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We systematically study the first three terms in the asymptotic expansions of the
moments of the transmission eigenvalues and proper delay times as the number of
quantum channels 7 in the leads goes to infinity. The computations are based on the
assumption that the Landauer-Biittiker scattering matrix for chaotic ballistic cavities
can be modelled by the circular ensembles of random matrix theory. The starting
points are the finite-n formulae that we recently discovered [F. Mezzadri and N. J.
Simm, “Moments of the transmission eigenvalues, proper delay times and random
matrix theory,” J. Math. Phys. 52, 103511 (2011)] . Our analysis includes all the
symmetry classes 8 € {1, 2, 4}; in addition, it applies to the transmission eigen-
values of Andreev billiards, whose symmetry classes were classified by Zirnbauer
[“Riemannian symmetric superspaces and their origin in random-matrix theory,”
J. Math. Phys. 37(10), 4986 (1996)] and Altland and Zirnbauer [“Random matrix
theory of a chaotic Andreev quantum dot,” Phys. Rev. Lett. 76(18), 3420 (1996);
“Nonstandard symmetry classes in mesoscopic normal-superconducting hybrid struc-
tures,” Phys. Rev. B 55(2), 1142 (1997)]. Where applicable, our results are in com-
plete agreement with the semiclassical theory of mesoscopic systems developed by
Berkolaiko ef al. [“Full counting statistics of chaotic cavities from classical action
correlations,” J. Phys. A: Math. Theor. 41(36), 365102 (2008)] and Berkolaiko and
Kuipers [“Moments of the Wigner delay times,” J. Phys. A: Math. Theor. 43(3),
035101 (2010); “Transport moments beyond the leading order,” New J. Phys. 13(6),
063020 (2011)]. Our approach also applies to the Selberg-like integrals. We calculate
the first two terms in their asymptotic expansion explicitly. © 2012 American Institute
of Physics. [http://dx.doi.org/10.1063/1.4708623]

I. INTRODUCTION

A quantum dot is often modelled by a two-dimensional billiard with holes on the boundary,
whose sizes are proportional to the number of quantum channels in the leads. Because of the meso-
scopic dimensions of the ballistic cavity, quantum mechanical phase coherence plays an important
role in the dynamics of an electron inside it. Therefore, the electric current has an intrinsic stochastic
nature, whose fluctuations are of theoretical and experimental interest. Furthermore, whenever the
classical limit of the dynamics is chaotic, it is expected that such fluctuations should be characterized
by universal features that are well described by random matrix theory (RMT).6-8:15,16,39

At low temperatures and voltage, the scattering inside the cavity is elastic and is described by
the Landauer-Biittiker scattering matrix,

S = Tmxm trinxn (1)
L / ’
Inxm Toxn
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where m and n are the number of quantum channels in the left and right leads, respectively. The
sub-blocks 7 x m, n x m and 7, and ¢, . are the reflection and transmission matrices through
the incoming and outgoing lead. Without loss of generality we shall assume that m > n. The

dimensionless quantum conductance at zero temperature is given by
Trer' =T+ -+ T, )

where T1, ... , T, are the eigenvalues of the transmission matrix t1. Since S is unitary, Ty, ..., T,
lie in the interval [0, 1].
The Wigner-Smith time delay matrix is defined by

aS
= —ihS =, 3
o i Yo 3)
The eigenvalues 7, ... , T, of Q are called proper delay times, and their average
1 1
wi=-TrQ=—-(u+ - +717) C))
n n

is the Wigner delay time. The number of proper delay times » is the total number of quantum
channels in the leads. As the name suggests, Ty is a measure of the time that the electron spends in
the ballistic cavity. The purpose of this paper is to provide a comprehensive asymptotic study in the
limit as n — oo of the moments of the densities of the transmission eigenvalues and of the delay
times in chaotic quantum dots.

In two pioneering letters Bliimel and Smilansky'>'® discovered that if the classical limit of the
dynamics of a scattering system is chaotic, then the spectral correlations of the scattering matrix are
well described by those of matrices in one of the circular Dyson’s ensembles: the circular orthogonal
ensemble (COE), the circular unitary ensemble (CUE) and the circular symplectic ensemble (CSE).
If the dynamics is time-reversal invariant and K% = 1, where K is the time-reversal operator, then
the appropriate ensemble is the COE; if K> = — 1, it is the CSE; if the system does not have any
symmetry, then the appropriate ensemble is the CUE.

Under the assumption that the quantum dynamics can be modelled by RMT, the transmission
eigenvalues have the joint probability density function (j.p.d.f.) (Refs. 6,8,28,34, and 39)

1 n
PENTY, . Ty = c l_[ T (1 - Tj)a/z H | Ty — Tj|ﬂ , (5)
j=1 I<j<k=n

where B € {1,2,4},a = g (m—n+1)—1,and 8 € { — 1,0, 1, 2}. Throughout this paper, C refers
to a normalization constant that may change at each occurrence. The right-hand side of (5) is the
Jj.p-d.f. of the eigenvalues of matrices in the Jacobi ensembles,

1 . 2(b+1)—1 — B
pJu,b(xl’ ey X)) = E nxf/ (b+1) = xj)ﬂ/Z(a-‘rl) 1 1_[ |xk _ -xj| , (6)
j=1

I<j<k<n
wherex; € [0, 1],j=1,... ,n,
2 8
a=—(14+=-)—1 and b=m—n. @)
B 2
The parameter § is different from zero only for Andreev quantum dots, which are ballistic
cavities in contact with a superconductor. For such systems, the symmetry classes are not Dyson’s

ensembles, but those associated to symmetric spaces, which were classified by Zirnbauer,”* Altland
and Zirnbauer,? and Duefiez.’>3! These symmetries are parametrized by the pair of integers,

(B,8) e {(1, =1), (2, =1), (4,2), (2, D}. ®)

The moments of the density of the transmission eigenvalues are
ik
Mk, ) = (e[ (1) ]) = (1 + .+ 7). ©)

where the angle brackets denote the average taken with respect to the j.p.d.f. (6).
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The assumption that the statistical fluctuations for the electric current in quantum dots are
modelled by RMT leads to an explicit formula for the j.p.d.f. of the proper delay times too.2> We
have

U w62 —po
Psie-om) = = [P T -l (10)
j=1

I<j<k<n

where y; = rj_l and 7y is the Heisenberg time. In our setting Ty = n. The j.p.d.f. (10) is the density
of the Laguerre ensemble, namely,

117 B20+D)-1 —px,
pr(xl,...,xn)::El_[xf/(+) e Pl 1_[ |xk—xj|ﬁ, (11)

j=1 I1<j<k<n

forx; € [0,00),j=1,...,n
From (10), the moments of the density of proper delay times are the negative moments of the
density of the Laguerre ensembles,

1 1, _ _
MP(—k, n) = (T Q) = — (4] k<nB241 (12)
The above average is taken with respect to the j.p.d.f. (11) and the parameter b is given by
b=n—-142/p. (13)

For convenience, we have used the same notation to denote the parameters b in the Jacobi and
Laguerre ensembles. In the rest of the article, it will be clear from the context to which ensembles it
refers to.

We compute the first three terms of the asymptotic expansions of the averages (9) and (12) in
the limit as n — oo. The starting points of our analysis are the finite-n formulae that we computed
in a previous publication.’* Explicit expressions for finite moments usually are rather involved and
not suitable for an asymptotic analysis. However, our results®® have the advantage of allowing an
asymptotic study beyond the leading order.

Due to their applications to physics and multivariate analysis, the leading order asymptotics of the
moments of the eigenvalue density for the Laguerre and Jacobi ensembles have been studied in detail
both within RMT and using semiclassical techniques.*°-!1-21:23.:24.27.42.56 The finite-n moments of
the transmission eigenvalues for 8 = 2 were computed by Novaes,?’ and Vivo and Vivo.”?> Besides
the first part of this work,>® recently another paper appeared*® where the finite moments of the
transmission eigenvalues for 8 € {1, 2, 4} were computed using a different approach. The leading
order term of the density of the proper delay times was studied in Refs. 62,63, and 68. However, in
these articles our assumptions of ideal physical settings do not hold.

In a pioneering paper, Johansson*’ looked at the fluctuations of the linear statistics > ifix) as
n — oo for ensembles whose j.p.d.f. is

1 n
px1, ..., X)) = EHexp(—nV(xj)) 1_[ }xk —xj|ﬂ.
j=1

I<j<k<n

The potential V (x) is a polynomial of even degree and f(x) is a suitable test function. He proved that
> fixj) converges to a normal random variable with finite variance. In the same paper, he computed
the next to leading order correction for arbitrary values of 8. Subsequently, Dumitriu and Edelman*3
studied the global fluctuations of the spectra of the S-Hermite and S-Laguerre ensembles, that is,
ensembles in which 8 can be any positive real number. They also computed the next to leading order
correction to the Marcenko-Pastur law. Recent results on the global fluctuations of the spectra of
B-ensembles include Refs. 43 and 19.

The statistical properties of quantum transport have been studied with semiclassical tech-
niques too. The semiclassical approach is completely independent of a RMT analysis. Although
the RMT conjecture for closed quantum systems with a chaotic classical limit has a long
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history, % 14.17:54.55.67 gemijclassical techniques have been applied to quantum transport relatively

recently.?~12:20.38.45.46.59.61 Within this framework, the elements of the scattering matrix are approx-
imated by sums over classical trajectories connecting incoming and outgoing channels in the leads.
What is most important is that the outcome of semiclassical calculations are predictions for individ-
ual energy-averaged chaotic systems. This should be distinguished from the RMT approach, which
involves calculating an average over an appropriate ensemble of different systems. The semiclassical
limit A — 0O corresponds to the limit n — oo in RMT.

Semiclassical calculations are perturbative in nature. The inverse channel number 7 ~ ! is propor-
tional to & and is the small parameter for the theory. Higher order terms are constructed by including
successively more intricate families of classical trajectories into the sums and then performing the
appropriate combinatorics. This task was completed to all orders for the conductance®® and for
the shot noise.?’ Higher moments of the density of the transmission eigenvalues are also known at
leading order from semiclassical theory.® Berkolaiko and Kuipers'®!! computed the leading order
generating function of the moments of the proper delay times and the first two subleading correc-
tions of the generating functions of the moments of both the transmission eigenvalues and the proper
delay times for 8 = 1 and B = 2. Recently, Berkolaiko and Kuipers'? and independently Novaes®”
announced two distinct combinatorial treatments of the correlations of the scattering trajectories
that imply exact agreement at all orders in n~! between the semiclassical and RMT calculations
of the moments of the transmission eigenvalues. At present, however, it seems quite difficult to
extract explicit expressions for the asymptotic expansions from the combinatorial formulae. The
consistency of RMT with the semiclassical analysis of mesoscopic systems is a major success of
these two approaches. Indeed, in closed systems we expect semiclassical theories to be consistent
with RMT only when they describe the local fluctuations of the energy levels; the averages that we
compute are affected by the global fluctuations of the spectra of random matrices. It is far from being
obvious a priori that we should expect an exact agreement at all orders.

Not many semiclassical results are available for Andreev quantum dots. Adagideli and
Beenakker? and subsequently Kuipers er al.*+*” developed a semiclassical theory of the energy
gap in the density of states of Andreev billiards. Berkolaiko and Kuipers'! computed the first two
corrections to the density of states. The leading order term of the density of states was previously
computed using RMT by Melsen et al.>"*>? using a perturbative expansion developed by Brouwer
and Beenakker,”! which is based on the computation of integrals of matrix elements of matrices in
the circular ensembles.

