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Abstract
We show that skew-orthogonal functions, defined with respect to Jacobi weight
wep(x) = (1—x)"(1+ x)b, a,b > —1, including the limiting cases of

Laguerre (w,(x) = x“e™,a > —1) and Gaussian weight (w(x) = e"‘z),

satisfy three-term recursion relation in the quaternion space. From this, we
derive generalized Christoffel-Darboux (GCD) formulae for kernel functions
arising in the study of the corresponding orthogonal and symplectic ensembles
of random 2N x 2N matrices. Using the GCD formulae we calculate the level
densities and prove that in the bulk of the spectrum, under appropriate scaling,
the eigenvalue correlations are universal. We also provide evidence to show
that there exists a mapping between skew-orthogonal functions arising in the
study of orthogonal and symplectic ensembles of random matrices.

PACS numbers: 02.30.Gp, 05.45.Mt

1. Introduction

1.1. Random matrices

Universality of eigenvalue correlations for different random matrix ensembles and its
application in real physical systems has attracted both mathematicians and physicists in
the last few decades [1-5, 9-17]. From the mathematical point of view, the study of this
universal behavior of eigenvalue correlations for various ensembles of large random matrices
require (i) evaluation of certain kernel functions involving orthogonal (unitary ensemble),
skew-orthogonal (orthogonal and symplectic ensemble) and bi-orthogonal (unitary two-matrix
ensemble) polynomials, (ii) asymptotic analysis of these polynomials. The rich literature
available on orthogonal [9-21] and bi-orthogonal polynomials [22-26] corresponding to
different weights have contributed a lot in our understanding of unitary ensembles.

1751-8113/08/435204+29$30.00 © 2008 IOP Publishing Ltd  Printed in the UK 1


http://dx.doi.org/10.1088/1751-8113/41/43/435204
mailto:saugata135@yahoo.com
http://stacks.iop.org/JPhysA/41/435204

J. Phys. A: Math. Theor. 41 (2008) 435204 S Ghosh

For orthogonal and symplectic ensembles, the problem of evaluating the kernel functions
is removed by the Tracy—Widom formalism, where the kernel functions are expressed in
terms of that of the unitary ensemble, involving orthogonal polynomials [38—42]. Results for
orthogonal polynomials (OP) are then used.

The second and perhaps a more enriching method is to evaluate the kernel functions
directly in terms of skew-orthogonal polynomials/skew-orthogonal functions (SOP) and use
asymptotic properties of these functions [27]. For this, we need to develop the theory of SOP
[3-8, 28-32] so that we can have further insight into orthogonal and symplectic ensembles of
random matrices.

In this paper, we study statistical properties of orthogonal and symplectic ensembles of
random matrices with classical weight using SOP. To do so, we evaluate the kernel functions
(which we have termed generalized Christoffel-Darboux sum or GCD) for the corresponding
orthogonal and symplectic ensembles of random 2N x 2N matrices. As N — 00, study of
these kernel functions require a knowledge of the asymptotic behavior of the corresponding
SOP. These can be derived by solving the Riemann—Hilbert problem [5, 45] for SOP. The other
(and perhaps easier) option is to obtain a finite term recursion relation between SOP and OP
and use known properties of the latter (also see [3, 4]) to obtain asymptotic results for SOP.
We use the second option.

OP satisfy a three-term recursion relation, irrespective of the weight function w(x)
w.r.t. which they are defined. However recursion relations satisfied by SOP depend on
the corresponding weight. This is because these functions, defined in the range [x, x2],
show skew-orthonormality w.r.t. their derivatives (1.16). This brings into picture terms like
w’(x)/w(x) which gives rise to certain local behavior of the recursion relations. For example,
for SOP defined in the finite range [x, x2], w’(x)/w(x) may have poles at the end points,
which have to be dealt with in the recursion relations. For SOP defined in the infinite range
[—00, 00], this can increase the number of terms in the recursion relations.

An obvious consequence of the local behavior of recursion relations is that the GCD
formulae also depend on w(x). In this paper, we calculate the GCD sum corresponding
to Jacobi weight, including the limiting cases of associated Laguerre and Gaussian weight.
GCD formula for weight functions with polynomial potential has been derived in [5] and is
mentioned in this paper for completeness. In [3, 4, 28], the authors have found compact
expressions for SOP in terms of OP. In this paper, we use them and make further developments
of the asymptotic analysis of these SOP. Finally, using these asymptotic results in the GCD
formulae, we study the statistical properties of the corresponding random matrix ensembles
in the bulk of the spectrum.

We also observe certain duality property between the two families of SOP arising in
the study of orthogonal and symplectic ensembles. (In fact, this justifies further the use
of SOP to ordinary OP in studying these ensembles [9, 10, 33-41].) However, this can at
best be termed in physics literature as ‘experimental observations’. We do not have a clear
theoretical understanding of this duality. The answer perhaps lies in the existence of certain
ortho-symplectic group which shares such duality property. But the author’s knowledge in
this field is severely limited.

We consider ensembles of 2/N-dimensional matrices H with probability distribution

1
Py y(H)dH =
ﬂ Zﬁ’N

exp[—[2 Tru(H)]1dH, (1.1)

where the matrix function u(H) is defined by the power expansion of the function u(z). The
parameter 8 = 1, 2 and 4 corresponds to ensembles invariant under orthogonal, unitary and
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symplectic transformations. In this paper, we study 8 = 1 and 4 cases. The partition function
is given by
2N-1
Zyy = /  expl=[2Tru(K)]]dH = 2N)! [T 8", (1.2)
HeM,)y =0

where Mz(,zgv) is a set of all 2N x 2N real symmetric (8 = 1) and quaternion real self-dual

(B)

(B = 4) matrices. dH is the standard Haar measure. g;”" are normalization constants for SOP

[27] corresponding to 8 = 1 and 4.

1.2. Skew-orthogonal polynomials: relevance in orthogonal and symplectic ensembles

From the invariance of these ensembles under orthogonal (8 = 1) and symplectic (8 = 4)

transformation, joint probability of eigenvalues (x1, x2, ..., xo5) is given by [28]
2N
! g
Pg n(x1, X2, ..., Xon) = —— Aoy (X1, X2, ..., Xon)| 1_[ w(x;), (1.3)
ZﬁN i1
where Aoy (X1, X2, ..., Xan) =[] <k (xj — xi) is the Vandermonde determinant. The weight

function w(x) = exp[—u(x)] is a nonzero and non-negative function on the interval [a, b] and
have finite moments.
The n-point correlation of eigenvalues is given by

R (x x)—A/dx ~-~/dx Py n(x1, x Xan) n=12
n Iy -5 An _(2N—n)! n+l 2N ﬂ,N 1y A2y -+ oy A2N ), e Rt B
(1.4)

To evaluate such integrals, the joint probability distribution Pg y (X1, X2, ..., Xon) is written
in terms of quaternion determinants (i.e. determinant of a matrix, each of whose element is
a 2 x 2 quaternion) satisfying certain properties [29]. Finally, using Dyson—Mehta theorem
(page 152 of [29]), one can calculate (1.4). For example, the two-point function Réﬁ ) (x,y)

and the level density Ri’s )(x) is given by

) SIN () DR (x, y) .
B xn=1 ®) :
Ly (e, y) = 81p6(y —x) Sy (v, x) (15)
|7 ’
RP@) = pP ) = St x). €)=

Here § is the kronecker delta. In terms of SOP ¢,(/3 )(x) and I/f,(,ﬁ ) (x), to be defined in (1.10)
and (1.15) respectively, they are expressed as

