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Abstract

We study the number of real roots of a Kostlan random polynomial of degree d in one
variable. More generally, we are interested in the distribution of the counting measure of the
set of real roots of such polynomials. We compute the asymptotics of the central moments of
any order of these random variables, in the large degree limit. As a consequence, we prove
that these quantities satisfy a strong Law of Large Numbers and a Central Limit Theorem. In
particular, the real roots of a Kostlan polynomial almost surely equidistribute as the degree
diverges. Moreover, the fluctuations of the counting measure of this random set around its
mean converge in distribution to the Standard Gaussian White Noise. More generally, our
results hold for the real zeros of a random real section of a line bundle of degree d over a real
projective curve in the complex Fubini—Study model.

Keywords: Kostlan polynomials, Complex Fubini-Study model, Kac—Rice formula, Law of Large
Numbers, Central Limit Theorem, Method of moments.
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1 Introduction

Kostlan polynomials. A real Kostlan polynomial of degree d is a univariate random polynomial
of the form ZZ:O ag/ (z)Xk, where the coefficients (ar)o<k<a are independent A(0,1) random

variables. Here and in the following we use the standard notation A'(m,c?) for the real Gaussian
distribution of mean m and variance o2. These random polynomials are also known as elliptic
polynomials in the literature (see [29] for example). The roots of such a polynomial form a random
subset of R that we denote by Z;. Kostlan proved (cf. [16]) that for all d € N, the average number
of roots of this random polynomial is E[Card(Zy)] = d=, where Card(Z,) is the cardinality of Zg.
It was later proved by Dalmao (see [11]) that Var(Card(Zy)) ~ 02d? as d — +o00, where o is some
explicit positive constant. Dalmao also proved that Card(Z,) satisfies a Central Limit Theorem
as d — 4o0.

In this paper, we study the higher moments of Card(Z;) in the large degree limit. Let p € N,
we denote by m,(Card(Zy)) the p-th central moment of Card(Zy). A consequence of our main
result (Theorem 1.12) is that, as d — +o0o, we have:

—_

my(Card(Zg)) = ppoPd® + o(d%),

where o is the constant appearing in Dalmao’s variance estimate, and (up)pen is the sequence
of moments of the standard real Gaussian distribution A/ (0,1). This results allows us to prove a
strong Law of Large Numbers: d~2 Card(Z;) — 1 almost surely. We also prove that d—2 Card(Z)
concentrates around 1 in probability, faster than any negative power of d. Finally, we recover
Dalmao’s Central Limit Theorem by the method of moments. The original proof used the Wiener—
Ito expansion of the number of roots. In fact, we improve this result by proving a Central Limit
Theorem for the counting measure of Z; (see Theorem 1.9 below).

Equivalently, one can define Z; as the set of zeros, on the real projective line RP!, of the
homogeneous Kostlan polynomial Zi:o ak \/@X’“Yd’k, where (ay)o<k<a are independent N(0, 1)
variables. In this setting, an homogeneous Kostlan polynomial of degree d is a standard Gaussian
vector in the space of real global holomorphic sections of the line bundle O(d) — CP?, equipped
with its natural L2-inner product (see Section 2.1). Recall that O(d) = O(1)®¢, where O(1) is the
hyperplane line bundle over CP!. Then, Z; is the real zero set of this random section. In this
paper, we study more generally the real zeros of random real sections of positive Hermitian line
bundles over real algebraic curves.

Framework and background. Let us introduce our general framework. More details are given
in Section 2.1 below. Let X be a smooth complex projective manifold of dimension 1, that is a
smooth compact Riemann surface. Let £ and £ be holomorphic line bundles over X. We assume
that X, £ and £ are endowed with compatible real structures and that the real locus of X is not
empty. We denote by M this real locus, which is then a smooth closed (i.e. compact without
boundary) submanifold of X of real dimension 1.

Let he and h, denote Hermitian metrics on £ and L respectively, that are compatible with the
real structures. We assume that (£, h,) has positive curvature w, so that £ is ample and w is a
Kéhler form on &X. The form w induces a Riemannian metric g on X, hence on M. Let us denote
by |dVias| the arc-length measure on M defined by g.

For all d € N, we denote by RH°(X, £ ® £9) the space of global real holomorphic sections of
ER LY — X. Let s € RHY(X, £ ® L), we denote by Z, = s71(0) N M the real zero set of s. Since
s is holomorphic, if s # 0 its zeros are isolated and Z; is finite. In this case, we denote by v, the
counting measure of Z,, that is vy = erZS 0., where 0, stands for the unit Dirac mass at x. For
any ¢ € C°(M), we denote by (vs,¢) =3 ., &(x). Quantities of the form (v, , @) are called the
linear statistics of vs. Note that (vg,1) = Card(Z;), where 1 is the constant unit function.

For any d € N, the space RH%(X,£ ® £%) is finite-dimensional, and its dimension can be
computed by the Riemann—Roch Theorem. Moreover, the measure |dV),| and the metrics hg and
h. induce a Euclidean L?-inner product on this space (see Equation (2.1)). Let s4 be a standard
Gaussian vector in RHO(X,€ ® L?), see Section 2.3. Then, v, is an almost surely well-defined
random Radon measure on M. We denote by Zg = Z;, and by v4 = v,, for simplicity. In this



setting, the linear statistics of vy were studied in [2, 14, 19, 21], among others. In particular, the
exact asymptotics of their expected values and their variances are known.

Theorem 1.1 (Gayet—Welschinger). For every d € N, let sq be a standard Gaussian vector in
RHO(X,E ® LY). Then the following holds as d — +00:

V6 e (M),  El(va,d)l =d %< /¢>|de)+|¢|| o(d 1),

where the error term O(d~2) does not depend on ¢. That is: d~2E[vg] = Liavy |+ 0@@™).

Theorem 1.1 is [14, Theorem 1.2| with n = 1 and ¢ = 0. See also [19, Theorem 1.3] when & is
not trivial. In [19], the case the linear statistics is discussed in Section 5.3.
We use the following notation for the central moments of vy.

Definition 1.2 (Central moments of v4). Let d € N and let s4 be a standard Gaussian vector in
RHO(X,E® L%). Let v4 denote the counting measure of the real zero set of s4. For all p € N*, for
all ¢1,...,¢, € C°(M) we denote:

mp(va)(d1, ..., ¢p) = lf[ ( Vd, $i) — [(Vd,@)])] :

For all ¢ € C°(M), we denote by my,((va , #)) = my,(va)(o, ..., $) the p-th central moment of (g, ¢).
As above, we denote the p-th central moment of Card(Zg) by m,(Card(Zy)) = mp(vq)(1,...,1).

Of course, m,(vq) is only interesting for p > 2. For p = 2, the bilinear form ms(r4) encodes
the covariance structure of the linear statistics of v4. In partlcular, ma(va)(p, ¢) = Var((vq, ¢))
for all ¢ € CO(M). The large degree asymptotics of ma(r4) has been studied in [21, Theorem 1.6].

Theorem 1.3 (Letendre-Puchol). For alld € N, let s4 € RH(X,E®L?) be a standard Gaussian
vector. There exists o > 0 such that, for all ¢1 and ¢ € C°(M), the following holds as d — +oo:

ma(va) (b1, d2) = d2 o /M G162 |AVar| + o(d?).

1
14711\ 2
s

Remarks 1.4. e In fact, 0 = ( , where 73 7 is the constant appearing in [21, Theo-

rem 1.6]. Since o is universal, it is the same as the one appearing in Dalmao’s variance
estimate [11, Theorem 1.1|. An integral expression of ¢ is given by [11, Proposition 3.1]. The
positivity of o is non-trivial and is given by [11, Corollary 1.2]. See also [21, Theorem 1.8].

e One can understand how the error term o(dz) in Theorem 1.3 depends on (¢1, ¢2) (see [21,
Theorem 1.6]).

In [2], Ancona derived a two terms asymptotic expansion of the non-central moments of the
linear statistics of v4. As a consequence, he proved the following (cf. [2, Theorem 0.5]).

Theorem 1.5 (Ancona). For all d € N, let s € RHY(X,E @ L) be a standard Gaussian vector.
Let p >3, for all ¢y, ..., ¢, € CO(M) we have: my(va)(b1,...,¢p) = o(d"T).

Remark 1.6. In Ancona’s paper the line bundle £ is trivial. The results of [2] rely on precise
estimates for the Bergman kernel of £%. These estimates still hold if we replace £¢ by £ ® L%,
where £ is any fixed real Hermitian line bundle (see [22, Theorem 4.2.1]). Thus, all the results
in [2] are still valid for random real sections of £ ® L% — X.

Main results. In this paper, we prove a strong Law of Large Numbers (Theorem 1.7) and a
Central Limit Theorem (Theorem 1.9) for the linear statistics of the random measures (v4)qen
defined above. These results are deduced from our main result (Theorem 1.12), which gives the
precise asymptotics of the central moments (my(vq))p>3 (cf. Definition 1.2), as d — +oc.

Recall that all the results of the present paper apply when Z; is the set of real roots of a Kostlan
polynomial of degree d. If one considers homogeneous Kostlan polynomials in two variables, then



Zy C M = RP'. Since RP! is obtained from the Euclidean unit circle S' by identifying antipodal
points, it is a circle of length 7. In this case, |dVj,| is the Lebesgue measure on this circle,
normalized so that Vol(M) = m. If one wants to consider the original Kostlan polynomials in one
variable, then Z; C M = R, where R is seen as a standard affine chart in RP'. In this case,
the measure |dVy,| admits the density ¢ — (1 + t2)~! with respect to the Lebesgue of R, and
Vol(M) = 7 once again.

Theorem 1.7 (Strong Law of Large Numbers). Let X' be a real projective curve whose real locus M
is non-empty. Let € — X and L — X be real Hermitian line bundles such that L is positive. Let
(8a)az1 be a sequence of standard Gaussian vectors in [+, RH(X,E @ LY). For any d > 1, let
Z4 denote the real zero set of sq and let vg denote the counting measure of Zg.

Then, almost surely, d= 2y m % |dVps| in the weak-+ sense. That is, almost surely:

1 1
Vo € C°(M), d—z <Vda¢>m;/M¢|de|'

In particular, almost surely, d2 Card(Zy) ——> L Vol(M) and Card(Zq) 'vq weak—x, \‘/i?f]]‘f/[‘)
d—4-00

d—+o0

Definition 1.8 (Standard Gaussian White Noise). The Standard Gaussian White Noise on M is
a random Gaussian generalized function W € D’(M), whose distribution is characterized by the
following facts, where (-, ") p, co) denotes the usual duality pairing between D’(M) and C*>(M):

e for any ¢ € C°>°(M), the variable (W , ¢) (D ey IS & real centered Gaussian;

e for all ¢1, 2 € C°(M), we have: E[<W7¢l>(D',cw) <W’¢2>(D’,C°°):| = / d192 |dVas].
M

In particular, we have (W, s ooy ~ N(O, 2 , Where stands for the L?-norm of ¢.
(D’,C®) 2 2

Here and in the following, we avoid using the term “distribution” when talking about elements
of D/(M) and rather use the term “generalized function”. This is to avoid any possible confusion
with the distribution of a random variable.

Theorem 1.9 (Central Limit Theorem). Let X be a real projective curve whose real locus M is
non-empty. Let &€ — X and L — X be real Hermitian line bundles such that L is positive. Let
(sa)az1 be a sequence of standard Gaussian vectors in [[;5, RH(X,€ ® LY. For any d > 1, let
Z4 denote the real zero set of sq and let vq denote the counting measure of Zg.

Then, the following holds in distribution, in the space D' (M) of generalized functions on M :

1
dio

dl
(,/d e |dVM> - w,
s d—+oo

where W denotes the Standard Gaussian White Noise on M (see Definition 1.8).
In particular, for any test-functions ¢1,..., ¢, € C°(M), the random vector:

dila (((Vd,¢1> - d; /M o1 dVM|> e <<Vda¢k> - d; /M Ok dVM|>>

converges in distribution to a centered Gaussian vector of variance matriz (/ DiP; dVM|)
M

1<i,j<k

Moreover, for all ¢ € CO(M),

1

1
40

dz
<<ud,¢> -— /M¢|de) — o N, llélly)

-1 1
in distribution. In particular, (d%CTVOI(M)%> <Card(Zd) -4 Vol(M)> —— N(0,1).

d—+oo



Before stating our main result, we need to introduce some additional notations.

Definition 1.10 (Moments of the standard Gaussian). For all p € N, we denote by p, the p-th

moment of the standard real Gaussian distribution. Recall that, for all p € N, we have o, = (2p)!

and pop41 = 0.

Definition 1.11 (Partitions). Let A be a finite set, a partition of A is a family Z of non-empty
disjoint subsets of A such that | |;.; I = A. We denote by P4 (resp. Py) the set of partitions of A
(resp. {1,...,k}). A partition into pairs of A is a partition Z € P4 such that Card(I) = 2 for all
I € 7. We denote by PPy4, (resp. PPy) the set of partitions into pairs of A (resp. {1,...,k}). Note
that Py = {0} = PPy.

