ALEA, Lat. Am. J. Probab. Math. Stat. 22, 749-773 (2025)
DOI: 10.30757/ALEA .v22-29

Critical Points of Chi-Fields

Domenico Marinucci and Michele Stecconi

University of Rome Tor vergata
E-mail address: marinucc@mat.uniroma2.it
URL: https://www.mat.uniroma2.it/~marinucc/

University of Luxembourg
E-mail address: michele.stecconi@uni.lu
URL: https://michelestecconi.wordpress.com/

Abstract. We give here a semi-analytic formula for the density of critical values for chi random
fields on a general manifold. The result uses Kac-Rice argument and a convenient representation
for the Hessian matrix of chi fields, which makes the computation of their expected determinant
much more feasible. In the high-threshold limit, the expression for the expected value of critical
points becomes very transparent: up to explicit constants, it amounts to Hermite polynomials times
a Gaussian density. Our results are also motivated by the analysis of polarization random fields in
Cosmology, but they might lead to applications in many different environments.
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1. Introduction

1.1. Background. The investigation of the geometric properties of random fields has represented a
major thread of research over the last fifteen years. A major driving force has been given by the
publication of very popular research monographs such as Adler and Taylor (2007) and Azais and
Wschebor (2009); these books have discussed in depth the Kac-Rice approach for the derivation of
expected values for critical points of smooth random fields. In broad terms, the Kac-Rice approach
leads to an "expectation Metatheorem" (the terminology adopted in Adler and Taylor (2007)),
stating that under regularity conditions the expected number of critical points can be expressed
in terms of the expectation of the absolute value of the determinant of the Hessian matrix of
the field, conditional on the gradient of the field being zero; other conditions can be added to
obtain related quantities, for instance on the signature of the Hessian if one is interested in the
expected number of minima or maxima. This general approach has led to an impressive amount of
results and applications, starting from the celebrated Gaussian Kinematic Formula, which allows
the computation of expected value of Lipschitz-Killing Curvatures for excursion sets of Gaussian
fields. As noted elsewhere, this area bridges the gap (in a very fascinating way) among different
areas of Mathematics, such as Differential Geometry and Random Fields; at the same time, it leads
to results which are motivated by fastly growing applied fields, including for instance Cosmology,
Neuroimaging, Neural Networks, Optimization, Spin Glasses and many others (see e.g., Auffinger
and Ben Arous (2013),Cheng and Schwartzman (2017), Arous et al. (2020), Cheng et al. (2020), Fan
et al. (2021), Fyodorov and Tublin (2022), Belius et al. (2022), Azais and Delmas (2022), Telschow
et al. (2023), just to mention a few recent references).

1.2. Motivations. The overwhelming majority of the literature on critical points has so far been
confined to the analysis of Gaussian random fields. Indeed, although the Kac-Rice approach is valid
in much greater generality than under Gaussianity, it turns out in practice to be extremely hard
in non-Gaussian circumstances to derive any analytic expression for critical points: in particular, it
is very difficult to compute exactly some extremely cumbersome multiple integrals arising from the
absolute values of the Hessian determinants, conditional on the gradient being null. Our purpose
in this paper is to move some steps beyond these limitations: more precisely, our goal is to derive
some semi-analytic expressions for the density of critical values for chi-square fields defined on the
sphere.

The choice of chi-square fields is natural if one has in mind motivations from statistics or machine
learning, and it is easy to figure out several applications. Among these, we are motivated by very
concrete examples which arise from Cosmological Data Analysis. In particular, it has been shown
in Lerario et al. (2025) that chi-square fields may approximate closely the behaviour of the squared
norm for random sections of spin fiber bundles, i.e. the random fields which model the behaviour of
Cosmic Microwave Background polarisation, see for instance Marinucci and Peccati (2011), Ch.12,
Malyarenko (2013) or LiteBIRD Collaboration (2023). Understanding the distribution of critical
points and extrema for polarisation fields is instrumental for the derivation of algorithms allowing
point source detection in polarisation data; this would represent an extension of the approach given
in the case of scalar random fields (Cosmic Microwave Background temperature data) in Cheng et al.
(2020), see also Telschow et al. (2023), Pistolato and Stecconi (2024) and the references therein.
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1.3. Discussion of Main Results. Our main results can be described as follows. We consider chi
random fields fields with k degrees of freedom, defined as the square root of the sum of the squares
of k i.i.d., unit variance, normal Gaussian fields on a smooth manifold M of dimension m. By this
we mean the following.

Definition 1. Let (M, g) be a smooth Riemannian manifold. A normal field on (M, g) is a Gaussian
field X on M, of class at least C2, having unit variance: E|X (p)|?> = 1 and such that E|d, X (v)|? = 1
for any unit tangent vector v € T,M; here and in the sequel, we are using d,X to denote the
differential of X at p. A regular chi—field with k degrees of freedom on (M, g) is a field fi of the

form
fr =/ X7+ + X}, (1.1)

where X1,..., X} are i.i.d. copies of a normal field X. In this case, we say that fi is induced by X.

For our applications, we have in mind M = S™ the unit sphere and X isotropic, i.e., invariant
under the action of the orthogonal group, but our results do not require this assumption. We will
show that the expected number of critical points of these fields can be computed, up to some explicit
constants, as the expected value of the determinant of random matrices with Gaussian entries. These
random matrices do not fall within any known class (such as the Gaussian Orthogonal Ensemble
(GOE) or the Gaussian Unitary Ensemble (GUE)), and because these entries have a complicated
dependence structure, these expected values in the general case can only be expressed as rather
cumbersome multiple integrals, for which it is difficult to provide explicit analytic expressions.
More precisely, let us introduce the following:

Definition 2. Let H be a random symmetric and Gaussian m x m matrix. We say that H is
Hessian-like if there exists a Gaussian random variable v ~ N(0, 1) such that EHy = —1,,. In this
case, we also say that H is Hessian-like with respect to v and, for all k € N and ¢t > 0, we define the
real number

Ej(H) == E {1} oo (xs) [det (A(k — 1,m) + xi.H + xk(v — xu)¥m)|} € R, (1.2)
where xj is an auxiliary independent chi random variable of parameter k and A(k — 1,m) is an

auxiliary independent Wishart random matrix, i.e. it is distributed according to Theorem 11 below.

Note that if H is Hessian-like and ~ is as above, then the joint law of H,~ is determined by
the law of H. This explains why we write EL(H) and not EL(H,v). We stress the fact that
the only dependence relation among the random variables and matrices in the expectation is that
E[H"Y] =—1p

Our first main result is the following; more discussion on the mentioned random fields and their
properties is given in the Sections below:

Theorem 3. Let (M,g) be a smooth m-dimensional Riemannian manifold. Let f be a regular
chi-field with k > m degrees of freedom on (M,g), induced by the normal field X. We have:

r(55m)
om/2r(%) (2

where #C; denotes the number of critical points of fx of values equal or larger than t, and HyX the
Hessian matriz of X atp € M.

E[#C)] = / EL(H,X)dM (p), (13

Clearly in the special case where the random field X : M — R is isotropic, in an adequate sense,
the previous result simplifies to

E[4C)) = zm(mr(g)‘(” (> L g (), (14)

where the distribution of the Hessian HX does not depend on p.
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The previous result is rather general but suffers from two limitations: the result on the expected
value is not fully explicit as the computation of E};(HPX ) requires rather cumbersome multiple
integrals (or simulations), and the case k = m is not covered, despite for all m, k the total number
of critical points of fi with non zero value is integrable, as we show in Theorem 18. We are able to
address at least partially these issues and obtain our second main result, which we describe below.

