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For the unitary ensembles of N x N Hermitian matrices associated with a weight
function w there is a kernel, expressible in terms of the polynomials orthogonal
with respect to the weight function, which plays an important role. For the
orthogonal and symplectic ensembles of Hermitian matrices there are 2x2
matrix kernels, usually constructed using skew-orthogonal polynomials, which
play an analogous role. These matrix kernels are determined by their upper left-
hand entries. We derive formulas expressing these entries in terms of the scalar
kernel for the corresponding unitary ensembles. We also show that whenever
w'/w is a rational function the entries are equal to the scalar kernel plus some
extra terms whose number equals the order of w'/w. General formulas are
obtained for these extra terms. We do not use skew-orthogonal polynomials in
the derivations.

KEY WORDS: Random matrices; matrix kernels; unitary ensembles;
orthogonal ensembles; symplectic ensembles; Laguerre ensembles.

1. INTRODUCTION

In the most common ensembles of N x N Hermitian matrices the probability
density Pp(xq, .., xy) that the eigenvalues lie in infinitesimal neighbor-
hoods of xy, ..., x is given by

Pp(xy, .o Xy)=cCy l_[ |xj_xk|ﬂ H W(xj)
j<k J

where f =1, 2 or 4 (corresponding to the orthogonal, unitary and symplectic
ensembles, respectively), w(x) is a weight function and ¢y is a normaliza-
tion constant.
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For the unitary matrix ensembles an important role is played by the
kernel

N—1
Ky(x, )=, ¢u(x) op(p) (1.1)
k=0

where {@,(x)} is the sequence obtained by orthonormalizing the sequence
{x*w(x)'?}. The probability density is expressed in terms of it by

Pp(xy, o Xp) :ﬁ det(KN(xja Xk))j,k:l, N

More generally the n-point correlation function R,(x,, ..., X,,), the probabil-
ity density that » of the eigenvalues, irrespective of order, lie in infinitesimal
neighborhoods of x, ..., x,,, is given by the formula

(12)

ne

R, (xy, .y x,) = det(KN(xj7 -xk))j,k=1,

And the probability E(0; J) that the set J contains no eigenvalues is equal
to the Fredholm determinant of the kernel Ky(x, y) (), where y denotes
characteristic function.

For the orthogonal and symplectic ensembles there are 2 x 2 matrix
kernels which play analogous roles. In this case the determinant in (1.2) is
to be interpreted as a quaternion determinant (it is a linear combination of
products of traces of products of matrix entries of the block matrix on the
right side), and the square of E(0;J) equals the Fredholm determinant of
the matrix kernel. (The last fact can be deduced from the computation in
ref. 3, Section A.7. A direct derivation is given in ref. 10.) In the case of the
orthogonal ensembles we shall always assume that N is even. The kernels
for the orthogonal and symplectic ensembles are of the form

_ SNl(xs y) SNID(X5 y)
Kl y) = <1SN1<x, V—tx—)  Swm(r.x) ) (13)
and
_l Sna(X, y)  SnaD(x, y)
Kyl 1) =3 <1SN4(x, V) Swaly.x) > (14)

respectively. Here ¢(x) = 4 sgn(x) and the explanation for the notation is this:
the Syy(x, y) are certain sums of products and if Sy, is the operator with
kernel Syg(x, y) then SygD(x, y) is the kernel of Sy D (D = differentiation)
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and ISy,(x, y) is the kernel of ISy, (1 = integration, more or less). We shall
write these out below. One can see from this description that once the kernels
Snp(x, y) are known then so are the others.

