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Abstract

An analogue of Euler’s partition identity: “The number of partitions of a positive integer v into odd parts
equals the number of its partitions into distinct parts” is obtained for ordered partitions. The ideas developed are
then used in obtaining several new combinatorial properties of the n-colour compositions introduced recently
by the author.
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1. Introduction

The first partition identity which states “The number of partitions of a positive integer into odd
parts equals the number of its partitions into distinct parts” is due to Euler (see [6, p. 277]). In
Section 2 we shall prove analytically as well as combinatorially an analogue of Euler’s identity for
ordered partitions (also called compositions in [7]). The ideas developed in Section 2 will be used
in Section 3 in obtaining several new combinatorial properties of n-colour compositions introduced
recently [1]. First, we recall the following definitions which will be used in the sequel:

Definition 1 (Andrews [3]). An “odd—-even” partition of a positive integer v is a partition in which
the parts (arranged in ascending order) alternate in parity starting with the smallest part odd. Thus,
for example, the “odd—even” partitions of 7 are: 7,1 + 6,3 + 4.
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Definition 2 (Frobenius [5]). A two-rowed array of nonnegative integers

al az “ e ar

by by - b )’
where a; >a, > - >a, 20, by >by>--->b,>0and v=r+5>_, a+ Y, b is called a
Frobenius partition of v. We note that each partition can be represented by a Frobenius notation since
if we delete from the Ferrers graph of the partition the main diagonal which suppose possesses » dots
then the remaining rows of dots to the right of the diagonal are enumerated to provide one strictly
decreasing sequence of » nonnegative integers (the rth such row might be empty thus producing
0). The remaining dots below the diagonal are enumerated by columns to provide a second strictly
decreasing sequence of 7 nonnegative integers (the rth such column might be empty thus producing

0). The resulting two sequences are then presented in the Frobenius notation. For example, the
Frobenius notation for 7+74+54+4+4+1 is

6 5 2 0
532 1)
Definition 3 (Agarwal and Andrews [2]). An n-colour partition (or, a partition with “n copies of n”)

is a partition in which a part of size n, n > 1 can come in n different colours denoted by subscripts:
ni,ny,...,n, and parts satisfy the order

11 <21 <2, <3 <32<33<41 <42<43 <4y <5 <5 ---.
For example, there are six n-colour partitions of 3, viz., 3,3,,33,21 + 11,2, + 11,11 + 1; + 1;.

Definition 4 (Agarwal [1]). An n-colour ordered partition is called an n-colour composition. For
example, there are eight n-colour compositions of 3, viz., 31,35,33,2,14,

1122,2114, 1124, 111415,

Let C(v) denote the number of n-colour compositions of v, C(m,v) denote the number of n-colour
compositions of v into m parts and C(m;q) and C(q) denote the enumerative generating functions
for C(m,v) and C(v), respectively. The following basic formulas were proved in [1]:

m

N4
C(m,q)—i(1 — (1.1)
C(CI):%M, (1.2)

(v—i—m— 1)
C(m,v)= (1.3)
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and
C(v) =Fy, (L.4)

where F,, is the (2v)th Fibonacci number.

2. An analogue of the Euler’s partition identity
We shall prove the following result:

Theorem 2.1. Let ¢(O,v) denote the number of compositions of v into odd parts and ¢"(O,v)
denote the number of compositions of v into exactly m odd parts. Let OF, denote the number of
“odd-even” partitions with largest part v and OE? denote the number of “odd—even” partitions
with largest part v into exactly m parts. Then

c"(0,v) = OE} (2.1)
and
c(0,v)= OE,. (2.2)

Example. For v=6, m =2, we see that ¢*(0,6) = 3, since there are three compositions of 6 into
two odd parts, viz., 5+ 1, 1+5, 3+ 3. Also, OEg =3, since there are three “odd—even” partitions
into two parts with largest part 6, viz., 6 +5, 6 +3, 6 + 1. Further, we see that ¢(O,6) = 8, since
there are eight compositions of 6 into odd parts viz., 5+1, 1+5, 3+3, 3+1+1+1, 1+3+1+1,
I1+1434+1, 1+14+143, 1+14+14+14+1+1. Also, OEs=8, since the relevant “odd—even” partitions
are 6+5+4+3+2+1, 64+5+4+3, 6+54+4+1, 64+5+24+1,64+3+24+1, 6+5, 643, 6+1.

