ANALYTIC CONNECTION BETWEEN THE FIBONACCI SEQUENCE
AND DIAGONAL SUMS OF BINOMIAL COEFFICIENTS

SOOWHAN YOON

ABSTRACT. Lucas noted in the 19th century that the Fibonacci sequence appears on the
diagonals of Pascal’s triangle. On the other hand, Binet’s formula provides a closed form
expression for the Fibonacci sequence using a linear combination of two geometric sequences.
Both representations inspire one to produce an analytic function on the complex domain
with the Fibonacci recurrence. As the main result, this article proves the equality of the
two formulas for the same analytic function obtained by extending those representations.
The proof utilizes polynomial sequences of binomial type, which are studied in the umbral
calculus.

1. INTRODUCTION

Lucas wrote in [8, pp. 5-15] that the Fibonacci sequence [10], defined by F; = F» = 1 and

Fyyo = Fyy1 + Fy, appears on the diagonals of Pascal’s triangle. If we lay out the binomial
coefficients (z) = W (x € C, y € N) of integral coordinates (z,y € N) on the
xy-plane, adding the diagonals of slope 2 yields the desired sequence: 1,1,2,3,5,8,.... In

other words, the Fibonacci sequence can be alternatively written as

Frp = 2’“: (?)N, (1)

n=0

defining (Z)N to be (;) on x,y € N and 0 everywhere else. On the other hand, Binet’s formula

[6] describes the Fibonacci sequence in closed form in terms of the golden ratio ¢ = # =
1.61803. .. and its negative reciprocal ¢ = —é, both of which are solutions to the characteristic
equation 22 = z 4+ 1. That is,

I

Fy, = (2)

V5
n+k

Hence, we have an immediate consequence of equations (1) and (2) that ZZ:O (2)y =
k1 _ k1

%)
V5
the recurrence property Ugio = Uiy + Uy by adjusting the coefficients o and 3 [3, pp. 51-53]:

Uy = ap® + ByF.

This formula allows us to extend the discrete sequences to analytic functions by replacing the
integral argument k with a complex argument z:

U(z) = ap® + By~ (3)

Observing that equations (1) and (2) tie together and that equation (2) can be extended to
take complex arguments in (3), one may ask the question: does adding up diagonals of the
same slope in the complex domain reveal a connection between equations (1) and (3)7 Indeed,

. Furthermore, a generalization of Binet’s formula can describe any sequence U of
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we will discover that with the complex-valued binomial coefficients, the following identity holds

(Theorem 5.4):
S (7)) @

This notable consequence comes from a further generalization that takes place on the diagonals
of any rational slope greater than 1 (Theorem 5.2). Using the generalized result, we will
determine in reverse that the unique positive solution to equation 2P = %+ 1 (ged(p, q) = 1,
p > q) can be obtained by the formula (Theorem 5.3)

~{ECFVE)

2. ELEMENTARY SYMMETRIC POLYNOMIALS

with any choice of z € C.

The key to proving the introduced equations (4) and (5) is that the diagonal sums of
n+z

binomial coefficients f(z) = Yo" (2 ) (0 € Q, ¢ > 1) form an exponential function. To

show this, we will express the power series of f(z) with a geometric sequence G,, (Theorem

4.3) o i =g (ep
%(n)_7;) n!

To expand the left side into the form on the right side, it is convenient to use the elementary
symmetric polynomials. We clarify some of the notations involving them.

Definition 2.1 (elementary symmetric polynomials). The elementary symmetric polynomials
(ESPs) are defined below.

Eo(x1,x9,...,2,) =1,

E]_(SU]_,.TQ, § L,

Eay(x1, w2, . E T,
1<i<j<n

En(x17x2, . 7;1}”) =XT1T2 " Tp.

Most notably, they appear in the expansion of [ (X + x;). That is,
n
H X+.%'z ZEk xl,xg,...,xn)X"_k.
i=1

Notation 2.2. We adopt an indexing convention for the function arguments, i.e.,

f(l'n,xn—&-l, s ,.’Em) - f(xl):in (n < m)
As an example, we can express the ESPs more concisely:
Ey(z1,29,...,25) = Ep(z);,
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Definition 2.3 (multinomial coefficient). We will also use multinomial (binomial if n = 1)
coefficients,

x Cx(—1)- (= k4 1)
kl,k2a akn B kl' : kn' ’

where € C, k € N, and k! = k(k—1)---1.
Definition 2.4 (falling factorial). Pochhammer notation [13] is used for the falling factorials
(xeC, keN),
(@) =z(@—1)(z—k+1),
which means (k) = k! and

(2) = Ex(z — V)I;;(l)'

Then, the binomial coefficients can be written using the ESPs, i.e.,

<m) _ @)y _ Bile—v)iTy

k) k! k!

