SOME OPERATIONAL FORMULAS INVOLVING BESSEL
NUMBERS

ABDELHAY BENMOUSSA

ABSTRACT. In this brief note, we give three operational formulas that
involve Bessel numbers. To the best of our knowledge, these formulas
are new. We also derive another probably unknown formula from them.
Finally, we present an example of application of one of these formulas.
Keywords: Bessel polynomial, Bessel number, primitive of order n of a
function.

1 INTRODUCTION

1.1  MAIN RESULTS
It is well known that [5]:

(1) (ap)" = ) S(n,k)a*p*
k=0

where S(n, k) are the Stirling numbers of the second kind and p = 4 is

dx
the derivative operator.
In an attempt to obtain integral analogs of , we discovered the formulas:

n—1 n—1 ka
(2) D)™ [f(2)] = D _(=D*a(n = 1, k)a" " Fsr[f(@)] + D engrs
prd £ (2K
(3) P )" (@) = Ag[f ()]
(4)
n—1 n—l 22k
anlf(@)] = _(=D)*a(n = L k2" FE g [f(2)] = ) gnklF(2)](20) 7o
prd p (2k)!!
n—1
(5) (@ 'p)" =) (-Da(n — 1, k)" FprF
k=0

where I = [.dz, p~! = f;}.dac, Alf(x)] = f(x) — f(zo), the ¢’s are
constants of integration, and F,[f(x)] called the primitive of order n of
1
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f(x) is the expression of the n-th indefinite integral of the function f(x)
excluding the constants of integration, that is, the case where the constants
of integration are zero, it is given by the following formula (see [3]) :

n— [z
(©) Fulf(@))(z) = n_l,z( ) fileSee)

Another formula which is the result of combining formula with formula

is:

i
L

(7)

n
> (=D)"a(n - 1, k)a(n, j)z " FprFa I,y
05=0

e
Il

where I stands for the identity operator.

We note that the numerical coefficients in formulas , , , and
are the Bessel coefficients [1], we also note that we can transform these
coefficients into the Bessel numbers using relations and .

We shall present the proofs in detail in Section [2| In Section [3] we see an
interesting example of application of formula .

1.2 BESSEL NUMBERS

The Bessel numbers are reparametrized coefficients of Bessel polynomi-
als. Choi and Smith [I] were the first to investigate these numbers from a
combinatorial point of view; later, Han and Seo [4] showed that the Bessel
numbers satisfy two properties of Stirling numbers: The two kinds of Bessel
numbers are related by inverse formulas, and both Bessel numbers of the
first kind and those of the second kind form log-concave sequences. Yang
and Qiao [§] investigated Bessel numbers and Bessel matrices using expo-
nential Riordan arrays and showed that Bessel numbers are a special case of
the degenerate Stirling numbers. In 2022, Stenlund [7] gave new proofs for
two identities that connect a sum containing both kinds of Stirling numbers
with either the first or the second kind of Bessel numbers. In this note, we
further contribute to establishing some operational formulas involving the
Bessel numbers.

Recall that the Bessel polynomials y,(x) are the unique polynomial solu-
tions to the second-order differential equation

(8) ?y) +2(z + L)y, = n(n+ Dy,

with the normalization y,(0) = 1.
From the differential equation one can easily derive the formula:

n+k
(9) AOEDY Qk;,(z_)k),xk

k=0
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Let a(n, k) denote the coefficient of 2* in the polynomial y,(x) [I,6]. Set:

(=) *@2n—k-1)! .
(10) b(n, k) == { 2" F@=RIE=DI ifl<k=<mn
0, fo<n<k
that is :
(11) bn,k) = (—1)"*a(n—1,n—k)

We call the number b(n, k) a Bessel number of the first kind. By conven-
tion, we put b(0, k) = d¢ , where 0 is the Kronecker delta.
The Bessel numbers of the second kind B(n, k) are given by :

n! ern
(12 Bn k) = | T sl s ksn
0, otherwise

It is easily checked that:
(13) B(n,k) = a(k,n — k)

2 PROOFS

Lemma 2.1. Let n € N*. For all1 < k < n we have:
min(k,n—1)
(14) a(n, k)= > (n—9)* a(n - 1,i)
=0
where ™) represent the falling factorial x(z —1)...(x —n +1).

