ON THE HURWITZ-TYPE ZETA FUNCTION ASSOCIATED TO THE
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ABSTRACT. We study the theta function and the Hurwitz-type zeta function associated to
the Lucas sequence U = {U, (P, Q) }n>0 of the first kind determined by the real numbers P, Q
under certain natural assumptions on P and Q). We deduce an asymptotic expansion of the
theta function 6y (t) as t | 0 and use it to obtain a meromorphic continuation of the Hurwitz-

type zeta function (v (s,2) = > (24 Un)~° to the whole complex s—plane. Moreover, we

n=0
identify the residues of (v (s, z) at all poles in the half-plane R(s) < 0.

1. INTRODUCTION
The Lucas sequences {Up (P, Q)}n>0 and {V,,(P,Q)}n>0 of the first and the second kind

associated to arbitrary real numbers P, () are defined for all non-negative integers n by

a” —b"

U, = and V, =a" +0", (1.1)
where a and b (a > b) are the roots of the quadratic equation 22> — Pz + @ = 0 and by
definition Uy = 0, U; = 1 and Vj) = 2. Those sequences were first studied by E. Lucas in [15],
who considered the special case when P, () are relatively prime integers.

Some well-known special cases of sequences {U, (P, Q)}n>0 and {V,(P,Q)}n>0 include Fi-
bonacci numbers F,, = U,(1,—1), Lucas numbers L,, = V,,(1,—1), Pell numbers U, (2, —1),
Pell-Lucas numbers V,,(2, —1), Jacobsthal numbers U, (1, —2) and Jacobsthal-Lucas numbers
Vn(1,—2), and they are all indexed in the On-Line Encyclopedia of Integer Sequences [24] as
A000045, A000032, A000129, A002203, A001045 and A014551, respectively. There are many
further generalizations of Lucas sequences; some of them are given in [1, 8, 31], as well as nu-
merous articles studying different properties of those sequences (see e.g. [7, 13, 20, 21, 23, 26]).

Zeta and L—functions in number theory carry important information related to the object
they are associated to. Hence, it is of interest to study zeta-type functions associated to Lucas
sequences. The zeta function ((f,y(s) :== 3,51 F}, *, associated to the Fibonacci sequence was
studied in [2] and [19], where a meromorphic continuation of (;z,1(s) to s € C was deduced.
Moreover, in [19] some interesting algebraicity and transcendence results for special values of
C(F,}(s) were derived, see also [18] for related results. Analytic continuation of the multiple
Fibonacci zeta functions was studied in [22].

The Lucas zeta function

- 1
C{Un(P,Q)}(S) Cu (8) : nzz:l U, (P, Q)S’ s€C, %(S) >0, (1‘2)
associated to the Lucas sequence U = {Uy (P, Q)}n>0 of the first kind was studied by K. Ka-
mano in [11], who described in detail its polar structure. Kamano also studied the L—function
defined by twisting (y(s) by a primitive, multiplicative Dirichlet character. Going further,
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Meher and Rout [16] extended results from [11] and proved analytic continuation of the mul-
tiple Lucas zeta function, see also [17] where a twist by additive and Dirichlet characters was
considered.

Hurwitz-type zeta functions, a natural generalization of zeta and L—functions associated to
certain sequences appear in many mathematical and physical disciplines. The Hurwitz-type
zeta function associated to the sequence A = {ay, },>0 of complex numbers is formally defined
for R(s) > 0 by

oo

o) =3 ey

n=0

for all z € C such that z+a, ¢ R<q for all n > 0 and (2 + a,,)”° is defined using the principal
branch of the logarithm.

When the sequence A is the sequence of eigenvalues of a certain operator, Hurwitz-type
zeta functions appears in the literature under the name ”two parameter spectral function”,
or "generalized zeta function”, see, e.g. [27] and [5], or [3, Chap. 4] where the study of
Epstein-Hurwitz zeta functions is nicely presented.

A thorough study of Hurwitz-type zeta functions associated to a general sequence A of com-
plex numbers, satisfying certain mild conditions was conducted in [10], where generalizations
of various were derived (e.g. the Lerch formula, the Gauss formula, the Stirling formula and
many others). A more general study is presented in [9], where the sequence A is replaced by
a countable set D, the so-called ”directed divisor”.

When the sequence A is the sequence of zeros of a zeta or L—function, the Hurwitz-type zeta
function appears under the name ”super-zeta” function. Polar structure of such functions can
be described using the approach explained in [28] (see also [4] for a result relating super-zeta
functions to determinants of Laplacians on cofinite Fuchsian groups).

In this paper, we study the Hurwitz-type zeta function associated to the sequence U =
{Un(P, Q) }n>0 of Lucas numbers of the first kind associated to real parameters P, () which are
arbitrary, but fixed throughout the paper (and hence, omitted from notation) and which satisfy
the technical assumption (2.1) below. This function is defined for R(s) > 0 and R(z) > 0 by

e 1
Cu(s,2) = 59 (1.3)
v =2 T3

where we use the principal branch of the logarithm to define (z 4+ U,,)~*.

In our main theorem (Theorem 4.1 below) we prove that the Hurwitz-type zeta function
Cu (s, 2z) admits a meromorphic continuation to the whole complex s—plane for z € C\ (—o0, 0],
and we give the complete list of possible poles of this meromorphic function and their cor-
responding residues. It is interesting to notice that for all sequences U = {Uy }n>0, the zeta
function (y (s, z) possesses poles at non-positive integers and other poles located on certain
vertical lines in the half-plane R(s) < 0.

