CONTINUATIONS AND FUNCTIONAL EQUATIONS

The Riemann zeta function is initially defined as a sum,
C(s) = Zn_s, Re(s) > 1.
n>1
This writeup gives Riemann’s argument that the completion of zeta,

Z(s) = 7m°/?I'(s/2)¢(s), Re(s)>1

has a meromorphic continuation to the full s-plane, analytic except for simple poles

at s =0 and s = 1, and the continuation satisfies the functional equation

Z(l1—s)=2Z(s), seC.

The continuation is no longer defined by the sum. Instead, it is defined by a well-

behaved integral-with-parameter.
Essentially the same ideas apply to Dirichlet L-functions,

L(X,S) = ZX(n)nisv Re(s) > 1.

n>1

This writeup also gives their completion, continuation and functional equation.
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2 CONTINUATIONS AND FUNCTIONAL EQUATIONS

Part 1. RIEMANN ZETA FUNCTION: MEROMORPHIC
CONTINUATION AND FUNCTIONAL EQUATION

1. FOURIER TRANSFORM

The space of measurable and absolutely integrable functions on R is
LY(R) = {measurable f : R — C : / ) |f(z)|de < co}.
z€
Any f € LY(R) has a Fourier transform Ff : R — C given by
FnE = | rwea

Although the Fourier transform is continuous, it needn’t belong to £!(R). But if
also [ p |f(x)|?dz < oo then [ o [(Ff)(x)|*dz < oo; that is, if f € L1 (R)NL>*(R)
then Ff € L2(R).

Conceptually the Fourier transform value (Ff)(€) € C is a sort of inner product
of f(z) and the frequency-¢ oscillation ¢ (x) = e2™%*. Thus we might hope for a
Fourier inversion principle that a function f is synthesized by the continuum of
oscillations weighted suitably by the inner products,

fz) = /g _ENEFTE ser

However, the question of which functions f satisfy the previous display, and the
analysis of showing that they do, are nontrivial.

2. FOURIER TRANSFORM OF THE (GAUSSIAN AND ITS DILATIONS

Let g € LY(R) be the Gaussian function,

7'I'.’E2

g(x) =e”
The Fourier transform of the Gaussian is again the Gaussian,
Fg=g.
This is readily shown by complex contour integration or by differentiation under

the integral sign, as follows.
For the contour integration argument, compute that

o0
(Fg)(n) = / ¢~ =2mine
T=—00
oo
r=—00
o0
— e / e—m(atin? 4.
r=—00
That is, (Fg)(n) is g(n) scaled by an integral. The scaling integral is an integral
of the extension of g to the complex plane, taken over a horizontal line translated
vertically from R. A small exercise with Cauchy’s Theorem and limits shows that
consequently the integral is just the Gaussian integral ffooo e’ dz, which is 1.
Thus Fg = g as claimed.
For the differentiation argument, note that ¢'(z) = —2nz g(x) and ¢g(0) = 1.
Let ¢(x) = ¥ 50 that the Fourier transform of the Gaussian is (Fg)(§) =
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[ g(x)EE(x) dz, and compute, differentiating under the integral sign, recog-

r=—00

nizing —2mxg(z) as ¢'(x), and integrating by parts,

F©O= [ s@gidade= [ (g
~i [ Lt =i [ gy e ds
= on [ gle)ie(n) de = 206 (F)(©),

Also (Fg)(0) = [° __ g(x)da = 1. Thus Fg satisfies the same differential equation

x
and initial condition as g, and again we have Fg = g as claimed.

For any function f € £}(R) and any positive number r, the r-dilation of f,

fr(x) = f(.’l?’l"),
has Fourier transform F(f,)(€) = [, fr(z)e™2™¢ dx = [ f(ar)e=2m/m= d(zr) /7,
and this is (1/7) [ f(x)e2m&/m= dg = (1/r)(Ff)(€/r), which is to say,

.F(fr) =p! (./T'.f),r—l .
So in particular, returning to the Gaussian function g,

the Fourier transform of g,-1/2 is t1/29t1/27 t>0.

For large t the dilated Gaussian g, 1/2(z) = e/t ig wide, tending upward to

the constant function 1 as t grows, but still decaying rapidly for any fixed ¢ as
its input = grows large in absolute value; and for large ¢ its Fourier transform
Flgs-12)(x) = tY/2g,1,2(x) = t1/2¢=™°t is a high narrow pulse concentrated at
inputs x near 0, tending upward to the Dirac delta function, which is not a classical
function. These ideas lead to a proof of Fourier inversion.

