n b
Electr® 8biljty

Electron. J. Probab. 29 (2024), article no. 74, 1-26.
ISSN: 1083-6489 https://doi.org/10.1214/24-EJP1133

The expected Euler characteristic approximation to
excursion probabilities of smooth Gaussian random
fields with general variance functions”
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Abstract

Consider a centered smooth Gaussian random field {X(¢),t € T} with a general
(nonconstant) variance function. In this work, we demonstrate that as u — oo, the ex-
cursion probability IP{sup,., X (t) > u} can be accurately approximated by E{x(A4.)}
such that the error decays at a super-exponential rate. Here, A, = {t € T : X (t) > u}
represents the excursion set above u, and E{x(A.)} is the expectation of its Euler
characteristic x(Aw). This result substantiates the expected Euler characteristic
heuristic for a broad class of smooth Gaussian random fields with diverse covariance
structures. In addition, we employ the Laplace method to derive explicit approxima-
tions to the excursion probabilities.
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1 Introduction

Let X = {X(t), t € T} represent a real-valued Gaussian random field defined on the
probability space (2, F,P), where T denotes the parameter space. The study of excursion
probabilities, denoted as P{sup,. X () > u}, is a classical and fundamental problem in
both probability and statistics. It finds extensive applications across numerous domains,
including p-value computations, risk control and extreme event analysis, etc.

In the field of statistics, excursion probabilities play a critical role in tasks such
as controlling family-wise error rates [14, 15], constructing confidence bands [11],
and detecting signals in noisy data [9, 14]. However, except for only a few examples,
computing the exact values of these probabilities is almost impossible. To address this
challenge, many researchers have developed various methods for precise approximations
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of P{sup,cr X(¢) > u}. These methods encompass techniques like the double sum
method [7, 6], the tube method [10] and the Rice method [3, 4]. For comprehensive
theoretical insights and related applications, we refer readers to the survey by Adler [1]
and the monographs by Piterbarg [7], Adler and Taylor [2], and Azais and Wschebor [4],
as well as the references therein.

In recent years, the expected Euler characteristic (EEC) method has emerged as
a powerful tool for approximating excursion probabilities. This method, originating
from the works of Taylor et al. [13] and Adler and Taylor [2], provides the following
approximation:

IP{supX(t) Zu} =E{x(A4,)} +error, asu — oo, (1.1)
teT

where x(A,) represents the Euler characteristic of the excursion set A, = {t € T :
X(t) > u}. This approximation (1.1) is highly elegant and accurate, primarily due to
the fact that the principle term E{x(A,)} is computable and the error term decays
exponentially faster than the major component. However, it is essential to note that
this method assumes a Gaussian field with constant variance, limiting its applicability in
various scenarios.

Inspired by [5] where Gaussian fields with stationary increments are considered, we
improve and generalize the techniques therein to establish the EEC approximation to
accommodate smooth Gaussian random fields with general (nonconstant) variance func-
tions in this paper. Our main objective is to demonstrate that the EEC approximation (1.1)
remains valid under these conditions, with the error term exhibiting super-exponential
decay. For a precise description of our findings, please refer to Theorem 3.1 below. Our
derived approximation result shows that the maximum variance of X (¢), denoted by o2
(see (2.1) below), plays a pivotal role in both E{x(A,)} and the super-exponentially small
error. In our analysis, we observe that the points where o2 is attained make the most
substantial contributions to E{x(A,)}. Building on this observation, we establish two
simpler approximations: one in Theorem 3.2, which incorporates boundary conditions
on nonzero derivatives of the variance function over points where o2 is attained, and
another in Theorem 3.3, assuming only a single point attains o2.

In general, the EEC approximation can be expressed as an integral using the Kac-
Rice formula, as outlined in (3.2) in Theorem 3.1. While [13, 2] provided an elegant
expression for E{x(A4,)} termed the Gaussian kinematic formula, this expression heavily
relies on the assumption of unit variance, which simplifies the calculation. In our case,
where the variance function of X (¢) varies across T, deriving an explicit expression
for E{x(A.)} becomes challenging. Instead, we apply the Laplace method to extract
the term with the leading order of v from the integral, leaving a remaining error that
is E{x(A44)}o(1/u). For a more detailed explanation, we offer specific calculations in
Sections 4 and 5. To intuitively grasp the EEC approximation, one can roughly consider
the major term as g(u)e*“r“/@"%), while the error term diminishes as 0(67“2/(2”%)70‘“2),
where g(u) is a polynomial in u, and « > 0 is a constant.

In terms of statistical applications, the EEC approximation is especially useful in
estimating the EEC curve and hence the excursion probabilities; see a recent reference
[16]. The derived EEC approximation in this paper verifies the validity of the method on
estimating the EEC curve (such as taking the nonparametric average of Euler character-
istic curves) to approximate the excursion probabilities for smooth Gaussian fields with
general nonconstant variance functions. However, the method of Hermite projection
for estimating Lipschitz-Killing curvatures introduced in [16] seems challenging for
nonconstant variances due to the complexity of the EEC expression mentioned above.

The structure of this paper is as follows: We begin by introducing the notations
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and assumptions in Section 2. In Section 3, we present our main results, including
Theorems 3.1, 3.2, and 3.3. In Section 4, we apply the Laplace method to derive
explicit approximations (Theorems 4.1 and 4.2) for cases where a unique maximum
point of the variance is present. We then demonstrate several examples in Section 5
and illustrate the evaluation of EEC and the subsequent approximation of excursion
probabilities, including the case when the maximum of the variance is achieved on a line.
To understand our approach, we outline the main ideas in Section 6 and delve into the
analysis of super-exponentially small errors in Sections 7 and 8. Finally, we provide the
proofs of our main results and of the results for the unique maximum point in Sections 9
and 10, respectively.

2 Notations and assumptions

Let {X(t), t € T} be a real-valued and centered Gaussian random field, where T is a
compact rectangle in RY. We define

v(t) = o} = Var(X(t)) and supu(t) = o2 2.1)
teT

Here, v/(-) represents the variance function of the field and o2 is the maximum variance
over 7. For a function f(-) € C2(R") and t € R", we introduce the following notations
on derivatives:

_of@®) L _Pf) :
fT(t)_TtZ’ ij(t)_Mv \V/Z’.]_la"'va (22)

Vi) = (fi(t)s-o s IO, V) = (fig (D) joy, v -
Let B < 0 (negative definite) and B < 0 (negative semi-definite) denote that a symmetric
matrix B has all negative or nonpositive eigenvalues, respectively. Additionally, we use
Cov(&1,&2) and Corr(&;,£2) to represent the covariance and correlation between two
random variables &; and &;. The density of the standard Normal distribution is denoted
as ¢(z), and its tail probability is ¥U(z) = [ ¢(y)dy. Let $/ be the j-dimensional unit
sphere.

Consider the domain T" = Hf\; 1la;, b;], where —oo < a; < b; < co. We draw from the
notation established by Adler and Taylor in [2] to demonstrate that 7" can be decomposed
into the union of its interior and lower-dimensional faces. This decomposition forms the
basis for calculating the Euler characteristic of the excursion set A,,, as elaborated in
Section 3.

Let k € {0,1,...,N}. Each face K of dimension k is defined by fixing a subset
7(K) C {1,...,N} of size k and a subset (K) = {g;,j ¢ 7(K)} C {0,1}N =% of size N — k
so that

K:{t:(tl,...,tN)ET:aj <t]‘ <bj lf_]GT(K),
ty = (1 —gj)a; +e50;if j ¢ 7(K)}.

Denote by 9T the collection of all k-dimensional faces in 7. The interior of T is

designated as T' = dyT, while the boundary of T is formulated as 9T = UkN:_ol Ukea,r K.
This allows us to partition 7" in the following manner:

T:LNJ U k.

k=0 K€o,T
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Foreacht e T, let

VX (t) = (Xiy (1), Xy )7, inerreyr VX () = (Xonn () mner (k)
(1) = B{X(H)V2X ()} = (B{X () Xs; () D1<i j<N>
Sr(t) = B{X )V Xk (1)} = B{X (1) Xi; () })ijerx)s (2.3)
A(t) = Cov(VX(1) = (E{X:()X;(H) D1<ij<n,
Ak (t) = Cov(VX |k (t)) = (B{Xi(t) X; (1)} )i jer(x)-

For each K € 0, T, we define the number of extended outward maxima above u on face

MP(K):=#{te K: X(t) >u,VXg(t) = 0,V’X|x(t) < 0,e]X;(t) > 0,Vj ¢ 7(K)},
where s;f = 2¢; — 1, and define the number of local maxima above u on face K as
My (K) =#{t € K : X(t) > u, VX|g(t) = 0, VX (t) < 0}.

