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Powers of Ginibre eigenvalues
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Abstract

We study the images of the complex Ginibre eigenvalues under the power maps
s 2z — 2™, for any integer M. We establish the following equality in distribution,

M
Gin(N)™ £ | J Gin(N, M, k),
k=1
where the so-called Power-Ginibre distributions Gin(N, M, k) form M independent
determinantal point processes. The decomposition can be extended to any radially
symmetric normal matrix ensemble, and generalizes Rains’ superposition theorem for
the CUE (see [21]) and Kostlan’s independence of radii (see [17]) to a wider class of
point processes. Our proof technique also allows us to recover two results by Edelman
and La Croix [12] for the GUE.

Concerning the Power-Ginibre blocks, we prove convergence of fluctuations of
their smooth linear statistics to independent gaussian variables, coherent with the
link between the complex Ginibre Ensemble and the Gaussian Free Field [22].

Finally, some partial results about two-dimensional beta ensembles with radial
symmetry and even parameter [ are discussed, replacing independence by conditional
independence.
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Powers of Ginibre eigenvalues

1 Introduction

1.1 Motivations

The complex Ginibre ensemble, that we will denote by Gin(/V), consists of matrices
whose coefficients are independent and identically distributed complex Gaussian random
variables. With the appropriate scaling,

d 1
G=(Gy)N_, Gy z,/t@(aﬁ). (1.1)

It has been known since the seminal work of Ginibre (see [13]) that the eigenvalues
of such a matrix form a determinantal point process. The joint density is proportional to

[T lzi—zfPe V=l
1<i<j<N

with respect to the Lebesgue measure on C.

This density shows strong interaction (repulsion) between eigenvalues. However,
remarkably, Kostlan has shown [17] that their radii are independent in the following
sense.

Theorem 1.1 (Kostlan). If {\y, ..., An} is distributed according to Gin(N), he following
equality in distribution holds:

d
{N|)\1|277N|)‘N|2} = {717'-' a’yN}>
where the gamma variables are independent, with parameters 1,2,..., N.

The same holds in the more general setting of radially symmetric point processes.
With techniques reviewed in [14], Hough, Krishnapur, Peres and Virdg established a
broader version of Kostlan’s theorem, as well as the independence of high powers. In
the Ginibre case, it can be stated as follows.

Theorem 1.2 (Hough, Krishnapur, Peres, Virdg). For any integer M > N, the following
equality in distribution holds:

)

d . .
{NM/Q/\{W’ N _7NM/2)\%} 4 {,y{w/zezel ...,7]]\\,4/2@’9”}

where the variables v, 0, are independent, the gamma variables having parameters
1,2,..., N, and the angles being uniform on [0, 27].

Note that this is not an asymptotic, but an exact result, for any power larger than the
number of points.

In specific settings, two other results hinted that something unusual happens with
quadratic repulsion that would concern more than the radii or the high powers only.
The first of these results was stated for the eigenvalues of a Haar-distributed unitary
matrix (known as the Circular Unitary Ensemble, or CUE). The joint density of these
eigenvalues is proportional to

H |ei9k _ ein |2

1<k<j<N

with respect to the Lebesgue measure on the unit circle. Rains established in [21]
a decomposition in M independent CUE blocks, for any power of the eigenvalues of
CUE(N).

Theorem 1.3 (Rains). Forany M > 1,

CUE(N)M £ LNJ CUE GNA;’“D .

k=1
where the Circular Unitary Ensembles in the right hand side are independent.
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The second example involves the eigenvalues of Gaussian hermitian matrices (the
Gaussian Unitary Ensemble, or GUE). This example is different in this,that it does not
exhibit radial symmetry on C. GUE eigenvalues are distributed on R with joint density

proportional to:
2
H |z — x;2e N X,
1<i<j<N
Edelman and La Croix [12] established a block decomposition, which holds for the

squares of the GUE eigenvalues (that is, the singular values of a GUE matrix) and is
made of two independent Laguerre blocks (see [12] for a definition).

Theorem 1.4 (Edelman-Lacroix).
GUE(N)? £ LUE(N, 1) ULUE(N, 2),

where LUE(N, k) stand for Laguerre ensembles with half-integer parameters.

The fact that such a result holds for the squares only is essentially due to the lack of
symmetry.

1.2 Results

Our results are essentially a generalization of the above. Instead of relying on
the underlying matrix ensemble, or actually decomposing the density, we rely on a
characterization of the law by the statistics obtained with the so-called product symmetric
polynomials, that is, expressions of the type

N
E (H P(/\i,)\i)>

for any polynomial P in two variables. Such statistics can be exactly computed thanks
to Andréief’s identity, and they characterize the point process (see the Appendix). We
illustrate this in Subsection 2.1 by giving a new proof of Kostlan’s theorem and the
independence of Mth powers for M > N.

Our main new result follows this approach. This is the identity stated in the abstract,
that we refer to as the Power-Ginibre decomposition, summarized in Figure 1.
Theorem 1.5 (Power-Ginibre Decomposition). For fixed integers M < N, let us define
the sets

I, ={ie[1,N] |i=k [M]}, 1<k<M.

The following equality in distribution holds, when {1, ..., A\n} is distributed according
to Gin(N),

M
(ML £ Gin(V, M k)
k=1
where the independent Power-Ginibre distributions Gin(N, M, k) are indexed by the sets
I, with joint densities

1 I 9 2 2(kA}1vl)e_N‘zi‘2/J\4dm ).
Jj

N ME
NME 525 icly
i,j€I)

In Subsection 2.3, we study the linear statistics of the Power-Ginibre distributions,
using the determinantal structure it exhibits. The first order given by Theorem 2.17
involves the pushforward of the circular law by m,;, coherently with a classical result.
The second order given by Theorem 2.21 is in accordance with the Gaussian Free Field
limit established by Rider and Viradg in [22].
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{
e%

le sz M l(Superposition)

Figure 1: In the first picture, every pair of eigenvalues experiences repulsion, but
the images of two eigenvalues under 7); may still be close because they come from
different sheets of the covering map 7),. In the second picture, every sheet has quadratic
repulsion within itself, but each sheet is independent from the others.

Section 3 goes beyond the Ginibre case to study ensembles with different supports
and features. Indeed, our proof technique argument does not depend on the reference
measure, but only relies on quadratic repulsion, provided that the distributions involved
exhibit radial symmetry, as stated in 3.1. Such distributions include, for instance,
products of independent Ginibre matrices, minors of the CUE, or the spherical ensemble.
These examples are given in more details in Subsection 3.1.

Our general Power Decomposition encompasses Rains’ result for the CUE, as we
state precisely in Subsection 3.2.1. A peculiarity of the CUE case is the fact that its
characteristic polynomial on the circle is distributed as a product of independent terms,
a property first proved in [4]. We give a new proof of this fact relying on the techniques
we introduce in this paper. In this case, however, our approach does not allow us to
extend the result any further.

Subsection 3.3 focuses on the GUE. In this case, block decomposition does not hold
for all powers, but only for M = 2. This generalizes the result of Edelman and La Croix.
We are also able to provide a direct proof of another fact they mention: as in the CUE
case, the characteristic polynomial at a specific point (z = 0 here) is distributed like a
product of independent variables.

Subsection 3.4 initiates a further generalization of our results to two-dimensional beta
ensembles with radial symmetry, when 3 is an even integer. In that case, independence
needs be replaced by a form of conditional independence with an explicit discrete
variable [ that appears as a random environment. We generalize our study of squared
radii and high powers to this context. However, the lack of a suitable form of Andréief’s
identity prevents us from studying intermediate powers.

1.3 Synoptic table

For the convenience of the reader, we provide a table summing up all results consid-
ered in our paper about three ensembles of random matrix theory: namely, the complex
Ginibre ensemble, the Circular Unitary Ensemble, and the Gaussian Unitary Ensemble.
The three relevant aspects mentioned are the behavior of the radii, the existence of a de-
composition of all or some powers, and the distribution of the characteristic polynomial
at specific points.

