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Abstract. We give elementary proofs of three formulas involving Bell numbers, including a generalization
of the Gould-Quaintance formula and a generalization of Spivey’s formula. We find variants for two of
our formulas which involve some well-known sequences, among them the Fibonacci, Bernoulli and Euler
numbers.

1. Introduction

The n-th Bell number is given by

n
B(m) =) S(, j), (1)
=0
where S(#, j) denotes the Stirling number of the second kind which counts the partitions of an n-element

set having exactly j blocks. Then B(n) counts the total number of partitions of an n-element set (see, e.g.,
[14, p. 33]). The Bell numbers B(n) may be defined by Dobiriski’s formula

_
B(n)=e Z P
m=0
(see [3]), or by the generating function

(o) xn
el = E B(n)—
n!

n=0

(see [4]). A recurrence for the sequence B(n) is given by

Bn+1)=Y (’;)B( ). )

=0
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The inverse relation of (2) is

n

B(m) =) (’})(—1)“”3(1‘ +1). 3)

j=0

In 2008, Spivey [13] proved the following generalized recurrence for Bell numbers

B(n+k) = ZZ() ™IS (k,m) B(j), @)

m=0 j=0

which is called “Spivey’s formula” nowadays. When 1 = 0 in (4), this is reduced to the definition (I). When
k = 1in (), this is reduced to the recurrence (2). Besides the generalizations of Bell numbers and their
recurrences (see, e.g., [7] and [2, 8, O]]), we also have several generalizations of Spivey’s formula (see,
e.g., [15, 110, 12, [15]).

In this work, we give elementary proofs of the following three formulas involving Bell numbers: for
arbitrary non-negative integers n and k, we have

n k
3 ("Jece = 3 (Jerrpn s 4, ®)

=0 j=0

Z(])a]bn ]B(] Z( 1)k+]s(k ])Z( )Ll (b — ak)*~ lB(l-}—]) (6)

j=0

n+k LI I S
B s BEEL v esemo o
=0 =0 j=0 I=0 i=0

In (6), s(k, j) denotes the unsigned Stirling numbers of the first kind whose recurrence is given by
stk+1,j) =s(k, j—1)+ks(k, j). In @ and (7), a and b are arbitrary complex numbers.

Observe that the case a = 1,b = 0 of (7) is Spivey’s formula (). More particular cases in (5), (6) and (7)
are discussed in the next section.
2. The Main Results

In this section, we prove formulas (5), (6) and (7).
Proposition 1. Formula (5) holds.

Proof. We proceed by induction on k. By [2), the result is true for k = 0. Suppose that the result is true for a
given k € IN. Then

k+1

M

(k J]“ 1)(—1)k+1+jB(n Lt

k+

k
Z() —1) B+ j 4 1) + Z( )(—1)k+1+fB(n+j+1)

j=0 1
k

Z( ) (DB + j+1) +
j=0

k

( )( D*Bn+1+j+1)
j=0
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n n+1
( )B(k+])+2( J]’l)B(kﬂ)

7=0

(.fl)B<k+j>
|

LI,

n+

~

]

—_

s

?)B(k +1+)),

j=0
as desired. O

When 1 = 0 in (5), we obtain the inverse relation (3). Formula (5) can be written as the following
recurrence for Bell numbers:

k-1
Bk +n+1) :Z(’;)( 1)k+1+]B(n+]+1)+Z( )B(k+]) 8)
j=0 j=0

For example, the Bell number B(8) can be expressed in terms of B(1),...,B(7), by taking k, n such that
k+n=7:

|

[ K| B(8) = |
B(1) + 6B(2) + 15B(3) + 20B(d) + 15B(5) + 6B(6) + 2B(7)
B(2) + 5B(3) + 10B(4) + 10B(5) + 4B(6) + 3B(7)
B(3) + 4B(4) + 7B(5) + B(6) + 4B(7)
7B(5) — 3B(6) + 5B(7)

B(3) — 5B(4) + 11B(5) — 8B(6) + 6B(7)

—B(2) + 6B(3) — 15B(4) + 20B(5) — 14B(6) + 7B(7)

=N Q|G| S
QN G| x| Q| N[ || &

Proposition 2. Formula (6) holds.
Proof. The proof is done by induction on k. If k = 0, formula (6) is trivial. If k = 1, then the result holds as

