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ABSTRACT
We investigate the monotone representation and measurability of
generalized ψ-estimators introduced by the authors in 2022. Our first
main result, applying the unique existence of a generalized ψ-estimator,
allows us to construct this estimator in terms of a function ψ , which is
decreasing in its second variable. We then interpret this result as a bridge
from a nonconvex optimization problem to a convex one. Further,
supposing that the underlying measurable space (sample space) has a
measurable diagonal and some additional assumptions on ψ , we show
that the measurability of a generalized ψ-estimator is equivalent to the
measurability of the corresponding function ψ in its first variable.
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1. Introduction

In both theoretical and applied statistics, M-estimators play a fundamental role, and a
special subclass, the class of ψ-estimators (also called Z-estimators), is also in the heart of
investigations. The M-estimators (where the letter M refers to “maximum likelihood-type”)
were introduced by Huber (1964, 1967). Let (X,X ) be a measurable space, � be a Borel subset
of R, and � : X × � → R be a function such that for each t ∈ �, the function X � x �→ �(x, t)
is measurable with respect to the sigma-algebra X . Let (ξk)k�1 be a sequence of i.i.d. random
variables with values in X such that the distribution of ξ1 depends on an unknown parameter
ϑ ∈ �. For each n � 1, Huber (1964, 1967) introduced an important estimator of ϑ based on
the observations ξ1, . . . , ξn as a solution of the following minimization problem:

inf
t∈�

n∑
i=1

�(ξi, t), (1.1)

provided that such a solution exists. One calls such a solution an M-estimator of the unknown
parameter ϑ ∈ � based on the i.i.d. observations ξ1, . . . , ξn. For historical fidelity, we note that
Huber (1964) considered the special case when X := R, � := R, and the function � depends
only on x − t, i.e., �(x, t) := f (x − t), x ∈ R, t ∈ �, with some given nonconstant function
f : R → R. Turning back to the general case, under suitable regularity assumptions, the
minimization problem (1.1) can be solved by setting the derivative of the objective function

CONTACT Mátyás Barczy barczy@math.u-szeged.hu HUN-REN–SZTE Analysis and Applications Research Group,
Bolyai Institute, University of Szeged, Aradi vértanúk tere 1, H–6720 Szeged, Hungary
© 2026 The Author(s). Published with license by Taylor & Francis Group, LLC
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License
(http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium,
provided the original work is properly cited, and is not altered, transformed, or built upon in any way. The terms on which this article has been
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

https://doi.org/10.1080/03610926.2026.2674120
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/03610926.2026.2674120&domain=pdf&date_stamp=2026-09-01
mailto:barczy@math.u-szeged.hu
http://creativecommons.org/licenses/by-nc-nd/4.0/


6844 M. BARCZY AND ZS. PÁLES

(with respect to the unknown parameter) equal to zero:
n∑

i=1
∂2�(ξi, t) = 0, t ∈ �,

where ∂2� denotes the (partial) derivative of � with respect to its second variable. In the
statistical literature, ∂2� and a solution of the equation above are often denoted by ψ and
ϑ̂n,ψ(ξ1, . . . , ξn), respectively, and hence in this case an M-estimator is often called a ψ-
estimator, while other authors call it a Z-estimator (the letter Z refers to “zero”). For a
detailed exposition of M-estimators and ψ-estimators (Z-estimators), see, e.g., Kosorok
(2008, Sections 2.2.5) and Stehlík et al. (2010) or van der Vaart (1998, Section 5).

In our recent article. Barczy and Páles (2025c), we introduced the notion of weighted
generalized ψ-estimators (recalled below in Definition 1.1), and we studied their existence
and uniqueness, see also Theorem 1.4, Corollary 1.5 and Proposition 1.6. In Barczy and
Páles (2025b), we established several properties of (weighted) generalized ψ-estimators:
mean-type, monotonicity and sensitivity properties, bisymmetry-type inequality and some
asymptotic and continuity properties as well. This article is devoted to derive two more
essential theoretical properties of such estimators related to the decreasingness of ψ in its
second variable and the measurability of ψ in its first variable, see Theorems 2.1 and 3.3,
respectively. We then interpret Theorem 2.1 in the frame of optimization theory, see Theorem
2.2.

Throughout this article, let N, R, R+ and R++ denote the sets of positive integers, real
numbers, non-negative real numbers and positive real numbers, respectively. An interval � ⊆
Rwill be called nondegenerate if it contains at least two distinct points. Given a nondegenerate
interval � ⊆ R and a function f : � → R, let us define

arg min
t∈�

f (t) := {
t ∈ � : f (s) � f (t) for all s ∈ �

}
.

Given a function f : R2 → R, the partial derivatives of f with respect to its first and second
variables are denoted by ∂1f and ∂2f , respectively. For each n ∈ N, let us also introduce the set
	n := R

n+ \ {(0, . . . , 0)}.

Definition 1.1. Let � be a nondegenerate open interval of R. For a function f : � → R,
consider the following three level sets

�f >0 := {t ∈ � : f (t) > 0}, �f =0 := {t ∈ � : f (t) = 0}, �f <0 := {t ∈ � : f (t) < 0}.

We say that ϑ ∈ � is a point of sign change (of decreasing type) for f if

f (t) > 0 for t < ϑ , and f (t) < 0 for t > ϑ .

Note that there can exist at most one element ϑ ∈ � which is a point of sign change for f .
Further, if f is continuous at a point ϑ of sign change, then ϑ is the unique zero of f .

Let X be a nonempty set, � be a nondegenerate open interval of R. Let �(X, �) denote the
class of real-valued functions ψ : X × � → R such that, for all x ∈ X, there exist t+, t− ∈ �

such that t+ < t− and ψ(x, t+) > 0 > ψ(x, t−). Roughly speaking, a function ψ ∈ �(X, �)

satisfies the following property: for all x ∈ X, the function t � � �→ ψ(x, t) changes sign (from
positive to negative) on the interval � at least once.

Definition 1.2. We say that a function ψ ∈ �(X, �)
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(i) possesses the property [C] (briefly, ψ is a C-function) if it is continuous in its second
variable, i.e., if, for all x ∈ X, the mapping � � t �→ ψ(x, t) is continuous.

(ii) possesses the property [Tn] (briefly, ψ is a Tn-function) for some n ∈ N if there exists a
mapping ϑn,ψ : Xn → � such that, for all x = (x1, . . . , xn) ∈ Xn and t ∈ �,

ψx(t) :=
n∑

i=1
ψ(xi, t)

{
> 0 if t < ϑn,ψ(x),
< 0 if t > ϑn,ψ(x),

that is, for all x ∈ Xn, the value ϑn,ψ(x) is a point of sign change for the function ψx.
If there is no confusion, instead of ϑn,ψ we simply write ϑn. We may call ϑn,ψ(x) as
a generalized ψ-estimator for some unknown parameter in � based on the realization
x = (x1, . . . , xn) ∈ Xn. If, for each n ∈ N, ψ is a Tn -function, then we say that ψ possesses
the property [T] (briefly, ψ is a T-function).

(iii) possesses the property [Zn] (briefly, ψ is a Zn-function) for some n ∈ N if it is a Tn -
function and

ψx(ϑn,ψ(x)) =
n∑

i=1
ψ(xi, ϑn,ψ(x)) = 0 for all x = (x1, . . . , xn) ∈ Xn.

If, for each n ∈ N, ψ is a Zn -function, then we say that ψ possesses the property [Z]
(briefly, ψ is a Z-function).

