ELLIPTIC CURVES WITH COMPLEX MULTIPLICATION

TREVOR ARNOLD

As a prelude to the general theory of complex multiplication of abelian varieties,
we discuss the arithmetic of elliptic curves with complex multiplication (CM). The
goal of these notes is to provide a cohesive summary of the classical theory. The
material presented here comes from a variety of sources, notably Gross [3], Lang [5],
Serre [6], Shimura [7], and Silverman [9, Ch. II}; we make no claims to original-
ity. We assume a familiarity with elliptic curves (our reference for basic facts is
Silverman’s book [8]), algebraic geometry (on the level of Hartshorne’s book), and
algebraic number theory (through class field theory). In order to avoid duplication
of effort, we also assume the Main Theorem of CM (stated in §3), as it will be the
subject of a later set of notes, [2, Thm. 7.3].
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1. ELLIPTIC CURVES OVER C AND RATIONALITY

Suppose that L C C is a subfield and that E/L is an elliptic curve. Recall that
the (rational) endomorphism ring Endy, E of E is isomorphic either to Z or to an
order! O in a quadratic imaginary field K/Q. In the latter case, we say that E has
CM by K (or by O). If E has CM by K, then End;, F = Endc F and a choice of
isomorphism i : K — (Endc E) ® Q determines an embedding 7 = 7(i) : K < C
such that the diagram

(Endc E) ® Q <™ End¢ Tang Ec

]

K- C

T

can.

commutes, where Tany F¢ is the tangent space of E¢ at the identity (it is a C-vector
space of dimension 1, whence the rightmost equality). The one-element set {7} is
the CM-type of the pair (E,%). In what follows, we fix for every elliptic curve E/L

with CM by K a choice of i : K — (End¢ E) ® Q and set K* = 7(K) C C.

IRecall that an order in a number field K is a subring O C Ok such that O ®z Q = K.
1
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Note that it may be the case that E//L does not have CM by K but that Ey, does
have CM by K for some extension L’ of L in C. In fact, we show later (Corollary 6)
that if E/L is such that Ec has CM by K, then E has CM by K if and only if
L O K*. In what follows, we are (somewhat pedantically) careful to distinguish
between the isomorphic fields K and K* = 7(K) C C; in the terminology of the
general theory of CM abelian varieties, the former is the CM field and the latter is
the reflex field for the CM type ® = {7}. Also, we remark here that we make the
assumption that L C C only for general convenience. The results presented here
hold for elliptic curves defined over any field L of characteristic 0; this follows, for
example, from “Lefshetz principle” arguments (cf. [8, Ch. VI §6]).

For an order O, denote by Cl(O) the set of isomorphism classes of projective
O-modules of generic rank 1. This set becomes a group under tensor product
of modules: the inverse of a class [A] € Cl(O) is represented by Home (A, O).
The following lemma states a few basic properties of orders and their invertible
modules, most of which are well-known; the proof of this lemma is only included
for completeness and may safely be skipped.

Lemma 1. Suppose O is an order in the quadratic imaginary field K.

(1) There is a (unique) positive integer ¢ (called the conductor of O) such that
O=7Z+ COK.

(2) Every torsion-free finite O-module of generic rank 1 is isomorphic to an
ideal a C O. In particular, every element of Cl(O) is represented by an
ideal of O.

(3) If A, A’ C K are two finite O-modules of generic rank 1, then the natural
map

ARo N — AN :a®B— af

is an O-module isomorphism. In particular, if A C K is a projective O-
module, then
At'={aec K |aAC O}

(4) IfA is a torsion-free finite O-module of generic rank 1 such that Endp(A) =
O, then A is a projective O-module.

Proof. To prove (1), set ¢ = [Ok : O]. Then we have that Z + cOx C O. As
Ok admits a Z-basis of the form {1,a}, we see that [Ox : Z + cOk] = ¢, so
Z+cOg =0.

For (2), note that the map A - A®p K : A — A®1 is injective, as A is a torsion-
free O-module. A choice of isomorphism A®p K = K therefore yields an O-module
map ¢ : A — K identifying A with an O-submodule of K. As O ®z Q = K and A
is finitely generated (over Z), some integer multiple of ¢ is an isomorphism of A
onto an ideal of O.

To prove (3), note that the given map A ®p A’ — AA’ is surjective and O-linear,
so we only need show that it is an injective map of abelian groups. This is clear,
since both the domain and codomain are free abelian groups of rank 2.

Finally, we prove (4). For any finite O-module M C K of generic rank 1, we
define the module M* to be the dual of M with respect to the trace pairing:

It is clear that M* is an O-module and one can see easily (for example, by choosing a
Z-basis for M) that M* is a free Z-module of rank 2 (and so of generic rank 1 over O)
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and that (M*)* = M. For such M, we have Endp(M) = {k € K | kM C M}.
Using this, we see that

Endo(M) € Endo(M*) C Ende(M**) = Ende (M),

so the inclusions are equalities.

