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Abstract We study the volume distribution of nodal domains of families of naturally
arising Gaussian random fields on generic manifolds, namely random band-limited
functions. Itis found that in the high energy limit a typical instance obeys a determinis-
tic universal law, independent of the manifold. Some of the basic qualitative properties
of this law, such as its support, monotonicity and continuity of the cumulative proba-
bility function, are established.

Mathematics Subject Classification 58J50 - 60F99 - 35P20

1 Introduction

A conjecture of Berry [3] was the original motivation for the study of nodal lines of a
random plane wave. Nowadays, the study of the nodal lines of random plane waves and
other smooth Gaussian fields is a well developed research area of its own right, also
having numerous connections to other areas of mathematics and mathematical physics.
We refer to a survey by Nazarov and Sodin [10] for more information. Bogomolny
and Schmit [4] argued that some properties of the nodal domains of random plane
wave behave similarly to the analogous properties of the critical percolation clusters

D<) Dmitry Beliaev
belyaev @maths.ox.ac.uk

Igor Wigman

igor.wigman@Xkcl.ac.uk

Mathematical Institute, University of Oxford, Andrew Wiles Building, Radcliffe Observatory
Quarter, Woodstock Road, OX2 6GG Oxford, UK

2 Department of Mathematics, King’s College London, Strand, London WC2R 2LS, UK

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00440-017-0813-x&domain=pdf
http://orcid.org/0000-0002-1725-4360
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corresponding to the square lattice; these include their number and the distribution of
their areas.

It turns out that a lot of techniques could be extended to more general ensembles of
random functions that we will discuss later on. In this paper we discuss the distribution
of nodal domains’ areas and length of their boundaries; we are following the footsteps
of Nazarov and Sodin [9, 1 1], who developed some novel techniques to study the total
number of nodal domains of smooth fields, and Sarnak and Wigman [12] who extended
their tools to study finer questions of counting nodal domains of a given topological
type and their mutual positions (“nestings”). Some of the methods in our paper are
similar to these of the aforementioned papers; in particular, we borrow several technical
results from these manuscripts. Some marked differences from these will be discussed
at the end of the introduction.

Let (M, g) be a compact smooth Riemannian #-manifold. For a smooth function
f : M — R the nodal domains are the connected components of the complement
M\ £~1(0) of the nodal set, and we denote §2(f) to be the collection of all nodal
domains of £, and for ¢t > 0 we denote A/(f; t) to be the number of nodal domains
w € 2(f) of volume

Vol(w) < t,

where Vol = Vol,, is the n-dimensional volume on M. We also define

N(f)=N(f;00) =2(f)

to be the total number of nodal domains of f. In this paper we will investigate the
behaviour of N(f; t) for several classes of random functions f.

Before introducing the most general result we would like to discuss one particular
case (whose scaling limit is Berry’s random monochromatic waves) which is easy to
explain and is representative in the proof of the general result. It is well-known that
the space of spherical harmonics of degree [ is of dimension 2/ 4 1; let {¢y ; }i=1..2/+1
be an arbitrary L?-orthonormal basis. Define a random Gaussian spherical harmonic

21+1
,/2l+1 Z cidLis (1.1)

where ¢; are i.i.d. standard Gaussian variables. The normalizing constant is chosen so
that

Ellf@*1=1

for every z € S%.
For the total number of nodal domains of f; Nazarov and Sodin [9, 11] proved that
there exists a constant ¢g > 0 (“Universal Nazarov—Sodin Constant’) so that

E[ N
12

—4mcy :| — 0, (1.2)
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i.e. that A% converges to the constant 4 - c¢o > 0 in mean, where 47 = Vol» (S?)
is the surface area of the unit 2-sphere. The constant cg in (1.2) will be denoted
co = c(2, 1) as a particular case of a more general situation below [see (1.8)]. Our
first principal result refines this.

Theorem 1 Let f; be the random spherical harmonic of degree I. Then the following
holds:

1. There exists a monotone non-decreasing function
v =Y1:(0,00) — Ry,
so that for all continuity points t of ¥ we have

. 2
E[ NP

N

] -0, [— oo (1.3)

(Notation W, 1 will be clear from the formulation of Theorem 2.)
2. Let

to=mjs, = 18.168...

where jo.1 ~ 2.4048 is the first zero of the Bessel function Jo. Then the function
¥ defined above vanishes on [0, ty), and is strictly increasing for t > t.

As amonotone increasing function ¥ is continuous outside a countable set of jumps
To = To;2;1 = {tx}z= > hence (1.3) holds for all # € R~o\7p. The question whether
we should expect for some genuine “distinguished” numbers # € 7y that accumulate
a positive proportion of nodal domain areas with strictly positive probability turned
out to be quite tricky. On one hand, it is a priori possible to construct examples of
spherical harmonics admitting lots of nodal domains of similar volume = ¢, for some
candidate t > 0 for 7y. However, we may show that this situation is unstable w.r.t.
small perturbations of the given spherical harmonics, by evaluating the derivatives of
the volumes of these nodal domains w.r.t. the perturbation, and proving most of them
to be bounded away from 0, with high probability.

The latter procedure seems very difficult to implement in order to rigorously rule
out atoms, since the typical situation is more complicated, so that, even though the
nodal domains of volume =~ ¢ before perturbation have been perturbed sufficiently,
there might occur other domains, whose volume will be ~ ¢ after the perturbation.
Nevertheless the above heuristic could serve as an argument in favour of believing in
no “distinguished” areas, accumulating a positive proportions of nodal domain areas,
at all, as in the following conjecture (or at least |7g| < oo is finite). This is also
our grounds for believing the analogous conjecture in the more general setting (see
Conjecture 2 below); if our intuition is correct, then ¥ is also differentiable everywhere,
both in the restricted case ¥ = ¥, | (see the second part of Conjecture 1), and in the
more general scenario.

Conjecture 1 Let ¥ be the function prescribed by Theorem 1.
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1. The set of jumps of ¥ is empty, i.e. Ty = §), and ¥ is continuous.
2. The function ¥ is everywhere differentiable on (ty, 0c0) and its derivative (the
probability density of the limiting distribution of nodal areas) is strictly positive.

Let us make a few remarks on Theorem 1. The spherical harmonics have a natural
scale 1/1, hence the natural area scaling is 7/1%; the area of a typical nodal domain
is of order of magnitude liz Since the spherical harmonics are eigenfunctions of the
spherical Laplacian, there is deterministic a lower bound on the nodal domains area.
This will follow from the Faber—Krahn inequality which, in the 2-dimensional case,
states that for a domain of area A its first Dirichlet eigenvalue of the Laplacian is at
least j& 1/ A. This implies that ¥ (t) = 0 for t < f. One may formulate and prove
similar results on the distribution of lengths of nodal domains boundaries (equivalently,
connected components of the nodal set ffl (0)), called the nodal components of f;
(see also Sect. 6).

All the other principal results of this paper are in the same spirit as Theorem 1
but in different, less specialized, settings. The two main settings are: Euclidian (or
“scale invariant”) case, and band-limited ensembles on manifolds; one recovers the
former as scaling limits of the band-limited ensembles around every point of the given
manifold. Below we briefly describe the various settings of random ensembles of
functions treated in this paper.

1.1 Euclidian random fields

Here we are interested in centred Gaussian functions F : R" — R; it is a well
known fact (Kolmogorov’s Theorem) that the distribution of a centred Gaussian field
is completely determined by its covariance kernel

K(x,y) =E[F(x)- F(y)l.
We will be interested in isotropic fields i.e. the fields such that

K(x,y) =K(x = yD,

which means that F is invariant under translations and rotations. From now on we
assume that all our fields on R” are isotropic, and moreover, we will also assume that
F is normalized so that K (0) = E[F2(x)] = 1.

It is known that the such covariance kernel K can be expressed as the Fourier trans-
form of a measure p, called the spectral measure. In many cases it is more convenient
to describe the field F in term of its spectral measure instead of the covariance kernel.
Given the spectral measure, there is an alternative way of constructing the random
function F'. It can be constructed as the Gaussian vector in the Hilbert space H which
is Fourier image of the symmetric space Lgym (p). In particular this means that if {¢y }«
is an orthonormal basis in H, then

F=Y" o, (1.4)
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where ¢ are i.i.d Gaussian random variables. This series a.s. diverges in H but,
under suitable assumptions on p, converges a.s., pointwise or in some other sense,
to a well-defined function. The nature of the convergence depends on the prop-
erties of p; in cases of our most interest the series (1.4) converges locally in C k
for every k. One of the most important motivational examples is the random plane
wave:

Definition 1 The random plane wave or the monochromatic wave with energy E = k*
is the centred Gaussian field on R? with the covariance kernel

K(x,y) = Jo(klx — y|),

where Jj is the zeroth Bessel function.

Since the spectral measure is supported on the unit circle, the random plane wave
is a solution of Helmholz equation

Af +12f =0 (1.5)

on R2. One may think of the random plane wave as a “random” solution of (1.5). It
is possible to express the random plane wave in terms of an orthonormal basis in the
corresponding Hilbert space via the formula (1.4). A canonical basis for this Hilbert
space is given in terms of Bessel functions Ji, and, in polar coordinates x = ret?  the
function F could be written as

o0
Fré®)y =9 Y cpdinkr)e™, (1.6)

n=—0o

where the coefficients ¢, are i.i.d. standard complex Gaussians. More details about
the construction of the random plane wave and its relation to the random spherical
harmonics could be found in [9].