2N-1
Sy =3 Zjd ! 09 ) =8P [[eP @)
k=0 2N
=3P [[w?w. (1.6)
2N
2N—1 N
DRG.y) ==Y ZjP e () = P ) [T P (), (1.7
J.k=0 2N
2N-—1 .
IRy =Y 2P oy ) = 3P @ [TevP ). (1.8)
k=0 2N
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B) =
Sy (. x) = STy, y) =P [ Tw® ). (1.9)
2N
where
1 n
¢ (x) = ——nP (w(x), 7P ) =" Pk, B=14, (1.10)
®) —
8n
are normalized SOP of order n.
Here, ]_[2,\, = diag(1,...,1,0,...,0) is a diagonal matrix and ®P (x) and WP (x) are
——
2N
semi-infinite vectors
®) B! B! ! () B!
PP (x) = (0 (x)... 0" (x)...), P (x) = —-0¥P (x)Z, (1.11)
t ~
v ) = (WP @) vP ). ), A (x) = —w®' (x)Z7, (1.12)
with each entry a 2 x 1 matrix
(B) B)
n (X) ~ Bop1 (X)
o) = (qﬁé) L ww=| (1.13)
¢2n+1(‘x) _¢2n ()C)
(similar for \Il,(/3 ) (x) and @,5’3 )(x)). The anti-symmetric block-diagonal matrix Z is given by
0 1)\ . .
Z_(—l 0)+-~-+ (1.14)
such that Z = —Z" and Z%> = —1.
For
U (x) = /D (x), vW(x) = / oM (y)e(x — y)dy, neN, (1.15)
R
these polynomials satisfy skew-orthonormal relations w.r.t. the weight function w?(x),!
(o, W) = / P ()WP (x) dx = Sum (0 1>, nomeN. (1.16)
R

Finally, from (1.6)—(1.8) we get

IS0, y) Ly (x, y)

(1) (1)
Dyy(x,y) = oy Soy(x, y) = oy (1.17)
dSpn (X, ¥) dDsy(x. y)
1(4) P} = 2N . B S(4) ) = - 2N - * 1'18
o (X, ) ax o (X, Y) ax ( )
Thus a knowledge of the kernel function Sé’fv) (x,y) is enough to calculate the correlation

function. In this paper, we will study the finite N and large N behavior of S;f,i,) (x, y).

The outline of the paper is as follows. In section 2, we calculate GCD formulae for the
kernel function Séﬁ,) (x, y) (1.6), B = 1 and 4, corresponding to different weight. In section 3,

we discuss the idea of duality that exists between the two families of SOP arising in the study
' To observe the dual property among the two families of polynomials n,Eﬁ )(x), B = 1,4, we skew-orthonormalize
them w.r.t. w?(x) (as in 1.16) to set both the families of SOP on an equal footing. However to study the statistical

properties of symplectic ensembles only, this is not needed.
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of orthogonal and symplectic ensembles of random matrices. In section 4, we give a brief
summary of some of the relevant properties of classical OP which will be useful in our study of
the corresponding SOP. In section 5, we use results of section 2 to (i) obtain the level densities

(1.5) for Jacobi and associated Laguerre orthogonal ensembles, (ii) prove that in the bulk of

the spectrum, the kernel functions S;’,gv) x,»/ S;’,gv) (x, x) and hence the unfolded correlation

functions for the above ensembles are stationary and universal. In section 6, we repeat the
same calculations for Jacobi symplectic and associated Laguerre symplectic ensembles?.

2. The generalized Christoffel Darboux sum

2.1. Recursion relations
For polynomials with weight function
w(x) = (o —x)"(x —x1)°, x1, % € R, (2.1)

skew-orthogonal in the finite interval [x, x,], and having finite moments, evaluation of W,E“) (x)
and ¢,(ll) (x) will involve terms like w’(x)/w(x) which have poles at x; and x,. Hence to obtain
recursion relations we expand [(x — x1)(x — x)®) (x)]/ and [x(x — x1)(x2 — x) PP (x)]/ in
terms of SOP ®® (x) (1.11) and introduce semi-infinite matrices P and R such that for
p=4.

(x —x)(x — D@D ) = F)(@W(x) = PPOD(x), (22)

x(x = x) o — 0 (@) = xf () (@D (x)) = RYDD (x). 2.3)
For B =1, we get

= x)(2 — 0PV x) = f@)dP(x) = PP (x), (2.4)
x(x —x)(x2 — )PV (x) = xf ()PP (x) = ROWD (x). (2.5)
Equations (2.4) and (2.5) are obtained by multiplying the above expansion by €(y — x) and

integrating by parts.
In this context, the Jacobi weight function is defined in the interval [—1, 1] by

wap(x) = (1 —x)4(1 +x)°, a>-—-1, b>-—1, (2.6)

where restrictions on a and b ensure that they have finite moments.
Associated Laguerre weight function is defined in the interval [0, oc] by

wy(x) =x%e™, a>—1, 2.7

where restriction on a ensures that they have finite moments.
Gaussian weight function is defined in the interval [—oo, co] by

wx) =e . (2.8)

From here on, we will concentrate on these classical weight functions and show that the
corresponding SOP satisfy three-term recursion relations in the 2 x 2 quaternion space.

2 For random matrix ensembles with polynomial potential, the special case of Gaussian ensemble (d = 1), which is
also one of the limiting case of Jacobi ensemble, has been worked out explicitly in [5] using GCD formula, and hence
not repeated in this paper.
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2.2. Recursion relations for SOP with classical weight
For classical weight, we expand [(f(x)®® (x)] and [x(f(x)®® (x)] in terms of ®® (x).
They satisfy the following recursion relations:
fOVP(x) = PYOD(x), xf ()W (x) = RY 0D (), 2.9)
f@@D ) = PPwV(x), xf ()@ (x) = RVWD (), (2.10)
where P and R® are semi-infinite tridiagonal quaternion matrices. The semi-infinite
vectors @) (x) and WP (x) are given in (1.11) and (1.12) respectively. Now, w’(x)/w(x)

and hence W™ (x) and ®V (x) has singularity at x & 1 for Jacobi, and at x = 0 for associated
Laguerre. To remove them, we have

fx) = (1—x?), Jacobi (2.11)
=x, Associated Laguerre (2.12)
=1, Gaussian (also true for any polynomial weight). (2.13)

In other words, SOP satisfy three-term recursion relation in the quaternion space and is given
by

FOEP @) =P 0% () + PP oW (x) + P o (1), (2.14)
f PP ) =RY 0% (1) +RY 0P () + R _ 0P (). (2.15)
f@eP ) =P W) +POWD )+ PO wl (x), (2.16)
xf )PP ) =R WD @) +ROWD @) + RO e (), (2.17)

where QJ(ﬂ ) (x) and lIJ,(,’3 )(x) are given in (1.13) and PY} ,2 and R;’g k) are 2 x 2 quaternions.
Equations (2.14)—(2.17) can be proved directly using the skew-orthogonal relation (1.16). We
leave it as an exercise. In this paper, we will give an alternative proof by showing that the
semi-infinite matrices P®) and R are tridiagonal (in the quaternion sense) and anti-self-dual.
In terms of the elements of the quaternion matrices, (2.14) and (2.15) can be written as

f(x)( <“><x>>:< 0 0) (¢§ilz<x>>+(P§;‘?2n P;;‘?zn+1)< éi?(x))
Wi (%) Pz(;‘il e 0/ \05s @) Py Piionn) \$ihi (0
0 ¢§i)—2(x) 718

Pz(:)n 2n—2 0) (d’éf,)_l(x)) 219

( R;i)2n+2 0 ) (4’;22()6))

Rgrt)ﬂ-l 2n+2 Réfm 2n+3 ‘f’éi{a(x)
Rgrt)zn Réi)2n+l ) <¢(4) (x) )
Réi)ﬂ 2n Réih 2n+l ¢§i)+1(x)

Ry, 0 o (x)
" . (2.19)

(4) (4)
R2n+1 2n—2 R2n+l 2n—1 ¢2n71(x)

and

(4)
xf (x)
( Y (x >)
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For B = 1, we get similar relations, where ®® and W® are replaced by ¥V and &
respectively.

For the polynomial weight, the semi-infinite matrices P®> and R‘® have d quaternion
bands above and below the diagonal [5]. Thus the Gaussian (d = 1) SOP, like the Jacobi and
associated Laguerre functions, satisfy three-term recursion in the quaternion space.

Note. Here, we would like to mention that unlike OP, the Jacobi matrix Q#) coming from the
relation x®® (x) = QW dP) (x), B = 1, 4, holds little importance as they do not have finite
bands below the diagonal.

