Chapter 9

Analytic Continuation of
the Riemann Zeta Function

9.1 Integral Representation

We have taken as the definition of the Riemann zeta function
()= =, Res>1. 9.1)
n=1 n’ ’

Our purpose in this chapter is to extend this definition to the entire complex
s-plane, and show that the Riemann zeta function is analytic everywhere except
at s = 1, where it has a simple pole of residue 1.

First, consider the integral

[ee} xsfl oo xsflefm
I = / dz = / dr——:. (9.2)
0 e —1 0 1—e*
We expand the denominator in the last form in a geometric series, and inter-
change sum and integral to obtain

I= Z/ drz°~te (D2 :Z (nrii) =T(s)¢(s), (9.3)

which uses (9.1) and Euler’s representation of the Gamma function,

~dt .,

I'(s) :/0 7t567 , Res>0. (9.4)

Thus we have the alternative representation

1 o] s—1
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9.2 Riemann’s Representation

Consider the contour integral

B (_Z)sfl
K= /C a2 (9.6)

where we take the branch line to lie along the positive real z axis, and C' is a
contour that comes from +oo just below the branch line, encircles the branch
point at z = 0, and returns to +oo just above the branch line. It is easy to
check that, if Re s > 1, the portion of the integral coming from the encirclement
of the branch point is zero, and if we choose the phases so that (—z)*~1 =
e~ m(s=Dgs=1 just above the branch line, and (—z)*~! = et (5= gs=1 just
below, we have

K= (e—iﬂs—l) - e“f(S—l)) I = —2isinn(s — 1)1, (9.7)

where T is the integral (9.2). Therefore we have the result

¢(s) ! ! /Cdz(_z)S . (9.8)

~ 2isinrs I'(s) e —1

This can be given a bit simpler form by using the property of the Gamma

function
T

I(s)I'(1—s) = pr—— (9.9)
Then,
— s —z)s~1
C(s) = %/Cdz% (9.10)

which has the opposite sign to the formula in Whittaker and Watson (p. 266)
because the sense of the contour of integration is reversed.

Note now that the contour integral is well-defined for all s, so that {(s) can
have singularities only that the poles of T'(1 — s), which occur at s =1,2,3,....
However, we know that ((s) is regular for s > 1, so the poles of the gamma
function at s = 2, 3, ...must be cancelled by zeros of the contour integral.
Thus, we have proved that the only pole the Riemann zeta function occurs at
s = 1. In the vicinity of s = 1, T'(1 — s) ~ 1/(1 — s), and since for s = 1 the

contour integral is
d d
/ G f{ c = omi, (9.11)
cer—1 yer—1

where 7 is a contour enclosing only the pole at z = 0, conducted in a negative
sense, we see that the residue of the pole of the zeta function is unity:

1
s—1’

¢(s) ~ s — 1. (9.12)
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9.3 Reflection Property

To obtain the reflection property, we consider a closed contour integral

_\s—1
J = 7{ ) (9.13)
r e —1
where T' is a circle of radius (2N + 1), joined to the integral K, (9.6),
J=K+1L, (9.14)

where L corresponds to the circular part of the contour I', where with R =

(2N + )7,
27 s—1_i(s—1)(6—m)
o0 R e
; 0
L—z/o df Re Reos0 TR " (9.15)

Now when cos§ < 0, e#¢*3? — 0 as R — o0, so the denominator in the integrand

in (9.15) tends to —1. When cosf > 0, e#¢5¢ — oo, s0 the integrand in (9.15)
vanishes. At cosf = 0, ¥l = ¢Fim2N+1) — _1 g0 the denominator is —2.
Thus we conclude that for large R, |L| x R® — 0 if Res < 0.

On the other hand, J is equal to 27¢ times the sum of the residues of the
poles of the integrand. The poles occur at z = 2min, n = +1,4+2,£3,....
(z = 0 is outside the contour T'.) It is easy to check that the residue of the
pole at z = 2min is (e¢i”/227r|n|)571, if n is positive or negative, respectively.
Therefore, for Res < 0,

K =2mi2 cos —(s—1 i 27n)° ", (9.16)
n=1
so from (9.10)
C(s) = T(1 — s)(27)* 2 cos g(s —1)¢(1 - s). (9.17)

Alternatively, call 1 — s = x, so for Rex > 1,
C(1—z) = 27" cos %F(x)g(x). (9.18)

Because both sides of this equation are analytic save where poles occur, we
conclude that this formula holds true for all x.

From this formula, we can deduce special values of ((s) for nonpositive values
of s:

1 . T 1
¢(0) = - iLm1 cos 590{(:6) =-3 (9.19a)
1 1
((=1) = —5502) = —15 (9.19b)
¢(=2m) = 0, m a positive integer, (9.19¢)

C(-3) = 1) = o (9.19d)
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In fact, for positive integer m we have the following relation to Bernoulli num-

bers:
B (27T)2m
¢(2m) = 2(2m)!| 2m |5 (9.20a)
Bom, (9.20D)

((1—2m) = —22