A direct computation shows that the covariance kernel of this function is indeed
K(x,y) = Jo(k|x — y|). The spectral measure of F' is the normalized Lebesgue
measure on the circle of radius k. Since plane waves with different values of k differ
by the scaling, it is natural to fix k = 1. The description in terms of the spectral
measure has a natural generalization to the higher dimensions:

Definition 2 The random plane wave in R” is the Gaussian field whose spectral mea-
sure is the normalized (n — 1)-dimensional Lebesgue measure on S"~! ¢ R”.

In Theorem 5 below we will show that under relatively mild conditions on
the spectral measure, an analogue of Theorem 1 holds for F. Theorem 5 will be
proved in great generality, though the most important, relevant for Theorem 1, is
the case of the random monochromatic plane-wave, of significant importance by
itself.
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458 D. Beliaev, I. Wigman

1.2 Band-limited functions

Let (M, g) be acompact Riemanian n-manifold, then the eigenfunctions of the Lapla-
cian {¢;};>1 form an orthonormal basis of L?*(M). We denote the square roots of
eigenvalues by 0 = 19 < t; < 1, ... i.e. satisfying

Agi + 17 = 0.

For afixed « € [0, 1) and T > 0 a large spectral parameter we define the o-band-
limited functions (corresponding to 7')

fO) = fur) = Y ¢jpj(x). (1.7)

aT<tj<T

where c; are independent real Gaussian variables of mean 0 and variance 1. Fora = 1
we define f1.7 by

fO=fir= > ¢,

T—n(T)<tj<T

where 7 is a function growing to infinity slower than T, i.e. n(T) — oo as T — o0
and n(T) = o(T).

The random spherical harmonic (1.1) defined above is an ¢« = 1 band-limited
function on the unit sphere S 2 withee = 1 and n(T) = 0( T'/2). For the total number
of nodal domains of the band limited functions Nazarov and Sodin [11,13] proved
that for every @ € [0, 1], n > 2 there exist a constant c¢(n, «) > 0 (“Nazarov—Sodin
constant”!) satisfying

]E|: Na(f)
Tn

—c(n,a) -Vol,,(M)H — 0. (1.8)

Sarnak and Wigman [12] refined the latter result (1.8) for counting the number of
nodal domains (or components) of f of a given topological class; they also found an
elegant way to formulate it in terms of convergence of random probability measures
consolidating all topological types into a universal deterministic probability measure
that conserves all the topologies. Gayet and Welshinger [8] proved lower (and upper)
bounds for the expected number of domains of a given topological class in a different
ensemble of random polynomials in the high degree limit. We will show below that a
result similar to Theorem 1 holds for band-limited functions.

Theorem 2 Let f = fy.1 be a band-limited function on some n-dimensional compact
manifold M. There exists a monotone non-decreasing function

U =Y,,:(0,00) - Ry,

1 Note the different normalization as compared to [12].
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so that for all continuity points t of ¥ we have

. n/2
E[ Ne 5T

Na(f)

} -0, T — oo (1.9)

Importantly, the function ¥ prescribed by Theorem 2 depends on dimension n, but
not on the manifold.

1.3 Some properties of the limiting distribution ¥,. ,

Here we investigate the most basic property of ¥,.,, i.e. its monotonicity. We need
to distinguish between o < 1, where the corresponding distribution function ¥,
is strictly positive and increasing everywhere (Theorem 3), and « = 1, where the
behaviour of the function ¥,,.; is more complicated (Theorem 4).

Theorem 3 For everyn > 2, a < 1 the function ¥, as above is strictly increasing
onR .

Theorem 4 For every n > 2 the function W,.1 vanishes on [0, ty] where

7T"/2

o =to(n) = ——j"

0 =to(n) T2+ 1)Jn/z—l,l

is the volume of the ball of radius j, 21,1 — the first zero of the Bessel function Jy, 2_1.
Moreover, ¥,.1 is strictly increasing on (ty, 00).

Motivated by similar arguments to Conjecture 1 (see the couple of paragraphs
preceding Conjecture 1) it is only natural to conjecture the following:

Conjecture 2 The function W,., is continuous, everywhere differentiable. For o < 1
L dw,
the derivative %

fort > 1.

> 0 is everywhere positive, whereas for o = 1 the same holds

1.4 Main ideas and the plan of the paper

Our general strategy is similar to [11,12]; for a start, in Sect. 2.1 we give the necessary
background on the behaviour of band-limited functions in the semiclassical limit.
Roughly speaking, we show that on small scale bigger than 1/ T the rescaled version
fu:7 of the band-limited function is well-approximated locally around every point
x € M by its limit g, , defined on the tangent space Ty M. Importantly, g, o is
universal, i.e. it does not depend on manifold or x, and it is sufficiently explicit for
us to conduct local computations. This will allow us to prove the main results for
9n.«» and then use the effective convergence to deduce the results for the band-limited
functions. In Sect. 2.2 we formulate several Kac—Rice type results that will yield
universal upper bounds on various local quantities like the number of nodal domains
or nodal components.
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In Sect. 3 we discuss the behaviour of Gaussian fields on R”. We formulate and prove
Theorem 5, a Euclidean version of Theorem 2, holding under very mild conditions on
arandom field, including all of the g, . The proof of Theorem 2 is based on a priori
upper bounds via Kac—Rice, and an ergodic theorem, yielding the existence of the
scaling limit of the volume distribution. Towards the end of Sect. 3 where Theorems 6
and 7 on the distribution function ¥, , are proved; these are Euclidean analogues
of Theorems 3 and 4, covering the generic case « < 1, and o = 1 respectively.
The proofs of Theorems 6 and 7 are rather similar. Here our first goal is establishing
the existence of a deterministic function with nodal domain containing the origin
of volume approximating the given number. Then we show that the same holds for
functions approximating the postulated one in C'-norm (see Lemma 10); finally we
claim that the latter happens with positive probability. The translation invariance of
the underlying random fields yields that, as the claimed result holds near origin with
positive probability, it holds with positive density.

In Sect. 4 we prove that since functions fy.7 and g, o are close to each other
(after coupling and rescaling), their respective numbers of nodal domains of restricted
volume are close with high probability (this is quantified in Proposition 1). In Sect. 5
we prove the main theorems of the paper. The proofs are based on semi-locality of
nodal domains, that is, that most of the nodal domains of f,.7 are neither too small
nor too long, i.e. that the semi-local approximation by g, o captures most of the nodal
domains of f,.7. This allows to infer the results on f,.7 from the analogous results
on g, o Finally, in Sect. 6 we make some final remarks about the proof, in particular
we explain that with some minor modification our methods imply similar results for
the distribution of the surface volume of the nodal components or even for the joint
distribution of the volumes of nodal domains and boundary volumes.

Despite the fact that our general approach follows the footsteps of Nazarov and
Sodin [11,13] and Sarnak and Wigman [12] (and Canzani and Sarnak [7] for the full
support statement in the monochromatic case o = 1), our case offers new significant
challenges on both the Euclidean stage and the inference of the Riemannian one, and
also for proving the full support statement on the volume distribution. First, as we are
interested in the number of nodal domains of a given approximate volume, we need
to refine the techniques to control the volumes of the perturbed nodal domains rather
than their mere number; though it shares some similarities with [12], the continuous
variable t makes the analysis more challenging as compared to the purely discrete
(and hence atomic) case in [12]. While the more refined technical work is a relatively
standard application of techniques in differential geometry (Lemma 10), if some t > 0
happens to be an atom of the limiting distribution, it does not guarantee that  maintains
its mass after the perturbation. In fact, as a result of the perturbation its mass might
spread in an infinitesimal neighbourhood (¢ — €, ¢ 4 €) of ¢; this is the reason why the
main results are only formulated for continuity points of the limit distribution function
v.

Second, as part of the full support statement for the limit distribution (Theorems 3
and 4), we need to construct a deterministic function in some space of functions with a
nodal domain of a prescribed volume. In the monochromatic case this is only possible if
it obeys the Faber—Krahn inequality; in this case we show that the converse is also valid,
whence are are building on [7] and refine it for our needs. Finally, while an analogue
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of the ergodic approach of Nazarov and Sodin [11,13] yields the mere existence of
W (t) for every given t > 0 the properties of ¥ are far from being obvious. In fact,
it could be that the atoms of the limit distribution corresponding to ¥ concentrate all
the probability.

2 Necessary background
2.1 Semiclassical properties of band-limited functions and their scaling limits

In this section we introduce a few facts about band-limited functions. The results are
stated without proofs, for more detailed discussion we refer the readers to [12, Section
2.1] and references therein.

For the band-limited function f,.7 we have the covariance function

Kor (6, y) =B far () - fur W] = D 6;x)¢;(,

O(TSIJ'ST

with the same conventions as above for « = 1. The following semiclassical approx-
imation, independent of M, holds (see [12, Section 2.1] with case « = 1 due to
Canzani and Hanin [5,6]):

Ra(Tix.y) = s Ka(Tix,3) = Buo(T -d(e.y) + 0 (T7'). @)

Dy (T)

uniformly for x, y € M, where d(x, y) is the (geodesic) distance in M between x
and y,

1
Do(T) = W/KQ(T,x,x)dVol(x),
M

and for w € R"

1 .
Buo(w) = Buo(lw)) = / AT WE) g (2.2)
[4al 4

where A, = {w : o < |w| < 1} and in the case @ = 1 the n-dimensional measure d&
is replaced by (n — 1)-dimensional surface measure on the unit sphere.

