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ARTICLE INFO ABSTRACT
MSC: The geometry of Arithmetic Random Waves has been extensively investigated in the last fifteen
60G60 years, starting from the seminal papers (Rudnick and Wigman, 2008; Oravecz et al., 2008).
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In this paper we study the correlation structure among different functionals such as nodal

Zg;zg length, boundary length of excursion sets, and the number of intersection of nodal sets with
deterministic curves in different classes; the amount of correlation depends in a subtle fashion
Keywords:

from the values of the thresholds considered and the symmetry properties of the deterministic
curves. In particular, we prove the existence of resonant pairs of threshold values where the
Nodal length asymptotic correlation is full, that is, at such values one functional can be perfectly predicted
Nodal intersections from the other in the high energy limit. We focus mainly on the 2-dimensional case but we
Boundary length discuss some specific extensions to dimension 3.
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Resonant pairs

1. Introduction

The geometry of nodal sets for Gaussian random eigenfunctions has been the object of a considerable amount of attention over
the last 15 years. Most papers have focussed on the 2-dimensional case, either in Euclidean settings (Berry’s random waves, see
e.g. [1-4]), or on compact manifolds, most notably the sphere S? (see e.g. [5-7]) and the torus T? (see e.g. [8-12]), among others.
The derivation of the expected value for the nodal length is now standard thanks to the Gaussian Kinematic Formula by Adler and
Taylor (see [13]); the analysis of the variance is more challenging, and goes back to [5] for the case of the sphere (random spherical
harmonics) and to [10] for the torus (arithmetic random waves); in the physics literature, the variance for the nodal length of planar
eigenfunctions (Berry’s random waves) was earlier given in [1].

The analysis of the asymptotic distribution for the nodal length of random eigenfunctions was basically started in [11]. In that
paper, the nodal length of arithmetic random waves is expanded into orthogonal terms corresponding to so-called Wiener chaos
components; it is then shown that the behaviour of nodal length is dominated (in the L? sense, as the eigenvalues diverge) by the
fourth-order chaos, whose limiting distribution is nonGaussian in the toroidal case. A similar phenomenon takes place in the planar
and spherical cases, see [3,6], respectively, although in both these cases the limiting behaviour is Gaussian.

The expansion into Wiener chaoses has allowed to provide an interpretation to the so-called Berry cancellation phenomenon:
namely, the fact that the asymptotic variance of nodal length is an order of magnitude smaller than the variance for the measure
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of boundary curves at any non-zero thresholds. As argued extensively elsewhere, see [3,6,11,14], this cancellation corresponds to
the disappearance of the second-order chaos term, which in turn corresponds to the random L?> norms of eigenfunctions and plays
no role in the fluctuations of the nodal lines. Because this random norm has variance which is larger than all the other terms in the
orthogonal decomposition, its disappearance in the nodal case fully explains the Berry’s cancellation phenomenon.

The domination of this second order chaotic term yields another remarkable consequence, which was already derived, by a
different argument, in [15]. In particular, the correlation between boundary lengths is asymptotically equal to one (in absolute value)
as the eigenvalues diverge. This follows easily by the fact that the random sequences corresponding to boundary lengths at different
level are all asymptotically proportional (up to different scaling constants) to the same sequence of random variables, namely the
random L? norms of the eigenfunctions. Asymptotic correlation has been noted in the case of random spherical harmonics [15,16],
but it obviously holds with exactly the same argument both for planar random waves and for toroidal eigenfunctions. For the same
argument, it is also immediate to notice that nodal lengths and the boundary of level curves have asymptotically correlation zero
; indeed nodal length is dominated by terms in the fourth-order chaos, which are by construction orthogonal to the random norm,
which belongs to the second-order chaos.

For the reasons we mentioned above, it is clear that these correlation/uncorrelation phenomena are in some sense an artifact
due to the random fluctuations in the L? norms; for many applications this could sound meaningless (for instance, in a quantum
mechanics framework random norms should be normalized to unity). In [16], a different issue was addressed for random spherical
harmonics, namely the existence of correlation after the effect of the random L?- norm has been removed (usually called partial
correlation in mathematical statistics). Surprisingly, it was shown that partial correlation among boundary lengths at different levels
persists, and indeed the asymptotic correlation with nodal lengths switches from zero to unity: namely, it is asymptotically possible
to predict the boundary length of level curves at every threshold u, once the confounding effect of the random norm has been
removed.

The purpose of this paper is to investigate an analogous question, in the case of arithmetic random waves. We focus mainly on
the 2-dimensional case, but we discuss some specific extensions to dimension 3.

In particular, for planar and spherical random eigenfunctions it has been shown in [16,17] that the nodal case is fully uncorrelated
with the behaviour at non-zero levels, but the two become completely correlated when the effect of the second-order chaos is
removed. Investigating the same question in the case of Arithmetic Random Waves [18-21] we found a rather different picture.
Indeed it is no longer the case that full correlation exists between the length of level curves or other geometric functionals, when
the effect of the second-order chaos is removed; on the contrary, we observed the existence of specific sets of points, which we
labelled resonant pairs, where this correlation is indeed full in the high-energy limit, whereas for generic pairs the correlation can
take arbitrary values between —1 and 1. These pairs include the nodal case, where one of the two levels corresponds to u = 0. The
existence of these resonant pairs, along an algebraic curve (whose equation we write down explicitly), characterizes not only the
length of level curves, but also random intersections, a previously unknown phenomenon.

1.1. The physical meaning of getting rid of the second-order chaos

In terms of applications, random eigenfunctions can be viewed as the wave functions of quantum particles (as discussed in any
quantum theory textbook). It is well-known that the squared modulus of these wave functions represent the probability density
to find the particle in any given location after its measurement — as such, these wave functions should be exactly normalized to
have squared integral equal to one. A properly normalized Gaussian random function has an L? norm that converges to unity in
the high-energy limit (i.e., when the eigenvalues diverge), but for any finite value of the eigenvalue there will be small fluctuations
away from unity. These fluctuations do not have any meaning in a quantum framework: it is very important to note, however, that
the deviations from the unity norm are indeed proportional to the second-order chaos of the geometric functionals considered in
this paper, as noted earlier for the torus in [11,20], and similarly for the sphere in [3,6]. In our view, it is hence more meaningful,
at least from the point of view of quantum theory applications, to consider the asymptotic behaviour and correlations of arithmetic
random waves after the effect of the second chaos has been removed, as we did here when computing partial correlations.

It is also of interest to understand what is the physical meaning of static curves. Our intuition is the following: when a curve
is static, the intersection it has with random eigenfunctions are isotropic and hence independent from the distribution of the
energy along different directions k = (k,k,). Under these circumstances, the second chaos depends only on the L?> norm of
the eigenfunction, which can be omitted for the reasons explained in the previous paragraph. For curves that are not static the
distribution of the energies along different directions becomes relevant and the second chaos can no longer be simply identified
with the L? energy of the eigenfunction: as a consequence, it does not disappear in the nodal case and the correlation structure is
radically different.