3. THETA FUNCTION

Let ‘H denote the complex upper half plane. The theta function on H is
¥:H—C, I(r) = Z emin’ T,
neZ

The sum converges rapidly away from the real axis, i.e., its tails decay exponentially
in Im(7),

Z eﬂin2(0'+it) < Z e—ﬂ'\n\t<26—7rnnt/(1_e—7rt)’

[n|>no [n|>no

making absolute and uniform convergence on compact subsets of H easy to show,
and thus defining a holomorphic function. Specialize to 7 = it with ¢ > 0, and
write 0(t) for ¥(it). Again let g be the Gaussian. The theta function along the
positive imaginary axis is a sum of dilated Gaussians whose graphs narrow as n
grows absolutely,

o0 S e 1m0

nez
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The sum converges rapidly to 1 as t grows. Equivalently,

0(t) L3 gas(n), t>0.

ne”Z

The first boxed expression of 0 is also (1) =1+23", -, e=™ for ¢ > 0, so that

1(9@) —)=> et >0,

2
n>1

and now the sum converges rapidly to 0 as t grows.

4. POISSON SUMMATION; TRANSFORMATION LAW OF THE THETA FUNCTION

For any function f € £'(R) such that the sum Y. _, f(z 4 n) converges abso-
lutely and uniformly on compact sets and is infinitely differentiable as a function
of x, the Poisson summation formula is

Y fla@+n) =) (FHn)emm.
neE”Z nez

The idea here is that the left side is the periodicization of f, and then the right
side is the Fourier series of the left side, because the nth Fourier coefficient of the
periodicized f is the nth Fourier transform of f itself.

More specifically, the Z-periodicization of f,

F:R—C, F(x) =Zf(x+n),
nez
is reproduced by its Fourier series,
F(z) = Z F\(n)e%mz.
nez
But as mentioned, the nth Fourier coefficient of F'is the nth Fourier transform of f,

1 1
F(n) = / F(t)e—Qm'nt dt = / Z f(t + k)e—QTrin(tJ,—k) d+
t=0

tzokEZ
= [ s Fp),

and so the identity F(z) =Y, _, F(n)e?™" gives the Poisson summation formula

as claimed,

neZ

S F ) = S (FH@)ET.
nez nez
When x = 0 the Poisson summation formula specializes to

> ) =D (FHn).

neZ neZ
And especially, if f is the dilated Gaussian g,—1,2 then Poisson summation with

x = 0 shows that
Z gp-1/2(n) = t1/? Z gpr/2(n),
nez ne”Z

which is to say,

0(1/t) = t*20(t), t>0.
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The previous display says that the theta function is a modular form. In particular,
because 0(1/t) — 1 as t — 07, the display says that

O(t) ~t= Y% ast — 0F.

As we will see in the second part of this writeup, Poisson summation without
specializing to z = 0 similarly shows that a more general theta function satisfies a
more complicated transformation law.

5. RIEMANN ZETA AS THE MELLIN TRANSFORM OF THETA

With these preliminaries in hand, the properties of the Riemann zeta function are
established by examining the Mellin transform of (essentially) the theta function.
In general, the Mellin transform of a function f : Rt — C is the integral

o) = [ ror

=0
for s-values such that the integral converges absolutely. Here g no longer denotes
the Gaussian. The Mellin transform is merely the Fourier transform in different
coordinates, as is explained in another writeup. Some features to note about the
Mellin transform-

e Really the integral is taken over the multiplicative group R of positive
real numbers, a topological group. The lower endpoint 0 of integration is
just as improper as the upper endpoint co. A significant part of the work
to follow will address fragile convergence of such integrals at this improper
lower limit, whereas the integrals will converge robustly at the improper
upper limit.

e Just as the measure dz on the additive group R satisfies

d(z +c¢)=dz and d(az)=adz,
so the measure dt/t on R* satisfies

d(ct dt dt® dt
(<t) =— and — =a—.
ct t te t

Especially, we will use the fact that the substitution t + t~1 takes (0,1]
to [1,00), reversing orientation, while dt=1/t~! equals —dt/t, also with a
minus sign, so that integration from 0 to 1 naturally becomes integration
from 1 to co. The measure dt/t is the Haar measure of R*. The integral
fol t* dt/t converges for Re(s) > 0 and the integral [ t*dt/t converges for
Re(s) < 0.

e The function ¢ — ¢° is a character from R} to C*.

For example, the Mellin transform of e~! is I'(s). Also, the Mellin transform
at s/2 of the function

S(00) 1) = S >0
oo/ =5 [0 -0
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Recall that 6(t) ~t~'/2 as t — 0F. This makes the integrand roughly ¢t(*=1/2 d¢/t
ast — 07, and therefore the integral converges at its left end for Re(s) > 1. Replace

L(9(t) — 1) by its expression as a sum to get

2
o dt
9(s/2) = / ST
t=0

n>1

The estimate 3. o, e™ ™1 < 37 _ e™™ < =7 /(1 — ¢~™) shows that the sum
converges rapidly to 0 as t — 0o, and so the integral converges at its right end for
all values of s. Also, the rapid convergence of the sum for all ¢ in any interval [r, R]
where 0 < 7 < R lets the sum pass through the integral in the previous display to
yield, after a change of variable,

g(s/2) = Z(ﬂnQ)_s/2 /OO e_ttS/Q% = 77%/(s/2)¢(s), Re(s) > 1.

