LYAPUNOV EXPONENT, UNIVERSALITY AND PHASE TRANSITION
FOR PRODUCTS OF RANDOM MATRICES

DANG-ZHENG LIU, DONG WANG, AND YANHUI WANG

ABSTRACT. We are devoted to solving one problem, which is proposed by Akemann, Burda,
Kieburg [2] and Deift [I9], on local statistics of finite Lyapunov exponents for M products of
N x N Gaussian random matrices as both M and N go to infinity. When the ratio (M +1)/N
changes from 0 to co, we prove that the local statistics undergoes a transition from GUE to
Gaussian. Especially at the critical scaling (M + 1)/N — ~ € (0,00), we observe a phase
transition phenomenon.

CONTENTS
- o ] - ] 1
[1.1.  Lyapunov exponents| 1
[1.2. Universality] 2
(L3, Main results| 3
2. _Proof of main theorems| 5
2.1. Proof of Theorems1.1&11.2] 6
2.2, Proof of Theorem 1.3l 9
13._Further discussionl 13
[3.1.  Largest Lyapunov exponent| 13
[3.2.  Criticality in the bulk] 14
33 T Ton T Tl ] ] 16
3 Wik G - 18
[3.5.  Open questions| 18
[References] 19

1. INTRODUCTION AND MAIN RESULTS

1.1. Lyapunov exponents. In his famous 1892 monograph [39], Lyapunov introduced the
concept of Lyapunov exponent, which originated from the problem of the stability of solutions
of differential equations. For a linearized differential equation

o(t) = Xv,v(0) = vy € RY, (1.1)

where X,y is a continuous and bounded function from Ry to the space of N X N real matrices,
the Lyapunov exponent of a solution v(t;vg) of (|1.1)) is defined in the following manner

, 1
Alvp) = limsup — log||v(t)]] (1.2)

Moreover, Lyapunov proved that A(vg) is finite for every solution with vy # 0. Later, through
the works of Furstenberg, Kesten, Oseledets, Kingman, Ruelle, Margulis, Avila and other math-
ematicians, Lyapunov exponents have recently emerged as an important concept in various fields
of Mathematics and Physics, such as linear stochastic systems and stability theory, products of
random matrices and random maps, spectral theory of random Schrodinger operators, smooth
dynamics and translate surfaces; see e.g. [10, 55| 56].
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Let’s turn to consider a discrete-time evolution of an IN-dimensional real or complex stochastic
system which is described by linear difference equations

v(t+1) = Xiqo(t), t=0,1,2,..., (1.3)
then the total evolution is effectively driven by the product of random matrices at time t = M
I, = Xy Xo Xy (1.4)

The study on products of random matrices can be dated at least from the seminal articles by
Bellman[I3] in 1954 and further by Furstenberg and Kesten [28] in 1960, in which classical
limit theorems in probability theory were obtained under certain assumptions when M goes to
infinity. In particular, if X1, Xo,---, Xps are i.i.d. N x N random matrices, each of which has
independent (and identically distributed) entries with mean zero and variance one, then the
seminal theorem of Furstenberg and Kesten [28, Theorem 2] shows that for any fixed N the
largest Lyapunov exponent defined as

. 1
Amax == lim — log [[Ly| (1.5)

exists with probability 1. Furthermore, all Lyapunov exponents exist by celebrated multiplica-
tive ergodic theorem of Oseledets [46], 49], say,

1
Ap = lim ——log (k:th largest eigenvalue of HTMHM) , k=1,2,...,N. (1.6)
M—oo 2M

Here it is worth stressing that the M-dependent eigenvalues on the right-hand side are usually
referred to finite Lyapunov exponents, which are equivalent to singular values of II; up to a
one-to-one mapping.

However, usually it’s very hard to find both explicit formulae and effective algorithms of
accurate approximation for the Lyapunov exponents. This was been posed by Kingman [35] as
an outstanding problem in the field. Some noteworthy exceptions occur in the case of N = 2,
see e.g. [16, 40, 41]. For general N, when each X; is randomly chosen from a finite set of
matrices with positive entries, in a recent work [47] Pollicott solves this problem for the largest
Lyapunov exponent. Another special case is when {X;} are independent real/complex Ginibre
matrices (that is, with i.i.d. standard real/complex Gaussian entries), which have high interest
in Random Matrix Theory. Then the classical results of Newman [44] (real case, f = 1) and
Forrester [24, 25] (real and complex cases with 5 = 1,2) show that the Lyapunov spectrum
1 2 B
)\k—(log—i-i/}((N—k—i—l))), k=1,...,N, (1.7)
2 Jé] 2
where (x) denotes the digamma function. Forrester [24, 25] also studied Gaussian random
matrices with correlated entries; for more relevant works, see e.g. [2, 29] [33] 50] and references
therein.

Up to now, the fundamental result about asymptotic behavior for products of random matri-
ces discovered by Furstenberg and Kesten [28] have led to much of great interest in the topic over
the last sixty years, see [15], [I0] for the early articles. Recently, significant progresses have been
achieved in the study of products of random matrices, which have important applications in
Schrodinger operator theory [14], in statistical physics relating to disordered and chaotic dynam-
ical systems [I7], in wireless communication like MIMO (multiple-input and multiple-output)
networks [54] and in free probability theory [43].

1.2. Universality. Historically, the pioneering work of Furstenberg and Kesten [2§] and lots
of subsequent works focused on statistical behavior of singular values for the products such
as Lyapunov exponents, as the number of factors M tends to infinity. However, the more
recent interest in products of random matrices lies in statistical properties of eigenvalues and
singular values as the matrix size N goes to infinity, like a single random matrix. The study of
one single random matrix originated from the seminal works from Wigner, Dyson, Mehta and
others in 1950-60s, and has become a quite active research field named after Random Matrix
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Theory (RMT), which relates to many important branches of Mathematics and Physics; see a
handbook [I], monographs [9} 1T, 18, 20, 22], 23], 42, 43| 48|, 511, [54] and references therein.

Local statistical properties of eigenvalues in RMT are usually described by certain patterns,
say, Sine, Bessel and Airy kernels. The secret hidden behind can be unveiled through the
repulsion of eigenvalues, which is expected for many randomly disordered systems of the same
symmetry class that have delocalized eigenfunctions. This is referred to as universality in RMT,
which is different from classical Gaussian universality. Most of random matrix ensembles, like
Wigner matrices and invariant ensembles, have been rigorously proved to exhibit universal
phenomena, see e.g. [18] 20, 22] and references therein. As to finite products of large random
matrices, statistical properties have been extensively studied in [6, [7, 8, 26} 30} B34) [36] B37]; see
a recent survey [5] and references therein.