We may differentiate both sides of (2.1) to obtain asymptotic expression for finitely
many derivatives of K. By appropriately normalizing fo we may assume w.l.o.g that
K, is the covariance of f, and we will neglect this difference from this point on.

Around each point x € M we define the scaled random fields f,.7 (we drop
o from notations) on a big ball (after scaling) lying on the Euclidian tangent space
R" = T, M with the use of the exponential map and an isometry /, : R" — T, M,
@, =exp, ol : R" - Mvia

fer @) := fr(Px(u/T)), 2.3)
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with the covariance function

K7 (u, v) := E[fa;7 ) - fo;r ()] = Kr(@x(u/T), Px(v/T)).

Observe that locally @, is almost an isometry: for each & there exists ro = ro(&)
such that if D C B, (rg) is a smooth domain in M, then

| Vola( (D) — Volgn (¢;1(D))| <&, (2.4)

uniformly w.r.t. x € M (rg is assumed to be sufficiently small so that the exponential
map is 1 — 1). By the scaling (2.3) we obviously have

t R
N(f’ W;xv ?) %N(fX;Ta t;xv R) 5
the precise meaning will be given in (4.3). This means that studying f,.7 and fx.7
is essentially equivalent. Finally, from (2.1) we see that the covariance kernel of fy 7

converges to

Tnya(U, v) = By o(lu —v|).

This suggests to define the local scaling limit g, o to be a Gaussian function in R”
with this covariance kernel. Alternatively, it could be defined by its spectral measure
which by (2.2) is the normalized Lebesgue measure on A, (or the normalized surface
area on A for @ = 1). It is important to point out that the scaling limit is universal: it
does not depend on x or M, but only on n and «.

From the above it follows that for T sufficiently large, the covariance kernels of
[fx.7 are asymptotic to those of g, . However it is not obvious that this implies that
with high probability f, r and g, o are close (which is essential for our approach).
One obstacle we need to overcome is that the random fields fy 7 and g,  are defined
on different probability spaces. However, it is still possible to couple fr 1 and g, q
so that fi.7 — gn.« is small in C! on a ball of arbitrarily big radius. To establish the
latter statement (in a suitable sense to be formulated rigorously) one would restrict
the respective fields on a sufficiently dense grid and use the approximation of the
multivariate distribution to approximate the finite-dimensional Gaussian variables.
One then extends the respective fields to be defined smoothly w.r.t. the continuous
variable on the relevant domain, still maintaining the C'-approximation property. The
above procedure was carried out rigorously in [13, Lemma 4].

Lemma 1 ([13,Lemma4]) Given R > 0and b > 0, there exists Ty = To(R, b) such
that for all T > Ty we have

E [||fx;T - gn,aucl(E(zR))] <b.

@ Springer



Volume distribution of nodal domains of random... 463

2.2 The Kac-Rice premise

In this section we collect a number of local results required below. The Kac—Rice
formula is a powerful tool for computing moments of local quantities, and in principle
it is capable of expressing any moment of a local quantity of a given random Gaussian
field F in terms of explicit, albeit complicated, Gaussian expectations, or, equivalently,
in terms of the covariance kernel.

Letm < n, F : D — R™ be a smooth random field on a domain D € R”, and
Z(F; D) be either the (n — m)-volume of F~1(0) (for m < n), or the number of
the discrete zeros (for m = n). For example, if H : M — R is a random field and
F =VH|p: M — R" is its gradient restricted to a coordinate patch, then Z(F, 5)
counts the number of critical points of H on D. We set Jp(x) to be the (random)
Jacobi matrix of F at x, and define the “zero density” of F' atx € D as the conditional
Gaussian expectation

Ki(x) = Ki;p(x) = ¢F(x)(0) - E[| det Jp (x)||F (x) = 0], (2.5)
where ¢r)(0,...,0) is the m-variate Gaussian density of F(x) evaluated at
O, ..., 0) € R™;if the distribution of F(x) in non-degenerate with covariance matrix

D = D(x), then we have

1

00, 0=
oreof )= GayiJaeD

With the above notation the Kac—Rice formula (meta-theorem) states that, under
some non-degeneracy condition on F,

E[Z(F;D)] =/K1(x)dx.
D

Concerning the sufficient conditions that guarantee that (2.5) holds, a variety of results
isknown [1,2]. The following version of Kac—Rice merely requires the non-degeneracy
of the values of F (vs. the non-degeneracy of (F, Jr(x)) in the appropriate sense, as in
some more classical sources), to our best knowledge, the mildest sufficient condition.
All random fields considered in this paper satisfy these assumptions.

Lemma 2 (Standard Kac—Rice [2, Theorem 6.2]) Let F : D — R™ be an a.s. C 2
smooth Gaussian field, such that for every x € D the distribution of the random vector
F(x) € R™ is non-degenerate Gaussian, with zero almost surely not a critical value.
Then

E[Z(F; D)] = / K1 (x)dx (2.6)
D

with the zero density K1(x) as in (2.5).
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464 D. Beliaev, I. Wigman

Condition (iv) of [2, Theorem 6.2] that zero is not a critical level is automatically
satisfied by all C2-smooth Gaussian fields; this is known as Bulinskaya’s Lemma, see
[2, Proposition 6.12].

The following lemma is an upper bound for either the number of critical points
of a random field or its restriction to a hypersphere as a result of an application of
Kac—Rice on coordinate patches.

Lemma 3 ([12, Corollary 2.3]) Let D € R™ be a domain and F : D — R an a.s.

C2-smooth stationary Gaussian random field, such that for x € D the distribution of
V F(x) is non-degenerate Gaussian.

1. Forr > 0 let A(F;r) be the number of critical points of F inside B(r) € D.
Then

E[A(F; r)] = O(Vol(B(r))),
where the constant involved in the ‘O’-notation depends on the law of F only.

2. Forr > 0 let .Z(F; r) be the number of critical points of the restriction F|;p()
of F to the sphere 0B(r) C D. Then

E[A(F; r)] = O(Vol(dB(r))),

where the constant involved in the ‘O ’-notation depends on the law of F only.

The following estimate is the upper bound part of the (precise) Kac—Rice formula
applied to the band limited functions.

Lemmad4 ([13, Lemma 2] and [12, Lemma 7.8]) For x € M, r > 0 let
No (fo:1; x, 1) be the number of nodal domains of fy.7 entirely lying in B(x,r) C
M. the geodesic ball of radius r centred at x. Then

E[NQ(fQ;T; X, r)] = O(rn : Tn)ﬂ

with constant involved in the ‘ O'-notation depending on M and o only.

3 Distribution of nodal domain areas for Euclidian fields
3.1 Notation and statement of the main result on Euclidian fields
3.1.1 Notation and basic setup

Let f be a smooth function, r > 0,and R > 0. We denote N'( f, t; R) to be the number
of domains w € £2(f) of f lying entirely in B(R) of volume

Vol (w) < 1;
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note that
N(f; R) =N(f, o0; R)

is the total number of nodal domains lying inside B(R), as considered by Nazarov and
Sodin [9].

We are interested in the asymptotic distribution® of the nodal domain volumes, that
is, the asymptotic behaviour of N'(F, t; R) as R — oo, t > 0 fixed; throughout this
section we will tacitly assume that F is stationary, so that its spectral measure makes
sense. We would like to establish the limit

(1) == lim N, R)

R—oc N(F;R) G-D

in mean, and, moreover, that ¥, (¢) is a distribution function, i.e.

lim W, (1) = 1.
11— o0

The latter will follow once having established the former (in the proper sense) via the
obvious deterministic upper bound
Vol B(R)

N(F;R)—N(F,t; R) < ;

for the number of domains of volume greater than .
Following Nazarov and Sodin [11] we assume that the spectral measure p of F
satisfies the following axioms:

(pl) The measure p has no atoms (if and only if the action of the translations is
ergodic by Grenander—Fomin—Maruyama, see [13, Theorem 3]).
(p2) For some p > 4,

/|)\|”dp()\) <00

Rn

(this ensures the a.s. C2-smoothness of F).
(p3) The spectral support supp p does not lie in a linear hyperplane. (This ensures
that the random Gaussian field, together with its gradient is not degenerate.)

For this model Nazarov and Sodin [11] proved that there exists a constant c(p) > 0
(the “Nazarov—Sodin constant”) so that
N(F; R)

Vol B(R) ¢ (3-2)

both in mean and a.s.