Proof. We have to show first the case where k£ < n—1, meaning the formula:

k
(15) Vi<k<n-1 a(nk)=> (n—i)* " an- 1)
=0
By induction.
1. Base case: verify true for k = 1.

1
_ A (1—i ~_ n(n+1)
(1) = Y0 =)0 afn — 1,0) = "D

i=0
2. Induction hypothesis: assume the statement is true until &.

k
a(n, k) = Z(n —)* D a(n —1,4)
=0
3. Induction step : we will show that this statement is true for (k + 1).
We have to show the following statement to be true:



4 ABDELHAY BENMOUSSA

k+1
a4+ 1) = 3 (0 - )FID 4o —1,)
i=0
From [2], p. 23, we have:
(16) V1<k<n-1,ank)=an—1k+n—-k+1)a(nk—1)
Hence

aln,k+1)=an—1,k+1)+ (n—k) a(n, k)

k
=a(n—-1Lk+1)+ -k (n—i)* an-1,i)
=0
k .
=a(n—1,k+1)+ Y (n—i)FD a(n —1,4)
=0

k+1 .
=> (n=)¥ " a(n - 1,1)

=0

which completes the induction.
The case k = n may be proven by observing that a(n,n) = a(n,n — 1)
[2]. O

Lemma 2.2. Let (o, ) € N2, we have:

[0}
(17) [29F5 = Y (~1)Fa®ao " Fy o+ C
k=0
where C' is a constant of integration.

Proof. 1. Base case: verify true for a = 0.

0
I2°Fg = Fo+c=Y (—1)F0®a"FFg iy +c
k=0
2. Induction hypothesis : assume the statement is true until a.

[0
Il‘aFﬂ = Z(—l)ka(k)ma_kFﬂ+k+1 +C
k=0
3. Induction step : we will show that this statement is true for (a + 1).
We have to show the following statement to be true:

a+1
Il’a+1F5 _ Z(_l)k(a + 1)(k)xa_k+1F6+k+1 +D
k=0
where D is a constant of integration.
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Applying integration by parts, we have:

Iz Fy = 2T Fy g — (@ + D)2 Fg + K
«

=2 — (a41) (Z(—l)ka(k)xa_kF5+k+2 + c) + K
k=0

= 2t F,, 1+Z 1)k+1 @+1>(k+1) a— kF5+k+2+D

a+1
= 2" Fp + ) (1) a+ )Wt g + D
k=1
a+1
—Z Fla+1)®geklpg 0+ D
Hence, the lemma is proven by induction. O

Theorem 2.3. Let f(x) be a function of x, for any n € N* we have that:

n—1 n—1 2%k
n—1 _ k n—k—1 z
(18) D) {f(@)) = Y_(-1aln 1K) Flf @)+ 3 e gy
k=0 k=0
Proof. 1. Base case: verify true for n = 1.
0 0 22
_ _ _ 1k 0—k ,
I=F +co= kzo( Dka(0,k)a"*Fyyp + z;c @i

2. Induction hypothesis : assume the statement is true until n.

n—1 nolo 2k
I(:L’I)n_l = Z( 1)k (n—1,k)z"" k— an+k + Z Ck 2
k=0

3. Induction step : we will show that this statement is true for (n+1).
We have to show the following statement to be true:

n 2k

x
I@D)" = Y (=D a(n, K)a" n+k+1+z T
k=0
By applying the induction hypothesis,

I(zD)" = (Iz)I(zI)" !