As a typical product like with X1,..., Xs being i.i.d. complex Ginibre matrices of size
N x N, the squared singular values x1, ..., zy of I, that is, eigenvalues of 113,117, are proved
to form a determinantal point process with correlation kernel

X (x )_/c-i—ioods ﬁxty_s_l F(t) F(S—{—N) M+1
N Y= e—ico 2mi Je2mi s—t T'(s) \I'(t+ N) ’

where ¢ > 0 and ¥ is a counter-clockwise contour encircling 0, —1,..., —N + 1; see [7] for the
derivation of the joint eigenvalue density and [37] for the correlation kernel. Note that
can be derived from the integral representation in [37] by deforming contours such that the
s-contour lies on the RHS of the t-contour and then shifting variables by N. With the help of
this structure, for any fixed M and as N — oo, with L. Zhang the two of the present authors
proved the Sine and Airy kernels for singular values of IT); in [38]. Reversing this order, for any
fixed N and as M — oo, Akemann, Burda and Kieburg proved in [2] that N finite Lyapunov
exponents for IIy; are asymptotically independent Gaussian random variables.

So a very natural question arises: What will happen when both the matrix size and the
number of factors tend to infinity? Precisely, will the largest Lyapunov exponent undergo a
crossover from Gausssian to Tracy-Widom distribution [53] at some proper scaling of M and
N7 Actually, at the end of [2] Sect.5] Akemann, Burda and Kieburg commented “Since the
two limits commute on the global scale while they do not commute on the local one, we claim
that there should be a non-trivial double-scaling limit where new results should show up. In
particular we expect a mesoscopic scale of the spectrum which may also show a new kind of
universal statistics”. Also, in his 2017 list of open problems in random matrix theory and the
theory of integrable systems, P. Deift ended in [19] with “There are many other areas, closely
related to the problems in the above list, where much progress has been made in recent years,
and where much remains to be done. These include: ..., singular values of n products of m xm
random matrices as n,m — oo, and many others”. It is our main goal in the present paper to
solve this problem when Ginibre random matrices are involved.

(1.8)

1.3. Main results. When both M and N go to infinity, we investigate local statistical prop-
erties of singular values of the product. As to the global property, it was argued in [3] that
the limiting eigenvalue density is a constant up to some proper scaling transform. Since the
largest singular value (or finite Lyapunov exponent) is more important from aspect of RMT
and dynamical systems, we place emphasis on local property of the largest one. For this, we
need to divide three different regimes of the number of product factors and matrix sizes:

I weakly correlated regime as (M + 1)/N — oo;
IT intermediate regime as (M + 1)/N — v € (0,00); and
III strongly correlated regime of (M + 1)/N — 0.
We also assume that M := My may depend on N, and N — oo. Besides, for notational
simplicity, instead of K we consider the following transformed kernel

Kn(z,y) = eVEn(e®,e¥), z,y€R, (1.9)

which is more relevant to finite Lyapunov exponents.
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Recall that for a determinantal point process with correlation kernel K ~(z,y), n-point cor-
relation functions are given by

R (1, ..., wn) = det[Kn (i, 25)]7 1 (1.10)

and the gap probability can also be expressed in terms of I?N(x, y); see e.g. [9, 23 42]. So we
just state our main results about correlation kernel.

Theorem 1.1 (Normality in case[l). Suppose that limy_,oo(M +1)/N = 0o, and k € N is fized.
Let xn(k) = N(¢(1 —k+ N) —log N) and

N
M+1
(1) If &,m are in a compact subset of R, then with the function hy pry1k defined in (2.15),

X M+1hNM+1I<:(77)N (M+1 M+1 > 1 1.2
1 ; ) K k’ , —— k’ = 27]. 112
Jim [ TR L 9(k; ), —x—9(ksm) o (1.12)

(2) Let € > 0. Then there exists Co(e) > 0 such that

g(k;&) = Nlog N + xn (k) + ¢ (1.11)

o0 .
/ Ky(,z)dr < e. (1.13)
MEL9(1;Co(e))

(8) Let € > 0. Then for each k € N there ezists C(e) > 0 such that

MIELg(k;—Ch(e)) _
/ Kn(z,z)dx < e. (1.14)

MIEL g(k+1;C (€))

Remark 1.1. Part[I]of Theorem[I.]|means that in the N — oo limit, there is a single eigenvalue
of the matrix log(IT3,I15/) that is at 2+ g(k; 0), whose fluctuation is normal and higher point
correlation functions vanish, with scaling /(M + 1)/N. This Gaussian behaviour has been
conjectured in [31]. Part |2/ implies that the eigenvalue at % g(1;0) is the largest one almost

surely, and then part [3| further implies that for any fixed k, the eigenvalue at % g(k;0) is the
k-th largest one almost surely.

Theorem 1.2 (Criticality in case . Suppose that limy_,oo (M +1)/N =~ € (0,00). Let

9(&) = (M +1) (10gN — 2;,) +£. (1.15)
(1) If £&,m are in a compact subset of R, then
Jim Ky (g(€). 9(n)) = Kerin (&,1:7), (1.16)
where
ioo (s at 1 TI'(t) 6%7’75

(1.17)

Kerit(§,m57) = /

|iey 2T S 2mi s —t I(s) 6#—@ ’

with ¥_ o being a contour starting from —oo — i€, looping around {0,—1,—2,...} posi-
tively, and then going to —oo + ie.
(2) Let € > 0. Then there exists C(e) > 0 such that

/ Ky (z,z)dz < e. (1.18)
9(C())

Remark 1.2. Part [I] of Theorem can be stated alternatively as that, with ¢ being the
unique positive solution of ¥/(ty) = v, after a translation by vty we have

€180 Korie (€ = yto, n = 7t0; ¥) = Kerit (§,157), (1.19)
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where

2
. Itico gg dt 1 T(t+tg)ez "
Kerit(§,m57) :/ — (£ + to) : (1.20)

l—ioe 2mi J5_ 2mis —tT(s+to) JRtc

with Soo starting from —oo — i¢, looping around {—to, —to — 1, —to — 2, ... } positively, and then
going to —oo + ie. With this choice, noting that the Taylor expansion of log I'(¢t 4 to) — %‘/2 + &t

at zero has a vanishing quadratic term, so as v — 0 its behaviour is better than that of K.,
see Theorem [3.2] below.