2 To make sense of the distribution of A" (F, -; -) it is essential to show that the latter is a random variable,
i.e. a measurable function on the sample space. Fortunately, the proof of a similar statement, given in [12,
Appendix Al], is sufficiently robust to cover our case and all the other similar quantities of this manuscript;
from this point on we will neglect any issue of measurability.
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It is shown in [11] that under the additional mild condition the constant c(p) is
strictly positive. We do not want to discuss these technicalities, so instead we will use
the assumption

(p4) The Nazarov—Sodin constant c(p) is positive.
Sometimes we will invoke a stronger axiom:

(p4*) The support of the spectral measure p has non-empty interior.
3.1.2 Existence of limiting distribution W,

Theorem 5 Let F : R" — R be a stationary random field whose spectral measure p
satisfies the axioms (p1) — (p3), then

N(F,t: R)
Vol(B(R))

converges in mean as R — oo. If we additionally assume the axiom (p4), then the
limit
N(F; R)
im ——— =c¢(p) >0
R—o0 Vol(B(R))

does not vanish, so that we can define the normalized limit

W,(1) i= lim N(F, £ R)

R—o0 c(p) - VOI(B(R))" (3-3)

Since the total number of nodal domains of F lying inside B(R) was proven to be
asymptotic to
N(F; R) ~ c(p) - Vol B(R),

[see (3.2)], (3.3) may be equivalently read as

N(F,t; R)

R

[cf. (3.1)]; this limit could be proven in mean, see the proof of Theorem 2 in Sect. 5.1.
Theorem 5 in particular implies that for every ¢ > 0 the expected number N'(F, t; R)
of nodal domains of F of volume at most ¢ lying in B(R) is

E[N(F, t; R)] = c(p) - ¥ (1) - VOI(B(R))(1 + 0r—oo(1)), (34

with concentration: for every € > 0

lim P

R— o0

{ M —c(p) - W, (1)

Vol B(R)

> E} =0, (3.5)
via Chebyshev’s inequality.
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3.1.3 Some properties of ¥, (1)

Theorem 6 (Lower bound on domains in the generic case) Assume that the spectral
measure of F satisfies axioms (p1) — (p3) and (p4*). Then ¥,(0) = 0, and ¥, (-) is
strictly increasing on [0, 00); in particular, for every t > 0 we have ¥, (t) > 0.

For the random plane wave (RPW) the situation is slightly different. Its spectral
measure does not satisfy (p4*) but satisfies (p4). The corresponding function ¥ =
Wrpw vanishes up to a certain explicit threshold. The precise statement is given in
the following theorem.

Theorem 7 Let F = Frpw be the random plane wave in R". As its spectral measure
satisfies axioms (p1) — (p4), the function Wgpw = ¥, defined as in Theorem 5 exists.
Define

7'["/2

0 =to(n) T2+ 1)Jn/z—l,l

as in Theorem 4. Then the following holds:

1. For every nodal domain w of Frpw we have Vol(w) > ty, and hence, in particular,
we have

Yrpw(t) =0, <t

2. Moreover, for n = 2 the function ¥ is strictly increasing on [ty, 00)

The remaining part of Sect. 3 is dedicated to the proofs of Theorems 5, 6 and 7.

3.2 Integral-Geometric Sandwich

Let I' € R”" be a hypersurface (a curve forn = 2). Foru € R",r > Oand ¢t >
0 we denote N (I, t; u, r) the number of domains of I" of n-dimensional volume
bounded by ¢ lying entirely in the radius-r ball B, (r) centred at u. Similarly, define

N*(I', t; u, r) by relaxing the condition to domains merely intersecting B, (r). We
use the shortcuts

N(g. tsu,r) =N '0), t;u,r),
respectively
N*(g.tiu,r) = N*(g7"0), t;u, 1),
and N(-, 5r) = N(,0,7) (resp. N*(-, ;r) := N*(,, - 0,r)), consistent to

Sect. 3.1.1. Finally, let N (g; u, r) = N(g, 00; u, r) be the total number of domains
lying inside Bo(r).
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Lemma 5 (cf. [13, Lemma 1]) Let I" be a closed hypersurface. Then for) <r < R,
t>0,

/ N t;u,r)du < N(T, t; R)

B(R-r)

VOl(B(r))
3.6)
/ N*(, t;u, r)du.

B(R+r)

- Vol(B(r))

Proof We follow along the lines of the proof of [13, Lemma 1]: For a connected
component y of I" denote A(y) to be the area of the domain having y as its outer
boundary.

Let y be any connected component of I". Define

Ga(y) =) Bu(r) = {u: ¥ S Bu(r))

vey

and

G*(y) = Bu(r) = {u: y N B, (r) # ).

vey

We have for every v € vy,
G.(y) € By(r) € G*(y).
and thus, in particular,
Vol(G(y)) < Vol(By(r)) < Vol(G*(y)). (3.7

Summing up (3.7) for all connected components y < I lying inside B(R), corre-
sponding to domains of volume at most #, we obtain

Y Vol(Gu()) < Vol(B(r) - N(It: Ry < Y Vol(G*(y)).

yrAly)<t v A(y)<t
y<B(R) yCSB(R)

(3.8)

Writing the volume as an integral

Vol(Go(y)) = / du,

Gi(y)

and exchanging the order of summation and integration we obtain

> Vol(Gu(y)) = / > |du= / N, t;u, r)du, (3.9)

A<t _ CA(y)<t _
"VEB(R) BR=D | TER B(R—)
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since if u € B(R — r) then B, (r) € B(R). Similarly,

> Vol(G*(y)) < > 1|du= f NI, t;u, r)du,
v AQy)<t v A=t
L CBR) B(R+r) e B(R+r)

(3.10)

since if y € B(R) and for some u, B, (r) Ny # @, then necessarily u € B(R + r).
The statement of the present lemma then follows from substituting (3.9) and (3.10)
into (3.8), and dividing both sides by Vol B(r). O

3.3 Proof of Theorem 5

Proof Lett > 0 be given, and fix r > 0; we apply (3.6) to I' = F~1(0):

( R 1 / N(F,t;u,r) N(F,t; R)
) g < NGB

R/ VolB(R —r) Vol(B(r)) Vol(B(R))

B(R—r)
S R TS
R Vol B(R +r) Vol(B(r))
B(R+r)

<1+r>n 1 f N, t;u,r)+Cu,r;t, F)

R/ Vol B(R+r) Vol(B(r))
B(R+r)

=<

IA

du,

where C(u, r; t, F) is the number of domains w € £2(F) intersecting 9B, (r), of
volume

Vol(w) < t,

bounded by the total number of critical points of the restriction F|yp, () of F to the
hypersphere d B, (r), and

Vol(B(R + r)) = Vol(B(R)) - (1 + %)" .

We rewrite N'(F, t; u,r) = N (t, F, t; r), where 1, is the translation operator

(uF)(x) = F(u + x).

Choose r so small that (1 &£ r/R)" are e-close to 1, then we have

N(t,F,t; r)d - N(F,t;1)

1-e u <
Vol B(R — 1) Vol(B(r) Vol(B(R))
B(R-r)
N(wF,t;r)+C(t, F, t;1)
=B R / Vol(B(r)) . GAD
B(R+r)
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Note that for every r, ¢ the functional

N(F,t;
F s Ty (F) = 10
’ Vol(B(r))
(and its translations) is measurable, and since the number of nodal domains is bounded
by the number of critical points, this functional has finite expectation by Lemma 3,
part (1). It then follows from the ergodic theory that both

1 M(quvt;r)d
Vol B(R +r) Vol(B(ry) "
B(R+r)
and
1 N.(t, F,t;r) 4
—_— —_— u
Vol B(R — 1) Vol(B(r))
B(R—r)

converge to (the same) limit in L'

1 ./\/.(‘L'uF, t;r) _
Vol B(R) / VOl(B(r)) du — Cr;t(lo) = E[Tr;t]-
B(R)

(Initially only the existence of the limit is known; it equals the mean value by L'-
convergence.)
Observe that, if we get rid of

CtuF,t;r)

on the rhs of (3.11) then, up to +e, both the lhs and the rhs of (3.11) would converge
to the same limit ¢,.;(p) (in either L' ora.s.). We will be able to get rid of C(z, F, t; r)
asymptotically for r large; it will yield that as r — oo, we have the limit ¢,.,(p) —
¢t (p) satisfying

N(F,t; R)

Setting

with ¢(p) the Nazarov—Sodin constant (3.2) will ensure that ¥, () obeys (3.3) of
Theorem 5. That ¥, is a distribution function will then follow easily:

t = c(p)
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is monotone nondecreasing by (3.12); ¥,(0c0) = 1 since co(p) = c(p) is the
Nazarov—Sodin constant.

To see that indeed we can get rid of C(t, F, t; r) we use the same ergodic argument
as before, now applied to the map

C(F,t;r)
= o
Vol(B(r))

yielding the L' limit

- ar;t(:o)a

1 / C(v,F,t;r)
Vol B(R + r) Vol(B(r))
B(R+7)
whence

_ C(t,F,t;r) _ 1
it = | i )= (7)

by the second part of Lemma 3. Hence (3.11) implies

N(F,t;R) B 1\
e[ty o] =0 (43

this proves the existence of the limits
ci(p) := lim c¢,.1(p),
r—00

and, as it was mentioned above,

is the distribution function satisfying the L'-convergence (3.3) we were after in The-
orem 5. O

Remark 1 This proof also shows a.s. convergence but we will not need that for the
rest (i.e. the Riemannian case).

3.4 Proofs of Theorems 6 and 7

Proof of Theorem 6 Since the spectral measure satisfies conditions (p1) — (03), the
existence of the limiting distribution ¥ is guaranteed by Theorem 5. We only have to
show that ¥ is strictly increasing.

The proof of Theorem 6 will consist of three steps. First we will construct a deter-
ministic function with nodal domain of given area. After that we will show that the
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probability that there is a random function with almost the same nodal domain is posi-
tive. Finally we show that this implies that the expected density of such nodal domains
is positive.

The first step is essentially the same as the argument in [12, Proposition 5.2]. By
condition (p4*) the interior of the support of p is non-empty. Let us assume that
B(&o, ro) C supp p. We are going to show that this implies that for every compact Q
the functions from H(p) are dense in ck (Q) for every k.

