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Abstract. We focus on the problem of estimating the average vector 6 = (04,...,0;)
of a random vector X € R? which follows a spherically symmetric distribution. We
consider modified balanced loss functions of the form:

(i) La,s0,0(0,0) = wp(ll6—0l1*)+(1-w)p(l16—611*) and (ii) £(w [16—boll*+(1-w)lI6—O]1*).
Here, 6¢ represents a target estimator of 8, w € [0,1] and p and ¢ are increasing and
concave functions. If d > 4 and the target estimator is 8(X) = X, we provide conditions

on the parameter a for Baranchik type estimators 0,5(X) = (1 —a(1 - w)S(IX|[?)/ ||X||2) X
and reach the minimaxity. These conditions are derived using the radial properties of
spherically symmetric distributions, which do not require the existence of a probability
density for the random vector X. Furthermore, we extend the obtained results to the
case of robust shrinkage estimators of the form 8, ¢(X) = X + a(1 — w)g(X), where g(-)
is a weakly differentiable and satisfying some conditions. Additionally, we conduct a
simulation study in order to show the effectiveness and the usefulness of the obtained
results.
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1 Introduction

Stein(1956) was the pioneer in demonstrating the inadmissibility of the best invariant
estimator X = (X, ..., X;) for a normal mean 0 = (04, ...,0,) under the quadratic loss
function. He established that estimators of the form:

8ap(X) = (1 - a/(b +IIXI?)) X,

dominate 89(X) = X when d > 3, given that a is sufficiently small and b is sufficiently
large. Subsequently, extensive research has been devoted to improving the best invari-
ant estimator for a location vector 0 by relaxing the normality assumption, exploring
alternatives to the loss function, or considering more versatile estimators. James and
Stein (1961), for his part, he introduced a specific class of estimators:

8aX) = (1 - a/IIXI?) X,

dominate 89(X) = X under the quadratic loss function when 0 < a < 2(d — 2), but
assuming that X follows a normal distribution with identical covariance matrix I;. This
result has been validated and extended by subsequent research, in particular the work
of Cellier et al. (1989), Cellier and Fourdrinier (1995), Fourdrinier and Strawderman
(1996), Fourdrinier and Ouassou (2000), Fourdrinier et al. (2003), Jozani et al. (2006),
Fourdrinier et al. (2008).

Brandwein and Strawderman (1979), Brandwein and Strawderman (1978, 1980)
and Brandwein et al. (1993) demonstrated that the dominance result holds even when
the distribution of X is spherically symmetric (S5;(8)) and d > 4. On the other hand
Baranchik(1970) introduced a class of estimators to estimate the mean of a multivariate
normal distribution. Indeed, it is the class of estimators, denoted 0,4 s(X), which are in

the form:
Bap,s(X) = (1 = aSAIXIR)/(b + IXI)) X.

This class includes various choices for the function S(t), such as the simple form S(t) =
t/(t + b) with b > 0. Then, Brandwein et al. (1991) and Strawderman proposed a more
generalized form of shrinkage estimators, which are expressed as:

0,(X) =X +a g(X).
They used the divergence theorem to show that these estimators dominate §9(X) = X,
especially under the quadratic loss function and concave quadratic loss functions.

Then, Brandwein et al. (1991) established certain conditions on 64(X) to dominate
X, which are dominated by 6y(X) = X and are minimax where we assume that there

exists a non-positive function /(.) such that 4(X) is subharmonic and Eg g [th(U)] does
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not increase with U ~ Ug g, Eg [|[1(X)||]] < co and such that g(X) is weakly differentiable
and satisfying:
(i) div(g) < h,

(i) [Igl® + 27 < 0 and 0 < a < 1/[dEo(IXIP)].

Notice that the James-Stein estimator:
6.X) = (1 —a/IXIP)X,

with specific choices of g(X) = —X/IIX|I? and h(X) = —b/|IX|]* where 0 < b < d —2, as well
as the Baranchik estimator:

84,5(X) = (1 - aS(IXIP)/IXI?) X,

for which g(X) = — (S(IXI?)/IXI*) X and 1(X) = —bS(IIXI)/IIX|? where } < b < d -2,
can be considered as special cases of robust shrinkage estimators.

The Balanced Loss Functions (BLFs), introducted by Zellner (1994), is formulated
to reflect two criteria, namely goodness of fit and the estimation precision. A goodness
of fit criterion such as the sum of squared residuals in regression problems leads to
an estimator which gives a good fitted and unbiased estimator; however, it may not
be as accurate as a biased estimator. It is therefore necessary to provide a framework
that meets this need. The BLFs are appealing as they combine proximity of a given
estimator 6 to both a target estimator 89 and the unknown parameter 0:

Lo5,(5, 6) = wl|6 = 8l* + (1 - w)[16 - 617,

where 0 € RY and w € [0,1] is the weight given to the proximity of 6 to 8y and 6(X)
is a given estimator of 8. Marchand and Strawderman (2020) introduced a novel class
of loss functions called Modified Balanced Loss Functions (MBLFs), denoted as in (i)
and (ii), where p(-) > 0 and I(-) > 0 are increasing and concave functions and satisfy a
completely monotone property. Notice that the researchers focused their investigation
on the estimation of the vector mean of a mixture of scales of the normal distribution.
Notably, these MBLFs can be considered as a natural extension of Zellner’s balanced
loss function, where the functions p(t) and £(t) take the simple form of ¢ for all non-
negative values of t in the real numbers R,.. Hobbad et al. (2021) generalized this result
and showed that the baranchik type estimator 6, s(X) = (1 —a(1 - @)S(IXI)/IXIP)X to
dominate the estimator 69(X) = X for the class of spherically symmetric densities under
MBLFs (i) and (ii) where p and ¢ are increasing and concave functions only.

The rest of this paper is organized as follows. In section 2, we give some conditions
for the Baranchik type estimator (2.1) dominates 6¢(X) = X under MBLFs (i) and (ii),
when the random vector X with spherically symmetric distribution without necessarily
needing a probability density function. For this same model, we generalize, in section 3,
the results of section 2 and those of Hobbad et al. (2021) to robust shrinking estimators
for spherically symmetric distributions with or without probability density fnction. A
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practical study on simulated data is carried out in section 4. Finally, the proofs of all the
lemmas and established theorems are presented in section 5. These proofs are based on
the general properties of the spherically symmetric distributions, such as the law of the
radius, the uniform distribution on a sphere and the concepts of superharmonity and
concavity. On the other hand, the proofs provided by Hobbad et al. (2021) are limited
to spherically symmetric laws with a probability density and which are specifically
built on the use of the latter.

