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Muttalib-Borodin ensembles in random matrix theory
— realisations and correlation functions
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Abstract

Muttalib-Borodin ensembles are characterised by the pair interaction term in the
eigenvalue probability density function being of the form H1§j<k§1\' (e =) (N8 — )\g).
We study the Laguerre and Jacobi versions of this model — so named by the form of
the one-body interaction terms — and show that for § € Z* they can be realised as the
eigenvalue PDF of certain random matrices with Gaussian entries. For general 6 > 0,
realisations in terms of the eigenvalue PDF of ensembles involving triangular matrices
are given. In the Laguerre case this is a recent result due to Cheliotis, although our
derivation is different. We make use of a generalisation of a double contour integral
formula for the correlation functions contained in a paper by Adler, van Moerbeke and
Wang to analyse the global density (which we also analyse by studying characteristic
polynomials), and the hard edge scaled correlation functions. For the global density
functional equations for the corresponding resolvents are obtained; solving this gives
the moments in terms of Fuss—Catalan numbers (Laguerre case — a known result)
and particular binomial coefficients (Jacobi case). For § € Z* the Laguerre and Jacobi
cases are closely related to the squared singular values for products of # standard
Gaussian random matrices, and truncations of unitary matrices, respectively. At the
hard edge the double contour integral formulas provide a double contour integral
form of the scaled correlation kernel obtained by Borodin in terms of Wright’s Bessel
function.
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Muttalib-Borodin ensembles

1 Introduction

Recent studies in random matrix theory [18, 34, 17, 14, 24] have drawn renewed
attention to the class of eigenvalue probability density functions (PDFs) proportional to

N

[T JI Ge=2)=x9),  x>o. (1.1)
=1 1<j<k<N

These PDFs were proposed by Muttalib [43] in the context of a simplified model of
the joint distribution of the transmission eigenvalues for disordered conductors in the
metallic regime, and with no time reversal symmetry. The latter is known to have its
exact form proportional to [8]

N
H e V) H (M — )\j)(arsinh2 )\;/2 — arsinh? )\;/2), A >0, (1.2)
=1 1<j<k<N

where for large \, V()\) = Ncarsinh® \'/2(1 + O(N~1)), with ¢ = ¢/L, ¢ denoting the
mean free path length and L the length of the wire. In practice one has 1 < ¢ < N.
Recalling that arsinh z = log(z + v/2%2 4+ 1) one sees (1.1) relates to (1.2) in the limit
6 — 0T when we have .
0
although this is still only an approximation to the corresponding factor in (1.2). Actually
in [43] attention was restricted to 0 a positive integer; on this point we remark that the
change of variables

Ay = XY = (log A, — log A;), (1.3)

\ s \1/8 (1.4)

maps 6 to 1/6 in (1.1) at the expense of altering V().
Our interest is two special cases of (1.1). The first is when

e V) = N, A>0, ¢>—1. (1.5)

This is referred to as the Laguerre weight, due to its appearance as the weight function
in the orthogonality of the Laguerre polynomials in the theory of classical orthogonal
polynomials. The choice (1.5), together with the choice of e~V as a Gaussian or Jacobi
weight (for the latter see (1.6) below), was considered in some detail by Borodin [13].
Due to the significant advancement contained in [13], we will refer to the general class
of PDFs (1.1) as Muttalib-Borodin ensembles, and the particular choice of weight (1.5)
in (1.1) as the Laguerre Muttalib-Borodin ensemble.

Let us now describe our results. In relation to the Laguerre Muttalib-Borodin
ensemble, we first realise the special cases ¢, € Z1 as a particular class of complex
Wishart matrices isolated in [2]. For general parameters we give a new derivation of
a recent result of Cheliotis [17] which gives a realisation in terms of a particular class
of random upper-triangular matrices, and we furthermore develop working in [2] to
generalise this result (Section 2). The differential equation satisfied by the characteristic
polynomial of the ensemble under the mapping (1.4) is studied, and we relate this to
the resolvent and global density (Section 3). We use results contained in [2], and take
inspiration from the recent work [37], to obtain a derivation of the global density directly
from a double contour formula for the one-point function using the saddle point method
(Section 4). Furthermore the double contour integral form of the correlation kernel
given in [2], suitably generalised from integer to real parameters, is used to rederive the
hard edge scaled limit known from [13] (Section 5).
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Parallel to the analysis of the Laguerre Muttalib-Borodin ensemble, we also undertake
an analogous program of study in relation to the Jacobi weight

eV =1 -2 0<A A<, ¢, > 1 (1.6)

This substituted in (1.1) gives the Jacobi Muttalib-Borodin ensemble. Our realisation
and double contour integral formula for the correlation kernel makes essential use of
results contained in [2]. In relation to the global density, the resolvent is specified by a
nonlinear equation which we solve using the Lagrange inversion formula to deduce that
the moments of the global density are given in terms of particular binomial coefficients.
A trigonometric parametrisation of the spectral variable is given which allows for the
determination of an explicit functional form for the global density. The hard edge scaled
limit gives the same double contour integral form as found for the Laguerre case, in
keeping with the findings of [13].

We now give a precise statement of the main results in our paper for the Laguerre
Muttalib-Borodin ensemble. All the results obtained for the Laguerre case have counter-
parts for the Jacobi case, described in the paragraph above and which are presented in
the body of the paper subsequent to presentation of the Laguerre case. We do not state
the results in their most general form below, and readers can find the generalisations in
subsequent sections.

1.1 Main results for Laguerre Muttalib-Borodin ensemble

First, the Laguerre Muttalib-Borodin ensemble can be realised as the eigenvalues of
a random matrix in the upper-triangular random matrix ensemble, which is defined in
Section 2.1, and if 0, c € Zx, it can be realised as the eigenvalues of a random matrix in
the multiple Laguerre ensemble, which is defined in [2] and also described in Section
2.1.

Proposition 1.1. Let Y be a upper-triangular /V x N matrix with all entries independent,
the strictly upper-triangular entries distributed as standard complex Gaussians, and the

diagonal entries are real positive random variables with |yy, ;| 4 ok —1)+c+1,1], or
equivalently, 2|y x|? 4 Xg(e(k_1)+c+1)' for k =1,...,N. Then the eigenvalues A, ..., \, of
Y'Y have the PDF proportional to (1.1) with V' given by (1.5). Furthermore, if ,c € Z>,,
the PDF of the eigenvalues of Y is the same as the PDF of the eigenvalues of XX,
where X is an NV x N random matrix whose entries z;; with 1 < j < 0k—1)4+c+k
have independent standard complex normal distribution, while other entries are zero.

This result is covered by Proposition 2.1 and Corollary 2.3.

The statistical system defined by the Laguerre Muttalib-Borodin ensemble is a
determinantal point process, and so is fully determined by its correlation kernel, for
which we give a double contour integral formula.

Proposition 1.2. The correlation kernel for the Laguerre Muttalib-Borodin ensemble
can be written

L h(z - wP(Z+1)Hk 1 (2 — o)
K (J?,y) 27.” (902 h y f % w+1> Hl 1( _al) ’ (17)

where «o; = 0(j — 1) + cis specified in (2.3), and the contours ¥ and I', are specified in
Proposition 2.10. The function h(z) = z¢/2e*/2, as specified in (4.3) up to a multiplicative
constant.

This result is covered by Proposition 2.10 and the definition (4.2) of the kernel.
Next, we derive the limiting global density of the ensemble, defined in terms of the
correlation kernel KL(x, x) according to (4.4).
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Proposition 1.3. For all § > 0, the limiting global density of the Laguerre Muttalib-
Borodin ensemble with change of variable (1.4) is the Fuss—-Catalan distribution, that
is,
Py (@) = pC (). (1.8)

Here the the Fuss—-Catalan distribution is defined in (4.7). We remark that this result
is not totally new, as we explain in Proposition 3.1, and after proper interpretation can
be proved by a different method. But this method does not generalise simply to the
Jacobi case, so we introduce two alternative methods to prove Proposition 1.3, one in
Section 3.1 for positive integer ¢ and the other in Section 4.1 for general § > 0. Both of
these two methods can be applied to the Jacobi case with little change.

Finally, we consider the local behaviour of K (z,y) around 0, first obtained by Borodin
[13] in terms of Wright’s Bessel function.

Proposition 1.4. We have

lim N~YORY N~V N=/0%)

N—o00
c/2 0 —0z—1,,0w (0 N T 1 .
- (Q) : % dzj{ dw & Y (0z+c+1) T'(z+1) sinwz (1.9)
(2mi)? 221 To

x z—w TOw+c+1)T(w+1)sinmw’

where I'( is the Hankel loop contour starting at co + i€, running parallel to the positive
real axis, looping around the origin, and finishing at co — i€ after again running parallel
to the negative real axis, while E‘il /2 is the contour consisting of two rays, one is from
—1/2 to e(™/249)7 . 50 and the other from e~ ("/2+9)i . 5o to —1/2, where § € (0,7/2), see
Figure 7. If 6 > 1, we can also take § = 0 and let E‘il /2 be the upward vertical contour
through —1/2. In the case 6 € Z™" this can be rewritten

) c/(26)

207 lim NTYORN(0(/N)Y, 0y /N) ) = (2
— X

N—o0
1w 01 .
5 1. 7{ dz?{ dw® Ly Tlaco Tz + (c+ 1+ k)/0) T(2+1) sinmz (1.10)
i Jus P h,

z—w [[VZiT(w+ (c+1+k)/9) T(w+1)sinrw’

This result is proved in Section 5.1.1. We remark that the § — 0, limit of Propositions
1.3 and 1.4 are also obtained in this paper, see Sections 4.1.2 and 5.1.2.

2 Realisations and extensions

2.1 The Laguerre upper-triangular ensemble

We use the term complex Wishart matrix to refer to a random matrix of the form
W1TW with W containing complex Gaussian entries with mean and standard deviation to
be specified. Furthermore, for any M x N matrix A, we denote A,,«, as the m x n matrix
consisting of the upper-left m x n block of A. We are interested in a particular complex
Wishart matrix, due to Adler, van Moerbeke and Wang [2], which is parametrised by
non-negative integers aq, ..., ay satisfying

1401 <2+a3<---<N+ay <M, (2.1)

o4 [ N[O 1/2] +aN[0,1/2], 1 <j<k+ay
k= 0, otherwise.

All nonzero entries of X are therefore standard complex Gaussians. Moreover, the
condition (2.1) implies all entries on and above the diagonal of X are non-zero. Due to
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its relationship to a certain family of special functions by the same name, the ensemble
of matrices X]TWMXMXH, (n=1,..., M) was referred to in [2] as the multiple Laguerre
ensemble. Our first result is to specify an upper-triangular matrix obtained from X by
a sequence of Householder transformations. Such transformations were introduced
into random matrix theory in [51], [48], and furthermore underpin the construction of
B-ensembles as formulated in [21].

We denote by I'[k, o] the gamma distribution, specified by the density function
(o F/T(k))tF—te t/, (t > 0). Let Y = [y;i]jr=1..~ be an upper-triangular N x N
random matrix with all entries independent. The strictly upper-triangular entries are
distributed as standard complex Gaussians, and the diagonal entries are real positive
random variables with distributions depending on parameters «;, > —1 specified by

|y k| iI‘[ak +1,1], orequivalently 2|y x|? ixg(%+1), (k=1,...,N). (2.2)

We say that Y is a random matrix in the upper-triangular ensemble, and that Y'Y belongs
to the Laguerre upper-triangular ensemble.

Proposition 2.1. The random matrices XJTWMXMM, XJTMXQXMXQ, XJT\MNXMxN
and Y}, Y1, Yy oYx2, -, Y, yYnxn have the same joint distribution. In particu-
lar, the eigenvalues of XL[MXMM,XLXQXMXQ, - 7X;rux]\,)(k“]\; have the same joint
distribution as the eigenvalues of Y]f,lele, Y;,XQYNXQ, ce Y]:r,xNYNxN.

Proof. Recall that a complex Householder reflection matrix acting on the left of the
M x N matrix X has the form

U=Ty —2aal,

where T denotes the operation of complex conjugate and transpose and # is a M x 1
complex column vector with the property that @' - @ = 1. This latter requirement implies
UTU =1,,, so U is unitary. Geometrically U corresponds to a reflection in the complex
hyperplane orthogonal to @ .

To prove the proposition, we construct a sequence of M x N random matrices
X0 = x x® XN and a sequence of M x M random Householder reflection
matrices UM, ..., UM) inductively. The matrix U®) is determined by X~ and X (+1) =
v x® (1 = 0,1,...,N — 1), where X satisfies: (1) the (j, k) entry is zero for
kE<j<Mifl<k<l,ork+a,<j<Mifl <k < N;(2)the diagonal (k, k) entry is
real positive and its square is in I'[a + 1, 1] distribution if k¥ < I; (3) all other entries
are in complex standard Gaussian distribution. By the method of construction to be
detailed below, the block of X V) consisting of the first N rows is such that X I(VNX) N y,
and all entries in the last (M — N) rows of X() are zeros. Thus the joint distribution
of (X](VJI\;)”)TX](J[VX)H forn=1,..., N is the same as that of Y},XTLYNM. On the other hand,
X is a function of X and for any n, (X\V) VX = X1 Xu/.n. Except for the
construction of { XV}, this finishes the proof.

We now give an algorithm for the construction using induction. For any{ =0,..., N —
1, by the induction assumption X () = [x%] J=1M is well defined and xglg 4 With j =
l+1,...,l+ 1+ oy are in independent compiex standard Gaussian distribution. We
denote the (1 + «a;41)-dimensional vector

=(+1) _ (.. O] ) T
Z = (lz+1,z+1’xl+2,z+1v e 7$l+1+a1+1,l+1)

We construct the Householder reflection matrix U+ using @(*"), which is a concate-
nation of an /-dimensional zero vector, an (1 + o, ;)-dimensional vector 7!*1), and an

EJP 22 (2017), paper 54. http://www.imstat.org/ejp/
Page 5/43


http://dx.doi.org/10.1214/17-EJP62
http://www.imstat.org/ejp/

Muttalib-Borodin ensembles

(M —1—1— a;;)-dimensional zero vector. Here the vector 7!*1) is defined as the unit
vector

‘Si

, where @ =z!TY —(|z¢+Y0,...,0)7,

g

if #*+1) =£ 0, and is defined simply as (1,0,...,0)T if z+D = 0.

