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Abstract. In this paper the author present some new identities for g-analogues of multiple harmonic (star)
sums whose indices are the sequences ({p},) and ({p}.,p + 1, {p}s). Then we use these formulas to establish
some relations between multiple harmonic (star) sums and classical harmonic numbers and binomial
coefficients. As an application we give some explicit formulas involving multiple zeta star values. Some
interesting consequences and illustrative examples are also given.

1. Introduction

Let R and C denote, respectively the sets of real and complex numbers and let N := {1, 2,3, ...} be the
set of natural numbers, and Ny := IN U {0} be the set of positive integers and IN \ {1} := {2,3,4,---}. For any
multi-index S := (s1,52,--+ ,s¢) (si € C, k € IN), the general multiple harmonic sum ,(S) and the multiple
harmonic star sum C;(S) are defined, respectively, by convergent series ([3, 10])

1
5o (S) = Gy (51,50, -, 5k) = Z s 1.1)
n>ny>->n1 1y ny k
* — 7k o— 1
Cr (8) =G (51,82, ,8¢) 1= Z PENCECE (1.2)
nznp>-2m=1 102 k

where s; + -+ + s¢ is called the weight and k is the depth. When n < k, then C, (s1,s2,--,sx) = 0, and
Cq (0) = C (0) = 1. For convenience, we let {a}; be the k repetitions of a such that

Cn (4/ 3/ {1}2) = Cn (4/ 3/ 1/ 1) ’ C; (5/ 2/ {1}3) = C; (5/ 2/ 1/ 1/ 1) .

If k =11in (1.1) and (1.2), then the sums reduce to classical harmonic numbers, which are defined by (see
[1,2,11,18,19])

n

H)=ap=gw=),5 GneN).
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n
H,=H =
j=1

~. =

The limit cases of multiple harmonic sums and multiple harmonic star sums give rise to multiple zeta
values (MZVs) and multiple zeta star values (MZSVs) (see [3, 12, 14]):

C(Slrs2/“' ,Sk) = nli—I;IDIOC(SlISZI.“ ,Sk), (13)
C* (51,82, ,8) = lim C* (51,82, ,5K) (1.4)

defined for positive integers si,5p,...,5¢ = 1 and s; > 2 to ensure convergence of the series. The origin of
these numbers goes back to the correspondence of Euler with Goldbach in 1742-1743 (see [12]) and Euler’s
paper [9] that appeared in 1776. Euler studied double zeta values and established some important relation
formulas for them. For example, he proved that (see [11])

) H 1 k-2
Zn_;’:E{(k+2)c(k+1)—;c(k—i)c(i+1)}. (1.5)

n=1

It has been discovered in the course of the years that many multiple zeta (star) values admit expressions
involving finitely “zeta values”, that is say values of the Riemann zeta function,

(o)

(s) = Z nl (R(s) > 1).

n=1

with positive integer arguments. The relationship between the values of the Riemann zeta values and
multiple zeta (star) values has been studied by many authors. For details and historical introductions,
please see [3-5, 11, 18, 19] and references therein.

The purpose of the present paper is to establish some identities of g-analogues of multiple harmonic
(star) sums and g-harmonic numbers. We then apply it to obtain a family of identities relating multiple zeta
(star) values to classical zeta values.

We begin with some basic notations. The g-analogues of multiple harmonic numbers and g-analogues
multiple harmonic star numbers are defined by

qn1+n2+~~+nk

Gloussli= ) oy ol gy S EEN 0o

n2ny>np>>m1

qnl +np+-e+ng

Crls1,82,++ ,8k] = Z (si€C, keN), (1.7)

51 52 . [, 1
n=ny>ny >l [nllq [le]q [le]q

with G, [s1,52,--+ , 8] = 0if n <k, and C,, [0] = C}; [0] = 1, where [n], denotes the g-analog of a non-negative
integer defined by

n-1
1= g"
[n], ;:qu: 1—_qq (0<g<1.
k=0

Let n, m denote integers, the Gaussian g-binomial coefficient is defined by [1]

n B [n]q!
mo| 7 m] - m],!

