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Abstract

We prove a new immanantal formula for the external path length EPL(T},) of a Fibonacci tree
s (" (n—2i—1).
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T, and we use this formula to prove the new binomial identity EPL(T},) = > .2,

1 Introduction

The external path length EPL(T') of a binary tree T' is defined so that

EPL(T) = > A.
of a>r\1 iesxtt}(;?nlglverzllode
The Fibonacci tree T,, of order n € N is defined inductively as follows: for n € {1,2}, T, consists of a
single root, and for n > 3, the left subtree of T, is T,,_1, and the right subtree of T,, is T,,_». In this
paper, we prove some new formulas for the external path length of a Fibonacci tree.
Letting n > 3, it is easily seen that the external path length EPL(T,,) of T, is equal to the convolution
Z;g’ Fri1F, i given in the OEIS sequence A067331 [2]. Interestingly, this integer sequence is also
related to tilings of “triangular strips” with triangles as indicated in [I]. Since the OEIS sequence
A067331 is related to combinatorial objects such as Fibonacci trees and triangular tilings, it seems
natural to consider other combinatorial properties associated with this sequence. In particular, we show
how the external path length of a Fibonacci tree may be expressed in a natural way using a class of
hook immanants.
The immanant of a matrix A of order n corresponding to the hook partition (k, 1"7*) I n is denoted
by di. We refer to the hook immanant d,_; as the penultimate immanant. In Section 2, we prove that:

EPL(T,) = dy_, (1.1)
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We discovered this elegant formula using the OEIS [2]. We prove using elementary character
theory, and our proof of may be reformulated in a natural way using border-strip tableaux. This
provides another combinatorial property associated with the external path length of a Fibonacci tree.
The equality given in is interesting because suggests an unexpected representation-
theoretic interpretation of the external path length of a Fibonacci tree. In particular, from ,
we have that EPL(T,) may be expressed in a simple and unexpected way as a character sum as follows:

EPL(T,) = Y  x""Y(o). (1.2)

O'ESn
Vi |oi—i|<1

1



We use ([1.2)) to construct an unexpected and elegant representation-theoretic proof of the following
new binomial identity:

EPL(T,) = S (" N Z> (n—2i—1). (1.3)
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In Section [I.1] we briefly review basic terminology and notation related to immanants. In Section [2]
we prove a recursive formula for the penultimate immanant of an arbitrary tridiagonal matrix with
constant diagonals, and we use this recursive formula to prove (L.I). In Section [, we present a proof of
the identity given in (|1.3)).

1.1 The penultimate immanant

Letting A be a partition of n € N, and letting ), denote the corresponding irreducible representation-
theoretic character of S, the émmanant of an n x n matrix A = (a; ;) corresponding to the partition
A is defined as follows:

nxn

Imm?*(A) = Z XMN0) 6,020 Ao, -

O'ESTL

For o € S, let cycle(o) F n denote the cycle type of 0. We thus have that:

Imm/\(A) = Z Xi\ycle(o)alyUlaZO’Q ©lnoy - (1.4)

oESy

Let A Fn and p n. By the Murnaghan-Nakayama rule, we have that

0=

T

where the sum is over all border-strip tableaux of shape A and content p, and ht(7") denotes the sum
of the heights of the border strips in 7. The height of a border strip is —1 plus the number of rows it
touches. A border-strip tableau of shape X is a tableau with weakly increasing rows and columns such
that: for all indices ¢, the arrangement of cells labeled 7 forms a contiguous border strip.

Recall that the penultimate immanant of an n x n matrix A is the immanant of A corresponding to
the partition (n — 1,1). We use the notation Penlmm to denote the penultimate immanant. Irreducible
characters of the form X,(D”_l’l) may be evaluated in a natural way using the Murnaghan-Nakayama rule.
Example 1.1. We adopt the convention whereby the first entry of a partition is illustrated at the bottom
of the corresponding diagram. Letting p = (3,2,2,1,1), the border-strip tableaux corresponding to the

character XEJS’I) are given below:

1 5 4
111]2]213]314]5] [1]1]1]2]2]3][3]4] [1]1]1]2]2][3]3]5]

We thus have that X,(08,1) = (=D '+ (=) 4+ (=1)° = 1.

Using the Murnaghan-Nakayama rule, it is easily verified that:

Claim 1.2. For o € S,,, XEZ;;(?) = (# of fixed points of o) — 1.



2 The external path length of a Fibonacci tree

The n x n tridiagonal matrix with o’s along the subdiagonal, 5’s along the main diagonal, and ~’s along
the superdiagonal is henceforward denoted as tridg”g 7 or simply trid,, for the sake of convenience.