From the definition of U*Y), and recalling X ‘1) = U+ X" it is clear that X (¢+1
and X are identical in the upper block consisting of the first [ rows and the lower
block consisting of the last (M — ! — 1 — ;1) rows. In the middle block consisting of
the remaining 1 + ;41 rows, the left part consisting of the middle part of the left-most
I columns of X are zeros, so they remain zero in XU+ The entries of X in the
right part of the middle block consisting of the right-most (N — [ — 1) columns are in
independent complex standard Gaussian distribution, and they are all independent of
@1, So after the left multiplication by U(+1), the entries of X (‘1) in that part of the
middle block are also in independent complex standard Gaussian distribution by the
rotational invariance of random Gaussian vectors. The (I + 1)-th column of the middle
block becomes (||#/*+1)|,0,...,0)7, so its first entry is positive and the square of the first
entry is in I'[ay + 1, 1] distribution, while all other entries are zero. Hence each X (‘+1)
satisfies the required properties, so finishing the proof by induction. O

Remark 2.2. Since we are interested in the spectral properties of X]1;4><nXM><n in the

multiple Laguerre ensemble of [2], and by Proposition 2.1 they are identical to Y]I[XRYNM
with a,...,ay restricted to some subset to their domain, we can think of the upper-
triangular ensemble as a generalisation of the multiple Laguerre ensemble.

The upper-triangular matrix Y distributed as in (2.2) with
a; =0(j—1)+c (j=1,...,N), (2.3)

has recently been shown by Cheliotis [17] to have the PDF for its squared singular values
given by the Laguerre Muttalib-Borodin ensemble (1.1) with weight (1.5). For this to
relate to our construction from complex Gaussian matrices according to Proposition
2.1 we must have 0 and c non-negative integers. Thus in this circumstance we have
identified a realisation of this ensemble as the eigenvalue PDF of a Wishart matrix.

Corollary 2.3. Consider the matrix X as defined below (2.1), and with 8,c € Z>, let o;;
be specified as in (2.3). We have that the eigenvalue PDF of the Wishart matrix XX is
given by the Laguerre Muttalib-Borodin ensemble (1.1) with weight (1.5).

Corollary 2.3 is a special case of Corollary 2.8(a) below. Additional details of the
spectral properties of XX, or equivalently according to Proposition 2.1, of Y'Y with
the parameters «; of integer values, beyond the joint distribution of the eigenvalues
have been given in [2]. In particular, we can read off from the multiple Laguerre part of
[2, Thm. 1] the explicit functional form of the conditional distribution of the eigenvalues
of Y]I,XnYNXn, given the eigenvalues of Y]i,x(n_l)YNX(n,l), where Y),,, denotes the top
p x q sub-block of Y. Below we show that the results can be generalised to arbitrary
upper-triangular random matrices Y with real-valued o; > —1. The proofs are similar to
those in [2] and we mainly emphasis the differences.

Proposition 2.4. Let the V x N random matrix Y be in the upper-triangular ensemble
with diagonal entries specified by (2.2). Denote by {A1,..., A, } and {u1,..., n—1} the

eigenvalues of YJI,XnYan and Y;,X (n— 1)YNX(H_1) respectively in descending order. The
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conditional PDF of {\y,...,\,}, with {u1,..., u,—1} fixed and distinct, is equal to

pn,n—l({)‘j}?zh {:uj ;Lz_ll) =

n n—1
1 _ —oy,— H1< j<k< ()‘j - )‘k)
- I I A\ong Ak |IPJ an 1em Sjy<ksn . (2.4)
[(om +1) 2% g Py : [h<jcrcn—(py — 1)

subject to the interlacing constraint
AL > A > > 2 Ay 2 0. (2.5)

Actually we can prove a slightly stronger result:

Lemma 2.5. Let A = (a; ;) be an (n — 1) x (n — 1) matrix with the eigenvalues of ATA
being {1, ..., pn—1} in descending order. Define the n x n matrix B = (b; ;) by letting:
(1) the (n — 1) x (n — 1) upper-triangular block equal A; (2) the bottom row has all
entries but the rightmost one equal 0; (3) all entries of the rightmost row be independent
random variables, such that the (n,n)-entry b, ,, is real positive with |b,, ,, | 4 Do, +1,1],
and all other entries in the row are in standard complex normal distribution. Then the
eigenvalues of BT B, denoted by {)\1, ..., \,} in descending order, satisfies the interlacing
constraint (2.5) and have the distribution given by p, n—1({\;}7_1, {1 ;‘;11) in (2.4).

Proof of Lemma 2.5. A key point is that
BB' = Buin-1)B (,_1) + 75, (2.6)
where §7 = (b1.n, b2, .-, bnn)T . The distribution of by ,, implies that
b2 LT 1] (k=1,...,n—1), |bonl> <oy +1,1]. 2.7)

Moreover there exists an (n—1) x (n—1) unitary matrix V' depending on A = B(;,_1)x (n—1)
such that
(V S I[l)BnX(n—l)BlX(n_l) (V D ]Il)Jr = diag[ula <oy Hn—1, O]a (2.8)

where
Vv On-1)x1

Vol =
“h O1x(n-1) 1

Using the property that the multiplication of a unitary matrix and a vector of independent
standard complex Gaussians yields another vector of independent standard complex
Gaussians, we have that the vector 7 = (21,...,z,)? defined as

Z=Vel)y

has the properties that all its components are independent, z4, ..., 2,_1 are in standard
complex normal distribution, and

122 ST, 1] (k=1,...,n—1), and z, = byn.
Conjugating both sides of (2.6) as in (2.8), we have that
¢PDF B' B = ¢PDF BB' = ¢PDF (diag[ul, s i1, 0] & 52*) 2.9)

where ePDF denotes the eigenvalue PDF.
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By a standard manipulation of the characteristic polynomial, one can show that the
eigenvalue equation for the matrix on the RHS of (2.9) is given by

_ B RS
0_1+<— . +;uk/\)' (2.10)

The distribution of the roots of this rational function, with residues distributed according
to (2.7), and thus the conditional PDF of {)\,..., A, }, can now be read off as a special
case of [26, Cor. 3], and (2.4) with interlacing constraint (2.5) follows. O

Knowledge of Proposition 2.4 allows us to rederive the result of Cheliotis [17] noted
below (2.3). We will require the use of a particular multiple integral evaluation.

Lemma 2.6. Let R<) denote the region (2.5) for (y1,...,t,—1), and suppose oy, # o,
(k=1,...,n—1). We have

n ’VL—l
T TT ot det[ug* ) nmr 1 dpa - - dpn
=1 R<x =1
n—1 1
= H 7(21613[)\?19]]',]@:1 _____ n- (2.11)
kel ap — Qp
Proof. We have
n—1
TT e det ]t ms = et [ (212)

1=1
Since the dependence on y; is entirely in row j, the integration over A; 1 > p; > A; can

be done row-by-row. Furthermore, by adding row 1,...,7 — 1 to row j the integration
can be taken to be over A\; 1 > u; > A;. Applying this operation to (2.12) gives

ﬁ _r det[ASET o — AT,
P ap — j+1 1 J,k=1,...n—1-
But

det[)\?jl_a" — AT k=11 = det[/\?k_a"]j,k:L...,m
as can be seen by subtracting the first row from each of the next rows in the determinant
on the RHS, then expanding by the final column to obtain the LHS. Thus (2.11) now
follows. O

Remark 2.7.Let A = (A, \s,...,A\y) denote a partition [50, Chap. 7]. The Schur
polynomial can be defined by

B det[x;‘N_"’“+k71]j,k:1,...,N

S,\($1,...,JJN) B H1gj<k§1v($€k *l'j)

, (2.13)

which in fact is well defined for any N-array A\. With N =n—1, set Axy_x4+1+k = ar —
and define ™Y = (a,,_1 —ap —n—1,0p_0 —ay, —n+2,...,a1 — o, +1). Substituting
(2.13) in (2.11) gives

/ H (ke — ) Saen—1) (H1y - ooy fhn—1) dpty - dpin 1
R 1<jck<n—1

n—1
1
=I=—— ] Qx=M)samOi,.. o 0n), (2.14)
Qp — Qp :
k=1 1<j<k<n
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where @™ is the n-array formed from the (n — 1)-array a1 by appending 0 to the
end. This is a special case of an integration formula from the theory of Jack polynomials
[46, 36, 32]; see also [23, Eq. (12.210)].

Corollary 2.8. Let the N x N random matrix Y be in the upper-triangular ensemble
with diagonal entries specified by (2.2).

(a) [17] Foralln =1,...,N, the eigenvalue PDF onIT,XnYNXn —v! Y, «n, denoted

nxn

by A(®) = {)\3"), o )\5;”)} in descendent order; is equal to
pa(A, L A =

cit (ﬁ

H1<]<k<n(aﬂ 1

(n) N N ..
o ) H ()‘§' - ))det[()\§- N ket

1<j<k<n

(2.15)
where

Cn=[]T (e +1). (2.16)

In the special case the «; are given by (2.3) this reduces to

n

n n 1 n)\e — (n) n n n n
oA A = = TTOe ™ T 87 = A5 = )",

no.e 15y 1<j<k<n
(2.17)
where .
Crbe= Hr (I—1)+c+1) =1/ Hz' (2.18)
=1 =1

(b) The joint probability density function of \(V, X?) ... AN) js equal to

2

p(A(l),.-.,A( )):7 H (A§N) H N) N AL

N <j<k<N n=1

N—
H <H /\(n Gn—Cnt1— 1) 1)\(n>j/\(n+1>, (2.19)

=1

where C,, is defined in (2.16), and 1,<, is the indicator function of the region that
satisfies inequality (2.5).

In case that some «; are identical, we understand the formulas in the limiting sense with
I'Hoépital’s rule.

Proof of Part (a). We prove the case that «; are distinct, and the general result follows
by analytical continuation.

In the case n = 1 we see from (2.2) that the PDF of the unique eigenvalue /\51) is
equal to I'(ay + 1)*1()\51))0‘16*)‘9), which is the n = 1 case of (2.15). Let us now assume
that (2.15) is valid in the case n — 1. Next we prove the n > 1 cases by induction.
For notational simplicity, we denote AZ(-") by A; and )\Z(-”fl) by ;. Recall the conditional
PDF ppp—1({A; 1oy, {ns Yi=1) of {A1,..., An} with fixed {y1,...,n—1}, such that the
interlacing condition (2.5) is satisfied, defined in (2.4). Our task is to show that with R

the domain of {u1, ..., tin—1} given by (2.5),

/R pn,n—l({Aj}?:17 {,uj}?:_ll)pn—l(,ula e 7/1%—1) d,ul e d,un—l = Pn(/\h ey /\n) (220)
<X
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Substituting for the integrand, then making use of Lemma 2.6 shows that the LHS is
equal to

n

1 1 1 A
- H - H ek H (Aj = Ak) det[AT* ] k=1,...n
Chn-1 F(an + 1) 1<j<k<n Q= Qg o 1<j<k<n

Comparison with (2.15) and recalling (2.16) shows that this is precisely the RHS.
To deduce (2.17) from (2.15) we make use of the Vandermonde determinant identity

[T (zx—=)) = detfat "] pmr . n- -

1<j<k<n

Proof of Part (b). By Lemma 2.5, we have that the eigenvalues ("), A\ ..., X() consti-
tute an inhomogeneous Markov chain with the transition probability density function
from time n — 1 to time n given by (2.4). Thus the joint distribution function of \(")
(n=1,...,N) is obtained by multiplying (2.4) repeatedly. The argument is the same as
the proof of [2, Cor. 1] and we omit the details. O

Remark 2.9. In the special case § = 0 of (2.3) we have from (2.2) that 2|y x|? 4 Xg(c+1)
independent of k. Taking the limit & — 07 in (2.17), we have that the corresponding
eigenvalue PDF is equal to [17]

T [TXe™ ] = A)(og s —log Ag). (2.21)
=1 " k=1

L(c+1) 1<j<k<n

From the joint probability distribution function (2.19), we have, as a natural generali-
sation of [2, Thm. 3(c)]:

Proposition 2.10. For matrices in the the upper-triangular ensemble, let the eigenval-
ues A1, ... A(") be defined as in Corollary 2.8. The eigenvalues AV, ..., \(N) constitute
a determinantal process, and the correlation kernel of A(") and \("2) is given by

-1 xfwflyw
K ; = 5 n dwlycylp, <n
(1, z3n2,Y) Omi Hl—2n1+1(w ) Wlr<ylni<ng
T 1 wl‘\ 1 ni _
%dz% dw E+DIlma=ar) 5o
2m T(w+1) T2 (w— )
where I',, is a contour enclosing ag, ..., ay, while X is a Hankel like contour, starting at
—oo — 1€, running parallel to the negative real axis, looping around the point z = —1 and

the contour I, and finishing at —oo + i€ after again running parallel to the negative real
axis, see Figure 1.

Figure 1: Schematic figures of I',, and .

The proof of the proposition is by a standard argument for determinantal processes
based on the joint probability density function (2.19). In [2, Thm. 3(c)], the proposition
for non-negative integer «; under condition (2.1) is proved. Since the proof does not use
these additional conditions, it is also a complete proof to Proposition 2.10.
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2.2 The Jacobi upper-triangular ensemble

Adler, van Moerbeke and Wang [2] considered the joint eigenvalue PDF of a sequence
of random matrices

jn = (X}LWXTLXMXH)(A}LW’XHAMlxn + X&XnXMXn)_l

T i -1 -1 (2.23)
:(AM’XnAM’Xn(XMXnXMXn) —|—Hn) , n=1,...,N

where X, is the left M x n sub-block of the M x N matrix X specified by (2.2),
while Apsy,, is the top M’ x n sub-block of the M’ x N matrix A which has all elements
independently distributed as standard complex Gaussians. Here it is required that M > n
and M’ > n. Due to its relationship to particular multiple orthogonal polynomials, this
was referred to as the Jacobi-Pifieiro ensemble.

