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1. OVERVIEW

Let K be a number field. Then we have an associated Dedekind { func-
tion
k()= (NmI)™®
Icox
generalizing the Riemann zeta function (which is the special case K = Q),
and possessing the following basic properties:

e The series defining { k(s) is convergent for Rep s > 1. (This is easy;
it follows from the observation that there are very few ideals of a
given norm.)

o {x(s)has an Euler product factorization:

1
gK(S): l_[ (Tﬂlp)_s) .

p prime

o {k(s) has a meromorphic continuation to s € C, with the only
pole being a simple pole at s = 1.
e We have a class number formula

hR
w+v disc K

Here R is the regulator, which can be thought of as the “volume”
of O¢, h is the class number, w is the number of roots of unity,
and r; and r, are the number of real and complex places of K.

o It satisfies a functional equation. An elegant way to phrase this is
that

Res;—1 Jx(s) = 2"(2m)" 1)

(disc K)*?Tr(s)"Te(s)2 L k(s) is symmetric under s «— 1 —s.

Here I'g(s)=m—5/2I'(s /2) and T'c(s) = 2(27) 5T (s).

We will begin by discussing the proofs of these properties, following
the classical method of Hecke.
If K is Galois over @, then

)= || Usp)
p irred. rep'n.
of Gal(K/Q)

where L(s, p) is the Artin L-function attach to p. Each L(s, p) has (at least
conjecturally) analogous properties to those mentioned above.

Example 1.0.1. If K =Q(i), then

1
{k(s)= Z m

n+mi

3
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and the corresponding factorization into Artin L-functions is
k(s)=4(s) (17 =37 4+5"°—..).
~—~—

p=triv p=sign

The main point of the course is to discuss the following question: since
{ k factors, there should be a corresponding factorization of the class num-
ber formula (I): so the right hand side should be expressible as

hR —T] h(p)R(p),

w L w(p)

Even to formulate precisely what this factorization should be is a little
tricky.

Example 1.0.2. Even for the case K = (i) (when the Galois group has
size 2, and there are two representations), what goes on is subtle because
of issues at 2. The problem is analogous to the following general issue:
if A is a finite abelian group with an action of Z/2, then one can define
“eigenspaces” A*,A~. The map A" x A~ — A fails to be an isomorphism
in the presence of 2-torsion, which appears in both “eigenspaces.”

This idea motivates many things in number theory, like Stark’s conjec-
ture and the Main Conjecture of Iwasawa theory.
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2. L-FUNCTIONS: ANALYTIC PROPERTIES

We'll now prove some of the basic properties of { ¢, following Hecke.

2.1. Analytic continuation. We first digress briefly about what it means
to have analytic continuation (we use this blanket term even when re-
ferring to what might technically be called meromorphic continuation).
When one says that the standard { function

)=y

has “analytic continuation,” it usually comes with connotations of com-
plex analysis. For us, complex analysis is not important; what’s important
is that there is a way to “make sense” of the expression for any s.

Example 2.1.1. How might we make sense of ) ‘/Lﬁ? Observe that at least

for Reps > 1, Zni can be approximated by an integral. Therefore, we
consider

You can prove that this has a limit for Rep s > 0. The integral is %, SO

N 1 Nl—s
lim (__ )
N—00 nt 1-—s
n=1

exists for Rep s > 0. It equals {(s) for Rep s > 1, and we can “make sense”
of (s) by simply setting it to be the above expression for all Rep s > 0. You
can play similar games to extend it further “by hand.”

Example2.1.2. Let K =Q(i). Then

> T Y Gy
2 2y 4 21 p2)s°
m+ni (m +n )S 4 (m,n)#(0,0) (m Tn )S
We can interpret this as the sum of a particular binary quadratic form
over the lattice Z? c C. We can generalize this by asking about the sum of

any (say definite) quadratic form Q over a lattice A c C.

positive definite

{ binary quadratic forms } / SL2 ( Z) H / SLZ ( Z)

ax?+bxy+cy?

disc=1 |

lattices ACc C
of covolume 1
up to rotation
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ddd TONY: [discriminant should be —1 to be positive-definite, eh?] The
horizontal map sends Q to the root of Q(z,1) lying in H. The vertical map
sends z — (1,z)/Im(z)"/2, with the associated quadratic form A (choos-
ing a positively oriented basis).

We actually show that there is a kind of functional equation for a gen-
eral sum of the form

Dz, llzll=Q(z).

zeA—{0}

This is (for fixed s) a real-analytic Eisenstein series on SL,(Z)\H. More
precisely, we’ll show that if A C R” is a lattice of covolume 1,

Te(s) Y _IlvlI™

veA

has an analytic continuation with simple poles at s = 0 and s = n, and
is symmetric under s — n —s. Then we'll recover the results for {q;) by
taking A = Z[i] c C. However, it’s not so obvious what to do for real qua-
dratic fieldslike { o y3).

Example 2.1.3. Just to convince you that this is not a mysterious object,
let’s write it in a more concrete way.

1
g@(ﬁ)(s) = Z 6L2——2b2)5

a+b+v/2€Z[v2]/units

The unit group Z[v'2]* is generated by —1,v/2—1. Let a = v2—1; then « is
positive under one embedding and negative under the other. Therefore,
any 8 = a + b2 can be made totally positive by multiplying by a unit. If
B = a+ b2 is totally positive, then by multiplying by something in (a2)%
we can assume that

1<=<a

=)

You can check that in terms of @ and b, this is equivalentto b > 0,3b < 2a.
This gives a fundamental domain in R? for Z[v2]/Z[v2]*. So the zeta
function is the sum over (a, b) in some cone in Z? C R? of (a2—+b2) This
is again a sum of a quadratic form over lattice points in a cone in R?,
but the quadratic form is indefinite. However, the cone is away from the
indefinite locus, so it doesn't “see” the indefiniteness.

This idea is due to Shintani, and we’ll discuss it again later. The cones
are not simplicial, i.e. the integer points on the interior are not an inte-
ger linear combination of those on the boundary. Shintani works with

simplicial subdivisions to resolve this, but it isn’t important for us.
6
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For any arbitrary imaginary quadratic field K, {x(s) is a sum of sums of
the form ZZ cA-10} |z|~2¢ as A ranges over the ideal classes of K. Hecke re-
alized that there is a way to extend this to real quadratic fields as well. For
imaginary K, we get a finite subset of SL,(Z)\H associated to K (namely,
the points corresponding to the lattices of the ideal classes). For real K,
we get instead a finite collection of closed geodesics on SL,(Z)\H. For real
quadratic K, one gets that {g(s) is the sum of the integrals of essentially
the same expression ) ___, |z|7%* over these associated geodesics.

There is a uniform way to say this. For any K, one gets a set £ of
lattices in (K ® R) stable by 0k (which has the structure of a torsor for a
compact abelian group). Then (¢ is obtained by integrating over this set.

The result is
CK(S):() latticesinK@R( Z ||y||_s) ’

stable by Ok veA—{0}
of volume 1

This has been an overview of the strategy. Now we’ll carry it out it.

2.2. Epstein { functions.

Definition 2.2.1. If A CR" is a lattice of covolume 1, define

Ex(s)=_llvlI™".

veV

Definition 2.2.2. Let %k be the set of lattices in K ® R stable by 0k, and
ff[((l ) © £X the subset of lattices of covolume 1.

We want to show that E,(s) analytically continues to s € C, with a sim-
ple pole at s = n, and I'r(s) Ex(s) is symmetric under s «— n—s. Then we’ll
deduce similar properties for {x (e.g. K areal quadratic number field) by
writing

Zr(s)=c(s) | En(s)
L

for an appropriate measure on %;.

Example 2.2.3. This generalizes
1
40 :Z m =E\(s)for A=7? c C=R>.

If you “unwind” our process then you will arrive at Tate’s thesis, but this
formalism is that of Hecke.
The first thing has nothing to do with number fields; it is purely a ques-

tion of analysis. The trick is that instead of summing ||v||~* over A, we
7
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sum a nicer function ¢ and then make it homogeneous. The key ob-
servation is that if ® is any function on R” depending only on ||v||, and
®,(x)=d(tx), then f@t(x)ts% will necessarily be proportional to ||x||~*
because it is radial and homogeneous of the right degree. (The point is
that ||v||~ has bad behavior at either 0 or oo, depending on s, so we want
to “smooth it out.”)

More specifically, we'll take @ to be a Schwartz function. Let

Eo(A)=) (v).
vEA
We'll first show that f Eg, t* % has analytic continuation. The key is to use
Poisson summation.

Proposition 2.2.4 (Poisson summation). Let V be an n-dimensional real
vector space, V* the dual space, and ® a Schwarz function on V. Define
the Fourier transform

(k)= J B(x)e? ik g x

where d x is normalized sovol(V/A)=1. Then

Zd)(v): Z B(w)

veA wel*

where A\* = {n € V*: (y,A) C Z} is the dual lattice.

Proof sketch. The proof is to expand the function x — > _ ®(x + v) in
Fourier series on V/A and then evaluate at 0. ]

Applying this to ®,, we find that
O, =t7"®y,.
So by Poisson summation,
Ea,(A)=1"Ez, (A").
What is this anyway? For Rep s > 0, we may define

Goa(s)i= > fo q’t(”)tsTt:L z:STt D e
_v_/

veA—{0} veA—{0}
\—v—/
o|lv||~* if @ radial Ep, —®(0)
(We claimed that G(s) = E,(s), by the uniqueness of radially symmetric,
homogeneous smooth functions.) Note that Eg, — ®(0) = ZUE A—{0} d(tv)
decays rapidly if ¢ is large (as ® is Schwartz, and making ¢ larger squishes
the mass to the origin), so there’s no problem with ) _ A_fo; ¢ converg-
ing when ¢ is large. The only problem with the integral occurs when ¢
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is small. In that range, we use Poisson summation to write it in another
way.
We split up

1

| d
Gon(s)= f tSTL‘(E@—@(O)Hf tSTI(E@—@(O))
1 0

and then apply Poisson summation to the second term:

Therefore, the second term may be rewritten as
1

1
f LIPS P SLLPST )
0 t Jo t
(! - ®
= [ o, - a0y 2
Jo S—n S
[ - )
o= | =g — s+ 20 _ 20
b t S—n S

Now both of the integrals converge for all s, because they decay rapidly
and the limits are bounded away from 0. We have proved:

Theorem 2.2.5. Let ® be any Schwartz function onR. Then G A(s) has an
analytic continuation to s € C, with simple poles at s =0 (residue —®(0))
and n (residue ®(0)). Moreover, we have the functional equation

GoA($)=Ggps(n — ).

Now take ®(x) = e~™**) (so now we are finally making use of our qua-
dratic form), where the volume associated to (x, x) gives A value 1. Iden-
tify V = V* by this quadratic form. With these normalization, ® = ®. Then

2 dt
Goals)= Y f (e =

veA—{0}
1
] —s
= PI(s/2) D vl
veA—{0}
This has analytic continuation, and is symmetric under s — n — s and
A — A*. Don't ignore the A*; it is important!

Remark 2.2.6. There is a way to prove this by “pure thought.” The Eisen-

stein series Ex(s)= ZU eA-{0} [|v||~* is characterized some property, in terms

of the spectral theory of the Laplace operator. One can check that the
9
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other side of the functional equation also has this property, hence the
identity.

2.3. The Dedekind zeta function. Let K be an imaginary quadratic field.
Let I be an ideal of 0k, and

Zin(s)= Y _(Nma)™.

aCOk
a~]

(Here the equivalence relation is in the ideal class group.) Then

k()= Y. ().

[11eCl(K)

Every such a is of the form A - I where A € I~!. Therefore,

NmI)—¢
)= S vy

Ael-1-{0}

where w is the number of units. We already know that this has ana-
lytic continuation, functional equation, etc. as it is a sum of the form
described in Theorem with I interpreted as a lattice in C with the
obvious norm. Therefore, { ¢ does too.

More precisely, apply Theorem [2.2.5|with
V=K®R(=C).
V and V* identified by the trace form (z,, z,) — Tr(z,z>).
The measure on V is given by |dz A dz| =2 - Lebesgue.
®(z) = e27lzP,

With these normalizations,

d
> ( f cbt(u)t“%) O

veA—{0} VEA

(Recall that I'c(s) = 2(27)~5I'(s).) Note that here ||v||~* is the complex
modulus, which explains the discrepancy of a factor of 2. For A = Ay,
i.e. theideal I considered as a lattice in V, what is the dual? By definition,
that is Ay-1;-1 where 2 is the different of Ox. (By definition, the inverse
different is the dual to the ring of integers under the trace pairing.) If
K=Q(v—d)then 2 =(v—d).

The covolume of 0k is v'D where D is the discriminant. For instance,
the discriminant of (i) is 4, and that’s why we take twice the Lebesgue
measure ddd TONY: [??7]. Then the volume of I-! is v D/Nm I, and
vol(I)vol(2~'I-')=1. Therefore, the theorem implies that Ds/?T'c(s){11(s)
is symmetricunder s — 1—s, [ — 2~!I~!. Summing over I, we obtain that

DS/2T¢(s){ (s) is symmetric under s — 1 —s.
10



Math 263C 2015

Remark 2.3.1. Hecke proved that & is a square in the ideal class group.
We'll prove this by exploiting the presence of the 2! here. The corre-
sponding statement in the function field is that the square root of the
canonial bundle over a finite field exists and is rational over that field.

Recall that we defined Zx to be the set of lattices in V = K ® R stable
by Ok, and .2,((1) to be the subset with covolume 1.

Proposition 2.3.2. If[K:Q]=n,and V=K ®R, then

{k(s)= c(s) f Ex(s)dA.
—~—

(1)
explicit Lk

We first have to explain what this formula even means! For the right
hand side to make sense, we must define a measure on .,‘Z,((D. We claim
that every element of Zx is of the form A;y (the lattice in V attached to
an ideal I), where y € (K @ R)*.

Why? First think about the quadratic imaginary case: it says that any
lattice stable by Ok is an ideal times some complex number, which is a
familiar fact. The general argument is easy. There is at least one element
lying in (K ®R)*, because that is the complement of a hypersurface. Then
you can multiply by its inverse to move it to 1. Then the claim reduces to
the assertion that any lattice containing 1 and stable by 0k is a fractional
ideal. But now this is clear, as it already contains all of 0k, which has full
rankin K ® R.

Therefore, we may write

L= ]_[ A;-(K®R)/ 0.
[11eCI(K)

Once we've fixed a Haar measure on K ® R, .549 ) will be the volume one
elements of %k, i.e.

2P= ][ (Arscaled to volume 1)- (K @ R)V/ 0}
[1]eCI(K)
where (KQR)V ={x € KQR: ||x||=1}.

By the unit theorem, there are enough units to make (K®R)")/ 0 com-
pact, so .,‘Z,((D is also. As each (K @ R)1)/0f is a torus, it looks like a finite
union of tori. We then get a measure on Zx by fixing a Haar measure on
(K®R)*, and similarly we get a measure on 21((1) by fixing a Haar measure
on (K ® R), because % is a disjoint union of quotients of (K ® R)* by
discrete subgroups, etc.

Remark 2.3.3. Also, when you take residues, you get factors of the volume
of Lk, which is essentially the regulator. That explains why the regulator

enters into the analytic class number formula.
11
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Proof Sketch of Proposition|2.3.2 We first try to sketch why this should be
true. Consider averaging ||v||=* over (K @ R)Y), i.e.

f llyvil™dy.
ye(KeR)D

We can figure out what this is by pure thought. Since this is averaged over
norm 1 elements, it can only depend on the norm. Also, since it has the
right homogeneity properties, it must be a(s)]Nmv|~*/". Unfortunately,
it’s a bit messy to work out a(s). For example, for a real quadratic field we
have K ® R = R?, and the orbits of (K ® R)* under &; are hyperbolas, so
you have to integrate m over hyperbolas.

l

Remark 2.3.4. In this sketch derivation, we used the fact that (K ® R)
acts on K ® R with a single invariant, namely the norm. This fits into the
following more general framework.

A pre-homogeneous vector space is the data of a reductive group G/Q,
together with a representation of G on V such that the ring of invariants
of G on V is Q[f] for a single element f. Morally, this means that there
is only a one-parameter family of orbits. Shintani proved meromorphic
continuation for ZUGVZ J6, [f(V)|~* in such a situation. The proof in this
special case replaces V by K ® R and G by (K ® R)"). The general object
is similar analytically, but it lacks some interesting arithmetic properties
like an Euler product.

There are many sporadic examples of interesting pre-homogeneous
vector spaces. SL, acts on Sym?Q", with a single invariant - the deter-
minant (discriminant). Also, SL,, acts on /\2(@ with one invariant, the
Pfaffian. SL, acts on /\3 Q", and this is prehomogeneous when n < 8 (see

that this is reasonable by dimension count), SL, x SLs acts on Q*® /\2 Q>
etc.

Theorem 2.3.5. Let K be a number field. Then { x admits analytic contin-
uation and a functional equation.

Proof. One could give a direct proof, but it’s easier to go back to Schwartz
functions. Recall that for ® € &/(R") a radial Schwartz function,

> dt
EA(S)OCJ E(D[(A)tST
0

where ®,(x) = ®(tx), Es = ), ®(v). Thus Eg,(A) = Es(tA), so we

veA—{0}
1
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have
dat
En(s)dA x (Es(tA)t° —®(0)—d*y
2y LPxRso t
r *
= > (Bo(tyAr)—D(0)d"yd
necix)J (K ®R)(1)/0; x Ry
—_—
y t
r N *
= > (Ea(yAr)— ®(0)[Nmy|* d'y

[1eCl(K) Y (K®R)*/ 67

as our starting point. (Remark: except for making things adelic, this is
almost the starting point of Tate’s thesis).