More precisely, when we focus on maxima, rather than critical points with an arbitrary signature,
we are able to transform the problem into the computation of Gaussian extremes on a different
domain, and hence to obtain much more explicit results. In particular, as mentioned above the
maxima distribution is strongly motivated by statistical applications, such as the implementation
of multiple testing with False Discovery Rate control, as in Cheng et al. (2020); to this aim, it is
especially important to evaluate the distribution of maxima in the high-threshold tail, and especially
in the 2-dimensional case m = 2. Indeed in terms of motivations, it is especially relevant the case
where M = S? and k = 2, because as we discussed earlier this corresponds to the modulus of
isotropic spin random fields as those emerging from the analysis of Cosmic Microwave Background
polarisation data, see also Carones et al. (2024) and the references therein. In this setting, we show
that the maxima density takes the form of known polynomials of order 2 times a Gaussian density.

In particular, let us denote by Hp(t) the Hermite polynomials defined as in Adler and Taylor
(2007, sec. 11.6), and by ¢(t) = (21) /2 exp(—t?/2) the standard Gaussian density; we prove the
following:

Theorem 4. Let X1, Xo be two i.i.d. copies of an isotropic Gaussz’an ﬁeld on the two-sphere, of
class C?, with variance E|X;(p)|* = 1 and E|d,X;||> = 2r2. Let fa(p) == \/X1(p)? + X2(p)? and
denote by p:(S?, f2) the number of mazima of fo where fo > t. Then as t — oo we have that, for
some § > 0,

((Hz<t>2r2+2) <2w>%‘¢<t>) Elpu(S, f2)] = 1+ O (exp (—0t%)) . (1.5)

In words, the tail behaviour of the maxima distribution is Gaussian, up to corrections terms
which are fully explicit combinations of Hermite polynomials and known constants.

Remark 5. In order to be able to connect more easily with the existing literature on isotropic fields
(e.g. Marinucci and Peccati (2011)), we stated the above result for fields that are not normal on
the unit sphere, unlike in the rest of the paper. However, the field X; in Theorem 4 becomes a
normal field if and only if the sphere is endowed with the round metric of radius r, in which case
fo becomes a regular chi-field with 2 degrees of freedom, induced by Xj.

Theorem 4 can be seen a corollary of a more general result that is valid in full generality and
shows that the behavior of the expected number of maxima of a regular chi field resembles in some
aspects that of a Gaussian one, which is well documented in the literature. In particular, by the
aforementioned passage from fj to an auxiliary Gaussian field ¢, we are able to exploit the results
of Gayet (2022) and Adler and Taylor (2007), proving the following,.

Theorem 6. Let fi be a regular chi-field with k degrees of freedom (see Theorem 1) on a smooth
compact Riemannian manifold M of dimension m. For any Borel subset A C M, let us denote by
wi(A, fr) the number of mazima of fi, where fr, >t that belong to A. If fi. is induced by the normal
field X, then we have that

B (A ) = s |, LX) ANG) (16)

m 2

where DL ([HpX]) depends solely the law of H,X and is defined in Theorem 33. Moreover, as
t — +o00, the following asymptotic equivalences hold up to an error of order O (exp (—(% + 5)752))
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for some § > 0:

P (mﬁxfk > t) ~E (M, ) (1.7)
~E(#{dfr, =0, fr > t}) ~Eb(fr > t) ~Ebo(fi, > t) ~ Ebo(f) > t;B™) (1.8)
m+k—1 . k—1
~E(fiz )~ Y Wﬂjﬂ(tw(w (19)
=0 m)®
(M =1 amd k=2) 0 | 02 1, (1))V/2me(1). (1.10)

Here, b(fi, > t) is the sum of all Betti numbers; by(fr, > t) is the number of connected components;
bo(fr > t,B™) is the number of the connected components that are homeomorphic to the unit ball in
R™; x(fx > t) is the Buler—Poincaré characteristic; L; is the it Lipschitz—Killing curvature (defined
as in Adler and Taylor (2007, sec. 7.6)).

Note in particular that the asymptotic behavior of the excursion probability of fi at a high
threshold depends only on the geometry of M and not on the inducing normal field X (which is not
uniquely determined by the Riemannian metric of M), although the distribution of maxy; fi might
depend on X. Moreover, we can observe that

P >t) ~Ex(p>t), 111
(Mnxlg,gc_lw_> X (p>1) (1.11)

for any normal Gaussian field ¢ defined on M x S¥=! in virtue of Adler and Taylor (2007, Th.
14.0.2). Indeed, the main idea of our proof will be to show that for a suitable normal field ¢, we
have that ps(M, fr) = (M x S¥=1 ), see Section 5 (see also Kuriki and Matsubara (2023) and
Bloomfield et al. (2016) for some related results on the geometry of chi-square fields with a view to
cosmological applications).

1.4. Plan of the paper. The plan of the paper is as follows: in Section 2 we fix our notation and
introduce some background material; in Section 3 we give our general result for critical values, which
is not fully explicit: for this reason, in Section 4 we study more deeply the structure of the Hessian
in two dimension and in Section 5 we exploit these results to give a fully analytic expression for the
expected value of the number of maxima, and in Section 6 we prove the high-threshold limits. We
first prove Theorem 4 directly, then prove the more general Theorem 6 by relying on more abstract
results.

2. Setting and Background

2.1. Notations. The following list contains some recurring conventions adopted in the rest of paper.

(i) Unless otherwise specified, every random element is assumed to be defined on an adequate
common probability space (2, S, P).

(ii) A random element (see Billingsley (1999)) of the topological space V' (or with values in V')
is a measurable mapping X : Q — V', defined on (2, &, P). In this case, one writes

Xev (2.1)

and denote by [X] := PX ! the (push-forward) Borel probability measure on V induced by
X. We will use the notation

P{X € U} := [X](U) =PX }(U) (2.2)
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to indicate the probability that X € U, for some Borel measurable subset U C V', and write
(as usual)

E{f(X)} = /V F(0)[X](do), (2.3)

to denote the expectation of the random variable f(X), where f: V — R¥ is a measurable
mapping such that the above integral is well-defined. We will sometimes write that X is a
random variable, a random vector or a random field, respectively, when V is the real line, a
vector space, or a space of functions C"(M, RF), respectively.

(iii) We will use the special symbol

X: M—25RF) (2.4)

to indicate that X is a random field (see above), i.e., a random element of C°(M, R¥). The
symbol hints at the fact that X is also a measurable function X: M x Q — RF.

(iv) The sentence: “X has the property P almost surely” (abbreviated “a.s.”) means that the
set S = {v € V : v has the property P} contains a Borel set of [X]-measure 1. It follows, in
particular, that the set S is [X]-measurable, i.e. it belongs to the o-algebra obtained from
the completion of the measure space (V, B(V), [X]).

(v) We write #(S) for the cardinality of the set S.

2.2. Definition of the main objects.

2.2.1. Normal fields. Let (M, g) be a smooth manifold of dimension m and let X: M-3R be a
Gaussian random field of class C? such that for all p € M we have X (p) ~ N (0,1) and

gp(v,w) = E{d, X (v)d, X (w)}. (2.5)

We call g,(v,w) the Adler and Taylor metric, see Adler and Taylor (2007, Section 12.2). Following
Mathis and Stecconi (2024, Definition 6.3), in this case we write X ~ N (M, g) and say that X is a
normal field on (M, g), as anticipated in Theorem 1. Recall that the Hessian is the random bilinear
form H,X: T,M x T,M — R such that

H, X (v,w) = 0,0,X(p) — dpX(V,w), (2.6)

where V is the Levi-Civita connection of g. Let us first recall the following standard characterization
of the dependence structure for the gradient and Hessian.

Proposition 7. For every p € M,

X(p) and dpX are independent.
(2) dpX and H,X are independent.

(3) B{X(p)HpX} = —gp.

