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ABSTRACT. (June 7, 1998.) This is the text of an article that I wrote and dissemi-
nated in September 1981, except that I’ve updated the references, corrected a few
misprints, and added a table of contents, some footnotes, and an addendum.

The original article gave a simplified exposition of Deligne’s extension of the
Main Theorem of Complex Multiplication to all automorphisms of the complex
numbers. The addendum discusses some additional topics in the theory of complex
multiplication.
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The main theorem of Shimura and Taniyama (see Shimura 1971, Theorem 5.15)
describes the action of an automorphism 7 of C on a polarized abelian variety of
CM-type and its torsion points in the case that 7 fixes the reflex field of the variety.
In his Corvallis article (1979), Langlands made a conjecture concerning conjugates of

All footnotes were added in June 1998.
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Shimura varieties that (see Milne and Shih 1979) leads to a conjectural description
of the action of 7 on a polarized abelian variety of CM-type and its torsion points for
all 7. Recently (July 1981) Deligne proved the conjecture! (Deligne 1982b). Deligne
expresses his result as an identity between two pro-reductive groups, the Taniyama
group of Langlands and his own motivic Galois group associated with the Tannakian
category of motives of abelian varieties over Q of potential CM-type. Earlier (April
1981) Tate gave a more down-to-earth conjecture than that stated in (Milne and Shih
1979) and partially proved his conjecture (Tate 1981).

The purpose of these notes is to use Deligne’s ideas to give as direct a proof as
possible of the conjecture in the form stated by Tate. It is also checked that the
three forms of the conjecture, those in Deligne 1982b, Milne and Shih 1979, and Tate
1981 are compatible. Also, Tate’s ideas are used to simplify the construction of the
Taniyama group. In the first three sections, I have followed Tate’s manuscript (1981)
very closely, sometimes word-for-word.

These notes are a rough write-up of two of my lectures at the conference on Shimura
Varieties, Vancouver, 17-25 August, 1981. In the remaining lectures I described
how the result on abelian varieties of CM-type could be applied to give a proof of
Langlands’s conjecture on conjugates of Shimura varieties for most? (perhaps all)
Shimura varieties.

Notations. We let Z = imZ/mZ and Ay = Z ® Q. For a number field E, Arp =
Ay ® FE is the ring of finite adeles and Ay = App x (E ® R) the full ring of adéles.
When E is a subfield of C, E*® and E* denote respectively the maximal abelian
extension of F in C and the algebraic closure of E in C. Complex conjugation is
denoted by .

For a number field E, recg: A5 — Gal(E*/E) is the reciprocity law, normalized so
that a prime element parameter corresponds to the inverse of the usual (arithmetic)
Frobenius: if a € A; p has v-component a prime element a, in F, and w-component

ay = 1 for w # v, then recg(a) = o~ if oz = 2N mod p,. When F is totally
complex, recp factors into Ap — A% . “Z, Gal(E®/E). The cyclotomic character
X = Xeye: Aut(C) — 2% C A% is the homomorphism such that ¢ = X for every
root of 1 in C. The composite rgox = Verg g, the Verlagerung map Gal(Q*/Q)* —
Gal(Q*/E)?>.
When T is a torus over E, X, (T) is the cocharacter group Hompga (G,,,T") of T
*Be wary® of signs.*

1. STATEMENT OF THE THEOREM

Let A be an abelian variety over C, and let K be a subfield of End(A) ® Q of degree
2dim A over Q. The representation of K on the tangent space to A at zero is of the
form @yea¢ with & a subset of Hom(K, C). A Riemann form for A is a Q-bilinear

'That is, the conjectural description of the action of 7 on a polarized abelian variety of CM-type,
not Langlands’s conjecture!

2In fact all, see Milne 1983.

3This is universally good advice, but I believe the signs here to be correct.
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skew-symmetric form ¢ on H;(A, Q) such that
(z,y) — ¥(z,iy): Hi(A,R) x Hi(A,R) = R

is symmetric and positive definite. We assume that there exists a Riemann form
compatible with the action of K in the sense that

Plax,y) = P(x, (a)y), a€ K, zye H(AQ).

Then K is a CM-field, and ® is a CM-type on K, i.e., Hom(K,C) = & U P (disjoint
union). The pair (A, K — End(A) ® Q) is said to be of CM-type (K,®). For
simplicity, we assume that K N End(A) = Ok, the full ring of integers in K.

Let C® be the set of complex-valued functions on ®, and embed K into C* through
the natural map a +— (¢(a))pee. There then exist a Z-lattice a in K stable under
Ok, an element t € K*, and an Og-linear analytic isomorphism #: C®/a — A such
that ¢ (z,y) = Trg/g(tx - ty) where, in the last equation, we have used 6 to identify
Hi(A,Q) with a ® Q = K. The variety is said to be of type (K, ®;a,t) relative’
to 6. The type determines the triple (A, K — End(A) ® Q, ) up to isomorphism.
Conversely, the triple determines the type up to a change of the following form: if ¢
is replaced by § o a™', a € K*, then the type becomes (K, ®; aa, ).

Let 7 € Aut(C). Then K — End(A) ® Q induces a map K — End(74) ® Q,
so that 7A also has complex multiplication by K. The form ¢ is associated with a
divisor D on A, and we let 77 be the Riemann form for 7 A associated with 7D. It has
the following characterization: after multiplying ¢ with a nonzero rational number,
we can assume that it takes integral values on Hi(A,Z); define 1, to be the pairing

A X Ay = i, (2,y) = exp(ZLEL); then (7¢)(r2, 7y) = 7(dm(2,1)).
In the next section we shall define (following Tate) for each CM-type (K, ®) a map
fo: Aut(C) — AT /K™ such that

fo(T) - tfe(T) = x(T) K™, all 7 € Aut(C).

We can now state the new main theorem of complex multiplication in the form first
appearing (as a conjecture) in Tate 1981.

THEOREM 1.1 (Shimura, Taniyama, Langlands, Deligne). Suppose A has type
(K, ®;a,t) relative to 6:C®/a = A. Let T € Aut(C), and let f € A7 i lie in fo(T).

(a) The variety TA has type

tX(T))

(K,TCD;fa,f.Lf

relative to 0’ say.
(b) It is possible to choose 0" so that

AJ{K _— Afj(/ﬂ@z = K/Cl %6 Ators
’ v
AJ{K = Ava/(fa & Z) = K/fa 6%/ T Ajors

commutes, where Aios denotes the torsion subgroup of A.

4See Shimura 1971, pp 126-129.
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REMARK 1.2. Prior to its complete proof, the theorem was known in three’® im-
portant cases.

(a) If 7 fixes the reflex field of (K, ®), then the theorem becomes the old main
theorem of complex multiplication, proved by Shimura and Taniyama (see (2.7)
below). This case is used in the proof of the general result.

(b) Tate (1981) proved part (a) of the theorem, and he showed that (b) holds when
f is replaced by fe, some e € AXKO with e? = 1, where K; the maximal real
subfield of K. We include Tate’s proof of his result although it is not necessary
for the general case.

(c) Shih (1976) proved the theorem under the assumption that there exists an
automorphism o of K of order 2 such that 7(®N®o) = PNPo and 7(PNiPo) =
® N 1Po for all automorphisms 7 of C. As we shall see, his proof is a special case
of the general proof.

We now restate the theorem in more invariant form. Let

TAZlimA,,(C) & lim(— L H(A,2)/HL(A, Z)) = (A, Z)

410
(limit over all positive integers m), and let
ViIA=TA®;Q=H (A Q) ®qAy.
Then 1 gives rise to a pairing
Y =lim ey, ViA x ViA — Ag(1)
where A (1) = (lim 41,,(C)) ® Q.
THEOREM 1.3. Let A have type (K, ®); let 7 € Aut(C), and let f € fo(T).

(a) TA is of type (K, 7P);

(b) there is an K-linear isomorphism a: H1(A,Q) — Hy1(T7A, Q) such that
(i) v(3Fr.y) = (r)(oz,ay), 2,y € Hi(A,Q);
(ii) the® diagram

Vi(A) L V()

Ny
Vi(TA)

commautes.

LEMMA 1.4. The statements (1.1) and (1.3) are equivalent.

®Shimura (1977) investigated the question in some further special cases. After explaining that the
action of a general automorphism of C on an elliptic curve of CM-type can be obtained from knowing
the actions of complex conjugation and those automorphisms fixing its reflex field, he concludes
rather pessimistically that “In the higher-dimensional case, however, no such general answer seems
possible.”

SNote that both f € A}i x and the K-linear isomorphism o are uniquely determined up to
multiplication by an element of K*. Changing the choice of one changes that of the other by the
same factor.
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PROOF. Let 6 and € be as in (1.1), and let 6;: K = Hy(A,Q) and 6;: K =
Hi(7A,Q) be the K-linear isomorphisms induced by 6 and ¢'. Let x = x(7)/f - ¢f
— it is an element of K*. Then

(01(x), 0:(y)) = Tr(tz-w)
(r)(01(), 01(y)) = Tr(txz - wy)

and

Arx —2— Vi(A)

I I
Ak —2 Vi(rA)
commutes. Let a = 6 o 67 '; then
T (ax, ay) = Tr(tx0; (z) - 105 (1) = ¥ (xz,y)
and (on Vy(A)),
T=0ofol;'=000;'cf=aof.

Conversely, let o be as in (1.3) and choose #} so that a = 8} o ;. It is then easy to
check (1.1). O

2. DEFINITION OF fg(T)

Let (K,®) be a CM-type. Choose an embedding K < C, and extend it to an
embedding i: K*” < C. Choose elements w, € Aut(C), one for each p € Hom(K, C),
such that

w,0i|K =p, w,= 1w,

For example, choose w), for p € ® (or any other CM-type) to satisfy the first equation,
and then define w, for the remaining p by the second equation. For any 7 € Aut(C),
w; ) Tw, 0 i K = w;) o Tp|K = i. Thus i~' o w;}Tw,0i € Gal(K*/K), and we can
deﬁne Fg: Aut(C) — Gal(Kab/K) by

Fo(r H 1 ow ¢7'w¢ 0 1.
ped
LEMMA 2.1. The element Fg is independent of the choice of {w,}.
PROOF. Any other choice is of the form w) = w,h,, h, € Aut((C/z'K) Thus Fo(7)

is changed by i 7o o([Tgea hry h¢) oi. The condltlons on w and w' imply that h,, = h,,
and it follows that the inside product is 1 because 7 permutes the unordered pairs

{0, 16} and so [[4eq hs = [1ycq Pro- O
LEMMA 2.2. The element Fg is independent of the choice of i (and K — C).

PROOF. Any other choice is of the form i' = o oi, o € Aut(C). Take w), = wy,o0
and then

Hz' Yo (ow, Tweo ) o i = Fo(7).
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Thus we can suppose K C C and ignore 7; then
Fo(1) = H w;;n% mod Aut(C/K?)
ped
where the w, are elements of Aut(C) such that
w,|K =p, w,=1iw,.

PROPOSITION 2.3. For any 7 € Aut(C), there is a unique fa(7) € A} o/ K> such
that

(a) ri(fo(T)) = Fo(T);
(b) fq>(7') ’ Lf<1>(7-> = X(T>KX7 X = Xeyec-

PROOF. Since ry is surjective, there is an f € A7, /K™ such that rg(f) = Fa(7).
We have

r(f-of) = re(f)-

where Vi g: Gal(Q*/Q)*® — Gal(Q*/K)* is the transfer (Verlagerung) map. As
Vikig = Tk o X, it follows that f-.f = x(7)K* mod (Kerrg). The next lemma
shows that 14 ¢ acts bijectively on Ker(rg), and so there is a unique a € Ker rg such
that a-wa = (f - of/x(7))K*; we must take fo(7) = f/a. O

LEMMA 2.4. The kernel of ric: A} o/K* — Gal(K*/K) is uniquely divisible by
all integers, and its elements are fixed by .

PRrROOF. The kernel of rgx is W/KX where K * is the closure of K* in A;K. It is

also equal to U /U for any subgroup U of O} of finite index. A theorem of Chevalley
(see Serre 1964, 3.5) shows that A ;- induces the pro-finite topology on U. If we take

U to be contained in the real subfield of K and torsion-free, then it is clear that U /U
is fixed by ¢« and (being isomorphic to (Z/Z)%™4) uniquely divisible. O

REMARK 2.5. A more direct definition of f¢(7), but one involving the Weil group,
can be found in (7.2).

