ASYMPTOTIC DISTRIBUTION OF NODAL INTERSECTIONS FOR
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ABSTRACT. We study the nodal intersections number of random Gaussian toral Laplace
eigenfunctions (“arithmetic random waves”) against a fixed smooth reference curve. The
expected intersection number is proportional to the the square root of the eigenvalue
times the length of curve, independent of its geometry. The asymptotic behaviour of the
variance was addressed by Rudnick-Wigman; they found a precise asymptotic law for
“generic” curves with nowhere vanishing curvature, depending on both its geometry and
the angular distribution of lattice points lying on circles corresponding to the Laplace
eigenvalue. They also discovered that there exist peculiar “static” curves, with variance of
smaller order of magnitude, though did not prescribe what the true asymptotic behaviour
is in this case.

In this paper we study the finer aspects of the limit distribution of the nodal intersec-
tions number. For “generic” curves we prove the Central Limit Theorem (at least, for
“most” of the energies). For the aforementioned static curves we establish a non-Gaussian
limit theorem for the distribution of nodal intersections, and on the way find the true
asymptotic behaviour of their fluctuations, under the well-separatedness assumption on
the corresponding lattice points, satisfied by most of the eigenvalues.
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1. INTRODUCTION AND MAIN RESULTS

1.1. Toral nodal intersections. Let T = R?/Z? be the two-dimensional standard torus
and A the Laplacian on T. It is well-known that the eigenvalues of —A (“energy levels”)
are all the number of the form E, = 47?n where n is an integer expressible as a sum of
two squares

neS:={a+b: a, bell}
Given a number n € S we denote

Ap={A=(A, ) €Z%: NP =X+ A2 =n}

to be the collection of lattice points lying on the radius-\/n centred circle in R?; the
eigenspace of —A corresponding to FE, then admits the orthonormal basis

{6)\<£If) — €i27r<)\,:r>})\€An 7

x = (x1,29) € T. Equivalently, we may express every (complex-valued) function T,
satisfying
AT, + E, T, =0

Date: February 16, 2017.
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as a linear combination

1
(1.1) To(z) == > axe(x)
v N AEA,
(the meaning of the normalizing constant on the r.h.s. of (1.1) will clear in §1.2); T, is
real-valued if and only if for every A € A,, we have

(12) a_y = a_,\

From now on, we assume 7, in (1.1) to be real-valued. The nodal line of T,, is the zero set
T71(0); under some generic assumptions 7, 1(0) is a smooth curve. Given a fixed reference
curve C C T one is interested in the number Z¢(7},) of nodal intersection, i.e. the number
of intersections of T)71(0) with C; one expects that for n sufficiently big Z¢(T;,) is finite,
and it is believed that their number should be commensurable with /n. That it is indeed
so was verified by Bourgain and Rudnick [BR12] for C with nowhere vanishing curvature;

they showed that in this case
(1.3) n/?W <« Z.(T,) < /n,
and go rid of the o(1) in the exponent of the lower bound for “most” n [BR15].

1.2. Nodal intersections for arithmetic random waves. We endow the linear space
(1.1) with a Gaussian probability measure by taking the coefficients ay in (1.1) random
variables. Namely, we assume that the a) are standard complex-Gaussian i.i.d. save to
(1.2), all defined on the same probability space; equivalently, T, is a real-valued centered
Gaussian field on T with covariance function

(1.4) ro(z,y) = E[To(x) - Tu(y)] = Ai/ S cos(2n (), x — ).
™ AeAn
The random fields T}, are the “arithmetic random waves” [ORW, KKW13, MPRW16]; by
(1.4) above, T}, are unit variance and stationary, and by the standard abuse of notation
we may denote
Tn(x - y) = Tn(xay)'

Given a smooth (finite) length-L curve C C T? we define Z, = Z¢(T,) to be the
number of nodal intersections of T,, against C; it is a (a.s. finite [RW14]) random variable
whose distribution is the primary focus of this paper. Rudnick and Wigman [RW14] have
computed its expected number to be

VE,
™2

independent of the geometry of C, and also studied the asymptotic behaviour of the
variance of Z, for large values of n; in order to be able to exhibit their results we require
some number theoretic preliminaries. First, denote A,, = |A,| to be the number of lattice
points lying on the radius-/n circle. While on one hand, along n € S the number N,
grows [Lan08] on average as cgy, - v/logn with cgr, > 0 the Ramanujan-Landau constant,
on the other hand N, is subject to large and erratic fluctuations; for example for the
(thin) sequence of primes p = 1 mod 4 the corresponding N, = 8 does not grow at all.
From this point on we will assume that N,, — oo (also holding for density-1 sequence
{n} C S); it is also easy to derive the bound

(1.6) N, = O(n°W).

(1.5) E[Z,] = L




NODAL INTERSECTIONS 3

We will also need to consider the angular distribution of A,,; to this end we define the
probability measures

(1.7) fin = N > v

AEA,

n € S, on the unit circle S € R2. It is well-known that for a density-1 subsequence
{n;} C S the corresponding lattice points A, are asymptotically equidistributed in the
sense that the corresponding measures are weak-* convergent

do

1. N
(1.8) Hny = 5

to the uniform measure on S'. To the other extreme, there exists [Cil93] a (thin) sequence
{n;} C S with angles all concentrated around +1, i

1
Hny = (041 + 0+4)

(thinking of S' C C), and the other partial weak-* limits were partially classified [KKW13,
KW16].

Back to the variance of Z,, let v : [0, L] — T be the arc-length parametrization of C.
Rudnick and Wigman [RW14, Theorem 1.1] found that'

(1.9) Var(2,) = (4Bc(A,) — L?) - /\_fn L0 (/\/3/2) |
where

/ /L 1 AZ <|A|’”1 > <|—i|,7(t2)>2 dtydts
(1.10) €hn

_ / / [ (0.3 6.5(02)" da(O)itidrs

4Be(Ay,) — L?
fluctuates [RW14, §7] in the interval [0, L?] depending on both the angular distribution of
the lattice points A,, and the geometry of C. One may also define B¢ (u) for any probability
measure g on S* with p in place of 1, on the r.h.s. of (1.10).
In order for the variance (1.9) to observe an asymptotic law we need to split S into
sequences {n;} C S with corresponding A, admitting limit angular law. That is, yu,, = u
for some p probability measure on S'; in thls case

BC(An]‘) = BC(M’VZ]) — BC(,U),
so that if Be(p) > L?/4, in this case (1.9) is

The leading term

Var(Z,,) ~ (4Be() — L?)A%.

1Initiadly under another technical assumption, subsequently lifted in [RWY15].
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Rudnick and Wigman [RW14] observed that there exist “special” curves (see Definition
1 in §1.3) for which
L2
BC(ILL) = Z:
so that the leading term vanishes irrespective of the limit measure (though under a very
restrictive scenario it might still vanish for other curves); for these (1.9) gives no clue as
of what is the true behaviour of Var(Z,) other than that it is of lower order of magnitude

than the “typical” n/N,,.

1.3. Statement of main results: limiting laws for Z,. Our two principal results be-
low concern the limit laws for Z,,. Theorem 1.1 asserts the Central Limit Theorem for Z,,,
under the “generic” scenario that the leading terms of the variance in (1.9) are bounded
away from zero. Indeed, if we assume that the lattice points A,, are equidistributed (i.e.
the generic assumption (1.8) on the energy levels), then the assumptions of Theorem
1.1 hold for generic curves [RW14, Corollary 7.2], also see the discussion in §1.4 below.
Theorem 1.3 investigates the peculiar alternative situation (the slightly more restrictive
aforementioned “static” curves) with a non-Gaussian limit law, and among other things
determines the true (lower order) asymptotic law of the variance (1.9) in the latter case.

Conventions. The notation —¢ means convergence in distribution of random variables,
=% denotes equality in law between two random variables or random fields, and N (m, o2)
is the Gaussian distribution with mean m and variance 0. Throughout this manuscript
we will assume that C C T is a given (fixed) curve of length L, and v : [0,L] — T an
arc-length parametrization of C.

First we formulate the Central Limit Theorem holding under “generic” assumptions.

Theorem 1.1. Let C C T be a smooth curve on the torus with nowhere zero curvature of
total length L, and {n} C S such that N,, — 400, and {4Bc(u,) — L*} is bounded away
from zero. Then the limiting distribution of the nodal intersections number is Gaussian,
1.€.
Z,—E[Z,] 4
—
Var(Z,)
where Z ~ N(0,1).

Next investigate the (non-generic) situation when the variance is of lower order. In
order to formulate Theorem 1.3 we will have to restrict C to be static (Definition 1), and
the sequence {n} C S to be d-separated (Definition 2).

Definition 1 (Static curves). A smooth curve C C T with nowhere zero curvature is called
static if for every probability measure ji on S*

(1.11) 4Be(p) — L* = 0.

For example, any semi-circle or circle are static [RW14, §7.2]. In Appendix F we
show that any smooth curve with nowhere vanishing curvature and invariant under some
nontrivial rotation of finite order, is static. We thank D. Panov for pointing this out.

Definition 2 (d-separated sequences). Let 6 > 0. A sequence {n} C S of energy levels
is 0-separated if

(1.12) min [|A — N[ > n!/4,
AEN €A,
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Bourgain and Rudnick [BR11, Lemma 5] showed that “most” n satisfy the d-separatedness
property for every 0 < § < i' In fact they have a strong quantitative estimate on the num-
ber of the exceptions; a precise estimate on these was established more recently [GW16].