Our new result here is the Power-Ginibre decomposition, which fills the last gap in
this global picture. The results about the characteristic polynomial of the CUE and GUE
are not new, but we recover them by another method.
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Squared Radii Powers Charactenlstlc
Polynomial
Independence Block Independence Independence at z = 0
M N
. d . d . d 4
Gin. (NP, £ (e, Gin(N)™ £ | Gin(N, M, k) Pn(0) =TT v
k=1 k=1
(Kostlan [17]) (P-G. Decomposition)
(Trivial) Independence Block Independence Independence atz =1
N
o N —k
CUE lei®|2 = 1 CUE(N)™ £ | JCUE ([ = D Zn(1) 2 H (1 + VB i k)
k=1 =1
(Rains [21]) (Bourgade & al. [4])
Block Independence Block Independence, M = 2 Independence at z = 0
2 N
k
GUE (Same as powers) GUE(N)? 4 U LUE(N, k) | Pn (0)] 4 Hx2 (2 {EJ + 1)
k=1 k=1
(Edelman-La Croix [12]) (Edelman-La Croix [12])

1.4 Notations and conventions

We denote dm the Lebesgue measure on C, dmN(z) the Lebesgue measure on CcN,
and the standard complex Gaussian distributions by
1 NN
du(z) = fef‘z‘zdm(z), dp™M(z) = —NefNszdmN(z).
™ e
Note that du™) differs from du®V in scaling.

The complex Ginibre ensemble Gin(N) is defined by (1.1), with the appropriate N ~'/2
scaling. We will sometimes refer to the matrix v/ NG and its eigenvalues as the unscaled
Ginibre ensemble.

The joint density of the eigenvalues of Gin(N) is given by

1
EHM—zj|2du(N)(zl,...,zN), (1.2)
1<j

where Zny = N-N\N-1)/2 vazl 4!, and it is known (see [13]) that the limiting empirical
spectral measure converges weakly to the circular law,

1 a 1
NZ(SM — ;]l{\)\|<1}dm()\)-

The power map 7y : 2 — 2™ is a covering map of C* with M sheets. It conformally
maps the slice £y := {0 < arg(z) < 2%,0 < |z| < 1} to D\[0, 1], and the simple change of
variables w = 7y (2) gives

L _% m w2/ 2m
2 [otame = [ geam) = 7 [ g amw), a3

where the weight ﬁ|w|2/ M=2 corresponds to the concentration of the measure at the
origin displayed on Figure 2. We will refer to the associated measure on the unit disk
as the twisted (or M-twisted) circular distribution; it is the pushforward of the circular
distribution by 7.

In Section 2.2 we will consider the partial sums of the exponential along an arithmetic
progression. For any integers M > k > 1 and n, we will denote

n—1 pMit+k—1 Mj+k—1
(m) ( _ &z
€a (@ Z (Mj+k—1) ”“(“'”)*;O(Mjm—n!'
J=Z
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Figure 2: MATLAB simulations of low powers of Gin(2000).

It is clear that, if ¢ is a primitive Mth root of unity, for any [ € [1, M],

M
englm _ Z C(l_l)(k_l)eM,k(l')7
k=1
and one can reverse this identity through the Vandermonde matrix (C (-1 *1))%: 1, SO
that it reads 7
1 & —(k=1)(1=1) (¢i-1
emk(z) = i ;C el ), (1.4)

Such identities will be used in Section 2.2.

Unless otherwise specified, the capital letters X,Y stand for random variables,
whereas T, S stand for polynomial indeterminates. Capital Z can denote one or the other,
depending on the context.

2 The complex Ginibre ensemble under power maps

The technique that will be used to prove the main theorem is first exemplified in
Subsection 2.1 in order to recover a few well-known results. We then proceed to prove
Theorem 2.12, showing that every power map gives rise to some decomposition in
independent blocks. Subsection 2.3 is devoted to a few asymptotic properties of these
Power-Ginibre blocks, thus checking that their existence is coherent with two main
features of the complex Ginibre ensemble: namely, the circular law, and the Gaussian
Free Field.

2.1 Distribution of radii and large powers

In this section we provide a new proof of some known results. The technique we
use is essentially the same as the one that gives rise to new results in Sections 2.2 and
3.1: characterization of the distribution of a set of complex variable through product
statistics obtained with Andréief’s identity. One technical issue is to prove that such
statistics indeed characterize the distribution. This classical technicality is dealt with in
the Appendix.

2.1.1 Andréief’s identity and product statistics

We following lemma is a key-fact in the study of determinantal processes.
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Lemma 2.1 (Andréief). Let (E,&,v) be a measure space. For any functions (¢;,1;)N_; €
LQ(V)2N

1

7 [, Aot (0i(0) det (1)) v () = det (£, where £y = [ 6,5 (V)

A proof can be found in [3, 10]. For Ginibre, it yields the following explicit formula
for the product statistics.

Corollary 2.2 (Product Statistics). Let E = C, g € L?(u), and {\1,...,\y} Ginibre
eigenvalues. Then,

N
E (H g (A;@/ﬁ)) = det (fw)” | Wwhere f; ; = ﬁ/zi_léj_lg(z)du(z).
k=1 ’

Proof. The unscaled eigenvalues {\; VN,...,AnVN } have joint density

1 N
et (27)
szljl i,j=1

Therefore, using Lemma 2.1 with ¢;(z) = 2*71g(z), ¢;(z) = 277! and dv = dpu yields

2
d/’[’®N(zl7 o 7ZN)'

N N
N! P
k=1 k=1"" i,j=1
as was claimed. O

2.1.2 Kostlan’s theorem

Corollary 2.2 implies Kostlan’s theorem, provided the statistics of a set of real random
variables are fully characterized by these product statistics. We define the product
symmetric polynomials as the symmetric polynomials given by products of polynomials

in one variable,
PS¢(N {HP |Pe@[]}

Lemma 2.3. PS¢(N) spans S¢(N) as a vector space.
The proof can be found in the Appendix. We now give a proof of Kostlan’s theorem,
that we restate for the convenience of the reader:

Theorem 2.4 (Kostlan). {N|\1|,..., N|Ax |2} £ {71,...,yn}, where the gamma vari-
ables are independent, with parameters 1,2,...,N.

Proof. Let g € C[X] and apply Corollary 2.2 to the radially symmetric function g(| - |?).
The matrix is then diagonal, with coefficients

_ ﬁ / 2% 2g(|2*)dp(z) = ﬁ /OO r'g(r)e”"dr = E(g(v))-

=0

(i) -s{fr)

These statistics characterize the distribution of a set of points, as such expressions with
polynomial g generate all symmetric polynomials (see Lemma 2.3), and the distributions
involved are characterized by their moments. The result follows. O

That is to say,
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2.1.3 Independence of high powers

An equivalent characterization of distributions holds for sets of random complex variables,
with mixed symmetric polynomial in Z, Z. In this section, Z stands for a polynomial
indeterminate and not a specific random variable. We write Z =T +iS and Z =T — iS.
The product symmetric mixed polynomials are the symmetric polynomials given by
products of mixed polynomials, that is, polynomials in one variable and its complex
conjugate:

N
PMSc(N) =3 [[ P(2,.Z;) | P € O[T, 5]

Even though the notation P(Z, Z) is redundant, we use it to make it clear that we are
dealing with a mixed polynomial. We now extend Lemma 2.3 to PMS¢(N). This will
allow us to characterize the distribution of a set of complex variables by examining its
product statistics.

Lemma 2.5. PMS¢(V) spans MS¢ (V) as a vector space.
The proof can be found in the Appendix. We now prove the following result, that was
announced in the introduction, restated here for the convenience of the reader.

Theorem 2.6 (Hough, Krishnapur, Peres, Virdg). For any integer M > N, the following
equality in distribution holds:

/ / d i0, y i
{(NMP NN S (e e

where the variables vy, 0 are independent, the gamma variables having parameters
1,2,..., N, and the angles being uniform on [0, 27].

Proof. Let g € C[X,X] and apply Corollary 2.2 to the polynomial g(X™). If we call
relative degree of a monomial the difference between its degrees in the first and second
variable,

reldeg = degy — deg,

the monomials of relative degree 0 are the powers of | X|?, and the relative degree of a
product is the sum of the relative degrees. Lemma 2.2 gives

N
E <H g()\nyM/Q)> = det (fi,j)f\,[j:1 where f; ; = (j_ll)!/ziléjlg(zM)du(z).

k=1

The relative degrees of the monomials of g(X*) are multiples of M > N, but on the
other hand 4
reldeg(X* X’ ) =i —j| < N

Expanding the expression z'~'z/~1g(2™) as a sum of monomials, it is clear that only the
monomials with relative degree 0 contribute, and these can be achieved only for i = j.
The matrix is therefore diagonal, with

1 -
= =g P an)
1 e M/2_if .
" 2n(j - 1)! /9:o/r:or] g™ )e drdf;
=B (g(1}"*e"))).
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That is to say,

N

Hg()\MNM/2 ﬁ ( M2 ¢i%) ) IJ—V[ M/2 i)
J

j=1

These statistics characterize the distribution of a set of points, as such expressions with
polynomial g generate all symmetric polynomials (see Lemma 2.5), and the distributions
involved are characterized by their moments. The result follows. O

2.2 Power-Ginibre decomposition

We state and prove here our main result, Theorem 1.5: decomposition of the images
of the complex Ginibre Ensemble under a power map as independent blocks, this for
any power M. This relies on the techniques introduced above, and requires first a few
elementary definitions.