Now we're finally ready to start the computation. Letting d*y be a Haar
measure on (K ® R)*/ 0y, we have

f Eo(yADINmy|* d"y =J D e(yv)Nm(y)Pd"y
(K®R)*/ 0%

(K®R)*/ 6} vel—{0}

J ®(yv)|Nmyl|*d*y
vel— {0}/0’* (K®R)*

— Z |va|_sf ®(y)INm(y)I d"y.
KQR*

vel—{0}/ 0

(for Reps>0)

We can re-arrange this as

> oy - Jee

vel—{0}/0} f (K®R)*

o (Ea(yAr)— ®(0)[Nmy|'d~y

®(y)INmyl|*d*y
Therefore,

f(K@]R /ﬁ*(Ecp(J/Az) ®(0))|Nmy|*d*y

Zleal_s =|NmI|™*
> Sy @WINMyldty
ddd TONY: [is this right?] As before, Poisson summation relates Eg(A)
and Ez(A*). You can use this to show that the numerator has meromor-
phic continuation and a functional equation, and similarly for the de-
nominator.
Specifically, we apply Theorem [2.2.5|with:
(1) V=(K®R),identified with V* via the trace pairing (x,y) — tr(xy).
2) Aj=Ag1.
(3) K®R = R" x C", and we take the Lebesgue measure on R and

twice the Lebesgue measure on C.
13
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(4) @ = o PUTHHNH2PHA22) A cyally, the choice of @ doesn't re-

ally matter (any choice should give you the same L-function), but
this choice makes ® = ®, hence is more conducive to showing the
meromorphic continuation and functional equation.

For this normalized Gaussian choice of ®,
f ®(y)INm(y)'d*y =Tr(s)"Tc(s)"™

and the functional equation says that

D*I'g(s)"Te(s) Y N(a)™
a~1
is symmetric under (s,I) — (1 —s,27'171). The add over ideal classes to
obtain the result for {g. O

Remark 2.3.6. Unraveling this gives an equation of the form

J ®(y)Nm(y)'d*y = a(s) f ®(y)Nm(y)' ™ d*y.

For K =Q, this says that
J O(y)y’d’y = a(s)f ®(y)y'~ d'y.

One can see this by “pure thought.” Indeed, view ®(s) — f@(s)ysdy—y as

the tempered distribution associated to y*. Then the claim is that this is
proportional to the distribution Z (y!~*). Since Z(y'~*) is homogeneous
of degree s, the claim follows from:

Lemma 2.3.7. There is a unique distribution on R up to scalar which is
homogeneous of degree s.

Proof. Itis easy to show that this is the case for functions supported away
from 0. One has to compute to see what happens to functions supported
near 0. U

2.4. Generalizations. We just showed that if
=) (Nma)™
a~]
then DS/?T'g(s)"Tc(s)? () is symmetric under s — 1—s, [ — 97171,
We'll use this to give a proof of:

Proposition 2.4.1. 9 is a square in CI(K).
14
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Definition 2.4.2. Let y: CI(K) — C* be a character. Then we define the
L-function

Ls, )= Y x(a)Na)™.

acOk

This has very similar properties to {x:

(1) It has an analytic continuation to s € C. Moreover, it has no poles
if y is non-trivial because we can write it as

L(s, )= Z 1

[I1eCl(K)

and the key point is that all the {;;; have the sameresidue at s =1,
so if y is non-trivial then the residues cancel out.
(2) It has a functional equation:

D*2Tg(s)"Te(s) L(s, )= DU /2Tw(s)"Te(s)* L(1 ~ 5, x )1 (2)

Note the y(2) here; it will be important later!
(3) It has an Euler product:

s, 0)=] [ (1= xp)Nmpy=)~".
P
Proof of Proposition[2.4.1, Suppose y: CI(K)— C* is a quadratic charac-
ter. By class field theory, there is an unramified quadratic extension L/K
such that p is splitin L/K if and only if y(p) =1.
We claim that {;(s) = L(s, y){k(s). The right hand side can be factored
as

I1 1-MNmp)=)2 @)=L,
pC Ok (1_(Nmp)_25)_1 ){(p)=—1.

Now we compare the functional equations for {,{x, L(s, y). The dis-
criminants cancel out, and the I" functions cancel out. But the extra y(2)
factor appears only on the right hand side, so it must be 1. Since this
holds for all quadratic characters y, ¢ is a square in CI(K).

O

The same theorem with the same proof goes through if we replace K
by a finite extension of F,(7), i.e. K is the function field of a curve C/F,,.
Then the different is Ko = 2% where £ is defined over F,. (That it exists
over some larger extension is clear from the divisibility of the Jacobian;
the non-trivial assertion is that it is rational.)

Tate’s thesis is a generalization of Hecke’s proof. If you go back to our
expression for {x as a sum over [I] € CI(K) and an integral over (K ®

R)*/ 0%, you can view L(s, ) as obtained by introducing a character of
15
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CI(K), but we could also have introduced a character of (K ® R)*/0g. A
combination of these is an idele class character.

Definition2.4.3. Let y: A} /K* — C* be a character. Define
Ws,)= || (-z)Nmp)=)™

p:yl Kp unramified
where 7, is a uniformizer of Ky — Ak.
Similarly you get analytic continuation and functional equation:
L(s, x)=(e —factor)L(1—s, y ).
Example 2.4.4. For any field, we have a surjection
ALK = A KAl ] [ a7 =cux).
p
So any character of the class group induces a character of A% /K* by pull-

back, and the corresponding L-function is the one we just discussed.
For k =Q, the inclusion of [ | p Ly, into Ap gives

AL/ R0 2] | Z; =lim(z/NY"
p N
So you can view any Dirichlet character as a character on the idele class

group, and the corresponding L-function is a Dirichlet L-function.

Example 2.4.5. For K =Q(i) (which has class number 1),
s =] ]e
p
The inclusion C* < A} induces an isomorphism
c/tiy=a /K] ] o
p

So a character of C* trivial on i gives a character of A} /K*. One such
character is

yiz=re'% — e
and the corresponding L-function is

edify 7!
L(s, x)= =
o) U(l o)

where if you write p = (a + bi), a+bi =rei%. This is equal to

e4ibatpi
L= Y o

2 2)s*
a+bi€Z[i]/units—{0} (a +b )
16
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Remark 2.4.6. If the character was instead rei? — rfe%?, then r?, then
you would find instead

(- tomsrersy
N (Nmp)*
which correspond to just a translation.

For context, there is an adelic norm A} /K* LY R- sending (x,) —
[Tlxul,- Ingeneral, L(s, y|-|})=L(s+1, ).

17
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3. L-FUNCTIONS: ARITHMETIC PROPERTIES

3.1. Rationality. The Riemann zeta function {g has the interesting prop-
erty that {o(2k) € m2kQ for k > 0. By the functional equation, this implies
tha {(1—-2k)eQ for k > 0. Also {(—2k) € Q for trivial reasons, as they’re
all 0: £(0) = —3, while 0 = {(—2) =...=0. (The fact that (0) # 0 is some-
what of an anomaly, coming from the pole at 1.)

Similarly, if y: (Z/NZ)* — C, then L(—m, y)€ Qform >0 (and m =0
if ¥ is nontrivial). Again, L(—m, y) will vanish often: if y(—1)=1, i.e. y
is even, then it vanishes for m > 0 even; if y(—1)=—1, i.e. y is odd, then
y (—m) vanishes for m > 1.

Set L(P) to be L omitting the Euler factor at p, i.e.

LP(s, y)=L(s, %) (1 - X}i’:))

R i)
_Z )

n=
(nvp)ZI

It is a general fact that for any idele class character of finite order, the
{ values at negative integers will be rational. This interest phenomenon
prompts us to investigate the p-adic behavior of the { function.

3.2. p-adic continuation. Let y be a non-trivial Dirichlet character with
conductor N, and p be a prime such that gcd(N, p) = 1. Then as a general
principle,

the function k — LP)(k, ) inherits the p-adic properties

of k — nk for (n,k)=1.

What does this mean? If n* = n*’ (mod p") for all (n,p) = 1, then
LWk, y)= LP)(k’, ) (mod p"). For example, if k = k’ (mod p — 1) then
LWk, y) = LP)(k’, y) (mod p). The intuition is that the L-function be-
haves like a finite sum.

Example 3.2.1. Suppose y:(Z/AZ)* — C* is the character with y(1) =1,
x(3) = —1. If p = 5, then we our claim is that L®(y,—-2) = L®)(y,—6)
(mod 5). This is difficult to see because these values lie outside the range
where the zeta function can be evaluated by the series. While we know
that the function extends by analytic continuation, this is not a robust
way of thinking about it (at least for computation).

The two sums “are” 12 —32 —72+92 — ... and 14 -3¢ - 76 +96 — ...
The content of the hypothesis is that they are termwise congruent mod

5, which motivates the assertion that their “values” are congruent mod
18
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5, but we need a concrete way to evaluate these to know that this isn’t
screwed somehow up by analytic continuation.

Recall the philosophy we mentioned earlier that the precise analytic
properties involved in extending { are not essential; any way of “making
sense” of the sum must be “right.”

For this example, there are two methods (which are in some sense the
same). The first is a really clever trick is due to Euler: introduce a variable
g, and write

2 2
_4lq*+2q 1)(213 2q-1) oq).
(1+4g°)
Evaluating at g = 1, the right hand side is —1/2, confirming that {(—2) =
—1/2. Now this isn’t quite what we want, as we've included the terms
divisible by 5, but it illustrates the point.

Here’s another, even more hands-on way to arrive at the same result.
Write

1°g-32q*+5°q° - 7*q" +9*q° — ...

S= 1 -9 +25 —-49 +81 -—...
S= 1 -9 +25 —-49 +...
Adding this with a copy shifted to the right by 1, we get

25=[-8+16—24+...]+1=—8(1—2+3—4..)+1.

Similarly, 2T =1—141—1+.... Thislast thingis 1/2 by the same reason-
ing,so T=1/4. Then -8T+1=—-1,s0S=-1/2.

3.3. Abstract sequence spaces. Why is it the case that these much more
“algebraic” methods give the same answer as analytic continuation?

We can answer this question with some general abstractions on se-
quences and series.

Definition 3.3.1. Let K be a field of characteristic 0, and let V be the set
of functions f: N— K (N={1,2,...})such that for all n sufficiently large,

fim)=> aa'n*, a;eK a;ekK kf0,1,..}.
i

Let V. be the subset of functions with compact support, i.e. f(n)=0 for
all large enough n.

Definition 3.3.2. LetS: V — V be the right shift operator, Sf(n)= f(n—1),
and Sf(0)=0.

Note that another way of viewing V is as functions that eventually sat-
isfy a linear recurrence. (It suffices to check this for f(n)= a"n*, and this
is clear by considering successive differences.) Said differently, for any
f eV, thespanof f,Sf,S?f,...in V/V, is finite-dimensional. That gives
amore intrinsic characterization of V.

19
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Definition 3.3.3. For f € V, we call the generalized eigenvalues of S on
Vi :=Span(f,Sf,S*f,...) C V/V are the exponents of f.

Example 3.3.4. If f is eventually a”n*, then S f(n) is eventually a”~!(n —
1)¥, so (1—aS) f(n)is eventually a”(n—(n—1)*). This decreases the degree
of the factor which is a polynomial in n. Thus we see that the exponent
of fis1/a.

In general, if

f(n) :Zaia?nki n>0
i
then the exponents are {1/a;}.

Definition 3.3.5. Let D,,: V — V be “dilation by m,” i.e.
f(n/m) m|n

0 otherwise

Exercise 3.3.6. Check that this preserves V.
Example3.3.7. D,(1,2,3,...)=(0,1,0,2,0,3,0...).

Definition3.3.8. Let V#1 ={f € V: 1 is not an exponent of f}. (This means
that f doesn’t contain a term that is a pure polynomial.)

Proposition 3.3.9. Let>:: V. — K be the summation map
X(f)=Y_ f(n).
n

Then

(1) X extends uniquely to an S-invariant functional V' — K.
(2) The extended . on V#! is D,, -invariant (for all m), and it extends
uniquely to a D, -invariant V — K.

Example 3.3.10. Note that X cannot extend to an S-invariant functional
on all of V - consider f =(1,1,1,...). Then Sf =(0,1,1,...). Any extension
would have to be equal on these f and Sf, but at the same time satisfy

S(f-Sf)=1.
Proof. (1) An S-invariant functional on W is the same as a functional
W/(S—1)W — K. But we claim the inclusion V, — V#! induces an iso-
morphism

V./(S—-1D)= V7 /(S—-1).
Why? We have an exact sequence

0— V,— VI = V* /v —0.
20
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But (S — 1) induces an isomorphism V#!/V, — V#1/V,, because V#!/V,
is a sum of generalized eigenspaces and the eigenvalues are # 1. Now
applying the snake lemma to

00—V, v#l VAV, —0
LS—I jS—l ls—l
0 v 1% VAV, ——0

yields the result. This immediately implies (1).

In all examples, there’s a more concrete way to see this. Every f € V#!
is of the form f=(S—1)f"+ h where h € V.. Then define X(f) = X(h).

For example, if f = (1,-2,3,—4,...) € V, the exponent of f is —1, so
there should be a unique shift-invariant way to define its sum. We have
Sf=(0,1,-2,3,—4,...), and adding this back to f and using S-invariance
shows that 2%(f)=2>(1,—-1,1,—-1,...). By the same reasoning, this value is
2,80 X(f)=1/4.

(2) We're only interesting in m = 2, so we'll work it out in this case,
but the general case is similar. On V., X(D,f) = Xf. We have to check
that X(D,f) = X(f) for f € V#1. First note that the exponents of D,(f)
are VA for A an exponent of f (with either sign), so D,(f) € V7. Now, it
suffices to check that X(D;f) is shift-invariant by the uniqueness of the
characterization in (1). But D,(Sf) = S?(D,f), so X(D,Sf) = X(D-f), so
Yo D, =Y. This shows that ¥~ on V#! is indeed D,-invariant.

To show that there is a unique extension of ¥ from V#! to V as D,-
invariant functionals, we need

D,—1:V/vA 2y v,

If we could establish this, then the result follows from the same argument
as we gave for S. But V/V7! is simply the space of polynomials, so it
suffices to examine

Dy(n*)= (mod V7)

1+(=1)" (n\*k_ n*
2 (E) :2k+1
———
=27

because (—1)" is a function of exponent —1.
So V/V#1is a sum of D,-eigenspaces, with eigenvalues 2-%~1 for k > 0.
This implies that D, — 1 is invertible. U

3.4. Application to rationality. Now let’s apply this to get the rationality
of { values. Suppose K is a p-adic field, with 0y its ring of integers. Let

A={f: N— Ok: exponents A satisfy [A — 1| =1}.
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(i.e. the exponents are units in 0k, and no exponent is congruent to 1).
This is certainly a subset of V71,

Proposition 3.4.1. For f € A, we have X(f) € Ok.

Proof. For f €A, let V; be the span of S f in V/V,.. On V}, all the eigenval-
ues of S —1 are units by the assumptions. So as endomorphisms on V;,
we have (S—1)7! = P(S) where P € 0x(T) (by Cayley-Hamilton, its entries
are integral).

Set f’=P(S)f € V. Then (S—1)f’' = f+ h where h € V, since (§—1)P(S)
is the identity on V/V.. So X(f) = —X(h), but by the equation h takes
values in Ok, so the right hand side is in 0. O

An immediate consequence of this is an analogue of the “p-adic con-
tinuity” result mentioned earlier.

Corollary3.4.2. For f,g €\, if f = g (mod n") then>(f)=>(g) (mod =").

That means we can extend the functional X to the closure of A for the
uniform p-adic topology. The closure is much larger, in a way that we will
use crucially later.

Now we want to compare our abstract results with those obtained by
analytic continuation, so let K =C.

Proposition 3.4.3. Let f € V be such that all inverse exponents a; satisfy
lai| <1 (which is satisfied when f is a Dirichlet character, for instance).
Then . % has a meromorphic extension to s € C, and its value is >(f).

Remark 3.4.4. From this you can deduce results for s < 0 by replacing
f(n) by f(n)n*, which doesn’t change the exponents.

Proof. Write f as a polynomial plus f’, where f’ € V#1. Any n* monomial
in f contributes ) ’:l—f = {(s — k). Therefore, it suffices to study the case of
frev#,

First we show the existence of an analytic continuation. If f” € V#1, we
may write f'=(S—1)f”+ h where h € V. So

f'(n) " 1 1 h(n)
Z ns :Zf (n)((n—i-l)s_;)_zn: ns

The term ). hr(lf) is obviously analytic, so we have to show that the first

term on the right hand side has a meromorphic extension. The point

here is that it is“more convergent” because —— — - decays faster than
L.indeed, 2~ — L~ -1
n

(n+1)* ns
O TSI TR T
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By iterating this argument, the expression on the right hand side con-
verges for larger and larger half-plane. For instance, the second differ-
ence

1 2 1
—— +
n® (n+1) (n+2)
is equal to n~ times the second difference of x=* at 1 with step 1/n,
which can be controlled by the Taylor series.

An important technical point is that f’ is bounded by a polynomial
since it’s in V with |a;| < 1, and f” is bounded by the same polynomial
(otherwise this argument couldn’t work), because f’ € V#1.

Now that we see that analytic continuation gives one method of “eval-
uating” the series at s = 0, we can sensibly claim that it agrees with >( f).
To prove this, it suffices to check that evaluation at 0 is dilation-invariant,
and shift-invariant function on V#!. The dilation invariance is easy: at
least for Rep s > 0, D,, takes the series to

(n) s (n)
Z(i;)s_ an

As both sides are analytic, this holds true for all s, and the factor of m~*
clearly doesn’t affect the evaluation at s =0.

Shift invariance is a little more involved. We only have to check it for
f € V#1, (The problem with 1 is that if some a; = 0, then you'll get a pole.)
We are interested in

) o fn41) o f) (1
0= Y50 -3 =S ()

You can expand this multiplier term as
1 s =s—-1) 1 ol
) oof s L polyts)
(14+1/n) n 2! n? nk
The point is that all remainder terms are divisible by s, so you get 0 at

s =0. (That is what breaks down if there are poles.) To make this rigorous,
we can write

+ R (s, n).