Remark 1. We see that (2.2) is very similar in structure to Euler’s identity. We call (2.2) an
analogue of Euler’s identity for compositions.

Remark 2. Obviously (2.2) is an immediate consequence of (2.1). We shall provide two proofs for
(2.1).

First proof of (2.1) (analytical). Let OE}'(v) denote the number of “odd—even” partitions of v into
m parts with largest part k. Then by using MacMahon’s partition analysis [4, Chapter 11] we have

00
Z OE/’:’(V)quv _ Q> Z Zan+mq(2n1+m)+(2nz+m—l)+"~+(2nm+1)

v=0 nZnp = 2n, =0
ny—ny Yn2—n3 Am—1—"Nm
XA R (2.3)
where the variables Z;,4,...,4,—1 handle the inequalities satisfied by n; while the n; themselves

become free. The linear operator Q> when applied to the Laurent series in 4y, 4,,. .., 4,—1 annihilates
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terms with any negative exponents and in the remaining terms sets 4; = 1. Hence (2.3) becomes

> n
m 2 m __m(m n 12 n q2 m
Z OE} (v)qu» =z"q ( +1)/2Q2 Z (quzll) 1 <q2 ,11) <«

Ap—
k,v=0 NNy =0 m—1

1
(1=22q22)(1 = %) (1 = @221 =

— qum(m+1)/2

p ). (2.4)

j~mfl

Now on applying to each of A;,4,,...,4,—1 in Eq. (2.4) the following result [4, Lemma 11.2.1,
p- 556]

1 1
- ’ 25
Z (A —ix)1—y/2)  (A—x)1—xy) 2.5)
we obtain
> m m(m+1)/2
) Z q
OE(v)Z'q" = . (2.6)
k%:o k (1 = 22¢2)(1 — 22¢*) - - - (1 — z2¢*™)

By setting ¢ =1 in (2.6), we obtain

ZO £ k_ (1 — ) (27)

On the other hand, we see that

Z "(O,v)z' =(z + 24z 4 )= _z . (2.8)
— (1 _ ZZ)m
A comparison of (2.7) and (2.8) leads to (2.1). O
Remark 3. Using (2.7) and (2.8) one can easily show that
ST . i_ 4
HZ; OE,q" = nz;c(o,n)q T, (2.9)

Since the extreme right-hand side of (2.9) also generates Fibonacci numbers, we conclude that
OE,=c(0O,n) =F,. (2.10)

Second proof of (2.1) (combinatorial). Let Graph A be the graph of an “odd—even” partition 7
into m parts with largest part n. We represent each part ‘@’ by a row of ‘@’ dots. (In Graph A,
n=6, m=4and 1=6+5-+2+ 1, also note that the x-axis is drawn one unit of length below the
last row and the y-axis one unit of length to the left of the first column.)

We draw vertical lines from the corner point of each row and measure the distance of each line
from its preceding one taking y-axis also into consideration. Since 7 is an “odd—even” partition (that
is, its parts alternate in parity starting with the smallest part odd), these distances are all of odd
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lengths and sum upto the largest part n. Consequently, these distances give rise to a composition of
n into exactly m odd parts. Since the correspondence is one-to-one (2.1) is proved. [J

The following is easily verified:
6+5+4+3 —=3+1+1+1

6+5+4+1—1+3+1+1
6+5+2+1—->1+1+3+1
6+3+2+1—1+1+1+3

3. New combinatorial properties of n-colour compositions

We shall prove the following results:

Theorem 3.1. The number of n-colour compositions of v equals the number of “odd—even” partitions
with largest part 2v.

Theorem 3.2. The number of n-colour compositions of v equals the number of compositions of 2v
into odd parts.

Theorem 3.3. Let /\, denote the number of “odd—even” partitions with largest part odd and
<2v—1. Then A, equals the number of n-colour compositions of v.