(iv) possesses the property [Tλ
n ] for some n ∈ N and λ = (λ1, . . . , λn) ∈ 	n (briefly, ψ is a Tλ

n -
function) if there exists a mapping ϑλ

n,ψ : Xn → � such that, for all x = (x1, . . . , xn) ∈ Xn

and t ∈ �,

ψx,λ(t) :=
n∑

i=1
λiψ(xi, t)

{
> 0 if t < ϑλ

n,ψ(x),
< 0 if t > ϑλ

n,ψ(x),

that is, for all x ∈ Xn, the value ϑλ
n,ψ(x) is a point of sign change for the function ψx,λ.

If there is no confusion, instead of ϑλ
n,ψ we simply write ϑλ

n . We may call ϑλ
n,ψ(x) as

a weighted generalized ψ -estimator for some unknown parameter in � based on the
realization x = (x1, . . . , xn) ∈ Xn and weights (λ1, . . . , λn) ∈ 	n.

Similarly to the property [C] introduced in Definition 1.2, we say that a function ψ ∈
�(X, �) is increasing, continuously differentiable and convex in its second variable, if, for
all x ∈ X, the mapping � � t �→ ψ(x, t) is increasing, continuously differentiable and convex,
respectively. It can be seen that if ψ is continuous in its second variable, and, for some n ∈ N, it
is a Tn-function, then it also a Zn-function. Further, if ψ ∈ �(X, �) is a Tn-function for some
n ∈ N, then ϑn,ψ is symmetric in the sense that ϑn,ψ(x1, . . . , xn) = ϑn,ψ(xπ(1), . . . , xπ(n))

holds for all x1, . . . , xn ∈ X and all permutations (π(1), . . . , π(n)) of (1, . . . , n).
Given properties [P1], . . . , [Pq] introduced in Definition 1.2 (where q ∈ N), the subclass of

�(X, �) consisting of elements possessing the properties [P1], . . . , [Pq] will be denoted by
�[P1, . . . , Pq](X, �).

In Section 4 of Barczy and Páles (2025c) and in Section 3 of Barczy and Páles (2025a),
one can find several examples for (generalized) ψ-estimators that are used in statistics, in
particular, for estimating parameters of notable distributions. To present some new examples
compared to the ones in Barczy and Páles (2025a, 2025c), next, we discuss two particular
(usual) ψ-estimators, the so-called t-score moment estimator and the trimmed moment
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estimator, that are popular in robust statistics. In particular, these two estimators can be well-
applied for estimating parameters of heavy-tailed distributions.

Example 1.3. First, we recall the notion of t-score moment estimators based on Stehlík
et al. (2010, Section 2.1). Let a, b ∈ R be such that a < b, and ξ be an absolutely continuous
random variable such that P(ξ ∈ (a, b)) = 1. Assume that the distribution of ξ depends on an
unknown parameter ϑ ∈ �, where � is a Borel subset ofR. Let fϑ : R → R denote the density
function of ξ . Assume that fϑ is positive and continuously differentiable on (a, b). Further, let
h : (a, b) → R be a continuously differentiable function such that h(x) > 0, x ∈ (a, b). The t-
score (transformation-based score) function of fϑ is defined by Tϑ : (a, b) → R,

Tϑ(x) := 1
fϑ(x)

(
− fϑ

h

)′
(x), x ∈ (a, b).

Given an n ∈ N and independent and identically distributed random variables ξ1, . . . , ξn
such that ξ1 has the same distribution as ξ , the parameter ϑ can be estimated as a solution of
the equation

1
n

n∑
i=1

Tϑ(ξi) = E(Tϑ(ξ1)), ϑ ∈ �,

provided that such a solution exists. Stehlík et al. (2010, Equations (7) and (8)) call this
estimator as the t-score moment estimator of ϑ . Note that the t-score moment estimator is a
particular (usual) ψ-estimator corresponding to the function ψ : (a, b) × � → R defined by
ψ(x, ϑ) := Tϑ(x) − E(Tϑ(ξ1)), x ∈ (a, b), ϑ ∈ �.

For the notion of trimmed moment estimators, see Brazauskas et al. (2009, Section 2.1).
Here we only note that this estimator is also a solution of an appropriate equation in
terms of ϑ ∈ �, so it is also a particular (usual) ψ-estimator, see Brazauskas et al. (2009,
Note 2.1).

Next, we recall some necessary and sufficient conditions for the properties [Tn] and [Tλ
n ]

introduced in Definition 1.2, which were proved in Barczy and Páles (2025c). For all x, y ∈ X
with ϑ1(x) < ϑ1(y), let us introduce the map

(ϑ1(x), ϑ1(y)) � t �→ −ψ(x, t)
ψ(y, t)

. (1.2)

The following result can be found in Barczy and Páles [2025c, parts (iv), (v) and (vi) of
Theorem 1].

Theorem 1.4. Let X be a nonempty set, � be a nondegenerate open interval of R, and ψ ∈
�[T1](X, �).

(i) If ψ ∈ �[Tn](X, �) for infinitely many n ∈ N, then for each x, y ∈ X with ϑ1(x) < ϑ1(y),
the function (1.2) is increasing.

(ii) If ψ ∈ �[Tλ
2 ](X, �) for each λ ∈ 	2, then for each x, y ∈ X with ϑ1(x) < ϑ1(y), the

function (1.2) is strictly increasing.
(iii) If ψ ∈ �[Z1](X, �) and, for each x, y ∈ X with ϑ1(x) < ϑ1(y), the function (1.2) is strictly

increasing, then ψ ∈ �[Tλ
n ](X, �) for each n ∈ N and λ ∈ 	n.

We emphasize that, for ψ ∈ �[T1](X, �), the assertion (iii) of Theorem 1.4 provides a
sufficient condition for the existence and uniqueness of a weighted generalized ψ-estimator.
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In the following statement, under the property [Z1], we recall two equivalent conditions for
the existence and uniqueness of a weighted generalized ψ-estimator due to Barczy and Páles
(2025c, Corollary 1).
Corollary 1.5. Let X be a nonempty set, � be a nondegenerate open interval of R, and ψ ∈
�[Z1](X, �). Then the following assertions are equivalent:

(i) For each x, y ∈ X with ϑ1(x) < ϑ1(y), the function (1.2) is strictly increasing.
(ii) For each λ ∈ 	2, we have ψ ∈ �[Tλ

2 ](X, �).
(iii) For each n ∈ N and λ ∈ 	n, we have ψ ∈ �[Tλ

n ](X, �).

In part (ii) of the next proposition, we provide a sufficient condition (which does not
involve the property [Z1]) under which ψ has the property [Tλ

n ] for each n ∈ N and λ ∈ 	n.
This result can be found in Barczy and Páles (2025c, Proposition 2).
Proposition 1.6. Let X be a nonempty set, � be a nondegenerate open interval of R, and
ψ ∈ �[T1](X, �).

(i) If for each x ∈ X, the function � � t �→ ψ(x, t) is (strictly) decreasing, then for each x, y ∈ X
with ϑ1(x) < ϑ1(y), the function (1.2) is (strictly) increasing.

(ii) If for each x ∈ X, the function � � t �→ ψ(x, t) is strictly decreasing, then ψ ∈ �[Tλ
n ](X, �)

for each n ∈ N and λ ∈ 	n.