Theorem 1.12 (Central moments asymptotics). Let X be a real projective curve whose real lo-
cus M is non-empty. Let & — X and L — X be real Hermitian line bundles such that L is positive.
For alld € N, let s4 € RHY(X,E ® L?) be a standard Gaussian vector, let Zy denote the real zero
set of sq and let vy denote its counting measure. For all p > 3, for all ¢1,...,¢, € CO(M), the
following holds as d — 4o00:

UNONCISE S | | m2<ud><¢i,¢j>+<ﬂ ||¢i||oo>0(d%WJ<lnd>p)

ZePPp {i,j}€T

~dtor 3o T ([ aylavaa) +otat),

ZePP, {i,j}eT

where |-] denotes the integer part, ||-|| ., denotes the sup-norm, o is the same positive constant as
in Theorem 1.3, the set PP, is defined by Definition 1.11, and the error term O(d% L2 ] (In d)p)

does not depend on (¢1,...,¢p).
In particular, for all ¢ € CO(M), we have:

my (vas8)) = 1y Var((va, 6)* + l|2, 0 (a3 15 (mnay?)

P

= ppdioP (/ ¢2|de|) + o(d¥).
M

Remark 1.13. If pis odd, then the first term vanishes in the asymptotic expansions of Theorem 1.12.
Indeed, in this case PP, = () and p, = 0. Hence, if p is odd, for all ¢1,...,¢, € C°(M), we have

mp(Va)(@1,...,0p) = O(de_1 (Ind)?). If p is even, we have my(va)(¢1,...,dp) = O(d%) for all
gbl,...,qSP € CO(M)
Other interesting corollaries of Theorem 1.12 include the following.

Corollary 1.14 (Concentration in probability). In the setting of Theorem 1.12, let (e4)a>1 denote
a sequence of positive numbers and let ¢ € CO(M). Then, for all p € N*, as d — +o0, we have:

P (d*%

(i, &) — El(va, 8)]| > 2a) = O ((dFen) )
In particular, for all p € N*, as d — +00, we have:

P (d—%

Card(Z4) — ]E[Card(Zd)]’ > Ed> =0 ((disd)_2p> .

Corollary 1.14 and Theorem 1.1 imply that P(Card(Z,) > vdC) = O(d~*%) for any p € N* and
C > L Vol(M). In the same spirit, Gayet and Welschinger proved in [13, Theorem 2| that there

exists D > 0 such that P(Card(Zy) > Vdeq) = O(‘E/—dge’Dsi) for any positive sequence (£4)d>1
such that g4 d—> 4o00. In the other direction, the following corollary bounds the probability
—+o0

that Z; is empty.

Corollary 1.15 (Hole probability). In the setting of Theorem 1.12, let U be a non-empty open

2

subset of M. Then, for all p € N*, as d — +00, we have P(ZyNU =0) = O(d™2).



About the proofs. The proof of Theorem 1.12 relies on several ingredients. Some of them are
classical, such as Kac-Rice formulas and estimates for the Bergman kernel of £ @ £%, other are
new, such as the key combinatorial argument that we develop in Section 3.

Kac—Rice formulas are a classical tool in the study of the number of real roots of random
polynomials (see [1, 6] for example). More generally, they allow to express the moments of local
quantities associated with the level sets of a Gaussian process, such as their volume or their Euler
characteristic, only in terms of the correlation function of the process. Even if these formulas are
well-known, it is the first time, to the best of our knowledge, that they are used to compute the
exact asymptotics of central moments of order greater than 3. The Kac—Rice formulas we use in
this paper were proved in [2]. We recall them in Proposition 2.23. They allow us to write the p-th
central moment my, (vq)(¢1, ..., Pp) as the integral over MP of ¢ : (z1,...,2p) — [[1-, ¢i(z;) times
some density function DY. Here we are cheating a bit: the random set Z; being almost surely
discrete, the Kac—Rice formulas yield the so-called factorial moments of v, instead of the usual
moments. This issue is usual (compare [1, 6]), and it will not trouble us much since the central
moments can be written as linear combinations of the factorial ones. For the purpose of this sketch
of proof, let us pretend that we have indeed:

mp(l/d)((bh R ¢p) = /Mp ¢D§ |dVM|p .

This simplified situation is enough to understand the main ideas of the proof. The correct statement
is given in Lemma 3.5 below.

The density DY is a polynomial in the Kac—Rice densities (Rs)lgkgp appearing in Defini-
tion 2.21. As such, it only depends on the correlation function of the Gaussian process ($q4(2))ze s,
which is the Bergman kernel of £ ® £4. This kernel admits a universal local scaling limit at
scale d~2, which is exponentially decreasing (cf. [22, 23]). In [2], the author used these Bergman
kernel asymptotics and Olver multispaces (see [25]) to prove estimates for the (R%)i<k<, in the
large d limit. These key estimates are recalled in Propositions 2.24 and 2.26 below. They allow us
to show that D%(z) = O(d%), uniformly in 2 € MP. Moreover, we show that D} (z) = O(dT~1),
uniformly in & € MP such that one of the components of z is far from the others. By this we mean
that © = (z1,...,z,) and there exists ¢ € {1,...,p} such that, for all j # ¢, the distance from z;
to x; is larger than bp%, where b, > 0 is some well-chosen constant.

In order to understand the integral of ¢ DY, we split M? as follows. For © = (z1,...,2,) € MP,
we define a graph (see Definition 3.7) whose vertices are the integers {1,...,p}, with an edge

between ¢ and j if and only if 7 # j and the distance from z; to z; is less than bp%. The

connected components of this graph yield a partition Z(x) € P, (see Definition 3.8) encoding how

the (z;)1<i<p are clustered in M, at scale d=%. An example of this construction is represented on
Figure 2 in Section 3.2. Denoting by M% = {x € M? | Z(z) = I}, we have:

mp(yd)(¢17'~-7¢p) = Z /MP ¢D‘g |dVM|p

Zep,

Thanks to our estimates on D, we show that if Z contains a singleton then the integral over M7
is O(d%~"). Hence it contributes only an error term in Theorem 1.12. Moreover, denoting by |Z|
the cardinality of Z (i.e. the number of clusters), the volume of MZ is O(d it (Ind)?). Hence, the

integral over M? is O(d% (Ind)P). If |Z| < &, this is also an error term in Theorem 1.12. Thus,

the main contribution in my,(vq)(¢1,...,¢p) comes from the integral of ¢DY over the pieces MY
indexed by partitions Z € P, without singletons and such that |Z| > £. These are exactly the
partitions into pairs of {1,...,p}. Finally, if Z € PP,, we prove the contribution of the integral
over M7 to be equal to the product of covariances 1 jyez m2(va) (i, ¢5), up to an error term.
When all the test-functions (¢;)1<i<p are equal, the p-th moment p, of the standard Gaussian
distribution appears as the cardinality of the set of partitions of {1,...,p} into pairs.

Concerning the corollaries, Corollaries 1.14 and 1.15 follow from Theorem 1.12 and Markov’s
Inequality for the 2p-th moment. The strong Law of Large Numbers (Theorem 1.7) is deduced
from Theorem 1.12 for p = 6 by a Borel-Cantelli type argument. The Central Limit Theorem

(Theorem 1.9) for the linear statistics is obtained by the method of moments. The functional




version of this Central Limit Theorem is then obtained by the Lévy-Fernique Theorem (cf. [12]),
which is an extension of Lévy’s Continuity Theorem adapted to generalized random processes.

Higher dimension. In this paper, we are concerned with the real roots of a random polynomial
(or a random section) in an ambient space of dimension 1. There is a natural higher dimensional
analogue of this problem. Namely, one can consider the common zero set Z; C RP"™ of r indepen-
dent real Kostlan polynomials in n+ 1 variables, where r € {1,...,n}. More generally, we consider
the real zero set Z, of a random real section of £ ® £¢ — X in the complex Fubini-Study model,
where X is a real projective manifold of complex dimension n whose real locus M is non-empty,
L is a positive line bundle as above, and £ is a rank r real Hermitian bundle with 1 < r < n.
Then, for d large enough, Z; is almost surely a smooth closed submanifold of codimension 7 in the
smooth closed n-dimensional manifold M. In this setting, M is equipped with a natural Rieman-
nian metric that induces a volume measure |dVjs| on M and a volume measure v4 on Z4. As in the
1-dimensional case, v is an almost surely well-defined random Radon measure on M. In this higher
dimensional setting, we have the following analogues of Theorem 1.1 and 1.3 (see [19, 20, 21]):

» Vol(S"~T7)
v € CO(M), Bl(vs. )] = df g [ 6lavisl+ 6l O )
Vér, éa € CO(M), mava)(91,62) = & ¥ [ 6100 (aVr| + ol H),
M

where o, > 0 is a universal constant depending only on n and r. In [21], Letendre and Puchol
proved some analogues of Corollaries 1.14 and 1.15 for any n and r. They also showed that the
strong Law of Large Numbers (Theorem 1.7) holds if n > 3.

Most of the proof of Theorem 1.12 is valid in any dimension and codimension. In fact, the
combinatorics are simpler when r» < n. The only things we are missing, in order to prove the
analogue of Theorem 1.12 for any n and r, are higher dimensional versions of Propositions 2.24
and 2.26. The proofs of these propositions (see [2]) rely on the compactness of Olver multispaces,
which holds when n = 1 but fails for n > 1. This seems to be only a technical obstacle and the
authors are currently working toward the following.

Conjecture. Let sq be a random section in the complex Fubini—Study model in dimension n and
codimension r € {1,...,n}. Let vq denote the volume measure of the real zero set of sq. For all
p =3, for all ¢1,...,¢, € CO(M), the following holds as d — +oo:

my(va)(S1,- - dp) =d20" Dol N ] (/ ¢z¢]|dVJ\1)+O(d2(T)

ZEPP, {i,j}ET

In particular, for all ¢ € CO(M), my,((va, @) = ppd* T’E)Ufﬂ“ </ ¢* |dVM> +o(d?(r= %)),
M

Proving this conjecture for n = 2 and p = 4 is enough to prove that the strong Law of Large
Numbers (Theorem 1.7) holds for n = 2, which is the only missing case. This conjecture also
implies the Central Limit Theorem (Theorem 1.9) in dimension n and codimension r, with the
same proof as the one given in Section 4.2. Note that a Central Limit Theorem for the volume of
the common zero set of r Kostlan polynomials in RP™ was proved in [4, 5].

Other related works. The complex roots of complex Kostlan polynomials have been studied
in relation with Physics in [10]. More generally, complex zeros of random holomorphic sections of
positive line bundles over projective manifolds were studied in [27] and some subsequent papers by
the same authors. In [27], they computed the asymptotics of the expected current of integration
over the complex zeros of such a random section, and proved a Law of Large Numbers similar to
Theorem 1.7. In [28], they obtained a variance estimate for this random current, and proved that it
satisfies a Central Limit Theorem. This last paper extends the results of [29] for the complex roots
of a family of random polynomials, including elliptic ones. In [9], Bleher, Shiffman and Zelditch
studied the p-points zero correlation function associated with random holomorphic sections. These



functions are the Kac—Rice densities for the non-central p-th moment of the linear statistics in the
complex case. The results of [2] are also valid in the 1-dimensional complex case, see [2, Section 5.
Thus, Theorem 1.12 can be extended to the complex case, with the same proof.

In Corollaries 1.14 and 1.15, we deduce from Theorem 1.12 some concentration in probability,
faster than any negative power of d. However, our results are not precise enough to prove that
this concentration is exponentially fast in d. In order to obtain such a large deviation estimate,
one would need to investigate how the constants involved in the error terms in Theorem 1.12 grow
with p. Some large deviations estimates are known for the complex roots of random polynomials.
As far as real roots are concerned, the only result of this kind we are aware of is [7].

The Central Limit Theorem (Theorem 1.9) was already known for the roots of Kostlan poly-
nomials, see [11]. In the wider context of random real geometry, Central Limit Theorems are
known in several settings, see [4, 5, 26] and the references therein. The proofs of all these results
rely on Wiener chaos techniques developed by Kratz—Leon [17]. Our proof of Theorem 1.9 follows
a different path, relying on the method of moments, for two reasons. First, to the best of our
knowledge, Wiener chaos techniques are not available for random sections of line bundles. Sec-
ond, these techniques are particularly convenient when dealing with random models with slowly
decaying correlations, for example Random Waves models. In these cases, one of the first chaotic
components, usually the second or the fourth, is asymptotically dominating. Hence, one can reduce
the study of, say, the number of zeros to that of its dominating chaotic component, which is easier
to handle. In the complex Fubini-Study setting we are considering in this paper, the correlations
are exponentially decreasing, so that all chaotic components of the number of zeros have the same
order of magnitude as the degree goes to infinity. In order to use Wiener chaoses to prove a Central
Limit Theorem in our setting, one would have to study the joint asymptotic behavior of all the
chaotic components, which seems more difficult than our method.

