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Abstract. This work aims to study the dislocation or nodal lines of 3D Berry’s
random waves model. Their expected length is computed both in the isotropic
and anisotropic cases, being them compared. Afterwards, in the isotropic case
the asymptotic variance and distribution of the length are studied as the domain
grows to the whole space. We find different orders of magnitude for the variance
and different limit distributions for different submodels. The study includes the
Berry’s monochromatic random waves, the Bargmann-Fock model and the Black-
Body radiation.

1. Introduction

In the last few years, nodal sets, also called as dislocation sets or zero sets, of sev-
eral classes of random waves have received a lot of attention from Number Theory,
Topological Analysis, Differential Geometry, Probability Theory, etc. While study-
ing the random billiards, Berry (2002) argued that in the microscopic scale several
models as arithmetic random waves on the torus or spherical harmonics, although
they verify some boundary conditions, converge towards an universal Gaussian
model, which is called Berry’s random waves model. Canzani and Hanin (2020)
studied the universality phenomenon in general Riemannian manifolds. The reader
can find results on arithmetic random waves defined on the flat torus (Cammarota,
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2019; Dalmao et al., 2019) and on random spherical harmonics in Cammarota and
Marinucci (2019); Fantaye et al. (2019); Marinucci and Rossi (2021) and references
therein, see also Rossi (2019) for a survey on both subjects. The nodal sets of
Berry’s planar random waves, i.e. the random eigenfunctions of the 2D Euclidean
Laplacian operator, have been studied in Nourdin et al. (2019) where Central Limit
Theorems are obtained for the nodal length in the real case and for the number of
phase singularities in the complex case. Whereas all the previous references are con-
cerned with 2-dimensional isotropic random fields, one can also find studies in more
general frameworks. In Estrade and Fournier (2020) anisotropic random waves are
considered in any dimension. In Kratz and Vadlamani (2018); Miiller (2017), simi-
lar central limit results are obtained for any Minkowski functional of excursion sets
in the general framework of stationary Gaussian fields whose covariance function is
fast enough decreasing at infinity.

Our motivation mostly comes from the seminal paper Berry and Dennis (2000)
and from Dennis (2007) where the authors show how the expectation and the second
moment of certain functionals of the nodal sets can be computed. Moreover, in
Dennis (2007) (where a more formal approach from the mathematical point of view
is presented) a variety of problems which are in close relation with the computation
of the measure of the zero set of random waves in 2D and 3D are exhibited. Also,
the two point correlation is introduced defining it as a second order Rice’s function.
The main tools are the different forms of the Kac-Rice formulas (see Azais and
Wschebor, 2009 and the references therein) and Hermite/Wiener expansions, see
Peccati and Taqqu (2011) and references therein.

In the present paper we study complex-valued 3-dimensional Berry’s random
waves models with a focus on the length of the dislocation or nodal lines. We
obtain the expected length in a very general framework which includes anisotropy.
In order to study the asymptotic variance and the limit distribution we restrict
our attention to the isotropic case and we let the domain increase to the whole
space. It can be shown that this is equivalent to consider a fixed domain and
taking the high energy limit, see Canzani and Hanin (2020); Nourdin et al. (2019)
and Remark 3.6 below. We find different orders of magnitude for the variance and
different limit distributions for different models. More precisely, we establish the
order of the limit variance and the asymptotic normality in a framework including
Berry’s monochromatic random waves, Black-Body radiation and Bargmann-Fock
waves and we include a power law model which has an asymptotic variance of
different order and which presents a non-Gaussian limit distribution yielding a
non-central limit theorem.

The paper is organized as follows. Section 2 presents the model as well as some
particular cases. Our main results, namely Theorems 3.1-3.3 and Propositions 3.4-
3.5, as well as some remarks are presented in Section 3. Section 4 is devoted to the
study of the first moment of the dislocation length; in particular, it contains the
proof of Theorem 3.1. A special section (Section 5) is devoted to the Ito-Wiener’s
chaotic decomposition given by Hermite expansion. Section 6 is dedicated to the
proofs of the main results. In Subsection 6.1 we prove Theorem 3.3 and we show
which particular cases shown in Section 2 are covered by this theorem. The two
specific cases of Berry’s monochromatic random waves and the power law model
are studied in Subsections 6.2 and 6.3 respectively.
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2. The model

Consider a 3-dimensional Berry’s random waves model 1) : R3 — C given by

v(o) = [ explifia) dW|§|(k) re R, (2.1)

where (-, -) and |-| stand for the usual inner product and 2-norm in R? respectively.
Besides, Wiy is a (complete) complex-valued Gaussian random measure on R3 with
(real) control measure II, i.e. II is a positive non-atomic measure on R? satisfying

dWn(k) [ dWn(k) ) 11(dk)
E</A R A )‘2/,4m3 kP (22)

for any Borel sets A, B in R?. We further assume that

/ TI(dk)
T b
rs (K|

that TI(R3) < oo and that II(—A) = II(A) for any Borel set A C R3.

Actually, if Wiy = W} + iW2 with real independent Wﬂ (j = 1,2) then (2.2)
holds for WY, (j = 1,2) without 2 in the right-hand side factor.

As a consequence, the random field v is Gaussian, stationary, centered but not
necessarily isotropic. We denote by £ and 7 the real and imaginary parts of ¢, that
is ¥ = £+in. The random fields £ and 7 are independent and identically distributed
with common covariance function prescribed by

r@) = BEO0)E) =EmO)(), =R’
= exp(ick, %
= [ enliflen) S (23
dk)

§<|2 =1 yields r(0) = 1 and that

Note that the normalization f]Rg Hl

E(y(0)¢(x)) = 2r(x).
Furthermore, the condition II(R3) < co implies that 1, £, 1 are almost surely C2.

