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RESULTS ON COMPARISON AND
SUB/SUPER-STABILIZABILITY OF SOME NEW
MEANS

Lenka Mihokovi¢ * © and Mustapha Raissoult

We present analysis of some new means introduced by M. Raissouli and A.
Rezgui. We establish comparison relations and results on (K, N)-sub/super-
stabilizability. Assuming that means involved have asymptotic expansions,
we present the complete asymptotic expansion of the resultant mean-map.
As an application of the obtained asymptotic expansions and the asymptotic
inequality between M and R(Bp, M, By), we show how to find the optimal
parameters p and ¢ for which M is (Bp, By)-sub/super-stabilizable.

1. INTRODUCTION

Through this paper we consider bivariate mean, i.e. a function M: Rt x
RT — RT such that min(s,t) < M(s,t) < max(s,t). We say that mean M is
symmetric if M(s,t) = M(t,s) for all s,t > 0, and homogeneous (of degree 1) if
M (As, Xt) = AM (s,t) for all A, s,t, > 0. For three homogeneous symmetric bivariate
means K, M and N, we define the so-called resultant mean-map

R(K, M, N)(s,t) = K(M(s, N(s7t)),M(N(s,t)7t)).

A symmetric mean M is said to be stable (balanced), ift R(M, M, M) = M.
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Definition 1 ([9, 11]). Let K, N be two nontrivial stable means. Mean M is
called

1. (K, N)-stabilizable, if the following relation is satisfied:

M(s,t) = R(K, M, N)(s,t) = K(M(37N(s,t))7M(N(snﬁ),t)).

2. (K, N)-sub-stabilizable, if R(K,M,N) < M and M is between K and N,
3. (K, N)-super-stabilizable, if M < R(K, M, N) and M is between K and N.

Some interesting results regarding these notions can also be found in pa-
pers [1, 12]. Motivated by the results on sub/super-stabilizability for bivariate
means studied in the paper [11] in combination with the general algorithms for
the coefficients in the asymptotic expansion of the resultant mean-map and conse-
quently of the stabilizable mean, obtained in the paper [8], we present the results
on sub/super-stabilizability in the context of the asymptotic expansions. Since
the previously obtained asymptotic expansions were suitable for a specific class of
means, which in their asymptotic expansions can only have odd powers 2 ~2"*! and
did not cover all types of means introduced in [10], we extended the algorithms to
be applicable to means whose asymptotic expansion consists of all powers z ="+,
n € Np.

Definition 2. For an asymptotic sequence of functions (¢, )nen, the (formal) series
o0 o antn () is said to be an asymptotic exzpansion of a function f(x) as  — xo,
if for each N € Ny

N
f@) =" anpn() + o(pn ().
n=0

Theoretical background from theory of asymptotic expansions can be found
in [7]. Through this paper, we mainly use asymptotic expansion with respect to the
asymptotic sequence o, (z) = 27", n € Ny, as * — oco. Based on the sign of the
first term in such asymptotic expansion, we introduce the notion of the asymptotic
inequality.

Definition 3 ([13]). Let F'(s,t) be any homogeneous bivariate function such that
F(x+s,x+1t)=cp(t,s)z "+ O0@").

If ck(s,t) > 0 for all s and ¢, then we say F' is asymptotically greater than zero,
and write

F > 0.

Asymptotic inequality is the necessary condition for the proper inequality,
i.e. if ' >0, then F > 0.
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The subject of study in this paper are means from [10] alone for themselves
and also in combinations with power means. Recall the definition of the r-th power
mean

a’ + b 1/r
B.(a,b) = ( 2 ) ’ r#0,
Vab, r=20.

This class of means covers some well known classical means such as arithmetic
mean A = Bj, geometric mean G = By and harmonic mean H = B_;. It has
been proved ([9]) that power means B,, are stable for all real values of parameter
p. Regarding its asymptotic expansion which has been studied in [6], one may find
that

(1) Bz —t,z+t) ~a+ 50— )Pz + 55(p— DB +p—2p")t'a 7> + O(z™°).

Remark 4. This so-called one variable asymptotic expansion, i.e. asymptotic
expansion of a mean in variables (x — ¢,z + t), is sufficient to determine com-
pletely the two variable asymptotic expansion, i.e. asymptotic expansion in vari-
ables (z+s, z+t) as it was proved in [2, Lemma 2.1.]. Following the same procedure
as in the mentioned Lemma, we may conclude that the first non-zero coefficient in
both of those expansions is the same.

For the convenience of the reader, let us list all the means from [10] which
will be involved in analysis in this paper. Means from the mentioned paper can be
written in a form

2(a—b)
F(8) = f(Y)

We are interested in some of the special cases. Let

my(a,b) = , a#b, my¢(a,a) = a.

u(na), =1, /x .
= = t)dt odd function,
g(x) {—N(lni), 0<e<l, () ; u(t) dt odd function
and
la — b|
2 =—=M, .
( ) m!](a’b) ,LL(|1H%|) u(avb)

With u(z) = cosh(az), and for || < 1, we have

20:a®b*(b — a)

(3) La(a7 b) = Mu(aa b) = b2a _ aga
When u(z) = m, and for |a| < 1, we have
2a(b— a) ~ ab—a)

(4) Sa(a7 b) = Mu("’a b) =

ba_aa M

br4a>

4arctan(2) — "~ 2arctan
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Remark that L_, = L, and S_, = S,. We can then assume that 0 < o < 1. The
means L, and S, cover some well-known standard means and their properties are
embodied in the following result. The first part can be seen by a simple verification
and for the second part see [10].