For real zeros in ambient dimension n = 1, Nazarov and Sodin [24] proved a strong Law of
Large Numbers, as R — 400, for the number of zeros of a Gaussian process lying in the interval
[-R, R]. Finally, to the best of our knowledge, Theorem 1.12 gives the first precise estimate for
the central moments of the number of real zeros of a family of random processes.

Organization of the paper. This paper is organized as follows. In Section 2 we introduce
the object of our study and recall some useful previous results. More precisely, we introduce our
geometric framework in Section 2.1. In Section 2.2 we introduce various notations that will allow
us to make sense of the combinatorics involved in our problem. The random measures we study are
defined in Section 2.3. Finally, we state the Kac—Rice formulas for higher moments in Section 2.4
and we recall several results from [2] concerning the density functions appearing in these formulas.
In Section 3, we prove our main result, that is the moments estimates of Theorem 1.12. Section 4 is
concerned with the proofs of the corollaries of Theorem 1.12. We prove the Law of Large Numbers
(Theorem 1.7) in Section 4.1, the Central Limit Theorem (Theorem 1.9) in Section 4.2 and the
remaining corollaries (Corollaries 1.14 and 1.15) in Section 4.3.

Acknowledgments. Thomas Letendre thanks Hugo Vanneuville for a useful discussion about
the method of moments. He is also grateful to Julien Fageot for inspiring conversations about
generalized random processes. The authors thank Damien Gayet and Jean-Yves Welschinger for
their unwavering support.

2 Framework and background

We start this section by defining precisely the geometric setting in which we work. This is the
purpose of Section 2.1. In Section 2.2, we introduce the counting measures that we study and
explain how they can be splitted in terms that are easier to handle. Section 2.3 is dedicated to the
definition of the model of random sections we consider. Finally, we recall the Kac-Rice formulas
we need in Section 2.4, as well as several useful estimates for the density functions appearing in
these formulas.



2.1 Geometric setting

In this section, we introduce our geometric framework, which is the same as that of [2, 14, 19, 20, 21].
See also [9, 27, 28], where the authors work in a related complex setting. A classical reference for
some of the material of this section is [15].

e Let (X, cx) be a smooth real projective curve, that is a smooth complex projective manifold
X of complex dimension 1, equipped with an anti-holomorphic involution cy. We denote
by M the real locus of X, that is the set of fixed points of cy. Throughout the paper, we
assume that M is not empty. In this case, M is a smooth compact submanifold of X of real
dimension 1 without boundary, that is the disjoint union of a finite number of circles.

o Let (€,¢ce) and (L, cz) be two real holomorphic line bundles over (X, cy). Denoting by w¢
(resp. mz) the bundle projection, this means that &€ — X (resp. £L — X) is an holomorphic
line bundle such that g 0 cg = cx o mg (resp. mz o cr = cx o) and that cg (resp. ¢z) is
anti-holomorphic and fiberwise C-anti-linear. For any d € N, we denote by ¢4 = cg ® cdﬁ.
Then, (€ ® £, c4) is a real holomorphic line bundle over (X, cx).

e We equip £ with a real Hermitian metric he. That is (£, he) is an Hermitian line bundle,
and moreover cghg = he. Similarly, let h, denote a real Hermitian metric on £. For all
d € N, we denote by hgy = he ® hdﬁ, which defines a real Hermitian metric on £ ® £¢4 — X.
We assume that (£, h.) is positive, in the sense that its curvature form w is a Kéhler form.
Recall that w is locally defined as 5:001In(h.(¢,()), where ¢ is any local holomorphic frame
of £. The Kéhler structure defines a Riemannian metric ¢ = w(-,4-) on X, hence on M.
The Riemannian volume form on X associated with g is simply w. We denote by |dVj,| the
arc-length measure on M associated with g. For all k € N*, we denote by |dVM|k the product
measure on MF.

e For any d € N, we denote by H°(X,& ® L) the space of global holomorphic sections of
£ ® L% This is a complex vector space of complex dimension Ny. By the Riemann-Roch
Theorem, Ny is finite and diverges to infinity as d — +o0o0. We denote by:

RHO(X,E@ LY ={s€ HY(X,E@ L) | socx =cqos}

the space of global real holomorphic sections of £ — £%, which is a real vector space of real
dimension Ny. Let x € M, the fiber (£ ® L?), is a complex line equipped with a C-anti-linear
involution c4(z). We denote by R(€ ® £4), the set of fixed points of cq(x), which is a real
line. Then, R(€ ® £4) — M is a real line bundle and, for any s € RH(X,€ ® L?), the
restriction of s to M is a smooth section of R(€ ® L) — M.

e The volume form w and the Hermitian metric hq induce an Hermitian L2-inner product (-, -)
on HO(X,€ ® £4). Tt is defined by:

Vs1,50 € HO(X,E @ LY, (s1,82) = / ha(s1, $2)w. (2.1)
X

The restriction of this inner product to RH?(X, £ ® £%) is a Euclidean inner product.

e For any section s € RH?(X, £ ® L), we denote by Z, = s71(0) N M its real zero set. Since s
is holomorphic, if s # 0 its zeros are isolated. In this case, Zs is finite by compactness of M,
and we denote by vs = Zme z. 0z, where ¢, stands for the unit Dirac mass at x € M. The
measure v, is called the counting measure of Zs. It is a Radon measure, that is a continuous
linear form on the space (C°(M), ||-||..) of continuous functions equipped with the sup-norm.
It acts on continuous functions by: for all ¢ € CO(M), (vs,¢) = > o, ().

Example 2.1 (Kostlan scalar product). We conclude this section by giving an example of our
geometric setting. We consider X = CP!, equipped with the conjugation induced by the one
in C?. Its real locus is M = RP!. We take £ to be trivial and £ to be the dual of the tautological
line bundle {(v,z) € C* x CP! | v € x}, that is £ = O(1). Both £ and £ are canonically real



Hermitian line bundle over CP?, and the curvature of £ is the Fubini-Study form, normalized so
that Vol((CPl) = 7. The corresponding Riemannian metric on RP! is the quotient of the metric
on the Euclidean unit circle, so that the length of RP! is .

In this setting, HO(X,£® L?) (resp. RH?(X, € ® L?)) is the space of homogeneous polynomials
of degree d in two variables with complex (resp. real) coefficients. If s € RH(X,& ® £4) is such
a polynomial, then Z, is the set of its roots in RP!. Finally, up to a factor (d + 1)m which is
irrelevant to us, the inner product of Equation (2.1) is defined by:

(P,Q) = ﬁ[e P(2)0E)e " dz,

for any homogeneous polynomials P and ) of degree d in two variables. In particular, the family

{\/ (z)Xde*k ‘ 0<k< d} is an orthonormal basis of RH®(X, & ® £%) for this inner product.

2.2 Partitions, products and diagonal inclusions

In this section, we introduce some notations that will be useful throughout the paper, in particular
to sort out the combinatorics involved in the proof of Theorem 1.12 (see Section 3). In all this
section, M denotes a smooth manifold.

Notations 2.2. Let A be a finite set.
e We denote by Card(A) or by |A| the cardinality of A.
e We denote by M# the Cartesian product of |A| copies of M, indexed by the elements of A.
e A generic element of M4 is denoted by 24 = (%4)aca. If B C A we denote by 25 = (24)acB-

e Let (¢q)aea be continuous functions on M, we denote by ¢4 = Mac 4, the function on M4
defined by: ¢pa(z4) = [[,c4 Pa(®a), for all 24 = (24)aca € MA.

If A is clear from the context or of the form {1,...,k} with & € N*, we use the simpler notations
x for 4 and ¢ for ¢4.

Recall the we defined the set P4 (resp. Py) of partitions of a finite set A (resp. of {1,...,k})
in the introduction, see Definition 1.11.

Definition 2.3 (Diagonals). Let A be a finite set, we denote by A4 the large diagonal of M4,
that is:
Ay = {(xa)aeA e M4 ’ Ja,b € A such that a # b and z, = xb} )

Moreover, for all Z € P4, we denote by
Apz = {(xa)aeA e M4 ‘ Va,b€ A, (zqa =xp < FI €I suchthata €l and b€ I)} )

If A={1,...,k}, we use the simpler notations Ay, for A4, and Ay 7 for Ay 7.

Definition 2.4 (Diagonal inclusions). Let A be a finite set and let Z € P4. The diagonal inclusion
17 : MT — M4 is the function defined, for all Yy = (yr)rer € MZ, by LI(yI) = (Z4)aca, where for
all I € Z, for all a € I, we set x, = y;.

Remark 2.5. With these definitions, we have M4 = |_|I€PA Agzand Ay = I—'IGPA\{I[)(A)} AaT,
where we denoted by Zo(A4) = {{a} | a € A}. Moreover, ¢z is a smooth diffeomorphism from
MZT\ Az onto Ay 7z C M#. Note that Ay 7,4) is the configuration space M\ A4 of |A] distinct
points in M. In the following, we avoid using the notation A4 7,(4) and use M A\ A, instead.

Let us now go back to the setting of Section 2.1, in which M is the real locus of the projective
manifold X. Let d € N and let s € RH(X,£ ® L)\ {0}. In Section 2.1, we defined the counting
measure vg of the real zero set Z, of s. More generally, for any finite set A, we can define the
counting measure of Z4 = {(xa)aeA e M4 | Va € A, z, € ZS} and that of Z;“ \ A4. The latter
is especially interesting for us, since this is the one that appears in the Kac—Rice formulas, see
Proposition 2.23 below.
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Definition 2.6 (Counting measures). Let d € N and let A be a finite set. For any non-zero
s € RH(X,€ @ L?), we denote by:

1/;4: Z O and 5;4: Z Oy

z€ZL z€EZA\AA

where §, is the unit Dirac mass at © = (24)aeca € M# and A, is defined by Definition 2.3. These
measures are the counting measures of Z2 and Z2' \ A 4 respectively. Both v and 72 are Radon
measure on M4, They act on CO(M*) as follows: for any ¢ € CO(M*4),

(v o)=Y o) and o)=Y o)
zeZA z€ZA\AA

As usual, if A= {1,...,k}, we denote v* for v and D* for 7.

We have seen in Remark 2.5 that M4 splits as the disjoint union of the diagonals A AT, With
T € Pa. Taking the intersection with Z yields a splitting of this set. Using the diagonal inclusions
of Definition 2.4, this can be expressed in terms of counting measures as follows.

Lemma 2.7. Let d € N and let A be a finite set. For any s € RH(X,€ @ £4)\ {0}, we have:

v =" (). (7).

Z€ePa

Proof. Recall that M4 = Lzep, Aaz. Then, we have:

D SED ol (D Sl

zeZh Z€Pa \w€ZiNAaz

Let Z € Py, recall that ¢7 defines a smooth diffeomorphism from M7* \ Az onto A4 7. Moreover,
1z(ZE\ Az) = Z2A N A4z (see Definition 2.3 and 2.4). Hence,

Z 5:,3 = Z 6L1’(y) = Z (LI)*(Sy = (LI)*DSI O

z€EZANAA T yeZI\Az yeZI\Az

2.3 Zeros of random real sections

Let us now introduce the main object of our study: the random Radon measure v4 encoding the
real zeros of a random real section s; € RH?(X,€ ® £4). The model of random real sections we
study is often referred to as the complex Fubini—-Study model. It was introduced in this generality
by Gayet and Welschinger in [13]. This model is the real counterpart of the model of random
holomorphic sections studied by Shiffman and Zelditch in [27] and subsequent articles.

Definition 2.8 (Gaussian vectors). Let (V,(-,-)) be a Euclidean space of dimension N, and let
A denote a positive self-adjoint operator on V. Recall that a random vector X in V is said to be
a centered Gaussian with variance operator A if its distribution admits the following density with
respect to the normalized Lebesgue measure:

- Wclletm)éexp (—; <U7A_1v>) .

We denote by X ~ N (0,A) the fact that X follows this distribution. If X ~ A(0,1d), where Id is
the identity of V, we say that X is a standard Gaussian vector in V.

Remark 2.9. Recall that if (e1,...,en) is an orthonormal basis of V', a random vector X € V is

a standard Gaussian vector if and only if X = Zivzl a;e; where the (a;)1<ign are independent
identically distributed A(0,1) real random variables.
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In the setting of Section 2.1, for any d € N, the space RH(X, & ® £9) is endowed with the

Euclidean inner product (-,-) defined by Equation (2.1). We denote by sq4 a standard Gaussian
vector in RHO(X, €@ L?). Almost surely sy # 0, hence its real zero set and the associated counting
measure are well-defined. For simplicity, we denote by Z4; = Z,, and by vy = v,,. Similarly, for
any finite set A, we denote by v = v and by v = 2} (see Definition 2.6).
Example 2.10 (Kostlan polynomials). In the setting of Example 2.1, we have M = RP!, and
RH(X, & ® L£4) is the set of real homogeneous polynomials of degree d in two variables endowed
with the Kostlan inner product. In this case, the standard Gaussian vector s4 € RHO(X,E @ L?)
is the homogeneous Kostlan polynomial of degree d defined in Section 1.

