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We develop a method to calculate left-right eigenvector correlations of the product of m independent N x N
complex Ginibre matrices. For illustration, we present explicit analytical results for the vector overlap for a couple
of examples for small m and N. We conjecture that the integrated overlap between left and right eigenvectors is
given by the formula O = 1 4 (m/2)(N — 1) and support this conjecture by analytical and numerical calculations.
We derive an analytical expression for the limiting correlation density as N — oo for the product of Ginibre
matrices as well as for the product of elliptic matrices. In the latter case, we find that the correlation function is

independent of the eccentricities of the elliptic laws.
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I. INTRODUCTION

Products of random matrices have continuously attracted
attention since the 1960s [1-5]. They are of relevance in many
fields of mathematics, physics, and engineering, including
dynamical systems [2,6], disordered systems [7-9], statistical
mechanics [10], quantum mechanics [11], quantum transport
and mesoscopic systems [12,13], hidden Markov models [14],
image processing [15], quantum chromodynamics [16], wire-
less telecommunication [17,18], quantitative finance [19-21],
and many others [22]. Recently, enormous progress has
been made in the understanding of macroscopic [23-44] and
microscopic [45-66] statistics of eigenvalues and singular
values as well as of Lyapunov spectra for products of random
matrices [67-77]. In contrast, not much has been learned about
the eigenvector statistics of the products of random matrices
so far. In this paper, we address this problem by considering a
correlation function for eigenvectors of the product of Ginibre
matrices. More precisely, we study the overlap between left
and right eigenvectors for finite N and for N — oo. In the first
part of the paper, we adapt ideas developed in Refs. [78,79] to
the product of random matrices by using the generalized Schur
decomposition [45] for finite N, while in the second part we
combine the generalized Green function method [81-84] with
linearization (subordination) [10,28,37] to derive the limiting
law for the overlap for N — oo.

II. DEFINITIONS

Consider a diagonalizable matrix X over the field of
complex numbers. Let {A,} be the eigenvalues of X. The
corresponding left eigenvectors (L,| and right eigenvectors
|R,) satisfy the relations

Note that the Hermitian conjugate of the second equation has
the form X'|L,) = A,|L,), where the symbol “bar” denotes
the complex conjugation of A,. The eigenvectors fulfill the
biorthogonality and closure relations in the form

(LolRg) =8up, Y ILa)(Ral = 1. )

o

The two relations are invariant with respect to the scale
transformation

|Ry) = calRe)s (Lol = (Lalc;", 3)

with arbitrary nonzero coefficients c,’s. According to
Refs. [78,79], an overlap of the left and right eigenvectors
is defined in the following way:

Oup = (Lo|Lp)(Rg|Ry). (4)

By construction, the quantity O,g is invariant with respect to
the scale transformation given by Eq. (3) and consequently
does not depend on the vector normalizations.

If X is a random matrix, one defines averages over the
ensemble

(Oug) = / di(X) O 5)

where d i (X) is the probability measure for the random matrix
in question. The dependence of Oyg on X is suppressed in the
notation. We use this notation throughout the paper also for
other observables that depend on random matrices. The global
diagonal overlap averaged over the ensemble is given by

1 N
0 =<ﬁ;0aa>, (6)

X|Ry) = Ag|Ry), (LolX = (Lg|Ag. (1)  while the global off-diagonal one is expressed by the formula
Ow={—2—%0 )
off = N(N—l)a<ﬂ af |-
“zdzislaw.burda@agh.edu.pl
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to the similarity transformation X — UXU ™!, where U is
a unitary matrix. In particular, this invariance implies that
(Oga) = (O11) and (Oyg) = (Oy2) for any « and B. It follows
that

O =(011), Ot = (O12). ®)

We can also define the local diagonal overlap density by the
formula

1 N
0(zx) = <ﬁ ; Ouad(z — Aa)> =(0néz—Ap), )

and the off-diagonal one by

2
Ooti(z,w) = <m Z Oupd(z — Ay)d(w — Aﬁ)>
a<p

= (0nd(z — Ad(w — Az)). (10)

The symbol §(z) denotes the Dirac § function on the complex
plane. Clearly, the diagonal global overlap is equal to the
integrated overlap density given by Eq. (9), i.e.,

0= /dzz 0(). (11)
III. PRODUCT OF GINIBRE MATRICES
Consider the product
X=XX, - Xp (12)

of m independent identically distributed N x N Ginibre
random matrices [85] with complex entries. The probability
measure factorizes and can be written as a product of measures
for individual Ginibre matrices

du(X) = du(X1,Xa, .., Xm)
=du(Xdw(Xs) - - - du(X,y,), (13)

each of which is given by
du(X;) = (o?) Ve # ™K pX,, (14)

where o is a scale parameter, and DX; =
]_[aﬁ dReX; opdImX; op. According to Eq. (9), the local
diagonal overlap density can be calculated with respect to the
measure d(X) in the following way

0(Z)=fdM(X)0115(Z—A1), 5)

where A,’s correspond to the eigenvalues of the product X in
Eq. (12). An analogous formula holds for the off-diagonal
density. In the calculations we set o = 1. One can easily
transform the result to other values of o in Eq. (14) by using
the formula

0.(z) = U%oa:l(ai), (16)

m

which merely corresponds to the scale transformation of all
Ginibre matrices X; —> o X; in the product Eq. (12). Later,
when discussing the limiting laws for N — oo we will choose
o = N~'/2_ This choice of the scale parameter o will ensure
the existence of the limiting eigenvalue density on a compact
support being the unit disk in the complex plane.
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IV. CALCULATIONS OF THE OVERLAP FOR FINITE N

In order to calculate the global left-right vector overlap,
defined by Eq. (4), for the product of Ginibre matrices in
Eq. (12), we will change the parametrization of the matrices
X;’s using the generalized Schur decomposition [45],

Xi = Ui_1‘L'iUl-T, (17)

for i =1,...,m, where U; are unitary matrices from the
unitary group U(N), and t; are upper triangular matrices of
size N x N.Weuse acyclicindexing U; = U4, in particular
Uy = U,,. Sometimes it is convenient to express each t; as a
sum of a diagonal matrix A; and a strictly upper triangular one
t;, namely,

Al hiz iz ... LN

0 Aip Lipz ... Lion
T=A+ 6=

0 0 0 AiN—1  liN—IN

0O 0 0 ...

