0:luli= 5 (. Hlful(2)

1

1
e (la —z|%)

3In (2.15), we identified u € C with (Reu,Imu)" € R2 and H[f,](z) with the corresponding 2 x 2
real matrix. This choice is purely cosmetic as (u, H[ f,](z)u) and ||H[fs](z)u| do not depend on the
choice of an orthonormal basis of C =~ R2.
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Consequently, for any k € (0, 1) there exist constants ¢, Cp, 62 > 0 such that

p(w) > cal g, (w)|w —z]%, |w—z| <8, (w—2) €8z, k),

; (2.16)
p(w) < CGlg (w)|w—z|”, |w—z| <&
where $(z, k) is the angular sector (see Figure 2 (b)) defined by
P 2
$(z,x) 1= {wECgRZ:%<1—K} 2.17)
w

and P, eR?*2 denotes the orthogonal projection onto the null space of H | f4](2).
Note that if H| f4](z) is not singular then $(z,k) = C for any k € (0, 1).

The constant cg in (ii) depends only on a and t. The constants c1, C1, Ca, 81, 8> and the
implicit constants in (2.12) and (2.14) depend only on a and z. Finally, c; depends only
ona, z, and k. Note that given a and z € 3D, we can recover t via 1/t = (|a — z|72).

We prove Theorem 10 in Section 5. An important feature of Theorem 10 is that p
typically has a jump at the edge of its support, but at special points, when p decays at the
edge, only the quadratic rate is possible (at least within a cone). At first glance, the Taylor
expansion in (2.14) might seem to indicate that a higher order decay for p is also possible
by choosing a carefully. However, under Assumption 7, we will show that Tr H [ f4](z) >0
for any z € 0Dy so that H[ f4](z) is never fully degenerate. Actually, a higher-order decay
can happen without Assumption 7; see Theorem 14 below.

Remark 11 (Atypicality of quadratic edges). The set €; of critical points is small in the
following two senses. Firstly, for each r > 0, by Lojasiewicz stratification theorem (see e.g.
[32, Section 3.2]) D, is a compact analytic manifold of dimension at most 1 (since f; is
non-constant by (2.5)), and €; is an analytic submanifold of ;. Consequently, both 0D,
and €; have finitely many connected components, and each component of €; is either a
singleton (for being of lower dimension than d;) or identical to a whole component of
0D;. Secondly, notice that the set of ¢’s for which €; # @ is precisely the set of critical
values of the real analytic function f,, i.e. we may write the set of such ¢’s as

T, = {z >0: ; c f,,(%)}, €= J€ = {z € C\speca) : V fu(z) = 0}. (2.18)

t>0

The set € of critical points is a (possibly non-compact) analytic manifold, thus has locally
finitely (hence countably) many connected components, again by Lojasiewicz stratifica-
tion theorem. Since f, is constant on each component of €, it follows that the set T, is
at most countable. We also remark that the set € is bounded by ||a|; indeed, for example
when x > ||a| we have that

Va () Va
dRez oz

0fa _ 1
() + - () = 2<(Reﬂ - X)m> <0. (2.19)

(x)
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Remark 12 (Localized result). Notice that Theorem 10 (iii) and (iv) is a dichotomy of
the density, around each point in the whole boundary 00, under the global assumption
(2.8). With only minor modification to the proof, we can prove a similar result locally and
quantitatively for a given point on the boundary; if z € 9, and z € C \ spec(a), then
either (iii) or (iv) holds true for p around z depending on whether |V f;(zo)| is zero or not.
In this case, for each fixed constant C > 0, the implicit constants in (2.12) and (2.14) can
be chosen uniformly over a and z satisfying ||a|| < C and ||(a — z)"!| < C.

Remark 13 (Shape of supp p, ./, around a quadratic edge). For z € €, the (local)
shape of the £, is determined by the type of the critical point z. If z is a local minimum
of fg, in particular if det H[ f;](z) > 0, then the support is locally simply connected; see
Figure 1 (d). If det H[ f4](z) < 0, then the support locally resembles a double cone; see
Figure 1 (b). The shape when det H [ f](z) = 0 is sensitive to higher partial derivatives of
fa in the degenerate direction; see Figure 2 (b). We also remark that, after our work first
appeared, the density of p, s, around such a degenerate critical point was studied in
detail in the recent work [5].

In the next theorem, we construct an @ so that p,, /, has any other rates of decay
than quadratic at a specific point on the edge; see Appendix A.1 for the proof.

Theorem 14. Fix p,q > 0 and let a be normal whose spectral distribution has a density
on R? = C given by
pa(x +iy) = (p + 1)(g + Dx?y Lo, 13(x)Ljo,11(¥)- (2.20)

Ift > 0 is such that

1 Lol xpyd
-> fa0)=(p+1@g+1 ——dxdy,
O =@ [ S
then the density p of p,y /z, satisfies, for each constant ¢ > 0,
p(z) ~c |21PT9 asz - 0in{z:0<cRez <Imz <c¢ 'Rez}.

Note that if @ is as in Theorem 14 with p,g < 0, then f; = oo on spec(a) = [0, 1], so
that a satisfies Assumption 7 for all # > 0. On the other hand, using that supp p, = [0, 1]?
is convex, one can easily show that |V fz| > 0 on C \ spec(a) following (2.19). Hence,
for p,q =< 0, the density p has sharp decay at the edge, i.e. p ~ 1 5 by Theorem 10 (ii)
and (iii).

As alast result, we prove that for general @ € M the number of connected components
of supp p, 1 /7, decreases, modulo the spectrum of a, as  increases. See Appendix B for
its proof.

Theorem 15. The number of connected components of D; U spec(a) decreases int > 0.

Notice that the set D; U spec(a) is closed; the connected components in Theorem 15
are defined with respect to the relative topology of D; U spec(a) in C. Also, Theorem 15
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remains true even if the number of connected components is infinite at some time 75 > 0.
In this case, if the number becomes finite at some ¢ > tq, then it can never be infinite at
any later time than 7.

Remark 16. The union with the spectrum spec(a) in Theorem 15 is included to bypass
a fundamental difficulty. Namely, it is due to fact that the converse of the trivial inclusion
supp pa C spec(a) is not true in general (see Remark 4). If a is such that supp p, = spec(a),
then one can remove spec(a) from the statement of Theorem 15 simply using (2.7). By
[26, Theorem 4.3], a notable class of such a’s is decomposable operators, which includes
normal operators and finite square matrices. Most importantly *-limits of generic (non-
Hermitian) random matrices (so-called DT-operators) were proved to be decomposable
in [25].

Certain R-diagonal operators a also serve as examples and counterexamples for
supp pa = spec(a) — recall that an R-diagonal operator is the product uh of a x-free
pair (u, h) with Haar unitary # and positive k. In [29, Proposition 4.6] it is proved that
supp pun = spec(uh) if and only if |A~!| < oo or (h~2) = co. More precisely, supp pu
is always the annulus with inner and outer radii ((h=2)~'/2, (h?)'/2), and if ||h ™! = o0
and (h™2) < oo, then spec(uh) is the ball with radius (h2)!/2 so that supp pus C spec(uh).