Choose as above a Z-basis for Ok of the form {1,a} for Ok. Then {1,ca} is a
Z-basis for O. Let f(z) € Z]z] be the minimal polynomial for cov over Q. A direct
computation shows that O* = f’(ca)~1O, so in particualar O* = O.

If A satisfies the hypotheses of (4), then (by (2), for example) we may assume
that A is an O-submodule of K. We therefore have that O = Endp(A) = Endp (A*).
We now show that (AA*)* = O. If A € (AA*)*, then trg q(AA*) C Z, so by
definition of A* we have AA* C A*, whence A € Endp(A*) = O. Conversely,
suppose A € O. Then AMA* C A*, so trg/q(AAA*) C Z. In conclusion, we have that

AQo A" 2 AN =0" =20,
which shows that A is an invertible, hence projective, O-module. ([

Let Ell(O) be the set of C-isomorphism classes of elliptic curves over C with
CM by O. Abusing notation, we often describe representatives of classes in Ell(O)
in terms of the associated complex torus. This is justified by the fact that the
functor E — E(C) from the category of elliptic curves over C to the category of
complex tori of dimension 1 is an equivalence, [8, VI.5.1.1]. In particular, every
class in Ell(O) is represented by the elliptic curve associated to a complex torus of
the form (K ®R)/A for some lattice A C K ®R. (Note that 7®1 is an isomorphism
KoR=C)

Theorem 2. There is a simply transitive action of Cl(O) on El(O) such that
[a] - (K @ R)/A] = [(K ® R)/a"1A] for any ideal a C O and any complex torus
(K ®R)/A with CM by O.

Proof. First note that a=!A is a lattice in K ® R, as it is a discrete subgroup
of K®R of Z-rank 2. If ( K®@R)/A =2 (K®R)/A, then A and A’ are homothetic
by [8, VI.4.1.1], so (K ®R)/a"!A = (K®R)/a"tA’. Thus, to show that the action
described in the statement of the theorem is well-defined, we need to show that if
(K ® R)/A has CM by O, then

(1) (K®@R)/a"tA also has CM by O and

(2) (K@R)/a A~ (K®@R)/b!A if and only if a 2 b as O-modules.
To prove (1), we use the identification End(K @ R)/A = {a € (K @ R) | aA C A}
of [8, VL.5.3]. If we assume that (K ® R)/A has CM by O, then OA = A, so

{ae K@R|aACA}={a e K@R |aa 'A Ca 'A}.

Thus, End(K @ R)/A = End(K @ R)/a"A.

We now prove (2). By [8, VI.4.1.1], (K @ R)/a"*A = (K ® R)/b~!A if and only
if there exists ¢ € (K ® R)* such that ca™'A = b~!A. This in turn holds if and
only if there exists d € K such that da = b, i.e., if and only if a & b as O-modules.

Note that (2) above shows that the given action is faithful, so it remains to check
that it is transitive. If (K ® R)/A has CM by O, then we see that Endp(A) = O.
Lemma 1(4) thus implies that A is a projective O-module. Therefore, given complex
tori (K ® R)/A and (K ® R)/A’ with CM by O, we have (K ® R)/A" = (K ®
R)/(A’A=1)A, which shows that the action of C1(O) on Ell(O) is transitive. O
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Corollary 3. Every elliptic curve E with CM by K admits a model over a number
field.

Proof. Let 0 € Aut C and assume that F has CM by O. Then E? likewise has CM
by O. By the theorem, Ell(O) is finite, so {j(E?) | o € Aut(C)} is finite. Thus, as
Jj(E?) = j(E)° for ¢ € Aut(C), we have j(E) € Q. O

Corollary 4. [Q(j(E)) : Q] < # Cl(O) for all E € ElI(O).

Proof. {j(E°)} = {j(E)°} — Ell(O) and Ell(O) is a principal homogeneous space
for C1(0). O

In §4, Corollary 24(3), we show using the Main Theorem of CM that the inequal-
ity in Corollary 4 is an equality and identify K* (](E)) as the ring class field of K*
associated to the order 7(O0). We thereby have complete information about the ra-
tionality of CM elliptic curves. The following results describe rationality properties
of endomorphisms. Given an element o € Aut(C), o restricts to an automorphism
of K* and hence also acts on K via the isomorphism 7: K — K*.

Proposition 5. Let E € Ell(O), 0 € Aut(C), and o € O. Then the diagram

E(C) L B(C)

Ll 1]
" (0) o B7(0) 7
commutes, i.e., [a’] = [a].

Proof. Tt suffices to show that the diagram

1%

End E —— End Tang F

[a]
1

End £9 — End Tang E7 =

i

C
C
commutes. This can be checked on a basis element w € End Tang E as follows:

([a)7)*w” = ([of'w)? = (T(@w)? = T(a”)w? = [a7]"w. O

Corollary 6. Let L C C be a number field. If E/L is such that Ec has CM
by O, then every element of Endg F is defined over LK™, i.e., Ep i~ has CM by O,
and LK™ is the unique smallest extension of L for which this holds.