PROPOSITION 2.6. The maps fo: Aut(C) — A% /K™ have the following proper-
ties:
(a) fq>(0'7') = f7¢(0> : fq>(7'),’
(b> f<1>(7'_1|K) (J) = qu;.(O') Zf TK = K;'
() folt) =1
PROOF. Let f = qu;.(O') . f@(T). Then
ric(f) = Fra(0) - Fo(7) = [[ . yowrsw; 7wy = Fo(or)
ped

and f-of = x(o)x(7)K* = x(o7)K*. Thus f satisfies the conditions that determine
fo(oT). This proves (a), and (b) and (c¢) can be proved similarly. O
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Let E be the reflex field for (K, ®), so that Aut(C/E) = {7 € Aut(C) | 7® = }.
Then ¢ Aut(C/K) 4 Upea® - Aut(C/K) is stable under the left action of Aut(C/E),
and we write

Aut(C/K)®™! = Uy Aut(C/E) (disjoint union);

the set ¥ = {¢|E} is a CM-type for E, and (E,V) is the reflex of (K, ®). The
map a — [],cy ¢(a): E — C factors through K and defines a morphism of algebraic
tori U*: B — K*. The (old) main theorem of complex multiplication states the
following: let 7 € Aut(C/E), and let a € A} /E* be such that rg(a) = 7; then
(1.1) is true after f has been replaced by ¥*(a). (See Shimura 1971, Theorem 5.15;
the sign differences result from different conventions for the reciprocity law and the
actions of Galois groups.) The next result shows that this is in agreement with (1.1).

PROPOSITION 2.7. For any 7 € Auwt(C/E) and a € Af /E* such that rp(a) =7,
U*(a) € fo(r).

PROOF. Partition ® into orbits, ® = U;®;, for the left action of Aut(C/E). Then
Aut(C/K)®™ = U; Aut(C/K)®; ', and

Aut(C/K)®;" = Aut(C/K)(0o; ' Aut(C/E)) = (Homg (L;, C) o o; ") Aut(C/E)
where o; is any element of Aut(C) such that o;|K € ®; and L; = (aj_lE)K. Thus
U (a) = []b;, with b; = Nmy /(0" (a)). Let

Fi(r) = [] wrjrws (mod Aut(C/K™)).
PED;

We begin by showing that F}(7) = rx(b;).

The basic properties of Artin’s reciprocity law show that

ot Nmy /K

A?,E - A}<,(7'L]' - A?,L]' A?,K

\LTE \LTO‘L]' \LTL]- \LTK

ab V"J'LJ'/ E ab -1 ad"j_ ! ab restriction ab
Gal(E™/E) —22'% 5, Gal(L2 /Lo “> Gal(L2/ L) Gal(K™/K)

commutes. Therefore rx(b;) is the image of rg(a) by the three maps in the bottom
row of the diagram. Consider {¢4 | t, = w¢aj_1, ¢ € ®;}; this is a set of coset rep-

resentatives for o; Aut(C/L;)o; " in Aut(C/E), and so Fj(7) = [Lseo, o5t Tteo; =
o'V (r)o; mod Aut(C/K™).

Thus rg(V*(a)) = [[rx(b;) = [[Fj(r) = Fe(r). Clearly, ¥*(a) - 1¥*(a) €
X(7)K*, and so this shows that U*(a) € fo(7). O

3. START OF THE PROOF; TATE’S RESULT

We shall work with the statement (1.3) rather than (1.1). The variety 7A has type
(K, 7®) because 7® describes the action of K on the tangent space to 7A at zero.
Choose any K-linear isomorphism a: H;(A,Q) — Hy(7A,Q). Then

Vi(A) S Vi(rA) “2 T v(a)
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is an Ay g-linear isomorphism, and hence is multiplication by some g € A; 5 thus
(a®1l)og=r.
LEMMA 3.1. For this g, we have
X (7
(Odw)(g(ngay> = (T¢)(x:y): all Jj"ye Vf(TA>
PRrOOF. By definition,
(ro)(rz,7y) = 7(W(x,y)  wy € Vi(A)
(a)(az,ay) = P(z,y)  x,y€Vi(A)
On replacing x and y by gz and gy in the second inequality, we find that
(ap)(rz, Ty) = (g2, 9y) = ¥((9 - L9)x, y).

As 7(¢Y(z,y)) = x(7)¥(x,y) = Y(x(7)z,y), the lemma is now obvious. O
REMARK 3.2. (a) On replacing x and y with ax and ay in (3.1), we obtain the
formula
X(7)
(G z,y) = (1¢)(az, ay).
() = (ru)(ar,

(b) On taking z,y € Hi(A,Q) in (3.1), we can deduce that x(7)/g - tg € K*;
therefore g - 1g = x(7) mod K*.

The only choice involved in the definition of ¢ is that of «, and « is determined
up to multiplication by an element of K*. Thus the class of g in A;K/KX depends
only on A and 7. In fact, it depends only on (K, ®) and 7, because any other abelian
variety of type (K, ®) is isogenous to A and leads to the same class gK*. We define
go(T) = gK* € A;K/KX.

PROPOSITION 3.3. The maps go: Aut(C) — AT /K> have the following proper-

ties:

() g8(07) = gra(0) - gu(r);

(b) 9o(r—1|K) (0> = qu;.(O') Zf TK = K;'
(c) ga(t) =1;

(d) ga(7) - tga(T) = X (T) K.

PROOF. (a) Choose K-linear isomorphisms a:Hi(A,Q) — H;(7A,Q) and
B:Hi(TA,Q) — Hi(07A,Q), and let ¢ = (a® 1)o7 and g, = (BR1) oo
so that g and g, represent go(7) and g,(0) respectively. Then

(Ba)@1o(grg) = (F®1)ogro(a®l)og=oT,
which shows that g,g represents geo(o7).

(b) If (A, K — End(A) ® Q) has type (K, ®), then (A, K K End(A) ® Q)
has type (K, ®771). The formula in (b) can be proved by transport of structure.

(c) Complex conjugation t: A — A is a homeomorphism (relative to the complex
topology) and so induces a K-linear isomorphism ¢1: H1(A, Q) — Hi(A, Q). The map
11 @ 1: Vi(A) — V(LA) is ¢ again, and so on taking oo = 11, we find that g = 1.

(d) This is proved in (3.2). O
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Theorem 1.3 (hence also 1.1) becomes true if fg is replaced by ge. Our task is to
show that fs = go. To this end we set

eo(T) = ga(7)/fa(T) € Af /K™,

PROPOSITION 3.4. The maps es: Aut(C) — A;K/KX have the following proper-
ties:

ep(0T) =e;0(0) - e¢(7),'
ea(r1|k)(0) = Tea(0) if TK = K;

PROOF. Statements (a), (b), and (c) follow from (a), (b), and (c) of (2.6) and (3.3),
and (d) follows from (3.3d) and (2.3b). The condition 7® = ® in (e) means that 7
fixes the reflex field of (K, ®) and, as we observed in §2, the theorems are known to
hold in that case, which means that fo(7) = go (7). O

PROPOSITION 3.5. Let Ky be the maximal real subfield of K; then eq(T) €
A;KO/KOX and es(7)? = 1; moreover, es(T) depends only on the effect of T on K,
and is 1 if 7| Ko = id.

PROOF. Replacing 7 by o~'7 in (a), we find using (e) that es(7) = eqg(0) if 7® =

o®, i.e., eq(7) depends only on the restriction of 7 to the reflex field of (K, ®). From
(b) with 7 = ¢, we find using 1® = ®: that e,¢(0) = tes(0). Putting 7 = ¢, then o = ¢,
in (a), we find that eg(0t) = teg(0) and eq(¢7) = e (7). Since ¢7 and 7¢ have the same
effect on E, we conclude eq(7) = teg(7). Thus eq() € (AT /K*)“ = AT /K,
where (1) = Gal(K/Kj), and (d) shows that eg(7)* = 1. O

COROLLARY 3.6. Part (a) of (1.1) is true; part (b) of (1.1) becomes true when f
is replaced by ef with e € ATy e = 1.

PROOF. Let ¢ € eg(7). Then €? € K and, since an element of K that is a square
locally at all finite primes is a square, we can correct e to achieve e? = 1. Now (1.1) is
true with f replaced by ef, but e (being a unit) does not affect part (a) of (1.1). O

We can now sketch the proof of the Theorems 1.1 and 1.3 — for this, we must
prove eq(7) = 1 for all 7. It seems to be essential to prove this simultaneously for
all abelian varieties. To do this, one needs to define a universal e, giving rise to all
the ep. The universal e is a map into the Serre group. In §4 we review some of the
theory concerning the Serre group, and in (5.1) we state the existence of e. The proof
of (5.1), which requires Deligne’s result (Deligne 1982a) on Hodge cycles on abelian
varieties, is carried out in §7 and §8 . The remaining step, proving that e = 1, is less
difficult, and is carried out in §6.

4. THE SERRE GROUP

Let £ be a CM-field. The Serre group corresponding to E is a pair (S¥, u?)
comprising a Q-rational torus S¥ and a cocharacter ¥ € X,(S¥) defined over E

whose weight w? £ — (1, + 1 u¥ is defined over Q. It is characterized by having the
g
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following universal property: for any Q-rational torus 7" and pu € X, (T") defined over
E whose weight is Q-rational, there is a unique Q-rational homomorphism p,,: S E T
such that p, o u? = p.

For p € Hom(E,C), let [p] be the character of the torus E* defined by p. Then
{lp] | p € Hom(E,C)} is a basis for X*(E*), and S¥ is the quotient of the torus E*
with

X*(SE) = {x e X*(E*) | (r=1)(+1)x =0, all 7 € Aut(C)}

XY = Yl me X¥(8%) - 2
because this pair has the universal property dual to that of (S¥, ). In particular,
there is a canonical homomorphism E* — S% and it is known (cf. Serre 1968, II)

that the kernel of the map is the Zariski closure of any sufficiently small subgroup U
of finite index in OF.

When F is Galois over Q, the action of o € Gal(E/Q) on E defines an automor-
phism & of the torus S¥, whose action on characters is

an[p] = an[pa] - Zn/"’_l el

LEMMA 4.1. Let Ey be the mazximal real subfield of E; there is an exact sequence
of algebraic tori
incl.
(NmEo/@)

PROOF. It suffices to show that the sequence becomes exact after the functor X*
has been applied. As

X*(Eo) = {)_nylp] |4 € Hom(E,, C)}
X(B*x Q") = {Y mlpl+n|peHom(E,C)}
X*(sF) = {Z n,lp] | n, + n,, = constant}

N incl. /
S ES D SULEEED WETER WY
X ((ean o) = gl = X gl - (s + )

this is trivial. O

(can.,wE)

1 By EX x QX SE 1,

LEMMA 4.2. The map Nmpg,qg: E* — Q* factors through S¥, and gives rise to a
commutative diagram
1+

SE SE
NmEﬁQ\\ /:UE
Q.

PRrROOF. The map X*(Nmpg/g) is n — n) [p], which clearly factors through
X*(SF) c X*(E*). Moreover, the endomorphisms

X (—w® o Nmgyq) = (3 nplp] = ma +n, — (i +m) Y o))
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X (1 0) = Q_mlel = Do) (lp] + [epl) = D (np +10,)[p] = (na+ 1) Y o]

are equal. O

Let E1 D FEy be CM-fields. The norm map E; — EJ induces a norm map
Nmpg, /5, S¥* — S¥2 which is the unique Q-rational homomorphism such that
Nmpg, /g, op™ = pF2. The following diagram commutes:

| —— (B —— EX x Q" s 1
le leXid le
| —— (B —— EJ x Q" P> 1.

REMARK 4.3. The Serre group can be defined for all fields of finite degree over Q.
If L contains a CM-field and F is the maximal such subfield, then Nm x: S* 5 S¥;
if not, then Nmy, q: S* 2 52 = Q*.