In order to illustrate our results, we study the Hurwitz-type zeta function associated to the

sequence U = {Up }n>0, where Uy =1 and U,, = Z;L:_ol a’, for n > 1 is the partial sum of the
divergent geometric series ), - a™, a > 1 and prove that the residue of ( (s, 2) at —¢, £ € Ng

1 1)
equals oga (z+ ﬂ) .

Our second example is devoted to the Hurwitz-type zeta function associated to the Fibonacci
sequence {Fy,},>0. Let ¢ = (v/5+ 1)/2 be the golden ratio and ¢ = (1 —1/5)/2 its conjugate.

We prove that the residue of the Hurwitz-type zeta function (y Fn}(s, z) at the pole —¢, ¢ € Ny
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equals 1/ log ¢ times sum of the terms in the trinomial (1/¢/5 + 1/|@]/5 + 2)* which possess
rational coefficients.

The approach we undertake in the study of (y (s, ) is different from previous studies [2, 18,
19] on this topic (and which is based on the Taylor series expansion), due to the fact that the
sequence {U, + z}n>0, for z € C\ (—o0, 0] does not satisfy the Binet-type formula. Namely,
our starting point is the fact that I'(s)(y (s, z), for R(s) and R(z) large enough equals the
Laplace-Mellin transform of the corresponding theta function

Oy () == e t € Ra. (1.4)
n=0

This approach can be traced back to Riemann and is nicely explained in [10]. However, results
of [10] on meromorphic continuation of the Hurwitz-type zeta function (4(s, z) associated to a
general sequence A of complex numbers can not be applied in our setting, due to the fact that
the Lucas zeta function has infinitely many poles in every strip in the half-plane R(s) < 0 of
width greater than one. Though more general than [10], results of [9] can not be applied for
the same reason.

To overcome the above-mentioned problems, using the Mellin inversion, in Theorem 3.2
below, we derive an asymptotic expansion for the theta function 6 (¢t) ast | 0, up to O(t"™), for
an arbitrary positive integer m. Using this expansion, we are able to deduce the meromorphic
continuation and the polar structure of (i (s, 2).

The structure of the paper is the following: In Section 2 we prove certain properties of the
Lucas zeta function, needed to derive an asymptotic expansion for the theta function 8y (¢) in
Section 3. Section 4 is devoted to description of the polar structure of the function (i (s, 2).
In the last section we derive an explicit evaluation of the polar structure of Hurwitz-type
zeta functions associated to the Fibonacci sequence and to the sequence of partial sums of a
divergent geometric series. We end the paper with concluding remarks, where we discuss the
case when () = 0 and future projects related to zeta functions of recurrence sequences of the
third order.

2. PROPERTIES OF THE LUCAS ZETA FUNCTION

Let P and @ be arbitrary real numbers such that

Q<P-1, P>2,
P>0, Q#0 and {Q<P—1, 0<P<2. (2.1)

In the sequel we will assume that P, Q € R are arbitrary, fixed numbers satisfying (2.1) and we
will omit them from the notation. The following lemma summarizes properties of the sequence

{Un}nZO-

Lemma 2.1. The Lucas sequence {Uy}n>0 and the corresponding Lucas zeta function (i
possess the following properties:

(i) a>1, a>1|b| >0 and U, > 0 for all integers n > 1.
(ii) The infinite series (y (s) is absolutely convergent for R(s) > 0.
(iii) For every C € Rxq, there exists a positive integer nc such that the inequality Uy, > C
holds true for all integers n > nc.

Proof. Properties (i) and (ii) follow from [11, Prop. 3|. Part (iii) follows from the fact that
lim =" — 4o, O

nSteo 0—b T
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Under assumptions (2.1) on P,Q, in [11, Thm. 4 on p. 640] it was proved that the
Lucas zeta function (y (s), associated to the Lucas sequence {U,},>0 of the first kind can
be meromorphically continued to the whole s-plane and written as

_ s/2OO =S\ q\k Q" _ s/2OO =\, ok a SR
=03 () 0 gt = PP () 0 e @2

where D = P2 —4Q = (a — b)2. Moreover, it was proved that ;7 (s) is holomorphic except for
possible simple poles at

klog|Q| N (2n +lg) mi

= = 9k 2.3
5= Skin + loga loga (2.3)
where k > 0 and n are arbitrary integers and lg j, := { g’ 8 i 8’
The residue of (i (s) at s = si, is given by
k
Sk [ =Sk p (_1)
Ress= =D ' .
eSS—Skm (CU) 2 ( k' > loga
If for some k > 1 and n € Z we have —s,, € {0,1,...,k — 1}, then (_S]f’”) =0 and s, is

not a pole of (7 (s). A simple computation shows that (y(s) possesses a simple pole at s =0
with the Laurent series expansion given by

1 1 (logD
sloga 2 \ loga

Cu(s) = - 1> +0(s), as s — 0. (2.4)

Namely, for £ > 1, one has (2) =0 and for s = 0 we have (BS) = 1. Therefore, as s — 0, the
Laurent series expansion of (i7(s) is the expansion of
o5 los D 1+ 2log D + O(s?)

DS/Q(as - 1)71 — : - = : )
e’ 8 a™ sloga + % loga + O(s?)