(18)

In this representation, the product X is unitarily equivalent to
a matrix 7, that is X = UmTU,L, where

TI‘L']‘L'Q--"L’m. (19)

The matrix 7 has also an upper triangular form,

A T Tz ... Ty
0 A2 T23 . T2N
T=A+T= .
0 0 0 An_1 Ty_in
0 0 0 AN
(20)
The diagonal elements of 7 are given by
To=Ag = ALara* Amas 210
and the off-diagonal ones by
7;(1) = Z TLapT2,8y " Tm,pv- (22)

AP

Any instance of 1; 4, With two identical Greek indices can be
replaced by 1; , and of 7; g with two different Greek indices
by #; «p in the last formula. One can also express the integration
measure in terms of U’s, A’s, and ¢’s. Since one is interested
in invariant observables, the U’s can be integrated out. For the
scale parameter o = 1, one gets [45]

duGet) = Z AP ] e Ml d?hig
Lo
< |1 le*‘ffvﬂvlzd%j,ﬁy, (23)
by
where the normalization factor Z is given by the formula

Z = N![zN112!.. (N = D", (24
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and the Vandermonde determinant A(A) for the product X =

X1 X5 ---X,, has the form
A(A) = H(M,Mz,a o dma — Ao g Amg)
a<f
= [[Aa = Ap). (25)
a<pf

The square of the determinant in Eq. (23) comes from the
Jacobian of the transformation Eq. (17).

The next step is to express the observables in terms of t's
and A’s. For example, to calculate the diagonal overlap density
[cf. Eq. (15)], we have to find O;; = O;;(¢,A) and to integrate
over t’s and A’s with the Dirac § constraint,

0(z) = /du()»,l)On(tJ)rS(z — Ay, (26)

while for the global overlap O = fdu(k,t)Oll(t,A). The
measure du(A,t), Eq. (23), factorizes d (A ,t) = du(X)d u(t).
One can first integrate over ¢’s. This is a Gaussian integral
and can be easily performed. After this integration, only the
dependence on A’s is left,

010) = / A0 (1.0, @7)

where du(t) is a normalized Gaussian measure equal to the
t-dependent piece of du(A,tr), Eq. (23). The last step is to
integrate over A’s with the measure given by Eq. (23),

0()=2" /dM(K)IA(A)I e Lialhal 0, (M8(z — Ay,

(28)

where as before A,’s stand for Ay = Aj gAzq - Apo- We
will do this below. First we have to find the function O;(z,A).
This can be done as follows. We choose the basis in which
the product matrix X is equal to 7. Such a basis exists since
the two matrices are unitarily equivalent. In this basis, the first
right eigenvector |R) is represented as a column vector with
“1” in the position 1 and 0’s elsewhere: |R;) = (1,0,0, ...)T.
The vector is written here as transpose of a row vector to save
space. Denote the elements of the first left eigenvector (L;| =
(B1,Bs, ...). The eigenvalue equation (L{|7 = (L{|A leads
to the following recursion relation for Bg’s [78,79]:

1
Bg = —— B,Ty,s. (29)
Ny O; b

The recursion is initiated by B; =1 as follows from the
biorthogonality relation Eq. (2). One finds

By =1,
T
B, — LI
A — Ay
T T, T
B, — (ER 12723 ’
A=Az (A= A)(A — Aj)
T T, T
B, = (CR 12754
A — Ay (A — A))(A — Ay)
n T13T34
(A1 — A3)(AL — Ag)
T T3 T
+ 12423134 Jetc. (30)
(A1 — A)(A — A3)(A — Ay)
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The element Oy, of the overlap matrix is related to B’s as

N
On =y IB.J, 3D

and B’sdepend on ¢’s and A’s through 7"’s and A’s. Combining
Egs. (30) and (31) with Eq. (26) we obtain an explicit form of
the integral over #’s and A’s, which can be done. We will give
a couple of examples below.

V. EXAMPLES

Let us first illustrate the calculations for N = 2, m = 2, and
o = l—that is for the product of two 2 x 2 Ginibre matrices.
First, we express Tj, in terms of #’s and A’s as follows:

(M (A b (A1 T2
T—( 0 x1,2)< 0 xz,z)—(o A2>' (32)

This gives Ty, = )\1,11‘2,12 + l1’12)»2,2 and A, = )\l,a)\Z,a for

o = 1,2. Thus, we have

(A1 12,10 + 11 1220,2 ]

A1Aa1 — Aohonl?
(33)

T2

011t MN)=14+ —7"——-=
1(,2) +|A1—A2|2

According to Eq. (27), the integration over ¢’s leads to the
following result:

1l 4 ool
|AriAon = Aiakaol?

011()») =1+ (34)

Now we have to compute the integral over A’s given by
Eq. (28), namely

1
0(@) = s /.(l)vl,l)hz,l — Mhaal + Al

+ 122208 — Aada) [ [ e . (35)
i,a
We first integrate over the A’s that do not appear in the
Dirac 4§, that is A;» and A, . These integrals are in general
of the Gaussian type combined with a power function, i.e.,
fd2z|z|2k exp (—|z|>) = mk!. As a result of the integration,
we obtain

1
0@ =5 /(|z|2 +2+ Al
T

x 8(z — Apahap)e Pl =gy a2, 1 (36)

Now we integrate over A, ;. We use the scaling property of the
Dirac 8, 8[a(z — z0)] = (1/|a|*)8(z — zo), to get

/ 122 4+ 2+ A1)
A1

|z|?
%1112

X exp <—|x1,1|2 - )d%,l. (37)

The integral over A;; can be conveniently done in polar
coordinates, A1.| = /x exp (i),

00 2 2 2
0(z) = / Izl—i———i-x exp <—x _ ﬁ)dx, (38)
27T 0 X

X
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yielding

1
0@)=—lC2+ |21 Ko(2lz]) + IzI K1 (2lz])], (39)

where K, denotes the modified Bessel function of the second
kind. The global overlap is

0= / d’z 0(z) = 2. (40)

The overlap density depends on the modulus |z|. It is
convenient to represent this quantity as a radial function in
the variable r = |z|,

Oraa(r) =2r O(r). “n

Clearly Oy,q(r)dr is equal to the overlap density integrated
over the annulus » < |z| < r + dr. In our case, we have

Orad(r) = 2r(2 + rHKo(2r) + 2r2 K, (2r). (42)

In principle, one may repeat the calculation for any N and
m. All integrals except those over the A’s appearing in the
argument of the Dirac §, i.e., §(z — Ay| - - - A1), are Gaussian
and can be done explicitly. The integrals over A’s from
the Dirac § generate instead Meijer G-functions due to the
multiplicative constraint [80]. Let us illustrate it for the product
of three 2 x 2 Ginibre matrices. The calculation goes as before.
The element T}, of the 7 matrix is

Tio = Aido a2 + Aita 12230 + H12A2 2432, (43)

and the diagonal elements are Aj = Ay jAz A3, Ar =
A1.2A2.2X32. Hence, the counterpart of Eq. (33) is