Clearly, MF(K) < M, (K).

For each t € T with v(t) = 0%, we define the index set Z(t) = {¢ : v, (t) = 0}
representing the directions along which the partial derivatives of v(¢) vanish. If t €
K € 0,T with v(t) = 0%, then we have 7(K) C Z(t) since v,(t) = 0 for all £ € 7(K). It
is worth noting that since v;(t) = 2E{X;(¢) X (¢)}, we can also express this index set as
I(t) = {£: B{X () X(1)} = 0}.

Our analytical framework relies on the following conditions for smoothness (H1) and
regularity (H2), in addition to curvature conditions (H3) or (H3').

(H1) X € C?(RY) almost surely and the second derivatives satisfy the uniform mean-
square Hoélder condition: there exist constants C,§ > 0 such that

E(Xi;(t) — Xi;(t)? < C|t —t'||*°, Vt,t' €T, i,j=1,...,N.
(H2) For every pair (¢,t') € T? with t # t/, the Gaussian vector
(X(t), VX(t), X5 (1), X(t'), VX(t), X;;(t'),1 <i <j < N)

is non-degenerate.
(H3) Foreveryt € K € 9;T, 0 < k < N — 2, such that v(t) = a% and Z(¢) contains at
least two indices, we have

(B{X(t)Xi;(D)})ijezr) < 0. (2.4)

(H3') For everyt € K € 0yT, 0 < k < N — 2, such that v(t) = 0% and Z(t) contains at
least two indices, we have
(Vi (1); jezwy = 0- (2.5)

The smoothness condition (H1) and regularity condition (H2) imply the validity
of Corollary 11.3.2 in [2], showing that X is almost surely a Morse function on 7.
Additionally, the conditions required for Kac-Rice formulas in Theorems 11.2.1 and
11.5.1 in [2] are satisfied, so that we can apply them to compute moments of the number
of critical points such as E{MF(K)}, E{MEF(K)MF(K')} and E{MF(K)(MF(K) 1)},
where K and K’ are different faces of T’; see also [8].

Conditions (H3) and (H3') involve the behavior of the variance function v(t) at critical
points, and they are closely related, as shown in Proposition 2.1 below. Here we provide
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some additional insights into (H3'). Despite its initially technical appearance, (H3') is
in fact a mild condition that specifically applies to lower-dimensional boundary points
t where v(t) = 02. In essence, it indicates that the variance function should possess a
negative semi-definite Hessian matrix at these boundary critical points where v(t) = o2
while concurrently exhibiting at least two zero partial derivatives. Conditions (H3)
and (H3') generalize the nondegeneracy condition of E{(X (t) — X (0))V2X (¢)} which is
condition (H2) in [5] from stationary increments to general nonconstant variances.

For example, in the 1D case, since Z(t) contains at most one index, there is no need
to check (H3'). Similarly, in the 2D case, we only need to check (H3’) or (2.5) when
o2 is achieved at corner points t € 9,7 with Z(¢t) = {1,2}. Moreover, if the variance
function v(t) demonstrates strict monotonicity in all directions across RY, then Z(t) = ()

and there is no need to verify (H3').

Proposition 2.1. The condition (H3') implies (H3). In addition, (H3) implies that
(E{X(t)Xij(t)})i)jez(t) <0, VteT with I/(t) = O'%. (2.6)

Proof. Taking the second derivative on both sides of v(t) = E{X(¢)?}, we obtain
vij(t)/2 = B{X(t)X;;(t)} + E{X;(t)X;(t)}, implying

(E{X () Xi; (D) ijezr) = %(Vij(t))i,jel(t) — (E{X; () X;(O) Digez- (2.7)

Note that, as a covariance matrix, (IE{X;(t)X;(t)}); jez(:) is positive definite by (H2).
Therefore, (2.5) implies (2.4), or equivalently (H3') implies (H3).

Next we demonstrate that (H3) implies (2.6). It suffices to show (2.4) for k=N — 1
and k = N, and for the case that Z(t) contains at most one index, which complement
those cases in (H3).

(i) If K = N, then ¢t becomes a maximum point of v within the interior of T and
I(t)=71(K)={1,---,N}, implying (2.5), and hence (2.4) holds by (2.7).

(ii) For kK = N — 1, we consider two scenarios. If Z(t) = 7(K), then ¢t becomes a
maximum point of v restricted on K, hence (2.4) is satisfied as discussed above. If
Z(t)={1,---, N}, then it follows from Taylor’s formula that

v(t) =v(t)+ { —t) V@) —t) +o(lt' —¢t||*), t' eT.

Notice that {(#' —t)/||t' —t|| : ¥’ € T} contains all directions in R sincet € K € Ox_1T,
together with the fact v(t) = 02, we see that V?v(¢) cannot have any positive eigenvalue,
thus (2.5) and hence (2.4) hold.

(iii) Finally, it’s evident from the 1D Taylor’s formula that (2.5) is valid when Z(t)
contains only one index. O

The condition (2.6) established in Proposition 2.1 serves as the fundamental require-
ment for our main results, as demonstrated in Theorems 3.1, 3.2 and 3.3 below. As seen
from Proposition 2.1, we can simplify (2.6) to condition (H3). Thus our main results will
be presented under the assumption of condition (H3).

Furthermore, it is worth highlighting that, in practical applications, verifying (H3')
can often be a more straightforward process. This condition directly pertains to the
variance function v(t), making it easier to assess. Thus, Proposition 2.1 provides the flex-
ibility to check (H3') instead of (H3). This insight simplifies the verification procedure,
enhancing the practical applicability of our results.

EJP 29 (2024), paper 74. https://www.imstat.org/ejp
Page 5/26


https://doi.org/10.1214/24-EJP1133
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

EEC approximation for smooth GRF with general variance

3 Main results

Here, we will present our main results Theorems 3.1, 3.2 and 3.3, whose proofs are
given in Section 9. Define the number of extended outward critical points of index i
above level u on the face K be

pi(K) = #{t € K : X(t) > u, VX|x(t) = 0,index(V>X k(1)) = i,
e;X;(t) > 0 forall j ¢ 7(K)}.

Recall that ¢ = 2¢; — 1 and the index of a matrix is defined as the number of its negative
eigenvalues. It is evident to observe that uy(K) = MP(K). Here, by convention, if
K € 0yT, then the terms on VX|k(t) and V2X|k(t) in the definition above vanish. It
follows from (H1), (H2) and the Morse theorem (see Corollary 9.3.5 or pages 211-212 in
[2]) that the Euler characteristic of the excursion set A, can be represented as

k

N
XA) =Y >0 (=)D (1) (). (3.1)

k=0 K€0,T =0

Now we state the following general result on the EEC approximation for the excursion
probability.

Theorem 3.1. Let {X(¢), t € T'} be a centered Gaussian random field satisfying (H1),
(H2) and (H3). Then there exists a constant « > 0 such that as u — oo,

P {supX(t) > u} = E{x(4.)} + o <eXP {;;22 - au2}> :

teT T

where the EEC is expressed as

N
E{x(A.)} = Z Z (*1)16/ E{detV>X |k (1) 1{x(t)>u, e X¢(£)>0 for all tgr(K)}|
k=0 K€8,T K (3.2)

VX |k (t) = 0}pux, ) (0)dt.

It is worth noting that, the principle term E{x(A,)} can be roughly treated as
g(u)efuz/@"%), where ¢(u) is a polynomial in u. So the error term decays exponentially
faster than E{x(A.,)}. In general, computing the EEC approximation E{x(4,)} is a
challenging task because it involves conditional expectations over the joint covariance of
the Gaussian field and its Hessian, given zero gradient, which vary across 7. However,
one can apply the Laplace method to extract the term with the largest order of u from
E{x(A,)} such that the remaining error is o(1/u)E{x(A4,)}. Examples demonstrating
the Laplace method are presented in Section 5.

It is important to note that in the expression (3.2), when k& = 0, all terms involving
VX k(t) and V2X |k (t) vanish. Consequently, if k = 0, we treat the integral in (3.2) as the
usual Gaussian tail probabilities. This notation is also adopted in the results presented
in Theorems 3.2 and 3.3 below.