Using the vocabulary introduced in Estrade and Fournier (2020), £ and 7 are
random waves whose associated random wavevector admits Hli{d‘l;) as distribution.
In what follows, we will call IT the power spectrum although this word is usually
reserved to the isotropic framework. Indeed, the random wave 1) can be isotropic
or not according to the fact that the covariance function r(x) only depends on |z
or not, which only depends on the choice of II.

Let us look at the model in the isotropic case. We write k = pu with p > 0 and
u € S?, being S? the unitary sphere in R?. We consider the case where the image

of measure H‘g(d‘%;) through the change of variables k — (p,u) € RT x S? writes out

1" (dp) ® do(u), (2.4)

for some measure I1"%? defined on R and where do stands for the surface measure

on S?. The normalization on the power spectrum imposes that II"¢(RT) = .
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The covariance function is then given by

/R+ (/SZ eXp(ip|x|<u,e>)da(u)) "% (dp)

_ T SlIl(p|£E|) rad
— 4 /wiplx\ e (dp), (2.5)

r(z)

being e a fixed point in S2.

In view of (2.5), we recognize the covariance function involved in Berry and
Dennis model (Berry and Dennis, 2000). Note that our normalization on I17%¢
differs from (3.11) in Berry and Dennis (2000).

Some particular isotropic cases. In the following examples named as Examples 2.1,
2.2, 2.3 and 2.4, we assume that the power spectrum admits a density with respect
to Lebesgue measure and since we focus on isotropic examples we write it as f(].|).
Hence the two next identities will be in force

[ it an SO0 [ sintei)
i) = [ explitin) it ae—an [ S0 (o) dp

with normalization [, ﬁf(\kb dk =4n [, f(p)dp=1.

2.1. Bargmann-Fock model. Let us take f(p) = (2m)"3/2p2e /2, p € Rt as
spectral density. In this case,

r(z) = (2m)3/2 / exp(i(k.z)) e K2 g = e~ 1o*/2 4 € R3,
R3

Bp+1

2.2. Gamma type. Let us take f(p) = Tt PP e PP p € Rt with p a positive

integer and 8 some positive real constant. We remark that f(p) = % pv(p), where
~ is the probability density function of a I'(p, §)-distribution. We then write the
covariance function as

- B sin(p|x :i
)= [ sinola)) 3 (o) ap

o7 ImGilh).

where I'm stands for the imaginary part of any complex number and 7 stands for
the characteristic function of the distribution . Since ¥(t) = (1 — i%)*p , we get

r(z) = %(1 + |;|22)p S (e (P) F-G=1) g1,

1<j<p;jodd J

2.3. Black-Body radiation. The Black-Body model is prescribed by f(p) = cp’

er—17
being ¢ a convenient constant. According to Equation (6.8) in Berry and Dennis
(2000), see also Formula 2 in Section 3.911 of Gradshteyn and Ryzhik (2015),

c¢1 co|x| cosh(|z|)

") = TF T stun(la)?
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2.4. Power law model. Assume that f(p) = %p‘ﬂ Ito,1y(p) with 0 < 8 < 1. The
covariance function of this model is given by

|z|
r(z) = (1 - B) |zf~! / oV sinpdp, x € R®,
0

2.5. Berry’s monochromatic random waves model. Assume that the power spec-
trum IT is uniformly distributed on the two-dimensional sphere S2. For this isotropic
model, relation (2.4) holds with II"%¢ proportional to the Dirac mass at 1, i.e.
mred = ﬁél. Thus, the covariance function is given by

sin(|z|)

jz| 7

x € R3.

r(x) = sinc(|z|) =

3. Main results

The dislocation lines {z € R3 : |[¢(z)| = 0} have Hausdorff dimension one. For
any bounded domain @ in R?, we introduce

Z@Q) ={reQ : [¢(x)[ =0}, £(2(Q)) = length(Z2(Q)).

We now present our main results.

3.1. The expectation. Here @ is arbitrary but fixed.

Theorem 3.1. Let ¢ be defined as in (2.1) and assume that ' (0) is non degen-

erated. Let \;, i = 1,2,3 be the eigenvalues of the covariance matriz —r"'(0) and

D = diag(A1, A2, A3). Hence,
E(U(2(Q) = E[D”# (N A N')|vol(Q).

being (N, N') a standard normal random vector in RS and A the usual cross product
of vectors in R3.

VA1 A2 A3
2

Next, we specialize this result to the isotropic case and compare it with the
almost isotropic case.

Corollary 3.2. In the same conditions as above,
(i) f i = A =—r11(0), i =1,2,3, we have

B(U(2(Q)) = 2 vol(@) ;

(ii) for A > 0 fized, as max; |\; — A\| = 0, we have the following expansion
3

E(4(Z2(Q))) = %VOI(Q) <1 +(-1+ g\/X) Z()\z - A)) + O(miax A — AP%).

i=1
The proofs of Theorem 3.1 and Corollary 3.2 are postponed to Section 4. The
first item in the corollary is coherent with (3.14) in Berry and Dennis (2000) taking
into account that A = k3/3 in Berry and Dennis notation. Besides, we have
E|£'(0) A/ (0
E((2(Q) = SO LT Oy,
where £'(0) A 1’ (0) is the so-called vorticity, see (2.2) in Berry and Dennis (2000).
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3.2. Asymptotic variance and distribution. We restrict ourselves to the isotropic
case.