1.2. Plan of the paper

In Section 2 we introduce Arithmetic Random Waves and some relevant known results on the geometry of their level sets, we also
introduce Wiener chaos expansion of the geometric functionals of level sets. Section 3 contains the statement of our main results.
The proofs of the results concerning the 2-dimensional correlation structure of Arithmetic Random Waves are included in Section 4,
whereas those for partial correlation are given in Section 5. Section 6 is devoted to the arguments related to nodal surfaces. Appendix
collects the proofs for the technical lemmas that we exploited to characterize static and doubly static curves.
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2. Background and notation
2.1. Arithmetic random waves

In order to formulate our results more precisely, we now need to introduce more notation and definitions, which have all become
standard in the last decade. We start by recalling the (by now standard) definition of Arithmetic Random Waves, first introduced
in [8,9]. Let T := R?/Z? be the standard d-dimensional flat torus and 4 the Laplacian on T¢. We are interested in the (totally
discrete) spectrum of 4 i.e., eigenvalues E > 0 of the Helmholtz equation

Af+Ef=0. 2.1)
Let
S:={ne’z: n:)ﬁ+-~-+i§ for some A,,... 4, € Z}, (2.2)

be the collection of all numbers expressible as a sum of two squares. Then, the eigenvalues of (2.1) (also called energy levels of the
torus) are all numbers of the form E, = 47%n, with n € S.
In order to describe the Laplace eigenspace corresponding to E,, denote by A, the set of frequencies:

A, ={AeZ : |AI? = n)
whose cardinality

N, :=14,] (2.3)
equals the number of ways to express n as a sum of d squares. (Geometrically, A, is the collection of all standard lattice points lying
on the centred circle with radius ﬁ.) For A € A, denote the complex exponential associated to the frequency A

e;(x) = exp2xi(4, x))
with x € T9. Of course, the collection {e,(x)},c A, of the complex exponentials corresponding to the frequencies 4 € A,, is an
L?-orthonormal basis of the eigenspace &, of 4 corresponding to the eigenvalue E,. In view of (2.3), we have dim &, = N, = |4,];
the fluctuations in the number V), have been very widely studied starting from [22], see for instance [10] and the references therein.

Following [8-10], we define the Arithmetic Random Waves (also called random Gaussian toral Laplace eigenfunctions) to be the
random fields

T,(x) =

! Z aze;(x), xeT?, 2.9
VN, iea,
where the coefficients a,; are standard complex-Gaussian random variables' verifying the following properties: a, is stochastically
independent of a, whenever y ¢ {A,—4}, and a_, = @, (ensuring that 7, is real-valued). By the definition (2.4), T, is a stationary,
i.e. the law of T, is invariant under all the translations f(-) = f(x +-), x € T¢, centred Gaussian random field with covariance
function

—_— 1 1
rny) == ) = EILOT00 = <= Y ek === X cos@a(x=y.4),
n AeA, n AeA,
x,y € T? (by the standard abuse of notation for stationary fields). Note that r,(0) = 1, i.e. T, has unit variance.
The set A, induces a discrete probability measure , on the unit sphere S~
Hy = — 5 4. (2.5)
N AEZA,, Vr

It turns out that the behaviour of {yu,}, strongly depends on the dimension. Indeed, if d = 2, W, is subject to large and erratic
fluctuations, it grows on average, over integers which are sums of two squares, as const - y/logn, but can be as small as 8 for an
infinite sequence of prime numbers. These erratic fluctuations are mirrored by the behaviour of {u,},: indeed, let us denote by

i, (k) = / z*dp,(2).z € Z,
sl

the Fourier coefficients of u,. (We note that 7,(4) € R since y, is invariant under the transformations z - z and z — i - z, and
that |z,(4)| < 1 since u, is a probability measure.) Remarkably, [10,23] showed that the set of adherent points of {fi,(4)},cs is all
of [—1,1]. It is known that for a density-1 sequence of eigenvalues, the sequence {y,}, converge towards the uniform probability
measure on the circle; weak-* limits of the sequence {y,}, are partially classified in [23].

In dimension d = 3 instead, we have

1

1
n27W « N, < nzte®,

and the lattice points A,/ \/Z become equidistributed with respect to the normalized Lebesgue measure on S?, as n — +oo S.t.

n #0,4,7(mod8) [24].

1 From now on, we assume that every random object considered in this paper is defined on a common probability space (22, 7, P), with E denoting mathematical
expectation with respect to P.
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2.2. Geometry of level sets

We are interested in geometric properties of Arithmetic Random Waves, in particular we study the distribution of their level sets
(xeT : T, (x)=u}, uek.
Recall that level sets are a.s. smooth submanifolds of codimension 1, this follows exploiting the a.s. Morse property of ARW, or
equivalently Sard’s lemma. We mainly focus on dimension d = 2 and investigate two types of functionals: (i) the 1-dimensional
Hausdorff measure, and (ii) the number of intersection points between nodal sets and a fixed reference curve. More precisely, we
shall focus on the following functionals:
» boundary length at level u # 0
£ =H'{x e T? : T,(x) =u},

+» nodal length
L£,=H'{x€T?: T,(x)=0} = £,

 number of intersections of the nodal lines with smooth curves C c T? with no-where zero curvature:

Z(O)=HxeT?: T,(x)=0, x €C).

In [10,11], the variance of the boundary length have been investigated; in particular, for u # 0, as n > +oo s.t. N, > +oo0,

1 4 —y2 En
Var(LY) ~ — w— 2.6
(L) ~ pute S @.6)
in the nodal case, the variance is of smaller order, indeed
1+ 4,4)? E,

512 W2’ 27

Var(L,) ~

with y, the measure (2.5). As for nodal intersections with a smooth curve, under the assumption that the curve has no-where zero
curvature, we have [18]: as n — 40 s.t. N, = +o0,

Var(Z,(C)) = (4Be(u,) — L) + 0| 2|, (2.8)

3

n Nni

where L is the length of the curve, and, for a probability measure v on the unit circle S!, we define

L 2
Be(v) I=/ </ (9,}7(1))2071) av(o),
st \Jo

¥ = (1, 72) : [0, L] — T? being the arc-length parametrization of C, , is the discrete probability measure introduced in (2.5). There
are special curves for which the leading term in the variance (2.8) vanishes, as noted in [18].

Definition 2.1 ([25, Definition 1]). A smooth curve C ¢ T2 with nowhere zero curvature and total length L is static if

L 2 L2
Be(v) i= / < / <0,7(z>>2dt> dv(®) = =,
st \Jo 4

for every probability measure v on the unit circle S'.

From [18, Corollary 7.2], a curve is static if and only if Bc(g) = L?/4, where g denotes the uniform probability measure on
S'. As we shall see later in Lemma 3.5, equivalently a curve C of length L is static if and only if [01‘ 71 ()2dt = fUL 72(t)?dt = L/2 and

L. ...
Jo 1O mdt =0.

The variance of nodal intersections with static curves has been investigated in [25]. We first need some more notation: let 5 > 0,
a sequence of energy levels is called §-separated [26] if

min |[A= || > n'/4*3,
IENEA,

In [26, Lemma 5], it was shown that in fact “most” n (density 1 subsequence) satisfy the well separatedness property for every

0<é6<1/4.
For a static curve (that we denote C’ to avoid confusion), for §-separated sequence of energy levels such that N, — +co
o NP _ 72
Var(Z,(C")) e (16 Aer(p,) — L), (2.9)

where for a smooth curve C c T? and a probability measure v on the unit circle S!
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2

L
Ac(v) =//</ (G,Y(I))z(y,}"(t))zdt) dv(@w@").
st Jst \Jo

Regarding higher dimensions, see Section 3.3 and Section 6.
2.3. Chaos expansion

The celebrated Wiener chaos expansion concerns the representation of square integrable random variables in terms of an infinite
orthogonal sum. In this section we recall briefly some basic facts on Wiener chaotic expansion for non-linear functionals of Gaussian
fields. Denote by { H; },.o the Hermite polynomials on R, defined as follows

k
Hy=1, Hk<t)=(—1>"y—1(z)%y(z), k> 1, (2.10)

where y () = et /V/ 2z is the standard Gaussian density on the real line; H = {H, / \/F : k >0} is a complete orthogonal system
in

L*(y) = LA(R, BR), y(1)d?).

