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ABSTRACT. The neglected Russian mathematician, N. S. Koshliakov, derived beautiful gen-
eralizations of the classical Abel-Plana summation formula through a setting arising from
a boundary value problem in heat conduction. When we let the parameter p in this setting
tend to infinity, his formulas reduce to the classical Abel-Plana summation formula. Rig-
orous formulations and proofs of these summation formulas are given. In his notebooks,
Ramanujan derived different analogues of the Abel-Plana summation formula. One partic-
ular example provides a vast new generalization of the classical transformation formula for
Eisenstein series, which we generalize in Koshliakov’s setting.

In Memory of M. V. Subbarao

1. INTRODUCTION

For the past three centuries, general summation formulas have been very useful, espe-
cially for those working in number theory, combinatorics, analysis, and applied mathematics.
Among these summation formulas are the Euler—Maclaurin, Poisson, Voronoi, and Abel—
Plana summation formulas. As the title suggests, the Abel-Plana summation formula is the
focus of the present paper. It has many applications. For example, it readily gives Hermite’s
formula for the Hurwitz zeta function ((s, a) [17, p. 609, Formula 25.11.27]. It also provides
a useful representation for the discrete Laplace transform of a function of semi-exponential
type [8, p. 329-332].

There exist various extensions and generalizations of the Abel-Plana summation formula;
see, for example, [1], [19] and [20]. See also [5] for an informative article on the connec-
tions among Euler—-Maclaurin, Abel-Plana, Poisson summation formulas and the approxi-
mate sampling formula.

The work of the Russian mathematician, N. S. Koshliakov, is not well-known, perhaps be-
cause most of his papers were written in Russian, although he also published in English and
German. In particular, he derived beautiful generalizations and variants of the Abel-Plana
summation formula. From their appearances in several of his papers, it is clear that he dearly
loved the Abel-Plana summation formula and his analogues, all of which have largely been
ignored [9], [10], [11, Equation 4], [12, Equation 7], [14, p. 46, Equation (I)], [15]. An atyp-
ical feature of Koshlikov’s summation formulas and his variants is that generally the sums
are not over the positive integers or the non-negative integers, but instead over a sequence
of positive numbers \,, which are solutions of a certain transcendental equation. They lie
in intervals of the form (n — 3,n), and when A, — n,n € N, Koshliakov’s summation
formula reduces to the Abel-Plana summation formula. Koshliakov’s summation formula
has an uncommon origin in that it arises from an eigenvalue problem in physics, which, as
given in [13], is now briefly explained.
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Take a sphere of radius » = Ry with temperature v(¢). Assume that v(0) = 0. Let a heat
source be placed on a spherical surface of radius R;, where 0 < Ry < Rs. Let the rate per
unit time of the propagation of heat from the entire surface be ()(t). The problem considered
by Koshliakov is concerned with finding the temperature of the sphere » = R, at time ¢ > 0.
Let £ be the thermal conductivity, / the emissivity of the surface, c the specific heat, and p
the density of the material which forms the sphere. The heat equation relevant to the problem
is

v 0% ‘
E_QW’ a_\/c/(kp)a

ov 1
- H-— —
or r=Ro " ( RQ) °

Problems such as these are important in the analytical theory of heat distribution.
Koshliakov’s summation formula first appeared in [9], where there is no statement of the
theorem. The theorem’s hypotheses are woven into the proof, for which details are few.
Therefore, our first task is to resurrect Koshliakov’s formula, record it as a theorem with
hypotheses, and give a rigorous proof with all necessary details in Theorem 3.3. Koshli-
akov [15, p. 53, Equation (1)] obtained an equivalent form of his formula (see Theorem 5.2
below) and also gave its proof. However, it involves results associated with a generalized
zeta function (,(s) introduced by Koshliakov whereas the proof in [9] employs only contour
integration and Cauchy’s residue theorem. The function ¢, (s) is defined by [15, p. 6]

=0, H=h/k (1.1)

r=Ro

U"I‘:O = Oa

[e.e]

B PPN 1
Cp(s) = Zp PSS . ¥ Re(s) > 1 (1.2)

j=1
where \; runs over the roots of the transcendental equation
psin(mA) + Acos(mA) = 0. (1.3)

Actually, this is one of the two generalized zeta functions whose theories Koshliakov devel-
ops in his manuscript [15]. The other generalized zeta function, namely, 7,(s), is defined by
[15, p. 6]

. EOO <S727Tpk)k
77p(5> = = ks ) RG(S> > 1a (14)
where i
1 * _ (kv—=x 1
— z s . 1.
(s,vk) F(s)/o e (ky+x) ¥ dx (1.5)

These two generalized zeta functions are designated as Koshliakov zeta functions in [6].

The aforementioned summation formula of Koshliakov is one of several variations and
generalizations of the Abel-Plana summation formula. In Theorem 5.1, we use Theorem
3.3 to prove perhaps a closer analogue of the Abel-Plana summation formula. Koshliakov
[15, Chapter 3, Equation (I)] gave another generalization of the Abel-Plana summation for-
mula, whose proof again involves the theory of his generalized zeta functions. It is stated in
Theorem 7.1 below.

Ramanujan also discovered the Abel-Plana summation formula and recorded it twice,
once in Chapter 13 of his second notebook and later on page 335 in the unorganized pages
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of his second notebook [18], [3, pp. 220-221], [4, p. 411]. On page 335, he also recorded
three analogues of the Abel-Plana summation formula. Another goal of the present paper is
to demonstrate that all three of Ramanujan’s general theorems can be derived from Koshli-
akov’s versions of the Abel-Plana summation formula. We do not know Ramanujan’s proofs
of these three summation formulas. The proofs given by the first author in [4, pp. 413-416]
employ contour integration, which almost certainly is not how Ramanujan proved these three
formulas.
2. THE ABEL-PLANA SUMMATION FORMULA

The rendition of the Abel-Plana summation formula that we give below is taken from
P. Henrici’s text [7, p. 274].