Example. A, =8, since the relevant “odd—even” partitions are: 5,5 +4+3+2+1,54+4+3,5+
441,54+2+1,3,34+2+1,1. We have earlier seen that there are eight n-colour compositions of 3.

Theorem 3.4. The number of n-colour compositions of v equals the number of self-conjugate par-
titions with largest part 2v such that in the Frobenius notation

al a2 .. ar
> aj
aj a . e a,
alternate in parity.

Example. For v=3, there are eight relevant self-conjugate partitions viz., 62246 4 2212,6 2 14,6%42,
6°4 32,6%422%,6 4312, 6°.

Theorem 3.5. The number of n-colour compositions of v equals the number of partitions into
an even number of odd parts with largest part 4v — 1 such that the parts are alternately =
3 and 1(mod4).

Example. For v =3, there are eight relevant partitions, viz., 11 +9,11 + 5,114+ 1, 11 4+9+4+7+5,
1M1+94+7+1, 11 +9+3+1, 11 +5+34+1, 114+94+74+5+3+1.
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Proofs of Theorems 3.1-3.5. Theorems 3.1 and 3.2 follow from (1.4) and (2.10). Theorem 3.3 fol-
lows from (1.4), (2.8) and the identity

Fi+F54---+F)_ 1=, (3.1)

To prove Theorem 3.4 we establish a bijection between the “odd—even” partitions with largest part
2v and the self-conjugate partitions with largest part 2v such that in the Frobenius notation

al PR ar
, A
al “ e ar

alternate in parity and then use Theorem 3.1. We do it as follows:

Letm=a;+a+---+a(2v=a; >a, >--- > a,) be an “odd—even” partition with largest part
2v. We consider a graph which consists of » successive bends viz., a;-bend, a;-bend, ..., a,-bend.
Here by a k-bend we mean a right-bend containing £ dots in the first row as well as in the first
column. For example, a 3-bend means

0 0 O
0
0

We see immediately that this graph represents a self-conjugate partition with largest part equal to
2v such that in the Frobenius notation

al o .. ar
, A
al .. a}"
alternate in parity. The correspondence being one-to-one, the Theorem 3.4 is proved. [

Example. For v=3, let us consider =6+ 5+ 2+ 1. Then
6+5+2+1 — 0 0 0 0 O O

0 0 00 0O

0 0 0 O

0 0 0 O

0 0

0 0

which is a graph of the self-conjugate partition 624222 with largest part 6 such that in the Frobenius
notation

5 4 1 0
>, Qi
54 1 0

alternate in parity.
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Theorem 3.5 follows from Theorem 3.4 once we observe that if the right-bends in the graph of
a self-conjugate partition of Theorem 3.4 are straightened then we get a partition of Theorem 3.5.
For example, the self-conjugate partition 624222 of the previous example corresponds to the partition
11 +9+4 3 4 1 which is a partition of the type described in Theorem 3.5.

References

[1] A.K. Agarwal, n-colour compositions, Indian J. Pure Appl. Math. 31 (11) (2000) 1421-1427.

[2] AK. Agarwal, G.E. Andrews, Rogers—Ramanujan identities, for partitions with “n copies of n, J. Combin. Theory
Ser. A 45 (1) (1987) 40-49.

[3] G.E. Andrews, Ramanujan’s “Lost” notebook IV: stacks and alternating parity in partitions, Adv. in Math. 53 (1984)
55-74.

[4] G.E. Andrews, R. Askey, R. Roy, Special Functions, in: Encyclopedia of Mathematics and its Applications, Vol. 71,
Cambridge University Press, Cambridge, 2000.

[5] G. Frobenius, Uber die Charaktere der symmetrischen Gruppe, Sitzber. Preuss. Akad., Berlin, 1900, pp. 516-534.

[6] G.H, Hardy, E.M. Wright, An Introduction to the Theory of Numbers, Oxford University Press, Oxford, 1983.

[71 P.A. MacMahon, Memoir on the compositions of numbers, Philos. Trans. Roy. Soc. London A 184 (1894) 835-901.



	An analogue of Euler's identity and new combinatorial properties of n-colour compositions
	Introduction
	An analogue of the Euler's partition identity
	New combinatorial properties of n-colour compositions
	References


