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Abstract. We define a set of polynomial difference operators which allows us to solve the summation
problem and describe the space of polynomial solutions for these operators in equations with the polyno-
mial right-hand side. The criterion describing these polynomial difference operators was obtained. The
theorem describing the space of polynomial solutions for the operators was proved.
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1. Introduction and preliminaries

The summation of functions is one of the main problems of the theory of finite differences,
and the answer was given in the famous Euler—-Maclaurin formula obtained by Euler in 1733 and
independently by Maclaurin in 1738 (see [6,7,21]).

In [1,2,13] the problem of rational summation was studied, that is, finding sums of the form

@) =3 elt), (1)
t=0

where the function ¢(t) is a rational function. The solution to the problem consists in finding
a solution in symbolic form, that is, explicitly in the form of a mathematical function (formula)
and is called the indefined summation problem (see also [8,9]).

In the definite summation problem, the function ¢ can depend not only on the summation

x
index, but also on the summation boundary z, that is, S(x) = > ¢(t,z) (see, for example,
=0

[11,20]).
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The problem of indefinite summation is reduced to solving the so-called (see [8,9]) telescopic
equation — the inhomogeneous difference equation

(0 —=1)f(z) = p(x), (2)

where § is a shift operator: §f(z) := f(z + 1).

By analogy with the problem of integrating functions, the solution f(z) to equation (2)
is called the discrete antiderivative of the function p(x). If f(x) is the discrete antiderivative
function ¢(z), then the required sum is

S(x) = flz+1) = f(0). (3)

Formula (3) is called the discrete analogue of the Newton—Leibniz formula.
Euler’s approach to the problem of finding a discrete antiderivative is based on the operator
equality § = e, which allows us to write (2) in the form

DI@) = | e | olo)

where D is a differentiation operator.

The expression in square brackets on the right-hand side of the last equality is called the
D < B
Todd operator and is understood as follows: [ D 1| = —'Dm, where b, are Bernoulli
e~ — m=0 1.
numbers (see, for example, [3,6,10,17,19]). Thus, we obtain the Euler-Maclaurin formula

m=1

— 7m (m—1) _  (m-1)
S = [ e+ 3 e U+ 1) - oD (0)],
t=0 4
in which the required sum is expressed in terms of the derivatives and the integral of the func-

tion p(t).

Remark 1. In the summation problem we can use other operators instead of 6 —1. For example,
we can consider the operator (§ — 1)(6 — 2) and solve the difference equation

flx+2)=3f(x+1)+2f(x) =p(x), =0,1,2,....

If a solution to this equation is found then the sum S(x) can be written as S(x) = f(z + 2) —
2f(z+1)—[f(1)—2f(0)]. For n =1 polynomial difference operators P(§) = co+c1d+---+¢nd™,
where co + -+ + ¢ = 0, has a similar property (effect), see Theorem 2.3.

Euler’s approach to the problem of indefinite summation of a function ¢(t) = @(t1,...,t,) of
several variables suggests that you need to find a multidimensional analogue of (2), and compute
a discrete antiderivative to obtain an analogue of the Newton-Leibniz formula (3). In Section 2
we implemented it to sum a function over the integer points in an n-dimensional parallelepiped
(Lemma 2.2 and Theorem 2.3).

Bernoulli numbers and polynomials play an important role in classical one-dimensional sum-
mation theory and various branches of combinatorial analysis. Bernoulli polynomials are solu-
tions of difference equation (2) with polynomial right-hand side p(t) = t*:

B,(t+1)— B,(t) = pt' .

In the third section of this paper, we use spaces of polynomial solutions (generalized Bernoulli
polynomials) to sum functions of several discrete arguments.
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2. Operators with a summing effect and a discrete analogue
of the Newton—Leibniz formula

To formulate the main result of the paper (Theorem 2.3), we need the following definitions and
notations. For a given function of several discrete arguments ¢(t) = ¢(t1, ..., t,), we consider the
problem of finding the sum of its values over all integer points of an n-dimensional parallelepiped
with a "variable" vertex z € ZZ:

O(z)={teRL:0<t; <aj=1,...,n} (4)

This sum can be written as follows:

S@ =3 gt t) = 3 w0 (5)

t1=0 t,=0 tell(x)

To solve the summation problem means to find a formula expressing (5) in terms of a (finite)
number of terms independent of z.