The proof of Theorem 3.1 reveals that the points where the maximum variance o2
is attained make the most significant contribution to E{x(A,)}. Therefore, in many
cases, the general EEC approximation E{yx(A,)} can be simplified. The following result
is based on the boundary condition (3.3) and is applicable at boundary points where
nonzero partial derivatives of the variance function occur when o2 is reached.

Theorem 3.2. Let {X (¢), t € T} be a centered Gaussian random field satisfying (H1),
(H2) and the following boundary condition

{te J:w(t) =02, [[ v :o} —0, VfaceJCT. 3.3)
igr ()
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Then there exists a constant o > 0 such that as u — oo,

N
IP{supX(t) > u} => > (—1)’“/KE{detVQX‘K(t)]l{X(t)Zu}|VX|K(t) =0}

teT k=0 K€, T

U2
X Py X (1) (0)dt + 0 <exp {_%‘2 _ au2}> .
T

In other words, the boundary condition (3.3) indicates that, for any point ¢t € J
attaining the maximum variance o2, there must be v;(¢) # 0 for all i ¢ 7(J). In particular,
as an important property, we observe that (3.3) implies the condition (H3’) and hence
(H3). The following result provides an asymptotic approximation for the special case
where the variance function attains its maximum a% only at a unique point.

Theorem 3.3. Let {X (t), t € T} be a centered Gaussian random field satisfying (H1),
(H2) and (H3). Suppose v(t) attains its maximum o2 only at a single point t* € K, where
K € 0,T with k > 0. Then there exists a constant o > 0 such that as u — oo,

P {supx() > u

teT

= (~1)tmt) /JE{detVQX\J(t)]l{X(t)Zu, £5 Xo(£)20 for all eez(t)\r()}| VX | () = 0}
J

u2
X DX, (t) (0)dt + o (exp {_M — au2}> ,

T

where the sum is taken over all faces .J of T such that t* € .J and 7(J) C Z(t*).

Employing the Laplace method, we will provide refined explicit approximation results
in Section 4 under the assumptions in Theorem 3.3. Furthermore, we demonstrate
several examples that illustrate the evaluation of approximating excursion probabilities
in Section 5, including the case that the maximum of the variance function is achieved
on a line.

4 Gaussian fields with a unique maximum point of the variance

In this section, we delve deeper into EEC approximations when the variance function
v(t) reaches its maximum value o2 at a solitary point ¢*. While Theorem 3.3 provides an
implicit formula for such scenarios, our objective here is to obtain explicit formulae by
employing integral approximation techniques based on the Kac-Rice formula. The proofs
are given in Section 10.

There are some existing references on approximating the excursion probabilities for
Gaussian fields with a unique maximum point of the variance function, such as [7, 6],
where the double sum method was employed but the error rate was hard to obtain (only
stated as o(1) multiplying the major term). Our derived EEC approximations show a
super-exponentially small error for the smooth case, and one can apply the Laplace
method to derive a specific approximation. Meanwhile, we provide the approximation
for the case when the maximum point ¢* is on the boundary. This boundary case turns to
be difficult for the double sum method and is usually ignored.

4.1 Gaussian fields satisfying the boundary condition (3.3)

The following result provides explicit approximations to the excursion probabilities
when the maximum of the variance is reached only at a single point and the boundary
condition (3.3) is satisfied.
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Theorem 4.1. Let {X(t), t € T} be a centered Gaussian random field satisfying (H1)
and (H2). Suppose v attains its maximum o2 only at t* € K € 9;T, v;(t*) # 0 for all
i ¢ 7(K), and V21 (t*) < 0. Then, as u — oo,

2
u} =V <u) +o0 (exp{—u2 - au2}> for some a >0, ifk=0,
o 207

p {sup x(0)
P {supX(t) > u} - \/det( detCre(t) (;;) (1+0(1), ifk>1,

sup X(t) >
teT

teT Ag (%) + Xk (8))
(4.1)

where Ak (t*) and Y (t*) are defined in (2.3).

Now we apply Theorem 4.1 to the 1D case when T = [a,b]. If t* = a or t* =), then it
is a direct application of the first line in (4.1). If t* € (a,b), then it follows from (4.1) that

su up = E{X () X" ()} - 1
¥ {te[alj)b}X(t) = } \/Var(X’(t*)) + E{X(t*)X”(t*)}\Ij (UT) (1+0(1)).

4.2 Gaussian fields not satisfying the boundary condition (3.3)

We consider here the other case when v;(t*) # 0 for some ¢ ¢ 7(K). For a symmetric
matrix B = (B;;)1<i,j<n, we call (B;;); jez the matrix B with indices restricted on 7.

Theorem 4.2, Let {X(t), t € T} be a centered Gaussian random field satisfying (H1)
and (H2). Suppose v attains its maximum o2 only at t* € K € 9, T such that Z(t*) \ 7(K)
contains m > 1 indices and (v;y (t*)); irez(t+) < 0. Then, as u — oo,

P {fg)((t) > u}

- Z \/det dett§J+t;)3(t*))P{(ZJl” o2y, ) € B} (4.2)
XPUXA (), X, (8) € B(T)|[ VX 5 (8) = 0} <ouT> (1+o(1)),

where the sum is taken over all faces .J such thatt* € J and 7(.J) C Z(t*), j = dim(J),

(Jiseos Thgm—g) = ZE)N\T(), (1, Tjg) = 7(I) \ 7(K),
E(J) ={Wn, - Ydosm_,) ERF™ T &8 (N)yy, >0,V =1,....k+m— j},
E'(J)={(yss--yr ) ERIT k ey (K)yy; 20,¥0=1,....j —k},
e%,(J) and sjé(K) are the €* numbers for faces J and K respectively, (Z, .. .7ZJJ/__k)
is a centered Gaussian vector having covariance matrix ¥ (t*) + S(t*) A~ (¢*)X(t*) with

indices restricted on 7(J)\ 7(K), and A ;(t*) and X ;(¢t*) are defined in (2.3). In particular,
for k = 0, the term inside the sum in (4.2) with J = K = {t*} is given by

P(CCL () X (7)) € BN ().

Now we apply Theorem 4.2 to the 1D case when T = [a, b]. Without loss of generality,
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assume t* = b and v/(t*) = 0. Then it follows from Theorem 4.2 that

IP{ sup X(t) > u}
t€la,b]
E{X () X"(t*)} u

<P{X’(t*) >0} + \/Var(X’(t*)) +E{X(t*)X”(t*)}P{Z > O}) N <UT> (1+0(1))
_1 E{X (t)X" (t*)} U\ (140
9 (1 + \/Var(X/(t*)) + E{X(t*)X”(t*)}) v <O'T> (1 + (1))7

where 7 is a centered Gaussian variable.

Denote by R = (0, 00)™. To simplify the statement in Theorem 4.2, we present below
another version with less notations on faces.

Corollary 4.3. Let {X(t), t € T} be a centered Gaussian random field satisfying (H1),
(H2) and (H3). Suppose v attains its maximum o2 only at t* € K € 9T with 7(K)
{1,...,k} suchthatZ(t*) = {1,...,k,k+1,... . k+m} withm > 1 and (v;ir (t*))1<; ir<ptm
0. Then, as u — oo,

A

P {aup ()2 0}
& det (3 (t* -
= Z Z ~ det(AJ(i*)J—ﬁ(— Z)i(t*))IP{(Zl’7ij) € IR'{L k} (4.3)

j=k Jeo;T:t*€J

X P{(X;01(t), .., Xpym(t7)) € REF"TI |V X, (87) = 0} @ (;) (1+o(1)),

where (Z1,...,Z;_y) is a centered Gaussian random vector having covariance X(t*) +
Y(t*)A~L(t*)X(t*) with indices restricted on {k + 1,...,j}, and A;(t*) and X, (t*) are
defined in (2.3). In particular, for k = 0, the term inside the sum in (4.3) with J = K =

{t*} is

P{(X1(t%), ..., Xm(t")) € RT}W (;;) .

5 Examples
Throughout this section, we consider a centered Gaussian random field {X(¢), t € T}

satisfying (H1), (H2) and (H3), where T = [ay, b1] X [ag,ba] C R

5.1 Examples with a unique maximum point of the variance

Suppose v(t1,t2) attains the maximum o only at a single point t* = (¢},¢3); and the
assumptions in Theorems 4.1 or 4.2 are satisfied.

