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Identities Related to the Riemann Zeta
Function and Periodic Zeta Functions

10.1 Introduction

On page 196 in his lost notebook, Ramanujan lists several identities that
are related to the Riemann zeta function, Dirichlet L-series, and periodic
zeta functions. Some of the identities are connected to previous results of
Ramanujan in [256] and [258], but none of the identities on page 196 can be
found in these papers. Furthermore, all of the identities on page 196 are new.
The purpose of this chapter is to examine all of these interesting identities.
Two of the identities were examined and generalized in a paper that the second
author wrote with H.H. Chan and Y. Tanigawa [47].

10.2 Identities for Series Related to ¢(2) and L(1, x)

At the top of page 196 in [269], Ramanujan records three identities related
to ¢(2), and at the bottom of the page, he states a similar result related to
L(1, x), where y is the nonprincipal primitive character modulo 4. In each of
the first three identities, the coefficient 4 of the series on the right-hand side
must be replaced by 2. We record the results in corrected form.

Entry 10.2.1 (p. 196). Let Rex > 0. Then

> —nirx 2 > S8
¢ _r 1 2,.3/2 —m(nttx)?/z
1;:1 S = VT + 57T = 2w ng_l | te dt, (10.2.1)

where the principal value of the square root is taken.

Proof. We assume throughout the proof that « > 0. The more general
result for Re x > 0 will then hold by analytic continuation. We begin with
the familiar theta transformation formula, which is found in Ramanujan’s
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240 10 Riemann Zeta Function and Periodic Zeta Functions

notebooks [268], [39, p. 43, Entry 27(i)]. It will be convenient, however, to use
the formulation, for Ret > 0,

= n7'rt 1 e 7T/t
z:: —= 2\[ 2\[2 (10.2.2)

which is found in Titchmarsh’s treatise [306, p. 22, Eq. (2.6.3)], for example.
Integrate both sides of (10.2.2) over [0, ], invert the order of integration and
summation by absolute convergence, and multiply both sides by —= to reach
the identity

o _—nlrx

Zen :——w\/'+ 57T 3 Z/ i (10.2.3)

n=1

In comparing (10.2.3) with (10.2.1), we see that we must address the integrals
on the right side of (10.2.3). First, set ¢t = x/u and then set n?u = (n + tx)>.
Hence,

z —n’nt oo —n?nu/z oo —nw(n+tx)?/x
€ € &
dt = C  _ du=243" / 4t (1024
fp e | e [ g 02y

When examining (10.2.1) in relation to (10.2.3) and (10.2.4), we see that it
remains to show that

00 o] —7r(n+tw)2/;n
27r/ temm(ntiw) e gy n/ —; (10.2.5)
0 o (n+tx)?

Integrating the latter integral by parts, in particular integrating
1/(n + tx)? and differentiating the exponential, we readily find that for
Rex > 0,

dt = _ 2 [T et e gy,

/OO e—fr(n+tm)2/m e—n27r/w 2N
n =
0 (n +tx)? x z Jo

On the other hand, after a little trickery and then a direct integration, we find
that

o0 2 o0
271’/ te—ﬂ'(’ll-'rtm)2/mdt _ _W/ (n +t$)6_ﬂ("+tw)2/mdt
0 T Jo

_ 2 (% i) gy
T Jo
2
_ e 2 % iy ey,
X T 0

From these two calculations, we see that (10.2.5) has been demonstrated, and
so the proof is complete. a
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In Chap.15 of his second notebook [268], [38, p. 306, Theorem 3.1],
Ramanujan stated a general asymptotic formula for

oo

Z e—wnpnwz—l7
n=1
asx — 01. If we set p = 2 and m = —1, and replace x by 7z in this asymptotic
formula, we find that
& efnzrrz 2 1
> =5 T + 57+ o(1), (10.2.6)

n=1

as z — 0T, which should be compared with (10.2.1). In [38, pp. 306-308], a
proof of Ramanujan’s general asymptotic formula was obtained by contour
integration. In the course of this proof, the error term, i.e., o(1) in (10.2.6),
is represented by a certain contour integral. It seems to be very difficult,
however, to transform this contour integral into the expression involving the
infinite series on the right-hand side of (10.2.1).

Entry 10.2.2 (p. 196). Let Rex > 0. Then
o0 2 2
cos(n’rz) m W\/%"’ 0232

(]

n? 6

o0 [e') 2
x Z/O te=2nt cos G - % + m%) dt (10.2.7)
n=1

n=1

and

[e%} . 2 1
Zw:w E——71'17—|—27T2333/2
—1 " 27

3

2

x Z/O te~ 2 gin G - % + 7Tt2:v> dt,  (10.2.8)
n=1

where the principal value of the square root is taken.

