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ASYMPTOTIC BEHAVIOUR OF THE ITERATIVE
PYTHAGOREAN MEANS

ToMisLav BURIC

ABSTRACT. Asymptotic expansion and behaviour of the iterative com-
binations of the Pythagorean means (arithmetic, geometric and harmonic
mean) is obtained and analyzed. Results are used for asymptotic compar-
ison of means.

1. INTRODUCTION

The well-known Pythagorean means are three classical means: arithmetic,
geometric and harmonic mean defined by

s+t 2
(11) A(Svt) = 9 G(Svt) = \/Ev H(Svt) -1 T 1o
s t
where s and t are real positive numbers.
These means have following ordering
(1.2) min(s,t) < H(s,t) < G(s,t) < A(s,t) < max(s,t),

and there are many results and papers concerning their properties, inequalities
and comparison to other classical means.

In recent papers [5-7] authors studied asymptotic expansions of means
and developed new technique of deriving and calculating coefficients in this
expansions. They succesfully used new method to establish various relations
between classical means, see cited papers for details.

The asymptotic expansion of the mean M (s,t) is representation of this
mean in the form

(1.3) M(:chs,:Eth)::Ech(s,t):c*”, T — 00,
n=0
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where ¢, (s,t) are homogeneous polynomials of the degree n in variables s
and t. It is shown that simpler form of these coefficients is obtained under
substitution
(1.4) t=a+p0, s=a-—p0,
so variables « and S will be used in the rest of the paper.

Obviously, expansion of the arithmetic mean is
(1.5) Alz+s,z+t) =z +a

and it has only these two terms. Asymptotic expansion of the geometric and
harmonic mean is derived in [6] and it reads as

(1.6) Gz+s,z+t)~x+a— %23071 + %523072 - %2(4042 + Bz ...

(L7) H@+sz+t)~r+a—pF2 af’e™® - a7 + ..

Recall that arithmetic-geometric mean is an example of an interesting
mean obtained by the iterative combination of arithmetic and geometric mean
in the following way. Define ag = s, go =t and

ar +b
(18) Akp+1 = k 9 k, Jk+1 = V akbk, k Z 0.

Then both of this sequences converge to the same limit AG(s,t) which is
called arithmetic-geometric mean.

Same idea can be used to the other combinations of Pythagorean means
as well. For an example, iteration of geometric and harmonic mean

2
(1.9) Ik+1 = V gk, hit1 = i

9k R

leads to same limit geometric-harmonic mean and iteration of arithmetic and
harmonic mean
ar + hg 2
(1.10) A1 = — 5> hiy1 = T 1
2 = =
ag hk
defines arithmetic-harmonic mean. It is not hard to see that this mean is
exactly equal to the geometric mean.
In a recent paper [4], authors studied arithmetic-geometric mean and
derived its asymptotic expansion:

(1.11) AG(x+t,x+s) ~x+a— %230_1 + awa_z - 5(16042 +58%) 73 4. ..

By comparing coefficients in this expansion with expansion of A and G
mean, one can see that AG clearly lies somewhere in the middle, but is a
little bit closer to the geometric mean. This iterative process also showed
interesting convergence and stationary properties of the coefficients in the
asymptotic expansion of AG mean, for details see [4].
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The main aim of this paper is to derive coefficients in asymptotic expan-
sion of the arithmetic-harmonic and harmonic-geometric mean by analyzing
their iterative proccesses in a similar way as it has been done for AG mean.
These coefficients will be used in the third section where we give relations and
inequalities between this means.

We shall need the following fundamental lemma for the transformation of
the asymptotic series. The proof is easy, see e.g. [6].