Since the parameter b in the integrals (9) and (12) depends on the number of channels in the
leads, we need to specify how the limit is taken. In the moments (9) both m and n tend to infinity,
but the scaling parameter

m
u=— (14)
n
remains finite. In other words, we fix a but let » = n(u — 1) grow to infinity. For the Laguerre
ensemble, it will be convenient to introduce a new variable w by defining
b=nw-1)+2/8—-1. (15)

The moments (12) are then recovered by setting w = 2. A similar generalization was also considered
in Ref. 5.

Equations (7) and (15) contain n-independent terms which arise due to physical reasons and
are rather unusual from a purely mathematical point of view. Indeed, they have nontrivial effects on
the subleading order terms of the averages (9) and (12) (see, e.g., Remark 3.8). For this reason the
moments of the proper delay times cannot be extracted from the results of Dumitriu and Edelman®3
beyond the leading order.
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When g > 0, the density (6) is often referred to as the Selberg density and the averages

I " - 2b+1)—1 _
E/o /(; fo fo/( (1 = xRt
j=1 Jj=1

X 1_[ \xl—xj|ﬂdx1~-~dx,, (16)

1<j<l<n

as Selberg-like integrals (see, e.g., Refs. 35, 50, and 36). Their name originates from the fact that by
setting k = 0 and C = n, the right-hand side of (16) becomes Selberg’s integral, which was introduced
for the first time in quantum transport by Savin and Sommers.®* They computed the average of the
shot noise and the Fano factor for arbitrary B nonperturbatively. Subsequently, Sommers et al.®
and Savin et al.® applied this approach to calculate moments and cumulants up to the 4th order
of linear and nonlinear statistics of the electric current. Novaes®’ used the Selberg-like integrals
to study the moments of the transmission eigenvalues for § = 2 nonperturbatively. Khoruzhenko
et al.*! combined such integrals with the theory of symmetric functions to compute higher order
moments and cumulants of the conductance and shot noise.

One may ask what the asymptotic expansion of (16) is if both a, b — oo. This problem was
studied in Refs. 24, 58, and 42 when both a and b are proportional to n. The scaling that they used
was

a=@w—1n and b= u— Dn, (17)

with u and v positive constants. The leading order term is known when 8 = 2 (Refs. 24 and 42) as
well as for general 8 (Ref. 58). It turns out that at leading order, the integral (16) is independent of
B. We compute the first subleading correction for 8 € {1, 2, 4}. We also show that the leading order
terms are consistent with the results in Refs. 27 and 58.

The structure of the article is as follows. In Sec. II, we outline some of the main ideas behind
the proofs. In Sec. III, we treat the asymptotics of the moments for = 2 ensembles. Section IV
is devoted to § = 1 and B = 4 ensembles. In Sec. V, we study Selberg-like integrals and Sec. VI
concludes the paper with comments and open problems.

Il. PRELIMINARIES

As remarked in the Introduction, in the first part of this work™>® we computed the averages (9) and
(12) for any number of open channels. Our results were expressed in terms of finite sums involving
binomial coefficients and Pochhammer Symbols defined by the ratio

I'(x 4+ n)

—F(x) . (18)

(x)(n) =

This simple fact has two important consequences. Firstly, the moments (9) and (12) admit the
asymptotic expansions in integer powers of 1/n,

n ' MP e n) ~ Y T wyn (192)
p=0
o0
n ' MP (k. n) ~ Y DE (wyn (19b)
p=0

Here and in the rest of the paper whenever the parameters a and b appear, they will depend
implicitly on u or w according to (7) and (15).
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The second important feature of our results® is that the finite-n formulae for (9) and (12)
contain meromorphic functions that are particularly suitable to an asymptotic analysis. In order to
understand this point, it is useful to consider an example for 8 = 2.

A. An example for 8 =2
Let us define
AMP (k,n) := M) (k, n) — M) (k + 1, n). 20)

In Ref. 53, we found that
k

1 N k.
AM? (k. n) = . > ( >< >Un;,f”j, @1

prAVVAVESE
where
U;:,’;f,j _ (a+b+2n—-2j+k+ 1).(a +b+n)u—jrnia + n—j+ Do+ n)(k_j+1). 22)
(@+b+2n— jato(a+b+2n—j+ D+ 1)j
The moments are given explicitly by
@ @) — 1 J J ab
My heom) = My (Lm) =3~ > <l> (i ’ 1>Un,j,i, (23)
j=1 7 i=0
where
MP (1, n) = a’f’b—trnz)n (24)
is a particular case of Aomoto’s integral (see, e.g., Ref. 50, pp. 309-310).
We also found a formula for the negative moments in the Laguerre ensemble,
n—1 ; ;
eSO

The moments of the eigenvalue densities in ensembles with orthogonal and symplectic symme-
tries have a similar structure: the summands are products of two factors. The first one is n-independent
and consists of binomial coefficients. This feature will obviously persist to all orders in the asymptotic
expansions of the right-hand sides of Eqgs. (21) and (25).

The coefficients
1/k k
N(k,j)i=§(.)<. ) (26)
J/\J—1

appear frequently in enumerative combinatorics, where they are known as Narayana numbers. The
n-independent factor in the summands of (25) are obtained from the Narayana numbers by extending

them to negative integers,
) Lik+j\(k+j—1
N(—k, j)=— , k>0. 27
=1 DY) ke @

This identity follows from the elementary relation

—k\ (ki1
()=l 1)

The n-dependent part of the factors in the summands of (21) and (25) are ratios of Gamma
functions, whose asymptotic expansion is’’

FE+a) o pxn, i (B=00) peprn,
NEENON ,;( Do B et o, 29
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where Bi(y)(x) are the generalized Bernoulli polynomials. Now, substituting the leading order of (29)
into, say, the jth term in the sum (21) leads to a power of n whose exponent is obtained by summing
or subtracting the subscripts of the Pochhammer symbols in the ratio (22),

n1+k—]+1+_/+k—j+1—k—2—k+_/ - n. (30)

Crucially the exponent is independent of j. Surprisingly this phenomenon happens at all orders of n
for the moments of both the transmission eigenvalues and proper delay times in all the symmetry
classes. Thus, at least in principle, to compute the asymptotic series (19a) up to a given order p we
need to substitute into (21) the first p terms of the expansion (29).

Remark 2.1: In addition to the Narayana numbers, we will often need the Narayana polynomials

k

1 k k .
w =i ()5, D

Jj=1

as well as their generating function (see, e.g., Ref. 18)

plu,s) =) Ne(ws"
k=1 (32)
_l=su+ 1) — V1 =25 + 52 — 2us — 2us? + u?s?
n 2s ’

Indeed our results have a distinct combinatorial flavour. It is interesting to note that also the
semiclassical approach to these problems relies heavily on combinatorics, although of a different
kind. From the RMT point of view, it is not obvious a priori why combinatorics should play such
an important role in these calculations.

B. Generating functions

The coefficients in the series (19a) and (19b) become increasingly involved as we go higher in
the order of the expansion. Then, it becomes convenient to express our results in terms of generating
functions.

Given the sets of coefficients Z({‘;’B)(u) and D,(f l),(w), k=20,1, ..., ata given order p in
expansions (19a) and (19b), we define the generating functions

[e.¢]

T, s) =Y T s, (33a)
k=1

DPw,s):= > D (w)s*. (33b)

k=1

If these series are convergent in a neighbourhood of the origin B, then Dﬁ,’s ) (w, s)and Tp(ﬁ ’5)(14, s)
are analytic in B, and define the moments uniquely.

As already appeared in the remarks about formula (21), our results on the moments of the
transmission eigenvalues are based on computing the differences between consecutive moments. It
is therefore convenient to know their generating function too, which is defined by

ATHOw, 5) ==Y ATHwyst. (34)

k=1

The coefficients of the powers of s in this formula are defined by

AT = 107w - T w. 4
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The moments at a given order p in the asymptotic expansion (19a) are then obtained from the formula

k—1
T8 = T w) - 3 AT ). (36)

J=1

The first moments ’Tl(”gp’&) (u) can be computed directly from the asymptotic expansion of Aomoto’s
integral (24), which gives

2 (6 P
U p— . D | 37
1,p (M) (Ll + 1)1’+1 ﬂ ) + ( )
An immediate consequence of the definition (34) is the following functional relationship with (33a),
N
T, s) = —— (AT, 5) = 157 w) (38)

lll. UNITARY SYMMETRY

The techniques and tools that we use are broadly similar for all the symmetry classes. However,
as is usual in RMT, the power § in the Vandermonde determinant of the j.p.d.f’s (6) and (11) affects
the complexity of the calculations. Although when § # 0 in (5) the matrix ensembles that model
Andreev billiards do not belong to Dyson’s symmetry classes, for the sake of simplicity we shall use
the usual terminology when referring to an ensemble characterized by a given §, namely, unitary,
orthogonal, and symplectic if 8 =2, 8 = 1, and 8 = 4, respectively.

A. Leading order

In Sec. IV A, Remark 4.1, we shall prove that the leading order contributions are the same for
all symmetry classes. Therefore, we shall compute the limits

lim n~'MP (k,n) and  lim n*~'MP(—k, n)
n—00 a,b n—00 b
only when 8 = 2, since in this case the finite-n formulae simplify considerably.

Proposition 3.1: The leading order terms of the series (19a) and (19b) are independent of B and
8 and are given by

L ifk =1
DW= 3 w2 5 ooy, (39a)

0 ( kf)l ( j )(j—l)wj itk >1,

u R Jj j u?
TE ) = — - _ 39b
co (0= jzl,-g i)\ = 1)+ e (39)

Proof: We first prove (39a). We have
b ki ki .

G Ao _ Wk _p1oky-i 4 o), 1= oo, (40)

A+mei-y  +mei-y
Inserting the right-hand side of this equation into (25) gives

L (k43— 1\ [(k+j ;
D/?,S(;(w)ZEZ( U )(k_ow"“f- @0

Jj=0
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The infinite series on the right-hand side of (41) is convergent for |w| > 1. Indeed, since the
ratio of successive terms is a rational function of the summation index j, it is a special case of a
hypergeometric series. We find

LK (k+j—1\[(k+j\
- K =W Rk k4 152w, 42
k,»:o< k1 ><k_1>w w ik k+1:2;w) (42)

where the hypergeometric function »F(a, b; c; z) is defined in Appendix B, Eq. (B4). If k = 1, this
sum is a geometric series which converges to 1/(w — 1); if w = 2, it is the mean of the Wigner time
delay. When k > 1 applying Euler’s transformation formula (see, e.g., Ref. 1, Eq. (15.3.3))

2Fi(a, bsc;2) = (1 — 2“2 Fi(c —a, c — by c; 2)
converts the hypergeometric series in (42) into the finite sum
k=1

i 2h@ -kl ke 2:wh)

DY(w) =
1 S w’
T (w — )%l = tk = Dj—rt1y (K j—ks1)Qk—j—1y(k — j — DI’

where we used that ( —x); = 1/(x + 1)(_}. Finally, the identity

1 1 <k — l) (k — 1)
- = . ) (43)
(k = D=4 (K)j—k+1)Qk—j—nytk — j— D! k=11 Jj—1

yields the limit (39a).
In order to prove (39b), we first seta =0 and b = (u — 1)nin (22):

((w+Dn=2j +k+ 1) @n)—jrn(n — j + Dijn)u—z)

Uni = : :
n.k,j (e + Dn = P+ ((u + Dn — j + Dagy(n + D)) (44)
y2k=2j+2
Inserting this expression into (21) and relabelling the summation index gives
k .
1 k k u?
: -1 2 _
Jim 0™t AMGT (K, m) = ; (1) (j - 1) IR (45)
Finally, Eq. (39b) follows by taking the limit as # — oo of the identity
k=1
n M2 (kon)y =0T M (Ln) =Y AM}ji(j, n), (46)
j=1
where M}fl(l, n)is Aomoto’s integral (24). O

An immediate consequence of this proposition is the following.

