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ASYMPTOTIC ANALYSIS OF THE CHARACTERISTIC POLYNOMIAL FOR
THE ELLIPTIC GINIBRE ENSEMBLE

QUENTIN FRANCOIS AND DAVID GARCIA-ZELADA

ABSTRACT. We consider the Elliptic Ginibre Ensemble, a family of random matrix models that inter-
polate between the Ginibre Ensemble and the Gaussian Unitary Ensemble and such that its empirical
spectral measure converges to the uniform measure on an ellipse. We show the convergence in law of
its normalised characteristic polynomial outside of this ellipse. Our proof contains two main steps. We
first show the tightness of the normalised characteristic polynomial as a random holomorphic function
using the link between the Elliptic Ginibre Ensemble and Hermite polynomials. This part relies on the
uniform control of the Hermite kernel which is derived from the recent work of Akemann, Duits and
Molag. In the second step, we identify the limiting object as the exponential of a Gaussian analytic
function. The limit expression is derived from the convergence of traces of random matrices, based on
an adaptation of techniques that were used to study fluctuations of Wigner and deterministic matrices
by Male, Mingo, Péché and Speicher. This work answers the interpolation problem raised in the work
of Bordenave, Chafai and the second author of this paper for the integrable case of the Elliptic Ginibre
Ensemble and is therefore a fist step towards the conjectured universality of this result.
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1. INTRODUCTION AND MAIN RESULT

1.1. The model of the Elliptic Ginibre Ensemble (EGE). The random matrices that we con-
sider in this paper are called Elliptic Ginibre Ensemble. This model is parameterized by ¢ € [0, 1] and
interpolates between the Ginibre Ensemble and the Gaussian Unitary Ensemble (GUE) for ¢ = 0 and
t = 1 respectively. This ensemble has been studied extensively; see for instance [2], [20]. The generic
law for any ¢ € [0, 1] is induced by the following construction.

Consider X,, and Y,, independent random matrices sampled from the Gaussian Unitary Ensemble
of size n > 1. The law of the Elliptic Ginibre Ensemble at ¢ € [0, 1] is the law of the matrix

1+¢ 1t
(1.1) Ang =\ =5 X+ “/?Yn,

1
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where i? = —1. Equivalently, the density of A, ; is proportional to the function, see [1, eq. (4)],

(1.2) exp (— 1 _1 T [M*M - %(M2 + (M*)Z)D dMm

where dM =[], <ij<n AM; j is the product Lebesgue measure on the entries of the matrix. Many re-
sults are known for EGE matrices. In particular, the limiting eigenvalue distribution has been proved
to be the uniform law on the ellipse centered at the origin with half long axis 1 + ¢ and short axis
1 —¢. We refer to [14] and [32] for the study of this model.

In the recent work [12], it has been proved that the spectral radius of matrices with i.i.d coeffi-
cients, called Girko matrices, converges in probability to 1 under the minimal assumption of a second
moment on its entries. In order to derive this result, the authors considered the reciprocal character-
istic polynomial associated to such matrices defined by ¢,(z) = z"p, (%) for z € D where p,, is the
characteristic polynomial. The main result of [12] is the convergence in law, for the topology of local
uniform convergence, of the sequence of functions {gy }»>1 to a random function which is universal, in
the sense that its expression involves only the second moment of the entries of the matrix. Our result
aims at deriving the convergence of the normalised characteristic polynomial in the case of the EGE
(1.1) at each t € [0,1] and at identifying the limiting object in the conjectured universality.

1.2. Main result. Let n > 1 and ¢t € [0,1]. Consider py+(z) = det(z — %Am), the characteristic
polynomial of a scaling by ﬁ of a matrix A, ; from the Elliptic Ginibre Ensemble (1.1). Define the

normalised characteristic polynomial of A, ; by
fn,t :D—C

n Z2
(1.3) z — det (1 +t2% — \jﬁAn’t> e "5,

Our main result is the following convergence.

Theorem 1.1 (Convergence of the normalised characteristic polynomial for the EGE). Let t € [0, 1]
and consider the sequence of random holomorphic functions { fni}tn>1 as in (1.8). Then, as n — oo,

It Lo, fi = ke 1
for the topology of uniform convergence on compact subsets of D, where the function Fy is a Gaussian
analytic function given by
k

(1.4) Fiz) =Y Xpi—=
kgl NG

for a family (X ¢)k>1 of independent complex Gaussian random variables such that E[Xj . = 0,
E[X2,] =t* and E[| Xy.|*] = 1, and the function r; is given by

]. hkt 2k tZQ
1. = —_— — . -
(1.5) ki(2) = exp 2 2, z P 5112 )

where the real coefficients {hy+}r>1 are given in (5.10).

Let us give some explanations on (1.3). In the case ¢ = 0, the matrix A, belongs to the Ginibre
Ensemble, which is a particular case of Girko matrices. For such matrices, we have exactly the
reciprocal characteristic polynomial of [12],

qn,0 : D—C
z2 > qno(2) = 2"pno(90(2))

where gg : z — % is the conformal mapping that sends the unit disk to its complementary. One can
think of the choice of gg as the following. We know that the empirical measure of eigenvalues of a
Girko matrix converges weakly to the uniform measure on the unit disk D, see [11] for complements
on this universal result known as the circular law. One therefore chooses a mapping gg that sends
D to the complementary of the support of the limiting eigenvalue measure so that p, o o go does not
vanish on the unit disk. Driven by this intuition, we construct f,; by composing the characteristic
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polynomial by a function that sends D\ {0} to C\ E; where E} is the support of the limiting eigenvalue
distribution for the EGE with parameter ¢.

For t € [0,1], it has been proven in [32] that the average eigenvalue distribution for the Elliptic
Ginibre Ensemble converges to the uniform distribution on the ellipsoid F; given by the equation

(1.6) Etz{x—i—iye(C: (%)Z(&)le}.

For t = 1, we define E; to be the interval [—2,2] and the corresponding limiting distribution to be
the semi-circle distribution in accordance with Wigner’s theorem. Since the function g, : 2z — % + 1tz
maps D \ {0} to C\ E;, a natural candidate for the normalised characteristic polynomial would be
the mapping z — z"pp ¢ © g¢(2). To have a convergence, it is necessary to add the factor exp (—#)
which gives our expression of f,; in (1.3). We refer the reader to Remark 5.13 for an explanation
on this factor. Using these notations, from Theorem 1.1 we obtain the convergence of the normalised
-1
characteristic polynomial py, ¢(u) = (g; *(u)) e "% (w)?/ 2ppt(u)

-1
Bng = (g 0 g e Fro

in the topology of uniform convergence on compact sets of C\ E;. This is, in fact, equivalent to Theorem
1.1 due to the holomorphicity of f,; at zero. It explains the notation “normalised characteristic
polynomial” since f,: and p, are the same functions in different coordinate systems.

C NWwE
NZ
. = = | .
~0.5 ' d ~0.5
i |

FiGURE 1. Illustration of Theorem 1.1. Phase portrait of the normalised characteristic
polynomial of an EGE matrix of size 250 for different values of ¢: 0 (top left), 0.3 (top
right), 0.6 (bottom left) and 1 (bottom right).

1.3. Method of proof. We will follow the same proof structure as for [12, Theorem 1.2], which was
inspired by [9] and [16]. In order to prove the convergence in law for the topology of local uniform
convergence, we will use [12, Lemma 3.2] which is close to [30, Proposition 2.5].
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Lemma 1.2 (Tightness and convergence of coefficients imply convergence of functions). Let {fn}n>1
be a sequence of random elements in H(D) and denote the coefficients of f by (§lgn))k20 so that for
all z €D, fn(2) = k>0 5,(;1)2’“. Suppose also that the following conditions hold.

(a) The sequence { fn}n>1 ts tight in H(D).

(b) For every m > 0, the vector (5(()"), e ,{ﬁ:)) converges in law as n — 0o to (§o,...,&m) for a
common sequence of random variables (&;)k>0-

Then, f(2) = > 1>0 £e2F is a well-defined function in H(D) and f, converges in law towards f in
H(D) for the topology of local uniform convergence.

The first part of our proof of Theorem 1.1 is to show, for every fixed value of ¢ € [0, 1], the tightness
(a) of the family of random functions {f,+}n>1. To do so, we will use the known properties of the
Elliptic Ginibre Ensemble and its relation to scaled Hermite polynomials. A local uniform control is
derived from the recent work [1]. This local uniform control allows us to derive tightness thanks to
Lemma 2.2 below.

The second part of the proof consists in proving a convergence in distribution of the coefficients
appearing in the functions {fy ¢ }n>1. We reduce the former to proving convergence of traces of poly-
nomials in A, ;, which is classic in random matrix theory and is done by a combinatorial argument
using the method of moments. The study we conduct will follow the lines developed in [21] in which
the authors studied the asymptotic fluctuations of Wigner and deterministic matrices. As in [21], we
will not use the Gaussian nature of A, ; but only the fact that all its moments are finite.

