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Abstract In this paper, we are interested in the asymptotic properties for the largest eigen-
value of the Hermitian random matrix ensemble, called the Generalized Cauchy ensemble
GCyE, whose eigenvalues PDF is given by

N
const- [ G —x?[J+ixp)™ V(1 —ix)~Vdx;,

1<j<k<N j=1

where s is a complex number such that R (s) > —1/2 and where N is the size of the matrix
ensemble. Using results by Borodin and Olshanski (Commun. Math. Phys., 223(1):87-123,
2001), we first prove that for this ensemble, the law of the largest eigenvalue divided by N
converges to some probability distribution for all s such that R(s) > —1/2. Using results by
Forrester and Witte (Nagoya Math. J., 174:29-114, 2002) on the distribution of the largest
eigenvalue for fixed N, we also express the limiting probability distribution in terms of some
non-linear second order differential equation. Eventually, we show that the convergence of
the probability distribution function of the re-scaled largest eigenvalue to the limiting one is
at least of order (1/N).
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1 Introduction and Results

Let H(N) be the set of Hermitian matrices endowed with the measure

N
const-det(1+ X)) [] dxu[]dXs. XeHW). (1.1)
1<j<k<N i=1

where const is a normalizing constant, such that the total mass of H(N) is equal to one. This
measure is the analogue of the normalized Haar measure py on the unitary group U(N),
if one relates U(N) and H (N) via the Cayley transform: H(N)> X +— U = % e U(N).
The measure (1.1) can be deformed to obtain the following two parameters probability mea-
sure:
N
const - det((1 +i X)) det((1 —iX)™™) ] dxu[]dXu (1.2)

1<j<k<N i=1

where s is a complex parameter such that 9is > —1/2 (otherwise the quantity involved in
(1.2) does not integrate as is proved in [3]). Following Forrester and Witte [10] and [26], we
call this measure the generalized Cauchy measure on H(N). The name is chosen because
if s =0 and N =1, (1.2) is nothing else than the density of a Cauchy random variable.
This measure can be projected onto the space RV /S(N), where S(N) is the symmetric
group of order N and the quotient space is considered as the space of all (unordered) sets of
eigenvalues of matrices in H (N). This projection gives the eigenvalue density

N
const- [ Gj—x)*[Jwa(xpdx;, (1.3)
j=1

I1<j<k<N

where wy (x;) = (1 +ix;)™ V(1 —ix;)™ ", and where the x;’s denote the eigenvalues,
and as usual, the constant is chosen so that the total mass of RY /S(N) is equal to one. H (N),
endowed with the generalized Cauchy measure, shall be called the generalized Cauchy ran-
dom matrix ensemble, noted GCyE.

If one replaces the weight wy (x) in (1.3) by w,(x) = e~ 2, then one obtains the Her-
mite ensemble. Similarly, the choice w; (x) = x% ™ on R, or wy(x) = (1 — x)*(1 + x)#
for —1 < x <1 leads to the Laguerre or Jacobi ensemble. The three classical weight func-
tions wy, wy, and w, occur in the eigenvalue PDF for certain ensembles of Hermitian ma-
trices based on matrices with independent Gaussian entries (see for example [9]). In [1],
the defining property of a classical weight function in this context was identified as the
following fact: If one writes the weight function w(x) of an ensemble as w(x) = e 2V™,
with 2V'(x) = g(x)/f(x), f(x) and g(x) being polynomials in x, then the operator n =
f(d/dx)+ (f' — g)/2 increases the degree of the polynomials by one, and thus, deg f <2,
and degg < 1. If s € (—1/2, 00), this property actually also holds for the GCyE, and we
obtain a fourth classical weight function (see also Witte and Forrester [26]). However, the
construction of the matrix model for the GCyE is different from the construction of the other
three classical ensembles: A matrix model for the GCy E will not have independent entries,
but one can construct the ensemble via the Cayley transform. Indeed, following Borodin and
Olshanski [3] (see also [9, 10, 26]) the measure (1.2) is, via the Cayley-transform, equiva-
lent to the deformed normalized Haar measure const - det((1 — U)*) det((1 — U*)*)uy (dU),
U € U(N). If we denote by e, j=1,..., N, the eigenvalues of a unitary matrix with

X
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0; € [—m, 7], the deformed Haar measure can, as in the Hermitian case, be projected to the
eigenvalue probability measure to obtain the PDF

N
const - l_[ |ei91—ei9k|2l_[wu(9_f)d9‘, (1.4)

L<j<k<N =1

where wy (0;) = (1 — €%)5(1 — ¢7%)*, and 6; € [—7, w]. This measure is defined on
SN/S(N), where S is the complex unit circle. Note, that this eigenvalue measure has a
singularity at 8 = 0, if s # 0. Borodin and Olshanski [3] studied the measures (1.2), (1.3)
and (1.4) in great detail due to their connections with representation theory of the infinite
dimensional unitary group U (c0).

When s € (—1/2, 00), (1.4) is nothing else than the eigenvalue distribution of the cir-
cular Jacobi unitary ensemble. This is a generalization of the Circular Unitary ensemble
corresponding to the case s = 0. In fact, if s = 1, this corresponds to the CUE case with
one eigenvalue fixed at one. More generally, for s € (—1/2, 0co) the singularity at one cor-
responds, in the log-gas picture, to a impurity with variable charge fixed at one, and mobile
unit charges represented by the eigenvalues (see Witte and Forrester [26], and also [11]).
It is the singularity at one that makes the study of this ensemble more difficult than the
CUE. In the special case when s = 0, one can obtain the eigenvalues with PDF (1.3) from
the eigenvalues of the circular unitary ensemble using a stereographic projection (see the
book of Forrester [9], Chap. 2, Sect. 5 on the Cauchy ensemble). In fact, in this case, we
get that (1.3) represents the Boltzmann factor for a one-component log-gas on the real line
subject to the potential 2V (x) = N log(1 + x?). This corresponds to an external charge of
strength — N placed at the point (0, 1) in the plane (this can also be generalized to arbitrary
inverse temperature 8 as given in the previous reference). Moreover, note that when s # 0,
a construction of a random matrix ensemble with eigenvalue PDF (1.4) is given in [5].

In this paper, we are interested in the convergence and the asymptotic distribution of
the re-scaled largest eigenvalue of a random matrix drawn from the generalized Cauchy
ensemble, for all admissible values of the parameter s, namely R(s) > —1/2. Moreover,
we will also address the problem of the rate of convergence in such a limit Theorem. In
random matrix theory, the distribution of the largest eigenvalue as well as the problem of the
convergence of the scaled largest eigenvalue, have received much attention (see e.g. [20—
23]). Also the latter problem on the rate of convergence has been studied, especially in [12]
and [6] for GUE and LUE matrices, and in [14] as well as in [8] for Wishart matrices. To deal
with the law of the largest eigenvalue, there is a well established methodology (see [17]) for
matrix ensembles with eigenvalue PDF of the form

N
const - l_[ (x; — xi)? 1_[ w(x;)dx;, (1.5)
1<j<k=<N Jj=1

where w(x) is a weight function on R. If one can define the set of monic orthogonal poly-
nomials {p,} with respect to the weight function w(x) on R, then one defines the integral
operator Ky on L,(R), associated with the kernel Ky (x, y) := Zfi Bl %\/Ww(y) .
Using this kernel, the formula to describe probabilities of the form I

E(k, J) := P[there are exactly k eigenvalues inside the interval J],
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376 J. Najnudel et al.

where J C Rand k € N, is (see [17]):

(_l)k dk
T Wdet(I_XKNNx:l’

Ek,J)=

where the determinant is a Fredholm determinant and the operator K is restricted to J.
Note that if one takes J = (¢, oo) for some ¢ € R, then E (0, (¢, 00)) is simply the probability
distribution of the largest eigenvalue, denoted from now on by A;(N), of a N x N matrix
in the respective ensemble. In their pioneering work [25], Tracy and Widom give a system
of completely integrable differential equations to show how the probability E (0, J) can be
linked to solutions of certain Painlevé differential equations. Tracy and Widom apply their
method to the finite Hermite, Laguerre and Jacobi ensembles. Moreover, one can also apply
the method to scaling limits of random matrix ensembles, when the dimension N goes to
infinity. The sine kernel and its Painlevé-V representation for instance, as obtained by Jimbo,
Miwa, Méri and Sato [13], arise if one takes the scaling limit in the bulk of the spectrum
of the Gaussian Unitary Ensemble and of many other Hermitian matrix ensembles (see e.g.
[15, 16, 18] and [19]). On the other hand, if one scales appropriately at the edge of the
Gaussian Unitary Ensemble, one obtains an Airy kernel in the scaling limit with a Painlevé-
II representation for the distribution of the largest eigenvalue (see [23]). Similar results have
been obtained for the edge scalings of the Laguerre and Jacobi ensembles, where the Airy
kernel has to be replaced by the Bessel kernel and the Painlevé-II equation by a Painlevé-V
equation (see Tracy and Widom [24]). Soshnikov [22] gives an overview on scaling limit
results for large random matrix ensembles.