Operating on the complex-valued functions f(x) of integer arguments = (z1,...,2,), we
define the shift operator §; with respect to the j-th variable

(5jf($) = f(l‘l, sy Tj—1,T5 + 1,£L’j+17 PN 7.’L‘n), (5?'7 = 5j o---0 6j7
———

a; times

where 6? is the identity operator. Some properties of the shift operator were studied in [12].
Denote P(0) = > co0% — polynomial difference operator with constant coefficients c,,
0<axl
a=(a1,...,an), I =(l1,...,ln) € Z%, and the inequality | > o means l; > a;,j =1, ...,n.
We will also use the notation [ % «, if there is at least one jo for which [, < ay,.
The difference equation for the unknown function f(z) is written as follows:

PO)f(x) =p(x), = € ZZ. (6)

Definition 2.1. A polynomial difference operator P(8) of the difference equation (6) is called
an operator with a summing effect if the sum (5) can be represented through solutions f(x) to
this equation at finite set of points regardlessly of the numbers of summands in S(x).

In this case, naturally, f(z) can be called the discrete antiderivative of the function ¢(zx), and
the corresponding expression solving the summation problem (5) is a discrete analogue of the
Newton—Leibniz formula.

For any point x, we define the projection operator 7; along the z; axis:

mix = (21, .., %-1,0,Zj41,...,%n)

and define its action: 7, f(x) := f(m;z).

Let P(A) be the power set of A and V := P({L,...,n}),J = {j1,..., 5k} € V. If we
denote m; = mj, o...omj,, then the set of vertices of the parallelepiped II(z) can be written as
{myx,J € V}. Note that gz = x.

Lemma 2.2. In (6) let P(§) = R(6)(0 —I), where R(0) is a polynomial operator. Then for any
solution f of (6), the discrete analogue of the Newton—Leibniz formula is

Yo et =RE) Y (~0* f(rs(a + 1)),

teTl(x) Jev

where #J is a number of elements of the set J.
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Proof. Since

DG D) =Y (0= 1)87 7 f(t) = (65 — 1)(2 5;j)ﬂjf(t) =
t; =0 t; =0 t; =0
;ﬂj—&-l 1 _—
=(6; — 1) 51 mif(t) = (95 ;i f(¢),

we get

hense, since m; and J; permute for j # k, we have

n

1J+1 Jexy+1
L1677 =) = > (~)*65 agmy,

Jj=1 Jev

where J = {1,...,n}\J, § = (61, ,6n).
Thus we conclude that

n

oo @) JT07 m; — mp) f(t) = R(8) S (—=1)* f(ms( + D).

tell(z) j=1 Jev
O

Note that the case R(d) = 1 was proved in [18].

We see that in Lemma 2.2 finding the value of (5) is reduced to calculating the values of the
function f(z) at the vertices of the parallelepiped II(z + I), the number of which is 2" and does
not depend on x. Thus, the operator P(d) = R(6)(6 — I) has a summing effect.

We denote 0 = (01,...,0,), where 9; is the differenctiation operators with respect to the
Jj-th variable, j =1,...,n, and O* = 94" ... k.

Theorem 2.3. In the summation problem (5), the polynomial difference operators

n

P(8)=R(8) [[(6; —1) = R(6)(5 — 1)

j=1
and only they have a summing effect, where R(0) is a polynomial.