Matrix kernels were first introduced by Dyson® for his circular
ensembles and he established the analogue of formula (1.2) for the correla-
tion functions. Later, Mehta'® and Mehta and Mahoux‘® found matrix
kernels for the ensembles of Hermitian matrices, and expressed them in
terms of systems of skew-orthogonsal polynomials. These are like
orthogonal polynomials but the inner product (different in the f=1 and
f =4 cases) is antisymmetric instead of symmetric. In terms of them one
obtains for Sy,(x, y) sums like the one in Eq. (1.1) but which are a little
more complicated. A problem here is that the skew-orthogonal polyno-
mials are not always that easy to compute and, even if they are, the sums
involving them may not be easy to handle. For example, one is often inter-
ested in scaling limits as N — oo and in order to do this it helps to have
a good representation for the sum.

In this paper we shall not use skew-orthogonal polynomials at all.
Instead, we shall use the expressions for the various matrix kernels in the
general form given in ref. 10, and derive general formulas for the Sy4(x, y)
in terms of the scalar kernel Ky(x, y) given by Eq. (1.1), with N replaced
by 2N when =4 and w replaced by w? when = 1. More exactly, we shall
express the operators whose kernels are the Sy,(x, y) in terms of the
operator whose kernel is K,(x, y). These are given in Theorem 1 below.

The formulas can be brought to a very concrete form whenever the
support & of w is a finite union of finite or infinite intervals and w'/w is
equal to a rational function on 2. (Such weight functions are called semi-
classical since they include the weight functions for all the classical
orthogonal polynomials.) We find then that the Sy,(x, y) are equal to the
appropriate scalar kernel K (x, y) plus some extra terms whose number is
independent of N. This number equals the order of w'/w, the sum of the
orders of its poles in the extended complex plane. We must also count as
a simple pole any end-point of & where w'/w is analytic. Thus, for the
Gaussian ensembles (w(x) = e’xz) and Laguerre ensembles (w(x) =x%e ™)
there will one extra term because of the simple poles at oo and 0 respec-
tively, and for the Jacobi ensemble (w(x)=(1—x)* (1 + x)#) there will be
two extra terms because of the simple poles at +1. For the Legendre
ensemble on (—1, 1) there will also be two extra terms although w'/w =0
in this case.

We shall produce explicit formulas for the extra terms, which are given
in Theorem 2. These will be used to work out the cases of the Gaussian
ensembles (well-known®) and the Laguerre ensembles (known apparently
only in the case a=0"7),
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To apply our formulas to the Laguerre ensemble we require at first
that >0 so that Theorem 1 is applicable. The formulas for general
o> —1 are then obtained by analytic continuation. Similar analytic con-
tinuation arguments apply quite generally. (See the remark at the end of
Section 3.) For example, for the Legendre ensemble we would start with
the formulas for the Jacobi ensemble for a, >0 and then take the analytic
continuation (or limit) to obtain the fomulas for «=f=0. This is the
reason the end-points +1 count as poles.

The recent announcement® has some elements in common with ours.
A generalization of the Laguerre ensemble was considered there where e ~~
was replaced by the exponential of an arbitrary polynomial and the
occurrence of only finitely many extra terms was established, without their
being evaluated, using skew-orthogonal polynomials. This fact was used to
deduce universality for this class of ensembles.

2. THE GENERAL IDENTITIES

We start with the expressions for the various matrix kernels in the
form given in ref. 10. (The notation here is slightly different.) Taking the
symplectic ensembles first, we let {p;(x)} be any sequence of polynomials
of exact degree j and define ¢;(x)= p,(x) w(x)"? Let M be the 2N x 2N
matrix with j, k entry (j, k=0, ..,2N—1)

=1 f (p;(x) Pi(x) = pi(x) pi(x)) w(x) dx

=%f(<ﬂ,-(X) Pi(x) — @j(x) (X)) dx. (2.1)

This matrix is invertible and we write M ~! = (u ). Then

2N—1
Sna(x, ) z (P] #]k(ﬂk( ) (2.2)
J, k=0
and
2N —1 2N —1
ISya(x, Y)= Y @;(X) upop(y),  SwaD(x,y)=— Y @j(x) tp @il y).
J. k=0 J. k=0