2.3. Proof

To prove that the SOP corresponding to classical weight satisfy three-term recursion in the
quaternion space, we will prove that the matrices P™ and R™ for Jacobi weight are anti-self-
dual. We use the scalar products

ZP“”ZM— (A= DY), P 0)) = ZP,;“} s (2.20)
ZR“” = (0 =PI 0, Y () ZR,ij”, 2.21)

Similarly, using (x¥{? (x), ¥\ (x)) and (x?y,{? (x), ¥\ (x)) for associated Laguerre weight
and (¢, (x), ¥ (x)) and (xy (x), ¥\ (x)) for polynomial weight for 8 = 4 and replacing
¥ ®(x) by ¢V (x) for B = 1, we get

pB — _pBP. RB) — _g®P (2.22)
where dual of a matrix is defined as
AP = —ZA'Z. (2.23)

It is straightforward to see that P®) and R have finite bands (one in the case of SOP
defined w.r.t. the classical weight functions) above the diagonal. Equation (2.22) ensures that
they also have the same number of bands (where each entry is a 2 x 2 quaternion [29]) below
the diagonal. This completes the proof.

2.4. Generalized Christoffel Darboux sum

In this subsection, we generalize the results given in [5] to include GCD sum for both classical
weights as well as weight functions with polynomial potential.
With f(y) given in (2.11), we use (1.6) and (2.9) to get

FOISEN G y) = FSING,X) = £(7) [cb“‘)’(x) [1z l_[\P“)(y)}

2N 2N
+f(x) [w“‘)’(x) [1z]]*® (y)}

2N 2N

- |:—CI>(4)t(x)ZZ [1z]]P®o® (y):|

2N 2N

+ [q><4>’(x)zzp<4>’zz [1z]]o* (y)j|

2N 2N
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= |:_5(4) (x) 1_[ P(4)q)(4)(y):| + |:6(4)(x)P(4) l_[ @(4)(y)j|

2N 2N

= oW (x) |:P(4), ]‘[] D@ (y). (2.24)

2N
Similarly,

Y )Sme, y) = xf () Ssn (v, x) = yf () [@“”(x) [12]]v® <y)}

2N 2N
+xf (x) {W’(x) [12]] <I><“>(y>}

2N 2N

- |:—d>(4)t(x)ZZ [[z][r“e® (y):|

2N 2N

+ [q><4>’(x)ZZR<4>’Zz [12]] CI>(4)(y):|

2N 2N

= |:_6(4) (x) 1_[ R(4)q>(4)(y):| + |:6(4) (x)R(4) 1_[ W (y):|
2N

2N
= 3D (x) |:R(4), ]_[} DD (y). (2.25)
2N

Combining the two, GCD formula for symplectic ensembles of random matrices with classical
weight is given by
@ () [RY “
ey = PVORC@ ) 226
F(y —x)
For the corresponding orthogonal ensembles (8 = 1), GCD formula is derived using
similar technique. From (1.6) and (2.10), we get

FESN (. y) = FOSIN(G.x) = f(x) [w(x) [12]1 \If“kn}

2N 2N

+f () [\Iﬂ”’(x) [12]] d»“hy)}

2N 2N

=00 () [P“% ]_[} v ), 227

2N
and

Xf () SSN(x, ¥) = ¥ () SSY (v, ) = xf (x) [d“t(x) [12]1 ‘I“‘)(y)}

2N 2N

+3f () [W‘(x) [12]1 <I>“)<y>} :

2N 2N

= 0D (x) |:R“’, ]‘[] v (y). (2.28)

2N
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Combining the two, the GCD formula for classical orthogonal ensembles is given by

C3OWRY ). [Ty ¥ )

SV x,y) = , N> 1. 2.29
W y) oI (2.29)

Here
RP(x)=R® —xp®, B=1,4, (2.30)

is different for different weights.
For example, GCD matrix for the Jacobi symplectic ensemble (including the associated
Laguerre and Gaussian symplectic ensemble) has the following structure:

¥ (x)
_~ — “)
) (x) [R(4) ), l_[} oW (y) = | % )
2N .
0 0 0 : 0
4
0 0 0 —(Iflé]&_z,zN 0 0
p— 4
y 0 4O 0 —RZN,LQN(X) _R§1\3—1,2N+1 0
(
0 _5)2]\)/—1.2N+1 0 O O 0
— 4
0 Roy_yon() _Réz\;—z,zN 0 T 0
0 0 0 0
6" ()
< oo |,

= RSN oo [N DBSn_1 () — dsn (M bs_ ()]
+ RSV o [N —2 (D)P50 41 (0) — D532 () P5n ()]

4 4 4 4
+ (Rél\)/—l,ZN - XPZ(N)—I,ZN) [d’g\;—z (x)d)é,& - ¢$\;—2 (”‘f’él& (x)]. (231
Similarly, for classical orthogonal ensemble, the GCD matrix has the following structure:

¥ () [E‘”(yx l‘[} v ()

2N
= RSN oo [Van USN_ () — YN (0 Way ()]
+ RN 1 anat [VaN 2 VSN () = Vi s (D Usy, ()]
+(RYN_1an = YPaN—1an ) [VAN 2OV () — Ysy DYy ()], (2.32)

3. Duality

Duality between the two families of SOP arising in the study of orthogonal (8 = 1) and
symplectic (8 = 4) ensembles of random matrices was predicted in [5, 6]. In this section,
we show the existence of such duality between the two families of SOP corresponding to
classical weight, i.e. @ (x) > WD (x) and @ (x) > ®DV(x). For this, we derive

9
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recursion relations between the two families of SOP with their corresponding OP. Apart from
demonstrating duality, this technique simplifies the derivation of asymptotic results of the
SOP.

We expand functions ®¥ (x) and ¥ P (x), m > 1, skew-orthogonal in the range [x;, x2],
in a suitable basis of OP such that:

(1) their derivatives are continuous in the range [x, x,] and vanish at the end-points.
(i) ¢ (x) and (w,ﬂl‘)(x))/ = ¢V (x) can be written as w(x)7, (x).
(iii) ®¥ (x) and WV (x) are skew-orthonormal in the range [x1, x,] w.r.t. their derivatives.

We expand Jacobi SOP ¢ (x) and ¢V (x) in terms of Jacobi OP sz"”’z“l(x),
orthogonal w.r.t. the weight function wy,41 2p+1(x) (see equation (2.6)). For associated
Laguerre SOP, we expand in terms of L?““ (x), orthogonal w.r.t. the weight function wy,41 (x)
(see equation (2.7)) while for Gaussian SOP, the basis chosen is H;(x) orthogonal w.r.t. the

weight e~*". The choice of such basis ensures that conditions (1)—(iii) are satisfied.

3.1. Jacobi SOP

Jacobi SOP corresponding to orthogonal and symplectic ensembles are given below. We see
that there exists a relation between w,(nl)(x) and q),(,f) (x) and their derivatives. We will use the
following identities:

(1 = xP)Wap(X) = Wast pe1(X), Wa,p (X)) Was1,p+1(X) = Wogrr 241 (X). 3.1

For B = 1, with @'V (x) and W(V (x) satisfying conditions (i)—(iii), we have for m > 1,

(&) 2D (6) = wart o (1) P24 (), 32)
() 29 (x) = Wiy () [ A PRI (x) = By PR ()], (3.3)
(68) w000 = I PRt o 1y g ), 64
(2) 26D () = wa (0) PR (), (3.5)

. 12
with (g(()”) él)(x) = [e(x — y)w,(y)dy and

(1) (1) 2a+1,2b+1
8o = &oms1 = Moy , m=0,1,.... (3.6)

For B = 4, with ®®¥ (x) and ¥ (x) satisfying conditions (i)—(iii), we have form > 1,

(gé‘,‘,i)l/z é‘,‘,fﬂ(x) = Wasr1 pa1 (¥) Po2 204 (), 3.7

(&) PP () = Wy (O A P2 () = By o PR (1)), (3.8)

(gg:rz)l/z D) = _waxz,::(x) PR (g 4 O g (3.9)

(&) 0D () = —wq (1) PR (), (3.10)
with

Gom = Gt = Mo m=1,2,., (3.11)

10
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where

G . (G+2a+2)(j+2b+2)

i =V S e 2a v b4 ) -
_ ](]+2Cl+2b+2) B. — (J+20+2)(J+2b+2) .
I T Qj+2a+2b+ 1) ST T Qj+2a+2b+5)

Bj_

Ig.lhiaj-ll,Zb+l _ h?a+l,2b+1’ B_, =0, 1=1,2,.... (3.13)
J

¢(()4) (x) and ¢>f4) (x) can be calculated using (6.1) and Gram—Schmidt method for SOP. Here
we note that SOP for § = 4 is lower than that of 8 = 1 by an order 1.