Now we introduce some more notation.
Notation 1.2. (1) Fort e [0,L] set
1 [t 1 [t
F0 =310 — [ @ du= =507 + 1 [ Gau du,
0 0

(1.13) L

1

mw:m@wm—iémwmme

(2) For a probability measure u on S' define

(1.14) A4u>:1lhél(ALw«wwV-wcv@»%ﬁ)zmwwmway

(3) Also define the random variable
1
()2 = 1) + as(1)(Z3 = 1) + a3(1) 21 2s) ,
16AC<,U>—L2( 1(p)(Z1 ) o (1) (Z5 ) s(p) 2y 2)

with Z1, Zy i.1.d. standard Gaussian random variables and
L L
) =204 000) [ S0P o) =20-7) [ Fe2a
0 0
L
oulu) = AT [ f(tyg(0 at,
0

where

(1.15) M(p) =

(1.16)

) = [ =t du(s)
St
1s the 4th Fourier coefficient of p.

We are now in a position to formulate our second principal theorem.

Theorem 1.3. Let C C T be a static curve of length L, and {n} C S a d-separated
sequence of energies such that N, — +00.

(1) The variance of Z,, is asymptotic to

n
= (16Ac(n) — L?) - (1 + 0(1)),

with the leading term 16 Ac(u,) — L* bounded away from zero.
(2) There exists a coupling of the random variables Z,, and M(p,,) (defined in (1.15)),

(1.17) Var(Z,)

such that
Z,—E|Z,
Var(Z,)
and
Z, —E[Z,]

— M) — 0, .S.
Var(Z,) (1) “
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In the particular case of C a full circle, and p, = df/2m, Theorem 1.3 yields the
following via a routine computation:

Example 1.4. Let C C T be a full circle of total length L, let {n} C S be a §-separated se-
quence such that N, — +o00 and i, = %, then for the variance of the nodal intersections

number we have
L?> n
Z) ~ o
Var (2n) ~ 55 372

and the limiting distribution is
Z, —E[Z,] 4 Z:+ 732
Var(Z,) 2
where Zy, Zy are i.i.d. standard Gaussian random variables.

1.4. Discussion. Given a length-L toral curve C and its arc-length parametrization
v:[0,L] - T

we may [RW14, §7.3] associate a complex number /() € C in the following way. For
every t € [0, L] let ¢(t) € [0, 27| be the argument of 4(¢), where (t) is viewed as a (unit
modulus) complex number, i.e.

i(t) = e

we then set
L
I(7) := /e2i¢(t)dt.
0

It was shown [RW14, Corollary 7.2] that C is static if and only if I(y) = 0.
Conversely, if both the imaginary and real parts

(1.18) (7)), R(I(7)) # 0

of I(7) do not vanish, then [RW14, Corollary 7.2] show that 4B¢(u) — L? is bounded
away from zero for all probability measures p on S' invariant w.r.t. rotation by 5 and
complex conjugation. Hence in this case the assumptions of Theorem 1.1 are satisfied for
the full sequence n € S of energy levels. The condition (1.18) is a generic condition on C
understood, for example, in the sense of prevalence, see” e.g. [OY, §6] (see also Example
3.6) and references therein; hence the scenario described by Theorem 1.1 is “generic”, also
including almost all energy levels for all not static curves.
The two only remaining cases not covered by theorems 1.1 and 1.3 are then:

(1) We have R(I()) = 0, S(I(y)) # 0 and the lattice points corresponding to the
subsequence {n} C S converge to

1
P = 1 (041 + d014)
the Cilleruelo measure.

2We wish to thank Michael Benedicks for pointing out [OY] to us.



NODAL INTERSECTIONS 7

(2) We have R(I(7)) # 0, S(I(y)) = 0 and the lattice points corresponding to the
subsequence {n} C S converge to

1
M = Z5w/4 * (041 + 044)

the tilted Cilleruelo measure, i.e. Cilleruelo measure rotated by 7.

In order to analyse either of these scenarios one needs to understand which of the terms

/\% - (4Be — L?)

leading term of the 2nd chaotic projection, see (4.5)) or +% (the order of magnitude of the
N,

next term) is dominant by order of magnitude, knowing that in this situation 4B; — L?
vanishes asymptotically, at least under the d-separatedness assumption. Equivalently,
whether 4Be — L? vanishes more rapidly than /\%; this would most certainly involve
the rate of convergence of p,, and it is plausible that one can construct sequences {n}
observing both kinds of behaviour.
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the proof of Lemma D.1, and also his comments on an earlier version of this manuscript.
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lowed us to include it in the paper. It is a pleasure to thank Michael Benedicks, Péar
Kurlberg and Domenico Marinucci for their comments on an earlier version of this man-
uscript. M.R. would like to heartily thank the Department of Mathematics at King’s
College London for its warm hospitality.
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search Council under the European Union’s Seventh Framework Programme (FP7,/2007-
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(STARS) at University of Luxembourg (M.R.).

2. OUTLINE OF THE PAPER

2.1. On the proof of the main results. The proofs of theorems 1.1 and 1.3 are based
on the chaotic expansion for the nodal intersections number (see §2.2). We first consider
a unit speed parametrization of the curve v : [0, L] — C, and set

(2.1) fo:[0,L] = R; t— Th(v(1)).

The map f, in (2.1) defines a (non-stationary) centered Gaussian process on [0, L] with
covariance function

(2.2) rp(ty, ta) := Cov(fn(t1), fu(ta)) = ./\i/’ Z cos(2m (N, y(t1)—7(t2))), ti,t2 €0, L],

"™ XeAn

see (1.4). The number Z,, of nodal intersections of T,, against C equals to the number of
zero crossings of f, in the interval [0, L], and we can formally write

(2.3) Z, = / I AIACIE

where g is the Dirac delta function.
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The random variable Z,, in (2.3) admits the Wiener-Ito chaotic expansion (see §2.2) of
the form

(2.4) 2. =) Zi[2d),

where the above series converges in the space L?(IP) of random variables with finite vari-
ance. In particular, the random variables Z,[2q|, Z,[2¢] are orthogonal (uncorrelated)
for ¢ # ¢/, and Z,[0] = E[Z,].

Evaluating the second chaotic projection Z,[2] yields that, under the assumptions in
Theorem 1.1, the variance of the total number Z,, of nodal intersections is asymptotic to
the variance of Z,[2], both being asymptotic to (1.9). The latter and the orthogonality
of the Wiener chaoses imply that the distribution of Z,[2] dominates the series on the
r.h.s. of (2.4), and a Central Limit Theorem result for Z,[2] allows to infer the statement
of Theorem 1.1.

Assume now that the curve C is static (Definition 1). The leading term in (1.9) vanishes,
and we are left only with an upper bound for the variance of Z,. To obtain its precise
asymptotics we need to inspect the proof of the approximate Kac-Rice formula [RW14,
Proposition 1.3], and obtain one more term in the expansion (see §5). The main difficulty
is how to control “off-diagonal” terms coming from the fourth moment of r, and specifically
the quantity

1 1
2.5 — .
(2:5) N2 Amgmm A1+ A + A + A
A1+A2+A3+ 1 #0
We will use some properties of the d-separated sequences of energy levels (Definition 2)
to show that the Lh.s. of (2.5) is o(1) (see Lemma 5.2), and then prove (1.17).

It turns out that the leading term in the chaotic expansion (2.4) is no longer the
projection onto the second chaos, but the projection Z,[4] onto the fourth chaos. A
precise analysis of the latter allows to get its asymptotic (non-Gaussian) distribution in
(1.15), thus concluding the proof of Theorem 1.3 by a standard application of [Dud02,
Theorem 11.7.1].

2.2. Chaos expansion. In this section we compute the chaotic expansion (2.4) for the
nodal intersections number Z,. The reader can refer to [NP12] for a complete discussion

on Wiener-Ito chaos expansions.
Recall the definition (2.1) of the random process f, and the formal expression (2.3).
Note that for every ¢ € [0, L]

Fu(t) = (VTL(y(1)), 3(1)),

where VT, denotes the gradient of T, and ¥ the first derivative of v. We have [RW14,
Lemma 1.1] that

(2.6) Var(f!(t)) = 2m%n =: a.

We can then rewrite (2.3) as

2.7) Z, = V2rn / ol fa(t)I P ()] d,
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where 10
at) = 25

As f, is a unit variance process, for every t € [0, L], f,.(t) and f/(¢) are independent

(see e.g. [RW14, Lemma 2.2]), and so are f,(t) and f/(t). Hence [KLI7, Lemma 2] we
have the chaotic expansion (2.4) for (2.7)

t €0, L].

400 oo q L _
(2.8) Z, =) Z.2q =V2rn) ) b2q—2ea2f/ Haq20(fu (1)) Hae( £, (1)) d,
pry q=0 (=0 0
where {Hy,k =0,1,...} denotes the Hermite polynomials [Sze75, §5.5],
1
2.9 bog_o0 := Hy, 50(0
(2.9) 2am2t (2q — 20)!\/2m 2q-2¢(0)

are the coefficients of the (formal) chaotic expansion of the Dirac mass dy, and

2 (—1)
. = - >
(210 “ \/;2%!(26 120

are the chaotic coefficients of the absolute value | - |. In particular from (2.8) we have for
q=0

1) Z,[20) = V3RS b [ Hagead o) To(0)

2.3. Plan of the paper. In §3 we will state a few key propositions instrumental in prov-
ing theorems 1.1 and 1.3, in particular, concerning Z,[2] in (2.11) for “generic” curves
(Theorem 1.1), and Z,[4], and also the approximate Kac-Rice formula for static curves
(Theorem 1.3). In §4 we will then investigate the second chaotic component for “generic”
curves, whereas in §6 the fourth one in the case of static curves. The proof of the ap-
proximate Kac-Rice formula for the variance of the number of nodal intersections against
static curves will be given in §5.

