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1. Introduction

The Euler-Seidel method which we introduce below is a useful tool to investigate combinatorial numbers and polynomials.
In this paper we work on the numbers mentioned in the abstract and we would like to demonstrate the efficiency of this
method.

First of all, a sequence (a,) be given. Then the Euler-Seidel matrix corresponding to this sequence is determined
recursively by the formulae

a = a, (n>0), (1)
a = a7 +d (>0 k>1).
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From relation (1) it can be seen that the first row and column can be transformed into each other via Dumont’s identities
[6]:

0

There is a connection between the generating functions of the initial sequence (a,) = (a,

Namely, Euler deduced the following in [7].

) and the first column (ag).

Proposition 1.1 (Euler).
Let

[o o)
a(t) = Z a’t"
n=0

be the generating function of the initial sequence (a%). Then the generating function of the sequence (af}) is

- 1 t
- _ ngn __
a(t)—Zaot =7 (71—t) .
n=0
A similar statement was proved by Seidel in [11] with respect to the exponential generating function.

Proposition 1.2 (Seidel).
Let

oo t”
Alt) =) _ay
n=0 )

be the exponential generating function of the initial sequence (a%). Then the exponential generating function of the
sequence (ag) is

Aty=Y)_ 08;:! = e'A(1).

n=0

The proofs of these propositions can be found in [6] and a comprehensive survey is discussed in [4]. In [5] there is
a generalization of Euler-Seidel matrix for Bernoulli, Euler and Genocchi polynomials.

2. Definitions and notation

In this section, we introduce the matter of our investigations.
Hyperharmonic numbers. The n-th harmonic number is the n-th partial sum of the harmonic series:

~
Hn :ZE
k=1

HY .= H,, and for all r > 1 let

H = HCY G
k=1
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be the n-th hyperharmonic number of order r. By agreement, H(()r) = 0 for all r. These numbers can be expressed by
binomial coefficients and ordinary harmonic numbers:

Y =

n+r—1
r—1

) (Hysr1 — Hr_1). (4)

It turned out that the hyperharmonic numbers have many combinatorial connections. To present these facts, we refer to
[1] and [3]. We give new closed form for these numbers.

r-Stirling numbers. Let {Z}r denote the number of partitions of the set {1,2,...,n} into m nonempty, disjoint subsets,
such that the first r elements are in distinct subsets. They are called r-Stirling numbers of the second kind. This notion

was introduced in [2].
The recurrence relation of these numbers is given by

{n} =0, n<r,
m r
{n} :émrr n=r,
m r
HI I U S Fy

=m + , n>r.
mj, m J, m—=1],

Here 0, =1 if m = r, 0 otherwise. One can identify the well-known ordinary Stirling numbers of the second kind with
n n n
o=l 1) g
m mj, mf,

3. New closed relations and old ones proved with new method

r-Stirlings via

Hyperharmonic numbers. We follow a reverse approach than the usual. Knowing the first column, we determine the
initial sequence and deduce some relations using Dumont’s identities. We indicate the order r as a left-upper index.

Theorem 3.1.

The initial sequence for "af = HY s

co [ HT ifo<n<r,

n — (r71)!(*1)n+6’ .
amy dn=r

where
5 — 0 ifriseven,
"7 1 ifris odd.

Moreover, the initial sequence of hyperharmonics with order r equals to the second row of the Euler-Seidel matrix of
hyperharmonics with order r — 1.

Proof. To determine the initial sequences for a fixed r, we calculate the coefficients of "a(t).

_ = In(1 — 1) 1 t
alt) = H(r)tn:_ _ or ,
a(t) g n -1 11—t ”(1—t)

by the proposition of Euler. Thus

ofv5) v
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Substituting the inverse function we get

T
Ta(t) = (14 )" n(1 + 1). (6)

It means that if r > 2, then
Ta(t) = (1+ )1+ 2(1+8) = (14+1)-a(t).
That is,

o

o
a(t)=""a(t)+t-Ta(t)=) Tlalt"+) a1

n=0 n=1

Comparing the coefficients of the left- and the right-hand side, we get that

oy =""ay+" e} (n=1,2,...), (7)
(and "ad = ""ad = 0) or, equivalently,
oy = el 4 (=01, ) o

On the other hand, by the recurrence relation (1) in general,
ol =al o) (n=01,...)