Z( )a]B(]+1 Z:( )( —a)" iy

j=0 i=

L () n-i n—i—j n—ipip:
;(i)(n_i_],)(—n Ia"b'B(j + 1)

=0 i

=
3

gt o

= I

0(
( ) "y B(n — i),
i=0

where we have used relation (B) in the last equality. Suppose formula (6) is true in the k-case for some k > 1.
Then

k+1

Z( 1)F sk + 1, 7) Z( ) —alk + 1))”—1B(l +))
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k+1

= Z( 1)’<+1+f s(k j—1) +ks(k, ]))Z(n)a’(b—a—ak)”lB(l+ 7)
=0
k

:Z 1)k+fsk])2() (b—a—ak)" "Bl +j+1)
=0

- kZ (’;)af(b — )" IB()).
7=0

Now observe that

k n
Z(—1)k+fs(k, ) Z (7)a’(b —a—aky'B(l+j+1)
=0 1=0
- ; &+ n
= Y (=D)s(k, ) Z(( | ) - ( l))al—l(b —a—aky" ' 'B(l + j)

=0 1=0
n+1 a+1\ . . I n
e ( ' )a](b —a)"™ 1 IB(j) —a” (b — a — ak) Z ( .)aj(b —a)"B(j)
=\ =0 \J
n+1

n

=a! (n : 1)af(b ~a)" B —at ) (n‘)‘” (b —ay"IB(j)
| = \J
kY (”.)afw — ay"IB()).
=0 \J

Thus, from (9), we have

k+1

Z( sk 41, ])Z( ) b a(k+1)) B(l+j)
.y (n ; 1)ﬂj(b — B~y (’;)“j(b SO

+1
=0 =0
n+1 n
— -1 i(h _ \nt+l-j -

a . (], B l)a b—-a) B(j)

j=

’;)af(b — a)"IB(j + 1)

=0
- (”.)afb”fB( ).
=0 \J
as desired. Note that in the last step, we have used the k = 1 case of @ O

Whena #0and b =0, (6) is

k n
B(n) = ) (~D"Isk, ) ) (7)(—10"-13(1 +))
j=0 1=0

3884

(10)
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This is the so-called “Gould-Quaintance Formula” in [5, (7)]. Whena = 0and b # 0 or n = 0 in (6), we have
the identity

k
Y (~1stk, BG) = 1,
j=0

which is also derived from (1) by using the orthogonality of the two type of Stirling numbers. When a = 1
and b = k in (6), we have the formula

Z(])k” iB(j) = Z( 1)*Is(k, )B(n + ), (11)

7=0

contained also in [5, (6)]. When k = 1 in (6), we also have

n n

Y (’;)afb"—fB(j) =y (’;)af(b —a)"IB(j + 1), (12)

=0 j=0

which contains the recurrence with a = b = 1 and the inverse relation witha =1and b = 0 as
particular cases.
Ifa # 0, from @, we obtain the recurrence

n+k k
B(n+k+1)=2[(n+1) R NS t)(””)( —k>"“-f“]B<j>, (13)
j=0 t=0

where z = a7'b is an arbitrary complex number and 7 and k are arbitrary integers with n > 0 and k > 0. The

case z = k of (I3) is essentially the same as (11).
K

Formula (13) gives us the Bell number B(n + k + 1) written as a linear combination (with polynomial
coefficients) of the previous Bell numbers B(0), B(1),...,B(n + k): each coefficient is a polynomial in z of
degree < n + 1. For example, B(6) can be written as a linear combination of B(0), B(1), ..., B(5), in 5 different
ways, corresponding to (1, k) = (0,5),(1,4),(2,3),(3,2),(4,1). In the simplest case where n = 0 and k = 5, we
have the following family of recurrence formulas for B(6):

B(6) = zB(0) + (—24z + 121)B(1) + (50z — 274)B(2)
+ (—35z + 225)B(3) + (10z — 85)B(4) + (—z + 15)B(5).

Proposition 3. Formula (7) holds.