Proposition 5. The following statements are valid:

(Z) LO = SO = L, L1/2 = G, L]_ = H, 51/2 = P, S]_ = T and L1/4 = HZ1/4,
where L, G, H denote logarithmic, geometric and harmonic mean, P and T
refer to the first and the second Seiffert mean respectively, and HZy,4 is the
Heinz mean.

(ii) For fivzed a # b, the map o — Ly (a,b) is strictly decreasing in o € [0, 1]
while o — Sy (a,b) is strictly increasing in o € [0, 1].

We also recall the definitions of the following means which were introduced
in [10, Examples 4.4-4.7], where a,b > 0,a # b, r > 0, |a| < 1:

b — a
M b) =
1(a:0) In(1+|Inb—Inal)’
b—a
M2 (CL, b) = Inb—Ina’
\/éarctan —
h—
Mjs(a,b) = | d 7
2arctan(|lnb —Inal + 1) -z
(5) b—a
M4(a’ b) = : Inb—Ina’
v/2 arcsinh BV ae
M;(a,b) = [~ al 7
\/i(arcsinh(l + |Ind — lna\) — arcsinh 1)
Mo (a,b) = (r+a)lb—al

rt+a N
=1

(14 rlnb—1Inal)

The (double) parameterized mean M, , includes some of the known classical
means as well as the other means that appear to be new. The following result,
which is a simple exercise of Real Analysis, clarifies this claim.

Proposition 6. Let r > 0 and |a| < 1. Then the following statements hold:

i) M, o(a,b) = alb—al ith Moo = L.
(Z) ’0(a7 ) exp (a\lnbflna|)71} w 0,0

(i1) My, =L forr >0, and My = L for |a] <1.

_ r|b—al < . _
(ii5) M_, ,(a,b) ) (1+r|1nb71na‘) for 0 <r <1. In particular, M_1 1 = M.
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Let M be a (bivariate) mean. For a,b > 0 we can set a = ¢ ?G and b = G
for some z € R, where G = G(a,b) = Vab. If M is homogeneous, then

(6) M(a,b) =G M(e™",¢e") = G fu(x).

If moreover M is symmetric we can assume that > 0. Relying on the associated
functions f,,, we may express the characterization of the comparability condition
m1 < mgy for any two symmetric homogeneous means m; and msy. Namely, it is
obvious that

(7) mq(a,b) < ma(a,b), Va#b <= fo,(x) < fm,(z), Yz > 0.

For example, the associated functions of the standard means, are

falx) =1, fa(z)=coshz, f[fy(z)= Coslhx7 Fulz) = sin;m:7

sinh sinh =
® frla) = 2arctan (tanh(z/2))’ frle) =

arctan(tanh )’

from which we easily deduce the well-known chain of inequalities H < G < L <
P<A<T.

Regarding the means L, and S,, defined by (3) and (4), for © # 0 we have

sinh x sinh x

9) fr.(z) = 40‘m, fs.(x) =

e
arctan(tanh ax)’

which implies that L, < S, for all a, 0 < o < 1.
For the means (5), we can easily find that (for x > 0)

Far. (@) 2sinh x Fan (@) V2sinh z
)= ——+-—, )= —— "
M In(1 + 2z) M arctan(zv/2)
sinh x v2sinh z
(10) fMa (x) - arctan(l ¥ 2x) — 71_/47 f]\/L;(m) - arCSinh(Jj\/i)7
/2 sinh z 2(r + a)sinh x
fata() = — (@) = L E0) b
arcsinh(1 + 2x) — arcsinh 1 (1 I 2rx) =

The rest of the paper is organized as follows. In Section 2, we establish
comparison relations involving means from [10] and some other well-known means.
We examine the possibility of being (A, G)- or (G, A)-sub/super-stabilizable for
means defined in (3), (4) and (5). In Section 3, we present complete asymptotic
expansions of the above mentioned means. We also extend the result from [8]
in order to find the complete asymptotic expansion of the resultant mean-map of
means whose asymptotic expansion may include all terms z'~", n € Ny, which
then could be applied on means which are subject of study in this paper. As a
consequence of the coefficient comparison, we find parameters for which means L,
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are stable and disprove the stability for other means. With use of the coefficients
in the asymptotic expansion of power means ([6]) we present the coefficients in
the asymptotic expansion of the resultant mean-map R(B,, M, B,)(x —t,x + 1) as
x — 00. In Section 4, we show some of the applications of the obtained results. We
analyze the behaviour of the difference M — R(B,, M, B,), for each of the means
defined in (3), (4) and (5). We examine when each of these means can be (B, By)-
sub/super-stabilizable and, when possible, how to find such optimal parameters p
and q.

2. COMPARISON OF MEANS AND
SUB/SUPER-STABILIZABILITY

We start this section by stating some results about comparison between the
bivariate means mentioned in the previous section.

Proposition 7. Let o € [0,1]. The following statements hold:
(i) If0<a<1/2 then G< L, <L<S,<A.

(i) If1/2<a<1lthen H< L, <G<L<S,<T.

(ii5) If 1/2 < o < +/2/2 then S, < A.

Proof. For proving ((i)) and ((ii)) we use the statement ((ii)) of Proposition 5 with
the help of ((i)). The details are straightforward and therefore are omitted here.
To show ((iii)) we use (7) with f4 defined in (8) and fg_ defined in the second
formula in (9). Thus, we have to establish that
sinh

a—— < coshz, Vx>0,
arctan(tanh aur)

or equivalently,
g(z) = atanhx — arctan(tanh ax) < 0, Va > 0.