The random eigenfunctions defined in (2.4) are a byproduct of the family of complex-valued, Gaussian random variables {q,},
defined on some probability space (€2, F,P). Define the space A to be the closure in L?(P) generated by all real, finite, linear
combinations of random variables of the form za, + za_;, z € C; the space A is a real, centred, Gaussian Hilbert subspace of
L2(P).

For each integer g > 0, the qth Wiener chaos H, associated with A is the closed linear subspace of L*(P) generated by all real,
finite, linear combinations of random variables of the form

Hy (@) - Hyy(a) ~ Hy, (@)

for k > 1, where the integers q,,q,,...,q; > 0 satisfy ¢; + ¢, + -+ + ¢, = g and (a;,a,, ..., q;) is a real, standard, Gaussian vector
extracted from A. In particular H, = R.

As well-known Wiener chaoses {#{,, ¢ =0,1,2,... } are orthogonal, i.e., H, L H, for p # g (the orthogonality holds in the sense
of L*(P)) and the following decomposition holds: every real-valued function F € A admits a unique expansion of the type

F =7 Flgl,
=0

where the projections Flq] € H, for every ¢ =0, 1,2,... and the series converges in L2(P). Note that F[0] = E[F].
For u # 0, [27, Theorem 2.4] proves that the boundary length £ is dominated by the second order chaos:

2121 = + | Zil () V2m2n—L 2o+ R,
“[2] \/;uqb(u) nnNn/ZA§:(|aA| )+ Ry (n,u)

where, under [27, Condition 2.2], E[R,(n,u)*] = O(4x>n/ N'nz), and A is the following subset of the set of frequencies: if » is not a
square

A =(A=QU k) €A, : 1, >0},
otherwise
AF={A=(,4) € A, = by >0} U{(V/n,0)).

Note that for every n € S, |A}| = N, /2.
Also, inspired by [11, Lemma 4.2], we are able to show that the fourth chaotic component £%[4] of the length of u-level curves
can be written as

" VE,/2 1 1 1 1
ca4) = ¢(u)\/§ TR W = W = W = S W = (aw = ) +ox(D]

where
Witn) = n\/ﬁ Ag,:ﬂam ~n, @.11)
W) = ﬁ Ag,;(lauz AT ﬁ AEZA,:quP — D2, 2.12)
Wi(n) = ﬁ A§;<|a4|2 — iy hy, 2.13)
and
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) = THA @+ 3 Ha) - 3,

and op(1) denotes a sequence of random variables converging to zero in probability. Equivalently,

oo zVE/2r1 1 ) 5 A%
U141 —¢(u)\/; " [§Nn/2 3 (ayl? = Dllay > = 1) 8“(”"2<m’m>

AN et

- (a(u) - %) +o]p(1)].

It is known, see [11, Section 1.4 and Lemma 4.2], that £° is dominated by the fourth chaotic projection:
_1y E,/2
2 N,
[25, Section 2.1 and Section 4] shows that, in the case of a non-static curve, the second chaotic projection dominates the chaos

expansion of Z,(C), and it has the form

Z,(0)[21 = Z4O)[21 + Z5(O)21.
where Var(Zz(C)[Z]) = o(Var(Z4(O)[2])), and

V2rin 1
D

£014]

1 1 1 1 1
[§WA? = S Waln)? = ZWA? = S W) + & + 0p(D)]

Zyo)21 = LY (- 121,420 -1),

A€AT

where we have introduced the notation

L k K
1 A A
I y(kK) = —/ <—, '(t)> <—, '(l)> dt.
# Lo \wr"™") N’

Now if the curve is static [25, Lemma 6.5], the leading term in the chaotic expansion of Z,(C’) is no longer the projection onto the
second chaos, but the projection onto the fourth chaos:

Z,(CH4] = Z8CH4] + Zb(chi4]
where Var(Z2(C")[4]) = o(Var(Z2(C")[4])), and
\2n 1

L

4N, [./\/,, /2

ZUCHI4] = Z (a)* = Dllay [* = (=41, 4(2,2) = 1 + 41, ;(2,0))

LA EAT

+NL 2(411,1,(4,0)—1)]

n €A,

but, for any static curve we have that I, ;(2,0) = 1/2 via Lemma 3.5, so

Van

4N,

NL Y @I, 4,00 - D).

AN EAS n ied,

Zuchi4) = L[1 Y gyl = D(lay > = D(1 =41, ,(2,2) +

N, /2
And in the particular case of a doubly static curve we have (using (A.36) — see the proof of Lemma 3.10):

2
3 1 A X
IA,A’(4’O)_§’ IA’A,(2’2)_§<1+2<m’m> >,

SO

ZZ(C”>[4J=‘@L[ LY daP - ay - (2= (A AN .

W, VRTINS
3. Main results

3.1. The correlation structure in the 2-dimensional case

Let us start investigating the correlation between boundary lengths; recall that S is defined in (2.2) as the collection of all
numbers expressible as a sum of two squares.

Theorem 3.1. Let u;,u, € R, for n C {.S} sequence of energies such that N,, — +co,

Corr(L4, £2) - I, upuy#0o0ru =u,=0,
T 0, otherwise.

Theorem 3.1 follows immediately from [27, Corollary 2.7] and [11, Section 1.4]. The correlation structure between boundary
length and the intersection number with a fixed smooth reference curve of nowhere zero curvature is given below.
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Theorem 3.2. Letu € R, and C c T? be a smooth curve of total length L with nowhere zero curvature and for which {4B.(u,) — L?},
is bounded away from zero. Then for n C {S} such that N, — +oo,

Corr(Ly, Z,(C)) = 0. (3.14)

The proof of Theorem 3.2 is in Section 4.

Remark 3.3 ([25]). observe that the assumptions in Theorem 3.2 are satisfied for the full sequence n C {S} of energy levels (still
assuming N, — +00), if both the imaginary and real parts of I(y) do not vanish, where

L
I(y) = / POy,
0

and ¢(t) € [0,2x] is the argument of 7(r) i.e. 7(t) = ¢/*®. A curve is static if and only if I(y) = 0 [18, Corollary 7.2]. If I(y) # 0,
RI(y) = 0 and the lattice points converge to the Cilleruelo measure (resp. 31(y) = 0 and the lattice points converge to the tilted
Cilleruelo measure), the leading coefficient {45B.(u,)— L*}, vanishes asymptotically (at least under the §-separatedness assumption);
in these last two cases the rate of convergence of {453.(u,)— L*}, decides which is the leading term in the chaotic expansion. These
are the two only cases not covered by Theorem 3.2.