A iAotz 24+ A 1t 12A3 2+ 124205 212

Ou(A,n)=1+
|1 1A2,143,1 —A12h2 2432
44)
Integrating over t’s we get
Oy =1+ Aida 1?4+ [ aAs 0l + |)»2.2)»3,2|27 45)

|A11A2,143,1 — A1 A2 2A30)%

and over the A’s (except those in the Dirac §),

1
0() = 5= f(|z|2 +2+ hadaal
2

+ A1 )8z = Aiha1As1)
Xeil)"""tl)‘z“lz*‘)‘“‘Zdz)nly]dz)nzyldz)gyl. (46)

Next, we integrate over A3; and use polar coordinates for
A1 = /x1exp(i¢1) and Ap 1 = /X2 exp (i¢,). We eventually

obtain
1 o LONA2 412 4 x1xy + X
0(z)=—/ / |z| 1X2 + X4
27 Jo 0 X1X2

2
X exp (—xl — Xy — %)dxldxg, “@n

which yields the radial function

Ona(r) = 2G%(Z, 1 1 1r?) + 2 G38G o 0lr)

+rG3G 0.1 r) +rGRG 1. (48)
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One finds that the global overlap for N =2 and m = 3 is

0= /d2z 0() = /00 Orag(r)dr = g (49)
0

One may repeat the calculations for larger N and larger m. The
integrals one has to do are elementary but the bookkeeping gets
involved and the calculations become tedious. For example,
for N = 3 and m = 2 one has to sum three terms depending
on the coefficients Bj, B, and Bj as follows from Eq. (30),
which depend on A’s and ¢’s through A’s and T’s: Tj, =
A1tz + 1 12h22, Tis = Ay it2,13 + B 162,23 + t1,13A2,3, and
T3 = A2t 23 + 1123023, Integrals over #’s can be done in
an algebraic way using the Wick theorem and the following
two-point functions,

(ti,aﬂtj.uu)t = 0, (50)

where the symbol (f; of;, v ), is to be understood as follows:

(ti,aﬁfj,uu)t = 5ij8au5ﬁm

- _ 1 ., »
(ti,otﬂtj,p,v>t zfti,aﬂtj,uv l_[ ;6 ey | dztk,ny- (51)

k.n<y
We skip the calculations and give the final results, which read
Oraa(r) = 3r(r* + 8r> + 12)Ko(2r)+ 1(2r* + 87K (2r)
(52)

and
0= / Oraa(r)dr = 3. (53)

In Figs. 1, 2, and 3, we show the theoretical predictions for the
radial profile of the overlap densities and the corresponding
histograms from Monte Carlo simulations for N =2, m =2
[cf.Eq.(42)], N =2,m =3 [cf.Eq. 48)],and N =3, m =2
[cf. Eq. (52)], respectively. We see that the Monte Carlo data
follow the theoretical curves.

VI. CONJECTURE

The calculations of the global density are slightly easier
because there is no Dirac §, 6(z — A1), in the integrand. They

0.8

Orag(n 0.6

0.4

0.2

0.0

0 2 4 6 8
r

FIG. 1. Overlap density for N = 2 and m = 2: theoretical predic-
tion given by Eq. (42) (solid line) and numerical histogram (points)
generated in Monte Carlo simulations of 10° products of two 2 x 2
Ginibre matrices.
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1.5

1.0
Orag(1)

0.5

0.0
0 2 4 6 8

r

FIG. 2. Overlap density for N = 2 and m = 3: theoretical predic-
tion given by Eq. (48) (solid line) and numerical histogram (points)
generated in Monte Carlo simulations of 10° products of three 2 x 2
Ginibre matrices.

are particularly simple for N = 2. In this case,

m

k—1 m
T\, = Z 12 1_[ Ajl 1_[ Aj2, (54)
k=1 j=1

j=k+1

and after inserting this into Eq. (33) and integrating the #’s,
one obtains

m k—1
1
O=1+— Al
+hm;/ghﬂ

m m
[ W A W 4
« 1—[ |)Lj,2|21_[g [Aial* =[R2 d2/\i,1d2)»i,2- (55)
Jj=k+1 i=1

Each integral over A is either of the form
f lz|>exp(—|z|*)d*z =7 or fexp(—lzlz)dzz =m, SO
all together the integration over A’s gives the factor 72",
which cancels the prefactor 7 =", yielding

m
O=1+—. (56)
2
1.4
1.2
1.0
Oraa(r) 0.8
06
0.4
0.2
0.0
0 2 4 6 8

r

FIG. 3. Overlap density for N = 3 and m = 2: theoretical predic-
tion given by Eq. (52) (solid line) and numerical histogram (points)
generated in Monte Carlo simulations of 10° products of two 3 x 3
Ginibre matrices.
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25

20

N
IS

6 8 10
N

FIG. 4. Conjectured form of the overlap Eq. (59) (solid lines) for
m=2,3,4,5and N = 2,...,11 and numerical histograms (points)
generated in Monte Carlo simulations, each for 10* instances.

Now, consider the case m = 1 for any N. This case was
discussed in Ref. [79]. As follows from the discussion
presented in this paper, one can cast the overlap into the form
of the following multidimensional integral,

1 N-—1 1 N
0=— It ——— )AL T e ™ a2,
2/1:[1( +|AN—M|2>' wrE] e

(57
where Z = 7V112!-.- N! [cf. Eq. (24)]. What remains to do
is to compute this integral. We do this in Appendix A, where
we show that the integral yields

O=1+%N-D. (58)

The results given by Eqgs. (56) and (58) suggest that O grows
linearly with m and N, hence it is tempting to conjecture that
for any m and N the global overlap is given by the formula

O=1+%(N—1). (59)

The result given by Eq. (53) is in agreement with this formula
and Monte Carlo simulations fully corroborate this conjecture
as shown in Fig. 4.

VII. LARGE N LIMIT

We now consider the limit N — co. We set the width
parameter o> = 1/N in the measure Eq. (14). The limit
N — 00 has to be taken carefully since we expect Oyn(z)
to grow with N as it results from Eq. (59). In order to
explicitly indicate the size dependence of O(z) on N here we
exceptionally added the subscript N to O(z) = Oy(z), which
is implicit in the remaining part of the paper. It is convenient
to define the growth rate of the overlap density as

On(2)
—~

It depends on N but is expected to approach a N-independent
function o(z): on(z) = 0(z) for N — o0. As follows from
Eq. (59), [d*z 0(z) = m/2.