1 t=0

Thus, when Re(s) > 1, the integral g(s/2) is the completed zeta function Z(s)
introduced at the beginning of this writeup. So this paragraph has in fact shown
that the completed zeta function

Z(s) & 7=5/21(s/2)¢(s), Re(s) > 1

has an integral representation as the Mellin transform of (essentially) the theta
function,

Z(s) = ;/:)(o(t) —1)t°/? %, Re(s) > 1.

Thinking in these terms, the factor 7—%/2I'(s/2) is naturally associated to ((s),
making Z(s) the correct function to consider. Section 8 below will sketch how this
factor is even more natural as a completion of the zeta function as an Euler product
over the primes, ((s) = Hp(l —p~*)~1, at one more prime.

6. MEROMORPHIC CONTINUATION AND FUNCTIONAL EQUATION

The facts that Z is essentially the Mellin transform of # and that 6 is a modular
form quickly give rise to the meromorphic continuation and functional equation
of Z. Specifically, compute part of the integral representation of Z by replacing ¢
by 1/t and then using the modular transformation law 6(1/t) = t'/26(t), and then
using the little identity [°t®dt/t = —1/a for Re(a) < 0 twice, with a = —s/2
and with a = (1 — s)/2, both having negative real part because Re(s) > 1,

%/t () — 12 3~ %/t (001/t) 12 &

-0 t -1

_ 1/ ) <(9(t) —1)HA/2 /2 4 =) 2) i
t

2 Jim
= }/Oo(g(t) _ 1)t(1*5)/2 a1 1 )
2 Jimq t s 1l-—s

Combine this with the remainder of the integral representation of Z(s) to get

1 [ s s dt 1 1
Z(s):§/t_1(9(t)_1)(t /2 4401 )/2)?_2_1—37 Re(s) > 1.
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And now, because the integral in the last display has left endpoint ¢ = 1 rather
than ¢ = 0, it is entire in s, making the right side meromorphic everywhere in the
s-plane with its only poles being simple poles at s = 0 and s = 1. That is, the new
description of Z is no longer constrained to the right half plane Re(s) > 1,

e dt 1 1
7 —— 0 -1 s/2 (1—s)/2y 2 = .
©=3 [ OO-neErremEolo L ec

This new description extends Z to a meromorphic function on all of C. The defini-
tion of the extended function no longer makes reference to ((s) as a sum.

The right side of the previous display is clearly invariant under the substitution
s+ 1—s. That is, the meromorphic continuation of Z(s) to the full s-plane satisfies
the functional equation

]Z(l—s):Z(s), SE(C.‘

7. SOME EXTENDED ZETA VALUES

The computation that for Re(s) > 0,

1 0o
dt dt
I'(s) = / e +/ R
0 t 1 t
-1 [t o dt
_ Z ( ) / ternfl dt +/ eftts Rt
n' 0 1 t

D e
7Zn!(s+n)+/1 b

expresses I'(s) as the sum of two terms, the first of which extends meromorphi-
cally from Re(s) > 0 to C and the second of which extends analytically to C. So
overall, I" extends meromorphically to C with a simple pole of residue (—1)"/n! at
each nonpositive integer —n < 0. The functional equation for the completed zeta
function, featuring the completed gamma function,

R=UD(I5)(1 — 5) = 7 D(3)C(s), s € C,

after being multiplied through by I‘(%) combines with the gamma function iden-
tities

r(r(st) = 71'%21_51—‘(8) (Legendre duplication formula)

and
™

L(s)I(1 —s) = (symmetry)

sin(ms)

to give (exercise)

((1— ) = 2(2m) T (s) cos( )¢ (s):

For Re(s) > 1 the right side vanishes only for s = 3,5,7..., and so the only zeros
of the extended ((s) in the left half plane are simple zeros at s = —2, -4, —6, . ...
Also, the pole of ((s) at s = 1 shows that that the extended ((s) doesn’t vanish
at s = 0; indeed, because ((s) ~ 1/(s — 1) and cos(%5’) ~ —5(s — 1) as s goes
to 1, the functional equation says that {(0) = —1/2. Another famous result is that
because ((2) = 72/6, the functional equation says that ((—1) = —1/12. These
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results do not attribute values to the sums 1+1+4+1+--- and 14+2+3+---. More
generally, a result that we have established earlier,

27 k
clk) = - 2”;!) B, k> 2 even,
with Bj the kth Bernoulli number, combines with the functional equation to give
B
C(1—-k)= —?k, k > 2 even.