To deal with the static case, we need to define the following

L
I, =1/ = % /0 O + 10O = 67,0 7,(0)P)dt. (3.15)

Theorem 3.4. Let C' C T? be a static curve. For 5-separated sequences of energy levels n C {S} such that N, — +co,

Corr (L}, Z,(CH) =0, ifus0. (3.16)
If moreover i, (4) — n, we have that

Corr(L,,, Z,(C")) = fer(n), (3.17)

where
1+2nT) +n?

fertm 1= :
V2VI+72\ 200 - P)2L, — D+ (T + 12

(3.18)

3.1.1. Doubly static curves
There are special static curves for which f. (1) = 1. In order to investigate this case, we need to deeply understand the geometry
of static curves.

Lemma 3.5. A curve is static if and only if

L L L
/ ni(0ydi = / 7a(t’dt = L/2 and / nO70dt = 0.
0 0 0

Remark 3.6. If C is static, then also /OL n*dt = fOL 1) dt.

Let us now define

L L
1 Y 1 3,
A=Ap = Z/0 OB O B=B. := Z/0 NP @dt,

1 L L
Li=Ic'=— / / G @), 7w))*dtdu.
L= Jo Jo
Hence
’_
I, =1-8A

The following result may look technical, but it is instrumental to introduce the notion of a doubly static curve.

Lemma 3.7. If C is a static curve, then we have the relation,
1

Li=5+ 8AZ —2A + 8B, (3.19)
and the inequalities
1 ,  A(l—44) 3 1 ,
0<A< -, B < ——, = <I;< -1<71, <1
4 4 ) 4
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The proof of Lemma 3.7 is postponed to Appendix. We can now introduce the notion of a doubly static curve.

Definition 3.8. We say the curve C doubly static if 7, = 3/8.

Example 3.9. Circles and semicircles are doubly static.

Our characterization of doubly static curves is given in the following lemmas, also proved in Appendix.

Lemma 3.10. One has I, = 3/8 if and only if C is static, A =1/8, and B = 0; this implies also Ii =0.

Corollary 3.11. Let C" c T? be a doubly static curve. For 5-separated sequences of energy levels n C {S} such that N, — +co and
@) — n,

Corr(L,, Z,(C") = 1. (3.20)

Lemma 3.12 (cf. [25, Appendix G]). Let C ¢ T? be a smooth closed curve with nowhere 0 curvature, invariant with respect to rotations
by 2x /k, for integer k =3 or k > 5. Then C is doubly static.

3.1.2. Discussion

Our first main results on the asymptotic correlation structure among the functionals that we introduced in Section 2.2 can be
conveniently summarized in the following (symmetric) correlation matrix. As mentioned above, C’ (resp. C”") denotes a static (resp.
doubly static) curve.

Asymptotic correlation structure, d = 2.

LY LloL Z,0 Z,C) Z,(

£0 1
cy! 0 1
L2 0 1 1
Z,(0) 0 0 0 1
Z,C") fem 0 0 1
Z,(c" 1 0o 0 0 Ferm 1

Remark 3.13. Level curves have asymptotically full correlation at different non-zero thresholds u;,u,; this is the phenomenon
noted by [15] for random spherical harmonics, using the expansion of the 2-point correlation function, and then related to the
domination of the second chaos by [3,6,11,14,16,27] and others. On the other hand, similarly to what was noted earlier in [16]
for eigenfunctions on the sphere, Theorem 3.1 shows that the nodal length and the boundary lengths of excursion sets at non-zero
levels are asymptotically fully uncorrelated in the high-energy regime. This can be interpreted as a spurious effect: boundary lengths
at non-zero levels are dominated by the second-order chaos, which is proportional to the random norm of the eigenfunctions, and
the latter of course has no impact on the nodal length (which is invariant to normalizations).

Remark 3.14. It is important to note that the correlation between boundary length and the number of nodal intersections with static
or non-static curves is always zero in the asymptotic limit, excluding the nodal case (i.e., u = 0). However, the mechanism here is
different than what we observed in the previous remark: indeed, the second-order chaos component in the intersection of the nodal
length with a non-static curve does not vanish, although it is still uncorrelated with the random norm of the eigenfunctions, which
dominates the behaviour of the boundary length. See the proof of Theorem 3.2 for more details. On the other hand for intersections
with static curves the second order chaos is of lower order, (see [25], Section 2.1) and therefore the asymptotic correlation with
the boundary lengths is obviously zero. In some sense, intersections with static curves have some form of invariance with respect
to normalization factors for the Arithmetic Random Waves, and this makes their behaviour somewhat analogous to nodal lines, see
our following discussion on partial autocorrelation results.

Remark 3.15. In the special case where n = 0 the limiting spectral measure is Lebesgue, i.e. lattice points are equidistributed in
the limit. In these circumstances, we have

Corr(£?, Z,(C")) - R

V2 VAT, -1
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Fig. 1. A static but not doubly static curve C’.

this result can be compared to Theorem 3.28 below for the three-dimensional case. At the other extreme we have n = +1, where the
limiting measure is Cilleruelo or tilted Cilleruelo, namely the spectral measure exhibits the maximal concentration. In these cases
Corr(ES, Z,(C") — 1 for any static curve C’.

Remark 3.16. We have that Corr(£?, Z,(C")) > 0 for any # and any static curve C’.

Remark 3.17. In the doubly static case, the dominant terms in £°[4] and Z(C")[4] coincide, up to a factor depending on the energy
and L, so that we get full correlation for any n € [—1, 1]. More explicitly, ES and Z,(C") are asymptotically the same random variable
up to a constant. Once again, we recall that circles and semicircles are doubly static.

Remark 3.18. Let C’ be a fixed toral curve, static, but not doubly static. Then (as noted above) we have f (1) =1 for n = +1, and
fer(n) = 0 has exactly one solution for 5 € (-1, 1). For instance, we could take C’ to be defined in the first quadrant as the union of
the unit circle in the ranges [0, z/6] and [z /3, /2], and the ellipse arc

(cos(t), sin(t + z/3)), t€[-x/6,7x/3],

and symmetrically in the other quadrants, see Fig. 1.

Remark 3.19. Above we consider the case n = +1 under the assumption of well separated sequences of eigenvalues. We stress
that it is possible that n = +1 may not be attainable under the well separated assumption.

3.2. The partial correlation structure in the 2-dimensional case

To get deeper insights into the correlation structure for the geometry of level sets of Arithmetic Random Waves, it is of greater
interest to get rid of the effect of the random L2 norm of the eigenfunctions. More precisely, it is of interest to investigate the
so-called partial correlation structure, where the effect of the fluctuations in the eigenfunctions norm is removed.

Let X,Y, Z be square integrable random variables; we define the partial correlation coefficient between X and Y conditional on
Z as

Corr,(X,Y) := Corr(X*,Y"),

where X* and Y* are the residuals after projecting X,Y onto the explanatory variable Z.
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In analogous circumstances, it was shown in [16] that for random spherical harmonics perfect autocorrelation holds in the high
energy limit (see also [28] for a similar result on critical points). For Arithmetic Random Waves, the correlation structure is much
more subtle, as detailed below.

Proposition 3.20. Let u;,u, € R, then for subsequences of energy levels {n} C S such that u,(4) —» n € [-1,1] as N,, - +co we have

2
Cov (L' [4], L2 [4]) ~ ¢(u1)¢(u2) <2a(ul)a(u2) — _(a(ul) +a(uy)) + ;'1 ) )

4 N2

Note that for u; = u, =0, since a(0) = é, we retrieve
az?n 1+ 12

Var(L, [41) ~ =t~

as expected.