2 Baranchik-type Estimators for Location Parameters under a
Modified Loss Function

In this section, we aim to investigate the estimation problem of a -dimensional parame-
ter @ = (04, ...,04) when the observed vector X = (X1, X, ..., X;) has a spherically sym-
metric distribution without necessarily needing a density around 0 = (01,0,,...,0,),
considering two specific types of MBLFs (i) and (ii). Our main objective is to establish a
sufficient condition for the parameter 2 such that the Baranchik-type estimator, defined
as:

84,5(%) = (1 - a(l = )SAXIF)/IXIF)X, 1)

dominates the estimator 69(X) = X. Here, the function S is assumed to be twice
differentiable almost everywhere, satisfying the conditions:

0<S()<1,S8()#0,S()>0and S”()<0. (2.2)

2.1 With Respect to the Loss Function wp(||6 — 8l*) + (1 — w)p(|l6 — O]?)

In the subsequent analysis, we will examine the minimax properties of Baranchik-type
estimators for a location vector @ when the observed vector X follows a spherically
symmetric distribution without necessarily needing a density, considering the MBLFs
(i). We make the assumption that the function p satisfies the following conditions:

H1: p(0)=0, 0 < p’(0) < +0o, and p is concave on [0, +co].

In the following, we give examples of functions p satisfying the assumption H1: p(t) = ¢,
p(t) =1 —exp(—t/a) with a > 0, p(t) = log(1 + ), p(t) = (1 + t/p)f withy >0, € (0,1),
p(t) = r’t/(rt+1) with r > 0, p(t) = arctan(t), and p(t) = tanh(t). However, it is important
to note that the last two examples, (v) and (vi), do not exhibit complete monotonicity.
In other words, (—=1)*pk(t) > 0 for t > 0 and k € IN is not satisfied for these two cases.
In order to show the domination and minimaxity results, we introduce the following
lemma as a means of proof.

Lemma 1. Let X be a random vector with a spherically symmetric distribution around 0, and
let g(.) be a weakly differentiable function such that Eg [|(X — )T g(X)|] < co. Then

o0/ (X - 01P)(X - 6)"300)] = S [rzp%rz) fB Vg(xw,,eoo],
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where Eg denotes the expectation with respect to the radius distribution and where V, g(.) is the
uniform distribution on B, g (the ball of radius r centered at ).

The relevance of the lemma in the current study lies in the fact that if X is dis-
tributed according to a spherically symmetric distribution with parameter 0, then the
conditional distribution of X given R follows a uniform distribution on the sphere
IX - 6| = R*.

Lemma 2. Let X ~ SS4(). For d > 4 and g(x) = —a (S(IxIP)/IIxI) x, we have

Eo [(1 - w)p’(IX = OIA)2(1 - @)g(X).(X - 0) + (1 — w)IgX)II*]]

2(d - 2) SUIXII)
y )ER,G [RZ XTP

< E [(1 - w)’ap’(R?) (a(l - )/R* - ] /IIX - 8]l = R]] ,

where SS;(0) denotes the spherically symmetric distribution arround 0 in R
We give the main dominance theorem of this section.

Theorem 2.1. Assume that d > 4, X has a spherically symmetric distribution arround 0
(X ~ S54(0)) and that the function p satisfies H1. For estimating O under loss (i) with
00(X) = X, the estimator 0,5(X) in (2.1) where the function S satisfies (2.2), dominates 8o(X)
provided
d—2 E[p'(RHR?]

4" op OE[R2]+ (- w)E [p'(ROR 7]’

where E denotes the expectation with respect to the distribution of the radius R.

O<ac<

(2.3)

Example 1 (Student distribution). Suppose that X € R? is distributed according to a Mul-
tivariate Student distribution with unknown location parameter 0, scale 1; and v > 0 degrees
r(4ty) _dy
— 2 (1+IxIP/v) 7.

(mv)2T(3)
The distribution is the mixture of multivariate normal distributions with the inverse gamma
v2 X 271 X exp(—4)
2:T(%) '
For p(t) = 1 — exp(—t/a), we have p’(t) = a Lexp(—t/a), then from (2.1), we obtain :

of freedom, denoted by t;(0,14,v), with the following pdf f(x) =

distribution as the weight function given by G(t) =

a:d_zx viv=1)
T T ple/a+ 10T + (- w) 1fa+1/rP]

Example 2 (Symmetric Kotz type distribution). Let X be the random vector having a
symmetric Kotz type distribution with unknown location parameter 0, scale I, with the

following pdf

F(x) = Ca(IxIPNLexp(=r(IxI?)°) wherer,s > 02N +d > 2, (2.4)
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and Cy is a normalizing constant. Fors = 1and v = N +d/2 —1 > 0, the radial density of

r’ o L
IIX = 0|> = R? can be expressed as h(u) = — ey > Qwhichisa gamma distribution

I'(v)

Gamma(v,r). From (2.1) we obtain
d-2 viv=1)
A= ——X vl 21
2o @/a+ 1/ + (1 - w)1/a+1/r)]

Example 3 (Uniform distribution on a sphere). For the uniform distribution on the sphere
Sme (X~ U(Sy,p)) and p(t) = log(1 + t), we have p’(t) = % and R? = ||X — 0> = m>.

Example 4 (Uniform distribution on a ball). Let X be the random vector having the uniform
distribution on the ball By, 9 ( X ~ U(B,0)), withd > 4 and R? = ||IX- 0| having the density

h(t) = %t%_lﬂ«)’mz)(t). According to the choice p(t) = log(1 + t), d = 4 and from (2.1), we
m

obtain
m*/2 —m* + log(1 + m?)
ao(m) = 5

2" 12+ (1 - w)log(l + m2)’

Remark 2.2. Suppose that X is spherically symmetric distributed arround 0 with density
f(Ix = BI1%). The condition of domination founded by Hobbad et al.(2021) is:
2K*(d-2)/d

_ 1 (P2
O<ac< (00 (0) + K( - @) E(r' (ROR2)’ where K = E(p’(R%)). (2.5)

If p(t) = t, the domination condition in 2.1 becomes 0 < a < (d —2)/d X E [RZ] /E [R‘Z] and
the condition found in Hobbad et al. (2021)is 0 <a < (d —2)/d X 2/E [R‘Z]. We deduce that

if E [Rz] < 2 then the bound of the risk without density is lower than that with density if not
we obtain the opposite.

In the following figure 1, we conduct a comparison between the bound found in
this paper from (2.1) for spherically symmetric distributions (without density) and the
bound found in Hobbad et al. (2021) (with density) under the MBLFs (i).

1.6

I g
In s
S
-— -—
I (I 38
EP] ~ ES
g, <
|
;i g
= _|
o o
T T T T T T T T T T T T T T T
0 40 80 0 10 20 30 0 10 20 30
m value m value nu value nu value nu value nu value

(a) (b) (©

Figure 1: (a) Uniform in the ball cases (b) Student distribution cases (c) Kotz distribution
cases : without density (-), with density (- -) for © = 1/4 and w = 3/4.
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In an alternative manner, these figures provide clear evidence that the bound estab-
lished in Theorem (2.1) and the one derived in Hobbad et al. (2021) cannot be directly
compared when a probability density is present. The superiority of one bound over
the other is not consistently favored, it varies depending on the situation. However,
the contribution of our work lies in the fact that we are able to obtain this bound even
in scenarios where a probability density is not available.