1
loga

i 14 $log D + O(s?) 1 i 5(log D —loga) 1 <logD B 1)
5—0 sloga(1+§loga+0(52)) sloga | =0 sloga 2 \loga ’

The pole at s = 0 is simple with the residue , hence to prove (2.4) it remains to see that

In the lemma below we summarize the cases at which (i (s) possesses poles at negative
integers.

Lemma 2.2. With the notation as above, under assumption (2.1), the Lucas zeta function
Cu (s) possesses poles at s = —{, for some £ € N if and only if:
(i) @ =1 and £ = 2k is an even positive integer;
(ii) @ = —1 and { = 4k is a positive integer divisible by 4;
(i) @ >0, b= a~P/4 for a non-negative rational number p/q and

/= ki(1+p/q) = —sko, for some k = qk1 € N, when p # 0,
| k, k€N, when p=0;

(iv) @ <0, b= —a~ P/ for a non-negative rational number p/q and

) 2k1(1 +p/q) = =Sk, 2, for some k = 2qky € N, when p # 0,
| 2k, k€N, whenp=0.
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In each of the four cases listed above the constant term the Laurent series expansion of (i (s)
at s = sgo = —L (for @ >0) or s = s, /o = —{ (for Q <0) is given by:

CTe——iCu(s) = Dm(

é . .
/{ gl
—0/2
D7 > <'>(_1)]1—a€—jbj’

j=0g2k N

L k logD—loga Hg_k—Hg
-1
k:)( ) < 2loga loga +

where H, :=Y""_. 1 denotes the nth harmonic number and Hy := 0.
=1

Proof. Parts (i) and (ii) follow from [11, Prop. 6]. Let us prove (iii). In order that —¢ is a
pole of (7 (s), there must exist n € Z and k > 0 such that —¢ = s,, ;. For @ > 0 (and hence
b > 0) this is fulfilled if and only if n = 0 and

log b
=k (1 _ 0% > .

loga
1og2 is a rational number and

Therefore, —¢ is a pole of (y (s) if and only if

k( 10gb> ¢ {0,1,... k—1}.

If b = a" for some positive rational number r (obviously, r < 1, since a > b) then for all positive
integers k such that k(1—r) is a positive integer, this integer belongs to the set {0,1,..., k—1}
and hence —k(1 — r) is not a pole of (y(s). Therefore, —¢ is a pole of (i (s) if and only if
b = a P/ for some non-negative rational number p/q (we assume p, g to be relatively prime
integers or p = 0). When p = 0, then ¢ = k, for kK € N. When p/q > 0, obviously ¢ = k(1+p/q)
and this is an integer if and only if £ = 0(mod ¢). This proves part (iii).

The proof of part (iv) is similar. When @ < 0, we have lg , = k and hence s, can be a
negative integer only if k¥ = 2m is an even positive integer and n = —m. In this case b < 0

and
log |b
o = 2m (1 _ 0gH> ‘
loga

reasoning as above completes the proof of (iv).

Now, it is left to prove that the constant term in all situations (i)—(iv) is given by (2.5). We
prove this for Q > 0, b = a™P/4 for a rational number p/q > 0 and ¢ = k(p + q)/q = —sk o for
some k = gk1 € N. For such k and ¢ we have, as s = —{:

a~sRpk 1—(s+£)loga+ O((s+£)?)

L—a=7FbF — (s+0)loga (1 — (s +€)loga+ O(s + £)2)’ (2:6)
D¥2 = D72 (14 3(s + 0)log D + O((s + €)?)) (2.7)
and
<—s> F(=(s+£)+0+1)
k M(—(s+€)+L+1—k) (2.8)

( ) (I4+(s+O@U+1—k)—yp(+1)+0((s+0)?),
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where ¢ (z) denotes the digamma function. By letting s — —¢ we get

. YN = DL Lo ; alip
Jim, <<U<S>‘D m(k)W)IOgG) —p 2 3 ()t

=07k

. 7sfkbk / (—1)k
lim (D2( %) (—1)F e - DR ) )
+s_1>rr_1é< <k:)( ) 1— q—skpk k) (s+¥)loga

Therefore, it is left to compute the limit on the right-hand side of the above equation. By
multiplying (2.6), (2.7) and (2.8) we deduce that this limit equals

D42 <£) (1;;); (IOgD > 1084 | (e +1— k) — e+ 1))) .

Using the functional equation ¢(x + 1) = ¥(z) + 1/x for the digamma function and the fact
that ¢(1) = —~, where ~ is the Euler constant, we complete the proof of (2.5) in case (iii).
The proof in all other cases is similar, so we omit it. U

Example 2.3. The zeta function associated to Jacobstahl numbers J,, := U, (1, —2) is such
that @ < 0, a = 2, b = —1, hence log |b] = 0 and the case (iv) of the above lemma with
p/q = 0 applies to deduce that the Jacobstahl zeta function (g, y(s) := Yooy Jy %, initially
defined for R(s) > 0 possesses meromorphic continuation to the whole complex plane with
poles at points s = —k 4+ (2n + k)mwi/log2, k > 0, n € Z. Specially, this function possesses

poles at all non-positive even integers —2¢, £ € Ny.