In the Appendix we will collect some technical results (concerning chaotic components,
approximate Kac-Rice formula and bounds for certain summations over lattice points
such as (2.5)) and, in particular, in §F a family of static curves will be constructed.

3. PROOFS OF THE MAIN RESULTS

The zeroth term in the chaos expansion (2.8) of Z, is given by the following lemma (cf.
(1.5)).
Lemma 3.1. For everyn € S,
_VE,
2
Proof. From (2.9), (2.10) and (2.11) we have, for ¢ = 0,

1 2 VE
Z,10l = v2m2nbya L:\/27r2n—\/jL:\/2nL: °L.
0] 00 V2r Vo 7r\/§

(3.1) 2,[0] L.
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3.1. Proof of Theorem 1.1. To prove Theorem 1.1, we first need to study the asymp-
totic variance of the second chaotic component Z,[2].

Proposition 3.2. Let C C T be a smooth curve on the torus with nowhere zero curvature,
of total length L, and {n} C S such that N,, — +o0, and {4Bc(u,)— L*} is bounded away
from zero. Then

Var(Z,,) ~ Var(Z,[2]),
i.e. the variance of Z,[2] is asymptotic to the variance (1.9) of the nodal intersections

n-

In light of Proposition 3.2 to be proven in §4, we are to study the asymptotic distribution
of the second chaotic component.

Proposition 3.3. Let C C T be a smooth curve on the torus with nowhere zero curvature,
of total length L, and {n} C S such that N;, — +o0, and {4Bc(u,) — L*} is bounded away
from zero. Then
Z,[2] d
i _>
Var(Z,[2])
where Z ~ N(0,1).

Proposition 3.3 will be proven in §4. We are in a position to prove our first main result.
Proof of Theorem 1.1 assuming propositions 3.2 and 3.3. By (2.8) we write
Z,

WZW

Thanks to Proposition 3.2 and the orthogonality of Wiener chaoses we have, as N,, — oo,
Z, - E[Z,] Z,[2]

v/ Var(Z,) B V/ Var(Z,[2

where op(1) denotes a sequence of random variables converging to zero in probability.
In particular, the distribution of the normalized total number of nodal intersections is

asymptotic to the distribution of VZ"([? = The latter and Proposition 3.3 imply the

+0]P>(1),

statement of Theorem 1.1.
O

3.2. Proof of Theorem 1.3. Our first proposition asserts the variance part (1.17) of
Theorem 1.3, to be proven in §5.

Proposition 3.4. Let C C T be a static curve of length L, and {n} C S be a d-separated
sequence such that N,, — +oo. Then

(3.2) Var(Z,) 16Ac(pn) — L) (1 + o(1)),

n
:Wf(

where Ac(py) is given in (1.14) with p = p,. Moreover, the leading term 16 A¢(u,) — L*
in (3.2) is bounded away from zero.

Next we assert that, under the assumptions of Theorem 1.3, the fourth term in the
chaotic series (2.8) dominates.
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Proposition 3.5. Let C C T be a static curve of length L, and {n} C S a d-separated
sequence such that N,, — +oo. Then

(3.3) Var(Z,[2]) = o (J%) ,
and
(3.4) Var(Z,[4]) ~ (16Ac(pn) — L?) .

4N2

The above implies that it suffices to study the asymptotic distribution of the fourth
chaotic projection.

Proposition 3.6. Let C C T be a static curve of length L, and {n} C S a d-separated
sequence such that N,, — +oo, and p, = p. Then

Z,[4] d

(3.5) m — M(p),

where M(p) is given by (1.15).

Proof of Theorem 1.3 assuming propositions 3.4-3.6. By (2.8) we write

Z,

Var(Z ) Z \/Var

Thanks to Proposition 3.4, Proposition 3.5 and the orthogonality of Wiener chaoses we
have, as N,, — oo,

Z,—-E[Z,]  Z,[4
VVar(Z,)  /Var(Z,[4

where op(1) denotes convergence to zero in probability. In particular, the distribution of
the normalized total number of nodal intersections is asymptotic to the one of

Z,[4]
Var(Z,[4])

‘I’O]P‘(l);

Therefore (3.5) also holds with Z,, in place of Z,[4]. In particular, this implies

; (zn —E[Z,]

Var(Z,) Mip ”)> =0

where d is any metric which metrizes convergence in distribution of random variables,
or the Kolmogorov distance (see e.g. [NP12, §CJ), since M(p) in (1.15) has absolutely
continuous distribution for arbitrary probability measure . Theorem 1.3 is then a direct
consequence of Theorem 1.1, of [Dud02, Theorem 11.7.1] and of the fact that the sequence

{(Zn ~E[2,])/ \/Var(Zn)} is bounded in L2(P).

g
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4. PROOFS OF PROPOSITION 3.2 AND PROPOSITION 3.3

In this section we investigate the asymptotic behaviour of the second chaotic component
Z,[2] of Z,. Our starting point is the decomposition of Z,[2] into “diagonal” and “off-
diagonal” terms: we define the diagonal term

ay  zp= <raA|2—1>(2 [ {5i0) dt—L>,

AeAT

where if \/n is not an integer A := {\ € A,, : Ay > 0}, otherwise
A ={ e N, : X >0U{(vn,0)}.
The off-diagonal term is

N Lioga X .
4.2 Zfl 2| = — N <2 <—,7 t > <—,1 t > — 1) e2TA=N(®) ¢

Lemma 4.1. For every n € S we have
(4.3) Z,[2] = Z2[2] + ZP[2).

The proof of Lemma 4.1 will be given in Appendix A.

Proof of Proposition 3.2 assuming Lemma 4.1. Lemma 4.1 yields
(4.4) Var(Z,[2]) = Var(Z;[2]) + Var(Z)[2]) + 2Cov(Z:[2], Z21[2)).
Let us first study Var(Z¢[2]). By the definition (4.1) of Z?[2] we may compute its variance

to be
Var(Z{[2]) = 25 3 (2/0L <|—;|,7(t)>2 dt—L>2

™ aeAd

(4.5) Y AGZA (2 /OL <|%|d(t)>2 dt — L)
( / /L : Z <W’7 2 > <%d(tz)>2 dtldtQ_p)

= A—/-(4Bc(ﬂn) - L?).

n

2

Next we evaluate the variance of Z2[2]: by (4.2) it is given by

Var(2l[2) = g > Elasva]x
)\75)\/ )\//75)\///

X /L <2 <i,7(t)> <il,7(t)> - 1) e 2m A=) gt
0 A Al
(46) /L( < 2\ ( ) A\ ( ) 2NN (1))
X 2 —H,’yt><7,7t>—1)e“r AT dt
0 |\ A"

<o Bl () ) [

A£N

2

Y
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for some C' > 0.

Using the non-vanishing curvature assumption on C, Van der Corput’s Lemma (see e.g.
[RW14, Lemma 5.2]) implies that for A # X" the inner oscillatory integral on the r.h.s. of
(4.6) may be bounded as

L
2m(A—=N y(t) dt < .
X S

this together with (4.6) (and Cauchy-Schwartz) yield
b n 1
(4.7) Var(Z;[2]) < 55 > o

Using the bound

for every € > 0 from [RW14, Proposition 5.3] to bound the r.h.s. of (4.7), and comparing
the result with (4.5) we have

(4.8) Var(Z2?[2]) = o(Var(Z2[2])).

Now substituting (4.5), (4.8) into (4.4), and using Cauchy-Schwartz to bound the covari-
ance term in (4.4), finally yield

Var(Z,[2]) ~ Var(Z,[2]*) = 4Be(pn) — L.

n
YA
This taking into account (1.9), concludes the proof of Proposition 3.2.

O

Proof of Proposition 3.3 assuming Lemma 4.1. Thanks to (4.8), it suffices to investigate
the asymptotic distribution of Z%[2] as in (4.1). We have

(4.9) nl2] Z (las]? - fo <w e > dt‘L'
VVar(ZR2) \/ 2 4Be(pn) — L?

Now we can apply Lindeberg’s criterion (see e.g. [NP12, Theorem 11.1.2]): since, as
N,, = 400, we have

L2y <|M ’yt> dt — L

max — 0,
reAd /NG /2 4Be () — L2
then
Z2l 4
e — _) R
Var(Z3[2])

where Z ~ N (0,1).
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5. PROOF OF PROPOSITION 3.4

The proof of Proposition 3.4 is inspired by the proof of Theorem 1.2 in [RW14], we refer
the reader to [RW14, §1.3] and [RWY15, §1.5] for a complete discussion. We will need
to inspect the proof of the approrimate Kac-Rice formula [RW14, Proposition 1.3], which
gives the asymptotic variance of the nodal intersections number in terms of an explicit
integral that involves the covariance function r = r,, in (2.2) and a couple of its derivatives

0 0 0?
ri=—T, To:i= —T, Tig:=——T,
Lo 2 Oty 127 9t 0ty

and then study higher order terms.