Let ¢, be a sequence of positive C* functions with supports converging to ¢o
which approximate §-function at . Functions ¥, ({) = ¢,,(¢) + ¢, (—¢) and all their
derivatives belong to Lzym (p) and hence their Fourier transforms belong to H. The
Fourier transform of 1, converges to ¢>*/<%-*> in any C*(Q) and its derivatives
3%, converge to (—2mx)%e><%-*> where x* = ]_[xlfx". This proves that we can
approximate any polynomial (times a fixed plane wave). Since the polynomials are
dense in C¥(Q), we have that H is dense in CK(Q).

In particular, for given # > 0 and € > 0 we can take a C' function such that its
nodal domain around the origin is inside some disc B(0, r) and has area t. Moreover,
we can assume that its gradient is bounded away from zero in some neighbourhood
of the boundary of this nodal domain. By approximating this function by a function
from H and applying Lemma 10 we obtain a function f; from H such that its nodal
domain around the origin has area e-close to ¢ and its gradient is bounded away from
zero on the nodal line. O

Without loss of generality we may assume that H norm of f; is 1 and extend it to
an orthonormal basis ¢;. In this basis F' could be written as

F=coft + ¢,

where ¢ is a standard Gaussian random variable and ¢ is a Gaussian function indepen-
dent of co (spanned by all additional basis functions ¢;). Since f; is non-degenerate,
the probability that

max{col f1, colV frl} > 1

in some (fixed) neighbourhood of the nodal domain containing the origin is strictly
positive. Let r be such that the nodal domain of f; is in B(0, r), then if C'(B(0, 2r))
norm of ¢ is sufficiently small (see Lemma 10 for the precise statement), than the
volume of the nodal domain of F is e-close to that of f;. It is a standard fact (cf.
[9]) that the probability that ¢ have small norm is strictly positive. This completes the
proof that the area of the nodal domain containing the origin is 2¢ close to ¢ is strictly
positive.

We can pack R? with infinitely many copies of the disc of radius 2r such that this
covering is locally uniformly finite. By translation invariance, for each disc the proba-
bility that there is a nodal domain of area 2e-close to ¢ is strictly positive (independently
of the disc). This implies that

N(F,t+2¢;R) —N(F,t —2¢; R) .

c>0
Vol(B(R))
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for some positive c and all sufficiently large R. This prove that ¥ (t +2¢) — ¥ (t —2¢) >
¢ which means that ¥ is strictly increasing for ¢ > f. O

Proof of Theorem 7 The proof of this theorem is almost exactly the same as the proof
of Theorem 6, but the first deterministic step is different. The main difference is that
the spectral measure is supported on the sphere, hence its support has empty interior
and the space H is not dense in Ck(Q).

The fact that ¥ vanishes fort < 1y is completely deterministic and follows from the
Faber—Krahn inequality. Recall that the random plane wave is a solutionto Af+ f = 0.
Let @ be a nodal component of a plane wave F. Since F has a constant sign in w it
must be the first eigenfunction of Laplacian in w. This implies that the first eigenvalue
in w is 1. By the Faber—Krahn inequality the volume of w is greater than the volume
of the ball for which the main eigenvalue is also equal to 1. It is a well known fact that
lx|1="/2 1, s2—1(|x]) is an eigenfunction of the Laplacian in R"” with eigenvalue 1. Its
nodal domain containing the origin is a ball of radius j,,/2—1,1 and area f9. This proves
that the volume of every nodal domain is bounded below by 7.

To prove the last part of the theorem we first claim that for every ¢ > #y there
is a domain £2; such that Vol(£2;) = ¢ and the main eigenvalue of the Laplacian
is 1. We define £2; to be the union of the cylinder of length L and radius j,/2-11
with two hemispherical caps at both ends. For L = 0 this is the ball of the radius
Jnj2—1,1 and as L — oo it converges to the infinite cylinder. Since §2; depends
on L continuously, the main eigenvalue A7 changes continuously from Ao = 1 to
hoo = (jn—1y/2—1.1/Jnj2—1,1)* > 0. By rescaling £2;, by /A, we obtain a family of
domains such that their main eigenvalue is 1 and their volumes change continuously
from f¢ to infinity. Let us relabel this family and say that £2; is the element of the
family with volume ¢.

After that we follow the strategy from [7]. By Whitney approximation theorem we
can construct a domain with analytic boundary which is an arbitrary small perturbation
of £2;. By continuity of the main eigenvalue we can assume that it is arbitrary close to 1.
By rescaling the domain we obtain a domain with analytic boundary, main eigenvalue
1 and volume € close to ¢. Abusing notation we call this domain £2; as well.

Let g; > 0 be the main eigenfunction of Laplacian in £2,. Since the boundary is
analytic, it could be extended to a small neighbourhood B of 92, in such a way that
inf || Vg|| > 0in a small tubular neighbourhood of d£2;. By Lax-Malgrange Theorem
for every b > 0 there is a function f; which is a global solution to (1.5) such that
I /i — &llcigy < b. If b is sufficiently small, then by Lemma 10 there is a nodal
domain of f; with volume € close to Vol(£2;). This proves that there is a deterministic
non-degenerate plane wave with a nodal domain such that its volume is 2¢e-close to ¢.
The rest of the proof is exactly the same as in Theorem 6. O

4 Local results
4.1 Local setting and statement of the local result

Recall that gy, , is the ““scaling limit” of f, 4.7 as T — oo, around every pointx € M
in the following sense (cf. Sect. 2.1). We know that for 7' large, their covariance
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functions Ky 7 and r, o are, after scaling, asymptotic to each other, uniformly on a
large ball B(R) € R". By Lemma 1 they could be coupled so that

”fx;T — gl

is arbitrarily small in C'-norm on B(R) (or B(2R)).

For u € M, r > 0 sufficiently small, # > 0 and g : M — R a smooth (deter-
ministic) function denote N (g, t; u, r) (resp. N*(g, t; u, r)) the number of domains
w € 2(g) of g~1(0) of volume

Vol(w) <t

lying entirely inside (resp. intersecting) the geodesic ball B, (r) € M. Theorem 8§, to
follow immediately, states that, with the coupling as above, unless ¢ is a discontinuity
point of the limiting volume distribution (i.e. atoms of the ¥, obtained from an appli-
cation of Theorem 5 on g, ), after appropriate rescaling, the nodal domain volumes
of fyu.1 are locally point-wise approximated by the ones of g, . Otherwise, if ¢ is an
atom of the said ¥, (its existence is unlikely, by Conjecture 2), then the corresponding
probability mass may spread in an interval (fyp — €, fg + €) (¢ > 0 arbitrarily small)
beyond our control (see the proof of Proposition 1 below).

Theorem 8 (cf. [13, Theorem 5]) Let f(x) = fu.7(x) be the random band limited
functions (1.7), ¥ = ¥, o the distribution function prescribed by Theorem 5 applied
on gn .o Then for every continuity point t > 0 of ¥, 4 (-), x € M and € > 0 we have

N (f. f=:%. 7)
c(n, a) - Vol(B(R))

—¥()

R—00 T 00

lim lim sup P {

>e} =0, 4.1

where c(n, a) > 0 is the Nazarov—Sodin constant of gy .

The rest of this section is dedicated to giving a proof of Theorem 8.

4.2 Proof of Theorem 8

We formulate the following proposition that will imply Theorem 8. The proof is
postponed till Sect. 4.4 after some preparatory work in Sect. 4.3.

Proposition 1 Let x € M, R > 0, small numbers §,&,n > 0 be given, and t > 0.
Then, for R > 0 sufficiently big, outside of an event of probability at most §, for all
T > To(R, 6, &) we have

N(gn,ast_g§R_l)_77'RnSN(fx;Tvt;R)

4.2
<N@Gna-t+&ER+1)+n-R" “2

@ Springer



Volume distribution of nodal domains of random... 475

Proof of Theorem 8 assuming Proposition 1 Letx € M, e > Obefixed,and&,n > 0
be given small numbers. We observe that by the definition (2.3) of the scaled fields
fv.7 and (2.4), for T sufficiently big (depending on R) we have

R
N (fur.t —& R) sN(f, %;x, ;) <N (fur.t+&R)  (43)

Hence Proposition 1 together with (4.3) holding for 7' sufficiently big (depending on
R) imply that for T sufficiently big, outside an event of arbitrarily small probability,

™ T
<N(gng t+26;R+1)+n-R"

N(gn,a,f—zé;R—l)—n.R”§N<f’L.x 5)

Choose Vol B(1
<c(n,a)~e~ ol B(1) @.4)
2
so that
N(f, s x, B
P (/. mi % 7) —U@M)| > €
c(n,a) - Vol B(R)
t+28;R+1
c(n,a) - Vol B(R) c(n,a) - Vol B(1)
N Lt —28 R—1
oo || MOnar 1~ 28 )y se-—1 L 45
c(n,a) - Vol B(R) c(n, a) Vol B(1)
Now, bearing in mind our choice (4.4), we have that € — Ww > %, so that

{ Nnot +26R+D

c(n,a) - Vol B(R)
N(gn,avt+2§§ R+ 1)
c(n,a) - Vol B(R)

>e_+} c
c(n,a) - Vol B(1)

— WU(t +2¢)

- % — (Wt +28) — wm)},

and thus

{ N(gnat +26;R+1) v ()

c(n,a) - Vol B(R)
<7>{ N(Gna.t +26; R+ 1)
= Vol B(R)

e #}
c(n,a) - Vol B(1)

—W(t 4 28)

> S — (W +26) - w))} -0

4.6)
as R — oo by Theorem 5, and the continuity of ¥ (-) at ¢. Similarly, as R — oo,

—e_ T }_>0. 4.7
c(n,a) - Vol B(1)

7»{ Nt =26 R=1

c(n, o) Vol B(R)
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The above proves that for each R > 0 sufficiently large there exists Top = Tp(R), such
that (4.5) holds for T > Tpy; the latter could be made arbitrarily small by (4.6) and
(4.7). This is precisely the statement of Theorem 8. O

4.3 Some preparatory results towards the proof of Proposition 1

In course of the proof of Proposition 1 we will need to exclude some exceptional
events. Let § > 0 be a small parameter that will control the probabilities of the
discarded events, b, 8 > 0 be small parameters that will control the quality of the
various approximations, n > 0 will control the number of discarded domains, and
M, Q > 0 large parameters. Given R and T big we define

A= AR, T, b) = {”fx;T - g”’a”CI(EQR)) = b}v
42 = 2R, T M) = [l et 2@y = M.