The remaining part of the article is divided into two sections. In Section 2, we formulate
and prove a converse of the statement in part (i) of Proposition 2 in Barczy and Páles (2025c)
(see also part (i) of Proposition 1.6). Roughly speaking, given a function ψ ∈ �[Z1](X, �),
under some regularity assumptions on ψ in its second variable and on the map ϑ1, we prove
that the property that the function (1.2) is increasing for all x, y ∈ X with ϑ1(x) < ϑ1(y)
is equivalent to the existence of a positive and locally absolutely continuous function p :
� → R such that, for all z ∈ X, the map � � t �→ p(t)ψ(z, t) is decreasing on � and locally
absolutely continuous on � \ {ϑ1(z)}, see Theorem 2.1. We also demonstrate Theorem 2.1
by investigating the maximum likelihood estimator of the mean of a normally distributed
random variable with a given variance, and that of the shape parameter of a random variable
with Pareto distribution having scale parameter 1, see Examples 2.3 and 2.4, respectively.
Furthermore, we present an application of Theorem 2.1 related to convex optimization theory.
Namely, supposing that we are given a family of minimization problems related to continuous
functions that are strictly decreasing up to a point and strictly increasing from that point
on (such functions belong to the set of quasi-convex functions), we show that there exists a
family of minimization problems related to some appropriate convex functions such that the
unique solutions of the corresponding members of the two family of minimization problems
coincide, see Theorem 2.2. In Section 3, supposing that the underlying measurable space X has
a measurable diagonal, ψ has the property [Z] and another additional assumption on ψ , we
prove that the measurability of a generalized ψ-estimator is equivalent to the measurability of
the corresponding function ψ in its first variable, see Theorem 3.3. For the proof of Theorem
3.3, we needed to show the following property of measurable spaces, which may be interesting
on its own right as well. Given a measurable space (X,X ) with a measurable diagonal (i.e.,
{(x, x) : x ∈ X} belongs to the product sigma-field X × X = X 2), we show that, for each
n ∈ N, the set

{
(x1, . . . , xn) ∈ Xn : x1 = · · · = xn

}
belongs to the n-fold product sigma-algebra

X n, see Lemma 3.2.
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2. Generalized ψ-estimators and the decreasingness of ψ in its second variable

In this section, we investigate how we could formulate and prove a converse of the statement
in part (i) of Proposition 2 in Barczy and Páles (2025c) (see also Proposition 1.6). Before
formulating our result, we recall some notions from real analysis. Given an open set U ⊆ R, we
say that a function h : U → R is locally absolutely continuous if its restriction to any compact
subinterval of U is absolutely continuous. If h : U → R is locally absolutely continuous, then it
is continuous as well. On the other hand, if h : U → R is continuously differentiable, then it is
locally Lipschitz continuous and locally absolutely continuous as well. Recall that if h : U → R

is locally absolutely continuous, then h′ exists almost everywhere on U and, for all x, τ ∈ U
with [x, τ ] ⊆ U or [τ , x] ⊆ U, we have h(x) = h(τ ) + ∫ x

τ
h′(t) dt, which we will refer to as

the Newton–Leibniz formula (see, e.g., Hewitt and Stromberg (1975, Theorems (18.16) and
(18.17)). We note that, in general, the almost everywhere differentiability of h does not imply
the validity of the Newton–Leibniz formula (for example, one can choose h as the Cantor
staircase function on [0, 1], which has zero derivative almost everywhere, and takes the values
0 and 1 at 0 and 1, respectively).

Recall also that, given a nondegenerate open interval � of R, an extended real-valued
function h : � → R is lower semicontinuous at a point t0 ∈ � if, for all y ∈ R with y < h(t0),
there exists a neighborhood U ⊆ � of t0 such that y < h(t) holds for all t ∈ U (equivalently,
lim inf t→t0 h(t) � h(t0)). Similarly, an extended real-valued function h : � → R is upper
semicontinuous at a point t0 ∈ � if for all y ∈ R with y > h(t0), there exists a neighborhood
U ⊆ � of t0 such that y > h(t) for all t ∈ U (equivalently, lim supt→t0 h(t) � h(t0)). A func-
tion h : � → R is called upper (lower) semicontinuous if it is upper (lower) semicontinuous
at every point of �. From the definitions, it readily follows that an extended real-valued lower
(upper) semicontinuous function on � is locally bounded from below (above) on �, i.e., for
every point of � there exists a neighborhood on which the function in question is bounded
below (above). Furthermore, it is also known that an extended real-valued lower (upper)
semicontinuous function on � is Borel measurable. One can easily check that a function
h : � → R is continuous if and only if it is lower and upper semicontinuous.

Our forthcoming result is motivated by Daróczy and Páles (1982) and Páles (1988).

Theorem 2.1. Let X be a nonempty set, � be a nondegenerate open interval of R, and ψ ∈
�[Z1](X, �). Assume that, for all z ∈ X, the map � \ {ϑ1(z)} � t �→ ψ(z, t) is continuously
differentiable and, for all t ∈ �, there exist x, y ∈ X such that ϑ1(x) < t < ϑ1(y). Then the
following two assertions are equivalent:

(i) For all x, y ∈ X with ϑ1(x) < ϑ1(y), the map (1.2) is increasing.
(ii) There exists a positive and locally absolutely continuous function p : � → R such that, for

all z ∈ X, the map
� � t �→ p(t)ψ(z, t) (2.1)

is decreasing on � and locally absolutely continuous on � \ {ϑ1(z)}.

Proof. First, assume that assertion (i) holds. Then, for all x, y ∈ X with ϑ1(x) < ϑ1(y), the
increasingness and the differentiability of the map (1.2) imply that, for all t ∈ (ϑ1(x), ϑ1(y)),
we have

d
dt

(
−ψ(x, t)

ψ(y, t)

)
= −∂2ψ(x, t) · ψ(y, t) − ψ(x, t) · ∂2ψ(y, t)

(ψ(y, t))2 � 0,
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which yields that

∂2ψ(x, t) · ψ(y, t) � ∂2ψ(y, t) · ψ(x, t).

Therefore, for all t ∈ � and x, y ∈ X with ϑ1(x) < t < ϑ1(y), we have ψ(x, t) < 0 and ψ(y, t) >

0, and hence
∂2ψ(y, t)
ψ(y, t)

� ∂2ψ(x, t)
ψ(x, t)

. (2.2)

Define q∗ : � → R and q∗ : � → R by

q∗(t) := sup
{

∂2ψ(y, t)
ψ(y, t)

∣∣∣∣ y ∈ X, t < ϑ1(y)
}

,

q∗(t) := inf
{

∂2ψ(x, t)
ψ(x, t)

∣∣∣∣ x ∈ X, ϑ1(x) < t
}

(2.3)

for t ∈ �. In view of the assumptions of the theorem, we can see that q∗(t) > −∞ and
q∗(t) < ∞ for all t ∈ �. Since the (pointwise) supremum of an arbitrary family of lower
semicontinuous functions is also lower semicontinuous, the (pointwise) infimum of an
arbitrary family of upper semicontinuous functions is also upper semicontinuous, and, by
the assumptions, for all z ∈ X, the map � \ {ϑ1(z)} � t �→ ∂2ψ(z,t)

ψ(z,t) is continuous (and hence
lower and upper semicontinuous), we can see that q∗ is a lower semicontinuous function on �

and q∗ is upper semicontinuous on �. Consequently, q∗ and q∗ are also measurable. It follows
from these properties that q∗ is locally bounded from below on �, and q∗ is locally bounded
from above on �. Furthermore, by the definitions of these functions and due to the inequality
(2.2), for all t ∈ � and x, y ∈ X with ϑ1(x) < t < ϑ1(y), we get

∂2ψ(y, t)
ψ(y, t)

� q∗(t) � q∗(t) � ∂2ψ(x, t)
ψ(x, t)

. (2.4)

Therefore, using the assumption that, for all t ∈ �, there exist x, y ∈ X such that ϑ1(x) < t <

ϑ1(y), we have both functions q∗ and q∗ are finite valued, moreover locally bounded on �.
Consequently, q∗ is bounded on every compact subinterval of �, and, using that a bounded
and Borel measurable function defined on a Borel measurable set of R having finite Lebesgue
measure is Lebesgue integrable, we get that q∗ is Lebesgue integrable on every compact
subinterval of �. Therefore, by the fundamental theorem of Lebesgue integral calculus, for
all τ ∈ �, the map � � t �→ ∫ t

τ
q∗(s) ds ∈ R is locally absolutely continuous.

