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Abstract

We establish high probability estimates on the eigenvalue locations of Brownian
motion on the N-dimensional unitary group, as well as estimates on the number of
eigenvalues lying in any interval on the unit circle. These estimates are optimal up to
arbitrarily small polynomial factors in N. Our results hold at the spectral edges (show-
ing that the extremal eigenvalues are within O(N~2/3%) of the edges of the limiting
spectral measure), in the spectral bulk, as well as for times near 4 at which point the
limiting spectral measure forms a cusp. Our methods are dynamical and are based on
analyzing the evolution of the Cauchy transform of the empirical spectral measure
along the characteristics of the PDE satisfied by the limiting spectral measure, that of
the free unitary Brownian motion.

Mathematics Subject Classification 60HOS - 22C05

1 Introduction and main results

In this work we study Brownian motion on the unitary group U(N) of dimension N.
One can define Brownian motion on U(N) by considering the left-invariant Rieman-
nian metric induced by the inner product (A, B) = Ntr(AB*) on the Lie algebra
of skew-Hermitian matrices. Unitary Brownian motion is then the Markov diffusion
process starting from the identity matrix with generator given by the Laplacian on
U(N) associated to this metric.
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It will be more convenient for us to consider the following equivalent definition of
U; as the solution of the Itd stochastic differential equation,

1
dU; = iU, dW, = SUidr,  Up=1 (1.1)

where W; is a standard complex Hermitian Brownian motion. That is, if X, and X/
are N x N matrices of independent standard Brownian motions, then,

1
Wy =— (Xt + XzT +i(X; — (X;)T)) : (1.2)

VAN

The process (1.1) admits strong solutions by standard results (see, e.g., Theorem 8.3
of [35]).

Unitary Brownian motion is well-studied in random matrix theory as well as in
the context of free probability due to its connection with an object called free unitary
Brownian motion. Of particular interest is the empirical spectral measure of U;, which
is a random, time-dependent measure on the unit circle defined by,

N
1
duw,i (x) 1= > nm()dx. (1.3)
i=1

In the work [10], Biane showed that for fixed 7, the measure vy ; converges almost
surely to a measure on the unit circle which we will denote by v;. Identifying the unit
circle with the angular coordinates 6 € (—, ], the measure v, has a density p;(0)
for any ¢t > 0. For ¢ < 4 the support of p; is given by,

I; ;== [0y, O], O = %er 2 arcsin <\/§> ) (1.4)

whereas for r > 4, the support is the entire unit circle. Moreover, for ¢ > 4 the density
is everywhere non-zero unless ¢ = 4 in which case p; vanishes only at 7. In fact, p;
can be described as the spectral measure of free unitary Brownian motion, an object
appearing in free probability. The limit of the vy ; was also derived independently by
Rains in [43].

Since Biane’s paper, there have been many works studying the convergence of vy ;
to p;. Concentration estimates and convergence for the empirical averages [ fdvy
were established by Kemp [31] for various classes of f of low regularity. Meckes and
Melcher [42] established explicit convergence rates in terms of the L'-Wasserstein
metric. For 0 < ¢ < 4, the convergence of the spectral edge of U; to £0; was
established by Collins, Dahlqvist and Kemp [17]. This work also established a multi-
time, multi-matrix version of this result. The asymptotic Gaussian fluctuations of the
empirical averages of f Jfdvy ; were established by Lévy and Maida [38]. Multivariate
fluctuations for trace polynomials of a two parameter family of diffusion processes
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Local law and rigidity for unitary Brownian motion 755

(including unitary Brownian motion as a special case) were studied by Cébron and
Kemp [13].

The main contribution of the present work is to establish almost-optimal rates (i.e.,
up to polynomial N¢ factors) of convergence of vy ; to the limiting distribution p,
on the almost-shortest possible scales, as well as almost-optimal estimates on the
eigenvalue locations. In the random matrix literature, these estimates are known as
local laws and rigidity estimates, respectively. Our local laws are stated in Theorem 1.2
and in Corollary 1.3 below, showing that the number of eigenvalues in any sub-interval
I of the unit circle is given by N p,(I) + O(N?) for any ¢ > 0.

For times t < 4 we establish almost-optimal rates of convergence of the spectral
edge of U, to £0,. That is, the extremal eigenvalues are within distance O(N ~%/37¢)
of £®, (what is usually termed edge rigidity in the literature). Given the square-root
behavior of the spectral measure at the edges, this is expected to be optimal up to the
N factor. We also derive almost-optimal edge rigidity resultsuptor = 4— N~1/2+¢ gt
which point the measure p; forms a cusp (i.e., vanishes like a cube root) near 6 = +.
This is expected to be optimal as at later times, the natural inter-particle distance at
the spectral edges exceeds the distance between +®; and —®,. Our rigidity estimates
are formulated in Corollaries 1.5 and 1.7 below. The scaling behaviors in the various
parameter regimes will be given as the results are introduced.

To our knowledge, our results are the strongest available estimates on eigenvalue
locations for unitary Brownian motion. Our methods are completely different from
prior works on rates of convergence to p;, relying on the method of characteristics
from PDEs. Previous works were based on moment calculations and/or concentration
estimates for heat kernels on Lie groups.

1.1 Discussion of methodology

There are many approaches in the literature for proving local laws and rigidity in
random matrix theory. For Wigner matrices and related mean-field random matrices
W, a multi-scale approach to analyzing the resolvent (W —z)~! giving estimates down
to the optimal scale was developed by Erdés, Schlein and Yau [21-23]. For pedagogical
overviews of this strategy see [9, 26]. Earlier local laws for random matrices on short
scales appeared in [8, 28].

While powerful, the resolvent method makes heavy use of the matrix structure and
independence between different entries; while U is associated with a matrix process,
the correlation structure between entries is complicated and renders this approach
intractable. Instead, the process U; somewhat resembles what is known as (Hermitian)
Dyson Brownian motion, whose definition we now recall. In the work [19], Dyson
showed that the eigenvalues of V 4 W; for any Hermitian V (and W; as in (1.2)) obey
the system of SDEs,

dp; = 2d3-+12 U oar— L (1.5)
Wi = NB Y — ZMI ) .

A M
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where B = 2. Moreover, at the level of formal calculation, Dyson showed that the
eigenvalues A; () of the matrix U; satisfy the closed system of SDEs,

dx L 5.8 IZ Mihi g Ly (1.6)
1 1 L ,
i ,—N i i Nj#i)\i_)\'j 21

where the {B; (t)}lN: | are a family of independent standard Brownian motions. We
will not make use of this SDE, but mention that well-definedness of this process was
studied in [14].

Given the similar form of these two processes, it is therefore useful to recall how
rigidity has been established in the study of DBM (1.5) for general 8. Given Dyson’s
original derivation of (1.5) we see that for the special values 8 = 1, 2, 4, this eigenvalue
process in fact comes from a matrix-valued Brownian motion that can be thought of
as an additively deformed Gaussian Orthogonal/Unitary/Symplectic ensemble. In the
case that the initial data is the O matrix, this is just a scaled Gaussian matrix, and so
the local laws and rigidity follow from those for Wigner matrices. For general initial
data, local laws and rigidity were developed by Lee and Schnelli [36, 37] as well as the
second author with Yau [33, 34] still using resolvent methods, as the additive structure
inherent in DBM allows this approach to work. However, for general g, the process
(1.5) is no longer naturally associated with any matrix process and so no resolvent
methods can work.

Nonetheless, the second author with Huang [30] showed that local laws and rigidity
in fact hold for DBM with general § as well as a general potential (the equation (1.5)
being associated with quadratic V' (i) = %u). This was further developed by the first
author with Huang to study the spectral edges [1]. The method in these works is our
starting point and so we review it here.

The works [1, 30] were based on a PDE-style approach to studying the Stieltjes
transform,

- 1
mz.t)=—y ——— (1.7)

N & w0 -z

of the empirical eigenvalue measure associated to the Hermitian DBM (1.5), on short
scales Im[z] ~ N ~1 For B = 2, this quantity satisfies,

Z 1
dm(z, 1) = (m(z, 1 + 5) 9.m(z, 1)dt + 3m(z. 1)df + AN, (1.8)

for some Martingale N, which turns out to be lower-order. This leads to the limiting
complex Burger’s equation,

duiii(z. 1) = (i ) o, L 1.9
iz ) = (1) + 3 ) 0z, 1) + 3z 1), (1.9)

These equations were considered by Rogers and Shi [45] and general potential ana-
logues by Li, Li and Xie [39, 40]. The complex Burger’s equation may be solved by
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Local law and rigidity for unitary Brownian motion 757

the elementary method of characteristics. The works [1, 30] were based on tracking
the difference between m(z;, t) and m(z;, t) along characteristics z;. Note that for any
fixed z, itis relatively straightforward to see that the limiting m (z, #) must satisfy (1.9).
The main challenge in [1, 30] is to extend this to short scales and obtain optimal error
estimates.

The natural analogue of the Stieltjes transform m(z, ¢) above for measures supported
on the unit circle is the following transform,

1 (U+z\  [e?+z
fa ) = Ntr<Ut _Z) - f o 0), (1.10)

We will refer to this as the “Cauchy transform” although the Cauchy transform is
usually defined slightly differently [15] (the usual definition differs from ours only
by an affine transformation). Our choice of f is to match the work of Biane [10, 11]
discussed in more detail below.

An application of 1t6’s formula starting from (1.1) shows that f(z, t) obeys the
SDE,

df(z,1) = — Zf(z’ S U5 fz ndt +dM,(2) (1.11)

where M;(z) is a complex-valued Martingale defined via,
dM,;(z) = —%tr (det) = —% 3 [L} d(Wy);i
N \(U —2)? N A= LW =22 ], v
(1.12)
where the second equality explicitly writes out the trace in terms of the matrix elements

of U; (U, — z)~2 and the matrix of stochastic differentials of the Hermitian Brownian
motion W;. The covariation process of M, is easily calculated,

4 2 U2
(dM,dM) = — ¢t (—) dr

N3 (Ut —Z)4
- Az U, |2
dM,dM) = t dr. 1.13
( ) N3rQu—n4 (1.13)

Based on this, one sees that the limiting Cauchy transform should be the solution to,

zf(z 1) ~ 1+z

O f(z, 1) =— 3. f(z, f(z,0) = (1.14)

11—z

the analogue of the complex Burger’s equation (1.9). Indeed, these equations were
found by Biane [10, 11], and the Cauchy transform f (z, t) characterizes the limiting
spectral measure v;. We collect properties of this measure and its density p;(0) in
Appendix A.
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758 A. Adhikari, B. Landon

In the present work, we will analyze the equation (1.11) through the characteristics
associated to (1.14). That is, if z(¢) is a time-dependent curve in C satisfying,

iz(t) _wfem. 1

, 1.15
dt 2 ( )

then,

d -
af(z(t),t) =0. (1.16)

In fact, Biane’s work [11] shows that for any 7 the map z — z(¢) is a conformal map
of some domain onto the complement of the unit circle in C, which allows one to
construct f (z, t) from the characteristics.

At a superficial level, we are translating the methods of [1, 30] from the real line to
the unit circle. However, the translation is not at all straightforward and there are serious
obstacles to be overcome once one moves to our new setting. We briefly mention a
few now; they will be presented in more detail below as we discuss our results. First,
it is not a-priori clear that this method could even work in the first place. In particular,
it is crucial that the Martingale term M, (z) above can be controlled by the empirical
Cauchy transform f (z, t) itself. The precise form of the quadratic variation of M; is
therefore important. Similar considerations hold for controlling the term 9, f (z, t) by
f(z,t). In fact, getting precise constants here is crucial due to the use of Gronwall’s
inequality in our proof.

One of the new novelties of our work is to deal with times close to t ~ 4 where the
spectral measure p;(9) forms a cusp singularity near § = £. Local laws near a cusp
are in general delicate (see e.g., [6, 16, 20]) and in the random matrix setting have
not been dealt with via the characteristics approach before our work (but see the work
[29] which studies non-intersecting random walks via characteristics in a different
context). Secondly, the works [1, 30] dealt only with short times ¢ = o(1) whereas we
are interested in times of order 1. Coupled with the curvature of the unit circle, this
requires a more detailed understanding of the behavior of the characteristics, especially
near the spectral edges and cusps than was required before. Here, we partially rely on
the semi-explicit form of the spectral measure and Cauchy transform f(z, ¢). Finally,
the results of [1] make somewhat strong assumptions on the initial data. This was
primarily due to the treatment of general potentials in that work, which allowed for an
analysis of the movement of the spectral edge. Here, our initial data is a delta function,
falling outside the assumptions of [1]. In particular, our short-time analysis is more
involved.

The characteristic approach has appeared in a few other works on the short-scale
behavior of eigenvalues. Bourgade used characteristics to analyze a “stochastic advec-
tion equation” derived from a certain coupling between DBMs and obtained fine
estimates on the local eigenvalue behavior of general Wigner matrices, including
universality of the extreme gaps [12]. Von Soosten and Warzel used random charac-
teristics to prove local laws for Wigner matrices [49] and to study delocalization in
the Rosenzweig—Porter model [48].
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Local law and rigidity for unitary Brownian motion 759

1.2 Statement of main results

Cauchy transforms of measures 4 on the unit circle f}, (z) are traditionally studied for
z in the open unit disc, {|z] < 1}. Due to the identity,

fure?y = —F,0r7 1), (1.17)

this is equivalent to studying the behavior for |z| > 1, and it is somewhat conceptually
simpler for our techniques to treat |z| > 1. Based on this, our first main result is the
following, identifying the rate of convergence of the empirical spectral measure of
unitary Brownian motion down to the optimal scale (up to polynomial factors). In
order to state our results we introduce the notion of overwhelming probability.