Case 1: t* = (by,b2) and vy (t*)v2(t*) # 0. It follows directly from Theorem 4.1 that

p {Tg)X(t) > u} - <J"T) +o (exp{—;f% - au2}> .
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Case 2: t* = (by,b2), v1(t*) = 0 and v2(t*) # 0. It follows from Corollary 4.3 that

P {sup X(t) > u}

teT
_ . E{X(t*) X1 (%)} u
- (P{Xl“ )> 0+ \/ Var(% (07)) + B{X () X ()} 27 0}> ¥ () (o)

_1 E{X(t*)X11(t*)} u )
) (1 + \/Var(Xl(t*)) + E{X(t*)Xll(t*)}> v (UT> (1+0(1)),
where 7 is a centered Gaussian variable.

Case 3: t* = (b1, b2) and vy (t*) = v2(t*) = 0. Applying Corollary 4.3 and noting the
calculations in Case 2 above, we obtain

p {sup x(6) > u}

teT

_ . . 1 E{X(#*)Xu(t)}
= (P{X1(t ) > 07X2(t ) > 0} + 2\/Var(X1(t*)) —i—E{X(t*)Xn(t*)}

L1 E{X (t*) X22(t*)}
2\ Var(Xo(t*)) + E{X (t*) X (t*)}

+P{Z >0,Z > 0}\/det(jl\e(ttgf;)(t*))>ql <U“T) (1+o0(1)),

where (71, Z») is a centered Gaussian vector with covariance X (t*) + S(¢*)A =L (¢*)X(t*).
Case 4: t* = (t7,b2), where t; € (a1,b1) and v, (t*) # 0. It follows directly from
Theorem 4.1 that

| _ E(X(0)Xu ()} A
P () u} = \/ ) S Bk (on) 0+

Case 5: t* = (t,b2), where t € (a1,b1) and v2(t*) = 0. Applying Corollary 4.3 and
noting the calculations in Case 2 above, we obtain

P {supx(0)> 0}

teT

_1 E{X () Xu(t)} det(S(t%)) u
) (\/Var(Xl(t*)) +E{X(t*)X11(t*)} + \/det(A(t*) n E(t*)))q} (CTT> (1 +O(1)).

Case 6: a; < t] < by and a2 < t5 < bs. It follows directly from Theorem 4.1 that

B det(3(t*)) u o
P Lo X0 2 v} = ¢ e+ 5y (55) 00

5.2 Examples with the maximum of the variance achieved on a line

Consider the Gaussian random field X (¢) defined as:
X(t) = & costy + & sinty + ta(& costy + E sinty),

where t = (t1,t2) € T = [a1,b1] x [az,b2] C (0,27)2, and &;,&], &2, & are independent
standard Gaussian random variables. This is a Gaussian random field on R? generated
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from the cosine field, with an additional product of ¢, along the vertical direction. The
constraint on the parameter space within (0, 27)? is imposed to prevent degeneracy in
derivatives. For this field, we have v(t) = 1+ ¢3, which reaches the maximum 0% = 1+ b3
on the entire real line L := {(¢1,b2) : a; < t; < by }. Furthermore,

vit)lier =0, wva(t)|lter =2b2 >0, Vi€ L.

By employing similar reasoning in the proofs of Theorems 3.1 and 3.2, we see that, in
the EEC approximation IE{x (A4, )}, all integrals (derived from the Kac-Rice formula) over

faces not contained within L are super-exponentially small. Thus, there exists o > 0
such that as u — oo,

P {supX(t) 2 u} = P{X(al,bg) 2 U,Xl(al,bz) < O} +P{X(b1,b2) Z U,Xl(bl,bg) > O}

teT
u? :
+ I(u) + o exp “502 —au

v (\/11:_7[)9 +I(u)+o (exp{—;f% —auz}) :

(5.1)

where

by
I(u) = —/ E{Xn(th52)]1{X(t1,b2)2u}‘X1(t1,62) = 0}Dx, (t1,65) (0)dt1.

al

Since X1 (tl, bg) = —51 sint1 + gi costq and Xll(tl, bz) = —51 cost] — fi sin t1, one has

1+ 0 —1
COV(X(t17b2)7X1(t17b2)7X11(t17b2)) = 0 1 0 )
-1 0 1

which does not depend on ¢;. Particularly, X, (¢1,b2) is independent of both X (¢, b2) and
Xll(tla b2) Thus

by —ay

I(u) = W E{X11(t1,02) L{x(t0,b2) >0} |
b1—a1 o x
— AU RIX (b, be)| X (£, bo) = U
ar ), EFu(hb)lX(0, ) x}“’<¢m> g

bi—ar [Tz p x d
C Vor S 14T\ (182

—bl_al(b (7
Ve T \iteR )

Substituting this expression into (5.1), we arrive at the following refined approximation:

7 u b1 —a; u 711,727 2})
P{iggX(t)Zu}\I/<m>+ \/ﬂ ¢<m>+0(eXP{ 20_% au )

which has a super-exponentially small error.
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6 Outline of the proofs of main results

Here we show the main idea for proving the main results above. The main idea below
is similar to that introduced in [5] by estimating the moments of the number of critical
points. Let f be a smooth real-valued function, then sup,., f(t) > v if and only if there
exists at least one extended outward local maximum above u on some face of 7. Thus,
under conditions (H1) and (H2), the following relation holds for each u € R:

N
{supX(t) > u} = U U {MEF(K)>1)} as. (6.1)

teT k=0 K€y T

This implies that the probability of the supremum of the Gaussian random field exceeding
u is equal to the probability that there exists at least one extended outward local
maximum above u on some face K of T'. Therefore, we obtain the following upper bound
for the excursion probability:

N N
IP{supX(t)>u}<Z SOP{MIK)>13<> 0 > B{MP(K)}. (6.2)

teT k=0 K€, T k=0 K€, T

On the other hand, notice that

(i - VP{MP(K) = i}

M

E{M;(K)} — P{M,/(K) > 1}

.
Il

< S il - DP{ME(K) = i} = B{ME(K)[ME (K) 1]}

M2

1

o
Il

and

P{M (K) 21, M,/ (K') > 1} < B{M,(K)M,’(K")}.

u

Applying the Bonferroni inequality to (6.1) and combining these two inequalities, we
obtain the following lower bound for the excursion probability:

P {:ggX(t) > u}
N
>3 > P{MP(K) > 13— Y P{MP(K) > 1, MF(K') > 1}
k=0 Keo,T K#K'
N
>3 Y (B{ME(K)} - B{MEPE)ME(K) - 1}) - Y B{MEP(E)ME(K)},
k=0 Ko, T K#K'

(6.3)

where the last sum is taken over all possible pairs of different faces (K, K').

Remark 6.1. Note that, following the same arguments above, we have that the expecta-
tions on the number of extended outward maxima MF(-) in both (6.2) and (6.3) can be
replaced by the expectations on the number of local maxima M,(+).

We call a function h(u) super-exponentially small [when compared with the excursion
probability P{sup,c; X (t) > u} or E{x(A.)}], if there exists a constant a > 0 such that
h(u) = o(efuz/@"%)*a“rz) as u — co. The main idea for proving the EEC approximation
Theorem 3.1 consists of the following two steps: (i) show that, except for the upper
bound in (6.2), all terms in the lower bound in (6.3) are super-exponentially small; and
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(ii) demonstrate that the difference between the upper bound in (6.2) and E{x(A,)} is
also super-exponentially small. The proofs for Theorems 3.2 and 3.3 follow the same
ideas, aiming to establish super-exponential smallness for the terms involved in the
lower bounds, as well as for the difference between the upper bound and EEC.

Remark 6.2. In terms of the detailed proofs in Sections 7 and 8 below, the method-
ologies are similar to those in [5]. The main difference is due to the condition (H3) or
(H3'), which generalizes the condition (H2) in [5] where Gaussian fields with stationary
increments are considered. It is important to recognize that in our current framework,
there is no assumption of stationary increments; and the condition (H3) or (H3') is
imposed only on the points attaining the maximum of the variance. Such general assump-
tions make the proofs more challenging, requiring improved and refined techniques on
estimating the super-exponentially small errors, especially on estimating the adjacent
faces in Proposition 7.4 and approximating the major term in Proposition 8.1. Meanwhile,
due to the absence of stationary increments, we employ the Laplace method to derive
general explicit approximations to excursion probabilities for smooth Gaussian fields
with the maximum of variance achieved at a single point in Section 4, and to derive
the approximation for an example with the maximum of variance achieved on a line in
Section 5.