In the calculations, we shall use the method [28] that
was previously employed to calculate the limiting eigenvalue

on(2) = (60)

022134-5



BURDA, SPISAK, AND VIVO

density,

1 N
o) = ngr;o<ﬁ E 8(z Aj)>. 61)
Jj=1

The method is based on the generalized Green function

[81-83],
I~ _ ZHN - X EHN !
G(Z,G) — << _g]lN Z]IN _ Xj) >v (62)

which consists of N x N blocks Gg,

~ _ Gii(z,e) Gralz,€)
G(Z’e)_<Gzl(z,e) Gzz(“)) ©

For clarity, the symbol “hat” is reserved for matrices with a
superimposed block structure. By defining the block-trace Try
as a matrix of traces of individual blocks,

~ Tr G11 Tr G12
TrbG B <TI‘ G21 Tr Gzz)’ (64)

one can project the 2N x 2N matrix G onto a2 x 2 matrix 2

?(Z) — <g11(Z)

1.~
o () glz(z)) = lim lim ﬁTrbG(z,e), (65)

g22(Z) e—>0N—oo

The elements of this matrix are related to each other, g (z) =
811(z) and g21(z) = —&12(z) [44], so we have

~_( 8@ r@®@
g@_(_m) g(z))' (66)

In the large N limit, the eigenvalue density is related to the
diagonal element [81-83],

, (67)

and the growth rate of the overlap to the off-diagonal one [84],

1
0(z) = =y (68)
T

For large N, the leading contribution to the overlap grows
linearly with N: On(2) ~ No(2).

Equations (67) and (68) are general and can be applied to
any random matrix provided the Green function g(z) can be
calculated. So the goal is now to calculate the Green function
for the problem at hand. To this end, we use the planar diagrams
enumeration technique [86—-88].

VIII. DYSON-SCHWINGER EQUATIONS

The enumeration of planar Feynman diagrams is a method
to derive the large N limit for matrix models [86-88].
The method is based on a field-theoretical representation of
multidimensional integrals in terms of Feynman diagrams.
One is interested in calculating the Green function,

Gap = (0 —X)3h), (69)

where Q is a constant matrix and X is the random matrix that
is averaged over. Matrix indices are denoted by A and B in the
last equation. In this approach, the Green function plays the
role of generating function for connected two-point Feynman

PHYSICAL REVIEW E 95, 022134 (2017)

diagrams. The contributions from nonplanar diagrams are
suppressed at least as 1/N in the large N limit, so for N — oo
only planar diagrams survive in the counting. One can write
a set of equations that relate the Green function G AB tO a
generating function S a5 for one-line irreducible diagrams.
Such equations are known in the field-theoretical literature as
Dyson-Schwinger equations. Here, we are interested only in
Gaussian random matrices. In this case, the Dyson-Schwinger
equations assume a simple form in the planar limit N —
oo [28],

Gas = (0 — /E\)leg,

Yap = E Pag.cpGae,
BC

(70)

where ﬁAB,C p represents the propagator,
Pap.cp = (XapXcp). (71)

The matrix Q ap and the propagator Py B.cp_are inputs to be
injected into these equations, while G 4 5 and X 4 g are unknown
functions to be determined for the given inputs. In other words,
one has first to specify what Q and P are, and then, using these
equations, one can find the Green function G, from there g and
finally the eigenvalue density p(z) [cf. Eq. (67)] and the overlap
growth rate o(z) [cf. Eq. (68)].

IX. SINGLE GINIBRE MATRIX

In this section, we review the calculations [82,84] for a
single Ginibre matrix [85]. In the next section, we will then
show how to generalize the method to the product of Ginibre
matrices [28]. .

As mentioned before, first onellas to identify the matrix Q
and to calculate the propagator P4p cp. The Green function
Eq. (62) reads

G(.e)=((0—-X)™), (72)
with
X = (’é X?) (73)
and
0=70]ly, (74)
where

~ Z €
q= (_g Z>. (75)

The symbol ® denotes the Kronecker product. The blocks of
the matrix X can be identified with the Ginibre matrix and its
Hermitian conjugate: X11 =X, Xzz = X', and Xlz = X21 =
0, respectively. In order to calculate the propagator, we recall
that the two-point correlations for the Ginibre matrix Eq. (14)
with 02 = 1/N are

1
(XapX| ) = / ARCOXa XLy = ~buabse (T6)
and

(XapXea) = (X!, X1 ) = 0. (77)
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Since all matrices have a block structure, it is convenient to
separately write index positions of the blocks and positions of
elements inside the blocks, and to split matrix indices into pairs
of indices A = («,a), B = (B8,b), C = (y,c), D = (§,d), etc.,
with the Greek indices referring to the positions of the blocks,
and small Latin indices to the positions within each block. The
Greek indices run over the range 1 to 2 and the small Latin
indices over the range 1 to N. The dimension of the matrices
is 2N x 2N. This block structure is also inherited by the
propagators. Using the identification X < X, X2 < xT,
along with Egs. (76) and (77), we see that the propagator
factorizes into the interblock part (in Greek indices) and
intrablock part (in Latin indices),

1

Pap.cp = Pap.ys N‘Sadsbc- (78)

The only nontrivial elements of the interblock part are pyj 22 =
P22,11 = 1. All remaining elements vanish: pyg s = 0. Since
both the propagator Eq. (78) and the matrix @ AB = Gapdqp are
proportional to the Kronecker ’s in Latin indices, this implies
that the matrices G and X, being the solution of the Dyson-
Schwinger Egs. (70), are also proportional to the Kronecker §
in the intrablock indices,

Gas = SupBab, Sap = OupSab- (79)

Alternatively, one can writt G =3®1 and £ =5 Q1.
Therefore, one can reduce the Dyson-Schwinger Eq. (70) to
equations for interblock elements (in Greek indices)

g1 812 _ z €} (o011 O12 -
821 8» —€ z 021 On '
o1 on 0 sgn
= . 80
(021 Uzz) (821 0 ) 80)

In the second equation, we used that pyj.2 = px.1; = 1 and
[/J\a/-;’yg = 0 for other combinations of indices. The limit N —
oo has already been taken in these equations, since they count
contributions of planar diagrams. Now we can take the limit
€ — 0 [cf. Eq. (65)]. This merely corresponds to setting € = 0.
Eliminating the {0}, we get

—1
(811 812) =( 4 —é’lz ) _ (81)
821 822 —&21 Z

Setting ¢ = g11 = g» and y = g1 = —g»1, We obtain

—1 -
g v =<z -y ___ ! < AN
-V 8 v z lzP+lyP\—v 2

(82)
The solution reads
8(z) = % y(@ =0, forlz|>1, (83)
and
2@ =2 ly@I=VI-1IzP, forlzl<1. (84

The solution for y(z) inside the unit circle is given up to
the phase, but this is sufficient for our purposes since the
correlations density o(z) given by Eq. (68) depends only on
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the modulus of y(z). Using Egs. (67) and (68), one eventually
finds

1
p(z) = —xp(2) (85)
T

and

1
0@) = —(l - 1)) (), (86)

where xp is an indicator function for the unit disk, xp(z) = 1
for |z] < 1 and xp(z) = O for |z] > 1.