2.2 With Respect to the Loss Function {(w||6 — 6¢|* + (1 — w)||6 — O|?)

In the following paragraph, our focus is on analyzing the minimax properties of
Baranchik-type estimators for the location vector 0 of a random vector X. The dis-
tribution of X is assumed to be spherically symmetric without necessarily needing a
density. We specifically examine the estimators under MBLFs (ii). We assume that the
function ¢ satisfies

H2: ¢()>0, /() >0and ¢ is concave.

In contrast to the previous section, the requirement for complete monotonicity on
¢’ in Marchand and Straw- derman (2020) is relaxed in this context when choosing p.
Examples of loss functions ¢ that satisfy condition H2 include the instances of functions
p that satisfy condition H1 from the previous section. However, in this case, there is
no requirement for finiteness of ¢’(0), allowing for the inclusion of other losses such
as L losses with £(t) = #1,0 < g < 1 that also satisfy H2. Another interesting option
is provided by Kubokawa et al.(2017), where £(t) = 2Q( V) — 1 with Q representing a
cumulative distribution function (c.d.f.) on R with an even and unimodal density Q’.
We give a preparatory lemma which establishes a relation between the differences of
loss by exploiting the concavity of ¢.

Lemma 3. Suppose that X has a spherically symmetric distribution. For the problem of
estimating 0 under the MBLFs (ii), we have

BLa50,(0,6) < (1= w)*¢'((1 = w)lIo — OI)SLo,3,,£(0, 6).
The next theorem gives conditions for minimaxity of estimators 8, s(X) given above
by (2.1) for general spherically symmetric distributions.

Theorem 2.3. Suppose that X has a spherically symmetric distribution (X ~ 554(0)) and that
the function € satisfies H2. For d > 4, the estimator 0,5(X) given above by (2.1) dominates
00(X) = X under MBLFs (ii) for all © with strict inequatity for some O provided

0 E[R*'((1 - w)R?)|
d (1-wE[¢((1-w)R)HR2]XE[R?]
Example 5 ( Uniform distribution on a sphere). For the uniform distribution on the sphere

Smo(X ~ U(Sy,0)) and £(t) = t1with0 < q < 1, we have €' (t) = g1~  and R* = | X-0|* = m?.
Hence, the cut-off point from (2.3) is

2m?

d-2
ao(m):Txl_w.
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Example 6 (Uniform distribution on a ball). Let X be the random vector having the uniform

distribution on the ball By, g (X ~ U(By,p)), with d > 4 and R* = ||X — 01> having the density
d

h(t) = tg_l]l(o,m2)(t). From the choice of £(t) = t1 with 0 < q < 1 and from (2.3), we obtain

2md ,
the cut-off point ag is

L 2d-2) dQq+d -4
ag(m) = FEES (1-w)(d+2)2q+d)’

Example 7 (Symmetric Kotz type distribution). Suppose that X possesses a symmetric

Kotz type distribution with unknown location parameter 0, scale 1;. For s = 1, the density of
14

the radius R? is h(u) = rr—vu"_le_m , u>0. When {(t) = t1 with 0 < q < 1 and from (2.3),

we obtain the cut-off point aq as follows

2d-2) (v+q-Dv+q-2)
L TS

Example 8 (Student distribution). Suppose that X € RY is distributed according to a
multivariate student distribution with unknown location parameter 0, scale I; and v > 0
degrees of freedom. From €(t) = t1 with 0 < q < 1 and (2.3), we get the cut-off point ag as
follows
2(d-2) 4W/2+q-1)(v/2+g9-2)
ag = X .
d (1 - w)

Remark 2.4. Suppose that X is spherically symmetric distributed arround 0 with density
f(Ix — OI1%). The condition of domination found by Hobbad et al.(2021) is :

i-2  E[0(-wR)

O << A E[ (- wR)RD]

(2.6)

In case £(t) = t, the domination condition in the theorem (2.3) and in Hobbad et al.(2021) becomes
0 <a < (d-2)/dx2/((1-w)E [R2]) and for = 0, it becomes 0 < a < (d-2)/d x2/E|R2|
As {f’((l - a))Rz)} is decreasing in R according to H2 and by using the covariance inequality,
we obtain E [R2C'((1 - w)R?)| < E[R?] x E[¢((1 - @)R?)]. So,

d-2 E[R((1 - 0)RY)] _d-2  E[e@-ory)
d (1-0E[(1-w)ROR2XE[R] - d (1-wE[C(1-w)R)R2]

2

This illustrates that the bound derived in Hobbad et al.(2021) exceeds the bound obtained from
Theorem 2.3, primarily due to the inclusion of a density function, which provides additional
information.

The following figure 2 illustrate a comparison between the bound found in this
paper from (2.3) for spherically symmetric random vectors (without density) and the
bound found in Hobbad et al. (2021)(with density) under MBLFs (ii).
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Figure 2: (a) Uniform in the ball cases (b) Student distribution cases (c) Kotz distribution
cases for w = 1/4 and w = 3/4. (=) without density, (- -) with density.

3 Robust Shrinkage Estimators for Location Parameters under
a Modified Balanced Loss Functions

Within this section, our objective is to investigate the estimation problem for the mean
vector 0 of the random vector X € R? having a spherically symmetric distribution, and
suppose that Ey [IIXIIZ] < ooand Ey [1/ ||X||2] < co. To accomplish this, we will introduce
a broader class of estimators, of which the Baranchik class of estimators represents a
specific subset. The proposed estimator is of the following form:

B, g(X) = X + a(1 — w)g(X). (3.1)

Let us consider the existence of a nonpositive function /(-) with the following properties:
h(X) is subharmonic, the expectation Eg g [th(U)] is decreasing, where U ~ Ug g, and
Eg [In(X)[] is finite. Moreover, we assume that g possesses weak differentiability and
satisfies the subsequent condition: div(g) < h and || gll2 +2h <0.

Subsequently, we aim to determine a specific condition on the parameter a that
guarantees the minimax property of our estimator and its dominance over the usual
estimator 8y(X) = X under MBLFs (i) and (ii) where p and ¢ are increasing and concave
functions only.

3.1 With Respect to the Loss Function wp(||6 — 8l*) + (1 — w)p(|l6 — O]?)

Let us consider a spherically symmetrically distributed random vector X with a location
parameter 0, which may or may not have a density (X ~ S54(0)). Our goal is to
determine the values of a for which the estimator 6, ¢(X) = X + a(1 — @)g(X) dominate
00(X) = Xunder MBLFs (i). This MBLFs incorporates the target estimator §o(X) = X. We
make the assumption that the p function employed in MBLFs (i) fulfills the following
conditions:

H1: p(0)=0, 0 < p’(0) <+, and p is concave.
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Lemma 4. Consider a random vector X that obeys a spherically symmetric distribution with a
density of the form f(|lx — 0||?), we can deduce the following outcome:

Eo [p (=h(X))] < p"(0)Eg [-h(X)] < p"(0)Ey [-h(Y)]. (3.2)

Where Y ~ f*(lly — 6]1?), K = f o’ () f(P)dr and f*(r?) = p'(r?) f(r}) /K.