This is tidier than the value of ((k), with no power of = and no factorial. For
elaborate computations with the zeta function and its variants that have simi-
lar functional equations, it is an indispensable gain of ease—and of likely-correct
results—to move to the tidy divergent region of the functional equation, work there,
and then take the answer back to the region of convergence if so desired.

8. COMPLETED ¢ AS A PRODUCT OF LOCAL INTEGRALS

On the real field unit group R*, the Gaussian function g(t) = e~ is smooth

of rapid decay, and the function ¢t — |¢|*® is a character. With p the Haar measure
of R*, compute an integral that incorporates this function and this character,

o0 2 dt
| o duy =2 [ e
RX 0 3

e’} 2
— 7T_S/2/ e—ﬂ-t2 (ﬂ_t2)s/2 d(ﬂ-i )
0 Tt

=721 (s/2).

We recognize this as the factor that completes ((s) to Z(s).

For any prime p, each element of Q* uniquely takes the form p®m/n where e € Z
and m € Z — {0} and n € Z>; and p { mn and ged(m,n) = 1, and the absolute
value of the p-adic field unit group Q,; completes the p-adic absolute value on Q*,

|- p: Q¢ — RF, lp‘m/nl, =p~°
Thus Q consists of concentric p-adic circles whose set of radii p”Z is discrete. The
punctured p-adic integer ring Z, — {0} is, as a set, the punctured closed unit disk
in Q, i.e., the set of nonzero p-adic numbers ¢ such that [t|, <1, and the p-adic
integer unit group Z,; is the unit circle, [t|, = 1. Thus Z, — {0} = ||, p°Z, . Let
g be the characteristic function of Z;, on Q;, -

t =
9(t) 0 else.

{1 ift €7,

Despite its casewise formula, g is p-adically smooth because the p-adic absolute
value has discrete range p”%, and certainly g decays rapidly. With |- | now denoting
the p-adic absolute value, and with u the Haar measure of Q) scaled so that
w(Z,) = 1 and therefore pu(p°Z,’) = 1 for all e, compute a p-adic integral similar
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to the real integral above,

[ st aney =3 [ @70 auto

Qp e>0
-0y
e>0
=(1-p)7"

We recognize this as the pth Euler product factor of {(s).

Altogether the completion Z of ( is the product of these local integrals over the
multiplicative groups of the completions R and Q,, of Q. Ostrowski’s theorem says
that these are all the completions.

9. WHY DO THIS?

We have seen that methods much easier than this writeup continue ¢(s) leftward
from Re(s) > 1 to Re(s) > 0, and we have seen that on Re(s) < 0 the completed
zeta function only mirrors its behavior on Re(s) > 1. So why have we carried out
the full continuation?

One answer is that the full continuation has a Hadamard product factorization
(in which the symbol p denotes zeros of {(s) in 0 < Re(s) < 1),

eaths s s
— 2 ) .—s/2n _ 2 s/p
¢(s) 871H(1+2n)e H(l p)e , seC,
n>1 P
and for Re(s) > 1 the Euler product factorization of {(s) matches this,
eaths s s
1—pS -1 _ 1 7) —s/2n 12 s/p R 1.
1;[< ) (s_1>}1(+zne H o) et Re(s) >

From this relation, complex analytic methods give the amazing Riemann-von Man-
goldt ezxact formula about all primes up to a given bound b. This is explained in
another writeup for our course.

Part 2. DIRICHLET L-FUNCTIONS: ANALYTIC CONTINUATION
AND FUNCTIONAL EQUATION

The theta function 6(x,t) of a nontrivial Dirichlet character x having conduc-
tor N is, with ¢ either 0 or 1,

0(x,t) = Z n‘sx(n)e_”"%/N, t>0.
nez

To study this, we first address the new phenomenon that the nth summand contains
the character value x(n). Fourier analysis on the finite group Z/NZ moves x outside
the infinite sum over n, replacing it with a finite sum over m from 0 to IV —1 whose
mth term includes x(m). The mth term also includes a Gauss sum associated to x
but independent of m, and an exponential term that involves m and n. Although
separating x out from the infinite sum over n this way adds more exponential terms
to the sum instead, still this sum is amenable to Poisson summation. From here
the transformation of 0(x,t) is easy to establish. We study the relevant Gauss
sums and the Fourier analysis of x first so that the consequent analysis of the theta
function can proceed uninterrupted.
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10. GAUSS SUMS OF A PRIMITIVE DIRICHLET CHARACTER
A primitive Dirichlet character
x:(Z/Nz)* — C*,

understood to be extended by zero to Z/NZ and then lifted to Z, has associated
Gauss sums