We consider in this section a Jacobi-type counterpart of the random matrix ensembles
Y[lLanYNXTL in Section 2.1. To this end, we use the NV x N random matrix Y specified in
Section 2.1 above Proposition 2.1, and denote the N x N random matrix Z, which is
also in the same upper-triangular ensemble as Y. Let Z = [z, 1], x=1,....n be an upper-
triangular N x N random matrix with all upper-triangular entries independent, the
diagonal entries be real positive with distributions depending on parameters G > —1

d . d
2kl =T[Bk +1,1], orequivalently 2|z x> =x55,41), (k=1,...,N), (2.24)

and all entries strictly above the diagonal be complex and in standard complex Gaussian
distribution. Then define foralln=1,...,N

Tn = (VinYnsxn)(Zhsn Znsin + Vi Yiven)

= (ZNnZnsxn (Vi Ynxn) t + 1) 7 225
( Xn NX”( Nxn NXTL) + 71) B

where Yy, (resp. Zn«n) is the left N x n sub-block of the N x N matrix Y (resp. Z).
Note that both jn and J,, depend on parameters «1,...,a, > —1, J, also depends on
B1,...,0B, > —1and for J,, it is further assumed that ai,...,Q, are non-negative integers
satisfying inequality (2.1). We say that the matrices J,, form the Jacobi upper-triangular
ensemble.

Parallel to Proposition 2.1, we have

Proposition 2.11. Fix nonnegative integers ag, ..., ay such that (2.1) is satisfied and fix
Bi =M'—i(i=1,...,N), and consider J, and jn defined by (2.25) and (2.23) respectively
with the same parameters a4, ... a,. Then the joint distribution of jl, jQ, R Jy is the
same as the joint distribution of Ji, Js, ..., Jy. In particular, the joint distribution of
the eigenvalues of Ji,...,J, is the same as the joint distribution of the eigenvalues of
Jl, ey JN

Proof. The proof is analogous to that of Proposition 2.1, and we divide it into two steps.
As a bridge between J,, and J,,, foralln =1,..., N we define

jn = (YJlLTXnYNXH)(A&’XnA.Ir\/[’Xn + Y]:r/XnYNXn)il' (226)

Recall the sequence of random matrices X(® = X, XM .. X() and random House-
holder matrices U™, ..., U™) constructed in the proof of Proposition 2.1. We have that
foralln=1,...,N, (Xl(\fIVX)n)TX](\fIVX)n are independent of A, and they have the same joint

distribution as YJT,MYNX”. So the joint distribution of .]A,,L is the same as that of
TN = (X300 X510 (A Angrn + (X370 T XG0 7
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On the other hand, X") is a function of X and (Xj(évx)n)TXJ(\jVX)n = X}, Xarsn, SO J)
is identical to J,, given that X and A are the same. Thus we have showed that the joint
distribution of jn is the same as that of jn.

Next, since A is also in the upper-triangular ensemble, we use the same algo-
rithm in the proof of Proposition 2.1 to construct a sequence of random matrices
AO = A AM AW and random Householder matrices V), ..., V() such that
At — (041 A(") and A(™) satisfy the same conditions as X (") but with the parame-
ters M, aq,...,ay replaced by M', 3y = M’ —1,...,8xy = M’ — N. We have that for all
n=1,...,N, each (AE\ZV,)M)TASV]X)XH is independent of Y, and they have the same joint
distribution as Z]T\,XnZ Nxn- 50 the joint distribution of J,, is the same as that of

jr(LN) = (YIEXHYNXH)((AE\JTVQn)TA%\Qn + Y]:ernYNX”)il'

On the other hand, AN is a function of A and (A%]}[,)Xn)TAg\%)Xn = Al Arrsn. So
J,(LN) is identical to J,, given that Y and A are identical. Thus we show that the joint
distribution of J,, is the same as that of J,,. O

The following proposition is the Jacobi counterpart of Proposition 2.4, and its proof is
analogous to that of the Jacobi-Pifieiro part of [2, Thm. 1].

Proposition 2.12. Let the N x N random matrices Y and Z be in the upper-triangular
ensemble with diagonal entries specified by (2.2) and (2.24), and thus with parameters
aq,...,ay and fBi,..., By respectively. Denote by {\1,...,\,} and {u1,...,pn—1} the
eigenvalues of J,, and J,,_; respectively in descending order, where J,, and J,_; are
defined in (2.25). The conditional PDF of {\y,...,A,}, with {g,..., ptn—1} fixed and
distinct, is equal to

I(ay + Bp +n+1)
[(on + 1)T(Bn +1)

x ﬁ Apm (1= )% ﬁu‘a”‘l(l L Ll ki MOPY
i) § -1 : [h<jcran—(ty = hr)’

pn,nfl({)‘j}?:h {:U’J ?;11) =

subject to the interlacing constraint
1>2M2>2m>2A>pp > 22 >0 (2.28)

Analogous to Proposition 2.4, we actually prove a slightly stronger result:

Lemma 2.13. Let C,,_1 = (¢; ;) and B,_1 = (b; ;) be (n —1) x (n — 1) invertible matrices
such that the eigenvalues Of(OjL_lcn—l)(Bl_an_l +Cl_10n_1)‘1 are {1, ..., jin_1} in
descending order. Define the n x n matrix C,, (resp. B,,) by letting: (1) the (n—1) x (n—1)
upper-triangular block equal C,,_, (resp. B, _1); (2) the bottom row has all entries but

the rightmost one equal 0; (3) all entries of the rightmost column be independent random
variables, such that the (n,n)-entry c, ., (resp. b, ) is real positive with lennl? gF[om +
1,1] (resp. |byn|? gl"[ﬁn + 1,1]), and all other entries in the column are in standard
complex normal distribution. Then the eigenvalues of (C}C,,)(B} B,, + C!C,)~', denoted
by {\1,...,\,} in descending order, satisfy the interlacing constraint (2.28) and have
distribution given by p, n—1({\;j}j—1, {11 ;1;11) in (2.27).

Proof of Lemma 2.13. It is more convenient to consider for x =norn — 1,

T, = (BIB,)"'CiC, and R, = (C.B;YH)(C.B; "),
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and their eigenvalues {5\1, ce 5\71} for T,, and R,,, and {f1,...,fin—1} for T,,_; and R,,_1,
assumed in ascending order, noting that 7, and R, have the same eigenvalues. The
relations between \;, ji; and \;, u; are

Ai - M
-

It is straightforward to check that the proposition is equivalent to the statement that the
conditional PDF of {)\,...,\,} is equal to

) < D(an+Batn+1
Prn—1 (Ve (Y 521) = rgzn+f)1“(ﬁ: 1%

n n—1
H " (L4 A) Tt TT firom=H(1 4 fy)on +ontn Ihicjcneni = Ax)
k=1 =1 H1<]<k<n I(MJ ,u‘k)
(2.29)
subject to the interlacing constraint
O<A<fii<X<jp< <A (2.30)
For notational simplicity, we denote 5= (c1,n, 2.1, - - -»Cn-1n)" Z= 01,0, 02.n5 - -, b—1.0) 7,

1 = Cp,p, and ¢ = b, ,,. Then

Cn—lB;_ll C_l(g_ On—lB;—llz)

R, =Q'Q, where Q= -
@e @ (D1><(n71) n¢ !

Taking the singular value decomposition to C,,_ B!
unitary matrices U, V such that

Cn1B; ', =UDV™' where D =diag[\/fi1,--.,\/fin_1]-

1, we have (n — 1)-dimensional

Introducing

Ual, = |: U (D(n1)><1:| , Vol = |: \% (D(nfl)xl

O1x(n-1) 1 O1x(n-1) 1 ’
we have
—1 =
Q:(U@L)[ b ¢ ﬂ (Vel;) ', where w=U'j— DV 'z
(Dl><(n—1) n¢

Analogous to (2.10), the eigenvalue equation for the matrix R,, = Q'Q is given by

0=X+ <—+Z i [ ) (2.31)

ik — A

where the w;, are components of @. Note that |w; |2, ..., |w,_1|?,n?,(? are independent,
and their distribution functions are positive with densities

d 1 o —t 2d 1
= {t%¢ s = —_—
(o, +1) ¢ I'(Bn+1)

Comparing (2.31) with [2, Eq. (131)], and using the calculations in [2, Eq. (139)-(141)],
we prove (2.29). (In [2, Egs. (139)-(141)] the calculations are done for integer valued a.,
and S, which are denoted as M’ — n. But the method works also for real-valued «,, and
Bn-) O

a 1 ot _
jwi|* = ——e T, 1’ thnet

L+ fur
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This result can be used to derive the analogue of Corollary 2.8 in the Jacobi case.

Corollary 2.14. Let a4, ...,ay be arbitrary real numbers greater than —1 and
Br=0+N—Fk fork=1,...,N where g > —1. (2.32)
Let J,, be defined in (2.25) foralln=1,...,N.

(a) Then the eigenvalues of the random matrix J,,, denoted by A = {A§"), R /\5?)}
in descending order, is equal to

—1
(n) (n)y Cn

p (A ] /\n ) -

o H1<j<k<n(aj —ayg)

< [Ta-2) TT O = A7) det[(0) ™ e, (2:33)
k=1 1<j<k<n

where

(2.34)

ﬁ (o +1)I(B 4+ 1)
D+ B+ N+1)

In the special case that «; is given by (2.3) this reduces to

pn()\gn), oAy =

n

IO =AM TT 8 =AM - (), (2.35)

C
mbie g2y 1<j<k<n

where

DO =D) 4 e+ DTGB+ i1y TT 1
Cn,e,c—EF(Q(Z_1)+C+B+N+1) 0 1T (2.36)

(b) The joint probability distribution function of \(), \?) ... \() js equal to

N
pOD Ay = L T O - H (AD)an (1 — A(V))8

N<j<k<n

N n
H (H )\(n) n—an+1—1> 1)\(71)5A('ﬂ+1)7 (237)

i=1

where C,, is defined in (2.34), and 1,,<, is the indicator function of the region that
satisfies inequality (2.30).

In case that some «; are identical, we understand the formulas in the limiting sense with
I’'Hépital’s rule.

Proof of Part (a). We prove the case that the «a; are distinct, and the general result
follows by analytical continuation.

In the case n = 1, J; defined in (2.25) is equal in distribution to Xg(a1+1)/(xg(51+l) +
X%(al +1)). It is a classical result [30, Sec. 25.2] that this combination of random variables
is distributed according to the beta distribution Bla; + 1, 81 + 1] and thus has for its PDF

' + 1+ 2)

a1 _ \P1
Tl + DB+ 1) (1 =)™,
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in agreement with (2.33) with n = 1. Proceeding by induction, let us now assume that
(2.33) is valid in the case n — 1. For notational simplicity, we denote AE”) by \; and /\Z(-”fl)
by p;. Our task is to check the validity of

/J pn,nfl({)\j}?:la {,U/j}?;ll)pnflofblv cee 7Mn71) le/l T d/ﬁnfl = pn()\ly ey )‘n)v

PN

which is analogous to (2.20), but the integral domain Ri 5 for {p1,-., ptn—1} is defined
by (2.28), and the p,, p,—1 and p, ,—1 are defined différently. Recall the conditional
PDF ppp—1({A; 1=y, {ns Yi=1) of {A1,..., An} with fixed {1,...,un—1}, such that the
interlacing condition (2.28) is satisfied, defined in (2.27). Substituting for the integrand,
then making use of Lemma 2.6 shows that the LHS is equal to

1 TNap+Bn+n+1)
Cn-1 D(an)L(B, +1)

x H ; H(l - /\k)ﬁn H ()\7 — /\k) det[/\?k]ﬁk:l“”)n.

: Q5 — Ok :
1<j<k<n k=1 1<j<k<n

Comparison with (2.33) and (2.34) shows that this is precisely the RHS.
We deduce (2.35) from (2.33) in the same way as we deduced (2.17) from (2.15). O

Proof of Part (b). By Lemma 2.13, we have that the eigenvalues A\(), A® ... \(N) con-
stitute an inhomogeneous Markov chain with the transition probability density function
from time n — 1 to time n given by (2.27). Thus the joint distribution function of \(")
(n=1,...,N) is obtained by multiplying (2.27) repeatedly. The argument is the same as
the proof of [2, Cor. 1] and we omit the details. O

Remark 2.15. The assumption (2.32) that 3 are in arithmetic progression with common
difference —1 is crucial in the application of Lemma 2.6. By the symmetry of the model,
it is also possible to let 5; be arbitrary and «ay in arithmetic progression with common
difference —1.

From the joint probability distribution function (2.37), we have, as a natural generali-
sation of [2, Thm. 3(d)]:
Proposition 2.16. Let the matrices .J,, and the eigenvalues A(V), ..., A\() be defined as
in Corollary 2.14. The eigenvalues AL A constitute a determinantal process, and
the correlation kernel of A(") and A\("2) is given by
B -1 x—w—lyw
21 Jr, T, 2 (w0 = o

I Ty T(w+ B+ N+ D)(z+ 1) [[1L,(z — ax)
*am)? jédz 7€ T W T4 B+ N+ DM w+ 1) [0 —a) 238

K(m,m;ng,y) )dwlz<y1n1<n2

where
1. if 8 € Z, T',, is a positively oriented contour enclosing «a;,...,ay, while ¥ is a
contour going counterclockwise enclosing —1,—2,...,—(8 + N) and the contour
', and
2. if 8 ¢ Z, T, is a Hankel like contour, starting at —oo — é¢, running parallel to
the negative real axis, enclosing the poles w = — (8 + N + k) with k € Z, and
w = ay,...,ay, and finishing at —oo+-ie after again running parallel to the negative

real axis, while ¥ is a Hankel like contour that loops around T',,.
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The proof of the proposition is by a standard argument of determinantal process
based on the joint probability density function (2.37). In [2, Thm. 3(d)], the proposition
for non-negative integer 5 and non-negative integer «; under condition (2.1) is proved.
Since the proof does not use these additional conditions, it is also a complete proof to
Proposition 2.16. Note that in [2], only case (1) of the contours occurs.