Proof. As in the previous proof, we shall assume that = > 0; an appeal to
analytic continuation then establishes Entry 10.2.2 for Rex > 0. We shall
prove (10.2.7) and (10.2.8) with z replaced by y. In (10.2.1), replace = by
z =z + iy, with y > 0. Let § = arg z. Then (10.2.1) takes the form

o —nirz

Z < = W—2 — 71|z|*?(cos l@—i—isinlﬁ)—i—lw(x—i—iy)
—~ n? 6 2 2 2
—272|2[%2(cos 20 + isin 36) (10.2.9)

X / t exp {—% ((n+tx)? + 2it(n + ta)y — t*y°) (z — zy)} dt.
0 z
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Now,
E(x,y) := —2r2|z>/%(cos 30+ isin36)t

X exp { | 7T|2 ((n+tx)? + 2it(n + ta)y — t*y°) (z — zy)}

= —27%|2%/%(cos 30+ isin 30)texp ( (n+tx)® —t?y*)

™
|22
+2t(n + tx)y? + i (2tz(n + to)y — y(n + tz)* — t2y®) ) 7
from which we see that
Re E(x,y) = —27T2|Z|3/2COS%9teXp{ |7T|2 ((n + ta)? t2y2)x}

X COS —— | |2 (2tz(n + tx)y — y(n + tx)® — ty*)
z

+27T2|z|3/2sin%9texp{ |7T|2 ((n—f—tw) —t292) 55}

X sin — P |2 (2tz(n + ta)y — y(n + tx)* — 2y°) .

Setting x = 0 and 0 = 7T we find that
n2
Re E(0,y) = 2n%y%/?— te_2"”t cos (—L + 7rt2y>
0.4) = V2 y

2
27T2 3/2 \/ite—?nﬂ't Sln (_% +7Tt2y>

2
= 2723/ 242t cog G RIS ) (10.2.10)
Y
If we now use (10.2.10) in (10.2.9), we deduce (10.2.7) with z replaced by y.
A similar calculation of Im F(z,y) followed by setting z = 0 and 6 = %w
yields (10.2.8) with z replaced by y. O

Entry 10.2.3 (p. 196). For x > 0,

© —(2n+1)27x/4 0 o]
& ™ 2
= —1)" —m(2n+142tx) /(4m)dt_
S = T ALY / :

(10.2.11)

Proof. We begin by specializing the well-known theta relation for an odd
primitive character [101, p. 70, Eq. (9)]. In our case, this odd primitive char-
acter is the real nonprincipal character modulo 4. Accordingly, for ¢ > 0,

oo

Z(_l)n(2n + 1) —(2n+1)%7t/4 _ t_3/2 Z 2n + 1) (2n+1)27r/(4t)'
n=0 n=0
(10.2.12)



10.3 Analogues of Gauss Sums 243

Integrate both sides of (10.2.12) over [0, z], and then multiply both sides by
—m/4 to deduce that

0 e—(2n+1)27r;n/4
> (-1 2n+1
n=0
= i ) ny (=1)"(2n + 1)/1 ¢78/2= (20t 1)"m/(41) gy
o+l 4=~ 0
T W\/E 0 N 0 e—(2n+l)2ﬂ'u/(4m)
= T;(—l) (2n + 1)/1 Tdu, (10.2.13)

where we utilized Leibniz’s series for m/4 and made the substitution ¢t = z/u
in the integrals on the right side. Next, set (2n+1)?u = (2n+ 1+ 2tx)%. Then

oo _—(2n+1 2ru/(4z [e’e}
/ ety e A / e (@niit2ta)®s/(e) gy (10.2.14)
1 \/ﬂ 2n + 1 0
If we substitute (10.2.14) into (10.2.13), we obtain (10.2.11) to complete the
proof. a

10.3 Analogues of Gauss Sums

We now offer three claims from the middle of page 196 of [269]. These were
first proved in a more general setting by Berndt, Chan, and Tanigawa [47].
More precisely, they evaluate the sum

o 2
e?ﬂzn /k

2m
n=1 n

where m and k are positive integers, in several ways, obtaining evaluations
in terms of trigonometric functions, Stirling numbers of the second kind, and
ballot numbers. On page 196, Ramanujan considers only the case m = 1.

Entry 10.3.1 (p. 196). Let a be an even positive integer. Then

7Tn2
icos a _m n? r(l r), ™ (103.1)
=% s ~)sin{ 7 , 3.
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We first prove (10.3.3) assuming the truth of (10.3.1) and (10.3.2).