X. PRODUCT OF TWO GINIBRE MATRICES

In this section, we generalize the approach from the previ-
ous section to the product of two Ginibre matrices [28]. The
integration measure for the product X = X X, of independent
Ginibre matrices X; and X, is the product of individual inte-
gration measures d (X )d (X,) given by Eq. (14). According
to Eq. (76) the only nonvanishing two-point correlations are

, 1
(X1.0X] ) = XowX) ) = ~baadee (87)

The Green function Eq. (62) for the product reads

-~ Z]lN — X1X2 GﬂN !
G(z,€) = <( _ely 7y — X;XI) > (88)

This form is difficult to handle because the product of Gaussian
matrices X X, is not Gaussian. One can, however, linearize the
problem by considering a block matrix of dimensions 2N x

2N,
(0 X
which is Gaussian. We call it root matrix because its square,
2 (X1 X2 0
R = ( 0 XX 1)’ (90)

reproduces two copies of the product, XX, and X, X,. The
two copies have identical eigenvalues. The Green function for
the root matrix is

-~ _ Z]lN —R é]lN -
G(z.€) = << ey zly — RT) > 91)

which is actually a 4N x 4N block matrix,

Gz.o)={(@®1y—R)™), (92)
where
Z 0 e 0 z 0 0 O
~_ 0 Z 0 € e—0 0 Z 0 0
a=|_¢ o z ol o o z o] ©¥
0 —-& 0 =z 0 0 0 z
and
0 X, 0 0
s_|x 0 0 0 o4
=lo o o xi 9
0 0 Xx o

022134-7



BURDA, SPISAK, AND VIVO

In this representation, the resolvent Eq. (92) has the standard
form in which Ri is linear in the random matrices X’s. Indexmg
blocks of R by Ra,g, withae=1,....4and B =1,...,4, we
have R12 = X], R21 Xz, R34 = Xé, R43 = X AS fOHOWS
from Eq. (87), the block Rlz is correlated with R43 and R21
with R34, so the propagator

b 95)
has the following nonzero elements, P43 = Paz12 =
P2134 = P2 = 1. All other elements of pag,s =0. The
situation is completely analogous to that discussed in the
previous section, except that now the problem has dimensions
4 x 4 in interblock indices. The intrablock correlations are the
same as before—that is they are proportional to (1/N)8,48pc—
so the solution has the diagonal form proportional to the
Kronecker § in Latin indices Eq. (79). The Dyson-Schwinger
Egs. (70) for the interblock elements of the Green function of
the root matrix read for ¢ — 0

PaB.cp = Dap,ys

g1 812 813 L4
821 822 823 824
831 832 833 &34
841 842 843 844

Z— 011 —012 —013 —014
—0y Z—0 —c -0
_ 21 n  —on 2% 96)
—031 —03n ZI—o03 —034
—041 —04 —043 T —0u
and

o1l 012 013 Ou4 0 0 g4 O
oy 0p 03 ou|l |0 0 0 g
031 03 033 O34 g O 0 0
041 O 043 Ou4 0 g1 O 0

o7)

In the second equation, we used the propagator structure:
P12,43 = Pasi2 = P2134 = Py = | and Pog s = 0, other-
wise. Inserting {04} into the first equation, we get

811 812 813 814
821 822 823 8
831 832 833 &34
841 842 843 844
-1

z 0 —gu 0

_ 0 z 0 —gi3

“l-e. 0o =z Tof ¥
0 —gs 0 z

It is convenient to solve this equation by defining matrices
and & unitarily equivalent to g and 5: § = PgP~! and
= PG P!, where

Qu o

99)

The effect of the similarity transformation is equivalent to
permutation of indices of the corresponding matrices: gqp =
gﬂ(a)n(ﬁ)(falg = 5’7T(a)ﬂ(ﬁ) with 7 : (1,2,3,4) — (1,3,2,4).After

PHYSICAL REVIEW E 95, 022134 (2017)

this transformation, Eq. (98) is equivalent to

gu &2 83 &u
&1 8» 83 8
81 8» 83 8u
84 8# 81 8u

z g 0 0

_ | 8 z 0 0

=73 5 . g (100)
0 0 —&2 z

The matrix g is a block matrix made of 2 x 2 blocks. The
off-diagonal blocks are zero while the diagonal ones fulfill the
following equations:

- ~ - -1
811 &2 _ Z —&34 (101)
&1 &» —&13 Z
and
. - - -1
833 834 _ Z —812 (102)
843  &aa -8 Z '
The two equations admit only a symmetric solution
g 8n) _ (&3 8 (103)
&1 &» 843 8u)’
being a solution of
- - - -1
(é’“ g) - (_% ~8 ) S o
821 822 821 Z

The last equation is exactly the same as for a single Ginibre
matrix Eq. (81), so the solution eventually reads

gu 812 &1 & g v 0 0

g1 8&»n &3 Su|_ |-V & 0 0

81 8 8k 8 0 0 g v

a1 8x 813 8um 0 0 -y &
=L® (_é’ ’;) (105)

where g and y are given by Eqgs. (83) and (84). If we permute
indices back to the original order g = P~!g P, we find

g1 812 813 84 8 0 v O
g1 82 83 8u| _ 0 g 0 vy
831 8% 83 84 -7y 0 g O
841 842 843 844 0 v 0 g
g8 vV
—( ¢ "eon 106
(—y g) 2 (106)

We see that the Green function for the root matrix consists of
two identical blocks equal to the Green function of a single
Ginibre matrix. In other words, the Green function of the root
matrix behaves exactly as a pair of copies of the Green function
of a single Ginibre matrix. The eigenvalue density and the
growth rate of correlations between left and right eigenvectors
of this matrix are given by Eqs. (85) and (86) as

(107)

1
Pr(z) = —xp(2)
P
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FIG. 5. Triangle law: theoretical prediction for N — oo,
Eq. (113), and numerical histogram (points) generated in Monte Carlo
simulations for 10° products of two 100 x 100 Ginibre matrices.

and

1
or(z) ~ —(1 = 121X (2). (108)

Note that the size of the root matrix is 2N x 2N, so the leading
term of the overlap behaves for large N as
2N 2

Or(z) ~ ?(1 — 1219)xp(2). (109)
From these expressions, one may derive the corresponding
expressions for R?, which are directly related to the product
XX, as follows from Eq. (90). The eigenvalues of R* are
related to those of R as A = )‘%e’ so one can find the densities
by the change of variables z = w?: p(z)d*z = pr(w)d*w and
0(z)d?*z = Og(w)d*w. This gives

p(z) = xp(2) (110)

27 |z|

and

N
0(z) ~ — (1 = |zDxp(2),

(111)
|z|

respectively. The result for the eigenvalue density p(z) was
first found in Ref. [28]. The overlap O(z) is a new result. The
product X X, is of size N x N, so the growth rate is obtained
by dividing O(z) by N,
0(2) 1
—=—(1- .
N nlzl( |zDxp(2)
The radial profile is obtained from the last expression by setting
r = |z| and multiplying the result by 277 [cf. Eq. (41)]. This
gives a triangle law,

Oraa(r) = 2(1 = r)xs(r),

where x; is an indicator function for the interval [0,1]: x;(r) =
1 for r € [0,1] and x;(r) = O otherwise. This prediction is
compared to Monte Carlo data for N = 100 in Fig. 5.