Fix τ ∈ � and define p : � → R++ by

p(t) := exp
(

−
∫ t

τ

q∗(s) ds
)

, t ∈ �. (2.5)

Then p is locally absolutely continuous (in particular, it is continuous), because it is known
that the composition of a locally Lipschitz continuous function (in our case the exponential
function) and a locally absolutely continuous function is locally absolutely continuous.
Consequently, p is differentiable almost everywhere on �, and p′(t) = −p(t)q∗(t) for a.e.
t ∈ �. Using (2.4), we have that

−p′(t)
p(t)

= q∗(t) � q∗(t), a.e. t ∈ �. (2.6)
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Let �ψ denote the set of those points t ∈ �, where the above equality and inequality hold.
Then we have that the Lebesgue measure of � \ �ψ is zero. By the definitions of q∗ and q∗,
for all t ∈ �ψ and x, y ∈ X with ϑ1(x) < t < ϑ1(y), the inequalities (2.4) and (2.6) yield that

∂2ψ(y, t)
ψ(y, t)

� −p′(t)
p(t)

� ∂2ψ(x, t)
ψ(x, t)

. (2.7)

Let z ∈ X be fixed arbitrarily and let t ∈ �ψ . If ϑ1(z) < t, then ψ(z, t) < 0 and, with x := z,
the right hand side of the inequality (2.7) implies that

d
ds

(
p(s)ψ(z, s)

)∣∣∣∣
s=t

= p′(t)ψ(z, t) + p(t)∂2ψ(z, t) � 0. (2.8)

If t < ϑ1(z), then ψ(z, t) > 0 and, with y := z, the left hand side of the inequality (2.7)
yields that (2.8) is also valid.

All in all, we have verified that, for all z ∈ X, the map (2.1) is differentiable at the points of
the set �ψ \ {ϑ1(z)} with a nonpositive derivative and the Lebesgue measure of � \ (�ψ \
{ϑ1(z)}) is zero. On the other hand, for all z ∈ X, the map (2.1) is also locally absolutely
continuous on � \ {ϑ1(z)}, since it is the product of two locally absolutely continuous
functions (the local absolute continuity of �\{ϑ1(z)} � t �→ ψ(z, t) follows from its contin-
uous differentiability). Therefore (as a consequence of the Newton–Leibniz formula) we can
obtain that, for all z ∈ X, the map (2.1) is decreasing and positive on � ∩ (−∞, ϑ1(z)), and
decreasing and negative on � ∩ (ϑ1(z), ∞). Indeed, if z ∈ X and t1, t2 ∈ � ∩ (−∞, ϑ1(z))
with t1 < t2 or t1, t2 ∈ � ∩ (ϑ1(z), ∞) with t1 < t2, then we have

p(t2)ψ(z, t2) = p(t1)ψ(z, t1) +
∫ t2

t1

d
dt

(
p(t)ψ(z, t)

)
dt

= p(t1)ψ(z, t1) +
∫

(t1,t2)∩(�ψ\{ϑ1(z)})
d
dt

(
p(t)ψ(z, t)

)
dt � p(t1)ψ(z, t1),

as desired. Since p(t) > 0, t ∈ �, by the definition of ϑ1(z), we have p(t)ψ(z, t) > 0 if t ∈ � ∩
(−∞, ϑ1(z)), and p(t)ψ(z, t) < 0 if t ∈ � ∩ (ϑ1(z), ∞). By the assumption ψ(z, ϑ1(z)) = 0,
z ∈ X, the map (2.1) equals 0 at t = ϑ1(z), and therefore it is decreasing on the entire interval
�. Furthermore, it is easy to see that, for all z ∈ X, the map (2.1) is locally absolutely continu-
ous on � \ {ϑ1(z)}, because it is the product of the locally absolutely continuous function
p : � → R and the map t �→ ψ(z, t), which, by assumption, is continuously differentiable
and hence locally absolutely continuous on � \ {ϑ1(z)}. We note that, in general, it can
happen that the map (2.1) is not continuous at ϑ1(z). We finished the proof of the implication
(i) =⇒ (ii).

Next, we assume that assertion (ii) holds, that is, assume that there exists a positive and
locally absolutely continuous function p : � → R such that, for all z ∈ X, the map (2.1) is
decreasing. Let x, y ∈ X with ϑ1(x) < ϑ1(y). Then, for all t, s ∈ � with ϑ1(x) < t < s < ϑ1(y),
we have that

p(t)ψ(x, t) � p(s)ψ(x, s) and p(t)ψ(y, t) � p(s)ψ(y, s).

Using that ψ is a Z1-function, we have ψ(x, s) < 0 < ψ(y, s) and this together with p(t) > 0
yields that

ψ(x, t)
ψ(x, s)

� p(s)
p(t)

� ψ(y, t)
ψ(y, s)

.
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Hence
ψ(x, t)
ψ(x, s)

� ψ(y, t)
ψ(y, s)

,

which together with ψ(y, t) > 0 implies

−ψ(x, t)
ψ(y, t)

� −ψ(x, s)
ψ(y, s)

.

This inequality shows that the map (1.2) is increasing, as desired.
Finally, we note that while proving the implication (ii) =⇒ (i), we did not use the assump-

tions that p was locally absolutely continuous and that, for all z ∈ X, the map � \ {ϑ1(z)} �
t �→ ψ(z, t) was continuously differentiable. We also point out the fact that the continuity of
the map � \ {ϑ1(z)} � t �→ ∂2ψ(z, t) is extensively used proving the implication (i) =⇒ (ii),
for example, when we derive that � \ {ϑ1(z)} � t �→ ψ(z, t) is locally absolutely continuous.

Concerning the verifiability of the conditions of Theorem 2.1, we mention that, if a
function ψ is given, then, in many examples, it is easy to check its Z1-property and one can
explicitly determine ϑ1, therefore, by methods in calculus, one can also check that whether
the map � \ {ϑ1(z)} � t �→ ψ(z, t) is continuously differentiable or not. The condition that,
for all t ∈ �, there exist x, y ∈ X such that ϑ1(x) < t < ϑ1(y), is also verifiable provided that
we have an expression for ϑ1 in our hands.

Next, we interpret Theorem 2.1 from a convex optimization theoretical point of view.
Namely, supposing that we are given a family of minimization problems related to continuous
functions that are strictly decreasing up to a point and strictly increasing from that point on
(such functions belong to the set of quasi-convex functions), we show that there exists a family
of minimization problems related to some appropriate convex functions such that the unique
solutions of the corresponding members of the two family of minimization problems coincide.