3.2. Associated Laguerre SOP

Associated Laguerre ensembles of random matrices can and does play a significant role in
describing real physical systems [42]. There exists a simple duality relation between the SOP
\IJn(})(x) and CDi,f) (x), their derivatives and the normalization constant for m > 1,

U (x) = =034 (x); PV (x) = —o3 ¥ (x);

(3.14)
gW = gh where o3 = b0
moeme ST\0 -1

is the Pauli matrix>.
We now present the results for the SOP corresponding to associated Laguerre weight. We
use

22 ) (V) Wart (X) = Waae1 (2X), War1 (X) = xwg(x), (3.15)

the latter vanishing at x = O foralla > —1.
For B = 1, with (g,(,}))l/2d>,§1l)(x) = w, (x)7V(x), we have form > 1,

172 a a
(g50.) sl () = 2943 2w (x) L35 (2x) (3.16)
1/2
(g0,) 0D, () = 22w, (1) [ AL, L34 (2x) — BE, L3 (2)], B =0,
(3.17)
1/2 av3y2 Wa+1(X) o, m
( (1)) w(l)( ) 2 +3/2 1;'] L2 +l]( )+y2(31 )21/[2(’171)_2(x)’ m #O, (318)
2m
( (1)) ¢(1)( ) 2(1+1/2wu(x)L20+1(2x)’ (319)
8om = Gamyy = h3st, m=0,1,..., (3.20)

where, (g(()l)) (])( ) = 20+1/2 foooe(x — Y we(y)dy.
For B = 4, with (g,(,f))l/zd)f,f)(x) = wy(x)7P (x), we have

1/2

(g,) 7, (0 = 232w () L34 (2x) (3.21)
1/

(&) Pwd () = 272w, (1) [ AL, L2 (20) — BE, 134, (20)] (3.22)

3 Using (3.14) in (1.2) we can see that the partition functions corresponding to Laguerre weight also share a duality
relation.

11
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Wa1 (X .
(s5) o5 @) = 2“”/2—:( L a0 e L@, m0. (23)
2m
(g50) WA () = =212, () L35 (2) (3.24)
om = 8amy = M3, m=0,1 (3.25)
where (g (4)) 2 9 (x) o W (x).
Here yjmz =y}, A} and B} are given by
(j+2a+2) . .

BL

AJL1h2a+1 — h2a+1 ] > 1. (327)
Here, the identity
d a 1 a a
a{waﬂ(x)Lj? W) = Ewa(x){A]LHLﬁl”)(Zx) B LV 2x)) (3.28)

is used to derive (3.16) and (3.18) from (3.17) and (3.19) respectively.

3.3. Gaussian SOP

For Gaussian weight, with w(x) = e=*"/2 and B = 1, there exists a duality relation between

the SOP W(V (x) and ®¥ (x) and their derivatives for m > 1, and is given by

§1112+1)1/ 2(r1n)+1 (x) = w(x) Hyp (x)
O )0, @) = w)[—(1/2) Hyper (x) + 2m Hap_y (x)]

(1)) &) (x) = w(x) Hap (x)

2m

(H )
8am = g2m+1_h2Wh m=0,1,...,

(s
(s
( (1)) x) = =2w(x) Hopoy (x) +22m — D)) o (x), m # 0.
(

(3.29)
(3.30)
(3.31)

(3.32)
(3.33)

12 -~ : . .
with (g(()l)) / wél)(x) = [, €(x — y)w(y)dy and H;(x) the ordinary Hermite polynomials.

For B = 4, we have

“4)

12
2m+1) grgﬂ('x) = w(x) Hypy1(x)

82m+1 2m +1

(s
(s
(¢ (4)) D (x) = 2w(x) Hyp (x) + 4mepY _, (x)
(s

(4)) (4)( ) = —w(x)Hypy1 (x)

4 4
gém) génzﬂ - h2m+1, m =0, 1, e

O 0 @) = w)[—(1/2) Hypea (x) + 2m + 1) Hyp (1)

(3.34)
(3.35)
(3.36)

(3.37)
(3.38)

Thus for the Gaussian weight, SOP for 8 = 4 is higher than that of 8 = 1 by an order 1. This

is exactly the opposite of what we saw for Jacobi SOP.

12
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3.4. Proof
The Jacobi SOP ¢! (x) and (" (x) can be written as

w172 4 i 2a+1,2b 141/4
(") 7" @) = vV wart o P “(x>+2y“ "(&) "o o,

, - (3.39)
j=2, vV #0,

(&) "y ) = 0 wu+1b+1P2“+”b“(x)+Z D(g") Py,

(3.40)

such that they satisfy conditions (i)—(iii). For example, wg+1 p+1(x) is used instead of w, (x)

in order to satisfy condition (i). The order of the OP are fixed by (ii), while (iii) fixes y(J ).

Differentiating and using the identity

Wart b1 () PP ) b = wa ()[4 PP () — B P (), (3.41)

ol
we get

1/2
(g;4)) w(4) (x) = j_l l)wa b[A '_1Pj22+l-1,2b+1 (x) — Bj—3 Pj2f;1,2b+1(x)]
1/2
Z v (&) T (3.42)
( (1)) ¢(1)(x) (])wa b[A _nga+1,2b+1(x) . ijszzf;l"ZbH (x)]

+ Zym () <1>( ). (3.43)

In this paper we will give the proof for 8 = 4. The proof for 8 = 1 follows the same line
of logic and can be found in [3, 4].

Using (3.1) and orthonormality of P;
the scalar products

(P52 (x0), Y () =0, = p5) =0, k=1,2,.... (3.44)

2a+1.20+1 () wrt. the weight function wag1 21 (X),

We also have

(D50 (), Ysp () =0, = p) =0, k=2,3,..., (3.45)
(B50, 1 (0, Ys (1) =0, = py =0, k=1,2,..., (3.46)
(B (), sy L (0)) =0, = pm, =0, k=1,2,.... (3.47)

Since odd SOP is arbitrary to the addition of any multiple of the lower even SOP, we set

(2m) @m—-1)"_ (2m)
Yoy = 0. Choosing y,," " = —— and y,," = 1, we get
4) 4) 2a+1,2b+1
&om = &ame1 = Moy - (3.48)

13
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Here we have used (3.13). Finally,

m— BZm—3

(W2 ), 9o (0) =0, = 50 = 2 m>2 (3.49)

Thus we get (3.7)—(3.10).
To prove (3.21)—(3.24), we start with the expansion

( (4)) ¢(4)( )= (/ 1)2a+3/2wa+1(x)L2a+1(zx)+Zyk(/11) 4) 1/2¢(4)( ),

j>1 i #0, (3.50)
(s <1>)1/ w(w(x) (]>2a+z/zw +1(x)L2a+1(2x)+Z (1) (1> <1)( ).

j=1, yi? #0. (3.51)

Using (3.28), we get 1//;4) (x) and qb;l)(x). Finally, we follow the same procedure and use
(3.26)—(3.27) to obtain (3.21)—(3.25).
For Gaussian SOP, we expand

(s <4>) ¢<4>(x) =y wn H (x)+Z7/k(j11) (4))1/ D),
k=0

ji=0,1,..., y 1) #0, (3.52)

(&) WP = v w0 H, - 1(x>+Zy(” M)y,

k=0
iz, yi? #0, (3.53)

and use the relation
d 2 .
a(eﬂ‘zﬂH, () = e (=L Hp (1) + jHj—1 () (3.54)

to prove (3.34)—(3.37).