2.2. Checkability of Assumption 7

In this section, we discuss how to practically check Assumption 7 for a given a. First of
all, notice that Assumption 7 can be written solely in terms of {p|—;| : z € C}. Namely,
it is equivalent to

1 1
fa(z) = /R ;dp\a_ﬂ(x) > n whenever 0 € supp pjq—z|. (2.21)

When a is normal, pj,—;| is the push-forward of p, by the map |- — z|. Thus (2.21)
becomes a statement depending only on the measure p, and hence can be validated with
standard measure theoretic techniques. For example, if @ is normal and p, has a strictly
positive density in domain a with a regular (Lipschitz) boundary, then f,(z) = oo for all
Z € supp pa = speca. As a side note, we remark that for any Borel measure p on C we
have (see [46, Lemma 4.4] for a proof)

1
/ ———dp(w) = o0 forp-ae.z e C. (2.22)
clz—wl?

On the other hand when a is a general non-normal operator, we cannot treat (@ — z) ™!
as an integral over the spectral resolution of @, and the relation between p, and pjq—| is
unclear. Even in this case, we still have the inequality

1 1
fa(2) = / —dpla—z|(x) 2[ —dpa(w) VzeC, (2.23)
X c |lw—z|

from [30, Proposition 2.14 and Theorem 2.19]. The inequality (2.23) can be used to check
fa(z) > 1/t for a given point z; e.g. when a itself is a circular element, then (2.23)
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immediately implies f;(z) = oo forall z € D = supp p, = spec(a), so that Assumption 7
holds for all # > 0. However, the inequality in (2.23) is strict in general. An R-diagonal
operator uh in Remark 16 is such an example; we have

1 1
Jun(0) = (h7%) = ist(0, Supp pun)2 > /C deuh(z),
and the last inequality is strict unless py, is a point mass due to [29, Proposition 4.6]. Also
recall from Remark 16 that supp pus < spec(wh) when (h=2) < oo and ||h™!|| = oo.
For certain operators a, there is an alternative approach to the z-dependent measure
Pla—z|- More precisely, this is the case when the Hermitized Green function M, (see (4.6)
later for its definition) solves a reasonable Schwinger—Dyson equation. Typical examples
include R-diagonal operators, for which we have the identity (see [28, Proposition 3.1] or
[29, Proposition 3.5]) B
Ialuh—zl = ﬁh H 6|z| (2.24)

where I denotes the symmetrization of a measure p on R4 to R. Thus, via the identity
(2.24), we can check (2.21) in terms of py; for example when a is a circular element it
is known that py, is the semi-circle distribution, for which we can easily check that the
following three conditions on z are all equivalent:

-~ o I =
0csupi B3 211 [ 5 BFA)0) = fulo) = o0,

Another example is when a = (/5;;x;)ij € (M)"™" is a matrix-valued circular element,
where n is fixed, x;;’s are *-free circular elements, and s;; > 0. In this case, M, solves
a Schwinger—Dyson equation similar to that of a usual circular element, and by studying
the equation it was proved in [, Proposition 3.2] that the following three conditions on z
are equivalent:

0 €supppla—z|. |z < p(S), (la—z|7%) = oo,

where p(S) is the spectral radius of the entrywise positive matrix S = (s;;) € C"*". In
particular, for this choice of @ Assumption 7 holds for all # > 0.

3. Examples

In this section, we present five examples of p, ., for various a’s, along with numerical
simulations. In Examples 1-3 we consider a satisfying Assumption 7, hence they serve as
illustrations of Theorem 10. Example 4 provides an illustration of Theorem 14, for which
the density of p,, s, has faster than quadratic decay. Finally in Example 5, we consider
a’s violating Assumption 7, for which the density of p,, , still has sharp decay at the
edge but the shape of supp p,, /, is different from those described in Theorem 10.
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@r=1 et =1.1

Figure 1. Sampled eigenvalues of A 4+ 4/t X (blue dots) and the boundary of supp p a+/ix (black
curve), where A is a diagonal matrix with entries =1 or =i with the same multiplicity.

In order to visualize the density of p, ., we use the eigenvalues of the correspond-
ing random matrix model. More precisely, by [45, Theorem 6], if the *-distribution of an
(N x N) matrix A converges to that of an operator ¢ as N — oo and X is an (N x N)
complex Ginibre matrix, then the eigenvalue distribution of 4 4+ /X converges to the
Brown measure p, ;. In this regard, all of Figures 1-4 contain sampled eigenvalues of
an (N x N) matrix 4 + +/tX with N ~ 103, where X is a complex Ginibre matrix and
the *-distribution of A is close to that of @ (which varies by examples).

Example 1. Let a be a normal operator with spectral measure (§; + 6—1 + &; + 6—;)/4.
Then the following can be proved for the Brown measure p, , /. with direct, elementary
calculations using Theorems 5 and 10 (see Figure 1 for an illustration):

(a) Fort < 2(+/2 — 1), the support £D; consists of four simply connected regions,
and €; = 0 so that the density p of p, /7, is uniformly bounded from below on
D; by Theorem 10 (i) and (ii).

(b) Att = 2(«/5 — 1), the support 5, becomes connected, but there are four critical
points in €; and we have det H[ f,](z) < 0 for each z € €,;. Thus, around each
z € €, the density has quadratic decay as described in (2.16) with S(z,x) = C,
and has a (locally) hourglass-shaped support. The density is bounded from below
away from €;.
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(a) spec(J + X) and Supp pu-x (®) $(0. ), spec(B + 7o X), and
SUDP P 4 /i

Figure 2. suppp, | Jix (black) with different choices of a and eigenvalues (blue) of the correspond-
ing matrix models, see Examples 2-3 for details.

(¢c) For 2(v/2—1) <t < 1, the support D, is homeomorphic to an annulus, and
€; = 0 so that the density is bounded from below on D;.

(d) Att = I, the support D; becomes simply connected. In this case €; = {0} and
det H[ f](0) > 0, so that §(z, k) = C and the density has quadratic decay around
the origin in every direction.

(e) Fort > 1, the density is strictly positive and supported in a single simply con-
nected region.

Example 2. A similar phenomenon as in Example 1 remains true when a is normal with
spectral measure uniformly distributed on k-th roots of unity, as long as k > 2. This even
carries over along the limit k — oo, leading to u + +/fx with Haar unitary u. We can
easily see that the measure p,, s, is supported on an annulus or a disk (depending on 1)
and radially symmetric. The set €, is empty unless ¢ = 1, in which case €, = {0} and the
density has quadratic decay at the origin. See Figure 2 (a) for an illustration; we sampled
the eigenvalues of J + X, where J = (J;;)1<i,j<n is the N x N null Jordan block, i.e.
Jij =1 (j —i = 1). Since the *-distribution of J converges to that of # as N — oo, we
can see that the eigenvalue distribution of J 4+ X converges to the Brown measure py 4.
In fact, J is a rank-one perturbation of Ji’j =1 (j —i = 1 mod N) which is a unitary
matrix with uniform spectral measure on the set of N -th roots of unity.