Theorem 2.2. Let X be a nonempty set, � be a nondegenerate open interval of R, and � :
X × � → R be a function. Assume that, for all z ∈ X, the map � � t �→ �(z, t) is continuously
differentiable and the function ψ : X × � → R defined by

ψ(z, t) := −∂2�(z, t) z ∈ X, t ∈ �,
belongs to �[T, Z1](X, �). In addition, suppose that

(a) for all t ∈ �, there exist x, y ∈ X such that ϑ1(x) < t < ϑ1(y),
(b) for all z ∈ X, the map � \ {ϑ1(z)} � t �→ �(z, t) is twice continuously differentiable.

Then there exists a function �∗ : X × � → R such that

(i) for all z ∈ X, the map � � t �→ �∗(z, t) is convex and continuously differentiable,
(ii) for all n ∈ N and x1, . . . , xn ∈ X,

{ϑn(x1, . . . , xn)} = arg min
t∈�

n∑
i=1

�(xi, t) = arg min
t∈�

n∑
i=1

�∗(xi, t),

that is, ϑn(x1, . . . , xn) is the common unique (global) minimum point in � for the two maps
� � t �→ ∑n

i=1 �(xi, t) and � � t �→ ∑n
i=1 �∗(xi, t).

Proof. By the assumption (b), for all z ∈ X, the map � \ {ϑ1(z)} � t �→ ψ(z, t) is continuously
differentiable. According to part (i) of Theorem 1.4, for all x, y ∈ X with ϑ1(x) < ϑ1(y), the
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map (1.2) is increasing. Thus, taking into account assumption (a) as well, we are in the position
to apply Theorem 2.1. Therefore, there exists a positive and locally absolutely continuous
function p : � → R such that, for all z ∈ X, the map (2.1) is decreasing on � and locally
absolutely continuous on � \ {ϑ1(z)}. Define �∗ : X × � → R by

�∗(z, t) := −
∫ t

ϑ1(z)
p(s)ψ(z, s) ds =

∫ t

ϑ1(z)
p(s)∂2�(z, s) ds, z ∈ X, t ∈ �.

By the continuous differentiability of � in its second variable, it follows that ψ is continuous
in its second variable. Using also the continuity of p, it follows that �∗ is continuously
differentiable in its second variable and

∂2�
∗(z, t) = −p(t)ψ(z, t), z ∈ X, t ∈ �. (2.9)

Applying the decreasingness of the map (2.1) on �, we can see that ∂2�
∗ is increasing on �

in its second variable. Consequently, �∗ is convex on � in its second variable. This proves
assertion (i).

To see that assertion (ii) is valid, let n ∈ N and x1, . . . , xn ∈ X be fixed. The derivative of
the map � � t �→ ∑n

i=1 �(xi, t) has the following form

� � t �→
n∑

i=1
∂2�(xi, t) = −

n∑
i=1

ψ(xi, t).

By the property [Tn] of ψ , we have
n∑

i=1
ψ(xi, t)

{
> 0 if t < ϑn(x1, . . . , xn),
< 0 if t > ϑn(x1, . . . , xn),

t ∈ �. (2.10)

Therefore,

� � t �→
n∑

i=1
∂2�(xi, t)

{
< 0 if t < ϑn(x1, . . . , xn),
> 0 if t > ϑn(x1, . . . , xn),

t ∈ �,

which shows that the continuous map � � t �→ ∑n
i=1 �(xi, t) is strictly decreasing on � ∩

(−∞, ϑn(x1, . . . , xn)) and strictly increasing on � ∩ (ϑn(x1, . . . , xn), ∞). This yields that

arg min
t∈�

n∑
i=1

�(xi, t) = {ϑn(x1, . . . , xn)}.

On the other hand, using (2.9), the derivative of the map � � t �→ ∑n
i=1 �∗(xi, t) takes the

form

� � t �→
n∑

i=1
∂2�

∗(xi, t) = −
n∑

i=1
p(t)ψ(xi, t).

Applying (2.10) and the positivity of p, it follows that

� � t �→
n∑

i=1
∂2�

∗(xi, t)

{
< 0 if t < ϑn(x1, . . . , xn),
> 0 if t > ϑn(x1, . . . , xn),

t ∈ �.

As above, this implies that

arg min
t∈�

n∑
i=1

�∗(xi, t) = {ϑn(x1, . . . , xn)}.
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Thus, we have completed the proof of assertion (ii).

Concerning the verifiability of the conditions of Theorem 2.2, we mention that, given a
function �, the continuously differentiability of the map � � t �→ �(z, t) can be checked in a
standard manner. Then one can calculate ψ(z, t) := −∂2�(z, t), z ∈ X, t ∈ �. The condition
that ψ ∈ �[Z1](X, �) is verifiable, one just has to solve the equation ∂2�(z, t) = 0 in terms
of t ∈ �, where z ∈ X is fixed. By this procedure, one can also get an expression for the
function ϑ1. The conditions (a) and (b) of Theorem 2.2 can be checked by common methods
of calculus. The most difficult task could be verifying the condition that ψ ∈ �[T](X, �).
In many examples, see Section 4 of Barczy and Páles (2025c) and Section 3 of Barczy and
Páles (2025a), we presented (generalized) ψ-estimators, where one can check this condition
and explicitly calculate the function ϑn as well. See also Examples 2.3 and 2.4 of the present
article.

Next, we demonstrate Theorem 2.1 and the construction of the function p introduced
in (2.5) (detailed in the proof of Theorem 2.1) by giving two examples from the theory of
maximum likelihood estimation.

Example 2.3. Let ξ be a normally distributed random variable with mean m ∈ R and with
variance σ 2, where σ > 0. Let n ∈ N and x1, . . . , xn ∈ R be a realization of a sample of size n for
ξ . Assume that m is known. Then there exists a unique maximum likelihood estimator (MLE)
of σ 2 based on x1, . . . , xn ∈ R, and it takes the form σ̂ 2

n := 1
n

∑n
i=1(xi − m)2. In the second

part of Example 9 in Barczy and Páles (2025c), we have shown the existence and uniqueness
of a solution of the corresponding likelihood equation using Theorem 1 in Barczy and Páles
(2025c). It turned out that one can choose X = R, � = (0, ∞), and ψ : R × (0, ∞) → R,

ψ(x, σ 2) = 1
2(σ 2)2

(
(x − m)2 − σ 2) , x ∈ R, σ 2 > 0.