Theorem 2.1. Let p(z) be analytic for Re z > 0, and suppose that either

Z ©(n) or / o(x)dx
n=0 0
converges. Assume further that
lim |¢(x & iy)|e *™ =0,
Yy—00

uniformly in x on every finite interval, and that

| et £ iy
0

exists for every x > 0 and tends to 0 as x — oco. Then

oo

;0 o(n) = %@(0) + /OOO o(z)dx +i/0 go(iye)%; Si(l_w)dy (2.1)

3. KOSHLIAKOV’S GENERALIZATION OF THE ABEL-PLANA SUMMATION FORMULA

In order to state Koshliakov’s generalization of the Abel-Plana summation formula, it is
first necessary to make some definitions and prove two lemmas.

Define
p+t
t) = —— 3.1
o(t) =2 G
where p > 0 is real. Note that
o(—t)=1/c(t). (3.2)

It is to be noted that the parameter p = R;H — 1 in the setting of (1.1) as mentioned by
Koshliakov in [13].

Lemma 3.1. The zeros of 0(iz) = e *™ are real, and if z = x + 1y, they are roots of the
equation

x cos(mx) + psin(mx) = 0. (3.3)
Throughout the sequel, H = {z : Imz > 0} and H™ = {2z : Im z < 0}.
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Proof. Suppose that

PHIZ riz _ (3.4)
p—iz
If z € H,
PER oy, e <1,
p—iz

Thus, there are no roots of (3.4) in H. If z € H~, then
p+iz
p—1iz
In conclusion, all of the roots of (3.4) are real.

If we replace z by real x # 0 in (3.4) and equate real and imaginary parts of (p+ixr)e?™* =
p — iz, we find, respectively, that

> 1, ‘BQMZ‘ > 1.

pcos(2rx) — xsin(2rx) —p =0, (3.5)
x cos(2mx) + psin(2rz) + x = 0. (3.6)
Rewrite (3.5) and (3.6) in their respective forms,
—psin®(rz) — rsin(rr) cos(mz) = 0, 3.7
x cos?(mx) + psin(rx) cos(mz) = 0. (3.8)

If cos(mx) = 0, then from (3.7), p = 0, which contradicts the fact that p # 0. Thus,
cos(mz) # 0. If sin(mz) = 0, then from (3.8), cos(mx) = 0. However, we have already seen
that cos(mz) # 0, and so we have another contradiction. Hence, from (3.8),

x cos(mx) + psin(mz) = 0. (3.9)
From (3.7) also, we can deduce (3.9). ]
Lemma 3.2. The non-negative values of z such that
M o 2miz
p—iz
are 0, A\, Ao, ... A\, ..., where k — % < Ak < k, and satisfy the equation

=1

tan(rz) = ——. (3.10)

p
Proof. Since = # 0 and cos(mz) # 0, it is readily seen that (3.3) and (3.10) are equivalent.
Now tan(wx) has a positive zero at x = k, where k is a positive integer. We see that
immediately to the left of & there will be a positive root of (3.10), because tan(7z) becomes
negative. This root will be greater than k — % because tan(mz) changes sign at z = k — %
If we denote by A that root in (k — 1, k), we complete the proof. O

Theorem 3.3. Let f(z) denote an analytic function for Re(z) > 0. Set z = x + iy. Suppose
that

/Oo\f(:c+iy)\dx<oo, (3.11)
0
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and moreover that this integral is bounded as |y| — cc. Assume that

lim |f(z £ iy)le ™ = 0, (3.12)
Yy—00
uniformly in x on every finite interval. Also assume that
lim e~ f(r +iy)|dy = 0. (3.13)
r—r00

—00

Recall that the sequence \,, n > 1, is defined in Lemma 3.2. Assume that

>

converges. Also, recall that o(t) is defined in (3.1). Then

> 1 0 P (p + %) +
> S0n) == 510 + / fla)da

p2+x2

_ % /Ooo{f/(z't) + f'(—it)} log (1 — U(it)e_m) dt. (3.14)

This theorem is especially interesting, because the summands f(\,) depend in a very
unusual way on the parameter p. Apart from Koshliakov’s p-analogue of the Poisson sum-
mation formula [15, p. 58, Equation (V)], we know of no other theorem of this sort in the
literature.

4. PROOF OF THEOREM 3.3

Proof. Now, recalling (3.1), we have

4 i2) i i Wi
—o(iz) = i = :
dz p—iz (p—i2)?2 (p—iz)?
Thus, if G(z2) := o(iz)e*™* — 1,
2pi .
G,(Z) — pl 27rzz 4 It ’Lp + e27rzz
(p— 22)2 p—iz
I 2711 2 2 )
_2pi+ m(p +z >627”Z. @.1)
(p—iz)?
We now integrate
1 2
LG
F(z):= . 4.2
() p? + 22 o(iz)e? = — 1 (4.2)

over an indented rectangle denoted by C, and defined as follows. The horizontal sides are
given by z = x £ 4N, where 0 < x < r, N is a positive number, and r is a positive integer.
The vertical sides pass through the origin and the real point z = r. There is a semi-circular
indentation around z = ip, denoted by C,, lying in the right half-plane, and with radius
€ < 3. Note that at z = —ip, 1/{o(iz)e>™* — 1} = 0. Thus, F'(2) is analytic at z = —ip.
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The contour C, also contains a semi-circular portion around 0, which lies in the right half-
plane, which has radius € < %, and which is denoted by Cyy =: Cyy; U Cpp2, where Cy; and Cys
are those parts of Cy in H and H™, respectively. Furthermore, define I',. by
CT ZZFT + Cp + O()
=T + T+ C, + Cy, (4.3)

where I',; and I, are those portions of ', in H and H~, respectively. Furthermore, let
Frll = Frl U [6, 7”] and Frgz = ].—‘7»-2 U [’I“, E].