Theorem 3.3 and Proposition 3.5 below consider the case where the radial com-
ponent I1"%? of the power spectrum IT admits a density whereas in Proposition 3.4,
II"%? is an atom. Furthermore, they are concerned with two different types of be-
haviour at infinity of the covariance function. Theorem 3.3 and Proposition 3.4
lead to the same order of magnitude of the normalization term and to the same
limit distribution. Proposition 3.5 differs in both aspects.

Let

R(z) = max{|r(x)|, |7} ()], |7‘;’j(x)| 1 1<i4,5< 3} , r € R (3.1)
Theorem 3.3. Let ¢ be an isotropic Berry’s random wave defined as in (2.1) and
(2.4) such that TI"*¢ admits a density with respect to Lebesque measure. Assume

that R(x) — 0 whenever |x| — oo and that R € L*(R3). Finally, let Q,, = [-n,n]>.
Hence,

(i) there exists 0 <V < oo such that

i Va(UZQ)
nh—>néo VOl(Qn) B V’

(ii) as n — oo, the distribution of
vol(Qn)*/2
converges towards the centered normal distribution with variance V.

Theorem 3.3 includes Bargmann-Fock, Gamma type and Black-Body models (see
Examples 2.1, 2.2 and 2.3) as shown in Section 6.1.

Next proposition concerns Berry’s monochromatic model (see Example 2.5). We
stress that r, and hence R, is not square integrable on R® and Theorem 3.3 does
not apply. Nevertheless a similar CLT holds.

Proposition 3.4. Let 1) be the isotropic Berry’s random wave defined as in (2.1)
and (2.1) such that II"*% = L §,. Assume also that Q,, = [-n,n]>. Then,

Z
(i) there exists V € [0,400) such that lim Var(((Z(Qn))) =V;

n—oe vol(Qn)
(ii) as n — oo, the distribution of
U(Z(Qn)) —E((Z(Qn)))
vol(Qn)*/2
converges towards the centered normal distribution with variance V.

In the proof of this proposition, as for the proof of Theorem 3.3, we will de-
compose Var(¢(Z(Q,))) as the sum of the variances of the so called chaotic com-
ponents I (Qn) : ¢ > 1, see (5.4) below. Let us mention that, as observed in
the 2-dimensional case Nourdin et al. (2019), the normalized variance of the sec-
ond chaotic component tends to 0 as n — oco. In order to prove that V' > 0 one
can study the fourth chaotic component I4(Q,) as n — oo but the computations
become heavy.

In case that V' > 0 holds true, item () in Proposition 3.4 states that the variance
of the nodal length on the domain @, C R?® grows up to infinity with the same
order of magnitude as the volume of @Q,. We believe that the variances of the



On 3D Berry’s model 385

components I24(Qr) : ¢ > 2 are of the same order as n — oo. Let us recall that
in the 2-dimensional case the variance of the nodal length on a domain Q C R?
is asymptotically proportional to area(Q) log(area(Q)) as Q grows up to R? (see
Berry (2002); Nourdin et al. (2019)).

Finally, we consider the power law case (see Example 2.4). It follows that
r(z) ~ |z|~1 as * — oo. Hence, r ¢ L?(R?) and one cannot apply Theorem 3.3.
Nevertheless, for 0 < 8 < 1/4 an asymptotic behaviour can be established as stated
in the next proposition.

Proposition 3.5. Let 1 be the isotropic Berry’s random wave defined as in (2.1)
and (2.4) such that T1"%(dp) = %p‘ﬁ Ti0,1)(p) dp with parameter 3 € (0,1/4).
Assume also that Q, = [-n,n|3. Then,

Var(£(2(Qn)))

W) Yim SooyaeE =V € (0 Fo0)

.. ((2(Qn)) — E(U(Z(Qn))) S,

(il) as n — oo, vol(Q) (F+2)73 converges in distribution towards a
non-Gaussian distribution represented by the double Wiener integral (6.5)

below.

Note the unusual normalizing power of vol(Q,) in the first item of Proposi-
tion 3.5. Note also that a non-Gaussian limit is appearing in the second item,
which is in hard constrast with the preceeding examples.

While proving Proposition 3.5, we will show that the behaviour ¢(Z(Q,)) —
E(¢(Z(Qn))) is governed by its projection on the second Wiener chaos and that its
limit distribution belongs to this chaos. This fact gives the non-Gaussianity of the
limit distribution.

We end this section with some remarks.

Remark 3.6. Performing the isotropic space scaling = +— kz in R? for some x > 0
yields the next equivalence.

If 4 is an in Theorem 3.3 and if 9),; is defined as 1., = 1(k -) then, the distribution
of

length( 1 (0) N [-1,1]%) — E(length(y; ' (0) N [-1,1]%))
K1/2
converges as k tends to oo towards a centered normal distribution with some
variance V.

One can see this asymptotics either as an infill statistics statement since the
performed scaling is nothing but a zooming (see Canzani and Hanin, 2020), or as a
high energy statement (see Nourdin et al., 2019) since the second spectral moment
A Of ¥, is such that A\, = x?X and hence tends to +oc.

Remark 3.7. Most part of our analysis can be carried out similarly in higher di-
mension, but our motivation (Berry and Dennis, 2000; Dennis, 2007) and examples
are 3-dimensional. Equation (2.5) shall be adapted in higher dimension.

4. Expected nodal length

In this section we compute the mean length of the dislocation lines and prove
Theorem 3.1 and Corollary 3.2.

We need some further notations. For any = € R3, let Z(z) = (¢/(z),n'(z)) where
Z(z) is sometimes considered as a vector in R® and sometimes as a 2 x 3 matrix.