The use of the method of moments to derive a CLT for traces of random matrices was initiated by
the work [19] in the context of Gaussian Wishart matrices. Using similar techniques, the authors in
[31] derived a CLT for traces of Wigner matrices, together with a universality result on the limiting
Gaussian distribution. Another approach leading to CLT for traces of random matrices is the resolvent
method. For instance, one is able to prove CLT for functions that are analytic inside the support of
the limiting eigenvalue distribution. We refer the reader to [8] for the case of Wigner matrices and [7]
for Wishart matrices for a use of these techniques. For a more complete review on techniques leading
to CLT, see also the introduction of [5] and references therein.

Finally, since the way we show tightness is by controlling the second moment of f,, ; and since this sec-
ond moment depends only on the first four moments of A, ;, tightness of f, ; still holds for the model
described in Subsection 1.4.1 for coefficients (a;;); j>1 whose first four moments coincide with those
of the EGE. Moreover, the method of moments proof of the convergence of traces can be adapted to
the case where the coefficients have all moments finite and Theorem 1.1 holds for coefficients (a;;); j>1
with all moments finite and whose first four moments coincide with those of the EGE.

1.4. Open questions and comments.

1.4.1. Minimal moment condition and universality. As conjectured in [12], the convergence in The-
orem 1.1 of the normalised characteristic polynomial is believed to hold under the minimal moment
condition

(1.7) E Ua1,2|2\a271\2] < o0

on the entries (a; )i ;j>1, which gives a condition of a fourth order moment for Wigner matrices and
second order moment for Girko matrices. The more general context of condition (1.7) seems adapted
to the model of elliptic random matrices. This model was introduced by Girko in [14] and [15]. A
version of this consists of matrices having the following dependence relations be found in [26, Definition
1.3]. Fix some random vector (£1,&;) in C? with zero mean such that E[|¢1]?] = E[|&]?] = 1. A matrix
Ay = (a;,5)1<4,j<n is said to be elliptic with atom distribution (&1, &) if

o (a;i,1<1), ((aij,a;:),1 <i<j)are independent families.

e ((aij,aj;),1 <i < j) consists of i.i.d copies of (&1, &2).

e (a;;,1 <1i) are i.i.d with zero mean and finite variance.
Convergence of the average eigenvalue distribution towards the uniform distribution on a rotated
version of the ellipse (1.6) where ¢ = |E[{1&2]| has been proved, under different conditions on the
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variables, in [26, 28, 25]. We expect a version of Theorem 1.1 to hold for the general elliptic matrices
described above. This is work in progress.

1.4.2. Matrices with entries in {0,1}. In the recent work [13], a convergence of the reciprocal char-
acteristic polynomial for matrices with independent Bernoulli entries with non-zero expectation has
been proved. The limiting random function can be expressed using Poisson random variables, see [13,
Theorem 2.3]. One could ask for an analogue of the Elliptic Ginibre Ensemble for such matrices and
the convergence of its normalised characteristic polynomial.

1.4.3. Fluctuations of the extreme eigenvalue. For both Ginibre and GUE cases, one knows the law of
the fluctuations of the largest eigenvalue around its limit. For the Ginibre Ensemble, one has Gumbel
fluctuations for the maximum modulus around 1, see [29], whereas for the GUE, one has Tracy-Widom
fluctuations for the maximum eigenvalue around 2, see [34] and references therein. In [17], we may
find a family of determinantal processes that interpolates between a Poisson process with intensity e™*
and the Airy process. The distribution function of its last particle interpolates between the Gumbel
and Tracy-Widom distributions, see [17, Theorem 1.3]. As a two-dimensional version, [10] considered
the Elliptic Ginibre Ensemble and an interpolating determinantal processes to prove scaling limits for
the eigenvalue point process.

1.4.4. Determinantal Coulomb gases. As explained in 1.4.1, this work can be thought of as a first
step towards the convergence of the characteristic polynomial outside the support of the equilibrium
measure for general elliptic random matrices. Nevertheless, we could have followed a different path,
which is to look the Elliptic Ginibre Ensembles as a particular case of a determinantal Coulomb gas.
In this vein, it may be possible to show the convergence of the traces by adapting results from [4] and
to show tightness of the characteristic polynomial outside the support of the equilibrium measure for
more general determinantal Coulomb gases by using, for instance, the results from [3].

2. TIGHTNESS OF THE NORMALISED CHARACTERISTIC POLYNOMIAL

This section is devoted to the proof of the following theorem.

Theorem 2.1 (Tightness). For every t € [0,1], the sequence {fnt}n>1 is tight, viewed as random
elements of H(D), the set of holomorphic functions on D.

Since the case t = 0 is treated in [12], we will assume for the rest of this section that ¢ € (0, 1].
Recall that for z € D, n > 1 and ¢ € [0, 1],

z ntz2

—A )e* 2 .

\/ﬁ n,t

For our purposes, we will only be interested in the holomorphic function f, ¢ from D to C. Equip the
set H(D) with the topology of uniform convergence on compact sets. Lemma 2.2 below reduces the

proof of tightness to a uniform control on compact subsets of .

fni(z) = det (1 2% —

Lemma 2.2 (Reduction to uniform control). Fiz t € [0,1]. Suppose that for every compact K C D,
the sequence (|| fntl|Kk)n>1 is tight, where || fnl|k = max.cx | fne(2)|. Then, {fni}n>1 is tight.

Proof. Tt is a consequence of Montel’s theorem. See, for instance, [30, Proposition 2.5]. O

Remark 2.3. By the subharmonicity of | fnt(2)|?, saying that {E[|| fn.tl|%]}n>1 is a bounded sequence
for every compact K C D is equivalent to say that {sup,cy E[|fnt(2)[*]}n>1 is a bounded sequence
for every compact K C D. See, for instance, [30, Lemma 2.6]. In the Girko case of [12], one had a
remarkable orthogonality of the sub-determinants which led to an upper bound on the desired quantity.
As we no longer have this property, our proof is based on the article [2], which exploits the integrability
of the Elliptic Ginibre Ensemble.

The main result of this subsection is Proposition 2.7, proved in Section 4.3. Its proof is based on
Lemma 2.5 below which expresses the quantity E[|f,+(2)|?] in terms of Hermite polynomials. This
lemma, is proved in Section 4.1.

Definition 2.4 (Hermite polynomials). The Hermite polynomials {Hey, },>0 are the monic orthogonal
polynomials with respect to the measure e=*/2dz on R so that

12
/ Hey(z)Hem(x)e™ 2 do = V2mn!6y m.
R
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Recall that for ¢ € [0,1] and z # 0, we have g(z) = 271 + tz.

Lemma 2.5 (Hermite expression of the characteristic polynomial). Forn > 1, t € (0,1] and z €

D\ {0}, one has the following expression
2
n
i)

With the help of the expression (2.1) and using the results from [1], we will control E[|f,+(2)[?]
uniformly on bounded sets from above and from below. In fact, [1] allows us to give an explicit
expression for the limit of E[| f,+(2)|?] but since we do not need it, we will only state the following.

|2n n tk

nl|z 2
— e g
k!

k=0

(2.1) E[| fa(2)’] =

nn

Lemma 2.6 (Convergence of the second moment). Fizt € (0,1]. There exists a continuous function
F :D\ {0} — (0,00) such that, uniformly on compact sets,

E[| fol?] —— F.
n—oo
But, since f,; is holomorphic on the whole disk D, the origin was never actually an issue so that one
can extend the control on any D, for r € (0,1). This is written in the next proposition.

Proposition 2.7 (Uniform control). Fiz t € (0,1]. Then, for every r € (0,1) there exists C, > 0
such that, for everyn > 1,

E[”fntH%T] < (.

Proposition 2.7 proves Theorem 2.1 thanks to Lemma 2.2 and Remark 2.3. The proof of the tightness
(a) in Lemma 1.2 is thus complete.

3. CONVERGENCE OF THE COEFFICIENTS

In this section, we will prove the (b) part of Lemma 1.2. We thus have to study the convergence
in law of the coefficients appearing in f, ;. We will give a new expression of these coefficients, using a
family of polynomials that we call the modified Chebyshev polynomials introduced in Definition 3.1.

Definition 3.1 (Modified Chebyshev polynomials). Fort € [0,1], the modified Chebyshev polynomials

are the polynomials {P’Et)}po satisfying the recurrence relation

1) RO, = xB a0, B =2 B = x

One has an alternative expression for f,, ; given by the following proposition, proved in Section 5.1.

Proposition 3.2 (Trace expression). For alln >1,t € [0,1] and z € D close to the origin,

k
n) 2
(3.2) Fap(z)=exp [ = Ué,t)g )
k>1
where
n t An,t
(3.3) Uy =Tr [p,g ) ( NG )] + ntbps.

By Proposition 3.2, the coefficients (5(()7;), . ,57(,21) of Lemma 1.2 (b) associated to f, ; can be expressed

as polynomials (which do not depend on n) of coefficients (ng) U, (n)) and vice versa. Thus,

sooos Unit
showing the convergence in law of {5,(;? } . 1s equivalent to showing the convergence in law of {U,S? } Py
Since it is easier to deal with traces, we will study U,g;). This is done in two steps, we study the

convergence of the expectation in Lemma 3.3 and the convergence of fluctuations in Proposition 3.4
below. These statements are proved in Sections 5.3 and 5.4 respectively.