Any family of polynomials leads to the same matrix kernel. Of course at
this point the formulas look quite bad because of the p .
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For the orthogonal ensembles we take the p; as before but this time
define ¢;(x)= p;(x) w(x) and let M be the Nx N matrix with j, k entry
(j,k=0,..,N—=1)

=[] e0x= ) pyx) pely) w(x) w(y) dy dx = [ o,(x) epulx) dx. (23)

Here ¢ denotes the operator with kernel &(x — y). Again M is invertible, we
write M ~' = (uy), and the formulas for the kernels are

N—-1

Snvi(x, y)=— Z (pj(x):ujkg(pk(y)a

J k=0

ISni(x, y)=— Z e, (X) Wepr(y),

J. k=0
N—-1

SyiD(x, y)= Y ¢;(x) wzou(p).

J. k=0

We change notation so that we can treat the two cases at the same
time—we shall see that they are interrelated. We continue to use the nota-
tions N and w, but when ff=4 the N here will be the 2N of Eq. (2.2) and
when =1 the w here will be square of the weight function in Eq. (2.3).
Thus in both cases N is even, we take p; to be polynomials of exact degree
j and set @, = p;w'? The matrices (m{") and (u{f’) are the M and M~
corresponding to the f =4 and 1 ensembles. We set

N—1
SP(x, y) = Z P uPLou(y),  SPx ) ==Y 0;(x)uPepiy).
J k=0 j k=0

Finally, Ku(x, y) will denote the =2 scalar kernel (1.1).

We denote by # the linear space spanned by the functions
©o» - @1, in other words the set of all functions of the form w'/? times
a polynomial of degree less than N. We denote by K be the projection
operator onto . Its kernel is Kn(x, y). Finally, we denote by S™® the
operator with kernel S%(x, y) and by S the operator with kernel
SW(y, x).

The following lemma will identify these operators. We think of our
weight functions as defined on all of R, and our basic assumptions are

# <L\R), D# <L\ (R). (2.4)
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The former is needed even to define the ensembles. The latter is restrictive
and implies in particular that all the ¢, are absolutely continuous. (If our
weight function is initially defined on a domain & it must vanish at the
end-points of & for its extension to all of R, defined by setting it equal to
zero outside 2, to be absolutely continuous.) We use the notations D,
and ¢, for the restrictions of the operators D and ¢, respectively, to #.

Lemma. The operators KD, and Ke,, are invertible and

S(4)|yf:D(KD9f)_la S<4)|9fi:0’
S(l)’|x=3(K8yf)71a S(l)’|9¢=0

Proof. Integrating by parts the second integral in Eq. (2.1) shows
that m$’ = ¢,(x) @i(x) dx. (This is where the absolute continuity of the
@, come in.) Thus for i=0,.., N—1,

SYKp; =Y ojud( 0w, 0) =3 ojudmP =3 ¢;d,=¢;.
Jsk J

Ik

Since the ¢, span # we see that SWK¢' = ¢’ for all ¢ € #. This shows
that KD, is a one-one, and hence invertible, operator on #, and also that
S@W| . =D(KD,,) . Of course S¥|,,. =0 since each ¢, € #. This proves
the first part of the lemma. For the second, observe that by the antisym-
metry of (m$’) the formula for S(y, x) can be obtained from the formula
for SW(x, y) by replacing m{}’ by m§’ and ¢j(x) by &¢;(x). Thus the
second part of the lemma can be proved just as the first, replacing D
everywhere by e.

To identify (KD,,) ! and (Ke,,) ~! more concretely we shall enlarge
the domains of D and e We have D# < L'(R) by assumption, and
e# = L°(R) since # < L'(R). It is easy to see that the operators

D:H+eH > H+DAH, e M +DH - H+eH

are mutual inverses. In the following, I, , p, and I, . ., will denote the
identity operators on the spaces # + D# and # + e, respectively.