Axt/mzotl 1 Bl g,
s n nt

As f is bounded by a polynomial we may choose k large enough so that
|f(n)] < Cn*=2. Then Z 1) g absolutely convergent for Reps > k. Let’s
go back to the expression

I(s):szf](;:) (—%+...+PZ i(s )+Rk(s n))
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For |s| < k + 1, we have a Taylor estimate |Ry(s, n)| < % So the series is
absolutely convergent near s = k. Hence, at least in an open neighbor-
hood of s = k, we have

I(s)=s (—Z n(’fl) oA Pa(9)Y % + > f(m)R(s, n))

and the term Y _ f(n)Ry(s, n) is analytic in |s| < k +1,Reps > —1/2. The
other terms all admit analytic continuations, by our preceding discus-
sion. So finally we can rigorously say that the right hand side is “divisible
by s,” hence 1(0)=0. ]

Corollary 3.4.5. For any y:(Z/nZ)* — C*, we have L(—k, y) € Q(y) (the
field generated by values of y ) for k > 0.
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4. p-ADIC L-FUNCTIONS

4.1. Analyticity for real quadratic fields. Let y be a Dirichlet character
mod Q, with (Q,p) =1 and y # 1. (So this does not apply to the zeta
function, and we’ll have to revisit and correct that later.) The exponents
of n — y(n) are all non-trivial Qth roots of unity. (This is easier to see
from the description of “eventually satisfying a linear recurrence.” You
can see that 1 is not an exponent, since the sum of y over a period is 0,
which would not be the case of 1 was an exponent.) Removing the Euler
factor at p, we get

LP)(s, y)= (1 _ Xlil:)) L(s,7)= Z Z,(:)'

(n,p)=1

So

ptn,

pln,

The exponents of g(n) are pthroots of 1, so the exponents of n — y(n)n* g(n)
are all of the form {({, where {;, is a non-trivial Qth root of unity and ¢,

is a pth root of unity.

In order to apply Proposition [3.4.1, we need to show that this is not
congruent to 1 mod p. To that end, note that

Zolp =Ko~

so it’s enough to show that |{, — 1| = 1 because |§;1 — 1] < 1. But notice

that o 1

[Tce-v="%

fo#1
Therefore, y (n)n* g(n) € A. Therefore, Proposition [3.4.1says that if n* =
n* (mod p7) for all n (e.g. k =k’ (mod (p — 1)p"™1)), then LP)(—k, ) =
LO(~K', 1)(p").

Soform €N, m — LW (—ko—(p—1)m, y) extends from N to a p-adically
continuous function Z, — K (since m — n*+r-Um) js p-adically contin-
uous for all (n, p) = 1. Unfortunately, p-adic continuity is a nearly useless
condition because it is so weak, but something much stronger is true: it
is even given by a power series in M, convergent for |[m|<1+e.

Namely, if (n, p) = 1 then we can write n?~! =1+ pn’ where n’ € Z, so
then

L(—k,)()“:”Z)((n)nkg(n), where g(n)z{(l)

lezQEZ”'

m(m —1
()" = (14 'y = 14 (prym+ T D
This converges as a power series in m because of the terms have increas-

ing p-adic valuation. This may not be so clear from the expression above
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(because it is not written as a power series in m), but it can be expressed
alternately as

, (log(1+ pn’))k
nm __ ,mlog(l+pn’) _ k
1+pn)"=e —E — m".
Since v, (k!) ~ ﬁ and v,(log(1+pn’)) > 1, this is convergent when v,(m) >

1
—1+-5.
Proposition 4.1.1. Suppose that for each k € N, we have
fi(n)=ao(n)+a,(n)k+a(n)k*+...€ A

such that for fixed n, k — fi(n) converges uniformly in n when |k| < R for
someR>1,ie. |a;(n)R-<C. Then

k=Y fi(n)=bo(n)+bi(n)k +...

also satisfies |b;(n)|[R~* < C, i.e. converges uniformly in n when |k| <R.

This is a p-adic analogue analogue of the fact that a uniformly conver-
gent sum of complex-analytic functions is complex-analytic.

Since we just saw that m — n(»~9" converges when v,(m) > —1+ ——

-1’
the Proposition implies that m — LP)(—ky,—(p — 1)m, y) extends to : p-
adic analytic function if v,(m) > -1+ ﬁ.

Concretely, this means that for m such that the series expression does
not converge,
LP(~ko—(p—1)m, ) — LP(=s, 1)
as —ko — (p — 1)m ranges over integers approximating s to high degree.
As this evaluation is indirect, and limits are taken in a p-adic sense, it is
a remarkable phenomenon (which we shall see) that one often gets the
same answer as in the complex-analytic case!

Proof. Let A* be the closure of A inside the set of functions N — K for the
uniform topology, i.e. the topology defined by the norm

Ilf — gll=sup|f(n)—g(n).

Then X: A — 0 extends to X: A* — O by general properties on extensions
of continuous functionals, since f, g € A and f = g (mod 7") imply that
Y(f)=x(g) (mod =").
Example 4.1.2. Suppose p # 2. Then the following interesting function is
in A*:

(=D*/n pin

n—
0 pln
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Indeed, n! = lim,, o n?~VP"~1 for (n,p) = 1 (here is where we need
p # 2), because n?~1 =1 (mod p).

Note that up to some uniform constant multiple, ao(n),a,(n),... € A*.
For instance, fyo(n)=a¢(n)€A, and

W =p " (p"ar(n)+p*"ax(n)+...)

=a(n)+pTa(n)+...

Jpm(n)—fo(n)

so lim,,, .« .

tionsin A.

In the higher-order terms, there are some factorials that appear from
the derivatives, but we've assumed |a;(n)] < R'C. Since X: A* — Ok is
continuous,

D flm= alm)+k Y a(m+k* Y ax(n)+...

but a;(n) € A* and |a;(n)] < CR!, hence ), a;(n) < CR™ (and exists
by the extension property), which gives a convergent power series for

> fe(n). O

This gives a p-adic analytic continuation for L(P)(s, ¥ ) when y has con-
ductor Q > 1 and (Q, p) = 1 (which latter restriction was to get the expo-
nents not to be congruent to 1 (mod p)).

What about other cases, e.g. { itself? Then

f-)=3 "
n=1

In this case the key is to use the dilation operator. Let ¢ # p be an auxiliary
prime (e.g. £ =2). Then

= a;(n) expresses a;(n) as a uniform limit of func-

(1= (—k)=> nF—£> n*
n=1 Zlnn

:ink{l ttn
7\ —(t-1) £ln

For instance, if £ = 2 then you get 1¥ — 2% + 3% .. and the only exponent
is —1. Now you can proceed as before. You can see that the exponents
in general are {, for {;, a non-trivial /th root of 1, because the “average”
over a period is 0 (if 1 were an exponent, you would pick up a non-trivial
contribution over every period). (This trick is analogous as the way we

used D,, to extend *. from V#! to V.)
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Now proceed as before and you get the same p-adic properties for the
function (1 — £'*%){(—k). This is satisfactory except when k — 1. What
happens then?

Take { =2. Then

(1-2"8Y(—k)=1F -2k 43k — .

and

(1=2" W (=k)= D nfm
- N——
(n,p)=1 enr

Since (1 —2'*¥)is 0 at k = —1, on might expect the factor {?)(—k) to have
a pole.

Proposition 4.1.3. The p-adic analytic continuation {(P)(—k) has a sim-
ple pole at k = —1 with the same residue as the complex analytic continu-
ation {P)(—s)ats =—1, i.e. ifsyy=—1+(p —1)p™M then

lim {PH=sm)sm+1) = lim Cév(”)(—S)(erl)-

Remark 4.1.4. More precisely, this value is —(1 — i), since the residue of

the usual ¢ function at 1 is 1, but we've negated and removed the Euler
factor at p.

It’s very interesting that the result is true (approximating —1 by integers
and approximating it by complex numbers give the same result?!).

Let’s first give a heuristic calculation. Formally, (1 — 2'**) has Taylor
series expansion —(k +1)log2 +... about k = —1. The right hand side is

1 1 1
1——4-——+
but omitting the terms divisible by p. Formally, this is log2 — ilogz. Di-

viding, you get —(1 — 1/p). To make this rigorous, we first need to define
the p-adic logarithm.

Definition 4.1.5. There is a unique function
log,:C, —C,
(C,, is the completion of Q,) which we call the p-adic logarithm, satisfy-
ing
(1) logp(1+x)=x—x72+...if|x| <1

2) logp(xy) = logp(x) + logp(y) (which extends it to all units in 0¢,)
(3) log,(p)=0 (this part is arbitrary)
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Proof. Tt suffices to show that

0 (_1)n+1 1
Z " = (1-;) lngz.

n=1,(n,p)=1

Again, we need to use some sort of trick to evaluate this. We’'ll think of the

(1! _

—— (n,p)=1
function n — n (. p) .

0 otherwise

summation method.
Note that for |u| < 1,

aslying in A*, and apply the regularized

0 —1)ntlyn 1
Z ()—u:logp(1+u)—;logp(1+up)
=1

n

1 ((1+u)l’)

=—log,| ——-
p 1+u?
1 1+u)y—1—ur

=—1 1
p Og”( + 1+ u? )
1 pP(u)

=—1 1
p Og”( +1+u”)

for some P(u) € Z[u]. The original expression converged for |u| < 1, but
we've turned it into something better. Now, this last expression can be

written as a convergent power series in © and : +1u >, 1.e.

1 n
Zam,num(1+up) |am,n|_)0-

(_1)n+1

u (n,p)=1
The function n — n (r,p) )
0 otherwise

n=
(nvp)ZI

is in A* as long as |u| < 1 and

|lu+1|=1, since

(1) (—1)**'u" has exponent —u, and | — u — 1| =1 by assumption,

(2) 1(n,p) = 1is periodic, with exponents ¢, for {,, a pth root of unity,
so the exponents of (—1)"*'u "1, ,-1 has exponents —u{,, (since
Ilp=1<1,[1-ul,-1=1<= |u+1]=1)

(3) So ZW makes sense for |u| <1, |1+ u| =1, coincides with
the previous when |u| < 1.

This shows that Z(A;,p):lw makes sense for |u| <1and |1+ u|=1,

and coincides with the previous definition when |u| < 1.

In fact, we claim that = = ' g al50 given by a convergent power
1

(n,p)=1 n
Trar” Once this is established, the two notions must coincide:
a convergent power series in u

seriesin u,
1
’ 1+uP

is a rigid analytic function on (say)
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lu| < 1,1+ uP| =1ie. |14+ u|=1. Such a function has only finitely
many zeroes (see Fresnel and van der Put Chapter 1, Chapter 3). So once
we show that the claim is true, then the difference of the two definitions
agrees at infinitely many points, hence is 0.
So to evaluate the sum on A*, we compute
Z (_1)n+lun — lim an(p—l)—l(_l)n+1un
n

M—
(n,p)=1 Oo(n,p)zl

Am

We claim that Ay(1+ u?)™ = Py(u) € Z,[u]. Indeed, Ay, is evidently
a rational function. Multiplying by (1 + u?) has the effect of difference
the series against the pth translate by it, which you can see will have the
effect of taking a pth successive difference in the polynomial term, and
hence eventually kill it (up to a finite number of terms).

Now, we write

]é[im AM :Al +(A2_A1)+(A3_A2)+
—00

We've just seen that Ay, — Ay is a polynomial in © and (1+ u?)7}, so
this is a power series in u,(1 + u”)~!. Moreover, Ay+; and Ay become
congruent modulo higher and higher powers of p, since n?"(»~)-1 and
nP"*'(r=1-1 do, and Proposition[3.4.1} i.e.

km QM(”)
(14 uP)Nm

That shows that they fit into a convergent power series.

The point here is that (1 4+ u?) is congruent to 1 modulo p, so multi-
plying by it doesn’t change the p-adic valuation. Then you want to check
that for large M, Ay41 and Ay are are very p-adically close. O

AM+1_AM:p with kM—>OO

4.2. Totally real fields.

Example 4.2.1. Let K = Q(v/2). This has class number 1, and the unit
group is Oy = {*1,1+ v2}. So every ideal class I = (a) where « is totally
positive, because the units take all positive signs, which is unique up to
totally positive units, i.e. multiplication by powers of (1+ v2)2 =3+2+/2.

In fact, I has a unique generator @ = a + b+/2 in the cone C = {(a, b) |
b >0,3b <2a}. Therefore,

1
lan®©= D o
(a,b)eZ2nC
Let u =3+ 2+/2. The reason is that by multiplying a by a power of u, we

can arrange that 1 < £ < u®. The condition that £ > 1 is equivalent to
30



Math 263C 2015

a+bv2>a—bv2,1ie b>0. The condition that £ < u? basically shifts
this calculation by u?2, hence corresponds to 3b < 2a.
There’s a unique prime ideal of K above 2, namely (v'2). So

(1-2'7)k(s)= D (a®—2b*)5(~1)"
a,beC

This is the analogue of the expression
(1-2"9)(s)=1"—2""4+37°— ...
Exercise 4.2.2. How might you do this for a real cubic field?

Now let’s say you want to evaluate { x(—1). According to this,
—3k(-1)* =" Y. (-1)%(a®—2b?).
(a,b)eCnz?

Here we mean holomorphic continuation, but one can use the same for-
mal tricks as before: this equals the value of the rational function

Z (_l)a(az _ 2b2)xayb
(a,b)eC
at (x,y)=(1,1). This rational function is always of the form
poly(x,y)
(1+x)A(1+x3y2)B’
(Basically because multiplying by the denominator differences the se-

quence against the walls of the cone many times.) For one thing, this
is evidently rational.

Remark 4.2.3. If we hadn’t put in the (1 —21~%) term, then we would have
encountered a pole in certain cases (e.g. {x).

Cones in R”. The preceding example motivates the following discussion.

Definition 4.2.4. A polyhedral cone in R" is the convex hull of rays Rx(v;
for a finite collection of vectors v; € R”. This is equivalent to the locus
determined by fintely many linear inequalities, {x € R" | {,(x) > 0}.

A rational polyhedral cone is the convex hull of rays R>yv; for a finite
collection of vectors v; € Q™. This is equivalent to the locus determined
by finitely many linear inequalities, {x € R" | {,(x) > 0} where ¢, has ra-
tional coefficients.

A smooth coneis the convex hull of R>gv;, i =1,... k where v; € Z" form
part of a Z-basis for Z" C R".

Remark 4.2.5. The terminology “smooth” comes from the theory of toric

varieties.
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Example 4.2.6. Our cone from the previous example is not smooth, as it
is spanned by (1,0) and (3,2). However, it can be cut into smooth cones
(in fact, any cone can), by drawing lines through (1,0) and (2, 1), and (2, 1)
and (3,2).

The notion of smooth cones makes sense with Z",Q",R" replaced by
Ox, K, K ®@R. Let (0k); denote the subset of Ox which is totally, etc.

Theorem 4.2.7 (Shintani). There is a finite collection of smooth cones C;
such that | [(C"*°rn @) is a fundamental domain for (Ox)+/(OF)+-

The goal is to generalize the preceding results for the Dedekind zeta
function of a real quadratic field. More precisely, let K be a totally real
field and y : Ax/K* — C* a finite order character (the analogue of a Dirich-
let character). Then we can form L(s, y) as discussed before.

Theorem 4.2.8. We have L(—m, y) € Q(y). Moreover, if{ C K is a prime
ideal with Nm(¢) prime and relatively prime to the conductor of y, then

(1= 2 (O)(Nm )" ) L(=m, x)

is integral away from Nm/.
In addition, if p is a prime of Q(y ) relatively prime to Nm(cond(y)) and
Nm(?¢), then
m— (1= y(O)(Nm{)" ) L(=m, x)

extends from ko +(Nm p — 1)Z to a p -adic analytic function Z, — Q(y ).

Example 4.2.9. For Q, this says that (1 —¢'*%){(—k) € Z[1/¢] for all primes
¢. What happens if you try to apply this to multiples primes at once?
If we apply it to distinct primes ¢, # £,, then we find that (1 —£1*%)(1 —
£1tF)¢(—k) € Z. This doesn’t necessarily imply integrality: if k = —1, we
have {(—1) = —1;. Indeed, you can check that 5 (¢2 —1) € Z[;] for all £.
This gives a bound on the denominators appearing in L(—m, y), by
gcd(Nm/¢ — 1) =#ux = H(Gk, Q/Z(1))
>0
and for higher invariants you get H°(Gg, Q/Z(k)). This gives an interpre-
tation of the denominators of Bernoulli numbers in terms of the torsion
of the algebraic K-theory. From the point of view of number theory, this
is less interesting; the numerators, which correspond to some H! group,
are more interesting.

Remark 4.2.10. Siegel was the first to prove that {x(—m) € Q. In fact,
there is an interpretation

1
XL Z)={o(-1)= TS
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Here, the Euler characteristic means to take group cohomology Euler char-
acteristic of a torsion-free finite index subgroup of SL,Z in C (with the
trivial action), and then divide by that index. (It's an “orbifold Euler char-
acteristic” of K(SL,7Z,1).)

More generally, we have the interesting equations:

%(Sp,, 2)={(=1){(=3)...¢(1~2n)
%(Sp,, Ox)={(K,—1)...Z(K,1-2n).

Ideas of Proof. The proof is essentially the same as for Z, but we'll go
through the detaills. For simplicity let’s just consider {x = Y (Nma)~*. As
before, split up into ideal classes.

Zx=) (Nma)*= >  Nm(AI)™.

a~l AeI-1/ o

For s a negative integer, Nm(AI)~* is a polynomial in the coordinates of
A. Choose (as discussed) smooth cones Cy, ..., C, giving a fundamental
domain for 0y in I"'. Thus, we have to analyze (regularized) sums of
polynomials over lattice points in smooth cones.

A smooth cone C in Z" is just the convex hull of some collection of
vectors (vy,..., V) where the v; are part of a Z-basis. By changing basis,
we may as well assume that {x; >0,...x, > 0,x,41 =... = x, =0} C R".
Then Cinteriorn7n =N' je. (a,,...,a,,0,...0) where a; € {1,2,3,...}. The
point of smoothness is to give this kind of parametrization.

We want a similar story for N" as we had for N. Recall that we defined
a subspace

V7! c {functions N — C}.
You can view
Vl®...® Vﬂc { functions N — C}.

—~—
r copies

Remark 4.2.11. Be warned that functions in the tensor product can have
different asymptotics along the different axes.

This gives a summation on functions on N of the form
D fix)... fo(xs) where f; € VP,
a
The regularized summation of this is

D SIS SO,

In particular, this contains P(x;,...,x,)a;" ...airaslongasall a; #1.
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This last point is important, though it may seem like an artifact. Go
back to {x =) (a? —2b?)". We extended ¥ to a dilation-invariant func-
tional by using the dilation operators. Concretely, that means

(1—(Nm&)'"=)k(s)= Z(Nm Q) — Nm(f)ZNm(éa)_s

_ 3 (Nma) 1 (a,0)=1
& 1-Nm/¢ f(]a

What are the “exponents” of this along a cone? It has average 0, but not

along every wall. Given vy, ..., v, € O, the function on the cone spanned
1 {

by fx has exponents all different from 1 if
1-Nm/{¢ /{|x

(1) Nm/ is prime, and
(2) ¢ doesn’t divide any v;.