By Lemma 3.2, the function F'(z) has simple poles on the interior of C, at A\, Ay, ..., \,.
(Notethat A\, < kforl <k <r))

Let R, denote the residue of a typical pole of F'(z) at z = a. Recall from Lemma 3.2 that
a pole a of F'(z) on the interior of C, occurs when e*™* = 1/0(ia), where o(t) is defined
in (3.1). Hence, employing (4.1) and (4.2) and using a basic formula for the residue of a
function with a simple pole, we find that

1 2
R_p(“%)”f( (p—in)  pitia
T p24a? 2pi + 27i(p? + a?) p — ia

p (p + %) + a?
" 2pi + 2mi(p? + a?) J(a)
L P (p + %) + a?
o f(a)

27 B—i—(pz—i—a?)
T
 fla)

C o
Thus, by the residue theorem,

/CT F(2)ds = / F(z)dz+/c

Let 11(z) be defined by

p (p + %) + 2°
p(z) = P f(2). (4.6)

4.4)

F(z)+ /C F(z)dz =Y f(A). (4.5)

Observe that
F(2) = —p(z) — pz) . 4.7)

o(—iz)e 2 — 1
Also observe that j(z) is analytic for Re(z) > 0, except for z = +ip. By Cauchy’s Theorem,

/F” p(z)dz + /:u(x)dx +/C p(2)dz + /Cm p(z)dz =0,

P
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or

/ w(z)dz = — /T p(x)de — / p(z)dz — / p(z)dz. (4.8)
T € Cp Co1
Thus, by (4.5) and (4.8),

/ F(e)dz = /F Py + /C F(2)dz + /C Fle)ds

P

:/m F(z)dz+/FT2F(z)dz+/Cp F(z)dz+/co F(2)d>

_ /COF(ZMH / u()de + / w2z + | {F(2)+ p(2)} dz

Co1 Cp
- / ,’“L(foz. + / % (4.9)
r,, o(—iz)e7?m= —1 = [ o(iz)e? = — 1
by (4.2).

We examine each of the integrals in (4.9).
First, recall from (4.4) that Ry = f(0)/(2i). Thus,

lim F(z)dz:hm/ (&Lr) :limLO,)/_ﬁ/z e o

=0 Je, 0 Jo \ 27 2 =0 210 ) p  ec?
£(0) // 1
=L 9 = —= £(0). 4.10
Second, because p(z) is analytic at z = 0,
lim w(z)dz = 0. (4.11)
e—0 Co1

Third, we note that at z = ip, 1/{o(—iz)e 2% — 1} = 0. Thus, F(2) + p(z) is analytic
at z = 1p, and so

lim | {F(2)+pn(2)}dz=0. (4.12)

e—0

Fourth, we examine the contributions of each of the latter two integrals in (4.9) on the
imaginary axis. In the first integral below, we set z = 7y, and in the second integral we set
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z = —1y. Thus, we find that

_/ M(Z)dz +/ pJ(z)dz
v T =1 1 o i) 1
- | Y pli)dy /N _pliy)dy
(?J)e%y —1 o o(y)e*™ —1
/ {n( W —zy)}dy. i

y)er™v — 1

Next, we examine these 1ntegrals on the top side of C,.. Set z = x +iN,0 < x < r. By our
hypotheses (3.11) and (3.12), there exist positive constants C; and C’ such that

/ p(z)dz
[ENiN+7] U(—iz)e*?wiz -1

< [l e < e [N
0 0

< Cye ™ /OO |f(z +iN)|dx = o(1), (4.14)
0

as N — oo. By a similar argument,

p(z)dz
P — (1 4.
/[iN,z‘NJrr} o(iz)em — 1‘ o); 13

as N — oo. Lastly, after we have let N — oo, there remain the examinations of the latter
two integrals on the right side of (4.9). By (3.13), there exist constants C'3 and C} such that

pu(r + iy)dy /°° 2yl .
: < C! Ty + =o(1 4.1
/0 O'(—i?” + y>627r(—zr+y) 1 ‘ 3 0 € |f(7" Zy)‘dy 0( )a ( 6)

as r — oo. Similarly,

0
V zr—rﬂy)dy )SQ/ e 2| f(r +iy)ldy = o(1), (4.17)

e2r(ir—y) _ 1 e

as r — oo.
Hence, letting ¢ — 0, r — oo, N — 00, and using (4.13)—(4.17), we find that (4.9) yields

lim F(z)dz:—%f(O)Jr/ooo dx—i—z/ {“ Zy —uiylbdy oy g

2
=00 Jo eﬁy—l

We next give an alternative representation for the 1ntegral on the far right side of (4.18).
To that end,

d 1
—log{l —o (=)™} =

~ ()

—— (0'(=t)e*™ + 2mo(—t)e ™)

e p p-
T 1—o(—t)e ((p T o t)
1 2p + 27 (p* — t?)
Se—o(-h) ()
_ 1 2p + 2m(p* — t?)
et —(p—t)/(p+t)  (p+1)?
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_(pt+t)/(p—1) 2p+2m(p* — 1)

o(t)e*  —1 (p+1)?
1 2p
= 2 4.19
o(t)erm —1 (p — W)’ *19

or, upon rewriting (4.19), we deduce that

1 d -2t __ ]' p
y —log{l — o(—t)e """} _a(t)e%t — (71'(]92 — 7 + 1)
1 2
o pety) !
) (4.20)

:a(t)e%t 1 212

Hence, using (4.20) in (4.18) and integrating by parts, we conclude that

([l i),

p? — 12 p? — t? J(=it) o(t)e?  —1
1 d
—z/ {f(it) —it) o log{l — o(—t)e > }dt

— ({f(it) ~ F(-it)} Tog(1 — o(~£)e")

—i /0 TP + F(—it)} log(1 — a(—t)eQ”)dt>
:iﬂ /OOO {f'(it) + f'(—it)}log(1 — o (—t)e ™), (4.21)

where we appealed to (3.12). Employing (4.21) in (4.18), we deduce that

lim [ F(z)dz =— %f(O) + /OOO p(z)dx

r—00 C,
* %/0 {£(it) + f(=it)}log(1 — o(—t)e >™)dt.  (4.22)

Combining (4.5) with (4.22) and recalling the definition of x(z) in (4.6), we complete the
proof of Theorem 3.3. U