As one infers from Fig. 5, there are deviations from the
limiting law for finite N. The radial profile drops to zero at
the origin and develops a tail going beyond the support of the
limiting profile for large r. We study the N-dependence of
these effects in Fig. 6. We see that the gap at the origin closes

ox)= lim (112)

(113)

PHYSICAL REVIEW E 95, 022134 (2017)
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FIG. 6. Size dependence of the finite-size corrections to the
triangle law for the product of two Ginibre matrices. Numerical
histograms are generated in Monte Carlo simulations for N =
10, 20, 40, 80 (black, green, red, blue). Each histogram is produced
out of 2 x 10° data points.

in a way characteristic of the hard-edge behavior, while the tail
at the edge of the support gets shorter and falls off quicker as
N increases. The behavior at the origin can be probably related
to the microscopic behavior of the gap probabilities, which are
driven by the Bessel kernel and were first studied in the context
of QCD [89]. More generally, for the product of m matrices
the behavior at the origin is controlled by the hypergeometric
kernel [45]. In turn, the tail behavior at the soft edge is
described by the error-function type of corrections [28,45].

XI. PRODUCT OF ELLIPTIC GAUSSIAN MATRICES

For completeness, we also consider the product of elliptic
matrices defined by the measure [90]

1

1
dp(X) = zexp{ T 1=

x Tr[xxT - g(xx + x*‘xf)} }DX. (114)

As before, we set 0> =1/N and scale it with N while
taking the limit N — oco. The parameter « belongs to the
range [—1,1]. It is related to the ellipse eccentricity. For
k = 0, Eq. (114) reproduces the Ginibre measure. Generically,
the support of the eigenvalue density of matrices generated
according to the measure given by Eq. (114) is elliptic. When
k approaches 1 (or —1), the support flattens and in the limit
k — %1 gets completely squeezed to an interval of the real (or
imaginary) axis. The corresponding matrix becomes Hermitian
(or anti-Hermitian). The two-point correlations for the elliptic
ensemble Eq. (114) are

4 1
(X X!g) = (X[, Xea) = N‘Sadabc (115)

and
1
(XapXea) = (X1, X1 ) = K~ BadBne. (116)

Consider the product X = XX, of two elliptic matrices X
and X, with different eccentricity parameters «; and ;. As
in the previous section, we construct the root matrix Eq. (94),

022134-9
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whichisa4N x 4N matrix. The propagator for the root matrix
elements is

1

_5(1807
N dOb

where Pyg. vs_ has now more nonzero elements. In addition
to P12 43 = P43 2= le 34 = P%4 21 =1, we have P12 12 =
p21'21 = K1 and p34,34 = p43’43 = K, which come from
Eq. (116). We can now write the Dyson-Schwinger equations
for this propagator. The first equation is identical as that for the
product of Ginibre matrices, Eq. (96). The second one differs
from the previous one, Eq. (97), since now we have additional
nonzero elements coming from the eccentricity parameters
and ko,

Pas.cp = PaB.ys (117)

011 O12 013 Ol4
021 022 023 024
031 032 033 034
041 042 043 O44

0 K1821 824 0
| x1g12 0 0 813
I ) 0 0 K2843

0 81 K283 0

(118)

Inserting the {0y} into Eq. (96) and permuting indices as in
the previous section, we get

gun & 83 &

81 &2 83 8

81 &n 8n 8

8a 8u 83 8um

z -8 —K1831 0
—&43 Z 0 —K284
= o = . (119
—K1813 0 z —&12 (119)
0 —K2824 —&21 z

This equation is much more complicated than that for the
product of Ginibre matrices, Eq. (105), because the two off-
diagonal blocks on the right-hand side are nonzero. However,
making the ansatz that the off-diagonal blocks of the solution
vanish,

g3 &G\ _ (&1 8&n)_(0 O
823 &4 84 &au 0 0)

forces the two remaining blocks to satisfy the very same
equation as for the product of Ginibre matrices, Eq. (100),

(120)

gu 8&n O 0
&1 &» O 0
0 0 &3 &4
0 0 &5 8&u
-1

z —83 0 0

[-&s z o o0

=73 ; . g . (121)
0 0 g z

hence the solution is the same as before. This solution is
independent of the eccentricity parameters «; and k, and
moreover it is always spherically symmetric, even though
the two matrices in the product are elliptic. To summarize,
in the large N limit the eigenvalue density and the left-right
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FIG. 7. Triangle law: theoretical prediction for N — oo,
Eq. (113), and numerical histogram (points) generated in Monte
Carlo simulations for 10° products of Ginibre times GUE matrices of
dimensions 100 x 100.

eigenvector correlations for the product of two elliptic matrices
are spherically symmetric, Eq. (110) [28], and the eigenvector
correlations are identical as for the product of Ginibre matrices,
Eq. (113). This prediction is compared to Monte Carlo data
for N = 100 in Fig. 7. We see that it also follows the triangle
law as for the product of Ginibre matrices. The finite N data
exhibit, however, stronger finite-size effects as compared to
those for the product of two Ginibre matrices, which manifest
as a stronger deviation from the limiting density for small
values of r. Compare Figs. 5 and 7. More generally, the
limiting profile for N — oc is independent of x| and «,, while
the finite-size corrections do depend on the eccentricities. We
checked numerically that the overlap density for the product
of elliptic matrices is isotropic (circularly invariant).