Example 4.2.12. What goes wrong without these assumptions? The last
one is obviously necessary for the exponents along the v;-wall to not in-
clude 1. For an example of what happens when Nm/ isn’'t prime, take
[K:Q]=2and{=(2), hence Nm/{ =4. The function looks like

1 -3 1-31 -3
11 11 11
1 31 -3 1 -3
11 11 11
1 31 -3 1 -3
11 11 11

You can see that the exponents are problematic along the walls.
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5. HURWITZ ZETA FUNCTIONS

5.1. Interlude on analysis. We begin with some purely analytic results
that we'll need later.

Lemma 5.1.1. Suppose p(x) is a function on R, which is rapidly decreas-
ing as x — oo (i.e. for all N, there exists cy such that |p| < cy|x|™N) such
that ¢ has an asymptotic near0:

w(x) ~Zaixa", a;— 00
i

. , k
(i.e. for all M, there exists dy such that ¢ — Y. a;x% < cyx™ forx

(0,1)). Then
® sdx
JO Lk

extends from Rep s > 0 to a meromorphic function of s € C.

Proof. There is no problem with the integral for x large, since ¢(x) decays
rapidly. To address the divergence near 0, we write

k
p= [‘P —(Za,-x“i)l[o,l]
im1

The first term can be made to behave well at 0 by choosing k large enough,
by the asymptotic approximation near 0. The second term integrated
against x* ‘i—x gives

k 1
dx a;
a;x’ T — = for Reps >0
ZJO ' X ZS-F(Z,' p

i=1

k
+ (Z a,-x“i)l[o_l].
i=1

and can therefore by meromorphically continued by the expression on
the right hand side. ]

Remark 5.1.2. From the proof, we see that the meromorphic continua-
tion has simple poles at s = —a;, with residue a;.

Consider the space of functions with asymptotics ¢ ~ Y _a;x%(logx)":

near 0 and oo, where a; # 0. This is analogous to V#!. The lemma shows

that on this space, there exists a unique functional ¢ — “ f ¢ % invari-

X

ant by R*, and which coincides with f ¢ when the latter converges (anal-

ogous to the extension of ¥ to V#1).
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5.2. Hurwitz zeta functions.

Definition 5.2.1. For a > 0 (this discussion applies more generally for
Rep a > 0, but we won't use that), we define the Hurwitz zeta function

- 1
5(3'“):§(n+a)s'

Example 5.2.2. Notice that {(s,1) = {(s), the usual Riemann zeta func-
tion.

Remark 5.2.3. {(s,a) also has a functional equation. Basically, the func-

tion
o0

Z e2m‘ﬂ
=i (n+a)

has a functional equation that roughly speaking interchanges the role of
a and 3, because it comes from a Fourier transform.

Proposition 5.2.4. For fixed a, {(s,a) is meromorphicin s, with a simple
pole at s =1 having residue 1.

Proof. Note that if ¢(x) = e~%*, then we have

fo cp(x)xsai—x =TI(s)a".

Therefore, if

0= Z e—(n+a)x

n=0

then
> dx
o(x)x?® = =T1(s){(s;a) for Reps > 0.
0

(The hypothesis that Reps > 0 is needed to ensure that you can indeed
interchange the order of summation and integration.)

Now, ¢p(x) = f_jfx decays rapidly as x — oo. Moreover, it has a nice
asymptotic near x =0:
l—ax-l—%—... 1+(1 )
=—+(z—a)—...
X — %2 + x—; +... x 2

By Remark[5.1.2]T'(s){(s, a) has simple poles at s =1,0,—1,—2,... (at least
for “general” @), but I'(s) has poles at 0,—1,—2, ..., so dividing by it to ob-
tain (s, a) leaves only the pole at s = 1.

U
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The residue of I'(s){(s; @) at s = —k is the coefficient of x* in the above
expansion. You can see that it will be a polynomial in a of degree k + 1,

e.g.

@’(—O,a):%—a

a2 a 1
—La)=——+— ——
< ) 2 +2 12

Up to normalization, these are the Bernoulli polynomials.

How can we calculate them? Set Pi(a) = {(—k,a), which is basically
the residues of I'(s){(s; a) at s = —k (up to the residue of I'(—k), which is
(—1)k/k!). Then P(a+1)— P.(a) = —a*, because the series defining these
sums are “shifted” by one term, namely —a*. Explicitly, from the series
definition (valid for Rep s > 0) it is evident that

s,a+)=L(s,)=Y (n+1+a)* —(n+a) =a"*

n=0

for Rep s > 0, and the same holds for all s by analytic continuation. There-
fore, we see that

15428 4.+ nf =P (0)— P(n+1).

That determines P, up to an additive constant, which is pinned down by:

Exercise5.2.5. Check that for all &,

1
f P(a)da=0.
0

There is a formal way to define ) (n + a)~*. Crucially, the sequences
considered here are no longer shift/dilation invariant. The special val-
ues discussed here are defined by analytic continuation, and are different
from what one would define by the abstract sequence spaces (because of

a failure of shift invariance).
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5.3. Explicit evaluations. Let y be a Dirichlet character with modulus 4.
Then

L=k )= Y, rlanqg+a)

1<a<q-1

n=>0
= Y x@q* ) (n+a/q)
1<a<q-1 n=0
= > x(@q*Pda/q).
1<a<q-1

From this, it is clear that the value lies in Q(y ). Some other things are less
clear, like the integrality/p-adic continuity (because the polynomials that
appear have different degrees...)

Example5.3.1. For k =0, we get

L0, 7)= Y. xla) (% - %)

1<a<q-1

ify#D= Y —x(a)g

1<a<qg-1

Suppose y is the quadratic character modulo 7 (corresponding to the
field extension Q(v—7)). Then

a 1
D ~1(@)=5(B+5+6-1-4-2)=1

1<a<q-1

This exhibits the interesting general fact that

1
5 (Z quadratic non-residues — Z quadratic residues) > 0.
The reason for this is that the functional equation relates L(0, y) to L(1, y),
and the series converges for Rep s > 1, where it is evidently positive (e.g.
by the Euler product).

By the class number formula for Q(,/—q), if y is the corresponding

character then L(0, y) = h(Q e unless discQ(,/—q) =—4,-3.

Real fields. The real quadratic case is more interesting, but if g < 0, then
one just gets L(0, y) = 0. There are two explanations. One is that in re-
lating L(0, y) to L(1, ), you use 5@(\/—7) = {(s)L(s, y) and the functional
equations for each factor, but this automatically brings in a factor of 0.
Alternatively, you can see from the series definition that the “opposite”

a values will cancel out because y(—1)=1. Indeed, we computed above
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that
Lo, )= —x(a)g
1<a<g-1
and if y(—1) =1 then we can pair off a and g — a.

In this case, the more interesting value is L'(0, y ). This is a very impor-
tant computation, and its answer much more interesting. To summarize,
we have

Ls,)=q= Y, Isa/q)x(a)
1<a<q-1
and we want to know %{(s; a)|s=o.

We noticed above that for imaginary quadratic fields, the class number
formula was “nicer” when phrased in terms of values at 0. There is a simi-
lar story here: the answer is more suggestive in terms of L'(0, y ), although
one could prove it by going over to L(1, y).

Proposition 5.3.2. We have

d 1 .
%Is:oi*(s,a) =—5logl1+u)(1- ul)), u=e*"

where
1

In+als

C*(S;a)zC(s;a)+§(s;1—a):2
nez

Proof sketch. We'll prove this up to a constant independent of a, which
doesn't affect our application.
The right hand side is easily differentiated (in ). For the left hand side,

d d
Ta (%kzoé’(&a))

is meromorphic for Repa > 0 and s € C. You can see this just by un-
winding the proof we gave at the beginning. If you switch the order of
differentiation, then you get

d d d
T gt a)=—(=slls+1,a)

by differentiating (n + a)~* term-by-term.
Therefore,

d d d
—|s=0l*(s, ) = alszo(—S)(C(s +La)-d(s+1,1-a))

dads
=1, 0)-(1,1-a))

1
:_Z n+a

nez
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(In this computation we took the difference of two zeta functions both
having simple poles at s = 0, which canceled out to give a finite answer)
By considering the poles, we see that this must be proportional to

tan(na) .

We apply this result to calculatmg |s ol(s,a).
Theorem 5.3.3. We have
L, y)= ——logl_[(l — e#rialayra),

a=1

Example 5.3.4. For K = Q(v/5) and y: (Z/5)* — {£1} the corresponding
quadratic character, and & = e27/5 the formula says that

(0, 7) = (1—52)(1—53)
* -390 —54)
In fact, (((11__5;,2))((11__;3))) = 3+2‘f = u?, where u = £ is a fundamental unit

for Q(v/5). So the formula can be written succmtly as L'(0, y)=logu.
Visibly, u? lies in the quadratic fixed field of Q(&), which is K As a
sanity check, can we see why u? is a unlt? We can clearly writ

algebraic integer, and apply the same to == e = Syt Applyrng the same

r4 1— r4

logic to the inverse, we see that u € 0y
1- ?'“

More generally, for any prime p, is a unit in Z[{,], and is called a

1- fb
cyclotomic unit. If n is not a prime power, then we get something even
better: 1 — ¢, is already a unit.

In general, if y is a quadratic character associated to Q(,/q), and u isa
fundamental unit, then

L'(0, y)=log(u")
(taking a real embedding so u” is positive) where h is the class number
of Q(/g). Therefore,
naeQNR(l —<“) — 2

HbeQR(l - gb) -

Again, for sanity let’s check that % € Q(/q). If we apply the au-

tomorphism & — &%, where a € (Z/q)x, then it is fixed as long as « is a
quadratic residue, so it lies in the (unique!) quadratic subfield Q(,/q).
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6. ARTIN L-FUNCTIONS

6.1. Motivation. One of the initial clues for Artin L-functions was Hecke’s
observation concerning divisibility relations between zeta functions. In
particular, Hecke proved that if L/Q is a cubic extension, then {(s) divides

Zi(s),ie l(s)=0 = Zi(s)=0.

Example 6.1.1. Let L be the cubic field generated by a®> = ¢+ 1. This L
has discriminant —23, and is in sense the simplest cubic field. Then

2u)=] [¢en(s)
p

where
(1-p~°) (p)=p1p2ps
L 1-=p=S)1-=p~2) (p)=pip>
A P ()=p
(1-p—) (p)=(23)=p?p,

It's remarkable how well things work out for the ramified places. Now
recall that {(s)= ]_[p(l —p~%)71, so if we divide by {(s), then that amounts
to stripping out a factor of (1 — p)~* everywhere. Therefore,

(1-p~5)? (P)=p1p2bs
(a,p(s))”: roeie 0P (P)=Pupz
Zp(s) " (1-Zp)A-5"p~%) (p)=p

(1-p~) (p)=(23)=p3p,

2)
Let H be the Galois closure of L. This is an S5 extension of (Q, with the
following subfield lattice.

H

N

K=Q(=23) s L

~./

Q

Now the interesting fact is that H/K is unramified. This is a rather gen-
eral phenomenon in this situation (i.e. a cubic non-Galois extension with
square-free discriminant), as we'll see later. You can check this “by hand”
by examining the ramification at the discriminant and 2 and 3. So Cl is

divisible by 3, and in fact we have Clx = Z/3Z.
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Rephrasing
(1-p~) (P)="Pp1p2ps
(a,p(s))‘l RS (S (P)=p1p:
Zp(s) ” 1-GpoA-G'p™) (p)=p
(1-p~) (p)=(23)=plp.
3)
in terms of the field K:

(1) The first case occurs if and only if p splits in K and p = p,p, with
each p; principal. That’s because H is the Hilbert class field of K,
so a prime ideal q of K splits in H if and only if q is principal.

(2) The second case happens if and only if p is inert in K.

(3) The third happens if and only if p splits in K but the p; are both
not principal (either both are principal or not, since they are in-
verses in the ideal class group).

(4) The fourth happens if and only if p = 23.

Let : Clg — C* be a non-trivial class group character. Then

20 JORN
Lsr0)= 2 Ny~ ] (1 ) (Nmp)S) |

Icox pCOk

Now, by inspection

(I1—p=5)? p split into principals

n(l‘ 0(p) )‘1: (1-p2) p inert
i (Nmp)s (1-¢3p~*)(1—¢3'p~*) p split into non-principal
(1-p~) p=23
So we observe that {;(s)={(s)L(K, 0).
Artin knew this, and realized that something more general was going

on. He realized that this identity of L-functions came from some identity
of representations for Ss.

6.2. Artin’s conjecture.

Definition 6.2.1. Let E/K be Galois, p: Gal(E/K) — GL,(C) (or more in-
variantly GL(V), V = C") be a representation. The Artin L-function asso-
ciated to p is

L(p,s)= | [ det(1—(Frob,|,s)(Nmp)~)~".
pCOk

For p C Ok downstairs, fixing a prime of E above p gives I, C D, C
Gal(E/K) such that D, /I, = (Frob,). Technically this depends on a choice
of prime above p, but changing p conjugates the element Frob, in the
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Galois group. So for almost all p (namely unramified ones) Frob, is a well-
defined conjugacy class in Gal(E/K), hence the local factor

det (1—Frob,(Nmp)~*) ™"

is well-defined. The product is absolutely convergent for Rep s > 1.

Conjecture 6.2.2 (Artin’s Conjecture). L(s,p) extends to a meromorphic
function of S € C, which is holomorphic if p doesn’t contain the trivial
representation, and satisfies a functional equation.

Remark 6.2.3. The shape of the equation involves I'-functions as before,
but also a new phase factor which is very interesting in its own right.

Theorem 6.2.4 (Artin-Brauer). Artin’s conjecture is true, except possibly
the clause about the holomorphicity.

The proof expresses L as a product of ratios of L-functions attached to
characters. So conceivably there could many many poles.

Formal properties of L(s,p). Let p: Gal(E/K) — GL(V) be a Galois rep-
resentation.

(1) If Vis 1-dimensional, p: Gal(E/K)— C* factors through Gal(E/K )2,
and by class field theory you can view it as coming from an idele
class character:

Gal(E/K) — Gal(E/K)*» — C*

s

A% /K

Then L(s,p) = L(s, y) (the Hecke L-function). In particular, it is
holomorphic if ¥ # 1 (and in any case, we understand its poles).
2) L(s,p1® p2)= L(s, p1)L(s, p2).
(3) Suppose you have a tower of field extensions K C LC E. If o isa
representation of Gal(E/L), then

L(s,0)=L(s, Indf o).
[ndCaE/K)

Gal(E/L) 9+
43
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Example 6.2.5. (Regular representation) If £/K is Galois, then applying
(4) to the tower K C E C E, we have

{e(s)= L(s,trivial representation of Gal(E/E))
= L(s,regular representation of Gal(E/K))

— l_[ L(S,p)dimp

p irred.

If E/K is abelian, then this is a product of L(s, y ) over y the 1-dimensional
characters of Gal(E/K).

Recall that we posed as motivation a hypothetical splitting of the ana-
lytic class number formula corresponding to this factorization of the L-
function.

Example 6.2.6. Referring back to Example we have
Z1(s)=L(s,1 as arepresentation of Gal(H/L))

By (3), this is in turn equal to L(s,Indg:iEZ%) 1), and Indg:}%%) 1 is the
standard representation of S on C3, which splits as 1 & 2 (the irreducible
2-dimensional representation). So by (2), this is a product of L(s,1) and
L(s,2) (with 1 and 2 regarded as representation of Gal(H/Q). The first fac-
tor is of course equal to {(s). Next, we use the fact that the 2-dimensional
irreducible of S5 is isomorphic to the induction of a non-trivial character

of A3, so L(s,2)= L(s, 8), recovering the decomposition
L(s, Yaiayn)) = LS, Ygaw/) L(S, Ocax /o)

6.3. The conductor-discriminant formula. The functional equation of
L(s, p)looks like

N;/Z(r —factors(s))L(s, p) = GPN?(T —factors(1 —s))L(1—s,p)

where €, has absolute value 1. This factor is very subtle. Thanks to great
effort of Langlands and Dwork, we have a local definition. Deligne gave a
much more concise global definition.

Here N, is the Artin conductor of p,

[ v

ramified p

where n, is a measure of the ramification. For example, if p is tamely
ramified at p, then n, = dim V — dim V’. If there is higher inertia, then
the sum is more complicated, and not obviously an integer. This agrees

with the usual conductor if p is 1-dimensional.
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Theorem 6.3.1 (Conductor-discriminant formula). Let E/Q be a number
field. Then

disc E = ]_[ Ndime,
P

Example6.3.2. Let’s use the conductor-discriminant formula to compute
disc(E = Q({2)). According to the formula, the discriminant should be

1 s
p: Gal(E/K)—-C*

The p correspond to the Dirichlet characters of (Z/p?)*. There are (p — 1)
having conductor n,, = 1, and the remaining (p —1)* have conductor n, =
2. Therefore, the discriminant ideal is (p(P~V+2(P=1%) Over Q, that means
we have pinned down the discriminant up to a sign.

Example6.3.3. Let L be a non-cyclic cubic extension of Q of discriminant
0. Then we have the subfield lattice:

H

7

K:Q(\/g) S3 L

N

Q

We saw, using the factorization formula and induction, that

discH = (Nz)leNslgn
disc L= Nl N2
disc K = N; Nggn
Of course, we always have N; = 1. So the conductor-discriminant for-
mula implies that disc H = (disc L)?disc K.

If disc L = disc K (which is automatic if the 6 is squarefree), then this
says that

disc H = (disc K)®.
On the other hand, transitivity of discriminants says that
disc H =(disc K)* Nmgq(disc H/K).

This implies that disc H/K = (1), i.e. H/K is everywhere unramified.
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6.4. Analytic properties. We'll prove that L(s, p)is meromorphic and has
afunctional equation, as predicted by Artin. The holomorphicity, as men-
tioned earlier, is still wide open .

Theorem 6.4.1 (Brauer). If G is a finite group, then any (complex) repre-
sentation p of G can be written as

P =Zmilndgi Y,

where m; € Z, H; € G, and );: H — C* are characters. Concretely, this
means that the characters of both sides are equal.