386 F. Dalmao, A. Estrade and J. R. Leon

We also denote
/ ! !
det J_Z ) = detj. < §1(x) 62(3") Eg(l‘) > ,
) Hi@) ) ()
where for any real matrix M, det - M stands for det(M M ). Routine computation
shows that
det - Z(x) = [¢'(2) A (2)]2. (4.1)
This equality is a particular case of the well known Binet-Cauchy formula.
The expectation of £(Z(Q)) is given by Rice formula,

E[((Z2(Q)] = /QE[(detLZ(ff))wlﬁ(ff)=77(90)=0]pg(m),n(m>(0,0)dff

— vol(@) - E[(det “2(0)"/],

where we have used stationarity and independence to get the second line as well as
the fact that £(0) and n(0) are independent standard Gaussian random variables.
Formula (4.1) gives

El(z(Q)] = 2L Bl 0) A (0] (1.2

Recall that Cov(£;(0),&7(0)) = Cov(n;(0),7;(0)) = —r{;(0). Without loss of gener-
ality (see Adler and Taylor, 2007) we only study the case where

A 00
—"(0)=|0 X 0|=D.
0 0 A

We write £/(0) = D2N and 7/(0) = D*N', being N and N’ two independent
N(0, I3) vectors. Then, using the following algebraic property of the cross product,

D3N AD?N' = (det D)D" 2 (N A N'),
it holds
E[((2(Q))] = vol(Q) E[D™%(N AN')|.

This proves Theorem 3.1. We now move to the corollary.

VA1 A2 A3
2

(1) If Ay = A2 = A3 = A, then D = AI5. Furthermore, from Azais et al. (2011) page
34, we know that E|N A N'| = 2, thus E[((Z(Q))] = vol(Q) 2.
(i7) Let A > 0 be fixed and consider A* = (A, A\, ), A = (A1, A2, A3) € R3.

Recall that Z(0) = (£'(0),7'(0)) ~ N(0,diag(A1, A2, As, A1, A2, Ag)). Then, from
(4.2) we have

vol(Q
Blz@) =52 [ [ nviowns)dvay
where pa(y) = (27)73/2(A AaAz) /2 e=3 2 (D7 ?u | Hence, for i = 1,2,3 we
get ) )
O (paly)) = ( ot Wy?) pa(y)
and so

2 4
ONE(E A s = —E(N AN + CE(IN AN'[(N:)*) = =2+ 2V,
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being (N, N’) a standard normal vector in R®. Taylor formula allows one to termi-
nate the proof of Corollary 3.2.

5. Hermite expansion and chaotic decomposition

In this section, we introduce preliminary materials that will be useful in the
sequel. It mainly deals with Hermite expansion which yields It6-Wiener’s standard
chaotic decomposition.

We introduce Hermite polynomials by Ho(x) = 1, Hy(z) = = for € R and for
n > 2 by

H,(x)=2H,—1(z) — (n —1)Hp_2(x), z€R.
They form a complete orthogonal system in L?(¢(dz)), being ¢ the standard normal

density function in R. More precisely, for standard normal X, Y with covariance p
it holds
E(H,(X)Hy(Y)) = bpap'p”, (5.1)
being d,, Kronecker’s delta function.
The multi-dimensional Hermite polynomials are tensorial products of their one-
dimensional versions. That is, for @ = (e;); € N™ and y = (y;); € R™,

Ha(y) = HHai (i)
i=1

In this case, Hermite polynomials form a complete orthogonal system of L2 (i, (dy))
being ¢,, the standard normal density function in R™. In other words, if f €
L?(¢m(dy)), then f can be written in the L2-sense as

f(y)zz Z faﬁa(y)7 y € R™,

q=0 aeN"™, |a|=q

with |a] =Y | a; and
Ja=— f(y)ga(y)‘)om(dy)y

with a! =[]~ ;.

We are now ready to state the Hermite expansion of the length of the zero set.
From now on, we restrict our model to the isotropic case and assume that the
second spectral moment A is positive.

Denote

£6) 7)Y

Let also co = ba, bay@(as,...,as) DEINg
1
= 7Ha
aly/ 2w

and G(ag,... ag) the Hermite coefficient of y € RS +— det *(y)

ba (0) (5.2)

1/2

Proposition 5.1. With the above notations, it holds in the L?-sense that
UZ(Q) - E(UZ(Q)) =AY I2(Q),

q>1
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where
B(Q = Y o[ Ha(T()is.
aeNS |a|=2q Q
The proof of this proposition is based on the following standard lemma.

Lemma 5.2. Consider a compactly supported positive even kernel h : R — R such
that [h = 1. Fore >0, let he(x) = Lh(x/e). Set he : R* — R by he(z,y) =
he(whely). Define
1 [ _
b= 5 [ Fele@ e (et * () 2

Hence, {. converge to {(Z(Q)) almost surely and in L*. Besides, {. admits the
Hermite (L?) expansion

=2y Y & / (Y (2))da, (5.3)
=1 €N8 || =2¢ Q

being cg, = b5, 05, Qas,....as) With (... as) as above and bS, the Hermite coefficients
of he.

Proof: We prove briefly the L? convergence.
Let us introduce the level sets

29(Q) ={z e R’ : ¥(2) =y},
for y € R? and denote its length by
((2¥(Q)) = length(Z2¥(Q)).

In the first place, the following second order Kac-Rice formula holds (see Azais
and Wschebor, 2009, Theorem 6.9).