Proof. Clear from the proposition. O

We proved that Ell(O) is a principal homogeneous space for C1(O). It is also a
G g--set, where G~ = Gal(Q/K*) (Q denotes the algebraic closure of Q in C).
Class field theory supplies (via the reciprocity map) a surjection r : Gx+ — Cl(O)
satisfying r(Froby) = 771 (p)NO for every prime p of K* not dividing the conductor
of O (here Frob, is an arithmetic Frobenius element at p). One might ask whether
the Cl(O)- and G g~«-actions on Ell(O) are compatible with the homomorphism 7.

Theorem 7. For any o € Gg~, we have j(E)? = j(r(o) - [E]).
Proof. This is proved in §4, Corollary 24(2). O
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2. POTENTIALLY GOOD REDUCTION AND THE INTEGRALITY OF J

In this section, we prove that CM elliptic curves have everywhere potentially
good reduction. The following proposition lies at the heart of this fact.

Proposition 8. Let L C C be a number field and E/L be an elliptic curve with
CM by K. The Tate module representations py : Gy — AutT, E have abelian
image for every rational prime £.

Proof. Tt suffices to show that the representations p;m : Gy — Aut E[¢"](Q) are

abelian for all n. By Proposition 5, the Gr-action on E[("](Q) commutes with

the O-action, so the image of pn is contained in Autp E[¢"](Q). We claim that

E[(")(Q) is a projective O/(¢™)-module of rank 1. Granting the claim, we have

Auto E[0"](Q) = Auto ) E[0"](Q) = (O/(£™) ™,

which is abelian.
Write E(C) = C/A for A C K an O-module. In fact, A is a projective O-module
of rank 1 (this was proved in the proof of Theorem 2). Thus, A/{"A = (~"A/A =

E[("](Q) is a projective O/(¢™)-module of rank 1. O

Proposition 8 also follows easily from the Main Theorem of CM.

Theorem 9. Let L C C be a number field and E/L be an elliptic curve with CM
by K. FE has everywhere potentially good reduction.

Proof. By Proposition 8, we may replace L by a finite extension and assume that
Ty E is an abelian G-module for all £. Let p be a prime of L and choose a rational
prime ¢ such that p 1 £. To prove that E has potentially good reduction at p, it
suffices (by the criterion of Néron-Ogg-Shafarevich [8, VII.7.1]) to show that the
inertia group I, at p acts on T, E through a finite quotient.

Since Ty E is an abelian Gp-module, py| I factors through a homomorphism
Igb — Aut Ty F, where Igb denotes the image of I, in the abelianization G3°. By

~

class field theory, I;‘b = Ofp is an extension of a finite group by a pro-p group
(where p is the rational prime over which p lies). AutT,E = GL2(Z,) is an
extension of a finite group by a pro-¢ group. This is easily seen to imply that pe(1,)
is finite. O

Corollary 10. If E has CM by O, then j(F) is an algebraic integer.

Proof. By [8, VIL5.5], j(E) is an algebraic integer if and only if E has everywhere
potentially good reduction. [

3. THE MAIN THEOREM OF CM AND CONSEQUENCES

We need a short discussion regarding lattices before we can state the Main The-
orem of CM. Let A C K be a lattice (i.e., free Z-module of rank 2). For a rational
prime p, set A, = A ®z Z, C Kp; then A, is a Z,-lattice in K ®z Z,.

Lemma 11. Suppose given, for each rational prime p, a Z,-lattice M, C K, such
that M, = Ok ®z Z,, for almost all p. There is a unique lattice A C K such that
A, = M, for all p.
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Proof. If such a A exists, then it is unique (equality of submodules is a local
property). Given a collection {M),} satisfying the hypotheses of the lemma, set
A =, (M, N K) (intersection inside of K ® 2) One can check that A is a lattice
in K satisfying A, = M, for all p. O

Given an idele s = (sp) € Ax with s, € K, and any lattice A C K, we

can define (using Lemma 11) a lattice sA by requiring that (sA), = spA, for all
rational primes p. Moreover, we have K/A = @p K,/A,, so it makes sense to
define the “multiplication by s” map s : K/A — K/sA to be the sum of the
maps -s, : K,/A, — K,/spA,. For any number field L, we denote by [—, L] :
A¥ — Gal(L*"/L) the Artin reciprocity map (normalized to take uniformizers to
arithmetic Frobenius elements). Finally, we note that the isomorphism 7 : K — K*
induces (abusing notation slightly) isomorphisms 7 : K, — K ;‘(p) for every prime p
of K, whence an isomorphism 7: A% — Ax..
Theorem 12 (Main Theorem of CM). Suppose that E/C is an elliptic curve with
CM by K. Choose A C K for which there is an isomorphism & : (K®@R)/A — E(C).
Choose o € Aut C and s € Ay such that o|g+y» = [7(s), K*]. Then there is an
isomorphism ¢ : (K @ R)/s™'A — E?(C) such that the diagram

K/A —5 5 B(C)ons

e

K/S_lA 7 EU(C)tors
commutes.

Proof. Brian Conrad’s notes [2], q.v., are devoted to the proof of this theorem. O

As a first application of the Main Theorem of CM, we construct the Grossen-
charakter associated to a CM elliptic curve.