Remark 1.3. Part |2| of Theorem implies that the largest eigenvalue of log(II},II5/) is not
too far to the right of 0.

Theorem 1.3 (GUE statistics in case III). Suppose that A}im (M +1)/N =0. Let
—00

g(&§) = Mlog N + log(M + 1) +v(0) + /f (1.21)

N

where pn will be determined and the parametrization representation

0
0)=0cotd+log——, 6€]|0 1.22
v(0) cot 6 + g =7 € [0,m), (1.22)
the following hold true for £,m in a compact subset of R.
(1) When 6 € (0,), let

PN=M+in (123)
then
] e 1 ~ sinm(§ —n)
lim e—mEmeots 1 7 , _smrie 7). 1.24
i R (0(6).(n) = "2 (124)
(2) When 6 =0, let
1 N \3
pN—23<M+1) , (1.25)
then
. __N &1 1 ~
J\;lm e M+lopen —KN(g(f),g(n)) = Kai(&,m), (1.26)
—00 PN

where Ka; denotes the standard Airy kernel.

Remark 1.4. For the largest eigenvalue of the deformed GUE ensemble, Johansson has found
a different transition from Tracy-Widom to Gaussian; see [32]. Our phase transition result is
also different from the famous BBP transition introduced in the spiked Wishart matrix by Baik,
Ben Arous and Péché [12]. The soft edge limit in Theorem [1.2| was independently obtained by
Akemann, Burda and Kieburg [3]. Though different in form, our integral representation (|1.17])
is believed to be in essence the same as that in [3, Eq(15)]. Besides, we are inspired by [3, Eq
(10)] to study the bulk critical limit in Sect.

The rest of this article is organised as follows. In the next Section [2] we prove the main
theorems stated above. In Section [3| we discuss a few relevant questions.

2. PROOF OF MAIN THEOREMS

Since many occurrences of notation M + 1 are in the proofs of Theorems throughout
Section [2, symbol M stands for M + 1.
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2.1. Proof of Theorems [1.1€41.2] Before the proof of the theorems, we define several func-
tions to be used later. Let N, M be fixed and w be a real parameter. We define function F'(t),
depending on N, M, w as

F(t;w) = (log N +w/N)t —log'(t + N), (2.1)
where log takes the principal branch. It is easy to see that
F'(t;w) = (logN +w/N) —9(t+ N), F"(t;w) = —y'(t + N). (2.2)

where (t) =I"(z)/T'(z) is the digamma function, such that for z # 0, —1,-2,...

w00+ Y () YO e 2.)

where g is the Fuler constant.
We easily see that Rev/(z) > 0 if argz € (—7/4,7/4). As w € (—o0, +00), there is a unique
tw such that

F'(ty;w) =0 and t, € (=N, +00), (2.4)
and we have that
t, depends on w monotonically, t,, = oo as w — 400 and ¢, - —N as w — —o0. (2.5)

As dist(z,Z<o = {0,—1,—2,...}) > 0, by Stirling’s formula (see [45, 5.11.1]), as z — oo in
the sector ph(z) <7 —¢ <,

1 1 1
logT'(z) = (2—2)logz—z+log\/27r+m—i—@(%) , (2.6)
we have that
()~ (logz— o) =0 (s (2.7)
z)—(logz— — | = . :
8 2z dist(z, Z<o)?
Hence we have for w in a compact subset of R,
1
tw==+w+ON). (2.8)

2

In the proofs of Theorems and we need to show that as s = ¢ + iy, the function
Re F'(s;w) increases at a high enough speed as y goes upward from 0 to +oo or downward from
0 to —oo, where ¢ and w are in a compact subset of R. To see it, we note that — Im F'(c+iy; w),
and

d 1
—ReF(c+iy;w)= —ImF'(c+iy;w) =1 +iwy+ N ———51 _—
" e F(c+iy;w) m F'(c+ iy; w) m(c+ iy ) 2 m Ntctiy (2.9)

= arctan(N~'y) (1 + O(N™1)).

In the proofs of Theorems [1.1] and we use the following positive oriented contours: For
any a € (=N +1,0), 3_(a) = 3L (a) UX2 (a) UX3 (a) UL (a) UXS, where

El_(a):{a—24_it\t€[0,1]}, Eg_(a):{a—2Ii+21it|te[(),1}},
) 1 1 ) 1 1
ZBL(CL)Z{—IH—Z!te[i—a,N—i]}, E‘f(a):{t—z|t€[—N—|—§,a—§]}, (2.10)
EEL:{—N—F%—it\te[—ié]}.
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Similarly, for any b € (—N +1,1/2), 34 (b) = XL (b) U2 (b) U X3 (b) US4 (b) U XS, where
241 241

zﬂb):{ﬂ%ﬂtem,u}, S2(0) = {b+ - — ot [ te o, 1),
53 (b) = {t—% te b+ %1]}, 54 (b) = {—t+% te[—1,—b— %]}, (2.11)
Ei:{l—m’t\te[—%,i]}.

Proof of Theorem [I.1] First we consider part [I} Define

zn(k) = N(p(1 —k+ N)—logN), such that F'(t;zn(k)) = 0 is solved by t, ) =1— k.
(2.12)
Then

~ (M M N\ [T ds [ dt exp(MF(tan(k) +E/N/M)T() 1
K<N9(k’5)’Ng(k’")> _/H.OO 2mi Js, 2mi exp(MF (s; 2y (k) +ny/N/M) T(s) s =t

(2.13)
Later we apply the change of variables

=(1—k)+7V/N/M, s=(1-k)+oy/N/M. (2.14)

We define ¥y(1 — k) to be the positive oriented circle centered at 1 — k with radius \/N/M,
and then divide contour ¥ into ¥_(1/2—k)UXo(1—k) if k=1, and ¥_(1/2—-k)U3p(1 —k)U
Y1(3/2—k)if k=2,3,.... Then we have that for ¢t on ¥y(1 — k), under the change of variable
in (2.14), with

hnwk(§) = exp(MF(1 = k;zn (k) + §/ N/M)), (2.15)
MF(t;zn (k) + &/ N/M) = log hy s (€) — Ny'd ;k +N) 2+ ér+ O3 /VNM), (2.16)

which holds for all 7 = O(Nl/SMl/S). Note that for any fixed k, as N — oo, we have N¢/(1 —
k+N)/2—1/2.