Example 3. In Examples | and 2, every z € €; was a non-degenerate critical point, i.e.
det H[ f4](z) # 0. This implies P, = 0 and thus §(z,x) = C (P, and §(z, «) are defined
in Theorem 10 (iv)). In this example, we construct an operator b so that det H [ fp](z) = 0
for some z € €;. Consider a normal b whose spectral measure is given by

1 _ . .
[o@ann) =3 [ FEER LI s 200y g e oo
C -1
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(@t =02<t )t =0.9> 1t

Figure 3. spec(C + +/1X) (blue) for two values of z, below and above the critical value, with xy-
axes (dashed) for reference; see Example 4 for details.

More concretely, we may take b to be the complex random variable x + iy where x and
y are independent, x is =1 Bernoulli distributed, and y is a continuous random variable
with distribution function given by

35 [
Ply <t] = —f (1+s2)3ds, te[-1,1].
96 J_4
After some direct computations, we find that

92 92
Ixdy f5(0) =0, Wfb(o) =0,

so that det H[f3](0) = 0 and P, is the projection onto the y-coordinate. Taking #, =
1//5(0), it follows that the origin is a critical boundary point for s /7. As ¢ increases

2
VO =0, 2 fy(0) >0,
X

to 7o, the two disjoint regions of D; become tangent to each other at the origin. Even in
this case, by Theorem 10 (iv), the density around the origin is proportional to |z|? in any
angular sector § (0, k) contained in the open set {z : |Re z| > 0}. Figure 2 (b) shows the
eigenvalues of B + /7o X (blue), supp ps Jiox (black), and $(0,k) (red), where N = 103
and B = diag(b;) is the (2N x 2N) diagonal matrix given by

. _{—1+iy,~, 1<i<N

35 (i - i
.- — (1+s5°)°ds = —.
l+iy;_ny, N+1<i<2N, 96/

N
Note that in Figure 2 (b) we see two curves since 9 f4(0) = 0 and 8} f5(0) < 0; if 83 f,(0)
did not vanish, we would see one curve with a cusp singularity.

Example 4. In this example we show a numerical illustration for Theorem 14. Consider
the random diagonal (hence normal) matrix C of size 103, whose entries are i.i.d. samples
from the law p, in (2.20) with p = 1 and ¢ = 1.5. In this case, the critical value ¢ty =
f2(0)~1 in Theorem 14 is ty & 0.32. In Figure 3 we plot the eigenvalues of 10 samples of
C + /1 X for two values of . When ¢ < fo, we see from Figure 3 (a) that the density of
Pa+t/ix decays around 0. In contrast when t > f¢, Figure 3 (b) shows that we recover the
sharp cutoff edge behavior as in Theorem 10 (iii).
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As a last example, we consider the Hermitian d whose spectral measure is of Jacobi-
type, i.e. has a density (also denoted by p4) satisfying for some p+ > —1

pa (x) ~ xP~ (1 = )P I 1 (x). 3.1)

In other words, pg has power-law decays around lower and upper edges, O and 1, with
exponents p_ and p., respectively. We first recall the following result for the Brown
measure of d + +/tx with general Hermitian d from [34, Theorem 1.1].

(i)  There is a continuous function v; : R — [0, 00) such that D, = {x +iy € C :
|v| < v¢(x)}. More precisely, v, (x) = v;(x, 0) is defined in (4.14).
(ii)  The density of pg /;, i constant along vertical direction.
If we specialize d to have Jacobi-type spectral measure, we have the following result; see

Appendix A.2 for a proof.

Proposition 17. Let d € M be *-free of a circular element x such that pg satisfies (3.1).
Define four real numbers.

1 1
_ = m, Xp— = sup{x<0:fd(X)§;},

1 1
ty = m, Xt :=inf{x>1:fd(x)§;},

where ty can be zero. Then the following hold true.
(iii) v¢|R is strictly positive on (x;,—, x; 4+ ) and identically zero elsewhere.

(iv) Ift € (0,t-), then x;— = 0 and v¢(x) ~ xP~1(x > 0) as x — 0. Note that
t->0onlyif p- > 1.

(v) Ift € (t—,00), then x;,— < 0 and v;(x) ~ \/mas X = X¢—.
(vi) Ift # t+, the density of py , Jix 18 bounded from below by a positive constant
in Oy.
The same statements as in (iv) and (v) hold true at the upper edge x;  after obvious
modifications.

For p_ > 1 and ¢ < f_, Assumption 7 fails at the lower edge x;_ = 0 and D; has
a cusp of order p_ at x; _. Note that under Assumption 7 such a sharp cusp would not
happen. To see this, note that D is a level set of the smooth function fg with A fgz > 0,
hence the open set 9, contains a non-trivial angular sector based at each z € ;. Still,
the density is comparable to 1 5 in all cases; we expect Proposition 17 (vi) to be true even
for t = t4, but we excluded these cases for technical reasons.

Example 5. Finally, we present an illustration for Proposition 17. Here we consider the
random diagonal matrix D whose entries are sampled from Beta(3, 4), i.e. with density
proportional to (3.1) with p_ = 2 and p4 = 3. In this case, the limiting eigenvalue dis-
tribution of D + /1 X is Pa+yix Where d is Hermitian with d ~ Beta(3, 4), and trivial



L. Erd6s and H. C. Ji 434

0 02 04 0.6 08 1 0 0.2 04 0.6 08 1 0 05 1

(@t =1/30 <t byt- <t =1/10 <t (©)t=2/5>1t4

Figure 4. spec(D + /1 X) (blue) and supp p d+/ix (black) for three values of ¢ (with y-axis scaled
differently for clarity); see Example 5 for details.

computations show that the two critical values for ¢ in Proposition 17 are 7~ = 1/15 and
t+ = 1/5. In Figure 4, we plot supp p, .. Jix and eigenvalues of D + J/tX for three val-
ues of ¢ divided by _ and 7. For t < ¢_ (Figure 4 (a)), the support D; has cusps at both
left and right edges, respectively with orders p— = 2 and p+ = 3. When ¢ € (1_, 1),
(Figure 4 (b)) only the right edge remains as a cusp and the left edge becomes smooth.
Finally for t > ¢ (Figure 4 (¢)) the boundary 0, becomes smooth. In all three cases the
density remains bounded from below up to the boundary, in contrast to Figure 3 (a) where
it vanishes at 0.

