18.785 Number theory I Fall 2015
Lecture #16 11/5/2015

16 The functional equation

In the course of proving the Prime Number Theorem we showed that the Riemann zeta
function ((s) := ), -, n~° has an Euler product and an analytic continuation to the right
half-plane Re(s) > 0. We now want to complete the picture by deriving a functional equation
that relates the values of ((s) to values of (1 —s). This will also allow us to extend ((s) to
a meromorphic function on C (holomorphic except for a simple pole at s = 1). Thus ((s)
satisfies the three key properties that we would like any zeta function (or L-series) to have:

e an Euler product;
e an analytic continuation;

e a functional equation.

16.1 Fourier transforms and Poisson summation

A key ingredient to the functional equation is the Poisson summation formula, a tool from
functional analysis that we now recall.

Definition 16.1. A Schwartz function on R is a complex-valued C*-function f: R — C
that decays rapidly to zero; more precisely, we require that for all m,n € Z>y we have

sug ’xmf(”)(x)‘ < 00,
€

where f(") denotes the nth derivative of f. The Schwartz space S(R) of all Schwartz
functions on R is a C-vector space (and also a complete topological space, but its topology
will not concern us here). It is closed under differentiation and products, and also under
convolution: for any f,g € S(R) the function

(f * 9)(a) == /R fw)g(a - y)dy

is also in S(R).

Examples of Schwartz functions include all compactly supported functions C*° functions,
as well as the Gaussian g(x) := e*”2, which is the main case of interest to us.

Definition 16.2. The Fourier transform of a Schwartz function f € S(R) is the function

f(y) ::/Rf(x)eQ’myd:c,

which is also a Schwartz function. The Fourier transform is an invertible linear operator on
the vector space S(R); the inverse transform of f(y) is

f() = /]R fy)et? vy,

The Fourier transform changes convolutions into products, and vice versa. We have

— N

frxg=1fg and  fg=fxg,

for all f,g € S(R).
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Theorem 16.3 (POISSON SUMMATION FORMULA). For all f € S(R) we have the identity
Y fm)y=3 " f(n)
neZ neZ

Proof. We first note that both sums are well defined; the rapid decay property of Schwartz
functions guarantees absolute convergence. Let F(x) := Y _, f(x +n). Then F is a
periodic C*°-function, so it has a Fourier series expansion

_ Z Cn€27rina:’
nez
with Fourier coefficients
1
cn :/ ( —27rmtdt / Z f x_‘_m 27rznydy _ / f —27rmydy — f( )
0 MEZ

We then note that

Zf( = hm F(z) = lim Zf eZminT — Z lim f(n)e?™m® = Zf(n),

nez 0 nez 0 nez

where we have used f € S(R) to justify interchanging the limit and sum (alternatively, one
can view the limit as a uniformly converging sequence of functions). O

71'3)2

We now note that the Gaussian function g(z) := e~ ™ is its own Fourier transform.

Lemma 16.4. Let g(z) := e~™". Then 9(y) = g(y).
Proof. We have

oo 2 ; oo 2 ; 2 2
) = [ ey < [ et g,

—0o0 —00

2 Foo 20\ 2 2 +oo+zy 2\ 2
=e ™Y / e @) gy — o~V / e @) g

—00 —oo+1y

—7ry2 oo —7t? —7ry2
=e e ™dt=e = g(y).

—00

We used a contour integral of the holomorphic function f(x + iy) = e~ m(atiy)® along the
rectangular contour —r — r = r+4¢ — —r 4+ ¢ — —r with » — oo to shift the integral
up by ¢ in the second line: the integral along the vertical sides vanishes as r — oo, so the
contributions form the horizontal sides must be equal and opposite. We used the change of
variable t = x + iy to get the third line, and note that [~ 0 e=mt? g = 1, because e is a
probability distribution (or insert your favorite proof of thls fact here). O]

Corollary 16.5. For any a € R, if Gqa(z) = g(z/\/a) then G4(y) = ag(y/a).