5. ANALOGUES OF THE ABEL-PLANA SUMMATION FORMULA

We derive an alternative version of Theorem 3.3 which shows a clearer connection with
the Abel-Plana summation formula.
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Theorem 5.1. Assume the hypotheses of Theorem 3.3. Then

p2+x2

i P == 3100+ [ ) o

wi [Tt - siny o O
Proof. Integrating by parts, we find that
I ::/Ooo{f'(n) + F(=it)} log (1 - a(it)e—%t) dt
=5 0rti) = f(-it o (T ) |
- % /0 ) - f(—z‘t>}(_mf:?(__g/e(}?e% d. 5.1)

We show that the integrated term vanishes. Consider first the limit as ¢ — 0. Since f(z) is
analytic at z = 0,

flit) = f(=it) = O(), (5.2)

ast — 0. Also, ast — 0, o(—t) — 1, and so log (

1
1-— J(—t)e27rt> has a logarithmic

singularity at ¢ = 0. Hence,

lim ~{ £(it) — f(—it)} log (1 — ! ) = 0. (5.3)

t—0 7 _t)6727rt

Secondly, consider the limit as t — co. Ast — oo, o(—t) — —1. Also, log(1 + z) ~ z as
z tends to 0. Thus, as ¢t — oo,

log (1 — a(—t)e’%t) — e 2, (5.4)
Thus, from (3.12) and (5.4), we conclude that
lim | f(£it)|log (1 — o(—t)e ™) = 0. (5.5)
t—o00

Thus, the first term on the right-hand side of (5.1) is indeed equal to 0. Hence, we have

shown that
o [+ iy ios (=t )
=i [t sy T T

e?m — g(—t)
Finally, from (3.14) and (5.6), we conclude that

dt. (5.6)

p2+x2

?{ FM) == 37(0) + / ! <p - %> ' fo(a:)da:
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-%Qéw{ﬂﬁ)—fp4w}““¢>+”%_w/@”%ﬁ

et — g(—t)

g

If in Theorem 5.1 we let p — oo, then o(—t) — 1 and o’(—t) — 0. Also A\, — n,n > 1.
We thus immediately obtain the Abel-Plana summation formula (2.1).

As mentioned in the introduction, Koshliakov [15, Chapter 3, Equation (I)] derived an
equivalent form of his generalization of the Abel-Plana summation formula, which is given
in Theorem 3.3. This equivalent form is given next.

Theorem 5.2. Under the same hypotheses of Theorem 3.3,

> p? —|— A2 1
\) =
; plp+ 1)+ prEE G 21 + = / US
dx
: 5.7
—i—z/ {f(iz) — ir)}————— s =1 (5.7)
Proof. As we shall show, Theorem 5.2 is easily derived from Theorem 5.1. To see this,
2 2
p'+x

replace f(z) b f(z) in Theorem 5.1. All of the expressions in (5.7), except

p(p+7) +a?
the last expression on the right-hand side of (5.7), can be straightforwardly obtained. As for
the last one, observe that

[ = ~ iy o (),

p(p—l—%)—tQ 6271'1‘/_2_;:
00 ) . p
. / (v = ) {fGt) — f=it)} [ 1+ b |
p (p + 1) -t o(t)er —1
f zt f(=it)
627rt 1 dt.
This completes our proof of Theorem 5.2. U

6. THREE ANALOGUES OF THE ABEL-PLANA SUMMATION FORMULA DUE TO
RAMANUJAN

On pages 334 and 335 in the unorganized pages of his second notebook [18], Ramanujan
offers the Abel-Plana summation formula and four analogues [4, pp. 411-414]. We state
three of them and then show that they can be deduced from Koshliakov’s summation formu-
las.

Entry 6.1. Let ©(z) be analytic for Re z > 0. Assume that
lim |p(z £ iy)le”? =0, (6.1)
Yy—00

uniformly for x in any compact interval on |0, 00). Suppose also that

/ lp(a +iy)le™ % dy (6.2)
0
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exists for all x > 0 and tends to 0 as x tends to oco. Assume that the integral below exists.
Then

4 i(—l)”gp(Zn +1) = /0 N ¢<Zzih+(wi(/;§x)dw' (6.3)

It should be remarked that in his notebooks [18], Ramanujan states Entries 6.1-6.3 with
no attached hypotheses.

Entry 6.2. Let ©(z) be analytic for Re z > 0. Assume that

lim |p(z % iy)|e”2 =0, (6.4)
Yy—00
uniformly for x in any compact interval on |0, 00). Suppose also that

/ lp(x £ iy)le” 2 dy (6.5)
0

exists for all x > 0 and tends to 0 as x tends to co. Assume that the integral below exists.
Then

S0+ 3 (1)e(n) = § /0 ) 9”“”;’311;(;';;%. (6.6)

Entry 6.3. Let o(z) be analytic for Re z > 0. Suppose that
lim |p(x £+ diy)|le”™ =0, (6.7)
Yy—0o0

uniformly for x in any compact interval on |0, 00). Assume also that

/ (e £ iy)le " dy ©68)
0

exists for all x > 0 and tends to O as x tends to oco. Then, provided that the integral below
exists,

Y e@n+1)= 1/m o(z)dz — lz/oo plir) = p(=iz) ) (6.9)
n=0 2 0 2 0

e + 1
We now show that Entry 6.3 can be derived from Theorem 5.2.