E[((Z7(Q))i(2(Q))]

:/ E[(detLZ(xl)detlZ(%))% [V(21) =y1, Y (T2) = Y2 Py (1) 00 (20) (Y1, Y2 ) dT1d2o.
QxXQ

Moreover, the process ¢ (x) satisfies all the hypotheses of Theorem 4.1 of Azais and
Leon (2020) implying that these expressions are finite and continuous with respect
to the level variables y1,y2. Using the coarea formula we can write

le= | heWUZ(Q))dy = | h(u)t(Z°(Q))du.

R2 R2
In this manner we can compute

E[(((2(Q))) — £)°]
= /Q QE[(det LZ (1) det ~ Z(29)) 2 ¢ (21) = () = 01Dy (1) (0 (0, 0)day dzo
-2 h(wE[(det L Z(z1) det + Z(22)) 2 |¥(z1) = 09(z2) = cu
[ reEltdet 2w det 2w o) = 0(e) =
Py(ar) i) (0, w)dzrdwadu

+/ / h(ul)h(UQ)IE[(detJ‘Z(xl)detJ‘Z(xg))%|¢(x1) = EUuU1 1/)(.12) = 5’1142}
QxQ JR2xR2

Pop(a1), 0 (w2) (EUL, EU2)dT1dToduy dusy.
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The continuity quoted above yields that
E[(((2)(Q) — £)*] =0,
and the L? convergence follows. To obtain the expansion (5.3) one can proceed as
in Estrade and Leon (2016). O
Then Proposition 5.1 is obtained by taking limit when & — 0 in L2

The orthogonality of the chaotic decomposition given by Proposition 5.1 yields
the following expansion for the variance of the zero set length,

Var(£(2(Q))) = A* > Var(I24(Q)). (5.4)
q>1
We state a lemma concerning the asymptotic behaviour of this series as Q 1 R3.
Recall that function R is defined in (3.1).

Lemma 5.3. Let Q, = [-n,n]®. If the covariance function v is isotropic, if
R(z) — 0 as |z| — oo and R belongs to L*®(R3) for some positive integer qo,
then there exists Vaq, € [0,+00) such that

lim Zqzqo Var(fzq(Qn)) _ ‘/2(10.
n—00 vol(Qy,)
Proof: For simplicity, we normalize R as
()| | (@)l - }
R(z) = max < |r(x)], = , :1<4,5<35%. 5.5
() = maae { o), 0, T j 55)

The proof follows the same lines as that of Proposition 2.1 in Estrade and Leon
(2016) with minor modifications.
We only detail the part that needs to be adapted. For fixed ¢ > gy we write

Var(Ig(Qn)) =X ) cacp / vol(Qn N Qy — 2)E[Ha (Y (0)Hg (Y (2))] dz.
|o|=18]=2q R

Using Mehler’s formula (see Lemma 10.7 in Azais and Wschebor, 2009), we get the
next upper bound for any a and 3 in N® such that || = |3] = 2¢,

E[Ha(Y(0)Ha(Y(2)] = Y_ a8l ]
Aa,p 1<4,5<8

where Aq,g = {dij > 0:3,dij = a;,3;dij = B;}. Here we have used that
|Cov(Y;(0),Y;(z))| < R(z), for any z € R?,

v(Y; ()%
Co (Yl(si);!/j( ) <K, R(x)2q’

and that Z” di; = 2q. Thus, it follows that for any ¢ > qo, % has &
finite limit as n — oo.
The end of the proof is exactly as in Estrade and Leon (2016). O

In the sequel, the second chaotic component I5(Q) appears repeatedly. Hence,
we end this section analyzing it in detail.

In the next lemma, we do not assume any restrictive condition on the covariance
function r, except it is isotropic.

We denote by e; € N® the j-th canonical vector, that is, the vector all of whose
entries are zero but the j-th which is one.
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Lemma 5.4. With the previous notation and assuming r s isotropic, we have

B@ = Y ene [ Hou (@)

1<k<8
with cae, = —% for k=1,2 and cae, = é fork=3,....,8.
Moreover
1
Var(12(Q)) = = /R3 vol(Q NQ — z)Dr(x)dx, (5.6)
where the functional D is defined by
2 1<
Dr(x) = r(z)* — 3 Z(T;(l“))g toe (rfi(2))?, =z eR?
j=1 j,l=1
or equivalently, writing r(z) = v(|z|) for some map v : RT — R,
2 1 1
Dr(x) = v(|z|)* + ﬁ(m = 1)y'(J=])? + 9?7//032')2’ z e R (5.7)

Proof: From Proposition 5.1 we have

LQ =2 Y e /Q Hoio, F@)dz+ Y e, /Q Flae, (V(2))da

1<i<j<8 1<k<8
= 21V 4+ 1Y,

where we recall that cq = ba,ba,0(ay,...,a8)-

Let us first show that c., 1., = 0 for all 1 <4 < j < 8. This will imply that
12(1) = 0 and hence that I5(Q) = 2(2).

From Equation (5.2) it follows that by = 0. Thus, c, 4., = 0 for 7 < 2 and any
Jj >

Consider ¢ and j in {3,...,8} with ¢ < j and j — ¢ # 3. Then,

Gevie, = [ (et ) 2 ) s 0ol
= E(|(N3, Ny, Ns) A (Ng, N7,Ng)\NiNj),

for N = (Nj,...,Ng) standard normal random vector in R®. Denote by N’ =
(N%, ..., N§) the vector obtained from N replacing N; and N;43 by —N; and — N, 43
respectively. It is easy to check that | (N3, Ny, N5) A (Ng, N7, Ng)| = |(IV4, N, N2) A
(N§, N7, Ng)|. Since N and N’ are equally distributed, we have

Uepre; = E(|(Ng, N, NI A (N, Né,Ng)\N{NJ’-)
= E(|(Ns, Na, N5) A (No, Np, No) (NG ) = = e,

Thus, @, e, = Ce;e; = 0if i < j € {3,...,8} with j —i # 3. The same argument
but replacing N by N’ = (—N3, —N4, —N5, Ng, N7, Ng) yields ceyieq = Ceyter =
Cestes = 0.