Proof of (10.3.3) of Entry 10.3.1. Using the addition formulas for sin and
cos, we easily find that

. T wn? . mn? 2
co Sl Z + T 1 oo SIn T oo COS T
—iel sy

n=1 n? \/5 n=1 n n=1 n
72 2 =T m r? 7r?
=— - — —(1——) cos|—+— | +sin| -+ —
6v2 20 ] a a 4 a a
2 2 e r?
6v/2 \/E;a( aCOS<a)
O
We evaluate the more general series
() (%)
oo COS | — oo sin [ —
a a
Sa(r) == _ d Ty(r) = _ 10.3.4
"= and - To(r)i= 30— (103.4)

where r is an even positive integer. In order to effect these evaluations, we
need to introduce periodic Bernoulli numbers.

Let A = {a,}, —00 < n < oo, denote a sequence of numbers with period
k. Then the periodic Bernoulli numbers B, (A), n > 0, can be defined [66,
p. 55, Proposition 9.1], for |z| < 27 /k, by

n
2",
ekz — 1 n!

k—1 oo
2 g ane™ Z B, (A)
n=0

Furthermore [66, p. 56, Eq. (9.5)], for each positive integer n,

k—1 .
Bu(4) = k" a_;B. <%> , (10.3.5)
§=0

where B, (z), n > 0, denotes the nth Bernoulli polynomial. We say that A is
even if a,, = a_,, for every integer n.

The complementary sequence B = {b,,}, —00 < n < 00, is defined by [66,
p. 32]

k—1
1 —2mijn
bn =1 § Oaje 2mign/k, (10.3.6)
=
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It is easily checked that if A is even, then B is even, and that (10.3.6)
holds if and only if

k—1
Qy, = Z bje?™ ik oo < n < 0. (10.3.7)
3=0
Now set -
29
JA) = —, Res>1.
((s; A) Z:jl o Res

If A and r are even and if r > 2, then [66, p. 49, Eq. (6.25)]

B (2mi)”

C(r; B) = 27! k

From (10.3.6) and (10.3.7), we see that the sequences A and B are not sym-
metric. Thus, we note from above that since A is even,

—1)r+! mi\ "
C(riA) = w (27) ) (10.3.8)

We are now ready to state general evaluations in closed form for S, (r) and
To(r).

Theorem 10.3.1. If S,(r) and To(r) are defined by (10.3.4) and if r and a
are even positive integers, then

-1 1+’I"/22T717TT a—1 m ) 7Tm2 T
Sa(r) = (=D i 3 B, (Z) sln( 4 Z) (10.3.9)

and

(_1)1+7‘/22r—1ﬂ_r a—

Ty (r) = 7 Z‘i B, (%) cos (%7”2 + g) . (10.3.10)
m=0

In our work below, we need the value of the Gauss sum [54, p. 43,

Exercise 5|
c—1

S emint/e = emiA e, (10.3.11)
n=0
where ¢ is an even positive integer.
Before proceeding further, we show that (10.3.1) and (10.3.2) are special
cases of (10.3.9) and (10.3.10), respectively. Let » = 2 in Theorem 10.3.1.
Recall that By(x) = 2? — x4 &. Then
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s = S ()" 2 Lo (724 2)

2 ot 2 7 - m\2 m mm? 7
= — sin + — —|——Z (—) — — psin —
6va = 4 va ~— (\a a 4
2 N 2 2 (m)2 m Tm?2 N T
=— 4+ — — ) — — ¢sin —
6 Vati=|\a a a 4)’

upon the use of (10.3.11) twice.
The proof of (10.3.2) follows along the same lines, but note that in this

case, by (10.3.11),
a—1 2
Zcos(m—i—z) =0.
a 4

m=0
Proof of Theorem 10.3.1. Let

7T7’L2

anzcos<—>, —00 < n < 00,
a

which is an even periodic sequence with period a, since a is even. Then, from
(10.3.6) and (10.3.11),

12 ik
[ —— n 2mijm/a

J=0
1 a—1
_ 77'r1m 2/a E eﬂ'z(]+m) /a 7'r1m 2/a E 677” (j+m)?
2a
a =

— —Trzm 2/a E eﬂ'l] /a ﬂ'zm 2/a E e—frzg 2/a

_ ie—m'm /a+7ri/4\/a+ _eﬂ'im /a—m'/4\/a
2a 2a

1 mm? 7
= ——cos - =
Vva a 4

Therefore, by (10.3.5), with B in place of A,

a—1 2
B, (B) = a"3/? in (™ LT, (M) 10.3.12
Bme S () (D). wan

If we substitute (10.3.12) into (10.3.8) and simplify, we deduce (10.3.9).
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The proof of (10.3.10) is analogous to that for (10.3.9). Now we set

[ n?
anp =sin | — |, —00 < n < 00,
a

which of course is even, and repeat the same kind of argument that we gave
above. O

We now provide another evaluation of the series on the left-hand sides of
(10.3.1) and (10.3.2) in closed form. However, we obtain evaluations in entirely
different forms from those claimed by Ramanujan in Entry 10.3.1.