For the eigenvalue measure (1.3), Borodin and Olshanski [3] give the kernel in the finite
N case, denoted by K in the following (see Theorem 1.1), as well as a scaling limit of this
kernel, when N — oo, denoted by K, (see (1.17)). Using the kernel Ky, one can set up
the system of differential equations in the way of Tracy and Widom for the law E (0, (¢, 00))
of the largest eigenvalue A;(N), for any ¢ € R. In the case of a real parameter s, this has
been done by Forrester and Witte in [26]. They obtain a characterization of the law of the
largest eigenvalue in terms of a Painlevé-VI equation. More precisely, (1 + ¢2) times the
logarithmic derivative of E(0, (¢, 00)) satisfies a Painlevé-VI equation. The same method
suitably modified leads to a generalization of this result for complex s. However, the method
of Tracy and Widom has the drawback that it only works for s with is > 1/2. Forrester and
Witte propose in [10] an alternative method which makes use of t-function theory, to derive
the Painlevé-VI characterization for E (0, (¢, 0o0)) for any s such that Jis > —1/2.

To sum up, for the generalized Cauchy ensemble, it is known that for finite N,
(1 + %) times the logarithmic derivative of E (0, (t,00)) satisfies a Painlevé-VI equa-
tion, for ¢+ € R. The orthogonal polynomials associated with the measure wy are known
as well as the scaling limit of the associated kernel Ky, which we note K.,. One natu-
rally expects A (), appropriately scaled, to converge in law to the probability distribution
Foo(t) :==det(] — Koo)|r, (1,000, for t > 0 (¢ < 0 is not permissible in this particular case,
as we will see in remark 1.6). We shall see below that this is indeed the case for all val-
ues of s such that %(s) > —1/2. A natural question is: does (1 + ¢2) times the logarithmic
derivative of F(¢) also satisfy some non-linear differential equation? And as previously
mentioned, what is the rate of convergence to Foo(f)?

Statement of the Main Results

‘We now state our main theorems. Our results are based on earlier work by Borodin and Ol-
shanski [3] who obtained an explicit form for the orthogonal polynomials associated with
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the weight wy as well as the scaling limit for the associated kernel, and Forrester and Witte
[10] who express, for fixed N and for any complex number s, with 9i(s) > —1/2, the prob-
ability distribution of the largest eigenvalue A;(/N) in terms of some non-linear differential
equation. For clarity and to fix the notations, we first state a Theorem of Borodin and Ol-
shanski [3]. We refer the reader to the paper [3] for more information on the determinantal
aspects. The discussion on the methods we use is postponed to the end of this Section.

Borodin and Olshanski [3] give the correlation kernel for the determinantal point process
defined by the measure (1.3). In fact, the monic orthogonal polynomial ensemble {p,,; m <
Ns + N — %} on R associated with the weight wy (x), is defined by py =1, and

2
Pm(x)=(x—10)",Fy |:—m, s+ N—m, 2Rs +2N — 2m; T], (1.6)
ix

where , Fi[a, b, ¢; x]= Zn>0 (")”(b”'x is the Gauss hypergeometric function, and (x), =

(©)pn
x(x4+1)---(x4+n—1). Using the Chrlstoffel Darboux formula and the theory of orthogonal
polynomials, the following was proven by Borodin and Olshanski [3]:

Theorem 1.1 The n-point correlation function (n < N) for the eigenvalue distribution (1.3)
is given by
p,sl’N(xls ceesXp) = det( s, ~(xi, x /))l j=1"

with the kernel K, y(x, y) defined on R? is given by:

Kn(x.y) i= Kon(x, y)—z”’”(x)”’”(y)\/wy(x)wy(y

o I?
_ ¢(x)!0(y)—¢(y)W(X), (1.7
xX—=y
with
¢ (x) =+/Cwy(x)pn(x), (1.8)
and

Y (x) =+ Cwy(x)py_1(x), (1.9)

where wH(x) — (l + l'x)fst(l _ ix)—E—N — (1 +x2)—§1€s—N623sArg(l+ix) and

Ci=Cns = cand r |:2ms +N]Y o 2;{:—:,1, 2;;_—: 2:| (1.10)
Here, we use the notation:
i ¢ F l-rerers i
Moreover, if x =y, the kernel is given by:
Ky(x,x) =¢' ()Y (x) — ¢ ()Y (x), (1.12)

using the Bernoulli-Hépital rule.
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Note that py is well-defined (and in L,(wg)) only for s > 1/2. However,
it can be analytically continued to s > —1/2 using the hypergeometric expression py (x) =
(x — )Ny FI[—N, s, 29%s; 2/(1 +ix)], except if s = 0. Moreover, Borodin and Olshan-
ski [3] give a way to get rid of the singularity at is = 0. They introduce the polynomial

i () = pi (x) (Vs (x)
X) = X)— ——m8 1 X
py py s (2s + D PV
- 2
=x—0)"2F|—N,s,20s+1; ——— |. (1.13)
1+ix

This polynomial makes sense for any s € C with fis > —1/2 and one can define the kernel
in Theorem 1.1 equivalently by:

Kt y) = CPHOPA PO S (L

We are interested in the distribution of the largest eigenvalue A;(/N) of a matrix in the
GCyE. We have already seen that the probability that A, (N) is smaller than ¢, is

E(0, (z,00)) =det( — Kn)lr,,00) (1.15)

for any ¢ € R. Hence, we need to consider the operator K with kernel Ky (x, y) restricted
to the interval (¢, 0o) to calculate the probability that no eigenvalue is in the interval (¢, 00).
This restriction is symmetric, with eigenvalues between 0 and 1. It is easy to see that Ky,
restricted to any subinterval J (or finite union of subintervals) of R, has no eigenvalue equal
to 1, since E (0, (¢, 00)) > 0 for any ¢ € R. This is true because

P(.(N) <1) =cst [ [ = x0? [ Jwnxpdx, - dxy,

(—o0,n)N

and the integrand is strictly positive. Moreover, restricting the correlation function p3*¥ of
Theorem 1.1 to J gives

n
oSN (xr, x|y = HXJ(Xj)PZ’N(Xl, ey Xn)
=1

=[] xs o) det(Ky (xi, )7 -
j=1

= det(xy (xi)) Ky (xi, %) X7 (x;))7 =15 (1.16)

where x; denotes the indicator function of the set J. Therefore, the restriction of Ky to J,
denoted by K _,, defines a determinantal process on J with kernel x; (x) Ky (x, y) x;(y) =:
Ky j(x, ).

Borodin and Olshanski [3] give a scaling limit for the kernel Ky(x,y) given in
Theorem 1.1. Namely, limy_ oo NKy(Nx, Ny) = K (x, y), for any x,y € R* = R\{0},
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where the kernel K, is defined by

I TGE+DIG+D  PM)OM) —QWPY)

Koo(x,y) = —
) = S T a9 + DI @s +2) x—y

(1.17)

if x # y, and,

1 TGH+DIG+D I
Koo o) = S T T s +2) & (D20 = @) P ). (1.18)

where

~ o 2i
P(x) = [2/x| e i/ HmNsSme2 |:s, 205 + 1 xl] ’

Ns ,—i/x+7w3Is Sgn(x)/2 S _Zl
0x) = 2/x)2/x|"e 1 Fr|s—+1,20s +2; rak

with

)
Fi|r,g;x|= ",
1Filr i Z;(q)nmx

for any r, g, x € C.

Remark 1.2 The kernel K, defines a determinantal point process (see [3] , Theorems IV
and 6.1).

Remark 1.3 1If s = 0, the limiting kernel K, writes as

sin(l/x2 — l/xl)

1
Koo (X1, X2) = —
T X1 — X2

Under the change of variable y = % and taking into account the corresponding change of
the differential dx, K, translates to the famous sine kernel with correlation function

sin( (yi —y;))\"
pn(yl»n-’yn):dEt(#) s
i,j=1

T(yi —y;)

foranyn e Nand yy, ..., y, € R (see Borodin and Olshanski [3]).

Before stating our main results, we need to introduce one more notation: we note
Kinj(x, y) the kernel
Kiny(x,y) :=NKy(Nx, Ny), (1.19)

and Kpy; the associated integral operator. We also recall the definition of the Fredholm
determinant: if K is an integral operator with kernel given by K (x, y), then the k-correlation
function py is defined by:

Pe(xy, ..o, xp) = det(K (X, Xj)1<i, j<k)-
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380 J. Najnudel et al.

The Fredholm determinant F', from R?} to R, is then defined by

—1)k
F(t):l—i—z( )f oxn - x)da - do (1.20)
(t,00)%

k!
k=1

Theorem 1.4 For s such that Rs > —1/2 and t > 0, let Fy be the Fredholm determinant
associated with Ky, and let F, be the Fredholm determinant associated with K. Then,
Fy and Fo are in C*(R*,R), and for p € {0, 1,2, 3}, the p-th derivative of Fy (with respect
to t) converges pointwise to the p-th derivative of Fu.

As an immediate consequence, one obtains the following convergence in law for the
re-scaled largest eigenvalue:

Corollary 1.5 Given the set of N x N random Hermitian matrices H(N) with the gener-
alized Cauchy probability distribution (1.2), denote by A (N) the largest eigenvalue of such
a randomly chosen matrix. Then, the law of A{(N)/N converges to the distribution of the
largest point of the determinantal process on R* described by the limiting kernel K -, (x, y)
in the following sense:

P[M(N)
N

= Xo] =det(! — Kn)|ry(vxg.000 —> detld — Koo)lLy(p.00)s a8 N — 00,

for any xy > 0.