4. Classical orthogonal polynomials and some relevant formula

Orthogonal polynomials P;(x) of order j, associated with weight function w(x) in the interval
[x1, x] is defined as [19]

J

X2 .
/ Pj(x) Pe(x)w(x)dx = h;8; 4, Pi(x) =Y k"x, j k€N, .1
X1 =0
where £ ; is the normalization constant and k;j ) is the leading coefficient. They satisfy three-

term recursion relation
xPi(x) = Qi Pin(x)+ Qi Pix)+ Qj i1 Pi_1(x), j=01,..., 4.2)
where Q; ; is the recursion coefficient.

14
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For classical weight functions (2.6)—(2.8), defined in the interval [x|, x;], we have [19]
the following table:

Jacobi weight: Associated Laguerre  Gaussian weight:
[—1,1] weight: [0, oo] [—00, o]
Po(x) 1 1 1
Pi(x) Ha+b+2)x+i@a—b) —x+a+1 2x
X ab __ Qa+b+1 L(j+a+1)C(j+b+1) _ TD(j+a+l) o 1/2n)
(hf) h_i - ((Zj+a+h+1) T(+DT (j+a+b+1) h_l; = h, =xl/ 2/ j!
() ab _ 1 (2j+a+b a _ (=) j
kj K= (P, k= 2
o 2j (j+a+b) .
Qj-1 Cjrath)@j+ath—1) J 172
L (b?—a? .
Qj-1,j-1 Tjrarb)2jrath=2) 2j+a—1 0
o 2(j+a—1)(j+b—1) . _ .
Qj-1,j-2  @jrarb-DGjrath=D Jjta—1 J—1

4.1. Asymptotic formula

Here we give a brief summary of the asymptotic results [19] of OP with classical weight which
will be useful in our analysis of the corresponding SOP.

Jacobi polynomial P j(”‘b) (x), for large j, arbitrary real a, b and fixed positive number €,
is written as

X =cos0, e<O<m—e¢,

(h%) ™ ()2 P () 4.3)

_ 2 ,+a+b+1 p +1 b4 +0(._1)
“Vsing PV 2 “r3)2 J )

where we have used [19] and h‘;’b ~ @+h) j=1,
Associated Laguerre polynomial L;’. (x), for large j, has formula of the Plancherel-Rotach
type [19] given below. For ‘a’ arbitrary and real, € a fixed positive number, we have for

x = (4j +2a+2)cos? 6, e<O<n2—¢€j 1,
_1] .\ a/2 3
L@y = D <i) {sin [(j +(a+1)/2)(sin26 — 20) + —”]} (4.4)
J 27 jsinf cosf \ x 4

+(jx)"T0(),

where h;“) >~ j* Unlike the Jacobi case, for given x, 6 depends on j; for example

0; —0jx1 =~ £(2j tan Qj)’l. Then with 6 = 6;, we can also write

j-1 -\ af2
—x/2 1 (@ _ (=D J
e LY )= —— | =
778 /27 jsinfcos@ \ x

x {sin [(j +(a+1)/2)(sin20 — 20) £20Aj + 37”“ +(jx)"20(1). (4.5)

Equation (4.5) will be useful in deriving the asymptotic formulae for SOP.
Finally, Hermite polynomial H;(x), for large j, has formula of the Plancherel-Rotach
type given below. For € a fixed positive number, we have

15
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x=(2j+1)%cos9, e<O < —e¢,
(hj)uz

V7 sing

Unlike the Jacobi case, for given x, 6 depends on j; for example 6; — 6+ >~ £(2j tan 9_,-)_1.

Then with 6 = 6, we can also write

(hjeD)"?

/7 sin @

(4.6)

2 2\ 37
e PH;(x) = (-) sin |:(j/2+1/4)(sin29 —29)+T} +0(™H.
J

—AZ/Z 2 / . . . 3 .1
Hijz(x) = ; sin (]/2+1/4)(s1n29—29):i:0+7 +0(7),
“@.7)

where we have used again 6; — 6, >~ £(2; tan6;) "

5. Universality for orthogonal ensembles

In this section, we use GCD formula for orthogonal ensembles of random matrices (2.32)
along with the asymptotic results of SOP [3, 4] to prove that with proper scaling, the kernel
function (Séx (x,y) / Séx (x, x)) and hence the correlation function for Jacobi orthogonal and
associated Laguerre orthogonal ensemble is stationary and universal.

5.1. Jacobi SOP

The asymptotic results for the SOP are derived using (4.3) in (3.2)—(3.5). Here, A; =~ B; ~
—Jj/2 and y; ~ 1 for large j. For

X =cos0, e<O<mT—e,

/2 sin 6 3 3
Wz(ln)ﬂ(x): s;n cos|:<2m+a+b+5> (2a+2>% +002m)~",

} +0()+ O(2m)1:|.
(5.2)

5.1

[

= (e 003) o (243)
Wy, (x) = Y ey sin 2m+a+b+2 a+2

o) (x) =2m,/ 2 snl(2msasp+>)o—(2a+>

2l S 7 sin @ 2 2
2 3 3

Py (x) = Voaag cos|:<2m+a+b+§>9 - <2a+§) %} +0@m)~". (5.4)

Equations (5.1), (5.3) and (5.4) are obtained by using (4.3) in (3.2), (3.3) and (3.5).
Equation (5.2) is obtained by partial integration of (5.4). Here, we note that by directly
differentiating ¥V (x), we can get ¢V (x) to the leading order, thereby confirming our result.

o)

] + 0(2m)1i| . (5.3)

5.2. Universality in Jacobi orthogonal ensemble

In this subsection, we calculate the level density of Jacobi orthogonal ensemble and show that in
the bulk of the spectrum, the scaled or ‘unfolded’ [28] kernel function (Sé x,»/ S (x, x))
is stationary and universal.

16
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To study the kernel function (2.32), we calculate Pz(zlv)fl,zN’ R§271,2N+1’ R§271,2N,
R;&_MN. We expand

2m+2
A=y )= Y Pyl vV, (5.5
j=2m-2
2m+3 2m+2
(A== Y Ry, x(=x)gh) = Y Ro D).
j=2m-2 2m—2
(5.6)
We get
@ e @m+1)2m +2)(2m +2a +2b +3)(2m +2a +2b +4)
Ponsr miz = ) (4m +2a+2b+3)(4m +2a +2b+5 ' -7)
25 m+2a+2b+3)4m+2a+2b+5)
o g§2+2 Cm+1)2m+2)2m+2a+2b+3)2m+2a+2b+4)
Ryt omes = =2 (5.8)

gz Am+2a+2b+3)dm+2a+2b+5)(dm+2a+2b+6)’

(1)
2m+1,2m+2

&V 1@2b+1)? — Qa+1)212m +1)(2m +2)(2m +2a +2b +3)(2m +2a +2b +4)
g;,l,g (Am+2a+2b+3)dm+2a+2b+4)(4m +2a+2b+5)(dm+2a+2b +6)

=0, for a=>b, (5.9)

e @m+1)(2m +2)2m +2a +2b +3)(2m +2a + 2b + 4)

Ry amiz = =2 gD (4m +2a+2b+3)(4m +2a +2b+4)(4m +2a +2b +5)’ 5-10)

Form = N — 1, large N, we have (g(4)/g§‘272) ~ 1 and

Piy_ 1oy ~ N*+ O(N),

R;& 12N+ "~ _% +0(1), Réx—l,zN ~ (b —a)0(1), RS\)’—Z,ZN ~ _g +0(1).
(5.11)

Finally using (5.1) and (5.2), defined in the 6 interval [e, 7 — €], and (5.11) in the GCD
formula (2.32), we get for

X =cos0, y=x+Ax =cos(f + A9), x —y >~ Afsind,
(x =)A= xS, ¥) = Ry oy [N YN _1 () — Yy (D ¥ay (0]
+ R§2—1,2N+l [wz(}\}—z(x)‘/fz(zl\;H ) - ‘/fz(;\z—z()’)l/f2(2+1(x)]
+ (Réx—l,zzv - xpz(zlv)—],zzv)[I/fz(zlv)—z(x)l/fz(zl\;()’) - 1[/2(2_2()1)1//(1)()6)]

1
= g[Siﬂ(sz(G)) cos(fon—2(8 + AB)) — sin( fon (0 + AB)) cos(fan—2(0))]