Theorem 3.21. Let u € R, for a 5-separated subsequences of energies {n} C S such that N, — oo and ji,(4) - n € [-1, 1], we have

Cov (L}[4], Z,(CH[4]) ~ ¢(u)\/7 L2 2/;

1
—6[1+2;71;+n2

3.2.1. Discussion
For 2-dimensional Arithmetic Random Waves, the following asymptotic partial correlation structure holds
Partial Correlation structure, dimension d = 2.

£l c,! c? 2,00 Z,(C)  Z,(C7)
0 1
Ly MOy 1
L MOuyim)  Muy.uyn) 1
Z,00) 0 0 0 1
2, fern) fetwsm)  feluwin) 0 1
Z,(C" 1 M@©ui;n)  MOuym 0 fen 1

where for u € R

V2 r a2
1—6[”2"14“7]

fer(usn) =

V/@a(w? - La@w) + 22y V20 =)L, = 1+ (T + 17

(note that f(n) = f(0;n) as in (4.26) since a(0) = l) Moreover,

{ 2at)at) - @) + atw) + 2}
M (uy,up;m) = ,

\/{202(141) - —a(ul) + 3” } {202(%) - —a(uz) + Hn }

for

H4(u) " Hz(u) _

1
aw) = —; 2 8§

Note that
M©O,u;m) = fen(usn),

where C” is a doubly static curve.

Remark 3.22. The rationale behind the previous correlation table can be explained as follows. Considering partial correlation, the
second-order chaos term disappears from the boundary lengths measure at non-zero thresholds. As a consequence their correlation
with the intersections for non static curves becomes zero, because the latter is dominated by the second-order chaos. On the other
hand, for static or doubly static curves the second-order chaos is lower order, hence the partial correlation becomes basically the
correlation between the fourth-chaos components of intersections and boundary lengths.

An important consequence of the previous results is the existence of resonant pairs, that is, sets of threshold levels with
asymptotically full correlation between boundary length and/or nodal intersections; this is illustrated in the following corollary.

10



V. Cammarota et al. Stochastic Processes and their Applications 181 (2025) 104525

Corollary 3.23. We have that
Jlim Corr(L,!, £,;2) =1,
if and only if

uy — 4l = uf — du?. (3.21)

Example 3.24. For u; = 0 we obtain that the nodal lines (and the interesections with doubly static curves) have asymptotically
perfect correlations with the levels u, = +2. For u; = 1 we obtain u‘z‘ —4u§+3 = 0, with solutions u, = \/5 —\/5, —1,1, so that resonant
pairs are given by (1,3),(1,-3) and (1,-1).

We call (3.21) the Full Correlation Curve for boundary lengths of Arithmetic Random Waves. We believe that analogous algebraic
curves characterize full correlation pairs for other geometric functionals, such as Lipschitz-Killing curvatures and critical values. We
leave the investigation of this for future research.

3.3. Some results in the 3-dimensional case

It is of obvious interest to investigate the existence of a similar correlation structure for higher-dimensional arithmetic random
waves (as studied for instance in [20,21,29]). For brevity’s sake, we do not explore fully this possibility here; we focus just on a
special case, that is in 3 dimensions the correlation between the nodal area (A, = AS) and the length of intersections of the nodal
area with static surfaces or doubly-static surfaces (M,,(X"), M, (Z")). Let us first define

A=A, =H*{x €T : T,(x) =0}),

and, for = c T3 a fixed compact regular toral surface, of finite area A :=|X|,
M=M,(Z) :=H'({xeT: T,(x) =0,x € Z}).

From [29, Theorem 1.2], as n — +co, n # 0,4, 7(mod 8),

32
Var(A,) ~ 3= A%
n

Assume that ¥ admits a smooth normal vector locally, and call n(c) the unit normal vector to X at the point o. For k > 0 even, call

I, =I5 := ﬁ //Z 2(n(¢7), n(c"))F dodo’. (3.22)

Definition 3.25. We call X of nowhere 0 Gauss-Kronecker curvature static if 7, = 1/3, and doubly static if 7, = 1/5.

Remark 3.26. Also for surfaces doubly static implies static (see Lemma 6.4 below). Simple examples of doubly static surfaces are
the sphere and hemisphere.

From [30], we have as n — +oo0, n % 0,4, 7(mod 8), along a well separated® sequence of eigenvalues

2
Var(M, ) ~ T

5600 N2 (81Z, + 35A2). (3.23)

Remark 3.27. Any surface X of finite area and nowhere 0 Gauss-Kronecker curvature, invariant with respect to any permutation
and sign change of the coordinates is static. To see this, note that under this condition X verifies the criterion for staticity given by
Lemma 6.2 below. For instance, ¥ may be given piecewise by symmetric trivariate polynomials where all variables appear to even
powers (as long as the assumption on the curvature is met everywhere).

Our main result is the following.

Theorem 3.28. Let A be the nodal area and M the nodal intersection length. For static surfaces X of area A, we have as n — oo,
n#0,4,7 (mod 8) along a well separated sequence of eigenvalues

n 8rA
~—.222 .2
Cov (A,, M,) N 3750 (3.24)
so that
16

Corr(A,, M,) — ——>

\/405 - I, + 175

2 See Definition 1.6 in [30].

11
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Remark 3.29. Static surfaces verify 1/5 < 7, < 1/3 (Lemma 6.4). The above limit is 1 for ‘doubly static’ surfaces i.e. those satisfying
1, = 1/5, for instance sphere and hemisphere.

4. The 2-dimensional correlation structure

Let us start investigating the correlation between the boundary length at level u and the number of nodal intersections with
respect to a non-static curve.

Proof of Theorem 3.2. For u = 0 the result follows immediately from the orthogonality of the projections in the chaos expansion.
In fact in [25, Section 2.1] it is shown that, in the case of a non-static curve, the second chaotic projection dominates the chaos
expansion of Z,(C), while it is known, see [11, Section 1.4], that Eg is dominated by the fourth chaotic projection. For u # 0 the
boundary length is dominated by the second order chaos [27, Theorem 2.4], so we have

Cov (£}, Z,(C)

=\V2x2n \/7(;1)(14)14

n
\/_ N2/4 Mze“ﬁﬂz[uam —D(Jay > = DIRLy #(2,0)= 1) +o0 <V)

i3 —
\/_ N2/4 gﬁ( 1,,(2,0) 1)+0<Nn>

where the last step follows by observing that 2|a,|? has a chi-squared distribution with 2 degrees of freedom, and by recalling that
a, and d, are independent for 1 # 4'. The statement immediately follows by observing that

Z(—1+21M(2,0))_ D (=1+21;,;(2,0) =0

reAf AGA

=1V2x2n \/7 P(uu 2

since, as shown in Lemma (A 37) Eq. (A.37), we have

721“(20) O

n A€A,

The main result to prove Theorem 3.4, i.e. the correlation structure among nodal length and nodal intersection numbers, is the
following proposition.