=

N—
Ta(x) = Z x(m)eQ’Ti”m/N, n € 7.
m=0
Here we think of n as the frequency of the character m — e2™"™/N of 7, /NZ, this
frequency depending only on n + NZ, and of 7, as the Fourier transform of y.
evaluated as frequency —n. (Unfortunately it is —n rather than n, because really
e2minm/N ig the complex conjugate of e~2™""m/N ~and Fourier transform formulas
generally have such a conjugate built in; cf. section 1 of this writeup.) Especially
the basic Gauss sum of y has frequency —1,

N-1
() =711(0) = (FX)(=1) = Y x(m)e*™ /™,
m=0
The sum 7,,(x) could be taken only over m € (Z/NZ)*, and the next proposition
will show that we could consider 7,,(x) only for n € (Z/NZ)* because otherwise
7. (x) = 0. However, the proof of the main result of this section,

TO)T(X) = x(=1N,

to be established after the proposition, is transparent when we sum over Z/NZ
rather than summing only over (Z/NZ)*. Summing over Z/NZ lets us use the fact
that exponentiation is an additive character along with x being a multiplicative
character.

Proposition 10.1. If x is primitive modulo N then

X(n)7(x) = Tn(x), n€LZ.

Proof. First assume that ged(n, N) = 1. The relation Y (n)x(n) = 1 quickly proves
the formula,

N-1 )
X()7(x) = X(n) Y x(m)e*m /N

z 3
P—‘g

(n) ) x(nm)
0

e?ﬂlnm/N

=|

3
Il

Z X(m)e27rinm/N _ Tn(X)~

N-1
m=0

Now assume that ged(n, N) > 1. We need to show that 7,(x) = 0. For this
argument it is more convenient to rewrite the Gauss sum as

MO0 = > x(myerrnmy,
me(Z/NZ)*
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The degenerate case N = 1 is excluded because ged(n, N) > 1. Let g = ged(n, N),
so that n = n’g and N = N’g for some integer n’ and positive integer N’. The
surjection

(Z/NZ)* — (Z/N'Z)*
has nontrivial kernel
K ={k € (Z/NZ)* : k = 1mod N'},
and thus (Z/NZ)* has a coset decomposition

(Z/NZ)* |_| rK,

where the representatives r € (Z/NZ)* take distinct values modulo N’. For any
such r and any k € K,

. -/ ! S ’
e27r1nrk/N — 6271'171 rk/N" _ 6271'171 r/N ,

and this value is independent of k. Thus altogether we have
_ Z X(,rk_)eQ'n'inrk/N — Z X(T)e%rin’r/N/ Z X(k‘)
rk T k

Now we use the fact that x is primitive. Because y doesn’t factor through the
quotient (Z/N'Z)* ~ (Z/NZ)* /K of (Z/NZ)*, it isn’t identically 1 on K. So the
inner sum at the end of the previous display is 0, making 7,,(x) = 0 as desired. O

Now compute, using the proposition’s result x(n)7(x) = 7.(x) for the second
equality,

N-1 N-1
070 = 3 XTI = 3 (e
n=0 n=0
N—-1N-1
_ X(m)eQﬂinm/NeQTrin/N
n=0 m=0
N-1

N—
Z 2mi(m+1)n/N _ X(_l)Nv

m:
the last equality holding because the inner sum is N when m = —1 and 0 otherwise.
Because 7(X) = x(—1)7(x), as is readily verified, the previous display shows that

()l = N2,

Our proof that 7(x)7(}) = x(—1)N in an earlier writeup was simpler because
it could use its circumstance that N is prime, giving Z/NZ = (Z/NZ)* U {0} and
making every nontrivial character modulo N primitive. But now N needn’t be
prime.

A Dirichlet character x is called even if x(—1) = 1 and odd if x(—1) = —1.
Introduce an associated integer 6 = §(x),

5= 0 if x is even,
)1 if y s odd.



12 CONTINUATIONS AND FUNCTIONAL EQUATIONS

Thus x(—1) = (=1)% in both cases. Introduce the root number of a primitive
Dirichlet character, a complex number of absolute value 1,

_ )
W( ) TSN1/2
The root number is chosen so that regardless of the parity of y, the relation
T(x)7(X) = x(—=1)N becomes W ()W (X) =1, or

W) =W

11. PRIMITIVE DIRICHLET CHARACTER FOURIER ANALYSIS

Because the Gauss sum 7,(x) is the frequency —n Fourier transform of the
multiplicative character x, Fourier analysis on the finite additive abelian group
Z/NZ expresses x in terms of its Gauss sums and the additive characters of various
frequencies. Specifically, the Fourier synthesis of x(n) for any integer n is

N—-1
1 Tinm
X() = 5 3 (Fm)eminm /N
m=0
where the mth Fourier coefficient of y is the Gauss sum of x having frequency —m,
N—1 ‘
(F)m) =Y x(k)e > /N =1 (x).
k=0

