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A Note on the Generalized Bernoulli and Euler Polynomials
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Abstract. In this paper we use probabilistic methods to derive some results on the generalized Bernoulli
and generalized Euler polynomials. Our approach is based on the properties of Appell polynomials as-
sociated with uniformly distributed and Bernoulli distributed random variables and their sums.
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1. Introduction

We start with recalling the definition and basic properties of Appell polynomials. Let & be
a random variable with some exponential moments, i.e., E(e*) < 0o for some A > 0. The
Appell polynomials st), n=0,1,2... associated with £ are defined via the expansion

ux o0 n

e u
-N"_p®
ol 2. QP0). €y
n=1
Clearly, in case £ =0 it holds
QW(x)=x", n=0,1,2,.... )

Notice also that Qgg)(x) =1 for all x.
The Appell polynomials have the following properties (see, e.g., Salminen [6])

(i) Mean value property:
EQP(E +x)) = x". 3)

(ii) Recursive differential equation:

d
Q)= nQ'®, (x). 4)
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(iii) If &; and &, are independent random variables then

Q) =3 e o)

k=0

Choosing here £, =0 and x = 0 gives
Evy = ST oED gy nk
Q. V(y)= ’;:0 (k) Qr(0)y" .

Bernoulli and Euler polynomials are, in fact, Appell polynomials as seen in the following
examples.

Example 1 (Bernoulli polynomials). Let 6 be uniformly distributed random variable on [0, 1],
ie, 8 ~U[0,1]. Then

eux uellX 0 un
= = —B,(x).
E(ev9) et—1 Z n! ()
n=0

The polynomials x — B,(x),n = 0,1,... are called the Bernoulli polynomials (see also [5, p

809]). Using (3) and (4) we may find the explicit expressions: By(x) = 1, By(x) = x — 1,

— 2 1
By(x)=x X+,

Example 2. [Euler polynomials] Let 1) be a random variable such that
P(n=0)=P(n=1)=1/2, ie., n ~ Ber(1/2). Then

eux zeux o0 un
= = —E (x),
0 Z n
E(e®”) e'+1 ~“nl

The polynomials x — E,(x), n =0,1,... are called the Euler polynomials(see [5, p 809]) and
we have, e.g., Eo(x) =1, E;(x) =x — %, Ey(x)=x%—x,...

In the next section we will define the generalized Bernoulli and the generalized Euler
polynomials. We also give new probabilistic proofs for some of their properties via Appell
polynomials. In the third section we derive a new identity between the generalized Bernoulli
and the generalized Euler polynomials which extends the results in Cheon [1] and Srivastava
and Pintér [7].

2. Generalized Bernoulli and Generalized Euler Polynomials

Recall, e.g., from Luke [4, p 18] and Erdélyi [3, p 253] (see also Comtet [2, p 227]) that

for a real or complex number m, the generalized Bernoulli polynomials Bflm), n=0,1,... are
defined via -
umeux un
S — —__gm
e 2 B @). )

n=0 "~
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From (5) it immediately follows

B (x) =x", (6)
BI(x+ )= (”) B™ (B (1), 7)
i—o \!
m _ - n (m) n—i
B! ’(X+y)—;(i)3i )y, ®)
BU(x + 1) — B/(x) =nB" M (x). 9)

In case m is an integer, we may use a probabilistic approach via Appell polynomials. In-
deed, setting 6™ := Z:n:l 0; and 6 := 0, where {6;} is an i.i.d sequence of random vari-
ables such that 6; ~ U[0, 1], it holds

E(eue(m)) _ (e” — 1)m.

u

Consequently, the Appell polynomials lee(m)) associated with 6™ are the generalized Bernoulli
polynomials Bgm).

We exploit the mean value property (3) to give a proof of formula (8) as follows: From
(6), (3), and (7) we obtain

- n m— _
E(BIM(x +00)) =) (i)BE (OB, - (x +6)) = B (). (10)
i=0
On the other hand, also from (7)

B0+ 0) = 3 ()BT 0)EG + 60
i=0
= (n (m) 1 i+1 i+1
= B (0)—— 1 —
) (l) ) [Gr 1) ]
1
=n—+1(BflT1(x +1) - B (x)). (11)

Combining (10) and (11) gives (8).

Remark 1.

(i) From (10), by induction, for any positive integer | < m, we obtain

B (B (x + Xl: 6)) =B O(x) (12)
i=1

which coincides with the mean value property (3) in case m = L.
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(ii) For non-integer m, there does not exist a random variable 0™ such that (e”T—l)m is the

moment generating function of 0™, This follows, e.g., from the fact the uniform distribu-
tion is not infinitely divisible. Hence, we can connect the generalized Bernoulli polynomials
with Appell polynomials only in case m is an integer.

We can generalize the Euler polynomials similarly as the Bernoulli polynomials. The gen-
eralized Euler polynomials are defined via (see [3])

2meux 0 n

=3 B (13)
(e +1)m _n=0 TR
and it holds
Er(lo)(x) =x", (14)
" n
EF x4+ )= (i)EE")(x)E,SZ(y), (15)
i=0
n n )
EM(x+y)=) ] ( .)Efm)(x)y”‘l, (16)
i=0 t
E{(x + 1) + EM(x) =2EM V(). (17)

In case m is an integer, let n;, i = 1...m be an i.i.d sequence of random variables such

that n; ~ Ber(1/2). The Appell polynomials QE{’("”) associated with the random variable
n(m .= Z;.n:l n; are the generalized Euler polynomials Eﬁl’")(x).