Proof. We transform (5), assuming that f(¢) is a solution to the difference equation (6) and using
the equality f(t) = 6 f(0) yields

S)= Y et)= Y P = > 4P (7)

tell(x) tell(x) tell(x)
5z+[ _
Next, we use the multiple geometric progression formula Y ¢ = . and expand the
tell(x) -

0 P(I) (Z—

al

characteristic polynomial in a Taylor series at the point I = (1,1,...,1): P(z) = Y,
0<ax!
I)*. Then we transform the resulting expression

Py = PO ey o PPD pan
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and to express (5) as

sw= | S E e -0 > s

afl

+ Z aaP(I) (5_1)0471 (6m+l —I) f(O), (8)

al
I<a<l

where 0+ — [ = (672 — 1) ... (621 — 1),

Note that the number of summands in the second sum of the right-hand side of (8) does not

depend on numbers of summands in S(z), but in the first sum it does. If P(§) = R(0)(§ — 1),
then the first term is absent and P(J) has a summing effect.

0*P(1

On the other hand, if P() has a summing effect, then > ()

a=0 al
aZl

(6 — I)* =0, but then

rey= S LED 5 pe— - nre),

al
I<axl
o0“P(I
where R(6) = Y '( )((5 — 1oL, O
I<a<l @
Example. Find the sum
1 o
S(m1,m2) =Y >ty ta)
t1=01t2=0
for the function
(t1.t2) = _
P2 (t1 +ta+1)(t1 +t2+2)(t1 +t2+3)°
We note that the function
f(t t ) — 1#
b2, 21+t +1

is a solution to the difference equation (61 — 1)(d2 — 1) f(¢) = @(t). Since P(§) = (61 —1)(d2 — 1),
R =1, the sum is

S(x)=flx1+ 1,20+ 1) — f(x1 +1,0) — f(0,22 + 1) + f(0,0) =

1 1 1 1 1
2 \zi4a9+3 x1+2 a9+2 ’

3. Polynomial solutions to a multidimensional difference
equation
Bernoulli numbers and polynomials play an important role in the classical one-dimensional

summation theory. Bernoulli polynomials are solutions of the difference equation (2) with the
polynomial right-hand side o(t) = t#~1:

(Bu(t+1) = Bu(t)) ="~ 9)

==
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Bernoulli numbers and polynomials are well studied (see, for example, [6,19]) and have nu-
merous applications in various branches of mathematics (see [5,15,16]).

One of the options for finding the Bernoulli polynomials is to use the operator equality § = .
From (9) we find the formula for the Bernoulli polynomials

By(t) = st = 5t

whence we get

By(t) = 51", (10)

D & D
where 7= > B,—

5 ' is a differential operator of infinite order, B, = B, (0) are Bernoulli
e vl

numbers.

The action of the operator 1 on polynomials is well defined. We obtain a formula for

eD _
finding the Bernoulli polynomials

"B, }
Bu(t) =Y —r.
v=0
Remark. The above scheme for finding the Bernoulli polynomials can be viewed as a method
for finding a particular solution of the equation (2) in the case when the right-hand side of ¢(t)
is a polynomial.

We are interested in computing polynomial solutions to difference equation (6) with poly-
nomial right-hand sides. In this case, without loss of generality, we can consider the case
o(t) =t =t ...tk In addition, we are interested in polynomial difference operators P(d)
with a summing effect, which, by virtue of Theorem 2.3, can be written in the form

P(8) = R(9) ﬁ(f% - 1M, (11)

where R(9) is a polynomial difference operator with constant coefficients, R(I) # 0.
We consider the difference equation

n
RO [ — Db ft) =+, tezt, (12)
j=1
and find its particular polynomial solutions by analogy with the one-dimensional case, that is,
we use the operator equalities 0; = eP7, j =1,2,...,n.
1 g

The function Td(§) = is holomorphic at the point £ = 0 and therefore

R s (@& - P
admits its expansion in some neighborhood of zero as a power series

l;k,m m
Td(g) = ) e (13)
m=0
Substituting the differentiation operator D; into (13) in place of the variable ¢;, we define the

differential operator of infinite order:

5k,m, m
Td(D) =Y D™ (14)
m>0 ’
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For ky = ... =k, =1 and R(6) = 1, the operator defined in (14) is called the Todd operator (see,

for example, [4,14]). In the general case, it is natural to call it the generalized Todd operator,

and the numbers by ., — generalized Bernoulli numbers. Any polynomial solution to equation

(12) is called the Bernoulli polynomial associated with the polynomial difference operator (11).
The case R(0) = 1 was considered in [18].