Thus

1 N-1
_ 2mwinm /N
NOES SRS

m=0
Further we now know by Proposition 10.1 that 7_,,(x) = x(=1)7(x)X(m), so this
is

X(n) _ X(il)T(X) Z Y(m)e%rinm/N'

m=0
12. THETA FUNCTION OF A PRIMITIVE DIRICHLET CHARACTER

A primitive even Dirichlet character modulo N has an associated theta function
04 (x,t) of Z X(n)e_’mzt/N7 t>0.
nez

The sum 64 (x,t) is zero for odd x. A primitive odd Dirichlet character modulo N
has an associated theta function

0_(x,t) def Z nx(n)eiﬂnztm, t>0.
nez

The sum 0_(x,t) is zero for even x. To gather the two cases, recall the integer
d = §(x) that is 0 if x is even and 1 if x is odd. The definition

0(x,t) def Zn‘sx(n)e_’mzt/N, t>0
neZ

captures both definitions above. The sum converges rapidly to 0 as ¢ grows, because
for t > 1 its nth term is at most n~2e~* for all |n| > n, for some n, independent
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of t, making its n,th tail O(e™"), and its n,th truncation is O(e™*) as well. We will
derive a modular transformation law for this theta function.

13. DIRICHLET THETA FUNCTION TRANSFORMATION LAW

As anticipated at the beginning of section 10, the Fourier synthesis of x(n)
in section 11 shows that the theta function of x can be written with the character
values outside the infinite sum, and we evaluate it at 1/¢ rather than ¢ in anticipation
of its transformation law,

N-1
(1) 9(X7 1/t) _ X( ?\){T(X) Z X(m) Z n5€27rinm/N—7rn2/(tN)’ t>0.
m=0 nez

Repeating, our manipulation of (x, 1/t) using finite group Fourier analysis and
Gauss sum properties has decomposed the theta function, initially an infinite sum
of polynomials times character values times exponentials nax(n)e’”"2/ (tN) into a
constant times a finite outer sum of conjugate character values X (m) times inner
infinite sums of polynomials times exponentials nde2™nm/N—mn’/(tN) without the
character though with the outer sum variable m. In the process, the conjugate
character ¥ has appeared organically.

Poisson summation gives the character-independent inner sum of formula (1)
for 6(x,1/t) as one of two expressions that are equal, as follows. Recall that the
Poisson summation formula says that for suitable functions f : R — C,

S fe+n) = SFHMET, 2 eR.
nez neL
Recall also that the Fourier transform of a dilation f.(xz) = f(zr) of a suitable
function f is
F(f)=r"YFf)-1, r>0.
And recall that the Gaussian function,
g:R— R, g(x) = e ™

is its own Fourier transform, i.e., Fg = ¢g. Using the results just mentioned,
compute that for x € R and r > 0,

Z e (@) Z gp1/2(x +n)

nez nez
= Z F(gy1s2)(n)e*™ e by Poisson summation
neZ
=2 Z(}-g)rl/z (n)e*™™* by the dilation formula
nez
=12 Z Gp12(n)e*™e by the property of the Gaussian
nez
— 7"_1/2 Z e?ﬂ'inr—ﬂnz/r.
neZ

A slight rearrangement gives

. 2 2
E elenm—‘rrn /r 7"1/2 Z e—ﬂ'(m+n) r’ zER, r>0.
ne neL
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(For = 0 and r = ¢ this is 6(1/t) = t'/26(t) as in section 4, but we are working
toward something more general now.) Differentiate with respect to x to get

) 2 2
Zne%rznmfwn /r 7:7"3/2 Z(x + n)efﬂ'(ern) T’ x € ]R, r > 0.
nez neZ

Recall the integer § that is O for an even Dirichlet character and 1 for an odd one,
and use it to gather the previous two displays,

Zn6e27rinw—7rn2/r .y, 7,,1/2—1—6 Z LC + n 5 —71'(1+n) 7‘ = R, r>0.
neZ neZ

In particular, for x = m/N and r = ¢ N where ¢ > 0 this is

(2) Z n6627rinm/N77rn2/(tN) _ i‘s(tN)l/QH Z(m/N + n)éefﬂ(m/N+n)2tN
nez neE”Z

As anticipated, the left side of (2) is the inner sum of (1).

From here, the Dirichlet theta function transformation law follows quickly. With
t > 0 through this paragraph, multiply the left side of (2) by x(—1)7(x)/N - x(m)
and sum over m = 0,..., N — 1 to get the full formula (1),

N-—1

x(=D)7(x) Zf 5 2minm/N—mn®/(tN) _ p(v 1/t

S X(m) > ne =0(x,1/t).
m=0 nez

It follows that also 6(x, 1/t) arises from the same process on the right side of (2),
i.e., multiplying by x(—1)7(x)/N - X(m) and summing over m,

O(x,1/t) = ! X< ) () (tN)L/2+0 Z Z m/N+n)5677r(m/N+n)2tN
nez
6

N-1
_ x(—1) 1/246 § _—n(m+nN)%t/N
= Wt mEZO ngez m—+nN)’e .