Proof: These results are classical and they are proved, for instance, in Adler and Taylor (200
Section 12.2).

l:l =

2.2.2. Chi distribution.
Definition 8. Let k£ € N. We say that a random variable a€R is a chi of parameter k if it has the

same law as the random variable
Xk =7+ (2.7)

where v1,...,7x ~ N(0,1) are indipendent and identically distributed. In this case, we will write
briefly that a ~ xx. The following characterization is classical, but we recall it for completeness.

Proposition 9. Given a € R, we have that xi € L if and only if k > —a.
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Proof: 1t is sufficient to observe that

e

N 1
2
E{xi} = /R ol R ) /0 potk=lgy, (2.8)
(|

Before we state our first main result, let us recall a simple property of chi-random variables; by
a straightforward computation, for k > m we have that

1y [ 1 :I:k/Q*Iemp(—x/Q)
E{x?}_/o 2 T2 (2.9)
_ I(kgm) oo gl-m)/2g-a/2 - p(kom)
_2m/213<’;>/o R )2 T () (210)

2.2.3. The chi-field. Now let Y := (X' ..., X¥) : M—RF such that all components are i.i.d.,
X%~ X. Define F : M—<>R as

1
F(p)=5[Y(p)I*; (2.11)
X3 for all p € M. Denote Z := F~1(0) and for ¢ > 0,
Cy:=Crit([Y)) n{|]Y| > t}

in particular, notice that F'(p) ~

2 2
:Crit(F)ﬂ{FZg}:{pEM:dszojF(p)th}‘ (2.12)

Of course, Z denotes the nodal set of Y while C} counts the number of critical values where the chi-
field is larger than some given (positive) value t. Note that Z C Cy C M is a random submanifold
of dimension d = m — k and Cy C Cy \ Z is a random finite set for all ¢ > 0. In particular, if
k > m then Z is empty with probability one. Our first goal is to compute the expected value
E[#C}]; indeed, in the language of Section 1, the field f = |Y| is a regular chi-field with k degrees
of freedom, on the manifold M.

Remark 10. The Riemannian volume density of (M, g), which we denote as dM, is proportional to
the expectation of the Riemannian d-volume of Z = Y ~1(0) :

SldE { /Z a(p)dZ(p)} = ;n /Ma(p)dM (p), (2.13)

where s; is the i-dimensional volume of the unit sphere of dimension i: S € Ri*! and « is any
Borel function on M. This expression is a consequence of Kac-Rice formula (Azais and Wschebor,
2009, Theorem 6.8). The precise constants can be computed by testing the formula on spheres, see
Lerario et al. (2025, Proposition 95).

2.2.4. Random matrices.

Definition 11. Let k,m € N. Let 71,...,%m ~ N(0,1;). We define A(k, m)ER™*™ to be the
random symmetric matrix whose coordinates A, have a joint law defined by:

Aup = Yo, ) (2.14)
Notice that A ~ RT AR for any orthogonal matrix R € O(m). For instance,
2
_ (M mm2
A(1,2) = : 2.15
(1,2) <7172 7% ) ( )

2 2

+ +

A(2,2) = 11 T 12 711’7%1 752722 , (2.16)
V11721 + V127722 Y51 T V3o
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2 2 2
+ i+ Y117Y21 + V12722 + V13723
A(3,2) = T2 TS : 2.17

(3:2) (711721 + 2722 + 713723 W1+ V32 + 733 (2.17)

Remark 12. Matrices of the form A(k,m) follow a so-called Wishart distribution A(k,m) ~
Wi (1, k); more precisely, for k& > m these matrices have densities

f(k,m)(A) B (det(A))(k’*mfl)/2 exp(—tr(A/2)) )ﬂdet(A)>0(A)' (2.18)

© 9km/2zm(m—1)/4 H;n:1 F((k +1-— ])/2

It can be noted that the law of the matrix A depends just on its determinant and its trace -
two quantities invariant to rotations, as expected; moreover, these densities are positive only over
matrices which are positive definite, and they are zero otherwise. For instance, we have

exp((—a11 — az)/2)
4dm(aj1aze — a12a21)1/2 Hdet(A)>0(A), (2.19)

f(2,2) (A) = f(2,2)(a11,(112,a217a22) =

and
exp((—a11 — ag2)/2)

i Lget(4)>0(A)- (2.20)
Now recall the notion of Hessian-like matrices in Definition 2, and notice that Ef (H) = Ef (RTHR)

for any orthogonal matrix R € O(m). Moreover, the property of being Hessian-like is also invariant
under orthogonal changes of coordinates. Therefore, the following definition is well posed.

f(3,2)(A) = f(2,2)(a117612,a21,a22) =

Definition 13. Let (7', g) be any Euclidean space of dimension m and let k¥ € N and ¢ > 0. Let
H: T xT — R be a Hessian-like Gaussian symmetric bilinear form on 7. Then we define the
deterministic real number

EL(H) := E}, ((H(ea, e))1<ap<m) € R, (2.21)

where eq, ..., e is any orthonormal basis of T'. To keep track the dependence on the metric g, when
needed, we will write Ef (g, H).

Lemma 14. E!(\g, H) = E}(g9,\"'H) for any A\ > 0.
Proof: The proof is straightforward and hence omitted. O
Remark 15. E!(H) depends only on covariance matrix of H, that is, it depends on the 4-tensor

EH,,H.; . We will not need to consider such object in this paper.

3. The First Main Result: Critical Points

In this Section we give our main result on the expected value of critical points for chi fields. For
convenience, we split it into two subsections, when covering the case k > m, the other kK = m which
requires some different argument.

3.1. The expected value of critical points for k > m. Here is the main result of this subsection.
Theorem 16. In the setting described above, for all k > m, we have:

r(sm)

2m/2T (%) (27)%

E[#C/) = | Bx)aM (). (3.1

Proof: Notice that when k > m, the set Z = Y ~1(0) is almost surely empty. Let us observe that
dyP(v) = Y (p) dyY (v)ER; (3.2)
H,F(v,w) = d,Y (v)Td,Y (w) + Y (p)" H,Y (v, w)ER. (3.3)
Notice that, by Theorem 7, we have that d,Y" and Y (p) are independent, for every fixed p € M.
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We will use the Kac-Rice formula (in particular, we refer to the statement in Mathis and Stecconi
(2024, Alpha-formula, Prop. 6.1)). Assuming that the formula is applicable, we have that

pEdF~1(0) (3.4)

— /M E {1[57%] (F(p))| det(H,F)| \dpF = 0} pa,r(0)dM (p),

where, for any p € M fixed, pjg,r): Ty M — [0, +00) is the density of the random vector d, FF€T; M,
with respect to the volume defined by the (flat) metric g,. Indeed, x = pg, () exists if and only
if £ > m. In this case, it is continuous with respect to both (p,z). Let us compute it. Let us
fix an orthonormal basis of T,y M, so that (T; M, gp) = (R™, 1,,). Then for all bounded continuous
functions a: R™ — [0, 1] we have:

[ @, n@dr" @) = E {ald,F))
_ /R E{a(udY)[Y (p) = u} dlY ()] (w) (3.5)
= [ et )by @)l = ..

where we used the expression [Y(p)] to denote the probability measure induced by Y (p) € R, i.e.,
the law of Y (p). Now observe that, by construction, the law of the random matrix of d,Y in an
orthonormal basis is that of the £ x m matrix:

Y = (%) cichcism (3.6)

where ’y; ~ N(0,1) are i.i.d. This distribution is invariant under orthogonal transformations,
therefore, the integrand above depends only on |u|. Observe that the law of |Y(p)| is that of a chi
of parameter k, that we have denoted as xj. Hence we obtain

= [T B et )} Ay @

||

2

e
=E{a(xs -dp X"} =E / a(xk - ) =dR™(z)
{ WX} R (2m)% (3.7)
_? _l=?
e 2)(% e 2xi
—ES [ al) o dR() = [ al@B{ S R @)
mo T (2m) 2! m (2m) 2 x5
In the 4th identity above, we used the change of variables y = i - . We conclude that
||
e %
Pla,F)(7) =Eq§ ———— 5, for almost every z € R™. (3.8)
(2m) 2 X!