Hence ψ is a T1-function with ϑ1(x) := (x − m)2, x ∈ R, ψ(x, ϑ1(x)) = 0, x ∈ R, yielding
that ψ is a Z1-function, for all σ 2 ∈ (0, ∞), there exist x, y ∈ R such that ϑ1(x) = (x − m)2 <

σ 2 < (y − m)2 = ϑ1(y), and ψ is continuously differentiable in its second variable. Further,
for all x, y ∈ R with ϑ1(x) < ϑ1(y), i.e., (x − m)2 < (y − m)2, we get that the function (1.2)
takes the form(

(x − m)2, (y − m)2) � σ 2 �→ −ψ(x, σ 2)

ψ(y, σ 2)
= −1 + (y − m)2 − (x − m)2

(y − m)2 − σ 2 ,

which is strictly increasing. In what follows, we determine the functions q∗, q∗ and p
introduced in (2.3) and (2.5), respectively. Since

∂2ψ(x, σ 2) = (σ 2)2 − 2σ 2(x − m)2

2(σ 2)4 = σ 2 − 2(x − m)2

2(σ 2)3 , x ∈ R, σ 2 > 0,

we have
∂2ψ(x, σ 2)

ψ(x, σ 2)
= σ 2 − 2(x − m)2

σ 2((x − m)2 − σ 2)
= − 2

σ 2 − 1
(x − m)2 − σ 2

for x ∈ R and σ 2 > 0 satisfying σ 2 �= (x − m)2. Consequently, for all σ 2 > 0, we get

q∗(σ 2) = sup
{

∂2ψ(y, σ 2)

ψ(y, σ 2)

∣∣∣∣ y ∈ R, σ 2 < (y − m)2
}
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= sup
{

− 2
σ 2 − 1

z − σ 2

∣∣∣∣ z ∈ R, σ 2 < z
}

= sup
(

− ∞, − 2
σ 2

)
= − 2

σ 2 ,

and

q∗(σ 2) = inf
{

∂2ψ(x, σ 2)

ψ(x, σ 2)

∣∣∣∣ x ∈ R, (x − m)2 < σ 2
}

= inf
{

− 2
σ 2 − 1

z − σ 2

∣∣∣∣ z ∈ R, z < σ 2
}

= inf
(

− 2
σ 2 , ∞

)
= − 2

σ 2 .

Hence, in this case, q∗ = q∗, and q∗ : (0, ∞) → R, q∗(s) = − 2
s , s > 0. Further, for an

arbitrarily fixed σ 2
0 ∈ R++, the function p : (0, ∞) → R++ introduced in (2.5) takes the form

p(σ 2) = exp
(

−
∫ σ 2

σ 2
0

q∗(s) ds
)

= exp
(∫ σ 2

σ 2
0

2
s

ds
)

= exp
(
2(ln(σ 2) − ln(σ 2

0 ))
) =

(
σ 2

σ 2
0

)2

for σ 2 > 0. Hence, we can see that p is positive, locally absolutely continuous, and, for all x ∈
R, the map (0, ∞) � σ 2 �→ p(σ 2)ψ(x, σ 2) = 1

2(σ 2
0 )2 ((x − m)2 − σ 2) is (strictly) decreasing,

which is in accordance with Theorem 2.1.

Example 2.4. Let ξ be a random variable having Pareto distribution with scale parameter 1
and shape parameter α > 0, i.e., ξ has a density function

fξ (x) :=
{

αx−(α+1) if x > 1,
0 if x � 1.

First, we will establish the existence and uniqueness of a solution of the likelihood equation
for α using Theorem 1 and Proposition 2 in Barczy and Páles (2025c). In the considered case,
using the setup given before Example 9 in Barczy and Páles (2025c), we have � := (0, ∞) and
f : R × (0, ∞) → R,

f (x, α) :=
{

αx−(α+1) if x > 1, α > 0,
0 otherwise,

and consequently, Xf = (1, ∞). Then ψ : (1, ∞) × (0, ∞) → R,

ψ(x, α)=∂2
(

ln(f (x, α))
)=∂2 (ln(α)−(α+1) ln(x))= 1

α
−ln(x), x ∈ (1, ∞), α ∈ (0, ∞).

Then ψ is continuously differentiable in its second variable, and ψ is a Z1-function with
ϑ1(x) = 1/ ln(x), x ∈ (1, ∞), yielding that, for all α ∈ (0, ∞), there exist x, y ∈ (1, ∞) such
that

ϑ1(x) = 1
ln(x)

< α <
1

ln(y)
= ϑ1(y).

This, together with the fact that ψ is strictly decreasing and continuous in its second variable,
yields that ψ is a Z-function, see Proposition 2 in Barczy and Páles (2025c). Further, for all
n ∈ N and x1, . . . , xn ∈ (1, ∞), the likelihood equation for α takes the form

n∑
i=1

ψ(xi, α) = n
α

−
n∑

i=1
ln(xi) = 0, α > 0,
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which has a unique solution

ϑn(x1, . . . , xn) = 1
1
n

∑n
i=1 ln(xi)

.

We call the attention that, in the present example, for all x ∈ (1, ∞), the function (0, ∞) �
α �→ ψ(x, α) = 1

α
− ln(x) is (strictly) decreasing and continuously differentiable (and, hence,

locally absolutely continuous). Consequently, the function (2.1) in part (ii) of Theorem 2.1
is decreasing and continuously differentiable (and, hence, locally absolutely continuous) for
any choice of p(t) := c, t ∈ (0, ∞), where c is arbitrary positive constant. Nonetheless, in what
follows, we determine the functions q∗, q∗ and p introduced in (2.3) and (2.5), respectively,
in order to demonstrate Theorem 2.1.

For all x, y ∈ (1, ∞) with ϑ1(x) < ϑ1(y), i.e., y < x, we get that the function (1.2) takes the
form (

1
ln(x)

,
1

ln(y)

)
� α �→ −ψ(x, α)

ψ(y, α)
= −1 − α ln(x)

1 − α ln(y)
= −1 + ln(x) − ln(y)

1
α

− ln(y)
,

which is strictly increasing. Since

∂2ψ(x, α) = − 1
α2 , x > 1, α > 0,

we have

∂2ψ(x, α)

ψ(x, α)
= − 1

α2

1
α

− ln(x)
= − 1

α − α2 ln(x)
, x > 1, α > 0.

Consequently, for all α > 0, we get

q∗(α) = sup
{

− 1
α − α2 ln(y)

∣∣∣∣ y > 1, α <
1

ln(y)

}
= sup

{
− 1

α − α2 ln(y)

∣∣∣∣ y ∈ (
1, e

1
α
)} = sup

(
− ∞, − 1

α

)
= − 1

α
,

and

q∗(α) = inf
{

− 1
α − α2 ln(x)

∣∣∣∣ x > 1,
1

ln(x)
< α

}
= inf

{
− 1

α − α2 ln(x)

∣∣∣∣ x > e
1
α

}
= inf

(
0, ∞) = 0.

Hence, in this case, q∗ < q∗, and q∗ : (0, ∞) → R, q∗(s) = − 1
s , s > 0. Further, for an arbitrar-

ily fixed α0 > 0, the function p : (0, ∞) → R++ introduced in (2.5) takes the form

p(α) = exp
(

−
∫ α

α0

q∗(s) ds
)

= exp
( ∫ α

α0

1
s

ds
)

= exp
(

ln(α) − ln(α0)
) = α

α0
, α > 0.

Therefore, we can see that p is positive, locally absolutely continuous, and, for all x > 1, the
map (0, ∞) � α �→ p(α)ψ(x, α) = α

α0

( 1
α

− ln(x)
) = 1

α0
(1 − α ln(x)) is (strictly) decreasing,

which is in accordance with Theorem 2.1.
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3. Measurability of generalized ψ-estimators

In Barczy and Páles (2025c, Proposition 1), we proved that if (X,X ) is a measurable space, n ∈
N, ψ ∈ �[Zn](X, �), and ψ is measurable in its first variable (i.e., for all ϑ ∈ �, the mapping
X � x �→ �(x, ϑ) is measurable), then ϑn,ψ : Xn → � is measurable with respect to the n-
fold product sigma-algebra X n and the Borel sigma-algebra on �. We are going to prove
that, under some additional assumptions on X and ψ , a converse of this statement holds as
well. These results are important from theoretical point of view in the sense that, roughly
speaking, together they state that the measurability of a generalized ψ-estimator is equivalent
to the measurability of the corresponding function ψ in its first variable provided that the
underlying measurable space X has a measurable diagonal, ψ has the property [Z] and fulfills
another additional assumption.