Proposition 4.1. Let L, be the nodal length, and Z,(C") the nodal intersections number with a static curve. For a §-separated subsequence
of energies {n} C S such that N,, » oo and ji,(4) - n € [-1, 1], we have

vz "iL—[Hznqmz], (4.25)

Cov (L, Z,(C) ~ NN,

and

) 1+ 21T} + 7
Corr(L,, Z,(C") ~ . (4.26)

V2VT+72\ 201 - P)2L, = D+ (T + 12

Proof of Proposition 4.1. The covariance in (4.25) follows immediately from Theorem 3.21 with u = 0. Now we take into account
the expression for Var(£,[4]) in [11, (2.20)], and, in our notation, [25, (3.4)] is

n 12
Var(ZI4D) ~ - 120 - )L - D+ (I, + 1. O

5. The partial correlation structure in the 2-dimensional case

Proof of Proposition 3.20. Let us write

Cov (L, [4], £,2[4]) ~ dp(u)d(uy) =

7 4xtn

4 N2
x {a(ul)a(uz)Var(Wl(n)2)

1 ! !

+ [a(uy) + a(uy)]Cov (Wl(n)z, — Waln? = ZW(? - 5W4(n)2)
1 1 )

+ Var(—ZWQ(n)z — Wi - EW4(n)2) }

12
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where the random variables W;(n) are defined in Eqgs. (2.11), (2.12) and (2.13). From Lemma 4.3 in [11] and a simple computations

of Gaussian moments we have, as n — +oo,
Var(W;(n)?) — 2,
and moreover

1 1 1
Cov (Wl(n)z,—ZVVZ(n)z - W5 - 5W4(n)2) -z

Finally,
1 1 1
Var(—ZWZ(n)z - W - 5W4(n)2)

2 2 2 2
1 3+7n 1 3+7n 1 1-n 1 1-n
= (2= = (2= 2. (=2 2. — .2 =2
_’16<8>+16<8>+4 <8)+16<8>
_1 2
—8—2(3+'7),

thus concluding the proof. []
Let us now investigate partial correlation between the boundary length and the number of intersections with a static curve.

Define
1:= %/ [3;” 7o+ Tyz(t)+6—7](t)y2(t)]
7= [ 1ot (5 Ao+ () (oo

(5 0 () 052 oo

Proof of Theorem 3.21. Using the expressions of the 4-th order chaos, see Section 2.3, we write
Cov (£4[4], Z,(CHI4D

~¢<u)\/7v Ed/2 ‘/_ {|a (M)Wl(n)z——I’Vz(n) ——Ws(mz——m(n)]

3 dlayP = Dlayl? - 11 —41,151,(2,2))] }

% 2

n pLA e,

The first term is

A=awE Wl(n)ZNi Z (a)* = Dllay|* = DA =41, 4(2,2)
AN EAS
-a(u)— (X dayP=DlaP=D)( X day = Dilay, P = D1 =41, ;,2.2)]
n €AY 23,04€AT

:a(u)m[ 3 U-dnp@0)+2 Y (-4, 2))]

noANEAS ALV ey
4
= a(u)vnz Z +(1 45y 4(2,2)
WA EA}

where in the last step we apply (A.39). The second and third term have the form

1 4 2,912

B = 4n2N3[ 3 A= an )+ Z+A DAL = 41,2, 2))]
AN eA; AN eA]

fori=1,2, and the last term is given by
Y OB -4l p22)+2 Y A (=41, 42, 2))].

2 nZ_/\/'n2 LA eAf LA et
We observe that
1
Bi+B,+C=—7 2N2[ 2 (AL =4 4(2,2) +2 Z (A AV =41, (2, 2))]
n QN eA) LA et

In view of Lemma A.1 we write

= a(u)ﬁ[f\fz ANZI] = a@)[l - 41]

L (N2 = 4n2.}\/21+2 n2./\f2 2.4n2N331:-1+41-2%+2-4J;

13
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ie.
1 1 1 1
A+B1+B2+C=a(u)[l—4I]—Z+I—Z+ZJ:[a(u)—z][1—41]—z+2g7‘
Moreover,
1 47,,4,0= 1) = — (aw) - L) @41 -1
- ((atw) 4)NH€2A)< @0 =D == (aw-1)d1-1,
and
1y ) )
<a(u)—-) . Y ay? = Dlay| —1)(1—41,1,,1/(2,2))=—(a(u)——)(1—41)
o/ AN e
Finally,

’ 2
= Y (ol —1)<|ﬂ4/|2—1)(a(u)—-<|—j4 lj—|>>
nl2 ) e

Ni 3 (41,640~ 1)
€A,

:(41—1)(a(u)—‘1—‘).

So we obtain that
VE, \/ﬂ

Vl

Cov (L;[4], Z,(CHI4D) ~ plu )\/7 {[ (u) - —][1 —41]1- - +2J—(a(u)— —)(1 —41)}

_ V3 \/ n/ \/E 1
= ¢(u) 5 { Z+2J}'
Observing that,
24 2,
J_58_2+8_2”I‘1 a2
we arrive at
Cov (L3141, Z(CI4D ~ plw)y |5 ¥ E/2 ;/; <li+ati+r| O

Proof of Corollary 3.23. We need to study the covariance expression for the boundary lengths at thresholds u,,u,, that is

2
Cov(L,!, £,2) = 2a(u)a(uy) — i(a(ul) T ay) + > ;'4"
where we have that
Cwr -6 +3 -1 1 14 41
a(u) = 7 + 3 _E_Zu —u +§.
We have that
2
Cov(Ly, ES) = 2a(u)a(0) — %(a(u) + a(0)) + 3 +4'1
1421)1114 11 3472
=2(=u*- )= == -
(4” “t3)3s 4(4 +8+8)+ o4
= 61—4(2(21;4 -8 +1)—22u* =8> +2) + 3+ 1)
_1+112
T4

On the other hand
Var(£4) = Cov(Ly, L)

=2(iu4—u2+l) -

8 4 ) 64
ls_ 6 D N AP NI G
=8 - 2 =Y 2_q i
Su u +2ut + o 3 (u )"+ o1
so that the squared correlation is given by
{Cov(£!,0))? 1+

Var(LO)Var(Lh) — 8ub@? — 47 + 1+ 12

and there are resonance points for the nodal length at u = +2, because at those points obviously %(u2 —4)?> = 0. More generally,
considering any two threshold levels u;,u, we obtain that

+ 1

64

Cov(L,!, £,2) = 2a(u)a(uy) — i(a(ul) +a(u,)) + 3

14
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_ 1 4 1/1 4 b 1 1 4 5 1 3
2( ul—u + = ><4_1u2 u2 >_Z Zul—u1+§+zu2—u2+§)+a
144 1 il 1 i 22 + 1’
=gt TRt T o Uy + 2uyu;y + 64
so that the correlation is one if and only if
1 1 1+12
L (g”jlug - —u‘l‘ug - U7 u4 +2142u2 + i)2
(§ul—ul+2u1+1+'7 )( —u +2u +l+’7)
and hence,
Loag 149 194 2o, 147
(gulu2 - 5”1"2 — Eulu2 +2u1u2 + o
L8 _ 640 L+ LS 640 l+n
- gul—ul+ u; + o4 guz—u2+ uy + o4
1 2
=— 1 (—u‘f+4u%+u‘2‘—4u§)220 O

6. The 3-dimensional correlation between nodal area and nodal intersections

Proof of Theorem 3.28. We may write [30, (8.99) and Lemma 8.1] as

oy fAEm 32 A 132 1 2_ 2_1H@E-
M4] ST AR Y dapl? = Dlay* = 1)(3 = 91(2,2) + 141(2,0)

AN EAT
J
2
AN
—6( —,— ) +12
<|/1I |/1’|>

A
(o ”) ’
k K
’ _ A
Ik, k™) =1 p(k, k) = /<|/1| ((7)> <|/1’| n(6)> do.