Apart from these, we will assume basic knowledge on combinatorics, infinite series, and
analysis, which can be found in [1, 7, 12].

3. POLYNOMIAL SEQUENCES OF BINOMIAL TYPE

A sequence of polynomials whose entries have degrees equal to their indices is called a
polynomial sequence, and a polynomial sequence (Py) that satisfies the binomial identity

A= ¥ (§)ra@r.o

ki1+ko=k

is said to be of binomial type. Polynomial sequences of binomial type are often studied in
the umbral calculus [11]. The definition can be extended to the sequences of multivariate
polynomials.

Definition 3.1. A sequence of multivariate polynomials whose entries have degrees equal to
their indices is called a multivariate polynomial sequence, and a t-variate polynomial sequence
(Pg) is of binomial type if and only if it satisfies the following binomial identity:

k
Py(i + yi)im1 = Z <k1>Pk1 ()11 Pro (9i)i=1-
k

k1+ko=

This section is devoted to building a useful example of a (multivariate) binomial type sequence
and recognizing important properties about such sequences.

Typical examples of binomial type sequences include the sequence of powers Py(z) = z
(binomial theorem) and the sequence of falling factorials Qx(z) = (z), (Vandermonde’s iden-
tity!). Now, we introduce a bivariate extension of the falling factorial sequence.

k

_ . \n+k—1
Theorem 3.2. The sequence O (xz,n) = % is of binomial type.
k

1See Theorem 5.1
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Proof. Consider the series f(§) = (1 + y)Hm € C[[z, y]][[£]]-

X N YR B (2 — v)" Tl
(1 ytr = 3 I

n=0 k=0
¥ YR By — )
05en n!
_yy e ’fEkrf‘x -V
k=0 n=k
e
== (n+k)!
= (o= Y E (e — )t €
:n:0 (kzo (n+k) ) n!’

Its nth derivative is then computed below.

dn
den

— (In n T yn_‘—kEk(x - V)Zig_l
O] =t nrasy = >

This implies the equality of the two power series of y in different forms.

(In(1+ )™ "2 (1 4 )™ 2 = (In(1 4+ y))" (L +y)™* - (In(1 4 y))"2 (1 + y)"

Nk

k—
Ei(z1 + z2 — V)ZS(SWF ! yn1+n2+k
(n1 4+ n2 + k),

i
(en)

YR B (o — vt T Oy R B (g — )

(n1+ k)i s (n2 + k),
I S N e M Gl i
(nl + kl)kl (n2 + k2>k2

Il
I

k=0 k1+ka=k
k-1 +ha—1
k=0 \ki-+ko=k (n1 + k1), (n2 + k2)y,

Hence, the corresponding coefficients equal

Ey(a1 + xg — v)pigm !
(n1+n2 + k),
v B (21 — V)" By (g — )2
(nl + kl)kl (n2 + k2)k2

ki+ko=k
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and this gives us the equation we desired.

O(x1 + 2,11 + n2) _ Z Ok, (z1,11)Op, (x2,n2)

| 121 )
k! ey oot k1'ks!
k
O(x1 + 22,71 +n2) = Z (k )le (1,11)Ok, (T2, n2). O
k1+ko=k

Vertical sums of binomial type sequences form geometric sequences as we observe in the
familiar examples® > 7% %C =", Y2y (}) = 2". The motivation behind Lemma 3.4 is
to show in Theorem 3.5 that the diagonal sums of binomial type sequences make geometric
sequences as well. Lemma 3.4 and Theorem 3.5 are multivariate extensions of the original
results in [14].

Lemma 3.3. Given any binomial type sequence (Py), we have Py = 1.

Proof. Because Py = (Py)? by the binomial identity, Py = 0 or Py = 1. Definition 3.1 requires
that Py be a degree 0 polynomial, but the degree of the constant 0 is left unassigned (or a
value other than a nonnegative integer). Therefore, Py = 1. O

Lemma 3.4 (Shifting). Let (Py) be a t-variate binomial type sequence, and let (L,(Cl)), (L,(f)),
e (L,(f)) be arithmetic sequences. Suppose each sequence (LS)) 1s assigned another arithmetic

sequence (f,(f)) that shares the common difference (i.e., L,(ﬁrl - L,(j) = f,(j}rl —fg)). Then, the
following identity holds for constants ai,ao, ..., a.