The definition of 6 = §(x) is such that i%x(—1) = 1/i%, and 7(x)/(i° N'/?) is the
root number W(x), so this is

0(x, 1/t) = W (x)t"/*+° Z m) 3 (m + N e nN)*/N
ne”Z

Let m + nN be a new variable that runs through Z, also denoted n, to get
0(x. 1/t) = W()E/*H 3~ n'x(n)e ™ N,
neZ

Thus the modular transformation law of the Dirichlet theta function is
0(x,1/t) = W) t'/*T°0(x,t), t>0.

Because 0(X,t) decreases rapidly as ¢ — oo, the boxed identity shows that also
0(x,t) decreases rapidly as t — 07. (A separate matter, not to be conflated with
this, is the numerical phenomenon that for fixed large ¢t the theta function series
converges quickly as a series indexed by n but for fixed ¢ near 0T it converges
slowly.)
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14. ANALYTIC CONTINUATION AND FUNCTIONAL EQUATION

Let x be a nontrivial primitive Dirichlet character. Recall that its Dirichlet

L-function is
= Zx(n)n_s, Re(s) > 1

n>1

Let NV be the conductor of y. Recall that the integer ¢ is 0 or 1 depending whether
X is even or odd. Because x is nontrivial, its conductor N is greater than 1, and so
x(0) = 0. Therefore, for s € C with Re(s) > 0,

1 [ dt _an? s dt
5/ 09( )t (5+5)/2 =3 nix(n / o2 L/N (s46) /2 2
t—

n>1
=Y n’x(n)(mn® /N)~HIPD(£2)
n>1

—(s+6 s
= (m/N)~(5H0/2p (a0

)L (X ).
That is, the completed Dirichlet L-function

def —(s s
Alx,s) = (n/N)~F2p(ef2

)L(x,s), Re(s)>1

has an integral representation as the Mellin transform of the theta function,

1 [ dt
A(x,s) == O(x, t)te+9/2 —  Re(s) > 1.
2 Jico t
Unlike section 5 earlier, now the integral converges at both endpoints for all com-
plex s because 6(x,t) converges rapidly to 0 as ¢t goes to 0. Thus the completed
L-function A(x, s) already has an analytic continuation to the full s-plane,

L[> (s+6)/2 A
Alx,s) = 3 OG(x,t)t 5 S eC,
t=

and consequently so does L(, s).

To obtain the functional equation of A(, s) as well, compute, using the modular
transformation law 0(x, 1/t) = W(x)t'/2T90(x,t) for the third equality to follow,
that the integral in the previous display is

dt ! dt
/ 00y, D)t (s+5)/2 / 0(x (s+5)/2 : b G(X,t)t(”‘g)“?

t=0
dt

- (9<x,t>t<s+‘”/2+e<x,1/t>t (ororrz) S
t=1

= [ (B0t L Wi o0 ) L.
t=1

This last integral remains entire in s. Now the continuation of A(y, s) is defined as
a more symmetric integral than it was a moment ago,

1 [> . dt
A(x,s) = 3 /t—l (H(X,t)ts/Q + W(x)0(x, 1)t )/2)t5/2 - S€ C.
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Because W () = W(x)™ !, replacing s by 1 — s and x by X in this last integral
multiplies it by W (x) !,
_ L[ (1—s)/2 - s/2y,8/2 4t
t=1
—11 > (1-s)/2 s/2\40/2 Y dt
=W(x) 3 (W(x)0(x. t)t + 0(x, )t *)t ,
t=1

Therefore, because the last integral is the boxed integral just above, we have the
functional equation

(WO)AR1-5) =A(x,s), seC.|

Similarly to section 7, the functional equation is also (now exchanging the roles of
x and )

L(x,1—s) = Tz(i) (?\’;)_Sr(s) cos <”(‘925)) L(X, 5).

When x is even, for Re(s) > 1 the right side vanishes only for s = 3,5,7,..., and
so the only zeros of the extended L(x,s) in the left half plane are simple zeros
at s = —2,—4, —6,.... Still with y even, the functional equation also shows that
L(x,s) has a zero at s = 0, and the nontrivial fact that Dirichlet L-functions
don’t vanish at s = 1 shows that the zero at s = 0 is simple. When x is odd,
for Re(s) > 1 the right side with ¥ in place of y vanishes only for s = 2,4,6,...,
and so the only zeros of the extended L(x, s) in the left half plane are simple zeros
at s = —1,—3,—5,..., and the fact that Dirichlet L-functions don’t vanish at s = 1
shows that L(x,0) is nonzero.