It is possible to use Corollary 2.8(a) to give an alternative derivation of Corollary
2.14(a), in the case that if §1, ..., By satisfies (2.32) with 8 € Z™T. In this case we note
that the eigenvalue PDF of J,, is the same as the eigenvalue PDF of jn defined in (2.26),
where the height of the random matrix A is M’ = 3 + N. We also need a recent result
due to Kuijlaars and Stivigny [34]. Below we give the derivation without the tedious
calculation of the normalisation constant of the PDF.

Proposition 2.17 (Special case of [34, Thm. 2.1]). Let the matrix W be an n x n random
matrix such that W1/ has an eigenvalue PDF proportional to
I (o — ) det] o (@)])f iy (2.39)
1<j<k<n
for some { fy_1(x)}x=1,...n. Forv >0, let G be an (n+v) xn random matrix whose entries
are in independent standard complex Gaussian distribution. The squared singular values
of GW, or equivalently the eigenvalues of (GW)'GW, have PDF proportional to

IT (= v5) detlgrr ()]s (2.40)
1<j<k<n
where - J
- ve—ar (Y) 4T - _
gk(y)—/o xVe fk(x) — (k=0,...,n—1). (2.41)

In the application of Proposition 2.17, we let W = Yn_1 and G = Ajpyxn, such that

Xn

v=M —n=0,=08+N —n. In Corollary 2.8 we obtained the eigenvalue PDF of

YJXHKM“. From this, by the change of variables )\; — 1/z;, we have that the eigenvalue

PDF of WIW = (Y, Y,/

)1 is proportional to

n

H x;(nJrl)e—l/xk H (xg — ajj) det[m;ak]j,kzl,...,m

k=1 1<j<k<n
and so we can take

fe(z) = (D= 1/zpman,
Then substituting this in (2.41) gives that

gk(y) x yu(l + y)f(u+ak+n+1).

Hence we deduce that the eigenvalue PDF of (GW)IGW = (AnrsnYiih )T Anrrsn Yo,
which is the same as the eigenvalue PDF of
Sn = (Yr:rxn nxn)ilA;rw’anM’Xm

has its eigenvalue PDF pf(al, ...,0p) proportional to

[[of o=t T (o —oy) detl(1 +05) ] iy

=1 1<j<k<n
The eigenvalues {);} of J, and the eigenvalues {c;} of S, are related by

1
A= ——. (2.42)
0']‘ + 1

Changing variables to {/\j} according to (2.42) gives (2.33) up to the normalisation
constant C,,.
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3 The global density — characteristic polynomial approach

3.1 The Laguerre Muttalib-Borodin ensemble

Recent results [34, 24] have revealed an intimate relationship between random matrix
products and the Laguerre Muttalib-Borodin ensemble. To explain this requires the in-
troduction of a family of integer sequences — the Fuss—Catalan numbers — parametrised
by s € R and specified by

(k) 1 <3k+k

= =0,1,2,... 1
Sk+1 k )7 k 07 ) k) (3 )

For general s > 0 these are known to be moments of a PDF — the Fuss—Catalan density
— with compact support [0, L], L > 0[7, 41], and they uniquely define the PDF.

Consider first a product of s N x N matrices Xi,..., X, with each containing inde-
pendent, identically distributed zero mean, unit standard deviation random variables.
Alternatively, for one such matrix X; say, consider the power X7. In either case, ask for
the limiting spectral density of the squared singular values after dividing by N° — what
results is precisely the Fuss-Catalan density with parameter s [4, 7, 45].

Consider now the Laguerre Muttalib-Borodin ensemble defined by (1.1) and (1.5).

Let )\gN), e ,)\E\J,V) be the eigenvalues in the N-dimensional ensemble. As N — oo, by
standard techniques we have that the empirical distribution of the scaled eigenvalues
N —1)\§N), ...,N —1)\5\],\’) converges in distribution to a limiting probability distribution,

also known as the equilibrium measure of the model; see [20, Sec. 6.4]. The equilibrium
measure is characterised as the minimum of a variation problem; see Claeys and Romano
[18, Eq. (1.22)]. By interpreting the recent results of [18], Forrester and Liu [24]
have identified the global density (i.e. density scaled by an appropriate power of N to
have compact support) for the Laguerre Muttalib-Borodin ensemble in terms of the
Fuss-Catalan density for general s > 1.

Proposition 3.1. Suppose 6 > 1 (this is for technical reasons in the working of [18]; in
[24] it is commented that the same result is expected to hold for all § > 0 and in fact
this has recently been established in [25]). After changing variables x,(CN) = ()\,(CN)/(NG))Q

where )\SN), ceey )\E\J,V) are the eigenvalues in the Laguerre Muttalib-Borodin ensemble

defined by (1.1) and (1.5), the empirical distribution of ng), . ,xg\],v) converges to the
Fuss—Catalan density with parameter § as N — co.

In particular, this shows a relationship between the product of s random matrices
and the Laguerre Muttalib-Borodin ensemble with # = s (see also [34] and the appendix
in [25]). Here we will demonstrate the relationship in a different way, by considering
the characteristic polynomial of the latter after the change of variables (1.4). The proof
of Proposition 3.1 via Claeys and Romano’s approach is valid for all # > 1 at least, but
depends on the construction of a mapping J(s) [18, Eq. (1.25)], so it is unclear if it can
be applied to the Jacobi case. On the other hand, the approach presented below is valid
only for § € Z*, but it does generalise to the Jacobi case.

Crucial for the alternative proof is knowledge of certain biorthogonal polynomials
associated with (1.1) where V(x) is given in (1.5). Thus for given j = 0,1,2,... let
p;(x), ¢;(x) be monic polynomials of degree j, and suppose these polynomials have the
biorthogonal property

/ eV Op;(@)qe(a?) dw = hjb,  hy >0, (3.2)
0

where the positivity of h; follows from the positivity of the integral over (1.1), because
nlhohy - - - h,—1 is equal to the integral over (1.1). Let Py ¢ denote the PDF specified by
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(1.1). Straightforward working (see e.g. [23, Prop. 5.1.3]) shows that

<ﬁ<x “AM)) = o), <ﬁ<x S, =av) @3

=1 ! =1

Since Proposition 3.1 requires the change of variables (1.4), we see that gy(x) is
equal to the corresponding averaged characteristic polynomial. For the Laguerre weight
(1.5), the explicit form of g (z) is known from a result of Konhauser [33]. A relation
between gy (z) and generalised hypergeometric functions is observed in [49]. We will
use the standard notation , F, to denote the generalized hypergeometric function defined
by a series as presented in e.g. [39, Sec. 3].

Proposition 3.2. For the Laguerre weight (1.5), the biorthogonal polynomials {g;(x)}
in (3.2) are given by

l

Qj(x) ( )JF 0j+c+1 ; ( >9l—|—c+) (3.4)

In the case that # € Z™, use of the duplication formula for the gamma function shows

that .
gi(z)=C- 1F9< N ;;) (3.5)

(c+1)/0,(c+2)/6,...,(c+0)/0

where C is independent of « and chosen so that ¢;(z) is monic.

Below we will make use of the standard fact (see e.g. [39, Sec. 5.1]) that the general-
ized hypergeometric function , F, ( """ “f’ |:r) satisfies the differential equation

e H ( —|—an) - H ( 1)f. (3.6)

Also, we require a technical result relating to the convergence of the Stieltjes transforms

of the empirical distributions of /\gN), ey /\S\],V).

Lemma 3.3. For all z in a compact subset of C \ [0,0), as N — oo, uniformly

0
pdue (- (5 ) e

n

(3.7)
— [ 1ogz - 3) dii (@)
J

where du" denotes the equilibrium measure, J is the corresponding support,~d/1L
the measure transformed from du* by the change of variable & = (z/60)°, and J is the
support of dii".

The proof of Lemma 3.3 is similar to [20, Lem. 6.77]. Note that in [20] it is required
that the function ¢, corresponding to the function log(z — (x/6)?), is a bounded function
in x, while our log(z — (x/6)?) is not. But since the growth of the function as z — oo
is mild, the argument there can be applied. Note that for z in a compact subset of
C\ [0, 00), the convergence in (3.7) is uniform, since the functions are uniformly bounded
and equi-continuous. So if we take derivative on both sides of (3.7), the convergence still
holds. Comparing the left-hand side of (3.7) with the formula (3.3) for ¢, we have that

(NO)? gy () =GMz), zeC\[0,00), (3.8)

EJP 22 (2017), paper 54. http://www.imstat.org/ejp/
Page 18/43


http://dx.doi.org/10.1214/17-EJP62
http://www.imstat.org/ejp/

Muttalib-Borodin ensembles

where .

- dil (%

G (z) = / dpi=(7) (3.9)

j zZ—x

is the limiting resolvent (or equivalently Stieltjes transform) of the measure dfi. Below
we show that G(z) satisfies a polynomial equation which uniquely characterises the
Fuss—Catalan distribution.
Proposition 3.4. Transform the Laguerre Muttalib-Borodin ensemble according to (1.4).
Define G*(z) by (3.9) so that it is equal to the resolvent corresponding to the global
scaled density, scaling z = (N¢)?2. For § € Z* we have that

2(2GY(2) — 1) = (2G*(2))0+L. (3.10)

Proof. First we note that the convergence (3.8) and (3.9) yields that as N — oo, for

2 e\ [0,00),
N((NO)P2) = exp <N (/ GL(2)dz + C + 0(1)>) ,

where o(1) is an analytic function in z that vanishes uniformly for z in any compact set of
C\ [0,00), and C is a constant. The asymptotic formulas below are thus justified.

Suppose 2 = O(N?) and argz € (0,27), then to leading order in N, after substituting
for {a;}, {b;} as implied by (3.5), we see that (3.6) reads

T R

Now change variables x = (N#)?z, and let q%“) () denote the k-th derivative of gy (z).
Working contained in [24, above Prop. 5.1], establishes that under the validity of (3.8),

d* 0 (k)
axan ((NO)°z) ko dn (%)
(o)~ V)

(note that (3.8) itself is the case k = 1; the general k case follows by expressing higher
derivatives in terms of the logarithmic derivatives). Using this in (3.11) gives (3.10). O

k(AL k
z=(N0)bz N (G (Z)) (312)

Remark 3.5. (i) The large z expansion
2GH(z) = Z m—k (3.13)

where m% denotes the k-th moment of the global scaled spectral measure, substi-
tuted in (3.10) shows that rhk is equal to the k-th Fuss—-Catalan number (3.1) with
s = 6. The details of the required calculation can be found in e.g. [24, paragraph
beginning with eq. (2.4)].

(ii) The spectral den31ty is the %]lobal scaled limit of the one-point correlation function.
Let )\( ) = = A, )\2 . be the eigenvalues in the N-dimensional Laguerre
Muttalib-Borodin ensemble. Then the one-point correlation function is (we sup-
press the N-dependence in the notation p(1))

)\):N/ d)\(QN).../ AV py (A A, A, (3.14)
0 0

where py is the PDF implied by (1.1) with the Laguerre weight (1.5). The scaled
spectral density, as N — oo, converges to the equilibrium measure in distribution:

du"(z) = Jim py (Nw)da, (3.15)

where d,uL is the same as in (3.7).

EJP 22 (2017), paper 54. http://www.imstat.org/ejp/
Page 19/43


http://dx.doi.org/10.1214/17-EJP62
http://www.imstat.org/ejp/

Muttalib-Borodin ensembles

(iii) The resolvent GL(z) defined in (3.9) can be expressed by the limiting spectral
density/equilibrium measure of the Laguerre Muttalib-Borodin ensemble as

L Xz
GL(Z)/JZCZ_"(;/G))Q. (3.16)

There is another viewpoint on deducing the global spectral density from knowledge of
(3.5). This makes use of a recent result of Hardy [29], which subject to a mild technical
condition [29, Eq. (1.12)] states that characteristic polynomials coming from a class of
determinantal point processes including the multiple orthogonal polynomial ensemble
under present discussion (see [29, Sec. 1.4]), the limiting density of zeros equals the
limiting global spectral density. On the other hand, the limiting density of zeros for the
generalised hypergeometric function | Fy in (3.5) has been shown by Neuschel [44] to be
given by the Fuss—Catalan density with parameter s = 6. (Strictly speaking the result
of [44] assumes the bottom line of parameters in (3.5) to be positive integers. Since
the leading asymptotics are independent of these parameters, it is expected that this
assumption in [44] is not necessary.)

3.2 The Jacobi Muttalib-Borodin ensemble

As with the Laguerre weight (1.5), for the Muttalib-Borodin ensemble with Jacobi
weight (1.6), we also let /\gN), ey /\S\],V) be the eigenvalues in the N-dimensional ensemble.
As N — oo, by standard techniques, we have that the empirical distribution of the
eigenvalues converges in distribution to a limiting probability distribution, also known as
the equilibrium measure of this model. The equilibrium measure can be characterized as
the minimum of a variation problem analogous to that for the Laguerre case, and from
this, in the recent work [25] the moments of the corresponding density have been given
in terms of certain binomial coefficients (see Proposition 3.10 below). Analogous to the
Laguerre ensemble, there is a corresponding system of biorthogonal polynomials. For
Jj=0,1,2,..., let p;(z), gj(x) be monic polynomials of degree j, and with weight V' (z)
defined in (1.6) suppose these polynomials have the biorthogonal property analogous to
(3.2),

1
/ eV Opi(2)q(a?) dx = hjd;p, by > 0. (3.17)
0

Let Py ¢ denote the PDF specified by (1.1) with V specified by (1.6) and 0 < A; < 1. Then
(3.3) also holds in the Jacobi ensemble with corresponding different meanings of py, gn
and Py . Below we state algebraic results on the biorthogonal polynomials analogous
to Proposition 3.2. Again we will focus on the polynomials ¢;(z).