Definition 1.1 If A; are events indexed by some set i € Z (and may depend on N)
then we say that the family of events .A; hold with overwhelming probability if for all
D > O thereisa C > 0 so that,

supP[AS] < NP, (1.18)
i€l

forall N > C.
Theorem 1.2 Let T > Qande, 8, ¢ > 0. Forany 0 < t < T, we define the domain,
NS
B = {ze(C:5>log|z|>—~\/N_c}. (1.19)
N|Re[f(z, )]

Then, with overwhelming probability we have uniformly for allO <t < T and z € I5;
that,

&

< N
|f(z,0) — f(z,D)] < Nloglal’ (1.20)

Let us now explain the connection between the Cauchy transform and the spectral
measure. For a general probability measure p on the unit circle, one may recover u
via the weak limits,

el? 4 peif
27)du (@) = lim | R ———d#’ | | do
(2m)du(0) rlﬁl( e[/ T
et 1 peif
— —lim Re / € e g0 l) ae. (1.21)
ril el?’ — rel?
However, this is not useful in order to obtain effective estimates on, e.g., the number
of eigenvalues in an interval. The Helffer—Sjostrand formula [18] for measures on R
allows one to relate empirical averages of test functions to integrals of the Stieltjes

transform over C, turning estimates on the Stieltjes transform into effective estimates
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760 A. Adhikari, B. Landon

on the eigenvalues [9]. In Sect.6.1 we quickly develop a version of the Helffer—
Sjostrand formula for measures on the unit circle (like the usual HS formula, it is
a consequence of Green’s theorem). Similar formulas have appeared before in the
literature [41], but the form given here is well-adapted to our purposes. Using this and
the above theorem as input, we obtain the following.

Corollary 1.3 Let T > 0 and ¢ > 0. With overwhelming probability, the following
holds uniformly over all intervals I C (—n,n], andall0 <t < T,

"{Ai(t) =% . g ¢ 1}‘ - N/p,(e)de < Ne+1712N"VE (122)
1

for N large enough.

The above corollary shows that as long as t > N~C for some C > 0 then the
number of eigenvalues in any interval is given by the limiting spectral measure up to
an arbitrarily small polynomial error, with very high probability. This is the optimal
scaling up to perhaps replacing the N¢ error by some sort of logarithmic error.

Theorem 1.2 is proven in Sect.2, and Corollary 1.3 is derived in Sect. 6.2. This
is the most straightforward of our results as it is the most literal translation of the
methods of [1, 30] to the unitary setting. Nonetheless, estimates as sharp as those of
Corollary 1.3 were not known before this work.

Our method relies on an application of Gronwall’s inequality to the the function
t— f(z(®),t) — f(z(t), t) where z(¢) is a characteristic as above. The most delicate
estimates are associated with estimating the martingale term M; (z(¢)) defined above,
as well as the argument around (2.23) and (2.24). The integral form of Gronwall’s
inequality we apply involves an exponential term which this latter argument estimates.
Here, we cannot lose any constants or else the error term would be far too large to
close our argument.

Recall that for ¢ < 4 the support of p; is not yet the entire unit circle and is instead
the interval I, := [—©,, ®,] where ©; is as in (1.4). The estimates of Theorem 1.2
are insufficient to address the natural question of whether or not there are eigenvalues
outside of I, or their typical distance from the edges of I;.

As mentioned above, Collins, Dahlqvist and Kemp [17] showed that with high
probability there are no eigenvalues outside any open set containing ;. However, such
a statement does not yield the correct order of fluctuations of the extremal eigenvalues
of U;.

Before stating our results regarding the extremal eigenvalues, let us first ascertain
what we expect for the order of magnitude of the fluctuations. For § <t <4 —§, we
show in Appendix A that for E > 0 sufficiently small,

pi(©r — E) = ¢ EV2(1 + O(E)). (1.23)
That is, the spectral measure vanishes like a square-root at the edges of its spectrum.
The square-root behavior near spectral edges is generic in random matrix theory and is

associated with limiting Tracy-Widom fluctuations on the order of O(N~%/3). While
not explicitly formulated, we expect that the estimates of [17] in fact show that the
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Local law and rigidity for unitary Brownian motion 761

extremal eigenvalues of U; are no more than O(N ~¢) from the edges of I, for some
small, explicit ¢ > 0. However, the interparticle distance associated with the square-
root behavior is O(N ~2/3) and so such an estimate nonetheless falls short.

Our next result shows that with overwhelming probability, the extremal eigenvalues
are in fact within O(N~2/3%¢) of the edges of the support I;. These are analogues of
the well-known rigidity results in random matrix theory at the edge (see, e.g., [27] for
the first such estimates for generalized Wigner matrices). This is also the analogue of
the results of [1] on the Hermitian DBM in the unitary setting.

Theorem 1.4 Let § > 0 and ¢ > 0 be sufficiently small. With overwhelming probabil-
ity, the following holds uniformly for all t satisfying § <t <4 — 3§,

im0 =0 e [-m aN-0, - N3 0, + N2 =0,
(1.24)

and forall 0 <t <,
H” hi(0) =, 0 e [—m, a\[-O, — N™9/°, 0, + N‘8/61H =0. (125

For short times ¢t < 1, the measure p; looks like an approximate semicircle centered
at 0 = 0 of width /¢ and p;(0) =< +~1/2. One therefore expects a different scaling
of the interparticle distance for short times ¢. The error we obtain is not optimal for
short times ¢, but this regime is not the main focus of our work and so we do not try
to optimize our approach here.

Together with Corollary 1.3, we can then deduce the following rigidity estimates.
To introduce them, we require some further notation. Note that for all times ¢t > 0 the
joint law of the eigenvalues of U; has a density with respect to Haar measure, and so
for each fixed time #y > 0, the eigenvalues are almost surely distinct. On the other
hand, it follows from [14] that for distinct initial data, the solution to (1.6) exists as
a strong solution for all times # > #y and moreover the eigenvalues do not intersect.
Taking t9p — 0 it follows that with probability 1, the eigenvalues are distinct for all
times ¢t > 0. Since the eigenvalue locations are continuous functions of time and all
start at the location z = 1 at t = 0 it follows that there is a labelling {A; (t)}lN: | so that
we can write A; = ') for continuous 6; (r) starting at 0 and for all 7 > 0 satisfying,

01(t) <Oa(t) <--- <On(t) <O1(t) + 2m. (1.26)

Note that it is possible for A; (1) = ei% ) to wrap many times around the unit circle. E.g.,
each 0; (t) can take any value in R such that the above ordering is respected. However,
since the statement of Theorem 1.4 holds on an event of overwhelming probability for
all t simultaneously, we can rule out any eigenvalues passing through the point 6 =
on this event (this could also be concluded by passing from estimates holding on a
sufficiently finely-spaced grid of times to all # using the Hoffman-Wielandt inequality).
This observation allows us to formulate the following rigidity estimates.
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762 A. Adhikari, B. Landon

Denote by y;(¢) the quantiles of oy,

i vi ()

— = 0)de, 1.27

N p1(0) (1.27)
with the convention that yy is either the right spectral edge or 7 for ¢+ > 4. We have
the following.

Corollary 1.5 Lets > Oande > 0. The following holds with overwhelming probability
uniformly for all t satisfying § <t <4 —38andall 1 <i < N. We have,

1

0; (1) —yi(H)] < N°¢ .

(1.28)

Theorem 1.4 is proven in Sect. 3. Corollary 1.5 follows in a straightforward manner
from Corollary 1.3 and Theorem 1.4 and so we omit the proof (see, e.g., Section 3.3
of [30]).

Compared to the work [1], we encounter several new difficulties in our unitary
setting in establishing these edge rigidity results. These mostly have to do with the
fact that establishing the above results heavily depends on detailed analysis of the
behavior of characteristics near the spectral edge. This behavior depends especially
on the distance along the unit circle of characteristic from the location +0; (the angular
coordinate) as well as the distance from the unit circle. However, these coordinates
introduce curvature whereas in the real line setting these are flat Cartesian coordinates
of the real and imaginary part of the characteristic. This is further complicated by the
fact that for short times ¢, the spectral measure is very peaked and that for long times ¢,
the characteristics will leave the small neighbourhoods of the spectral edges for which
we can develop expansions of f (z,1).

We overcome the short-time difficulties mainly by sacrificing obtaining optimal
estimates for short times; i.e., for short times we consider only characteristics that are
somewhat far from the spectral edge. The second fact we use to overcome the difficul-
ties associated with curvature and long times is monotonicity of the radial coordinate
of the characteristics in time. This second fact is lacking for the general potential pro-
cesses considered in [1, 30], and is one of the sources of the short-time restrictions in
those works (“shocks” can develop for these processes). Essentially, monotonicity of
the characteristics allows us to split the paths into “short” and “long” time regimes. In
the short-time regimes, we can use a combination of analytic approaches to square-
root measures and the semi-explicit formulas for f(z, ) to control the behavior of
characteristics close to spectral edges. In the long time regime, things are far away
from the spectrum and so relevant quantities can usually be bounded by constants.

We now turn our attention to times ¢ ~ 4. This is a critical time for unitary Brownian
motion, as att = 4, the two spectral edges =0, merge, and the support of the density of
states becomes the entire unit circle for later times 7. In fact, as we show in Appendix A,
the spectral measure at ¢+ = 4 has a cusp singularity,

pa(m + E) = c|E|'F(1 + O(E|'?Y), (1.29)
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Local law and rigidity for unitary Brownian motion 763

for some constant ¢ > 0. Moreover, for times 7 near 4, the spectral measure undergoes
a transition where the two edges gradually form a “near-cusp”, become a cusp, and
then form a small local minimum as ¢ ranges from slightly less than 4 to slightly larger
than 4.

This behavior is identical to that found in the theory of the so-called quadratic
vector equation. The quadratic vector equation is a generic equation characterizing the
density of states of certain classes of mean field self-adjoint random matrix models.
In a series of works [3-5], Ajanki, Erdés and Kriiger carried out a systematic study
of the solutions to the quadratic vector equation. In particular, they found that the
only possible singularities that may occur are cusps, where the density of states of
vanishes like a cube root, and square roots, occurring at either external or internal
edges. Moreover, they characterized transitional regimes where intervals of the density
of states merge or split. In such regimes, they showed that the leading order of the
density of states is always given by universal shape functions arising from Cardano’s
formula for the roots of third-degree polynomials. There are two such functions; the
first, W, corresponds to the case when two separate intervals merge and describe a
transition from square-root to cubic behavior. The second, W, describes what occurs
after the cusp forms, when the density of states has a small minimum.

In fact, in Appendix A we show that for times ¢ < 4 that the density of states p; of
unitary Brownian motion is described by W, and for times ¢ > 4 by ¥,,, the universal
shape functions of [3]. On the one hand, this is remarkable as there is no quadratic
equation describing the density of states of unitary Brownian motion and moreover
that the eigenvalues are on the unit circle instead of the real line. On the other hand, the
universal shape functions arise from expansions of the Cauchy or Stieltjes transform
near critical points (i.e., the spectral edges or minima) as soon as one is guaranteed
that either the coefficients of the quadratic or cubic terms is non-degenerate and so
this behavior is somewhat expected.

Theorems 1.2 and 1.4 above do not capture the behavior of the extremal eigenvalues
in the case of the near-cusp, when times ¢ are very close to 4. Using the formula for
®; above, we have for ¢ < 4 that the gap between the two spectral edges scales like,

A =201 — ©,) = %(4 — 03?1+ 0@ —1)). (1.30)

By our calculations of p; and the asymptotics of the shape function W, we have that
in a vicinity of the edge, the density of states behaves like a re-scaled square-root,’

El/2 El/2
PO~ B) = o< e OSE A (1.31)
t

From the behavior of p; it follows that the natural fluctuation scale of the extremal
eigenvalues is All / N=2/3_This is of the same order of magnitude as A, when4 —t =

N~1/2 1t follows that for t <« 4 — N1/ one expects that the extremal eigenvalues are

! The notation = means that for two positive possibly N-dependent quantities, ay =< by implies that there
is a constant C > 0 so that C_laN <by < Cay.
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764 A. Adhikari, B. Landon

still located near their respective edges. For larger ¢, the fluctuations of the extremal
eigenvalues is larger than A; and so no such rigidity estimate is expected. The first
statement is the content of the following theorem.

Theorem 1.6 Let § > 0 and let ¢ > 0. With overwhelming probability the following
holds. Uniformly for all t satisfying2 <t <4 — N~V/2%% we have that,

im0 =0 e (=man-0, - N0 0,4+ AN =0
(1.32)

The above theorem is proven in Sect. 4. In principle, its proof could be absorbed into
the proof of Theorem 1.4. However, handling the three separate scaling regimes, when
t is small, of intermediate size, and close to 4, would require significant additional
notation and burden the reader by overly complicating the proofs. We have chosen
instead to treat the “short” and “long” time regimes separately; in fact we will use
the result of Theorem 1.4 in our proof of Theorem 1.6, initializing the dynamics at an
intermediate time 0 < ¢ < 4, conditional on the results of Theorem 1.4 holding.

Local laws and rigidity for random matrices exhibiting cusps were established
in [20] using resolvent methods. The work [16] also establishes rigidity results for
certain interpolating ensembles using a dynamical, PDE-based approach not related
to our approach, although both works study the formation of cusps under eigenvalue
dynamics.

The main obstacle in proving the above theorem is to understand how the cusp
scaling affects the behavior of the characteristics. In particular, we must understand
how the angular and radial coordinates of the characteristics are affected by this new
scaling. Luckily, in the regime where we expect to prove edge rigidity, there is still a
small interval where the density of states behaves like a square root, albeit rescaled
by a factor involving A;. The characteristics relevant to edge rigidity start close to the
spectral edge, and some of our calculations of square-root behavior in the earlier short-
time regime of Theorem 1.4 are applicable here, after finding appropriate re-scalings
by A, of the angular and radial characteristic coordinates. Nonetheless, we still need
to handle the behavior of the characteristics for times of order 1, and so more analysis
of the characteristics is required. This is further complicated by the curvature of our
coordinate system as well as the fact that the scaling factor A, is itself time-dependent
and will in general differ by several orders of magnitude over the time intervals we
consider.

We can use Theorem 1.6 together with Corollary 1.3 to deduce the following rigidity
estimates, in a similar manner to Corollary 1.5. We omit the proof.

Corollary 1.7 Let 6 > 0 and ¢ > 0. For N2+ < 4 — ¢ < 107! we have that the
following estimates hold with overwhelming probability. Uniformly for all i satisfying
1 <i < N@—1)? we have,

16;(t) — i ()] < N°(4 —1)/6 (1.33)

N2/3;1/3

@ Springer



Local law and rigidity for unitary Brownian motion 765

and for N (4 — t)2 <i < N/2we have,

1
10; (1) — vi (1) SN8W~ (1.34)

Analogous estimates hold for indices i near N.