Theorem 3.1. Let X be a random vector that follows a spherically symmetric distribution with
a density of the form X ~ f(llx — O|1?). Assuming that the function p satisfies condition H1 and
d > 4. The estimator 8,¢(X) dominates 6o(X) = X under MBLFs (i) for all values of 0, and
there exists at least one value of @ where the domination is strict if the parameter a satisfies the
inequality:

K/d

0 7
<= Top'©) + KA - )] E; (YIFD)

where E denotes the expectation value when 0 = 0, with respect to the density of Lemma 4.

Subsequently, we will investigate the conditions for dominance in distributions
that may not possess a density function. In such cases, we will leverage the inherent
properties of spherically symmetric distributions.

The following results focus on the computation of conditional expectations based
on the radius of a spherically symmetric distribution in R?, centered at 6 € R?. These
expectations can be expressed as integrals involving the uniform distribution Ug e
defined on the sphere Sgg = {x € R? | ||x — ]| = R}.

Let Eg g[¢] denote the expectation of a function ¢ with respect to Urg. In order
to obtain the expectation with respect to the entire distribution, denoted as Eg[¢], we
apply the following procedure: first, we compute the expectation E with respect to the
distribution of the radius, and then we take the expectation E[ER g[¢]].

The following theorem provides conditions for the minimaxity of estimators of the
form 6,,4(X) = X+a(1-w)g(X) in the case of general spherically symmetric distributions.
Itis important to note that this result does not require the existence of a density function
and instead relies on the properties of the radial distribution.

Theorem 3.2. Consider a random vector X with a spherically symmetric distribution centered
at 0. Assume that Eo[||IX|[*] < oo and Eo[1/|X|[*] < oo. Let p be a function that satisfies
condition H1. If d > 4, the estimator 8,,4(X) = X + a(l — w)g(X) dominates 6o(X) = X
under MBLFs (i) for all 0. Moreover, there exists at least one value of O where the dominance
is strictly established, meaning the inequality is strict. This dominance is guaranteed if the
following condition is satisfied:

E[p'(R?)] /d
wp’ (0)E [1/R?] + (1 — w)E [p'(R?)/R?]

O<acx<
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3.2 With Respect to the Loss Function £(w||6 — &o|[%) + (1 — w)||6 — 6|?)

In this paragraph, our focus is on examining a random vector X € IR? having a spher-
ically symmetric distribution arround 0. Our objective is to establish the conditions
on a that lead to the dominance of estimator 8,,¢(X) = X + a(1 — w)g(X) over estimator
00(X) = X under the MBLF (ii), where the function ¢ satisfies

H2: ¢() >0, {'(') >0and ¢ is concave,

which incorporates the target estimator 6o(X) = X.
We will first present the theorem that gives the domination conditions for spherically
symmetric distributions with a density of the form f(|[x — 0||?).

Theorem 3.3. Assume that X follows a spherically symmetric distribution centered at 0, with
a density function f(|lx — 011>). We also assume that Eo[|X|[*] < oo and Eo[1/|X|]*] < oo.
Additionally, suppose that the function € satisfies condition H2. For d > 4, the estimator
00,¢(X) = X+ a(l — w)g(X), dominates 6o(X) = X under MBLFs (ii) for all 0, with strict
inequatity for some 0 provided

0 <a<1/d(1 - w)E*[IZI7?],
(1 - w)lix—6lR)f(Ix - 6] .
[ ea-ax- o) k- oy

where Z ~ f*(|Ix — 6||2) =

Next, we will establish the conditions for dominance in the case of spherically
symmetric distributions without necessarily needing a density.

Lemma 5. Suppose X follows a spherically symmetric distribution arroud 0. Consider the
case where d > 4, and let g(X) be a function that maps R to R? and is weakly differentiable.
Additionally, assume that:

e lg)IR/2 < ~h(X) < ~VTg(X).

o —h(X) is superharmonic and Eg [th(U)] is increasing function of R, where U has a uniform
distribution on the sphere of radius R centered at 6. Then

Eo [IX +ag(0) - 6112 - [X - 01F] < Eo [(—Zaz/rz ¥ Za%)Ene[rZh(X)/IIX 0P = r2] .

Theorem 3.4. Suppose that X have a spherically symmetric distribution (X ~ S54(0)) and
that the function € satisfy H2. For d > 4, the estimator 6,,¢(X) dominates deltao(X) = X under
MBLFs (ii) for all O with strict inequatity for some 0 provided

1 E[R*'((1 - w)R?)]
O<a<-=- .
d (1-wE[¢((1 - w)R)R2] X Eq [R?]
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Remark 3.5.

o The four theorems in this section yield parameter bounds for the parameter a that are
smaller than those obtained for the Baranchik estimators, both in Marchand and Straw-
derman(2020) and the previous section of this article. Specifically, the bounds for the
estimator 8,,¢(X) are equal to the product of the bounds for the Baranchik estimators
04,5(X) multiplied by 1/(2(d — 2)). This can be attributed to the estimator 8,¢(X), which
serves as a generalization of the Baranchik estimator and justifies the observed relationship
between the bounds.

e The Baranchik estimator can be viewed as a specific instance of the estimator 64,¢(X),
when we set the functions h(X) = —bS(||IX||?)/IIX|[> where % <b<d-2. Inthecase
where b = 2(d — 2), the bounds obtained for the Baranchik estimator coincide with those
obtained using the estimator 8,¢(X).

4 A Simulation Study

In this section, we consider a random vector X having a spherically symmetric distri-
bution without having a density. We know that we can write X — 8 = RU with R is a
positive real random variable (the distribution of radius), U has a uniform distribution
on the unit sphere and R and U are independent. In order to simulate X, we assume that
R is a discrete variable with a Poisson distribution, so it’s not continuous with respect
to the Lebesgue measure which indicates that X does not have a density. The following
lemma allows us to simulate U. Finally, we obtain a simulation of X = 6 + RU.

12
Lemmaé6. Let Ny, ..., N, bei.id. randomvariable N(0, 1). we consider: T = (N% +.. 4+ Ng) / )

The random vector (%, . %) have the uniform distribution on a sphere S(0, 1).

A Table 1 gives the normalized risk of 6,s(X) (R(0, ¢, 6,5(X))/R(0, £, 60(X))) for
various values of the dimension d and of the parameter 0 using MBLFs (ii). We obtain
these results by considering (i) w = 1/2, (ii) {(t) = t1,q = 1/2, (iii) R has the Poisson
distribution of parameter A = 8, (iv) S(t) = 1,a =1 and (v) 8 =|0/(1,0,...,0).