Proof. If we let p — 0in (5.7), then \,, — n — 1/2, and we have

; ! (n - 5) - /0 fe)de - Z/O o (6.10)
Now, if we let f(x) = ¢(22) in (6.10), then we obtain (6.9). O

Entries 6.1 and 6.2 can be derived from another analogue of the Abel-Plana summation
formula that is due to Koshliakov, namely, Theorem 6.5 below. To prove that theorem, we
require the following lemma.
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Lemma 6.4. Let ©(z) be analytic in the quarter-plane, Re(z) > 0,Im(z) > 0. Assume that

lim |p(z xiy)le”™ =0, (6.11)
Y—>00
uniformly in x on every finite interval, and that
/ lo(x £ iy)le ™ dy (6.12)
0
exists for every x > 0 and tends to 0 as © — oco. Then
/ e p(x)dr = z/ e p(ix)d. (6.13)
0 0
Proof. Let C,, i denote the rectangle with 0 < 2 < r,0 <y < N. By Cauchy’s theorem,
/ e p(2)dz = 0. (6.14)
C'r N

We first examine the integral over the upper side of C,. x. To that end,
/ TN (g 4 iN)dz| < / e ™| p(x +iN)|dr = o(1), (6.15)
0 0

as N — oo, by (6.11). Second, we examine the integral over the right side of C). 5. Hence,
asr — 0o,

/ N e W o (r + iy)i dy‘ < / N e ™|p(r +iy)|dy — 0, (6.16)
by our hypothesis0(6.12). Hence, by (6.14)—(6.12),
/oo e o(x)dr + /0 e O (0 + dy)i dy = 0, (6.17)
or " -
/OO e p(x)dr — i /OO e op(iy)dy = 0,
which is equivalent to (6.?3). ’ U

Theorem 6.5. Assume the hypotheses of Theorem 3.3. Then, for p > 0,

N T 1 i [ o(x/2)¢liz) — (i)
Zp(er 1)+ 2 ” ¢(2An) = 21+ L 1 O 2 /0 o(z/2)e™/2 — e=m/2 d
(6.18)

n=1

If we let p — 0 in (6.18), we obtain

o(ix) + o(— )
42 o@2n+1 / cosh ( 7m/2) a,

which is Entry 6.1.
If we let p — oo in (6.18), we find that

o0

So(0ron) = —5000) + § [ DTG

n=1
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which is Entry 6.2, upon letting p(z) = ¢(2z) and simplifying.
We now prove Theorem 6.5.

Proof. Letting f(z) = €™ ¢(2z) in (5.7), we find that

o0

2 2
pT+ A iAn
n 7T'L 2A
;pw RS

11 1 [~ [ e (2ix) — ™ (—2ix)

__ = 0 - mix/2 d / d
21+%p¢()+2/0 e p(x)dw + 1 ; o(z)e?™ — 1 v
11 L[>~ i [ e 2(—ix) — e/ 2 (ix)

— _ 0 - /2 dr — _/ d
21+ Lf( ) T3 /0 R =5 | R (o (e 2y = o)

1 1 1 [ .

— A0+ = Tz /2 d
S To0 g [ ot
i [ e™2¢(—ix) — o(x/2)e™ 2p(ix) — e 2p(ix) + U(m/2)e”/2gz§(ix)d

— T
2 emz/2 (O-(I/2)e7rx/2 _ e—Trm/Q)
1 1 oo
=—= (b / ™2 (x)dx
i / Sin) — ole/Dlir) i [ o) e,
l’/2 emp/2 — e Tz/2 2 0 emz/2 <J(z/2)€ﬂm/2 _ e*ﬂ‘$/2)
1 )
=— = q50 —|——/ €2 () dx
¢ Z.CL’ -0 l’/2) ( ) i /‘OO —7mx/2 (s
/ P T pp—— dx 2, e o(ix)dx.
o(—izr) — o(x/2)p(ix)

= d 6.

2 1 —|— / J;/Q emr/2 _ o—mx/2 L (6.19)
by an application of Lemma 6.4 with ¢(z) replaced by ¢(2x). Our proof is therefore com-
plete. U

7. TWO FURTHER EXTENSIONS OF THE ABEL-PLANA SUMMATION FORMULA

We state two further extensions of the Abel-Plana summation formula, one due to Koshli-
akov, and the other due to Ramanujan. We do not provide proofs here.
In Chapter 6 of [15, p. 101, Equation (I)], Koshliakov derived another extension of (2.1).

Theorem 7.1. Let s = o + it, and «, 3 be two real numbers such that —1 < a < 0, [ >
0. Let F(s) be a holomorphic function of s in « < o < [+ 1, and such that F(s) =
O (|t\_’\) , A > 1, uniformly in o« < 0 < f + 1 as |t| — oco. Define
1 a+100 ds
= — F(s)—, y>0. 7.1
fl (y) 27T7/ a—ico (8) ys Y y ( )
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Furthermore, define

fx) = / " e (y)dy

Then, for p € R,

S - —nx 27727 - " . 1 1 oo
;/ﬂ e <27rp—|—m) fi() dx—_gf((])—'_ﬂ/o f(z)dz
2/0 = _zz'f(_m)%@m)dx,

where [15, Chapter 2, p. 44, Equation (33)]

PPN Y
- iz, (7.2)
Jp(z) ]z_; D (p+ Tr) + /\2

and each \j, 1 < j < oo, is a solution of (3.10).

On page 334 in his second notebook, Ramanujan offers another beautiful analogue of the
Abel-Plana summation formula [4, p. 412].

Theorem 7.2. Assume that p(z) is analytic for Re z > 0. Let « be real with 0 < |a| < 1.
Suppose that

lim |p(x £ iy)|le”™ =0,

Yy—00

uniformly in x on any finite interval in x > 0. Suppose also that

/ > p(x +iy)

_oo COS(m(z 4+ 1y)) + cos(mav)

exists for each non-negative number v and tends to 0 as x — oco. Assume also that the
integral below converges. Then,

Z{¢2n+1—0z) e2n+1+4+a)} = /

o(ix) —|— o(—ix)
cosh(mx) + cos(ma)

SlIl

8. EXAMPLES
In this section, we give both new and known special cases of our main theorems.

Theorem 8.1. Let p > 0, Re(w) > 1, and Re(z) > 0. Then, under the hypotheses of
Theorem 3.3,

o

24 )2 © yv=lecos (Lrw — 2
Z yY —il_ n )\gflef)mz — F(U))Zﬁw + 2/ Yy (2 y) dy
p(p+ )+ A2 0 o(y)erm — 1

n=1

Proof. Let f(t) = t*~'e~*. Despite the fact that f(¢) is not analytic at ¢t = 0, we can relax
the hypotheses around z = 0 in Theorems 3.3, 5.1, and 5.2 to include the present application.
Hence, we have

oo

2 )\2 00 oo (o \Nw—1_—iyz _ (_ s, \w—1 _iyz
Z p + n )\w—le—)\nz — / tw—le—tzdt + 2/ (Zy) € ( Zy) € dy
0 0

P+ )+ X ofy)erm —1

n=1
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oo ,w—1 3 s —1) —
= T(w)z™" — 2/ y"sin (5(w — 1) — y2) dy
0

o(y)erv —1
0o ,w—1

B Yy~ cos (% — yz)
=T Y42
e [

dy.

g

Letting p — oo in Theorem 8.1, we obtain an identity found in Ramanujan’s notebooks
[18], [4, p. 411, Entry 2].