Remark The reason for the two regimes of indices less than or greater than N (4 — 1)?
is due to the behavior of the limiting spectral measure near —1 = e'” for times ¢
close to 4. With s = 4 — ¢, we have that p;(®; — E) < E'/?/s'/* for E < 53/ and
p:(®,—E) < E'3for0.1 > E > 53/ (see Proposition A.5 and (A.28)). The form of
the RHS of the estimates (1.33) and (1.34) reflect the different interparticle distances
in each of these regimes. O

For larger times t > 4 — N~!/2, the optimal estimates for the Cauchy transform
are in fact included in Theorem 1.2; compare with, e.g., the local laws of [20]. Note
that Theorem 1.2 alone is insufficient to conclude rigidity estimates similar to Corol-
laries 1.5 or 1.7. In particular, the above results cannot rule out the case that after time
t ~ 4, that all of the eigenvalues wrap around the unit circle many times.

However, due to the fact that Oy () and 6;(¢) cannot cross, the “winding number”
(we use this term loosely) can be determined from the behavior of the center of mass,

_ 1 Y
o) =~ Zei(r). (1.35)
i=l1

From either (1.1) or (1.6) one can check that formally d6 = N~'dB for a Brownian
motion B. In Sect. 5 we justify this using a careful application of the analytic functional
calculus.

Proposition 1.8 For any t > 0 we have almost surely that,
(1) 1t(W) (1.36)
= —tr .
N t

where W; is the standard complex Hermitian Brownian motion in (1.1).

We expect that a version of the above statement could also be deduced from Lemma
5 of [42] but we provide a direct proof, aspects of which may be useful in other settings.

This allows us to deduce the following. Let us denote the extended quantiles y; (¢)
of p;(¢) as follows. For 1 <i < N welet y;(t) = y;(t). Fori > N we

Vi) =2m +y-n(@) (1.37)

and fori < 1 we let
Vi(t) = =271 + yi4n (). (1.38)
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Corollary 1.9 Let e > 0 and 8§ > 0. With overwhelming probability we have uniformly
for all t satisfying § <t < 8§~ that,

Yi—ne(t) = 0;(1) < Yigne (0). (1.39)

Note that this is weaker for the edge eigenvalues for times 1 < 4 — N~/2%¢ than
Corollaries 1.5 and 1.7, and is only useful in the regime where we can no longer rule
out the existence of eigenvalues in the gap between the spectral edges, or there is no
longer a gap. Corollary 1.9 is proven in Sect.6.3.

1.3 Further discussion and motivation

In addition to being an intrinsic question about the nature of the process Uy, these
local law and rigidity estimates have been well studied in the context of Hermitian
random matrix theory. There, a primary motivation is the study of the universality
of the local eigenvalue statistics: that is, whether or not the limiting local eigenvalue
statistics coincide with those of the Gaussian ensembles, which admit exact formulas.

The short scale behaviors of the repulsive interaction terms of the eigenvalue process
of the Hermitian and Unitary Brownian motions (1.5) and (1.6) are similar. Based on
this and the general belief in the universality of large correlated systems, it is natural
to conjecture that the local eigenvalue statistics of (1.6) should be given by the same
statistics as the GUE in the limit N — oo.

Indeed, there have been many developments in the universality theory of the local
eigenvalue statistics both within the larger context of random matrix theory, as well as
that of the Hermitian Dyson Brownian motion started from general initial data. Note
that if the initial data of (1.5) is not the 0 matrix, then the joint eigenvalue distribution
of X, is no longer that of a re-scaled GUE. Nonetheless, local scaling limits of DBM
with general initial data has been obtained in [25, 32-34].

Universality has been established for wide classes of Hermitian random matrices.
We refer the interested reader to, e.g., the book [26] for an overview of these devel-
opments as well as to the seminal papers of Tao and Vu [46, 47], and Erd&s, Schlein
and Yau [24].

Given these advances in the theory of Hermitian random matrices, it is natural to
turn to the question of universality of unitary Brownian motion. An important tool in
many of the proofs of Hermitian universality are the aforementioned rigidity and local
law estimates.

The main contribution of the present work is to establish these results. It is then a
subject of current investigation to use these estimates to prove the local universality
of unitary Brownian motion: that the local eigenvalues statistics of U; are given by the
Tracy-Widom, and Pearcey and Sine kernels in the various scaling regimes of interest.

1.4 Notation

The notion of overwhelming probability was defined above in Definition 1.1. We let
¢ > 0 and C > 0 denote small and large constants respectively. In general, we allow
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them to increase or decrease from line to line. For two positive N-dependent quantities
(or quantities depending on some auxiliary parameters, usually time ¢) the notation
ay = by means that there is a constant C > 0 so that Clay < by < Cay.
The notation ay < by means ay/by — 0as N — oo. We will use this notation
sparingly, but somewhat informally. When used we always have an explicit estimate,
e.g.,ay < by/log(N). For complex cy and dy, the notation cy = O(dy) means
len] < Cldy| for some C > 0.

1.5 Organization of paper

Sections 2, 3 and 4 are meant to be read in a relatively linear fashion. These sections
prove Theorems 1.2, 1.4 and 1.4, respectively. The analysis in each section directly
builds off that of the previous section. Section 2 treats the “bulk” local law (i.e., a local
law with an error that is optimal only in the bulk) and the treatment of the characteristics
is relatively straightforward. Section 3 treats the cases t < 4 —§ where p; has a regular
square-root edge. Here, the treatment of characteristics (and the resulting estimates of
the quantities such as the Martingale term in evolution equation of f(z, t)) is more
complicated. Finally, Sect.4 deals with the formation of the cusp.

In the short Sect.5 we prove Proposition 1.8, that the centre of mass, or averaged
winding number, is described by a Brownian motion. In Sect. 6 we establish the analog
of the Helffer—Sjostrand formula and use it to deduce Corollary 1.3. The latter is very
similar to what has appeared in [30] and so not all details are provided.

In Appendix A we establish various properties of the limiting spectral measure p;.
We use as input its characterization in terms of conformal maps of Biane [11], as well
as arguments of Ajanki, Erd6s and Kriiger [3] involving solutions of Cauchy/Stieltjes
transforms of approximate cubic equations, Cardano’s formula and the universal shape
functions ¥, and V.. Finally, Appendix B collects various calculus-type inequalities
used in the proof.

This is a shortened version prepared for publication in PTRF of the original
manuscript. A longer version, containing all of the proofs omitted here, appears on
the arXiv as arXiv:2202.06714v3, i.e., as the third version v3, and is referenced in the
current work as [2]. Whenever we omit a proof in the present manuscript, we precisely
reference its location in [2].

2 Bulk estimates

In this section we prove Theorem 1.2. Fix a final time 7 > 0. This time may depend
on N, but stays bounded above. We introduce the characteristic maps via

2.1)

T—0fGT
Ci(z) = zexp [—%} .

That is, the function t — C,(z) satisfies the characteristic equation (1.15) and has final
condition Cr(z) = z.
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From the above, it is clear that the real parts of f(z, 1) and f(z, r) will play important
roles. We record here the identity,

1< 1—|z|?
Re[f(z. )] == ) ——. (2.2)
/ N ; 3 = 2P
We will also have use for,
N
2 Ai(t)
0 1) = — —_—, 2.3
@ =+ ; G =7 2.3)
and the inequality
10 f(z, )| = T |Z|2Re[f(z, Nl 24

In the remainder of the section we will also make use of the spectral domains B; that
were defined above in (1.19). We collect some elementary properties of the character-
istics.

Lemma 2.1 Forany |z| > 1, the map,
1 — log|C;(2)] (25)

is decreasing in time. Secondly, there is a constant C > 0 so that for any z € Br we
have,

C: ()| < CeCT. (2.6)

Proof The first claim follows from the fact that Re[ f (z,1)] < O for |z| > 1. For the
second, let z; = C;(z). Note that f(z,, t) = f(z, T) for all . If at any time ¢ we have
|z¢] > 2, then If(z,, 1)] < 4 and so |C,(z)| < |z|e®T. So either |z;| < 2 for all ¢ or
lz¢| < |z|e*T for all ¢. This yields the claim. O

We fix a final point z € Br. We will first prove that Theorem 1.2 holds at a single
z by tracking the evolution of f(z, t) along the characteristic,

2t = C(2). 2.7

The extension to all z and all 0 < ¢ < T will be detailed later. We now introduce the
stopping time t via,

T :=inf {s €0, T]:1f(zs,8) — f(zg,8)| > N—} AT (2.8)
N log |zs]
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where we choose ¢ < §/10, with § as in the definition of Br. We first note that,

@b f D)

d(fn=Fan)=-"=25

(f@0 = fGn) +dMiG), 29)

with the Martingale term defined above in (1.12). Hence,

Fe ™) = flze 1) = E1(0) + Ex(0) (2.10)
where
E1(1) = — /0 BT E D ey ) - Fees s @.11)
and
&) = /0 t dM, (z4). (2.12)

We first prove the following estimate on the martingale term.
Proposition 2.2 For all 1 > 0 we have,

€1

P [Ht €[0,7]:1&@)] > } < Clog(N)e N, (2.13)

N log |z;|

Proof We fix a sequence of intermediate times 7, with k = 1,..., M in [0, T] such
that log |z, | < 2log|zy. | and tyy = T. Then M < Clog(N) for some C > 0 since
log |zo| is bounded by Lemma 2.1. Let 7y = t A #;. The quadratic variation of & (k)
satisfies,

_ 4 (1Y |
(&2(m), &2(m)) = —/ 251" = 2 o ——gds
N2 Jo Ngmm—zsr*
4 [ SR gt 1
5_2/ i N 7ds
N2 Jo (el = D2 N & us) — 2]

- if”‘ Relf s I
N2 Jo  (loglz)?

(2.14)

In the first inequality we used the trivial estimates |A; (s) — zs| > |zs] — 1. In the last
inequality we used Lemma 2.1 to bound |zs| as well as the representation (2.2). We
also used that log(r) < r — 1 forr > 1. For s < v we have

N N
I < = ~
Nloglzs| =~ Nloglzr|

IRe[ f (25, 5)] — Re[ f(zs, (2.15)
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By definition of By we see that

&€

g = Ne3Re[ £ (zr, T)1l = N °[Re[ f (25, 9)]| (2.16)
og|zr|

where we used that f is constant along characteristics. Since ¢ < § we therefore see
that,

- 1 -
IRe[f (z5, $)]| < (1 + N D) [Re[ £ (z5, )]| < <1 + 1—) [Re[ f(zs, )]
0g(N)
(2.17)

for s < 7. Therefore,

/ IRelf @ 1 4 _ o / Relf s )1l _ /fk IRelf 25 ]I |
o (oglz)? o (log|z])? o (oglzl)?
2

= m. (2.18)

In the last inequality we used that 9, log |z,| = — % |Re[ f (zu, u)]|. By the Burkholder-
Davis-Gundy (BDG) inequality (see, e.g., [44]) and a union bound, we conclude that,

Né1 .
P|3k: sup |E()] > ——— | < Clog(N)e M. (2.19)
0<t<t; 2N log |z4 |

Let 0 < r < 7 and let k be such that 1y < ¢ < 7;41. On the complement of the event
on the LHS of (2.19) we have,

N N
1&2(0)] = < (2.20)
2N log |z, | N log |z;|
by the choice of the #;’s. This completes the proof. O

Proof of Theorem 1.2 Let z € Br with characteristic z; as above. Let t be the stopping
time as defined above. Let Y be the event of Proposition 2.2 and define,

_ lz50; f (25, 5)|

g(s): 5 (2.21)
By Gronwall’s inequality we have for all 0 < ¢ < t on the event Y,
B t t N€1 Né‘l
|f (e, 1) — [z, 1)l S/O g(s)exp [/9 g(u)du] N10g|zs|ds+ Nlogla|’
(2.22)
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We now estimate the integral of the function g that appears above in the argument of
the exponential function. Using first (2.4) we have,

t
/g(u)d / |Zu 10, f(Zu,M)I / |zu||Re[ f(zu,u)“ du

lzul2 =1
IRe[f(zu, w)]| d
—_— u

2.23
L 2logl 229
In the last inequality we used the elementary inequality,
1
a < (2.24)
—1 7 2log(x)
which holds for x > 1 (see Lemma B.1). Using now (2.17) we have,
"R 1 " |Re[ f
Ie[f(Zu,u)]ldu<(l_F ) IeU&mWHM
s 2log |zu] log(N) s 2log |zyl
1 log |z |>
=(1+ ) lo ( (2.25)
( logV) ) % \log I24]
where we used in the last line that 9, log |z, | = —%IRe[f(zu, u)]|. Therefore,
13
1
exp [/ g(u)du] < clogll (2.26)
s 10g |Zt|

We used the fact that the assumption C > log|z,| > N~° from the definition of By
implies that

(log Izs|>1/ log(N) e o)
log || -

Substituting (2.26) into (2.22) yields,

€1

i CN*t (1 N
G = Fennl = o /0 S)s + S (228)

From the definition of g and (2.4) and (2.17) we see that,

o(s) < R/ @ 9| (2.29)
log |z

for s < 7. Therefore,
!
/ g(s)ds < Clog(N) (2.30)
0
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using that log |z;| > N ~°. We conclude that for all 0 < ¢ < 7 that,

log(N)N*®!

F ) = flan 0l < Cogorr

2.31)

Taking €1 < ¢/2, where ¢ > 0 is in the definition of the stopping time, we see that on
the event Y', we must have T = T for all N large enough. This proves the estimate of
Theorem 1.2 at the final time 7" and at the point z. The extension to all points z € Br
may be done by first taking a union bound over O(N©) points and then using

1 1 \?
(D) = fuw)] < Clz =] (loglzl +10g|w|> (232)

valid for any Cauchy transform and |z|, |w| in bounded regions of C. The above
estimate is elementary and can be proven directly from the definition

2w L10
fu@) = /0 C T aue)

el! —z

and the fact that for |z| > 1 we have for the quantity in the denominator lel? —z| >
lz| =1 > clog|z|.

The extension to all times ¢ < T is done in a similar manner; one first proves the
estimate for all z € B; for all times ¢ in a well-spaced grid of [0, T'] of at most size
O(N*4), some A > 0 to be determined. Then one notes that the proof also gives that
the estimate holds along the entire characteristic, and along each characteristic, we
have, e.g., |z; — 25| < CN€ |t —s|, for some C > 0depending on ¢ > 0. We need only
take A large enough depending on C > 0. This completes the proof of Theorem 1.2.