Besides, the coefficients cg., in 12(2), k =1,...,8, can be obtained by routine
computations via a change to spherical coordinates.

Finally, we compute the variance of I5(Q). Note that in 152), the random vari-
ables corresponding to k € {1,3,4,5} are independent (and equally distributed) of
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those corresponding to k € {2,6,7,8}. Thus, we consider one of these two blocks.

Var(I- =2 Coe; Coe, E(H ?jsHY dsd
(1(Q)) jyle{%s} 2e,2 /M (Ho (Y (5)) Ha(Vo(2)))dsdt

=4 Z C2¢;C2e, / (EY;(s)Y(t))*dsdt
j,0€{1,3,4,5} QXQ

= 4/]1@3 vol(QNQ —z)( Z C2e;C2¢, (E

J,1€{1,3,4,5}

Y;(0)Y1(x))?)d,

where we have used (5.1) and the stationarity of Y (z). Since, the covariances
among the coordinates of Y (x) are the corresponding derivatives of r(x), the result
follows. O

6. Asymptotic variance and limit theorems

In this section, we prove the results of Section 3.2.

6.1. Square integrable case. We first prove Theorem 3.3 and we exhibit the exam-
ples afterwards.

Proof of Theorem 5.5. Let us assume that the conditions of Theorem 3.3 are
satisfied. In order to simplify notations, we write @ instead of Q,, = [-n,n]? and
Q 1 R3 instead of n — co. Note that the second spectral moment \ does not vanish
since it is equal to fR3(k1)2%dk, being f the spectral density.

(i) The upper bound for the asymptotic variance follows from Lemma 5.3 with
qo = 1. Thus, it remains to prove that the limit variance is strictly positive.

Recall that Proposition 5.1 yields
Var(£(2(Q)) = A D Var(Iz(Q)) = AVar(L2(Q)),

g1

and that Var(l24(Q)) is given by (5.6) in Lemma 5.4.
Since R € L%(R?) it follows that Dr € L*(R®). Thus, by Lebesgue’s dominated
convergence theorem,

Var(lo(Q)) 1
QlTrﬂrg3 TlQ) 7 e Dr(x)dx.

Denoting by f the density of II, Equation (2.3) now reads
. k
r(zx) :/ e“k””)f( )dk, z € R3.

Taking derivatives, we get
. k) e,y S (K)
)= [ ke I gy = —/ kjkye'ter) oL dk.
rj(x) /Rgz je e Ok rj}l(m) s e e
Hence, using Plancherel identity, we get

K2\ ? f(k)?
D?“(:c)d:z::/R3 (1—1—'3)\) fé{i dk > 0.

R3
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Statement (i) follows.

(i) From item (i), we know that

Var(((2(Q))) o | 124(Q) 00
T(@_ZV ( vol(Q)> G V2 < Hoo

Furthermore, in the same form as Proposition 2.1 in Estrade and Leon (2016), one

can prove that
1.
lim sup Z Var M =0
N=eoQers ;5% vol(Q)

Hence, to establish the CLT for ¢(Z(Q)), it is sufficient to prove the asymptotic
normality of each normalized component I5,(Q)/1/vol(Q) as Q T R3, see Peccati
and Taqgqu (2011, Th. 11.8.3). We do this in two steps.

q=0

Step 1: We translate the Hermite expansion obtained so far to the framework of
isonormal processes, see Peccati and Taqqu (2011, Ch.8) for the details.

Let H = Hy © Ho, with H; = L*(R3, Hli(d‘l;)), i = 1,2, endowed with the inner
product

<C D S, C/ D SI>'H — <C, c/>H1 + <S, Sl>7~l2 .
We also set IZ : H — L*(B) = LZ(W) by
Pe®s)= 1" (c) + 1" (s),
being W7 and W the real and the imaginary parts of W respectively. It follows
that
E(If(cads)IP(d ®s)) = (c®s,d @)y
Thus B is a Gaussian isonormal process. -

Now, let h; (k) = c;i.(k) @ si.(k) € H be such that Y;(z) = I (h;.(k)),
i=1,...,8. For instance, since Y;(z) = £(x), we have hy ,(k) = c1 2 (k) @ s1..(k)
e () (c )
cos(k -z sin(k - z
c1zk) = —7F -

K| K|

Let hi (k) ® hjy(K') = (ciz @ ¢jy(k, K')) @ (si2 ® s5,(k,k’)). By definition of

the 2¢-folded multiple Wiener integral with respect to B, we get

and s1,(k) =

8
Ho(Y (@) = [ [ Ha: (Yi(2)) = I3y (@31 15%)
i=1

where |a| = 2¢ and ®F_, A% = ®@F_ b, (K) stands for the tensorial products of
the kernels h; , for K = (ky,..., ko) € (R?)?%.
Therefore,
Ing(Q) = Iz (924) ,
with
)= 3 o [ oL
Q

o ENB, o] =2¢

Step 2: Once that I5,(Q) has been written as a multiple integral, thanks to the
fourth moment Theorem (Nourdin and Peccati, 2012, Th. 6.3.1), to establish its
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asymptotic normality, it suffices to prove that the 2-norms of the so-called contrac-
tions of the normalized kernels tend to 0.