Remark 1.6 Note that in the case of finite N, the range of the largest eigenvalue is the whole
real line, whereas in the limit case when N — oo, the range of the largest eigenvalue is R .
This is because an infinite number of points accumulate close to 0 (0 itself being excluded
however). The accumulation of the points can be seen from the fact that due to the form of
Koo (x, x) (see (1.18)), lim._, o ffo Koo (x, x)dx diverges.

Now, define

dlogdet(! — Koo)lp,(r1,00)
dr '

Using the result of Forrester and Witte [10] for the distribution of the largest eigenvalue for

fixed N and Theorem 1.4, we are able to show:

Oo(t) =7

7> 0. (1.21)

Theorem 1.7 Let s be such that Rs > —1/2. Then the function 0, given by (1.21) is well
defined and is a solution to the Painlevé-V equation on R7 :

4 / ’ . / 2
—72(0"(1))* =[2(6'(x) = 6(1)) + (6'(1))* +i(5 — )6/ ()]
— B'()*(0' (1) = 2is)(0' () + 2i5). (1.22)
Remark 1.8 This implies in particular the result of Jimbo, Miwa, Mori and Sato [13] that
the sine kernel, which is the special case of the K., kernel with parameter s = 0 (see re-

mark 1.3), satisfies the Painlevé-V equation (1.22) with s = 0.

Eventually, following our initial motivation, we have the following result about the rate of
convergence:
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Theorem 1.9 For all xy > 0, and for x > x,

p| M det(I — Ko0)| < 1C( )
— e — JR—
N =X 0ol Ly(x,00) | = N X0,5),

where C(x, s) is a constant depending only on xo and s.

Now, we say a few words about the way we prove the above theorems. Our proofs, split-
ted into several technical lemmas, only use elementary methods; namely, they only involve
checking pointwise convergence and domination in all the quantities involved in the Fred-
holm determinants of K|y} and K.,. We can then apply dominated convergence to show that
the logarithmic derivative of the Fredholm determinant of K|y;, as well as its derivatives,
converge pointwise to the respective derivatives of the Fredholm determinant of K. This
suffices to show that the Fredholm determinant of K, satisfies a Painlevé-V equation be-
cause we can write the rescaled finite N Painlevé-VI equation of Forrester and Witte ([10,
11] and Theorem 2.1 below) as the sum of polynomial functions of the Fredholm determi-
nant of Ky and their first, second and third derivatives. Moreover, the various estimates
and bounds we obtain for the different determinants and functions involved in our problem
help us to obtain directly an estimate for the rate of convergence in Corollary 1.5 (that is
Theorem 1.9).

Given Theorem 1.1 and the Painlevé VI characterization of Forrester and Witte [10], the
results contained in Theorem 1.4 and Corollary 1.5 are very natural; but yet they have to
be rigorously checked. As far as Theorem 1.7 is concerned, Borodin and Deift [2] obtain
the same equation as (1.22) from the scaling limit of a Painlevé-VI equation characterizing
a general 2F1-kernel similar to our kernel Ky (Sect. 8 in [2]). They claim that it is natural
to expect that the appropriately scaled logarithmic derivative of the Fredholm determinant
of their 2F1-kernel solves this Painlevé-V equation. In fact, according to our Theorem 1.7,
(1.21) corresponds to their limit, when N — o0, of the scaled solution of the Painlevé-VI
equation and solves the Painlevé-V equation (1.22). Borodin and Deift’s method is based on
the combination of Riemann-Hilbert theory with the method of isomonodromic deformation
of certain linear differential equations. The method is very powerful and general; however,
we were not able to apply it in our situation; moreover, it seems that we would have to
restrict ourselves to the values of s such that 0 < M (s) < 1. As we shall mention it later
in the paper, all the ingredients seem to be there to apply the method of Tracy and Widom
[25]; here again, we were not able to find our way: it seems to us (see next section) that with
this method, we could obtain at best a second order non-linear differential equation for 6,
which is equivalent to (1.22), but for a restricted range of s: N (s) > 1/2, and thus excluding
the case s = 0 of the sine kernel. On the other hand, our method to prove Theorem 1.7
heavily relies on the result of Forrester and Witte [10] for fixed N: hence we do not provide
a general method to obtain Painlevé equations. However, it is an efficient approach to obtain
some information about the rate of convergence in Corollary 1.5.

2 Proof of Theorems 1.4, and 1.7

In this section, we split the proofs of Theorems 1.4, and 1.7 into several technical Lem-
mas. The notations are those introduced in Sect. 1. Throughout this paper, the notation
C(ag,ay, ...,a,) stands for a positive constant which only depends on the parameters
ap,dai, ..., a,, and whose value may change from line to line (we shall not be interested
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382 J. Najnudel et al.

in explicit values for the different constants). We first bring in an ODE that 6., should
satisfy; then we prove several technical lemmas about the convergence of the correlation
functions and the derivatives of the kernel K;y;. We shall use these lemmas to show that
000 () is indeed well defined (i.e. F(¢) is non-zero for any ¢ > 0) and to prove Theorems
1.4 and 1.7.

2.1 Scaling Limits

We now state a result by Forrester and Witte [10] which will play an important role in the
proof of Theorem 1.7.

Theorem 2.1 For R(s) > —1/2, define
o d
ot)=~1+t )E logdet(! — Kn)|zy0.00)
d
=1+ T log P[there is no eigenvalue inside (t, 00)].

Then, for t € R, o (t) satisfies the equation:

1+ + 41+ > () -8t (0’0
+402%(c" — (Ns)?) + 8(r(Ns?) — RsIs — NIs)oo”’
+42t35(N + Ns) — (I5)? — £2(Ns)> + N2Rs + N))(6)? =0. 2.1

Remark 2.2 The ODE (2.1) is equivalent to the master Painlevé equation (SD-I) of Cos-
grove and Scoufis [7]. Cosgrove and Scoufis, show that the solution of this equation can be
expressed in terms of the solution of a Painlevé-VI equation using a Biacklund transform.
In the case of s real, this transformation is described in Forrester and Witte [26].

Remark 2.3 One can also attempt to use the general method introduced by Tracy and Widom
in [25] for kernels of the form (1.7) to prove the above Theorem. Their method establishes
a system of PDE’s, the so called Jimbo-Miwa-Modri-Sato equations, which can be reduced
to a Painlevé-type equation. The PDE’s consist of a set of universal equations and a set of
equations depending on the specific form of the following recurrence differential equation
for ¢ and :

m(x)¢'(x) = A(x)¢(x) + B(x)¥ (x),
mx)Y' (x) = =C(x)p(x) — Ax)¥ (x),

where A, B, C and m are polynomials in x. Doing the calculations for the case of the deter-
minantal process with kernel K, one obtains that for ¢ and v given in Theorem 1.1, the
recurrence equations (2.2) hold with:

(2.2)

mx)=1+x2,
N
AX)=—xNs+3Js 14+ — |,
Ns

B(x) = |s|2N2ms+N
Ve s+ 1

C(x)=20s+1.
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Note that this only makes sense if s # 0. One can then show that for # € R, and 9i(s) > 1/2,
(2.1) holds. In the case of s € (1/2,00) C R, this Theorem was obtained in this way by
Forrester and Witte in [26] (Proposition 4). We would like to shortly explain the reason why
we were able to make this method work only for R (s) > 1/2. Indeed, the method of Tracy
and Widom has originally been developed for finite intervals (or unions of finite intervals).
If one applies the method to the case of a semi-infinite interval (¢, 00), one has to consider
an interval (z,a), where a > t. Then, one writes down the PDE’s of Tracy and Widom
for that interval and takes the limit in all the equations as a — oo. Note that the variables
in these PDE’s are the end-points ¢ and a of the interval. It is clear, that one has to be
careful about the convergence of the quantities involved in these equations, when a — oo.
In particular, one needs in our case that the term (1 +a?)Q(a)R(t, a), where R(x, y) is the
kernel of the resolvent operator Ky ;(1 — KNJ)*I, and Q(x) = — KN,,)*'qb(x), which
is of order a' =™ tends to zero, when a — o0o. This implies the restriction s > 1/2. One
might encounter the same type of obstacle in an attempt to prove Theorem 1.7 with this
method (we will give the corresponding recurrence equations for ¢ and ¥ in the case of K,
in Remark 2.17).

We now show that when N — oo, the ODE (2.1) converges to a o-version of the
Painlevé-V equation. This limiting equation is also given in Borodin and Deift [2] (Proposi-
tion 8.14). Borodin and Deift obtain this equation as a scaling limit of a Painlevé-VI equation
characterizing their 2F1-kernel. However, their 2F1-kernel is different from our kernel K.

Set for t > 0,

dlogdet(1 — Kn)lp,(ve-1.00)

O(t):=6n(1):=1 e

(2.3)

where R(x, y) is the kernel of the resolvent operator Ky ;(1 — Ky ;)~'. Then,

N N N N[ o(d)
9(1)=T<_—2>R<—,—>=_—[ ‘[2].
T T T T 1+’Z_2
()=o)
NT)~ O\NTT)

, N 7:2 B ’
o <_> = —(10'(1) +6(1)) + (z6' () — (1)),
T N

It follows that

" N _ T3 4 9/ ) 20 ) 29// T39//(
o <?)_—m[r (1) +20(r)++ (r)]—ﬁ 7).