Why does this imply what we want? If G = Gal(E/K), then
L(s,p)= l_[ L(s, IndIG_Ii Y; as Gal(E/K)-representation)™ ...
= l_[ L(s,y; as Gal(E/K;)-representation)™

where the ); are considered as characters of Gal( E/ K;), where K; = Fix(H;).
This expresses L(s, p) as a product of ratios of Dirichlet L-functions, for
which we know the functional equation and meromorphicity (and even
the location and residues of poles). However, it is important to note that
since some of the m; may be negative, we have no control of poles of
this product. If Artin’s conjecture is true, then there must be non-trivial
cancellation between zeros and poles.

The rest of the section is devoted to the proof of Theorem Let
p: G — GL(V) be a representation. Then G acts on P(V). For each sub-
group H < G, we can consider the fixed point locus Fix(H) Cc P(V). A
point x € Fix(H) C P(V) corresponds to a line £, C V stable under H. The
action of H on this line determines a character ¢,.: H — C*.

For H <G and y: H— C* a character, let

Xy ={x €P(V)|Stabg(x)=H, ¢, =y}
Clearly these partition P(V):

P(V)=] [ Xuy-
)

Let Ny, be the normalizer of the pair (H, ). We claim that

X Xay)

—_—_— G
N+ ] IndS . 4)

p:

(H,y)/conjugacy

This is remarkable because it even says that we can make this construc-
tion functorially, which was not clear in Brauer’s original proof. Look up

“canonical Brauer induction” for more about this.
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Write y, for the character associated to p. Let’s first check that (4)
holds at least when evaluated on g =1:
z: X Xuy)-[G: H]
[NH,w . H] .

2o(1)=

(H,y)/conjugacy
The left hand side is dim V. The right hand side is

> 2Xu)G: Nuyl= > 2(Xiny)
(H,4)/conjugacy (Hy)
=x(PV)
=dim V.

This shows that holds at least when evaluated at 1 € G. But we've
brushed something under the rug: y is not additive in general. For ex-
ample, the Euler characteristic of a line segment is 1. If you write the line
segment as a disjoint union of a point and two half-segments, then each
piece has Euler characteristic 1, so their sum is 3.

Compactly supported cohomology. However, the compactly supported
Euler characteristic is additive: if X is locally compact, then we define the
compactly supported Euler characteristic

2e(X)= (~1)'dim H!(X,C)
i>0
where H!(X,C) is the cohomology of compactly supported cochains (this
is originally due to Borel-Moore). In “nice” situations, this compactly
supported Euler characteristic is addivie, e.g. if Z € X is closed, then

ZC(X) = xc(Z) + xc(X - 7).
If M is a manifold, then Poincaré duality implies H'(M, C) = HImM=i(M, C)*.
In particular, if M is even-dimensional then y(M) = y.(M). This legit-
imizes the calculations we made above with M =P(V).

Remark 6.4.2. Xy, is smooth because Fix(H) smooth, and Xj  is a con-
nected component of it. However, this is not important for our purposes.

Continuing on with the proof, we must show that (4) holds for all g €

G, and then prove that the coefficients [ﬁiﬁﬁ] are integers. Let g € G,
and suppose that the eigenvalues of g are ai, ..., o with multiplicities
my,..., my (since finite-dimensional complex representations of finite groups
are unitary, these reallly are eigenvalues and not generalized eigenval-
ues). Let Uy, ..., Ui be the corresponding eigenspaces, so dim U; = m,.
Then y,(g) = >, m;a;. We are basically going to repeat the above argu-

ment evaluating instead at g and examining things at the level of eigenspaces.
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Now we decompose

PU= || Xuy

H>g
Y H-C*
Y(g)=ai

Taking Euler characteristics, we get

m;= Z X (Xey).

H>g
Y1 H—Cx
Y(g)=ai

Evaluating the right hand side of () at g, we get (by similar reasoning as
before)

20(8)= D xXuy)y(g).

Hagy
This shows that
2o =D x(Xuyleny
(Hy)
€H
where ey, (g) = vig) 8 .. Nowitonlyremains remains to com-
0 otherwise

pare this with the characters of induced representations. As is “well-
known,”

XndSyp = Z CgHg ! gyg -
geG/H
To express the previous formula in terms of this, simply group together
conjugates

Z X(XH,w)eH,zp = Z Z X(XH.lp)egHg‘l,glpg‘l

(Hy) (H,y)/conjugacy §€G /Ny y

}((XH,zp)
= —_— e -1 -1
2 [N,y : H] 2 estave

(H,y)/conjugacy geG/H

_ A Xny)
- Z [NH,l,l;:H] Xlndgw'

(H,y)/conjugacy

This finally establishes the claim. Now we just have to argue why the co-

[j\{,fi/”j“ﬁ] are integers. But Ny, /H acts freely on Xy, (because by

definition it is the full stabilizer of any point) so its order divides y (Xp,y).
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6.5. Positive characteristic speculation. There are hints of a theory of
Artin L-functions in positive characteristic, but this theory is very much
underdeveloped. For instance, nobody knows the answer to:

Question: are there “mod p Artin L-functions?”

In particular, given p: Gal(E/K)— GL,(F,), can you (sometimes) make
sense of something like “L(0, p) € F),”?

Itis a fact that any representation of a finite group over I, lifts virtually
to Q,. That gives a way of getting started, but for instance it is not clear
that it is independent of the lift. (In fact, it probably is not, stated in this
crude way.)

One hint is that over a function field, it is clear that there “should be”
such a theory. For instance, there is a way of describing the L-function in
terms of cohomology via the Grothendieck-Lefschetz trace formula, and
if one just takes IF,-coefficients, then one gets the “right” thing.

Example 6.5.1. Here is one “shadow” of a mod-p L-function in the num-
ber field case. Consider again

H

7

K=Q(V6) S5 /E
Q

Suppose H/E is unramified d#dé# TONY: [can i get rid of this?] and
disc E =disc K, so that H/K is unramified.
A theorem of Gerth says that

3 —rank of Clg =3 —rank of Clg+1

i.e. dimg,(Clg /3Clg) = dimp,(Clg /3 Clg). The left hand side is at least 1,
because we know that H/K is an unramified degree 3 extension. The first
case where rank; Clg > 0 is disc = —3299.

This is quite striking. Morally, there is “no relation” between Clx and
Clg, but there is a relation between the 3-parts. Morally, that comes from
the factorization

Ce(s)=<{(s)L(s,0)
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where 0 is a non-trivial character of Clx. Why? Modulo 3, 8 is trivial.
Then one might expect that the equality of “mod 3” L-functions reads

{e=¢Lk.
Now, evaluating this at 1 (or 0) should reflect this relation between the
class groups. That is, Gerth’s theorem should reflect an equality of mod 3
representations of Gal(H/Q).
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7. STARK’'S CONJECTURES

We will discuss a circle of ideas concerning the interplay between the
factorization of the Dedekind zeta function into Artin L-functions, and a
corresponding hypothetical interpretation of the special values of Artin
L-functions.

7.1. The class number formula. If E/K is Galois, then the decomposi-
tion of the regular representation of G = Gal(E/K) into irreducible repre-
sentations induces the factorization

ze(s)= | | Lis,p)ime (5)
p irred.
and the class number formula reads
2n(2m)"

Res,— s)=—————hgR
151:"() WEm ENE

where E® R=R" x C"2. By the functional equation, this corresponds to

heRE
{p(s)~—s"*t 1 ——— pear s =0.
WE

Interpreting r, +r, — 1 =rank 0y, we can view this as relating the behavior
of {r at 0 with the class number and the “size” of the unit group.

Since the left hand sides factorizes according to (5) into a product of
L(s, p), we want to have a corresponding “factorization” on the right hand
side.

Example 7.1.1. Suppose E/K were Galois with Gal(E/K) = Z/3Z. Also
assume that K is totally real. There are two non-trivial Galois characters
x: Gal(E/K)— C*.

Pretend that Ry = Rx = 1, and ignore wg and wg for the moment.
(This never actually happens, but you would be in this case if you were
examining the value at s = —1, and replacing the class numbers by K.)
Anyway, the point is that you get

hg ~ {g(0)=Cx(0)L(0, ) L(0, ) ~ hk L(0, ¥ )L(0, 7).

Now, L(0,y) =a+ bl € Q(Z3) (though we actually know its value is 0),
and also L(0, y)=a + b{;. So we are imagining some factorization

h —
- =(a+bl)a+by).
K
One imagines £ as the order of a kind of relative class group. There are

hx
natural maps between class groups: the norm induces Cp — Cx and ex-

tension of ideals induces Cx — Cg. It turns out that this is relative in the
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first sense: “away from 3” we have

h m
#—E =#ker(CE N—> CK)
hx

So (ignoring issues at 3), we want to express #(Cr — Cx) as (a + b{s)(a +
bZ3). How might we obtain such a factorization?

The key observation is that we have a Z[Z/3] = Z[o] action Cg. Now,
the elements of Cy that are killed by the norm are killed by 1+ o + ¢2, so

Z[o]/(1+ o+ 0?)=Z[{5] acts on ker(Cg N, Ck)- By the classification of
finitely generated modules over a PID, we have an isomorphism

ker(Cy ~ Cx) 2P ZIL:) /(@)

and we can say that the “order in Z[{3]” is | [ @;. Now, there is definitely
an ambiguity up to units here, which may not be able to be pinned down
exactly, but it is Akshay’s opinion that there is clearly “something more”
that we aren’t seeing. In order to do the factorization for L(s, p), we’ll have
to define versions of hg, Ry, wg in Z[G], Z[G] ® R, etc.

There are many problems with formulating this in general. For in-
stance, in general the base ring will not be principal. Indeed, Z[Z/3] was
not principal; we only got a nice result because we considered the sub-
module killed by the norm. But we do expect that if the ker(Cr — Ck) are
not described principally, then this will be matched by a correspoding
failure in the regulators (which we ignored anyway here).

You can work around this principality issue by localizing Z[G] at a prime,
which is basically what’s done in Iwasawa theory.

7.2. Aside: how to compute L(s, p). We'll say a few words about compu-
tation. One way to compute is to go through Brauer’s theorem, but you
almost never want to do that.

You can write a
s.p)=] Je.0=2.-%
p n

Proposition 7.2.1. Let ¢ be a C*® function onR of rapid decay (i.e. p(x) <
(1+|x])7N for any N) with ¢(0) = 1. If L(s, p) is holomorphic (expected
from the Artin conjecture) then its value at sy is

. an
Lso,p)=lim D ,—&(n/x).

This is a basic piece of intuition from analysis. You would like to say
that you can get the value by taking partial sums. In general that doesn’t
work because the “cutoff” is too sharp. If you do it in a smoother way,
then that does work. In practice, the sum will tend to converge once x is

bigger than the conductor of p.
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Example7.2.2. Let K = Q(a) where @® = a+1 and H be the Galois closure
of K/Q. Then {x(s)=(s)L(s, p) where p: S; — GL,(C) is the irreducible
two-dimensional representation. Then L’(0,p) = £0.2811996 = log|«|
because « is a fundamental unit. Now, if L(s,p) = Z %, then taking
x =1000 and ¢ (1) = e~** we obtain the estimate
5000
L'(0,p)~ Z a,logne 197 = _( 2811986.

n=1

Proof. Let

dx
F(s)= e(x)x’—.
X
x>0
(This is the Fourier transform on (R, X), i.e. the Mellin transform). This
is convergent for Rep s > 0, because ¢ decays rapidly. Fourier inversion
gives

o+ioco
1
=— F(s)x*ds fi > 0.
@ (x) 7 f (s)x*ds foro

o—i00

So

o+ioo
a, a, 1 n\—s
Zn =2 Fs)[=) d
Z nSO gp(n/X) ; nS() 27'[ fgim (S) (x) $

1 g+ioco a
=— F(s)xsg ~_ ds.
27i . nstso
O—100 n
——

L(s+s0,p)

Now we shift the contour from [0 —ioo, o+ i00] to [0/ —i00o, 0’+io0] where
o’ <0. To do this, you have to be careful about the growth at the “edges”
of the rectangle,” which we’ll leave as an exercise.

By Cauchy’s theorem, you pick up terms from the residues. The factors
xs and L(s + so, p) are holomorphic, but F(s) = fcp(x)xs% might have
poles. In fact, we showed in Lemma[5.1.1] that it does have poles at s =
0,—1,—2,... with the pole at 0 having residue ¢(0).

So the above is

1 —%+ioo 1
:—zf (...)+2m%<,0(0)L(So,p)-

1
ElOO

L(s0.p)

It remains only to estimate the error term. The integrand has magnitude
x~1/2(-) g0

Z %‘P(H/X) = L(so, p)+O(x~2).
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We can try to make the convergence faster by shifting further, and we pick
up more terms

L(so,p)+ (6)

so if all the derivatives of ¢ at 0 are 0, then
a, )
Z_ﬁ‘P("/x) = L(s0,p)+0(x~").

(Of course, in practice this will be offset by growth of the implicit con-
stants.) Ul

Lso+Lp)e'0)
X

Remark 7.2.3. From the proof, we see that this works even if L(s, p) has a
pole, but then you have to subtract off a leading term. It also works if ¢ is
“smooth enough.”

Example7.2.4. Recall that we continued

N
1 Nl—s
=i -
Z(s) lim (HZI pr l—s)

for Reps > 0. How do you continue further? One way is to subtract off
more stuff, but a better way is to smooth the sum. For £(0), we can just

1-x x<

1,
use the function p(x)= This gives
p(x) {0 o1 g

X

n x(x+1 X
da-ty= XD 2
p—r X 2x 2

which reflects that {(s) has a pole with residue 1 at 1, and value —1/2 at 0
(taking note of Remark|7.2.3).

7.3. Stark’s conjectures. Let E/K be Galois with GaloisgroupGandp: G —
GL(V) an irreducible representation. We know that

=] | Ls,pyme.
P

We have the class number formula

Cp(s)~ —@s”w‘1 near s =0
WEg
and our goal was to split up this formula in a manner corresponding to
the factorization of {z into Artin L-functions. For that, we need refined
(equivariant) versions of hig, Rg, ... in (something like) Z[G]. The problem
is that Z[G] can be a very nasty ring, and in Stark’s conjecture the solution

is to work instead with Z[G] ® R.
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Let’s recall the definition of Rz. We have a map

. log
Ug = 0, [torsion — R"*"

sending € — (log|€, )y archimedean- LThe image log(U) is a lattice inside the
hyperplane {(x;)| Y_x; =0} and Ry is the covolume ofthis lattice.

Remark 7.3.1. The issue of which normalization to pick for the volume
form on this hyperplane is a little tricky. There are several reasonable
possibilites:

(1) the volume form dx;... ch\, ...dx, (i.e. project from one coordi-
nate)

(2) The Riemannian form induced from R”

(3) Parametrization by the coordinates x, — x,..., X, — X,—1.

These differ by /7 in arithmetic proression. The first one turns out to
be correct, so R = det(log|e;[,,) where €; is a Z-basis for Ur and v; are
all places but one. Note that if v is a complex place, then |e|, = |e]* (we
aways normalize the measure to grow with how scaling changes volume).

We want to factorize the regular as Ry = ]_[Rglmp (up to an element of
@*). We could try to decompose according to the G-action on the unit
lattice. If G is something very nice, like Z/2, then it would split up the
group into +1 and —1 parts. If G =Z/3, then it doesn’t split over Q, which
is confusing. And there is a second source of confusion: the group alge-
bra over ) might contain a division algebra rather than a (commutative)
field. We'll elaborate on this shortly.

Let’s ignore the G-action for now. Let

X = v; archimedean for E

- a;v; | uieQ,Zai:O 4

which is a Q-vector space of dimension r; +r, — 1. Then we can rephrase
the regulator map as saying that

1
U®gR =5 X ®g R is an isomorphism.

Let us now abstract a bit. Given two QQ-vector spaces }{, 5 and an isomor-
phisma: U ® R — L ®R, it doesn’t quite make sense to talk about deta.
However, we can define “deta” in R*/Q* by choosing any volume forms
in Y, V5, which are defined up to Q*. Explicitly, “deta” is det(a o ¢~ 1)
where ¢: V[ = 14 is an arbitrary isomorphism over Q (ambiguous up to
GL(15), so the determinant is ambiguous up to Q).

To get an equivariant version of this, we're going to replacing Q by

QI[G], we're going to make sense of the determinant as a value in Z(R[G])* /Z(QG)*.
55



Math 263C 2015

Remark 7.3.2. Although ambiguity up to Q* may not sound very satisfy-
ing, it is usually the case that the rational number turns out to be some-
thing simple. ##& TONY: [can this be quantified in any way?|

The map we produced earlier

lo
USR5 X®R.

is even an isomorphism of R[G]-modules. We claim that this is even an
isomorphism rationally as Q[G]-modules. This is a special case of the
more general (and elementary!) result:

Lemma7.3.3. IfV, V' are finite-dimensional G -representations over k and
VOK=V'QK, then V=V’

Proof. A G-equivariant map is a linear map commuting with a bunch of
operators, which are just linear constraints on its coefficients. If this lin-
ear system admits a solution over K, then it admits a solution over k. This
shows that Hom(g)(V, V') = Homy(V, V') ®; K.

Now, we have to check that if there is an invertible map over K, then
there is one over k. It is easy to see that the determinant when restricted
to Homy [V, V'] cannot vanish identically if k is infinite. This is less clear
over a finite field (which of course we don’t need), although it’s still true,
so that part is left as an exercise. ddvé TONY: [todo] O

By the lemma, we may choose an isomorphism ¢: U — X as Q[G]-
modules. Then p~tolog: U®R = U®R as R[G]-modules. We want to
make sense of the “determinant” of this in R[G].

Abstracting again, given a semisimple algebra A (e.g. R[G], Q[G]) over
k and a homomorphism of A-modules a: V — W, we want to define
dets(a) € Z(A) with the property that N, ,(det, a) = det, a as a k-vector
space map. Here N,/ is the reduced norm from A to k.

Definition 7.3.4. We define the reduced norm of a semisimple algebra
over k as follows. First, if A is a central simple algebra of dimension n?,
then over k we know that A splits as a matrix algebra, whose left regular
representation decomposes as a direct sum of n copies of the standard
representation V. Then N,/ (a) is the usual norm of a acting by multi-
plication on V. Although we have defined this over &, it is a fact that it
descends to k.