Proposition 3.6. [16, 15, 40] For the Jacobi weight (1.6), the biorthogonal polynomials
{gj(x)} in (3.2) are given by

, (1+c1)o; J z(j) I+c+c+ia
() — (—1) 1 - 3.18
4@ =(=1) (I+c1+ca+3)os l:O( v teda oY

where (a), := I'(a + p)/T'(a). In the case that 6 € Z*, use of the duplication formula for
the gamma function shows that

; F, , 3.19
4i(7) % o+1 "((c1 +1)/6,(c1 +2)/0,...,(c, +0)/0]" (3.19)
where § := 14 ¢ + ¢ + 5.

Also we have the analogue of Lemma 3.3.
EJP 22 (2017), paper 54. http://www.imstat.org/ejp/
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Lemma 3.7. Forallz € C\ [0,1], as N — oo,

lim 1 i ANNY?) ) = I ?)dp
Jm o TT (== 06")) —/M og(z — ")y (x)

(3.20)
— [ g - 2)di @),
0,1]

where dy’ denote the equilibrium measure of the Jacobi ensemble and dji’ denote the
measure transformed from dy’ by the change of variable # = z°. Note that both dyu’ and
dji’ have support [0, 1].

The proof of Lemma 3.7 is similar to [20, Lem. 6.77], and we omit the details. From
Lemma 3.7, we derive the counterpart of (3.8), that

i‘ﬂv(z) ~J
NgnooNqN(Z) =G'(z), AxeC\][0,1], (3.21)
where i
G(2) :/ d“_(gf) (3.22)
[071] z xr

is the limiting resolvent of the measure dji’. Below we show that G”(z) satisfies a
polynomial equation that is similar to (3.10) characterising the Fuss-Catalan distribution.
Proposition 3.8. Transform the Jacobi Muttalib—-Borodin ensemble according to (1.4).

Define G”(z) by (3.22) so that it is equal to the resolvent corresponding to the global
density. For § € Z™ we have that

2(2G7(2) = 1)(2G7(2) + 1/0)% = (2G7 (2))7*1. (3.23)
Proof. Applying the identity (3.6) to (3.19) with j = N, we have, to leading order in N,
d d N\ ¢ d \0+1
z(zQ _ N) (za n y) an = (z$) an, (3.24)
while the analogue of (3.12) is
(k)
ay’ (2) k(A k
—_—— ~ N¥(G"(2))". (3.25)
par (G(2))
Use of (3.25) in (3.24) gives (3.23). O

Remark 3.9. (i) Taking the limit # — oo in (3.23) gives the nonlinear equation

(zéi(z) — 1) exp (ZC;(Z) — 1) = —i. (3.26)

By definition, the Lambert W-function W (z) is the principal branch of the functional
equation z = W(z)e" (%) defined in C\(—oco, —e~!), and thus we have in this case

71:W(fi). (3.27)

lim ———

0—o00 z(GJ ( z) ze

(ii) Generally we expect the global density associated with the weight (1.6) to be
independent of ¢; and ¢, provided those parameters are themselves independent
of N. On the other hand, the change of variables (1.4) shows that for finite N the
density p()(x), defined by (3.14) with px the PDF implied by (1.1) with the Jacobi
weight (1.6), has the functional property

p(l)(q;) - = 93}0_1,0(1)(1‘0) 1 (e141)/0-1,° (328)
- CQ:O,HHl/O

EJP 22 (2017), paper 54. http://www.imstat.org/ejp/
Page 21/43


http://dx.doi.org/10.1214/17-EJP62
http://www.imstat.org/ejp/

Muttalib-Borodin ensembles

(iii) For # = 1 (3.23) reduces to the simple quadratic equation (z — 1)(2G”(2))? = z
and thus 2G”(z) = 1/(1 — 1/2)/2, where we have imposed the requirement that
2G(z) — 1 as z — oo in choosing the root of the quadratic. Recalling (3.16),
this implies the well known functional form for the density in the classical Jacobi
ensemble (see e.g. [23, Prop. 3.6.3])

4 (y) = dp’ (y) = ~——

—dy,
™yl —y) /

A feature of (3.29) is that the moments are given in terms of a binomial coefficient,

0<y<l. (3.29)

== ())
— ——dy = — . (3.30)
mJo Vy(l—y) 22\ p
In fact it is possible to show that the moments of the density implied by the appropriate
solution of (3.23) are given in terms of binomial coefficients for general ¢ > 0.

By the definition (3.22) of G”(z), for |z| > 1 we have the expansion

. m)
. _ p
2G7(2) _ZZT’ (3.31)
p=0
where ;) denotes the p-th moment of /i’(x), analogous to (3.13). To compute {1} } we
are guided by the knowledge that the moments (3.1) corresponding to the density for
the Laguerre Muttalib-Borodin ensemble can be computed from the functional equation
(3.10) by using the Lagrange inversion formula (see e.g. [24, Sec. 2]). The setting of the
latter requires two analytic functions f(z) and ¢(z) in a neighbourhood 2 of a point a,
and ¢ to be small enough so that |t¢(z)| < | , z € Q. Tt tells us that the equation in ¢

¢ =a+tp(Q) (3.32)
has one solution in 2 and furthermore
)+ Z o a)((a)") (3.33)
1 o= 1 (a a . .

Proposition 3.10. Let # > 0 and L := (1 + 0)'t90~%, and define G”(z) as the solution of
(3.23) with the expansion (3.31) for 6§ > 0. We have

1+6

m) = L <( * )p>. (3.34)
p

Proof. Let 1/z = Lt and X = 2G”(z). Then by (3.31), X is a power series in 1/z and also

a power series in t. Simple manipulation of (3.23) shows

(14 2)0+!
(1+60z/(1+86))°

which is of the form (3.32) with a = 0. Applying (3.33) with f({) = ¢ and recalling (3.31)
shows that

X =tp(X), where ¢(z)=(1+6) (3.35)

(3.36)

:L7;D (1 —’—0)1) dp71 (1+Z)9+1 )p
0 p! dzP=1 (14 0z/(1+6))°
Using the binomial theorem to expand the two main factors on the right-hand side

in (3.36) into power series in z, then combining the coefficients appropriately to form a
single power series shows

i 1+9P”1 O+1)p\ [ —6p 9 \r—1-q
i) = O S ( , (174) (3.37)

q=0 —l-a

z2=0
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The sum can be recognised as a polynomial example of a particular ,F; Gaussian
hypergeometric function, allowing us to write

_ _,0P(1+06) [ —6p 1—p,—p(1+6)1+6
J Y S F ’ _— .
) (1) ( RN L ) (3.38)
The functional equation for the gamma function shows
— —1)p—1 1 -1
( 919): (=D)"'p (p( +0) ) (3.39)
p—1) p@+1)-1 P

Also, in general, it is a simple exercise to verify from the series definition of 5 F; that

20 —c+2+(a—b—1)z o
b—C+1 2F1(a7b+1ac7z)
b+1)(z—1)

b—c+1

2F1(a,b;c;2) =

2F1(a,b—|—2;c;z).

In the case of the o F} in (3.38) we have 2b —c+ 2+ (a—b—1)2=0, b+ 2 = ¢. Thus on
the RHS, only the second term contributes, and furthermore it can be simplified from
the fact that o F(a,b+ 2;b 4 2;2) = (1 — 2)~ %, implying the result

1—p,—p(1+0)1+6 p(1+60)-1
F —_— ) = (1) —_— 4
i 2t g )=(-1) o (3.40)
Substituting (3.39) and (3.40) into (3.38) we obtain (3.34). O

Remark 3.11. (i) With 1/z = Lt, the large z expansion of 2G”(z) is thus seen to be a
special case of the function

n

F(t) = i <O‘ +ﬂ”> . (3.41)

n=0

This is intimately related to Lambert’s solution of the trinomial equation x = ¢+ 2™
in a power series in ¢ [28]. In mathematical physics, there are applications of
(3.41), and its multivariable analogue, in the theory of anyons [5, 6].

(ii) As z — 0, we read off from (3.23) that (2G”’(2))’*! ~ —2z(1/6)?. Since the
corresponding global density is given in terms of the resolvent by di’ () =
LIm G7(x — i0)dz, it follows that

sin | 22—
di’ (z) ~ 9(9“>z—eild;c. (3.42)
T

0
z—0t 91

Up to the scale factor (1/6)%/(°+1), this is identical to the known = — 0 behaviour
of the global density in the Laguerre case [24, Cor. 2.4 withp=60+1, r = 1].

(iii) For # = 2 we have the explicit functional form [42]

i’ (@)],_, = 31+ v1-— 1’)1/33672/3 n 31+ v1-— 1’)71/335—1/3 di
: o=2 " 4dr\/3(1 — ) 4dr\/3(1 — ) '

The corresponding leading term behaviour for x — 07 agrees with that implied by
(3.42).
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In addition to the above remarks, we draw attention to a relationship between
the Jacobi Muttalib-Borodin ensemble and products of truncations of Haar distributed
unitary matrices. Let U; be a Haar distributed unitary random matrix of size m; x m;
and let T} be the corresponding (n+v;) x (n+v;_1), with v; > 0 and vy = 0, and m; > 2n
upper left block such that ¢ > 2n. Let G; denote a standard complex Gaussian matrix
of size (n + ;) X (n + v;j_1). According to the recent work [27], in the limit n — oo the
singular values squared of the random matrix product

Gy Gop1 T Th (3.43)

has a density such that its moments J, ; 1(n) are given by

Jrsa(n) = %(ﬂii:ly)nPﬁ‘iﬁ‘lﬁ"‘“ (;—Z) (3.44)

where
ap=rn+r+1, Bn=—(+1-sn—(r+2-s)

and P,ga‘ﬂ ) (z) denotes the Jacobi polynomial. It is also required that » > s and thus at
least one Gaussian matrix in the product. The immediate relevance of this work is due to
the fact that the moments (3.44) are shown in [27] to be such that w = a2G(z), where
G(z) denotes the corresponding resolvent, satisfy

w™ — 2(w —a)(w +1)* = 0. (3.45)

This is the same as our equation (3.23) with w/a = zG‘J, r=s=qa = 0. Indeed for these
parameters we can check that (3.44) reduces to (3.34), up to the form of the scale factor
L.

Subsequent to [27], the work [31] has considered integrability and exactly solvable
features of the random matrix product (3.43) with » = s. In particular, it has been shown
that the corresponding characteristic polynomial for the squared singular values is given
by [31, Eq. (2.31) with r — s]

0,541 n+1l,n—my,...,n—msg
P’ﬂ(x) - Gs+1,s+1(

x) (3.46)

0,—v1,...,—Vs

where ngﬁ 41 is a particular Meijer G-function and instead of the constraint m; > 2n as
required in [27], it is required my > 2ny +py and m; > n+v;+1(j = 2,...,n). According
to the strategy introduced in [24], and applied in the derivation of Propositions 3.4 and
3.8 above, the significance of this result is that the Meijer G-function satisfies a linear
differential equation (see e.g. [39, Sec. 5.8]) allowing us to deduce a polynomial equation
for the corresponding resolvent G(z). Specifically, this procedure gives

S S

2(G(z) - D] (ZG(Z) —1+a;) = 2G(2) [[(:G(2) + By), (3.47)

Jj=1 Jj=1

where «; = lim,, oo m;/n, §; = lim,_,« vj/n. We see that (3.47) reduces to (3.23) in the
cases=06,08;,=0(j=1,...,s),a; =1+1/8 (j =1,...,s). Thus we learn that the global
spectral density for the Jacobi Muttalib-Borodin ensemble in the case § = s € Z™ is the
same as the global spectral density for the squared singular values of the random matrix
product 7 - - - T} where each T} is an n x n sub-block of a Haar distributed unitary matrix
of size (n + p) x (n + p) where lim,,_,.c p/n = 1/s.

Choosing instead ; =0 (j = 1,...,s) and a;; = 1+ 1/a we see that (3.47) is the same
equation as (3.45) with w/a = zG in the latter. Thus J; ; ,(n) has an interpretation as
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the moments of the spectral density of the squared singular values of the random matrix
product 7 - - - T7 where each T} is an n x n sub-block of a Haar distributed unitary matrix
of size (n 4+ p) x (n + p) where lim,, .o, p/n = 1/a for general ¢ > 0. The case a — 0
exhibits further structure. Then the underlying unitary matrices are of infinite size, and
after rescaling the sub-blocks have a Gaussian distribution. More specifically, an n x n
sub-block U,, of an (n + p) x (n + p) Haar distributed unitary matrix has a distribution
proportional to (det(I,, — U}U,))?~™ [53]. It follows that for p — oo, and with n fixed, the
distribution of G,, = ,/pU, is proportional to e~GhGn Hence G, is a standard complex
Gaussian matrix. For a — 0 we see from (3.44) that

1 _ 1 sn+n
—1—sn L p(sn+1,—n) _ ( )
Js.s — —P7 1) = . 3.48
a s,5,a(1) nln-1 (1) sn+1 n ( )
These are Fuss-Catalan numbers (3.1), which we know are moments of global spectral
limit for the squared singular values of a product of s standard complex Gaussian
matrices.

4 The global density — saddle point method

It has already been remarked that the Borodin-Muttalib ensemble (1.1) is intimately
related to biorthogonal polynomials of one variable as specified by (3.2). Moreover, as
noted in [43] (1.1) is an example of a determinantal point process. This means that
the general k-point correlation function p()(z1,. .., zx) is fully determined by a function
K(x,y) = Kn(z,y), independent of k and referred to as the correlation kernel, according
to the formula

P(k) (1‘1, S ,Ik) = det[K(a:i, zj)}i,j:l,“.,k- 4.1)

Moreover, the correlation kernel is expressed in terms of the biorthogonal polynomials
pi, q; defined and corresponding normalisation A; in (3.2) according to

N—-1
e 1
K(,y) = e” VOO Y Spi@)ay”). 4.2)
=0

Since we focus on the classical Laguerre and Jacobi cases, we denote the correlation
kernel by K" (z,y) for V defined in (1.5) and K”’(x,y) for V defined in (1.6).