LEMMA 1.1. Let function f(x) have asymptotic expansion (ag =1)

o0
flx) ~ Z anz™", T — o0.
n=0

Then for all real p it holds

[f@)] ~ " enlp)a™,

n=0
where ¢cg = 1 and

n

(1.12) Cn = %Z[k(ler) — n)akCn_k.
k=1

We shall also need the following standard result:

LEMMA 1.2. Let f(x) and g(z) have asymptotic expansions (ag = by = 1):

f(x) ~ Z apx™ ", g(x) ~ Z bz ™.
n=0 n=0

Then their product f(x)g(x) and quotient f(x)/g(x) have asymptotic expan-
sions

f@ga) ~ e, LD S g,
n=0

where ¢cg = dog = 1 and

n n
(1.13) Cp = Z arbn_k, d, = an — Zbkdn—k-
k=0 k=1
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2. ASYMPTOTIC EXPANSIONS OF ITERATIVE PYTHAGOREAN MEANS

To derive asymptotic expansion of the combination of two Pythagorean
means, we shall follow its iterative process.

Let us start with arithmetic-harmonic mean. Let sequence (a,) be lim-
iting sequence which converges above to the limit AH(s,t) and let A, (s,t)
be the value of n-th iteration. Similarly, let H,(s,t) be defined through the
sequence (hy). A, and H, are also means because they are obtained as the
composition of arithmetic and harmonic mean to the previous members of
these sequences.

Then, let
(2.1) An(s,t) =2 af (s, )",
k=0
and
o0
(2.2) H,(s,t) ==z Z h,(cn) (s,t)x™",
k=0

be asymptotic expansions of the n-th iteration.
We shall show that functions a,(:) and hfgn) converge to the same limit
¢k (t, s) when n — oo, and it holds

(2.3) AH (s, t) =« i cr(s, )z ",
k=0

THEOREM 2.1. Let n be arbitrary natural number. Then we have
(2.4) al™ = p{™
for all k < 2n.

In other words, for fixed k, the sequence a,(cn) is stationary sequence which

defines the limiting value cx. Proof of the theorem follows from the next
lemma by mathematical induction.

LEMMA 2.2. Suppose that coefficients a,(:) and h;"), for arbitary n > 1,

satisfy
a™=n",  k=0,1,... K
Then it holds

(2.5) a =p =aM  j>n+1, k=0, K,
and

+1 +1 +1 +1
(2.6) a(1?+1) = h(I?Jrl)v a(I?Jrz) = h<}?+2)'

Therefore, in each following step, at least two new coefficients coincide
and remain equal in the future.
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PROOF. For the arithmetic series the statement (2.5) is obvious. Let us
examine (hy,).

Denote
Ank = Za?”x‘f“, ARnjp= Y a§")x_3+17
j=0 j=k+1
and similarly for Hy, i, HR,, k.
Then
H . 2 2A,H, . 2(An,k + ARn,k)(Hn,k + HRn,k)
n+l —

A;1+H7?1 - An+Hn B An,k+ARn,k+Hn,k+HRn,k .

Since A,, = Hy 1, this can be written as

AR HR
(1 2t ) (14 2
(2.7) Hyi1 = Ang .k mk

1+ ARn,k + HRn,k
24,k

and clearly (2.5) follows.

Now, to prove (2.6), let us find the first two coefficients in the expansion
of the quotient AR, /Ay k. Using Lemma 1.2 (recall that ag = go = 1), we
have

ARp k. agﬁ agﬁr)z agn)al(;21

Ak gkl rk+2 L
In a same way,
HR p(™ pm )y (n)
nk _ Dkt ka2 LIS R

Ak s kT2

Now, from (2.7) it follows

(n) A g )
Hn+1=$<1+a17+...> <1+ Rl Thi2 1 ’”1+...>-

RV kT2
(n) (n) (n) 4 (n) (n) (n) (n), (n) -1
. (1 I hiy i his — " hyty I )(1 I Uy I Upys — 01 Wy I )
ok+1 rk+2 rk+1 k42 A I
where - )
n n
(n) _ Qg T Mgy
kti — 9 )
and therefore () - - - _
n+1 n n n n+1
by’ = apy + gt — i = a7

k42

n n n n n n n+1
+ (hl(ch)Q - ag )hl(ch)l) - (“59432 - ag )“1(9421) = agc+2 ).