If m < k, this defines a continuous function of (p,x) (if m > k, it has a pole at x = 0) and

o, (0) =E{ (2m)~E 3 |
Now, let us compute the conditional probability given d,F. This is interpreted as a family of
random vectors parametrized by the possible values of d,F' and we denote it as [(F(p), HpF)|d,F =
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g, for € € TyM. We are only interested in the case { = 0. We will do the computation in an
orthonormal frame, so that TyM = R™. Let a: R™*™ — [0,1] be any continuous function. Then

E{a(F(p), HpF) |dpF = 0} = AkE{a(F(p)vaF)ldpF =0,Y(p) = u}d[Y (p)](u)

2
_/ E{a (’“',H,,F)
]Rk 2
u'd,Y =0,

_ [ul? _
_ /Rk E {a (2, 4YTdY + uTpr> o —u } d[Y (p)](u) = ...

Recall that the law of d,Y is that given in (3.6) and that it is independent from (H,Y,Y (p)).
Moreover, by Theorem 7, we have that [H,X|X (p) = t] = [H,X + (X (p) —t)gp]. Finally, as before,
the integrand depends only on |u| (indeed that Y ~ RY for any R € O(k)), so that we can continue
as follows.

400 2 F _ _
.._/0 E{a (2,2(de1)po)(1+th)(1>

=2

d,F' =0,
Y(p) =u } dlY (p)](u) (3.9)

dpy X' =0,Xp) =t,
Xip)=0Vi>2

}dHY(mH(t)
2 k (3.10)
=E {a <X2’“,Z(dpxi)poXi + xx(HpX + (X(p) — Xk)gp)) } =...

Notice that the random matrix A := E?:g (dpXH)Td, X" has coordinates A, p = Zf:g vini, therefore
A~ A(k —1,m), as in Theorem 11.

Moreover, H,X is obviously a Hessian-like Gaussain matrix, in the sense of Theorem 13 and
v := X(p) ~N(0,1) is, by Theorem 7, the associated Gaussian random variable such that E{H, X -
X(p)} = —gp = — 1. Since the above identities are true for arbitrary «, we can interpret them as
identities of probability laws, to conclude that:

2
(F@) ) 14,7 =0 = [ (34 - L)+ BX a6 -t @)

where the only dependence relation is EH, Xy = —g,.

Now that we have all the ingredients, we deduce that when k& > m, dF satisfies the continu-
ity properties at Mathis and Stecconi (2024, Def. 4.1), hence the Kac-Rice formula (Mathis and
Stecconi, 2024, Prop. 6.1) is applicable and we conclude:

B#C) = [ B{La  (FO)Idet(H,F)[dF =0} pa,r(0)ar )

= | B (sl det (AGk = Lm) + 56 H,X + = L) -
(3.12)

0

3.2. The general case: including m = k. The fact that the theorem holds only for m < k seems to
be due to a strange phenomenon of Kac-Rice formula: sometimes the Kac-Rice density, written as
“conditional expectation times density”, contains some expression of the form: 0 - co. In this case,
it might be that 0 - co € R. Indeed, in principle, it is possible that there exists another function F;
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with the same high level critical points as F', for which Kac-Rice formula can be applied. Indeed,
when k = 1, the critical points of F' of level ¢t > 0 are exactly the critical points of the normal field
X, of level %, and such expectation can be computed with standard computations.

We have failed trying to find a good modification of F'. However, we prove below that E{#C}}
is finite whenever C} is almost surely a finite set.

There is indeed a generalized version of Kac-Rice formula that can be applied directly to our
situation, as we explain below.
Let R% = M x RF denote the trivial vector bundle over M of rank k. Let us consider the space of
one jets of k-valued functions:

T M, RF) = RF x (T*M)®* = {(p,y,A) pe M,y eRF A: T,M — R linear} . (3.13)
where a linear map A : T,M — RF is seen as a k-tuple of covectors Al,..., AF € T, » M, which are
its “rows”.

Recall (see Hirsch (1994)) that to any smooth function Y €C'(M,R¥), we can associate a smooth
1-jet prolongation j'Y : M — J'(M,RF) defined as

§'Y(p) = 4)Y = (p,Y(p),dpY). (3.14)

Clearly, P : J'(M,R¥) — M is a smooth vector bundle and ;'Y is a smooth section. We will use
the following standard notation for the fiber of this vector bundle: for any p € M

P~ (p) = J)(M,R"). (3.15)
For any ¢ > 0, define the subset W; C J'(M,R¥) such that
Wy = {(p, y, A) € JHM,RF) : |y| >t and y' A = O} . (3.16)
The closure of W; is just the set W; = W, U OW;, where
oWy = {(p,y,A) € JY(M,R*): |y| =t and yTA = O} . (3.17)
Now, observe that W; has codimension m and that the set that we are studying is
Cy = (j'Y)'(W). (3.18)

It is easy to see that W; C J'(M,RF) is an open semialgebraic (locally, because it is defined
by polynomial inequalities) submanifold for all ¢ > 0. Indeed, in a local chart defined on an open
subset O C M we have that

W, N P71(0) = {(p,ry, (A1,...,An)) € OXREXRF*™ . pec O,r > t,y e SF1, A EyL},

(3.19)
where here Ai,...,A,, are the columns of A : R™ — RF. Thus, it follows that W; is locally
diffeomorphic to

W, P~10) =0 x <(t, o0) X (TSk—l)@m> : (3.20)

If t > 0, the closure W, = W;UOW,; is a manifold with boundary. In the case t = 0, the topological
frontier W, is not a smooth boundary, but rather an additional stratum of codimension k:

Wo N P~L(0) = (o x {0} x R’W) UWo N PLO). (3.21)

This stratum is semialgebraic thus, the union Wy remains a semialgebraic subset with two strata.
Its codimension is, by definition, the minimimum of the codimensions of the two strata. Therefore
Wy has codimension m if and only if m < k and W;, for ¢t > 0, has always codimension m.
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Remark 17. Observe that when k > m, the stratum W) is too small and j'Y ~1(0Wy) = {Y = 0}
is almost surely empty. In the general case, j'Y~1(OWy) = {Y = 0} C M is almost surely a
submanifold of dimension m — k. In particular, we will certainly have E#Cy = oo if k < m.

We are in the position to apply Stecconi (2022, Thm. 27) to deduce the following. Notice that
the case kK = m was not included in Theorem 3.

Theorem 18. For all k € N and t > 0, we have E{#C;} < E{#Cy+}, where
E{#CO+} = E{# U0 Ct} < +00. (3.22)

Moreover, BE{# 7} = E{#Cy} — E{#Cy+} is the expected number of zeroes of Y and satisfies the
following: if k > m, then E{#Z} = 0; if k = m, then E{#Z} € (0,400); if k < m, then
E{#Z} = +o0.

Proof: Following the discussion above, we have to show that E{#(j'Y)~'(Wy)} is finite. Let
W = Wy and let 7: E — M be the trivial vector bundle E := M x R*. We will apply Stecconi
(2022, Cor. 3.9) to the random field Y: M—<»R", that in the language of Stecconi (2022, Cor.
3.9), is a smooth Gaussian random section of E. The fiber over p € M of its 1-jet extension is
JLE = JH(M,RF) = P1(p).

We already observed that W C E is a semialgebraic submanifold of codimension m. by Stecconi
(2022, Rem. 3.3), this implies that W has sub-Gaussian concentration. The fact that W is transverse
to the fibers P~1(p) for all p € M is obvious from Equation (3.21), in that the local equations of
W do not involve p.