O

3 Edge estimates

Fix T < 4. We will need to consider characteristics ending at many times and so we
introduce the characteristic map,

@3.1)

CS,I(Z) = ZeXp [—w]

2

for 0 < s < t. We will need to establish several properties about the behavior of
characteristics near the edge ®,. The proof of the following lemma, an exercise in
calculus, and can be found in Appendix B of [2].

Lemma 3.1 Let p be a measure on [—m, 7] such that p(6) = p(—0) that is supported

in[—E, E]for0 < E < . Assume either that p(60) < M or E < /8. Foranye > 0
there is a c; > 0, depending only on E, M and ¢ > 0 so that for 0 <r — 1 < ¢, and
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E <6 <7 — e wehave,
Im[f (re'”)] < Im[f ()] < Im[f ()] (3.2)
where f(z) is the Cauchy transform of p. We also have for E < 0 < ¢ <,
0 < Im[f(e"¥)] < Im[f ()], (3.3)

with equality occuring only in trivial cases.

We now prove the following.

Lemma3.2 Let T < 4andz = re'® 1 for i > 0. There is a small ¢ > 0 and d > 0
so that,

Im[f(z, )] — Im[f(e'®", )] < —d /i (3.4)

forO<t <Tandall0 <r—1<candk < — O,.

Proof By Lemma B.3, the desired estimate hold forallk < ¢ and0 < r — 1 < ¢ for
some ¢ > 0. In particular,

Im[f (' ® T2 1] —Im[f (e, )] < —c (3.5)

for some ¢; > 0. Since for r < T the measures are supported away from 7 we see
that there is a § > 0 so that

IIm[f(z, )] — Im[f(—1,0)]] < Cz—l (3.6)

for |z + 1] < §. It follows that for all |z + 1| < &,

Im[f(z. )] — Im[ f(€'®)] < 62—1 +Im[F(©F/2) 1] — Im[f(®)] < —%1

3.7
where we used the second estimate of Lemma 3.1. This proves the desired estimate
for |z 4+ 1] < & after possibly decreasing the value of d > 0.

On the other hand, by Lemma 3.1 we conclude that there is a ¢ > 0 so that for
O<r—1l<cande/2 <k <m — O; — /2 that,

Im[f(re!© ) )] — Im[f(e!9)] < Im[ f(e© /2 )] — Im[f ()] < —c1.
(3.8)

This concludes the proof. O

The following contains the properties of the characteristics that we will need.
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Proposition 3.3 Let T < 4. There is a a > 0 and b > 0 depending on T so that the
Jfollowing holds. Let z; = Cs;(2) foranyt < T, wherez = rel? satisfies0 < r—1 < a
and ©; < 0 < 7. Denote 75 = reel©sT6) Lot s, be,

s =inf{s <t :(ry — 1) < a}. 3.9)
Then for s, < s <t we have,

Vs = i+ b —5) (3.10)

and for s < s, we have ry > 1 + a. Furthermore, let D(s) be a function that obeys,

v D(s 5\/D(t)+;(t—s), s <t. (3.11)

If k; > D(t) then for s, <s <t we have,

ks > D(s) + ;JK_;(I —5). (3.12)

Finally, characteristics do not cross the real axis in the complex plane.

Proof We take a so small so that the conclusion of Lemma 3.2 for z = rel? with
r — 1 < 10a. For s < s, we have ry > a because the radial coordinate is decreasing
in time. Let 51 be,

sy =inf{s <t :Kk; > 0}. (3.13)

Note that s; < t as we assume k; > 0. We claim that s; < sy. Fort > 5 > 51 V54 We
have, the following calculation,

1 7 L Fei®s
Osky = EIm[f(zs, )] — EIm[f(e s, 8)]

Lm0 - SIm{Fei®, 0] — 2 (/22— J220
2mfz,, mee , 5 - -

1 N | S
< Sm{f (01— Elm[f(eloa DIl —ct —s)
< —d\//c_, —c(t —s) (3.14)

The second line is from the fact that f €9, 1) = iv/4r=1T — 1 for all ¢ and that f is
constant along characteristics. The third line is straightforward. The last line follows
from Lemma 3.2. In particular, we see that «; is a decreasing function for s > s, V s7.
Since «; > 0 it follows that 51 < s,. Therefore, the final inequality in (3.14) holds for
all s, < s < t. Therefore via integration we obtain,

Ky > K +202(t — ) Jir + ea(t — 5)* (3.15)
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for some small ¢; > O for all s,, < s < ¢. This is equivalent to the desired inequality.
For the last inequality of the proposition, we have that

VR 2 G 45— 5) 2 DO + b —5) 2 VDO + 2 —5). (16

If D(s) > «;, we can use the first inequality. Otherwise, we can use the second.
The final claim that characteristics not cross the real axis is due to the fact that the
imaginary part of f(z, ) vanishes for purely real z, due to the symmetry of p;. O

We can square thisto getx; > D(s)+b(t—s)+/D(s) aswell as kg > k;+2b(t —5)./k;.

The real part of the Cauchy transform f(z, t) can be used to detect the presence of
outlying eigenvalues. In order to use it, we first need the following estimates on how
£ (z, 1) behaves. The proof is for the most part elementary and is deferred to Appendix
B of the longer version [2].

Lemma3.4 Let§ > 0. Let 7 = (1 4 n)e!® ) Uniformly in the region,
0<n<s5, O<k<m— 0y (3.17)

we have for § <t < 4 — § that,

n x n
¢ <|[Re[f(z, )]l =C (3.18)
n N
for somec,C > 0. For0 <t < % we also have,*
ne < |Re[f(z, ]| < CK%. (3.19)

As advertised, the following lemma allows us to use estimates for the Cauchy
transform outside the spectrum to rule out the presence of outlying eigenvalues.

Lemma3.5 Let§ > QOand assume § <t <4 —6. Lete >0and0 <k < % Suppose
that the estimate,

~ N¢
f@)—-f@n s —FFr (3.20)
Nn+rkyn
holds for all z = re' for any r and 0 satisfying,
®t +N—2/3+k+58 S |9| S T, N—2/3+k/4+8 S r— 1 S c (321)

where ¢ > 0 is any positive constant. Then there are no eigenvalues ) = ¢\ for
O, + N723+k+t3¢ < 19| < 7. The same conclusion holds for t < 8 if we take
k=2/3—5¢—¢]6.

—3/4_1

JKk+n
O] < +/f and < n|z| 72 if |z — ©;] > /7 (at least for z in the upper-half plane and x > 0) using the
short-time behavior of the spectral measure proved in Proposition A.6.

2 An anonymous referee pointed out that this could be improved to |Re[ f (z,n)]| <t

if |z —
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Proof Let A be an eigenvalue in f(z, t). We will show that if z is of the form rei? with
r > land |0 —argA| < r — 1, then Re[ f(z, )] > m By rotational invariance
along the unit circle, it suffices to consider A = 1.

We see by direct calculation that

z—1 r2—1 r2_1 }’2—1
Re = > >
z+1 (r—=1D24+2r(1 —cos®) ~ (r — D2+r02 ~ (r —1D2(1 +7r)
1

r—1°

(3.22)

To get the second inequality, we used 1 —cos 6 < %. The third inequality comes from
0 <r—1.

Thus, we see that if z of the form rel? with » > 1 and |§ —arg A| < r — 1, we know
that Re[ f(z, 1)] > m provided that A is an eigenvalue appearing in the empirical
measure for f(z,t).

Now, consider the point z = (1 + N —2/3+k/ 4+8)Gi0, where 6 is an angle in the
region 0| € [©, 4+ N~2/3+k+5¢ 7],

Applying the triangle inequality and the estimates (3.20) and (3.18), we see that
for large enough N,

- ~ n N?
[Re[f(z, D]l = |f(z, 1) = f(z, )|+ [Re[ f(z, D]I < Cm + Nk T
1
< o (3.23)

Indeed, for the final inequality, we use the hypotheses on 1 and 0 to estimate,

N N—1/3-k/A=3)2 N® < N—1/3-5k/8=2¢ 1
NZEE Nk +n ~ N7
_ N-1/3—k/A—e (3.24)

This shows |Re[ f(z, 1)]| < NLW and therefore el cannot be an eigenvalue of the
empirical measure associated to f(z, ).

We now consider the case 0 < ¢t < § and k = 2/3 — 5¢ — ¢/6. We can instead
apply the trivial bound |Re[ f (z,)]] < CK—”2 (3.19). We see that at the same choice of
n and k, we have

12 < N-V/2He/24 N* < N3/A+59/488 1 — NL24T7/24e
K N /nJk +n Nn
(3.25)

Therefore, for z = rel? as in the statement of the lemma we see that [Re[ f(z,1)]| <

NLW. This completes the proof. O
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With the above results in hand, we can begin our proof of Theorem 1.4. Before
doing so, we need to introduce further notation. Let 7 < 4. We consider times ¢ < T'.
Let a,b > 0 be the constants of Proposition 3.3. Let § > 0 and ¢ > 0. Assume
¢ < 107°. These parameters will be fixed until the end of the proof of Theorem 1.4.

Introduce D() to be the function

b
D(t)=N"%°0<r<5, D()=max {(N‘“f/‘2 - E(t —5)?, N2/3+58} )

(3.26)

The function D(¢) satisfies the hypotheses of Proposition 3.3. In fact, with this choice
of D(t) we have for any choices of s < ¢ that

JD(s) < /D) + %(r —5). (3.27)

Additionally, define k(r) to be the solution of N~2/3+tk(O+3¢ — D(r). Define the
spectral domains G; by,

gt = {Z — rei@ . ®t + N—2/3+k(1)+58 S |9| S 7, N—2/3+k(l)/4+8 S r— 1 5 a/2}
(3.28)

For any characteristic z; = rel? with r > 1 define k(z;) = 10| —0O;and n(z;) =r—1.
Consider the control parameter,

1 1

B = 1, > +—1
@)= N e i KO T e

k(z,)<0- (329)

Lemma3.6 Let0 <t < T and let z; = Cs +(z) where z € Gy. Then, forall0) <s <t
we have,

1

Tog(N) [Re[ f (zs, $)]I. (3.30)

NEB(ZS) =<

Proof Let s, be as in Proposition 3.3. For s < s, we have that
N®B(zy) < CN*™ . (3.31)

On the other hand, by Lemma 3.4, |Re[f(zx, s)]| = ¢ for some ¢ > 0 for such z;. We
now consider s, < s < t. By Proposition 3.3 it follows that,

K(zs) > K (z;) = N~H3HkO+e (3.32)

and n(zy) > N~2/3+k(O/3+¢ Eirst consider r < 8. Then, k(f) = 2/3 — 5¢ — ¢/6 and
SO

N®B(zy) < N73/4+10¢, (3.33)
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Moreover, Re[ f (z5,8)] = cn(zs) = N —1/2=5¢ Thjg proves the estimate for such 7.
Consider now ¢t > 4. In this case, the desired inequality can be rewritten as

log(N)N®B(z5) < [Re[f (z5, )1l = [Re[ f (z, D], (3.34)

using the fact that f is constant along characteristics. Since B(zs) < B(z;) fors > sy,
this reduces to whether,

n(z1)** = log(N)N*~". (3.35)
But this holds since 1(zy) > N~2/3%%, o
We introduce a grid of times t; = iTN~ O fori =1,..., N'° Foreach such t; we

let {u; } ;Vzml be a well-spaced grid of G;,. We then define the characteristics,
2i(s) = Cy.py (). (3.36)

We define each characteristic z; (s) only for 0 < s < t;. We introduce the stopping
times,

wj = inf(s € (0,51 : | f(Z5(5),9) = f(Z}(5), )| > N7?B(Z}(s))  (337)
where the infimum of the empty set is +o00. Then, we introduce

T:=mint; AT. (3.38)
2]

We want to prove that T = 7. First observe that since |f(z, t)] < N forany z € G;, we

have |z5, — z5,| < CN|s| — 52| for any characteristic z; ending in some G;. It follows
that for each i and s satisfying ; — TN 10 - § < f; that the points {z;. (s)}?’:l(; are
a well-spaced grid of Gy in the sense that every z € Gj is no further than N —8 away
from the closest of these points. Since f(z, t) and f(z, t) are Lipschitz functions with

Lipschitz constant less than CN for |z| > 1 + N~! we see that for every s < t that,
£z, 5) = f(z,9)] < N°B(2) (3.39)
for any z € Gy. From Lemma 3.5 we conclude that at any time s < 7 there are no
eigenvalues of the form A = e!? for @5 4+ N~2/3Hk®+5¢ 19| < 7.
As in the proof of Theorem 1.2 we write, forany t < #; A T,

[(@0) = &) =& + &0 (3.40)

where

. 175 . ) . -
a1 =3 /0 )@ N (5). )(F @ (s). ) = FE@ (). )ds  (3.41)
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and
Sz(t)’j 2/0 dMS(z’j(s)). (3.42)

We now prove the following estimate on the stochastic term.