Simple computation leads to

(@) = « _ 1 «
g ~ (coshz)? 1+ (tanhax)? (cosh ax)?
! B a
(coshz)?  (coshax)? + (sinh ax)?’

We need to study the sign of
h(z) := (cosh azx)? + (sinh ax)? — (coshz)?,
for which we have

W (z) = 2a(sinh 2ax) — sinh 22 and h”(z) = 2(2a? cosh 2ax — cosh 2z).
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If @ < /2/2, it is easy to see that h”(x) < 0 for all # > 0. Thus, A’ is strictly
decreasing for > 0 and so, h’(z) < h'(0) = 0 for all z > 0. By the same arguments,
we deduce that h(z) < h(0) = 0 and therefore g(x) < ¢g(0) = 0, for all > 0. The
proof is finished. ]

Remark 8. Numerical computations show that if V2 /2 < a<1then S, and A
are not comparable.

The following Proposition is an extension of the result from [10].
Proposition 9. We have the following assertions:

(i) My < Ms < M; < M3 and L < My < A. The mean A is not comparable to
either one of My, My, M3 and Ms.

(i) L < My < Ms. The mean My is not comparable to either one of My, My and
Ms.

Proof. To prove My < Ms < M; < Ms in ((i)), relying on (7) and (10), it is
equivalent to show that for all > 0 the following chain of inequalities holds

(11) V2sinh z v2sinh z
arcsinh(zv/2)  arcsinh(1 + 22) — arcsinh 1
< 2sinh x < sinh
In(1+2x) ~ arctan(l + 2z) — w/4°
For the first inequality of (11) we consider
g(z) := arcsinh(1 4 2z) — arcsinh(zv/2) — arcsinh 1,
and then

2 V2
VI+(A+22)2  V1+22%

for which it is easy to see that ¢'(z) < 0 and so g(z) < ¢g(0) =0, for all z > 0.

The proof of the two other inequalities in (11) as well as the proof of the
inequalities L < My < A and also L < My < M3 from part ((ii)) is similar. The
details are therefore omitted here.

g'(x)

To show that, for example, A is not comparable with M; we proceed as
follows: we compare fa(z) and fys, (z) for = > 0, or equivalently, we study the sign
of g(z) == In(1 + 2x) — 2tanhz. It is easy to check that lim,4e0 g(x) = 400 and
g(2) =1In5 — 2tanh 2 < 0. We then have the conclusion. O

The following result concerns comparison of M, , with A and G.

Proposition 10. Letr > 0. If a <0 then My, > G and, if o > 0 then M, , < A.
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Proof. Assume that o < 0. We want to show that fa, . (z) > fa(x) for all z > 0.
We consider
h(z)
g = atr )

(1+2T:c) =1

with

a+tr

h(z) =2(a+r)sinhz — (1+2rz) © +1.

It is clear that h'(z) = 2(r + a)(coshx - (1+ 2rm)%). We have the following
situations:

atr

o If «+7 >0 then (1 + 2m:) * — 1> 0 and if moreover «« < 0 then coshx >
1> (14 2rz)®/" for all > 0. In this case, h'(x) > 0 and so h(z) > h(0) = 0,
for all 2 > 0. We then deduce that g(x) > 0 for all > 0.

atr
o If a+7 <O0then (1+2rz) ~ —1 <0 and if moreover a < 0 then //(z) < 0
and so h(z) < h(0) = 0, for all x > 0. We then infer that g(z) > 0 for all
x> 0.

Summarizing, we have shown the desired result.
The inequality My, < A, for a > 0, can be established in a similar way, and
we leave it to the reader. O

Remark 11. Numerical computations show that, if @ > 0 (resp. @ < 0) then M, ,
is not comparable with G (resp. A).

We will now study the sub/super-stabilizability of some of the above means.
We recall the following result.

Proposition 12 ([11]). Let M be a continuous symmetric mean. Then
(i) If M is (A, G)-sub-stabilizable then L < M < A.
(i1) If M is (A, G)-super-stabilizable then G < M < L.

Combining Proposition 12 with Proposition 7 and Proposition 9 we immedi-
ately deduce the following corollary.

Corollary 13. Let a € [0,1]. The following statements hold:
(i) L is not (A, G)-sub-stabilizable and S, is not (A, G)-super-stabilizable.
(1) If 1/2 < a < 1 then L, is not (A, G)-super-stabilizable.

(#ii) The three means My, M3 and M are neither (A, G)-sub/super-stabilizable nor
(G, A)-sub/super-stabilizable.

To giving more results about sub/super-stabilizability we need the following
lemma.
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Lemma 14 ([9]). Let m be a symmetric homogeneous mean. Then, for all a,b > 0,
we have

R(A,m,G)(a,b) = A(va, Vb) m(v/a, Vb).
Now, we may state the following result.

Theorem 15. Let 0 < o < \/2/2. Then, S, is strictly (A, G)-sub-stabilizable. In
particular, the first Seiffert mean P = S5 is strictly (A, G)-sub-stabilizable.

Proof. Firstly, by following Proposition 7 we have G < S, < A for 0 < a < v/2/2.
According to Definition 1 we have to prove that the inequality R(A7 Sas G) (a,b) <
Sa(a,b) holds for @ > b. By Lemma 14, with substitution (6), it is equivalent to
show that the inequality

fa(3)fs.(3) < fs.(x)

holds for all > 0, and in combination with the corresponding relations in (8) and
in (9), this is equivalent to

sinh(x/2) sinh x

o cosh(z/2) arctan ( tanh(az/2)) = “arctan (tanh(az))’

for x > 0. Using formula sinhz = 2sinh(x/2)cosh(x/2) and setting g(z) =
arctan (tanh(ax)) — 2arctan (tanh(ax/2)) we easily verify that ¢’(z) < 0 and
so g(x) < ¢g(0) =0, for all z > 0. We then deduce the desired result. O

Theorem 16. Let 0 < o < 1/2. Then Ly, is strictly (A, G)-super-stabilizable. In
particular, the Heinz mean HZy 4 = Ly 4 is strictly (A, G)-super-stabilizable.