S ()R (1) ) (2

k1+ko=k

SO (ENCH TN CE)

i=1
k1+ko=k

Proof. By induction on k. For the case k = 0, both sides of the equation are 1 (Lemma 3.3).
Now, assume the equality holds up to k£ — 1. Then,

> () (e ()

k1+ko=
k k1 ()\? ¢ —=()\*
- Z <k1> Z <k’ > Py (Lkl )izlpj(ai)i:l Pr, (Lk2)i:1
k1+ko=k K +j=k1 1
k @ . 70!
- Z <k’1, j) P, (L’f’ﬁj)i:lpj(ai)i:lka <Lk2>i:1
ki +j+ko=k
k .
k k — ] ; t —(4) t
= : Pj<ai)§:1 Z / Pk’l (L](;/)_i_ ) - Py, (Lkg) .
- J kl 179/ =1 =1
j=0 K, +ho=k—j
2The constant e = 2.71828 ... in the example is Euler’s number. This will appear again in Theorem 4.3.
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For each j satisfying the condition 1 < j < k, we invoke the induction hypothesis. Recall that
LSJ)rl L,(f ) = Liw)rl L( ) Continuing our equalities, we have

S (Ome X () ) e

Jj= K| +ka=k—j

= T () ) e (2

/
K +jtka=k 1

=, 22 ) 2, () reorama (R2).

K +ky=k L
= K DN —(4) t
- K, —1—;1@- <kll> Py <Lk/1)i=lpk,2 (Lké * al)i:{ O
1 2—

Theorem 3.5 (Diagonalization). Let (Py) be a t-variate binomial type sequence, and let (A,(})),
. (Agf)), (ngl)), e (L,(f)) be arithmetic sequences. Then, the sequence (Gy,) defined by

- @), 1@\
G, = Z Pk(A" ;Lk )i:l

k=0
is a geometric sequence, provided that the sum is absolutely convergent for all n.

Proof. We will prove this by verifying that G, +4¢Gp = G Gmaq. First,
Gn—l—dGm

S S () ) P (a0 10)

k=0 ki1+ko=k
To continue, we apply Lemma 3.4 to obtain

~si, 5 () (a0 )L oot

k=0 " ki+ko—=k =1
o < A9 4 L(z)) P, ( A9 4 L}(j))lﬁ
_ =1 m 2/ i=1
2 2 FaTh]
x P (AS)JFLS))i ~ P (A(Z) d+L()> 1
Kl = Z Kl -
k=0 k=0
— GG 0
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4. DIAGONAL SUMS OF BINOMIAL COEFFICIENTS

We will introduce functions 5, (o € Q, o > 1) formed by summing the diagonals of binomial
coefficients and show three basic facts about them.

e They have infinite radii of convergence; hence, 5, : C — C.
e They are exponential. There exists 7, p € C such that for all z € C, S,(z) = vel?.
e They are positive on the real line. lim,_, By(x) = oo for x € R.

Definition 4.1. To each rational number o > 1, define a complez-valued function B, by the

infinite series:
e n+z
we=3 (")
n=0

Theorem 4.2. Let 0 > 1 be a rational number. The radius of convergence for f,(z) =
n+z

donto (?) is infinite.

Proof. First, we expand the series ,(2) = > 0" (

n+z )

o
n

i (gz) _ i En (n+zn'_ Y) o

n=0

(G B3 -v)i s,

Now, we will show that the double sum y > /> > v=0 ig absolutely convergent,

which leads to its rearrangeability and hence, the convergence of 5,(z) = > 7 (%z) for all
z € C. Let us obtain a bounding series above.

ZZ n! ) e 0

n=0 k=0

2" (15 = vI),—

<ZZ n!

n=0 k=0

ZH Z|+‘ _VD

Because ¢ > 1 is rational, it can be expressed in a reduced fraction form o = 76’, where
ged(p,q) =1 and p > g > 1. We partition the terms in this bounding series by their indices n
modulo p.

z|_|_|n_y| p—1 oo Hpm+r 1<‘§‘+‘%(pm+r)—y’)

=22

ZH

r=0 m=0 (pm+T)'
pm—l—r 1
plin <\§\+‘qm—u+%>
(pm +1)! '

r=0 m=0

pm— _
Notice in the case z = 0, 7 = 0, the sum ) >, W has the only nonzero term at

m = 0 (which evaluates to 1), so it is absolutely convergent. Apart from the special case, we
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apply the ratio test on each subseries of residue r. Recall that ¢ > 1, so p > gq.
(pm + ) 20 P ! (‘g’ + ‘Qm+q—u+% )

)Hmfﬂ’_qw_l (’ﬁ‘ + ‘qm—y+%

lim
"m0 T ([ 4 fam v+

)

(2l v+

v=pm-+r
= lim
m—00 (pm-i-p—i-?")p
—q—1 _
. 3:1<\§\+’qm+’/+%)m:‘6 (\§}+‘(q—p)m—V+Lqpp)r>
= lim
m=—oo (pm+p+r)p
Clalfa=e Tt (N o
p D o o )

Therefore, each subseries converges absolutely. This implies that the double sum

z n_kE n__ n—1
Y om0 > ko ) kn(," ¥)u= is absolutely convergent as well. O

Theorem 4.3. Let 0 > 1 be a rational number. The function B, is exponential:
Bs(2) = veP* (for all z € C)
for some v, p € C.