Entry 8.2. Let w and z be complex numbers with Rew > 1 and Re z > 0. Then,

oo ,w—1

° 1 _
Zn“’*le*m =D(w)z™" + 2/ y ! cos (ymw — zy) dy.
n=1

0 e2my — 1

However, if we let p — 0 in Theorem 8.1, we obtain the following new identity.

Corollary 8.3. Let Re(w) > 1 and Re(z) > 0. Then,

> 1\ ! © yv=lcos (Lrw — 2
e*/? Z (n — 5) e =DI(w)z""— 2/ Y (2 y) dy.
n=1 0

ey + 1

9. AN ANALOGUE OF AN IDENTITY IN RAMANUJAN’S SECOND NOTEBOOK

On page 269 in his second notebook [18], Ramanujan records the following identity [4,
p. 416].

Entry 9.1. Let o, 3 > 0 with a3 = 4n% Let ((z) denote the Riemann zeta function. If
Re(n) > 0, then

(S (3m) 3 =)

1 00 n—1 1
—sin | =7 PV/ * cot | =fz | dx |.
2 o erm—1 2

Entry 9.1 is aremarkable theorem, because if we let n be a positive even integer, then Entry
9.1 reduces to the well-known transformation formula for Eisenstein series on SLy(7Z). That
there exists a transformation formula when the powers k"1, Re(n) > 2, in the summands
are arbitrary is very surprising. This is another example of a truly remarkable insight that
possibly only Ramanujan could have made.

The following theorem is a generalization of Entry 9.1 in the p-setting.

Theorem 9.2. Let 1,(s) be defined in (1.4). For aff = 4n* with «, 3 > 0 and Re(n) > 2,

Var MJFCOS (@) i p2+)\§ )\?71
n > o

(2m) 2 pp+%)+A§a(“—*ﬂ') N — 1

27
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™\ T(n)n,(n) = PP+ A3 n!
=/B"| cos (—— ) —2— + ’ ’
< 2 ) (2m)n le plp+2)+ A2, (%) eBN — 1

00 n—1 _iBz\ —ifz _ iBz\ iBz
_isin (@) P.V./ Z ‘U( 42#)6 O-‘(Qﬁ)e' 2|
2 o o(2)er™ — 1\ (o (22)eifz — 1) (0 (—22) 62 — 1)

9.DH

Proof. In the proof of Koshliakov’s generalization of the Abel-Plana summation formula,
we integrated over an indented rectangle with vertical sides passing through the real points 0
and 7, » > 0, and horizontal sides passing through +:/N, N > 0. In the present application
we integrate over two (indented) rectangles. One is in the upper half-plane with the upper
side passing through 7 /V, but with the lower side on the real axis. The second is in the lower
half-plane with its bottom side passing through —i/N and with the upper side on the real axis.
Let

n—1

2) = — Re(n) > 2. 9.2
0= m ey Rel ©2)
The function ¢(z) has simple poles at z = :I:%é)‘j ,1 < j < o0, and a singularity at z = 0.

We integrate

¢(2)

o(Fiz)eT?miz — 1

9.3)

over, respectively, the contours in the upper and lower half-planes, respectively. In the first
instance, we integrate in the positive, counter-clockwise direction, and in the second case
we integrate in the clockwise direction. The integrand has simple poles on the real axis at
z = Aj, j > 1, poles on the imaginary axis at z = izﬂgj, J > 1, and a singularity at the
origin. For each pole on the real axis, when we integrate in the upper half-plane, we take a
semi-circular indentation of radius €, 0 < € < 1, in the upper half-plane; when we integrate
in the lower half-plane, the semi-circular indentation about the pole will be in the lower half-
plane. For the poles on the imaginary axis, the contours have semi-circular indentations of
radius €, 0 < € < 1, in the right half-plane. Lastly, for the singularity at the origin, when
integrating in the upper half-plane, the contour has a quarter-circular indentation of radius
€, 0 < € < 1, about 0 lying in the upper half-plane, and when integrating in the lower half-
plane, the contour has a quarter-circular indentation of radius €, 0 < € < 1, around 0 in the
lower half-plane. Let C* denote, respectively, the aforementioned contours in the upper and
lower half-planes. Since ¢(z) has no other singularities inside the contours C*, by Cauchy’s
Theorem,

¢(2) _
/(C:l: o(Fiz)eF2miz — 1 0. 4

We first determine the three terms on the right-hand side of (5.7). Because Re(n) > 2, we
see that ¢(0) = 0. From [15, p. 21, Equation (31)]

. _ D(n)my(n)
/0 Wd'z_ 2m)n 9.5)
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where 7, (s) is defined in (1.4). Thus, by (9.5),
- I A & (O /M )
/0 () de = /0 (ﬁz) p— dz = B (9.6)

Consider next the second integral on the right side of (5.7). Using (3.2) below, we find
that

() (o ()0 (2))
= { (5)+n (%) (( <Z;§?zf)—€1;ﬁ<za_<fé%?_§ie:§: - 1>> } |

From examinations of the integrands’ singularities below, we observe that ordinary Riemann
integrals do not exist. However, the principal values of the integrals do exist. Thus,

, * P(iz) — Pp(—iz) my\ [ 2t
ZPV/(; 0’(2)62”2—1 dZ—-COS( 5 )/(; Wdz

0o o1 iBz e~z _ 4 RIEE
+281n(2>PV/0 0(2)62”2—1<(0(%§e’52)— )( ( (675()3 )> dz.