Remark 6.1. There are other ways of proving the asymptotic normality of a se-
quence of random variables living in a fixed chaos, see Nourdin and Peccati (2012);
Peccati and Taqqu (2011) for details. We choose contractions since the computa-
tions are straightforward in the present case.

Let us recall that for p € N, symmetric f,g € H®P and 1 < n < p, the n-th
contraction is defined as

o0

F®ng= Y (fren® - ®ei)pon ® (g6 @ ®ei)yon,

i1yeein=1

being {e; }; a complete orthogonal system in H. The definition does not depend on
the choice of the basis {e;};. Since each covariance is bounded by R, in order to
avoid messy notations we do not symmetrize the kernels in the next lines.

Note that in the case that f = ®"_, f; and g = ®”_, g;, then

n

fong=]] 9y (®f fi® ®2£p2’,‘l+1gl) . (6.1)

i=1

In our case, p = 2¢ and

92 ®n G2 = > Calal / (@5 b @, @5 01, ) dada’.
QxQ

le|=|a’|=29

Besides, from (6.1) we see that the contraction in the last integral yields n in-
ner products (using n kernels with o and n kernels with 2’) that, since I is an
isonormal process, equal the covariances of the corresponding elements of Y (z) and
Y (2'). For instance, (h1,q, h12r)y, = E(E(2)E(2")) = r(z—2'). and (h1z, ks o)y =
E(&(x)&1(2")) = r{(x — '), etc. Furthermore, it remains "un-used’ 2¢ — n kernels of
z and 2g — n of 2.

Recall that R(z) — 0 as |x| — oo and that R € L?(R?).

Taking H*9~2" norms and using the fact that all the covariances of Y are bounded
by R, we get

2

92q 92q
\/VO] \/VO]
N NP, o\ P29 2q—n ! N dxdx dudy’

_VOI(Q) /4R(x 2 )R"(y —y )R " (z —y) ™" (2" — y)dadz'dydy’,

where C, is some constant which takes into account the coeflicients co and the
number of terms in the sums.

Now, we make the isometric change of variables (uy,uz,us,us) — (z — ',y —
v, z—y,x'). Next, we enlarge the domain of integration to @ so that it includes the
image of Q* under the change of variables and vol(Q) = cvol(Q) for some constant
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c. Hence, we get

2

|| 92q 92q

\/VOI(Q) " \/VOI(Q)

C
= vol(é))2 /~4 R™(u1) R™(ug) R**" (ug) R**" (ug + ug — w1 )duydugduzdu
C
= vol(qQ) /@ Rn(ul)Rn(UQ)RQq_n(US)RQq_n(Uz + ug — up)duy dugdus.

If 1 <n<2g—1 (thus ¢ > 1), since R € L? it follows that the contractions tend
to 0.

Now, assume that n = 1 and ¢ = 1 which is the most difficult case. By Cauchy-
Schwarz, for fixed uz and uq, f@ R(u2)R(us + ug — uy)dug is bounded. Hence, it
suffices to prove that as @ 1 R?

1
NC0) /Q B

To see this, take Q/, C @, such that @/, 1 R? with vol(Q’,) = o(y/vol(Q,,)). Thus

u)du — 0. (6.2)

1 1

_— Ru)du = —— R(u)du + o(1

\/Vou—Qn)/ e = G / g, ol
 vol(Qu\ @4) e
B vol(Qr) /Qn\QgL R )VOI(Qn\Q;z) +oll)

1/2
vollQu\ Q) T
vol(@n) [/Qn\Q’nR( ! ety
1/2

< R?(u)du o(1 n 0,
_[/W (udu|  +o(1) =

where the first inequality is due to Jensen’s inequality. Hence, (6.2) follows. The
remaining cases are similar and easier.

Hence,
2
924 9249
n —~Q1R3 0.
V/vol(Q) V/vol(Q)
This completes the proof of the CLT assertion in Theorem 3.3. O

In order to illustrate the results, we end this section by giving three examples of
random waves models that enter in the square integrable case.

Bargmann-Fock model. (see Example 2.1) Here r(z) = e~12*/2_ Since the
covariance function as well as all its derivatives belong to all LP(R3), Theorem 3.3
applies.

Gamma type. (see Example 2.2) For § > 0 and p € N, we have

r(z) = %(1 + ';f)_p Y (-puv (?) B0 |z,

1<j<p:4 odd J
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Concerning integrability properties of 7, we note that as |z| — oo,

Ir(x)| ~ |z| =PtV if pisodd ; ~ |z|~P+?) if p is even,
where we denote f(z) ~ g(z) for the existence of a positive constant ¢ such
o) — ¢ In the same vein, for odd p, |r'(z)| ~ |z|~®*2) and
g(z)
1" (z)| = |z|~®*+3) whereas for even p, |r'(z)| = |z|~®*+3) and | (z)| ~ |z|~@+4),
Hence, for p > 1, it is clear that r and its derivatives belong to L?(R?) and Theo-
rem 3.3 again applies.

that lim|m|_>oo

Black-Body radiation. (see Example 2.3) We have

_ & cofz[cosh(]z])
r(z) = 22~ sinh([z])?

This implies that 7 and its derivatives are in L?(R?) and Theorem 3.3 once more
applies.