7 Estimation of super-exponential smallness for terms in the
lower bound

7.1 Factorial moments

We first state the following result, which is a modified version (restricted on a face
K) of Lemma 4 in Piterbarg [8], characterizing the decaying rate for factorial moments
of the number of critical points exceeding a high level for Gaussian fields.

Lemma 7.1. Assume (H1) and (H2). Then there exists a positive constant C' such that
for any € > 0 one can find a number ¢, > 0 such that for any K € 0;T,

2

2
N < (2 __u k+2 __ ¢
E{M,(K)(M,(K)—-1)} <Cu exp{ Qﬁ%(—i—s} + Cu exp{ 202 o |

(7.1)
where

Bk =sup sup Var(X(t)|[VXx(t),V’X|k(t)e), of = sup Var(X(t)).
teK ecgh—1 teK

The following result shows that the factorial moments in (6.3) are super-exponentially
small under our assumptions.

Proposition 7.2. Let {X(t), t € T} be a centered Gaussian random field satisfying (H1),
(H2) and (H3). Then there exists « > 0 such that as u — oo,

N
> Y BML(K)(My(K) = 1)} = o (e7/@ob)men), (7.2)
k=0 K€8;T

Proof. Due to Lemma 7.1, it suffices to show that for each K € 9, T, 8% < 0%, which is
equivalent to Var(X (t)|VX |k (t), VX |k (t)e) < 0% forallt € K = K UOK and e € $¥71.
Suppose Var(X (t)|VX|x(t), V2X|k(t)e) = o7 for some ¢t € K, then

07 = Var(X (t)|VX |k (t), VX g (t)e) < Var(X (t)|V?X|k (t)e) < Var(X (1)) < o7.
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Note that
Var(X(t)\V2X|K(t)e) = Var(X(t)) & E{X(t)(VQX‘K(t)e)} =04 Xk(t)e=0.

But ¢ is a point with v(t) = ¢4, thus Y (¢) < 0 by Proposition 2.1, implying X (t)e # 0
for all e € $¥*~! and causing a contradiction.

On the other hand, suppose Var(X (t)|VX|k(t), VX |k (t)e) = o7 for some t € 0K,
then Var(X (t)|VX|k(t)) = 0% and hence v;(t) = 0 for all i € 7(K), implying X (t) < 0 by
Proposition 2.1. Similarly to the previous arguments, this will lead to a contradiction.
The proof is completed. O

7.2 Non-adjacent faces

For two sets D, D’ ¢ RY, let d(D,D’) = inf{||t —#'|| : t € D,#' € D'} denote their
distance. The following result demonstrates that the last two sums involving the joint
moment of two non-adjacent faces in (6.3) are super-exponentially small.

Proposition 7.3. Let {X(t), t € T'} be a centered Gaussian random field satisfying (H1)
and (H2). Then there exists « > 0 such that as u — oo,

E{M,(K)M,(K')} =0 <CXp {—21:% - au2}> , (7.3)

where K and K' are different faces of T with d(K, K') > 0.

Proof. Consider first the case where dim(K) = k£ > 1 and dim(K’) = k¥’ > 1. Applying
the Kac-Rice formula in [2, Theorem 11.2.1] with f = (VX |k (t), VX|x/(t')), we obtain

E{M,(K)M,(K")}
= / dt [ dt' E{|detV>X g (t)||det V> X e ()| 1 x (1) 5w, X (¢) >}
K K’

X ]l{VQX‘K(t){O,VZX‘K/(t’)<O}|VX|K(t) =0,VX|x (t') = 0}pVX‘K(t),VX‘K/(t’)(07O)

S/ dt/ dt'/ dﬂ?/ dz’ px (1), x (/) (T B )P X e (), VX s (1) (0, 0] X () =, X (t') = 2)
K ! u u

x E{|det V2 X |k (t)||det V2 X g (¢)]| X () = 2, X (t') = 2/, VX | (t) = 0, VX (') = 0}.
(7.4)

Notice that the following two inequalities hold: for constants a;, and b;,,

k K k / & /
[ o T ) < Sz S5 e
i1 o | [ ;

i1=1 ig=1
and for any Gaussian variable ¢ and positive integer m, by Jensen’s inequality,

El¢|™ < B(|EE| + |§ — )™ < 2™~ ([BE|™ + B¢ — EE[™)
= 2" H(|BE[™ + B (Var())™/?),

where B,, is some constant depending only on m. Combining these two inequalities with
the well-known conditional formula for Gaussian variables, we obtain that there exist
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positive constants Cp, C; and N; such that for sufficiently large = and 2/,

sup  E{|detVZX |k (1)||det VX s ()] | X (t) = 2, X (¢') = 2,

teK,t'e K’
VX k() = VX (') =0}
Z Z COB{ |55 (8) [ 4+ 1 X,y (¢) [ | X () = &, X (¢) = o,
teK t’GK’ ’oar—
1,j=11,j'=1
VXk(t)=VX|x(t')=0}
<(Ci+ (:EI/)NI.
(7.5)
Further, there exists C> > 0 such that
SUD  PUX| (1), VX, (1) (0, 01X () = z, X(t') = ')
teK,t'eK'
< sup  (2m) B2 [detCov(VX k (1), VX i (1) X (t) = 2, X (') = )] 7V/2 (7.6)
teK,t'e K’
< Oy,

Plugging (7.5) and (7.6) into (7.4), we obtain that there exists C; such that, for u large
enough,
E{M,(K)M,(K)} <C5 sup  B{(Cr + [XOXE))Lix(nux )z}
teK t'e K’
< C. E{(C X (t X (#))2N1) 1 / .
=G, sup B{(CH+ XM+ XE) ) Lixoexen/zzat (7.9

u?
SCgeXp( M—i—su)

where ¢ is any positive number and p = sup;c i ¢ i Corr[X (¢), X' (t)] < 1 due to (H2).
The case when one of the dimensions of K and K’ is zero can be proved similarly. O

7.3 Adjacent faces

The following result shows that the last two sums involving the joint moment of two
adjacent faces in (6.3) are super-exponentially small.

Proposition 7.4. Let {X (¢), t € T} be a centered Gaussian random field satisfying (H1),
(H2) and (H3). Then there exists o > 0 such that as u — oo,

2
E{ME(K)ME(K')} = o <exp {—“2 - auQ}) : (7.8)
207,
where K and K' are different faces of T with d(K, K') = 0.

Proof. Let I := K N K’, which is nonempty since d(K, K’) = 0. To simplify notation, let
us assume without loss of generality:

T(K)={1,....m,m+1,... k},
(K ={1,....m,k+1,....k+k —m},
where 0 <m < k <k’ < N and k' > 1. If k = 0, we conventionally consider 7(K) =

0.
Under this assumption, K € 9,7, K’ € 0T, dim(I) = m, and all elements in ¢(K) and
e(K') are 1.
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We first consider the case when k£ > 1 and [ > 1. By the Kac-Rice formula,

B{M,(K) M, (K')}

S/ dtdt// dﬂf/ dx// de_;,_l"'/ de+k/_m/ dwm+1.../ dUJk;
KXK' u u 0 0 0 0

E{|detV2X x (1)||detV>X g ()| X () = 2, X (t') = 2/, VX | (t) = 0, Xpos1(t) = 2041,
e an+k:’7m(t) = Zk4+k'—m> VX‘K/ (t/) = O,Xm+]_(t/) = Wm+1y--- ,Xk(t/) = U}k}

/
X pt,t/(x7x 707 Zk41y -5 Rh4+k'—m> 0) Wm+1, - - - ,UJk-)

= / At ' u) dtdt’,
KXK'

(7.9)
where p; (2,20, 2k+1, - - - Zktk/ —ms 0, Win41, - - -, W) is the density of the joint distribu-
tion of the variables involved in the given condition. We define

Mo:={teTl:vt)=02 v;(t)=0,VYi=1,....k+k —m}, (7.10)

and consider two cases for M.
Case (i): My = (. Under this case, since [ is a compact set, by the uniform
continuity of conditional variance, there exist constants £1,; > 0 such that

sup Var(X(t)|VX‘K(t),VX|K,(t’)) <ok —e, (7.11)
teB(I,61),t'€B’(1,61)

where B(1,6,) = {t € K : d(t,I) < 61} and B'(I,0,) = {t' € K' : d(t',I) < é;}. By
partitioning K x K’ into B(I,41) x B'(I,41) and (K x K')\(B(I,é1) x B'(1,6;)) and
applying the Kac-Rice formula, we obtain