g

n
0

where 0 < m < n and [n]q! = [1]q[2]q e [n]q with [
q
the ordinary binomial coefficient when g — 1. Xu et.al [20] define the g-polylogarithm function Li,[x] and

] := 1. Obviously, the g-binomial coefficient tends to
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the partial sum of Li,[x] by

k) k
Lipl] =) [;(‘7 (xe(-1,1), R(p) > 1), (1.8)
k=1 q
n k
Glpa] =) % (x € (-1,1),R(p) > 1). (1.9)
= [kl

When x = ¢° in (1.9), then C, [p; 4°] (s € IN) is called the g-harmonic number. It is obviously that
lim G [p; '] = Cu[p] = Y.

There are many results for sums of the types (1.6) and (1.7). Some related results for g-multiple harmonic
(star) sums may be seen in the works of [7, 8, 10, 15, 16, 20] and references therein.

Theorem 1.1. For positive integer n, m and any sequences a; € C (i = 1,2...,n), the following identity holds:

n k] km—'l

ZukIZak2-~-Zakm ZiL (1.10)

n
k=l k=1 k=1 = I (1_ﬂ)

Proof. We consider the product
1

=) A", Ay(n) =1, (1.11)
[T(1—ait) m=0
i=1

where
t < min {ja| ™, 2|}

By a direct calculation, the following identity is easily derived

n ki K1
Ay (n) := Z A, Z gy - Z ay,, - (1.12)
k=l k=1 k=1
Expanding the product on the left hand side of (1.11), we deduce that
1 n Br 00 n
_ =Y. _(”)t - {Z B, (n) ar’”} " (neN,aeQ), (1.13)
MA-at = % w3
i=1
where
— 1 -1
B,(n) = lim ——%_ _ 1- ﬂ)
o a,

By comparing the coefficients of " in (1.11) and (1.13), we obtain the desired result. O
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Noting that, let X, (m) := Z ), we can rewrite formula (1.11) as
k=1

ZAm n)t" = = exp {—Zln (1 —akt)}
n<1—at> =
shnkigr X (1)
= exp —t" 5 = exp —t
(LE ] -er (T 5]

k=1 m= m=1

—exp{X (1+5 X(2)+ X(3)+ X(4) }

=1+X,()t+= {X2(1)+X (2)}1%2

+ {%)@ (1) + EXn 1) X, @)+ gXn (3)}t3 e (1.14)
Hence, by comparing the coefficients of " in above equation, we deduce the following identities
Ao (n) =1,
Ar(n) = X, (1),
2
Ay (n) = w (1.15)
3
As () = X5 (1) + 3X, (1;}( n(2) +2X, (3) (1.16)
4 2 2
Aulr) = X4 (1) + 8X, (1) X, (3) + 3X4$2) +6X2(1) X, (2) + 6X,, (4) 117)
A _ X3 (1) +10X3 (1) X, (2) + 20X2 (1) X,, (3) + 15X, (1) X2 (2) 118
500 = 51\ +30X, (1) X, (4) + 20X, (2) X,y (3) + 24X, (5) ‘ (1.18)
1 [ XS +15XE (1) X, (2) + 40X, (1) X, (3) + 90X2 (1) X,, (4)
As(n) = = { +144X,, (1) X, (5) + 45X2 (1) X (2) + 120X, (1) X,, (2) X, (3) (1.19)
61| 140X2 (3) + 15X (2) + 90X, (2) X, (4) + 120X, (6)