Corollary 3.2: At leading order, the generating functions (33a) and (33b) are independent of B
and § and are given by

w—1—s5—(w—1)2—=2s(w+ 1) +s2
2 9

DP(w, s) = (472)

1 4
T =3 <\/ " e 1) vl o



053504-10 F. Mezzadri and N. J. Simm J. Math. Phys. 53, 053504 (2012)

Proof: By definition and using formula (39a), we have

8) _ s o Ni_i(w) k

Dy (w, s) = p— +;—(w T s
=+ —p(w, s/ - 1?)
Tw—1 g PU A ’

where Nj(u) are the Narayana polynomials (31) and p(u, s) is their generating function. Inserting
formula (32) for p(u, s) gives (47a).

We first compute the generating function A’]?)(’g ‘5)(14, s). From the explicit expression of the
moments (39b), we obtain

AT, 5) = (u, s/ +17%), (49)

u—i—l'o

where, as in the proof of Eq. (47a), p(u, s) is the generating function (32). Elementary manipulations
give

1 dus u
AT P ,8) = — 1+ — —1 (s —1 _ 50
o (u,s) 7 +(u+1)2(1_s) (u+ 1)(s )+M+1 (50)
Finally, Eq. (47b) follows from (38) and (37). O

Remark 3.3: Using Selberg’s integral Novaes>® derived the formula

k—1 . .
B0, \ _ Z k—1\/2j\ (=1 w/t!
Teo (u)_jo( J >(j)j+1(u+1)2j+1' G

Taking the differences of this sum and comparing to (45) leads to the combinatorial identity

S0 )= () T
- NI u’ = . )T+ )T (52)
k; VAVESS' ; J=1\Jj/ j+1

This formula has already received attention in enumerative combinatorics, where it was proved using
generating functions by Coker.?® Subsequently, Chen et al.,> who referred to it as Coker’s second
problem, gave a bijective proof. Combining Novaes’ expression and (39b) gives an independent
proof of (52).

The identity (52) is intrinsically connected to averages in the Jacobi ensemble. Therefore, it
seems natural to ask whether similar identities should appear when integrating over other ensembles,
in particular the Laguerre ensembles. It is a straightforward consequence of our exact results> (see
also Refs. 32 and 37) that

L (K ( k \
’11ergon’k’1M£f)(k, = ; (1) <j N l)wf. (53)
In the same paper, Novaes also computed this limit using Selberg’s integral and showed that
s k=1 () = U 27\ (k=1 ju k—2j—1
Tim o™ M ko) = ; ﬁ(;)( 2 )w/ (1 4+ w)—2~1 (54)

The equivalence between the sums (53) and (54) appeared in Ref. 25 too, where it was referred to
as Coker’s first problem.

Itis very interesting and surprising that these combinatorial identities can be proved solely using
techniques from RMT.
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Remark 3.4: When w = 2, the generating function (47a) reduces to
— 5 —+/1— 65+ s?

2 b
which was computed in Ref. 10 using both periodic orbit theory and RMT.

1
D2, 5) =

(55)

Remark 3.5: The leading order generating function (47b) agrees with the semiclassical formula
computed by Berkolaiko et al.” Their notation is slightly different from ours. Their main asymptotic
parameter is the total number of quantum channels N =n + m = (u + 1)n; they also introduce the
variable £ = u/(u + 1)*. From our point of view, it is more convenient to use the dimension of the
ensemble as asymptotic variable.

Remark 3.6: Instead of deriving exact formulae for the moments and extracting their asymptotics,
one could instead study the asymptotic expansion for the mean eigenvalue density,

on(x) = <Z S(x — x,-)> . (56)

j=1

The moments are by definition |’ x*p,(x)dx. For example, if the average is taken with respect to the
J.p-d.f of the Laguerre ensemble, then the limit

is the Mar&enko-Pastur law.** The support of (57) is v+ = (y/w % 1)?, where w is defined as in
(15). This fact was exploited to obtain the leading contribution to the density of the delay times.?
The positive moments of this density are known too,>”-®’ from which the corresponding negative
moments may be obtained from a substitution x — x~! in (57). They are easily seen to be in
agreement with formula (39a).

B. Beyond leading order

We now compute the next two terms in the asymptotic expansion of the moments of the
transmission eigenvalues and proper delay times when 8 = 2.

The starting point to compute higher order corrections to formulae (39a) and (39b) is to expand
the n-dependent factor

b +n)—i—j

58
(I +n)-1-j ©>8)

for the moments of the proper delay times and the coefficients (22) for those of the transmission
eigenvalues. For this purpose we need the first three terms in the expansion (29) (see, e.g., Ref. 1,
Eq. (6.1.47)),

Mwa% 1. _ _
e z 1+Zz(a B)a+pB—1)

(59)

L(O‘ _'B)(3(a+,3 — 12 —(@—B+ D)+ 0(z_3)> 7 — 00
1272 2 ’ '
The coefficients of 1/z and 1/z*> will give the terms of order O(n~') and O(n~?2), respectively, in
the asymptotic expansions (19a) and (19b). Such terms will be polynomials in u (or w), whose
coefficients will be the Narayana numbers (26) or will closely resemble them.

In the Wigner-Dyson symmetry classes, there is no contribution at the next to leading order
when 8 = 2. However, in Andreev quantum dots (§ # 0), there is always a non-zero correction.
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Proposition 3.7: Let B = 2. The next to leading order terms in the asymptotic expansions (19a)
and (19b) are

D (w) =0, (60a)
s U — 1\ 2%+2
(2,9) (B,6)
AW = 5 (u . 1) T (=), (60b)

where Tk(’g’s)(u) is independent of B and § and is given explicitly in (39b).

Proof: For the negative Laguerre moments, we set b = (w — 1)n and insert the term of order
O(n~%in Eq. (40) into (25) leading to

PAw =LY (k - 1) (" * j)w—k—f—' ((k+)k+j+D—wjl+7) (6D

2k 4 k—1 J\k—1
j=0

B /Ei <k+j> (k+j + l)w—k—f—l 61)
2\ k k

ke~ (k+j—1\[k+j .
—‘Z " EA TRy
24 k k

Equation (60a) follows from shifting the summation index j — j — 1 in the sum (61").
We now prove (60b). We first use (59) to expand (21) in an asymptotic series and obtain

ATCO Gy = L (R k) e FeO G, 62
00 =2 2 G - ) e D ©2
where
FEO, j) = j8/2+ 1 — ju* — uks/2 + (k — j + Dk — j +8/2).
Collecting the coefficients of § in (62) gives
k .
5 K\( &k \ w2t
(2,8) _ 9% . _ 2.
M= 5 g(l)(] - 1><u+ e (k=7 D~k )
(63)

1 (k[ k O\ w2 . . o

Elementary manipulations show that the second sum in the right-hand side of (63) vanishes, while
the first simplifies to

AT(2,8)(M) — § Xk: k 2u2j+1 _Xk: k k u2j+2
kol 2(u + 1)%+2 j IAVES!

=0 j=0

s S ) ()
20+ A Lj/2))\ /2] '

Finally, the statement of the proposition follows from the combinatorial identity (see Ref. 24,
Proposition V7)

u %/ k K\ o e R\ (2/\ (=1 wit!
- J—
(u+ DA ; (um) (rj/ﬂ)“ ;0 <J) ( j ) jriwrn©

(64)
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which allows the polynomial in (64) to be expressed in terms of the leading order term ’];f”g’s)(u)
given by (51). m|

Remark 3.8: At first it is quite surprising that the next to leading order term (60b) is differ-
ent from zero. The fact that the correction at order O(1/n) of the density of the eigenvalues of
B = 2 ensembles is usually zero is a general phenomenon due to the symmetry of the ensembles.
It was proved by Johansson*’ for ensembles of random matrices with an even degree polynomial
potential. It also appeared in the work of Dumitriu and Edelman®? for the 8-Hermite and B-Laguerre
ensembles. Dumitriu and Edelman®? showed that for these ensembles, the term of order O(1/n”) is
multiplied by a palindromic polynomial in — 2/ that is independent of . At the next to leading
order this polynomial is zero at 8 = 2. For the Jacobi ensembles this property is still unproved, but
given that it is a direct consequence of the symmetries of the Jack polynomials, one would expect
the same behaviour.

Why, then, is formula (60b) not zero? The answer is that for physical reasons the exponent of
the factors (1 — x;) in the j.p.d.f. of the eigenvalues of the Jacobi ensembles does not scale with
n (see Eq. (7)). If we adopt the scaling (17), then the next to leading order term is zero for § = 2.
Indeed, this is the content of Proposition 5.2 for the Selberg-like integrals.

Remark 3.9: For higher order terms, it is no longer possible to simplify the expressions which
would appear in place of Eqs. (61) and (62) through elementary manipulation. Instead, one requires
a more systematic procedure to handle more complex polynomials, which become increasingly
involved as we go further in the asymptotic expansion. However, as we shall see, often the coefficients
in such polynomials are products of two binomial coefficients similar to those appearing in the
first line of (64). Thus, in many instances they can be conveniently expressed in terms of Jacobi
polynomials (see Definition (B1)), whose properties can be used to obtain manageable formulae. A
first example of this procedure is given in the proof of Proposition 3.10.

The next to leading order generating functions will be discussed in Sec. IV, where we shall
derive a formula for general § with g € {1, 2, 4}.

Proposition 3.10: For B = 2 the third coefficient in the expansion (19b) of the moments of the
proper delay times is

(2) _
Deaw) = o~y fi

(), (66)

where P;a’ﬂ )(x) refers to the Jacobi polynomial of degree j and parameters « and f defined in
Eq. (B1) and
w1

Proof: As in previous proofs, we begin by inserting (59) into (58) and extract the component of
order O(n—* ~ 1). Then, by substituting it into (25), we arrive at

Il (k+j\(k+j—-1\ , . _
Di?i(wF;Z(k_{)( O )w RGN W, ), (68)
j=0

where

2
GO, j) = ;”—4;'(1' — DG+ DGj+2) - %(k + )k + j+ D1+ )

1
+ﬂ(k—i-j)(k%-j—}-1)(k+j+2)(3k+3j+1).

The demonstration now proceeds with lengthy and systematic, although elementary, algebraic
manipulations. It is useful to give an example that clarifies the pattern of the calculations. Consider
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the contribution to (68) coming from the linear term in Gg)z(w, J)s

LS (k+ 7\ (k+7 =1\ i ’ o
T k4 j)(k Dja
4k§)<k—l)< k—1 )w (k+ )k +j +Djd+ j)

oo

_ k(1 + k)2 k+j\(k+j+1\ i
YT, Z(k+l)( k+1 )w 69

j=0

Using the definition of hypergeometric function (B4) and the relation (B5b) between hypergeometric
functions and Jacobi polynomials, the right-hand side of (69) becomes

k4 1Dk + 2) ko

1 (Fik+2k+3,2,w™h)

_kk+ Dk + 2w P V)
- 4w — 1k+3

(70)
Repeating the same procedure for the other powers of w in Gg)z(w, J) eventually gives

24(w — 13 DO () = 3k(P(O’2)(lZ)) " P(Z,O)(w)) — 6kP V)
wlk + Dk +2) 2777 Uk ¢ ¢ (71)
+ Gk = (Y (@) = PEY (@)

Let us subtract the right-hand side of Eq. (66) from (71); then, the statement of the proposition is
equivalent to the identity

3k(POP (@) + PO () — 6k PV (w)
+ Gk —2)(P @) — PE V@) — 2P (w) = 0. (72)

The proof follows from the orthogonality of the Jacobi polynomials and the following general
procedure:

1. Write each Jacobi polynomial in (72) in terms of the polynomials PJQ’Z)(ID) using the connection
formulae (B3).

2. Apply the three-term recurrence relation (B2) to each Jacobi polynomial until only the poly-
nomials Pk(z’z)(lb) and P,fi’?(w) appear in the formula.