5.1. Auxiliary lemmas.

Lemma 5.1 (Approximate Kac-Rice, cf. [RW14], Proposition 1.3). Let C C T be a static
curve of total length L, and {n} C S a §-separated sequence such that N, — +oo. Then
the intersection number variance is asymptotic to

vz _n// 7 +12 (riz/)" - (TQN_) _(Tl/f)4

e VDV + oy R A

_ —r *(ri/Va)® + (7”12/04) - (7”2/\/_) (ria/a)?
+ 5(7’1/\/5)2(7“12/04) > dtydty + o0 (N2>

(5.1)

To find the asymptotics of the moments of r and its derivatives appearing in the r.h.s.
of (5.1), in particular to bound the contribution of “off-diagonal” terms, we will need the
following whose proof is given in Appendix D.

Lemma 5.2. Assume that {n} C S is a -separated sequence, then

. 20
min ||)\1+)\2+)\3+>\4|| >n
A1,A2,A3, €A,
A1+A2+A3+A1#0

where the constant involved in the “>7 notation is absolute. In particular,

1_ 1
(5.2) 2 Z o)
Nn A1,A2,A3, €A, ||)‘1 + /\2 + /\3 + )\4”
A1 +A2+A3+A47£0

Let us also introduce some more notation:

(5.3)

e [ [ A () G ) () (8 05) o

We can now state the following.
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Lemma 5.3. If C C T is a smooth curve with nowhere vanishing curvature, then for
d-separated sequences {n} such that N,, — +00o, we have

// tl,tg dtldtg = 3L2m +o (N ) ,

//( tl,tg) dtydty = 3L /\1/2+ o(N;;?),

4
_ ot 1 ~2
3)/c/c (arlg(tl,tQ)) dtldt2—2 3Ac(/lm)N2 +O(Nn ),

n

) [ ety Va)ra/ V) s = —4Fe () 57z + o)

//rl/\/_ V2(rs) /@) dtldtg_LZA}, s /&QF(;(MHO(N 2

// (ro/ V@) dtldtg——LQ—l—O(N %),

(5.4)

1 1
7) /c /(; 7"2(7”12/05)2 dtldtg = 4'/\—[33@(/%) + 8,/\_/;%FC(MH) + O(NJQ),

8) /c L<r1/¢a)2(r12/g)2 dt dty = 4/\%B¢(un) + o(N,; %),

where Be(piy), Ac(in) are given in (1.10) and (1.14) with p = pu,, respectively, and Fe(ji,)

5.2. Proof of Proposition 3.4.

Proof. Upon substituting (5.4) into (5.1), we obtain

(5.5) Var(Z,) = (16Ac(pn) + 24Be(pn) — TL*) + 0 (/\%)

n
e

n

after some straightforward manipulations. Since C is static, 4Bc(u,) = L? so that (5.5) is
2 n
4]\/,2 (16140(#”) L ) + o0 m s
which is (3.2).

Now we prove that the leading term 16A¢(u,) — L? is bounded away from zero. From
(1.14) with g = p,, write

Aclinn) = [ [ B0 (00 )

Var(Z,) =

where
L
B61.0:) = [ (00400250 b
0
For every 61,0, € S', we have

(5.6) B(01,02) + B(0y,05) + B(6y,05) + B(67,6y) =



16 MAURIZIA ROSSI AND IGOR WIGMAN

Maximizing and minimizing the function B(6y,0:)%+ B(6:,05)? + B(0y,05)* + B(0:, 65 )?
under the constraint (5.6) we get
2

L
(5.7) - < B, 05)% + B(0y,0:)* + B(61,07)* + B(6;,07)* < L?, V6,,0, € S".

This also gives a necessary and sufficient criterion for attaining the minimum:
LQ
B(01,02)° + B(03,02)° + B(01,63) + B(0,05)" = -,

if and only if

L

Now we claim that

L
(5.8) B(0y,05) = T V0y,0, € S,
if and only if
L L
(5.9) B(6,6) :/ 040 de =, Wes
0

Let us prove that (5.9) implies (5.8). If (5.9) holds, then we have by Cauchy-Schwartz
inequality

L
B(61,0;) < \/B(6,0,) - B(0,0,) = T

that together with (5.6) allows to infer that (5.9) implies (5.8).

We prove now that (5.9) holds if and only if C is a straight line segment. For a unit
speed parametrization v : [0, L] — C we have 4(t) = ¢¥®, where (t) is the angle of the
derivative 4(¢) w.r.t. the coordinate axis. Recalling standard trigonometric identities, we
write

g = B(6,0) = / cos*(p(t) — 0) dt

5.10 0
(5.10) 3 1

=gl [ eostato - ot 5 [ costaliolt) o).

From [RW14, Corollary 7.2] for static curves C we have
L
(5.11) / cos(2((t) — 0)) dt = 0,
0

and substituting (5.11) into (5.10) we obtain

L
(5.12) / cos(4(p(t) — 0)) dt = —L.
0
Equality (5.12) holds true if and only if for every ¢ € [0, L]
cos(4(p(t) — ) = —1,

that is, C is a straight line segment.
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Finally, let us prove that 16A¢(u) — L? = 0 if and only if C is a straight line segment.
We can use the invariance property of the probability measure p to write from (1.14)

/ / B(01,0,)° + B(0F,0,)° + B(0y,05)° + B(O-,04)%) dyu(0,)du(6s).
St/i JS/i

where S8'/i is a quarter of the circle of measure u(S'/i) = 1/4. By (5.7) we have
2 2

TS A <=

which implies
0 < 16A4¢(u) — L* < 3L%

Moreover,

16Ac(p) — L* =0
if and only if B(01,05)2 + B(01-, 02)> + B(61, 05 )%+ B0, 05)? = L2, that was shown to be

equivalent to (5.9) to hold, which in turn is equivalent to C being a straight line segment.
O

The rest of this section is dedicated to proving Lemma 5.1.

5.3. Proof of Lemma 5.1. Our proof follows along the same path of thought as [RW14,
Proposition 1.3], except that we add one more term in the expansion of the 2-point
correlation function (5.18), and need to control the error terms using the more difficult
to evaluate higher moments. Thereupon we are going to bring the essence of the proof,
highlighting the differences, sometimes omitting some details identical to both cases.

5.3.1. Preliminaries. The main idea is to divide the square [0, L]* into small sub-squares
and apply the usual Kac-Rice formula to “most” of them, bounding the contribution of
the remaining terms (for an extensive discussion see [RW14, §1.3] and [RWY15, §1.5]).

Let us divide the interval [0, L] into small sub-intervals of length roughly 1/v/E,. To
be more precise, let ¢y > 0 (chosen as in Lemma B.1) and set k := |Ly/E,/co] + 1 and
do := L/k; consider the sub-intervals, for i = 1,..., k, defined as

Iz' = [(Z - ].)(50,1(50}

Let us now denote by Z; the number of zeros of f, in [;, so that
Z, =) Z,
and therefore

(5.13) Var(2,) = > Cov(Z;, Z;).
1,7

Let us define, for 7,5 = 1,..., k the squares
(514) Sz',j = Iz X ]j = [(Z — 1)50,2(50] X [(] — 1)50,[].50},

so that
LP =[S,
4,J
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Definition 3. (cf. [RW14, Definition 4.5] and [RWY15, Definition 2.7]) We say that
Si; C[0,L]* in (5.14) is singular if there exists (t1,t2) € S;; such that

’I"(tl, tg) > 1/2
Since r/+/E,, is a Lipschitz function with absolute constant, if \S; ; is singular, then
T(tl,tg) > 1/4

for every (t1,t2) € S; ;. Upon invoking (5.13) we may write

(5.15) Var(Z,) = Y Cov(Z,Z)+ Y. Cov(Z,Z2).

1,j:S;,; non-sing. 1,5:S;,; sing.

We apply the Kac-Rice formula on the non-singular squares and bound the contribution
corresponding to the singular part as follows.

Lemma 5.4. For a §-separated sequence {n} C S such that N,, — 400, we have

(5.16) Y Cov(Z.Z)| =0 (/\%) .

1,5:S4,; sing.

Lemma 5.4 will be proved in §B.1. Let us now deal with the non-singular part. If
Si; is non-singular (Definition 3), then r(t1,ty) # £1 for every (t1,t2) € S;; (note that
necessarily ¢ # 7). We can apply Kac-Rice formula (JAW09], [RW14, Proposition 3.2]) to
write

(517) COV(ZZ',ZJ‘) = / / (Kg(tl,tg) — Kl(tl)Kl(tg)) dtldtg,

where ([RW14, Lemma 2.1])

Ki(t) = 6,(0) - E[f,(8)| fult) = 0] = V2V/n,

¢; being the density of the Gaussian random variable f,(t).
The function Ks(ty,ty) is the 2-point correlation function of zeros of the process f,, (see

[RW14, §3.2]), defined as follows: for ¢; # o

Ky(t1,t2) = b1,1,(0,0) - E[[f.(t0)] - [fr(t2) || fu(tr) = fulta) = 0],

¢, 1, being the probability density of the Gaussian vector (f,(t1), fn(t2)). The function
K, admits a continuation to a smooth function on the whole of S (see [RW14]), though
its values at the diagonal are of no significance for our purposes.