Theorem 10.3.2. Let a be an even positive integer, a > 2. Then

72 7?cos(am/4) 7 ! jin 5 (I
Sa(2) = 62 + oz + o cos (T) cse (;) (10.3.13)

T.(2) = =" sin(ar/4) + ~ a/flsin (32—”) csc? (3—”> : (10.3.14)

2a2 a?

Proof. Setting n=ka+7,0 <k <oo,1<j<a, we find that
a -9 o0
_ STy b
—w 2 S w
jom 1
—_ 10.3.15
=5 Z( )Z(k+J/a) (10:3:15)

Singling out the term for j = a/2 and noting that the terms in the outer sum
with indices j and a — j are identical, we find from (10.3.15) that

72 7w2cos(am/4) 1 o2t jim
50) = g+ G i 3 e ()
j=1
X +
<kz(k:+]/a2 Zok—l— (a—1j3)/ ))
72 r2cos(am/4) 1 2! jin )
j=1

say. There remains the evaluation of U(j, a).
First observe that if for —oco < k < —1, we set k = —r — 1, then
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o0

1 1
2 <<k+j/a>2 e —j)/a)Z)

:i( k+1j/a 7t (k+(a1—j)/a)2>

1 .
+Z( T—l—l—]/a) + (—r_j/a)Q) =2U(j,a). (10.3.17)

It therefore suffices to evaluate the bilateral sum in (10.3.17).
To evaluate U(j, a), recall the partial fraction decomposition

1
7rcot7rz _+Z(z+n z—n)'

n=1

Differentiating once above, we find that

oo

1
2 on2 _ Z
T~ CSC (71'2) = L m (10318)
Putting z = r/k in (10.3.18), we deduce that
U(j,a) = 7% csc?(mr/k). (10.3.19)

Putting (10.3.19) in (10.3.16), we complete the proof of (10.3.13).
The proof of (10.3.14) follows along exactly the same lines. In analogy
with (10.3.17), we now easily deduce that

R o P A S S S
L@ =G & )kz_;(kﬂ/a)?'

By the same identical argument that we used above, we conclude that

1,(2) = T/ | ”—Q/Z ( ) 2(3_”)

We record a few examples to illustrate Theorem 10.3.2, namely,

™ w2 122 72 723
2 =5p  S@=—RrT R M@=t

2 722 2 223
@ =5 T@= B@) =g+ 5

Equating the evaluations of S,(2) and T,(2) in (10.3.13) and (10.3.14),
respectively, with those in (10.3.1) and (10.3.2), we obtain identities that
would be surprising if we had not known of their origins, namely,
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T T T(l r), 7T+7T’I”2
= — - — —(1——)sin|— 4+ —
6 a a a 4 a

and

1.
n?sin(ra/4) w2 x AR o (7]
BTy + 2 il Sin <T) Csc <7>

T r T ar?

725( - )COS<Z+T)'
Note that on the left-hand sides above, the sums contain only trigonometric
functions, while on the right-hand sides the sums contain both polynomials
and trigonometric functions. Trigonometric identities involving polynomials
in the summands appear to be rare. The sums on both sides of the identities
may be regarded as new analogues of Gauss sums.

In fact, Ramanujan states a second equality for the sum on the left side of

(10.3.3). We slightly reformulate this result in the next entry.

Entry 10.3.2 (p. 196). If a is an even positive integer, then

472 | 1 >~ n cos(mn?/a) 1 = n
4r* )1 neos(mn®/a) | p32 o) 1 _n
a3/2 {87‘— + Zl e2nm _ 1 & S7a + Z e2nma _ |

n— n=1
72 4 7T7"2
=-=7 Zr(a — ) Ccos <T) . (10.3.20)
a
r=1

Proof.  Our proof depends on two results from Ramanujan’s papers [256, 262].
First, if a is an even positive integer [262, Eq. (17)], [267, p. 132], then

1 ~ ncos(mn®/a) x cos(ma? Ja) \/>
8_7.‘-_'—7;1 6277,71'_1 _/O e27rm_1 d ta 2aze2nﬂ'a_
(10.3.21)
Now, from [256, Eq. (50)], [267, p. 67],

oS 2 oo
/ ;vco;(mc /a) dp — 1/ cos(mu/a) du
0 e’ — 1 2 0 6271-\/17’ -1

1 a/2 1 & r?
5( In —z—ar_l““—’“)COS(T))

_ 8;/35 _ 41_a > r(a —r) cos <%) . (10.3.22)
r=1
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If we substitute (10.3.22) in (10.3.21) and then multiply both sides of the
resulting equality by 472/ a®/?, we deduce that

i n cos( 7m2/a
2aq3/2 a3/2 Z e2nm _

mr? 4r? & n
= —2 N a5/2 Z ) cos (7) T ; Snma _ 1’

which is easily seen to be equivalent to (10.3.20). O
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