3. The resulting expression is of the form
AP (@) + Bu(w)PED (),

for some rational functions A;(w) and By (w).
4. A direct computation shows

Ar(w) = By(w) = 0.

O

Remark 3.11: Note that step (1) of the above proof amounts to writing each Jacobi polynomial
in a consistent linearly independent basis. By formula (B3), the number of non-zero coefficients in
this basis is typically quite small and independent of k. This property is essential for our procedure
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to work. Indeed, consider the identities

(k +3)k +H PP @) (k+2)PE)(w)
(2k + 3)(k + 2) 2k +3
PP @) — PP w) = — P23 ()
1+ +HPPP@)  k+ DPEP @)
2 2k +3)(k +2) 2k +3 ’

PP @) + PV () =

PV w) =

which are a direct consequence of (B3). When substituted into (72), they immediately yield the
desired cancellations.

In some of the proofs of this paper (more specifically in Lemma 3.13 and Propositions 3.14,
4.8, 4.9, and 5.2), we will use this method to justify the equivalence of two apparently different
combinations of Jacobi polynomials. This task is most conveniently performed using a computer
algebra package such as MAPLE or MATHEMATICA, whereby the rather heavy algebra involved in
steps (1)—-(4) may be executed algorithmically.

In order to keep the notation as simple as possible, we now introduce a convention that we shall
often use when proving statements about generating functions. If p(x) is a polynomial or a function
analytic in a neighbourhood of x = 0, then we shall write [x*] p(x) to indicate the Taylor coefficient
of x¥ in p(x). This formalism can be trivially extended to a function of several variables. Now, when
in a proof we write [sk]’fp(ﬂ’s)(u, s) or [sk]DE,ﬂ)(w, s), we do not refer to Zcf’f,’a)(u) or D,(f;(w), but
to the Taylor coefficients of a function, usually an algebraic function, whose explicit expression is
the statement we intend to prove, like, for example, the right-hand sides of Eqs. (47a) and (47b) in
Corollary 3.2. In other words, adopting this slight abuse of notation, Corollary 3.2 is equivalent to

(1057w, ) = Do) and - [s*]75" @, ) = 75" w).
We now have

Corollary 3.12: The generating function of the moments (66) is given by

ws2

(s2 = 2w + Ds + (w — 12)*

DP(w, s) = (73)

Proof: The idea of proof is straightforward. We first show that the Taylor coefficients of (73)
satisfy a particular three term recurrence relation. Then, we demonstrate that the moments (66)
satisfy exactly the same recurrence relation. Finally, we are left to verify the initial conditions

[S]D;z)(w, s)=0,
212 _ w
[s ]D2 (w, s) = —(w 1

which can be easily checked.
Differentiating (73) once with respect to s leads to the differential equation

dDYP(w, 5)
ds

+ (55t —w — 1)+ 4w + Ds — 2w — 1)? = 25%) D (w, 5) = 0.

s(s2 = 2w + Ds + (w — 1)?)

Inserting the power series expansion

DY (w.s) =Y pr(w)s*
k=1
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and equating coefficients of s* gives

(w — 1)’(k = 2)pe(w) — (w + D2k — Dpi_1(w) + (k + Dpr2(w) = 0. (74)

We now have to prove that the moments (66) satisfy the recurrence relation (74). Inserting (66)
into the left-hand side of (74) and simplifying leads to

(k +2)(k = 2)PY (@) — (2k — Dkw P (@) + (k — DkPE) (w),

which is just the three term recurrence relation (B2) for Jacobi polynomials with « = 8 = 2 and
n=k — 3. |

As we go beyond the next to leading order in the expansion (19a), the corrections to the moments
of the density of the transmission eigenvalues become increasingly involved. Therefore, although
we need the explicit expression of such coefficients in the proof, it is more convenient to state our
results only in terms of generating functions.

We first need the following lemma.

Lemma 3.13: The Taylor coefficients of
2

u-s
(s5u) = (75)
sl (1= )2+ 1)? — su — 1)2)°?
as a function of s are
k(k + D)(u — 12
[4] £s50) = S, ;i@f)m) <(1—u2)((6k)1P,fl’11)(ﬁ)
(76)
P“"”( ) - Pk“z‘)( ))
where
2+1
i = h 77

Proof: The idea of the proof is the same as that one of Corollary 3.12 and consists of two parts.
First we obtain a recurrence relation for the Taylor coefficients of the generating function (75); then
we argue that the right-hand side of (76) satisfies the same recurrence equation.

One easily sees from (75) that

2

(]G50 = .
. (78)
) ) _u(3u —4u + 3)
[l w0 = =
Differentiating (75) once with respect to s leads to the differential equation
25(1 — s)(A — Bs) f( + (4Bs®> —3Bs + As — 2A) f(s;u) = 0, (79)

where
A=w~+17? and B=@u-1)>~

Substituting the expansion

flssw) =" peu)s*
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into (79) and equating the coefficients of s* gives
2A(k — Dpx(u) + (3A — B — 2(A + B)k) py—1(u) + 2Bkpy_»(u) = 0, (80)

with initial conditions given by (78).

Inserting the right-hand side of (76) into the recurrence relation (80) shows that the statement
of the lemma is equivalent to an identity among Jacobi polynomials, which can be proved using the
strategy outlined at the end of Proposition 3.10 and in Remark 3.11. For this particular case, it is
more convenient to express each Jacobi polynomial in the basis P;] ’ I)(12). O

It turns out that f(s; u) is the generating function AT;Z’O)(M, s). This result was first obtained
using periodic orbit theory by Berkolaiko and Kuipers''—more precisely, they computed 7’2(2’0) (u, s),

which is related to ATz(Z’O)(u, s) by (38). The RMT proof of this fact is a particular case of the next
proposition, where we obtain the same generating function for Andreev billiards.

Proposition 3.14: Let B =2 and § > — 2. The generating function for the coefficients 7;({22,5) (u)

82us((u + 1)? — s(u — 1)?) — 4s5%u?
401 — 8)32((u + 1) — s(u — 1)2)5/2°

’2'2(2’5)(14, 5) = (81)

Proof: Our techniques to compute the moments of the transmission eigenvalues are best suited
to compute the differences of the moments. Therefore, we shall study

4su® + 82u(s(u — 12— (u+ 1)2) us?

AT, s) = . (82)
’ AT =s((u+ 172 —su— 1) Au+1y
Expanding the coefficient (22) to order O(n ~ ') and inserting it into (21) gives
k .
1 k k uk=2i
2.8y — — R 7 X)) .
M=y ; (1) (j - 1) G+ s Tk D) ®9

where F, ,f?és)(u, Jj) is a polynomial quadratic in § and of 4th order in u; the definition of F, ,f?éa)(u, J)

is reported in Appendix D, Eq. (D2). Thus, the right-hand side of (83) is a quadratic form in § too.
In order to prove this proposition, we need to show that Eq. (83) coincides with the kth Taylor
coefficient of the right-hand side of (82) in a neighborhood of s = 0 and for any # > 1. The proof is
systematic and we shall outline the main steps.
Take, for example,

[6°][u' 1ES @, j) = —(k — j)k — j+ D@k — 2/ + 1)/3
and consider its contribution to the right-hand side of Eq. (83),

2k —1) 2": <k - 1) (k - 2) uk=2j
3 ] ] -1/ (u+ 1)2k+3

j=0

k .
k k—1\[k—1 2k=2j
=3 (0 _ 84
3 pars J j—1)(u+ 1)%*+3
The ratio of consecutive terms in these two sums are rational functions of the summation indices.

Thus, they are special cases of hypergeometric functions, which, in turn, can be expressed in terms
of Jacobi polynomials using the correspondence (B5a). Therefore, Eq. (84) becomes

u2(u2 _ 1)1(—2

ST (2kk = DR @)/3 + kP @)/3)
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Repeating this procedure for each monomial in u and § in F,fé‘”(u, J), we see that (83) becomes
a sum of different Jacobi polynomials, leading to an explicit (though complicated) formula for
each coefficient of §. For convenience we report these formulae in Appendix D, Eqgs. (D3), (D4),
and (D5).

Up to now we have proved that A?}{%‘S)(u) can be written as a particular combination of Jacobi
polynomials. The rest of the proof proceeds as follows: (a) we shall express [sk]ATz(z‘é)(u, s)asa
linear combination of Jacobi polynomials too; (b) by using the same procedure as in the proof of
Proposition 3.10—points (1)—(4)—it follows that

[s*]AT> %, ) — ATG () = 0.

We shall only outline how to achieve (a), as we have already discussed how to prove (b).
First note that ATZ(Z’B)(M, s) can be written in terms of A'Z'Z(Z’O)(u, s),

82 -1 2 52 1 2 82
AT 0,5) = AT (14 T L RO

4u dus du+1)3%

Thus, the Taylor coefficients of (82) are

12
[sk]ATz(z’S)(u, s) = [sk]ATz(z'O)(u, s) + 82<(M 7 D [sk]ATZ(Z’O)(u, s)
u
(85)
U 1)?

» [SkJrl]A/TZQ-O)(u’ S))
Now, from Lemma 3.13 and Eq. (82), we have f(u;s) = A’Tz(z’o)(u, s); therefore,

[s*16AT>Ou, s)(u + D}
ulk(k + D(u — 12

=(1— u2)<k_' PP — 4P,§‘}j’>(ﬁ)> —4upr)@).

Inserting this expression into the right-hand side of (85) gives [sk ]A7'2(2’5>(u, s) in terms of Jacobi
polynomials. m|

IV. ORTHOGONAL AND SYMPLECTIC SYMMETRIES

Our aim in this section is to compute the first two corrections to the leading order terms (39b)
and (39a) when 8 = 1 and B = 4. The finite n formulae for the averages (9) and (12) that we
obtained? for ensembles with both orthogonal and symplectic symmetries have a similar structure.
Thus, the techniques and calculations used to study their asymptotic behaviour are almost identical
for both symmetry classes. Although we will state the results for 8 = 1 and B = 4, most of the
proofs will focus on B = 1 ensembles, as they contain the essential details of the arguments.

A. From finite-n to asymptotics—Preliminaries

The finite-n moments of the transmission eigenvalues and proper delay times are

M, (k. n) = M{? (k,n — 1) (86a)

Lk/2) k=2j k k
3P (z) (i + 2j)SZ§2Yb/2(k’ =2

j=1 i=0

+ 1y, (k, n)

a,b
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and

MY (=k,n) = M (~k,n — 1) (86b)
n/2—1n-2j . . .
_ k+]—l k+l+2]—1 b/2
1—k
-2 ZZ( Pl )( L )S,-,,-<—k,<n—1>/2>
j=1 i=0
+ ILb(—k, n)

We give the explicit expressions of S%z’h/ 2(k, n) and S;f f(—k, n)in Egs. (A3) and (Ala); the terms
Iy, ,(k,n) and I, (—k, n) are defined in (A4) and (A1b), respectively. The quantities Mfi(k, n—1)

and Mﬁ) (—k,n — 1) are the moments for 8 = 2, whose formulae are given in Egs. (23) and (25).