Proposition 3.7 Let ¢; > 0. Then for all i, j as above,

P [Elt €, AT): ’&(r);

> NEEBE )] < Clogne N (3.43)

Proof For simplicity of notation let us denote z; := z; (). We fix a sequence of
intermediate times 0 < s1, $2, ..., sy = t; such that,

1

EB(Zsk) < B(zg,) = 2B(zg), (3.44)

for every i. We can take M < Clog(N). Recall also the time s, < t; defined in
Proposition 3.3. Define also x; = k(z;) and n; = n(z;). We calculate the quadratic
variation,

g c C SKAT N 1
Sk AT SEkAT)) < — -~ T
(Ea(sk A T)EX (5, )>_N2/0 NZ:M,-(t)—ZtI4
SENT l C
_C df + — 3.45
N2 SAT Z 1An _Zt|4 N2 ( :

where the integral in the last line is interpreted as O if s < s.. When s > s, we
continue to estimate the integral. For s, < ¢ < 7 we have,

) = 21 2 ¢ (1 = NTHROE2 ) (3.46)

Note that in particular, we also used that k, > N ~2/3+tk(0+5¢ — D () for s, <1 < st
due to (3.12) and the fact that k5, > D(sy). Therefore,

kAT 1 1 C [T R 1
/ <& [Re[f (z¢, D] i
N )»n —z| N soar i ((Kt _ N—2/3+k(t)+55)2 + 771)
_C o [Rel f(zr. 1] i
TN Jone i (G — N72/3HRO+5)2 42y
(3.47)

where in the second line we used that Lemma 3.6 together with the definition of the
stopping time t implies that for t < T we have,

IRe[ f (z:, D] < [Re[ £ (zr, D1 + N/*B(z;) < 2IRe[ f (zr, )]
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We use now,

K — N2/3+kO+5e _ K, — D(t)
> Kg, + 26 /K5 5k — 1) + 62 (s — 1) — D(1)
> kg, + 2b ks, (Sk — 1) + bz(sk — t)2

b2
— D(sx) — by/D(sp) (s — 1) — (o= 0?
> bﬂ(sk —1). (3.48)

In the first inequality we used (3.10). In the second inequality we used the square of the
inequality /D(t) < /D(si) + %(sk — t). In the last inequality we used kg, > D(sy).
Therefore,

s / [Re[f (z. )| e / Re[f (z:. )|
N2 sinT Mt ((Kl — N72/3+kO+58)2 4 ntz) T N? se Mt ((Ksk (t — )% + 77t2)
(3.49)

We need to consider two cases. First, consider ny, < ky, . From the fact that « (sx) >
D(s) and that D(sy) = N /% if s; < 8 we see from (3.18) and (3.19) that,

IRe[ f 2y, 51)1| < C— Ne/4, (3.50)

Sk

Then using this, as well as that »; is decreasing and f(z;, t) is constant along charac-
teristics we have,

1 / IRe[f (z;, ]| i < CN/4 1 Sk 1 N
N2 Jso (gt = sy +m7) = N2 iy Fily S kg (0= s0% + 115,
_ CNe/4 1 1
- N? NEsi T N Ko Nk
CNe/4 1
< (3.51)

N2 (Ksk + nsk)(nsk) ’

The second estimate follows via direct integration and in the last inequality we used
the assumption k5, > 7,. We now consider the case 15, > k. In this case we proceed
similarly to Proposition 2.2,

1 (% |Re[f(z D]l 1% |Re[f(z, D]| C
N2 2 dr N2 3 ]
N Sx Nt ((Ksk (t - Sk) + 77;) N S r][ N nsk
CN8/4

< (3.52)
Nznsk (Ksk + ﬂsk)
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By the BDG inequality,
P| sup [Ex(s AT)| > NOT/8B(z,) | < Ce N, (3.53)
s€(0,s%)
Taking a union bound over the O (log(N)) choices of s; and using (3.44) we conclude
the proof, similarly as in the proof of Proposition 2.2. O
Proof of Theorem 1.4 With Proposition 3.7 in hand, the proof of Theorem 1.4 is similar
to the proof of Theorem 1.2. Let Y be the event of Proposition 3.7, after taking an

intersection over all choices of i, j < N 10 1 et 7 = z(t)s for notational simplicity.
On the event of T we have the inequality for 0 < ¢ < t,

t
|f(ze,t) = fz D] < /0 g f (25, 8) — flzs, 9)Ids + N B (7)), (3.54)

where we denoted,

_ |25(3z f) (25, $)I

g(s) >

(3.55)

Hence, via Gronwall’s inequality we obtain for 0 < t < t,

t t
|f(zt,r>—f(zt,r>|s/ g(s)exp[f g(u)du} NTERB(z5)ds + NOT/8B(z,).
0 K

(3.56)
Similar to the proof of Theorem 1.2, now using Lemma 3.6, we have
t
I
exp [ / g(u)dui| < cloglzl (3.57)
s 10g |z¢]
as well as
Re[ f(zs,
2(s) < e/ G O] (3.58)
Ns
Therefore,

e1+¢/8

~ l ~
|f(ze,t) = f(z )| < C /O IRe[ f(z5, )11 B(z5)ds + NETTE/8 B (z,).

(3.59)

Nt
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We must consider a few different cases. First, let us consider the case that ¢t < s,.
Then, we see that

NE1te/8 e1+¢/8

/ IRe[ f (z5, $)1| B(zs)ds + N1T¢/8B(z,) < C (3.60)
0

So in the remainder of the proof we consider the case t > s,. We now consider a few
different cases depending on whether or not #; (the end-time of the characteristic z;)
is small or large. First, assume that #; < §. Then, using (3.19),

IRelf(z5, D11 _ IRelf G, D11 _ (1172) < e
= = t —

(3.61)
Nt Nt
we have,
N€1+8/8
f IRe[ f (z5, $)1| B(z,)ds < N'e/24¢1 g (2 (3.62)

because B(z;) is effectively decreasing along characteristics (it may not be decreasing
for t < s, but for such 7 it is O(N~1)). We take &1 < £/100.

Now, we assume that #; > §. Then for s < §/2 we have that either n; > cork; > ¢
by Proposition 3.3 depending on whether s is smaller or larger than s,.. Then for such

s we have B(z;) < CN™ n —1/2 and so,

Neite/8  pins)2 . 1 |Re[f(z,¢
/‘ Re[ F(ze. $)]|B(z;)ds < CNFI+E/8 _ [Re[ f(z¢, )]
Ul 0 N, / M
< CN*+8B(z). (3.63)

In the final inequality we used Re[f(z,, t)]nt_l < C(k; + n:)~ Y2 (recall that ¢ > s,,)
if £ > §/2 and (3.18). If r < §/2 then since t > s, we have k; > c sincet < t; — §/2
and so |Re[f(z,, t)]Int_1 is bounded.

Now we have still to estimate the integral over [ A §/2, t] in the case that t; > §.
Since this integral is 0 if # < §/2 we may assume that ¢+ > §/2. Then, using freely
(3.18), we have,

N81+8/8 t C e1+¢/8 t N
IRe[f(z ,8)]|B(zg)ds < — —  __ds
n / 5/2vs, ‘ Y N e F 1 Sy, e Faen)?
C N81+8/8 t R , CN81+8/8
| e[fgzz Smds - (3.64)
N VK + 08 Jspvs, 175/ N./k: + mﬁ

The integral over [8/2, 8/2 V s,] contributes N1 +¢/8=1 (s, 4+ 1,)~1/2 because n; > ¢
here. Therefore, taking £ < /100 we see that we have proven that,

|f(ze, 1) — f 2, )] < CNP/¥B(z,) « N*?B(z). (3.65)
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on the event Y. It follows that t = T. O

4 Cusp estimates

In this section we prove Theorem 1.6. We will use the following reverse time parameter-
ization. We will denote by uppercase 7', and S the usual forward time parameterization,
so that we will consider S and T close to 4. We will the introduce,

T=4—1t, S=d—s “.1)

so that ¢ and s will usually obey,
—1/246 1
N <s,t<—. “4.2)
- 10

We will often substitute in 7" or ¢ into functions of time. When we write ¢ itis understood
that we are evaluating the function at 4 — ¢. For example, the gap between edges is,

A = Ar =2(7 — Of) = %9/2(1 + O(1)). (4.3)

The proof of Theorem 1.6 is similar in structure to the proof of Theorem 1.4. We first
establish analogues of the estimates proven there before proceeding to the main body
of the proof.

Lemma 4.1 There is a constant C > 0 so that the following holds. For 0 < t < 11—0
and z = (1 + n)e'© ) with n and « satisfying,

O<n<dy, O<k<m-—06y 4.4)
we have that
¢ = ARl el = 0 (4.5)
Proof Denoting 6 = k + ®, we have,
—Re[f(z. 0] < '7/ L),dx- (4.6)
7t s (GE)

Due to symmetry of the density,

/%dx x/ %dx. 4.7)
n* + sin®(5*) 0 1?4 sin’(54)
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Changing coordinates and using the fact that sin?(x) =< x? for |x| < /2 we have,

T G2 e, —
/ VRN x/ 2O =0 .8)
0o n*+sin*(5%) 0o 1+ (k+x)

For an upper bound we split the integral into the regions [0, A;] and [A;, ©,]. For the
latter region we can bound p; (®; — x) < Cx173,

/Gt O ) c/@)'(A +x)Bdx <A < carto L
A PG+ T Y =
(4.9)

where in the last inequality we used the assumption x +7n < 2A,. In the region [0, A/]
we use o, (0, — )C)A,l/6 < Cx!/2,

A _ A 1/2
® _

/ descm”ﬁf S S
o N+ (k+x) o n*+ (k+x)

As 1

—-1/6 -3/2 —1/6
<CA X+ K+ dx < CA —_— 4.10
t ( T]) t m ( )
This completes the proof of the upper bound. For the lower bound,
[Ch ®, — 2A; ®, — _ 2A;
/ ft( t X)zdxzf fr( t X)zdeCAtl/6/ . ﬁ 2dx
o N+ k+x) o N+ k+x) 0o N+ k+x)
K+n K=+n 1
> CA,_I/6/ %dx > CA,_I/G/ (k + r])73/2dx > cAt_l/Gi.
e n® + (k +x) =2 NCEY]
(4.11)
We used above the assumption that ¥ + n < 2A,;. This completes the proof. O

Lemma 4.2 Recall the convention T = 4 — 1. There are a, b > 0 so that the following
holds. Let z; = Cs,1(z) denote a characteristic ending at a point z = (1 + n)el(©r+x)
where 0 < n < aand 0 < k < A7 /2. Let Sy be defined as,

S« =sup{S : |zs| = 1 + aAg}. (4.12)

Then for S, Vv (4 — 1071 < S < T we have,
AYe Jies > Al® o(T — S 4.13
s ks > Ar kT +b( )s (4.13)

and also that ks is decreasing. For S < Sy we have ns > ns, > alAg, > aAr.

Proof We let 100a be the constant from Proposition B.4. For § € (Si, T) we can
apply the estimate from this proposition to obtain,

%KS - % (Im[f(zS, $)] — Im[ £ (€195, S))]) < —eng"0 s, (4.14)
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as long as ks > 0. We see that g is decreasing so if k7 > O then kg > 0 for
S>S,vi@d-— 10’1). Moreover, since Ag is decreasing, we see that

% (A§/3KS) - e (AIS”KS)W , (4.15)

The differential inequality 8;g < —cg!/? is solved by considering 3;¢'/?> < —c/2 and
so we see that for § € (S, v (4 — 10~1), T) that

A Jics = AV Jier + (T = 5) (4.16)
for some ¢ > 0 as desired. This completes the proof. O

The following establishes estimates on the behavior of the characteristics near the
spectral edge.

Proposition 4.3 Let z, = C, ((2) be a characteristic ending at a point z at final time

t < 107! (recall the reversed time convention T = 4 — t). Assume at the final time t
the estimates,

K > N‘2/3+55At1/9, A, > N 37449 (4.17)
hold. Moreover assume 0 < 1, < al;. Let,
s, = inf{s : ny > alAg}. (4.18)
Note S, = 4 — s, where Sy is as in Lemma 4.2. Fort < s < sx A 107! we have,
ds(is — N2 A0y > 0. (4.19)

For the next two estimates, continue to assumet < s < sx A0~ There is furthermore
a constant 0 > 0 so that the following holds. If s —t < A,l/64 /K then,

(ks — N7 AV > o5 — 1)2A; Pk, (4.20)
1/6
Ifs —t > A’ \/k; then,

(ks — N723H56 AL%)2 > 942, 4.21)

Proof By direct calculation, one can see that |9,0®;| < C V2 < ¢ Atl / 3. Therefore,
proceeding as in the proof of Lemma 4.2 we have for t < s < s,

d _ _
d_(KS _ N_2/3+58A3~/9) > A 1/6 /_KS _ CN_2/3+58AS 5/9’ (4.22)
)
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for some ¢, C > 0. Consider the set

A= st <s5<ss:ky < N2BHEA (4.23)

Note that by assumption there is a small interval around 7 not contained in .A. Assume
that A is not empty and let F = inf A4, so that s, > F > . At F we clearly must have
that

Kp = N"2/345e AL (4.24)
We now show that the RHS of (4.22) is strictly positive at s = F. Indeed, we evaluate
A;O/971/3KF — N_2/3+56A§7/9 Z N_2/3+58At8/9 Z N3S(N—2/3+58)2 (425)

which shows that the RHS of (4.22) is strictly positive for N large enough. In particular,
the derivative on the LHS of (4.22) is strictly positive at s = F, showing that «; >
N=2/3+5¢ A}? in an open interval containing F. This contradicts the assumption that
F was an infimum, proving that 4 is empty.

Substituting the lower bound «; > N -2/ 3+58A§/ ? into the RHS of (4.22) we then
find that,

d _ _
d_(KS _ N‘2/3+55A;/9) > cA, 1/9N—1/3+58/2 _ CN—2/3+58AS 5/9_ (4.26)
\)

Positivity of the RHS is equivalent to
c

However, by assumption A?/ ? > N~1/3%4¢ We conclude the proof of (4.19).
We turn now to the proof of the remaining inequalities. From (4.13) we have
A1/3(S)K(S) _ N—2/3+5€A4/9(S) > [Al/?)(t)l((t) _ N—2/3+58A4/9(t)]
4 [N72/3+58A4/9(t) _ N72/3+58A4/9(S)]
+2c(s — DAY 1)k (1), (4.28)

for some ¢ > 0. Note that the first term on the RHS is positive. First, assume that
s—1 < Atl/64 /i;. From the fact that k;, < A; and A; < Ct3/? we see that s < Ct for

some C > 0. It follows from the mean value theorem that,
N—2/3+58|A;"/9 _ A?/9| < CN—2/3+58(S _ t)A;Z/g
<C(s —)A S N2, (4.29)
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The estimate (4.20) easily follows. Consider now the case s — ¢ > Atl /6 JKi. Lett, be
the time such that

te=t+ A /i, (4.30)
Applying (4.19) we see that
Ky — NTHB3PENG > g — N2, (4.31)

Since the estimate (4.20) holds at s = ¢, we see that
(e, — N7, )2 > ok? (4.32)

for some ¢ > 0. This completes the proof of the proposition. O

The following is similar to Lemma 3.5 and the proof is deferred to Appendix B of
[2].
Lemma4.4 Let ¢ > 0. Consider the domain,
D= {z=(+n)e?: AII/QN*Z/S“ <n< 2A,1/9N72/3+8, O + N72/3+58At1/9
< 9] < 7). (4.33)

Assume for all 7 € D we have the estimate,

|f(z, 1) — f( (4.34)

N&‘
L £ ——F—
N./nJk+n

Then there are no eigenvalues of the form » = ' with ©, + N7231¢ A, < |0 < 7.