Let (K,®) be a CM-type with K C C. Write T' = Resk/q(Gy), and define
te € X, (T) by the condition

_Jid, ped
[p]olu@_{ 1’ p¢q>'
Thus, pe is the map
C* —T(C)=(K®yC)*= J[C* x ]~
ped P
z — (z,...,2,1,...,1).

The weight of pge is the map induced by x +— x71: QX «— K*, which is defined over
Q, and pe itself is defined over the reflex field of (K, ®). There is therefore, for any
CM-field E containing the reflex field of (K, ®), a unique Q-rational homomorphism
pa: ST — T such that pue = pe o pf. From now on, we assume E to be Galois over

Q.
LEMMA 4.4. (a) Tue = pro, 7 € Aut(C).
(b) Let 7 € Aut(C) be such that TK = K, so that T induces an automorphism 7 of
T; then To e = fer—1.
PROOF. (a) Consider the canonical pairing
(,): X*(T) x X(T) — Z.
By definition, for p € Hom(K, C),

s ={ g e

0 otherwise.
For 7 € Aut(C),

([p), Tpa) = (77 pl, o) = ([77" ), 1),
which equals ([p], pre). (b)

[plo T o e = [pT] 0 g = id i prc @
1 if pré¢d.
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Thus (b) is clear. O

PROPOSITION 4.5. (a) For any 7 € Aut(C), pp o 77 = pro.
(b) IfTK = K, then T o pp = pe,-1.

PROOF. (a) We shall show that 77! o u¥ = 7(u); from this it follows that

ppoT topu” = pgo(ru®)
= 7(po o u¥) (po is Q-rational)
= 7(ue) (definition of pg)
= Hro (44&),

which implies that pg o 77! = p,¢. It remains to show that X*(771 o u¥) = X*(ru?),
but

X (F o pP) = X (") o X*(771) = O _mplpl = Y nplpr ' nr)
and

X () = (X (1) = (Y mplpl = Y nolr o] = ny).
(b)

Toppouf = Toue (definition of pg)
e ,U/<I>’7'_1 (44b)
O
PROPOSITION 4.6. For E; D Ej,
Sk
Nmg, /g, @
gF T
commautes.
Proor. We have
((po)2 0 Nmp, /p,) 0 ™' = (pa)2 0 " = po.
O

PROPOSITION 4.7. Let E be a CM-field, Galois over Q, and consider all maps pe
for ® running through the CM-types on E; then NKer(ps) = 1.

PROOF. We have to show that Y Im(X*(ps)) = X*(SF); but the left hand side
contains Y _4[¢] for all CM-types on FE, and these elements generate X*(S%). O

PROPOSITION 4.8. Let K1 D Ky be CM-fields, and let ®; and &5 be CM-types for
Ky and Ky respectively such that ®1|Ky = ®y. Then, for any CM-field E containing
the reflex field of (K1, ®1), the composite of

P
SE ' KY — K

18 P, -
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Proor. Let i: K < K{° be the inclusion map. Then i o ug, = ue, and so
i 0 pg, o ¥ =1io pg, = pe,, which shows that i o pg, = pa, . O

5. DEFINITION OF e

PROPOSITION 5.1. Let E C C be a CM-field, Galois over Q. Then there exists a
unique map e?: Aut(C) — SF(A;)/SF(Q) such that, for all CM-types (K, ®) whose
reflex fields are contained in E, es(T) = pa(e(T)).

PROOF. The existence of e will be shown in §7 and §8. The uniqueness follows

from (4.7) for this shows that there is an injection S¥ ——> (po) —> [[Ts where Tp =
Resg/q Gy, and the product is over all CM-types on E. Thus

SP(A7)/SP(Q) = [[ Te(b))/To(@Q) = [ [ A} w/E”,
and so any element a € SE(Af)/SE(Q) is determined by the set (ps(a)). O
PROPOSITION 5.2. The family of maps e¥: Aut(C) — SF(A;)/S*(Q) has the fol-

lowing properties:
(a) ef(or)=7"1e¥(0) eP(r), o,7 € Aut(C);
(b) if B1 D FEy, then

Aut(C) <> B (A)/SP(Q)

Eo
¢ Nm

S5 (Ar)/$%(Q)

commautes.

(c) €®()=1;
(d) e(r)-te(r) =1, 7€ Aut(C);
(e) ef|Aut(C/E) =1.

PROOF. (a) We have to check that pe(e(o7)) = pa(7te(o) - e(1)) for all (K, ®).
But pe(ef(07)) = es(o7) and

pa(7 e (0)e" () = pa(7 e (0)pa(e”(T)) = pro(e”(0)) - pa(e”(7)) = era(0)ea(r);
thus the equality follows from (3.4a).

(b) This follows from (4.6) and the definition of e”.

(c) pa(ef (1)) = ea(t) =1 (by 3.4c), and so eF (1) = 1.

(d) This follows from (3.4d).

(e) Assume 7 fixes E; then 7® = ® whenever E contains the reflex field of (K, ®),
and so ps(e¥(7)) = ea(7) = 1 by (3.4e). O

REMARK 5.3. (a) Define (1) = e(77!)™!; then the maps ¥ satisfy the same
conditions (b ), (c), ( ), and (e) of (5.2) as e¥, but (a) becomes the condition
ef(or) = 5e¥(7) - €P(0): ¥ is a crossed homomorphism.
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(b) Condition (b) shows that e determines e’ for all E/ C E. We extend the
definition of e¥ to all CM-fields £ C C by letting e = Nmp, g oe®* for any
Galois CM-field F; containing E.

(c) Part (d) of (5.2) follows from the remaining parts, as is clear from the following

diagram:
Aut(C) —— 57(Ay)/S7(Q) —— SF(A5)/S”(Q)
EQM:l NmE/Q —wE

Nmp/qp

Sl (A ) /SO (Q) L GO(A ) /SO(Q)

The right hand triangle is (4.2). (We can assume £ D Q[i]; S% = Q[i]*, S¢ =
Q*). In his (original) letter to Langlands (see Deligne 1979), Deligne showed
that the difference between the motivic Galois group and the Taniyama group
was measured by a family of crossed homomorphisms (e?) having properties
(b), (c), and (e) of (5.2). After seeing Tate’s result he used the above diagram

to show that his maps e had the same properties as Tate’s eq(7), namely,
eP(r) - 1ef (1) =1, eP(1)? = 1.

6. PROOF THAT e =1
We replace e with 7+ e(771)71.

PROPOSITION 6.1. Suppose there are given crossed homomorphisms e: Aut(C) —
SE(A;)/SF(Q), one for each CM-field E C C, such that
(a) eP(1) =1, all E;
(b) ef|Aut(C/FE) = 1;
(c) if By D Ey then

Aut(C/Q) < SP1(A)/SE(Q)

E
eE2
Nmpg, /gy

S™(As)/8%(Q)
commutes.
Then e¥ =1 — i.e., eP(1) =1 for all 7 — for all E.
PROOF. Clearly, it suffices to show that e = 1 for all sufficiently large £ — in
particular, for those that are Galois over Q.
The crossed homomorphism condition is that
e(or) = ae(r) - e(0).
Condition (b) implies that e?(7) = e¥(7') if 7|E = 7/|E. In particular, e®(17) =
eP(r1) for all 7 € Aut(C). Since
ef(rr) =71eP(1)-ef(r) =ePf(r)
eP(uir) =1eP(r)-ef(1) = 1eP(7)
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we conclude that e (1) = e (7).

LEMMA 6.2. Assume that E is Galois over Q, and let (1) be the subgroup of
Gal(E/Q) generated by (|E.

(a) There is an exact commutative diagram

Nmpg, /@

1 Q* SEQ)Y —— m(Ey) —= u(Q)
1 A¥ SEANY —— pp(App) — pa(Ay)

where p2(R) denotes the set of square roots of 1 in a ring R.
(b) The canonical map

H'((t), $7(Q)) = H'({1), S"(Ay))
18 injective.
PROOF. From (4.1) we obtain cohomology sequences

1= B — Ef xQ* = SP(QY = ps(Ey) —> 12(Q) — H((1), ST(Q)) — B /B

S T S N T i

1 =AY 5 =AY g, X AF=SE (A Do pa(Aym,) =2 pa(Ag)—H' (1), 57 (Ag)—AF g, /ASS,

It is easy to extract from this the diagram in (a). For (b), let v € H'((:), S¥(Q))
map to zero in H'((1), S¥(Ay)). As By JE;® — Af 5 /AFE, is injective (an element
of Fy that is a square in FEjy, for all finite primes is a square in Fj), we see that v is
the image of +1 € p2(Q). The map Nmpg, /q: p2(Ep) — 112(Q) sends —1 to (—1)Eo:Q,
If [Ep: Q] is odd, it is surjective, and therefore v = 0. Suppose therefore that [Ey: Q]
is even, and that 7 is the image of —1. The assumption that v maps to zero in
H'({(1), S¥(Ay)) then implies that —1 € Q is in the image of Nm: Ey ® Q, — Q; for
all £; but this is impossible, since for some ¢, [Fo,: Q] will be even for one (hence all)
v dividing ¢. O

Part (b) of the lemma shows that
SE(An)W/SE@QY = (SP(Ap)/ST(Q@)".

The condition te” (1) = e¥(7) shows that e maps into the right hand group, and we
shall henceforth regard it as mapping into the left hand group.
From part (a) we can extract an exact sequence

L — AF/Q* = SE(A)Y/SPQ@QY — pa(Ayp,) /12(Eo).

Now assume that £ D Qli], so that £ = FEjy[i]. We show first that the image of
eP(7) in p2(Asg,)/u2(Eo) is 1. Let € represent the image; then e = (g,), &, = %1,
and ¢ itself is defined up to sign. We shall show that, for any two primes v; and v,
€y, = Ey,. Choose a totally real quadratic extension £y of Ej in which v, and v, remain
prime, and let E' = Ej[i]. Let &' represent the image of e’ (7) in p2(Ag gr)/ 12 (Ep).
Then condition (c) shows that Nmpg g & represents the image of ¢”(7), and so
Nmgy g, € = +e. But if vj|v;, then NmE(/)’U{/EOM =1fori=1,2.
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It follows that e” factors through w(A} /Q*). Consider,

E: 1 —— AY/Q* —— S%(A;)/S"(Q)

[ l
Qi 1 —— AF/Q* —— SUI(A;)/SUW(Q).
According to (c), e®(7) maps to ¢?(7) under the right hand arrow, which accord-
ing to (a) and (b), is 1. As e”(7) lies in A7 /Q*, and the map from there into
SQUI(A,)/SU(Q) is injective, this shows that ef(7) = 1. O

REMARK 6.3. The argument used in the penultimate paragraph of the above proof
is that used by Shih 1976, p101, to complete his proof of his special case of (1.1). For
the argument in the final paragraph, cf. 5.3c. These two arguments were all that was
lacking in the original version Deligne 1979b of Deligne 1982.

7. DEFINITION OF f¥

We begin the proof of (5.1) by showing that there is a universal f, giving rise to
the fq;..

Let E C C. The Weil group Wg/q of E/Q fits into an exact commutative diagram:

1 ——> A} /E* ———> Wg/g —> Hom(E,C) —> 1

Jv,ecE @ I
1 —> Gal(E*/FE) —> Hom(E* C) — Hom(E,C) —> 1

(see Tate 1979). Assume that F is totally imaginary. Then EXE* C Ker(recg),
and so we can divide out by this group and its image in Wg/g to obtain the exact
commutative diagram:

1l ——= Af /B ———> Wi —> Hom(E,C) —> 1

b } |
1 —> Gal(E*/FE) —> Hom(E* C) — Hom(E,C) —> 1

Assume now that E is a CM-field Galois over Q. The cocharacter pf is defined
over E, and gives rise to a map p”(R): R* — SE(R) for any F-algebra R. Choose
elements w, € Wg /gy One for each ¢ € Hom(E, C), such that

we|E =0, w,=Ilw,allo,
where 7 maps to ¢ € Hom(E*,C) (cf. §2). Let 7 € Aut(C) and let 7 € Wy /g map
to 7|E®. Then w;} o7 ow, € Ay, and we define

@ =[] () wiisw,) mod SE(E).

oc€eHom(E,C)

Thus f is a map Aut(C) — SF(A;x)/SE(E).
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PROPOSITION 7.1. Let (K, ®) be a CM-type whose reflex field is contained in F,
and let T = Resg/g Gy Identify T(Ay)/T(Q) with a subgroup of T'(Ayg)/T(E).
Then

pa(f(7)) = fo(T).
PROOF. Because of (4.8), it suffices to show this with K = F.