The following Table 2 gives the values of the normalized risk R(6, p, 6,,5(X))/R(, p, 60(X))
for various values of the dimension d and of the parameter 0. The experimental val-
ues found under the following assumptions (i) 0 = ||0]|(1,0,...,0), (ii) p(f) = In(1 + 1),
(ili) w = 1/3, (iv) s(t) = t/(1 + t), (v) a = 5 and (vi), R has the Poisson distribution of
parameter A = 8.
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Table 1: the Risk ratios (R(0, ¢, 6,,5(X))/R(0, £, 60(X))) for various values of d and ||0|.

16l] d d=6 d=10 d=15 d=20 d=30

0 0.910 0.890 0.861 0.810 0.760
2 0.923 0.900 0.883 0.850 0.820
4 0.925 0.910 0.905 0.890 0.860
6 0.931 0.925 0.918 0.915 0.890
8 0.942 0.934 0.930 0.925 0.910
10 0.953 0.941 0.938 0.933 0.920
12 0.967 0.950 0.947 0.941 0.931

Table 2: The Risk ratios R(0, p, 6,,5(X))/R(0, p, d0(X)) for various values of d and of the
parameter 6.

10ll d=6 d=10 d=15 d=20 d=30

0 0.920 0.890 0.870 0.850 0.810
2 0.935 0.910 0.903 0.890 0.867
4 0.945 0.925 0.921 0.915 0.891
6 0.952 0.935 0.927 0.921 0.913
8 0.958 0.944 0.9390 0.932 0.926

10 0.965 0.950 0.943 0.939 0.930
12 0.970 0.957 0.951 0.945 0.939
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Figure 3: (a) Graph of risk ratios R(0, p, 6,,5(X))/R(0, p, 60(X)) as function of the dimen-
sion d and ||0|| under the loss (i). (b) Graph of risk ratios R(0, £, 6,,5(X))/R(0, £, 60(X))
as function of the dimension d and ||8|| under MBLFs loss (ii).

By using the normalized risk R(0, p, 0,,5(X))/R(0, p, 00(X)) and R(O, £, 0,,5(X))/R(O, £, 00(X)),
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the improvement of 6, s on g are all the more significant (respectively, not significant)
as this quantity is close to 0 (respectively, almost 1).
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Figure 4: (a) The graphs of Risk Ratios R(0, p, 0,s(X))/R(0, p, 60(X)) as a function
of 0] for fixed values of d under MBLFs (ii). (b) The graphs of Risk Ratios
R(O,¢,6,5)/R(0,¢,00) as a function of ||0]| for fixed values of 4 under MBLFs (i).

According to the Tables 1, 2 and Figures 3, 4, the normalized risk R(0, ¢, 6, 5)/R(0, ¢, o)
and R(O, p, 0,,5(X))/R(O, p, 60(X)) are a decreasing function of d for fixed [|0]|, and an
increasing function of ||0|| for d fixed. Thus, a significant improvement of the estimator
04,5 on Oy is obtained when d is large and ||0]| is little.

4.1 Influence of the Poisson Parameter on the Risk Values

This table, contains the values of the risk R(0, £, 8, s(X) under MBLFs (ii) by varying the
values of lambda (the parameter of the radial Poisson distribution) using the following
conditions £(t) =1, =1/2,d =10and 0 = (1,0,...,0).

Table 3: The risk values R(0, ¢, 0,5(X) as a function of the parameters A of the Poisson
distribution under MBLFs (ii).

A 2 4 6 8 10 12 14 16 18 20
Risk | 0913 1735 2285 2700 3.000 3250 3456 3.675 3.810 3.950

The following table gives the values of risk R(0, p, 6,5(X) in terms of the lambda
parameter of the Poisson distribution of the variable R = [|[X — 0||, we have conduct the
simulation in R language with the following conditions d = 10, S(t) = t/(1 +t),a =1,
w=1/3,0=(1,0,...,0)and p(t) = In(1 + ).
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Table 4: The risk values R(0, p, 6,,5(X) as a function of the parameters of the Poisson
distribution under MBLFs (i).

A 2 4 6 8 10 12 14 16 18 20
Risk | 1433 2692 4180 5607 6933 8500 9784 11210 12500 14.020
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Figure 5: (a) The risk values R(0, ¢, 6,,5(X) as a function of lambda. (b) The risk values
R0, p, 8,5(X) as a function of lambda.

The Tables 3, 4 and graphs 5 showed that the risk increase when lambda increases,
the growth is more important for MBLFs (ii).

4.2 Effect of Omega on the Value of Risk

We will give the risk values R(0, ¢, 8,5(X) as a function of the parameter @ of MBLFs
(ii) by implementing the simulations with the parametersd = 10, A =10, {(t) =1, q =
1/2, St)=t/(1+t), a=1and 6 = (1,0...,0).

Table 5: R(0, ¢, 8,,5(X) as a function of omega.

) 0 1/8 2/8 3/8 4/8 58 6/8 7/8
Risk | 9.842 9225 8410 7.879 7.060 6.110 5087 3.545

the following table gives the values of the risk R(0, p, 0,5(X) as a function of the
parameter @ of the MBLF (i) under the following conditions d = 10, A = 10, a =
1/2, St) =t/(1+1), 6 =(1,0,...,0) and p(t) = In(1 + ¢).

Table 6: R(0, p, 6,,5(X) as a function of omega.

) 0 18 2/8 3/8 4/8 58 6/8 7/8
Risk | 4455 3925 3374 2825 2246 1688 1317 0.561
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In both cases, we notice that the risk decreases as a function of omega, which is
illustrated in the following two graphs.

> - < -
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0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
omega value omega value

(a) (b)

Figure 6: (a) The Risk values R(0, ¢, 6, 5(X) as a function of omega. (b) The risk values
R(0O, p, 8,5(X) as a function of omega.

5 Conclusion

This paper focuses on the estimation of the d-dimensional location vector for d-variate
spherically symmetric distributions, even when these distributions do not necessarily
have a density function. We consider MBLFs (i) and (ii) in this context. Previous
work by Hobbad et al.(2021) introduced Baranchik-type estimators that dominate the
usual estimator 89(X) = X and achieve minimax performance based on the properties
of density for spherically symmetric distributions with Lebesgue density f(|/[x — 0||?).
In our study, we extend and build upon the findings of Hobbad et al. (2021), using
the properties of spherically symmetric distributions in conjunction with the uniform
distribution on a sphere, superharmonicity, and concavity. The cut-off points derived
in (3.1) are smaller than those obtained by Hobbad et al. (2021). However, our results
are applicable to a more general class of spherically symmetric distributions. It is worth
noting that when w = 0, our cut-off point in (3.1) coincides with the one obtained by
Brandwein and Strawderman(1980) in Theorem 2.1, which is (d — 2)/d X 2/E [R‘z].