4. Preliminaries

In this section we collect various background information on @ 4+ +/zx that will be used
later. They are largely taken from a series of papers [7,16,46] and we include them here in
order to put our proof in a proper context. We stress that all content in this section applies
to general a without Assumption 7. The new results, including the proof of Theorem 10,
appear in Section 5.

For simplicity, we use the shorthand notation

a; =a+Vix, t>0, 4.1)

in the rest of the paper, where the operators a, x € M are defined in Definition 1.

4.1. Hermitization

As the definition (1.1) of Brown measure suggests, we are naturally interested in the
spectral measure of |a, — z| for varying z € C. We can further linearize the product
la; — z|?> = (a;, — z)(a; — z)*, that is, using the fact that |a, — z| has the same spectrum
as

((at 3z)* Yo Z) € Ma(M) = Ma(C) ® M, “2)
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modulo symmetry about zero. The main advantage of studying (4.2) instead of |a; — z| is
that the linearized matrix is a plain sum of linearized versions of J/tx and a — z, which
allows us to exploit their freeness more easily. The matrix in (4.2) is often called the
Hermitization of a;, a concept first introduced in [27] along the proof of circular law.
Hermitization method also has been proved to be an effective tool in free probability; we
refer to [14] for its application to the study of Brown measures of non-normal operators.

The goal of this section is to introduce notations involving Hermitization and its Green
function. Define for each b € M

Hy = (b"* ’0’) & Ma(M) = My(C) & M. 43)

Obviously Hp is a bounded Hermitian operator, so that we may define its generalized
resolvent as follows;

Gy(Z):=(Hp—2)"", Z e Hi(Mx(C)), (4.4)

where we canonically embedded H (M>(C)) in M3 (M). As immediate consequences of
the definition of G 5(Z), we have

1 1

ImGy(Z2) = H,—Z* ImZHb_Z

> 0,

4 (4.5)
[65(@)] = (inf 1o*(Hy—Z)0]) < [am2)™"].

where the infimum is taken over vectors v in the GNS Hilbert space L2(M, (-)) on which
M3 (M) acts. With a slight abuse of notation we use (-) to denote the (block-wise) partial
trace on M, (M), that is,

bir b2\ \ ._ ((b11) (b12)
<(b21 bzz) > o ((bzl) (bzz)) € M (©).

We then use the partial trace to define the M, (C)-valued Stieltjes transform as
My(Z) = (Gp(2)), Z € Hi(M2(C)). (4.6)

Note that the same trivial estimates as in (4.5) hold for M and its normalized trace tr M :=
TrM/2;
ImMp(Z) > 0, ImtrMy(Z) > 0,

My < [am 27| |eMy2)] < Jam 27|

In what follows, we often take the variable Z € H (M,(C)) of the form

4.7

O(z,n) := (117 1Zr;) zeC, n>0.

z
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By Schur complement formula, we can easily check that Mp(©(z, 1)) is itself of the form
®(z,7) for some Z € C, 7 > 0. In particular, tr Mp(®(z, n)) is purely imaginary:
in

tr Mb (@(Z, 77)) = <m

>ei(0,oo), zeC,n>0. 4.8)

Remark 18. As easily seen, the M,(C)-valued Stieltjes transform of & only determines
x-moments of the form (|b|?*) or (|b|?*b). Instead, a further generalization determines
the full x-distribution of b, referred to as fully matricial Stieltjes transform; it assigns a
(2m x 2m) matrix to eachm € N and B € H (M5,,(C)), given by

(()® ) ® In)(Ha, ® In — B)™"
— ((() & 12) & ]m)(Ha ® Iy — B)—l € My (C). “9)

Indeed, recall from [13, Remark 2.7] that @, — a in *-distribution if and only if the fully
matricial Stieltjes transform converges.

4.2. Free probabilistic inputs

In what follows, we consider (M5 (M), {-), M2(C)) as an M, (C)-valued W *-probability
space (see [12, Section 2] for details), where M5 (C) is equipped with the usual tracial
state tr in (4.7). The main goal of this section is to record the Schwinger—Dyson equation
(see (4.10) below) for the Stieltjes transform M4, from [46]. More precisely, we have the
following result.

Proposition 19 ([46, Theorem 3.8]). Let a, x € M be as in Definition 1. Then, for any
zeC,n>0andt >0, the (2 x 2) matrix M 4,(©(z, n)) satisfies

Mg, (©(z,n)) = Ma(O(z,n) + t tr Mg, (O(z. 1))). (4.10)

Equivalently,
Mg,z (in) = Mg, (iﬂ +rtr Ma,—z(in))-

We remark that [46, Theorem 3.8] concerns elliptic x beyond circular, and Proposi-
tion 19 is a special case of their result.

Proposition 19 offers something beyond the spectral distribution of |@ + /7x|, in
contrast to the Hermitian case. Notice that both sides of (4.10) are (2 x 2) matrices of the

form

in z

=) €Cy, 0,

(z 171) v + 0=
so that (4.10) gives two different equations, one for diagonal and the other for off-diagonal
entries. These two equations do not imply one another in general; see (4.16). In fact, the
identity between off-diagonal entries played a crucial role in [7,46] (see e.g. the proof of
[46, Theorem 4.2]).
We will not repeat the proof of Proposition 19, but only remark that it is a consequence

of the following operator-valued subordination result using that x and a are *-free.
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Proposition 20 ([12, Theorem 2.7]). Let b,c € M be x-free. Then Hp and H. are
free over the canonical sub-algebra M»(C) of M(M), and there exists a unique pair
of Fréchet analytic self-maps w1, w2 of H (M>(C)) such that the following hold for each
Z € Hi(M>(C)).

Imw;(Z) >ImZ and Imwy(Z)>1ImZ; 4.11)
~My(01(2)) " =01(2) + 02(Z) — Z = ~M o (02(2)) " (4.12)
Mp(01(Z)) =M (02(Z)). (4.13)

Furthermore, the two quantities in (4.13) are equal to M p 4. (Z).

Remark 21. Recall from Remark 18 that the *-distribution of an operator a is deter-
mined by its fully matricial Stieltjes transform (see (4.9)). Since Proposition 20 shows the
analytic subordination for only (2 x 2)-valued Stieltjes transform, the functions w;, w,
by themselves determine the Brown measure of b + ¢ but not its *-distribution. How-
ever, in fact, [12, Theorem 2.7] covers general operator-valued setting beyond M,(C),
hence shows fully matricial analytic subordination, i.e. there are natural ‘lifts’ of w1, w,
to H4 (M», (C)) for all n; see also [13, Theorem 2.13 and Lemma 2.14]. We also remark
that, in the Hermitian case, the scalar-valued analytic subordination functions can serve
as an alternative definition of free additive convolution; see [11, Theorem 4.1]. Similarly,
if we extend w1, w, to the fully matricial setting, they can determine the *-distribution of
b + ¢ with these functions.