In [13], an indirect way to transform the summation in (4.2) was devised for the
classical Laguerre and Jacobi weights. This transformed summation enabled the compu-
tation of the so called hard edge scaled limit. This refers to the limit N — oo with z,y
scaled so that in the neighbourhood of the origin the spacing between eigenvalues is
of order unity. Our present interest is in the global limit of the one-point function. The
transformed summation of [13] is not suited for that purpose. Fortunately Propositions
2.10 and 2.16 provide the double contour integral formulas for both the Laguerre and
Jacobi cases of the Borodin-Muttalib ensemble, which is suited. In Section 2 we showed
that they are spectrally equivalent to the upper-triangular ensemble (defined in (2.2))
and its Jacobi counterpart (defined in (2.24)) respectively, but with restricted values of
(o7} and Bz

4.1 The Laguerre Muttalib-Borodin ensemble

In the Laguerre case, comparing the correlation kernel formula (4.2) with the corre-
lation formula (2.22) with n; = no = N, we derive the kernel formula (1.7) in Proposition
1.2, modulo the factor h(z)/h(y). A multiplicative factor in the form of h(z)/h(y) in
the correlation kernel does not change the joint probability density function expressed
in (4.1), so the kernel formula in (1.7) is valid. This factor account for the different
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meaning of K(ni,x;ng,y) adopted in Proposition 2.10 in consistency with [2, Eq. (21)],
which has the factor e~ (V(@+V(¥))/2 in (4.2) replaced by e *y¢, see also [2, Eq. (108)]
and derivations above it. Thus the function A can be determined, up to a multiplicative
constant, by the requirement

@ - (f)cme(w*y)/? (4.3)
h(y)  \y

We recall from (2.21) that the upper-triangular ensemble is well defined for § = 0
and c > —1 and it is the § — 07 limit of the Laguerre Muttalib-Borodin ensemble. We
call it the § = 0 case of the ensemble. The double contour integral formula (1.7) is still
valid in this case, where a; = cforall j =1,..., N. Note that this case is degenerate in
the sense that the biorthogonal polynomials p; and ¢; are not well defined by (3.2).

Below we consider the limiting global density in two cases, first for § > 0 and next for
0 = 0. We give details of the derivation in the former case, while point out the differences
of the argument in the latter.

4.1.1 The 6 > 0 case

We seek to use (1.7) to compute the density function of the the transformed limiting
counting measure dj in (3.7). By definition the density function is given by (3.15) and
the required change of variables is & = (2/0)? (recall the text below (3.7)), so (4.2) gives
ﬁ%l)(x) = ]\}im K%)= A}im 2O KN (NGO Noxt/9), (4.4)
— 00 —00
and is the global density appearing in (3.9). The scale factor 6 is chosen with the benefit
of hindsight as it allows (3.10) to be reclaimed without the need for rescaling.
Under the assumption ¢ € Z*, we showed in Section 3.1 that the resolvent G (z)
defined in (3.9) corresponding to dji“, satisfies the identity (3.10) characterizing the
Fuss—Catalan density. Consequently

~ . I ) ~ )
p%l)(x) = 61_1>%1Jr 3 (GL(x —ie) — G*(z + ze)) , (4.5)
is the Fuss-Catalan distribution supported on I = (0, (1+ 6)'*%9~?). The parametrization
by Biane and independently Neuschel [9, 44] gives that for x € I, there is a unique
¢ € (0,7/(6 + 1)) such that

(sin((0 + 1)¢p))?*1 s
= h R — 4-
T sin o(sin(09))7 where 0<<p<9+1, (4.6)

and which allows for the simple functional form

pc,  1sin((0+1)p)sing  sin(fp)? ! (sinp)?
p(@) = T sin(fyp) ~ wsin((0 4 1)p)? (4.7)

With the meaning of p¥-“(z) in (1.8) so established, we now turn to our main task of this
subsection.

Proof of Proposition 1.3. Our analysis, which is based on the method of steepest de-
scents, is guided by a very similar calculation carried out recently by Liu, Wang and
Zhang [37] in relation to the global density for the squared singular values of a product
M standard complex Gaussian matrices. That these two computations should be closely
related is not surprising upon recalling from Section 3.1 that the global density in the
case § = M € Z™ coincides with the global density for the squared singular values of
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a product M standard complex Gaussian matrices. It turns out that if # > 1, our proof

follows that in [37] closely, and if § € (0,1), we need to construct the contour ¥ in an

alternative way, which we explain in the proof. As well as guiding our overall strategy,

[37] will be referred to for the proof of some technical bounds, which we omit below.
Substituting N6z'/? for 2 and N6z'/? for y in (1.7) gives

L(p) — 31T 1
K*(x) = KY(NOzv, NOzv) = N@x @ni %dz?{ dwerm)Z , (4.8)
where N
I(z+1)
Fizyz)=log| ———= || (z—c— (k- 1)9)) . (4.9)
((Nexe)z kl;[l

The logarithm function takes the principal branch and we assume that the value of log z
for z € (—0,0) is continued from above, to remove ambiguity. To derive the asymptotics
of F(z;x), we denote

z=N6u, w= N6bv, (4.10)

and let € be a positive constant. We begin by noting that uniformly in z such that for all z
satisfying
dist(z, [0, N6]) > eN, or equivalently dist(u,[0,1]) > €/6, (4.11)

we have

log (H(z —c— (k- 1)9))

k=1

1
:N(logN+log9)+Nlogu+N/ log(l_ c _£>dz
0

NOu u
N c+(k71) % c T (412)
2 flog (1= = —N/k_llog(l—mu‘a)dx ‘
1 ~

k=
1
N( (1—w) log<1—>+10gu)

N (9_ 2) log (1_ 1) + N(log N +logf — 1) + O(N 7).

Next using Stirling’s formula [1, 6.1.37], we have that for z satisfying (4.11) and argz =
argu € (—m+¢€,m—¢€),

1
logT'(z + 1) = NOu(log N + log + logu — 1) + ilogu—i—logv%rNG—i—O(N*l).

This allows us to write

F(z;x) = NF(u;z) + Fy(u) + Nlog N + log V27 N6 + O(N7Y), (4.13)
where
Fi(u;z) = (6 + Du(logu — 1) — (u — 1) (log(u — 1) — 1) — ulog z, (4.14)
. 1 1
Fo(u) = (§*§> log <1u> + 3 logu, (4.15)

and the error bound O(N 1) holds uniformly for all z satisfying (4.11) and arg z = argu €
(=7 + €,m — €). Substituting in (4.8) shows that if we can deform ¥ and I, such that
arg z,argw € (—m + €,m — €) and |z|, jw| > €N, then

it F ey RCT e 4.1
(z) = NQx 2m % 27{ weNﬁl(v;:vHFu(v;x)z—w( +0O( )> (4.16)
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In the case § = M € Z™ this contour integral is comparable to [37, Eq. (2.7)], and our
Fy(u; z) is defined the same as the F'(z;a) occurring in [37, Eq. (2.6)] with v = z and
T =a.

It follows from (4.14) that

) !
—Fi(u;x) = log ————
du 1(“317) og (u_ 1)337
and thus stationary points occur for u such that
Wt = (u—1)z. (4.17)

Note that this is precisely the equation (3.10) after the identification z — z, zéL(z) —u
in the latter. It is known that (4.17) permits a pair of complex conjugate solutions
for z € (0,0(1 + 1/6)°*1), uk,u™ say, which merge to real solutions for z = 0 and

x = 0(1+ 1/6)+1. With = parametrized by ¢ as in (4.6), we can check that

sin((0 + 1)g)
sin(f¢)

sin((6 + 1))
sin(f¢)

® L _

uly = , e, (4.18)
Note that our ui are the same as the w4 defined in [37, Eq. (2.10)]. In terms of this
parametrisation we have (comparing with [37, Eq. (2.11)])

2
Ci‘ d

R 1 in((0+1 )
= LRk = (9 f1o Sm(()‘”)ﬁ“’*’) , (4.19)
+

sin ¢

and in particular C. # 0 for ¢ in the range given in (4.6).
Next we deform the contours ¥ and I',, for the steepest-descent analysis. We consider
the cases § > 1 and 0 € (0,1) separately.

Construction of the contours: ¢ > 1 case We assume that RV Gui is different from
all a, (k=1,...,N). If this assumption is not satisfied, see Remark 4.3 below.

It is clear that the Hankel like contour X can be deformed to an infinite contour that
is from —i - 0o to i - 00, as long as it keeps the poles —1,—2,... of z to its left and I',,
to its right. Actually this deformation has more freedom. By the residue theorem, if
Y} is deformed into the infinite vertical contour to the right of I',, the double contour
integral in (4.8) remains the same. Moreover, we can split I',, into two positively oriented
contours that jointly enclose all the poles a4, ...,ay, and let ¥ be an infinite vertical
contour passing between them. See [37, Eq. (2.8)] for the explicit computation in a
similar case. Specifically, deform ¥ from the Hankel contour into the upward vertical
contour

Y = {RNOuk +it | t € R}. (4.20)

To express the shape of the deformed contour I',, we define first the contours I and I
where € > (0. Thus define

= [sin((0+1)9) ot
b= { sin(09)

and for a small enough € > 0, (see Figure 2)

T T
(0N {_9+179+1}}7 (4.21)

I ={zel|l|z| > ¢}
Uthe arc of {|z| = ¢} connecting I' N {|z| = ¢} and through —e. (4.22)
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Then we define I',,, depending on two small positive constants € and €. Here we take the
notational convention that if C' is a contour and r > 0, then rC'is the contour consisting
of {z| z/r € C} and with the same orientation. In terms of this notation

ch = Fcurvcd U Fvcrticala where Fcurvod = F1 U FQ, Fvortical = FS U F4; (423)
and
Iy :NGf‘Tﬂ{z | Rz < ?RNGuI; — €}, (4.24)
~ /N + 1
Iy = NOI" N {z | Rz > RNOu + ¢},  withr= %, (4.25)
I'3 = vertical bar connecting the two ending points of I'y, (4.26)
I'y = vertical bar connecting the two ending points of T's. (4.27)
. )y
re Ly
Figure 2: The schematic shape of I€ for Figure 3: The schematic shapes of
the Laguerre Muttalib-Borodin ensem- ¥ and I', for the Laguerre Muttalib
ble with 6 > 1. Borodin ensemble with 6 > 1.
T Lo
EZ
N
\’/ /K—
Figure 4: The schematic shape of I¢ for Figure 5: The schematic shapes of
the Laguerre Muttalib-Borodin ensem- ¥ and I', for the Laguerre Muttalib
ble with 6 € (0,1). Borodin ensemble with 6 € (0,1).

Note that I'y UT's and I's U T4 are disjoint closed contours, and we assume that they
are both oriented counterclockwise. Here we choose € small enough so that RNOul; + e
lie between two poles of the integral a; and o4, and then I'y UT'3 and I'; U T’y jointly
cover all the poles ay,...,ay. Our contours X and I', are identical to the contours C and
Y. respectively defined in [37, Sec. 2.2] up to the factor 6 and our I and I'¢ are identical
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to ¥ and Y€ in [37, Sec. 3.1] respectively, if § = M € Z+. See Figure 3 for the shapes of
Yand,.

Construction of contours: 6 € (0,1) case The construction of the contours in the
f > 1 case obviously is not valid if § < 1 and x is close to 0, since if the vertical line
through uI; will intersect ['* defined in (4.22) at other points, see Figure 4. So X needs
to be deformed into a more complicated shape, and the construction becomes less
straightforward. We use method of elementary dynamical systems to construct the
contour X.

We construct ¥ = N6Y, where ¥ is a contour passing through «%. Consider the
gradient field generated by the function %Fl(z;x), denoted by V%Fl(z; x). Through
a regular point, there is a unique flow line associated to V%Fl(z;x), and the value
of %Fl(z;x) increases as z moves along the flow line. Since ?RFl(z; x) is a harmonic
function, a flow line will not stop at a local maximum or start from a local minimum. At a
saddle point, we can concatenate a flow line into it and a flow line out of it, and %Fl(z; x)
increases along the concatenated flow line. Hence we have that any flow line can be
prolonged so that it starts from either infinity or a singular point of Vﬂ%ﬁl(z; x), (that is,
0 or 1,) although the prolonged flow line may not be unique if it goes through a saddle
point.

By the definition (4.18) of u}, we have that ! is a critical point of VRF}(z;2) of
second order, so from this point there are two flow lines going into this point. Note
that the curve I' N C, divides C into two disconnected parts. Since RF(z;z) attains
its minimum over I' N C.. at u& the two flow lines into uﬂ; cannot intersect ' N C.. We
denote ~; the flow line coming to uEr from below I' N C,, and - the flow line coming to
u from above it.

Since the gradient field VRF,(z;z) does not have a singularity within the region
enclosed by I' N €, and the inteval [0,1 + 6], flow line ~; does not start within the
region, and has to enter the region before reaching uﬁ; Since the value of RF’ 1(z;x) on
I' N C, attains its minimum at qur 71 has to enter the region from the [0,1 + §~!] side.
Hence we let 01 be the part of 71 between its (last) entrance to the region and ui It
is clear that oy lies in the region and connects u% and a point on (0,1 + 6~!). (We can
further show that this point is 1, but it is not relevant to our construction.)

On the other hand, we want to show that the flow line 7> does not intersect the
real axis. If this holds, it has to be from infinity to qur and from the limiting behaviour
of Fl(z; ) we know that it comes from the direction ¢’™ - co. We construct > N C, as
2 U o1, and then have ) by taking the reflection about the real axis. In the end, we take
¥ = NOX and orient ¥ as from Nou to N 9qu1, and finish the construction of 3.