Lemma4.5 Lete > O andlett < N=V10 with A, > N73/4t%_ Lot 7. be a charac-
teristic that ends at time t in the region,

{Z — (1 + n)eie . N_2/3+8Atl/9 S n S 2N_2/3+8A[1/9, ®t + N—2/3+58At1/9
<10 <m}. (4.35)

Then fort < s < 107! we have,
ns < CNT9/2A. (4.36)

Proof Define the functions

hi(u) = log |z | + uN8/21/+ (4.37)
A
and
ha(u) = N"¢12A, + ut'?N—°. (4.38)
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By the definition of the characteristics,

log|zs| = log|z:| + (s — t)w, (4.39)
and so for 0 < u < 10~! we have,
Ni+u < Chi(u) (4.40)
for some large C, using Lemma 4.1. Since 9, A, > cu'/? we have that
ha(u) < N7 Ap iy, (4.41)
for N large enough. Note that 22(0) > h1(0). We claim for u < 107! that
hy(u) = R (u) (4.42)
which will yield the claim. This is equivalent to,
N3y, <2 /i (4.43)

The LHS is less than 2N ¢/272/3 All/9. The RHS is larger than cN58/2’1/3A,1/2A11/18.
But,

Atl/2—1/9+1/18 _ A;‘/‘) > N”1/3+4e (4.44)
by assumption. O
Lemma 4.6 Fix a time t. Let z; = Cy;(2) be a characteristic terminating at a point

7= (14 n)el @+ where

N7H3EA < <oNTHREALP D NN < <7 — 0,
(4.45)

Let 1) and tp be two timest < t; < t» < 10~ and assume that for t; < s < tp the
estimate

|/ (25, 8) = [ (25, )| < 2IRel f(zs, 9)]] (4.46)

holds and that at each time s there are no eigenvalues of the form A = el? for ©5 +
N=23+5 A9 19| < 7. Then,

n & 1 )
N _ds <Clog(N)B(z;,) (4.47)
/n Nguxs)—zm s
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Proof First we consider the case that ax;, < 107;,. In this case, it suffices to estimate

the integrand by C log(N)n,; 2. This argument is similar to that appearing in the proof
of Proposition 2.2 and so we omit it.

For the remainder of the proof we therefore assume that x;, a > 107;, . In particular,
this implies that n;, < aA, /10.

Let s, be as in Lemma 4.2, that is

sy ;= inf{s > 1 : ng > aAg}. (4.48)

Note that by Lemma 4.5 we have s, > . For f; < s < t, we know from (4.19) that
ks > N —2/3+5¢ Asl/ 0 because this is satisfied at s = 7. In particular, define

f=n+A0 /. (4.49)

We assume #; < < t. The other cases are easy to deal with, as one has to treat only
one of the regions of integration described below. Then for f; < s < 7 we have,

(g — N33 AU > (s — )2 A, Py, (4.50)
and for7 < s < o,

(s — N72PHe A2 > 2 4.51)

by applying Proposition 4.3. We will use the estimate,

ny X 1 2 1 Re[ (2,
/ _Z ds S/ - [Re[ f(zs S)]lds'
n N ol |2 (s) — zs] no (g — N72345e A7)2 )73 UR
(4.52)

We start with the region s > 7. For such s we can apply (4.51) and estimate,

fz 1 |mvmwmm<g/mmwmwmm
P (g — N=2/3+5e A%)2 o n2 Ns ~ ki Ji Ns
C
< — log(N)

n

< — log(N) (4.53)
77!1 (Ktl + 77[]) g

We consider now the region s < f. By applying (4.50) and Lemma 4.1 (as well as the
constancy of f along characteristics, and the fact that n; is increasing in s) we obtain,

/f 1 |mvmwmw
n (kg — N72B3+5e A2 42 s
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790 A. Adhikari, B. Landon

C ! 1
= 7 B, 2
Ay Ty I (s — )2 A, Tk oy
C

< .
- 77t1»,//<t1 A Ktl + 77t1

This completes the proof. O

(4.54)

Define the domain,

;:BS — {Z — (1 + 77)eiﬂ . N—2/3+8A§/9 <n< 2N_2/3+5A§/9, N—2/3+5€A§/9
+0, < 0] < x}. (4.55)

We will assume s > N~1/219 g0 that Ay > ¢cN—3/4H10 We fix Sy = 4 — 59 with
so = 1071, and the final time,

Spi=4—ss, sp=NTV/2E (4.56)

Similar to the proof of Theorem 1.4, we introduce a polynomial number of character-
istics as follows. We introduce times 7; by

Sr—3S8o
Tp = So, T, =T+ N0 (4.57)
fori =1,..., N'0. At each T; we introduce a well-spaced mesh of By, of size N'°
denoted by {u’j }}.0:1. We introduce the characteristics,
Z5(8) = Cs,1, (u}). (4.58)

Note that each characteristic is defined only for 0 < s < T;. For i > 1 we introduce
the stopping times,

Tij = inf{S € (So, ) : | £(25(S), S) = F(Z5(S), ) > N/2B((5))}, (4.59)

with the infimum of the empty set being +o00. Let 4 be the event,

Ao =130, )+ 1 ] (S0), S0) = F&] (So), So)l = N*' _ inf B/ (S
(4.60)

Lemma 4.7 The event Agy holds with overwhelming probability.

Proof We will show that the desired estimates hold on the event of Proposition B.5,
with ¢, § in that proposition statement chosen sufficiently small.
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Local law and rigidity for unitary Brownian motion 791

Fix a single characteristic zg5 := z{ (S) and let Sy < S < T; be fixed. By (4.19) and
Lemma 4.5 it follows that kg > 0 for all S and that kg, > c¢N—2/3+5¢ From (B.11)
we see that

| f (250> S0) = [ (2505 S0)| < N B(zs,). (4.61)
Since kg > 0 and k5 and ng are both decreasing in S that,
B(zs) = B(zs) (4.62)

for § > Sp. This yields the claim. O

We also let 7o be the stopping time that equals 400 on Ag and is Sp on Aj. We
now introduce the stopping time,

T = <min 1',-]-) ATo A Sy. (4.63)
ij

Using the Lipschitz continuity of f (z,8) and f(z,S) on the domains Bg we have

from Lemma 4.4 that for any So < S < t that there are no eigenvalues of the form

»=el? for Og + N3 A% < j0] < 7.

Lemma 4.8 Let zs be a characteristic terminating at time T; in the domain,

{z=0+me? : N"¥HeAL <y < ang /10,07 + NN < j0) < ).

(4.64)
Then for So < S < T; we have,
1 -

N?B(zs) < Tog(N) [Re[f(zs, ]I (4.65)

Proof Note that f (zs, S) is constant. At S = T; we have,

1 NEAY®
N®B(zr;) = N° <cC —Rel f(zz;, )]
Ny/nt, (it + 1) Nn%/2 l

< CN"*?Rel f(zr,, T (4.66)

where we used 17, > AITI/ 9N —2/3+¢ \which holds by assumption. Let Sy be as in
Lemma 4.2. By Lemma 4.2 we have

B(zs) < B(zr,) (4.67)
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forall § > S,. If S > Sp then for § < S, we have ng > ns, > cAs, > cAr, > ckr,
and so

B(zs) < (Nns)™' < CB(z7). (4.68)

This completes the proof. O

With similar notation as in the other sections we have forany So < S < T; A T,

F(Z5(8). 8) — FE(S), §) = £(z5(S0). So) = F(&5(S0). So) = E1(S); + E2(8)',
(4.69)

where

. 1 1S . ) ) -
&1 =—§/S 25U N W), U)(f (), U) — f(2;WU), U)dU
0

(4.70)

and
. S .
£S5, = /S My (& (U)). @471
0

For the martingale term we have the following.

Proposition 4.9 Forany i, j and 1 > 0 we have,
P [as € (S0, Ty AT) : [E2(8)]] > NSlB(zg(S))] < Clog(N)e™ N, (4.72)

Proof This is proven in an almost identical manner to Proposition 3.7. The quadratic
variation is bounded using Lemma 4.6. Note that the condition (4.46) is a consequence
of Lemma 4.8. O

Proof of Theorem 1.6 Let Y be the intersection of the event of Proposition 4.9 and Ag
so that Y holds with overwhelming probability. Let zg = z’j(S) be a characteristic.
On the event Y we have for So < § < T; A t that,

~ S ~
[ f(zs,8) — f(zs, 9| < /0 g\ f(zy,U) = f(zu, U)|dU + 2N*' B(zs)
4.73)

by the definition of 4 and (4.69), where

|z (3, f)(zy, U)|

> (4.74)

gW) =
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Hence, via Gronwall’s inequality we obtain,

B s s
|f(zs,8) — fzs, )l = 2/0 g(u) exp [/ g(w)dw} N B(zy)du + 2N B(zs).

U
(4.75)
As in the proofs of Theorems 1.2 and 1.4 we have, using Lemma 4.8,
S nu
exp |:/ g(w)dw:| <C—, (4.76)
U ns
as well as
Re[f(zy, U
2(U) < CI elf(zu )]I. @77
nu
Hence,

€1

~ S ~
|f(zs,8) — fzs. ) =C fo [Re[f (zv, U1IB(zp)dU + 2N B(zs).

(4.78)

ns

We now split into a few different cases. Suppose first that ng > «g. Then,

S B 1 S 5
/O IRel £z, DB y)dU < — /O IRe[ f (zu, U)lIng'dU < CN~"log(N)
(4.79)

and so,

|f(zs,S) — f(zs, S)| < CN®'B(zs) + Clog(N)N®'ng < Clog(N)N®' B(zs)
(4.80)

where we used the assumption that ns > kg in the last inequality. Now assume that
ns < ks. Similar to the convention of Lemma 4.2 we define,

Sy =sup{So < U < S:|zy| =1+ aAy}. (4.81)
with the convention that the supremum of the empty set is —oo. By Lemma 4.5 it
follows that S, = —o0. Therefore, for all So < U < S we have,

IRel e, U] = —p 2 (4.82)
AU/ Vku +nu

asky > Oforall So < U < S.
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794 A. Adhikari, B. Landon

Let us define S; = 4 — 2s. Let us assume that Sy < S7. The other case is easier,
requiring consideration of only one of the regions of integration below. We consider
first the region U € (81, S). Then, for such U we have Ay < CAg, and so

1 S _ 1 s 1
s s, IRel e DIN G = ——— o [ e
< Cm[: AP IRel F(zyr, U)1Ing, > *dU
O / Rel f ey, UY]Ing2dU
Vs + s Js,
SC;UZ. (4.83)
MHS

Now we consider U € (Sp, S1). ForsuchU,letU = 4 —u. Note u > 2s. In particular,
from (4.13) we conclude that

A;]m Ky > cu (4.84)

whichimpliesthat CAy > ky > cAy.From Lemma4.1 we see that for U € (Sp, S1),

n n
TUﬂ < [Relf(zu. V)]l = €55 (485)
U

Since f (zu, U) is constant along characteristics we deduce from this that

1/4 A 1/6 1/4 , 1/6
A A
1/6 My s, Ny Bs
Ay =C i S 7 (4.86)
Ns, Ng

The second inequality uses that ns, > ng and that Ag, < Ag by the choice of Sj.
Hence,

IR - c Si 1
L7 Relf Gy, UNINBG)AU < / v
ns Js Jis Fasad® sy ko Fao o
C 5 AL/6 —3/2
= 1/6/ JOIRelf (2. Ding, > 2dU
Vs FnsAg T IS
S
5/4
S —2 IRe[ f(zu, W]lin, " "dU
VKs + ’7S7)_19/4 /So
1
<C—m8 . (4.87)

1/2
ks + 775775/
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In the first inequality we used constancy of f along characteristics and Lemma 4.1.
In the second inequality we used Lemma 4.1 again. In the third inequality we used
(4.86).

Summarizing, we see that on the event Y we have for any Sop < S < v A T; that

|f(zs, 8) — f(zs, S)| < Clog(N)N®' B(zs). (4.88)

Taking €1 < ¢/100 we see that we must have T > T; for every i. Therefore, t = T
and we conclude the theorem. O

5 Center of mass evolution

In this section we prove Proposition 1.8. We will not track dependence of constants
on the parameter N, as Proposition 1.8 is a statement in soft analysis. The reader
should note that we will therefore change notation and consider unitary matrices of
size n instead of N evolving according to (1.1). We do this in order to emphasize the
ineffectiveness of the estimates in the dimension of the system.

Fix some time 7o > 0 and assume that there are no eigenvalues in the set {z = e’ :
0 € Ip} for Ip = [6g — L/2,00 + L/2] at time ty and 6y € [0, 27r). Let T > 1y be the
first time an eigenvalue enters this set. Let I" be the contour,

Ti={z=re:1/2<r <3/2,0 =6y £ L/4)
Uz =re? :r=1/2,3/2,0 ¢ [6p — L/4,00 + L/4]}. 6.1

That is, it encloses all of the eigenvalues on the unit circle but avoids the ray {re'® :
r > 0}. A schematic diagram of the contour I is given in Fig. 1.

We use this contour as we will take a logarithm with branch cut being this ray. Then
for any time 7o < #; < T we have,

. ) 1 1 1
i6;(11) — 16; (19) = oy ./r 86, (2) (Z P e )»i(to)) dz 5.2)

where gq,(z) is the branch of the logarithm holomorphic in C\{z = rei® r > 0}.
This formula holds due to the fact that no eigenvalue crosses the angle 6y in this time
interval, and so for this entire time interval, 6; (f) = 27k + 6; (f) where k is a constant
integer and 6y < éi (t) < 6y +2m.