Now, put this into the ODE (2.1) with t = % After dividing by N2, we obtain:

2
(:) (%0"(r))? +4< : )(té’ (t) - 0(1))3+§(f9/(1) (1)) — ( 2

N o) 2
( i)> (z6'(x) — 9(‘[)—(9%)2)—8<(m:) —3)9( )('L'Q (r) —0(7))

S Rs)?
+a2 -0
T T

+ 1] (=0’ (x) = 0(1))> = O(N7Y.
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This gives
—72(0"(1))? =4{(O'(2)* (10 (x) = () — (M5)*) 423560 (2) (26 (x) — 0(1))
+(10/ (1) —0(0)*} + O(N ).

Now if one neglects the terms of order O (N '), it is easy to see that this is precisely equation
(1.22). But this is also exactly the o -form of the Painlevé-V equation in Borodin and Deift
[2], Proposition 8.14.

Hence, 0y (t)(= 0(7)) satisfies a differential equation which tends to the o -Painlevé-V
equation and we have the following Proposition:

Proposition 2.4 The ODE (2.1) with the change of variable t = N/t, t > 0, is solved by
Oy (t), and is of the form

i n—k e O (), Oy (0), 6y (D) _ 0.

T4
k=0

where m and q are universal integers and the Py’s are polynomials which are independent
of N. Moreover, Py(t,0y(1), 05 (1), 05 (1))T ™7 corresponds to the o -form of the Painlevé-V
equation (1.22).

Remark 2.5 We note that Oy (7), given by (2.3), is a solution of the ODE (2.1), witht = N /1.
Moreover, we know that limy_, .o NKy(x,y) = Ko (x, y), for any x, y € R*. Hence it is
natural to guess that 6, (t) should satisfy the ODE (1.22).

2.2 Some Technical Lemmas

For clarity, we decompose the proof of our Theorems into several Lemmas about the con-
vergence of correlation functions and the derivatives of the kernel K|y;.

Lemma 2.6 Let K be a function in C2((R*+)2, R), such that for all k € N, and x1, x5, . ..,
xx > 0, the matrix K (x;, x;) 1<, j<k is Symmetric and positive. Define the k-correlation func-
tion py by:

oe(xr, .o, xp) = det(K (g, X)) 1<i j<t),
and suppose that for (p,q) € {(, j); i, j € Ny, i + j <2}, for some o > 1/2, and for all
xo > 0, one has the upper bound

orta C
K(x,y)| < S50 2.4)
dxPay? (xy)“
if x,y > xo. Then, py is in Cz((Rj‘r)k, R) for all k, and for all xy > 0, xy, ..., xX; > Xg, One
has:
ar (C(x0))*
— s < — 2.5
ox’ px (X1 Xi) Cor ) 2.5)
ifpef0,1,2}and j € {1,...,k}. Moreover,
9P
ka(xlv--ka):() (2.6)

ifpef0,1}, j e{l,..., k} and if there exists j' # j such that x; = x.
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Proof Fix k € N. The fact that py is in C? is an immediate consequence of the fact that K is
in C2. For xy, ..., Xj_1,X,41, ..., X fixed, the function:

P> (X0, Xty B Xty o e XE)

is positive by the positivity of K, and equal to zero if + = x;» for some j' € {1,...,
Jj—1,j+1,...,k}. Therefore, t = x;s is a local minimum of this function and one de-
duces the equality (2.6). We now turn to the proof of (2.5). By symmetry of p;, we only
need to show the case j = 1. We isolate the terms containing x; in the determinant defining
Pr to obtain:

Pr(x1, - x) =K (o, x) det(K (K41, X 1) 1<t m<k—1)

+ Y (=DTK  x) K (x, xp)

2<i,j<k
X det(K (Xi4141)0; _y s X141, ;1 ) <l,m<k—2)
where we take the convention that an empty sum is equal to 0 and an empty determinant is

equal to 1. One deduces:

d
ka(xl, X)) =Ky + K5 (xq, xp) det(K (Xi41, Xmg1) 1t m<k—1)
|

+ Y (DTN (0, x0)K (1, %)) + K (x5, x) K (x, X))
2<i,j<k

X Aet(K (X141 1> Xmt 1425, ) 1=lm=k—2),

and

2
ﬁpk(xh s X)) =(KY 42K, 4+ K7 5) (e, xp) det(K (X1 Y1) 1<tm<k—1)
i

+ Y (=D TN G x) K (e xg) 4 2K (x, x) K (e xp)
2<i,j<k
+ K (xi, x1) K (1, %)) det(K (X142, X141, ;- ) 1<lm<k—2)

where for p,q € {1,2}, K ;’ denotes the derivative of K with respect to the p-th variable,
and K, , denotes the second derivative of K with respect to the p-th and the g-th variable.

By the ,positivity of K, there exists, for all r € N and yy,..., y:,21,...,2 > 0, vectors
er,...,e, fi,..., fr of an Euclidean space E equipped with its usual scalar product (.|.),
such that (¢;| f;) = K(y;, z;) forall i, j € {1,...,r}. Now, we can define a scalar product

on the r-th exterior power of E by setting
@y A Auglog Ao Av) =det((wi|v)) 1<, j<r)s

for all uy,...,u,,vy,...,v, € E. Note that this scalar product is nothing else than a Gram
determinant and we have the upper bound

|det((eil fidi<ije)l <[ [ lleille [ T NEs

i=1 i=l
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|||l £ being the norm associated to (.|.). This last bound is equivalent to

| det(K (i, zj)1<i,j<)| < l_[K(yiﬂ yi)l_[K(Zi»Zi)~ 2.7)

i=1 i=1

Now, let xo > 0 and xy, ..., xx > xo. The bound (2.4) given in the statement of the Lemma
and the inequality (2.7) imply

C k—1
| det(K(x1+1, xm+l)1<1,m<k71)| < L))z
- (2e2x3 - - - X )

and

[ det(K (X14141,2; s X140 j N <lm<k—2) |

- (C(xp))* 2
T (X3 XXy X)) (X2 X3 X X e X))

_ (C(x0)* > (xix )"
(2= ;)

Hence, each term involved in the expressions of p; and its two first derivatives with respect
to x; is smaller than 4(C (x())*/(x; - - - x¢)?* and therefore, the absolute values of p; an its
derivatives are bounded by 4((k — 1)? 4 1)(C (x0))*/ (x1 - - - x3) %% < 45(C (x0))*/(x1 - - - x2) %2,
implying the bound (2.5). g

Remark 2.7 In the above proof, the value of C(xy) does not change. It is thus possible to
take C(xp) in the inequality (2.5) to be equal to 4 times the value of C(x¢) in (2.4).

We now have to prove that the re-scaled kernel K|y satisfies the hypothesis of Lemma

2.6, and that its partial derivatives converge pointwise to the partial derivatives of K. In
the following, we introduce the notation

Fona(x)=2F [—n, h,a;2/(1+ ix)] ,

for (n,h,a) e N x C x R%.

Lemma 2.8 Let € € {0,1}, h e C, a e R}. For N € N, we set n := N — €. Then, x
Funa(Nx)and x — (Fi[h,a;2i/x] are in C*(R*), and for all p € N and x € R*:

dr dr .
E(Fn,h,a(NX)) el ﬁ(lFl [, a;2i/x]).

Moreover, for all xo > 0 and for all x € R such that |x| > xq, one has the bound

dar C(xp, h,a, p)
‘dx—p(Fn,h,a(Nx))‘ = W
Proof One has
00 k
—n)i(h 2
Fn,h,a(Nx)=Z( n)k(')k ( N ) )
prd (a)ik! 1+ Nix
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where only a finite number of the summands are different from zero. This implies that the
function is C*° on R*, and

dr e (=) () 2\ iN\?
ar Frna W0 = =00 (k)"<1+zvix) (‘7)

k=0

The term of order k in this sum is dominated by (note that a > 0)

by 2
@kt

and for fixed x, tends to

(M)« Qi) (=1)”
(a)ik! ®p xktp

when N — o0o. One deduces, that for |x| > x¢ > 0:

)

(12«

dr
E(Fnhu(Nx))’ ( )k'

—— )

|x|k+p

1 (11 )k
_]lp=o+WkX:(a) k'( )p k 1

- C(xg,h,a, p)
|x]|PFLp>0

which is the desired bound. Now, by dominated convergence, one has

= (h)k QDM (=1)?

nha(Nx))

Hence, Lemma 2.8 is proved if we show that x +— F;[h, a; 2i/x] is C* on R*, and that

i h)k (2i>k(—1)P

()kv )» xk+p

dp
dx—p(lFl[h,a;2i/x 2.8)

=0

But the sum in (2.8) is obtained by taking the derivative of order p of each term of the sum
defining | F;. Therefore, we are done, since this term by term derivation is justified by the
domination of the right hand side of (2.8) by C(x, &, a, p)/|x|?T2r>0 on R\ (—xq, xp). [

Lemma 2.9 Fix s such that s > —%. Define the functions Py and Qy by

. o (TQNRs + N+ 1D\
Py(x)=2" (%N)Jr)) PN(Nx)y/wy(Nx),

. NTQ%s + N +1)\ /2
QN<x>=2<‘““< { FS(;) * )) Pyt (Nx)wr (N,
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where pN, pn-1 and wy are given in Theorem 1.1 and the remark below that Theorem.
Then, Py and Oy are C* on R, P and 0, defined below (1.17), are C* on R*, and for all
x e R*, p e Ny,

(Sgn()" B (x) — PP (),

(Sgn()" 2y () — 07 (x).