3. THE THETA FUNCTION ASSOCIATED TO THE LUCAS SEQUENCE

In this section we derive properties of the theta function 0y(t) associated to the Lucas
sequence of the first kind, and defined by (1.4). The following lemma describes the asymptotic
behavior of 0/(t) for large and small values of ¢ and shows that the series (1.4) converges
uniformly in ¢ on every set [tg, 00), for ¢y > 0.

Lemma 3.1. The theta function Oy (t) possesses the following properties:

(i) For given numbers C,ty € R>q, there exist N € N and K € R>q such that io: e~Untl <
Ke ¢t for t>tg. "
(ii) For § € (0,1), there exist a,C € R>q such that the inequality i e~ Unt| < t% holds
true for all N € N and t € (0, 6]. "
Proof. Proof is similar to proof of [10, Thm. 1.12], so we give only a sketch here.
Part (i) follows from Lemma 2.1 by taking N = n¢ and K = i e~ (Un=Cto,
Part (ii) follows from Lemma 2.1 combined with the inequalit; aznﬁce_“’ < ¢ which holds true
for any z > 0, 8 > 0, with a constant ¢ depending only upon (. O

In view of Lemma 2.2, for an arbitrary, fixed k¥ € Ny and a,b as above, we define the set
Agp(k) by setting

Z, if 220l ¢ Zog or (Q =ab < 0and k is odd);
Aap(k) =< 7\ {0}, if 2l € Zp and Q = ab > 0;
Z\{—k/2}, if lﬁ)gg‘Z‘k € Z<p and Q = ab < 0 and k is even.
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For a positive integer m we also define the subset B(m,a,b) of the set {1,2,...,2m} to be the
set of numbers £ € {1,2,...,2m} for which there exists j € N such that

p_ (=B iR € 2o and Q= ab> 0
i 1_%)7 flﬁ)gg|Z|JEZ<0and @ = ab < 0 and j is even.

If the value of j described above does not exist, then, by definition B(m,a,b) = (). With this
notation, we can state and prove our first main result in which we deduce the asymptotic
expansion of 0y (t) as ¢ ] 0.

Theorem 3.2. Let m > 1 be an integer. When t | 0, we have the following asymptotic
expansion for Oy (t)

M .
logD +loga —2v logt k<1,log\b\>JQ,km
) t) = — E k. t)t loga log a

v (®) 2loga loga+ cap (K1) +

7 —1f m+c
Y w0 -dpoent s Y Slgnrvo e,
LeB(m,a,b) Le{1,...,.2m}\ B(m,a,b)
(3.1)

where M = [2m/ (1 - lﬁ)gg@)J, co > 0 is an absolute constant which depends only upon the

zeta function,

ph (B + R loglb|  (2n + loy) i
oga oga nmwi Og n Q,k T _ 2nmi
ab (k1) = Dioga] k t loga, 3.2
cap (:1) k!loga Z * (10 a * loga > ’ (32)
nGAayb(k)
and dap (£), day (0), for £ =k (1 — %) € B(m,a,b) are given by
(=D [(=DF (e
= logD —1 2(Hp—y, —
o 3.3
+ Z Y4 (—l)jaéijbj ( )
, j) 1—at=ibJ
7€{0,....e3\{k}
and l+E
5oy GOy 1 (L
dap(0) = T D oz a k) (3.4)

When B(m, a,b) = 0, the sum over £ € B(m,a,b) on the right hand side of (3.1) is identically
zero.

Moreover, the series (3.2) is absolutely convergent and uniformly bounded by a constant
independent of t, ast | 0.

Proof. The function (i (s) is holomorphic and absolutely convergent for R(s) > 0, hence the
Mellin inversion formula applied to (i (s) T (s) yields the representation

c+ico 1 c+iT
o)1= 5 [ w@TE s =t [ )T,
c—100 c—iT

valid for some ¢ € Ry .

DECEMBER 2022 361



THE FIBONACCI QUARTERLY

The gamma function I' (s) has simple poles at the negative integers and zero. The Laurent

series expansion of I' (s) at s = —¢ (¢ € Ny) is given by
I(s) (L +H, +O0(s+10), ass+—0 (3.5)
s) = — — s s . .
o \srem 7 ’

Therefore, the function (i (s) I' (s) t~° has a pole of order 2 at s = 0, poles of order at most 2

at negative integers and at most simple poles at s = sj, ,, defined by (2.3), when %{?' ¢ Z.
Let the constant ¢g € (0,1) be chosen so that —2m — ¢y does not coincide with poles of

Cu (s)T (s)t™* for every m € N. Let T' > 0 be such that the function (i (s) I' (s) ¢~ is analytic

on the boundary of the rectangle R(c,m,co,T) with vertices ¢ + 4T and —2m — ¢y £ ¢T" and

meromorphic inside it. The Residue Theorem gives us

c+iT —2m—co+iT
/ Cu(s)T (s)t™*ds = 2mi Z Res (Cu (s)T (s)t™°) — / Cu(s)T (s)t™%ds
o s€R(c,m,c0,T) c+iT
c—iT —2m—co+iT
- / Cu (5)T (s)t=ds + / Cu ()T (s)t~*ds .
—2m—co—iT —2m—co—iT

(3.6)
For large real numbers z,y, from [6, formula 8.328 on p. 904] we have the estimate

I (z + iy)| ~ V2me 31l y| 2+ (3.7)
This, combined with the fact that |b|/a < 1 yields that for any 7 € R one has

o .