5.3.2. Proof of Lemma 5.1. First we need to Taylor expand the 2-point correlation func-
tion, which will be proven in §B.2.
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Lemma 5.5. (¢f. [RW14, Proposition 3.2]) For every e > 0, the two-point correlation
function Ky satisfies, uniformly for |r| <1 — ¢,

(5.18)
Kg(tl,tg) = %(1 + %(TQ/CY)Q + %7’2 — (712/;/&> — (Tl/;/_) + 8’/“ + 214(7”12/@)4
- VO IO (o o/ vB) 12/ V)
+ /e i =32y = 2 VB + Loy

1 1
+ 42/ (1)) + (1) V@) (r1z/)?)
+ a0 (r° + (r1/Va)® + (r2/vV@)® + (r12/@)°)
where the constants involved in the “O” -notation depend only on €.
We can now prove Lemma 5.1.

Proof of Lemma 5.1. Substituting (5.17) and (5.16) into (5.15), valid for non-singular sets,
we may write

Var(Zn) = /[ i (Kg(tl,tg) — Kl(tl)Kl(tz)) dtldtz +o0 (TLNn_2) y
0,L]2\B

where B denotes the union of all singular sets S5; ; (see (B.2)). Outside of B, we can use
Lemma 5.5 together with Lemma D.2 to bound the error term. Lemma C.1 under the
assumption 4B¢(u) = L? gives

/ / (s 417 = (2 V&) — (r/V@)”) dtrdt = o(N;?),

and the uniform boundedness of the integrand on the r.h.s. of (5.1) allows to conclude

the proof.
O

6. PROOF OF PROPOSITIONS 3.5 AND 3.6

The following lemma is (3.3) of Proposition 3.5.

Lemma 6.1. Let C C T be a static smooth curve on the torus with nowhere zero curvature,
of total length L. Let {n} C S be a §-separated sequence such that N,, — +oo, then

Var(Z,[2]) = o (/\%) .

Proof. First, since C is static, Z2[2] = 0 by (4.5). Hence we have

Z,[2] = 2,2,
by Lemma 4.1. Concerning Z° we invoke (4 7) to bound
2 n NZ n
Var(Z <</\/'2)§, Py )\/ .F_O(W),

since our sequence of energy levels is assumed to be J-separated (1.12), and (1.6).
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In what follows we study the limiting distribution of Z,[4]. We have the following
explicit formula for the fourth chaotic component Z,[4] upon substituting ¢ = 2 in (2.11):

2,4 = \/27r2n(b4a0 / ’ Hai(fa(t)) dt
(6.1) . ;
+bga2/0 HQ(fn(t))HQ("f:/l(t)>dt+b0a4/0 H4(ﬁl(t)) dt)

6.1. Preliminaries. Let us define the random variables (n € S)

N > (Jaal* = 1),
AeA+

(6.2) Wi(n) =

and the random processes

(6.3 Wi = s 3l = 02{ 500

AEAY

ont € [0,L]. In Lemma 6.3 below we will find an explicit formula for Z,[4] in terms of the
Wi(n) and Wy(n) and their by-products. To this end we first express each of the three
terms in (6.1) in terms of Wj(n) and Ws(n) (proven in Appendix E).

Lemma 6.2. For a 0-separated sequence {n} C S such that N, — 400, we have
L
| Hlnode= x4 x;,
0
L
| ey =vi v
0

/OL HQ(fn(t))HQ(fqlq(t)) dt = 7% + ZZ,

TN,
(6.4) Y= A—/L(/ Wi(n dt_4/\_/Z/OL<|%|=7<t)>4 dt),

and as N, — 400

(6.5) Var(X?) = o < NQ) Nar(¥?) = o (é) Nar(Z') = o <j%%) |

We then have the following result.
Lemma 6.3. For a 0-separated sequence {n} C S such that N,, — 400, we have

(6.6) Z,4] = Z[4] + 2, 14),
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with
NG
(6.7) Za4] = 27” (3Xf; —ye - 6ij),

where X2, Y,* and Z¢ are as in (6.4),

(6.8) Var(Z9[4]) ~ 4;\1/2 (16Ac(un) + 24 B¢ (1) — 7L2>,
and
(6.9) Var(2P[4]) = o (A%) .

Proof of Lemma 6.3 assuming Lemma 6.2. We have the explicit values

(6.10) 0= \/; 2= \/7 \/72 223’

b b
= \/27r 2 2\/27r e 4'\/27r
by (2.9) and (2.10). Substituting (6.10) into (6.1), we have

Zn[4]:\/2:—2 4,/ Hy(fo(t) dt——/ Hy(fo(t) Ha(f! dt——/ Hy(f!

V2
- 24” <3Xa Yo — 620 +3X0 — V! — 625;),
by Lemma 6.2; the latter is (6.6) with

v

Z04] = o0

(3X.-Yvb—62"),

and (6.9) follows from (6.5).
Let us now prove (6.8). First, observe that we can write

a a a 6 1 /
W=V =620 = 30 [ 2 (- D - 1)x

AN eAT
010 x [ (3o a0 - AT AP 0 ) d

— L+ 41\% > /0L</\,y(t)>4 dt]

"™ xeA,

Equality (6.11) and some straightforward computations yield

36

(6.12) Var(3X; —Y,! —6Z,) = NQ(

+ B, +24C,),
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where
2

Y

/ (3—4<,—§|,v<t>>2 —4@@@)?%@@»2) dt

1 L A . 2 i . 2 L, X 2
(613) AN EAT
A

L N ' ) N ) ) ) )
<[ (3—4<mny<s>> A AP ) ) ds,

1 2
On:mz

n

/OL (34t 300 - a0

Now, squaring out the respective terms on the Lh.s. of (6.13), with some straightforward
computations we obtain

(6.14) A, = —9L% + 32B¢(j1n) + 16 Ac (1),
(6.15) B, = —5L* + 16 B¢ (ptn) + 16 Ac (11,
and that
1

6.16 Co=0[-+]).
(6.16) ()
Substituting (6.14), (6.15) and (6.16) into (6.12) we obtain

a a a 36
(6.17) Var(3X% —Y* — 62%) = m(—MLQ + 48 Be(pin) + 32Ac (1) + 0(1)),

which, in turn, yields (6.8), bearing in mind (6.7) with (6.17).
O

Proof of Proposition 3.5. First, (3.3) is the statement Lemma 6.1, and the leading term
16Ac(,) — L* was shown to be bounded away from zero as part of Proposition 3.4.
We now turn to proving (3.4). Since the curve is assumed to be static, we have
4Bc(p,) = L. From (6.8) we have
n

Var(Z,[4]) = 157 (16Ac(m) = L?) +0 (A%) 7

n

which is (3.4).

6.2. Proof of Proposition 3.6.

6.2.1. Auxiliary results. Lemma 6.3 implies that for d-separated sequences {n} such that
N, — +o0,
Z, 4 zZ4
4 . op(1),
VVar(Z,[4]) - /Var(Z5[4])
where Z2[4] is defined in (6.7) and op(1) denotes a sequence of random variables converging

to 0 in probability. We may then infer results on the limit distribution of Z,[4] from the
corresponding results on Z?[4] for static curves.

(6.18)
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Lemma 6.4. If 4B¢(u,) — L? = 0, then for Wi(n) and Wy(n) defined in (6.2) and (6.3)
respectively we have the identity

(6.19) Wi(n) = % /0 W (n) dt.

Proof. The covariance matrix ¥(n) of the Gaussian random vector (Wl(n), fOL Wi(n) dt)

ZW:( i 4BCL(un))

det X(n) = 4B¢(uy,) — L* = 0.

Therefore Wi (n) is a multiple of fOL W2(n) dt, which one may evaluate as given by (6.19).
U

satisfies

Lemma 6.5. For a static curve C C T we have

Zol4] = ﬁ(— /OL (W;(n) - %/OL W (n) du>2 dt

+4Ai[ > /OL <’—i\\‘,ﬁ(t)>4 dt—L).

™ AeAn

(6.20)

Lemma 6.5 follows directly from (6.7) and Lemma 6.4 and is omitted here. In order to
study the asymptotic distribution of the r.h.s. of (6.20), we need to study the asymptotic
behavior of the sequence of stochastic processes {Ws(n)},, when pu, = p. The natural
candidate to be the limiting process is the centred Gaussian process Wo(u) = {Wi(u)}s
on [0, L] uniquely defined by the covariance function

b, )= EIWS ) W3] =4 [ (0.5(0)%(6. (50 du0).

s,t € [0, L]. The kernel k, above is positive-definite, hence the existence of such a Wa(u)
is guaranteed by the virtue of Kolmogorov’s Theorem.

Proposition 6.6. Let C C T be a static curve of length L, and {n} C S a d-separated
sequence such that N,, — +oo, and p, = p. Then

Za[4] q

. e A7),
(6.21) AERT) (1)
where
(W) — L W du) de+ (4 [y [H0,5(0) dtdp(8) — T
69 T By (WaG) = £ o Wiy du) de+ (4 g1 y40.3(0)" dedu(6) )’

16Ac(p) — L?
and Ac(p) is as in (1.14).