For static surfaces we have (Lemma 6.2)

12,0)= % 1,1 = %u, )

with

hence

472m 32 A 5 2 2
M[4] ~ = - = 132+ — E -1 -1 -2712,2
4] 3 16-8-N 15 J\//2“,6A+(W| Mzl )« @2
HEAT,

;A2
-6<|—f”,|j—,|> > . (6.27)
Starting with the case of doubly static X, then
12,2) = %(1 +2(4, )
so that

L fAmm 324 161, 1 il 1o3l 2 2\
M 3 16-8-N 15 2+J\//z L (il = Dy 1)<1 3<M|’M’I>>'

p) A'eA;j

Comparing with [20]

ym 1 2 2 i\
4 ~ alze—= ) “DayP-nf1-3( L, L 2
Al4] SN +N/2 | ‘(|a/1| May” =1 3<|/1|’|/V|> , (6.28)

we see that in this case the two expressions are the same up to a multiplicative factor depending on the area A, and in particular
Corr(A, M) — 1.
In the general case, from (6.27) and (6.28) we compute Cov (A[4], M[4]), where many terms cancel out, leaving

15
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. r\ 2 P\ 4
Cov (A4], M[4)) ~ L 27 3:2 4 10 5—21< 44 > +18<i,’1—,>
P2 A T

PV AT T
271(2,2 811(2,2 Ao ’ (6.29)
—271Q. ) +81UQ D T o ) - :
@2+ 811 )<u| w|>

We exchange the order of sums and integral, and apply Lemma 6.1 to simplify (6.29) to (3.24).
Lastly, we take into account the expressions for Var(A) [29, Theorem 1.2] and Var(M) [30, (1.19)] to conclude the proof. []

6.1. Static surfaces

Lemma 6.1. For any static surface X, we have as m — oo, m # 0,4,7 (mod 8)

Ly <i A_’>‘L1
N2 e N/ TS

1 1
" D 12.2) -5,

rien

2
1 Y 11
—_— I12,2)( —, — —
R )<|/1| |z’|> s

LN eEA

Proof. In each of the three expressions, we expand the summands and apply [29, Lemma 2.5]. Then we simply recall that the
normal » is of norm one to complete the calculations in the second and third expressions. []

Lemma 6.2. A surface X is static if and only if for every i, j one has

/ nn; do = %5,-]-.
z

Proof. We write

2 2
1:= //Zz(n(a),n(a’))2 dode’ = Z </Z n,-(o)n/-(a)da) > Z </Z ni(a)zd(r) ) (6.30)

ij

The sum of the three integrals
Z / ncP=A
)z
is fixed, so the sum of their squares is smallest when they are all equal:
2 2
123(35) =%
All summands in (6.30) are non-negative: then 7 is minimized, i.e. X is static, if and only if for every i, j one has

A
/n,-njdo'=§5,~j. O
z

Remark 6.3. Surfaces in Remark 3.27 that satisfy the further condition [ n‘l‘da =|ZX|/5 are doubly static, due to Lemma 6.4.

Lemma 6.4. One has 7, = 1/5 if and only if X is static and
AJ5  ifi=j=C=k,
/n,-njnfnk do=4A/15 if i,j, ¢, k are pairwise equal, (6.31)
0 otherwise.

Generic surfaces X satisfy 1/5 < I, <1 (and the maximum is attained by surfaces contained in a plane). If X is static, then

1 1
-<1I,<-.
5-74=3

16
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Proof. The upper bounds are due to I, < I. For generic X,

2
A1, :=// (n(0).n(c"))* dodo’ = Z </ ninjnkn,da>
x2 igkl \Z

e ]

2 & &2 &k & &B
_ ii ii ii Ji i Ji 2 2 2 2
=3 +—+ +—9 +—9 +—9 +a; +a; +ay +ay

2 2 2
a a a
+<ﬂ+&+ﬂ+ai2k+af.k>] (6.32)

with the notation g; ;= f . nzn?do, where {i, j, k} is any permutation of {1,2,3}. On the RHS of (6.32) there are two brackets: the

i
former is the sum of squares of ten terms, the latter of another five. The latter five sum up to
Ak | k| Yk _ 2
T+T+T+aik+a"k—/znkd6'
Since the sum of all fifteen is simply A, the former ten have a total of A — [, ni do. With the same idea as in Lemma 6.2,
3 2 2
I,>2 —|3X"-2XA+ A
4=70 [ ]

where

X=X5 ::kr:n]e,l%(/znid(f).

Now Y,_,,3 /s n? do = A and the three summands are non-negative, so that X > A/3. Moreover, if A is fixed, then 3x? —2xA + A?
is an increasing function of x for x > A/3. It follows that 7, > 1/5. In addition, if this minimum is achieved, then necessarily
/z ni do = A/3 for k =1,2,3, and (6.31) must hold. It then also follows that

/ninjd0'=/n?njda+/ninj3.d0'+/n,-njnida=0, i#j. O
z z z z

Lemma 6.5. One has I, = A%/(k + 1) if and only if X is static and

preaivatiicali if x,y, z are all even,
/ ninynido = (et / ’ (6.33)
; 0 otherwise,

for all x,y,z > O satisfying x + y + z = k. Generic surfaces X satisfy A%/(k + 1) < I, < A? (and the maximum is attained by surfaces
contained in a plane). If X is static, then

2 2
A <A
k+1 3

Proof. The upper bounds are due to I, < 1. For generic X,

2
I, := ///S (no)n@") dods’ = B ey, ( /; n’fﬂﬁﬂé“)

x+y+z=k

2
X,V z
z [ </ n1n2n3d6>
X+y+z=k z

X,y,Z even

2 2
€x,y,0 Cxyz
(k— 1)” Z W <L nTnng') + Z m (Ln?ngn;do’) >

x+y=k x+y+z=k
Xy X5,z even

even z>2
with

. k
Cxrz T\ yz

the trinomial coefficient. In the RHS, we replace each summand with

;o k&= DUy —DN(z - D12
Gz T \xyz k- DN

\%

X, ),z

copies of

17
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do | .
/); (x=D!Ny-D!Ez-1"

The sum of all integrals is A, and there are a total of

Z ¢y = (kD!

x+ytz=k
X.y,Z even

integrals. The second sum contains a third of the terms, and they sum up to /. ng do. With the same idea as in Lemma 6.2,
A-X)? 2
Zkz(k—l)!![( ) X ] 3

_ 2 2
2+ D13 T RF D3 _2(k+1)[3X 2XA+ 47

where

X=Xy := 2do ).
o= ([ rtao)

Now Y,_,,3 [ 12 do = A and the three summands are non-negative, so that X > A/3. Moreover, if A is fixed, then 3x? — 2xA + A?
is an increasing function of x for x > A/3. It follows that 7, > A2/(k + 1).