Az = A3(R; M) = {Hgn,a”cZ(E(zR)) > M}

and the “unstable event”

u€B(2R)

A4(R; B) = { min - max{|gn,« !, [Vona (|} < 2.3} .

Moreover let A5 be the event

As(R; 1, Q)
= {|{components ® € 2(gn.«) : @ S BQ2R), Vol,—1(dw) > Q}| > nR"}

that there is a significant number of nodal domains of g, o, entirely lying in B(2R)
whose boundary volume is at least Q. The boundary of such a domain is comprised of
a number of nodal components; below we will argue that, with high probability, each
of the boundary components is of bounded volume and their total number is bounded
(see the proof of Lemma 9).

The following is a simple corollary of Lemma 1.

Lemma 6 For a given sufficiently big R > 0 and small b, § > 0 there exists Ty =
To(R, b, §) so that for T > Ty the probability of A

P(AL(R, T: b)) < 6. (4.8)

The following lemma yields a bound on the probabilities P(A;) and P(A3).

Lemma 7 1. Forevery R,§ > O there exists M = M (R, §) > 0 so that

P(A3(R; M)) < 8. 4.9)
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2. For R, § > 0 there exist M(R, §) > 0 and Ty = Ty(R) so that
P(A2R, T; M)) <6 (4.10)

forall T > Ty.
Proof For (4.9) we may choose M to be
M = S_IE[”gn,a”cZ(E(zR))],

and the latter expectation is finite by [1, Theorem 2.1.1]. The estimate (4.9) with this
value of M follows from Chebyshev’s inequality.

In order to establish (4.10) we observe that by “Sudakov-Fernique comparison
inequality” [1, Theorem 2.2.3] and (2.1) applied to both K, r and its derivatives, for
all M; such that

]E[||9n,a||c2(§(21e))] < M,
there exists Tp = To(R, M1) such that for all T > Ty

E [||fx,T ||c2(§(2R))] < M.

Hence we can set M = §~! M and (4.10) will follow from Chebyshev’s inequality as
before.

The event A4 means that the nodal set of g, , is relatively unstable. For small 8
the probability of this event can be made arbitrary small. This is Lemma 7 from [11]:

Lemma 8 (cf. [11]) For R > 0 and § > O there exist B > O such that
P (A4(R, B)) < 6. (4.11)

Finally, for A5 we have the following bound:

Lemma9 Foreveryn > 0and§ > 0 there exist Q > 0 and Ry = Ry(n, 8) such that
forall R > Ry the probability of As is

P (As(R;n, Q) < 6. (4.12)

Proof In what follows we argue that most of the domains have a bounded number

of components lying in the boundary, and with high probability, each has bounded

n — 1-volume. First, using Nazarov—Sodin’s (3.2), there exists a number A sufficiently

big so that the probability that the total number of nodal domains of g, . entirely lying
inside B(2R) is bigger than A - R" is

P(As(A)) := P {N(gna:2R) > A-R"} < §/2, (4.13)

so we may exclude this unlikely event Ag = Ag(A).
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Now we are going to show that the number of boundary components of most of the
nodal domains of g, o lying in B(2R) is bounded; outside of Ag there are less than
A - R". To this end we use the nesting graph introduced in [12]. Let G = (V, E) be
the graph with the set of vertexes V being the collection of all nodal domains

V={we 2o : ®< B2R)}

of g,.« lying entirely in B(2R), and an edge e = e(y) € E connects between two
domains in V, if they have a common boundary component y. The graph G is a
subgraph of the nesting free, same graph with no restriction of the domains to be
contained in B(2R); though G may fail to be a tree, it has no cycles [12, Section
2.4]; a degree d(w) of a vertex w € V in V precisely equals to the number of nodal
components lying the boundary of @ we are to bound. We then have

> d() =2|E| <2(1V| = 1) < 2N (gn.a: 2R).

weV

equivalently

1
N(gn,a; 2R) LUX: di@) <2

2%

Hence, by Chebyshev’s inequality, outside Ag(A) as in (4.13), the number of those
w € V with d(w) > L is at most

2 2 n
Hw eV : d(w)>L}|§z-N(g;2R)§Z~AR , (4.14)
and below we will choose L sufficiently big so that
2A  n

Next we show that, with high probability, the (n — 1)-volume of most of the com-
ponents is bounded. Let Zg, , (2R) be the nodal volume of g, o inside B(2R)

24,0 2R) = Vol,_1(g, L,(0) N BQR) = Y Vol,_i(e). (4.16)
e(y)€E

Then, by a standard application of Lemma 2 and the stationarity of g, o, the expectation
of the nodal volume is given by

E[Zg,,2R)] =co - R", 4.17)

where cp = co(gn,«) > 0 is a positive constant, that could be evaluated explicitly in
terms of n and «. Hence, by (4.16) and (4.17), and Chebyshev’s inequality, outside of
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event of probability §/2 the number of those components with large (n — 1)-volume
is bounded:

5
> Q.R"} <3 @1)

P(Ar(Q/L)) = P {Hy CE: Vol,_i1(y) > %} !

provided that Q/L is sufficiently big. Since each component is lying in the boundary
of at most two domains w € V/, it follows that outside of A7 for all but at most % -R"
domains w € V, for all components y € E lying in the boundary of w we have

Volu_1(y) < % (4.19)

Now, given § > 0 we choose A > 0 sufficiently big so that (4.13) is satisfied. This
forces a choice of L via (4.15), so that the r.h.s. of (4.14) is < g - R", and then we
take Q sufficiently big so that (4.18) is satisfied and

P(As U A7) < P(Ap) +P(A7) < 6.
From the above, outside of Ag U A7 for all but - R" nodal domains w € V we have
that the number of boundary components of w is < L, and the (n — 1)-volume of each

one of them is bounded by % and hence the (n — 1)-volume of dw is < Q as claimed
by this lemma. O

4.4 Proof of Proposition 1
To prove Proposition 1 we need the following lemma which is the uniform version of

an obvious statement that the volume of a nodal domain depends continuously on the
function as long as 0 is not a critical value.

Lemma 10 (cf. [13, Lemmas 6-7]) Let R > 0 and g and h be two (deterministic)
C2-smooth functions on BQ2R) C R"t. We assume that:

1. For some B > 0 we have

_min max{|g|, [Vgl|} > B.
B2R)

2. For some M > 0 the C*-norms of both g and h are bounded

Igllc2aryys 1Rllc2Bar)y) < M.

3. We have

g — h||c1(B(R)) <b

for some b > 0.
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Then if b is sufficiently small (depending on B and M only) there exists an injective
map y +— y" between connected componentsy < B(R —1) of g~ (0) and connected
components y" C B(R) of h~1(0) with the following properties:

1. Foreveryy as above the components y and y" are “uniformly close”: there exists
a smooth bijective map Yy, : y — y" so that for all x € y we have

¥y (x) = Xlloo = Op,m (D) (4.20)

with constants involved in the ‘O ‘-notation depending on B and M only.
2. Let G, i be the region enclosed between y and y". Its (signed or not) volume
satisfies
| Vol (G,, ,n)| = Vol,—1(y) - Og m (D). 4.21)

The proof of Lemma 10 is postponed until immediately after the proof of Proposi-
tion 1.

Proof of Proposition 1 assuming Lemma 10 We are going to show that the small
exceptional event is

5
A= UAi.
i=1

Outside A we have

| fo;7 — gn,a”cl(E(ZR)) <b,
”fx;T”(jZ(E(ZR))a ||gn,a||c2(§(2R)) <M, (4.22)

and assuming b < B we also have

min max{|fy, 7|, |V fy.rl} > B; min max{|gnal, [Vanal} > B. (4.23)
B(2R) B(2R)

Hence the conditions of Lemma 10 are satisfied with h = fy.7, § = gn,« (or the other
way round) and b, 8 as above.

By Lemma 10 for each nodal domain of f.7 lying in B(R) there is a unique nodal
domain of g, o which is O(b) close, hence lying in B(R 4 1). Reversing the roles of
f and g we see that the same holds for the nodal domains of g. We are going to prove
the first inequality of (4.2), the proof of the second one is identical.

