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We consider compositions of n, i.e., sequences of positive integers (or parts) (Ui):;":l where o1 + 02+ - -+ 0K = n.
We define a maximum to be any part which is not less than any other part. The variable of interest is the size of the
descent immediately following the first and the last maximum. Using generating functions and Mellin transforms,
we obtain asymptotic expressions for the average size of these descents. Finally, we show with the use of a simple
bijection between the compositions of n for n > 1, that on average the descent after the last maximum is greater than
the descent after the first.
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1 Introduction

Compositions of n are finite sequences of positive integers (o;)%_, with k parts such that
o1 +0g+ -+ o =n.

We define the first maximum o, to be that part satisfying o,,, > o; for all s with0 < ¢ < m and 0, > 0;
for all ¢ such that m < ¢ < k. Informally, the first maximum is the part which is larger than any parts to
its left and not less than any parts to its right.
The variable of interest here is the size of the descent after the first maximum. We define the descent to
be
{am—am+1, if m<k

Om, ifm=~k.~
where £ is the number of parts.

Analogously we define the last maximum and the descent following it.

Two examples for the compositions of 17 illustrating these descents are:

Firstly, 13514 3. There is only one maximum, o3 = 5, so clearly the descent after the first or the last
maximum is the same; it is 4.
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Secondly, 133 55. There are two consecutive maxima where 04 = o5 = 5. The descent after the first
maximum is O whereas the descent after the last maximum is 5.

Much recent work has been done on compositions. For example, see the book [9] and [1} 2} [7, [10].
In particular, ascents and descents in compositions were studied in [3]] and maxima have been studied in
[12].

We obtain generating functions for the descents occurring immediately after the first and the last max-
ima, by splitting these compositions into blocks that occur before and after these maxima. From this, we
obtain generating functions for the average descents after the first or last maximum in compositions of n.

Using the Mellin transform, we find asymptotic expressions for these averages. In Section 5, we specify
a simple bijection between the compositions of n in order to show that, on average, the descent after the
last maximum is greater than the descent after the first maximum for compositions where n > 1.

2 Descent after the first maximum

2.1 Symbolic decomposition

We split the compositions of n into 2 cases, depending on where the first maximum occurs. It can either
be before or at the end. Fixing h as the height of the maximum, we represent these cases symbolically in

the diagram below: .
Oiy2: O Maximum: oy,

Maximum: o; _ \ \

\ S
01041 Al Sh \ h
\ <
<h h or <h
Oit+1

Fig. 1: The first maximum decomposition where the maximum height is h

In both cases, the three sub-compositions oy - - - 0;_1, ;42 - - - 0 and oy - - - 01 allow the possibility of
the empty composition. In the first case, if the sub-composition oy 05 - - - 0;—1 is empty, the first maximum
is at the start and the part o; 11 ensures that the maximum is before the end. The second case indicates
that the only maximum occurs at the end.

2.2 Generating function for the descent after the first maximum

Our aim is to find the generating function F'(x,y,u) where = counts the size of the composition, y the
number of parts and u the size of the descent after the first maximum. (This, by symmetry, is equivalent
to the generating function for the size of the ascent before the last maximum).

We need the following well-known lemma, see [8, 9]
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Lemma 1 The generating function for compositions with largest part less than or equal to h where h > 0,
is

1 - 1—x
L—yyh 2 1—w—ay+yahtt

Ch(z,y) =

For a non-empty composition, let the size of the first maximum be i > 1. Firstly, consider the left case in
Figure (1] the generating function for the single part o, ; that is situated just after the first maximum is
ry(ul — ah)

y(:cuhil +1,2uh72+”.+1,h)
u—x

Incorporating this term, the generating function Fj,(x, y, u) that covers both cases shown in Figure is

A y(uh — ™)

Fh(z7y7u) = Ch—l('ray)y'r 'Ch(xvy)JFCh—l(»T,y)y»ThUh- (21)

uUu—x

Since this is for a fixed h, we need to sum over all possible values of h. Thus

F(m7y,u) = 1+2Fh($7y7u)
h=1

00 h h

u' —x

=1+ Z Cha (@, y)ya" (Uh + R —— Ch(z, y))
h=1

where the first term is for the empty composition. Thus by Lemma 1, we have our first result:

Theorem 1 The generating function for compositions of n where x counts the size of the composition, y

the number of parts and u the size of the descent after the first maximum is

h h

oo
1—2x u' —z 1-2z
Flz.v.u) =1 " (Wl + 2 :

Putting y = 1, i.e., ignoring the number of parts, the generating function becomes

o0
1—=x ul — P 1—=x
F(z,1,u) =1 L — L T . 22
(z,1,u) +};1—2x+xhx <u R — 1—2x+xh+1> (22)
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3 Sum of the descents after the first maximum