Lemma 2.1. The sequence (dn_l (tridg"g”) in > 3) 18 generated by the linear recurrence given by
(267 20‘7 - 627 _Qaﬁﬁ)@ _(047>2)
Proof. Write trid??” = trid,, = (a;;), ... From (L-4)), we have that:

(n—1,1)
d,,—1 (trid,) g Xeycle(o) a1 102,55 O g, - (2.1)
O'ESn

Consider the expression perm(trid,,). It is clear that if the product

al,ala'Q,Ug e an,an

given in (2.1) does not vanish, then o is such that |o; —i| < 1 for all indices ¢. Let R,, denote the
collection of all permutations in S, of this form. From (2.1)), we thus have that:

1,1)
d,,—1 (trid,) Z Xchle (o) 001 2,05 " * U7 - (2.2)
oER,
If the expression a,,, does not vanish, then o, € {n—1,n}. From (2.2), we thus have that
d,,—1(trid,,) is equal to:

(n—1,1)
chcle al:(fl a2.6q5 *° 'anflvan—lan,nfl‘i‘

O’ERn
on=n—1

7 )
Z chcle(a 41,612,095 ** " Ap—1,0,,_1An.n

og€ER,
on=n

Now observe that given a permutation o such that |o; —i| < 1 for all indices 7, each cycle of o is of
length 1 or 2. Given a permutation ¢ in R,, such that o, = n — 1, we may thus deduce that (n — 1,n)
is a cycle of 0. Therefore, d,,_;(trid,) is equal to:

(n—1,1)
chcle(a A1,612,05 ° * anf2,on,2an71,nan,nfl+

JERTL
on=n—1
On—1="n

E chcle(a ay 01 as o2 0T an—l,an,1 an,n

UGRT)
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Given partitions p and g/, we define the direct sum

p® p' = sort (- )

of p and p’ as the partition obtained by sorting the parts of u and p/. Now rewrite the above expression
for d,_1(trid,) as follows.

(n—1,1) (n—1,1)
ary chcle A1,012,05 * * " An—2,0,_2 + ﬁ chcle A1,6102,05 * ** An—1,0,,_1

oc€ER, c€ER,
opn=n—1 op=n
Op—1=N



(n—1,1) 3 (n 1, 1
= ay chcle p)EB 2)41,p142,02 * " " An—2,p,_> + Xeyele(p)@(1)A1,p142,p2 " An—1,p, 1

PER,_2 PER, 1
(n—1,1) (n 1,1) (n—2,1)
=ay E : Xeyele( p)@ 2)01,0102,p5 " An—2,p, 5 + p E Xeyele(p)o(1) ~ 2Xeycle(p) ) o1 @202 " On—1,p, 1 T
pPER,_2 pER,_1

23 - Penlmm(trid,,_)

= (X (’I’L 1 1 a RN +
= ay chcle p)@ A1,0102,p, n—2,0n—2
peRn 2

n—1,1) (n—2,1)
Oéﬁ")/ Z ( cycle(p ®(2,1) 2chcle(p)@(2)> A1,p,02,py " * an—S,pn—3+
PGRn 3

2 (n—1,1) (n—2,1) .
p Z (XC;cle(P)@(l,l) o 2chc1e(ﬂ)@(1)> 1,9, 02,05 * " An—2,p,_, + 20 - PenImm(trid,, 1)
pERn72

n—1,1 n—2,1
- Z <a57XCyde( i ®(2,1 QOZ/B’YXC}’CE’ ; &(2 )) a17p1a27/’2 U a’n_3apn—3+
pERL_3

n—1,1) (n—2,1 n—1,1 n—3,1
Z (52 ((:ycle o(1,1) 252 Cycle g ®(1) + O(YX((:ycle( ; B(2) (204’}/ 62) ((:ycle g)al,m 2,05 " * a"*27pn—2+
peRn—Q

(2ay — 8?) - Penlmm(trid,,_s) + 23 - Penlmm(trid,,_;)

B 2 (n—1,1) 2 (n—2,1) 2 (n—1,1)
= Z (aﬁ VXeyele(p)o(2,1,1) —2ap MXeyele(p)a(2,1) T (ay) Xeycle(p)o(2,2)
PER,_4

n—3,1 n—>5,1
(){’)/(20[’}/ - ﬂ2)X((:ycle( ;EB( 2) + (a’Y)QXéycle(p§>a17P1 azgpy * - an_4vﬂn—4+

3 nll 3. (n—2,1) (n—1,1) 2\ . (n—3,1)
Z (5 cycle ®(1,1,1) Qﬁ cycle p)@ (1,1) + Ozﬁf}/xcycle (p)®(2,1) 6(26)[7 5 ) cycle )69(1)+
PERn 3
n—1,1 n—2,1 n—4,1
aﬁfyxcycle(pg P®(2,1) 2Oéﬁf}/X((:ycle p%EB( + 2Oéﬂ’.}/xcycle ;) 1,01 2,5 " * an*&ﬂnfs_'—
2/ - Penlmm(trid,_;) 4+ (2ay — %) PenImm(trid,,_»)—
2a37 - Penlmm(trid,,_3) — (ay)*PenImm(trid,,_4).