Let us consider the nodal domains of g, o that are inside B(R — 1) and of area
at most ¢ — &. Their total number is NV (g,.«, ¢ — &, R — 1). For each of these nodal
domains D there is a unique nodal domain D’ of fy.7 which is O (b) close and lies in
B(R). By the estimate (4.21) of Lemma 10 we have

| Vol(D) — Vol(D')| < Og,m(b) Vol,,_1(8D).
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Since we excluded As, at most nR" of nodal domains D have boundary volume
exceeding Q. For all other domains Vol(D’) < ¢ provided that b is so small that have
O(b)Q < &. Hence, their number is bounded by N (fy:7, ¢, R). This means that

N(gna t =& R=1) < nR"+N(fur,t,R)

i.e. the first inequality of (4.2).

Finally we have to show that the probability of A could be made arbitrary small,
using Lemmas 6-9. The argument is straightforward but the order in which we have
to choose all constants is a bit fiddly.

Lett, &,5,n > 0 be given. First we use Lemma 9 to choose R and Q sufficiently
large so that P(As) < §. From now on this value of R is fixed. By Lemma 8 there is
B > 0 such that P(A4) < 8. By Lemma 7 we can choose M and Ty large enough so
that probabilities of A, and Az are bounded by §. Fix some 0 < b < g sufficiently
small, applying Lemma 6 and (possibly) increasing Ty we make sure that P(A1) < &
as well.

All in all, for the above choice of all constants and for all T > T;; we have that the
probability of the exceptional event A := Uf: 14 is bounded by 58. Replacing § by
8/5 we complete the proof of the proposition. O

Proof of Lemma 10 Lety C B(R) be aconnected component of g~!(0) and x € y be
any point on y. By the Implicit Function Theorem we can introduce local coordinates
(z, ¥) such that the surface near x can be parameterized as a graph of a smooth function

p(2). In other words y around x is given by ¢(z) = (z, p(z)) where p is a smooth
function on an open domain U c R"~!. Let

N(x) = N(2) = Vg)/|Vgx)

be a unit normal vector to y at x. Since the second derivatives of g are uniformly
bounded, there is a number ry = ro(8, M) > 0 depending on § and M only so that

N(x)-Vgx) > B/2

on an rp-neighbourhood of x in R".
Now fix x € y and consider

¢r)=h(x+rNx)) =gx+rNx))+ f(x+rN(x)),
where f = h — g. Obviously
1£(0)| = |h(x)| < b,
and

¢'(r) > B/2—b
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for all |r| < rg. For sufficiently small » we then have

> B4 (4.24)
for all |r| < rp. This means that if 4b/8 < ro, which is true for sufficiently small b,
there is a unique r with |r| < 4b/B < ro such that ¢ (r) = 0. We denote it by r(x) or
r(z) with x = ¢(z). It is important to notice that » is uniformly bounded in terms of
B and M and for fixed g and M itis O (b).

All in all, for every b sufficiently small (depending on § and M only) the map
x> x+rx)N(x)
maps y onto y", moreover,
r(x) = Oﬁ,M(b).

Since Q yh is the domain between two surfaces that are Og, s (b) close, the volume of

this domaln (signed or unsigned) is bounded by Vol,,—1(y) Og, p (b). This completes
the proof of Lemma 10. O

5 Global results
5.1 Proofs of the main results: Theorems 1, 2, 3, and 4

Notation 9 (Global notation)

1. For y € R denote
|yl+ = max{0, y},
and
lyl- = max{0, —y},
so that
REIREAR
2. Let N'(f; t) be the total number of nodal domains w € £2(f) of f of volume
Vol (w) < t.

Proposition 2 Let {f = fo.7}7>0 be the random fields (1.7), c(n, &) the Nazarov—
Sodin constant of g, o, and t > 0 a continuity point of

l1’() = 'Iln,ot(')v
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as in the formulation of Theorem 8. Then the following holds:

t/T"
E NG/ — () — 0, 5D
c(n, a) Vol,,(M) - T" 4
that is, (5.1) is claimed for both | - |+ and | - |-, as in Notation 5.1.

Proposition 2 will be proved in Sect. 5.2.2 for | - |+ only, with the proof for | - |_
following along similar, but easier, lines, with no need to excise the very small and
very long domains (see Sect. 5.2.1).

Proof of Theorem 2 assuming Proposition 2 Combining both estimates (5.1) of
Proposition 2 (i.e, | - |+ and | - |=) implies that for every + > 0 continuity point
N(ft/T")

of ¥ (-) we have
E |: c(n,a) Vol(M) - T"

which is not quite the same as the statement (1.9) of Theorem 2 as the denominator
needs to be replaced by A/ (f) rather than

— Y ()

] =0, (5.2)

c(n, a) Vol(M) - T".

To this end we use the triangle inequality to write

NG ‘ NG NG
B [ N Fe } =F [ N e a) Vol(M) -7
+E |:

N(f,t/T"
c(n,a) Vol M) - T"

Since the second summand of the r.h.s. of (5.3) vanishes by (5.2), we only need to

take care of the first one. We have

. [ NGTY  N(T
—c(n, ) VOI(M)H — 0, 5.4)

}

] . (5.3)

— (1)

N(f) c(n, o) Vol(M) - T
_ E[ N/ [N
e, @) Vol(M) - N(f) T"

by (1.8), as it is obvious that

Ne(f.t/T" _
N T

We finally substitute (5.2) and (5.4) into (5.3) to yield the statement (1.9) of Theorem 2.
O

1.

Proof of Theorem 1 The first assertion of Theorem 1 is a particular case of the state-
ment of Theorem 2 with M = S? the round 2-sphere, and « = 1. The second assertion

@ Springer



484 D. Beliaev, I. Wigman

of Theorem 1 is the content of Theorem 4 (which, in this case, follows directly from
Theorem 7). |

Proofs of Theorems 3 and 4 By Theorem 2 the distribution function is universal and
from (2.2) we know the spectral measures. In the case o < 1 it satisfies the axioms
(p1) — (p3) and (p4*) and Theorem 3 follows directly from Theorem 6. In the case
o« = 1 the limiting field is the random plane wave and Theorem 4 follows from
Theorem 7. m|

5.2 Proof of Proposition 2
5.2.1 Excising the very small and very long domains

Definition 3 Let £, D > 0 be parameters.

1. A domain w € 2(f) of f = fy.7 is called ‘§-small’ if its n-dimensional Rie-
mannian volume in M is

Vol pq(w) < ET7".

Let Nz _gn(f) be the total number of &£-small domains (components) of f in M.

2. For D > 0, a nodal domain w € 2(f) is D-long if its diameter is > D/T. Let
N, D—long (f) be the total number of the D-long domains of f.

3. Given parameters D, £ > 0 a nodal domain w € $§2(f) is (D, &)-normal (or
simply normal), if it is not £-small nor D-long. For t > 0 let NV,oqm (f, t) be the
total number of (¢, D)-normal domains of f of volume < ¢, and forx € M,r > 0
let Noyorm (fL, 15 x, 1) (resp. NJ% . (fr. t; x, r)) be the number of those contained
in B, (r) (resp. intersecting B, (r)). Finally, if  is omitted, then it is assumed to be
infinite t = 00, i.e. no restriction on the domain volume is imposed.

By the definition of normal domains, for every t € R U {oo} we have

j\/’:orm(f’t;xvr)fj\/norm <f7t;x9r+?) (55)

(as we discarded the very long ovals), and
Noaorm (f5 x,7) < &1 T" Vol gy (By (1), (5.6)

by the natural volume estimate.

Lemma 11 (cf. [13, Lemma 9], see also [12] for a more detailed proof) There exist
constants ¢, C > 0 so that we have the following estimate on the number of &-small
components: Y
E[N:_ .
lim sup M <C.
T—o0 ™

g°.
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Lemma 12 (cf.[13, Lemma 8]) There exists a constant C > 0 such that the following
bound holds for the number of D-long components:

E _ : 1
lim sup [ND long(fot,T)] <C. —.
T—00 ™ D

5.2.2 Proof of Proposition 2
Proposition 3 Let &, D > 0 be fixed, and
U =y,,.

Then for every point of continuity t > 0 of W () the following holds:

|

The proof of Proposition 3 will be given in Sect. 5.3.

Nnarm(fa;T’ t/Tn)
c(n, ) Vol(M) - T"

20

} - 0. (5.7)
+

Proof of Proposition 2 assuming Proposition 3 The estimate (5.1) for | - |4 follows
directly from (5.7), lemmas 12—11, and the triangle inequality for | - | 1. The proof of

(5.1) for | - |- follows along the same lines, except that in this case we do not need
to excise the very small and very long domains (which makes the proof somewhat
simpler). O

5.3 Proof of Proposition 3

We need to formulate a couple of auxiliary lemmas.

Lemma 13 (cf.[13] Lemma 1, and Lemma 5 in the scale-invariant case) Givene > 0,
there exists n > 0 such that for everyr < n, t > 0

(1_6)/M10rrn(fa;T’t;x7r)dx anorm(fa;T,t)
M

Vol(B(r))
(5.8)

N;()rm(f(){;Ta t’ X, r)
=d +E)/ Vol(B(y) ¥
M

The proof of Lemma 13 is very similar to the one of Lemma 5 and is omitted here.