We let the vertical contour for s be {1 — k + 2/N/M + iy | y € R}. is a good
estimation if |[Imo| < NY8MY8, or equivalently, [Ims| < NEM~%. Out of this window, we
use the estimate to find that for some € > 0

Re MF(1 —k+ 2 N/M +iy;zn(k) +nN/M) >
Re MF(1 —k + 2y/N/M +iNSM~5;-) + N s M3s(y— NEM~5)  y> NSM s,
Re MF(1 — k +2\/N/M —zNéM S FeN IMI(—y - NIM3) y< NIl
(2.17)

We see that exp (M F(s;zn(k) +n+/N/M) grows fast and dominates the I'(s) term as s — oo
on the vertical contour.
On the other hand, for ¢t on ¥_(1/2 — k) and ¥, (3/2 — k), we can check that

lexp(MF(t; 2 (k) + €3/N/M))| < hyarp(€)e ¥ (2.18)

for some € > 0. We can find it by checking that the left-hand side of (2.18) attains its maximum
on ¥_(1/2—k) at 1/2 — k, and attains its maximum on > (3/2 — k:) at 3/2 — k. We omit the
detail of calculation.

At last, we note that under the change of variables , we have

fo _o L _ A
o - (1”([“““'”')) AR




and by the standard steepest-descent technique that the integral on the right-hand side of
(2.13]) concentrates on s =t =1 — k, and under the change of variables ([2.14)), we have that as
N, M — oo, the right-hand side of (2.13]) becomes

<1+(’)( ﬁN/M))\/WhNyMJC(f)/QHOO do dr exp(0?/2 —no) 1 o (2.20)
2

M hN,MJc(n) 300 211 I7|=1 271'2 eXp(7—2/2 _ 57_) o—T o

Noting that

/2+ioodo— dr exp(0®/2—mo) 1 o 1 e /2 (2.21)
2

oo 20 Jir=1 2miexp(t2/2 — €T o —TT 21 '
we prove part [I]

To prove parts |3 I and |2 l we need to estimate Ky (z,z) where x is between (M/N)g(k + 1;0)
and (M/N)g(k;0) in part [3] and  is greater than (M/N)g(1;0) in part 2] We let

w = N(z/M —log N). (2.22)

Then we have that t,, € (—N, +00) defined by is between 1 — k and —k in part (3| and is
to the right of 0 in part

We deform contour ¥ into ¥_(1/N/M) in partand Y _(—k+/N/M)UE; (—k+1—+/N/M),
and in both parts we let the contour for s be the vertical line through t,,, where w is related
to = by . Below we consider part 2| and give a sketch of proof. We omit the argument for
part [3 since it is similar.

x> (M/N)g(1;0) if and only if z = (M/N)g(1;¢) with &€ > 0. If £ > —2, then ¢, > \/N/M,
and the contour for s does not intersect the contour for ¢t. Then for all s € {t, + iy | y € R},
and t € ¥_(/N/M) on the contour, the value of

exp(MF(t;xn(1) + &/ N/M (2.23)
exp(MF(s;xn(1) +n/N/M .

attains its maximum at s = t,, and ¢ = \/N/M, and it vanishes fast as s moves away from t,,

or t moves away from /N/M. Moreover, as £ — +00, the maximum value also vanishes expo-
nentially fast. Hence we conclude that K (z, ) vanishes exponentially fast as # = (M/N)g(1;€)
and £ — —+o00, by standard techniques of steepest-descent analysis. On the other hand, when
|€| is small, we have the approximation in part |ll The exponential decay and the estimate for
small [£| case imply part O

Proof of Theorem [1.3. First we consider part [} With w,w’ in a compact subset of R,

) 1+4ico g dt exp(MF(t;w)) T'(t) 1
, B as et )
Ky (M(logN+w/N)a M(log N+w /N)) = /1—z‘oo 2mi Js_(1/2) 2mi exp(MF(s;w')) T'(s) s — t

(2.24)
where the contour ¥_(1/2) is defined by (2.10). For a fixed w € R, if |t| < N'/%, we have, by
the Taylor expansion of F'(t;w) (cf. eqn (2.6])), that

MF(t;w) = MF(0;w) + M(log N — ¢(N) +w/N)t — %Mq//(N)t? +ONTVY, (2.25)
and we have
Jim M(log N — ¢(N) +w/N) =(w+5),  lim My/(N) =~ (2.26)
So) as s € {1 +iy} and t € £_(1/2) and s,t = O(NY*), we have (here o(1) is with respect to
N
exp(MF(t;w)) ez (W' +1/2)s

exp(MF(s;w)) e3P (w+i/2) (1 +0(1))- (2.27)
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Next we estimate the integrand when either s or t is not O(N'/4). For s = 1 + iy, by (2.9)
we have similar to (2.17)) that there exists € > 0 such that

Re MF(1+iNi)+eNi(y— Ni) y
Re MF(1 —iNi)+ eNi(—y— Ni) y

1
N1,

>
Re MF(1 +iy;w') > { - (2.28)
< —Ns.

[

Then it dominates I'(s) as s — oo on the vertical contour.

On the other hand, as t moves to the left along ¥3 (1/2)\ B(0, N'/4) or £* (1/2)\ B(0, N'/4),
Re F(t,w) decreases monotonically. To see it, we check that on these horizontal contours, the
second derivative

d? : / ) > (n+N+$)2—T16
WReF(aziz/ll,w)——Rez/J(a:+Niz/4)_—7;)((”+N+$)2+116)2 <0, (229

and at the rightmost ends of these horizontal contours, % Re F(z £1i/4;w) > 0 by (2.25). So
lexp(M F(t;w))| decreases monotonically on these horizontal contours to the left. At last, for
t € 35, we have

Re F(t;w) = —Nlog N + O(1) < —log(N) — eN = F(0;w) — eN (2.30)
for some ¢ > 0. Hence the double contour integral (2.24) concentrates on the region s,t €
B(0, N'/%), and by approximation (2.27), we have (o(1) is with respect to N)

Ky (M(log N + w/N), M(log N + w'/N)) =

14+iN1/4 d dt 252 —y(w'+1/2)s (¢ 1
(1 +o(1))/ & e M 1 o
1—iN1/4 211 $_(1/2)NB(0,N1/4) 211 e2 y(w+1/2) I‘(s) s—1t

It is obvious that if we change N 1/4 £6 be oo, (2.31)) also holds. At last, by changing w,w’ in
the proof by v~1¢ — 1/2 and vy~ !5 — 1/2 respectively, we prove part
To prove part [2| we consider for w € R that is not too small,

) twtico g dt exp(MF(t;w)) I'(t) 1
Kn(M(log N +w/N), M(log N +w/N)) = /twioo 2mi J (12 2miexp(MF(s;w)) T(s) s —t’

(2.32)
where t,, is the solution to the equation F'(t;w) = 0 in . Below we assume that w is large
enough, such that by , the contours for s and ¢ do not intersect.