Remark4.1: Consider the asymptotic expansion of Sf éz’b/ 2(k, (n —1)/2)and Iy, , (k, n). Inserting
the leading order of (29) gives

/22 p2k=2j-2i »
ZSZ.‘J, ok, (n—=1)/2) ~ m +O0OMn "), n— oo, (87a)
k .
2K\ u¥
I, (k,n) ~ § —— +0m™h, . 87b
o = <2j)<1 T PO e ®70)

The computation of the right-hand sides requires an analysis similar to that one used to obtain
(44) for B = 2. It follows immediately that Sl.‘f ;2‘ /2 (k,n) and Iy, ,(k, n) do not contribute at leading
order. As a consequence, the leading order term in the expansion (19a) is independent of 8 and §.
The same is true for the moments of the proper delay times (19b). In other words, the contributions
made by the orthogonal and symplectic symmetries of the ensembles affect only the higher order
terms. This is a general property of the density of the eigenvalues in random matrix ensembles.

Higher order coefficients in the right-hand sides of (19a) and (19b) are com%)uted by determining
the contributions of higher order terms in the expansions of S; éz’b/ 2(k, n, Sﬁ /] (k,n), I,,(k, n) and
I, (—k, n). Thus, for example, in order to compute a given contribution in the expansion of (86a),
we shall separately study the series

1 o0
©) N I -
SMy e n = 1)~ Y U aon”, (88a)
p=0
K/20k=2] L -
a/2.b/2 - Joppn -
4 <i)<l- +2 j>25u (k. (1= 1/2)~ ) S5 wm™. (88b)
j=1 i=0 p=0
and
oo
bo(kom) ~ 3 T Gon ™ (880)
p=0
as n — oo. It follows that the coefficients in the expansion (19a) can be represented as
75w = U ) = 85w + I ). (89)

For convenience, we have expressed the parameters a and b of the Jacobi ensemble in terms of S
and § (see Eq. (7)); thus, in (89) we have replaced the superscript J, , with (8, §). We shall adopt
this notation in the rest of the paper. Similarly, for the proper delay times we shall use the notation
(B) instead of L, (see Eq. (15)). The contributions to other quantities can be broken down in the
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same way. Therefore, we shall write

ATE () = AU () — ASE D () + AL () (90a)
D) (w) =Ul (w)—SY (w)+I% (w). (90b)

Without loss of generality, we shall refer to L{kl ‘”(u) AZ/{,EI 'S)(u) and Z/l( (w) as unitary

contributions; similarly, we shall call S(l 5)(u) AS(] 5)( ) and S(l (W) symplectlc contributions.

B. Next to leading order — Negative moments in the Laguerre ensembles

Proposition 4.2: Let 8 € {1, 2, 4}, the next to leading order term in the expansion (19a) is
k 2
1 2 2k k :
Diw) =— (Z=1)> (5. )-(.) | 1)
’ 2w —D*\B S \\2J J

Proof: When 8 = 2 the right-hand side of (91) is zero, which is consistent with Proposition 3.7;
we shall only discuss the proof for 8 = 1, as it is identical to that for 8 = 4.

Take the next to leading order term as n — oo of formulae (Ala) and (A1b). Then, by proceeding
as outlined in Sec. IV A, we arrive at

(k4 =1\ (k+\ _i;
T et
j=0
o~ (2k+2j -1\
z*_‘,i,mw):Z( s )w"f‘ (920)
j=0

To obtain the next to leading order symplectic contribution, we need to work a little bit more.
We obtain

e (ki =1\ (k2 4+i -1\ . .
(D k—i—j
S5 (w) = § § ( 1 >< Pl )w (93)

j=1 i=0

.

o j . . . .
k+j—i—I\(k+j+i+1 —k—j—1 ,
ZZ( P )( o )w 93)

j=0 i=0

1 [ 2k +2j+1 i > k+ 7\ :
—— —k—j—1 _ —k—j—1

2 ]Z_;( 2% — 1 )w jz_%(k—l)w

The inner sum in line (93’) was evaluated using Chu-Vandermonde’s summation (see Example
C.3, Appendix C). Combining Egs. (92a), (92b), and (93) into (90b) yields

[ (2k+2j—1 , = k+ 7\ ,
(1 _ —k— —k—j—1
Dyy(w) = 3 > < ok 1 )w J—(w—l)j§=0< ) )w S (94)

j=0

The identity

(w—1)"* Z (Z) w/ =" (2k;{2_j 1_ 1>w_k_j, 95)
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which is a simple consequence of the binomial theorem, takes care of the first series in (94); the
second sum is a hypergeometric function,

00 N\ 2
k .
b ( :J) wt T = w R G+ L k1L L wT

Jj=0
=(w— 1)—1{—1Pk(0,0)(11)).

The explicit representation of the Jacobi polynomials (B1) combined with (95) completes the
proof. m|

Corollary 4.3: The generating function of the next to leading order corrections of the moments

1) is
1/2 —1)? - 1
DPw,s)=~ (= —1 (w—1)"—(w+ s
2\ B 52— 2s(w+ 1) + (w — 1)?
(96)
C(w— 1)y/s2 = 2s(w + 1)+ (w — 1)2
s2—=2s(w+ 1)+ (w — 1)2 '
Proof: We now show that the moments (91) are the Taylor coefficients of the function (96).
Consider the identity
£ (2% 1
> <2j)wf' =5 (1= Vw)* + 1 + Vw)*). 97)
j=0
For s sufficiently small we can write
k
liz (2’f>szk 1 ( = s+ 2)
2k:1 = 2j 4\1-s51-w) 1 —s(1+ w) 98)

B l—s(w+1) 1
22w — 12 =2s(w+D+1) 2

A direct inspection of the definition of the Jacobi polynomials (B1) gives the generating function

53

ook
k=1 j=

K\ 1S
(j) wish = 3 > w — DRV am)s*, (99)
0 k=1

Recall that w = (w + 1)/(w — 1). Furthermore, the generating function of the Jacobi polynomials
PP (w) when @ = B = 0 is (see Ref. 1, Eq. (22.9.1))

= 1
P(O’O)(w)sk - _1 (100)
,Z:; , A/s2—=2ws +1
Combining Egs. (99) and (100) leads to
1 ook <k>2 ' 1 |
_ ) wisk = - —. (101)
2;; J 22w — 12 2w+ s +1 2

Finally, to complete the proof we introduce the scaling s — (w — 1)"2s and subtract (101)
from (98). O
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Remark 4.4: When w = 2 and g = 1, Eq. (96) reduces to

1 —35s — /1 —65+s2

D2, s) =
1 (2:5) 2(1 — 65 + 52)

which was computed from periodic orbit theory.!!

C. Next to leading order—Transmission eigenvalues

The following proposition extends formula (60b) to the cases § = 1 and B = 4. In Ref. 28
(Eq. (9)), they obtain the next to leading order correction of the eigenvalue density, though no proof
was given. For the Wigner-Dyson symmetries, § = 0; the corresponding result first appeared in
Ref. 21 and was derived via integration over matrix elements combined with a perturbative approach
based on diagrammatic methods. We will present a derivation using a completely alternative method.

Proposition 4.5: For € {1,2,4} and § > — 2 one has

AT () = (% B 1) u <u — 1)2k
ki W= w12 \u+1

k

8 ! K\* 2 [k k 2j+2
TR wr i ;@”J _Z<j)<j+1)”j

0 j=0

(102)

Proof: As previously we shall discuss only the symmetry 8 = 1. Letus set a = § + 1,
b= (u — 1)nin formula (86a).

Following the general strategy outlined in Sec. IV A, we see that the unitary contribution
in (88a) is

k .
1 K\ [ k \ w20+
A8,y _ + a8,
Al () = ; (1> (,- - 1) D el @ 0,
where
FP, )= +k— plk+8—j— 1)+ uk(l —8) +u®j( — j).
Simplifying, we find

k

, G- K\ s e (RN K\
AU W) = e Z() “ZM_Z( )(j+1)u2]+2 ’ e

=0 ™ =0 M

which is obtained using the same method which led from (62) to Eq. (64), provided that we substitute
a=68 + landn —n — 1in (22).

The symplectic contribution at order p = 1 is obtained by replacing (87a) into (88b). Using the
Chu-Vandermonde summation of Lemma C.1, we obtain

k—1 j 2
k k u<’
(1,8) _
S (0= Z. — (j —i> <j+i>(1 +uyk

Jj=li

s (26 (K\2\  u¥
3 <<2j> - (1) ) (It w

Jj=1

(104)

Finally, we must examine the term I;,, (k, n) in (86a). Straightforward application of (87b) gives

AT ) = 2u(u — D (u + 1) (105)



053504-23 F. Mezzadri and N. J. Simm J. Math. Phys. 53, 053504 (2012)

Inserting (104), (103), and (105) into (90a) shows that Eq. (102) is equivalent to proving the
combinatorial identity

u( — D* = @+ D*PAS ()

k 2 k (106)
k ; k k :
26206 ))
o\ prAVVAVAS
where ASS () := SV (w) — SLY, () is given in (104).

Equation (106) can be proved simply by comparing the coefficients of the monomials «% (u¥ * 1)
in the polynomials on both sides of the equation. It turns out that the right-hand side can be reduced
to the left-hand side by repeated applications of Pascal’s rule,

() G)=G)

Using the identity (65), we can write the statement of Proposition 4.5 in terms of the leading
order (51). Thus, we have

O

Corollary 4.6: The first correction for the differences of moments can be written in terms of
formula (51) as

ATy = (1) (21 2 Dges (107)
T AVES B pu KO '

From Corollary 4.6, we can compute the generating function of (107).

Corollary 4.7: The next to leading order generating function of the moments of the transmission

eigenvalues is
(B,9) — E — s
7,7 (u, s) = <,3 1) <(s —D(@+ 12— s — 1)2))

—i—i w+1) N 1
2\ VT=sJu+1)2—s—172 s—1)°

(108)

Proof: The generating function of the factor %(ffé(—u) in Eq. (107) is easily obtained from
(47b). Then, the substitution
u—1\>
s —> S
u—+1

and some algebra lead to

(8.5) (% u o u
AT = (ﬁ 1) ((u T2 —sw—1?  (u+t 1>2>
(109)
_i (u+ D1 -5 n 2u _l
2 \s/u+12—s@u—12 @+13? s .

Finally, formula (108) follows from (38). O
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D. Second corrections

As we go higher in the order of the expansions (19a) and (19b), the formulae for the coeffi-
cients become very cumbersome. Thus, the results are better expressed only in terms of generating
functions. For the sake of simplicity, we shall only discuss the symmetry classes with 8 = 1.

1. Negative moments in the Laguerre orthogonal ensemble

Proposition 4.8: The generating function of the second corrections to the moments of the proper
delay times is
w+ Ds? — Quw? = 3w +2)s + (w — D*(w + 1)
(52 = 2(w + s + (w — 1)2)%/2
(w—Ds~+1—w?
s .
(s2 =2(w 4+ Ds 4+ (w — 1)?)?

Dg)(w, s)=s
(110)

Proof: The proof is split into two parts: first we compute the third coefficients in the asymptotic
expansion of formula (86b); then we show that they coincide with the Taylor coefficients of the
right-hand side of Eq. (110).

We start from the coefficients of the unitary contribution Z/{,E’l%(w). Inserting n — n — 1 and
then b = 1 4+ (w — 1)n in (25), we find

e = 2 (= D@ - w2 @)
(111)
24k T(k +2
Rt @)+ 2w ))

The derivation of this formula is almost identical to the discussion of Egs. (69) and (70) in the proof
of Proposition 3.10.