Proof. Thanks to Lemma 6.5 and (6.8) for static curves, it suffices to prove that the
stochastic processes Ws(n) weakly converge to Wo(u). It is immediate that the finite
dimensional distributions of Wy(n) convergence to those of Wa(u), so that a standard

application of Prokhorov’s Theorem (see e.g. [Dud02]) allows to conclude the proof.
U
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6.2.2. Proof of Proposition 3.6. Before giving a proof for Proposition 3.6, we need to
introduce some more notation. Let us think of a probability measure y on St as a

probability measure on [0,27]. There exists a centered Gaussian process B = B(u)
indexed by [0, 27] such that

(6.23) Cov ( /0 " 14(a) dB,, /0 " 15(a) déa) — (AN B),

for any A, B € B([0,27]) — the Borel o-field on the interval [0,27], 1 denoting the
indicator function of the set E € B(]0, 27]).
Let us also introduce the following three centred, jointly Gaussian, random variables

2 2 2
(6.24) N, := / (cosa)*dB,, Nj:= / (sina)*dB,, Nsz:= / cosa-sinadBy,,
0 0 0

defined as stochastic integrals on [0, 27] with respect to B.

Proof of Proposition 3.6. First, let us denote by G(du) a Gaussian measure on S' with
control u (see e.g. [NP12]), i.e. a centered Gaussian family

G={G(A):Ae B(Sl)}
such that
E|G(A) - G(B)] = u(AN B).

We have the following equality in law of stochastic processes

(6.25) Wy =2 | G(u(d9))(0,%(-)),

Sl

where the r.h.s. of (6.25) denotes the Wiener-It6 integral on the unit circle with respect
to the Gaussian measure G(dpu).
From (6.25) we deduce that

I I

02600 Wi— [ wrdu=2 | Gla(as) (.50 - [ 050 du).
L 0 Sl L 0

again equality in law. We parameterize the unit circle as

[0,27] > a + (cosa,sina) € S'.
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Recalling (6.23) and (6.24), we have by (6.26)

(6.27)
1 L
M—ZALWM

L9 %déa (cosa~f'y1(t)+sina-"y2(t))2—l L(cosa~*'y1(u)—|—Sina-"y2(u))2du
| 3 )

=2 [T abeosar? (02~ 1 [ nwan)
42 /0 " 4B, (sina)? (%(t)?-% /0 L"yg(u)2du)

+ 4/0 ' dB, cosa - sina ("yl(t)f'yQ(t) - %/0 Ay (w)A2 (u) du)
— AN F(£) — 2Nof(£) + ANag(1).

where f and g are as in (1.13). The covariance matrix of N := (N7, N, N3) is

340(4)  1-A(4)

—— 0
8 8
Sy = 1-,;(4) 3+;§(4) 0
0 0 1-u(4)

co

Note that N3 is independent of N7 and Ns.

The eigenvalues of ¥y are @) 1 .54 =@

T % g it is then immediate that

1 1 147i(4)
341+ 75 =7

Ny J 4
3

/1—§®2%

where 7y, Zs, Z3 are i.i.d. standard Gaussian random variables. Substituting (6.28) into

(6.27), thanks to Proposition 6.6, we can conclude the proof.
O

APPENDIX A. COMPUTATIONS FOR THE 2ND CHAOTIC COMPONENT

Proof of Lemma 4.1. From (2.11) with ¢ = 1 we have
L L _
(A1) 22 = Verin (b2a0 / Ho(fo(8)) di + boas / Hy(F(4)) dt) .
0 0
We evaluate the first summand in the r.h.s. of (A.1) to be

/0 Hy(f (1)) dt = / (fult)? — 1) dt = / (To(4(1)? — 1) di

1 / b A=\ (1)
= — axay [ " A dt — L.
Y 0

" ANEA,

(A.2)
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Now we are left to simplify the second summand in the right-hand side of (A.1). We get

3)
[ mana= [*( (7

) ) - 27T12n /OL<VTN(7(t)),7(t)>2dt—L

1 Am /e 2 (A= (1))
= e | W 2o L)V A(0)e O dr -
M EA,
= Z axa)«/ < Y (t ><L’,"y(t)>ei%<)‘)‘/’7(t)> dt — L.
Al Al

" ANEA,
Using (A.2) and (A.3) in (A.1) we obtain, taking into account that
b2a0 = —1/(271') = —boag,
(A4)

L L .
0 0
_ V2min <_ 1 Z T /L ei27r<>\—>\’,7(t)> dt + L)
0

2m N” AN EA
2m2n 1 L/X N . ,
9 - At At 2 (A=N y(t)) dt — L
+ 27T ( Nn)\ a/)\a)\/ <|>\|7ﬁ>/( )><‘)\’7fy( )>e
NEA,
Vorn ( 1 1 L/ \ 2
. L SlaP L2 Slal [ (Fi0) a-
2w Nn Aehn Nn AEA, 0 ‘)\|
\/ 2m2n 1 N » ,
- Z At -1 2 (A= y(t)) dt.
N, Z/ (2(p7@) (@) =)

TA£N
Now, thanks to [RW08, Lemma 2,3], we can write (A.4) as

2,0 = Y S (- 1) (2 [ (i) dt—L)

™ AeA,

Vomin 1 L A N - ,
— an 2( S A() Y (S A(t) ) — 1) 2T gy
+ o Nn axay /0 ( <’)\|77( )><|>\|77< >> )e ’

which equals (4.3

~—

|

APPENDIX B. AUXILIARY RESULTS FOR THE APPROXIMATE KAC-RICE FORMULA

B.1. Contribution of singular squares. In this section we prove Lemma 5.4, following
[RW14, §4]. We first need the following result, whose proof is similar to the proof of
Lemma 2.4 in [RWY15] and hence omitted.

Lemma B.1. There exists a constant co > 0 sufficiently small such that for every t,,t5 €
[0, L] with

0< |t1 — t2| < Co/\/ En;
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we have
T(tl,tg) 7é +1.

Proposition 4.4 in [RW14] also asserts that for ¢; € [0, L] and 0 < |[ta — t1| < ¢y/+/n one
has the uniform estimate

(B.1) Ks(ty,t3) = O(n).

Lemma B.1 and (B.1) allows to prove the following as in the proof of [RW14, Proposition
4.1].

Lemma B.2. We have
Var(Z;) = O(1),

uniformly for i < k, where the constants involved in the “O”-notation depend only on cy.
The following follows upon applying Cauchy-Schwartz with Lemma B.2.

Corollary B.3. We have
COV(Zi7 Zj) = 0(1)7
uniformly for 1,7 < k, where the constants involved in the “O”-notation depend only on
Co-
Let us now denote by B the union of all singular cubes
(B.2) B= |J S
S;,j singular

The proof of the following is similar to the proof of Lemma 4.7 in [RW14].

Lemma B.4. The total area of the singular set is, for a d-separated sequence {n} C S
such that N,, — +oo,
meas(B) = o (N, 7).

Proof. We apply Chebyshev-Markov inequality to the measure of B to get

L
meas(B) < / T(tl, t2)6 dtldtg
0

Hence bounding the measure of the singular set B is reduced to bounding the 6th moment
and its derivatives. An application of Lemma C.2 below then concludes the proof of

Lemma B.4.
O

We are now in a position to prove Lemma 5.4.

Proof of Lemma 5.4. Since the number of singular cubes is O (E,meas(B)), Corollary B.3
bounds the contribution of singular cubes in (5.15) as

(B.3) Z Cov(Z;, Z;)| = O (E, - meas(B));

1,j:S;,; sing.

The statement of Lemma 5.4 then follows upon an application of Lemma B.4.
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B.2. Taylor expansion for the two-point correlation function.

Proof of Lemma 5.5. Recall that a@ = 27%n as in (2.6). Lemma 3.2 in [RW14] asserts that

1
(B.4) Ky = —3/2 g (/1 = p? + parcsin p),

where

p=yol—r) =i fall—r) -1,

r12(1 — 7"2) 4+ rriry

p:\/(l—r2 \/041—7“2

We now set

mw

<\/1 —p?+ parcsmp)

then, as p — 0,
4

(B.5) G(p) = % (1 4 p; + 5—4 +O(p ))

Let us now expand p around 0.

Y PR Y R Y, A Y
() IVE (/B el
_ 1 80[ X 1 (07 47‘2 o +O((T2+(7’2/\/a)2)3)>.
Moreover,
(B.7) (1_—12)3/2 =1+ 27“ + 1857“ + O(r®).

Let us now Taylor expand p.

gy 2=+ e/l ) O ) )
+O(ria(r? + (ra/v/a)?)?).
Substituting (B.8) into (B.5) we obtain
(B.9)
G = 2 (14 5 ((rafe? + ) i )

+ 2o/ @)r(ra V&) 7/ VA) + 5 (rinfa) + O + (ra/ V@)Y ).
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Finally, using (B.7), (B.6) and (B.9) in (B.4) we get

K= & (14 Lot Ly - /YR (1Y

2
+ 37‘ + = ! (7’12/&)4 - (TQ/g/a)4 - (rl/%/E)“

8 24
(7‘1/\/5)2(7“2/\/5)2
4

+ (riz/a)r(ri/Va)(r2/vVa) +
2 (re/vVa)® 3 ,(ri/Va)?
S

I RUTE
(/@Y (riofa) + 3(1/Vay
+O(r° + (r/Va)® + (r2/Va)® + (7“12/04)6)>7

1
(Tlg/a)2§r2

+
= = o
N | —

T12/Oé)2

—

which is (5.18).