Proof. Proceeding as in the first line of the lemma and substituting z — /ax yields
~ +o00 +00
Galy) = / e g 2miny g \/a/ o (@ +2izy/at+yia—ya) g0
—00

400 )
= Vae ™" / e "V 4y = Vag(yv/a) - 1. O
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16.1.1 Jacobi’s theta function
We now define the theta functiont
O(r) := Z ™
nez

The sum is absolutely convergent for Im 7 > 0 and thus defines a holomorphic function on
the upper half plane. It is easy to see that ©(7) is periodic modulo 2, that is

O(r +2) = (1),
but it it also satisfies another functional equation.

Lemma 16.6. For all y € Ryg we have

O(i/y) = vyOl(iy)

Proof. Plugging 7 = iy into ©(7) yields

O(iy) = Z e,

neZ
Applying Corollary 16.5 to Gy(n) = e~ ™*/Y we have @y(n) = \/ﬂe_””Qy, and Poisson
summation (Theorem 16.3) yields
Oliy) = 3" —=Gyln) = = 3" Gyln) = —-0 (i/y).
VY VY VY

nel ne”Z

The lemma follows. O

16.1.2 Euler’s gamma function

You are probably familiar with the gamma function I'(s), which plays a key role in the
functional equation of not only the Riemann zeta function but many of the more general zeta
functions and L-series we wish to consider. Here we recall some of its analytic properties.
We begin with the definition of I'(s) as a Mellin transform.

Definition 16.7. The Mellin transform of a function f: Rsg — C is the complex function
defined by

Aﬂﬁ@%=émf@f*ﬁ,

whenever this integral converges. It is holomorphic on Res € (a,b) for any interval (a,b)
where the integral [;°|f(¢)|t°~'dt converges for all o € (a,b).

Definition 16.8. The Gamma function

T(s) 1= M(e™)(s) = / T e,

0

!The function ©(7) we define here is a special case of one of four parameterized families of theta functions
O;(z : 7) originally defined by Jacobi for ¢ = 0,1, 2,3, which play an important role in the theory of elliptic
functions and modular forms; in terms of Jacobi’s notation, O(7) = ©3(0; 7).
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is the Mellin transform of e~*. Since fooo le"t[t°~Ldt converges for all o > 0, the integral

defines a holomorphic function on Re(s) > 0.
Integration by parts yields

t5 —t
I(s) = —

° (s +1
+ / etgr = LY
s s Jo s

0

thus I'(s) has a simple pole at s = 0 with residue 1 (since I'(1) = [;~ e~'dt = 1), and

I'(s+1) =sI'(s) (1)

for Re(s) > 0. Equation (1) allows us to extend I'(s) to a meromorphic function on C with
simple poles at s = 0,—1,—2, ..., and no other poles.

An immediate consequence of (1) is that for integers n > 0 we have
'n+1)=nl'(n)=nn—1)I'n—1)=n(n—-1)(n—-2)---2-1-T'(1) =nl,

thus the gamma function can be viewed as an extension of the factorial function. The
gamma function satisfies many useful identities in addition to (1), including the following.

Theorem 16.9 (EULER’S REFLECTION FORMULA). We have

™

I'(s)I(1—s)=

sin(rs)’

as meromorphic functions on C with simple poles at each integer s € Z.

Proof. See [1, §6 Thm. 1.4] O
Example 16.10. Putting s =  in the reflection formula yields I'(3)? = 7, so I'(3) = /7.
Corollary 16.11. The function I'(s) has no zeros on C.

Proof. Suppose I'(sgp) = 0. The RHS of Euler’s reflection formula is never zero, since sin(7s)
has no poles, so I'(1 — s) must have a pole at sg. Therefore 1 — sg € Z<p, equivalently,
S0 € Z>1, but I'(s) = (s — 1)! # 0 for s € Z>;. O
16.1.3 Completing the zeta function

Let us now consider the function
F(s) i= 7T (s)C(25),

which is a meromorphic on C and holomorphic on Re(s) > 1/2. We will restrict our attention
the this region, in which the sum ), -, n~>* defining ((2s) is absolutely convergent.

We have -
F@:ZWﬂﬁ@:ZAQ#Wﬁ%%

n>1 n>1

and the substitution ¢t = mn?y with dt = mn?dy yields

F(s) = Z/O (mn?) ™% (mn?y)* e ™ Vanldy = Z/O Y lem ™ gy,

n>1 n>1
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The sum is absolutely convergent, so by the Fubini-Tonelli theorem, we can swap the sum
and the integral to obtain

F(s) = / y* ! Z eiW"dey.