Theorem 13. Let L C C be a number field and E/L an elliptic curve with CM
by K, so L O K* by Corollary 6. There is a character o = ap : A} — K* such
that if € A} and s = (17! oNmy /k-)(z) € Aj, then a(z) is the unique element
of K* such that
(1) a(x)O = sO and
(2) if A C K is an invertible O-module and £ : (K ® R)/A — E(C) is an
analytic uniformization, then the diagram

cafz)s Tt

K/A K/A

(| |¢

B(L*) o B(L™)

commutes.

Recall that we showed (Proposition 8) that F(C)iors € E(L?P), so the diagram
in part (2) of the theorem makes sense. We also remark here that the role that 71
plays in the definition of s is that of the reflex norm N,y : A%, — A} appearing
in the general theory of CM abelian varieties (cf. [4]).
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Proof. Let 0 € Aut C be such that o|p. = [z, L], s0 0|k« = [7(s), K*]. The
Main Theorem of CM provides a uniformization ¢’ : (K @ R)/s"'A — E(C) such
that the diagram

K/A —25 K /s 1A

e

E(C) —5— E7(C) = E(C)

commutes. Since E°(C) = E(C), the lattices s 'A and A are homothetic, so there
exists b = b(x) € K* such that bs~'A = A. Thus (again using the Main Theorem)
the diagram

K/A -2 KA

g {

E(C) —— E(C)

commutes for appropriate choice of uniformization ¢” : (K ® R)/A — E(C).
Let a(z) be the element of K* satisfying [a(z)] = £ 0 & 1o [b] € (Endc E) ®
Q. From () and the fact® that £ o (-b) = £ o (-a(z)), we deduce the following

commutative diagram:

caz)s Tt

K/A —— K/A

(| |s
ab ab
E(L*®) 7 B(L*)
which shows (2). Because a(z)s !A = A, we have a(z)O = sO. Also, a(z) is the
unique element of K* satisfying (2). It is straightforward to check that «(x) is
independent of the choice of A and . Finally, the fact that « is a homomorphism
is clear from (2) and uniqueness. O

The character ag is not a Grossencharakter, as it is not trivial on L* C Az.
However, we have the following:

Theorem 14. The character o« = ag : A} — K> of Theorem 13 is the unique
character such that
(1) ker « is open,
(2) Oé|L>< = 7'71 ONHIL/K*,
(3) « is unramified at a prime p of L if and only if E has good reduction at p,
and
(4) if p is a prime of L at which E has good reduction and m, is a local uni-
formizer at p, then [a(my)] is the unique element of (Endy F) ® Q whose
reduction at p is the Frobenius endomorphism ¢, of the reduction E,.

2For any element &k € K, one checks via a calculation on the tangent space at the identity
that [k] o € = £ o (-k) as elements of Hom ((K ® R)/A, E(C)) ® Q, so this fact follows from the
definition of a(z).
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Proof. (1), (2), and (3) determine « uniquely and (2) is immediate from the unique-
ness of a(x) for x € L*.

To prove (1), it sufficies to show that ker o contains an open subgroup. By
Proposition 8, L(E[m])/L is a finite abelian extension for any integer m > 1, so
class field theory implies that there is an open subgroup B,, C A} such that the
reciprocity map induces an isomorphism L*\AY /B, = Gal(L(E[m])/L). Set

Up ={z € By | (T7' oNmy g z)¢ € (1 +mO,) N O, all £ € Z prime} C A¥.

Note that this is open, as (1+mO;) N O = OIXM for almost all £, and in general
O/ has finite index in Of ,. We show that ay,, = 1 for a suitable choice of m.

Choose an analytic uniformization ¢ : (K @ R)/A — E(C), so £(m™'A/A) =
E[m](C). Let t € m~'A/A and z € Uy, and set s = (77! o Nmy, /g~ )(x). Theo-
rem 13 gives that

§(t) =€ = ¢t a(w)s™) = (o)),
where the first equality holds because x € By, so [z, L] acts trivially on E[m], and
the second holds because sy = 1 (mod mQy), so s; acts as 1 on t, € m~tA,/A,.
Therefore, a(x) - (m~*A/A) € m~tA/A, which implies that (a(z) — 1)m A C A,
whence (a(z) —1)O C mO, ie., a(z) € O and a(z) =1 (mod mO). Theorem 13
implies that a(z)Or = $,0p = Oy for all £, so a(x)O = O, ie., a(x) € OF. Thus
for appropriate choice of m, we see that a(z) =1 (as O* C O is finite).

We now prove (3). Let p be a prime of L lying over a rational prime p. Choose
m € Zso prime to p and an analytic uniformization ¢ : (K ® R)/A — E(C).
E has good reduction at p if and only if an inertia group I, at p acts trivially
on E[m"] for all n > 0. Recall (Proposition 8) that I, acts through its quotient®
I;‘b C Gal(L?*/L). Therefore, E has good reduction at p if and only if, for all n,
()7 =&(¢) for all 0 € I;b, t € m~"™A/A. For such n, o, and ¢, let = € (’)ZF C A¥
be such that [z, L] = o and set s = (7' o Nmp,/x+)(2); then s, = 1 unless £ = p.
By Theorem 13, we have &(t)7 = £(t)*H = £(t - a(z)s™).