For later purposes, we define the map v;: C x (0, 0c0) — (0, o0) as
ve(z.n) == n+tImtr(Gq, (O(z,n)) = n + 1 Imtr My, (O(z, n)). (4.14)
Note that (4.8), (4.10), and (4.14) give for each z € C and n > 0 that
Mg, (©(z. 1)) = Ma(©(z, 1) + t Imtr Mg, (O(z, 1)) = Ma(O(z,v,(2,m))). (4.15)

so that ivs(z, ) = w1(O(z, n)) where w; is the Fréchet analytic function in Proposition
20. Then it immediately follows that v; is real analytic in C x (0, co). Writing out the
elements of the (2 x 2) matrices in (4.15) using Schur complement formula, we get

< n >:< ve(z.1) >
la; —z2 + n? la — 22 + v, (z,m)? [

(4.16)

(o—armta—) = : (@-2)

——(a;—2z)) = a—z)).

jar—zP+ > ja =z + v, (z,m)?
Combining (4.14) and (4.16), we find that v = v(z, n) satisfies
i v 4.17)
v = _) .
7 la —z|? + v
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While the original definition of v; in (4.14) is given in terms of the spectral density of
la; — z| = |a + /tx — z| at the origin (regularized by ), the identity (4.17) may serve
as an alternative definition of v,(z, 7). Indeed, with a few lines of simple computation in
[46] one can show that (4.17) has a unique positive solution v for each fixed ¢, n > 0,
and z € C, and it coincides with v,(z, n) given in (4.14). Finally, we remark that (4.17)
trivially implies v2 — nv < ¢, which shows that v, (z, 1) is bounded from above as

ve(z,n)—n < 1_1/2, zeC,n>0,1t>0. (4.18)

4.3. Regularized Brown measure

In this section, we collect preliminary results on the function v and recall the proof of
[7, Theorem 7.10].

Proposition 22 ([46, Lemmas 3.6 and 3.7]). Lett > 0 and define v;: C x (0,00) — (0, 00)
as in (4.14).

(i)  Foreach z € C, the map v,(z, ) is strictly increasing on (0, 00).

(i)  The map v, extends continuously to C x [0, 00).

(iii) The extension v,(-,0) is positive and real analytic in the open set Dy and iden-

tically zero on C \ Dy.

In fact, when z € D we easily see that the equation

1 1
<—|a—z|2+v2> == (4.19)

has a positive solution v > 0, and this solution is unique and identical to v,(z, 0); see
[46, Lemma 3.6].

Next, we recall the following lemma from [7], which introduces a smoothed density
p1,y of the Brown measure pg, , indexed by n > 0. The lemma also shows that p, ; admits
an expression involving v, (z, n) instead of x, and that it is uniformly bounded by (7r¢)~!.

Lemma 23 ([7, Lemma 7.11]). Leta,x € M be as in Definition 1 andt > 0 be fixed. For
each n > 0, the map

z > (log(Ja; —z*> + %)) > 0 (4.20)
is C? in C = R2. Defining

1 1
pra(2) = —As(log (lay — 217 + 0°)) = —Ax(log Viar =z + ). (42D

we have

o1 (2) = < : v >

la — z|?> + v2 |a — z|2 + v?

i (21’13 +<(|a - z|i + v2)2>)_1 <m(a - Z)>

where we abbreviated v = v;(z, n). Furthermore, 0 < py.,(z) < (nt)~! forall z € C.

2
. (4.22)
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One of the most important ideas in the proof of [7, Lemma 7.11] is the identity
i(1og|a —zP+n?) =((a; — z)*; (4.23)
dz' T a2 '

whose right-hand side is an off-diagonal block of M4, (in) = M 4—;(iv;(z, n)). Then
one can compute p; »(z) by taking the Z-derivative of M,_,(iv;(z, )), which can be
done by differentiating the Dyson equation (4.17).

On the other hand, by taking the limit  — 0 in Lemma 23, we can recover the Brown
measure pg,: Indeed, from the definition (1.1) of the Brown measure and (4.21), we have
for each h € C2(C) that

/‘ h(Z)(d/Oa,(Z) _ ,Ot,n(Z)dzz) — i/ Ah(z)< log M>d22
C c |

47 a; —z|2+n?

L[ A )/77 4 dyd?
=—— z _— z
27 Jc o \la—zP+ 2/

1 n
= —2—/ Ah(z)/ (vt(z, y) — y)dydzz,
T Jc 0

where we used the definition of v, (z, y) in (4.14) in the last equality. Recalling (4.18) we
get

'Lh@@%@rmmmfa

Ui
< —||Ah . 4.24
=7 IAR]L1(c) (4.24)

A qualitative version of this weak convergence was used in [7] to compute the density of

Pa, in the bulk as a limit of p; 5:

Lemma 24 ([7, Theorem 7.10]). Let a,x € M be as in Definition 1 and t > 0 be fixed.
(1)  The Brown measure pq, is absolutely continuous on C with a density p.

(i1)  The density admits the following formula for z ¢ 0D;: If z € D; we have

) 1 1 v?
)= —
P w\la—z|? + v? |a — z|2 + v?

1 - 1 2
+<(|a—z|2+v2)2> <(|a_2|2+v2)2(a—z)> . (425)
where we abbreviated v = v;(z,0), and if z € C \ D, we have p(z) = 0.
(iii) We have
,}ig}) prn(z) = p(2) (4.26)

uniformly on compact subsets of Dy.
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5. Proof of Theorem 10

We prove Theorem 10 in this section. As such, we always impose Assumption 7 on a
throughout this section. For simplicity, since we consider fixed ¢ > 0 in Theorem 10, we
take t = 1 without loss of generality and abbreviate

D=D;, v=v, and py = p1,y.
We write a 4 x in place of a; to avoid confusion.

Lemma 25. For each zg € 0, there exists § > 0 such that the following holds uniformly
over (z,n) € D(zg,8) X [0, 8], (recall the relation ~; from Notational Remark 3)

e fa@) <1
1— fa(z)+132/3° a =1,
V) oy § T 5.1)
Vfa(z)_1+771/3’ Ja(z) > 1.
Furthermore, for n = 0 and as z — zo, we have the more precise asymptotics
0, Ja(z) =1,
v(z,0) = 5.2)

-1/
(i) VRO =T+ 0@~ 1), fal@) > 1.

Proof. First of all, recall 0D C C \ O C C \ spec(a), which implies that there exists
8 > 0 such that z — (a — z)~! is analytic and norm-bounded on the disk D(z¢, §). Note
that we have v(z,n) < 1forall z € C and > 0 due to (4.18). For all v € R and z in the
disk {z : |z — z¢| < §}, we have

e R e B ek
la —z]2 + v? la —z|2] la —z|2(Jla — z|> + v2) [’ '

Recall also that v = v(z, n) satisfies (4.17); we always take v = v(z, n) with (z,n) €
D(zp,8) x [0, 8] in the rest of the proof. Combining (4.17) with (5.3) gives

B L _ 2 1
Y <|“_Z|2+U2>_v(1 fa(Z)+v<|a_2|2(|a_2|2+v2)>). 6

We first consider the regime f,(z) < 1. In this case, we have from (5.4) and v < 1 that

3

1= (1 - ful) +< v >

la —z|?(la — z|> + v?)