Proof. By similar way and similar arguments as in the proof of the previous the-
orem, the problem is reduced here on studying the sign of g(z) := sinh(2ax) —
2sinh(az) for z > 0. Obviously, ¢'(z) = 2a cosh(2azx) — 2a cosh(az) > 0 and so
g(z) > g(0) =0, for any = > 0, so concluding the proof. O

Theorem 17. The means My and My are both strictly (A, G)-sub-stabilizable.

Proof. Tt is also similar to the previous proofs. The details are straightforward and
therefore omitted here. O
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3. ASYMPTOTIC ANALYSIS OF NEW MEANS

3.1 Asymptotic expansions of means from [10]

Let us find asymptotic expansions of means from the Section 1.

The most used result is the expansion for the power of an asymptotic series,
which we recall here.

Lemma 18 ([3]). Let
oo
g(xz) ~ Z anx™ ", as T — 00,
n=0
be a given asymptotic expansion of g(x) with ag # 0. Then for all real r it holds
lg(@)]" ~ > Pn,r,ala",
n=0

where P[0, r,a] = af and

Pln,r,a] = niao Z[k(l + 1) —nlagPln—k,r,al, neN.
k=1

We assume all sequences are enumerated from 0. Here P[n,r, a] denotes the
coefficient by the =" in the r-th power of series assigned to a sequence a = (a;)ien,-

Proposition 19. Complete asymptotic expansion of mean L., |a| < 1, is given
by:

- - a n— (o3 n,,—an
Lofa=tiat v o do2a 3 (0 0P -1 (G el
n=0 k=0

Proof.

k=0

1
2\ | = 2c
1- Y 2k, —(2k+1)
a;2) [Z (Zk + 1) *

k=0

(
~ dat (1 - ;)a [i (2ka>th—k _ i <2§> (—1)’%%—% .
(
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(12)

oo a o oo ~
w20y (O) AP S Pl 1 (G el

j=0 J k=0
~20m ) Y (n f k) (=1)"F Pk, =1, ((527)) Jien 2"~ 2"
n=0 k=0
O

The beginning of the asymptotic expansion:

Lafg—to+ 1) ~o = 5208+ D™ + fla —Dlat (Ta® + 2t~
— 2 (a — 1)(a + 1)(62a" — 8502 — 22)t5275
+ 2= (a — 1)(a + 1)(381a8 — 11690 + 889a” + 214)t%2~7 + ...

Fora=1and a= % these coefficients coincide with coefficients obtained in paper
[5] for harmonic and geometric mean respectively.

Proposition 20. Complete asymptotic expansion of mean Sy, |a| < 1, is given

by:
SQ(ZC — t, T+ t) ~ T Z aP[n? _L (Di)iENo]thx_Zn’
n=0

where "

D, = =)™ Pln—m,2m+ 1,(C;)ien,]

2m+1 ’ ’ v
m=0
and
n Q @
C, = > or+1 Pln—k,—1, ((Qi))ieNo]-

Proof.

Salz —t,x+t)=at {arctan (

(L+d) ()"
G+ +1-9)
Lo (D1 = 30 (3) 1>kthk]_
Do (R)tFak + 3702 o (3) (= 1)ktha—k
Zk 0(2k+1)t2k+1 —(2k+1)‘|

= at |arctan

~ at |arctan

~ at |arctan

Zk O( )tka 2k

- -1

t — « _ a P o
~ at |arctan Z(2k+l)t2k 2k ZP L((5))iem Jt77 2>

7=0
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~ at larctan(i i Z (2];: 1>P[n =k, =1, ((51) )ienc] tznas—zn)] -1

n=0 k=0
C7L
r am+17 1
2m+1 \z "
m=0 n=0

o m 2m+1 oo
GOENEANS ; N 1423 =2
~at Z 2 ZP[],277’L+ 1, (Cz)zeNo]t Z

Jj=0

1
E N (D" 2020
o [Z 2 o gt me2m 41 (Coieno] £z

D,

~ or Z Pln, —1,(D;)ien, |tz 2"

n=0

O

Although computed using several recursively defined sequences, the coeffi-
cients have a nice form. The beginning of the asymptotic expansion is given by

Se(z —t,z+t) ~ 2+ 1(20° — Dtz — Z(5a — 5a? + 2)t'z~?
(13) + 535 (86a° — 1050 + 63a” — 22)t°2°
— 1= (214 + 502 (o — 1) (a + 1)(135 — 159a” + 271at)) %27 + . ..

For a = § and a = 1 these coefficients coincide with the coefficients from [13] for
the first and the second Seiffert mean.

We may state more general result for means of the type (2).