that is, for an arbitrary order r — 1 we obtain

Comparing this and (8) we get
0 -1
ran+1 =""a,.
Therefore with this equaion we get our second statement.
Now let r be an arbitrary positive integer. The "upper-left corner” of the Euler-Seidel matrix corresponding to r can be
obtained by the (3) recurrence of hyperharmonics. Namely, a straightforward computation shows that this matrix equals

to
A Y G
HY HED H Dl JY
A

So, really, "a® = HY™ i 0 < n < r, as we stated.
The situation changes when we consider the other elements. Keep the remarks above in mind, we prove the remains by
induction. First of all, let r = 1. Then 108 = H,, and the above calculation shows that

1 = (=)
alt)=In(1+1)=)

n=1

tﬂ

which agrees with the statement. From now on let r > 1. By the induction hypothesis

=10 _ (r = 2)(=1)"+0—1
" onln=1)---(n—=(r=2)°
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Using equation (7),
rOO — r7100 + r710071
(n = (r =) (r —2)Y(=1)"*%1 + n(r — 2)1(=1)"+3—1-"
nin—="1)---(n—(r—1))
(=(r=D)r =2U=) 0t (r= D)
nin—="1---(n—=(r=1)  nn="1)-(n—=(r=1)

In the last step we used the simple observation that
(_1)(_1)n+5,,1 — (_1)n+6r.
The initial sequence is described for all possible n and r. O

Remark 3.1.
From the second statement of the theorem we get the surprising fact that the second row (with index 1) of the Euler-
Seidel matrix of hyperharmonics of order r — 1 coincides with the initial sequence of hyperharmonics of order r, up to

a shifting. One can see how this fact works in the practice (Example 3.1). Namely, the second row of the matrix (9)
equals to the initial sequence (first row) of the matrix (10).

Example 3.1.
We give the low order (r < 3) Euler-Seidel matrices to show how this theorem works. Let r = 1. Then 'a$ = 1 and
Ta% = % (n >r=1). Thus

101 11

01 = 5 =1 5

H, 1 I 1 _1 /.

13 5 7 20

H, 1 -1 1 ..

2 3 12 30 (9)
H, 1 1

3 3 20

If we choose r to 2 and apply the theorem, we get that the initial sequence is the following: 2aJ = 0, 2 = 1 and

2,0 _ (=1)"
af = L (n > 2).

a1

o
—_

1 1
2 6 12 20
(2) 1 1 1
H1(2) s ? _1172 oo
A o
/—/3 H, % ..

_ n+1
Let r = 3. Then again, 208 =0, 20? =1, Zag = Hf 2 % finally 202 = #))(:72) (n > 3).

0 1 3 35 -4 w
R
HY HY Hy 1
HY HP Hs -

We can really see that the second row of the Euler-Seidel matrix belonging to order r corresponds with the first row of
the Euler-Seidel matrix of order r + 1, up to a shifting.
As we shall show, the initial sequences are not so mysterious since they can be considered as negative order hyperhar-

monic numbers. Before presenting this property, we give new closed forms of hyperharmonic numbers using the initial
sequences.
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|
Corollary 3.1.

The first column of the Euler-Seidel matrix can be obtained from the first row. Again, let r be an arbitrary positive

integer. Then
n
r I n\; o
H" = ad:Z(k) af.
k=0

As a special case, for r =1,

B n n (_1)k+1
Hn_“(k) k. (1)

This formula is known as the binomial harmonic identity. When r = 2, we get a new formula for hyperharmonic numbers
of order 2. From the example above we see the form of the initial sequence. Hence

_n “(n) (=)
H52)‘(1)+Z(k)k(k—1>'

Similarly,
_(n n T (n\ 2 =1)k
HS)‘(1)+(2)H2+§(k)k(k—1)(k—2>'

_[n n\ 2 n "~ (n 3=
= () (o o 2 it

and so on. We may call these identities as binomial hyperharmonic identities.

log(1—1)
(1=t

Hyperharmonic numbers of negative order. We know that the generating function of the sequence (H)pen is —
(see [10]). If we substitute r = 0 here, we obtain

= n - 1 n
;Hff’)t = —log(1—1t) = ;Et .