LEMMA 7.2. With the above notations,

fao(r HwT¢OTow¢ mod E*.
ped
PRrROOF. Let f’ denote the right hand side. Then rg(f’) = Fo(7) (obviously), and
the same argument as in the proof of (2.3) shows that f'-¢f" = x(7). O

We now assume that £ = K, E/Q Galois. Write ¢ for the map 7(Q) — T'(E)
induced by Q < E; then, for any p € Hom(E,C) and a € T'(Q) = E*, [p](i(a)) = pa.
Thus [p|(i(fe(7))) = pfe(T) = fe,~1(7) by (2.6b). On the other hand

pl(pa(f(7))) = [pl ][] pe o (67 u")(wr) 7uw,)
= ] (po o 1) (w;t7ws)
= (] o " pe(wrtws))

= 10 o tora)wr7ws)  ( by d.4a)

g

_ ~1~
_ [ wirw,

o such that peo—1®

O

COROLLARY 7.3. (a) f(7) depends only on E and 7; we have therefore defined
maps fE: Aut(C) — SP(A;g)/SF(E), one for each CM-field (Galois over Q);
(b) fE(or)=7""f"(0) - fE(r), o,7 € Aut(C);
(¢) if By D Eso, then

Aut(C) % B (A)/SP(Q)

S (Ar)/5%(Q)
commutes;
(d) f2() =1,
(e) fE(r) - aff(r) = wh(r)7;
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(f) ofE(r)= f¥(7) for all 0 € Gal(E/Q).
PROOF. (a) f(7) is the unique element of S¥(A;)/SE(E) such that pe(f(7)) =
1

fa(7) for all (K, ®). (Cf. the proof of the uniqueness of e in (5.1).)
(b), (c), (d), (e). These are proved as (a), (b), (c), (d) of (5.2).

(£)-pa(a f5(7)) = a(pa(f5(7))) = 0 f3(7) = f&(7)- O
REMARK 7.4. Let w, € Wy g/q be such that

Wo|E =0, Wy, = Wyl.

Then (Langlands 1979; Milne and Shih 1982a), b(7) is defined by

oir)= [ ou"(@w.7w;})  mod S”(E).
oeGal(E/Q)

Let w, = w;_ll; then w,|E = ¢ and w,, = 7w,; moreover,

b(r = H op”(wl Fw,—1) = f5(7).

o€Gal(E/Q)

Thus, in the notation of Milne and Shih 1982a, 2.9, fZ(1) = 3(7).

8. DEFINITION OF ¢

We complete the proof of (5.1) by showing that there is a universal g giving rise
to all g. For simplicity, we shall assume that E is Galois over () — for a non Galois
field, g¥ can be defined as the norm of the element from the Galois closure.

PrROPOSITION 8.1. Let E C C be a CM-field. There exists a unique map
g¥: Aut(C) — SE(A;g)/SE(E) with the following property: for any CM-type (K, ®)
whose reflex field is contained in F,

pa(g”(7)) = ga(r)
in T(Ayp)/T(E), where T' = Resko(Gm).

PROOF. The uniqueness follows from (4.7). For the existence, we need the notion
of a Hodge cycle.

For any variety X over C, write H*(X,Q)(r) = H*(X, (2mi)"Q) (cohomology
with respect to the complex topology). A Hodge cycle on A is an element s €
H?*(A*,Q)(p), some p, k, that is of type (p, p), i.e., under the embedding (277 )PQ —
C, s maps into H?? C H?(X,C). Recall that H"(A* Q) = N\ (®*H,(A,Q)"), and
so GL(H,(A,Q)) acts by transport of structure on H"(A* Q). The Mumford-Tate
group MT(A) of A is the largest Q-rational algebraic subgroup of GL(H;(A,Q))
such that MT(A)(Q) is the set of & € GL(H1(A,Q)) for which there exists a
v(a) € Q% such that as = v(«a)Ps for any Hodge cycle s on A (of type (p,p)).

LEMMA 8.2. Assume A is of CM-type (K, ®), where the reflex field of (K, ®) is
contained in E. Then the image of ps: S¥ — K* C GL(H,(A,Q)) is equal to MT(A).

Proor. Cf. Deligne 1982a, 3.4. O
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Write H?(A* Af)(p) = H??(A*, Q)(p)®A . Then there is a canonical isomorphism

H?(A" Ag)(p) = \(@*V3(4)Y)

and so the action of Aut(C) on V;(A) gives rise to an action on H?(A* A;)(p). We
shall need to use the following important result fo Deligne.

THEOREM 8.3. Let s € H?(A* Q)(p) be a Hodge cycle on A, and let sy be the
image of s in H**(A*, A;)(p); then for any T € Aut(C) there exists a Hodge cycle s;
on TA whose image in H?**(A*, A;)(p) is Ts;.

PROOF. See Deligne 1982a. O

The cycle s; of the theorem is uniquely determined, and will be written 7s.

PROPOSITION 8.4. With the notations of (8.2), there exists a K-linear isomor-
phism o: Hy(A,E) S Hi (1A, E) such that a(s) = v(a)P7(s) for all Hodge cycles s
on A (of type (p,p))-

PrOOF. For any Q-algebra R, let
P(R) = {o: Hi(A,R) 5 H,(TA,R) | a(s) = v(a)P7(s), all s}.

Then P(R) is either empty or is a principal homogeneous space over MT(A)(R).
Thus P is either the empty scheme or is a principal homogeneous space over MT'(A).
The existence of 7: Hy(A, Af) — Hi(T7A,Af) in P(Ay) shows that the latter is true.
It therefore corresponds to an element of H*(Q, MT(A)). But MT(A)p ~ G, X - -+ X
G, and so H'(E, MT(A)) = 0 by Hilbert’s Theorem 90. O

Both (8.2) and (8.4) obviously also apply to products of abelian varieties of CM-
type. Let A =[] Ag, where ® runs through the CM-types on F and Ag is of type
(E,®). Then p: S¥ 5 MT(A). Choose « as in (8.4). Then

VA9 E L VirA) o E Y v eE

is an Ay g-linear isomorphism and sends a Hodge cycle s of type (p,p) to vPs, some
v € A¥ p. Therefore it is multiplication by an element g € MT(A)(As ) = S*(As k).
The class g(7) of g in S¥(A;)/SP(F) has the properties required for (8.1). O

The map g: Aut(C) — SF(A;x)/SE(E) has the same properties as those listed for
fin (7.3). In particular, g(7) is fixed by Gal(£/Q). Set

e(r) = @

- f)

Then e(7) € (SP(A;g)/SP(E))CE/D and it remains to show that it lies in
SE(As)/SF(Q) — the next proposition completes the proof.

PROPOSITION 8.5. e(7) lies in S¥(A)/SF(Q).

PRrOOF. There is a cohomology sequence
0 — SF(Q) — SF(As) — (5F(Asp) /ST (E) D — HY(Q, 7).
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Thus, we have to show that the image v of e(r) in H'(Q,SF) is zero. But
HYQ,S") = [, H'(Qr, S*), as follows easily from (4.1), and the image of e(7) in
H'(Qy, ST) is obviously zero for all finite £. It remains to check that the image of
in H'(R, S¥) is zero. Let

T={ac H E*la-waeQ*} ( torus over Q).

CM-types on E

LEMMA 8.6. The image of v in H*(Q,T) is zero.

PROOF. In the proof of (3.6) it shown that the image of e in T'(Ayg)/T(E) lifts
to an element € € T'(Ay). The image of v in H'(Q,T) is represented by the cocycle
ocr—oe—¢e=0.

LEMMA 8.7. The map H'(R,S¥) — HY(R,T) is injective.

PRrROOF. There is a norm map a — a-ta: T — G,,, and we define ST and SMT(A)
to make the rows in
1 —> SMT(A) - MT(A) — G,, —> 1

| | l

1 ST T G, —>1
exact. (Here A =[] Ag.) This diagram gives rise to an exact commutative diagram

R* —> H'(R,SMT) — H'(R, MT) —> 0

l ! !

R* —> H'(R,ST) —> H'(R,T) — 0.

Note that ST (and hence SMT) are anisotropic over R; hence, H'(R,SMT) =
SMT(C)y and HY(R,ST) = ST(C),, and so H'(R,SMT) — H'(R,SMT). The
five-lemma now completes the proof. O

O
]
See also Milne and Shih, 1982b, §5.

REMARK 8.8. It seems to be essential to make use of Hodge cycles, and conse-
quently Shimura varieties (which are used in the proof of (8.3)), in order to show the
eq(T) have the correct functorial properties. Note that Shih (1976) also needed to
use Shimura varieties to prove his case of the theorem.

9. RE-STATEMENT OF THE THEOREM

The following statement of the main theorem of complex multiplication first ap-
peared (as a conjecture) in Milne and Shih 1979.

THEOREM 9.1. Let A be an abelian variety of CM-type (K, ®); let 7 € Aut(C),
and let f € f(r). Then

(a) TA is of type (K, 7P);
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(b) there is an K-linear isomorphism «: Hi(A, E) — Hi(TA, E) where E is the
reflez field of (K, ®), such that
(i) a(s) =v(a)?P7(s), for all Hodge cycles s on A, where v(a) € Q* and 2p is
the degree of s;
(i)

ViAo E 2% vy e

a®l

Vf(TA) X FE

commutes (note that ps(f) € A} kop)-

PROOF. The theorem is true (by definition) if f(7) is replaced by g(7), but we
have shown that g(7) = f(7). O

REMARK 9.2. Let T be a torus such that
MT(A)cTC{ace K*|a-waeQ"}

and let h be the homomorphism defining the Hodge structure on H;(A,R). Then
the Shimura variety Sh(T,{h}) is, in a natural way, a moduli scheme, and the (new)

main theorem of complex multiplication gives a description of the action of Aut(C)
on Sh(T,{h}) (see Milne and Shih 1982, §6).

REMARK 9.3. Out of his study of the zeta functions of Shimura varieties, Lang-
lands (1979) was led to a conjecture concerning the conjugates of Shimura varieties.
The conjecture is trivial for the Shimura varieties associated with tori, but in Milne
and Shih 1982b it is shown that for groups of symplectic similitudes the conjecture is
equivalent to (9.1). It is also shown (ibid.) that the validity of the conjecture for a
Shimura variety Sh(G, X) depends only on (G9°*, X*+). Thus (ibid.) similar methods
to those used in Deligne 1979a can be used to prove Langlands’s conjecture for exactly
those Shimura varieties for which Deligne proves the existence of canonical models in
that article.

10. THE TaNIYAMA GROUP

By an extension of Gal(Q* /Q) by S¥ with finite-adelic splitting, we mean an exact
sequence

1 — SF — TP ™5 Gal(Q*/Q) — 1

of pro-algebraic groups over Q (Gal(Q*/Q) is to be regarded as a constant pro-
algebraic group) together with a continuous homomorphism sp”: Gal(Q*/Q) —
TE(Ay) such that sp¥ o 7% = id. We always assume that the action of Gal(Q"/Q)
on ST given by the extension is the natural action. Assume E C C is Galois over Q,
and a CM-field.



22 J.S. MILNE

PROPOSITION 10.1. (a) Let (T, sp”) be an extension of Gal(Q¥/Q) by S with
finite-adélic splitting. Choose a section a”: Gal(Q¥/Q) — (TF)g that is a mor-
phism of pro-algebraic groups. Define h(t) € SE(A;g)/SF(FE) to be the class of
spP(7) - af (1)1,

(i) h(7) is well-defined;

(ii) oh(r) = h(7), o € Gal(E/Q);
(iii) h(mim) = k(1) - 71h(7), 71, 72 € Gal(QY/Q);
(iv) h lifts to a contmuous map h:Gal(Q¥/Q) — SE(A; ) such that the map

(11, 72) — dry 4 h’(ﬁ) -l (12) - B (11m2) ™t s locally constant.
b) Let h: Gal(Q%/Q) — SF(A;g)/SF(E) be a map satisfying conditions (i), (i),
f
(iii), (iv); then h arises from a unique extension of Gal(Q¥/Q) by ST with
finite-adeélic splitting.