Moreover, for all p € Ny, xo > 0, one has the following bounds:

C(xo, s, p)

p(P)
’PN (x)‘f |x|pHis

and

C(x0, 5, p)
|x|p+l+§ﬂs ’

0¥ | =
forall |x| > xq.
Proof We define
@y (x)=D(N,n,s)(Nx = i) Fypa(NX)(1+iNx) V21— iNx) V72,
where

. FQRs +N + 1)\ "2
D(N,n,s) = Ms+(N—n) (w) NN—

NT'(N)

and N —n € {0, 1} (see Lemma 2.8). Then, if (n, h,a) = (N,s,2Rs + 1), dy(x) = ﬁN(x)
and if (n,h,a) =(N — 1,5 + 1,205 4+ 2), Oy (x) = Oy (x). Moreover, note that ®y is a
product of C* functions on R.

Now, for § € {—1, 1}:

log(1 + 8i Nx) = log(1 — 8i /Nx) + log(N |x|) + i%(S Sgn(x),

because both sides of the equality have an imaginary part in (—, ) and their exponentials
are equal. Hence,

- N
log(l —iNx)

<_S;N —(N —n)) log(l +iNx) + —

—N
> log(1+i/Nx)

— Ns + (N —n))log(N|x|) +nim Sgn(x)/2 + 7 3Is Sgn(x)/2.

—s+N . 5
=< —(N—n))log(l—l/Nx)—i—

This implies:
Oy (x) = DN, 1, 8)(=1)" (1 +iNx) O (A — iNx) T2, ) o (Nx)
— D(N, n, S')(—l)n (N|X |)—§)\‘5—(N—n)eni7r Sgn(x)/2€rr;‘ss Sgn(x)/2

(1 —i/Nx)N=9/2=WN=m (] 4 /Nx)T=NR2E, , (Nx)
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— D(N, n, s)(Sgn(x))" (2N)—.‘)is—(N—n)(2/|x|)?)is+N—n€n3ssSgn(x)/2
x (1—i/Nx)N =201 4 i Nx) V2, o (Nx)
= D'(N, 5)(Sgn(x))N ™ 522 /)N 2 /| x )™
X (1 —i/Nx)WN=9/2=W=m ) 4 j/Nx) SN2 F  (Nx), (2.9)

where for s fixed,

C2NRs + N + 1))‘/2 2.10)

/ _ —Rs—(N—n) __
D'(N,s)=D(N,n,s)(2N)™" "—( NI ()

This tends to 1 when N goes to infinity. In particular D’(N, s) can be bounded by some
C(s), not depending on N. We investigate all the terms in (2.9) separately in the following.
Let G be the function defined by:

G(y):=(1—iy/N)YN=92=N=m (] 4 jy/N)=N/2,
This function is C* on R and one has:

p
G (y) =G(y)ZC(P,q)(i/N)"(—i/N)”_"(—(N —$)/2+ N —n),

q=0
X (N +75)/2)p—q (1 —iy/N) ™41 +iy/N)~ "=,

For s, y, p and N —n € {0, 1} fixed, the last sum is dominated by some constant C(s, p)
only depending on s and p and tends to (—i)”, as N — co. Moreover, G(y) tends to e,
and

1+iy/N

A simple computation, yields the following:

| — v/ N\ Vi3 .
G(y) = (17))/) 1 - l'y/N)*(N*n)(l + yZ/NZ)fJ\sﬂ.

2\ —Ms/2
IG(y)| < C(s) (1 + %) <CE)(1+yH)",

This implies that G”(y) tends to (—i)”e™" when N goes to infinity, and that
GV | < Cls, p(1+yH'*

Now, for all f in C*°(R), the function g defined by x > f(1/x) is in C*°(R*), and there
exist universal integers (ip k) peNy,0<k<p» Such that w, o =0 for all p > 1, and for p € Ny,

P

g0y =3 Kk oy,

xptk
k=0

Applying this formula to the functions G and y — ™", one obtains the following pointwise
convergence (for x # 0):

dr - dr ,
s (N—s)/2—(N—n) . (—s—N)/2 —i/x
T [ =i/Nx) (1+i/Nx) i @™ 2.11)

@ Springer



390 J. Najnudel et al.

with, for x| > x¢ > 0,

r . /2~ (N— . e C(xo, s, p)
i — (N=5)/2=(N—n) (—5—N)/2 40,8, )
- [(1—i/Nx) (1+i/Nx) ]| < Py (2.12)
Recall that by Lemma 2.8, one has the convergence
dar d? .
dx—l’(Fn'h'a(Nx))A::o ﬁ(|Fl[hva72l/x])’ (2.13)
and the bound
dar Cxo,h,a,p) _ C(xo,s,p)
‘@(Fn,h,a(zvx))‘ S e S T (2.14)

since (&, a) only depends on s in the relevant cases (see the beginning of the proof). More-
over,

C(s, p)
- | |m+(N n)+p

—[(2/ VR/Ix ]| < (2.15)

We can now give the derivatives of @y, using (2.9). One has for p > 0:

dr
(Sgn(x))Nd_p(d)N (X)) — D/(N, S)eﬂﬁs Sgn(x)/2
X

|
S e L CYNSIER YN

lg-1g:! dxa
qa+q2+q3=p 91°92°93

de : :
T [ =i/ N0 4 i N 0
q3
X
dxa

By (2.10), (2.11) and (2.13), whenever s, x and N —n € {0, 1} are fixed, this expression
tends to

[Fn,h,a (NX)] .

ent&ngn(X)/Z Z pf’ ar [(2/ )N )1(2/| |)‘M]

! \ dxa
q+a2+q3=p 9 612 4

d
dxa2

o d
[efl/x] ﬁ (1Filh,a;2i/x])),

for N — oo. But this is precisely the p-th derivative of P at x if ®y = Py, and the p-th
derivative of Q at x if &y = Qy. Moreover, for |x| > xo > 0, one easily obtains the bound

C(xo, s, p)
‘—( VO = T
using (2.10), (2.12), (2.14) and (2.15). This completes the proof of the Lemma. O

Lemma 2.10 Let f and g be two functions which are C*™ from R* to R. We define the
function ¢ from (R*)? to R by

f@e») —gx) f(y)
X —y ’

¢(x,y) =
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forx #y,and

P (x,x) = f'(x)g(x) — g'(x) f(x).
Then, ¢ is C* on (R*)? and for all p,q € Ny:
(@ Ifx#y:

g ZZCkC;f“"(X)g(”(y) S CONANE))

_1\P—k N
dxPay? (x — y)pta—k=I+1 D (p+qg—k—=D!.

k=0 1=0

(b) If x and y have same sign:

artag q o oo 1 i) , )
axPayl ZCq g W f (y +60(x —y)or (1 —6)*de
k=0 0

1
 A)) f gtV (y+6(x = y)or(1 — 9)"d9} :
0

Proof (a) By induction, one proves that for all p, g € Ny, and for x, y € R distincts and
different from zero, it is possible to take, in a neighborhood of (x, y), p derivatives of ¢
with respect to x and ¢ derivatives of ¢ with respect to y, in any order, with a result equal
to the expression given in the statement of the Lemma. This implies the existence and the
continuity of all partial derivatives of ¢ in (R*)>\{(x, x), x € R*}. Therefore, ¢ is C* in
this open subset of (R*)2.

(b) With the same method as in (a), we obtain that ¢ is C* on (R*)* U (R%)2. The only
technical issues are the continuity and the derivation under the integral. These can easily be
justified by the boundedness of the derivatives of f and g in any compact set of R*. ]

Proposition 2.11 Let x,y € R* and let s > —1/2. Then K[y) and K, are C* in (R*)?
and for all p, q € Ny,

r+q orta
BxP iy Kiny(x,y) —

(Sgn(xy)" Koo(x, y).

N—oo dxPay4
Moreover, for any xo > 0, and |x|, |y| > xo > O:

orta C(xo,58,p,q)
o KM@, y)| = —g 1y M 1
3xp3 q |x| is+p+ |y| s+q+

Note that the pointwise convergence in the case p = ¢ = 0 corresponds to the conver-
gence result for the kernels given by Borodin and Olshanski [3].

Proof One has

(Sgn(xy))NK[m(x, y)
_ 1 TG+DIGE+D
T 2r TQMs + DI Q2Rs +2)
o (Sgn(x)™ Py (x)(Sgn(»))™ On (y) — (Sgn(»)™ Py (»)(Sgn(x)N O (x)
x—y
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for x # y, and

1 TGs+DIGE+1)
27 T(2%s + DT 2%s + 2)

Kin(x, x) = (Py(x)Qn(x) — Q)y(x) Py (x)),

with Py and Oy defined in Lemma 2.9. Recall the definition of K, in (1.17) and (1.18).
Now, i’N, On, P and Q are in C*°(R*) (see Lemma 2.9) and hence, by Lemma 2.10, Ky;
and K, are in C®°((R*)?).

Moreover, by Lemma 2.9, the derivatives of x SgnN (x)IN’N (x) and x SgnN (x) x
QOn(x) converge pointwise to the corresponding derivatives of P and Q. Considering, for
x # vy, the expression (a) of Lemma 2.10, and for x = y, the expression (b), one easily
deduces the pointwise convergence of the derivatives of (x,y) = (Sgn(xy)" Kinj(x, y)
towards the corresponding derivatives of K.