1
+ E[Sin(fzzv—z(e)) cos(fon (0 + AB)) — sin(fan—2(6 + AB)) cos(fan ()]

Cco

~ 5 sin [Sln(fzzv 2(0)) sin( fon (6 + AB))
- Sln(sz—2(9 + AB)) sin( fon (0))],

17
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where, in the second step, we have dropped O(1/N?) term. Thus we get

1
(x — (1 = xS (x, y) = S-Sl (0) = (fon (0 + AD)]
cos 6 sin(26)
" 2wsing

= —%[sin[A@féN (0) — 201 + sin[ABf, () +26]
N cos 0 sin(20)

— sin[ fon—2(0) — fon (0 + AD)]] — [sin[ A8 f5y ()]

in[AOf; (0
27 sin @ [sinl A8 fon (B)]]
1
~ ——sin[2N Af][cos(20) — cos® 6], (5.12)
b4
which gives us finally
sin(2N A9)
S (. y) = , 5.13
2v (%> ) 7 Af sin6 ( )
NN (1 —x2) " ’A
_ Sm@NA —x7) " Ax) x| < 1. (5.14)
T Ax
With x — y, we get the level density p(x)
SV (x, x) = p(x) = Z—N, x| < 1. (5.15)
/1 — x2
With Ax — 0, i.e. in the bulk of the spectrum, we get the ‘universal’ sine-kernel
S(l) , .
@, y) _ sinzr r = p(x)Ax. (5.16)

SV, x) 7w

5.3. Associated Laguerre SOP

To obtain the asymptotic properties of associated Laguerre SOP, we use the relations
204172 Sxwa(x) = /Waar1 2x) and 2912w, (x) = /X/Wis1(2X). Replacing this in
(3.16)—(3.19) and using (4.4) we get the asymptotic formula.

For arbitrary a and € a fixed positive number,

2x=(8m+4a+4)cos29, e<9<n/2—em_l/2, 0 = 0y,
| o (5.17)
My - 0
an () 4m~/7 sinf cos3 6 [Sm(fzm( N v2mx] '
W o 2 [ 9 0(1)] 5.18
Yome1 (X) = NI sin( f2,(0)) + Nk (5.13)
2(,1,3(x) = - ! |:COS(f2m(9)) +0() + o) i| , (5.19)
4m~/7 sin3 6 cos @ V2mx
o () =2,/ [COS(fz @) + 20 } (5.20)
2m+1 T m m )
with
o () = 1 [Sin(fz ©) T 46) + &] (5.21)
P2 A/ sinf cos? 6 " Nerral '
Similar relations hold for (5.18)—(5.20) as m — m 4 1. Here
fom(@) = 2m+a+1)(sin20 — 20) + 3% (5.22)

18
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5.4. Universality in associated Laguerre orthogonal ensemble

In this subsection, we calculate the level density of associated Laguerre orthogonal ensemble
and show that in the bulk of the spectrum, the scaled or ‘unfolded’ [28] kernel function
(S3m SV (x,y) / e x)) is stationary and universal.

To calculate the kernel function (2.32), we need Ré}\}_l’z,\, o Ré}\;_hm, Ré}\),_m,\, and

P2(11v)71,21v~ For this, we expand

2m+2
X () = Y Pyl ¥y (), (5.23)
j=2m-2
2m+2 2m+3
o)=Y Ry ), eyl 0= > Ry (), (5.24)
j=2m—-2 j=2m—-2

Using (3.17) in (5.23), we get

(1)

gz,(,,gz Qm +1)2m +2). (5.25)

2m

M _1
2m+1,2m+2 2

Using (3.19) and (3.17) in (5.24), we get

(1)

1 g m
REZ a2 = Réll’n)+1 w3 = 75 2(1;2( m+1)2m +1), (5.26)
2m
and
0 1| &
m+
Rypitomen = =3 él) m+1)2m+1)(4m +2a +4). (5.27)
Form = N — 1, large N, we have (g(l)/gg\),fz) ~ 1 and
P2(11V)71,2N ~2N*+ O(N), Ré}\)lfl,ZNH ~ —N*+O(N), (5.28)
RSy_ y ~ 4N+ O(N?), RSy 5oy ~ —N?+ O(N).

Finally using (5.18), (5.19) and (5.21), defined in the 6 interval [¢, 7 /2 — e N~'/?], and (5.28)
in the GCD formula (2.32), we get for

x=(4N+2a+2)c0529, y=x+Ax,
x(x = S, Y) = RN 5oy [WiN VN _ () — Yy 0Dy ()]
+ Ry ot [N 2 Va1 ) = Yoy (DY, (0]
+ (Ron—1.an = X Poy— 1 o) [¥an -2 Vay () = Y5 2 (DY ()]

= 5 s g Sin(fan—2(0 + A0) — fon (0)) +sin(fon (0 + AB) — (fav—2(0)))]
7T sin” 6

N
- [m] [cos(fon—2(8)) cos(fon (0 + AD))
— cos(fan—2(6 + AB)) cos(fan (0))]

Ncos46 . 3fon () N sin46 . 3fon ()
= ————sin[A0—— L) —| ————  [sin[ A0 .
7 sin? 6 00 27 sin? 6 tan 26 e

(5.29)
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Here, we have neglected the oscillatory term of O(1) arising from the even function. Finally,
we get

1 0 (2]
(x — y)SgJ(x, y) = m(cos 46 — cos® 20) |:sin <A9 fzaNe( )>i|
1
= — sin[8N sin’ H AF]. (5.30)
T

Combining all, we get

sin(x~2/d@N — x)Ax)

SO (x, y) = , 0 4N. 5.31
v (X y) 7 Ax <x< ( )
With x — y, we get the level density
1 [4N —
SV, x) = = X 0<x<4N. (5.32)
i x

With Ax — 0, (i.e. in the bulk of the spectrum) and r = Ax 52\3 (x, x), we get the ‘universal’
sine-kernel (5.16).

6. Universality for symplectic ensembles

Before we prove universality of the eigenvalue correlation for symplectic ensembles, we would
clarify some of the confusing notations related to the corresponding SOP.

SOP corresponding to symplectic ensembles of random matrices can be defined in an
interval [x{, x;] as

/ e P 0 () — 1P 0r® (@) ]wio) de

= [P wutw - ol vl ] ar = 2. 6.1)
where
| d
¢V (x) = () 2w @) PP (x), vy 0 = -7 (o). (6.2)

Here, nj(-4) (x) are SOP defined with respect to w(x). This definition is used in [3, 4] and will
also be used in this paper to study the statistical properties of the symplectic ensembles.
An alternative definition is if we write

| d
¢‘§4) (x) = (8j)_7w(x)n](~4)(x), w;“)(x) = aqs](f‘)(x), 6.3)

such that

1 [* ’ /
E/ gfl[nf)(x)n,f‘” (x) — n,§4)(x)n;4) (x)]wz(x) dx
X

1=
=3 / [6;” v 0 = o (v ()] dx

= f 9 P 0 de
— 7 (6.4)

Here ¢;4) (x1) = ¢;4) (x2) = 0. The SOP 7154) (x) in this definition is defined with respect to
w?(x). This definition is used in [5, 6] and is used to prove duality between SOP corresponding
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to orthogonal and symplectic ensembles of random matrices. Also, this definition differs from
that of [3, 4, 28] for B = 4 by a factor 2, which is incorporated in the normalization constant.

We will use (6.1) and the GCD formula to prove universality. Here we would like to
meg%)? t)hat our GCD results are valid for both these definitions with some minor difference
in R "(x).