PRrROOF. Easy; see Milne and Shih 1982a, §2. O

Let S = lim S E where E runs through the CM-fields £ C C that are Galois over Q.

By an extension of Gal(Q*/Q) by S with finite-adelic splitting, we mean a projective
system of extensions of Gal(Q*/Q) by S¥ with finite-adélic splitting, i.e., a family

1 — S8 —  TH — 5 Gal(Q¥/Q) —— 1

leEl /Eq leEl /Eq lid

1 —— S8 — 5 TF —  Gal(Q¥/Q) —— 1

T (Ay)

WEl

Nmg, /B, Gal((@al/@>

»/spE2

T (Ay)

of commutative diagrams.

THEOREM 10.2. Let Ty and Ty be two extensions of Gal(Q/Q) by S with finite-
adélic splittings. Assume:

(a) for each E, and i = 1,2, there exists a commutative diagram

1 ——> 5% —> pTF —> Gal(Q"/Q) ——> 1

oy

1 S M*F — Gal(Q"/E)* —> 1
compatible with the finite-adélic splittings, where T is the inverse image of
Gal(Q¥/Q) in TF and the lower row is the extension constructed by Serre (1968,
1i).
(b)  for each T € Gal(Q¥/Q), ny (1) ~ w5 ' (1) as principal homogeneous spaces
over SE.

(c) spf(1) e TF(Q), i =1,2.
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Then there is a unique family of isomorphisms ¢F: TF — TF making the following
diagrams commute:

1 —— SF TF Gal(Q¥4/Q) —— 1

1
lid l¢>E lid
Ty

Gal(Q¥4/Q) —— 1

1 —— SF

Nmp, /g,

E1 E2
Tl Tl
l¢>E1 ¢F2
Nm
Es E1/Ep Es
T2 T2

TE(A;) <P Gal(QY/Q)

! [

TF(A;) <2 Gal(Q¥/Q)

PROOF. Let (h¥) and (h¥) be the families of maps corresponding as in (10.1a)
to Ty and Ty. The hypotheses of the theorem imply that the family (ef), where
e = hF /hE | satisfies the hypotheses of (6.1). Thus h¥ = h¥ for all E, and we apply
(10.1D). O

DEFINITION 10.3. The extension corresponding to the family of maps (fF)
(rather, 7 +— fE(771)71) defined in (7.3) is called the Taniyama group.

REMARK 10.4. In (1982b), Deligne proves the following:

(a) let T" be the group associated with the Tannakian category of motives over
Q generated by Artin motives and abelian varieties of potential CM-type; then
T' is an extension of Gal(Q*/Q) by S with finite-adelic splitting in the sense
defined above. (From a more naive point of view, 7" is the extension defined by
the maps (¢g”) of §8.)

(b) Theorem 10.2, by essentially the same argument as we have given in §6, except
expressed directly in terms of the extensions rather than cocycles.

These two results combine to show that the motivic Galois group is isomorphic to
the explicitly constructed Taniyama group (as extensions with finite-adelic splitting).
This can be regarded as another statement of the (new) main theorem of complex
multiplication.

Note however that without the Taniyama group, Deligne’s result says very’ little.
This is why I have included Langlands as one of the main contributors® to the proof
of (1.1) even though he never explicitly considered abelian varieties with complex
multiplication (and neither he nor Deligne explicitly considered a statement like (1.1)).

It is only a uniqueness result: it says that there is at most extension consistent with the theorem
of Shimura and Taniyama; Langlands wrote down an explicit extension with this property.
8Probably Shih and Tate should also be included.
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11. ZETA FUNCTIONS

LEMMA 11.1. There exists a commutative diagram

TP(C) 2= Wy

.

T(Q) — Gal(Q™/Q)
where Wg s the Weil group of Q and T is the Taniyama group.

PROOF. Easy; see Milne and Shih 1982a, 3.17. O

THEOREM 11.2. Let A be an abelian variety over Q of potential CM-type (K, ®).
Let E be a CM-field containing the reflex field of (K, ®). Then there exists a repre-
sentation p: TP — Aut(H;(Ac, Q)) such that

(a) py 4o spP: Gal(Q/Q) — Aut(Vy(A)) describes the action of Gal(Q/Q) on
Vi(A);
(b) L(s,A/Q) = L(s, pso) Wwhere ps = po spE is a complex representation of Wr.

PRrROOF. The existence of p is obvious from the interpretation of 7" as the mo-
tivic Galois group M (see 10.4a) or, more naively, as the extension corresponding to

(")), 0

REMARK 11.3. The proof of (11.2) does not require the full strength of Deligne’s
results, and in fact is proved by Deligne (1979b). Subsequently Yoshida (1981) found
another proof that L(s, A/Q) = L(s,px) for some complex representation p, of
Wg. When Gal(Q™/Q) stabilizes K C End(Aga) @ Q, this last result was proved
independently by Milne (1972) (all primes) and Shimura (1971) (good primes only).
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Addendum (June 1998)

The sections of the Addendum are largely independent.

12. THE ORIGINS OF THE THEORY OF COMPLEX MULTIPLICATION FOR
ABELIAN VARIETIES OF DIMENSION GREATER THAN ONE

On this topic, one can not do better than to quote Weil’s commentary ((Euvres, Vol
I1, pp 541-542) on his articles in the Proceedings® of the International Symposium
on Algebraic Number Theory, held in Tokyo and Nikko, September 8-13, 1955.

Comme contribution au colloque, j'apportais quelques idées que je croy-
ais neuves sur l’extension aux variétés abéliennes de la théorie clas-
sique de la multiplication complexe. Comme chacun sait, Hecke avait
eu 'audace, stupéfiante pour 1’époque, de s’attaquer a ce probleme
des 1912; il en avait tiré sa these, puis avait poussé son travail assez
loin pour découvrir des phénomenes que lui avaient paru inexplicables,
apres quoi il avait abandonné ce terrain de recherche dont assurément
I’exploration était prématurée. En 1955, a la lumiere des progres ef-
fectués en géométrie algébrique, on pouvait espérer que la question était
miure.

Elle I'était en effet; a peine arrivé a Tokyo, j'appris que deux jeunes
japonais venaient d’accomplir sur ce méme sujet des progres décisifs.
Mon plaisir a cette nouvelle ne fut un peu tempéré que par ma crainte
de n’avoir plus rien a dire au colloque. Mais il apparut bientot, d’abord
que Shimura et Taniyama avaient travaillé indépendamment de moi et
meéme indépendamment 1'un de 'autre, et surtout que nos résultats a
tous trois, tout en ayant de larges parties communes, se complétaient
mutuellement. Shimura avait rendu possible la réduction modulo p
au moyen de sa théorie des intersections dans les variétés définies sur
un anneau local (Am. J. of Math. 77 (1955), pp. 134-176); il s’en
était servi pour I’étude de variétés abéliennes a multiplication complexe,
bien qu’initialement, a ce qu’il me dit, il etut plutot eu en vue d’autres
applications. Taniyama, de son coté, avait concentré son attention
sur les fonctions zéta des variétés en question et principalement des
jacobiennes, et avait généralisé a celles-ci une bonne partie des résultats
de Deuring sur le cas elliptique. Quant a ma contribution, elle tenait
surtout a l'emploi de la notion de “variété polarisée”; j'avais choisi
ce terme, par analogie avec “variétés orientées” des topologues, pour
désigner une structure supplémentaire qu’on peut mettre sur une variété
complete et normale quand elle admet un plongement projectif. Faute
de cette structure, la notion de modules perd son sens.

Il fut convenu entre nous trois que je ferais au colloque un exposé
général ([Weil 1956b]) ésquissant & grands traits I’ensemble des résultats
obtenus, exposé qui servirait en méme temps d’introduction aux com-
munications de Shimura et de Taniyama; il fut entendu aussi que par
la suite ceux-ci rédigeraient le tout avec des démonstrations détaillées.

9This is the same conference where Taniyama gave his somewhat enigmatic statement of the
Taniyama conjecture.
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Leur livre a paru en 1961 sous le titre Complex multiplication of abelian
varieties and its application to number theory (Math. Soc. of Japan,
Tokyo); mais Taniyama était mort tragiquement en 1958, et Shimura
avait du 1’achever seul.

D’autre part, tout en restant loin des résultats de Taniyama sur les
fonctions zéta des variétés “de type CM” (comme on dit & présent),
j'avais apercu le role que devaient jouer dans cette théorie certains
caracteres de type (Ap)”, ainsi que les caracteres a values JB-adiques
qu'ils permettent de définir (cf. [Weil 1955b], p6). Je trouvai la une
premiere explication du phénomene qui avait le plus étonné Hecke; il
consiste en ce que, des la dimension 2, les modules et les points de
division des variétés de type CM définissent en géneral des extensions
abéliennes, non sur le corps de la multiplication complexe, mais sur
un autre qui lui est associé. Ce sujet a été repris et plus amplement
développé par Taniyama (J. Math. Soc. Jap. 9 (1957), pp. 330-366);
cf. aussi [Weil 1959].

As mentioned in the text, the first theorem extending the Main Theorem of Com-
plex Multiplication to automorphisms not fixing the reflex field was that of Shih 1976.
This theorem of Shih was used in Milne and Shih 1981 to give an explicit description
of the involution defined by complex conjugation on the points of Shimura variety
whose reflex field is real (Conjecture of Langlands 1979, p 234).

Apparently, it was known to Grothendieck, Serre, and Deligne in the 1960s that
the conjectural theory of motives had as an explicit consequence the existence of a
Taniyama group — these ideas inform the presentation in Chapters I and II of Serre
1968 — but they were unable to construct such a group. It was not until 1977, when
Langlands’s efforts to understand the conjugates of Shimura led him to define his
cocycles, that the group could be constructed (and it was Deligne who recognized
that Langlands’s cocycles answered the earlier problem).

The rest of the story is described in the text of the article.

13. ZETA FUNCTIONS OF ABELIAN VARIETIES OF CM-TYPE

In this section I explain the elementary approach (Milne 1972), not using the the-
orems in the first part of this article, to the zeta function of abelian varieties of
CM-type.

First some terminology: For abelian varieties A and B over a field k, Hom(A, B)
denotes the group of homomorphisms A — B defined over k, and Hom’(A4, B) =
Hom(A, B) ®z Q. Similar notations are used for endomorphisms. An abelian variety
over k is simple if it contains no nonzero proper abelian subvariety defined over k,
and it is absolutely simple if it is simple!® over k.. An abelian variety A over a field
k of characteristic zero is said to be of CM-type if its Mumford-Tate group is a torus.
Thus, A is of CM-type if, for each simple isogeny factor B of A, End’(B) is a CM-
field of degree 2dim B over Q. For an abelian variety A over a number field £k C C

10An older terminology, based on Weil’s Foundations, uses “simple” where we use “absolutely
simple”, see, for example, Lang 1983 or Shimura 1998.
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and finite prime v of k, the polynomial
P,(A,T) = det(1 — F,T|Vy(A)™)

where ¢ is any prime number different from the characteristic of the residue field at v,
I, is the inertia group at a prime v'|v, and F, is a Frobenius element in the quotient
of the decomposition group at v’ by I, — it is known that P,(A,T") is independent
of the choice of £, v', and F,. Finally, the zeta function of A is

1
‘=1l mme

where v runs over all finite primes of k£ and N(v) is the order of the residue field at
v. Clearly ((A,s) depends only on the isogeny class of A, and if A is isogenous to
Ay X -+ X Ay, then (A, s) = [T2, C(Ai, 9).

Case that all endomorphisms of A are defined over k. In this subsection, A
is an abelian variety of CM-type such that End(A) = End(Aja). Because ((A, s)
depends only on the isogeny class of A, we may suppose that A is isotypic, i.e., that
it is isogenous to a power of a simple abelian variety. Then there exists a CM-field
K C End’(A) of degree 2dim A over Q.

The tangent space T' to A is a finite-dimensional vector space over (Q on which
both k and K act. Since K acts k-linearly, the actions commute. An element o € k*
defines an automorphism of T" viewed as K-vector space, whose determinant we denote
to(a). Then p: k* — K* is a homomorphism. Let I denote the group of ideles of
k.