The 1-jet of Y at p € M is

3Y = (p,Y(p), dpY)EJy(M,RF), (3.23)

which is non-degenerate by construction since its support is the whole space {p} x R¥ x (T, M )k =
JY(M,R").

We checked all hypotheses for point 1. of Stecconi (2022, Cor 3.9), applied to the field Y, which
implies that E{#(j'Y)~}(W)} is finite given that the manifold is compact.

Regarding the set of zeroes Z = Y ~1(0), we have that if k& > m, then Z is almost surely empty
while if & < m, we can use Mathis and Stecconi (2024, Theorem 6.2) using the same argument as
in the proof of Mathis and Stecconi (2024, Lemma 6.5) to compute

vol,,—k (Smfk)

E {voln-+(2)} = b s

vol,, (M), (3.24)

where vol; denotes the 4" Hausdorff volume measure associated to the Riemannian manifold (M, g).
Clearly, (3.24) implies the thesis. O

Remark 19. The condition & > m in the above theorem is due to the fact that Cy includes all
critical values v satisfying v > 0. For instance, when k = 1 and Y = X, we have that Cp = {X =
0} U{dX = 0} is clearly infinite, whilst E#Cy+ = E#{dX = 0} is finite.

4. A study of the Hessian in dimension 2

Consider the case in which the original Gaussian random function X : M-3R is a random

eigenfunction on the sphere M = S™. Then, X is invariant in law under isometries of S™. In
particular, this implies that for any R € O(m + 1), that fixes a point p € S™ we have that
RTH,XR = Hy(X o R) ~ H,X. (4.1)

the same happens for stationary fields on R?, like Berry or Bargmann-Fock. We may regard such
isometry R as an isometry of p- = T,S™ and generalize this concept.
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Definition 20. Given a Gaussian bilinear form H on a Euclidean space V', we say that H is rotation
invariant if for every R: V' — V linear orthogonal transformation, there is an equivalence in law:

H ~ RTHR. (4.2)

Given a Gaussian field X : M-3R, we say that X has rotation invariant Hessian if for every point
p € M the Hessian H,X is a rotation invariant, as a random bilinear form on T,,M.

Lemma 21. Let H = (Zl Z?’) satisfy Equation (1.2). Then there are constants o,¢ > 0 such
3 N2
that:
h 20 +c¢ ¢ 0
he | ~N {0, c 202+c¢ 0 : (4.3)
h3 0 0 O’2

Moreover, H is Hessian-like if and only if (0% + ¢) > 1, with

1
F oy /1= (4.4)

v = —tr(H) 02+

2(0? +¢)
for some vy ~ N(0,1) independent from H.
Proof: First, one can easily see that E[h?] = E[h3] =: a?, and that E[h1h3] = E[hohs] =: b. Let
R() be the matrix of the rotation of angle § in R? and define

_ (M(0) hs(0)) _
H(6) = <h; (0) hi (9)> = R(O)THR(). (4.5)
]

By imposing the condition that E[h;(0)h;(6)] is constant in 6, one gets, for any choice of 4, j, the
same condtion:
a> =202 +c¢ and b=0; (4.6)

hence the proposition is proven.

4.0.1. Stationary plane fields.

Proposition 22. Let &: RY23R be a stationary and isotropic Gaussian random field of class
C2, with covariance function K(|z —y|) = E{&(2)&(y)}. Then the random variables 9;0;€(0), for
1 <i# j < d have the following covariances:

E9; ;£(0)0; x£(0) = E0; ;£(0)9p1£(0) = 0, (4.7)

B|0PE(0) = K"(0),  Bl0ds6(0)F = SK"(0), EOEoE = LK (0), (4.8)

where 1, j, h, k are any 4 distinct indices and K""(0) denotes the fourth derivative of K evaluated at

the origin. In particular, if d = 2, then H = Ho& satisfies (1.3) with the additional condition that
2

c=o0%:

h 1 10
ha | ~N [0,K"(0) (3 1 0 (4.9)
hs3 00 %

and

£(0) = —Aﬁ(o)ém,‘?’,,(m + ’mm. (4.10)

for some vy ~ N(0,1) independent from H, A denoting as usual the Laplacian operator.
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Remark 23. The above proposition is in accordance with Nicolaescu (2017, Eq. (2.11)). Note that
our setting includes the Hessian of Berry’s random field, for which Nicolaescu (2017, Prop. B.6)
does not hold.

Remark 24. For £ to be a normal field on RY with respect to the standard metric (see Section 2),
we must have that K(0) = —K"(0) = 1.

Proof: K(t) is an even function of class C2, so its Taylor expansion is a series in 2. Let us define
K(t) = h(t?), then or all n € N
|
R (0) = ——— K)(0), 111
0) = G K (4.11)
Now, it is sufficient to compute 9;0;0; 0;h(|x — y|*) at © = y = 0. We report only the computation
of Eﬁff@?g.

5 o d2 d2
E&2e0%¢ = & —‘ E[¢(t
oo = | | Bl 0)0,9)
> d? > d
Y (2 2:7‘7’}/752 2) 9 4.12
dt? odsz‘o (t°+5%) dt?lodslo (1% +5%) 25 (4.12)
_ @ W (t%) 2 = 4n"(0) = 42—!K’”’(0)
dt?lo 4! ’
O
Let Jy: R — R be the Bessel function of the first kind, that is,
o (1) (1)¥
t) = = . 4.1

J=0

Proposition 25. If ¢ : R2-23R is the Berry random field, with covariance E{&(x)é(y)} =
Jo(V2|z —y|)', then € is a normal field on R?, with K" (0) = 2 and

2
pis o 7(0) 1 30
g = (S0 GO) win (o) ~a(03(1 10 (414
12(0) 52(0) 1" 2 1
75(0) 00 %

In particular, £(0) = —3A&(0).

Proposition 26. If¢ : R2—<5R is the Bargmann-Fock random field, with covariance E{&(z)&(y)} =
|z—yl?

e 2 , then & is a normal field on R?, with K""(0) = 2 and

g//(o) " (0) i/(o) 1 % 0

Hyé = ( 1 12 ) with 50) | ~AMfo02]F 1 0 (4.15)
12(0) 2(0) 1! (0) 0 0 1
12 3

In particular, £(0) = _%Ag(o) + 1.

4.0.2. Isotropic spherical fields.

Proposition 27. Take & : S>—3R to be a Gaussian isotropic spherical random field, with covariance
E{¢(p)¢(q)} = K(0(p,q)), where O(p,q) denotes the spherical distance of p and q; let K(0) = 1,
a®:= K""(0) and r? := —K"(0). Then, £(p) := £(r~1p) is a normal field on rS?. In such case, for

IThis normalization, with the factor v/2, is the only one that ensures that we are in the setting of this paper,
namely K" (0) = —1. Then, £ satisfies the almost sure equation A¢ = —2¢.
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any fized p € S? and orthonormal basis u,v of p we have that the Riemannian Hessian ofé has
the following law:

@)

. cr c1r Au(p) 2
H,é = <A,,u(p) y,y(p)>, with | &) | ~N {0, % [1p22 7y . (4.16)

uv(p) v(p) " (p) r 0 0 L_ 2
uv 3 3a?

2:

In particular, in the notation of Theorem 21, ¢ — o %2 and Hpé 1s Hesstan-like with respect to

3rt 3rd

-_— 1-— 4.1
(4a? + 2r2) + (4.17)

v = —Ag2(0) B 1 17)"

where Ag2 denotes the spherical Laplacian and vo ~ N(0,1) is independent from Hpé.

Proof: Notice that K (0) = h(cosf) for some C! function h. If £ is isotropic, then it has rotation
invariant Hessian, thus Theorem 21 holds. For this reason it is enough to compute E|£/(p)|? and
E[¢!(p)El (p)]. Let p(6, ¢) € S? be the point with polar coordinates § and ¢ and let us assume that

p = p(0, ¢) is the north pole, so that the curves t — p(t, ) are geodesics, for any fixed .