Theorem 21. Assume that the odd function p: R — R has the following expansion

(o)
(14) u(x) ~ Z Cpr®™ M as 2 — 0,

n=0

with co = 1. Then mean mg defined in (2) has the following expansion

15 mg(x —t,x+1t) ~x Plm, =1, (E;)ien. |2™z ™2™ as . — 00
( ) 9( i ) Z ) ) €Np 9 )

m=0

where
m

E,, = Z cn22" Plm —n,2n + 1, (577 )ien, -

n=0
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Proof. Observe the expression [In ¢| when a = x —t and b = x + ¢, which under
assumption ¢ > 0 and for x large enough, is equal to

T+t t t — DM L
nx—t n( +x> n( x) g A thx +,;:1ktx

k=1

<1
~9 §2k+1 5 —(2k+1)
kz_o %+1

Now we have, for any t,

oo -1
1
mg(x —t,x+1t) ~2t [M <2§ :%Ht2k+1x(2k+1)>]

k=0

k=0

00 0o 1 2n+1
-~ 2k+1,, —(2k+1)
2t ch (222k+1t T >

~1

(o) o

~ 9t [Z 2t pm2n—1g2n+1 Z Plk,2n+1, (%}H)ieNo]tQkx—Qk]
n=0 k=0

oo m -1
~ 2t [thl Z Z cn2*"P[m —n,2n + 1, (ﬁ)ieNo} tmeQm]

m=0n=0
Em
o0
~ T Z P[m, —1, (Ei)ieNO]t2m$_2m.
m=0
O
Example 22. 1. Asymptotic expansion of mean L, can also be deduced form

Theorem 21. Let u(x) = X sinh(az), ie. let ¢, = % in (14). Then using
formula (15) we may also obtain the coefficients from (12).

2. Let u(y) = m whose asymptotic expansion as y — 0 is equal to u(y) ~
2i . 2i .
EZO:O P[?’l, _17 (%)iENo]y2n~ Then, Wlth Cn = ﬁp[nv _15 (%)iel\]o} m

(14), formula (15) gives the coefficients as in (13).

Regarding the rest of the means from Section 1, similar computations lead
to their asymptotic expansions. With prior use of the arctangent addition formula
in the denominator of M3 and the inverse hyperbolic sine addition (subtraction)
formula for the denominator of M5, with application of Lemma 18 and Taylor series
expansion of logarithmic, arctangent or inverse hyperbolic sine function in variable
t/x, we obtain the following expansions.
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Proposition 23. As x — oo, for means defined in (5), the following expansions
hold:

Mifw —t,o+1) ~ o+ |t = 320 + 4t~ = 200 4+ FJePa

186946,-5 4|
Mo(z —t,z+1t) ~x+ 227 — 2873 4 Mybp™ — 12248,77 4
Moot ) 4 =Y ¢ 17— B4
My — b0 1) ~o o — bia=S 4 505 — BT84
M5(x_t’x+t)NI+2|t| itlat = gt 724‘%#3:73 gtz -4

1033 46,.—5
+ foosgt © T+ -
Myr(xr—t,x+t) ~x+ a|t| + 7(04 +2ra — 1)t2z ! — tra(2r+ a)ltPz=?
- = (a(a+2r) ( — 1812 4 2ar — 5) +4) tty =3

— gar(a+2r)(3(2r — a)(a + 4r) + 10) [t~ +

3.2 Asymptotic expansion of the resultant mean-map

Assuming that all means involved were bivariate, symmetric, homogeneous and had
the asymptotic expansions as © — oo of the following type

o0
K(r—t,x+1t)~ Z a2 =2l
oo
(16) Mz —tz+t)~ > alng=2nt
oo
N(z—t,z+t)~ Z a2t
in [8] we found the complete asymptotic expansion of the resultant mean-map:
o0
(17) Rz —t,x+1) =R(K,M,N)(x —t,x +1t) ~ Z ali?ng =2t

Using coefficients of the resultant mean—map of the corresponding means, we found
formula for calculating the coefficients in the asymptotic power series expansion of
type (16) of stable mean, which, up to five terms reads as ([8, formula (34)]):

Mz —tz+t)=z+at’z "+ tar(1+ar)(l —4ay)t*a™?
+ oar(1 4 a1) (6 — 3lay + 36af + 64a}) t02°
+ 5055a1 (1 + a1) (90 — 531ay + 937af + 5684} — 3088a] — 217647 )t5z ™"
+0(z7?).

(18)
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With K = B, and N = B, we obtain coefficients in the asymptotic expansion
(17) of the resultant mean—map (consequence of [8, formula (26)]):

R(BP7 M7 Bq)(.’E - t7x + t) =z+ %(QCL{VI +p + 2q - 3)t2$_1
(19) + 31 (24a§/1 +12a1" (—4pg + p + 2¢(q + 1) + 1)
—2p® + 3p® +2p(7 — 6q) + 4q (—4¢° + 6+ 7) — 39) tha™? + O(z77).
As a consequence of the results of the above mentioned paper, specially relying

on the form of the stable mean coefficients given in (18), in combination with the
asymptotic expansion given in Proposition 19 we obtain the following.

Corollary 24. Means L, are stable iff o € {£3,£1}.

Proof. By comparing coefficients (12) in the asymptotic expansion of mean L, with
the stable mean coefficients (18) by the powers z~! and 2~ we obtain the following
equations

Za—=1)(a+1)(Ta? +2) = far1(1+ a1)(1 — 4ay)
= 5(=5(20" +1))(1 - 5(20° +1))(1 + §(22° + 1)),
which combined give the following
18(a? —1)(7a? +2) = 5(2a% + 1)(a® — 1)(8a2 + 7).

The only real solutions are a € {#1,+1}. For either of those values of a the stable
mean is obtained. Namely, L+; = H and Ly = G. O

The similar procedure as in Corollary 24, involving coefficients given in (13),
gives no solutions for |a| < 1, so we have the following conclusion.

Corollary 25. Means S, |a| <1, are not stable.