6.1. Jacobi SOP
We consider SOP (6.2) defined with respect to the Jacobi weight (2.6). As shown in [3, 4],
711(-4) (x) =m;(x) and JT; (x) can be written compactly in terms of Jacobi OP Pf’b(x),

Tt (X) = Pil (), m=0,1,..., (6.5)

m

75, (x) = Pz‘l,;fil(x) + Nam Ty (X), m=12,..., my(x) =0, (6.6)

where 7,,, is a constant, given in equation (6.11). On integration, we find the polynomials

2 a,b a,b a,b
Tome1 (X) = m[Dzm+1P2m+1(x) + Eyni1 Py, (X) + Fop1 Py, (x)],

m=0,1,..., (6.7)

Toam (x) = Do PP (x) + Ea PP (x) + Fa P32 5 ()] + amTtam—a (%),

(2m+a+b—1)[
m=0,1,.... (6.8)

Here, Pf’b(x) = 0 for negative j. In (6.7) and (6.8) we have used the indefinite integral

j+1

1 . a,b a—1,b—1
sG+a+d) [ PPPode =PI @),

= Dj1 P{1(0) + Eju PP (x) + Fjoa P (x). (6.9)

The integration constants have been put ealual to zero because of skew-orthogonality with
m1(x). The constants D;, E;, F;, n; and g;. ) are given by

_ (ta+b)(j+a+b—1) _ (a@a=b)(j+a+b-1)
T Qjra+b)Qj+a+b—1) T Qjra+b)Qj+a+b—2) 6.10)
o (j+a—D@G+b—1) _(jta—D(+b—DQj+a+b—5)
T @Qj+a+b—1DQ2j+a+b-2)’ n’_(j—l)(j+a+b—1)(2j+a+b—1)’
2h%b
4 4 m
Eom = Gom1 = ;

dm+a+b—1
22T+ g+ DICm+b + 1)

= . 6.11
@m+a+b+1)(dm+a+b—DI'Cm+DI'Cm+a+b+1) ( )
For large j and large m,
1 .1 1 c—2
Dj=-Fi=-+0(G"),  E=@-b|=+0GD|. (612
4 4j
_ 1 @ _ 2 3
n=1+0("), 8om = o +0(m™), (6.13)
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and in the same approximation,

1
Toma1 () = —[Pssl (x) — P (0)],
dm

1
Tan(¥) = [ P57 () + 2472 (g () ™2].
m

Here in (6.14), the non-polynomial term on the right-hand side is the large-m approximation
for the lower-order terms in the series in (6.8) and has been verified numerically.

For large m, we use (6.14) and the asymptotic formula for Jacobi OP (4.3) to obtain
asymptotic formula for Jacobi SOP. For a, b arbitrary and real, € a fixed positive number, we
have for

(6.14)

X =cos0, e<O<mT—e,

_ in6@ 3
(€)™ 0 ()2 (1) 1= B2, () = =/ o sin[ fa (B)] + O(m ™),
am

(6.15)

— 1 1 3
(850) Va0 = 65500 = 5 L/W cos] fam (8] + 1] Lo}, (6.16)

Y (0) = 2./ —— cosl fom (0)] + O(m™ ), 6.17)

7T sin @

D) = | [sinl f2u (O)] + 1]+ O(m™?), 6.18)
77 sin° 6

where
bl 1
Fom(0) = <2m + %) o — (a + E) % (6.19)

Equation (6.17) is derived from (6.5) and (6.18) is obtained by differentiating (6.16).
Here, we would like to mention that to calculate level density and two-point correlation
function for the Jacobi symplectic ensemble, (6.17) and (6.18) are not needed. However, they
are important to define the SOP and hence included for completeness.

6.2. Level density and two-point correlation for Jacobi symplectic ensemble

In this subsection, we calculate the level density of Jacobi symplectic ensemble and show that in
the bulk of the spectrum, the scaled or ‘unfolded’ [28] kernel function (Sg,e (x,y) / SS\; (y, y))
is stationary and universal.
As suggested in equation (2.31), to obtain the kernel function, we need to calculate
R§271’2N+1, REN—I,ZN’ RS\Lz,zN and P2(;4V)71,2N' For this, we use (2.18),
ENCINO) T @
(=)@ () = D0 Py 67 (), (6.20)
j=2m-=2

to get PZ(ZLLM +2- It is given by

4
&y Qm+a+b+1)0smame1 Qamet ams2
P 2Doms2 ’

pW

2m+1,2m+2 —

6.21)

where Q ; and D; are given in the table and (6.10) respectively.
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Similarly, we use (2.19),

2m+2
(4) @ 4
x(1—x ) S = Y RY 6P,
Jj=2m-2
2m+3 (6.22)
d @ 4 4

2= =@ = Y Ry 957 (0),

j=2m-2

to get Réf,z’m Y R(4) m+l.oms3 and R2m +1.2m42- FOT large m, we get to the leading order

4
e, |:(2m +a+b+1)Ern3Qomomset Qome1 2me2 Qome2,2m+3

gh 2Doms3Dopsa

RW

2+l 2me2 =

Cm+a+b+1) Dyyyy
—(a—-0> mal.2m —b)Oo(1 6.23
(a —b) Y0m+a+b) Do Oom+1,2 +2] +(a—-b)0(1/m) (6.23)

=0 for a=b, (6.24)

4
e @m+a+b+2)Qomamet Qomst 2ms2 Qomsz.ams3

RY - +0(), (6.25)
2m+1, 2m+3 gg:': 2D2m+3
(€3]
o Cm+a+b+1)02u—12m OQ2n2m+1 Q2ms1,2m+2
Ry sy = — | 222 ' HZwml 22 o)1), (6.26)

P 2Dz

where Qx, D; and E; are given in the table and (6.10) respectively.

Forlarge j,weuse Q; j+1 > 1/2. Alsoform = N —1,large N, we have (g(4)/g$\), 2) o~

and

N
4 4
PZ(N)—I,ZNN_N"'O(I)’ Rél\)’ 1,2N+1 _E"'O(])v
(6.27)
R(4) (b a) b O(N~ 1 R(4) o
aN-12N T T +(b—a)O( ), IN-22N " 3"' .

Finally using (6.15) and (6.16), defined in the 6 interval [¢, m — €], and (6.27) in the GCD
formula (2.31), we get for

y = cos#6, Xx =y+ Ay =cos(0 + Af), y—x =~ Afsind,
0 =01 =¥, ) = Ry oy [$s8 (0B5y_ () — doy Dby ()]
+ R§2—1,2N+l [¢>§2_2(x)¢§‘2+1 - ¢§2_2()’)¢§‘2+1 (0]
+ (Rgx—l,zzv - XPQ(;?_LQN)[@?_Z(X)@% - ¢>§2_2(y)¢§‘]‘3 (x)]

1
= 17 lcos(fan (6 + A0)) sin(foy 2(0)) — cos(fan (9)) sin(fon 2 (6 + AD))]

1
+ 1 [os(fav2(0 + A0)) sin( f2n (0)) — cos(fan—2(8)) sin( fon (6 + AB))]

cosf
Ly [cos(fan—2(0 + AB)) cos(fon (0))
7T sin @

— cos( fay—2(0)) cos(fon (0 + AB))]
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1
= E[Sin[szfz(G) — (fan (@ + AO)] +sin[ fon (0) — fon—2(0 + AB)]]

cos 6 sin(26) . ,
W[sm[AQfZN(G)]]

—Plsnllon + 2N ao — 20| 4 sin | (28 + EFETY) Ag 120
ix 2 2

cosfsin(260) [ . a+b+1
+———=|sin 2N+T A6

47 sin 6
1
~ G sin[2N Af][cos(20) — cos> 6], (6.28)
b4
where in the second step, we have dropped O (N ') terms. This gives us
sin(2N AQ)
S, ) =
(% Y) 27 A@ sin
in2N(1 —y») A
_ sinGNA —y) © Ay) Iyl < 1. (6.29)
2 Ay
With Ay — 0, we get the level density
SO = —e Dl <1 (630)
an\Y> . yz’

In the bulk of the spectrum, we get the ‘universal’ sine-kernel
Sg,e(x, y) _ sin2mwr
S,y 2

: r=AySin (v, ). (6.31)

6.3. Associated Laguerre SOP

Now we consider SOP (6.2) defined with respect to the associated Laguerre weight (2.7). As
shown in [3, 4], n;4) (x) = mj(x) and 71} (x) can be written compactly in terms of associated

Laguerre OP L;a)(x),

T (X) = L) (X), m=0,1,..., (6.32)
, @ 2m+a—-1Y\ , ,
7, (x) =Ly (X)) + | ———— )73, (%), m=1,2,..., my(x) = 0. (6.33)
2m — 1
On integration, we find
Toams1 () = =L (x) + LY (x), m=0,1,..., (6.34)
(a) (@) 2m+a —1
Tom(x) = —Ly (x) + Ly (x) + ar el ELET m=0,1,.... (6.35)
m—