Now if A is a general semisimple algebra, then by the classification of
such algebras we have A =@ M,,,(D;) where D; a division algebra over k
with center E;. For a =(a;), we then define

N(a;)= l_[NmEi/k(NMni(Di)/Ei ai).
i
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Applying this construction to ¢ ~!olog: U® R — U ® R will give an ele-
ment Z € Z(R[G])*/Z(Q[G])*.
In terms of this Z € Z(R[G]), Stark’s conjecture predicts that

L(s,p*)~s"7-p(R)ass— 0.

Note that the left hand sides lies in Q(p), the field of traces of p, and p(2)
isin C*/Q(p)* where p* the dual representation to p.

Determinants over A. If A is a semisimple algebra over k, then

A=EPM,(D)

where D; is a division algebra over the base field k (with possibly bigger
center than k). The determinant of the direct sum will be defined as the
product of the determinants for each factor, so it suffices to handle the
case where A = M, (D).

Let’s first consider the simplest case A = M,,(k). Let S be a simple, non-
zero A-module, so S = k. Then a: V — W induces as: Hom(S, V) —
Hom(S, V). This is now simply a map of k-vector spaces, and we put

det a=detras |€ k=Z(A).

The fact that (det, a)” = det; a follows from the observation that a =
As®,u Ids.

In general, if A is simple then we can pick a Galois extension E/k such
that A ® E splits as a matrix algebra over E:

A®; EX M,(E).

Given a: V - V, we can define detagz(a ® E) € Z(A) ® E. In fact, this is
invariant by Gal(E/ k) so we get that it actually lies in Z(A).

Exercise 7.3.5. Check this.

Example 7.3.6. Suppose A= D and V = A®S. Then a € End,(V) = M,(D)
acting by right multiplication, and det, « is the “familiar” reduced norm
on M,(D), which has the property that if dim; D = n?, then (det, @)" =
det; a.

Example 7.3.7. Suppose G is abelian and E/K is a Galois field extension
with Gal(E/K)= G. For simplicity, just assume that K = Q and E is totally
real. Then Z; € R[G]*/Q[G]*. Since Ur = X as Q[G]-modules, recalling
X=1{> a;v;| )Y a; =0}, there’s a unit € € Ug such that (g€),ec generate
Ur/Q (because it’s true for X, taking e.g. an elementary vector). Without
loss of generality, replacing € by €2, we may assume that [ | g( ge)=1 (it

might have be 1 or —1 originally).
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An explicit isomorphism ¢: Up®Q — X ®Q sends € — v — %, e.g.

if n =3 we send € — (2/3,—1/3,—1/3). We want to compare these two
maps
log: Us@R— X®R

and

YOR: U ®R— XQR.
They differ (i.e. ¢! olog) by the following element of R[G] (which we will
see later)

R =0 = Zloglgel,,g.

geG

Fixing an isomorphism a: U — X, we can finally state a precise version
of Stark’s conjecture.

Conjecture 7.3.8 (Stark). Letp: G =Gal(E/K)— GL,(V). Then
L(s,p")~a,s" p(R) near0
where

o acQ(p)* (the field generated by traces),
o = detR[G](aﬂgl log) € Z(R[G])*/Z(Q[G])*, and
® rP = Zv arch. of K dim(VGU) - dim(VG)'

Remark 7.3.9. The philosophy here is that we forget about the class num-
bers and care only about the formula up to rational numbers.

Example7.3.10. For p irreducible and non-trivial, r, =0 <= K is totally
real, and every complex conjugation acts by —1.

Example7.3.11. For y non-trivial, L(0, y) #0 <= y(-1)=-1.

How could you go about checking this? We know that L(s, p)is uniquely
determined by compatibility with direct sums and induction (and in-
duced from characters), so if we can verify that the right hand side is true
for characters and compatible with direct sum and induction, then we're
done.

7.4. Compatibility with class number formula. We check that this “fac-
torization” is compatible with the class number formula:

heRg

WEg

Cp(s)~—s"Tm"

Now,

l_[ L(s, p*)imP* ~ gsZdimprp l_[(P (R))me.
P
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Now a =[] e € (Q(p*)) and [ ], (p(22))4mP) = N(%) = detz (a5 olog),
which is the usual regulator.

It’s annoying that we have this ambiguous constant factor a. There is
a refinement of Stark’s conjecture that can pin it down more, which says

that
L(s,p")~a,s" p(R)
and a, is Galois-equivariant: for o € Aut(C),
aye =(a,)’.

The refined version implies compatibility with the class number formula
up to Q%, not just (Q(p))*.

Remark 7.4.1. Although there is an ambiguity of 2 up to Z(Q[G])*, that
relative ambiguity is settled by choosing the same rational isomorphism
U=Xforall p.

Remark 7.4.2. Although such a prediction seems natural, you have to be
a little cautious. You can view this as taking an L-value and dividing by
something trascendental to get an algebraic number, which is hypothe-
sized to be rational. If you try the analogous thing for an L-function of an
elliptic curve, dividing by a period gives L(1/2, E x y)/2 which is alge-
braic but not Galois-equivariant.

Example7.4.3. Let E=Q({,,) and K = Q. Then an irreducible represen-
tation p < y corresponds to a character of conductor m, i.e. (Z/mZ)* —
C*. Let e € U= 0, ® Q be such that { g€} z; generate U and [ [(g-€)=1.
So we have two maps

such thatlog(e)=)_ loglel,-v and a(e) = vo—%zy vwhere n=[E:Q] =
¢(m). Then log = 0« for some 6 € R[G],

0 =Zlog|e|g.,,0g.

geG

Exercise 7.4.4. Check this: v, gets spread out into loge, and kills the sec-

ond term.
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Then 0 = detg(g(a~! olog). Then as characters of R[G],

2(0)=" loglelyu,2(g)

geG

= loglg " elu,x ()

geG

= loglgel,x\(g):

geG
Stark’s conjecture predicts that
L(s,x )~ axleoglgelyox_l(g) near s =0
geG

i.e.

L0, )=, ) _loglgely,z(g),
4

where (using the refined version) a, =(a, ).
How does this compare with our earlier computation of the L-value in
Theorem[5.3.3% There we found

1 .
L0, y)=—- E Nlog|1— ¢!
0,%) zie(z/mz)xzm ogl|l—{'|

Put e =1—{ € E. Then we can rewrite the above as

1
LO)=-5 > x(gloglg-e

ge(Z/m7Z)*

which verifies Stark’s conjecture with the a, € Q.

There is a slight problem here. This € =1 —{ € E is not always a unit.
Indeed, Nm(1 —{,) = p. However, it is if m is not a prime power. For
example, consider 1 —{,{,. Itis easy to see that this is a unit away from
p,q. If p lies above p, note that

1=l =10, = &lp=1¢" = 15
because {, =1 (mod p), but the norm of this last guy is q.
What if m is a prime power? Then we take instead the algebraic unit
_1-0
1-¢

€ (j,m)=1.

Then
D x(@oglgel=(1—x(j)D_x(g)loglg-(1-7)|

ge(Z/mzZ)*
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so this is compatible with Stark’s conjecture, with a, = (-1/2?) (1—;1((1'))'

Note that this depends on j and is no longer rational, but it’s visibly Galois-
equivariant.

7.5. Imaginary quadratic fields. Now let’s look at the case where K =
Q(v—d) and E/K is abelian. We're going to prove Stark’s conjecture in
this case by studying a character y : Gal(E/K)— C*. [Areference is Stark’s
paper “Derivatives of L-functions... IV,” but our argument will be a little
different.]

Recall that for an abelian extension over QQ of the form Q({,,)/Q, our
verification of Stark’s conjecture came down to studying

d —-s _ 1 -1 — plnia
—lo ) Inta” =—log(l—uw)1—u™), w=e

nez 2

Over Q(v —d), in order to evaluate L'(0, y ) we have to similarly evaluate

d —S
- Z lz+al* =2

zeAcC

for a € K and A an ideal in Q(v/—d). This turns out to be log || for some

Y € @X (analogous to the result over Q). In fact, it’s a special value of

some modular function. This reflects a broader analogy between Q and

a quadratic imaginary field, in which results over Q extend to quadratic

imaginary fields after replacing G,, by an appropriate elliptic curve.
More precisely, we’ll show:

Theorem 7.5.1. Forz € H, a = pz +q # 0 where p,q € Q, there exists M
such that
d 1 1
H(z):=—|s= —=—1lo
(2) dslS 0 Z lcz+d+al* M g
(c,d)ez?

where ¢ is a modular function onT'(N)\H and N € Z is such that Np, Nq €
Z.

Remark 7.5.2. This formula, together with the explicit description of ¢,
is called Kronecker’s second limit formula. Kronecker’s first limit formula
deals with the case a =0.

In fact, the g-expansion of ¢ at every cusp has coefficients inside Q(¢ ).
Now, X(IV) has a model over Q(y), so this implies that ¢ € Q({n)(X(NV)).
Therefore, for any CM-point z we have ¢(z) € @, because z corresponds
to a point of X(NNV) defined over Q.

We won't discuss this fact about the Fourier coefficients; it follows from
a finite computation (of the first few coefficients). The point is that being

holomorphic is very close to being algebraic.
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Remark 7.5.3. This proof is quite remarkable. To evaluate a sum, it recog-
nizes that a family of variations is actually a modular function, and then
specializes. It’s “obvious” from modern perspectives.

Stark proves Theorem by an explicit computation. We'll sketch

that, and then we'll try to explain why this should be true by “pure thought.

Sketch of explicit proof. First sum over d, using the evaluation of

d 1
%|s=02 |d+ﬂ|s

that we performed earlier. (Recall that we only addressed this for real a
earlier, so one first has to extend this formula.) Then one gets a sum over
logarithms, which (after addressing convergence issues) can be recast as
the logarithm of an infinite product, which turns out to be the same as
that which shows up in the Jacobi triple product formula. This is a highly
non-trivial analysis, but ends up working out. d#dé& TONY: [never un-
derstood JTP] O

Now we give the conceptual proof that H = log|y|. The outline is as
follows.

(1) First show that H is I'(/V)-invariant, i.e. descends to a function on
['(N)\H. We write

d 1
H@)=olo D o
(¢’,d")eZ*+(p.q)

(2) Check that 90 H=0, i.e. H is harmonic.

(3) Argue that for a suitable integer M, M - H is locally of the form
log|p| near every point of X(NN). (Any harmonic function is the
real part of a holomorphic function, which you exponentiate. The
integer is needed at the cusps, because you can exponentiate cer-
tain things.)

(4) Thereis an obstruction to globalizing ¢, which lies in H'(X(V), S1).
This is torsion by an argument with Hecke operators (the “Manin-
Drinfeld” trick, which is usually used in a different context).

Proof Sketches. (1) Note that for y = (? Z) €SL,(R) and z € H,
Imz
Set
B Im(z)*
Z()= ). ErEwEE

(¢, d")eZ?+(p.q)
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If there were no shift, and we omitted the origin, then this would be just
the standard real-analytic Eisenstein series. By (7) we can rewrite this as

Z(z)= ), Im(es2)

(¢, d"ez?+(p.q9)

*

where 7.4 is any matrix in SL,(R) of the form (:, d’

). For y €T'(N),
Zs(rz)= Z Im(ycayz)’
(¢’.d")eZ?+(p,q)
and 747 has the same property as the y.; (this was the key property
of choosing N to be a common denominator). So we've established that
Z(z) is I'y-invariant. Now this isn’t quite the same as Zs(z), but at s =0
they basically coincide. More precisely, we claim that

1d
H(z)==—|;_0Zs(2).
(2) 2dsl 0Zs(2)

It is easy to see that
1d
H(z)= 5 —~ls=0Z:(2) —log(Im 2)Z,(z)

so the result follows from the computation that Z, =0.

Exercise 7.5.4. Check this. (It's similar to how L-functions for non-trivial
characters vanish at 0). This failsif a =0.

(2) Zs(z) is convergent for Reps > 0, but it extends by meromorphic
continuation in the s-variable. In fact, (s — 1)Z(z) is holomorphic in s
and smooth in z. Let A be the Laplacian —y?(J,, + J,,) on H. (This is the
Laplacian associated to the hyperbolic metric, or alternativley the one
that is SL, invariant.) Then you can check that

A(Im(z)’)=s(1—-s)Im(z)".

Since A is SL,(R)-invariant, AZ; = s(1 — s)Z by a term-by-term compar-
ison. Technically, this requires some things about absolute convergence,
and then analytic continuation - that’s ultimately a matter of the level of
smoothness.

Therefore,

d d
A(—Z)=s(1—-8)—Z;+(1—25)Z;.
ds ds

Evaluating at s = 0, we get A(%ISZOZS) = Z,. But as mentioned above,
for s =0 we have Z; = 0. (When a = 0, i.e. of the first Kronecker Limit

Formula, = Z, is not quite harmonic.)
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Remark 7.5.5. There is a general story underlying this - see the paper of
Quillen, “Determinants of Cauchy-Riemann operators on Riemann sur-

faces.” There, |¢| is interpreted as the determinant of the J-operator act-
ing on a line bundle on the elliptic curve determined by z.

We're going to mostly skip (3) because it’s just a local computation at
the cusps. It has no content at the interior, since that’s just a general prop-
erty of harmonic functions: if H is harmonic, then H = Repy = log|eV|.
The real content is why you can still do this at the cusps, and the ques-
tion boils down to understanding the asymptotic behavior at the cusps of
H. This is one of the first things treated. Basically, you study the asymp-
totic version of the differential equation determined by harmonicity, and
at the cusps you find that you should get a linear combination of some
simple fundamental solutions.

(4) Now we argue that Z(z) is globally ﬁloglgol. The obstruction to
globalizing ¢ is represented by a class @ € H!(X(N),R/Z). We claim that
«a is torsion.

Manin and Drinfeld proved that for any cusps a, 8 for X(N), [a] — [B]

is torsion in Jac(X(IV)), i.e. there exists M such that M([a] — [B]) = Div(f).
Their original motivation was to construct rational points on an elliptic
curve by projecting points from X(/N) via modular correspondences. (We
now know that for an elliptic curve E of conductor N, then there is a uni-
formization X,(N) — E, hence also Jo(N) — E.) The first thing you try
is to use the cusps, and this is telling you that you can only get torsion
points.
Example 7.5.6. Consider X,(11). Then 10([oo] — [0]) = %. Akshay says
that [oo] — [0] is even actually 5-torsion. In fact, Xy(11) is an elliptic curve
of conductor 11. There are three such: one is Xy(11)/([0] —[o0]). The other
is X;(11), and this admits a degree 5 isogeny o X,(11).

X1(11) = Zy(11) — Xo(11)/[0] — [o0]).

Going down the isogenies, the equations get bigger and bigger, because
the Faltings height gets bigger.

Claim 1. There exists a prime p such that T, has eigenvalue p +1 acting
on H(z). (In fact any prime p =1 (mod N) will work.)

Claim 2. All eigenvalues A of T, on H'(X(N),R) satisfy [A| < p +1.

These two results put together imply that the class of H(z), @ must be

torsion (after also ironing out some issue with S'-coefficients). Indeed, if
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a were not torsion, then its image in H'(X(N),R/Q) would be non-zero.
If you trace through the derivation of the obstruction class, you get that
T,a =(p +1)a, hence T,a = (p + 1)a. By composing with a linear map
R/Q — Q, we get ac HY(X(N),Q) with T,ﬁ =(p+ 1)a. Therefore, @ = 0.
That implies that a is 0, i.e. « is torsion.

Remark7.5.7. The Ramanujan conjecture, proved in this case by Shimura,
implies that all the eigenvalues A of T, satisfy the stronger bound |4,| <
2,/p, using an interpretation of the eigenvalues of Hecke in terms of point
counts on the Jacobian Jac(X(NV)).

Proof of Claim 2. We observe that if f is a function on I'(IV)\H, and f — 0
at the cusps, and T,f = (p+1)f = f =0. Why? Choose x € ['(N)\H
maximizing | f|. Then

(P+DfE)=T,fx)= D, f).

yeTpx
~—~—
setsize p+1

Here we think of T}, as a “multivalued function in x.” By the maximality
assumption of | f(x)|, we must have f(y)= f(x) for all y € T, x. Similarly,
fy)=f(x)forall y € T,(T,(x)), etc. But U Tp”(x) is dense in Hl, because it
is the orbit of x under PGL,(Z[1/p]) b TONY: [why?], which is dense
in PGL,(R). Hence f is constant, and this constant must be 0.

®dd TONY: [Akshay says that this should still true for mod ¢ modular
forms, although nobody knows how to do it]

For H(X(N),R) each class is represented uniquely by f(z)dz+g(z)dz
for f, g weight 2 cusp forms. We want to view this as a function, so we can
apply the preceding result. Now f(z)dz+ g(z)dz isal-form on I'(IV)\H,
i.e. a function on the tangent bundle of I'(N)\H. PSL,(RR) acts on H, hence
on its unit tangent bundle (using the natural Riemannian metric on H),
and this action is simply transitive (its stabilizer in H was SO,(R)). So we
get a function on I'(IV)\ PSL,(R), which is the aforementioned unit tan-
gent bundle, and we can apply the same argument (noting that because
f, g are cusp forms, this function goes to 0 at 00). U

Proof of Claim 2. We have to compute T,Z;. Z; is a function on I'(IV)\H,
but for this argument we will prefer to think of Z; as a function on the set
{lattices A € C,a € N~-'A/A)} and Z, takes this to

vol(A)* Z 12|72,

z€(A+a)
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Then
Tsz(Ara): Z ZS(A/,O{)
A/

[A:A]=p
=p~vol(A) Y. (Z lz + a|—25)
N zeN
[A:A]=p

The z that appear in this sum are one of the following form:

o Ifze A, thenze A forall (p+1)A’s.
o Ifzep~'Abutz¢A, then z < A’ for a unique A,

Therefore, the above is

s s 1 1
=p VOI(A) pz—|z+a|23+ Z —|Z+a|285

z€eA zep~lA
The first partis p'=—*Z;(A, @) and the second is psZs(A, pa). If p =1 (mod N),
then we get (p* + p'=5)Z(A, a). At s =0, we get p + 1, as desired. U

Reference: Siegel, “... advanced analytic number theory.”
O
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8. CLASS NUMBERS OF CYCLOTOMIC FIELDS

8.1. Reformulating Stark’s conjecture. Let E/K be a field extension with
Galois group G and p: G — GL(V) a representation. Stark’s conjecture
predicts that

L(s,p")~a,s"p(Z) nears=0

where p(2) € Z(R[G])*/Z(Q[G])* and a, € Q(p)*. If we admit the re-
fined conjecture (which we shall always do in the future), then we get
that moreover p — a, is Galois equivariant.