E{M,(K)M.(K")}

<

/ dtdt’ DPVX |k (£),V X oo (¢) (0,0)
(KxK")\(B(1,61)xB’(I,61))

x E{|detVZX |k ()||det V2 X g () |1 x (1) >0, x ()50} | VX i (8) = 0, VX o/ (1) = 0}

+ / dtdt’ pyx, e (1), v X, s (¢1) (0, 0)
B(1,61)x B’ (1,61)

x E{|detVZX | (£)||det V2 X g ()| L x (1) >0, x ()50} | VX (8) = 0, VX 0/ () = 0}

= I (u) + Ig(u).
(7.12)

Note that
(K x K')\(B(I,8,) x B'(I,6,)) = ((K\B(I,(Sl)) x B'(I, 51)) U (3(1,51) x (K\B(I, 51)))
U (\B(L.61)) x (K\B(L,01))).

where each product on the right hand side consists of two sets with a positive distance.
It then follows from Proposition 7.3 that I3 (u) is super-exponentially small. On the other
hand, since Lix()>ux@)2u} < L{ix()+x(¢))/22), ODE has

Ig(u) S / dtdt// dpr(t)+X(t’) ($|VX‘K(15) = O,VX|K/(t/) = 0)
B(I,(Sl)XB’(I,(Sl) u 2

% B{|det VX (1) |det V2 X oo ()] | [X (1) + X (¢)]/2 = z, (7.13)
VXg(t)=0,VX g (t) = O}pVX‘K(t),VX‘K/(t’)(Ov 0).
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Combining this with (7.11), we conclude that I5(u) and hence E{MF (X, K)MF (X, K')}
are super-exponentially small.
Case (ii): Mg # 0. Let

B(My,d85) :== {(t,t') € K x K : d(t, M) V d(t', My) < 63},

where J§ is a small positive number to be specified. Note that, by the definitions of M
and B(My, d2), there exists e2 > 0 such that

sup Var([X(t)—|—X(t/)]/2|VX\K(t),VX|K/(t/)) < 0% — €2. (7.14)
(t,t")€(K X K")\B(Moy,52)

Similarly to (7.13), we obtain that , A(t,t', u)dtdt’ is super-exponentially
(KxK

N\B(Mo,02)
small. It suffices to show below that |’ B(Mo.62) A(t,t',u) dtdt’ is super-exponentially small.
Due to (H3) and Proposition 2.1, we can choose J; small enough such that for all

(t,t') € B(My,92),
Ao (t) = ~B{X (V2 X ko (1)} = —(B{X () X5 ()} ij=1,...ch+k/—m

are positive definite. Let {ej, e3,...,en} be the standard orthonormal basis of RYN. For
te Kandt¢ € K',lete;y = (t' — )/t — t|] and (¢, ¢') = (e;, AUk (t)er ). Then

e

Arur (t)ery = Z ei, Axukr (t)es)e Zaz t,t') (7.15)
=1

and there exists ap > 0 such that for all (¢,t') € B(My, d2),
(et AUk (t)esr) > . (7.16)
Since all elements in ¢(K) and ¢(K’) are 1, we may write
t= (1, s bt - -+ s Lo Blotets - - > bty —mms 0, - -, 0),
=t by bt 1y - bkt s b — s 0, .., 0),
where t; € (a;,b;) fori € 7(K) and ¢} € (aj,b;) for j € 7(K'). Therefore,
(ei,erer) >0, Vm+1<i<k,

(esens) <0, Yhk+1<i<k+k —m, (7.17)
(eivery) =0, Vk+k —m<i<N.

Let
D, = {(t,t/) € B(Mo,éz) : ai(t,t’) > 57,}7 ifm+1<i< k,
D; ={(t,t') € B(My,d) : a;(t,t') < =B}, ifk+1<i<k+k —m, 7.18)
m 7'
Do ={(0:6) € BMao,6o) 3 aute. ) esseur) = .
i=1
where Sy, f1, . .., Bk+k’—m are positive constants such that 3y + ijfl:lm B; < ap. It fol-

lows from (7.17) and (7.18) that, if (¢, s) does not belong to any of Do, Dyt1, - -+ Dkt b/ —m.
then by (7.15),

k+k' —
(Arur (t)ere,er) Zaz 6t ) (es e ) < Bo+ Z Bi < ao,
1=1 1=m-+1
EJP 29 (2024), paper 74. https://www.imstat.org/ejp

Page 17/26


https://doi.org/10.1214/24-EJP1133
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

EEC approximation for smooth GRF with general variance

which contradicts (7.16). Thus D, | J (U’“*’“Lm D;) is a covering of B(Mo, ds). By (7.9),

1=m-+1
k+k'—m
E{Mf(K)Mf(K’)}S/ At u)dtdt’ + ) /A(t,t’,u)dtdt’.
Do i=m-1 D;

By the Kac-Rice metatheorem and the fact 1y x(H>u,v(s)>u} < L{x(t)>u}, We Obtain

/ At t',u) dtdt!
Do

> 7.19
< [ dtdt [ depox,n 96,0000 000 @ TX k() =09 X ) =0) - 719
Do u

x E{|detV? Xk (t)]|det VX s ()| X (t) = 2, VX (t) = 0, VX, (t') = 0},

and that fori =m+1,...,k,
/ A(t, ' u) dtdt!
D;

S/ dtdt// dl‘/ dw; PX (1), 9 X e (£), X (#),V X o (¢1) (€, 0, w3, 0)
Di u 0

X E{|detV2X‘K(t)||detV2X|K,(t’)| | X(t) =2, VX|g(t) = 0, X;(t') = w;, VX (') = 0}.
(7.20)

Comparing (7.19) and (7.20) with Eqs. (4.33) and (4.36) respectively in the proof of
Theorem 4.8 in Cheng and Xiao [5], one can employ the same reasoning therein to
show that Var(X (t)|VX |k (t), VX (t')) < 07 uniformly on Dy and P(X(t) > u, X;(t') >
0[VX k(t) = 0,VX s (t') = 0) = o(e~* /1) =av*) yniformly on D;, and deduce that
fDo A(t,t',u) dtdt’ and fDi A(t,t',u)dtdt’ (i = m +1,..., k) are super-exponentially small.

It is similar to show that [ D, A(t,t',u) dtdt’ are super-exponentially small for i =
k+1,...,k+ k" —m. For the case k = 0 or [ = 0, the argument is even simpler when
applying the Kac-Rice formula; the details are omitted here. The proof is finished. O

In the proof of Proposition 7.4, we have shown in (7.12) that, if My = (), then the
moment E{M, (X, K)M,(X, K')} is super-exponentially small. It is important to note
that, the boundary condition (3.3) implies (and generalizes) the condition My = ),
yielding the following result.

Proposition 7.5. Let { X (¢), t € T} be a centered Gaussian random field satisfying (H1),
(H2) and the boundary condition (3.3). Then there exists a > 0 such that as u — oo,

E{M,(K)M,(K")} = o(exp{ - ;;2% — au2}),

where K and K' are different faces of T with d(K, K') = 0.

8 Estimation of the difference between EEC and the upper bound

In this section, we demonstrate that the difference between E{x(A4,)} and the ex-
pected number of extended outward local maxima, i.e. the upper bound in (6.2), is
super-exponentially small.