From (1.14), we know that the multiple sums A,,(n) can be expressed as a rational linear combination
of products of X,(j). In fact, by using the following recurrence relation of exponential complete Bell
polynomials Y, (see [17])

k-1

k-1

Yi (x1, 22, , %) = Z( j )xk—ij (XLXz, e ,xj) (k€ IN) (1.20)
=0

and letting x,, = (k — 1)!X,,(m) (m =1,2,...,k), then with the help of formula (1.14), we deduce that the

sums Ag(n) satisfy the recurrence

k-
A =LY 40X, (- ), (1.21)

j=0
Yi (X (1), 11X, ), -+, (k= D)IX, (K) = KA (). (1.22)
Here the exponential complete Bell polynomial Y;, is defined by [6, 17]

k

tm
exp[ZxW]= 1+ Y Vil ) g, YoO) = 1 (1.23)

m>1 : k>1
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Similarly, in the same way as in the proofs of formulas (1.15)-(1.19), by considering the product

[Ja+an=) A.me, (1.24)
i=1 m=0
Ay (n) = Z g, -+ ax, (ax € C), (1.25)

1<k, <+<ki<n

we can obtain the following formulas

A1 (n) =X, (1), (1.26)
Ay (n) = w (1.27)
Ay (n) = ) = 3% (1;!Xn ) +2X,3) (1.28)
Aoy = X4 (1) - 6X2 (1) X, (2) + sx,11 51) X, (3) +3X2 (2) - 6X, 0} (1.29)
A= 5 { St oo e (130

1 [ X5() = 15XE (1) X, (2) + 40X (1) X, (3) — 90X2 (1) X,, (4)
Ag(n) = = +144X,, (1) X, (5) + 45X2 (1) X2 (2) - 120X,, (1) X, (2) X, (3) ¢, (1.31)
61 +40X2 (3) — 1523 (2) + 90X, (2) X, (4) — 120X, (6)

where Ag (1) = Ag(n) = 1. If n < m, then A, (n) = 0. Moreover, the multiple sums A,, (1) can also be
expressed as a rational linear combination of products of X,(j). In fact, by using the definition of Bell
polynomial Y), again, we can find that

Vi (X (1), =11, @), -+, (-1} (k= DX, (0) = KA (). (1:32)

Hence, letting x; = (—1)"_1 (k= 1)!X, (k) in (1.20) and combining above identity (1.32), we deduce the
following recurrence relation

e VTN s
Ax(n) = === )" (C1YA; () X, (k= j). (1.33)
j=0

2. Main Theorems

The main result can be stated as follows.

Theorem 2.1. For integersp € N, m € N and a,b € Ny := IN U {0}, the following identity holds:

n

. xmr
z Cn [{p}a’p + 1’ {p}b; x] =m n [t
a+b=m-1 r=1 [r]pm+1 H (1 - .—in_r)
Ly Ly
- L [r];,—[
p XY ey
i, W)
+ n EIRG (2.1)
o [r]p(m 1+1 H (1 _ ;gxl_r)
i=1,itr Lily

where
xk1 etk

_— 2.2
oy ol >

Cilsi, oo smx] =
1Sk,,,$'“$k1 <n
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Proof. Letting a; = ﬁ in Theorem 1.1 we obtain
q
1tk n mr
X X
Y. R Y. p— ERTIU 2.3)
Lk <<k <n ! 1 g =1 ([T]q + ll) i:{,[#_r (1 Bl ([i]q+a) ¥ r)

Upon differentiating both members of (2.3) with respect to 4 and then setting a = 0, we may easily deduce
the desired result. [

Theorem 2.2. For real p > 1, integers m € N and a,b € Ny, the sums

Y. Glpler+1(0)]

a+b=m-1

and

Y, G lipher+1ipk)

a+b=m-1
can be expressed as a rational linear combination of products of g-harmonic numbers.