Note that the rotations of the circle M = RP! are induced by orthogonal transformations of R2.
The group O2(R) acts on the space of homogeneous polynomials in two variables of degree d by
composition on the right. Example 2.1 shows that the Kostlan inner product is invariant under
this action, hence so is the distribution of s4. In other terms, the random process (sq(z))zens is
stationary.

Example 2.11. Let us give another example showing that the complex Fubini—Study model goes
beyond Kostlan polynomials. Let X be a Riemann surface embedded in CP™. We assume that X
is real, in the sense that it is stable under complex conjugation in CP". Note that, in our setting,
we can always realize X in such a way for some n large enough, by Kodaira’s Embedding Theorem.
Then M = X NRP™ is the disjoint union of at most g+1 smooth circles in RP", where g is the
genus of X. Figure 1 below shows two examples of this geometric situation.

- T T~ - CP" - T ==
- ~ -
- ~ -
s - A g -
’ ~ \ , -
’ -
X . \ \ X, Pie
\\ \ I‘ I} 1 N
Vi ~
N S , || ~.e -
N
............... e
\ / RP7 A >
I FERN
1 , 1 ’ \
1 1 \ I
Q
: M : - My M,
7
, \ I E P
> -
’ P \ 1 .-
’ , \ \ \ ’
U ' 1 ! \ \
\ N 7 1 \ S~ _
N = / N =~ -
N , ~
~ ~
S~ _—” \~“~
(a) M is a circle even though X has genus 2. (b) X is connected but M has three connected

components My, My and Ms3.

Figure 1: Two examples of a real Riemann surface X embedded in CP™ and its real locus M.

We choose £ to be trivial and £ to be the restriction to X of the hyperplane line bundle
O(1) — CP". Then, the elements of RH?(X,& ® L) are restrictions to X of homogeneous
polynomials of degree d in n + 1 variables with real coefficients. This space is equipped with the
inner product (2.1). In Equation (2.1), the Kéhler form w is the restriction X" of the Fubini-Study
form on CP™. However, the domain of integration is X, so that (2.1) is not the analogue in n 4 1
variables of the Kostlan inner product of Example 2.1.

e On Figure la, the curve M is connected hence diffeomorphic to RP'. However, £ ® L — X
is not an avatar of O(d) — CP? for some d > 1, since X 2 CP!. In particular, the previous
construction gives a random homogeneous polynomial sq4 on M ~ RP!, which is Gaussian
and centered but is not a Kostlan polynomial of some degree.

Unlike what happens in Example 2.10, rotations in M are not obtained as restriction of
isometries of X (generically, the only isometries of X are the identity and the complex
conjugation). Thus, there is no reason why the process (sq4(z))zen should be stationary.
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e On Figure 1b, the real locus M had several connected components while X is connected.
Since the inner product (2.1) is defined by integrating on the whole complex locus X, the
values of s4 in different connected components of M are a priori correlated.

Lemma 2.12 (Boundedness of linear statistics). Let d > 1 and sq ~ N(0,1d) in RH(X,E @ L?).
For all ¢ € C°(M), the random variable (vy , @) is bounded. In particular, it admits finite moments
of any order.

Proof. We have |(vq,®)| = |Zw€Zd (b(x)’ < ||¢]| o, Card(Z4). Hence it is enough to prove that
Card(Zy) is a bounded random variable.

The cardinality of Z; is the number of zeros of s; in M, which is smaller than the number of
zeros of sg in X'. Now, almost surely, s; # 0, and the complex zero set of s4 defines a divisor which
is Poincaré-dual to the first Chern class of £ ® L? (see [15, pp. 136 and 141]). Hence, almost surely:

Card(Z;) < Card{z € X | sq(z) =0} < / c1(E @ LY = d - deg(L) + deg(E). O
X

Remark 2.13. In the case of polynomials, the proof is clearer: the number of real roots of a non-zero
polynomial of degree d is bounded by the number of its complex roots, which is at most d.

2.4 Kac-Rice formulas and density functions

In this section, we recall some important facts about Kac-Rice formulas. These formulas are
classical tools in the study of moments of local quantities such as the cardinality, or more generally
the volume, of the zero set of a smooth Gaussian process. Classical references for this material
are [1, 6]. With a more geometric point of view, the following formulas were proved and used
in [2, 14, 21], see also [19]. In the same spirit, Lerario and Stecconi derived a Kac—Rice formula
for sections of fiber bundles, see [18, Theorem 23.6].

Remark 2.14. In some of the papers we refer to in this section, the line bundle £ is taken to
be trivial. That is the authors considers random real sections of £¢ instead of £ ® L. As we
already explained (see Remark 1.6), the proofs of the results we cite below rely on asymptotics
for the Bergman kernel of £ ® £%, as d — +oc. These asymptotics do not depend on &, see [22,
Theorem 4.2.1] and [23, Theorem 1]. Hence the results established in the case of a trivial line
bundle £ can be extended to the case of a general £ without modifying the proofs.

Definition 2.15 (Jacobian). Let V and V' be two Euclidean spaces of dimension N and N’
respectively. Let L : V. — V'’ be a linear map and let L* denote its adjoint. We denote by

|det™(L)| = det (LL*)% the Jacobian of L.

Remark 2.16. If N’ < N, an equivalent definition of the Jacobian is the following;: ’detJ-(L)’ is the
absolute value of the determinant of the matrix of L, restricted to ker(L)*, in orthonormal bases.
Note that, in any case, detL(L)‘ > 0 if and only if L is surjective.

Let us now consider the geometric setting of Section 2.1.

Definition 2.17 (Evaluation map). Let k € N*, for all d € N, for all x = (x1,...,7%) € M*, we

denote by:
k

evi :RH(X,E® L) — PRE @ LY.,
=1

the evaluation map at x, defined by ev? : s > (s(z1),...,s(zx)).

Lemma 2.18 (|2, Proposition 2.11]). Let k € N*, there exists d, € N such that, for all d > d,
for all x € M*\ Ay, the evaluation map ev? is surjective (i.e. |det™(evd)| > 0).

x

Remark 2.19. The dimension Ny of RH?(X, £ ® £4) does not depend on k, while the dimension of
the target space of ev? equals k. In particular, for any d, the linear map ev? can only be surjective

if k < Ny. This shows that dj, k—) +o00. Moreover, (di)r>1 is non-decreasing.
— 400
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Remark 2.20. If sy ~ N(0,1d) in RH(X,£®L?), then evé(syq) = (sq(x1), ..., s4(zk)) is a centered

x

xr
all z € M*\ Ay, this variance operator is positive and ev?(s,) is non-degenerate.

Gaussian variable in @le R(E ® L?),, whose variance operator is ev?(ev®)*. If d > dj,, then for

Definition 2.21 (Kac-Rice density). Let k € N*, for all d > dj, (cf. Lemma 2.18), we define the
density function R§ : M*\ Ay, — R as follows:

L E [T 1V sall| evi (sa) = 0]
2
|detL (evd)|

Vo = (z1,...,2) € MF\ Ay, RE(x) = (2m)~

Here, V is any connection on £ ® £% and E [Hle IV 2, sall ‘ evl(sq) = O] stands for the conditional
expectation of Hle |V, 84| given that evd(sy) = 0.

Remark 2.22. Recall that if s is a section and s(xz) = 0, then the derivative Vs does not depend
on the choice of the connection V. In the conditional expectation appearing at the numerator in
Definition 2.21, we only consider derivatives of s; at the points x1,...,xx, under the condition
that s4 vanishes at these points. Hence Rs does not depend on the choice of V.

We can now state the Kac—Rice formula we are interested in, see [2, Propositions 2.5 and 2.9].
See also [21, Theorem 5.5] in the case k = 2. Recall that 7% was defined by Definition 2.6 and is

the counting measure of the random set (s;"(0) N M)k \ Ay.

Proposition 2.23 (Kac-Rice formula). Let k € N* and let d > di. Let sq ~ N(0,1d) in
RHO(X,E ® L), for any ¢ € CO(M*), we have:

E[(7.¢)] = /x _ OIR(E) 1AV [F

where RE is the density function defined by Definition 2.21.

Let k> 2 and d € N. If 2 € Ay, then the evaluation map ev? can not be surjective. Hence,
the continuous map z ‘detJ- (evg) ’ from MF to R vanishes on Ay, and one would expect R§ to
be singular along the diagonal. Yet, Ancona showed that one can extend continuously ”RZ to the
whole of M* and that the extension vanishes on Ay, see [2, Theorem 4.7]. Moreover, he showed
that d_ngj is uniformly bounded on M* \ Ay, as d — +o0o. We will use this last fact repeatedly
in the proof of Theorem 1.12, see Section 3 below.

Proposition 2.24 (|2, Theorem 3.1]). For any k € N*, there exists a constant Cj, > 0 such that,
for all d large enough, for all x € M* \ Ay, we have dngs(a:) < Cy.

Let d > 1 and let s € RHY(X,€ ® L£4) be a standard Gaussian. A fundamental idea in our
problem is that the values (and more generally the k-jets) of s4 at two points x and y € M are
“ .. 9 _1 .
quasi-independent” if x and y are far from one another, at scale d~2. More precisely, (sq(x))zenm
defines a Gaussian process with values in R(€ ® £?) whose correlation kernel is the Bergman
kernel E; of £ ® L. Recall that E, is the integral kernel of the orthogonal projection from the
space of square integrable sections of £ ® L% onto H(X,E ® L4), for the inner product defined by
Equation (2.1). In particular, for any z,y € X, we have F4(z,y) € (E® L), @ (£ ® Ed);;. For our
purpose, it is more convenient to consider the normalized Bergman kernel

_1
2.

ea: (2,y) = Ea(z,2)"% Eq(z,y)Ea(y,y)

For any x € X, the map E4(z,z) is an endomorphism of the 1-dimensional space (£ ® £%),,
hence can be seen as a scalar. Note that ey is the correlation kernel of the normalized process

(Ed(aj, a:)_%sd(x)) o which has unit variance and the same zero set as (s4())zens-
€

The normalized Bergman kernel ey admits a universal local scaling limit at scale d=% around
any point of X (cf. [22, Theorem 4.2.1]). Moreover, the correlations are exponentially decreasing

at scale d~2, in the sense that there exists C' > 0 such that |eq(z, y)|| = O(exp (—C\/apg (z, y)))

14



as d — +o0, uniformly in (z,y), where p, is the geodesic distance. Similar estimates hold for the
derivatives of eq with the same constant C. We refer to [23, Theorem 1] for a precise statement.
These facts were extensively used in [2, 20, 21] and we refer to these papers for a more detailed
discussion of how estimates for the Bergman kernel are used in the context of random real alge-
braic geometry. An important consequence of these estimates that we use in the present paper is
Proposition 2.26 below.

Definition 2.25. Let p € N, we denote by b, = % (1 + f{), where C' > 0 is the same as above.
That is C' is the constant appearing in the exponential in [23, Theorem 1, Equation (1.3)].

Proposition 2.26 (|2, Proposition 3.2]). Let p > 2. Recall that p, denotes the geodesic distance
and that b, is defined by Definition 2.25. The following holds uniformly for all k € {2,...,p}, for
all A and B C {1,...,k} disjoint such that AUB = {1,...,k}, for all z € M* \ Ay such that for
alla € A and b € B we have pg(xq,xp) = bp%:

Rh(x) = RN 2R (2p) + O ~571).

Here we used the notations defined in Section 2.2 (see Notation 2.2), and by convention Rg =
for all d.

Proof. Proposition 2.26 is the same as |2, Proposition 3.2] but for two small points. We refer to [2]
for the core of the proof of this proposition. Here, let us just explain what the differences are
between Proposition 2.26 and [2, Proposition 3.2], and how these differences affect the proof.

e Here we consider a line bundle of the form £ ® £¢, while in [2] the author only considers £,
which corresponds to the case where £ is trivial. In the proof of [2, Proposition 3.2], the
geometry of line bundle £% only appears through the leading term in the asymptotics of
its Bergman kernel, as d — +o0o. More precisely, the necessary estimates are those of [22,
Theorem 4.2.1] and [23, Theorem 1]. One can check that, if we replace £ by £ ® £ in the
estimates of [22, 23], we obtain estimates of the same form for the Bergman kernel of £ ® L.
Thus, the addition of the line bundle £ in the problem does not affect the proof, except in a
typographical way.

e In the statement of [2, Proposition 3.2], the constant b, is replaced by % = by and the error

term is replaced by O(dg_l). Let us explain how using b, instead of by yields an error term
of the form O(d%~%1). The error term in Proposition 2.26 and [2, Proposition 3.2] comes
from the off-diagonal decay estimate of [23, Theorem 1|. More precisely, in both cases, the
term:

Ri(2) = RN (@ R (25)]

is bounded from above by some constant (that does not depend on - and d) times the C*-norm
of the normalized Bergman kernel eq of £ ® L restricted to {(z,y) € M? | pg(z,y) > L},
where
L= i .
i Pg(Ta,xp)
By [23, Theorem 1], this term is O(dge’c\/ﬁ). In the setting of [2, Proposition 3.2|, we
have L > %%7 which gives an error term of the form O(dgfl). In Proposition 2.26, we

have L > £ (1 + %)%, so that the error term is indeed O(d~5~1). ]

Remarks 2.27. We conclude this section with some comments for the reader who might be interested
in the proof of [2, Proposition 3.2].

e In [2], estimates for the Bergman kernel (i.e. the correlation function of the random process
under study) are obtained using peak sections. This alternative method yields the necessary
estimates without having to use the results of [22, 23].

e In [2], the proof of Proposition 3.2 is written for k¥ = 2 and |A| = 1 = |B|, for clarity of
exposition. The extension to k& > 2 is non-trivial, and the proof for £ > 2 requires in fact the
full power of the techniques developed in [2, Section 4]. More recently, the authors developed
similar techniques for smooth stationary Gaussian processes in R, see [3, Theorem 1.14].
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3 Asymptotics of the central moments

The goal of this section is to prove Theorem 1.12. In Section 3.1 we derive an integral expression
of the central moments we want to estimate, see Lemma 3.5 below. Then, in Section 3.2, we define
a decomposition of the manifolds M#, where M is as in Section 2.1 and A is a finite set. In
Sections 3.3, 3.4 and 3.5, we compute the contributions of the various pieces of the decomposition
defined in Section 3.2 to the asymptotics of the integrals appearing in Lemma 3.5. Finally, we
conclude the proof of Theorem 1.12 in Section 3.6.