—

3
|

—

3

B
I
o
—
-
|
o
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Using Lemma 2.2, we have :
L Fp = (-1)'(n - B2 F i + C
=0

Substituting back and simplifying, we get:

n—1n—=k n 2%
) , . x
I(xI)” = Z Z(—l)kJﬂ(n — k)(l)a(n —1, k)l’n k zF’fL—i-l—i-k-‘ri + D+ Z Ck_lm
k=0 i=0 k=1
Setting j = k + i in the double sum, we get:
xzk

n

n—1
. . ik

Now we need to invert the order of summation. We have:

n—1 n n min(j,n—1)

(19) Z Z Qj5 = Z Z Qg j

=0 j=1
Hence, applying this formula to 1nterchange the order of summation, we

get,

' min(j,n—1) ‘

I(zD)" = (-1) (n—k)I™ a(n—1,k) | 2" T Fyy1y+ D+ ch o
§=0 k=0

Using Lemma 2.1, we get,

2k+1

I(zI)" = Z(—l)ja(n,j)x IFpi14j + D+ ch 17— OBl
j=0 k=1

Also, let us consider the set of constants b; such that by = D and, for
1> 1, b; = c¢;_1. Hence,
n _ —_1\J AP ] )
I(zD)" = Z( 1a(n, j)e" 7 Foii45 + Zbk Rl
Therefore, the theorem is proven by induction.

72k
(Qk;)ll
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It can also be proven that:

n n—1 x2k
(20) (o)l (@) = Do (=D aln K)a" Faslf(@)] + 3 ex s
k=0 k=0

Lemma 2.4. Let (o, 8) € N2. We have:

[e%
(21) plaFy =AY (—DFaPaFFy
Proof. 1. Base case: verify true for a = 0.

120F, = A Z 1)R0®) 0 F )

2. Induction hypothesis : assume the statement is true until a.

«
L2*Fs = A Z(—l)ka(k)xa_kFﬁ+k+1

3. Induction step : we will show that this statement is true for (a + 1).
We have to show the following statement to be true:

a+1
—1 a+1F _AZ O[+1 ) a+1_kFﬁ+k+1

Applying integration by parts, we have:

p e Fy = Az Fpi — (ot 1)p_1w°‘F5+1

= Axa—HFg.H a + 1 A Z k) o~ kF5+k+2

_ Axa+1F,B+1 +AZ(_1)k+1(a+ 1)(k+1)$a_kFﬁ+k+2

k=0
a+1
= Az + A (D) a+ )P M
k=1
a+1
A e )OS
k=0

Hence, the lemma is proven by induction.
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Theorem 2.5. Let f(x) be a function of x, for any n € N* we have that:

(22) p~Hap )" (2)] = Agalf ()]
where:
n—1 n—1 22k
(23) gulf(2)] =D _(-DFa(n—1,k)2" " Fope = gnoilf(@)](z0) OBl
k=0 k=1

Proof. 1. Base case: verify true for n = 1.

p[f(2)] = Aqi[f(@)]
2. Induction hypothesis : assume the statement is true until n.

3. Induction step : we will show that this statement is true for (n + 1).
We have to show the following statement to be true:

p~Hap )" [f(2)] = Agnia[f(2)]

where
n 2k

an11[f(2)] =]§0<—1>J’a<n7j> T Fulf ZW f )é}f)u

By applying the induction hypothesis,

n—1 i ) i n-1 —1,2k+1
=Y (—D*a(n— L,k)p 2" *Fopk = > gu-r(w0) e P 2 Gn (o)
k=0 k=0
Using Lemma 2.4, we have:
p A" Fu =AY ()i — k) e P R i
i=0
Substituting back and simplifying, we obtain :
n—1 n $2k
k) _ _
=AY > (-1 )9 Ma(n -1, k)2" 7 Py AZ%H k xo>(2k)”

k=0 j=k k=1

Applying formula and Lemma 2.1 we get :
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n 2k

1/, —1\n _ j . z
D (:Up ) - A;(_l)ja(naj) ]Fn—l—l -Jj A;q’lﬁ-l k Z'()) (2k>”

The case for (n+1) is proven. Hence, the theorem is proven by induction.
O

Theorem 2.6. Let n € N* we have that:

n—1
(24) (@7 'p)" =Y (=1)" a(n—1,k)a " Fpnh
k=0

Proof. A proof can be done by simple induction using the following rule
taken from [2], p. 23:

(25) V1<k<n-1, a(n,k)=an—1,k)+(n+k—1)an—1,k—1)
([

Corollary 2.6.1. For all n € N* we have that:

[y

n
(26) => Y (=D)a(n— 1, k)a(n, j)z~ " p R I,

=0 ]:O

3

o

where 1 is the identity operator.