Proof. In above section 1 we prove that the multiple sums A,, (n) and A,, (n) can also be expressed as a
k

rational linear combination of products of X,(j). Setting a; = W in recurrence formulas (1.21) and
q

(2.32), then
qk1+-~-+km
Am( )= ’
VT S (il +a) - (k) +a)
_ qk] +eetky,
A, (n) = ,
" (il +a) - (ki +a)
n 1]
X (H)=y —
] i=1 ([i],7 +a)p]
and
k-1 n i(k— )
A =1 A |y —T—

]

pr ([i]q + u)P(k—J')
k-1 k=1 n qi(k—j)

Ay = Y cayid | Y
=0

= ([z‘]q+a)p(k_j) |

1l
(=}

Hence, by differentiating with respect to 4 and then letting a = 0, we obtain the result. [

Therefore, taking x = 1,4 — 1 in Theorem 2.1 and 4 — 1,#n — oo in Theorem 2.2, we can give the
following corollaries.



J. Quan / Filomat 35:2 (2021), 667-677 673

Corollary 2.3. For integers p € N, m € N and a,b € Ny, the following identity holds:

1\ v 1
& () + 1 1p) =( +—) i
i=1,i#r

-1
. an (Zp: P j+1rj—p]
- . (2.4)

Corollary 2.4. For real p > 1, integers m € N and a,b € Ny, the sums

Y, c(plop+1ip))

a+b=m-1

and

Y., ¢ (phop+11p))

a+b=m-1

can be expressed as a rational linear combination of products of Riemann zeta values.

3. Some examples

From Theorems 2.1-2.2 and Corollaries 2.3-2.4 with the help of formulas (1.15)-(1.18), (1.27)-(1.29), we
can get the following examples. Here 4, b € INj.

Example 3.1. Some illustrative examples follow.

Y. Gllplop+1ip)] =Gilpal Gulp + 9] - G [2p + 147,

a+b=1

Y. Gliplop+10p }]=—C2 [p;q] Culp + ;9] - %Cn [p +1;q] G [ 29 ]

a+b=2

—CulpralG[2p + L] + G [3p + 147,
Y G lhop + 1 iph] =G a1l + Ll + 56 [+ a1 G [3pig]

a+b=3
+ Calpiq] G [3p + 107 + lCn [20; 4] G [2p + 1 7]
—SGpalG I+ Ll 2] - 38 [l G2 + 1517
—Cn[4p+1;q |
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Y. Glipler+ 100} =§C‘$ [p:q] Cu[p + 1;4] - }Lci [P 9] Cu[p + 191 G [ 29

a+b=4
~ 2 IpalG 2+ b+ 58 Al Gl + a1 3]
+ %Ci [p:q1Ca[3p + L] + éCn [P+ Lq1 G [2; 7]
+ %Cn [P a1 Cu 2007 Ca |20 + 1, 47] - %Cn [p+ 1,41 Cu [4p3 4"
— Culp;al G [4p + ;4] - %Cn 20 + 17| & [3p: ]
- %Cn [20:0%] Cu [3p + L ®] + Cu [P + 1,6,

Y. Gliplor + Liph] =GilpalCulp + 1al + G20 + 1,47,

a+b=1

Y [tphop + 1 1ph] =58 Il Culp + 1al + 580 [p + 141G [2057]

a+b=2

+Glpral G [20 + L] + G [3p + 1,

Y. G lplor+1Liph] =ClpialCulp + gl + %Cn [+ 191 [3p: 47

a+b=3
+Calpial G [3p + 107 + %Cn [20: 4] G [2p + 1 7]
+ 3G pal G+ LalG (2] + 58 a2+ 15¢7]
+ Cp [4p + 1;q4] ,
Y. Gliplor+10ph) =ici [p;q] Culp + 1] + %Cﬁ [P a1 Cu [p + 139 G [ 293 ]
a+b=4

+ 2 Ipal G 2+ U]+ 56 pal Gl + 141G 3057
+ %Ci [piq] G [3p + ;0% + écn [p+ 1,412 [2p: ¢
+ %Cn [P a1 Cu |20 %] Cu [20 + 1 42] + }ICn [p+ 1,41 G [4p3 4]
+ Gl G [4p + 19*] + %Cn 2 + ;7] G [3p:4°]
+ %Cn [20:42) G [3p + L] + G [Bp + 14°),