6.2. Berry’s monochromatic random waves model. (see Example 2.5) In this sub-
section we prove Proposition 3.4.

Proof: (i) We write Q,, = {nz : = € @1} and
vol(Q, N (Qy — ) vol(Q1 N (Q1 — Tflm)) 1

- = c(n'a),

vol(Qy,) vol(Q1)

vol(Q1n@:—y)
vol(Qi)
Then, on the one hand, by Lemma 5.4

Var(13(Qr)) 1 / . 4 . )
—_— = = Dr(z)de = — C D d 6.3
o= [Py =2 [ corpD@tdn (63)
where we have changed to polar coordinates and have set Dr(xz) = D(]z|) and
C(p) = &= Js» c(pu)do(u). Let us remark that C is compactly supported and that
C(0) =1.

On the other hand, since A = 1/3 in that case, one can write from (5.7)

D(y)y* = —2cos(2y) + 4sin(y2y) +6F(y), (6.4)

where ¢ : y € R3 — c(y) = is continuous and compactly supported.

where

1 sin(2y sin?(y
Fly) = — (cos(zy) - 20 4 S,
is an integrable function on RT. We now use (6.4) to split the integral in r.h.s. of
(6.3) into three terms:

e Integrating twice by parts the first term yields
1
-2 [ C(n'y) cos(2y) dy = —(C'(0) +/ cos(2ny) C"(y) dy) — 0,
R+ n R+ n—oo
where we have used that €’ and C” are compactly supported.

2 sin(y)
Yy

e For the second term, writing as the Fourier transform of the indicator

function of [—1, 1] and using Parseval identity, one can prove that

in(2
4 / oty 3B 0 4e0)T = 2n,
R+ Y

n— o0 2
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e We use Lebesgue dominated convergence theorem to get the limit of the
last term as n goes to oc:

Cin~'y) Fly)dy — | Fly)dy:=J,
Rt Rt
where a tricky integration by part allows one to get that J = —%.
Finally, we conclude that
-1 2 T
C(n~ " p)D(p)p*dp — 0427 —6- =0.
R+ n—oo 3

and hence Part (¢) of Proposition 3.4, is now established.

(79) Let us remark that R(x) behaves like 1/|x| as |z| — oo, so that R(z) — 0
and R belongs to L*(R3). Hence, thanks to Lemma 5.3, we get

Dgz2 Var(lzg(Qn))
lim =0 = .
Jim ol(0n) Vi €0, +00)
Since Var(£(Z2(Q)) = >_ > Var(I24(Q)), applying (i), we get that 7\/&\%5%3’*)) —

V4 < 4o00. In order to prove the CLT result, we use a similar procedure as for
the proof of item (ii) of Theorem 3.3. The difference relies on the fact that the
second component I5(Q) in the chaotic expansion of £(Z(Q)) is now negligible with

espect to y/vol so we must only consider the contractions —=224 924
resp vol(Q), so we must only consider ntraction Jvolo On Jvolo

as above for ¢ > 1. Since R belongs to L*(R?), the same arguments allow us to
conclude. (|

6.3. Power law model. (see Example 2.4) In this subsection we prove Proposi-
tion 3.5.

Proof: (i) Since r(x) ~ |z|®~!, we have that Dr(z) ~ |z|?72. So, we get for
B(0,n) the Euclidean ball in R3, JB(0.m) Pr(@)dz ~ n?#+1 and hence Lemma 5.4
yields

Var(I3(B(0,n))) ~ (vol(B(0,1n))2#+9/3 n 5 4.

Replacing the ball B(0,n) by the rectangle [—n,n]? does not change the order of
magnitude.
(i) We now deal with the asymptotic distribution.

On the one hand, since 0 < 3 < 1/4, one has R € L*(R?) and Lemma 5.3 does

Var(zqzz I2q(Qn))
vol(Q,)@8+4)/3
distribution limit of the normalized length, only the second chaotic component is

relevant.

On the other hand, by Lemma 5.4, I5(Q,,) is equal to the sum of two independent
random variables with the same distribution. So we only consider one of these
terms, namely 35, 5 45 e, [o, Hoe, (Y (2))da.

Thus, the first addend is constructed by using

€lo) = [ e VKD W k)

tends to 0 and hence, in view of the

apply with gg = 2. Then,
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being W a standard complex Brownian noise. In particular

Mo(e(e) = [ <R R AR g e W 09 ().

Considering the derivatives of £, which can be written as
: 1
) =i [ e TR W0, = 1.2.3
R3

we get

53(30) 7_1 6i<:r,k+k'> 1 m_o- ’
)= . R /ORI AR WV () (1),

A k| Ik’l
Introducing the notation

Ho(

1
kkK)=-—— k;k (kD) f(k’
gl ) = (1 3AZ PR ) e

the term of our interest is

BQ = [ [ e gl aw(gaw () ds

— / ( / I <TRTK> ) g(k, K') dW (k)dW (K')
R3 xR3 n

3
_ / SnSHSinc(n(kj—i-k;)) gk, ) dW (K)dW (k')
R3xR3

k /
= k’) dW (k)dW (K
/Rsx]RSSHSlnC o+ (n ) W (k)W (k),

j=1

where the change of variable (k, k') — (nk, nk’) as well as the usual scaling property
for Brownian measure allowed us to obtain the last identity.
Then, keeping in mind that f(p) = %p*B I10,1)(p), we have

k k' 1-p
—(2+8) (7 7) N Pk DN-8/2,
g2, 2) o (KK
Hence, Theorem 1’ of Dobrushin and Major (1979) yields the convergence in dis-
tribution of n~ A 1,(Q,) towards

3
1 —
— s / H sinc(k; + k;-)(\k||k'|)’175/2dW(k)dW(k’). (6.5)
R3 xR3 1
This concludes the proof. ([l
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