Proof of Proposition 3 For convenience in course of this proof we will assume that
M is unit volume

Vol(M) =1, 5.9

and recall that f = fy.r are the band-limited random fields (1.7), and that we use the
shorthand
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lI/(t) = ll/n,a(t)

as in the formulation of Proposition 3. Let € > 0 be a small number. To bound the
Lh.s. of (5.7) we let R > 0 be sufficiently big, so that both R/T < n asin Lemma 13,
and D/R is sufficiently small, so that the following holds

Vola(Be(R/T))
Vol(B(R/T))
Vol(B(R + D))
Vol(B(R))

)

<l+e (5.10)

uniformly for x € M.
Now apply Lemma 13 with r = % and ¢ replaced by %; by the triangle inequality
for | - |+ we have

E[ Nnorm(fot;Tvt/Tn) _ lI/(t) j|
cln,a) - T" 4
<E /'(1+26)W0’m(f“9T’t/T";x’R/T)—u/(z) dx
c(n,a) - Vol B(R + D) n
LM
<E ['Nnorm(fa;Tvt/Tn;x9(R+D)/T) —wm)| dx
c(n,a) - Vol B(R + D) "
LM

2ole. / ]E[./\/;wrm(foz;T;x’ (R +D)/T)]dx , (5.11)

Vol B(R + D)

by (5.5) and (5.10). Observe that the integrand

E[Nnorm(fa;T§ x,(R+D)/T)]
Vol B(R + D)

is uniformly bounded by Lemma 4. Hence (5.11) is

|

SEU’Nnorm(fa;T,t/Tn;xy(R+D)/T) —w@)| dx |+ 0.
c(n,@) - Vol B(R + D) .

E |: Nnorm(fa;T, t/Tn) - lI/(t)

cin,a) - T"
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It is then sufficient to prove that

. u ‘Nmm(fagr, YT REDIT)
c(n,a) - Vol B(R + D) n
_ Nnorm(fa;T’t/Tn;xa(R+D)/T)
_ //‘ BRIy Ty — )| dxdP@) > 0. (512)
A M

where A is the underlying probability space, and P is the probability measure on A.
Now consider the event
. } .

Then, recalling the assumption of Proposition 3 on ¢ (i.e. that ¥ (-) is continuous at 7),
Theorem 8 implies that for all x € M

N(fa;r,t/T";x, R/T)
c(n,a) - Vol B(R + D)

— ()

AT t:x, R = {

lim limsup (A7 v g) = 0. (5.13)

R—00 T 500

We claim that the above implies that there exists a sequence {R;};_ o of values
R = R; — o0 so that the limit (5.13) is almost uniform w.r.t. x € X, that s, for every
o > 0 there exists M, € M of volume

Vol M, > 1—p,

such that L
lim lim sup P(A7;xr+p) =0. (5.14)

R—o0 T xeM,

To see (5.14) we first apply an Egorov-type theorem on the limit in (5.13) w.r.t.
R — oo: working with the sets

1
En= |J {xeM:PAricrin) > plor T =T; — OO}
R>n integer

yields that for some M, with
Vol(M,) > 1 — g

we have

lim sup lim P(AT t.x,R+D) = 0;
RA)OOXEMP T—o0

this is not quite the same as the claimed result (5.14), as the order of sup, 4, and
the limsup w.r.t. T — oo is wrong. We use an Egorov-type argument once again,
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w.r.t. the limit im7_, o tO mollify this. Fix an integer » > 0, and let R = R(r) > 0
sufficiently big so that

- 1
sup lim P(A7;.x rtD) < - (5.15)

xeM, T—o0

Define the monotone decreasing sequence of sets

2
Fn = U {x € Mp : P(AT,t;x,R+D) > ;} .

T>m

Since, by (5.15),

we may find m = m(r) sufficiently big so that Vol(F,,)) < Therefore the

claimed result (5.14) holds on

P
or+l-
Mp \ U Fm(r),

r>1

i.e. further excising the set

U Fm(r)

r>1

of volume < 4§ from M.
We then write the integral (5.12) as

// 'Nnorm(fa;Tvt/Tn;xa (R+D)/T) —w(@)| dxdP(w)
c(n,a) - Vol B(R + D)) +
A M

SRR

MAT v R+D M A\AT 15 R+D

First, on A\ A7 ;.x r+D, the integrand of (5.16) is

Noorm (fa;:t/T"; x, (R+ D)/T) W)
c(n,a)-VolB((R+ D)/T) L

[ MUar /T v REDYT) L
c(n,a)-VolB((R+ D)/ T)
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and hence the contribution of this range is

/ / ‘Afnorm(foz;T’t/Tn;xv(R+D)/T) — )| dP(w)dx
c(n,a)-VolB(R+ D)/T) n
M A\AT 1.2 R+D

- f / cdP(w)dx <. (5.17)

M A\AT t:x R+D

On A7 ;.x.rR+p We use the volume estimate (5.6) yielding uniformly on x € M

/ ’Nnorm(fa;Tat/Tn;x7(R+D)/T) —w®m)| dPw)
c(n,a) - Vol B(R + D) 4
AT 11, R+D
< / ‘Nnorm(fa;Tvt/Tn;xv(R+D)/T) dP(w)
c(n,a) - Vol B(R + D) n
AT,t;x.R+D
< / gl Vol a1 (B ((R + D)/T))dP(a))
c(n,a) - Vol B(R + D)
AT.t;x.R+D
< (1 4+ )& "P(Ar.px.r4D) (5.18)

(where, by the obvious properties of | - |+, to obtain the first inequality we omitted the
non-negative ¥ (¢)). Similarly to the above, uniformly for w € A

/ ‘Nnurm(fa;T»t/Tn;xs(R+D)/T) 0

c(n,a) - Vol B(R + D)

dx < (1+e)& 'p. (5.19)
MM, -

The uniform estimates (5.18) and (5.19) imply that

— ¥ ()| Plw)dx

+

/ / 'Nnorm(fot;Tv t/T"; x,(R+ D)/T)
c(n,a) - Vol B(R + D)

M AL,I:X,R+D
< +e& " (sup P(ArsxriD) + 0)-
xeM,

Upon substituting the latter estimate and (5.17) into (5.16), and then to the integral
(5.12), we finally obtain

E /N"Orm(fa;Tyt/Tn;x’ (R+ D)/T) —¥(n| dx

c(n,a) - Vol B(R + D)
+

<e+ 1+ (sup P(ATsix.reD) + P),
xeM,
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which could be made arbitrarily small for each sufficiently small choice of £ excising
the very small components, and using (5.14). This concludes the proof of (5.12),
sufficient to yield the conclusion of Proposition 3. O

6 Final remark: volumes of the nodal components
6.1 Volume distribution of boundary components

We would like to point out that the methods we are using are rather general and with
minimal change one may prove other results. These in particular include similar results
about the (n — 1) dimensional volumes of nodal components or boundaries of nodal
domains instead of the n dimensional volume of the nodal domains. The analogue of
Theorem 5 is proved in exactly the same way using Kac—Rice for the bound and ergodic
theory for the existence of the limit. Going from the planar case to the Riemannian
one is also straighforward. All these results could be rewritten line-by-line, with the
definition of N\ essentially the only change.

The only difference is in the results stating that the limit functions are strictly
increasing i.e. Theorems 6 and 7. The main idea is still the same: we have to create a
deterministic example with a nodal component of (approximately) given size, and then
show that small perturbations do not significantly alter its size with positive probability.
For o < 1 the argument is essentially the same as for the volume of nodal domains.
In this case the corresponding Hilbert space H is dense in any C¥(Q), hence we can
construct any non-degenerate example. For o« = 1, the same family of domains works
for the nodal sets, the minimal volume will be the volume of the surface volume of the
sphere of radius j, /21,1 instead of the the n dimensional volume of the corresponding
ball. (This follows from the isoperimetric inequality.) The only real difference is in
Lemma 10: controlling the C! norm is not sufficient in order to control the change of
the boundary volume. But it is not very difficult to show that if the perturbation has
a small C2-norm b, then the ratio of boundary volumes of the original and perturbed
domains is 1 + O (b) where the constant in O (b) depends only on the C 2 norms.

6.2 Coupling between domain boundary volumes
Finally, we point that it is possible to consider the joint distribution of
(Vol, (@), Vol,—1(dw))

where w is a nodal domain. The existence of the scaling limit is established via an
identical argument to the above. Constructing a deterministic example in the case
a < 1 also follows along the lines of the argument in this manuscript. This would give
that the limiting distribution ¥ (¢, [) is strictly increasing in both 7 and [ for all r > 0
and [ > ly(t), where [o(¢) is the surface area of a sphere with volume ¢ (follows from
the isoperimetric inequality).

The case @ = 1 is more complicated. From the isoperimetric inequality, for each
t > ty, the size of the boundary must be > [y (). But it is clear that this is not the best
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Fig. 1 Connecting a thin plate by a thin tube

possible lower bound, as otherwise the domain would be a ball and its main eigenvalue
would be larger than 1 unless ¢ = 7. On the other hand, there exists a deterministic
infimum of the boundary volume over all domains that have volume ¢ > 7y and the
main eigenvalue 1. We denote this infimum by /; (¢). There exists a domain for which
the boundary is arbitrary close to [1(t). Next we attach to this domain a very thin tube
and at the end of this tube we attach a very thin plate, see Fig. 1. This only slightly
perturbs the volume, does not alter the main eigenvalue significantly, but increases the
boundary volume a lot. After that we take a small perturbation to make the domain real
analytic and use Lax-Malgrange to approximate the main eigenfunction by a plane
wave. This way we can construct a nodal domain with eigenvalue 1, volume arbitrary
close to t > ty and boundary volume arbitrary close to > [ ().
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