Proof. In the proof of Theorem 4.2, we showed the absolute convergence of the double sum

z n_kE n_ n—1
Y om0 > ko ) kn(," Yo . This allows the rearrangement of the series below.

)" E (5~ )y

)= 3oy A

n=0 k=0

0 n+z
>\ 7
n

From Theorem 3.2 and Theorem 3.5, we conclude that

S () S

n=0
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for some geometric sequence (G,). Hence, (3, satisfies the equation

d X G (2)"
D=y Frtle)
n=0 ’

o~ Gn(2)"

:pz n!

n=0
= pBU(Z)7

where p is the common ratio of the geometric sequence divided by o. Solutions to the differ-
ential equation d% (z) = pf(2) have the form f(z) = ~yef? for some complex constant . [

Theorem 4.4. Let o > 1 be a rational number. Then,
lim By(x) =00
T—r00

on the real line x € R. Consequently, for all z € C, B,(z) = vel* for some positive real
numbers ~y, p, which means B,(x) > 0 for all x € R.

Proof. Recall that by Theorem 4.2, 3, converges everywhere on C. In particular, f,(z) =
Yomto (ngz) converges to some real value for all x € R because all of the terms in the series

will be in R. Together with Theorem 4.3, we can further deduce that for all z € C, 5,(z) = ye?
for some v, p € R. Upon showing that lim,_,~ 8s(x) = 0o, we obtain 7, p > 0.
Write in reduced fraction form o = % (ged(p,q) =1, p>q > 1) and assume x > p — g > 0.

To construct a lower bound for B, (x), which tends to infinity as  — oo, we observe two facts
n+a
about the sum Y >° ("¢ )
(1) The first nontrivially indexed term (n = 1) is positive and increasing without bound.
(2) The sum of the first negative term (n = ng) and the terms after (n > ng) is bounded
by a constant.
14z
The first claim is true: ( g ) = 12 > ( is increasing without bound. To prove the sec-

g
ond claim, we analyze the behavior of (”T“) . Because x > 0, all factors in (”—”) =
n [ n

(mtz) (22 —1) .- (™22 — p+ 1) remain positive for small n, but ¢ > 1 causes (%)n to
accumulate negative factors eventually: that is, "Jﬂ —n+ 1 < 0 for all sufficiently large n.
Let ng be the least index for which ”Of:'“” —ng+1<0.

Provided that n > ng, we can build a permutation 7 on {1,2,...,n} so that the factors
ap =" g =" 1, an, = 22 —n+ 1 satisfy |a,| < w(v). Pick the least vy such that
ay, is negative. The permutation 7 is defined as follows.

B v-—v, 1<v<uy;

W(V)_{ v, vy <v<n.
Because the sequence (a,) is decreasing by 1, and a,, is the first negative term, 0 < a,,—1 < 1.
Inductively, it follows that 1 < ayy—2 < 2 < ay,—3 <3 < -+ <1y —2<a; <yy— 1.
Furthermore, |a,| < n because the sequence (a,), although beginning with a positive number
and falling by 1, is not long enough to reach the magnitude n on the negative side. Again, we

observe inductively that |a,—1| <n —1, |an—2| <n —2, ..., |ay,| < vp. Therefore,
: =2,0 |5
[Tlel <nt = ——2= <1 = ‘< o >’<1,
it n! n

where n > nyg.
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n+x

o ) are absolutely bounded by 1. Let us enhance

nno(n

We have seen that the terms in )|

n+ac
this to obtain a bound on the series. Partition the terms in 2 o ( 4 ) by their indices
modulo p. That is,

—1
> () - (P
— pm —+ 1+ ng
oo q(r+no+z)
S (M)
o\ pm +r+ng
Notice that if a zero-term ever occurs in this double sum, it occurs only in one class and for

all terms in that class. This allows a bound on the ratio between two consecutive terms in
each class without a zero-term.