Not all of the means (3), (4), (5) have asymptotic expansion of the form (16).
In order to obtain the asymptotic expansion of the resultant mean—map for all of
the means mentioned in the introduction, and afterwards find which of them are
stable and study asymptotic expansion of R(B,, M, B,), we need to adjust the
algorithm obtained in the paper [8].

Theorem 26. Assume that means K, M and N have expansions

o0
(20) K(x —t,x+1t)~ Z alirp—ntt,
n=0
(21) M(x—t,x+t)~ Z aMirgntt

n=0
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(22) Nz —tz+1t)~ Z A
n=0

as © — 00, such that a)y # £1. Then the coefficients in the asymptotic expansion
of the resultant mean—map

(23) Rz —t,ox+1) =R(K,M,N)(z —t,x+1t) ~ > _alt"z""",
n=0

can be calulated by the recursive formula

m m-—-n

1
R _ K
(24) = > > afPlk,n,dIPlm—n—k,—n+1,s], meN,
n=0 k=0
where
m m—n B
dm—1= Zay Z (Plk,n,glPlm —n —k,—n + 1,h]
n=0 k=0
—P[k,n,g]P[m—n—k,—n—l—l,h]), m €N,
S = Zafy Z (Plk,n,g|Plm —n—k,—n + 1,h]
n=0 k=0
+P[k7nag]P[m_n_kv_n+1vh])v mEN(),
and
(25) g=(1+aY,al,dd .. ), h=(2,a) —1,d),aY,...),

g=0—-aY,—d),—dy,..), h=2,1+a,a) d},..)).
Proof. The proof goes by the similar procedure as the proof of the somewhat specific

analogue form paper [8]. With N being the abbreviated version of N(z — ¢,z + t),
the following holds:

M(l‘—t,N(ﬂ;‘—t,fL‘—l—f)) Niay(%(]\/'—x—i—t))n(%(N—‘,—m—t))_TH—l
n=0

~ % Z anM (t(l + aiv) + Z aévth_kﬂ)n(%c + (a{v — 1)t + Za;ytjx_j+1>7n+l
n=0 k=2 j=2
1 [e.¢] o (o9}
~5 Z aMin Z Plk,n, g|tha=F . p=nH1 Z P[j,—n+ 1, hjtiz™7
n=0 k=0 j=0

~ % i ia%ngp[k»mg]ﬂm —n—k,—n+1,hjtmzm L
k=0

m=0n=0
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Similarly, the second component to be composed with the mean K has the following
expansion:

oo

M(N(x—t,z+1t),x+1) NZa% %erth))n(%(ertJrN))ﬂHl

oo

> —n+1
~ = Za ( 1—ay) Zagth’k“) (2x+ (a) + 1)t+Za§thx’j+1) !
n=0 Jj=2
12 "ZP gltha" x—”+1ZP[j7—n+1,B]tjx—f
n=0 §=0
—-n
Nszan Z [k,n, & Plm —n — k,—n + 1, hjtmz"m+1,
m=0n=0 k=0

In order to obtain the desired formula, we need to calculate one half of the difference
of the previous two expressions

1 oo
T=2(MN(@—t,z+t),z+t)—M@—t,N@—t,x+t))) ~ i > dya e

N | =

and one half of the sum of those two expressions

X =

N —

1 o0
(M(N(z—t,z+t),z+t)+ M(z—t,N(z—t,x+1))) ~ 1 Z Spt™a ™!
The resultant mean-map can then be written in a following way

R:K@fTX+ﬂ

NZ ( de 1tk 7k+1) (1§Sjtjxj+l>

—n+1

Z Plk,n,d]tFz=F . z=nt! Z P[j,—n +1,s|t/z™7
n=0 k=0 Jj=0

1 oo m o m—n

ZZZZ Plk,n,d]P[m —n — k, —n + 1,s]t"z""!

~ E altpmg—mtl,
m=0
O

With assumptions from Theorem 26, the first few coefficients in the expansion
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(23) of the resultant mean are given by:

ay =1,
att = 3 (af +ai" +a) —afal’al),
azR:i( (2—-2afal”) + af (-1 + al’al’)? + ad’ "‘aé\/jaiv(a{V_Za{())v

(26) a?:z( 320 (afa} — 1) — 8aL (aMal —1)% — 8aL (-1 + aMal)x

x ((a))2ad — ol (40 +1) + ol ((a")? — 40} ~ 1))
+8ay (aff —af’)((al)? —4a) — 1)

~ 8al (a3 4 (a))?) - 3(a)’ —1)).

Remark 27. In the previous Theorem formula for the Case I: aY # +1 was
presented. In other cases, first few terms in the sequence g or g is equal to 0
and therefore the expression P[-,-,g] or P[,,-,g] is not well defined. In order to
complement the result of Theorem 26, let z be the minimal integer, greater or equal
to 2, such that a # 0. In Case II: a} = —1, let us redefine g = (a¥,a?,,,...)

and let h, g, h be the same as in (25). Then

dpy =Y ah > Plk,n,glPlm—n—k —n+1,h]
n=0 k=0
\.%J m—nz
—Za,ﬁw Plk,n,g]Pl[m —nz—k,—n+ 1,h], m e N,
n=0 k=0
Za Z [k,n,&|Plm —n —k,—n + 1, h]
k=0
L% m—nz
+ Z aM Z Plk,n,g]P[m —nz —k,—n+ 1,h], m € Ny,
n=0 k=0

and the coefficients of the resultant mean-map can be calculated by the formula
(24). In Case III: ¥ = 1, the sequence g needs to be redefined in a similar manner
and the rest of the procedure goes analogously.