2.2.1 Arithmetic progressions and determinants of striped matrices

We consider the total number of Ginibre points N, an integer M € IN, and write
N =qM +r, 0<r<M

the Euclidean division of NV by M. By arithmetic progressions we mean the intersections
of [1, N] with infinite arithmetic progressions of step M.

Remark 2.7. The set [1, N] is partitioned by r arithmetic progressions of length ¢ + 1
and M — r arithmetic progressions of length ¢. These are given by the sets

INM,]C:{ZE[[].,N]HZE]{?[M]}, ].SkSM, 2.1)

whose cardinalities depend on whether k < r or k > r.

We will sometimes use the notation
Is =In g, ok = |Ix|
Definition 2.8. We say that a matrix A € My (C) is M -striped if
i—j#0[M] = A;; =0.

The determinant of an M-striped matrix can be factorized as the product of M
determinants, as shown below.

Lemma 2.9. The determinant of an M -striped matrix A € My (C) is the product of its
minors indexed by the arithmetic progressions Iy ar . That is, if Ay, = (A; ;)i jer,, then

M
det(A) = H det(Ag).

Proof. The M-striped matrix A is equivalent to a block matrix, by conjugation with a
permutation matrix that re-indexes [1, N] according to I1, Io,..., In;. O
2.2.2 The Power-Ginibre distributions

Even though the relevant determinantal process is Gin(N, M, k), for convenience in the
proofs, we also define its preimage by the power map, R(N, M, k).
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Definition 2.10. For any triple (N, M, k) we define the root distribution R(N, M, k) as
the point process indexed by Iy 1, with joint density

[T MMM = 22 T N9z EDda(z),
1<J i€y,
i,j€Iy

ZR(N M.k)

where
ZR(N,M.k) = Ck! H (-1
JEI
The Power-Ginibre distribution Gin(N, M, k) is the image of the root distribution under
the power map 7). Equivalently, Gin(N, M, k) is the point process indexed by I, with
Jjoint density

1 2k=M) 2/M

Z IT MYz = 2P [T Nzl e V=T dm(z),
N.ME 525 icl,

IS

where
ZN,M,k = chck! Mck H (] — 1)'

JEIx
Note that Gin(N, 1,1) is Gin(N). The following identity is essential in the proof of
Theorem 2.12.
Proposition 2.11. For any g € L*(p), and {\;};, ~ Gin(N, M, k),

1 i
E (H g (AiNM/2)> = det (fivj)i,jelk where f; ; = G= /zz lzi-1g (ZM) dp(z).
i€l ’

Proof. By definition, { NM/2)\;}; = {NM/2;M}, where {z;};, ~ R(N, M, k). The points
{NM/22};, have joint density

c H H |Z ]'V[|2 H |Zi|2(k71)d:u’(zi)7
ke JGI i<j i€l
3,J€1k

and, for indices in [1, ¢] where ¢ =

q

H|Zi‘2(k71) H |ZZM—ZJ |2 det( MG =1)+h= 1)

i=1 1<i<j<q

det( SM(j—1)+k— 1)

ij=1 ij=1

where the exponents yield exactly the elements of I;,. Thus we can index by I, and use
Lemma 2.1 with ¢;(2) = 27 1g(z2), ¥;(z) = 27!, This yields

cr! i—12j—1 |
. (H g()‘iNM/Q)> B Ck!HjEI’Z (] - 1)! det (/ A (ZM) d’u(Z))ijGIk

i€l

as was claimed. O

We can now state and prove our main result. The image of the Ginibre point pro-
cess under any power map is the superposition of independent Power-Ginibre blocks.
Below is a more detailed statement of the theorem than the one that was stated in the
introduction.

EJP 23 (2018), paper 111. http://www.imstat.org/ejp/
Page 10/31


http://dx.doi.org/10.1214/18-EJP234
http://www.imstat.org/ejp/

Powers of Ginibre eigenvalues

Theorem 2.12 (Power-Ginibre decomposition). We have the equality in distribution
/ y d
{/\{”77)‘%} = {Z{\/l,72%

where the (z;)1, are distributed according to R(N, M, k) and independently for different
values of k. In other words, the distribution of the M -th Powers of the Ginibre eigenvalues
is a superposition of M independent Power-Ginibre point processes:

M M
Gin(N)M £ | RN, M, k)™ £ | ] Gin(N, M, k).
k=1 k=1

Proof. Let P € C[X, X] and use Corollary 2.2 with the function g(z) = P(zM, zM). The
matrix is then M-striped, with coefficients

fis = ﬁ [#7PEM M dnte)

when ¢ and j belong to the same progression. We therefore use the factorization from
Lemma 2.9 and write

N M
E (H g(NM/2\M NM/2/\1'M)> = det (fi;) = [] det (fis);, -
k=1

i=1

These in turn are characterized by Proposition 2.11 as the product statistics of Power-
Ginibre,

N M
E (HQ(NM/g)\fV[,NM/2XlJW)> _ H]E (H g(NM/2ZZJW,N]w/2Z_1M)> .

i=1 k=1 i€l

These statistics characterize the distribution of a set of points, as such expressions
with polynomial g generate all mixed symmetric polynomials (see Lemma 2.5), and the
distributions involved are characterized by their moments. The result follows. O

Power-Ginibre decomposition encompasses the previously mentioned results about
Ginibre. For M = 1 it yields the original Ginibre point process, and for M > N it yields
N independent blocks. The joint law of the radii is also coherent with Kostlan’s theorem,
as can be computed directly from Proposition 2.11.

Proposition 2.13 (Kostlan for Power-Ginibre). The set of Power-Ginibre squared radii
{NM]X;|?},, is distributed as a set of independent gamma variables, with parameters
matching the indices I, to the power M.

Proof. Let g € C[X] and apply Proposition 2.11 with the radially symmetric function
g(| - |?). The matrix is then diagonal, with coefficients

o0

fur = =gy [ PR () = =gy [ e = B (o))

(i =0

where ¢ is indexed by Ij,. That is to say,

E (H g(NM/Q/\i|2)> =[[E@H") =E (H 9(75”)) :

i€l i€ly i€ly

These statistics characterize the distribution of a set of points, since such expressions
with polynomial g generate all symmetric polynomials by Lemma 2.3, and all distributions
involved are characterized by their moments. This completes the proof. O
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2.3 Asymptotic study of the Power-Ginibre Ensembles

We have shown the relevance of the Gin(N, M, k) blocks in the analysis of the powers
of Gin(NV). These smaller blocks themselves are determinantal and can be studied using
standard techniques. In the following paragraphs, we explore the coherence of Theorem
2.12 with the convergence to the Circular Law and the Gaussian Free Field. We also
study the Power-Ginibre kernels at microscopic scales.

2.3.1 Twisted circular law

Recall the form of the Ginibre Kernel,

N
N Nt
Kin(z,0) = Mot 3 NS
k=1 :

We will make use of the following fact, the proof of which requires only the Central Limit
Theorem and properties of Poisson distributions.

Fact 2.14 (Poisson asymptotics). For any r > 0,

N (N 1 ifr<1
e Ny o oo [ =1 12 ifr=1
= 0 ifr>1.

This simple threshold property is one way to establish that the empirical measure
of Complex Ginibre eigenvalues converges weakly to the circular law, the density of
which is discontinuous along the unit circle. That is, for any continuous and bounded
f:C—R,

1 & as. 1
¥ 2 ) 52 < [ famie),
=1

N—oco T

Furthermore, using (1.3), for any such f, if M is fixed and NV tends to infinity,

N—oco T

iN M -3 l M mz—i W)|w|2M—2dm(w
¥ LN [ ) = 7 [ FeP 2 am().

The singular weight —+-|w|**~2 behaves like an approximation to the identity; it is
the density on D we refer to as the M-twisted circular law. On the other hand, by the
Power-Ginibre decomposition,

R = \
N;f(zj )= 2> )

k=1icly
where the second sum is over independent blocks. The fact that every Power-Ginibre
block is determinantal enables us to compute its exact part in the final limit.