APPENDIX C. MOMENTS OF 7 AND ITS DERIVATIVES

Lemma C.1. If C C T is a smooth curve with nowhere vanishing curvature, then for a
d-separated sequence {n} such that N,, — 400, we have

/ / tl,tQ dtldt2_/\_/+0(/\/~2)7

1
/ / Jimritnts)] dndts= 5o (5.
Be(pn) 1
3)/0 /O 47T2n7”12<t1,t2) dtldtz = j\/n +o0 </\—/.3) s

where Be(uy,) is given in (1.10).
Proof. Let us start with 1). Squaring out, we have (on separating the diagonal A = \’)

2
(C.1) // r(ty, t2) dtldtQ_ /\/22/ =N ) g

AN

Lemma 5.2 in [RW14] yields

L
2w (A=N y(t dt
/0 ‘ S

therefore the contribution of the off-diagonal pairs in (C.1) is

1 27 (A=N
v 2| oo a]

AAN
Condition (1.12) then allows to conclude part 1). The remaining terms can be dealt in a
similar way to the proof of [RW14, Proposition 5.1|, taking into account (1.12) to control
the contribution of the “off-diagonal terms”.

<<N2 2 T xy'

AN

g



30 MAURIZIA ROSSI AND IGOR WIGMAN

Proof of Lemma 5.3. Let us prove 1). We can write

4
// tl,tg dtldtQ—//< 12”)‘7(151)7(152») dtldtz

//N4 Z e”LQTr )\1 Aa+A3—A4,y t1 tQ dtldtQ

-----

(C.2)

Now let us split the summation on the r.h.s. of (C.2) into two sums: one over quadruples
(A1, ..., A4) such that A\; +--- + Ay = 0 and the other one over quadruples (Aq,...,\s)
such that \y +---+ Xy £ 0O:

(C.3)
//T(tl,t2)4 dt,dty = L2|S4 //_ ei27r<>\1—)\2+)\3—>\477(t1)—7(t2)> dt,dty
cJC

n A — )\2+/\5 )\47&0

_ L2ws4<n>| RER

4 4
Nn Nn A1—A2+A3—A47#0

2
\/\ei271'<)\1—)\2+)\3 A4,y tl dt ’
C

where
Sa(n) = {( A1y ) EAL TN+ 4+ Ay = 0.

Recall that [KKW13]
(C.4) 1S4(n)| = 3NL(N, — 1),

and moreover [RW14, Lemma 5.2]
(C.5)

1
N2

n A1 —A2+A3—A17#£0

2

1 1

< § :
4 .

N Mo AL A

L
/ 6127r<)\1—>\2+>\3 A4,y t1 dt

Substituting (C.4) and (C.5) into (C.3) we get

4 a2 L RS 1
(C.6) /C/C'r’(tl,tg) dtydty = 3L N2 +0 <N£‘ > g A4|> .

A1—A2+A3—A4#0

Lemma 5.2, in particular (2.5), then allows to estimate the error on the r.h.s. of (C.6),
thus concluding the proof of 1).
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Let us now deal with 4).

(C.7)
/ / (raafa)r (/@) (ra) /@) diadis

o i I () ) )

-----

o oi2m >\1+>\2+/\3+>\4 “/(tl) 1(2)) gt dt.

L G )y
- //Ns >~ () (i) () anas

7

~~
=0

% elQﬂ' >\1+)\2+/\3+>\4 ’Y(tl —(t2)) dt dt2

1
./\W + 0('/\/;:2)7

n

= _4FC(ﬂn)

where in the last step we used (1.13), and Cauchy-Schwartz inequality and again (5.2) to
bound the contribution of “off-diagonal” terms. Let us now study 5).

(C.8)
//(7“1/\/5)2(7"2/\/5)2dt1dt2

L 5 ) G o) G-

-----

1271' (A1—A2+A3— )\4 "/(t1 —(t2)) dtldtg

= [ 5 P > (e >>2<|§\”“2)>2 At
o 2///%;* <|W( 0 (g 700 (9 (o 160

w @i2m (A=At As— >\4 7(t1 —(t2)) dtdts

—L2ﬁ+4 2A1/2F + 0N, %),
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2
where for the last step we used the well-known equality /\Lfn > <ﬁ, v> = % which holds

for every unit vector v, and still Cauchy-Schwartz inequality and then (5.2) to bound the
contribution of “off-diagonal” terms.

The proof of 2) is analogous to that of 1), whereas the proofs of 3), 6)-8) are analogous
to that of 5) above, and hence omitted. O

Lemma C.2. If C C T s a smooth curve with nowhere vanishing curvature, then for
d-separated sequences {n} such that N,, — +o0o, we have

1)/C/Cr(t1,t2)6dt1dt2 = o(N; %),
(C.9) 2)L/c(r1/¢&)6 dtidty = o(N?),
3)/C/C(r12/a)6dt1dt2 = o(N?).

Proof. Let us prove 1).

[ freverant= [ [ (S o) aas
- /c/c/\i/}?A Z ex g (Y(t1) — Y(t2)) dtidty
1

2

(C.10) —i | [ st d
Nn >\1 ----- AGEAn ¢
Se(n)| 1 2
~pBl S | e a
NT? Nr? A1++Ae#0 ¢
[S6(n)| 1 1
<< + X e Z )
Nr? NT? A1+--+A67£0 |)\1 Tt >\6|
where

Sﬁ(n> = {()\1,...,)\6) EASL : >\1+"'+)\6:O},
and for the last step we used Lemma 5.2 in [RW14]. Recall now that [BB15]
1Ss(n)| = O (N/?).

Using the latter together with Lemma D.2 (just below) in (C.10), we can conclude the
proof of 1). The proofs of the remaining cases 2),3) are similar to that of 1) and hence
omitted.

U

APPENDIX D. CONTRIBUTION OF “OFF-DIAGONAL” TERMS

D.1. Proof of Lemma 5.2. Let us start with the following simple lemma.
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Lemma D.1. Let A, B,C, D be four points on S* such that the segment AC intersects
the segment BD, and O be the centre of the circle. Then the angle between AC and BD
equals

ZAOB + £C0OD
5 .

Proof. Let E be the intersection point of AC' with BD and « the corresponding angle.
Then, as « is the external angle in the triangle AED we have that

LAOB + ZC0OD
(D.1) o= ZADE + ZEAD = ; ,
since for any chord XY on the circle, the angle ZX QY is twice the angle Z X ZY subtended

by another point Z on the circle.

0
We are now in a position to prove Lemma 5.2.

Proof of Lemma 5.2. First suppose that the segment A\ )3 intersects the segment As\y.
For u = A3 — A\ and w = Ay — Ay, v := u — w, and « the angle between u and w we have
[vll* = Jlull* + [lwl* = 2l - [lwll cosa = ([Jull = llw]))* + 2[|ul| - [w]|(1 - cos a)

> 2/ul[lw|(1 = cosa) > 2[jul - w]| - @,
provided that a € [0, 7] (say). Since ||ul| - [|w] > n'/2¥% by assumption (1.12), and
o S>> VA

by Lemma D.1, we have
||UH > n1+25 . n—1/2+26 — n46

which, in case A\ A3 intersects A4, is stronger than claimed.
Otherwise, let us assume that A\;\3 does not intersect As\;. That means that both

A1, Az are lying on the same arc A2 A4 (one of two choices) and either the arcs AgAi, A\jAg,

A3y are pairwise disjoint or the arcs AyA1, Aj A3 and A3\ are pairwise disjoint; we assume
w.l.o.g that the former holds. Since

Az — A= (=A1) — (=3),

and upon replacing (A, A3) by (—A3z, —\1) if necessary, we may assume that A\j, \3 are

lying in the smaller of the arcs A\y\y, i.e. the angle A\sO\y < 7.
Denote as before u = A3 — A\ and w = Ay — Xy, v := u — w. Here we claim that
|||u|]| = [Jw]|| is not too small, and then, by the triangle inequality, so is
[oll = [[ull = [[wl]]-

Let a be the angle & = ZX\0O\y, and the angle § = A\ OX3 < a. We have |ju| =
2y/nsin (a/2), ||w|| = 24/nsin (8/2), so that

]| = [w|| = 2¢/7 sin (#) cos (O‘ il ﬁ) .

4

However, by the assumption (1.12) we have that both o — 3 > n~"/4%% and 27 — (a+ ) >
n~ /49 as at least one of a or 3 falls short of 7 by at least > n~/**9. Hence

u|| — ||wj| > vn-n- ‘n =n
H ” || H \/— 1/4+6 1/440 25
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which yields the statement of Lemma 5.2 in this case.

Lemma D.2. For §-separated sequences {n} C S we have the bound

(D.2) ED = v (1),

T Xyt Ag£0 1A+ -+ s

Proof. Let € > 0 be positive number, and set A := N2 (say). We distinguish between
two cases:

) A+ -+ Xgl| > A, i) [A + -+ + X¢]| < A. The contribution of all summands with
i) holding is

1
< 1 < Né,
hence we are only to bound the contribution of summands satisfying ii).

Assume here that ii) indeed holds. We claim that for fixed Ay,..., Ay such that A\; +
...+ Ay # 0, there exist O(1)-choices for A5, A¢. Indeed, if we assume that both ||A; +
A A+ Xl < Aand [ A4+ A+ AL+ A < A, then, by the triangle inequality,
we obtain

By Lemma 5.2 and in light of (1.6), (D.3) is valid only if A5 + A\¢ — A, — Ay = 0. This
in turn implies that either A\ = —Xg or A\ = A\, or A5 = A;). The possibility A\ = —Xg
is not valid, since then Ay 4+ --- 4+ A\¢ = A1 + - - - + A4, and therefore given \q,... A4 there
could be at most two choices for A5, A¢ such that ii) holds.