First, we recall some notions and results on measurable spaces, which will play an impor-
tant role in our proof. A measurable space (X,X ) is said to have a measurable diagonal if the
set {(x1, x2) ∈ X × X : x1 = x2} belongs to the 2-fold product sigma-algebra X 2 := X ⊗ X .
We say that a family E of subsets of a nonempty set X separates the points of X if for all
two distinct points x, y ∈ X, there exists a set E ∈ E such that either x ∈ E and y /∈ E or y ∈ E
and x /∈ E. We say that a sigma-algebra X on X is countably separated if there exists an at
most countable family E of X which separates the points of X. We say that a sigma-algebra
on X is countably generated (or separable) if there exists an at most countable family E of
X , which generates X . For example, the Borel sigma-algebra of a separable metric space is
always countably separated and countably generated. Indeed, a separable metric space has a
countable dense subset and one can take E to be the family of open balls around the points
of this dense subset with rational radii. Given a measurable space (X,X ) and a non-empty
subset A of X, by the trace of X on A, we mean the family {B ∩ A : B ∈ X }.

For the following result on measurable spaces with measurable diagonals, see Bogachev
(2007, Theorem 6.5.7).

Theorem 3.1. Let (X,X ) be a measurable space. The following statements are equivalent:

(i) X is a countably separated sigma-algebra,
(ii) there exists an injective measurable function f : X → [0, 1],
(iii) (X,X ) has a measurable diagonal, i.e., {(x, x) : x ∈ X} ∈ X ⊗ X ,
(iv) there exists a separable sigma-algebra X0 such that X0 ⊂ X and all the singletons {x},

x ∈ X, belong to X0.

Next, we formulate a consequence of Theorem 6.5.7 in Bogachev (2007).

Lemma 3.2. Let (X,X ) be a measurable space such that there is a countable subset of X , which
separates the points of X (equivalently, (X,X ) has a measurable diagonal, see Theorem 3.1).
Then, for each n ∈ N, the set {

(x1, . . . , xn) ∈ Xn : x1 = · · · = xn
}

is in the n-fold product sigma-algebra X n.

Proof. For each n ∈ N, let us introduce the notation

Diagn X :=
{
(x, . . . , x︸ ︷︷ ︸

n

) : x ∈ X
}

. (3.1)
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For n = 2, the statement follows from the equivalence of (i) and (iii) of Theorem 6.5.7 in
Bogachev (2007) (see also Theorem 3.1). For each n ∈ N, n � 3, we have that

Diagn X =
n−1⋂
i=1

{
(x1, . . . , xn) ∈ Xn : xi = xi+1

}
(3.2)

= (
(Diag2 X) × Xn−2) ∩

( n−2⋂
i=2

Xi−1 × (Diag2 X) × Xn−i−1
)

∩ (
Xn−2 × (Diag2 X)

)
.

By the equivalence of (i) and (iii) of Theorem 6.5.7 in Bogachev (2007), we have that
Diag2 X belongs to the 2-fold product sigma algebra X 2. Using that the n-fold product sigma-
algebra X n is generated by the family of all the sets A1 × · · · × An with Ai ∈ X , i ∈ {1, . . . , n},
by Klenke (2020, part (i) of Theorem 14.12), we have that
X 2 ⊗ X n−2 ⊆ X n, X i−1 ⊗ X 2 ⊗ X n−i−1 ⊆ X n, i ∈ {2, . . . , n − 2}, X n−2 ⊗ X 2 ⊆ X n.

Since
(Diag2 X) × Xn−2 ∈ X 2 ⊗ X n−2 ⊆ X n,

Xi−1 × (Diag2 X) × Xn−i−1 ∈ X i−1 ⊗ X 2 ⊗ X n−i−1 ⊆ X n, i ∈ {2, . . . , n − 2},
Xn−2 × (Diag2 X) ∈ X n−2 ⊗ X 2 ⊆ X n,

using (3.2), we arrive at Diagn X ∈ X n, as desired.

Theorem 3.3. Let (X,X ) be a measurable space such that there is a countable subset of X ,
which separates the points of X (equivalently, (X,X ) has a measurable diagonal, see Theorem
3.1). Let ψ ∈ �[Z](X, �) be such that, for all r ∈ �, the function X � y �→ ψ(y, r) takes positive
and negative values as well. Suppose that, for each n ∈ N, the map ϑn,ψ : Xn → � is measurable
with respect to the n-fold product sigma-algebra X n and the Borel sigma-algebra on �. Then ψ

is measurable in its first variable.

Proof. For each n ∈ N, let us furnish the set Diagn X (introduced in (3.1)) with the sigma-
algebraSn := X n ∩ Diagn X, i.e.,Sn is the trace ofX n on Diagn X. ThenSn is indeed a sigma-
algebra on Diagn X, since Diagn X ∈ Sn; Sn is closed under the set-theoretic complement due
to the fact that A \ (B ∩ A) = (A \ B) ∩ A for any sets A and B; andSn is trivially closed under
countable unions. Consequently, (Diagn X,Sn) is a measurable space for each n ∈ N.

For each n ∈ N, let the projection πn : Diagn X → X be given by
πn(x, . . . , x︸ ︷︷ ︸

n

) := x, x ∈ X.

Then πn is a bijection between Diagn X and X. We are going show that πn and its inverse
π−1

n are measurable, i.e., πn is bimeasurable. For all A ∈ X , we have that

π−1
n (A) =

{
(x, . . . , x︸ ︷︷ ︸

n

) ∈ Diagn X : πn(x, . . . , x︸ ︷︷ ︸
n

) ∈ A
}

=
{
(x, . . . , x︸ ︷︷ ︸

n

) ∈ Diagn X : x ∈ A
}

= An ∩ Diagn X ∈ X n ∩ Diagn X = Sn.
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Therefore, for each n ∈ N, πn is measurable. To prove that π−1
n is measurable, we need to

show that (π−1
n )−1(B) = πn(B) ∈ X for all B ∈ Sn. Using that the trace of a sigma-algebra

generated by a family of subsets (generating system) on a nonempty subset coincides with the
generated sigma-algebra of the trace of the generating system on the given nonempty subset
(see, e.g., Klenke (2020, Corollary 1.83)), we have that the family{

(A1 × · · · × An) ∩ Diagn X | A1, . . . , An ∈ X
}

forms a generating system of the sigma-algebraSn. Consequently, to show the measurability of
π−1

n , it is enough to check that πn((A1 × · · · × An) ∩ Diagn X) ∈ X (see, e.g., Klenke (2020,
Theorem 1.81)). For all A1, . . . , An ∈ X , we have that

πn((A1×· · ·×An) ∩ Diagn X)={x ∈ X | (x, . . . , x) ∈ A1×· · ·×An}=A1 ∩ · · · ∩ An ∈ X .

This proves that π−1
n is measurable, henceforth, πn is bimeasurable.

For each k, m ∈ N, let us introduce the projection πk ⊗ πm : Diagk X × Diagm X → X2,

(πk ⊗ πm)(u, v) := (πk(u), πm(v)), (u, v) ∈ Diagk X × Diagm X.

We check that, for each k, m ∈ N, πk ⊗ πm is a bimeasurable bijection with respect to the
sigma-algebrasSk ⊗ Sm andX 2. To show the measurability of πk ⊗ πm, it is enough to check
that

(πk ⊗ πm)−1(A1 × A2) ∈ Sk ⊗ Sm, A1, A2 ∈ X .