Finally, the bounds given in the statement of the Lemma can be obtained from the
bounds of the derivatives of Py and Qy, given in Lemma 2.9, and by applying the formula
(a) of Lemma 2.10 if xy < 0 or max(|x|, |y|) > 2min(|x|, |y|) (which implies |x — y| >
max(|x|, |¥])/2), or the formula (b) if xy > 0 and max(|x/[, |y|) <2min(|x], |y|). O

Summarizing, we have:

Proposition 2.12 Let s be such that Rs > —%. Then, the restriction to R, of the scaled
kernel Ky and the kernel K , satisfy the conditions of Lemma 2.6. Moreover, for all p, q €
No, the partial derivatives
v o7t
Segn(x —— Ky (x,
gn(xy) 27y (X, ¥)

converge pointwise to the corresponding partial derivatives of Koo (x, y).

Proof This follows immediately from Proposition 2.11 and the fact that these kernels are
real symmetric and positive because they are kernels of determinantal processes on the real
line (see remark 1.2 for the kernel K ). O

The next step is to analyze the convergence of the Fredholm determinant of Ky ; and
its derivatives to the corresponding derivatives of the Fredholm determinant of K, ;, for
J=(t,00),1t>0.

Lemma 2.13 Let F be a function defined from (R%)*™ to R, for some k € N. We suppose
that F is in C', and that there exists, for some o > 1 and for all xy > 0, a bound of the form

| F (f )| F (f ) < C (X())
s X1, X2, 000y X, + s X1, X2, 000y X, _
1 2 k 9t 1 2 k ( o k)
fOl all t, X1yeoos Xk = X0 Zhen, the integials involved in the deﬁnitions Ofthe following wo

Sunctions from R to R are absolutely convergent:

Hy:t— F(t,x,...,x)dxy---dxy,

(t,00)k

and

0
Hi:t— —F(t,x1,...,x)dx; ---dx;
([,oo)k at
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k

— Z/ - F(t,xy,....,x—1,t, X141, -, Xp)dxy - - - dxj_1dxi41 -+ - dxg.
1=1 (t,00)%~

Moreover, the first derivative of H is continuous and equal to H,.

Proof Due to the bound given in the Lemma, it is clear that all the integrals in the defini-
tion of Hy and H, are absolutely convergent. Therefore, for 0 < ¢ < ¢/, we can use Fubini’s
Theorem in order to compute the integral

/ H (uw)du.

Straightforward computations show that this integral is equal to Hy(t") — Hy(r). Hence,
if we prove that H; is continuous, we are done. Now, let # > xo > 0. For ¢’ > x(, one has

|Hi(t') — Hi ()]

S \/
(x0,00)k

d
— EF(I’ Xty X)Ly, sy | dXy - dxy

0
@F(I/, Xty oo s X)L x>}

k

+ Zf }F([/, X1yeoes Xi—1, t,, Xi41s+ees xk)]]-[xl,4.4,x[,],x1+1,.4.xk>t’)
1=1 («‘50,00)[{7]

—F@, xi,. .., x-1,t, X141, - ~»xk)]]-{xl,4A.,xl,1,x1+1,mxk>r}|dxl ceedxy_ydxpyy - dxg.

All the terms inside the integrals converge to zero almost everywhere when ' — ¢ (more
precisely, whenever the minimum of the x;’s is different from ). Hence, by dominated
convergence, |H,(t') — H;(t)| tends to zero when t’ — . O

Lemma 2.14 Let K be a function satisfying the conditions of Lemma 2.6. Then, using the
notation of that Lemma,

1
Z— pk(xl,...,xk)dxl--~dxk<oo

for all t > 0. Moreover, the Fredholm determinant F, from R to R, defined in (1.20) is in
C3, and its derivatives are given by

(=
F=) / (3 xdxy - dog,
(7,00)

k!
k=0

1" (_l)k 0
F (t)=Z kEﬂk“(hxu.--,xk)dxl"'dxka
(2,00)

" (_l)k 82
F (t):Z ?pk+l(laxla--~7xk)dxl"'dxk’
(,

=0 k' oo)k d

where all the sums and the integrals above are absolutely convergent.
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Proof For k > 1, we define Fj by

(=D*
k!

Fi(t) = / Pr(xy, .., x)dxy - - dxy.
(1,00)k

The integral is finite because of the bounds given in Lemma 2.6. By the same bounds, one
can apply Lemma 2.13 three times, to obtain that F} is in C*, with the derivatives given by

=Y / t Y, -d
T T I
o= C i

A T R T
1 (_1)](71/ 82
Fo)=——1 — e (t, X1, .o, Xp—)dxy - -dxg_q,
o (k= D! Jt o1 8t2'0k( H Xie—1)dxy K1

where again all the integrals are absolutely convergent by Lemma 2.6. Note that we use (2.6)
to calculate the derivatives above. Moreover, for p € {0, 1, 2, 3}, (2.5) gives the following
bound for any x¢ > 0:

(C(xo))

(p)
sup |F,” (1)] < ————.
supIFE OV =G,

Using dominated convergence, we have that the sum

Y @)

k>1

is absolutely convergent, and that its p-th derivative, p € {0, 1,2, 3} with respect to ¢ is
continuous and given by the absolutely convergent sum

Z EP@). 0

k>1
2.3 04 1s Well Defined

In order to prove that 6, is well defined, we need to prove that F.,(¢) never vanishes for
t > 0 (recall from Remark 1.6 that the range of the largest eigenvalue is R ). We note
that F,(¢) is the Fredholm determinant of the restriction of the operator K, to the space
L?((t,00)), which can also be seen as the operator on L?((fy, 00)) with kernel (x,y) —
Koo (x,y) 1y, for some #, such that r > #, > 0. This operator is positive, and we recall
that it is a trace class operator, since:

/ Koo (x,x)dx < o0.

(r,00)

Therefore, the Fredholm determinant of this operator is given by the convergent product of
1 — X;, where (A;);en is the decreasing sequence of its (positive) eigenvalues, with mul-
tiplicity. This implies that the determinant is zero if and only if 1 is an eigenvalue of the

operator: hence, we only need to prove that this is not the case. Indeed, if 1 is an eigenvalue,
there exists f % 0 in L?((y, 00)) such that for almost all x € (¢, 00):

FE) =1, f Koo(x.y) f0)dy.
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Hence f(x) =0 for almost every x <, and

J = Pt.00) Koo (t9,000 f

in L%((ty, 00)), where K, (1p,00) 1 the operator on this space, with kernel K, and p; ;)
is the projection on the space of functions supported by (¢, c0). Now, if we denote g :=
Koo,(ro,oo)f,

8= | [ [ Kol K2 FO) F@)dxdy
1 1 )

2

12((tg.00)) 1 the limit of

By dominated convergence, one can check that || g||

/ / / Kim(x, y) Kin(x,2) f() f(z)dxdydz
fo fo fo

2
L2(R)’
where the operators p(, ) and K;y; act on L?*(R), and where

when N goes to infinity. This expression is equal to || p(,,00) K[n Jf I and hence, smaller

2
L2R)’

f isequal to f on (#p, 00) and equal to zero on (—o0, fy]. Now, K|y ~(as Ky)is an orthogonal
projector on LZ(R) (with an N-dimensional image), hence, Ky fll2w) < IIfllL2@)- This
implies:

than or equal to IIK[N]f'II

8l L2crg,000 = 1S 221,000+

Now, with obvious notation:

2 2 2
”g”LZ((tO,OO)) = ”p(I,OO)g”LZ((tO,OO)) + ”p(to,t]g”[)((myoo))
2 2
= ”f”Lz((Io,OO)) + ”p(l(),f]g”LZ((tOA’OO))
since f = p(.00)8- By comparing the last two equations, one deduces that
2
||P(t0,t]g||L2((l0,oo)) =0,
which implies that g is supported by (¢, 00), and
=P8 =8= Koo g0 f-

Hence, Koo (y,00) f (equal to f), takes the value zero a.e. on the interval (¢, ). Since f is
different from zero, one easily deduces a contradiction from the following Lemma:

Lemma 2.15 Let f be a function in L*>((t, 00)) for some t > 0. Then the function g from
R% to R, defined by:

s = [ Kulron) FO)dy
is analytic on {z € C; N(z) > 0}.

Proof 1t is sufficient to prove that for all x, such that 0 < x¢y < #/2, g can be extended
to a holomorphic function on the set Hy, := {x € C; R(x) > xo}. Let (¢, h, a) be equal to
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0,s5,20(s)+ 1) or (1,5 +1,2N(s) +2), and P equal to P in the first case, Q in the second
case. One has for x € R} :

N(s)+e
D (x) = (E) e e i [h, a; 2i/x].