We proceeded to extend our findings to encompass robust shrinkage estimators. The
bounds obtained for the estimator 8, ¢(X) are equal to the product of the bounds of the
Baranchik estimators 8, s(X), multiplied by a factor of 1/(2(d — 2)).

Our next objective is to conduct a similar investigation for Bayesian estimators using
MBLFs loss functions. By leveraging our existing results, we aim to enhance the
performance of machine learning algorithms.
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6 Proofs

Proof of Lemma 1. Let /i the radial distribution, we have:

Eo [p/(IX - 6IP)(X — 8)g(X)] f ) f p'(Ix — OIP)(x - 0)T (X)L, 0 (x)dh(r)

0)"
B L{+ Ure(sr 0) f - 9)” g(x)do,e(x)dh(r)

f p'r) Vg(x)dxdh(r), (by Stokes’ theorem)
R+ Gr,@(sr,ﬂ) Bro

1 7(,2N,2
7o [ Veaviaoan

since the volume of B, g is A(B;9) = r0,0(Sr9)/d.

Proof of Lemma 2. Due to radius conditioning, we get

Eo|(1 - @)p/(IX = BIP)2(1 - 0)g(X).(X = 6) + (1 - w)Ig(X)I]]
E[2(1 - )0’ (R®)Eg 0 [(X)-(X — 0)/IX — 01| = R]|
+  E[Q-0)p'R)Ee[lIgIP/IX - 0 = R]]

2
E[(l—w>3p'<R2>ER,e[S(”X”)/ux ]l = H

IA

IXI1?

d - S>IXIP
- Za(l—a))zT2 f+ o’ (r%) 0 ﬂiﬂl )dVre( )dp(r).

S 2
Using subharmonicity of 1 : x — %,we get f h(x)dV . e(x)dp(r) < f h(x)dU, ¢(x)dp(r).
X Br,O Sr,@
Hence,

Eo [(1 - w)p'(IX = BIP)2(1 - 0)3(0.(X - 6) + (1 - )2 IgX)IP]]

— 2
< £ - wrap @) a - /e - 22 e S ix - 0 = ).

Proof of Lemma 3. Since {(-) is a concave function, for any points a and g, £(a+p)—£€(a) <
pt’'(a). Thus, for a = L, 5,(0,00) and a + = L, 5,(0, 6), we get

OLay50,0(0,8) = Ly £,5,(0,8) = Luo,2.5,(0, 60) < (1 = @)*¢' (1 = w)||60 — O1*)SLg, 5, (8, ).



168 Hobbad et al.

Proof of Theorem 2.1. the difference in risk is :

OR(0) RO, p,6) —R(O, p, 60)
Eo|wp’(0)(1 = 0)lIgOIP| + Ee [ (1 - @)p(IX = OIP)[2(1 - )g(X)-(X - 6)

+(1 = @)?IgIP]]

a>wp’ (0)(1 — w)? > SUXIP) _
E{ " Eno [R e /IX — 0l = R]}

— 2
+E {(1 — wap'(R) (a(l — w)/R? - @)Em [RZ 2 - 0l = ]}

IA

IA

2
= a(l - w)’E {a (a)p’(O) +(1- a))p'(Rz)) %EM, [st I(Ilglll )/||x - 0| = RZ]}

+a(1 - w)’E {—p’(Rz)Rzz(d —2) Erpo [S (IXIF) /IX = 6|l = R]} . (6.1)

d I1X]2

By noticing that the expectation Eg g [R25(||X||2) JIXIZ | 1X - 0] = R] is nondecreasing
in R and p’(R?)/R? is nonincreasing in R. Since p is concave then p’ is nonincreasing.
By using the covariance inequality, we obtain an upper bound of the first term of the
equatility 6.1

2
E[o(wp'© + (1 - w)p' @) ]xE{ERe[stl(I”;Tl'L)/||x ol = ]}
S(IXIP)

X112
increasing in R. So, by the covariance inequality we have

»SAXIP) ]} [2 [S<||X||2> o ”
E{ER,G[R e /X - el = E|R*Ero| = so/IX - 01l =R

SUXIP)
E [RZ] X Eg [ ||X||2 ] .

For d > 4, the function ER/9|: /IX=0| = R] is nonincreasing in R and R? is

IA

Similarly, employing the covariance inequality as previously mentioned, we derive an

F X2
Hence, an upper bound can be established for the difference in risk

"(R? _ 2
TR —

2(d -2
upper bound for the second term in the equation 6.1 E | —p’(R?)R? ¥] XEg [S(”XHZ)] .

From the above, it follows immediately that 2.3 is a sufficient condition for the difference
in risk to be negative for all 0.
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Proof of Theorem 2.3. Since {(-) is a nondecreassing concave function, then by using
lemma 7, we obtain an upper bound for the risk difference

O0R(0) = Eg [5w,5,50(3/ 5a,s)]

< Eo[(1-w)*'((1 - w)lI8o - 017)80(6, 8)]
= (1-w)?{Ee[€/((1 - w)lIX - BIPISIP] + Eo [26/((1 - )X — BIP)3(X)' (X - 6)]}
< a(l-w)’E {{”((1 - w)R?) (a(l -w) - @RZ) Ere [Sﬂiﬂf) /IX =0l = R]}
= a(1-w)® {E [ER,O (stﬂiﬂf) /IX =0 = R) (1 = w)R*)a(1 - a))R'z] +
2 _ _ 2
E [ER,B (S |(||£T||l ) /IX -0l = R) X M{f’((l - a))RZ)]}, (6.2)

where the last inequality follows from Lemma 7 and the second follows from (i). In
the same way as the proof of the last theorem we use the covariance inequality. Given
that Eg g [R2 {S(||X||2) /||X||2} /IX - 0| = R] is increasing in R, a(1 — @)R™2¢’ ((1 - w)RZ) is
nonincreasing in R, from the first term in equation (6.2) and covariance inequality, we
derive that

2
E [ER,H (R2 Sl(llg(llllz )/||x -0| = R)a(l — w)R20((1 - a))RZ)] (6.3)
2
< E [RZER,Q (S I(Ilglll )/||x - 0| = R)] E [a(l —@)R20((1 - a))RZ)] .

According to Eg ¢ [{S(||X||2)/||X||2} JIX=0| = R] is nonincreasing in R and R? is increas-
ing in R and by using the covariance inequality, we obtain an upper bound of the first
expectation in the last inequality

2 2
el (e n Bl e

Since {—2((d —-2)/d)R™2¢'((1 - a))Rz)} is increasing in R according to H2 and by using
the covariance inequality, we get an upper bound of the second expectation in (6.2)

SUXIBY] - [-2(d - )R?
Ee[nxw ]XE[ q

(1 - a))Rz)] . (6.5)

Combining (6.3), (6.4) and (6.5) with (6.2), we obtain

ORO) < a(l-w)’ (a(l — W)E['(1 - w)R)R2| x Eg [R?] - 2¥E [R2e'(@ - a))RZ)])

smxmq
XEQ[HMP |
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This completes the proof of the theorem.