3.1 An integral expression of the central moments

The purpose of this section is to derive a tractable integral expression for the central moments
of the form m,(vq)(¢1, ..., ¢p), defined by Definition 1.2 and appearing in Theorem 1.12. This is
done in Lemma 3.5 below. Before stating and proving this lemma, we introduce several concepts
and notations that will be useful to deal with the combinatorics of this section and the following
ones.

Recall that we already defined the set P4 of partitions of a finite set A (see Definition 1.11).
The next concept we need to introduce is that of induced partition.

Definition 3.1 (Induced partition). Let B be a finite set, let A C B and let Z € Pg. The
partition Z defines a partition Zy = {INA| I €Z,INA+#(} of A, which is called the partition
of A induced by I.

In this paper, we will only consider the case where Z € Pg and A is the reunion of some of the
elements of Z, that is: for any I € Z, either I C A or I N A = (). This condition is equivalent to
T4 CZ, and in this case we have Ty ={I € Z | I C A}.

Another useful notion is the following order relation on partitions.

Definition 3.2 (Order on partitions). Let A be a finite set and let Z,J € P4. We denote by
J < T and we say that J is finer than Z if 7 is obtained by subdividing the elements of Z. That
is, for any J € J there exists I € Z such that J C I. If 7 < Z and J # Z, we say that J is strictly
finer than Z, which we denote by J < Z.

One can check the following facts. Given a finite set A, the relation < defines a partial order on
P4 such that 7 — |Z| is decreasing. The partially ordered set (P4, <) admits a unique maximum
equal to {A}. It also admits a unique minimum equal to {{a} | @ € A}, that we denote by Zy(A) as
in Remark 2.5. If A is of the form {1,...,k}, we use the simpler notations Zy(k) = Zo(A). Finally,
note that J < Z if and only if 7 = |_|I€I Jr.

The last thing we need to define is the notion of subset adapted to a partition. A subset A of
a finite set B is adapted to the partition Z € Pp if B\ A is a union of singletons of Z. In other
words, A is adapted to Z if and only if Z = T4 U {{i} | i € B\ A}, or equivalently if and only if
I < {A}UZy(B\ A). Here is the formal definition.

Definition 3.3 (Subset adapted to a partition). Let B be a finite set and let Z € Pg, we denote by:
St={ACB|VIe€Z if |I| >2, then I C A}.
A subset A € S7 is said to be adapted to T.

The set Sz will appear as an index set in the integral expression derived in Lemma 3.5 below.
The only thing we need to know about it is the following natural result.

Lemma 3.4. Let B be any finite set, then the map (A,Z) — (A,Za) defines a bijection from
{(A,0)|ZePp,Ac S}t to{(A,T)| AC B,J € Pa}.

Proof. The inverse map is given by (A4, 7) — (A, JU{{i} |: € B\ A}). O

We can now derive the integral expression of the central moments we are looking for. We will
make use of the various notations introduced in Section 2.2.
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Lemma 3.5. Let p > 2 and let ¢1,...,¢, € C°(M). Let d, € N be given by Lemma 2.18, for all
d > d, we have:

mpva) 01, 00) = - [ (e D) 4Vl ¥

Iep,/ere€MT

where, for any finite set B, any T € Pg and any x7 = (v1)1er € MZ,

Di(ar) = > (~D)PARE @) T Rie )

A€EST 7,¢A
Here, St is the one we defined in Definition 3.3.

Proof. By definition, m,(v4)(¢1,. . ., ¢p) is the expectation of a linear combination of integrals over
sets of the form Z (’f, with k € {1,...,p}. We subdivide each Z, fj according to the various diagonals
in M*. The corresponding splitting of the counting measure 1/5 of Z (’j was computed in Lemma 2.7.
We can then apply the Kac—Rice formula to each term. The result follows by carefully reordering
the terms.

We start from the definition of my(vq4), see Definition 1.2. Developing the product, we get:

mp(yd)(¢17~">¢p): Z (_1)p_|A|]E [H Vi, ¢ HE Vdv(bz

AcA{1,....,p} i€A i¢A

= > () MEE 0a)] T Elva, 6]
AC{1,...,p} igA

= Z Z )P lAIE (V7. t5da)] H]E [(va, o
AcC{1,....,p} ZE€Pa i¢gA

where the last equality comes from Lemma 2.7. By the Kac—Rice formulas of Proposition 2.23,
this equals:

(_1)pA< (oA)Ry! 4V 'I) ( 6iRY AV, |).
Acg;.,p}I;A /MI o d M il;[‘ /M a 1AV

By Lemma 3.4, we can exchange the two sums and obtain the following:

S S ([ enearE v ™) IT 1l (] omilavan)

ZIeP, AEST
— * T
=Y S [ et RE (e, T] Riga) [avil
z EMT

IeP, AeSy igA

=3 [ doten Dien vl
ZePy zrEMT

which concludes the proof. O

Before going further, let us try to give some insight into what is going to happen. Our strategy
is to compute the large d asymptotics of the terms of the form

/ G5 b(27)DE (27) [dVar| ™ (3.1)
z eEMT

appearing in Lemma 3.5. In the case where p is even, which is a bit simpler to describe, many
of these terms will contribute a leading term of order d%, and the others will only contribute a
smaller order term. Terms of the form (3.1) can all be dealt with in the same way, hence we will
not make any formal difference between them in the course of the proof. Note however, that the
term indexed by Zy(p) is simpler to understand, as shown in Example 3.6 below. This term is the
one we considered in our sketch of proof in Section 1. At each step in the following, we advise the
reader to first understand what happens for this term, before looking at the general case.
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Example 3.6 (Term indexed by Zy(p)). Recall that Zy(p) = {{i} | 1 < i < p}. Identifying Zo(p)
with {1,...,p} through the canonical bijection i — {i}, the map tz,(,) : MZ®) — MP is the
identity of MP, see Definition 2.4. Hence, the term indexed by Zy(p) in Lemma 3.5 is:

p
T1,...,p)EMP

i=1

Then, Sz, is just the set of all subsets of {1,...,p}, see Definition 3.3. Furthermore, for any
A C {1,...,p} the induced partition Zy(p) 4 equals {{i} | i € A}, hence is canonically in bijection
with A. Finally, we obtain that:

. - A
Ddo(p) (21, Tp) Z (—1)? |A\R‘d \@A) H Ry(z;).
Ac{1,...,p} igA

3.2 Cutting M“ into pieces

In this section, we define a way to cut the Cartesian product M4 into disjoint pieces, for any finite
subset A. The upshot is to use this decomposition of M4 with A =7 € Pp, in order to obtain the
large d asymptotics of integrals of the form (3.1). For this to work, we need to define a splitting
of M4 that depends on the parameters p € N and d > 1.

Definition 3.7 (Clustering graph). Let A be a finite set and let p € N. For all d > 1, for all
T = (Tq)aca € MA, we define a graph G%(z) as follows.

e The vertices of G(z) are the elements of A.

e Two vertices a and b € A are joined by an edge of G () if and only if py (x4, 2p) < bp% and
a # b, where pg is the geodesic distance in M and b, is the constant defined by Definition 2.25.

The clustering graph G%(x) contains more information than we need. What we are actually
interested in is the partition of A given by the connected components of G%(x). This partition,

defined below, encodes how the components of z are clustered in M at scale bp%. An example
of this construction is given on Figure 2 below, for A = {1,...,6} and M a circle.

Definition 3.8 (Clustering partition). Let A be a finite set and let p € N. For all d > 1, for all
x € M4, we denote by Z!(z) the partition of A defined by the connected components of G%(x).
That is a and b € A belong to the same element of Z%(z) if and only if they are in the same
connected component of G%(z).

T2 xs3

! Zg h
2 O20ROROROR0
—_
(a) A configuration z = (z1,...,x6) of six dis- (b) The clustering graph G%(z) associated
tinct points on a circle. The length of the seg- with  and the cut-off distance represented
ment is the cut-off distance bp%. on the left.

Figure 2: Example of a configuration of six points on a curve M isometric to a circle. The clustering
partition of z = (x1,...,x) is the partition of {1,...,6} according to the connected components
of the graph G%(x). Here it equals 7% (z) = {{1,2,4},{3,6},{5}}.

Given p € N and d > 1, we can now divide the points of M4 according to their clustering

partition at scale bp%. This yields a splitting of M4 into pieces indexed by Pjy.
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Definition 3.9. Let A be a finite set, let Z € Py, let p € N and let d > 1, we define:
M = {z € M* | Th(z) = T}.
Remarks 3.10. e For any p € N and d > 1, we have: M4 = UIGPA Méf.

o Let Z € Py and let (x4)aca € Méf. For all I € Z, for any a and b € I, the geodesic distance
from x, to xy satisfies: pg(zq,xp) < (|I| — l)b 1“d < |A] by, 1nd

e Recalling Definitions 2.3 and 3.2, if d > 1 the set Mﬁ 7 is a neighborhood of the diagonal
A 4 7 minus some neighborhood of |_|j>I Aa . If d=1, we have MIA:lp =A471.

In the course of the proof of Theorem 1.12, we will make use of the following two auxiliary
results concerning the sets Mé 7 defined above.

Lemma 3.11. Let A be a finite set, let T € Pa, let p € N and let d > 1. Let B C A be a union of
elements of Z, i.e. for all I € T we have either I C B or IN B = 0. Then, for all x4 € M?;ip, we

B,p
have x5 € MIB)d

Proof. Let x = (24)aca € Méf, recall that x5 = (24)aep € MP. By Definition 3.9, we want to
prove that 7% (zz) = Ip, where Ip = {I € Z | I C B} is the partition of B induced by Z, see
Definition 3.1.

Recalling Definitions 3.7 and 3.8, the partition Z% () is defined by the connected components
of GY(zg). The graph G%(zp) is a subgraph of G%(z ,), obtained by erasing the vertices indexed
by a € A\ B and the edges having at least one endpoint in A\ B. If B was any subset of A, two
vertices a,b € B in the same connected component of G%(z 4) could end up in different connected
components of G%(zp). In terms of clustering partitions, if I € Z0(z ), then I N B might be a
disjoint union of several elements of 7% (2 3), neither empty nor equal to I. Our hypothesis that B
is a union of elements of Z ensures that this does not happen.

To conclude the proof it is enough to show that, for all I € Z such that I C B, we have
I € ZH(zp). Let I € T such that I C B. Since I € T = T(z,), the elements of I are the
vertices of one of the connected components of G%(z 4), which is equal to G%(z;). This connected
component is not modified when we erase the vertices in A\ B and the corresponding edges from
GY(z4). Thus, G%(z;) is still a connected component in G(zg), and I € TH(zp). O

Lemma 3.12. Let A be a finite set, let T € Pa, let p € N and let d > 1, we have the following
inclusion between subsets of M4 :

Ap I,p A,p
Mg < [T M. L Mz
IeT J2T

Proof. Let 24 = (a)aca € Méf. We know that the components of x4 are clustered in M
according to Z. Informally, if we remember that the points indexed by each I € T are close together,
but we forget about the distances between points in different clusters, then all we can say is that
24 € [l1er M{I}’;,d. More formally, let I € Z, then I is a union of elements of Z, and II = {I}.

By Lemma 3.11, we have z; € M{I}’id for any I € 7. Hence 24 = (z7)1ez € [[;es M {I} 4+ This
proves the first inclusion in Lemma 3.12.