Lemma 3.3 (Convergence of the expectation). For all k > 1, denote e,(cn) =E [Ulgﬂ . Then,

n 1
(3.4) eSy), = —kt* + hyy + O <n>
(3.5) €S = o1)

as n — 0o. The explicit expression of hy; can be found in (5.10).
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i

Proposition 5.4 below shows that the variables {Vé’?) = Ugft) —E [UIEZ)} }k>0 converge in law to a
Gaussian family. -

n)
t }k>0
converges in law to a family {Vi }r>0 of centered and independent complexr Gaussians such that

E[VZ,] = kt* and E[|Vy..|*] = .

Proposition 3.4 (Convergence of the fluctuations). For every t € [0,1], the family {Vk

Proposition 3.4 together with Lemma 3.3 show the convergence in distribution of <Uén) LU (n)) to

(Voss -y Ving) + (eé?f), .. .,efn )) where eékg —ktF + hy+ and egk_zlt =0 for k> 1. By Lemma 1.2,

the limit of f,; is the well- deﬁned function f; € H(D) given, for z small, by

— (OO)Z _ —Fi(z
(3.6) fi(z) = exp Zth— exp —Zekt : = ry(2)e ()
k>1 E>1
where
ok
(3.7) Ft(z):ZVk,t? and
E>1
1 22k tz?
: = =N "h 2] =
(3.8) ki(z) = exp 2; kit exp (2(1—tz2)>

which is the limit function in Theorem 1.1 with X ; = ﬁvk,t. The series for F; defines a holomorphic
function on the whole disk but it may not be clear that ;- e]gof) % also does. Since f;(0) = 1, we may

(

take a holomorphic logarithm and notice that > k>1 ek?f)% converges for z small, but we may have a
problem for z far from the origin. Nevertheless, x; is well defined as fief* and it is deterministic on I
since we have the deterministic expression near the origin given by (3.8). To show that -, e,(;f)%
converges for z € I, it would be enough to show that f;ef* has no zeros since, in that case, we can take
a holomorphic logarithm of f;ef* which would coincide, up to an additive constant, with Zk>1 elgof)%

near the origin. That x; = fre* has no zeros can be seen by using Lemma 2.6 which implies that

0 < E[fy(2)|] = |re(2)|PE[Jle 7))
for z € D\ {0}.

4. PROOFS OF STATEMENTS USED FOR TIGHTNESS

4.1. Proof of Lemma 2.5. In the case of the Elliptic Ginibre Ensemble given by (1.1), the matrix
A, + has the following density, which can be found in [1, eq. (4)].

(4.1) dP(M) = (ml_*tzy exp (—1_1t2Tr [MM* - %(MQ + (M*)Q)D dM

which has the form dP(M) = w(M, M*)dM associated to the weight function

_ 1 1 2t o9 o _ 1 z? Z/2
wlz) = e (T (M= ) ) = e i i

with x = Re(z) and y = Im(z). In order to use the main theorem of [2], we should compute the
orthonormal polynomials with respect to wy(z)dz. Using results in [1, eq. (3)], these polynomials are
{P,}n>0 given by

(4.2) Po(z) = \/\/?!Hen (\2) :

Define R, (z) = Vt"He, (—) and ¢,, = nl. The family { R, },>0 are the monic orthogonal polynomials
with respect to w¢(z)dz. Using results of [2], one has for M sampled from (4.1) and u,v € C, one has
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N
(4.3) E [det(u ~ M)det(v — M)} = ex Y Pi(u) Py(v).
k=0

2 n
Since fpi(z) =e 2~ (ﬁ) det (vn(z™! +t2) — Any), setting u = v = gi(2) = /n(z~* + tz) gives

S e )

which is the desired expression of E|f, +(2)|? in terms of Hermite polynomials.

n!|z|?n

E|fn,t(z)’2 =

’e—ntz

nn

4.2. Proof of Lemma 2.6. Recall the function g, : D — C\ E; given by g;(z) = 1 + ¢z and define
L,:C\ E; — [0,00) by

tk n ?
Ly(u) = E k' Hey, <\/2u>
By using the contour integral representatmn around a small loop enclosing the origin,
1 enFuls) s s (Re(z)? TIm(z)?
() 2m¢t—s A b ) t<1+s+ 1—3) 085 il

the following has been proved in [1, Theorem II1.12, (i)] and [1, Theorem II.13, (i)] in the case t =1
for u € C\ By and z = g; *(u),

1 o e Fu(tl=?) 1 1
4.4 Ln(u) = — 1 =)
(44) (W) = 5o\ nEr =) 1_t2|zy4t(1—|zl2)< +O<n>)

where the error term is uniform on compact sets of C \ E;. In our case we need to control

! 1
El|fos()?] = ”'n o) Z Her <\[ ( W))
_ n"Z’ —ntRe(22) n
= 76 Lpnia n lgt(z) .

The term F,(t|z|?) in (4.4) can be explicitly calculated by using [1, eq. (32)] or, in a more direct way,

2 2
Fu(tlzf?) = |22 (Re (%—}—tz) Im (%—i—tz)

2

) — log(t|z|*) + logt

1+ t]z]? 1—t]z]?
o afReCis) m(oe)?
- ‘Z| 1 —|—t|2’2 + 1— t‘2’|2 - Og(|2’ )

= 2 ( (14 t12) Re(1/2)? + (1 = t]2[2) Im(1/2)? ) — log(|2 )
= 1+ t(22)’Re(1/2)? — t(22)*Im(1/2)* — log(|z|?)

=14 tRe(2)? — tIm(2)? — log(|z|?)

= 1+ tRe(2?) — log(|2|?).

By (4.4) and Stirling’s formula, we immediately notice that

22" Re(s?
o © MR L (ge(2))
converges uniformly on compact sets of D\ {0} towards

1
V2 E (t[zP) (1 = 2[z[H(1 — |2[2)

It is now enough to notice that
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Losi (\/759()
Lu(9:(2))

converges uniformly on compact sets towards a nowhere zero function, the only possible problem being
the exponential term exp((n + 1)G(,/-"5u) — nG(u)), where G(w) = F,(t|g; *(w)[?). But we have

n+1
the convergence for u uniformly on compact sets of C\ Ej

DG/ W -G W) | (G- (VG(u).)

n—0o0

so that the proof is complete.

4.3. Proof of Proposition 2.7. By Lemma 2.6, we have a bound for E[|f,, +(2)|?] on compact sets of
D\ {0}. This is the same as a bound for E[|| f+||%] for compact sets K C D\ {0} by Remark 2.3. We
may obtain a bound for E[|| fn[|7, ] for r € (0,1) by using that || futllp, < || fnllop, by the maximum
modulus principle.

5. PROOFS OF STATEMENTS USED FOR THE CONVERGENCE OF COEFFICIENTS

This section aims at proving the results stated in Section 3. One first proves that the contributions
can be parameterised by families of graphs defined in Section 5.2 below. To prove the convergence to
a Gaussian family, we will show that asymptotic contributions come from pairings of specific graphs
hence the Gaussian aspect using Wick’s formula. Furthermore, we compute the limiting covariance
function and prove that it is diagonal for the family of modified Chebyshev polynomials defined in
(3.1).

5.1. Proof of Proposition 3.2. We begin by the following lemma which expresses the modified
Chebyshev polynomials in terms of the usual Chebyshev polynomials.

Lemma 5.1 (Scaling relations for Chebyshev polynomials). Let {1} }r>0 be the Chebyshev polynomials
of the first kind, i.e., polynomials satisfying the recurrence relation

(5.1) Tyt = 2XTs — Thos
with To =1 and Ty = X. Fort € (0,1] and w € C, one has

o -t () - (37)

Proof. The sequences {Pét)}k {\f P <7>} and {2\/fka (Tﬁ) }k>0 satisfy the same re-

currence relation (3.1). O

From the generating function of the Chebyshev polynomials {7} }x>0 one has, see [33, eq. (4.7.25)],

k

z
5.3 2T (w) = = —log(1 + w? — 2zw).
(53) . 213(u) - = o )

Using (5.2), one gets

k
ZPIS)( Z 27T, < > (\/sz) = —log(1 + t2* — zw).

k>1 E>1

Therefore, for n > 1 and z close enough to the origin, one can write

<1—<An’t>z+t22>:exp ZP ( nt>Zk

vn E>1 vn ) k

which is valid for diagonalizable matrices and extended to any matrix by continuity. Since det exp M =
exp Tr[M], the proof of Proposition 3.2 is complete.
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5.2. Graph encoding of traces. For an integer m, we use the notation [m] = {1,...,m}. For a
square matrix A of order n and for k£ > 1 one has

k1 _
Tr[A ] - E , Qiyyip Qig,ig -+ - Qig_q i Qi iy -
(i1 in)E[*

Each tuple i = (i1,...,ix) € [n]*¥ can be viewed as a function i : [k] — [n] defined by i(j) = 4; for

every j € [k]. To a function ¢ : [k] — [n], we associate the directed multigraph G, with vertex set
V = ¢(k]) = Im(¢) and edge multiset E = (¢(1),%(2)),..., (¢ (k),¥(1)). There might be loops or
multiple edges between vertices. For a directed graph G = (V| E) with vertex V' C [n], we associate its
weight ag = [[.cp @s(e)(e)» Where s(e) (respectively t(e)) denote the source (respectively the target)
of the directed edge e € E. Thus,

Tr[Ak] = Z iy yig Qi ig -+ Qig_y,ig Vi in = Z a;
G=(i1,0myiss) i:[k] =[]
where for a tuple i = (i1,...,ix), we denote by a; the weight of the graph G;. Thus, the trace of
A can be seen as a graph-indexed sum of random variables induced by k-tuples. We now give some
definitions on directed graphs that were introduced in [21].