Let B > 0 be a large (but fixed) parameter, and assume that ii) holds. We distinguish
between further two cases: a) ||[A\; + -+ X¢|| = B, or b) [[A; + -+ + X¢|]| < B. By the
above, the contribution of summands satisfying a) to the Lh.s. of (D.2) is O (5).

To treat terms that satisfy b) we recall that [KKW13, Theorem 2.2] shows that the
number of 6-tuples (\1,...,\s) € AS satisfying \; + ...+ X\g = 0 is o(N?). A slight
modification® of the proof of [KKW13, Theorem 2.2] yields that the same holds for an
arbitrary fized v € Z? in place of 0, i.e. the number of tuples such 6-tuples satisfying

)\1+...+/\6:U

is o(N1). Therefore the total contribution to (D.2) of summands satisfying b) is og(1).
Consolidating the various bounds we encountered, we have that

1 1 1 1

— < — + = +op(1)
Y e 5(1),
e A TN B

which certainly implies (D.2). O

3In Eq. 59, consider y; +y2 € A+ v and in Eq. 60, consider y; + y2 € A + v so that we have
(lax1a,Laty)
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APPENDIX E. AUXILIARY COMPUTATIONS FOR THE FOURTH CHAOS

Proof of Lemma 6.2. Let us start with 1). Recall the expression for the fourth Hermite
polynomial: Hy(t) = t* — 6¢% + 3.

/ Hy(fn(t) / (fat)* = 6£,(t)* +3) at

1 L N I 4 1"
(E 1) _ m Z CL)\(I_)\/(],A//W/ ez?ﬂ(z\—/\ FX =N A (1)) dt
’ n A )\/ A// A//I 0
Z a)ay / z27r()\ At dt + 3L.
)\ Y

Let us divide the first term on the r.h.s. of (E.1) into two summation, one over the
quadruples in S4(n) and the other one over the quadruples not belonging to Sy(n).

/ Hy(fol ))dt—gLNQZw lay|? — 3Lm2|%|4

n)\)\/

1 _ L ; RN/
(E2) + m Z CL)\CL_)\ICL)\//CL)\/// / el27r<)‘7/\ FA =N (1)) dt
TN N NS, (4) 0

O Z%ax / e 2rA= XA gt 4 3L

Now let us divide the fourth term on the r.h.s. of (E.2) into two sums, one for the diagonal
terms and the other one for the off-diagonal terms. That is,

/ Hy(folt )dt—sLNQZ\aA\ ]aA/\2—6L—Z|a,\\2+3L

n >\ )\/
1 Ly ;
(ES) — 6/\—/, Z CL)\CL_)\// 6227T<)\—)\ (@) SL— Z |CL)\|4
AN 0
1 —_— g 2T (A=XN XN =N ~(t))
+ m Z A)A )\ A1y € o dt.
0

AN N NS, (4)
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Note that the first three terms on the r.h.s. of (E.3) can be rewritten as

[ mwya=s-»

2

1 2
L/\—/-n Z ax[” = 1)

)\A+

Nz Z jax|* — N Z axay / 2rA=NA0) g

1
+m

=6-L

1

T A2

AEN

L
— —_— 2 (A=XN N =N ~y(t))
A)A) A\t Q)1 (§] t
0

AN N NS, (4)

1
TS SIS St Al

TAEN

L
- —-— 27 (A=X X=X ()
A Q) Q) e dt
0

n >\,>\,7>\"7/\W¢Sn(4)
= Xr(i + Xfw
where W;(n) is defined as in (6.2), X2 is given in (6.4) and

Xt .=

E.4
(8.4) 1
+

N2

Z<|axw4—2 6 Y oy / PN AD) gy

TA£N

L
—-— — 2 (A=XN X=X ~(t))
Q)A) A\t @y (§ t.
0

A’)\/7AII7)\///¢STL (4)

Let us prove that, as N,, — +oo,

(E.5)

Var(X)) = o </\1/2) .

For the first term on the r.h.s. of (E.4) we have

(E.6)

Var (A%% XA:(I&AI4 - 2)) =O0W,”)

whereas for the second one [RW14, (5.18)] and (1.12) give

1 L , 1
(E.7) Var (/\7,1 S avaw /0 Li27AA ,w») _, (/\77%) .

For the last term

1

(E.8) Var Nz

AN

3 - 1
- - . o/ "__ "
a)\a)\/a)\//a)\m/ elzﬂ()‘ XNHAT=X"5(8) =0 (m> X
0

/\)\/ )\// X”¢S ( ) n

follows from [RW14, (5.18)] and Lemma 5.2. This concludes the proof of 1).
Let us now study the second summand in (6.1). The argument given below is similar
to the one above concerning the first summand in (6.1); accordingly we will omit some
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technical details.

(E.9)
| mma = [ (o =07 +3) a

L[t -
- (27'('27]/)2/0v N2 Z a/)\a/)\/a)\//a,)\///x

n )\ A/ )\// )\///
< ><>\/ ( )> <)\//, 7( )> <>\///7 ’Y(t)>eizﬂ()\_)\/+)\/l_>\///’7(t)> dt

Dealing with (E.9) as in (E.3) we obtain

/H4 dt—S/( ZA:MQ <ﬁ,w)>2>2dt
-3 %) > o / COA) i

1 " (2m)! I
+ (27T2n)2/0 Ng Z )y ayraym X

n )\7/\/7)\//7>\///¢S"(4)
% <)\, ’}/(t)><)\l, "}/(t)><>\”, ")/(t)><)\m, ,y(t)>ei27r<)\—)\/+)\//,,\/u7,y(t)> dt

e A S R T e R

2m2n,
AEN

:Yi—i—YTi),

where Y,? is defined as in (6.4) and

Yb .=

n

(laal* — / () dt

1 (27r) -
+ (27r2n)2/0 N‘2 Z a)A) A\ Ay X

n )\’)\/’)\//7)\///¢Sn(4)
X (AN AN A(0) (N, A ()2 AN X X00) gy

ot [ S a4 0) 3 ) g
nJjo Nn S . |

AN

1 Ly .
. / axa—m,ww ()N g 4 31
0

37
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We are now left with the third summand in (6.1).
(E.10)

/ Ho(fa(6) Ha(£L(1)) df = / (Falt) — D02 — 1) dt

(271.)2 /L L L
= 7 E a)a) Ay aym X
2 2
27 nNn 0 AN NN

<>\//’7( )></\/”7ﬁ./( )> P2 (A= X=X\ ~(t)) dt

Z CL)\CL)\// i2m(A—=X y(t)) dt

1 / 1) S @m0 ()N, ()20 a4 1

21 N,

AN

Finally, we can rewrite (E.10) as

/0 Ho(f, (1)) Ha( f1(1)) dt
1 ) ) N 2
=<M;<|ax| —1) (an - T2 X0 dt)

B gfiiiiv,g Z jax[* / (A 3(0))” dt
(27T)2 Z aACL_)\/(lA,,W/O </\Ha'7(t)></\m,ﬁ./(t)>><

2m2nN?
)\ A/ )\// A///gs (4)

> ! 12 1 1 L .
2 (A=N 4N =X\ ~(1)) df — — a)\a_,\// ezQw(A—A’,w(t)) dt
> wax |

X e
T A£N
1 / 27T Z (L)\CL)\/ : )\ ’y(t» 2m(A=N (1)) dt
2 )
21°n N, fwt
= Zg + Zz’

where Z¢ is defined as in (6.4) and
271_)2 L
Zb — ( § 4 ) / : 2
n 27.‘.2”./\/3 > (la/\l ) 0 <)‘77<t>> dt

2 L
+ ffgjv > wavavme / (N ()N, 4 (1)) 2r O XA gy
AN N NS, (4) 0
1 b
L a[}\a—)\// ez27r<)\—)\’;y(t)) dt
Nn AEN 0
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APPENDIX F. A FAMILY OF STATIC CURVES

Proposition F.1. Let C C T be a smooth closed curve with nowhere vanishing curvature,
invariant w.r.t. rotation by 2w /k for some k > 3. Then C is static.

Proof. To show that C is static it is sufficient [RW14, Corollary 7.2] to see that

do L?
F.1 B
(1) ¢ (%) 4
i.e. check the condition (1.11) with g = 2 only. By inverting the order of integration in
(1.10) we have that (F.1) is equivalent to

(F.2) / /(9,7(t)>2dt %;%,

We claim that for every 6 € [0, 27| the integrand above is

(F.3) / (0,5(0)dt = <.

which is certainly sufficient for (F.2).
To prove it we denote §(t) =: e¥® so that the integrand on the Lh.s. of (F.3) is

(0,9(t))" = cos(0 — (1)),
and by the assumed invariance of C w.r.t. rotations by 27 /k we have that

L L/k

(F.4) /cos@ o(t))2dt = /(Zcos <9 ot 2k>2> dt.

0

Now, since, by assumption, k£ > 3, we have that

S cos (0 o) 17 27) = E S eos (20— oty + 2T ) =
j:Ocos %) 7)) =3 jzocos ) . =5

which we substitute into (F.4) to obtain

L
/ cos(f dt =
0

that is, we obtain (F.3), which, as it was mentioned above, is sufficient to yield the
statement of Proposition F.1.
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