Rm,r,x
q(r+ng+x)
<q(m+1)++) (pm—l—r—l—no) <qm+q+ q(r-l—?;o—&—@)
p(m~+1)+r+ng pm~+p+r+ng
(r+ng+x)
(Qm-i-% (pm+p+r+n0) (qm+ Q(T+ZO+I))
pm~+r+ng pm~+r+ng

q

_ p—q
(pm+p+r+no),
(gm+q+ WD) (o —q)m+ (0 — ) + 2 ) — 1= %)
T mAptren), (pm+ (p — @) + 7+ n0),,_,
q(r+no+z)

By our choice of ng, we have gm + ¢ + £ <pm+p+r+ng.

<(p—q)m+(p—q)+”p%q(r+no)_1_%>
(pm+(p—q)+7+mn0),,
p—q—1 (p—q)m+(p—q)+%(r+n0)_1_%_1/

-

v=0
_pﬁ_l p—g, pP-d-1=% v
s \ P pmt-—g+rtno—v)

Because x > p — ¢, we further obtain (p q)—1-— % - %I/ < 0. Hence,

pP—q

Rm,r,a: <

pm~+(p—q)+r+ny—v

p—q—1
o< [ P2 =00y <0-3),

This gives us the desired upper bound:

00 n4+o p—1 oo p—1 oo
z( ) S B < (1 7 = o
n=ng r=0m=0 r=0m=0
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Now, a lower bound for 8, can be obtained. We should keep in mind that our choice of
ng > 2 depended on z (i.e., ng = no(x)). For x > p —q > 0,

mng(f)

142 o /ntx e n+ax
=1 o a
ey ()2 (%

n=2 n=ng(x)
1+z o niz
>1 o =
>1+—+ >, (¢ > b(w),
n=no(z)
where ’ZZO:HO(:E) (%x)’ < po. That is,
1
lim B,(z) > lim b(z) > 1—po + lim tr_ 0. O

5. RECURRENCE PROPERTIES OF [,

The main results, Theorem 5.3 and Theorem 5.4, justify equations (4) and (5) in the in-
troduction. These theorems exploit the recurrence properties of the binomial coefficients. In
particular, Vandermonde’s identity is used to establish Theorem 5.2 and Theorem 5.3. The
derivation of a closed form formula in Theorem 5.4 is assisted by Theorem 5.3.

Theorem 5.1 (Vandermonde’s identity [4]).

() -2 06

Theorem 5.2. Let 0 > 1 be a rational number. Then, B, satisfies the recurrence equation

Bo(z + U) = 60(2 + 1) + 50('2)
for all z € C.

Proof. We use Vandermonde’s identity (Theorem 5.1).
e n+z4o
Mﬁﬂzz<”)
n=0

n

o /nt
= Z (no'z + 1>
n=0 "

o n n+z 1
23 (1))
n=0 k=0
& ntl4z e n+z
2=
= Bo(z+1) + Bs(2). O
Theorem 5.3. Let ged(p,q) =1 andp > q > 1. For all z € C,

g ,Bp/q(z + 1)
Bpjq(2)
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is equal to the unique positive root of the polynomial xP — 9 — 1.

Proof. Descartes’ Rule of Signs states that the number of positive roots of a polynomial is at
most the number of sign changes in its coefficients [2, 5]. Therefore, 2P — 27 — 1 has at most

one positive root.
5p/q (Z+1)
Bp/q(2)

Bpjaz + §) = Bprg(z +1) + Byp/q(2),

7= Byjql2) - a+ Byyg(2),

a+ 1.

Hence, (¢/a)? = (¢/a)1 + 1. :

Theorem 5.4. For all z € C,
o0 n—2|—z 1
=1+ —] ¢
()= )0

n=0
Proof. By Theorem 4.3, for all z € C, 55(z) = yef? for some ~,p € C. With p=2 and ¢ =1,
Theorem 5.3 shows that e” is the positive root of 2 — x — 1:
, 1+6
er = =
2

Fix an arbitrary z € C, and let a = . By Theorem 5.2 and Theorem 4.3,

Bp/q(z) ta

SIS

(01

Furthermore, v = 52(0) can be evaluated.

()2 )
(

n=0

s B0,

o (2n +1)!
:1+2nZ::0 G I 2 <2>

O

Remark 5.5. The Lucas sequence® (Ly,) appears in harmony with the Fibonacci sequence (F},)

m 52.
= [k Ly i1
2 ) = Py 4 2R
nz:% < n > SRV

31t appears in the Online Encyclopedia of Integer Sequences (OEIS) [9]
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6. FUTURE WORK

It remains an open problem to provide nice identities for other values of o and z in f,(2)
(other than the ones in Theorem 5.4 and Remark 5.5).
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