Theorem 1. We have

SW=(Lpsp»—I—K)DKe) "' K, (2:3)
SV =(I,,,.,—(I—K)eKD) K. (2.6)
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Proof. Since D and ¢ are mutual inverses we might guess that a good
approximation to the inverse of KD, is K¢, where ¢, denotes the restric-
tion of ¢ to . With this in view, we compute

KeKD,, =KeD,, —Ke(I—K)D,, =1, —Ke(I—K) D,,

where 1, denotes the identity operator on . The operator on the right
side is invertible since both KD, and Ke,, are, and we deduce that

(KD ) '=(I,,—Ke(I—K)D,,) ' Ke .
Hence by the lemma,
S®| , =D, (KD,) '=KD,(KD,) '+(I—K)D,(KD,)™!
=1,+(U—K)D,(I,,—Ke(I—K) D) ' Ke.
Recall that the domain of ¢ is # + D and set
A=(I—K)D,: H - H + DX, B=Ke: H +DAH — K.
Then
Iy ,pw+(I—K)D,(I,—Ke(I—K)D,) 'Ke

is equal in this notation to I, , p, + A(I,, — BA)~"' B. This in turn equals
(14, p» — AB)~". Hence restricting to J# gives

S(4)|x:(lx+nx_(l—K) DKF')_ILW-

Since S®|,,.=K]|,,. =0 this gives (2.5), and (2.6) is obtained by an
analogous argument, interchanging the roles of D and e.

Remark. The identities of the theorem may be restated in the rather
more complicated form

SO =K+ (I—K)DKe(l,4, py —(I—K) DKe) ' K,
SO =K+ (I—K) eKD(Ly . oo —(I— K) eKD) ' K.

The summands on the right may be thought of as corrections and we see
that they will be of finite rank (independent of N) whenever (I — K) DKe
and (I — K) eKD are. This will be true whenever the commutator [ D, K] is,
which will be the case in what follows.
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3. THE CASE OF RATIONAL w'/w

We assume now that w'/w is a rational function on the support of w
and, at first, that Eq. (2.4) holds so that Theorem 1 is applicable. We
explain at the end of this section how to remove the restriction in the cases
of greatest interest. From now on it will be convenient to take the p; to be
the polynomials orthonormal with respect to the weight function w so that
the ¢; are orthonormal with respect to Lebesgue measure.

It follows from the Christoffel-Darboux formula that there is a
representation

PN(X) Pn_1(¥) —Pn_1(X) pp(y)
X—=Yy

—av(or@ w0 (] o) Yen e

Ky(x, y)=ay

for a certain constant a,. This holds for an arbitrary weight function.
Whenever w'/w is a rational function there is a differentiation formula

(o)~ (e 2o

where A(x), B(x) and C(x) are rational functions whose poles are among
those of w'/w, counting multiplicity. (See ref. 9, Section 6.) From this
and Eq. (3.1) we find that the kernel of [ D, K], which equals (0,+7,)
Ky(x, y), is equal to

) —Cy) Ax)—A(y)
x—y xX—y oY)
oo o | 4 i o) )
xX—y X—y

It follows from this that [ D, K] is a finite rank operator, and that its
kernel is expressible in terms of the functions

xk(PN—l(x)a xk(pN(x), (0<k<n,) (3.3)

where n, is the order of w'/w at infinity and, for each finite pole x; of w'/w,
the functions

)t ) Tlon(x),  (0<k<n,) (34)

(x —x; Pn—1(X), (x—x;
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where n, is the order of w'/w at x;. This is seen by expanding the functions
appearing in the central matrix in (3.2), which is simple algebra.