hg::él) = a§")a§cn+)1 + agn)hgﬁl - agn)“g& + (a(n) - ai”)agfl) +
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O

Now we can calculate coefficients ¢, of the asymptotic expansion (2.3). In

each iteration, coefficients a,gn) are easily obtained and for calculating sequence

oy 2am DR
W= e e

we use Lemma 1.2 for multiplication and quotient of asymptotic series.
Here are the first few coefficients in terms of variables « and f:

Co = 17
C1 = q,
2
Cy = _ﬁ_7
2
o= 28
3 — 2 ’
2
Cq4 = —%(4042 + ﬁQ)v
2
cs = %(4042 +34%),
2
2
7 = %(8044 +200%6% + 54%).
2
¢s = — 1= (640° 124005 + 1200%5* + 56°).

As expected, since arithmetic-harmonic mean is equal to the geometric
mean, we have obtained the same coefficients as in expansion (1.6), but this
way we have shown that iterative process for arithmetic-harmonic means has
same stationary and convergence properties as arithmetic-geometric mean an-
alyzed in paper [4].

We will now show that this properties are also valid for the geometric-
harmonic mean.

As before, let sequence (g,,) be limiting sequence which converges above
to the limit GH (s,t) and let G,,(s,t) be the value of n-th iteration. H,(s,t)
is defined as before.

Then,

(2.8) Gu(s,t) =2y gt (s, )27 ",
k=0
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and
(2.9) H,(s,t) ==z Z h,(cn) (s,t)x=",
k=0

are asymptotic expansions of the n-th iteration.
Functions g,(cn) and h;cn) converge to the same limit dj (¢, s) when n — oo,

and it holds

(2.10) GH(s,t) = xidk(s,t)x_k.
k=0

THEOREM 2.3. Let n be arbitrary natural number. Then we have
(2.11) g =
for all k < 2n.

Again, for fixed k, the sequence g,(cn) is stationary sequence which defines

the limiting value di. Proof follows from the next lemma.

LEMMA 2.4. Suppose that coefficients g,gn) and h;"), for arbitary n > 1
satisfy

g™ =nl" k=01, K
Then it holds

(212) gl(cj):hl(cj):gl(gn)a j>n+1, k=0,...,K,
and

n+1 n+1 n+1 n+1
(213) ggql) = hg(+1)7 g§(+2) = hg(JrQ)'

PROOF. Let us first prove (2.5).

Denote
k 00
Gnk = Zg§n)x7g+1’ GRy = Z g§")x73+1,
J=0 j=k+1
and same for Hy, ;, HR, .

Then
I _ 2 2G, H, _ 2(Gn,k + GRn,k)(Hn,k + HRn,k)

n+l —

Gl+H,' Gn+H, Gunr+GRup+HuptHRp

Since Gy, = Hp , this can be written as

mn H n
(1+ o ’k> <1+ oL ’k>
(2.14) Hpi1 =Gy nk n.k

1 k) )
* QGn,k
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and clearly (2.12) is valid for the harmonic series.
Similary,

Grir = /Gy = /(G + GRup) (Ho g + HRp ),

which can be written as

GRnk HRnk
2.1 nt1 = Gy, 1+ —= 14+ —=
2.15) G,kw s (1 et

and (2.12) follows.

To prove (2.13), we again start with the first two coefficients in the ex-

pansion of the quotients

GRuk _ 91(:21 9121)2 - 9%71)9;(@1)1 n
Gnp  xktl rk+2 A
and (n) (n) (n); (n)
HR hy h" — a1 h"
nk i 4 D2 91 Ny T

Gn,k T opktl k42

Now, applying binomial formula to (2.15) it follows

(n) 1 (n) 1\ (1) (n) (n)
. g1 5\ Jrt1 5\ 9k+2 — 91 "Gr41
Gn+1—x<1+—x —|—> <1+(i)zk+1 +(i)4zk+2