Introducing,

@n 12”: 1 1t 1 5.3)
m(z,t) = — —_— = —1r .
‘ n ri(t) —z n U —z

i=1

we therefore have,

_ _ 1 —
0t AT) —0(tg) = 2_7n,/ g%(z)(m(z, 1 AT)—m(z,ty))dz. 5.4)
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Fig.1 Schematic diagram of
contour I" defined in (5.1).
Contour in red; unit circle in
black. Eigenvalues are the thick
black dots enclosed by the red
contour (color figure online)

For ty < t < 7, m(z,t) is well-defined for z € " and so we may apply the Itd
formula. Since,

f(z, 1) =1+ 2zm(z,t) (5.5)

we have from (1.11) that (abbreviating g = gg, and m = m(z, 1)),
1 . 1 —ig ,
d— [ ig@m(z,1)dz = 7o —(1 + 2zm)(m + zm')dzdt
271 Jr

U,
—i——/g(z) tr((U 2 dW) dz. (5.6)

Observe that by the holomorphic functional calculus,

_r7—1
el RO s, )2dz =u!, 5.7

and so
1 Z) —tr (—dW)dz = —lt dw (5.8

The first line of (5.6) turns out to vanish identically. To see this, we will evaluate all
of the integrals explicitly using the Cauchy integral formula as well as the variants

1 F@ _F®)-F@

271 Jr (z —a)(z — b) = b—a (5:9)
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and

! F(2) _ F'la) | F(b) - F(a)
2 F(Z—a)z(z—b)dz__b_a+ b —a)? (5.10)

valid for F analytic in the appropriate domain and I" encircling a, b. We have,

1 1
ey / g(2)(1 +2zm)(m + zm')dz = I / g(2)(m + 2zm?* + zm’ + 2z°mm’)dz

= —/dzg(z){

—1 L 5
+Z(27’l +1)nlz()\t—Z)2

1
22:(?» -2 —2)

1

PRI N B o S
+ ;T%Z(A,-—z)(k,-—z)fr E;(xi—zﬁ}

righ) —righi)  2n 41
=_—Zg(x)+ 2y MO AR 2 LS g0+ 1)
i#j ! J i

40jg0)) +2hy 2 A8 — A3y 1

i#]
(5.11)
Now, note that
A78(h) — A58 (h))
2 Z )L — A )2 =0 (5-12)
by symmetry as well as,
1
——Zg(x>+ Z(g(x>+1)——ZZ(zg(A)H)—l——
(5.13)
Finally,
izkig(/\i)—kjg()»j) Z4k1g(/\ j)+ 24
2 . n2 _ n2 _
n? £ A — hj T ki I#A x
-1
_”_(”nz ) (5.14)
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and so indeed the term on the first line of (5.6) vanishes. It follows that for any
to < t; < T we have

- - 1

0(t1) — 0(tg) = - (W, — wWy). (5.13)
Fix a final time 7 > 1 and a large integer m > 0, and intermediate times t; = iT /m.
Let 6k, k = 1,2, ..., 4n, be 4n equally spaced points along the unit circle. For any
£ > 0 define the arcs,

Zie={z=2¢":10 — 6] < £/(100n)}. (5.16)

Throughout the remainder of the proof we will make use of the arcs {Zj 1}x and
{Zk,12}k-1.e., the choices £ = 1,1/2.

Foreach O <i <m and 1 < k < 4n define the stopping time 7; ; as follows. If
at time ¢#; there is an eigenvalue in Zj | let 7; x = f;. Otherwise, 7; x be the first time
ti <t < t;y| that an eigenvalue hits the set Z 1 2. If this does not occur, let 7; = o0.
Then, let 7; = ming 7; . By the pigeonhole principle we have t; > t; for all i. Finally,
let 7™ = min; 7.

From the above discussion we have on the event ™ = 0o and by telescoping that
forany O <t < T we have

— 1
0(t) = —tr (W;). (5.17)
n
The proof of Proposition 1.8 will be complete once we prove that
lim P =oc]=1. (5.18)
m— 00

The remainder of this section is devoted to this. Consider the points,

31
=1 ilo, += ) 5.1
z+k = (I +1n)exp |:1(k 4100’1)} (5.19)

Note that for any k that if Z; | contains no eigenvalues at time #;, then
Re[ f (244 1;)]] < Cin™n (5.20)

for some C; > 0. On the other hand, if for this k we have that 7; x < oo then there is
some ¢ € [t;, tj+1] such that,

c1
IRe[f (z+.k: DIl + [Re[f (z—x, DI > o (5.21)
Choosing 1 small enough so that

L~ 10cin®y (5.22)
nn
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we have that

4n
(i <00} € ({3 el tia] 2 1f Gk ) = f @b ] + 1 f Z— ko 0)
k=1
Fp )] > 2 5.23)
S@—k, )] > m . .

The parameter n > 0 is fixed for the remainder of the proof. We see by (1.11) that
(abbreviating z = z+ &)

1
[ f(z. 1) — f(z, 1)l ECTm—n3+(Mt—Mz,-)~ (5.24)
By the BDG inequality,
}P’|: sup |M; — M;| > s:| < Cexp [—csml/zn_zT_l] . (5.25)
1 <t<ti+

So taking s = ¢2/(100nn) we see that for all m large enough, there are constants
depending on n and 7 such that

1/2

Plr; < 0o] < Ce™™ ¢, (5.26)

This completes the proof of Proposition 1.8. O
6 Rigidity
6.1 Helffer-Sjostrand formula

This section establishes an analog of the Helffer—Sjostrand formula for measures on
the unit circle. Recall,

1
0; = E(Bx +1i0y) 6.1)
as well as Green’s theorem,

F(y=—

dxdy (6.2)

1/ O F)x. )
R2 A — (x +1iy)

for any F € C? of compact support. In polar coordinates we recall,
el i
azF(r,9)=7<8,F+—89F>. (6.3)
r
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For any F supported in an annulus,

F()=—

I [ 8:Fa
f AT dy. (6.4)

Let ¢ : [0,27] — R be a function on the unit circle that extends to a smooth 27 -
periodic function on R. We define the quasi-analytic extension of ¢ by,

¢(r,0) = (p(0) —ilog(r)¢ () (r) (6.5)

where x (r) is a function that is 1 on [3/4, 4/3] and O outside of [1/2, 2]. We may also
assume that,

x(r) = xr™. (6.6)

If u is any measure on the unit circle with Cauchy transform f),(z) we see that,

1 0z
f¢(9)du(9) = —/ = fu(@)dxdy
T JR2 22
1
= 1n /(w(e) —ilog(r)¢’ @) x'(r) fu(z)drdd
1
+ 0 / ¢ (6) 1og(r) 1 (r) f, ()~ drdo. (6.7)

This is the Helffer—Sjostrand formula we require to establish our eigenvalue estimates
and will be used in the next subsections.

6.2 Proof of Corollary 1.3
We follow Section 3.3 of [30] very closely, as the estimates of Theorem 1.2 and the

formula (6.7) combine in the exactly same manner there as here to prove Corollary 1.3.
Introduce,

1(0) = inf{(n = DIReLf (re'")]| = N*71}. (6.8)

Note that from Lemma B.2,
n — (1= DIRe[f (ne"]] 6.9)
is an increasing function for n > 1. We first assume ¢ < 2. We consider / = [0y, 7]
for some 0 < 6y < m. The case —m < 6y < O requires only notational changes.

Define,

n:= inf  {n: max nkx)<n} (6.10)
n:logn>N1-¢ Oo<x=6p+n
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Let 6 be

0 = argmaxeo_ﬁixfgon(x) (6.11)
so that

(@) = 7. 6.12)

We let ¢ be a function that is 1 on [6, r] and O outside of [6p —log ) A ﬁ), T+ N2

with [® (x)| < CL(N'=28)K for x near 7 and |¢® (x)| < Cr(log 7)) ~* for x near 6.
By (6.7) we have,

1
‘N > 0Gi)) - / (©)p(6)d6| < C / (@] +1¢' @)DIx (") (2)]drde

+ ’/¢’/(9)log(r)x(r)5(z)r‘drde .

(6.13)
where
S@z) = f(z, 1) — f(z,1). (6.14)
On the event that the estimates of Theorem 1.2 hold we see that,
Né‘
f(l(p(@)l + 10" ODIx'(N1S(z)|drdo < CW' (6.15)

For the second term, note that the measure r ~!dr is invariant under the transformation
r — r~!so that,

' f @"(0)log(r) x (r)S(z)r~'drdo
2
=2'/ / ¢"(6) log(r)|Re[S(2)]|x (r)r~"drde (6.16)
0 r>1

Recall that ¢ (x) = O unless x € [, 7 + N> orx € [0y — logi] A 11—0, 0o]. Note
that for r > 5 where logng := N~ we have,

Né‘

Re[S@II < € s

6.17)

using Lemma B.2 (see Remark 3.3 of [30] for a similar argument). Therefore,
/ / " ()| log(r)|Re[S ()11 (r)r~'drdo
pelm,m+N2-11Jr>1
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< / / 9" ()| 1og(r)|Re[S(2)]|x (r)r~'drdo
fe[m,m+N2e—1) r>nc

N3£ C N38
+C / f 19" @) x (r)drds < C— + — < C—.
e[, m+N2-1] J1<r<n, N N¢ N
(6.18)

We used (6.17) in the first integral and the estimate |(r — DRe[S(re'?)]| < C for the
second. For the region where 6 € [0y — logn A 1—10, 6o] =: J we first bound,

/ / | Tog(r)|[Re[S(2)1¢" (8) x () |drdé

et Jl<r<p

< / / | Tog(r)|IRe[S(2)]¢" (6)x ()|drdo
0eJ J1l<r<n

+/ / |log(r)|IRe[S(2)]¢" (0) x (r)|drdd
0eJ Jn.<r<p

CN¢
<cli =2 <Nt (6.19)

n

For the first integral we used |(r — 1)Re[S]| < 2 and that 7 > N1=¢. For the sec-
ond region we used again (6.17). For the contribution of r > 7 we have, by partial
integration

/ / log(r)¢” (0) x (r)Re[S]r~'drdo
oeJ Jr>7q
= f 6’ (9) log(H)Im[S]7~'do
oelJ

— / / ©'(0)0, (log(r)x(r)r_l)Im[S]drdQ. (6.20)
0eJ Jr>q

By definition of 7, all z appearing in the above integration lie in ;. Therefore, we
may apply the estimate on S of Theorem 1.2 and obtain that both of these integrals
are bounded above by C log(N)N¢~!.

When these estimates hold we therefore conclude that,

i 6:(1) e I} < N/go(@),o,(@)d@ + CN*, (6.21)

For t < 2, p; has no support for |0 — 7| < § some § > 0. Therefore,

0o
N/(p(@)p,(@)d@ < N/pt(e)dé + N p:(0)do. (6.22)
1

Op—log A %
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There are two cases. If 7 = N ¢ then the second integral is bounded by 7/+/t =
N—~1/2 Otherwise,

to . N3e
/ £ (0)d0 < C(ij — 1)|Re[7ie]] < C—-. (6.23)
fo—log iy N

The lower bound for the number of 8; € I follows similarly. For # > 2, then the
densities p; all satisfy that inf g <. p;(8) > ¢ for some ¢ > 0. In this case, one uses
intervals with one end-point at & = 0. In (6.22) there is then a second term on the
RHS,

0
/ 0:(6)do < CN*7 1, (6.24)
—N2e—1
Everything else is identical. This proves the corollary. O

6.3 Proof of Corollary 1.9

It follows from Proposition 1.8 that with overwhelming probability,

_ NE
sup 0()] < N (6.25)

0<t<T

for any ¢ > 0. Next, for each i, we may write,
0;(t) = 2mn;(t) + ¢; (1) (6.26)

for n;(t) an integer and —7 < @;(t) < m. For any fixed ¢t > 0 it follows from the fact
that the eigenvalues never cross that the set {n(¢), n2(¢), ..., ny(t)} contains at most
two consecutive integers whose absolute values we will denote by m(t), m(t) + 1. Let
Ni(t) be the number of eigenvalues s.t. [n; ()] = m(¢) and N,(¢) be the number of
eigenvalues s.t. |n; (1) = m(t) + 1. Let u be a probability measure on [—r, ] with
a density. We have,

/n 0d() = /n w(lt, T, (6.27)
0 0

and since [”_60p,(6)d0 = 0 we have,

! Z (D] < N° (6.28)
N == '
by Corollary 1.3. From this it follows that,
(I +m()N2(t) + m@)N1(t) < N° (6.29)
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with overwhelming probability. In particular, m () = 0 and the number of eigenvalues
s.t. 16;(¢)| > m is at most N¢ with overwhelming probability. Using this, the remainder
of Corollary 1.9 follows from Corollary 1.3 in a straightforward manner similar to the
proof of Corollary 3.2 of [30]. O

A Density of states calculations

Recall the limiting spectral measure p;(6) and its Cauchy transform,

5 2 ei9 1z
fen= [ Snemw. (A1)
Note that,
~ l+z
&0 =1—", (A2)

and that f is constant along characteristics,

t ~ t1
t —zexp|=f(z,0)| =zexp| = te . (A.3)
2 21—z
Moreover, define the region,
z—1 ¢
I;:= {z € C:Re[z] > 0and ‘ e2?| < 1} . (A4)
z+1

Then, the function f (z, t) is a conformal map of the open unit disc into I'; [11]. The
domain I'; has the following form. We let x, (#) > 1 be the smallest solution larger
than 1 of

e2* =1, (A5)

and if r > 4 we let, x_(¢) be the largest solution less than 1 of

—1
iHe’f)‘ —1. (A.6)

Ift <4setx_(r) =0.Forx € (x_(t), x4(1)) set

ex — 1

2 _ _ 2atx
k, (x) ;=\/(x+1) xr — et (A7)
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If t < 4 the boundary of I'; is the union of the vertical line on the imaginary axis,
[z=x+iy:x=0,|y| < V41 -1} (A.8)
and the curves
{z=xxik(x) : 0 <x <xy(t)}. (A.9)
When ¢ > 4 the boundary is the union of the curves,
{z=xxik(x) :x_(t) <x <x4()}. (A.10)
Moreover, f (z, t) extends to a bijection of the closed unit disc to the closure of I';. It
is also a conformal map of the complement of the closed unit disc in C to —T7.
For the moment we consider the case r < 4. We have that f(z, ) sends the arc
(z=¢€:7>10| >0, (A.11)

to the boundary of I'; that intersects the imaginary axis. Here,

t 1 t
(4 — t)t + arccos (1 — 5) =5 (4 — t)t + 2 arcsin <\/;>

(A.12)
Using the expansion,
2
arcsin(l — x) = % —V2x!'2 - “1/—2_x3/2 +0(x?) (A.13)
one can check that the gap satisfies,
§3/2
Ay =201 — 0O = = O(s>?) (A.14)

where t = 4 — 5. We require the following a-priori bound. First, note that for any
Cauchy transform of a measure on the unit circle and z = re'?,

2w Li0 2 27 o _
/ € I 0)do = (1— |z )/ 72,0(9)(194“2 / Sm;‘”i?p(e)de.

o el z| o e —z|
(A.15)

The proof of the following appears in Appendix A of [2].