Proof of Lemma 4. By considering the expectation, the first inequality in (3.2) can
be obtained from the concave function inequality p(t) < p(0) + p’(0)t = p’(0)t. This
inequality holds since p is a concave function with p(0) = 0, and we substitute t with
—h(t). Let h represent the density function of the radius R = ||X — 0]|. In such a case, we
can express it as follows:

Eo[<h(X)] = E[Exe(<h(0) /X = 6]l = R)]
f Eno (<h(X) / X - 6]l = 1) g(r)dr

+

27d/2

r(3)

fR Eo (<h(X) / X = 0l = ) 21 ()

2r? L 0 (AF?) K
= r —h - = -1
| w000 11X =01 =) ey
~ ~ A K .-
_ f Eno (hOY) /1Y = 01l = 1) g ()ar
« _p)—K_
= E [ER,G (_h(Y) / ”Y_ 6” _R) p/(Rz)]’

g = (27’(‘” 2/T(d/ 2)) i1 f *(r?)isa density function of |[Y — 0||. According tolemma 9,
for d > 4, the function t — —h(t) is super-harmonique then Eg g (=h(Y) | [[Y — O]| = R)
is nonincreasing in R. Since p is concave then p’ is non-increasing and that K/p’(R?) is
increasing in R, hence with the covariance inequality we obtain

K
E*|Ere (=h(Y) / IIY = 0] = R) ——
[KM /1 | )wm%
* K * *
Er [—p'(RZ)] E* [Ero (=h(Y) / IIY = 6ll = R)] = Eg [-h(Y)].

due to the fact that E} [K/p’(R2)] =1.
Proof of Theorem 3.1. We have:

8Ra,50,p(0) = Rar0(Brg, 0) = Ruv,p(80, 6)

= Eo|wp(IX+a(l - 0)g(X) = XI?) + (1 - @)p(IX +a(l = w)g(X) - 6I%)
~(1 - w)p(IX - 61P)]

= Ep|wp(la(l = @)3(IP) + (1 = w)p(lIX — 0 + a(1 — w)g(X)IP)

~(1 - w)p(IX - 61)]
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< Eg{wp O)lla(l - )g()IP + (1 = ) [p(IX = 61 +2a(1 - )g(X).(X — 6)
+a*(1 - 0)*IgX)IP) - p(IX - 61P)]}
< Eg{a?wp’ (0)(1 - )IgXIP + (1 - w)p’(IX = O1) [2a(1 - w)

§(X).(X = 0) + a*(1 - @)1}
= Eg{a’wp’(0)(1 - w)IgX)IP?

h'e: 2
+ (1 - @)K X M [20(1 - w)g(X¥).(X - 0) +a*(1 - w)2||g(X)||2]}

= a(1 - )*{Ee[awp’ 0)Ig0IP]

+ KE} [2.Y = 0)3(Y) + a(1 - w)lIgWIP]}, (6.6)
the first inequality follows from p(t) < p(0)+p’(0)t = p’(0)t, p(0) = 0 and that the second
follows from the concave function inequality: p(t1) — p(t2) < p’(t1)(t1 — t2), Vti,t2 > 0.
According to the condition (i) and lemma 4 respectively together with (6.6), we have

OR,50,0(6)

oy aEg [~2acwp’ (0)(X)] + KE} [2g(Y).(Y — 8)] + KE} [-2a(1 — w)h(Y)]

A

< aE* [~2a0p’ (O)h(Y)] + KE; [-2a(1 — w)h(Y)]

2 + al MOV,

As x — —h(x) is superharmonic function then according to lemma 10 the last equation
is bounded by

Ey [-2awp’ (0)h(Y)] + KEj [-2a(1 — w)h(Y)] + %f rzf h(x)dU, o(x)dp(r)
R, JS.

E* {ZEE,B [=h(Y)/IIY - 6]] = R] (aa)p’(O) - ERZ +K( - a))a)}

"(0) + K(1 -
- p* {2151;,9 [—th(Y)/llY— ol = R] (aa)P ( )‘;2( w) g)}

Er,o[-R2h(Y)/|IY — 0]| = R] is creasing in R and a[wp’(0) + K(1 - w)] /R? - 2K(d - 2)/d
is non-increasing in R, an application of the covariance inequality leads to
wp’(0) + K(1 - w) K)]

< E*{2E} o [-R*h(YV)/IIY - 6] = R]| x E* [(a = -

= E* (2B o [-RIOV/IY - 01l = R]} x (a(wp’(0) + K(1 - w)E* [%] - g)

1 1 1
with E* [Rz] E} [W] =E} [IIYII2] This completes the proof of the theorem.
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Proof of Theorem 3.2. We have:

SR(O) =

<

IA

IA

IA

IA

R(O, p, 00,¢(X)) —R(6, p, 60)

Eo [awp’ (0)(1 = @)IgIP| + Eo [(1 — @)p’ (IX - 61)[2a(1 — w)g(X).(X - 6)

+a*(1 - w)?IgX)I]
Eo [#2(1 - ) (wp'(0) + (1 — )’ (IX = 61 lIgX)I]
+Ep [2a(1 — )’ (IX — 01P)3(X).(X - 0)]
24(1 ~ @) [~ (wp’(0) + (1 = @)p’ (X~ 61)) h(X)|
+%E [Rzp'(Rz) fB N Vg(X)dVR,e(X)]

r(R2
2a(1 — w)*E [(—a (cup’(O)/Rz +(1- w)%) + %p'(RZ))
XEro [R*n(X)/IX - 61 = R||

(P2
2a(1 - w)? (a (a)p’(O)E [1/R?] + (1 - w)E [%D - %E [p'(RZ)])

E[Ero [-R*1(X)/IX - 61l = R[]

Proof of Theorem 3.3 Let L = f (1 - w)llx = 0P f(lIx — B]*)dx, so
IRd

OR(0)

IA

where the first inequality follows from lemma 3, the second follows frome (i) and the
third follows from lemma 10. By notting that Eg ¢ [—th(Z) /IZ - 0| = R] is increasing

Eo [0,60,6(0, 8.,5)]

Eo [(1 = w)2€/(1 - w)l180 — 617)50(8, 8u5) |

(1= @)°Eq [£/((1 = @)X = OIF)(180,5(X) — OIF ~ X ~ O]

(1~ @)Eq [€/((1 ~ )X~ 6P) (IIX +a(1 ~ @)g(X) ~ O ~ X - 6]
(1-@)* X LEj [*(1 = 0)*Ig@)IF* + 2a(1 - 0)g(Z).(Z - 6)

(1~ @)’ xLxa{Ef [a(1 - 0)Ig@)IP] + 2Ef [5(2).Z - 0)]]

(1-w)?xLxa {Eg [—2a(1 — w)h(Z)] + a}i fR ) r? fB . div(g(z))dv,,g(z)dp(r)}

al(1 - w)® {E; [-2a(1 — w)h(Z)] + 2 f rzf h(z)dUrrg(z)dp(r)}
R+ JS,0

aL(1 - w)ES [ER,(, [(—Za(l —w)+ ng)h(Z)/nz — 0| = RH
1

2aL(1 — w)°E* [(aa - a))% - d)ER,g [~R2(Z)/1Z - 6| = R]]

Hobbad et al.
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inR >0, {(1 - w)% + oll} is non-increasing in R, we infer from (6.7) and the covariance
inequality that
1 1
O6RO) < alL(l-w)? (a(l — W)E* [W] - 3) E* {-R?Er o [(Z)/I1Z - 0] = R1},

this completes the proof of theorem.
Proof of Lemma 5.