15. QUADRATIC ROOT NUMBERS

Let F be a quadratic number field. Its Dedekind zeta function,
Z Na™*, Re(s) >

has a completion Zg(s) that extends meromorphically to C with simple poles at s =
0, 1 and satisfies the functional equation Zp(s) = Zp(1—s). The quadratic number
field F' has an associated quadratic character x = xpr whose conductor is the
absolute discriminant of F'. The arithmetic of the quadratic field encodes as the
identity Zr(s) = Zg(s)A(x,s) where Zg is the completed Euler-Riemann zeta
function. Noting that ¥ = x because x is quadratic, compute that

Zp(l—38)=Zp(s) by the functional eqn for Zp
= Zo(s)A(x, s) factoring Zp
=Zg(1 —s)W(x)A(x,1 —s) by the functional eqns for Zg and A
W(x)Zr(1—3s) regathering Zp.

Thus W(x) =1 for the quadratic character x = xr.



CONTINUATIONS AND FUNCTIONAL EQUATIONS 17

16. COMPLETED L(x) AS A PRODUCT OF LOCAL INTEGRALS

—t?

On the real field unit group R*, with the Gaussian function g(t) = e and
the character ¢ — |t|° as before, consider also a character that indicates the parity
of our Dirichlet character y, recalling the constant ¢ that is 0 or 1 if yx is even or
odd,

Xoo(t) = |tI°.
Again with p the Haar measure of R*, compute an integral similar to before but
now also incorporating the conductor N of x and its parity character xoo,

S > 77r2 s dt — (s S
/R -1 (DXoe (DI dpu(t) =2 / e TN = = (w/NYT OO (52)

We recognize this as the factor that completes L(x, s) to A(x, s).
For any prime p, define a character of Q that describes our Dirichlet character
at p,

Xp(P°Z; ) = x(p), e€Z.
With g = 1z, {0y and | - | and p again the p-adic smooth function of rapid decay
and absolute value and multiplicative Haar measure, now compute

L o Oxl ) = S (xp ) = (1=

D e>0

We recognize this as the pth Euler product factor of L(x, s).

Again the completion A(x) of L(x) is the product of the local integrals, which
now incorporate local aspects of x. In describing x by its local factors we are
expressing it as the simplest nontrivial example of a Hecke character.

17. CYCLOTOMIC CONDUCTOR-DISCRIMINANT FORMULA

Consider an integer N > 1, N # 2 mod 4. As discussed in another writeup for
this course, the associated cyclotomic field, Q({x) where {y = e2™/N has a zeta
function, a sum over integral ideals and a product over nonzero prime ideals,

Cn(s) =D Na=* =[JA=Np~)~", Re(s) > 1,
a P

that continues meromorphically to all s € C with only a simple pole at s = 1. The
continued cyclotomic zeta function satisfies a functional equation (in which ro =
¢(N)/2 and dy = (=1)2 NN/ T,y p? ™/ @~ is the discriminant of Q((n),
computed in another writeup for this course),

3)  (2m) "2 |dw|2T(s)™Cn (5) = (2m) 209 |dw | T T(1 — ) Cn (1 — ).

The continued cyclotomic zeta function is the product of the continued Dirichlet
L-functions of all characters modulo N,

Cn(s) = HL(X, s).

Each x has conductor Nx | N and satisfies a functional equation, in which § = 0 if
x is even and § = 1 if x is odd,

(/N " T T(2) L(x, 8) = Wy(m/Ny) ™ 2 T(A=5) L(x,1 — 5).
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Multiply over all the 279 characters xy modulo IV, half of them odd and half even,

7T—T25_%(HXNX) (Hx OddNX)% (v (s)
(ST

NI

9 1—s

[L,Wy- W_T2(1_S)_?(Hx Ny) 2 (I oaa Nx) ) (v (1= s).
(PP
+

Some terms cancel and Legendre’s duplication formula I'(5)I'(2
applies,

[N

(4) 7‘[-77'25(1—‘[)( NX)§2T2(173)F(8)T2CN(8)
_ HXWX . W_TZ(I_S)(HX NX) 155 2r231“(1 — S)TQCN(l — S)

After cross multiplying (3) and (4) and then much cancellation,
1=s

s 1—s s
ldn|2 TT,Wy - (IT, Nx) 2 = ldn| 2 (TT, Ny)2272079).

l75
That is, ((Hx Ny)/ldn])2 [I,Wy = 1. This proves the conductor-discriminant
formula and the root number product identity,

HNX = |dn]| and HWX =1
P X

For example, this course’s writeup on the cyclotomic integer ring shows that
ds| =28, |dio| = 12,
while the Dirichlet characters modulo 8 have conductors 1,4, 8,8, which multiply

to 28, and the Dirichlet characters modulo 12 have conductors 1,3,4,12, which
multiply to 122.