The term involving the asymptotics of I;,(—k, n) is the easiest to compute; it is an application
of the expansion (59) to (A1b). Its contribution is

2k 4+ 2 .
Toa(w) = )ZHIZ(z]L) g (112)

The coefficient of the symplectic contribution leads to the double sum

ki D\ (k+2j+i—1\ . .
Shatw) = ZZ( k—1 )( k—1 )wk e, i g, (13)

j=11i=0

where
GOw. i, j)=(k+i+2j = Dk+i+2))/2—j(j —1)—w(j®+i@j+i+1)2).
Now consider, for example, the contribution from the coefficient of w in G,({{)z(w, i, j). We have

e (ki =1\ (k+2j+i—1 -
ZZ( k’_I )( k]_ll >w’“f(j2+i(4j+i+1)/2)

j=11i=0

© I i i\ ki
=ZZ< e )( A )w‘k i+ = D + (= i)+ D/2).
j=1i=I

The finite sum in this equation can be computed exactly in terms of binomial coefficients using
Chu-Vandermonde’s summation techniques discussed in Appendix C. The remaining infinite series
is a combination of hypergeometric sums which may be evaluated in terms of Jacobi polynomials
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using the identity (B5b). Repeating this procedure and inserting the contributions (111), (112), and
Sth(w) into (90b), we arrive at

2w — DD (w) = —k(w — DRV @) — k(k + (PO (@) + wP* P (w))

+ W/6)(w — D7k + Dk +2)(13P2 (W) — PP (W)

2k +2\ . (114)
1)" ‘Z(2J+1> :

—kw PP @) — (1= 3wk + D) Py ).

We need to show that the Taylor coefficients of the right-hand side of Eq. (110) are given by
Dy (w) in (114).
First notice that

o]

2k +2 gk _ (w—1Ds+1—w?
_24(11) 1)2k+'z(2]+1) : _S(s2—2(w+1)s+(w—1)2)2’ (113

which follows from elementary manipulations involving the binomial theorem and geometric series.
Then, a straightforward application of Corollary 3.12 gives

(w+ Ds® = Qw? = 3w + 2)s2 + (w — D*(w + s

[*] (s2 = 2w + Ds + (w — 1)2)52
. _ 2
= D02, ) - W%(m + DD . (116

Inserting the explicit formula (66) for D,(f;(w) into the right-hand side of Eq. (116) and applying the
three term recurrence relation (B2) to remove Pk(if )(u”)), we obtain

(w+ DPEP@IK+3) | Bw + Twk —3w? 3k + DA @)
d(w — k2 12(w — 1)k+3

Combining this expression with (115) leads to

(w+DPEP@)k +3) 2% +2\ .
[Sk]Dgl)(w’ S) = 4( )k+2 )2k+1 Z (2] + 1) !

(117)
(Sw + Twk — 3w? = 3)(k + HP 2)(w)
12(w — Dk+3

The demonstration that coefficients (114) are equivalent to the right-hand side of Eq. (117)
involves cumbersome algebraic manipulations, but it is otherwise straightforward. It can be carried
out systematically following the steps (1)—(4) of the procedure outlined at the end of the proof of
Proposition 3.10 and further discussed in Remark 3.11. m|

2. Moments in the Jacobi orthogonal ensemble

As for the second correction of the moments of the proper delay times the results for the
transmission eigenvalues are better expressed only in terms of generating functions. For simplicity,
we first discuss the moments of the transmission for the classical Dyson’s ensemble, i.e., when
§=0.
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Proposition 4.9: The second correction of the moments of the transmission eigenvalues for
B=1land5=0is

us(sz(u — 12 +3us — (u+ 1)2)

" u, s) = — :
2 e ( + 12 = s — 1)1 — )2

(118)

Proof: The proof follows the usual strategy: first, we compute the coefficient at p = 2 of the
expansion (19a); then we show that they coincide with the Taylor coefficients of (118). Furthermore,
rather than computing (118) directly, we will look at

u(sz(u — 1?4+ 3us—u+ 1)2) u
52 + 3
(412 —su—12)""V1—3s w+1)

According to (90a), to begin with we split A’]le’o)(u) into the contributions of AZ/IISZ‘O)(M),
AS/EZO)(M), and AI,EEO)(M). First we note that straightforward calculation analogous to the proof that

AT, s) = (119)

A’];c(,zl’o)(u) = 0 in Proposition 3.7 shows that AI,E}&O)(u) = 0; therefore, we need not worry about
this term.
The contribution of the symplectic term involving the double summation in (88b) can be written

as
Lk/2] k=2j
a, 0) 2%U—2i—2j—1 (1)
S (u) = (u +1)2k+122(>(l+2j> = F (Ml]) (120)
j=1 i=0
where

FO(u, i, j) = (j + i+ 4ij + 2/ = 2ki + k* — 4kj) + 2ukj + u?(j — i* — 2% — 4ij).

For example, taking the coefficient of w?in F ;12> (u, i, j) leads to

k/2] k=2
1 Lk/2] J

(u + l)2k+1 Z ; < ><l + 2]) KRG =it -2 - 4i))

k—1 j
- ZZ(J +1)(]—l> T - G =i -2 4G - i) (12D
j=1i=l

The inner sums in this equation are of the form

/ k
:p _
E <]+l><j—i)l , p=0,1,2. (122)

They are Chu-Vandermonde’s summations discussed in Appendix C and can be evaluated explicitly

in terms of binomial coefficients. This allows us to write (121) as a sum of Jacobi polynomials.
Finally, including the contributions of the linear and constant terms in u in F, 1512) (u,i, j), we arrive at

(u+ D (1,0) B ©,1) _ (1,1
—( 1y S5 (w) = k(k — D1 — u®) P2, (@) + (k/2)(1 — 2k) P, (i) 123

+ (k/2u Py @) + KPu Py (@),
where i is defined in (77)
Now, (u + 1)%*+3 A?}cflz’o)(u) is a polynomial in u of degree 2k + 1; for convenience, we separate

it into the sum of two polynomials containing only monomials of even and odd degree, respectively.
We write

@+ D*PATE ) = AT w) + AT ). (124)
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Let us focus first on the term containing only odd monomials. We have

AT = U - ASE ) 125

The contribution of the unitary term gives
AU @) = —utw? = D+ D (k/0G = DPLY@ + k+ DPOO@) . (126)

This formula is obtained by inserting (59) into (21), by shifting n — n — 1, and setting a = 1 and
b= — Dn.
Since the numerator of i is quadratic in u, the monomials of odd degree in

(u + D*PAS W)
can be extracted from (123) by simple inspection; then, Egs. (125) and (126) give

AT W)

= —(k/2)(1 = 2k + 2u® + 2ku® + u*) P (@)

+ (u* — Dk(k — )PV (@) — k(k 4+ 1)(1 — u?)> PO (@)

(127a)
— (1/2)@® = Dk + D2k + 1 —u®) P D(@)
— 6 = D+ ) (#/60@ - DM@ + POO@).
The contribution of AZ{SIQ’O)’E(M) can be computed in the same way. We obtain
AT ()
W = (k — D((k/2)(@ + P @) + u? PO (@) — (k/3) LY (@)
+ (k/6)(5u® — NP (@) + 2k + D — DR (@)
(127b)

+ (2k/3)(k — D POV (@) — 2k(k — 1)(1 — u®) P (@)
— (k+ 1?1 — u®) PP @) — kk + Du? P @)
+k(k — )P @).

Inserting Eqgs. (127a) and (127b) into (124) gives the explicit expression of the second corrections
of the moments. We now need to demonstrate that they coincide with the Taylor coefficients of the
right-hand side of (119).

By comparing (119) with A’Tz(z’o)(u, s) in Eq. (82), we write

4+ 1)
u

AT O, s) = 30T (u, ) ATV, 5)

(128)

A’Tz(z’o)(u, s)

1 2
+ s(u ;i— ) A7—2(2,0)(% 5).

(u+ 1)y
us

From Proposition 3.14, we know the Taylor coefficients of A?;(Z‘O)(u, s). Thus, we end up with the
formulae

[sk]oA’Tz(l’o)(u, s)
u(u? — 1)k

= (1/6)(k + 2P V(@) — 2/3)k + Dk +2) PV @)

— (k/6) P (@) + (2K /3)(k — 1P (@) (1292)

— (k/2)(k + 1)@ — 12u® P (@)
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for the component including only monomials of odd powers of u and

[Sk]eATz(l’o)(u,S) _ (L1~ D
T e (2/3)(k +2)(k + V)P (@) — (1/2)(k + 1) P2y (i) (129b)

+ 2k(k + POV (@) — 2/3)(k — VPP (@)

for the monomials of even degree.
Finally, the equivalence of the pair of Eqs. (127) to (129) is proved systematically through steps
(1)—(4) discussed in the proof of Proposition 3.10. O

Remark 4.10: Formula (118) coincides with the generating function computed with semiclassical
techniques by Berkolaiko and Kuipers.'!

The computation of the second correction for Andreev billiards (§ # 0) is almost identical to
the proof of Proposition 4.9, but obviously the algebraic manipulations are much more involved. We
did not carry out the proof in its entirety. The expression of such a generating function, however,
can be inferred from general methods and by inspecting lower order terms.

Conjecture 4.11: The generating function of the second correction of the moments of the
transmission eigenvalues for Andreev billiards with 8 = 1and § > —2is

us(sz(u — 1?4+ 3us — (u+ 1)2) 38us

741ﬁ) ,8) = —
e T T G P s — 1) P~ | 2t DG D)

(@ + 1% = s — 1)) +2us(( + 1)* — s — 1)?)
2((u 4 12 — s — 1)1 — )72

R D2u? —5u+1) — su — 1*@? —4u + 1)

2s — D@ + D( + 1% — s — 1)2)°
383u(u — 1D*

2s — D@ + 13 ((u + 1) — s — 1)2)>

+ 8s

+

V. ASYMPTOTICS OF SELBERG-LIKE INTEGRALS

In this section, we will be interested in asymptotics as n — oo of the integrals

1! RS . 2(b+1)-1 _
Mﬁf”(u, v) = E/(; /0 Zx;c l_[xf/ (b+1) - xj)ﬁ/2(u+1) 1
j=1 j=1

(130)
X l_[ |xk—xj|ﬁdx1-~-dx,,, k=1,2,...
1<j<k<n
with the assumption that 8 € {1, 2, 4} and
a=@w—-—1n and b=wm—Dn, wu,v=>1. (131)

The integrals (130) have been referred to Selberg-like by several authors.’**>% Indeed, the
normalization constant

1 1 n
C(B.a.b) = / / foﬂ(bﬂ)_l(l )P
0 0 i
= (132)
x H ’xk —x.,-‘ﬂdxl cedxy

1<j<k=<n
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was evaluated for any § > 0 by Selberg in 1944 (Ref. 66), who obtained the formula

’ﬁ T(B/2(b+ 1+ H)T(B/2a+ 1+ NT(1+(j + DB/2)

Co(B.a,b) =
(B, a,b) F(B/2a+b+1+n+ )+ B/2)

(133)
Jj=0

The integral (132) has since been named Selberg’s integral.
In the first part of this work,”® we gave finite-n formulae for (130) which imply the existence of
an asymptotic expansion in powers of 1/n,

1 B § B -p
— ~ . 134
Mk (u,U) M (M,U)n , n — oo ( 3 )

k,p

We now compute the first two coefficients in this expansion.