That is,
]
HO9 = — (n>0).
n

This agrees with the recursion formula of hyperharmonic numbers:

n
1 ()
HD =% HY.
k=1

The negative orders are interesting also. Let r > 0. Then

i HE = (1= 1) (— In(1 = t)).

n=0
Considering (6), the substitution t ~» —t and multiplication with —1 yields the formula

i(—n"“ HSE = (14 ) (In(1+ 1) = *a(t).
n=0

Hence we have that the negative r-order hyperharmonic numbers are the coefficients of "+'a(t), up to a factor (—1)"*".
Theorem 3.1 gives the closed form of negative order hyperharmonics. In reverse, the initial sequence of hyperharmonic
numbers are the negative order hyperharmonics. More exactly, we have proven the next
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Proposition 3.1.
The initial sequence of hyperharmonic numbers of order r + 1 are the hyperharmonic numbers of order —r, i.e.

1py(— 1,0
(_,I)n+ Hr(1 N =rt a,.

Thus the binomial hyperharmonic identity is
ng) — Z (IIZ) (_1)k+‘|HI(<—f+1).

k=0

r-Stirling numbers of the second kind. The Euler-Seidel method can be used to obtain new recurrence relations for
Stirling numbers of the second kind and for their generalization.
A similar argument as above gives the identity in the following theorem.

Theorem 3.2.

For all fixed m and r, we have the following identity:

n Z n\ < ! + r—2\[k—1I
m k —1 m—=1]
r [:1 r
In special, for ordinary Stirling numbers of the second kind (r = 1):
K

(-2l ze ozt

Proof. Letaj:={}}, Then

r tm
nalt) = Z G = A= (A —mh)

n=0
1 > t
1=t " \1=t]

Multiplying with = and using the inverse function T we get

N ()"
vt = (1= ) oo e S )
_ (i
= T
t tm—1

T+t (1=(r—=N)0 —rt)---(1—(m—1)1)

t d n
= —_— t".

To step further, we remark that
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see [8], so
(1-{ft)r:¥0(_1) (n+’:—1)tn+‘| Z1( 1)111(,1:112)1’”
Therefore
; = antr=2\ ) [& )
mal(t) = (;(—1) 1(”ni1 )t ) (;{mn—1},_1t )
= [ [+r=2\[n—1 )
:;(11(_1)”( (=1 ){m—1}r1)t,

by Cauchy’s product. Hence

n—1
nal Z( 1)”( ){m_&?1 (n>2).

The relation between the first column and the first row of the Euler-Seidel matrices yields

" gy & ol r=2\[k—1
=3 () (TN

as stated. The case r =1 can be seen immediately if we consider this last equality and (5). O

4. Exponential generating function of the hyperharmonic numbers

The notability of the initial sequence can be seen not only in the closed form derived in Section 3 but in the followings
also.

Hyperharmonic numbers. We are able to calculate the exponential generating functions of hyperharmonics which are
not known until now. This extends the unpublished result of Gosper in the case r = 1.

To present our result we need to introduce the notion of hypergeometric function. First, the Pochhammer symbol is
denoted by (n)¢ and its definition is the following:

(Me=nn+N)n+2)---(n+k-=1)
under the agreement (n)o = 1. This definition yields that
Me=1-1+1)-14+2)---M+k—=1)=k!, (n); =n.
The hypergeometric function is defined as follows.

ag, daz, ...,

F
PRON by, by,

= (a1)n(@2)n - -~ (@p)a t"
) Z (b1)a(b2)n -~ (bg)a n!’

n=0

where a; and b; are real (but typically integer) parameters.
The following presents the connection between hyperharmonic numbers and hypergeometric function:



I. Mez6, A. Dil

Theorem 4.1.

Forallr=1,2,... we have
- t" - 1! 1 1
- (r— n) r _
ZOH Z1H l)2 tze(r+1r+1‘ t)]
Proof. Seidel's proposition yields that
- -
Y HD— ="A(t) = e'-TA). (12)
n=0 n
Hence it is sufficient to determine "A(t).
00 r=1 [S)
t" ot (r— N(=1)r+or t"
rA ) = r 0% — Hf n__ —,
(®) ;”"n! ; n n!+§n(n—1)---(n—(r—1))n!

by our theorem. In the next step we transform the second term to the more familiar hypergeometric form. The denominators
are 6', = %, (rﬂ)l = % (’er,z) = "(Eﬂ ,as nequalstor,r+1,r+2,..., respectively, using the Pochhammer

symbol. Therefore (involving the fact that (n + r)' =rli(r+1),)

= (r—1) l( 1) g
n(n —1) (n—(r—1))n'

IVI

n=r

: o (—1)””! e
= L S

(f—1)!(—1)5’(—t)’i nt (=t)”

(rh? = (r+ N (r+1)n
== g (1M ()"
B (rh? ;(r—i—'l),,(r—i—ﬂn n!
(r= (=)0 (1) 1 1
Since (—1)%(=1)" =1 for all r, equation (12) gives the result. O

Corollary 4.1.