A N a2 d? A A 1
" " _ e a 1 -1, 1+
El6.(0)&u(P)] = 75| 73| ELE(rp(r™t,0)8(rp(r™"s, 5 )]
d? | d? 1y
- @ 0@ OE[f(p(t,O))f(p(S, 571')]7”
| d 1 » (4.18)
- Sl el (100000630 ) o
d2 d2 14 / 1 " 2 " —4
= 22l0ds2 0h(costcoss) =h"(1)+h ()= §K (0) — gK (0) | r—=.
An analogous computation shows that E|£/ (p)|? = K" (0)r—*. O

Remark 28. It is well-known that under isotropy the covariance function can be expressed as

20+ 1
47

E{¢0)E(@)} = KOp.q) =

14

Cy¢Py(cosb(p,q)),

the non-negative sequence (Cy)¢=o,12,... denoting the angular power spectrum of the field and P(.)
representing Legendre polynomials (see e.g. Marinucci and Peccati (2011)). Then standard compu-
tations yield (see e.g. Cammarota et al. (2016))

20+ 1
K(0)=> Cy,

7 47

vy N2+ 1N
K'0)==) = —5Cr,

where we wrote Ay = ¢(¢ + 1), and

20+ 1 Me(Ap —2 A
KHH(O):Z - <3 Z( €8 )+2€> Cy .
V4
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4.1. Behavior of the Hessian under scaling limit.

Proposition 29. Assume that Xy: M-3R is a sequence of C> GRFs of unit variance with Adler-
Taylor metric g* (so that Xy ~ N (M, g")) and such that the following limit holds:

U CA(TpM)-law
X (expiA <ﬁ>> o ) (4.19)

in distribution in the space of C* functions of u € T,M, where &: T,M-—<-R is some GRFs on

T,M =R™. Let H9" denote the Hessian operator with respect to the metric g*. Then, we have that
for everyp e M,

Lo R-!
XHg Xx(u,v) ﬁ Ho&(u,v). (4.20)

Proof: It is enough to check the limit for u = v, since the symmetric form H,X)(u,v) can be
recovered from the quadratic form H, X, (u,v) by means of the polarization formula. Moreover, by
Skorohod’s theorem, we can assume that the convergence in Equation (4.19) holds almost surely.
We have that

1 d? tu R d?
“HEX = 5| X (e (S5 ) ) o 75| ettw). 121
AP M, w) dt2 =0 <epr (ﬁ)) A—foo  dt2 t:Og( u) (4.21)
O
The hypotheses of the above proposition are, in particular, satisfied for Gaussian Laplace eigen-

functions: Agm X)) = —AX) on the sphere M = S§™, with A € {{({ +m — 1): £ € N} tending to
+00. In this case, we have that g* = % g, where ¢ is the standard round metric on S and therefore

A
expy = exps , so that Equation (4.19) is the usual scaling limit, with ¢ being Berry’s random field
on T,S™ = R™.
In this situation, as A — 400, we can approximate:

A m A
EL (o HE Xa) = i (9. 5 HE X0) ~ Ef(g,mHo), (4:22)
which by Theorem 3 gives as A\ — 400
E#C} ~ {1} ! vol(M) - Ef(g, mHy€) - <A> : (4.23)

5. An exact formula for local maxima

For applications in Statistics, Mathematical Physics and Machine Learning it is of course very
common to focus on local maxima, especially at high threshold. These are the random quantities
that must be considered, for instance, when probing for galactic point sources among Cosmic Mi-
crowave background (CMB) polarisation data, or when investigating the convergence properties of
statistics and machine learning optimization algorithms. In this Section, we show how much more
explicit results can be obtained, in the limit of high thresholds .

Let us first introduce the following auxiliary Gaussian random function @E€C®(M x SF~1)

©: MxSFT SR, o(p,u) =Y (p)Tu. (5.1)
Indeed, we have that if F' = @ has non-degenerate maxima (true a.s.), then there is a bijection:

od

{p € M : local maxima of F'} — {(p, v) € M x SF71: local maxima of <p}

v (p’ G?EZ%) | "
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2
Notice also that F(p) = 2<p (p, I‘i}ig §|> . It follows that almost surely we have that, for all ¢ > 0

12
Cin{pe M:HyF <0} = {p € M : local maxima of F', with value > 2}

= {(p,v) € M x S : local maxima of ¢ of value > ¢

{( v) € M x Sk iy zojd%pvv)go<0,cp(p,v) Zt}
CtMax

(5.3)

Recall that Y = (X', ..., X*), where X* ~ X are i.i.d. copies of X ~ N (M, g).

Lemma 30. Let (p,u) € M x S¥~1 and let us choose orthonormal bases to identify T,M = R™ and
T,SF1 =R Then dpX is identified with a standard Gaussian row in R™ and HpX is identified
with a symmetric Gaussian m x m matriz. The 2-jet of @ has the following joint distribution:

o(p,v) = X'(p)ER

dpne = (HX1 X30), ., XM (p)) ER™ x RF
Hy X! (dpX?)" . (d,X*)T (5.4)
= de2 m k—1 m k—1
Hip=| " X)Ly € (R" xR @ (R™ xRE).
d, X"

In particular, we have that d, )¢ and H,.) ¢ are independent and the dependence between o(p,v)
and H, )¢ is that E{H, ,yo - X (p)} = —Lpqk—1.

Proof: The result is the same (in law) for all v € S¥71 so that we can choose v = e;. Then
T,S¥! is identified with e = R¥~!. In a neighborhood of e; in S¥=!, we take affine coordinates
u=1u?,... uP € RF71 to parametrize the point v(u) = (1/1 — [ul2,u) € S¥71, so that for any curve
t > u(t), the velocity 4 (v(u)) € T,, S¥~! is isometrically identified with @ € R¥~!. Then, we have
o(p,v) = Y (p)Tv(u). For every p € T,M, and @ € R¥~1 we compute the Hessian as follows. Let
p(t) be a geodesic in M such that p(0) = p and p(0) = p and let u(t) parametrize a geodesic v(u(t))

on S$¥~1 with u(0) = 0 and @(0) = w, that is, u(t) = (sin(t!d\)%). Then,
2 koo
Hp,ey)p (), (b, 1)) = 5 [Xl(p)v L= [ul+ ) X'(p)u!
=2

= H,X'(p,p) + X ( dt?\/1—|u|2—|—22d X' (p)ad (5.5)

k
= H, X' (p,p) — X (p)|a* +2)_ d, X" (p)i’
=2

O

Observe that the law above depends uniquely on the metric g at p, that is essentially the covariance
of d, X, and on the law of H,X.
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Lemma 31. Let (p,u) € M x S¥=1 and let us choose orthonormal bases to identify T,M = R™ and
T,SF~1 = RF=1. The 2-jet of ¢ has the following joint distribution:

So(pa U) = ’716R
)P = (V15 s Ym, 15725 - -+ W) ER™ X RF-1
71,2 . 'Yl,k
HyX (5.6)
Tm,2 .. Y.k m E—1 m o1
Ao = ’ Fle(rm xR o (R™ < R
(pv)¥ M2 e Yme
Y11k
Vik e Ymk

where 7v; j ~ N(0,1) are i.i.d. and independent from (v1, H,X) and E{y1H,X} = —1,,. In partic-
ular, the above law is invariant under orthonormal changes of basis in T, M.