Expressions for the S-independent leading order term appeared in Refs. 24 and 42 with the
assumption that 8 = 2; a different formula is also available in the literature,>® whose proof was valid
for any 8. We introduce a different approach, which gives a simpler characterization of the leading
order term and allows to compute the next to leading order coefficient.

A. Leading order term

As for the moments of the transmission eigenvalues, we introduce the differences
AMP W, v) = MP, v) = ME @, v); (135a)
similarly, for the coefficients of their asymptotic series, we write

MEP @, v) = MP @, v) = MP), ). (135b)

Furthermore, we shall set

Méﬁ)(u, v) = AME)’B)(M, v) = 0.

Proposition 5.1: Let 8 € {1,2,4},a = (v — Dnand b = (u — 1)n. We have

k—1 / . . . .. ..
1 viul l+1(u +v— 1)] i+1
MO ) = ‘Z()( ) ‘ . 136
kot V) 17 im0 (u + v)2i+1 (136)

j=

Proof: 1t is sufficient to consider 8 = 2, because, as for the moments of the transmission
eigenvalues, a simple calculation discussed in Remark 4.1 shows that the terms in (86a) that do not
come from the unitary contributions contribute at subleading order.

The first term in (136) is the limit of Aomoto’s integral, namely,

lim 2~ M (1, n) = lim btn _ _u
n—00 @b n—oo a4+ b+ 2n u-+v

Inserting the leading order term of the asymptotic expansion (29) into (22) gives

oy (@ton—=2j+k+1)(+v- 1)”)<k—j+1>(v” —J+ Do@me—jen
mkJ (4 v)n =)o) (@4 v)n = j+ 1) (n+ Dy
vk (v — 1R

~n PR +0(1), n— oo,

(137)
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where a and b depend on « and v through the scaling (131). Substituting the right-hand side of (137)
into (21) leads to a formula for the differences,

k

M) LR\ kvt v = D
e ; (1> (j - 1) ot (39

B. Next to leading order term

Proposition 5.2: Let B € {1,2,4},a = (v — Dn and b = (u — 1)n. The next to leading order
coefficient in the expansion (134) is

M 2 ok 2k (kY (u(u+v—1))j
e =(5-1) 2<u+v>2k;<<2j) <J)> v |

Proof: We discuss only the case when 8 = 1, as when 8 = 2 and 8 = 4, the proof is analogous.
We can write down a relation analogous to that one in (89), where now a = (v — 1)n grows
with n instead of being independent of n. For the first subleading correction, it reads

M), v) = Uy (u, v) — S, v) + T (u, ). (139)

Insert the leading order of (29) into the symplectic contribution in (86a); then, a calculation similar
to the derivation of (104) in Proposition 4.5 shows that

Lk/2) k=2

» Vit k== 4y — 1Yk
S, v) = ZZ<><1+21> (u + )

j=1 i=0

=

In the same way, starting from formula (A4) we arrive at

Jab u(u+v—1)
st = o2 2 () ()

Therefore, it is sufficient to prove that

+u—1 k

where we have introduced the new variables

1
y="wrv-n ad =210 (140)

Taking the differences, we see that the statement of the proposition is equivalent to

k(y — vRFL(y — k!
vy — DF P(OO)() -1 POO ) (141)

Jab
AU (u, v) = T W Lo
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Replace n — n — 1in (21) and insert the scaling (131). Then, use (59) to expand (141) up to
the next to leading order correction. We obtain

k

1 k ko it i + v — DI

Ja,b _

AU =) (1) (j - 1) 20 + o)
=1

y ((k—j+1)(k—j—2)_j(j+1)+(k—j+1)(k—j—2) (142)

w+v—1) v p

6k + 4 — 2k2 + 4kj
(u+v)

which may be written in terms of Jacobi polynomials as

— k2 — 1k 2k 1
. )(u Z(:)ztﬁ . << -—- 1) v =PV

—j(1+j)),

AZ/l,i"lb(u, v) = u+v v

k(u—1) (1,1)  ~
-~ 7 pL o
+ v k_z(y) ntv—1

(6k +4 —2kH)(y — 1) 1), ~
2k(u + v) Femi (y)) '

1
+ ;) (v = DPLYE) (143)

By subtracting (141) from (143), we obtain an expression involving Jacobi polynomials. In order
to complete the proof, we need to show that it vanishes. As previously, we achieve it systematically,
following the steps (1)—(4) outlined at the end of the proof of Proposition 3.10. O

C. Leading order generating function

Let us define the generating function

H(u, vis) =Y M, v)s. (144)

k=0

We now present a new proof of the following.

Theorem 5.3 (Novaes’®): The generating function H(u, v;s) obeys the quadratic equation

us 1—=s )
H= — H*. (145)
ut+tv—>~0+u)s wu+v—~{A+u)s

Proof: By rearranging summation indices as j — k — j, we can write formula (136) in terms of
a Narayana polynomial of degree k (see (31)):

L T & Rk uw +v—1)\’
AM%(”’”):(u+v)2k+152<j><j—1>< v )

Jj=0

pi ! N (u(u+v—1))
k .

- (u + v)2k+t1 v

Thus, the generating function of AM;C’S ())(u, v) can be easily related to the generating function of the
Narayana polynomials, which we report in (32). More explicitly

~ o0 +v—1) SV
H . = A ) k = v u(u . 146
(u, v3s) ; Mo, v)s P v T (u+v)? (140
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The generating functions A and H are related by
H=(1-s"H+Mu,v). (147)

It follows immediately that

s v u(u+v—1) sV o u
H_s—l(u—l—vp( v ’(u+v)2> u—}—v)' (148)

The generating function p(x, s) satisfies the quadratic equation (see, e.g., Ref. 29),

p=(x+p)1+p)s,
which leads to
(us+G6—DH)( s+ —1DH)= w4+ v)(s — 1)H + us.
Rearranging this expression gives (145). m|

Formula (145) is equivalent (in our notation) to Eq. (58) in Ref. 58 obtained by a completely
different approach.

D. The limiting eigenvalue density of the Jacobi ensembles

The leading order term of the density (56) averaged over the Jacobi ensembles first appeared
in the multivariate statistics literature®’> and later in the context of chaotic quantum transport, first
when a = 0 and b = 0 (Refs. 6 and 7) and then only when a = 0O (Ref. 21). More recently it has
attracted attention in the free probability literature®>>’ with the same scaling as that adopted in this
section. It was found that

Vi — A )y —x)
2rx(1 — x)

o= (- ) [ (1- 2 150
= u+v<_u+v> u—i—v(_u—i—v) ' (150)

The density (149) is normalized to one; in Refs. 23 and 27, a different normalization and notation is
used. We now show that the leading order contributions of the Selberg-like integrals M;f )(u, v) are
the moments of the limiting density.

Formula (149) makes it apparent why it is helpful to consider the differences between the
moments, rather than the moments themselves: multiplication by

Poo(X) = nli)rgon_lpn(x) = (u+v) ; (149)

with support

xk— = (1 = x)xt

cancels the poles in the denominator of (149), making the resulting integration tractable.
Our method is similar in style to that used in Ref. 37 for a similar problem involving the Laguerre
ensembles.

Theorem 5.4: The difference of the moments of the limiting density p~.(x) are

k

. 1 k ko N\ v/ uf I 4 v — 1
ke - _
/A (1 = )poo(x)dx = - ;) <J> <J- _ 1) (u + v)%+1

(151)

= AM%(M, V).
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Proof: Define

A
I = / (1 = X)pmo()dx

N (152)
"
_ 4ty / X1 <\/x(k_ + ) — Ay — x2) dx.
2 A
The substitution
Ao+ A Ap — A
= + At * cos(9)
2 2
transforms the integral in the right-hand side of (152) into
2 T
I = o+ v) (@1 + a2 cos(8)) ' sin*(0)d,
4 x
where o) = “?‘ and o A*;L
Let p and ¢ and z(9) be such that
ar=p’+q’, @=2pq, 2O =(p+qe’)". (153)

Then, we have

120)* = (a1 + cos(Q))

Set
. =¢%2(0) and n=e"z0).
Using
. 1 — cos(26 1 :
sin(0) = % = Eﬁ)t(l — 62’9),
we see that
I ol

u—+v 8

2 T T
- g—2 (/ 120)% d6 — %( ;(e)mde)) .
T -7 -7

These integrals can be evaluated by calculating the Fourier modes of ¢, n and z and applying
Parseval’s identity. The Fourier coefficients are

o k=1 (k=1 PP k—1

Parseval’s identity gives

k-1 2 k-1
I _ 0‘_% Zp2k—2j—2q2j k—1 _ ﬁ P22 k—1\[k—1
k=1
_ 22p2k 2j— 2qz,< k )<k>
j+1

Solving p and ¢ in terms of & and «; in Eq. (153) and using (150) allows us to write

_Ju(u+v—1) 2 4uv(u +v —1)
PN T wror \/(u+v)2 T wtot

Substituting these expressions into (154) and replacing j — j — 1 gives Eq. (151). O

= —/ R — e*%)|z(0)°do
—7T

(154)
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VI. CONCLUSIONS AND OUTLOOK

In this article, we have computed the first three terms of the asymptotic expansions in the limit
as n — oo of the moments of the density of the transmission eigenvalues and delay times in chaotic
ballistic cavities. The fundamental assumption is that the chaotic dynamics allows us to model the
scattering matrix (1) with the circular ensembles from RMT. Our formulae are available for all
symmetry classes B € {1, 2, 4}—with a few exceptions for the second corrections to the leading
order terms, for which we did not perform the calculations for § = 4. For the moments of the
transmission eigenvalues, we treat Andreev billiards too. Finally, we studied the asymptotics of the
Selberg-like integrals as well.

Our results on the moments of the transmission eigenvalues and proper time delays for
B =1and B =2 symmetry classes agree with those computed using semiclassical techniques.’~'>>
It would be interesting to know if the results that we obtain for Andreev billiards beyond the leading
order agree with semiclassics too.

In recent announcements Berkolaiko and Kuipers'? and independently Novaes®® show that
semiclassical computations lead to the same asymptotic expansions of the moments of the trans-
mission eigenvalues as RMT. Their results involve combinatorial expressions for the correlations
of the scattering trajectories. At this stage, however, it is not clear how to extract explicit formulae
from the combinatorics. Their formulae include unsolved combinatorial problems too. It is a chal-
lenging project to go even further and to obtain the full asymptotic expansions for the moments of
the transmission eigenvalues and proper delay times using RMT techniques. Nevertheless, it would
be interesting pursue this program, since combinatorics would not appear in the calculations and
in the final formulae. Furthermore, the equivalence of the two approaches could answer unsolved
combinatorial problems.

In principle such asymptotic series can be obtained because the asymptotic properties discussed
in Sec. IT A hold at all orders in negative powers of n. The finite-n formulae that we computed in the
first part of this project®® contain products of the form

I'(ajz +cj)
1
n[‘(bjz—i-d) (153)

Jj=1

One could insert the asymptotic series (29) into (155) and repeat the systematic procedures developed
in this article to find further corrections. In practice, however, when we go beyond the second
correction it is not clear how to organise the resulting asymptotic terms in a way that would lead to
results in closed form, as those obtained in this paper.

We believe that, as for the asymptotic of the ratio (29), it may be possible to establish recursion
relations for the terms in the asymptotic series of (155). This would lead to recursion relations for
the full expansions of the moments of the proper delay times and of the transmission eigenvalues.
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APPENDIX A: EXACT RESULTS FOR 8 =1 AND 8 = 4 MATRIX ENSEMBLES

In this appendix, we report formulae for finite-n that we derived in the first part of this work™>
and that are the starting points for our asymptotic analysis.