, e IT(2m + ¢y + 1 — i7)| a*" o (|| /a)*
—9m — <D ;

o=2m = e + )] < 2 kz_gkllr(2m+co+1—k‘—i7)| |1 — a?mteo=iT(b/a)k|

- (@)W ; (\T|rz|!/a>'f - (mfm* ol

Now, we easily deduce that the two integrals on the right-hand side of (3.6) taken over the
horizontal lines tend to zero when T' — oo and that the integral along the vertical line, when
t J 0 can be estimated as

—2m—co+iT .
/ Cu (s)T ()t %ds| < >t /e(lﬂ/2)rd7. _ O(2mteo),
2m—co—iT 1

where the bound is uniform in 7. Therefore, letting 7" — oo in (3.6) yields that

Ou(t) =1+ lim > Res(Cu(s)T(s)t°) + O™ ), ast |0, (3.8)
s€R(c,m,co,T)

under assumption that the limit of the sum over residues is finite. This limit equals the sum
over residues of the function (i (s)I' (s)¢™* in the strip —2m — ¢p < R(s) < ¢. Now, we will
compute the sum of residues of this function at its poles in the strip —2m — ¢y < R(s) < ¢ and
prove it is finite.

For k > 0 and n € Z, the pole s = s, , = —k (1— 11c;gg\z\) + (

2n+lQ’k)7ri
loga

of (y(s) belongs to

the strip —2m —cy < R(s) < cifand only if k € {0,1,..., M}, where M = |2m/ (1 — %)J.
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Therefore, all poles w of (i (s)I'(s)t™® in the strip —2m — ¢y < R(s) < ¢ are of the form
w = Spk, for k € {0,1,...,M} and n € Z and of the form w = —j, j € {0,...,2m},
where poles w = s, ¢ Z<o and w = —j ¢ B(m,a,b) are simple, while poles w = 0 and
w = —{ € B(m,a,b) are double poles. Let us compute residues at all those poles. First, we
treat simple poles (there are infinitely many such poles in our strip).

If k € {0,1,...,M} and n € Z are such that s;, ¢ {—2m,—2m + 1,...,—1}, then the
function (7 (s) I' (s) t~® has a simple pole at s = sj,, with the residue

(2n+lg i )wi

o 2n+1 T klOg‘Q|
Res (Cu(s)T(s)t™°) = D”“*klmgélfa‘*( 2152’:) ( 2k+ Toga t T Toga )
S=Sk,n k
_(—l)kr ok klog |Q| n (2n +lg ) mi t%—kiii‘f'—(znﬁff)m
loga loga loga

=D

%(lf’fgf'*l)+(2n;ffg’f)ﬂ 1 r log\b]k+(2n+lQ,k)7ri tk(lflfogglzw),(Q”J;écggf)ﬂ.
k'loga log a log a

The asymptotic relation (3.7) yields the following estimate for any integer k > 0:

o og |b] og |b]
< \/]j? (log a)_%_llogg‘z‘k Dg(lloggs 71) tk<1711°ggs )

Res (Cu (s)T'(s)t™*)

log |b]

— e |2t k| -1y
Z e 2loga Q.k ‘Qn_i_le’ 2 " loga

neAa s\ G2}

which proves that the series Y. Res (Cy (s)I'(s)t™*) is absolutely convergent.
nEA p(k) ¥ 5k
For a fixed k € {0,1,..., M} and all integers n such that s, ¢ Z-o we can write

1_log|b\)_lQ,k’”’

Z Res (CU (s)T(s) t_s) = cap (k,t) tk( Tog a e

S—sk,n

where cqy (K, t) is defined by (3.2).
If —s = ¢ ¢ B(m,a,b) for an integer £ € {1,...,2m}, then —¢ is a simple pole of (7 (s)I'(s)t~*
4
with the residue (}P Cu(—0)t*, hence the contribution of all such poles to the sum of all residues
in the strip —2m — ¢g < R(s) < ¢ is given by

e
> e (3.9)

e{1,....2m}\ B(m,a,b)

It is left to evaluate contribution from double poles. Let us start with the double pole at
0. Multiplying the Laurent series expansions (2.4) and (3.5) (for £ = 0) with the Taylor series
expansion t—° = e~%198t =1 — slogt + O (52), we get

__logD —loga — 2y - logt

E{:eg. (G (5)T (5)7) 2loga loga’

Now, we consider the case when B(m,a,b) # 0, i.e. when s = s, = —¢, for £ € N. In this
case, —{ is a double pole of the function (y (s) I" (s)¢~%. In this case, we write (y/(s) for s close
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to —¢ as

Cu(s) = D~t/? <€> (_1)k ( ! + <logD —loga +Hpp — He>> +

k) loga \s+/¢ 2
' iy (3.10)
i - aliy
+D~? Y (,)(—1)31“w+0(s+@,
=057k —

and use the Taylor series expansion t—% = t*(1 — (s + £)logt + O((s + £)?)) for s close to —¢,
and the Laurent series expansion (3.5) to deduce that

- ~1)f e (=1)" 0\ , (logD —loga
slie;sz (Cu (s)T(s)t™°) = ( gl) D g(log)a (k:)té <g2g+H3_k_,y_logt> +

14

PG > (é)(—l)ja“bj (dap (€) = dayy (6) log )2,

| —atin
l! Pl J 1—at=9b7

where dq,(¢) and d, (¢) are given by (3.3) and (3.4), respectively.
Now, we see that the sum of all residues of the function (i (s)I'(s)¢™® inside the strip
—2m — ¢y < R(s) < ¢ equals