Proposition 2.15 (Explicit kernel). The measure Gin(N, M, k) is a determinantal point
process indexed by I, with kernel

el M =\l
(N 2w)
Ky, =TIk —_ 2.2
Nk (2, w) =T(k) 2 (MIT k- 1)] (2.2)
with respect to the measure
1 _
dVN,JVI,k(Z) = |Z|2’“MM E*N\ZP/Mdm(Z)’
ZVN,M,k
where
Zynrin = TN FMT (k).
EJP 23 (2018), paper 111. http://www.imstat.org/ejp/
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Proof. The usual methods for determinantal point processes apply (see [19]), and as
the measure is radially symmetric, an orthonormal basis of polynomials is given by the
monomials, scaled by their L2(dVN} M%) horm. We compute and find

D(MI + k)
21 _
/CIZ\ dvn vk = NV

Hence, the kernel is given by formula (2.2). O
We can now study the convergence of each block to the M-twisted circular law. Recall
that ¢ = |Ix| is the number of points of Gin(N, M, k) (see (2.1)).

Proposition 2.16 (Mean Twisted Circular Law). The mean density of Gin(N, M, k) con-
verges to the M -twisted circular law, that is for any M > k and test function f,

aE (Zf > N—oo wM/f |2/M_2dm(w).

i€l

Proof. It suffices to compute the asymptotic density, obtained directly from the determi-
nantal kernel,

Z el 2/M\MI+k—1
#KNMk(zjz”Z‘Q%e,leﬁ/M _ | |2/M 2 Z N|Z‘ )
VA B 7rc;€M (Ml +k—1)!

VN,M,k

N‘Z‘Q/JVI

N .
PN P e N,

We then use the asymptotics of the partial sums of the exponential deduced from formula
(1.4) and Proposition 2.14, as well as the fact that ¢, ~ W' to conclude that

1 _ 2/M
— Kz, 2) o5 e VY \ZIQ/M “1p,
CkZVNJ\/[], N—oo T

as was claimed. O

In other words, each Power-Ginibre block contributes equally to first order asymp-
totics. In fact, one can strengthen this averaged result as follows.

Theorem 2.17 (Twisted Circular Law). For any k, the empirical distribution of the Power-

Ginibre point process Gin(N, M, k) converges weakly to the M -twisted circular law, that
is for any test function f

=100 =2 [ M),

Zelk

A proof of this convergence can be deduced from the Mean Circular Law using
canonical arguments, reviewed for instance by Hwang in [15]. For the sake of brevity
we do not reproduce the argument here.

Remark 2.18. The above results hold for any fixed M, and N going to co. As we know
that M > N gives independent points, one could say the parameter M gives an interface
between random matrix statistics and independent statistics.

2.3.2 Gaussian Free Field
In this section we will consider a smooth function f : C — R with compact support in D.

The following was proved in [22].

EJP 23 (2018), paper 111. http://www.imstat.org/ejp/
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Theorem 2.19 (Rider, Virag). If we denote by Xy the centered linear statistics of the
complex Ginibre ensemble,

N
X0 =Y 100 -2 [ fen()

i=1

then Xy converges without renormalization to a gaussian variable, namely:
X(N) LN N (0,0%), where o = L \Y 2d
o2), 7= g | IVIE)Pdm(e)

Applying this theorem to the function f,; = fom,s, which is still smooth and compactly
supported in D, we get

fum N—o0

1
x4y 4(0,0%), where ol = 5/ IV far (2)2dm(2).
D

Using the identity |V fas|? = |74, (2)]?|V f (M)

2 2

On the other hand, using Power-Ginibre decomposition and Theorem 2.16,

M c
xp) = Zf AT - / f(z Z(Zf(zn—M’; /}D f(Z)|Z|2/M2dm(z)>

k=1 \i€lj

which is a sum of M centered independent terms, converging to a gaussian variable with
variance M ch%. This simple fact, together with Theorem 2.16, suggests that every term
converges to a centered gaussian with variance a}%, which is indeed the case. In order to
prove this, we first need to evaluate some more precise asymptotics of the Power-Ginibre
Kernel. We consider the following related quantity:
1 gk=M | ok M
JN7A47k(z,o.)) = Qi‘KNMk(Z w)| |Z| M \w\ M e

VN,M,k

2 2
— Nzl B —Njw|

For any € > 0 we will denote
Qe = {(z,w) € D? | |7 — arg(z2@)| > €}.

And 2y = {(z,w) €D | z € Lpr, (ZM,0M) € Q..
Lemma 2.20. For any ¢ > 0, there is a 6; > 0 such that the following holds on ).:

N A2
2/M—-2_—N|zM —wM —N§
JN,I\/I,k(Z7w) = 4|ZW| / e 1= Wil (1+O(€ 1))a
w2 M
where the representatives z™ and w™ are chosen so as to minimize their distance; and

there is a 2 > 0 such that the following holds on Q¢ :
Inrk(z,w) = 0(e V%),

Proof. If ¢ is a primitive M-th root of unity, then the preimage 7;, () is stable under
multiplication by (. We will denote by 237 a chosen representative, and state precisely
where this choice matters, and when it does not.

It is clear that the expression

- () wMi
w ey p(w) = E Y
) —1)!
=0 (Mj+k—1)!

EJP 23 (2018), paper 111. http://www.imstat.org/ejp/
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is stable under multiplication by ¢, and so we can write S Mk(zﬁ) without possible
confusion. Replacing ey, by a linear combination of exponentials according to (1.4),
one gets

M
1 AR o L 1 B
z i 6]»[]€ ZM = g (Cl 12’”) 64 z M i E wt kew7

M= wemy(2)

which indeed doesn’t depend on the choice of a representative, as it is an average over
all representatives. The same can be written about partial sums up to degree N. The
above expression is then the one we find in the kernel of Gin(N, M, k):

- M T(k) -
Ky i(z,w) Ml+k—1) % Z (Nu) " "en(Nu)

“M

uETrJ_Ml (z@)

The dominant term in the asymptotics will be the choice of u € 7@[1(251) with the largest
real part. This is uniquely defined when ziw € ID — R_ and corresponds to 23w where
the two representatives are chosen as to minimize the distance |z% — W |. Combining
the kernel with the density of the reference measure, it follows that, on 2., bounding
by some 6; > 0 the real part of the difference between (za))l/ M and the other possible
choices of the M-th root,

2 2
2b_M _ N|z| M —N|w| 1

22255 w5 e

JN7M7]§(Z’W) = ‘KN7M7]€(Z,(.¢))

ZEN M,k
N2 _ _ 2 2
_ |Zw|2/M—26N(zw)1/M+N(zw)1/M—N|z| M — N |w| 31 (1+ O(e—N61))
7.‘-2]\44
N2 , 11,
= gyl MR N TR (1 4 O(em )
as was claimed. The bound outside (2. is obtained in the same way. O

We can now state a convergence result for the centered linear statistics of the Power-
Ginibre distributions. The gaussian limit is the same as in Theorem 2.19, as was claimed.
We remind that ¢, is the number of points in Gin(N, M, k) (see (2.1)).

Theorem 2.21 (Gaussian Free Field for Power-Ginibre). For fixed M, k, and any smooth f
with compact support in D, the centered linear statistics defined by

X = 3 1) - 51 JRCER TS

converge without renormalization to a gaussian variable, namely:

N,M,k d 1
XMMR Ly (0,0%), wherea?:a/ﬂ)\Vf(z)de(z).

N—oc0

Proof. We refer to the general, now well-known, method developped in [8, 2, 22]. Con-
cretely, we adapt the proof of Theorem 4.1 in [5] in the Ginibre case to the Power-Ginibre
case and emphasize what is essentially new. The computation of the variance relies on
the explicit formula of the second cumulant,

cumy (2 / / )2 K a1 (,0) () dw(w).
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By z!/M we mean any preimage of z by 75;. The important thing as we will see is that
the preimages of z and w are chosen in the closest possible way.

1
cumn(@) =5 [ (1) = F0)?|Ky.araes) P(z) ()

D
1
=5 | UG = @) v aralew)dm(2)dm(e)
N2

|GG = eV ) am(e) (14 0(eN5) + 0

212

M, e

N2 2
— / (f(zM) = f(wM))2e N dm(z)dm(w) (1+ O(efN‘;l)) +0(e™N%)
27T2M Q.
This integral is the same that appears in the proof of Theorem 4.1 of [5], applied to the
function fj;. We can state with 6 = min(dy, d2):

cumy (2) = ﬁ /]D IV far]? + O(e™N) = ﬁ /]D IVf]2+0(e™N°).