We claim

(1) s~ ! acts trivially on m~"A/A for all n.

As there are only finitely many primes ¢ for which O, # Ok, and, for all ¢,
O} C O , has finite index, there exists an integer k such that = O/ for
all n and all ¢ { m. For such k, we have m~*"A,/A; = m™"A;/A; = 0. Thus
m~"AJA= Dy, mT" Ay /Ay I £ | m, then s = 1, which establishes our claim.

In conclusion, E has good reduction at p if and only if, for all n, (a(z)t) = £(t)
for all z € OEF C A} and t € m~™A/A. This holds if and only if, for all n,
a(z) =1 (mod m™O) for all x € Ofp, which is equivalent to the statement that
afr)=1forall z € Ofp, i.e., that o is unramified at p.

Finally, we prove (4). Let p be a good prime for E/L and again choose m > 0
prime to p and a uniformization £ : (K ® R)/A — E(C). By the claim (}) above,
we have that, for all n,

()Tt = () = (almp)t) = [a(my) ()

3We defined there I;b to be the image of I, in Gal(L®P/L); this is a quotient the abelianization
of Ip.
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for all t € m~"A/A. Denote by E,/k(p) the reduction of E at p, and denote by
E(L**) — E, (m) x>

the reduction map. We also denote the (injective) map Endy F — Endyy Eyp

by ¢ — ¢. With this notation, we have f(t/)_ﬁ;% = ¢p (Z(f)) and (bf(\g_c/) = $(%).

—_— e~

Hence ¢, (£(t)) = [ou(mp)] (£(¢)) for all t € m™™A/A, from which (4) follows (also cf.
footnote 4). O

We now discuss the Grossencharakter and L-function of an elliptic curve with
CM. For any place (possibly infinite) ¢ of Q and any number field L, set

Li=L®qg Q= HLr~
e
For an extension L/F of number fields, we define the local norm Nmy,, /p, : Ly — Fy
to be NmL/F ®Q[
Suppose E/L has CM by K and let « = ag. Define

Xe=XEye: A — K[
via x¢(z) = a(z) (77" oNmyp, /g )(z¢)~'. By Theorem 14(1), (2), ker xo 2 L*, i.e.,
X¢ is an idele class character. If £ is a finite prime, then K, is totally disconnected,
so x¢ is trivial on the identity component (L*\A7})° and by class field theory
we can view y, as a K,-valued character of Gal(L*®/L). Recall that Ty E is an

O ®z Zy-module of generic rank 1, so we can consider the associated ¢-adic Galois
representation py as a character

pe: Gal(L*™ /L) — Autg, (T, F ®z, Qi) = K.
Theorem 15. yx, = py for all finite £.
Proof. As both characters are continuous, we only need to check this on Frob, for

p 1 £ a good prime for E: such elements are dense in Gal(L®’/L). This is just
Theorem 14(4) in light of the fact that a|L§ = XZ|L;<. O

For p = oo, we get a character xo : L*\A] — (K ® R)*. Set ® = {7} C
Hom(K, C) and define
®* = {0 € Hom(K*,C) | 7 '7 € &},

where & denotes any lift of o to Aut(C), so ®* is the one-element set containing the
inclusion map K* — C. For any extension L/K*, set (®*);, = {0 € Hom(L, C) |
olg~ € @i}, so (%) = Homg-(L,C) (L is a totally complex field and (®F)r is
a set of representatives for the quotient of Hom(L,C) by the action of complex
conjugation). If we set

XE=(T®1)oxoo : LX\A} — C*,

4The map arises from the Néron mapping property; it is injective because the diagram

Endy E—— Endy T E

! H

Endk<p) E— Endk<p) Ty E

commutes for all p t ¢ and the horizontal arrows are injections.
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then it is clear from Theorem 14 that xg is a Grossencharakter of L infinity type
Zae(@i)L o. The reason for our seemingly over-complicated notation is the fol-
lowing: in the language of the general theory of CM abelian varieties, ® is the
reflex type associated to the CM type ® of K and the embedding 7 : K — C. The
statements we have made apply equally to the Grossencharaktere arising from CM
abelian varieties of higher dimension.

Let L be a number field. Recall that attached to any Grossencharakter i :
A} — C* is a complex L-function

L, s) =[]0 = ¢(mp)gy )™,
pes
where S is the set of finite places of L where % is unramified, m, is a uniformizer
at p, and g, = #k(p) is the size of the residue field at p. Note that the Euler
product for L(1), s) only converges for s > 0. The following is a standard result.
Theorem 16. Suppose the number field L has no real embeddings.® If 1) is a
Grossencharakter of L having infinity type ) .y, n(o)o, where ¥ = {¢ : L — C},
then L(v, s) has meromorphic continuation to all of C and satisfies the functional
equation -
A(wa S) = w(/lz[})A(wv 1- S)a
where A(1, s) is the “completed” L-function
A(¥,s) = (Nmp, q(cond, z/J)dL/Q)S/Q((271')_81"(5))[L:Q]/2
and w() Is an explicit complex number of absolute value 1 defined by Gauss sums.