Proposition A.1 The following estimate holds for all |z] < 1 andt > 0,

Iz 0] <3 (1 +t_1/2). (A.16)
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The extension of f to the closed unit disc satisfies,

]i(Z,t) - 16515(2’[) _ .
fz, )+ 1

4 .
wozi,/;—l, z0 = . (A.18)

Note that this is the value of f (zo, ) = wp. Our goal is now to derive an approximate
cubic equation via Taylor expansion for f(z, f) where z are points on the boundary
of the unit disc close to zg. This will allow for conclusions about the behavior of p;
near the edge later. In order to facilitate this expansion, we introduce the coordinates
E > 0and g € Cvia,

(A.17)

Let,

=@ B fe, 1) =w—ig (A.19)
so that Im[¢g] > 0, as Re[ f (z,t)] > 0 on the open unit disc, with strict inequality
extending to points on the boundary inside the support of the spectral measure.

With these coordinates,

1 .
pi(E) = Elm[q((l )elF)] (A.20)
in the sense of boundary values. In the longer version [2] we implement a Taylor
expansion of the self-consistent equation for f(z, ¢) to obtain the following.

PropositionA.2 Let 0 < < 4. Lett = 4 — s. Let f(z + z0,1) = wo — iq. The
following holds for |q| < t=/2/10 + 1;,~1,100. First,

3/2.1/2 )
.2 e, 177s . 30 B—=0t
7 =ig%e® — igleie 800 24) + 0 1q1h (A21)

Second, if z = ' ©—E) then f(z,1) = wy — iq satisfies,

E2 1324172 3_ )52
0=E—i— +¢°— 42820

5 < 7 +0@gI* +1EP)  (A22)

Remark Due to Proposition A.1, the assumption on ¢ holds for all z for 1 < ¢ < 4.

Using the above expansion, we can derive the square-root behavior for times away
from 0 and 4. A proof appears in Appendix A of [2].

Proposition A.3 Let § > 0 and assume § <t < 4 — §. Then, for |E| < cs we have,

EV? 2
PO = B) = = | = 1+ OB, (A23)
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Att = 4, the following shows that we have an exact cusp. The proof can be found
in Appendix A of [2] and also serves as a useful warm-up for the near-cusp case.

Proposition A.4 Lett = 4. Then,

3\'* V3
_ _ 173 ( = 1/3
(T —E)=E (2> e (1 + O(|E]| )) (A.24)

We will now consider the behavior of p, for times ¢ close to 4. For this, we will
follow relatively closely the arguments of Section 9 of the work [3] of Ajanki, Erdés
and Kriiger. There, they showed how one may use Cardano’s formula for roots of
cubics to find expressions for spectral measures. As the coefficients of our equation
are explicit, we are able to short-cut some of the arguments of [3] in adapting them to
our setting.

Following [3], we introduce the universal edge shape function,

w,0) = VBT
(42T F0) T+ (1420 — 2T F 0 1

(A.25)

As advertised, we characterize the spectral measure in the case of two nearby edges
in terms of this shape function. A proof of the below Proposition appears in Appendix
A of [2].

Proposition A.5 Let3.5 <t < 4. Then,

1/3 16 (t — 3)1>/4 E 3/24-5/4 p2/3
® AT —— Y, O E , E ,
pt(Or — E) = ( YRy ™ + (mm{ })

(A.26)

or equivalently,

5/4 3E
OB = (t 7T(2tf )) v < 3/2> +0 <mln{E3/2 5/4’ E2/3}>

(A.27)

The asymptotics of the shape function are given in (9.63) of [3],

E , E<A
AP, ( ) = ‘/6 ' (A.28)
Ay E1/3 E>A
The short time regime is as follows. A proof appears in Appendix A of [2].
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808 A. Adhikari, B. Landon

Proposition A.6 There is a 6 > 0 so that for all t < % we have,

V2 E .
—1/2

ot(©r — E) =
for |E| < t1/%5.

We consider now ¢t > 4. Let wg = x_(¢) := x. This is the value of f(z, t) at
z = —1. Note that it is purely real. The equation defining wy is

e*/? = 2 1. (A.30)
1—x

Introducing t = 4 4 s we can expand this to find,
x2(4 —13)24) + —x2s(1 +5/8) — s = O@). (A31)
We see that |x| < Cs'/2, and then that,
x =524 =327 + 06'7?) = V357212 + O(s). (A.32)

Similar to the regime ¢ < 4 we derive a self-consistent equation for the Cauchy
transform, but now in the regime ¢ > 4. The proof appears in Appendix A of [2].

Proposition A.7 There is a § > 0 so that for 4 <t < 4 + § the following holds. Let
7 = el E) gnd f(z,t) = wo — iq. Then,

E + Aq + Big> + Cq¢> = O(E* + 191 (A.33)
where
_ 4wé+sw3—s (A34)
2(1 + wo)(1 — wo)
and
1
B = 2t —12/8) — (t — 4)%/8 + wi(t +1%/8 312/8
(w02t =2 /8) =t =47 /84wt 4 £/8) 4w 8) (s
(A.35)
and
c ! <t3( 2 1)+t2 N )(A36)
= —(wy — — — .
(1+wo)(wo — 1) \ 48" ° 4 T+wo  (1+wo)?

We have A > 0and C < O and B < 0, and |A| < s and |B| < s'/? and |C| < 1.
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We now find an expression for p, near 6 = m for ¢ just larger than 4. The proof of
the following may be found in Appendix A of [2], and closely follows Section 9.1 of
[3]. We define,

V1422
(VI+22+ 223+ (V1422 =03 -1

Proposition A.8 Thereisa > 0 so that for4 <t < 4+ & we have for |E| < § that,

W, (A) 1= 1. (A37)

01T — E) — py () = %(1 T DY, (s%) o) (min{|E|s*‘/2, |E|2/3})
(A.38)
and
pi () = ﬁf,w(l +0@s'?)), (A.39)
and above
J =6y + 3y =210 = O/ (A.40)

where y; are introduced in the proof below.

The asymptotics of ¥, are,

6E EE g <32
2y, (22 <) s (Bl =5 A4l
! ”’( ) [iSE|2/3, E| =592 (4D

From the characterization of I'; we see that the function p,(f) is monotonic in
[0, 7 ]. Hence, we conclude the following.

LemmaA.9 Let§ > 0. Then there is a c > 0 so that if eithert > 4+ § and 6 € [0, 7]
ort>3§and 0 <0 < O — § (where we set ®; = 1 fort > 4) we have,

pi(0) = c. (A42)

Ift <8and0 <6 < ©; — /181 some 8| > 0 then there is a c¢| depending on 8 and
81 such that,

o (0) > crt ™12, (A.43)

B Auxilliary Proofs

This appendix collects a few results from calculus and other routine calculations.
Proofs are all deferred to Appendix B of [2].
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810 A. Adhikari, B. Landon

LemmaB.1 For x > 1 we have,

xlog(x) < al

(B.1)

LemmaB.2 Let f,,(z) be a Cauchy transform of a probability measure (v on the unit
circle. Then the function,

r— (r — 1)|Re[fu(rei9)]| (B.2)

is increasing forr > 1.

LemmaB.3 Let p;(E) be as above and T < 4. There is an ¢ > 0 so that with
7 = rel @) it

0<r—1<se, O<k<ce (B.3)
we have,
Im[f(z, )] — Im[ £ ("%, )] < —d k. (B.4)

for some d > 0, uniformlyin0 <t < T.

B.1 Cusp calculation

In this section we consider general densities on the unit circle p(x)dx with support
[-7 + A/2,m — A/2] where 0 < A < ﬁ. We assume that p is symmetric,
p(x) = p(—x). Let ® = 7 — A/2 denote the edge. We moreover assume that
there is a C| > 0 so that

1
oVrs AYopO@—x)<Civx, O<x<A (B.5)
1
and

1
C—x1/3SP(@—X)§CIXI/3’A<X<®' (B.6)
1

A proof of the following appears in Appendix B.1 of [2].

Proposition B.4 Under the above assumptions there is a % >c1 >0andad > 0
depending only on C1 > 0 so that the following holds. For z = (1 + 1)e'© ) wirh
O<n<ciAand0 <k < A/2,

Im[ f ()] = Im[f ()] = —dA™" k. (B.7)
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B.2 Extended spectral domain

The following proposition is used in the Proof of Theorem 1.6. It uses only as inputs
Theorems 1.2 and 1.4, and its proof appears in Appendix B.2 of [2].

PropositionB.5 Letc <t < 4 — ¢ for some ¢ > 0. Let €, § > 0. In the domain
Di:={z=0+ne? N1 <p<sl) (B.8)

the estimate

&€

- N
If(z.0) = fz,0)] < N (B.9)

holds with overwhelming probability. In the domain,
=z=U+ne? N <n<s!,0,+N23 <19 <n} (B.10)

the estimate

&

< N
[f(z,0) — f(z,D)| < NoTO (B.11)

holds with overwhelming probability.

C General 8

In this section we discuss extensions of our result to general 8 > 0. In this case, we
consider the N particles all on R,

d6; (1) = /NiﬁdWi(t) + % > cot (M) dt (C.1

J#

where 0;(0) = 0 for all i and {W;}; are a family of independent standard Brownian
motions. We leave aside discussion of the existence of solutions to the above system
for now and proceed at a formal level. Setting, A; (r) = ¢, we find

2 1 Ak A (B —2
i =ik | —=dW; — =Y ———ds ——)\ ary P2y (e
NB N ki = 26N

recovering the dynamics (1.6) when g = 2. Letting now,

N
I e hi+2
fen =53 = P (C3)

i=1
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as before we find,

zf(;t) B—2 (zazf(z,t) + 202 f(z, t)).

;
O fz. ) +dMP () + N
(C4)

df(Z,t) = -

where

P NE 2izh; (z)
dml () = Z RO e dWi (1) (C.5)

In order to extend our main results, Theorems 1.2, 1.4 and 1.6 to the case of general 8
we must examine how the equation (C.4) changes when 8 # 2. First, the martingale
Mtﬁ (z) can be handled the exactly the same as 8 = 2 as the quadratic variations are
the same up to constant factors.

What is at first non-obvious is whether or not the last term on the RHS (C.4)
drastically changes the behavior of f or not. Recall that our proof strategy is to
introduce a stopping time 7 which is the first time an inequality of the form | f (z;, t) —
f (zs,1)| < N¥®(z;) is violated along some collection of characteristics, where ®(z;)
is some control parameter. In the proof of Theorem 1.2 we take ®(z) = 1/Nn (where
we recall the notation n = |z| — 1) and in the other cases ®(z) = B(z) with B(z)
defined in (3.29).

In order for our proofs to go through it suffices to check that for ¢+ < t along any
characteristic z; we consider that,

1 t
3 | (0cf ol @) s = NPoE) < NoG). (€O
N Jo

In all three cases (bulk, edge and cusp) we have that along the characteristics we
consider we have N*®(z,) < |Re[f(z,, 1)]| (see Lemma 3.6 and Lemma 4.8 for the
edge and cusp cases; the bulk case is obvious, see e.g., (2.17)) and so we may estimate
the integrand on the LHS by

| 5 IRe[ f(z¢, )]
N(|3zf(Zz,l)|+|3Zf(Zt,t)|) Scm (C.7)

where A denotes the set of eigenvalues. For the bulk case, Theorem 1.2, we can use
simply dist(z, A) > 7, and find that the integral of the RHS of (C.7) is bounded above
by (Nn,)~!, which is sufficient.

For the edge regime, Theorem 1.4, one can modify appropriately the part of the
proof of Proposition 3.7 that begins with (3.47) and ends with (3.52) to find an estimate
of CN¢/4 log(N)(N (ks + n)) "' for the integral of the RHS of (C.7) over the time
interval [0, ¢]. Similarly, in the cusp regime one can modify the part of the proof of
Lemma 4.6 that starts with (4.52) and ends with (4.54) to arrive at the same estimate
as in the cusp case.
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The conclusion is then that formally the arguments of Sects. 2—4 extend to the more
general (C.4) with only minor changes. However, all of this rests on the definition of
notion of solution of (C.1) which we now briefly discuss.

In the work [14], Cépa and Lépingle have developed a solution theory for the
equation (C.1) and various generalizations. In particular they show that for all choices
of B > 0 and all choices of initial data, the equation (C.1) has a unique strong solution.
The caveat is that when 8 < 1, the particles may collide. In such cases, the work [14]
shows that the local time of collisions is sufficiently small so that, for example, the
cotangent on the RHS (C.1) is a.s. locally integrable. When 8 > 1, even if the initial
data has coincident particles, there are no collisions for any # > 0 almost surely. We
expect the methods outlined above apply to the processes constructed in [14].

Alternatively, at least in the case § > 1, one can completely avoid discussion of
collisions as follows. First, note that if the particles are initially distinct then one can
construct a unique strong solution in an elementary way following, e.g., Chapter 4.3
of [7], and substituting in the Lyaponuv function used in the proof of Theorem 3.1 of
[14] to rule out collisions.

Suppose now that we consider (C.1) with initial data 7 = ie where eventually we
take ¢ — 0. As long as, say, ¢ < e~V it should not be much trouble to recover all of
the results of this paper for the #° process, uniformly ine™" > ¢ > 0.

Convergence of the sample paths 6 (¢) to some limiting set of sample paths may
then be proven using the maximum principle argument of Lemma 2.3 of [30] which
establishes sup; o, _7 165 (1) — 62(1)| < Cr sup; |6 (0) — 6 (0)|. The argument of
Lemma 2.3 of [30] goes through for the process (C.1) after usage of the partial fraction
expansion,

1
7T cot(mwx) = nli)rréo Z T (C.8)

lil<n
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