M .
log D —loga — 2 _log|b]\_lQ.k™
E Res (CU (S)F(S)t_s) _ 08 2logga y _|_§ :Ca,b (k. t) tk(l ]oga) loga |
k=0

all poles s,
—2m—cg<R(s)<c

Y (dag (0) — day (0) 10 pyet — Jost | 3 (1", (—0)t!
a,b a,b g loga /) U )
LeB(m,a,b) e{1,....2m}\ B(m,a,b)

where ¢, (k,t) is defined by (3.2) and d, (¢) and dgy (¢) are defined by (3.3) and (3.4),
respectively. Combining this with (3.8) completes the proof. O

4. THE HURWITZ-TYPE ZETA FUNCTION ASSOCIATED TO THE LUCAS SEQUENCE

In this section we will prove that the Hurwitz-type zeta function associated to the Lucas
sequence {Up }n>0, defined for R(s) > 0 and R(z) > 0 by (1.3), for all z € C\ (—o0,0] can
be meromorphically continued to the whole complex s—plane and we will identify its polar
structure.

The starting point of our investigation is the fact that (y (s, z), for R(s) > 0 and R(z) > 0,
can be expressed as the Laplace-Mellin transform of the theta function 6y (t):

Cu(s,2) = I‘zs) /000 Oy (1) efztts%' (4.1)

We define the subset B(a,b) of positive integers by

B(a,b) = | J B(m,a,b).
meN

The main result of the paper is the following theorem.

Theorem 4.1. The Hurwitz-type zeta function (y (s, z), for z € C\ (—o0, 0], can be continued
to a meromorphic function on the complex s—plane, with simple poles at s = —{ and s¢ ., =
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—¢—k (1 — log|b|> + (2n+lg.¢)mi , for 6,k € No, n € Ayp(k), with the corresponding residues

loga loga
given by
Ze ~ . 0—j
oga T 2 dar()(-0;2
jeB(ab), j<t
and
4k .
log|b| Cn+lgr)m .
Co, D10 a : — 4.2
b (k) - 3131 < loga loga T) (4.2)
respectively, where
. (1o i i
D% <llogg‘la),‘ >+ éQlokga
Ca7b(k) = , (4.3)

k!'loga

with the convention that if s¢, ky ny, = Sts.keme for different triples (bp, km,nm), m = 1,2, the
corresponding residues are added.

Proof. We start with continuation of (i (s, z) in z—variable, for a fixed s with £(s) > 0. For an
arbitrary m € N, it suffices to prove meromorphic continuation to the half plane R(z) > —m
with the cut along the negative real axis.

By Lemma 3.1 (i) there exist N € N and K > 0 such that

—Upnt S Ke—(m'i‘l)t. (44)

For such N, the Hurwitz-type zeta function can be written as

CU (sz) _ Fis) [/Ooo _zttsdt + Z/ _Unt —ztts / Z —Unt —zttsdt]
N-1

Z Z - U / ZNeUntezttscit.

n=1

The first two summands are meromorphic functions of z € C\ (—o0,0]. Let us consider the
third summand. The bound (4.4) yields that the integral converges uniformly in z on every
compact subset of the half-plane $(z) > —m, and hence represents a holomorphic function
in z in this half-plane. This completes the proof of meromorphic continuation of (i (s, 2) in
z—variable, for a fixed s with R(s) > 0.

Now we turn our attention to meromorphic continuation of Hurwitz-type zeta function
Cu (s, 2) in s—variable. We start with the representation

L[ dt
G s:2) = gy | O (8) = Capm O) 0
FES) /0°° . 7ilt 1 [ L dt (4.5)
+ F(S)/l (QU (t) — Qg bm (t)) € t 7 + F(S)/O Qq bm (t) e t 77
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where we put

M
_logD +loga—2y logt k(lflf’f_‘Z‘ >7i(;QgJ;ﬂ,i
Qg bm (t) - 9 IOg a IOg a + kzo Cab (ka t) 13 N +
2m ~
+ Z eap (0)t° — Z dap (0) t'logt,
=1 e B(m,a,b)
where
das(0) if € € B(m, a,b);
cap(l) =4 (1) .
a-Cu(=£), ifle{l,...,2m}\ B(m,a,b).

Equation (3.1) yields the representation
Ou (t) = Qg pm (t) + O (£7H0)

hence, the first integral in (4.5) is holomorphic for R(s) > — (2m + ¢).

The second integral on the right-hand side of (4.5) is holomorphic for R(z) > 0 and all
s € C. Its continuation to the cut z—plane is done in the same way as above, hence, we may
consider it to be holomorphic in the whole s—plane, for z € C\ (—o0, 0].