THEOREM 13.1. There exists a unique homomorphism
el — K~
such that

(a) the restriction of € to k* is 1o,

(b) the homomorphism € is continuous, in the sense that its kernel is open in Iy;

(c) thereis a finite set S of primes of k, including those where A has bad reduction,
such that for all finite primes v ¢ S, € maps any prime element at v to F,.

ProoOF. This is a restatement of the Theorem of Shimura and Taniyama (1961,
p148) — see Serre and Tate 1968, Theorem 10. O

There is a unique continuous homomorphism y: I, — (K ®q R)* that is trivial on
k* and coincides with € on the group I3° of ideles whose infinite component is 1 (ib.
p513). For each o: K — C, let x, be the composite

I, 5 (K ®gR)* & C~.

It is continuous and trivial on k*, that is, it is a Hecke character in the broad sense
(taking values in C* rather than the unit circle).

THEOREM 13.2. The zeta function of A,

C(A,S): H L(S:XJ>'

o: K—C
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PROOF. This is proved in Shimura and Taniyama 1961 except for the factors cor-
responding to a finite set of primes, and for all primes in Serre and Tate 1968. O

General Case. We now explain how to extend these results to abelian varieties that
are of CM-type, but whose endomorphisms are not defined over the given field of
definition.

Let k be a field of characteristic zero, and let A be an abelian variety over a finite
extension k' of k. The restriction of scalars Resy ;A of A to k is the variety A,
over k representing the functor of k-algebras, R — A(R ®; k). For any finite Galois
extension k of k containing k', there is a canonical isomorphism

P:A; S H gA.

O'EHOmk(k‘/,E‘)

LEMMA 13.3. Let k be a number field, and let A, be the abelian variety over k

obtained by restriction of scalars from an abelian variety A over a finite extension k'
of k. Then ((As,s) =C((A,s).

PROOF. It is immediate from the definition of A, that V,;(4,) is the Gal(k*/k)-
module induced from the Gal(k* /k’)-module V;(A). This implies the statement. (See
Milne 1972, Proposition 3.) O

LEMMA 13.4. Let A be an abelian variety over a field k, and let k' be a finite
Galois extension of k of degree m and Galois group G. Suppose that there exists a Q-
subalgebra R C End®(Ay) such that RY is a field and [R: RS] = m. Then Resy /x Ay
1s isogenous to A™.

PROOF. Let a,...,q,;, be an Rbasis for R over RY, and let ¢: A7} — AT be
the homomorphism (0;0)1<; j<m, Where G = {o1,...,0,}. Then ¢ is an isogeny.
When we identify the second copy of A7 with []o;Ar and compose ¢ with P~!, we

obtain an isogeny Aj} — A, that is invariant under G, and hence defined over k
(ibid. Theorem 3). O

ExXAMPLE 13.5. Let A be a simple abelian variety over a field k. Let R be the
centre of End’(A;x), and let &’ be the smallest field containing & and such that all
elements of R are over defined over k/. Then A, K/, and R satisfy the hypotheses
of Lemma 13.4 (ibid. p186), and so A™ is isogenous to (A ).. Hence, when k is a
number field

C(A, S)m = C(Ak/, S).

EXAMPLE 13.6. Let A be an abelian variety over a number field k& that, over C,
becomes of CM-type (K, ®) for some field K. Assume that K is stable under the
action of Gal(k*/k) on End’(Aga), and let &’ be the smallest field containing k such
that all elements of K are defined over k’. Then A, k', and K satisfy the hypotheses
of Lemma 13.4, and so

(A 9)™ = (A s) "Z T] L(s. xo), £ = Hom(K,C).
oeEY

In this case, we can improve the result. The group G = Gal(k'/k) acts faithfully on
K, and a direct calculation shows that L(s, xsor) = L(s, Xo») for all o € ¥ and 7 € G.
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Therefore,

TT 265 x0) = ( I L(ssxo))™

€Y cex/G

We can take an mth root, and obtain

C(A:S): H L(S:XJ>'

cex/G

Now we consider the general case. Let A be an abelian variety of CM-type over a
number field k. As noted earlier, we may suppose A to be simple. Then (A4, s)™ =
C(Ap, s) where £’ is the smallest field containing k over which all endomorphisms in
the centre of End’(Au) are defined. Replacing A/k with Ay /k', we may suppose
that the endomorphisms in the centre of End”(Aya) are defined over k, and we may
again suppose that A is simple. Then A,a is isotypic, and, for example, if it is simple,
we can apply (13.5) to obtain the zeta function of A.

14. HILBERT’S TWELFTH PROBLEM

This asks for

those functions that play for an arbitrary algebraic number field
the role that the exponential function plays for the field of rational num-
bers and the elliptic modular functions play for an imaginary quadratic
number field.

The classical result, referred to by Hilbert, can be stated as follows: for any quadratic
imaginary field F/, the maximal abelian extension of E' is obtained by adjoining to it
the moduli of elliptic curves and their torsion points with complex multiplication by
E.

As Weil observed (see §12), in dimension > 1, the moduli of abelian varieties of CM-
type and their torsion points generate abelian extensions, not of the field of complex
multiplication, but of another field associated with it — the latter is now called the
reflex field. In principle, the theory of Shimura and Taniyama allows one to list the
abelian varieties of CM-type whose reflex field is contained in a given CM-field F,
and to determine the extensions of F obtained from the moduli. However, the results
in the published literature are unsatisfactory — for example, they don’t give a good
description of the largest abelian extension of a field obtainable in this fashion (see
Shimura and Taniyama 1961, Chapter IV; Shimura 1962; Shimura 1998, Chapter IV).
Thus, the next theorem is of considerable interest.

THEOREM 14.1 (Wei 1993, 1994). Let E be a CM-field. Let F be the mazimal
totally real subfield of E, and let H be the image of Gal(F*?/F - Q) in Gal(E**/E)
under the Verlagerung map

Cal(Q™/F)™ — Gal(Q¥/E)™.

Then the field obtained by adjoining to E the moduli of all polarized abelian varieties
of CM-type (and their torsion points) with reflex field contained in E is

ME — EabH
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The theorem is proved by combining the three lemmas below.

Let T be a torus over Q and p a cocharacter of T'. We are only interested in pairs
(T, 1) satisfying the conditions:

(a) T is split by a CM-field; equivalently, for all automorphisms 7 of C, the actions
of 7¢ and ¢ on X*(T') agree;
(b) the weight —p — ¢ of p is defined over Q.

Let (T, ) be a pair satisfying (a) and (b). Its reflex field E(T,u) is the field
of definition of p — because of (a), E(T, ) is a subfield of a CM-field. Let E D
E(T, ). On applying Resg /g (Weil restriction) to the homomorphism p: G, — Tk
and composing with the norm map, we obtain a homomorphism N(T', p):

Res o Norm
Resg o G, _ER Resg/o Tk N

For any QQ-algebra R, this gives a homomorphism
(E®q R)* — T(R).
Let T(Q) be the closure of T(Q) in T(As). The reciprocity map
(T, ) Gal(B™ | E) — T(A)/T(Q@)

is defined as follows: let 7 € Gal(E*/E), and let t € A} be such that recg(t) = 7;
write t = to -ty With t € (£ ®gR)* and ¢t € (£ ®q Af)*; then

(T, ) (r) B N(T, ) (ty) mod T(Q@).

LEMMA 14.2. Let E be a CM-field, and let H be as in the statement of the theorem.
Then

H = ﬂKer(r(T, ")

where (T, ) runs over the pairs satisfying (a) and (b) and such that E(T,u) C E.

PROOF. There is a universal such pair, namely, (S, u¥), and so
ﬂKerr(T, p) = Kerr(S%, "),

Because S¥ has no R-split subtorus that is not already split over Q, S¥(Q) is closed
in S¥(Ay). Thus, to prove the lemma, one must show that H is the kernel of

(ST, u”): Gal(E**/E) — S*(As)/S”(Q).
This can be done by direct calculation (Wei 1994, Theorem 2.1). O

For any CM-field K with CM-type ®, we obtain a pair (K*, ue) satisfying (a) and
(b) (see §4).

LEMMA 14.3. Let E be a CM-field, and let H be as above. Then
H = ﬂKerr(KX,,mp)

where the intersection is over all CM-types (K, ®) with reflex field contained in E.
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PRrROOF. For each (K, ®) with reflex field contained in E, we obtain a homomor-
phism pg: S¥ — K* (see §4), and (cf. the preceding proof) it suffices to show that
N Kerps = 1. But X*(SF) is generated by the CM-types ¥ on E, and ¥ occurs in
po for @ the reflex of ¥ (ibid. 1.5.1). O

LEMMA 14.4. Let (A,i) be an abelian variety over C of CM-type (K, ®), and let
E be the reflex field of (K, ®). The field of moduli of (A,i) and its torsion points is
(E2P)H(®) ywhere H(®) is the kernel of r(K*, ®).

PRrOOF. This is (yet another) restatement of the Theorem of Shimura and
Taniyama. U

In fact, (ibid.) for a CM-field F, the following fields are equal:

(a) the fixed field of H;

(b) the field generated over E by the fields of moduli of all CM-motives and their
torsion points with reflex field contained in E;

(c) the field generated over E by the fields of moduli of the CM-motive and its
torsion points defined by any faithful representation of S¥;

(d) the field generated over E by the fields of moduli of the polarized abelian
varieties and their torsion points of CM-type with reflex field contained in E

Moreover, for some Siegel modular variety and special point z, this is the field gener-
ated by the values at z of the E-rational modular functions on the variety (ib. 3.3.2;
see also the next section).

Special Values of Modular Functions. !!

Abelian class field theory classifies the abelian extensions of a number field k, but
does not explain how to generate the fields. In his Jugendtraum, Kronecker suggested
that the abelian extensions of QQ can be generated by special values of the exponential
function, and that the abelian extensions of an imaginary quadratic number field can
be generated by special values of elliptic modular functions. This idea of generating
abelian extensions using special values of holomorphic functions was taken up by
Hilbert in his twelfth problem, where he suggested “finding and discussing those
functions that play the part for any algebraic number field corresponding to that of
the exponential function for the field of rational numbers and of the elliptic modular
functions for imaginary quadratic number fields.”

Here we explain how the theory of Shimura varieties allows one to define a class of
modular functions naturally generalizing that of the elliptic modular functions, and
that it allows one to identify the fields generated by the special values of the functions
as the fields of moduli of CM-motives.

Modular functions over C. To define a Shimura variety, one needs a reductive group
G over Q and a G(R)-conjugacy class X of homomorphism S — Gy satisfying the
following conditions:

SV1: for each h € X, the Hodge structure on the Lie algebra g of G defined by
Adoh:S — GL(gr) is of type {(—1,1),(0,0),(—1,1)};
SV2: for each h € X, adh(i) is a Cartan involution on G&;

"' This subsection is a manuscript of mine dated May 6, 1993.
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SV3: the adjoint group G*! of G has no factor defined over Q whose real points
form a compact group, and the identity component of the centre of G splits over
a CM-field.

The condition (SV1) implies that the restriction of h to G,, C S is independent of
h € X. We denote its reciprocal by wx:G,, — G¢, and call it the weight of the
Shimura variety. The weight is always defined over a totally real number field, and
we shall be especially interested in Shimura varieties for which it is defined over Q.

Consider a pair (G, X) satisfying the Axioms (SV1-3). The set X has a canonical
G(R)-invariant complex structure for which the connected components are isomorphic
to bounded symmetric domains.

For each compact open subset K of G(Ay),

df
shic (G, X) ¥ G@\X x Glay)/K
is a finite disjoint union of quotients of the connected components of X by arithmetic
subgroups of G*(Q)7, say

Shi (G, X) =T\ X:.

For K sufficiently small, each space I';\ X; will be a complex manifold, and, according
to Baily and Borel (1966), it has a natural structure of a quasi-projective variety
over C. Hence Shg (G, X) is an algebraic variety over C, and the Shimura variety
Sh(G, X) is the projective system of these varieties, or (what amounts to the same
thing) the limit of the system, together with the action of G(Ay) defined by the rule:

[z,a]-g=z,ag9], z€X, a,gecGAy).