Remark 28. Once calculated by the procedure given in Theorem 26, the coeffi-
cients behave well for the special values mentioned in Cases II and III from Remark
27 where the existence has been shown. As it was proved in [6, Lemma 2.2] we
may use coefficients from the list (26) with ¥ = 4+1 and a}) =... =al ; =0 to
obtain the coefficients in Cases II and III as well.

Remark 29. Regarding the stability examination, when equating the coefficients
a® from (26) with ¢ = afY = aX for m = 1 we obtain that a} (1+a}?)(1—a) =
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0. The first possibility (a}/ = 0) implies (inductively) that also agm+1 = 0, for all
m € N, which means that M has the asymptotic expansion of the type (16). Each
of other two possibilities (a?/ = +1) implies that a,, = 0, for all m > 2, which
correspond to the first and the second projection.

As a consequence of the coefficients comparison, using the stable mean ex-
pansion (18), for means whose asymptotic expansion does not contain even powers
of z, on the one side and the corresponding expansions given in Proposition 23
on the other side, and employing Remark 29 for those means whose asymptotic
expansions contain all powers "1, n € Ny, we have the following conclusion.

Corollary 30. None of the means form the list (5) is stable.

We finish this Section with a result based on Theorem 23 which will be used
in sequel. With K = B, and N = B,, by incorporating coefficients (1) into the
expansions (20) and (22) with parameters p and ¢ respectively, we obtain coefficients
in the asymptotic expansion (23) of the resultant mean—map:

R(Bp, M,B,)(z —t,x +t) =z + 2a’t + £ (2a)" + p+2¢ — 3)t?z~!

7 + 35 (205" — (p = 1)(2¢ = Dal")’a = + O@@™).

4. SUB-STABILIZABILITY AND SUPER-STABILIZABILITY WITH
POWER MEANS

In this Section we present some of the possible applications of the previously
obtained results. We will show the use of asymptotic expansions when examining
the possibility for a given mean to be (Bj, By)-sub- or super-stabilizable and when
possible, how to find optimal parameters p and q.

Since the asymptotic inequality is the necessary condition for the proper
inequality, we analyse when

(28) M —R(B,, M, B,) = 0.

The best approximation is obtained when as many as possible first coefficients are
equal to 0. See [13] for detailed analysis. Because of the reasoning in Remark 4, it
is sufficient to use the expansions in variables (z — ¢,z + t).

Asymptotic inequality corresponds the proper inequality for means when vari-
ables s and t are close enough to each other. In order to complement the information
obtained form asymptotic side, it is often useful to observe relation between means
about the point (0,1). For more details we refer to paper [4].

Example 31. Let M = L. Observe the difference between (12) and (19). When
equating the coefficient by z~! with 0, we have that ¢ = %(1 —p) — 222 and then

(La —R(Bp, La, By))(x —t,z+t) ~ —ﬁ(élag —1)(p? —1-16a*+16a*)t s> 4. ..
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and if also p = £v/1 + 1602 — 16a* then
(Lo — R(Byp, Lo, By))(x — t, 2 + 1) ~ —=450%(0® — 1)(4a® = 1)°t%27° + ..

Hence, for such p and ¢, (28) holds for % < |a|l < 1, and we have the opposite
inequality sign in (28) for 0 < |a| < 3.

Additionally, when we equate coefficient by =5 with 0, we obtain the fol-
lowing trivial (and already known) cases: o = :l:%,q =—-pa=0p=—-1,q9q=1;
a=0,p=1,g=0; a = =+1,p=1,qg = —2; where the stabilizability is achieved.

On the other side, values of limits as s — 0: lims_o La(s,1 —s) = 0 and
lims_,o R(Bp, La, Bg)(s,1 — s) > 0 for any p and ¢, imply that L, could only be
(Bp, Bg)-super-stabilizable.

Combining the observations about the sign of the difference Lo, —R(B,, Lo, By)
in two limiting points, with the intent to achieve the best possible order of inequal-

1

ity, we see that for 5 < |a|] < 1 and above mentioned specific values of p and ¢

mean L, cannot be either sub- or super-stabilizable with the pair of power means
(Bp, Byg)-

Motivated by the Example 31, numerical experiments indicate that the fol-
lowing statement should be true.

Conjecture 32. Let ¢ = 3(1 — p) — 2a% and p = +£v1+ 16a? — 16a!. Then
Lo — R(Bp, La, By) < 0 for |o| < 3.
Example 33. Let M = S,. Observe the difference between (13) and (19). The

best order of approximation as  — oo is obtained when ¢ = %(1 —p) +2a? and

2 _ 1-120°+1120*—640°
P = 1+4a?

(Sa=R(Bp, Sa, By))(z—t, a+t) ~ —50*(1+a%)(1-160°+16a*)* (1+40”) 1025+ ..

. For such values p and ¢ we have

Then, (28) holds when |a| # $v/2 + v/3 and a # 0. Furthermore, one way to make
the coefficient by the 75 equal to zero yields trivial cases: a =0, p=1, ¢ =0
and a = 0, p = —1, ¢ = 1, where the stabilizability is achieved. The remaining

option gives the condition |a| = %\/ 2 + /3. Notice that % 2 — /3~ 0.2588 and

%\/2 + /3 &~ 0.9659, which belong to the valid range. For la| = % 2 — /3, we
have

(St — R(Bp, S By))( — t, 1 + t) ~ LIEITESOVE) 48,7 4 (79,

where the numerical value of the first nonzero coefficient is ~ —9.0558 - 1078, On
the other side, the value of the same difference in variables (s,1 —s) when s = 0 is

approximately equal to —6.4286 - 10~*. For |a| = %\/ 2 4+ /3, we have

(So = R(Bp, Sas By)) (@ — b, + 1) ~ —HETEOVE) 48,27 1 0(39),

where the numerical value of the first nonzero coefficient is ~ —3.4081 - 1073, On
the other side, the value of the same difference in variables (s,1 —s) when s = 0
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is approximately equal to —2.39996 - 1072, In both cases, sign of the first nonzero
coefficient, which is by z~7, implies that the opposite sign in (28) holds. The
asymptotic inequality describes the behavior when variables s and ¢ are relatively
close to each other. Additionally, on the other side, for (s,t#) = (0,1) (or by
symmetry for (1,0)) we have the same sign of the difference, which motivated the
following Conjecture.