® can easily be extended to H,,: for the first factor, one can use the standard extension of
the logarithm (defined on C\R_), and the last factor is a hypergeometric series which is uni-
formly convergent on H, . Moreover, it is easy to check (by using dominated convergence
for the hypergeometric factor), that this extension of ® is holomorphic with derivative:

Ns+e
CD,(X) =e7‘[3s/2 <%> e—i/x
X

e '
« [LJFG)IFI[h,a;Zi/x]ﬁLl—lel[h’a?zi/x]
X X

Z(hmzz)k ( )"*‘
(k! \x '

With these formulae, one deduces the following bounds, available on the whole set H,,:

C(xo,5)
P = e

C(xo,5)
PO = T RereT

Now, let us fix y € (¢, 00). Recall that for x € R} \{y}:

Koo(r,y) = 1 _T+DIG+D  PWOG) - OWPG) 2.16)
2 T(2Rs + DT (2%s +2) x—y

This formula is meaningful for all x € H,,\{y} and gives an analytic continuation of x
K (x, y) to this set. Now, for x > x, one also has the formula:

1 TGG+DIGE+1D)

Koole, ) = 5 me e m s 1) L (9200 — 0P,

where Z is a uniform random variable on the segment [x, y]. By the bounds obtained for ®
and @', one deduces that the continuation of x — K (x, y) to the set H,,\{y} is bounded
in the neighborhood of y, and hence can be extended to H,,,. By construction, this extension
coincides with K. (x, y) for x € (x9, 00)\{y}, and in fact it coincides on the whole interval
(xg, 00), since K (x,y) tends to K., (y, y) when x is real and tends to y. In other words,
we have constructed an extension of x — K (x,y) which is holomorphic on H,,. Now,
let us take x € Hy, such that |x — y| > y/2, which implies that [x — y| > C(|x| 4+ y) for a
universal constant C. By using this inequality and the bounds on P and Q, one obtains:

C (s, xp)
|Koo(x, Y)| < W
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By taking the derivative of the equation (2.16), one obtains the bound (again for x € Hy,
and |x — y| > y/2):

C(s, xo)
|x|.‘)i(s)+2yﬂi(s)+l .

d
- Ka(x,y) ‘ =<
ox

Now, the maximum principle implies that the condition |x — y| > y/2 can be removed in
the last two bounds. By using these bounds, Cauchy-Schwarz inequality and dominated
convergence, one deduces that the function:

i / Kao(x.y) f()dy

is well defined on the set H,, and admits a derivative, given by the formula:

*©/79
x*—>/ <_8 Koo(x,y)> fy)dy. g
; X

2.4 Proof of Theorem 1.4

Note that by Proposition 2.12, K[y} and K satisfy the conditions of Lemma 2.6. For
k,N €N, let px n be the k-correlation function associated with K[y} and pi o the k-
correlation function associated with K,,. By Lemma 2.14, Fy is well defined for N €
N U {00}, and C3. The explicit expressions of Fy and F,, and their derivatives are given
in Lemma 2.14 by replacing o by px, v and pi oo respectively. Now, for k > 1, all the partial
derivatives of any order of p; y converge pointwise to the corresponding derivatives of pi o
when N goes to infinity. This is due to the explicit expression of p; y as a determinant and
the convergence given by Proposition 2.12. Moreover, by that same Proposition, there exists
a > 1/2 only depending on s such that

a7 C (x0, 8)F
e Xlgeo s Xp)| S ————,
ox7 Pi. (X1 k) Cr a0
for p € {0, 1,2}, and for all xy, ..., x; > xo > 0. In particular, this bound is uniform with

respect to N, and it is now easy to deduce the pointwise convergence of the derivatives of
Fy (up to order 3), by dominated convergence.

2.5 Proof of Theorem 1.7
Theorem 1.7 follows immediately from Proposition 2.4 and the following Proposition:

Proposition 2.16 Let s be such that Rs > —1/2, and Fy, N € N, and Fy, be as in Theo-
rem 1.4. Then, for N € NU {00}, the function Oy from R to R, defined by

d
O (D) =7 log(Fy(t™ "),
T

is well defined and C*. Moreover, for p € {0, 1,2}, the derivatives 6‘1(\,” ) converge pointwise
10 6L (defined by (1.21)).
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Proof Recall that for t > 0, Fy(t) is the probability that a random matrix of dimension N,
following the generalized Cauchy weight (1.2), has no eigenvalue in (N¢, co). Therefore,
Fy(t) > 0, for any ¢ > 0. Similarly, F(¢) is the probability that the limiting determinantal
process has no point in (¢, 00), which is also different from zero for any 7 > 0, as we proved
in Sect. 2.3. Therefore, for all N € NU {oo}, Oy is well-defined and

Fy(z™h

9N(T)=——TFN(T71)-

Since Fy is in C3, @y is in C?, for all N € N U {oo}, and one can give explicit expressions
for Oy and for its first two derivatives (see Lemma 2.14). It is now easy to deduce from
these explicit expressions and the pointwise convergence of the first three derivatives of Fy
assured by Theorem 1.4, the pointwise convergence for the first two derivatives of 6y, when
N e N goes to infinity. ]

Remark 2.17 Note that most probably, it is also possible to derive the fact that the kernel
K, gives rise to a solution of the Painlevé-V equation (1.22) directly by the methods of
Tracy and Widom [25] in an analogous way then the one used to obtain the Painlevé-VI
equation (2.1) in the finite N case. In fact, the recurrence equations (2.2) in the infinite case
are:

2 preny _ Ss IsP 1
xP(x)—( x‘Rs—i—SR >P( )+ i225ﬁs+1Q(x)’

2Q'(x)=—CRs + 1) P(x) — (—x‘)ts + —) 0(x),

where P and Q are as in the definition of K, in (1.17) and (1.18). However, this method
will has several drawbacks, as already mentioned in the introduction.

3 The Convergence Rate: Proof of Theorem 1.9
We first need the rate of convergence for the scaled kernel Kiyj(x,y) = NKy(Nx, Ny):

Lemma 3.1 Let x,y > xo > 0. Then there exists a constant C(xo, s) > 0 only depending on
xo and s € C (Ns > —1/2), such that

1 C(xo,s)
|K[N](X7 V) — Koo(x, )’)| < NW

In the following proof, C(a, b, ...) denotes a strictly positive constant only depending on
a, b, ... which may change from line to line.

Fs+HIG+D

| %% FasThr@s 1o |- and using the nota-

Proof Let x,y > xo, x # y. Then, setting C(s) =
tions from Lemma 2.9, we have

|Kini(x, ¥) — Koo(x, )]

=C(s)

] D ~ ~ ~
=y ‘ ’PN(X)QN(}’) — Py(»)On(x) = (P(x)Q(y) = P(»)Q(x))
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<C()

ﬁ‘ [|Pv@monm = Pe o]+ [Pvmes - Prmew)|)

=C()

ﬁ‘ ”’E'Nm - 15<x>| 1OV +108 () — 0 lﬁ(x)’

+| By = PO)| 1ox @1+ 10y — 0@l B} (3.1)

Similarly, if x, y > xo, it is easy to check (by using the fundamental Theorem of calculus)
that

|Kin(x, y) — Koo (x, y)|

< COE[|Py(2) = P@)| 105 )] +10x(x) = 0| P'(2)|

+| By = P oy (2] + 042 - 0@)| [Py

] , (3.2)

where Z is a uniform random variable in the interval [x, y].
By using (3.1) if max(x, y) > 2min(x, y) and (3.2) if max(x, y) < 2min(x, y), one de-
duces that the Lemma is proved, if we show that for p € {0, 1},

1 C(xo,s, p)

B @ = PG| < - el (33)
and
; 1 C(xo,s, p)
00w - 0P| = 5T (3.4)

Recall from (2.9), the following function (note that x > xo > 0):

N 2 N-—n 2 Ns
Dy (x)=D'(N, s)e™"? <—> (—)
X X

i\ W=9)/2=WN=n) ;o\ N2
1— — 1+ — F,n.(Nx),
% < Nx) ( + Nx) dua(NX)

and let us define similarly:

A 2 N—n 2 Ns ix .
D(x)=¢€"" - — e 1 Fy [h,a;Zz/x],
X

X

where (n,h,a) = (N,s,2Ns + 1) and dy(x) = ISN(x), or (n,h,a)=(N —1,s + 1,
29s 4+ 2) and Oy (x) = Qn(x), for N € N* (recall that N — n = 0 in the first case and
N —n =1 in the second case). It suffices to show that for p € {0, 1}, |<I>5\’,’) x) —dP(x)| <
% to deduce (3.3) and (3.4). Let us first investigate the case p = 0:

[Py (x) — P(x)]

Rs+(N—n)
< en\xs/Z <_) {|D/(N, S) _ 1| |(1 _ i/(Nx))(N—s.)/zf(N—n)
X
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x (1 4i/(Nx)) N+9/2 Fn,h,a(Nx)|
+ |(1 . i/(Nx))(N—s)/Zf(an) (a+ i/(Nx))*(Nﬁ»f)/Z _ e—i/x|

X |Funa(NX)| 4+ €| |Fyna(Nx) — 1 Fy [h,a;2i/x]|} . (3.5)

We show that the bracket {.} is bounded uniformly by ﬁC(xo, s). In the following, we look
at the three summands in the bracket separately. For the first one, we have by (2.12) and
(2.14) that

(1= i/ (Nx)) 2 (i (No) ™2 o (N3)| < C(xo, 9).

Moreover, it is easy to check (for example, by using Stirling formula) that

F@As+N+1)
N

1
NZ”“'HF(N) 1‘ = _C(S)'

Now, if some sequence ay > 0 converges to a > 0 in the order 1/N as N — oo,
Jay — +/a, in the order 1/N as well, for N — oo. Hence,

< %C(s).