By argument similar to that in the proof of part |1}, we have that as s € {t,, +iy | y € R} and
t € ¥_(1/2), the function |exp(MF(t;w))/exp(MF(s;w))| attains it maximum when s = t,,
and t = 1/2. By , we have that this maximum vanishes as w — co. Hence by standard
method of steepest-descent analysis, we find that the integral vanishes fast as w — co. Since in
the small w case the integral is computed in part [l} we derive part 2] by the fast vanishing of
Kn(M(log N +w/N), M(log N +w/N)). O

2.2. Proof of Theorem [1.3l
Proof of Theorem[1.3 After change of variables s,t — sN/M,tN/M, we obtain

i s
iﬁ T ds dt 1 6% (f]W,N(S)_fJVI,N(t)) e

L Rn(9(€). 9(n) = N (2.33)

PN _pNM c—i00 2771‘2 2N277Ti8—t
where
M? N M N
fun(t) = —1logT(N + —t) — —logT'(=—t) — ((M — 1) log N +log M + v(0))t

N MY TN M
1 1 M. M
M2<1—1——1 N—_—1 2) 22 j0g 22 2.34
+ (1= g log N = 5 log(2m) ) + o log (2.34)

Here ¢ and X will be properly chosen below.
9



In order to choose a proper t-contour, with the notations ¥4 as in Lemma below, for
small § > 0 such that § + 0 < 7, set

nL = {t €3y : {Re{t} € [~C, 1} N {t: |arg t £ 0] < 5}}, (2.35)
2 = {t e¥y {Relt} € [-C, 1} N {t: |arg t £ 6] > 5}}, (2.36)
and
3 -1 M
> :{t:zj:zh (—C)::cE[—MnLﬁ,—C]}, (2.37)
0 :{t_—M+%j:zy yelo.n -0y}, (2.38)

Here h~! denotes the inverse function of h(#) = @ cot 6,6 € (0,7), and the positive constant C
is sufficiently large such that h='(—C) > max{1,6 + 6}.

To prove part [T} according to Lemma [2.I] and Lemma [2.2] below, we deform the integral
contours in (2.33)) as follows. We choose the s-contour C to be a vertical line passing through
t+ = 6 cot 0 =10 whenever 6 cot # is not a nonpositive integer; otherwise, this line routes around
(fcot,0) with a very small circle. We choose the t-contour ¥ as the union of two closed
contours on opposite sides of C, see Fig. Let X, (respectively, ¥ ) be the vertical bar
connecting the two left (respectively, right) endpoints of 1 and ©!. Thus, ¥’ := X} U U
! UX R forms a closed contour and encircles the part of C whose imaginary part lies in (-6, 6p),
but does not encircle any pole for farn(t). When 6 cot§ is an integer, we need to deform Xp,
or ¥ such that it routes around (6 cot#,0)with a very small circle. At last, let ¥ = Uﬁzlﬁi
be an anticlockwise contour.

t L
xg:l;EJr

>R

FicUre 1. Contours of double integrals: Bulk

With these new contours we see from (| m ) that

1 ~
—K ——P - =15 —1Iy. (2.39
PN (@) = pN M /ZMj{ 2mi pNM/2m?{/ 2mi 1~ I (2:39)

Noting that all poles of t-integral come from s € C with Im{s} € (—9,0), apply the residue
theorem and we obtain
t _ .
o LN [ds meas snwl€on) e, (2.40
pN M )y 2mi (& —n)
On the other hand, combining Lemma and Lemma we can use the argument of the
steepest decent method to claim the following fact: The Cauchy principal integrals near two
10



points ¢4 give rise to the leading contribution for I;. So, take a Taylor expansion and change
variables, we obtain

Ms N/Més
I ~PV. **\/ / ds [V 1 oo 0(\/ %)- (2.41)
/N/Ms 2ri —\/N/Mé 2mis —t N

Combining (2.40) and (2.41)) thus completes the proof of part
Next, we are devoted to verifying the claimed fact. Take the derivative and use the reflection
formula of the digamma function, we see from the asymptotic expansion (2.7 that

Fon() = My(N + %t) (- %t) i~ %m ~ (M~ 1)log N + log M + v(6))
N N M N
~ M(log(N + Mt) —log N) —log(1 — Mt) —log N + 7 cot th —v(0). (2.42)

Thus, for any fixed yo := h™'(—C) > 1 and for t = = +iyp, when M, N are sufficiently large we
have

9 Reffun(®)} < M ( Re{log(N + %t)} ~log V) ~ Reflog(1 ~ 1)} ~ log 3+

Ox M N
= o (14 7+ (92) “1og (5 — ) +12)
< % log <(1 + %)2 + (%)2> (2.43)
This shows that, whenever x < —C < —=0 we see that
(5;91: Re{fun(z +iyo)} < 0. (2.44)

Therefore, as t moves to the right endpoints along {t = =z +iyp : © € [-M + %, —C1} with
fixed yo > 1, Re{fm n(t)} decreases monotonically.
While, for t € ¥4 with Re{t} € [-C, 1], use the Stirling’s formula (2.6)) and we see

v (t) :f(t)+(9<max(]\]\{ ]\14)) (2.45)
where
ft) = %t2 —tlogt — v(A)t +t. (2.46)

According to Lemma [2.1| below, for any given 6 € [0,7), Re{f(¢)} obtains its unique minimum
at t1 in the upper half plane (respectively, at ¢_ in the lower half plane).
Combine the two estimates above and we know that there exists €; > 0 such that

Re{fMJv(t) — fM,N(t:I:)} >e€, Vte Zi U E?I:' (2.47)