Let p € R,,_4, and suppose that p has exactly = fixed points. By the above lemma, we thus have
that the character coefficient of the first sum above is equal to:

af’y(z+1) — 208z + (ay)*(z — 1)—

ay(2ay = ) (z = 1) + (a)*(z = 1) = 0.
Let p € R,_3, and suppose that p has exactly y fixed points. By the above lemma, we thus have
that the character coefficient of the latter sum above is equal to:

By +2) =268y + 1) + abyy — B(2ay — B*)y + afyy—

2007(y — 1) + 2a87(y — 1) =0,
thus completing our proof. O

Let a(n) = A067331(n) denote the n'® entry in the OEIS sequence A067331, with: A067331(n) =
Y r—o Frs1Fpis—k. As indicated in 2], a(n) is equal to the external path length of the Fibonacci tree of



order n 4+ 3. The external path length of a tree is the sum of the levels of its leaves. It is easily seen
that:

a(n) =2a(n—1)+a(n —2) —2a(n — 3) — a(n — 4)
with a(0) = 2, a(1) = 5, a(2) = 12, a(3) = 25. By Lemma [2.1] the penultimate immanant of trid, =
trid ! is equal to

Penlmm(trid, ) = 2 - Penlmm(trid,,_;) + PenImm(trid,,_5)—

2 - Penlmm(trid,,_3) — Penlmm(trid,,_4)
with Penlmm(trids) = 2, Penlmm(trid,) = 5, Penlmm(trids) = 12, and PenImm(tridg) = 25. We thus

have that
A067331(n) = PenImm(trid,}Li’Sl)

for all n € Ny, and we thus have that
EPL(T,) = PenImm(trid»"")

for n > 3 as desired.

3 A representation-theoretic proof of a new binomial identity

In this section, we prove (|1.3)) using (1.2). From (1.1)) we have that

EPL an 1,1)

where the above sum is as given in , i.e. the above sum is over all permutations ¢ in S,, such that
|o; —i| <1 for all indices i. It is easily seen that given a permutation o of this form, the cycle type of
o is of the form (2¢,17) = n. Conversely, suppose that u F n is a partition of the form (2¢,17). It seems
natural to ask: how many permutations o satisfying Vi |o; —i| < 1 are of cycle type pu? Observe that
a 2-cycle of a permutation ¢ of this form must be of the form (j,j + 1). But then it is easily seen that

permutations of this form, letting p* denote the conjugate of 4, thus proving (I.3). Note that we are
using the standard convention whereby A\; = 0 for an arbitrary partition A and an arbitrary index ¢
satisfying ¢ > ¢(\). So, for a partition p satisfying ¢(p*) < 2, we have that (u*), is precisely the number
of entries of y which are equal to 2

It now seems natural to make use of Claim In particular, from together with Claim [1.2]
we thus arrive at the following beautiful combinatorial formula:

EPL(T,) = 3 (“ﬁ”) () — (1) — 1) (3.1)

i (1*)2

opr)<2
The elegant binomial identity

L3]

EPL(T, ZEHFM_Z( ;i)(n—2¢—1)

1=0



follows immediately from (3.1)) by rewriting the sum given in (3.1)) as a sum over the possible number
of 2’s in a partition p F n such that diag(u) consists of at most 2 columns.
We remark that our technique which was used to prove the binomial identity

EPL(T,) = S (

=0

|3

n—1
7

) (n—2i—1)
may be applied to immanants more generally. In particular, we have that:

Imm* (trid ") = Z <(€/Ef))2)xfj (3.2)

pr)<2

Letting A = (1™) with respect to (3.2)), we thus arrive at the following known binomial identity:

(n P ) (-1) = 5 (DU 4+ (1)),

Letting A = (n) with respect to (3.2)), we thus arrive at the following well-known binomial identity:

L3]
i=0
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Fnﬂzz(ni—i).

=0

4 Conclusion

We currently leave it as an open problem to construct a bijective, as opposed to recursive, proof of (1.1)),
and we leave it as an open problem to construct a formula for evaluating an arbitrary hook immanant
of an arbitrary tridiagonal matrix.
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