If 4 is not a power of the norm character N, then L(1,s) is moreover an entire
function.

We can also define an L-function attached to an elliptic curve F over L by the
Euler product

L(E/L,s) =[] Lo(E/L,q5*)7",
P

where the product is over the finite places of L and
Ly(E/L,T) = det(1 — Frob, T | T, E'»)
for any rational prime £ prime to p (this definition is independent of ¢: [8, V.2.3]).

The following table (cf. [9, I1.10.1]) gives a formula for L,(E/L,T') in terms of the
reduction type of E at p.

reduction type of E at p | L,(E/L,T)
good (det ¢p)T? — (tr )T + 1
split multiplicative 1-T
non-split multiplicative 14T
additive 1

It is conjectured that L(E /L, s) has analytic continuation to all of C and enjoys
a functional equation similar to that described in Theorem 16. When FE is defined
over Q, this is a consequence of the famous work of Wiles, Wiles-Taylor, and Breuil-
Conrad-Diamond-Taylor on the modularity conjecture, but the general case is very

5This assumption is only made to simplify the functional equation; a similar statement of
course holds even when L admits real embeddings.
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difficult. When F has complex multiplication, however, the situation is much more
favorable as a result of the following theorem.

Theorem 17. Suppose L C C and E/L is an elliptic curve such that Ec has CM
by K.
(1) If L 2 K*, then L(E/L,s) = L(xg,s)L(Xg, $)-
(2) If L 2 K*, then L(E/L,s) = L(xg, s), where xg is the Gréssencharakter
of LK* associated to E/LK*.

Proof. In fact, we prove the stronger theorem that the given equalities hold Euler
factor by Euler factor. (In the case of (2), this means that we compare Euler factors
at p to the product of the Euler factors at P for P | p.)

Suppose first that L O K. By Theorem 9, E has potentially good reduction
at all places of L, so its reduction is everywhere good or additive. Theorem 14(3)
implies that xg and Xy are unramified at p if and only if F has good reduction
at p, so it suffices to only consider the Euler factors at places of good reduction.
Hence, we must show that

o trop = xu(mp) + xu(Ty) and

o det ¢y = xp(mp)XxE(Tp),
where we can compute tr ¢, and det ¢, on Ty E for any ¢ prime to p. The formula
for the trace follows from the fact that (for ¢ split in K, e.g.) x¢ = p¢. The formula
for the determinant can be proved in the same way, or can proved by combining
the fact that yg has infinity type ZUE(@)L o, s0® xgxz = N, with the fact
det ¢, = deg ¢, = ¢, = N(mp).

Proving (2) is somewhat more difficult, as we need to do more work to show that

the reduction of E behaves as we expect. Let F' = LK™ and let o be the nontrivial
element of Gal(F/L).

Lemma 18. If a prime p of L is ramified in F/L, then E has bad reduction at the
prime P of F' lying over p.

Proof. Let o € O be such that a” # a, so [a]” # [a]. If the reduction Eg of E
at P is good, then there is an injection (see footnote 4) Endp E' < Endyyp) Egp.
On the other hand, p is ramified in F'/L, so k(B) = k(p) and o fixes P, so it must

be the case that [a]” = [a], a contradiction. O

By the lemma, if p is ramified in F'/L and P | p, then E has additive reduction
at p, so L,(E/L,T) = 1. Er will also have bad reduction at 3, so xg is ramified
at P by Theorem 14(3).

Therefore, it suffices to consider Euler factors at primes p unramified in F/L.
Note that for such p, F is has good reduction at p if and only if Er has good
reduction at all primes P of F' lying over p. (This is because unramified base
change does not change reduction type.) Thus, in fact, it suffices to consider Euler
factors at primes of good reduction for E.

Lemma 19. If} and P’ are the primes of F' lying over p (possibly B = B’), then

XEe(my) = xe(Tp) = xe(Tp)” = XE(TH).

6Note that N is the inverse of the adélic norm.
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Note that this shows that Xz = xgoo. Thus, we have L(Xz,s) = L(xgoo,s) =
L(xE,s) in case (2). (The last equality follows from the fact that the effect of
composing with o amounts rearranging the Euler factors.)