0 n>1
We have O(iy) = ) _,.cz e Y =1 42 D>t e~V thus

P =5 [ 9@l - iy

! ( [ ety - L+ | e - 1>dy)

We now focus on the first integral. Making the change of variable t = % yields

1 1 00
s—1 ’L — 1-s Z _ —2 — —s—1 Z .
/0 y°  O(1y)dy / O/t (—t ) dt / t O(i/t)dt

0o 1

By Lemma 16.6, O(i/t) = v/tO(it), and adding — [ ¢t=571/2dt + [[°¢=57Y/2dt = 0 yields

:/ t_s_l/Q(@(it)dt—l)dt—l—/ s 2dt

1 o 1 ,
= t— 2 (O%Gt)dt — 1)dt — ————.
/1 (OG0t =1)dt = =5,
Plugging this back into our equation for F(s) we obtain
1 [ 1 1
F(s) == STy U2) (O(iy) — 1)dy — — — :
(s) 2/1 (v 'ty ) (O(iy) = 1)dy - 5~ = 7

We now observe that F'(s) = F(1—s), allowing us to extend F(s) to a meromorphic function
on C. Replacing s with s/2 leads us to define the completed zeta function

2(s) i= 7L (5/2)(s),
which is meromorphic on C and satisfies the functional equation
Z(1—s)=2Z(s).

It has simple poles at 0 and 1 (and no other poles). The only zeros of Z(s) on Re(s) > 0
are the zeros of ((s), since by Corollary 16.11, the gamma function I'(s) has no zeros (and
neither does 7=%/2). Thus the zeros of Z(s) on C all lie in the critical strip 0 < Re(s) < 1.

The functional equation also allows us to extend ((s) to a meromorphic function on C.
It has no poles other than the simple pole at 1, since 75/ 2I'(s) has no zeros and the simple
pole of Z(s) at 0 corresponds to the simple pole of I'(s/2) at zero. Notice that I'(s/2)
has poles at 0, —2,—4, ..., so our extended ((s) must have zeros at —2, —4,... (but not at
0). These are the trivial zeros of ((s); all the interesting zeros lie in the critical strip (and
under the Riemann hypothesis, on the critical line Re(s) = 1/2, the axis of symmetry in
the functional equation).
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We can determine the value of ((0) via the functional equation. We know that ((s) has
a pole of residue 1 at s = 1, thus
1—s
o o (s=DTTE TR - )
N sl—l>1}1+(s B 1)C(S) B 51—1>I{l+ 7T78/2F(%)

In the limit the denominator on the RHS is 1, since I'(1/2) = 7'/2, and in the numerator
we have 7(5~1/2 = 1. Using I'(z) = %F(z + 1) to shift the gamma factor in the numerator,

1= lim (s — 1):2T (252) ¢(0) = —2I'(1)¢(0) = —2¢(0),

s—1t
thus ¢(0) = —1/2.
If we write out the Euler product for the completed zeta function, we have
Z(s) = T(s/2) [ - p~) "
p

One should think of this as a product over the places of the field Q; the leading factor I'g :=
72/5T(s/2) that distinguishes the completed zeta function Z(s) from ((s) corresponds to
the real archimedean place of Q. When we discuss Dedekind zeta functions in a later
lecture we will see that there are gamma factors I'g and I'c associated to each of the real
and complex archimedean places. If we incorporate an additional factor of 1s(s—1) in Z(s)
we can remove the poles at 0 and 1, yielding an entire function £(s).

Theorem 16.12 (ANALYTIC CONTINUATION II). The function
(s) = Ls(s — )r /20 (s/2)¢(s)
is holomorphic on C and satisfies the functional equation
€(1—5) = £(s).
The zeros of £(s) all lie in the critical strip 0 < Re(s) < 1.

Remark 16.13. It is usually more convenient to just work with Z(s) and deal with the
poles rather than making it holomorphic by introducing additional factors; some authors
use £(s) to denote our Z(s).
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