For a = 0, (6.34) and (6.35) give back the results of [29], with the observation that any
multiple of m,,,(x) can be added to 75,41 (x). The normalization constant is given by

B = 8oy = —hS- (6.36)
The results (6.34) and (6.35) derive from (6.32) and (6.33) from the indefinite integral,
/ L () dr = =LYV () = =LY (1) + L),

the constants of integration in (6.34) and (6.35) being zero on skew-orthogonality with 77 (x).
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To obtain asymptotic formula for associated Laguerre SOP, we use (6.34) and (6.35) and
the asymptotic formula for associated Laguerre OP (4.4) and (4.5). To avoid 6 floating inside
the argument, for a given x, we choose 6 which effectively corresponds to j = 2m + 1/2 in
(4.4). For ‘a’ arbitrary and real, € a fixed positive number, we have for

X = (8m +2a +4) cos’ 6, €e<O<T/2—em 7, 0 = Orns1 )2, 637
a/2 !
@ 4 (2m) 1 o)
8omPom (X) = — {[ cos[ fom (0)] + 1 + ;
amr2 2 2+/7rm cos 6 sin3 6 : my/x
al2
@ @ (2m) [ . 0(1)]
X) = ————|sin 0)] + , 6.38
g2m¢2m+l( ) m [me( )] m ( )
1 . o(1)
[CINCO] _ a/2
8om Vo (¥) = (2m) [ sin[ f2m (6)] + } , (6.39)
m 8+/7rm cos3 @ sin O : my/x
1 /tan® o(1)
[CINCO] a
8om Va1 (1) = 2m)""2 {5,/ —— cosl fan (0)] + — ﬁ} : (6.40)
with
@ @ @2m)*? {[ 1 o) ]}
&om o (X)) = — cos[ fom(@) F40]1+ 1+ .
amsafanss > ammeososme NG
(6.41)
Similar relations hold for (6.38)—(6.40) as m — m 4 1. Here
3
fom(@) = 2m+1+a/2)(sin20 — 20) + Tn (6.42)
In deriving (6.37) we have used the large-m approximation
8m — x . ” 1 (8m—x a _
(7) Tan(x) = = (L3 () + Ly () = 5 ( o ) @m)* " (wa(x)™'2, (6.43)

which follows from the three-term recursion and a sum rule for L;a) (x) [19].

6.4. Level-density and two-point correlation for associated Laguerre symplectic ensemble

In this subsection, we calculate the level density of associated Laguerre symplectic ensemble
and show that in the bulk of the spectrum, the scaled or ‘unfolded’ [28] kernel function
(SS\) (x,y) / SSJ (v, y)) is stationary and universal.

To study the kernel function (2.31), we need to calculate R§271,2N+1 , RS\LMN’ RS\Lz,ZN
and Pz(f\,)_ 1.2y~ For this, we use (2.18) and (2.19) for associated Laguerre weight,

2m+2

d
xaqs;‘,‘,jﬁ(x) = Y P @), (6.44)
j=2m—2
d 2m+3 d 2m+2
4 4 4 4 4 ¢
Palam = Y R0, Rleiw= Y RDePw. 649
j=2m—2 Jj=2m-2
From which, using properties of OP, we get
@ g(4) @ g(4)
Pst omez = 2252 (m+1), Roypstomez = = %(’" +1)(2m +3), (6.46)
8om 2m
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4

8202 (1 4 1)(dm +a + 4).
2m

“4)

8 4
222 (m + 1) (2m + 1), Ry 1 o =

2m

(4) _
R2m,2m+2 -

(6.47)
Form = N — 1, large N, we h /e ) = i i
ge N, we have (g / goN_ 2) ~ 1. Finally for large N, the recursion
coefficients are given by

) 4
PZ(N—I,ZN ~ N+ 0(1), Ré&—l,zml ~ —2N*+ O(N), (6.48)
RY Loy ~—=2N>+O(N), R,y ~4N>+O(N).

Also, since g2N 2 / gg]‘\) ~ 1, we can write
1
Do (a1 () = e S0 YW ()2 () T2 -1 (1)
8an-282N
1
= gy Vw@wy)my () -1(y)
82N
1
==V w(x)w(y)may (X)m2n-1(Y)
2N
~ —Q2N)™Vw@w(y)moy (X)mon—1(y). (6.49)

Finally using the asymptotic results (6.37), (6.38), (6.41), defined in the 6 interval
le, /2 — eN_%], and the large m results (6.48) and (6.49) in the GCD formula (2.31),
we get for
y = (8N +2a +4)cos> 0, X =y+Ay,
Y = X)SSN @ ) = RSy 5oy [N )BIN_1 (3) — by (Dsn_y ()]
4 4 4 4 4
Réz\g 1 2N+1[¢§13—2(x)¢§1\)l+1(y) - ‘7’51\3 z(y)qbé,\),ﬂ(x)]
+(Ryn_1.an = X Pay_ 1) [an-2 ()ban (9) — $an_2 )3y ()]

N
= TS {Sln[sz 2(0) = fon (0 + AB)] +sin[ fon (0) — fan—2(0 + AD)]}

N cos 29
4 g {cosLfana(0 + AO) cosl(fa ()]
7T cos 6 sin’ 6

— cos[ fon—2(0)]cos[ fon (0 + AO)]]}
|:Ncos49 Nsin40c0529:| . <8f2N )
= sin AO

wsin2@ 4w cos@sin3 @ a6

40 — cos? 20 0
= 8N cos> 0 [cos - cos” 201 sin fon A6 ), (6.50)
27 sin2 20 00
which gives
sin(8N sin® O AH)
AySS) e S sl
ySn(x,y) o
Thus we get
. 1 1
sin (5y724/8N — yA
S (x, y) = (33 y) 0 <y <8N. (6.51)

2w Ay
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With Ay — 0, we get the level density

1 /8N —
SN = o Ty 0<y <8N, (6.52)

Finally, in the bulk of the spectrum, we get the ‘universal’ sine-kernel (6.31).

7. Conclusion

In [3, 4], the authors prove ‘universality’ for the entire Jacobi ensembles of random matrices
using SOP, which were written in terms of OP. The asymptotic properties of OP were used
to obtain asymptotic formulae for SOP. Finally, the summation in Sé‘:,) (x, y) was replaced by
an integral for large N. However, using asymptotic results of the SOP to calculate the kernel
function, before completing the sum lacks mathematical rigor.

In this paper, we have shown that SOP CI>,(,’S )(x) and \IJ,E’3 )(x) corresponding to classical
weight satisfy three-term recursion relations in the 2 x 2 quaternion space. Using this, we
obtain the kernel functions Sé’fv) (x,y), B = 1,4, for the entire family of finite-dimensional
Jacobi ensembles of random 2N x 2N matrices. As N — oo, we use the asymptotic results
of the SOP in the range [x; + €, x, — €], over which they are defined, to prove that in the bulk
of the spectrum, the correlation functions are universal.

Here, we would like to mention that our GCD results are valid in the entire complex
plane. Hence to study statistical properties of the eigenvalues of orthogonal and symplectic
ensembles away from the bulk, we need to use Plancherel-Rotach-type formula for these
polynomials defined outside the range [x| +€, x, — €], something which has already been done
for the unitary ensembles. We wish to come back to this in a later publication.

We would like to emphasize that the key step in deriving the asymptotic results of SOP
is to obtain and solve finite-term recursion relations between SOP and OP. Recently, this
technique has been used to obtain bulk asymptotics of SOP corresponding to quartic double
well potential [7]. Till date, this seems the easier method to study the asymptotic behavior of
SOP rather than solving the 2d x 2d Riemann—Hilbert problem [6, 45].

Finally, a word on duality. Results in section 3 makes us wonder if the two families
of SOP are really different or there exists a simple mapping between them. We have seen
the existence of a simple relation (3.14) between SOP arising in the study of the associated
Laguerre ensembles. The other ensembles do show a similar pattern, although we are unable
to come out with a general formula. A deeper theoretical understanding is needed to obtain
the mapping between these two families of SOP.
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