Proof. The first and last equalities are obvious. The middle equality follows from
the fact that both [xg(my/)] and [xg(my)?] = [xe(7p)]? are the unique endomor-
phism of E reducing to the Frobenius ¢ at ' (Theorem 14(4)). O

We consider primes split and inert in F'/L separately. If p is split, we have that

trp = trogp = trog = xp(my) + xe(rg) = xe(rg) + x(Tp)
and
det ¢p = gp = qp = g = xe(mp)xe(ry) = xe(rp)xe(Ty ).
Therefore, Ly,(E/L,T) = (1 — xg(mp)T)(1 + xg(myp)T) if E has good reduction
at p.
?f p is inert and %P is the prime of F lying over p, then we have x g(mg) = m,
so [xe(mp)] € Z C Endp E. Consequently, we see by checking degrees (note that

qsﬁ = ¢gp) that

[X(ﬂ'gp)} = ¢q3 = :th cZC Endk(m) Egp.
Lemma 20. ¢p = —qp
Proof. We first show that ¢, ¢ Z C Endy(,) Eg. If we choose as above an endo-
morphism [o] € Endp E of Ep not defined over L, then we have [a] # [a]?, so
[a] # [a]" = [a]fPe. As ¢pla] = [a]F°Pr ¢y, we see that ¢, does not commute

with [ | and therefore cannot be an element of Z, which is central in Endy ) E,.
Therefore, Q[¢,] = Q4 /gbqg] is a quadratlc extension of Q with nontr1v1al auto-

morphism given by ¢, +— qbp, where gbp is the dual isogeny to ¢,. This extension
must be imaginary quadratic, because ¢p¢p =gqp > 0. O

Note that the characteristic polynomial of ¢, has conjugate roots:

1
det (% — ¢p) = ﬁdeg(m —ngp) >0

for all 7+ € Q. As ¢, is a root of z2+¢, by the lemma, this must be its characterstic
polynomial. In particular”, det ¢, = g, = —xg(mp) and tr ¢, = 0.
In conclusion, we have shown that
(1 = xE(m)T)(1 = xg(mw)T) good reduction, v = ww’ split
L,(E/L,T) =41~ xp(my)T? good reduction, v = w inert
1 bad reduction
SO

L(E/L,s) = HL (B/Lg;%) = ] (=xe(w)en®) = Lixs,s).

vtcond x g

(Note that ¢% = g, if v is inert in F/L.) O

"Note that this shows that for a prime p of good reduction for E, E has good supersingular
reduction at p if and only if p is split in F/L.
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In case (2), we are essentially showing that p, = Ind% x, for all £. A perhaps
better way to proceed would be to show this and then deduce the given equality
from general properties of L-functions. In our later notes [1], we prove the analogous
theorem for abelian varieties by this method.

Corollary 21. L(E/L,s) has analytic continuation to all of C and satisfies a
functional equation of the form
ANE/L,2—s)=w(E)A(E/L,s), w(F)==+l1,
where A(E/L, s) is the “completed” L-function
A(E/L,s) = (Nmy jq(condy E)d3 q)*?((2m) T (s)) “VL(E/L, s),
where condy, E is the conductor of E;;, and dy,q is the discriminant of L.

Proof. This can be deduced from Theorems 16 and 17. O

4. RING CLASS FIELDS AND ABELIAN EXTENSIONS

In the previous section, we showed how the Main Theorem of CM gives arithmetic
information about an elliptic curve E/L with CM by K in terms of the aritmetic
of K (in particular, its Grossencharaktere). In this section, we show how the Main
Theorem of CM gives arithmetic information about K in terms of the arithmetic
of elliptic curves E//L with CM by K.

If E is an elliptic curve over L = K*(j(E)), define the Weber function of E to
be the map

h=hg:E— E/Aut E.
Note that both E/Auty, E and h are defined over L. If E and E’ are isomorphic
over C, then there is a canonical L-isomorphism F/Aut;, E = E’'/ Auty, E', i.e.,
hgn = hg: for every isomorphism 7 : Fc =N EG.

Proposition 22. E/Aut, E = Pl (non-canonically).

Proof. Let Ry, be the ramification divisor of h; it is an effective divisor on FE. The
Hurwitz formula gives that

deg Ry,

2degh’

where g(E/ Auty, E') denotes the genus of E/ Auty, E. To conclude the proposition,
it therefore suffices to show that deg R, > 0 and that (E/ Auty E)(L) # @. The

first statement follows from the fact that E[2] C F is contained in the support
of Ry and the second from the fact that h(0) € (E/ Auty, E)(L). O

g(E/Aut, E)=1—

If E has Weierstrass equation 32 = 422 — gox — g3, the Weber function can be

expressed (as a map to P1) by the formula

By j(E)#0,1728

2

(1) (z,y) = Ra?  j(E) = 1728

&a® (E) =0,
though this depends both on the choice of Weierstrass equation and on a suitable
choice of isomorphism E/ Auty, E = P}.
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Theorem 23. Suppose E/L has CM by O C K and that L = K*(j(E)). Let
¢: (K®R)/A — E(C) be an analytic uniformization of E for some A C K, fix
u € K/A, and set

W =W(u) ={7(s) € A%.

s € A} satisfies sA = A and su = u}.

Then W is open in Aj. and does not depend on the choice of A. Moreover,
L(h(&(u))) is the subfield of (K*)* corresponding to (K*)*W C AJ}. by class
field theory.