1
la—z|?(la —z|> + 1) >’

> v(l — fa(z)) \% v3<

which immediately implies

n 1/3 n
v < — A ~——
~(z0,8) 1 n l—fa(Z) T 7]2/3

5.5
— fa(2) ©-)
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Conversely, we have

v3

la —z|*(la — z|> + v?)

1= v(l - fu(2) +< >§ o(1= fu(2) +v3< > (5.6)

la —z|*
Plugging v < n'/3 from (5.5) into (5.6) and using || (@ — 2)7!|| <(z,.6) | proves
1
n=v(l-fa®) + ”3<m> Seos) V(1= fa(2) +177), (5.7)
which is the complementing lower bound for (5.5). This proves the first line of (5.1).

Next, we consider f;(z) > 1. Here we first establish the lower bound; we use (5.4) to
write

1 1
U3< >2v3<|a—z|2( >=7}+v(fa(z)—1), (5.8)

la —z|* la — z|? + v?)
and using each term on the rightmost side of (5.8) proves

V2o 1P+ V fal2) - 1 (5.9)

Conversely, using (5.9) as an input, we have

=) = e —r—e)
v <v
la —z>(la —z2 + 1) la —z|?>(la — z|> + v?)

n
o fa(@) = 1 S 1P+ fal2) -1,

which proves the upper bound complementing (5.9). This completes the proof of (5.1).

Finally, we prove the last assertion (5.2). For f,(z) <1 the result immediately follows
from (5.1) by taking the limit n — 0. For f,(z) > 1, the defining equation (4.17) for
v = v(z, 0) reduces to

UZ

la —z|*(la — z|> + v?)

0= 1—fa(z>+< >= 1—fa<z>+v2< >+o<v4),

la —z|*

where we used that v(z, 0) > 0. Recalling from (5.1) that v ~ / fa(z) — 1, we have

~1/2 ~1/2
v=(amm) VR0 =( 2 ) VARG T+0(he)-).

la —z|*
completing the proof of Lemma 25. ]

Remark 26. Asin Remark 12, exactly the same proof applies without Assumption 7 pro-
vided zg € 9D and z¢ ¢ spec(a). We can also make it quantitative so that the implicit con-
stant in (5.1) can be chosen uniformly over a and z satisfying ||a|| < C and ||(a — z)}||
< C, for each fixed constant C > 0.
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Proof of Theorem 10. The first part (i) immediately follows from Lemma 24. For the rest
of the assertions (ii)—(iv), we recall from (4.25) the definition of p (for = 1) in D;

wp(w) = v(w,0)2< ! ! >

la —w|? + v(w,0)? |a — w|2 + v(w,0)?2
, (5.10)

1
<(|a —w|? + v(w,O)Z)2 @ w)>

We next prove part (ii). Recall that v(-, 0) is continuous and strictly positive in the open
domain . Thus for a given § > 0 we have a constant ¢ > 0 such that

-1
< 1 2>
(|a —w|? + v(w, 0)2)

¢ <v(z,0), Vze{zeD:dist(z,dD) =5}, (5.11)

where we used that the domain in (5.11) is a compact subset of O. Indeed, the set D
(hence 0D) is bounded by |la|| + 1, since |z| > ||a| + 1 implies

< — ! 2<—1 <1. 5.12
fa(Z) f— H(a Z) “ — (|Z| _ ”a”)z f— ( )

Therefore the first term in (5.10) is bounded from below by another constant ¢’ > 0
depending only on a (and implicitly on z > 0) as

1 1 1
v(z,0)2< >z c? >/,
la —z|2 4 v(z,0)? |a — z|2 + v(z,0)? (la—z|2 +1)?

where we used v(z,0) < 1 from (4.18). This completes the proof of (ii).

For (iii) and (iv), we fix a point z € dD and (formally) consider the right-hand side of
(5.10) as a function of two independent variables w and v = v(w, 0). Then we expand it
with respect to v at 0, using that w > (@ — w)~! is analytic around z. More precisely, we
have

wp(w) = 02<;>

la —w|*la —w|?
+ ((la = w|™) = 20%(ja — w|™%)) |05 fa(w) — 20285{ja — w| ™)
+ 0(v%). (5.13)

Next, for (iii), we apply the following estimates to (5.13): Uniformly over |w — z| < §,
we have that

1 1
— S8 lw—zl, (5.14)
a—w a—Zz
|0z fa(w) — 0z fa(2)| Sz.8) lw =zl (5.15)
|faw) = 1] = | fa(w) = fa(2)| S8y Iw — 2], (5.16)

v(Ww,0) S5 /(faw) = 1) Ss) VIw—zl, (5.17)
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where we used Lemma 25 in (5.17). As a result, we obtain from (5.13) that (in fact, here
we only need (5.13) up to an O(v?) error)

pw) = ~{la 21 oz fal)| + 01w — 21, (5.18)

which proves (2.12). Since |05 f,(z)| = |{|la — z|*(a — z))| # 0 away from € and (5.18)
is valid for w € O, combining with Lemma 24 (ii) leads* to (2.13). This completes the
proof of part (iii).

Finally, we prove the higher order expansion (iv). In this case we have V f,(z) = 0, so
that the function f, is locally quadratic around z. Consequently, the estimates (5.16) and
(5.17) can be improved to

| faw) — 1] S8 lw —z)2,

—1/2
2 faw) = 1), Sy w2z

v(w,0) —(la —z|7*)
Plugging these into (5.13), we have

wp(w) = (la — 2|7 (la — w|la — w]2)(faw) = 1),
+ ((la = wl ™)+ 0(lw = 21?)) ™ (|82 faw)| + O(jw — 2%))°

+ O(jw —z|*)
= (la—zI™) (la — 2| 2la — z[3?)(fa(w) — 1),
+(la — 217479z faw)|? + O(Jw — 2]?), (5.19)

and the asymptotics (2.14) in (iv) follows from substituting Taylor expansions of f, and
0z fq into (5.19).