In the space spanned by these 2n functions (n is the total order of
w'/w) there is, when N >n, a subspace of dimension # contained in »# and
a subspace of dimension 7 contained in #*. To see the first, an inductive
argument using the three-term recurrence formula shows that the sub-
space spanned by the functions (3.3) contains the n, functions ¢,_,
(0 <k <n,) which lie in . The functions (3.4) span a space of dimension
23 n, consisting of functions which equal w'/2 times rational functions
which may have poles at the x; of order .. A function in this space will
belong to # if the principal parts at all these poles vanish. This gives > n,
conditions in a space of dimension 2 3 n, , giving us a subspace of dimen-
sion Y n, which is contained in . Thus the space spanned by the func-
tions (3. 3) and (3.4) together contains a subspace of dimension # contained
in . To see that there is an n-dimensional subspace lying entirely in #',
observe that # is spanned by the functions

PNk (k<noo)a P (k<n_noo)a n(x_xi)”xixk (k<N—n)

Our 2n functions are all orthogonal to the last of these, whereas
orthogonality to the remaining ones imposes #n conditions, giving a sub-
space of dimension 7 which is contained in .

It follows from the preceding discussion that the space spanned by
the functions (3.3) and (3.4) contains » linearly independent functions
Vi, ¥, lying in 5 and n linearly independent functions v, 1,..., ¥», lying
in #*. And we have a representation

[(D.K1= 5 A ,®0, (35)

i j=1

for some constants 4, which can be determined from Eq. (3.2) once we
have fixed the ;. (We use the notation ¢ ® b for the operator with kernel
a(x) b(y).) It follows that also

2n
[e, K]= ) Aep,®ey,. (3.6)

i j=1

Here we used ¢D = D¢ =1, the antisymmetry of ¢ and the easy fact that
(a®b) T=a® (T'b) for any operator T. These will be used again below
without comment.

The matrix 4 =(A4;) is symmetric since K is symmetric and D is
antisymmetric. (We hope this 4 will not be confused with the function 4
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appearing in Eq. (3.2).) Since K is the projection operator onto # the
commutator [ D, K] takes # into #* and #* into #. Hence

A;=0 if ,j<n or i j>n. (3.7)

y

After a little more notation we shall be able to state the formulas. We
already have the matrix 4. We define the matrix B by

= (e, ‘pj)

Define J to be the matrix whose i, j entry equals 1 if i=j<n and 0
otherwise. Finally, set

C=J+BA

and write 4, for the matrix obtained from A by deleting its last n columns,
C, for the matrix obtained from C by deleting its last n rows and Cy, for
the matrix obtained from C by deleting its last n rows and its last n
columns. Observe that by Eq. (3.7) the first n rows of A4, are zero.

Theorem 2. We have

SV y) =Kn(x p) = 3 (AoCoq' Co)y ¥ilx) e;(y) (3.8)
SY(x, y)=Ky(x, y) = Z r4cu- BAC) ™' 1y, (x) ayy(y). (39)

Proof. Using (3.5) we find
(I—K)DKe=[D, K] Ke= <z A¥,® 1//j> Ke=— ) A,),Q¢eyp;
i J j<ni
since Ky/;=1; when j<n and Ky;=0 when j>n. Thus
I—(I-K)DKe=I1+ ) Ay @ey;.
j<ni
Now if we have a finite rank operator > a,® b, then
-1

<1+Za,.®b,.> =I1-Y T;'a,®b, (3.10)

i Jj
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where T is the matrix with entries
T;=0;+(b;, a)).

In our case i, j<n and
:ZAkiWka b;=¢y,
k
so

Ty=0u+ ) (e, i) Aiy=05+) BuAyy
k

k
This equals (/+ BA); = C; and so we have shown
(I=(=K) DKo) " =1= 3 (Gl (S A O
i,j<n

whence

SO=(I-(I—-K)DKe) ' K=K— 3 Y 4;{Coo); ' ¥ ® Kep;. (3.11)

Lj<n k

To compute Keys; we apply Eq. (3.6) to y;, using the fact that y; € #, to
obtain

Kelpj:m//j_ Z Age (e, lﬁ]) = Slpj_ Z AlkBkjSlpl
Lk Lk
:g‘pj-i_Z(BA)ﬂgwl:ZCﬂawl' (312)
1 l

Here we used the symmetry of 4 and the antisymmetry of B. Substituting
this into (3.11) gives