Definition 5.2. Let G = (V, E) be a directed multigraph. For vertices u # v, we say that two distinct
directed edges with both endpoints in {u,v} are twins. If two twin edges have the same source (or
equivalently the same target), then they are called parallel. Otherwise, they are called opposite. If
the number of edges between u and v counted with multiplicities is two, the edges (u,v) and (v,u) are
both called double, double parallel or double opposite if one wants to make the distinction. An edge is
called simple if it has no twin edge and multiple otherwise.

Definition 5.3. Let G = (V| E) be a directed multigraph. We associate the undirected graph G with
same vertex set V and edge set E such that for u,v € V,{u,v} € E <= (u,v) or (v,u) € E.
Furthermore, to the graph G, we associate the pair (q1,q2) defined by

— E
(5.4) q = |E| - |2| and
(5.5) @ = V|- |E|

The construction G+ G turns a directed graph into an undirected graph where edge multiplicities and
orientations are forgotten. Values of g2 in {0, 1} characterise the graph G = (V, E) by the following
proposition. We refer the reader to [27] for the proofs of these characterisations.
Proposition 5.4. Consider an undirected graph G = (V, E). Then,

(i) G is a tree if and only if |V| = |E| + 1.

(ii) G is unicyclic (i.e has only one cycle) if and only if |V| = |E|.

We now introduce three types of graphs that will play a fundamental role in our analysis.

Definition 5.5 (Types of graphs). Let G = (V, E) be a connected directed graph. One says that
e G is of double tree type whenever (q1,q2) = (0,1).
e G is of double unicyclic type whenever (q1,q2) = (0,0).
e G is of 2-4 tree type whenever (q1,q2) = (—1,1).
We denote by ﬁ(n) the set of double tree type graphs G with k edges on vertex set V' C [n]. Note that

E(n) is empty if k is odd. Define C]E:n) the directed cycles on k wvertices.
Finally, we say that G is a double unicyclic tree if

e g2 =0, which is equivalent to say that G is unicyclic.
e Edges of the cycle of G form a directed cycle of simple edges in G .
e Fdges outside the cycle of G are double opposite edges in G.

We say that a double unicyclic tree has parameters (k,q) if its cycle has length k — 2q > 1 and has q
double opposite edges. Let UC™ (k,q) be the set of double unicyclic trees with parameters (k,q).

In the case of even multiplicities, one has the following descriptions of the graphs in Definition 5.5.
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Proposition 5.6 (Characterisation of graphs). Let G = (V, E) be a connected directed graph. Assume
that each edge of E has multiplicity at least two, so that G has no simple edge. Then,

(i) G is of double tree type if and only if G is a tree and each edge of E has multiplicity two.
(ii) G is of double unicyclic type if and only if G is unicyclic and each edge of E has multiplicity
two.
Furthermore, if edges of E have even multiplicities, then
(iii) G is of 2-4 tree type if and only if G is a tree and each edge of E has multiplicity two, except
for one edge with multiplicity four.

Proof. The statements about G being a tree or a unicyclic graph do not require the multiplicity
assumption and are consequences of Proposition 5.4 together with the definition of go. For e € E,
denote m, the multiplicity of e in E which is at least two by assumption. If ¢g; = 0, then |E| = 2|E| =
> ec Me S0 that me = 2 for all e € E which proves (i) and (ii). In the case of even multiplicities and
q1 = —1 one has |E| = 2|E| + 2. For k > 1, let xo; > 0 be the number of edges in E with multiplicity
2k in E. Then, |E| =", o; 22 and |E| =, 2k, so that

(5.6) 2> wop +2=) 2wy

k>1 k>1

which gives

(5.7) D (k= Dagy =1

k>2
and therefore, zop, = 0 if £ > 3 and x4 = 1. There is exactly one edge with multiplicity four and all
other edges have multiplicity two which proves (iii). O

The following proposition asserts that if the graph G; associated to a k-tuple i = (iy,..., i) is of
double tree type, then every edge of G; is double opposite.

Proposition 5.7 (Double tree types have opposite branches). Let i = (iy,...,i) be a k-tuple such
that G; is of double tree type. Then, each edge of G; is double opposite.

Proof. Let us prove that each edge of G; has multiplicity at least two. Denote G = (V,E) the
associated graph from Definition 5.3.

Let e = (ir,ir4+1) be a directed edge in G;. Then, as (iy,ir41,...,0k, 1,12, ...4,—1) forms a directed
cycle in G;, there must exists an edge (is,4s4+1 = i) for some s € [k]. Consider the first such s in the
ordered set {r+1,...,k,1,2,...,7—1}. If i5 # 4,11, then there is a cycle (iy,ir41,...,1s) in G; which
would give a cycle in G which would not be a tree. This would contradict the assumption that go = 1
and by extension that G; is of double tree type. Therefore, i; = 4,41 which implies that every edge of
G; has multiplicity at least two. Since q; = 0, each edge has exactly multiplicity two by Proposition
5.6 (i) and the two edges twin edges are ¢ = (iy,i,41),€ = (is = iy4+1; 1) which are opposite. O

Remark 5.8. By the same argument, one can prove that if G; is of 2-4 tree type, then double edges
are double opposite and the quadruple edge consists of two pairs of opposite edges.

By extension of the mapping i = (i1,...,4;) — G;, we say that a k-tuple ¢ has double tree type
(respectively a double unicyclic type, 2-4 tree type) if the corresponding graph G; has. The same
applies to being a double unicyclic tree. We identify the directed k-cycles with U C(”)(k, 0) the set
of double unicyclic trees having no tree branches outside its cycle. Likewise, for even values of k, we

identify 7;”) with UC™ (k, g — 1) thanks to Proposition 5.7.

For future asymptotics, we are interested in computing the number of k-tuples ¢ such that G; € ﬁ(n).

Lemma 5.9 (Double tree type enumeration). Let k = 2m be an even integer. Then,

(5.8) Card ({i k] =[] | Gie T,§”>}) —n(n—1)...(n—m)Cn = (N)ms1Crn.
where Cyy, = #H(Qyzl”) is the m-th Catalan number.

Proof. The result is a direct consequence of [6, Lemma 2.2 and Lemma 2.4|, as graphs G; of double
tree type are exactly the I';(2m) graphs considered in [6]. O
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5.3. Proof of Lemma 3.3. This section is dedicated to the proof of Lemma 3.3 using the graph
encoding of the previous section. Before we compute the expectation of traces involving the modified
Chebyshev polynomials, let us prove the convergence for the expectation of monomials. This is the
purpose of Lemma 5.10 proved below.

Lemma 5.10 (Monomial expectation). Let m > 1. Then, as n — 0o,

(i) E [Tr [(;‘E)Qmﬂ = (1)1 O™ + 1) + 0 (3).

(i) E [Tr [(;‘EYWIH = o(1).
v)

where lgn,t s a constant that only depends on m and t.

From the recurrence relation (3.1), one notices that the polynomials (PQ(Z))k are even and ( 2(]?"'1)k

are odd. We give an explicit formula for the coefficients that will be helpful later.
Lemma 5.11 (Coefficients of modified Chebyshev polynomials). Fork > 1,¢ € [0,1] and0 < j < k/2,
let oz,(C Y be the coefficient of X*=% in P( ), so that P,gt) = ijo a,g]ingk_2j. Then,
kty ) (IS5 ifk—2i>0
(5.9) Qp_9j = ,
J 0 otherwise.

Proof. The result is a direct consequence of the recurrence relation (3.1) since we have

. k1t kot k-1t
V0<2j<k+1: 0‘5&172)]':“12 ) tl(eﬂ 2)]

O

Before turning to the proof of Lemma 3.3, we will need the following lemma which is proved in Section

5.3 that gives the leading term in the development of the modified Chebyshev polynomial. By Lemma
(t)

5.10, each even monomial has an asymptotic leading term of order n which factors in P,’. However,
Lemma 5.12 shows that algebraic relations in coefficients of the Chebyshev polynomials make this
diverging contribution vanish.

Lemma 5.12 (Double tree type contribution to expectation). Let k = 2m be an even integer. Then,
. 1
Sl n T (" (0) g1 Cong) + 181 = L) + O <n>
q=0
where for m > 1,
1 m
T 2m,t
bt = 3 > al T IC g (m = g + 1)(m — g) = —mt™.
q=0
We now prove Lemma 3.3, using the Lemmas 5.10 and 5.12.