The third integral on the right-hand side of (4.5) can be written as

: /+°° et —f LI L1
- . a )
I'(s) Jo QXa,b,m ; 1 2 3 4 5,
where
I = log D + loga — 2 /Jrooezttsldt _ log D + loga — 2v | 1
210g GF(S) 0 210ga 257
1 +o0 1 .
[2 = / efzttsfl log tdt — 1/1 (S) ng;
logal'(s) Jo Toga =
M
1 oo _loglp|\_'Qk .
I3 - F( ) Z/ C&,b (k,t) tk<1 logga> logawzefzttsfldt;
§ 0
k=0
1 2m +o0 . o 2m (S)g
1= gy 2 e (6)/ e =) eap (0) 55
1 ~ +o00
= I'(s) Z dab (f)/ e #sH og tdt
LeB(m,a,b) 0
= 7 (8), (¢ (s+¢) —logz)
= D dup(®) e ‘
LeB(m,a,b)

Integrals Iy, I, I; and I5 were deduced using [6, formulae 3.381.4 on p. 346 and 4.352.1 on p.
573], where (s), is the Pochhammer symbol.

Integrals I; and I are obviously holomorphic functions of s. It is known that digamma
function v () is meromorphic with simple poles at s = —¢, £ € Ny and corresponding residues
—1 (e.g. see [25, p. 24]). Therefore, integral Iy is meromorphic in s with simple poles at
zero and negative integers, and integral I5 is meromorphic in s, with simple poles at negative
integers j such that j < —¢, for £ € B(m,a,b).
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It is left to evaluate I3 above, prove that it is a meromorphic function in s and deduce its
poles. Recall that

- 1 2 l ) nmi
Cab(k,t) Cab(k‘) g Dlog T Og|b| ( n+ Q,k)m " 1208;&7
| 7 A log a loga
n€Aq (k)

where Cq (k) is defined by (4.3).
Therefore,

+o0 _log|p|\ QT
/ Cab (k, t) tk<1 loga ) log a €_Ztt5_1dt
0

. +o00 oglb]\  (2ntig p)wi
Z Dl <]‘Og |b| k + (2n + lQ,k)Tm> / tk(lilloggz )7 lo(g?ak +S*1€_tht7
0

e a(h) loga loga

where interchanging the sum and the integral in the equation above is justified for R(z) > 0
by the bound

2 1, log |b| +oo log |b|
Z 672loga |2n+lek’ |2n _|_ lQ,k‘7§+ logga k / tk<1 loga >+§R(S) 1 - (Z)tdt
n€Aq (k) 0

| (1) o)
< Z @7W2€d|2n+lQ’k’ |2n 4 le‘iQJrlngg‘Z‘k logljg‘b‘ ( )
= (%(Z»k(rmﬁ%( s)

and the fact that each term on the right-hand side of the above display decays exponentially.
This proves that

M .
1 nmi log |b] (2n +lg)mi
= Wbk Dicgal k : .
I'(s) ZC o) Z ’ < loga + loga

k=0 neApy (k)
T <k (1 . 10g\b|> . 2n+lg k)i + S)

loga loga
k‘(l— log |b] ) _ (2n+lQ’k)7T7: 1s

log a loga
Therefore, I3 is meromorphic, with simple poles at

log |b 2 l
e =1 ToslblY |, @n+lgni
™ loga loga

, Lk eNg, ne Aa7b(k). (4.6)

This proves meromorphic continuation of the third term on the right-hand side of (4.5) to all
z in the cut plane C\ (—o00,0] and all s with R(s) > —m.

Since m € N was arbitrarily chosen, the above analysis yields that (i/(s, z) is meromorphic
in s € C, and holomorphic in z € C\ (—o0, 0], with simple poles at non-positive integers and
at sgrn given by (4.6). A simple computation shows that

¢

_ i —j

RS R Ay NIRRT
JjEB(ab), j<L
) 0 +k .
nm - 1 b 2 l
Res (v (s,2) = Cap (k)Dloga(;) H (k fg| | 4 ( nii— Q)T j) 7
S =Sehn b oga oga
0,k €Ny, neAgp(k).
The proof is complete. O
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5. EXAMPLES AND CONCLUDING REMARKS

In this section we present two interesting examples and give remarks on zeta functions
associated to order one and order three recurrence sequences. In the first example we consider
the Hurwitz-type zeta function associated to the Lucas sequence {Up, }n>0, where U,,, for n > 1
is the sum of the first n terms in the divergent geometric series >, a®, a > 1. In the second
example we take U, to be the Fibonacci sequence. -

Then, we will discuss the Hurwitz-type zeta function associated to the divergent geometric
sequence, which arises in the situation when @ = 0 (and a > 1). We will end the paper
with a remark on a follow-up of this paper, related to zeta functions associated to recurrence
sequences of order three.

5.1. Examples.

Example 5.1. Let us consider the Lucas sequence {U,},>0 defined for a > 1 by Uy = 1,
Uy =1and U,y = (a+ 1)U, — aU,—1, for n > 2. In the notation of Sections 1 and 2 above
this means that P =a + 1, = a, hence b = 1, and U,, can be written as U,, = Z] —o @, for
n > 1. Then, by Theorem 4.1 the Hurwitz-type zeta function

o0

1 1
Gri)p +;(2—|—(1—|—...+a”_1))5’

Cu(s,z) = (5.1)

initially defined for R(s) > 0 possesses, for all z € C\ (—o0, 0] a meromorphic continuation to

the complex s—plane, with simple poles at all non-positive integers s = —/, £ € Ny, and at
numbers Sy, , = —m + 12;;2’ m € No, n € Z\ {0}.