1+ % hgrjr)l_i_ % hlﬁ?z‘ﬂn)hlgﬁ_’_
1) gkt1 1 rk+2 B

and from (2.14) we have

(n) (n) () _ () (n)
_ 91 Ir+1 |, Ie+2 — 91 Ikt
Hn+1:c<1+—+...> <1+$k+1+ s +>

X

P ) ) o))
<1+ k+1 k42 1 k+1 4. 1+ k+1 + k42 1 k+1

R + oF+2 R oF+2
where - -
n n
() _ Iri T ity
k+i 2 :
Therefore,
(D) _ ) ) _ I F A ()
n n n n + + n
hiyr” =Gy +hyy — v = - 9 g1 s
+1
A = ot oy + o — oo+ (9 — 98 ol

+ (hﬁfﬁ — g%")hénfl) - (Uziri)z - 9§")vz(ﬁ)1)

+> .

-1
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oV e gt e Ve Wil - o h
2 2 2 2
+1
= g](;j_g )7
and the proof is complete. 0

Finally, we shall derive coefficients dj, of the asymptotic expansion (2.10).
In each iteration, for calculating A(™ we use Lemma 1.2 for multiplication
and quotient of asymptotic series, and for (™) we use Lemma 1.1 with p = %

So, the first few coefficients in the expansion of the geometric-harmonic
mean, in terms of variables o and 3, are:

dO:]-a
d1 = Q,
3 2
3af?
d3: 4ﬁ ’
2 2 2
=——(4
d4 64( 8o +7ﬁ )a
3a” 2 2
= 1
d5 64 ( 6 +76 ),
2
dg = ——(192a* + 168a%5% + 115*
6 256( o+ « B + 6 )a
o’ 4 292 4
352 6 42 2 o4 6
dg = —16384(4096a + 8960 8% + 3520 3% + 1255°).

REMARK 2.5. Asymptotic expansion of the geometric-harmonic mean can
be also obtained through its relation to the arithmetic-geometric mean. It
holds

1
(2.16) GH(s,t) = —————.
AG(5. )
Therefore, we can apply Lemma 1.1 (p = —1) with asymptotic expan-

sion of AG mean derived in paper [4], but it was also interesting to examine
stationary properties of GH mean through its iterative process.

3. ASYMPTOTIC COMPARISON OF PYTHAGOREAN MEANS

In [5,7], authors developed techniques for comparison of means through
their asymptotic expansions.
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DEFINITION 3.1. Let M7 and My be any two means and
My(z+ 5,2 +1t) — Ma(z + 8,2 +t) = cp(s, )z " + O(z™F).
If cx(s,t) > 0 for all s and t then we say that mean M is asymptotically
greater than mean My and write
My = Ms.
Of course, this is equivalent to
M; < M.
THEOREM 3.2. If My > Ms, then My = M>.

In other words, asymptotic inequalities can be considered as a necessary
relation between comparable means, see cited papers.

We will now present asymptotic relation between Pythagorean means
and their iterative combinations. It is shown in [5] that for the comparison of
means, it is sufficient to consider the case a = 0. In this case co,,4+1 = 0, so in
the next table we will show only even coefficients in the asymptotic expansions
obtained in the previous section.

TABLE 1. Expansions of the iterative Pythagorean means

M x| 2 x|t/ | O)x5 | 8/aT
A 1 0 0 0 0
AG TR I R B

4 64 256 16384
Goam| 1 | 2| L] L 2

2 8 16 128
GH TR 4 A B B L

4 64 256 16384
H 1 -1 0 0 0

As we can see, coefficients coincide with the known inequality between
Pythagorean means:

(3.1) H < GH < G=AH < AG < A
Iterative means AG and GH obviously lie in the middle of their starting

means, but they are both closer to the geometric mean. According to coeffi-
cients next to £ 73, it is also interesting to see that GH is a little bit closer
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to the geometric mean than AG. Using this method, one can easily compare
G H with other classical means as well, see cited papers for details about this
concept.
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