It remains to prove that other cumulants vanish. It can be checked, using ex-
pressions from the proof Theorem 2.16 that cumy (1) o 0. For higher cumu-
—

o0
lants, one could follow the method of [5] in order to bound cumy (/) directly when
I > 3. For the convenience of the reader, we present another way to conclude. The
variables are centered and have bounded variances, so the families of their distribu-
tions are tight. By Theorem 2.19 and Power-Ginibre decomposition, any converging
subsequences of these families are such that their independent limits sum up to a
gaussian variable. By Cramér’s theorem, each of these limits is a gaussian variable.
Therefore, every centered linear statistics do converge to a gaussian variable, as was
claimed. O

We have used the determinantal structure of the Power-Ginibre processes to establish
convergence of the linear statistics to the twisted circular law, and convergence of the
centered statistics to the Gaussian Free Field. Note that neither the mean, nor the
variance of the linear statistics depend on the parameter k in the limit. Moreover, the
variance does not depend on the power M: the limit Gaussian Free Field is the same as
for the usual complex Ginibre ensemble.

2.3.3 Microscopic analysis of the Power-Ginibre kernels

We have seen above that the parameter £ did not impact the first and second order
asymptotic properties of the properly scaled Power-Ginibre distributions. However, it
does appear in the microscopic limit.

In the following, we assume that a primitive M-th root of unity ( has been chosen, as
well as a determination of the M-th root for z,w. The result does not depend on these
arbitrary choices.

Proposition 2.22. The unscaled process NM/QGin(N, M, k) converges to a determinan-
tal point process, whose kernel is given by the average

M-1
1 - 1, .. .
Horg(z,w) = — g ¢I=R) exp (—2@7;1&1 —om|? + ii‘s(Cjzf\lfwﬂlf)) (2.3)
M=

with respect to the twisted measure -1~ |z|% ~2dm(z) on C.

EJP 23 (2018), paper 111. http://www.imstat.org/ejp/
Page 16/31


http://dx.doi.org/10.1214/18-EJP234
http://www.imstat.org/ejp/

Powers of Ginibre eigenvalues

Proof. Proposition 2.2 tells us that the process NM/ZGin(N, M, k) is a determinantal
point process with kernel

Ckfl

z w (zw)!
K —,— | =T(k —_
Nk ( = ﬁN> (k) l; (Ml +k—1)!
with respect to the measure
d z 1 | |2IcX4I\/I 7‘Z|2/1Wd )
1% — > .
N, M,k \/N WMF( ) z e m\z

The parameter N is only reflected in ¢y, that is a deterministic number of order N/M.
For a given choice of the M-th roots 23, war, and ¢ a primitive root of unity, when M, k
are fixed and N — oo, the above converges to a determinantal point process with kernel

k=M _1 ‘Z"A’/M | ‘2/1\4)
K z E )\ At 2( +|w

with respect to the Lebesgue measure on C. We now transform this expression using the
definitions and identities involved in the proof of Lemma 2.20. It becomes

~ 1 . _ Jran T —L(1212/M 12/ M
Kyrp(z,w) = - Z CJ(kk)(Z@)%eo(m)Me 2(\ e )

The difference with the scaled case is that all term of this sum have a non trivial
contribution. We write:

M—-1

: 1 L
K (2, w) = 7TMz )y > 0P exp (2 (Izif2+wﬁf|22gﬂzmm))>
7=0

The result follows when the reference measure is the pushforward of the Lebesgue
measure by . O

3 Generalization and partial results

Our proof technique does not depend on the reference measure, but only relies on
quadratic repulsion, provided that the distributions involved are characterized by their
moments. As we will see, the assumption that all moments are finite is not essential and
can be weakened. We give below a generalization of Theorem 2.11 to the more general
case of two-dimensional radially symmetric beta ensembles with 5 = 2 and a suitable
potential. We then look specifically at the CUE case. Subsections 3.3 and 3.4 treat the
cases when the potential lacks full radial symmetry (as in the GUE case) and when [ is a
higher even integer, respectivelly.

3.1 General Power decomposition

We consider a reference measure given by a radial external potential

1 2
dpuv(2) = eV (D dm(z),
where the function V : Ry — R U {00} is such that

H | 2; fzj|2672£vzlv(‘z”2) < 00. (3.1)

1<i<j<N
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When properly normalized, this is a probability density. Note that, while we sometimes
call V the potential, strictly speaking the potential is given by V/(|z|?), such that the
quadratic potential case corresponds to V' = Idg,. Condition (3.1) is enough for all
definitions and results below to hold.

Definition 3.1. We denote by I'y, the analog of the I' function with potential V,

Fv(a):/ tele=Vqy.
0

As long as « is such that the above is finite, we define the 'y distribution of parameter
«, denoted by v(V, «), by its density on R,
1
Ty (a)
Definition 3.2. We say that the complex random points (\1,...,Ay) are distributed

according to the beta ensemble with parameter  and radial potential V if they have
joint density

e Vg, . (3.2)

N
1 2
I I B I I =V (lzl)
z z e
7TNZ,6,N | 2 J‘ 1l

i<j
with respect to the Lebesgue measure on CV.

We denote by E(N) or E( (V) the S-ensemble with potential V and = 2. Its density
is given by

i = A PPdpy (N).
N'H] 1I‘V E

Such distributions can be achieved by radially symmetric ensembles of normal matrices,
but, as in the previous sections, we shall not use the underlying matrix structure.

Corollary 3.3 (Product Statistics). Let E = C, g € L?(u), and {\1,..., Ay} be E(N)
points. Then

N
p— 1 i—155—1
E <I}:{g(Ak)> - det[f%]h] 1 where fz,] FV(]) /Z Z] g(Z)d,LL\/(Z)

Proof. The proof is the same as in the Ginibre case, mutatis mutandis. O

Definition 3.4. For any triple (N, M, k) such that 1 < k < M < N we define the Root
distribution Ry (N, M, k;) as the point process indexed by I, with joint density

H |ZJM —ZM 2 H |Zi|2(k_1)dMV(Zi)

i<j i€l
i,j€l,

ZRV (N, M, k)

where

ZRy (N, M,k) = Ck! H v (5),
JEIk

and the Power distribution E(N, M, k) as the image of the root distribution under the
power map z — 2™, that is the point process indexed by I, with joint density

II 1z -=P 1 122 5 e VU= D (),

ZV(NMk: oy ier
1,5 €K
where
Zy vk = okl ZiE M ] Tv ()
S
EJP 23 (2018), paper 111. http://www.imstat.org/ejp/
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It is clear that E(V, M, k) is again a beta distribution with 5 = 2 and external potential

k—M
Wari(e) = V(M) - log(z),
M
so that up to re-indexation we can write E(N, M, k) = Eqg,, ,)(ck)-
Theorem 3.5 (General Power decomposition). We have the equality in distribution

d
MM E MM

where the (z;);, are distributed according to Ry (N, M, k) and independent for different
values of k. In other words, the distribution of the M -th powers of E(N) is a superposition
of M independent Power distributions:

M M
E(N)M L | Ry (N, M, k)M iU (N, M, k).
k=1 k=1
This implies in particular two other analogous results, that were known from the
work of Hough, Krishnapur, Peres and Virag [14], namely, independence when M > N,
and a version of Kostlan’s independence of radii with I'yy distributions. The fact that a
version of Kostlan’s Theorem holds for any potential has been used by Chafai and Péché
in [7] to prove a limit theorem on the edge.

Proof. We first cut-off the potential V, and replace it with the following potential, to
ensure that all moments are finite.

Vne(x) = max(Vn (2), ex)

The technique we used in the proof of Theorem 2.12 did not rely on the potential,
provided all distributions were characterized by their moments. Thus, the result holds
for E(VN’E)(N ). That means that for any continuous and bounded f, if we denote by )\Z(-E)

the eigenvalues of E(y,, _)(N) and by (u (E))iejk those of E(y, (N, M, k),
N
i=1 IS

Because of the finiteness condition (3.1), dominated convergence holds when ¢ — 0. This
yields the result for Eqy (V). O

There are several relevant examples of such distributions. Here are some of these.