We are now in a position to find the sum of the descents after the first maximum in all the compositions
fe te ot n1OF (x,1,u)

of n. ThlS.IS given by.[x | =5 ’u;l'

The derivative obtained from (2.2)) is

OF (z,1,u)
Az): = —ou
u=1
B i h(1 — x)x" h(1 — z)x+! B o1 — M)
7h:1 1-2zx+az"  (1-2x+2")(1—2z+2"1)  (1-2z+2")(1 -2z + zht1)
—h + 22 + 2hz — 2ha? 1—hx

= 1+h—nh — . 3.1

};( * v 1—2z+zh 1—2x+xh+1) ©-1)

We simplify this series by considering the finite sum to N and thereafter choosing N sufficiently large.

N
—h + 2z + 2hx — 2ha? 1—hx
AN(x).Z(1+hhx+ 9w 1 ah 1—2x+xh+1>
h=1
_i 1—hx—|—a:h—|—hsch—hxh+1_ 1—hx
_h:1 1—2z+ 2 1— 2z + it
_iv:(l—hsc—kzh—!-h:ch—hxwrl) N+1(1—(h—1)x>
- _ h o _ h
— 1—-2x+2 = 1—-2x+2x
_1+x—x2+§: 1— ha + 2" 4 hah — haht! i 1—(h—1)z 1- Nz
I P 1—2z+ 2h P 1—2x+2xh 1—2x+ N+
_XN: —z + 2" + ha? — heht? +1+x—m2_ 1— Nz 32)
_h:2 1—2x+2h 1—=z 1— 2+ N+’ '

To find the coefficient of ™ in A(x), we may choose any N with N > n. Since we are only interested
in the terms up to x", the last term 1721:;% can be replaced by 11’_];';” Thus, we wish to find the
coefficient of ™ in

14z —a? 1—N:r7ix—(h—|—1)mh+hxh+1

: — 33
In(a) -z 1-20 & 1-2c+ah )
where N > n. Here [2"] fny(2) = [2"]An(z) = [2"]A(z) for n < N.
For example, for N = 10, both series expansions for fx (z) and A(x) begin with
x + 227 + 62° + 132" 4+ 292° + 612° + 13127 + 2742® + 5762 + 11992'°. (3.4)

We illustrate what is counted by the term 132% in (3.4) in the table below:
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Compositions of n = 4 1111 | 211 | 121 | 112 | 13 | 31 | 22 | 4 || Total

Size of descent after first maximum 0 1 1 2 3 2 0|4 13

3.1 Asymptotics
We rewrite the generating function (3.3)) in the form
N

—z2 N h _ poohtl
fN(x)::1+x 2t 1+x+z( x x >+Z(h+1)m hx*‘.

_ _ _ I h _ h
1—=z 1—2x P 1-2x 1—-2zx+«x = 1—-2x+zx

The coefficients of 2™ in the first two terms of fy(z) are 1 and —2"~1, respectively for n > 1.
3 N X x
We next consider ) ", (ﬁ s

22 + " that lies between % and 1. An application of the principle of the argument shows such a root py,
exists, with all other roots being of larger modulus. By dominant pole analysis, see [5} 6],

) . For h > 2, let pj;, be the smallest positive root of 1 —

T ep™ with e -t
1—2x+2h " h72—hp2_1’

Gnpn = [2"]

for large n.
The denominator 1 — 2z + 2" behaves like a perturbation of 1 — 2z near x = % SO one expects pp, to
be approximated by % as h — oo. By “bootstrapping” we find that

o= 5(1+27 4 O(h2")) (3.5)

and hence ¢, = 3(1+O(h27")). As in Knuth [[IT] or Chapter 5 of [6]], the dominant terms of 31 _, ¢n.n

occurs for a restricted range of h such as n 3 <27 < loin, for which

anlA/2n—1(1__2—h)n N2n—le—n/2h.

Again, as in Knuth [[11]], we may incorporate the asymptotically small tails of the sums to show

f=12") (1 j2x 1 —2z+$h) =2 (Z(l — e +0(1)> -

h=2 h=2

Let

For « € R, the Mellin transform of the function g(z) is

225
1—2s

g*(s) = /Ooog(x)xs_ldx = ZZSh I(s) = I'(s), where —1<Re(s)<0.

k>2
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Here, we have used the fact that the Mellin transform of 1 — e™% is I'(s) = fooo e x5~ ldx, for —1 <
Re(s) < 0. To estimate the sum g(n) and hence f,, we use the Mellin inversion formula,

1 71/2+’LOO

—- * 7Sd .
90 =5 [ 9

We move the contour of integration to the right and must compute some residues as compensation.
Let xx = 2kmi/log2. There are simple poles of the integrand at s = yj, for each k € Z \ {0}, with
negative residue