To show that 72 does not intersect the real axis, or more specifically, R \ [0,1 + 6~1],
we note that the ray (1 + 67!, +00) is a flow line, so 72 does not intersect with it since v,
does not overlap with it. Let 2* € (—o0,0) be the unique critical point of V%Fl(z; x) on
(—00,0), then (—oo,z*) and (z*,0) are flow lines, so y2 can intersect with (—oc, 0) only at
z*. However, we can check that RE (z*; ) > RF} (0; ) > %F‘l(uljr; x), SO 72 cannot pass
through «* before reaching qur

Now we briefly describe the construction of I', in the 6 € (0, 1) case. We still define
re by (4.22), and then define I'y and I'; by (4.24) and (4.25), and also define I'cyveq @s
the union of I'; and I'y, as in (4.23). Next, analogous to I';s and I'y defined in (4.26) and
(4.27), we define, in our case, I's as a contour connecting the two ending points of I'y
such that all points of I'3 are within distance € to ¥, and I'4 as a contour connecting the
two ending points of I'y such that all points of I'y are within distance ¢ to . Finally we
denote the union of I's and I'y as I'yertical, although I's and I'y are no longer vertical, and
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let I' = I'curved U Tvertical @s in (4.23). Hence we finish the construction of the contours in
the 6 € (0,1) case, and see Figure 5 for the shape of the contours.

Remark 4.1. The construction of contours ¥ and I', above also applies for the 8 > 1
case. We still keep the construction with vertical ¥, because it is conceptually simpler
and more analogous to the construction in [37].

Our choice of the contours X and T, in either the # > 1 case or the § € (0,1) case,
allows NOu! to be identified as maximum points of RF(z;z) for z € ¥ and minimum
points of RF(z; x) for z € Leyrved, Which is key to the subsequent asymptotic analysis. To
be precise, we state the result as follows, where we denote D, (z) ={w € C| |jw—z| < r}.
Lemma 4.2. There exists § > 0 such that for all N large enough,

2

RF(z;x) > RF(NOu) —uf|, 2z €TleuveaN D 3 (NOuL), (4.28)

RE(z;2) > RE(NOuL) + 6NF, 2 € Teurved \ (DN% (NOut)UD (Neug)) ,
(4.29)

z 2

RE(z;2) < RE(NOuL) — 6N ]m —uk|" zexnD s (Noul), (4.30)

RE(z;2) < RE(NOuL) — 6NF, e\ (DN% (Noul)UD (Naug)) :
(4.31)

RF(z;2) < RF(NOu) — 62| zeXN{|z| >0 'N}. (4.32)

The most important ingredient of the proof of Lemma 4.2 is the estimate of the
leading term F}(z;z), which is identical to F(z;z) in [37] if = M. In the 6 > 1 case,
the estimate of Fl (z;x) is stated in [37, Lem. 3.1 and 3.2], where the results and the
proofs hold for general § > 1. Then Lemma 4.2 is proved analogously to the proof of
[37, Lem. 2.1] in [37, Sec. 3.2]. We omit the detail. In the 6 € (0,1) case, (4.28) and
(4.29) are the same as the § > 1 case, and (4.30), (4.31), (4.32) are due to the flow line
definition of X. We also omit the detail.

Remark 4.3. In the 6 > 1 case, If %Nui happens to be identical to a pole «;, we replace
%Nui into %Nui + 1/2 in formulas (4.20), (4.24) and (4.25). All later arguments are
valid with notational changes. In the § € (0, 1) case, if ¥ hits a pole o, we deform ¥ and
T'vertical Slightly in an analogous way to avoid the pole.

Taking the limit ¢ — 0, we have
Kl(z) =1 + I, (4.33)

where, with p.v. denoted the principal value integral,

I pi (NO2)” @) ]
1= B e (27i)2 eF(““”)z—w
F1UF2

(4.34)
(N@z)~* / / eflem) 1
= —=——5 DP.V. d — dw7
(2mi)2 Nopr \Js  eFwiz) z —qp
and
(NOx) o1
I, = lim 7) /dz/ —_—
e—0  (2m1)2 IsUT, eF wiz) z —
— N0u+ F(zﬁ:p)
— M / R (4.35)
27 Noul eF(Z@)
_ Suli _ (sing)?(sin(0p))’!
X m(sin((0 + 1)p))?
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To evaluate I;, we define

Ei

local —

=S ND, 3 (Nouk), Ti

local —

=TanND s (NOuk). (4.36)

Our strategy is to consider the Cauchy principal integral (4.34) on Elocal X Flocal and
Yocal X I'loca first, and then to show that the remaining part of the integral is negligible
in the asymptotic analysis.

Make the change of variables

z:NQu{;—i—N%QS, sz@uI;—l—N%Ht. (4.37)
Then by (4.13)
F(zx) = NFl(u{; + N_%s;x) —|—F0(u{; + N_%s) + Nlog N +log V2r NG+ O(N™1)

C ~ .
= %SQ + NF(ul;2) + Nlog N + log V21 N0 + Fy(u®) + (’)(N_é)7

(4.38)
where C is defined in (4.19). This gives
(z52) 1
p.V. dw —_—
st eF eF(wiz) 5 — g
loc'ml local
|
p-v. / dw/ +OW ) (4.39)
\FQ Sty s—t

local local

Note that the O(N -1/ 5) term in the integrand on the right-hand side of (4.39) is uniform
and analytic in Nys/s(N6uY). Using (4.28) of (4.29) in Lemma 4.2, we find that there
exists ¢y, co > 0 such that for z € ¥ |, and w € I'}}

local’
6T < e e T > et (4.40)

Hence standard application of the saddle point method yields

F(z;x) 1
pv/ dw/Z+ GFM o = O3, (4.41)

local local

Analogous reasoning gives

F(z;x) N
p-Vv. /7 dw/i L =0O(N2). (4.42)

eF“”” z—w

local local

Finally, by (4.30), (4.31) and (4.32) in Lemma 4.2, there exists c3 > 0 such that for
large enough N

e~V ifw e D, \TE (4.43)

. _ L.
|67F(w,w)| < ‘6 F(Nugsz) local?

F(Nui,:r) 763N% if

e e if ze 0\ 2E

|6F(z;x)| < — ) local N (4.44)
eF(Nugio) | g=eslzl if 5 € B\ {|2] > ot

With the help of estimates (4.43), (4.44), (4.38) and (4.40), we obtain

J J F(zz) 1 J F(zz) 1
p.v./f v o ZeF(“”C)z /F+ w/EJr FeFwia) z —

@ local local

F(z;w) 1 1
- p.v./ dw/ dzi,i =0(e ). (4.45)

eF(wiz) z —
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Plugging (4.41), (4.42) and (4.45) into (4.34), we have that
I =0O(N"2). (4.46)
Therefore we have proved Proposition 1.3 upon combining (4.33), (4.35) and (4.46). O
Remark 4.4. The asymptotic analysis above confirms a simple relation that

- . - Syl
P (@) = Jim K*(x)= .

(4.47)

This pattern persists in the computation of the global density for the Jacobi Muttalib-
Borodin ensemble given in Section 4.2.

Remark 4.5. The asymptotic analysis above can also prove the bulk local universality of
the limiting distribution of the eigenvalues, as in [37]. The result, which is unsurprisingly
the sine universality, is also the same as in [37]. Since the local universality is not our
focus in this paper, we omit further discussion on it. In the case # = 2 this problem,
along with Airy kernel universality at the soft edge, was solved some time ago [38]. Very
recently, these universalities have been established for general # > 0 by Zhang [52]
according to the method of [37]. In [52], an equivalent form of (1.7) is also derived.

4.1.2 The 0 =0 case

In Proposition 3.4, we do not use the most straightforward scaling transform

x
— = 4.48
T ( )
to compute the limiting global density but rather we took the combined change of
variables and scaling transform
T\
— 4.49
“ (Na) ’ (4.49)
like in Proposition 1.3, to conform our result to the Fuss—Catalan distribution. It is clear
that the combined change of variables and scaling transform (4.49) is not well defined
for = 0. So in the # = 0 case, which is the particularly interesting § — 0 limit of the
Laguerre Muttalib-Borodin ensemble (2.21), we use the scaling transform (4.48) instead.
According to (1.7), we then have

Changing variables z = Nu, w = Nv and using Stirling’s formula shows that for large N,
if we can deform ¥ and I', such that argu,argv € (—7 + ¢, 7 — €) and |ul, |v| > € > 0,

NHl(u z)+1 logu—=<

KH() = N;v2m %dz?{ dwz—weNHl(”v’”HélOg”—; (1—1—0(%))’

where Hi(u;z) := u(logu — 1) — ulog x + log u. Noting that

diqu(u;x) 1og( 1/“>

we see that the stationary points of H;(u; x) occur when

1 1
ue'/" =z, or equivalently () e =, (4.51)
u
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This equation is solved by the Lambert W function [47, Sec. 4.13] — recall too Remark
3.5(1) — and the two solutions are complex conjugates

ser(2) e e

Then using steepest descent arguments like in the 6 > 0 case, we have

Proposition 4.6. As § — 0, the limiting global density of the Muttalib-Borodin ensemble
is
lim K"(z) = e (4.53)
NS00 maW(—z~1)
The proof is omitted since it is similar to the # > 0 case. Note that the relation (4.47)
in Remark 4.4 still holds. The result (4.53) was derived in [17, Cor. 1] by a determination

of the moments, with the latter also known from [22].

4.2 The Jacobi Muttalib-Borodin ensemble

In the case of the Jacobi Muttalib-Borodin ensemble, comparing the correlation
kernel formula (4.2) with the correlation kernel (2.38), we have, analogous to (1.7),

=

1
i Iy Tt oo+ N+ DMz +1) T, (2 — o)
. fzd ﬁ,d (z=w) T(z+ca+ N+ 10w+ D)L, (w—ar)

(z

~

K (x,y) =

t

. (4.54)

where «; :NH(j - 1) + ¢; as specified in (2.3) and ¢ = ¢;. Analogous to (1.7) we have that
the factor h(x)/h(y) in (4.54) cancels out of the determinant (4.1), and the reasoning
leading to (4.3) tells us that we can take

~ iL c1/2 /] — —ca/2
h(z) = 2/?(1 — x)~*2/2, because h@) _ (f) ' ( x) o (4.55)
h(y) Yy 1-y
Here we assume 6 > 0. The # = 0 case of the Jacobi upper-triangular ensemble, that is,
ay = --- = ay = c1, is well defined and can be thought as the § — 0% limit of the Jacobi

Muttalib-Borodin ensemble, but we omit it in this paper. Our aim is to use a saddle point
analysis to compute

~ 1
Py (@) = Jim K (z) = lim a0 K (@17, 217), (4.56)

which is the limiting density of the eigenvalues under the change of variables z — z?.
The required workings is structurally identical to that just given to derive Proposition
1.3; only a brief sketch will be given below.

Recall that in the special case that § € Z™, the resolvent G”(z) defined in (3.22),
satisfies the identity (3.23), and then the global density 5’ (z) satisfies

- . 1/ ) ~ .
pgl)(x) = 61_1>1(1]1+ 57 (G‘](x —ie) — Gz + ze)), x € (0,1). (4.57)
Below we show that the global density 5’ (x) has an explicit formula given as follows. For
all > 0 and all z € (0,1), there is a unique ¢ € (0,7/(6 4+ 1)) such that

6° sin((0 + 1))+t
= . 4.
“ (14 60)+9 sinpsin(fp)? (4.58)
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We define Bsin((6 4+ 1))
_ Osm((0+1)p)
v(e) = A+ 0)sn(00) ¢ (4.59)

and then the density function

_ 1 (14 0) sin(6¢) sin psin((6 + 1)p)
() sin(0p)2 + 62 sin(¢)? — 26 cos((6 + 1)) sin(fp) sin(yp)

Thus we have, parallel to Proposition 1.3

Proposition 4.7. For all § > 0, the limiting global density of the Jacobi Muttalib-Borodin

ensemble with change of variable (1.4) is
Py (@) = p’ M (2).

Remark 4.8. The distribution p’M-B(z) is the counterpart of the Fuss—Catalan distribu-

tion pF-(z) in the Laguerre case. According to the results of Section 3.2, for § € Z™,

the measure du(z) = p?M-B(x)dx is the unique probability measure supported on [0, 1]
that makes the following identity hold:

2(:G(2) — 1)(2G(2) + 1/0)° = (:G(2))**!, where G(z)= / P (w)da

[071] zZ—XT

(4.60)

This is analogous to the resolvent for the Fuss—Catalan distribution satisfying the identity
2(2G(2) — 1) = (2G(2))?*! hold. Of interest is to extend the characterisation (4.60)
to general # > 0. Such a characterisation was established in [27] for the measures
corresponding to the moments (3.44) with » > s, whereas as remarked below (3.45) the
moments (3.34) deduced from (4.60) require r = s.

The method of the proof to Proposition 4.7 is the same as the proof of Proposition
1.3 for the Laguerre case. So we only give a sketch of the proof and point out the main
differences.