We can reformulate this by using a C[G]-valued L-function. This is just
a matter of packaging - we replaced the regulator with something in the
group algebra, and now we want to do the same for everything else. Let
e, € C[G] be the idempotent associated to p, i.e. if a is an irreducible
representation (viewed on the group algebra), then we have an equality

of endomorphisms
0 aZp,
aley)= 5
Id, a=p.
Exercise8.1.1. Check that e, =dimp - y -

Solution. We recall the orthogonality of matrix coefficients:

- O ’
L (P(g)x,y)(a(g)w,z)z{ . aFEp

|G|g€G m(JC,W)(J/,Z) agp

This immediately shows that if a 2 p then
ale)= e,(glalg)=0
geG

since e, x y,, is a matrix coefficient of p.
On the other hand, if @ = p and x; in an orthonormal basis for the
space of p, then the j k-matrix coefficient of a(e,) is

<Z (p(g)xi,xi)a(g)xj’xk> = Z (p(g)xi, x:){a(g)x;j, xi)

g€G g€G
dimp
Summing over i, we find that
{a(xp)x) xK) = diﬂ“p .
This shows that e, =dimp - y+. U
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Set
2(s)= Y Lis,p"e, €Z(CIG)).

irred. p

(This is in the center because evaluating at idempotents identifies C[G]
with a direct sum of matrix algebras, and the e, are identity matrices in
their respective components.)

The projection of Z(s) to different p have different vanishing orders,
so it’s best to talk about vanishing orders of Z(s) after projecting to var-
ious factors. Let {p;,...,p,} be an orbit of Aut(C) on the irreducible rep-
resentations of G. This corresponds to a Q-simple factor A of Q[G]. That
is, since Q[G] is a semisimple (Q-algebra, we have

QIGI =P M, (Dy).

If we pick a simple summand A = M (D) where [Z(D): Q] = r, then after
tensoring up to C it will break into r different matrix algebras), corre-
sponding to the representations p;,...,0;.

By the explicit formula for r,,, we get that r, is constant on {p,..., p}.

Exercise 8.1.2. Check this.

Write Z4(s) for the projection of £(s) to A® C and %4 for the projec-
tionof Z to AQC.

Conjecture 8.1.3 (Reformulation of Stark’s conjecture). For each A,
La(s)~ass™ R, nears =0
for some a € Z(Q[G])*.
We recover the old conjecture by applying p € {p;,...,p,}:
L(s,p™)~ p(aa)s™ p(#a)

where p(a) is the scalar by which « acts in p. Here r, = r4 for all p in
the equivalence class determined by A. Note that now the Galois equiv-
ariance is now packaged into the statement. We can absorb p(a,) into
P(2,) to write this more concisely as

L(s, ")~ 5" p(Ra).

Note that this is a slight abuse of notation since p(%,) is a linear trans-
formation, but since 2, is in the center of the group algebra it is a scalar

multiple of the identity, and we identify it with that scalar.
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8.2. Stickelberger’s Theorem. Let E/K be an abelian extension of num-
ber fields with Galois group G.

Fantasy. We would like to have an “equivariant class number formula”

La~s , nears=0
Wa

where h, € Z[G]. What would h,4 be? Since we are in a fantasy, we can
dream that there is a decomposition

Cl2Z[G]l/a1 ®Z|Gl/a: ® ... ®Z[G]/a,.

Then we set hy =(a; ... a,)4. This is still only defined up to Z[G]*. So at
the very least, h, € Z[G] should kill (Clg), as an endomorphism. Now that
is a statement that does make sense, without all this fantasized structure.

Conjecture 8.2.1 (Brumer-Stark-Stickelberger). If E/K is abelian, then
wg - £5(0) annihilates Clg.

Here wg is the number of roots of unity in E and %5 is a slightly mod-
ified version of the L-function to make this non-trivial, which we will
shortly explain. As a first approximation, you can just think of it as .£.

We have

g(s):ZL(S’Z_I)ex

where e, = ﬁ > geG X (g)'g (Check that this is compatible with Exercise
8.1.2). Now A corresponds a Galois orbit {y,..., 7,}. All the y; have a
common conductor f (an ideal of K). That was the point of restricting to
things in a single Galois orbit. For y € A,

L(s,y )= Z (iilm(l))s

(I'f)zl

where y (I =] ]p{") — G takes p; — Frob,, and extends by multiplicativity.

So
L(s)a= (ZL(S,Z_I)@()
X A
:

= Z|G|ZL(S 2 ()
\ x 8<G A
1 '(Dyx~'(g)
= p g
um;géu% i8]
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Hence by the usual cancellation of summing over y, we have

g(s)A = (;)_:1 (Nnil)s [I_l]

A

where here [I7!] is the class of I in G.

Example 8.2.2. Let E = Q({,,), K = Q, and A any orbit of a character of
(Z/m2z)*. Then

L(s)a= Z[a-l mod m] Z ni eCl(Z/mZ)].

n=a (mod m) A

Then 5 is basically defined by this formula without the projection to
A. Let f =disc(E/K), an ideal of K. Then

1
L= (171,
e (Nm1I)

So this is like . but removing the same Euler factors from everything,
whereas the characters have different levels of ramification (conductor).

Example8.2.3. Let E =Q({ ), etc. Then 5 =% from now on is

1
Ly(s)= Y, la'1) —.
a<(Z/mz)* n=a

Then Z5(0) (from Hurwitz zeta function) is

Dot [2])

The number of roots of unity in Q(¢,,) is m if m is even and 2m if m is
odd. So if m is odd, then Brumer’s conjecture in this predicts that

mZ[a‘l]—Z Z [a~"]a kills Clg,,)-
a as(Z/m7)*

Remark 8.2.4. <5 is present in order to make a clean integral conjecture
possible, since the splitting occurs over (Q and not Z.

Theorem 8.2.5 (Stickelberger). The element
Y. alaez(z/mz)].

1<a<m,(a,m)=1

kills CI(Q(Z ).
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This proves Brumer because Za [a~!] realizes the ideal norm (to @, and
then extended back) and so kills CI(Q({,)). In fact, we even win by an
extra factor of 2.

Remark 8.2.6. CI(Q(,,))is trivial until m =23 and then starts to increase
rapidly in size.

Note that this says nothing about CI(Q( )" = Q({ + ;,}). That's be-
cause on this subfield you can pair up the action of a and —a, and so the
thing is formally 0 again.

Exercise 8.2.7. Check this.

Next we'll prove Stickelberger’s theorem, and prove Herbrand’s theo-
rem (which is Stickelberger plus €). We'll finish up by doing the converse
to Herbrand’s theorem. This involves Euler systems plus more (both real
and p-adic L-functions).

Proof. The idea is to factorize Gauss sums. Let K = Q({,,) and ¢ = 1
(mod m) be a prime. In Ok, (¢) splits into A;-...- ;. Letd = [K : Q],
where A; is a prime of degree 1. The class of A;, as ¢ varies, generates
Clk (basically Dirichlet/Cebotarev for this field, because the density of
primes of degree >11is 0.)

Let 0 = Zl§a<m,(a,m):l ala~']. So it’s enough to show that 6 kills all
such A;. But for that it’s enough to show that @ kills one of them.

In other words, we want some element of K whose associated ideal
factors as 6(A,). If we index A; by (Z/mZ)*, then

o= ] 2.
a<(Z/mz)*
For example, for m =5 this is
AMASAAL

17727737 74"

Let y: (Z/¢Z)* — u,, be a non-trivial character. Fix {, a primitive /th root
of unity. Let g, be the Gauss sum

8= Y. Iy

xe(z/tz)*

A priori this lies in K* := K({;), but we claim that in fact gy €Kk, and has
the desired factorization.

Exercise 8.2.8. As a plausibility check, compute the norms down to Q and
check that they agree.

Properties of Gauss Sum.
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(1

2)

Let T € Aut(K({,;)/K). Then we claim that

g, =& x(r1™

where [7] is the corresponding element of (Z/¢7Z)*. In other words,

T

2, L =171 € hm-

If you think about this carefully, you'll see that this is the only
property of the Gauss sum that we need.

Proof. For T € Aut(K*/K) = (Z/{Z)*, we have
wg)= D, O =x(r) '8,
i€(Z/0)*
This shows that g, is T-invariant, since y has image in u,, by
definition. U
The norm of g, to Q is a power of ¢, so the only primes dividing

g, are above (. In fact, |g,|* = ¢, and the same is true for any
conjugate.

Exercise 8.2.9. Check this.

So ¢ splits completely K as A4, ..., A4, and each of these is totally rami-
fied in K*. We'll factorize g, in K* and then pass to K.

—_— —_—

AMos A

/\

Q) M,nf—l

where 1=1-{,.
So let’s compute

~{— ~ (-

g, modZ; )= > y(x) & (modZ )
xe(z/t)*
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Now, viewing

1 (2] — OF — (O /2:i) =(Z/6)
asamap (Z/¢)* — (Z/t)*, it must be of the form x — x7 for some 0 < g <
{—1.So

(-1
g, (mod f,-l_l) = qu(l +m)* (mod Xig_l)
x=1

= mx(x—1) ~ (-1
:qu (1+7TX+T+...) (mod A; )

x=1

expanding by the binomial theorem in the last equality. We're doing this
by brute force for now; we'll see a better way later. Now, Zf:lxi =0
mod ¢ unless x! =1 for all x, i.e. £ —1|i. So all the terms vanish mod
/le‘l until you hit i =/ — 1. For the purposes of computing the valuation,
we can focus on the lowest-order contributing term:

-1 -1
X . _1_ _ _1_
t1-4 E x7 simmt™174 E x'~ =gt
{—1—q

x=1 x'=1

(Here ~ means up to units.) Now v;5-(7) =1, so the upshot is that

v (8 )=t —-1—qif y =(x— x9):(Z/0)" = (Z/0)".

0Ok, so we've found that
v (g7 )=ml —1-q).

Therefore, (
m _mf—l—q)_ q
U)Li(gx)— /-1 =m (6—1)/7’)’1,

How does g vary with A,? Take o € Gal(K/Q) = (Z/mZ)*. Suppose
y(x)=x7 (mod A)

for x €(z/£)*. Then
7(X)'=x9 (mod o).

Therefore,
2(x)=q"°"" (mod o).
If we choose A, so that q;, = %, then gy, = %[0‘1] (choosing 1 <
(o1 < m).
So

M= [] @rym.
oeGal(K/Q)
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Therefore,

| Jone™

is principal, because we know that [ ] _(o2;)™ is principal (and in fact
equal to £™). U

Remark 8.2.10. As alluded to earlier, if you think about this carefully then
you'll realize that we didn’t really need to know about the Gauss sum. We
could have worked out U;Li(g}’;l) (mod ¢ — 1) by pure thought. How?

—_— o~

Ao Ag

Al-...-%d K QZ0) | rl-1
L

<

i /'

14

Now, K%/K;Li is a totally ramified extension of degree { —1. So g, €
K%. We know what 7(g,)/g, looks like, for 7 in the Galois group (Z/¢)*
(namely y ([]71).

More abstractly, say L/E is a totally, tamely ramified extension of local
fields with Galois group G. Then there’s a homomorphism G — k; = kj
given by 7 — T(NLLL) € k;, where 7 is a uniformizer. This is independent of
the choice of 71, because the extension is totally ramified (G acts trivially
on the residue field). In our case L = K%, E = K, this gives the usual
identification of Gal(L/E) with (Z/¢)<.

Given x € L, we can determine v(x) mod [L: E] from the knowledge of
7(x)/x for T € G. The reason is that

T(x) ( T,

v(x)
—— (mod ;)= —) (mod 7).
X Uys

This determines v(x) modulo |G|, i.e.

) mod 7, = [7]"W
where [7] is the image of T € G in k.
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T(g/

In our case, we know that =y([t])!, so

2([TD™! mod A; = [r]"™% 87,

This matches what our earlier computation: y([7]) mod A; =[7]7 of y =
(x — x9).

#dd TONY: [can we recover what we want by varying ¢7 Ah yes]

So we could have reconstructed the element g, as following. Since

(g,(

y([t])7! is a unit, it’s of the form . ) for some g, by Hilbert’s Theorem

90.

Stickelberger’s Theorem is usually phrased in the following stronger

way. Let
0= Z [rl]{ }e@[(Z/mZ)X]

(Z/m)
We just showed that m @ kills the class group. The stronger version is that
if T € Z[G] is such that 76 € Z[G] then 70 kills CI(Q({;,)). This refinement
basically has to do with formulating things in a more refined way in terms
of the group algebra.

Example8.2.11. Forany ¢ € (Z/m)*, the element 7 = c[1]—[c] € Z[(Z/ m)*]
satisfies 70 € Z[G], because

s-eprift]-gerfi)

-Xe(etw)-{a))

Let o, € Gal(K/Q)=(Z/m)* have image c. But also g;/g;v € K, since for
y € Aut(K*/K),
r(g)=xrI"")g;
and
r(gy)=gr" = x(yl ™) gy = x(r] ") goe.
Factorizing g7 /g7 shows that 76 kills Clg,,). In other words, the role
of m in our argument before was used in two places: to multiply 8 and

to exponentiate g,, and that is replaced by something else (namely 7) in
the group algebra.

Exercise 8.2.12. Work this out.

You can check that any element taking 8 into Z[G] is a linear combi-

nation of these.
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We remind you that this is suggested by looking at the equivariant L-
function £(s) € C([Z/mZ)*]. If something the equivariant analytic class
number formula is true, then .£(0) to kill CI(Q(Z ).

8.3. Herbrand’s Theorem. Now we specialize the previous setting to the
case where m = p is a prime. We want to look at the p-part of the class
group of Q({}), call it C,. Why would we do that? This has a special
significance which we’ll talk about in a moment. Now, C,, has an action
of (Z/p)* via Galois, which induces a decomposition

C,=EPCp.i

where Gal(K/Q)=(Z/p)* acts on C,; by x — x".
Since we will use this repeatedly, we highlight this construction. More
generally, if A is an Z, module with an action of (Z/p)*, then

A EBA,-, A;={acA|o(a)=w'(0)a}

where we view o € (Z/p)* and w: (Z/p)* — Z; is the Teichmiiller char-
acter, with image u,_;. (It furnishes the unique multiplicative inverse to
the reduction map Ly — (Z/p)*.) Itis important to note that this splitting
occurs integrally.

Theorem 8.3.1 (Herbrand, Ribet). Fori evenand2<i<p -3
Ci-i#O0ifandonlyifp| {1 —1i).

The direction = is due to Herbrand, and is much easier. The con-
verse was due to Ribet, but also proved by Kolyvagin using Euler systems,
and that is the proof we'll follow.

Example 8.3.2. For p = 37, p | {(—=31). This is the first p for which an
interesting example occurs.

Digression on the motivation. The C; arise naturally when one com-
putes Galois cohomology of Z,(r). Through this, they arise in algebraic
K-theory. (Recall that the “Tate twist” IF,(r) is defined by F,,(r) := ,uf;’ as

a Gal(Q/Q)-module.)

Let I be the Galois group of the largest extension of (Q unramified out-
side p. What comes up often is the group cohomology H'(I',F,(r)), in
its equivalent guise H;,(Z[1/p],F,(r)). The Chern character of algebraic
K-theory is valued in this group.

How do you compute the Galois cohomology? You restrict to a group
where the action becomes trivial. The action on IF,,(r) becomes trivial

when restricted to the subgroup I = ker(I' — Gal(Q({,)/Q)), since this
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fixes u,. Let I be the Galois group of the maximal extension of Q({),)
unramified outside p. Then we have

HY(L, Ty () = HAT, () 700

(Here we assume that p—14r. If p—1|r, then the module is trivial. dedvéd
TONY: [still true though?]) This is (Hom(I",F,) ® F,(r))'/" because I"
acts trivially on F,(r). This in turn is Hom(C/,F,) where C' = (I')2, the
(Ray) class group of Q({,) and C/ is that part on which (Z/p)* acts by
xX—x".

By class field theory, C’ maps to C with kernel described by local/global
units by class field theory.

Proof of Herbrand’s Theorem. Let2 <i < p—3be even and k be such that
i+k=p. Thenk=(p—-1)+(1—-i)=(1-1i) (mod p —1). We suppose
that C,, x # 0 (the summand of the p-part of the class group where o acts
by o(a) = w*(o)a). We're going to plug this into Stickelberger’s theorem
and see what comes out.

The statement we’ll use is that for any ¢ € (Z/p)*, if 0 = Z{%}[i‘l]
then (c[1] — [c])@ € Z[G] and annihilates CI(K). Since the group action is
described by the Teichmiiller character w, this translates into the asser-
tion that w*((c — [c])@) lies in Z, and kills C,, x, hence must be divisible
by p. (We are extending w: (Z/p)* — (Z/p)* to Z[(Z/p)*] — Z;.)

It remains to relate this to an L-function. Let y = w*: (Z/p)* — Z;.

Then (¢ — y(¢))Y, {é} (i) €Z, (itis a priori in Q,, but we showed it’s
actuallyin Z,) kills Cy, .
Now recall that we showed earlier

-1 < 1 I =1
=3 (5-{5}) o
i=1

(You might complain that L is valued in Z,, but recall we developed an
algebraic theory for this and the values agreed.) Since y is nontrivial, the
sum over the constant term vanishes and we get

p—1 .
10,7 ==Y {i} 2G)™
o1 \P
So (¢ — y(c))L(0, y 1) kills C,,x. Modulo p we have y(c) = c* (mod p), so
¢ — y(c) is a p-unit because c is a generator. Then L(0, y ') = L(0, w¥) €
Zy kills Cy, so p | L(0, w=F).
Finally, it remains to relate L(0, w=*) with {(1 — i). We have

L(0, %) = Z w = (n).
(n,p)=1
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Now, w*(n) (mod p) = n=* (mod p) = nP~'-% = n-! (mod p). We dis-
cussed how termwise congruences give rise to congruences of the regu-
larized sum. So

L(0, %)= Z nTl=¢(1-i)1-pih).
(n,p)=1

Remark: the condition on the exponents for deducing this kind of stuff is
not satisfied here, so you have to do the dilation tricks. U
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9. CONVERSE TO HERBRAND’S THEOREM

We have proved that
plCi = pl(1-i)

or more precisely p | L(0, w~*), which is a factor of the zeta function. You
can think of this as saying that the splitting up of the class group is com-
patible with the splitting up of the zeta function.