Since

(πk ⊗ πm)−1(A1 × A2) =
{
(u, v) ∈ Diagk X × Diagm X : (πk ⊗ πm)(u, v) ∈ A1 × A2

}
=

{
(u, v) ∈ Diagk X × Diagm X : πk(u) ∈ A1, πm(v) ∈ A2

}
=

{
u ∈ Diagk X : πk(u) ∈ A1

}
×

{
v ∈ Diagm X : πm(v) ∈ A2

}
= π−1

k (A1) × π−1
m (A2) ∈ Sk ⊗ Sm,

where, at the last step, we used that πn is a measurable bijection for each n ∈ N. To show the
measurability of (πk ⊗ πm)−1, it is enough to check that

((πk ⊗ πm)−1)−1(B1 × B2) = (πk ⊗ πm)(B1 × B2) ∈ X 2, B1 ∈ Sk, B2 ∈ Sm.

Since

(πk ⊗ πm)(B1 × B2) =
{
(πk ⊗ πm)(u, v) : u ∈ B1, v ∈ B2

}
=

{
(πk(u), πm(v)) : u ∈ B1, v ∈ B2

}
=

{
πk(u) : u ∈ B1

}
×

{
πm(v) : v ∈ B2

}
= πk(B1) × πm(B2) ∈ X ⊗ X = X 2,

where, at the last step, we used that π−1
n is a measurable bijection for each n ∈ N.

For any function ψ ∈ �(X, �) having the property [T] and for all r ∈ � and n ∈ N, it holds
that

ϑ−1
n,ψ((−∞, r)) = {

(x1, . . . , xn) ∈ Xn : ϑn,ψ(x1, . . . , xn) < r
}

⊆ {
(x1, . . . , xn) ∈ Xn : ψ(x1, r) + · · · + ψ(xn, r) < 0

}
. (3.3)
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Using that the function ψ has the property [Z] as well, the reverse inclusion in (3.3) holds as
well, i.e., the inclusion in (3.3) is in fact an equality. This, together with the assumption that
the mapping ϑn,ψ : Xn → � is measurable, yields that

{(x1, . . . , xn) ∈ Xn : ψ(x1, r) + · · · + ψ(xn, r) < 0} = ϑ−1
n,ψ((−∞, r)) ∈ X n (3.4)

for all r ∈ � and n ∈ N.
Using that there is a countable subset of X that separates the points of X, by Lemma 3.2,

we also have Diagn X ∈ X n for each n ∈ N. Hence, for each k, m ∈ N, the set{
(x1, . . . , xk+m) ∈ Xk+m : x1 = · · · = xk, xk+1 = · · · = xk+m

}
= {

(x1, . . . , xk+m)∈Xk+m : x1= · · · =xk
}∩{

(x1, . . . , xk+m)∈Xk+m : xk+1= · · · = xk+m
}

= (
(Diagk X) × Xm) ∩ (

Xk × (Diagm X)
) = (Diagk X) × (Diagm X)

belongs to X k ⊗ Xm = X k+m (this equality follows, e.g., from part (i) of Theorem 14.12 in
Klenke (2020), namely, X k+m is generated by the sets of the form A × B, where A ∈ X k and
B ∈ Xm). As a consequence, using (3.4) and that a sigma-algebra is closed under intersection,
for each k, m ∈ N and r ∈ �, we have that the set

Sk,m,r := {
(x1, . . . , xk+m) ∈ Xk+m : ψ(x1, r) + · · · + ψ(xk+m, r) < 0

}
∩ (

(Diagk X) × (Diagm X)
)

= {
(x1, . . . , xk+m) ∈ Xk+m : x1 = · · · = xk, xk+1 = · · · = xk+m,
ψ(x1, r) + · · · + ψ(xk+m, r) < 0

}
= {

(x1, . . . , xk+m) ∈ Xk+m : x1 = · · · = xk, xk+1 = · · · = xk+m,
kψ(x1, r) + mψ(xk+1, r) < 0

}
belongs to X k+m. Note also that Sk,m,r ⊆ (Diagk X) × (Diagm X) ⊆ Xk × Xm. Therefore, we
obtain that

Sk,m,r ∈ (X k ⊗ Xm) ∩ ((Diagk X) × (Diagm X)) = Sk ⊗ Sm,

where at the equality we used again that the trace of a sigma-algebra generated by a family of
subsets (generating system) on a nonempty subset coincides with the generated sigma-algebra
of the trace of the generating system on the given nonempty subset (see, e.g., Klenke (2020,
Corollary 1.83)).

Note that, for all r ∈ � and for each k, m ∈ N, we have that{
(x, y) ∈ X2 : ψ(x, r) + m

k
ψ(y, r) < 0

}
= {(x, y) ∈ X2 : kψ(x, r) + mψ(y, r) < 0}
= (πk ⊗ πm)(Sk,m,r).

Since Sk,m,r ∈ Sk ⊗ Sm and πk ⊗ πm is a bimeasurable bijection, we have that (πk ⊗
πm)(Sk,m,r) ∈ X 2. Consequently (replacing m

k by λ), for all r ∈ � and all rational numbers
λ > 0, we get {

(x, y) ∈ X2 : ψ(x, r) < −λψ(y, r)
} ∈ X 2.

Therefore, using that the sections of a X 2-measurable set are X -measurable sets (see, e.g.,
Bogachev (2007, Proposition 3.3.2)), for all r ∈ �, for all rational numbers λ > 0 and for all
y ∈ X, we get that

{x ∈ X : ψ(x, r) < −λψ(y, r)} ∈ X .
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By the assumption that, for all r ∈ �, the function X � y �→ ψ(y, r) takes positive and negative
values as well, it follows that there exists a sequence (cn)n∈N of real numbers such that the set
{cn : n ∈ N} is dense in R, and

{x ∈ X : ψ(x, r) < cn} ∈ X , r ∈ �, n ∈ N.

Let c ∈ R be arbitrary and choose a subsequence (cnk)k∈N of (cn)n∈N such that c − 1
k < cnk < c,

k ∈ N. Then cnk ↑ c as k → ∞ and

{x ∈ X : ψ(x, r) < c} =
⋃
k∈N

{x ∈ X : ψ(x, r) < cnk} ∈ X ,

where we used that a sigma-algebra is closed under countable unions.

4. Concluding remarks

In this article, we have investigated monotone representation and measurability properties
of generalized ψ-estimators introduced by Barczy and Páles (2025c). Such estimators are
generalizations of usual ψ-estimators in the sense that we are searching for a point of sign
change of an appropriate function instead of a zero. Our first main result, roughly speaking,
states that, given a generalized ψ-estimator with some regularity assumptions on ψ , one
can construct this estimator in terms of a modified version of the function ψ , which is
decreasing in its second variable. We highlight our construction in question by investigating
the maximum likelihood estimator of the mean of a normally distributed random variable
with a given variance, and that of the shape parameter of a random variable with Pareto
distribution having scale parameter 1. We also interpret our result as a bridge from a
nonconvex optimization problem to a convex one. As the second main result of the paper,
supposing that the underlying sample space (measurable space) has a measurable diagonal
and some additional assumptions on ψ , we show that the measurability of a generalized ψ-
estimator is equivalent to the measurability of ψ in its first variable. We also discuss two
particular ψ-estimators, the so-called t-score moment estimator and the trimmed moment
estimator, that are popular in robust statistics. We can conclude that we derived two new
interesting properties of generalized ψ-estimators.
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