By definition, the field L(h(£(u))) = K*(j(E), h(£(u))) is the residue field of
the closed point in (E/ Auty, E) corresponding to h(&(u)) € (E/ Auty, E)(C); that
£(u) € E(L*) guarantees that this is a finite extension of L. If we choose an
L-isomorphism (E/Auty, E) = P}, then we may view h(¢(u)) as an element
of P} (C), and K*(j(E),h(£(u))) is equal to the subfield of C generated over
K*(j(E)) by the coordinates of h(&(u)). In view of (f), the theorem explicitly
describes, in terms of class field theory, the abelian extensions of L generated by
(powers of) the “z-coordinates” of torsion points on FE.

Proof. W is clearly open in A%.. Note that W 2 (K% )*. Let F C (K*)*" be the
field corresponding to (K*)*W by class field theory, i.e., such that

[—, K*] 1 (K*)\AX, /W = Gal(F/K*).

Choose any o € Aut C fixing K* and let s € A% be such that o| . = [7(s), K*].
The Main Theorem of CM supplies a uniformization ¢’ : (K ® R)/s !A — E?(C)
such that the diagram

K/A —2"5 K /s 1A

&i Ji'
E(Lab) - >EU(Lab)
commutes.
We need to show that o|p = 1 if and only if o|p(he(y)) = 1. If o|p = 1, then
7(s) € W, so sT'A = A and hence j(E) = j(E)’. Let ¢ = £(¢)! : B =5 E.
Then

(%) he(e(€(w)?)) = hpe (E(u)?) = he(£(u)’,

where the first equality holds because hge is the Weber function of E? and the
second holds because h, is also the Weber function of £7. On the other hand, we
have

Q) e(€(w)) = (€' (s7 ) = &(u),
where the first equality follows from the definition of £ and the second follows from
the definition of ¢ and the fact that 7(s) € W. Putting (§) and () together, we
see that hg(£(u)) = hg (f(u))a, 80 T\ L(h(e(w))) = 1

Conversely, suppose that o|pe(u))) = 1. In this case, j(E) = j(E£)?, so again
(K@R)/A = (K ®R)/s 1A, Thus, s7'A = A as O-modules (Theorem 2) and so
there is 4 € K* such that us~'A = A. Therefore, we can define an isomorphism
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§ : EZ — Ec by requiring that the diagram

(K@ R)/A+—— (K@ R)/s"1A

(all arrows of which are isomorphisms of complex tori) commutes. Again using
properties of Weber functions, we get that hg (6(6(w)7)) = hg(£(w)), so 6(&(u)7)
and £(u) differ by an automorphism of E, say {(u) = [a]d(&(uw)?). Now we note
that

3(&(u)7) = 6(€'(s7u)) = E(us™ ),

so &(u) = &(aps™ u). Thus, (aus™)A = A and (aus ™ )u = u, i.e., T(aus™1) € W,
so 7(s) € (K*)*W, which shows that o|p = 1. O

Recall (Theorem 2 and the discussion preceding Theorem 7) that Ell(O) has a
simply transitive action of C1(O) and an action of G g+ and that there is a surjection
r: Gg~ — Cl(O) defined by r(Frob,) = 77(p) N O for p { cond O.

Corollary 24. Suppose E/L has CM by O C K and that L = K*(j(E)).
(1> (K*)ab =K~ (](E)a hE(E(C)tors))-
(2) j(E)” = j(r(o)E) for all 0 € Gk-. Also, K*(j(E)) is the ring class field
of K of conductor ¢ = cond O. (If O = Ok, this is the Hilbert class field.)
(3) [K*(i(E)) : K*] = [Q(j(E)) : Q] = # CO).
(4) If {Ai}i(fl(o) is a set of representatives for C1(O) with A; C K ® R, then
(K @ R)/A)YET) s the complete set of conjugates of j(E) over Q
(or K).
Proof. To prove (1), one checks that

(V)W () = (K7)* (KZ)™

u

From Proposition 4, we already know that [K(j(E)) : K] < [Q(j(E)) : Q] <
# Cl(0O), so (2) implies (3) and (4).
To prove (2), take v = 0 in Theorem 23. Then

W(u) = (K3,)* x [[(0);.

The theory of ring class fields implies that (K*)*W (0) is the kernel of the composite
AL, 2L Gai(() k7)< l0),;
by Theorem 23, (K*)*W(0) is also the kernel of

Ax 55 Gal (ke (j(B) /K.
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Therefore, if we have E(C) = (K ® R)/A, then the Main Theorem of CM implies
that

JE) = ()]
J((K @R)/A)M KT = (K @R)/(mr-1) 7 'A) =
§((K @ R)/(r(p) N O) 1K) = j(r(Froby) - [(K © R)/A])
for all p t cond O. O

Corollary 25. If E has CM by Ok and a C O is an ideal, then K (j(E), h(E[a]))
is the ray class field of K* of conductor 7(a).

Here Efa] = {z € E(Q) | [a](z) =0 for all o € a}.
Proof. One checks that

()W) = (K)*U(r(a)),

u€a~tA/A

where U (7(a)) € Aj. is the subgroup defined by
U(r(a)) ={r(s) € Ax.

s € A satisfies s, € Oﬁp and

sp =1 (mod aOk ;) for all (finite) primes p}.

The corollary then follows from the theory of ray class fields. O
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