Conjecture 34. Let o] = 3vV2—-V3,p = -1+ V3,¢ =2 -3, or |a| =
1V2+V3,p=1++3, ¢=1. Then S, — R(B,, Sa, By) < 0.

Example 35. Let M = M;. Mean M has the asymptotic expansion of the form
(21) and hence from (27) follows that

(My = R(By, My, B,)) (& — t, +1) ~ 2allt + O@a).

From Proposition 23 we see that a}! = % so the expansion of the difference starts

with coefficient fal’t = 1[t| by z°, and the asymptotic inequality (28) holds,
which means that for s and ¢ close enough and s # ¢, the difference M;(s,t) —
R(Byp, M1, Bg)(s,t) is greater than 0. On the other side, observing the values of
limits limg_y0 M (s, 1—s) = 0 and lims_,o R(B,, M1, By)(s,1—s) = 271/P.|271/a
1//In(1 + |In27Y/9]) > 0, Vp,q € R, implies that there are s and t for which the
difference between M7 and R(B,, M1, B,) is negative. We may conclude that M;

cannot be either sub- or super-stabilizable with power means.
Example 36. Let M = M. Then from Proposition 23 and (19) we have
(My—R(By, Ma, By))(z — t,x +t) ~ 3(5 — p— 2¢q)t°z "
+ 5k (2% — 3p” + 2p(14q — 9) + 4q(4(g — 2)g — 9) — 45) t'a 3 + ...

For p=5—2¢g and ¢ = %(5 ++/17), coefficients by ~! and 22 become equal to

0, and coefficient by 27° is equal to —1-¢6. Therefore,

180
My — R(B,, Ms, B,) < 0.
Conjecture 37. Let p = 5—2¢ and ¢ = %(5£V/17). Then M>—R(B,, M, B,) < 0.

Example 38. Let M = Mj3. Then we have the similar situation as in the Example
35 with the same value of the coefficient a}, and therefore asymptotic inequality
(28) holds. On the other side, as (s,t) — (0,1), values of the difference M3 —
R(Byp, M3, B;) may be positive or negative, depending on p and ¢. Hence, M3
could only be sub-stabilizable with power means.

Example 39. Let M = M. Then
(M4 - R(pr M4a Bq))(x - t,I + t) ~ é(3 —-—Dp— QQ)t2I71
+ 551 (P2 + p) (=7 +2p) + 12pq — 24¢° + 16¢° — 7(3 + 49)) t*a > + ...

For p = 3 — 2q and ¢ = 3(3 £ v/21) coefficients by ! and 2~% become equal to
0, the coefficient by 27 is equal to 15t® and therefore the asymptotic inequality
(28) holds.
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Conjecture 40. Let p =3—2gand ¢ = %(3:&@) Then My—R(Bp, My, Bg) > 0.

Example 41. Mean M = M5, when compared with the resultant mean—map
behaves similarly as mean M;. Namely, asymptotic inequality (28) holds, and
further, lim;_,o M5(s,1—s) = 0 and lims_,o R(Bp, M5, By)(s,1—5s) > 0, Vp,q € R.
Analogously as in the Example 35, we may conclude that mean M5 cannot be either
(Bp, By)-sub or super-stabilizable.

Example 42. Let M = M,,,, defined in (5) with special and limit cases described
in Proposition 6. From (27) we find the asymptotic expansion of the difference

(Ma,'r — R(Bp, Ma7r,Bq))(l' — t,l’ -+ t) ~ %a{wt —+ ... s

where from Proposition 23 we see that a} = a%. Therefore, asymptotic inequality

(28) holds when a > 0, and the opposite asymptotic inequality holds when « < 0.

Observing the limit of M, ,(s,1—s) as s — 0, we see that it is equal to 0 for
r+a>0and —(r+a) for r+a <0.

If o« > 0, then by the same argument as in the Example 35, mean M, , cannot
be either (B, By)-sub- or super-stabilizable. If & < 0, then mean M, , can only be
(Bp, Bg)-super-stabilizable. If o = 0, then M, , corresponds the logarithmic mean
L, whose asymptotic expansion can be found in [5]:

Lz —to+t)~a—itPa™h = %t‘lx*?’ — ot 4 O(z™7).

Now we have
(L —R(Bp,L,By))(x —t,x+1t) ~:(1—p—2q)t°z""
+ 522 (20° — 3p* — 2p(5 + 2¢) + 4q(4q(q — 1) — 5) + 11)t*a > + O(2?).
If we set p =1 — 2q, then
(L = R(Bi-2q, L, B))(z — t,z + 1) ~ gga(q — D)t'e™> + O(x77),

and if, additionally, ¢ = 0 or ¢ = 1, we obtain two pairs of power means for which
the resultant mean R(B,, L, B,) is equal to L:

R(A,L,G)=L, R(H L A =L,

which can be easily verified by direct computation.
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