Proposition 8.1. Let { X (t), t € T} be a centered Gaussian random field satisfying (H1),

EJP 29 (2024), paper 74. https://www.imstat.org/ejp
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(H2) and (H3). Then there exists « > 0 such that for any K € 9, T with k > 0, as u — oo,

E{M}(K)} = (-1)* /KE{detVQXm(t)]l{x(t)zu, <1 Xo(8)20 for all egr(k)}| VX |k (t) = 0}

U2
o0t oo {4y )
T

- (1)’“E{ (é(b%d@) } +o <eXp {zf% ; au2}> '
(8.1)

Proof. The second equality in (8.1) arises from the application of the Kac-Rice formula:
k

{ (;umm)}

k
:Z(*l)l/K]E{|detV2X|K(t)|]1{mdex(v2X|K(t))=¢}

=0

X L (t)>u, e3 X0 (£)>0 for all £¢7(K)} VX (t) = 0}pvx (1) (0) dt
= / E{detV>X |k (1)1 {x(t)>u, e X, (t)>0 for all g5 | VX k() = 0}pvxm(t) (0) dt.
K

To prove the first approximation in (8.1) and convey the main idea, we start with the
case when the face K represents the interior of 7.
Case (i): kK = N. By the Kac-Rice formula, we have

oo

E{ME(K)} = /K P (o (0)dt / P (o (2] VX (£) = 0)

x E{detV*X (t)1{vax (<o} | X (t) = 2, VX (t) = 0} d

= /KPVX(t)(O)dt/u A(t,z)dx.
Let
Mi={te K=T:v(t) =02, Vuv(t)=2E{X(#)VX(t)} =0},
B(My,01)={te K :d(t, M1) <},

where §; is a small positive number to be specified. Then, we only need to estimate

/ Pox(o(0)dt / A(t, 2)d, 8.3)
B(Ml,él) u

since the integral above with B(M;,d;) replaced by K\B(M;,d;) becomes super-
exponentially small due to the fact

sup Var(X (t)|VX (t) = 0) < 02.
te K\B(M1,51)

Notice that, by Proposition 2.1, E{X (t)V?X(¢)} < 0 for all t € M;. Thus there exists §;
small enough such that E{X (¢t)V2X(¢)} < 0 for all t € B(M1,§1). In particular, let )\
be the largest eigenvalue of E{X (t)V2X (¢)} over B(M,d;), then \g < 0 by the uniform
continuity. Also note that E{X (¢)VX (¢)} tends to 0 as §; — 0. Therefore, as d; — 0,

E{X;;(t)[X(t) =2, VX(t) = 0}

= (B{X; ()X ()}, B{X; (X1 (1)}, ..., B{Xs;() Xn(1)}) - [Cov(X (), VX ()]~
(z,0,...,0)T

_ BXy ()X (1)}

or

(8.2)

(1+ o(1)).

EJP 29 (2024), paper 74. https://www.imstat.org/ejp
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Thus, for all x > u and ¢t € B(M;, 1) with 6; small enough,
Yy (t,x) := B{V2X ()| X (t) =, VX(t) = 0} < 0.

Let Aq(t,7) = V2X(t) — X1(t,z). We have

o0

/m A(t, 2)dz = / P (@ VX (1) = E{det(Ar(t,2) + 1 (t, 2))

u

X LAy (t0)+5 (ha) <0y | X (1) = 2, VX (t) = 0} da (8.4)
- / " o @[ VX (1) = 0)E(t,2) da.
Note that the following is a centered Gaussian random matrix not depending on z:
Q) = (Qi5(t) hr<ijen = (Ar(t, @) | X (1) = 2, VX () = 0).

Let h¢(v) denote the density of the Gaussian random vector ((£2;;(t))1<i<j<n With v =
(Uij)lgiSjSN c RN(N+1)/2. Then

E(t,x) = E{det(t) + Z1(t,2)) Lo+ (t.0)<0} }

(8.5)
= / det((vij) + L1 (¢, z))he(v)do,
: (’Uij)+21(t,$)<0
where (v;;) is the abbreviation of the matrix v = (v;5)1<; j<n. There exists a constant
¢ > 0 such that for ¢; small enough and all t € B(M,,d;), and x > u, we have

N 1/2
(vig) + a(t.2) < 0, V(= (3 03) " <ew

ij=1

This implies {v : (v;;) + Z1(t,z) £ 0} C {v: ||(vs)]| > cu}. Consequently, the integral
in (8.5) with the domain of integration replaced by {v : (v;;) + 31(¢,z) 4 0} is o(e*a/“2)
uniformly for all ¢t € B(M1, d1), where ' is a positive constant. As a result, we conclude
that, uniformly for all ¢ € B(My, 1) and = > u,

E(t,x) = / det((vij) + S1(t, ) he(v)dv + o(e="").
RN(N+1)/2

By substituting this result into (8.4), we observe that the indicator function 1 (v2x(1)<0}
in (8.3) can be eliminated, causing only a super-exponentially small error. Thus, for
sufficiently large u, there exists a > 0 such that

E{MF(K)} = /vax(t)(o)dt /oo E{detV2X (t)| X (t) =z, VX(t) = 0}

u?

X px ) (2| VX(t) = 0)dx + 0<exp{ - ﬂ — auz}).

Case (ii): k > 0. It is worth noting that when k£ = 0, the terms in (8.1) related to the
Hessian will vanish, simplifying the proof. Therefore, without loss of generality, let £ > 1,
7(K)={1,---,k} and assume all the elements in ¢(K) are 1. By the Kac-Rice formula,

oo

E{M;(K)} = (*Uk/ pvx,K(t)(O)dt/ px ) (2| VX k() = 0)E{det VX |k (t)
K u
X L{w2 X (<0} L{Xu 11 (050, X (0504 X () = 2, VX[ (t) = 0}dx
= (_1)k/KpVX‘K(t)(O)dt/ A'(t, z)dx.
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Let

My ={te K :v(t) =07, Vyg(t)=2E{X({t)VX ()} =0},

(8.6)
B(Mg,ég) = {t e K: d(t,Mg) < 52}7

where §5 is another small positive number to be specified. Here, we only need to estimate

o0
/ PYx () (0)dt / A'(t,x)de, (8.7)
B(Mz3,02) w

since the integral above with B(Mas, d5) replaced by K\ B(Ms, d2) is super-exponentially
small due to the fact

sup Var(X (t)|VX (t) = 0) < 02.
te K\ B(Ma3,82)
On the other hand, following similar arguments in the proof for Case (i), we have that re-
moving the indicator functions 1;yzx . (1)<o} in (8.7) will only cause a super-exponentially
small error. Combining these results, we conclude that the first approximation in (8.1)
holds, thus completing the proof. O

From the proof of Proposition 8.1, it is evident that the same line of reasoning and
arguments can be readily extended to E{M, (X, K)}, leading to the following result.

Proposition 8.2. Let {X(t), t € T} be a centered Gaussian random field satisfying (H1),
(H2) and (H3). Then there exists a constant o > 0 such that for any K € 0;T, as u — oo,

E{M,(K)} = (—1)’“/KE{detszW(ﬂﬂ{X(t)zu}|VX\K(t) = 0}pvx; (1 (0)dt

u? 9
+ o | exp —F—au .
T

9 Proofs of the main results

Proof of Theorem 3.1. By Propositions 7.2, 7.3 and 7.4, together with the fact M (K) <
M, (K), we obtain that the factorial moments and the last two sums in (6.3) are super-
exponentially small. Therefore, from (6.2) and (6.3), it follows that there exists a constant
« > 0 such that as u — oo,

IP{supX(t)>u}:§: > E{ME(K)}—&-O(exp{—;;—auz}).

teT k=0 K€, T T

This desired result follows as an immediate consequence of Proposition 8.1. O

Proof of Theorem 3.2. Remark 6.1 indicates that both inequalities (6.2) and (6.3) hold
with ME(.) replaced by M, (-). Therefore, the corresponding factorial moments and the
last two sums in (6.3) with MF(.) replaced by M, (-) are super-exponentially small by
Propositions 7.2, 7.3 and 7.5. Consequently, there exists a constant a > 0 such that as
U — 00,

P {SupX(t) > u} = EN: > E{M.(K)}+o (exp {—;52 — au2}> .

tet k=0 K €T T
The desired result follows directly from Proposition 8.2. O
EJP 29 (2024), paper 74. https://www.imstat.org/ejp
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Proof of Theorem 3.3. Note that, in the proof of Theorem 3.1, we have seen that the
points in M5 defined in (8.6) make major contribution to the excursion probability. That
is, with up to a super-exponentially small error, we can focus only on those faces, say J,
whose closure J contains the unique point ¢* with v(t*) = 02 and satisfying 7(J) C Z(t*)
(i.e., the partial derivatives of v are 0 at t* restricted on J). To formalize this concept,
we define a set of faces T* as follows:

T ={J €T :t" € J, T(J) CZ(t*), k=0,...,N}.
For each J € T*, let

ME (7)) :=#{t € J: X(t) > u, VX ;(t) = 0, VZX|;(t) <0,
£5X;(t) > 0for all j € Z(t*) \ 7(J)}.