A rational function f on Shg (G, X) is called an automorphic function over C when
dim X > 0. Such a function defines (for each i) a meromorphic function f; on each
X; invariant under I';. Conversely a family (f;) of invariant meromorphic functions
defines an automorphic function f provided each f; is “meromorphic at infinity” (this
condition is automatically satisfied except when X; has dimension 1).

When the weight wx of the Shimura variety is defined over Q, we shall call the au-
tomorphic functions modular functions. Classically this name is reserved for functions
on Shimura varieties that are moduli variety for abelian varieties, but it is known that
most Shimura varieties with rational weight are moduli varieties for abelian motives,
and it is hoped that they are all moduli varieties for motives, and so our nomenclature
is reasonable. This class of functions is the most natural generalization of the class
of elliptic modular functions.

Note that it doesn’t yet make sense to speak of the algebraic (much less arithmetic)
properties of the special values of modular functions, because, for example, the prod-
uct of a modular function with a complex number is again a modular function.

EXAMPLE 14.5. Let G = GLs and let X be the G(R)-conjugacy class of homo-
morphism S — GLgy g containing the homomorphism

a+1b— (Z _b).
a
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The map h — h(i)-iidentifies X with {z € C | R(z) # 0}, and in this case Shx (G, X)
is a finite union of elliptic modular curves over C. If K = GLy(Z), then the field of
modular functions on Shx (G, X) is C[j].

EXAMPLE 14.6. Let T be a torus over Q split by a CM-field, and let u € X, (7).

Define h:S — Tg by h(z) = u(z) - u(2). Then (7', {h}) defines a Shimura variety.

REMARK 14.7. Shimura varieties have been studied for 200 years'?...Gauss, Pi-
card, Poincaré, Hilbert, Siegel, Shimura,... The axiomatic definition given above is
due to Deligne (except that he doesn’t require that the identity component of the
centre split over a CM-field). The name is due'® to Langlands.

Special points. A point x € X is said to be special if there exists a torus T' C G
(this means T is rational over Q), such that Im(h,) C Tk. By a special pair (T,x)
in (G, X) we mean a torus 7' C G together with a point x € X such that h, factors
through Tg.

ExXAMPLE 14.8. Inthe Example 2, the special points correspond to points z € C\R
such that [Q[z]: Q] = 2. For such a z, the choice of a Q-basis for E =4 Q[z] determines
an embedding Q[z]* — GL2(Q), and hence an embedding 7" =4 (G,)p/q — GLo.
The map h, factors through Tg — GLg .

Modular functions defined over number fields. To a torus T defined over QQ and a
cocharacter p of T defined over a number field F, we attach a reciprocity map

(T, p): Gal(E*/E) —— T(As)/T(Q)"

as in (Milne 1992, p164)'*. The refler field E(G,X) is defined to be the field of
definition of the G(C)-conjugacy class of homomorphisms G,, — G¢ containing i,
for x € X. It is a number field, and is a subfield of a CM-field. Hence it is either
itself a CM-field or is totally real.

By a model of Sh(G, X) over a subfield k& of C, we mean a scheme S over k en-
dowed with an action of G(Ay) (defined over k) and a G(A y)-equivariant isomorphism
Sh(G, X) — S ®, C. We use this isomorphism to identify Sh(G, X)(C) with S(C).

THEOREM 14.9. There exists a model of Sh(G, X) over E(G, X) with the following
property: for all special pairs (T, z) C (G, X) and elements a € G(Ay), the point [x, al
is rational over E(T,z)® and 7 € Gal(E(T,x)®/E(T,z)) acts on [z, a] according to
the rule:

Tlz,a]l = [x,ar(T)], where r = r(T, ).
The model s uniquely determined by this condition up to a unique isomorphism.

The model in the theorem is said to be canonical.

REMARK 14.10. For Shimura varieties of PEL-type, models over number fields
were constructed by Mumford and Shimura (and his students Miyake and Shih).
That they satisfy condition in the theorem follows from the theorem of Shimura and
Taniyama. Shimura defined the notion of a canonical model more generally, and
proved the existence in one interesting case where the weight is not defined over Q.

12This seems to be an exaggeration.
3Earlier Shimura curves had been so named by Ihara.
M Better, see above
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Deligne modified Shimura’s definition, proved that the canonical model is unique (if
it exists) (1971), and showed that it exists for all Shimura varieties of abelian type
(1979a). In 1981 Borovoi suggested using a trick of Piateski-Shapiro to extend the
proof to the remaining cases, and this was carried out by Milne in 1982 (Milne 1983).

Write Sh(G, X)g for the model in the theorem, and for any & O E, write Sh(G, X))y
fOI" Sh(G, X)E ®E k.

For a connected variety V over a field k, the field of rational functions on V' is a
subfield of the field of rational functions on V ®; C. We say that a modular function
f on Shi (G, X) is rational over a subfield k of C if it arises from a rational function
on Shy (G, X)y.

Let € X be special, say Im(h,) C Tg. Then the field of definition of p, is written
E(z) — it is the reflex field of (7', h,), and is a finite extension of E(G, X).

The fields generated by special values of modular functions. Let V be a connected
algebraic variety over a field k. A point P € V (k) is a morphism Spec k* — V —
we also use P to denote the image of the map. It corresponds to a k-homomorphism
Ovp — k2. This homomorphism factors through Oy p/mp, and hence its image in
k™ is a subfield of k! which we denote k[P)].

For any open affine neighbourhood U of P, the field of rational functions (V') on
V' is the field of fractions of k[U]. For f = g/h € k(V'), we can speak of

df a
f(P) = g(P)/h(P) € k"
whenever f does not have a pole at P, i.e., when h ¢ mg.
LEMMA 14.11. With the above notations,
K[P) = JKLf(P)]
where the union runs over the f € k(V') without a pole at P (i.e., over f € Oy p).

Proor. We may replace V' with an open affine neighbourhood, and embed V' in
A" Then k[P] is the field generated by the coordinates (ai,... ,a,) of P. Clearly,

for any rational function f(X,---,X,) with coordinates in k, f(ai,...,a,) € k[P]
(if it is defined). Conversely, k[P] = Jk[f(a1,...,a,)] where f runs through the
polynomials in Xy,...,X,. O

For a number field k, let k. be the subfield of k*' corresponding to

(M Ker(r(T, 1))

where (7', 1) runs over the pairs (7', i) consisting of a torus 7" split by a CM-field and
i is a cocharacter of T whose weight —u — ¢y is defined over Q. (Equivalently over
the pairs (T, u) consisting of a torus 7" over Q and a cocharacter p of T' satisfying the
Serre condition'?.)

THEOREM 14.12. Let k be an algebraic number field. For any Shimura variety
SWG, X) such that E(G, X) C k, modular function f on Shx(G,X) rational over k,
and special point x of X such that E(x) C k, f(x) € k. (if it is defined, i.e., f doesn’t

15This is the condition (¢ —1)(t + D =0= (¢ + 1)(o — 1)pu.
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have a pole at z). Moreover, if k contains a CM-field, then k. is generated by these
special values.

PRrROOF. Let (T, x) be a special pair in (G, X). I claim that T splits over a CM-field.
To prove this, it suffices to show that the action ¢ on X*(7") (or even X*(7') ® Q)
commutes with that of 7, for all 7 € Gal(Q*/Q). But

X(T)eQ=X(T)eQe X*(G™)
where T" = T/Z(G) (use that G — G x G2 is an isogeny). By assumption (SV3),
X*(G#P) splits over a CM-field, and it follows from (SV2) that ¢ acts as -1 on X*(7")
and hence commutes with everything. From Theorem 5, it is clear that k([z,1]) is

fixed by Ker(r(7, u,)) and so is contained in k.. From the lemma, this implies that
f(z) € k. for all f.

Before proving the converse, we need a construction. Let E be a CM-field, with
maximal totally real subfield F'. Let N be the kernel of
(Gm)pig — S

It is a subgroup of (G,)r/q, and hence is contained in the centre of GLy r, and we
define G = GLyr /N. The choice of a basis for F as an F-space determines an
inclusion (G,,)p/g < GLor, and hence an inclusion S¥ < G. Let X be the G(R)
conjugacy class of the composite

SLC L )
Then Sh(G, X) is a Shimura variety of dimension [F: Q] with weight defined over Q
and whose reflex field is Q.
On applying this construction to the largest CM-field contained in k, we obtain a
Shimura variety Sh(G, X) containing Sh(S¥, hean), where S* = S¥ is the Serre group
for k. The statement is now (more-or-less) obvious. O

Nonabelian solutions to Hilbert’s Twelfth Problem. By applying the new
Main Theorem of Complex Multiplication (Theorem 9.1) in place of the original, one
obtains explicit non-abelian extensions of number fields (Milne and Shih 1981, §5).

15. ALGEBRAIC HECKE CHARACTERS ARE MOTIVIC

16 Weil’s Hecke characters of type Ag are now called algebraic Hecke characters. In
this section, I show that they are all motivic (and explain what this means).

Algebraic Hecke characters. In this subsection, I explain the description of alge-
braic Hecke characters given in Serre 1968.

Notations: Q is the algebraic closure of Q in C; K is a fixed CM-field, ¥ =
Hom(K, Q") = Hom(K, C), and I = I, x I; is the group of ideles of K. For a finite
extension k'/k, (G,,)w /i is the torus over k obtained from G,/ by restriction of
scalars.

I define an algebraic Hecke character to be a continuous homomorphism y: I — Q&
such that

(a) x =1 on I;

16This section is the notes of a seminar talk.
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(b) the restriction of x to K* C I is given by an algebraic character of the torus
(Gm)K/Q'

Condition (b) means that there exists a family of integers (n,),ex such that x(z) =
[[o(z)" for all x € K* C I. Condition (a) means that x factors through I — I.
Thus, there is a one-to-one correspondence between algebraic Hecke characters and
continuous homomorphisms I; — Q> satisfying the analogue of (b) (restriction to
K> C Iy) (cf. the definition in Harder and Schappacher).

Let x be a Hecke character.

The character x admits a modulus. Let m be a modulus for K. Because K has no
real primes, m can be regarded as an integral ideal [], p'*. Define

W =[] KZ <[]0 +00) < T[] Vs
v|oo v|m
(as in my class field theory notes, Milne 1997, about V.4.6). The W,’s are open
subgroups of I and any neighbourhood of 1 containing I, contains a Wy,. Let V be a
neighbourhood of 1 in C* not containing any subgroup # 1. Because x is continuous
and 1 on I, x(Wy) C V for some m, and hence x(W,) = 1. Such an m will be called
a modulus for x. If m is a modulus for x and m|m’, then m’ is also a modulus for .

The infinity type of x. Let Z* be the free abelian group generated by X, with
7 € Gal(Q¥/Q) acting by 7(3_,c5n00) = >.ny(T 0 o). The character group
X*((Gm)k/g) = Z*, and so x|K* = 3" nyo for some n, € Z. The element Y s n,0
is called the infinity type of .

Let Un1 = K* N W, — this is a subgroup of finite index in the units U of K
defined by congruence conditions at the primes dividing m. If m is a modulus for y,
X = 1 on Uy 1, and this implies that n, + ns = constant, independent of o (apply the
Dirichlet unit theorem).

The Serre group. Let = be the group of infinity types, i.e.,

== {Z Ne0 | Ny + Ny = constant} C Z*.
oeX

It is a free Z-module of finite rank on which Gal(Q*/Q) acts, and we define the Serre
group S¥ to be the torus over Q with character group Z. Thus, for any field L C Q,

SK(L) _ HOHI(X*(SK), QaI)Gal(Qal/L)'

Because X*(S¥*) € X*((Gn)k/q), S* is a quotient of (Gy,)x/g. The map on Q-
rational points K* — S%(Q) sends z € K* to the map & — &(z), £ € =,

Serre’s extension. I claim that there exists a modulus m such that Uy is contained
in Ker(¢) for all £ € =. Indeed, in order for £ = > n,o to lie in =, its restriction to
the totally real subfield F' of K must be a power of the norm. Thus all £ = 1 on some
subgroup U of index at most 2 in Up. But Uy is of finite index in Ug (Dirichlet unit
theorem again), and so U has finite index in Ug. An old theorem of Chevalley states
that every subgroup of finite index in Uk is a congruence subgroup, i.e., contains Up, 1
for some m.
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From now on, m will denote a modulus with this property; thus the canonical map
K* — SK(Q) factors through K* /Uy 1.