Q

9.7)
Applying (9.5) in (9.7), we obtain
. * oliz) — 9(—iz) mn\ I'(n)m,(n)
P.V. = — 200y e .
RV /0 ooy —1 F= s (%) (2m)" ©8)
00 ,n—1 o (_15_2) e~ Bz _ (zﬂ_z) Bz
+ 4 sin PV/ A dz.
G)P), sEe << (B)e -0 o (%) e 1)
We now calculate the contributions from (9.4). Consider
n—ld
/ . . | . Re(n)>2. (9.9)
ct (0 (52) e — 1)(o(Fiz)eF2ms — 1)

The integrand has simple poles at z = \;, 1 < j < oo. For each );, we first calculate the
limit of the integral over its related semi-circular contour in the upper half-plane as ¢ — 0.
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Set z = \; + ee? > 6 > 0. Thus, we determine
[ (A\j + ee?)"Leiedf
Jp :=lim 3 , " X - ~ i
—0 | (J (%()\j + 66@6)) eB(Njteet?) _ 1) (J(_Z()\j + eei?))e=2miAiFee?) _ 1)

o Z.)\;L_l /0 wdal € (9 10)
(e () e —1) TS0y e Ty

To calculate the limit above, we invoke the partial fraction decomposition [15, p. 14, Equa-
tion 4]

1 1 1 1 1 > 24 \2 1
2mz D) o 1 EZ - —i; - 2,2 2" (911)
o(z)e* —1 2 2ml4 oz mip(pt i) H NP2 EAN
Thus, from (9.11),
1 1 n 1 1 1
(o(=i(\j + eei?))e—2mitee?) — 1) 2 2ml+ ﬂip —i(\j + ee?f)
—i(\; + ee?) P2+ A} 1

+ - . ) 9.12)

D Sy pir s P V)

When we multiply both sides of (9.12) by € and take the limit as ¢ — 0, the only limiting
expression that is not equal to 0 arises from the term when £ = j in the series. Thus,

€
1‘ . . .
0 (o(—i(h + eet?))e 2t 1)
. ¢, PPN 1
= —lim '
=0 1 p(p+ 1)+ A7 (i) +ee?))? + M
. Ei/\j p2 + )\]2 1
=~ lm 1 0 2,2i0
0 T p(p+ 1)+ A2 —2e\e? — 2
__ i)
T o9 if 1 2\ (9.13)
2me®® (p (p+ 1) + A2)
Hence, by (9.10) and (9.13),
x 0 PP+ N
Jl - ﬁ)\‘ 1 )\2 de
G @) )k oD
A 24\
S S (9.14)

2(0 (L) e —1) (l+2)+4)

Upon letting r — oo, we find that the total number of contributions from the semi-circular
contours in the upper half-plane is equal to

00 n—1 2 2

Al pe A

1 ]
PR (@) e ) ber D o)

(9.15)

27
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Secondly, for each \;, 1 < j < oo, we calculate the limit as ¢ — 0 of the integral over the
semi-circular contours in the lower half-plane. Set z = \; +ee” 1w < O < 2. We determine

I 2 (A + ee®)"Leie?dd

= lim : : :

= (o (%(Aj +eei®)) POt 1) ((i(A + eei?))e2rilyree?) _ 1)
€l )\nfl %40

=lim

=0 ( (/B’\ )eﬁA 1) /2 (o(i(Nj + eei?))e2miitee®) — 1) 9.16)

The remaining portions of the calculation are analogous to those for /1, and we find that
n—1 2 2
Al pe A .
() 1) Ghr DN

As above, upon letting » — oo, we find that the total number of contributions from the
semi-circular contours in the lower half-plane is equal to

Jy =

1 )\’?*1 p? 4+ A2
Jo == J . 9.17)
22 () o —1) B+ ) <)
Therefore, from (9.16) and (9.15), the contribution from the poles on the real axis is
> At p? + A2
Ji+J2 = 2 : (9.18)
;(0(&)6& 1) (p(p+37)+X)

We now calculate the contributions from the poles on the imaginary axis. We first consider

the indentation around the pole at 2”“ , 1 <j < oo. Letting z = 277;] + e, we define
—m/2 2miAj +eet? 71’L’6€i9 do
Ly:= lli% o o ‘ ﬂ(27\'i>\j ieii) ) o ) —27ri(27ri>\j +eei9)
(o) CT Y (oo )
—7/2 (27!’;)\j>’nfliei0
= / 42X Ly (9) do, ©.19)
/2 0(2Wﬁ>\j>e B -1
where
€
Ll (9) L= llm 27N
Pl ) B )
_ €
= lim . (9.20)

. 20 . i
o <Z)\j + —5;‘) e2midy+Bee’? _ 1

Appealing again to (9.11), we find that

1 1 1 1
Ll(e) :hr%e(—§—|—2— 1 3 ”
€— . ee’
T(1+3) (v 5
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i\, o Bee? oo 2 | )2 1
¢ J+ 27 p +)\k ) (921)

s 2 0\ 2
T = P+ 3+ A (z’)\j—k%) + A2

As € — 0, the only term from the partial fraction decomposition (9.21) that provides a
nonzero contribution in the limit is when £ = j. Thus,

i\ Bl 22 1
Li(0) =lime 2 2 P20
=0T Pt ) A (% + ﬂ) + A2
J
. Z)\j + ﬁg—j:e p2 + )\j2 1
=lime - (p+2)+ A2 ; i0 0\ 2
€ PP+ 3) + A i\ Bee N Bee
T 2T
iN PP 1
p(p+ 3) + A2 i); e’
m
2 2
+ A
S s S 9.22)
e (p(p+7) + )
Putting (9.22) in (9.19) and using the hypothesis o3 = 472, we conclude that
1
27ri)\]- - 40
L_/ﬂ/z ( g ) - rEA df
1 — a2 i
"2 0<%> S Be? (p(pt7) +AY)
. n—1
in(p? + \2) (277/;)\1') 02

S+ 3) + ) (o (5 ey - 1)

Now,

i 27TZ)\j n—1 B (271')")\?71?;’” B 1 471'2 n/2 )\n_l . _1 g n/2 )\n_l .