Proof of Lemma 3.3. By linearity, one has

Lk/2]
)= 3 ol [ 42
q=0

By Lemma 5.10 applied to each monomial n~5TIE [Tr [AZ;MH, one has
6grlr)z+1 ¢ =o(1)

2m, —m m— U 1
eZm gt Z agm t2q ( +qt q(n)m—q+1cm—q + lgm)—Qq,t + @) <n)> + ntém:1

q=0

- 1
(2 _ _

Z ( 277T t2)q g q(”)m—q+1Cm—Q> + ntdm=1 + hpmt + O <n>

q=0
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where
2m,t) 4(U)
(510) Mt - ZQQWTL” 2ql§m 2q,t
(we recall that «, I(V) are defined respectively in (5.9) and (5.12)). By Lemma 5.12, we get

1
(5.11) es =1+ hy, 1t+o< >:—mtm+hm,t+0<n)

from which one derives Lemma 3.3. U

Remark 5.13 (On the multiplicative factor exp(—ntz?/2)). Lemma 3.3 shows that in order to have
2m

convergence, one needs to consider the expectation of the random variables (Tr [(\‘;‘ﬁ) ] + nt5m21> .

The term ntd,,—1 corresponds to the additional factor exp(—ntz?/2) in our definition of the normalised
characteristic polynomial (1.3) that did not appear in the Girko setup of [12] since the latter corresponds

to the case t = 0. One could have seen this additional term for k = 2 by hand as Pz(t) = X2 -2t and
1
—Tr[AQ] it = Zama] i
=1 z<]

The first sum converges almost surely to E[ail] by the law of large numbers. Since Ela; ja;;] =t,

2 2 2n(n—1)

- Z ai Qi = Z(ai,jaj,i —t)+ ot

1<j <]

One sees the diverging term %@t ~nt as n — co. Thus,

A 1 & 2 n 1 2n(n—1)
t t
Tr[Pé) <\/7%>} +nt:ﬁ a?,z‘*‘g (2> : Z(ai,j(l]’,i—t)+ﬁTt—2nt+’l’Lt.

i=1 (5) i<y

The first right-hand side term converges almost surely to the constant E[ail] while the sum of the three
last terms is the constant —t. By the central limit theorem, the middle term converges in distribution

to a normal distribution. Thus, Tr {PQ(t) (A"’tﬂ +nt converges in distribution to a compler Gaussian

Jn
random variable & with parameters E[¢] = Ela? ] —t = 0, E[¢?*] = 2(E[a] 503 ] — t*) = 2t* and
E[|€2] = 2(E[|a12a21|%] — t?) = 2. Note that this is exactly the result stated in Proposition 3.4 for
k = 2. Remark furthermore that one needs to have E[|a1 2|?|az1]?] < oo for the variance of € to be
defined. This is the conjectured optimal moment condition for the normalised characteristic polynomial
to converge given in Subsection (1.4.1).

We now turn to the proofs of Lemma 5.10 and Lemma 5.12.

Proof of Lemma 5.10. Let us take k > 1 and write

<\’/45>k =n""2 3" Ela].

i:[k]—=[n]
As coefficients are centered, the only k-tuples i such that E[a;] is non-vanishing are tuples for which
the associated graph G; has no simple edge. Consider such a directed graph G = (V, E) and denote
G = (V, E) the corresponding undirected graph of Definition 5.3. The number of k-tuples for which
G, is G is of order O(n!Vl). To have a non-vanishing contribution, we should have [V| > 4. As there

ETr

is no simple edge, we have |E| < g Thus,

k _
S-1<IVI-1<|E|<

|

For odd values of k, there is only one integer between & — 1 and ¥ so that 27! = |[E| = |[V| -1 and G
is a tree. Since edges are multiple and there are k in total, GG; necessarily has a triple edge while all

other edges are double. Since E[a%gag,l] = 0, this leads to a vanishing contribution. The next highest

order term is O(nf%), which proves (ii). We now assume that & = 2m for some integer m > 1. Two
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possibilities can happen, either |[E| = m or |E| = m — 1.

Suppose first that |E| = m. Then, ¢; = 0 so that all edges in G; are double.

e If [V| = m+1 then g2 = 1 which means that G is a tree. By Proposition 5.6, G; € ﬁ(n) is of double
tree type with m opposite double edges. Each double tree gives a contribution of E[a;] = t".

o If |V| = m, then g = 0 which means that G; is unicyclic and G; is of double unicyclic type with
opposite edges outside its cycle. The cycle G; can consist in either parallel or opposite edges.
Denote

Nm = number of non-isomorphic unicyclic graph on m vertices.

The number of tuples i : [k] — [n] such that G; has double opposite edges and that G; is unicyclic is
(n)mMm. Since E[a%g] = 0, the only non-vanishing contributions are those of graph having double
opposite edges in their cycle. Each such graph gives a contribution of ¢ and therefore the next
order non-vanishing contribution is 7,,t"

Suppose now that |[E| = m — 1. Then ¢; = —1. We must have |V| = m to have a non-vanishing
contribution so that go = 1. Thus, G is of 2-4 tree type so that G is a tree and the corresponding
graph G has double tree type except for two vertices between which there are two pairs of opposite
edges forming a quadruple edge. Denote

7, = number of non-isomorphic 2-4 trees on m vertices.
Each such graph gives a contribution of E[a;] = ™2 - E[a} 5a3 ;] = 2t™. Thus, using Lemma 5.9,

A 2m o m I \um 1
ETr alail =n (n)m+10mt + (77m + 277n)t + 0 ﬁ

NZD

which proves (i) with

(5.12) 1Y) = (g + 20, )™

and ends the proof of Lemma 5.10. U

Proof of Lemma 5.12. Let us take k = 2m even. We want to compute

k
2 m
_k k,t k_ —m m—
Zn 2+qo‘l(c—2)q (t2 q(”)%qﬂ ) Z% o (t 1) m-q+1Cm—q) =t Spm.
_ q:
One has
m—q
(Mg = nln—1)... (0 — (m — g)) = w01 — =0 3" s 4 O(um=4-1),
k=1
so that

Sm=n b ) M 1C, g — Y ali ) G, 5 +0(~).
— q=0

Consider the first sum Sy, = > >/" o gi:bn thm 9Cp,—q- Recall that the Catalan number Cj is the 2I-th

moment of the semi-circular distribution : C; = f\xl <2 z? 217r V4 — 22dz. Denote dp, vi the probability
distribution having density %\/ 4t — 22dx on [—2v/t, 2V/1]. By a linear change of variables, one derives

2t7T

k—2q — \/ 2 t—q
" dp (m)—/ — 4t—$d$—0k t2719,
/|x<2ﬁ 2Vt |z|<2ﬁ 1
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One can then identify S/, as the integral of the k = 2m-th modified Chebyshev polynomial P,Et) with

respect to the distribution fiy 7. Thus, using that Pz(:})l

2Vt
S= [ P ()

=1 [ v VT

_ % /O * P 2V cos(0))sin?(0)do.

Inspired from the classic equality Ty (cos @) = cos kO satisfied by the ordinary Chebyshev polynomials,

let us prove that P (Qﬁ cos(f)) = 2\/i]C cos k. One checks that the previous holds for £k = 0 and
k = 1. We prove it by induction for general k using the recurrence relation (3.1) which gives

P,gt)(2\/icos(9)) = 2v/tcos(h )P(t) (2\/17/008( ) — tP,Et)Q(Q\/icos( 0))
= 2/t cos(6 )(Z\f cos( 1)6) — 2t\/ cos( —2)0
= 2\/1§k cos k6.

is even,

Therefore,

/ 4 g m .2 8 m % .2
Sy = — 2t™ cos(2mb)sin”(0)df = —t cos(2mb)sin=(0)de.

T Jo n 0
Moreover,

k% —2 k

/0 cos(kz)sin?(z)dz = l<f(k2—4)) sin ?ﬁ
which is zero for even values of k greater or equal to 4. For k£ — 2, the right hand side converges to
—% so that S}, = —td1 . Therefore,

(ME}

k
2
_k k, k_ T 1
E n 2+qa](€_tg)q <t2 q(n)g_qHCg_q) = —ntdo ), + l(§ ) + 0 <n>

where, for m > 1,

1<~ (2m
l(gT) Y (P p—— al2mt) t"IC—g(m — g+ 1)(m — q).

m 9 2m—2q
q=0
It remains to prove that lﬁff) = —mt"™. Let m > 1.
m
2mt) m—
> Al G g (m — g + 1)(m — q)
q=0

zzthi(—l)q L (gm-ay__ 1 (2m=2) (m—q+1)(m—q)
por 2m — q q m—q+1\ m—j

o Y (1) (2’".‘ "’) (2’” B 2‘-?)

o 2m —q J m—q

S 2 () () = St (D) ()

q=0
m—1

: ’”i (M) () = S (1) ()

Qm;q—l)

Since ( is the coefficient of 2™ in (1 + 2)?™~971  the last sum is the coefficient of 2™ in the

polynomial
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(e () (7))

q
= (142" (zm - 1)

so that this coefficient is 1, which gives the result, after multiplying by

2mt77l

5.4. Proof of Proposition 3.4.

5.4.1. Strategy of proof. The previous section showed that in order to understand the limiting function,
one has to study the convergence of the centered variables

(5.13) Vi =ul Bl = {P,jt) (%ﬂ ~E [Tr [p,gﬂ (%)” .