We set (™) = p(u — 1) (s — 2) -~ (j — (m — 1)).

Theorem 3.1. Let P(9) be an operator with summing effect of the form (11). Then the set of
Bernoulli polynomials associated with this operator is described by the formula

T n k;
by ™ ghtk—m N ks )
floy="> == ) D ARy A IR L) BT (15)
os<m<p me (,LL + ke~ m)( ) i=1 m;=1
where ¢, are arbitrary polynomials in (n — 1)-th variables x1,...,[i], ..., &p.

Proof. From the difference equation (12), using 6; = P4, j = 1,2,...,n, and the definition of
the Todd operator, we obtain

Bk,m m Bk’m m —m
ogm<p osm<p
Integrating (16) k; times over the variable x; for all j =1,...,n, we get (15). O

Example. As an illustration of the application of (15), we present the solution of the difference
equation

(01 = 1)(02 = 1) f(z,y) = zy. (17)
We have P(0) = (01 — 1)(02 — 1), R = 1, (a1, p2) = (1,1), (k1. k2) = (1, 1), and f(z,y) =

- N b b b b
= Bi111(x) + Q(x) + S(y), where Byy11(x) = %ﬁf + 211.‘(11 22y + 111.‘120;3312 + 111111 Ty

is the generalized Bernoulli polynomial, Bll,m are the expansion coefficients of the generating
function

DD,
D~ 1)(ebr 1)

into the Taylor series at the point D = 0; Q(z), S(y) are arbitrary polynomials in one variable.

Calculations give: bij.oo = 1, biy.o1 = —5 bi1.10 = 5 b = 1
Thus, any polynomial solution to (17) has the form

flzy) = i(%gy2 — 2%y —xy® + ay) + Q(z) + S(y).

The second author is supported by the Russian Science Foundation no. 20-11-20117.
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CymvmmMma dyHKINIT 1 IOJINHOMHAAJIbHBIE PeIlleHns
MHOI'OMEPHOI'0 PA3HOCTHOI'O ypPaBHEHUSsI

Annppeit A. I'puropnen

Esrennii K. JleitHaprac
Cubupckuii ejiepaibHblii YHUBEPCATET
Kpacnosipck, Poccuiickas Pemepariust

Anekcanap II. JIsnunu
Cubupckuii deiepajbHbIil YHUBEPCUTET
Kpacnosipck, Poccuiickaa Peneparmst
TocynmapcrBennsniit yauBepcurer O@3pMOHT
®spmonT, 3anagnas Bupmxnana, CIITA

Awnsoranus. Onpejesien HaGOP MOJIMHOMHUAJIBHBIX PA3HOCTHBIX OIIEPATOPOB, MO3BOJIAIONIAN PEIINTD 3a-
Jady CyMMUPOBaHHsI, U OIIMCAHO IIPOCTPAHCTBO IOJMHOMUAJIBHBIX PEIIeHMUil 3TUX OIepaTOpOB B ypaB-
HEHUsIX C MOJIMHOMHUAJIBLHON PaBoil dacThio. 1losyden Kpurepuii, ONUCHIBAIONINI 9TH OJINHOMHUAIbLHBIE
pa3HocTHBIe omepaTopsl. JlokazaHna Teopema, OMUCHIBAIOIIAsT TPOCTPAHCTBO MOJMHOMHUAIBHBIX PENTeHNH
JJ1sI OIIEPATOPOB.

KuaroueBsbie cioBa: uncia beprywmm, maoroanenst Beprysin, 3amada cyMMUPOBaHMSI, MHOTOMEPHOE
pa3HOCTHOe ypaBHeHHe, hopmyra Jitstepa—Makaopena, omeparop Tomga.
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