Equations (86a) and (86b)for § = 1 were expressed in terms of certain coefficients which are
defined below. We also give the corresponding results for 8 = 4. The expressions for 8 = 2 are
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presented at Eqs. (21) and (25). Recall that

@) [(x +n)
Xy = ————
() I

is the Pochhammer symbol.
In the following, we assume that the channel number satisfies n > kB/2. This allows for some
simplifications; furthermore, a small # is not required for an asymptotic analysis.

1. Moments of the proper delay times

We need the following expressions for the Laguerre ensemble:
(2b + 2n)(p—i—2j41y(2n — i = 2j + D)

St (—k,n) = : , Ala
i ) 27k=2iF2(n + 1) (b + n)a—j) (Ala)
nj2—1 . 1
~ k+2i—1\ GO+n),_, .
I(—kmy=2"%" ( 2.] )Mmkm, (Alb)
0 J (A +m)_,

where ¢~ «.n 18 an exponentially decaying term which has no contribution to the asymptotic expan-
sions (19b) for any asymptotic order p. Its explicit expression can be found in Ref. 53, Sec. 6.3, Eq.
(6.29). The exact moments for 8 = 1 are then given by Eq. (86b); for 8 = 4, we have

M (—k, n) = 2" M2 (—k, 2n)

_2”:2”2‘%" kb j =1\ (kti+2j =T\ o (A2)
k—1 k—1 AT

j=1 i=0

2. Moments of the transmission eigenvalues
The formulae we need for the Jacobi ensemble are
2973Q2a+2n —i — 2j 4 1)iy(2b + 2n)g—i—2j+1)(2a + 2b + 2n)g—i—2j+1)
(2n =2j + Dpn + D pla +n+ D jyb +n)a—jla +b+n)a—j

Sk, n) =
(A3)
L Qa+2b+4n—4j+1)Qa+2b+4n 2 —4j +k+1)
(2a+2b+4n —1i —2J—|— 1)(]+k)(2a+2b+4n —l—4] + 1)(1+k)

and

2k> (a+b+2n—4j— 142k @+ b+n))e—pHGb +n)e—

. ; 7 : - (A4
2j) (@a+b+2n—-2j— Dasn(zla+n+ D) )GA+n))

k
Iy, (k, n) =4* (
i=0
The exact moments for 8 = 1 are given in (19a); for 8 = 4, we have

Lk/2] k=2

1 AYARIRW
My ) = M2 ko) = 3 0 ) (;) (i . 2j)Si;j”(k, n). (A5)

j=1 i=0

APPENDIX B: JACOBI POLYNOMIALS AND HYPERGEOMETRIC FUNCTIONS

This appendix contains definitions and identities of Jacobi polynomials and Gauss hypergeo-
metric functions that are needed throughout the paper. They can be found in standard references,
in particular in the books by Abramowitz and Stegun,' Chap. 15, and Szegd,”® Chap. 4. However,
because of their extensive use in many proofs, for the convenience of the reader we list them here.
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The Jacobi polynomials may be defined explicitly by the formula

« — 1\ (x+1\""
BN R
gn—] j 2 2

Ifa > —1and 8 > — 1, they are orthogonal on [ — 1, 1] with respect to the measure

dpu = (1 —x)*(1 + x)Pdx

and satisfy the three-term recurrence equation

2n(n+a+ B)2n +a + B —2)P*P(x)
=Qnta+p-D(@r+a+p)2n+a+p—2x+a>— )P D)
—2n4a—-1)n+p-1)2n+a+ P Px), n=273,..., (B2
with initial conditions
PPy =1 and P*P(x)=La+ B +2)x + L@~ B).

They have connection coefficients of the form (p € Z)

P
PPy = "Cel PeT (),
j=0

, (B3)
PPy =Yy (=it PP ),

jipn’ n—j
j=0

where

Ca’ﬂ . <p>(a+ﬂ+n+ 1)(p_j)(a+ﬂ+2n —2_] +1 +p)

e NJ (@+B+2n—j+Dappla+n+e;y

The Gauss hypergeometric function is defined in the unit circle by the series
(@);(b); ﬁ
(@; jv

o0

2Fi(a,b;c;z) := Z

Jj=0

(B4)

it can be analytically continued in the rest of the complex plane. For special values of a and b, this
series truncates and becomes a polynomial. In particular, for «, B € Z it is related to the Jacobi
polynomials by the identities

M@+ D — B+ 1 I
2Fi(—n, —n + Bra + 1;x) = (?(::a(i ;. _[i;r) Jx — 1y P (%) ., (BSa)

B+n —
X ) I+ DI'(n a)Pw,ﬂ) (’il) (B5b)

Fi(n,n+ Bia+ 15071 =
2Fi(n,n+ Bia+1;x7) (x—l ) n—a—1 \ T

APPENDIX C: GENERALIZATIONS OF CHU-VANDERMONDE’S SUMMATIONS

Many proofs in Sec. IV require computing sums of the form

Lk k
2 (j - i) (j +i)ip’ (C1a

i=1

k4 j—i— D\ (k+j+i-1\,
Z( k—1 )( k—1 )l’ (C1b)

i=1
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where p is an integer. These may be interpreted as generalizations of the classical Chu-Vandermonde

convolution identities
I
r K r—+s
= , C2
Z (m+i)<l—i> (m+z) (C22)

l=—n

1 . .
Z(m—%—l)(l—l):(m—i-l-l-l). (C2b)
= r K r+s—+1

We now present two lemmas which show how the asymptotics of the double sums in Egs. (86a)
and (86b) are related to sums (Cla) and (C1b), respectively. We then give two examples describing
the basic strategy used to evaluate (Cla) and (C1b).

Lemma C.1: Set @ = | k/2]. For any finite set of coefficients {C; ;} we have the identity

>

j=li

k—2i

j( )(l JfZJ) M ) XJ: <] — z)(z’ jj)ck—i—./li' (C3)

j=1i=1

o
~

§
o

Proof: Let Sy denote the left-hand side of Eq. (C3). Shifting the summation index in the inner
sumasi— k — i — jgives
— k—i—j)\k—i+]j k=imi.j

1 i=j
1 l+] ] k—i—j,j»

where in the last passage we interchanged the order of summation. By decomposing the outer sum
according to whether &6 — i <0or8 — i > 0, Eq. (C4) becomes

ES( e

i=1 j=1

~.

C4
k—16—|6— (€4

i=1 j=

k=1 20—i+1

) (1+J>< kJ>Ck'”

i=0+1 j=1

Now note that the upper limits in both inner sums can be replaced by i: in the first one because if j

=i + 1, then
k k
(£)=(5)-0
i—j -1

in the second inner sumi > 6 + 1,thus 260 — i + 1 <. Since lies in the range
20—i+1<j<i,
then

k
j+i>20+1>k and < .>=0,
1+ J

yielding no contribution to the sum. Finally, relabelling (i, j) — (j, i) gives the right-hand side of
Eq. (C3). |
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Lemma C.2: Suppose that {C; ;} is any set of coefficients such that the double series

e (ki =1\ [(k+2j+i—1 o
®= ey Cs5
2 0( k-1 >< k-1 )w " ©)

j=1i=

is absolutely convergent. Then

@=ZZ< ]l )( ,i_i )w"“C,,, (C6)

j=1i=I

Proof: First, shift the summation index i — i — jin (C5); then, (C6) is obtained by interchanging
the order of summation and relabelling the indices. m|

Lemmas C.1 and C.2 are important because the inner sums on the right-hand side of (C3) and
in (C6) can be explicitly computed whenever C; ; is a polynomial in i and j. This technique is better
illustrated with two examples.

Example C.3: Set p = 0 in (C1b). From (C2b), we have

i ktj—i— 1\ (k+j+i—1\  (2k+2j—1
= k—1 k—1 o\ 2%-1 )
which implies

X":kﬂ—z— k4 j+i—1\ 1 ((2%+2j-1 k+j—1\°
: k—1 k—1 2 2k — 1 k—1 ’
This formula was used to obtain (among others) Eq. (93) in Proposition 4.2.

Example C.4: Now take p = 2 in the sum (Cla). We have

2 PR [PR S of P [ (Rl 55 »f P [ (4]

==J i=—j

> PRy Los) B2 Z (5265

i=—j i=—j

-7 i <Jli,)<jii)+kj,; (LG5

Evaluating each sum using the identity (C2a) and simplifying give

i(,i)(,il)”:%@:?)

To obtain this formula we used the symmetry of the summands in (Cla) under the substitution
i— —i

Completely analogous considerations allow the computation of these sums for higher values
of p.

APPENDIX D: AN EXPLICIT EXAMPLE

Many proofs in this article are based on a systematic approach outlined in Proposition 3.10 and
further discussed in Remark 3.11. The algebra involved is rather cumbersome, but can be easily
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done with a symbolic algebra computer package like those contained in MAPLE or MATHEMATICA.
In order to give the reader a flavour of what such formulae look like, in this appendix we report the
explicit expressions that occur in the computation of the second correction of the differences of the
moments of the transmission eigenvalues Aﬂfzz’a)(u).

In the proof of Proposition 3.14, we showed that

k

729 1 K\( k W ey
ATS (“)=%Z 21 g e fra @ ) (D)
j=0

The coefficient F, ,f?is)(u, j) is polynomial of 2nd order in § and of 4th in u. It is given explicitly by

) 52
FS, j)=A; + 7B+ 7€ (D2)
where
Aj=(G—-k(G—-1-k(3j°—6jk—j+k+3k>—1)/6

+G—1-kQj—1-2) —ku/3

—jG—1=k) (—jk+k+1+j*—j)u’

—Jj@j=DG =D /3+jG =1 (3% =5j+1)u’/6,

= =G~ 1B~ 120

—jQi =D -D@+A+2)G -G —1-ku

—jG=DQj—2k=3u’
and

Ci=12G -G —-1-k+uk+1)(—1—k)
+ut (jk—j+D+k(k+1)/2)—jl+Du’+j( — Du/2.

One of the main steps in the demonstration of Proposition 3.14 was to turn formula (D1) into a
linear combination of Jacobi polynomials. Below we give the final expression.

Define the transform of a sequence & = (&), (Which may also depend on parameters u and k)
by the formula

1< k[ k u=2i
N[E]':%jg(j)(j—l)m%

The second correction A’];(%’a)(u) can be written in terms of the sequences A = (A;);2, B = (B2,
and C = (C));2, as

2
ATV @) = NIAT+ SN1BI + T NTC)

By the definition of Jacobi polynomials (B1) and minor algebraic manipulations, we atrive at

(4 DFONTA] = k(1 — 5k + 362 PY @) — 1972w + Du?/6
+ k(k — 1)(2 — 6k) P () — DF3u? /6 + (k — D2k PP @) w — 1 P + 1)%)2
— 2k(k — )PP @@ — 20w+ 1)/3 + kPO @) — 1 P + 1)

=22 P @) — D2 (w4 1)/3 + 2k(k — DR @)@ — D36’ (1 — uBk — 1)/2). (D3)
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The coefficient of % is

(u+ DMONBY = —k(k = DALY @) — 1D+ i
+ kP @) — D+ Du? + k(k— DPEP @) — 172 = 0. (D4)

This identity is obtained using formula (B3) and the three-term recurrence relation (B2). The
coefficient of % is given by

4+ DSNICT = kPEY @)@ — 12421 + u?))2
— (1 + ku PV @y — 1w+ 1)/2 + k> POY @@ — 1)+ 1)

— (k + D POV @) — 1D + 1) + k+ D PP @) — D'+ 1)/2. (DS)
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