Remark 32. The above lemma shows that ¢ is a normal field on M x SF~1,

Definition 33. Let (H,~1) be as in Theorem 13: H is an m x m Hessian-like Gaussian matrix and
E{v1H} = —W¥,. Let H be distributed as H, )@ in Theorem 31, that is:

71,2 1,k
H
f[ _ Ym,2 cee Ym,k ’ (57)
7,2 --- 0 Tm2
Y111
Y,k oo Tmk
Rme

where v; ; ~ N(0,1) arei.i.d. and independent from (v, H). Let us use the notation &(m) C
to denote the subset of positive definite symmetric matrices. > Define

Di(H) :=E [ det (H) | To(mx-1)(—H) 1t 100 (1)) (5.8)

We can now exploit the previous expressions to derive an explicit formula for the critical values

of chi fields.
Theorem 34. For any A C M, we have that

« vol(S
B (G 4)} = S [ ol ) avo) 59)
(2m)

Proof: We apply the Alpha-Kac-Rice formula (see Mathis and Stecconi (2024)) to ¢ : M xSF1osR,
with

(9P, ) = Lomar—1)(—H(p)P) - Lt +00) (9D, ). (5.10)
Mathis and Stecconi (2024, Prop. 4.10) shows that we can, because dy is Gaussian and d(;, )¢ is
non-degenerate for all (p,v) € M x S¥~1. Since dq
says that

pay and a(p, p,v) are independent, the formula

E{#(CM™nA)}= > a(p,p,v)

(P0)EAXSETL st d(p,u) =0 (5.11)
/Sk ) / E {| det pv ) | . Oé(QD,p,U)} p[d(p,v)Cp](O)dM(p)dSk_l(U)

2In general, the space of positive definite symmetric matrices is the space of scalar products, so we prefer to work
with that instead than with the set of negative definite matrices. Of course, the two are identical.
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Observe that, by Theorem 31, the density of d(, )¢ at zero is equal to
1
m+k—1

(2m) ™

and that the expectation term is exactly DZ(HPX ), which is constant in v, hence we conclude. [

p[d(p,v)ﬂo] (0) = (5]‘2)

6. High-threshold asymptotics

Let us try to get more explicit formulae in the case m = k = 2, and X is an isotropic Gaussian
field on M, and M is the round sphere (of some radius r) or the plane. In this case, we can write

~ hi hy m
H = h2 hg Y2 s (6 1)
o2 =Y

where (71,72) is independent from (hy, ha, hs,y) with

()~ ()6 ) 02

and, since this field have rotation invariant Hessian in the sense of Theorem 20, we have from
Theorem 21 that there are constants o, c > 0 such that

hq 0 202 + ¢ ¢ 0 -1
hs 0 ¢ 202+¢ 0 -1
ho | ™ N 0] 0 0 o2 0 (6.3)
y 0 -1 -1 0 1

In fact, one can compute ¢, o? by a universal formula depending only on the fourth derivative of
the covariance of the field and on the model chosen: Theorem 22 for the plane and Theorem 27 for
the sphere. It follows from Theorem 7 that the vector (i~11, l~13, hg) is zero mean and independent
from -y, where h; = hi + ~. With this notation, we have

hi—v 7

det(H) = det he  hs—~v o (6.4)
71 Y2 -
= —hihgy + hdy — 2 (k1 + h3) —7° — vEhs + 477 — 43k + 43y + 2hayam (6.5)

Remark 35. It is easy to see that the expected value of this determinant in the region where
(h1, ho, h3) is in R3, (y1,72) is in R? and v > ¢, is equal to

A= /too \/12? exp (‘D (7" = (3 — e+ 02))dy = (Ha(t) + (c — 02))o(t) -

The idea that we will follow in this section is to show that the difference between this term and the
one with the absolute value is of smaller order in ¢.

Remark 36. It should be noted that, for m = k = 2,
Di(H) = E ||det (1) | Lo (—H) 1100 (7)] = B [det (<) - Lo(a) (— )1 100 (7)]
(because the determinant of H is necessarily negative)
= |det (~H) - 1 1o0)(7)]| — E [det (<) - (1= To(a) (— 1)) 1100 ()]

We are therefore able to establish the following result.
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Theorem 37. Letm = k = 2 and let X have rotation invariant Hessian, in the sense of Theorem 20.
As t — 400, we have that

pymy  E[ldet () | Lo ()l o) ()]

(Ha(t) + (c—0?))o(t) (Ha(t) + (c — 02))(t)
Proof: Note first that

=1+ 0 (exp(—dt?)) .

A =FE [det (—ﬁ) ST (7)}
=E [(’31537 — h3y + (b1 + hs) +7* + vEhs — 97 + v3h1 — 737 — 2hovam1) - 1[t,+oo)(7)] (6.6)
=E[(+* = B—c+0")7) Lo (V)] = /too (Hz(2)+(c — 0%)Hi(x)) ¢(z)dz
= (Ha(t) + (c = 0%))o(t)

because
E[h3] = 0, Elhihs] =c—1, ERi] =E[3] =1, E[lu] = E[hs] = E[hg] =0,
(Me(y)dy =

and using one of the defining property of Hermite polynomials, saying that j; Hy1(y
H,(t)¢(t). Now let us focus on

Ay = —E [det (ffl> - (1 - 1@(3)(4?)) 1[t,+oo)(v)] ;

in the above integral, the Hessian must be negative deﬁnite, which implies that some of the mixed
products involving h’s and v must be larger than 73; we shall show that this probability is ex-
ponentially small in the regime where v > ¢ and ¢ grows to infinity. Precisely, observe that
H is not negative definite if and only if there exists a vector A € R3, such that AXTHA > 0.
Let pu := max{|h1],|hal, k3, |71], |72|} and observe that if p < 3t and v > ¢, then we for all
A = (A1, A2, Ag) with ||[A|| <1 we have that

ATHX = (h1 —7)A2 + (hg — 7)A2 4 (=9)A2 + 2hadi da + 27101 A0 + 29201 Ao

(6.7)
<8u—3t<0.
Therefore, we can deduce the following;:
(1= Tos) (= 1)) L o0y (7)< T2t oy ()1 100) (). (6.8)
On the other hand, it is easy to see that for any v > 0,
| det (—ﬁ) | < 11(73 + ). (6.9)

Now, p? is bounded by the multiple of a chi-distributed random variable, meaning that p < C'ys, for
a constant C' > 0 (which should be comparable with v/o2 + ¢) and a chi-distributed random variable
x5 of parameter 5, independent from . It follows from Theorem 38 below that, by combining
Equation (6.8) and Equation (6.9), that the corresponding expected value Ag is bounded above as
follows

A<l / / (0 + 7" exp(—x*/2) exp(—?/2)ddx

0 (( e S)eXp(—VQ/Z)d’V> exp (—2&2))
0 ( (t5 +£3- £2) exp <_t22> exp (— 25t2)>
(e (- (3+9)))

(6.10)

@)
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for some small constant § > 0, depending on ¢ and c. This integral is exponentially smaller than
the leading term. O

Lemma 38. Ast — +o0o, we have

—+00 1172 1 t2
/t " exp (—2) dx =0 <t exp (—202)> . (6.11)

C

Proof: The proof is straightforward and hence omitted. O

By combining the latter with Theorem 34, we obtain the following, which proves also our main
result, Theorem 4.

Corollary 39. In the same setting as above, with m = k = 2 when X is normal and isotropic, or
whenever the value of D ([H,X]) is constant in p, we have that as t — +oo

E (# (C})} ((1

27)2

-1
vol(M) (Ha(t) + (¢ — 0?)) qb(t)) =1+ O (exp(—dt?)). (6.12)

Recalling Theorem 27, for X a normal isotropic field on M = rS?, we have ¢ — 02 = %2, where

o,c,r are defined as in Theorem 27. Therefore, the above result implies Theorem 4. We stress that
the field & := X; of Theorem 4 is not necessarily a normal field (Theorem 1) on the standard unit
sphere S? (unless r = 1), as one can easily see that E|d,¢(v)? = —K”(0) = r? (i.e., E[|d,¢|> = 2r?),
see Theorem 27. However, Theorem 4 is deduced from Theorem 39 above, by applying it to the
field X = é from Theorem 27, which is a normal isotropic field on the sphere rS? of radius 7.