Proof. Both sides of (7) are (1 + k)-th degree polynomials in the variable b. We shall prove that the values of
these polynomials are equal when b is a non-negative integer, implying that the polynomials are equal. We
proceed by induction on b. When b = 0, formula (7)) is exactly the same as Spivey’s formula {@). Suppose
that the result is valid for b € N. Then we have

Z (1’[ j;‘ k)ﬂ] (b + 1)11+k—j B (])
k n+k

SRl It
LR
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k J
ZZ(W)( )()n+l+l](b+1)k+]ll ﬂ]S(l T}’Z)B()
1=0 i=

i n
m=0 j=0
as desired. [
Whenn =0, (7) is
k Kok
Z (])afbk iB(j) = Z Z (Z)albk‘ls (,m). (14)
=0 m=0 1=0

Whena = 1and b = 0, is reduced to the definition (I). In addition, by using the relation
Z;(:O (];)S (Il,m) = S(k+1,m+ 1), we see that becomes B (k + 1) = anzo Stk+1,m+1)whena=>b=1,
which is essentially the definition (I). When k = 1, (7) becomes

n+1

Z(Yl'}'l)ajbnﬂ—jB (]) Z‘( )a bn+1 IB(I)+ZZ( )() n+1+i— ]b] lB(l) (15)

j=0 j=0 i=0

Whena =1and b = 0, (15) is the recurrence (), and when a = b = 1, it becomes the recurrence
n
B(n+2)=B(n+1)+Z(”,)B(j+1). (16)
=0 \J

Formula (7) can be written as the following generalized recurrence for Bell numbers:

B(n+Kk) =Zk“zk“ZZ( )( )()kﬂ ~liyn=i (1, m) B (i) — nfl(”}“k)z“k-fB(j), (17)

=0 I=m i=0 j=i j=0

where z = 47'b is an arbitrary complex number. Moreover, some elementary algebra gives us the following
more interesting form for (17):

n n+k=1
Bi+k) =) (”.)Pk,j @B(j)+ Y ((”) - (” - k)) Z7IB(j), k=1, (18)
=\ = \J ]
where the polynomial Py (z) is given by
Kk
() — k-1 n—j
Pyj(2) = mz_l;(l)sa,m)z (z+m)". (19)

When z =0, is reduced to Spivey’s formula @) Furthermore, if k = 1, we have Py (z) = (z+1)""/, J
so (I8) becomes

B(n+1)= Z( )(z+1)”fB(]) ni()"—fB(jH), (20)

j=0

which contains the recurrence () if z = 0, and the inverse relation (3) if z = —1. When k = 2, formula
looks as follows:

n n+1
Bn+2)=Y (’;) (@z+ D)+ +@+2)B(j) +22 ) ((’;) - (” J]r 2))2"-1'3 (j). 1)
70 =0

If we set z = —1 in (21), the recurrence can be written as follows:

B(n+2) = (n+3)B(n +1) - (”*2)3( )+Z(() (”*2))( 1)"IB(j).
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3. Some Additional Identities

In this section, we shall consider the Fibonacci sequence F,, defined recursively by Fp = Fpi1 + Fp
(n 2 0) with Fp = 0 and F; = 1, and the Lucas sequence L,, defined by Ly+» = L1 + L, (n > 0) with Ly = 2
and L; = 1. Recall that F,, = %(a” —p")and L, = " + B", where a = 3(1 + V5), B = 11 - V5).

Formula () can be seen as an identity of two n-th degree polynomials in the variable b, namely,

n n

Y cimap =) Zl: dyi(n, k,a)bi, (22)

j=0 1=0 i=0

where c;(n,a) = (")/B(j) and dy(n, k,a) = ()()(~k)'"a"~ £ o(~1)*Is(k, )B(n 1 + j). If we set b = a in ,
by using the known identity a" = aF, + F,_1 (see [6, Lemma 5.1, p. 78]), we get

n n
Z c]-(n, Ll)(Oéanj + Fn—j—l) = Z Z d[,i(n, k, Ll)((XFi + Fi—l)- (23)

j=0 1=0 i=0

Both sides of 1i are of the form A V5 + B, where A and B are integers. By equating the coefficients of
V5 in both sides of 1) we get

n n

Y i aF. =) ZI: dii(n, k,0)F;, (24)