SW=(I—(I—K)DKe) 7' K=K—Y (4yCo'Co)rs V1 @Y,
P

which is the same as Eq. (3.8).
To derive Eq. (3.9) we use Eq. (3.6) and find that

(I—K)eKD=[¢, K] KD=—Y Auef,® DKey,. (3.13)

iJ
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Using Eq. (3.5) again and the fact that De =1 we see that
DKeyr; = Ky, + Y Ay, ey;) =K, + D By Ay .
k, 1 k, 1

Again we use the fact that Ky, =, when j<n and Ki;=0 when j>n. If
we recall the definitions of J and C we see that we have shown DKeys; =
>« Cixy. Substituting this into Eq. (3.13) gives

(I—K)eKD=— ZkAijCjk e, @,
i J,
and so
I—(I-K)eKD=1+) (AC)y &, ®@ Y.
ik
We use Eq. (3.10) again, this time with 7, j <2n and
a,=§(AC)k,-8lﬁk, bi=1,.

Now we have
Tij: 5t'j+ Z (Y Slpk)(AC)kaéij_Z Bik(AC)kj: (I— BAC)t'j'
k &
Hence Eq. (3.10) gives

(I—(I—K)eKD)™' =1— Z (I—BAC);' Y (AC) e ®Y;
k

—I1—Y [AC(I— BAC) "1 e ® ;.
gk
To obtain SV" we must right-multiply by K, which has the effect of imposing

the restriction j<n. After taking transposes and changing notation we
obtain Eq. (3.9).

Remark. Here is how to extend the results to the case where the second
part of Eq. (2.4) may not be satisfied but the support & of w consists of a finite
union of intervals. Denote now by Xx; the poles of w'/w together with all finite
end-points of & where w'/w is analytic. Then we can write

w(x) =[] (x —2x,)% wo(x)

i
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where w, satisfies Eq. (2.4) and each «;> — 1. Think of w, and therefore the
kernels Ky(x, ¥), S%(x, y) and S(x, y), as functions of the a,. Theorem 2
would apply to w itself if all the ;>0 since then Eq. (2.4) would be
satisfied. But the constituents of these kernels are real-analytic functions of
the o;, so the formulas for a;> —1 (and therefore for our given weight
function w) can be obtained by analytic continuation of the formulas for
o; > 0.

4. THE GAUSSIAN AND LAGUERRE ENSEMBLES

These are (essentially the only) cases where n=1 and are especially
simple, as we shall now see.
By the symmetry of 4 and Eq. (3.7), A has the form

0 4
=G )
for some constant 4. There arise two functions, y/; and /,, the first lying
in # and the second lying in #*.
Since the two 2 x 2 matrices 4 and B have 0 diagonal entries, 4B is
a diagonal matrix and therefore so is C. Therefore Eq. (3.12), in which
j=1, says that Key,=C,;y,. Since Ke, is invertible C;; #0, and so

ey, € . This implies that all entries of B vanish, so B=0, C=J. It is
immediate from these facts that

0 0
AyCo!Cy=AC(I—BAC) ' = <z 0).

Hence by Theorem 2,

SW(x, y)=Kn(x, y) = 2a(x) eh1(y),
SY(x, y)=Ky(x, y) — 2 (x) e p).

It remains to find the constant A and the functions y, and ¥, in the two
cases.

The Gaussian Ensembles. Here the pole is at x= co. Clearly
Vi=¢n_; and Y, = @ in this case. Moreover we have for this ensemble

ay=+/NJ/2, A(x)= —x, B(x)=C(x)=./2N
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so we find from Eq. (3.2) that

_\/]T/z>

0
AZ(— N2 0

which gives 1= —./N/2. Therefore

SPx, ¥)=Kn(x, ¥) + /N2 op(x) 0 _1(1),
nglr)(x’ V)=Kn(x, )+ /N2 ox_1(x)epn(y).