1 )
_ 22Xkl—\ —Xk — _ T —2kmilog, z
710g2 (xw)x log 2 (xk)e
For s = 0, we have a double pole with negative residue
3.
1 —
B2t T + log2’

where +y is Euler’s constant.
Combining the contributions for all k£ € Z, we find that

3 ¥ 1 —okmil
~1 2 _ T milogy n
g(n) ~logyn — o + g2~ Tog2 gﬁo (xk)e

There remains to compute

N n
i (h+1)z" + 't N ha"
r"'i[x]z 1— 2z 4 zh =0 [x]zl—Qx—l—a:h '

h=2 h=2

As before, we can show that for the dominant range of terms in 2 < h < n,

h.’L‘h

T~ h e

[2"]

Thus
r, =0 <2n Z h2h6n/2h> .
h=2

Estimating the latter sum using Mellin transforms yields

" —0 (2 logn> .
n

For the mean value, we must divide by the number (2" ~1) of compositions of n. In particular szt — 0
and we find
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Last maximum before the end Last maximum at the end

\ Non-empty part \

<
h <h

Fig. 2: Decomposition of descents after the last maximum

Theorem 2 The average descent after the first occurrence of the maximum in a composition of n is
asymptotic to
gl

5
logzn—i—i—@—&logzn) as n — oo

where §(x) is a continuous periodic function of period 1, mean zero, small amplitude and Fourier expan-

sion
5(r) = 3T (xw)e 27,
k0

4 Descent after the last maximum

Up to now, we have considered the descents after the first maximum in compositions of n. In this section,
we consider the descents after the lasr maximum. A comparison of the series expansion (3.4), for the
sum of descents after the first maximum, and (4.3) below, for the sum of descents after the last maximum
shows that the two problems are not equivalent.

In symbolic notation, we have two cases depending on whether the last maximum occurs at the end or
not. For the left case in Figure [2] we need the generating function for the single part of size less than h
that immediately follows the maximum. This is given by

uh—1 _ ph—1
Y (xuhfl + 2224 zhilu) =yur ———,
U—2
where x marks the size of the part, y the number of parts and u the size of the descent after the last max-
imum. Thus, combining the two cases and summing over h we obtain the generating function G(z, y, u)

analogous to F(z,y,u) in Section 2.
(oo}

yh—1 _ ph—1
Gl =1+ Y- Culaa” (1 + Coma o pa ™ =5 ).
h

u—x
=1

where C'(h) is from Lemma 1. After substituting y = 1 and the expressions for C,(z,1) and Cp_1(x, 1),
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we have

h—1 h—1
< (1—xz)a" (uh e I C i ))
Gl lu)=1+) (u—2)(1=22Fa")

h=1

1— 2z + it

Then the generating function for the sum of the descents after the last maximum is

h (h—1)z z(1—zh 1) z(1—zh 1)
B( ) 8G(w, 1,11,) (1 - QZ‘)JT (h+ 1—2x+axh + 1—2z+zh (1—m)(1—2x+m")>
x) = —2 =
ou uet 1— 2z + zht!

" (—z(1—2") + h(1l —z)(1 — 2 + 2"))
(1-2z+2")(1 -2z + zh*1)

M 100 T

h—«—x—hxjL (2 —h) 7h+x—3hx—|—hx2
x 1—2z+z" (1 —2zx+ zhtl)

i
L

Thus we have shown

Theorem 3 The generating function for the sum of the descents after the last maximum in compositions
ofnis

i(h—&—x—hx z(2—h) h+x—3hx—|—hx2)

= x 1—2z+ah  x(l -2z + ahtl)

where x marks the size of the composition.

To proceed with our calculations, we let the upper limit of the sum be /V and later choose N sufficiently
large. Thus, we consider

BN((L') L=

(]

o <h—|—x—hx x(2—h) h+x—3hw—|—hm2>

£ x +1—2x+xh7 z(1 — 2z + xh+1)

1

I
WE

h+ x — 3hz + ha? + hah 4+ 2ht — paht? B h+ x — 3hx + ha?
z(1 -2z + M) z(1 — 2z + zht1)

=
Il

1

WE

<h+z3hx+hx2+hxh+xh+1hxh“ h1+x3(h1)x+(h1)x2>

= (1 — 2z + zh) (1 — 2z + M)
+1—x—|—x2 N+ —3Nx + Na?
z(1—x) x(1 — 2z + 2N+1)

4.1
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for N > n. This has the same coefficient of 2" as