The study of random variables of the form (5.13) is known as second order asymptotics, which is the
analogue of the Central Limit Theorem for random matrices. This study was initiated by the work
of Johansson [18] for random matrices sampled from [-ensembles. In particular, see [23, Section 5.1],
for f a polynomial such that

17T/_22f(x)\/4—x2dx:()

and {A,} be scaled GUE matrices of size n, then {Tr[C)(Ay)]}x>0 converges to independent Gaussians
with lim,,_,oc Tr[Ck (A, )] having zero mean and variance k, where {C} }r>0 are the Chebyshev polyno-
mials scaled to [—2,2]. Those scaled Chebyshev polynomials {C),},>0 are defined by the recurrence
relation Cp41 = 2C),, — Cp,—1 with Cp = 2 and C7; = X. Comparing with (3.1), one sees that the
polynomials Wthh diagonalize the covariance for GUE matrices are exactly the modified Chebyshev
polynomials {P }n>0 We give the following definition in [23, Definition 5.2] of having a second order
distribution for a family of random matrices.

Definition 5.14. Let {Xn}n be a sequence of random matrices. We say that {Xn}n has a second
order limiting distribution if there are sequences {ay}tr and {op q}pq Such that

o Vk,limy_,oo E[XTr[XK]] = .

o Vp,q,limy_so0 cOV (Tr[X]Zi]], Tr[X]q\,]) = Qpgq.

o Vr>2Vpy,...,pp > 1: imn_oo kr (Te[ XA ], ..., TX[XAF]) = 0.
where k, denotes the r-th cumulant.

In [23], the authors proved that GUE matrices have a second-order limiting distribution with explicit
coefficients {ay }r and {ay 4}p,q that can be expressed via non-crossing partitions. In the recent paper
[21] on second order fluctuations, the authors computed the limiting covariance of Wigner matrices
with some additional hypotheses, see the introduction therein. The limiting second-order covariance
depends on the parameters 6 = E[a? ,],n = E[a] ;] and ks = E[af yaf 5] —2—|E[af ,]|* of the Wigner ma-
trix and can be expressed using non-crossing partitions of annulus just as in the case of GUE matrices.

On the other hand, in [12, Lemma 3.4 and 3.5], the authors proved the convergence of the variables
k
{Tr [(%) ] } for Girko matrices to some independent Gaussian random variables whose parame-
k

ters depend on n = E[ail]. Thus, the polynomials {X*};q diagonalize the limiting covariance for
Girko matrices. Remark that those polynomials correspond to the modified Chebyshev polynomials
{P }n>0 at the other endpoint of our interpolation. The statement of Proposition 3.4 can be seen
as an extension of the two previous diagonalizations, namely by ordinary Chebyshev polynomials for

t = 1 and monomials for ¢ = 0, of a limit covariance structure that we will now compute.
Recall that for £ > 1:

- Y .

i:[k]—=[n]
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Let P(k) be the set of partitions of [k]. To a function ¢ : [k] — [n], we associate the partition

keri € P(k) by the relation u Ky e i(u) = i(v), which regroups the index set [k] in blocks
having the same image by i. For two functions such that keri = ker h, we have E[a;] = E[ay].

Let us fix integers k1, ..., ky,, conjugating exponents si,..., S, € {0,1} and k = (k1,..., k). Denote
k=Fki+---+ k. With the convention that 2(?) = z and z() = Z, let us consider

- (s5)

n _k k; kj
(5.14) M) =0 5E | ] (Tr(Am) —E[Tr(Anjt)])
j=1

The proof of Proposition 5.4 consists in two part. We first prove the convergence of M&) to

]E[Z,Slt) . Z,g:)t] where {Z+}; are Gaussian random variables, see Proposition 5.15 below. Then,
we prove that the covariance of the family {7} is diagonalized by the modified Chebyshev poly-
nomials of Definition 3.1, which is Proposition 5.16 below. Propositions 5.15 and 5.16 are proved in

Sections 5.4.3 and 5.4.4 respectively.

Proposition 5.15 (Convergence to a Gaussian family). Fiz ¢t € [0, 1].
The family {nfg(Tr(A’f%t) - E[Tr(Aﬁ’t)])}k>o converges to a centered Gaussian family {Zy +}k>0-

Let o) and ¢ be defined by ¢®(XP, X9) = E[Z,:Z,4) and o) (XP, X9) = E[Z,,Z,. This

notation extends by linearity of ¢, apgt) in both arguments to ¢ (P, Q) and gogt) (P, Q) for polynomials

P,Q € C[X].
Proposition 5.16 (Diagonal covariance for modified Chebyshev polynomials). For all k,1 > 1,

(5.15) oD (PP Py = kths,.
and
(5.16) oD (PO, ) = ko,

which means that the modified Chebyshev polynomials diagonalize the limiting covariance for the El-
liptic Ginibre Ensemble.

Note that Proposition 5.15 together with Proposition 5.16 prove Proposition 3.4. Before turning to the
proof of Proposition 5.15, we introduce some definitions and notations to study products of variables
{Te(AR ;) — E[Tr (A% )]}

5.4.2. Rearrangement of contributions. The main result of this section is Proposition 5.18 below,
inspired by [21, Proposition 22], which gives another expression of (5.14) in order to prove the con-
vergence to a Gaussian family. We introduce the necessary material here. For each 1 < j < m,

k; k;
T[4 ] - BT (A7) = > (ayp — Elay))
¥j:[kj]—=n]
where for notation convenience, we dropped the dependence in ¢ in the products a,. Thus,

m

n _k .
M) =0z 37 E | [](ay, ~Elay, )™
Y1, m Jj=1
Consider the directed graphs G1, ..., G, associated to each of the functions i1,..., ¥, (i.e., for all j,

Gj = (Vj, Ej) with V; = Im(¥;)) and Ej = {(¢;(1),%(2)), ..., (j(kj — 1),95(k;)), (¥(k;),%5(1))})-
Define v : [k] — [n] by

7j—1
Vjeml Ve k] [ 1+ ki | =w;(0).
p=0

The next lemma shows that terms can be grouped by the induced partition ker ¢ € P(k).
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Lemma 5.17 (Grouping contributions by their partitions). Let ¢1,..., % and ¢1,. .., dn functions
such that the associated functions ¥ and ¢ from [k]| to [n] verify kerv = ker p. Then,

m m

(5'17) E H(awj_E[awj])(sj) =K H(a¢j_E[a¢j])(sj)

Jj=1 Jj=1

Proof. For 1, ¢ : [k] — [n] such that ker = ker ¢, there exists o € S, such that ¥ = o 0 ¢. By the
dependence structure of coefficients (ayy)uv>1,

H%o s | = 11 Bl II  ewtrwcsn]

(u,v)€[n]? JEI(u,v,9)

where I(u,v,v) ={j € [k ] (¥(5),v(j+1)) € {(u,v), (v,u)}} with the convention that the expectation
is one if I(u,v) = (. Thus, I(u,v,¢) = I(c (u) o(v),) and since the pairs {(ayu, Gvu)}tue are
identically distributed,

k
E|[Tacroin| = 11 E| II asthetn
j=1

(uw)€n)2 [ jel(u,v,9)

k

= H E H Ap(5),p(G+1) | = H P(5) 2 (G+1)

(ww)€n)?2 [ J€l(uw,) j=1

O

For m € P(k), denote ay+(m) the value of (5.17) for any functions {¢; : [k;] = [n],1 < j < m} such
that ker ¢ = m. We now have,

n k
M = n”2 e (1) age ()
weP(k)

where, for m € P(k), cﬁtn) (m) is the number of maps (¢1,...,%m),¥; : [k;] = [n],1 < j < m such that
ker = w. For m € P(k), denote #m its number of blocks. By choosing an image for each block, one

has cl((n) (m) = (n)gr = n(n —1)...(n — #m + 1). Note that this number is well-defined if #m < n,
which holds for n large enough as = € P(k) implies that #n < k.

For m € P(k), denote G x = (V, Er) the union graph UJ; G; associated to any function 1 : [k] — [n]
such that ker ¢y = m. This means that G x is the union of m directed graphs which can be constructed
from restricted maps 1; as above. Thus, one has

Er.=EWY U...UE™ where for each j € [m].
EY) = {((kj—1 + 1), (ki1 +2)), -, (ki1 + kj — 1), (ki1 + ky)), (ki1 + ky), (ki1 +1)))}
= {5 (1), 95(2)), s W5k = 1), 95(k5)) (¥5(k5), 95(1))}-
By definition, |E;| = k and |V;| = #m. The dominating power of n in M is thus

. £, -
= (e}
—_———

—_——

q2

q(m) =

q1
where we used the notation G = (V, E') where edge multiplicities are forgotten introduced in Definition
5.3 above. Suppose that G,y has connected components (I'; = (V;, E;))icr. Then, one can define
¢i(m) = qi1 + g2 for each connected component by the same formula as in Definition 5.3 above
restricted to I'; = (V;, E;). There are now two different families of graphs:
e The graphs (Gj) e[ which are directed graphs with k; edges whose union is G k.
e The connected components (I';);cs of the graph G k.
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Denote D the set of partitions such that the connected components are either double unicyclic or 2-4
tree type. We now state Proposition 5.18, adapted from [21, Proposition 22].