The Laguerre Ensembles. Here w(x)=x%"* and

_ J! x
= Fra T ) (1)

where L}“) is the generalized Laguerre polynomial. We assume at first that
o> 0 so that Eq. (2.4) holds. In the notation of Eq. (3.1) and (3.2) we have

ay=—+/N(N+a),
A(x)=x"" <N+;>—;,
B(x)=C(x)=—x"1/N(N+0a).
The pole is at x =0, and if we set £;(x) =x‘1goj(x) then Eq. (3.2) becomes
N(N+a) N+o/2 >< En(y) >

N+a/2 —NIN+a) J\x_1(3))
(4.2)

NV T ) (En(x) Exa(x) (‘

Our functions ; and , are linear combinations of £, and &y,
with W, lying in # and y, lying in #*. Clearly y, is a constant times
Pr—1(0) Ex(x) = pu(0) &y 1(x). Since LEP(0)/LF)1(0) = (N +a)/N we see
using Eq. (4.1) that we may take

Yr1=+/NEy—/N+aéy_,.

For y,, it follows from the discussion near the beginning of the last section
that the appropriate linear combination of &, and &,_; may be found
by requiring that it be orthogonal to ¢,. From the fact that
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f& L(x) x*'e ™ dx=1I(a) and from Eq. (4.1) we see that the linear
combination

Yo=/N+aéy— /Ny,

does the job.
Solving for &, and &, _, in terms of i, and , and substituting into
Eq. (4.2) we obtain for the kernel of [ D, K],

NN o) 0 1\/yi(y)
Y () lﬁz(’c))<1 0><wz(y)>'

Therefore

N(N+a)

h=—
2

Hence for this ensemble we find that S§(x, y) is equal to Ky(x, y) plus

@(\/]mfN(x)—\/NfN—l(x))

2

(/N eén(y)—/N+aeiy_ () (4.3)

and that S§’(x, y) is equal to Ky(x, y) plus

VNS /55600~ /W5 )

2

(/N +aeén(y)—/N ely_ (). (4.4)

These were established for a>0. For —1 <a<0 we must find the
analytic continuations of the factors in Eq. (4.3) and (4.4). The first factors
cause no difficulty since they are defined and analytic for « > — 1. The same
is true of the second factor in Eq. (4.3) since ﬁpN—JN—i-ocpN_l has
zero constant term for o> 0 (since i, € #°) and so for all a.

The second factor in Eq. (4.4) requires analytic continuation. Assuming
at first that o> 0 we write it as

_ Joo (VN+alny(z)—/N Ey_i(2) dz
1 [T (N Faenn) = N & () il
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Now the fact ey, € # established earlier implies that [0 (z) dz=0. This
is equivalent to

\/Njowa(z)dZa/Mf Cnoi(z)dz

so the last integral, with its factor 1/2, is equal to

N
Zj < N—i—oc—\/]m)fN(Z)dZ
oc/2—1 —z/2 d
2\/N—i-ocj pylz) dz = N/N—f-oc

Hence the second factor in Eq. (4.4) is equal to

[T (N en(2) N Ei2)) d

f e~ Ppy(z) dz.

j e=p(2)) dz. (4.6)

~/N+oc

This is analytic for all «> —1 and so provides the desired analytic con-
tinuation.

It is to be remarked (we thank the referee for this observation) that
the second integral in Eq. (4.5), which is equal to (N!/I(N+a))'?
{& 22 le*2LG Y dz, has already occurred in the study of the Laguerre
ensemble and can be explicitly evaluated in terms of gamma functions®: !V,

When a=0

X
Ly(x)—Ly_(x) :NLIN(X)’
and we find that

S, ) =Knlx, 1)+ 5e ™ PLy(x) [ e 2Ly(z) dz,

0
SO(x, y)=Ky(x, y) + Le 2L (x )OoyeZ/ZL;V(z) dz+1>.

For both we used the fact [¢° /,(z) dz=0 once again and, for the latter,
Eq. (4.6). These formulas, in somewhat different form, are those obtained
earlier using skew-orthogonal polynomials.(® 7
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