Sketch of the proof of Proposition 4.7. First we consider the case that ¢, € Z. Making

the replacements z — /%, y — y'/% in (4.54) gives
K (z) := UK (20, 20) = f dzj{ dws ot 1 — (4.61)
9 93: 27T7 eGlwiz) » —
where
T(z+1) el
G(z;z) =log (I‘(z iy ar—— x? H - 1)9)) . (4.62)

Changing variables in the integrand according to (4.10), then use of Stirling’s formula
and (4.12) shows that for large IV

G(z;x) = NGy (u; ) + Go(u) + Nlogh — ey log N + O(NY), (4.63)

where, after the change of variables of z, w into u, v as in (4.10),

N Ou 1
;x) = Oul —log(1 —ul 1—u)l —)+1 4.64
G1(u;z) = Ou 8 T gm 0g(1+ 0u) —ulogz + (1 — u) log( u)—i— ogu,  (4.64)
A 1 Ou c 1 1
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and the validity of the error bound O(N*I) is the same as in (4.13), i.e., all z satisfying
(4.11) and arg z = argu € (—7 + ¢, ™ — €). Substituting in (4.61) gives

i P G S Yt 466
(z) = N9x (2mi)? 7( Zf{ weNél(v;$)+@0(v)Z—w( +O( )>' (4.66)

This is structurally identical to (4.16), and is analysed accordingly. For the sake of
steepest-descent analysis, we need to deform the contours ¥ and I',,. Since we assume
that ¢ € Z, I', is a finite contour similar to the I', in (4.8). It is clear that X can be
deformed to an infinite contour that is from —¢ - co to 7 - 0o,as long as it keeps the poles
—1,...,—(8+ N) and T, to the left. Then we see that we can split I',, into two positively
oriented contours that jointly enclose all the poles ay,...,an, and let ¥ be an infinite
vertical contour passing between them. Note that the precise shapes of ¥ and T',, in
the Laguerre case depend on the computation of the critical points of Fl(u; x) that is
the counterpart of our G‘l(u; x), see (4.18) and (4.21). Below we explain the analogous
construction of ¥ and I', in the Jacobi case.
A difference in detail is now that

%Gl(u;x) = log (<1 —(|9—u(9u)9<ui 1>;>’

so the stationary points now occur for u such that

ut = 2(1/60 + w)’ (u - 1). (4.67)

Analogous to the situation with (4.17), we observe that this is precisely the equation
(3.23) after the identification z — z, 2G7(z) +— w in the latter. It is straightforward to
verify that if z € (0, 1) is parametrised by ¢ € (0,7/(6 + 1)) in (4.58), then with v(p)
defined in (4.59)

1 1
A AN Y ) S_U\¥Y)
01 —v(p) * 01— wv(p)

are two solutions to (4.67). As x runs over (0, 1), the locus of ui (resp. w)) is a curve in
C. (resp. C_) whose two ends are on the real line. Thus we let ¥ be the upward vertical
contour through NfuZ, analogous to (4.20) in the Laguerre case. To define T',, we first

define
f‘J _ i T
{Olv ’¢ [ 0+1’9+1H

analogous to Iin (4.21), and then deform it to the desired I',, parallel to the deformation
carried out in the Laguerre case. We omit the detail, but only point out that the shapes
of ¥ and T, is like those in Figure 3 if # > 1 or Figure 5 if § € (0,1).

By saddle-point analysis analogous to that in the Laguerre case, we derive, as
expected in Remark 4.4,

~J . J %“i J-M-B
P(1)($) = A}E}YIOOK (z) = rr p (z),
and hence finish the proof.

In the case that co ¢ Z, the contour 'y, in (4.54) is infinite. We express it as the
combination of I, UT/. Here I'/, is an infinite, Hankel like contour starting at —oco — i,
running parallel to the negative real axis, looping around the poles w = —(c2 + N + k)
with k € Z, and finishing at —oco + ie after again running parallel to the negative real
axis. '/ is a finite positive oriented contour enclosing ay,...,ay. Then by argument of
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contour deformation used in the ¢y € Z case and the Laguerre case, we can deform X
into a contour going from —i - 0o to i - co between I'/, and I'//. We write

K'(z) = K (z) + K" (z), where

N 1 1 G(z z) 1
K'* ()= ——— ¢ d d - —’or”.
(z) 0 (27ri)27{2 2 wW—— , % or

In the computation of K7 (z), we further deform the contours I/ into two parts
as the deformation of I',, in the ¢, € Z case, and let ¥ go between the two parts, like
the deformed shapes of I/, I/, and X in the ¢; € Z case. See Figure 6 if § > 1. By the
argument in the ¢y € Z case we have that

lim K7 (z) = p"MB(x).

N—o0

On the other hand, by estimating the factors of the integrand
N
T *T 1I‘ z+1) H z—ag)l Z+CQ+N+1)71
k=1

by Stirling’s formula on ¥_, / and

N —1
y'I(w+co+ N+1) ( w+1H Oél)
=1

on IV, separately, we find that
lim K7'(z) =0.

N—o0
Thus we prove the proposition by combining the two limits above. O
"
|z
/
FOé
L 2
—>—/
—cg—N-—1
Figure 6: The deformed shape of con- Figure 7: The shape of contours %’ 12
tours ¥ and I',, for the computation of and I'y for the hard edge correlation
the global density with § > 1 and ¢, ¢ Z. kernel.

5 Hard edge density

5.1 The Laguerre Muttalib-Borodin ensemble
5.1.1 The 6 > 0 case

The meaning of the hard edge scaling has already been noted in Section 4.1.1. It is the
N — oo limit with z,y scaled in the neighbourhood of the origin so that the spacing
between eigenvalues is of order unity. The limiting kernel with proper scaling is stated
in Proposition 1.4, and below we give the proof.
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Proof of Proposition 1.4. First we use the argument in Section 4.1, more specifically the
paragraph above (4.20), to justify that the double contour integral formula (1.7) still
holds with ¥ deformed into a contour from e~ (7/2+9)i. 5o to e(™/219)i. 5o and going on the
left of I',,. Thus analogous to (4.20) we can take ¥ to be 2‘3_1/2 in (1.7). Furthermore it is
clear that the closed contour I',, can be deformed to the infinite Hankel loop contour I'y.

Substituting (2.3) and making use of the functional and reflection formula for the
gamma function shows that

[T, (z—ar)  T((z—¢)/8+ 1)T(N — (2 — ¢)/8) sin7(z — ¢)/

0
T, (w—az) T((w—0c)/0+ 1IN — (w—c)/0)sinm(w—c)/0

It is standard result that for z and w fixed and N — oo,

rv— e -~ "+ 0(5)

Taking the limit N — oo inside the integral (a step which is justified by estimating the
integrand and using dominated convergence; see [35, Sec. 5.2] for the details in a very
similar setting) we thus see that

c/2
: —1/6 7oL n7—1/6 R
R = (2
y 1 7{ d p 7y T2+ 1)I((2 —¢)/0+ 1)sinm(z —¢)/0

@ri)2 Jos M 2w T(w+ DE((w—c)/0 + 1)sinm(w —c) /6

5
—1/2

The result (1.9) now follows by the change of variables z — 6z + ¢, w — fw + ¢, and then
deforming the contours back to o 1/2 and I'y. (Since the deformation does not cross any
pole, it does not change the value of integral).

In the special case § € Z™T the duplication formula can be used to rewrite I'(0z + ¢ +
1)/T (0w + ¢+ 1) and (1.10) results. O

Borodin has previously given a different formula for the hard edge scaled limit in
(1.9).

Proposition 5.1. [13] We have

c/2

Jim NTVORE(N T, Ny — (%) K@ (z,y) (5.1)

where ! )
K (z,y) = ch/ Jier1)/0,1/0(x0) Jet1,0(yu)?)ut du, (5.2)

0

with J, ; denoting Wright’s generalisation of the Bessel function given by
= (o)

Ja = —_ 5.3
(@) ;J FINCES) (5.3)

Equating (5.1) and (1.9) gives us a double contour integral form of the kernel (5.2).
Before doing this, we note that the term in the second line on the RHS of (1.10) can
be identified with the hard edge scaled kernel K,,, . ,,,(z,y) of Kuijlaars and Zhang
[35], which came about from the hard edge scaled limit of the correlation kernel for the
product of complex standard Gaussian rectangular random matrices [3]. We also note

10ur notation K (¢:9) (z, y) agrees with the notation K(*9 (z,y) defined in [34, Eq. (5.3)], but differs from
the k(9 (¢, y) in [13, Eq. (3.6)] by a factor.
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that the hard edge scaled kernel is a component of the kernel for the Meijer G random
point field, see [10], [11] and [12]. This kernel reads

w —z—1 M .

r 1 i
Koo (2,9) / dzj{ dw—"——1] hliv)smz =gy
(27i)? = T z-w I'(w+ 14 v;) sinTw

vyhere vg:=0,v; >—-1(j=1,...,M). Denoting the second line on the RHS of (1.10) by
K9 (z,y), for € Z*+ we see that

. c .
K(cyg)(%y) :KV1,~-7V9(y?x)7 v; = 5_1+% (j = 1,,9) (55)

Recalling (5.1) and the LHS of (1.10) we thus have

VO K@ (9210 9yt = Ky Ly (9, 2), (5.6)

.....

for {v;} as in (5.5). This equation has been deduced using a rewrite of (5.2) in [34,
Eq. (5.7)].
We now specify the double contour integral formula for Borodin’s kernel (5.2).

Corollary 5.2. We have

K@ % j{ d r=% 10 Tz 4+ c+1) T'(2+1) sinnz 5.7)
x w : .
) (2mi)? 9 To —w TOw+c+1)T(w+1)sinrw

Remark 5.3. (i) Our proof of (5.7) is indirect. A direct proof can be obtained via the
Meijer-G function representation of J, ;(z) in (5.3), analogous to the proof of [34,
Thm. 5.11].

(ii) Here we use a nearly vertical contour Z‘il/Q to be in consistent with [35]. It is
also possible to deform ¥ into a Hankel-like form, which is symmetric to I'y. With
the help of this symmetry, and under the change of variables z — —(z + (¢ + 1)/6),
w+— —(w + (¢+1)/0) in (5.7) the contours ¥ and I'y interchange. Making use of
the reflection formula for the gamma function then allows us to deduce that

éxuqu(a,e)(xue’yue) _ (i)“ K10y 1), (5.8)
Yy

which as noted in [34] also follows from the original form (5.2).

(iii) When our article was almost complete, we received a preprint from Zhang [52],
containing amongst other things an independent analysis of the hard edge scaling
of the Laguerre Muttalib-Borodin ensemble.

5.1.2 The 6 = 0 case

We could take the limit of the double contour integral formula (1.7) with a; = -+ =
an = c to derive the limiting correlation kernel near 0 for the 8 = 0 case of the Laguerre
Muttalib-Borodin ensemble, but here we introduce an alternative approach. Note that
the joint PDF of the § = 0 Laguerre Muttalib-Borodin ensemble is given in (2.21).
Changing variables log A; — p;, we have that the joint PDF for p; > po > --- > un is
proportional to

N

H e~V () H (et —el*)(u; — px), where V(z)=—(c+ 1)z +e".
k=1 1<j<k<N
EJP 22 (2017), paper 54. http://www.imstat.org/ejp/

Page 39/43


http://dx.doi.org/10.1214/17-EJP62
http://www.imstat.org/ejp/

Muttalib-Borodin ensembles

Then the results in [19] indicate that the correlation functions for the smallest variables
UN,UN—1,... converge to the correlation functions in the Tracy-Widom distribution,
upon proper scaling. More specifically, the results in [19] are only concerned with the
asymptotics of biorthogonal polynomials. In principle, by summing up the products
of the biorthogonal polynomials, the asymptotics of the correlation kernel results, but
technically this is nontrivial. Note that in [19] there is a technical assumption that
V(z) — +oo faster than any linear equation as z — +oo. But it is not hard to see that in
the —oo direction this requirement can be relaxed to a linear growth to +oc0.

5.2 The Jacobi Muttalib-Borodin ensemble

The hard edge scaled limit of the Jacobi Muttalib-Borodin ensemble is the same as
that for the Laguerre Muttalib-Borodin ensemble, although the specific scale is different
[13].

Proposition 5.4. Let ¢; = ¢ in (1.6), and specify the ratio h(zx)/h(y) occurring in the
definition (4.54) by (4.55). We have

lim NP VORI(NTIZY 0, N7171/0)) = lim N~YORY(NTVOp N=V9%).  (5.9)

N—o0 N—o0

Proof. First we consider the case that c; € Z. Then the contour I', in the integral (4.54)
is a finite contour enclosing aq,...,ay. By the argument similar to that in Section 4.2,
we can deform the contour ¥ in (4.54) into a vertical contour going from e~ (M/248)i
to e(™/2+9)i . 5o on the left of I',. Furthermore we can deform the closed contour I, into
the infinite contour I'y. Thus the double integral formula (4.54) still holds with ¥ and T',,
replaced by ©¢ 1/2 and I'y respectively.

Comparing the integrands of K (1.7) and K’ (4.54) we see that the only difference
is that in the latter there is an additional factor I'(w 4+ ¢ + N + 1) /T'(2 + ¢ + N + 1). For
z and w fixed and N — oo, this simplifies to

MNw+c+N+1)
T(z+co+N+1)

— N(w=2) (1 + O(l/N)),

so the only difference in the present case is an additional factor of N(*~2), The additional
factor is accounted for by the different scalings: z — N ~!/?z for the Laguerre case, and
z — N~171/94 for the Jacobi case.

In the case that ¢z ¢ Z, the contour ', in (4.54) is infinite. We express ', =T, UT?
and ¥ a contour from e~ (7/2+9)i . o to e(7/249)7 . o0 in between I, and I'” as in the proof
of Proposition 4.7. Furthermore, we deform I/ into the infinite contour I'g, and then

take Y as 26,1/2- We write

>

1 h(z)

27i)? fl(y)
. w x—Z—lyw Pw4+eca+N+1)I'(2+1) HkN:1(Z — o) v
x]{Zd ]gzd (z=w) T(z4+co+ N+ D(w+ D), (w—a) or”.

K'(z,y) = K" (z,y) + K" (2,y), where K"*(z,y)=

—~

By the argument in the c; € Z case, we have that

lim N*lfl/E’KJ,//(Nflfl/el,vN*lfl/ey) :Nlij)réoNil/gKL(Nil/exvNﬁl/ay) (510)

N—o00
On the other hand, by estimating the factors of the integrand

N
I (2 + 1) H(z — o) (z+ca+N+1)71
k=1
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by Stirling’s formula on ¥_, / and

N —1
y'I(w+ca+ N+1) (F(w +1) H(w - Oél))

1=

[

on I/, separately, we find that

ngnoo N*lfl/GKJ,/(Nflfl/Ql,vN*l*l/@,y) =0. (511)
Thus we prove (5.9) by combining (5.10) and (5.11). O
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