Proof. Applying formula to the formula , we obtain the above for-
mula. O

3 AN EXAMPLE OF APPLICATION

In this section, we prove the following result:

Result 1. For all n € N*, we have :

(27)
3 (_1)k T n_l n—1—k
Z:2” Qk+D)(k+1)(k+2)---(k+n) 4 a(n—1,k)z (1)
k=0 k:O
n—1 n—1
—In (2 Z a(n—1,k)z" %8, (1 )+Z(—1)ka(n—1,k):r”fl’kfym_k(l)
k=0 k=0

where ay,, B and vy, are the polynomials associated with the n-th primitive
of arctan x.
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Proof. We use the formula :

n—1
(28) p~H(ap™ )" Harctana] = Y (~Da(n — 1, k)2" " EF, i farctan ]
k=0
n—2 22(n—k—1)
_ F
kgoa(k’k;) bk+1]arctan x](0) 2 — k=)

which results from formula by setting g = 0 and f(z) = arctanz.
Since the formula contains F,[arctanz], we first have to calculate it, we
have:

Fylarctan z|(z) = arctan x

1
Filarctan z](z) = x arctan x — 3 In(1 + z?)

x2

1
Fylarctan x](z) = (2 — 2) arctan z — gln(l +2%) + g

3 x x? 7 52
)3 = (= _Z (=~ ) In(1+ 2%+ ==
3larctan x](z) < 5 2> arctan < 1 12) n(l+ %)+

4 2 25 3 7 3
Fylarctan z|(x) = (;64 — % + 24) arctan x — (Lf2 - 1;;) In(1+ z?%) + (3264 — 22)
This data suggests that:

F,larctan z](z) = o () arctan z — B, (z) In (1 + 22) 4+ v, (2)

where «,, 8, and 7, are found using formulas @, and , so the
right-hand side of will be equal to :

n—1 n—1
arctana:Z( DEa(n—1,k)z" oy, (z)—In (1 + 22) Z a(n—1,k)z" %8, 1 (2)
k=0 k=0
n—1
3 (- 1ka(n — 1, k) 4 (2)
k=0

and the left-hand side equals :

Pil(xpil)nil[arctan x] = i (_1)kp,1(xp,1) 2k+1 i (— 1)kx2k+2”
o 2 £ 22k + 1) (k + 1) (k +2) - (k +n)

Setting = 1 in both sides, we get the desired formula. O
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4  APPENDIX

We prove the following two propositions:

Proposition 1. For all n € N*, we have :

x2n+1 n :L-Qk
(29) F3<1_%x2>::;(0—U”hml4—x%—%§:(—mnkk;>

2k—1

x2n “ T
(30) 3 ( ) = (—1)"arctanz + Z(—l)”flf
k=1

1+ 22 2k — 1
Proof. It can easily be checked that the two formulas are correct for n = 1.

Suppose that they are correct for n, and let us prove them correct for n+ 1.

We hayve:

$2n+3 o1 .,L,QnJrl
F = F — F;
1<1+x2> b 1<1+w2>

x2n+2 1 n ka
= — [ (-=D)"In(1 + 22 —)nR
3 2(( )" In(1+2%) + 3 (=)

k=1
1 +1 2 = +1 kx%
—— _ 1\ _1\" N
=5 (D In(1+a%) + ) (-1) -
k=1
2n+2 2n
x x
Pl )=FRa*"-F
1<1+w2> e 1<1+x2>
2+l n ) p2k—1
— _(_1\n - _1\n—
= o1 (=1)" arctan x ;( 1) ST
o n+l ik p2k—1
_ n n+l—
= (—].) arctanx — Z(—l) m
k=1
The proposition is proven by induction. O

Proposition 2. For all n € N*, we have :

(31)
1
2n+1

Fy(x® arctan ) =

2n+1 (=" 2 - R
2" arctanz — In(1+2z%)—)» (-1)""—
2 £ 2%
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(32)
n 22k—1
Fy(z® Larctan z) = o (xQ" - (—1)") arctanx — kz_l(_l)n_k%—l

Proof. The above formulas are obtained using integration by parts and for-

mulas and . O
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