Let us now prove the second inclusion. Let x4 € [];c7 M{II’; 4 C M#4, we want to recover its
clustering partition Z%(z 4). We know that the components of z, indexed by a given I € 7 are
close together in M, hence belong to the same cluster. However, given I and J € Z, the points
indexed by I and those indexed by J might be close enough in M that they belong to the same
cluster. Thus, all we can say is that the clusters of x4 are indexed by unions of elements of Z, that
is Zj(x4) > Z. This shows that 24 € || ;57 M J I and concludes the proof. O

We conclude this section by bounding from above the volume of MI 7. What we are interested
in here is an asymptotic upper bound as d — 400 with A, Z and p fixed.
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Lemma 3.13 (Volume bound). Let A be a finite set, let T € Py and let p € N. As d — 400, we

have: Az
Vol (M7} = 0((%) ) .

Proof. For all T € Z, we fix a preferred element ar of I. Let & = (24)aca € Mf"f Forall I € Z,
for all @ € I\ {ar}, the point z, belongs to the geodesic ball of center z,, and radius |A| b, lnd

Since M is 1-dimensional, this ball has volume 2 |A|b 13@ Hence,

Ind\"! AN
Vol(Mgf) < Vol(M)H T (2|A|b ) =o( ]I (ﬂ) .
IeT

1eT

The result follows from ), ,(|I| = 1) = |A] —|Z]. O

3.3 An upper bound on the contribution of each piece

Let p > 2, given Z € P, and test-functions (¢;)1<i<p, We want to estimate the integral (3.1) as
d — +o00. This is done by splitting M7 as in Section 3.2 and estimating the contribution of each
piece. One difficulty is that Z € P,, and the pieces of our decomposition of M7Z are indexed by
partitions of Z, seen as a finite set. Hence we need to consider partitions of partitions.

Let J € Pr, we are interested in the large d asymptotics of:

[ wrétar) DEa) aval ™. 32)
z €MLY

Note that the integral (3.1) is the sum over J € Pr of the terms of the form (3.2). Hence, the
central moment m,(vq)(¢1,...,¢,) we are interested in is the double sum of these terms over
Z € P, and J € Pr, see Lemma 3.5. As far as the order of magnitude of the integral (3.2) is
concerned, we can think of the test-function ¢3¢ as being constant. This order of magnitude will
then result from the competition between two things: the order of the typical values of DdZ and

the volume of the set M‘?’;

In this section, we compute an asymptotic upper bound as d — +oc for the contribution of the
integral (3.2). This upper bound shows that, if | 7| < %, then the integral (3.2) only contributes an
error term in the estimates of Theorem 1.12. This is not surprising since in this case the volume
of M§ ,, 1s comparatively small, see Lemma 3.13.

Lemma 3.14. Let p > 2 and let ¢, ...,¢, € CO(M). Let I € P,, for all J € Pr, we have:

p
/ . L;¢<zz>D§<xI>|de|f'(Hwinw)()(dg(lnd):" 7).
7€Mz i=1

where the error term does not depend on (¢1,...,¢p).

Proof. We have [|5¢| . < |6l < TTi-; [|¢illo- Besides, by the definition of D (see Lemma 3.5)

and Proposition 2.24, the density Dg is bounded uniformly on M7 by O(d%). Integrating this
estimate over M§ 4 yields:

P
S (H aﬁilloo) O(d%')vm(M%) _
=1

Then the result follows from the volume estimate of Lemma 3.13. O

* T
/ L izé(az) Df (2z) [dVar|
zr€E ’p
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3.4 Contribution of the partitions with an isolated point

In this section, we still work with a fixed p > 2 and some fixed 7 € P,. Lemma 3.14 seems to say
that the main contribution to the integral (3.1) should be given by terms of the form (3 2) where
| 7| is large, i.e. J defines many small clusters. However, by looking more carefully at DZ, we can
prove that the contribution of M "q 18 also small if J contains an isolated point. In particular, for
such a J, the integral (3.2) will only contribute an error term in the estimates of Theorem 1.12.
The main result of this section is Corollary 3.17 below.

Lemma 3.15. Let p > 2 and let T € P,. We assume that there exists j € {1,...,p} such that
{j} €Z. Then, for all J € Pr such that {{j}} € J, we have:

Ve € Mg’,fp Di(zs) = O(di™Y),

as d — +oo, uniformly in x; € M?Z.

Remark 3.16. This statement and its proof are typically easier to understand when Z = Zy(p). In
this case, we can identify Z with {1,...,p} canonically as in Example 3.6. Then J € P,, and our
hypothesis simply means that J contains a singleton {j}. The statement of the lemma becomes
that: if z = (2;)1<igp € MP is such that z; is far from the other components of z, meaning at

distance greater than b, 1\1}97 then DIO(p)( ) =0(di™).

Proof of Lemma 3.15. Recall that we defined Sz in Definition 3.3. Since {j} € Z, we can split
Sz into the subsets A € Sz that contain j, and those that do not. Moreover, A — AU {j} is a
bijection from {A € Sz |j ¢ A} to {A € S| 7€ A}.

Let 7 = (x5)1ez € Mg’fl and let A € Sz be such that j ¢ A. We regroup the terms
corresponding to A and A U {j} in the sum defining DZ(z7), see Lemma 3.5. Since we have
Taugy = IaU{{j}}, we obtain:

(1P IR @y ) T] Riwgy) + (0P AR @ o) T Ritegy)

i¢A igAu{j}
—|A|— z 1 Za
= (_1)1) ‘A‘ 1 (Rld AH (QIAvx{j}) — Rld l(a:IA Rd a:{J} ) H Rd .%‘{} (3.3)
i¢AL{j}

where we used the fact that ’RLIAIH is a symmetric function of its arguments, cf. Definition 2.21.
Recall that RS =1 for all d > 1 by convention.

Since {{j}} € J, the point x(;} is far from the other coordinates of z7 by definition of MJ’Z,
see Definition 3.9. More precisely, for all I € Z\ {{j}} we have py(zs,2(;}) > bpl\‘}g Then,
by Proposition 2.26, the term on the right-hand side of Equation (3.3) is O(dz(Zal=l4D+5-1)
uniformly in z; € M?Z. Since T4 € Pa, we have |Z4| < |A|. Hence, the previous term is

O(d%~1). We conclude the proof by summing this estimates over {A € Sz | j ¢ A}. O

Corollary 3.17. Let p > 2 and T € P,. We assume that there exists j € {1,...,p} such that
{j} € Z. Then, for all J € Pr such that {{j}} € J, we have:

P
Voo e @O, [ iotan) D) lavul ™ - (H ||¢ioo> o),
z €M7 i=1
where the error term does not depend on (¢1,...,¢p).

Proof. We obtain this corollary by integrating the estimate of Lemma 3.15 over M j’z, using the
fact that ||czol o < TT7_; (|04l o - O
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3.5 Contribution of the partitions into pairs

Let p > 2 and let ¢1,...,¢, be test-functions. Recall that m,(vq)(é1,...,d,) is the sum of the
integrals (3.2) for Z € P, and J € Pz, and that our final goal is to prove Theorem 1.12. This

theorem gives the asymptotics of m,(vq)(¢1,...,¢p) as d goes to infinity, up to an error term of
p—1

the form O(d% L7 (In d)p). We proved in Lemma 3.14 that the integral (3.2) only contributes an

error term if | 7| < §. Besides, we proved in Corollary 3.17 that the integral (3.2) also contributes
an error term if there exists j such that {{j}} € J, in particular if | 7| is too large. This last point
will be made more precise in Section 3.6 below.

In this section, we study the integrals of the form (3.2) that will contribute to the leading term
in the asymptotics of my,(vg)(¢1,...,¢,). These integrals are indexed by couples of partitions
(Z, J) satisfying the following technical condition: the double partitions into pairs. Recall that we
denoted by PP4 the set of partition into pairs of the finite set A, see Definition 1.11, and that we
denoted by Zg the partition of S C A induced by a partition Z € Py, see Definition 3.1.

Definition 3.18 (Double partition into pairs). Let A be a finite set, let Z € P4 and let J € Pr.
We say that a couple (Z,J) is a double partition into pairs of A if there exists S C A such that:

1. Zg = {{s} | s€ S} and T\ Ig = Ta\s € PPa\s;

2. Jzs € PPrg and J \ Jzs = In\zs = {1} | I € T\ Is}.

We denote by €4 the set of such double partitions into pairs of A. If A = {1,...,p} we simply
denote €, = €4.

Let us take some time to comment upon this definition. Note that we will mostly use it
with A = {1,...,p}. However, the general case will be useful in Lemmas 3.21 and 3.22 below.
Condition 1 in Definition 3.18 simply means that Z only contains singletons and pairs. The
singletons are exactly those of the form {s} with s € S, and the pairs are formed of elements
of A\ S. Note that S is the union of the singletons in Z. In particular, it is uniquely defined
by (Z,J). Similarly, Condition 2 means that J only contains singletons and pairs with some
additional constraints. The singletons in J are exactly of the form {I} where I ¢ Zg (i.e. I is itself
a pair of elements of A\ S) and the pairs are of the form {{s}, {t}} with s,¢ € S distinct. That is,
J contains only pairs of singletons and singletons of pairs. ..

Remark 3.19. Let A be a finite set and let (Z,J) € €4. Let S be as in Definition 3.18. We have
|S| = |Zs|, and since Zg admits a partition Jz, into pairs, this cardinality is even. Similarly, since
T\ Zs is a partition into pairs of A\ S, we have |A| = |S| + 2|Z \ Zs|. Hence, |A| is even. In
particular, €4 is empty if |A] is odd.

Example 3.20. Let A be a finite set of even cardinality, the following are examples of double
partitions into pairs showing that €4 is not empty.

e Taking S = (), we have Zg = ) and Z = Z \ Zg can be chosen as any element of PP4. Then
there is only one possibility for 7, we must have J = Jnz, = {{I} | I € Z}.

e Taking S = A, we must have Z = Zg = {{a} | a € A}. Identifying canonically Z with A, we

can choose any J € PPr ~ PPj4.

In the remainder of this section, we study the large d asymptotics of integrals of the form (3.2)
where (Z,J) € €,. For this, we need to show that the function D% defined in Lemma 3.5 factorizes
nicely on M‘?’;, up to an error term. The first step is Lemma 3.21 where we factor the contribution
from the pairs of singletons in 7, i.e the elements of Jz.

Lemma 3.21. Let A be a finite set. For all (Z,J) € €4, let S C A be as in Definition 3.18.
Then, the following holds uniformly for all x; € Mg’fl :

1Zl _p_
Di(zr) = D3 (ang,) | ] Pl ] +0@=—5.
JeTzg

Proof. Recall that, as discussed in Remark 3.19, the set €4 is empty if |A| is odd. Hence
Lemma 3.21 is true in this case. If |A] is even, the proof is by induction on (one half of) |A].

22



Base case. If |A| = 0, we have A = (), hence Z = (), hence J = ). Recalling the definition
of Df in Lemma 3.5 and our convention that 7'\’,3 = 1, we have DdI = 1 and similarly D?IS =1.
The product over Jz, is indexed by the empty set, hence also equal to 1. Thus, the result is
tautologically true.

Inductive step. Let A be a finite set of even positive cardinality. Let us assume that the
result of Lemma 3.21 holds for any finite set B of cardinality |A| — 2. Let (Z,J) € €4 and let S
be as in Definition 3.18. Let J € Jz,, there exists s,t € S distinct such that J = {{s}, {¢t}}. The

key part of the proof is to show that, the following holds uniformly for all z; € Mg%

DX (x7) = DIV (2p\,)D) (x,) + O(d'7 ~E71). (3.4)

Let us assume for now that Equation (3.4) holds. Let us denote by B = A\ {s,¢}. Then we
have Z\ J =T\ {{s},{t}} € Pg and J \ {J} € Pr;. One can check that (Z\ J,J \ {J}) € Cp.
Indeed, the partition Z \ J only contains pairs and singletons, and the union of its singletons is
T = S\ {s,t}. Then we have (Z\ J)p =Zs\ J, and (J \ {J})zs\s = Jzs \ {J} is a partition into
pairs of Zg \ J. Moreover, the pairs in Z \ J are the same as the pairs in Z. Since |B| = |A] — 2,
we can apply the induction hypothesis for (Z\ J, 7\ {J}) € €.

Note that Z \ J is the union of the elements of J \ {J}. Then, by Lemma 3.11, if z; € M?’Z

we have 27\ ; € Mé\\?;} 4+ Hence, by induction, the following holds uniformly for all z; € Mg’z:

T\ J T\Z 1ZI _p_
Dy () =Dy Fang) | [ DE@e) | +0@r 7).
KeJgrg\{J}

We use this relation in Equation (3.4). Since D is uniformly O(d) by Proposition 2.24, the
conclusion of Lemma 3.21 is satisfied for (Z, ) € €4. This concludes the inductive step.

Proof of Equation (3.4). In order to complete the proof of Lemma 3.21, we need to prove
that Equation (3.4) holds. The proof of this fact is in the same spirit as the proof of Lemma 3.15.
We start from the definition of DZ(27), given in Lemma 3.5, and regroup the terms in the sum in
fours. For each of these quadruples of summands we apply Proposition 2.26, using the fact that
Tr € Mg’fl. This yields the result, keeping in mind the uniform upper bound of Proposition 2.24.