Example 3.2. For positive integers n and m, we have

g

C; [{1}m] = Z (_1)r71qr(7+2m—1)/2—
r=1

G

n T
* _ _1\=1 _r(r+2m-1)/2 r q
cn[{z}ml—Z< 1) A+ ) —
r=1 [7,.]L7 .
q

674
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g

Z G (1), 2, {1)] mZ( 1) g 1_r(r+2m— 1)/2[ ]m+1

]
+Z( 1)7 1 _r(r+2m+1)/2- 4

— [ ]Zﬁ—l
n
co |

n
_ (_1)7—1 r(r+2m-1)/2
L o7y

- ]
n r
Y, G232l =m ) (<) R (14 ) ————

a+b=m-1 r=1 [r]2m+1 n+r
q r g

g

m+l | M+T
r
LA FE I

n
" Z (_1)7—1qr(r+2m+1)/2
r=1

q

(G [11] = ooy [1;1] + € [1;1]) [ ; ]

[rlﬁm[ n:r]
q

9

n
_ Z (_1)7—1qr(7+2m71)/2 (1 + qr)
r=1

Example 3.3. For any real p > 1, the following identities hold:

Y. C({plop + 1Aph) =CP)Cp+ 1) -C@p+1),

a+b=1
Y (el + 1 0p)) =3 )+ )= 2T+ D@D - LRI+ 1)
a+b=2

+C@p+1),
Y C(lplop+ 11ph) =20 ()T + 1)+ 3T+ DTG +LE TGP+ 1)
a+b=3

+3CEPTEP+ )= 2L+ 1) TEp)
ST+~ Tlp+ 1),

Y (el + 1 0ph) =558 GG+ 1) - 38 L+ 1D TEp) - cCE)TEEp+1)
3O+ DIE) + 3T+ 1) + 5L+ 1))
+2LEIT@DIEP+1) - 70+ DT - CH)TEp+1)

—3CCP+DTEY - 5C@NTEP+ D+ LG +1),
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Y, (Il + 1L ipk) LRI+ 1) + 2P+ 1),

a+b=1
Y, & (Iplop + Lipk) =5 @ ()T + 1)+ 5T+ DT + LR+ 1)
a+b=2

+CGBp+1),
Y & (hop + 11p)) =20 () + 1D+ 5T+ DG + LRGP+ 1)
a+b=3

+ EC(zp)<;(2p+1)+ EC(P)C(P+1)C(ZP)
2O+ +LEp+ 1),

Y & (hop 1 10)) =550 GG+ D) + 3C G+ DT + 28 ()T Cp+1)

a+b=4

+3LOITP+DTE) + 3T (B + 1) + 5L+ DT 2p)
+3CEITEPT@p+ 1)+ LG+ 1) +TE)ITEp +1)

+ %C(2p+l)C(3p)+ %C(Zp)C(3p+l)+C(5p+1).

Example 3.4. For positive integers m and n, it hold

7]

W)=Y,
r=1

n
* _ - _1yr-1 ( 1’)
¢ ((2)) —z;< 1) —ﬂm( — )

r
7]
Bl =3 () —— L,

B eSS

k=1
G () =4 1! - .
r=1 r4m(n+r)H<1+}t_§)

r k=1

=

1”"+1

2 1), 2,41)) = (m+1) §n -1 § (- 1)”
r=1
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Z r
C: ({z}u/S/ {2} ) = (2m + 1) (—1)r_1—
a+;ﬂ—1 ’ ; p2m+l ( n+r )
r

n
(Hn_Hn+r+Hr)( r )

-2) (-1 (3.1)
r:zl er ( n+vr )
.
Letting 7 — oo in (3.1), the result is
= (=1)" ! — H i
Y @ en=enenYy S0 2y By (3:2)
a+b=m-1 n=1 n n=1 n

Some results of Example 3.2 and 3.4 have been proven in [7, 13, 14].

Acknowledgments. The author thank the anonymous referee for suggestions which led to improve-

ments in the exposition.
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