On the other hand, for large M and N and ¢t € ¥4, by the Stirling formula we easily see that
there exists €s > 0 such that

Re{fMN(t) — fM,N(ti)} > e, Vte Ei. (2.48)

Therefore, the claimed fact immediately follows from ([2.47)), (2.48) and the standard steepest
decent argument.
Now we turn to prove part [2, For § > 0 small, let

Siocal = {1 - (%)1/3 ForeFTT12 L o, 5)}. (2.49)

and let Xg10pa1 be the union of two vertical bars, connecting endpoints of Yjgca1 and Y4, and the
rest parts of X, see illustration as in Figure [2| Similarly, we define

Clocal = {1 + (%)1/3 + et/ e |0, 5)}. (2.50)

and Cglobal as the vertical line starting from the endpoints of Cigcal to infinity.
11



g
\Eloca& )Clocal
//\

FicUure 2. Contours of double integrals: Edge

Use similar estimates and the steepest decent method, we know from Lemma [2.I] and Lemma

2.2 that

LI?N(-TJ,:U) ~ iﬁ ﬁ ﬂ 1 e%(fM,N(S)—fJVI,N(t))6%7&’:}\75. (2.51)
PN PN M Clocal 2mi iocal 2mis —1

Using the Taylor expansion of fys n at s,t = 1, this reduces to

i]f;’N(x’y) ~ LE ﬁ ﬂ 1 65*11\(1((5—1)3—('5—1)3)6%%—]\78 (2‘52)
pN pN M Clocal 27“2 Ylocal 271—1 §— t
_N_£-n
~ P K6 ). (2:53)
This thus completes part 2. O

Lemma 2.1. Let f(t) = 3t> — tlogt — v(6o)t +t with Oy € [0,7) and
0
Yy ={t=g(£0): = ——¢ 2.54
£ {t g( 9) AS [077‘—)}7 9(0) sinﬁe ) ( 5 )
then Re{f(t)} attains its unique minimum over Xy /3_ at the point g(6y)/g(—00).

Proof. Note that v(#), defined in (1.22)), is a strictly decreasing function of § € (0, ), we see
from 6 —sin @ > 0 that

d cosfsinf —0 | <0, 6¢€(0,6),
= Re{f(g(0)} = (v(0) — v(6p)) g 2.55
a0 e{f(9(0))} = (v(0) — v(00)) <in2 0 {> 0, 0 € (6, ). (2.55)
Moreover,
d2 1 cosfpsinfy — 0y 2
I = 1—-
GOl =T {( ) T e i) }
B cos g sin 0 cos g sinfy — 6p\ 2
_ <1 " )(( e ) + 1) >0 (2.56)

Combining ([2.55) and (2.56|) implies that 6 is the unique minimum point of Re{f(¢)} over 3.
Similarly, —6p is the unique minimum point of Re{f(¢)} over X_. O

Lemma 2.2. With the same notation as in Lemma[2.1], let

Ogcosby .
= : R 2.
o= {220 iy yer), (257

then Re{f(t)} witht € Cg, has only two (one) mazimum points %.5% 440, for 6y > 0 (B =0).

sin Og
12



Proof. Without loss of generality, we consider y > 0. Since

9 —y + arctan ¥, ifx >0,
a—Re{f(x—i—iy)} =¢—-y+7, ifx=0, (2.58)
Y —y +arctan £ + 7, if x <0,

we see know that it is a strictly decreasing function of y. The lemma immediately follows from

gRe{ (9000800

. + iy)}‘yzeo —0. (2.59)

O

sin 90

3. FURTHER DISCUSSION

In this last section we discuss a few relevant questions and add some comments.

3.1. Largest Lyapunov exponent. The critical correlation kernel IA(Cm(as, y;7) defined as in
(1.20) admits other forms which may be more convenient for application. If we introduce two
families of functions

ds 1 42

dt 2
_1lx) = 7Ft—|—t —7t -‘ra:t’ (x :/ 7,7655 —xs 3.1
Ja(a) 72&2 (t + to)e i) = [ et (3.1)
and for k =0,1,...,
dt F(t—l—to) - / ds 1 v
_ et z = —_— TS (3.2
Ji(@) f{g_m e LR G Rl S wry porur s a7y LA G

then the critical kernel can be rewritten as

~

Resa(wi) = [ falu-t ahgoau+ )i (33)
or an integrable form

-~ 1

Kert(2,937) = —— | =7f1(@)g-1(y) + Z fi(@ : (34)

These can be derived from the simple facts

1 o o 0
= —(s—t)u ) etYs Tt—ys
" /0 e du, (x—y)e (at + 83)6 , (3.5)

and the series expansion of the digamma function(cf. [45] 5.7.6]).

If we strengthen the result in Theorem [I.2] from uniform convergence to the trace norm
convergence of the integral operator with respect to the critical kernel Kcm(a: y;y) in ,
then as a direct consequence the limiting distribution of the largest Lyapunov exponent (or the
largest singular value), after rescaling, converges to a new limit distribution which admits a
Fredholm determinant expression

Fcrlt =1+ Z %l / / det crit ywyja )]2] 1dy1 - dyr, (3'6)

see [9, Sect.3.4] for more details about Fredholm determinants. Since the proof of trace norm
convergence is only a technical elaboration that confirms a well-expected result, we do not give
the detail.

13



3.2. Criticality in the bulk. Except for the critical scaling limit at the soft edge, Akemann,
Burda and Kieburg investigated local bulk statistics in the critical regime and obtained a new
interpolating kernel in [3]. Inspired by their result [3, Eq (10)](see [4] for more details), we
consider the bulk critical limit and give a different derivation.

In order to state the main theorem in this subsection, we need some notations. Recall that
the Jacobi theta function, defined as

o
S emntTeming - qm{r} >0, z €C, (3.7)

n=-—oo
admits an integral representation

L4o0 ) 2
I(z;7) = i/2 du e™™ cos(2muz + 7ru)’ (3.8)

oo sin 7mu

which can be derived by applying the Cauchy residue theorem. Besides, let [x] be the greatest
integer less than or equal to x.

Theorem 3.1 (Bulk criticality in case[[]). Suppose that limy_,c(M +1)/N =~ € (0,00). For
any given u € (0,1), let ' = /(1 —u) and

9(6) = Mlog N(1 —u) +log =" + Nﬂéf; (Nu — [Nu] + ;) e (39)
With the kernel Ky in , if £,m are in a compact subset of R, then
]\}i_rgncxJ e(g(g)_g(n))[N“]I?N(g(f),g(n)) _ chltllk € mA), (3.10)
where
KGPems) = 2= / dwew ™ (Lrw —igy ). (310)

Proof. Use the Euler’s reflection formula for the gamma function and the identity

sinms  sinm(s —1t) ;.