j=0 1=0 i=0
and by equating the other (independent) coefficients of (23), we get

n n

1
Y i) Euj +2F, 1) = Y Y di(n, K, a)(F; + 2Fi1). (25)

=0 1=0 =0

Since F; + 2F;_1 = F11 + Fi-1 = L; (see, e.g., [6] Formula 5.14, p. 80]), we can write as

n n 1
Z ci(n, @)Ly = Z Z dyi(n, k, a)L;. (26)

j=0 1=0 i=0

Thus, by substituting the powers b"~/ on the left-hand side and b’ on the right-hand side in formula ,
by F;j (or L,-;) and F; (or L;), respectively, we can obtain the identity (24) (or the identity (26)), respectively.
Formula is still useful, by using [11} Theorem 1], we obtain

n n

1
Y cimaB,(0) = Y ) diiln k,))Bi(b), (27)

j=0 1=0 =0
where B,(b) is the n-Bernoulli b-polynomial. By setting b = 0 in (27), we obtain the following identity

involving Bernoulli numbers 3B.:

n n

Y i aB, =Y Zl: dy(n, k, a)B;. (28)

j=0 1=0 i=0

By using some known relations between Bernoulli polynomials B, (x) and Euler polynomials E, (x),
on+l

including E,(x) = = (]Bn+1 (%) — B, (%)), together with [11, Theorem 1], we can see that the identity
is also valid for Euler polynomials:

n n

!
Y it @B b) = Y Y dyitn, b, a)Ey(b). (29)

j=0 1=0 i=0
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By setting b = 1 in @), asE, =2"E, (%), we obtain the following identity involving Euler numbers E..
n n

Z cj(n,a)2""E,_; = Z

=0 1=0 =0

=
‘.;_.\
8
=
i)
5
m

(30)

In fact, (30) can be simplified. Set b = 2b; in (22). Then, similarly to (29), using the argument above, we
obtain an 1dent1ty involving Euler polynomials,

n

Y cin, 02" TE, (b)) = ZZ‘dh (n, k, )2 E;(by),

=0 I=0 i=0
and setting by = %, we obtain
n n 1
Y B, ;=YY dynkaE: (31)
=0 1=0 i=0

4. More Variations

In the previous section, by replacing the powers b" by F,, L,, B, or E, in the polynomial identity , we
obtain new identities. Moreover, the corresponding identities , , and are, in turn, identities
between two a-polynomials, so we can use the same ideas to obtain identities replacing the powers a’ by F;,
Lt , %t or Et.

Including the constant sequence 1,1, ..., we can have 25 identities of the form

n k n )

X (1 = 32 3 2 (1) st i x4

j=0 j=0 1=0 i=0

That is, both X, and Y. can be any of the 5 sequences of numbers: constant 1, Fibonacci F., Lucas L.,
Bernoulli B, and Euler E.. All of these identities involve the Stirling numbers of the first kind and the Bell
numbers, and all of them have some “Gould-Quaintance formula flavor”.

The previous discussion can be also applied to formula (7). We have 25 identities of the form

2O IS 3 3201 | IS

j=0 m=0 j=0 =0 i=0

where both X, and Y. can be any of the 5 sequences of numbers: constant 1, Fibonacci F., Lucas L., Bernoulli
8B,, Euler E.. All these identities involve the Stirling numbers of the second kind and the Bell numbers, and
all of them have some “Spivey’s formula flavor”.

Finally, we mention that if we set simultaneously a2 = a and b = f in (6), it is possible to obtain two new

identities:
n k n 1
NHISEORY Z( JJests s gpn 14,

=0 j=0 =0 i=0

and
n

k
Y (’;) (1) LyiB() = Y .

j=0 j=0 1=0 i

=

MN

(7)(5)(—1)””*"”5(& D Loy B(n =1+ j).

I
o
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Similarly, from (7) one can obtain the following identities:

n+k k n k ] .
+k ; . k i, n-j ;
Z(“ . )(—D’szB () = Z ZZ(’?)(Z)(Z)(—l)"”ﬂﬂmn IFanet+izjS (1,m) B (i)
=0 J m=0 j=0 =0 i=0 J !
and
n+k n

ko .
Z Z (?)(Il{)(;)(—l)"”wrj m" La+14i-jS (I, m) B (i) .

(n ;L k)(_l)szjB () = Zk: :

=0

~
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