Note that, both inequalities (6.2) and (6.3) remain valid when we replace Mf (J) with
ME"(J) for faces .J belonging to 7*, and replace M7 (.J) with M, (J) otherwise. Employ-
ing analogous reasoning as used in the derivation of Theorems 3.1 and 3.2, we obtain
that, there exists a > 0 such that as u — oo,

P {supX(t) > u} =Y E{MZ ()} +o (exp {—212_22 - au2}> :

teT JeT* T

This desired result is then deduced from Proposition 8.1. O

10 Proofs on results with a unique maximum point of the vari-
ance

We begin by presenting the following two auxiliary results on the Laplace method for
integral approximations. Lemma 10.1 can be found in many books on the approximations
of integrals; here we refer to Wong [17]. Lemma 10.2 can be derived by following similar
arguments in the proof of the Laplace method for the case of boundary points in [17].
Lemma 10.1. [Laplace method for interior points] Let ty be an interior point of T'.
Suppose the following conditions hold: (i) g(t) € C(T) and g(to) # 0; (ii) h(t) € C*(T)
and attains its minimum only at ty; and (iii) VQh(to) is positive definite. Then as u — oo,

[ st oar B g(ta)e ™M1 4 of1)
(& = € o .
7 uNT2(detV2h(ty)) /2 V0

Lemma 10.2. [Laplace method for boundary points] Lettg € K € 0T with0 < k < N-—1.
Suppose that conditions (i), (ii) and (iii) in Lemma 10.1 hold, and additionally Vh(ty,) = 0.
Then as u — oo,

2m)NI2P{ Z;,e¥ > 0,Vip & T(K)}

t 7uh(t)dt — ( 2K ) t 7uh(t0) 1 1

/Tg( )6 uN/Q(detVQh(tO))l/Q g( 0)6 ( + O( ))’

where (Z;,,...,Z;,_, ) is a centered (N — k)-dimensional Gaussian vector with covariance

matrix (hi,i, (to))i,,i, ¢r(x) and 7(K) and ¢}, are defined in Section 2.
We now provide below the proofs of Theorems 4.1 and 4.2.
Proof of Theorem 4.1. Fort € T, we define the following notation for conditional vari-

ance g (t) = Var(X(t)|VX|x(t) = 0). If k = 0, then v;(t*) # 0 for all i > 1, and hence
Z(t*) = (. The first line of (4.1) follows from Theorem 3.3 that

P {supX(t) > u} =P{X(t*)>u}+o <eXp {—21;22 - au2}> .

teT T
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Now, let us consider the case when k£ > 1. Note that the assumption on partial derivatives
of v(t) implies Z(t*) = 7(K). By Theorem 3.3, we have

P {Sup X(t) > u} = (=D I(u,K)+ o (exp {—21;22 - au2}) , (10.1)

teT T

where

I(u, K) :/ E{detV>X k() 1xt)>u} | VX |k (1) = 0}, 1) (0)dt

—(k+1)/2 ,
/ /\/1/ t)det (Ax (1)) E{detv Xix@®)|X(t) =2, VX|x(t) =0}
K (

X e_#mdtdx.
Applying the Laplace method in Lemma 10.1 with

1
W\K t)det (Ax (1)

h(t . ou=ax2,
2V|K()

and noting that the Hessian matrix of 1/(27|x(t)) evaluated at t* is

g(t) = E{detV>X |k (t)| X (t) = 2, VX |k (t) = 0},

1 _ 1,
257y ()i = T 5.4 t* ) 10.2
QV\K(t*) (735 ( ))z,jET(K) QO%V V|K( ) >0 ( )

we obtain

(20 )k/2
flw I(u)(1 +o(1)), 10.3
where
I(u) :/ E{detV2X |« ()| X (") = 2, VX | (t*) = 0} Fe *7F da
— der(Sact) [ B{eQVR()Q)|X () = 5, VXe(t) = 0faHe ¥ da,

(10.4)
Here, noting that X (t*) = E{X (t)V2X |k (t*)} < 0 by Proposition 2.1, we let Q in (10.4)
be a k x k positive definite matrix such that Q(—Xx (¢t*))Q = I, where I}, is the size-k
identity matrix. Then
E{X()(QV2X|x(t")Q)} = @Sk (t")Q = ~I
Notice that E{X (t*)VX g (t*)} = 0 due to v (t*) = 0, we have
E{QV’X|x(t")Q|X(t*) = 2, VX (t*) =0} = ——
One can write
E{det(QV>X |k (t")Q)| X (t*) = 2, VX | (t*) = 0} = E{det(A(t*) — (z/0F)Ix)},

where A(t*) is a centered Gaussian random matrix with covariance independent of
x. According to the Laplace expansion of determinant, E{det(A(t*) — (z/02)Ix)} is a
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polynomial in x with the highest-order term being (—1)"30; 2k ¢k Plugging this into (10.4)
and (10.3), we obtain

) = V2P ER ], <U> (1+ o(1)).
)|

\/det(AK(t*))\/ et (V277 ¢ (t* or

Finally, note that
7 (t) = E{X(1)*} = E{X (1) VX|x ()} AR (DE{X (1) VX |k (1)},

we have

V2O () = 2[Ak (%) + Bk (t)] = 2[Ax (t) + Sx ()AL () [Ax () + Sk ()]

) (10.5)
= 28 () [Tk + AR () Sk ()]

Therefore,

. ) (Y
o = 1>k\/ () + 2 (o) 0 o0

where Yk (t*) < 0 by Proposition 2.1 and A (t*) + Xk (t*) = V2 x (t*)/2 < 0 by assump-
tion. Plugging this into (10.1) yields the desired result. O

Proof of Theorem 4.2. We first prove the case when k£ > 1. By Theorem 3.3, we have

P {supX(0) 2 u} = 11w +o (en{ -5 —a}). aos)

teT 7 T

where j = dim(J), the sum is taken over all faces J such that t* € J and 7(J) C Z(¢t*),
and

I(u,J) :/J]E{detVQXu(t)]l{X(t)Zu}11{5;;@,@)20,wem*)\r(mIVX\J(t) =0}
X pyx,, (1) (0)dt

—/m/ (2m) "YU D E{detV>X x(t)1 |X(t) =x
- " J D|](t)det(AJ(t)) | K {e7 Xe(t)20,VLEL(t*)\7(J)} %

VX\s(t) = 0}e” T dtda.

Applying the Laplace method in Lemma 10.2 with

- E{detV2X|; () 1(c; x, ()0, veez(e)\r(1}| X () = 2, VX|;(t) = 0}

g(t =
71 (D) det (A1 (1))
1
h(t) = — . u=ax>,
( ) QZ/‘J(t)
we obtain
(204 2P{(Zy1,....Zy )€ E'(J)}
I(u,J) =~ i = Sk I(u)(1 + o(1)),
V2moZdet (A (t*))/[detVZE ()]
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where (Zj/,..., ZJJ/,_k) is a centered (j — k)-dimensional Gaussian vector having covari-
ance matrix V2h(t*) with indices restricted on 7(.J) \ 7(K), and

I(u) = / E{detV2 X (t*)1{c: x, ()20, veez \r ()} | X () = 2, VX, (t*) = 0}
Y e
xzJe 2% dx

=det(EJ(t*))/oo /E(J)E{det(QVQXu(t*)Q)\X(t*) =2, VX, () =0, (107D

XJ1 (t*) =YJry--- 7X<]k+7n—j (t*) = YJusm—j }p(y,h yor o Ydhgm—; |1’, 0)

2

x

—3 T 5.2
xzx e *rdyy - dyg,,,, . dz.

Here p(y7,,- > YJiim-, |7, 0) is the pdf of (X, (t*),..., Xy ., ()X (") =2, VX ;(t*) =
0), and @ is a j x j positive definite matrix such that Q(—X;(¢*))Q = I,. Then, similarly
to the arguments in the proof of Theorem 4.1, one can write the last expectation in (10.7)
as

E{det(A(t*v Yiiy--- 7ka+m—j) - (I/U%)Ik)}v

where A(t*,y7,,...,YJ,..._,;) is a centered Gaussian random matrix with covariance
independent of z, and hence the highest-order term in z is (—1)z7/02/. Noting that
E{X(¢t*)X;(t*)} = 0 for all i € Z(t*) and following similar arguments in the proof of
Theorem 4.1, we obtain

I, 7) = (1)]‘\/ T SRl ) € B

S P{ (1), Xy (7)) € EQI)VX (1) = 0} (“) (1 +o(1),

or
which yields the desired result together with (10.6). In particular, by (10.5), one can
treat (Z;,..., ZJJLk) having covariance % (¢*) + X (t*)A~1(¢*)X(¢*) with indices restricted
on 7(J) \ 7(K) while not changing the probability that it falls in E(J). Lastly, the case
when k£ = 0 can be shown similarly. O
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