XII. PRODUCT OF M GINIBRE MATRICES

We now proceed analogously as in Sec. X, where we dis-
cussed the product of two Ginibre matrices in the large N limit.
The integration measure for the product X = XX, --- X, of
m independent Ginibre matrices X1, X, ..., X,, is the product
du(X)du(Xsz) - - -du(X,,) of the individual integration mea-
sures given by Eq. (14). In turn, the two-point correlations are
given by Eq. (76),

: 1
(XX ) = 7 BnvBaddne,

(XpabXv.ca) = (X}, X} ) =0, (122)

n,ab
for u,v=1,...,m and a,b,c,d =1,...,N. As in Sec. X,
instead of directly applying the Green function technique to
the product XX, --- X,,, we apply it to the root matrix R
being a block matrix of dimensions mN x mN,

0 X o ... 0
0 0 X, ... 0
R= . (123)
0 0 0 .- Xm—l
Xn O o ... 0
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The m-th power of the root matrix,

X1 Xy - Xy

PHYSICAL REVIEW E 95, 022134 (2017)

0 Xo-- XXt ... 0

Rm —

0

, (124)

s XX X

reproduces m cyclic copies of the product X; X, - - - X,,, which all have identical eigenvalues. The Green function for the root

matrix is a 2mN x 2m N block matrix,

G(z,e) = (@® 1y — R,

where
~ | 1, el,,
9=\ &1, zl1,
and
0 X 0
0 0 X,
0 0 0
R X, O 0
RZ(R 0T>=
0 R
0

The resolvent given by Eq. (125) has the standard form with R
being linear in X’s. We index blocks of R by Greek letters R,g,
\iv\ith a.B=1,... %\m We have the following equivalence
Ra,[a]+1 = Xa and Rm+[a]+1,m+v¢ = Xl for o = 1, cee,m and
[¢] = o modulo m. All other blocks are zero. As follows from
Eq. (122), we see that the only nonzero two-point correlations
are

<Ra,[a]+1 Rm+[a]+1,m+a) = <Xu¢XJ;>’

, (128)
<Rm+[a]+1,m+o¢Ra,[v¢]+1) = <X;Xa>s
fora =1, ...,m. Thus, the propagator has the form
~ - 1
PaB,.cD = Dag.ys ﬁ8ad5bc’ (129)
with
ﬁa.[a]+l;m+[a]+1,m+a = 1/7\111+[a]+1,m+at;a,[oz]+l = 1’ (130)

and ﬁaﬁ’y(g = 0, otherwise. The situation is analogous to that
discussed in Sec. X, except that now there are 2m x 2m
blocks. The intrablock correlations are the same as before,
(1/N)84adpe, so the solution is given as before as Kronecker
product with the Kronecker § in the intrablock indices G 45 =
updab [cf. Eq. (79)]. The first Dyson-Schwinger Eq. (70) for
the interblock elements of the Green function of the root matrix

(125)
e—0 Zﬂm 0
) — < 0 Z]lm> (126)
0
0
0
Xm—l
0
o o0 ... 0 Xl (127
xi o 0 0
0 xl 0 0
0 0 x o0
[
reads fore — 0
81,1 81.2m
82m, 1 82m,2m
-1
01,1 O1.2m
_ z1,, 0y
B 0 z1,,
O2m,1 O2m,2m
(131)
The second Dyson-Schwinger Eq. (70) yields
Owmta = &lal+lmtlal+ls  Omtlal+l e+l = Emtaar (132)
fora =1,...,m, and o, = O for all other elements of the

matrix o.

The Dyson-Schwinger equations assume a simple form in
a modified basis obtained by permutation of matrix indices,
o — m(a), where m(e) =20 — 1 and 7w (o 4+ m) =2« for
o = 1, el ,m. We define Eaﬁ = 6’7,(0()”(’3) and ?aﬁ = gﬂ(a)n(/g).
This transformation can be alternatively viewed as a similarity
transformation g = P~!gP and & = P~'6 P, where the
elements of the matrix P are P,g = dur(g) and Pa_,sl = 8r )
Clearly, g and g as well as & and G are unitarily equivalent.
Equations (132) are equivalent to

020—120 = 8Qa+1),Qu+2),  02a2a—1 = 8(2a—2),2a—3), (133)

where the function y = (x) on the right-hand side maps the
set of integers on the subset {1,2,...,2m} in the following
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way. Any integer x can be decomposed uniquely as
x =y+2mk, where y € {1,2,...,2m} and k is an inte-
ger. The function (x) selects y from this decomposition.

J

PHYSICAL REVIEW E 95, 022134 (2017)

In particular, (x)=x and Cm+1)=1, 2m+2)=2,
(0) =2m, (—1) =2m — 1. Eliminating 6’s from the Dyson-
Schwinger equations, we obtain a compact equation for g’s,

gl] ng g13 g14 Z —g34 0 0 0 0
&1 8» 823 84 ... ... . —&om,2m—1 Z 0 0 0 0
831 8% 83 8 ... 0 0 b4 —845 0 0
841 842 843 8as ... = 0 0 —&1n z 0 0
- Ban—12m—-1 &m2m—1 0 0 0 0 0 z —&12
g2m71,2m g2m,2m 0 0 0 O O _g211172,2mf3 Z
(134)
[
The matrix g can be viewed as a block matrix made of 2 x 2 The leading term of the overlap is, therefore,
blocks. The off-diagonal blocks are zero and the diagonal ones mN
fulfill the following equations: Or(2) ~ —(1 = 1z1)xp(2). (141)
b4

820120
820,20

- -1
_ Z —8Qa+1),2a+2) (135)
—8(20-2),2a-3) Z ’

&2a—1,2a—1
82a,20—1

fora = 1, ...,m.Making the ansatz that the solution should be
symmetric—that is g2 _1,20-1 = &, 82020 = & 820120 = V>
and gyy00—1 = —¥, for all « =1, ...,m, the last equations
reduce to a single one,

(s 0-G )

which is identical as that for a single Ginibre matrix, Eq. (82).
Hence, the solution for y and g is given by Egs. (83) and (84).
This ansatz is equivalent to the one we used for m = 2 and
merely means that the solution should not break the symmetry
between different cyclic permutations of Ginibre matrices in
the product. Inserting the solution into g, we find

~ g8 7V
Z]lm® = = |
# (—V g)

where g and y are given by Eqgs. (83) and (84). Permuting
indices back to the original order, g = P gP’l R

~ g Vv
= = _ | ®1,.
§ (—V g)

Hence, we see that the Green function of the root matrix
behaves as m copies of the Green function of a single
Ginibre matrix. The eigenvalue density and the growth rate of
correlations between left and right eigenvectors of this matrix
are identical as Egs. (85) and (86), namely

(136)

(137)

(138)

1
Pr(z) = = xp(2) (139)
b4

and

1
or(z) = —(1 - 121X (). (140)

The eigenvalues A of R™ are related to those of R as
A = A%, so by changing variables as z = w™ we can find the
corresponding distributions for R™: p(z)d*z = pr(w)d*w and
0(z)d?*z = Og(w)d*w. This gives

1 2
p(z) = — |zl 2 xp(2) (142)
mi

and
N 2
0(z) ~ ;|z|%—2(1 —1z") xp(2), (143)

respectively. Thus, for large N the growth rate of the overlap
for the product XX, - - - X, is

I 1cS )

ox) = lim —= =~z (1—lzl")xp(z).  (144)
The radial profile defined by Eq. (41) is

Oraa(r) = 2rm (1= r7) s (1), (145)

where as before xp is the indicator function for the unit
disk |z] < 1 and x; for the interval [0,1]. While finalizing
the manuscript, we learned that this result was derived
independently in Ref. [91] with the aid of an extension of
the Haagerup-Larsen theorem [92,93]. The integrated growth
rate is

m
/omd(r)dr =5 (146)
which means that for large N the overlap growsas O ~ mN /2
in agreement with Eq. (59). In Fig. 8, we plot the expression
given by Eq. (145) for m = 4 and compare it to Monte Carlo
data for N = 100.