In addition, if this minimum is achieved, then necessarily f 5 ni do = A/3 for k = 1,2,3, and (6.33) must hold. It then also follows
that

/ninjdc;:/ninj(n%+n§+n§)("’2)dg=0, i#j. 0O
= =
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Appendix. Proofs of auxiliary lemmas

Proof of Lemma 3.5. Let C be a curve parameterized by arc-lenght, and v be a probability measure on S!. We can assume that v
is invariant w.r.t. rotations by z/2, indeed the curve is static if and only if 4B.(v) — L?> = 0 holds for v the uniform measure. Via
some manipulations, we rewrite

Bs(v) = L—2(1 +21,) + L—20(4)(1 —ZZL)' (A.34)
cV) == 2 3 2/ :

with V(k) = /S' z7*dv(z), for any k € Z, Fourier transform of v; note that ¥(4) is real if v is invariant under the transformations z — z
and z —» i - z; and

\ L ogL
L=1c= E/o /0 (7 (1), 7)) dtdu,

1 Lot
?/o /0 (7). (W), 7y () drdu.

1 _ 71
12 _IQ,C

Then C is static if and only if 7, = I = 1/2: indeed if I, = 7, = 1/2 then from (A.34) it holds that 4B.(v) — L* = 0 in particular

for v the uniform measure. On the other hand, we may rearrange

2 L 2
1 / L N 1 )
L=y (+ n-(t)r(r)dr) > <— [ o dr)
: Z <L 0 ! i;‘z L Jo

ij=12

Since [;" 7,(0%dt + [, 7,(*dt = L, then I, > 1/2 with equality if and only if /," 7,()?dt = [, 1,(2dt = L/2 and [, 7,()i,(1)d1 = 0.
These conditions also ensure that 12l = 1/2, and the proof of this lemma is complete. []
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Proof of Lemma 3.10. Similarly to the proof of Lemma 3.5, we have
2

: 4 1 L : . 2 1 L 2 1 L
l4=§)(i> [Z/o Yl(t)'f/z(t)“”dt] Z,-:Z]:2<z/o 7'/,-(:)4dt> +6<Z/0 y,(t)2;'/2(z)2dt> . (A.35)

Clearly /," 7,()*di + J," 7(*dt +2 [} 71127, (12d1 = L, hence I, > 3/8 with equality iff
B 3/8 ifi=j=k=I,
%/0 707 Op @7 (Ddt ={1/8 ifi=j#k=1, (A.36)
0 otherwise.

If (A.36) holds true, this clearly means that A = 1/8, and B = 0, and moreover C is static due to Lemma 3.5 (e.g. fOL n®?dt =
JE @i+ [ 702,12t = 3L/8 + L/8 = L/2).

Vice versa, assume that C is static, A = 1/8, and B = 0. By staticity we have /OL 7@t = /OL 72(t)*dt. Using A = 1/8 and the fact
that C is unit speed we get also the first case of (A.36). As for the third one, it suffices to point out that /OL n®n®3dt=-B=0. O

Proof of Lemma 3.12. To construct a family of doubly static curves, we adapt [25, Appendix G]. The condition is 7, = 3/8.
Bearing in mind [25, (G.4)], we impose

k-1
;)COS<}’(I)—¢(M)+J 2;’) e

where 7(u) = exp(i¢(u)) Due to the identity
cos(x)* = + cos(2x) cos(4x)’
2 8
it suffices to impose
k k

—>2 and — 2>2,
ged(2, k) ged(4, k)

i.e. k =3 or k > 5. For k = 4 the curve is static, but not necessarily doubly static (for C to be static we only need k/ gcd(2,k) > 2 —
cf. Fig. ). O

Proof of Lemma 3.7. To prove (3.19), we rewrite 7, as

Sa\[1 [ nE
SOl f s

The terms for i = 1,2 are simply 4B% and 6A2. Since C is static, in light of Lemma 3.5 the term for i = 3 is 4(—B)?, and the terms
for i = 0,4 are each equal to (1/2 — A). Rearranging proves (3.19).

For static curves ( f j/l.4dt/ L)+ A =1/2, with i = 1,2. Moreover, by Cauchy-Schwarz, A is always the smaller of the two summands
, hence 0 < A < 1/4 (extrema excluded else C would be a straight line segment). Rearranging, —1 < 7; < 1.

The inequality 3/8 < 7, is shown in Lemma 3.10. For the upper bound, by Cauchy-Schwarz 7, < 7, (as defined in Lemma 3.5),
and I, = 1/2 due to staticity (extremum excluded again else C would be a straight line segment). Lastly, we combine 7, < 1/2 and
(3.19) to find B> < A(1 —4A)/4. O

To state the technical results in Lemma A.1, we introduce the following notation

3 3
1:= Z/ [ th, o+ — +” ;‘(t)+6—y](t)y2(t)]dt
0

7=1 [ 4<>+< Vst a(2E) (S rore

+(%) 2()+<3;”) (’HS(IS ) (f)y(t)]dt

and we observe that

3 on, 2 4, 2
I=-+1, 5 I’ + =
8+84 T=sgtgnlitgn

Lemma A 1. We have

N Y 1,,2,0)= (A.37)

n AeA,

— Y 1,,02)=1, (A.38)
N, Ag,, v
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1 Z 1
— [y(2,2)= .
N2 V€A, 4

1 , 1
- (LAY =3,
n N7 A,/l’ze/l,, 2

1 2

(LAY p2,29)=J.

n N2 A,/VZGA

Proof. Eq. (A.37) follows immediately by observing that

NL Y 1,20 = !

n iea, nN, JEA,

L
. / LA @) + Air(@)Pdt
0

1 1 [t ., 2.2 o
= AEZA: T /0 [AT77 @) + A375(0) + 241 A1 (D72 (Dd

L
%/0 370+ 373]ds
L
=31 /0 GO, 70) di = 2,

where we used the relations

1 1, 1
nN24i=5,z=1,2, and nNZMZ:O‘

n AeA, n €A,

The proof of (A.38) is similar, in fact

1 1 1 [E o
— Y 1,,22= | Iy + hpn01tdt
Nn /152,1” a4(2.2) nan ol I /0 [A7:1(0) 272(0)]
1 N 4.4 22,2002
= N Agn T /0 (A7) () + 2375 () + 622 272 ()73 () dt

=1,
since
1 4 _3+n 1 202_1-n1
—_ Al=——, i=1,2, and —_ A5 = ——.
n*N, /lg,, ' 8 n’N, AEZA,, v 8
To prove (A.39), we observe that
1 1
./\7 Z I v(2,2) = m

L
1 ) ) . .
I / L4710 + Ay O[] 7, (1) + A7) dt
n LAEA, n ALAEA, 0

1 L 2.2 o
= — 2720 + 272 + 241 At (Dpa(t
N2 MZEA"L/O (471 (0 + 4375 (1) 14271 (D72 (0]

X LAPTEO + (G730 + 24 1 (7))
N nz]W % /0 L“M IBACEACASHGIAV)

+ 2P 0720 + 2200 o1de
= %/OL H?f@) + %712(1)722(1) + iyg(z)]dt

O R NI |
_Zf/o 7 @®,7®) d’—4-

Eq. (A.40) is an immediate consequence of (A.42). Eq. (A.41) follows from
1

L
— ! 1\2 1 . . 2l - /- 2
= xe A,A’ZGA,T(AIAI +h iyl T /0 (710 + Ay OPLA, 71(0) + Xy (01 dt
1
by D AG? + A3 + 241424 25 )
WNy e,

L
x % / [AT770) + A5750) + 221 Aty (DO LADP 77 (1) + (A 75.(1) + 2] Ay (D (D]
0
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L
=1 > % /0 LD 710 + DB 7 (1) + 2D A 7 073 (1)

nt N2 LAEA,
+ BB OR® + BB TORO + (W) A RO
+ AP B30 + A5 73 (0) + 8AT (X)) (W77 (D75 ())d 1
=J. O
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