6.1. Proof of Theorem 6. The first statement of Theorem 6 is Theorem 34, so it remains to show
the validity of the asymptotic equivalences. We will address and justify each one of them in the
following. The idea is to exploit the fact that ¢ is a normal field (in the sense of Theorem 1 on
M x S¥=1, by Theorem 32.

6.1.1. The connection with the Fuler-Poincaré Characteristic and excursion probabilities. We note
also that, by Adler and Taylor (2007, Eq. (14.0.2)) and for small enough 6 > 0, we have

Ex(p >t) = P(max ¢ >t) + O (exp <_ <; +5> t2>>

M xSt

= P(max fo > ) + O (exp <— (; + 5) t2)> ,

since, by construction, max,;.s1 ¢ = maxys fo.

(6.13)

6.1.2. The connection with Betti numbers. The Euler characteristic x(E) of a manifold with bound-
ary E of dimension m is defined as the alternating sum of its Betti numbers (see Milnor et al. (1969)),
and by Equation (6.18) (a classical identity in Morse theory, see Milnor et al. (1969)) it coincides
with the alternating sum of the number of critical points of a Morse function. Specifically, in the
setting of Theorem 34, Milnor et al. (1969, Th. 5.2)° yields

m

X =1 €S (1) > 1)

m
Milnor et al. b() Th. 5.2)
1=0 120

(o > 1) (6.14)

3The theorem is stated for a compact manifold, but its proof and Milnor et al. (1969, Th. 3.5) implies that it can
be applied also for the excursion set of the Morse function
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where we denote Cj(¢ > t) := #{dy = 0,index(Hp) = i, > t} and moreover, the weak Morse
inequality holds:

Milnor et al. (1969, Th. 5.2)
bi(p > t) < Ci(p > t). (6.15)
In particular, by(¢ > t) denotes the number of connected components of the excursion set and
Co(p > t) is the number of local maxima of ¢ with value exceeding ¢.
By studying the asymptotic behavior the Kac-Rice formulas for EC;(p > t), Gayet (2022) showed
(in the more general context of stratified manifolds) that for ¢ > 1, we have

ECi(p > 1) Gayet (2022, Th. 3.6) 0 (eXp (_(; N 5)t2)> . (6.16)

Therefore, up to an exponentially small error in expectation, as t — +oo, all the critical points of
¢ in the excursion set {¢ >t} are the local maxima.
An additional observation of Gayet (2022) is that Morse theory implies that

Gayet (2022, Cor. 2.5) m
bo(yp > 1) < bo(p > t,B)+ > Ci(p > 1), (6.17)
i=1

where by(¢ > t,B) denotes the number of connected components that are homeomorphic to a unit
ball B of dimension m. As a consequence, one deduces that the only Betti number of the excursion
set that is asymptotically relevant is by(¢ > t,B), see Gayet (2022, Thm 5.19). The proof of
Equation (6.17) is the following: if E C {¢ > t} is a connected component that contains k critical
points that are all of index 0, then by Milnor et al. (1969, Th. 3.5) it follows that the Betti numbers
of K are bg = k,by =0,...,b, =0, which means that £ = 1 and thus that the flow of —V¢ deforms
F into a small ball around the only maximum, so that £ must be homeomorphic to B.

6.1.3. The case of the two-sphere. Let M = rS? be the round sphere of radius 7 > 0. By showing
that in the high-threshold limit the dominant term corresponds to the expected value of the de-
terminant without the modulus, we are actually proving that the number of maxima taking values
larger than t is asymptotically equivalent to the Euler-Poincaré characteristic for the excursion set
of p: rS? x S' — R which we introduced in Section 5, that is

X((’D > t) Adler and Taylor (2007, Cor. 9.3.5) Z sgn (det (7H(p’v)g0)) ) 1[t7+oo}(30(p,1})),
{(p,v)erS2xSt: d(p, =0}

(6.18)

since (—1)mdex(=H) — sgn(det(—H)). Indeed the expectation of the determinant without the ab-

solute value, i.e., the term A; in the proof of Theorem 37, is indeed the Kac-Rice density of the

right-hand side. Hence our result Theorem 4 is equivalent to the following limit:

(Ex(p>1t) ) " Elue(rS?, fo)] = 1+ O (exp (—6t%)) , (6.19)

Indeed, the Adler-Taylor formula for Ex(¢ > t), allowing to express the above in terms of the
Lipschitz-Killing curvatures £; of the space rS? x S! (see Adler and Taylor (2007, Thm. 12.4.2)),
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yields

Adler and Taylor (2007, Th. 4.
per e o LR AR BAD 2087 % SY)po(8) + L1(rS? x §Y)pa (1)

+ EQ(T’SQ X Sl)pg(t) + £3(7'S2 X Sl)pg(t)

Ex(¢ > 1)

=04 L1008 51) - L) 40+ ol - T2 o
Hy(t)

= <ﬁ1(7"82 x S') + 7"2V01(Sg)v01(81)27r> . \/127

)-emlo

6.20
(1) 620

2 1
- <2H2(t)r2 L LS xS
2m

— (2Hy(t)r* +2) - (27m)2 6 (1).

To compute L£1(rS? x S!), for any r, we can use Pistolato and Stecconi (2024, Prop. 3.0.1), im-
plying that for a 3-dimensional closed manifold M with constant scalar curvature scal(M ), one has
4Aw Ly (M) = scal(M)vol(M); combining such formula with: scal(M x N) = scal(M) + scal(N) ,
scal(rS?) = r% and scal(S') = 0, we get that £1(rS? x S!) = 47, which is what we used in the
last line of the previous computation. We deduce our final formula of Theorem 4, derived from
Theorem 39:

1 1 -1
<2r2 (Hg(t) + 7'2> : (27r)2q5(t)> B[ (rS%, f2)] =1+ O (exp (—6t2)) : (6.21)

6.1.4. Asymptotic Equivalences. Let us also define the total Betti number of the excursion set as
b > t) = > " bi(p > t) and let us denote the total number of critical points as C(¢ > t) :=
Yoty Ci(p > t). Putting together the asymptotics in the previous two remarks, we deduce that as
t — 400 we have

E# (Co(p > 1)) ~EC(p > t) ~Eb(p > t) ~ Ex(p > 1)

~Ebo(p 2 t) ~Ebo(p = t;B)

~P <Mrgg,§ P2 t) (6.22)
m+k—1

.
~ > Ej(S(Q)ijjl(t)ﬁb(t)
=0 m)?2

with an error of O (exp (—(3 + 6)t?)). The last line being Adler and Taylor (2007, Th. 12.4.1).
Observe also that the set {¢ > t} can be homotopically retracted to {(p,Y (p)): |[Y(p)| > t} in
Sk=1 x M, which is diffeomorphic (being a graph) to the set {f; > t} € M. This implies that
the two sets have the same Betti numbers. Moreover, a connected component of the former is
heomeomorphic to a ball if and only if the corresponding connected component of {fx > t} is.
Finally, in the setting of Theorem 34, it is easy to show that critical points of ¢ correspond with
critical points of fi so that C(p > t) = #C; and we already observed that C(p > t) = # (C’tMaX).
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Therefore, up to an error O (exp (—(% + 5)t2)), we have the same asymptotic equivalences for f:

E(#C™) ~ E#C; ~ Eb(fi > t) ~ Ex(fi > 1)
~ Ebo(frx > t) ~ Ebo(frx >t;B)

~ P max f; >t
e "
m+k— . —1
Ly EETRAD e
= (2m)2
M=58=2 2 4 22 By (1) V2ma(t).

The latter asymptotics conclude the proof of Theorem 6.
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