Proposition 5.18 (Principal contributions are double unicyclic graphs and 2-4 trees). As n — oo,
one has

(5.18) MY =3 awa(m) +o(1).
w€D

The proof of Proposition 5.18 is based on the same arguments as in [21] and relies on the series of
lemmas below which are adaptations of the results in [21].

An example of configuration giving a term in the sum on the right hand side of (5.18) is given in
Figure 2 below. Here, we have m = 4 directed cycles which give |I| = 2 connected components for
Grx-

FiGurE 2. Four directed cycles giving two connected components: one double unicyclic
(left) and one 2-4 tree (right).

Lemma 5.19 (Contributing graphs have multiple edges). If ax+(7) # 0, edges of Gk are multiple.

Proof. If one edge (u,v) is single in G k, the random variable a,, in centered and independent of the
others so that ay () = 0. O

Lemma 5.20 (Graph characterisation of ¢;1,¢;2). Suppose that ayx(m) # 0. For each connected
component I';:

(a) g1 <0 with equality if and only if each edge in I'; is double.
(b) qio <1 with equality if and only if T; is a tree.

Proof. Since each edge should be multiple by Lemma 5.19, to each edge in T corresponds at least two
edges in T';, so that |E;| > 2|E;|. The equality case follows when every edge in I'; gives exactly two
edges in I'; which proves (a). The result (b) is a direct consequence of Proposition 5.4 (i). t

Lemma 5.21 (Even multiplicity of disconnecting edges). Let € € G corresponding to a set of
twin edges in some connected component I';. If the removal of the edges of € disconnects I';, then the
multiplicity of edges in € coming from each graph G is an even number, with an equal number of edges
in each direction.

Proof. The proof uses the same arguments as in the proof of [21, Lemma 20]. Assume that a graph
G has p > 1 twin edges in the group € that disconnects I';, for some j € [m] and i € 1.

Let us prove that p > 1. Assume that ey € G is the only one edge of € coming from G;. The graph
G \ eg is connected by construction of Gj. Then, in I'; \ € the source and target of eg are connected
by the path in G \ ep which contradicts the assumption that € is disconnecting. Thus, p > 1.
Assume p > 2. Start a walk in G; from the source of ey and consider e; its first twin edge in G; met
after eg. Then, ey and e; are opposite. Indeed, if they were parallel, removing ey and e; would not
disconnect G;. This would imply that removing € in Gk would not disconnect I';, leading to the
same contradiction as in (i). Thus, ep and e; are opposite. Remove the loop from the source of ¢j to
the target of e; in G;. The remaining graph has now p — 2 directed edges in e. Using induction, one
derives that the number of edges in € coming from G is even with an equal number in each direction.

O
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Lemma 5.22 (Characterisation of non-vanishing connected components). If ax(7) # 0, then for
every connected component I'; of Gk, one has g;1 + ;2 < 0 with equality if and only if the connected
component is either double unicyclic of 2-4 tree type.

Before turning to the proof of Lemma 5.22, we will need the following lemmas.

Lemma 5.23 (Connectivity condition). If there exists j € [m] and i € I such that G; = T, then

Qg t (7T> =0.
Proof. For such j € [m] and i € I such that Gij = I';, the random variable (ay; —[E[ay,]) is independent
of the other random variables {(ay, — Elay,]) : 1 € [m],l # j} and thus ax(7) = 0. O

Lemma 5.24 (Double tree type components have vanishing contribution). If some connected compo-
nent I'; is of double tree type, then ay,(m) = 0.

Proof. Assume that I'; is a connected component of double tree type. Let E(T;) be the edges of T;,
each one corresponding to double opposite edges in G k. By Lemma 5.21, to each edge e € E(Ty),
one can associate some j € [m] such that the pair of opposite edges composing € comes from G only.
Denote this map h : E(T;) — [m]. If h has more than one image point, say j # [ then (ay, — Elay,])
and (ay, — E[ay,]) are independent of all other random variables and thus ay ;(7) = 0. If the image of
h contains only one integer j € [m], we would have I'; = G so that aj;(7) = 0 by Lemma 5.23. [

Proof of Lemma 5.22. By the Lemmas 5.20 and 5.24 excluding double tree types, any connected com-
ponent of a non-vanishing contribution satisfies I'; satisfies ¢; 1 + ¢;2 < 1. The next possible value
would be ¢;1 + ¢i2 = % if (gin,qi2) = (—%, 1). Should the previous hold, the graph T'; would thus be
a tree and I'; would only have double edges except for an edge with multiplicity three, contradicting
Lemma 5.21 as this group of edges would disconnect G x and have an odd cardinal. Thus, we have
gin +qi2 < 0, with equality cases corresponding to m € D by the characterisations of Lemma 5.22. [J

Proof of Proposition 5.18. . The leading order of n in Mlgnt) is q(m) = > icr @i(m) = > icr Gin +di2 < 0.
By Lemma 5.22, the contribution of 7 is non-vanishing if and only if each of its connected components
are double unicyclic or 2-4 type which proves Proposition 5.18. [l

5.4.3. Convergence to a Gaussian family. This section is devoted to the proof of Proposition 5.15. To
prove that the limiting family is Gaussian, let us write Mlgnt) as a Wick product. This is the statement
of Proposition 5.26 below which is the analogue of [21, Proposition 33]. Such an expression implies

that the family is Gaussian and thus proves Proposition 5.15. Our proof structure follows again the
lines of [21].

Definition 5.25. For any pair of indexes {j,l}, denote P(j,1) the set of partitions m of {kj—1 +
L. k) Uk + 1,00k} such that

(1) Either the graph G UG is of double unicyclic type and both graphs Gﬁ», G, are unicyclic. This
happens when both graphs G; and G; are double unicyclic trees with the same cycle, by pairing
the edges in the common cycle.

(2) Either Gj UG is of 2-4 tree type and both graphs G;, G; are double trees. A pair of twin edges
in G and a pair of twin edges Gy are thus paired to form the group of edges of multiplicity
four in G; U G|.

The following proposition shows that graphs contributing to the limit in Mlint) are obtained by pairing
the graphs {Gj}1§j§m.
Proposition 5.26 (Wick product expression of M&)) We have
(5.19) M= ST TI M) +o()

oc€Pa2(m) (4,l)€0
as n — 400, with
(5.20) M(4,1) = Z ar()

TEP(4,l)

where ay(m) is the common value for E [(a¢j - E[a%])(sj)(awl - E[awl])(sl)] for 1, ¢y such that the
associated partition of {kj—1+1,...,k;} U{ki—1 +1,...,k} ism.
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The proof of Proposition 5.26 relies on Lemma 5.27 that we state below. Recall that by Proposition
5.18, the only graphs Gi,...,G,, that can contribute are those for which their union graph has
connected components of either double unicyclic or 2-4 type. As products are centered, each such
connected component should come from at least two of the G;’s. The next lemma adapted from [21,
Lemma 35] shows that each connected component comes from exactly two of the G;’s, which is where
the pairings appear.

Lemma 5.27 (Graph pairings). Consider m € P(k) such that axt(m) # 0 and assume that I'; is of
double cycle type. Then, there are two different cycles G;, Gi such that each group of twin edges in
the cycle of I'; consists in an edge from G; and an edge from Gj.

Proof. Denote Ej the set of groups of twin edges in the cycle of I';. Assume that some G; has exactly
one edge in a group € € Ey. Suppose for the sake of a contradiction that there is another group of
edge € € Ey coming from two other cycles G, G;» with j' # j # j”. The removal of € disconnects
Grx \ € (which is connected). The fact that only one edge of € comes from G; would contradict 5.21.
Thus, G; has one edge in every element of Ey and since I'; is a double cycle, there is some other cycle
G with the same property. Let us show that this other cycle cannot be Gj.

Assume now that each group in Ej comes from only a single cycle G;. Then, the component I'; would
come from this cycle G and thus G; would be X disconnected from Gk giving ax (7)) = 0. O

Proof of Proposition 5.26. . Assume that some component I'; of Gy is made from at least three
cycles among G1, ..., Gp,. We will show that ay (7)) = 0.

o If I'; is a 2-4 type, by Lemma 5.21, the edge of multiplicity four can only come from two graphs
G, G and one of the (at least) three graphs would be disconnected leading to a vanishing
contribution.

e If I'; is double unicyclic, Lemma 5.27 shows that there are two graphs that are paired to
constitute its cycle. Since every other edge has multiplicity two outside the cycle, one would
also have at least one disconnected graph and a vanishing contribution.

Thus, the only non-vanishing contributions come from a pairing of unicyclic double trees G, G; paired
together to form either a double unicyclic graph and a 2-4 tree. (I

By Iserlis-Wick’s lemma, the proof of Proposition 5.15 is complete.