So far we have discussed the product of m Ginibre matrices.
We could repeat the whole discussion from this section for
the product of elliptic matrices, Eq. (114), with arbitrary
eccentricity parameters x,kz, .. . k. We would then arrive
at an equation for g like Eq. (134) except that the matrix
on the right-hand side would now have nonzero nondiagonal
2 x 2 blocks. These blocks would be made of elements of
nondiagonal blocks of g multiplied in some way by «’s.
Adopting the ansatz from Sec. XI that all off-diagonal blocks
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FIG. 8. Limiting overlap density form = 4: theoretical prediction
for N — o0, Eq. (145), and numerical histogram (points) generated in
Monte Carlo simulations for 10° products of four 100 x 100 Ginibre
matrices.

of g are equal to zero we would reduce this equation to
Eq. (134) and get the same result as for the product of m Ginibre
matrices.

XIII. CONCLUSIONS

In this paper, we have studied macroscopic and mi-
croscopic eigenvector statistics of the product of Ginibre
matrices. We have developed analytical methods to calcu-
late the left-right eigenvector overlap for finite N and in
the limit N — oo. The overlap is not only an interesting
object from the mathematical point of view but is also of
interest for physical problems. In the physics literature, it
is known as Petermann factor and is, for example, used as
a measure of nonorthogonality of cavity modes in chaotic
scattering [94,95]. The off-diagonal overlap has been recently
used as a sensitive indicator of nonorthogonality occurring
in open systems due to perturbations resulting from shifts of
resonance widths [96,97]. It plays also an important role in the
description of Dysonian diffusion for non-Hermitian random
matrices [98,99].

There are many open problems and potential generaliza-
tions of the studies presented in this paper. For example, one
may try to extend the studies of the microscopic eigenvector
statistics to products of truncated unitary matrices [100], which
can also be mapped onto a determinantal point process [51]
via generalized Schur decomposition [45]. A great challenge
is to determine the microscopic eigenvalue and eigenvector
statistics for products of elliptic matrices or to find any
nontrivial solvable example of products of random matrices
having nonspherical measures.

We have considered complex random matrices here. It
would also be interesting to study overlaps for products of real

J

1 ‘
Ozz(N—n!/dsze*'“'z det /dzz e oy =22+ 1) :
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and quaternionic matrices. They are much more challenging
since in these cases the microscopic correlations are driven
by Pfaffian point processes rather than determinantal ones.
The real and quaternionic ensembles have additional scaling
regimes near the real axis, which introduce an additional
complication. Moreover, the Schur decomposition, which is
at the heart of the method used in this paper, cannot be applied
in a straightforward way to real matrices since generically they
are not orthogonally similar to upper triangular ones. On the
other hand, we believe that the limiting laws for N — oo are
identical for real and complex ensembles since the underlying
Dyson-Schwinger equations are identical in the planar limit
(N — 00).

Concerning the large N limit and macroscopic statistics,
it would be interesting to generalize the calculations of the
overlap to polynomials of random matrices [37,40,42] and to
go beyond isotropic (R-diagonal) matrices [91,93], as well as
to better understand the overlap in terms of the quaternionic
formalism [44], and finally to calculate the off-diagonal
elements of the overlap Eq. (7) using the Bethe-Salpeter
equation [79].
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APPENDIX: CALCULATION OF THE INTEGRAL EQ. (57)

In this Appendix, we detail the calculation of the integral
given by Eq. (57),

:_/]_[<1+

where we have renamed the Vandermonde determinant on N
complex variables as A y(A) for convenience.
We can rewrite this as

N
i~ Rl £ ] 2 —al? g2
°"z Avr o
fl_[( v —f ) N()Ige
1 N-1 N
— 2

- E/H(MN—MIZ+1>|AN_1<x)|21—[e ey

a=1 ol

(A2)

N

— |2)|AN(x>|2]"[e—*“d2xa,

a=1

(AL)

which can be more compactly expressed as

(A3)

LikGw) jk=1,..N—1
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using the complex version of the Andréief identity [101]. The
integral over z yields

L) = w[(AP 4 Dk — D!+ k184 — kA8 14
—7'[(]( — 1)!)_»5141'](. (A4)

This is a tridiagonal matrix. When calculating its determinant,
In_1(X) = det [Ijk()‘)]j,k=1 _____ JRTRIS conveni?nt to pull out
a common factor from each column of the matrix,

Lix(2) = m(k — DD j(2), (A5)
where
Djx() = (AP + 1+ K)8jx —kAS; 1k — 28114 (A6)
The determinant /y_;(A) can be related to the determinant
Dy_1(A) = det [Djk()h)]j,k=1 _____ ~—1 as follows:
Inoi() = V710 (N = 2)!Dy_1(M). (A7)

Thus, we can rewrite Eq. (A3) as

! 29 —IAP
0= —1 d“re """ Dy_1(0), (A8)

where we have also replaced the normalization constant by
the explicit expression Z =V 112!... N! [cf. Eq. (24)]. It
remains to find the determinant D, (1) forn = N — 1. It has
the form

aq b1 0
C1
D, = , (A9)
' ’ bn—l
0 Cn—1 Ay

with a, = |A|*> + 1 +n, b, = —nA, ¢, = —A. In general, the
sequence {D, } is called continuant and satisfies the following
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recurrence relation:
Dn = anDn—l - bn—lcn—an—Za

with initial conditions Dy = 1 and D; = a;. In our case the
recurrence takes the form

Dy = (A + 14 n)D,_y — (n — DA’ D,2. (A10)
The sequence {D, } reveals an interesting pattern for small n,

which allows us to conjecture that D,, is given in closed form
by

n

nl(n+1—k)
Du(h) = Y =,
k=0 '

(A11)
One can check by straightforward algebraic manipulations
that this polynomial indeed fulfills the recurrence relation
Eq. (A10). The Gaussian integral of this polynomial gives
a simple result:

JTZn!(n+1—k)

/ d*»e ™D, ()

k=0
(n+1(n+2)
=mnl——
2
n
— w(n+ 1)!(1 + 5), (A12)
which forn = N — 1, using Eq. (A8), leads to

O=1+3N-1, (A13)

as claimed in Eq. (58).
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