* Products of complex Ginibre matrices. As shown in [1], the eigenvalue distri-

bution of G; ... G where Gy, ..., Gy are independent Ginibre matrices is given by
the beta ensemble with 3 = 2 and potential Vi (|z|?) = — Inwi(z), where
o d
wl(z) = 6_|Z|27 merl(Z) = 27T/ W (i> 6—7‘21
0 T T

which gives by induction

122 2 2dry...dr,
wm_H 277 e mm 1 mo Ll Tm
,',,1_0 7,771_0 Tl .. 7”7774

This fact seems related to the idea that products of independent Ginibre should
behave like Ginibre powers in several respects, for which arguments are provided
in [6].

EJP 23 (2018), paper 111. http://www.imstat.org/ejp/
Page 19/31


http://dx.doi.org/10.1214/18-EJP234
http://www.imstat.org/ejp/

Powers of Ginibre eigenvalues

¢ Truncated Unitary Ensembles. N x N Minors of the Circular Unitary Ensemble
of size N + n have been shown in [23] to have eigenvalue density proportional to

N
o=z "1 I -2
k=1

1<i<j<N
In that case, the I'y variables are usual beta variables. Namely, the set of radii is
distributed as a set of independent variables with distribution 51,825 ..., Bnn-

* Spherical ensemble. This ensemble corresponds to the distribution of eigenval-
ues of GflGQ where (G1, Gy are i.i.d. Ginibre matrices of size N. The eigenvalue
density is then proportional to

N 1
SR 2 — 22
;El (1+ [2]2)N+1 I Jime

1<i<j<N

as shown in [18]. This is a case where all moments are not defined.

3.2 Circular Unitary Ensemble

3.2.1 Rains’ decomposition for the CUE powers

It is clear that we could have considered more general beta ensembles, replacing e~V by
any suitable measure u, possibly including atoms, or supported on lower-dimensional
manifolds. A famous example is the CUE case, that was treated by Rains in [21]. The
reference measure p is then the uniform measure on the unit circle, and 5 = 2. For the
reader’s convenience, we reformulate this result here with our conventions.

The product statistics now take the following form, following from Lemma 2.1.

Corollary 3.6 (Product Statistics). Let g € L?(p), and {e%1,...,e"~} be CUE(N) points.
Then

N
, 1 o ,
i0 N i(j—k)O 0
- (gg(e k)> = det (fix);,—, where fj =~ / UM g () dpu(6).
From this, one can derive the formula of Heine-Szegd, which yields a Toeplitz matrix.

Corollary 3.7 (Heine-Szegd ). Let g = Y a; X7 be a Laurent polynomial, and {e%} be
CUE(N) points. Then

E (H g(ei‘g’“)> = det (a;—;);;_,
k=1

Kostlan’s theorem now holds in a trivial way. Independence of high powers had been
first proved by Rains in [20]; a more general proof of it is given in [14].

Theorem 3.8 (Rains). For any integer M > N, the set {e!M01 . . MO~} js distributed
as a set of independent variables with uniform arguments.

The approach developed above yields a new proof of Rains’ decomposition, as the
independent blocks obtained are easily identified as smaller CUE blocks.

Theorem 3.9 (Rains). For any M, we have the equality in distribution:

M
CUE(N)M £ | J CUE(Iy,a)-
k=1
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Proof. The root distributions now have joint density proportional to

H |e7:MeJ _ ei]V[Qk‘2
i<k
J,k€l)
as all eigenvalues have radius 1, and therefore the power distribution obtained in the
end is another, smaller, CUE distribution. The size of these blocks are the cardinalities
of the progressions I,
N — k"
K

a=Ihl= =5

which correspond to the ones given in [21]. O

3.2.2 The characteristic polynomial of a unitary matrix

Another stunning property of the CUE is the fact that its characteristic polynomial on
the unit circle,

Z = Py, (1) = det(I — U),

is distributed like a product of independent random variables. This result was first
proved in [4] using an explicit decomposition of the Haar measure. The moments of this
polynomial had been computed before by Keating-Snaith in [16] using Selberg integral.
It turns out that the above methods and identities give a somewhat more straightforward
proof.

Lemma 3.10 (Translation invariance). For any measure p on C, with g € L*(u), let us
define:

Vo, €€ fis(zn ) = /C()\ ) (=2 g\ u(dN).

Then det (f@j(Zl, ZZ))N

i1 is a constant function of zy, zs.

Proof. By Lemma 2.1,

det (f; (21, 22)) = . TT o) det (A = 20)771) det (i — 22)7~ Dp(dA) .. p(dAw).
k=1

Since the Vandermonde determinant is invariant by translation, we have
det ((z1 — Ai)’ 1) = det ((—z1 + X)) =det (M)’ 1),
which proves the claim. O

Proposition 3.11. The complex moments of Z = Py, (1) are given by the following
minor of the symmetric Pascal matrix,

E(Z™2") = det ((HmH“L”_Q))N

t+m—1 ij=1
Explicit computation of this minor gives:
N-1
E (Zmin) _ H Elk +m+n)! .
Pt (k+m)!(k +n)!
EJP 23 (2018), paper 111. http://www.imstat.org/ejp/
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Proof. The first equality comes from the Corollary 3.6 with g(f) = (1 — €)™ (1 — e~%)"
and translation invariance, Lemma 3.10. Indeed, for all a,b € [1, N],

1 27 ) )
fa,b - (1 _ 619)m+a—1(1 _ 6—10)n+b—1d9

27
25 m+an+b
-1 )
Z Z ( > (Tl —;_—b : )(_eze)k—lde

k=1 I=1

_(m+(1)z:/\(n+b) m+a—1\(n+b-1\ (m+a+n+b-2
o E—1 E—1 B m+a ’

k=1

where the last equality is a common combinatorial identity, that yields a coefficient of
Pascal’s matrix, as was claimed.

To compute this determinant, we first translate the minor by multiplying according
to lines and columns,

det i+m+j+n—2 i El(k +m + n)! det i+ji+m+n—2\\"
i+m—1 ij=1 5 (k+m)l(k +n)! i—1 m.zl'

Applying Corollary 3.6 with g(8) = (1 — e'ym*n we have

. . N 27
-2 1 . )
det ((Z tytman >) — det < / ¢ila=b0 (1 _ e"))mﬂde) .
i—1 ij=1 2m Jo ab

This last matrix being upper triangular with a diagonal of ones, its determinant is 1,
hence the result. O

Thus, we recover the moments computed in [16] and [4] with different techniques.
These moments are known to be related to beta distributions in the following way.
Lemma 3.12. For any k € N, the following formula holds

E ((1 +/Brre )™ (1+ meiwk)") = ?E?}Z;g i Z;
where the variables wy, 31, are independent, the omega variables being uniform on
[0,27], and the parameters of the beta distributions being given by their indices.

For a proof of this Lemma, see [4]. One deduces from it a proof of the decomposition
of the distribution of the characteristic polynomial as a product of independent variables.

Theorem 3.13 (Bourgade-Hughes-Nikeghbali-Yor). The characteristic polynomial of the
CUE is distributed like a product of independent variables,

N
7 i H(l —+ \/ﬂLkeiwk).
k=1

3.3 Partial symmetry and the Gaussian Unitary Ensemble

The same technique we have used on Ginibre and the CUE can be applied to processes
with partial symmetry, such as the real line, or any star set - that is, the preimage of R
under the power map 7). In this case, block decomposition does not hold for all powers,
due to the loss of radial invariance, but only for divisors of the number M characterizing
the symmetry. On the real line, the symmetry group is Zs. The point of interest is
therefore when M = 2. It yields a decomposition in two independent blocks, that holds
for any symmetric potential. In [12], Edelman and La Croix mentionned this as a natural
generalization of their result for the GUE. We finally derive from these methods another
result first established in [12], the decomposition of the law of the determinant of the
GUE as a product of independent chi-squared variables.
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3.3.1 Power decomposition for processes on the real line

We consider a symmetric measure on the real line with density

dpy (z) = Zlve Vi),
with respect to the Lebesgue measure, where the potential V' is chosen so that this
measure has finite moments. These moments define the I'y, function, as in Definition
3.1. We also assume, as before, that all distributions involved are characterized by their
moments. We denote the S-ensemble on R with potential V and § = 2 by Eg (V). Its
density is given by

—— e — 2 Pdui™ (@)

1<J

N'D

where

) ) — 1 ) ) — 1
D) = det (pv (HJQ>) det (pv (%)) — pM) pv2)
1,J€IN 2,1 1,J€EIN 2,2

We compute the values of the constants D%,N), D&N’l), D&N’Q) in the case of the GUE in
the proof of Proposition 3.17.