Thus, (9.23) takes the shape
n/2 2 2
1 + \2
L=t (E) A ke S o2
2\P (0 (5 +29) (7 (52) e 1)

ﬂ,1§j<oo.Letz:

Secondly, consider the indentation around the pole at

2 )\
T 4 ee' and define

71'/2 (_27”)‘]+ 67‘9> 71i66i0
Lo :=1lim

e—0 —m/2 <U<2€T< 27r1>\]+ 6“9>> 5(, ZW;AJ +6el9)1) (o’(z( 27\';>\] Te e’6>> 27r7:(7 ZTF/;)‘] +6ei0)1)
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ﬂ-/Q <727r;)\ ) PRY.
=: /n/z 0(2”; > 477%/[371]]4,2(0) do. (9.25)
To calculate ILy(#), we use (9.11) and proceed as in (9.21) to find that
—id B g2 1
Lg(ﬁ):lir%e YT o b — 2 -
e s p(p—i—;)—i— j< z/\—|—6661> _'_)\?
iR 2N 1
=lime T 5
e—0 s p(p + ;) + )\j < iX;Beei® (656i9 > 2>
- s + 2
z)\ p? + )\JZ 1
T p(p+ 2) + A2 b
PP+ A

= . 9.26
B+ 1)+ ) 0

Using (9.26) in (9.25), and once again using the hypothesis o5 = 472, we conclude that

omin; \ "L
I — ,(_ B ) p? +)\? 1
=
B plp+2)+ X, <27rﬁkj) coN _
n/2 2 2
1 + A5 1
_ ! (E) T i . 027
2\p p(p+ 5 )+A] g<2’;f>emj_1
Hence, by (9.24) and (9.27),
n/2 2 1 \2
1/« _ . . P+ A7 1
Ly+Ly=—¢ (—) A=) 4 (1)) :
2\ 5 7 p(p+ 1)+ A3 U(Wj)eaxj_l
B
n/2 2 1 \2
+ A 1
= (g) )\;‘_1 cos(37n) b s . (9.28)
B p(p"i_;)—'_)‘j 0’(27;;\>60“\]—]_

Also, recall that ¢(0) = 0. Hence, there is no contribution from the singularity at the origin.
Finally, from (9.28), (9.8), and Theorem 5.2, we conclude that

n—1
+ A3 AT

Z +)\2 ( >6ﬁAj_1

J=1

() cos () Yo - PN X
j=1 plp+37)+ Ao <2Mj> et — 1

p(n) cos <7m> F((T;):;,in)

I'(n

L(n)my(n)
NGO
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+isin (Z1) PV. /OO G o (=5F) e o () e ;
isin . 2
2 o 0(2)e2™ =1\ (0 (B2 eitz — 1) (0 (—22) ez 1) '

2w

which is readily seen to be equivalent to Theorem 9.2. U

We now show that Entry 9.1 is a special case of Theorem 9.2. Let p — oo. Then, A\; — j,
o(z) — 1, and n,(s) — ((s) [6, p. 6], where ((s) denotes the Riemann zeta function. Also,
a brief calculation gives

e—i,@z o ei,@z
4 : = —icot(182).
(ezﬁz _ 1)(677’52 _ 1) L €o (25Z>

Letting p — oo and using the observations above in Theorem 9.2, we deduce Entry 9.1.
Next, let p — 0. Then, A\; — j — 3, 0(2) = —1, and n,(s) — (2'* — 1){(s) [6, p. 6,
Equation (2.11)]. Another brief calculation gives

_e—iﬁz + eiﬂz
(_eiﬁz _ 1)(_6—i6z _ 1)
Hence, Equation (9.29) takes the shape

7 TR — 1)) mny D)2 — 1)((n)
U = —cos (1)

= i tan(33z).

2o ( ) L (B)" 2 (27)n
0 n-1 a\"™? TN (j — l)n—l
+ P.V. tan(30z) dz — | = - ——
s1n< 5 > /0 e an(5fz) dz (5) cos( 5 >;€a(j—%)+1

Rewriting the aforementioned identity, we record it in the following corollary, which is
new.

Corollary 9.3. Let Re(n) > 2, «, 3 > 0 such that a8 = 47>, Then

= (=) D)@ —1)¢(n)

2 bt
oy (eS| D)@ = 1)¢(n)
= cos (7) ((B) ; o) 1 + (2m)n

00 n—1
— sin (%) P.V./0 62'; 1 tan(38z) dz
We conclude the paper with one more corollary of Theorem 9.2, which was obtained in
[6,5.1].

Corollary 9.4. For m € N and a3 = 7%,

)\2m+1

P +>\2
! lep +>‘2 U(Aa>62a>‘3—1

™
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1 00 + )\2 /\2m+1
= (-B)mH So(—2m =1 +Z r (9.30)

=P +)‘2 O’</\ 6) e — 1

Proof. Recall the definitions of (,(s) and 7,(s) in (1.2) and (1.4), respectively. Koshliakov
[15, p. 20, Chapter 1, Equation (30)] showed that these generalized zeta functions are related
to each other by means of the functional equation,

2cos (Z2) I'(s)
G(l—s)= ( 2 >8
(2m)

Now let n be an even integer greater than 2, say, n = 2m,m > 1, in Theorem 9.2. Then

employ (9.31) to write 7,(2m) in terms of (,(1 — 2m) and finally replace m by m + 1 to
arrive at (9.30). ]

We note that the special case p — 0 of Corollary 9.4 was first obtained by Malurkar [16]
and later rediscovered by the first author [2, Theorem 4.7].

np (). (9.31)
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