Recall that Dg is defined as a sum indexed by Sz, and that the elements of Sz are the subsets
of {1,...,p} adapted to Z (see Definition 3.3). Since {s} and {t} € Z, we can decompose Sz as
the following disjoint union:

Sz = L {A, AU {s}, Au{t}, AU {s,t}}.
{AcSz|s¢Atg A}

Let A € Sz be such that A C {1,...,p}\ {s,t}. Given z; € MZ, we regroup the four terms

corresponding to A, AU{s}, AU{t} and AL {s,t} in the sum defining DZ(z7). Keeping in mind
that the Kac—Rice densities (R%)x>1 are symmetric functions of their arguments, we obtain:

- Z T
P (R g mp) = RET (a2 RU )

R @, w)Rieg) + RE @z )Ry RUzey) [ Rilae)
i¢AL{s,t}

(3.5)

Vd

Ifz; € M?fl, then for any I € T\ {{s}, {t}} we have py(z1,2s)) = b,'%% and py(zs,z(}) > bp%
by definition. Applying Propositions 2.24 and 2.26 in Equation (3.5), we obtain:

_ [Zaltr—1Al _p
oAl IT Ritey) RdIA'(sz)Da’(xJ)JrO(d 2 i 1).
ig AL{s,t}
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Since A is adapted to Z, we have Z = T4 U {{i} | ¢ ¢ A} by Definition 3.3. This implies that

b

|Z| = |Za|+p—|A|. Hence the error term in the previous equation is O(d% 171). Summing these
terms over the subsets A € Sz such that A C {1,...,p} \ {s,¢}, we proved that Equation (3.4) is
satisfied uniformly for all z; € M\?Z. O

With the same notations as in Lemma 3.21, the second step in our factorization of DdI is to
factor the contributions from the singletons in 7, that is from the {{I} | I € Z\ Zg}. This is the
purpose of the following lemma.

Lemma 3.22. Let A be a finite set, let (Z,J) € €4 and let S C A be as in Definition 3.18. Then,
the following holds uniformly for all x; € Mg’f;:

Di(zr)=| [] Riten) || [[ Pix,)|+o0@ i,

IeI\Zs JeTzg

Proof. Applying first Lemma 3.21, uniformly for all z; € Mg’z we have:

T\Z, 1Zl _p_
Di(zr) = D3 " (anz,) | [ D)) | +0@="57. (3.6)
JeTzg
By Condition 1 in Definition 3.18, the partition Z \ Zg is a partition into pairs of A\ S. Recalling
Definition 3.3, we have Sp\z, = {A\ S} hence ’DdI\IS = R‘dI\IS‘.

Let z; € M‘?Z, by Condition 2 in Definition 3.18, for all I € 7\ Zg we have {I} € J, hence
xy is far from the other components of x;. In particular, for all I,J € T \ Zg distinct we have

pg(xr,zy) = bp%. Applying Proposition 2.26 several times, we obtain:

IN\Zs| _p_
Dy (eng,) = Ri lang,) = [ Rite)+0@—= 57, (3.7)
IeI\Zs

where the error term is obtained by using the uniform upper bound of Proposition 2.24.
By Proposition 2.24 once again, for any J € Jz, we have D;(z;) = O(d) uniformly on M.
Since, Jz, is a partition into pairs of Zg, we have |Zg| = 2|Jzs|. Hence, we have uniformly:

|Zs]
I[ Pitz)=0w™) (3:8)
JeETzg
Since |Z| = |Zs| + |Z \ Zs|, the result follows from Equations (3.6), (3.7) and (3.8). O

We can finally derive the asymptotics of the integrals of the form (3.2) for (Z,J) € €,, which
is the main result of this section.

Lemma 3.23. Let p > 2, let (Z,J) € €, and let S be as in Definition 3.18. Then, for any
G1y.. ., ¢p € CO(M), we have:

[ ey ivenPin @™ = TL [ oombiaval || T] [ esmdjavaf
z MY M M7

{i,J}€T\Ts JETzs
p
+ (H ||¢>Z-||oo> o(al=  may),
=1

where the constant involved in the O(d% L= (In d)p> is independent of (¢1,...,¢p).

Proof. The idea of the proof is to use the factorization obtained in Lemma 3.22 for the density
function DdI . The test-function ¢7¢ also factorizes, hence we can write the integrand (L}(j))DdI as

a nice product. The difficulty is that the domain of integration M§ *, is not a Cartesian product.

To deal with this, we use Lemma 3.12 to show that we can replace M?Z by a product of domains
of dimension 1 or 2, up to an error term.
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Factorization of the integrand. Recall that, by Condition 1 in Definition 3.18, the partition
T only contains singletons and pairs, and S is the union of the singletons of Z. Let z; € M7, we
have:

vrd(zr) = o(uz(zg)) = [T [ ¢i(er) T ¢@nes) IT ¢i(z@y)
I€Tiel {i,j}=I1€T\Ts {i}eZs
Let FT: M? — R be the function defined by:
Fi(z7) = I[I  éang;@nRier) [I ¢s@)Diay) (3.9)
{i,j}=I€I\Is JE€Tzg
for all 27 € MZ. Here we use Notation 2.2, hence for any J = {{i}, {j}} € J we have:
Pa(zy) = oy (@) Oy (2 (5y) = Gil@ ()b (wg51)-

Note that since Z € P,, we have |Z| < p so that II\ -f-1<i-1< %L%J Applying
Lemma 3.22, we obtain:
v d(27) D (z7) = Fi (z) (H il ) (a2l77)), (3.10)

where the error term does not depend on z7 or (¢;)1<i<p- Thus, up to an error term, the quantity
we are interested in is the integral of FZ over M?’;.

Changing the domain of integration. By Lemma 3.12, we have:

I, J, T,
Mzh e IT M ac [ Mch
JeJg K>J
hence
J, , J,
11 M= M550 | ( n [T M7, d> (3.11)
JeJg K> JeJg

We want to prove that the integral of F dI over M d is equal to its integral over ] ;. M {J J’i &
up to an error term. Let K € Pr be such that K > J. We can bound the integral of F7 over
Qx = ,C on HJeJ {Jﬁ 4> using the same method as in the proof of Lemma 3.14. We have:

/ F¥ (1) [V ™
QK

Using Proposition 2.24 in Equation (3.9), we prove that the function F dI is bounded uniformly
over M* by (TT5_; l¢ill.) O(d'z"). Then, by Lemma 3.13, we have:

p
< |[FF|l. Vol (arEh) = (Hmnm) O(d'% ma)*=K1) . (312)
i=1

Recall that £ > J, so that || < |J|, as discussed after Definition 3.2. Since (Z,J) € €,
by Definition 3.18 we have:

v T
<[ IFFeoliwvul® < [ (R avad .
7 €QK x b

zrEMi’y

/ F(zz) [aVas]
7 €QK

1 1 1 p
= = |Zs| + 12\ Zs| = = “(p—1S) ==
71 = 5 |Ts| + 1T\ Ts| = 5 1] + 50— 18] = 2

Thus, we have |K| < |J]—1=
using Equations (3.11) and (3.12),

[
M7, I,e, M}

ge7 M{J},4

(S

—1< L%J On the other hand, |Z|] — |K| < |Z| < p. Finally,
we obtain:

FF |dva| 7 + (ﬁ ||¢z»|oo> o(atl'=Jmay).  (313)

~—
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By Condition 2 in Definition 3.18, if J € J \ Jz, then J = {I} for some I € 7\ Zg, so that

M{Jf}’d = M. Bearing this fact in mind, Equations (3.9), (3.10) and (3.13) yield:

/ . Uy p(ag)DF (ag) [AVar| T = H /fb@jRHdVM\ H /J ¢sD; AV |*
z7€M7G {ijye\zs ' M JeTzg M.
p
+ (H ||¢¢||M>O(d2L%J (nd)) .
1=1
(3.14)

Conclusion of the proof. In order to conclude the proof, we need to replace the integral
over M{,’; 4 by an integral over M7 in Equation (3.14), for all J € Jz,.

Let J € Jzg, there exists ¢ and j € S such that J = {{i},{j}}. Then, P; has exactly two
elements: {J} and Zy(J) = {{{z}}, {{]}}} By Proposition 2.26 and the definition of D;] (see
Lemma 3.5), we have the following uniform estimate for all z; € Mi][)’() Dd

Dy(z,) = Rilepy wpy) — Rale)Rilegy) = O(d™5).

Since M7 = M{JJP} a4 Mi](;’(’J) 4> We obtain:

/M’P

{7}.a

s

¢;DI AV = /MJ G D7 AV + (¢l O(d™F).

Then, using one last time the upper bound of Proposition 2.24, the leading term on the right-hand
side of Equation (3.14) equals:

P
|I\I \ .
11 /@@Rémvm 11 / ¢sDF |dVas|? +<H||¢i||oo> O(d = *1zs|-1-%),
M M i=1

{i.d}eT\Zs JeTzg

The conclusion follows using that (Z,J) € €,. Indeed, by Definition 3.18, we have:
p_p=ISl |Zs| »p

T\ Zs]| S|
2 + 177, 4 1 T3 Ty 4

D p—1
—1<s 1< = | 52—, O
4 <2{ 2 J

3.6 Proof of Theorem 1.12

In this section, we conclude the proof of our main result, that is the moments estimates of Theo-
rem 1.12. The key argument is that the leading term in the asymptotics of the my,(vq)(¢1,. .., ¢p)
comes from integrals of the form (3.2), where (Z, J) € €, is one of the double partitions into pairs
studied in Section 3.5. The integrals of the form (3.2) with (Z, ) ¢ €, only contribute an error
term. This last fact is proved in the following lemma.

Lemma 3.24. Letp > 2, let T € P, and let J € Pr be such that (Z,J) ¢ €,. Then, for all
B1,s- .. Pp € CO(M) we have:

/xIeM;z 56 (ez)Di () |4V | = (H |<m||oo> o(d:l= Jmay).

i=1
where the error term does not depend on (¢;)1<i<p-

Proof. Since § —1 = % (% — 1) < %L%J, we already know that the result holds if there exists
i € {1,...,p} such that {i} € T and {{i}} € J, by Corollary 3.17. Assuming that this is not the
case, we will show in Lemma 3.25 below that: if Z € P, and J € Py, then [J| < £, and equality
holds if and only if (Z, J) € €,. Since we assumed that (Z,J) ¢ €,, we have |J| < £. Moreover,
since |J| is an integer, we have in fact |J| < L%J Then, the result follows from Lemma 3.14,
since |Z| < p. O
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Lemma 3.25. Letp > 2, let T € P, and let J € Pr. We assume that, for all i € {1,...,p}, if
{i} € T then {{i}} ¢ J. Then |J| < p Moreover, |J| = & if and only if (Z,T) € €,.

Proof. We will use notations consistent with those in Definition 3.18. Let Zg = {I € Z,|I| = 1}
denote the set of singletons in Z. We denote by S =| |;.7, I C {1,...,p}, so that Zg is indeed the
partition of S induced by Z. Then T \ Zg is the partition of {1,...,p} \ S induced by Z, and its
elements have cardinality at least 2. Since {1,...,p} = ez, I Ulseq 7, I, we have:

IZs| + 2T\ Zs| < p. (3.15)

Moreover, equality holds in Equation (3.15) if and only if Z \ Zg is a partition into pairs, that is if
and only if Condition 1 of Definition 3.18 is satisfied.

Let us denote by Z/ = {I € T | {I} € J}. Under our assumptions, if I € 7’ it can not be a
singleton, i.e. Z' C 7\ Zs. Hence, we have:

7 < 17\ Zsl, (3.16)

and equality holds in Equation (3.16) if and only if 7/ = 7 \ Zg.
By definition of Z’, we have Jz» = {{I} | I € '} C J. Moreover, Jp\z = J \ Jz is partition
of T\ Z' in subsets of cardinality at least 2. This yields:

! ! ! 1 !
T =Tz + 1T\ TIo| =T+ |Ine | < T+ 5 (|I| ') = 5 (21 + 7)) - (3.17)

Moreover, equality holds in Equation (3.17) if and only if J7\7/ is a partition into pairs of 7'\ Z'.
By Equations (3.15), (3.16) and (3.17), we have:

(I + 12\ Zs]) = 5 (1Zs| + 21T\ Ts)) < £. (3.18)

N |
| -

1
171 <5 (Z1+ 7)) <

Moreover, we have |J| = £ if and only if equality holds in (3.15), (3.16) and (3.17). Equality
in (3.15) means that Condition 1 in Definition 3.18 is satisfied. If equality holds in (3.16) then
T' = T\ Zs. If in addition equality holds in Equation (3.17), we have that Jn\z» = Jz, is a
partition of Zg into pairs and that Jr\z, = jz/ ={{I} | I € ZT\Is} C J. Hence, Condition 2
in Definition 3.18 is satisfied. Finally, if |J| = & then (Z,J) € €,. Conversely, if (Z,J) € €,
equality holds in Equations (3.15), (3.16) and (3. 17) and |J| = . O

We conclude this section with the proof of Theorem 1.12.