N

1— 3z + 2% + hah + 2" — haht N(1 - 32 + 22 1 1— a2+ 22
by(z): =) - _M ) _ +
= (1 —2x + zh) z(1 — 2z) 1-2z z(1—2x)
_i 13z +a? 1 — 3z + 2% + ha! + 2"+t — pah+! l—x+22 (z—1)32
B —~ (1 —2z) (1 — 2z + M) z(1—2z)  z(2z-1)
4.2)
Thus [z"]|B(z) = [2"]by(x) for N > n. For example, for N = 10, the series expansion for the
expressions for B(z) and b1 (x) both begin with
x + 322 4+ 72® + 162* + 342° + 732° + 15227 + 31828 + 6582° + 1360x1°. 4.3)

The coefficient of z* is illustrated in the table below:

Compositions of n = 4 1111 | 211 | 121 | 112 | 13 | 31 | 22 | 4 || Total

Size of descent after last maximum 1 1 1 2 3 2 2 |4 16

4.1 Asymptotics

Here, we use Mellin transforms to study the average size of the descent after the last maximum in a
composition of n.

Theorem 4 The average descent after the last occurrence of the maximum in a composition of n is asymp-

totic to

5 Y
loggn — 3 + Togd d(logy )

where §(x) is a continuous periodic function of period 1, mean zero, small amplitude and Fourier expan-

sion _
8(x) = T(xp)e 27
k0

Proof: We rewrite the generating function in (4.2)) in the form

l—a+22 (z-1)2 i( 1— 3z + 22 1— 3z + 22 ) ihxh—&—xh“—hxh“

z(1—x) z(2x — 1) z(1 —2x) x(1 -2z + zh) x(1—2x +zh) 7’

h=2 h=2

where the coefficients of 2™ in the first two terms are 1 and —2"~! respectively for n > 1. Given n we
choose N such that N > n.
As before, let pj, = (1 + 27" + O(h272")) be the smallest positive root of 1 — 2z + z". Then
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and
1—3z+22

Qo= [27] (x(l — 2z + xh)) ~ ChPp

with .
on =51+ O(h27h)).

Thus, once again g, j, ~ 2" te™™/ 2" for the dominant range of i with h < n .
Then, for any n and N chosen such that N > n, we have

N
" 1— 3z + a? 1— 3z + a2
en.—[x]z;<— z(1 — 2z) +x(1—2m+xh))

= (i(l —e?) 4 0(1)> '

h=2

This is precisely the same as the sum estimated by Mellin transforms in the proof of Theorem [2]
Also as in the proof of Theorem 2] we find

N
h h h+1 _ h h+1 1
a3 T o).
(1 — 2z + zh) n
h=2
Dividing by 2"~ to obtain the mean value yields the same asymptotic result as in Theorem |

Remark: Even though we have the same asymptotic results in Theorems[2]and[4] the series expansions
(3.4) and @.3) illustrate the fact that the sum of descents are in fact greater in the case of the last maximum,
than they are for the first maximum, for n > 1.

5 Bijection to show that on average the descent after the last
maximum is greater than the descent after the first

In this section, we show with the use of a simple bijection f between the compositions of n > 1, that the
average descent after the last maximum is greater than the average descent after the first maximum.

The bijection is defined as follows:

The composition is mapped to itself if it is one of the following 3 types:

Type 1: the composition has only one maximum.

Type 2: the composition has 2 or more maxima, where one of them occurs at the end.

Type 3: the composition has 2 or more maxima, none of which occur at the end and the first maximum
is immediately followed by a maximum.

However, if we have

Type 4: the composition has 2 or more maxima, none of which occur at the end and the first one is not
followed immediately by a maximum, then the bijection swaps the positions of the two elements which
occur after the first and last maxima and preserves the rest.

We illustrate the bijection for a composition of type 4 below.
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Consider the composition 26136651. It has 3 maxima, none occur at the end and the first maximum
o9 = 6 is not followed directly by another maximum. We swap o3 = 1 with o0y = 5 and therefore the
composition is mapped to 26536611 as illustrated using bargraphs below:

First max Last max First max Last max
B ' Bl |
I_ A ] I_ Al ]
2 613 6 6 51 26 53 6 6 11

Fig. 3: Bijection for Type 4. Parts A and B are interchanged

We define F; (resp. L;) to be the sum of the descents after the first (resp. last) maximum of compositions
of type ¢t = 1,2, 3,4. Thus, for ¢ = 1 and 4 we have F; = L; and for ¢ = 2 and 3 we have F; < L;.
So, collectively, we have

oF
ou

= Z F;, and g—i

u=l =1

u=1 i=1

for the first descents and last descents respectively.
It is clear that f is a bijection on each of the disjoint types. Thus

5‘£
ou

oF

7% :(L27F2)+(L3*F3)>0

u=1 u=1

which is our required result.
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