Formula (17) is proved similarly as formula (8). It is seen that a formula analogous (12)
is valid for the generalized Euler polynomials, i.e.,

l
E(EMCx+ Y n)) = B0 (). (18)
j=1

We also note similarly as for the generalized Bernoulli polynomials that the generalized
Euler polynomials can be connected with the Appell polynomials only if m is an integer.

3. Relationships Between the Generalized Bernoulli and the Generalized Euler
Polynomials

In this section we will generalize results in Cheon [1] and in Srivastava and Pintér [7].
Let us introduce the polynomials Q%(m)“l)) obtained from the expansion, for m,l € C

()" () e = a0,
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It holds
n
Qe +y) =" (Z) B™M()EY, (1), (20)
k=0
and
L n
QM) =" (k) QUMW gk, 1)
k=0

Furthermore, since

) G =S ) las

u m 2 -1 2
_[(e”—l) (e”+1) :|eu—|-1’

we have
n n B l
le(m)-i-(l))(x) :Z (k) QE{(m 1)+( ))(O)Bn—k(x)
k=0
n n |
=3 (k) QU OE, (%) (22)
k=0
In case m,l are integers, let us consider (™ := Z:n:l 6, and n® := 25.:1 n;, where

0; ~U[0,1],i=1,...,m and n; ~ Ber(1/2), j = 1,...,1 are independent. Then it is seen
that QEI(’”)HZ)), n=0,1..., are the Appell polynomials associated with 8™ 4 1.

Lemma 1. The following decomposition holds for all m,l € C

n
le(m)+(l))(x) — le(m)-'r(l—l))(x) _ 2 ((m 1)+(1))( ) (23)

Proof. In the first equality of (22), substitute x + 0, instead of x, take expectations, use
the mean value property (3) and apply (21) to obtain

]E(le(m)Jr(l))(x + 91)) — le(m—l)Jr(l))(x)_

Calculating similarly as in (11) we get

1
E(QUm+D(x +6,)) = — [ D)y 4 1) — QST1)+(ZD(X)]-

Consequently
QUMD (x + 1) — QUMHD)(x) = nQ{" P+ (), 24

Moreover, also by (22)

BQUM e+ 1y)) = QUMD () @9
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and from (21) we have

E(QM O x +m1)) = Z ( )Q%’”)W”(O)E((x +71)" )
=0

1
=3 [Q((mmn)(x F1)+ Q;(m)m))(x)] . (26)
Combining (25) and (26) implies
QUMW) (x 4 1) + QUMHD) () = 2QUmIHT=1) (), 27)
Subtracting (27) and (24) completes the proof. O

Remark 2. Formulas (24) and (27) generalize formulas (8) and (17) respectively.

Our main formula which connects the generalized Bernoulli and the generalized Euler
polynomials is given in the next theorem.

Theorem 1. For all m,l € C, it holds

Z (k)B(m)(x)E(l 1)(_)/) _ Z (k) [B(m)(x)—l- B(m D(X)] E(Z)k(y) (28)

k=0 =0
Proof. Using (20) it is seen that (23) can be developed as follows

n

Z(k)3<m)(x)fs(”k(y)

k=0
= 0(x +)

_Q(m)+(l 1)(X+_)/) (m 1)+(l)(x+y)

n—1

m n— .
:;)( )B( )( )E(l 1)(}’) Z( . )B( 1)(X)E(l) 1(}/) 29)

k—O
22( ) B™M)E V() - Z( )2 B V0EY, (), (30)
k=0

from which (28) readily follows. ]

Corollaries 1 and 2 below can be found in Srivastava and Pintér [7] as Theorem 1 and
Theorem 2, respectively.

Corollary 1. For all m € C, it holds

B,S’”>(x+y)=2(k) [BMG)+ 5B 60| B 3D

k=0
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Proof. This follows from (28) by putting [ = 1 and using (14) and (7). O

Corollary 2. For all | € C, it holds

n
2
0 _ n (1-1) 0
En (X + y) - ; (k) m |:Ek+1 (.y) - Ek+1(y)] Bn—k(x)- (32)
Proof. Notice that in the step from (29) to (30) in the proof of Theorem 1 we have the
identity
o (M k1), ) N =1\ oy,
2l 3B EL D=5 (BT @EL L 00,
k=0 k=0
Hence,

= (n\ k n
> (1) BOAED, () = 55, (x4,
k=0

From this and (28) with m = 1 we now have
0 250 (M [Ha-1) 0
EL G+ =230 )[BT 0 - BP0 | B,

k=0 k

Changing n to n 4+ 1 and noting that E(()l_l)(y) = E(()l)(y) =1 we have

BG4y = 25 (M

2 "+1(n+1
rH—lkZ1

) [ES00 = BP0 | B0,
which implies (32). ]
We recall also the following formula due to Cheon [1]
u n
Bn(.y) = Z ( )Bk(O)En—k(.y)a (33)

k=0,k#1 k

which is now obtained from (31) by taking x = 0 and m = 1. The next result is derived in
Srivastava and Pintér [7]. We conclude this paper by giving a new proof for this.

Proposition 1. Formula (33) is equivalent to

n

2"B,(x/2) = Z (2) B (0)E,, i (). (39)

k=0

Proof. From (23) putting m = 1,1 = 1, we have

W) 4 n
QYHTI) = By(x) = 5 Bt ().
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On the other hand

ux

e 2ue

ux o un

= = —92nB (x/2)
D@ 2 _ E: n ,

E(et @V +n™)y et —1  “=nl

and, hence,
M4
QY (x) = 2"B, (x/2).

So we obtain o
Bn(x) - EEnfl(X) = Zan(X/Z),

which implies the equivalence of (33) and (34). O
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