— 7’L'7T(87t) 312
sin 7t sin t te ’ ( )

we rewrite Ky in (L.9) as

dt e*t—ys F(l — 5) F(S + N) M+1 sin7r(s . t) - 6irrt
K — ——e"™ 4+ — ). (3.1
~(@y) /271'2 2t s—t T'(1 —1t) (F(t—l—N)) < sinnt C €z7rs> (3.13)

Note that the second integral in the above summation vanishes since there is no pole for t¢-
function, we thus arrive at

(3.14)

7 / dt sinm(s —t) €™ e YsT(1—s) (T(s+ N)\M™
x — :

N (@, y) 2ri ) 2w s—t  sinwmte ®T(1—t) \I'(t+ N)

Make change of variables s — s — [Nu], t — ¢t — [Nu] and we obtain

>0 (s dt sinm(s —t) e efn(s)
K 3.15
vlg / 27i éN 2w  s—t sinwtefNED] ( )

where
In(Et) = —tg(&) + logT(1 + [Nu] —t) + (M + 1) logI'(N — [Nu] +t), (3.16)
and X is a rectangular contour with four vertexes 2 + [Nu| £ 1 and —N + [Nu] + % + %
We will make use of the asymptotic expansion (see [459, 5.11.8] and cf. ([2.6]) for the uniform
convergence condition) for large z and slowly growing h, say, h = O(z1/4),

1)*B
)

k‘"

h) (3.17)

logI'(z + h) ~ (z—i—h—f)logz—z—i—log\/ +Zk —

14



where By(h) is the Bernoulli polynomial of degree k and in particular By(h) = h* — h + 1/6.
Whenever t = O(N/*), noting the assumptions and the cancelation of the coefficient of ¢ one
gets

(&) — fa(€,0) = —tg(€) — tlog[Nu] + O(N~?)

+ (M + 1) (tlog(N — [Nu]) + m FONY)
= %’W — g+ O(NTH), (3.18)
Similarly, one has for |s| < N1/4
fn(n,s) = fn(n,0) = %7’82 — s+ O(N~1/4), (3.19)

Soas s €iRand t € Xy and s,t = O(N4), we see from fy(£,0) = fn(n,0) that

efN(”LS) e 2 S -ns

INED T Apg <1+0(1)>- (3.20)

Next, we estimate the integrand when either s or ¢ is not O(IN 1/ 4). For s = iy,

ije fn(myiy) =Im(1 + [Nu] —iy) — Im {(M + D)Y(N — [Nu] + zy)}

- _ _y Yy -1
= (arctan T+ [Vl + (M + 1) arctan T [Nu]) (1 +O(N )) (3.21)
Thus, there exists € > 0 such that
Re{fn(n,iy) = fn(n,0)} < —eNY4(jy| = N4, Jy| > NM (3.22)

Then it dominates the factor sinw(s —t) as s — 0o on the vertical contour.

On the other hand, as t moves to the right endpoint along {v£3 : # € [-N+[Nu|+1, —-N/4]}
or to the left endpoint along {z £ % : € [N¥/4,[Nu]+ 1]}, Re fn(n,t) decreases monotonically.
To see it, we check that on these horizontal contours, the second derivative

2 i ;
dd RefN(f,xi =Re {¢'(1+ [Nu] = (£ ) + (M + D' (N = [Nu] + (2 + 3)) }
n+1+N“]_$)2 i (n+ N — [Nu]+z)?— 1
_Z< (1 [V =22 +}1)2+(M+1)((n+N[Nu}+:p)2+}l)2>>0' (3.23)

Take the first derivative, we know from (3.18)) that for large N

d d

— NY4 4 — ~NY44 24

T Re v (& 2) >0, ——Refn( - 2) <0. (3.24)
So Re fn(§,x £ %) decreases monotonically on these horizontal contours to the endpoints

ENVAL L
At last, on the two vertical lines of ¥, applying the Stirling formula leads to for any
-1/2<y<1/2

Re {fn(§, =N + [Nu] + % +iy) — fN(§,0)} = (M +1)N(1 —u) + O(NlogN), (3.25)
and

Re { fn (&, [Nu] + ; +iy) — fn(€,0)} = (M +1)N(—u —log(1 —u)) + O(Nlog N). (3.26)

The integrals over them are thus negligible.
15



Combine these estimates and we know that the double integral (3.15) concentrates on the
region of s,t = O(N'/4), that is,

6(9(5)*9(’1))[NU][~(N(Q(§), g(n)) ~
(/iNIMdS. _N1/4+;dt.+/iN1/4dS N1/4_% dt) SiHTF(S—t) el 6%52_775‘ (3.27)

inva 2mi Jyyagio 2mi i 2mi )y 2mi s—t sinmt Le2-gt

This further gives us

lim 6(9(5)79(77))[NU]}~(N(9(§)7g< )) K(bulk)(f

N—oo crit

/m ds / oo gt /m ds / 310 gt sinm(s —t) et eF s (3.28)
o 2T o2mi | Ji 2mi o 2mi s—t sinmt Fe2-g
Use first the simple fact that

and then integrate out variable s, we have

1 (Ww7i71)2 —%-‘FOO dt %—FOO dt eiﬂ-t 7 42
FePu) ﬂ/ p i / _/ R I s N
crit (6’77”7 ) 8 J 4 we ! —%—oo 271 %—oo 271 sinmﬁe ( )

Finally, changing ¢t to —t in the ¢-integral over the line —% —|— R and using , we arrive at the

desired formula (3.11)).

We thus complete the proof. O

my) =

Remark 3.1. Our expression form for the critical limit in the bulk is actually the same
as that in [3, Eq (10)], just by noting that the summation in [3, Eq (10)] can simplify to an
integral in terms of the Jacobi theta function. Besides, as 4/ — 0 one can recover the Sine
kernel; see [3, Eq (12)].

3.3. Transition from critical kernel. The parameter « is defined as the limit ratio of M + 1
and N, so as v — 0,00, we expect the Tracy-Widom (Airy kernel) and Gaussian phenomenon
respectively. We also discuss a transition from the soft edge to bulk critical limit.