9.1. Ribet’s proof. We're going to sketch Ribet’s proof. We start with the
fact that p | (1 — i), and then produce element of the class group. Pro-
ducing elements of the class group is difficult; it is easier to bound from
above. In order to bound from below, in Kolyvagin’s proof you use the
class number formula.

Suppose p | {(1 — i), where i is even. We can consider the Eisenstein
series of weight i:

Ei(2)=()+ Y 0i1(n)q"
n=1

What's the constant term? You remember the constant term by the fact
that it should give you 0 when g = 1.

Exercise9.1.1. Why is this the case?

Now, we have

3200 ogs— i)

nS
so plugging in s = 0 shows that the constant term of E;(z) is —(0)Z(1—1).
Now, p | {(1—1i) means that the Eisenstein series mod p is a cusp form.
So by Riemann Roch, you can lift to a cusp form of weight i such that
f=E;ie a,=0;_1(n) mod p.

Exercise9.1.2. Figure out this lifting step.

Then f has a Galois representation py: Gg = Gal(@/@) — GLZ(@).
The congruence f = E; implies that the £th Hecke eigenvalueis=o0;_,(¢) =
1+~ (mod p). Thus

w0
trps(Froby)=tr ( 0 1) (Froby) (mod p).
So we have determined the semisimplification of the reduction:

s i-1
Py (modp)=(w0 1).

Exercise9.1.3. Why can you reduce a Galois representation?
79



Math 263C 2015

0 1
where * is non-zero; i.e. the corresponding representation is an extension
of the form

: . Wit %
Ribet shows that you can choose the reduction to be of the form ( )

0—>F_p—>?—>IF_p(i—l)—>0.

The restriction of * to Gal(Q(Z,)) := Gal(Q/Q(Z p)), defines a Galois-equivariant
homomorphism Gal(Q({,)) — E(i —1). We claim that this is unrami-
fied, which by class field theory implies that it factors through a Galois-
equivariant homomorphism Hom(Cp,IFT?(i —1)). By the description of

the Gal(Q({,)/Q) action on C,, thishomomorphism even factors through
Hom(C,,,l_i,IFT,), which shows that C,,;_; is non-zero. #dé TONY: [It's
supposed to be clear that this extension can't be split.]

It’s easy to see this away from p; the key is that this is unramified at
p, i.e. descends to * € Hom(C,,_;,F,). Now, Ej being weight k relates
to p-adic Hodge theory in some form, which wasn’t available to Ribet,
so he replaces E; with a congruent weight 2 Eisenstein series (i.e. run
the whole argument using something of weight 2 with the right constant
term, instead of E;). This is a useful trick! So it turns out that there exists
a weight 2 cusp form f’ € #(I'1(p)) with the property that

E,.=f (mod p).

This f” has an associated Galois representation p s, which occurs in the
Tate module of T,(/,(p)), and even in the Tate module of T,(J,(p)/ Jo(p)).
This is the point of making congruences to weight 2 forms - they have
associated Galois representations which we understand well. These Ja-
cobians have bad reduction at p only, which already shows you unrami-
fiedness outside p.

The miraculous fact is that J;(p)/Jo(p) acquires good reduction over
Q(Zp) (thisis not true of J,(p), which has semistable reduction). This plus
the theory of finite flat group schemes implies that * is unramified at p.
This key fact can be guessed from Langlands predictions. d#éé TONY:
[how?] (for f a form on .%(T'1(p)) and not on % (I'y(p)), the base-change
of f to Q({,) haslevel 1).

Remark 9.1.4. There are some subtleties to the construction, which are
not apparent in this sketch. As is, it is not clear why this doesn’t work for
i —1 as well. This has to do with the choice of lattice used to make the
reduction.

9.2. Cyclotomic units. Let p be an odd prime and K = Q({,)" =Q({, +
.
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Definition 9.2.1. The group ¥ of cyclotomic units of K is the subgroup

of 0y generated by
1-¢ (1-2)a-29)
N P _ P p’
m(l—é'p) (1_517)(1_4,;1)

These have really nice properties.

Definition 9.2.2. Define the regulator of 6 to be the covolume of log(%)
inside Oy :
reg(6):=vol(log 0; /log 6).

Proposition 9.2.3. Up to powers of 2 and sign, reg(6) is the leading term
of L(K,s)ats =0, i.e.

reg(6) = (£2")- leading term of L(K,s) ats =0
= (%29 l_[ (leading term of L(y, s) at s =0).

1:(Z/p)*—C>
x(=1)=1

Now, we know from the analytic class number formula that the lead-
—hi reg(0g)

ing term of L(K,s) is also equal to >

together gives

. Therefore, putting these

[07: 6] E hy.
ddd TONY: [exericse: ratio of regulators is index] As an indication of
how nontrivial this is, we remark that ¢; /¢ need not be isomorphic to
the class group, even when the orders are the same.
Now there’s a p-adic analogue of Proposition[9.2.3] Basically, you con-
sider instead the p-adiclogarithmlog,: ¢ — (K®Q),)instead of the usual
logarithm. Let 0k, be the ring of integers of K® Q,,.

Proposition 9.2.4. We have
-1

llog, (07 ,): log, 1= [ [ L,(1, %)

1#1
p

where L), is the p -adic L-function interpolating L(—k, y ) for—k =1 (mod p—
1).

Euler systems show that the equality [0} : 6] = hk holds equivariantly,

i.e. #Og/6)pr = #CI(K))p, (broken up via characters of (Z/p)*). That
shows the converse to Herbrand.

Remark 9.2.5. The main conjecture of Iwasawa theory is basically this
carried out for » for n growing to oo.
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Proof. (1) We showed that the leading term of L(y,0) is

p—1 p—1
%le(i)log(l N (B =Zl)((i)log|1 i

So the right hand side is

p—1
[ 1> x(idogin-¢il.

x#1 i=1
Lety €(Z/p)* be a generator. We're going to write down a basis of the cy-
clotomic units which is better adapted to the group action (hence easier
for the computation):

l_é"}/ 1 _é")/z l_é’y(P—l)/z
l_é,r 1_4,7/ yeeey 1—57’“973)/2

Let u =Nmg,)/x (11%5;) so the norms of the basis are

fu,u’, .. u’"".

These generate because if you want to get a particular numerator, you
multiply the right things and the denominators cancel appropriately. They
are subject to the relation

(p-3)2
u-ub-...-u8"" = II u’=1.

oeGal(K/Q)

(If you multiply upstairs, you get something like —{~!, which is killed by
the norm.)

This shows that as a module over the group algebra, € is the integral
group algebra generated by these powers of u, modulo the relation that
their sumis 0.

So we have the logarithm

log: 6 - (K®R)=RY, d=[K:Q]
sending u — (log|ul,), arcn.. We choose a basis on the target so that the
logarithm takes the form
x — (log|x |gu0)g€Gal(K/Q) =(loglg “Ix |vo)g€Gal(K/Q)

for some fixed archimedean place v,. The image is contained in the sub-
space le- = 0, where x,...,x, are the coordinates on R%. Recall that
we're using the volume form on this subspace given by projecting away
from one coordinate: dx; A... A C/I-;, A...ANdx, (which is independent of
i, up to sign). We want to figure out the covolume of the lattice

log 6 =(log(g - gz) g €Gal(K/Q))
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This lattice is spanned by {logu,logu7,...logu”""*}. These are not lin-
early independent, so we can't evaluate the volume using the naive de-
terminant formula. Instead, we invoke the following lemma.

Lemma 9.2.6. Given vi,...,v; € R? lying on the hyperplane . x; = 0,
which satisfy Y v; = 0, the volume of the lattice spanned by any d — 1 of
thev; ind x;=0is

1 1,1,...,1) )
—det| | ————+v; .
d (( d liiid)

Let e =(,..., 7). Then by the Lemma,

1 —3)/2
reg((g):Edet(e+logu»e+10glﬂ,...,e+logur(” ")

1
== det(e +log|ué"|,,)q nec-
We can evaluate this by viewing it as a special case of a general calculation

on the group algebra. In general, if G is an abelian group and ) x,g €
C[G], then

det(xgn)q,nec = Normeigy/c Z Xg&
geG

Now, as G is abelian we have a decomposition C[G] = [ |
G-modules, hence the above is

det(xgn)gnea= | | (ngx(g))-
G

51 G—CX

x: G—C* CZ as

We applying this with x, = % +log|us|,,. For y =1, we get

ngx(g)=z G +log|ug|m) =1
g 4

since [Nmg,q u8| = 1. For y # 1, the sum over 1/d cancels out and we

obtain
|
ngx(g) = Z x(8)log|Nmg,)/x ( )

geG geG 1_€’g Vo
S (@log|~—
= x\8)log|———
ge(z/p)* 1-¢ vy
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for some 7, a place of Q({,) above vy, where the last step follows from
unwinding definition of the norm of Q({,)/K. Then by splitting the log-
arithm into a difference and re-indexing one of the sums, the above is

="' =1) Y x()logh -8l
g<(zZ/p)*

We've evaluated the term €T/ p)* x(g)log|1— 8| before: it is the lead-
ing term of L(0, y) up to a factor of 2.
So putting this all together, we have

reg(¥)=~ [ [0 -2 L0.2).
7#1 ~

leading term
Now, the product over characters of (1 — y(y™!)) is
x4 -1
[l a-0="—rlu=a
1#x€uq .

abd TONY: [in lecture, d was d/2...7] Therefore, up to powers of 2 we
have

[ [r0 =20
X
]

Now we move on to the p-adic version. Let K, be the completion of K
above p and L, the completion of Q({,) above p, so L,/K, has degree 2.

Proposition 9.2.7. We have

[log,, ﬁ[?,p: log, 6], =val, (l_[ Lp(l,;()) .
x

Strictly speaking, we have not interpolated the p-adic L-function L,(1, y).
However, the same method as we used to evaluate the p-adic zeta func-
tion L,(1, y) applies here.

In fact, we'll prove something more precise, which gives an equality at
level of each character y. Let ﬁpré)Zp = }iLnN o7,/p". This is a finitely
generated Z,-module.

Example9.2.8. Z; =7/(p —1)x(Zp,,+) via the p-adic logarithm. Tensor-
ing kills the Z/(p — 1) factor, so Z;@ZP > 7., via the p-adic logarithm.

Proposition 9.2.9. With the notation above,
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(1) Thereis a decomposition of G -modules
C®L,2PZyu,
271
where g -u, = y(g)u,.
(2) There is a decomposition of G -modules
0} 8L,/ torsion= P 7,v,
17

where g-v, = y(g)v, and y ranges over characters y : (Z/p)* — Z;
distinct from the Teichmiiller character w.
(3) We have

log,u, =L,(1, x)a-log, v,

for some p-adic unit a.

These statements compare the local units ¢;, and the global units
. The proposition says that Proposition[9.2.7 holds even at the level of
characters, interpreted appropriately: after tensoring with Z,,, everything
splits and matches up piece-by-piece.

Proof. (1) We can write down explicitly

u, :Z(g ‘u)® y () EC VL.

geG

Exercise 9.2.10. Check that this is non-zero for all y non-trivial (because
we know the Q,-module) and spans integrally. Work out where this came
from: since p |G|, it should be analogous to representation theory over
characteristic 0 fields.

For any x € 6 ® Z,,, we can define the projector

P(0)=1 > (8@ 1 (g).

geG

Then g - P,(x)= y(g)P,(x), and we claim that x = Zz P,(x). Indeed,

Y p0)= 23 (g e
X X 8
=é2(g‘x)2;c‘1(g)
8 X

=X.
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(2) Let 7 be a uniformizer of 0 ,, say m =1—,. We filter 0’pr in the
standard way:

Z/ z/ z/ (z/p)*

.. €140, C 1470, C 1410, C O,
Since £, =1 (mod ), we have ({,) = (14 70;)/(1+ m2)0;, which tells us
that

(14710 =y, x (1+7°0y).
The power series defining the p-adic logarithm just fails to converge on

1+, but it does on 1+ 720; and this allows us to define it on 1+ 7. Note
that o € (Z/p)* acts on 7 via

o(m=0(1-=1-"=1-(1-n) =[o]n + (higher order)

viewing [o] € {1,..., p}. This tells us that (Z/p)* acts on (1+ 7/ 0y, ,,)/(1+
ity ,) £ F, through the character [o] — [o]/. Recall that the Teich-
miiller character w: (Z/p)* — Z, is the unique charactering lifting of the
identity map (Z/p)* — (Z/p)*. By successively lifting and averaging, we
can find v,; € (1 + 7/ 0;) which transforms via w/, and is non-zero in
(1 + vl ﬁ["p)/(]. + 7Tj+lﬁL'p).

Exercise9.2.11. Show this.
We claim that
(1 +7TﬁL)g,Up X Zpl}wz X vaa)3 X...X Zprp.

The v,,; are certainly independent, since they transform differently under
G. We haven't checked that they span. The point is that our claimed basis
generates (1+ 7/ 0;)/(1+ ni*10;) for j < p. For j = p +1, that step of the
filtration transforms again like the reduction of w? so you come back to

p
Vo

Exercise9.2.12. Prove it.

Remark9.2.13. If youreduce mod p, then see that Z, v,» is distinguished
in the sense that its pth roots give rise to unramified extensions.

(3) We want to compute logp(vwk) for 2 < k < p —1. This is ¥z} plus
higher order terms, since v« = 1+ 7%z, for some z; € Op,p. So the valu-
ation of logp v, is k if we normalize so that v(7)=1, or ﬁ forv(p)=1.
We'll use the latter normalization.

If y = wk, then a generator for (¢ ®Z,), is

U ::Z vEQ y(g) ' €6 QZ,.
geiG
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So
logp(uk)=Zx(g)‘110g,,x(g)‘llogp(ug)
_ -1 1_:a'g
= > 28 logp(l_gg)

g<(Z/p)*

=(x(0)-1) Y. z(g)'log,(1-¢5).

g<(zZ/p)*

We want to relate this to L,(1, ), and more specifically we want an equal-
ity

log, ur=Ly(1, y)log, vk _a_.

X
eZp

The valuation of log,, vy is ﬁ, so we want to show that if y = wk, then

—k
valy(Ly(1, 7)) =~ +val, D x2(8)'og,(1-2%)

ge(Z/p)*

The main thing to understand is where ;—fl comes from, and it turns out
that it comes from a Gauss sum. We want to write L,(1, y) as a sum of
logarithms, i.e. in terms of the series ). ”7" for various u. To do this, we
want to expand y into characters of (Z/p,+). By the Fourier transform,
as a functionon Z/p,

1
r=— >, | 2 2w [y
pl/,':(Z/p,+)—>(C>< i€Z/p

These ) are all of the form i — % for { a pth root of unity and j € Z/p,
so the inner sums are of the form

D=3 1) = 1) g,

i€Z/p

where g, =Y x(i){'. So

2)=25" (.
P
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Substituting this above, we formally write

Lp(l’)()zz
x(n)
&8N o [ ST
5T (25)

=203 1) og, (1~

J

p—1-k
p—1

ing a different normalization here). So val,(g,/p) = p_—_kl, and this proves
the equality that we wanted.

Now we computed val,(g,) before, and it was (because we are us-

Remark 9.2.14. This actually shows that [(ﬁ,ép ®Zp)y: (6 ®Zy),lisap-
unit times L,(1, y).

The gap is that we haven't justified the power series expansion for the
p-adic logarithm. Go back to that computation for the residue of the p-
adic zeta function, and repeat the same dilation that we used in analyzing

1 1 1 1
1- —
Q=2 =F st

9.3. Converse to Herbrand. We know that (up to powers of 2)
#07 /6 E#Clx.
The input from Euler systems will be the following refinement:
#(0816), , 2 #(Cli)p,;-
We indicate how to use this to show the converse to Herbrand:
pl1ZA—k) = plCur+

for2<k <p-—3even.
Firstly, note that because we have an equality after taking a product
over y, we have that

#HOZ [ 6)p,; =#(Clk)p,;-

Now, let i be such that i+ k =p (soiisodd and 3 <i < p —2). By one of
the termwise congruences we discussed,

pI{1-k) <= p|LO,0™).
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Indeed, since k —1=p —1—1i we have

(1—k)= ”Z nk-1 EZ n~" (mod p).

and that is (formally) L,(0,w™") and also L,(1,w!~). So we find that p |
L,(1, '), hence by Proposition|9.2.7\we have p | [0 ,®7Z,: 6 ®Zp] 1~
Now, we have nested inclusions

((g ®Zp)w1—i Ca (ﬁ; ®Zp)w1’i Cg (01?,]9 ® Zp)wl—i

so either inclusion A or inclusion B is proper. We analyze these sepa-
rately.

If inclusion A is proper, then p | #(Cl),, .,1-i. This is good, but not what
we wanted (the field and character are different). By Kummer theory, it
implies that (Cg,)).1-+ is non-trivial, by something analogous to the Weil
pairing over number fields, by which one eigenspace must be dual to an-
other.

If inclusion B is proper, then

(Og/Ph-i = (OF ,/Ph-i

is not surjective. Therefore, it is not injective either, because the right
hand side is rank 1 over Z,, and the left hand side is of rank at least 1
(possibly bigger). Then there exists u € 0 such that u is locally (at p) a
pth power and the class of u in (0F /p) transforms under w!~".

Then Q(¢,)(u'/?) is everywhere unramified (split at p because it’s lo-
cally a pth power). It defines a homomorphism Cq(,) — Z/p which ex-
hibits (Cg(,))1-x # 0. (Translating the Galois action on the extension to
that on the class group is an exercise in Kummer theory:.)

The only loose end is the “pairing” of class groups.

Example 9.3.1. The Scholz reflection principle says that the 3-rank of
Cly(/z) and the 3-rank of Cly =35 differ by at most 1.

9.4. Euler Systems.
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