5.4.4. Computation of the limiting covariance. To prove Proposition 5.16, we need to compute the
asymptotic covariance of the previous Gaussian family and show that it is diagonal for the modified
Chebyshev polynomials. Let us take m = 2 and consider 7 € P(1,2) a partition associated to any
function v such that the associated union graph G x = Gi, UGy, is a double unycylic graph or a 2-4
tree. Let us compute the value of

ar(m) =E [(a% — IE[awl])(Sl)(aw2 _ E[aw])(sg)} '

If G x is of double unicycle type, then Gy, and G}, are unicyclic double trees with the same cycle,
either in the same direction or opposite. If they are opposite (respectively parallel), we say that
m € DUPP (respectively m € DUP").

Lemma 5.28 (Covariance o) (X*1 X*2)). Let us fir s1 = so = 0 and suppose that G is a double
unicyclic graph with o cycle of length 1 > 1.
(i) If © € DUPP ay(7) = tk1+k)/2,
(i) If 7 € DUPY  ay(m) = tk1tka)/25,_
(i) If m € FT,a,(m) = tthitk2)/2,

Proof. Suppose that Gk € DUP. Then, the cycle length [ is at least 3 since a cycle of length
2 would only belong to one of the graphs Gi,,Gg, and the two graphs would be independent of
each other. Each of Gy, and Gy, both have [ simple edges so that E[ay,| = E[ay,] = 0. Moreover,
Qy, Ay, is the product of kl;k’? independent variables with the same distribution as a1 a2 which
gives (i). For Gy € DUP, if | # 1, since E[a%g] = 0, one would have a;(m) = 0. The only parallel
contribution comes from [ = 1 where the cycle of Gk is a double loop edge which gives E[a%l] =t

and thus a;(r) = t - tk1+k2)/2=1 — 4(li+k2)/2 proving (id). If Grx € FT, the quadruple edge gives
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a contribution of E[a%a%yl] = 2t2 while other opposite edges give a contribution of ¢. Therefore,
Elay, ap, — Elay, ayg,]] = (262 — 2)t*1++2)/2=2 wwhich proves (id4). O

Lemma 5.29 (Covariance gogt) (Xk1 Xk2)). Let us fix sy = 0 and so = 1. We have, where | is the
common cycle length.
(1) If m € DU°PP ay(m) = 0.
(ii) If T € DUPY  ay(m) = ttkithe)/2=L,
(iii) If = € FT,a(m) = tk1+k2)/2=2,

Proof. We have E[a;2a31] = 0 so any opposite cycle has zero expectation proving (7). For Gk €
DUP | since E[aj2a12] = Elai2/> = 1 = Ela11|?> and the rest of the double edges outside the
cycle have expectation ¢, one derives (i7). If Gk € FT, the quadruple edge gives a contribution of
EHCLLQ‘Q’CLQJ‘Q] =1+t so that at(w) = t(k1+k2)/2*2(EHa172]2\@71]2] — t2) = tlkithk2)/2-2 [l

We are now interested in the number of partitions in P (4, 7). In [21, Lemma 39], the authors introduced
a bijection that allows us to count the number of double unicyclic graphs as well as the number of 2-4
trees. Let us first assume that k1 and ks are both even. Recall that they necessarily have the same
parity. Define Go; the set of all possible graphs obtained which are of double unicyclic type having a
cycle length of 21 for I > 1. We state the result of [21, Lemma 39], as well as its extension to 2 — 4
tree types as discussed after [21, Definition 40].

Lemma 5.30 (Non-crossing annular pairings enumeration). For each | > 1, there is a bijection from
Go1 to the set NC;Z)(]Q, ka) of non crossing pairings of the ki, ko annulus with I through strings.

Furthermore, there is a bijection from FT to the set NC;Q)(kl,kg) of non crossing pairings of the
ki1, ko annulus with 2 through strings.

Denote nc)(p, q) the cardinal of N Cél) (p,q). By [22, Proof of Lemma 22| and reference [24] therein
one can have an explicit expression of this quantity given by

(5.21) nc(p,q) = l<p§z> <qz—l>

We summarise the results of this section for the value of M (ki, k2) in the table below.

‘ ‘ 80281:0 ‘ 0—081:1 ‘
k17 k2 even ZfllQ nc(QZ) (k17 k2)t(kl+k‘2)/2 Z =1 2l (kl k2)t(k1+k2)/2 21
k1, ko odd Zz(i11+1)/2 nc(2l*1)(k1,k2) (k1+k2)/ Zz 1+1)/2 (20— 1)(k1,k2) (k1+k2)/2—21+1

TABLE 1. Values of M;(ky,k2).

To end the proof of Proposition 5.16, we need to compute ¢ (P,gt), Pl(t)) and gpt(; )( ®) P( )) to show
that those quantities vanish when k # [. For any t € [0,1] and k& > 0, we have

k/2

Z Xk 2]

=0

where the coefficients (a,(ck %)k are those of (5.9) Recall the followings facts:
J

e o1 is diagonalized by the usual Chebyshev polynomials pY k>1, see (23, Theorem 5.1|, so
SO g y y p Y k =1 I )
that one has:

(5.22) PP, BY) = k.

e We have the scaling relation: P ( )= \f P ( ) so that a,(ck ’;)j — /i a,(f_l;]
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Since p®(XP, X9) = V& oW (XP, X) = ne(p, q)vVE 7, for every k,1 > 1 one has,

I —9 _9i
AL, F) = Tl 0,
_ Z (l t k"'l_%_zj@(l)(xk—%’Xl—2j)
_ Z (l 1 k“‘l(p(l)(Xk—Qi?Xl—Qj)

VB 7Y Y
_ k\/%kJrlék:l

which proves (5.15). It remains to prove (5.16). Suppose that ki < 2k; and kg < 2kg are both even.
Then,

SDglf) (P(t) P(t) ) — Z aéifjl:tz)ragilz%gs (t )(Xle —2r X2k2 25)

2k~ 2ko
r,s>0
_ (2k1,t)  (2ka,t) 20 2202 (r4s421)
= Z Qogy —2r Yok, —2s Z (2k1 — 27, 2kg — 2s)t
r,s>0 >1
_ k1+ka—21 2k1,1) (2k2,1) _ (20) _ B
Zt Z Xoky —2r Xofy —2570C (2k1 — 21, 2k2 — 2s).
>1 r,s>0

Let [ > 1 be fixed. For r < k1 — I, s < ko — [ using (5.21), the innermost sum is

5 o al2 ok, 3283 2

r,s>0

it - (b ) (a9 o) o

2 s (55205 (2 0) (7)) (S s () (7))

We claim that if k1 # ks, one of the two sums in (5.23) is zero. Let us take k > 1+ 1. One has

(5.24) gg;%(:(ﬂff)l) <2k_r> y o @F 1) ( . l) (2:—_;)

T

=0
kl
1 -0\ 2k —7r—1
2 = .
(5.25) k—1 ( r ><k+l—r>

7":0

The binomial coefficient (215;;"_;1) is the coefficient of z¥+=" in the development of (14 2)?*~"~1. Thus,

the sum (5.25) is the coefficient of z**! in the development of Q(z) = Zf;é(—l)r (k;l) (14 z)2k—r=lgr,
However,

Q(z) = (1 + 2)%~ 12( ><1+Z>r:(1+z)k+l—1

so that the coefficient of z5*! in Q(2) is zero. If k; = ko = I, the two sums in (5.23) are equal to 2% SO
that

(5.26) (t)(Pg(k)l PQ(Z)Q) = (2k1)0k, =k»

C
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which is (5.16) for even indexes. The computations are essentially the same for odd values of k; <
2k1 + 1 and ko + 2ky + 1:

(5.27)
t)( p(t) (t) _ (2k1+1t) (2ke+1t) (¢ 2k +1-2 2ko+1—2
P (P 1y Poy1) = D o150y ot (XPRFIm2r, x2katd=2s)
r,5>0
(2k1+1,1)  (2ka+1,1
(5.28) = 37 phitha 242 N GRELD o8 ne® D (2ky 41— 20, 2ks + 1 — 25).
>1 r,5>0

For a fixed value of [ > 1, the innermost sum is

2k1+1,1)  (2ka+1,1 _
S aSiAbh alt b ne® D 2k +1 - 2, 2ky + 1 — 25) = (2k1 + 1)(2k2 + 1)(21 — 1)x
r,s>0

Zzo 2k +1 E_rl))(;cz T1-s) <:1( ]i :if_i) (;j’fi 1—_3>S+_ 1l> <2k1 +r1 - r) (%2 +81 _ 5>
T e ) (e )

x (2k1 + 1)(2ky + 1)(2 — 1).

Using the same argument as above, the two sums in (5.29) vanish, except when k1 +1=ky +1 =1
where they are both equal to ﬁ Therefore,

t ¢
(5.30) PPy 1 P ) = (21 + 1)0k, 2k
which ends the proof of statement (5.16) in Proposition 5.16.
Remark 5.31. Let us verify that for t =0, one finds the result of [12]. We have that
PO, ) 0
according to Proposition 5.16 which is indeed equal to E[aig]k = 0. On the other hand,
(X7, X9) = nc®) (p, )6y = POpg

where the last equality comes from the fact that a non-crossing pairing of the (p,p) annulus with p

through strings is determined by the choice of one though string only. Thus, (Vk("))k converges to
a Gaussian family (Vi) of independent centered variables with parameters E[|Vi|?] = k, E[V?] = 0
which coincides with the Gaussian family in [12, Theorem 1.2].
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