Theorem 3.2. Let ty > 0 be the unique solution of Y'(ty) = =, the following hold true uniformly
for x,y in a compact subset of R:

lim €xiy\/'?j€crit (VA(z = 1),vAly = 1);7) =

Y—00 m

e 2Y (3.31)

and
2 ~
3

. _1 _1 2 _1 2
lim 273~ Crit(—logto—i—Q sysx, —logty + 2 373y;fy) = Kiry(2,y). (3.32)

v—0

Proof. As to (3.31), after change of variables s — (s —1)/,/7 and (t — 1) — t/,/7 the kernel

(1.20) becomes
e VK (VA = 1), Ay — 1):7)

_/ ds dit 1 T +to+1) s 14 /a1 ers*—vs (3.3
= 1w 2mi Je 271'15—75{‘(5”\f1 Fto+ 1)t — 1+ oty e3t?—st’ .

Here C_o denotes a counterclockwise contour encircling the interval (—oo, —1/2), starting at
and returning to (—1/2,0), while Cp is a small circle around the origin.
As v — o0, one sees from 1)'(ty) = v that
1 1
n-"(1ro(L)),
&l (\ﬁ )
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cf. [45, 5.7.4]. Thus, by taking limit in (3.33]) only the integral over Cy gives us a leading term,
which further results in the desired formulaL.1 .
Next, we turn to (3.32). Change s,t to 237 35,23~ 3¢ and we rewrite ((1.20]) as

~

2
3

W\H

2” it logto+2 37333 —logto+ 2 573y;7)
/ % eot=y3 el ()= 1 (1) (3.34)
5, 27 Jsg omis—t°
where
f+(t) = —logI'(log to + 2%77%33) + (27)7%152 + 2%7*%tlogto. (3.35)

Here we have chosen a clockwise contour ¥ := {ye®5 : y > 0} and a counterclockwise contour

Y= {yeii%r cy > 0}.
As v — 0, it’s easy to see from the relation v’(tg) = v that ty — oo and further

1 1
- O( ) 3.36
1T T s (3.36)
cf. [45] 5.15.1]. The Taylor expansion for the gamma function (2.6]) gives us
1
f7 () =to = (to — 5) logto — log V2 + 237 5t + (27) 312
! 1
_(to—*—l—Z%fy*%)log( —i—23fy 37)+O<ﬁ)
2 to to + 23y 5t
1 1
= to— (to — 5)logto — log V2m + 3% + o(1). (3.37)

Combine the similar result for f,(s) over X1 and we thus complete the proof of (3.32). O

We next turn to the transition from the kernels K in (1.17]) to K (bull) 4 n (3.11).

crit

Theorem 3.3. Let k be a positive integer k, we have for any x,y in a compact subset of R

lim ek(m_y)Kcrit(—7k—logk—|—x,—7k‘—logk‘—|—y; ) Kc(m )( YY) (3.38)

k—oo

Proof. We proceed in the similar procedure as the proof of Theorem
Let g(x) = —vk — log k + x, for simplicity. Make change of variables s — s — k, t — ¢t — k, as
in Theorem B.7] we obtain

i g dt —t int o fr(y,s)
M (gl o) = [ g § LBIECD LS 3a)
Xk

2mi  s—t  sinntefs(®@b)

where
1
fe(z,t) =logT(1+k—1t)+ ?ytz — (z — log k)t, (3.40)

and Y, is a contour starting from —oo — i€, looping around {k,k — 1,k —2,...} positively, and
then going to —oo + ie.
Whenever t = (’)(kl/ 4), applying the Stirling formula gives rise to

fu(z,t) — fu(z,0) = 17t2—xt+0(k*1/4). (3.41)

As in the proof of Theorem we can prove that the double integral concentrates on the region
of 5,t = O(N'/*) and have a limiting kernel defined in (3.28). O
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3.4. With different sizes. When each X; is a complex Ginibre matrix of size (v; + N) x
(vj—1 + N) with vy = 0 and vq,...,vy > 0, the eigenvalues of log (H}“WHM) with the product
Iy in (1.4) also form a determinantal point process with correlation kernel

[?/ (x y) _ /c+ioo ﬁ ﬂext—ys F(t) 1]\—/[[ F(s + Vj + N) (3 42)
N cmico 20 J52mi s —t T(s) L4 D(t+ v+ N)’ '

see [37]. In this general case, all Lyapunov exponents can be expressed as certain time average
1 M
A= lim ——— i+ N—-k+1 k=1,...,N 3.43
k Ml—r>noo2(M—|—l)jz;)¢(VJ+ +1), AREERAS (3.43)
whenever the limits exist; see [29].
We believe that our main results hold true in this rectangular case, at least in the critical
regime.

Theorem 3.4. Suppose that
M

1
I — 5 e (0 3.4
NgnoozijrN 7 € (0,00), (3.44)

let ty be the unique positive solution of V'(tg) = v and Ly = Zj]\io log(vj + N), then for any
&,m in a compact subset of R

entO

. / = K. .
A}lm 7e§t0 KN <LN + fy(to — 5) + 5, LN —+ ’y(to — 5) + 77) — Crlt(é-vna’y)- (345)

Proof. Following the same argument as that in Theorem we can complete the proof. (]

3.5. Open questions. As discussed in the introduction, the product of M random matrices
of size N x N relates classical law of large numbers and central limit theorems, and Lyapunov
exponents when M — oo, to RMT statistics when N — co. As both M and N go to infinity
such that (M + 1)/N — v € (0,00), there is a phase transition phenomenon as observed in
Theorem and [3]. These draw us to conclude this last section with a few questions which
are well worth considering.

Question 1. Find an explicit form for the distribution F;(; ) defined by (3.6 as in the
Tracy-Widom distribution; cf. [53].

Question 2. Consider the product of real Gaussian random matrices and prove a phase tran-
sition from GOE statistics to Gaussian. Furthermore, find an explicit interpolating process
associated with the largest Lyapunov exponent.

Question 3. Prove the phase transition phenomenon for the product of truncated unitary/orthogonal
matrices; see [25] and [34].

Question 4. Verify Theorems for singular values of products of non-Hermitian random
matrices with i.i.d. entries under certain moment assumptions. This is one of the most chal-
lenging and difficult problems related to infinite products of large random matrices; see [21], 52]
or [22] for a significant breakthrough on Wigner matrices.
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