The proofs of the following results all mimic Section 2.2, mutatis mutandis. Notably,
there seems to be no analog of Kostlan’s theorem, nor independence of large powers.
Corollary 3.14 (Product Statistics). Let E = C, g € L?(u), and {\1,...,An} be Eg(N)
points. Then

<Hg (Ak) ) = (N) det (f;;);;_, where f;; = / a2 g(2)dpy (x).

Dy, R
Definition 3.15. For k = 1,2 we define the root distribution Ry r(N, k) as the point
process on R indexed by Iy » ; with joint density

Nk) H |22 —m22Hx 2(k— 1)d,uv(acl)

i<j i€l
i,J€I}
and the Power distribution Er(N, k) as the image of the root distribution under the
power map 7. In other words, Er (N, k) is the point process on R, indexed by I, with

joint density
L 2 B=3/2 -V (x:)
'D(N ) H |z; — ;] H x; dz;

i<j i€l
1, €Iy

Theorem 3.16 (Edelman, La Croix). We have the equality in distribution

2 %2 (a2, ),

where the (z;);, are distributed according to Ry r(N, k) and independent for different
values of k. In other words, the distribution of the squares of Er (N) is a superposition
of 2 independent Power distributions:

Er(N)? £ Ry(N,1)2URy(N,1)? £ Eg(N, 1) UER(N, 2).

For the quadratic potential, Eg(N) is the distribution of GUE eigenvalues, and the
two Power distributions corresponds to Laguerre-Wishart ensembles with half-integer
parameters. That is, one recovers the decomposition of Edelman and La Croix introduced
in [12] for the singular values of the GUE.
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3.3.2 The determinant of the GUE

Let Hy be a GUE matrix, and
Py (z) = det (Hy — 21d) .

One consequence of Edelman and La Croix’s results on the GUE is that the absolute
(0))) is distributed like a product
of independent x? variables with explicit parameters. This is a striking similarity with
the CUE case reviewed in Subsection 3.2.2, and as above we give a proof of this result
relying on Pascal matrices. The potential is now the usual quadratic one, V(z) = —"”—22,
and we denote the normalization constants simply DN), D(V:1) and D(N:2), We also
recall the following definition: for k =1, 2,

Ik:{iE[[l,N]Hizk mod2}, Ck:‘fk|.
Proposition 3.17. The moments of Il = Py, (0) are given by the expressions
E (H2m+1) — 0

and E(II’") =2 N H < I(l, —1/2) H 13(12+1/2)

li1=1

Proof. The odd moments of II are zero by symmetry. To compute the even moments, we
apply Corollary 3.14 with g(z) = z?™.

N N
1 " 2
E(II*™) = E A7) = —— det (/ g2 2me e /2dx)
( ) (H k ) D) R 4

k=1 1,j=1

a+1

This determinant splits into two blocks, and we use that fR t%e _Tdt = 271"( 1) to
find

1 oy ) 1 o
EVASES ] IVASES)
1 2a+2b+2m—3 2a +2b+2m — 3 a
= g et (3= (22 ))m

1 dot 2a+2b;rzm—1 I 2a 4+ 2b+2m — 1 2
D(N D(N.2) 2 ab=1

)

where the elements (i,j) € I; have been written as (2a — 1,2b — 1) and those of I, as
(2a,2b). We have seen in the proof of Proposition 3.11 that any minor of Pascal’s matrix

of the type
<<i+j+m—2)>“
i 1 i_j:l’

s

where m is any non-negative integer, has determinant 1. Therefore,

NG . 1 N

Qlx) = det ((”.”_”” >>
L@CG+2) /52

is a polynomial in z taking the value 1 infinitely often. As a consequence it is constant

equal to 1, and for any real parameter x,

det (T'(i +j+2x—1)

ZHHFH + ).

Jj=1
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This gives us the value of the normalization constants

1
DW= 23 TTT(k)T(k — =
e

Y ey 2 1
and DV =23+ F TTT(k)T(k + 5
and also yields the expected formula for the moments. Since ¢; + c2 = N, we have

m ey tes IN(/ +m—1/2) Tl +m+1/2)
B (27) = 27 11—1/2> Il T 1/2)

ll 1
This concludes the proof. O

We deduce from these moments a direct proof of the decomposition of the determinant
of the GUE as a product of independent variables.

Theorem 3.18 (Edelman, La Croix). The value of the GUE characteristic polynomial at (
is distributed like the product of independent variables,

N
Py (0) =[]\ £ Hx [k/2] + 1),
k=1

where ¢ is a Bernoulli random variable of parameter p = % and x?(m) are chi-squared
variables with m degrees of freedom.

Proof. The chi-squared distribution with k& degrees of freedom has density

with respect to the Lebesgue measure on R, . Changing variables shows that
X2 (k) = 2.
Therefore the moments of y?(k) are given by

E(x) = 2TG+9)

This allows one to check that the moments of Py, (0) match those of a product of
independent such variables. Since the chi-squared distributions are characterized by
their moments, we deduce

N
Py, (0) £ (—1) HX 211—1HX (22 +1) = (=) [] x*@Lk/2) + 1),

l1=1 la=1 k=1

where all variables are independent. O

3.4 Conditional independence for beta ensembles

Kostan’s Theorem 2.4 and Theorem 1.2 have a natural formulation in terms of
conditional independence for radially symmetric beta ensembles, when the inverse
temperature beta is an even integer. We assume from now on that the complex random
points (A1,...,Ax) are distributed according to definition 3.2 with 8 = 2p.
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3.4.1 Conditional independence

In this Section, I is a random variable with values in an discrete index space A. We
say that a collection of random variables are conditionally independent if they are
independent, conditionally on I.

Conditional independence is not an unusual property of random variables. De Finetti’s
theorem gives a general setting in which such a feature appears (see [11]). One can
think of I as a random environment, on which the distributions of the variables depend.
This is equivalent to saying that for every continuous and bounded functions,

N N

B (H mxk)) S P — )[BT =a).
k=1 a€A k=1

We denote by u the vector (uy,...,uy) € Z", and by Ky ,(u) the coefficient of the

monomial 77" ... TH" in the p-th power of the Vandermonde determinant in N variables

Ti,...., TN,
N

ATy, ..., Ty P—ZKNJ, HT%

ueznN =1

The variable I we consider takes values in A = Z" and depends on N, p and the potential
V. Its distribution is given by the weights
1 N
P(I=u)=_——K3,(][[Tv(+u) (3.3)
Zopn 0T

we will prove later on that this defines a probability measure on Z" .

3.4.2 Two general results of conditional independence

We present a generalization of Theorems 2.4 and 1.2 to the above setting. Both establish
conditional independence with respect to the same latent variable I, described above.
The first result is the analog of Kostlan’s independence theorem for the radii.

Theorem 3.19 (Conditional independence of the radii). The squared Radii of the beta
ensemble with § = 2p and radial potential V' are conditionally independent. Conditioning
on the event {I = u}, the following equality in distribution holds:

{2 AN PY 4 {X1,..., Xn},

where the variables X1,..., Xy have independent I'y distributions with parameters
14+uy,...,14+uy.

Proof. We expand the joint density to compute the product statistics, for any measurable
function g.

N
E (Hg(|)\12)> = 7TNZ2p / H|Zl - ] pHQ |2i%) V=l dm(z;)

1<j

1 2
= N7 < Ky p(u)Kpnp(v Hz“‘ztv’ (12| e VU= dm(z).
N
2p,N wvezN C

A polar change of coordinate shows that only the terms for which u = v make a non zero
contribution, so that there remains

/ KN p 2 H 7,,uzg V(”)d’f’i,

22N ez
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where r; = |z;|?. This in turn can be written using

N
S Ky plu H /}R ArieVOdr = 3 K2 [Ty +u)E (g (X))

ueznN uczN i=1

where X; < ~v(V, 1+ u;) for every i, as claimed. For g = 1, this tells us that

N

Zopn = Y Knp)? J[Tv(1 +w) (3.4)

ueznN i=1

so that (3.3) defines a probability measure.
As the above holds for any polynomial g, by Lemma 2.3 in the Appendix this character-
izes the distribution of the squared radii, and establishes conditional independence. [

The second result is the analog of Rains’ independence theorem for the high powers,
first established in [20]. Note that for p = 1 we recover the optimal bound M > N.