The upper bound in the inequality (2.16) follows immediately from the expansion
(2.14) since all prefactors in (2.14) and ||H [ f4](z)|| are bounded as z ¢ spec(a). For the
lower bound, recall A f,(z) = Tr H[ f,](z) = 4{|(a — z)72|?) > 0 from (2.5), so that the
matrix H[f,](z) € R?*2 has at least one positive eigenvalue. We take A # 0 to be the
smallest (in modulus) non-zero eigenvalue of H [ f;](z). Recalling that P; is the orthogo-
nal projection onto the null space of H [ f;](z), whenever (w — z) € §(z, k) we have

i) | ST (TS i)

Im[w — 2] [w —z]

Substituting (5.20) into the asymptotics (2.14) proves that

HH[fa](Z)( > Mlw—z]. (520

p(w) > clw —z|2 + 0(|w — z|3),

which gives lower bound in (2.16). This completes the proof of Theorem 10. ]

“We define p(z) by the same formula as in (4.25) for z € 3£, which is of Lebesgue measure zero
under Assumption 7; see Remark 9.
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We conclude this section with a side result about the limit of the regularized Brown
measure exactly at the edge, complementing the similar result in the bulk (4.25)—(4.26):

R A B et A |
#%W@=§“mﬂw><w—w“_“>

Proof. We temporarily abbreviate v(n) = v(z, n) along the proof since we consider fixed
z € 0D. By (4.22) and (5.2), it suffices to prove that

Lemma 27. Ifz € 0D, we have

2

(5.21)

2

-1
i (st = mor) = momr )
ﬁ%(zwm3+ (== o)) Na=zp o

2/ 1 \7Y 1 2
=§«a—ﬂd <m—zw“_”>

Recall from Assumption 7 that z ¢ D implies z ¢ spec(a), hence the operator (& — z) ™!
is bounded. Note also that z € C \ O implies v(0) = 0 by Proposition 22.

For the first term in the denominator of (5.22), we use (5.4) and v(n) — 0 as n — O to
obtain

(5.22)

dRES G| ! ) =7
v T v \la—zP(la =z +v(0)?) |

where we used that (@ — z)~! is bounded when f,(z) = 1. For the remaining quantities
in (5.22), we have the norm (in M) convergences

(5.23)

1 1
lim = )
10 (ja — z|? + v(n)2)2 la —z|*
1 1

Y T

Finally, combining (2.9), (5.23), and (5.24) proves (5.22). This completes the proof of
Lemma 24. [

(5.24)

Remark 28. Along the proof of Theorem 10, in (5.18) and (5.21), we have proved that
forz € 0D\ €
1
(a9

1 2
“a—ﬂ““‘”>

Notice the discrepancy between the two limits in (5.25); the former is strictly smaller than
the latter by a factor of 2/3. This shows that the smoothed density p, is highly unstable

2

’

2 1\!
lim lim p,(w) :—<| >

n—>0w—>z 37 \|a —z|*

(5.25)

1/ 1\
lim  lim p,(w) =—< > .
w\l|a

w—z,wePD n—0 —Z|4
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around the edge, in the sense that lim¢y,,)—(z,0) Py (w) depends on the direction (w, 1)
approaches (z, 0). Upon close inspection of the proof, we find that the limit (5.23) is
responsible for this instability, that is, the limit

n
1m _—
(w,m)—(z,0) v(w, n)3

depends (if exists) on the limit direction; see (5.1) for an explanation. Nonetheless, plug-
ging in
liminf ———
(w.)—>(z,0) v(w,n)3 ~

to the definition of p,(w) proves that the limit along n = 0 is the largest, that is,

1 _
limsup py(w) = —(Ia - Z|_4) 1|32fa(2)}2-
(w,1)—>(z,0) T

A. Irregular edges

A.1. Proof of Theorem 14

Proof of Theorem 14. Since the proof is mostly computational we only show the main
steps. Denote z = E +iE’ € [0, 1]?, where z is in the domain in Theorem 14, i.e.

cE<E <c¢'E

for some constant ¢ > 0. For another suitable constant C > 1, we divide the support [0, 1]
of pe into U;=1 I;, where

I;:=[0,CE] x[0,C"YE'TU[0,C'E] x [0,CE"],

I, :=[C'E,CE]x[C'E',CE],

I3:=[0,CE]x [CE',1]U[CE,1] x [0,CE"] =: I31 U I3,

Iy :=[CE, 1] x [CE', 1].

(A1)

All asymptotic notations below depend on the choice of ¢, C, ¢, and we omit the subscript
(c, C,t) for brevity.
In the first step, we show that v = v,(z), the solution of

1 pl xPyd 1
(”“)(q“)/o /0 G-EPtGo-Ep+t YT B2

is exponentially small in £, more precisely that

—logv ~ E-PH+D, (A.3)
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The proof of (A.3) follows from evaluating the integral in (A.2) over each domain

Iy,..., I4. We easily find that the integral over I, dominates others, which is computed as
xP y4 1 o

dxd ~EP+‘1/ R dxd
/12 B+ (Bt lrecoip X242 4 W/EZ

1
~ EP"I‘q[ dZZ
p |z + (v/E)?

2
~ EP*4]og (ﬁ) (A4)
where we used the change of variables EX = x — E and E'j = y — E’. Since we fixed
t > 0, (A.3) immediately follows.

Now we apply (A.3) to each term in the formula (4.25) for the density p of p, | /-
For the first term therein, we write

1 1 Lopel 1 1)x?y4
< S a 2>=/ / (DG DTV 4
le —z|* +vle —z|z +v 0 Jo ((x—E)2+(y—E)?+1?)

where in the first equality we used that e, hence e — z, are normal so that |e — z| =
|e — z|«. We divide the domain of integration on the right-hand side of (A.5) as in (A.1).
Again it is easy to see that the integral over /5 is dominating, which leads to

1 1
2 +
~ EPTY, A.6
v<le—z|2+v2|e—zli+v2> (A0

Applying the same argument to the second term in (4.25), we find that

(e

<+ D@+ X0yl = Bl + b = £)

sdxdy < EPTay—1
011 ((x — E)?2 + (y — E)? 4+ v?)

which, together with (A.6), gives

2

1 ! 1
< o) | =)
(le — 2|2 + v2) (le — 2|2 + v?)
< (Ep+qv—2)—1 . (Ep+qv—1)2 ~ EPt4 (A7)
Plugging in (A.6) and (A.7) to (4.25), we conclude
p(z) ~ EPT9 ~ |z|PH4

as desired. This concludes the proof of Theorem 14. ]
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A.2. Proof of Proposition 17
In this section, we prove Proposition 17. Our proof is inspired by [37, Section A].

Proof of Proposition 17. We start with the proof of (iii). By Proposition 22 (ii), we only
need to prove that D, N R = (x;,—, x;,+). Clearly (0,1) C Dy, since f4(x) = oo for
x € (0,1). If x, — < 0, we also have (x;—, 0] C D; by the definition of x, . Applying
the same argument to the upper edge, we have (x;_—, x;.4+) C D;. Conversely, if x <
X¢— Oor X > X 4+, we immediately have fgz(x) < % by the definition of x; 4. This proves
R\ (x7,—, x¢,4+) C R\ Dy, completing the proof of (iii).