F@Rs+ N+ 1)\ "> |
N2+ (N) -

|D'(N,s)—1|= ‘(

Thus, the first term in the bracket {.} of (3.5) is bounded by C(xy,s)/N. Let us look
at the second term:

| Funa(Nx)| < C(xo,5),
again according to (2.14). Moreover,
|(1 _ i/(Nx))(N_S)/z_(N_”)(l + i/Nx)—(N+§)/2 _ e—i/x|
< | =i/ (NN 40 (Nx) ™ V2 — e [(1 =i /(Nx))~ N

+ |e7 ] [(1 =i/ (Nx)) "N — 1. (3.6)

It is clear, that the second term in the sum is bounded by C(x()/N. For the first term,
the second factor is bounded by C (x,), whereas for the first factor, we have the following:

L—i/(NO\Y? (1 —i/(Nx)\ > N2 i
‘<l+i/(Nx)) <1+i/(Nx)> (1 1/N0) 7 —e

L—i/(NONY? L (1=i/(Nx)\ ™2 52
= <1+i/(Nx)) —¢ <1+i/(Nx)> ’(IH/(NX)) ’
» 1—i/(Nx)\ /2 —9s/2
i/x _ 2
e (H—i/(Nx)) 1| (1 1) ™|
e 1y ™ ], a1

@ Springer



Eigenvalue Probabilities and Cauchy Weights 401

We investigate all terms in this sum separately: |(1 + 1/(Nx)?)~"/2 — 1| can be bounded
by C(x¢, s)/N using binomial series, and

1—i/(Nx)\ ™2 N .
‘(71 +l./(Nx)> = |exp{—3sArg(l +i/Nx)}| < C(xo, 5).

Furthermore,

(1 B l./(Nx)>i3x/2 .
1+i/(Nx)
= lexp{—SsArg(1 +i/(Nx))} — 1]

= |exp{—SsArctan(l/(Nx))} — 1]

> k!

k=0

- k
o0 (—:ss Y, L (1/(Nx))2"+‘)

1
< —C(xg,s).
=5 (x0, 8)

Here, we use the fact that the Taylor series for the arctangent is absolutely convergent if
0 < 1/(Nx) < 1, which is true for N large enough. Now, by considering the series of the
complex logarithm of 1 £i/(Nx) (absolutely convergent for N large enough), one can show
that

[(1£i/(Nx)FN2 =7/ < %C(xo).

The remaining terms in the sum (3.7) are clearly bounded by C(xy, s) and hence, the second
term in the sum (3.5) converges to zero in the order 1/N.

We investigate the third term in (3.5): Clearly, |e~"/*| = 1. The second factor in the third
term requires somewhat more work:

| Fona(Nx) = 1 Filh, a5 2i /x]]

i(—n)km)kzk( I )k_im)k(zl')k (1)"
o (a)ik! 1+iNx (@ik! \x

where the last inequality is true because of the absolute convergence of both sums. Now,

1\ /1)
‘(_n)k<i—Nx> _(§>

o (n
((i/x) = N)*

1

IA

1
Tk
X0
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_1, N*i‘i[k" [—N
xk o, @/x)=N

_1, N*i‘i["*‘ (N D,
xb e, N=G/0)|

Since all the factors in the last product have a module smaller than 1, it is possible to deduce:

1\ /1)
’(_n)k<i—Nx> B (E)

N—n+k—1

LTS we.
R N —(i/x)

| Mokt 1x
= 2 N

0 |=N—n
_ 1 k®>+k/xo
- x{j N

This bound implies easily that:
C(s, x0)

| Funa(Nx) — 1 Filh,a; 2i /x]| < N

and we can deduce:

C(x0,5)
@y () = @@ =

Therefore, (3.3) and (3.4) are proved for p =0.
It remains to prove that

, ) C(xo,5)
[Py () = P =+ m—mrT

to show (3.3) and (3.4) for p = 1. But this is immediate using the same methods as above
and the fact that we can write

Rs+(N—n)
P (x) = D'(N,5)e™>" (;> (1 —i/(Nx)) N2

x (14i/(Nx))~ T2 [w Fra(N)
i 1-s/N N-n 1 1+5/N 1
+;{< 2 B N )l—l/(Nx) 2 1+i/(Nx)}F”’h*”(Nx)

(=) (W) k2 (0N 1 kel
+Z (a)ik! (_7><1+iNx> ’
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and
N 2 Ns+(N—n) ) — R N —
@ (x) = " (-) eI [Mlﬂ [, a; 2i /x]
X X
. o] . k+1
! . (e Q2i)'k (1
— 1 Filh,a;2 — — | - .
+ 1 Filh, a; 2i/x] ; om
This ends the proof. a

Now we prove Theorem 1.9. Let us first prove the following result: for all n» € N*, and
for all symmetric and positive n x n matrices A and B such that sup,_; ;, |4; ;| < «,
SUP < j<n |Bijl < andsup,; ;. |A;; — B ;j| < B for some &, B > 0, one has

|det(B) — det(A)| < Bn’a" . (3.8)

Indeed, the following formula holds:
1
det(B) — det(A) = / dA Diff det[A + A(B — A)].(B— A),
0

where for C := A 4+ A(B — A), Diff det[C].(B — A) denotes the image of the matrix B — A
by the differential of the determinant, taken at point C. Now, C is symmetric, positive, and
|C;, ;| < for all indices i, j, since C is a barycenter of A and B, with positive coefficients.
Moreover, the derivative of C with respect to the coefficient of indices i, j is (up to a possible
change of sign) the determinant of the (n — 1) x (n — 1) matrix obtained by removing the
line i and the column j of C. By using the same arguments as in the proof of inequality
(2.7), one can easily deduce that this derivative is bounded by a"~'. Hence:

1
|det(B) — det(A)' f/ d)\.dnil Z |B,'1j — Al]'

0 I<i,j<n

which implies (3.8). Now, we can compare the determinants of (Kynj(x;,x;))};_, and
(Koo (i, X))} 4 for xi, ..., x, > xo by applying (3.8) to:

R(s)+1

A= (ix )" O Ko, x ),
N(s)+1

B ;= (xjx))"W K

o = C(xg,s), B =C(xg,5)/N.

0o (Xiy Xj),

Here, we use the bounds for K|y}, K and their difference given in Proposition 2.11 and in
Lemma 3.1. We obtain:

|det(K iy (xi, x;)} ) — det(Koo (xi, X))} )|
2
=)o N (C(x0,9))".
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This implies

M (N)
‘P|: IN Sxi| —det( — Koo)l1,(t,00)

o0
1
< Z —/ |det(K n(xi, x;)] j—y) — det(Koo (x;, x))! _ )| doxy - - dx,
(X,OO)”
o0
1 n? C(xo,8) \"
= Z nN </(X’DO) y2hs+2 dy)
1S n C(xp, s "
(L. o)
N n = D!'\Jxp00) ¥

since the last sum is convergent and depends only on x( and s.

4 Concluding Remark About U (N)

With the notations and results from Secti. 2.1, we know that the distribution of A; (), the
largest eigenvalue of a matrix in H (N) under the distribution (1.2), can be written as

B ~ o)
P[AM(N) <a]l=exp|— H——tzdt . 4.1

Using the Cayley transform H(N) > X +— U = % € U(N), we can map the general-
ized Cauchy measure from H (N) to the measure (1.4) on U (N). The inverse of the Cayley

transform writes as
e+ 0
0+—i— =cot| =),
el? —1 2

for 6 € [—m, w]. & = 0 is mapped to oo by definition. Using this application, (4.1) turns into:

P[O1(N) > y]=exp (—%/ydqba(cot(%))), 4.2)
0

for y = 2arccot(a), y € [0,2x], and /1Y) = % 6 (N) being here in [0, 277] (and not
in [—m, w]!). In other words, the distribution of the largest eigenvalue on the real line of a
random matrix H € H(N) with measure (1.2), maps to the distribution of the eigenvalue
with smallest angle of a random matrix U € U (N) satisfying the law (1.4). Here, smallest
angle has to be understood as the eigenvalue which is closest to 1 looking counterclockwise
on the circle from the point 1.

According to [4], the eigenvalues {e .., €%}, (recall that 6; € [—, 7]) of a random

unitary matrix U, satisfying the law (1.4), also determine a determinantal point process with

i0;
5.
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correlation kernel

Ky (€', ey =dy(s)y/wy (@ wy (B)

=B . — . _nyae=B — . .
N 0y (e O () — eV 0 () 05y ()

e 2 —e

X

4.3)

SOy GEDy TA4ITU4S) s _ .
where dy (s) = 5 GREn LEEIECED 08 () = 2 Fils, —n, —n — 5; x] and wy is the
weight defined after (1.4). If N — oo, the rescaled correlation kernel + K§ (e“/V, e//V)

converges to

KU(O[, ’3) =e(s)|aﬂ|:Hse—73s(Sgn(a)+Sgn(ﬁ))

La—f
el

Q' (—ia) Q7(if) — 7T Q(ia) Q* (—if)

a—p ’
where e(s) = ﬁ% and Q°(x) = Fy[s,20Ms + 1; x] (again according to [4]).
In [4], it is also shown that the kernel KUY coincides up to multiplication by a constant
with the limiting kernel K, from (1.17) if one changes the variables in (4.4) to o = % and
B = %, x,y € R*. This not surprising because a scaling x — Nx for the eigenvalues in the
Hermitian case corresponds to a scaling « > % for the eigenvalues in the unitary case as
can be seen from the elementary fact that for x € R*, and N € N, one has

4.4

Nx+i i =
Na et 4.5)

Remark 4.1 Note that because of the O (N ~2) term in the argument of (4.5), it is not possible
to give an identity involving the kernel Ky of Theorem 1.1 and the kernel (4.3).
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