Recall (e.g., Milne 1997, V.4.6) that I/W,, - K* = Cy, the ray class group with
modulus m (= I°™ /i(Ky1)). In particular, it is finite. There is an exact sequence

1 = K*/Un1 — /Wy — Cy — 1.

Serre shows that there is a canonical exact sequence of commutative algebraic
groups over QQ

188 5T, —Ch— 1

(here Cy, is regarded as a finite constant algebraic group) for which there is a com-
mutative diagram

1 - K¥Uyg — /Wy — Cun — 1

l le I
1 - SFQ) — Tw(@Q — Cn — 1L

Moreover, there is a natural one-to-one correspondence between the algebraic Hecke
characters y of K admitting m as a modulus and the characters of T, as an algebraic
group. [The proofs of these statements are straightforward.] The algebraic Hecke
character corresponding to a character y of Ty, is the composite

I — H/Wm iTm(Qal) N Qalx ]

From now on, I'll define an algebraic Hecke character to be a character of T;, for some
m. Its infinity type is its restriction to S¥. The Dirichlet characters are the Hecke
characters with trivial infinity type (and hence factor through Cl,).

Warning! Our notations differ from those of Serre—in particular, he switches the
S and the T.

The (-adic representation. One checks that the two maps

oy proj, (K ®g Q) — S™(Qe) — Tw(Qe)
and

el — Tw(Q)

coincide on K*. Therefore, g, £ ¢ - a; 1 — Tw(Qy) factors through I/K*I,, and
hence through Gal(K?*"/K) — thus & is a continuous homomorphism

Cal(K2P /i) — T (Qy).

The Hecke character in the usual sense. The same argument with ¢ replaced by oo
gives a homomorphism e,:I — T (R) that is not usually trivial on the connected
component of I. Its composite with any character of Ty, defined over C is a Hecke

character in the usual (broad) sense: continuous homomorphism I — C* trivial on
K*.
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Motivic Hecke Characters. Let k be a subfield of C. An abelian variety A over
k is said to be of CM-type if there exists a product of fields £ C End’(Ac) such that
HL(A, Q) is a free E-module of rank 1. It is said to have CM over k if E C End®(A).
It is possible to choose E so that it is stabilized by the Rosati involution of some
polarization of A, which implies that it is a product of CM-fields.

Let A be an abelian variety with CM by E over K. Then Gal(K*/K) acts on
Vi(A) by E ®q Q-linear maps. But V;(A) is a free £ ®g Q,-module of rank one, so
this action defines a homomorphism

i Cal(K™ /) — (B ©q Q1) € GL(VI(A)).
The main theorem of Shimura-Taniyama theory can be stated!” as follows:

15.1. For m sufficiently large, there exists a unique homomorphism x: Ty —
(Gm) /g of tori such py = x(Qp) o &4.

An embedding o of E into Q™ defines a character x, of Ty, which (by definition)
is an algebraic Hecke character. Such characters are certainly motivic.

The infinity type of a Hecke character arising in this way is a CM-type on K, i.e.,
ny > 0, ny + ns; = 1, and Casselman showed that conversely every Hecke character
with infinity type a CM-type arises in this fashion.

More generally, I discussed motives of type M = (A,e), A an abelian variety of
CM-type, €2 = e, ¢ € C9(A x A)/~ (algebraic classes of codimension g = dim A
modulo numerical equivalence). Such an M has an endomorphism ring and Betti and
étale cohomology groups, and so one can make the same definitions as for A. Note
that M = (A, e) may have CM over k without A having CM over k. The analogue of
(15.1) holds. A Hecke character arising from such a motive, or the product of such a
character with a Dirichlet character, will be called motivic.

If we assume the Hodge conjecture, then every algebraic Hecke character is motivic.

After a theorem of Deligne (1982a), we no longer need to assume the Hodge con-
jecture, but at the cost of replacing e with an absolute Hodge class.

The proof. (that all algebraic Hecke characters are motivic). The CM-motives dis-
cussed above over a field k form a category CM(k) that looks like the category
of representations of an algebraic group: it is Q-linear, abelian, has a tensor prod-
uct, duals, and every object has rank equal to a nonnegative integer. The theory
of Tannakian categories then shows that it is the category of representations of a
pro-algebraic group. (We are using absolute Hodge classes to define motives.)

What is the pro-algebraic group? When k = C, one sees easily that it S = LiLnSK

(projective limit over the CM-subfields of Q). Hint: The abelian varieties of CM-
type over C are classified up to isogeny by CM-types, and S¥ is generated by the
CM-types on K.

When k = Q?, the group is again S (base change Q* — C gives an equivalence of
categories of CM-motives).

When k = Q, the general theory tells us it is an extension
1—S—T— Gal(Q"/Q) — 1.

17Cf. 13.1.
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Following Langlands, we call 7' the Taniyama group.

Deligne, Grothendieck, and Serre knew in the 1960s that the general theory pre-
dicted the existence of such an extension, but couldn’t guess what it was. (Although
he doesn’t say so, these ideas must have suggested to Serre his interpretation of alge-
braic Hecke characters.) In the late 1970s, in trying to understand the zeta functions
of Shimura varieties, Langlands wrote down some cocycles, which Deligne recognized
should give the above extension. He verified they do by proving that there is only
one such extension having certain natural properties shared by both extensions.

When k& = K C Q%, the group attached to the category of CM-motives over K is
the subextension

1—8—T5 - Gal(Q¥/K) — 1
of the above extension. Thus, to give a CM-motive over K is to give a representation
of TX on a finite-dimensional Q-vector space.
From Langlands’s description of this extension, one sees that, for any m, there is a
canonical map (see 10.2a) of extensions:
1 - S — T — GaQ¥/K) — 1
| | |

1 - S8 - T. — Ch — 1

Let E be a CM-field. A homomorphism T, — (G,,)g/q defines by composition a
representation 7% — (G,,)g/g < GL(E') where £/ = E regarded as a Q-vector
space. Therefore a Hecke character y defines a CM-motive M (x) with CM by E over
K. The motive M(x) is related to x as in 15.1, and so x is motivic.

16. PERIODS OF ABELIAN VARIETIES OF CM-TYPE

Deligne’s theorem (Deligne 1978, Deligne 1982a) allows one to define a category of
CM-motives over any field of characteristic zero (Deligne and Milne 1982, §6).

Let M be a simple CM-motive over Q* € C. Then End(M) is a CM-field K.
The Betti realization Hg(M) of M is a vector space of dimension 1 over K, and the
de Rham realization Hggr (M) is free of rank 1 over K ®g Q¥. For o: K — Q¥ let
Har (M), denote the Q*-subspace of Hyr(M) on which x € K acts as o(x) € Q2.
Then Har(M) being free of rank 1 means that each Hqr(M ), has dimension 1 and

Har(M) = ®,.xguHar(M),.

Let e be a nonzero element of Hg(M), and let w, be a nonzero element of Hqg(M),.
Under the canonical isomorphism

Hp(M) ®g C — Hqr(M) ®@ga C
e maps to a family (e,), e, € Har(M)s @ga C. Define p(M, o) € C by the formula
p(M,0) - er = wy.
When regarded as an element of C*/Q*, p(M, o) is independent of the choices of e

and of w, — the p(M, o) are called the periods of M. Clearly, p(M, o) depends only
on the isomorphism class of M.

Let S be the Serre group — it is the projective limit of the Serre groups S¥ for E
a CM-field contained in C. It is the protorus over Q whose character group X*(5)
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consists of locally constant functions ¢: Gal(Q™/Q) — Z such that ¢(7) + ¢(e7) is
independent of 7. The Betti fibre functor defines an equivalence from the category of
CM-motives over Q* to the category of finite-dimensional representations of S. Thus
the set of simple isomorphism classes of CM-motives over Q is in natural one-to-one
correspondence with the set of Gal(Q¥/Q)-orbits in X*(S). Let ¢ € X*(9), and let
M (¢) be the CM-motive corresponding to ¢. The endomorphism algebra of M(¢) is
K = Q" where H is the stabilizer of ¢ in Gal(Q*/Q). Thus, for each ¢ € X*(95)
and coset representative for H in Gal(Q*/Q), we obtain a period

p(6,0) £ p(M(9),0).
Any relation among the ¢’s yields an isomorphism among the motives, and hence a
relation among the periods. When ¢ is taken to be a CM-type, then p(¢, o) is the
period of an abelian variety of CM-type. Thus, we see that Deligne’s theorem (Deligne
1978) yields an array of relations among the periods of abelian varieties of CM-type.
(See Deligne’s talk at the Colloq., Ecole Polytech., Palaiseau, 1979 (Deligne 1980);
also Shimura’s talk at the same conference (Shimura 1980).)

In this context, one should also mention Blasius 1986.

17. REVIEW OF: LANG, COMPLEX MULTIPLICATION, SPRINGER 1983.

The 8 theory of complex multiplication for elliptic curves describes how an auto-
morphism of C acts on an elliptic curve with complex multiplication and its torsion
points. As a consequence, when the curve is defined over a number field, one obtains
an expression for its zeta function in terms of Hecke L-series. The theory was general-
ized to abelian varieties in so far as it concerned automorphisms fixing the reflex field
by Shimura, Taniyama, and Weil in the fifties. As a consequence, when the abelian
variety is defined over a number field containing the reflex field, they obtained an
expression for its zeta function (except for finitely many factors) in terms of Hecke
L-series. A thorough account of this is given in Shimura and Taniyama (1961). Im-
provements are to be found in Shimura 1971 (Sections 5.5 and 7.8). Serre and Tate
(1968) extended the result on the zeta function to all the factors, and computed the
conductor of the variety. Serre (1968), Chapters 1 and 2, re-interpreted some of this
work in terms of algebraic tori. In 1977 Langlands made a conjecture concerning
Shimura varieties which was shown to have as a corollary a description of how every
automorphism of C acts on an abelian variety with complex multiplication and its
torsion points, and in 1981 Deligne proved the corollary (Deligne et al. 1982). Since
this gives an expression for the zeta function of such a variety over any number field
in terms of Weil L-series, it completes the generalization to abelian varieties of the
basic theory of complex multiplication for elliptic curves.

The first four chapters of the Lang’s book are devoted to the same material as that
in (the sections of) the works of Shimura and Taniyama, Shimura, and Serre and Tate
cited above: the analytic theory of abelian varieties with complex multiplication, the
reduction of abelian varieties, the main theorem of complex multiplication, and zeta
functions. Lang’s account is less detailed but probably more readable than his sources.
For example, whereas Shimura and Taniyama’s discussion of reduction is painfully
detailed (they, like the author, use the language of Weil’s Foundations), that of the

18This is the author’s version of MR, 85f:11042.
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author is brief and sketchy. The result of Serre and Tate on the conductor is not
included and, in the statement of the main theorem, it is unnecessarily assumed that
the abelian variety is defined over a number field.

Chapter 5 discusses fields of moduli and the possibility of descending abelian va-
rieties with complex multiplication to smaller fields (mainly work of Shimura), and
Chapter 6 introduces some of the algebraic tori associated with abelian varieties hav-
ing complex multiplication and uses them to obtain estimates for the degrees of the
fields generated by points of finite order on the varieties.

The final chapter (based on a manuscript of Tate)!? gives the most down-to-earth
statement of the new main theorem of complex multiplication (the corollary of Lang-
lands’s conjecture) and includes part of the proof (but, unfortunately, only the more
technical, less illuminating, part). Zeta functions are not discussed in this general
context.

The exposition is very clear in parts, but in others it is marred by carelessness. For
example, in Chapter 3, the definition of a-multiplication is incorrect (the universal
property is not universal), in the proof of (3.1) it is nowhere shown that the reduction
of an a-multiplication is an a-multiplication, and in the proof of the Main Theorem
6.1 it is not possible to write the idele s in the way the author claims on p. 82 under
his assumptions.

In summary, this book will be useful, in much the same way as a good lecture
course, for someone wishing to obtain a first understanding of the subject, but for a
more complete and reliable account it will be necessary to turn to the original sources
mentioned in this review. James Milne (1-MI)
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