We next prove (iv), i.e. the solution v, (-, 0) of the equation (4.17) satisfies, for some
small § > 0, that

v =v(x) = v(x,0) ~¢5 xP~, x €][0,6]. (A.8)

Along the proof of (A.8) we consider ¢ < z_ and § > 0 to be fixed, henceforth omit the
subscript (¢, §) from all asymptotic notations. Recall first that v(0,0) = 0 (since f4(0) =
1/t < 1/t by assumption) and that v(x) is continuous, hence we may take § > 0 small
enough so that v(-, 0) is small in D(0, §). Fix a threshold ¢ > 0 as

1 1 t
d<e<—nAn=1——).
100 5 1
We next show that v < x /2. Suppose v > x/2 on the contrary and rewrite the equation

(4.19) as
+=( / B e (A9)

The first integral in (A.9) is estimated as

e lx e lx —+1

E E P

f __pa®) g < / By <X <t (a0
0 (E —x)?+0v? 0 v? v?

where we used the assumption v > x/2 in the last inequality. The second integral in (A.9)
is bounded from above by

1 1
pa(E) / pa(E) 1 1+3 1
Pat™) gE < dE < < 2 e (Al
/,1,6 E—xp =) ma—p = gm0 BID

where the last two inequalities follows from the definition of . Thus we conclude from
(A.9) that
c < xP-71

which is a contradiction by taking small § > 0 since p_ > 1. This proves v < x/2.
Now we show the upper bound in (A.8),i.e. v < xP-. Since v < x/2 from the previous
paragraph, we have
O<x—v<x+v<elx<l.
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Thus we may rewrite (4.19) as

x—v x+v e 1lx 1 v
—_— E)dE
(/0 +/x—v +/x+v +L—1x)(E_x)2+Uzpd( )

=: (A) + (B) + (C) + (D). (A.12)

v
t

We estimate each integral in (A.12) as follows;

X=v  EP- xX—v 1
(4) < / ——  _JE < vxp*/ —— _dE < xP-;
o (E—x)? o (E—x)?

xX+v 1

(B) "’/ —EP-dE ~ x?-;

x—v U
—1

(C)<[8 T EP-dE < xP-
xX+v (E _x)z

For the last integral, we use (A.11) to get

(D) < (; —c)v.

Combining all estimates, we find v < x?- as desired. The lower bound v Z x?- follows
from (B) ~ x?-. This completes the proof of (iv). On the other hand Proposition 17 (v)
follows from Remark 26, since ¢ > ¢_ implies x,,— < 0, which in turn gives f;(x; ) ~ 1
hence (fg(x) —1) ~ (x —x;—).

Finally, we prove (vi), i.e. that the density of p,, s, is bounded from below on Dy .
Recalling from part (ii) that the density is constant along vertical segments in Dy, it suf-
fices to show a uniform lower bound of the density for z in the interval (x;—, x;,+). For a
small parameter §; > 0, we further divide this interval into

(xXr,—, Xe,4) = 11,1 U I 2,

where
Itq = 1:1(81) := [xs— 4 81, x4 — 01],

Iip =1,5061) = (X =, xs— +61) U (x4 — 81, X1,4).

The first domain /;,; is a compact subset of O; so that the density is bounded from below
by a constant therein by Theorem 5 (ii). For the second domain /; », without loss of gener-
ality we focus only on the left portion of I; 5, i.e. [x—,x_ 4+ &1). If t > t_ so that x; — <O,
the result again follows from Theorem 10 (iii) since f;(x;—) ~ 1, so that the density is
proportional to 1 5 around x; . On the other hand if < 7_, recall from (4.25) that the
density p(x) of pg /7, at 0 < x < 1 admits the lower bound

2 1 2
>(——— V= ——pqg (E)dE.
p(x)~<|d—x|4+v4> /0 |E—x|4+v4pd( )
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Using v ~ x?- from Proposition 17 (iv) with p_ > 1 (since t < t_) and p(E) ~ E?~ as
E 0, we have

1 1)2 1 x2p,
/— (E)>/ ) Y
0 |E—x|4+v4pd ~Jo |E—x|*+ x4r-

x+xP- x2p-
> —FEP-dE ~ 1
—/ |E — x|* + x4~ ’

X—xP—

as x N\ 0. By taking §; small enough, we have proved that p is bounded from below by a
constant in &y 3. This completes the proof of Proposition 17 (vi). ]

B. Proof of Theorem 15

Proof of Theorem 15. The proof is by contradiction. Take 0 < 7_ < ¢4 and assume that
the number of components of D; , U spec(a) is larger than that of D;_ U spec(a). Recall
that D, U spec(a) is closed for each ¢ > 0 and its components are defined with respect to
the relative topology inherited from C.

The open set D; is bounded for each ¢ since

Iz2>2(lal®> +t) = la—z]>>t = z ¢ Dy,
by Cauchy—Schwarz inequality. Thus we may then write the components C; and D; as

k m
i_)t_ U spec(a) = U C;, 35,+ U spec(a) = U D, k<m,
j=1

i=1

where we allow m = oo (still k < oo by hypothesis). Note that each C; is closed and open
in the relative topology of D;_ U spec(a), hence closed in C. Similarly D ;’s are closed
in C, while they might not be open in D; + U spec(a) when m = oo. To sum up, each of
{Ci} and {Dj} is a collection of disjoint, connected, compact subsets of C.

Then, since D;_ C i_),+, foreachi € {l,...,k} there exists j; € {1,...,m} such that

CicDj, GND; =0, Vj#j.

Without loss of generality we assume {ji,..., jx} = {1,...,k’} with k¥’ < k. Notice
for each j > k' that the function f, is real analytic in a neighborhood of D;, and that
Ja(z) = 1/t forall z € D;, due to

k
D; ¢ D, \ | Ci € Dy, N (C\ spec(a)).
i=1
In what follows, we deduce that f, has a local maximum in C \ spec(a), that is, there
exists a point zg € C \ spec(a) and ro > 0 so that f,(z¢9) > fa(z) for all |z — z¢| < rp.
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This would lead to a contradiction since f, is a non-constant subharmonic function in the
open set C \ spec(a), due to A f;(z) > 0 from (2.5).

To this end, we divide the proof into two cases; firstly, we assume that f, is identically
1/t+ on Uj>k’ D; . In this case, we take zg to be any point in Uj>k’ D; and small enough
ro so that the disk D(z, o) lies in C \ spec(a) while not intersecting with | J i<k Dj-
Then it immediately follows that

D(Zo,r()) n :5;+ C U Dj’
>k’

which in turn implies f,(w) < tj_l = fa(zo) for any w € D(zo, o).

Secondly, we consider the complementary case when there exists jo > k’ and z €
Dj, with fa(z) > t;l. In this case we take zo to be the point in Dj, with f,(z¢) =
maxzep,, fa(z). Then, by the continuity of f,, we may take a small enough ro > 0 so
that

D(zp,1r0) C Dy, N ((C \spec(a)),

which implies that f, attains a local maximum at zo in D(zg, ro). This completes the
proof of Theorem 15. ]
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