Theorem 3.20 (Conditional independence of high powers). For any integer M > (N —
1)p + 1, the image of the beta ensemble with § = 2p and radial potential V' exhibits
conditional independence. Conditioning on the event {I = u}, the following equality in
distribution holds:

y 1y d M/2 M/2 ;
MMy LMo M2y

where the variables 0}, X, are all independent, the angles are uniform on [0, 27|, and
the variables X1, ..., Xy have independent I'y distributions with parameters 1 + u, ...,
1+ uy.

Proof. We expand the joint density to compute the product statistics, for any polyno-
mial g.

N N )
E<Hg<w)> wsz,, Z / Knp() Ky, (v) [[ 279z eV (50 dm(z:).

vezZN i=1

Writing ¢ as a sum of monomials, as in the proof of Theorem 2.6, a polar change of
coordinate shows that any term that makes a non zero contribution has relative degree 0
in every variable. In particular, these are terms for which u; — v; = 0[M] for every i. On
the other hand, the Vandermonde determinant is a homogeneous polynomial of partial
degree N — 1 in each variable, and its p-th power therefore has degree p(N — 1) in each
variable. It follows that, for M > p(N — 1), congruence is only possible if u = v, so that
there remains

/ K p(u QHWUI V) ().

This in turn can be written as

2ui ,—V (2%
s 2 Kyl H [ [ o)z O-Fham ).

ueznN

N7
T Z
2p,N uezN

It is straightforward to check that the expression

1 20-2_—V(|2]%)
s L
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is the density of a complex variable with squared radius v(V, «) and independent uniform
argument . Thus, one can write

E <ﬁg(A§”f)> _ 1! > Enp(u)? ﬁrv(1+uj)E (g (Xj%eiej»

V4
2p,N ueznN

where X 4 ~v(V,1 4+ u;) for every j, as claimed.

As the above holds for any mixed polynomial ¢(z,z), by Lemma 2.5 in the Appendix it
characterizes the distribution of the set of powers, which establishes their conditional
independence. O

Conditional independence with this specific latent variable I appears naturally when
studying some statistics of beta-ensembles for even 3. The structure of intermediate pow-
ers in general, however, requires further study and proper understanding, as there seem
to be no analog of Corollary 2.2 that would enable to generalize the block-decomposition
that holds when 3 = 2.

3.4.3 Distribution of the latent variable /

It is a hard problem in general to study the distribution of the latent variable /. Indeed,
there is no tractable formula for the coefficients K, except in a few very specific cases,
and to generate them has exponential algorithmic complexity for large values of N.

For p = 1, the above results are coherent with those of Section 3.1. Indeed, the latent
variable I then gives weight only to sequences uq,...,uy such that 1 + uq,..., 1 un
corresponds to a permutation of [1, N], every permutation ¢ having the same weight.
We can therefore give the following description of I,

I=(c(1)=1,...,0(N)—1) where o< Unif(Gy).
The choice of o, however, does not change the distribution of the set of variables, as the
order of the variables is not taken into account. In this way, we recover independent

variables of parameters 1,2,..., N.
For N = 2 and quadratic potential, we have the following remarkable identity.

Theorem 3.21. For N = 2, V(x) = z, and any integer p, the distribution of I is given by
d o 1
I=(B,p—B) where B :Bln(p,i)

Proof. For N = 2 the Vandermonde determinant is 77 — 75, therefore the coefficients
Ky, are given by

Ko ) = U (} )i
which yields the following weights
2
Ky (k)2 K1 = (Z) KU 8y = p! (Z)apk,l
We deduce the value of the constant Z,, » from (3.4), and the distribution of I from (3.3),
_ op _ _o-p[P
Z2p_’2 =2 p' s IP (I = (k,l)) =2 <kj>5p_k"l’

which is the claimed Bin(p, %) distribution. O
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Appendix: the problem of moments

At some point in the article we make the assumption that all relevant variables are
characterized by their multivariate moments, which is to say that they are uniquely
determined by the statistics

E(P(Xl,...,XN)), PGC[Tl,...,TN]
when (X1,...,Xy) is an N-tuple of real random variables, and by the statistics
E(P(Zl,z,...,ZN,E)), PEC[Tl,Sl,...,TN,SN}

when (Z1,...,Zy) is an N-tuple of complex random variables - for clarity, we call such
statistics mixed moments.

Our purpose here is not to inquire about the weakest possible assumptions under
which the above is true. The following fact will be sufficient: it is known that a random
variable X on R” is characterized by its multivariate moments if it has exponential
moments for any € > 0,

E (eeHX”) < 0.

A proof of this result can be found, for instance, in [9]. The same is true for complex
variables with respect to the mixed moments, as these variables can be understood as
taking values in R?V. The linear change of variable

(T, S) + (T +iS,T — iS),

ensures that a polynomial in the former variables is a polynomial in the latter, and vice
versa.

The philosophy of most results contained in this article is that some features of point
processes are somehow hidden if we look at the joint distribution of an N-tuple, but
appear when we characterize the distribution of their set, obtained by taking an average
over all permutations of the variables. Indeed, if p is the joint density of an N-tuple of

variables (Z1, ..., Zn), the joint density of their set is
1
pset(zlv ey ZN) = N Z P(%(l)v ey Z(T(N))?
ceEGN

and the statistics of this set are given by

Eset (f(Z1,...,2N)) = % S E(f(Zoy- s Zowy)) -

oceG N

If the distribution of an /N-tuple of real or complex variables is characterized by its
moments, as we will always assume, then the set of these same variables is characterized
by its symmetric moments. That is, the distribution of the set of variables is uniquely
determined by the statistics

E(P(Xi,...,Xn)), P€Se(N):=C[Ty,...,Ty]

when (Xi,...,Xy) is an N-tuple of real random variables, the space of symmetric
polynomials S¢ (V) being defined by the property

Vo € &y P(Ta(l),...,TU(N)):P(Tl,...,TN). (3.5)
The analog statistics when (71, ..., Zy) is an N-tuple of complex random variables are
given by
]E(P(Zl,z,...,ZN,E)), P € MS¢(N)
EJP 23 (2018), paper 111. http://www.imstat.org/ejp/
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where MS¢(N) is the set of mixed symmetric polynomials, defined by the following
invariance property

Vo € Gy P(Ta(l)asa(l);~o~aTa(N),Sa(N)):P(T1351>~~'7TN75N)~ (3.6)

Lemmas 2.3 and 2.5 establish that we can restrain our study to a specific class of
symmetric polynomials that span S¢ (V) (respectively MS¢(V)) as vector spaces. We
give below a proof of these two essential Lemmas.

Proof of Lemma 2.3. 1t is enough to see that such expressions span the monomial sym-

metric polynomials, defined for any N-tuple of integers (a1,...,ayn) as
N
Mar,an) (T ) = > [T 7o
ceG N i=1
If by, ..., by are the distinct integers appearing in (a4, ...,ay), then for any parameter ¢

and any integer M > N we expand the following element of PS¢(V),

N ko
Qt(Tl,...,TN);:H(ZtMJTfJ): ST EeMyy, (Th,.. Ty)

i=1  j=1 a1t tar=N

where b, denotes the N-tuple where every b; is repeated «; times. Note that Y a; M TS
an integer decomposition in base M and thus characterizes the partition «. For the sake
of brevity we make use of the notation a - N to denote partitions of N.

Applying this equality to a number of distinct values of ¢t equal to the number of
integer partitions of N, one expresses the vector (Q:, )~ in terms of (my, )or N through
the minor of an invertible Vandermonde determinant. The minor is itself invertible, and
this gives us in turn an expression of mq, .. ay)(T1,...,Tn) as a linear combination of
elements of PS¢(V). O

The proof of the second Lemma goes along the very same lines, mutatis mutandis.

Proof of Lemma 2.5. Instead of N-tuples, one considers 2N-tuples of integers (a;, b;) and
monomial symmetric mixed polynomial defined by

m(alybla---aanbN)(Zl’"" Z HZ:TIZ )7i

oceGy i=1

If (¢1,dy), ..., (ck, di) are the distinct pairs of integers appearing in ((al, b1),...,(an, bN)),
then for any parameter ¢ and any integer M > N expanding the following element of
PMSc (),

N

k
— PR— o0 M
Qu(21.Z1....2Zx,2Zx) =] (ZtM Zi’Zi’) = Y M (Z.., 2Zy)

i=1 j=1 a1 +-+ap=N

where (¢, d), denotes the 2N-tuple where every pair ¢;,d; is repeated «; times. The

same argument as above yields an expression of m 4, b,,....axnbx)(Z1, - -, ZN) as a linear
combination of elements of PMS¢(V). O
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