In 1996 Gosper gave the special case r = 1. If we substitute r =1 in our formula above, we get his result

o0

t . 11
ZH”F_EtZFZ(ZZ‘_t).

n=

We can use Gosper’s identity with Cauchy product to obtain the binomial harmonic identity (11).

Corollary 4.2.
The exponential generating functions allow us to calculate some interesting infinite sum. For example, let t =1 and
r=72. Then

o Hi 1 1/-_ 1 -1 ~ 3.33076
Z '—e +22 33 ~ O .

We present an other example. Now let t = % and r = 4. In this case

Hy' HY HY HD 3 11 1
w1 = Ve |+ g+ g+ et (55| g) |2 a0

n=1
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-]
5. A classification of second order recurrence sequences

Finally, we present an additional proof of the practicability of the Euler-Seidel method.
It is well known [9] that the F,, Fibonacci numbers satisfy the relations

FZn = Z(Z)Fk:

k=0
. I’l) n—k
(=1)"""Fa,
k=0 (k

and the same is true for the Lucas sequence. Why these relations do not hold for Pell, Jacobsthal etc. sequences? We
give necessary and sufficient condition on the parameters of the general second order recurrence sequence satisfying
these relations.

Fa

Theorem 5.1.
Let u, = pun,_1 + qun,—z (n > 2) be a second order recurrence sequence with initial members uy and uq. Then

Uz, = Z (Z)Uk,

hold if and only if p =q = 1.

Proof. It is known that

_ Zoo n _ Yo+ (U1 — puo)x
o= n:ounx - 1—px—qx?

_ Z‘” o Uo+ (2 — uo(p? + 2q))x
o) = LT T T  2g)x

(Here "e” abbreviates "even”) Now let the initial sequence of the Euler-Seidel matrix be a® = u,. Then a(x) = f(x)
and Euler’s proposition gives that the output sequence (ag) has the generating function

ax) = — a(X y

1—x 1—x

More precisely, ( |
1 wo+ (ur — puo)i;

a(x) = P 2
'mX I -p a9ty

’

and a simple rearrangement implies
_ uo + (ur — (p + Tuo)x
1—R4+px+(1+p—qg)x*

ax)

Then @(x) = fo(x) if and only if ug, uq, p, g satisfy the equations

ur —(p+Nue = us— up(p? + 2q)
p+1—q = ¢°

p+2 = p’+2q
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Because of the second equality we can write
ur — (p+MNuog = uz — uolp +2),
whence

U = up + ui.

This means that the necessary and sufficient condition to get aj = uz, is p = g = 1. In this event, Dumont’s identities
imply the relations in the theorem. This is the case for Fibonacci and Lucas sequence. O

We may describe the case when the output sequence is aj = uz,41. Then

= Y (1) on M)

k=0

-y (Z) (=) Ui (14)

k=0

<
=)
|

Surprisingly, there is no such sequence.

Theorem 5.2.

There is no second order recurrence sequence for which (13)-(14) hold (except u, = 0 for all n).

Proof. As before, let a® = u,. It is known that

Uy — upq + (Uog? + uop?q — u2q)x
1—(p? + 2g)x + g°x?

00
fo(X) = Z U2n+1Xn =
n=0

n_n

(Here "0” abbreviates "odd".) If we assume that @(x) = fo(x) then we have the equations

ug = Uz — Ugq (15)

ur—(p+Nug = ueq? + uop’q — usq (16)

p+i-q = ¢ (17)
p+2 = p’+2q

From (16),
ur — (p + Nuo = voq” + uop’q — (pur + quo)q = uep*q — pqus.
By equation (17)
ur — (g + q)uo = uop®q — pqus,
whence
ui(1+pq) = uolp®q + ¢* + q). (18)
Now we use (15):
uo(1 + q) = puqr + quy,
and we get that ug = pu. Substituting this to (18) (if uq # 0),

T+pg=pqlp’+q+1).

Finally,
1+pg
Pq
The right hand side is an integer but on the left hand side there is a non integer number. This is impossible. (If vy =0

=p’+q+1.

then ug = puy =0, thus u, =0 for all n.) O
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