First, we compute residues at s = —¢, £ € Ny. Since b = 1, the set B(a,b) = B(a, 1) equals
N; moreover, dq1(j) = mDﬁ/z = j!léga(a —1)77. Now, we may conclude that

4
¢ 1) I AT
inGiSzCU(S’Z) loga : +]§_:1 ]l (a—1)72
1

¢ 1N 1 L] ¢
i) \1—-a N ~ loga T14)

We find it amusing that the ”sum” of the divergent geometric series >~ ;a™ appears in the
residue, as if we took the limit as n — oo in the expression for the nth term of the series
defining (y(s, z) at s = —/.

Now, we prove that the residue of the function (5.1) at the pole sy, , = —m+ 2T for some

- loga

o,
o

loga’
fixed m € Ny, and n € Z\ {0} is given by
( )12n7rz m m
a— 1)loga 1 1 . 2nmi
Res (u(s,2) = i (z + 1 > — H <j 1 > . (5.2)
5= Smm oga —a) mlo oga

We start with the observation that s,,,, = s¢kn, where s;y , is given by formula (4.6) if and
only if m = ¢+ k and n € Z \ {0}. Therefore,

Res (v (s,2) = Z Res (v (s,2).

S = Smn LkeNg S = Stkn
L+k=m
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Since D = (a — 1)2, by letting k = m — £ in (4.2) and (4.3) we get

2nmi
(a—1)lga 1 &5 /onmi )\ — m/! —(m—b) )
S S A - T (g —1)"m=O
. :Riim v (s,2) g mi L \loga J ;—g = 5)!(a ) (—=2)",

hence
2nmi

a—1)losa 1 o /onmi 1.,
Res (u(s,z) = (a—D)kse i ) — ( —]) (—z— )",
oga ml g loga

S = Sm,n
which proves (5.2).

Example 5.2. Let us investigate the case when U,, = F,,, where {F,}, - is the Fibonacci

sequence. Then a = @ =, b= % = ¢. By Theorem 4.1, the Hurwitz-type zeta
function

oo
1
= —_— 5.3
() =Y. (5.3)
n=0
initially defined for R(s) > 0 possesses, for all z € C\ (—o0, 0] a meromorphic continuation to
the complex s—plane, with simple poles at all non-positive integers s = —¢, £ € Ny, and at
numbers sy, = —¢ — 2k + (27:;&)”1, ¢,k € Ny, with n € Z for odd k and n € Z \ {—%}, for
even k.
Let us compute the residues at s = —/¢, £ € Np. Since lfz)gg‘i)l' = —1, we have B(a,b) = 4N;
- 7 o
moreover, dqp(j) = %5_% (%) Now, we may conclude that

W C
— —25 _0—4j — —2j5 0—4j5
Resr(5:2) = 100a 2 (2j> (4j>5 : loga 2 <2j, 2j)5 =0 (54)

j=0

where (ngj) denotes the multinomial coefficient £!/((2)!(27)!(¢ — 25)!).
We find it interesting to notice that the sum appearing on the right-hand side of (5.4) equals
the sum of the terms in the trinomial (1/¢ /54 +/]?|/54 2)* which possess rational coefficients.

5.2. Concluding remarks.

Remark 5.3. When @ = 0, then the sequence associated to (P,0) is of order one and reduces
to the geometric sequence U, := a”, n > 0. As above, we assume that a > 1. The zeta
function associated to the sequence U = {a" },>0 is the sum of the geometric series, i.e.

wis) =) ais = _;Cr for R(s) > 0.

1
n=0

The right-hand side of the above equation obviously provides meromorphic continuation of
Cv(s) to the whole complex plane with simple poles at numbers s = 28%¢ [ ¢ 7,

loga?’
The Hurwitz-type zeta function is defined by
> 1
,2) = —F, R(s)>0. 5.5
QU(S Z) T;O (Z + an)s (8) ( )
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Reasoning analogously as in Theorem 3.2 above, we easily deduce the following expansion of
the theta function 0y (t) := >, 5 exp(—a"t), as t | 0:

loga — 2y logt 2 > 2kmwi\ _ 2kmi
Ou(t) = - R r t lose | + O™
u(®) 2loga log a + log a ]; <loga> s | +00"),

for any m > 1, where the implied constant is uniform in ¢. Repeating the steps in the proof of
Theorem 4.1, we deduce that the Hurwitz-type zeta function (5.5), for z € C\ (—o0, 0] possesses

meromorphic continuation to the whole complex s—plane with simple poles at s = —¢ and
s=—l+ lzokg”;, ¢ €Ny, k € Z\ {0} and corresponding residues

Res (y(s,z) = ! and Res Cu(s,2)= (=2)' ﬁ 2kmi_
s— ¢ U ~ loga g — 2kmi _ g U= ~ 0loga loga J)

~ loga Jj=1

The method developed in this paper to deduce meromorphic continuation of the Hurwitz-
type zeta function associated to the sequence {Uy, },>0 which satisfies the recurrence relation
of the second order can be adopted to more general recurrence sequences. For example, when
the sequence is given by the recurrence relation of order three, with characteristic polynomial
having three distinct roots, elements of the sequence can be represented in terms of the Binet
formula and the corresponding zeta function can be meromorphically continued using the Tay-
lor series expansion. An example of such sequence is the Tribonacci sequence; some properties
of the associated zeta function were studied in [14], but mainly for s = 1. See also [12, 29, 30]
for some properties of sums of reciprocals of higher order recurrences.

In the follow up paper we plan to investigate zeta functions and the Hurwitz-type zeta
functions associated to the sequences satisfying higher order difference equations.
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