Eo [IIX +ag(X) - 6IF - X - 6]

Eo [-2a71300)I2/2 + 2a(X - 6)"g(X)|
Eo [-20%h(x)|

+2a[§ fR ) r? fB Vg(X)dvr,e(x)dp(r)]
Eg [—Zazh(x)] |

1 2
+2a [3 jﬂ; r L,,g h(x)dvrlg(x)dp(r)].

By subharmonicity of £, f h(x)dV, o(x)dp(r) < f h(x)dU, g(z)dp(r). Hence,

B Sre

IA

IA

Fo [IX+ag00 - 01 ~IX - 6] < Eo|(~202/r%+ 25%)5,6 [200/1X - 017 = 7]

Proof of Theorem 3.4. Since {(-) is a increassing concave function, then by using lemma
3, we obtain an upper bound for the risk difference

SR(6) = Eo [80,,6,(6, 8 g)]
Eo [(1 - )*¢'((1 - w)lIdo — 61)50(6, 8)]
= (1-w)*{Eo [€'((1 - @)X = OIP)IZ)IP] + Eo [26/(1 - w)lIX - 6]P)g(X) (X - 6) ]}

IA

< 2a(1 - w)’E {5’((1 — 0)RY) (a(l —w) - §R2)ER,9 [—h(x)/IIX — 6] = R]}
= 20(1 - @)’ {E[Eg e (-R*h(x)/IIX - 0]l = R) /(1 - @)R?)a(1 - )R]
_ P2
4 Era (-H00/1X - 0l = R) x 51 - R, ©9)

where the last inequality follows from Lemma 3 and the second follows frome (i).
In the same way as the proof of the last theorem we use the covariance inequality.

By noting that Eg g [—R2h(x) JIX=0| = R] is increasing in R according to (iii) and a(1 —

w)R2L ((1 — a))Rz) is non-increasing in R according to H2, we infer from the first therm
in Equation (6.8) and covariance inequality that

E[Ero (-R*h(X)/IIX = 6l] = R) a(1 - @)R>('(1 - w)R?)]
< E [RZER,G (=h(X)/|IX - 0| = R)] E [a(l — @)R720((1 - a))Rz)] : (6.9)
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Since Eg g [-h(X)/|IX — 0]| = R] is non-increasing in R and R? is increasing in R then,
using the covariance inequality we get an upper bound of the first expectation in the
last inequality

Ee [RZEM (=h(x)/|IX - 0] = R)] < Eg[-h(X)] X E [R2] . (6.10)

As {—1 JA)R™2L'((1 - a))RZ)} is increasing in R according to H2, then by using the covari-
ance inequality we get an upper bound of the second expectation in (6.8)

—R?
Eg [-h(X)] X E [7{”((1 - a))Rz)] . (6.11)
By combining (6.9), (6.10) and (6.11) with (6.8) we get

SRO) < 2a(l - w)? (a(l ~ WE[f/((1 - 0)R)R 2] x Eg [R?] - %E [R2 (1 - a))Rz)])
XEg [-h(x)].

This completes the proof of the theorem.

Appendix: Some Technical Lemmas

This Appendix gives some technical lemmas used in our paper.

Lemma 7. If S is a non-negative, differentiable and concave real valued function, then S is
increasing on Ry and the function t — S(t)/t is non-increasing on R.. Furthermore, if in
addition S is twice differentiable, then the function x — S(||x||*)/|x|[? is super-harmonic for
d>4.

Proof of Lemma 7. S is differentiable, its concavity is equivalent to S(t) — S(tp) <
S’(to)(t—to) for any tp and any t, the first part of the lemma follows. Hence, if S’ (t9) < 0 for
some tg > 0, then tlim S(t) = —oo which contradicts the assumption that S(t) > 0 for any

—00

t. Therefore S’(t) > 0 for all t > 0. Similarly, for any t > 0, we have S(0) — S(t) < —tS'(t).
Hence 2 (S(t)/t)" = tS'(t) — S(t) < —S(0) < 0 so that S(t)/t is non-increasing.
Finally by straightforward calculation the Laplacian of S>IxIP) /I is given by

B[SUNPINZ] = o (2014 ”P) + (o = 4) (IS xIP) = D)) < 0

[IxI*
since S”(.) <0, tS’(t) — S(t) < 0 and d > 4, which is the desired result.

Lemma 8. If g is a super-harmonic function on RP and Z is a random variable with a uniform
distribution on the sphere centered at the origin and of radius t, then, for any @ € RP, the
expectation Eg [g(0 + Z)] is a non-increasing function of t.

Proof of Lemma 8. See Theorem 2.30 pp. 54 in Du Plessis (1970) .
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Lemma9. Let Y be a random variable, g(y) and h(y) any functions for which E[g(Y)], E[h(Y)],
and E[g(Y)h(Y)] exist. Then
(a) If one of the functions g(.) and h(.) is non-increasing and the other is increasing, then

E[g(Y)1(Y)] < E[gM)]E[A(Y)].
(b) If both functions are either increasing or non-increasing, then

E[g(Y)1(Y)] = E[g(W)]E[A(Y)].
Proof of Lemma 9. See Lehmann and Casella (1998).

Lemma 10. If g(X) is a superharmonic function (V2g(X) = Z(&/&XZ.Z) g(X) < 0) and X has a
uniform distribution on the sphere centered at 0 with radius R, then

Eg [¢(X)] < Eo [g(Z)],
where Z ~ U(||Z — 0> < R?). So

1 1
5 L5000 < s [ s@amon,

where A(S) and M(B) represent the areas of the sphere S and ball B respectively.

Proof of Lemma 10. Du Plessis (1970), page 54.

Lemma 11. Giving X with a spherically symmetric distribution around 0 and

X 2
B : Ry — R, a increasing function. Then, E [RZM [IIX = 0|l = R| is a increasing

IIXI12
function of R > 0.

Proof of Lemma 11. See Brandwein and Strawderman (1980), pages 394-395 within the
proof of their Theorem 3.3.1.
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