Proof of Theorem 1.12. Let p > 3 and ¢1,...,¢, € C°(M). Let d € N be large enough, let
sq € RHY(X, € ® Ed) be a standard Gaussian vector and let vy denote the counting measure of
the real zero set of sg.

By Lemma 3.5 and the fact that M7% = Usep, M?Z for all Z € P,, we have:

(b1, ) = 3 Y / oz 0D (22) [AVar| .

IcP, JEPL

By Lemma 3.24, up to an error term of the form ([T%_, ||¢| )O(d?L 2 J(ln ayr ) we need only

consider the terms in this double sum indexed by (Z,J) € €,. The expression of these terms is
given by Lemma 3.23. Thus, we have:

ENORICTNIT S N 11 / b1, RY | AV / 6D AV

(Z,7)e¢, \{4.j}€I\Ls WISNE
p
+ (H ||¢>z-||m> o(@l" = may), (319)
i=1

where we used the same notations as in Definition 3.18. In particular, recall that S C {1,...,p} is
the union of the singletons appearing in Z.
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Let (Z,J) € €, and let us denote by S C {1,...,p} the union of the singletons in Z. Since
Is = {{i} | i € S}, there is a canonical bijection 7 — {i} from S to Zg. This first bijection induces
a second one between PPs and PPr,. Using this second bijection, Jz, € PPz, corresponds to
a partition into pairs of S, that we abusively denote by Js in the following. Explicitly, we have

JIs = {0, 5} | {{i}, {j}} € Tzs} € PPs.

Let J = {{i},{j}} € Jzs and let I = {i,j} denote the corresponding pair in Js. Using
Notation 2.2, we have: ¢; = ¢ Koy = ¢ ¥ @; = ¢;. Moreover, under the canonically
identification M7 ~ MY for all (z,y) € M! we have:

Dy (z,y) = Ri(z,y) — Ry(z)Ri(y) = Di(z,y).
Hence

/ 6D |V [? = / 61D Vi,
MJ M1

and the leading term on the right-hand side of Equation (3.19) equals:

> 11 /M Gip;RE |dViy| (H /MI¢1D£|dVM|2>. (3.20)

(Z,7)ee, \{i.j}eI\Is IeJs

We want to rewrite the leading term (3.20) as a sum over {(II, X) | II € PP,, X C II}, by a change
of variable. In order to do this, we now define a bijection from €, to {(IL,X) | Il € PP,, X C II}.

o Let &:¢, - {(II,X) | Il € PP,, X C II} be the map defined by:
®:(Z,7) = (Z\Zs)U JTs, Ts) -

For any (Z,J) € €,, we have Z\ Zs € PPy, p1\s and Js € PPs. Hence, (Z\ Zs) U Js is
indeed a partition of {1,...,p} into pairs that contains Js.

e We define a map ¥ : {(IL,X) | II € PP,, X C II} — €, as follows. Let I € PP, and ¥ C II,
we denote by S = UresI. We define a partition Z = (IT'\ ) U {{i} | i € S} € P,, so that
Is = {{i} | i € S} and Ty, . py\s = T\ Zs = I\ ¥ is partition into pairs of {1,...,p} \ S.
Then we define J € Pr by:

g={in|ren\zsfu{ttinun| iy es}.
Then Jnz, = ({1} |1 € T\ Is} = J \ Jzs and Jz, is a partition into pairs of Zg. Hence
(Z,J) € €, and we set U(II,X) = (Z,J). Note that we have Jg = X.

By construction, ® is a bijection from €, to {(I,X) | Il € PP,, % C II} such that ¥ = &1, Using
this bijection to change variables, the sum written in Equation (3.20) becomes:

. 2 11 /M¢i¢jR,11|dVM\ (

IIePP, XCIT \ {i,j}€II\X

11 /MI ¢D} dVM|2> . (3.21)

Iex

On the other hand, by Lemma 3.5 applied with p = 2, for any ¢ and j € {1,...,p} distinct we
have:

ma(vq) (i, ¢5) = /MI oDy |dVar|? + /M ¢i; Ry |dVar] s

where we denoted I = {4, j}. Thus,

o I mea) (e ¢))

TIePP, {i,5}€ll

is equal to the term in Equation (3.21), hence is the leading term in Equation (3.19). This
proves the first claim in Theorem 1.12. We obtain the second expression of my,(vq)(¢1,. .., ¢p) in
Theorem 1.12 by replacing mo(v4) by its asymptotics, computed in Theorem 1.3.
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Let ¢ € C°(M). Using what we just proved with ¢; = ¢ for all i € {1,...,p}, we have:
2 1oL
(V. 8) = my(0a) .. ) = Card(PPy) (ma(va) (6, ) + oI O(¢2 1) may?)
By definition, ma(v4) (¢, ¢) = Var({(vq, ¢)). Besides, the cardinality of PP, is equal to 0 if p is odd,
and to 27% () ~! plif pis even. In both cases we have Card(PP,) = u, (see Definition 1.10). This

proves the first expression of m,({vq, ¢)) stated in Theorem 1.12. We obtain the second expression
of m,((va, ¢)) by using the expression of Var((vq, ¢)) given by Theorem 1.3. O

4 Proof of the corollaries of Theorem 1.12

In this section, we prove the corollaries of Theorem 1.12. The strong Law of Large Numbers
(Theorem 1.7) is proved in Section 4.1. The Central Limit Theorem (Theorem 1.9) is proved in
Section 4.2. Finally, we prove Corollaries 1.14 and 1.15 in Section 4.3.

4.1 Proof of the strong Law of Large Numbers (Theorem 1.7)

The purpose of this section is to prove the strong Law of Large Numbers (Theorem 1.7). This
result follows from the moments estimates of Theorem 1.12 by a Borel-Cantelli type argument,
using the separability of C®(M). This method was already used in [20, 21, 27|, for example.

We follow the notation of Section 2. In particular, recall that (sq)q>0 is a sequence of random
vectors such, for all d > 0, sq ~ N(0,1d) in RH?(X,E @ £4). Then, Z, is the real zero set of sq
and v, is the counting measure of Z;.

Proof of Theorem 1.7. Let us first consider the case of one test-function ¢ € C°(M). We have:

6
E Z(<Vda¢>_E[<’/d7¢>]) :Zd_3m6(yd)(¢a"'7¢)'

d>1 d d>1

Nl=

By Theorem 1.12 this sum is finite. Indeed, mg(vg)(¢,...,¢) = O(d%). Then, almost surely, we

have: 6
—-E
3 <<I/d,¢> = [<Vd,¢>]> < +oo,
d>1 dz
hence d~2 (<Z/d o) —E[{va, (/5}]) T 0. Thus, for all ¢ € CO(M), we have almost surely:
—-too

4 (0. ) = Bl 6] +o(1) = = [ 01V +o(1).

Applying this to ¢ = 1, the constant unit function, we obtain: d—2 Card(Zy) —— %VO](M)

d—4-00
almost surely.

Now, recall that (C°(M),|||,) is separable. Let (¢4)r>0 denote a dense sequence in this space
such that ¢g = 1. Almost surely, for all k > 0, we have d~2 (va , dr) = %fM ok |dVas|. Let
—+00

s=(Sd)i>1 € H@1 RH(X, € ® L£4) denote a fixed sequence belonging to the probability 1 event
on which this condition holds. For every ¢ € C°(M) and k € N, we have:

’d—% (var ) — 1/Masolvml

s

<d7E |(va, b — dn)| + ‘d_é (Va , r) — %/ ¢ [dVa|
M
Vol(M)
s

1
+ ;/M |6 — ol [dVas]

<16 oule (a7 Coraza) 4 00 ) ot ) = 1 [ onfavil.
M
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Since ¢g = 1, the sequence (d*% Card(Zg))a>1 converges, hence is bounded by some K > 0. Let
€ > 0, there exists k € N such that ||¢ — ¢|| ., < e. Then, for every d large enough, we have:

1 1
‘d_z (Va , Pr) — ;/ )8 |dVM|‘ <g,
M

hence

1 1
‘d_2 (Va,d) — p /M¢|dVM|

<o (1m0

™

Thus, for all ¢ € C°(M), we have d-3 (Va,®) ;—+—+ % fM ¢ |dVas|, which concludes the proof. [
—r+00

4.2 Proof of the Central Limit Theorem (Theorem 1.9)

In this section, we prove the Central Limit Theorem (Theorem 1.9). The result follows from
Theorem 1.12 by the method of moments, see [8, Chap. 30]. This method allows to prove the
Central Limit Theorem for any fixed continuous test-function. Then, we apply the Lévy—Fernique
Theorem [12, Theorem I11.6.5], which is the analogue of Lévy’s Continuity Theorem for random
generalized functions. Using this theorem, we prove the convergence in distribution to the Standard
Gaussian White Noise in D'(M), the space of generalized functions on M.

Proof of Theorem 1.9. Central Limit Theorem for a fixed test-function. Let ¢ € C°(M) be
such that ¢ # 0. We define a sequence (X) of centered and normalized real random variables by:

<Vd 5 ¢> - ]E[<Vd ) ¢>] )
Var((va, ¢))?

Note that since ¢ # 0, by Theorem 1.3, Var({vg, ®)) = ma(vq)(@, ¢) is positive for d large enough.
Hence X is well-defined for d large enough, and we want to prove that X, ﬁ N(0,1) in
—+oc0

Xg=

distribution. By Theorem 1.3 and 1.12, for any integer p > 3, we have:
E[X?] = mp(Va) (9, . . - ,f) -
Var((va, )"

d—+oo
where (1, is the p-th moment of an N(0,1) variable (recall Definition 1.10). By the Theorem of
Moments (cf. [8, Theorem 30.2]), this implies that Xy T N(0,1) in distribution. Replacing
—+00

the expectation and the variance of (v4, ¢) by their asymptotics (Theorem 1.1 and Theorem 1.3),

we get: )
Y=o ([ o) <<ud,¢> -Z /M¢de|> Fo(1).
Hence,
1 dz 2
. ((Vd,¢> - /M¢|dVM|> mN(Oa 91l2),

in distribution, where ||¢||§ = [,; ¢*|dVi|. Of course, this also holds for ¢ = 0. Taking ¢ = 1
yields the Central Limit Theorem for the cardinality of Zj.
Central Limit Theorem in D'(M). Given d > 1, let us consider the random measure

1 -1 1
T, = (dZ O’) (Vd —dz |dVJV[|>. This measure defines a random generalized function. Recall that
its characteristic functional is the map x4 : ¢ — E [exp (z (Ty, ) (D,ycm))} from C*°(M) to C. Let
¢ € C>(M), we just proved that (Tu,d)pr ey = (T, &) — N(0, ||¢H;) Hence,
’ ——+00
xa(#) =E {eim ,¢>>] NS 7 )
d—+o0 ’

where we recognized the characteristic function of (T, ¢) evaluated at 1. Thus, the sequence (x4)
S 14012 Lo . .
converges pointwise to y : ¢ — e~ zlI?l2 which is the characteristic functional of the Standard
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Gaussian White Noise W (recall Definition 1.8). Then, by the Lévy—Fernique Theorem (cf. [12,
Theorem II1.6.5]), we have T, ﬁ W in distribution, as random variables in D'(M).
—+o00

Central Limit Theorem for a family of smooth test-functions. Let ¢1,..., ¢ € C>(M),
by the Continuous Mapping Theorem, we have:

(<Td ) ¢)1>(D’7C00) PR <Td ) ¢k>(D/7C°0)) <<W ) ¢1>(D/7C00) ) <W ) ¢k>(D'7COO)>

d—+oo

in distribution, as random vectors in R¥. This yields the joint Central Limit Theorem for a family
of smooth test-functions. O

4.3 Proof of Corollaries 1.14 and 1.15

We first prove Corollary 1.14, that is the concentration in probability. This is just an application
of Markov’s Inequality.

Proof of Corollary 1.14. Let (¢4)a>1 be a positive sequence and let p € N*. By Markov’s inequality
for the 2p-th moment, we have:

P(d} (v, 6) — Eliva, 0)]| > 2a) < £3°d Pmay(va) (6, .., 6).

By Theorem 1.12, the term on the right-hand side is O((d%ad)_%’). As usual, one obtains the
statement about Card(Z;) by specializing the result for ¢ = 1. O

The proof of Corollary 1.15, that is of the Hole probability, uses Corollary 1.14 with the right
test-function and a constant sequence (€4)g>1. It is similar to the proof of [20, Corollary 1.10].

Proof of Corollary 1.15. Let U be a non-empty open subset of M, and let ¢y : M — R be a
continuous function such that for all x € M, ¢y(z) > 0 if z € U, and ¢y(x) = 0 otherwise.
Let € > 0 be such that ¢ < %fM ¢u |dVy|. By Theorem 1.1, for all d large enough we have

d_%IEKZd ,¢u)] > €. For a degree d such that this condition holds, we have:

P(ZaNU =0) =P ((Za,6u) = 0) <P (a7}

(Za, du) fE[<Zd,¢U>]] > 5) .

By Corollary 1.14, the right-hand side is O(d*%) for all p € N*. O
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